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[TPEINCJIOBUE

IIpenmaraemMas 4nTaTeNio KHUTA MOCBSAIIEHA Pa3BUTHUIO TEOPUU
(pum3mueckoro MpocTpaHCTBa-BpeMeHH, TO ecTh Hambolee I'iIyOOKNX,
1o y6exIIeHUIo aBTOpa, OCHOB GVHIaMeHTaJILHON TeopeTnuecKoi ¢u-
3UKH. DTa KHATA HeOOLIYHA HU 10 BEIGOPY MPUHIIUIIOB, MOJIOXKEHHBIX
B OCHOBaHWe pa3BUBaeMON TeOpHH, HU IO HCHOJIb3yeMOMY MaTeMa-
THYeCKOMY allllapaTy, HU Io ¢opMe M3JIOXKEeHNd MaTepHaJa.

PasBuBaemas B KHUTe PeISIUMOHHASA TEOPHA NPOCTPAHCTBA-
BpeMeHU U GU3MUECKUX B3amMoAelcTBuU (6MHapHas reoMer-
podusnka), onupaercs Ha TpH 6I0Ka PU3HIECKUX HIEi:

1) Ha coobpakeHus 0 MAaKPOCKOMMYECKOH (CTaTUCTUIECKON ) Ipu-
polie KIIacCHYeCKOT0 IPOCTpaHCTBa-BpeEMEHH,

2) Ha TeopHUIO IPSIMOro MeXYacTHYHOro B3anMoneicTBusa Pokke-
pa-PeiinMmana,

3) Ha MHOTOMEpHEIE T€OMETPUYECKHE MOAENN (PU3MUECKNX B3au-
MomelicTBuil Tuma Teopuu Kamymsl-Kieiina.

CormacHO mEpBOMY M3 Ha3BaHHBIX OIJIOKOB WMIeEl, KIIacCHUYECKUE
IIPOCTPAaHCTBEeHHO-BpeMeHHEIE IIPeNCTaBJIeHNI CIpaBelJIUBEL JIUIIL
I IOCTATOYHO MACCHBHLIX oOpa3oBaHUIl — MaKpooOBLEKTOB — W
TEPAIOT CHWIIYy IPU PAacCMOTPEeHHU OOBLEKTOB U ABJICHUI HMHBIX Mac-
mTaboB, B 4acTHOCTH, B MukpoMmupe. Bosee Toro, B TakoMm momxome
NIPUBLIYLIE IPOCTPAHCTBEHHO-BpeMeHHbLIE OTHOIIEHU IOJIKHEI BEI-
BOIUTBLCA U3 HEKUX 3JIeMEHTAPHLIX (PaKTOpOB, IPUCYIITUX ABICHUAM
MUKPOMUPa, IPY HAJOXKEHNN UX OrpoMHOro uucia. Ha 5Ty npobaemy
obpalllalin BHUMaHUEe TakKue M3BeCTHBIE PU3MKN-TEOPEeTUKU U MaTe-
matuku, kak A.Diumreinn, JI.ne Bpoins, A.OnnuarTon, II.K.Pa-
IIeBCKUi U Apyrue. B mamHol KHUTe mpenjaraeTcs KOHKPETHOE pe-
meHne 3Toil GyHAaMEeHTAJILHON MPOOIIeMEI.

Bropoii u3 Ha3BaHHBEIX 6JIOKOB MIEN COOTBETCTBYET KOHIEMITUU
IaJIbHONENCTBUSA, ajlbTepHATUBHON OOIlenNpu3HAHHOW TEOpUH IO,
TO ecTh KoHIennuu 6auskopeiicTBud. ocTaTouno cka3aTh, YTo 60IL-
IITHCTBO (PU3UKOB-TEOPETUKOB MLICIUT NalibHellllee paszBuTue ¢u-
3UKU U IOCTPOEHNE TEOPHHU BEJIUKOIo oObelMHEeHUd He MHade, KaK B
paMKax Teopuu moiis. B pasBuBaeMoii xe 31ech TeOpPUN MOHATHE IO-
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JI4 UCKJIIOUEHO U3 YUCIa MepBUYHEIX NOHATHH, MOCKOJILKY OHO MMe-
€T CMBICJ JIUIIb IPU HAJWYWN FOTOBOTO MPOCTPaHCTBa-BpeMeHu. B
TaKOW CUTYaIll¥ MOXHO OIlepeThCd JINIIL Ha HENOCPeACTBEHHLIE OT-
HOIIIEHU MeXIY B3aNMONEHCTBYIOIUMHI YacTUIaMMU.

MuoromMepHEIe TeOMeTpUUYecKNe Monenn GU3NIecKUX B3anMoeii-
crBuil Tuna Teopunm Kanynwi-KneiiHa B mociienHume TOOLI MOJIydH-
JIn HeKOTOpoe IpHU3HaHUe, OTHAKO JajleKo He BCeMU IpU3HaeTca pu-
3MYecKas peajlbHOCTh MONOJIHUTEIBHEIX pa3MepHocTeil. Muorume oT-
HOCATCA K BBICHIMM Pa3MEPHOCTAM MCKIIIOUNTEIbHO KaK K yIOOHO-
My MaTeMaTHYecKOMY IpHeMYy, yIpOIIalolleMy HeKOTOphIe BEIKIIAM-
ku. OgHAKO B MHOTOMEPHBIX T€OMETPUUYECKUX TEOPHUAX COHNEPKUT-
cq upe3BHIUYAWHO BaXKHafd Ulled O eINMHCTBe TEOPUM IPOCTPaAHCTBA-
BpeMeHHU U ¢u3MUecKuX B3amMopneiicTBuii. HerpaButanuonutie B3a-
UMOIeHCTBUA TPaKTYIOTCd KaK MPOABJIEHUS IOMOJIHUTEILHLIX pas-
MepHOCTell 0606IIEHHOTO (NCKPUBIIEHHOTO) IPOCTPAHCTBAa-BPEMEHN.

PasBuBaemas B KHUTe Teopus, OCHOBaHHAs Ha Ha3BaHHLIX U He-
KOTOPHIX IPYTUX HeOoOBIUHEBIX HIedX, HalleJleHa Ha pellleHue cIeny-
omux Tpex 6J10KkoB mpobieM:

1) momyuenwe (BBIBOL) KIIaCCHMYECKOTO IPOCTPAHCTBA-BPEMEHH
U3 HeKuX 6ojlee NMEPBUYHLIX MOHATHN M TeM caMbIM OOOCHOBaHUE
U3BECTHEHIX €0 CBOMCTB, TaKHX KaK pa3MepHOCTb, CUTHATypa, MeT-
puKa u T.1.;

2) ob6benumHeHne Teopmil GyHIAMEHTAJIBHEIX (PU3MUYECKUX B3au-
MOAEHCTBUH: T'PaBUTAINMOHHOTO, 3JIeKTPOMAarHUTHOTO, 3JIeKTpociia-
60T0 U CHIILHOTO;

3) coBMeIeHNE NPUHINIOB JBYX OCHOBOIOJIAT AIOIINX TEOPHUI CO-
BpeMeHHOU (QU3UKHN — 00Ilell TeoOpnH OTHOCUTEIILHOCTH N KBAHTOBOHU
TEOpHH.

®dusnueckre OCHOBaHUS W IlejieBas HAIPaBJIEHHOCTH pa3BUBae-
Moil Teopuu mosicHeHHI Ha 6510k-cxeMe pucyHka 0.1. Ha sTom xe pu-
CYHKe B €ro cpelHell YacTH OTMedeHBEI MaTeMaTH4ecKue CpelCcTBa,
KOTOpLIE MIPUBJIEKAIOTCA IJIS pa3BUTHA Teopuu. lloguepkueMm, 4TO B
OTJINYKeE OT OOIIEeNpPUHATOrO NOAXONa IPH IMOCTPOEHUM NAaHHOH Te-
OpHUU He IpenmojiaraeTcs HaJWYWsA NpocTpaHCTBa-BpeMenu. Ho ero
YTO-TO HOJIXKHO 3aMeHNTL. llpenmaraercsa MCXOOUTH M3 HEKUX dJle-
MEHTapHEIX OMHOWeHUT MEXAY B3aUMOIeHC TBYIOMINME YacTHIIaAMH.

Ina ux onmmcaHWs OKa3allNCh INIONOTBOPHLIME MaTeMaTWYecKue
Ued TaK Ha3bIBaecMOll Teopnu pU3MUecKUX CTPYKTYpP, pazpaboTas-
Holl (coBceM B mHOM KoHTeKcTe) FO. M. KyakoBbIM U €ro yueHnKamu.
(B BacTOsmee BpeMs 5Ta TeOpHsd, B CBOEHl MaTeMaTHYECKON YacTH
mpencTaBidiomiad coboil anrebpanmdeckyio TeOpPUIO OTHOIIEHWH, Ma-
nomsBecTHa.) Ha 6110k-cxeMe oHa IOMelneHa B CpenHEll CTPOKE CIpa-
Ba. KitoueBas ponb monsTus orTHomeHui (relations) B moctpoenun
TEOpUU OTpaXKeHa B ee HazBaHuU. HanmoMHUM, 4TO OHa Ha3BaHa pe-
JIAIMOHHON TeOopHell NPOCTPAHCTBA-BpeMeHN 1 GU3NIeCcKUX
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O6ocHoBaHUE
CBOIICTB
KJ1acCHMUYeCKOT'o

IpocTpaHCTBa-

BpEMEHU

O6rbenunenue
Teopui
dusnyecKnx

B3alMO-

InelicTBUN

CosMeleHne
MPUHITAIOB
OTO
KBaHTOBOMH

Teopuu

HeneB'NanlpaBWCTL

MeToner Teopus
BUMHAPHAMA
ONUCaHUA — — | du3myeckux
TFEOMETPO-
CHCTEM — ~—| cTpyxT
PN3UKA YRR
oTCYeTa (TOC)

(0)) 3N4YeCKHne IOCHOBm\

Maxkpo- Teopus Muoromepubie
cKommuecKas OpSIMOTO reoMeTpUYECKHE
npupona MeX4YacTHIHOTO MoJnenn
KJIaCCUYECKOTO B3aUMO- (Teopun
IpPOCTPaHCTBa- IERCTBUS Kanyurr-
BpeMeHN (TIIMYB) Kieiina)

Puc. 0.1: Bnok-cxema ¢pu3nuecknx OCHOBAHUH U [eJIeBOH HalpaBJIeH-
HOCTHU PeJIANNOHHON TeOpHH IPOCTPAHCTBa-BpeMeHU U PU3MUECKUX
B3amMozeiicTBHil (GMHAPHON reoMeTPOGU3NKN).
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B3aMMOAEMCTBUI. DTOT XK€ CMEICI, TOJBKO B ellle 60jiee KOHKPET-
HOHI ¢dopMe OoTpaXeH U BO BTOPOM ee Ha3BaHNU — OGUMHApHAA reo-
MeTpodPM3UKA.

Ho teopun ¢pusuueckux cTpykryp KymakoBa B ee mepBo3ganHoM
BHUIe OKa3aJloch HefocTaTouHo. KyJIakoB M €ro y4eHHWKHU pa3BUBAJIN
TEOPHIO 6EULeCN6EHHHIT OTHOIIEHNH, 1JII KOTOPHIX HMEIOT MeCTO Io-
HATHA OOJIbllle-MeHbIIle, TOr'a Kak 3jleMeHTapHbIe OTHOIIeHNd, IIpo-
SBIAIONINECS B MEKPOMEPE (B KBaHTOBO TEOPHH), STEM CBOHCTBOM
He 06JIamaloT, YTO OTPaXXeHO MX KOMIUIEKCHBIM xapaTepoMm. Heo6-
XONMMEI OBLIIN, BO-IIEPBLIX, KOMIUIEKCHUKANNA TeOpUU PU3MUIEeCKUAX
CTPYKTYP H, BO-BTOPEIX, ee IepepaboTKa B J[yXe TEOPHUHN CHCTEM OT-
cueTa B SWHIITEHHOBCKOW Teopuu TpaBuTanuu. llociemnnee orobpa-
JKeHO Ha OJI0K-cXeMe B BHIe JIeBOoro 6510Ka B CpelHel CTpOKe.

HeoObIUuHEIM gBIISETCA U M3JIOXKeHUEe MaTepuasia. B xaure como-
CTaBJIAIOTCA ONUCAHUA GU3NUECKNX B3aUMOAeCTBUN B YeTHIpeX pas-
JINYHBEIX NapajurMmax, obpa3yomux Kak OBl 4eThIpe YPOBHA:

1) B paMkax HamboIee 5IIEMEHTAPHON PEIAUOHHON Teopnu (6u-
HapHOR reoMeTpPOdU3HUKHY);

2) B BZie TEOPUH IPAMOTO MEXYACTHYHOTO B3auMoneiicTBus Pok-
kepa-®Pefinmana (IPOMEXYTOYHOTO YPOBHS);

3) Ha OCHOBe MHOTOMEPHBIX T€OMETPHYECKUX MOZENEl hu3myec-
KuX B3amMmomeiicTBuil Tuna teopun Kamymwr-Kieiina u

4) B TpanuNNOHHOR (KaamGpPOBOYHOM) Teopuu Hoiis Ha GOHE 3a-
IDaHHOTO IPOCTPAHCTBa-BpeMeHN (IFIOCKOTO WM NCKPUBIIEHHOTO).

ITokasano, ¢ ogHOW CTOPOHLI, KaK MPUITH K TEOPUAM MOCIETHUX
Tpex THHOB (ypOBHEl) oT Hamboslee 5JI€MEHTAPHOR GHHADHON reo-
MeTpodU3UKH U, C IPYTOH CTOPOHEI, KaK MCIOIb3YIOTCA UAEH 3THUX
TeOopHH IpH HOCTPOESHNHU CaMOl pPeJISNUOHHON TeOpUHU IPOCTPaHCTBA-
BpEeMEHH W B3aHMOIEWCTBHII.

IlMupoko pacmpocTpaHeHO MHEHWE, UTO IJI HOCTPOEHUSI TEOPUU
MUKpOMUPa HeOOXOAMMO NCIOIb30BaTh MOHATIS KJIacCHUECKOTO Ipo-
CTpaHCTBa-BpeMeHN U MaKpoMupa. B 5Toll KHUTe ocmapuBalOTCs MO-
IOOHBIE B3TJIANEI U IOKa3bIBaeTCA, KAaKMM 0oOpa3oM MOXHO MOCTPO-
UTH COTepXKaTeJILHYIO TeOpHI0o MUKPOMIpa Ha OCHOBE CaMOCOINIaco-
BaHHOTO Habopa ee COGCTBEHHEIX MOHATHH m 3akoHOoMepHocTel. Ha
caMOM 3JIeMeHTapHOM YPOBHE YyKa3aHEI IpPooOpa3bl TaKWX KIlode-
BBLIX NOHATHA COBPEMEHHOH GU3MKH, KaK NefcTBHE (JIarpaHXMaHbI)
B3aMMOJENCTBYIONIAX YaCTHIl, METPUKa, moTeHnuasiel noiei. Oxa-
3bIBaeTCd, IMpoobpaszaMu AeHCTBUA (PU3NUECKHX CHCTEM ABIAIOTCI
cBoeobpas3HLEle 06BLEMEI GUHAPHON TeOMeTpuu. 3AeCh MOKa3aHO, Kak
U3 NEPBUYHEIX (aireGpaMyecKnx) MNOHATHI U MOJOXEHUH, CIPaBeN-
JIMBHIX JJIS OTHENBHBIX SJI€MEHTAPHBIX YacTHI (WiIM, TOYHee, Haxe
IUIs IX COCTABHBIX YacTell), BOSHUKAIOT IPUBLIYHEIE KIIACCHYECKUE
IPOCTpPaHCTBeHHO-BpeMeHHEIe NMpelcTaBJIeHud U NOHATNA MaKpodu-
3UKH.
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IlanHas KHUTa OCHOBaHa Ha HECKOJIBKUX MOHOTpaduax aBTOpa,
OTHENLHO TOCBAIIEHHEIX HEKOTOPHIM 6J0KaM, OTMEUYEeHHLIM Ha PH-
cyuke. IIpexne Bcero, cienyeT Ha3BaTh yxXKe m3gaHHyio B 1996 rogy
nepByo 4YacTh MoHorpadpum “Pensumonnas Teopus mpocTpaHCTBa-
BpeMenu u B3aummoneiictuii (Teopus cucrem orHOmenuii)”. B meii
nonpobHo paccMoTpeH 60K, W300paXeHHLIN Ha PUCYHKe B IpaBOH
YacTHU cpenHell cTpoku. JIeBrlil 610K ToOil JXe CTPOKH OTOGpaXKeH B
kHHUTe aBTopa “CmcTeMbl oTcYera B Teopuu rpasuranun’ (1982 r.).
IBa amxHUX 6i0Ka Ha PUCYHKe OOCYXIeHHI B KHure aBropa “Pas-
MEPHOCTEL (PU3NUECKOTO IPOCTPAHCTBA-BPEMEHN U OGhLeNWHEHNE B3a-
nmogeiictBmit” (1987 r.) n B coBmectHoit ¢ A.JO.TyprIruasIM MOHO-
rpadpuu “Teopus mpsaMoro MexdvacTH4HOro B3ammoneiicteusa” (1986
r.). Mox=Ho cka3aTh, YTO B 5TOH KHHUre CONEPXKAHWE MPENBIAYIIHX
MoHOTrpaduil pa3BUTO U oObeAWHEHO Ha €IWHOW OCHOBe OMHAPHBIX
CHCTEM KOMIJIEKCHEIX OTHOIIEHW.

Cnenyer oTMeTHTh, UTO HaHHAA KHUTA BO3HUKJIA U3 PYKOIH-
cu MoHorpaduu nox HasBanueMm “Hauasa 6GunapHOll reomeTpodusu-
Ki’, PEKOMEHIOBAHHON K U3MAHUI0 YUYEHBIM COBETOM (PUBUUYECKOTO
dakynsrera MI'Y u mpunsaroit B 1992 rony x nybnmkanuum m3ma-
TenbCTBOM MOCKOBCKOTO YHUBEPCUTETA, OTHAKO HEONMYOINKOBAHHON
B TO BpeMs u3-3a QUHAHCOBHIX TpynHocTeii. C Tex mop MaTepmall
pykomucu 6bLLI CyIlecTBEHHO HepepaboTan m pa3But. W3 Hero 6vI-
Jla BEIIEJIEHA W M3MaHa IepBad YacTh MOHOTpaduM ¢ MOA3aroJIOBKOM
“Teopus cucteM oTHOIIEeHNA” . B 5TOl KHUTe BEIIEEH U Pa3BUT OJIOK
uneil o npuposie GU3NYECKNX B3aNMOIECHCTBUM.

HecmoTpsa ma TO, uTO maHHas paboTa HmpencTaBiIsieT coboll BTO-
PYIO 4acTh COYMHEHUS, CHejlaHa MONBITKA M3JI0XKHUTL €e TakK, YTOGEI
OHa MMeJia TPAKTUUYECKN HE3aBUCUMEIN XapaKTep, YTOOBEI YNTATENb
obparrasncs K mepBoil YacTH JINIIE NI YIIIy6JIeHn s HEKOTOPEIX Mpel-
CTaBJIEHWIl O TEOPWHN CHCTEM OTHOIIEHUH WJIN KaK K CIPABOYHOMY
MaTepHaiy.

Haxkonen, oTMeTUM, 9TO 5TOH YacThIO KHUTHU HE MCUEPILIBAETCS
BeCch HAaKOIUIEHHLIN WJIN HaXomAmwuiicad B paboTe MaTepuai. B mann-
HEMIeM TpeNNmojiaraeTcs M3IaTh TPETHIO YacTh C ION3aTr0JIOBKOM
“KBanToBasa Teopus” .

Ilna mepBoro 3HaAKOMCTBA ¢ KHUTOH COBEPIIEHHO He 06A3aTelb-
HO UNTATL BECH TEKCT HOAPAN. UToOLI MOHATH CYThH pa3BUBaeMOl
3Iech IPOrpaMMBbI JOCTATOYHO IPOYMTATH NEpBEIE ABe riaBhl (1-i
paszei), npeaMbyIibl, IEPBEIE U HOCIeNHNE Naparpadbl IPYTUX [IIaB
u 3akiouenne. UaTepecyiomuMces JUNIE MHOTOMEPHLIME T€OMETPH-
yeckuMu MopensMu Tuna Teopuu Kamynw-Kneiitna pekoMenmyercs
obpaTuTh BHUMaHUE Ha TJaBy 8, Te aHAJIU3UPYIOTCS JOCTOWHCTBA
U HeJOCTATKU b-MepHEIX BapuaHToB Teopuit Kanynwr u Kneiina. Ilo-
3UIUS aBTOpPa IO WHTEPIPETAINN KBAaHTOBON MEXaHWKM M3JI0XKeHa B
TJIaBe b, MMEIOIIEN MOJIYKadeCTBEHHEIN XapaKTep.
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AgTop Bripaxaer npusHaTensHocTh koiuteraM (H.B.Munkesnuy,
A JI.3ensmanosy, FO.M.Kynakosy, I'.T'.Muxaitnuuenko, B.9.Ckopo-
6orareko, I'.JI.Psa3anoBy) u cBoum yuenukam (B.U.AnTonory, B.H.
Edpemory, A.FO.Typriruny, A.[.Ilonosy, A.O.Mupomuunky, A.B.
Mumakosy, B.P.I'aBpmiosy, A.B.ConoBbeBy u npyrum) 3a miomo-
TBOPHOE COTPYINHUUYECTBO Ha PA3HBLIX dTamaxX paboThI HAl 3aTPOHY-
TLIMHU B KHUTEe IPo6JieMaMu, a TakXke 6JIarONapuT BCEX YYACTHUKOB
cemmuHapoB “I'eomerpus m ¢pusmka” u Poccmiickoro rpaBUTalmoOHHO-
ro obmecTBa (a paHee — CEKIUM PABUTANNY HAayYHO-TEXHUYECKOTO
coera Munsysa CCCP), neficTByromux Ha ¢usmueckoM (axyib-
tete MI'Y ¢ HOa6psa 1972 roma, 3a MHOTOKpaTHEIE OGCTOSATENLHEIE
MUCKYCCHU TO 3aTPOHYTHIM B KHUTE MpObGIeMaM.

Arrtop Takxke 6maromaper A.I''MunbkoBy u A.B.ComoBreBy 3a
MOMOIIb IPHU MOATOTOBKE PYKONHUCH K TEYATH.
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IIpennmoceliiku HOBOM
du3nueckonu nmapamaurmMbl
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I'maBa 1

BBenenue

B sToii ritaBe, Bo-nepBLIX, 0GCYXKIEHEI IPENNOCLIIKY U aHa $hop-
MYJINpOBKa MpoObiieMbl, pelllacMOll B KHUTe, BO-BTOPEIX, KPAaTKO W3-
JIOXKEHBI caMble HeoOXOIUMEIE CBelleHUd W3 IepBOM YacTW KHHUTH, B-
TPETHUX, YKa3aHO MECTO Pa3sBHBAEMOIl 3eCh TEOPHH (mapaJHnrMbl)
cpenu APYT'HX M3BECTHBIX PU3MUYECKUX TEOpPURl M NporpaMM H, Ha-
KOHell, IpUBelleHa U IPOKOMMEHTHPOBaHa OJIOK-CXeMa colepKaHud
KHUTH.

1.1 Makpockonndeckas mpupomna
MIPOCTPAaHCTBAa-BpeMeHN

B cBs3u co chopmynupoBanHOil BEIIE 3aadeil BLIBOMA KIIACCH-
YeCKUX NPOCTPAHCTBEHHO-BPEMEHHBIX OTHOIIEHWH W3 HeKuUX 6Golree
NEPBUYHEIX MOHATUA HAMOMHUM WCTOPHUIO PA3BUTHS UIEU O MAKPO-
cxonuueckot npupode npocmparcmea u epement. CoobpaxkeHnsa Ha
5TOT CYET BBICKA3HIBAJINCEH U HEOMHOKPATHO OOCYKIAIUCH PAIOM W3-
BECTHBIX MAaTEMATHUKOB U (PU3UKOB.

1. Iloxadmnyii, cirenyeT HauaTh ¢ cepenunbl XIX Beka. Tak, b.Pu-
MaH mucain: “Bompoc o ToM, cnpaBeisuBEI M AOMYLIEHUS TEOMET-
puu B GECKOHEYHO MAaJjiOM, TECHO CBSA3aH C BOIMPOCOM O BHYTPEHHEN
OpUYAHE BO3HUKHOBEHNS METPHUYECKUX OTHOIIEHUN B MPOCTPAHCT-
Be. DTOT BONMPOC, KOHEYHO, TAaKXKe OTHOCUTCSA K OGIACTH yUEHUS O
OpPOCTPAHCTBE, W MPH PACCMOTPEHUH €r0 CIENyeT MPUHSITHL BO BHU-
MaHUe CHeJIaHHOE BHIIIE 3aMEeYaHUWe O TOM, UTO B CIIy4ae NUCKPET-
HOTO MHOT006pa3us NPUHIUN METPUYECKUX OTHOIIEHUH CONEPKUT-
cs yXKe B CAaMOM TOHATHH TOTO MHOTO06pasms, TOTAa Kak B cliydae
HEIPEPHIBHOTO MHOrooO6pa3us ero CIiefiyeT UCKATh TAe-TO B IPYToM
mecte. OTciofa cilefyeT, YTO WIK TO PEalbHOE, UYTO CO3MAET UAEIO
OpOCTpaHCTBa, 06pa3yeT MUCKPETHOE MHOrooOpasue, WU JKe HYXK-
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HO MEITAThCA OOBLACHUTEL BOSHWKHOBEHHE METPHUYECKUX OTHOIICHUIA
4eM-TO BHEITHUM — CHJIaMH CBS3H, NEHCTBYIONIMME Ha 3TO peallb-
noe.” CBon coobpaxkeHus 1o >ToMy Bompocy Puman 3aBepimnaer cio-
Bamu: “31ech MEI cTOMM Ha TIOpore o6JIacTy, TPUHAMIIEKAIIEH APY-
roii Hayke — (U3WKe, N TEPECTYNUTE €T0 He JaeT HaM TOBOMa CETOM-
HAmHWA gens”’ [57, ¢.33].

2. llomo6urie unmen u coobpaXKeHns MOIYUUIN NallbHEIee pa3Bu-
tue B XX Beke. Hag sToit mpobieMoii 3amyMmeiBaiuck A.OfHmITEH,
A .Opnnunrron [89] u mpyrue msBecTHble aBTOpHL. Tak, B 20-e romsl
A DitamiTeitn B psage paboT BBICKA3HIBAJICA B MOJIB3Y Uiei 06 OTKa-
3¢ OT HEeIPEPHIBHOI'O MPOCTPAHCTBa-BpeMeHU U JaXke OT IPUHITUIA
npuunaHOCTU. B cepenune 30-x ronos ou mucain: ” Heo6xonumo oTme-
THUTH, KOHEUHO, UYTO BBelleHle IIPOCTPaHCTBEHHO-BPEMEHHOTO KOHTH-
HyyMa MOXeT CUHTAThCd MIPOTHBOECTEeCTBEeHHEIM, €CiIl IMETh B BU-
Iy MOJIEKYIIAPHYIO CTPYKTYPY BCETO IPOUCXONAIIEI0 B MUKPOMUPE.
Y TBepxknmaloT, 4To ycuex MeTona ['eiizenGepra MoxeT OLITHL IpUBe-
IeH K 4HCTO ajrebpamdyeckoMy MeTONYy ONUCAHUSI IPUPONEL, T.e. UC-
KITI0YeHnio u3 dpu3uku HenpepuBHLIX dyuknwii. Ho Torma myxuo 6y-
IeT B IPUHIUIE OTKa3aThCd OT MPOCTPAHCTBEHHO-BPEeMEHHOI'O KOH-
TuHyyMa. MoXHO OIyMaTh, UTO UeJIoBeUecKasd M306peTaTeIbHOCTL B
KOHIle KOHIIOB HalifleT MeTOHEl, KOTOpEIe MO3BOJIAT CJIeNOBaTh 3TO-
My nytu. Ho B HacTosIlee BpeMs Takas mporpaMMa CMaXWBaeT Ha
HONBLITKY OHIMIATEL B 6e3Bo3nymiaoM mpocTpancTse” [90, c.56].

3. B cepenune XX Beka ¢usuk-Teopetux I. Ban Ilaumur BricKa-
3EIBaN cienyiomume coobpaxenus: “C mHaBHUX BpeEMeH IIPeNmoJiara-
JIOCh, YTO HOHATUS W TEOPEMEI TEOMETPUN SBIISIOTCS MPEANOCHLUTKOM
ISl NCTIOJIBL30BAHNS B MATEMATHUECKUX MOJENISAX APYTUX YacTell u-
suku. OMHAKO, KaXeTcsd, YTO NPUYMHA TAKOTO MPUOPUTETA MMEET
CKOpee MCTOPUYECKYIO W TPANUINOHHYIO, HEXKEIU JIOTUYECKYIO IpH-
pony. DTO COpaBeANBO KaK IJis €BKIIMIOBON M PUMAaHOBON reOMeT-
puHd, BBENEHHON DWHIITENHOM B KaueCTBE MOJEIU IPABUTAINE, TaK
U [JIs TOCJIENHUX MATHMEDPHEBIX U IIPOEK TUBHEIX OGOOIIEHUH, a TaKXKe
IJIsl COBCEM HETABHUX OOIINX JUHEWHBEIX CBA3ZHOCTEN, HCHOIB3YEMBIX
Otnammreiitnom u [lIpenmarepom. He coBceM scHO, Kakoe JIOTHYECKOE
WIIH SOUACTEMOJIOTHUECKOE MPEUMYIIIECTBO CONEPKUTCS B MHTEPIPE-
TUPOBAHUU YACTH TEOMETPHUYECKOTO OOBEKTA KaK BIEKTPOMATHUT-
HOe ToJie, a He HaoGopotT” [22].

“MoxHO 6LITH CKIIOHHEIM PacCMaTpUBATL METPHUKY, KaK OIH-
CHIBAIOLIYIO HEKOE “HOPMaJIbHOE” COCTOSHME MaTepuu (BKIIOYas W3-
Jy4eHWE), W NATh €l CMAMUCTMUYECKY!0 WHTEPIPETANNIO KaK He-
KOTOPHIN BUI CPENHETO PU3UUYECKUX XAPAKTEPUCTUK OKPYKAIOIIUX
COOBITHI, BMECTO TOTO, UTOOBI KJIacTh €€ B OCHOBY Bcell pU3UKU.
Ha cTarmcTuueckyio MHTEPIPETANUI0 HABOAUT MBICIIL TaKXKe TOT
$akKT, 4TO, HAIPUMED, U3MEPEHNE NIINHEI TPe6yeT TBEPALIX TEI, T.€.
6omnpimnoro ynciaa gactun. OnHako, elle He M3BECTHO, KaK TaKas CTa-
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THCTWYECKAs HHTEPIPETANNS METPUKH MOXET OBITH moydeHa” [22].

4. Eme 6oJiee KOHKPETHO MPOCTYMaeT MOCTAHOBKA 3alladll B pa-
6ote E.llummepmana “Makpockonunueckas IpIpofa MPOCTPaHCTBA-
Bpemenn”: “IIpocTpaHCTBO M BpeMs He ABIAIOTCA TAKHMH HOHATH-
SIMHU, KOTOPEIE UMEIOT CMEBICI AJIA OTHEbHBIX MUKPOCHCTEM. ODTH
MEKDOCHCTEMBI ONUCEIBAIOTCS abCTPAKTHEIME IOHATHAME (3apsin,
CIIMH, Macca, CTPaHHOCTH, KBAaHTOBHIE YHCiIa), HE HMEIOLIMME OT-
HOIIEHUs K MPOCTPAHCTBY W BpeMeHu. WX B3auMoOIelcTBUSA TaKXKe
MOJKHBLI OMUCEIBATHCS abCTPAKTHO, T.e. HE30THOCUTEIBLHO K IIPO-
cTpaHcTBY u BpemeHu. Haubonee dhyHIaAMEHTAIBHEIM CIIENCTBUEM
B3aMMOJIENCTBUS OTPOMHOTO YMCJIa TaKUX MUKPOCUCTEM SIBIISETCS
o6pa3oBaHNe MTPOCTPAHCTBEHHO-BPEMEHHO PEIIETKU, KOTOpas MpH-
BOANT K COPAaBENJIMBOCTH KJIACCUYECKUX MOHIATHUN MPOCTPAHCTBA M
BpPEMEHHU, HO TOJLKO B MaKpocKommueckoii obimactu” [87].

5. AHAJIOTMYHO TOYKM 3peHus NPUAEPKUBAJICA HAII COOTEUECT-
BenHuk reomeTp II.K.PameBckuii. B cBoeit MmoHOrpadun “Pumanosa
reOMeTpHA W TEH30DHEIA aHaium3” oH mumcai: “Mexny TeM TpPYIHO
COMHEBATHCH B TOM, YTO MaKPOCKONUYECKNE NOHIATHS, B TOM YUCIE U
HAIlll TPOCTPAHCTBEHHO-BPEMEHHLIE MPEACTABIEHNS, Ha CAMOM JeJie
YXOmST CBOMME KOpHAMHU B Mukpomup. Korma-uubynbs OHEM HOIKHEIL
OBITH PACKPHITHI KaK HEKOTOPHIA CTATUCTUYECKUN MTOT, BHITEKAIO-
IU# U3 3aKOHOMEPHOCTEN STOTO MUpa — HAJIEKO ellle HE pa3TalaH-
HBEIX — U3 CyMMapHOTO HaOIIONEHUS OTPOMHOTO YHCIIa MUKPOSIBIIE-
umii” [56, ¢.258]. B npyrom MecTe OH BhICKa3LIBaeTCA elle 60jiee KOH-
KpeTHO: “BO3MOXHO, YTO U cCaM YeTHIPEXMEPHEIN MPOCTPAHCTBEHHO-
BPEMEHHOW KOHTHHYYM C €r0 TeOMETPHYECKHMU CBOWCTBAMHU OKa-
JKeTCs B KOHEUHOM cueTe 06pa30BaHMEM, MMEIOIIUM CTATHCTUYECKII
XapaKTep U BO3HUKAIOIINM Ha OCHOBE GOJIBINOTO YUCIa MPOCTERIINX
GbU3MUECKUX B3aUMONENCTBUIl HIIeMEHTApHEIX dacTun’ [56, c.658].

6. B mepBoii yacTu 5TOH KHUTH yXKe YIOMWHAJIaCh TBUCTOPHAS
nporpamma P.Ilenpoy3a [52,53], HaneneHHas Ha BEIBOI MOIENH KIlac-
CHYeCKOTO MPOCTPAHCTBAa-BpEMEHM, UCXON I U3 MOHATHI TBUCTOpa. B
onuoit w3 crareir P.Ilempoysa ¢ corpynaukamu nucaigocs: “B mpen-
mectBylomux paborax (P.Ileapoysa — }0.C.B.) 6s110 nokasano, 4To
MOXHO BBECTHU IOHATHE €BKIINIOBA IPOCTPAHCTBA, UCXON A U3 Ipele-
Jla BEPOATHOCTH B3aMMOIEHCTBUA GOIBIION CETH YacTHUIl, KBa3UMCTa-
THYecku obMmeHmBawomuxcsa cumHamu. llpu TakoMm momxome eBKIIH-
IOBa CTPYKTYpa BO3HUKAeT W3 KOMOWHATOPHLIX IIPAaBUII, KOTOPLIM
VIOBJIETBOPAET IOJHEIA YTJIOBOM MOMEHT B PEINATUBUCTCKON KBaH-
TOBOU MexXaHUKe... MLI HaZeeMcs, UYTO Pa3BUTHE TBUCTOPHON TEOpUU
TIpUBENET B KOHEUYHOM CUETE K MOCTPOEHUIO JIOPEHIIEBEIX MHOT006pa-
3Wil, KOTOpEIE OYOYT CIYXUTH MONEISIMH MPOCTPAHCTBa-BpeMeHH”
[67, c.132].

7. Moxno mpuBecTH psiI BLICKA3LIBaHWIl B IyXe HIEU O MaKpo-
CKOMUYEeCKOH MpUpojie IPOCTPAHCTBA U BPEMEHN IPYTUX aBTOPUTET-
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HEIX aBTOpoB, HampuMmep, JI.Ile Bpoiinsa, ®.Xoima, E.TpayTmana.
Onnako, 6osee MM MeHee Pa3BUTON TEOPUU TAKOTO Pofa He GBIIO
nocTpoeHo. B mammx pa6orax [16, 17, 36] u B 5Toil KHUre HOKa-
3aH OyTH HOCTPOEHUS TaKol Teopum, Gojee TOTO, 3MIeCh HPENJIOKEHA
KOHKPeTHas MOZENb (TeOpHs), pean3yiommas N3JI0kK€eHHbIe BEIIIE CO-
obpaxeHu4.

1.2 PensanuoHHBIN XapakTep (pU3MUIECKUX
Teopum

1. Paspgensl coBpeMeHHO# Gu3nKN (TeOpHE) OPHHATO pa3iii-
9aTh B 3aBHCHMOCTH OT MacImTaba (CIOXKHOCTH) PacCMaTpPUBAEMBIX
B HUX OGBEKTOB: B KIIaCCHUeCKoil ¢pusnke (MeXaHUKe) paccMaTpHBa-
IOTCSA MAKPOO6LExMbl, 06IIasg TeOpnsa OTHOCHTEILHOCTH MMeEeT JeJlo
C OYeHb MACCHBHBIME (Mera-) o6beKTaMl, B KBAHTOBOH MeXaHHKe I
¢u3nKe MEUKpPOMEUpa ONUCHIBaeTCA MOBeleHme muxpovacmuy. I'pybo
BCe pasiellkl MOXHO pa3felnTh Ha JBa KJjlacca — Ha HMeoINne JeJo
¢ Makpoo6bekTaMu (0603HAUNM UX GYKBO# /M) I Ha ONNCHLIBAIOLINE
MEKDPOOOBEKTEl (0603HauMM ux GykBoil p). PusnmueckuMm Teopusam
OPHUCBOMM CHMBOJ R, Torja JBa Ha3BaHHBEIX KJlacCa TE€OPHH MOXKHO
XapaKTepu3oBaTh cuMBonamu R(m) n R(p).

OTH nBa Kjacca TeOpHil CyIIeCTBEHHO OTINYAlOTCA IPYT OT APY-
ra, HO UX PONHHUT oOIllee, — B HAX YPe3BLIYAlHO BaXXHYIO POJb WI-
paeT MOHATHE cucmembl omcuema. B HepelaTHBHCTCKOR MexaHHKe
IMeeT MeCTO HPHMHINUI OTHocHTelbHOoCcTH I'anmies, ocHOBY pendaTu-
BHCTCKOI MEXaHWKH COCTABJIAET CIeNMajbHad TeOpHA OTHOCHTENh-
HocTH. B obimeil Teopuu OTHOCHTENIBHOCTH OKa3ajloch HEOOXOMMMBIM
Pa3BHTHL CIENHAJILHEIE METONBI ONMCAaHMsA cumcTeM orcdera. CoBpe-
MeHHad KBaHTOBad Teopud cOpMYINpPOBaHa B PeJIATHBUCTCKI NHBA-
puaHTHOM Bupe... Ilon cmcTemoii oTcdeTa moHMMaeTcd HEKHH M3Me-
PUTEILHEI KOMILIEKC, & METOAEI 3aJaHMA CHCTEMEI OTCUeTa — 5TO
CIoco6 NMPUBASKH HNOHATHH TEOPHHM K BO3MOXHOCTAM HM3MEPHTENb-
HOil anmapaTyphl HabmionaTesns. OOEIYHO NOHATHE CHCTEMEI OTCYIETa
CBA3BLIBAIOT JIMIIL C COCTOAHMEM JBHXeHHd HabmonaTend. ['oBopar
0 Iepexofie OT OJHOM CHCTEMEBI OTCUYeTa K IPYyToll, NBHXYyIIedcd c
KaKOH-TO CKOPOCTBIO OTHOCHTEILHO MEPBOM.

2. Omnako w3 aHajJM3a KBaHTOBOM TeOpHH CjefyeT, YTO B IOHI-
THe CHCTeMEI OTCYeTa HeoOXOINMO BKIIIOUNTh HeuTo bonbmee. Mox-
HO yCMOTPeTE BaXHYIO aHAJIOTHIO MeX]ly CHCTeMaMI OTCYeTa B T€O-
pHUHI OTHOCHTENRHOCTH U MaKPONPHOOPOM B KBaHTOBOM MeXaHUKe, Ha
KoTopyto obpamain BEEMaHne B.A.®oxk: ” [loraTHe OTHOCHTEIBEHOCTH
K cpencTBaM HaGimofeHus (B kBaHToBoil MexaHuke — FO.C.B.) ectsb
B H3BECTHOM CMEICJIe 0600IeHne NOHATNA OTHOCUTEILHOCTH K CIHC-
TeMe orcdera. Oba MOHATHA UI'PAIOT B COOTBETCTBYIOIINX TEOPHIAX
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aHAJIOTUYHYIO poiib. Ho B TO BpeMs KaK Teopus OTHOCHUTEILHOCTH,
KOTOpas ONMpaeTcs Ha MOHATNE OTHOCUTENLHOCTH K CUCTEME OTCUe-
Ta, YYUTHEIBAET JIUIIL NBUXXEHUE CPENCTB HAaOGIIONEHUS KaK IIEeJoTo,
B KBaHTOBON MeXaHWKe HeOOXOOUMO YUHUTHIBAThL W 6ojiee rirybokue
cBoiicTBa cpencTB Habmionenus” [78, ¢.73].

IMonuepkHeM, UTO B COBpeMEHHON KBaHTOBOW MeXaHUKe W Gu-
3MKe MUKPOMUpa BCETHA MOAPa3yMeEBAeTCs, UTO ONUCAHME MUKPO-
06BEKTOB MPOM3BOMUTCA OTHOCUTEILHO MakKpompubopa. Iaxe Tor-
Ia, KoTJa B KBAHTOBOHW TEOPUU ONMUCEIBAETCS B3aMMOMAENCTBUE MUK-
poYacTull ApPYT C IPYToM, BCeTHa MOAPa3yMeBaeTCs CyIIeCTBOBAHUE
MaKpOoOHLEKTOB, I MUKPOOOLEKTHI OMUCHIBAIOTCSI TEPMUHAMU OTHO-
IeHN MUKPOOOBEKTOB K MaKpoobbekTaM. I[aBaiiTe momUeKHEM 5TO
06CTOATETBCTBO TEM, YTO BO BBEJIEHHOM BEIIE CHMBOJINYECKOM 060-
3HaYEeHUUW TEOPUM SBHO OTMETHWM CHU3Y CHMBOJIOM MaKpOOOHLEKTOB
m dakT onucaHms 06bLEKTOB OTHOCUTEIBLHO MakpompuGopoB. Torma
KJIacCUUecKyio Gu3mKy (nepBLIﬁ KJiacc Teopm?[) cienyet obo3HaYATH
CHIMBOJIOM Rm(m), a BTOPOM KJIacC TEOPWHl, ONMUCEIBAIONINX MWUKPO-
9acTHNbL, — cOMBOIOM R, (u).

3. Makpockonmn4ecKuii MOAX0 K IPUPONEe MPOCTPaHCTBa-BpeMe-
HU O3HAYaeT, YTO MCKOMAas TeOpWs NOJIKHA MCXOAUTEL M3 CUCTEMEL
COOCTBEHHEIX TIOHSITUN, HE ONMUPAIOMINXCI HU HA alpUOPHOE KJilac-
CMYEeCKOe TPOCTPAHCTBO-BpeMs, HM Ha Makpomnpubop. B Heii Muk-
POOOBEKTHI MOJXKHLI ONMUCHIBATHLCSA OTHOCUTEIILHO MUKPOOOHEKTOB.
OTO 3HAUUT, YTO TENEPh MOJIKHO MCIOIb30BATLCA HEKOE 000OIIeHne
Ha MUKPOMUP TOHATHUS CUCTEMEI 0OTcueTa. Bo BBemeHHEIX BEIIE 060-
3HAUEHUIX MCKOMas TEeOpHUS MOJXKHA XapaKTepU30BaThCsS CHMBOJIOM
RM(,u). OcHoBHas 3amada cOOPMYIIMPOBAHHON MPOrPaMMEI COCTOMT,
BO-IEPBEIX, B TOM, YTOOLI HaWTW W Pa3BUTh CUCTEMY NOHATUH M
3aKOHOMEPHOCTEW, He3aBUCUMYIO OT MaKPOIIOHSATHUH, M, BO-BTOPHIX,
yKa3aTh MEPEXONl OT STOW CHUCTEMEI K KIIACCHMYECKHM HPOCTPAHCT-
BEHHO-BPEMEHHEIM TPENCTABIEHUIM.

Tpu BBemeHHBIX Kilacca Teopuil m306pakeHbl Ha 6JIOK-CXeMe pH-
cyaka 1.1. CrpenkaMmm o603HaAUEHEI MEPEXONLI OT CAMOTO 3JIEMEH-
TapHOTO YPOBHS ONUCAaHWSA QU3UKM MUKPOMHpPa B paMKax RM(,u) K
cyumiecTBytomuM TeopusaM R,,(m) n R,,(r). Ha 610k-cxeme mokasa-
HO, U4TO KJIIIOUEBOE MECTO 3MIeCh 3aHUMAET MEPEXON K MaKponpubopy.

4. lInga peanu3aluy HaMeUeHHOW MPOTPAMMBI CIIENYET 06paTUThL-
ci K M3BECTHLIM CBeleHUWAM u3 du3mku Mukpomupa. UX aHagms mo-
Ka3EIBAaeT, YTO CBOWCTBA OTHOIIEHWH YacTHUIl B MUKPOMUpE 4Ype3-
BEIYANHO O€MHELI MO CPABHEHWIO C KIIACCUUYECKWMU, OMUCHLIBAEMEIME
obmenpuHsaToll reoMerpueii. I oTHENBLHLIX YACTHUIl HET MOHATHUS
KJIaCCUYECKOW SBOJTIONNH, & €CTh TOIBKO HEPEXOALI N3 OTHOTO COCTO-
AU B Apyroe. I OTHOINEHWA MeXIy HUMH HET HaXke MOHATHUS
6oJbIlle-MeHbIIe, TaK KaK YaCTHUIEl OMUCHLIBAIOTCS HE BEIECTBEHHEI-
MU, & KOMIUIEKCHBEIMU unciaMu. HeT m MHOTUX APYTUX MPUBLIYHEIX
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RM(#)

Ilepexon x ~“maxponpuGopy

< ,

Rp(m) | 7| Ru(w

Puc. 1.1: CooTHollleHne NCKOMO# U CYLIECTBYIOIINX TEOPU

moHATHH. Bce 5TO BO3HUKAET JUIIL B MAaKPOMHUPE IJIS TOCTATOYHO
CIIOXHBIX CHCTEM C IaMAThIO.

5. BosumkaeTr Bompoc: Ha 4TO Xe ciefyeT omeperbcs? Amanms
MOKa3EIBAET, UTO, BO-TIEPBLIX, UCKOMYIO MEOPUIO CACIYEM MbICAUMD
6 pamrar Konyenyuy dasbrodeticmend, Koraa HeT HaJOOHOCTH B He-
IIPepLIBHOM IPOCTPaHCTBEHHO-BPEMEeHHOM (poHe, IO KOTOPOMY JIOJIXK-
HEI PacHpOCTPAHATHLCA IOJSI HNEPEHOCUYMKOB B3auMomeidcTBuit. Yac-
THIE B3aHMONEHCTBYIOT APYTr C APYroM (HaXomsTCs APYT C IOpPY-
TOM B OTHOIIEHWSX) HENMOCPENCTBEHHO, 6€3 MPOMEXYTOYHBIX IOJIEH.
OJeMEHTHI UCKOMOW TEOPUH MOXHO YCMOTPETH B TEOPUH HPSIMOTO
MexyvacTuuHoro B3ammoneiicTBusi Pokkepa-PefiEMaHa, OCHOBEI KO-
TOpOil W3JI0KEHEI B I'JIaBe 2 MaHHOW KHUTU. Bo BTOpPLIX, 6 kauecmee
KAIOUEB020 MOHAMUA, KOTOPOE 3aMeHsIeT PacCTOAHUSA, HHTEPBAJILL U
IpYyTHe KilacCUUeCKUe MOHATHS, cAedyem 634Mb abCMpPAKmuoe no-
namue omuowenud. Teopus oTHOmeHNH TOTPOGHO M3IIOXKEHA B TEP-
BOM 4acTHU KHUTHU M KpaTKo NOACHEHa B cilefyiomeM naparpade >Toi
raaBel. B-TpeThux, m3 CBONCTB MUKPOYACTHII chedyem onepembscd
HQ NOHAMUA UT HOYAALHBIL U KOHEUHbIT COCMOAHUIL, MEXIY KOTO-
PEIME OCYIIECTBIIAIOTCA IEePeXONLl, ONUCHIBaeMBLIME OTHOUIEHUAMU
MEXIY STUMH COCTOSHUAMU. B 4ueTBepTHIX, BaXKHEIM HaBOAAIINM CO-
obpaXeHueM CIYyXUT (axm CNUHOPHOCTY BIEMEHTAPHBIX YACTHII.
NmeeTca u pan npyrux coobpaxeHWil, KOTOpPLIE MOXHO YCMOTPETH
B HBIHE CYIIECTBYIOIIUX TEOPHUAX.

B cBsa3m ¢ W370XKEHHLIM CTAHOBUTCS TOHATHHEIM TEPMUH pead-
yuonnad meopud. Bo-nepBEIX, OH 06yCJIOBJIEH T€M, UTO B KauecTBE
KIIIOUEBOTO BHIGpaHO MOHSATHe oTHOIeHHUs (relation) u, Bo-BTOpHIX,
BaXXHLIM MECTOM B 3TOH TeOpHH MOHATHSA CUCTEMEI OTCUeTa U ee
060611eHns B pU3HKE MEKPOMEpPaA (CHCTEMBI OTHOIIEHUI).
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1.3 KooueBble MOHATUSA PEJISIIUOHHON
Teopuun

OCHOBEI MaTeMaTHUYECKOTO AalllapaTa AJiA ONUCAHUSA JAeMEH-
MAPHBIT OMHOWEHUY 6 MUKpOMUpEe, U3 KOTOPBLIX 3aTeM CTPOUTCA
(mocpencTBOM psAma CyMMEPOBaHUIl) T€OPUs IPOCTPAHCTBa-BPEMEHN
u PuU3NUYeCKUX B3aNMMONEWCTBUN, NMO3aMMCTBOBAHEI U3 Teopuu ¢u-
suueckux cTpykTyp FO.M.Kynakosa [34, 35]. 3amerum, uto Teo-
pusa pm3NUecKUX CTPYKTYP, IpencTaBidiomiad coboll ajrebpaundec-
KyI0 TeOpHIO OTHOIIEHWW, CTPOMIIach €e aBTOPOM M3 COBCEM WMHBIX
coobpaXxeHud M IJis APyrux meneil. s peanuzanuu M3JI0XKeHHOM

3Iech mporpaMMbl (IOCTPOEHMs GUHAPHON reOMeTPO(PU3UKN) MIPU-

IIIJTOCh, BO-TIEPBEIX, 0606MNUTEL 6MHAPHEIE CTPYKTYPH Kymakosa! Ha

cilydail KOMIIJIEKCHBIX OTHOIIEHWH, BO-BTOPBIX, CYIIECTBEHHO pa3-
BUTH UX B IyXe TEOPUH CHCTEM OTCUeTa U3 OOIIell TeopHM OTHOCH-
TEeNLHOCTHU, KOHEUHO, B PaMKaX ee ajireGpandeckoit vactTu. B Takom
BHIle MaTeMaTHUecKUi anmapaT OMHApPHBIX CTPYKTYp HaszBaH HaMWU
Teopueil 6unapubiz cucmem xomnaexcroir omuowenut, (BCKO).

1. Teopus pu3awueckux CTPYKTYp MONPOGHO O6CYyXKHIeHa B TIEp-
BOWl ryiaBe mepBoll 4acTu KHuru. KpaTko HamoMHUM ee OCHOBHEIE
nmoJsioxenusi. Ilpexnme Bcero HyXHO cka3aThb, uTo B rpynne FO.U.Ky-
JIaKOBa 3Ta TeOpHd IO ONHUM U TeM XKe IPHHIUNAM IapajilelIbHO
pa3BHBaJIach KaK Ha OJHOM MHOXECTBE 5JIEMEHTOB (yHapHbIE CTPYK-
TYpbI), TaK ¥ Ha IBYX MHOXECTBaX 3JIEMEHTOB (6MHADHEIE CTPYK-
Typhl). Brwio nokasaHo, 4TO yHApHEIE CTPYKTYPHL C BELIECTBEHHEI
MH OTHOIIEHUAMN COOTBETCTBYIOT M3BECTHEIM BHIaM I'€OMEeTPHH C
CUMMETPHUAMHU, T.e. IPEICTAaBIAIOT cobOl UX NepedOpMYIUPOBKY B
PESNNOHHOM IyXe, B TEPMHUHAX DPAcCTOSHUA (OTHOLIEHMIT) MEXIY
ToukaMmu-sneMenTaMu. llockonbky yHapHBIEe U 6MHApHEBEIE CTPYKTY-
PHL CTPOATCA HO ONHUM IIpPaBWJIaM, TO OTKpEITEIE KynakoBriM 6u-
HapHEIE CTPYKTYPHI MOXHO TPaKTOBaTh KaK CBOeOOpasHEIE Ouxap-
note zeomempuu. OHE OKaszaduch 6ojee 3IEMEHTAPHEIME; U3 HUX
MOXHO NOJIy4aThb yHapHbIE CTPYKTYPHL (FeOMeTpHH) KakK BTOPHY-
HEBEIE CHCTEMEI.

2. HanomuuM, 4TO co60ll mpencTaBisieT TeOpusa OGMHAPHBEIX CHC-
TeMm oTHomeHnuii. [locTynupyercs, 4To NMeIOTCS IBa MHOXECTBA dJle-
MeHTOB. O603HAUNM MEPBOE MHOXECTBO cUMBOJioM M, a BTopoe —
N . DileMeHTHI NepBOTO MHOXECTBa 0603HAYAIOTCA IPONMCHBIME JIa-
THHCKIMH GykBaMmu (%, j, k, ...), a BIIEMEHTEI BTOPOTO MHOXKECTBA —
rpegeckumu (a, 3,7, ...). Mexny mo6oil mapoil 51eMeHTOB U3 pas-

'B reopun ¢usmueckux crpyxryp FO.JM.KymakoBa MCIOmB3yeTCs HECKOIBKO
WHas TEPMUHOJOTUSA. B YacTHOCTH, BMECTO TEPMUHOB ‘YHAPHEIE CTPYKTYPHI
u “6UHADHBIE CTPYKTYPHI MCHOIB3YIOTCA COOTBETCTBEHHO TEPMUHBI ‘“‘CTPYK-
TYPHl Ha OFHOM MHOXECTBE 3JIEMEHTOB” U “CTPYKTYDHL Ha NBYX MHOXECTBAX
3J1€MeHTOB” .
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HBLIX MHOXECTB 3aJaeTcsd NMapHOe OTHOINEHNE — HEKOTOPOEe KOMII-
JleKCHOe (BELIeCTBEHHOE) UHCIO Ujo (cM. puc. 1.2). IMocTymupyercs,
YTO UMeeTCs HeKUil ajrebpandeckuil 3axoH, CBA3LIBAIONINN BCE BO3-
MOXHEIE OTHOINIEHNS MEXIY JIIOOBIMHU 7 SJIeMEHTaMi MHOXecTBa M
u S BIeMeHTaMu MHOXecTBa N

é(r,s)(uia; Uiy -« - uk’y) =0. (131)

ensie uncna r u s xapakrepusyior paxe (r, s) BCKO. Cymecteen-
HBIM TOJIOXEHNEM TEOPUHU ABIAeTCa TpeGoBaHUe Pyndamenmanbrot
cumMmempuy, cocTosmmee B ToM, 4To 3akoH (1.3.1) cupaBennus npm
3aMeHe B34TOro Habopa 3JIEMEeHTOB Ha JIIoOble Npyrue B COOTBET-
CTBYIOIMUX MHOXecTBaX. PyHmaMeHTaIbHAS CUMMETPHUS MO3BOJIAET
3anucaTh QyHKINOHAIBHO-IU(depeHINANbHEIE YPaBHEHNI U3 HUX
HafTH BUJI KaK DapHLIX OTHONIIEHWH u;,, Tak U caMmy ¢yukmuio P

(cm. [43, 44]).

S 3JIEMEHTOB

vl
_’&x__ _/%__.
Ujey Ujy
e

7 3JIEMEHTOB

Puc. 1.2: Bunapuas cucrema oTHomeHnii (cTpykTypa) paura (7, s).

3. B 6unapuoii reomerpodpusuke ucnonnssyiorcs BCKO cummer-
PUYHBLIX PAHTOB (7, 7), IPUYEM Pa3iIMYalOTCsI HEBEIPOXKIEHHEIE M BhI-
poxnenusie cucteMbl otHomeHui. s meBripoxaenasix BCKO 3a-
KOH MMEeEeT BUJ

Ui Ui~ Uiy
= | The TR MRy —g, (1.8.2)

é(r,r) (uiou Uiy - - -

Uja Ujp " Ujy
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€ MapHBI€E OTHOLIEHNA IPEACTABIAIOTCA B q)opme

r—1
Uo = »_d'ol. (1.3.3)
=1

3meck i1,4%,...,i""! — r — 1 mapamerpoB snemenTa i, a ol,o?, ...,

"1 — » — 1 mapameTpoB 31eMenTa Q.

4. Ocobo ciefyeT OCTAHOBUTLCS HA HPOUCXOXKIEHUH IMapaMeT-
poB sieMenToB. OHU SABIAIOTCS aHAJIOTAMU MOHITH KOODOUHAT B
o6eryHol reomerpun. YTo6H K HEM npuiiTH, B 3akoHe (1.3.1) HyX)HO
MOJIOKUTE 7— 1 571eMeHTOB MHOXecTBa M 1 s—1 571eMEHTOB MHOXEC-
tBa N amaaonnsimu. Torga Ha 3TOT 3aKOH MOXKHO CMOTPETh KakK Ha
COOTHOIIIEHNE, OIpelelidiolllee TapHOe OTHOIIEHNEe MeXIYy IByMd He-
5TAJIOHHBEIMHE JIEMeHTaMu (IIyCcTh UMM GYAYT SJIEMEHTHI § M (¢) Yepes
UX OTHOIIEHHS K STAJIOHHBIM 3jieMeHTaM (cM. puc. 1.3). OrHomenns
JKe MeXJy CaMUMU >TaJIOHHEIMHU 3JIeMEHTaMé MOXHO CUHTATh pa3 I
HaBcerza 3alaHHBIMU. Torma okasbIBaeTcs, YTO HapHOE OTHOIIEHWE
Ui XapaKTepu3yeTcs s—1 mapaMeTpaMH 5J€MEHTA % (€ro OTHOLIEHN-
AMH K $— 1 5TaJOHHEIM 3J1eMeHETaM MHOXecTBa N ) I aHAJIOTMYHEIME
7 — 1 — mapameTpamn sieMenTa . CuCcTeMa HTAIOHHEIX DIIEMEHTOB

(84
N '
Una /
YUm,
Uy,
Ui m
Uiy, e n
v \
M 1 L m n

ON3BOJILHEIE
paJIeMeHTI:I Basuc BCKO

Puc. 1.3: 3amanme mapaMeTpoB Hmaphl 3JIEMEHTOB ¢ W & 4Uepe3 MX
OTHOIIEHNA K 3TaJIOHHBIM 3JIeMeHTaM.

coctaBnget 6a3uc BCKO.

5. DleMeHTLI IBYX MHOXECTB B GHMHAPHON reoMeTpodu3nKe MMe-
0T CIIENYIOMM GU3MYECKIA CMEICI. DJIEMEHTEI IEPBOTO MHOXECT-
Ba M XapaKTepHU3YIOT HA4aAAbHbIE COCTNOANUA JACTHUII, a SJIEMEHTEI
BTOporo MHoxkecTBa N — xoweunsie comogwud. Takum obpazoM, B
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caMbIx ocHOBHHEIX NOoHATHAX BCKO okasrbiBaeTcs 3ajloXeHHOW mues
5BONIONNY (BPEMEHN), MEPEXONa YAaCTUI N3 HAYAJILHOTO B KOHEYHOE
cocTosiHUs. BUHAPHOCTE OTPaXaeT CyTh BIIEMEHTAPHON AYEHKH MU-
PO3HaHus — HaYyaJso, KOHEN U caM (GakT mepexona (OTHOIIEHNS ) MEX-
Iy HAMU.

B 6unapnoii reomerpodusuke ¢ panrom BCKO cBaseiBaeTcs Bun
u cuocob onucanus sneMeHTapubx yactun. C momomsio BCKO pan-
ra (3,3) onuceiBaroTca ce80600Hbie (HEB3aMMONEHCTBYIONINE) MIPOC-
Teiillie YacTHUILI — JIENTOHEI. B paMkax mpocTeiIneii MOmENIN Ha
ocaoBe BCKO panra (4,4) onuceIBaloTCs B3anMOAEHRCTBYIOIINE JIET-
TOHBI, IPUYEM KaXILI U3 HAX XapaKTepU3yeTcs MapaMu >JeMeH-
ToB. UTOGLI ommcaTh B3aMMOMNEHCTBUS KBapKOB MeXIY cOOOW M C
mentonamu Heobxomumo nepeiitu k BCKO 6onee Bricokoro panra
(6,6). B Takoii Momenm KBapKH XapaKTEPHU3YIOTCA TPOMKaMH Siie-
MEHTOB B KaXIOM COCTOSHUM.

Takum obpasom, B BCKO 6a3ucer (CHCTEMEI STAIOHHEIX HJIEMEH-
TOB) IPENCTABIAIOT COGOM >JIEMEHTApPHEIE YaCTHUIEl, OTHOCHTEIBHO
KOTOPHIX ONHUCBIBAIOTCS OPYTHUE SJIEMEHTApHBIE YACTUIEI TOTO XK€
copra. OTOoT dHaKT BEIpaXaeT TPeGyeMEIl XapaKTep UCKOMON pess-
nuoHHON Teopnu R, ().

1.4 CooTHollleHNe NEePBUYHBIX U
OOILIENPUHATHIX MMOHATHUN

1. Housatus BCKO mu3mux paHroB ¢pakTHUECKN yKe UCHOIb3Y-
I0OTCS B COBPEMEHHOI TeopeTHUUecKoit ¢usuke. B wacTHOCTH, Teopus
2-KOMIIOHEHTHEIX CIMHOPOB €CTECTBEHHO Bo3HEKaeT [12] B pamkax
BCKO paxnra (3,3). IleficTBITENBHO, B TaKOH TEOPUH SJIEMEHTEL Xa-
PaKTEpPU3YIOTCS MapaMu KOMIUIEKCHEIX HapaMeTPOB

1
i— < 22 ) ;. a— (af,a?), (1.4.1)

T.e. ABIAIOTCA BEKTOPaMH 2-MepDHEIX KOMIUIEKCHBIX IPOCTPAaHCTB.
Maproe orHomenue (1.3.3) B naHHOM ciryuae

Uiy = i+t +i%a® (1.4.2)

MOXHO IIOHEMATh KaK CKaJIIPHOE IPOM3BeIeHNe BEKTOpa Ha KOBEK-
TOP B CONPSXKEHHOM IIPOCTPAHCTBE.

B reopun BCKO panra (7, 7) BaXHy0 poiib HIpaioT @yrdamen-
manavuvte (r — 1) x (r — 1)-omrowenud, npencTaBigomue co6OR
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OTJUYHBEIE OT HYJIS MUHOPHI MaKCHMAaJbHOTO PaHTa B ONpPENETUTeE-
ne 3akoHa (1.3.2). B mamnOM ciiyuae 5TO dyHmZaMeHTAIBLHOE 2 X 2-
OTHOITNIEHNE, MPENCTABISIEMOE B BUAAX:

i =

Kaxnuiii U3 COMHOXUTENIEH CIpaBa 3alUCEIBAETCSA U3 HapaMeTpPOB
3JIEMEHTOB ONHOTO COpPTa U NpeAcTaBiideT cOoOON aHTUCHUMMeETpPHY-
HyI0 KBajgpaTuunyo dopmy. Beens smunelinbie mpeobpa3zoBaHus ma-
paMeTpoB B IBYX MHOXECTBaX 3JIeMEHTOB:

it k!
i k2

al ﬁl

= | g2 g2 (1.4.3)

Ui Ui
Uk URS

i =CH"; o =Cra, (1.4.4)

roe xos>dpdunumenTrr npeobpazoBaruit C; u C;* B IByX MHOXeCT-
BaX KOMIUIEKCHO CONPSAXEHBEI APYT HPYTY, IMPUXOAUM K BHIIEJEH-
HOW rpynme 6-mapaMerpnueckux npeobpasosanuii SL(2,C), orHocu-
TEILHO KOTOPHIX OCTAIOTCA HHBAPUAHTHEIMU KBadpaTUYHEIE (POPMEI
13 COMHOXMUTelell cupasa B (1.4.3):

k2 — 2k = Inv;  olB?—a’pl = Inw. (1.4.5)

Kospdunumenter npeobpasopannii u3 (1.4.4) ynoBieTBOpsioT ycio-
BHIO

CiC: - C5C =1. (1.4.6)

HamomunwM, uro, mo onpenenernio (cM. [58, 60]), 2-KoMnOHEHTHEIME
CIIHHOPaMU ABJIAIOTCA BEKTOPHL B 2-MEPHOM KOMILJIEKCHOM MPOCTPaH-
CTBe, IJIf KOTOPHIX NMPH HONYCTHMBLIX IPeo6pa3’0oBaHUAX OCTAIOTCA
MHBAapMAHTHLIMHA aHTHCHMMeTPHUHEIE (popMsl Buna (1.4.3).

Jluneiinsie npeo6pasoBanus (1.4.4) He BBOASTCS W3BHE, a HMEIOT
CMEICST peobpa30BaHMil TapaMeTPOB 3JIEMEHTOB NpH IEPeXofie OT
omHOro Habopa STaJIOHHBIX 51eMeHTOB (6a3uca) k npyromy. Cuenyer
NOMYEpPKHYTh, YTO 6 Pa3susaemoll 30eco meopuu 6006we HUUE20 HE
BHOCUMCA U36HE, G UCNOALIYIOMCA AUULL ME NOHAMUL, KOMOpble
ecmecmeennbim obpasom eo3nuxaiom 6 pamxar BCKO pazauunbic
panzoe.

B nepsoit wactn xuurn (” Teopun cucrem orsomernit” [17]) cuc-
remaTmyeckn usiioxensl Teopun BCKO mMurnmansaerx panros (2,2),
(3,3), (4,4), (5,5) 1 ykasaner ocHoBHEIe cBoiictBa BCKO 6osee BrIco-
kux paHroB (cM. takxe [14]). [Tokasano, ato 8 BCKO panros, Beime
(3,3), mmeeT MecTO O606IIEHNE NOHATHS CIXHOPOB HA IPOU3BOIILHOE
9HCJIO KOMIOHEHT. JIJI1 HUX MPENJIOXKEeH TEPMAH HuHCAEPOEbL CUHO-
pol. B Takoii Teopun npm mpeobpa3oBaHEMAX MapaMETPOB OCTAOTCA
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VHBApHAHTHEIMA KyOWUHEIE, YeTBEPTOll CTENEHH M T.N. aHTHCHM-
MeTpHUYHEIE (OPMEL.

MoxHO yTBEPKAATh, UTO f-MEPHOCMb KAGCCUUECKOZO NPOCT-
pancmea-epemeny u cuewamypa (+ — — —) o0bycaoseaens. panzom
(8,8) nepeoti neewviporcdennott BCKO (cm. [17, c.81]).

2. B 6unapHOli TeoMeTpodU3NKe BaXKHOE MECTO 3aHHMAeET Iepe-
xon oT BCKO k cOOTBETCTBYIOIUM UM YHAPHEIM CHCTEMaM BeIeCT-
Bennuix otHomenuin (YCBO). Oto ocymecTBisercs myTeM cBoeob-
PasHOIl CKIIElKN HEKOTOPHIX COBOKYIHOCTEH 3JI€MEHTOB U3 PasHEIX
MHOXECTB B e[MHEIE 3JIEMEHTHI ONHOTO HOBOI'O MHOXeCTBa (CM. pu-
cynox 1.4). Ilpm 5ToM mapHBIe OTHOWIEHHS MeXIY HAME CTPOATCA

Onementer BCKO panra (3,3)

A A A )
XA LR DT [X
Wi )

y

OnemenTtsl Y CBO

Puc. 1.4: Ilepexon or BCKO x YCBO na npumepe o6pazoBanus u3
BCKO panra (3,3) yrapsaoro BemectBenHoro npocrpascTsa (Jlo6a-
YEBCKOTO).

u3 napHbix otHomenui nepsuunoir BCKO. Ha pucynke 1.4 uzo6pa-
xen nepexon or BCKO pamnra (3,3) xk YCBO panra 5 (x 3-mepHOMY
npoctpaHcTBY Jlo6aueBCKOro), KOTOPEIA OCYIIECTBIAETCS CKIIEHKOM
IBYX Tap 3JEMEHTOB B ONWH HOBEIH 5JIEMEHT-TOUKY yHApHOH Teo-
MeTpunu. MoryT 6BITH U APYTUEe BUIOBI CKIIEHKU: Maphl TOUEK, IBYX
Tpoek U T.A. B wacTtu 1 xHuTH 06CYXKIEHEI BO3MOXHEIE BUIEI CKIIEEK
u o6pa3syIoIuecs mpu 3TOM T'eOMeTPUH.

Kak B kBaHTOBOI MeXaHNKe U3 NEPBUYHEIX KOMIIEKCHLIX BOJIHO-
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BEIX QYHKIUN CTPOATCS HaGIIONaeMbIe BEIIECTBEHHLIE BEIIMUMHEL —
cOBCTBEHHBIE 3HAUEHNS SPMUTOBEIX ONEPATOPOB, — TaK B GMHAPHOR
reoMeTpodu3nKe HEMOCPEACTBEHHO MHTEPIPETUPYEMEIME SBISIOTCS
moustus ¥ CBO, monyuaemeie u3 neppuunsix moustuit BCKO.

3. B 6unapnoii reoMeTpodu3UKe YHAPHEIE T€OMETPHUH, MOIYUa-
IOIIUECS YKA3aHHEIM CIOCOO0M, MHTEPIPETUPYIOTCSI KaK NpPOCMpa-
cmeo ckopocmet (AMIYIbCHOE IPOCTPaHCTBO). Takum o6pasoM, uM-
OyJILCHOE MPOCTPAHCTBO BO3HUKaeT u3 nepBuuHbix nousatuin BCKO
paHbIlle KOOPIUHATHOTO MPOCTPAHCTBA-BPEMEHN.

B pamkax BCKO panra (3,3) koMIOHEHTEI 4-MEPHEIX CKOPOCTEN
(uMmynpcoB) cienynomuM 06pa3’oM CTPOSTCS U3 MapaMeTPOB Mac-
CUBHOI YaCTHIIEL:

W = %( od +i%a? + kB + k26Y);
Wl = ;( o + ol + KB+ KY); (1.4.7)
W = %(i1a2_i2al+klﬁ2_k2ﬁl);
I - %(Z-lal_i2a2+klﬁl_k252)‘
B NTOre mMeeT MECTO COOTHOIIIEHHuE
gmut'n” = [ji] (1.4.8)

Cxuneifikoit mostydaercs nmpocTpaHcTBO Jlo6aueBCKOro, 4TO COOTBET-
CTByeT M3BECTHOMY YCJIOBHIO Ha 4-MepHEIE CKOPOCTH

uty, = Const = 1. (1.4.9)

B Tak onpenenernoit Y CBO maproe oTHOmeHne a;; MeXIy IBY-
M$ HOBLIMH 3JIEMEHTAMM i U j CTPOUTCA U3 MaPHEIX OTHOILIEHWA MC-
xonHoit BCKO u nMmeeT Bup

ai; = % ([(Zy] + [‘:j] + ij] + [ii]) = UGy, (1.4.10)

rie >JIeMEHTHI ¢, k, , 3 ONMCHIBAIOT COCTOSHUS NEPBON YACTWIIEHI,
0603HAYEHHON CHUMBOJIOM %, & SJIEMEHTH §, 8,7, § ONUCHIBAIOT COCTO-
SHUS BTOPOH YacTUIEI, OTMEUYEHHOH CUMBOJIOM j.

4. ®opMuEpoBaHNE KIACCUUECKOTO IPOCTPAHCTBAa-BpEMEHN U3 TIO-
aatuit BCKO npencrasnser coboit ocHOBHYIO 3aiady GUHAPHOI Teo-
MeTrpodusuku. [Ipu ee pemennn KiIoueByio poib UTPAlOT MOHSITUS
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BCKO muanmansHoro paxra (2,2). B riase 4 nepBoit wactu KHETH
MOKAa3aHO, YTO €€ OTHOIIEHNS OMUCHIBAIOTCS SIIEMEHTAME MUKINYEC-
KOl Tpynnsl (KOMIUIEKCHEIME YUCIaME IO MOLYJII0 €IWHUIA).

5. KpaTko M3I10)KeHHOEe BEIIIE CONEPXKAHUE MEPBON YACTU KHUTHU
mOSICHEHO B Bupe 6iok-cxeMbl Ha pucyuke 1.5. Ctpenkamm oTpa-
JKeH NeNyKTUBHBLIN XapaKTep M3JIOKEHHOTO. 3a MCXONHBIA CIIENYyeT
6pars paur BCKO, 6ombmuii wian pasueni (4,4). BCKO menbmux
PaHTOB MOXHO MOHUMAThL KaK GMHAPHBIE MONCUCTEMEI KOMILJIEKCHBIX
oruoureHnii BCKO 6onbiux paHroB, To €CTh BCe BBENEHHBIE BBIIIIE
nousarus BCKO panros (3,3) n (2,2) conepxarcsa B Teopun BCKO
paHroB (4,4) u Brime. OTO OTOGPAXKEHO CTPEIKAMHA B HAaIlPaBJICHUN
clipaBa HaJIeBO BO BTopoii cTpoke 6iokoB. Ha 6i0K-cxeme mBOiHOMN
pamkoit Beinesena BCKO panra (4,4) kak kioueBas CHCTEMa, IO-
CTAaTOYHAs JJIA HOCTPOEHWS IMPOCTeiiell Monenu mpoobpasa Kirac-
CHYECKUX ITPOCTPAHCTBEHHO-BPEMEHHEIX OTHOIIEHUN U QU3MUIECKUX
B3aumozeiictuit. BCKO sroro panra (4,4) Takxke mojoxeHa B OC-
HOBY 5TOH, BTOPO#l yacTu KHUTHU. B ee mocienumx ritaBax o6CcyKaeHa
poiis BCKO 6oisiee BEICOKMX paHTOB.

Teopus BCKO panros (r,r)

1 1 -

BCKO BCKO BCKO BECKO
(2,2) (3,3) 4,4) || H(?éﬁ’%) ~—

| | |

YCBO

YCBO

YCBO

YCBO

fl)nl3nqec1<a

A HHTepIHpeTaHHlH

BonroBEIE 4-Mepue, Jlentonw1,| | Anponwr,
CBOICTBA, CUTHaTypa, B3aMMO- B3aUMO-
SBOJTIONNA, CIIMHOPHI, meficTeus,| |meficTena

pacTogHmA| |MMIyIBCEI sapsmst

Puc. 1.5: Brok-cxeMa comepxXaHuS TepBOil YaCTH KHUTHT

HanoMuuM, npu mocTpoeHNN GHHAPHON reoMeTpodM3UKM OLHOM
U3 UCXONHBIX IOCHUIOK ABIIANIach Ullesd O MaKPOCKONMMYECKOH NpHpO-
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Ile TPOCTPaHCTBa-BpeMeHU. B Hee, B 4aCTHOCTH, BKIIANLIBAETCA TOT
CMBICJI, YTO KBAaHTOBasd MeXaHUKa NEMOHCTPUPYET PaKT OTCYTCTBUA
V OTHOIIIEHUH, B KOTOpPLIE BCTYNAIOT IPYT ¢ APYIOM MUKPOYaCTHUIEL,
TOHATHUA OOJIbIle - MEHBIIIE.

OTO OTpaXeHO B KOMILIEKCHEIX YHCIIaX, ¢ IOMOIIBI0 KOTOPHIX OHA
dopMynupyeTcs. DTO XKe MOCIIYKUIIO TIIABHEIM OCHOBAHUWEM IIEPEXO-
Ia OT Teopuu ¢u3MUecKnx cTpykTyp KymnakoBa ¢ BellecTBEHHLIMU
OTHOWIEHNAME K KOMIUIeKCUGUINPOBAHHLIM CHCTEMaM OTHOIIEHUH.
B >Toit xHUTe W3araeTca METONMKA IEPEXONa OT MEePBUYHEIX Heap-
XUMENOBEIX OTHOLIEHHH K KIIaCCHYECKUM eOMETPUYECKHEM (apXuMe-
IOBBIM) TOHSITHAM.

1.5 Ilapagurma 6uHapHOU reoMeTpPOoPU3UKHI

Baxmneiimyio 4acThb pa3BUBaeMOl 31eCh TPOT PAMMEL COCTABIIIET
nepexoll K OOLIENIPUHATEIM MOHATUAM M K KJIaCCHUYeCKNM IIPOCTpaH-
CTBEHHO-BPEMEHHBLIM NPEACTABIICEHUAM, TO €CTh IepeXol OT IpaBoil
BEpXHEHW KIIETOYKM IWarpaMMbI pucyHKa 1.1 K pacnojioXXeHHLIM HU-
JKe W JeBee pasneiiaM TeopeTwdeckoil ¢msuku. OmHako, OKasbIBa-
eTcsd, UMelolllecd B COBPeMeHHOW GU3MKe TeopuH, Kak U Te, UAEH
KOTOPEIX IOJIOXKEHLI B OCHOBaHUA OMHApHON reoMeTpodm3mKu, mMme-
0T MPUHIUNNAILHO Pa3jIUYHEI XapaKTep. Y Ke YyIOMUHAJIOCH, YTO
Teopud NPAMOTO MeXUYaCTUYHOTO B3aMMOIENCTBUA aJbTepHATHUBHA
Teopuu monsa. Teopum pusmdeckux mosiedl Ha ¢GHoHE 3aMaHHOTO TPO-
CTpPaHCTBa-BpeMeHN NPUHIUNNAIILHO OTINYAIOTCA OT MHOI'OMEPHEIX
reomeTpuueckux Teopuit Kamynrr-Kieitna. UmetoTcs u npyrue Bu-
Iel Teopuii. BoraTcTBo comepxkalmuxcsad B HUX WAEH U TIPWHIUIOB
CBUIETEILCTBYET O TOM, YTO K HACTOAIMIEMY BpPeMeHHU CJIOXUIINCH
Bce HeoOXONMMEIe NPENNOCHUIKH AJId Iepexolla Ha HOBLHI YPOBEHb
TMOHUMAaHNA CYIIHOCTH KJIacCHMUeCKOTO NMPOCTpPaHCTBa-BpeMeHN.

HasBannbie Teopum mpencTaBigioT coboil pasiIWYHLIE Mapaur-
Mul. [on napaduemotl MEI IOHUMaEM cucmemy norwamut, xamezoput
u npuHyunos, onpedeamsouur ocnosy u rapaxmep meopuul. Wama-
raeMas 3Jechb Teopus (IporpaMma) B PasiINYHOR CTENEHN CBA3aHA C
GOJILIINHCTBOM MMeIOMINXCcs napanurM. Bee sTo mobyxnaeT HauaThb
M3JI0KEHNE C yKa3aHUs MECTa Pa3BHBAEMON 3MeCh TeOpHH (Iporpam-
MEI) CPEAM APYTUX (PU3NUECKHAX MapajurM, Kaxaas u3 KOTOPEIX Cla-
raeTcd U3 piala OJHOTHUIHLIX TEOPUH M IPOrpaMM.

?B CoBeTCKOM 3HIMKIOMEAMYecKOM cioBape 1988 rofja maHo ciemyiomiee ompe-
nenerne: “Ilapagurma (ot rped. parddeigma — npumep, ofpasern) (¢uioc., co-
o), 1) cTporo Hayd. Teopus, BOILUIOIIEHHas B CACTeMe OHSTHUIA, BHIpaXalo-
LIUX CYIECTB. YePTH feiicTBuTenbHocTH. 2) Mexonnas KoHIenTyansHas cxeMa,
MOZIeJIb IOCTAHOBKYU TIPO6JIEM U UX PEIIeHWs, METONOB KUCCIIEHOBAHUA, TOCIONCT-
BYOILUX B TE€UEHUE OMNpENeNl. UCT. IePUOfa B Hayd. coobiecTse”.
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CrenaeM 5TO ¢ MOMOIIBIO Pa3spaboTaHHON HAMU KiIacCUMUKAIUN
¢usmueckux mapamurm [18]. Ilpemmaraercs pasnuyaTh TPEACTaB-
JIeHHLIE B JINTepaType TEOPUHU U MIPOTPaMMEI B 3aBUCUMOCTH OT TOTO,
KaKOMl XapaKTep B HAX UMEIOT (HACKOJILKO IPENCTABISIOTCS IEPBIY-
HEIME) TP OCHOBHEIE (U3HUecKume KaTeropuu: 1) npocmpamncmeo-
epemd, 2) uacmuybl (Ha KBAaHTOBOM ypPOBHE (EPMHOHEI) U 3) noag
neperocuuxoe e3aumodeticmeuti (6030HEL: POTOHEI, Z-GO30HBI, TIIIO-
oHbI 1 T.4.). ComocTaBieHue CYIIECTBYIOMUX TEOPUil yOEXKAeT, 4TO
UMeHHO 3TH TPH KaTelOpPHHU ABJIIIOTCA KIIIOUEeBEIMEH B COBpEeMeHHOMH
dusmueckoit KapTuHe Mupa. leiicTBuTENBHO, B N06oil Teopuu Gu-
3MYECKUX B3aMMONEHCTBUIl OCHOBHEIME SBIIAIOTCH TpHU Bompoca: 1)
Ecte nu u, ecnim ecTh, 4TO coboil mpencTaBiageT ¢HOH, Ha KOTOPOM
OCYIIEeCTBIAIOTCS B3amMmomeiicTBuA? 2) Mexny uem m 4eM HMelOT
Mecto B3ammozeiictBua? 3) Kakmm obpasom mepenmatorcs B3ammo-
nmeiictBus? OxasbIBaeTcsA, OTBETHI Ha 5THU, Ka3ajloCh OBI, MPOCTHIE
BOIIPOCHI B Pa3HEIX MapalurMaxX HaloTcd pa3HLIE.

B o6menpunsaToi Teopuu, Kak OHa M3JIaraeTcs B yueOHUKAX, 5TU
Tpu duU3MYecKue KaTeroOpuN B 3HAUNTEJILHON CTeNeHH NMEIOT CaMo-
CTOATENbHLIN XapakTep. HlonmyckaeTcs n3ydeHne cCBONCTB NpOCTpaH-
CTBa-BpeMeHHU Oe3 MaTepHH, MOXHO TaKXe paccMaTpHBaTh cBoboI-
Hble (6€3 NCTOYHUKOB) 5JI€KTPOMarHuTHOEe U Apyrue nois. OTHeceMm
BCe TEOPHU C TaKHM MOHUMaHUEM TpexX PU3MUeCKUX KaTerOpuil K
nepeot Pusuueckot napaduame.

Bce npyrue mapanurMmsul comepxaTt B cebe TeOpPUH U MPOT PaMMEI,
onmpaloluecs Ha MeHbIlee YHUCJIO Ha3BaHHBIX MM KaKUM-TO obpa-
30M 0006IIEHHEIX ¢usnueckux kareropuii. MoXHO BEIIEIUTHL TpH
Kjlacca Takux mapanurM. K mepBoMy Kiaccy OTHECEHEI Te Mapalur-
MBI, B KOTOPEIX TEOPHH CTPOATCA Ha OCHOBE IBYX U3 TPeX Ha3BaHHBLIX
KaTeropuil, a TpeThd paccMaTpHUBaeTcd KaK BTOpHYHasdA, IPOU3BOI-
Hasd OT OBYX Apyrux. Takue mapaIurMbl Ha3BaHBI 2eHEPUPYIOUUMU.
Ilna BTOpOTrO Kilacca mapalurM XapaKTepHO, UTO OBe m3 dmimuec-
KNX KaTeropuii o6beqWHAIOTCA B HEKyIO OOHY OOOOINEeHHYIO, TOTOa
KaK TPeThbs KATETOPUs OCTAETCS HE3aBUCHMOM (CaMOCTOSTENHHOM).
OTH mapaIurMbl HA3BaHEI 06bedunumenbibimu. TpeTuil kimace ma-
palurM COCTAaBIAIOT TEOPHUM, KOTOpEIE ONHMpPAIOTCd JIMIIL Ha ONHY
0600IIEHHYIO KaTerOpuio, BBOIUMYIO B COOTBETCTBYIOIIUX MapaIur-
Max BTOPOTO Kjacca. Takwe mapagurMbl eCTECTBEHHO Ha3BaTh 00U-
napHubimy. Mes BBUIY, 9YTO 5TH TPHU KJlacca MMEIOT NEJIO C TPeMs
du3nUecKUMHU KaTeropuaMu, Iepebupasd BO3MOXHEIE KOMOWHAIUH,
NPUXONMM K HEBATH “SKOHOMHBLIM” ¢du3mdeckuM mapamgurmam. Ilo-
6aBiad ciofa Ha3BaHHYIO BEHIIIE IIEPBYIO MapalUrMy, B HTOre NMeeM
IeciaTh (pU3NMUecKUX IapajurM, KOTopble M300pakeHBI Ha PHCYHKe
1.6.

Insa m3o6paxenns 10 mapagurM, mepeHyMePOBAHHEIX B TOPAIKE
CHH3Y BBepX U cJleBa HallpaBo, NCIOJIL30BaHLI KPYXKKH U OBaJIbI, CO-
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Knuddopmorckue
HapaxurMel

MaxoBckue
napagurMbl

9-1 mapamurma

BI'®

8-1 mapagurMa

op-

oxQu

\\

i

CprHa

10-s1 mapangurma

’q

H-g mapaJurMa

6-1 nap*‘ Fnrma

2-1 mapagurma

D
(9

3-4 mapajIurma

)
Ca9,

4-g mapanurma

1-a mapagurma

Puc. 1.6: Knaccudukannsa ¢pn3mdyeckux mapagurM.
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OTBETCTBYIOIINE TPeM GU3NIECKNM KATETOPUAM B OTAEILHOCTH WIIN
0600IIIeHHLIM KaTeropuiaM, oObeTUHIIOMNM B cebe maphl KaTeTOpHil.
Baytpu kxpyxkoB mpocTaBieHbl cuMBoibl: [I-B — mpoctpancTso-
BpeMms, YU — wactunsl, Il — monsg. IIBoiiHLIE KPYXKKKM U OBaJIEI O3HA-
YaloT, YTO COOTBETCTBYIOININE KATETOPUN UCIONL3YIOTCS B KAUeCTBE
6a3uCcHEIX (IEPBUYHEIX), TOrNa KaK ONWHADHEIE KPYXKH O3HAYAIOT
BTOpPHYHEIE (IPOM3BONHLIE) KaTeropuu. leBaTs “okoHOMHEIX” mapa-
IUTM pa3felieHbl 0 TOPU3OHT AN Ha MEPEYNCIIEHHEIE BEIIIE KJIACCHI,
a 10 BEPTHUKAJIM COCTABIAIOT TPU IPYIILI: BTOPas, IITasd N BOCbMast
mapagurMEl Ha3BaHbI KAu@d@opdoecrumi, TOCKOIBKY B HUX HEITUMKOM
WM YacTUYHO IIPENNOJIaraeTcs OCYIIeCTBIIEHWE ITPOTPAMMEI, IPO-
Bosrnamennoir B XIX Beke B.Knuddopnom. Tpu mapanurmer BTO-
poro cronbua (TpeTsio, MIECTYIO U NEBATYIO) IPeNaraeTcs Ha3BaTh
MATOBCKUMY, TMOCKOILKY BO BCEX HHUX IPOCTPaHCTBO-BpPEMS HMeeT
PeIANMOHHEI XapaKTep, Ha KoTopoM HacTamBail O.Max. Umenno
5TOT cToN6en MapagurM NPeICTaBIIeT COBOKYIHOCTDL PEAIYUOHHBLE
Pusuueckur meoput. PasBuBaeMas B 5TON KHUTe PEIANUOHHAS TEO-
p¥s IPOCTPAHCTBAa-BPEMEHN W B3aUMOAEHCTBUIl (GMHApHAs reoMer-
podusnka) o6pasyer BEpXHIOW (IeBATYIO) napanurmy. Pacnonoxen-
HEIe TOJ Hell MIeCTYIO U TPeThIo GU3MUYeCKUe NapalurMEl COCTaBIIg-
10T TEOPHH, SBIAIOLINECS NPEANIECTBEHHUKAMU (IJIaBHEIMY MCTOKa-
Mu) 6MHAPHO# reoMeTPOPU3NKI.

IloscauM cyTh PU3NIECKNX TPOTPAMM, COOTBETCTBYIONMINX N306-
paXeHHEIM Ha pucyHKe 1.6 mapamurmam®. Ileppas mapaanrma Ham-
6oJlee MUPOKO pacOpocTpaHeHa W He HYXIaeTci B OCOOHIX pasbic-
venuax. Ko emopot napadueme OTHECEHEI TEOPUH, OMUPAIOIIAECT
Ha roToBoe (OGBIYHO IUIOCKOE) MPOCTPAHCTBO-BPEMS M Ha HOJS Ie-
PEHOCUMKOB B3amMmoneiicTBuil. YacTUILI IpencTaBiIgioTCS BTOPUY-
HEIMU TOHSITHUIMU, MPOSBIAIONINMUCSI B BUIE CTYCTKOB TIOJeH WIIN
KaKuxX-To X ocobeHHocTell. B kauecTBe mpumMepa MOXHO Ha3BaTh
TONEITKY NONCKa YaCTUIENONOOHBIX (COMIMTOHHEIX ) PEIIEHNil CHCTEM
MOJIEBEIX YpaBHEHUH. DTa mapagurMa HECOBMECTUMA C HAIIUM IOM-
XOIIOM.

K mpembet napadueme oTHOCATCS TEOPUHU MPAMOTO MEXUACTHY-
HoOro B3amMmozeiicTBus (action-at-a-distance) ®oxkepa-Peiinmana, oc-
HOBaHHLIE Ha KOHIENIUN NaJbHONEHCTBU, alIbTEPHATUBHON IOJIEBO-
My monxony. B »TmX Teopmax HMCKIIIOYAIOTCS U3 YHCIIa HEPBUYHBLIX

3B mammx mpemmIAyImMX paGoTax cXeMa BO3MOXHBIX (PU3MIECKUX MADALATM
pucoBasiack mHEIM o6pasoM. IlepBas mapammrma m3obpaxanach CBEPXY, U BeChb
PUCYHOK OBLI IepeBepHYT cBepxy BHu3. O6CyXIOeHWe mapagurM HMeNO ILTIOpa-
JUCTUYEeCKUE XxapakTep. ['J1aBHOe BHMMaHWe 06pAIfalioch Ha HANWYNE MHOXKEC-
TBa Bo3MoxHocTed. Ha 3Toll cxeme meBsiTas gusmueckas mapagurma, COOTBET-
cTByIOIas OMHADHON reoMeTpPOodU3MKe, IOMEINEHA B IEHTPAIBHOE MeCcTOo. 1'JaB-
Hasg 3aZlada KHUT'Y — IIOKa3aTh OIPeNeNdIonIyio PoJib B GU3MIECKOM MUPO3AaHINA
UMEHHO 3TOH (PU3MIeCKOH IapagurMEl.
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TMOHATUI OIS NEPEHOCUYUKOB B3auMomeiicTBuil. IlpuHINNEI mocTpo-
€HHNA TaKNX TEOpHH COCTaBIAIOT ONWH M3 OJIOKOB OCHOBOIIOJIATAIO-
UX Uheil pa3sBUBAEMOil 31eCh GUHAPHO TeoMeTPOGU3UKH. DTH TEO-
PUH HCTIOIB30BAaHLL B KaUeCTBE CTPONTEIBHEIX JIECOB I BO3BEIeHU A
3gaHusa GuHaApHOW TeoMeTpodmsuku. WX mompobHOMY 06CYXIEHUIO
TOCBAIlleHa cllefyloliad I'JaBa.

B pamkax uemeepmot napaduembl TIPENmoONaracTCa BEIBECTH Ca-
My KaTeropHi0 IPOCTPaHCTBa-BpeMEHU C U3BECTHLIMH ee KJjacCH-
YeCKMMHU CBOHCTBaMH M3 ABYX IPYTHX IOIXHEIM oOpa3oM olpele-
JIEHHBIX (PU3MYECKNX KATEropuil (YacTHIl M HOCHTENEHd B3amMOIeii-
crBuit). MoxHO cuuTarh, 4TO GHHApHAA reoMeTpPO(U3NKa BOSHUKIA
Ha 6a3e MONBITOK IOCTPOEHUd TEeOPHUH MMEHHO B paMKaX 3TOH Ia-
panurMmul. BBoguMeie B Hell OTHOIIEHWS MOXHO TPakKTOBaTh B pyc-
Jle ollpenielieHNA HOCHTelell B3aUMOAEHCTBUN B OTCYTCTBHE I'OTOBOTO
IpPOCTpPaHCTBa-BPEMEHN.

Hau6osee u3BEeCTHLIM IPUMEPOM TEOPUE NAMOY napaduambl AB-
JdeTca SHHIITEHHOBCKAs o6INas Teopus OTHOCUTENLHOCTH. B sTol
TEOpPUHU HeT OTHENILHBLIX KaTeropuil IpoCcTpaHCTBa-BpeEMEHH U I'pa-
BHTAIMOHHOTO IOJId, a eCTh eNWHad HOBad KaTeropus MCKPHUBIEH-
HOro (pEMaHOBa) IPOCTPAHCTBa-BPEMEHH. 3I€Ch [PABUTAIMOHHOE
B3alMOJIeiCTBHe ONNCHLIBaeTCA XapaKTepPHUCTHUKaAMU IPOCTPaHCTBa-
BpeMeHH — ero MeTpukoii. HamomunM, uTo B 0oblell TEOpUE OTHOCH-
TeJIBHOCTHU TeOMeTPHU3yeTcd JIWIIL T'paBUTallud, TOrJa KaK Apyrue
6030HHEIE U (HEePMUOHHEIE MO (Y4acTUUEI) NOGABIIOTCA B IPABYIO
yacTh ypaBHeHmin OuHinreiiHa. K »Toil ke mapagurme OTHOCATCA
MHOTOMEpHEIE eNNHEIe TeOMeTpHUYecKHe MoIeln (pU3MUecKUX B3aul-
MomeiicTBuil Tuna teopuu Kanyurl-Kaeitna. B aux reomerpusyiorcs
(ommcrIBaloTCA KOMIOHEHTaMH MHOTOMEDHOW METPHKH) Opyrue 6o-
30HHBIE IIOJIA, ONHAKO (PePMUOHEI (YaCTUIbI) BHOCSITCS B TEOPUIO OT-
IeJIbHO, T.e. TEOPUSA ONUpaeTcd Ha ABe dU3MUecKUe KaTerOpUU: MHO-
TOMEPHOE HCKPUBJIEHHOE (3aKPyYeHHOE) IPOCTPAHCTBO-BPEMS U Jac-
Tunbl. HeKoTOpEIe MPUHIUNEI TOCTPOEHUSI TAKUX TEOPWil COCTABHU-
U TpeTuil 6JI0K UAell, MOJIOXKEHHEIX B OCHOBY PEJIAIMOHHON Teopuu
OpOCTpaHCTBa-BpeMeHU U B3amMmopneiicTeuil. CylnecTBeHHON 4epToi
TEOpHUH 3TOH MapalWUTMBL 4BIIdeTcdA ONHNCaHNe GU3NUECKNX B3anMO-
IeficTBUN 4Yepe3 XapaKTEPUCTUKU IIPOCTPAHCTBa-BpeMeHH. AHajo-
TWYHEIA NPUHINI BEIBOAA U IPOCTPAaHCTBa-BpeMeHH, U XapaKTepuc-
THUK B3aNMONEWCTBHUI M3 ONHUX M TeX XXe NOHATHH HCIOJIbL30BaH B
6uHapHO#l reoMeTpodU3UKe.

K cedsmotl napadueme cienyer oTHeCTH MONHLIE HEIHE CyNep-
cuMMeTpuYHbIe TeopuH. VX OCHOBHaS HI€es COCTOUT B TOM, 4TO (bep-
MHOHEI ¥ 6030HEI OOBEANHSAIOTCS B €AUHEI CYNEPMYNbTHIIIET, T.€.
KaTeropnu vacTul (dpepMHOHOB) M moueil (6O30HOB) CIMBAIOTCS B
eINHYIO0 OGOOIIEHHYIO KaTerOPHIO. JTOT CyNepMyJIbTUIIET BBOLUT-
¢s B CyIEPIPOCTPAHCTBO, T.€. B 4-MepPHOE IPOCTPAHCTBO-BpeMs, 060~



1.5. ®UBNYECKHWE ITAPAITNT MBI 35

rallleHHOe I'PacCMAHOBLIME aHTUKOMMYTHUPYIOIIUMHI IepeMeHHLIMU.
ITo cBoelt cyTum cymepcUMMETpPUYHLIE TEOPUU OTHOCATCSI K TUIHY-
HEIM TEOPHUAM IIOJIA.

Bocbmaa napaduema comepkuT B cebe TEOpPUH, CTPEMALIAECH
peann3oBaTh 5KCTpeMasbHylo nporpammy B.Kmudpdopma [29], T.e.
IpencTaBUTh BCIO UMKy Kak HeKOoe IPOABIIEHNE NCKPUBIIEHHOI'O
IpoCTpaHCTBa (IPOCTPAHCTBA-BPEMEHN ), BLIBECTH €€ W3 OXHOi 06-
ofbIrenHoit mapanurMel. B cBoeidl kHure “31paBBI CMBICT TOYHEIX
Hayk” oH 3amaercsa BompocoMm: “He MoxeMm im MEI paccMaTpuBaTh
KaK U3MeHeHUd (PU3NMUecKOTro XapakTepa Te IHeHCTBHUA, KOTOpEIE Ha
caMoM Jiejle 0643aHEI CBOMM IIPOHCXOXJEHUEeM H3MeHeHUIM B KpH-
BU3He Hallero mpoctpancTBa. He okaxeTcs mu, 94To Bce WiIMm HEKO-
TOpbIe M3 TeX IPUYUH, KOTOpble MBI Ha3biBaeM U3NUEeCKUMH, CBOe
Hauajo BeIyT OT IeOMeTPHUECKOI'o CTPOeHUd HallleTo NpocTpaH-
crBa?”’[30, c.46]. B macTosImee BpeMs 5Ta mporpaMma IOAXBAaueHA
mkosont I[x.Yunepa, npoBosriacusuieii: “B Mupe HeT HEHUero, Kpome
MyCTOTO MCKPUBIIEHHOTO HmpocTpaHcTBa. MaTtepus, 3apsin, 31eKTpo-
MarHeTHU3M U IpYyTrue MOJd ABJIAIOTCA UL NPOIBIESHUIMEI NCKPUB-
nenuns npoctpacTBa. Pusnka ects reomerpus’ [74, ¢.218]. Ora npo-
rpaMMa ajJbTepHATHBHa Hallleil, HO 6iu3Ka efl o IyXy BceobIiero
obbvenunenus. llepedpazupys Ix.Yumepa MOXHO cKas3aTh, 6 Mupe
HEM HUYE20, KPOME UACTNUY, HATOOIUWULCA 6 OMHOULEHUIT, KOMO-
puvie onucvisatomea BCKQO coomsemcmeyowuzr paneos.

dusnueckre TporpaMMEI W3 BOCHLMOH MapajUTrMbLI BCTPETUIINCH
C TPYOHOCTSIMU ONWCAHUS CIWHOPHEIX YacTull. B HacTodmee BpeMs
5Ta TPYOHOCTEH MOXKET CUNTATLCA MPEONOJEHHON B paMKax decamot
napaduembl B JIATe TEOPUU CyNeprpaBuTanuu. llocienusas mpencTas-
jideT coboil TeopHI0 NCKPUBIIEHHOI'O CyIepIpOCTpaHCTBa, T.e. HC-
KPUBIIEHHOTO MHOTOOOpa3’s, ONNCLIBAeMOro Kak KilacCHuecKuMu 4-
MepHBLIMH BeJIMUYMHBIMH, TaK U JONOJHUTEIbHEIMI I'PacCMaHOBCKH-
MU TEPEMEHHBIMEU. OTa TEOPUS CTPOUTCI AHAJIOTUYHO KAJIUOPOBOY-
HOU BepCHUM SWHMIITEMHOBCKON TEOPHWHU I'PaBUTAIUU C TOH JIMIIL pa3-
HuIell, 9To BMecTo Jokanmsanuu rpynnel Jloperna (IIyankape) so-
KaJIM3yeTcs TPYNNa CyNepcuMMeTPHYHBIX (06O6IEHHBIX) Npeobpa-
soBanuil JlopeHna.

K wecmot dusuueckot napadueme cienyeT OTHECTH MPOTPAM-
My, pasBuBaemyio FO .M. KymnakoseiM. B ero Teopun ¢pusuueckux cTpy
KTYp MOI'YT MOABUTBLCA TOJIBKO MHOTOOOpa3usa C CHMMETPHUAMH, TOT-
Ia KaK B3auMoelcTBUA OOBIYHO CBA3LIBAIOTCA C HAPYIIEHUIME CUM-
Metpuii. g ux ommcaHms B paMKaX TeOopUH (PU3WYECKUX CTPYK-
TYp HeOOXOIMMO MM CONOCTaBIATHL HeKWe NONOJIHUTEIbHEIE CTPYK-
TYPEL NJIX WHOPOAHEIE MOHATHA,(PaKTUIECKN COOTBETCTBYIOIINE BTO-
poil pu3mUecKoit KaTeropuu.

Ha pucynke 1.6 cTpenkaMu moMedeHLI CBA3UM GHHAPHON T'eOMeET-
poduM3NKU ¢ TeEMU HapafUTrMaMU, UAeW KOTOPHIX CaMEBEIM CYIIeCTBeH-
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HEIM 06pa30M HCIOJNL30BAaHLI IPHU ee mocTpoeHuu. Wmem mpsamoro
B3aMMOECTBHA (KOHUENNNs NaJbHONEHCTBUS) B3ATHl U3 TPEThel
nmapanurMel (BTOpPO#, MaXOBCKUil CTON6EN), NPENCTABIEHAS O MHO-
TOMepPHEIX MHOroo0Opa3mgax IO3alMCTBOBaHBLI U3 MATOH IapalWIMEL
(mepBri, knuddopnoBcKmil cTonben), a WAes O MaKPOCKONMIECKOR
(cTaTmCcTHYeECKOl) IPEPOE IPOCTPAHCTBA-BPEMEHN PONUIIACEH B PaM-
KaX 4yeTBepTOil mapaAurMbl (Tpermit cronben). Mmes reomerpmsa-
ouym Bcell GU3MKM, MOXHO CKa3aThb, IO3aMMCTBOBaHa U3 BOCHMOI,
knudPpopIoBCcKOM NapagurMEl, OTHAKO Ha HOBOHM OCHOBe — OMHapHON
reoMeTpun. Ha pucyHKe CTpenkm UMeIOT NBYCTOPOHHUH XapaKTep.
OTO 0O3HAYAET OTMEUEHHEIE BEIMIE [BA MOHUMAHUS COOTHOIIEHUS Ma-
palurM: ¢ OQHON CTOPOHEI, NCIOIb30BaHNE UIell COOTBETCTBYIOMIEH
MapalurMbl AJ9 HOCTPOeHNS OMHApHOW reoMeTpodM3mKu, a ¢ APY-
To#l CTOPOHEI, Kak OOOCHOBaHNE CONEPKATEIILHOCTH yXKe M3BEeCTHBIX
TEOpHUH C TOYKM 3PeHUA NPUHINIOB OMHAPHON reoMeTpodU3UKH.

1.6 Onucanme B3amMMOAeNCTBUM B pPa3HbIX
nmapagurmax

B xaxmoit m3 oxapaKTepW30BaHHEIX NapaJUTrM HMEETCS CBOM
oAXoA K 0O0OCHOBAaHUWIO M ONMCAHUIO M3BECTHHIX BHAOB PU3MUECKUX
B3aMMOJIeiCTBUI, IpUYeM 3TH MOAXONLI KaueCTBEeHHO pa3jIidydaloTcAd.
Ha 6mok-cxeme pucynka 1.7 comocTaBIIeHEI ONMUCAHUA B3aMMOIENCT-
BUl B paMKaX 4YeThIpeX Haubojiee pa3sBUTHIX I MHTEPECHEIX, C TOU-
KI 3pEHHs aBTOpa, QU3NYECKUX HapaJurM: 1) pasBHBaeMOR B 5TOM
KHUre 9- mapaamrMbl (GmHApHOW reoMerpodusmkn), 2) 3-ii mapa-
IUTMEL (TEOpHM IPSIMOTO MEXYaCTHYHOIO B3amMOZeicTBU:A), 3) 5-i
nmapanurMel (MHOTOMEDHEIX T€OMETPHYECKUX MONEJIEHl THIA TEOPHH
Kanyuer-Kneitna) n 4) 1-it pusuueckoii napanurmsl (KaiuGpoBOYHOM
teopnu nois). Ha 6mok-cxeme 1-1 mapagurma mpencraBiieHa ABYMs
TMOCJIENHUMH cTpoKaMu. KpaTko IpOKOMMEHTUPYeM 0GO3HAUEHHEIE
Ha OJI0K-cXeMe CIIOCOORI ONMMCAHU B3aMMONEWCTBUU B MOPAIKE CHHU-
3y BBEpX.

1. B TpaaunmoHHON TEOPUHU IIOJIA KaXIoMy HeHOMEHOIJIOT U-
YeCcKHM OTKPEITOMY BUAY GU3MUeCKUX B3aUMOAEHCTBUN CONOCTaBIII-
eTcd HeKoe IepeHOoCdIlee ero IoJjie MOAXONAIIell TeH30pHOH pa3Mep-
HocTH. Tak, 5IeKTpOMarHUTHOE B3aMMONENCTBUE MEPEHOCUTCSI BEK-
TOPHBLIM IOJIEM (MJIM aHTHCHMMETPUYHEIM TEH30POM HAIPSKEHHOC-
TH 5J€KTPOMArHUTHOTO IOJIsS) M ONMCHIBaeTCs ypaBHeHusMu Maxc-
Bemia. Jlg onucanns rpaBUTAINOHHOTO B3aNMOAEHCTBUA 0Ka3ailoch
HeOOXONMMEIM WCIOJIb30BaTh TEH30pPHOE IOJIe BTOPOTO paHTra. Tu-
NWYHOM TeopHell TaKoro poia ABjdeTcd PelIITUBUCTCKad TeOpud I'pa-
Butanuu A.A . Jloryrosa [39]. IBa-Tpu AecATHIIETHA TOMY Ha3ak HO-



1.6. BBAUMOIEUCTBHSI B PASHBIX IAPAIIUTMAX

37
3aMMO- ||y I'paBura- | OQaekTpo- | DaekTpo- Crmsroe
X e]’;; IUOHHOE |MarHUTHOE | ciraGoe
HBIE .
pa- B3amMo- | BsamMo- | B3ammo- | DoonMO
mmrMen\ | [TACTHIE meiicTBue | meficTBue |neiicTme | NeHCTBEE
Bunapnas BCKO BCKO | BCKO | BCKO
reoMeTpor paHTa
o 53) <~ —paHra — paHTa panra
N3UKA ,
Mepexon x| Mmajkpompul6oply
Teopusa BekTop- | BekTop-
HpSAMOTro Tg::;;ll;)e BEKTOPHOE | BEKTOPHOE Bz(e;(ole)lfc;e
B3amMo- BsamMo- | ©oomMO- B3AMMO- | poamMo-
lmelicTBUA . IelicTBUe | DelCTBHE .
HeBCTBUE | (convace.) |(Maccupn.) |REHCTEEE

(TIIMYB) (6e : :

Muoro- ||Ilnockoe | Pasmep- | PasMep- | Pasyep- Pasmep-
MepHBIE || TPOCT- HOCTb

HOCTH HOCTH HOCTB
reomer- ||PaHCTBO n=5+(1)

PUYeCKUe | -BpeMs n=4+(1) (Teopus n=6+(1) n=8
momenu ||n=143 | (OTO) Kasyner)

Kanu6po+| I'mo6a- | Jlokamnn- Tok amu- Jlokann- Tok ami-
BOYHAs || JIbHAS 3anud — 3anusa S
TEOPHS || TPymma | TPYmORL | oo | TPYNERL | oo
B3ammo- || JIopen- | Jlopernma U(1) SU(2)x SU(3)

meficTBuil| Ua xU(1)
Tpanu- Penaru-

HMUOHHAS BHcTCKas | 1€OPHA
Teopus Teopu Makc-
noJssa TpaBuTal. BeJIJIa

(PTT)

Puc. 1.7: Onucanme pusnyeckux B3aUMONENCTBUN B PasHBIX Mapa-

JUrMax



38 I'JIABA 1. BBEIIEHIUE

JIarajioch, 4TO CWJIbHLIE B3aUMONEHCTBHUSA TEPEHOCATCA MIOKABCKUM
CKAJIAPHLIM IOJIEM.

2. Kanu6poBOUYHBIN IIOAXOA K OIIMCAHMIO B3aMMOAENCT-
BU PasBWICI B paMKax NepBoil mapamnurMmsel (cM. [95]). Bo ria-
By yIJjla CTaBATCI PU3MYECKWE CHMMETPHM, B TOM UMCJIE CHUMMET-
pum npocTpaHcTBa-BpeMeHu. CorilacHO 5TOMY MOAXONY HU3HUIECKUE
B3aUMONENCTBAM O6YCIIOBIEHLI HAPYIIEHWEM TJIO6AILHBIX CUMMET-
pUil, IMEIOIINUX MECTO IPH ONUCAHUA CBOGONHBIX (HEB3aMMONEHCTBY-
fomux) gactun. Tak, B IIIOCKOM IPOCTPAHCTBE-BPEMEHN IMEET MeC-
To 6-mapaMeTpuyeckas rpynna mnpeobpasoBanuil Jlopenma (Bmecte
¢ 4-TapaMeTPUYECKOl TPYIIO TPAHCIANNEA COCTABIIAIONAI TPYIIILY
IIyankape). I'paBuTannonsEe B3aNMONEACTBHS IPEIIaraeTcsa TPak-
TOBaTh KaK HapylueHue (yokammsanuio) rpynnst Jlopenna. DmnekTpo-
MarHUTHOE B3aMMOJENCTBUE INPENJIaraeTcsd BBOOUTH MPH MOMOIIA
JoKanm3anuy BHyTpeHHeid rpynnet U(1l). YkasanHse cnoco6sl onu-
caHMA IBYX B3aMMONEHCTBUN MOJIYYMIIN IMUPOKOE PACIPOCTPAHEHHE
MOCJIE TOTO, KaK yHalloCh OIHMCATDL JIEKTpociabble B3aUMONEHCTBIA
(cMm. [6]) mpm momomu nokammsanuu rpynnst SU(2) x U(1), a 3aTem
I0CJIE YCIIEXOB B ONMCAHUM CHILHBIX B3aMMONEHCTBHl (XpoMOmMHA-
MuKn) jgokanmsanueit rpynnsr SU(3).

3. B paMKkax MHOrOMEpHBIX T€OMETPUUYECKHMX MOHeJel
dunszumuecknx Bzaumomeincreui runa reopun Kanynei-Kien-
Ha (U3NYecKWe B3aUMOINEHCTBUA NpeNJlaraeTcd TPaKTOBaTh MPHUH-
[UNHAIILHO HHaUe — KaK MPOSIBJIEHNA UCKPABIEHHOCTH MTPOCTPAHCT-
Ba-BpeMeHH. [ paBUTAIMOHHOE B3aMMOIENCTBHE 06YCIIOBIEHO UCKPH-
BJIEHHEM 4-MEPHOTO MPOCTPAHCTBa-BPEMEHN, a WHEIE BUALI B3aMMO-
NEeRCTBU O6BACHAIOTCA MPOIBIEHNEM NOMOJIHATEILHLIX Pa3MepPHOC-
Tell MHOTOMEPHOTO TaKXe MCKPUBIIEHHOTO MPOCTPAHCTBA-BPEMEHM.
Il onmcaHus 5I€KTPOMArHUTHOTO B3aNMOIENCTBU S JOCTATOYHO UC-
NOJIL30BaTh 5-MepHOe MHOTOOOpa3sue, a IJid ONMMCAHUA AIPYTUX BUIOB
B3aUMONENCTBHI HYXKHO ONEPEThLCA Ha TeoMeTPUYEcKne Momesm 60-
Jiee BLICOKUX Pa3MepPHOCTEIA.

4. B Teopum mpAaMOro MeX4acTUYHOTO B3aMMOAEMCTBUS
®okkepa-PeitTHMaHAa B IPUHINAIE HET IOJIEl MEPEHOCUYNKOB B3aM-
MogeiicTBuii. Ilpenmaraercsa onucEBaThH B3aUMONENCTBUA HEMOCPE-
CTBEHHO 4epe3 TEH30PHEIE XapaKTEPUCTUKH YacTUIl. DJEKTpPOMar-
HUTHOE B3aMMOJENCTBIE ONPENeAeTCA IPON3BENEHNEM BEKTOPOB TO-
KOB JIByX YacTHUI (BEKTOP-BEKTOPHOE B3amMoreiicTeue). I'paBurany-
OHHOE B3aMMOJENCTBUE NMEET TEH30PHEIA XapakTep. OHo ompenens-
eTCs MpOU3BENEHNEM TEH30POB 3HEPTUU-UMITYJIbCa Map 4YacTuil. B
TaKOM MOAXONE TJIaBHOE pa3jiiyde B3aMMOIENCTBUN OIpenesaeTcs
IX TEH30PHEIM XapakTepoM. KpoMe BEKTOpP-BEKTOPHEIX M TEH30p-
TEH30PHEIX B3aUMONEHWCTBUIl pPacCMaTpPUBAIIACL TaKXkKe CKaJApHBIE
B3amMozeiicTBus (mis peanmsanun npuanuna Maxa). IIpsMere Bek-
TOpP-BEKTOPHEIE B3aMMONENCTBUS MOXKHO TaK)Xe pas3jiidaTh BUIOM
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nponaratopa. OH MOXeT 6bLITH MACCUBHEIM U 6€3MaCCOBEIM. DJIEK-
TPOMArHUTHOE B3aUMOJENCTBUE ONUCHIBAETCS 6€3MaCCOBBIM MPOMa-
raTopoM, TOTa KakK IJIs ONUCAHUS CIIabbIX B3aMMONENCTBUN OH MOJI-
JK€H BEIGMPATHCS MACCUBHEBIM.

5. B 6unapuoil reomeTpodusnke, MOXHO CKa3aTh, IIPOU3BO-
MUTCS CBOEOOPA3HEBIA CUHTE3 el TEOPUH TPSIMOTO MEXYaCTHIHOTO
B3aMMOZeicTBIA (KOHIENNN NaJbHONEHCTBIA) U MHOTOMEPHEIX T€0-
MeTpmuecknx Mogneneil Tuna teopunm Kamyner-Kieiina (xoHmennus
6amsKoneiicTBus). BMecTo pasMepHOCTH HENpPEPEIBHOTO MHOroo6pa-
3WA BEICTyHAaeT PaHT OUHAPHOW CUCTEMBI KOMIIJIEKCHBIX OTHOIIEHUN
(B obmeM ciyuyae mucKpeTHOro MHOXecTBa). HeBzammoneiicTByio-
UM YacTUIaM B 4-MepHOM IJIOCKOM IPOCTPAHCTBE-BPEMEHH MOXK-
HO comocTaBuTh Komnosunmo BCKO panros (3,3) u (2,2). Bzammo-
nmeiictBus BosumkaioT npu nepexone Kk BCKO 6onee Bricokoro pan-
ra. [lepsuit xe mar — nepexox x BCKO panra (4,4) — nossosser
ommcaTh Mpoobpa3 3JIeKTPOMATHUTHEIX B3aMMONEWCTBUIA, a TaKXKe
CYIIEeCTBEHHEIE CBOMCTBA CIIabBIX U HaXke TPABUTANMOHHBEIX B3aWMO-
nmeiictBuii. Ha 6i0k-cxeme pucyHka 1.7 5TO OTpa)XX€HO CTpEIKaMu
BJIEBO U BIpaBo. B KHWre mokazaHO, 4TO JOCTATOYHO MOJHOE ONMHUCA-
HUE 3JIeKTPOCIIabbIX B3aWMONEHCTBUN JIENITOHOB ONHOTO MOKOJIEHUS
onuceiBaeTca B pamkax BCKO panra (5,5). Baxureiimne cBoficTBa
CUJIBHEBIX B3auMoleiicTBuil ynaercs onucatb B pamkax BCKO panra
(6,6).

Ilepexonm oT onuchHIBaeMBIX B GMHAPHON reOMeTpodu3nKe TPoos-
pa3oB GyHIaMEHTAIbHLIX (PU3MUECKUX B3aUMONEHWCTBUI K U3BECT-
HEIM TEOPUSM B IPYTUX MapaiUrMaX OCYIIECTBIIETCS MOCPEICTBOM
OpONENyp YCPEOHEHUS IO SJIEMEHTAPHBIM GasmcaM, COCTaBISIONIUM
MaKponpubop.

1.7 Biok-cxeMma comepKaHUSA KHUTH

1. Beck MaTepuall KHUTH TIO XapaKTepy colepXaHus pa3buT Ha
6 pasnenos. llepBrlil pa3nes BBOOHEINA. B HeEM, Bo-TIepBLIX, oXapaKTe-
PHU30BaH HOBBIU IONXON K OIKUCAHUIO IPOCTPAaHCTBa-BpeMeHN U Gu3u-
YeCKHUX B3aMMOJefcTBHi (riaBa 1) M, BO-BTOPHIX, B PAMKaX T€OPHH
IPSIMOTO MeXYacTuuHoTo B3auMoneiicTBusa Pokkepa-DPefitaMaHa Ipo-
U3BeleH aHAJIN3 KOHIENNNY TalbHONEHCTBH (ri1aBa 2), MOI0XKEeHHOM
B OCHOBY HOBOU (pm3mueckoil mapaJurMEL.

ConmepxaHne CIenyOIMAX pPa3leioB (IyIaB) MOSACHEHO Ha OIIOK-
cxeme pucyHka 1.8. DTa 6II0K-CXeMa COOTBETCTBYET IPHUBENEHHON
BHIIIIe Ha pUCYHKe 1.7 cXxeMe B3aUMOIENCTBUN B pa3sHEIX GU3MUIECKIX
nmapalurMax, oOfHaKoO Bech 0603HaUeHHLIN Ha OJIOK-cXeMe MaTepuall
IPHUIIIOCH paclpelefIUTh IO pa3feiaM 0COoOBIM 0Opa3oM.

2. PenauuonHas Teopusd IPOCTPaHCTBa-BpeMEHN UM (DM3MUECKUX
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| BCKO (4,4) | CKO(5,5)| | BCKO (6,6)
: DiekTpo-| | DIeKTpo- Jl_L DnekTpo- Jl_lL DnexTpo- Crmsoe

MarHUTHOeE| | ciaboe citaboe ciaboe
| + i (T, 17)
| @a3) || (Ta12) |, | (T3 13) || (T 14)
lr‘“ﬁ;;,;;a _____ ponpm6opy |
| | OnexTpomars.
| | ® rpaBETanuA
| (FJI 4m 5)
|r - _H_p;M_oe_ ﬁq_c'r_ngnge_ BazzM;a()_,ue_ﬁng_an_e‘_ -
|
| 1;1;21;1:{’1;2- OnekTpo- BJIeK;?po- CrbHOe
MarHUTHOE cnaboe

I 15.4
| (Ta. 6) (Ts. 2 u 6) (89.4) (§15.4)

T

MHuoromepHsIie %Leome'rpnqec

I'paBu- OnekTpo- QnekTpo-

Tanus MarHeTusM caaboe CunbHoe
OTO n=>5+(1 Ta. 16
?Fn_ 7% ( (T é))) (T 10 w 11)| | (T 16)

Kannﬁponoq}aa Teopusa B;lxnmo,ueﬁc'rnnﬁ {

T'paBu- OnekTpo- Momnent Banins- X pomo-
Tanus MaTrHHTHOE Gepra-Canama JANHaMUKa
(§1.5) (§8.1) (T'x. 9) (T 15)

Puc. 1.8: Biok-cxema conmepXaHUSI KHUTH
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B3auMozeiicTBril (6MHapHAsA reoMeTPOPU3NKA) HENMOCPENCTBEHHO M3-
JoxeHa B pasgenax 2 (rmaBer 3 — 5), 5 (rmaBer 12 — 15) n B ria-
Be 17 pasmena 6. Ilockonbky B paMkaXx GMHaApHOW reoMeTpodU3UKn
ONHUCHIBAIOTCSA BCe BHUALI PU3MUECKUX B3aWMOAeHCTBHUI, IJII COIO-
CTaBJIEHUA OKa3aJloch HeOOXOTWMBLIM BCTAaBUTHL COOTBETCTBYIOIIUM
MaTepuaJ U3 OOIENpUHATON KaJIMOPOBOUHOU TeopuH GU3MUIECKUX
B3auMozeiicTuil (w3 1-it ¢pusmueckoil mapamurmel. Tak, o6eyxnme-
HUIO 5JIeKTPOociabbIXx B3amMOIeHCTBUN B OMHapHOU reoMeTpodu3nke
(rmaBer pasnmerna 5) mpenmecTByeT riaBa 9, B KOTOPOW M3JIOXKEH Ca-
MBI HeOOXONUMBIN MaTepHaJl oOmeIpUHATON KaJInOpoBOYHON Mofe-
nu Baiia6epra-Camama. Anamoruuno, o6CyXIeHUIO CHIBHEIX B3al-
MozeiicTBHil B GmHApHON reoMeTpodusuke (B riase 17) mpenmrect-
ByeT KpaTKoe M3JIoXKeHHe B I'jlaBe 15 OCHOB cTaHIapTHON XpOMOOU-
HaMUK¥, GOpMYIUPYEeMONl Ha OCHOBE KalIn6poBoYHOTO moxaxoxa. s
COIIOCTABIIEHNA BBLIBOIOB OKa3ajloch HEOOXONMMEIM B COOTBETCTBY-
IOIIUX MecTaX TaKXe BCTAaBUThL MaTepHall U3 CTaHAApTHOM 3JIeK-
TPONUHAMUKY ¥ O6lLIell Teopnu OTHOCHTENbHOCTH (riaBa 7). Takmm
obpa3oM, cofepXKaHHe BepXHero monbsioka Ha OJIOK-cXeMe pHCYHKa
1.8 u HEXKHero monbsoKa, TakxKe 0OBeIeHHOTO MYHKTUPHOR paMKOH,
0Ka3aJIoCh NepeMellaHHEIM.

3. Baxnoe MecTo B paspaGaTLIBaeMOil MpoTpaMMe 3aHUMAET Ie-
pexon OT HepBUYHOH Teopuu (0T mpoofpasa GPU3NUECKHX B3aNMOLE-
CTBUIl, ONNCHIBAEMOTO BEPXHAM HOIGIIOKOM GIIOK-CXEMBI) K OBIIENnpH-
HATHIM NOJIEBEIM TEOPHUIM (PU3MUECKNX B3aNMONEHCTBUI (K HIKHAM
IBYM noabiokaM). DTOT BOIPOC MONPOGHO OGCYXHAeH B rilaBax 4 m
5 pasgena 2 ma ocioBe BCKO MmummanbrOro panra (4,4), mpuron-
HoTO mis 5roit menun. Kak 6ymeT mokasaHo HUXKe, HMEHHO HauWHAs C
sTOro paHra (4,4), ynaercs MOCTPORTH OOBEANHEHHYIO MOLEIND (IIpo-
o6pa3a) 5IeKTPOMarHNTHEIX, PABUTAIMOHHEIX I BaXKHBIX IIOJIOXKe-
HUA TeopHWH 3JEKTPOCIabbIX B3amMomeicTBuil. IlosToMy oka3zasoch
IeJilecoobpa3HEIM COCPENOTOUNTLCA Ha TAKOW YIPOIIEeHHON MOIEsIH.
BriaBiennble TakuM o6pa3oM UepTHI Iepexona K CTaHIapPTHLIM IIO-
JIEBEIM TeOpHAM HMeIOT MecTO M g OoJjlee IOJIHEIX MoHelell Ha oc-
soBe BCKO parros (5,5) u (6,6).

4. Kak yxXe 0TMeUaJIOCh, AJId COIOCTAaBIIeHNs OHHAPHOW reoMeT-
podusuku, pa3BuBaeMOll B paMKaX KOHIENIUW IajbHONEHCTBUL, C
OOIIENIPUHATEIME TEOPUAME, NOCTPOEHHLIMHN Ha OCHOBE KOHIENITUU
6U3KONEeNCTBYSA, NOCIIeHIEe HeOOXOANMO NMOCTAaBUTh Ha OOHY OCHO-
By, TO eCTh IlepeOpMYJINPOBaTh B TEPMUHAX TEOPHUH NPAMOTO MeX-
yacTuyHOTO B3anMmoneiicTBusa Pokkepa-Peitumana. Ins snexkTpomar-
HUTHBLIX U I'PaBHTAlNOHHLIX B3aHMOAEHCTBUH 3TOT BOIPOC 0OCYXK-
IeH B raaBax 2 u 5. [lambHomelicTByomas Bepcus Monenu BaiitnGepra-
Camama B OCHOBHEIX uepTax obcyxueHa B §9.4 pasgena 4, a maib-
HOIEeWCcTBYyOmAasA Bepcus xpomonnaamuku — B §15.4 paspmena 6.

5. Eme pa3 noguepkHeM, UTO Ba)XHOe MECTO B Pa3BUBaeMoOil mpo-
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rpaMMe OGMHApPHOW reoMeTpodU3NKN 3aHUMAIOT UIeN U MeTONEl MHO-
TOMEPHEIX TEOMETPUUECKUX Mofeneil Tuna Teopunu Kamynwr-Kieitna
(BTOpOIt cHM3y mon6iok Ha pucyHke 1.8). B pasnene 2 ¢ nosunmit 6u-
HapHOU reoMeTpodus3uku GakTHUeCKH BCKPBLITEI KOPHU MHOI'OMep-
HEIX TEOMETPUUYECKUX MOJeJell pm3muecKux B3amMonencTBuii. B pa-
60Tax aBTOpa 5TH ABa HalpaBJleHUd Pa3BUBAJIUCH NapajllelIbHO, B3a-
uMHO oboromiasa npyr apyra. Ilo sToil mpuumHe aBTOpPY IpenCTaBU-
JIOCh IejiecOOOpa3HEIM HOAPOOGHO M3JIOKHUTL COCTOAHNE MCCIENOBa-
HUH B 00JIacTH MHOTOMEPHBIX FeOMeTPHUYECKUX MOJeJiell M CONoCTa-
BUTH nX c 6ojiee riaybokoll mapaJguWrMoil 6MHapHON reoMeTpodu3u-
ku. PaccMOTpeHUIo TeOMeTpUUECKNX MOMEJIEN MOCBAIIEHEI TiIaBa §
pasgmena 3 (o6benuHeHHEBIE 5- W 6-MepHBIE MONEIM I'PaBUTAIMOHHO-
rO W 3JIEKTPOMAarHUTHOTO B3amMofeicTsmil), riaser 10 u 11 pasne-
na 4 (o6benuHeHHAs 7-MepHas MONENb IPAaBUTAMOHHLIX U 5JIEKTPO-
ciabBIX B3amMofeiicTBmil) u riaBa 16 mocmensero pasgena 6 (o6b-
eIUHeHHAasd 8§-MepHasd reoMeTpuuecKasd MONENb I'PaBUTALNOHHLIX M
CHILHBIX B3amMozeiicTsmil). HasBaHHBIM ritaBaM TakXke IpenIecT-
BYIOT IJIaBEI C U3JIOXKEHUEM KaJINOPOBOUHLIX TEOPUH COOTBETCTBYIO-
mux B3amMmogeiicTBuii. IlockoNbKy M KaJaubpOBOYHEIE, I MHOTOMED-
HEBIe TeOMeTpHUYecKre MOAENIN NMeIOT OINH U TOT XKe GIIu3KoIeCcTBY-
IOIIUX XapaKTep, 0Ka3aJjoch Lejleco0Opa3HEIM PacCloIOXKUTh UX pi-
moM. UnraTenu, MHTepeCcyIOMUecs JUITL MHOTOMEPHEIMHU T€OMET PH-
YeCKMMH MOZeldMU, MOTYT UHTATh Ha3BaHHEIE IJIaBbl HE3aBUCHMO
OT OCTaJILHOTO MaTepHaJia.



I'maBa 2

Y poKu Teopuu IIPIMOIo
MeXK YaC TUYHOTO
B3alIMOJENCTBU S
dokkepa-PenHMaHa

B pazBuBaeMoii 31eck GUHAPHON reoMeTpoPU3UKeE CpeqU TeEPBUY-
HEIX NOHATHUH B IPUHIUIIE HET MecCTa IJId IOJiell IepeHOCYNKOB B3a-
nMoneiicTBuii. B HameMm moxxome MMeIOTCS JWMIIL 5J€MEHTEI (dac-
THIEI) ¥ OTHOWIEHUS MEXIY HUMH. DTO COOTBETCTBYET KOHIENINY
MaJIbHONEWCTBYS, allbTepHATUBHOM Teopuu noiisa. B coBpeMennoii Te-
OpeTmdecKoil hM3NKe KOHIENIH JalbHONeCTBHA " IpeIcTaBiIeHa Te-
OpHell HIPSIMOTrO MeXYacTHYHOTO B3amMomeicTBus (action-at-a-dis-
tance) ®okkepa-Peiitamana. Ceilyac 5Ta TEOPHS COCTABIIIET, MOXKHO
CKa3aTh, HOKOBYIO BETBb TeopeTuueckoit ¢usmku. OHa HE BXOOUT B
BY30BCKH€ IPOrpPaMMEI, IIO3TOMY OCHOBHEIE HIIEM 3TON TeOpHH, HC-
noJib3yeMble I B OMHAPHOU reoMeTpodu3mke, HYKAAIOTCI B IONPOO-

'B TepMuE daabnodeticmeue MHOTA BKIIANEIBAIOT COBEPIIEHHO DPA3JINUHEIN
cumbicn. Bo-mepBrix, 0H MOXeT 03HAYaTb, YTO B3aUMONEUCTBUE MEXAY IOBYMSI
06BEKTAMY TIEPENAETCA HA PACCTOSHAN HEIOCPENCTBEHHO, T.€. 6€3 IOCPEIHUKOB.
B sTom cMmuicie TepMuHE daabHodeticme e IPOTUBOIIONOXEH TOHATUIO 64u3K0deti-
¢meue, KOr[a B3auMOLENCTBHE TIEPENAETCA € IIOMOIIBI0 HEKOU CPEbI WIX IOCPEL-
HUKA. BO-BTOPBIX, 3TOT TE€PMUH MOXHO TPaKTOBATh TaK, UTO B3AaUMONENCTBUE
mepenaeTcs OT OGHOTO 06BeKTa K APYIOMY C GEeCKOHEUHOM CKOPOCTHIO 6e30THO-
CATENBHO K TOMY, €CTh IOCPENHUK WA €ro HeT. B-TpeTbux, MaHHBIA TepMUH
WHOTZ]a CBA3LIBAIOT C T€M, KaK OLICTPO YOBIBAIOT C PACCTOSHUEM COOTBETCTBYIO-
Ve CUITHI WK HOoTeHIuansl. HanpuMep, FpaBUTAIMOHHOE U 3JIEK TPOMATHUTHOE
B3aUMONEUCTBUSL B TAKOM TPAKTOBKE OTHOCAT K NAIBHONECHCTBYIOIUM, TOTA KAaK
cnafoe w1 cunbHOe (snepHoe) — K 6GimskofeiicTBylommM. 1losToMy momdepk-
HEM, YTO B 3TOU KHUTE B TEPMUH JAJIBHONENCTBYE BKIANLIBAETCI UMEHHO TIEPBBII
cMBICTT — nepedauy sozdeticmeuti 6€3 nocpedHuKa.

43
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HOM pasbicHeHUN. Bosee Toro, B KaKol-TO Mepe 5Ty TEOPUIO MOXHO
paccMaTpHBATh KaK CTPONTENLHEIE Jieca, IOMOralolue BO3BeIeHUIO
3maHus HOBoit Teopun. Ilo 5TuM npuyuHaM aHAIW3y TEOPUU MPIMOTO
MeXYaCcTUYHOTO B3aMMONEWCTBUA IOCBAINEHa OTIellbHasd [JlaBa.

B nenTpe BHUMaHUSA 5TOi I'iIaBLI HAXONATCA CIENYIOIINE BOIPO-
CHIL:

1) ofocHOBaHWE IPAaBOMEPHOCTH U HaXe, 60jlee TOrO, — JIOTU-
YeCcKOHN IpeNNOYTUTENILHOCTH KOHIENNNN NaJIbHONEWCTBUA IO CpaB-
HEHUIO ¢ OOIeNpUHATON HEIHE KOHIeNNuell OIUM3KONelCTBUA B BUIE
teopnu mois (cM. §2.1 m §2.2.);

2) obcyxneHre KOHKPETHOM pealu3alil KOHIENINY JalbHONEH-
CTBHS B paMKaX TEOPHHU NPAMOTO MeXUYacTHYHOTO B3anMOAEHCTBUA
®okkepa-PeiiHMana ¢ IeNbI0 BLIIENEHWS NOHATUH U BEIpaXXeHWIl,
KOTOpEIe JOJIXKHEI UMeTh MECTO B pa3sBUBaeMOH 37ech pelldluoHHON
TEOPUU IPOCTPAHCTBA-BPEMEHN U GU3MUECKUX B3aUMONEACTBHI (CM.
§§2.3 — 2.5); B kuure 6osbIIOe BHUMaHNE GYNET yOENSITHCA MPUHIN-
Iy COOTBETCTBU:A GuHapHONl reomerpodusuku ¢ Teopuein Pokkepa-
PeiinMana;

3) o6ocHOBaHME MEpexona OT MapHEIX (IBYXTOYEUHEHIX) OTHOLIE-
HUH, IPUHATEIX B QU3NUECKUX TEOPUAX U B TeOMETPHUHU, K MHOTOTO-
YeYHLIM OTHONIEHUAM, (PaKTHMUECKH COOTBETCTBYIOIIUM IPUHIUIY
Maxa (cM. §2.6 n §2.7.);

4) obcyXmeHUe B3IISANa HA CYLIIHOCTH IPOCTPAHCTBA M BpeMe-
HU C TOUKH 3peHHNd TeOpHUH HIPIMOTO MeXYacCTUYHOTO B3aUMOIeH-
cTBusa. IMeHHO 37ECh KpOETCS Mpenesl Teopuil TpeThell du3mueckon
mapalurMbl I OOOCHOBEIBAETCA BEIXOH 3a 'PAHUNEL 3TOH IapaluTrMEbL

(52.8).

2.1 WcToKM KOHIenuum OaJIbLHOONENCTBUA

CunTaeTcsa, YTO KOHIENNAA NAJIbHONEHCTBHA BOILIA B €CTECT-
Bo3HaHue HaumHadg oT pabotr HeioTona. Cnenyer npusnaTh, 4TO caMm
HeioToH He 6BLIT MOCTIENOBATENLHLIM CTOPOHHUKOM JaJbHONERCTBH .
Taxk, B muceme Kk Bentan on nucasn: “Henb3sa npencraBuTh cebe, Ka-
KuM obpa3oM HeonyllleBIeHHOe T'pyboe BellleCTBO MOTJIO OBI 6e3 mo-
CpencTBa 4ero-jmbo MOCTOPOHHETO, KOTOPOe HEMaTepNaJbLHO, NeRCT-
BOBAaThb Ha NIPYTOE BEMIECTBO MHaUe, KaK MPUM B3aMMHOM TTPUKOCHOBE-
HEuH. A Tak HOJXHO 6BLLIO OLITE, el 6B TATOTEHHE OLIJIO, B CMEICIIE
Onukypa, mpucyine Matepuu. BoT moueMy s xesaj 651, 4T06E Brr
He MPUNUCKLIBAIN MHE YUEHUS O TSXKECTHU, NPUPOKIEHHON MaTEpPUH.
JlonycTUuTh, UTO TATOTEHUE BPOXIEHHO MATEpPUM, IPUCYIIE €il, TaK
YTO OJHO TEJIO NOJXKHO MEWCTBOBATL HAa PACCTOSHUM UYepe3 MyCTO-
Ty Ha Apyroe 6e3 HMOCPENCTBa Yero-jimbo MOCTOPOHHETO, MOMOIIBIO
KOTOpPOTO NefCTBUE W CUJIa OT ONHOTO Tejla MPOBOAUTCSA K HPYTOMY,
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€CTh NI MEHs TaKas HeJIENOCTh, U4TO, MOJATalo, B HEE HE BIANAET
HU OfWH YEJIOBEK, CIOCOOHEIR K MEINUIIEHUIO 0 GUIIocodCKUX BEIIAX.
TsAroTeHne HOIKHO BHI3BIBATHLCA HEKOTOPHIM (PaKTOPOM, HERCTBYIO-
MM COTJIacHO ONpelelieHHBIM 3akoHaM” (muTupyercs mo [33,¢.155]).

CTOpPOHHUKN KOHIENIWUW GIN3KONEWCTBHUSA YACTO MPHUBOLIAT 3TY
OUTATY AJIA MONTBEPXKIEHWS TOTO, 4TO HBIOTOH OTBEprail KOHIEMN-
nuio naidsHOmelicTBusA. OMHAKO MPH STOM OMYCKAETCSA MPOINOJIKEHUE
stoit mutaThe: “Kakoit 510 ¢pakTOp, MaTEpUANLHEIR U HEMATEPHUAIb-
HEIN, — s MPEACTABIAI0 PAa3MEINUIIEHNIO MouX unuTaTtenein.” B cBomx
paborax HrioToH TO BBOmMI 5dUp, TO UCKIIOYAI €r0. DTO TOBOPHUT
O TOM, YTO OH UYBCTBOBAJ BCIO TIIYOWHY 5TOil mpobieMbI, MHOTO O
Hell pa3MBINLIAI, HO He CMOT ClIelaTh OKOHYATeLHOTO BHIGOpa’.

Tak, naunnas ¢ pabor HeioToHa B pusnmke BO3HUKIIA MUIIEMMA!
KaKas KOHIENIUs NOJIKHA JEXaTh B OCHOBe (pU3MUECKON KAPTUHEI
Mupa — HJajibHOmelcTBUE Wwin 6amskoneiicTBue? B masnbHeieM 6bI-
JI0 MHOTO CTOPOHHUKOB KaK TOW, TaK U APyroil Touek 3peHus. lomu-
HEHpOBaJia, TO ONHA W3 HUX, TO Apyras. Tak, B Haualle N B CEPENNHE
XIX Beka IOMWHWpPOBAJIa KOHIENNUS NajibHOAeHCcTBUSA. ['JaBHEIMUI
CTOPOHHUKAME 5TOW KOHIENIUN BEHICTYHAJIM BeAyIINe OIPEACTABUTE-
nu HeMenKol ¢dusudeckoii mkonbl: B.Bebep, JI.Jlopenn, ®pann u
Kapn Heiimanrer, I'.'T.®exuep, K.®.llennbuep u HEKOTOpEIE ApPyTHE
(cm. [5]). K HuM mpumMEbIKanm Takume M3BECTHBIE MAaTEMAaTHKM Kak
b.Puman u K.I'aycc. HanmomauM, ux mMeHa CBA3aHBI C OTKPHITHEM
HEEBKJINAOBLIX TE€OMETPHil, IPUBEAMINX K CO3MAHUIO OOIIEH Teopuu
OTHOCUTEIBLHOCTH.

NsBecTHO, uTOo B 1845 r. B.BebGep ornpaBun Ha oT3mB 'ayccy
cBoo pabory “O BceoblIeM 3aKOHE HIEKTPUUYECKOTO HNEWCTBUA’, B
KOTOPOii M3JIarajiich e€ro B3[JISAALI B Pycile KOHIENIWN 3ala3qbIBa-
IOIIETO HAJILHONERCTBUS, T.€. MEPENAIOIErocss OT ONHOTO 3apsiia K
IPYroMy ¢ KOHEe4HOi ckopocTbio. B orBerHOM mumceme I'aycc ¢ on-
o6peHneM OTO3BaJjICSa O ero paboTe U YIOMSHYJ O CBOMX Pa3MEIIIIIe-
HEUAX Hal 5>Tol mpobiemoii, mobaBuB: “Sl 6bI, 6€3 COMHEHMA, NaBHO
ONyGIIMKOBAJI PE3YIHLTATEI MOUX WCCIENOBAHUM, eciiu 6bI B TO BpEMs
He 3a6pocui X, MOCKOJIBKY MHE HE YHAJIOCh HAaflTH TO, 4TO s CUH-
TaJ KpaeyroiibHEIM KamHeM: Nil actum reputans si quid superesset

2Cyns mo OpyTUM ero BHICKA3LIBAHUAM, IHACHMAM ¥ CBAETEIBCTBAM €0 CO-
BPEMEHHUNKOB, HBI0TOH CKIIOHAIICA K MUCTUKO-PEJIATAO3HOMY DEILIEHNIO 3TOT0 BO-
npoca. Tak, B 3ammckax ero coBpeMeHHUKa ['peropu rosoputcsa:“yY Hero 6wLiIm
COMHEHUS, MOXKET JI OH BRIPA3UTh HOCJIENHUAN BOIPOC TAK: UeM HATIOJHEHO IPO-
cTpaHCcTBO, cBobonHoe oT Ten?! Ilommas mcTuHA B TOM, YTO OH BEPUT B Be3Je-
cymee BoxecTtso B 6ykBamsHOM cMbiciie. Tak, xax MBI 9yBCTBYeM IPEIMETHI,
Kxorfia n306paxeHus X NOXOOAT N0 MO3Ta, TaK U Bor [0JIXeH YyBCTBOBATDL BCS-
KYI0 Belllb, BCera NpucyTcTBys mpu Heit. OH nonaraet, uto Bor npucyrcTsyet
B IPOCTPAHCTBE KaK B CBOOOZHOM OT TeJN, Tak W TaM, Iie Tela IPUCYTCTBY-
107”[33,c.152]. B “OnTuxe” HpioTOH HasnBaeT NPOCTPAHCTBO “UyBCTBIIIAIIEM

(Sensorium) Bora”.
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agendum [Iloka He Bce cremaHo, cyMTail, YTO HUYErO He CHEIAHO
(mat.)], a MMeHHO BEIBOA HOGABOYHBIX CHJI, NONOJIHSIOIINX B3aMMO-
IeficTBUE MOKOAINXCS SIIEK TPUUECKUX 3aPAIOB, KOorjga onn oba Haxo-
OSTCS B OBUXKEHUU, — W3 AEACTBUS, KOTOPOE PACHPOCTPAHAETCSA HE
MT'HOBEHHO, HO C T€UeHHEM BPEMEHN, KakK B ciiydae cBeTa’ [47, ¢.506].
WNsBecTHO, uTO mob6aBounble cuisl (cmitel Jlopenna) saTem Geum 06-
OCHOBAaHEI B PaMKaX MaKCBEJLIOBCKOW TEOpUM 53JIEKTPOMArHUTHOTO
moJisi, KOTOpas HAJOJTO 3aTMUJIA 5TO HAPABIIEHUE UCCIENOBAHUA.

IIpencraBuTensMu HeMeNKO#W (PUUUYECKON ITKOIELI GBLIO BEICKA-
3aHO MHOTO COOBpaXeHWil, 3HAUNTENLHO ONEPENUBIINX UX BPEMS H
MPENBOCXUTUBIINX MHOTOE U3 TOTO, YTO NGO OBLIO HOIYyYEHO 3HAUN-
TEJILHO TMO3AHEeE, NGO MPOSBUIOCH B paMKaX PEISINOHHON Teopuu
IIPOCTPaHCTBa-BpEMEHN U B3aUMOMECTBHU, pa3BUBaeMoil B 5TON KHHA-
re. Ciienys ucciefoBaHusAM mo uctopuu Gbusuku (5], mepeunciaum He-
KOTOPHIE U3 HUX.

1. B pa6otax B.Be6epa, K.®.llennbaepa u Ipyrux malibHONEH-
CTBUE HNOHUMAJIOCH KaK TEPENAoNIeecss ¢ HEKOTOPOH KOHEYHOM CKO-
POCTBIO, T.e. 6BUIO OTOPBAHO OT TPaAMIUOHHOTO B Hauajie XIX Beka
MPENCTABIEHNA O GECKOHEUHON CKOPOCTH PaCHpPOCTPAHEHUS HAIbHO-
IelcTBYIOIIEro B3aMMONEHCTBHA.

2. B pa6orax K.Heiimana um npyrux oTBepraioch pacIpocTpa-
HEHHUE 3JIEKTPUYECKOTO B3aUMONEWCTBUS BHE 3aBUCUMOCTH OT CY-
mecTBoBaHmMA “m3nydareiis’ u “mpuemuuka’ . [Ipenmomarasocs 06s-
3aTeIbHOE HAJIMYNE KaK MCTOYHUKA, TAK U MOTIOTUTEINS.

3. B pane pabot B.Be6epa menasncs BeIBom, 4TO “HENOCPENCTBEH-
HOE B3aMMOJENCTBUE NBYX HJIEKTPUUECKUX MACC 3aBUCUT HE TOIBKO
OT 5THX Macc, HO TakKXe OT OPHUCYTCTBUA TpeTbero rtema’ (cM. [5,
¢.225]). B ero pa6orax mpoBommiiach aHaJIOrus ¢ BBemneHHEIM Bep-
OEeJINYCOM TMOHSITUEM “KaTanumTudecKoil cuisl’ . TeM caMbIM menascs
€llle ONUH MIAT OT TPATUIUOHHOTO NAJILHONENCTBNS, TIe OJIArajioch,
YTO CHJIa 3aBUCUT TOJILKO OT PACCTOSHUS MEXIY ABYMS TeaMu.

OTO Upe3BEIYAHO BaXXHOE MpeNBUIEHNE, UMEIIee TIIy6okoe du-
smocodckoe cofiepkaHue. 3[eCh YCTAHABIMBAIINCE CBA3U ¢ TeMu pu-
JT0COMCKUMY HANPABIEHUAME, B PaMKaX KOTOPHIX yTBEPKIAJIOCH,
YTO MOBENEHNE OTHEIBHLIX SIIEMEHTOB CUCTEMEL HE MOXET OBITH OIU-
cano 6e3 yueTa CBOWCTB CHCTEMEI B HeJOM. Biu3kume muewm MOXKHO
Hajlitn B ¢umnocodpun I'.JloTme, Bo B3rasmax BUTAIUCTOB U APYTHX.
B nanwueiiiiieM B Gu3MKe 3TH WAEU HAIUINA CBOE BLIPAXKEHUE B BHUIE
npuanuna Maxa.

4. Ocobo caenyet BeigenuTh pabotsl K.®.IlemnbpHepa, B KOTOPEIX
BEIABUTAJIaCh THOOTE3A, YTO “MHOTHUE SBIIEHUS, A1 KOTOPHIX Qusn-
Ka ellle He HAIJa aJleKBATHOTO OOBLJICHEHWS, HAa CaMOM Jelle Mpo-
HCXOMSAT B YeThHIpexMepHOM Mupe. [Ipm 5ToM Halm opraHbl YyBCTB
(PUKCHPYIOT CBOETO POia MPOEKNNI0 “deTHIPEXMEPHEIX MPOIECCOB HA
TpexMepHsri Mup”” [5, 244]. [IpuMeuaTensHo, 4TO K 4-MEPHEIM IIPO-
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neccaMm llembHep oTHOCHII He TOJBKO TPABUTANMOHHOE, HO U SIIEK-
Tpudeckoe B3amMmopeiicTtBue. Koneuno, 3mech ueTBepTOEe M3MepeHUE
oM pa3yMeBajoCh TPOCTPAHCTBEHHEIM, a He BPEMEHHO-TIOMOGHEIM,
KaK B CIIENWAJILHON TEeOpPUHN OTHOCUTENLHOCTU. B Kakol-TO cTemeHm
3Iech IPENBOCXUIAINCE Naen bh-MepHLIX Teopuit Kanynwr n Kiefina.

5. llennpHep molnen majblile TeOpUHU B3amMmoneiicTBuii. B op6n-
Ty €r0 pasMBINUIEHNH HOMAJIN U BOIPOCHI O CYIIHOCTH CaMOTO IIPO-
crpaHcTBa. llennbHep OTBepraj HBIOTOHOBCKOe abCONIIOTHOE IIPO-
CTPaHCTBO U CBI3LIBAJ MOHATHE MPOCTPAHCTBA C B3aNMOIEHC TBUAMHU
06BEKTOB: “IPOCTPAHCTBO TPEX M3MEPEHUI ONPENETIeTCS 3aKOHOM,
IO KOTOPOMY B3aWMOAEHCTBUE TeJl MOXET MEHAThCI 6e3 W3MeHEeHU s
camnx ren’[5, ¢.79].

6. Bricka3pIBaJlNCh U IPYTHUe NOEW, B YJaCTHOCTH, yKe B 70-e ro-
nel mpouutoro crojetus llemnpHep mposaBnan mHTepec K paboTam
H.N.JIo6aueBckoro, .Bosau, bB.Pumana mo HeeBKJIMIOBEIM TreoMeT-
pHIM.

B mocnenumeii uerBeptu XIX Beka HeMenKas du3muecKas IIKO-
Jla, OMHpalollaicsa Ha KOHIENNWIO NAJILHONENCTBUA, YCTYIUIIa Iep-
BEHCTBO aHTJIMHACKON du3mdeckoii mkoie B june pabor M.®Dapames,
J.K.MakcBesia u IPYTUX IO TEOPUU IEKTPOMaTrHUTHOTO mojis. B
TO BpeMs KOHIEeNNus OIM3KOAeNCTBHA BHIeNach objlamalomen pi-
IIOM HEOCTIOPMMEIX IPEUMYIIeCTB. B paMKkax KOHIeNnuu majbHOTEMH-
CTBUS HaKOMWJIOCH CJIIMIIKOM MHOTO IpobiieM, Ha KOTOpLIe GU3MKa
TOTO BpeMEHM He MOTJIa JaTh OTBeT. Ha3oBeM HEKOTOpEIE U3 HUX:

1) Konnenuns nanbHONEACTBYS ONMPAJIach Ha aTOMapHYIO CTPY-
KTYpy MaTepu#, KOTOpasd B TOT MEPUO] He IPEACTaBIAIach OUeBU]-
HOMH.

2) B paMKax KOHIENINN TaJbHONENCTBUS €CTECTBEHHEIMY GHLIN
TmpeIcTaBiIeHns 06 5IeMEHTAPHLIX HOCUTENAX SJIEKTPUYECKOTO 3a-
psana. OJEeKTPOHEI U APYTHUe 3JIEMEHTAPHEIE YaCTHUILI ellle He GLLIH
OTKPHITHI.

3) I'oBops 0 3ama3ABIBAOIIEM NAJbHONEHCTBUNN, €I0 CTOPOHHMU-
KU ellle He MOTJIN ONePeThCS Ha YHUBEPCAIBHYIO POIIb CKOPOCTH CBe-
Ta, KOTopas IPOYHO 3aHsAJIa CBOE MECTO JIUIIL MOCIe CO3NaHUs CIie-
IUaJbHOW TEOPUHN OTHOCUTEILHOCTH.

4) Brutn HEKOTOpBIE Pasnnums MeXIy HOpMYyJiaMu, OINKUCHIBAIO-
IIUMU 31eKTPOMarHUTHEIE B3aMMOIENCTBUA YacTHUIl B paMKaX IBYX
KoHIennuii. B Teopun nosnsa oHM oka3zanuck 6ojiee COBEpUIEHHEBIM.

5) Pemenne nudpdepeHnnaIbHbIX ypaBHEHH B paMKaX T€OPHH
TIOJI NABAJIO PAL TEXHUYECKUX NMPENMYINECTB IO cpaBHEHUIO ¢ 6oitee
TPOMO3IKHUME PacCyXIEHUIMU B paMKaX KOHIENINHN NaJILHONENCT-
BUA.

Brinu u npyrue ¢akTophl, Kak 06 bEKTUBHOTO, TaK U CYyOHEKTUB-
HOTO (IICHXOJIOTMYECKOro) XapakrTepa. Bce 5To mpuseno K ToMy, 4TO
MHOTHE UAEW U Pe3yIbTAThI HEMENKON GUM3MUECKON IIKOJEI cepenu-
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HEI IIPOILJIOTO BeKa OKa3alliCh MOYTH 3a0LITHIMH.

TakuM 06pa3oM, MOXHO CHAJIATh CIEAYIOIINE BEIBOIEL:

1. Yoce cam . Horomon, ¢ umenem Komopozo ceA3bleéaemcs 603-
HUKHOBEHUE AAbTMEPHATUEHL daabHodeticmeue uau bausdkodeticmeue,
ocosnasan a2aybuny xpoduwetica 3decb npobiemol.

2. Konuyenyua zana3deiearowezo dasvrodeticmeud, doMuMupo-
easwad 6 mpydar memeuwoll @Puauueckol wroabl cepedunst XIX
eexa, oxa3aaacs npeixcdespemennot. B mom momenm ewe me cao-
HCUAUCH HEe06L0dUMBlE Oad ee Pa3eumud npPeodnoculiky.

2.2 AHaIn3 KOHIENIUM OAJIbLHOOEeNCTBUA
B XX Beke

OnHako unen KOHUENINN TAJILHONERCTBYS He OBLIN OKOHYATEb-
HO yTepsHbl. VIX HOCUTEIEM U CTOPOHHUKOM OKasajcsa O.Max, koTo-
poMy ¢u3uKa MHOTHM obA3aHa, IJIaBHLEIM oOpa3oM, IPOBedeHHEIM UM
riIyOOKUM KPUTHUYECKHM aHaJW30M OCHOBAaHUI HHIOTOHOBCKUX IIpel-
cTaBJIeHU# 06 abCOMIOTHEIX NIPOCTPAHCTBE, BpEMEHHU U Bcell MeXaHM-
ku. OH oKa3aJjics y ICTOKOB COMaHus Kak OOIell TEOpUU OTHOCUTEIb-
HOCTH, TaK M, MOXHO CKa3aTh, KBaHTOBO#l MexaHUKH. Tak, obCyx-
Ias COOTHOIIIeHNe KOHUENINil NaJbHONEeNCTBUA U 6JIU3KOoNecTBNA, B
cBoeit kaure “Ilosmamme m 3abnyxnenme” o mucai: “Muicias Heio-
TOHa O CWJIaX, NeHCTBYIOMNX Ha PacCTOSHUU, ObLIa BEJIUKUM YMCT-
BEHHEIM COOBITHEM, KOTOPOE MIO3BOJIMIIO B TeUeHNe ONHOTO CTOJIETHA
TMOCTPOUTHL OTHOPONHYIO MaTeMaTuueckyio ¢usmky. B sToit Muicim
BEIpa3WJIach HEKOTOpas NYXOBHas NalbHO30pKocTh. OH Bumen GakT
VCKOpeHU Ha PacCTOSHUN U IPU3HAJ €TI0 BaXXHOe 3HaUeHNe; oCcpe-
HUKH, Iepefalolliie 3TN YCKOPEHU, Ka3ajluch eMy HedACHLIMH, U OH
IO BpEMeHM OCTaBiIsl ux 6e3 BEmManus” [40 ,c.441].

CooTHomenne AByX KoHUenmumii obcyxmanocs Takxke A.llyanka-
pe B “Ilocmenumnx muicnax”. Ou nucan:“Ham mpencraBaseTcs, 4To
MBI JIyullle IOHUMaeM Ilepefady OelCTBUA IyTeM CONPUKOCHOBEHN,
HEXeNN MENCTBUE HAa PACCTOSAHUM. JTO MOCIENHEE CONEPKUT B cebe
HEUTO TaWMHCTBEHHOE, eCTeCTBEHHO HaBOHAgIlee Ha MEICIIL O HEKOTO-
POM BMeIIaTeIbCTBE B Halll MEP N3BHe M MMEHHO IIO3TOMY S TOBO-
plo ceifuac, YTO MeXaHUINW3M IPOHU3aH MaTepuainiMoM. llpn3sanue
VUEeHBLIX COCTOUT B TOM, UTOOBLI YyCTPaHATh BCe TAaWHCTBEHHOE U TEM
caMEIM BCerja NIPOABUTATHLCI XOTsA GBI HEMHOTO Buepen. ... W Kor-
Ia rae-HUOYIbL OOHAPYXWBAIOT INeHCTBUE HAa PACCTOIHUM, CTPEeMAT-
¢4 NMpencTaBUThH cebe U MPOMEXYTOUHYIO cpely, KoTopas objiagaeT
CBOICTBOM IlepefaBaTh 3TO JeCTBHE OT TOYKHM K OamKaifeid Tod-
ke. OgHako Ha 5TOM NMYTH TPONBUHYJIUCH HE CIIUIIKOM-TO NAJEKO,
ubo ecnu 3Ta cpefa HeNpepHIBHA, TO 3TO He NaeT HUKAKOI'O YIOBJIe-
TBOpeHHUd Halllell IPUBA3aHHOCTU K IPOCTOTE, T.e. Halllel moTpeb-
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HOCTH BCE NOHUMATh. ECIM e OHa COCTOMT M3 aTOMOB, TO ATOMEI
HE MOTYT HaXONUTLCA B MOCTOSHHOM CONPMKOCHOBEHWH, XOTS OHHU W
PACIONIOKEHBl Ha OYeHb MAJIEIX PAcCTOAHMAX APYT OT Npyra, paB-
HBIX, [0 BCeil BUNMMOCTH, OfHON Mmwunapauoii Muumerpa. Ho sTo
BCe-TaKl KOHEYHOE PACCTOSHME W €ro 3HaueHHe TAaKOro JXKe Xapak-
Tepa, Kak W KHJIOMeTpa, — JJid dmiocoda 3TO B IPAHNANE OTHO U
To *e. Bens HeO6X0MMMO, 9TOGHI HECTBHE IEPENABAJIOCH OT ONHO-
ro aToMa K IPYyroMy — TOJIBKO TaK OHO CTAHOBHTCA NEWCTBHEM Ha
paccrosuun” [55 ,¢.490].

Wpen nanbuOmeiicTBus 6buTH Bo3poxaeHHl B 20-x romax XX Beka
B paborax K.lllsapummiasna, I'.Terpone [69] u A.Il.Dokkepa [80]. B
HEUX KOHIENNHA IPAMOrO MeXJYacTHYHOTO B3aMMONENCTBUSA IOIyYn-
Jla 4eTKYI0 MaTeMaTH4YecKylo (GopMyiampoBKy. Brwio mokasano, 94To
TeOpHA 3JIEKTPOMarHeTH3Ma, IIOCTPOeHHAs Ha €€ OCHOBE, COTIIacyeT-
ca ¢ Teopmeit MaKkcBeisia IJi CTATHYECKUX W CTAIMOHAPHEIX 3JIEK-
TPOMarHUTHEIX ABJIeHHWA. Torma e GLUIN BLIABJIEHEI W OCHOBHEIE
TPYIOHOCTH Pa3BUTHSA TEOPUH, O KOTOPLIX 6yNeT CKa3aHO MO3XKe.

B mamreit cTpame KOHIENNUS MajbHONEHCTBUS aKTUBHO OTCTa-
uBanack 9.W.@penkenem [81, 82]. B 30-x romax om yrBepxmai: “A
IyMalo, OfHaKO, YTO MBI JOJIXKHLI CUYMTATL GYHIAMEHTAJILHON pe-
albHOCTBLIO He IoJle, HO MaTepHIo, T.e. IBMXKEHNE U B3aUMOIelcTBUE
MaTepHalIbHLIX YacTHIl, a 3JIEKTPOMarHUTHOE IIOJie paccCMaTpUBaTh
KaK BCIIOMOTaTelIbHYI0 KOHCTPYKIUIO, CIIyXalllyio Ajid 6osee ynob-
HOTO ONHUCAHUWs 5Toro Bi3auMopelicTBus. Hakomen, s mosaraio, 4To
OHO IIpelicTaBiIgeT coboll JajibHOAENCTBNE, KOTOPOe MBI HUKONM 00-
pa3oM He JOJKHBLI CBOAUTH K KaKOMY-TO IeHCTBUIO M GIH3KOIeH-
CTBUIO, OCYIIECTBIIAIOIIEMYCA Uepe3 KaKylo-ILOO IPOMEXYTOUHYIO
MaTepHaIbHYIO Cpelly WU IPH MOMOIIN MaTepHalln30BaHHEIX CHIIO-
BuIX juHUM... [lo3BoabTe mpexne Bcero noka3aTh BaM, 4TO pm3muec-
KM abcypIoM ABigeTcd MMEHHO IIpelicTaBileHUe O OIIU3KOIecTBUH,
a (u3mueckoil peallbHOCTHIO, GU3MUecKH OOGOCHOBAHHEIM SBJIIETCA
mpencTaBieHne o maidbHoXeiicTBum. Kak HaM HE TpynHO mpencTa-
BUTH cebe 3TO JalbHONENCTBHE, Ja ellle 3ala3ibIBalollee, BCe XKe HaM
HeOOXONMMO cIellaTh COOTBETCTBYIOIIee YCHJINE IJId TOTO, UTOOEL
OCBOOONNTHCA OT TeX IPUBLEIYEK, KOTOPHIE CIOXMIINCEH ¥ HAC B 3IOXY,
KOT'Jla HAIlM MOo3HaHWA 6buin HemocTtaTouHer” (81 ,¢.25].“Paspemmnre
MHe ceifyac IPOaHAIINM3NPOBATH MOHATHE OJIU3KONENCTBUA TaK, KakK
oHo ¢urypupyetr B Teopuu Papames, Tak, KaK ero ImpeicTaBIILIN
cebe MakcBesiT, 1 MOKa3aTh BaM, UTO 5TO GIM3KOOEWCTBUE, HEHCT-
ByIOlllee Uepe3 IPOMEXYTOUHYIO Cpely, IpelcTaBideT coboil TOILKO
WJLTIO3WIO, TOJILKO 3aMacKHpOBaHHOe maiibHomeiicTBue. He mambmO-
IelicTBHE OKa3bIBaeTCid HEOOXONMMEIM CBOIHMTH K OJIM3KOINENCTBHIO,
a, HaobopoT, 6ru3KoneiicTBIEe K nainbHONencTBHIO” [81 | ¢.73].

B sammury cBoeit mosunuun dpeHkens TPUBOAWII TPUA OCHOBHBIX
moBona. IlepBuIil, Kak OH Ha3LIBaJl, “aHTPOMNOMOPMHEIA’ HOBOL CO-
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CTONT B TOM, YTO Y HaC YKOPEHWINCH IPeICTaBlIeHNd O BO3INENCTBUN
Ha IpelMeThI Uepe3 HENOCPENCTBEHHOE COINPUKOCHOBEHNE C HUMU.
Bropoii moBom cocTONT B MPUBLIYKE ONMEPUPOBATH AUDIepEeHINAIEL-
HEIMU YpaBHEHHAME, OOLIYHO aCCONMUPYEMEIMHI CO CILJIOIIHOH cpe-
moit. Tpetumii qoBom 6JIM30K K TOJIIBLKO UYTO YIOMSAHYTON TOUKE 3peHUs
A Tlyaukape. ®penkens ropopwi: “Eciiu wacTunsl, u3 KOTOPHIX CO-
CTONT paccMaTpHBaeMoe Tejlo, OTIeJeHEl APYT OT Ipyra MYyCTHIMHU
IpoMeXyTKaMH, TO KakuM oOpa3oM OHU IeHCTBYIOT IPYyT Ha ApPY-
ra? Bel MoXeTe cKa3aTh, YTO KOTJa OTHO TEJO TOIKAET APYToe, TO
ONHU YaCTUILI HAXMMAIOT Ha COCeNHUE U TaKUM o6pa3oM ocyIiecT-
BIIseTCS HENMOCPeINCTBEeHHOe compukocHoBeHme. Hy a ecam BRI Temo
pacTaruBaeTe, KakK TOrAa NeHCTBYIOT COCENHUE YACTHUILI €ro IpyT
Ha apyra?”’[81 ,¢.76] Ou yTBepxma, 4TO BBeNEeHNE HOBOI MEXMOJIe-
KYJISIPHO# cpefbl “HUCKOIBLKO HE PEIIAeT BOIPOCA O CBENEHUU HAIlb-
HOOENCTBHUA K OIM3KOAENCTBHIO, a JINIIL CBOAUT AajlbHOAEHCTBHUE Ha
O4eHb MaJlbIX PacCCTOAHMAX K JaJbHOINENCTBUIO Ha ellle MEHBIITHX
paccrosgHuax.”

Ho6aBuM K 5TOMY 4eTBepTEHIi MOBOI HaKTHUECKN CBONAIIMACT K
caenyiomemy. Konnenmnusa 6mu3koneiicTBUS oNUpaeTCs, MO-CYIIECTBY,
Ha HEPEeJIATUBUCTCKOE MOHATHE KOHTaKTa, O3HadaloIlee, YTO B3anMO-
IENCTBHUE OCYIIECTBISETC, KOTIAa PAcCTOSHNE MEXIY JacTUIAMU %
u j paBHO Hyao (r;; = 0). YacTua B3anMoneficTByeT ¢ mojieM, HaXo-
IAMUMCI B 3TOH XkKe TOYKe, 3aTeM IIOJIe MOCIIeNOBAaTEILHO IepenaeT
BO3MIeficCTBUE OT ONHOW TOUYKHM IPOCTPaHCTBa K IPYroil, 6€CKOHEUHO
6IU3KOI, IO Ienouke MOKa He NOCTUTHET IIOJIOXKEHUA BTOPOR 4acTH-
uel. B penaTuBmCTCKOl Teopnu, KaKk W3BECTHO, BpeMs U IPOCTPAHCT-
BO 00BLEeOUHAIOTCA B ONHO 4-MepHOe MHOroobGpasue. PematuBucTcku
HEMHBapNaHTHOE NMOHATHE PACCTOAHMA T;; CIENyeT 3aMEHUTh Ha pe-

JIATUBUCTCKN WHBApHAHTHOE NOHATHE MHTEPBAIIA S;; = ,/c2tfj — rfj.
Torpa penaTUBUCTCKOE NOHATHE KOHTaKTa O3HadaeT s;; = 0, uTo co-
OTBETCTBYET B3aMMOIENCTBUIO (KOHTaKTy) YacTHUI Ha M30TPOMHLIX
KOHycaX C BepIIHHAMH B MeCTaX PacloJioXeHWsA dacTui. B sTtom
CMEICJIE MOXHO CUUTATH TEOPHWIO 3aMa3BIBAIOINIETO JaILHONENCTBIS
6oJiee COOTBETCTBYIOUIEN PEIATUBUCTCKON WMOEOJIOTUM, HEXeJ! 06-
MIENPUHATYIO TEOPHUIO TOJIA.

B pannmefimmeMm, yxe B 40-X romax, BaXHEIil BKJIall B pa3BH-
THE TEOPUH IPSIMOTO MEXYACTUUHOTO B3aWMONENCTBUS OBLI CIellaH
P.®eitnmanom u IIx.YunepoMm, o 4eM 6BIIO MOAPOGHO CKaszaHO B
Ho6enesckoit nekunu P.Peitnmana [76]. 3aTeMm B paMkax KOHIEIN-
WU JaJbHONENCTBUS OBLLIM BBIMOJHEHEI cepuu pator P.Xoima m
Ix.Hapaukapa [84, 85], II.IIsBuca [23], I'.B.Pa3anoBa [63,c. 132-
161] u pama npyrux aBropoB. B mTore 6110 IOKa3aHO, UTO 6 pamKazr
KOHYENYUY 0aibroJetcmeud MONCHO NOCTPOUMDb MEOPUL IAEKMPO-
Ma2HUMMBIE U Opyeur e3aumodeticmeut, obvAcuAOWUe Habarodae-
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Mble A6ACHUA HE TYHCe, UeM Mo JeAdemcd 6 PAMKAT 06UWenpuHA-
motl meopuly noad.

2.3 Ilpunnun nenictBus Pokkepa

1. W310XuUM CYTh TEOPUM TPAMOTO MEXYACTUUHOTO SIIEKTPO-
MarauTHOro B3ammopeiicTBusa Pokkepa-Peitumana. Cienyer cpasy
J)Ke TMOAYEePKHYTh, YTO B OTJINYME OT OMHAPDHOU reoMeTpodU3WKu, B
5TOW TEOPWHU MOCTYIIUPYETC KilacCUUecKoe 4-MepHOE TPOCTPAaHCTBO-
BpeMsA W B HETO TOMEIMAIOTCA 3apsXeHHBIe dacTuiil. [losa mepe-
HOCUWKOB B3aMMOJAEHCTBHUA OTCYTCTBYIOT. IlocTynupyeTcs IpUHITHT
nmeiictBusa Pokkepa, COTIIACHO KOTOPOMY 3JIEKTPOMarHUTHEIE ( a Tak-
xe HHLIe) B3aMMOIENCTBUS MEXIY 3apsAXKEeHHEIMU YacTUIIAMU OIH-
CHIBAIOTCS HEMOCPEINCTBEHHO 4Yepes WX XapaKTepUCTHKHU. Brimemum
IBe IPOW3BOJILHLIE 3apiIXKEeHHLIE YacTHUILI, IPUCBOUB UM HOMepa 1
u 2. Cornacuo npuaiuny neictBud Pokkepa UX 5IIEKTPOMATrHUTHOE
B3anMMOJIENCTBIE OMUCLIBAETCS CIIENYIONINM BKJIAIOM B KJIaCCHIECKOE
IelicTBUE

Sz(fn)f(]-a2) = _6162//5(52(1,2))77m,d13l1td$l2’:

_ _//j(‘l)j(z)ﬂé(sz(l,2))dsldsz, (2.3.1)

Tlle e] U ey — dJleKTpUYecKue 3apaibl IBYX YacTHII, jf‘l) = e1dzy /ds;

— BeKTOp 4-TOKa wacTuusl ¢ HomepoM 1; dz!', dz¥ - m3menenus koop-
nnHAT; dsi, dsy — CMeIleHns BAOIL MUPOBBLIX JIMHUN JaCTHIL; 7], —

MeTpHYeCKHil TEH30p NpocTpaHcTBa-Bpemern Munkosckoro; s2(1, 2)
— KBaJpaT MHTepBaja MeXAy TOUYKaMi Ha MUPOBBIX JIHHHAX IBYX
YacTHII;

§(s%(1,2)) = 8(c*t3, — r1,) (2.3.2)

— §-byukuus. 3mech t1s U P1g - TPOMEXYTOK BPEMEHU UM PACCTOSHUE
MeXJy MOJIOXKEHUAMHI B3aMMOIeHCTBYIONINX YacTHIl.

Bripaxenme (2.3.1) MOXHO HOHMMaTh KaK IapHOE OTHOIIEHWE
MeXIy IBYMS 3JIEeMeHTaMU HEKOTO OTHOTO MHOXKecTBa. 1TouHee 6yneT
cka3aTh, 4TO B (2.3.1) comepxarcs HaXe OBa MapHBEIX OTHOIIEHWS:
ONHO TOK-TOKOBOE jé‘l) J(2)p — DApHOE OTHOIIEHNE YHAPHOW CHCTEMBL
BellleCTBEHHEIX OTHOIIEHWH paHra 5, a Bropoe s%(1,2) — mapHoe oT-
HOIlleHWEe YHapHOW CHCTEMBI BellleCTBEHHEIX OTHOIIEHHWH paHra 6a

(em. [17]).
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2. lpencrasnsas §-¢pyrxnmio (2.3.2) B Bune

5(s2(1,2)) = ﬁ [6(ctis — r12) + 6(ctia + 112)],  (2.3.3)

NIPUXOIUM K BEIBOLY, UTO Ipu PUKCHPOBAHHOM IIOJIOXKEHWN YacTH-
IBI ¢ HOMEPOM 1 B HEKOTODHIl MOMEHT BpeMeHH f( (Ha ee MUPOBOI
JIMHWN) B3aMMONENCTBUE MEXIY YaCTHIAMH IPOMCXONUT IPH IBYX
MOJIOXEHNAX BTOPOHl YaCTHIEL B MPENIIeCTBYIOIIHA MOMEHT t W B
6ymymmii MOMEHT ¢, COOTBETCTBYIOINX IBYM NEpPECEUeHMIM KOHY-
COB mpouutoro n 6ynyuiero (¢ BepLIMHOR Ha MUPOBON JINHUY IEPBOI
YacTHIEL B MOMEHT fj) C MUPOBOH JWHHWEHl BTOPOW dYacTHUEI (CM.
puc.2.1). C TouKM 3peHNs NEPBORl YaCTHILI B3aNMOAEHCTBHUE, OIpe-

omnepexatoree
- B3aIMOIeliICTBIE

l

«| 3amaspeBasomee
|~ B3anMoneiicTBIE

Puc. 2.1: Onepexartoriee u 3ama3anIBalolliee B3aWMONEHCTBUS MBYX
YacTHIl

IesIseMOe TMOJIOKEHNEM BTOPO#l YacTHILI B MOMEHT t', Ha3bIBaeTCA
3ana3dvi6arouum, a TOJOKEHWEM B MOMeHT t” — onepescarouwum.
Takum obpasom, cornacuo npunnuny Pokkepa 3amasnbIBalolliee U
onepexalolllee B3aUMOIeHCTBIA IPUCYTCTBYIOT CUMMETPUYHLIM 0OO-
pasoM. B 20-x - 30-x romax 5To mpeAcTaBIsIO OCHOBHYIO TPYIHOCTD
TEOPUHU MPAMOTO MEXYaCTUYHOTO B3auMogeiicTBud. MoxHo 61110 TO-
BOPHUTH O COBIAJEHNHU 3TOH TEOPUHU C OOIIENPUHATON TeopHell MOJid
JINIIE N4 CTaTUYeCKNX M CTAIMOHAPHEIX 3JIeKTPOMarHUTHEIX ABJIe-
HUH.
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Kax Bunno m3 dopmyssi (2.3.1), B Hee He BXONAT IOJIA MEPEHOC-
YWKOB B3amMonelcTBuii. B3auMmoneiicTBue ompefnensdeTcs JUIIb Xa-
paKTepUCTUKaMU YacTHIl, T.e. 5TO GOPMYJION ONMUCHIBaETCA 3alla3-
neBafolee (M omepexarolee) DalbHONEACTBHE.

3. IlomHoEe meiicTBUWE OJi CUCTEMEI B3aMMONEHCTBYIOIINX HIEK-
TPUYECKUX 3apAIoB B KJIacCCHUeCKOH TEOpMHU NPAMOTO MeXYacTUy-
HOT'O 3JIEKTPOMArHUTHOT'O B3aMMOIENCTBUSA 3aIUCHEIBAETCA B BHIE

1 . .
Sle) — —Zmic/dsi — %ZZ//](“i)](k)M(S(sz(z,k))dsidsk,
7 2k

(2.3.4)
re m; - Macca mokos dacTunsl ¢. IlepBoe ciaraemoe cupaBa cooT-
BETCTBYET HEACTBUIO NI CBOGONHEIX (HEB3aMMONEHCTBYIOMINX) Jac-
tun. OHO mpencTaBisdeT coboit OTHOIIEHUE MEXAY ABYMsS TOYKAMMU-
COOBITHSMY Ha MUPOBOH JINHUU OTHOW YacTUNEI. Bo BTOpoM ciarae-
MOM cIIpaBa CyMMEUpOBaHNe IPOU3BOANTCA IO BCEM IIapaM 3apAXKeH-
HEIX YacTHUIl, IpUYeM i # k.

4. IlosgcHuM, Kak B TEOpHUH IPAMOTO MEXYaCTHYHOTO B3aMMO-
IefiCTBHS MOXHO BBECTH BTOPHYHEIE (BCIOMOTrAaTelbHbIE) MOHATHS,
COOTBeTCTBYIOIINe MOTeHIUaJlaM M HaNpAXEeHHOCTIM 3JIeKTpoMar-
HuTHOTrO mouisi. Ilas sToro Beimenum m3 (2.3.4) onny wacTumy, Ha-
mpuMep, ¢ HOMepoM 7 = 1 W 3ammmieM IJid Hee HelicTBUe B Goitee
NIIPUBLIYHON dopme

e 1 :
si9 = _mlc/dsl - - Z/]G)Au(l,k)dsl, (2.3.5)

kA1
rae BBEIOEHO obo3HauYeHNe HOJIsd OTHOEJIBHBIX BKJIadOB
AL (L, k) = / Jd (5 (1, ))dsy, (2.3.6)

KOTOpEIe MHTEpPIPeTUPYIOTCI KaK BEKTOPHBIA 3JeKTPOMAarHUTHHIN
MOTEHNINAJI, COo3laBaeMEIll 3apalloM e; B TOM MecTe, I'Jle HaXOONTCA
3ap4an e;.

O6benunss BKIIaOBl BCEX 3apSKEHHBIX YACTHUI, MOIYIAEM CyM-
MapHEIil 3]IeKTpOMarHNTHEI noTeHmuan A, (1) B MecTe HaxOXIeHNS
3ap4na ¢ HomepoM 1.

A (1) =) AL k) (2.3.7)
k#1

U JelcTBUE JIJId BEIOEJIEHHON YaCTHIIBI:

e Lr.
S](- ) — _mlc/dsl — E/]G)Au(l)dS]_, (238)
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dopMaLHO COBHMaalollee ¢ OOIIENPUHATEIM BLIPpAXXEHUEM B DIIEK-
tponunamuke Makcgemna-Jlopenna. Onuaako cienyer mONYepPKHYTh,
UTO 6 MEoPUL NPAMO20 MENCUACTNUYHO20 83aumodeticmeud beccmbic-
AEHHO 2080PUMb 0 NOMEHYUALE 8 NMOUKAT NPOCTNPAHCMEA-8PEMENH,
2de omcymcemeylom saexmpuieckue 3apaodbl.

5. W3 peiicrBus (2.3.8) yerko HOJYYNTH ypaBHEHUE IBYIKEHUS
BELAEJIEHHOM 3apsKeHHOW wacTuibl. COrlacHO NPUHNWNY HaWMEHb-
LIETO MENCTBUA 5Ta YAaCTHUIA IBUXKETCSI IO SKCTPEMAILHON KPUBOH

§S\9 =0 (2.3.9)

B IPEOIIOJIOKEHNN, UYTO Ha KOHIIaX TPa€KTOPMM BapHaoul KOOpIOu-
HaT paBHEI HYJIIO. Ioce CTaHOapPTHBIX BBIKJIAOOK IIOJYy4Ya€TCA ypaB-
HEHNE 3HAKOMOTO BHIOa

dzy e dz¥
mlnuu?%l = c_gFuu(l)d—Siv (2'3'10)

o€ BBEOEH TEH30D 3JIEKTPOMArHUTHOTO B3aMMOJIENCTBUSA B TOUYKE Ha-
XOXIOEHUA 3apiada C HOMEPOM 1:

0A,(1) AL
F.(1)= 3‘@5{)— 322). (2.3.11)

Ecnu omycTuTes mHIexkc, obo3HaYaloOmuii HOMEep YaCTHILI, HOIYyYNM
CTaHJapTHOEe ypaBHeHHe JBIKEHN: 3apAXeHHOHW JaCTHILI B >JI€K-
TPOMArHUTHOM “mojie” .

6. BBenenneri B (2.3.11) TeH30p >I€KTPOMAarHATHOIO B3amMO-
neiicTBua F),,, TOXIECTBEHHO yIOBJETBOPAET COOTHOIIEHMAM, aHa-
JOrm4HEIM ypaBHeHHAM MakcBemnta. YTo6rl 3To moKa3aTh cllenyeT
BOCIIOJIB30BaThC cooTHomeHNeM Jupaka mis 4-dyHKImm:

32
. §(s*(3, k) = 4nd*(z; — zp,). 2.3.12
7 ety (676 B) = (e — ) (2:3.12)
oneitcTByem onepaTopom n**§%/dz!} 8z cnepa ma BKIam B BEKTOp-
HEIfl [OTEHNMAJ OT ONHOM YacTHMUEI, ompeieieHHbIl B (2.3.6). Uc-

nosb3ys (2.3.12), HaxOAUM, YTO BEKTOPHEIH NOTEHIMAI yAOBJIETBO-
pAeT HEOTHOPONLHOMY BOJIHOBOMY YpaBHEHUIO

P Aa(1,k) 4,
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rie
da?
] =e 8% (2, — zp)——Lds
J(k)a kflaﬁ/k (z1 — =) a5, &
— TOK 3apsana k.

Jlerko y6enuThbes, 94TO OmpeleNeHHbll cornacHo (2.3.6) BekTOp-
HEL IOTEHNNA aBTOMATHYECKHA YIOBIETBOPIET YCIOBUIO KaluGPOB-
ku Jlopenmna

0A%(i, k)
oz¢

Pacnucras 0Fg. (i, k)/0zf ¢ yuerom (2.3.11) u (2.3.14), Haxo-
num

0. (2.3.14)

OFe(ik) 4
[3’. ) _ .
e = e (2.3.15)

7. Takum o6pa3oM, IPUXOOUM K BEIBOLY, YTO B TEOPHUH IPAMOIO
3JIEKTPOMArHUTHOTO B3amMmofeiicTBusa Tuna Pokkepa-Peitnmana

1) nem nomenyua.L0e NoAL 8 MOUKAT NPOCTNPAIHCTNGEA-8PEMENL,
2de omcymcmeyiom Uacmuybl, @, cAedo6aMesbro, U HEM NOAEEHLT
ypasnenul Maxceeana;

2) nomenyuaabl IAEKMPOMAZHUMHOZO 63aUMOOETLCTNEUL MOXHC-
HO 66ECTNU 6 MECTNAT PACNOAONCEHUA 3APANCEHHBIT YACTNUY, U 044
HUT 6BINOAHAIOMCA MONCIECTNEA, COOMEEMCMEYIOUUE YPAEBHEHUIM

Maxceeanda®.

2.4 Ilpsamoe MexdacTHUUIHOE
rPaBUTAIMOHHOE B3aMMOJeNCTBUE

1. Kak yXe oTMeUanoch, TeOPUS MPAMOTO MEXYACTUYHOTO B3a-
UMOIeHCTBUA MOXeT OBITH MOCTPOeHa He TOJIBKO AJIA 3JeKTpoMar-
HUTHEIX, HO U JAJId IPYTUX B3auMopeiicTBuil. Ilpn 5ToM nomxken 61T

SEcimu momycTHTE CyIIECTBOBAHME BEKTODHBIX MOTEHINAJIOB BO BCEX TOUKAX
HEIIPEPBLIBHOTO IIPOCTPAHCTBa-BPEMEHM, TO B MaTEeMaTHIECKOM IJIaHe IBE Teo-
PHHA: IIOJIA U IPIMOT0 MeXYaCTHUIHOTO B3aMOAECHCTBUA, — OKaXyTCA SKBUBAJICHT-
urMu. OHE 0TIIMYAIOTCSA UCXOOHBIMU IIOJIOXEHUIMU. B Teopum mosns ucxomaT us
nuddepeHnNaTLHEIX YPAaBHEHNN, U3 KOTOPLIX MOXHO HaiTu ¢ymkmwio ['puma n
3allCATH PeElleHNe B MHTECDAILHOM BuAe. B Teopmm mIpsaMoro MexdacTHUIHOTO
B3aIMOIEMCTBU UCXONHEIM sBisgeTcs 3ananmne dyukimm 'puna. Ee poss urpaet
nenbTa-dymkrums B (2.3.1). 3Has ¢pyskmmo I'puHa, MOXHO BOCCTAHOBUTB COOT-
BeTCTByMOIIee el nuddepennmansHoe ypasHerue. OnHaxo A QU3NKYU HOMyIIle-
HIl€ 0 PacIpOCTpaHEeHUN 3HAYE€HUI IIOTEHNWAJOB Ha BCE TOYKM IIPOCTPAHCTBa-
BpEMEHU UMeeT CYIIleCTBEHHOE 3HadeHUe.
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COOTBETCTBYIOIINM 06Gpa3oM BuUIou3MeHeH npuwHIun mneiicTBus Doxk-
kepa. PaccMoTpuM ciiyuaii mpsAMOro MeXYacTUYHOTO 2pasumayot-
nozo B3auMojgeicTBusA. Cpasy Xke ciefyeT NONUEPKHYTh, UTO MPIMOE
obobmenne npuanuna Pokkepa Ha CIydall TPABUTAIUN MPUBOMUT K
JINHEApU30BaHHON TeOpHHU I'paBHUTallNM, T.e. K IPUOJIMKEeHHOH Teo-
PHHE IIepPBOTO MOPAIKa IO TPaBUTAIMOHHON KoHcTaHTe ky. Bemenct-
BU€ HEJIMHEWHOCTY T'PABUTAIMOHHEIX B3aWMOIENCTBUN U pAna ApPY-
TUX OCODEHHOCTER TeopHusd NMPAMOTO MeXYacTHUYHOI'O I'PaBUTAIUOH-
HOT'O B3aHMOJAEHCTBNA CTPOUTCSI UTePAllNOHHEIM CIIOCOOOM — B BHIE
CBOeoOpa3HOro pasiioXkKeHUd B pAll IO I'PaBUTAlMOHHON KOHCTAHTE.

2. IlpoaHanu3upyeM HepBEHIi HOPANOK TEOPHHM HPSIMOTO T'PaBU-
TalmoOHHOTO B3amMmoneiicTBua®. B 3Tom ciyuae mpurmun Pokkepa
(2.3.1) Takxe 3amMCHIBaeTCs [ IAapHBIX B3aMMONEHCTBHIl C TOR
pas3HHUIlel, YTO BMeCTO TOKOB B3aMMOIeHCTBYIOIMINX YAacTHI cilefyeT
nHuCcaTh UX TeH30PHl SHEPTUU-UMIIYIbCA

k
SI1,2) = 22 [ [ T8 s + e = Do)

2
XT3 5(s*(1,2))ds1dss, (2.4.1)
rnme T — TeH30pHI SHEPTUU-UMITYJIBLCA B3aUMONEHCTBYIONIMX YaCTHIIL
C HOM€paMu 1m 2, kg — HBIOTOHOBCKaJi 'paBHTallMOHHasd IIOCTOAHHAA.

Ocraneubie o6o3HaueHus Te xe, uto u B §2.3. PackpuiBas THY nns
TOYEYHEIX YaCTHUIl, UMeeM

mimy v
SIL,2) = k- / / u(yyU(1y (Muap + Nuptlva — Mutlap) X

X “?2)“‘(32)5(52(1, 2))ds1dsa, (2.4.2)

rie u" — KOMIIOHEHTEI 4-CKOpOCTeI7[, a 1M — MacCCBI COOTBETCTBYIOIINX
qaCTHII.

*06o6imenne npuammma ®okKepa Ha CIy4Yai FPaBATAIMOHHOTO B3aIMONEHCT-
Bus 6611 nccnenoBal B paGorax A.J.I'panosckoro u A.A IlanTiomuna (1965-1969
r.r.)[21, 50], E.B.Ilapyumsaa (1974 r.), K.A.Iluparaca u B.M.2Knanosa (1972-

1995 r.r.) [24, 54] u psmoM npyrux aBTOpoB. B sTmx paGoTax 6blla pasBHTa
TeOpUs B IEPBOM IPUGIMKEHUY [I0 IPABATAIMOHHON KOHCTAHTe k U PACCMOTDPEH
PAL IPWIOXKEHUHA 3TON TEOPUU AN aHalu3a IPUONUKEHHBIX yPaBHEHUW IBU-
KEHWUS CUCTEeMBI TPAaBUTHUPYIONUX JacTul. KpoMe Toro, cimenyet ykas3aTb 60I1b-
mryio cepuio pabor @.Xowmna u Jx.Hapnukapa (1964-1979 r.r.) [46, 47, 84, 85]
0 cBOe0OpPa3HOMY BapUaHTy TEOPUM IPAMOr0 MeXYACTHUIHOTO I'DaBUTAIMOHHO-
IO B3aMMONENCTBUSA, KOTOPHIN NpaBMiIbHee OBLIIO OBI HA3BATh TEOPUEH IIPAMOIO
CKalSpHOTO B3aUMOAENCTBUA Ha (HOHE MCKPUBIEHHOT'O IPOCTPAHCTBa-BPEMEHN
ob1ieir Teopum oTHOCHTENBHOCTH. IlocTpoeHme Teopmy IPAMOTO MeXUIAaCTUIHO-
T0 FPAaBUTAIMOHHOTO B3aXMOAEMCTBUA B IMIO60M MOpAAKe IO kg, COBIARAIOIIEN C
SUHINTENHOBCKON TeOpUEN I'DaBUTAINM, OBIJIO OCYIIIeCTBIIEHO B Hammx paboTax
¢ A.JO.Typurrummum (1986 r.) [10, 71].
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,Hef;[CTBHe IJId CACTEMBI I'PaBUTaIlMOHHO B3a.]/[MOI[eI7[CTBy10]J_IHX
qaCTHUIl Ha q)OHe IIJIOCKOT'O IPOCTPpaHCTBa-BPEMEHN MMEET BUI

S = —chi/dsi—I—
+ szzmg / / ) (Muacup + MusTve — MMap) X

A
“%)“l(aj)‘s(s (4, 7)) dsids;, (2.4.3)

X

I'lle, MONYepKHEM, CYMMUPOBaHUE IPOU3BONUTCA [T0 HECOBIALAIOIINM
HOMepaM YacTHII.
3. Brinmenss omHY YacTHUIY C HOMEPOM ¢, IPENACTABUM €€ IelicTBUE

B dpopme

(9) _ . 0 A Y .
S;” = —emy 1—k, E huw (z,])u(i)u(i) ds;, (2.4.4)
J#i
I'Jle NCTHOJB30BAaHO 0603HAUEHHE I IOTEHINAJIOB TPABATAIMOHHOTO
BO3IEHCTBHS Ha YaCTHUIY % CO CTOPOHBI YaCTHUIEL j

0 .. m; ..

s (513) = 55 [ 60626 9) s + M = o)yl ds;.
(2.4.5)

O6’I:GI[HHHH BKJIadbl OT BCEX YaCTHUIl, UMEEM CyMMa.pHBIH TpaBUATa-

].II/IOHH]:II/I IIOTEHIINAJI B MECTE HaXOXIEHNAd YaCTHUIIbBL Z

Ry (i =Y how (i, ) (2.4.6)
JFe

U JelcTBUE IJId JaCTHUIEI 1B BHIE

1(9)
[ —— / (1 — ey by (Dl )dsl (2.4.7)

4. BriBenem u3 meiicTBus (2.4.7) ypaBHEHNS IBMXXEHUS JacTUIEL
1. Il »Toro pacmumiieM BapHanuio AeHcTBHA IPH OOLIYHBLIX IIpel-
HOJIOKEHNAX O paBeHCTBe HYJIO BapHallWii KOOPAMHAT Ha KOHIIaX
tpaekTopun. Ilociie cTammapTHEIX BHIKJIaJOK HaXONMM ypaBHEHHE
IOBHXEHNs B BHIe (HOMEp YacTHIEL ¢ OIyCKAeM)

2 b 0 0 0
d*z 8 hﬂa- 3 huo‘ 8 h,ul/ ", v

Mlov ds2 9\ fzv OzH oz°
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0
0 dut Ohuw 4 v o
—2kg huo s + kg 9z l[; uFu uC P e +
ut , du®
+2k, h;w 1s —u U e + ky hm, utu” g oo = 0. (2.4.8)

5. OTO ypaBHEHUE MOXHO YIPOCTUTh, IPENCTABUB B fopme Ypas-
HEHUA 2€00€3UUECKOT, AUHUY 6 CNEeYUaLbHO Nodo6pannol mempure
pumarosa npocmparcmea-epemeny (B mEpBOM mopsake mo k)

1 0
g[JJIZ T]Mu - 2kg hl_“/ . (2.4.9)

3mech BTOPOH 4ileH CIIpaBa MPEACTABIIET CO60M Maiyio Ho6aBKYy K
MeTpUKe ILIOCKOTO MPOCTpaHCTBa-BpeMeHn MuukoBckoro. UTo6kI He

BO3HUKAJIO IIyTaHUNEI O6yleM NoMedaTh BCe BEJIMUUHLI, BEIUMCIIEH-
0
HEIE C MOMOINBIO METPUKH Y, = 1), 3HaukoM (0) cBepxy, a Bennm-

1
YNHEI, BEIYACIIEHHEIE C IOMOIIBIO METPHUKH J,,,, — 3HaukoM (1). Tak,

nMeeM
@ o (©) (0)
d s*=9,, det'de”; ul'=d2"/d s

(0) (1)

(1) 0 (0)( ) (0) d d \
ds 12k, hppufu’ | ds®;, — = ——+ O(ky); (2.4.10)
d's d's

(0) o (00 (1) y
ut= |1 — kg by u"u” | u" +O(k,).

Ucnonesys stu popmyinsl, ypaBHeHue (2.4.8) MOXKHO IPENCTABUTH B
BUJle yPaBHEHN: TeONe3MUYeCcKOil nuHun B MeTpuke (2.4.9):

voo(1 (1)(1)
(5)0,, d—u+ (F)Mwu“u”: 0, (2.4.11)
(1) ’
d's
rue
1 1
) 1(09,, 0%, 0 9 (2.412)
pv,o 9 3:13” 3:13“ 3:13” 4.

— cumBonsl Kpuctoddens (meporo mopsnka Mmamoctn mo k). 3a-
MEeTHM, YTO OCHOBHEIE MOHATUS U COOTHOIIEHUS OOIIEN TEOPUH OT-
HOCHUTEBLHOCTH KpaTKo obcyxmeHel B §7.1 u §7.2.



2.4. IPSIMOE I'PABUTAINIMOHHOE B3AUMOIEUCTBUE 59

6. ITasee mokaxxeM, 94TO B IePBOM HOPANKe 1O k, moxcdecmeenno
svinoangiomcd ypasrenud Jinwmetina. Insg sToro mogcuntaeM psin
IpOMeXYyTOYHEIX BenmuuH. U3 (2.4.9) HaXonum KOHTpaBapUaHTHEI
MeTpHUYecKUH TeH30p

9" g™ 2k, B, (2.4.13)

0 o0
rie h"=hap 1. W3 (2.4.10) m (2.4.12) mocienoBaTensHO Ha-
(1)
XOIATCA KOMIOHEHTHI cUMBOJIOB Kpuctoddens I';,, Tensopa Puaun
(1 (1)
R, U CKalsApHOW KPMBU3HHI R B 3ddekTnBHOi MeTpuke (2.4.9). B
HTOTE AJs TeH30pa DWHIITERHA MOTYyYaeM BEIPAKEHUE

M 11 @ 0 1o 0 & 150
B g D B= kS (b 5 k) by (W0 =5 0" ) -

[\

0 10 o 0 0 1 %0
kg (’*‘"’a—— h) ki G (0 =5 9% o)y (2:4.14)
e

0 0
rie 3andaTad O3HauYaeT JYacTHoe AuddepennmpoBanne; h=h,, n"".
7. B mepBoM mopsanke no k, TOXIeCTBEHHO BEIIOIHAIOTCA TOMOJI-
HUTENbHbIE ycJoBus rapMonuyocTu (ycinosus me-Ionnepa, ®oxka),
COOTBETCTBYyIOIINE ycioBusAM JlopeHnla B simekTpommHaMmuke. Yrto-
6Bl 5TO IIOKa3aTh, HYXKHO, BO-NEPBLIX NCIOJIB30BaTh BhIpaXKeHHUE NI
KBaJlpaTa KOHEUYHOTO HHTEpBaja

0
sz(m, z') =9,, (" — 2")(z¥ — 2"),

BO-BTODHIX, HCIOJIb30BaTh ONpPENeNeHNe IPaBUTAMOHHBIX IOTEHIN-
anoB (2.4.5). B nrore nmeem

0 1 0 0
(h“ﬁ -3 g“ﬁh) =0. (2.4.15)

1

C yueToM 5THUX YCIOBHil TeH30p ODWHIITEHA TPUBOAUTCS K BUAY

1) 11 (1) 0 1o o
Ry —5 9w R= k,O (h/w -3 g,wh) . (2.4.16)
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8. C mpyroit cToponsl, BeiencTBue toxzaects lupaka (2.3.12) n
onpenenenns (2.4.5) umeem

0 10 0 8wk
kg0 (h,w -3 g,wh> = =T, (2.4.17)

T.e. IPUXONUM K TOXIECTBY, COOTBETCTBYIOIIEMY YPABHEHUIO DiH-
IMTeliHa B MepBOM IOpsKe 1o kg:

(1 11 (1) 8rk
Ru =5 9w R= 6—49Tm,. (2.4.18)

9. Ilng mosydYeHUs TeOpPWH MPAMOTO MeXYaCTUYHOTO I'pPaBUTa-
IUOHHOTO B3aHMONENCTBUA, COOTBETCTBYIOIIEN 3WHIITEMHOBCKON 06-
Ilell TeOPUU OTHOCHTEILHOCTH, HeOOXONMMO BBECTH B IPUHINM Jeli-
creusa Pokkepa ciaraemele 60slee BEICOKIX NOPANKOB 10 k. B mammx
¢ A.YO.Typriruasim paborax mokasaso [10, 71], uto sTo memaercs
¢ TIOMOIIIBIO Tlepexofla OT ABYXTOUYEUHEIX OTHOIIEHUN K MHOTOTOYed-
HBEIM. OTOT Bompoc 6ojiee IOAPOOHO paccMOTpeH B riase 6.

10. Taxum o6pa3oM, MOXHO CHeJIATh CIENYIONUINe BEIBOIEI:

1) no o6pa3sy u nodobuio saexmpomazHUMHO20 63aumodeticmeud
cmpoumcd (6 nepsom nopadxe no k,) meopud npamozo epasuma-
yuonnozo ezaumodeticmeud muna Doxxepa-Detnmana;

2) mensopubil (2-20 panea) rapaxmep NPAMO20 2PABUMAYUOH-
HO20 é3aumodeticmeud nodsoadem éeecmu 3PPHEXRMUBHYIO PUMAHO-
8Y MEMPUKY (6 MeCme HATOHCOEHUT YacuY,);

3) dag s Pexmuenotl pumanosos MEMPUKY UMEIOTN MECTIO TONC-
decmea, coomeemCcmMeyoUUe AUKEAPU0BAHHBIM YPABHEHUAM Din-
wmelira,

4) obobwue npunyun Poxkepa 04 2paBUMAYUOHHOZ0 63AUMO-
deticmeud, e 6oaee evicoxur nopadxaxr no k, moxcno npuimu x
Heaunetdnot meopuy NPAMO20 2pasuMayUORH020 63aumodeticmend,
coomeemcmeyowet obwell meoput OMHOCUMEALHOCTU.

2.5 AmnHanu3 GpOKKepOBCKOI0o HeMCTBUSA

B cnemyroomunx riaBax BBOOUMEIE B GHHApPHON reoMeTpodm3u-
Ke KIIIoueBHIe BHIpaXKeHUd OyAyT COMOCTaBIATHCA ¢ POKKEPOBCKUM
nmefictBueM. Ilpu 5ToM oco6o BaXHYIO pPoib GylmeT WrpaTh (poKKe-
POBCKOE MENCTBUE IJIA 3AEKMPOMALHUMHO20 63aumodeticmeud IBYX
3ap4I0oB, IOTOMY COCPeNOTOYMM BHUMaHHE MMEHHO Ha [pUHINIE
neiictBus (2.3.1). B HeM non 3HakOM MHTerpajia CTOUT BEIPaXKE€HUE

J(1yi2u8(s*(1,2)) = ufy ugzyueread(s*(1, 2)), (2.5.1)
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colepxalllee TPU CYIIeCTBEHHLIX daKTopa, KOTOpEIE NOJXKHEI OLITh
0OBbACHEHEI B Pa3BUBaeMOH 3leCh TEOPHUHU:
1) craagproe npoudsedenue 4-ckopocmet, (4-UMIYIbLCOB) ABYX

JacTHI u’(il)u(z)ﬂ,

2) asexmpuueckue 3apadsl e W ey OBYX YACTHUI, TOYHEE, OTHO-
IIEHNS STHUX 3apAloB K UX MaccaM,

3) O-dpymryug uau Pywwyug [puna, cBI3HIBaIOMAs MOJOXKEHU
IBYX 4acCTHII.

I rpaBuTanuonHoro neiicrBus (2.4.1) mepBhie nBa akTOpa
OUYEBUIHEIM 06pa30M U3MEHSIOTCS COOTBETCTBEHHO Ha CKAJIIPHOE IPO-
U3BeJleHNe KBaIPaTHYHBIX KOMOMHAINI U3 CKOPOCTER IBYX YacTHUI K
3aMeHYy 5JIEKTPHYECKUX 3apsANOB Ha MacChl yacTHL. Tperuit pakTop
OCTaeTcs TeM Xe CaMbIM.

1. Kak yxe ormegasnocs (cm. (1.4.10)), ckanspHOe IpoM3BeneHne
MOXHO IOCTPOMTH U3 apPaMETPOB 5JIEMEHTOB, ONUCHIBAIOIINX ABa
aentoHa B pamkax BCKO panra (3,3). Ono pacnuceiBaercs uepes
deThIpe GyHIaMeHTaJIbHEIE 2 X 2-OTHOIIEHNS B BHIE

=3[ [ (] 2] o

rie, HallOMHHUM, 5JIEMEHTHI %, k U @, § ONUCHIBAIOT HAaYaJbHOE I KO-
HEYHOE COCTOSHMS IEPBOrO JIENTOHA, IMoMedaeMoro muuekcoMm (1),
5JIEMEHTHI j, § U 7, § ONNCHIBAIOT HAYAJIBHOE M KOHEUHOE COCTOS-
HUs BTOPOTO JIenToHa (¢ uHmekcoM (2)). Bruipaxenus B KBaJpaTHEIX
cko6kax 0603HadaloT (dyHIaMeHTanbHEe 2 X 2-oTHomeHms BCKO
parra (3,3), Buna (1.4.3).

Brrpaxenue (2.5.2) IpomiIIocTpIPOBAHO € MOMOIIBIO AMArPaMM
Ha PHCYHKe 2.2, Tlie KaXIblil U3 JEeNTOHOB 0603HAYaeTCs Mapoil Ips-
MBIX JINHOI, KaK GBI COENNHAIONNX HaYajlbHEIE I KOHEUHEIE HJIeMeH-
THI.

3aberas Buepen, OTMETUM, YTO B GMHAPHOI reOMeTPOU3NKe IPo-
m3BelleHNe KBaJPaTHYHBEIX KOMOMHAIMA M3 CKOPOCTEll ABYX YacTHIL
B IIPSIMOM 2PA8UMAYUOHHOM 63aUMOOeliCEUl, OKa3EIBAETCS IPOM3-
BONHOI KOHCTPYKIUEl M3 NEPBUYHEIX BEIPAXKEHUIl JJIA 3JI€KTPOMar-
HUTHOTO B3aMMOJENCTBHA.

2. B pamkax BCKO panra (3,3) B npuanume He MOXeT GHITH
5JIEKTPUYECKNX 3apANO0B 9acTHIl (BTOPOro hakTopa B IOAMHTET Palb-
HOM BhIpaxeHun (2.3.1)), HO IX MOXHO BBECTH B PaMKaX GMHaPHOTO
MHOroMepus, T.e. B paMkax Teopuu BCKO, naumnas ¢ panra (4,4).
3apsIsl mpensaraeTcs OMNCHBATH YePe3 NONOIHATENbHEIE, TPETHH
ImapaMeTpHI 51eMeHTOB, 0603HaYaeMbIX HHAekcaMn § = 3. DTO ocy-
IecTBIIgeTCS B Hyxe 5-MepHoWl Teopmm Kasmyubl, rme Takike moss-
JAOTCA NONONHUTENbHEIE (IATHIE) KoopauHaTh. HamomunM, 9To B
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ap 7§ afB 7§ afB 74 a B 7§

Puc. 2.2: I'paduueckas WTIOCTpPaNNsa CKaJIAPHOTO NPOU3BENEHUS
UMIIYIBCOB IBYX MaCCHBHEIX JIEIITOHOB

Teopuu Kasynel maThle KOMIOHEHTEHI MMIYJILCOB C TOYHOCTBIO HO
KoxddunmeHTa NMeI0T PU3NUECKUN CMBICH 3JIeKTPUYECKUX 3apAIOB
YacTHI:

ec
g

rie k,- HBIOTOHOBCKasd IPaBATAlMOHHASA IOCTOSHHAA. B Teopmax emre

60Jlee BEICOKMX Pa3MEPHOCTEll MOXKHO BBECTH HECKOJIBKO BUIOB 3a-

pAOoB.

3. Tpermit dpakxrop B (2.5.1) — pyukuns I'puna, nponararop min
4-QyHKIUA OT KBaJpaTa WHTEPBaJa UTPAET UPE3BEIUANHO BAXKHYIO
pOJb B TeOpHHU, — UMEHHO Gi1aronaps eMy NIPeICTaBIIIeTCsI BO3MOX-
HEIM TOBOPHUTH O MPOCTPAHCTBEHHO-BPEMEHHON pa3HECEHHOCTH Yac-
THUI 1 BOOOIE ONPENENITh MOHITHE KIIACCHUYECKOTO MPOCTPAHCTBA-
BpPEMEH.

Cnenyer 3aMeTuTh, 4TO npuunHHas GyHKIuA ['puHa oTindaeT-
ca oT é-byukuuu, ¢urypupymoiieii B GOKKEPOBCKOM MPUHITAIIE NEii-
crBus. 3aberas BHepen, OTMETHM, 4TO B paMKaX TEOPUHU IIPSIMO-
IO MeXYaCTUYHOTO B3aMMONEWCTBUS 5TO OTJIIMYUE COCTOUT B yUeTe
BKJIAJOB B TapHOE B3aUMONENCTBIE CO CTOPOHEI BCEX NPYTUX YACTHIL
OKPYXKaIOIlleTo MUpa. BrInmineM pe3ynabTHpyIolllee BLIpaXXeHUeE IJIIT
dyuknun I'puna

5(52(1, 2)) = Di(z1 — z2) =

(2m)* k? + ie
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rpe k,, — M30TPONHEIA BeKTOpP Hepenadnm nMmyibca. Ha a3b1ke Teopnn
TOJI 5TO MMIYJIbC 5JIEKTPOMArHUTHOTO M3iydeHuUs. BripaxeHue ie
dakTUUecKN ONMUCHIBAET BIUAHUE APYTUX dacTun Mupa. MarTema-
THUYEeCKN OHO oIpefiesideT KOHTYpP MHTEIPUPOBAHUA B KOMIIJIEKCHOM
miockoctr. OueBunno, uto (2) — ) — pasHocTh KoopamHaAT ABYX
B3aNMOJIERCTBYIONINX YACTHUII.

Ilns momywenus npomararopa (2.5.4) B pamkax 6MHapHOl reo-
MeTpodU3UKH cileflyeT 0OOCHOBATH MOABIIEHNE CIIENVIONIUX UYeTEIPEX
COCTaBIAIONINX TpeThero dakTopa:

a) BEKTOpa Mepefayl UMILYJIbca k;

6) SKCIOHEHINAJILHOTO CJIaraeMOro B YHCIHUTENE MONMHTETPallb-
HOTO BEIpaxeHH: B (2.5.4);

B) 3HaMeHaTels B NONNHTEIPAIBLHOM BHIPAXKEHUH;

I) IPUYNHY OPOLENYPHl MHTErPUPOBAHUA IO k.

O6ocHOBaHNIO HOSABJIEHUSA BCEX HA3BaHHBIX (PaKTOPOB U UX CO-
CTaBJIAOIINX MOCBAIIEHE CJIENYIONINE TPHU TJIABEL.

K masBaHHEIM dakTOpaM ellle CileNyeT NOOABUTH MATEHIMA, MO3BO-
JIAOIMNWIA MCKIIIOUATE OllepeXalollne B3aumMomeicTBud. TakuMm dak-
TOPOM SABJIAETCA YYeT B3aMMONEHCTBHA C YaCTUIAMM OKPYXKAaloIeh
Bcenennoii.

2.6 ®denHMaHOBCKas TeOpHUA
MOTJIOTUTEJIS

B Teopuu npsaMoro MexdyacTUYHOTO B3aUMOAERCTBUS (POKKEPOB-
CKOTO THUIIA, TIO OIPENENIEHNIO, B3aNMONENCTBUE MEX Y JIIOOEIME ABY-
Ms 5JIEKTPUYECKUMHE 3apsafaMu (MM MaccaMn) sSBISETCs HAIIOJIOBH-
HY 3ama3[BIBAOIINM U HATIOJIOBUHY ONEPEXAIOIINM, IPUYEM UCKITIO-
YUTh He HaGII0MaeMble Ha ONBITE ONEPEXAOIINE B3aUMOIEHCTBHSA
BOJIEBEIM 06pa30M He IPeNCTaBIAIIOCH BO3MOXHEIM. B mTore momy-
YUIIOCH TaK, 4TO (HOKKEPOBCKasA TeOpHUs ObLIa SKBUBAJIIEHTHON TeO-
puu nons Makceemna-JlopeHna UG TpU ONUCAHUN CTATUYECKUX U
CTANMOHAPHEIX 3JIEKTPOMATHUTHEIX SBIIEHUM.

W tompko B 1945 rony 5Ty TpyOHOCTE yHnasnock ycTpanuTh P.Deii-
umany u IIx.Yunepy [72]. Oun nmokasanu, 4To 5Ta TPYAHOCTH B TEO-
PHHE 5IEKTPOMATHUTHOTO B3aMMONENCTBUS MOXET GBITH MPEONOJIEHA,
€CJIN YUECTh BKIIAALI BO B3aUMOIENCTBHUSA MEXIY JTIOOLIMU ABYMS 3a-
pAaMu CO CTOPOHEI BCEX APYTHUX 3apAnoB BceneHHOW. DTOT BKIIAX
ABJIAETCA CBOEOOPa3HEIM “OTKJIMKOM BcesenmHoii” Ha mpolecc M3iIy-
YeHUs, T.e. HA aKT B3amMofeicTBus. MeTonuka KOpPEKTHOTO y4eTa
oTkimka BcemeHHOI cocTaBmiia BaXHYIO YaCTh BCEH TEOPUU IPSIMO-
0 MEXYaCTUYHOTO B3aMMOAeHCTBUs, Ha3BaHHON Peiiumanom u Yu-



64 TJIABA 2. TEOPHS NPSIMOT'O B3AUMOIEUCTBUSA

nepoM meopueti nozaomumead. OHa OCHOBaHA Ha TpPeX MOCTYIaTaxX":
1) yCKOpeHHBIR 3apsn B MyCTOM IPOCTPAHCTBE HE M3IydaeT; 2) ch-
JIBI, MEMCTBYIONIUE Ha JIIO6YIO0 YacTHUIy, CIATaloTCsa U3 BKIIAJOB B3a-
MIMOIENCTBHI CO BCeMU NPYTUME yacTunamu Bcenennoii; 3) sTu B3a-
UMONEWCTBUS BEIPAXKAIOTCSI MOJIOBUHOM OMEpeXaloIero W IOJIOBU-
HOIl 3ama3NBIBAIONIETO B3aMMONENCTBUM, YTO SKBUBAJIEHTHO COOT-
BETCTBYIOMNM HoJIoBUHaM pelnennii Jluenapa-Buxepra ypaBuenuit
Makcsemnia.

B ymomsanyToit paGore 1945 roma 6o moka3aHO, YTO €CIIM BO
Bcenennoit uMeeTcs MOCTATOYHO GONBIIOE YUCIIO 3apIXKEHHBIX dac-
THI, TO CyMMapHOe BO3MeNCTBNUE UX Ha YaCTUNY-NPUEMHUK H3IIyde-
HUS TOJHOCTBIO KOMIIEHCHPYET OIepeXkalollee B3aWMONEHCTBHE OT
uctounuka. KpoMe Toro, omepexalomias 4acTb TOTO JKe CyMMap-
HOTO BO3IEHCTBUS, CYMMUPYSICH C 3ala3gLIBAIONINM BO3IEHCTBHEM
HUCTOYHWKA C NMPUEMHUKOM, IPHBONUT K HabIIONaeMOMY Ha ONEITE
3alla3gLIBAIONIEMY B3alMOIEHCTBUIO.

IToscaum 310 ¢ momomikio pucyska 2.3. llycTs Ha MupoBo# THHAT
3apsKEHHOH 4acTHNEI (Ha30BEM €€ MPOCTO 3apsloM) ¢ B HEKOTOPHII
MOMeHT BpeMeHN ¢ = 0 mpom3omuio cobbITHE (aKT B3aMMONENCTBHS,
T.e. H3JIy4YeHNe CUTHAJa). BriGepeM Hauaio KOOPAUHAT B TOUKE, IIE
npomsonwuio cobpitue. OKpyXaoIuil 3Ty YacCTUIY MHUP CMONEIUPY-
€M MOCTATOYHO TOJICTEHIM IIAPOBEIM CJIOEM 3apAlOB C BHYTPEHHUM
panuycom R. Ha pucynke 2.3 BHyTpeHHASI HOBEPXHOCTEL 3TOTO CJIO
B ceyeHNN 0603HAUYEHA MUPOBLIMU JIMHUAMU YacTHI k U .

Paccmorpuwm Biausume npouncmeniiero B Touke O B MmomeHnT ¢ = 0
COOBITUSA Ha BTOPOH MPOGHLIN 3apsial j, PacloJIOXEHHLIH Ha pacCcTo-
AHNN l;; OT MEpOBOil IMHNM 3apsAna ¢. B MoMeHT BpemeHu R/c u3
touek C' m D (a eme mosxe ¥ OT BCEX APYIUX 3apANOB IOTJIOTHTENL
Ha KOHyce GyIyInero) Ha3all BO BPDEMEHN HAaUHYT PAaCIPOCTPAHATELCS
B Touky O omepexaroiue cCUrHaJIBL, YTOOBI coiiTuck B O B MOMEHT
t = 0. K mpobroMy 3apsamy j B MoMeHT t = [;;/c (T.e. B TOuky
B™) npunyT onepexatomue curranel m3 Toukn DT cios (u oT Beex
Ipyrux Touyek B ciioe Ha KoHyce) u um3 Toukm O. IIpomemannbie BhI-
YUCIIEHUS ¢ CYMMUPOBAHMEM IO BCEM YACTHUIIAM CJIOS MOKAa3BIBAIOT,
YTO B TOuKe B~ cTpOro BEIMOIHAETCSI COOTHOIIEHUE

BEY(, Y k) + EF2(5,9) = 0, (2.6.1)

i E%‘ﬁ’(j, 1) — omepexalollee BO3NEHCTBHE HA 3apAl j CO CTOPOHEI
U3JIydaTeNa-3apana E’%"E’ (7, > k) — omepexaromiee Bo3meiicTBIE Ha

3apsAld j cO CTOPOHEI Beex 3apsanoB () k) M3 mOrnoTuTeNs — OKpyXa-
IOIIero ciiod.

5 o
(DopmaanO OHI OTHOCATCA U K I'DaBUTAITMOHHOMY B3aMMOOECUCTBUIO.
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Amamoruyno, B Touky BT Ha MuUpoBoil JMHME TpoGHOTO 3aps-
Ia j B MOMEHT BpeMeHH t = [;;/c IpHOYT omepexalollue CUTHAJEL

E%df (7,5 s) oT 3apANOB s B IAapPOBOM CJIOE NOTJIOTHTEINS U 3ala3ibl-

BAIOMUA CUTHAJ Egei (7,7) or 3apsna i. Beruncnenns nokaseiBaior,

YTO 5TH BKJIAJEI IMEIOT ONWHAKOBLIA 3HAK M PaBHEI II0 BEJINUYNHE

By, Y s) + Byt ) = 2B (), (262)

T.e. IPOUCXOAUT YABOEHNE NCXOMHOTO 3aNa3EIBAIOIIEr0 MapHOTO B3a-
NMOJIENCTBH.

Puc. 2.3: Biuanue ¢pelHMaHOBCKOTO MOTJIOTHUTENA Ha B3amMOIEHCT-
BHe IBYX 3ap4IOB.

Ha sToT pesyabTaT MOXHO B3ryiaHyTh nHade. Ha ucTounumk ¢ ma-
IaeT COBOKYIHOCTH IPAaKTUYECKH INIOCKUX Olepexaomnx “Boin” (B
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TEPMHHAX TEOPHUH MOJISA) OT BCEX 3aPSNOB MOTJIOTHTENS (Omepexaio-
Iee BO3MNENCTBHE). B MOMEHT yCKOpeHHS 4acTHIE-HCTOYHHMKA CXO-
namagca “BojiHa” KOJUIAIICHPYET, U B CJIENYIOMMNA MOMEHT BpeMeHN
OHAa PaCXONUTCSA OT UCTOYHUKA BMECTE C €T0 COGCTBEHHEIM W31y YEHH-
eM (IX aMIUINTYOEI ONMHAKOBEL). IIpOM3BONLHEIN 3apsAn-IPUEMHNK j
HE MOXeT Pa3jIMYUTh 5TH ABe “BOJHEI” (BO3LEHCTBHUSA) PA3HOTO IIPO-
HCXOXIEHWUS U pearupyeT Ha HUX KakK Ha eNWHOE LEJIOe, T.€. KaK Ha
YABOEHHOE 3ala3lbLIBaIOIlee BO3AENCTBUE.

Ocobo crenyer NONYEPKHYTH, YTO TMPU MOIYUYEHUM NAHHEIX Pe-
3yJILTATOB OBLI CAETIAH P YOPOLIAIOIINX JONYIIEHNH, KaK-TO: IIPe-
MOJIOXKEHWE O MAJIOH IIOTHOCTH 3aPSANOB B HOTJIOTUTENE, NONYIIEHNE
O PaBHOMEDHOCTH WX PACIpeNeNieHus, CUUTAIOCh, UYTO 3TH 3apPIIbI
cBOGOmHEIE U T.I. BO3HUKAET €CTECTBEHHEIN BOMPOC: a HE M3MEHST-
CA U pe3yJIbTAaTH B 6ojiee obmux cirydasx! Peitmman, monmpobHO
MPOAHAIM3UPOBAI 3TOT BOIPOC U MOKA3aJl, 4YTO IOy YeHHBIE Pe3yilh-
TaTHl He 3aBHCAT OT MNOMOOHBIX 0600IIeHUWN CBOMCTB HOTJIOTUTEN],;
CYIIECTBEHHO JINIE HMPENMOJIOKEHNE O NOCTATOYHO GOJIBIIOM KOJIU-
YecTBe 3apANOB B IOIJIOTUTENE, T.e. “abCOMIOTHOCTD” IMOTJIOTUTENS.

Jpyroii npHHINNINAIBHO BaXHEIA Pe3yIbTAT, Oy YalOMIuiics u3
y4eTa MOTJIOTUTENS COCTOMT B TOM, YTO, OKA3bIBAETCs, caM “H3iIy-
YaloMuii’ MCTOYHWK { HOJydYaeT HPHU STOM HOMOIHUTEILHOE BO3IEN-
CTBUE B BUJE CHUJIELI

_ 2¢? da; (2.6.3)
© 3c3 dt e
B ntore ypaBHeHUE NBUXEHNA “U3IIydaromeil” 4acTUILI ¢ KMEET BHJI
dv - 2e2d%W
— —eFE — 2.6.4
ma Tt [ ]+3c3dt2’ ( )

rme F u H — BHeNIHNE HANPIXKEHHOCTH 3JIEKTPUUECKOTO W MArHUT-
HOTO BO3feiicTBuii. TakuMm ob6pa3oM, 8 Meopuu NPAMO20 MENCUAC-
MULHO20 IAECKMPOMALHUMHO20 63aUMOJeTUCMEUL A8TNOMAMUYECKY
603HUKAEM CUAQ PAJUAUUOHHO20 MPEHUA, KOMOpPAd oKa3bleéaemcd
obycaoenennoll so3delicmeuem HA USAYHLAIOUYIO HACTIUYY CO CMO-
POHBL 8CET wacMUY oxpyHcaowel Bceaennoi.

CienyeT BCIOMHUTB, CKOJIBKO YCIJIME OBUIO 3aTPad4eHO Ha 00b-
SICHEHUE CUJIEI PaJWAIlNOHHOTO TPEH!S B paMKaX TPaJNINOHHON Te-
OpW TIOJisA, IPUYEM IO CUX MOP 3MIeCh HE YCTPaHEHEI BCE TPYIOHOCTH.

3aMeTHM, MpUBEIEHHLIE PAacCyXIEHUsS HE eINHCTBEHHLI. Hesas-
HO OBIJT MCHOJIB30BaH CYIIEeCTBEHHLIN MOCTYJAT, 4TO Jifoboe Bo3Hel-
CTBHUE (nsnyqune) OT WCTOYHUKa OynmeT TIOTJIOIIEHO OKpYyXaloIle
MaTepueii Becesennoii, a Bo3neiicTBIE Ha 3apAl j CO CTOPOHLI UCTOU-
HUKOB W3 MPOIIJIOTO MPaKTWYEeCKN PaBHO HYJNO. BClo M3I0XKEHHYIO
CXEMY PACCYXIEHWA MOXHO NepeBepHYTh. I[JIg 5TOTO HOCTATOYHO
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MOCTYIUPOBATEL, UYTO B 6YNYIIEM OTCYTCTBYIOT BO3MOXHEIE MOTJIIO-
TUTEIN, TOTHA KaK B MPOIJIOM UMEETCI MOCTATOYHO MHOTO MCTOU-
HUKOB (HOCTYJAaT aGCONIOTHOTO WM3iIydaTels). B sToMm ciyuae cym-
MapHOe 3alla3fbIBalollee BO3IefcTBYE OT ¢ Ha j (C y4€TOM OTKIMKa
Bcenennoit) o6painaercs B HyiIb, a ONEpeXalollee BO3NENCTBHE yaBa-
mBaetca. CrmemoBaTenbHO, MIIS BLIGOpa OMHOW M3 YKA3aHHBIX CXEM
paccyXaeHuil HeOOXONMMEL JOMOJIHUTENLHEIE coobpaxenusd. PakTu-
YECKHU 3IeCh BCTAET NPobaema 060CHO6AHUA HANPABACHUL CMPEbl
epemenu (0 06pa3sHOMY BHIpaXeHMIO A.DIAMHITOHA), T.€. HAPAB-
JIEHHOCTH BCEl SBojonuu (pu3mueckoro Mupa B 6ynyimee. B paborax
®eitamana u Yunepa [72, 73] 6b11H HCIONBL30BAHEL TEPMOANHAMUYEC-
Kue coobpaXeHus, OMHAKO B TMOCIIEIHEE BPEMS IJA STOR MENTU CTAIN
MPUBIIEKATHLCA CBONCTBA KOCMOJIOTHUECKUX MOJEIEN.

B caenyromux riaBax 6ymeT MOKa3aHO, UTO 6 6UHAPHOL 2eomem-
podusuxe yuem Pelinmanoeckozo nosasomumend 03HAuAEM TEpE-
z0d om deyrmoueunblz esaumodeticmeutl x cneyuduueckomy eudy
mpermoueunblt 63aumodeticmeut, ¥02da OCYWECMBAIEMCI CYMMU-
POBAHUE MO 6CEM MPEMBUM YACTNUYAM OKPYHCAOUEL0 MUDQ.

2.7 Ilpuanmn Maxa M KOHIEIus
NAJIbHONEMCTBUA

1. ®eliEMaHOBCKAs TEOpPUS MOTJIOTHUTEINS, TO €CTh YUeT B3au-
MOMEWCTBHUA C YacTHUIaMU Bceil okpyxXkatorein Bcenennoii, cooTBeT-
crByer mpunnuny Maxa. HamomuuMm, cormacuo B3rasmam O.Maxa
dum3nueckuit MUp IpercTaBideT coboll Hepa3pEIBHOE Iejioe, TakK 4TO
CBOICTBa ero OTHAEJILHEIX YacTel, OOBIYHO IOHUMaeMEIe KaK JIOKaJlb-
Hble (IPHCYLINEe OTIENBHO B3ATHIM CHCTEMaM), Ha CaMoM Heie o6y-
CIIOBJIEHBI paclpelielleHueM Bcell MaTepUH MUpPa, WIN INI06aIbHEIMHI
cBoiictBamu Bceenennoii. On nmucain: “llpupona we HaunHaeTcs ¢ die-
MEeHTOB, KaK MEI 06sd3aHLI HauWHATHL ¢ HUX. KoHeuno, HaM cimim-
KOM IIOBe3JI0, YTO MEI MOXEM 3a4acTylo OTBOpauMBaTh Halll B30p
OT HeOTHeNuMOro enmuHcTBa BceobGmiero m mo3BonaTh cebe ocTaHa-
BIINBATBHCA Ha OTHEIbLHLIX NeTaliiX. Ho B KOHEUHOM cuyeTe MEI HE
IOJIXKHEI IIpeHeOperaTh MBICJIBIO clielaTh Hallll 3HaHUA Oosiee IMOJI-
HEIME M TOUYHBLIME C IIOMOIILIO PacCMOTpeHNd (paKTopoB, KOTOPLIE
Ha BPeMs MEI He mpuHUManu Bo BHuMaHue” [41, ¢.58]. Dra nosunus
pacupocTpanaiack MaxoMm 6ykBajbHO Ha Bce OOCYyXKIaeMEIE B €TO
BpeMd pu3NUecKUe MOHIATUS U ABJIeHUI. Buaumo, oTciona U BO3HUK-
JI0 MHOXECTBO NOHUMaHWi npuHnuna Maxa.

2. Wmem Maxa 6buiu BO3BeNEHEI B paHr mpuHIuma A.ODWHIITER-
voM. Tak, B craThe 1918 roga “Ilpunnunmanbaoe comepxaHnume 06-
mieil Teopun oTHOCUTENBbHOCTH OHHIITEHH mucat: “Teopust, Kak MHeE
KaXeTcd CerofHd, MOKOUTCI Ha TPEX OCHOBHEIX IOJIOXKEHMAX, KOTO-
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pEIe HU B Koeil CTelleHN He 3aBUCAT APYT OT Apyra. Huxe oum 6ynyT
KOpPOTKO chHOpPMYJINPOBaHLI, a B NallbHEHIIIEM OCBENIEHEI ¢ HEKOTO-
PEIX CTOpOH:

a) [Ipuanun orHOCHTENBHOCTH ...

6) IIpuHIUn 5KBUBAJIEHTHOCTH ...

B) IIpuamun Maxa: G-mone (Merpmueckoe moie - FO.C.B.) mosn-
HOCTBIO ONpefiesieHo MaccaMu Tenl. Macca u SHeprus, COrJIacHO CIel-
CTBUSM CHENUWATIBLHOW TEOPUM OTHOCUTEIBHOCTH, MPEACTABIIIOT CO-
60l OmMHO W TO Xe; GOPMAIILHO SHEPTUs ONMUCHIBAETCA CUMMETPUY-
HEIM TEH30pPOM SHEPTHUHU: 3TO O03HauaeT, 4To G-mose o6ycaaBInBaeT-
cs U omnpenenseTcsa TeH3opoM sHeprum Matepun” [91, ¢.613]. B npu-
MeYaHN¥ K NyHKTY (B) OiHmITelin pasbicuser: “Ilo cux mop s He pas-
nensit npuHnun (a) m (B), Ho 5TO mpmBoxWIIO K nyTaHune. HasBanme
“mpuanun Maxa” BBEIGpaHO MOTOMY, 4TO 5TOT MPUHINI ABISETCH
o6obienneM TpeboBanusa Maxa, 4TO WHEPIUS MOJIXKHA CBOMUTHLCA K
B3aMMOJENCTBUIO TEN .

N3BecTHO, uTO OWHIITERH MAaJi0 KOTO HUTHPOBAJ, HO €CIH IO-
JIMCTATh ero paboTHI HeEpUONa CO3NaHus ObIIell TEOPUN OTHOCUTEIb-
HOCTH, TO MHOTHE W3 HUX COmepkKaT iubo cchuiku Ha paborer Maxa,
nu6o ynomuHanus ero uneii. Cosnasas o6IUIYI0 TEOPUIO OTHOCUTEIb-
HOCTH, OWHIITEWH OBUI yBepeH, 4To peanmsyer umenm Maxa. ITo
OpPOABWIOCH, HAIPUMEDP B mucbMe Ditnmreiina k Maxy ot 25 uions
1913 roma:“B 6ynymem romy Bo BpeMs COIHEYHOTO 3aTMeHUs GymeT
MPOBEPEHO, W3TUHA0TCs JIn cBeTOBRIE iyun COJHIEM Wiiu, IPYTUMHI
CJI0BaMU, BEPHO JIU OCHOBHOe dDyHIaMEHTAIbHOE MPENIOIOXKeHTE 06
SKBUBAJIEHTHOCTH YCKOPEHHON CHCTEMBI M T'PAaBUTANUOHHOTO IOJIA.
Ecnu sTo Tak, To Bamu BroxHoBmsIonue ucciaenoBanus o6 0CHOBax
MeXaHUKN — BOIPEKHN HecnpaBemiiueoil kputuke [lmanka — momy-
yar GiecTsiiee nonTeepxaenue. Torna Hem36eXHBIM 6yIET TO, YTO
WHEPINSA TPOABIAETCSI KaK CBOETO POa B3aWMONENCTBUE TEJ, BIIOJITHE
B nyxe Baimeil KpuTUKN HBIOTOHOBCKOTO SKCIEPUMEHTA C Bpallalo-
mumcs cocynom” 83, ¢.262].

3. Omnako Bckope mociie cosmaHus o6INell TeOpUU OTHOCHUTEND-
HOCTHU CTaJjo SCHO, 4YTO B Hell nmpuHiun Maxa BEINOJIHAETCA B 3HAUN-
TeNbHO 6oJiee Y3KOM CMBICie. Ero BEIMOIIHUMOCTE MOXHO YCMOTPETh
B TOM, 9YTO METPUKa CTAHOBUTCS QYHKIUEN KOOPAMHAT U 3aBUCHT
OT pacHpenesieHus okpyxaroireir Matepuu. OHa HAXOMUTCSI U3 yPaB-
HeHUit ODUHINTelHA, CONEPKAIINX CIpaBa TEH30P SHEPTUHU-UMIIYIbLCA
MaTtepunu. OMHAKO ypaBHEHN DWHIITERHA NOMYCKAIOT U BAKyyMHEIE,
T.€. B OTCYTCTBHUE MAaTEPHUH, PEUIECHNA.

Otiamireiin oxunan 6Gomeiiero. To aum m3-3a OCoO3HAHUSA BCETO
5TOrO, TO JIU TOJ BIUAHUEM (PalibCUuPUITPOBAHHOTO, AKOOGEI OTPH-
maTeNrbLHOro oTHomeHus (yxe npecrapenoro) Maxa k ofmeii Teopun
OTHOCUTEIBLHOCTH, HO CIYCTsS HEKOTOPOE BpeMs OWHINTEHH u3Me-
HEI cBoe oTHomreHue K mmesM Maxa. Ou mucasn:“llo muenuio Ma-



2.7. IPUHIIAII MAXA 69

Xa B NENCTBUTENLHO PAlNOHAILHON TEeOpPWN WHEPTHOCTL MNOJXKHA,
momo6HO APYTHUM HBLIOTOHOBCKUM CHJIaM, MPOUCXONUTHL OT B3aMMO-
meficTBUS Macc. OTO MHEHWE s B NPUHIWUIE CUNTAT TPABUILHBIM.
OHO HesSBHBEIM 06pa30M HPENNMONAraeT, ONHAKO, UTO TEOpHs, Ha KO-
TOpOiil BCE OCHOBAHO, NOXHA IPUHANIIEXATH TOMY Xe 06IIIeMy THUILY,
KaK ¥ HbIOTOHOBA MeXaHWKA: OCHOBHLIME MOHATUSIMU B HEW MOJIXK-
HEI CIYXWUTL MacCHl U B3aUMoAelcTBUA Mexny Humu. Mexny tem
He TPYOHO BUIETH, YTO TaKas NMONLITKA HE BIXKETCI C IYXOM Teo-
pun noinsa” [92, ¢.268]. Ckopee BCEro MMEHHO B 5TOM COCTOSJIO TJIaB-
HOe: SHHINTENHOBCKas 06IIas TeOopHWs OTHOCUTEILHOCTH OKa3ajlach
IIOCTPOEHHOM! B IyX€e TPaIUIMOHHON TEOPHUHE OIS (KOHIENIuH 6IIms-
KOZleHcTBHA ), Toraa Kak O.Max MBICIII B IyXe KOHIENNNN JaJILHO-
neiicTBuA!

4. Hanbosee gacTo npuanun Maxa moHmMaeTcs KaK 06y CIIOBIIEH-
HOCTDL UHEPMHBIE MaACC pacIpenejeHueM Bceil MaTepuu BcemenHoii.
Tax, croponnunk npuanuna Maxa u co3maTenb OTHOTO U3 BapUAHTOB
TEOPHH NPIMOTO MeXYacCTUYHOTO T'PABHTAIMOHHOTO B3amMMOIEHCT-
Bus [xx.Hapnukap nucan: “HeioToHOBCKAsA KOHIENINS WHEPIIUA U €€
U3MepeHNE B €IMHUNAX MAacChl OBLIN NI HETO HEYIOBIIETBOPUTEIb-
HEIME. Eciium Macca — Koiu4YecTBO MaTepHUU B Tejle, TO KaK IIOHU-
MaTh ee usMepenue? Ias Maxa mMacca u uHepuus ObUTH HE BHY TPEH-
HUMU CBOWCTBaMU Tejla, a CIIEICTBUAMHE CYIeCTBOBaHUS Bo Bceren-
HOIi, cofepXaIlreil Ipyryio MaTepuio. I[nd Toro, 4To6El M3MEPHUTH

Maccy, HeOOXOAMMO HCHOJB30BATEH COOTHolleHne F = md, T.e. us-
MEpPUTH CWJIy W NONEIUTH ee Ha IpouwsBomuMmoe eio yckopenume. Ho
2-oit 3akoH HbloToHa caM 3aBUCHT OT HCHOJNL30BaHUSA abGCOIIOTHO-
ro IMPOCTPAaHCTBAa, KOTOPOe Telleph UAeHTUPUIUpPyeTcad ¢ (POHOBLIM
TIPOCTPAHCTBOM NajieKoil MaTepuu. TakuM o6pa3oM, COTIIACHO HUIee
Maxa Macca Kak-TO OIpefeiiseTcsa aasekoit matepuei” [47, ¢.500].

5. Iloma peanmusanuu npuanuna Maxa B Takoll ero ¢opMyIupoB-
ke ®@.Xoitn u . Hapaukap passuwin cnenuanbuyio teopuio (84, 85],
Ha3BaHHYIO MU Teopuel NpAMOro MeXXJacTUYHOTO I'paBUTalMOHHO-
ro B3aNMOIEWCTBUA, ONHAKO ee NpaBWiIbHee OBLIJIO OLI Ha3zBaTh CIie-
OWAJILHLIM BapHaHTOM TEOPHH NPAMOTO MeXUYACTHUHOTO CKAAIPHO-
20 B3anMoOJelicTBHA Ha GOHe HCKPUBIIEHHOTO IPOCTPaHCTBa-BpeMEHN
oblIiell Teopuy OTHOCUTEIHLHOCTH. YTOOHI MOSCHUTEL CYTH STOW TEO-
PUH U3JIOXKNM TEOpPHIO IPAMOTO CKAJIAPHOTO B3aUMOIeHcTBUA Ha do-
He INIOCKOTO IPOCTpPaHCTBa-BpeMeHN MUHKOBCKOTO B MaKCHMAJILHO
obiieM BHIe.

6. HeiicTBUe HPOKKEpPOBCKOTO THUIIA AJS CUCTEMEI CKAJIIPHO B3aml-
MOAEHMCTBYIOMINX YacTHI 3allChIBaeTCAd B BHUIe

S(‘P) = —szi/d5i+ 2—71-z:z://gi(;(:l}i,:I)k)gkdsidsk,
; €T ks

i (2.7.1)
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Thne g; m gr — HEKOTOPHIE CKaJIAPHBIE XapaKTEPUCTUKN B3aMMOJENCT-
BYIOIIUX YaCTHUI[, KOTOPEIE MOTYT COBIIalaTh C KOHCTaAaHTaMU CBA3MH,;

G(zi, 2n) = %a(sz(zi,xk)) - 0(52)2\’/"8_2J1(m\/s_2) (2.7.2)

— CHMMeTpUYHas BO BpeMeHu byHknus I'puna, ymoBieTBOpSIomias
HeogHOpomHOMY ypaBHeHmio Kieitna-®oka

2
n*PV, Vs — % G(zizr) = —6W (25, 21); (2.7.3)

m — Macca IMOKOs CKAJIIPHOTO MOJA. 3MeCh PacCMaTPUBAETCS OOIIUT
ciiydall, IPpUTONHLIN IJId ONUCAHUA, HalpuMep, OLICTPO yORIBAIOIIIETO
CKaJIIPHOTO B3aMMOIENCTBUA IOKABCKOTO THUIA, IEPEHOCHMOI'0 Mac-
CUBHBIME TIPOMEXYTOUHEIMEU GoszoHaMmu. B ciyuae m = 0 pyHKIUS
TI'puna coBnamaeT ¢ §-pyHKIUWEl, paHee MUCaBIIEhcs B POKKEPOB-
CKOM IpUHIUTIE AeificTBUL.

7. OnaTs BeLOETNM YacTuly ¢ HoMepoM ¢ = 1. Ilns Hee meiicTBuE
IpencTaBideTcd B BUIE

S£<p) = —mlc/dsl + g_l/()o(ml)dsla (2.7.4)
C

rle BBelleH 3)PeKTUBHEIN MOTEHNNAIl CYMMapHOTO CKaJIApHOTO BO3-
IeicTBUA BCEX YAaCTHUI Ha BHINEJIEHHYIO YacTUILY:

p(z1) = Zgo(:r:l, z) = 271'2/(?(:01, zr)grds. (2.7.5)
k k

HpOBapnpyeM IelicTBUeE (274) IO KOOpAWMHaTaM BELIEJIEHHOR
yacTuIsl. B umTore IOJIy4Ja€TCAd ypaBHEHHUE NBUXECHNA YaCTHUIEBEI B
BHUIIE

P’z g; Oy
. a: — J v, VM
(ml 9190) d82 - 02 3:131,(” u n ) (276)

OTo YpPaBHEHHUE IIOKa3bIBa€T, YTO CKaJAPHOE B3alMOJIEICTBUE opu-

BOIUT K TOSBIIEHUIO 0G0BIIEHHON Macch® mitm 0606IIeHHOTO UMIYIIb-
ca 9acTUIEI, 3aBUCAMINX OT 3¢ PeKTUBHOTO CKAISIPHOTO MOTEHITNAIIA

®.

63aMeTnM, UTO aHANOTMYHLBIE BKIALL B MACCy YaCTHI MOXKHO IIOJIyIUTh U B
paMKaX CTaHIapTHON TEOPUHU II0Jig, HAIIPIMED, B CKAJAPHO-TEH30PHEIX TEOPH-
X TPABUTAlAM ¥ B MHOTOMEDHBIX MOAEIAX (QU3MUIECKUX B3aMMONEHCTBUH THUIIA
Teopun Kamynei-Kieina, Korna He KCIONB3yI0OTCS YCIOBUA IIOCTOSHCTBA MOIMOI-
HUTENbHBIX KOMIOHEHT MeTpuku Gss,Gee, - - -.
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8. BTopas cocTaBHag 4acTh TEOPHUH MPSIMOTO CKAJSIPHOTO B3am-
MONENCTBUSA — TOJYUYeHNE COOTHOIIEHNH, COOTBETCTBYIOMUX ypaB-
HEHUAM TOJIsI, — B JAHHOM ciydyae TpuBuasibHa. QUeBUIHO, YTO B
dopmyse (2.7.6) Benuumna Jp/Oz" urpaer poiib HANPSIKEHHOCTH
CKAJIAPHOTO MOJIs, AaHAJIOTWYHOH TEH30pY SJIEKTPOMATHUTHOTO IO-
asa F,,,. YunreBas ompenenenne ¢ cornacHo (2.7.5) m ypaBHeHme
s pyskunu I'puna (2.7.3), mosmyduaeM aHaJOr ypaBHEHUsS IBYKe-
HUS CKaJIIPHOTO HOJIA

"'V Ve — (m*c? /o = —4mp, (2.7.7)

rle INIOTHOCTH CKAJSAPHOTO TOKA
p(z) = ng/5(4)(z, zy)dzey,.
k

9. N3 m37m0XeHHOTO MOXHO CIEeNaTh BHIBOA, 4TO npuxyun Ma-
za caedyem nowumamb 6 6odee WUPOKOM CMblede, KK udew 06
06YCAOBACHHOCTNY AOKAABHBIE CEOTUCME MAMEPUALLHBIE 00pa3osea-
HUll 3QKOHOMEDPHOCTAMY U pacnpedeseHuem 6cell mamepul Mmupa,
T.e. 1I106aIbHLIME cBolicTBaMu Beesennoii. B TakoMm mmpokoM moHm-
MaHWM IposABJeHUe NpuHINIa MaXa MOXHO YCMOTPETE B piale MeCT
TEOPHU TPSAMOTO MEXYacTUYHOTO B3auMomelicTBui. Bo-mepBrix, B
nyxe npuanuna Maxa ycTpaHAoTCs oepexaloine B3anMOIeHCTBH L
MeXJy Iapoll YacTHIl y4eTOM BO3IeHCTBHN CO CTOPOHBLI OKpYKalo-
IMAX YacTHI MEpa (C IOMOMbIO (eNHMAHOBCKOH TEOPHH MOTJIOTH-
TeJs), BO-BTOPHIX, B AyXe npuHnuna Maxa o6biAcHAETCS NOSBIICHNE
CHJI paJUallOHHOTO TPEHUSI B YPaBHEHUAX NBUXKEHUA WU3JIyYalOIIAX
wactun. MMmerorcs u gpyrue npossieruns npuanuma Maxa’ B pamkax
KOHIIENIUN JaJbHONERCTBUA.

2.8 PeasauumoHnHad KOHIlenINA
NpOCTPaHCTBa-BpeMEHN

Ilepeiinem k Hambosee CyIIeCTBEHHOMY IJif HAIlEl MPOTPaMMEL
BOIIPOCY — O CYTH (PM3MUECKOTO NMPOCTPAaHCTBa-BpeMeHN B paMKaxX

"C npumnmmomM Maxa Takke MOXHO cBS3aTh TumoTesy Jlupaka o cBs-
31 (PYyHOAMEHTAILHEIX (QU3NIECKUX KOHCTAHT U O COBMECTHOM WX M3MEHEHUN.
3mecs umeeTcs BBuAy 3aMeuenHas lupakoM cBa3b MeXAy GyHIaMeHTAILHBIMU
KOHCTAHTAMU, XapaKTEPU3YIOIUMU, C ONHOM CTODPOHEI, 3JIeMEHTAPHEIE UYaCTH-
I(El, ¥, CAPYTOHl CTOPOHEI, IIofallbHEE CBOMCTBa BceneHHo# (ee pasMep, cKo-
pPOCTBb paciimpenus). Psap Takux IIOGONBITHREIX COOTHOLIEHWH YKAa3BIBAICA U
aHanmmsupoBaJics B pabGorax A.DpmumrToma, I'.A.'amosa, K.II.CTaniokxosuua,
B.H.MenbuukoBa u Apyrux aBTOpOB.
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KOHIIEMIINY NajibHOmeicTBUS. HecOMHEHHO, TEOpHsA MPIAMOTO MeX-
YACTUYHOTO B3aMMONEWCTBUA TUKTYET PENANUOHHEIA MOTXON K TO-
HOMAHUIO TPOCTPAHCTBA-BPEMEHU, W OH CAMBIM TECHBIM 0O6pa3oM
cBa3an ¢ mpuHmunoM Maxa. MoXHO cKa3aTh, 94TO 5TO KapIUHAIL-
HLII Bompoc B TeopeTwueckoin ¢msmke. OH 3aHUMAI NEHTPAILHOE
MecTo B MupoBosspennu O.Maxa. B xuure “Iloznanue u 3a6imyxme-
Hue” o mucai: “KTo XoueT modyuyuTh IpeacTaBiIeHNe O TOM, C KAKHM
TPYAOM pa3BWIIach abCTpakmusa “MpOCTPAHCTBO” , JIyUIlle BCETO Cle-
maeT, o6paTUBIINCE K W3yUeHUIo 4eTBepToil kKuuru Ousuku Apucro-
tens. Bonpoc o ToM, cywecmeyem im mpocTpaHCTBO (MECTO) MIIn He
cywecmeyem, Kax OHO CYIMIECTBYET W 4MO OHO TAKOE, MIPUUAHAIOT
eMy MHOTO 3aTpynHeHmii. OH He MOXeT CMOTPETH Ha MPOCTPaHCT-
BO, Kak Ha Tejio, W60 TOTJa ONHO TEJIO HAXONWIOCH GBI B APYTOM.
Ho, ¢ npyroii CTOPOHEI, OH W He MOXET OTHAENHUTH MPOCTPAHCTBO OT
MEpa Teil, 60 MeCTO Tejla eCTh IJid HEro TO, YTO 5TO TEJNO OKPY-
X)aeT, oGHUMaeT. ApPHCTOTENE BEIABUTAET MEBICIL, YTO MBI HE CIIpa-
muBaJiM GBI O MPOCTPAHCTBE, €CiiM GBI He CYIIECTBOBAIIO HUKAKOTO
neuxkeHns. Ce43b NPeACTABIEHNA MPOCTPAHCTBA C MPENCTABICHUEM
Tejla ECTECTBEHHO MPHUBOAUT K HAEE HEMbICAUMOCTU NYCMOMbL, —
uiee, 3alIUIIaeMOil APUCTOTEIEM U MHOTUMM APYTUMU MEICITHTEN -
MU ApeBHOCTH. MEICAUTENN, HOMyCKaBINe MyCTOTY, Kak JleBkum,
HeMokpuT, DNUKYp U Ap., UMEIH, CIENOBATEILHO, IPEACTABIEHAE O
mpocTpaHCTBe, Gosee 6au3koe K HammeMy. [IpocTpaHcTBO 6BUITO I
HOX 4eM-TO B POJIe COCYMa, KOTOPHI MOXET U He 6LITH HamosHen. W
K TaKOMY TPeINCTABIEHUIO NEACTBUTEILHO MOIXKHA OBIJIa BECTH TE€O-
MeTpHUs, KOTOpasd yCTPaHAET BCE TEJIECHBIE CBOMCTBa, KPOMe OIpe-
nenenHbIx rpannn’[40, c.438].

Hamee Max ormeuaer:“MoxHo, moXanyii, cka3aTb, 4TO TJIaB-
HEIM 06pa3oM MMeHHO cO BpeMeHH HbI0oTOHA BpeMs U IPOCTPAHCT-
BO CTaJNl TEMU CAMOCTNOAMEALHBIMU W ONHAKO OeCmesecHblMy CYII-
HOCTSMM, KOTOPHIME OHM CUUTAIOTCA IO HAcTodllee BpeMs... s
HeioToHa BpeMs uW NpPOCTPAHCTBO MPENCTABISAIOT HEUTO c8eprdu-
3uyeckoe; OHU CYTh NepeuuHble, HE3ABUCUMLIE NepeMenuble, HEIo-
CPeNCTBEHHO HEIOCTYIHEBIE, IO KpallHell Mepe, TOYHO He OIpeNesIu-
MEIe, HaIpaBJgoliNe U peryaupyiomniue Bce B Mupe. Kak nmpoctpan-
CTBO OIpeNeNseT NBUXKEHNe oTHalieHHelmux miaHeT Bokpyr Comn-
Ila, TaK BPeMS OEeJIaeT CO2AGCHbIMU OTHAJIEHHENe HebeCHLIE TBU-
JKEeHUSA ¢ He3HAUNTENLHENIIMMHU IpoIlecCcaMM 3MIech Ha 3eMite. Ilpm
TaKOM B3IJIAie MUP CTAHOBUTCS OP2AHU3MOM, WITH — €CIIU TPENTIO-
YUTAIOT 5TO BHIpaXeHUWe — Mauwunol, BCe YaCTU KOTOPOH COTIIACHO
OPUMEHAIOTCA K NBUXEHUIO 00%01 4acTH, PYKOBOACTBYIOTCH MO W3-
BECTHOM CTENMEHN 00H0t eNWHON BOJIEHN, M HAM OCTAETCA TOMLKO HEU3-
BECTHOM Yesb STOTO NABUKEHUS. DTOT B3TJIAN JIEXUT, KaK HacJenue
HrioToHa, B OCHOBE U COBpeMeHHON GU3UKHU, XOT S, MOXKET OLITH, UyB-
CTBYeTCsS HEKOTOPOE HeXeJaHWe OTKPEITO 5To npu3HaTh” [40, ¢.442].
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Ho6aBuM K 5ToMy, 4TO co BpeMeH:n O.Maxa B 5ToM ILUIaHe B DU3UKE
MaJio 4TO M3MeHmWIOCh. [lo-IpexHeMy GU3UKHU MOIL3YIOTCA HACIIENU-
eM HrroToHa.

N BoT nmpm TakoM NMOHMMAaHWM TPOCTPAHCTBa-BpeMeHHW B Gu3u-
Ke IpelcTaBJIeHLI JBe KOHIENNINN B3aMMONeNCTBU: OIU3KONeCTBIE
" JajgbHomelicTBue. KoHnennusa 6JIM3KonelicTBIA CorjlacoBaHa C MO-
IebIo MPOCTPAaHCTBa-BPEMEHN KaK COCYNla, BMECTMIININA BCETO CY-
mero. C spumpoMm mwim 6e3 HErO OHa OTBEYAET Ha BOIPOC, KaK aKT
B3aMMOJENCTBUS MPEOHOJIEBAET MPOCTPAHCTBEHHO-BPEMEHHYIO pa3-
HECEHHOCTL O6BeKTOB M cobeiTuili. KoHIenmnmua xe majJbHONEHCTBUA
UOeT Bpa3pe3 ¢ OLITYIOIINMHN NTPENCTABIIEHUIMHI O HTPOCTPAHCTBE-
BpeMeHu. Ee CTOPOHHUKY YYBCTBOBAJIM 5TO W MBITAJINCH KaK-TO Ipe-
OIOJIETh MMEIOIINica JUCCOHAHC.

Brime yxe 0TMEUAJIOCH PETUTHO3HO-MUCTHIECKOE PEIIEHUE DTOR
napo6iemser Hetoronom. B nepsom muceme I'.Jleit6unna k. C.Knapky
Mel HaxomuMm cioBa:“I-H HeloTOH roBOpHT, YTO MPOCTPAHCTBO —
5TO opraH, KOTOpPeIM bBor momb3syeTcs, 4ToObI BOCHIPUHMMATL Be-
mu” [38, ¢.431]. B TpeTnem nuceme k Kitapky on nucasn: “Ortu rocno-
Ia, TakuM 06pa30oM, YTBEPXKIAIOT, YTO MPOCTPAHCTBO — PeajbHOE
aBCOMIOTHOE CYMIECTBO, HO 5TO HPUBOAUT MX K GONBIIAM TPYIHOC-
Tam. W60, kaxeTcs, 4TO 5TO CYIIECTBO MOJKHO OBITH BEUHEIM U Gec-
koHeuHBIM. [[05TOMY HEKOTOpPBIE CUMTAIOT, YTO OHO SABISETCI CAMUM
Borom mnu, mo kpaiiHeii mMepe, ero aTpubGyToM, €ro HEM3MEPHMOC-
Th10” [38, ¢.441]. Jlelibuun BRICTyman NPOTHUB UIen 06 abCOMIOTHBIX
OpocTpaHCTBE U BpeMeHu. O.Max Takke KPUTHKOBAJ HBIOTOHOB-
CKWe TpeICcTaBlleHus 06 abCONIOTHOCTH MPOCTPAHCTBA W BPEMEHH,
cuntan ux “Geccmeiciaenaeivu’ . Jleitbuun u Max momarasnm, 4To B
OTCYTCTBUHU TeJ He CYIIECTBYET W KATETOPWil MPOCTPAHCTBA M BpeE-
MeHHU. YKe B Hallle BpeMs HEKOTOPLIE TEOPETUKH KPUTUKOBAIU OG-
YO0 TEOPHMIO OTHOCHTEILHOCTH 3a TO, YTO MMEIOTCS BaKyyMHEIE (B
OTCYTCTBHE MaTEPH¥) PEIIeHWs ypaBHEHH OWHIITEeHHa, 9TO IpPO-
TuBopeunt npuanuny Maxa.

Onnako, 4TO mpeniarajioch B3aMeH uien 06 abCOMI0THOM MPOCT-
paucTBe-BpeMmenu? Touka 3penus I'.Jleitbruna: “ neonaokpaTtHo mon-
YepKUBAJI, YTO CUUTAIO NPOCMPAHCME0, TaK XKe KaK U BPeEM, UeM-
TO UMCTO OTHOCUTEIBLHEIM: IIPOCTPAHCTBO — NOPAOKOM CYUECTNEO-
6anud, a BpeMa nopgdxkom nocaedosameabrocmet... Iisa onpoBep-
JKEeHUs MHEHUS TeX, KOTOPBIE CUUTAIOT MPOCTPAHCTBO CyGCTaHNIME
WM, TI0 KpailHell Mepe, KaKOU-TO abCONIOTHOM CYITHOCTHIO, ¥ MeHI
MMeeTCcs HECKOIBKO HoKasaTenbcTB” [38, ¢.441]. AmamoruynsiM o6-
pa3oM TOHWMAJ CYLIIHOCTH NMPOCTPAHCTBO u Bpemenu O.Max. On
nucaii: “BpeMs u mpocTpaHCTBO CYIIECTBYIOT B ONPENEIEHHEIX OT-
HOIIEHUAX PU3NIECKUX OOBEKTOB, U STU OTHOINEHNS HE TOJIBLKO BHO-
CATCSA HaMM, a CYIIECTBYIOT B CBS3WM W BO B3aWMHON 3aBHUCHUMOCTH
apnennii” [41, ¢.71]. “MeI MOXeM CKa3aTh, YTO 60 6peMeENHOU 306U~
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cumocmu ebipadcaomed npocmetiuue Henocpedecmeennbie pusuuec-
rxue ommowenud’ [40, ¢.437]. “B npocmpancmeennblr OmHOWEHUIT
Hazodum ceoe evipaxcenue nocpedcmeennad GuIUNECKAT 3a6UCU-
mocmv” [40, c.438].

Omnowenud — BOT TO KIIOUEBOE MOHsATHE, KOTOpoe u y Jlei6-
HEOa, u y Maxa 3aMensieT unew abCoOIOTHOTO MPOCTPAHCTBA U Bpe-
Menu. Kak 6BUIO MOKa3aHO BHIIE, MMEHHO MOHATHUE OTHOINEHUS B
BHUJE BKJIAJOB B JIEWCTBUE MAPHEIX B3aWMONENCTBUN YaCTHI MO3BO-
JINJIO MOCTPOUTH TEOPHUIO MPSIMOTO MeXYaCTUYHOTO B3aMMOMENCTBUS
®okkepa-Peitnmana. CorsacHo 5Toil Teopuu pasiudHBIE QU3AUIEC-
KUe B3aUMOIENCTBUSA OTINYAIOTCS TOIBKO BUIOM STHUX OTHOIIEHUM.
Ho Teopus npsaMoro Mex4acTUYHOTO B3aUMONENCTBUS OCTAaHOBMIIACE
Ha 5TOM NpPUMEHEHWN UV OTHOIIEHUN B QU3UKe.

IIpocTpancTBO-BpeMsl HOJArajioch ANpHOPHO 3aJaHHBIM, a Ha-
1o 6BUIO pacnpocmpanums udeto omHowenutl & Ha NPOCMPAHCTME0-
epems. Ho kak »to cmenats? Hyxen 6bin MaTeMaTHYecKuil amma-
part, mosBoasoomunii paboTaTh ¢ HEKOTOPLIM CIEKTPOM BO3MOXHBIX
OTHOIIEHN, C ONHOW CTOPOHEI, Oojee OOMIWX, YeM HCHOJIbL3yeMbIe
B dU3MKe KIACCUUECKNE TPOCTPAHCTBEHHO-BPEMEHHLIE OTHOIIEHMUS,
W, ¢ APYTO#l CTOPOHEI, 60JIee MPOCTHIX, OTPAKAIIAX TPUMATHABHEIE
CBOMCTBA BJIEMEHTAPHEIX YacTull. Mcnons3ysa 5ToT MaTeMaTHUeCKUT
anmapaT HeOOXOIUMO MOCTPOUTH TEOPUIO OTHOIIEHWH, M3 KOTOPEIX
OFBI CIleNoBaNN KaK HOHATHS, ONMUCHBaolIne Gu3ndecKne B3anMONeii-
CTBUS, TaK U KJIIACCHYECKUE MPOCTPAHCTBEHHO-BPEMEHHEIE OTHOIIE-
Huad.

Hawm mpencraBnsercs, 4To Takas BO3MOXHOCTEL MOABIIIACH IOC-
Jie co3maHus Teopunm pusmueckux cCTpPyKTyp. AMeHHO Tam BO ria-
By yrjla MOCTABJIEHBI OMHOULEHUA MEXAY DIIEMEHTAMU MPOU3BOIIb-
HOW MPUPOABI, IPUUYEM KaK MapPHEIE, TaK U MEXIY GOJBIINM YHCIIOM
5JIEMEHTOB, KaK MEXIY SJIEMEHTaMU ONHOTO, TaK W MEXIY SJIEMeH-
TaMH ABYX Pa3HBIX MHOXECTB (6MHapHBIE CTPYKTYPHI). DTa KIIOUe-
Bas Ufies peain30BaHa B Pa3BUBAEMON 31eCh bunaprot ceomempodu-
3uxe. B sToM cMmbiciie 6MHAPHYIO TeOMETPOGU3UKY MOXKHO CUUTATh
Pa3BUTHEM UIEll O PEISNMOHHON MPUPONE MPOCTPAHCTBA-BPEMEHN U
TEOPHUH MPSMOT0 MEXYACTUYHOTO B3aUMONEHCTBHA.

83a1vleT1/1M, YTO €NUHCTBO B ONUCAHAW (PU3NIECKUX B3aUMONEUCTBUN U
IPOCTPAHCTBEHHO-BPEMEHHBIX OTHOLIEHU, OOHAKO Ha WHOW OCHOBE, yX€ BOILIO-
eHO B QU3MKE B PAMKAX MHOTOMEDHEIX M€OMETPUUECKUX MOAENEN (PU3NIeCKUX
B3aumogeicTBuil Tuna Teopun Kamyisi-Kieina.



Pasgen 11

OcHoBaHUsA TEeopuM
dusnmueckux
B3aMOJIEeNCTBUN
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B 6umapnoii reoMeTpodu3uKe Ha CAMOM BJIEMEHTAPHOM YpPOBHE
dn3nueckuit MUp NpeAcTaBiIgeTcd B BUIE NBYX MOCTATOYHO OOIIb-
IINX MHOXECTB U3 3JIEMEHTOB, MeXIY KOTOPLIMHU HMEIOT MECTO OT-
somtenus, onuckiBaeMbie BCKO mekoToporo panra. B sTom pasmene
orpaHmunMcs mpocreiinieii Mozmensio Ha ocHoBe BCKO panra (4,4).

B xaxmoM u3 IBYX MHOXECTB 5JIEMEHTOB OyIEM pasiIndaTh Cle-
nylomue 4 xapakTepHbIEe MOIMHOXECTBA 3JIEMEHTOB, 0Opa3yomInx

1) HEKOTOPEIHl BEINEIEHHEIN OOBEKT;

2) HEKOTOPEIN BTOPOil O6BEKT, B3aNMONENCTBYIOMNA C IEPBLIM;

3) 6a3mc U3 >TAJOHHEIX SJIEMEHTOB;

4) yacTunE! (MaTEPHIO) BCETO OKPYKAIOIIETO MUPA.

Onu um306paxensl Ha pucynke 3.0.

YacTuisr
OKPYXKAIOIIEro MHUPa

BrimemenubIit Bropoii
00BeKT 00BeKT
OTalloHHELE
(6azoBEIE
SJIeMEHTH

Puc. 2.4: Yerhipe XxapakTepHEIX MOIMHOXECTBA DJIEMEHTOB TEOPUU

IlepBrie Tpu u3 XapaKTepHBEIX HOIMHOXECTB MOI'YT OBITH Kak
3JIeMeHTapHBEIMH, 06pa3yIIIUMHI IPOCTEHITYIO0 YaCTUIY UIIN djleMeH-
TapHYyI0 6a3y, Tak n 6ojlee CIIOXHBLIME BILUIOTH IO MaKPOOOBLEKTOB.

B tpex rmaBax pasmenia o6cyXIeHBEI TPoOGpa3kbl KIIOUEBHIX Gu-
3MYECKUX NOHATHH (HefCTBUA, METPHKH U NPYTUX) B HECKOJIBKUX
VIPOIIEHHLIX TeOopeTHUYecKNX KOHCTPYKIMAX B MOpANKe BO3pacTa-
HHUA B HUX YHCJa WIK CIIOXKHOCTHM XapaKTepPHEIX IMOTMHOXECTB.

B rmaBe 3 paccMoTpeHa KOHCTPYKIUS M3 CAMBIX SJIEMEHTAaPHEIX
IEPBLIX TPEX MOAMHOXECTB (OTIHEIbHBIX YAaCTHUIl), HE yUNTHIBAIONIA
YeTBEPTOE MOIMHOXKECTBO (YaCTHILI OKPYXKAIOIIETO MUPA).

B rnaBe 4 yuTeHO UeTBepTOe XapaKTepHOE MOIMHOXKECTBO, TO
€CThb Ha CaMOM 5JIEMEHTApPHOM YPOBHE MCIOIb30BaH npuanun Maxa.

B riaBe 5 o6cyxnen Hamboslee BaXXHEIW 3Tall HA OYyTH K OOIIe-
NPUHATHEIM TeOPUAM, COCTOAIINN B Ilepexolle OT 3JieMeHTapHO! 6a3bl
K KJIaCcCHUeCKOMY MaKpounpubtopy.



I'maBa 3

B3aumoneincTBue nByx
M30JINPOBAHHBIX YaCTUI]L

B sroii rimase B pamkax BCKO panra (4,4) paccMoTpeHo Kitoge-
BO€, TaK HasbIBaeMoe 6a30Boe 4 X 4-oTHomenne. QHO 3a0UCBIBAETCA
IJIsl HPOCTENIER KOHCTPYKIINHN U3 TPEX XapaKTEPHBIX HOIMHOXECTB
5JIEMEHTOB: ABYX B3aMMONENCTBYIOMUX YACTUI OTHOCUTEILHO DJIe-
MeHTapHO# 6a3sl (cM. pucyHok 3.1).

1-a gacTuma 2-1 JacTHIa

Qo)
L><)><

Ga
XIX

TaJIOHHBIE 3JIEMEHTEI
SJIEMEHTapHada 6asa

Puc. 3.1: XapakTepHEIe TOMMHOXECTBa 3JIEMEHTOB, pacCMaTpUBae-
MEBI€e B 5TOH IJIaBe

ITokasano, uTo 6€3 yueTa 4eTBEPTOTO XapaKTEPHOTO MHOXKECTBA
(gacTHI OKpYXAIOIIEro MEUpa) HEBO3MOXHO BBECTH IpooGpa3s psla
KITIOUEBLIX (PU3NUECKUX MOHATHH.
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3.1 DBa3soBoe 4 X 4-oTHOIIIEHUE

1. B teopun BCKO panra (4,4) nMeercs xapakTepHOe BhIpaXe-
HUE, KaK OKa3BIBAETCA, COOTBETCTBYIONIEE (POKKEPOBCKOMY OIpEINe-
JIEHUIO AefCTBUA 1A ABYX B3auMomeicTBylomux dactun. OHO yxe
6LUIO ONpENEeNEHO B IJlaBe 8 MEpPBOMl YacTU KHUTH. DTO TaK Ha3bl-
BaeMoe 6a3060e 4 X 4-omuowenue, CAMMETPUYHEIM 06pa30M COmEP-
Xalllee IBe YETBEPKHU JIEMEHTOB IBYX YAaCTHUIl B HAYAILHLIX U KO-
HeuHBIX cocToaHuaX. HamoMmuum ero. IlycTh cocTOIHES OBYX 4acTHI]
ONMCHIBAIOTCS OBYM: YeTBepKaMH >jieMeHTOB (i, k, 7, s) u (¢, 3,7, 8),
Torna 6a30Boe 4 X 4-OTHOIEHNE UMEET BUI

0 1 1 1 1
1 wn uwg Uy U
{afyé} =— |1 upa wug Uk: Ups | =
R L uje ujp Uiy ujs
1wy, Ugs Ugy Ugs
1 1 1 1 1 1 1 1
AR st al gl o4l gt
=2 k2 j2 s X | g2 B2 42 8| (3.1.1)
I T ad B3 43 8

B xakoMm-To cMmEIciie 6a30Boe 4 X 4-OTHOIIEHNE aHAJOTUYHO DYHIA-
MEHTAJIBHEIM 2 X 2-OTHOIIEHNAM, IPUBENEHHEIM B ritaBe 1 (mnu pyH-
IaMEHTAJbHLIM 3 X 3-OTHOIIEHUAM B IilaBe 4 IepBOil YacTH KHUTH).
Ilnsa Hero mpuHATO 0603HaUEeHNE, GIIN3KOE K paHee NCIOIL30BAHHLIM.
Tak xe, kak U ¢PyHIaMeHTAJbHLIE OTHOIIEHNA, OHO 3alUCHEIBAETCS
Yepe3 MPOU3BENEHNE NBYX OIpPeNeInTelell, COCTaBIEHHLIX U3 Iapa-
METPOB ONHOTUIHLIX DJIEMEHTOB.

2. PacknaneiBas oKaifiMIIEHHEIN ONMPENeIUTEND U3 MAPHBIX OTHO-
mennii B (3.1.1) mo mepBo#l CTPOKe WM NMEPBOMY CTOJIOLY, JIETKO
y6enuThcd, uTo 6a30oBoe 4 X 4-OTHOIIEHWe IIpelCTaBldeTcA dYepes
COBOKYIHOCTB U3 16 pyHIaMEeHTAILHEIX 3 X 3-OTHOILIECHUH:

{aﬁycs} _ [Byd]  [avd] 4 [afé]  [afy]
ikjs | kjs] | kjs ] | kjs | | kjs |
[ 36T (a4 [a38] [ 1
B L I e I el P g
| ijs | | i7s | | i7s | | ijs |
[ 547 [ayd] [af6] (3]
+ | 1ks | B | 1ks | + | 1ks | B | ks | B
[ 5747 [ayd] [ [ a3y ]
— — . 1.2
_ikj_+_ikj_ _ikj_+_ikj_ (3.1.2)
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OHu 06pa3oBaHBEI U3 BCEBO3MOXHEIX BEIGOPOK 3 5iIeMeHTOB u3 4 B
KaXJoM n3 NByX MHoxXecTB. Hamomunwm, uto dynmamenTanbabe 3 X
3-OTHOIIIEHN 3alUCEIBAIOTCA B BHIE

o 1o’ 23 iy
[ ﬁ7:| = Uka UEB Uky

tkj Ujo  Ujp  Ujy
il kl jl al ﬁl ,Yl
= |2 k2 j2|x|a® B2 42 |. (3.1.3)
7:3 k3 ]'3 O{3 ﬁ3 73

BazoBoe 4 X 4-oTHoIeHNe, KaK U BCE €0 OTHeNbHEIE YacTn B (3.1.2),
MHBapHaHTHO OTHOCHTENLHO IpeoGpasoBaHmit u3 rpymnsl SL(3,C).

3. B paccmarpuBaemoii 3mecy Momenu Ha ocHoBe BCKO panra
(4,4) npomsBonntcsa pedyxyug na nowgmui BCKO panea (3,3), xo-
Topas IO CBOEMY CMEICJIy U Ha3HAaUYeHWIO aHAJOTMYHA PeAyKIWH 5-
MepHOTO MHOrootpasms Teopun Kamyner Ha 4-MepHOe KilaccmuecKoe
IPOCTPAaHCTBO-BpeMs. B maHHOM ciiydae peiyKIms o3HadaeT Orpa-
HHUYeHne npeobpasoBanuamu u3 rpynnsl S L(2, C'), koTopsle ocyImecT-
BIIAIOTCA HaJ MapaMeTpaMé ¢ HoMepamn 1 2, Torma Kak mapameT-
PEI C HHAEKCOM 3 OCTaloTCi MHBapHMaHTHEIME. [l1a manbreiimero me-
Jlecoo6pa3HO ABHO 3amucaTh 6a3oBoe 4 X 4-orHomeHue (3.1.1) gepes
4-mepHble (“BHemnHNe” ) KOMOGMHAaNUA (M3 TapaMeTpPOB ¢ HHAEKcaMH 1
u 2) u 4epe3 uHBapHaHTHEIE (“BHyTpeHHME” ) HapaMeTpHl (C MHIEK-
coM 3). Ilstst 5TOro JOCTATOYHO PAsjIOKUTh ONPENETUTENN CIPaBa B
(3.1.1) mo mocienuuM crpokam. B mrore Haxonum

=% LT G + 1550 - [0 [+ 3(%)
UG I -108) - [53)02) +623(%) =[5 (%)
HRIO) [FLF 1) 310 + w10 - [0 [+ 5 100)
R0 UG+ G) + 5160 - () [+ ()
-[R1G) [ len -[R1G) -5 1en +l(5) | -4l
HEIE)FBIGD+RIGH) + 316 - [RIG)H31(0)
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Tlle UCHOJIE30BaHEI 0003HAUEHNU:

(2|1 % ):

1

1 1 a® B3
B (3.1.4) 36 ciraraeMbIX cIenuajIbHO 3alHNCAHEL B Bue 6 X 6-Tabannsr
TaK, YTO CTPOKHU Pa3INdaloTCsa NepecTaHOBKAMM YeTBIPEX WHIEKCOB:
a, B, v, 8, a cTon6ILI — MepecTaHOBKaMU WHAEKCOB ¢, k, j, s. Ta-
Kas 3amuch ynobHa OJId aHAJIM3a 5TOTO BHIpaXKeHUS U GU3MUIECKON

WHTepIpeTalul OTIENLHEIX YacTel.

4. B riaBe 8 mepBo#i YacTU MOKa3aHO, 4To 6a30Boe 4 X 4-0THOIIIe-
Hre (3.1.1) MOXHO 3ammcaTh 4epe3 NapHBIE OTHOIIEHUS BHIPOXKIEH-

noit BCKO panra (4,4;a):

=(® - k) (B - ®). (3.1.5)

ﬂ s Qi Q33 Ay Q46
« a a a a
{ Py } S| e @ @y G| g0 (34
ikjs Gjo  Ajp Qjy Qs
Qg Qg3  Qgy Ags
PacnucuiBas 5TOT ONpenenTeNb W BEIAEIAS JOMIOIHUTEIbHEIE MTapa-

MeTpHI (¢ nanekcoM 0), OnATh IPUXOAKM K BhIpaXKeHuo Buna (3.1.4),
rge (3.1.5) npencraBisercs B Bume

(?If) =€ (jﬁ)oze(io—ko)(ﬁo—ao). (3.1.7)

Takum o6pa3zoM, IMEIOTCA ABE BO3MOXHOCTH OMUCAHUA MOTOITHH-
TeJbHBEIX MapaMeTpoB. B maibHelilieM Be3le, TAe He GymeT BO3HU-
KaThb ocoboll HeobxonmMocTH, OyleM mojiaraTh, 4YTO NOMOIHUTENb-
HbIE TapaMeTpPHl NMEIOT WHAEKC 3.

5. llpounmiocTpupyeM ¢uzmdyeckuii cMuica 6a3oBoro 4 X 4-oTHO-
mreHunA. IIocKOIIBKY B HETO BXOMAT 4 5JIEMEHTA B HAYAJIILHOM COCTOS-
HUU u 4 >IeMeHTa B KOHEUHOM COCTOSHM, TO 6yneMm rpadmueckm m3-
obpaxaTh 5TO OTHOIIEHNE 8-XBOCTKOM (CM. puc. 3.2a). O6benuuag

!Hamomunm, BepoxneruasiM BCKO pamros (r,r;a) cooTBeTCTBYET 3aKOH BU-
na

0 1 1 cee 1
, 1 aia aip -+ aGiy
é(i‘,r;a) = 1 ara arg -+ ary | =0,
1 aja ajp -+ ajy

rre
r—2

d 01 .
Qio = E ta + 10 + ao.
=1

d . . 1
3mecs ¢, %9 — HaGop m3 r — 1 mapaMeTpPOB, COMOCTABIIEHHLIX 3JIEMEHTY %, & & , (g
— MapaMeTphl, XapaK TePU3YIOIe 3JIEMEHT .



3.2. HHTEPIIPETALINS “BHEIIHUX” TIAPAMETPOB 81

Puc. 3.2: ®usnueckas mwntocTpanus 6a30B0ro 4 X 4-0THOIIEHUS

UX TapaMU, COOTBETCTBYIONIUME NBYM YacTHUIAM B HAYaJIbHLIX I
B KOHEUHLIX COCTOSHUAX, IPUXONUM ellle K IBYM AMarpaMmam, Io-
Pa3sHOMY WLITIOCTPUPYIOMINM B3aWMOAEHCTBUE NBYX MaCCUBHEIX JIET-
ToHOB (cM. puc 3.26 u 3.28). Ha pucynke 3.2a snementtr ¢ u k onu-
CHIBAIOT NEPBLIR JIENTOH (€1) B HAYAJIILHOM COCTOSHHH, 3 3JEMEHTEI
J M § — BTOpOii JIenToH (€2) B HAYAILHOM COCTOSHUM. AHAJOTUYHO, &
7 3 ONUCEIBAIOT MEPBHIi JIENTOH B KOHEYHOM COCTOSIHUM, & BJIeMEHTHI
v u 3 — BTOpOIi JIENTOH B KOHEUHOM cocTosHmu (cM. puc 3.26). Ha
pucyHKe 3.2B m306pakeHa cTaHIapTHasI quarpaMMma ¢eiHMaHOBCKO-
IO THMa, OMUCHIBAIONIAA pPacCesHUE NBYX MACCUBHEIX JIEITOHOB M3-
3a B3aUMONENCTBUS UePE3 TPOMEXKYTOUHEIE SJIEK TPOMATHUTHOE TIOJIE
A, mnm none Z-6030HOB.

3.2 ®usuvyeckas MHTEpPIpeTaANUsd
“BHeNTHUX’ MapaMeTpPOB

1. lIpoananusupyem 6osee mogpobHO cOCTaBHBIE YacTu 6aszo-
Boro 4 x 4-orHomenns (3.1.4). Haunem ¢ BhIpaxeHmil, 0603HaUeH-
HEIX KBaJpaTHEIME cko6kamu. Cormacuo (1.4.3) oHE npencTaBisoT-
¢ TOJIBKO 4epe3 “BHEIIHME” mapaMeTpPhI, TO €CTh UEPe3 HapaMeTPhI
c uanexkcamu 1 n 2. IlepeiineM k 6Goilee TPUBEIYHBEIM OOO3HAYEHUSM
“premHnx”’ mapamMeTpoB. g 5TOr0 HAIIOMHMM CaMBIid HeoGXOmm-
MEIl MaTepPHUaJl U3 MEPBON YacTu KHUTH. TaM MacCUBHEIM JIENTOHAM
OBLIIN COTMOCTABIJIEHEI 4-KOMIOHEHTHEIE BEIMUNHEL, SBIIAIOMIAECS IPO-
obpazaMu 0OITIeN3BeCTHHIX OMCIMHOPHEIX BOJIHOBBHIX (QYHKIIWI.

IlycTs MacCHBHEILA JIENTOH ONUCHLIBAETCS NBYMS BJIEMEHTAMU i U
k B HAYAILHOM COCTOSIHUU U ABYMS dJIEMEHTaMU & @4 3 B KOHEYHOM
COCTOSHUM, TOTJa U3 MapaMeTPOB ¢ MHAeKCaMu 1 1 2 5TUX BIIEMEHTOB
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MOXHO IIOCTPOUTH 4-KOMNIOHEHTHEIE CTOJIOEN 1 CTPOKY:

it it

v = gi = ; ; (3.2.1)
B2 -1

ot = (', a? ki, ko) = (b, &% k%, — kD).

Jlerko BHIOETH, 9YTO OJ4 cBobOOmHOMI JaCTUOhI, KOr'la HaYaJIbHBIE N
KOHEYHEIE IIapaME€TPhBI KOMIIJIEKCHO COIPAXKEHBI, TO €CThb

= (o) k= () (3.2.2)

4-XKOMTIOHEHTHasA CTPOKa gf IpelcTaBiigeT co60i KOMIIEKCHO CONpS-
XEHHEIN I TPaHCIOHWPOBaHHEI cTosiben ¥, KaK 5TO M MMEET MECTO
B KBaHTOBOIl MEXaHUKE.

Cronben ¥ cocTasiied No cieNyoOIUM IpuHIATaM. Bo-nepBhix,
OH COIEPXKHUT IapaMeTPhI U3 IBYX Nap CONPSXKEHHEIX B (3.2.2) sie-
MEHTOB, BO-BTOPEIX, OH CAMMETPHUYHO CONEPXHUT Maphl IIapaMETPOB
13 HaYaJLHOTO U W3 KOHEYHOTO COCTOSHMUIA, B-TPETHUX, IIapa 3JIEMEH-
TOB MMeeT KOHTpaBapHaHTHEIE, a Tapa — KOBapMAHTHEIE CIIMHOPHEIE
MHIEKCEL.

2. CocTaBieHHLI 10 MEPEYNCIIEHHEIM MpaBUiiaM 4-KOMIOHEHT-
HEIA cTonben (3.2.1) sBasgercs 6ucnuwopom. IleficTBuTENBHO, NN
JMHENHBIX npeobpasoBanusix (1.4.4), o6pasyomux rpymny SL(2,C),
oH mpeobpasyeTcd MO 3aKOHY

;L 7 B 1 5 0 0 1 _
T=lg = o 0o ¢ -cp|la =T
Bs 0o o0 -c3t cff B2
(3.2.3)

IIpn 6Gomee y3kmx npeobpasoBanmsax w3 rpynnel SU(2) Bepxusas n
HIDKHAA Iapkl IapaMeTpoB Ipeobpa3yioTca ONNHAKOBO, TO €CTh CTOJ-
6ert ¥ cocTONT W3 ABYX 2-KOMIOHEHTHEIX CIMHOPOB.

3. MaccuBHOMY JIENTOHY, OMUCHIBAEMOMY Ha3BAaHHOHN BEIIIE YeT-
BEPKOM 3JIeMeHTOB, MOXHO COIIOCTaBUTh KOMIIOHEHTHI CIMHTEH30pa

B =" + k°F", (3.2.4)

I'lle MHIAEKCHL § U 7 mpoberaioT 3HadeHUd 1 U 2; TOUKOH CBepXy IOMe-
YeHEBI MHIEKCH TapaMeTPOB B KOHEUHEIX COCTOAHUAX. Torma MaTpu-

Iy U3 KOMIOHEHT B®" njsg 551eMeHTOB, YIOBIETBOPAIOMINX YCIOBUIM
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(3.2.2), MOXHO IPeNCTaBATH B CIENYIOMUX BUIAX:

' ; . 3
Bl B2\ /0443 ol g\ LI, + Zulcr
le Bzz - ’Ul + ’L"LL2 ’LLO _ u3 — 2 s £
(3.2.5)
rne u* —KOMIIOHEHTHI 4-MepPHOTO BeKTOpa, npusenenurie B (1.4.7), a
o7 — Tpu MaTpunsl llaymn:

01:<(1) (1)>, 0'2:<3 —02), 0'3:<(1) _01> (3.2.6)

4. U3 enuawunoit Matpunsl I, m Matpun llayam moctpoum 4-
psanueie MmaTpunsl Jlupaka:

0 __ 0 Ig . 1 _ 0 g1 .
7__<1'2 0)7 7—<_a-1 0>a

v = ( o% >; 7= ( o ) , (3:2.7)
VIOBJIETBOPAIOININE N3BECTHLIM COOTHOIIEHUIM:
YuYv + Y Yu = 2140 - (3.2.8)
C nomompio MaTpuusr v m3 (3.2.1) o6pasyem HOBYIO CTPOKY
T =090 = —(ky, ks, 01, 02). (3.2.9)

Jlerxo nokasars, 4To onpeneseHHsle B (1.4.7) KOMIOHEHTH 4-MEPHOTO
BEKTOpA MPENCTABIIIOTCI B BUIE

ut = %%W. (3.2.10)
5. O6BI4HEIM 06pa30M BBEIEM MATYIO MATPUILY
v® =409 1y%y3 = —4 < {)2 _0_[2 ) . (3.2.11)
C ee moMoIbi0 MOXHO 06pa30BaTh “HATYI0O KOMIOHEHTY  BEKTOpPA
5 1 i

= ST = (i - k) - (o7 - o)), (3212)
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OIIPENENIEMYIO PA3HOCTBHIO CIMHOPHEIX MHBapuaHToB (1.4.5). B mep-
BOHM YacTWM KHUTHM IIOKa3aHO, YTO JIENTOHEI 0Opa30BaHEI He MPOU3-
BOJILHLIMU 3JIeMeHTaMH, a YIOBIIETBOPAIOMNME HEKOTOPEIM YCIJIOBH-
AM, IPH BEITIOJHEHMN KOTOPHIX u° = 0.

6. BBemem HOBBIe 0603HaUeHN:A, GIIN3KNE K MPUHATLIM B MOIEIN
sJeKTpociabrix B3auMmopeiicTBuit Baiin6epra-Camama. Ha npumepe
PacCMOTPEHHOTO BBIIIE JIENTOHA ONPENE]INM JieBhle (e7) M IpaBEIE
(er) KOMIOHEHTHI MaCCHBHBIX YaCTHIL:

it 0

. ;2 . 0

e = 3(1+ivs5)¥ = 20 er = 3(1—iy5)¥ = 8,
0 B2

(3.2.13)

Ananoruuso, u3 4-KOMIOHEHTHO# cTpoku ¥ HOIydaeM CONpIKEHHBIE
KOMIIOHEHTHI:

1—
e, = E\Il(l —iy5) = —(0,0,at, &?);
1—
enp = E‘Il(l—l-’&")/g,) = —(kl,kz,0,0). (3214)

TaxmM obpa3oM, IBe Iaphl CONPAXEHHBEIX 3JIeMeHTOB i, o 1 k, 3,
OINMCHIBAIOINX OJHY MAacCCHBHYIO YacTHILy, MOXHO TPaKTOBaTh CO-
OTBETCTBEHHO KaK JIeBYIO M IPaBYI0 KOMIIOHEHTEI JlenToHa. OdeBna-
HO, aHaJIOTMYHbLIe (POPMYJIBEI MOXHO 3allcaTh U JJid JII060T0 JPYToro
JIeTTOHA.

BamernM, uro mcmonssys (3.2.13) u (3.2.14), KOMIOHEHTHI Bek-
topa (1.4.7) MOXHO IPeNCTAaBATH ellle B ONHOM BHIE

ﬁ‘y’i‘l’ = (éL —|—€R)’Y“(6L + eR) = (EL')/“eL) + (ER’)/“eR). (3.2.15)

7. Bepremcs k 6aszoBoMmy 4 x 4-orHomernmio (3.1.4). B mem, kxak
OpaBmjIo, KOMOMHAINKM B KBaJpPaTHLIX CKOOKaX 3almMCaHBI JJid 3Jle-
MEHTOB, ONNCHIBAIOMMX JBa Pa3sHBIX JIENTOHA, IpHYeM 3TH KoMOH-
Halli# CcofiepXaT pa3Hble HaOOpHI U3 JIEBLIX M IPaBHIX KOMIIOHEHT
aByx sentoHoB. 13 36 ciaraemuix B (3.1.4) BelmenaioTcs 8, 411 KOTO-
PEIX KOMOMHAIIMK B KBaJPaTHLIX CKOOKaX MpeJCcTaBlIdIOTCA B BHJaX,
BCTpevaloMmuxca B OOIIeNpUHATONR Teopuu.

Brimenum ueTkIpe ciiaraeMble, paclojIoXKeHHEIE B CpelHell JacTH
ritaBHOl AmaroHanu ¢opmyist (3.1.4). Hcnons3sys BBeleHHEIE BEIIIE
¢dbopMyIIBI IJId IBYX JENTOHOB, JeTKO NMoKa3aTh, YTO coflepXkalluecs
B HUX KOMOMHAaIl} B KBaJPaTHEIX CKOOKaX MMEIOT BHI

oyl _ Ll e .
[z’j] = 2(61L’)’ 61L)(62L‘)’u62L),
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[ ] 1

is = §(ElL7M61L)(€2R7u62R);
- - 1

iz = §(ElR'Y'uelR) (€arvue2r);
[ 357 1

is = §(€1R7“61R)(€2R7u62R)- (3.2.16)

8. KpoMme 5TuX YeTBIpeX cjlaraeMLIX PacCMOTPHUM YeTHIpe YIJIO-
Brle. B mByX TaKmX YIJIOBHIX CJIaTaeMBLIX Ha TJIABHOW IUArOHAJIN B
KBaJpaTHEIX CKOOKaX COIepXKaTcA 3JIeMeHTEl TOJIBLKO ONHOW U3 Yac-
Tun. Jlerko mokasaTh, YTO B HOBEIX O603HAUEHUAX TaKWe KOMOWHA-
IUN OpPelCcTaBI4I0TCA B BHUIe

1Y 1
[ zlf] = 5(51L’)’“€1L) (e1rYue1R);
5 1
Us] = (@7 ess) (Earyuesn). (3.2.17)

B ocTaBmunxcsa JABYX YIJIOBBIX CJIal'a€EMBIX B KBaJpPaTHBIX ckobkax
cComepXKaTcAd mapbl OMHOTHUIIHBIX 3€JIEMEHTOB OBYX Pa3HBIX YacCTHII.
Nx moxHO 3ammcaThb YEepe3 NPOU3BENECHUA CKaJIAPOB COOTBETCTBYIO-
X JIEIITOHOB:

of _ _
[ . ] = (€1L€1R)(62R62L);
]S

5
[Zk] — (eirerr)(@resn), (3.2.18)
rlle yYTEHO, YTO MHBAPHAHTHI (HAPUMED, A NEPBOH YACTUIEI)
Hpe,[[CTaBJ'IHIOTCH B BHUIe

alp? — a?pl = —(eizeir); itk — 2kt = —(eireir). (8.2.19)

B ocTanpHBEIX 28 cnaraeMuIx 6a30Boro 4 X 4-oTHoIIEHNI KOMOU-
HallUM B KBaJpaTHBIX CKOOKaX MMEIOT WHOW XapakKTep. Bce Takme
cjlaraeMble OKa3bIBalOTCA “JIMIMTHUMU .

3.3 OkcnoHeHIUMAJIbHbIE PAKTOPHI I
ycTpaHeHUe “JIMIMHUX’ cjlaraeMbIX

1. B 6a3zoBoM 4 x 4-oTHomennn (3.1.4) merko ycMoTpeTh Te clla-
raeMele, KOTOPhIE IPUCY TCTBYIOT B OKKEPOBCKOM IIPUHIINIIE TEHCT-
B IUIS CIIydas 5JIeKTPOMarHNTHBIX B3amMofeiicTmit. OHE comep-
KaT B cebe ueTBepKy QyHIAMEHTAJBHEIX 2 X 2-OTHOIIEHMIl, 3amlm-
caHHBIX B (2.5.2). B BeIpaxkenun (3.1.4) oHE HaXOmATCA B CEepelUMHE
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riaBHoil quaroxanu. Onaako B (3.1.4) KpoMe 5THX claraeMbIX HMe-
erca MHoro mpyrux, “mummunx”’. Heobxommmo o6BACHUTH, IMOYEMY
OHM He NAIT BKIAABI B HabGiogaeMble (U3MUeCKUe B3aMMOMEHCT-
BHA. DTO MOXHO CHeJaTh, OMMpaich Ha pan coobpaxenmii’. OnHa-
KO, OCHOBHAas NMpUYMHA HEHAOIIOMAeMOCTU HeIUWarOHAJILHBIX Cllara-
€MBIX CBfA3aHa C BHIOOM 5KCIOHEHIWAJILHBEIX CIATAEMBIX, BXOMAIIAX
BO “BHemHMe” MapaMeTphI.

2. B rmaBe 4 wactu 1 6bu10 mOKaszano, uto mapamerpsl BCKO
panra (3,3) ompeneneHsl HEOTHO3HAYHO, ¢ TOYHOCTHIO O SKCIOHEH-
OUANTLHEIX (PaKTOPOB, IO MOAYJIIO PaBHLIX enunune. Ux ciaenyer mo-
HuMaTh kak napaMmerpsel BCKO panra (2,2), sBisiomeiics moncucre-
moit BCKO pagra (3,3). 910 B monHo# Mepe OTHOCHTCS M K “BHeII-
HuM” mapamerpam (¢ manmexkcamm 1 m 2) BCKO panra (4,4), mus
KOTOPOIii BEIIIE TUCAIIOCH Ga3oBoe 4 X 4-oTHomienne. s ogHON BhI-
MEJIEHHOW YaCTUIbI, ONMMCEIBAEMOI dlleMeHTaMu i, k, a, 3, 3To 6yayT
¢daKTOpHL:

7 — ei“”'; k— ei‘p’“;
a— e [ e (3.3.1)

re BEJIIUYWHEBI @, CTOAMINE B 3KCIOHEHTAX, ABJIAIOTCA BEIIECTBEH-
HBIMMU.

Bruto Takxe IIOKa3aHO, 4YTO OJId OIIHOM U TOM XK€ YaCTHUIHLI ITOKa-
3aTeJIN SKCIIOHEHT HOJIXKHEI OLITH CBA3aHEI CJIENYIOIINMHU YCJIOBUAMM:

Pi=—Pk  Pa=—9P8 (3:3.2)

W menHO B TaKOM Ciiyyae IpHU BHIIOJIHEHNN ycioBuil (3.2.2) Bce Benn-
YUHEL B 4-KOMIIOHEHTHOM cToibne (3.2.1) 6ynyT XxapaKTepu30BaThCs
ONWHAKOBLIM 5KCIOHEHINAILHEIM HaKTOpOM.

3. BenmnuuHel ¢ B 6GuHApPHOW reoMeTpodu3nNKe NHTEPIPETUPYIOT-
¢ Kak mpoobpa3 KIacCHYeCKOTO NENCTBUS S W MPEINCTaBISIOTCA B
BUIE

1
¢ = zpuzt (3.3.3)

?HampuMep, MOXKHO MCXOOUTE U3 COOOPAKEHUH CHMMETPUN X BO3MOXHBIX TIe-
PECTAHOBOK 3JIEMEHTOB II0 ABYM dacTuIaM. JIerko mokasaTs, 9To Bee ClIaraeMsle,
HaXO[fIIecs BO BHYyTPEHHEM IPSIMOYTOJIbHUKe (GopMyisl (3.1.4), MoxHO mepe-
CTAaHOBKaAMM CBECTU K YeTBIPDEM AUATOHAJBHBIM.

Jpyroit mopxon OCHOBaH Ha OCHOBAH Ha IPOLEAYDPE YCPEOHEHWUS IO IOJSIPU-
sanmaM gactur. OCTaBIILIOTCA JINIIL TaKue CllaraeMble, KOTOPBIE 0Ka3bIBAIOTCS
OTHWYHLIMM OT HYJIA IIOCJIe NPOBeIeHWS IPOIEAYPHl yCPENHEHWS N0 IIOJISpU3a-
IUAM OTHEeNbHEIX YacTun. MoXHO HOKa3aTh, 9YTO B MUTOTEe TAKOTO YCPEXHEHUS
TakkKe BRIXKUBAIOT TOJBKO AUATOHAJIBHEIE U YTIIOBHIE cilaraeMbie u3 (3.1.4).
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rme p, — WUMIYJIbC COOTBETCTBYIOIIeH yacTHIHI, a z/ — mpoobpas
KJlacCM4YecKUX KoopnuwHaT. B 3HamMeHaTesle CTOMT KOHCTAHTa pas-
MEPHOCTH HeWCTBU, KOTOPYIO ECTECTBEHHO OTOXIECTBUTE C MMOCTO-
sunoi Ilnanka.

HanomuuMm, uTo B 6GuHapHO#l reoMeTpodmn3WKe W3 IapaMeTPOB
BCKO HemocpencTBEHHO CTPOATCS BEIUUYUHEI, HHTEPIPETUPYEMBIE
KaK CKOpocTH (IMIynberl) u nefictue (3 mapamerpoB BCKO panra
(2,2)). orsaTHE KOOpAMHATHI MMeeT BTOPMYHEIN XapakTep. Beeme-
HUe KOOPAMHATHOTO MPOCTPAHCTBA-BPEMEHU COCTABIISIET OCHOBHYIO
3amaqy B JaHHOM moxxone. B Bripaxenun (3.3.3) BBemen mpoo6pas
4-MepHLIX KOOpAUHAT HaKTUUECKHU IIO N3BECTHLEIM KOMIIOHEHTaM IM-
myJabca U OeHCTBUA.

4. B Toii xe rnaBe 4 yactu 1 6BUIO OTMEUYEHO, UTO HAJIS B3al-
MONENCTBYIONIUX YACTHUI TapaMeTPLl HAYaJbHLIX U KOHEUHEIX Jile-
MEHTOB yXe He CBI3aHEI IPOUENYPOll KOMIJIEKCHOTO CONPIXEHHUS.
Torma ecTeCTBEHHO ONPENETUTH OTHEIBHO UMIYJILCH HAYAJILHEIX I
KOHEUHEIX COCTOSHUN 4epe3 HapaMeTPHl COOTBETCTBYIOMINX 3JIEMEH-
TOB. JTO O3HAYAET, YTO KOMIOHEHTHI HAYaJbHOTO HMIYIBCA P(1),

(mawampHON CKOPOCTH 1(1),) BELIEJNEHHOH JacTHIEL (c mHmEKCOM 1)

CTpPOATCA W3 MapaMeTpoB %°, k® M X KOMIUIEKCHO CONPSKEHHEIX BbI-
paxennmii (BMecTo o’ m f°) craHmapTHHIM 06pa3oM, a KOMIIOHEH-
TEI KOHEYHOT'O MMILYJILCa Ph)u (xoHeuHOI cKOpocTH ”?1),) cTpoaTcs
n3 mapaMeTpoB ¢®, 3° U UX KOMIUIEKCHO CONPSAXKEHHBIX BEIPAXKEHUN
(BMecTo 7* m k*) Takke cTaHTAPTHBIM O6Pa30M.

Nmnyasc nepenaun k,, 0 HeO6XOANMOCTH OGOCHOBAHMUS KOTOPOTO
TOBOPWJIOCH B pasieiie 1, BBOONUTCA KaK Pa3’HOCTh MMITYJIILCOB YacTH-
ILI B KOHEYHOM W HAYaJIbHOM COCTOSHUAX:

Ry = P/(l)u — P(1)u- (3.3.4)

5. C yueToM cHETaHHBIX 3aMeYaHUil KO3bPUIUEHTH B S5KCIOHEH-
OHAJILHLIX paKTopaxX NPUHUMAIOT B

1 1
i = 2Pt Pa =~ 5 (51 ASL+ kayuer);

1 1
e =—pPwwets 0= (i A kuer),  (335)

rjle TIOJIOXKEHO
S1=pa).ey; AS1 = p?l)MA:L"l‘; Azt =2t — 2. (3.3.6)

Ananoruunsie pOpMYIBI MMEIOT MECTO IJIS BTOPO#l YACTUIEI, IO-
MedaeMoii uHAekcoM 2. B manbmeiimem 6ymem mosaraTth, uto Azt
OUYeHb MaJjias BEJIMUYMHA, TaK 9YTO MOXHO 3aMeHuTh Az! ma dr*.
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B utore B 6a30BoM 4 X 4-OTHOIIEHUN IPHU HapaMeTpaX ¢ WHIEK-
camMu 1 ¥ 2 Hy>XHO HoIpa3yMeBaTh CleNYIOIINe SKCIOHEHIUAJLHELE
cllaraeMule:

>3

i* (mmm ey1) — exp {%Sl} : 7° (unm esr) — exp {%52} :

k* (mam e p) — exp {—%51} ;| §° (wmm €p) — exp [—%52} :
(3.3.7)
7

o’ (mmm €1) — exp [— (S1+dS1+ ky‘”’f)}

S|

i

S|

v? (mmm €s1) — exp [— (Sa +dS2 + kum’;)] ;

B? (unm e;p) — exp [%(Sl +dS; + kum’f)] ;

8° (unu esp) — exp [%(52 +dS, + k,ﬂcg)] .

SI[GCI: U B JajIbHERIITeM 6yI[CM nmoJiaraThb, 94TO OJId OBYX B3aMMOJen-

CTBYIOIIAX YaCTHII kf‘l) = —ké‘z) = k*. 3 Buma 5KCIOHEHIINAIILHEIX

(hakTOpPOB yXKe MOXKHO JOrajlaThCcd O IpUUYNHE BO3HUKHOBEHN B UYNC-
JMTese NOAMHTErPAJILHOTO BHIpaXKeHWs mpomarartopa (2.5.6) skcmo-
HEHIIMAJIBLHOTO CJIaraeMoro.

6. g SBOMIONMOHUPYIOIMIER YACTULEL S CIENYET TPaKTOBATH
KakK OLICTPO OCHWIIMPYIOMyIo Benuunny. Ecnum BBecTn Hekyio mpo-
Ielypy YCpPeOHEHUS IO HCTOPHAM YacTHI, TO SKCIOHEHTEHI, COIep-
xkamue S, nanyT HyieBoit Bkian. Wcxons w3 »Toro, BUOHO, UYTO B
6a30BoM 4 X 4-OTHOIIEHUN JOJIXKHBI OCTAaThCA TOJIILKO TakKue cilarae-
MEIe, B KOTOPEIX He COTEpPXKUTCA mpoobpas melicTBud. Jlerko BuneTs,
YTO cpa3y 14 IBYX YacTHUIl TaKad CUTyalld NMeeT MecTo JInbo AJd
IMarOHAJBHEIX SJIEMEHTOB, JIN6O A YIIOoBEHX B Marpuue (3.1.4). B
VIJIOBBIX 3JIeMeHTaX >KCIOHEeHNIMaJbHEIE cJlaraeMble OT ABYX 3Jle-
MEHTOB KaXIOH YacTHIEI B OJHOM KM TOM XK€ COCTOAHHMHU Boobiie
B3alMHO VHMYTOXAIOTCH, a B NMATOHAJIbLHEIX CJIaraeMEIX OCTaloTCA
SKCIIOHEeHNIWAJbHEIEe cllaraeMble BHIA

exp %(idSl + dS, £ ket £ k,at)

Takum obpasoM, n3 36 ciaraemsix B (3.1.4) BEIKHBAIOT BCETO BO-
CeMb.
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7. Ucxoms m3 M37I0KEHHOTO, TMOJIyYaeM BLIpaXeHUe, KOTOpoe Ha-
30BeM npoobpazom deticmeud 06yr 63aumodelicmeyoWUs MaAcCue-
HBIT AENMOHOS,

afvyé - .
{ zf;ys } = Sgrec(€1, €2) + Sint(e1, €2), (3.3.8)

rue
Sfree(ela 62) =

QAR RIHBHIGARIALG

COOTBETCTBYET NEMCTBUIO “CBOOONHLIX” UACTHI, a

Sint(ela 62) =

a
(G G LT G+ L] )
ij] \ks is| \kj kj is ksl \7j
(3.3.10)
ONUCEIBAET 63aumodeticmeue deys 6bl6PANNBIT AENMOHOE. 3aMeTUM,
YTO MOCJeHee BEIpaXKeHUE OTJIMYAETCI OT ONPENeJIEHHOTO paHee B
(1.4.10) mapHOrO OTHOLIEHNS MEXIY NBYMS MacCUBHEIME 4aCTHIIAMA
(ckansgprOro mpomsBeneHms HX 4-ckopocTeil) KoshdHIEEHTAMH U3

JOIIOJIHUTEJIBHBIX (TpeTBHX) ImapaMe€TpPOB JaCTHUIl.

3.4 ®Ousuveckas MHTEpPIpeTaNUd
“BHYTpPEeHHUX ' mIapaMeTpPOB

1. WsmMernM o603HaYEHN S DONOIHUTEILHEIX (“BHYTpeHHHX”, T.€.
C MHIEKCOM 3) mapaMeTpOB JIENTOHOB, BBEAS A HUX €IWHYIO KO-
pennyio 6yKBY ¢ Iiid 06O3HAUEHUsA UYEpe3 ¢; MapaMeTPOB MEPBOTO
JIENITOHA, a Yepe3 ¢y — MapaMeTPOB BTOPOTO JIENTOHA!

3 3

Il
o

1° = c1r; k= CilR; « 1L ﬁS = C1R; ( )
3.4.1

3 3

— . 3= . — s . £3_ =«
jP = cor; 8 =cop; v° =éar; 6° = éap.

(%1}

B HOBEIX 0603HaUeHUIX HPoO6pa3 NeficTBYUS B3anuMoneicTBus (Ipo-

o6pa3 IIOTHOCTH JarpaHXuaHa B3amMmomeiicTus) (3.3.10) samucsr-
BaeTcd B BHUJE

Sint(ela 62) =
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= %(ElL')’MelL)(E2L')’M62L)(ClR — cor)(G2r — &1R) +

+ %(ElR')’HelR)(EzR’)’M@R)(ClL — ¢31) (821, — E11) + (3.4.2)
+ %(ElL'YMelL)(EzR'YMezR) (cir — car) (821, — é1R) +

+ %(ElR')’MelR) (esrvuezr)(c1ir — c2r)(é2r — E11).

2. Ilponssenem B (3.4.2) cuMMeTpH3aIMI0 U AHTHCHMMETDH3a-
WO 10 XapaKTepPUCTUKaM OTIENLHEIX YacTui. g 5Toro Bocmomis-
3yeMcs TOXIECTBOM

aA+ bB = (a+b)(A+B)+%(a—b)(A—B). (3.4.3)

N | =

Ilon e u b 6ymem mompasyMeBaTh BEKTOP-BEKTOPHBIE CJIaTAE€MEIE B
oTHenpHBIX wieHax u3 (3.4.2), a mon A m B 6yneMm moxpasyMeBaTh
OCTaBIIUECS cCllaraeMble W3 IONOJIHUTENLHBEIX HapaMeTpoB. llocie
HECJIOXKHLIX IIpeobpa3zoBaHUl UMeeM

Sint(el, 62) =
= l(Eyerr) + (e ern)] x [(Earmuear) + (Eanmuesn)C(H)+
+%[(51L7“€1L) — (e1ry"e1r)] x [(€2p7ue2r) — (€2rVuE2R)IC(——)+

+%[(€1L7“61L) — (@uryPerr)] X [(@azvuesn) + (Barvuesr)]C(—+)+

—

+-[(&17"e1r) + (E1rY"e1r)] X [(€2vue2r) — (E2RVue2R)]C(+—),
(3.4.4)

oo

rae kosbdununentsr C(++) umeror Bux
C(++) =

= (c1r — ¢c2r)(éar — €1R) + (c1z — c20)(Car, — &11)+
+(c1r — c21)(Car — E1R) + (e1L — c2R)(C2r — C1L); (3.4.5)
C(--) =

= (c1ir — c2r)(E2r — &1r) + (1L — c21)(C2r — é11)—



3.4. HHTEPIIPETAIINS “BHYTPEHHUX” IAPAMETPOB 91

—(c1r — car)(€2r — €1r) — (€11 — c2r)(C2r — C11); (3.4.6)
C(—+) =
= (c1ir — c2r)(E2r — €1r) — (11 — c21)(C2r — &11)+
+(c1r — c21)(Car — €1R) — (1L — c2r)(C2r — €1L); (3.4.7)
C+-) =
= (c1ir — c2r)(E2r — &1r) — (1L, — c21)(C2r — é11)—
—(e1r — ¢ar)(éar — ¢1R) + (c1z — c2r)(C2mr — E1L)- (3.4.8)

3. Bripaxkenus B KBagpaTHBEIX CKOOKaX W3 CyMM KOMOWHAIUi
“BHemHNX”’ IapaMeTpPOB THUIIA

[(BiLy"e1r) + (E1rY"e1r)]

corzacHo (3.2.15) sBasioTcs BekTopaMu. JIerko BuAeTs, 4TO pasHOC-
TH aHAJIOTUYHBEIX KOMOWMHAIUA TUIA

[(eizy"e1r) — (e1ry"e1r)] = U ysyH ¥,

ABJIAIOTCS ICEBIOBEKTOPAMH.

[lepBoe cnaraemoe B (3.4.4) cmpaBa onucHIBaeT BEKTOP-BEK TOPHOE
B3aMMOZIeliCTBIE IBYX MAacCCHBHBHIX jlenToHOB. Ero ecrecTBeHHO HC-
TOJIKOBaTh KaK ONHUCHIBAIOIIEE 34€KMPOMAZHUMHOE 63aumodeticm-
eue OBYX JlenToHoB. OcTalbHEIE ClIaraeMble CONEPXKAT MCEBIOBEKTO-
phl. M3BecTHO, uTO cormacHo Moznenu Baitn6epra-Canama ciiaraeMbie
TaKOTO THIa ONNCHIBAIOT ciabble (Mmounee, saexmpocaabdble) 63au-
modeticmeud >IeMEHTAPHBIX YacTHI. OJTO NaeT OCHOBAHMSA WMMEH-
HO TaK (U3MYECKN MHTEPIPETUPOBATh OCTABIINECS TPHU CJlaraeMble
copaBa B (3.4.4).

IIpn Takoll MHTEPIPETANNN €CTECTBEHHO IOJIAaraTh, 4TO KOdd-
¢unmenter (3.4.5) — (3.4.8) U3 NONONHUTENLHBIX MapaMeTPOB IPH
BEKTOP-BEKTOPHBIX, IICEBIOBEK TOP-IICEBIOBEKTOPHBIX, - -+ KOMOUHa-
OUAX COOTBETCTBYIOT W3BECTHHIM B COBPEMEHHOW TeOpHH 3apAdam
wacmuy.

4. IlpoananusupyeM Buzn kosbdunuenTos (3.4.5) — (3.4.8). 3ame-
THM, 4TO JJIis KaXXAOTO JIENTOHA U3 JONOJIHUTENBHLIX IapaMeTPOB
MOXHO 06pa3oBaTh CHMMeTPHUYHEIE (BHOA cf, + CR) M aHTUCHMMET-
puunble (Buma cr, — cp) KoM6uHanuu. [lepenmmeM ko3b@UUuEHTH
(3.4.5) — (3.4.8) uepes Takme KoMOGUHALNM:

C(++) = —2(c1z.é1r + c1ré1R + c21.é2r + caréaR)+

+{(e1r + c1r)(E2r + E2r) + (61 + €1r) (c2L + c2R)]; (3.4.9)
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C(--) =

= [(eiz — c1r)(C2r — é2r) + (é12 — é1R)(c2L — c2R)]; (3.4.10)
C(—+) = 2(c12é1r — c1RE1R)—

—[(e1r — e1r)(éar + E2r) + (€12 — é1Rr)(c2r + c2R)]; (3.4.11)

C(+-) = 2(coré2r — c2RE2R)—
—[(e1iz + e1r) (21, — €2r) + (612 + E1R)(c2L — c2R)]. (3.4.12)

Crenyer pasnuuaTh ONHOPOINHEIE ClIaraeMEIe, COCTOSIIUE U3 [OMOJI-
HUTENLHEIX TAPaMETPOB TOJILKO ONHOW YaCTHIIEI U CMEIIaHHLIE CIla-
raeMmele, MPEACTABIAIONINE TPOU3BENECHNS TapaMeTPOB Pa3HBIX Yac-
tun. B (3.4.9) — (3.4.12) npencraBieHns Yepe3 CHMMETPUYHEIE U aH-
TUCHMMETPHUYHLIE KOMOMHANUN 3alUCAHLI TOJIBKO IJIS CMEIIaHHBIX
CJIaTaeMBIX.

B Bripaxennu (3.4.10) He comepXkaTcs ONHOPONHEIE CIIAraeMEIE.
W3 Hero BUIHO, YTO ICEBIOBEKTOP-NICEBNOBEKTOPHEIE (ciabble) B3a-
HMOJEWCTBISA XapaKTEPU3YIOTCI aHTUCHMMETPUIHLIMU KOMOUHALIN-
SMH IONOJHUTENBHEIX (“BHyTpeHHnX” ) mapamerpos. Torna cormac-
HO (3.4.9) cilenyeT MOJIOXUTH, YTO BEKTOP-BEKTOPHEIE (3JIEKTPOMAr-
HUTHEIE) B3aNMONEHCTBAA XapaKTEPU3YIOTCS CHMMETPUYHEIMY KOM-
OWHAIUSAME JONOJIHUTEILHLIX IapaMeTPOB.

5. Oco6o npoananusupyem kosdpdunuent C(++), xapakTepusy-
IOLIAA 3JIEKTPOMArHUTHOE B3amMogeicTeue. [y sToro 3amuiineMm B
HEM 4Yepe3 CHMMETPUYHLIE U AHTHCUMMETPUYHEIE KOMOMHAUN TaK-
JKe U ONHOPOMHEIE CIaraeMble U MPeICTABUM €0 B CIENYIONIEM BUIE

C(++) = ~{[(éa + é1r) — (€2 + é2r)] - [(c1z + c1r) — (car + c2r) ]+

+(é1z — é1r)(c1r — c1r) + (éar, — é2mr)(car, — c2mr)}- (3.4.13)

W3 mepBoil CTPOKM 5TOr0 BEIpaXXe€HWS BUIHO, YTO IBE B3amMOIEil-
CTBYyIOIINE YacTUIEI He MOTYT HNMeTh ONMHAKOBLIE CHMMeTpHUYHEIE
KOMOWHAINHU W3 JONOJHUTEILHEIX IIapaMeTpPOoB.

Wcxons w3 sToro m pama IpYyrux coobpaXXeHWUid, ceqyeT MOJIo-
JKUTh, 4TO IJII B3aHMOAEHCTBYIOMINX YacTUIl BEINOJIHAETCA ONHO U3
IBYX YCJIOBHIL:
nubo

Gir+ér=cup+cop =€#0; ér+épr=cir+cir=0, (3.4.14)
aunbo

Gi+éir=cop+car=0; ér+ér=cr+car=¢E#0, (3.4.15)
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Ille € - HeKoTopasd KOHCTaHTa, IPONOPUNOHAIILHAL 3JIEKTPUUECKOMY
3apany.

ITocne cmemaHHLIX TPENIONOXEHNH TPOO6GPa3 TEHCTBUS SIEKTPO-
MarHUTHOI'O B3aWMOIENCTBUA IBYX YaCTHUI IPUHUMAET BUI

S(e)(el, 62) =

wnt

1
= g[(glL')"uelL) + (eiry"e1r)] - [(€2nvpe2r) + (€2rYue2R)] X

x[(é1r + é1r)(c2r + car) + (é2r + E2r) (1L + c1Rr)]- (3.4.16)

6. Il aHTUCHUMMETPUIHON KOMOWHAIINY TMOJIOXUM aHAJOTHYHO:
anbo

Gip—Gr=cu—c2r=3F#0; éyr—épr=cir—cip=0, (3.4.17)
anbo
Gir—ép=cy—cap=0; ap—Cr=cizr—cr=§ # 0, (3.4.18)

roe § - HEKOoTopas BTOpas KOHCTAaHTa, XapaKTepHsyolnas ciabble
B3aNMOJIEHCTBUA.

IIpu coemaHHEIX MPENNONIOXEHNIX BCe OMHOPOINHLIE CIIar aéMEIE B
kosddunmentax (3.4.9) — (3.4.12) ucuesaror. Ocrapmmuecs nBa Ko3¢-
dunmeHTa, XapaKTepU3YIOIINe CMeNIaHHbIE BEKTOP-IICEBIOBEKTOPHEIE
B3aMMOJECTBUA IBYX JIEITOHOB, IPHHUMAIOT BILJ

C'(—+) = (&1 —¢1r)(c2n+c2r) +(E20+E2r) (1 —c1r)]; (3.4.19)

C'(+-) = —[(é1z+é1r)(c2L —c2r) +(E2—E2r) (c12+c1R)]. (3.4.20)

7. Cnenyer o6paTHTh BHUMaHME HA CMBICT CHOPMYIMPOBAHHBIX
BhImme yciosuit (3.4.14), (3.4.15) u (3.4.17), (3.4.18). IIpexne Bcero,
OHH O3HAYAIOT, YTO OTHOCHTENLHO KaXAOH M3 KoMOuHaumii (cum-
METPUYHOH WM AHTUCUMMETPHYHON) JIENTOH (PaKTHUECKH MOXKET
HaXONUThCS B IBYX COCTOSHUAX, KOTJa COOTBETCTBYIOMIas KOMOUHA-
nus paBHa WIN He paBHa Hymo. Ha3oBeM ciiyuail Hy/eBLIX 3HAYEHUI
KOMOMHAINA He6036YHcOeHHbIM COCTNOAHUEM, & OTIINYHEIX OT HYyJs
3HAUEHH — 8036Ydcoenmblsm cOCMogHUeM. DTO IPUHIUIAAILHO HO-
Bas CHTyal¥s II0 CPABHEHUIO CO CJIOKUBIINMICS IPENCTABIEHNAME B
duzmKe >IeMeHTaPHBIX YacTHI. IIpHHATO cYNTATH, UTO YacTHIA 06-
JafaeT, HAPUMep, JIeKTPHUECKUM 3apsnoM Bcerpa. CoryacHo xe
pa3BUBaeMOil 3eCh MONEIN YacTHIA B HEBO3GYKAEHHOM COCTOSHUN
3apsgaMu He o6lafaeT, a IPHOOPETAET €ro TONIBKO B Pe3yibTaTe
IPOUCIIENINErO B3aNMONEHCTBIA ¢ APYroil yactuneil. Ilpu sToM onHa
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YacTHIa TepgeT COOTBETCTBYIONIYIO KOMOMHANWIO U3 JOMOIHUTEIb-
HEIX IIapaMeTPOB (COOTBETCTBYIOMIMIA 3apsin), a NPyras JacTUIa ero
npuobperaer. B3auMoneiicTBue CBOIUTCS, B YaCTHOCTH, K “mepena-
ye 3apsana’ OT ONHOW YACTUUEI K NPYTOM.

C mosumnuii pasBuBaeMmoil 3meck Mmomenu Ha 6aze BCKO panra
(4,4) wacTuna B HeBO3GYXIEHHOM COCTOSHMN (PAKTHUECKH OIMCHI-
Baercs BCKO panmra (3,3). Ona xapakTepmsyercs TOIBKO ABYMS
“BHEITHUME’ MapaMeTpPaMH, TO €CTh HAXONUTCA B OTHOIIEHHAX C
IBYMS >TaJIOHHEIMHU 5jeMeHTaMu. [lepeiing Xe B pe3ynbTaTe B3al-
MOJIECTBUA B BO36YKIEHHOE COCTOAHNE, YACTUIA HAUMHAET OMUCHI-
Barbcs B paMkax BCKO 6ombiero panra (4,4), To ecTh XapakTepu-
3yeTcs OTHOIIEHUEM €Ille K OTHOMY 5TAJIOHHOMY 3iieMeHTy. Ilpyru-
MHU CJIOBaMu, 3apAdul npedcmasagiom cobotll donoanumenvubie om-
HOWENHUA 6036Yxcdennot wacmuybl ¥ boaee 6ozamomy Habopy ama-
AOHHBIT IAEMEHTNOE.

3.5 BCKO pasnra (2,2) kak nepsoo6pas
3BOJIIONNH

1. To cux mop B 5Toii rilaBe OOGCYXKOAJICA SIEMEHTAPHEIA aKT
B3aMMOJENCTBUS YACTHUI, TO €CTh MEPEXOI U3 OTHOTO COCTOSHUS B
npyroe. IlepeiimeM kK BOIpPOCY O CBA3U 3JIEMEHTAPHLIX aKTOB KaK OT-
IMENBLHBIX 3BEHLEB B IENOYKY SBOJIONUAN YACTHUIl M BCENl U3MUECKON
CHUCTEMEL. JTOT BOMPOC YaCTUYHO yKe 3aTparuBaics B §3.3 npu o6b-
SACHEHWH NPUYUHEI UCKJIIOUEHHWA ‘JIMIIHUX’ CJIaraeMBIX B 6a30BOM
4 x 4-ornomennu B pamkax BCKO panra (4,4). IlonsTue sBomonun
ocuoBao Ha BCKO mummmMansHOro pasra (2,2), KOTOPyI0 MOXKHO
paccmarpuBarh Kak noucucremy BCKO panra (3,3). [locnennsas xe,
KaK MOKa3aHo B MPENLIAYIEM Haparpade, OnucbiBaeT HEBO36Y K IEH-
HEIE COCTOSHUS YaCTHIl B MOXET PacCMaTpPUBATLCI KaK cBoeobpas-
Has nogcucrema BCKO panra (4,4).

Hoscunm mossnerne BCKO panra (2,2) u3 BCKO pasra (3,3).
Yro6Hl 5TO cHellaTh, HYXHO, BO-NEPBLIX, MOKa3aTh NOSBIICHUE IO-
IOJIHUTEIBHBIX TapaMeTPOB, COOTBeTCTBYyoomux s1eMeETaMm BCKO
paHra (2,2), Bo-BTOPBIX, I3 IPEXHEl COBOKYIHOCTH 3JIEMEHTOB chOp-
MupoBaTh ABa HOBEIX MHOXecTBa BCKO pawnra (2,2) n, B-TpeThux,
ONpENeNNTh MEXAY PAa3HOUMEHHBIMH 5JIEMEHTAMH COOTBETCTBYIO-
I¥e HapHble OTHOIIEHNS. PemuM 5Tu Tpu 3ajaun B yKa3aHHOM Io-
CIIeNOBATENBLHOCTH.

2. Jlerko Bugers, uro 3akor BCKO (1.3.2) nns panra (3,3) 6yner
IO-IIPEXKHEMY BBINOJIHATHLCS, €CIM IPOU3BECTH CIEyIolee Ipeobpa-
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30BaHME MapaME€TPOB 3JIEMEHTOB!:

it =it =Cii% kT = kT =Chkty 57— §0 = 0G5 (3.5.1)
a.e — &8 — Caas; ﬁs — ﬁs — Cﬁﬁs, ,)/8 - ;)"/8 — C,y")/s, Je.
rmue Ci, Yy 07 — HEKOTOPHBIE KOMIIJIEKCHEBEIE YHNCJIa, COIIOCTaBJIIEMBIE

COOTBETCTBYIOIINM 3jleMeHTaM. VIMEHHO OHU HpPeACTaBIAIOT cOGOH
napameTpsl sneMenToB HoBoil BCKO panra (2,2).

Panee 6p110 moka3aHo, 4TO 4-KOMIIOHEHTHEIR cTojben W3 mapa-
METPOB 3JIEMEHTOB i° U 3,;, ONUCEIBAIOMINX ONHY YaCTHILY, IPENCTAB-
ssgeT coboit mpoo6pas GucnumHopHOW BosrHOBO#M dyukiuu. [Ipeobpaso-
BaHme (3.5.1) MOXHO MHTEPIPETHPOBATH KaK pasbueHue GpepMUOH-
HEIX BOJIHOBHIX (YHKIUH Ha YaCTOTHYIO U CINHOPHEIE YacTH, HC-
IOJIb3yEMEIE B CTAHAAPTHOW KBaHTOBOH TeopuHu Iois (CM., HAaIpH-
mep, [3]).

EcTecTBeHHO NOIOXKUTE, YTO IJI9 MIAEAIU3UPOBAHHEIX YaCTHII C
HEKOTOPOH CTeNEeHbI0 TOYHOCTH BLIMIOJIHAIOTCA YCJIOBHI KOMIIJIEKCHO-
ro CONPAXEHUS NMapaMeTPOB B HaUaJIbHLIX M KOHEUHEIX COCTOSHUIX
(3.2.2). OTO COOTBETCTBYET ONUHAKOBOCTH SKCIOHEHIMAIBHEIX (Dak-
TOPOB (Y4aCTOTHBLIX YacTeil) y BceXx 4 KOMIOHEHT BOJIHOBOW (hDyHKIMH
¥ B kBaHTOBOM Teopun nois. (Iloxuepkuem, 4To B cTanmapTHON Te-
OpHH OIS BCE KOMIOHEHTEI ONpENENIeHBl B onHOl Touke.) Tpebys
IJ14 3TOTO CiIydasd MHBApPHAHTHOCTH IIapHOTO OTHONIEHNI MEXIY CO-
NPAXEHHBIMU 3JIeMeHTaMy ONHOW YacTHIIHI

i = 1'&" +1°6” = CiCyllia, (3.5.2)

OpPUXOAMM K BEIBOAY, YTO BCEe KOMIUIEKCHEIE umciia C... IO MOAYIIIO
PaBHEI eIUHUIIE.

3. llepeiinem k pemeHuio BTOpoi 3amaun. EcTecTBeHHO mOCTy-
JMpOBaTh, YTO OPH mpeoGpasoBaHuAX (3.5.1) MONXKHEI ocTaBaThCA
MHBapMAaHTHBEIME yHAaMeHTaIbHEIE 2 X 2-orTHOomeHus (1.4.3). Ha-
JIOXKUM Haxe Gollee xecTKoe TpeGoBaHWe, YTOOHI MHBapUaHTHEIMUI
OCTaBAINCh KaxIoe n3 MHOXHTened ciesa B (1.4.3). (Mmenno Tako-
MYy YCIOBHIO OTBEYAET ONpENeeHHE YacTHUHEL ) DTO O3HAYAET

Pk - 2k =k — %k = Inv — CiC = 1; (3.5.3)

5[15’2 _ d2ﬁ"1 — alﬁ2 . a2ﬁ1 = Tnv — CaC[)’ =1, (3,5‘4)

TO €CTHh OOJI2DKHBI MMETH MECTO COOTHOIIIEHMNA

Ci=Cj=e¥; Co=Cj=e"". (3.5.5)
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a) BCKO pamra (3,3) 6) BCKO pasrra (2,2)

Puc. 3.3: UeTBepka 571eMeHTOB, ONUCHIBAIOMIAI COCTOSHUS WMIEAIH-
3MPOBAHHOTO MaCCUBHOTO JienToHa, ¢ nosunuit nByx BCKO

Nmenno Takme BoIpaxkeHus ucnoib3oBainuck B §3.3. Ha pucyuxke 3.3a
n306paXKeHbl YETHIPE BJIEMEHTa, OMUCHIBAONINE NACAIM3NPOBAHHYIO
CBOOOMHYIO YACTUIY B HAYAJIILHOM U KOHEUHOM cocTosHusX. [lokasaHo,
YTO AOMYCTUMEIE eNUHUYHEIE IO MOHYJIO KO>bPUIUEHTHl COBIANA-
0T y MEPEKPECTHBLIX HJIEMEHTOB.

Cootromenus (3.5.4) cienyer NOHMMATh KaK yCIIOBHUS HAaXOXKIe-
HUS 3JIEMEHTOB MPOTUBOMOJIOKHEIX MHOXecTB mauuoiit BCKO B ma-
paXx, PONCTBEHHOE yCJIOBUAM KOMIUIEKCHOTO compsikeHms (3.2.2) ms
ssiemenToB BCKO panra (3,3). Oro o3Havyaer, 4TO ONHOMMEHHEIE
snementHl ¢ 1 k B BCKO panra (3,3) (rak xe xak o u ) ciaenyer

orrectn K pasHeiM MHOXecTBam M u N BCKO panra (2,2).
KpoMme Toro, mosioxuM, 4TO HAXONAIIMECA B MapaX pa3sHOMMEH-
Hele sieMeHTHI AByx MHOoXectB BCKO panmra (3,3) ormocarcs k
nporuBononoxHeM MHOXecTBaM BCKO panra (2,2). B wactrocTH,
IJISL BIIEMEHTOB, W300paKeHHEIX HAa PUCYHKe 3.3, BJIEMEHT « OTHE-

ceMm x MHOXecTBY N, a snemenT B — x mEoxectBy M BCKO panra
(2,2). IlpucBouM BceM 3i1eMeHTaM BTOPOM CHMBOJI (C THJIBION), Xa-
PaKTepU3YIOUUA UX MPUHAIIEKHOCTL K ONHOMY U3 NBYX MHOXECTB
BCKO panra (2,2). Ilns u306paXxeHHEIX Ha PACYHKe 3.3 5JIEMEHTOB
5TO O3HAYAET

i k—od& a—p; Bok (3.5.6)
Cornacuo (3.5.5) sieMeHTEI im &, ku B crenyer cuntars ”cimm-

TeIMU’ APYT ¢ ApyroMm. IpyruMu cioBaMu MOXHO CKa3aTh, SJeMEH-
1 BCKO panra (3,3), Haxomsmuecs B napax ¢ TOYKH 3pEHUS 5TOM
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xe BCKO, aBasioTca sieMeHTaMu pasHBIX MHOXKECTB C TOYKH 3pe-
uus BCKO panra (2,2), u, Hao6opor, snemertsr BCKO panra (2,2),
Haxondinuecs B mapax ¢ Touku 3penmsa >toil ke BCKO, asnaiorcs
5JlEMEHTaMU ONHOTO M TOTO e MHoXecTBa ¢ Touku 3penus BCKO
parra (3,3) (cM. puc. 3.36).

4. OupenennM MapHEIE OTHOIEHUA MEXIY SJIEMEHTaMu IBYX MHO-

xectB M u N uepes kospdunnents C... B (3.5.1) kak uepes cooT-
BETCTBYIOIINE MapaMeTPHl, TO €CTh MYCTh

Uz, = CiCr; w5 = CiCly;
U = CpCl; vz = CpCa. (3.5.7)

Torna nerko y6enurses, uro Bumnoausercs 3akon BCKO panra (2,2)

P(2,2) =

Urs Uig

Yia g ‘:0. (3.5.8)

5. Caenyer 0co6o TONUYEPKHYTH, YTO IIIA 63AUMOOeTCMEYIoUUT
YaCTHI] YCIOBUS KOMIIEKCHOTO CONpsiKeHnus (3.2.2) mapaMeTpoB sie-
MEHTOB B HayaJIbHLIX I B KoHeuHEIle cocTosansx BCKO panra (3,3) B
ob1meM ciydae JOJXKHBI OBITE OOOOIIEHEI B COTJIaCHN C M3JI0XKEHHBIM
B §3.3, Torma Kak yCJIOBHS KOMIUIEKCHOTO CONPSXKEHUS MapaMeTpPOB
“comreix” saementToB BCKO panra (2,2) (3.5.5) nMetor aGcomor-
HBI XapakTep.

W3 m3710Ke€HHOTO CIIeNyeT, 4YTO YeTBEPKA PA3HOMMEHHEIX 3JIEMEH-
TOB, ONUCHIBAIOIINX HAYAIBLHOE M KOHEUHOE COCTOSHUE ONHOW W TOM
e YacTHUIEI, OKa3hLIBaeTCd KaK OBl 3alllHyPOBAHHOW KaK IO TOPH-
soHTany, Tak # no Beprukanu nsyms BCKO panros (3,3) z (2,2).
EcTecTBEHHO MPENNIONIOXKUTE, UTO pa3lesieHNe IBYX SJIEMEHTOB Mac-
CHBHOTO JIENTOHA Ha JIEBLIE U IpaBLle KOMIoHeHTH 1 Hasmane BCKO
paHra (2,2) TECHO CBA3aHEI APYT C JPYIOM, TO €CTh JIEBHIE U IIPABLIE
KOMIIOHEHTHI ONMCHLIBAIOTCA JIEMEHTaMH pas3HbIx MHOXecTB BCKO
parra (2,2).

6. W3noxeHnHoe BEINIIe MOXHO, C ONHOM CTOPOHHI, TIOHAMAThL Kak
Beigenenne u3 BCKO panra (3,3) 6unaproit moncucrems! parra (2,2),
a ¢ IpyToll CTOPOHEI, — KaK cBoeobpa3Hyio KoMmmosunuio 18yx BCKO
panros (2,2) n (3,3). Oru nBe BCKO mmeror npuHnEnuaisHO pas-
JINYHYI0 U3NYECKYIO MHTEPIPETANNIO W UTPAIOT KaueCTBEHHO pa3-
JINYHYIO POJIb B MOCTPOEHNN PyHIAMEHTa GU3NIECKOTO MEPO3NaHUA.
BCKO pagra (3,3), kak yXke yKa3bIBaJoCh, OIUCHIBAET JIEMEHTAD-
HEIl aKT Iepexona GU3HYeCKOR CHCTEMBI (COBOKYITHOCTH Pa3IMNYHEIX
YacTHI) U3 ONHOTO COCTOSHHUA B Apyroe. MoXHO cunmTaTh, 4TO OHA
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XapakTepHu3yeT MUp “I0 FOPH3OHTAIM’ IJIA OBYX COCEMHUX MOMEH-
toB Bpemern. A BCKO panra (2,2) onpenensercs s KaXmoll gac-
Tunsl cBog. OHa XapakTEPU3yeT SBOIONUIO COOTBETCTBYIOINIEH dac-
THUILI, TO ECTh OMUCHIBAET PA3BEPTKY PUBUUECKONR CHCTEMEL “IIO BEP-
Tukaian’ . ITO 06CTOATENLCTBO HOICHEHO Ha pucyHke 3.3a. Temepsn
5JEMEHTHI IBYX MHOXECTB COOTBETCTBYIOT PA3IMUYHBEIM COCTOSHUSIM
B MPOIIECCE SBOJIONUN OTHEIBHO JEBLIX U OTIEILHO MPABEIX KOMIIO-
HEHT YaCTHUIHL.

7. ®usnueckas WHTEPIPeTANUs NEACTBUTENBHLIX (a3 KOMIUIEKC-
HBIX apaMeTpOB uepes guauueckoe detlecmeue mana B §3.3 u Gosee
monpobHO o6CyXMeHa B TJIaBe 4 MEPBOil YacTH >TOi KHUTH. IJocKOITb-
Ky JelCTBUE YACTUHEI ¢ TOYHOCTHIO J0 KO3 PUIMEeHTa PABHO IIINHE
HHTEpBaJla MEXAY OBYMS TOYKAME, TO 5Ty BEJIMYMHY MOXKHO TaKXKe
TeOMETPHUYECKN HHTEPIPETUPOBATEH IPOHOPIUOHAILHON UHTEPBAILY
COBCTBEHHOTO BpPEMEHU MEXAY NBYMs cobuiTusaMu. Mexny sobeiMu

IBYMs Pa3HOMMEHHEIMU JIEMEHTAMU U (3 OMPENETIEHO TapHOE OTHO-
menne B Bune (3.5.7). [loncraBnss B HEro 5KCIOHEHTHI € MOKa3aTe-
JIAMHU B BHJe NeHCTBUA, HaXONNM, YTO IIapHOe OTHOIIeHNE XapaKTe-
pu3yeTcd pa3sHOCTBLIO 3HAUEHUH NeWCTBUA MEXAY ABYMS COOBITUIMU

i

ip = eXP [h(Sz - S;;)] = exp [%Sk] ; (3.5.9)

rzie BMecTO ¢asbl (IelcTBH) 5eMeHTa [ 3anucaHa ¢a3sa (neficTBue)
COIPSAKEHHOTO €My 3JIeMeHTa k, IJId KoToporo coryacHo (3.5.5)

Sl; = _SB; S{fc = SZ - SE (3.5.10)
HOCKOJ‘ILKy B 3KCHOHEHTE 3alliCaHa pa3MepHasd BelIW4YWHa — AeificTBUe
S, B 3HaMeHATeJIb BBelleHa HeKasd KOHCTaHTa TaKol XKe pa3MepHOCTH.
Momus HEOIHOKPATHO IPOBOAMBINNECA aHAJIOTUHN C KBAHTOBOHN MeXa-
HUKOW, eCTeCTBEHHO CUMTaTh, UYTO TaKasd KOHCTAHTa MMeeT CMEICH
moctosauHoi Ilmanka.

N3-3a TOTO, UYTO B KaXIBII MOMEHT pacCMaTpPHUBAIOTCSI Maph
CONPAXKEHHBIX 5JIEMEHTOB, MOXHO 3abBITL O OMHApHOM XapakTepe
BCKO PaHTa (2,2) U IepeliTH K YHapHBIM OTHOHIEHMAM MeEXIY ma-
paMHi COIPAXKEHHBIX 3JIEMEHTOB, IPUYEM HX IIOMe€YaTh 3JIEMEHTaMHU

onuoro m3 MHOXecCTB. IlycTh 5TO 6ynyT >IeMeHTH MHOXecTBa M,
mpuueM uX 6ynmeM mucaThb 6e3 Tuaba. Ecnm B34THL Tpu mapel TaKumx
5JIEMEHTOB, TO JIETKO BHAETh, YTO NJId YHapPHLIX OTHOIIEHNN MEXIY
HIMH HMe€eT MeCTO MYJIbTHIJINKaTHBHOE CBONCTBO 5KCIOHEHIIMAJIb-
HEIX $aKTOpPOB

exp [%Sij] = exp I:%Szk] X exp [%Skj] ) (3.5.11)



3.5. BCKO PAHTA (2,2) 99

COOTBETCTBYyIOIee aJldUTUBHOCTH HefCTBUA
Si; = Sik + Skj. (3.5.12)

OTO 3aKOH yHapHOR CHCTeMBI BelecTBeHHEIX oTHomeHui (YCBO)
paHra 3.

z
=
wn
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SNy
NG
i
/.\
o
\_/
>

e

&
N
a) BCKO pasra (2,2) 6) BCKO pasnra (3,3)

Puc. 3.4: Pa3zBepTka B MIPOBYIO MCTOPHIO IPOLECCOB, OIMUCHIBAEMAs
BCKO panra (2,2)

Ha pucynke 3.4 mpomnmocTprpoBaHa 5BOJIONMS YaCTHUIEL, C Of-
Holl cToponsl, uepe3 BCKO panra (2,2) (puc. 3.4a), a ¢ apyroit cro-
POHBI, Uepe3 MOCIENOBATENBHOCTD HJIEMEHTAPHEIX aKTOB, ONACHIBae-
meix BCKO pamra (3,3) (puc. 3.46). OnHOTHNHEIE 5IeMEHTHl IBYX
muoxectB BCKO panra (2,2) Ha mpaBoM pHCYHKe 4epenyloTCs, 3a-
HIMas [OCJIEN0BATENLHO JIEBOE U IPABOE MOJIOXKEHNE, TO ECTh KaK GBI
o6BUBas BePTHKAJb ABYMs IPOTHBONOJIOKHO 3aKPyUYMBAIOIINMIUCH
JIEHTaMH.
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3.6 OJeMeHTapHbIe N3MEHEHNs MapaMeTpPOB

B npenrimymux maparpadax 5Toil TiaBH OBIIO MOKa3aHO, YTO
5JIEMEHTAPHEIA aKT IePEXofa YacTHUEL (JIENTOHA) M3 OXHOTO COCTO-
AHUA B IPYTOe XapaKTepU3yeTcsd TPeMs TUMAME MapaMeTpOB:

1) “Bmemmmmu” mapamerpamu, To ecth mapamerpamun BCKO
parra (4,4) (mmz BCKO pagra (3,3)) ¢ uagekcamn 1 u 2, u3 kxo-
TOPBIX CTPOATCS KOMIOHEHTHI 4-cKopocTn u;

2) napamerpamu BCKO panra (2,2), pusnueckn HHTEPIPETHPY-
eMBLIME KaK Mpoobpa3s NefCTBUA WIIM CMEIEHN;

3) “BuyTpenHnMu” mapaMeTpaMH, To ecTh napamerpamu BCKO
panra (4,4) ¢ nanexcom 3 (mam 0), U3 KOMOGMHAIWE KOTOPEIX CTPO-
ATCA 3apANHL.

Bce 5T mapamMeTpHl TpeTEpIEBAIOT W3MEHEHHWS B Pe3yiALTATE
B3aMMOZeHCTBHA ¢ Npyrofl (npyrumu) wactunamu. Jomomsum u o6-
O6INKUM U3IIOKEHHEBIN BLIIIE MATEPUAI O XapaKTepe STUX W3MEHEHUH
[T BCEX TPEX TUIOB MapaMeTpOB.

1. “Buemune” napamerpsl. Kak yxe oTMeuasioch, IJid B3an-
MOJEMCTBYIOIINX YAaCTHUI “BHENIHME’ HIapaMeTPEI KOHEUHEIX COCTO-
AHUE yXKe He ABIAOTCA KOMIUIEKCHO COMPAXEHHEIMU MapaMeTpaM
HAYAJILHEIX cocTodHmWil. TeM He MeHee, ClleflyeT OXUAATL CYIIECT-
BOBaHWE HEKUX OGOOGIEHHBIX YCIIOBUI, CBA3LIBAIOIINX MapaMeTPHl B
nByX cocToguusax. Mcxona m3 coobpaxennii COOTBETCTBUS Pa3BUBa-
eMOil 37leCh TEOPHH CO CTAHMIAPTHOMN, BEICKAXEM THIIOTE3Y, UTO 5TO
yCIIOBHE CBA3N UMEET BUI

Uy = (e y"er) + (eryteR) =

= (v + c1k") exp(- ) = [W* — (1 — e1)&"] exp(- ), (3.6.1)

rlle HEKOTOPHIE BEINYUHEI IOMEUYEHE MITPUXAMU, MOXYePKABAOIIN-
MM, YTO OHU COOTBETCTBYIOT KOHEUHEIM COCTOSHUSIM; C1- HEKOTOpAas
KOHCTaHTa MOpsnka eXwHuIE!. (31ech MoKa He KOHKPETH3UPOBAJINCh
5KCIOHEHINAJIbHEIE (PAKTOPHL.)

IMoguepkueM, 4TO cupaBa B cCKOOKaxX 3alMCcaHbl KOMIOHEHTEI BEK-
TopoB u” m u'*, MOCTPOEHHLIE COOTBETCTBEHHO W3 HAapaMETPOB 1°,
k® m MM KOMIUJIEKCHO CONPSAXKEHHBIX, U W3 mapamMeTpoB &, 3° m um
KOMIIJIEKCHO CONPSKEHHLIX. BemecTBeHHEIl BekTOp® K# ompemesnen
B (3.3.4). YcaoBue cBsasu mapamerpoB (3.6.1) sammcaHo cpasy muis
YeThIpeX KOMIOHEHT BEKTOPA.

3Crnenyer saMeTUTh, YTO B CTAHAAPTHON 5JIEKTPONNHAMUKE 5TOT BEKTOP 060-
sHauaeTcsa depes k¥ m aBisgeTcs M30TPONHEIM, T.e. mosaraercs k'k, = 0. Kpome
TOTO, 06BIYHO ucHoNb3yeTcsa ycioBue Jlopentia, KoTopoe B AHHOM CIIydae AOJIXK-
HO 651710 6BI COOTBETCTBOBATH AOMOIHUTENBHOMY COOTHOLIEHUIO Mexny u” m k.
Opnaxo e 6yHeM 3[eCh BOJIEBHIM 06pa30M BBOAUTH MONOGHBIE YCIIOBUSL.
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B nanpmeiimeM 6yneM 3anucEIBATEL Bce GOPMYIIEI Uepes 3HAUEHUS
BEJINYNH B HAadYaJbHBIX cocTosHuax. Wcnombsys (3.6.1), Beimuimem
BEKTOP-BEKTOPHBIE citaraeMble u3 (3.2.16). Tak, i KkBagpaTHYHEIX
BEKTOPOB KaXXJOf JacTULE! (13 mpoobpasa NefCTBHS A CBOGOXHEIX
YacTHI) IMEEM

(TyH ®) (T, T) = ulu, + 2ciu, 6" + "k, (3.6.2)

Ilns mepekpecTHEIX (MeXAY OBYMs YaCTHUIAM#) BEKTOP-BEKTOD-
HEIX CJlaraeMbIX (B Ipoo6pase NENCTBHUS B3aNMONEHCTBUS) MMEEM
aHAJIOTUYHOE BHIpaXKeHNe (6€e3 SKCIOHEHIMAILHEIX CIIaraeMEIX )

(ﬁly“wl)(ﬁzylﬂlz) = ufus, — cruf K, + cruhKk, — C%FLMI‘LM. (3.6.3)

s ckansapHBIX (MacCOBHIX CIaraeMEBIX) B IpooGpase meiicTBUA
Ui ” cBOGONHEIX” 9ACTHIl TAKXKe BOZHUKAET NOIOJHUTEIBLHOE BBIPA-
JKeHUe, comepxkairee k*.

2. ITapamerpst BCKO panra (2,2) yXe paccMaTpHBaluCh
B §3.3 B cBaA3m ¢ ycTpaHeHWEM “JUITHUX’ cllaraeMBIX B 6a30BOM
4 X 4-otHomenuu. C yuyeToM OpHUBEINEHHEIX TaM (HOPMYJI BEKTOP-
BEKTOPHBIE (M30TPONHEIE) BEIPAKEHN A IPUOOPETAIOT CIEAYIOLINE K-
CHOHEHIIMAJIbHEIE CIIATAEMEIE:

i

(ezy"er) — (ery"er) exp [ h(AS + kl,:v”)] ;

i

S(AS+ kl,:n”)] . (3.6.4)

(ery"er) — (ery"er) exp [
IIpousBons B BEIpaXeHHN

TyHE =

= (ery"er) exp —%(AS + k,,az”)] + (ervy"er) exp [%(AS + k,,:n”)]

CIMMETPHU3aINI0 I aHTHCHMMETPH3ANNIO C IOMOINBIO IPABEJEHHOTO
BEIIIe TOXOecTBa (3.4.3), roe non A u B MOHIMAIOTCS COOTBETCTBY-
IolIne 5KCOOHEeHINAJIbHEIE cJlaraeMble, HaXONUM

_ 1
UyHe = 5[(@:7“%) + (ery"er)]x

i

X (exp [%.(AS + kym”)] + exp [ h(AS + kl,m")D —
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—%[(ﬁ‘r“eL) — (er7"eRr)]x

X <exp [%(AS + k,,:e”)] — exp [—%(AS + kﬂ:”)]) . (3.6.5)
CraHmapTHO# TEOPUH COOTBETCTBYET CJIAraeMOe JIMIIb C CUM-
METPHUYHON 3KCIIOHEHIIMAIILHON KOMOMHAIMEN, TO eCTh NepBHI UjieH
cupaBa. B HeM MoxHO BeImenuTh ciaraemeie ¢ AS u k,z¥ u BTO-
PUYHO MPOU3BECTH CHUMMETPU3ANNIO U aHTUCHMMeTpu3anuo. OusiTsb
OCTaB44 JINIIb CUMMeTpUYHLIE KOMOMHANUM, 6yIeM UMeTh

TyH T ~ <exp [%AS] + exp [—%AS]) X

X (exp [%kym”] + exp [—%kﬂ@”]) . (3.6.6)

IlepBas KoM6UHALINSA SKCIIOHEHT ONUCHIBAET YACTOTHEHIE YACTH JIET-
TOHHO# “BOJIHOBOHW pyHKIUHU’, a BTOpas KOMOMHAIMA SKCIOHEHT CO-
OTBETCTBYET BKJIaZlaM OT B3aMMOAEHCTBHS CO BTOPOH yacTuueR (mo-
JAM IEPEHOCYNKOB B3amMozeiicTBmil). 3aberas Buepel, OTMETHM,
YTO MMEHHO 5Ta KOMOWHANUA O0GECTeYMBAET SKCIOHEHTHI B UUCIIH-
Tejle MONUHTET PAIILHOTO BEIPAXKEHU JIJIS MPONaraTopa SJIeK TpoMar-
HUTHOTO (I TPaBHTANMOHHOTO) B3amMogeiicTBuit B (2.5.4).

3. “BuyTpeHHUNE mapaMeTPBI’, TO €CTh MapaMeTPhI C WHIEK-
coM 3, m3MeHsIOTCA coraacHo dopmyiam (3.4.14) — (3.4.15)  (3.4.17)
- (3.4.18), TO ecTh M3MEHAIOTCA OT HYJIEBLIX 3HAYEHUIl B HEBO3GYX-
IMEHHBIX COCTOSHUAX MO BO36YXIEHHLIX UIU HAO6OPOT:

(CL + CR) — (EL + ER) = +té; (CL - CR) — (EL - ER) = 43. (3.6.7)

CasaxeM Mexny coboil BBeleHHEIe BennanHEL [l 5TOro HamoM-
HEM, 4TO corsacHo (3.3.6)

AS = p;A:EH,

rJie B JaHHOM IOAXOJ€ 4-MepHEIe KOOPAMHATEHL 2/ NMeIOT BTOPUYHEI
xapakTep. OHI BBoAATCA U3 Gojlee MEPBUYHBIX MOHATHI 4-CKOPOCTH
u* (4-mmmysnnca) n cmemnenns ds (meiictBus). Ilomaras, yTo n3mene-
HU OefCTBUS U 4-MepHEBIE CMEINeHNs KOOPAMHAT MaJibl, TO €CTh

AS —dS ~ds; Azt — dz*,
BBEJIEM €CTECTBEHHOE COOTHOIIEHUE

dz#

b
ut = —.
ds

(3.6.8)
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WNmesa BBuUny m3BeCTHLIE 3aKOHOMEPHOCTH MHOTOMEPHEIX T€OMET-
pUYECKUX MOJeJiell PM3MUeCKUX B3amMoOfeicTBUi Tuma Teopuin Ka-
nyust n Kielina, BemeM aHaJIOTWYHEIE ONPENENIeHNs NI KOMOGMHAIIIT
“BHYTpeHHHX’ MmapaMeTpPOB

4 dz® dz
¢ +ecr=—; c¢cL—CcrR— —.

ds ds
3mech, KOHEUHO, CJIEBa MONPa3yMeBAIOTCA 3HAUEHHA IJIA BO30OYXKIEH-
HEIX 3HaUYEHWil mapaMeTpoB. B mpoTWBHOM ciiydae ciefyeT IHCaTh
KOMOMHAINMK B KOHEUHBLIX COCTOSHMIX.

(3.6.9)

3.7 DbBa3oBoe 4 X 4-oTHOIlIeHe KaK mpoobpa3s
NeCTBUSA U MHOTOMEPHON MeTPUKHU

1. W3 u30XeHHOTO B 5TOH IilaBe BUAHO, YTO U3 6a30Boro 4 X 4-
OTHOITNIEHNS MOXHO MOJYYUTH BHIPAXEHUS, COOTBETCTBYIOIINE CIIa-
TaeMBIM OOIIENPUHATOTO deticmeud 044 63aumodeticmeyouus wac-
muy. B gacTHOCTH, U3 6a30BOTO 4 X 4-OTHOIIEHNS MOJIYYaIOTCSI KOM-
OGWHANINN, COOTBETCTBYIOIINE CIaraeMBEIM B POKKEPOBCKOM MIPUHITNIIE
OIS aaexmpomaenumuozo B3aumoneiicteus. OgHako, KpOMe MPOM3-
BelleHUs 4-cKopocTeil (4-TOKOB) IBYX B3aNMOAEHRCTBYIOIINX YacTHI B
npoobpase IefiCTBUSI NMEIOTCS TaKiKe MPON3BENeHN ICEBIOBEKTOPOB
IBYX JaCTHI[, a TaKXe BeKTopa (4-CKOpoCTH) Ha ICEBIOBEKTOP U Ha-
ob6opot. B raaBe 12 6yner mokaszaHo, YTO 5THU NONOIHUTENILHEIE CIIa-
raeMele OMUCBHIBAIOT 34E€KMPOCAabble B3aUMONEHCTBUS, B HACTOSIIIEE
BpeMs paccMaTpuBaeMble B paMkKax Mmogenu BaiiuGepra-Camama.

Kaxk yxe ormeuanocs B §3.3, u3 6a30Boro 4 X 4- oTHOUIEHUS TIOIY-
YaeTcsA TakKxkKe Mpoobpa3 MeCTBUA PACCMATPUBAEMEBIX ~ CBOOONHBIX
gactun (3.3.9). C yueroMm BBeneHHHIX B §3.2 0603HaUeHMiT 5TO BHI-
paXeHUe 3aNlNCLIBAETCSA B BUIE

Sfree(ela 62) =
1 u _ _ _
= §(€1L’Y €1L)(€1R7M€1R)(02L — cor)(Car — Car)+

1 - -
+§(52L’)’“62L)(52R‘YM62R)(01L —canr)(éir — &)+

+(eireir)(e2rear)(c1z — c1r)(C2r — C21)+
+(e1reir)(€arez2r)(car — c2r) (1 — €1L). (3.7.1)

OTMeTuM, 94TO BO BCEX BTUX BBLIPAXKEHUIX OTCYTCTBYIOT SKCIOHEH-
nualibHbIE PaKTOPHL.
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2. Ot 6azoBoro 4 X 4-OTHOIIEHUS MOXHO TEPElTH % npoobpa-
3y muozomeprotli mempuxy meopuy Kaayywi- Kaetina, xoTopas, mon-
YepKHEM, 3alUCHIBAETCA, NCXONS U3 KIACCHUECKUX MOHATHHA. YTOOR
5TO CcIenaTh, IPeXIe Bcero, B mpootpase peiicteus (3.3.10) crenyer
HCKITIOUATE MCEBIOBEKTOPHLIE CJIATaeMEIE, HE UMEIOINE KIACCUUEC-
KOoro aHasora. B mrtore B mpoo6pase HEHCTBHUS OCTAIOTCS Cilarae-
MEI€, COOTBETCTBYIOIINE SJIEKTPOMArHUTHOMY B3aUMOAENWCTBUIO, W,
B OBIIIEM CJIy4Yae, 94acTh, ONUCHIBaoImad “cBobonusre” yactuisl. [lom-
CTaBIIAi B Hero oGo3HaueHNs, BBefeHHEE B (3.6.1) — (3.6.3), nmeem

S’(el, 62) =

dz" dz¥ . . dzS dz8
= Ny d—si + c1ky (Ti + clfell’) f1(0) + F(invy, znvz)gllgj

d
dzt dz¥
+7, f2(0) (d—si + 1kl (d—sz + Cl"vZ) +

7 v 5 5
+nﬂexp(el, es) d% + c1k* (dﬁ - cln") Z—g%, (3.7.2)

rae cumBosioM F(- - ) 0o603HaueHEl HHBapHAHTHI, COOTBETCTBYIOIINE
HOCJIENHUM OBYM cTpokaM B (3.7.1), a cumBoast fi(0) u f2(0) osHaua-
0T KO3hPUIMEHTH U3 JOMOJIHUTENLHLIX TAPAMETPOB B MEPBHIX ABYX
cTpokax (3.7.1). B sToM BEIpaXkeHHW SBHO He BEINWCAHEI SKCIOHEH-
IUajbHLIE claraeMble; 1), — KOMIOHEHTEI METPHKHN IPOCTPaHCTBAa
MunxkoBckoro.

3. Brimenum omuy m3 dactun. llycThs sTo 6ymeT yacTumma ¢ Ho-
Mepom 1. Ymuoxus (3.7.2) Ha ds%, mojydJaeM KBaJpaTUYHYIO 7-
MepHYIO $HOPMY IJis BLIAEIEHHON Y4acTUILI

S'(eq,e5)ds? = dx? =
= N f1(0)(del + c1xtdsy)(de} + c167ds1)+

dzy l,) dm§+
— — k) —
ng ! d82
6 K v
+F(invy, invﬁ%dsﬂm? + nuu%%
2 2 dS3

B sToM BrIipaxenuu BenmumHy ds; MOXHO TPaKTOBaThb Kak mudde-
peHnuaj ceIbMOI KOOPIMHATEHI, KOTOPYIO 0003HAUNM HHAEKCcOM 4:

%(dm‘fdm? + 17 dsy dz3) (

f2(0)ds?. (3.7.3)

ds, = dz1. (3.7.4)
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[lepBas cTpoka copasa B (3.7.3) popMabHO IPHBOAUT K KBaIpa-
TUYHBIM BLIPAXEHUIM IO 4-MEPHEIM CMEIEHNAM, K KBaIPaTUIHOMY
cmaraemomy 1o dz* m K cMeImIaHHOMY cllaraeMOMY, TPONOPINOHAIE-
HoMy dztdz*. DTo BEHIpaxkeHWe mpencTaBiIgeT coboil Mpoobpas MeT-
PUKH B MHOTOMEPHLIX T€OMETPHYECKUX MONENIIX (PU3WUEeCKUX B3au-
MOJefcTBHH, 06CYyXIeHHON B MOCJIEAYIOMINX IJIaBaX.

3.8 3amMeuyaHusa U BBLIBOALI

1. Cnenyer elme pa3 MOMUEPKHYTH, YTO B 3TOM TJaBe 06CYyKAEHA
MaKCHUMAaJLHO YIPOIIEHHAA MOAETH (GU3UKA MUKPOMHUPA, OMAPAIOIIa-
¢ Ha cOGCTBEHHYIO cucTeMy moHaTHi. O CHOBHEIE YIPOIIEHMIS
COCTOSIIN B CIIEAYIOMIEM:

a) Mozens crpomiach Ha 6aze BCKO munuMasnbHoro panra (4,4),
MO3BOJIAIONIETO TOJIBLKO B OBINMMX YEPTAX BCKPBLITH MPOOGPa3sHl KITIo-
YEBLIX MOHATUN COBPEMEHHOM (DUIUKMU;

6) B 5TOH MONENN PacCMaTPHBAINCH TOJBKO ABE BEIIEIEHHEIE
YACTUIEL, TO €CTh NUTHOPUPOBAJIOCH CYIIECTBOBAHME APYTUX YACTHUI]
OKPYXAaIOIIEro MUPA;

B) BBHIJEJIEHHEIE YaCTHUIEL IPENCTABIIIN cOBOil MOIEeNn MpocTeli-
IINX >JIEMEHTAPHBIX 4aCcTHI (JIENTOHOB);

I) PacCMOTPEHNE BEJIOCH C TOYKYM 3PEHMs ONHON >JEMEHTAapHOM
6a3bl — mpocrTeiinmero Habopa 5TaJOHHBEIX 3JI€MEHTOB.

2. Tem He MeHee, yHaJioch yKa3aTh IPOO6GPA3EI CIIEAYIOLIMX
KJIIOUEBBIX MOHATUN COBPEMEHHOM PU3HKM:

1) xomnonenwm 4-mepreir cxopocmeti 4acTHUIl, BEIPaXKaeMEIX de-
pe3 “BHemHWe” mapaMeTpHI (¢ HHAeKcaMu 1 U 2) 5/1€MEeHTOB;

2) 3apgdoe sneMENMAPHBIT YACTNUY, BEIPAXKAEMBIX YEPE3 OO
HUTEIbHEE, TPETHHU MapaMeTPhI 3JIEMEHTOB;

3) xaaccuueckozo deticmeud, COOTBETCTBYIOIIETO BEIIECTBEHHO-
MY TOKAa3aTeNIo0 SKCIOHEHINANLHEIX (PaKTOPOB, O6YCIIOBIIEHHLIX TOI-
cuctemoit BCKO MuummanbrOro panra (2,2);

4) umnyavca nepedauu, oByCIOBIEHHOTO O6OOIIEHNEM MIPaBHIIa
KOMIUIEKCHOTO COTPSIXKEHUS MapaMeTPOB 53JIEMEHTOB HAUYAIILHBEIX W
KOHEUHLIX COCTOAHUIH;

5) deticmeud (naommocmu 4a2paH*CUAHA) CACTEMEL U3 IBYX B3a-
MMOJIENCTBYIONINX YACTHUI], B KAUECTBE KOTOPOTO BHICTYMAeT 6a30Bo€
4 X 4-0THOIIIEHNE, TIOCTPOEHHOE Ha SJIEMEHTAX, OMUCHIBAIOIMINX STH
YaCTHUIILI;

6) mHozomeprot Mempuky, BEIBONUMOI 13 6a30BOT0 4 X 4-0THOIIE-
HUA.

3. YkazaHHEIE BLINIE YOPOIIEHUS OGYCIIOBWIM PAA HEAOCTAT-
KOB PacCMOTPEHHOI ajre6pamdecKoil MONENN (PU3MUECKUX B3aMMO-
MeRCTBUE maphl yacTuil. [lepeunciiuM OCHOBHEIE U3 HUX.
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1) B mpoo6pase MHOroMepHO#l MeTpuku (3.7.3) KosbdummeHT
nepen 4-MepHON KBaJIpaTW4HO# dopmoii 7, dz'de” obpamaercs B
HYyJIb BCJIENCTBYE YCJIOBHIl Ha NONOJHUTENbHEIE (“BHyTpeHHne” ) ma-
pamerptt (3.4.14) unu (3.4.15). (OnHako ONHO U3 CIaraeMEIX C MHBa-
pHaHTaMH B OOIIEM CIIy4ae MOXKET OKa3aThCA OTIIMYHEIM OT HYJIA.)

2) Benmuuntr ds moka urpaiot gopManbHyo poib. OHE HCHOIL-
3YIOTCS KaK OBUIenpUHATEE TudPEPEHINAIBI I COOTBETCTBYIOT TO-
HATUAM U3 HeapXUMENOBOI reoMeTpuH (Ko3(dUIUeHTaM B SKCIOHEH-
IUAIBHEIX (paKTopaX, OMUCHIBAIOIINX MUKINYECKYIO 3aBUCUMOCTE).

3) B npoo6pase MHOrOMEPHO#l METPUKHU ¥ JEHCTBHUS YK€ Pasiu-
YaloTCs ClIaraeMEIe, KOTOPEIE COOTBETCTBYIOT OBIIENPUHSATOMY BEK-
TOPHOMY MOTEHNNAIY, ONHAKO JJIA €T0 OKOHUYATEIHHOTO ONPENEIeHN I
He xBaTaeT npomararopa (¢pyskumn I'puna). IToka me yxasaHo, Kak
MOJIy4YaeTCs MPONaraTop M3 ykKe MCHOJIb30BAHHBLIX MOHSTHIA.

4) OcraeTcs OTKPLITEIM BOIPOC O 3HAUEHUH KBajapaTa Ipoobpa-

3a MHOTOMEPHOTO HMHTepBaja dX2.

MoxHo yka3aThb psAX OPYTEX HENOCTATKOB (3a4ad) M3JIOXKEHHOM
MOJeJ.

4. llng pelneHns MepedyuCIIeHHEIX U pAna OPYrux npobiieM Heob-
XONNMO, KaK MUHUMYM, yUecTh cllefyiolliue Tpu dakTopa:

a) IpHUBIIEYL K PACCMOTPEHMIO BCE APYTHUe YaCTUIBI OKPYXKalo-
mero Mupa (ucmons3oBaTh npuHnun Maxa);

6) mepefiTu OT OTHENBHEIX YAaCTHI K MaKpOOOBEKTaM M CHEIATh
COOTBeTCTBYIOIINH Iepexol K MaKPOIOHATUAM,

B) IEPEHTH OT 3JIEMEHTAPHOrO Habopa GasMCHBIX SJIEMEHTOB K
KIIaCCHYEeCKOMY HabiomaTenio (Makpompubopy).

Bomnee coBepuienntie Momenu, YyYNTLIBAIOIINE STH W HEKOTOPEHIE
Ipyrue ¢akTophl, oO6CyXKIeHEl B CIeAYIOMNX IBYX IjlaBaX.



I'maBa 4

IIpuamun Maxa

Kak yxke oTMeuasioch, B COBpeMEHHOH TeOpeTUUecKol ¢u3mKe He
peanuzyerca npunnun Maxa. B mpenmaraemoii 3mechk peasmuoHHOR
TEOPUY IPOCTPAHCTBA-BPEMEHN ¥ B3aNMOINENCTBHH (B GUHADHOM reo-
MeTpodusuke) npuamun Maxa urpaer kmodueByo ponb. Oka3sriBa-
eTcd, 6e3 yueTa oKpykKalolllell YacTUIy MaTepNU HEBO3MOXHO aXe
3anucaTh BKJall B cBOOOIHOe IeficTBHEe >TOHW YacTHUIEI, He TOBOpA
yXKe O IOJIHOM ONNCAHWHU €€ B3aNMONEWCTBUHA ¢ APYTUMH YacTHIa-
Mu. B 5Toil r;iaBe BHUMaHUE COCPENOTOYEHO HA NBYX XapaKTEePHBIX
TMONMHOXECTBaX M3 4eTHIpeX, yKa3zaHHBIX B IpeaMOyile 3TOro pas-
Ilejia: Ha BBLLIEJIEHHOM OObeKTe W Ha YacTHIaX OKPY2KaloIlero Mmpa
(cM. puc. 4.1), mpuyeM 5TO HeNaeTcs OTHOCUTEIHHO 3JIEMEHTAPHOTO
Habopa 5TaloHHLIX 51eMeHToB. O6CyX)naeTcs BiausHUE dacTu (co-
GBITHI) OKPYXaIOIIEr0 MUpPa HA CMEINEHNEe BHINEIEHHON YacTHIEL

4.1 OcHoBanus npuHnumna Maxa

1. Yxe pynnamenransHoe 2 X 2-orHomenne BCKO panra (3,3),
HMeeT, MOXHO CKa3aTh, “4-moueunblii rapaxmep’, HOCKOJILKY 3a-
MUCEIBAeTCH MJIA YETHIPEX SJIEMEHTOB M3 IBYX Pa3HBEIX MHOXECTB.
ITo-pasHoMy KOMOGMHUPYS UX, MOXHO ONUCEIBATL 3TUM OTHOIIEHUEM
pasnnuHble GU3MUECKNe MOHATUS U CUTyanum. 1Tak, mojaras, 4To
OHU ONMUCEIBAIOT ONHY M TY XK€ YaCTHUIy U CIMUBasg UX BOETUHO, MO-
Jy4aeM KOMIOHEHTEI 4-CKOPOCTH 5TOH dacTHIEI corilacHo (1.4.7).
Ilonarasg, 4To OBe maphl Pa3HOMMEHHLIX SJIEMEHTOB NMPUHAMIJIEXKAT
pasHEIM yacTHIaM (pasmeisds MX IO TOPH3OHTAJM), JaHHOEe hyHIaA-
MeHTAaJbHOEe 2 X 2-OTHOIIIEHNE MOXHO MOHMMATL KaK 9acTh OTHOIIeE-
uus (1.4.10) mexny nByms wyactumamu. B namsoi riaBe 6ymeMm mo-
HUMAaTh YeTBEPKY 5JIEMEHTOB ONMCHIBAIONIEN ONHY U TY Xe YacTHIy,
HO COCPeNOTOYNM BHUMAaHUE Ha pa3leeHNU 3JIEMEHTOB IO BEpPTHKa-
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JI, COOTBETCTBYIOIIIEM NIBYM MOMEHTaM BPEMEHU. OTo OTO6pa.)KeHO

Ha pucyske 4.1, rie mokasano cmemenne dz™ BrizenTeHHOM YaCTHIEL.

2. B mpensinyineii riaBe paccMaTpUBAIoch 6a30Boe 4 X 4-0THO-
menne B pamkax teopuu BCKO panra (4,4), nMeromiee, MOXHO CKa-
3aTh, “8-Toueunrnlii xapaktep’. B 5Toil riaBe Halia mEIbL COCTOUT
B mepexofie OT 6a30BBIX 4 X 4-OTHOIIEHUT K MAPHbIM OMHOULEHUAM
mencdy d6yma GAUKUMU TOUKAMU, COOMEEMCMEYIOUUM KEadpa-
my uUKWMeEpPeasa 6 pumarosol seomempuu. B pamMmkax 6GuHapHO# reo-
MeTpodU3UKH 3TO O3HAUaeT, 4TO M3 8 3jeMeHTOB 6azoBoro 4 X 4-
OTHOIIEHNUS NOJIKHEI OBITH BEIIEJIEHEI SJIEMEHTEI-TOYKH, XapaKTepu-
3yollpe ONHY M Ty )K€ YacTUIy B IBYX Pa3sHLIX MHOXeCTBax (B IBa
MoMmeHTa BpeMern ). Ho 11 ofHOM 4acTUIEL TAKUX 5/1€MEHTOB GyneT
gersipe. OcTaBIIMECs 5JIEMEHTHI XapaKTEPU3YIOT APYryio (mpyrue)
yacTHny (YacTHUIEI), TO €CTh OTHOIIEHNE HEM3OEXHO MMEET “MHOTO-

Toueunsrii” xapakrep!. Kak oT Hero mepeiiTm K mapHOMY OTHOIIe-
HUIO [JIs BELOEJIEHHON J4acTHUEI! B34ATh KaKyo-TO APYTyIO 4acTHILy?
Ho torma kakyio?

IIpennaraercs eTWHCTBEHHO BO3MOXHOE pELIEHUE, COCTABISIO-
mee ocHoBaHue (mim npoobpas) mpunnuna Maxa: B pamxaz
BCKO panea (4,4) undunumedumasvroe naproe omuowenue 04
deyz noaoxcenut ebvideaennot 4acmuybl NOAYLAEMCI NOCPEICTLEOM
cneyuanbrot npoyedypsvl cymmuposanud exdados 6azoeviz 4 X 4-
omuowerutl (¢ yuacmuem PA3HOUMEHHBIZ AEMEHMO6 6bldesenHol
YACTNUYBL) NO BCEM FAEMERMAM OPY2UL YACTIUY OKPYICAIOUE20 MU-
pa.

IloguepkueM, 4TO yYacTUe YACTUIl OKPYKAIOIIETO MUPa B OMpe-
MEeJIEHUN MapPHOTO OTHOIIEHU S AJIA OTAENBHON YaCTUILI COOTBETCTBY-
et npuanuny Maxa B caMOM IIMPOKOM €ro MOHUMaHUU, cHopMyu-
POBAaHHOM B TiiaBe 2.

3. Haunas popmynaupoBka npoobpasa npuHiuna Maxa BBI3bIBa-
€T psia BompocoB: YTO KOHKPETHO 03HAUAET yUACTHE PA3SHOUMMEHHEIX
5JIEMEHTOB BEIAEJIEHHON YacTUIbI? YTO BXONUT B ONpPENENIEHUE CIe-
OUaTLHOW mpouenypwl cymmupoBanusa? O Kakux BKIIagaxX Gas30BEIX
4 X 4-oTHOouIeHN# nueT peub? UMEOTCA N HEKOTOPEIE APYTHUE BOMPO-
cul. B aToil m B cienymomeil riiaBax JaloTCSd OTBETHI HA HUX.

Haunem ¢ mepBoro m3 o6o3HaueHHEIX BOmpocoB. llocTymupyem,
4TO 044 NoAYueNUT npoobpada cmewerud (detlcmeud) HYHCHO Cym-
MUPOBAMb 8KAADBL MOAbKO Makuz 6a306biz 4 X 4-omuowenutl, xo-
MOPblE 3ANUCHIBAIOMCA OAL 6CET YEMBIPET IAEMEHMOE 6blOEAEHHOT
wacmuybl. 3aMETUM, YTO KaXIoe ciaraeMoe 6a30Boro 4 X 4-oTHo1e-
Hus (3.1.4) comepxuT mpomsBeneHus u3 6 mapaMeTPOB COCTABIAIO-
[IAX €r0 BJIEMEHTOB, TaK YTO B 5TOM OTHOIIEHUN GYAYT cilaraeMEle,

1
B cBa3u ¢ aTuM cienyeT ynomsauyTs paboru B.4.CxopoboraTsko [67], pas-
BUBABIIIET0 MHOTOTOYEUHYIO T€OMETPUIO U UCKABIIETO €€ IPOABICHUS B QU3MKE.
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comepXalliie YeTEHIpe, TPYU WM TOJBLKO Ba HJIeMEHTa (U3 YETHIPEX)
BBLIEJIEHHON YacTUILI, BXOHAIIER B OIpelleleHle 3TOr'0 OTHOIIEHU.

[IycTs BrimenenHas wacTuna (IpucBoNM el HoMep 1) xapakTepu-
3yeTcs >JIEMEHTaMU i, k B HAUAJILHOM COCTOSHUU W BJIEMEHTaMHU «,
[ B xomeunoMm coctosHuu. O603HAUNM MAPHOE OTHOIIEHNE OIS STOM
YacTHUILI, 06pa3oBaHHOe COIJIacCHO CHOPMYIUPOBAHHOMY IPUHITUILY,

camBonom al?)(1,1'). Ono mmeer Bun

@) . World aﬁ’)’d
a (1,1)@j95{ikj8}. (4.1.1)

Bce cocTaBHEIE YacTH 3TOrO BHIpaXEHUS MPOWLIIOCTPUPOBAHLI Ha
pucyuke 4.1. O6parum BHuManue, uto B (4.1.1) mocTaBien He 3HaK
PaBEHCTBA, a 3HAUOK <, O3HAYAKMUN BMecTe ¢ | ) moka He pasbsic-
HEHHYIO CIENWAJbHYIO MPOUENYPY CYMMUPOBAHUS BKJIIAOB.

YacTunsl oKpyKaloIiero
Mupa

Cuemenne,
BELIEJIEHHON

YaC THITEL
a /
dzM

mn |

OneMeHTapHEIH 6azuc
CHCTeMBI OTHOIIEHUH

Puc. 4.1: Ilapuoe oTHOIIeHWE MeXIY OBYMs HOJIOXKEHUIMHU BELIE-
JIeHHOHl YacTHUEI (€€ CMEINEeHNE) ONpENeNsIeTcs >JIEMEHTAMHU BCETO
OKPY2KaloIllero MUpa.

4. OkpyXamwlline 4acTUILI MOTYT BXOAUTHL B 6a3oBwie 4 X 4-0T-
HOIIIEHUs, IpocyMMupoBaHHEIE B (4.1.1) wepes 1, 2, 3 unm 4 cBomx
saeMenTa. g Toro, 4TobBl mpencTaBUTEL cebe, KaKmWe ciiaraeMbIe
comepxaTcs B mapHOM oTHOmeHNH (4.1.1), nocTaTOYHO paccMOTpeTH
CYMMY BO3MOXHEIX 0a30BBIX 4 X 4-OTHOLIEHWH N9 Mper 4acmuy.
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B 510l cymMMe 6ynyT DpHCYTCTBOBATH CIENYIONINEe KOMOWHAINM U3
3JIEMEHTOB TpeX BLIOpAHHEIX YacTHIL:

44440, 440+4; 4+2+2 4+3+1; 4+1+3.

Bun mepBrix nmByX KOMOWHaIWil yXXKe W3y4YeH B NPENBINYIIEH TiIaBe.
B §3.7 6vuto mokazaHO, YTO 5TU KOMOMHANWM He MAlOT BKJIAJOB B
npoobpa3 HeificTBUA O CBOGONHEIX YacTHI. BKIIambl oCTalbHEIX
KOMOUMHAINE pacCMOTPEHHL B CJeAyIOMNX NBYX Haparpadax.

4.2 DBa3soBble 4 X 4-0THOIIIeHNA U3
KoMOuHanum suga 4+2-+2

1. lycTs TpW BEINEJEHHBIE YacCTUILI XapaKTEPHU3YIOTCA CJe-
OYIOIUMA TPeMs dYeTBepKaMM mapaMeTpoB: (i,k;a,f), (4,s;7,9),
(I,7; X\, p). Haunem ¢ paccMoTpeHus ciiydas, KOTJa BTOpas U TPEThI
YacTHUIEI TPEICTABIEHLl 3JIEMEHTAaMN OJHOBPEMEHHO W3 NBYX pa3-
HEIX MHOXECTB. JTH BO3MOXHOCTH MPOMJUTIOCTPUPOBAHEI YETHIPh-
Ms OumarpaMMaMu Ha pucyHke 4.2. Brnimennm u3 Bcex Takux 4 X

Puc. 4.2: BasoBrie 4 X 4-oTHoIleHNA W3 KOMOMHAIN Buna 4-+2-4+2

4-oTHOIIEHNH cllaraeMble, COOTBETCTBYIoMNe Npoobpasy AelcTBHUA
I c60600n0t nepBoil YacTUNb. HamOMHUM, 4TO OHM ONUCHIBAIOT-
sl CIIaraeMEBIM B JIEBOM BepxHeM yrity dopmyast (3.1.4). Ucnons3sys
paHee BBeleHHLIe 00O3HAUYEHUA, CYMMY U3 YeTHIpeX TaKUX cilarae-
MBIX HaXOIUM B BHIE

5.[4+2+2](1) _

free

(B G+ G+ ()= Gl -
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1
= Z[(élL'Y'uelL) + (e1rY"e1r)] X [(G1rvue1r) + (B1RYuEIR)] X

x[—2(c2rb2r, + carC2r + 31831 + c3ré3r)+

+(car + c2r)(ésr, + €3r) + (€2 + E2r)(car + c3r)]. (4.2.1)

B 5TOM BhIpaXXeHHUN OPENNOCIIENH:AsA CTPoKa (U3 OMHOPONHBIX cllara-
eMBIX) o6palaeTcs B HyJIb IO TeM XK€ IPHYMHAM, YTO U B IPENLINY-
meit riaBe. OTIANYHEIR OT HYJIS Pe3yNbTAT HaeT HOCIETHSS CTPOKA.
Takum o6pasoM, 603HuKaem 6x4ad 6 NPoobpas c60600HO20 cMeUe-
Hug u3bpannot (nepeoti) wacmuysl u3 NPou3eedeHUL CUMMEMPUL-
HIZ KOMOUNQYUT JOMOAHUMEABHBIE NAPAMEMPO8 J6YT OpY2uT uac-
muy.

3amernM, uro mpu HanmcaHun (4.2.1) cymecTBeHHBEIM ABJIAETCH
HOPSANOK 5JI€MEHTOB, IPUCBaMBaeMbIX YacTHIaM. Bynem momarars,
4TO 3J€MEHTHI HAYaJbHBIX I KOHEUHBIX COCTOSHUM ONHON M TOM XKe
YaCTHILI IMEIOT ONMHAKOBLIA nopsnok. Torna nepecTaHoBKa yacTHIy
He MeHJeT 3HaKa Pe3yIbTUPYIOMETO BHIPAXKEHUS.

2. Cnemyer OTMETHTH, YTO HMEIOTCA APYrMe KOMOWHAIMN BH-
na 44242, Korna maphl 3JI€MEHTOB BTOPOil I TPeTbeil YacTHIl IPH-
HaJJIeXaT ofHOMY MHOXecTBY. OG0O3HaUNM Takne KOMOMHAIIMN CHM-
BostoM 4+(2)+(2). OHn m306pakeHEl Ha OMarpaMMax pHcyHKa 4.3.
Jlerxo BumeTh, 94TO A4 TaKNX KOMOHHANNil 06paIaloTcs B HYJIb BCE

Puc. 4.3: BazoBete 4 X 4-oTHoIIeHNs w3 KoMGHHanmit Buga 4+ (2)+(2)

cJlIaTra€MBIE€, COOTBETCTBYIOIIIUE BEKTOP (HCCBI[OBGKTOP)-BeKTOpHBIM
(—HCGBI[OBGKTOPHLIM) B3aMMOAENCTBUAM YaCTHII. OTINYHEIMEI OT HY-
JIA MOTYT OCTaThbCd JINIIL BKJIAIAEBI B CBO6OI[HyIO qaCThb npoo6pa3a
HOeNCTBUSA BBIJEJIEHHON YaCTHIIEL. Jlerko IIoOKa3aTh, YTO OHH HMEIOT
B

U@+ @y _

free
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(B G+ (0]

= @y ewn) + ey ern)] * [(Ernvuerr) + (Bamyuern)]x
X [(éar — &2r)(csr — c3r) + (car — c2r)(C3r. — Eé3R)]. (4.2.2)

3meck mocienHaa CTPOKa XapaKTepPu3yeT BO3MOXHEIE 6K.4a0bl 6 Npo-
o0bpas delicmeud u36panHol 4YACTUYUBL OM KEAOPANUUHBIE AHMAU-
cummempuunblr (caabbviz) 3apa0oe emopot u mpempet UaAcmuUY.

3. B paccMaTpuBaMbIX KOMOMHANUAX THUHa 44242 OTIUYHBIME
OT HyJs 6yoyT BKIAIBL OT Y€TBEPOK (CPENHNX) NMATOHAILHEIX CIIa-
raeMbIX 6a30BHIX 4 X 4-oTHomeHwmil, 3anucaHHbIX B (3.1.4). IIpoms-
BONS BCe TPOIENYypHI, ONUCAHHEIE B TjaBe 3, BEINUIIEM OTAEIHHO
YJIEeHBI, XapaKTepPU3yIOline BEKTOP-BEKTOPHLIE B3aNMONENCTBHUS BLI-
JEJIEHHON YacTUNEL ¢ AByMsa npyrumu dactunamu. OHE UMeOT BHI

Bl til(1;2,3) =

1
= 5[(51L’Y“€1L) + (e1r7"e1r)] X [(€2ryue2r) + (E2rYuE2R)] X

x[=2(c1zé1z + c1rC1r + 3083 + c3résr)+
+(c1z + ea1r) (s + €sr) + (€1 + ¢1r)(csr + car)|+

1
+§[(€1L')’H61L) + (e1rY"e1r)] X [(€sryuesr) + (€srvuesr)] X

x[=2(c1zé1z + c1rC1r + c21.82r + Caréar)+
+(e1r + c1r)(éar + €2r) + (612 + é1r)(c2r + c2r)]. (4.2.3)

N3 »T0lt dOpMYyILI BUIHO, YTO B BEKTOP-BEKTOPHOE B3amMMOIEHCT-
BUe IIEepBOHl YacTHUUBI CO BTOPOH HaeT BKJAL 3aTPaBOUYHEIR 3JIEK-
TPUYECKUR 3apal TpeThell YacTHUIEL, a B BEKTOP-BEeKTOPHOE B3alMO-
IelicTBUe NepBOil YacTHIHEI C TPeThell BHOCHT BKJal 3aTPaBOYHBIN
SJIEKTpUUYECKUil 3apsan BTopoi yacTuisl. OTHOPOAHEIE CIIaraeMEbIe B
TpeThell U B MIeCTON CTpoKaX obpalnaioTcd B HYJIb.

4. Tloce cOOTBETCTBYIOMIUX BLIKJIANOK JETKO YOEOUTHLCS, UTO
koMbOuHanNu Buna 44242 He naloT BKIIAIOB B IICEBIOBEK TOP-IICEBIIO-
BEKTOPHOE B3amMOJeiicTBHe IepBOM YacTHILI CO BTOPOH U TpeThel,
a TakXe OTCYTCTBYIOT BKJaIbl B BeKTOpP-ICEBIOBEKTOPHEIE B3an-
MOIEMCTBUSA TEPBO# YacTUUOBI ¢ AByMs npyrumu. OcTaioTcs JuIib
MCEBIOBEK TOP-BEKTOPHEIE B3auMopeiicTeus. Ouu onuckiBaioTcs Gop-
MYJION

S350, 5) =
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1
= 5[(51L’YM61L) — (eirv"e1r)] X [(€aryue2r) + (€2rYu€2R)] X

x[2(e1é1z — c1rC1R)—

—(c1z — e1r)(8sr + €3r) — (612 — é1r)(car + c3r) ]+
1
+§[(§1L’)’“61L) — (e1ry"e1r)] x [(esryuest) + (€sryuesr)] %

x[2(e1é1z — c1rC1R) —

—(e1r — c1r)(€2r + €2r) — (€1 — E1r)(c2r + c2R)]- (4.2.4)

IIo YIOMAHYTBEIM BHIIIIE NIPUYMHaAM 3TO BEIPaXE€HHUE HE Na€T BKJIala
B Hp006pa3 CMEIEHN I KJIaCCUUECKON YaCTHIILL.

4.3 DBa3soBbie 4 X 4-0oTHOIIIeHNA N3 KOMOUHA-
nuu sunos 4+3+1 um 4+1+4+3

1. PaccmMoTpuM BKJa 5THX KOMOWHAIUN Ha IPUMeEpe ONHON U3
HUX, a uMeHHO 4+4-3+41. Ilpm 3anucm Takmx KOMOWHAIU CYIIeCTBe-
HEH NOPAIOK 3JIEMEHTOB B COOTBETCTBYIOMNX 6a30BLIX 4 X 4-0THOIIIe-
HUsSX. ByneMm monaraTh, UTO 5JIEMEHTHI TPEThell YaCTHUILI TOKHEI
TOMeIaThCd Ha MECTO HCKIIIOUEHHOTO 5JIEMEHTA BTOPOH YaCTHIILL.
(IIpu 5ToM Takxke 6ymeM moiaraTh, 4YTO SJIEMEHTHI HEPBOM YacTH-
1Bl pa3 HaBCerna (PUKCHPOBAHLI B PaHee MCIOIL30BAHHOM IOPSIKE. )
UeTkIpe napel Takux KOMOWHaNW n306paXeHLl Ha qUarpaMMax pu-
cyaka 4.4.

1 2 1 2 1 2.3 1 3

2
NV T2 WA B o X

/ /
l\ L AN GL DAY
1 5 2 FoA 2 1 Fo 2

Puc. 4.4: BasoBrie 4 X 4-oTHoIIeHNa U3 KoMbuHanuii Buga 4+3-+1.
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2. OnaThs HaUYHEM C BKJIAIOB B mpoobpas cMelleHus “cBoGomHoin”
(mepmoit) wactuusr. Cobupas BKiIaabl 0T 8 6a30BEIX 4 X 4-0THOLIEHMIT,
TIPUXOIUM K BBLIpaXXeHUIO

ghtsrilny = —4 [‘; i ] X (car, — cor)(Bar, — Eam).  (4.3.1)

Bxknaner oT TpeTheil YacTHIEI IpU JaHHOM IOpAJKE 3JI€MEeHTOB B3a-
IMHO COKPAaTIJINCh. ODTO BEHIPa)K€HNE JHaeT HYJIEBOH BKJIal B IPO0O-
pa3 cMellleHns cBOOONHON JacTHIEHL, KaK M B ciiydae 6a30Boro 4 X 4-
OTHOIIEHNA, pa3obpaHHOTO B TlaBe 3.

3. YerBepkn (BHYyTpeHHNX) OMaroHaJbHBLIX KOMOMHANWil BHIA,
3almMcaHHOTO B 6a30BoM 4 X 4-oTHomennu (3.1.4), mociie paga cuMm-
MeTpHu3aluil U aHTHCHMMETPU3allii MOXHO IPeJCTaBUThL B CIeNy-
IoIlleM BHJIE

S+ (1.9 3) =

int

= slEy"err) + (Errenn)] * [(Earruens) + Eryuesn)]x
xX(A+B+C+ D)+

+%[(€1L7M61L) + (e1ry"e1r)] X [(€2rvue2r) — (B2RYuE2R)] X
X(A-B+C- D)+

+%[(§1L’)’M€1L) — (eiry"e1r)] X [(€arvue2r) + (€2rYu€2R)] ¥
xX(A+B-C-D)+

+%[(€1L’)’M€1L) — (eiry"e1r)] X [(€2p7ue2L) — (E2RVuE2R)] X

x(A- B-C+ D), (4.3.2)

TI€e NPUCYTCTBYIOIINE B CjIara€EMBIX KOB(p(l)H].IHeHTBI 3allNCEIBAIOTCA
YEepe3 MOINMOJIHUTEJIBHBIE MMapaMETPEI CJIENYIOIITNM o6pa30M

A = (c1r — ¢e31)(8ar — &1R) + (c1r — c2r)(é3 — E1R);  (4.3.3)
B = (cir — ¢31)(C2r — é1r) + (c1r — c21) (3L — é1R); (4.3.4)
C = (e1z — e3r)(é2r — €11) + (e1z — ¢c2Rr)(8sr — E11); (4.3.5)
D = (c1r — e31)(Car — é11) + (e1z — cor)(ésr — é1z).  (4.3.6)
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4. PacnuineM oTHEJIBHO BEIPaXX€HUE IJI BEKTOP-BEKTOPHOTO B3a-
nmorneiicTeus. Wcnonssys popmymner (4.3.3) — (4.3.6), Haxonum

gliattl(1;2,3) =

1
= 5[(51L’Y“61L) + (e1rv"e1r)] X [(€2nvpe2r) + (B2rYue2R)] X

x[—4(c1réir + c1iréir)+

+(c1z + a1ir)(C2r + éar) + (611 + E1r)(car + c2r)+
+(e1z + e1ir)(ésr + ésr) + (611 + ¢1r)(csL + car)—
—(car + c2r) (83 + é3r) — (G2 + éar)(caL + c3r)]- (4.3.7)

O6pamaer Ha ce6s BHUMaHUE Pa3HBLIA XapaKTep BXOMAIIAX CIONA
BLIpaXeHUi. TpeTha cTpoKa CBEPXY CONEPKUT ONHOPOTHEIE KOMOU-
HAIIMYU U3 MOMOJIHUTEILHEIX MAPAMETPOB. OTHU CJIaraeMbIe HalOT HY-
JeBoll BKilan. YeTBepTas CTPOKa CBEPXY COOTBETCTBYET paHee IO-
JIy4EHHOMY 3JIeKTPOMarHNTHOMY B3aMMOIENCTBUIO ABYX 3apAXKeH-
HEIX yacTun. [laTas cTpoka maeT Bkianm, aHAJOTWYHLIA HOJIYYeHHO-
My B OpenbinyiieM maparpade, T.e. ¢popmyie (4.2.3), korna BekTOp-
BEKTOPHOEe B3aHMOJelcTBUE ¢ ONHON YacTHUIel, 3allCLIBaeTCA depes
sapsan npyroil wactumsl. Hakomen, BrlpaxeHwe B mocienseil (ime-
CTOll) CTPOKe BOOOIIE HE CONEPKUT 3apsna NEPBOR YaCTHIELI M IPEN-
cTaBiifeT coboll KBaJpaTHUHYI0 KOMOMHAIIWIO U3 3apANOB BTOPOU U
TpeThell YacTHIl.

5. Belpaxenus n3is komouaanuii 4+1+3 nMeloT COBEpIIIEHHO aHa-
JIOTUYHEIA BuA. B HUX HY>XHO TOJILKO MEpeCcTaBUTHL MeCcTaMU HOMepa
BTOpO#l W TpeTheil yacTun. CroenaeM 5To AJA MOCienHed HOPMYITBI
(4.3.7), T.x. Takme ciaraeMble B HaJbHeRIIeM GyoyT UrpaTh Bax-
HYIO POJb.

31,3, 9) =

1
= 5[(€1L7M61L) + (e1ry"e1r)] X [(€sryuesr) + (€srYuesr)] X
x[—4(c1é1r + c1rG1R)+
+(e1z + e1ir)(@sr + ésr) + (é1L + €1r)(csL + car)+

+(e1r + c1r)(éar + €ar) + (611 + ¢é1r)(car + c2r)—
—(car + car)(€ar + €2r) — (Esr + €3r)(car + car)]- (4.3.8)
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6. Cnenyer oTMETUTH, UTO KPOME PACCMOTPeHHEIX B §§4.2 — 4.3
BapMaHTOB MMEIOTC €Ille KOMOWHAIIMY BUIOB:

442+1+1, 44+141+4+1+1,

BKJTIOYAOIINE B Ce6s SIIEMEHTEI 4eMbIPEL U NAMU PA3HBIT YACTNUY,
KOoTophle (OpMAIbHO TaKXKe MONMaaloT MOI KPUTEPURl BKIIAIOB B
CMeIlleHne BBIMEIEHHON JacTunsl ¢ HoMepoMm 1. OueBMAHO, 4TO TO-
ciienHne KOMOMHAIIMA MOTYT HaTh BKJIal TOJILKO B “cBo6omHOe” meil-
cTBUe, a KombwHanuu Bunma 4424141 mMoryT maTh BKJanbl B Jei-
cTBUe B3auMofneiicTBus. B paccMaTpuBaeMoil 3/1eCh MONEIN OTPAaHU-
YUMCS CIIyYaeM TPeX YacTHUIl, BXOAAIINX B 6a30Boe 4 X 4-0THOIIIEHHE.

4.4 IlIpoo6Gpa3 6-mepHOl MeTPHUKH

1. CobepeM m3 OpeNBIAYHINX PA3leliOB BCE CIaraeMEIe, COCTAaB-

astomue (4.1.1), 1 yMHOXEM HX Ha ds%, kak B §3.7. Ilns pesynbTu-
pYIOIIETo BEIpaXXeHUs BBeleM 0G03HAUEHUE

a?(1,1")ds? = di2 <:>d31UU[ ) + SO +

free free
+dst U S 2)+
2

+ds? JU [Sh (152, 8) + 85 (152,8) + 8152, 3).

ant nt nt
2 3

(4.4.1)

Hcnonbsys dopMyas §3.6, oTnensHo o6cynnM BKIanel B dI2, ma-
BaeMble a) KBaJPaTHYHEIMH CJIaraeMbIMA IO 4-MEPHEIM CKOPOCTSAM
BBLIEJIEHHOR YacTHUUEI, 6) JIMHEHHLIMU CIaraeMBIMU 1O 4-MEpHBIM
CKOPOCTSM M B) WIEHAMH, HE CONEPXKAIIUMN 4-MePHBIX CKOPOCTEN
1-# gacTuOEL:

dI* = dI?*(2) + dI?(1) + dI%(0). (4.4.2)

a) KBaaparuunsle 1o 4-MepHBIM CKOPOCTSM cJlaraeMEIe
cormnacHo ¢opmyaam (3.6.1) — (3.6.3) MOXHO HpeACTAaBATEL B BHUIE

drr(2) e = (UU 2)u((33))) Ny X

X (dm“daf:” + erdetdz*s” + e de” dzkt + c?(dm4)2n“n") , (4.4.3)
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Ile CyMMUpOBaHNe IPOU3BONUTCA IO BceM BO30YXIeHHBIM IIO MATON
M IIECTOM KOOpHMHATAM UYAaCTHUIIAM OKPYKAIOIIEro Mupa. 3MeCh U B
HajbHelmeM nuddepeHnualbl IepBoll YacTHIEI 6yneM nmucaTh 6e3
wHIekca 1 cHEU3Y.

6) JInHeliHBIe IO 4-MEPHBEIM CKOPOCTSAM CJIaraeMble Co-
ritacHO dopmynam (3.6.2) — (3.6.3) sanmuceIBatoTCs B BHIE

= 1
dr*(1) 16 exp(1) 7, X

X U exp(2) (d:c“u?;) + cldm4u/(g)liu) U fa(u
2 3

—

2 uf’3), dz®, d:r:4)—|—

+ U U exp(3)(da:"u?§) +c da:4ul(‘;)/£”)f3 (u?z), u?3), de®, dz*)| ,
2 3

(4.4.4)
rie fo u f3 HekOTOpEIE GYHKIWM OT MOMONHUTEIBHEIX KOODIUHAT
Tpex JacTH.

B sToM BRIpakeHWHN HCHOJIBL30BAaHEI 0603HAUEHU

1 1

exp(s) = exp [hklgm?s)] + exp [ hkgml(as)] . (4.4.5)

IJ1d COOTBETCTBYIOIMIUX YacTun s=1, 2, 3.
B) Cnaraemsle, He comepXainue 4-CKOpOCTell BhIAEJIEH-
HOM YaCTUIEI, IPU CAETAHHLIX IPENNOIOKEHNIX OTCYTCTBYIOT

dr*(0) = o. (4.4.6)

IeficTBuTENnBHO, cornacHo onpenenenuio (4.1.1), B Tex BEIpaKXeHUIAX
6a30BbIX 4 X 4-OoTHOIIEHWH, I'lle He colepxXaTcd 4-CKOPOCTHU BELIe-
JIEHHOW YaCTHILI, JOJIKHLI KBalPaTUUHO BXOANTH NONOJIIHUTEILHELE
KOMIIOHEHTEHI CKOPOCTel TOol YacTuIE, 0643aTelIbHO OHA B Hauallb-
HOM COCTOSHUH, a Ipyrad — B koHeunoM. Ho mpm cmemanHOM momy-
IIeHUN, YTO BO30OyXKIeHHAsd YacTHla 0643aTeJIbHO UCIyCKaeT M3JIy-
YeHHe, clleyeT MOJIOXKHUTDL, YTO TaKad KBaJpaTWUHad KOMOWHAIUA
U3 JONOJIHNTEILHEIX KOMIIOHEHT paBHa HYIIIO.

2. UrHopupys BKJIaObl OT ICEBIOCKOPOCTEH OKPYXKAIOUIUX Yac-
THUI MUpa, IpUXoAuM K 6-MepHOH KBaJpaTHW4HOHN (opMe AJid BELIE-
JICHHOW YaCTHIIEL

di* = Gynde™de? (4.4.7)
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IJle KOMIOHEHTHI 6-MepHOR MeTpHUKH

OIIPENEIIAIOTCA BKJIaJaMM:

G44

G45

G55

=

- é/w ‘ é/A GM5
GMN: Q4y Q44 G45 (4.4.8)
Gs, | Gsgs 0
~ Ul bs — b (4.4.9)
nuu4 (2)95 — U(2)06); 4.

2
—ClliMU b5 — u )bg)
b
— exp Uexp 2)u
— exp Uu (2) Uexp ) (4.4.10)

1
39 exp(1) Uexp(2)u€2)uu
1
— exp Uexp 2)u U( ufs) + u?2)) +

3
—eXp UUexp (2ufy) +ufy);  (4.4.11)
—clnﬁﬂ U 2)b5 — u(2)b6) —
‘;—15/3 exp(1) Uexp(2) g )5u§ b —
Pexp(1 Uu Uexp (a); (4.4.12)
g—; exp(1)x” L2Jexp(2)u’(2)ﬁu?2) +

— exp KP U exp(2 U(2u?3) + u?z)) +

c
é exp(1)x” U U exp(3)u€3)ﬁ(2u?2) + u?S)); (4.4.13)
2 3

0. (4.4.14)
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SI[GCI: HNCIOJIB30BaHEI 0003HAUYEHN !
b5 = U3u?3); b6 = U3U?3). (4415)

Crenyer oco6o HOTYEpPKHYTH OOpallleHre B HYJIb QUArOHAJIBLHOMN IO-

IOJIHUTEBHOM KOMIOHEHTEL MeTpukn Gs.

3. CnenaeM HeCKOIBKO 3aMeYaHWil MO BEINMCAHHBEIM KOMIIOHEH-
TaM npooGpa3sa METPHKM:

1) Kak mpaBuio, Besfie MUCaINCh He 3HAKM PaBEHCTBA, a CHM-
BOJIBL <>, I BMECTO OGBIYHEIX CYMM — 3HakK# | J, 4TO mog4epKuBaeT
IOKa ellle He PacKPBLITHI XapaKTep CHENMAJIbHOTO CYMMUPOBAaHHS
BKJIAJIOB 3JIEMEHTOB OKPYKAIOIIETO MIPA.

2) B npuBenmeHHEIX pOpMyJIax SBHO OGO3HAUEHHI JIMIIb SKCIO-
HeHIMaJIbHEIE WIEHHI, CONEepXKalllle MMIYIbCHL mepemadnm k” um He
OTMeYeHbI SKCIOHEHNNAbHEIE ClIaraeMBble, CONEpPXKAllNe UMIYIbChL
camux gactun (cnaraemsle ¢ dS B skcmonente). IlonpasymeBaercs,
9TO OHH COINEPKATCI B COOTBETCTBYIONINX CIMHOPHEIX (BEKTOPHEIX)
KOMIIOHEHTaX.

3) B dopmynax (4.4.9) — (4.4.14) He yUNTEHIBAINCH CIaraeMEbIE C
IICEBIOTOKOM PacCMaTpPMBAaeMOil YaCTHIEI, KOTOPEIE, KaK M3BECTHO,
IpomafaioT B cIydae Makpoo6bekToB. B riaBe 12 Gymer mokasaHo,
4TO TaKMe CjlaraeMble ONMUCHIBAIOT 3JIeKTPOcIabble B3anMOAENCTBHA
MUKPOOOBHEKTOB.

4) B npuBeneHHEIX poOpMyiIax TakiKe He yUHTHIBAJINCH Cjlarae-
MEIe ¢ IICEBIOTOKAMH OKpyXafomux dactun. PakTHdueckm mosara-
JO0Ch, 9TO BeCh OKPYXKAIOMMil MHUP MOXHO INOHNMAaTh KaK eIWHBIH
r106aJbLHEIN MaKpoOOBEKT.

5) Cienyer Takxe 3aMeTUTh, 4TO HabIIOJaeMble MAKPOOGBEKTHL
COCTOAT He TOJILKO M3 JIEITOHOB, HO M U3 GapHOHOB, KOTOPHIE, KaK
6ymeT mokasaHo B pasgeie 6, omucriBaorcsi BCKO 6osee BEIcOKHX
PaHroB. 3IIech JKe PaccMaTPUBaeTCs YIPOIIeHHas MONeNb Ha Gase
BCKO pagra (4,4).

4.5 IlocaenmoBaTesibHOCTH NMPOHENYP
nepexona K KJAaCCHYIECKNM HOHATUAM

1. BepaeMmcsa k 06CcyXIeHWIO MPOUENYPH CYMMUPOBAHUA BKJIa-
OB OKpyXafomux dacTun. Ilag »Toro 3aMeTmMm, 4TO 3Ty HpoIe-
IYPy CIeNyeT paccMaTpWBaTh B KOMILIEKCE C HECKOJIBKUMU NPY-
TMMH ONepaunusaMu: penykuumeii Ha 4-mepue (mpouemypoir 1+1+44-
pacIlenseHns), CYMMIPOBAHUEM IO 3JIeMEHTapHLIM 6asaM (Habopam
5TAJIOHHEIX 5JIEMEHTOB) U C HEKOTOPHIME ApyrumMu. Beero MoxHo BhI-
IEJUTH TMATH Takux mpouenyp. llpmueMm, okasriBaeTcsd, pe3yibTaT
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CYIIIECTBEHHO 3aBUCHUT OT MOPANKa UX MpoBeleHUA. B >Tux o6cTOs-
TENLCTBAX CIENYeT PYKOBOACTBOBATLCI HABOMSIIUME COOGpaKeHN-
MU U3 TEOPUU HPSIMOTO MeXYACTUYHOTO B3aMMONEWCTBUS, TEOPHUN
Kanyusr-Kneiitna n Tpe6oBaHUEM BEIMOJIHUMOCTH HPUHINIA COOT-
BETCTBUS C W3BECTHON Teopuel. AHAIN3 MOKA3LIBAET, UTO CIEAYET
OCTAHOBUTLCS Ha CJENYIONIEM MOPSIIKe MATH MPOUENYP:

1) Cuayama HEOGXONMMO BBHINEIUTH M3 BCEX OKPYXKAIOLIUX dac-
THIl HEKOTOPYIO BTODPYIO YacTUNy (BHOCIENCTBUM IO BTOPHIM dYac-
THnaM 6ymeT NPOBONUTHCA CYMMEPOBaHHE) M CaMBIM HENOCDPENCT-
BEHHLIM O6pa30M IPOCYMMHUPOBATH IO BKJIAJaM BCEX TPETHUX Yac-
Tun. Takoe pasnelneHne HaBeSHO TEOPUEH MPSIMOTO MeXYaCTUYHOTO
B3aMMONENCTBNS, N3 KOTOPOH CIENYeT, UYTO B3amMOIeicTBUE MeXIY
MO6LIMI IBYMs YACTHOAMHI 3aBUCHT OT BCEX APYTHUX YACTUI. DTO
onuceiBaeTcs Teopmeil norgorurens Peitamana. B mtore uz (4.4.9)
— (4.4.14) mony4amoTCs KOMIOHEHTEI IPO006Pa3a 6-MEPHOR MeTPUKH
Gun.

2) IlpoBenenme mpouenypsl 1+1+4-pacmmensnenus B paMmkax 6-
MepHOi#l MeETPUKN, OJIYYeHHOH Ha nmepBoM STane. W13 ontiTa mocTpo-
€HUS MHOTOMEPHEIX TeOMETPUUECKNX Momeliell GU3MIEeCKNX B3amMMO-
IENCTBUN CleqyeT, YTO GU3MUECKN HHTEPIPETUPYEMELIMHE SABIISIOTCA
JINITL BEJINYWHLI, CIPOEKTUPOBaHHEIE Ha MOHATHUS 4-MEPHOTO MUpA.
Ins 5Tol menn pa3sBUTH clieNWajbHLIE MeTOnHI penyknuu. Ux Bax-
Has COCTaBHasd 4acTh UMeeT airebpandeckuil XapakTep U IPUMEHN-

Ma K mpoobpasy 6-mepuoit MeTpuku G jsy. DTa IPOUENAYPa U3IIOKEHA
B clenyiomeM maparpade. B uTore HaxomsaTcs KOMHOHEHTH IPOO6-
pasa 4-MepHOI MEeTPHKH §,, U 4-MepHEIX BEKTOPOB IHUAaJHL.

3) YcpenHeHmE 1O MakpoOOGBEKTY, COmEpPXKAINEMY NEPBYIO dac-
THUIY, X 0 MaKpoobbeKTaM, CofepKallluM BTOpble YacTUIHI.

4) CyMmMupoBaHWe IO HaGOpaM STAJIOHHEIX SJIEMEHTOB, COCTAB-
nsronux Makponpubop. O6CyKAEHUIO S>TOR TPUHIIUINAIBEHO BaXXHON
Ipouenyphl MOCBAIIeHa BCA cileAyloliiad IJIaBa.

5) CyMMupoOBaHHzE IO BCEM BO3MOXHBIM BTOPEIM 06beKTaM (dJac-
THIIaM) OKPY2KAalOLIEr0 MUpA.

Tonwbko nocste TpoBeNeHNS BCEX HTUX IPOLUENYP MOTYIaIOTCI KOM-
TIOHEHTHI METPUUECKOTO TEH30pa KJIacCHUeCcKOTro IPOCTPaHCTBa-Bpe-
MEHU ¥ 5JIEKTPOMArHUTHOTO BEKTOPHOrO noTennuaia. COBOKYyITHOCTH
TIepeYNCIIeHHEIX MTPOUeNyP MOXHO N300pa3uTh B CJeAYIOINeM CIMBO-
JINYeCKOM BHIE

World ( basis |object object

Bu(z)=0bs > <> |> > Bu.|y, (4.5.1)
1 @

(2)

rie by — Hekas HOpMEpYOIIasd KOHCTAHTa, BOSHUKAOIIAs OpU MPO-
nenype ycpeneeHms, B,,.(z;) —cobuparenbHoe 0GO3HAUeHME BeENH-
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4YHnH C 4-MepHI:IMH NHAOEKCaMM. B xauecTBe IMOCJIENHUX BBICTYIIAIOT
KOMIIOHEHTEI 4-MepHOI‘O METPUYECKOTO TEH30pa ¢, WUIN BEKTOPHO-

ro sjeKTpoMarsuTHoro moreHnmana A,. CumBosom By - - - 0603Ha-
YeHLI KOMIIOHEHTHI Ipoobpa3a COOTBETCTBYIOMIMX BEJIMYWMH, IOJIY-
YaOIUXCA B pe3yibTaTe MPOBeNeHUs BTOpOMl mpouenypsl (14+1+44-
pacIlenyIeHns).

2. Ilpexme, 4eM NEPEXONMTEL KO BTOPOM NPONENypPe, BEHIIMIIEM
HCXOIHEIE IIJI €€ MPOBENeHN s KOMIOHEHTEI TPoo6pa3a MEOTOMEPHOR
MeTpuky, nonydaeMsle u3 (4.4.9) — (4.4.14) B pesynbTaTe mpoBene-
HUSA NepBOil MPOUENyPEL:

~ 1
Gm/ - Znuu(u?z)bS - u?z)b6)7 (452)
. c 1
Gu = Zl’iu(“f’z)bfl - u?z)be) ~ 16 exp(1) exp(2)uz2)uu?2)b5 -
1
- 15 eXP(l)“?z) 23: exp(3)u'(3)uu‘z’3); (4.5.3)
- 1
G = 3 exp(1) exp(2)u;2)uu?2) +
1
+ 16 exp(1) exp(2)u€2)u(2b5 + bguly) +
1
+ 16 exp(1) ZGXP(3)UI(3)M(2"?2) + ”?3)); (4.5.4)
3
- C% 8 5 6 Clb5 B! 5
G44 = ZK/ K/B(U(z)bg, — U(2)b6) — T eXp(l) eXp(2)l<; u(2)[3u(2) —
c
~ c
Gys = 3—; exp(1) eXP(2)”ﬁ“/(2)ﬁ“?2) +
+ f—é exp(1) exp(2)fcﬁu€2)l3(2b5 + bguﬁz)) +
c
+ é exp(1) 23: exp(3)nﬁuz3)l3(2uf’2) + uf’3)); (4.5.6)
Gss = 0, (4.5.7)

rIe KOHCTAHTH by, bg coorBeTcTByIOT BHIpaxeHumsaM (4.4.15) u Te-
mepb UMEIOT BUI

by = BZU?S); bg = BZU?S). (4.5.8)
3 3
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3meck b — HeKOTOPHI MHOXUTENb. CyMMUpOBaHNE IPON3BONUTCS IO
BCEM TPETHUM YaCTUIAM OKpYyXkamoiero Mmupa. C TOYHOCTEIO IO BBe-
IEHHOTO MHOXMUTENS 3TU KOHCTAHTHI OIpelesdioTca YuciioM ¢oTo-
HOB (IIPOMEXYTOUYHEIX 6030HOB) B MEpe. B mpuBeneHHBIX opMmynax

NOABWIIACH HOBas KOHCTAHTAa bY, ¢ TOYHOCTBIO IO MHOXUTENA pPaBHAL
quciy acTun Tuna (3), 1o KOTOPHIM IPON3BOLUTCI CYMMHEPOBAHHUE.

4.6 Asnre6pa meTomoB 1+5- u 14+1+44-
pacIenjieHnn

Wcxons w3 n3noxeHHBIX coobpakeHWil oiIydyeHa 6-MepHasa KBal-
paTuyHad ¢dopMa BUAA

dI* = Gynde™de? (4.6.1)

rae G N — K03pPuumeHTH (KOMIOHEHTEL Ipoobpasa 6-MepHOTo MeT-
PUYECKOTO TeH30pa), BrinucaHHsle B (4.5.2) — (4.5.7). 3mecs mpomnc-
HEIe JATWHCKWE WHIEKCH mpoberatoT 3Hauvenws: 0,1,2,3,4,5. Ilo-
CKOJIBKY PacCMOTpPEHHas B 5TOM Naparpade METONUKA UMEeET OOIIni
XapakTep, 3Iech He 6yIeM MucaTh 3HaAUKU Halx oboznaueHueM G. He

6ymeM Takike KOHKPETH3MPOBaTh 3HaueHme dl2.
Bynem pemiath 3amauy oTHesIeHUS TONOJHUTENLHEIX nuddepen-

onaJjioB diE4 n diE5 OT OCTaJIBHBIX YETEHIPEX C KJIaCCHYECKMMU WHJIOEK-
caMmu dz”. CnenaeM 5TO B IBa 3Talla, CHadaJla OTIEJINB diE4, a 3aTeM
aHaJIOTUYHBIM o6pa30M BBELOECJINM BTOPYIO Pa3MEPHOCTH £E5.

I. Anre6pa meroma 14 5-paciensieHns.

1. ITomoxumM, 4TO AJId BEIJEIAeMOM Ha IePBOM >Talle BeJIMYMHEI
OTINYeH OT HyJId COOTBETCTBYIOIIUN eil NMaroHaJIbHBEIA Koaddunn-
ent. CorimacHo (4.5.5) sTo umeer MecTo nnsg G4 # 0. SBHO BeImETNM

n3 (4.6.1) cnaraemsie ¢ dz*
dI’ = G apdz?dz® 4 Guy(dz*)? + 2G4 adz*dz?, (4.6.2)

rine uagekcel A u B npoberator suauenus: 0,1,2,3,5. [JobaBum B
npaByio 9acTh (4.6.2) 1 BEIYTEM cilaraeMble

G44G4B
G44
9TO6EI BEIpaXeHns ¢ dz* o6pa3oBLIBAIIN IOIHEIA KBaJpaT, TO €CTh
G4aG4B
G44

de?de?,

Gaa(de*) 242G adz dz? + dz?dz® = +(Eyrd2™)? = +d¢?,

(4.6.3)
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rme

E = {€a, 6} = {\/% \/iG44} . (4.6.4)

3uaku + BHIOMpAIOTCS B 3aBUCUMOCTH OT 3HaKa Kodpduiuenrta Gqy.
Torma kBagparmunas ¢opma (4.6.1) npurumaer 145-pacuieniien-
HBIA BHUI

dI? = °GydeMde™ + dg?, (4.6.5)

rme
GimGan
G44

— MOXHO CUHTATh KOMNOHEHMAMU NPoobpasa 5-meprot mempuxuy
mocile OT/eJIeHns JNONOJHUTEeNbHOM KoopamHaTEl ¢, Jlerko BUeTh,
9TO HeCMOTpPA Ha TO, 4TO HOPMaJbHO MHAEKCH B °Gysn Tpobera-
10T 6 3HAUEHWil, OTIIMYHLIME OT HYJISI 6YAYT TOJIBLKO KOMIIOHEHTEI C
nanekcamu 0,1, 2, 3, 5.

2. Nzmoxennoe 1+ 5-paciensienne 6-MepHOl KBaIpaTUIHOR dHop-
MBI COCTaBJISIET OCHOBY ajrebpamWyecKkoil YacTH TaK Ha3LIBAEMOTO
MOHAOHO20 Memoda, UCIONB3YeMOro (B paMKaX MHOH Pa3MEpPHOCTH)
B 4-MepHOU ObIIell TEOPUN OTHOCUTENLHOCTH I OMUCAHUIA CUCTEM
oTcUeTa M B MHOTOMepHEIX Teopusax Kamymnwr-Kietina nnsa otnerne-
HUS JONOJIHUTENLHEIX pa3MepHocTeil. HamoMumM HekoTOpEIe cBene-
HUS U3 ajre6Gpbl MOHAHOTO METOIA.

N3 xosdpdunumentor Gjsy, paccMaTPUBAEMEBIX KaK KOBapHUAHT-
HEIe KOMIIOHEHTEI 6-MEpPHOTO METPHUUYECKOTO TEeH30pa, IO M3BECTHO-
My OpaBUIIy MOXHO 06pa3oBaTh KOMIOHEHTHLI KOHTpPaBapUaHTHOTO
“renzopa’

*Guy = Gun - (4.6.6)

GMN _ anre6pandeckoe momonHeHneG i N (4.6.7)
B |Gl ’ o

rne ||Gun|| — ompemenutens Marpunel um3 kospdunuentoB Gy .
AnamornunaeiM o6pa3oM MOXHO 06pa30BaTh KOMIOHEHTE 5H-MEPHOTO
KOHTPaBapMaHTHOTO “TeH30pa”’ M3 KOBaPHAHTHEIX KOMIOHEHT G 43,
onpeneneHHbX B (4.6.6). Jlerko mokasaTs, 4TO

SGAB = G458, (4.6.8)

BTHMH KOMIIOHEHTaMH MeTpHKH MOXHO IIOODHUMaThb NHIOEKCHI y CO-
OTBeTCTBYIOIJ_IHX 6—MepHI:>IX n 5—MepHLIX BEJIINUYHNH. B lI{:I.CTHOCTI/[, MOX-
HO COIIOCTaBHUTH KOHTpa.Ba.pHa.HTHLIe KOMIIOHEHTHEI 6—MepHOMy “BeK—
'}
Topy” &M

N MN GN

4
N =gMNgy = 4 (4.6.9)

AV :l':G44
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Jlerko BHAETH, YTO KOMIOHEHTHI 6-MepHEIX Beman £ u °Gpry
VIOBJIETBOPAIOT YCIOBUAM OPTOHOPMMPOBAHHOCTH, TO €CTh

EutM =+1; MGy =0; GunGMN =5 (4.6.10)

Drtn ycnosus u (4.6.5) cocTaBngoT ocHOBY miia mHTepnperanun &M
KaK eIMHNYHOTO “BeKTopa’ BIOJL KOOPAWHATHEIX juHmi 24, a °G »p
— KaK KOMIIOHEHT METPUUYECKOTO “TeH3opa” 5-MepHOTO ceueHusdt, op-
TororasbHOTO “BekTOpy” &M (NMEmMAM 2°).

3. MoxHO (HOpPMANBHO ONPENENUTh TPYNIY MOMYCTHMBIX KOOP-
IWHATHEIX npeobpa3oBaHuil 6 KOOpAWHAT

2™ = M (V). (4.6.11)

Ctporo roBops, TOJIILKO OTHOCUTENBHO TAKUX KOOPAUHATHEIX ITPE0s-
pa3oBaHWil paHee ompeflelleHHEIe Benmumuel &3y, Gy 1 °Gprn Mo-
TYT Ha3BIBAaTLCS TEH30PAMU COOTBETCTBYIomero paHra. Iloguepk-
HEM, 4TO 6 uddazaemotll 3decv Gunapnotl zeomempodusure maxue
npeobpa30sanud e onpedesensl, I IOITOMY STOT MATEPHUA CIENYET
paccMaTpHBaTh JINIIL KaK paclIMpeHNe BBENEHHEIX 3IeCh MOHATHH
IO NCIOJB3YEMEIX B COBPEMEHHEIX T'eOMETPHYECKMX MOIENAX THUIa
Teopuu Kanynrer-Kieiina.

Jlerxo mokas3aTk, YTO KOMIOHEHTEL 5-MepHEIX BenumunH (4.6.6) u
(4.6.8) sBiAIOTCA 5-MEPHEIME TEH30pPaMU OTHOCHTEIBLHO Golee y3KOil
TPYHIEL 5-MepHEIX Npeobpa3oBaHU

2 = 2'4(2P) (4.6.12)

¥ OCTAIOTCd WHBApNAHTAMM OTHOCUTEILHO IPOU3BOJILHLIX JONIYCTH-
MBIX IIpeobpa3oBaHUil KOOPAMHATEL

2 = 2% (20, 21, 22, 2%, 2%, 2°). (4.6.13)

OTO COOTBETCTBYET CBOMCTBAM METONA XPOHOMETPUUECKUX MHBAPH-
aHTOB B 06INell Teopnu oTHOcHTENbHOCTH (cM. §7.7, a Takxke Goiee
nonpo6Ho B [9, 25]) M HmO3BOJIAET TOBOPUTH O KAJINOPOBKE BEKTOPaA

&M runa xporomerpmueckoit B OTO.

II. Anre6pa meroza 141-+44-paciuensnesns.

1. AranoruyasiM 06pa30M MOXKHO MPOW3BECTU MOBTOPHYIO MPO-
IeNypy BHLIEJIEHNs BTOPOil KOOPAMHATEHI z°. I[JIa 5TOro HYXHO TOU-

HO TaKXe BHIIEIUTH B °G gpdzAdz? cnaraemrie, comepxamue dz®,
a 3aTeM NOGABUTHL M BEIUECTH KOMOWHAIIMIO

*G54°Gsp
5G55 ’
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B uTore momyuaeTcs HOBLI 6-MepHEI BEKTOp C KOBapUMaHTHBIMU
KOMIIOHEeHTaMU:

+(—Ga5G s + G4aG5) vV Gz215 — G55Guaq
Am 0 0;

\/iG44(G4215 — G44Gs5) VEGas

(4.6.14)
KospdunuenTr: 6-MepHOil KBanpaTH4HOH POPMEI (KOMIIOHEHTEL IPO-
o6pa3za 6-MepHOHl METPHUKM) TOrAa HPENCTABIISIOTCA B BUIE

GuN = gun — EMEN — AMAN, (4.6.15)
ruoe
G5, °G
5 5u Y5v
v — G v T ey —
G = T T T G
o GM4GU4 (GM4G45 - Gu5G44)(Gu4G45 - Gu5G44)
- Guu - ‘|‘

Gaa G44(Gi5 — G44Ghss)
(4.6.16)
UMeeT CMBICI Ipoobpa3a KOMIOHEHT 4-MepHOI'0 MeTPHUYECKOTO TeH-
30pa. JIerko BUIETH, YTO OTIMYHLIMU OT HYIA 6YOYT TOIBLKO KOMIIO-
HEHTEHI ¢ 4-MepPHBIMU UHIeKcaMu. 3IeCh U B HajibHEWIEM GyIeM 1mo-
JlaraTh, YTO KBaJpaTWyHas GopMa UMeeT cUrHaTypy (+— — — —— ).
Wsmoxennoe cocTaBigeT OCHOBY alre6phl TaK HA3EIBAEMOTO Jua-
dno2o memoda, UCTONL3yeMOTO B OGINENl TEOPUH OTHOCUTEILHOCTH
¥ B MHOTOMepHEIX Teopusax Kamynwi-Kaeitna.
2. OnaTh 1O CTAaHOAPTHEIM MPAaBWJIAM MOXHO (HOPMAIILHO OIMpe-
IENTH KOMIOHEHTHI KOHTPaBapUAHTHEIX METPUYECKUX “TE€H30pPOB”

GMN g g Jlerko mokasaTh, 4TO
gt = G". (4.6.17)

C nx IIOMOIIBIO MOXHO OIIPENEINTE KOHTPpaBapHaHTHBIE KOMIIOHEH-
TBI BBEAECHHBIX BEKTOPOB, KOTOPEIE NMEIOT BHI

M 1 }
=10% === 0 (;
€ { _G44
Gys . V—Gyq

V~G1a(Gls — GaaGss)  1/(GEs — GssGaa)
(4.6.18)

AM = S ox
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,H.TIH BBEIECHHBIX BE€JINYUH MMEIOT MECTO YCJIIOBHA OPTOHOPMHMPOBaH-
HOCTMN:

A =15 e = -1, gung™N =4
(4.6.19)
A€M =0, g™V =0, EmgMN =0.

3. Caenyer 3aMeTHTh, YTO BBENEHHEIE BEHINIE BEIUYUHLI UMe-
IOT TEH30PHHIA XapaKTep TOJLKO MOCJe BBENEHWS TPYINLI NOIYC-
THMBIX KOOpAMHATHEIX mpeobpasoBanmii (4.6.11). Ioce nByx mpo-
Ienyp paclielyieHus u3 npeobpasoBanuii (4.6.11) ectecTBeHHEIM 06-
pa3oM BBIAEISIETCA KIIacC KOOPAMHATHEIX IpeobpasoBaHUil

e = 22 2t 22, 2%, 2t 2); (4.6.20)
2 = 2°(2° 2!, 2% 23, 2%); (4.6.21)
™ = 220 2!, 2% 2®). (4.6.22)

B uactHOCTH, g4, OIpenenenHoe B (4.6.16), aBIgeTCA TEH30pOM OT-
HOCHTEIBHO NOCIENHNX npeobpasoBaHuil (4.6.22) u WHBapmaHTHO
npu npeo6pasoBarusix (4.6.20) u (4.6.21).

WN3n0xenntrie cBoficTBa mpouenypsl 141-+44-pacinensienns mo3Bo-
JIAIOT TOBOPUTEH O €€ COOTBETCTBUN JUATHOMY MeTONY B KaJuGPOBKe
THUIa OBaXILI XPOHOMETPUUECKOH B O6IIIell TeOpUN OTHOCUTEILHOC-
TH.

4. 3ameTnM, 94TO B 6-MEpPHOIl T€OMETPUUECKON MONEIH TUIA Te-
opnn Kanynui-Kiefina, paccMaTpuBaeMoll B IilaBe 8, OKa3LIBAeTCA
HEOGXOMUMEIM HCMONIB30BATD YCA0BUA YUAUHIPUUHOCTIY NO JONos-
numeavuvim xoopdurnaman z* m %, OHE CyXalOT Kiacc HOMyCTH-
MEIX KOOPOUHATHBIX IpeobpasoBanmii (4.6.20) — (4.6.21) no

e = 24 fi(2 2, 22, 2°); (4.6.23)
2 = 2%+ f5(20, 2, 2%, 2®). (4.6.24)

B Teopmsax Takoro Tuma, rie UCXONAT W3 MHOTOMEPHOTO KOOPIH-
HaATHOTO MHOTOOGpa3ud ¢ 3apaHee ONpeNeIeHHEIMI KOOPAWHATHEIMNI
npeobpasoBanuaMu Buna (4.6.12), octpo BcTaer mpobieMa 060CHO-
BaHUA YCJIOBUH NWJIMHIPUYHOCTU. B paMkax e paccMaTpuBaeMOi
3Iech TeOpHUH BOOOINE He ONpeNeseHLl MPeo6pa3oBaHms, IepPeMENTn-
BaloIue 4-MepHEIE U JNONOJIHUTEIbHEIE KOOPDANHATEI, TaK 9YTO Ipob-
JIeM TaKOTO pOfa He BO3HUKAET.

5. IlpuMeHUM W3IOXEHHLIN BEImie MeTon 1-+144-pacieniienus
Ing ciiydasd 6-MepHOHW KBaXpaTHUUYHOH (GOpPMEI ¢ Kod3pPuiueHTaMu
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(4.5.2) - (4.5.7). Yurem ToT daxT, uTo KoMmonenTa G55 obparmaeT-
¢ B HyJIb. JTO yIPONIaeT 3alNCaHHBIE BEHIME GOPMYJIHL:

A é4 é4l/ é44 X b
g y 74 - G v 25‘17 —_— V—G Gl/
gu 73 G44 GZ{, us 5‘|‘
1 - - S
+= (GM4GU5 + GM5GU4); (4625)
G45
g= —dm (4.6.26)

X, = GG, g’“‘. (4.6.27)

4.7 IIpoo6pa3bl 4-MepHOA METPUKM
¥ 3JIEKTPOMArHUTHOIO MOTEHIUAJIA

1. B pesynbTaTte mponenypel 14+1-+4-paciiensienuss @ MOACTa-
HOBKHI KOMIIOHEHT 6-MepHoit MeTpuku (4.5.2) — (4.5.7) B (4.6.25) mo-
JIy4aeM SJIEMEHTAPHYIO 4-MEPHYIO METPHUKY, KOTOPYIO MOXHO IpeM-
CTaBUTL B BUIE IBYX YacTel:

gmz = guu(o) + gm/(m). (471)

3meck §,,,(0) Ta wacTh MeTpuKH, KoTopas He comepxut exp(1). Kak
OyneT TOKa3aHO HUXe, OHA MPENCTABIIeT cOOOW HEKWH BKiIam B 4-
MeTPHKY, He 3aBUCAIINN OT MIOJIOXKEHNUA paccCMaTpHIBaeMOl YacTULILI.
He BrimuceiBas ero SBHO, MOXHO, UCXONS U3 CHMMETPUH OKPYXKalo-
IIeTO MUPa, IOJIOXKHUTh, YTO OH BMecTe ¢ BKJamgoM G, MpencTaBiId-
eTcd B BUIE

1 .
gHV(O) = I:Zugbf) + bl] nHV = COT]MU, (472)

rge by m Cy- HexoTopele moctosuHEle. Kosdpdunment Cy npnm 7,
MOXHO TOHHMAThL KaK HEKUWH KOH(MOPMHLIA (paKTOp mpu 4-MepHO
METPHKE ;-

2. Bripaxenne §,,,, (z) B (4.7.1), comepxalmee 5KCIOHEHTEI, OIpe-
IEJIeT 3aBUCUMOCTD 4-MepHON METPHUKH OT KOOPAWHAT, T.€. MMEH-
HO 9M0 CAQ2aemoe ONUCh8aem 2pasumayuonroe e3aumodeticmeue.
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Jlerxo mokasaThb, 4YTO IOACTaHOBKa BhIpaxeHmit (4.5.2) — (4.5.7) B
KOMOHHAIINIO

He JaeT BKIIAJoB, comepxkamux exp(l), T.e. 5Tu ciaraeMble He BXO-
IAT B §,, (2). CienoBaTesbHO, BKIALLL B §,,, (2) 06y CIOBIEHDI JNIIb
BTOPHIM cjlaraeMeM B (4.6.25) copaBa:

_pGula G (2). (4.7.3)
G44

3. IlpousBeneMm koudopMHOe Ipeobpa3oBaHUe 3JIeMeHTapHOR 4-
MEPHOHN MeTpPHUKH

1 1
guu = _guy = N + —gm,(m). (474)
Co Co

HOI[CTa.B.TIHH CIOJa COOTBETCTBYIOIINE BBEIPaXXE€HNA, HAXOONM

g;u/ - nuy‘}‘

5
1
T [401’% —exp(1) (eXP Zexp s %)] X
-
X [40151, —exp(1) (exp L+ zeXp / %)] «

5 -1
X[%%”ﬁ'"’”"‘clexp(l)”ﬁ (eXP U + 2 exP(3)ta %)] '
(4.7.5)

4. Ucxonms m3 M3JI0KEHHOTO, AeJIaeM BEIBOI, YTO B ob6pa3oBanum 4-
MepHOW MeTPHKHU KIIIOUEeBYIO POJIb UT'pPaloT KOMIIOHEHTHI Ipoobpa3sa
6-meproit MeTpuku G4 u Gy4,. llpencrapnser mETepec mpociaennTh
npoucxoxiaeHne >Tux kommnoHeHT. CuemaeM 5To B Bule TabIIMIEL.

| Gun || 44440 | 44341 | 44242 | 44143 |
GIW 0 0 ~ u(52)b5 0
Y 5 N 7 5 5
Gau | 0|~ uipbs|  BecymL |~ D wg), uyug,)
Gs, He cymI. He cymI. He cymI. He CyII.
Gyq 0 HE cymI. Nliﬁﬂﬁu?2)b5 He CyI.
Gas He cymI. He cymI. He cymI. He CyI.
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3mecy cumBosioMm "He cym.” (He CyIIeCTBEHHO) 06O3HAUEHBI KOMIIO-
HEHTEI, OTJINYHEIE OT HYJA, HO HE CYIIECTBEHHLIE NI 06pa30BaHUA
4-mepuoit Merpuku (npu b =1 B (4.5.8)). U3 Tabnuus! caenyer, uro
MeTpHKa §,,, BO3BHHKAET, TJIABHEIM 0Opa30M, M3 BKJIaIOB 6a30BHIX
4 X 4-otHomennit BumoB 4+2+2, 44+3+1, 4+1+3. IIpu sTOM oTHOIIIE-
Hue 4+2+2 OTBETCTBEHHO 3a oOpa3oBaHue “POHOBOM” IIOCKON MET-
PUKE 7 33 BO3HIKHOBEHNE B 3HAMEHaTeJIe CIIAraeMoro kP kg). OTHO-
menne 4+3+1 0TBETCTBEHHO 3a OCHOBHOE IPUGIINKEHNE IPaBUTaIlN-
oHHOTO B3amMmomeiicTBusA. W, Hakonen, orHommernne 4+1+3 npusoqut
K MOSABJIEHUIO CJIAaTaE€MBIX, ONMUCHLIBAIOININX MHUPOBOM “MOrJIOTHTEINH’
(cM. raBy 6).

Takum o6pasoM, 603nuKHOBENLE NPOOOPA3A 4-MePHOT (pumaro-
601) MEMPUKU 00YCAOBAEHO 6KAQDAMU 6MOPHIT U MPEMBUL YAC-
MUY 6 NapHoe OMHOWeHUE-CMewente u3bpannotl (nepsot) wacmu-
Ubl, IMEIOIIIEE MHO20MOYEUHbI Tapaxmep.

5. IlepeiineM K paccMOTpPEHMIO 4-MEPHEIX KOMIOHEHT ABYX BEK-
TopoB Auanhl §, u A,. 3aberasd Bmepen, OTMETHM, YTO IpH X du-
3MYECKOH MHTEPIPETAlNN BO3HUKAET HEOIPENEJEHHOCTL B BEIGODE
KoHbopMHOro GakTopa mpu 5THX BeamumHax. Onmpasdch Ha ONEIT
HCCIIEeNOBAHNA MHOTOMEPHLIX T€OMETPUUYECKUX MOMeJIell THIIa TeOPUH
Kanyurr- Knefina mocTyaupyeMm, 94To 6 kauecmee Puaudecku unmep-

npemupyembir seaunun b6ydem ewvibupams xombunayuu: £,/ +Gaq

u \,/\/—Gas. Tloncrapmnss B Hux Beipaxenns (4.5.2) — (4.5.7), Ha-
XOIUM
Su

V _GV44

serm — exp(1) (exp(2)uly), + X P2 exp()z?,)ﬂ)

2 |2¢2kP kg — exp(1) kg <exp(2)u€2)ﬁ +23 ub%l exp(3)u’(3)l3>]
(4.7.6)

sexr - exp(1) (exp(uy, + X “f exp(d)uy, )

+
u5
2 [2c2kP kg — exp(1)KP (exp(?)u’(z)ﬁ +35 4—1653 exp(3)u’(3)ﬁ>]
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exp(2)u;2)uf(u(52)) +232 exp(3)u;3)u(2u?2) + “?3))

c1P [exp(2)uly 5 f(uly) + 2 Tg exp(3)ufy (208, + u§3)£ o

rIe
f(u?z)) = ”?2)(1 + 2b3) + 4bs.

6. [IpencraBuM BBeneHHBIE BEIWUYWMHEL, KaK U B ciaydae (4.7.1), B
BHUIe NBYX COCTABHEIX YacTel

S g (0) 4 Eule); (4738)
_G44
A . .
£ = 3,(0) + Au(2), (4.7.9)

Ille BEIpa)KeHNs CIIpaBa C apryMeHToM (z) comepxaT (B 4mcinTere)
exp(1) exp(2) u, cienoBaTeNbHO, IPUBOAAT K 3aBHCAIIAM OT KOOp-
IWHAT BeJIMYMHAM, a BhIpaxeHUs ¢ aprymenToM (0) — He comepxkar
5KCIIOHEHT, T.e. He 3aBHUCAT OT MOJIOXEHNA JacTUIHL. [locKoIbKy du-
3M9ecKn HabIIONaeMEIME ABJIAIOTCA HEe CaMH BEKTOPHEIE MOTEHIMA-
JIBI, a 3JIEKTPOMAarHUTHELIE HANPSAXEHHOCTH, TO BEIPAXEHUSA C apry-
MerTOM (0) MOXHO MCKIIOUHTH U3 paccMoTpeHus. Ho Torma okaswr-
BaeTcs, 4To o6e BBeneHHEIE B (4.7.8) u (4.7.9) KoMOMHAINN HMEIOT
ONMHAKOBEIE COCTABIAIONINE C APTYMEHTOM (Z). OTO MO3BOJISIET MH-
TEpIpPEeTHPOBATh KaK Mpoobpa3 34€KMpPoOMAZHUTIHOZO 6EKMOPHOZ0
NOMENYUAAG BETHINHY

(§3)4-
exp(1) (exp(uf, + Ta L exp(@)l.

2 [20?19[31% — crexp(1)&P (eXP(2)“zz)ﬁ +2s ub% exp(3)u’(3)l3>]
(4.7.10)

— by

rae bs - HeKUil pa3sMEpPHEI K03 PUINEHT.

Jlerko BmmeTh, 4TO NBe BeKTOpHEIE BenmumHer (4.7.8) u (4.7.9),
NOJIyYeHHEBIE U3 MOHATHI GHHADHON reoMeTPOGMU3NKY, MOXHO Hu3u-
UECKU UNMEPNPEMUPO8aMb Kax Jee AuHelHble KOMOUHAYUL U3 4-
Meprozo moxa 2-1 wacmuysl (NpPoobpasa 34eKMpoMAZHUMHOZO NO-
menyuaaa, cozdaeaemozo emopotli vacmuyetl 8 mecme HALONOeHUT
nepeot) u 4-mepnozo umnyibca nepedayu om 00HOU UACTIUYBL K
dpyaoti.
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4.8 (OcHOBHEIE BEIBODI

IonuepkHeM OCHOBHEIE MPUHIUMUAAILHEIE MOMEHTHI U3JI0XKEHHO-
ro B 5TOH TJIaBe MaTepHaia.

1. B sToll raaBe cheslaH BaXHBIA IIar Ha MYTH K TOJYYEHUIO
XapaKTEPUCTUK [PABUTANMOHHOTO W SJIEKTPOMATHHTHOTO B3amMMO-
IeiicTBUR (METPUKH ¢, MCKPUBJIEHHOTO 4-MEpHOTO IPOCTPAHCTBa-
BPEMEHN M 3IeKTPOMAarHUTHOro morennmana A,). llpumanunmansao
BaXXHO, UTO 5THW XapaKTEPUCTUKU MOJIyUaloTCSI U3 6-MepHOM KBal-
paTuyHO#l GHOPMEI — Mpoobpa3a METPUKH G-MEpPHOTO MHOTOOGpa3msI
— 6 Jyre MHO2OMEPHbBIT 2€0MEMPUYUECKUT Modedell MUNG MEopuy
Kaayypi- Kaetina.

2. lloka monmyueHBl HE caMU KOMIOHEHTEHI 4-MEPHON METPUKH U
BEKTOPHOTO MOTEHINAJIA, a JUIIb nx mpoobpaskl. [loka eme He 6BLTO
BBEIEHO KOOPAUHATHOE MPOCTPAHCTBO, W STHU BEJIMUWHEI HE SBIIS-
0TCd QYHKIUAME KOOPAWHAT B IPUBEIYHOM Buie. BmecTo 5TOTO B
BEJINYMHEL BXOAAT XapaKTepHEIe KOMOWHAIINN BUIA

exp(1) exp(2) _ %P [Fikulafy +2fy) s
KykY +€ Ky kY + € ! o

rJie CEMBOJIOM € 0603Hau€eHa CyMMa U3 BKJIAJOB TPETHUX YaCTHUII, CO-
Iepxaiasdcs B 3HaMeHaTenax (4.7.5) n (4.7.10). Jlerko BumeTs, uTo
TaKue KOMOMHAIMM MPEACTABIIAIOT COGOM MONUHTETrPAJIbHEIE BEIPa-
JKeHUs IponaraTopos (2.5.4) s 57eKTPOMarHUTHOTO U IPaBUTAIN-
OHHOTO B3aUMONEHCTBUI 6 JyYyTe Meopul NPIAMO20 MENCUACTNUUHO20
e3aumodeticmeua Doxxepa-Detinmana. llepexon oT Takux BEIpaXKe-
HUIi K OBIIENPUHATEIM MOTEHIINAJIaM PACCMOTPEH B CIIENYIOIIEH Iila-
Be, MOCBAIIEHHON ONMMCAHWIO MPOIEeNyPhl CYMMUPOBAHMA TIO 3JIEMEH-
TapHEIM 6a3aM, COCTABIAIONINM MaKpoImputop.

3. Cnenyer o6paTUTL BHUMAaHME Ha NEPBONPUYMHY BO3HUKHOBE-
HUSA UCKPUBIIEHHOCTH MTPOCTPAHCTBA-BPEMEHH B MOJENIN, OCHOBAHHOM
Ha TEOpUU CHCTeM OTHomeHmi. Kak yXe HEONHOKPATHO MOMYEpPKH-
BaJIOCh 3€Ch M B NEPBOM 4YacTW KHUTH [17], 5TOT momxon cooTBeT-
CTBYeT TEOpHHU JIMHEWHEIX MPOCTPAHCTB. HemocpencTBeHHO B Hel
BO3HUKAIOT aHAJOTM (yHAapHBIX) FeOMeTPHRl (IPOCTPAHCTB) C CHM-
MeTpusamu. W3 W3JI0XE€HHOTO BUIOHO, YTO IPUYNHA MCKPUBIIEHHOC-
TH COCTOUT B BEHIIEJIEHWM OTAEJILHOTO O6BEKTa U B CYMMUPOBAHUM
6a30BEIX 4 X 4-OTHOIIEHWI C yY4acTHEM BEIIEJIEHHOTO o6bekTa. Hc-
KPUBAEHHOCTND NPOABAIEMCA KAK HeOOUHAKOB0CTb CYMM 6KAA006
OKPYNCAIOWUT UACTNUY, 6 CMEWEHUT PABAUUHBIE 06HERMOE.

4. IIpUHOUNMAIEHO Ba)XXHEIM ABJISETCA BLIBOI O BTOPHYHOM Xa-
pakTepe npoobpa3a 4-MepHOW MeTPUWKW, BO3HUWKAIONIEN u3 nobaBite-
HUA K MeTpuKe MUHKOBCKOTO KBaIpPATHUYHEIX BEKTOPHEIX BKJIIAMOB,
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CTPOTro I'OBOpPA, COOTBETCTBYIOMINX 3JIeKTPOMAarHUTHEIM B3aUMOIeH-
cTBuaM. [IpyrumMu cioBaMu MOXKHO CKa3aTh: 2pasUuMayUOHHOE 63a-
umodeticmeue umeem He CaMOCMOIMEAbHbI, @& NPOU3EOHBIT, om
INEKMPOMAZHEMUIME TAPAKMED.

5. B mpoo6pase 4-mepHoit Merpukm (4.7.5) momonHmTENLHOE K
MeTpuke MUHKOBCKOTO cjlaTaeMOe IPOMOPINOHAIBLHO KBaigparty 4-
CKOPOCTH BTOPOH YacTHUIEI M B OCHOBHOM NPHUOIUXEHUHN HE 3a6U-
cum om 3nauenut 6K4a006 U3 CYMM JONOAHUMEABHBIT NAPAMEMPOE
mpembuz vacmuy. llocite xordopMHOTO TpeobpazoBanHud Tpoobpasa
MeTpPHKH >THU BKJIalbl B YUCJINTelle W B 3HaMeHaTelle COKpallaloT-
ca. Ina monyuenns mpoo6Gpa3a METPUKE JOCTATOYHO JIUIIL CaMOTO
dakTa cymecTBoBaHNA (BO30YKIEHHEIX) OKPYXKAIOMIUX YacTHI.

6. CBoeo6pa3HEIM MOMEHTOM Pa3BUBAEMOIl 31€Ch TEOPUU SIBIISIET-
Csl 603HUKHOBENUE 068YL 6EKMOPHBIL 6€AUdUN £, U A, OTIPeNeIIeMBIX
4-MEpPHBIME CKOPOCTSMHU APYTUX YAaCTUL. OTH IPoo6pasbl BEKTOP-
HEIX TOJIEH MMeIOT obImuil ucTouyHuK. B KoHmenuun 6au3KoneicTBUAL
BEKTOPHOE II0JIe, BO3HUKAIOIee U3 \,, THTePIPeTUpPyeTca KaK 3JIeK-
TPOMAarHUTHOE MoJie. AHAJOTUYHEIM 06pa3oM CJeNyeT MHTEPIPETH-
poBaTh 1 §,,. OnHaKo B3amMOIecTBHE C HIM OCYIIEeCTBIIIeTCA Jepes
mHOW “3apsan”. DTO O3HAUAET CYIIECTBOBAHUE NOMOIHUTEIBLHOTO Ka-
HaJla B3aUMOIeHCTBHA YacTHI] C 3JIeKTPOMAarHUTHLIM IIOJIEM.

7. Ha BO3HUKHOBEHNE MHOTOMEPHOH MeTPUKH U GU3NIECKNX B3a-
UMOIeHCTBUN MOXHO B3TJIAHYTh IION YIJIOM 3PEeHNI MHO20MOUEUHOY
zeomempuu. HelcTBUTENHLHO, OKA3LIBAETCSA, YTO OTHOIIEHNE MEXIY
IOBYMs MOJIOXEHUIMH (COOBITHAME) ONHON YaCTHUIBI 3aBUCHUT OT IIO-
JIOKEHUil NPYruX JacTHul (COOBITHR ¢ IPYTUME 4acTHIAMH).

8. Eme pa3 cienyeT moguepKHYTH ONPENENAIONIYIO POJIb YUETa
OKpyXatomux yacTull. 30XeHHOe 31eCh COOTBETCTBYET NHTYULINN
OfiHIITEHA, BO3BENIIETO UIEW CBOETO BEIUKOTO MPENIIeCTBEHHUKA
06 06y CIIOBIIEHHOCTH JIOKAJILHEIX MMOHATHHN Bcell MaTepHUell OKpPYKalo-
IIETO MUPa B paHT npuryuna Maza, IMEHHO B CBA3U C 06CYXKIeHUEM
MeTPHKH NCKPUBIIEHHOT'O 4-MepHOTO INPOCTPaHCTBa-BpeMeHH.
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Maxkponpubop n
MaKpPOCKONMYecKasd
IpUpoaa IMpPpoCcTpaHCcTBa-
BpeMEHU

B sToli rmaBe crenaHBl OBa CIENYIONIUX Iara OT MOHATHI 5ie-
MeHTapHON OMHapHON reoMeTpodU3mMKH K MaKpodus3uke.

IlepBrIit 3 HUX MMeeT BaXXHOe MPUHIUNUAILHOE 3HAUEHWE OIS
BCell pa3BHBaeMoil 31ech mporpaMmbl. OH COCTOMT B IEpPEXOMNE OT
3JIeMeHTapHOTo Habopa 3TaJIOHHEIX 3JIEMEHTOB K JOCTATOYHO CJIOXK-
HOMY aHcaMO6iTio U3 Takux 6a3mcoB, o6pasyomux Makponputcop. Ilo-
Ka3aHO, YTO TOJBKO OTHOCHTEIBHO 00Oob6mieHHOTO Oa3mca — MaKpo-
npubopa BO3MOXHO BBelleHIe TaKUX KJIacCHUeCKNX MOHATHIH Kak pac-
CTOSHNE, HHTEPBAJ, IPOMEXYTOK BPEMEHU U APYyrue. DTOT IIar 3a-
KJIaJbEIBaeT OCHOBEI HOBOW MHTEepIpeTally KBaHTOBOW MexaHUKU. B
5TOH KHHUTe Ha IOJIyKadeCTBEeHHOM YPOBHE M3JIOXKEHEI caMble Heob6Xo-

OUMEIE OJId JaJIbHEWIIETO CBENEHNS O ee CYTH C TOYKHU 3PpEHUA JOaHHON

(meBsToit) mapagurmer!.

Bropoii mar cocTouT B mepexofle OT OTIEILHON 3JIeMEHTapHON
YacTHUIEL K MaKPOOGBEKTY. DTOT BOIPOC KPATKO PACCMOTPEH B IO-
CIIeJHUX TpeX Haparpadax >TOH IilaBHL.

!B Ipenuciopuy GHII0 0TMeUEHO, UTO IEPBaS U JAaHHAS BTOPAL YACTY KHATH
SBUJIVICH Pa3BUTUEM CONEPKAHUSA PYKOIUCH, HaMeUeHHON K m3ganmio B 1992 roxny.
13 nepBorauanbHOll pyKoOIUCH U3BAT NPAKTUIECKN BECH MaTePUAJ II0 KBAHTOBOX
TEOPUU IJIA OTIOENBHOTO U3NAHUSI.

133
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5.1 IlpuHnmumn ycpenHeHus mo aHcamO6JIiO
3JIeMeHTapHBIX 6a3mcoB

1. B §1.2 6bwu10 0o6pallleHO BHUMAHNE Ha PEISNUOHHLIA XapaKTep
teopuit. DakTUYECKU OHU ONpPENENAIOTCS NBYMS ¢daKToOpaMu, YTO OT-
pa’keHO BO BBEIIEHHOM TaM Il HuX obo3Hauenun R,(b). Hamomunm,
mapaMeTp a XapaKTepH3yeT BHUI 6a30BOM CHCTEMBI (CHCTEMEL OTCUe-
Ta WIK CUCTEMBI OTHOLIEHMH ), OTHOCHTENLHO KOTOPOil OMUCEIBAETCS
cuctema b. B rmaBax 3 u 4 paccMaTpHBaINCh MPOCTERIINE CUCTEMEL
b Tuna p (s7eMeHTapHBIE YaCTHUIEL — JIENTOHLI) OTHOCHTENBLHO IPOC-
TERMINX 3IIEMeHTapHEIX 0a3UCOB TUNA K, DaKTNUeCKU IPENCTaBIIAIO-
mux coboil Takue e SIIEMEHTAPHBIE YaCTHUIEI. DTO 03HAYAJO, UTO
obCcyKIeHNe MPOBONMIIOCH B paMKax Teopum Buma R, (u), msobpa-
JKEHHOW B BepxXHel yacTu 6510K-cxeMbl pucyaka 1.1. ObmenpuaaTeie
dusuueckme Teopun R,,(b) pacmonoxeHEI B HHXKHEH YacTH 6IIOK-
cxeMmbl. HamoMHUM, 4TO CHMBOJ M O3HaYaeT KJIACCUYECKU MaKpo-
npubop, rpybo roBops, COCTOAIMINNE N3 OIPOMHOrO KOJIMYECTBa 3Jle-
MeHTapHEIX YacTun. Mexny 5TUMHU OIBYMS BHIAMU TEOPUH MMeeT-
cd rirybokas mponacTh, KOTOpPYIo cilenyeT npeonoiieTh. Heobxogumo
ONmncaTh MEPEXoll OT MOHATHH JleMeHTapHo# 6MHapHO#l reoMeTpodu-
suku (B pamkax BCKO panra (4,4)) x o6menpuaaTsiM TeopusM. B
6mHapHON reoMeTpodu3nKe 3TO OCYILIECTBIIIETCI Ha OCHOBE NPUHYU-
Nna YcpeonHenud no IAEMEHMAPHBIM 6A3UCAM, COCTMABATIOUUM MAK-
ponpubop.

PaccmaTpuBaeMbie B 5TOH TIjlaBe XapaKTepHBIE MOIMHOXECTBA
3JIEMEHTOB M CYTh NPOIEeNyphl yCPeOHEHHWA HOACHEHBLI C IOMOIIBIO
pucysnka 5.1, obobmaromiero pucysku 3.1 m 4.1.

2. CaenyeT MONYEPKHYTH, YTO PAaCCMOTPEHHLIE BEIIIE 3JIEMEH-
TapHLIE MOHATHSA (napameTpu 3J‘IeMeHTOB) B pamkax BCKO panra
(4,4) HU B KOEW Mepe He MOTYT NPEeTEeHNOBaTh HAa CTATyC HabJoma-
MBIX TOHATHUH B OOLIYHOM WX MOHUMaHWHU. V3 HUX CTpOMIINCH HEKME
KoMOWHaIINM, IpelcTaBiAomue coboll JUIlsL mpoobpassl pAna Kiac-
cuuecknx BeqnuuH. HeBO3MOXHO MOCTaBUTH SKCIEPUMEHT C HEIBIO
olnpefelieHNd OTHONIEHNN KaKou-Iubo 31eMeHTapHON YacTUIEL OTHO-
CUTEIBHO KOHKPETHOW 3JIeMEeHTapHOUW 6a3bl, TO eCTh OTHOCHUTEIIHLHO
BELIEJIEHHOTO 3JIEKTPOHA.

B cBs3u ¢ sTUM caenyer cpaBHEUTH B3risanel O.Maxa ¢ pazBuBa-
eMBIMHU 37ech mosioxeHusMu. OHE COBHANAIOT B TJIABHOM — B HC-
TIOJIB30BAHUN PEJIANMOHHOTO Momxona K ¢u3uke, B BEIOOpe OTHOIIIeE-
HUA KaK KJII0UeBOTro NOHATHA TeOPUU, HO Pa3jIn4yaloTcd B IOHUMAaHUK
XapakTepa HabmomaeMocTu nepBUYHLIX oTHomeHUit. [lo Maxy Teo-
puA IOJXHA ONUPATHCI TOIBKO Ha HENOCPeNCTBEHHO HablIiogaeMEle
MOHATH A, TOrDa KaK B OMHApPHOU reoMeTpodu3uKe IepBUYHLIE OTHO-
IIEeHUs TAKOBHIMU He ABIA0TCI. HabmomaeMLIMU CTAHOBATCA JIUIIb
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YacTumsl oKpyKaloIero
Mupa

CwMeleHne
BELIEJIEHHOTO

06'1;eKT

Macroba.fns

mnl,u,u)\
m n |

Maxkpockonuueckuit 6a3uc
(makponpu6op)

Puc. 5.1: preI[HeHHe IIapHOTO OTHOIIIEHNA BBELOEJIEHHOI'O obbekTa mo
aHCaMOJII0 6a3MCHBIX 3JIEMEHTOB, COCTABJIAKINNX MaKpoanGOp

IPOMU3BOONHEIE OT HUX NOHATHUA IIOCJIE IMEPEXOOa K Ma.KpO(i)H3PIK62.

3. Eme 6oiee 6eccMBICIEHHO MOJaraTh, YTO MOXHO 3HATH Ia-
paMeTPEHL 5JIEMEHTOB (3JIEMEHTAPHON YaCTHIEI) OTHOCHTEIBHO BCEX
5JIEMEHTAPHBEIX YAaCTHI (5JIEMEHTApPHEIX Ga3MCOB), COCTABIIAIOLINX
Makponpu6top. Ilanayio cuTyanuio MOXHO COMOCTABUTEH ¢ MMeIOIIel
MecTO B TepMOIWHaMUKe, KOTJa pacCMaTpHUBaeTCid TepMOIMHAMU-
YyecKas CHCTeMa W3 OrpoMHOro umcia Moiekyia. Kaxnas momekyma
obnagaeT CBOMMHU KOMIOHEHTAMU MMIYJIbCa U BHYTPEHHUMHU CTelle-
HAMH cBoOOALI, ONHAKO O€3HalleXKHO NMEITAThCA ONUCATh BCIO CHCTe-
My 4epe3 3HaUEHHA MMIYJILCOB I MOMEHTOB BCeX OTHAENILHBIX MOJle-

?3mech yMecTHO IpUBeCTH BEIcKaskBaHme P.DeiiHMana M0 6IIM3KOMY BOIIPOCY':
“Xouy 0CTaHOBATHCA Teleph KOPOTKO Ha uaee ['eisenbepra, corsiacHO KOTODOIL
He HyXHO TOBOPHUTE O TOM, U€T0 BCE PABHO HeJb3sd U3MepuTs. emmo B ToM, uTo 06
3TOM TOJIKYIOT MHOTHE, II0-HACTOSMIIEMY He IIOHUMas CMBICIA 3TOTO yTBEPXKIe-
. Ero MoxHO nETEpIpeTHPOBATE CilenyoOIMM 06pa30M: Bl TeOPETUIECKTE
THOCTPOEHUS WY OTKPBITUA NOJIXKHEI OBITH TaKUMM, ITOOBI BEIBOALI U3 HIX MOXK-
HO OBLIIO CPABHUBATH C Pe3yIbTATaMU 3KCIEPHIMEHTA, TO €CTh UTOOBI U3 HUX He
OJIYy9aloch, 9TO KOOWH TYK PaBHAETCA TPEM HyKaM>», IPHYeM HUKTO He 3HaET,
YTO Takoe 3TU caMble TYK U Hyk. JcHO, uTo Tak meno He moitmet. Ho ecim Te-
OpeTUYeCKUe Pe3yJIbTATEl MOXHO CPaBHUTH C 3KCIIEPUMEHTOM, TO 3TO BCe, UTO
HaM Tpeb0BaoCh. JTO BOBCe He 3HAUNUT, UTO BALIW TYKW X HYKH HE MOTYT IIO-
SBJISTHCS B IEPBOHAYANBLHON TUoTe3e. BRI MOXeTe BOMXHYTEH B BAallly TUIOTE3Y
CKOJIBKO YTONHO XJIaMa IIDU YCJIOBUU, UTO €€ CIEACTBUSA MOXKHO OyIeT CpaBHUTH
C Pe3yNbTATaMU 3KCIEPUMEHTOB. A 3T0 He BCeM 0 KOHIIA HOHATHO”[76, c.180]
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Kyn. BMecTo 5Toro TepMomuHaMuuecKas CUCTEMa XapaKTepu3yeTcs
CTENUAILHLIMU TMOHATUAMHI, TaKUMU KaK JaBjieHUWe, OObeM, TeMIie-
patypa. TouHo Tak Xe B OOIIENPUHATEIX TEOPUAX HA CAMOM Je-
Jle 0O6BEKTHI XapaKTEPU3YIOTCAd HEKUMU WHTETPAIbHBEIMU HOHSTUSA-
MU, TOJIYYEeHHEIMU CBOEOOpa3HBEIM yCpPEeNHEHWEM WX IMPOOOPA3oB IO
BCEM BJIEMEHTAPHBLIM 6a3mcaM, COCTABIIAIOMNM OT POMHBIN aHCAMOIb
— KJlacCMUecKuii Makponputop. B TakoM momgxome HMIYIILCH W KOOP-
IOUHATHI OOBLEKTOB UMEIOT XapaKTep TEPMOIMHAMUUYECKUX MOHSITUH
THUIIa OaBJIEHNI I TeMl‘IepaTyprS.

4. Ham mpencTaBiisieTcd, YTO B JTaHHOM TOAX0NE HEOOXOMUMO Pas3-
BUTL OCOOBI BHI 6unapnotll zeomempodusudeckot cmamucmuru,
obobiaromel n3BeCTHEIE HEIHE KIIACCUYECKYIO W KBAHTOBYIO CTaTHC-
THUKHW, HO UMEIOIIEN NeJ0 HEMOCPEACTBEHHO C MOHATUAMU OWHAPHOU
reoMeTpodusuku. B 3amady 5Toil 4acTH KHUTH 5TO HE BXOAUT. 31eCh
npeciienyetcs OoJjiee CKpOMHas Ielb — MOKa3aTh KaK KOHKPETHO B
pe3ysibTaTe MPONEAYPLI YCPENHEHUS 1O AHCAMOJIIIO 3JIEMEHTapPHBIX
6asucoB u3 mouaTuit BCKO panra (4,4) MOABJIAIOTCA MOHATHS KJIac-
CHYECKOT'O IPOCTPAHCTBA-BPEMEHN W XaPaKTEPUCTUKU PU3MIECKUX
B3aNMOJENCTBHM.

5.2 CyTb nepexona K KOOpANHATHOMY
NPOCTPAHCTBY

1. HamomBMM, 9TO MaccHmBHasg dJacTHIa XapakKTepusyeTca 4-
KOMIIOHEHTHBIM cTos6noM ¥, KoTopslil (mis cBOGONHON YaCTHUII)
cormacuo (3.2.1), (3.5.1) u (3.5.5) MOXHO IpenCcTaBUTH B BHIE

‘2.'1 '1
22 Z.z

¥ = 5 | = exp(ip) %1 . (5.2.1)
B B2

SI[GCI) KOMIIOHEHTHI IIOCJIETHETO CTOJIOIA XapaKTEPU3YIOT 4—CKOpOCTI>
qaCTHUIBI u” m ee cumHOBLIE CBOﬁCTBa., a DKCIIOHEHIHNAJILHBIA MHO-
XNTEJIb IEPEN CTOJI6I_IOM, KaK yX€ OTMe€YaJlOCh, MOXHO TpaKTOBaThb

3B mameit pabote [8] 6Bl NpeNUPUHATA NONBEITKA € IOMOIIBI0 CTATACTUKHA
u3 Ga30BEIX BKIIAZIOB BHIBECTU IIOHATHUE KIIACCHIECKOro paccrosHusa. PaxTuuec-
KU Jenanach IONBITKA IPUATH K IOHATUSIM DACCTOSHUA, ONUPAACh JMLIL Ha II0-
usatus Teopmu BCKO pamra (2,2). IIpu sToM BosHmMKanu TpymHOCTH B BEIGOpe
IIPENCTABIEHUS IUKIIMIEeCKON rpymmsl. [lomobHile TPYAHOCTH yCTPaHAIOTCS PR
paccmorperm komnosunuu BCKO panros (2,2) z (3,3), xorga BCKO panra

(3,3) samaeT mpencTaBieHne, B KOTOPOM CTPOUTCS CTATUCTUKA.
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kak npossierne BCKO panra (2,2), koTopas meknapnpoBaiach OT-
BETCTBEHHOW 3a KOOpPAWMHATHOE NIpeAcTaBiieHWe. B »Toil rimaBe co-
CpeloTOYMM BHUMAaHUE MMEHHO Ha SKCIIOHEHIIMAJLHOM CJlaraeMoM
U TepelifleM OT OeKJIapalllii K IOKa3y TOro, KaK KOHKPeTHO IOJY-
yaeTcs KIaccuueckoe moHsTue koopaumHaTel. OCHOBHas 3alada Co-
CTOMT B TOM, YTOGHLI U3 HEAPXUMENOBHIX (KOMIaKTHGUINPOBAHHLIX )
BennunH (U3 a3 SKCHOHEHTHI) MOJIYYNTHh HEKOMIAK TH(UIMPOBaH-
HEIE KOOPIWHATEI, IJs1 KOTOPHIX UMEET MECTO akKcmoMa Apxumena c
CONy TCTBYIOIINM CBOWCTBOM 60JIbIlle-MeHBIIIE.

TawMm, rme He Bo3HUKaeT ocoboil HamobHOCTH, 6yneM abcTparupo-
BaTbCAd OT KOMIIOHEHT CcTOJIOna U 6yleM IUCATh

¥ = exp(ip). (5.2.2)

2. Iloka3aTenb 5KCHOHEHIWAILHOTO (GaKTopa OBUIO IpeNioxKe-
HO TPaKTOBaTh KaK Ipoo6pa3s (HU3MUECKOTO NEWCTBUSA, U COLJIACHO
(3.3.3) u (3.3.6) om mpencraBnsIca B BUAE

S 1

p== Ep,ﬂ:“, (5.2.3)

rie KOMIIOHEHTHI P, (¢ TOYHOCTBIO OO KO>hPUIUEHTa) CTPOMWIACH
u3 mapaMeTpoB mpasoro cronbna B (5.2.1), a 2* mMeno cMeICI UMb
HEKOMOPO020 KodPPuyuenma Ipu TaKOM MPEACTABIECHIN TOKA3aTEIS
SKCIOHEHTHI.

Bamerum, uto B mpensinymunx ¢dopmynax (1.4.7), (3.2.10) u B
IpYyrux m3 “BHEMIHUX  MMapaMETPOB CTPOMINCH KOMIIOHEHTHI 4-CKO-
POCTH 1, ONHAKO HIYETO He M3MEHUTCH, €CIN 4-CKOPOCTh YMHOXHTE
Ha HEKOTOPLIN MOCTOSHHEIA MHOXUTEIh MC, COOTBETCTBYIOIINH 3HA-
KOMBEIM TOHATHSIM, U [ajlee Be3lle TOBOPUTH O KOMIOHEHTAX MPOOG-
pasa 4-MepHOro mMmyibca’ P, = meu,,. Torna B (5.2.3) nefictBue S,
Pu ¥ T/ MMEOT NPMBEIYHEIE Pa3sMEPHOCTH, a Pa3sMepPHYIO KOHCTaHTY
h MoxHO cumTaTh mocTosHHOW Ilmanka.

3. OueBngno, uro B (5.2.3) Ko3pdUIMEHTEl ¥ ONpeneseHEl U3
GoJlee IEPBUYHEIX BEJIWYNH S U P, HEONHO3HAYHO IO HECKOJIBKHM
npuunHaM. OOHOR U3 HUX ABIAETCS 4-MEPHOCTH HTOTO BEIPAKEHUA.
s ynporenus paccyXaeHuit o XapaKTepe pelleHusi OCHOBHOM 3a-
a4l HAa BPEMs OTBIIEYEMCS OT 4-MEPHOCTHU MPOOGPA30B UMIMYIILCA U

KOODAUHAT U MOJIOXKUM
S = pz. (5.2.4)

4. IIpyroii IpuYnHOH HEOTHO3HAYHOCTU 2 SIBISETCI TO, UTO TIO-
KazaTellb KCIIOHEeHTEI OIIpeliesieH ¢ TOYHOCTHIO IO afJUTNBHOTO Clla-
raeMoro 27n, Ifle n IPON3BOJILHOE IEJIoe YNCJIO, TO ecTh Ipoobpa3s

4 o
33.MeTI/IM, 4UTO0 B OaHHOU MOAEHHN IIOKa PE€Yb UOET TOJBKO 06 OOHOM COpTe
MaCCHUBHBIX YaCTHII.
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I[eﬁCTBHH S MOXET NPpUHNMAThL 3HAYEHUA!
S = So + nh, (5.2.5)

roe Sp < 2w — riaBHOe 3HaudeHWe mpoobpasa meiicTBus. CiemoBa-
TeNBbHO, Ko3hdunueHT & B (5.2.4) MOXET MMETH 3HAUEHUS:

h
r= So + —n. (5.2.6)
p p

OTo obmiee CBONCTBO I KOOPAMHAT KOMIIaK TH(GUIIMPOBAHHEIX Pa3-
MepHOCTell, INPOKO m3BecTHOe B Teopuax Kamyner u Kieiina.

IManwreiimne paccyXneana 6yneM MNOACHATE C MOMOIIBIO Tpadu-
KOB, H306paXeHHLIX Ha pucyHke 5.2. Ha mepsoM TakoM rpaduke (a)
Ha TOPM30HTAILHOM OCH, BO-NEPBHIX, 0603HauYeHHl nepuonsl (h/p)n
OpH pasHLIX N M, BO-BTOPHLIX, YKa3aHEI TOYKH, COOTBETCTBYIOIIHE
3HAUEeHHWAM z coriacHo dopmyie (5.2.6).

5. Iloka peuysb IIIa O MOHATHAX OTHOCHTEILHO ONHOTO 3JIEMEH-
tapHOTO 6asmca. IlepeiineMm kK amcambaio saemenmaprbiz 6a3ucos,
cocmasagowus maxponpubop. Brimenum m3 3Toro amcam6biia mom-
MHOXECTBO 3JIEMEHTApPHLIX 6a3MCOB, OTHOCHTEILHO KOTOPHIX pac-
cMaTpMBaeMasd 4acTHUIla XapKTEPU3yeTCA ONHUM M TEM XKe 3HaYeHN-
em p. CorslacHo NaHHOW BHIIIE KJIacCHDUKAINK 3JIEMEHTAPHEIX 6a3H-
COB 5TO MONMHOXECTBO 06pa3yeT ONHY H Ty XK€ CHCTEMY OTHOIIECHMI.
Onmaxo B obmmeM ciydae B Takux 6a3smcax JaHHas 9acTHUIA MOXKET
XapaKTepH30BaTLCA Pa3HEIME 3HAUYEHHAMHA da3 ¢, TO eCTh PA3HEIME
3HA4YeHWAMHE mpoobpasa neficTBusA S. MOXHO TOBOPHTE O HEKOTO-
POM pacHpefieJieHNN TJIaBHEIX 3HaueHmil Sy Ha WHTepBaje OT HyJd
10 27. IlocKOJIbKY TOIMHOXECTBO 3JIEMEHTAPHEIX 6a3MCOB, MPUHAI-
JeXaMmuX TaHHON CHCTEME OTHOUIEHWH BEJIMKO, ECTECTBEHHO BBECTH
mioTHOCTS pacupenenenus p(Sp). OueBnnuo, uTo 5TO pacmpenesne-
Hue 6yIeT MOBTOPATLCA Ha KaXIOM JPYTrOM TaKOM WHTEpBAJIe.

B camom ofmmeM ciydae Takoe pacIupelesleHHe MOXeT OLITh Ka-
KM yTOIHO, ONHAKO €CTh OCHOBAHMUA BEIIEJIATE CJIydail, KOTJ1a IMEET
MecTo ofHOponHoe pacupeneienue. Ha rpaduxe (6) pucynka 5.2 BBe-
IleHa ellle BepTHKaJIbHAd OCh, XapaKTeph3yollad IVIOTHOCTEL Paclpe-
IeNieHNs, U B BUJE JIMHUY, [MapajuleJbHON OCH Z (JIEHTOH IINPUHOR
p(S0)), m306paxeHo Takoe ONHOPONHOE PAcCIpeNelieHNE.

6. Ha rpaduke (B) pucyHka 5.2 BBelleHO 06bemnoe u3obpaxcenue
AeHMbL, Yyuumbleaouee Ha3vt B COOTBETCTBYIOINX TOYKAX Z. 3Ha-
genne (asbl OMpPeNeNseTcs YIIOoM HPOEKIUN HePIeHANKYIIPHOIO K
JMHNM & OTpe3Ka Ha INIOCKOCTh, OPTOTOHANIBHYIO 5Toil juHmu. Ilo-
Jy4nnack BUHTOBas jleHTa mupuHoi 5(So) = p(p), o6BuBaomas och
Z ¢ nepuonom h/p.
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(So/p) (So/p) +1(h/p) (So/pP)+ 2(R/p)
a) P ‘ o 1 . 1 -
1 2 3
A(p)

I
6) . ; ; .
I‘)) ® PY ai
1 n

n))

Puc. 5.2: Ilepexon oT kxoMIakTudbUNIUPOBAHHEIX a3 K HEKOMIAKTH-

q)HI.IHpOBa.HHBIM KJIaCCHYECKMM KOOpOAWMHaTaM
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7. Touno Takume XXe paccyXIeHUS MOXHO NMPOBECTH AJISI MONMHO-
JKecTBa 3JIeMEHTAPHLIX 6a3MCOB C JIIOOLIM IPYTUM 3HaUeHHEM IIpO-
obpa3sa UMIYJbCca P(z). B HTOre momyunTes npyras BUHTOBas JEHTa

KaKOW-TO WHOW HMIMPUHEL ﬁ(p(z)) u 06BUBAOIIas OCh & C WHBIM HEPH-
omom h/ D(2)- OnHa m3 TakumxX BUHTOBEIX JIEHT W300paXeHa Ha rpadu-

ke (r) pucyHka 5.2. MHOroTOYNEM OTMEUYEHHI BCE NPYTHE BHHTOBEIE
JIEHTEHI, COOTBETCTBYIONINE UMIYIBCAM P(3), P(4); ** -

8. Ilaee HYXHO IPOCYMMUPOBATh BKJIAJbI BCEX TAKIX BUHTOBBIX
JIEHT BO BCEX BO3MOXHEIX TOYKaX OCH Z. JTO HejlaeTcs IO IpaBUIaM
CIIOKEHNs KOMIUIEKCHBIX 4ucell ¢ AnumHamu j(p) m dasamm ¢(p, z).
Ha rpaduxe () pucyHka 5.2 B CHMBOINYECKOM BHIE M306paXke€HO
HAJIOXKEHNe BUHTOBLIX JIEHT U IOKa3aHO CeYeHNe, COOTBETCTBYIOLIEE
IPOM3BOJILHOM TOUKE & Ha OCH. B mTOre KaxIoll TOUKe £ OKa3LIBa-
€TCsl CONOCTaBIIEHHEIM HEKOTOPOE KOMILIEKCHOE YHCIIO

Macrobasis

¥(z) = z p(p) exp [%pa}] . (5.2.7)

P

YuuTEIBas, YTO 3HAUEHUS P 3alOIHAIOT HEKOTOPYIO HENPEPHIBHYIO
06J1aCTh, ECTECTBEHHO BECTH HEKOTOPYIO INIOTHOCTH PACIpelele s
“mnorHocTeil” p(p) m BMecTo cymmupoBaHui B (5.2.7) mpomsBectn
MHTerpupoBanue no p. B urore 6ymem mMers

(@)= [ o(p)exp |5p2] dp, (5.2.8)

YTO COOTBETCTBYET M3BECTHOMY mpeoGpazoBanuio Pypre BeIuumHEL
p(p) = ¥(p) m3 UMIyIBCHOrO B KOOpAMHATHOE IpocTpaHcTBO. OHO
IINPOKO NpUMeHdeTCd B OOMIeNpHHATON (GOpMYIMpPOBKe KBaHTOBOR
TeopuH, M3jaraeMoil B paMKaX 3apaHee 3aJaHHOI'O IIPOCTPAaHCTBa-
BpeMeHHU. B maHHOM ciyuae 5Ta mpouenypa IpoBeleHa B 0GpaTHOM
HallpaBJIEHUN U MPOIEeMOHCTPUPOBaH ee QU3MUYECKUNA CMBICI.

9. Crnenyer 3aMeTuTh, 4TO B 0bweM ciydae GyHKums p(p) B
(5.2.8) cymecTBEHHO 3aBHCHT OT OIpENENEHNs MaKpompubopa, OT
TOTO, KaKWe 3JieMeHTapHEIE 6a3uchl (YacTHOEl) B Hero Bxomar. Us
caMBIX oOmuUX coobpaXeHW#l fICHO, 4TO pe3yiIbTaThl MOTYT OBITH
pa3iIUyYHLL AJ4 clIydad Makponpubopa — IJIa3MEBl WM MaKponpubo-
pa — TBepmoro Tena. Umeercsa raybokas BHYTPEHHSA CBI3L MEXIY
0obpa30oBaHHLIME TaKUM 0Opa30M KJIaCCHUeCKNMHU IIPOCTpPaHCTBEHHO-
BpPEMEHHLIMU NIPEeNCTaBIeHUIMNI U CTPYKTYPOH HaXOoNAIMUXCd B HEM
TBEPILIX Tel (CBA3AHHBIX OOBEKTOB). B 5TOM YacTn KHUTM NaHHEI
BOIIpOC He paccMaTpuBaeTcs. g manpHelnero JOCTaTOYHO JIUIIbL
TMIOHUMAaHNE CMBICJIA NCHOIb3YeMEBIX B TEOPUHU NMOHATHUH.



5.3. HHTEPIOPETAIINS KBAHTOBOW MEXAHUKH 141

10. Ionyuernnyio koMmmiekcHyo Beauuunay ¥(z) ciaenyer muTep-
OPETUPOBATE KaK AMNAUMYDY 8EPOIMHOCTIY NPEOBLE AHUA LACTNUYbL
8 coomeemcmeyowel mouke Kiaccuueckozo npocmpancmea. B co-
OTBETCTBHUU C OOIENPUHATLIMY IIPaBWIaAMU B KBAHTOBOH MeXaHUKe
INIOTHOCTH BEPOATHOCTHU NPeOLIBaHNA YaCcTUILI B OKPECTHOCTH TOU-
KI  olpeneiigeTcd CIeAYyIOmMuM obpaszoM

W(z) = — " (2)¥(z), (5.2.9)
Cn
rie C'y — HOPMUPYIOIIUA MHOXUTENb. B 5TOM ompenesenun ¢asnl
COKpAIaloTCs, U MIOTHOCTL BEPOSITHOCTH OKAa3LIBAETCSA MPOHOPINO-
HaJbHON KBaJIpaTy MOAYJIIA PE3YILTUPYIOMIETO KOMIIEKCHOTO YUCIIA.
11. B onpenenennn (5.2.9) 06bI19HO HOApPa3yMeBaeTCs, 4TO

cm:/@@w@@<m, (5.2.10)

TO €CTh MHTETpPajl CXOOUTCHA. DTO OTpaxaeT OOIIENPUHITOE HpEN-
CcTaBJIeHNe, COTJIacCHO KOTOPOMY paccMaTpuBaeMasd YacTHIa IJe-TO
HaXONUTCSA B allPHOPHOM IPOCTpaHcTBe-BpeMeHu. OnHAKO B TaHHOM
MIONXONe CXOOUMMOCTH NONOOHOTO WMHTerpajla HHOTKyIa He clelyer.
Bomee Toro, mnsa ypesaHHOro 3HaUeHWs, HapUMep, OJI KOHEYHOTO
YUCIa UMIYJIBCOB OHO PACXOAUTCI. DTO OBCTOATEIBLCTBO BBI3HIBA-
€T PN TPYOHOCTEN B KBAHTOBOH MeXaHUWKe. 3HECh XK€ IO CBOEMY
onpeflelieHNI0 TakK BBeleHHad IJIOTHOCTH BePOATHOCTH MMeeT CMEICI
TOJIBKO IIJIA CPaBHEHUA BepOoATHOCTel npebbIBaHU YacTUll B 3ddek-
THUBHO BBeJIEHHOM KOOPAMHATHOM IIPOCTPaHCTBe-BpEeMEHH.

5.3 HoBas mHTepnpeTanns KBaHTOBOM
MeXaHUKMI

N30xeHHOE BEHINE NMO-CYIIECTBY IPENCTABIAeT coGoil HOBYIO
MHTENPETAINIO KBAHTOBOM MEXaHUKH (TE€OPHN), CYIIECTBEHHO OTJIN-
Yalomyocsa OT obImenpuHATOl KoneHrareHcKoil. llepeunciaumM ocHOB-
HEBEIe XapaKTepHEIe YepThHI U OTJINYUA JaHHON MHTepIpeTalui.

1. O6menpunsaTas KBAaHTOBas MEXaHUKA CTPOUTCA B PAMKax 3a-
paHee 3aJaHHOT'O KJIaCCHYECKOTO IPOCTPAHCTBa-BpeMeHH, TOr1a KakK
B HaIlleM IOAXOJle €T0 CYIeCTBOBaHUeE He IIpeAlosaraeTcsa, — Kilaccu-
YecKHe NMPOCTPAaHCTBEeHHO-BpeMeHHEIE OTHOINEHUSI CTPOATCA Iapadl-
JleIbHO ¢ GOpMUpOBaHNEM KBaHTOBOMEXaHHUYECKNX 3aKOHOMEPHOC-
teit. OTcClona W CYLIECTBEHHOE pa3jiduyme WHTepHOpeTanuit. B cran-
IapTHOM M3JIOXKEHNU KBaHTOBasd MEXaHMKA MPaKTUUeCKW He CBA3a-
Ha C reoMerpueil (Teopmell mpocTpaHcTBa-BpeMeHn). Ilons Mukpo-
YacTHI BKJIaJBIBalOTCAd B IPOCTPAHCTBO-BPeMA M KOHCTATHpPYyeTCA
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dakT, 4TO KIIACCUUYECKUWE TEOMETPUUYECKUE MPENCTABIECHUS HEIPHU-
MEHUMEI K OTHENLHEIM MuUKpodacTunaMm. B uatepnperanuun H.Bopa
TeOMeTPUUECKNE U TUHAMUYECKUE CBOMCTBA MATEPUU UMEIOT JOMOJI-
HUTEILHEIA NPYT K APYTYy XapakTep, 4TO, B YACTHOCTH, OTPaXKEHO
B KBAHTOBOMEXAHUYECKOM MPUHITAIIE HEOMPEIETEHHOCTEN.

B coBpeMeHHOI# TpakTOBKE KBAHTOBON Teopun HaK THUECKH TPES-
JIaTaeTca CMHUPUTLCA C 5TUM (aKTOM M HOBOJILCTBOBATHLCA CIEIU-
¢uuecknMn “npaBmiaMu Urphl’. B Hell ocHOBHEIM moHATHEM (mpH-
MHETHBOM TEODHHM) IPENJIAaraeTCs CYNTATH COCTOSHUE (MUKPOCHCTE-
MEI), KOTOPOE MO-CYINECTBY ABJISETCA HEKUM “UEPHEIM SIIUKOM” , U3
KOTOPOTO TI0 YCTAHOBJIEHHEIM NPAaBUIAM MOXKHO M3BIIEKAThH HEOHXO-
numyio napopManuio. Takoil TONXon Hem3GeXeH, eCaN UCXOMNUTDH U3
anpuopHozo KIIaCCHUYECKOTO MPOCTPAHCTBa-BpeMeHu. B HareM xe
mogxofie KBAHTOBasA MEXaHWKa ONHOBPEMEHHO CTAHOBUTCA TEOpUEi
6oslee 3IIEMEHTAPHEIX OTHOIIEHUH B MUKPOMEDE, ABIMIONIAXCA TMPO-
06pa3oM KIIacCM4eCKUX TeOMETPUUYECKUX OTHOIIeHUA. JIpyrumu cio-
BaMU, MpejiaraeMas 3MeCh WHTEPIPETAINA KBAHTOBONH TEOPUH TEC-
HO CBs3aHa C TEOPHEll MPOCTPAHCTBA-BPEMEHH (TeOMETPHEL).

Crenyer 3aMeTHTh, YTO KIIACCUKH KBAaHTOBON TEOPHUH IIPENUYB-
CTBOBAJIN CBA3hL KBAHTOBOHW Teopuu ¢ 0606IIIEHNEM TEOMETPUY B MUK-
pomupe. Tak, JI.ne Bpoitne nucan o ToM, 4TO HOHATHS TPOCTPAHCT-
Ba-BpeMEHU “HYXHO OBIJIO GBI 3aMEHUTHL APYTUMHA MOHATHAIMHE, UTPa-
onuMn GyHIaMEHTAILHYIO Poiib B Mukpomnponeccax” . [lpu sTom on
samevan: “OmHaAKo MOKa MBI HE MOOWIINCH yclexa B pacmpocTpaHe-
HOW HAIMAX TPeNCTABIEHUN B YKA3aHHOM HATPABIECHWM, MBI JOJIXK-
HBI CTApaThCA ¢ GONBITUME WM MEHBLIITUME TPYAHOCTAME BTUCHYTh
MHUKPOCKOTIMUYECKUE ABJIEHUSA B PAMKHI TMOHATUN MPOCTPAHCTBA U Bpe-
MEHM, XOTSA HAc BCe BpeMsa 6ymeT GeCMOKOMThL YYBCTBO, YTO MEI MBI
TaeMcs BTUCHYTH ajiMa3 B OIPaBYy, KOTOpas eMy He Hmonxomut” [4,
c.187].

2. OmMHUM U3 OCHOBHEIX CBOMCTB KBaHTOBO# TEOPUU ABIIAETCS Be-
POATHOCTHEI XapaKTep ONMUCAHUA MOBeleHUsA MukpodacTui. Kmac-
CUYeCKUe MOHATU S, TPUTUCEHIBAEMEIE MEKPOOGHLEKTAM, OKA3EIBAIOTCA
PACTIIILIBYATEIMEA, ¢ HEKOM BEPOATHOCTHIO MPUHAMAIONIAMHA 3HAUE-
HUs B HeKOTOpOit o6nactu. C TOYKHN 3peHus MPemIoKEeHHOTO MOAX0na
00HOT, U3 OCHOBHBIT NPUUUK BEPOAMHOCTIHOZ0 TAPAKMEDPE KEAHMO-
601 MeoPpUU A6ATEMCA YUKAUYHOCTD (KOMNAKMUPUYUPOSAHHOCTD)
nepeuunbiz omuowenut, onuceiBaemas BCKO panra (2,2). Takne
OTHOITNIEHNS HEBO3MOXHO BJIOXUTEL B KJIACCHMUECKOE MPOCTPAHCTBO-
BpeMs WHaUe, KaK pa3Ma3aB MX IO HEMY BEPOATHOCTHBIM 06pa3oM.

5 mepBUYHEIX OTHOIIEHWH HET KIIACCHMUYECKOTO MOHATHSA GOIb-
Ie-MeHbIle. B cOBpeMeHHOW KBAHTOBOW TEOPHH 5TOT (HakT OTpa-
XKEH MIUPOKUM WCIOIB30BAHUEM KOMIUIEKCHEIX UMCEN, ¥ KOTOPBIX
HET CBOWCTBA JIMHEWHON YMOPAMOUYEHHOCTH, KAK 5TO UMEET MECTO
IUT BEIIECTBEHHBIX UNCEN, KOTOPLIMEU ONMUCHIBAETCA KIIACCHUECKOE
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TIPOCTPAaHCTBO-BpeMs. BoaHOBOI XapaKTep YacTHUIl — 5TO CIEACTBUE
BJIOXKEHU A HeapXUMeJOBEIX OTHOIIEHUH B KIIACCHYECKYIO TeOMETPHIO,
ymoBieTBopsomyio akcmome Apxumena. B mpemmoxennoit dpopmy-
JMPOBKE TEOPUHM MHUKDPOMEpa (B HOBOH MHTEPIPETANNH KBaHTOBOI
MeXaHWKM) BCKPEIBA€TCS MONOIJIIEKA BOJIHOBHIX CBOMCTB vacTun. Bo-
jlee TOro, IpeIJIOXKEH MYTh IepexXofa OT NMEPBUYHLIX IUKINUYECKUX
MOHATHH K KIJIACCHYECKHM (HEKOMIAKTH(QUIUPOBAHHEIM) IIPENCTaB-
JIEHNAM.

3. C Touku 3peHus 6uHAPHOI TeoMeTpodu3nKM dpy2oti NPuyuHot
8EPOAMHOCTNIHOZ0 LAPAKMEPQ ABATEMNCA CYMMUPOEAHUE NO AHCAMO-
a0 daemenmaprblr 6a3ucos, cocmasagdiowur maxponpubop. Kmac-
cHdYecKyne MOHATHA, Takle KaK IMPOMeXYTKH BpeMeHH, PacCTOAHUA
¥ HEKOTOpEIe APYIHe BO3HUKAIOT TOJILKO B pe3yibTaTe Iepexoma
K Makponpubopy. llpu sTom mobas BbimeseHHas JacTHIa obiama-
€T pPa3HLIMH OTHOLIEHWAMHU K IPYTUM YacTHIaM B Pa3IMUHBIX 3Jle-
MeHTapHBIX Gasmcax. [locie mepexoma k pesynbrTupyOmuM (CyM-
MapHEIM) HOHATHIM BCTaeT NpobieMa UX GU3UYECKOR HHTEPIpeTa-
nuu. HampuMmep, kak mOHHMaTh pa3Ma3aHHOCTH 3HAUEHWH WMIYIIbL-
COB YaCTHIEI, UMEIOIIYI0 MecTO B gauHoM mnomxone? C Touku 3pe-
HEA KJIaCCHYECKUX NpelcTaBJIeHNul He ocTaeTcd HUYero ApYyroro, Kak
TpaKTOBaTh €€ BePOATHOCTHEIM 0Opa3oM.

B xoHmenTyasbHOM IjlaHE B HOBOW WHTepIpeTalWy KBaHTOBOM
MeXaHUKH pojib Makponpubopa Jaxe elle 6ojiblllad, HeXell B 0O-
LMIETPUHATON KOIEeHTareHCKon ¢opMynupoBke. Temepb OKa3bIBaeT-
cs, MAKPONPUOOP HE MOALKO BAUIEM HA COCMOAHUA YACTNUYBL U
PE3YALMNAMNBL IKCTLEPUMERMNGA, HO U CMAHOBUMCA OMEEMCMEEHHBIM
30 CaAMU KAACCUNECKUE NPOCPAHCTEEHHO-8PEMENHbIE Npedemase-
HUL, MONCHO CKA3AMD, 30 6CIO UOEI0 KAACCUYECKO20 NPOCMPAHCMEA-
8DEMENHU.

Brnaromaps cymecrBoBannio Makponputopa (MakpocucTeM) KBaH-
TOBas TeOpHUs NPUHUMAET CTATUCTUUYeCKUi xapakTep. OnHOBpeMeH-
HO C 3THUM IHOABJIAETCI BO3MOXHOCTH IOCTPOUTH CTATUCTHUYECKYIO
WHTepIpeTaluio CaMOro KIIacCHYecKOro IPOCTPaHCTBa-BpeMeHH.

4. B paMKax TpeNJIOXKEHHOTO 3IeCh moaxona daemcd meopemu-
yeckoe 060CHO8ANHUE PEHOMEHOAOZUNECKY, YCTNAHOBAEHHBIL NOHAMUT
u npoyedyp obwenpunamot xkeanmosot meranuru (Teopnn). K Hum
cllefyeT OTHECTHU MOHATHE KOMIUIEKCHON aMIJIUTYALI BepOATHOCTH,
IIOCTPOEHNE IJIOTHOCTH BEPOATHOCTH dYepe3 KBaJpaTUUYHYIO KOMOH-
HaIWIO U3 aMIUIUTYIEl BEPOATHOCTH U KOMIIJIEKCHO CONPAXEHHON el
BEJIMYNHEL, NCIIOJIb30BaHNE CINHOPOB IJI ONUCAHUSA OCHOBHEIX BIIOB
3JIEeMEeHTapHEIX YacTHUIl U HEKOTOpHIE IpYTHe.

IeficTBUTENBHO, Y BCEX, MPUCTYHAIONINX K U3YyUEHUIO KBAHTOBOH
MeXaHWUKM, BO3HUKaeT BOIPOC, IOUeMy B 3TOH TEOPHHM BMECTO Iep-
BIYHOTO NOHSTHUA BEPOATHOCTHY (HMII¥ INIOTHOCTH BEPOSITHOCTH) HY K-
HO BBONUTH KOMIUIEKCHYIO aMIUIUTYHy BeposTHocTu! B coBpemen-
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HOWl KBaHTOBOH Teopuu 5TO mOCTyyaT. IMEHHO ¢ HETO HAUMHAETCS
uztoxeHne ¢GelHMaHOBCKON (GOPMYJINPOBKM KBAHTOBOW MeXaHUKH.
HekoToprie HE MOTYT CMUPHTLCS ¢ TAaKUM IOCTYJIATOM M NEITAIOT-
¢ chOopMyIUpPOBATh TEOPHUIO HEMOCPEACTBEHHO Ha OCHOBE NMOHATHUA
IUTOTHOCTHY BeposATHOCTHU. B pasBuBaeMoii 31eck Teopnu Ha MONOGHEIE
BOIIPOCHI HAIOTCA JOCTATOYHO IOJIHEIE OTBETEL.

5. Ilpyroii Bompoc cBs3aH CO COMHOPHOCTHIO dacTun. CupaBen-
JINBO CUMTaeTCd, 9YTO CIIMH ABJIAeTCA Cyrybo KBaAaHTOBEIM NOHATHEM.
ITouemy ocHOBHEIE BUIEI 3JIEMEHTAPHLIX YACTHI] ONUCLIBAIOTCS CIIH-
HOPHBEIME BOJHOBEIME GyHKumsAMu' B paMkax cTaHZapTHBIX HOpen-
CTaBJIeHUH, Ka3allock OBI, HIUTO He MellaeT dYacTHIaM OBITH CKa-
JIAPHBIMU WJIN BEKTOPHEIME . . . B obmenpunsaToMm nonxone HauGoee
y6eqUTeLHLIE OTBET COCTOMT B TOM, UTO U3 COIMHOPHLIX BeJINUUH
MOXHO IOCTPOUTH CKaJdpHEIE I BEKTOPHEIE BEJIUYNHEI, a Ha000pOT
Henb3s. CIMHOP NPEeACTABIASIeTCA CAMBIM TPOCTHIM 06beKTOM. B 61-
HapHOHU reoMeTpodU3UKE CNUHOPHOCTD UACTNUY NOAYUAEM CMPO2oe
aozunecKoe obocroeanue, 0 4eM TOBOpPWIOCH B riaBax 1 m 3. Oka-
3LIBaeTCd, CIMHOpHAsd YacTUIa HeceT B cebe mpoobpas OCHOBHBIX
CBOICTB KJIaCcCHUeCKOTo MPOCTPaHCTBa-BpeMeHN, TaKUX KaK pa3Mep-
HOCTh, CHTHATypa, MeTpUUecKle CBOHCTBa U T.I.

6. llpuHNUONAILHO HOBEIM MOMEHTOM IIPEMIJIOKEHHOTO IOAXONA
ABdeTCAd HEOOXONMMOCTH COBMECTHOI'O PAaCCMOTPEHHA CTPYKTYPEHL
Makpolnpubopa I paccCMaTpUBaeMEIX OTHOCUTEIIEHO HETO NPYTUX 006b-
ekToB. B wacTHOCTH, 5TO HOMKHO CKAa3BIBATLCS HA OMPENETIEHUN CBS-
3aHHEIX COCTOAHMEA YacTUN (aTOMOB M MOJEKYI M T.X.).

5.4 PoncTrBeHHbIe NHTepIpeTANNHA
KBAaHTOBON MEXaHUKU

B cBsA3u ¢ HOBOH WHTepIpeTallell KBAHTOBOH MEXaHUKHN HAIOM-
HHUM, YTO B HacTodlllee BpeMd, KpoMe OOLIENPUHATON KOIeHTareH-
CKOH, B JUTepaType obCyXmaeTcsa pial WMHLIX mHTepuperamnuii. Ha-
30BeM HECKOJILKO M3 HUX: HeoKJlacCHueckue, cTaTUCTHUYecKad, delin-
MaHOBCKasd, MHOTOMUpPOBas, 6pioccenbckad, b-onTuka Pymepa u psan
npyrux. Ilanuasg 3mech HHTepIpeTalus He COBIIANaeT HU C ONHON U3
Ha3BaHHLIX, OTHAKO MMeEET CXONHEIe UEPTHI C HECKOJILKMMU U3 HUX,
TJIaBHBIM 06pa3oM, CO CTaTUCTHYECKOl, b-onTukoit Pymepa u deiitn-
MaHoBckoi. O6cynuM >ToT Bompoc GoJiee monpo6HO.

1. Crarucruueckas uuarepuperanusa .. Broxunnera.

K usnaraemomy 3meck momxony Hauboliee GIM3KON ABIAETCA CTA-
TUCTUYECKAS WHTEPHPETANUs KBAHTOBONM MeXaHUKM, cHopMyIumpo-
BanHas B paborax [[.U.Bmoxuuuesa. O mucan: “O6vexkToM mpm-
MeHEeHUsS] KBAHTOBOW MEXaHWKHU ABJIAETCSA KBAHTOBLIN ancambisb. [lo-
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mobuo amcambnio I'm66ca, KBaHTOBEIN aHcaMOib 06pa30BaH HEOTPa-
HUYEHHEIM IIOBTOPEHNEM CHUTYVaIWil, COCTOAMINX W3 OIpelelleHHOU
MaKpOCKONUUECKO# 06cTaHOBKU M ¥ MOTPYXKEHHO# B 5Ty 06CTaHOB-
Ky MEUKpOcKommueckoil cucteMsl p”[2, ¢.16]. “OxaseiBaercs, 4TO Cy-
IIecTBYEeT Lejlad cUM(OHUA HOBEIX CTATUCTUYECKUX 3aKOHOMEPHOC-
Tel, YIPaBIIAOIINX IBUXKEHNEM MIKPOYAacTHUIl U B TOM cliydae, KOT-
Ia MaKpOCKONWUYecKHe Tejla, JUKTYIOMNE VCIIOBUA ABUXXEHNA MUK-
podacTunaM, HaXONATCSI OIPU TEMIOEPATYpe abCOMIOTHOTO HYJIsA. OTa
cuMdpOHNI U eCTh KBAaHTOBasg MeXaHWKa. KBaHTOBasd MeXaHUKa M3-
y4YaeT 3aKOHBI NBUXKEHWS MHUKPOUYACTUI B KBaHTOBOM aHcaMmbie”[2,
c.28].

II..BaoxuHIleB MUCAJI O HEKOM aHCAMOIE, CO3MaBAEMOM MaKpo-
CKOMMYECKUM OHBEKTOM, OHAKO B €TO TONXONE 3TOT aHCAMbIL MMET
CKPHITYIO, 3aTaJOuYHyI0 mpuUpony. B HameMm momxome ¢ mosunuu 6u-
HADHOW TeOMETPODU3UKN PACKPHIBAETCI CMEICH 3TOTO aHCAMOGIA —
€ro COCTABIISIET COBOKYNHOCTH 3JIEMEHTAPHLIX 6a3ncoB (YacTHI), u3
KOTOPHIX 06pa3oBaH Makpoo6bekT. IMEHHO MHOXECTBO OTHOIIEHUH
B PA3NIMYHEIX 5JeMEHTapHEIX Gasmcax o6pasyeT To, 4To Baoxunuen
Ha3BIBaJ “HEOrPAHNMYEHHEIM IOBTOPEHUEM CHTYyaImii”.

2. 5-Onruka I0.B.Pywmepa

OTOT HOAXON 3aponmiics B paMKaX 5-mepHoil Teopun Kamyusr u
Kieitna B xonne 20-x — magaise 30-x romoB. Ocoboe 3HaueHUE UMe-
ma usBecTHas pabora A.Diinmreiina u II.Beprmana [93], B KoTopoii
obcyxalicad BOIPOC O BO3MOXHOW NpHuYmMHe HeHabiiomaeMocTn 5-i
KOOpOUHATHL. BEla BEICKa3aHa MEICIB, UYTO IATOE U3MEPEHUE 3aMK-
HYTO C HEKOTODPBLIM 3JIEMEHTAPHEIM IepuonoM b (koMmakTuduuupo-
BaHO). DTO COOTBETCTBYET TOMY, YTO B Pa3’BEPHYTOM IATOM H3Me-
PEHUU BCe PACCTOSHUS, OTIMYAIONINECS HA BeIMUMHY nb, ABIAAOTCS
CKJIEEHHLIMU IPYT C APYTOM, T.e. HEpasIuuumMbIMu. B sToil pabote
He OBLJIO yKa3aHO KOHKPETHOH CBA3M KOMHNAaKTUMOUKAINU C TeMHU UIIN
IpyruMu GU3UUeCKUMU OOCTOATENILCTBAMH.

BnocnmencTBuu 5Ta umes 6bIa WCHOIbL30BaHA B MHOTOMEPHEIX
TeOMETPHUYECKUX TEOPUIX. 3aMKHYTOCTH NOMOIHUTEIBLHEIX U3MeEpe-
HUil 6blTa CBA3aHA ¢ KBAHTOBAHHOCTHIO BJIEKTPUUYECKOTo 3apiana. B
pane paboT ObLLI HOCTaBJIEH BOIPOC O NPHUYMHAX TaKoW KOMIAKTH-
duKanuy MHOTOMEPHOTO IPOCTPaHCTBa-BPeEMEHH IO IOMOJIHUTENb-
HEIM (K KJIaCCHYECKMM) M3MepeHUsM. 3ajada CTaBIIIACh Tak: IOJIa-
rajloch, YTO HOPMAJILHEIM IJIA BCeX Pa3MEPHOCTER ABJIAETCI HEKOM-
nak THUIUPOBAHHLIA (KIIaCCHUECKNH) XapaKTep, a KOMIak THhHIH-
POBaHHOCTL MOJIXKHa HaXOOUTH cBoe oObsicHeHUWe. B maHHOM momxo-
Ile, B paMKaxX 6MHapHOHN reoMeTpodU3UKH, 3aaua JOJIXKHA CTaBUTh-
¢4 HaoOOpOT: HOPMAJILHLIM COCTOAHUEM fABJIdeTCAd NMKIUYECKNA Xa-
pakTep OTHOIIEHWH (KOMIAKTHGUIMPOBAHHOCTSE), a KIaCCHYECKMUil
XapaKTep YeTBIpeX U3MepeHUll NoJKeH OLITH BEIBeleH U3 Oosiee 3ile-
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MEHTAPHEIX OUKINYECKUX OTHOIIEHUM.

Ha ymomsarytyio pabory A.Ofumreiitna u Il.Beprmana obpatun
panManue FO.B.Pymep, KoTOpEIil Tpensiokus cBsA3aTh BEICKA3aHHYIO
UM HIEI0 O OUKJINYHOCTH (3aMKHYTOCTH) JONOJHATENHLHOTO H3Me-
PEHUs C BOJIHOBLIM XapaKTeEpPOoM KBaHTOBoOW Mexanmku. OH mumca:
“MoxHO, OTHAKO, IPUATU K TMPEACTABIEHUIO O TOMOJIOTUYECKH 3a-
MKHYTOM 5-MEpPHOM MpPOCTPaHCTBE COBEPIIEHHO ¢ “IpPyroro kKonma’,
HE3aBUCUMO OT MONBITOK TMOCTPOEHUS E€NUHON TEOPUM TATOTEHUS U
SJIEKTPUUYECTBA. DTOT NYTh BeleT K OOHAPYKEHUIO BO3MOXHOCTH
OpUNOHCATH MATOW KoopauHaTe S PUIUUECKUHA CMBICHT HEWCTBUSA, €€
nepuony b uncieHHyo BenuuuHy mocTosHHOU Ilnanka h u mpuBonuT
K TiIybOKOMY CHHTE3y TeoMeTpHMUeCKUX HIel, 3aJI0XKEeHHBIX B 0o0Imei
TEOpHUH OTHOCUTEILHOCTH, C NAEIMI KBaHTOBOM Teopuu. IIpuBsrunoe
B COBPEMEHHOM (PU3UKE pa3lelieHne Ha “MaKpPOCKONUKY' H “MHKpPO-
CKOMMKY” , CBsA3aHHOE ¢ BenmuyuHON nocrosuHon Ilnanka h, Haxomut
CBOE TEOMETPHUYECKOE OTOOpaXeHNe B MOHATHAX “deTHIpexMepus’ u
“narumepus”” [59, c.8].

Onunako B cBoux uccienosauuax FO.B.Pymep croakuyscs ¢ ps-
IIOM TPyIHOCTell, 0 KOTOPHIX OylleT UATH pedb B I'JlaBax 7 U 8.

3. ®etHMaHOBCKAaA GOPMYIINPOBKA KBAHTOBOU MEXaHUKN

Hamee cnenyer Ha3zBaTh (pelHMaHOBCKYIO GOPMYIUPOBKY KBa-
HTOBOW MexaHUKHU [75, 76, 62]. W3BecTHO, uTO 5Ta HOPMYIUPOBKa,
HEIHe Ha3bIBaecMad METONOM KBaHTOBaHUA NMyTeM KOHTHUHYAJILHOTO
WHTerpupoOBaHUA, ObLJIa IpeasioxkeHa Kak 0600IeHe Ha KBAaHTOBBIN
caIyuyaill TEOPUHU IPSIMOTO MeXYaCTHUHOTO B3auMogeiicTBus. Tak, cam
P.®eiinman B cBoeii ocHOBomoJiaraoIneil pa6oTe Ha 5Ty TeMy IIH-
cain: “Teopuio snekTpoMarseTnsma, paseutyio Y miepom u Deitama-
HOM, ... MOXHO c(pOpPMYJIHNpPOBaTh B BHUIe NPUHINIA HAaWMeHBLIIETO
IENCTBUSA, COIEPKAINETO TOJILKO KOOPAWHATEI yacTui. Umenno mo-
NBEITKAa IPOKBAaHTOBAThL 3Ty TeOpHIO, He obpalllaich K IpeacTaBlle-
HUIO O IIoJie, U IpUBeJla aBTOPa K M3JI0XKEHHON 371ech GOpPMYINPOBKE
KkBaHTOBOH Mexanuku” [75, ¢.202]. B sToii popMynupoBke asis HaC ca-
MoOe BaXXHOE COCTOHUT B TOM, YTO B OCHOBY IIOJIOXKEHEI BKJIaJbl BIOJIb
TpaeKTOPHUH, ONWHAKOBEIE IO MONYIIO e€NWHUINA W OTJIWYalolIuecsd
nuink 3HadeHusMu ¢asz: “Bce TpaekTopum BHOCAT BKIIal, ONMHAKO-
BHI TTO aBCONIOTHON BeJInunHe; ¢asza KaXI0To BKJIala IpelCcTaBideT
co6oil (BEIpaXKeHHOE B eAMHUIAX /) KIIACCHYECKOE NENCTBHE, TO ECTh
B3STHI BAOJb NAHHOW TPaeKTOpWHM WHTeTpal oT dyukunwn Jlarpan-
xa 1o Bpemenn” 75, ¢.175].

HenocraTkoM ¢deliHMaHOBCKOTO MONXOAa SBWJIOCH TO, UTO B €TO
IONXOMe 3apaHee MOCTYIMPOBAJIOCH TOTOBOE KilacCHueckoe IpocTpa-
HCTBO-BpeMd, Ha $OHe KOTOPOro ONpelellaiich U CYMMHUPOBAJINCH
TpaeKTOPHUH.

Takxum o6pa3oM, MOXHO yTBEpXKIATh, YTO NMPeIJIOKEHHAS 3IeCh
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WHTepIpeTanusd KBaHTOBON MeXaHUKHN obbenmHIeT B cebe m 0606-
maeT psi YepPT, COOEPXKAIIMXCI B Psle MPENBIOYIIUX MOAXOIOB K
OCMBLICJIEHUIO CYTU KBAaHTOBOHW TEOPHUH.

5.5 Ilepexon x Makpoo6GBEKTY

1. Ha momykauyecTBEHHOM YpOBHe OOGCYIUM NIPUHIUNUAILHYIO
CTOPOHY Iepexola K MaKpOooOBLeKTY

R,.(¢) = Ry, (m).

Ilns sToro BepHeMcs K BhIpaxeHusM Buna (3.6.5) u k pany mocre-
IYIOIINX, BXOAAMUX B 6a30Boe 4 X 4-oTHomeHue. B HUX comepxkaTcs
SKCIOHEHNUANbHEIE cinaraeMule Buna (3.6.6), cocTosmune u3 mpoms-
BeIeHNH IBYX BEJIUYNH:

exp [:E%AS] u exp [:i:%k,,m”] .

B ¢opmymax riaBer 4 onn o6o3HaueHbl cuMBoiiamu exp(l), exp(2)
min exp(3), B 3aBECHMOCTH OT HOMepa yacTHUEl. B §4.8 ocroBHOM
yIop chejiaH Ha SKCIOHEHTHI ¢ UMIyibcamu obmena k,. Ux posan
OTIEJILHO PAaCCMOTPUM B cienyiolneM naparpade. 3mecs xe obcynum
SKCIIOHEHTHI ¢ W3MeHeHumeM neiicteus AS = p, Az”.

2. Ilpexme Bcero oTMeTHM, 4TO cMemenme Az” = z’V — z¥ cie-
NyeT MOHMMAThL UMEHHO B TOM CMBICIE, B KaKOM B §5.2 6Llia BBeneHA
KBa3MKJIaCCUUECKad KOOPAWHATA . B WTore mpoBeieHnsA OMMCAHHLIX
OpoUenyp K Kaxmoil n3 KOMIIOHEHT OCYIIECTBIAETCA MEPEXOI OT UM-
IyJILCHOTO NpENCTaBlIeHUs K KoopamHaTHOMY Buma (5.2.3), Tombko
Temephk BMecTO z 6ymeT cToats Az”

(2" —2¥) ~ /‘I’(p) exp [%(pu(:v”’ - m”)] §(p"py — m*c*)d’p,
(5.5.1)
rie BBeleHa 6-QYHKINA, IOKa3LIBAIOIIad, YTO KOMIOHEHTEL 4-MEPHOTO
IMIOYyJIbCa CBA3aHBI COOTHOHNIEHNEM p“pﬂ = mzcz.

3. B §3.6 yxe oTMeuasoch, 4TO MMEIOTCS SKCIOHEHIUATLHEIE
cJlaTa€MBIE C IMMOKa3aTeJIAMU NBYX 3HAKOB iAS 3 aux MoxHO mo-
CTpPpOUTE KaK CHMMMETPHNUYHYIO, TaK I aHTUCHMMETPHUYHYIO KoMOMHa-
nuu >KkcmoHeHT. W3 coobpaxeHnnit CHMMETPHUHN U PAAa IPYTUX CIENY-
€T OCTaBUTH CHMMETPHUYHYIO KOM6HH&HHIO

exp [%AS] + exp —%AS] . (5.5.2)



148 I'JIABA 5. MAKPOCKOIINYECKAS IPUPOIA II-B

OTO mo3BONISET PacCTAaBATH Ipenensl mHTerpupoBanus B (5.5.1) m
3amucaTh

o0
U(z"” —2¥) ~ / ¥(p) exp [l(py(m“’ - m”)] §(ptp, — m*c?)d*p,
h
— 00
(5.5.3)
rae ¢oyuknus ¥(AzY) saBiusercs aMIUINTYNOR BEPOATHOCTH paclpe-
IEeJIEHN s Pa3InYHEIX 3HaueHudl AzY.

CormacHo m3moxeHHOMY B §5.2, aMmiImTyna BepOATHOCTH OT-
IEJbHON YacTUNOBEI B OOIIEM CiIy4ae OTJIMYHA OT HYJIS B IIMPOKOH
obnacTu 3HaueHUR ¥, TO ecTh OHA KakK OLI pa3MasaHa IO BBEIEHHO-
MY KJIaCCHYECKOMY IPOCTPAHCTBY-BpPEMEHH.

4. ;g mosiydeHUs KIIACCHYECKUX TEeOMEeTPWYECKUX OTHOIIEHUN
MeXIy ¢usmdyecKuMu obbeKkTaMu (TOYHee, MEXIY COOBITHAMMU C HHU-
MH) HeOGXOLUMO CIENaTh CIENYOMNil ar — NEPETH OT ONHOI Jac-
THUOEL K MAKpPOOOBEKTY KaK HEKOH CHCTeMe M3 IPOCTEWIINX YacTHIl.
Takoll nepexoqn cBA3aH ¢ yCPeAHEHNEM (CYMMUPOBaHUEM) GOJIBIIOTO
Yuciia OTHOIIEHWH MeXIY YacTUIaMM, COCTABIAIOMINMI MaKpooGb-
€KT, I aHcaMOGJeM 3JIeMeHTapHEIX Ga3WCOB, COCTABIIAIONINX MaKpo-
npubop. Takum o6pa3oM IPUXOTUM K MPembemy NPUHYUNY CYMMu-
posarug (mocie npoobpasa npunnumna Maxa m NpuHIUDA yCpenHe-
HUS 1O 5jeMeHTapHBIM GasucaM). Kak m paree mpomsutiocTpupyeM
conepXaHUe OUePENHOTO STala ¢ MOMOIILIO PUCYHKa 5.3, obobmato-
Iero paHee IpuBeleHHEIe pucyHku 4.1 u 5.1.

5. Il Takoil cuTyanmm, MOXHO CKa3aTh, HMEET MECTO CBOEOO-
pasHas CTaTHCTHUKa, OIpUBOAAImasd 1y obobmenHoro ¥(z) B (5.5.3)
K CYLIECTBEHHO OTJIMYHEIM OT HYJISA 3HAUEHUIM B MaJIO OKPECTHOC-
TH HEKOTOPOTO Z{), COOTBETCTBYIOMIETO KIACCHIECKNM KOOPAMHATAM
(ManBIM cMemeHUIM) NPOGHOrO MaKpoobbekTa. B TepMmHax kBaH-
TOBOW TEOPUM 5TO O3HAUYaeT KBa3MKIIACCUUECKUi IMEPEXOH, KOrna

W(z) — §*(z" — zb), (5.5.4)

rmie (ES — KJIaCCMYECKOE 3HAUYECHUE KOOPAMHATHI Ma.KpOO6'I;eKTa. n

§*(z" —2h) = (217)4 +/?oexp (%pﬂ(m“ - :I)g)) d*p (5.5.5)

— 00

— 4-mepHas 6-¢pynkuusa. Kiaccuueckas reoMeTpus OMUCHIBAET OTHO-
IIEHNs UMEHHO MEXAY TaKUMHI TOUYKAMU-COGEITHAMI.

TakuMm o6pa3oM, B pe3ysbTaTe NJAHHOIO MEPEXONa KOMIOHEHTHI
z" B mokasaTesax skcmoHeHT (3.3.3) mim (5.2.3) cymiecTBeHHO M3Me-
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YacTumsl oKpyKaloIero
Mupa

Cwelernne
BBLAEJIEHHOTO

MaKpoobbeKTa

H v
Macrobasis
m,n,l,,u,u,)\

mn |

Maxkpockonuueckuit 6a3uc
(makponpu6op)

Puc. 5.3: IlapHoe oTHOIEHNE BEHINEIEHHOIO MaKpPOOGHLEKTa OTHOCH-
TeJIbHO aHcaMOJiId 6a3MCHBLIX 3J1eMEHTOB, COCTABIIAIOININX MaKpOIpH-
6op

HAIOT CBO#l XapakTep. /13 HEKUX HEOMHO3HAUHO ONpeNeJIEHHBIX KO3d-
¢dunuenToB z# npeBpamaoTcd B IpakTUdeckn GUKCUPOBaHHEIE 3HA-
YeHUs KOOPAUHAT 06BHEKTOB (TOUEK) B KIIACCHYECKOM IIPOCTPAHCTBE-
BpEMeHN.

5.6 IIponmaraTopbl B3auMonencTBUN

1. Bce m3moxeHHOE BEINIE NO3BOJISIET 3aBEPUINTEL OGOCHOBAHUE B
paMKax 6MHapHON reoMeTpodU3UKK KIIIOUEBHIX MOJIOXKEHUN peldnu-
OHHOM MaKpPOCKOIIMYeCKO! TeOpHH IPOCTPaHCTBa-BpeMeHN 1 B3anlMO-
nmeficTBuil. HamoMHUM, 4TO 5THU MOJNOXeHUS cHOPMYIIMPOBAHEL Ha OC-
HOBe aHa/IN3a GOKKEPOBCKOT'O IPUHIUNIA JelCTBUA U OLIJIN Ilepeunc-
sensl B §2.5. YacTe u3 Hux yxe 6b11a obocHOBaHa. Teneps ouepenb
IoIia 10 060CHOBaHUA ¢-GQYHKINN, IPUCY TCTBYIOMIEH B MONUHTET-
panbHOM BhIpaxeHuu npunnuna Poxkepa. B Tom xe §2.5 6puin me-
peunciiensl GpakTophl, cocTaBisomue TonaTne dyrknun §(s?). Mep-
BBIl U3 Ha3BaHHBIX TaM (PAKTOPOB — 5TO MMIYJILC (MIM CKOPOCTH)
nepenaun k, paHee yxe o6ocHoBaH. CKOPOCTE U HMIIYJIbC epeladn
CBA3aHEL IPYT € IPYTOM COOTHOIIEHUEM

k, = mek,. (5.6.1)
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(3nauenne Macchl IOKa He OG0CHOBAHO. )

2. B kauecTBe cienymoomero ¢axkrtopa GHIIO Ha3BaHO SKCIOHEH-
nnanbHoe ciaraemoe expl(:/h)k,(z] — z5)]. Ero mpoucxoxnenne u
BXOJIAIIME B HETO BEJIMYMHEI TaKXkKe ObLIN 06ocHOBaHHL. B popmymnax
IpeNBINYIIEil IJIaBEL TaKUe SKCIOHEHIMAIbHEIE (DaK TOPEL BOSHUKAIIN

B KOMOMHAINIX:
exp(1) exp(2) = [exp <%k,ﬂ:’f) + exp (—%k,ﬂ‘f)] X

X [exp <%kﬂm‘2‘> + exp (—%kuz‘;>] . (5.6.2)

Iocie IEPEMHOXEHNA CJlIaTa€MbIX BOSHMKHYT BBIPaXX€HUA OBYX BU-
JOB:

i

exp (ihk“(mlf - a:g)) ; I exp (i%kﬂ(m’f + :c’;)> . (5.6.3)

B mpomaraTope mpucyTCTBYIOT cllaraeMble IIEPBOTO BHJa M OTCYT-
CTBYIOT BToporo Tuna. Mcxons u3s npmHNuNa COOTBETCTBHA OCTaBUM
B (5.6.2) TonbKO ciIaraeMble IMEPBOTO BHIA.

3. TperbuMm pakTOpOM Ha3BIBAJICA 3HAMEHATENb B IONNHTET PAlb-
HoM BhIpaxkenmu (2.5.6). Kak 6buio mokasaHo B riaBe 4, ero Bo3-
HUKHOBeHUE 00YCIIOBIIEHO KOMIIOHEHTOHR 3¢ deKTUBHON MHOTOMEPHOMR

MeTpuku (44, 3anucannoil B (4.5.5). [locae npouenypsr 141+44-pac-
IIENJIEHNS 5Ta KOMIOHEHTA MOABIIAETCA B 3HaAMeHATENIX KakK 4-Mep-
Holl MeTpukH: (4.7.5), Tak W 4-MEPHEIX COCTABJIAIOMINX IBYX BEKTO-
POB IHAIEI, 3alMCaHHLIX B opmynax (4.7.6) — (4.7.10). O6paTum
BHUMaHUE Ha TO OOCTOATENBCTBO, UTO 5Ta KOMIIOHEHTA METPUKU
MOXeT OBITH IpelcTaBlieHa B BUIE

Gaa ~ kghP + de, (5.6.4)

Tlle CUMBOJIOM i€ 0G03HAUYEHO CIIOXKHOE BTOPOE CllaraeMoe CIpaBa B
nocnenseii crpoke (4.7.5). He 3Has moka KOHKPETHBIX 3HAYEHNH KOH-
CTaHT, NCXO 4 JIUIIb U3 IPUHINUIA COOTBETCTBU pPa3BUBaeMoil 31ech
IIpPOrpaMMEBI ¢ OOIMIENPUHATON TeopHel Iod, CIeAyeT MOJOXUTE 3Ty
BEIIMYUHY MAaJIoil.

4. Kak oTMeuaJsoch B IpeqbIIyIIuX naparpadax, O nepexona K
OOLIENPUHATON TeOopNU HeoOXONMMO IIPOM3BECTH CYMMHPOBaHHUE IIO
BCEM BJEMEHTApHLIM 6a3mcaM, cocTaBiasiomuM Makponputop. Ta-
KOe CYMMUPOBaHUe O POMHOTO YHCIIa ClIaraeMEIX 3KCTPaloInpyeTcs
IIEpexXolIoM K IJIOTHOCTH paclipelelieHud IO UMIYIbcaM Ilepefadu n

NHTETPUPOBAaHUEM IIO d4k NmerHO 5TO M O60CHOBEIBAET mocJIeTHIT
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GbaKTOp B ONpPENENEHNN CUHTYIApHOR GyHKumu. B mrore momyuaem
BhIpaxeHue 3]

§(s%(1,2)) —» —

+oo i
1 / exp[ﬁku(mllt B :Eg)] d4k =D t(fEM B :I)M) _
= Upet\ L 2) —

(2m)* kgkP + e

1 1
= 5-0[s* (21 — 22)]0(27 - 23)

s
e 712 — HeKas BEJIMUMHA, IJI1 IBYX MaKPOOGHEKTOB MMEIOIas CMbICIT
paccrosuus Mexny Humu. Wunekcamu (1) m (2) o6osHaueHEl 5TH
MakpoobbekTHI (dacTunst). HamoManm, uTo Bripaxenne niis 8[s%(z; —
z4)| sanncano B (2.3.3), 8(z) - dynkuus, paBHas equanne npu z > 0,
1 paBHag Hymo mpa z < 0.

5. Cienyer mom4epKHYTH, YTO Ha CAMOM Jiejle BEIpaXKeHUs Ii1d 4-
MepHOit MeTpuku (4.7.5) 1 BekTOpoB (4.7.6) — (4.7.7), onuchIBaomux
5JIEKTPOMAarHATHOE B3aMMOEiCTBUE, ABIAIOTCS HOBOJIBLHO CIIOXHEI-
mu. OHHE colepXaT KakK BKJIAIbl TPETHUX YaCTHIl, TaK M UMIYIbCHL
nepenaun. Ha sToM sTame pa3sBHTHA T€OPHH BO3HHKAIOT IBa IIyTH.

1) IepBerit, HamGosIee MOCIENOBATENBHEIN, IYTh COCTOUT B yUe-
Te BKJIAJIOB TPETHUX YACTHI[ B [yXe TEOPHUH IPIMOrO MeXYaCTHIHO-
ro B3aumoneiictBus Pokkepa-Peitnmana. 3aberas Buepen, yKaxeM,
9TO TPEThU YaCTHUIEI UTPAIOT PONIb PeAHMAHOBCKOTO MOIJIOTUTEN ,
oXapaKTepH30BaHHOTO B §2.6. DTOT myTh O6CYXKAEH B CIENYIOIIER
riaBe.

2) Bropoit nyTs, Gojlee MOBEPXHOCTHEIM, COCTONT B HAaBENEHNH
BPEMEHHBIX MOCTOB MEXIY IOHATHIMHE CYLIECTBYIOIIEH TEOPHH IO-
74 ¥ BHEIPAXEHMSAMH, NOJyYeHHLIME B GHHApPHON reoMeTpO(U3UKe.
Crporo roBops, To, 4TO CATAHO B IPENLIAYIIEM MYHKTE C IPENCTaB-
nenueM (44 B dopme (5.6.4) (BEIGOpOM KOHTYpa MHTErPHPOBAHMS )
IJig mONlydeHMs 3amasieiBatomteit yuknun I'pura (5.6.5), orHOCHT-
cq ko BropoMmy myTtu. PakTop € B 3HaMeHaTesle NONUHTErPAIBLHOIO
BeipaxkeHns (5.6.5) cooTBeTcTByeT ydeTy (heiiHMaHOBCKOIO IIOTJIO-
THTENA.

6. B mpomsBemeHHOM 31€Ch OGOCHOBaHME IIPOIAraTopa BHIIEINM
IBa OCHOBHEIX actekTa. OINH I3 HEX IMeeT TEXHUYECKUIl XapaKTep,
— IOJIyYeHNe MpomaraTopa 3aBepllaeT BBeJeHNe B paMKaX GHHADHOI
reoMeTPOGU3NKHE BCEX COCTABHEIX SJIEMEHTOB TEOPHN (PU3MUECKUX
B3auMoneRcTBIiA. J[pyroii acmekKT MMeeT NMPUHNUIUAILHBEIA Xapak-
Tep, — BMecTe ¢ mpomaraTopoM B (5.6.5) BosHHmKaeT KiiodeBas Xa-
pPaKTePHCTUKa B3aMMONEHCTBYIOMINX MaKpPOOGBEKTOB — PacCTOIHIE
i, Mex 1y HuME. ToJIBKO MOCTIE €ro MOSBIIEHNST MOXHO HadaTh TOBO-
PUTH O MOHATHAX KJIACCHUECKOTo (KOOPAMHATHOIO) IMPOCTPAHCTBa-
BPEMEHH, O €r0 CYI[HOCTH, 06 MCTOKaX €ro OCHOBHEIX CBOHCTB M O

8[(2Y — 29) — r12], (5.6.5)

- 47T|7‘12|
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npefenax MPUMEHNMOCTH KIJIACCHUECKUX MPOCTPAHCTBEHHO-BPEMEH-
HEIX IOHATHM.

5.7 Ilepexon x KjiaccuIecKomMy
MMPOCTPAaHCTBY-BpPEeMeEHN

1. B ocHOBY 6uHaApHOI reoMeTPOGU3UKH TOJIOXKEHEl OTHOIIEHU S
MeXIy HEKAMH INEPBUYHLIMEU 3JEMEHTAMH, COCTABJIAIOIIMMHA dac-
tnsl (06bekTel). lo cux mop 5To 6BIIM aGCTpaKTHBIE MOHSITUSA —
mapaMeTphl 3JIEMEHTOB, XapaKTEPU3yeMBIE KOMIUIEKCHEIMU YHUCIIa-
MU, U3 KOTOPLIX CTPOWINCEH IPOO6paskl pala OBIENPUHATEIX TOH-
Ttuit. Camu 1o cebe OTHOIIEHNSA W MApaMeTPLI He MPETEHIOBAJIM HAa
poab HabmonaeMbIX MoHATHI. [loMUepKUBAIIOChH, YTO HABIIOTaeMEIE
(B KJ1accuYyecKOM CMEICIIE) BEIMYMHEL HOJKHBI BO3HUKATH U3 IPO06-
pa30B cTaHOAPTHEIX MoHATHH. ClefoBaTENLHO, B KAaKOW-TO MOMEHT
Pa3sBUTHA TEOPUH HEOOXOMMMO NMepe6POCUTE MOCTHK MEXIY BEINUU-
HaM#, BBONUMEIMA B GMHAPHON TeOMETPOGU3NKE, W KIIACCHUYECKAMHE
N3MEpPIEMLIME MOHATUAM.

Ho mpexne, ueM 5To clenaTh, yTOYHEM, YTO co6O0il MpeNCcTaBIIs-
IOT KJIacCHMYEeCKUe m3MepseMble TOHATHSA, KaKUM 06pa3oM OCYIIECTB-
ngerca ux mzMepenne. MOXHO yTBEPKIATh, YTO 6CE KAACCUUECKUE
UBMEPEHUA COCTMOAM 6 Cueme KaKuT-mo cobvimut u 6 conocmaeJe-
HUU wuces npoucwedwur cobvimut. Kakue cobeITuA cilenyeT UMeTh
BBUJY W KaK UX CUUTATh, — 3aBUCUT OT KOHKPETHHIX cuTyaruii. Oue-
BHIHO, IJIf OCYIIECTBJIEHUS CUETa M, TeM 6oJiee, IJIA COMOCTABIIE-
HUS YNCEJl Pa3INYHLIX COOLITHN HEOHGXOMUMEL JOCTATOYHO CIIOXKHBIE
CHCTEMBI C TaMAThIO, KaKOBEIME ABJIAIOTCS MaKponpubopsl. Tosibko
Ha MaKpPOYPOBHE MOXHO OCYIIECTBUTH M3MEPUTENLHEIE MPOUENYPHI.
Yixe oTciofia SICHO, YTO B TeOPHAX Buna R, (), onupamomuxcs NI
Ha CBOMCTBa OTIEIbHEIX MUKPOYACTHIl, B IPUHIIAIE HEBO3MOXHO TO-
BOPUTHL O HABJIONAEMBIX BEJIMUNHAX U MOHATHAX.

Hac 3mecs He 6ymyT MHTEpECOBATb BONPOCH KOHKPETHOW pea-
JIN3allii W3MEPUTEIbHEIX mponenyp. HocraTouno 6yneT TpUHIAIN-
aIILHOM BO3MOXHOCTH CYETa COOLITHN M CPABHEHNUA UX C HEKOTOPHIME
5TaJIOHHLIMU MOBTOPAIOIIAMUCS COOLITHAMME, YTO (HaK TUIECKH O3HA-
YaeT ONpelNeieHNE YacoB.

2. B kauecTBe MOCTHKa MeXIy BBEIEHHLIME B OGUHAPHOM Teo-
MeTpodu3uKe BeJIMUYAHAME U KIACCHYECKUMHU MOHATUAMEA MOXHO HC-
NOJIL30BaTh BEJIMUUHY 719, BO3HUKIIYIO BMECTE C IPOIAraTOpPOM JIEK-
TPOMarHATHOTO B3aUMONEHCcTBHUA. BymeMm mosaraTh, 4TO Kaxcdomy
s3aumodeticmeuio (nape cobvimutl) mesxncdy 08YMA NPOU3EOALHBIMU
06BEKMAMU COOMEEMCMEYEM HEKOMOPOE 6EULECTNEEHHOE HUCAO S19
- unmepeaa dannozo e63aqumodeticmeud (mesxndy deymL cobbimug-
M), KOTOpPOE OIpeNedeT OTHOIIEHNE YNCIIa IOCIIENOBATENLHEIX Ol



5.7. KIIACCHUYECKOE IPOCTPAHCTBO-BPEMA 153

HOTUNHELIX COOBITMH TAaHHOTO BHAA K YNCIY KaKUX-TO >TAJIOHHBLIX
coburTuii. [locTymupyeM, 4To Takoe BeIECTBEHHOE YMCIIO OTOXKIECT-
BJIIETCA C 712 Uepe3 HEKOTOPYIO KOHCTAHTY, 3aBUCAIIYIO OT BEIGOpa
5TaJIOHHBIX COOBITHH.

Hannas 3mech ¢us3myeckas WHTEPIPETANNSI 712, KaK H3MEPUMOIi
B KJIaCCUYECKOM CMEICIIe BeJIMUMHEL, I03BOJIIET, N4 B OOpaTHOM IIO-
pAaIKe, PacKpHITh (PU3NUecKyI0o MHTepIpeTaluio APYTUX BeJINYUH,
BCTPEYABIINXCSA B IMpoIlecce MOCTPOeHUs Teopuu. B wacTHOCTH, Tak
MOXHO MPUATH K W3MEPUMOCTH AEUCTBUS S;j IS OTHOTO U TOTO XK€
MakpoobbeKTa MeXAy AByMs cobritusmu ¢ u k. B kauecTBe 5Tanon-
HBIX COOBITHIl, YUCITY KOTOPBIX JOJKHO COOTBETCTBOBATH S;) MOTYT
BLICTYHNATh JINOO Bce COOBLITHSA, KOTOpPbIE IPOM3OLLIN C 3TUM Mak-
poobBEKTOM MeXAy NBYMA M3OpaHHBIMHU COOBITHAMHU, JINOO TOIBLKO
HEKOTOpEIE W30paHHEIE. B KauecTBe Takmx m3GpaHHBIX COOBITHHR (B
KIIaCCHYECKOll Teopun) o6bIYHO BHIGHparoTCcs mokasaHus gaco. O6-
meu3BecTHa dopMyiia, CBA3EIBaloMIad KlacCuuecKne MOHATUS C MH-
TepBaJloM JAelcTBUA

Sir = mes;, = me(, — T;), (5.7.1)

rae mc — KoshOUIneHT MeXIy 3HAUEHUEM JENCTBUA U IJIWHOMN CO6-
CTBEHHOTO MHTEPBAJIa Ha MUPOBOM JIMHUM MaKPOOGBLEKTA; T T; — ABA
MOKAa3aHMWs YacOB, COOTBETCTBYIOMUX W3OpaHHBIM coOuITHIM. Que-
BUIHO, KaK IJIs JNEHCTBUS, TakK W IJII NOKa3aHWR JacoB (HAIpHUMeED,
quces KosleGaHUN MasgTHUKA) HIMEET MECTO CBOMCTBO aJIUTHBHOCTH.
ITomuepkHeM, Bce 5TO CHPABENJIMBO IJIS OTHOLIEHHH (COOBITHI) Ha
MEPOBO#i JINHUH JINIITL ONHOTO MaKpoo6BheKTa.

3. BepueMmcs K OGCYXEEHUIO OTHOUIEHUN MEXIY Pa3iInIHLIMUI
obbekTamm (gacTunamu). Kak yxe oTMewasoch, OHH ONHMCEIBAOT-
€A BEJIMUUMHON 7;), XapaKTEPUIYIOIIEN OTHOIIEHNE MEXIY HBYMSA CO-
GerTuamu (“manydenumem” m “morsomieHmeM”) ¢ y4acTHEM ABYX pas-
JMYHBEIX OOBEKTOB (YacTHL). OTa BelIWYMHA NMEET MHBAPUAHTHEIN
XapakKTep, HECMOTPS Ha KaXYIIUWics 3-MepHEBIA BUI, KakK GBI 3aBUCS-
U# OT BEIGOpA CUCTEMEI OTCUETA. Y KAXKEM KOHKPETHYIO IPOLENYPY
€e OINpeNeNeHn .

Ilss 5TOro JOCTAaTOYHO MCMOIB30BATEH CYET COOLITHI, MPOUCITIE-
IIUX Ha MAPOBOI JUHUM KIIACCHUECKOTO 0OOBEKTA, O UeM OBIIO CKa3a-
HO BEIIE. 3aMETUM, UTO HTUM KIIACCHUECKUM OOBLEKTOM MOXKET OBITH
caM Makpomnpubop WM, Ha IPYTOM A3LIKe, HabmonaTensb. Takum o6-
pa3oM, moJjaraeTcsa, YTO Ha MUPOBOI JIMHUM HABGIIONATENS MMEETCA

MOHOTOHHEIH mapaMeETp 7 — INOKa3aHMA YaCOB (CO6CTB€HHO€ BpeEMiA

Habnonatens). KBagpaT maTepBana si, MeXAy NBYMA COOLITHAME

Ha >ToMl MHpOBOﬁ JINHUU 3agaloTCcid JacaMH

sty = (r2 — )%, (5.7.2)
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4. B raaBe 4 mepBoii 4aCTU KHUTHU B MPENBAPUTEILHOM HOPSIKE
W3JIaTaJNCh UIEW TaKOTO COpTa, Ha3BaHHEIE TaM IPOoHOzZeoMempuel
[1, 66]. Om obcyxmanucey B cBsasu ¢ teopueir BCKO panra (2,2).
HamomuuM camoe Heob6xommmoe. B okpecTHOCTH (He 0643aTeILHO
Ma.noﬁ) CBOell MUPOBON JIWHUN HabJIo#aTellb MOXeT BBECTH CaMEBIM
HENOCPEeNCTBEHHLEIM 00pa30M IBe KOOPAMHATELI OKPYXKAIOMNX TOYEK-
cobeiTuii. [loscaum 510 ¢ momomibio pucyska 5.4. Ilycts mabmiona-

Puc. 5.4: MeTon xpoHOT€OMeTpH.

Tellb IPOB3aMMOIENCTBOBAJI CO BTOPOU 4YacTHIlell, HaXo#dllelicad B
Touke M. Ha kiaccuueckoM S3BIKE TEOPHUHU TOJISA 3TO O3HAUAET IO-
CBIIKYy CHTHAajla C MUPOBOHN NUHUU HabIoHaTelis B HEKOTOPEHIA MO-
MEHT T1, OTCYUTEIBAEMOTO OT HEKOTOpoil Touku O, B TOUKY-COOBITHE
M. TlycTh TpPOHU3OILIO TOBTOPHOE B3aMMOIENCTBUE NBYX YaCTHII,
yXe B obpaTHOM mopsanke. Ha KilaccM4ecKOM fA3BIKE 5TO O3HAYAET
ToJIyYeHne HabIIomaTeaeM OTPaXXKeHHOTO CUTHAJIA B HEKOTOPEIA MO-
MeHT To. HTepBadbl T; To MOJNOXUTENLHEL, eciaum Touka O mpen-
IIECTBYET Ty, HO MOT'YT OBITH M OTpUUATENbLHEIME, eciin O BEIGpaHO
Mo3XKe T WIN JaXXe MO3XKe To. Bpemsa cobritusa M orHOcmTesnbHO O
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MOXHO OIIPENEINTH BEJIMUMHON

1
ToM = 5(7'2 - 1), (5.7.3)

paccTosHue Mexny cobuitmamu (toukamm) O m M MoxHO 3amaTh
dopmynon
1
lOM = 5(7‘2 — 7'1), (574)

a KBaJgpaT IIPOCTPaHCTBEHHO-BPEMEHHOI'O MHTEPBaJla MEXIOY COORI-
TUAMHU — BBIPpaXXE€HUEM

sy =TT (5.7.5)

Jlerko BHIETH, YTO BBINIOJHAECTCA 0OLIUYHOE COOTHOIIEHHE

Ecnu Touka O jmeXuT MeXTy MOMEHTAMHU UCUOYCKAHUSA W TPH-
e€Ma CHTHAJIOB, TO KBaJpaT HMHTEpPBajla OTPUIATENEH, T.e. TOUYKU-
cobrrtus O u M mpocTpaHCTBEHHO-TIONOGHHI.

[onsarue 715 B (5.6.5) momywaer craryc HabmonaeMoil dhu3ngec-
KOl BEJIMYUHEI Yepe3 OTOXKIECTBIIEHUE

2|7‘12| = 2l0M =T9 —T1. (577)

OueBUAHO, YTO C TOYKHU 3PEHUS TEOPUU OTHOCUTEIHLHOCTH 5Ta Be-
JINYUHA IBJIIeTCI NHBAPUAHTOM.

5. Cnenyer 0co60 MOAYEPKHYThH, YTO XPOHOTEOMETPUUECKUM Me-
TONOM 3aJal0TCs JUIIb nBe KoopauHaTel. OcTaBmuecs ABe (yIIIOBEIE
KOOPIMHATEI) NOJKHBLI 3alaBaThCsi WHEIM obpaszoM. OHEH cOOTBeT-
CTBYIOT Pa3INUHBIM OpPHEHTAaIWAM BeKTOpa U3MeHeHNd 4-CKOpOCTH
(4-mmmynbeca) k#. O6 sTOM yke mmcaisioch B riiaBe 4 IepBOil 4acTH
kauru. U3 BekTopa k* BEIEaAIach NIPOCTPAHCTBEHHAS YACTh, KBAJ-
paT IJIUHEI KOTOPOH MMeeT BUI

(k)% = hi k'R (5.7.8)

3neck h;; — 3-MepHBIH MeTpudeckmii Ter3op. Onmpasichk Ha 3TO BEIpa-
JKeHe, MOXHO IOCTPOUTDL eNNHUYHLIN IPOCTPaHCTBEHHLIN BEKTOP

= —. (5.7.9)
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OueBnaHO, BCe BO3MOXHEIE 3HAUEHUS 3TOTO BEKTOpa (POPMUPYIOT
€XUK M3 BEKTOPOB, UCXOMAIINX W3 OXHOM Touku O M CBOMMU KOHIIA-
MU 3aIOJIHAIMINX ETUHUYHYIO 2-MePHYIO chepy (OKPYKHOCTH Ha PU-
cyHke 5.4). Yriel, XapaK TepH3YOIINe OPHEHTALNIO BEIGPAHHOTO BEK-

Topa k*, COOTBETCTBYIOT IBYM HENOCTAIOIIAM KOOPAMHATAM XPOHO-
reomeTpun. KoopauHaThl TOYKH-COOLITUS M OTHOCUTENLHO TOUYKHU-
cobertus O B XpOHOTEOMETPUM MOXHO 3alaTh CIEAYIOMIUM 06pa3oM

M* = {z° 2"} = {rom, llom}- (5.7.10)

3aMeTHM, UTO METOI XPOHOTEOMETPHUH IPUMEHIM U B CIIydae
obIleil TeOpUU OTHOCHUTEIILHOCTH.

5.8 BroIBoabI 1 3aMedyaHnAa

B sToM pasmene o6cyXIeHBI JUIIL NPUHIUNWAILHEIE MOMEH-
THI IepeXofla OT IepBUYHLIX MOHATHUN U 3aKOHOMepHOCTell GHHAapHOM
reoMeTpodU3NKN K KIIFOUEBLIM IIOJIOXKEHUAM KIIaCCUYECKOTo IIPOCT-
pancTBa-BpeMenu. IIpecienoBanack nens IUIIL 0XapakTepn30BaTh B
paMKaX pa3BHBaeMOH 37leCh MapalUrMbl CMEBICH MOHATHN, UCIOIBL3Y-
€MEIX IIpH onucanuu ¢u3ndecKnx B3anmopeiicteuii. g neTannHoTo
ONUCAaHUA Iepexofia K OOIeNpUHATHIM NOHATHAM ClefyeT OCBeTUTh
ellle Pl HETPUBUAILHEIX BopocoB. HeKoTOpEIE U3 HUX paccMOTpe-
HEI B CJIeAYIOMNUX IJIaBaX.

3agepias 3TOT pasfei, o6paTUM BHUMAHWE HA CIENYIONINE MO-
MEHTHEI:

1. B 6unapnot, ceomempodusuxe npedaazaemca unot, no cpas-
HEHUIO ¢ Mmpaduyuonnot Pusurotl, nopadox 6eedeHud KAOUEBHIT NO-
namul. HamoMHUM, 94TO B cOBpeMeHHOW ¢mU3MKe, BKIOYas OGIIYyIO
Teopuio oTHocuTenbHOCTH u Teopun Kamymner-Kielina, mcxomHbIM
MOMEHTOM SABJSETCI KOOPIUHATHOE MPOCTPAHCTBO-BpeMs. s BHe-
CEHHBIX B HEro 4acTul (06BEKTOB) ONPENEIAIOTCS HMIYILCHI, KO-
TOpHIe POPMUPYIOT UMIYILCHOE IPOCTPAHCTBO (MM IPOCTPAHCTBO
ckopocteit). I3 nMIynbcoB U cMelnennil B KOOPARHATHOM IPOCTPAH-
CTBe-BpeMEHU oIpeliesideTcd NOHATHE AeHCTBIUE.

B 6unapuoit reomeTpodu3nKe UCXOMHEIMH SBIAIOTCSI OTHONIEHU I
Mexny siaeMeHTamu. W3 5Tux oTHOmEHN (IapaMeTpOB SIEMEHTOB)
B BUIEe HEKHX KOMOHMHANUil CTPOSTCS KOMIOHEHTEI MMILYJILCOB (BBO-
IUTCS UMIYILCHOE IPOCTPAHCTBO) M ONHOBPEMEHHO C STUM OIpene-
nsgeTcsa mpoobpa3 Kiaccuueckoro AeiicTBusa. I ToabKo 3aTeM U3 5TUX
MOHATHUH, Kak OBl Ha TpeThbeM 3Talle, GOpPMUPYeTCA KOOpAMHATHOE
IIPOCTPAaHCTBO-BpeM4.

2. B ool rnaBe A4 DONyYeHNs KOOPAUHATHOTO IPOCTPAHCTBA-
BpeEMeHM GLIIN HCHIONIB30BaHEI (BBENEHE) 1Ba IPUHIUNA YCPENHEHNS
(cymmupoBannus):



5.8. BBIBOIIbI I BAMEYAHUS 157

1) npunyun ycpedrenud no saemewmaprbim 6a3aM, COCTABIISIO-
UM MaKponputop, MO3BOJIUBIINNA B IPUHIUIAAILHOM IUIaHE ONPE-
nenutTh upeo (mpoobpas) KOOPAMHATHOTO IPOCTPAHCTBA-BPEMEHN;

2) npunyun ycpednenud no sAeMeRMam, COCTABIIONNM MaKpo-
06BEeK T, NO3BOJIUBIINN IePEeTH OT pa3Ma3aHHOW 10 KOOPAUHATHOMY
IPOCTPAHCTBY-BPEMEHH AMIUIMTYIOLI BEPOATHOCTH K JIOKAJIM30BaH-
HEIM B HEM NOJIOXEHUSIM (KOOpIMHATaM) MaKpOOGHEKTOB.

IlepBEIii U3 >TUX IPUHINUIOB COOTBETCTBYET OBIIEN3BECTHOM MPO-
nenype mpeobpasoBanusa Oypre 0T UMIYILCHOTO IPEACTABIEHUA K
KOOPIMHATHOMY C TOWl pa3HUIEH, 4TO B CTAHNAPTHOW TEOPUH 3Ta
IpoIefypa OCYINeCTBIAeTCa IJid (YHKIHA B alpUOPHO 3aTaHHOM
IPOCTPAHCTBE-BPEMEHHU, a B GUHAPHON TeOMeTPOMU3NKE MPENIIOKEH
06paTHLI MOPANOK — aHAJIOT 3TOM MPOUENYPHl MpelHa3HAYeH NI
ompelieieHnsi KOOPAUHATHOTO MPOCTPAHCTBA.

BToOpoii IPUHIAI COOTBETCTBYET KBA3UKIACCHUECKOMY MEPEXOMY
B CTaHIapTHOW KBAHTOBON MeXaHUKE.

3. B pamkax pa3BHBaeMOW 3IeCh IPOTPAMMEI BO3HHKAET HOBasd
MHTEPIpETANNd KBAHTOBON MEXaHUKH, OTJIMYHAA OT OBIIENPUHATOM
KomeHnrareuckoii. OHa HMeeT PN CXOXHUX YEPT C TPeMs albTep-
HATHBHEIME WHTepOperanusaMmm: crarucrumueckoil (Bioxmumesa), B
paMkax 5-ontuku (Pymepa) n deiitHManoBCKOI.

CienyeT oTMETUTE, YTO K U3BECTMHOMY C60TUCMEY addumueHroc-
mu gusunecku nabarodaemozo deticmeud MONCHO NPUtMmu, UCTo0d
u3 BCKO panea (2,2), oTKyna u BO3HHK NPOOGpa3 STOrO MOHATHS.
B nepsoii vactn kuuru [17] ormewanocs, uro sta BCKO panra (2,2)
ABJISETCA BEIPOXKIEHHON B TOM CMBICIIE, UTO MMEET IBa MPeICTaBIle-
Hus: obmee (WM MYJIbTHIUIEKATHBHOE), 3aKOH KOTOPOTO 3allCaH B
(3.5.8) m coorBercTByeT obmeMy Buny (1.3.2), u BEIpoXAeHHOe (MInH
aIJAUTHUBHOE), COOTBETCTBYIOIIEE 3aKOHY, IPUBENEHHOMY B CHOCKE
§3.1. Tlocite mepexona K KiaccmdeckuM AS MOXHO yTBepXKIaTh, 4TO
HeBrIpoxknenHoe npencrasienue BCKO panra (2,2) coorBercTByeT
KBaHTOBOHW Teopun, a BeipoxnenHoe (mmum BCKO panra (2,2;a)) co-
OTBETCTBYET KJIACCHYECKON TEOPUH.

4. B cBA3M CO CHEJaHHEIM YyTBEPXKAECHUEM HAIIOMHUM TMEPEXON OT
HeBrIpoXxneHHoro npencrapienus BCKO panra (2,2) x BeIpoxzneH-
HoMy. Il;a sToro mepenmmem 3akoH (3.5.8) B popme

D(2,2) = 0 = UjaUkg = Uralig (5.8.1)
u mpoJiorapudmMupyeM ero. B mrore 6ymeM mMeTh
Inu;o +Inupg —Inupe —Inupg =0 —

— Qo + arg — Aga — a;g =0, (5.8.2)
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rie BBelleHBEl 0603HAUEHN:
Ca;q =Inu;y; Capg =Inug; ---. (5.8.3)

3mecs C' — HekoTopas KOHCTaHTa. BcmommHas BuI u;, u3 (3.5.7),
OPHUXONUM K BHIDaXKEHHUIO @;, depe3 HOBHIE NapaMeTphl

1

C(ln Ci+InCy) =i+ ao. (5.8.4)

Qi =

OueBnnHo, (5.8.2) MOXHO MOHNMATh Kak 3akoH BerpoxaerHoit BCKO
paHra (2,2;a), KOTOpHIl MOXHO IepenucaTh B hopMe

0 1 1
(I)/(2,2;a): 1 ai aip |=0, (5.8.5)
Uho QB

COOTBETCTBYIOLINA OOIIEMY BUNY, IPUBENEHHOMY B cHOCKe §3.1.

5. Bcnommuas mepexonm ot mapubix orHomeHuirn BCKO panra
(2,2) x mapHEIM OTHOIIEHUAM (HeHCTBUIO S;f,) YHAPHOM CHCTEMBI OT-
HomeHn#t cornacHo (3.5.9) m (3.5.10) 3akon (5.8.5) MoxHO mepenn-
caTh B HOBHIX oGo3HaueHusx. CuemaeM 5TO i 4acTHOro HaGopa
5JIEMEHTOB 1%, j, @, B B 3akoHe (5.8.5). IlycTs sneMenTEI ¢ ¥ o 6ynyT
ckieeHsl coriacHo (3.5.1), a saementrr j B — Her, m mycTh k map-
HEIl 5/1EMEHT K [3, a Y — DapHEIA 5JIeMeHT K j, Torna 3akoH (5.8.5)
3aMUIIETCS B BUIE

0 1 1 0 1 1
¢/(272?a) =|1 0 ap|=|1 0 Sip|=Sx+Sk+5S;=0.
1 ajo ajs 1 S Sk

(5.8.6)
OTo COOTHOIIIEHNE BEIpaXKaeT M3BECTHOE CBOMCTBO PACCTOSHUI MeX-
Iy TpeMs TOYKaMU Ha OPHEHTHPOBaHHOI mpsamoii. OHO e cooTBeT-
CTByeT M3BECTHOMY CBOWCTBY aJIUTUBHOCTHU KJIACCHYECKOTO HEHCT-
Bus (3.5.12).
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B sToM paspmene paccMOTpPeHEI Te BUALI QU3UUECKUX B3aUMONEN-
CTBHU, KOTOPEIE O6YCIOBIIEHET CUMMEMPUUHBIMY KOMOUHAYUAMY O-
noanumeabrblz napamempos (¢ mamekcoM “3”) B Momenu GmHApPHOR
reomeTpodusukn, ocHoBanHoit Ha BCKO panra (4,4), To ecTs asex-
MPOMAZHUMHOE U 2PABUMAYUOHNKOE 63auUModeticmend.

B rmapax sToro pasgena mojiaraeTcs, 4TO YXKe OCYIIECTBIIEH
nepexofl OT pensuuoHHoit Teopum R,(p) (oT BepxHeil wacTm 6510K-
cxeMsl pucyHka 1.1) k Teopmam tuna R,,(b), To ectp py6ex me-
pexona K Makponpubopy OCYUIECTBIIEH U PacCMaTPUBAIOTCS TEOPUU
HUKHEN JacTu GJI0K-cXeMEBI pucyuka 1.1.

3mech, Kak W B HOCIENYIOMIAX pa3feiiaX, Ha3BaHHEIE B3aUMOLE-
CTBUS PacCMaTPUBAIOTCA U CPABHUBAIOTCS C MO3UIUN Pa3HEIX Qusn-
yeckux mapanurM. W3 HasBaHHEIX B riiaBe 1 HecsaTHm mapagurM mC-
moJib30BaHbl 4 Hambollee CyUIECTBEHHLIE, HAa HAIl B3TJIAN, Mapalur-
MBI 9-1 mapamurma (6mHapHas reoMerpodmsmka), 3-1 mapammErMa
(Teopus mpsamoro Mexuactuusoro Bzammoneiictus Pokkepa-Deitn-
MaHa), 5-1 mapagurma (MHOTOMEPHEIE T€OMETpHYECKHE MOnen du-
3mYecKux B3amMmogeiicTBuil Tuna teopun Kamyner-Kaeiina), 1-1 na-
paznurma (kammbpoBouHas Teopus dpu3MyecKux B3aumoneiicTmil). ITo-
CKOJIbKY OMHapHasi reoMeTpodu3nKa SBIAETCA PEIANUOHHON Teopu-
eil, a mocJjienHNE ABe NPeACTaBIAIOT coboll Teopuu OIM3KOMENCTBUA
(Teopunm moms), TO ANA MX CONOCTABIIEHHUS HEOGXONMMO IPOMEXKY-
TOYHOE 3BEHO, KOTOPEIM SBIISETCS TEOPUs MPIMOTO MEXYACTUYHOTO
B3anIMOIEeNCTBHA.

B mauanbHO# riiaBe 6 3TOro pasieiia MOKa3aHO, KakK MOJIYYaloTCs
TEOpHH 3JIEKTPOMarHETU3Ma U TPAaBUTAINN B paMKaX OGUHAPHON Teo-
MeTPOGU3UKU U MPOM3BENEHO CPABHEHUE C WX ONMCAHUMEM B TEOPUU
OpSIMOTO MEXYaCTUYHOTO B3auMoOmelcTBus. B ciemyioreir riaee 7
OTHAEIBLHO PaCCMOTPEHO TPABUTANMOHHOE B3auMojpeicTBue. [Ipoana-
JIM3UPOBAH P acCHeKTOB OOIell TeopuM OTHOCUTENHLHOCTH C TOYKH
3peHus mapaiurMel 6uHapHOU reoMeTpodusuku. B mocimennei riage
8 maHHOTrO pasmena MPOAHAIU3MPOBAHEI b- U 6-MepHBIE TeOMETpH-
YecKue MOJEINN, OO beqUHSIOMINE TPABUTANNIO U SJIEKTPOMATHETU3M.



I'imaBa 6

IIpamoe
3JIEKTPOMAarHUTHOE 1
rpaBUTaIlIOHHOE
B3alIMOIEICTBUA

Hasnauenue 5To#l ritaBLI IBOSKO. Bo-mepBEIX, 5Ta IiaaBa 3aMbI-
KaeT IUKJ O6CYXIEHUA IPSIMOro MEXYacTHYHOTO (3JIeKTPOMarHuT-
HOTO W TIPaBUTAIMOHHOrO) B3amMmozeiicTBus. HanomuuMm, omna u3
IBYX HavaJIbHEIX IJIaB KHUTU Ha3bIBAJIachk “YPOKM TEOPHH MPSIMOTO
MexyacTuuHoro BiammomeiicTBus Pokkepa-Peiinmana’. B et us-
JIOXKeHBLI BaXXHeHIe MOTHUBEL IJIS PasBUTHUA NaHHOW MapalurMEI.
Becn BTOpO# pasmen KHUTY HOCBSAIIEH W3JIOKEHUIO OCHOBAHUI Teo-
pun ¢uU3MUYeCKUX B3aUMOAEeHCTBUN B AyXe KOHUIENIUU IPIMOIO B3a-
IMOLeNcTBYS (Ha OCHOBE NPSIMBIX OTHOLIEHUWN MEXIY YacTUIAMI).
W, maxonen, B maHHOI TJaBe Ha OCHOBE M3JIOXKEHHEBIX BEHINIE WAEH U
BBENIeHHBLIX MOHATUHN OMHapHOW reoMeTpodU3UMKH, Ha HOBOM OCHOBE,
ONATH PAcCMOTpeHa TeopHud IPAMOTO MEXYaCTUUHOTO B3aMMOAEHCT-
Bus Poxkepa-Definmana, TO ecTh GaKTUUECKH TAHO ee OGOCHOBaHUE.

Bo-BTOpLIX, 5Ta riiaBa MMeeT XapaKTep IPOMEXYTOYHOTO 3Be-
Ha IpU Ilepexolle OT OGWHApHON reoMeTpodU3NKU K OOIIeIpUHATHIM
IOJIEBBIM TEOPHSM KaK B paMKax 1-#f, Tak @ 5-il (reoMeTpmueckoii)
dusuyeckux mapagurM. B Takol menum m3 Tpex 3BEHLEB AJII HAC OC-
HOBHOI{l MHTEPEC NPEACTABIAET NIEPEXOL OT IEPBOTO 3BeHa (GMHAPHOM
reoMeTPOPU3NKNA) KO BTOPOMY (K TEOPHM IPSIMOTO MEXYaCTHYHOTO
B3aMMOIEHCTBHA), TaK KaK [EPEXON OT BTOPOTO 3BeHa (TEOpHH Ips-
MOTO B3aHMOIEHCTBUA) K TPeTbeMy (K TE€OpHH HOJIsI) MHOTOKPATHO
paccMaTpHuBajicad B paboTaxX IPYrux aBTOPOB.
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6.1 ®Ousuvyeckm MHTEepPHOpeTUPYyeEeMbIe
BeJININHEI

1. OCHOBHEIMU MOHATUSIMHI TEOPHUil TPABUTALUU U SJIEKTPOMAr-
HETH3Ma MOXHO CUHTATh KOMIOHEHTHI 4-MepHOH METPHUKH (,, H
5JIeKTPOMarHUTHOTO BeKTOpHOro motennuana A,. Hamomaum ocros-
HBbIe HeOoOXONUMEIE TPOLEAYPEI AJI4 UX BLIBOAA U3 MOHATUN OMHApHON
reoMeTpodU3NKM:

1) Homyuenne komnoHeHT mpoobpasa 6-mepHoit MeTpuku Gy
TIpYU BEHINEJEHHLIX NEPBOM UM BTOPOHl YacTHUIaX CYMMHPOBAHUEM IIO
BCEM TPETHUM YacTUIaM OKpyxkKaromiero mupa. CooTBeTCTBYIOLITE
dopmyinsr (4.5.2) — (4.5.7) sanncans B §4.5.

2) Ilpouenypa 14+1+4-pacmennenns B paMkax nmpoobpasa 6-mep-
HOW METpPHUKM, IOJyYeHHOH Ha mepBoM >Tale, obcyxieHa B §4.6 m
§4.7. B urore nomyuensr npoo6pas 4-mMepHoit Metpuku (4.7.5) u nua-
na BekTopoB &, u A, (cm. (4.7.6) — (4.7.7)).

3) CyMMupoBaHue [0 aHCAMOIIIO 5JIeMEHTAPHEIX 6a3HUCOB, COCTAB-
JIAIOMUX Makponpu6op. B uTore nomydaeTcs NOHATHE TPoOHAraTopa
B3aMMOJENCTBUS PA3HECEHHEIX YACTHUIl, a COBMECTHO C MOCIIEAYIOMIEN
OpONENyPOll W MOHATHE PACCTOSHUNA MEXAY B3aWMONENCTBYIOIINMHI
06BbEKTaMU.

4) Ycpenuenne nmo MakpooGbeKTY, CONEPKAIIEMY HEPBYIO YacTH-
oy, 1 0 MakKpooGbeKTaM, colepxkamuM BTopkie yacTunsl. Cormac-
HO M3JI0KEHHOMY B HpPENBIAYINEil ri1aBe 5, 3Ta Ipoueaypa MO3BOJISIET
BBECTH MOHATHUE HOJOKEHUS OOBEKTOB.

5) CyMMupoBaHHzE IO BCEM BO3MOXHBIM BTOPHIM 06beKTaM (Jac-
THIIaM) OKPY2KAalOLIEr0 MUpa.

Tonpko moOCe BCETO BTOTO MONYYalOTCsA KOMIOHEHTHI 4-MEPHOR
METPHUKH U SJIEKTPOMATHATHOTO BEKTOPHOTO MOTEHIMAJIA.

2. llocae onepanuu 1+41+44-pacieniienns mpoobpa3a MHOTOMEP-
HOW METPHUKH, TO €CTH IPU MPOBENEHUU TPETHLEHR W YETBEPTOM MPO-
HENYP C HENBI0 MOJIYYEHUs SIIEKTPOMATHUTHOTO BEKTOPHOTO MOTEH-
nuaia, OCTPO BCTaeT MPUHNWNWAILHEIA BONPOC, TPebyIoIui oco-
6oro o6CyXKIeHNA: KaKle KOMOMHAIINA U3 BEKTOPOB M “CKAJIAPHEIX”
KOMIIOHEHT MPpooGpasa 6-MepHOW METPHUKH MOJIKHEI COMOCTABIATHC
C M3BECTHEIME (PU3MUYECKN WHTEPIPETUPYEMEIME BeiauumHamu. (3a-
METHUM, UTO NPU ONpeNesieHnn 4-MepHOW METPUKH TAKOW TPOBIEMEI
Her.) B §4.7 sToT Bompoc B IpenBapHTENLHOM MOPSIKE PELIAJCS

IleJleHNeM BeKTOpOB nmankl &, m A, Ha \/ —Gaq.

3aberas Bmepen, OTMETUM, UTO MOmOOHas mpobieMa BO3HUKAET
¥ B paMKaX 5- 1 6-MepHBLIX TeOMeTpHUYeCKUX MoJejlell I'paBUTaluN 1
sjekTpoMaraeTusMa tuna teopuit Kanymner u Kneitna. Hanomuaum, B
teopuax Kanyner n Kneiina nocTynupyercs, 4T0 GU3MIECKUM CMEIC-
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JIOM HANEII0TCS KaJluGPOBOYHO WHBAPUAHTHLIE BEJINYNHELI, T.€. Ta-
K€, KOTOPEIE OCTAIOTCS WHBAPUAHTHLIMU IPHU MPeobpa30oBaHMAX JO-
NOJHUTEbHOI (ITOol) KoopauHaTel Buna (4.6.13) n aBnsioTcs KoBa-
PUATHLIMI OTHOCHTENILHO 4-MepHBIX npeobpasoBanmil (4.6.22). On-
HaKO IMPU CYXeHUIX Tpeobpa3oBaHUil W3-3a YCIOBUS MUIIWHIPUTHOC-
TH (HE3aBUCHMOCTY) KOMIIOHEHT METPHUKHY [0 NONOIHUTEILHON KOOP-
IUHATE KAJINOPOBOYHO MHBAPUAHTHOW CTAHOBUTCSA KOoMmOHEHTa (s
(mnu G44) W, CIENOBATENBHO, CYMIECTBEHHO PACIIMPAETCS KIIAacC Ka-
N6GPOBOYHO MHBAPMAHTHEIX BeJIWUNH. T aKOBEIMU CTaHOBATCS IMPEXK-
HUe KaJIuOpOBOYHO NHBApUAHTHEIE BEJINUNHLI, YMHOXEHHEIE Ha ITIPO-
U3BOJBbHYIO QYyHKIMIO (KOHPOPMHEIA (HaKkTOp) OT KOMIOHEHTH (s
(unm Gaq).

B sTux ycmoBuAX i1 onpenesieHNs 3JIEKTPOMATHUTHLIX BETNYNH
TIPUXONUTCSI WCKATh IOMOJHUTENLHEIE YCJIOBUA. B KadecTBe Tako-
BBLIX BBIGHpPANINCH NBa yciaoBus [9, ¢.219]: 1) uyrober npeobpasoBaHus
BEKTOPHOIO 3JIEKTPOMarHUTHOro norennuana mpu (4.6.13) (c 3ame-
Hoit z* Ha :I:5) COBMIaJalid C OOBIYHLIME KaJINOPOBOUYHLIME Ipeobpa-
30BaHUSAMHA ¥ 2) 4TOOHI B IOJyYaromuxcs U3 5-MepHo#l Teopun Ka-
JIynsl 4-MepHBIX YpaBHEHUAX OWHINTENHA CIpaBa IMepel TEH30pOM
SHEPTUU-UMIYIILCA SJIEKTPOMATrHUTHOTO MOJIS CTOSJ CTAaHIAPTHEIM
(mocTosHHEIN) pasMepHEI K03(pdUuneHT. JTO NPUBOAMIO K OTOXK-
TIECTBIIEHUIO

— C2 }‘M _ c2 GS,u
" 2Vkg V=G 2k Gss'

rge k, - HBIOTOHOBCKas T'PaBUTAIMOHHAA IIOCTOSHHAA, C - CKOPOCTh
cBeTa.

3. AnasoruynsiM o6pasoM (B cMEIcie BEIGOpa paKkTOpa I3 DOMOII-
HUTEIBHLIX KOMIIOHEHT METPHUKH) pernajics Bonpoc u B §4.7, TONBKO
TaM BMeCTO KOMIOHEHTHI H-MepHo#l MeTpuku (55 ObUla BeIOpaHa

koMmoHeHTa (G44. OMHAKO B pa3BUBAaEMOIl 3IECh TEOPUH UMEETCS CY-
IlecTBeHHAd pa3HUNa, — B Hell HET UCXONHOTO MHOI'OMEPHOTO KOOPAH-
HATHOTO IIPOCTPaHCTBa-BpeEMEHH U, CJIeIOBATeNILHO, He OlpelelleHEL
KOOpIMHATHEIe Ipeobpa3oBaHu, IepeMellinBaoniue 4-MepHEIe U J0-
MOJIHUTEIbHBIE KOOpAUHATEL. CUTyanus yOpOIIaeTcs: He HYKHBI I0-
MOJIHUTENIbHEIE NOCTYJAThHl MUINHIPUYHOCTH IO JOMOJIHUTEIHLHLIM
KOOpAMHAaTaM U HeT HaJOOHOCTH B CIeNMaJILHOM IMOCTYyJIaTe, Or'pa-
HUYWBAIONIEM KOOPIWHATHEIE Ipeobpa3oBannsd. UMeoT MecTo TONB-
KO 4-MepHEIe npeobpazoBanusi. OTHOCUTENBHO HUX JONOIHUATEILHEIE
KOMIIOHEHTEI Tpoobpasa MeTpuku (44 u (45 ABIAAIOTCS WHBApPUAH-
tamu. TeMm He MeHee, ocTaeTcs 3alada BEINEJIEHUS U3 MOJIYUYEHHBLIX
BEJIMYNH TaKWX, KOTOPHIE JOJIXKHEI CONOCTABIIATHCA ¢ GU3NUECKN NH-
TepIpeTHPYEeMEIMHI BEIPAaXKEHUAMU.

A

(6.1.1)
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Pemnum sty 3amauy ¢ nomomisio mocrynara: Quauueckum cmbic-
A0M DOAAHCHBL 06400AMb 8CE BOZMONCHBIE 4-MEPHBIE MEHIOPHBLE KOM-
bunayUL, MOCMPOEHHbIE U3 KOMNOHEWM NPoobpasd MHO20MEPHOT
MEMPUKYU, KOMOPbIE NOCAE NPOBEOEHUA YNOMIKYMBIL 6bIULE NPO-
yedyp npueodam K KOOPOUHATMHO 3AEUCUMBIM BbLPANCEHUAM, NOLO-
AHCUM Ha obwenpunamble.

4. B wacTHOCTH, TaKOBEIMH aBTOMATHYECKH SABJISIOTCS KOMIIO-
HEHTHI 4-MepHOIl METPUKH ¢, , HOIydeHHOl u3 (4.7.5), a Takxke Bek-
TOPHI, IIOJIy YeHHEIE U3 3anncaHHbIX B (4.7.6) u (4.7.7) BekTOpOB Ana-
nsl. Kak yxe orMeuasoch, 5TH BEeKTOPHI OIPAaKTHYECKH KOJIMHEAD-
HEI, IIO5TOMY MOXHO OIPAHHUYHTBCSA ONHAM BEKTOPOM

gu — _q4u -

v/ —Gaa Gas

exp(1) (exp(?)u’(z)u +3 1;(—53) exp(3)u€3)u>

— 5 '
2 [20%/-‘»’3&;3 — exp(1)erwf (eXP(2)“zz)ﬁ +2s % exp(3)U£3)l3>]
(6.1.2)

5. 3aMeTuM, UMeeTCA €lle ONUH BEKTOP, KOTOPHLIN MOXHO MONY-
YHNTH ONKUCAHHBLIM BEIIIE CIIOCOOOM U3 CllefyIollell KOMOMHAIUN KOM-
MIOHEHT mpoobpa3a MHOTOMEPHON MeTpPHKH

Gs, Gas
— ~ (A, — —_—. 6.1.3
G44 ( 124 SH) (_G44)3/2 ( )

Onnaxko, kKak serko BuneTs u3 (4.5.4) u (4.5.5), 5To BEIpaXeHHe OT-
amgaercs oT (6.1.2) muime o6umM Ko3¢hPUINEeHTOM U3 TOMOIHATENb-
HBIX IIapaMeTPOB M Ko>(pdUNNeHTaMu epel BKIaJaMH OT TPETBUX
wactun. ITo 5Toil mpuunHe OrpaHUYNMCS PacCMOTPEHNEM JINIIb KOM-
6unannn (6.1.2).

6.2 IIpsamoe MexdYacTHUUYHOE IJIEKTPO-
MarHNTHOE B3aMMoOJeNcTBUE

Ot BeIpaxeHnns (6.1.2) MOXHO HEMOCPENCTBEHHO IEPEHTH K pac-
CMOTDEHHOi B IJlaBe 2 TEOPHH IPAMOTO MEXYACTHYHOIO 5IEKTPO-
MarHuTHOro B3amMogeiicTBus Tuna ®okkepa-Peitamana. s sToro
Heo6XOAUMO 06paTUTL BHUMAHUE Ha CIENYIOMNe MOMEHTHL:

1) B uncaurene (6.1.2) crosaT mpomsBeneHUs OBYX KOMGMHAIMi
u3 sKkcmoHeHT. IlonoGHEIE Hmpom3BemeHHs yxke o6CyXAalauch B §5.6
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(em. popmyast (5.6.2) — (5.6.3)). BenencrBue yepenrenns mo aHcaM6-
JII0 3JIeMEeHTapHEIX 6a31coB, ocTaloTca ¢a30BEle BKIAAEL SKCIOHEHT
C Pa3HOCTAME KOOpPIWHAT, a cjlaraeMble, colepXKalllie >KCIOHEHTEL
C CYMMOH KOOpPIWHAT ABYX MaKpooOBLEeKTOB, BenyT cebd Kak OBICT-
PO OCHIJIIHPYIONINE BLIPAXKEHUS U COKpalmaioTcia. TakuMm obpasoMm,
6yIeM COXpaHATBL TOJIBKO CJlaraeMble ¢ SKCIOHEHTaMHU BUIA

1

exp (:thkﬂ(m’f - :Bf;)) .

3mauok + B mambHelimeM NPUBONWT K WHTerpupoBamuio mo dik ot
MEHYC O IUIIOC GECKOHEYHOCTH.

2) B umcaurene ppo6m (6.1.2) Hapany ¢ SKCIOHEHIMAILHBIME
CIaraeMBIMHI OT BTOPOM YaCTUIEI MMEIOTCS CIaraeMele ¢ SKCIOHEH-

tamu exp(3). OHn BXonaT ¢ ManeIMu Ko3pPUnneHTaMn BULa uf’?’) /bs.

3) B zmamenarene mpo6u (6.1.2) umMeroTcs NOMONHHUTENBHEE K
kPkg cnaraemre.

O6cynuM mepexofl K TeOPHUH IPSMOIO MeXYaCTHUHOTO IIEKTPO-
MarHUTHOTO B3aMMONEHCTBHS, MOCIENOBATEILHO BBOAS B PAaccMOT-
peHNe IepedYnciieHHEIE BEIIIE (aKTOPEL

A. OcHoBHOe nmpubGnmxenmue. [IpenebpexeM NByMs yKa3aH-
HEIMI B myHKTaXx (2) — (3) ¢akropamu. Torma mapHoe oTHOIIEHHE
(6.1.2) ommcrBaeT mpoo6pa3 BEKTOPHOIO 3JI€KTPOMAarHHTHOLO IIO-
TeHINaJa, CO3JaBaeMOro BTOPOHl YacTHIe# Kak Gbl B OTCYTCTBHE
Bcex ocTaibHEIX dacTun. (Ha camom mene mpyrue gacTumer yxe ma-

JIn BKJaJ B BHUIE CJIaraeMoro kﬁklg B 3HaMeHaTeJle. )

Iamee HeO6XOMUMO NMPOM3BECTU OCTAJILHEIE YHOMSAHYTEHIE BLIIIE
nponenypsl. Eciu paccmaTpuBaeTca B3auMOonelicTBUE MUKPOYACTHII,
TO 3TH NIPOIENYPHLL CBOAATCA K YCPEeOHEHUIO IO aHCAMOIIIO 3jleMeH-
TapHLIX 6a3ucoB. Kak 6B110 0OTMe4eHO B Ii1aBe 5, OHO SKCTPaNoINpy-
eTcs (MMUTHpPYeTCs) MHTErPHPOBAHUEM, BO-NIIEPBLIX, IO MMIIYJIbCAM
paccMaTPHBAaEMbIX YacTHI (B HTOre MOJIYYalOTCA pa3sMa3aHHBIE IO
KOOPAUHATAM aMIUINTYIEl BEPOATHOCTH HAXOXIEHHS YacTHIL), BO-
BTOpEIX, TIo WMTyikcaMm Tiepenaun (d*k) (B mTore momyuaercs pens-
THBUCTCKas CHHTYJIApHasA QYHKINS, COOTBETCTBYIOMAs 6-QYHKINN),
B-TPeThUX, NHTEIPUPOBaHUEM IO KOOpAMHATaM YacTHII.

Ecnu paccMaTpuBaloTcs MakpO4acTHIILI, TO IPOUeNypa CyMMU-
POBaHMA IO BCEM COCTABIIAIONINM KX YacTUIaM CYIIeCTBEHHO yIIpO-
IaeT OmepalWyl WHTETPUPOBaHUA. YacTUNEI CTAHOBATCSA JIOKAJIU30-
BaHHEIMU B KOOPIWHATHOM IPOCTPaHCTBe-BpeMeHHN, WHTETpUpOBa-
HUe IO UMIYJIbcaM Iepefaud MPUBOIUT K IOABIIEHUIO B 3HaMeHaTe-
Jle MO PAacCTOSHUA |r12| MEXAYy MakpodacTHIaME U §-OyHKINH
OT KBaJlpaTa MHTepBalla, a HHTEIPUPOBaHUe IO KOOPIUHATAM MOX-
HO 3aMeHUTH MHTErpajoM IO CMEIIeHWIO BTOPOH YacTHUIEI BIOJIL €€
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MI’IpOBOﬁ auaun. B urore nIOJIy4Ja€eTCA BBIPpaXXE€HUE NJIAd BEKTOPHOTO
IOTEHIINAaJIa CO3MaBaeMOT0 BTOpOﬁ gacTumen (2) B MECTE€ HaXO0X]e-
HNA HepBOﬁ qaCTHUIIBI

i B B
exp |pkp(ey — 3)
A,(1,2;0)=C) // { T }uzz)udélkdsm) =

—C, / 7u(2)8(s%(1, 2))ds ) =

— padv . ret .
= A%(1,2;0) + AT(1,2;0), (6.2.1)

r1e, BO-TIePBLIX, MCIIOIB30BAHEI ONpenenienne u ceoiicTsa §(s%(1,2))-
dyskmun (5.6.5) m (2.3.3) u, BO-BTOpEIX, BBENEHEI pa3sMEPHLIE KOH-
crauter C) = Caq(2)- 3mech ¢(2) — 3MEKTPUYECKUI 3apAl BTOPOH
YaCTUIIEL.

Jlerko BUOETH, YTO OCHOBHOE MPHUOIIMKEHUE COOTBETCTBYET Te-
OpHH MPSIMOTO MEXYACTUYHOTO BIEKTPOMATHUTHOTO B3aMMOMEMCT-
BUA, cHOPMYIIMPOBAHHOM Juills Ha ocHOBe mpuHnumna Pokkepa, TO
€CThb O BBeleHU noryioTuTens B pabote k. Yumepa u P.®efinmana
[00] 1945 roma. 3mecs 3amasgbIBaloliee M OepeXaloliee B3auMOIeii-
cTBUA (NOTEHIWAIEI) BOSHUKAIOT C PABHBLIMHA JOJISIMH.

B. Teopusa c rpy6eiM yueToM HeTHMAHOBCKOT'O IIOTJIOTH-
TeJIs MOJIyYaeTcs, ECIIN YUECTh CllaraeMble ¢ SKCIOHeHTaMH exp(3) B
qucnnrerne (6.1.2). K xaxnoMy 3 Takux ciaraeMbIX MOXHO IIPHMe-
HUTH PacCyXIeHWs NpeABIAymero nyekra. B mrore Bmecrto (6.2.1)
6yneM mMeTh

Au(1,2) = A,(1,2,0)+ 4,(1,2;)) =

P B B
exp | kp(zy — )
—cuf [ | L }u@)ud‘*kds(zﬁ

i B B
ud exp |zkg(z] — z3)
+C% Z (b_:) // { ok }qu)ud‘Lkds(?’) =
3 (a3

= A% (1,2;0) + ATH(1,2;0)+ Y (A;‘ft(1, 2;3) + A% (1,2; 3)) .
3
(6.2.2)
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OTO MOXHO MHTEPNPETUPOBATEL TAK, YTO OT BCEX TPETBUX YaC-
THUIl B COOTBETCTBYIONINE MOMEHTEHI IO KOHYCaM MPOILIOTo U 6ymy-
mero (u36paHHOM YaCTUIEI) UAYT CUTHAJILI K IEPBOM YacTHIE, CXO-
ISICh B MOMEHT €€ B3aMMOJENCTBUS CO BTOPOl YaCTUIEN.

B sToM ciiyuae yxke BO3HHKAET BO3MOXHOCTE MOCTAHOBKH 3aaul
O CyMMapHBIX 3HAUEHUAX ONEPEKAIOMIAX U 3aMa3[EIBAIONINX MOTEH-
OUAJIOB OT YAaCTUIEL 2 C YUETOM BKJIAJOB OT BCEX TPETHUX YACTHII.

B. Ilonnyio Teopuio ¢ GpelmHMAHOBCKUM IMIOTJIOTUTEJIEM
CIIeyeT OXUAATH IPH yUYeTe BCEX cilaraeMele B 3HaMeHaTene (6.1.2).
Il 5TOrO 3HAMEHATENDL HYXKHO MPEICTABUTH B BUIE

mckP u3
EPkg — EEN exp(1) | exp(2)u(y)s + 23: b—:’ exp(3)u(z) | =

= EPRrs(1 + ¢, 9(1,2,3)), (6.2.3)
rume
kﬁ ! ug !
®(1,2,3) = rop—exp(1) | exp(2)uizs + 23: b, PO
(6.2.4)

HCXOI[H U3 DPUHINIIa COOTBETCTBUA C U3BECTHON Teopneﬁ, cJIENYET
IIOJIOKHNTH
®(1,2,3) <« 1. (6.2.5)

3mecs ¢} — KoHcTaHTa, KpOME TOro, yuTeHo cooTHomenume (5.6.1).
HanpHemue paccyXKIeHUsS MOXHO NPOBONUTH IO NBYM KaHa-
J1aM.
1) Ilepsvuii Kanaa coomeemcmeyem JyYzy MeoOPUL NPIMO20 MEHC-
yacmuunozo 63aumodeticmeud. OH COCTONT B Pa3iIOKEHNH MOy IUB-
merocd u3 3HaMeHaTelld BEIPaXKeHUA B PAl

1

/

1+ da(1,2,3) 1-¢19(1,2,3)+ (6.2.6)
U B HNOCJIEAYIOIMEM YMHOXEHUN Ha YNCIUTENb. B pesynbraTte moiy-
YaeTca OeCKOHEUHHIN P4l C Pa3IMUYHBIMU KOMOMHAIMAME >KCIIOHEH-
OWaJbHLIX cllaraeMbIX. IX MOXHO TpaKTOBAaTh KaK BKJIAIBEl YAaCTHIL
OKPY2KaIoIIero MUpa, TO eCTh KaK BIUIHNE Ha B3aNMOAeHCTBHE IBYX
u36paHHBIX YacTHI CO CTOPOHHEI (PpeHHMAaHOBCKOTO HMOTJIOTUTENI.

2) Bmopot xanaa coomeemcmeyem dyzy obwenpurnamot meo-
put noad. OH COCTONT B HPEANOIOKEHNHN, UYTO MOMOJHUTEILHOE Ma-
JI0e cilaraeMoe B HepBoil cTpoke (6.2.3) npencrapiser coboil MAIYIO
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IO MOAOYJIIO IIOCTOAHHYIO I[O6a.BKy BuOa

mck?
2¢2

exp(1) (exp( Uy)g + E be exp 3)u ) =ie. (6.2.7)

Torna sramenarenn B (6.2.1) u B (6.2.2) npuHEMaOT BUX
EPkp + ie,

COOTBETCTBYIOIUHA 3HAMEHATENIO B HONWHTETPAIILHOM BEIPAaXKEHUN
nns npuaneHO@ GyHkumu (5.6.5). Poms Takoil mocrosHHON mo6GaB-
KH COCTOUT B GOPMUPOBAHUN KOHTYPa WHTET PUPOBAHUS (B 3allaHNn
obxoma coOTBeTCTBYIOIIell 0cO6eHHOCTH B KOMIIIIEKCHOM HJIOCKOCTH).
B umtore mosyuaeTcs oblienpuHATas 3ama3fbIBalolias MPUUYWHHAS
¢yukung (Cpura) (5.6.5).

OTu nBa KaHaja OKa3LIBAIOTCA SKBUBaJieHTHEIMEI. OHEM IPUBOOAT
K YCTPaHEHUIO ONEPEXAIOINX B3aMMONENCTBUM.

6.3 OcHoBaHUS TeoOpUU MPSIMOTO
rPaBUTANNOHHOI'O B3aMMOAENCTBUA

Ot nonyuennsix B (4.7.4) u (4.7.5) BeIpaxeHuil 11 npoobpasa
4-MepHO#l METPUKN MOXHO NEPETH K PacCMOTPEHHOMR B IilaBe 2 Te-
OpHHE IPSIMOTO MeXYaCTUYHOIO TPaBUTAIMOHHOTO B3aMMOIEHCTBUSL
dokkeposckoro Tuna. [Ipenebperas BKiIagaMu UMIYIbCOB Hepenadn
k, mo cpaBHeHHmIO ¢ MMIynbCaM¥ YacTHUIl P, = MCU,, 33 UCXONHOE
BO3BMEM BEIpaJKEHIE

’LL5
s = My + (moc)? leXp(l) (exp(2)"<z)u + b(—z) eXP(3)U<3)u)] X
3

[eXP(l) (eXp( ) +Z 2l exp(3)u (3)1,)]

X 5
4cy [2c1kﬁkﬁ — mocexp(1)kP (exp(?)u<2)ﬁ +3, Ué—z) exp(3)U(3)ﬁ)]
(6.3.1)

TIOJIYUYeHHOe B pe3yJibTaTe epBoil nponenypsl 141-+4-pacmensnenus.
3nech BTOpoe cilaraeMoe ClpaBa YMHOXEHO W pa3zfelieHo Ha (mgc)?,
rIie Mo Macca ONHOM 4acTHIEL, U yuTeHo cooTHomenue (5.6.1), cBs-
3pIBalolllee HMIIYJIbC Iepenadm k, ¢ IDepedaHHON 4-CKOPOCTBIO K.
Hanbuelinine Tpouenypsl MEpeUYnciieHsl B Havase §6.1.

H
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B (6.3.1) npucyrcTBylor Bce TpH ¢aKTOpa, OKa3aBIIMECT CY-
MIECTBEHHEIMU TPU O6CYXIEHUM BBEIBOHA BJIEKTPOMATHUTHOTO BEK-
TopHOro moTeHnuaiga. ONHAKO Telepb MOMYYaroTCs 6ojiee CIOXKHEIE
koMbuHanuu u3 SkcmoHeHT exp(l), exp(2) m exp(3), xoroprle, Ha-
nomuuM, onpenenensl B (4.4.5). Ilocie packpeiTusa mpomsBeneHmii
BO3HUKAIOT YKCIIOHEHTHI KaK ¢ CyMMaMi KOOPAWHAT YACTUIl, TaK M C
passocTsaMu. COrlacHO M3JI0XKEHHOMY BEHIIIE ONATH OyIeM mojiaraTh,
4TO (pa30BEIe BKIAAEI C CyYMMaMi KOOPAUHAT BEAYT cebst Kak GEICTPO
OCHWJUTMPYIOIINE BEIPAXKEHNS, B3aUMHO TOralas APyT Ipyra, TOraa
KaK CJaraeMble ¢ Pa3HOCTSAME KOOPIUHAT B3aUMHO YCUIUBAOT IPYT
npyra. Takum o6pasoM, ciefyeT OCTaBIATH TOJIBKO TaKWe CIIarae-
MEIE C DKCIIOHEHTAMM, B KOTOPHIE BXOMAT PA3HOCTH KOOPDAMHAT:

21 24
exp (iﬁka(m‘f —2z9)]; exp :tgka(:c? —z3) ) ;
i k a a a . i k a a

exp iﬁ o227 — 25 — 23) | jexp iﬁ a(z9 — 23) (6.3.2)
U Tak [maiee.

OnsaTh pacCMOTPHUM NEPEXON K TEOPUH IPAMOTO MEXYACTHIHOTO
IrPaBHTANMOHHOTO B3aMMONENCTBUA (HOKKEPOBCKOTO THUIA B BHUIE Pi-
Ila 3TalloB, MOCJIENOBATEIbLHO YUYNTHIBAIONIAX NepedncieHnse B §6.1
¢daKTOpHI.

A. OcHoBHOe NpUGIMXEHNE MOJIYYAeTCsS, €CIIN, BO-IEPBHIX,
npeHe6peYb B YNCIMTENE CIaraeMBIME ¢ exp(3), comepxamuMn Ma-

Jible K03$PUINeHTH uf’?’) /bs, U, BO-BTOPEIX, OT6POCUTH B 3HAMEHATE-

Jle JomoNHNTeNbHEIE K kP kg unener. B uTore mocie npoBeneHns Bcex
Ipouenyp HojlydaeTcd BEIpaXKeHHe

1
9= M — Cy Z ma / 5(32(1a 2)) (Mpativp + nuﬁnua)u?z)“l(ag)dsza
2
(6.3.3)

rae C,; — HeKOTOpas pasMepHas KOHCTaHTa, KOTOPYIO MOXHO CBA3aTh
C TPaBHTAIMOHHON MOCTOAHHOW. JIerko BUIETH, 4TO MMEHHO TaKoe
BHIpaXKeHWe cooTBeTCTByeT dopmyiaM (2.4.5) u (2.4.9) u3 mepsoro
pasmena.

CrmenaeM HECKOJIBKO 3aMEYaHUil O CMBICIIE STOTO BEIPAXKEHMUS:

1) B (6.3.3) Beimesnen kosdhduuneHT

me = N2m0, (634)

COOTBeTCTBYIOH_IHﬁ Macce BTOpOﬁ JaCTHIIHLIL. SI[GCI: CHIIMBOJIOM N2 obo-
3HAQY€HO YMCJIO HpOCTeﬁIlIHX JacTul, COCTaBIIAIOIINX 0O0BEKT C HO-
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MepoM 2. OTO YMCIIO BOBHMKAET B PE3YyJIbTAaTe UETBEPTOM U3 Iie-
PEYUCIEHHLIX BEIME TMPONENYP — W3-3a CYMMUPOBaHUS MO YacTH-
1maM BTOpoTo o6bekTa. Macca BMecTe ¢ KBaIpaTHUHOW KOMOMHAIHEH
W3 KOMIIOHEHT 4-CKOPOCTH COCTABIIAIOT TEH30p SHEPTUU-UMIYIILCA
TH ~ moutu” BTOPOR YacTULEI. DTO HAXOAUTCI B COTJIACUU C Te-
opHell MPSIMOTO MeXYaCTHYHOTO TPAaBUTAIMOHHOTO B3aMMOIENCTBUS
u c obIIell Teopmell OTHOCUTEIHLHOCTH, B KOTOPEIX OTKJIOHEHUS MET-
PUKHI OT MJITOCKOHN ONPENEIIAIOTCI TEH30paMU YHEPTUU-UMITYJILCA IPY-
TUX YacTHIL (HCTO‘{HHKOB HCKpHBJ‘IGHHOCTH).

2) Kak un B cityuae 5JIeKTpOMarHUTHOrO B3amMogeiicteus (6.2.1),
B (6.3.3) B pe3ysbTaTe NPOBENEHN BTOPOR NPONENYPEL (YCPEXHEHNS
0 5JIeMEHTapHEIM 6a3ucaM, COCTABIIOINM MaKponpn6op) BO3HU-
xaet 6(s2(1,2))-bynKknus, TpUBONAMAsT K CHMMETPHYHOMY TOSBIIe-
HUIO 3ala3[bIBAIOIIEr0 U ONEePEXAIONIEr0 B3anMONEHC TBHIA.

3) Oranune (6.3.3) or (2.4.5) cocTonT, B YaCTHOCTH, B OTCYT-
CTBUY CJIaraeMoro B KPYTJILIX CKOOKAX BUAA 1), 7a3- 1lOSBIEHNE 5TO-

TO cJaraeMoro o0ycCJIOBJIEHO ONpeleleHNeM MHTET PUPOBAHUS IO d4z
B HUCKPUBIIEHHOM NPOCTPAHCTBe-BPEMEHU, NMPU KOTOPOM BO3HUWKAET
Ko3(pPUIMEeHT — KOpeHb KBaJAPATHLIA M3 ONPENEJINTENS MeTpUUec-
KOTO TEH30pa /—¢g. YKa3aHHOe CJIaTaeMoe COOTBETCTBYET IEPBOMY
TIOPSNKY B Pa3jIOXeHUW /—¢g B PAN MO HLIOTOHOBCKOW T'paBUTAIN-
OHHOM IIOCTOSHHOI kg.

4) Ilpnm cyMMUpOBaHHMHN IO SJIEMEHTAPHEIM (a3mcaM Iepel MeT-
pukoit MUHKOBCKOTO BO3HUKHET YHUCJIO 3JIEMEHTAPHEIX 6a3UCOB, CO-
CTaBIdIOMUX Makponpubop. Merpuka g, ToilydaeTcd MOCIEMyIO-
UM [eJIEHUEM Ha 5TO YucIo (KOHGOPMHEIM Ipeobpa3oBaHUEM ), TaK
470 BO BBemeHHOM B (6.3.3) kosdpdunnente Cy yureH 5TOT daKTOp.
Kpome Toro, B Hero BXOAUT psi APYTrux (HakTOpoB M3-3a Iepexona
K IJIOTHOCTH BEPOSTHOCTH W MHTETPUPOBaHUI IO MMIYJIbcaM Iepe-
Iauu.

Ot momyuenHoro BeIpaXkeHms i1 MeTpuku (6.3.3) MoxHO me-
pefitun B o6paTHOM mopsnke K gopmyie (2.4.1) muas GOKKepOBCKOTO
IENCTBUSA OBYX TPAaBUTAIMOHHO B3aWMONEWCTBYIOMIUX Tell. Takum
06pa3oM, MOXHO YTBEPXKIATE, UTO OCHOBHOE NPUbAudCEHUE 060CHO-
ebleaem obobwenue Poxreposcrozo npunyuna deticmeud Ha caydat
auneapusosannoll epasumayuy b6e3 detdnmanoscrkol meopuu noasto-
mumeand.

B. Teopusa c rpy6siM yueToM ¢pelHMaHOBCKOTO IIOTJIOTH-
TeJIs TMOJydaeTcsd, eCIM y4eCTh COBOKYIHOCTh MAJIBIX CJIAraeMbIX
¢ K03pdUImeHToOM u‘z’3) /bs B uncaurene (6.3.1). B nepsom npu6in-
XEHUH TI0 3TOMY KO3(UIMEHTY MOABIAIOTCA BEIPaXKeHNU, KOTOPEIe
MOXXHO TPaKTOBaTb, C ONHOW CTOPOHEI, KaK MPOABJIEHNE CIEMYIOIIe-
ro, BTOPOro, IpUGIIMKEHNs N0 k,; TEOPUM IPIMOIO MeXYaCTHYHOTO
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IPABUTANNOHHOTO B3aMMONEHCTBHSA, a ¢ APYIO#l CTOPOHHI, (YacTHd-

HO) — KakK BKJIalqd OT q)eﬁHMa.HOBCKOI‘O IIOTJIOTHUTEIIA. Hpe,[[CTa.BHM 3TN
1
BEIDaX€E€HUA KaK hl“’ B Pa3JIOKEHNU METPHUUYECKOTO TEH3O0pa

0 1
G = M — 2k by =2k hyw +O(K°), (6.3.5)

0
rie hy, yXe 3amncao B (6.3.3), a cienyromee mpubimxeHne cTpo-

HUTCA U3 BI:Ipa.}KeHHﬁ B Oa

5 4 a a a
1 u exp (t+ko (227 — 25 — 2 ))
Ty L (i ka(2ag — 2 — 25 4
h/JUN d d b5 / kﬁkﬁ ’LL(2)M'LL(3)yd k

(6.3.6)
dakTHUecK: 5TO YX€ YyUET TPEXTOUEUYHBIX OTHOIIIEHNH B KJIacCHU4YecC-
KOM IOHHMaHHUU 3TOr'o TEPMHUHA.

O‘IeBHI[HO, YTO M3 3TOro BEHIPaXE€HUA 6y,[[yT BO3HHUKAaTh BKJIagbl
KaK B 3alla30BIBaIOIIEE, TaK U B OI€PEXKaIOIIee B3a.HMOI[e]7[CTBHH.

B. Ilonuas Teopusa ¢ peMIHMAHOBCKMM MOTJIOTUTEJIEM BO3-
HUKAeT [PU yYeTe NONOJIHUTENLHEIX WIEHOB B 3HaMeHaTene (6.3.1).
Ilns »TOrO 3HAMEHATENh HYXHO mpencTaBuTh B Bume (6.2.6). Ym-
HOXas €ro Ha YUCIUTEINh, MOJIydyaeM 6eCKOHEUHBIH Pl BhIPAXEHUR
C Pa3INYHLIMU KOMOWHAIUSAME SKCIOHEHIMAILHEIX ciiaraeMbrx. OHE
COOTBETCTBYIOT MHOTOTOUYEUHOMY XapaKTePy I'PaBUTAINOHHOTO B3a-
UMONEWCTBUSA. Y YUTEHIBasd, UYTO IIPU STUX CIAaTaeMBIX CTOAT Kosdbdn-
OUAEHTEI (u?3) /bs)™ B PasiNYHEIX CTENEHSX 7, HOIYYAEM Pa3JIOKeHUs

B OecKOHEUHEIe PAALI IO 3TOMY K03hPUINEHTY, UYTO COOTBETCTBYET
y4eTy Pa3iIMUHBLIX NOPAIKOB Pa3iloXKeHUd IO HbIOTOHOBCKOH I'paBu-
TaIlMOHHON KOHCTaHTe k; B TEOPHH IPAMOTO MEXYacTHYHOTO Tpa-
BHTAIMOHHOT'O B3aMMOAENCTBNA POKKEPOBCKOI'O THUIIA.

6.4 OG6I1as Teopus OTHOCUTEJILHOCTHU B
paMKaX KOHIENIUU NAJIbLHOAENCTBUSA

1. N3moxeHHOE BHINIE COOTBETCTBYET XapaKTepy SUHIITENHOB-
CKoli 00IIIell TeOpUN OTHOCUTEIHHOCTH, NepedOopMYyIINPOBaHHOR B BEP-
CUU OPSIMOTO MeXYacTUYHOTO B3auMmoneiicTeus. W3BecTHo, uto Ditn-
LIITelH, co3naBad obIIyI0 TEOPUI0 OTHOCUTEILHOCTH, CJeloBaJl Hie-
aMm Maxa, BLICKa3aHHEIM B paMKaX KOHIennun naibHomeiicTBusa. Ho
mocjie TOTo, KaK obIlasg Teopusd OTHOCUTEILHOCTH OBLIa co3laHa,
OWHINTERH MOHSJ, YTO OHA MMEET XapaKTep TEOPHH MOJs, TO €CTh
MOCTPOEHA B PaMKaX KOHIENINY GIN3KOAERCTBHSA. DTO NOGYMIMIIO €T0
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MEPECMOTPETEL CBOE OTHOIIeHNE K uaeaM Maxa. Omuako, BIOCIEACT-
BUY BEISCHUJIOCH, UTO SHWHINTENHOBCKYIO TEOPWIO T'PABUTAIUM MOXK-
HO nepedOpMYyIUPOBATL B paMKaX TEOPHUHU MPSIMOTO MeXUYaCTUUHOTO
B3amMogmeiicTBua. CHadasa 5TO OLLIO CHEIAHO B €€ JIMHEWHOM IIpH-
6nmxenun [21, 52], korna npunnun dokkepa 6611 0606IIEH ¢ BEKTOP-
HOTO BHIA (2.3.1), COOTBETCTBYIOIETO 3JIEKTPONWHAMUKE, Ha TeH-
sopHbIil Bux (2.4.1), a 3arem B Hamux pa6orax ¢ A.JO.Typuiruasim
[10, 71] 6bu1a mOCTPOEHA TEOPUS NPIMOTO MEXYACTUYHOTO TPABH-
TAIMOHHOTO B3aMMOIENCTBUS, COOTBETCTBYIOIIad SHHMITETHOBCKOR
obIIell TEOpUN OTHOCUTEILHOCTHU B JIIOOOM HOPSAKE PA3JIOKEHUS ee
B pAl MO TPaBUTAIMOHHOW TMocTosHHO#W. TakuMm obpa3oM KpyT 3a-
MKHYJICSA, — MPOiifieH MOJIHLIA ITUKJ OT IMepBOHAUAJIBLHEIX uaeir Maxa
B IIyXe KOHIENMIUN MAJTLHOMENCTBUS K KOHKPETHOHN MOJIEBOW TEOpUM
TPaBUTAIINU U Jajiee OT MOJEBOW TEOPUH K e€ NaJIbHONEWCTRYIOMIEN
BEPCUHU, OTBEYAIOIIEN MEPBOHAYAILHEIM UIESIM.

2. Orchinas unTaTens 3a AeTalsAMU K Hailein MoHorpaduu [10],
OXapaKTepu3yeM OCHOBHLIE UEPTHLI TEOPUM NMPIMOTO MeXYacTUUHO-
To rpaBUTAalNOHHOTO B3aMMOIENCTBN A, COOTBETCTBYIONIIEN SWHIITEH-
HOBCKOI1 06IITell TEOPUN OTHOCUTEIBHOCTH. UTOORI 5TO cHeNaTh, CHa-
yajia nepenuiieM npuanun Pokkepa (2.4.1) IepBOro HOpAaKa Io kg,

(I[ByXTO‘Ie‘IHI:Ie OTHO]J_IGHHH) B CJIENYIOIIEM BHJIE:

s — —chi/dsi—}—

8 [ [ 0 o )

_|_

x \/ ) (:L')\/ _ g (2/)d*ed*e’, (6.4.1)
rme

1

- 0 0 0 0 0 0
Gopmr (2,2) = 1= (S + Syt — Sunilan ) 6(5°(2,2)
(6.4.2)

0

— 6urensopHasa ¢ysknua I'puna, 9,,= Nuq, @ T“ﬁ(m) — KOMIIOHEHTHI
TeH30pa YHEPTUN-UMIYIIbCa, HOJIyYaeMble BapbUpPOBaHUEM CBOGOI-
HOTO JeNCTBHUS

5 50— czmjfs(dsj) — %/T“ﬁ(m)cs Top (2)\ - 9 (2)d*.

(6.4.3)
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N3 sToro BBIPpaXE€HMNA HaXOOUM

154 v
d:vj d:nj

T0a) =3 [ 64(e wi)ms G2 g 2i)ale ) —
J

(6.4.4)
3meck g, (2, ;) — ABYyXTOUEUHEI T€H30p MapalIeIbHOIO IepeHoCa.
ITomuepkHeM, uTO BTOpOE ciaraeMoe cupasa B (6.4.1) cmenmanbuo
3aIUCaHO B IIOJIEBOM BUIE.

3. Bo emopom nopadxe no k, deticmeue goxxeposcrozo muna
doadxcno nocmyaupoeambcd. AHAIN3 MOKA3HIBAET, YTO 5TO HYXKHO
cllesiaTh B ClIelyIOIeM BHIe

2 1
s — gl 4
Amk? (1) _
- 902/ / T (2) Gappu (2, 2) T (2') %

c

X \/ .y (m)\/ g (2)d*zd%e, (6.4.5)

1
roe kg, 1("“)” (z) — mo6aBka mepBOro MOpsANKa K TEH30PY SHEPIHUU-
1

nMnyibca (6.4.4), nomygaeMomy yxe u3 S, mo popmyine Tuma (6.4.3).
Baxuyio ponb B Teopum WrpaeT 3HAYEHWE BBENEHHOTO B 3Ty dop-
Myny kosbdunuenta ;. B onpenenenun (6.4.5) sTor KosbdummeHT
MPOW3BOJIEH.

I'pomosnkue BrrumcieHus, nonpo6Ho npusenenusie B [10], moka-
3LIBAIOT, YTO BTOPOE ciaraeMoe cupaBa B (6.4.5) umeer mpezmo-
weunblll rapaxmep, T.e.

2 1
Sla)—=g@) 4
+9zk3222mimﬂ'm’///fz("”i"”J”"”“”?iw“@)’”?l))x
i1
deidedSl, (6'4'6)

roe fo(---) — HekoTopas GYHKHHS, 3aBHCAMIAs OT XapaKTePHCTUK
Tpex JacTHIl.

4. U3 peiicrBus (6.4.6) OGBIYHBIM CIOCOGOM MOXKHO HOJYYHUTh
YyPaBHEHNs IBIDKEHHS JI000H JacTHUEI ¢. AHanm3 mokKas3eIBaeT, 4TO
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5TH ypaBHEHHWSA MOXKHO MPENCTABUTEL B BUME ypasuerutl 2eodezuvec-
xotl aunuu (Bo BTopoM mopsuke 1o ky) 6 addexmuenotl pumaroeot
mempuxe

2 0 0
9w (&) =9y —2ky hyw (2) — 2‘92]‘535#”(33)7 (6.4.7)
rmoe
S,uu(mi) = (471')2 Z Zl: m;my / / fé(:l)z, T, 2, ul(aj), ’u?l))dedSl,
J
(6.4.8)

MOALKO 6 MOM cayuae, KOToa Ko>hPUIUEHT Iepel] BTOPLIM cilarae-
MEIM B (6.4.5) mpuHIMaeT 3HaYeHHe

1

b2 = 3. (6.4.9)

5. B [10, 71] ¢opmyer (6.4.1), (6.4.5) 0606IIEHEl Ha TPOM3BOIIL-
HBIl NOPSANOK 7 IO IPaBHTAlMOHHON KoHcTaHTe ky. Ilpm sToM mo-
Ka3aHo, 4TO nonpaexu 6 delicmeue m-20 nopgdxa umeom n + 1-
moueuntili zapaxmep. KpoMme Toro, Ipnm nocTyIMpoBaHAN NEHCTBHUS
(OKKEpOBCKOTO THIIa B KaXKI0M HOBOM IIOPAIKE HEOOXOIMMO BBOIHUTE
Hekuii kosdpduument 6,,. W3 TpeboBarmsa, 4TO6LI IOJIydarommecs B
NaHHOM TPUOJIMXEHNN ypPaBHEHWS NBUXKEHUSA YaCTHIl IPENCTaBIIA-
JUCh B BUJIE yPaBHEHMI TeoNe3mdecKnxX B 3ppeKTUBHON PUMaHOBOM
MeTpuKe (B TOM JXe NPUGIIMKEHNN), CIENYET, 9TO 5TH K0d>hdunuen-
THI JOJKHEI IPUHAMATEL 3HAYECHUA:

1
0, = —. 4.1
. (6.4.10)

C yueToMm TOrO, 4TO B POKKEPOBCKOM HeiicTBuu 1-ro nopsnka (1.5.3)
MOXHO SBHO BBeCcTH KoxbhdunueHT ; = 1, momyuaem emmHOOGpa3-
HYIO dopMyay Aad Kod3pODUIUEHTOB BO BCEX NOPANKAX PasjIoXKeHUd.

6. B nameit paGore [10] mokasaHo, 4TO B JIIOGOM HOpsAAKe IO kg
0ad sPexmuenotl pumaroeot Mempury MoxcHo do6UMbCA MOMHC-
decmeennozo evinoanenud ypasrnenut SUnwmetna (6 coomeemem-
syrowem nopaoxe no k,). Takum obpasoM >HHIITEHOBCKAs Teo-
PUA OTHOCUTEJILHOCTH, HMelolllad TPaluIUOHHO IOJIeBOM XapaKTep,
nepedopMyIUpyeTCcd B paMKaX KOHIENNWN NajibHOmeNCTBUA. Ilpm
3TOM, ellle pa3 MONYepKHEM, I'PaBUTAIMOHHOE B3aNMOJeCcTBYIE NMe-
€T TPaJUINOHHLIA IBYXTOUEUHLIN XapaKTep JINIIL B OCHOBHOM, Ilep-
BOM npubnumxeHun (s JMHeapU30BaHHOW Teopmu rpasuranum). C
TOUKM 3PEHUSI TEOPHUU HIPIMOI0 MeXUYacTHYHOTO I'PaBUTANMOHHOIO
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B3aMMOIECTBHSA (B KOHIENINY JAIBLHONEACTBHA) Heaunetnocme alin-
wmetinosckoll obuleti meopuy OMHOCUMEALBHOCTIY 0OYCAOBAENA Yue-
mom mpez-, wemwlper- u m.d. -moueunbliz ezaumodeticmeut, T.e.
5Ta TEOPU MMEET MHO20TOUEUHbIU LAPAKMED.

7. IlpsiMoe rpaBUTANMOHHOE B3aWMONEHCTBUE B OMUCAHHON 3I€Ch
TEOpHH cllaraeTcd, Kak U B cjIydae 3JIeKTpoMarHeTHU3Ma, paBHOIPaB-
HO W3 3aIla3[EIBAIOIINX U ONEPEXAIONINX B3anMoxeicTBuil (1o Kpaii-
Heil Mepe B lepBoM mpubnmxennu 1o k). Ilnsg ycTpasenns onepexa-
IOIUX B3aMMOIENCTBHA HEOOXOMMMO YU4eCTh coobpaxkeHus @etinma-
nosckol meopuy nozaomumend. OOHAKO B TaHHOM CIIydae UMEETC
cyllecTBEHHad 0COOeHHOCTH, OOyCJIOBIIEHHAd TeM, UTO KakK delHMa-
HOBCKad TeOpU4 MOIJIOTHUTeNd, Tak U Oojlee BLICOKHE NOPANKH pa3iio-
JKeHUd [0 I'PaBHTAlMOHHON KOHCTAHTEe MMeEIOT ONWH M TOT XKe MHO-
2omoueunvitl zapaxmep.

OtnaBas cebe OTUET B TOM, UTO Ha MYTH OT OCMHAPHOI reOMETPO-
¢du3ukny (IOKa paccMaTPUBaeMOll B paMKaX IPOCTENIIell MOLEIN, T.€.
BCKO panra (4,4)) kK KiIacCHYeCKOll TEOPHH IPSIMOTrO MeXYacTHY-
Horo B3amMmopeiicTBuI Pokkepa-Delinmana nmeeTcs ellle pAn 3amad,
TeM He MeHee MOXHO yTBeEpXKIaTh, YTO Ha OCHOBE HCIOJIb30BaHHEIX
37lech IPUHIIUNIOB U BBEIEHHLIX MOHATHH TaKoW IepeXond OCYIIeCTB-
ndeTcd.

6.5 IIpuHHMI cOOTBETCTBUSA C Teopuen
TOJIA

1. CooTrBeTcTBUE MOHATUN U HAOIIOMAEMBIX CIIEACTBUM U3 TEO-
PUM IPSIMOTO MEXYaCTUYHOTO B3aMMOIENCTBUSA MOJIYyIaeEMEIM B paM-
KaX OOCIIENPUHATON HBIHE TeOpHM Nouis (B paMKax IepBoil dpusmyec-
KOl mapaJnrMel) o6CyKAaJloch B paGoTaX MHOTHX aBTOPOB (CM., Ha-
npumep, [46, 84]). Takoe comocTaBieHne CONPSKEHO C NPUHATHEM
IaJleKO MAYIIEeH TUIOTE3BI O CAMOCTOATEILHOH CYIIHOCTH KaTero-
pun (paHTOMA) KIAaCCHYECKOTO MPOCTpaHcTBa-BpeMenn. Hanomunm,
YTO NMOHATHE IMOJA O3HAUAET ONpeNesieHNe HeKol (QYHKIWU BO BCEX
TOYKAX BCETO WM KaKo#-TO 06J1acTH HENPEePLIBHOTO MHOTO06pa3ms.
B crammaprHOil Qusuke (B mepBOil mapaJWrMe) HOJEBHE (YHKIUN
ONIPENEeNIOTCA B 3apaHee 3aJaHHOM (aImpHOPHOM) 4-MEpHOM Kilac-
CHYeCKOM NpOCTpaHCTBe-BpeMeHu. Eie pas momuepkueM, 4To B 6u-
HapHOW reoMeTpodU3MKe HET TAKON CaMOCTOSATENLHOW KaTeTOpHH,
CJIENOBATENLHO, U HOHATHUE HOJIA “IOBHCAET B BO3HyXe”.

2. HonmycTuM, 4TO TUNOTERa 06 AIIPUOPHOM HPOCTPAHCTBE-BpeEMe-
HU IpUHATa. Torja B MaTeMaTUUeCKOM IJIaHe TEOPU MPIMOTO MeEX-
YaCTUYHOTO B3aMMONENCTBUA U TEOPHUS MO Pas3INdaloTcsa TeM, Ka-
KHe TOJIOXKEHWS BLIOMPalOTCSI B KaueCTBe aKCHOM, a KaKWe MMEOT
craryc TeopeM. Takmx mpUMepOB pa3HEIX aKCHOMAaTWK HiIu op-
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MYJIIPOBOK TEOPHil MOXHO yKa3aTh HOBOJIBHO MHOTO KaK B €OMeT-
pum, Tak I B MeXaHWKe WM B OPYTUX pasfenax ¢usuku. B reopnn
IPSMOTO MEXYAaCTHYHOTO B3aMMOMENCTBUA 3a NCXONHEIE MOJIOKEHMS
dakTHUecKn BeIGHpatoTcsa dyHknnu I'pumHa, M M3 HEX DONydYaloTCsA
ypaBHEHHS IIOJIsA, TOTAa Kak B TEOPHN IOJIS 33 HCXONHEIE BEIGHPAIOT-
¢ ypaBHeHHs IoJs (MM SKBHBaJleHTHEIE MM IOHATHUA), a GYHKINH
I'puHa MOXHO HOJYYNTH M3 HUX KaK BTOPUYHEIE MOHATHA.

3. Hoscuum 510 Gosee mompo6uo. HamomuuMm, uTto B GuHapHOH
reoMeTpodu3NKe WM B TEOPHM IPIMOLO MEXYACTHYHOTO B3aMMO-
IeficTBUS KOMIIOHEHTHI 3JIEKTPOMArHITHOTO BEKTOPHOIO MOTEHIMa-
aa A, (1,2) unu KOMIOOHEHTHI METPUKH, cO3NaBaeMble MaKPOOGHEK-
ToM (2) Ha MakpoobbekTe (1), IpencTaBIsoTCsS B MHTET DAIbHLIX BU-
nax (6.2.1) man (6.3.6). B MaTeMaTnKe H3BECTHO, YTO MMEETCS OTHO-
3HaYHAsA CBA3b MEXAY MHTEIDAIbHBLIMI IpPeICTaBIeHNAMN byHKImi
B TaKHX BUJaX U PEIIEHUSME COOTBETCTBYIOMNX AubdepeHnnaib-
HEIX ypaBHeHmil (cM., HanpuMmep, [26, c. 34]).

HeiicTBuTenpHO, MycTh GYHKIUA @(Z) yAOBIETBOPAET JIMHEHHO-
My HEOTHOPOXHOMY IuddepeHNnaIbHOMY YPAaBHEHMIO € YaCTHBIMI
IPOM3BONHEIMI

o, o
L()p(e) = |9+ 9"5 5 +0" 555+ | (z) = ple),

(6.5.1)

roe g, g%, g*, ... — HEKOTOphIe KO3h(UINEHTEHL, p(z) — mnoTHOCTH
HUCTOYHUKA, KOTOPYIO MOXHO IPENCTAaBUTL B BHUIE

p(z) = / p(@)6"( — 2')d"2. (6.5.2)

3mecs 6" (z) — n-mepHas 6-pyukuns. Torma nzsecTHO, YTO permre-
Hye ypaBHeHus (6.5.1) MOXHO IpPENCTABUTHL B MHTETrPAJILHOM BHIE

p(z) = /p(z')D(m,m')d" = - /p(m')L“l(m)(S“(a: —z')d"z'.
(6.5.3)
rie

D(z,2') = ~L7'6"(z — 2') (6.5.4)

— ¢yuknua I'puna, ynoBneTsopsaomas quddepeHINAILHOMY ypaB-
HEHUIO

) , 0 .
L()D(z) = |9+ 9" 5 5+ 9" 555+ | D(2) = =0"(=).

(6.5.5)
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Bri6bupas mpencrasienne 6-QyHKIUA B BUIE

+oo
/ exp[ik,(z" — z'")]d"k (6.5.6)

— 00

§"(z —2') =

1
(2m)"
¥ UCHOJIL3YA GOpPMYIy U3 ONEepPalMOHHOIO MCUUCIIEHNA

explik, (2" — 2™™)]

L—l 15 B Y] — .0.
IPUXOAMM K BEIpaXeHuio mis ¢dyukuumu ['puna
1 explik,(z" — 2'*)]d"k
D(z —2')=— / o . 6.5.8
( ) (2m)™ ) g+ igrkxr — g kak, + - - ( )

Nmeer MecTo 1 06paTHOE paccyXIeHne — OT IPeACTaBIeHns ¢(z)
gepes ¢pyrknmio I'pura Buga (6.5.3) MOXHO NepeliTH K COOTBETCTBY-
fomeMy 5Toil pyHkumm ypasHenmio (6.5.1). B pasBuBaeMoM 3mech
moxxofle TaK)XKe MOXHO clelaTh OOpaTHBIW XOf, KaK HNJ 3JIEKTPO-
MarHeTH3Ma, TaK M AJII JINHeapn30BaHHOU I'paBUTalWN.

4. DneKTpoOMarHuTHOE B3anMoAeicTBue. B BLIpaxennu nis
5JIEKTPOMarHUTHOTO moTeHnuana (6.2.1) mommHTerpanpHas CHHLY-
JnapHas GYHKINS MOXET TMOHUMAaThCAa Kak ¢yHkmnus I'puna nudde-
peHINAJIbHOTO YpaBHEHU

5?
Oz Oz

KOTOpOEe COOTBETCTBYET 2-it mape ypaBHeHUit MakcBemna. Ecin nom-
HUTb, 4T0 A, (2) npencraBasercs B Buge (6.2.1), To 5To BhIpaxeHne
ABIIAETCA TOXHAecTBoM. Ecim ke 3a6BITH 06 MHTETpajbHOM Ipel-
CTaBJIEHWN U BBECTH KJIACCHYECKOE MPOCTPAHCTBO-BPEMS, TO HMeEM
ypaBHeHUs MakcBenia B paMKaX CTaHIApPTHON TEOPUH IOIA.

Kak yxe ormeuasnocs B §2.3, onpenenennsie coriacHo (6.2.1)
KOMIIOHEHTEI 3JIEKTPOMArHUTHOTO BEKTOPHOTO MOTEHNINWAJIa aBTOMa-
THYeCKH yIOBieTBOpsIoT ycyosuio Jlopenma (2.3.14), koTopoe coot-
BECTBYET CTPEMJIEHWIO K HYJIIO BEIPaXXKeHU

L(z)A, = g™ A,(z) = 4nju(z), (6.5.9)

kufy — 0. (6.5.10)

®opMaIIbHO OIpenens Yepes 5JIeKTPOMarHUTHEI BeK TOPHLIN TIO-
TeHINaJl TEeH30p 3JIEKTPOMarHUTHOTO B3amMmomeicTsBus F,(z) co-

riacHo (2.3.11) m mcnonssys ycnosue Jlopenna (2.3.14), u3 (6.5.9)
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OpUXOONM K TOXJIECTBEHHOW BEITIOJHUMOCTH COOTHOIIEHUS

OF})

OzH

= 4rj,(z), (6.5.11)

COOTBETCTBYIOIIEro 2-if mape ypaBHeHu# MakcBesiia B o6IenpuHI-
TOW TEOPHUHU MOJIA.

5. JImHeapum30oBaHHOE IPABUTANMOHHOE B3aUMOJENCTBUE.
WUcxons us npencrasnenns nobasku k Merpuke Munkosckoro (6.3.3),
MOXHO TIPOBECTH B TOYHOCTH TaKue XKe paccyxiueHusa. B utore npu-
XONNM K TOXIEeCTBEHHON BEHINOIHNMOCTH COOTHOIIEHUI

0 10 o 8T
O <hm/ _5 gyuh) = C_4Tm/, (6512)

KOTOpOe, Kak 6bUI0 moKa3aHo B §2.4, COOTBETCTBYET JIMHEAPU3OBAH-
HEIM ypaBHEHUSM OWHIITERHA.

6.6 O nmpupome rpaBUTANNU U
KJIaCCUIECKOTr'0 NPOCTPAHCTBA-BPEMEHN

3aBepiras ri1aBy, MTONYEPKHEM CIIEAYIOIINE MOMEHTEL:

1. W3 w3m0XKeHHOTO BHIINIE CIIENYET, YTO B JaHHOM IOAXOHE Tpa-
BHTANWOHHOE B3auMMoIeiicTBue (IpaBUTalMsA), MOXHO CKa3aThb, HE
UMeeT CaMOCTOATEIBHOTO CTATyCa, a SBISIETCA MPOU3BONHLIM OT
5JIEKTPOMarHUTHOTO B3amMmogeiictBus. [leiictBurensHo, n3 (6.2.1) n
(6.3.1) cenyer, 4TO KaK KOMIOHEHTEI 3JIEKTPOMAarHUTHOTO BEKTOD-
HOTO moTeHnmajia A,, Tak n no6aBKn K MeTpuKe MIHKOBCKOTO B g,
BLIPAXaIOTCAd 4epe3 CYMMEBI ONHUX M TeX JKe BKJIAJOB OT OKpYXKalo-
WX 3apAXeHHBIX YacTul. PasHunma cocTONT B TOM, YTO KOMIOHEH-
THI 5JIEKTPOMArHNTHOT'O MOTEHNNAJIa CTPOSITCA U3 MPSIMON CYMMEI
BKJIAJOB, a nmobaBku K MeTpuke MUHKOBCKOTO 0Gpa30BaHLI U3 CyM-
MEI KBaJIpaTOB 5TUX BKJIAJOB. B mTore oKaswIBaeTcs, YTO B IEPBOM
ciyyae (I 5JIEKTPOMarHeTH3Ma) BKJIAaALI OT IPOTHUBOIOJIOKHO 3a-
PAXEHHBEIX JAaCTUIl MOTYT B3alIMHO KOMIIEHCHPOBATLCS, a BO BTOPOM
ciydae (1J1g rpaBATANNM) KBaJPaTHYHLIE BKJIaAbI HE 3aBUCAT OT 3a-
PAOOB MOPOXIAIOMINX WX YAaCTHUIl U MOTYT TOJBKO YCHIWBATEL APYT
Ipyra.

3aberas Buepel, OTMETUM, UYTO HAMEK Ha MONOOGHOE 06CTOATETD-
CTBO CONEPXUTCSI B b-MepHo# Teopunm Kamynrel, rime KOMIOHEHTEI
3JIeKTPOMarHUTHOTO BeKTOPHOTO IOTeHNnaia A, IpoIOpIIOHAIILHEL
CMeIIaHHEIM KOMIOHEHTaM 5-MepHOTo MeTpmduecKoro TeHszopa G,
coriacHo (6.1.1), a KOMIOHEHTHI 4-MEPHOTO METPUYECKOTO TEH30-
pPa g,, CTPOATCA U3 KOMIIOHEHT 5-MEPHOTO METPHUYECKOrO TEH30pa
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G, ¥ KBaJpaTWYHOTO NoGaBKa M3 CMEIIAHHEIX KOMIIOHEHT COTJIACHO
(4.6.16). B Teopun Kamyms cnenanHOe BEIIIE yTBEPKIEHAE O IPOM3-
BOIHOM XapaKTepe IPaBUTAINK He IMeET MecTa IO IBYM IpUUYNHAM:

a) BO-IIEPBHIX, TaM 3apaHee He 3aJaHbI 3HaueHNs KOMIOHEHT (),
KaK OHHN 3aJaHBl B HallleM IOAXome (MOXHO NONYCTHTH, YTO TaKUe
ke NOOABKH 3JIeKTPOMarHeTm3Ma mMmeiorcad u B G, Tak 4TO OHH
KOMIIEHCUPYIOTCS, I OCTaeTCd TOJILKO HE3aBUCHUMEIR OT HUX I'paBH-
TaIWOHHEIA BKIIan);

6) BO-BTOpHIX, B ciiydae b-MepHoil Teopun Kamynsr npm obpaso-
BaHUU KOMIIOHEHT 4-MepHOHW MeTpHKU peub HIEeT O KBaJpaTe CyMM
3JIEKTPOMArHUTHEIX BKIIAIOB, a He O CYMMe KBaJIpaToOB, KaK 3TO NMe-
€T MeCTO B Pa3BUBaeMOM 3feck noaxone. OueBUIHO, KBAAPAT CYMMEI
He paBeH CyMMe KBaJpaToB.

2. He crenyet 3a6LIBaTh, YTO IOKA PACCMOTPEHNE BEJIOCH B PaM-
Kax mpocreiinteii Monenu, ocHoBanHoil Ha BCKO panra (4,4), korza,
CTPOTO TOBOPs, IMEIOTCSA YaCTUIEI JININb ONHOTO cOpTa (MacCUBHEIE
nenToHbl). B Takoil Momenu BO3HWKaeT TOJBKO ONHO 3HAUEHHE HIle-
MeHTapHO# Macckl. O603HAUNM ee CHMBOIIOM Myg. Ilepexon Kk Makpo-
06BEKTY MOXKeET 03HauYaTh obpa3zoBaHUe Macc Nmy Kak IpsAMOH CyM-
MEI U3 COCTABJIJIONINX €Tr0 3JIEMEeHTApHEIX dYacTul. B »Toil Momenu
Mo UMEET CMBICI TPOUW3BOJILHOW pa3MepHOW KOHCTaHTHI. CTaBUTH
BOIIPOC O MOJIYUeHNH KOHKPEeTHHIX 3HAUeHWH MOXHO JININL IJid Oes-
pa3MepHLIX KOHCTaHT. Ecium 6b1 B Teopuu 6BIIIO HECKOJIBKO COPTOB
YacTHI, TO MOXHO OBLIO OBl IOCTPONTH Oe3pa3MepHYIO BeJIMUUHY
U3 OTHOINEHNN X Macc. B 6mHapHON reoMeTpodu3uKe Ipyrue copTa
gacTun (anponsl) BosunkaioT npu yuete BCKO 6osee Bricokux pas-
roB. Toabko B Takux 060OIIEHHEIX MOAEINIAX MOXHO CTAaBUThH 3aJady
0 TeopeTHUYecKoM O0O0OCHOBaHNU HabJIIoJaeMEBIX OTHOIIEHUH Macc 3Jle-
MeHTapHBIX YacTHUIl WIN CBA3aHHBLIX oOpa30oBaHUR U3 TaKUX YaCTHUII
(aTOMOB, MOJIEKYJI, TBEPIEIX TEI).

3. Illepexon oT 6uHapHONl reoMeTpodU3MKN K GUUIECKUM TEO-
pUSM ADYruX mapaiurM (Kak K TEOPHH IPSIMOTO MEXYaCTHYHOTO
B3aMMOIEHCTBHA, TaK M K TEOPHHU IOJHA) CONPSXKEH C N3MEHEHHEM
CYIIHOCTH BBOIUMEIX NPOCTPAaHCTBEHHO-BPeMEHHEIX OTHOIIEHUH, C
IpUIaHWEM UM CaMOCTOATENLHOTO XapakTepa. HamomumMm, 4To ¢
TOUKM 3p€HHd HaIlero IoAXolla IPOCTPAHCTBO-BpeMd HMMeeT CYILy-
60 BcIOMOraTelbHBIN, YCIOBHEIN XapakTep, KaK OBl cTaTyc HEKOTO
duzuueckoro panToMa. Ilo ceoetll cymu kamezopud npocmparncmea-
B6PEMENY CPOOHY MAKUM DAHEe UCTLOAbI06ABWUMCT 8 PuauKe NoHd-
MugM Kax meniopod uau a@up. OHU GLUIN MOJIE3HEIMA HA COOTBET-
CTBYIOIIUX 3TallaX pa3BUTUA GU3MKH, HO OKa3ajluch He 0643aTellb-
HEIMU, 3 BCIIOMOTATeJILHLIME MOHATUAMHE, YCTYIUBIINME CBOE MECTO
IpencTaBIeHUAM, 60jlee COOTBETCTBYIOMNM AeHCTBUTEILHOCTH.

HanoMumM, 94TO TEOpHSI MPAMOTO MEXYaCTUYHOTO B3aWMONENCT-
B4 BINIOTHYIO IIOABella K OCO3HAHMIO He abCONIOTHOIO, a PelldlioH-
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HOTO XapaKTepa KIJIaCCHUUECKUX MPOCTPAHCTBEHHO-BPEMEHHBIX TOHS-
THUH, OMHAKO NCIOJIL30BAHHEIX TPU €€ MOCTPOEHNU TPUHIIUIOB OKa-
3aJI0Ch HEJOCTATOYHO MAJI CIENYIOMIETO MIara — OJisfd HOJIYYeHnusT STUX
TIIOHATUN W3 HeKuX Oojlee MEPBUUYHLIX OTHOIIEHUH.



I'maBa 7

5-MepHoe 0600I11IeHIE
TEOPUHN T'paBUTAINN

Kax 65110 mokazaHo, o6mas teopus orHocurensHoctu (OTO) —
COBpeMeHHad TeOpHd I'PaBUTAlMOHHLIX B3aMMOAeHCTBUH — MOXeT
OBITH MOJIyUYeHa U3 OMHAPHOM reoMeTpodU3NKH, NCXOAAIIel U3 6osee
rIyOOKUX CBOMCTB (PU3UUYECKOH PEabHOCTH. OTO MPUHIUIKAIBHO
OTJIMYaeTCd OT HCXONHBLIX IOCHIIOK >MHMIITEHHOBCKOH TeOpHU I'pa-
BHTAlNN, I'le KOHCTATUPYeTCA NCKPUBJIIEHHOCThL 4-MEpHOI'0 Kjaccu-
YECKOTO MPOCTPAHCTBA-BPEMEHN, TNOCTYJIMPYIOTCS YPABHEHUS DiH-
MITelHA W Pa3BUBAIOTCA CIEACTBUA >TUX NoioXeHuid. C 5TOH TOUKH
speauss OTO TepseT cBoil GpyHIAMEHTAILHEIR XapaKTep W CTAHO-
BUTCS IPOMEXYTOUHOMN Teopuell MexXany OMHapHON reoMeTpodU3uKon
U KJlaccmdeckoil ¢usmukoii. Takoil mogxo MO3BOJIAET B3TIJIAHYTH IOX
HOBEIM yrJjoM 3peHus kak Ha comepxanme OTO, tak u Ha cyThb ee
IPUHINTIHAILHLIX Ipo6ieM. B 5Toil ri1aBe paccMOTpPEHEI HEKOTOPLIE
U3 HUX, CBA3aHHLIE C BO3MOXHLIM ee 060061IeHneM Ha H-Mepue 1 C pe-
IYKIWel Teopnu Ha MeHLIINEe pa3MepHOCTH. Tak ke, Kak 5TO IPUHS-
TO B CJIeAYyIOUINX IjlaBaX, 0OCyXIeHHe HauMHaeTCd C HAallOMUHAHUA
IPUHINNNAJILHEIX OCHOB I KJIIOUEBBIX IOJIOXKEHNH MaTeMaTHdecKoro
anmapaTa obIenprHATOR Ha cerogHsuHmil neup Teopun (OTO).

7.1 CymHocTb 00I1Iell Teopun
OTHOCHUTEJIHBHOCTH

Cosnanue o6IIeil TeOpUN OTHOCUTENLHOCTH B Hadalle XX BeKa
OTKPHBLJIO HOBYIO 5Py B HUCTOPHHU YYeHUI O IPOCTPaHCTBe-BpeMeHHU
u mpupone ¢dusmueckux BiaumoneiicTBuii. OHO 0O3HAUAIO BO3HUKHO-
BeHUe HOBOM U3WYeCKOH IapaJWrMEBl, HNATOH IO KilacCUpUKALNM,

181
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IpUBeNeHHOR B rinaBe 1 (cM. 6II0K-cXeMy GU3NYECKUX MapaIurM, us-
obpaxeHHyI0 Ha pucyHke 1.6). Kak yxe ormeuanocs, cornacHo 5Toi
napanurme GpU3NYECKHe B3aMMONENCTBY (OIS IEPEHOCYNKOB B3au-
MOZEHCTBH]IT) He ABIAIOTCI CAMOCTOATENLHEIMY MOHATHAMH (KaTero-
PUSMIE ), BHOCHMEIME U3BHE B TOTOBOE IPOCTPAHCTBO-BPEM, a SBIIS-
I0TCS IPOABJIEHNAMY CBOHCTB MCKPUBJIEHHOTO (3aKPy4eHHOTO, MHO-
TOMEPHOTO ¥ T.A.) DPOCTPAaHCTBa-BpeMeHH. ['paBHTaIMOHHOE B3a-
UMOINENCTBUE OKa3aJIoCh IEPBEIM, KOTOPOE YIajoCh CBA3aTh C Ieo-
Merpueil (¢ mMerpukoit). Benen 3a stuM pyHmameHTanbHas Qusnka
BIUIOTHYIO TOMNOILIA K PENIEHNI0 TPO6IIEMEI TEOMETPU3AINN IPYTUX
B3aMMOIECTBUN B paMKaX TOH Xe, MATON PpU3MUecKoll mapalurMbl.

HanomuuM, 4T0 >HHINITERHOBCKas TEOpUA T'PABUTAIWUM SBUIIACDH
HUTOTOM Pa3BUTHU IENOUKU uneil, HaumHad oT pabotr H.M.Jlo6aueBc-
koro, d.Bosum u K.I'aycca, OTKpLIBINIUX TEePBYIO HEEBKJIMIOBY TEO-
MeTpuio. 3aTeM HeobxomuMel 6sun paboTel b.Pumana, oTkprisiie-
r0 BTOPO#l NIPHUMEpP HEEeBKIIMAOBOH reoMerpun (reomerpmioo Pumana
IIOCTOSIHHOM MOJIOXKUTENHHOM KPUBH3HEI) a TaKXkKe KIacC IPOM3BOIIb-
HO UCKPUBJIEHHEIX IPOCTPAHCTB. BaXXHoe 3HaueHWe UMEIU TPYILI
B.Knunddopna, Bo-nepBEIX, TOCTaBUBIIETO BONPOC 0 GUBMUECKUX TIPO-
SIBIIEHUSX NCKPUBIIEHHOCTN NPOCTPAHCTBA, U, BO-BTOPHIX, cHOpMY-
JIMPOBABIIETO MPOTPAMMY TeOMeTpU3aluu Bcell pusuku. 3aTeM He-
06XOnUMEI OLITM YCUIUSA HECKOILKUX IIOKOJIEHUIN TeOMETPOB, pas-
BUBIINX MaTeMaTHUYecKUil annapaT nuddepeHnnaIbHOl TeOMeTPUH,
Bkian O.Maxa, MO0 HOCTOMHCTBY OLEHUBIIETO BaXXHOCThH TEOMETPH-
YeCcKOTO NBUXKEHWA HJid (PU3UKKU U BCETO HAYUHOTO MUPOBO33PEHUA.
W, makomen, BaxueiM 3BeHoM Ha nytum kK OTO sBwiock cozmanume
CIENUAILHON TEOPUU OTHOCUTEILHOCTH, IPUBENIIEH K OO beTNHEHNIO
TIPOCTPAaHCTBa U BPEMEHNU B enmHoe 4-MepHOoe MHOroobpasme. Tomnn-
KO TIOCJIe BCETO HTOTO M IOCJe TOTO, KaK OBLI MOCTaBiIeH Bompoc 06
ONNCAHWN T'PaBUTAINOHHOIO B3aWMONEWCTBUA B paMKaX 4-MepHOTO
NIPOCTPAaHCTBa-BpeMEHN, BO3HHUKJIA OOINas TeOpWs OTHOCUTEILHOC-
TH.

Kak mumcan B.A.®ok: “UcTuHHOM JIOrMYECKOR OCHOBOM TEOpPUH
TATOTEHUs DWHINTERHA ABIAETCSI He Uaes OOIIER OTHOCUTEILHOCTH
U He IPUHIWUN 5KBUBAJIEHTHOCTH, a NPYTHUe IBe UIeW, NMMEHHO: HOed
o6beNNHEHNS TPOCTPAHCTBA M BPEMEHUW B €IUWHOE XPOHOTEOMETPH-
YecKoe MHOroob6pasme ¢ HHIeDWHUTHON MeTpukoil (sTa mmes 6vlia
ocylecTBIeHa OWHIITEeHOM yXe B ero Teopuu 1905 r. — B “uact-
HOW” TEOpUH OTHOCHTEILHOCTH) M OTKAa3 OT “XEeCTKOCTH’ METDHKH,
TIO3BOJIMBIING CBSI3aTh €€ C SIBJIEHUEM TATOTEHWS, a TEM CAMLIM U C
BecoMoll MaTepueil (ypaBHeHHs TiaroTeHms OiiHmreiiHa)” [79]. Ta-
KuM o6pas3oM OBLIJI OCYIECTBIIEH HEPEXONl CHadajla OT alpUOPHEIX
HBIOTOHOBCKMX NIPOCTPAHCTBa U BPeMeHN K 4-MepHOMY (IJIOcKOMY)
npocTpaHcTBY MUHKOBCKOTO, a 3aTeM K UCKPUBJIEHHOMY 4-MepHOMY
npoctpancTBy-Bpemeru OTO.
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B mpemmimymumx riaBax mOKa3aHO, UYTO OT GUMHAPHON TeOMET-
POodM3MKHU OCYIIEeCTBIIAETC IEpPeXoll B MaKpoobilacTh, IpUYeM IpU
5TOM BO3HUKAIOT MpelCcTaBJIeHNI, COOTBETCTBYIOIUe 00Ilell Teopuu
otHOcuTeNbHOCTH. ONHAKO M3 WM3JI0XKEHHOTO BUIHO, UTO KaK 3WH-
HIITeHOBCKAsd TeOpUd T'PABUTAINU, TaK U BCe UCCIEIOBAaHUI B paM-
KaX NATON GU3UYeCKOW NapajurMEBI, MOXHO ITOHMMAThL JIUIIL KakK
IIPOMEeXXYTOUHOE 3BEHO MEXIY, C OTHON CTOPOHBI, GU3NUECKUMH Te-
OpPHAMHE ¥ IporpaMMaMH, 3aJepXKaBIIUMUCI Ha IepBoil ¢pu3MUecKon
napalurMe, U, ¢ Ipyroil CTOPOHLI, Pa3BUBAeMON B 3TOH KHUTE ellle
Gosee riy6oKoil GMHAPHOE reoMeTPOGU3NKOH (IEBATON (PU3MIECKOI
IapagurMmoit).

Hau6omsee TunuuHON Teopueil TpaBUTAIIUM B paMKaX MepBoOi Gu-
3UYecKoll MapaJurMBI ABJIgeTcd TaK Ha3bIBaecMad PeldTHUBHCTCKAd
teopus rpasutanuu A.A Jlorysosa [39]. B meit moctynupyercs anpu-
OpHOe IIJIOCKOE IIPOCTPAHCTBO-BpeMd U Ha ero ¢oHe 3ajlaeTcd TeH-
30pHOE moJie BTOporo paura. C mOMOIIBIO psifa HOMOJIHUTEIBHEIX CO-
obpaxkeHUil AJId HETO 3allCEIBaeTCA JIOPEHI-UHBapUaHTHLIN JlarpaH-
J)KWaH, U3 KOTOPOTO BapHallMOHHLIM MeTOIOM BEIBOLATCS ypaBHEHUA
TPaBUTAIMOHHOTO MOJI, COOTBETCTBYIONINE HEJIMHENHEIM ypaBHEHN-
am Ditamreiina. [lokasbiBaeTcs, 4TO B TaKO# TEOPUH U3 METPUUEC-
KOTO TeH30pa IMpocTpaHCTBa MUHKOBCKOTO M TE€H30PHOTO TOJS BTO-
poro paHTa MOXHO OIpenelnTh 3pdeKTUBHYIO PUMaHOBY MeTPUKY,
TOTHa B ONHOM M3 BapmaHTOB Teopuu JIoTryHOBa ypaBHEHUS TpaBH-
TAIIMOHHOTO TOJIS COBMANAIOT C YPABHEHUAME DWHIITENHA.

3aMeTum, 4TO umes moxydeHus 3¢HEKTUBHON METPUKA W3 MET-
puku MWHKOBCKOTO W TEH30PHOTO BO3MIENCTBUS BTOPOTO paHTa pa-
Hee ObLIIa OCYIIeCTBJIEHA B paMKaX T€OPUU IPIAMOIO MeXUYacTHIHOTO
TPaBUTAIMOHHOTO B3aMMOIENCTBUA (POKKEPOBCKOrO THIA, YTO OBLIO
moka3aHo B §2.4. Toabko TaM BMECTO TEH30PHOTO HOJISI BTOPOTO paH-
ra (kak y JloryHoBa) mcmonb3oBajioch IpsSMOe BO3NEHCTBHE HA W3-
6paHHYIO YAaCTHUIY CO CTOPOHEL IPYTOf YacTUILI, IPONOPIHOHAILHOE
ee TeH30py SHeprum-umMmyibca 1),,.

7.2 MarTeMaTundeckue OCHOBBI 00IIIeN
TEOPU’ OTHOCHUTEJIbLHOCTH

HanoMumM caMble HEO6XOMUMEIE MOJIOXKEHUA OOIIEN TEOPUU OT-
HocuTenbHOCTH. IlpenmonaraeTcs, 4To YUMTATeNb BiIalleeT OCHOBA-
mu OTO, nosToMy m3naraeMuiil 31eck MaTepual IpeqHA3HAUYEH, BO-
NEPBEHIX, IJII BBeNeHHWA HCIOJIL3YEMBLIX HUXe 0OO3HaueHW# U, BO-
BTOPBIX, IJs BoimeiieHus kiaodueBwrx mosoxenumit OTO, o koTopbix
Iajiee OymeT MATH pedUb.

1. B camoii ocuose sitnmreitnosckoii OTO mexut mpencragie-
HHe 00 UCKPHUBJIIEHHOM 4-MepHOM IIPOCTPaHCTBe-BpeMeHH, B KOTOPOM
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xeadpam uwmepeasa (IIapHOE OTHOIIEHNE) MEXIY ABYMs GIM3KIMN
COOBITHAMHE, pa3InyaIUMuCT KoopaumHaTamu dzH, 3amaercsa ¢op-
MYJIOi
2 _ 13 v
ds® = g, dzetdz", (7.2.1)

rie g, () - KOMIOHEHTHI 4-MEPHOrO MeTPHYECKOTO TEH30pa, 3aBH-
cAmMe OT KoopamHaT. Mum ommceIBaoTca MeTpHYECKHE CBOMCTBa
IpPOCTPAHCTBa-BPEMEHN M ONHOBPEMEHHO IPABHTAIMOHHOE B3aMMO-
meiictBue. B HEKOTOPOM CMEICIIE KOMIOHEHTLI METPHUKH ABIIAIOTCH
TEH30PHEIME HOTEHINAJIAMH TPABATAIMOHHOTO “mois” .

2. IIBuKeHMe MIPOGHEIX TeJl B MCKPUBJIEHHOM IIPOCTPAHCTBE-BPe-
MEHHU ONNCEIBAETCHA 6PEMEHHO-TOJOOHBIMU 2e00e3UUeCKUMY, KOTO-
pEIE IMOJIYYaloTCA W3 BApPUAIMOHHOTO MPUHIINIIA

ds = 5/ \/ 9w dzrde =0, (7.2.2)

rI€ BapbUpPYETCA NJINHaA S MHpOBOﬁ JIMHAU YaCTHUIEI C 3aKPEIJICH-
HBEIMHI KOHIIAaMHU B TOYKaX £ U Z. HCHOJ’IB3y5I BBEIDaX€E€HUE

8(ds*) = 2dsé(ds), (7.2.3)

HaXOOoMNM

ds = /:J(ds) =

17 de v Ogue  Oguw dat dz¥
:__/ 2G, +<3g +8g” —3g“> T2 | dssa+

ds? OzH Jzv 0z ) ds ds

d v
+ (gwicsz")

ds ds

T

- (gwdiéz"> =0. (7.2.4)

IIpu 3akpenyieHHEIX KOHIIAX W3 BTOPOMl CTPOKH CIENYET ypaBHEHUE
reolie3MuecKoil JUHNN

d2z* dz# dz¥
- = 2.
ds? wods ds'’ (7.2.5)
rue
e, 0 0
I‘)‘ — g ( Gov gua . g;w) 796
wy 2 Ozt + Jz? oz° ( )

— cumsoart Kpucmopgeas. Hamomunm, uro B ypaBHeHusx (7.2.5)
OTCYTCTBYeT Macca Tejla, YTO OTpaXKaeT NMPOIBIIEHNE TaK Ha3bIBa-
€MOro IPWHINNA 5KBHBAJEHTHOCTH (BCe Teja IBHXKYTCA B MCKPUB-
JIEHHOM IPOCTPAaHCTBE-BPEMEHM HE3aBHCHMO OT 3HAUYEHWI MX Macc).
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3. B reoMeTpuueckoil TEOPUM BMECTO YaCTHHIX IPOU3BOTHEIX OT
IPOU3BOJILHBIX TEH30PHEIX ((PU3MUECKHX WM FEOMETPUYECKHX) Be-
anuwH BY HEO6XONUMO HCHONB30BATh KO6APUAHMHbIE MPOU3EOO0-
HblE

0BL ™

VoB =7 = A TN By 4+~ T, BY =y (T27)
Ille MHOTOTOUHMSA B OCHOBHOI CTpOKe O3HadaeT, YTO aHaJIOTMUYHEIE
BLIpaXeHud ¢ cuMBosiaMu Kpuctoddensa numyrcesa niia KaxIoro Ko-
I KOHTPaBapMaHTHOTO MHIEKCa TeH30pHOW BenwuwHEl BY . Ilo-
IOJIHUTENbHBIE K YJaCTHBEIM IPOM3BONHEIM CilaraeMele cupasa B (7.2.7)
ONUCHIBAIOT I'PaBHTAIMOHHLIE B3aMMOIENCTBUSI COOTBETCTBYIOIIUX
¢u3ndecKUX IMOJIen.

4. CrnennanibHble KOMOMHAIUN U3 BTOPBIX IMPOU3BONHEIX OT MET-
PUYECKOrO TeH30pa 00pa3yIoT BaXXHYIO TeH30PHYIO reOMeTPHYECKYIO
XapaKTePUCTUKY HCKPUBIIEHHEIX MHOroo6pasuit

ora 0T
X v Bu o A o A
Buv — Szl - Oz +F/3VF0'H - ﬁurau (728)
— Mmen30p Kpueuswvl deTBepTOro panra (rensop Pumana-Kpucrod-
dens). W3 Hero cTpoATCS TEH30PHI KPUBU3HEI MEHBIINX PAHIOB:

Rg, = R, R = Rg, g™ (7.2.9)

COOTBETCTBEHHO TeH30p Puuum m ckansgpHas KpHUBU3HA.
5. B OTO mn3 npon3BONbHLIX HCKPUBJIEHHEIX (PUMaHOBLIX) IPOC-
TPaHCTBEHHO-BPEMEHHLIX MHOTOO6pasuil BBLIIENAIOTCI Te, KOTOpEHIE

VIOBIETBOPAIOT YpasHenudm Dinwmetinal

1

R[JJ/ — §guuR = &THV’ (7210)

rae T}, - TEH30p SHEPTUU-MMIIYIbCA HETeOMETPH30BAHHO! (BHEIIHER
K T€OMETPHUN) MaTEPHH,

8wk,

ct

(7.2.11)

1 o o
SaMeTI/IM, UTO B Oﬁ]’.T.IeM Ccliy4dae B YpaBHECHUA OMHIITERHA MOXHO BBECTH erre
OOHO cCllaraeMoe C KOCMOJIOTYECKON IIOCTOSIHHOMI 1\7 TOoroa

1
Ry — EQWR + Aguy = &,

B macTosmee Bpems He sicHa poib 3TOX MOCTOAHHOK. 3BECTHO TONBKO, UTO €CIML
- - —56 , —2°
OHa OTJIMYHA OT HyJls, TO HOJIXHa ObITH upesBrvaiino Mamoi (|A| < 107°%em ™).
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- SHHINITEAHOBCKAsA TPABUTANMOHHASA MOCTOAHHASA. 31€Ch, HATIOMHUM,
k, — HBIOTOHOBCKasd TPaBUTANNOHHASA MOCTOSHHAL

YpaBuenus OWHINTelHA TPAKTYIOTCS KaK ypaBHEHUS TPABUTA-
nuouHOTO ToJisi. OHU UMEIOT CMBICII COOTHOIIEHNH, CBA3LIBAIOIINX, C
ONHOW CTOPOHEI, TeOMETPHUUYECKYIO XapaKTEPUCTUKY IPOCTPaHCTBA-
BpeMeHU (JIEBYIO 4acTh ypaBHEHHil OWHINTEeHHA) M, ¢ APYLO# CTO-
POHEI, pU3NUeCKYIO XapaKTepUCTUKY IOMeIIeHHOH B IPOCTPaHCTBO-
BpeMs MaTepun (IPaByIO 4acTh yPaBHEHHI).

YpaBHeHus ORHIITelHA NOCTYIUPYIOTCS (KaK 5TO CHENAI CaM
OiiHmTeRH), TU60 NX MOXKHO HOJIyYUTH W3 BaPHANMOHHOTO IPUHIN-
Ila, MOCTYJIUPOBAB B KauecTBe INIOTHOCTHU JIarpaHXMaHa IJIOTHOCTD
CKaJISIpHOW KpuBHU3HH (Kak 5To caenan J[.T'unnbepr)

L,=-Y9p (7.2.12)
2eec

6. B o6mIenpuHATON TEOPUU 3AEKMPOMAZHUMHOE NOAe TPAKTY-
eTcsad KaK HereoMeTpHM30BaHHOEe (QU3UUeCKOe IOJle, KOTOPOE MOJXKHO
BHOCHTBLCH B IPaBYyIO0 YacTh YPaBHEHWH OMHINTeHHA (MIM Kak He-
reOMeTPUYECKNH N06aBOK B INIOTHOCTHL Jarpasxwuana). OHo omm-
CEIBaeTCs BeKTOPHEIM IIOTEHINAJIOM A, WM TeH30POM 3JIeKTpOMar-
HUTHOH HampsxeHHoOCTH F),,, CBA3aHHEIM C MOTEHINAJIOM COTJIACHO
dopmye Buna (2.3.11). Ero TeH30p 5HEprum-mMiysnbca NMeeT BHA

1 1
—— (FrFv™ - —g"F gFP) . 7.2.13
= (a0 Far) (7.2.13)

Bmopag napa ypasuenutl Maxceensa 3alUCEIBAETCA B UCKPUBJIIEH-
HOM IIPOCTPAaHCTBe-BpeMeHHU CIeAYIOmNM obpa3oM

1 8(y/—gF™
V, P = W=9F™) _ yrjm (7.2.14)
v —9g Ozv
rme j* - IIOTHOCTL TOKa 3apAKEHHON MaTepHH.
Y paBreHus ORHIITERHA B IPUCY TCTBUH 3JIEKTPOMArHUTHOTO T0-

a4 u ypaBHeHus MaxkcBema (7.2.14) MOXHO MONYYATH U3 IUIOTHOCTH
JarpaHXnaHa

L3 (e )
Loa=—0_" (B+ GFapF’ ). (7.2.15)

7. Ypasnenusa deusxcenud 3aparcennot, uacmuybl B UCKPUBIIEH-

HOM IIPOCTPaHCTBE-BPEMEHN B IPUCY TCTBUM JIEKTPOMArHUTHOTO IIO-
JId 3allICBEIBAIOTCA B BHIOE

d?zt o dz® dzP q ., dz°
“ds’

257 = Yo g5 ds T me (7.2.16)
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rIe ¢ — SIEeKTPUYECKU 3apsal YacTHIIEI, M — e Macca. DTO ypaBHe-
Hue o6obImaer ypaBHeHne reomesudeckoi nuaun (7.2.5). Hocnenumii
wieH copaBa B (7.2.16) onuceiBaeT sieKTpoMarHuTHYyI0 cuity Jlopen-
na.

8. ns cxaagprozo noad ¢, TpakTyemoro B obmenpunstoin OTO
TaKXe KaK BHEIIHETO K reOMeTpUH, INIOTHOCTH JIalpaHXKMaHa 3ala-
eTcd B BUIe

R h? o mc)?
Lyo= \/—_g [_— + o (9 ﬁ‘P,a‘P,ﬁ - ( ) 902)

2:ec  2me K2

(7.2.17)

N3 sToro BripaXeHus BapbUpOBaHUEM NOJyUYaeTcsa ypaBHeHne Koeii-

Ha-®Poka
[9"V .V, + (me/R)?]e =

0% Oy me\ 2
— g e _
=g (8:3#8:1@” I 39304) + < 5 > o =0. (7.2.18)

TeH3op SHEPrUM-UMIIYJIbCa CKaJIAPHOTO HeﬁTpa..T[I:HOI‘O IIOJIA HaXO-
JUTCA B BALOE

: (7.2.19)

1 mce) 2 o
T/S(zf) =PuPyt 9 Inw [(7) ¢’ -y ﬁ@,a@ﬁ

OnHako UMeIOTCA M IPYTHe BapUaHThI BEIGOpa INIOTHOCTH JIarPaHka
CKaJIAPHOTO NOJIs, IPUBOASINNE K MHBIM BHIDaXKeHUAM JJS TEH30pPa
SHEPrUU-UMIYJIbCA U K JONOJHUTEIBHEIM CJIATAeMEIM B ypPaBHEHUH
(7.2.18). B wactHoCcTH, B (7.2.18) MOXET BOBHHKHYTH CIIaraeMoe BH-
ma aR@, rie a HEKOTOPHI YUCIIOBOH KOS(POUIMEHT.

9. Ilns onucaHus CNuKOPHO20 NOAL Y B ICKPUBIIEHHOM IIPOCTPAH-
CTBe-BpPeMEHHU CIIEfyeT MCXONUTH U3 INIOTHOCTH JIarpaHXMaHa NIl
HEreOMETPHUYECKOll MAaTepUN BHLA

ihe — — mc—

Ly = S5V (P - Ve + ) (1220
rle m - Macca HOKOs COMHOPHOIO IO, 7, - 4-pANHEIE MaTPHILI
Jupaka B HCKPUBIIEHHOM IIPOCTPAHCTBE-BPEMEHH, CBSI3aHHEIE C MET-
PUYECKEM TEH30POM COOTHOIIEHHEM

YuYv + YooY = 2-[49”1/- (7221)

Kpome Toro, B (7.2.20) comepXuTcs onepaTop KOBapHaHTHOIO Hud-
(epHIUPOBAHUS CINHOPA, KOTOPLIA MMeET BUI

Vb= oo ik Ay (B),  (1222)

—1
rH
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rge A, - HeKOTOpoe BeKTOpHOe IIojie, KOTOpOe depe3 pa3MepHYIO
KOHCTAHTY MOXeT OBITH OTOXIECTBIIEHO C BEKTOPHEIM IMOTeHIINA-
JIoM 37teK TpoMarauTHoro moins, A, (o) - KoshPUuneHTE BpalleHus
Puuun, cBasannnie ¢ cumBonamu Kpuctoddens coorHomeHNEM

v 09u(a y
Au(aB)=g (ﬁ)% —T,9:(2)g"(8). (7.2.23)
3mech g, (o) - KOMIOHEHTEL TETPAIEL, COCTABIAIONINE METPUIECKUI
TeH30p CorJiaCHO
gﬂ(a)gu(a) =G9uv- (7224)

Sa.BHCH]J_IHe OT KOOpIMHAT BEKTOPHBIE MaTPHIEI 7Y, CBA3aHBI C 06-

menpuHATHIME MaTpunamu lnpaka (ckamspamu) v(o) gepes xoM-
MOHEHTEI TeTPalkl CIEAYIOMUM 06pa3oM

Yu = gula)y(a). (7.2.25)

Bapoupys (7.2.20) mo v, MoxHO monyunTh ypaBHeHme Ilmpaka
B ICKPUBIIEHHOM IPOCTPAHCTBE-BPEMEHN B NPUCYTCTBUU 3JIEKTPO-
MarHUTHOTO IOJISA

0 Voo _
(— 50+ —Aﬂ + va 7Y+ 7) =0 (7.2.26)

7.3 IIpo6isieMBbl Teopuu rpaBUTAIUH,
CBS3aHHBIE C PA3MEPHOCTHIO

B coBpeMmenHoii Teopuu TpaBUTAIUM, OMUCLIBAEMOW SWHITITEM-
sHoBckoit OTO, mMeeTcs psAn Kak BHYTPEHHUX, TaK M BHEIIHUX TPOG-
neMm. Ilon mocnenuMu 6yneM MOHMMATEL BOIPOCHI, BO3HUKAIOIINE PN
pacupoctparennn MetonoB OTO Ha npyrue moHATHS U B3aWMONEN-
ctBus. Brimenum Heckonbko pyunamenTansHbix npobnem OTO, cBs-
3aHHEIX C €e Pa3MepHOCTBIO U PEeIYKIUAMN Ha MeHBIINE pa3MepHOC-
TH.

1. O6menpunsToe onucanne ¢GepMUOHOB B UCKPUBIEHHOM TPOCT-
PaHCTBe-BpeMEHHN TaKXe HaBOIUT Ha MEICIL O Ilepexolle K MHOTO-
obpasusaMm 6osbliieir pazMmepHocTu. M3BecTHO, 4TO XapakTep obiie-
IPUHATEIX CIMHOPOB (YMCIO KOMIOHEHT, WX BEIECTBEHHOCTH HIIN
KOMIIZIEKCHOCTB) CYIIECTBEHHO 3aBUCHT OT Pa3sMEPHOCTH M CHTHa-
Typsl MHOroo6pasus [65]. DTo ycTaHABIHBaeTCA € MOMOIIBIO ajl-
rebper Knmudpdopna nan monem BemecTBeHHBIX umcelsi. QKa3bIBaeT-
¢4, IPUHATOE B TEOPUU IIOJId ommncaHue (pepMUOHOB IOCPEICTBOM 4-
KOMIIOHEHTHBIX KOMIIJIEKCHEIX CIIMHOPOB COOTBETCTBYeT He 4-MepHO-
MY, a 5-MepHOMY NIPOCTPAHCTBEHHO-BPEMEHHOMY MHOT000Opa3uio.
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2. Bosuukaer Bompoc, He npotuBopeunt su OTO momymenne,
cienyioliee U3 6MHAPHON reoMeTpodU3MKN U IPYTUX coobpaXKeHU,
O CYIIeCTBOBAHUU NONOJIHUTEIILHON pa3MepHOCTH, 0603HAaUeHHOU B
IpeNLIIYIINX TJIaBaX CHMBOJIOM &* W (bU3MYecknm MHTepIpeTHpYe-
MOH Kak HeficTBue (WM 3HaueHHe MHTepBaia s). B srToii raase 6y-
IeM paccMaTpHBaTh HeHTpPaJbHYIO MaTepHio, TO €CTh IOKa BOIPOC
O IOMOJIHUTENILHON pa3MepHOCTH He OyleM CBA3HIBAThH C IpobieMon
ONUCAaHUA 3JIeKTPOMarHUTHOTO WJIM KaKOTro-In6o Ipyroro m3BeCTHO-
ro B3aumoneiictBus. OQka3bIBaeTCsA, IPOTUBOPEUYN HET. DTa HPob6-
JleMa o6cyxaajlach PAIOM aBTOPOB B CBS3HU C IPYTUMHU O6GCTOATENb-
crBamu. OHa pacCMOTpeHaA B CIEAYIOIIeM maparpade.

3. Cnenyromas npobieMa mMeeT OOpPAaTHBI XapaKTeEp, — €CIU
cranpapraas OTO BroxeHa B HEKYIO TeOMETPUYECKYIO MOIENE 6OIIb-
medl pa3sMEpPHOCTH, TO HeoOXOAMMO C caMBIX OOIMMX MO3MIHNU obcy-
INTH IEepexoll OT Hee K TeOpMH MEHBIIEH pa3sMepHOCTH, B YacTHOC-
TH, ClleNyeT pa3paboTaTh METONMKY NPOEKTHPOBAaHUS (pa3sMepHOI
PEAYKINN) TeOpUH GONbLIEH Pa3MEPHOCTH Ha MHOroobpasme MeHb-
el pasMepHocTu. g 5Toil nenm 6u1um pa3paboTaHBI MOHATHBIM,
OUaIHBIA U npyrue Metonsl. MoHagHEI MeTOn obcyxieH B §7.5.

4. C mepexofioM K TE€OpUU MEHBIIEN pa3sMEPHOCTH OKAa3ajlach CBS-
3aHHOW Ipyrad Kiaccmdeckasd mpobiieMa, BO3HHKIIAg MOYTH ONHO-
BPEMEHHO C CO3TaHUEM OOIIENl TEOpUUM OTHOCUTeNbHOCTH. Umeer-
cs BBUAY TOT GaKT, YTO YpaBHEHUSA DWHINTENHA COCTOAT U3 ABYX
Ka4eCTBEHHO PAa3JINUHEIX YacTell: TeOMeTpHUEcKOl JieBoW m u3u-
YeCcKOil MpaBoii. DWHIITENH B HEKOTOPBIX CBOUX paboTax TOBOPHII O
toM, uto OTO cTouT “Ha AByX HOrax” — OMHOM MOHOJIUTHON KaMeH-
HOM (J1€BOIT, FeOMETPUYECKOI ) I BTOPOIl IIIMHAHOM (IpaBoil, husuyec-
koii). Ecam npocnenuts ero paorer mo OTO, To MOXHO 3aMeTUTH,
YTO Besle, Tle 3TO OBLIO BO3MOXHO, OH M30eraJsl HalUCaHUA NIPaBoi
gacTu B cBouX ypaBHeHmsAx. QH mojlaraji, 9To B TeOpuM GYAYIIETO
yoacTca m3b6exaTh TaKoll JBONCTBEHHOCTH.

Ha camom nene 31eck umeeTcs 610K po6iieM, U3 KOTOPBIX CIENY-
€T BELIEINTDH NpobiieMy reoMeTpU3allill BeCOMOR MaTepuu — YacTHII,
mo kiaaccudpukanunm ¢puznueckux KarTeropuii, nanuoi B §1.5. Okasnr-
BaeTcCd, IMeeTcd ee pellleHNe B paMKaX TeopHHU OoJIbIlell pa3MepHOC-
tu. O6CyXAEHUIO0 STOTO BOIPOCAa B PaMKaX b M3MEpPEHUN MOCBAIIEH
87.6.

5. C pa6or B.Knudpdopna, I'.Beiing n A.Ditaimnreiina Havaanch
HCCIIeOBaHUA IPOGJIEMEI TeOMETpU3alul He TOJLKO I'PaBUTAIUOH-
HOTO, HO U OPYTUX BUAOB pu3ndeckux BzanMoneiicTauii. Ha monpiTkn
peltenus 3Toit TpobiaeMel OLIN 3aTpadeHsl orpoMusie yeunus. Cire-
IyeT HAIOMHHUTH BapHaHTEI TeOMeTPUUECKOTO OObeqWHEeHNd I'paBu-
TallUM U 3JIEKTpOMarueTmsma, npemnoxenurie . Beitnem, A.Onnun-
rronoM, camuM A.Dunrmreitnom, T.Kanyueir u npyrumu. B pamkax
STUX HUCCIENOBaHWi OLIIN OTKPHITH HepuMaHOBEI reomerpuu. Om-
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HaKo, BpeMs IIOKa3ajo, 4YTo Hambojee NepCIeKTUBHLIME OKa3ajluch
MHOTOMepHEIE TeoMeTpHdecKne Monein (U3mdecKUX B3amMoOIeRcT-
Buil Tuna teopuu Kamymer.

Ananms nokaspIBaeT, YTO MHOTOMEPHEIE TeOMeTPHUYeCKHe MOJEeIIN
C HEIJIOXOH CTeNeHbI0 IPHOJIMXEeHN OTPaXaloT CBOMCTBa peajlbHO-
ro mupa. B nx paMkax MOXHO OmHCaTh M3BECTHEIE BHUILI GHU3MUec-
KUX B3aMMONEHCTBMHM, YTO, B YacCTHOCTH, IOKa3aHO B 3TOWl KHHTe.
B cnemylomux riaBax mociefjoBaTelIbHO OyIeT HmoKa3aHO, KaK OCy-
IIeCTBIIAeTC

1) reomeTpm3anus s1eKTpoMarseTu3Ma (riaasa 8);

2) reoMeTpu3amms 37I€KTPOCIabhIX B3aNMONEHCTBHIA, TO €CTh ONN-
caHHe B TeOMETPHUYECKMX TePMUHAX BCEX MPOMeXY TOUHBIX 6030HHBIX
noeit Monenu Baiin6epra-Camama (rimaser 10 u 11);

3) reoMeTpm3annsa CHIBHBIX B3aMMOIEHCTBHIl (TJIIOOHOB — Iepe-
HOCUNKOB CIVIBHEIX B3aMMOENCTBHIl B XpOMOAMHaMUKe). DTO Cle-
JlaHO B riase 16.

6. K ayrperrnM npobaemam OTO paccmaTpmBaemoro pona oT-
HocuTcd mpobiieMa onmcaHma HabmiofaeMbIX BennmuuH. Eme pas Ha-
nomenM, 9To OTO chopmynnpoBana B TepMUHAX TEH30PHEIX BeJIH-
uynH. 3HaUeHNs KOMIIOHEHT TE€H30POB 3aBHUCAT OT BEIOOpa KOOPIMHAT-
Hoii cuctemel. OnHako ocHoBHEIe cooTHomeHns OTO koBapmaHTHEI,
TO €CTh He 3aBHCAT OT BhIOOpa KOOPAMHATHEIX cucTeM. Ilekmapu-
pyeTcd, uTo, B obIleM ciIydae, ecjii 3TO 0cob0 He OroBOPEHO, KO-
OpIMHATHI He MMeEIOT HeNOCPeICTBEeHHOro ¢GM3MYecKoro CMEHICHA, a
ABJIAIOTCA JUIIL abCTPakKTHEIME HOMepKaMm Todek-cobuiTuit. Torma
cIpalInBaeTcd, Kak IPUBA3aTh KOMIOHEHTHI TE€H30PHLIX BEJIMYMH K
TeM MOHATHAM, KOTOphIe 3KCIepIMeHTaTop m3MepseT B cBoeil nabo-
paropun’ UTo ABjIdeTCA M3MEPUMEIM B OOIIell TEOPHH OTHOCHTEIIb-
HocTH. OTa IpobiieMa Geclokomia MHOTMX HcciefoBaTeneii. Iemo
JOXOAWJIO IO TOTO, 4TO, He Haliid 4eTKOro OTBeTa Ha 3TOT BOIPOC,
HEKOTOphIe TeOPETHKM CTABMJIM HOJ COMHEeHHe MPaBOMEPHOCTEL BCeil
SHHMITeTHOBCKOW TeOpUMW T'PaBUTAINH.

Ananm3 mpobieMEl IOKa3EIBaeT, YTO IJII HONOGHEIX yTBepXKIe-
HUil HeT HUMKaKHMX OCHOBaHM. Peub moiXHa MATH JMIIL O JONOJI-
sHernn OTO cmenmanbHBEIM MaTeMaTHYeCKHM ammapaToM (WIm Me-
TONOM) OIMCAaHNs HaGIIONaeMEIX BEJIMYNH. DTOT almapaTr IPHHITO
Ha3BIBaTh METONOM 3alaHus (ONMCAaHMS) CHCTEM OTCYETa B TEOPHH
rpaButanuu. O cocront B penyknmn 4-meproit OTO ma 3-mepHEIe
IPOCTPAHCTBEHHEIE CEUeHMs CHCTeM OTCYeTa. JTOT BOIPOC 06CYX-
nmen B §7.7.

Pemennsa Bcex mepedmcleHHEIX BEHINIE NMpo6jieM M pajfa APYrux
TeCHO CBA3aHBEI C MCIOJbL30BaHMEM OJHHX M TeX Xe MeTomoB 14n-
paciemenns (a Takxe 14+14n- n T.4. -paciueieHns) IPOCTPAHCT-
BEHHO-BPEeMeHHOro MHoroobpasms. OTMeTuM, 4To ajnre6pamdecKkas
9acTh 5TuX (MOHAJHBIX U JUAJHBEIX) METONOB YK€ CYLIECTBEHHO HC-
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TIOJIB30BAJIach B IPENEIAYIIUX I'JIaBaX, a TakXKe B IepPBOM YacTH KHU-
TH TIpU TocTpoeHWn GuHapHOU reoMeTpodusuku. Ho sTu MeTomer
UMeIOT U ApPYI'He COCTaBHLIE YACTH.

7.4 OO6mas Teopus OTHOCUTEJILHOCTH
KakK 5-ONTHKA

1. B o6cyxneHHOM B MpeNBLIAYINER TJIaBe Mepexone K obInen Te-
OpPMU OTHOCHUTEILHOCTH OT IPUHIUIOB GUHAPHON TeoMeTpPodU3UKN
MOXHO YCMOTPETH CBS3b C PANOM HIEH, BLICKA3LIBABIINXCA HEKOTO-
PHIMU aBTOpaMHU B WHOM KOHTeKcTe. llpexie Bcero, cilenyeT oTMe-
TuTh cozpyune ¢ unesmu FO.B.Pymepa o muoromepuoit ontuke. OuHn
dakTUUecKH peasim3yioTcs B GumHapHOW reoMeTpodmsmke. B xuure
FO.B.Pymepa “UccnenoBanus mo 5-ontuke” [59] HamoMuHaloTCs 3a-
6r1Trie unen ®.Kreitna, BLicka3aHHBIE B CAMOM KOHIIE IPOIIJIOTO Be-
ka. ®@.Kuneitn nucan, yto “kaxmas MeXxaHWUYecKas 3afada O IJBHXKe-
HUY MaTePUANLHON TOYKM C MIOMOIIMBIO MPOCTPAHCTBA BEHICHIIETO YUC-
Jla U3MepeHU MOXET GBITEH CBeleHa K ONPENEIEHNIO Y TN CBETOBOIO
Jy4a, IPOXOASIIEro B cooTBeTcTBYyIomen cpene” [59, c.11]. Kak nnm-
met FO.B.Pymep: “B mpumeuanusx Kielin ykaswiBaeT, 4TO B JIEK-
nusax, yuTaHuaeX B 1891 rony B 'eTTUHTEHE, OH BEIBEJ BCIO TEOPUIO
T'amunbTona-Axobu m3 cHCTEMBI KBa3HMONTWYECKUX IIPENCTABIIEHUI
B IIPOCTPAHCTBE BLICIIErO YNCiIa M3MepeHuit. lecaThs jgeT cunycTsa oH
C TOpeYbI0 OTMEYaeT, UYTO STU WIEU, M3JIOKEHHEIE HA Che3le eCTec-
TBomcueITaTeNell B ['amme “He BcTpeTwsim TOro OGIIEro MpU3HAHWS,
Ha KoTOpoe s paccuntuiBai .’ Otu nneun . Kieiina coycrs mon cto-
smetus ucnosbzoBai FO.B.Pywmep.

2. Caenyromeii nueei, obuieit ¢ GHHAPHON reoMeTPOPU3UKOI, Cite-
IyeT Ha3BaTh UIel0 Pymepa o reoMeTpmsamuu KBaHTOBOW TeopHHn
TMOCPENCTBOM HATOH KOOPAMHATEI — NeHCTBUA, OT KOTOPOH MOCTYJIU-
pyeTcs HuKIndecKas 3aBUCUMOCTE pusndeckux Benuuus. OH mucat:
“Br110 651, OMHAKO, HEBEPHLIM PAacCMAaTPUBATEH MATHMEPHYIO OIMTHKY
TOJILKO KaK ONWH W3 BapHaHTOB €IWHON TEOPUU IOJIA: €€ OCHOBHOE
comepxKaHUe 3aKJIIOYAETCA CKOpee B TeOMETPHU3AlNN OCHOBHLIX IIO-
HATHUI KBaHTOBOW (M3WKU, MOCKOJIBKY B Hell KBaHTOBaHUE OOHApY-
JKWBaeTCA KaK IPOSABJIEHNE HNEPUONUYECKON 3aBUCUMOCTH BCeX u-
3MYECKNX MOJIell OT MATOH KoopAmHATHI HeiicTBuiA. Ilockombky ca-
Mo “mATuMepme”’ OKa3LIBA€TCA KBAHTOBHIM 5(DGPEKTOM, CTAaHOBATCH
TMOHATHEIME HEYIaYl BCEX MPEeNINECTBYOMNX MONLITOK HOCTPOEHUI
MATUMEPHBEIX €INHEIX TeOPHUHl MOJId Ha 6a3e OMHUX JIUIIL KJIacCHUec-
KX TPENCTABIIEHU 6e3 CYIMIeCTBEHHOTO HPUBJIEUYEHUS KBAHTOBBIX
nousaruii” [59, c.9].

3. llpogemonCcTpUpyeM oTMeueHHYI0O PymMmepoMm cuMmMmerpumio Ha-
3BaHHEIX UM ISTH KoopauHatT (Ha nmyTu cuaTesa uneii OTO u kBan-
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TOBOIl TEOPHME) B PaMKaX KJIacCUYECKOi OOIIell TEOpUH OTHOCHTEID-
HOCTH, OUKUCTHUB 3TOT BOIPOC OT HACJIOEHUN 3JIeKTpOMarHeTU3Ma,
TIpUCYTCTBOBABIINX B paborax Pymepa. ;s sToro BepHeMcs K BBI-
BOIY YPaBHEHNH reole3nMUuecKUX JIMHUHA C MOMOIILIO BapHalUOHHO-
ro npuHnuna (cm. (7.2.2) — (7.2.4). U3 nocnenneit crpokn (7.2.4)
I OBUXKYIEelcd IO Teofe3WYecKOW JIMHWM YacTUIEI IPU cBOGOI-
HOM BEpXHEM KOHIle JIMHUU UMeeM

Os

3? = Ugq, (741)

e u, — 4-ckopocTh yacTunbl. Mcnomb3ysa cBONCTBO 4-CKOPOCTH B
4-MepHOM NIPOCTPaHCTBe-BpeMeHU

g uu, =1, (7.4.2)
IPHUXONUM K OGIIEPENITUBUCTCKOMY ypaBHeHuo I'aMunbToHa- Iko6u

L 95 0Os

Oz Jzv

~1=0. (7.4.3)

4. Bynem uckaThb pellleHUe B HEIBHOM BHUJE KaK ypaBHEHUe HEKOi
4-MepHOHl I'MIepIOBEPXHOCTH B Hh-MEPHOM MHOTOOOpa3um

f(z",s) = fo. (7.4.4)
Torma nMeeMm
af af Os _
@ + E@ =0. (7.4.5)

Bripaxas orciona 0s/0z" u noncrasusas B (7.4.3), Haxonum ypas-
HeHMe 5-3HKOHaJa
GAB of of _

579,80 (7.4.6)

rle KOHTpaBapHaHTHBIE KOMIIOHEHTHBI 5—MepHOI‘O METPUYECKOTO TEH-
30pa IMEIOT BUI

GAB = ( ggﬁ 0 ) . (7.4.7)

OTCIOI[a. JIETKO HaXOoO4ATCA KOMIIOHEHTBI KOBapHaHTHOT'O METPpHYEC-
KOIr'o TEH30pa

wp | 0
Gap = < Job L~ > (7.4.8)
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5-MepHOro IPOCTPaHCTBa-BPeMEHN ¢ curHarypoir (+ — — — -). By-
IeM 0003HaUaTh NATYIO KOOPAUHATY S, IPONOPIUOHAILHYIO AeicT-
BHIO YacTHIOEI S = mcs, cuMBOJoM z*, Kak 5To 6BELIO cleaHO B
NpenbIAYIINX pa3ieliax.

5. C mpyroii CTOpPOHBI, MOXHO NOKa3aTh, YTO yPABHEHWUS W30-
TPOIHBIX Teofle3WYecKNX JIMHUN B H-MEepHOM MHOTOOOpa3Um

EAV 48P =0, (7.4.9)

rme k4 -msorpommrtit BekTop (G apk“k® = 0), ¢ Merpumkoit Buma
(7.4.8) cBOmATCA K ypaBHEHHSM HEM30TPOIHBLIX I'€ONE3WYECKHUX JIH-
Huii (7.2.5) B 4-MepHOM PHMaHOBOM IPOCTpaHCTBe-BpeMeHH. [lis
5TOTO HYXKHO HOJIOXUTH

dz?4

kA= ——
ds’

(7.4.10)

TOrga u3 (7.4.9) Tpu 3HaUYeHUN WHAekca B = () mosydyaeM ypaBHEHUS
4-MepHBIX TeONe3WYECKUX JIMHUM.

6. Jlerko Takxke mokasaTb, 4YTO W3 H-MEDHEIX ypaBHEHUN OWH-
IITelHa

1
Rap — §GAB(5R) = «Tup (7.4.11)

npu 3HaveHUsAX nHnekcoB A, B = 0,1, 2,3 nusa merpuknu Buna (7.4.8)
noJiyyatorcs 4-MepHEIE ypaBHeHus OiinmTenna (7.2.10).

7. FO.B.Pywmep, obcyxmas xeanmossie acnexmst 5-onmuxu, CCEI-
J1ajics Ha CXOonHEIE 1o conepxkanuio pa6otsl O.Kueiina [28] u B.A.®o-
Ka [77], B KOTOPBIX ¢ IOMOIILIO 5-MEPHBIX NPENCTABIEHNUIl BIEPBLIE
6BLIO 3alMHCaHO PeATUBUCTCKOe obobiienue ypaBuenusa lllpenunre-
pa. FO.B.Pymep nucan [59, ¢.21]: “®@akTuuecku 5T aBTOPLI yCTAHO-
BUJIM 5KBHBAJIEHTHOCTDL 3allaull KJlacCHUecKoll MeXaHWKH M I'eOMeT-
pUYEeCKOl MATUMEPHOR ONTHUKH, T.€. He3aBucuMo oT ®.Kneiina o6ua-
PYXHIIN BO3MOXHOCTL cHOPMYINPOBAaTh MEXAHNKY KaK KBa3MONTH-
Ky B IPOCTPAHCTBE BEHICIIETO YmMCia u3MepeHuit. Bomnbire Toro, oHn
OOHAPYXKMIIN, UTO U COOTBETCTBYIOIAA 3ajada BOJIHOBOM MeXaHUKU
O IBUXXEHWHU YaCTUNLI CO CIMHOM HYJIb MOXeT OBITH chHOpMYIUpO-
BaHa KakK 3allauya BOJHOBOHW ONTHUKM O PAaCHPOCTPaHEHNHU CKaJIAPHBLIX
BOJIH B NATHMEPHOM IPOCTPAHCTBE, €CIIM Ha 3aBUCHMOCTL CKaJdp-
HOIi BoTHOBO# G yHKIUN P OT NATON KOOpAMHATEI HAJOXKATD YCA08UE
YUKAUNHOCTIU!

imez?

- (7.4.12)

é(moa ‘Ela 132, ‘ES, ‘B4) = 90(1130, ‘Ela 132, ‘ES) €xp
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B camom J€eJie, €CJin B BOJIHOBOE YPaBHEHHNE OJId 5-HpOCTpa.HCTBa.

Z 0°% =0 (7.4.13)
dzAdzA

nonicTaBUTEL Bhipaxenue (7.4.12), To nna dysknmm o(z°, 2!, 2%, 2°)

IMOJIYy4Ya€eTCA XOPOIIO M3BECTHOE YPaBHECHHUE NJId BOJIH MaTE€PUNU

2
o+ (%) ] #(z°, 2, 2% 2%) = 0.” (7.4.14)

8. Ilpu paccMoTpeHUU moJeit B h-MepHOM mpocTpaHcTBe Pymep
OPENJIOKUIT Pa3iaraTb COOTBETCTBYIOIINE UM BOJHOBLIE QYHKIINHA B
paner ®ypre

n=+oo 4
®(2H,z Z exp (%) p(z"|n), (7.4.15)

roe ¢(z*|n) — xosppuunenter pasnoxenus Pypre. Um 6rina npen-
JIoXKeHa Npolefypa YCpelHEeHNd NPOM3BOJIBLHLIX KOMOMHAIMH U3 5-

MEPHBIX BEJINYNH L no nepumony nATON’ KOOpIOWMHATHI:

h/mc

o 0/ L(z", 2% de® = L(z"). (7.4.16)

B YaCTHOCTH, 3Ta ODpoHueaypa OOJIXKHa IIPUMEHATHCA OJId OIpPENesie-
HnA 4-MepHOI‘O OelcTBUSA BOJIHOBBIX IOJIEH

/E <<I’ ;i) dzVdz'dz?dz3dz* =

_/ < :1/:“|n)g;9 )dmodmldmzdm (7.4.17)

FO.B.Pywmep nucam: “IlociienoBaTebHLI MEPEXON OT QYHKIUA TATH
xoopauraT ®(z#,2*) k cocraBnaomum ®ypre p(zH|n), 3aBucATTM
OT YETHIPEX KOOPAMHAT &/, eCTh MEPEXOM OT - IPEACTABIIEHNA OTHO-
cnTenpHO 2, 2% K CMeIIaHHOMY IpeNCTaBIIEHMIO: P-IPeICTaBICHMIO
OTHOCHTEILHO KOOPAMHATEI ¢! M ¢-pelcTaBieHnio OTHOCHTETHHO
koopameEaT 2. B TakoM mpeicTaBieHmE Bce (OPMYIIEI IpHOGpeTa-
10T IPUBLIYHLIA 4eThIpexMepHELil Bun” [59, ¢.65].
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OnHako IpH OCYIIECTBJIEHAN CBOel mporpaMMel Pymep cToJk-
HYJICS C PSAIOM TPYIHOCTEN KaK OOBLEeKTUBHOTO, TaK U CyOHLEKTUBHO-
ro xapakTepa. Ha Halll B3TJI4[, TJIaBHOW W3 HUX SBUJIACh MOMBITKA
Pymepa B paMkax b u3sMepeHuin OTHOBPEMEHHO PEIIUTEL MBE 3aTauM:
TeOMETPU30BAThH HENCTBUI (KBa.HTOByIO Teopmo) U TeOMeTpPU30BaTh
sJIeKTpoMarHeTusM. H[pyrue TpyaHOCTH GYNYT O6CYXIEHEI B CIIENY-
IoIllell TJIaBe.

7.5 MonagHbIl MeTON PEeAYKIINHU
(14+n-paciuenseHus)

B mpenminymem maparpade 6nimo moka3zaHo ciaboe yTBepxKe-
Hue, 4T0 4-MepHyio OTO MOXHO CUNTATH BIOXKEHHOW B H-MepHOE
HCKPUBIIEHHOE NIPOCTPAHCTBO-BpeMs ¢ MeTpHKo#l G 4p Buna (7.4.8).
OnmHako 5To HE 03HAYAET, UYTO METPHKA HE MOXET UMETH Goiee 06-
muit Bux. O6 5TOM CBHOETEIBLCTBYET U OOCYXKIEHNE CYTH IPABUTA-
nuy B mpenwinymux riaBaX. Ho Torga MoxHO 0XuIaTh HEKOTOPLIE
HOBLIE CJIENCTBUA. B CBA3WM ¢ MOCTAaHOBKOW 3TOHN 3amadd, a TaKXke I
B CBA3HU ¢ IpobiieMaMl IMOCTPOEHUA MHOTOMEPHBLIX IeOMEeTPHUYECKUX
MoJlesiell IPYTUX B3aUMOAeNCTBUI obcyauM oO6paTHYIO HpenbLAyIIe-
My naparpady 3ajgady — IepexXxol OT TeOpHH BEHICIIEH pa3MepHOCTH
K MeHBIIIEH.

Ilonmxenue pa3sMepHOCTH Ha €NWHWUIY ONMUCEIBAETCSA MOHAIHEIM
MeTompoMm. OTMeTUM, UTO OH BO3HHUK B paMKax H-MepHEIX Teopuil Ka-
nynsl u Kiefina B 30-x romax B CBA3U ¢ HEOGXOMMMOCTBIO IIPOEKTH-
poBanns (1l+4-pacienenns) Teopuu Ha 4-MepHOE IPOCTPAHCTBO-
Bpemsas OTO. B pmanbreiimeM oH GBI yCOBEPIIEHCTBOBAH B PaMKaxX
4-MepHOH Teopu: IIpH pa3paboTke METONOB ONMCAHUSI CUCTEM OTCUe-
ta (cM. §7.7).

Kak yxe ormeuanock paHee, MOHAIHEIH METOI PENYKIUHN MOXHO
IpefCcTaBUTh COCTOAIINM M3 YeTHIpeX dacTel:

1) anre6per MOHATHOTO METOXA;

2) 3amaHWs MOHAIHBLIX (HU3UKO-TEOMETPUYECKUX TEH30DOB;

3) onpeneneHns MOHANHEIX ONEPATOPOB NN} HEPEHINPOBAHNS;

4) 3anucu OCHOBHEIX COOTHOIIEHWH TEOPUHM B MOHAIHOM BHIE.

Honpo6uo 5TOT MeTon W3IIOXKEH B ABYX KHUrax aBTopa [9, 11].
3mech OrpaHMYMMCS HAIOMUHAHUEM U KPATKUM OOCYXIEHHEM Ca-
MEIX HeobxonuMeIxX dopmyit. CresaeM 5TO B caMOM oBIlleM BHJE, TO-
CIIeIOBATENIBLHO [0 IIYHKTAaM.

1. Anre6pa MOHAHOTO METOAA YXe paccMaTpuBajiach B §4.6.
K sTtomy mo6aBuMm crnenyiomee. B Teopusx, rie npuMenseTcs MoHAI-
HEIN MeTOI, cllefyeT ONepUpOBaTh JIUIIL ¢ BEJIMUNHAME, CIIPOEKTH-
pOBaHHBIME 160 Ha BBIIeJIeHHOe HallpaBlleHHe, Jub0 Ha OpPTOTO-
HaJILHBEIE €My HaIpaBieHUS. JTO HOCTUTAETCS BHYTPEHHHM YMHO-
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JKeHUEeM TeH30PHLIX BeJINYWH Béfff Jm6o Ha BeKTOp MOHAIEI, Iub6O
Ha KOMIIOHEHTEI 1 — 1-MepHOro (B DaHHOM cilydae 4-MEpHOTO) MeET-
pHUYECKOTO TeH30pa:

Bac€#¢® =B; B ghgt---=B", (7.5.1)

rle, BO-IIEPBEIX, UCIOIb30BaHbl 0603HaUEHN s 1JIs MOHAIHBIX COCTAB-
JAMIX MeTPUYECKOTro TeH3opa u3 (4.6.2)

GaB = gaB — £4€B,

BO-BTOPBIX, GOPMyYJIEI GyoyT NUCATHCA AL CATHATYPHL (+— — — —),
KOrZla IMEIOT MECTO YCJIOBHS OpToHOpMmpoBaHHocTH (4.6.3) m, B-
TpeThUuX, OyIeT HCIOJIb30BaThCcAd KajlubpoBKa MOHAIBLI THUIA XPOHO-
MeTpHUYEeCKOnl

G4 G a4
A 24, = —— 7.5.2
NVE U SN (7:5:2)

B panbHeiimmeM MOHaAHBIA MeTon GyNeT NPUMEHSITHCS W AL LPY-
THX 3a1ad, TOrNa MHOEKCH ¢ HOMepoM 4 GyAyT COOTBETCTBOBATH
nHnekcaM ¢ Homepamu 0 (B §7.7)), 5 ( B cnenyrommeit riaBe) n HeKO-
TOpHIM IpyruM. B wacTHOCTH, XKBampar mHTepBana (3.6.1) MoxHO
IPENCTABUTEL B BUIE

Gapde?de® = ds® — d¢?, (7.5.3)
o€ UCIOJIE30BaHbI CIPOEKTUPOBAHHEBIE COTJIaCHO (751) CMEIIEHN A
d¢ = dz?¢s;  ds® = gapditdi® = g, detde”. (7.5.4)
I[J'IH N30TPOIHBIX YaCTHUIlT IMEEM
0 =ds® — d¢* — d¢* = ds*. (7.5.5)
2. MoHagHBIE PU3NKO-FrEOMEeTPUUYECKNE TEH30PEI — 5TO TEH-
30PEBI, KOTOPHEIE MOXKHO IIOCTPOUTH U3 MOHAaOHBIX COCTAaBJAAIOIINX MET-

PHUYECKOro TEH30pa M HUX IEPBBIX IPOU3BOINHEIX. Nmerorca Tpu 1
TOJIBKO TpPH TaKHX TEH3O0pa:

1 0 0
4=E6%(CaB—Ea) > Bu=— <—8—§i + 8—3;) i (7.5.6)

&4
. 1
Fup = —§g§gg(€c,D -¢épc) —
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Ozv  Qz+

. o€,
F, = —% (85“ ¢ + .6 — <I>,,§M) ; (7.5.7)

1
an = 3 (Eoune+ s +E5a00) -

L 8ga[)’
254 82}4 '

Bo Bcex sTux dpopMmysax cHayaja 3alUCaH BUI COOTBETCTBYIOIIETO
TeH30pa B OOIIleKOBapHaHTHOM BHJIE, a 3aTeM TEH30PHI IepelUCaHLI B
HCIOJIB3YEMON KaJINOPOBKE TUIA XPOHOMETPUUECKOl. 3amsaTol, KakK
0OBIYHO, 0003HaUeHEl YacTHEIE IPOU3BONHEIE.

3. Monannbpie onepaTopbl AuddepeHNNPOBAHNUSI 3aMeHS-
0T KOBapHaHTHLIE IPOU3BOIHEIE U IO ONPENeJIEHNIO TaKOBHI, UTO,
IefcTBYS Ha CIPOEKTHPOBAaHHLIE BeJINUMHEI, IPNBOAAT K CIIPOEKTH-
POBaHHEIM XK€ BLIpaXeHUsIM. TaKOBEIX ONepaTOpOB ABa: MOHAIHLIN
OIlepaTop BHIOJL BEIAEJIEHHOTO HalpaBJIEHUA M MOHAIHLIA OIEpaTop
KOBapuUaHTHOTO AudPepeHnnpOBaHNs B OPTOTOHAIILHOM £ 4 CEUEHUN.
Ina mocTpoeHms mepBOTO W3 HUX HNCHOJB3yeTcd mpomsBonHas Jlu.
Kak m3BecTHO, eciam B HEKOTOPOH 0651acTH MHOTOO6pa3us ompenese-
HO BEKTOPHOE moje (B JaHHOM Ciydae HOJie MOHAIEI &4 ), TO BIOJb
HETO MOXHO 3allaTh MPOM3BOAHYIO JIM OT MPOM3BOILHOTO TEH30pa

LBg =E°VeBg —Bg Vot*— +B&IVBEC+- -+, (7.5.9)

— I[oz[)’ = (758)

rie TOYKaMH B OCHOBHOH CTpokKe obo3HaueHBLI aHAJIOTHYHEIE clara-
eMEble, 3allChIBaeMble NJIs KaXXIOro KOBapMaHTHOTO WM KOHTpaBa-
pUaHTHOTO WHIEKCA.

a) MonanHsIfl omepaTop IO BEINEIEHHOMY HAlPAaBJICHUIO 3allu-
CHIBaeTCs MPOEKTUPOBAHUEM Ipouw3BoxHOM JIu mo BceM WHIEKCaM Ha
OpTOTOHAJBLHEIE 4 HANpPaBIeHUs. SalUIIEM 5TOT ONEPATOP CPa3y B
HUCIOJIL3yeMO#l KalubpoBKe

tau.  .pOBLT  10BE:
9,B; =¢ = . (7.5.10)
81133 54 31134
OTOT omepaTop HE 3aBUCHT HEM OT paHTa, HH OT KOBapHAaHTHOCTHU
nuddpepeHIUPYEeMONl BEIMUMHEI.

6) OmnepaTop KOBapMaHTHOrO Nu(pEpEeHINPOBaHNS 1O HAIPAB-

JIEHHSAM, OPTOTOHAJBHBEIM BBIIEJIEHHOMY, IMEET BUI

ViBe =olBr 4+ T BY 4 —TA B 4., (1.5.11)
Tle HNCIIOJIE30BaHEBL obo3HaUeHU A

= _— - 2 (7.5.12)
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— KaJuOpOBOYHO WHBapMAaHTHEIN onepaTop HuddepeHIupOBaHNS IO
HAIIPABJIEHUSAM CEUEHUs, OPTOTOHAJILHOTO & 4;

~ 1
By = 50" 000 + 0o~ 0Jar)  (7513)
— Ka.J'IH6p0BO‘IHO NHBapHUaHTHaA CBA3HOCTE B CECUCHUU.

4. OcHOBHBIE COOTHOIIICHU S TEeOopnl B MOHaAHOM BILAE 3a-
IINCHEIBAIOTCA TaKNIM 06pa.30M, YTO B HUX BXOOAT TOJIBKO CIIPOECKTH-
POBaHHEIE BE€JIMUYNHBI, MOHaAHLIE (1)H3I/IKO—FeOMeTpI/I‘IeCKHe TEH30PHI
1 MOHaJHEIE OepaTOpHl AnddepeRnnpoBannd. B najanHeinem Ham-
6oNbImIMii MHETEpec 6yNeT NPEeNCTaBIATEL H-MepHas CKallipHasd KpH-
Bu3Ha. B MOHaJHOM BHJIOE OHa IIPEACTABIIAETCA CIIENYIOITNM 06pa.30M

5R — 5RABGAB - 4R+ Hz ‘|‘ I[MUHHV ‘I’ Fuyﬁ’“y_

—2 (-3}):[ + 3,3 + vl¢“> . (7.5.14)

3meck 4-MepHas CKaJispHas KPUBU3HA 3alMCAHa CO 3HAUKOM TUIIBAA,
O3HAYAIONUM, UYTO B Hell Bce NPOM3BONHEIE MMEIOT KaJlNGPOBOYHO
nHBapuaHTHEIA Bun (7.5.11), a BMecTo O6BIYHBIX cHMMBOIOB Kpme-
Todpdens croaT Beipaxenns (7.5.13).

AnanoruuabiM 06pa3oM 3amUCEIBAIOTCS W IPYTrue ObOIIeKOBapH-
aHTHLIE H-MepHEIE BLIPDAXKEHU S, YPABHEHUS U TOXKIECTBa TEOPUH.

B reomerpuueckux momensnx, kak u B OTO, ckandpras kpuBusHa
urpaeT poib JarpaHxuaa teopmu. U3 (7.5.14) BumHO, uTO B Ca-
MOM oOIIleM cilydae B TaKOW H-MepHOI TeOopHH MOXKHO OBLIO OBI OXU-
IaTh CyIIeCTBOBAaHNE NONOJIHNTENLHEIX IOJIEN, OMUCEIBAEMEIX TPEM I
¢usnko-reomerpudeckumu tenszopamu (7.5.6) — (7.5.8). OueBnnHo,
npu 5-MepHoit Merpuke Bupa (7.4.8) >Tm TeH30pHI O6GpaIaloTCA B
Hyab. Bo3sMoxXeH HeKUi#l TPOMEXYTOUHEBI BapHaHT.

7.6 5-MepHas reomeTpudeckas MoOIejb

1. B pamkax 5-it ¢usmyeckoil mapaguTMBI, mojaras, 4To Gu-
3MYecKoe NMPOCTPAaHCTBO-BpeMda H-MepHO, TEOPHIO CJIeAyeT CTPOUTh,
HUCXONA U3 H-MEpHOH 2uUnepniaomuocmiy Aa2pariICuaHa, COCTOIIIEro
U3 reoMeTpuueckKoll U $U3MUecKol JacTel

Lym = VG0 <_ ! 5R+E;n>, (7.6.1)

2&c

rae L, = VGOIL' — rumepmioTHOCTS JarpaHXmuaHa HETeOMeTpPH-
YecKOW MaTepHH.
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Ecnn MaTEPHUIO OIIUCBIBATh KOMNAEKCHOIM CKAAAPHBIM NOAEM ‘i,
TO OJId (i)H3III'-IeCKOI‘7[ YJaCTH TUIEPIINIOTHOCTH JIarPaHXWaHa NUMEEM

2
L= \/G(ﬁ)%GABvA@*vB@ (7.6.2)

Oro BrIpaxeHnue o6oburaer (7.2.17) Ha 5-MepHBIil ciiydail 1 OTIMYa-
€TCs OT HErO OTCYTCTBUEM CJIATaeMOTO C Maccoil moKos.

Ecnu paccmaTpuBaeTcsa depmuonnad mamepud, ONUCEIBaeMas 4-
KOMIIOHEHTHLIMU KOMIUIEKCHEIME chnuHOpaMu ¥, TO IJIOTHOCTEL du-
3MYECKOTO JIarpaHXNaHa clefyeT O6paTh B BUIE

Lo = \/G(f»)% (ﬁyAVAxIJ + (h.c.)) : (7.6.3)

Ille UCHOJIL3YIOTCA BCe MATH KOMIOHEHT 4-pamHbix matpun Hmpa-
ka, a V4 ¥ — xoBapuaHTHad NPON3BONHAs CIMHOPa B 5-MEPHOM IIPO-
CTpaHCTBe-BPEMEHH, 3amuchiBaeMas aHasormyso (7.2.22). Hamom-
HEM, YTO O6WenpuHATEE (MoCTOAHHEIE) 4-psanHele MaTpunsr Jupa-
ka 7(C) cBsA3aHBL C 3aBUCAMIME OT KOOPANHAT BEKTOPHBLIMH MaT-

pH].Ia.MH ’)/A COOTHOIIIEHN AMN
v4 = GAC)(0), (7.6.4)

rie G 4(C) — KOMIOHEHTEL IEHTANEL, ONPENENIONINe 5-MEPHYIO MET-
puky G ap coriacHo

G4(C)GE(C) = Gas. (7.6.5)

2. 1 nepexona k 4-MepHOH TeopuN HeO6XOMUMO MIPON3BECTH IBE
TIPOLENYPHI, COCTABIAIONINE BMecTe pa3sMepHYIo penykuuio. llepBas
U3 HUX — mponenypa l44-paciiemnenus, onucauHas Bruime. B pe-
3yJbTaTe 5-MepHBIE INIOTHOCTH TeOMETPIUEcKOTo U PU3UUECKOro Jia-
TpaHXWNAaHOB 3alMUCHEIBAIOTCA UYepe3 4-MepHEIE u3ndecKue N GU3UKO-
TeOMeTpUYECKNe TeH30pEl. BMecTO YacTHLIX HPOU3BONHLIX BO3HU-
KaloT KaJnOpPOBOYHO WHBapHWaHTHEIE IPOM3BONHEIE Buia (7.5.10) m
(7.5.11).

Bropas nponenypa cocTONT B ycpenHeHNN (MHTErPHPOBAHUY) IO

IepUOLy 3aBACHMOCTEN OT JONOJIHATENLHON KoOpANHATH z* cormac-
HO MeTONUKe, IpuUMeHsBLIelcs PyMepoM, To ecTh cilenyeT HCIOIb-
soBaTh (opmyist (7.4.16) — (7.4.17).

3. YUrtobrr 5TO cIenaTh HeOOXOIMMO KOHKPETU3SNPOBATEL 3aBUCH-

MOCTB '€OMETPHYECKHNX N (1)H3quCKHX BEJINYMH OT KOOpOUHATHBI £E4.

Ecau me mpeciienoBats menb reomerpusanun Matepun (cMm. §7.7), To
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€CTECTBEHHO HaAJIOXKHNTH Ha 5—MepHy10 METPUKY YyCJIIOBHE NUJINHIPUAY-
HOCTH IIO HOIOJHUTEILHOR KoopamHaTe

0GB
—— =0. 7.6.6
Oz ( )
Kpowme Toro, mosioxmm, 94T0
Gag = 1. (7.6.7)

OTO 0O3HAYAET, YTO IBa U3 MOHAMHEIX PU3UKO-TEOMETPUUECKUX TEH-
30poB obpaIialoTca B HYJIb

$,=0; I, =0. (7.6.8)

OT/INYHEIM OT HYJId B obrreM cJIyda€e MOXET OBITH TOJILKO TEH30P

F,,,, npuEIMalomuil YNCTO POTOPHLIA BIJA OT BEKTOPHOTO NOTEHIIH-
aia &,.

Ina ¢msmdgeckux BeIMUMH, KaK CKaJAPHBIX, TaK U CIMHOPHEIX,
HeoOXONMMO BHIOpaTh 3aBHCHMOCTH B Bune (7.4.12), rme m B moka-
3aTejie 3KCHOHEHTEI oIpeleideT Maccy 3TOTO MOJd.

IIpu npoBeneEny BTOPOIl MpolleyPHI ceAyeT HCIOJIb30BaTh (Hop-
MyiTy

h/mec . 4

/ exp T ) det =0 (7.6.9)
h

0

npu n - nesoMm uumcie. llocile MHTETrpUPOBaHUS OCTAHYTCA TOJIBLKO
TaKWe WIEHE, B KOTOPHEIX OTCYTCTBYIOT SKCHOHEHIUMAJIbLHLIE CIIara-
eMEBIe, TO €CTh B UTOTe NPOBEINEHNS NBYX IPOIENYp HOIYUUTCS 4-
MepHOe BEHIpajKeHWe, He 3aBHCAIIEE OT IOMOJIHUTENLHON KOOpAMHA-
THI.

4. Hanpumep, u3 5-MepHo#l minoTHOCTH Jarpasxuana (7.6.1) co
CKaJIAPHOH HeTeOMeTPUUECKOH MaTepuell nojydaercs 4-MepHas MIIOT-
HOCTB JIaTpaHXWaHa 3HAKOMOTO BHIA

h/mc

- 1 - -
/ £, da* = /=g [——(4R + PPy
0

2aec

to,— |90 e - (—) e, (7.6.10)
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rume
" 0 ime N 0 ime
3;90 = (8? + Tfﬁ) ¢ 3;90 = (8? - Tfﬁ) ¢. (7.6.11)

3mech €3 - 4-MepHEIe KOMIOHEHTHI MoHanbl. Kpome Toro, B (7.6.10)
YyUTEHO COOTHOIIEHNE KOHCTaHT & = &h/me.

W3 510l mnoTHOCTH JIarpaHXWaHa BapHalWMOHHEIM METOIOM JIeT-
KO IOJIY YN TH W3BECTHEIE ypaBHeHUs DiiHmTeiHa (7.2.10) ¢ Ten30poM
SHEPTUU-MMIIYJIbca CKaJspHOro mois (7.2.19) cupaBa m ypaBHEHUS
Kneitna-®oxka (7.2.18).

5. AnanoruyabiM 06pa3oM U3 H-MEpPHOW IIOTHOCTH MOXHO TIO-
JIYyYUTEH 4-MepHYIO INIOTHOCTH JIaTpaHXWaHa COIUHOPHOW MaTepuu U
cooTBeTCcTByMIOIlee ypaBHeHue {upaka. DTOT BOmpoc paccCMOTPEH B
kHure aBTopa [11, ¢.58] u mogpobuo GyneT O6CYXIEH B CIEAYIOUUX
IJIaBaX B paMKaX TeOMeTPUUYeCKUX Momejell 60sbIeil pa3MepHOCTH.

7.7 TeomeTpusanms CKaJIAPHOIO MOJIA

1. U3 Teopuit mpAMOTo MeXYacTUYHOTO B3aMMONEHCTBHUS, B 4aCT-
HOCTH, U3 OMHApHOHW reoMeTpodM3MKHU, CIeAyeT, UTO KOMIIOHEHTEL
METPHYECKOTO TeH30pa (KaK M MOTEHINAIILI HJIEK TPOMAarHUTHOTO B3a-
IMOJENCTBYS) NMEIOT CMEBICI JIMIIb B TEX MECTaX, Tlie MMEIOTCA B3a-
HMOIEMCTBYIOIINE YACTUIEL. DTOT (HaKT HABOMUT HA MEICIb MONEIH-
pOBaTh YacTHUILI B MHOTOMEPHOR TeOpUH IOCPeACTBOM KOHGOPMHOTO
daxTopa x2. BymeM momaraTk, 9TO MCXONHEIN 5-MepHLI MeTpHyec-

kuii TeHzop Gyp comepxut B cebe XapaKTEepUCTUKU KaK HaXOMS-
INERCs B COOTBETCTBYIOMIEH TOUKe yacTHOEL (X ), TaK M MOTEHINAIILL,
co3laBaeMble IPYTUMHI YacTUIaMH B MeCcTe PacIoJIoXKeHUs MepBoi.
OTO 03HAYAET, YTO KOMIOHEHTEI HCXOTHOTO METPHUUYECKOTO TEH30DA
NIpefcTaBIdI0TCI B BHUIe

Gap = X*Gas, (7.7.1)

rie G4p - KOMIOHEHTHI GU3NYECKON METPUKM — MOTEHIUAIIEI, CO3-
IaBaeMble IPYTUMH YacTUIaMM.

Wcnmonw3ys usBecTHLIE GOPMYIH A KOH(POPMHEIX Ipeobpaszo-
BaHHH (cM., HampuMep, [9, ¢.33]), MoXHO 3amucaTh BHIpaXXeHHUE IJIS
INIOTHOCTU NCXONHOHN 5-MepHOH CKaJIApHOW KPWBU3HLI, UTpalolleil
POJIb IJIOTHOCTH JIarpaHXUaHa,

5
L Jeaewp - Y G! )X3 [5R _ 4GAB (2VAVBX L+ X,AX,B)] ,

X x?
(7.7.2)

2&c 2&c
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re & - b-MepHOe 0000IIeHNe TPaBUTAINOHHON IOCTOIHHOM.
2. HanoxuM Ha 5-MepHYIO METPHKY NBa CYIIeCTBEHHEIX OTpaHU-
YeHN4.

1) Bynem mosaraTh, 94TO KOMIOOHEHTHI HOBOl METDHUKH HE 3aBU-

CAT OT HOIOJHHUTEILHOR KOOpIOMHATEI 234, TO €CTBb IIYCTH YCJIOBHE

(7.6.6) orHocuTca k MeTpuke G 4p. IIpn s5ToM KOHPOPMHEIL pakTOp

X2 B obImeMm cliyda€ 3aBHCHUT OT 234, YTO COrJIaCHO H3JIOXKEHHOMY B
§73 MOXET O3HaYaTh MaCCHUBHOCTE CKaJIAPDHOIO IIOJA X.

2) Bropoe ycnoBme kacaeTcs KOMIOHEHTH MeTpUKY (Gqq. IlocTy-
JmpyeM, 4TO

G’44 = —Xz, (773)
TOornoa

GAB = —é44GAB; G44 = —1. (774)

OcHoBaHIEM IJid TaKOTrO IOCTYyJIaTa MOXET CJIIYXKUTH MaTe€puaJl, n3-
JIOXKEHHLIN B Hpe,ubl,uyu_[eﬁ rnase. Beuio IIOKa3aHO, YTO KOMIIOHEHTAa

G4 cyXuT 07 0OGOCHOBAHUS MPONATaTOPOB, a, CIIENOBATEILHO, U
NI ONpeNelieHWs caMux mnojieli. B mamHoM Xe ciiydyae Teopus Ha-
YHHAET CTPOUTHCA Cpa3y XKe W3 MOJIEBBIX BhIpaxeHmit. OcraBiss
B CTOPOHE BCe BO3MOXHEIE BOIIPOCEI O €e 3HAUEHWM WM CUMUTAas, YTO
IaHHAs TeOMEeTPUUECKas TEOPUs SIBIIETCS JIUIIL HEKOH MMUTAINER
HUCTUHHON TEOPWH, MOJIOXKUM 5Ty KOMIIOHEHTY METPHUKHU IOCTOSHHOM.
Insa ynobcTBa BEHIGpaHO 3HaUEHUE, PABHOE MUHYC eNWHUIIE.

3. llpu HaAJIOXEHHEIX YCJIOBUAX Ha H-MEPHYIO METPHKY C IIOMO-
IIBIO M3JI0KEHHOTO BEINIE MOHAIHOTO MeToNa Ipom3BeleM 14-4-pac-
IIeNJIeHNe IIOTHOCTHU H-MepHOH cKallsapHOil kpuBu3HEl. Ecnu 681 5T0
pacIIlelyieHne OCYLIIECTBIISJIOCH MO KoH(pOpMHOro mpeobpa3oBaHUA,
TO B 00mIeM ciiyd4ae 6bLIH OBI OTJIMYHEI OT HYJIS BCe TPU DUBUKO-
reoMeTpudeckux Tenzopa. OmHaKo mociie KOHQOPMHOTO IMpeobpaso-
BaHUs U3 Buna MeTpUKH G 4p CIeNyeT, YTO ONATH, Kak u B (7.6.8),

Fap#0;  ®,=0; I,z=0, (7.7.5)

TO €CThb POJb ABYX HOCIETHUX (U3UMKO-TEOMETPUUECKUX TEH30POB
B350 Ha cebs ckansapHoe moiie. C y4eToM 3TUX COOTHOUIEHUH IIOT-
HOCTH 5-MepHON CKalsApHO# KpuBH3HEL (7.7.2) IpUHEMaeT BHI

1 . - .
— —\GOR= -~ 3= [4R—|—FaﬁF°‘ﬁ—
2&c 2&c
ap 4478 4x>
8 Vlvgx— g leV;x+—8X’4’4+—X2’4 . (7.7.6)
X X X



7.7. TEOMETPHU3AIINS CKAJISIPHOI'O IIOJIA 203

4. Ucnonwsys umen B.A.®oka n FO.B.Pymepa o xapakTepe 3aBu-
CHMOCTY BEJINYMH OT JOTOJHATEILHON KOOpAMHATEL 24, mpencTaBumM
KOHGOPMHLBIN (PaKTOp B CIIEAYIOIMIEM BUIE

V —é44:XE)22/3:

—imca? imecz? 2/8
= [1 + by exp (T) — bp* exp ( & )] , (7.7.7)

rie b - HEKOTOpass KOHCTaHTa, KOTOpas GyIeT OmpelelieHa IMO3XKe; ¢
- HeKoTopas KOMIUIeKCHad QYHKIUA, XapaKTepusyloliad cKajldpHoe
moJie W 3aBUCAMIA] JIUIIL OT YeTHIPeX KIIaCCMYeCKMX KoopnuHat. B
5TOM BEIPaXXeHUU CYIIeCTBEHEH 3HaK Iepell MOCIENHUM cllaraeMbIM
cupaBa. IMeHHO UM olpenenseTcs MOJIOXKUTENLHAS ONPENeIeHHOCTh
TeH30pa >HeprUU-UMIYIbca CKAJIPHOIO IO (.

5. Onpenenum meiicTBue S TEOMETPUUYECKON CUCTEMBI OOBIUHEIM
obpazoMm

[ //\/G(5)5Rdm4d4z ~ /Ld‘*z, (7.7.8)

2&c

rie

/=7 [T. . 16 . o e
L=_Y9 [X2(4R—|— FogFPy — 3 Pxviviz - xx,4,4)] dz*.

2&c B
(7.7.9)
Ncnonw3ys (7.6.9), HaXONWM, UYTO UJIeHBLI, ONHOPONHEIE IO ¢ U ©*,
HNCYEe3aloT. B HNTOre mMeeM

L=-YI1 - eyl
2aec

- 32 2
[ ot - (azeare () o)
(7.7.10)

rle MPOM3BONHEIE OT ¢ mMetoT BuX (7.6.11).

Bripaxenue (7.7.10) cooTBeTCTBYeT OGINENPUHATON INIOTHOCTH
JarpaHXuaHa IJIS CKaJIIPHOTO M TPAaBATANNOHHOrO moueil (HO ¢ BU-
ION3MEHEHHO] YIJIMHEHHON NMPOM3BONHOMN ), €CIIN MOJIOKUTH

3axh?
B2 = . 7.11
32m (7 7 )
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6. Ypasnenug Dinwmetna nomayvarorcs BapbupoBanueM (7.7.10)
mo g"¥. Tlocne cTaHIApPTHHEIX BEIYUCIIEHUN HaXOIUM

1 P 1- -
4RHU - 59#1/(4R) = -2 (F/AaFg- - ZFaﬁFQﬁ) +

3eh® | ! eh? N N
+ (1——90 so) - [3;%0 O e+ 0 ¢ 05—

16m 2m
afBa+, . x a9+ mc ? *
9w \ 9057050 — | 57 ) ¢Te]| -
326h2 * afl *

7. Ypasnenue muna Kaetina-Poxa moiydaroTcs BapbUPOBAHIEM
(7.7.10) mo ¢* (u conpsKeHHOE — BapbEPOBAHUEM IO @):

B+t S (AR fr . foB me?
g VaVﬁgo—E(R—l—FaﬁF Yo+ & p=0. (7.7.13)

B pasBuToii 3mecs Teopun 0co6BIl MHTEPEC TPEACTABIAET QU3H-
yecKas MHTEPNPETANNS BEKTOPHOTO MO £, UMEIOIIEro KBa3maiek-
TPOMATrHUTHEIA XapaKTep, OMHAKO B3aMMOAENCTBYIOMIETO C MAaTEPH-
el yepe3 WHYIO KOHCTAHTY (Ipyroil 3apsam — Maccy).

8. B paccmorpennom B §7.4 uwacTHOM ciayuae Kuneiina-Pymepa
CMeIlTaHHLEIE KOMIIOHEHTEHI 5-MEPHOTO METPHYECKOTO TeH30pa obpa-
MIaI0TCS B HYJb

Gap~ & =0, (7.7.14)

Torpa ypasHeHnue (7.7.13) npeBpalinaercs B OOIIEN3BECTHOE ypaBHE-
aue Kieiina-®oxa Buga (7.2.18) mns cBoGONHON MaCCHBHOM CKaJIsIp-
HOW YaCTUNEBI C YYETOM CKaJSIPHON KPUBU3HEI

3 2
9PV Ve - E(‘*R)go + (%) ¢ =0. (7.7.15)

HanmoMuwmM, 4TO moka HET €IWHOTO MHEHUS O 3HaueHWU Kodddunu-
€HTa Ilepell cjlaraeMBIM CO CKaJIAPHOW KPUBU3HOM.

YpaBrenus (7.7.12) npeBpamatorcs B CTaHAAPTHEE YPABHEHUS
ONHINTEHA ¢ MPaBOil Y4acThIO, ONPENENIEMOl TEH30POM >HEPTUHU-
UMIYIbCa CKAJIAPHOTO IMOJId.

9. Jlerko BUOeTh, UYTO B KJIACCHUYECKOM Ipefelie, KOTa IOJiara-

o ¢ = +/pexp(iS/h), (7.7.16)
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rie p - WIOTHOCTH BEPOATHOCTU HAXOXAEHUS YACTUIEL; S - KIlacch-
YecKoe JIENCTBUE, MpaBasd YacTh YypaBHEHUN ODWHINTEHHA TPHHAMAET

BUI TE€H3O0pPa SHEPrUU-UMIIYJIbCa NBEIJIEBUIHON MaTepnnz.

7.8 CucreMbl oTCUEeTa B TEOPUH
rpaBUTAINN

Ilepeiinem k paccmorpenunio BHyTpeHHel npobiemer OTO, Tak-
JKe CBJA3aHHON C PENYKIUEN TeOpHMH Ha MEHBIIYI0 pasMepHocTh. C
IIOMOIILIO MOHAJHOT'O MeTola B paMKkax 4-Mmepud, T.e. MeToma 1+43-
pacIlelyieHns NPOCTPAHCTBa-BpeMeHN Ha BpPeMsA M OPTOTOHAJILHOE
€My IPOCTPAHCTBEHHOE CeUeHNe, peraeTcsa IpobileMa OMUCcaHus CUC-
tem orcueta B OTO. [lonaraercs, 4To Bce MpOCTPAHCTBO 3alOiIHe-
HO WIeaJIN3UPOBAHHLIME IpuGOpaMm, o6pasyoumumMn (MOIIOCKO06-
pa3HOE) TeNo OTCYeTa. DTH NPUOGOPEI HEKAK HE BIMAIOT Ha METPH-
Ky OIPOCTPAHCTBa-BPEMEHU U ABJISIOTCA €CTeCTBEHHEIM 0606IIeHTEeM
(daxTHUECKM TBEPAOTENBHOIO) MOHATHS CHCTEMBI OTCYETA B KIIac-
CHYeCKOW MeXaHWKE.

Teoputo cuctem orcuera B OTO nerko monyuuTs n3 pa3sBUTOTO B
§7.5 MonamuOoro Metoma. s 5TOro HYXHO MPOM3BECTH HEKOTOPHIE
U3MEHEHNs, BO-IIEPBEIX, CBA3aHHEIE C NPYroil CHrHATYpO#l (Temepb
BLIAEJISAETCS HE IPOCTPAHCTBEHHO-ONOGHAS, & BpEMEHO-TIONOOHAS KO-
opamaata z), BO-BTOPHIX, HYXHEI Iepe0603HAUEHN S MHIIEKCOB M3-32
MeHbITell pa3sMepHOCTH, B-TPETLUX, CIIEAYET NMEePEelTH K yXKe yCTO-
spuiuMmcsa B OTO obosznauenmsam. Tak, BMecTo 3arilaBHBEIX JIATHHC-
KIX MHIEKCOB 6yIeM IucaTh Ipedeckue, KOTOpEe 6ynyT mpoberaThb
sHayenud: 0, 1, 2, 3, a BMecTo rpedeckux — OyZeM IUCATh CTPOU-
HEIe JJATUHCKWE WHAEKCHI, IpuHuMalomue 3uavenud: 1, 2, 3. Ipyrue
nepeobo3HaueHusa 6yOyT HaHEI IO Mepe WX HOSBIIEHUSA IPU MOCIIENO-
BATEJILHOM W3JIOXKEHUU TEOPUM CUCTEM OTCUETA.

1. Anre6pa MOHAAHOTO MeTOAA 3aJaHU CHCTEM OTCUETA IO-
nygaercs u3 dopmyn §4.6 u §7.5 npu cnenyromunx 0603HAYEHUAX CO-
CTaBJIAIOMINX METPUYECKOTO TEH30pa

Juv = TuTy — hm/; (781)

rIe T, - BpEMEHHO-NONOGHEL BeKTOp (MOHaAa), MMeomuil dbusmaec-

2CrnenyeT 0TMeTHTH, 9TO CKAIIPHOE IOJIE MPEQJIATANOCHh MCIONB30BATE LA
TeOMETPU3AIMN MACCHBHON MaTepuy (JacTun) B paboTax pana APYTUX aBTOPOB,
MCXONsA W3 MHBIX COOOPAaXEHWH C MPUMEHEHWEM WHON MeTONUKH. B wacTHOCTH,
B paborax C.C.Kokapesa [31] usyuanca Bompoc 0 TeOMeTPU3AIUN MATEPUA TIO-
CpencTBOM KoMIOHeHTE! Gss B 5-mepmoi Teopum Tuma Kamymu., Wwmoit momxon
pasBuBaiics B Gonbiloit cepun pa6or B.Beccora ¢ corpynuumkamu (cu. [7]).
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KWH CMEICII BeKTOpa 4-MepHOI CKOPOCTHU NPNOOPOB CUCTEMEL OTCUETa

I dml{ﬂ)
T = dsio) (782)

o

o

Torma ycioBue HopMupoBKE MoHanH! (4.6.3) cooTBeTcTBYyeT M3BECT-
HOMY B TEOPUHU OTHOCHUTENLHOCTH CBOWCTBY 4-CKOPOCTH TEN

TMTM = gm/u'uuy =1 (7.8.3)

Hocnennee ciaraemoe cupaba B (7.8.1) uMeeT cMBICI 3-MEPHOTO MeT-
PHYECKOTO TeH30pa IPOCTPAHCTBEHHOTO CeUYeHHs, OPTOTOHAILHOTO
BpeMeHH CHCTeMEI OTCYUeTa.

B xporoMeTpmueckoit kanubpoBke [25], korna

“
=0 . o = Jou (7.8.4)

gOO gOO

3-MepHBIl METPUYECKH TEH30D 3aMUCEIBAETCS YePe3 MPUBLIYHEIE 3-

MEPHBIE NHIEKCHL

_ GoiGok
oo

R, — Gik- (7.8.5)

XpoHoMeTpuuecKas KaJIuGPOBKa COOTBETCTBYET CIENUAILHOMY BEI-
60py KOOPIHMHATHBIX CHCTEM, KOT[la KOOPAMHATHEIE IUHEE z° COB-
NafaloT ¢ KOHTPYSHIWEHR BPEMEHHO-NONOGHBIX JIMHUI CHCTEMEL OT-
cuera.

B sanmcaHHOW B MOHAIHOM BHJE TEOPUE HAO4I00GEMbLM 6EAU-
YUHAM COOTMEEMCMEYIOM MOALKO CKAAAPbL, T.€. BHIPAXEHN, JIH-
60 CIpOEKTHPOBaHHEIE IO BCEM MHIEKCaM Ha HalPaBleHHE T, IU60
IpPOCTPaHCTBeHHEIE cKaiaphl. OUeBHIHO, 9TO BCe OHM He 3aBHCAT
OT BHI6OpA KOOPAMHATHON CHCTEMEI, ONHAKO M3MEHSIOTCS IPH Hepe-
Xolie K APYTOil CHCTEME OTCYETa (3aBUCAT OT COCTOSHMUS NBUKEHUS
HabmonaTeNns).

Insa yno6cTBa (U3MUYecKOll MHTEPIPETANME W3MEHUM IOPSIOK
06CyKIEHNsS COCTABHBIX YacTeil MOHaJHOIO METOAA.

2. MonanHble onepaTopsl AuddepeHINPOBAHNS 3alUChH-
BaloTcs coriacHo dopmynam (7.5.9) - (7.5.11). Beinnmem nBa kitio-
4eBBLIX OIlEpPAaTOpa:

o _ 10
0z° /o, 02O

*3T:7_O

(7.8.6)
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— XpOHOMeTpPHUYECKN-NHBAPNAHTHEIA OIlepaTop BpeMeHHOro audde-
PEHIUIPOBAHN;
*3 8 Goi 8

7 — 8;1)7' - g_@ (787)

— XpOHOMETPHWYECKN-WHBAPUAHTHLIA OMEPATOP IPOCTPAHCTBEHHOTO
nuddepennupoBanusa. HanmoMHUM, YTO XpOHOMETpUUECKU-UHBAPH-
AHTHLIMU Ha3BIBAIOTCS BEJIMYUHEI, HHBAPUAHTHEIE OTHOCUTEIBHO IIPO-
M3BOJILHBIX IpeobpasoBanmii koopauHaTel 2° Tuna (4.6.7), u koBa-
pUaHBEIe OTHOCUTENLHO NMPOCTPAHCTBEHHBEIX NPeoGpa3oBaHUM THIA
(4.6.6). O6a sTm omepaTopa He 3aBHCAT HH OT paHra, HU OT KO-
BapHaHTHOCTH NuddepeHITUPYEMEIX BETNYNH.

3. MonanHbIe U3NKO-TeOMeTPNYECKNE TE€H30PHI CTPOITCA
corzacHo popmynam (7.5.5) - (7.5.7):

“F=1(Tio — Toyi) (7.8.8)

— BEKTOD yCKOpeHUs (C 06paTHHIM 3HAKOM) CHCTEMEL OTCYETa (COOT-
BeTcTByeT BekTopy ¥, B (7.5.6));

1 1
A = §(Ti,k - Tk) + 5(*Fkn~ —*Fi1y,) (7.8.9)
— TEH30p YIJIOBON CKOPOCTHU BPAIUEHWs CHCTEMBI OTCUETa (COOTBET-
CTByeT aHTHCHMMETPHYHOMY TeH30py F),, B (7.5.7));

1 1 Oh
Di, = 7°%hik0 = ok
7 2\/900 Oz°

2
— TEH30p CKOpOCTeii-nedopManuii CHCTEMEL OTCYETA (COOTBETCTBYET
cummerpmaroMy Temsopy I, B (4.6.7)).

ITarnas 3mech ¢u3mYecKas WHTEPHpeTalWs MOHAIHLIX (PHU3HKO-
reoMeTPHYECKAX TEH30POB OMpeNeiaeTcs pANoM (GaKTOPOB, B 4acT-
HOCTH, €6 MOXHO YCMOTPETb M3 3allUCH yPABHEHWN reole3mdecKmx
JIWHEA B MOHAJHOM BHIIE

(7.8.10)

(*0r + v"Vi)p' = —m(*F*) — 2p" ("4}, —* D}); (7.8.11)
(*3T + vk@k)m =* kak —*Dikpi’vk, (7.8.12)
rie
T,de® ™M,
m=m, = (7.8.13)

ds V1 — v?
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— JNHaMHN4Y€CKad MaCCa YaCTHIbI (mo - Macca HOKOH);

2

; —hf,dm"‘

v P’ =mo' (7.8.14)

Todze®

— COOTBETCTBEHHO 3-MepHasd CKOPOCTh M 3-MEpHBLIH HMIYJILC dYac-
TUUE; Vj - XpOHOMETPUYECKHU-UHBAPNAHTHLIN ONEepaTop MPOCTPaH-
cTBeHHOrO nuddepennupoBanus, coorBeTcTByomuii (7.5.11). Iep-
Boe (IPOCTPAaHCTBEHHOE) ypaBHEHHE IOJIKHO GLITH CONOCTABIIEHO C
ypaBHEHUEM IBUXEHWS YaCTUIEI B HEMHEPIIUAILHON CUCTEME OTCUe-
Ta B KJIACCHUYECKOH MeXaHWKe

— = F —mad — md, (7.8.15)

rae @ = 2[&U] - KOPHOINCOBO YCKOPEHNE, @ - EPEHOCHOE YCKOPEHNE
CHCTEeMEI OTCUeTa, F- peallbHad cuila, AelicTByIollad Ha YacTHUILY.

Bropoe (ckaisapHOe) ypaBHEHHE reofe3MUYecKOil JMHUE B HopMe
(7.8.12) onuceIBaeT M3MeHeHNE SHEPTUY YACTUIEL B HEMHEPIUATBHOM
CHCTeMe OTCUeTa.

4. OcuoBHeble coorHomeHns OTO B MoHaaHOM BuAe (ypas-
HeHHs DWHINTENHA, TOXNeCTBa BUaHKK ¥ T.4.) 3amuMcaHbl B HAIIMX
kHurax |9, 11]. YpaBHeHUs reofe3sMuecKuX JIMHUA y)Ke ObLIN 3alu-
CaHEI BHIIIE.

3aMeTuM, 4TO AJIs MONYyYEHUs BLIPAXKEHUI, CIPOEKTUPOBAHHEIX
Ha KJlacCHUYecKoro HabirojaTesd, MOXHO OBLIO OBI MCXONUTL U3 b-
mepHoro obobmenns OTO, Torma mis 5Toil Heau caenoBaiio OBl MC-
TOJIL30BaTh AUAJHBEIR MeTol, OOCYXIEeHHBLIN B ClIeNyIOmel riaBe.

7.9 Amnanu3 5-mepHOro o6o0IIIeHUS TeOpNN rpa-
BUTAIAU

IIpoananusupyeM M3IOXKEHHEIH B 5TOH IilaBe MaTepHaj € IO-
3unmil TpeX PasiIMYHBIX DporpaMM: 1) pasBHBaeMO#l B 3TOH KHHTeE
GUHAPHOH reoMeTPO(U3NKY, 2) MHOTOMEPHBIX I€OMETPHUYECKAX MO-
neneit, 3) mporpaMmer 5-ontuku Pymepa.

1. C Touku 3peHuss GMHAPHON reoMeTPOPU3INKHU CIIEAYET MOM-
YepKHYTh CJeAyIolne acleKTHl M3JIOKeHHON H-MepHON MOHeIn:

1) BBenenue NONONHUTENLHON Pa3MEPHOCTH, COOTBETCTBYIOIIER
IENCTBUIO, HAXONUTCS B COTJIACHU C XapaKTEpPOM IpooGpa3a MHOTO-
MepHOii MeTpuku, BhiBeneHHOR B pamkax BCKO panra (4,4).
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2) Onmcanme MacCHMBHOTO CKaJAPHOTO IOJS 4epe3 KOHDOPMHEIR
dakxTOp COOTBETCTBYET NYXY KOHIENNINN HAJIbHONENCTBUA, TOJI0XKEH-
HOW B OCHOBY 6uHapHOil reomerpodusuku. CoriacHo >Toil KOHIEN-
MU MOHSTHUE MOTEHINANA B3aNMONENCTBHS (METPHKH) MMEET CMBICIT
JINITE B MecTe HaXOXIEHUA KaKOH-TO YacTHUIEL.

3) B 6unapHoil reoMeTpodu3NKe KOMIOHEHTa MeTPUKH (44 WI-
paeT IPUHIUNNAILHO BaXXHYIO POJIb B ONpelelleHHH IpoIaraTopoB
KaK 3JIeKTPOMarHUTHOTO, TakK ¥ I'PaBUTAalMOHHOIO B3aUMOIeNCTBUH.
ITocTpoenne MHOTOMEPHEIX TeOMETPUUECKUX MOMEIE HaUMHAETCI C
y2Ke TOTOBEIX IOJIEBEIX GYHKIUN, UYTO ¢ TOUKHU 3peHNd OMHAPHOH Teo-
MeTpodU3UKH MOXHO MOHHMATL KaK TOT HaKT, YTO POJIb 3TOH KOM-
TIOHEHTEHI yXe chirpaHa. IlosToMy oKa3BIBaeTCs eCTeCTBEHHEIM CUU-
TaTh KOMIOHEHTY (G44 mOCIIE KOHGOPMHOTO IMpeobpa3oBaHus PaBHOR
MUHYC eIUHUIE.

4) BeelieHHYI0 3aBUCHMOCTD CKAJIAPHOTO MOJA OT ¢ MOXHO cum-
TaTh COOTBETCTBYIOLIEH NWKIINUECKOW 3aBUCUMOCTH OT JIOIIOJIHU-
TeJILHOrO mapamerpa, obyciosnenHoro BCKO panra (2,2).

5) Ilepexon OT mepBUYHON INIOTHOCTH CKAJAPHOH KPHBH3HEL °R
K IJIOTHOCTHM T€OMETPHYECKOro JlarpaHXWaHa IIOCPENCTBOM MHTET-
PUpPOBaHNA 1O KOOPAWHATE ! MOXHO CONOCTABUTHL B GMHAPHOl reo-
MeTpodusrke (B HEKOTOPOM CMEICIE) MPOLENAYpPe BBINEJEHHS NMa-
FOHAJIPHBIX CJIaraeMbIX U3 pacmucanHoro B (3.1.4) 6asoBoro 4 X 4-
OTHOIIEHNA.

2. C rouknm 3perms OTO m reomerpmdeckoro moaxoma K
ONMNMCAHUIO B3aMMONEMCTBMM CjIefyeT HNONUEPKHYTh CllefyloIliue
MOMEHTEI M3JI0XKEeHHOH MOIeIn:

1) BBenenne nononHuTenbHOl (5-if) pa3sMEpHOCTH, COOTBETCTBY-
olel neficTBuo0, He npotuBopeunt obmmenpunastoir OTO.

2) Ilpu 5-meproM o606menn OTO B Teopnu BO3HUKAIOT JONOIHE-
TeJIbHbIE CTEIEHN CBOGONEI (IOMOIHMTENbHbIE KOMIOHEHTEL METPH-
KI), KOTOPbIEe HYXIalOTCA B JOJKHOM (PU3MUECKON MHTEPIPETALNN.

B wacTtHOCTH, 6BLIO MOKa3aHO, YTO KOMIOHEHTON (44, OTOXKIECT-
BJIEHHON ¢ KOHQOPMHEIM (paKTOpPOM, MOXKHO TeOMETPH30BaTh IIOJIe
MaCCHUBHBLIX YacCTHII.

3) Iocae oroxnecTBienus G44 ¢ KOHPOPMHEIM (PaK TOPOM KOMIIO-
HeHTa MeTpuku (G44 CTAHOBUTCS PABHOW MUHYC €IWHUIE, YTO MO3BO-
ngeT obONTH TPYAHOCTHL ¢ MHTEepIpeTaluneil NONMOJIHUTEILHOU Oua-
TOHAJILHON KOMIIOHEHTHI METPUKHM, UTO COCTAaBldeT IpobieMy B MHO-
TOMEPHEIX T'eOMeTPNUYECKUX MONEIIIX.

4) Oco6o crlenyeT NONYEPKHYTH, YTO UCXONHAs 5-MepHas METPHU-
Ka U I'MIepINIOTHOCTDL CKaJdpHON KPUBU3HEL, BO-NIEPBEIX, 3aBUCAT OT
IONOJIHUTEIILHON KOOPAMHATEI M, BO-BTOPHIX, ABIAIOTCA KOMILIEKC-
eiMu. OnHako mocsie ycpenHeHUWs (MHTErPHPOBAHUS) IO HEPHOLY
IONOJIHUTEIILHON KOOPIWHATHI MOJIyJaeTcd BellleCTBEHHOE BLIpaXKe-
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HHe, COOTBeTCTBYIOIIee OOIMENPpUHATONR (PN3NMUIECKOl MIOTHOCTH JIa-
rpaHxmnana. Tak 6yneT o6CTOSATH HE0 M B JPYTUX MHOTOMEPHBIX
reoMeTpUYEeCKNX MoAelndXx GU3NYecKNX B3aUMOIeHCTBUH.

5) B m3noxennoM 5-MepHOM 0606IEHIN TEOPUN IPABUTAINHA BO3-
HUKJIN N[Ba NPUHOIUNUAJILHO BaXXHBLIX BOIpPOCa, Ha KOTOpPhIE HEBO3-
MOXHO IaTh OKOHUYATEJILHBLIH OTBET B paMKaX OOCYXIeHHA JIUIIL
TPaBUTAIMIOHHOTO B3aMMOIEHCTBUA.

IlepBrIit Bompoc cOCTOUT B GU3NUECKOH WHTEPIPETAIINN BEKTOP-
Horo moas . Hyxmno nu ocraBuTh 5T0 mojne uian Her? Ecmm ocras-
JISTH, TO KaKOBa €ro ¢pm3nueckas WHTepOpeTanus’ DTOT BOMPOC IO-
CTOAHHO OyIeT BO3HHKAThL IPH OOCYXIEHWHN IeOMeTPHUEeCKMX MO-
Ieneil OPYruxX B3aMMONENCTBUM: 5JI€KTPOMarHUTHOro (B riase 8),
snekTpociaboro (B raaBax 10 u 11), cunbroro (B raase 16). OrBer
Ha HETo MOXHO HalTH B paMKaX OMHapHON reoMeTpPOodU3UKM.

Bropoii Bonpoc cBs3aH ¢ reOMeTpUYECKOl WHTepIpeTanuneil Mac-
CHUBHOTO cKaJispHoro mois . CrenyeT HONYEPKHYTH, YTO B 3TOH
IilaBe peyb IIIJIa O IPUHIUNNAJIBHON BO3MOXHOCTH I['eOMeTPUYECKOr0
ONNCAHWA MacCUBHLIX nosieil. B nanno#l 5-MepHO# MoIenn npenioxe-
Ha rpybas MMHUTaIOUI YacTHUI ITOCPENCTBOM cKassgpHoro moiya. Kak
WU3BECTHO, YacTHUIEI ONUCHLIBAIOTCA COIMHOPHEIMU QYHKIUAME, YTO B
paMKax 5-#f pu3mueckoil mapalurMel 3acTaBildeT UX BBOIUTHL BHeII-
HUM K reoMeTpuu obpaszoM. B riaBe 11 mpu reoMeTpusanuu Momein
BJeKTpociabrix B3auMoneiicTeuil BaitnGepra-Canama 6yneT BBeme-
Ha CONMHOpHas MaTepus. 3aberas BIepen, OTMETHM, UTO FEOMETPH-
30BaHHOE (MaCCHBHOE) CKAJIIPHOE I0Jie 6YNeT MHTEPIPETHPOBATHCS
KaK HelTpallbHOe XUTTCOBCKOe CKaJlIpHOe MOoJIe.

3. C Toukm 3penus mporpamMmer 5-ontuxku Pywmepa cienyer
OTMeTHUTH cilefyiomue o6CTOATeNLCTBA!

1) Usnoxennas BeIe 5-MepHas eOMeTPHYECKas MOIEIb IPEl-
craBigeT coboil ecTecTBeHHOEe 0606mmenue b-onTuku Pywmepa.

2) Haunas mMozmens ounmmiaeT nporpammy Pymepa or macioenmit
IpYyroif mporpaMMBI — FeOMETPHU3alNl 3J1eKTPOMAarHUTHOTO IOJIA.

3) B manHO@ 5-MepHO#l reOMETPHYECKOH MONENH WCIOJIbL30BaHA
npennoxennas FHO.B.Pymepom mpomenypa ycpemHeHus HIOTHOCTH
TIEpPBUYHOTO JIaTpaHXMaHa IO MepHoNy NONOJIHUTEILHON KOOpAMHA-
tel. OnHako 5TO choenaHo He B ¢msmueckoil (kak y Pymepa), a B
reoMeTpUYEeCKOR YacTH I'UNEepPIIOTHOCTH JarpaHXUaHa.
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I'eomeTpuueckue
MoOAeJ I OO0 beqMHEeHN A
rpaBUTAIIN M 3JIEKTPO-
MarHeTusMa (Teopuu

Kamnynbr u Kieiina)

Ha comepxxanme >TO# TIaBEI MOXHO CMOTPETH C ABYX HMO3UIIWIA:

1) C nosuyuwii 6unapnot zeomempodu3uxy, Toe MOKA3aHO, YTO
IIPH OCTaBJIEHUW JIUIIL CHIMMETPHYHBIX KOMOWMHaAIMU W3 NOIOJIHMU-
TeJILHLIX ITapaMeTPOB €CTEeCTBEHHEIM 00pa3oM MojiydaeTcs Ipoob-
pa3s 6-mepHoit MmeTpuku. [locie mponenyprl nepexona K Makponpu6o-
Py BO3HHKAIOT OCHOBaHUA AJId 6-MepHOI'O reOMeTpPHUUECKOIo IMOAXONa
K ONMHMCAaHWIO T'PaBHTAIMOHHLIX U 3JIEKTPOMarHUTHEIX B3aMMOIENCT-
BUI.

2) C nosuyut 5-1 Pusuveckot napaduembl HE3ABACUMO OT IPY-
rux napagurM. Ilocie paccmorpenuss OTO u ee 5-meprOTO 06061ITE-
HHUA eCTeCTBEHHO pacHIUpPHUTh MOMENb Ha OOJIBIIYIO pa3sMEPHOCTH C
[EJILI0 TEOMETPHU3AINN STHM K€ CIIOCOOOM ellle M 3JeKTPoMarHuTHO-
TOo B3amMOAENCTBUA.

B >To0ii rimaBe mpoaHaNM3MPOBAHEI cofiepkKaHUE, JOCTOMHCTBA U
HEJIOCTATKN H-MEepHEIX M 6-MepHEIX I'eOMeTpHUYeCKMX Mofelell rpa-
BUTAINU U SJeKTpoMaraetusMa Tuna Teopuit Kamyner u Kiefina.
O6cyx)meHbl CyTh HENOCTATKOB UM MYyTH WX YCTPAHEHUS B paMKax
5TuX Xe (yHapHBIX) FeOMETPHUYECKHX Mogeneidl (B paMkax b-it ¢wu-
smueckoil mapaxurMel). Ilokasano Kakme M3 HEX MOTYT OBITH Ipe-
ONOJIEHBI TOJBKO Ha OCHOBe Oojiee riIybOKWX NPUHIUIOB OMHapHON
reoMeTpodU3UKH.

211
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8.1 Tpm kKaHana reomeTpusanumn
3JIEKTPOMArHNTHOI'O B3aMMOAENCTBUA

5-Mepnas teopus Kamyner [27], BosHukmas B camoM Hauaste 20-

X TONIOB, ¢ OnHO# CTOPOHHI, IpUBIeKaila GU3MKOB-TeopeTukoB X X-To
BeKa CBOell IPOCTOTOH M eIMHCTBOM OCHOBONOJIAraloMuX IPUHIN-
OB, POINCTBEHHLIX SHHINTEHHOBCKOM TeopuH TpaBHTalMH, I, C IPY-
roif CTOPOHEI, CTaBWJIa Iepell HUMHU PAJl KOHIENTYaJdbHEIX IpobieM.
(Oun mpoananmsupoBausl B §8.3.) UyBcTBOBasIOCh, UTO 5TOM Teo-
pHell JIUIIb NPHOTKPHLITEL HOBHIE CBOHCTBA MHUPO3JaHMA, U 3a HUMHI
KpoeTcd 4To-To Gojee Tiiybokoe, eme He pasrajfansoe. Iloaroe or-
CyTCTBHE IpOrpecca B HX PelleHHMH CKJIOHWJIO HEKOTOPHIX Jake K
BEIBOIYy O €€ HECOCTOATEIbLHOCTH.

B nrore momyumiock Tak, uTo GonbmuHCTBO pusukoB XX Beka
B CBOHX paboTaX NOJIb30BajloCh MaKCBEJJIOBCKOW TeopHell 3J1eKTpo-
MarHUTHOTO IOJIA Ha (OHE FOTOBOTO (IJIOCKOTO MM MCKPUBIIEHHOTO)
npocTpaHCTBa-BpeMeHn. Kax m3BecTHO, B 3Tolf Teopum HOCTYJIHPY-
foTcs ypaBHeHns MakcBemnna (7.2.13) uiam 5KBHBajleHTHOE MM Jei-
CTBHE 3apAKEeHHOW JaCTHILI B 3JIEKTPOMArHUTHOM TIOJIe

1
Lea= _/mCdS - Z/ EAude ~ 167c /\/__gFaﬁFaﬁd4J},
(8.1.1)

I'lle TocileflHee cJIaraeMoe ONNCHIBAeT JeHCTBUE 3JIeKTPOMarHNTHOTO
mois. 13 Hero cTaHmZapTHEIM BapUAIMOHHEIM METONOM IOJIYYaloTCsI
ypaBHeHUs MakcBema.

Onnako, B nocnenHeit Tpetu XX BeKa TaKoil HEMOCPEINCTBEHHEL
crnoco6 BBENEHUS SJIEKTPOMArHUTHOTO MO (B3aMMONEHCTBUSA) BHI-
raspen HegoctaTtounbkiM. CTanm uckaTh 6ojiee TiybOKWe MPUHIIH-
IBI, JieXKalllie 3a 3JIeKTPOrMarHUTHEIM U IPYTUMH B3aNMOAEHCTBU-
amu. Ha ceropaamuanii 1eHb TaKOBEIMU TPEACTABIAIOTCSI TPUHINIIEL
KaJIuO6pOBOYHOTO MOAXOHa. B ero ocHoBe exaT, BO-MEPBEIX, COO6-
paxeHuda o pyHIaMeHTaJLHOM XapaKTepe I'PYNNOBLIX CUMMeTpPHUR
B ¢u3uKe, U, BO-BTOPHIX, Hlled O B3aNMOIEHCTBUM KaK HapyIIeHUU
5TuX cuMMeTpuil. IloTeHnWAaIEl Mosell, IEPEHOCAIINX B3aNMONENCT-
BHU{, BBOAATCA KaK BeJIMUYWHLI, KOMIEHCUPYIOIINe HapyIleHNd COOT-
BeTcTByOmNX cumMerpuii. (Bomee monpofro kanmun6poBOYHEIR mOZ-
xon obcyxneH B cienyiomei riase 9.) Ilns MHOrEX Takoe o60CHO-
BaHUE BO3HUKHOBEHHUH B3aNMONEWCTBHUH IpelCcTaBiideTcA JOCTATOU-
HO ybemmTenbHEIM. IMEHHO TakuM cmocob6oM B HacCTOsIee BpPeEMS
NPUHATO BBOOUTH ciabbre (3ieKTpociabble) U CUIbHBIE B3aNMOLE-
CTBHUA.

1 .

IlepBas crates T.Kamyer mo 5-MepHOH TeOpuY IPABUTALIANA U 3JIEK TPOMAr-
HeTu3Ma Ob1a HammucaHa B 1919 rogy m 6nuia ony6mukoBana B 1921 ropy. UcTo-
pUs BOSHUKHOBEHW MHOTOMEDHEIX TEOPHI HOXPOGHO m3ioxeHa B [13].
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Hawm npencTaBnseTcs KamuGpoBOUHELH TOAXON HENOCTATOYHO Y-
HnaMeHTainbHEIM. Ha Ham B3rmsan, 6osee yooBIeTBOPUTENLHELR CIO-
cob BBeleHNd >JIeKTPOMArHUTHOTO B3aMMOAEHCTBHUA HaeTcd B paM-
Kax b-MepHOU reoMeTpuueckoit Teopunu Kamymwl, a elie 6oiee o6oc-
HOBAaHHLIN — B paMKaX GUHapHON reoMeTrpodusuku. B cBa3u ¢ 5TUM
HamoMHUM, yto B riase 3 u3 noHstuit BCKO panra (4,4) 6eu1 mo-
Jy4eH npoo6pa3 MHOTOMEPHOH MeTpHKHU (KBaIpaTHYHOHR GOPMEI) B
BHIaX

GundzMdz" = ém,d:v“dm” + 644(dm4)2 + 2é4udm4dm“—}—

+2Gs,dede” + - - - = g, dztde? — dE? — dN? — do?,  (8.1.2)

I'lle B obIIeM ciIydae KBaJpaT MHOTOMEPHOI'O HHTepBalla MOXeT OLITh
KaK PaBHEIM HYJIO (BapMaHT 7-ONTHWKH), TaK M OTJINYHOHR OT HYy-
as. Takum o6pasoM, B GuHApHO# reoMeTpodusuke (Ipu OCTABIECHEN
TOJIBKO CHMMETPHU30BAHHEIX KOMOMHAINi W3 TPETHHX apaMeTPOB)
060CHOBLIBaeTCS BBeleHUd NBYX INONOIHUTEILHEIX pa3MepHOCTEH ¢
KoopAWHaTaMu ¢* 1 2°, IpIYeM OHI OKa3LIBAIOTCA BEIIEICHHEIMHE II0
CPaBHEHWIO C YeTLIPLMS KilaccHuecKuMu KoopamHaTamu 2. Wcxoms
I3 TOTO, MOXHO YCMOTPETh Clefylolllie TPH KaHajia? IMOCTPOEHMA
MHOTOMEPHEBIX Teopuil, 00beTUHAIONINX I'PAaBUTANNIO U 3JIeKTpoMar-
HETU3M:

1) IlepBeni KaHaA] COCTOMT B NOCTPOEHHMHN (HE ONTHYECKOi) 5-
MepHO# TeOopHH, KOTJIa OCHOBHON yIop IejlaeTcd Ha ONHY NOIOJIHU-

TeJIBHYI0 KOOPAMHATY Z°, T.e. METPHKA IPEICTABIIETC B BUAAX:
dI? = G dzetdz” + 2G5Mdm5da3“ + G55(da35)2 =

= g datdz” — d)\?. (8.1.3)

HaszoseMm sTOT BapuaHT KAQHAAOM Ka./zyubz.
Moxmno CUNTaThb, YTO B 3TOM IOAXOME KOOpANHaTa 1134 q)aKanec—

KNI yXe y4TeHa, BO-TIePBEIX, B OTIIMYHOM OT HyJd 3HadeHun dI?, Bo-
BTODHIX, B ICKPHBJIEHHOM XapaKTepe KOMIOHEHTHI (5, U, B-TPETHUX,
B IIpOIIaraTope 3JIeKTPOMarHUTHOTO MoTeHNuana A, T.e. KOMIOHEHT

S

2Crnenyer HABATH ellle TIPOEKTUBHEIN BApMAHT 5-MepHOH Teopmu. OH pas-
BuBasica B paborax B.Ilaymm [51] w MEormx mpyrux asTopos. Bosbuiol mukin
WCCIeNOBaHUl B 3TOM HanpasiieHnu 6nuit BrinosHer O.Iluytnepom [88]. B mep-
BoM m3nanuu “Teopun mons” JI.O.Jlampay u E.M.JIupmmna 611 nmogpobuo ms3-
JI0XeH MMEHHO 3TOT BapuwaHT 5-MepHoU Teopum. OpHako, 6BLIO HOKa3aHO, UTO
OH M30MOpP(QEH YACTHOMY CIIyYal0 ONHOIO M3 HA3BAHHLIX HUXE BapUaHTOB. 3a-
MeTHUM, YTO B Hmocienylommx msfamusx “Teopuu momns” (cm., Hanpumep, [37])
OTCYTCTBYIOT HaXKe YIIOMUHAHNS O MHOTOMEDHBIX TEOPHUIX.
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2) Bropoit kaHaJ COCTONT B MOCTPOEHUN 5-MepPHOM ONTHKM, KOT-
Ia Bce NONOJIHUTENbHEIE K 4-MepHBIM ciaraemsele B (8.1.2) mMmurn-

PywOTCA OIHOM KOOpI[I/IHa.TOﬁ 1E4, UMEIOIIER CMEICJI KJIaCCHUYECKOTO
OecTBUA. SI[CCI: 5-MepHa.H METpPHUKa INPENCTABIIAECTCA B BAIOE

Gapdz?de? = G, dz"dz" + 2G4, dzdet + Gy(dz*)? =

= g dztde” — d¢?, (8.1.4)

IpUYeM NOCTYJINPYETCA, YTO MaCCUBHEIE YaCTUILL IBUXKYTCA IO U30-
TPOIHBEIM JIMHUAM B TaKOM H-MEpPHOM IPOCTPaHCTBe-BpeMeHH, T.e.
BIOJIb UX TPaeKTOpuil

0 = g, dztdz” — d¢>. (8.1.5)

WmenHo sToT BapmaHT mpemjiarajics B yXKe YIOMSHYTHIX paGoTax
O.Kneiina, B.A.®oka, a 3ateMm pazeuBasics B paborax FO.B.Pywmepa.
HazoBeMm ero xanasom Kaetina-Pymepa.

3) Tpernit KaHaJ COCTORT B IOCTPOEHUH G-MepHOI reoMeTpHyec-
KO Mofiesin, TO4Hee, — 6-ONTUKM, B KOTOPOH BBOISATCS ABE MOMOJIHE-
TenbHBIE KoopAumHATEI £* m 2° Tak, uTo mocie mpomenyphl 1414-4-

PaCIIEJIEHNA METPHUKa IIPDMHUMAET BUL
GundeMde? = g, dztdz” — de? — d)2. (8.1.6)

Honarae’rc;[, YTO OBUXECHUE YaCTHUI NMPOUCXOOHUT IO MU3O0TPOIHBEIM
MHPOBBIM JIMHUAM, KOr'ga

0 = g datde” — dg* — dX2. (8.1.7)

Sa.MeTHM, 4qTo HepBI:Iﬁ 13 Ha3BaHHBIX KaHaJIOB MOXXHO IIOHUMaTb
KaK YaCTHEIN cnyqaﬁ TPETHLET0O KaHalsla, KOrJa NPOU3BENEHO OTOX-
JECTBJIEHHUE

dI* = d¢?. (8.1.8)

To4HO Tak e BTOPOHl KaHaJ SBJISETCH YaCTHHIM CIydaeM TPeThb-
€ro, ecim HCKIIOUATH KoophmHaTH z°. [locKoIbKy B TpeTheM Ka-
Hajle OKa3bIBAalOTCS COBMELIEHHEIMHI HIEM IEPBEIX ABYX, TO HMEH-
HO 6-MepHYI0 F€OMETPUUECKYIO MOJEINb IpaBUIIbHEE BCETO HA3HIBATH
xanasom (meopuet) Kaayywi-Kaetdna. 3aMeTnM, 4TO B COBpEMEH-
Holl muTepaType Teopuamu Kamyne-Kiefina npuaTo HasbBaTh Bee
Pa3HOBUAHOCTH MHOTOMEDHBIX T€OMETPHUECKHX MOJeleil o6bennHe-
HusA QU3MYeCKUX B3auMomeicTBuil (cM. [15,64]).

Bce 5Tn KaHaJEI KPaTKO O6CYKAEHEL B 5TOM IJIaBe B TOM NOPSA-
Ke, KaK 31eCh Ha3BaHEL
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8.2 MHWnpem m MaTeMaTHMUeCKU! ammapart
5-MepHou Teopum Kamynbi

Paccmorpum mepBbiil kanan 5-meproit Teopnu (Teopuio Kamy-
usl). Ilockonbky 5-MepHas reoMeTpudeckas MONENb OOBLEIWHEHHOM
TEOpHU TPaBUTALNN W 3JIEKTPOMarHeTWM3Ma ONUPAeTCs Ha MOHAI-
HEI MeTon 14-4-paciieniieHusi, o6CyINM ee CONEPKAHNE U OCHOBHEIE
UIIEN B COOTBETCTBUU C paHee MEPEUNCIEHHEIME 4 COCTAaBHEIMHU Yac-
TSAMH 5TOTO METOXA.

1. Anzebpa meopuu Kaayyvl. UcXOMHEIM MOJIOXKEHUEM TEOPUN SB-
adeTcs 3agaHue 5-MepHoil MeTpuku (4.6.1), roe MeTpuueckuil TEH30p
TpeINCTABIIETCSI B BUIE

GaB = gaB — Aa)p. (8.2.1)

3mecy uanmekcsl A m B mpo6erator 3mauenus: 0, 1, 2, 3, 5. Bymem
HCIIONB30BATh MOHAIHEIR MeTon 1-+4-pacinensieHns B KajauGpOBKe,
tuna xponomerpuueckoit 8 OTO. Torma cocrapnsionue MeTpuiec-
KOO TEH30pa 3alUCHIBAIOTCA ¢ moMolnbio dopmyn (4.6.4), (4.6.5) ¢
3aMeHOll nHAekca 4 Ha 5.
ITonaraeTcs, 4To 15-1 KOMIOHEHTA H-MEPHOT'O METPUUECKOTO TEH-
30pa
Gss = — A2 = —1. (8.2.2)

OcraBmimecss COCTABIAIOIINE METPUYECKOTO TEH30PA MUMEIOT CIENY-
omyo GU3NYECKYI0 NHTEPIPETaIuio:

Jap = Gaﬁ - GQSGﬁ.S (823)

— MeTpuueckuii Tensop 4-mepHoro npoctpanctBa-Bpemern OTO;

C2 )\ 62 G
BEN N

—BEKTOPHBIN 3JIEKTPOMAarHUTHLIN MOTEHINAJ, KOTOPEIA He ABIIAET-
Cq1 MHBapMaHTOM OTHOCHUTEJIHLHO Ipeobpa3oBaHWil 5-# KOOPIUHATEI
(4.6.7) u (4.6.8). Ilpn mociaensumx npeo6pa3’oBaHUAX OH M3MEHSETCS
IO 3aKOHY
of
r_

A, =A,+ ey (8.2.5)
rie f mpowsBoibHasA PYHKIUS OT YETHIPEX KOOPAMHAT B 3aKOHE IIpe-
ob6paszoBanuii (4.6.8). OTo mM3BecTHEIE KaINOPOBOYHEIE Ipeobpaso-
BaHUA IEKTPOMAarHUTHOTO BeTOPHOI'O NMOTEeHNIMAaJa B CTaHIapTHOM
3JIEKTpOIXHAMUKE.

Aq (8.2.4)
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2. dusuro-zeomempurecxue men3opol. IMu SIBISIOTCI TEH30p-
HEIe KOMOGIHAIINHT, KOTOPELIE MOKHO MOCTPOUTE W3 MOHATHLIX COCTAB-
aAIOUMX MeTpudeckoro Tensopa (8.2.1). Kak yxe ormeuasnocs, B 06-
meM ciiydae TakoBeIXx Tpu. OHm dakTmueckn 3anucasel B (7.5.6) —
(7.5.8), ToNBKO Tenmeph HYXHO 3aMeHUTH MHAEKCH 4 Ha 5. CoxpaHuM
IJI TEH30pPOB IpeXHNe 0603HAUEHN .

B teopuu Kamynsr ucnonbsyeTcs yciaoBume NUIMHIPUYHOCTH IO
MOTOJHUTEILHON KOOPOUHATE, T.€. YCIIOBUE HE3ABUCUMOCTHU KOMIIO-
HEHT 5-MepHOTO MeTPHUECKOTO TEH30pa OT Z°:

0GB

IIpu 5ToM ycnosnu u (8.2.2) mepBbIil ¥ TPeTHH PU3NKO-TEOMETPHYEC-
KWe TeH30pHl TOXJAeCTBEHHO obpaInaloTcsd B HYJIb

_ L1 (9 %)_. __ 1 O _
B s <_8m“+3m5 =0 I[W__QAE, Oz® =0, (827)

a OCTAaBIIMACS aHTHCHMMETPUYHEIN TEH30P OTOXKAECTBIAeTCs (de-
pe3 pa3sMEpHYIO KOHCTAHTY) ¢ TEH30POM HAIPSKEHHOCTH SJIEKTPO-
MarHUTHOTO IIOJIA
~ vk
_ g
F, = c—2FW. (8.2.8)
3. Monaduvie onepamopst duddepenyuposarud TPN CAETAHHEIX
NIPeNNOJIOXKEHNIX O BUIe METPUKHU M IMPOU3BENEHHBLIX OTOXIECTBIIe-
HHUAX UMEIOT BUI:

p__ 1 9 _ 9
85 - \/Tﬁamfl = 925’ (829)
t_ 0 Gas 0 0 2k, O
804 3:1305 G55 3;1;5 3:1304 c2 AO‘ 3%5. (8210)

B ompenenenus »Tux omepaTopoB BXomuT AuddepeHINpPOBaHNE
o MOTMOJIHUTENBHON KoopauHaTe. B Teopum Kamymwr 3aBucuMOCTh
OT 5-11 KOOpIMHATEI O3HAaUYaeT HaJIMUMe Yy COOTBETCTBYIOMIUX IIOJIEH
SJIeKTpUYeckoro 3apsana. llocTynaupyercs, 94To0 BONHOBEIE DYHKIINHU
3apAKEHHLIX TOJIeil cefyoIumM o6pa3oM 3aBHUCAT OT Z°

1ecEs g

ok h )’

¥ = 9(z") exp (8.2.11)
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roe ¢(z*) — yacTh BOJIHOBOW (YHKIMH, 3aBUCAINAs TOJBKO OT de-
THIPEX KJIACCHYECKMX KOODAMHAT, €5 — LEJI0O€ YNCIO (FapMOHMKA),
XapaKTepu3ylollee 3apsal Mois () B eqUHUNAX 3apsifa 3IeKTPOHA e

5 = Q. (8.2.12)

IIpu sToM ycrnoBuu mepBHIE MOHANHEI omepaTop AuddepeHnn-
poBaHns (8.2.9) uMeeT TOT PU3NYECKUI CMEICI, YTO €r0 COGCTBEH-
HEIE 3HAYEHUs ONPENEeNIoT 3apsn nois. Bropoit onepatop (8.2.10)
npu yuere ycioBus (8.2.11) u oroxnecrBienus (8.2.4) npuHIMaeT
BHI

olw = otw = (i + @Aa> ¥, (8.2.13)
dz> = ch
T.€. COBIIaJaeT C OOMIENPUHATON “yIJIMHEHHON IPON3BONHON” B CTaH-
MapTHOM SJIEKTPONNHAMUKE.

Jlerko y6enuThes, 9TO IpH JONYCTUMEIX B TEOPUHE NPeoGpa3oBa-
HuAX 5-ii koopauHaThl (4.6.8) 5-MepHEle BosnHOBHIE pyHkKumn ¥ m3
(8.2.11) mCHBITHIBAIOT M3BECTHEHIE KaJINGPOBOYHBIE M3MEHEHMS

e
¥ — ¥exp <—f) (8.2.14)
ch
OINHOBPEMEHHO € MPeobpa30BaHMEM 3JIEK TPOMATHUTHOTO BEKTOPHOTO
norennuaina (8.2.5), rorna kak onepatop (8.2.13) npu sToM ocTaeT-
Cs UHBApPUAHTHEBIM.

4. 3anuce 6 MOHAOHOM 6UJE OCHOBHBIL COOMHOWEHUT TMEOPUL.

B teopuu Kanynbl ocHOBHEIME ypaBHEHWAME SBIISIOTCA 5-MepHEIE

ypaBHeHUs OWHINTEHHA U YyPAaBHEHUS TeONE3MYECKUAX JIUHUM.
5-Mepnwvie ypasnenud Sinwmetina

1 .
5RAB — §GABSR = &TsB (8.2.15)

B MOHAaJHOM Buje (IPH CHEAHHLIX IPENIOIOKEHNAX) PACIafaloTCs
Ha CHCTEMY W3 MECATH 4-MEPHEIX YPaBHEHU OWHIITERHA C TEH30POM
SHEPrUU-UMIYIbca 3JIeKTPOMArHNTHOTO IIOJA CIpaBa

1 2k

1 v
ROL[D’ — EgaﬁR = —c—4 (Faqu — ZgaﬁFMVFM ) + &Tal’)’, (8216)

Ha CHUCTEMY HU3 YETBIPEX CTaHOAPTHBIX ypaBHeHHﬁ Makcsenna

2
C ~
Vo FP = —_&ThAA (8.2.17)
ViS4
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u eme onHO (IATHALUATOE) CKAIIPHOE ypaBHEHUE.

B (8.2.14) cnpaBa cTOMT 5-MepHEI TEH30D SHEPLUU-MMILYIIbCA
HereoMeTpuueckoil MaTepuu. Taxum o6pasom, B (8.2.16) cupasa Bo3-
HUKAaeT OOLIYHLIN 4-MEPHEIR T€H30p SHEPTUU-UMIYIILCA MATEPHN Kak

npoeknus T4p Ha 4-MepHOe IPOCTPAaHCTBO-BpeMs, a B (8.2.17) cupa-

Ba mpoekuus 7 4p IO OOHOMY MHIEKCY Ha 4-MepHOe IPOCTPaHCTBO-
BpeMs, a IO BTOPOMY — Ha HampaBjeHHe 5-i KOOPAMHATHI MMeeT
CMBICJI BEKTOPA 5JIEKTPUYECKOTO TOKA.

3aMeTnM, YTO OPOCTPAHCTBEHHO-IONOGHEIN XapaKTep KOOPIH-
HaTHI 2° JUKTyeTCA HyXKHEIM 3HAKOM Iepell TeOMeTPH30BaHHEIM TEH-
30pOM 5SHEPrUHU-UMIYIILCA SJIEKTPOMATHATHOTO IOJS B yPaBHEHUSAX
Oitrmreiina (8.2.16).

5-Mepnbie ypasnenud 2eode3uueckots aunuu

Poh Ly deP O
drz —  TBC qr dr

B MOHaJHOM ¢dopMaiim3Me pacHalaloTcd Ha CHCTEMY U3 UYeTEIpeX
4-MepHEIX (BEKTODHEIX) ypaBHEHMI W ONHO CKAJIIPHOE ypaBHEHHE.
BexTopHas cucTeMa cOBIamaeT ¢ YpaBHEHUIMU TBUXEHUS 3apIXKeH-
HOHM 4acTHUIEI B NICKPUBIIEHHOM IPOCTPAHCTBe-BpeMeHN IIPY HAJINIUK
3JIEKTPOMArHUTHOTO IIOJIA

(8.2.18)

d?z# u dz® dz? q ., dz°

— =- aﬁ——+—2F04—’ (8.2.19)

ds ds ds me ds
€CJIM MOJIOXUTH, YTO MHBAPUAHTHAA H-1 KOMIIOHEHTA 5-MEPHOM CKO-
pocTu uMeeT PU3MYECKUA CMEICII OTHOIIEHNA 3JIEKTPUYECKOTO 3api-
Ia K Macce 9acTHIEI

d\
A (8.2.20)
ds 2m,/kg
SI[CCB HOJ'IO)KGHO, 9gTOo
d\ = dz? ). (8.2.21)

Ilpu cmemaHHEIX BLINIE NPENNOJIOKEHUIX OTHOCUTENLHO 3HaUe-
HUI KOMIOHEHT H-MEPHOTO METPHYECKOrO TeH30pa 5-e (cKasispHoe)
ypaBHEHUEe Teofle3MdYecKOl JIWHWU NpPUHUMaeT (PU3MYECKUHA CMEICI
MOCTOAHCTBAa OTHOIIEHU 3JIEKTPUUECKOTO 3apdia K Macce

dii <%> = 0. (8.2.22)

5. PestoMupys u3imoXeHHOe MOXHO YTBEPXKIaTh, YTO H-MepHad
TeopHs TpaBUTamuu U diaeKTpoMarHetusMa Kamyner obmamaer ps-
IIOM HECOMHEHHEIX TOCTOMHCTB. B nuTepaType mx mHOTIa Ha3EIBAIOT
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“gymecamu” Teopun Kanyusr (-Kneiina). MoxHO BEIEINTE YeTEIpe
OCHOBHLIX “uyma”:

1) Hamuadyame 5-meprviz ypasrenut inwmeting asmomamu-
YECKU PACWENATIOMCA HA CUCTEMY U3 JeCAMU O06BIUMbIE 4-MEPHBIT
ypaenenut OUnwmetna, wempipezr ypasnenut Maxceeara u ewe od-
H0O20 CKAAIPHOZ20 YPABHEHUA.

2) B noayuaemotdl maxum obpa3om cucmeme 4-MEPHLIZ Ypae-
nenutll JUnwmelna 6 npasoll “acMU A8MOMAMULECKY 603HUKAEM
TNEH30P IHEP2UU-UMNYADCA IAEKMPOMAZHUTIHOZO TOAL.

3) Ypaenenus 5-mepnotl ceodesuueckoll aunuu asmomamuiec-
KU NPUBOOIM K YPABHEHUAM OBUNCEHUA 3APANCEHHOT Yacmuybl 6
UCKPUBAEHHOM TUPOCTNPAHCINE E-6PEMEHY, NPU HAAUNUYL IAEKTPOMAL-
HUTHOZ0 NOAA.

4) H3eecmuvie 6 saexmpodunamuxe Kaiubposoursle Npeodpaso-
6QHUA 6EKMOPHOZ0 IACKMPOMAZHUMHO20 NOMEHYUALAL CAEIYIOM U3
donycmumbiz npeobpaszosanut 5-1 xoopdunamot.

8.3 AHain3 HemOCTAaTKOB 5-MEePHOM TeOopum
Kanynsl B paMKax ee mapaaurMbl

Crenyer KOHCTATHPOBATH, YTO HECMOTPS Ha CBOM JOCTOMHCTBA
H-MepHasd TeopHs He 3aBoeBaJjla BceoOlllero NMpU3HAHUA W He cTajla
pabounM MHCTPYMEHTOM (PU3MKOB.

I. Henocrarku 5-mepHon Teopuu Kamynser

[lepeuncauM riaBHBIE HENOCTATKHU H-MepHO# Teopu: (B KaHale
Kasnyner), koTopble, 1o MHEHNIO ORHIITERHA I IPYTUX BEAYIIUX Te-
OPETUKOB, ABUJINUCH NIPUUYUHON 3TOrO.

1. He 611 sceH dusmueckuit cMuIca 5-# koopauHaThl. Muorume
TeopeTuku, HaumHasd ¢ O.Maxa [40, 41], MBICAWIN NOMOIHUTENL-
HYIO pa3MepHOCTHL obiajalolleil TeMHU e CBOWCTBaMH, 4TO U dUe-
THIpe KJlacCHMYecKWe, W IEITAINCh MomobpaTh PU3MUECKyIOo MHTEp-
IpeTanuio IMeHHO Ioj TaKue NMpelcTaBJIeHU .

2. CoMHeHUS BBI3EIBAJIO YCJIOBHE NWJIMHIPHYHOCTH KOMIIOHEHT
b-MepHOW MeTpuWKH MO 5-# KoopAmHaTe. DWHIITEHH mucai: “Ycio-
BUEe NWINHIPUYHOCTH He ABIIAeTCA €CTECTBEHHEIM JaXe GoOpMailb-
HO” [94, c. 367].

3. Kax nucan Ounrmreitn: “He ynaercs ¢puszudecknm nCTOIKOBATH
kommoHeHTy G55” [94, c. 367].

4. [IarHannaToe ypaBHeHNEe DWHIITENHA HAIATAJIO XKECTKOE YCIIO-
BHE CBA3M MeXIy 4-MepHOW CKaJdpHON KPUBU3HON M WHBapHAaHTOM
5JIEKTPOMATrHUTHOTO MoJst. YTo6LI OT Hero m36aBUTLCS, IMpensiara-
JIOCh NOJIy4aTh YpaBHEHUA BapHaIMOHHEIM CIIOCOOOM U3 JlarpaHXu-
aHa — H-MepHOMH CKaJIApHON KPHUBU3HEI, B KOTOPOM HaJlaraJloch yCJIIo-
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Bue G55 — Const Mo mpoBeleHNs BapMalMOHHOM Mpouenypel. B uto-
re Teopud CTpOMJIach Ha OCHOBe JuIIb 14 ypaBHeHuUi n3 15.

5. B 20-x romax OWHIITEHH CUNTAI CYIIECTBEHHBEIM HENOCTAT-
koM Teopun Kaiynsl Heo6XomMUMOCTE BOJIEBLIM O6Gpa30M BBENEHUS B
IPaBYyIO0 YacTh JIEKTPOMAarHUTHLIX ypaBHeHH# (8.2.17) mmorHocTH
3JIEKTPNYECKOTO TOKA BHEIIHEH MaTepuu.

6. KorcTaTunpoBanock, YTO B TEOPUU MOIYYEHO JIUIEL HOpMaIlb-
HOE eJUHCTBO 00IIell TeOPHU OTHOCUTEILHOCTH U 3JIeKTpOMarHeTm3-
ma MaxkcBemna. Oitamreiin nucan: “llenas Kanynsr, secomuenHo, 3a-
KIIfouajach B TOM, YTOOBEI IPUATH K HOBOMY (PM3NUECKOMY B3TIIALY
Ha T'paBHTALNIO U 3JIEKTPUUYECTBO IIYTeM BBeINeHUSA €NNMHOH CTPYK-
Typsl npocTpancTBa. OnHako 5Ta nens He 6bLTa HocTUrHyTa” [93, C.
497]. B yacTHOCTH, HEOMHOKPATHO OTMEYAJOCh, YTO H-MepHas TEO-
pu4 He Jajia KaKUX-JIN60 HOBEIX SKCIEePUMeHTAIbHEIX IpeIcKa3aHui.
IMonyuanock TOIBKO TO, YTO OLIIIO M3BECTHO U 6e3 5-MepHO# Teopuu.

7. OnaoBpemenHo ¢ paboramu 20-x — 30-X rOmOB MO MOMCKY T€O-
MeTpHUYeCKNX eIWHEIX TeOpHil MOJII MHTEHCUBHO pa3BUBaJlach KBaH-
ToBas Teopmsa. Oulyimaiack ecTecTBeHHas MOTPebHOCTH mHepebpo-
CUTH MOCTHUK MeXIy 3TUMHU IBYMS HaIlPaBJIIEHUIMU HCCIENIOBAHUI.
Onuako riy6oKol CBSA3M MEXAY HUMHU B TO BpeMs He GELIO yCTaHOB-
JIeHO.

8. Nmenucy ambTepHATUBHLIE BapUAHTHI €IWHOW TEOPHUH IOJIA,
onmpalomuecs Ha obOoOIlleHNd PUMaHOBOH reoMeTpHH B paMKax 4-
MEPHOTO TPOCTpPaHCTBa-BpeMeHu. Cpenu HUX HauGoliee BUAHOE MEC-
TO 3aHUMaja Teopus Beins. Oinmreitn nucan: “Io cux nop 6vuim
clleslaHBEL IBe HauboJjiee MPOCTHIE U eCcTeCTBeHHEIE NONBITKU CBA3aTh
TPaBUTANNIO U 3JIeKTPOMarHeTN3M C IOMOIIBIO €IWHON TeOpHUM IIO-
na: ogHa — Beiinem, npyras Kanynmeir” [93, c. 492]. He 6vu10 scHo,
KaKo# U3 3TUX OyTell IpeAnodyecTh.

9. B nmocnenyromire Toanl GLIIN Pa3BUTLI TEOPUM CIAGHIX U CHIIB-
HEIX B3amMogmeiicTBuii. CTanm TOBOPUTH O UYeTHIpEX BHOaX (Pusm-
YeCcKUX B3auMomelcTBuil. 5-MepHas Teopus cBI3BIBajla TOJNLKO IBa
W3 HUX. OTO PAcCMaTPHUBAJIOChL KaK CYIIECTBEHHBIA HENOCTATOK b-
MepHoit Teopuu. He Buma myrteil mpeomosieHms 5TOH TPYOHOCTH, B
cepenuHe 70-x rofoB cTail TepATh Bepy B MHOIOMepHe Haxe TaKOH
ero croiikuii mpusBepxerern, kak F0.B.Pymep [61].

10. B 6omee mo3gHUX BapuaHTax b-MepHo# Teopun Kamymbr 651
Jla BBelleHa HNUKJIWUYecKad 3aBUCHUMOCTDL 3apAXKeHHEIX IOJIel OT b-#
koopauHATHL. [Ipyu 5ToM HCcHOIBL30BAINCE WML HU3IINE TapMOHUKHI
Takoil 3aBucUMOCTH. Bo3HUKaIN BOIPOCHI, BO-IEPBEIX, OGOCHOBaHU A
TaKOW 3aBHCHUMOCTH ¥, BO-BTOPEIX, HHTEPIpPETalul JacTHI ¢ 6osee
BLICOKMME T'apMOHUKAaMU.

11. B Teopun Kamyner ecTecTBEHHLIM 06pa30M BO3HUKAIOT BEIIeE-
JIEHHBIE 3HAUYEHUS Macc, MOPANKa IaHKOBCKON Maccel. CTporo roeo-
P4, TaKue MacChl OTPAaHUYNBAIOT CHU3Y Ipeliel IPUMEHUMOCTH Teo-
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puu. lIpm XemaHUM ONMUCHIBATEL peajbHLIE SJIEMEHTAaPHLIE YAaCTUIIELI
BO3HUKaeT NpobileMa NepeHOPMUPOBKHY IJIAaHKOBCKUX Macc IO 3KCIle-
PUMEHTAJILHO W3BECTHHIX 3HAUEHUH.

MoxHO yka3zaTh W HEKOTOpHIE IpyrHe NMPeTeH3UH K H-MepHOM
TEOpHH.

Ha stu menocraTku (0co6eHHOCTH) 5-MEPHOI TEOPHU MOXKHO CMO-
TpeTh (OBITAThCA UX YCTPAHUTH) C TOYKH 3PEHMS Pas3HEIX (u3muec-
kux napanurM. Koneuno, 60mbInas 4acTh U3 HUX BLICKA3LIBAJIach C
TO3NIUH MccienoBaTellell, MBICIUBIINX B paMKaX IepBoil ¢pu3muec-
koli mapanurMsl. I npunatus teopuu Kamynsr Heo6xonuMo 6b110
IIpeoioieTh JOBOJILHO BBLICOKHMH IICHXOJIOTMUYecKHil Hapbep, COCTOL-
Ui B U3MEHEHNN KOPEHHEIX NpeACTaBIIeHUH O pa3sMepHOCTH IIpO-
cTpaHCTBa U BpeMeHu. Heo6XonuMEL 6BIIN OUEHL BECKME OCHOBAHUS
14 3aMeHbI OOIIeNPUHATON MapalurMbl.

I1I. Amanu3 HemOCTATKOB 5-MEpPHON TEOpUN

PaccmoTpuM mociieoBaTeIbHO B YKa3aHHOM BEIIIE MOPSIKeE, Ka-
KIM 06pa30M IpeIaraeTcs TPaKToBaTh (WM yCTPaHATH) STH He-
noctaTKH (0COGEHHOCTH) B paMKaX TEOpHil 5-il mapaJurMel.

1. UccnemoBanmsa mokasajd, 4YTO JONOJHUTENLHAA Pa3MepHOCTD
MOJXKHa GLITH KOMIAKTHGUIUPOBaHA, T.€. 3aMKHYTa C OYeHb MAaJILIM
nepuofoM. 3aBUCUMOCTH MOJIER OT 5-# KOOPAMHATEHI O3HAUYAET HAIIM-
YrWe y HUX DJIEKTPUYECKOTO 3apsama. lldTas KOMIOHEeHTa HMIOYJIbCa
yacTun B Kanaile Kamyner umeeT Qu3ndecKuil CMBICH 3JIEK T PUUECKO-
To 3apiana, a 5-sI KOMIOHEHTa CKOPOCTH XapaKTepU3yeT OTHOIIEHWE
5JIEKTPHYECKOro 3apsana K Macce (8.2.20).

2. B cornacuu ¢ U310KEeHHEIM B IEPBOM MYHKTE YCJIOBUE IUINHI-
PUYHOCTH 1O 5-if KOOpAWHATE 03HAYAET OTCYTCTBUE Y PacCMaTpUBa-
€MBIX T0JIeil BIeKTpudeckoro 3apsana. OueBuOHO, YTO KaK IPABUTA-
IUOHHOE mojie (MeTPHKA g, ), TaK M 3JeKTPOMarHNTHOE Imoje (cMe-
INaHHEIE KOMIOHEHTHI 5-MEPHOR METPUKH) SBIAIOTCS SJI€KTPUYECKH
HeNTPAIILHBIMU.

3. B b-mepnoii Teopuu Kamynwr ¢pusnueckoe NCTOIKOBAHNE KOM-
mOHEHTHI MeTpuku (x5 MPENCTaBIsgeT cepbesHyio npobiemy. [Ipen-
Jlarajuch CIeNyIouie OCHOBHEIE IYTHU €€ PEIIeHu:

1) B pazme pa6or moctynupoBasock, 4to G55 = —1, u mpenmara-
JIOCH Iajlee pa3BUBATEL TEOPHIO € MIOMOIIBIO BAPUAINOHHOTO IPUHITH-
ma Tak, Kak 6bI10 yKasaHo B §8.2.

2) MHorme aBTOpHI IpeIIarajiu CINTaTh KOMIOHEHTY Gj5 3aBU-
cAmIell OT YeTHIpeX KJIaCCUYeCKUX KOOPIWHAT U WHTEPIPETUPOBATH
ee KaK IOKa He OGHapYXXEHHOe JOIOJIHATENbHOE (6e3MaccoBoe) cKa-
JIAPHOE IIOJIE TEOMETPUUYECKOTO IPOUCXOXKIEHUA.

3) IlpenupmENMANNCE NONBITKA C MOMOINBIO KOMIOHEHTEI (s
reOMETPU30BaTh (B AyXe M3JIOKEHHOrO B §7.6) siexTpmuecku 3aps-
JKEeHHYIO MaTepUio, KOTOPYIO B CTaHIAPTHOH TeOpWHN NPWHATO BHO-
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CUTBH BOJIEBEIM 06pPa30M B IPABYIO YacTh YPAaBHEHWI DWHIITERHHA.

4) Ilpn npmMeHeHMH MHOTOMEPHOH TEOPHH K ONMCAHMIO BJI€K-
TpociIabbIX B3aMMOAEHCTBUN Npensarajoch ONUCHIBATH depe3 KOM-
moHeHTY (G55 XUTTCOBCKOE CKAJISIPHOE MOJIE, OTBETCTBEHHOE B MOMEIN
Baiia6epra-Canama 3a BOSHUKHOBEHUE MACC DIEMEHTAPHBLIX YaCTHUII.

4. Pemenue npobieMel 15-ro ypaBHEHNS DWHIITENHA 3aBUCAT OT
BBLIGOpa O HOTO U3 IIEPUNCIIEHHEIX B IPeIBIAYIeM IyHKTe BApHaHTOB
mHTepupeTanuu Gy, a IMEHHO:

1) Ilpu nepBoit nETepnperanuu 15-e ypaBHeHne DfiHmITEHA OT-
CYTCTBYET.

2) Ilpn BroOpoili uHTepnpeTanuu 15-€ ypaBHeHNe DRHIITEHA SIB-
jideTcd ypaBHEHUEM IJId reoMeTpHUYecKoro 6e3MaccoBOro CKaJlIpHO-
ro moisg. B sToM ciiyuae OTCYTCTBYeT JXKecTKas CBI3L MEXIY CKa-
JIApHOW KPWBU3HOW M WHBApPMAaHTOM 3JIeKTPOMAarHUTHOTO IOJIA.

B Bapmanrtax 3) u 4) komnoHenTa G35 ompenenser KOHGOPM-
HEIR dakTop. BMecTo 15-r0 ypaBHeHNs OWHINTEHA BapHalHOHHEIM
npuanunoM (kak B §7.6) BBOOWTCS ypaBHEHHE IJI COOTBETCTBYIO-
IIIeTr'0 MacCUBHOI'O CKaJIAPHOTO IOJIA.

5. IlpeTeHs3nu kK HANWMYUIO MPABOM YaCTU Y H-MEPHEIX ypaBHEHUH
B PABHON CTENMEHU OTHOCATCH U K 4-MEPHLIM ypaBHEHUAM OWHIITEl-
Ha. DTO 06IIlee CBONCTBO reOMETPUUYECKUX TEOPUH, IPUHAIIIEKAIIAX
K OATOl dusmyeckoll mapanurme. BrmpoueMm, Kak yxke O0TMeUajoCh,
OfHIITERHA HE YIOOBIETBOPAI 3TOT GHaKT U B 4-MepHOHl TEOpUH.

6. Bonpoc o npenckaszaHuu HOBLHIX 5d¢eKTOB B paMKaX b-MepHOH
TEOPUHU ONATHL TECHO CBI3aH C IOHUMaHUEM CKaJIIpHOTO noid. B mep-
BOM W3 IPHUBENEHHLIX BHIIIE MOAXOMOB K KOMMOHEHTe (G55 BLICKA3aH-
HOe 3aMevYaHUe OCTaeTcsi B cuie. B paMkax BToporo BapuaHTa HH-
TeplpeTaluy NpeicKa3kIBaeTCad PAI BO3MOXHLIX 3¢deKToB, Halpu-
MEp, C€30HHEIE BApUAINN 3HAUEHNH PU3NUECKUX KOHCTAHT Ha 3eMile
[11, ¢.80]. B TpeTheM BapumaHTE BO IJIaBy yria CTABUTCS MPUHIUIIA-
aJIbHLIA BOIIPOC O TeOMeTpHU3alull BCell MaTepHuu, T.e. peub UIET O
TIEPEXONie U3 MATOH GU3MIECKO TapaINTMEI B BOCEMYI0. UeTBepTLIi
BapHaHT OKa3bIBaeTCAd TECHO CBA3AHHEIM C JAJLHERINM YBeJINUeHUN
Pa3sMEPHOCTHU U C reoMeTpu3anueit mogenu Baiin6epra-Camama.

7. Caenyer 3ametuth, uTo paborel mo H-mepuio B.A.Doka u
O.Kuneiina 6p11u CBSI3aHEI ¢ HAIICAHNEM BOJIHOBOTO (IEPBUYHO KBaH-
tToBaHHOrO) ypaBHeHus Kieiina-®oka, T.e. Kakasf-TO CBA3b C KBaH-
TOBOW MeXaHUKON Oblila, OTHAKO OXHAAJIOCh 3HAUYNTENILHO OoJbImee.

8. IIpobmema BriGOpa Mexny 4-MepHoil Teopueil Beitns, ocHoBaH-
HOW Ha HEPHMAHOBO} F€OMETPHH, WK 5-MePHOi (pPHMaHOBOM) T€OPH-
eii Kanymner co BpeMeneM Gbula pellleHa B IOJB3Yy Teopuu Kammymer.
B teopuu Beiing BcTpeTuwics pan TPYSHOCTEH, KOTOpEHIE NMPUIILIOCH
VCTPaHATH UCCKYCCTBEeHHLIMHU MeTONaMU.

9. B 80-x romax 6L1510 OCO3HAHO, YTO MHOTOMEPHEIE MOIENIN TUIIA
Teopuu Kaynrl mpuromHbI AJS ONUCAHUSA HE TOJBKO SJIEKTPOMAr-
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HHUTHOTO, HO M APYTUX B3aUMOIENCTBUM, HAIpUMep, 3JleKTpociabo-
ro. IInsa 5Toro HEO6XOOUMO YBEIUUUTEL Pa3MePHOCTEL MPOCTPAHCTBA-
BpEMEHHU, KaK MUHIMYM, 1o mecTu (cM. riaBsl 10 m 11). D10 cTamo
ACHO TIOCJle TOTO, KaK B paMKaX IepBoil GU3UYeCcKOl MapalurMbl ObI-
JIo MOKa3aHo, UYTO Apyrue ¢pusndeckue B3auMoAeHCTBIS TEPeHOCATCA
NIPOMEeXYTOUHLIMEU BEKTOPHEIMHI 6030HaMU.

10. HecaToe 3aMedaHme O MUKINIECKOM XapaKTepe 3aBUCUMOCTH
3apAXKEHHBLIX IOJIe OT IONOJNHUTEILHEIX KOOpPAWHAT B MHOI'OMEp-
HEIX Teopuax Kamyner u Kieitna o6LIYHO CBA3EIBAETCA C TOIOJIOTUER
KOMIIaK TUGUINPOBAHHLIX pa3MepHOCTeH.

OueBnnHo, majeko He BCe HPOGJIEMEI TEOPUHM YHAETCS paspe-
INNTH, OCTaBasiCh B paMKax ee MoHATHR (5-i mium 8-if mapamurm).
HekoToprie 13 BLICKa3aHHLIX BEHIIIE COOOpaKeHN#l IPEACTaBIAIOT CO-
601 MOIYyOTBETHI WU 3aMEHSIOT ONHU NpobieMel Ha apyrue. B §8.8
OHN O6yOyT pPacCMOTPEHEHI ¢ MO3UIUN OMHApPHON reoMeTpPOPU3NKH.

8.4 5-MepHas Teopus B KaHaJIe
Kaenna-Pymepa

1. O6cynum BapuaHT 5-MEPHON TEOpWM IPABUTAINE U SJIEKTPO-
MarHeTu3Ma B kanaiie Kneiina-Pymepa. B nmpenwinymunx riasax He-
ONHOKPATHO ynoMmMumHanack nporpamma 5-ontuku FO.B.Pywmepa, na-
IeJeHHAas Ha TeOMETPU3AINI0 KBaHTOBOM TEOPUHU € MOMOIIBIO MATOTO
m3Mmepenus. Cam Pywmep, roBops o 5-ontumke, mom4yepKuBai, 4To “ee
OCHOBHOE CONlepXKaHUe 3aKIII0YaeTCsI CKOpee B TEOMETPU3ANYE OCHOB-
HBEIX MOHSATHUN KBaHTOBOW ¢m3uku’ . ONHAKO CIyYWIIOCH TakK, 4TO B
nporpamMe Pymepa Ha 5-€ n3MepeHne oka3annch HaJOXeHHEIMHI JIBE
dyHKUNN: onMcaHWe KBAaHTOBOW (GU3UKU U TeOMETPU3AIUS 3JIEKTPO-
MarHUTHOTO B3aWMONEHCTBHUA.

Kak yxe oTMmeuajioch, BCllell 3a CBOMME IpeNINeCTBEHHUKAMMU
B.A.®okom [77] u O.Kaeiinom [23] FO.B.Pymep noctynupoBai nuk-
JINYECKYIO 3aBUCUMOCTL BOJHOBBIX GYHKIUH OT 5-i KOOpAWHATEHI
B Bune (7.4.12). Ho sTa ¢dopMmyna oTamyaeTcs OT 3aBHCHMOCTH B
(8.2.11), 6maromaps xotopoii B Teopun Kanyusr BBonsaTcs 551eKTpu-
YecKUe 3apAIbl YACTHUIl U ONUCHIBAETCI B3aWMONEHCTBHUE C BIIEKTPO-
MarHUTHEIM IIOJIEM.

2. DTy TPYIOHOCTH yKa3aHHBLIE aBTOPHI MPENJIONKUIU MPEOHOIIE-
BaTh BBeIEHUEM SJIEKTPUUYECKOTO 3apsifa B KOMIOHEHTHI H-MepHOM
MEeTPUKU B BHUIE

2

~ e ~ e
Gu=—7—A4, Gu=9uw+—A,A,. 8.4.1
Iz mel Iz [z m2cd ( )
Ho Takoil mpuem 03Haydajl OTKa3 OT HCHOJIL30BAHUS YHUBEPCAILHO-
0 OPOCTPAHCTBAa-BPEMEHU M TEPEXON K KOHPU2YPAUUOHHOMY NMPO-
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cmpancmey, Korjga MeTpuKa HaulHaeT 3aBHCETH OT XapaKTepUCTUK
paccMaTpuBaeMoil yacTunsl. Ilpum ogHOM cOpTe YacTHI 5TO HOIYC-
THUMO, HO B OOIIlEM ciIydyae HeT.

3. OTMeTuM, YTO BMECTO ONUCAHHOTO B §7.4 mepexoma oT ob6IIER
TEOPNHU OTHOCUTEIILHOCTH K SKBUBAJIEHTHON €l 5-ONTHKe ¢ YHUBeEp-
CAJILHEIM NPOCTPAHCTBOM-BpeMeHeM Pywmep pemran mpyryio 3amaudy
— OH OCYIIECTBIIAJ NlepeXol] K KOHGUT YPaIllOHHOMY 5-IIPOCTPaHCTBY.
IIpumeuarensuo, uto B KHUre Pymepa [59] sToT mepexon paccmat-
puBajicd Ha IpUMepe IJIOCKOro 4-MepHOTO MPOCTpaHCTBa-BpeMEHH.
Wcnonw30Bancs BapUalMOHHLIN IPUHINUN B BUIE

§S(z,T) = —mcé /m(ds + gudz*) = 0, (8.4.2)

Tlle BBeJeHo obo3HaueHme

e
g = ——A,. 8.4.3
n= A (8.4.3)

B pesynbTraTe BapbHpOBaHES MONYYaINCh, BO-IEPBEIX, (IpH 3a-
KPEIUIEHHEIX KOHIAX TPAeKTOPHMHN) yPaBHEHWs IBHXKEHUs 3apsina B

SJIEKTPOMAarHUTHOM IIOJIE

du,, 39, 39#) dz” e dz”
duy _ _ -5 8.4.4
ds <3m“ Ozv) ds me2 " ds ( )
1, BO-BTOPHIX, (IpH CBOGONHOM KOHIIE) COOTHOLIEHUE
0S
Eyn + gume = —mecuy,. (8.4.5)

ITocne momcTaHOBKE U, B M3BECTHOE COOTHONIEHHE I 4-CKOPOCTH
n*Yu,u, = 1, mogyvyaeTcs pelATHBHCTCKOe ypaBHeHHe I'aMmibToHA-
Axobu

705 05 | 2" 0S .
m2ec2 Ozt Hzv + me Ozt + (77 9u9v — ]-) = 0. (846)

4. I/Ima PEII€EHUE B HEABHOM BHJIE

f(z",S)= fo, (8.4.7)

Pywmep mpuirien k BEIpaXXeHUIO

of of of of 2 2 <3f)2
pv —J v v 1224 _ _— —
9an gz~ 2™ g ag T (1 — 1) (55 ) =0,
(8.4.8)
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COOTBeTCTBYIOIIEMY YpPaBHEHUIO H->HKOHAJA

of of
AB _
GAP 9.5 = O (8.4.9)

C 5-MepHI:>IM METPHUYECKUM TEH30POM

aB _ [ 7" | —g"
¢ = ( =97 | =1+ 7™g.9, ) ’ (8.4.10)

rIe B KadecTBe b-it KOOpAMHATHI B3ATa BemmumHa z* = S/me.
Jlerxo mokasaTb, 4TO ypaBHeHHe ABuxeHus (7.2.16) MoxHO moO-
JIYyYUTH U3 YPaBHEHUS M30TPOMHON TeOme3mUYecKOl B H-MEpPHOM IIPO-
cTpaHcTBe ¢ Merpukoil (8.4.10).
5. Ilna nporpamMmer Pymepa He o643aTenbHo nostaraTh 4-MepHYIO
YacTh Hh-MepHOU MeTPHUKH IIOCKo#. B obmeM ciryuae MOXHO ICHOINB-
30BaTh UCKPHUBIIEHHOE H-MepHOE MPOCTPAHCTBO, B KOTOPOM KOMIIO-

HEHTEI MHOTOMEepHOW MeTpuku (s CBS3aHHI ¢ 4-MEPHOH MeTpPUKOR
gy W 3IeKTPOMATHATHEIM BEKTOPHBIM IIOTEHIHMAJoM A, corjacuHo
dopmynam (8.4.1).

6. Ilo moBony xanana Kneiitna-Pymepa BrickasbiBasiach Gonbimas
YacTh MPETEH3Ui, MepedncieHHbXx B §8.3, omHako 3mech UMEOTCS
HeKoTopele ocobennoctu. HasoBeM riaBHEIE U3 HUX:

a) B xamane Kneiina-Pymepa ycrpanseTcs mepBas u3 mepeumc-
JIEHHBEIX BLIIE NIPETEH3UH, — B TEOPUU NAETCA MHTEPIpeTanus Io-
OOJIHUTENBHOM KoopauHaThl. OHa uMeeT GU3MYECKUi CMBICH HefCT-
BHA.

6) Ornanaer cerbMoe 3aMedaHue 06 OTCY TCTBUH CBA3H C KBAHTO-
Boll Teopueii. Pa6ottr Pymepa HaneneHbr nMeHHO Ha TeOMeTPH3aIUIo
KBaHTOBOHl Teopuu.

B) OTnamaer BocbMOe 3aMedaHne 06 aJbTEPHATHBHBIX [€OMET-
PUYECKUX TeOpUIX THUna Teopuu Beilnsg, mockonbKy maHHOE HampaB-
JIeHWe TIPECIIENOBAJIO COBEPIIEHHO MHEIE IENH.

r) Kaxk 65110 moxasano B §7.6, B 5-mepHoii Teopun Pymepa ue Bo3-
HUKAIOT IJIAHKOBCKUWE MACCHI YacTHII, T.€. OTNaNaeT ONWHHANIATOE
U3 HAa3BAHHLIX BHIIIE 3aMEUYaHUN.

Tem me MeHee, ocTaBmImecsa 3aMeyaHus npuobperanu elle 60Ib-

IIyio OCTPOTYS.

3B mauasne 70-x rogos y }O.B.PymMepa naxe BOSHEKIN COMHEHUS B IIOLOTBOD-
HOCTHU pa3BuBaeMoy uM mporpammbl. On mucan: “OfHaxo Taxoro Pofa MOMEITKA
(mocTpoenns 5-meproit Teopun. — [Ipumewn. FO.C.B.) He Ranu HUKAKUX CYLECT-
BEHHO HOBRIX P€3yJBTATOB. DTOT IyTh 06BENUHEHNS UMeI OBl HEKOTOPBIA CMBICIT
B TOT JABHO yXKe IPOLIENUINA TIepuorn GU3MKM, KOTa U3 CeMENCTBa 3apsanoB 6b1I
U3BECTEH JIXUIh 3JIEKTPUYECKUil 3apsan. Ho B CBA3M ¢ OTKPHITHAEM B IOCIELHUE TO-
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7. B Bapuante Kneiina-®oka BOBHUKIN MOMOIHUTEILHEIE CIIEIH-
dnueckue TPYyITHOCTH:

1) I'naBHas TPyOHOCTH COCTOSANA B TOM, YTO BMECTO YHUBED-
CaJIbHOTO NIPOCTPaHCTBa-BpeMeH! BBOIWIIOCHE MHOTOMepHOe KOHOHU-
rypallOHHOe IPOCTPaHCTBO. B kommomeHTEI MeTpukm G4, coriac-
HO (8.4.1) BXONMIIO OTHOIIEHNE JIEKTPHYECKOrO 3apsana K Macce pac-
cMaTpHBaeMoll JacTHIILI, TaKUM 06pa3oM IPOCTPaHCTBO-BpeMd OKa-
3LIBAJIOCH IpeHa3HAYeHHEIM 14 ONUCAHU JIAIIL ONHOTO COpTa Jac-
THI.

2) IlporpaMMa reoMeTpm3alun KBaHTOBOW TEOPHM HE MOJIYYMIIa
CBOETO JIOTHMYECKOr0 pa3BUTHA BBUIY TOro, 4YTO OHa pa3BHBallach B
paMKaX FOTOBOI'O IPOCTPaHCTBa-BpeMeHN U C 3alaHHLIMHE Ha ero ¢o-
He monsaMmu. B paMkax mapaIZumrMbl MHOTOMepUS He BUIHA OCHOBHAS
poJIL JomoNHUTeNbHOro m3Meperns z*. OHa cocTomT, B YacTHOCTH,
B Iepexolle K 4-MepHOH WNCKPUBIIEHHON MeTpHWKe M B OIpelelleHUU
IPOIaraToOpPOB, COCTaBIAIOMUX mosieBhle ¢dyuknun. Hamomunm, uto
koMmoHeHTa (G744 BXOOUT B 3HaMEHATENb MONUHTETPAIBLHOTO BHIpa-
JKEHUs MPOMaraTopa. 9TO MOXHO YCMOTPETH JIMIb C TOYKA 3PEHUS
napalurMbl OMHAPHON reoMeTpodU3UKH.

8.5 JlmanmHBIA MeTOn penyKIuml
(14+14n-pacienigenus)

B cBa3m ¢ paccMoTpenueM 6-MepHOro BapumaHTa Teopuu Kaimy-
usl-Kneiina, oT KoToOporo Heo6XxomuM mepexoll K 4-MepHOH TeOpuH,
cienyeT GoJiee MONPOGHO M3JIOXKUTL TUANHEIR METON PENYKIWH; OH
TMOHAMOOUTCA U B CIENYIOMUX IiaBaX. JmamgHbIi MeTOm, KaK W MO-
HaIHEBI, YIOGHO MPEICTABIATL B BUNE UETHIPEX YaCTEM:

1) anre6per AEALHOTO METONA;

2) 3amaHuWs AHATHBIX QU3MKO-TEOMETPHYECKUX TEH30DOB;

3) onpeneneHns OMAaNHEIX OHEPATOPOB NuPepeHNNPOBAHN;

4) 3anucy OCHOBHEIX COOTHOIIEHWH TEOPUY B NUAJHOM BHIE.

Honpo6uo 5TOT MeTon M3JI0XKeH B KHUrax asropa [9, 11]. 3mecs
KpaTKO HAIIOMHUM CaMBle OCHOBHEIE IOJIOXKEHNS NUATHOTO METOIA.

1. Anre6pa AUamHOrOo MEeTOHmA YXe paccMaTpuBajiach B §4.6.
3mech W B HajbHERNIEM ONATH GyIeM HUCIOIb30BAThH KaJIUOPOBKY
Tuna gBaxinel xpoHomerpudeckoir B 4-mepuoit OTO. K popmynam

OBl HOBHIX 3apSNOBHIX BEJIWYNH ¥ COOTBETCTBYIOIMX 3TUM BeJIMUNHAM 3aKOHOB
COXpaHeHUs HaNeXOa Ha Pa3sBUTHE 5-MePHEIX TEOPUR NOJXHa OBITH OCTABIIEHA.
Ha sToM myTu B nmyuurem ciiyuae MOXHO IPUATH K UACTO BHEIIHEMY, MEXAHIIEC-
KOMY O0BeOUHEHUIO 3JIEKTPOMAarHeTU3Ma U TATOTEHWs, HO HeT HaNeXMOBI IIOIY-
YUTH OpraHudeckoe o0beqUHEHNEe, Naolllee BO3MOXHOCTD IIPENCKA3hIBATh KaKue-
b0 HOBHIE HabIIIONaeMEIE 3JIEKTPOrpaBuTanuonELe 3ddexTn.” [61, c.118]
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(4.6.14) — (4.6.19), xapaKTepH3YOIINM COCTABIIONINE METPUYEC-
KOTo TeH30pa (ABYX BEKTOPOB NWANLl M 4-MepHOHl METDPHKH) B 5TOR
KaJm6poBKe, NOGABAM BEIPAXKEHWS IJI CMEIIAHHEIX KOMIOHEHT 4-
MEeTPHKH:

E=X=0; £=0;

gVe=GN> gV =gV =0; ganv=gsn =0; (8.5.1)

gh=GE =38 gt =%+ M gl = A,

HanoMuuM TakXke, 4TO B JUATHOM METOIE MMEIOT HEJIO JINIIL CO
CIIPOEKTMPOBAaHHLIME BeJIWYMHAMHU, JINOO Ha BeKTOPHL AUAIEI, Jubo
Ha HaIPaBJIEHNS N-MEPHOTo (4-MEpHOro) ceuYeHWs, OPTOrOHAJILHOTO
BekTOpaM nuanbl. llocienHee ocyIrecTBiIseTCS CBEPTKOMl ¢ KOMIIO-
HEHTaMI METDHKHE gh:

BACghgt ... = BM (8.5.2)

B uactmOCTH, KBamgpaT 24n-MepHOTO WHTEpBajla IPENCTaBIAETCS
Yepe3 CIPOeKTHPOBaHHLIE BEJIMUUHEL CIIeYIOMIUM obpa3oM

GundeMde? = ds® — d¢? — d)?, (8.5.3)
rue
ds? = gyndeMde”; de =deNey; dA=deMAy.  (8.5.4)

2. ImanHble GU3NKO-TeOMeTPUYECKNE TEH30PBI — 5TO TeH-
30pbI, KOTOPEIE MOXHO IOCTPOUTH U3 JUAAHBIX COCTABIIAIONINX MeT-
PUYECKOTO TEH30pa U UX MEePBLIX IPoU3BONHEIX. B camoM obiiem city-
vae mMeoTcd 11 He3aBUCHUMBIX AUANHBIX GU3UKO-TEOMETPHUECKUX
TEH30pPOB (BMECTO TPEX B MOHAJHOM METOJE): MATH BEKTOPOB, Ue-
THIpe TeH30pa BTOPOr'O paHra M ABa cKaJjdpa:

o) = Ngl(émn - Enm);i (8.5.5)
3% = MgMOAyn— Avu); (8.5.6)
QW = INGM (arw — xan); (8.5.7)
QP = %ENQQJ(AM,N — AN,M); (8.5.8)
Ao = %gMa()\Nf%—EN)\%); (8.5.9)
F;S?/) = 1!]fy[!]z]/\r(fN,M — &M,N); (8.5.10)

2
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FQ) = %gﬂlgi"(AN,M — Amn); (8.5.11)
o) = %gﬂ/"giv (Enim + Eniv); (8.5.12)
s = %g,ﬂ”gi"(AN;M + Anmn); (8.5.13)
¢ = M\ (eun - Evm); (8.5.14)
¢® = MeNOun - Avw). (8.5.15)

I/ICHOJ'II:SYH BHJ COCTABJIIAKINNX METPUYECKOIO TEH30Pa B JOaHHOM Ka-
J'I]/[6p0BKe, HaXOoOouUM, 4YTO ONUH U3 TEH30POB TOXIECTBEHHO o6pau1a—
€TCiA B HYJIb

Ay =0. (8.5.16)

3. ImanHbie onepaTopbl AuddepeHMNPOBAHNA HAXOMATCA
TaKuM Xe obpa3oM, Kak I B MOHaJHOM MeToJle, OHAKO Telleph UMe-
J0TCA TPH KIIIOUEBLIX OIlepaTopa:

off = e 0= 0 (8.5.17)
alt = ANafN - x*% +>\5%; (8.5.18)
off = g oo = oo teadll 4200t =

- 3% + (6%, + A‘*AQ)% )\5}\a%. (8.5.19)

Bce 5Tu onepaToptI He 3aBUCAT HU OT PaHTa, HU OT KOBapUAHTHOCTH
nuddepeHIUpyeMEIX (CIPOEKTHPOBAHHLIX) TeH30poB. llocnenunii n3
5THUX ONepPaTOPOB UTPaeT Poilb YIJINHEHHON IIPON3BONHON B 3JIeKTPO-
IMHaMUKe.

Kpome Toro, mmeercs omepartop n-mepHoil (4-MepHOil) KoBapu-

it

aHTHOI npomsBonHoil V4 ', cooTBeTcTByomuil oneparopy (7.5.11) B
MouanHOM MeTome. OH 3alMCHIBAETCA aHAJIOTUYHEIM 06pa30M depes
omeparopsI (8.5.19).

4. 3anuck Bcex 0O6IIIEKOBAPDNAHTHHIX BBIPAXKEHUN B AUAN-
HOM BHJ€e 03HAaYaeT IpeACTaBlIeHNE UX TOJIBKO Uepe3 CIPOeKTUPO-
BaHHLIE BEJINYWHEI, Yepe3 NUalHble GU3MKO-TeOMETPUYECKNE TEH30-
PHL U BBEIEHHEIE BHIIIE OMEPATOPH JuddepeHInpoBaHns. 3anuiieM
B IWATHOM BHUJE CKAJIPHYIO KPUBU3HY, KOTOpas B HajibHeleM 6y-
IET UTPaTh POJIb TEOMETPUUYECKOTO JIaTpaHXKUaHa,

SR — 4R 4+ Fi?FHMﬁ + FCEZ)F(S)QIB _ va(q)(‘l)a + 3B
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—2[@B e 4 (gt _ ) gH)a], (8.5.20)

Ipyrue BrIpaXxeHuUs 6yIeM BLINTUCHIBATH IO MEpPE HAIOGHOCTH.

8.6 6-MepHbIi BapuaHT OO0beNUHEHUS
rpaBUTANNN U IEKTPOMArHETU3MA

1. C momoIrs0 1uagHOrO MEeTOIa MOCTPONM G-MepHEIR BapUaHT
reoMeTpUYecKol 0ObeNNHEHHON TeopHuH I'paBUTAalNN U 3JIeKTpoMar-
HeTHU3Ma, IpHUYeM B >ToM Naparpade He OyleM 3aTparuBaThb Ipob-
JleMy reoMeTpH3alliyl YacTHUIl, TO ecTh IOKa He OymeM HOellaTh KOH-
dopmHOEe mpeobpazoBanue. Ilockonbky Ha3BaHHEIE HOJIS HEHTpallb-
HEBIe 1 6e3MaccoBLIE, TO ECTECTBEHHO HAJIOXKUTH Ha 6-MepHYIO MeTpH-
Ky YCJIOBUS NUINHIPUYHOCTH IO JONOJHUTEILHLIM KOOPIUHATAM:

0Gun
dzt

0; SMN _g, (8.6.1)
Oz

KpoMe 3TOro mojIoXKHMM, UYTO KOMIIOHEHTHI METPHKH HCKIIOUH-

TENbHO € MOMOJIHUTEILHBIME WHAEKCAMHU SBISIOTCS HOCTOSHHBIMHI

BeJ’II/I‘-II/[Ha.MH4, TO €CTHh

Gy = —-1; Gu5=Const; G5 =Const —

— &' = Const; A = Const; M\° = Const. (8.6.2)

2. YcnoBus (8.6.1) u (8.6.2) mpuBonsar k Tomy, ato u3 11 pusnxo-
reoMeTpudeckux TeH3opoB (8.5.5) — (8.5.15) oTaMUYHBIME OT HyJs
OCTAOTCs TOJIBKO JBa AHTHCUMMETDUYHBIX TEH30pa:

1/0¢, ot ) 1 <3A,, oA )
4) _ = AT I (5) — = _ M
Fiu 2 (31:“ Oz )’ Fia 2 \9z#  Ozv )’ (8.6.3)

Torma ckansapras kpusussa (8.5.20), onpenensiomas reoMmeTpudec-
KU JIaTpaHXWaH, IPUHUMAET BUI

SR =R+ F\§ FWP  FO)p()s, (8.6.4)

[ [

‘Ecim momycTuTs 3aBHCHMOCTS 5THX KOMIOHEHT OT KIIACCITIECKUX 4-MePHBIX
KOODAWHAT, TO TONYyYaeTCA MONENb C NOMOJHUTENHHEIMU 0€3MacCOBRIMU CKa-
JIIPHBIMA TOJISIMU [E€OMETPUAYIECKOT0 IPOMCXOXAEHUL. JTa MOLENb 0600IaeT 5-
MEPHYIO MOLENb CO CKAJIIPHBIM IIOJIEM, O0YCIIOBIIEHHEIM KOMIOHeHTON G5, yHo-
usaeyToit B §8.3. B mammx pa6orax [11, 13| 06cyxnanucs BO3MOXHEIE CIIEACTBUL
TaKoOU MOIEJIN.
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3. B paMkax pa3sBHBaeMOll MOMEIN NBa BEKTOPHLIX MOMA &, U A,
MOXHO CBA3aTh JINIIEL C 3JIEKTPOMATHUTHEIM BEKTOPHLIM IMOTEHIHA-
aom A, . [Monoxum

§a = cala; Ao = c54a, (8.6.5)

TI€e ¢4 U C5 HEKOTODEIE NOKa Hem3BeCTHHIE KosbduumenTer. Hamom-
HEM, 9TO B IPEeNBINYIell I1aBe BOIPOC O PU3MUECKOll MHTEepIpeTa-
IUM MOHAIHL {, OCTaBalici OTKPHITEIM. CTpeMsaCch K MaKCHMaJIbHOR
OGIHOCTY, MONBITAeMCH Ha HETO OTBETHTH B paMKax b-il dmsmuec-
KOl mapaJgurMEI.

HoncraBum (8.6.5) B (8.6.3) a 3arem B (8.6.4) m oTOXKIECTBUM
INIOTHOCTH TeoMeTpmdeckoro m ¢usmueckoro (7.2.15) marpanxma-
HOB. B mrore momyuaem yciioBme Ha BBeIEeHHEIE KOHCTAHTEHI

1k (8.6.6)

2 2
s+ ¢y = 0—4’
TO eCTh B 6030HHOI (IIIIICTO reomeTpnquKoﬁ) YacTH! TEOPUH UMeEeTCA
TMPOM3BOJI B ONPENEJIEHNH KOHCTAHT. B 4acTHOCTH, MOXHO TOJIOXUTH
Cy = 0.

4. OcTaBigs BOIPOC O TeOMETPHU3ANMEA YACTHI[ OO CIIENYIOIIErO
naparpada, BBEIeM B JaHHYIO MOJEJIb MaTEPUIO B BUJIE HET€eOMET PHU-
YecKoro N0o6aBKa B IJIOTHOCTH JarpaHxuaHa. MHOTOMEPHYIO IIOT-
HOCTh JlarpaHXmWaHa OyleM B JajibHelllleM Ha3bIBATh 2UNEPNAOM-
HOCTNBIO AGZPAHNCUGHA. 3HAd, UYTO BJIeMEHTApPHLIE YaCTUIEL ABJIA-
10Tca pepMuOHAMIE, OyAeM ONUCHLIBATH HETEOMETPHUUECKYIO MaTEPHIO
cnmHOpaMmu B 6-MepHOM MHOTOOOpa3Wm, TO €CTh HYCTh IOJIHAS TH-
NePIIOTHOCTS JlIarpaHXWaHa NMeEeT BUJ,

1
2&c

L£L=1/-G® <— 6R+E(I,>, (8.6.7)

rae / —G(6) ~<I: — TUNEPINIOTHOCTH JlarpaHXXMaHa CIWHOPHOW MaTe-
pun.

HanomuwnM, 4T0O B OGIIENPUHATON TEOPUU COIUHOPELI B MHOTOMEP-
HOM MHOTOOGpa3uu BBOOATCI Ha ocHOBe aire6pwmr Kauddopna man
HOJIEM BellleCTBEHHEIX uncen [65]. Ux xapakTep 3aBHCUT OT pasMep-
HOCTH 7 M CUTHATYPHI ¢ UCIIOIL3YEMOTO MHOTOOGpasusi. B 6-meproM
MHOT0O6pa3’yl CIIMHOPHI uMeloT 22 = 8 koMmoHeHT. B cooTBeTCcTBII
¢ obuIenpuHATON Teopuell 4 M3MepeHHH BO3bMeM 8-KOMIIOHEHTHEIE
KOMILJIEKCHEIE cIUHOPE! ¥ U THNEPIIIOTHOCTD JarpaHXKWUaHa B BHUIE

- h _ ne—
Ly = ?c <z’\III‘MVM\II - %\w) + (h.c.), (8.6.8)
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rae T'M - 8-pannrie o606menns marpnn Hupaka, V¥ - koBapmanT-
Has MPOM3BONHAs cnmHOpa, cuMBosioM (h.c.) 0603HAUEHO 5PMHUTOBO
CONpsIXKEHHOE BEIpaXeHHe, M - 3aTPABOYHOE 3HAUEHUE MACCHI CIU-
HOPHOH YaCTHIILI.

5. Bonee monpo6uo Bux marpun I'M u omepaTopoB KoBapmaHT-
HOoTO HupdepeHNUpPOBaHNS CHNHOPOB B MHOTOMEPHOM HCKPUBJIIEH-
HOM IIPOCTpaHCTBe-BpeMeHHN obcyxIeH B rinaBax 10 u 11, rme pac-
cMoTpeHa 6ojiee moHAS T-MepHas TeOMeTpHUYecKas MONelIb T'PaBU-
SJIEKTPOCIabEIX B3auMofelcTBuil. 31ech uMeeTcs pAn cnemuduyec-
KIX BOIPOCOB, COCTABISIONUX (PePMUOHHBIT CEXMOP MHOTOMEPHON
TeOMeTPHUYECKON MOJENIN, KOTOPHIN 6yIeM OTIIMYaTh OT cyrybo reo-
METPHUYECKOTO 6030HH020 cexkmopa. B wacTHOCTH, B HEro BXOHAT
BOIIPOCHI OMUCAHUS T'PABHTAIMOHHOTO WM 3JIEKTPOMATrHUTHOIO B3aW-
MoneNcTBUA $HepMUOHOB.

B Takoil Momenu cymmecTBeHHa 3aBHCHMOCTL CIUHOPHBIX (DyHK-
OU# OT HOMONHUTEIBHEIX KoopauHaT. OmpenesanM 5Ty 3aBHCUMOCTH
B corsacuu ¢ ¢opmynamu (7.4.12) u (8.2.11) paree paccMOTpPEHHEIX
H-MepHEIX TeOMeTPUUYECKNX MOIeeil, TO eCTh B BUIE

T = o(a”)e! P’ taesa®) (8.6.9)

rlle KOHCTAHTHI [J U (¢ ONPENESIIOT HEPUOAEI KOMIAKTUDUKAIME 110
IONOJIHATEIBHBIM KoopauHaTaM, ¥ (2”) - 9acTh cHMHOpHOH (yHK-
WY, 3aBUCAIIAA TOJILKO OT YeTBLIPEX KIIACCUYECKNX KOOPAWHAT.

6. Jlerko moka3aTh, YTO B3aUMONENCTBIE MATEPUH C IIEKTPOMAar-
HUTHEBEIM IOJIEM ONNCHIBAETCSA KAJIMOPOBOYHO WHBAapUaHTHEIM OIEpa-
TopoM 4-MepHoro auddepennupoanus (8.5.19). [loncrasmnsas B Hero
(8.6.5) m (8.6.9), maxonum

oftw = (% + ifeaB(Es + Nes) + e5aA5c5]AM> T, (8.6.10)

OTO BEIpaXeHHUE CIENYET OTOXIECTBUTH C YIJIMHEHHON MPOM3BOM-
HOW CTaHAApPTHOM! ek TponnHamuky (8.2.13), orkyna moiygaem co-
OTHOITIEHNE

Qe = hc[e4ﬁ(§4C4 + )\4C5) + esaX’es], (8.6.11)

samensmomee (8.2.12).
3 popmya (7.4.12) u (8.2.11) cenyer

B << a, (8.6.12)

TaK 4TO NMepBEIM ciraraeMbeiM B (8.6.11) MoxHO mpene6peus, TOrna
uMeeM

Qe ~ hcesar’cs, (8.6.13)
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TO €CTh OHATH MOXHO MOJIATATh, YTO 3HAUEHUE HIEKTPUUECKOTO 3a-
psila B eIMHUIAX € ONPENesseTCs TapMOHUKOi £5. B obmmeM xe ciy-
qae u3 (8.6.11) cienyer, uro “HefiTpasnbHEIE” YAaCTHUEI O6IANAIOT
HE3HAUMTEILHEIM BJIEKTPUUECKUM 3aPAIOM.

7. I3 runepmioTHOCTH CHHHOPHOrO JiarpaHxunaHa (8.6.8) maxo-
IUM, 4TO “IMHAMHUYECKAs YacThb’ MaeT BKJIAJLI B MACCOBEIE CJara-
€MEIE TaK, YTO CYMMapHOE MaCCOBOE CIaTaeMOE UMEET BUI

me

iT (r(4)alT + r(5)a5”) s 77 (8.6.14)

Konkpernas ¢opmysa g 3HAUEHUS Pe3yIbTUPYIONIER Macchl dep-
MUOHA 3aBUCHUT OT IIPeACTaBIICHNA 8-KOMIOHEeHTHO! BOJIHOBOM (pyHK-
nuu ¥ yepe3 obuenpuHATHE 4-KOMIOHEHTHEIE GYHKINH U OT pAla
IPYrux o6cToATENbCTB. JIerko BuneTh, uTo U3 1uddepeHINPOBAHNIA
mo z° Bo3HmKaeT BKJIaJ MOPANKa ITAaHKOBCKO# Macchl mp; ~ 107°r.,

KOTOpHI mpu ycsoBuH (8.6.12) MHOTO 60sbINe BKIama oT nuddepes-

IIpPOBAHAA IO KOOpAMHATE 2.

Ilnsa mosydenus HaGIIONAEMOTO 3HAUEHHWS MACCHI JIEKTPOHA He-
06XOMMMO CKOMIIEHCHPOBATh MJIAHKOBCKYIO MacCy 3aTPaBOYHOM Mac-
coit M. IMeHHO MO 5TOil MpUYWHE B THNEPIUIOTHOCTH JIATPaHXHa-
Ha cnuHOpHOro mous (8.6.8) BoseBbIM 06pa30M GBI BBENEH MOCIEN-
HUil YieH clipaBa. JTO ClelyeT pacCMaTpPUBATh KaK HENOCTATOK 6-
MepHO# reoMeTpudeckoir Momesu. W3 obiux coobpaxeHuii clenyer,
YTO Macca JOJDKHA BO3HUKAThL W3 NUHAMUYECKON YacTHU Jiar PaHXU-
ana. IMeHHO Tak mosyualoTca Maccel B Monenu Baiin6epra-Camama
WIM B PAaCCMOTPEHHOM BEIIIE H-MEPHOM OGOOIIEHUM TEOPHUH T'DABH-
Taluu.

8. Ilpu ommcaHUU COWHOPHOTO TOJIA B - M 6-MepHBIX TeOMeTpH-
YeCKMX MONENIIX BO3HUKAeT ellle ONHAa TPYOHOCTb, O6YyCIIOBJIEHHAS
HOSIBIIEHNEM B ypaBHeHuaxX Jlupaka (B 4-MepHOR mioTHOCTH depMu-
OHHOTO JIaTPAHXMAaHa) CJIaraeMbIX, ONNCHIBAIONINX JONOIHATEILHOE
B3aUMONENCTBHE C JIEKTPOMATHUTHLIM MOJIEM Yepe3 3HAYNTENIbHEIE
[0 BeJINYMHE aHOMAJIbHEIE MarHUTHEIE MOMEHTEHI (Goiiee mOXpPOGHO
cum. B [11, c. 62]). 3aberas Bmepen, OTMETHM, YTO B 7-MEPHOI Teo-
MEeTPHYECKOl MOIENN 5Ta TPYLHOCTHL oTmamaer (cum. [11, c. 120]).

8.7 TI'eomeTpm3anus 3apsaKeHHOTO
CKaJIAPHOTO MOJisA B 6-onTuke

B §7.6 6rua mpousBeneHa reoMeTpu3anusd Heldmpasbro20 CKa-

JISPHOTO TOJISA TPHU MOMOIIMU KOMIOHEHTEI (G44 H-MEPHOTO MeTpuuec-
KOTO TeH30pa W HpOoUeRyphl KoHbopMHOro mpeobpasoBanus. O6cy-
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IMM aHAJOTMYHELA CIIOCO6 TeOMETPHU3AIINY 3aPSKEHHOTO CKAISPHOTO
nojs B paMkax 6-mepHoit Teopun Kamyner-Koeitna.

1. Ilpon3zBeneM KoH(GOPMHOE IpeobpasoBaHne NCXONHON 6-MepHOl
MeTpuKHN aHajormyHo (7.6.1)

Gun = X*Gun — GMN = x2gM¥,

—G®) =%/ -G, (8.7.1)

e X — CKajldp, B oflleM ciiydae 3aBHCAIMNE OT BCeX WIECTH KO-
opaunat. Ucmonws3ysa ToT dakT, 4TO B mpoobpase 6-MepHOH MeTpH-
KU, BO3HUKAIONIEM U3 OMHApHOHW reoMeTpodmM3MKu, OTIUYHA OT HY-
Jis UMEHHO KOMIoHeHTa (F44, & TaKXe yuuThIBasi coobpaxkenus §7.6,
IpoU3BeleM cilefylolllee OTOXAeCTBIIeHNe KOHGOpMHOro dakTopa

x:=—-Gua. (8.7.2)

Ncnonw3ys obmyo dopMyny koHGOPMHOTO Ipeobpa3oBaHus CKa-
JIApHOW KPWBU3HEIL IJId pa3MepHOCTH 1 = 6, Haxo#ouM

-GG .
VGO, _

2&c

I

_ V=GO v <6R +—10GMN YMVNX _ 0 oMN XMXN
2&c X 2
(8.7.3)
rme & obobIneHHas Ha ciIydail 6-Mepus rpaBHTAIMOHHAS IOCTOSIH-
Had.

2. IlponsBenem nponenypy 141-+4-paciiensienus KOHQOPMHO BLI-
IeJIEHHOR YacTH, TO eCTh IOCIENHUX IBYX ciaraeMeix B (8.7.3). Kpo-
Me TOTO, M36aBUMCS OT BTOPHIX 4-MEPHLIX IPOU3BOINHEIX BEINEJIEHU-
€M MUBEPreHTHLIX cJIaraeMbIX. B mTore mmeeMm BKIIanm moss x:

il V=G o tagi(alt ol Tx + x(01Tx + 8T+

—I—((?ITx)z + (3;,[TX)2} + (muBepreHTHBIN WieH). (8.7.4)

3mecs ucmonb3oBaHbl 0603HaueHus §8.5. 3mech MONOXKEHO UTO KOM-
MOHEHTHI AMANBL A5 U £ SBISIOTCA HOCTOSHHBIMI.
3. locTynupyeM ciienyiomyio 3aBUCHMOCTE KOHGOpPMHOTO dak-

TOpa OT £E4 n 11352

x =1+ bpexp(—ifz* —iaz®) — " exp(ifz* + iaz®)], (8.7.5)
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rie o, 3, b — BelllecTBeHHEIE KOHCTAHTEHI; (0 — KOMIIJIEKCHOE CKAJIAPHOE
mmoJjie, 3aBHCAIllee JINIIL OT UYeTHIPEX IPOCTPaHCTBEHHO-BPEMEHHEIX
koopauHaT. HamoMHUM, 4TO 3HAK MUHYC Hepel KOMILIEKCHO COMps-
JKEHHBIM CJIaTaeMEBIM cyllecTBeHeH. MenHo 3Hak MumHyC obecmeun-
BaeT MOJIOXUTEILHYIO ONpPeNelIeHHOCTh BKJIalla CKaJIAPHOTO IOJd B
TEH30p SHEPrUU-UMIIYJIbca, T.e. TeOMeTpPHU3yeMoe Iojie 06YCIOBIEHO
MHUMO# nobaBKkoll B KOHPOPMHOM (daKTope.

Mocrymar (8.7.5) compskeH ¢ NalbHEANIMM OrpaHNYEHNEM Ha

JOIIyCTUMEIE Hpe06pa30BaHn;[ KoopamHaT 334 n (ES. Nckmouarorcs

npeo6pa30BaHnﬂ, INEPEMEMINBAIOIINE KOOPONHATEL 334 n 1E5, T.€. OCTa-
I0OTCA

2t = :e4—|—f1(i60,m1,a32,m3);
2 = 2°+ fo(2, 2!, 2%, 23). (8.7.6)

4. IloncraBnas (8.7.5) B (8.7.4) u nomaras, uTo b Masio, BO BTOPOM
nopsnke 1o b mmeem

/-6l ot ool

- ((ﬁ§4)2 + (X’ + ﬂ)\4)2) ©"¢] + (nuBeprenTHEBIE WieHHI)+
+(.. )ezp(—2ifz* — 2iaz®) + ...+
+(.. )exp(2ipa* + 2iaz’) + ...}, (8.7.7)

rne BBeneHHble B (8.5.19) onepaTopsl nuddepeHInPOBaHAS C YIETOM
dbopmyer (8.7.5) mpuHEMAaIOT BHUI

olfe = 22 —iadrap — iB(EE+ X A)e
3 *
ot = 8; 30X Aap™ +iB(E%. + XA @ (8.7.8)

B ¢opmyse (8.7.7) He BHINMCAHEI ABHO cllaraeMeble ¢ SKCIOHEHTaMM
IO TOil IPUYNHE, YTO OKOHUATEIbHEIE HOPMYJILI HOIYYAIOTCH yCPel-
HEHHEM II0 IEPUONAM YeTBEPTOIl U NSITON KOOPAMHAT, O6palaioluM
5TH cjIaraeMble B HyJIb coryiacHo (7.6.9).

5. Bapbupys pe3yibTHPYIONIYIO INIOTHOCTD JIarpaHkKMaHa o ¢~
IPHUXONUM K ypaBHeHmio Tuna Kieitna-Doka 1iis 3apsSKeHHOIO CKa-
JspHOTO Hois (B HyJEBOM IOpPsAKe IO b)
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HB2(EY? + (2A® + BA) e = 0, (8.7.9)

Tle ¢1 - HEKOTOPLIA YMCIeHHEIH KO3hPUIueHT.

6. IlonoxmnM, kak U B NpedbIOYIIeNl IJIaBe, YTO KOOpAWHATA &
COOTBETCTBYET HEWCTBUIO, CIENOBATEIHHO, KOHCTAHTA (3 B HKCIOHEH-
tax (8.7.5) xapakTepusyeT HaGIIOLAEMYI0 MacCy 4acTHIEL, TO €CTh
IycThb

4

me

CorslacHO TPUHATON B 5TOM TJlaBe UAEOJOTHM BTOpas IOMOIHU-

TeNbHAS Pa3MePHOCTE (KOOpAWHATA 2°) OMMCLIBAET B3auMolieiicTBHe

YaCTHILI C 3JIEKTPOMarHATHLIM TOJIEM, TIO3TOMY CBAXEM KOHCTAHTY

o B 3KcnoHeHTax (8.7.5) ¢ 5/IeKTpHUYECKNM 3apsAfOM COTJIacHO ¢op-
mysne (8.2.11), To ecTh mycTH

o

£ (8.7.11)
2./ksh

Jlerko BUIETH, UTO IPH CAEAHHBIX NPENNOIOKEHNIX IEPBOE Cila-

raeMoe BO BTOPHIX cTpokax (8.7.7) u (8.7.9) onncriBaer HaGmomae-

MO€ 3HaAYE€HHUE MacCChI, TOrJa KaK BTOPO€ HaeT 3Ha4Y€HME MacCCHI, IIO-
pPAOKa IJIAHKOBCKOM

m= ——= ~ 107 r. (8.7.12)

25

OTO 3HaueHWE MacChl Ha IBAANATL C JUIIHAM HOPANKOB GOIbIIE
MacCHI 5JIeKTPOHA® .

7. OnaTh DOJOXMM, YTO BEKTOPHL A, I §,, C TOYHOCTHIO JIO KO3d-
dunuenTa uMeloT GUINIECKUHl CMBICI BEKTOPHOTO MOTEHIINAIIA SITEK-
TPOMAarHUTHOTO MOJIsI. DTO O3HAYAET, YTO NPH BHIOOPE KOOPAMHAT,
korga A* = 0, mocnemHme ciaraeMble B yIJIMHEHHLIX ITPOM3BONHEIX
(8.7.8) mpeHe6pexxmMO MaJIbI IO CPABHEHUIO CO BTOPHIMHE CJIaraeMBbI-
MU CIpaBa, TO €CTh YIJINHEHHLIE TPOU3BOMNHEIE C BEICOKOM CTEMNEHBIO
TOYHOCTHU COBMANAIOT ¢ OBMEnpuHATHIMEA Tipn [ <K a.

8. W3 msnoxennoro B sToM maparpade CIEAyeT, YTO 8 PAMKAT
6-meprotll mModeau epasUMAYUOHHBIT U IAEKMPOMALHUMMHIE 630UMO-
deticmeutl ne ydaemca ydoesemeopumenbublm 06paA30M 2e0MEMPU-
306amb (UMUMUPOBATDL) 3APAHCEHHYIO MACCUBHYIO MAMEPUIO (dac-

muubz) U3-30 603HUKHOBEHUA NAAHKOBCKUTL MacCC. I[a.HHYIO 3agagy

5Ilns yeTpaHeHMS BKANOB ILIAHKOBCKUIX MACC MOXKHO BBECTH B INIOTHOCTB
TeO0METPUUIECKOr0 Jarpanxuada (8.7.3) KOCMOIOTUYeCKUN YieH, OLHAKO IpU
3TOM BO3HUKaeT ApPyrasd TPYAHOCTBH, CBA3aHHAfS C HEJONYCTUMO OONbIINM 3Ha-
YeHNeM KOCMOJIOTHIECKOTO tJIeHa.
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MOXHO PENIUTH JIMIIb AJs CIIydas HERTPAJILHOW MAaTepuu. DTO 3a-
CTaBJIdeT MepecMOTpeTh GU3NYECKYI0 MHTEPIPETAlN0 TaKoro cKa-
JIAPHOTO MOJId.

3aberas Bmepen, ormeTuM, uTo B raaBax 10 m 11 B pamkax 7-
MepHOW reoOMeTPHYECKOW MOIElIN ONNCHIBAIOTCA T'PaBH-3IeKTpocia-
6ble B3aUMOAENCTBUA 3apAXKeHHON HepMUOHHON MaTepuul, BBOOUMOMR
B reoMerpuio u3BHe. llpu 5ToM mng ommcaHWsA Macc STHX YaCTHIL
OKa3bIBaeTCd HeOOXONMMEIM BBOAMMOE aHAJIOTMYHEIM oOpa3oM Hel-
TpaJlbHOE CKAaJIIpHOe IIOJle TeOMEeTPHYECKOTOo IPOMCXOXKIEHUA, WH-
TepIpeTHpyeMoe TaM KaK ZU22C06CKOe CKAAIPHOE NOJE.

8.8 6-MepHnas Teopusa Kanynosi-Kienna u
6mHapHas reoMeTpodulnKa

MoxHO yTBEpXKIAThH, YTO B paMKaX KaXIoil pu3mdeckoil mapa-
IUTMBI IMeeTca PAR MpobileM, KOTOpEle HEBO3MOXKHO PelINTh, OCTa-
BajCh B paMKaXxX 5Toil Xe mapamurMbl. MlcTopus Haykum DaeT TOMY
MHOXECTBO IpuMepoB. B mosmHO# Mepe 5TO OTHOCHUTCA W K Hapa-
ourMaM reoMmerpusannu ¢usukm (5-if u 8- mapamurmam), KOTOphIE
obcyXmajiuchk B 5TOM u upeneinyineit riaBax. llpueenennrie B §8.3
pelneHns npo6iaeM 5-MepHBIX (MHOTOMEPHEIX) TEODHHl B paMKaX HX
JKe IapaJUTrMBl CHUMAIOT JINIIb YacTh U3 HUX, IJIA APYT'HX XKe, NO-
CyIIeCTBY, NpeAjiaraeTcd 3aMeHa Ha Ipyrue IpobiieMEBl, pelleHUe
KOTOPHIX BPSJ JII BO3MOXKHO B paMKax 3Toil mapaagurmel. O6cynnm
uxX ¢ nmo3unuil 6osiee riaybokol mapaIWTMBI OMHaApHON reoMeTpodu-
3UKH.

1. B pamkax 5-ii mapagurMbl CTaBUJICI BOIIPOC O CMBICJIE JO-
MOJIHUTEIILHBIX pasMepHocTen (1-1 TpymHOCTH), HCXONS W3 ec-
TeCTBEHHON N4 3TO#l IapalWrMbl MOCHIJIKKM O IMEPBUYHOCTU MHOTO-
MEPHOTO KOOpAMHATHOTO mpocTpaHcTBa. OTciona 6bIIU eCTECTBEH-
HEI OXUJaHNA IOHATH JONOJHUATENLHLIE Pa3MepPHOCTH B IPUBEIYHOM
KJIacCH4ecKoM cMEIcie. B GumapHOl e reoMeTpodus3mke B OCHOBY
TEOpHNHU KJIaAyTcd OTHOUIEHNd, U3 KOTOPHIX HEMOCPEICTBEHHO CTPO-
ATCA MOHATHUA NMIYJILCHOTO HpocTpaHcTBa. IIoHATHI KOOpAUHATHO-
ro IPOCTPaHCTBa B 3TOM IOAXOJe MMeIOT IPOM3BOAHEIN OT HUX Xa-
pakTep, MpUUYEM B TaKO#i MOCTAHOBKE MPOBIEMEI HUOMKYIQ HE cae-
dyem, 4Mmo 6cem KOMNOHEHNAM UMNYALCA JOANCHBL COOMEEMCME0-
eampb Koopdunamuble padmepnocmu. B GmHaApHON TeoMeTpodusm-
Ke BO3HHMKAaeT JIUIIb 4-MepHOe KOOpAMHATHOE NMPOCTPAaHCTBO-BpeM4.
Ctporo roeops, IJis HOTONHAUTEIBHLIX UMIYJILCOB HET KIIACCUUYEC-
KX KOOpPIOWHATHBIX pa3zMepHOCTeH.

2. Ha ocHOBe HOBOTO MOAXONA MOXHO OTBETHTL Ha BOHIPOC O
IpUYNHEe KOMONAKTUOUKANNN KOMOJSIHUTEILHBIX pa3MepHOC-
Tell — npeonoiieTs 10-10 TpyOHOCTE B cOucCKe, mpuBenenaoM B §8.3. B
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pamMkax 6-mepuoit Teopuu Kamynwr-Kieiina ¢ 1ByMs MONOIHUTEH-
HEIMU Pa3MEPHOCTAMU 5Ta IpobileMa pazbuBaeTcd Ha JIBe NMPUHIN-
NHAJILHO pa3IdYHbLIe NMPOOJIEMHBI:

1) Onna u3 HEX cBA3aHA ¢ KOMIAKTHOHUKANNEN 3apTOBOl KOOp-

nuHaTe z°. Kak ciemyeT m3 6GMHApHO# reoMeTpOGUM3NKH, AJA STOi
Pa3sMepHOCTHU HET KIIaCCUUECKUX KoopamHaT. Mcnonab3oBaHue ITUKIN-
JecKoif 3aBICHMOCTH TI0 Z° C OUeHb MAJILIM HEPUOIOM, TO €CTh KOM-
makTUUKANNI OTPOCTPAHCTBA IO STOH KOOpAMHATE (C TOMOJIOrHMei
Topa), GaKTUUECKH O3HAYAET MAMEMAMUUECKUT NpPuem UcKoye-
HUL 3MOoTl K00PAUHAMbL U3 MEOPUL € AUWHUMYU nocblaxamu. IleicT-

BUTENLHO, BCE KIIACCHUECKHE BHIPaXKeHWs (JlarpaHXWaH M IPYTHE)
IOJTyYaloTCA MOCiie MHTErPUPOBAHMAA 1O MePHOAY KOOPAMHATEL Z°.
C Halell TOYKW 3peHUs, MOUCK MPUYNH KOMIaKTUuHKAIUA MHO-
TOMEPHOTO IPOCTPAHCTBa B paMkax b-il (mim 8-if mapammrm) Gec-
nepcrekTuBeH. O6 5TOM CBUAETENLCTBYIOT HEYIAYHEIE HONBITKH Pe-

IINTH 3Ty IpobjieMy B MHOT'OUMCIIEHHEIX paboTaX Ha 3Ty TeMy.

2) KomnakTudukanus KoopauHaTHl = mMeeT mpyryio mpmpo-

ny. Ona ced43ana ¢ K6AHMOBOMETAHUYECKUMY 3AKOHOMEPHOCTAMU.
Kiaccuueckuit KOOpAMHATHLIA aHAJIOT HTOM Pa3sMEPHOCTH UMEETCH,
— BTO KJIACCUUECKOe NAEWCTBUE WIN MHTEPBAN S. B 6uHapHOR reoMeT-
podu3uKe 5Ta BEINUNHA COOTBETCTBYET BEIIECTBEHHOMY KO3hdumu-
€HTY B MHEMOM TNoOKa3aTelie 5kcnoneHTH — napametrpy BCKO parnra
(2,2).

MoxHo cka3aTh, YTO B GHHApPHOW TreOoMeTPOdU3MKE PEIIAETCS
npobieMa, obpaTHad obcyxkIaeMOll B MHOTOUUCIIEHHBEIX HCCIIEIOBa-
Husx B pamkax Teopun Kanyuer-Kneiina. He cienyer mckats npu-
YUHBI KOMIAKTHGUAKANAN JOMOIHUTEIBLHON Pa3sMEPHOCTH, UCXOMS U3
MOCBUIKM O “HOPMAaJIbHEIX  HEKOMIAKTH(OUIMPOBAHHEIX KOODPAMHA-
Tax, a HYXKHO PellaTh 3alady Iepexona oT (IEPBHYHO) “KOMIAaKTH-
GUIUpOBaHHEIX” TMapaMETPOB K UYETHIPEM HEKOMMIAKTHU(DUIUPOBAH-
HBIM KJIACCHYECKUM MPOCTPAHCTBEHHO-BPEMEHHEIM KOOpAMHATAM /.

3. C nosunumit 6uHAPHO# TeoMeTPOGU3UKHA MOXKHO HPOJIUTEH CBET
Ha BOIPOC O PU3NIECKON MHTEPIPETANNN AOIOIHNUTEILHBIX
KOMOOHEHT MeTpPUKU G4y u G55. OHE UMEIOT pa3HEIA XapaKTep.

1) IIpoo6pas komnoHeHTEl MeTpuku (G44 B GHMHAPHOH reOMETPO-
pU3UKe UCHONMB3YETCS AJs MOCTPOEHWs MPOMAraTOPOB, BXOMSAIIAX
B COCTaB JIEKTPOMArHUTHOTO MOTEHNWAla W KOMIOHEHT 4-MepHOR
MeTpuku. ToJBKO MOCIIE BEIMOIIHEHUS STOW POJIM TEOPUS MOXKET IPH-
HATH MOJEBOM XapaKTep.

2) IIpoo6pas koMnoHeHTEI MeTpUKH G55 B GMHAPHOH IeOMETPO-
duU3MKe 3aBUCUT OT MCIOIL3YEMOil IJIs ee TMOCTPOeHWs Monenu. B
npocreiimeii Mopenu Ha ocHoBe BCKO panra (4,4) ona o6pamaercs
B HyJb, ONHaKO, KaK OyleT moka3aHO B riaBax 13 m 14, mmerorca
Gosee nomukle Mogenu Ha ocioBe BCKO pawnros (5,5) u (6,6).
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4. Bonpoc o 15-m ypaBHeHun OuHmTelHa (4-if HemocTa-
ToK 5-MepHOit Teopun Kamyns: B §8.3) cBsa3an He TonbKO ¢ pusmuec-
KOl WHTepIpeTalWell NONOIHUTENLHEIX HUATOHAILHEIX KOMIIOHEHT
Metrpuku. OH 3HAUUTENBLHO TIIy6XKe, — CBA3aH C BOIPOCOM O BO3-
MOXHOCTHY NPUMEHEHNs BapMANNOHHEIX IPUHINIOB B (QU3HIECKHX )
MHOT006pa3naX BLICIINX Pa3sMePHOCTEN U, KaK CIIEACTBUE STOTO, — C
pusnyeckoit 060CHOBAHHOCTHIO MHOTOMEPHEIX YPaBHEHUN OWHIITE-
Ha. Kak 6BWI0 mOKa3aHO, TOCTPOEHNE MHOTOMEPHEIX MOIENell Hauu-
HAeTCs € 3aliCH TUIEPIUIOTHOCTH CKalAPHOH KPUBU3HEI (¥ JIarpaH-
xmaHa Marepuu). Pusmueckum 3HaumMas 4-MepHas INIOTHOCTH JIa-
TpaHXHNaHa MHOJIyYaeTCs IMOCJie MHTETPUPOBAHUS IO MOMOIHUTEIH-
HEIM KoopauHaTaM. To04bK0 MoOcCAe 3M0o20, MO eCmb 6 4-MEPHOM
NPOCMPAHCTNEE-BPEMEHY 0OOCHOBAHBL NPUMEHEHUE 6APUAYUOHK 020
NPUHYUNG U 3anuch ypaerenul JUnwmetina W OPYrux Mojei reo-
METPUYECKOTO TPOUCXOXKIEHUS.

5. B pamkax mporpaMMbl GmHapHOW reoMeTpodU3MKN CHUMAET-
csi 7-1 UpeTeHs3Ws K H-MepHBIM (MHOTOMEDHEIM) TEOPHSIM, COCTOS-
mas B OTCYTCTBHUU CBI3UM T€OMETPUYECKOTO IOAXONA C MIPUHIUIIAMU
KBaHTOBO#l Teopuu. IIONEITKM HPOABUTL 5Ty CBI3b NPENNPUHUMA-
JIuChH yXe B H-ontuke Pywmepa.

6. Hakonen, BEIBOI 06 OTCYTCTBUHU IpPENCKa3aHUH HOBBEIX SKCIe-
PUMEHTOB B MHOTOMEPHEIX MOZEJIIX MOXKHO CUNTATH IpeXIeBpeMeH-
HEIM. B wacTHOCTH, eCTh OCHOBaHUSA OXUIATH MPOIBIEHUH CMeITaH-
HEIX KOMIIOHEHT MeTPHKH G4, yXe B 06JIacTH ABJIeHNI KIacCHIecKo
¢usuku. B §4.8 ormeuasocs, uTo 6uHapHas reoMeTpodusmKa IMOM-
CKa3BIBaeT OTOXMAECTBJIeHMe KOMIOHEHT &, (To ecTb () C diek-
TPOMarHUTHEIME TIOTeHIHajaMu A,, 4TO O3HaYaeT JONOJHHUTEIh-
HEI KaHaJl B3aUMOAEHCTBUA MAaTEPUU C 3JIEKTPOMATHUTHEIM TIOJIEM
yepes ux Maccy. HaMek Ha BO3MOXHOCTH TaKoil CBA3M MOXHO YCMOT-
peTh B Kanaisie 5-mepus Kuneitna-Pywmepa.

BrickaxxeM rumoTezy o BO3MOXHOCTH OOBACHEHUS C IOMOIIBIO
KOMIIOHEHTEI MeTpuKH (4, MarHNTHOTO NOJIA 3eMJIN M JPYIUX acT-
podusnUecKnx 06HLEKTOB, TAKUX KaK IJIAHETHI, 3BE3NLI WJIN IIYIIbCa-
Pl (HEATPOHHEIE 3BE3MIEI).



Pasgen IV

QiIeKTpociadblie
B3alIMOIEICTBUA
B KOHIIEIIIINN
OJIN3KOONeCTBUA
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B sToM pasmene ¢usmueckue B3amMMONEHCTBUS pacCMaTpPEHEI B
paMKaX KOHIENIUU OJIU3KONEWCTBUA C HMO3UIUN NBYX (PU3MUECKUX
nmapagurM:

1) ofmenpuHATON KaINOGPOBOYHOR TeOpHU (DU3UUYECKUX B3AMMO-
neficTBuil (B paMKax 1-if mapaIurMbl — TEOPUM IOJIA);

2) MHOrOMepHO# (7-MepHON) reOMETPUYECKOR MOZeNN hu3mdec-
Kux B3anMozeiicTBuil Tuna teopun Kamyner-Kieina (5-if mapamur-
MEI).

ITockonbKy 3mech mpecienyeTcs Melh — MOKa3aTh, YTO B paMKaX
6mHapHON reoMeTpodN3NKU ONHUCHLIBAIOTCI OCHOBHEIE CBOMCTBA 3JIEK-
TpociabLIX B3amMONEHCTBUIl, ONNCEIBaeMEIe HEIHE Moneiabio Baitn-
6epra-CamamMa, TO pacCMOTPeHNE HAUMHAETCS C HANOMUHAHUSA OC-
HOBHBIX MOJIOXKEHWHN OOIMENpHHATON KaJIMOPOBOYHOM MOIEJH 3JIeK-
TpociiabbIX B3aMMONERCTBUI. DTOMY MOCBAMNIEHA TPAKTUYECKH BCA
HauaJbHas IiaBa (9) »Toro pasgena.

Mexny onucanmeM ¢uU3NIECKNX B3aUMOAEHCTBUN B CTaHIapTHOR
Teopuu N B OMHAPHOU reoMeTpodu3nKe HAXONATCA, BO-IIEPBLIX, MHO-
TOMepHEIe TeOMeTpHUYecKHe MOIElId M, BO-BTOPHIX, NPUHIUILI Teo-
pU¥ IPSAMOTO MEXYaCTUUYHOTO B3amMofleiicTBusA. B cienyiomux nByx
rnaBax (10 m 11) sToro pasmena ob6cy)neHa 7-MepHas FeOMeTpPHYEC-
Kas MOJIlelTb I'paBU-3JI1eKTPo-cIabbIX B3alMOAeNCcTBUH, obobImaoniad
6-mepuyio Mmonenst Kamynrw-Kneiitna. B Takoit Momenu oka3bnIBaloTCs
3a7eficCTBOBAaHEIME BCe Pa3MepPHOCTH, IPoobpa3bl KOTOPHIX MOJIyda-
forcs n3 noustuit BCKO panra (4,4). B rnase 10 o6cyxnen 6030H-
HEIN CeKTOp 7-MepPHOHU reoMeTpHUecKoll MOIelH, TO eCTh pacCMOTpe-
HEI Te acleKTHl TeOPHU, KOTOpPEIe MOXHO MOJIYUYNTh U3 T'HNEPIIIOT-
HOCTHU 7-MepHO! CKaJIIpPHON KPUBU3HHI.

CnmHOpHOE [OJTE, OMUCHIBAOIIEE SIIEMEHTAPHEIE YaCTHIEL — Qep-
MUOHBI, BHOCUTCA B TaKyIO MOHAeNIb M3BHE B BHUJe IJIOTHOCTHU HETreo-
MeTpUYecKoTo arpanxuana. PepMUOHHLIN CEKTOP TEOPUU OOCYX-
meH B riaaBe 11. B sToil xe riaBe 3aTpPOHYTHI BOIPOCHI ONMNCAHUA
TpexX MOKOJIEHNH 3JIeKTpociiabo B3anMOIeRCTBYIOIINX YacTHUIl B paM-
KaX TeOMeTpHUYECKUX MoJelieil 60JblIell pa3MepHOCTH.

B §9.4 rnaBe1 9 KpaTKO U3JI0KEH TEPEXON OT MAPATUTMEI TEOPUI
oJid K TEOPHU IPAMOrO MeXYacTHUUYHOI'O B3aMMONEWCTBUA, TO €CTh
IaHa JalbHONEHCTBYomas Bepcus monenu Bain6epra-Canama. Ona
ABJ4eTCAd MOCTUKOM K OMHApHOU reoMeTpodu3mke.



I'maBa 9

KamunbpoBouHasa Teopus
3JIEKTPOCJIabbIX B3alIMO-
nmerncTBUN

B >T0ii rnaBe mM3N0XKEHEI caMble HEOOXOOUMEIE CBENEHUS U3 CO-
BpEMEHHOU TeOpHUHU 3JIeKTPOCciIabbIX B3auMOAeNCTBUN, OOLIYHO Ha3kI-
BaeMoii Moznienbio Baitn6epra-Canama (6onee monpo6ro cM. B [48, 49,
68, 85]). [IpuBenennsre 3nech HGOPMYIILI CPABHUBAIOTCS B CIIENYOIINX
IIaBaX C pe3yibTaTaMU, ToJyJYaeMbIMH B paMKaX IBYX IpPyrux ¢u-
3UYecKUX IapalurM.

9.1 Kaan6poBOUYHBIN MOAXOH
K ONMCAHMIO B3anMOJOENCTBUN

1. Kann6poBouHLIN HNOAXON K OMUCAHUIO GU3MYECKUX B3aMMO-
IelicTBUH onupaeTcd Ha IBa KIIOUEBHIX IOJIOXKEHMA: BO-NEPBHIX, Ha
y6exeHne, 9YTO B OCHOBY (U3UKM HOJIXKHEI OBITH IOJIOXKEHBI CUM-
MeTpUM, TOYHee, CUMMETPHUHU, ONNCEIBaeMEIe rpynmamu Jlu, m, Bo-
BTOPHIX, Ha WIEIO O JOKAJIN3alud (3aBECEMOCTH OT KOOPIWHAT) Ia-
paMeTpoB rpynn. @uznyeckue nosd IpeniaraeTcs BBONUTE Kak dak-
TOpBI, NO3BOJAIONINE KOMIEHCHPOBATh HapyIIeHHEe COOTBETCTBYIO-
WX CHUMMETpPHil IpHu JloKanu3anuu rpynmn. IlponemoncTpupyem, xak
pealln3yoTca 3TU cCOOOpaXeHNd B TeOPUH 3JIEKTPOMAarHUTHBIX U 3JIeK-
TpocyiabbIX B3aMMOIEHCTBUM.

2. Haumem c mpocreimero ciaydas U(l)-cuMmerpnm, nCmois-
3yeMOW IJIs ONMCAHWs SJI€KTPOMArHUTHOIO B3amMONeicTBHs (Miin
KaK COCTaBHOM 4acTH IPH IocTpoeHnu Monenn Baiin6epra-Camama).
Kak m3BecTHO, B KBaHTOBOI TEOpUM NOJIS HabIONaeMble BEIUUYWHEL
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— BEPOATHOCTH 06Hapy>KeHn;1 YaCTHIl, SHAYEHNA NMIIyJIbCa, MOMEHTa
IMIOyJibCa U T.O. — CTPOATCA M3 KBaJlpPaTUYHBIX KOMOMHAaIINHA BUIA

v*Dy, (9.1.1)

rie 1 - KOMIUIeKCHas BOJIHOBas ¢yHKuus, D - COOTBETCTBYIOMIUR
onepaTop HabmonaeMoil BemwunHel. [ Bcex Takux KBagpaTHUHEIX
KOMOMHAINY MMeeT MeCTO CHMMeTpPHd OTHOCHUTENILHO Ipeobpa3oBa-
HU# BOJIHOBOU QYHKIINHU

’¢ - ¢/ — ¢ezagl; ¢* - ’lp*/ — ¢*e—zag1, (912)
rIe g; - cilefyeT NMOHMMATh KaK HEKUi 3apan yacTunsl. Ilpu mocTpo-
€HNM 5JIeKTPOAMHAMUKHN 5TO SieKTpmdueckmil 3apsan (g1 ~ e). Oue-
BHIHO, UTO B KBaJpPaTUUHEIX ajre6pamdecKUxX KOMOMHAIMAX BUIA
(9.1.1) skcnoHeHTHI cokpamaoTcs. IJoCKOIBbKY MOXHO ONpPENeIuTh
pesyabTaT OT ABYX TaKUX Mpeobpa3oBaHWAX, BBECTU ENUHUYHOE U
obpaTHOE Mpeobpa3oBaHms, TO MOXKHO YTBEPKAATh, UTO STH IPeod-
pa3oBaHUA 06pa3yIOT TPYIIY, XapaKTepU3yeMylo ONHUM MapaMeT-
poM «. OTa rpynna aBifeTcs OUKINYECKOW TPYNINOA WJIM TPYIIOR
U(1). Ipn nmocTOSHHBIX @ TOBOPAT, 9TO MMEET MECTO IJIOGAILHAS
U (1)-cummeTpus.

3. loaBnenne B3aMMoONEHCTBHSA B NaHHOM MOAXONE ACCONMUPYET-
CA ¢ HapyIlIeHWeM TJI06aJIbLHON IPynnoBoil caMmMeTpun. [IpuMenser-
Cs TMpUEM, Ha3LIBAEMBIN J1okaau3ayuet epynnsl. OH COCTOUT B TOM,
YTO MapaMeTp (v MOJIAraeTCs 3aBUCALINM OT KOOPHWHAT 4-MepHOTo
IPOCTPAHCTBa-BPEMEHN. DTO OKa3LIBAETCS IPUHIMIAAILHO CYIIECT-
BeHHEIM, ecnn onepaTop D B (9.1.1) conepxur B cebe nudpdepennn-
pPOBaHmE MO KOOPAMHATAM.

[MoscauM 5>TO Ha mpUMepe OmepaTopa UMIyJbca, Korma D ~
0/0z*. Torma npu npeobpasoBanuax (9.1.2) umeem

P g gl i 2y, (013)

e IONOJIHATENLHOE CllaraeMoe BO3HUKIIO U3 NubdepeHINpOBaHuS
skcnoHeHTH. OHO HapymaeT HHBapnaHTHOCTS (9.1.1) oTHOCHTENBHO
npeo6pasosanus (9.1.2).

I BocCTAaHOBJIEHNS WHBapMAHTHOCTH IPENJIaraercs, BO-Iep-
BEIX, U3MEHATL OIepaTop AuddepeHINpOBaHus ClenyomuM o6pa-
30M

0

i 3 H
U, BO-BTOPHIX, IOCTYJNPOBaTh, 4TO IpH mpeobpasoBanmsax (9.1.2)
BBEJICHHOE 3[IeCh BEKTOPHOE Hojle B, M3MeHsAeTCs IO 3aKOHY
Oa

— 1918, (9.1.4)
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OueBnnHo, uro koMmGuHanus (9.1.1) ¢ omeparopom D Buma (9.1.4)
oCTaeTcss MHBAPMAHTHON OTHOCHTENBHO mpeobpasoBaHmil (9.1.2).

MeHHO Tak NPUHATO BBOOUTH 5JIEKTPOMArHUTHOE B3aMMOLEHCT-
BHE B COBPEMEHHO KaJMGPOBOYHOM TeopHH (B 5JIEKTPONMHAMUKE).
ToNbKO B 5TOM CIIy4ae CIeAyeT MOJIOXATH

B,=A4A, un g,=-e/hc

Torma (9.1.5) cTaHOBATCS W3BECTHEIM B CTaHNAPTHON 3J€KTPONUHA-
MUKe KaJIMOPOBOYHEIM NPeoHpa30BaHMEM BEKTOPHOTO MOTEHIUAJIA.
Coxpansromeiics BenmuuHol, coorBercrByoomeil U(1)-cummerpnu,
SIBIISIETCS SJIEKTPUYECKUH 3apsl CUCTEMEL.

4. B cepenune 50-x romoB durom m Musicom [95] 6v1to mpen-
JIOXKEHO OOOOIINTE W3JIOXKEHHBIN MPHEM Ha CIy4ad APYTUX TPYIIL.
OkasbiBaeTcsl, STOT NPUEM MMeET YHUBEPCAJIBHBIN XapaKTep, €ro
MOXHO IPUMEHUTH MPAKTUUECKU K JIOGON W3 W3BECTHRIX rpynn Jlu.
Kaxnoit u3 HEX MOXHO MOCTABUTH B COOTBETCTBUE 3aKOH COXpaHe-
HUSI HEKOTOPOTO 3apsifia U MPUCYIIYIO €fl COBOKYMHOCTEH BO3MOXHBIX
moJIEN TEePEeHOCYUKOB B3amMmopeicTBuii. Celluac MPUHATO HA3HEIBATH
Takue mons noagmy HAnea-Muaica. Ho 510, KOHeUHO, He O3HAUaET,
YTO BCE OHHU Pean3yloTcsi B QU3MKe dIIEMEHTApHBIX wacTul. Kpo-
Me paccMoTperHo#l rpynnet U(1l), B ¢pusnke MEKpOMEpa OKa3alNCh
uyxHbMI rpynnsl SU(2) n SU(3): nepBas mis onucaHms SIEKTPO-
caabLBIX B3aMMONERCTBUN, a BTOpas — HJs MOCTPOEHUS XPOMOIUHA-
MUKH.

5. Bonee monpo6ro ocranoBuMcs Ha rpynme SU(2). B wactaoc-
TH, KaK U3BECTHO, OHA COOTBETCTBYET T'PYIIlie BPAIlEHUR 3-MEPHOTO
(BHeIIHErO) eBKIMAOBa MPOCTPAaHCTBa. B maHHOM ciryuae BBOAMTCS
HEKOEe BHYTPEHHEE IIPOCTPAHCTBO YACTUIl, UMEHYEMOE U30TMONUYEC-
xum npocmparcmeom. VcnonbsoBanme 5TON Tpynnbl 06yCIOBIEHO
TeM, UTO NPU ONMUCAHUE CIaOLIX B3aMMONENCTBUN BO3ZHUKAOT KBaJ-
paTHYHEIE KOMOWHAIMA W3 BOJHOBLIX QYHKIWE HeATpUHO (9 — V)
n MaccumBHOro JyientoHa (¢; — er). MIMeer MecTo Hekas cHMMeT-
pusi MEXIY BOJHOBEIME (QYHKIUAME HEMTPWHO W JIEBOM KOMIOHEH-
THI MaCCHBHOIO JIeNTOHa (37ekTpoHa). Ilpenmaraercs ee moHnMaTh
KaK WHBApPMAHTHOCTH KBAAPAaTUYHOW KOMOWHANUU W3 IBYX COCTO-
SHUA (HEHTPUHHOTO W JIEBOTO SJIEKTPOHHOIO) €IMHOIO MOJISA C pas-
HEIMU NPOEKIUAME CHUHA 1/2 B M30TONMUYECKOM IPOCTPAHCTBE OT-
HOCHUTENBHO npeobpazoBanuil rpynner SU(2). OTo o3HadaeT, 4TO B
BeipaxkeHnn (9.1.1) cienyeT mosmoxnThb

v=(0)=(2) vov=@w. (19

€L

Torzma npeo6pasoBanus (9.1.2) o6o6maioTcs 10 MATPHYHOTO BU-
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na

¥ ¢ =Dy, G = gemi@m, (9-1.7)

rle HOKa3aTellb SKCIOHEHTHI IMeeT MaTPUYHEIA XapaKTep, TO eCThb
- 1

(aT) = 3 (0101 + azoy + azog) . (9.1.8)

3mech UCTOAB30BAHEL CIIEAYIOIINE 0603HAUEHN: o - KOHCTAHTA, IMe-
Iolas CMBICK 3apsna, s, - Tpu mapamerpa (s = 1,2,3) rpynmer
SU(2), a 0, - Tpu Marpunsl Ilaynu. Eciin napameTpsr o, moctoss-
HEIE, TO TOBOPAT O riaobanbroil SU (2)-cumMeTpun.

6. Benenne B3aMMONEHCTBUS OCYIIECTBIAETCA MOCPENCTBOM JIO-
KaJIm3alWy TPYNNEI, T.€. 3aMeHOHl MOCTOSHHEIX IapaMeTpOB Ha Iie-
pemenntte o,(z*). Ecnm onepatop D comepxut nuddepeHnnposa-
Hue, To KoMbuHanus Buna (9.1.1) cTaHOBHTCS HEMHBAPMAHTHOM IpH
TakoM mpeobpaszoBanun. Ilysa coxpaHeHUS WHBApPUAHTHOCTU ONATH
BBOOATCS IBa MOCTYJATa.

Bo-nepBrix, onepaTop nudbdepeHINpPOBaHNA 3aMeHIETCA Ha

0 ot - 0 g2
= —igo A, =, — — Z=A
JzH — ozr  Ozv 925 2 9zH 2

(s)uos,  (9.1.9)
r]le IO HHIEKCY § Mofpa3yMeBaeTcsa cyMMupoBaHne oT 110 3, a A(s),
- TpH KaJuGpOBOYHBIX BEKTOPHHIX moid (s = 1,2,3) - mo umcmy
napamerpoB rpynnet SU(2); I - enuHnuHas 2-psaaHas MaTpHIA.

Bo-Brophix, momaraercs, 4ro mpu mpeobpasoBanmax (9.1.7) ka-
AUOPOBOYHEIE MOJIS U3MEHSIOTCS 1O 3aKOHY

. 9a .

EM%E;:AM—F@—&XAM, (9.1.10)

rne A, = (1/2)A(s),0, 1 @ = (1/2)@,0, - MATPHYHEIE BEMYHHEL
Or1o BrIpaxenwme ornmuaerca oT (9.1.5) m3-3a MaTpHMYHOrO Xapak-
Tepa BXOOAIUX B Hero BejamumH. OHO He TOJBKO ”ymimHseTca’ Ha
IPEINOCIeHEe CIIaraeMOe, HO M M30TONNYECKH OBOpaunBaeTcs (Imo-
CllelHee cilaraeMoe). OTOT IOBOPOT CBA3aH C MATPUUYHBEIM XapaKTe-
POM IOKa3aTels SKCHOHeHTH! B (9.1.7) u Bemunub! EM, TaK Kak JJid
COKpAIlleHNs SKCIOHEHNNAJbHLIX ciaraeMeix B (9.1.1) skcmomenTy
C MaTPUYHLIM IOKa3aTejleM CJIeNyeT MEPEHECTH dYepe3 MaTpPUYHEIR

Kos>bdunuerT B Buge A,.
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7. Takum o6paszoM, kanubpoBounas SU(2)-cuMMeTpuuHas Teo-
pUs OWKTYeT BBeleHHe Tpex (Tpumiera) BeKTOpHEIX modjeii. Coort-
BETCTByIOMIad 3TUM MOJIIM HaPAXKEHHOCTH MMeeT BH]

= 81&;1 314._) . - - — —_
= g 3{65 —1ig2(ALA, — ALA,), (9.1.11)

rie B OTJNYNE OT OOEIYHOW HANPAKEHHOCTH 3JIEKTPOMArHUTHOIO
[OJIA HOABJIAETCS KBaIpPaTHUYHLIA HO6aBOK, CBA3AHHLIA C TEM, YTO
MaTpHIEH 0,, BXOAIINE B cocTaB A, He KOMMYTHUDYIOT OpPYT € APY-
roM. OTo oTpaxaeT obiee cBoiicTBo rpynnsl SU(2), cocrosimee B
TOM, 4TO IBa MOCJIENOBATEILHO MPON3BENEHHLIE IIOBOPOTA, CIEIaH-
HEIE B Pa3HOM MOpANKe, IPUBOMAT K HECOBIAMAIONINM Pe3yJILTaTaM.
Takoe cBOICTBO IPYIIEI HA3LIBAIOT HEABEJIEBOCTHRIO, a CaMy TPYIIY
neabenesot.

9.2 Mopens Baita6epra-Canama
(bepMUOHHEBIH CeKTOP)

1. KpaTko W37I0KUM OCHOBHLIE NOJIOXKEHWS MOIEIU 3JIEKTPO-
ciabeIx B3amMozeiicTBuil Baitn6epra-Camama [48, 85]. OrTa mMonens
CTPOHNTCA B paMKaX KajJUGPOBOYHOTO MOAXONA JIOKAJW3AINeER IBYX
rpyun U(1l) n SU(2), T.e. ny1s Hee mMel0T MecTO BCe (POPMYIIBI, U3-
JIOXKEeHHEIE B IPENLIAYINEM pa3feiie. B HUX HYXHO JIUIITL TPON3BECTH
HEKOTOpEIE Iepeobo3HaUeHUuI U OOBLENUMHUTEL APYr c apyrom. Tak,
BBOIS B HKCIOHEHTY pa3MepHEIE KOHCTAHTHL h U ¢, uMeeM mepeobo-
3HAYEHU: 0 g2

g1 — hC, g2 — hc- (921)
Takas Teopus XxapakTepu3yeTcs IBYMs KOHCTaHTaMU B3amMOIeHCT-
BUS U YeTBIPLMS BEKTOPHLIMU KaJIUOPOBOYHLIMU IOJISIMU.
Brinuimem u o6cynumM IIIOTHOCTH JarpaHXumaHa Monenn Baiin-
6epra-Camama. Ee yno6Ho mpelcTaBuThL B BUIE YETHIPEX COCTABHBIX
yacrTei

L=Lo+Lr+ LBos+ L, (9.2.2)

rae Lo — IWIOTHOCTD JlarpaHkuaHa CBOGOTHOTO (HEPMHUOHHOTO IMOJIL;

L — onnceiBaeT B3auMoneicTBre GepPMUOHHEIX TIOJIEl ¢ BEKTOP-
HEIMI KaJIMGPOBOYHEIME NMONAME ((pEPMUOHHBIN CEKTOP);

LBos — ONUCHLIBAET INIOTHOCTDH JarpaHXNaHa BEKTOPHEIX KaJlW-
6POBOYHBIX TOJER (6O30HHBIE CEKTOD);

L,, — 4acTh IUIOTHOCTHU JarpaHXWaHa, ONUCLIBAIOIIAA BKJIIAIEI
B Macchl yacTun (MaccoBeli cekTop). Ciona BXONUT INIOTHOCTH JIa-
IrpaHXHaHa XHTTCOBCKOTO CKaJIAPHEIX IIOJIEH W YJIEHEI, ONMCEIBAO-
IMue WX B3aMMOIEHCTBHE C NPYTMMH IIOJISAMH.
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Bce 5Tu cocTaBHEIE YacTH TECHO CBSA3AHEI IPYT C IPYITOM.

2. B sToMm nmaparpade cocpefoToYuM BHUMaHUNE Ha (PEePMUOHHOM
cekTope Teopuu. Cormacuo mogmenu Baiia6epra-Camama cBobomuoe
(epMuEOHHOE TOJIe W B3aHMOAEHCTBUE JIEITOHOB C BEeKTOPHBLIMU Ka-
JINOPOBOYHBLIMHE IIOJIIMH ONUCHLIBAIOTCA CIENVIONIUMU cJIaraeMBIMH B
INIOTHOCTH JlarpaHXUaHa

Lo+Lpr = ihc[(f‘y“@I"'L)—|—(537“3:"'613)—I—(FR')/“(?:"'VR)], (9.2.3)

rme L u L — 2-KOMIIOHEHTHEIE CTONGEN U CTPOKa, XapaK TepU3yIollne
JleBEIe KOMIIOHEHTHI HEHTPUHO U 3JIeKTPOHA, ep — IpaBad KOMIIOHEH-
Ta SJIEKTPOHA, VR — IpaBas KOMIOHEHTa HERTPUHO (€CIM OHA HMe-
eTcs), a OIepPaTop 8:+ obbenuuser B cebe nBa onepatopa (9.1.4) u

(9.1.9) m mmeer Bux

3++:I2i g1 Y

g2
fu dzh %EILBM — 3 T(k)A(k)p. (9-2.4)

hc

3mecs Y — runepsapsan, T(s) — MaTpu4Has BeJIWUYWHA, BEIpaXKaeMas
yepes matpunsl [laynu, I, — enuHUUHLIE 2 X 2-MaTpPHIIL.

3. Caenyet ocobo moguepkHyTh, 4TO B Momenu Baiu6epra-Camna-
Ma BBOAUTCSA PAX HOCTYJIATOB, YTOUHSIIONIUX XapaKTep B3aWMONEN-
CTBUS HEHTPWHO W JIEBHIX U IPABEIX KOMIIOHEHT 3JEKTPOHA C KaJlW-
6pPOBOYHEIMY BEKTOPHBEIMU HOJISIMU:

a) Bsaumoneiicrue ¢ momnem B,,, 06yCII0OBI€HHBIM JIOKaIn3anneit
rpynnsr U(1), xapakTepusyercs 3HaueHmeM rumepsapsna Y. Iloc-
TYJIUPyeTCa, YTO NI JIEBHIX KOMIOHEHT HEHTPUHO U 5JIEKTPOHA TH-
mep3apsan Y = —1, a niisg npaBoil KOMIOHEHTEHL JIEKTPoHa Y = —2.

6) BsanmoneiictBue ¢ momsamu A(s),, 06yCIOBIEHHEIMA JIOKAJIN-
sanueii rpynner SU(2), xapakTepusyeTcs MpOeKIUell H30TONMYEC-
koro cnuHa I'. IlocTynupyeTcs, 4To jJeBEle KOMIOHEHTEHI HEHTPUHO
U MacCHBHOTO JIENTOHA (3JIEKTPOHA) 06pa3yioT M30TONMYECKHH Ny6-
JeT B M30TONMYECKOM HPOCTPAaHCTBe: miis HeifitpuHo T3 = +1/2,
17151 JIEBOU KOMIIOHEHTHI 35iekTpoHa T3 = —1/2. IIpaBast KOMIoHEHTA
3JIEKTPOHA MOJIAraeTCsa M30TOMMYECKUM CUHIJIIETOM, Iisd Hee 15 = 0.

3HaueHme HIEKTPUUECKOTO 3apana () B eMUHUNAX e BHIPpaXaeTcs
Yyepes rumepsapsian Y U TPOEKNWIO M30TOMMYECKOTo cuuHa T3 cieny-
omIeil dopMmyion

1
Q=Y +Ts (9.2.5)

B Buge Tabnunsr BeinuineM 3HaueHus (), T3 u Y Bcex paccmat-
puBaeMbIX B mpocTeiimein momenu Baiabepra-Camama gacTui.
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Tab6m. 9.1:
KBanToBoe
YICIIO Vel er, vep | en | W* ©o n
Q 0 -1 0 —17] £1 0 +1
T 1/2 | -1/2| 0 0 +1 | -1/2 | +1/2
Y -1 -1 0 -2 0 +1 +1

4. C yueTOM BBENEHHBLIX IMOCTYJIATOB, VAJIMHEHHAS MPOM3BOXHASL
(9.2.4) ot m30TOMMUECKOTO HybiIETA, CONEPXKAIIETOCS B IEPBOil 4aCTH
cmpaBa (9.2.3), 3anuceiBaercs ClenyomuM o6pa3oM

0 gy g2 v
++ _ sgl _ L
O (q) [3H+22hB 2he (s)‘”s“e-ﬂ)'
(9.2.6)

Otcrona HaxonuUM IepBoe ciiaraeMoe cmpasa B (9.2.3)

ihcf’y‘@:*’L = thc [FL')/“% +ey” g Z—l—

+%Bu[(ﬁm“VL)+(€m“eL)]_ ﬁA( )ul(FLy*ve) — (Ery"er)l+

1gs
——A
2he

— 32 AW er) + ELr )] (9.2.7)

5. Ynnuuennas npomsBomHas (9.2.4) nis mpaBoll KOMIIOHEHTEI
3JIeKTPOHA IPeCTaBIAeTCA B BHUIE

(2)uli(FLy"er) — i(eryve)]-

0 i1
o+ en (a o BM) en. (9.2.8)
Otcrona HaxomUTCA BTOpOe cilaraeMoe cupasa B (9.2.3)
by ++ . _ 8eR
ihcepy"0,, "er = ihc | ery" £ + h—(eR'y“eR)BM . (9.2.9)

6. Hakoren, ynnunennas npoussonHas (9.2.4) niis npaBoro HeiT-
puto (Y =0, T5 = 0), eciim OHO CyIECTBYeT, 3alUCHIBAETCS B BUIE

0
Ottvp = Edi (9.2.10)
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CJIENOBATEJIBHO, IIOCJIIEAHEE CJIara€eMO€ CIIpaBa B (923) NMEET BN

thevpy"dtvp = ihcngLﬁ. (9.2.11)
T

7. Co6upas BMecTe popmyast (9.2.7),(9.2.9) u (9.2.11) n omyckas
B HUX CjlaraeMble ¢ YaCTHBIMU IPOM3BONHLIME OT (hEPMUOHHEIX IIO-
JI€il, IIOTHOCTH JIarPaHXMaHa B3aUMONEHCTBIA (PEPMUOHHBIX IOJIEH
C BEKTOPHBIMH KaJMOPOBOYHBLIME MOJIIME MOXHO 3allICAaTh B BHIE

Lr = —%Bu[(VLv“VL)+(5L7“€L)+2(5R7“6R)]+
+ LAy er) + Ey"vL)] -
- ALy ) - ()] +
+ 2A@)lmy" L) — (eyer)). (9-2.12)

9.3 IIpomexyTouHble BEKTOPHbEIE 6030HBI

1. IlepeiineM OT MePBUYHBIX KaInGpOBOUHEIX monelt B, u A(s),
K 5JIeKTPOMarHNTHOMY IOJII0 A, W Holo 7, IPOMeXYTOYHOTO Z-
6030Ha, KOTOpLIE CBA3AHEI C IEPBUYHEIMU IOJIAMHU COOTHOUICHUAMU:

A, = B,cosfw + A(3),sinbw;
Z, = —B,sinfy + A(3),cosbw, (9.3.1)

rie Ow—yron BaiiuGepra, BEIpaXaeMblil 4epe3 KOHCTAHTEL §; U g2
cllefyonuM obpa3oM

91 92 tanf = 2L, (9.3.2)

ey e
Vit Vit g g2

OTMeTuM, 4TO BBIAEJIEHNE NBYX KOMOMHAINN M3 HEWTPAJILHBEIX
KaJuOpOBOUHEIX MHOJiell 0OyCJIOBIIEHO BHIOOM B3aWMOAEWCTBUA 3THUX
ToJIell ¢ XUTTCOBCKUMU CKaJIIpPHEIMHU 6030HaAMH (CM. §9.5), ompene-
JIAIONIAMHE MacCOBEIe BKIIanbl. M3 MIIOTHOCTHM JIarpaHXWaHa BHIIE-
nsetcs 6e3MaccoBasd 4acTh, COOTBETCTBYIOMIAS 3JIEKTPOMATrHUTHOMY
TIOJIIO A/u I MacCUBHad COCTaBJIAONIasA, COOTBETCTBYIOIM A HOJIO Z .

sin fy = cos Oy =
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OKcnepuMeHTAIILHEIM 06pa3oM HalimeHo, uto Oy ~ 28,4°. 06-
paTHOE COOTHOIIIEHNE MMEET BUJ

1
B, = 7(92AM_91ZM);

/ 2 2
91 + 93

1
/ 2 2
91 + 93
2. OTHenbpHO 3alMINEM Y4epe3 BBEIEHHEBIE BEJIMUMHLI YacTh YIJIH-

HEHHOHl mpom3BoxHOR (9.2.4), XapaKTepU3yIOLIYI0 B3aHMONECTBUE
(epMUOHOB ¢ HeHTPaJbLHEIMU BEKTOPHEIMU TIOJIIMU,

ARy = (914, + 922,.). (9.3.3)

0 Qe ie
Tt Y4 Ts—Qsin? 0w ) Z,. (9.3.4
0= Oz*  hc wt hecsin Gy cos HW( 3= Qsin” Ow)Zy.. (9.3.4)

BzaumoneticTBusa pepMUOHOB Uepes MPOMEXKYTOUHEIE HEHTpaJibHEIE

BeKTOpHbLIe 6030HEI A, W Z, NPOWLIIOCTPHPOBAHEI JMArpaMMaMu
tuna Peitnmana Ha pucynke 9.1.

\Njw/ KNZL‘W/ \ ./
AUNCSON A A

€1, €2); 2) (671/ 3) 1/1,1/2

Puc. 9.1: BzanmoneiicTBusa ¢$epMHNOHOB Uepe3 MPOMEXYTOUHEIE HeEll-
TpaJlbHEIEe BeKTOPHEIE OO30HHI.

3. Bmecto BekTOpHEIX moTennmanoB A(1), n A(2), BBemem mo-
TeHINAJbl IPOMEXYTOYHEIX 3apsKeHHBIX W-GO30HOB:

1 ) _ 1 .
W= E[A(l)u—l— iA(2)); W, = E[A(l)“ —3A(2),). (9.3.5)
BzaumoneiicTBre (hepMUOHOB Uepe3 MTPOMEXYTOUHBEIE BEKTOPHEIE 6O-
30HEI TPOMJLTIOCTPUPOBAHEI HA AUWarpaMMe pucyHka 9.2.

4. Ioncrasnas (9.3.3) m (9.3.5) B (9.2.12), Haxonum

Lr = ——2_((epyrer) + (ery"er)] Au +

\V9i+ 93



250 I''TABA 9. KAJINBPOBOYHAA TEOPUS

\ixﬂkxjf
VAR

Puc. 9.2: B3auMoneiicTBue HERTPUHO M MACCUBHOTO JIENTOHA YepPe3
npomMexyTounble W-6030HEL.

3 2 _ .2
+ % [(eLv"er) + (BrY"er)] Z, —
4\/ 91 + 93
Veite: o iy
- f[(em er) — (erY"er) — 2(7LY"vL)] Z, +
+ L @yren)W, + L ey v Wit (9.3.6)

V2 V2

W13 mepBoii cTPOKU BUIHO, YTO SJIEKTPUUECKUN 3apsAll € BEIPaXkKaeTcsa

Yepes3 g1 ! g 919
142

NEEY

5. BosonHas (TpeThs) YacTh INIOTHOCTH JarpaHxkuaHa B (9.2.2)
3allICEIBAeTCs CIAENYIOMNM 06pa3oM

(9.3.7)

e =

1 1 o o
os = ———F(B) ., F(B)" — —SpF,, F", 3.
LB o L (Bl F(B)" — —SpF, (9.3.8)

rne F,, samucano B (9.1.11), a F(B),, umeer Buxn

o8, 08,
Ozt Ozv’

F(B) = (9.3.9)

Jlerko ImoKa3aTh, 4TO

1 [ 1
_ Hy o~ puv v
o SPFu P = — o (PP + F@), F(2)+
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+F(3)m F(3)"] + %[F(l)uvA@)MA(?’)U + F(2)m AB) A1)+

+F(3)w A1) A2)"] + (?fz A A(L) A2), AR) +

+A(1), A1) A(3),A(3)” + A(2),A(2)"A(3), A(3)"—
~(A(1)LAR)")? - (ALLAB)" - (AQ)LAB)")]} . (9.3.10)

W3 mnorHOCTH Marpamxkunana (9.3.8), yunreBas (9.3.9) u (9.3.10),
BapUaIlMOHHEIM METONOM MOXKHO MOJIYYNThL ypaBHeHus Sura-Mu-
sica 1A ” cBOGOMHEIX” BEKTOPHLIX G030HHEIX IOJIEH.

9.4 JManbHomelcTBYIIOIIAas BepCUs MOOEJIN
Baia6epra-Canama

1. Mogens Baitubepra-Canama ABIseTCsA TUONUYHON TEOPUENR IO-
aa. B Hell KiOUEBYI0 POJb MrpailoT GO30HHBIE MOJIA, KOTOPHIX HET
Cpelu TEPBUYHLIX MOHATHN 6WHApHOM reoMmerpodmsuku. IlosTomy
IJ1A COIOCTABJIEHMS NBYX MOIEJEN MX HYXKHO 3alUCaTh B OMHOTHUI-
HEIX TEpDMEHaX, T.€. B PaMKaX ONHOW KoHuennum (mapanurmsr). ITo-
cTpouM aHajsior Mozesin Baiin6epra-CanaMa B TepMUHAX KOHIENIINA
INalbHONENCTBHUS (TEOpUH NPAMOrO MEXYACTHYHOTO B3aMMONEHCT-
Bus). OrpaHmYmMcs pPacCMOTDEHMEM TOH YacTH JIarpaHXUaHA MO-
nenu Baiu6epra-Canama, KoTopas ONMUCEIBAET B3aNMONENCTBHE JIET-
TOHOB 4epe3 MPOMEXYTOUHEIE BEKTOPHEIE HO30HHL.

2. Ilns Toro, 4To6HI 5TO cHelaTh, BCMIOMHUM, Kak B Teopun Dok-
kepa-PeilHMaHa ONpeNeacs >3JIEKTPOMArHUTHEIA BEKTOPHEIN IIO-
rernnan A,(1l,2), xapakTepu30BaBIINA 5/IEKTPOMarHUTHOE BO3MEMH-
CTBHUE Ha NEPBLIR 3apsan (e1) CO CTOPOHEI BTOporo 3apsna (ez). Mmes
BBuIy (9.3.6), MOXHO 3ammcaThb

Au(1,2) = - — 222 / [(E2nvue2r) + (E2rYue2R)] Da(1,2)d5s,

V93 + 93
(9.4.1)

roe Dy(1,2) — nponaraTop 5I€KTPOMarHUTHOTO B3aMMONENCTBHS,
coorBercTByoomuil §-pyukunu B (2.5.6); d§; — cumBonmyeckas 3a-
nuch nudepeHnaos 1Jid BTOPOR YaCTHIIHL.

3. CoBepllleHHO aHAJIOTMYHO MOXHO 3allCaTh BLIPAXKEHUSA MIJId
norennuaioB Z,(1,2) n let(l,2) yepe3 XapaKTEPUCTHKN BTOPBIX
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qaCTHIL:

3 — -~
010 /[(E2L'Yu62L) + (€2rYue2r)] Dz(1, 2)dés—
4 9% + 92

_\/gf+g§/
4

rne Dz(1,2) — nponaraTop MaccuBHOro Z-6030Ha;

[(€arvue2r) — (€2rYue2r) — 2(Paryuver) Dz(1,2)d3,,
(9.4.2)

g2 _ .

Wi(1,2) = ﬁ/(l/szezL)DW%l,?)dsz;

_ g _ -
Wo(1,2) = 7‘% / (€17uv20) D (1, 2)d5s,  (9.4.3)

rae takxe Dyy+(1,2) — nponararoper W-6030HOB.

CrenyeT mom4epKHyTh, uTo Z- 1 W-6030HEI B Mozienu Baiin6epra-
Canama o6JafaloT OTJIMYHON OT HYJIS MacCOW IOKOs, 94TO, B 4acT-
HOCTH, O3HAYaeT, 4YTO MX MPONAraTOphl OTINYAIOTCA OT 3JIEKTPO-
MarHUTHOTO IPOMaraTopa.

4. Moncrasnsas Beipaxenns (9.4.1)-(9.4.3) B (9.3.6), npuxonum
K meiictBuio Tuma Dokkepa IS MONETHN SIIEKTPOCTAbLIX B3alMOIE-
crBuii Baitu6epra-Camama

Sznt ]- 2 // 61,62 —|—£Z(€ V)‘|‘
—|— ,CZ(Vl, 1/2) —|— ,CW(I/, 6)]d§2d§1, (944)

rie

2.2
g19 _ _
Lint(e1,e2) = 3 1°2 2 [(Bizy"e1r) + (E1rY"e1r)] X
97 + 93

X [(€srvuear) + (€arvue2r)] Da(1,2) +

(397 — 93)°
16(g7 + 93)
X [(€rvuear) + (€arvue2r)] Dz(1,2) +

[(eiy"e1r) + (e1rY"e1r)] X

9+ 95
16

[(Eizv"e1r) — (E1rY"e1r)] X
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Lz(e,v)

;CZ(Vl,I/Q)

Lw(v,e)

_|_

[(B2rYue2r) — (E2rYue2r)] D2z(1,2) —
391 — 95

T
[(207ue21) — (€2rVue2R)] D2(1,2) -

eiry'eir) + (e1iry"e1r)] X

3 2 _ .2
L (@) - (@ry"ern)] x

[(Baryuear) + (2rVue2r) Dz(1,2);  (9.4.5)

3 2 _ .2
P (e er) + (ery*en)] x

(TLyuwrr)Dz(1,2) -

[(eLy"er) — (ery"er)] x

(VL’)/HVL)Dz(l,Q); (9.4.6)

(71eY"'viL) (Zaryuvar) Dz(1,2);(9.4.7)

%(7L')’M6L)(€L’YMVL)Dw+ (1,2) +
2
%(EL')’MVL)(VL’)’MeL)Dw— (1,2). (9.4.8)

9.5 XWurrcoBckme cKajlsapHble 6030HBI
U MAacCChI 3JIEeMEHTAPHBIX YaCTHII

1. Jl;g mosiyd4eHUs Macc MOKOS MPOMEXYTOYHLIX BEKTOPHEIX 60-
30HOB 1 ¢HepMUOHOB B Mofiesin BaiiuGepra-CanamMa ucnosib3yercs Tak
Ha3BIBAEMEI MeXaHU3M XUITCA, OCTABJIMIONINA TEOPUIO JOKAILHO
Kau6poBoYHO WHBapuanTHOU. [locTyaupyeTcs cyiecTBoBaHUE CKa-
JIAPHOTO IOJIA, Ha3EIBAEMOI'O XUTITCOBCKUM IIOJIEM, KOTOPOE ABIIAeTCA
ny6nerom B m3oronudyeckoM SU(2)-mpocTpaHCTBE M NEPEHOCHT He-

HYJIeBOH runeps3apin

0= ( 99’;3 ) : (9.5.1)
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KBanToBbIe unciia u 3apsAnEl OTIEILHEIX KOMIOHEHT yKa3aHEI B Tab-
mnne §9.2. Macchl 9acTUI BO3HMKAIOT B pe3ysbTaTe B3amMoIeHCT-
BHA C XMTTCOBCKMMM CKaJIAPHLIMEI 6030HAMI.

2. YerBepras (MaccoBas) cocTaBHas 4acCTh INIOTHOCTH JIarpaH-
xkmaHa Mozenn Baiin6epra-Camnama (9.2.2) umeer Buzn

w42 Ly 2 1 ,)?
Em:|8u QDl _5)‘ |90| _577 -

~fe(Lerp +€rLY) — fu.(Lvrpe + VRLE,), (9.5.2)

rae A, 1, fe, fu. — HEKOTOpPEIE KOHCTAHTEL, (. — 2-KOMIIOHEHTHLIN CTOJI-
6e11, 3apAI0BO-CONPAXEHHEIH n3ocnuHOPY ¢. llepBoe citaraemoe cupa-
Ba ABJII€TCA M30TONUYECKNM CKaJIAPOM

05+l = (B o) (81 p)". (9.5.3)

OHO OmmMCHIBAaeT KaK MIIOTHOCTH JIarPAHXMaHa CaMOTO CKAaJISIPHOTO
IoJid, TaK M €ro B3aUMOIENCTBUSA ¢ MPOMeXYTOUYHLIME BeKTOPHBLIMHU
6030HaAMU 4epe3 onpeneteHHyo B (9.2.4) yIINHEHHYIO IPON3BONHYIO

g1 g2 P+
e = <123M ~n2p, - %U(S)A(s)u> D

3. Bropoe (Henuueitnoe) cnaraemoe B (9.5.2) copaBa mosBosger
ONCaTh MEXAaHW3M CIOHTAHHOTO HapyLIEHHs CHUMMETPHH W BBECTH
IOCTOSIHHYIO KOHCTAHTY (BaKyyMHOe CpelHee) CKaJIIPHOTO MO HJIs
HOCIIENYIOIIETO OIPENENIEHNs Yepe3 Hee Mace 3IeMeHTaPHBIX YacTHII.
Tperbe ciaraemoe cmpaba B (9.5.2) mo3BoisieT BBECTH Uepe3 XUI-
TCOBCKO€ CKaJIIPHOE IIOJIe MAacCy IIOKOS JIeKTPOHa. 30eCh CONEPKUT-
cs HeollpefiesisieMas Teopueil KoHcTaHTa f.. VIMEHHO OHa B KOHEYHOM
cueTe XapaKTepH3yeT Maccy HOKos »iekTpoHa. Ilociennee ciarae-
Moe crpaBa B (9.5.2) H03BoIeT BBECTH Maccy MOKOS HEMTPHMHO, €Cin
Korga-nu6o moHanobuTces 5To chenarh. Ero Macca xapakTepusyercs
IPOM3BONILHOM MOCTOSHHOM [, , KOTOPYIO B HACTOSIIEe BpeMs IpU-
HATO NOJIaraTh PABHON HYJIIO.

4. Tlocne COOHTAHHOTO HapyINEeHWs CHMMETPHE B TaK Ha3bIBae-
MOJl yHITapHOI KaJIuGPOBKe XUTTCOBCKOE CKaJIIPHOE IOJIe IPEeNCTaB-
asercs B BUIE

1{ 0
o= (") = — (9.5.5)

%0 V2\¢+n)’

rage 1 — IIOCTOAHHAA, ¢ — BEIIECTBEHHOE CKaJIAPHOE IIOJIE.
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IlnoTHOCTH JNarpaHXWaHa XUTTCOBCKOTO CKaJISPHOro mois (mep-
Bag cTpoka B (9.5.2)) B 5Toil KaauGpoBKe UMeeT BII

o+t ol )\2 s 15\?_
10, Tl — I n =

g 5 _
=g" (ﬂJr EZ 908) ( - ﬂZyso()) +

OzH oz¥  2hc

+ g2)z¢osoo[A(1) A1) + A(2),A(2)"]-

4(h
2 ) 2,,2 }\2 4
—~ (Popo)” + ——(eopo) — ——, (9.5.6)
rge NCIIOJIB30BaHO obo3HaueHNE
g=/9i+d5 (9.5.7)

5. W3 BrOpoil cTPOKM 5TOro BhIpaxeHus ¢ yueroM (9.5.5) moss-
JIAIOTCSI MAacCCOBBIE WJIEHEI NI BEKTOPHLIX IOJIEH:

g(zc)z 5°2.,2" + g3 (A(), A + A(2),A(2)")] . (95.8)

OTcioma MOXHO CHeNaTh CIEAYIONINE BEIBOILL:

1) MaccoBBIe BKIaABI IS 5J€KTPOMArHNTHOTO HOJIS HEe BO3BHUKA-
10T, KaK 3TO yKa3eIBaJiock B §9.3;

2) HeliTpabHOE BEKTOPHOE IOJIe Z,, MpHOGpeTaeT Maccy MOKOS

s gnhc
mze’ = 5=

(9.5.9)

+ —
3) sapsaxennsre BekTopHEle ona A(1), u A(2),, (wma Wi u W)
IpHOGPETaOT ONMHAKOBEIE MacChl IOKOS

h
mwyc’ = 9272]_0 (9.5.10)

6. Macca mokos XHITCOBCKOTO CKaJIIPHOTO 6030HA ¢ TaK¥Ke MO-
KeT 6BITH HafimeHa u3 (9.5.6) ¢ yuerom (9.5.5)

mpc® = An(he). (9.5.11)
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OTa Macca 3aBUCUT OT NOMOJIIHUTEIBLHOM KOHCTAHTEI A, KOTOpas Te-
opuell He pUKCUpyeTCcH.

7. AranoruuyasiM o6pa3oM HOABIAIOTCS Macchl ¢hepMuoHOB. s
sTOrO B jJarpamxmaH (9.5.2) BBemeHEI, Kak yXe yIOMEHAJIOCH, CJIa-
raeMble IOCJIeHel CTPOKM, ONMUCHLIBalOINUe B3auMoelicTBre dpepMu-
OHOB CO CKaJIApPHLIMU TonsaMu. B mTore maxomum

mec? = L(T’LLc)fen; m,, c’ = L(i'w)fl,en. (9.5.12)

V2 V2

Ecnu, xax oxunaercs, Macca HENTPUHO paBHA HYIO, HYXKHO MOJIO-
xuTh f,, = 0. (OkcnepumenTanpHsi npenen: m,, < 30 3B.)

9.6 OcHoBHBIE cBefleHUusS 00 3JIEKTPO-
cJIa0bIX B3aMMOOENCTBUAX YACTHIL
TpeX MOKOJIEHUM

Bce mpensinyiiee 0OTHOCUIOCH K B3aUMOIERCTBHIO OTHOTO HOKO-
smenus vactun. OmHAKO, CledyeT pasiindaThb TPU MOKOJEHHUS 3IIEK-
Tpociabo B3amMoreicTByomux yactul. Hanomuanm cameie Heo6xo-
MUMEIE CBeleHUs 06 3JIEKTPOCTAbEIX B3aMMOMENCTBUIX BIIEMEHTAP-
HEIX 4acTHI (JIENTOHOB M aIpPOHOB) TPEX HOKOJIEHWH B TOM BHIE,
KaK OHM CJIOXWINCH B PaMKaX NepBOil (pu3MuecKoil mapaiurMmer (B
IIOJIEBOM KaJIMGPOBOYHOM IIOAXOIE).

I. Onexrpocnabeie B3anMOAECTBUA JIEITOHOB TPEX

IOKOJIEHWIA.

1. B HacTOSImMIz MOMEHT M3BECTHEI IIECTH BUIOB JIENTOHOB (MHa-
4e, IMEIOTCS JIENTOHEL IIECTH APOMAMO8), O6Pa3yIOMIUX MPU NoKo-

aenu (=) () ().

Nx Ha3LIBaIOT COOTBETCTBEHHO NEPBHIM (3JIEKTPOHHBIM), BTOPHIM
(MIOOHHEIM) M TpeThUM (Tay-JIENTOHHEIM) IOKOJeHWsMu. Bce sen-
TOHBI 06JIafaloT COMHOM 1/2; BepXHEeE JIENTOHHI HETPaJbHHL (TPH
BHJa HEATPHHO), HUXKHUE O6G/IafaioT eINHNYHLIM OTPHIATEIbHBIM
5JIEKTPUYeCKNM 3apsanoM. HukHie JenToHEI CyIIecTBEHHO pasinda-
I0TCA MaccaMM IOKos. B Hacrosimee BpeMs B paMKax HepBOil Ia-
pPamurMel HeT OGIIENPU3HAHHOTO TEOPETHYECKOTO OGOCHOBAHUS CY-
IIeCTBOBAHMA MMEHHO Tpex HokojeHmit. OGBIYHO OTMedaeTcss Hesc-
HOCTh poJjiell 3TUX HOKOJIEHUH B obOmiell CTPYKType MHpa.

2. BsauMozeiicTBIE JIENTOHOB € IPOMEXYTOYHEIM HEUMPAAbHbIM
6exMopHbiM Z-6030HOM OCYIIECTBIAETCA Yepe3 HeliTpallbHEIE TOKM.
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CormacHO COBpEMEHHBIM JAHHEIM UMEIOTCS 6 JIENTOHHBIX HEHTPaIIb-
HEIX TOKOB, 0Opa30BaHHLIX ONWHAKOBLIME BXOA UMY U BEIXONAIIN-
Mmu vactunamu (tuna (V.yaVe), (€Yoe ® T.1.). XapakTepHO, YTO B
TEOpNHU He NOJIXKHEI BO3HUKAThL HeHTpallbHBIE TOKW, B KOTOPEHIX Ile-
PEMEIINBAIOTCS YACTHNLI M3 Pa3HBIX NOKOJIEHWil (T.e. THUHIA €YuK,
UeYaVu, I T.O.). DTOT HaKT eCTECTBEHHO HA3hIBATH IPABHUIIOM 3a-
mpeTa AJd HERTPAILHLIX TOKOB.

B camoM o6b11ieM Buie HERTPANbLHLIR JIEMTOHHLIA TOK MOXET GLITh
3allcaH B BHUJe CYMMEI ClIeNYIOMUX 6 4jieHOB:

6

35 = g5 ($:05%:) + g ($:;:054,)], (9.6.1)

=1

e MHIEKC 7 COOTBETCTBYET 6 apoMaTaM JIEITOHOB; OIIEpaTOPHEL Ogg

JJId JIEBBIX KOMIIOHEHT H 05 JJIA IIPpaBBIX KOMIIOHEHT MMEIOT paHEE
OHpe,[[eJ'[eHHI:Iﬁ BII:

OL = ya(1+i7s);  OF = 7o (1 — ivs), (9.6.2)

a g7 U gp — YMCIeHHBIE KO3G(UNNEHTH], IPUHAMAOINAE IJId JEeNTO-
HOB cllefiyIoIue 3HAaUeHNA:

gi =1/2; g}é =0 IS Ve, Vy, Vr;
gy = —1/2+sin’Oy; g¢h=sin’Oy nuae, p, 7. (9.6.3)

3mecws Oy — mo-mpexueMy obozHauaeT yroa Baiia6epra.

3. B3aumMmogeiicTBUE JIEITOHOB C MPOMEXYTOUHEIMHU 3QPANCEHHbL-
Mu sexmopruimu W -60301aMUu ONUCBIBAETCS YEPE3 3apAKEHHEIE TO-
KU, IpUYeM 3apaXeHHBEIE TOKM 06pa3yioTCAd TOJBKO JIEBLIMH KOM-
moHeHTaMu 4vacTui. CoOrigacHo 5KCIEPMMEHTAIBLHBIM HTAHHBIM IJIs
JIEIITOHOB MMEIOTCA JININEL TPH 3apAXKeHHEIX TOKa, B KOTOPHIE BXO-
IAT Maphbl JIeNTOHOB TOJBKO U3 ONHOTO IOKOJIEHNd, IPHUYeM 3TH TPH
TOKa BXOAAT COBEPIIEHHO CHMMeTPHUYHLIM 0Opa3oM:

il =e0Lv, + 5Oy, + 7OLv,. (9.6.4)

OTCyTCTBHE TOKOB, BKIIIOYAIOIINX YaCTUIEI U3 PA3HEIX MOKOJIEHWI,
O3HaYaeT MPABWIIO 3allpeTa IJIA 3apAKEHHEIX JIEMTOHHBIX TOKOB.

I1. DaexTpocnabpie B3aNMOAENCTBUA ANPOHOB.

1. CorsacHO COBpEMEHHEIM NaHHEIM BCE CHIILHO B3aMMONENCTBY-
IOIIME YacTHIEL — aOpOKbL (6APUOHBL U ME30HbL) IMEIOT KBAPKOBYIO
cTpykTypy (cM., HanpuMep, [48, 85]). [IpencraBnTeniMu aIpoHOB B
ci1abBIX B3aMMONENCTBUAX ABIAIOTCI K6APKU.



258 I''TABA 9. KAJINBPOBOYHAA TEOPHS

Ananoruyso JenToHaAM MMEIOTCS KBApKHU MIECTH apOMAaTOB, TakK-
e obpa3sylolliie TpU IOKOJIEHU:

U\ c\. t
d | s ) b -
Bce onnm obnapator cnmaom 1/2.

2. Bce xBapkm MMeIOT OTJWYHYIO OT HYJIS MacCy HOKOs, NMpU-
YeM pasiMyaloTcsd NBa BKiala B OOIIyI0 Maccy KBapKa: a) Macca
ToKoBoOro (“rosoro”) kBapka, 0GYCJIOBJIEHHAs SJIEKTPOCIAbLIM B3a-
nMoneiicTBeM (oHa pasnmuaerca oT 5 m 7 MsB mna kBapkos 1-ro
nokosieHus 1o 18 u 4,8 I'sB nasa kBapkoB 3-ro nokoserus); 6) Macca
6II0KOBOTO KBapKa (06yCiIOBIeHHAs CHIILHEIM B3auMoeiicTBueM (OHa
npumepHo Ha 300 M5B npeBrimaer maccy TokoBoro kBapka) [48].

3. U3BecTHO, YTO BCe BepXHUE KBapKHU (u, ¢, t) 06IIafaloT SieK-
TpuyecknM 3apsamoM ) = +2/3, torma kak HumxHHe KBapku (d, s,
b) umeror siexTpmueckmit 3apsan @ = —1/3. Ilpumevarenen daxr
IPOGHOCTU >JIEKTPUYECKOTO 3apsaia KBapKoB, a TakKXe TO, 4TO 3a-
PAOLI BEPXHUX W HIDKHUX KBapKOB OTJIMYAIOTCA NPYT OT Apyra Ha
enuuuny. Ilocmennee xapakTepHO TaKXe W OJIs JIENTOHOB.

4. BzauMonmeficTBIE ¢ TPOMEXYTOUHLIM HeUmpalbHblM 6EKMOP-
HblM 7 -6030HOM OCYIIECTBIISETCS depe3 HeliTpanbuieie Toku. Co-
TJIaCHO COBPEMEHHLIM JAaHHEIM UMeIoTcd 6 KBapKOBBLIX HelTpallbHBEIX
TOKOB (THHA Ty,u, dYad, - - ). Kak u B ciiyuae jenToHOB, B Teopuu
He NOJIXKHEI BO3HUKATEL HERTpaJbHLIE TOKU, B KOTOPLIX IIepeMeNInBa-
I0TCsI KBapKW M3 Pa3HBIX NMOKOJIEHMH (T.e. THNA WY,C M T.0.). DTOT
daKT ecTeCTBEHHO Ha3BaTh IPABUIIOM 3alpeTa IJISI HENTPAIbHBIX
TOKOB.

B camoMm o61mieM BuZle HEHTPaAJILHEIR TOK MOXeET OBITH 3aIINCaH B
BHJle CYMMEI cllefyiomux 6 4jieHOB:

6

35 = (91005 + grb,054:), (9.6.5)

=1
Ifle WHIEKC i COOTBETCTBYEeT 6 apoMaTaM KBapKoB: omepaTopkl OF
JOJId JIEBBIX KOMIIOHEHT N 05 JJIA IPpaBBIX KOMIIOHEHT MMEIOT paHEE

ONpeNlelleHHEIA B, a g7 U gp — YNCIEHHEIE KO3()PUIMEHTHI, IpH-
HUMaIOINe IJid KBapKoB CleNylollne 3HAUYeHNd:

g = +1/2 — (2/3)sin bw; gy = —(2/3)sin’ bw mas u, c, 1,
gh=~1/2+ (1/3)sin? bw; gk =+(1/3)sinfy  mand, s, b.
(9.6.6)

3mecws O — mo-npexuemy obozHauaeT yroa Baiia6epra.
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5. B oTsmmunme oT sienTOHOB JJId KBaApPKOB NMEETCA 9 3apAXKEHHBIX
TOKOB, TaK 4YTO KaX LIl KBapK MOXET O6pa.3OBI:IBa.TI> 3a.pH)KeHHI:II7[
TOK KaK C ITIapTHEPOM M3 CBOETr0, TaK U U3 NPYrux nokosieanii. Mmeet
MECTO INEpPEMEINNBaHNE KBapKOB B 3apAXEHHBIX TOKaX:

4 =d0Lu+50Lc+ 50, (9.6.7)

rae d', s', b’ — opTOHOPMUpPOBaHHEIE IMHEHEIE KOMOMHAINT d-, 5- 1 b-
KBapKOB. DTO MEPEMENTNBAHNE OMUCEIBAETCS ¢ MOMOIIBIO TPEX YIJIIOB
Diinepa 01, 05, f3 u daszoBoro MEoxuUTeNs €. M3 sKCIEPIMEHTATE-
HLIX JaHHLIX M3BECTHO, 4TO Bce yrawl 6; mamnwi. [lepeMemuBanme
KBapKOB MOXHO oNucaTh GOpMyIoi

1 81 8183 d
(w21 | —s 1 s34 spe® s ], (9.6.8)
5189 —89 — 8367‘5 1 b

rae s; = sinf;. Ilnsa 3sHaueHmil s; M3BeCTHEI oneHKH [48]:
6, ~13% s, ~0,231+0,003;
0,02 < |sy] < 0,09; s3] <0,04; 4] <0,4. (9.6.9)

Ecnu npene6peun 3HAUEHUSAME S U S3, TO OCTaHeTCa Hambosee Cy-
MIeCTBEHHEIH yroia 6, HasbiBaeMbIll yeaom Kabb6ubo. O onuceiBaet
mepeMeNnBaHNE KBAPKOB M3 MEPBOTO W BTOPOTO MOKOJIEHUH, T.€.

d =dcosf; +ssinf;; s = —dsinf; + scosb;. (9.6.10)

9.7 3amMeuaHmMa O MOOeJInd
Bamu6epra-Canama

CrenaeM psn 3aMedaHuil MO OOMIENPUHATONR HEIHE MONEIH SJIEK-
Tpociabrix B3auMoreiicTeuil Baiiu6epra-Camama:

1. C Touku 3peHUs pa3sBUBAEMOTO B KHUTE MOAXONA IJIaBHEIM He-
moctaTtkoMm Mmogenu Baiia6epra-CanaMa ABIA€TCS OTCYTCTBUE CBA3U
C TeOpHeN HPOCTPAHCTBA-BPeEMEHU. B 5Tol Momenm HCHOIB3yeTC
yXe 3alaHHOe 4-MepHOe NMPOCTPAHCTBO-BpeMd U Ha ero $oHe BBO-
IATca pu3nueckue MOHATHUSA B paMKaX KOHIENINN OIU3KONERCTBUA.

2. BriswiBaeT pan BONPOCOB MOHATHE BHYTPEHHUX CUMMETPWil
(m3oTommueckoro mpocrpaHcTBa). K HEM MOXHO OTHOCHTBCS IO-
pa3HOMYy: Jub0 IOBOJIBLCTBOBATHLCA CaMUM (PaKTOM HX CYLIECTBOBa-
HHUA ¥ OIPAaHMYUBATLCA UX YUeTOM IIPU BLIYUCIIEHNAX, OO MO3BO-
JNThH cebe NMOWTHM JNaJibllle M UCKATh KaKWe-TO IMOKAa He BLIABIICHHEIE
dakxTopE! bosiee dyHIaAMEHTAILHOTO XapaKTepa.
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3. Kanu6poBouHLIN NOAXON MO3BOJIET MOCTPOUTHL TEOPETUUEC-
Kie KOHCTPYKIIUM, HCIIOJNB3yd NpaKTUUecKW BCe H3BECTHEIE T'PYI-
nel JIu. CopammuBaeTcs, moueMy B GU3NKE MEKPOMUPA OKA3LIBAIOTCS
mIonoTBOpHEIME auinb rpynnsl U (1) m SU(2) (nroc eme SU(3) nns
ONMCAHNA XPOMOAUHAMUKN ), IPAYEM B TAKOM CHENU(PIIECKOM COUe-
tauuu? [loueMy He HAILIM BOILIONIEHUS B (GUBUKE NPYrUe FPYHILI?
Kaxkos kpuTepnii Beibopa “¢pusuueckux” rpynn Jlu?

4. B momenu Baiiu6epra-Caama mcHonab3yeTcs psifi HOMOJIHE-
TeJIbHEIX MIOCTYIIATOB, YTOUHAIONINX XapaKTep B3auMOIeHCTBUA Yac-
TUI ¢ KaJuOpOBOYHLIME NOJAMU. K HUM OTHOCHTCS 3ajaHuUe 3Ha-
YeHWil rumeps3apsana Y U IPOeKIWil W30TomuYeckoro cumHa 13 Iiid
OTIeJIbHBEIX KOMIIOHEHT 3JIEeMeHTapHBEIX YacTHII.

5. MHOXecTBO HapeKaHUH y TEOPETUKOB BEI3LIBA€T MEXaHU3M
Xurrca BBeleHus Macc sieMeHTapHbIX dacTun. CosmaeTcs BmeuyaT-
JIeHNe, 4TO 5TOT IpHUeM HMeeT BpeMeHHEIN XapaKTep U3-3a HeNMeHN 4
HUYETo JIyUYIIero B paMKaX HCIOJIL3YeMOr'o KaluGpoBOYHOTO MOIXO-
Ia. DTOT IMyTh O3HAYAET MONEITKY PEUIATH MPOGJIeMYy MacC YacTHIl
¢ moMombo MoHATHSA BakyyMma. HamomumMm, B pa3BuBaeMoOM B 5TOH
KHHTe TONXOHAe BEIOpaH allbTepHATHUBHEIN NMYyTh, — IpeljlaraeTcd ee
peliath B nyxe mpuHnmna Maxa, T.e. IOCpeICTBOM yueTa CBOWCTB
OKPY2KaloIllero MUpa.

6. Ima pemernus npobileMel Macc ¢epMUOHOB HEOOXOOUMO BO-
JIeBEIM 00Opa3oM BBOIUTHL IOMOJHUTEIbHEIE MacCOBLIE cllaraeMEIe C
HOBBIME KOHCcTaHTamu tuna f. u f,, B (9.5.2). B wactHOCTH, B MO-
nenn Baitu6epra-CanaMa HeT OTBETa Ha BOIPOC O 3HAUEHUH MACCHI
NOKOS HelTpuHO. BribopoM KOHCTAHTEHI f,,, ee MOXHO cIellaTh KaKoii
YTOIHO.

7. B pamkax mogenu Baiiu6epra-Camnama He 06BACHIETCS CY-
MIECTBOBAHNE TPEX MOKOJIEHUN 3JIEMEHTAPHBIX YacTUI. JTOT PakKT
BHOCHUTCA B T€OPHIO U3BHE.

WmMeeTcs pan apyrux npetensumii Kk mMomenu Baiin6epra-Camama.

Tem He MeHee, cllefyeT KOHCTATHPOBATh, YTO MMEHHO B paM-
KaX JaHHOTO KaJINOpPOBOYHOI'O IOAXONa BIEPBHIE YIaJIOCh IOCTHYL
CYIIEeCTBEHHLIX Pe3yIbTaTOB B MOCTPOECHUN MOMEIH 3JIeKTPOCIabbIx
B3auMmoneiicTBuii. [Ipu pasBuTHM Bcex APYIUX BapHaHTOB TEOPHUHN
5JIeKTPociIabbIX B3aMMOIENCTBUH Teleph HEOOXOIMMO CONIOCTABIATh
UX C yXKe N3BeCTHON MOJIEJBIO U 3a00TUTHCA O BEINIOJIIHNMOCTH MPUH-
IHUIa COOTBETCTBUA, UTO U OyIeT NejlaThcd B IOCIEeNYIOMINX IIaBaxX.



I'maa 10

7-Mepuas
reoMeTpmudeckas MoOOeJIb
r'paBU->3JIEK TPOCIIA0BIX
B3alIMOIENCTBUN
(6030HHLIN CEKTOP)

O6cynum Bompoc 06 06beNVMHEHUN TPABUTANMOHHLIX U HJIEKTPO-
ci1abBIX B3aMMONENCTBHUA B paMKaxX (yHapHOH) 7-MepHOW reoMerpn-
yeckoll Mozenn tuna Teopun Kanynwr-Kieitna. B et okasbiBaioTcs
3aleficTBOBAaHHEIMU Bce 7 KOOPAMHAT, Ipoobpa3 KOTOPEIX BO3HUKAET
B 6unapHoOl reoMerpodusuke (B pamxkax BCKO panra (4,4)).

Panee B mammux pa6orax [11, 13, 19] 66U npensIoXeHsI ABA Ba-
puaHTa 6-MepHOW reoMeTpHUYecKOH MOIelH I'PaBHU-3J1eKTPOCIabbIXx
B3amMopeiicTBuil, obbenuasomux 3akoHomMepHocTu OTO um mome-
nu Baitu6epra-CanaMa: TOPCHOHHO-METPUUYECKUN U METPUUECKUIA.
B sT0ii ritaBe ¢ mo3umuii GUHAPHON TeOMeTPOPU3NKN MPOAHAITIH3UPO-
BaHLI OCHOBaHUA U collepXKaHue Hanbollee COBEPIIEHHOTO MEMPULEC-
K020 eapuawma T-MepHON reoMeTpuueckoil momenu. Crenyer mon-
YepKHYTh, YTO 3THU MOMAENN CTPOWINCH He IO NPUHIONUIY CTPOTOro
cllefloBaHU M3BECTHLIM MeToiaM oOIell TeOpHH OTHOCUTEIHLHOCTH
unu b-MmepHo Teopum Kamymbr, a mcxond u3 ocozHaHmusa pakTa, ITO
OCYIIeCTBIIAeTCA BEIXOJ B HOBLIE, JOcelle HEU3BeCTHEIE Pa3MepHOCTH,
¥ CTOHUT 3alladya He HaBA3LIBATh MUPY CJIOXKUBIINECAd IIpencTaBlle-
HH4, a BBIABIATH UX, ONNPAaACh Ha IPUHIUI COOTBETCTBUA C U3BECT-
HEIMU CBOWCTBaMU MUKPOMEPA, YCTAHOBJIEHHLEIME B pPaMKaX MOIEJIN
Baiiu6epra-Camnama.

3aMeTuM, 4TO MOCIE CO3MaHUs OGIIER TEOPUHN OTHOCUTEIBHOCTH

261
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HEW3MEHHO OKa3bIBAJIOCh, UTO IOIJieXKallas reoMeTpu3anuu ¢Gusu-
YecKkad Teopud, paHee yxke 6bLIa cpopMympoBaHa B paMKaX IepBoOH
mapafurMel. JTO OTHOCHTCA KaK K SIEKTPOMATHUTHBIM, TakK W K
SJIEKTPOCIIA6EIM U K CINILHEIM B3auMoneiicTBuaM. Ilo Hamemy y6ex-
IEeHWIO, BCe MONLITKM OOOCHOBAThH HEOOXONUMEIE IJId ONUCAHUA W3-
BECTHEIX QU3MYECKUX B3aNMMONEWCTBUI CBONCTBa MHOI'OMEPHEIX Te-
opuil (Ynciao0 pasMepHOCTEN, KOMIAKTH(PUKANMIO NONOIHATENLHEIX
pa3MepHOCTel, BEIOOP TONOJIOTH AONOJIHUTENILHLIX pa3MepHOCTel 1
IPYTHe) BCENEJO B paMKaX KIIAaCCHYECKMX [eOMETPHYECKUX INpen-
cTaBJeHU o6peueHtl Ha Heymauy. g ux o6ocHOBaHMS HEOGXONUM
BBIXOJl 3a IIpelellbl JaHHON MapalurMbl — IepeXol Ha IPUHIUNEL Ou-
HapHOHU reoMeTpOdU3NKH.

OTMeTuM, 4TO B 5TOil TilaBe PACCMOTPEHHE BENETCSI B pPaMKax
OTOM TapagurMEL, TO €CTh 2€0MEMPUIYIOMCA AUULL BO30HHBIE NOAL
neperocuuxoe e3aumodeticmeuti. Marepmanbuble 06beKTH (pepMn-
OHBI), MEXIY KOTOPHIMH IPOMCXONAT B3aMMONENCTBUS, HE TEOMET-
pU3YIOTCs, a BBOAATCA B TEOPHUIO BOJEBLIM 06pa3oM. DTOT BONIPOC
nonpobHo obcyXkIeH B cIeNyIOIell riaBe.

10.1 3Banmaum m maem 7-MepHOH
reoMeTpPUIECKOM MOOEeJIM I'PaBU-
3JIeKTPOoCcJIabbIX B3auMoOeCcTBHUM

IIpu mocTpoeHNN MHOTOMEPHOI TeOMeTPUUECKOH MONENN T'PaBU-
5JIeKTPOociiabhIX B3amMONecTBUHM HeoOXOAMMO OBLIIIO PEIIUTH CIENY-
IoIINe OCHOBHLIE 3a1a4Ml:

1. 3BecTHO, YTO B3aMMONENCTBYIONINE SIIEK TPOCIAGLIM 06pa3oM
YacTHILI XapakTepU3yIOTcd IBYMA KBaHTOBaHHBEIMU 3apAlaMu: T'H-
mep3apsanoM Y u mpoeknueil mzocnuHa T5. IM cOOTBETCTBYIOT nBE
KOHCTAHTHI B3aUMOAEHCTBU ¢ U ¢2. U3 5TUX BeauuyuH nosyvaioTca
SJIEKTpUUYECKHUe 3apsAnsl () B eIWHUIAX €, CAaMO 3HAYEHWE € W KOH-
CTaHTa B3aUMoOmelcTBUa dacTun ¢ Z-6ozoHamu. Heobxomumo 6vuio
IaTh alleKBaTHOe reoMeTpuUeckoe o6ocHOBaHUE 3TUX (PaKTOB.

2. B pamkax kimaccuueckoit Mmopenu Baia6epra-Canama sekTpo-
citabble B3aUMOIIERCTBUSA MePeHOCATCA YEeTHIPbMS IPOMeXY TOUHLIMHU
BeKTOpHEIMH mojisamu: B, u tpumrerom A(s),, roe s=1,2,3. Heo6xo-
INMO OBLLIO yKa3aTh TeOMeTpHUeckuil o6pa3 3THX UeTEIPeEX BeKTOp-
HBIX TIOJIEH.

3. CaemoBaito mokKas3aTh, YTO B T€OMETPUUYECKON MOMNEIU €CTECT-
BEHHEIM 00pa30M BO3HUKAIOT HelIMHEWHLIE BEIPaXKeHU IS TEH30POB
HalpAXEHHOCTEN BeKTOPHEIX IIOJIEH, COOTBETCTBYIOIIUE HeabelleBy
xapakTepy rpynnst SU(2).

4. BaxHo 6BLLJIO MOKa3aTh, YTO U3 MHOTOMEPHOH CKaJIIPHOW KpH-
BHU3HEI MOXHO MOJIyYUThH BCe W3BeCcTHRIE B Monenu Baiubepra-Cama-
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Ma cJlaraeMble IJIS IJIOTHOCTH JIaTpaHXHMaHa YeThIpeX BeKTOPHBIX
nodeit, obnanasommeit coiictBoM U (1) x SU(2)-cummerpun.

5. B paMkax MHOTOMEpPHOHI TeOMETPUUECKOH MONETN HEOOXOMMMO
6bL10 onmucaTh Ny6iileT GepMUOHHBIX MOJel: HEUTPHUHO M 3JIEKTPOH
(mst omHOTO MOKOJIEHUS JIENTOHOB).

6. Oco60 BaxHO 6BIIO MOKa3aTh, YTO CTAHAAPTHEIE METOILI OIH-
CaHUA CIWHOPOB B UCKPHUBIIEHHOM IPOCTPaHCTBE-BPEMEHN IPUBOAAT
K N3BECTHEIM BBLIDAXKEHWSM, BEITEKAOMNM (B CHENMAJLHON Kailu-
6poske) u3 U(1) X SU(2)-cuMMeTpuuHOll MIIOTHOCTH JIaTPaHKMaHa
B3aUMOIIeHcTBUA NybieTa pepMUOHHEIX TOJIEH C MPOMEeXYTOUHLIMHU
BEKTOPHLIMHI 6030HaMH.

7. CrmenoBaiio yKa3aTh reOMETPUUYECKHT AHAJIOT W3BECTHOTO Me-
xaHm3Ma XUITCa NI BBENEHUS MacC MOKOS SJIEMeHTapHBEIX YacTHII.

IIpencrosano pemnTh TakXke pan OPYTUX 3akad, UMelOIMux Gosee
CIIeNWAJILHLIA TeXHWUYECKUN XapaKTep.

Insa pellleHus TmepPeUYUCIIEHHBEIX 3aJad MCIOIbL30BAJIUCH CIENYIO-
Iiye reoMeTpUUYecKne UAEU M METONBI:

1) Ins nocTpoeHns 06 beNUHEHHON IreOMETPHYECKOR TEOPUH I'Pa-
BH- 3JIEKTPOCIabbIX B3aMMOIENCTBUI OKa3aJloCh HEOOXONMMEIM yBe-
JINYUTH Pa3MepHOCTH MPOCTPAaHCTBEHHO-BPEeMeHHOI'O MHOrooOpasus
Ha TPH €IUHUIEL, T.€. MUHUMAALHAA PA3MEPHOCMb, TJIe 3TO BO3MOX-
HO cHejlaTh, cemb. B 4acTHOCTH, 5TO MUKTYeTCs peIIeHNEM IEPBOR
u3 cOOpMYIUPOBAHHLIX BHIIIE 3anad. /I3BeCcTHO, YTO B MHOTOMEPHOIH
TEOPHNH 3apAIEl C TOYHOCTHIO IO KO3dPUINeHTa UMEIOT CMEICIT UM-
MYJIbCOB MO JOMOJHUTENLHEIM KoopAauHaTaM. Macca BEICTyIaeT Kak
ellle ONWH — TpaBUTANNOHHEIH 3apan. UToro, monyuatores 3 momos-
HHUTeNbHLIE pa3MepHOCTH.

2) IomonHuTENbHEIE Pa3sMEPHOCTH HEOOXONWMO INOJOXHUTDL Cy-
IIeCTBEHHO OTJINYAIOMINMUCA OT KJIaCCHUeCKNX,— OHU JOJIXKHEI OBITH
KOMNAKMUPUYUPO8AHBIMY, T.€. 3AMKHYTHIMU C OY€Hb MAJIEIM MEPHO-
noMm. Ha mpakTuke 5T0 03HaYaeT MCIONB30OBaHUE MUKINIECKOR (DKC-
MOHEHNINAIBHOM ¢ MHEMEIM [OKa3aTeleM) 3aBUCHMOCTH BEJIUYHH OT
IONOJIHUTEIILHEIX KOOPAMHAT BHUAA

U = ¢(2") exp[ifz* + ia(esz® + 62°)], (10.1.1)

rne v (z")- cnaraemMas Kak reOMETPHYECKNX, TaK M BBONUMEIX B Ieo-
MeTpHIO N3BHe BeJIMUWH, 3aBUCAIIad JUMIL OT KIIACCHYECKUX KOOp-
nmHAT, @ M 3 - Majble MapaMeTpHI Pa3MepHOCTH [cM ™ '], xapakTepu-
3yIollne NepUOALl KOMIAaKTUGUKAIUN 110 HOMOIHUTENLHLIM pa3Mep-
HOCTSAM, €5, €g - Oe3pa3MepHLIe mapaMeTphl. B m3maraeMoll HmXe
7-MepHO# MOIeJIN HCMOJb3yeTca MpocTellnasd TOMOJIOTUI 3-Topa.

3) Mmeercs cBA3b MeXIy pasMEPHOCTHIO M CHIHATYpoil (yHap-
HOTO) NPOCTPAHCTBA, C ONHOH CTOPOHEI, M XapaKTEPOM M YHCIIOM
KOMIIOHEHT CINHOPOB (B TPaJWINOHHOM KX NMOHHMAHUH C IO3HIMI
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anre6p Kinddopna Hax moseM BeIeCTBEHHEIX YNCEN), ONpPENess-
€MEIX B 5TOM HPOCTpaHCTBe. B wacTHOCTH, B 7-MEpHOM NpPOCTpaH-
CTBE C PacCMaTPUBAEMON CUTHATYPOH CRUHOPbL JOANCHBL UMEMDb 8
KOMNAEKCHBIE KOMNOnenm. B obcyxkmaeMoll 31eck TeOpHUH STOT 8-
KOMIIOHEHTHBLIN CIIMHOP MHTEPIPETUPYeTCA depe3 oblenpuHATEe 4-
KOMIIOHEHTHEIE CIIMHOPLI, ONUCHIBAIOININE 3JIeKTPOH U HEWTPHHO.

4) B cormacun ¢ nyxom OTO u ¢ paccMOTPEHHEIME BEIIIE MOZE-
aamu Kanyner n Kneiina B kauecTBe kiroueBoro (6a30BOro) BHIpa-
JKeHUd BLIOMpAEeTCa 7-MEPHAA 2UNEPNAOMHOCTND AQA2PAHICUAHA, CIIa-
rafomiasicd U3 reoMeTpHUecKoll YacTH U BKJIaJa CIMHOPHON MaTepuu:

- VGO _
L= —%71% + %\/GW) [i(hc)\perM\I/ + (h.c.)} ,  (10.1.2)

rme G(7) — onpenenuTens MaTPHIBL U3 KOMIOHEHT 7-MEPHOTO MeT-
puyeckoro tenzopa Gy MHOroo6pasusa (M, N =0,1,2,3,4,5,6) c
curratypoit (+ — — — | — — =), "R — 7-MepHas ckajdpHas KPUBH3-
Ha; ¥ — 8-koMmoHeHTHEIH cnuHop; V¥ — 7-MepHas KoBapuaHTHas
IPOM3BOAHAA OT CIHHOPA

oy

U=
Vi OzM

_ %AM(NP)P(N)F(P)@. (10.1.3)

3mecs Apr(N P) — 7-mepHsle Ko3dpdnnuenTs! Bpamenns Puaun, T'ps
— KBaJpaTHEIE §-psnHEEe MAaTpuubl (PYHKIHAN OT KOOPAMHAT), CBS-
3aHHEBIE C METPUYECKHM TEH30POM COOTHOIIEHUEM

'y + Tyl = 218Gy, (10.1.4)

Ig — 8-panHas enuHNYHAA MaTpUIIA.

5) IlpuHUANEAILHO HOBEIM MOMEHTOM IaHHOM MONENN IO CPaB-
HEHNIO c oOmlell Teopmell OTHOCHUTEIILHOCTH M 5-MepHOH Teopueit
Kanyusr sBiseTcs monylleHWe 3aBUCHMOCTH KOMIIOHEHT 7-MepHOM

METPUKHN OT AOIOJHUTEJIBHBIX KOOpAWMHAT (HapymeHHe YC.TIOBHﬁ on-

JINHOAPUYHOCTH IIO 1135 n :DG) I OONYIIEHNE KOMIIJIEKCHOCTU HEKOTO-

PHIX KOMIIOHEHT METPHUKH. DTO 06YCIIOBIEHO TEM, YTO B 3TOMl TEOPUU
IpenjaraeTcs ONHUCaHNe Yepe3 KOMIOHEHTEl METPUKY BeKTOPHLIX 3a-
paxenHErx WE-6030H08B (n 3apsAXKEHHBIX XUITCOBCKHX CKaJISPHEIX
6030H0B). CMeInanHEIE KOMIOHEHTHI METPHWKH, ONNCEHIBAIOIINE >TH
YaCcTHUILI, COTJIACHO M3JI0XKEHHOMY BEIIIE, NOJIXKHEI 3aBUCEThH OT HO-
TMONTHUTENLHLIX KoopauHaT. HamoMHNM TakXe, 4TO B CTaHIapTHOIM
KBaHTOBOH MeXaHUKe 3apAXKeHHBIE II0JI4 ONNCHLIBAIOTCA KOMIIJIEKCHEI-
MU BOJTHOBEIMU pyHKnuUAMEU. Hudero momo6Horo He GLIJIO HE B OOIIIEi
TEOpHUU OTHOCHTENILHOCTH, HU B b- U 6-MepHEIX Teopuax Kamynrr n
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Kneiina, T.K. B HUX B3aUMONENCTBUE MEPEHOCUTCS HENTPAILHLIMU
6030HaMH.

6) B 7-MepHOIl reoMeTpHYECKOR MONENN [ BBEAEHUS Macc IO-
K04 YacTHUI IpeljlaraeTcd UCMIOIb30BaTh MPOLUeNYypPY, aHAJIIOIMUYHYIO
MexaHu3My Xurrca. IlIpu 5ToM ckangpHLIe OIS BBOOATCA Uepe3 KOH-
dbopMHET dakTOp. DTO 03HaUaeT neperod om ucrodnol 7T-mepnot
Mmempury x Kongdopmuo eli coomeemcmeyowet, e KOHPOPMHEIR
daxTOp BEIpaxaeTcd 4epe3 ONHY U3 IOMOJIHUTEILHBLIX NUAroHaJIb-
HEIX KOMIIOHEHT METPUKH.

7) Ilns 3anmcu MHOTOMEDHEIX T'€OMETPHYECKNX BEJIMYNH M BBI-
paXXeHUl Yepe3 NIPUBHIYHEIE 4-MepHEBIE MOHATHUA CTaHIapPTHON Moje-
nu Baiin6epra-CanaMa Heo6XOMMMO HCIHOIB30BATH PENYKIHUIO TEO-
pun Ha 4-MepHOe IPOCTPaHCTBO-BpPeM, T.e. IPOU3BECTU NMPOUENYPY
1+1+1-+4-pacimensieHus HCXOTHOTO 7-MEPHOTO MHOroobpasmsa. ITo
OCYINECTBIAETCS C TMOMOIIBIO MPUAdHo20 Memoda B CHENUAILHOM
KanubpoBKe THUIIa TPUKIBLI XPOHOMeTpPHUUECKON B 0OIlell Teopu:m OT-
HOCUTEIILHOCTH.

8) OxoHuaTenbHOE BEIpaXKE€HME IJIS IIOTHOCTH 4-MEpPHOTO Jia-
rpaHXHaHa I'PaBU-3J1eKTPOCIabEIX B3aUMOAeHCTBUN HoIydaeTcd U3
7-mepHoii runepmiorHocTH (10.1.2) mocpencTBoM ycpenHeHNs MO Ma-
JILIM TlepHoflaM 3aBUCHMOCTER OT IONMOJHUTENbLHLIX KOOPAMHAT CO-
riacHo ¢opmynam Buna (7.4.17) u (7.6.9), MCHONB3OBAaHHBIM yXe
B b-ontuke Pywmepa. Ilociie uHTErpmpoBaHNsA THHEPIIOTHOCTH Ja-
rpamxuana mo dz*, dz® m dz® Bce sKcmoHeHmmaNBHEIE ciraraeMble
tuna (10.1.1), He coKpaTHBIIMECS IPH YMHOXEHUH COCTABIISIOLINX
cllaraeMbIX, ICUe3aloT, U MoJIyd4aeTcsa BhIpaKeHNe, 3aBUCAllee JIUIIL
oT 4 KilacCHYeCKHUX KOOpAUHAT.

B crmemyiomux maparpadax 5TOH TJaBBEI IPONEMOHCTPUPOBAHO
pellleHNe yKa3aHHBLIX 3aJad C IOMOIIbIO NEePedNCcIeHHBIX IeoMeTpH-
YeCKHX METOIOB.

10.2 CocTaBasoIiliue MeTPUIECKOTO
TeH30pa

1. HauneM c ajre6pel TpUamHOTO METONA B PacCMaTpPUBAEMOM
BapuaHTe 7-MepHOil Teopun. B o6IeKoBapnaHTHOM BUIE 7-METPUKA
G mpencraBaseTcs B ¢hopme

Gun = gun — EMEN — AMAN — omoN, (10.2.1)

rie K BeKTopaM 37 U Ajs, MCOJIL30BAHHLIM B ri1aBax 7 u 8, nobaBien

BEKTOP 0}, COOTBETCTBYIONIHI cenbMoit koopamHaTe z°. Bemmuman
n3 (10.2.1) ynoBIeTBOPAIOT yCIOBUAM OPTOHOPMHPOBAHHOCTH THUIA
(4.6.19).
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2. BosbMeM KaJuGpOBKY THUNa TPUXKIEI XPOHOMETPUUECKOH B 4-
mepaoit OTO. Mycrs BexTop £4 Hanpasmen Baonb 2* mOCie mepBoro
1+6-pacmiensienus, BEKTOP A\ Brigenen BTOpPEIM 1+41+45-pacmennenuem,
a BeKTOp 0 BEIZeJIleH TPeTHUM pacIIeljIeHHeM, T.e. IyCTh

A ~A ~NA
Gi Mo G ga_ G (10.2.2)

€ IIOJIOKEHO

¢ =

Gun = Gun + Emén; Gun = Gun + Emén + Audn.

Ioce COOTBETCTBYIOIIUX BBIKJIAJOK KOMIIOHEHTEL 4—MepHOI7[ METpu-
KM HaXOoOsATCA B BHIE

_ GM4GU4
Ju = G;w G +
(GueGse — GusGes) (GreGse — GusGeg)
+ (10.2.
+ Goo(Cy — Goolas) i (10.2:3)
g = G

KoMmmoneHTEI 7-MepHEIX BEKTOPOB B NaHHON KajMGPOBKE 3aIlm-
CEIBAIOTCA B BUIE

1
¢4 = {0“; ; 0; 0} ;
G Gs4 Goa }
= i =V —Gag; ; 10.2.4
SA { \V/ _G44 4 \/_G44 \/_G44 ( )
_ G45Gaa — G1aGsa
V/~G11(GusGss — G%)
(G56Ga5 — G55G46)Gan + (G45Gas — G44G56)G5oc+
\/A(G44G55 - G%5)
G44Gss — G2
GGOH
VA

(10.2.5)

Ou

_I_

(10.2.6)
ruoe

—-A = G44G55G66 - G66G4215 - G55G4216 - G44G§6 + 2(;56(;46c;45-
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3. Kak BHIHO M3 M3II0XKEHHOTO, IPU HEMOCPENCTBEHHOM 0606-
meHnn 5-MepHoi Teopun Kamyner kaxmoit HOBOH pasMepHOCTH MO-
XKET COOTBETCTBOBATH ONHO HOBOE BEIECTBEHHOE BEKTOPHOE IOJIE.
B paMkax 7-Mepusi TaKOBBIX TpH,— 3TO 4-MepHEIE 4aCTH TPeX 7-
MepHBIX BEKTOPOB Tpmansl: &,, A, 1 0,. OnHaKO, KaK M3BECTHO, B
Mozenu Baiin6epra-Canama ¢urypupyior 4 BEKTODHBIX IOJIA: ABa
HeitrpanbHeix (B, u A(3),) u nBa 3apsxenunix (A(1), z A(2),).
CreoBaTeNnbHO, HEMOCPENCTBEHHEIM 0606menneM Teopun Kamynbr-
KieilHa MOXHO HNOJIyYHTh JIMNIb HEATpajibHblE BEKTODHEIE IOJ,
IJ1s BBEJIEHNS 3aPsKEHHBIX BEKTOPHEIX OJIell HEOOGXONMMO BHIATH 32
pamku TpanunuonHoil Teopuu Kanyne-Krneiina, — cienyer momyc-
TUTH, YTO BEKTOPHI TPHAILI CONEPXKAT CiaraeMele,3aBUCSIINE IUK-
AMYecKuM o6pa3oM OT NONONHUTEIbHEIX KoopauHat. Kosbdunuen-
THI OPU COOTBETCTBYIOIIUX FapMOHUKaX CIENYeT OTOXKIECTBHTH C
HOBHIMU (y2Ke 3apsKEHHBIME) BEKTOPHBIME HOJIAMI.

B camoM oblieM ciiydae clenyeT HOIOKUTH

ga - c4éoc + b4Boc + (14A(3)a—}-

Fuf Wi expliaf(at,a%, %)) + wy W expl-iaf(a®,a®,a®)] + -
(10.2.7)
>\oz = C5€o¢ + b5Boc + (Z5A(3)a—}-

Fud Wi expliaf (a2, %)) + wy W expl-iaf(a®,a®,a®)] + -
(10.2.8)
Oq = 66604 + bGBa + aGA(s)a‘l'

+wd W expliaf(z?, 2°, %)) + wg W exp[—iaf(e?, 2% %)) + - -,

(10.2.9
e a,, b, ¢,, wE - HeKOTOpPEIE MOCTOAHHEIE pa3sMepHEIE KO3bbumm-
€HTHI, KOTOPBIE ONpeNelieHEl HuXe; &y, By, A(3)y — Tpu HellTpans-
HLIX BEKTODHHIX moiis, a W m W, — nBa 3apAXeHHLIX BEKTOD-
HBEIX TOJId, CBA3aHHEIE C (PU3MUECKUMU BeKTOpHEIME moisaMu A(1),
n A(2), crapmnapraeiMu dpopmyiamu (9.3.5). [Ipn nocienuux crosar
SKCIOHEHTHI C TMOKa3aTesAMH, Kyla BXONUT HEM3BeCTHad (DYHKIHA
f(z*, 2°, 2°), onpenenaomas TapMOHWKE MUKIMIECKO#l 3aBHCHMOC-
tu. IMEHHO ¢ IOMOIIBIO 5THX TApPMOHEK PEIaeTcs 3aada BBENCHUS
3apAXEHHLIX BEKTOPHEIX IoJieil. MHOrOTOYMEM OTMEYeHBI BO3MOXK-
HEIE CJIaTaeMble C IPYTUME FapMOHUKAMI.

B sToli riaBe He 6yleM yYMTHIBAThH BEKTOPHOE moje &,, COOT-

BETCTBYIOIIIEE KOOpAMHATE 1E4, T.€. 6y,ueM InoJiaraThb

C4 = C5 = Cg = 0. (10210)
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4. B 7-MepHOll TeOMETPUUECKOHl MOHAENN, B KOTOPOil TPON3BENEHO
1+1+144-pacmennenne ¢ KaJlubGpPOBKOW, TUIa XPOHOMETPUUECKON
B YKa3aHHON BHIIIE NOCJENOBATELHOCTH, BEIIEISIOTCSA CIENYIONINE
KOOpIUHATHLIE Tpeobpa30BaHus:

14 14

2 = 22" 2% 2% 2); (10.2.11)
2 = 22" 2% 2%); (10.2.12)
2 = 2%z, 2%); (10.2.13)
z'* z'(z"). (10.2.14)

OTu GOPMYJILI COOTBETCTBYIOT HPUBENEHHEIM paHee B 5-, 6- um 7-
MEDPHBIX MOJEJLAX.

®opmynsr (10.2.7) — (10.2.9) n npyrme moppasyMeBaioT, 4TO B
TEOpUH NOIYCTUMEL JIUIIL TakKWe MpeoGpa3’oBaHUsA KOOPIOHMHAT, KO-
TOpHIE HEe MEHAIOT XapaKTepa BBENECHHON 3aBUCHMOCTY BEJIMYHH OT
JONOJHUTEILHEIX KOOPAUHAT. OTO O3HAYAET CYXKeHWe Kiacca Mmpe-
ob6pasoBanmit (10.2.11) - (10.2.14) mo Takmx, B KOTOPHIX He IEpe-
MEIINBAIOTCA 4-MepHBIE KIIACCHUYeCKUe KOOPAMHATHI W TPH IOMOI-
HuTenbHEle. OrpaHNYNBAACE JINIID JUHERHEIMEA IPEO6PA30OBAHUAME
IONIOJIHATELHLIX KOOPAWHAT, MPUXOAUM K CIENYIOIIEel yCedeHHOM
cucTeMe Mpeobpa3oBaHmil TPEX KOOPAUHAT:

e = izt + i’ + ciz® + fu(zh); (10.2.15)
2”® = 22’ 4 328 + fi(2M); (10.2.16)
2® = gz’ + fo(x"), (10.2.17)

rIe ¢} - HEKOTOpHIE BelleCTBeHHBIe mapaMeTphl, fa(z"), fs(z#) m
fe(z") — mpomsBonbHEIE GYHKUNE OT YETHIPEX KIIACCHYECKUX KOOP-
IWHAT.

5. Koopnunartable mpeo6pasoBanms (10.2.15) — (10.2.17) nuxk-
TyloT mEBapmanTHOcTH dymkmumu f(z? z° 2%) B (10.2.7) - (10.2.9)
OTHOCHTENILHO JOIYCTHMEIX IIPeo6pa30oBaHmil JOMOJHATEIBHEIX KO-
opamuar. PaccMoTpmMm mpocTeiimmii BapmaHT TEOpHH, KOTJa 3Ta
bYHKIMA 3aBHCHT TOJBLKO OT ONHOM KoopaumHaThl z°. Bes ymep6a
I OBGIIHOCTH MOXHO TOJIOKUTE cg = 1. [o mpwymnEaM, o KOTOpHIX
6ymeT WATH pedb HUXE, MOJIOXKAM

f(z* 2%, 2°%) = ega® = 22° — 6 = 2, (10.2.18)

TO €CTb MOJIOXAM METPUKY NIJIMHIPHIHON IO JOMOIHATEILHEIM KO-
opnmaaram z*! u z°. Torma dopmymnsr (10.2.7) — (10.2.9) ¢ yueTom

(10.2.10) npuHEMalOT BUL
Sa = byB, + CL4A(3)a—}—
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+wi W exp[2iaz®] 4+ wy W exp[—2iaz®]; (10.2.19)
Aa = bsBy + a5 A(3) o+

+wi W exp[2iaz®] 4+ wy W, exp[—2iaz®]; (10.2.20)
0o = beBo + acA(3)at+

+wd W exp[2iaz®] 4+ wg W, exp[—2iaz®]. (10.2.21)

Comepxaimuecs B stux dbopmynax 12 kosbdunuenToB OynyT Haii-
IEeHEl U3 CONOCTABJIEHUSI I'eOMeTPHYECKON MOJIEeIH CO CTaHIapTHOM
Mogenbio Baitu6epra-Camnama.

3aMeTuM, 4TO 3IeCh CIAraeMbIE C SKCIOHEHTAMHU MOXHO Ppac-

CMaTpUBaTh KaK YaCThb Pa3JIOXKEHNUA KOMIIOHEHT 4-MepHI:>IX KOMIIO-

HeHT Tpuanbl B pan ypre mo rapmonmkam®.

6. Il ynpolneHns NaJbHEMIINX BHIKIAJOK MOJIOXKIM, 4TO CMe-
IIaHHbIE KOMIOHEHTHI BEKTOPOB TPHAILI OGPAIAlOTCA B HYIb, TO
ectb BMecTe ¢ (10.2.4) mmeem

E=¢=0 M=X=0 o'=s"=0, (10.2.22)

10.3 Jlarpan:xmaH BEeKTOPHBIX 6030HOB

1. Cnenyiomas BaXxHas COCTaBHas 4acTh TPUATHOTO METORA —
3adanue mpuadublz Pu3uKo-zeomempuuecKur menzopos. B nanHoi
KaJgubpoBKe U C 3allaHHOW 3aBHCHMOCTBLIO OT NONOJIHUTEILHEIX KO-
OpIMHAT YacThb U3 HUX TOXIECTBEHHO obpalllaeTcd B HYJIb, YacTh
(pu3nKo-reoMeTpUUYECKNX TEH30POB JaeT BKJIalbl B MacCOBBIE cilara-
emere. OCTalOTCA TPU AaHTUCHMMETPHYHEIX TEH30pPa BTOPOTO PaHTa,
IpefcTaBIIAIoNINe OCHOBHON MHTEpeC:

1

Py = S9lof (€arn — Ena); (10.3.1)
1

Fc(v5/3) = §9£49;]3v()\M,N — AN,M); (10.3.2)

P = oMoy - 10.3.3

ap = 9a 98 (opm,y — ON M), (10.3.3)

B obmem cnydae MOXHO ObIIo OBl OpaTh O€CKOHEUHEIN DAL Pa3IoXKEHUS
II0 COOTBETCTBYIOLIIMM rapMoHUKaM. EcTecTBEeHHO CTAaBUTEH BOIPOC 0 KPUTEPUH,
TI03BOJIAIOIIEM IIPOM3BECTHU 00pe3aHUe 3TOr0 PANa, WM HYXKHO MOMBITATHCA 005-
SCHUTH (GU3NIECKUI CMEICI APYTUX BO3MOXHBIX BEKTODHHIX mmoseil. B pamxax
MHOTOMEPHOT'0 IOAXO04a BPSZ JIM BO3MOXHO 000CHOBATHb OTpaHWYEHUE JIUIIb Of-
HUM BBHIpaXXK€HUEM C OBYyMs 3HAKaMU.
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KOTOPEIE COOTBETCTBYIOT (HO HE HANPIMYIO) IBYM aHTHCHMMETPHY-

—

HEIM TeH30paM B Mogennu Baitu6epra-Canama F(B).g, Fog (cM. dop-
myaet (9.1.11) n (9.3.9)).

Cnenyer o6paTuTh 0co60€ BHIMAHWE HA HEJIMHEWHEIE CIIATAEMEIE
cupaBa B (9.1.11), o6ycioBnenHEIe HeaGeIeBLIM XapakTeEPOM Kailul-
6poBouHbIX noieit A(s), B Monenn Baiin6epra-Canama. B 7-meproit

Mozenu Berpaxkenus (10.3.1) — (10.3.3) Takxke comepxaT HelmHe-
HbIE CJIaraeMEle aHAJIOTMYHOrO THIa. UTOGH B 5TOM y6enuThes, Cile-

IyeT y4ecTh 4TO KOMIIOHEHTHI gi‘fr npu ycnoBuax (10.2.22) mmeror
BUI

gg — Gg — 55; gi — §4€a; gg = AS)\Q; gg = 0'60'04. (1034)

PacnnceiBas kommnoneHTH TerszopoB u3 (10.3.1) — (10.3.3), umeem

1

FC(%) 5 [('Soc,ﬁ - gﬁ,a) + 0'6(0',8'504,6 — 0'045[3,6)} ; (10.3.5)
1

F8) = 5 [Oap =g+ 0%(0phas — 0udse)] 5 (10.3:6)
1

Fy = ﬂ@w—%w+fwmm—%%m.man

B sToM dakTe HEIMHERHOCTH TpeX PUUKO-TEOMETPUUYECKUX TEH30-
POB COCTOWUT pellleHUe TpeTheil u3 chopmynupoBanusix B §10.1 3a-
nad.

2. UerBepTas cocTaBHas Y4acTh TPHUANHOTO METOHa — 3aQNUCDH
OCHOBHDBIT 8bIPANCEHUT UEPE3 CNPOEKMUPOBAHHBIE BEAUNUNDL, MPU-
adubvie Pusuro-zeomempurecKue mer3opsl U onepamopst duddepen-
yuposanud. B manHOM ciyuae Hac HHTEpPeCYeT CKalsdpHas 7-MepHasd
KpWBH3Ha, BXONMM[as B MMIEPIUIOTHOCTS jarpanxkmana (10.1.2). B
TPUATHOM BUIE OHA IPEACTABIAETCI CIENYIOMUM 06pa3oM

R="R+ F ) FWf L FEI O ¢ pOF©F ... (10.3.8)

MMenHO BTOpOE, TpPeThE U UETBEPTOE CjlaraeMble CIpaBa ONUCHIBA-
I0T BKJIa[BI IPOMEXY TOYHEIX BEKTOPHBIX GO30HOB B I'MIIEPINIOTHOCTD
JarpaHXuaHa.

3. PacnnceiBas KOMIOHEHTEI F€OMETPHYECKUX TEH30POB HAIPS-
XKeHHOCTell yepe3 BeKTophl Tpuansl (10.2.19) — (10.2.21) u mpousso-
ISl yCpeNHEHWe IO NEePUHONaM KOMIAKTH(GUKANWN JONOIHUTENbHBIX
pa3sMepHOCTEll, HAXONUM

(4) a (5) a (6) a
4 (Faﬁ F@)aB 4 F F(5)aB 4 F F(6) !3) N
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= F(B)agF(B)*P(6 + b3)+
+ [F(1)apF(1)™ + F(2)apF(2)°] (wf v + wfwy +wiwg)+
+F(3)apF(3)(af + a2 + a3) + F(B)apF(3)*"2(baas + bsas)+
+F(B)agA(1)" A(2)" x

x 8o’ [b4(wiw6_ + w;wé") + b5(w;'w6_ + wgwg')} +

+ [F(1)apA(2)A(3)" + F(2)apA(3)* A(1)°] x
x8ac%as(w}wy + wiwy + wiwy)-
—F(3)apA(1)*A(2)P x
x80a0® [as(w}wy +wywd) + as(wiwg +wyw) + 2eguf wg | +
HA(DaA(1)A(3)54(3)" + A(2)a A(2)*A(3)A(3)° -
~(A4(1)aA(3)")* - (A(2)aA(3)")*]x
x8a*(0°)?a(wfwy +wiwy +wiwg)+
+ A1), A" A2)5A(2)" - (A(1)aA(2)")?] %
x80%(0%)? [(wf wg + wiwd)? + (wiwg +wywd)? +4(wfwg)?] .

(10.3.9)

SI[GCI) YXKe HCIIOJIE30BaHO YCJIOBUE
bs = 0, (10.3.10)

TIPUBOMIIEE K NCUE3HOBEHNIO TPOU3BENEHNN U3 MEPEKPECTHEIX Cla-
raeMeIx Buna B, A(s)?.

4. TeoMeTpuuecKkue BKIIAIEI OT BEKTOPHEIX HOJIEH B TUIEPIIIOT-
HocTH sarpamxuana (10.1.2) (mocie ycpenHeHus mo mepmomaM KOM-
nak THGUKANNY JONOIHATEILHEIX Pa3MEPHOCTEN) U BKIIaIEl BEKTOP-
HeIx noneit (9.3.8) B mnoTHOCTH JarpaHkuaHa Momenu BaiiuGepra-
Camama NOJIXKHEI COBIANATh, T.€.

/// 4)ap JrF( ) pr(5)aB +F(%)F(6)a/3) detdzS dz® —
 2&c :

= LBos- (10.3.11)
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5. W3 conocTaBieHNs BEKTOPHLIX BKJIAIOB B ABYX MONENAX IO-
JIy4aeM VCJIOBHA Ha KO3hPUIIUEeHTHI:

b3+ b2 =C3; be=0; (10.3.12)
a2+ a2 + a2 = C}; (10.3.13)
bsay + bsas = 0; (10.3.14)
bsz + bsy = 0; (10.3.15)
wiw; + w;'wg + wé"wG_ = 012; (10.3.16)
ag(wiwy +wfwy +wiwg) = CiCy; (10.3.17)
ag(wiwy +wfwy +wwg) = CiC3; (10.3.18)
asz + asy + agz = —C?Cy; (10.3.19)
2? +y* + 2% = CiCE, (10.3.20)

Ille UCIOJb30BaHEl 0603HAUEHN:
c? = i_f; Cy = ﬁ"‘(h(z); (10.3.21)

= wiwg +wiwd; y=wiw; +w;wd; z=2wiw;. (10.3.22)

10.4 CiaencTBusA U3 YCJOBUM COMOCTABJICHUS

W3 ycaosmit (10.3.16) — (10.3.18) raxonum ko>dpdunmenT

g2

2005 (i) (10.4.1)

ag =Ch =

3HadeHns Apyrux Ko>hUINEHTOB CYMIECTBEHHO 3aBUCAT OT COOT-
Homenns koHcTaHT C? n C2. PaccMOTPUM HECKOIBKO YaCTHEIX CIIy-
qaeB.

1. Iycrs C? — CZ > 0.

a) Obwut cayuad. YcnoBus (10.3.12) — (10.3.15) mosBossioT BEI-
Pa3sUTh YETHIPE OCTABIIMXCS HEONPENeJIeHHbLIME Ko3(hUuneHTa me-
pell HeHTPAIBHEIME HOJAME Yepe3 KOHCTAHTEL I KOMOUHAINM KO3(-
GULUEHTOB Nepel 3apsKEeHHLIMI BEKTOPHBIMU IOJISMHU:

C’ly 01113

——— b=

by =
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2,/C2 — C2 JC2 -2
S it W R A Vit Bt (10.4.2)
Ver +y? vzl +y?

Honcrasus (10.4.2) B (10.3.19), u3 ycaosmit (10.3.19) u (10.3.20)
HAXONUM KOMGMHAIWIO

Qg

2uiwg =z =—C5. (10.4.3)
DTo o3HauaeT, 4TO KO3DQUIUEHTH W W w; Tepen 3apsIKeHHEIMHA
BeKTOPHEIMH mosiaMu B (10.2.21) He MOTyT 6BITH KOMIUIEKCHO COIPS-
KEHHLIME BEIDAXEHISIMH, TO €CTh KOMNOKEHMbL 6€KMOPA 04 (cMe-
wannble Komnorwenmst 6-meprot mempuru Geo) 6 maxot 7-meprot
2eomempuueckot, modear 0643aMeabHO A6ATIOMCI KOMNAEKCHBLMU.
s (10.4.1), (10.4.2), (10.3.19) u (11.3.20) maxonuM ycioBHS Ha
IBe OCTaBIIMecs KOMOMHANNY U3 KOo3DhUNNEHTOB

02
2’ +y* = C3(C? - C3); wfw] +wfw; =CF+ 72 (10.4.4)

Kpome Toro, m3 (10.3.19) u (10.3.20) HaxonuM okOHUATeNbHEIE BHI-
paxeHus AiA Ko>3hPUUUEHTOB Iepel] HEHTPaIbHEIMI BEKTOPHEIME
HOJISIMH:

by=——F———=; by=———"F7——=; bs=0;
C2\/C? ~ C3 C2y/C} - C3
a4 = C%; as = o ag = Cs. (10.4.5)

6) OTmenbHO paccMOTPUM uacmubill cayuail, xkoeda ece xKosPPu-
yuenmst neped PuAULECKUMY NOAIMU A6ATIOMCA 6EUECTNEEHHbLM,
6oiee TOro, MyCcTh

Cs - Cs

B sToMm cityuae ycmoBue (10.3.20) o3Haudaet
(w5 — w})? + (w5 — wi)? =2(C2 - C2). (1047)

YunrbiBas Bropoe u3 yciosuit (10.4.4), orciona nomygyaem

(w)” + (wf)* + (wg5)” + (wg)* = 4C7 - C3, (10.4.8)
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TO eCTh KO3 UIUEHTHI ONPeNeIeHEl ¢ TOYHOCTHIO J0 MpeobpasoBa-
HUIl Ha 3-MepHOI cdhepe B 4-MepHOM e€BKJIMIOBOM MHOTOOOpa3NH.

KoMmoHeHTHI IBYX BEKTOPOB £, B A, B 5TOM CIIydae CTaHOBATCH
BellleCTBEHHEIME TOJLKO B citydae Cf = CF.

2. Oycrs C} = C3 = C?.

a) B o6wenm cayuae U3 BHINUCAHHBIX BEIIIE YCJIOBHUIl ONATH MOJIY-
9aeM, 94TO KOMGMHAINSA U3 KOHCTAHT Iepell 3apsKeHHBLIMI BEKTOD-
HBEIMI IOJISMH SBISAETCSA OTPHIATENLHOM

02
wiwg = ——, (10.4.9)
2
TO €CTh OCTa€TCA B CHJIE BBIBOJA O KOMIIJIEKCHOM XapaKTEpPE CMEIlaH-
HBIX KOMIIOHEHT METPHUKHI GGa-
I k03 PUNNEeHTOB TepeN HERTPAILHLIME BEKTOPHBEIMU TOJIA-
MM OOJIy49aeM CJAECOYIOINE 3HAYECHUA U yCJIIOBHE:

b34+b2=C% bs=0; ayz=a5=0; ag=+C, (10.4.10)

TO €CTh IBa OTJIWYHLIX OT HYJA KO3p(UIMEHTa Mepel BEKTOPHBLIM
noseM B, ompelneneHbl ¢ TOYHOCTHIO O MOBOPOTOB Ha OKPYXKHOCTHU
panuyca C.

Il xoshdUNuenTOB Nepel 3apAKeHHEIMA BEKTOPHEIME MOJIAMY,
kpome (10.4.9), mmMeeM nBa ycIOBHS:

3
22+ =0; wiw; +wfw; = 502, (10.4.11)

coorBercrByomue (10.4.4).

6) OTIOeNnbHO PACCMOTPHEM CaAyuall 6€WECTNEEHHBIZ KOIPPUYyUEH-
moe neped dusuneckumu noagmu. B sTom ciaygae ycmosume (10.4.7)
IPUHUMAET BUI

(wy; —w})?+ (wy —wf)? =0, (10.4.12)
TO €CTh IIoJIy9aeM

— ot — e e — apF —

wy, =Wy =ws; Wy =W, = Ws, (10.4.13)

1 4-MepHBIE KOMIOHEHTHI JABYX BEKTODOB TpHAibl £, U A, aBTOMa-

THYECKN CTaHOBATCA BemecTBeHHbIME. M3 (10.4.11) u (10.4.13) cite-

IyeT, 9TO IBa BEIIECTBEHHEIX KO3()GUINEHTA YIOBIETBOPAIOT yCIIO-
BHIO

3
wi + wi = 5(Jz. (10.4.14)
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Ilns sToro ciiyyas BhINMIIEM BUX BeKTopoB Tpmansl (10.2.19) —
(10.2.21)

o = b4B, + wy (W; exp[2iaz®] + W exp[—2iaa:6]) ;7 (10.4.15)
Ao = b5By + ws (W; exp[2iaz®] + W exp[—?iamG]) ; (10.4.16)

0o = TCA(3)s + % (W; exp[2iaz®] - W exp[—2iam6]) .
(10.4.17)

O6patuM BHUMaHEWE Ha TOT (HAKT, YTO U3 YCIOBUN COHNOCTABIIE-
HUS KO3(hOUIUEHTEL ¢ MHAEKCOM “6” (B KOMIOHEHTaX BEKTODA 0 )
HaXONATCS, TOTHA KaK KO>DPHUINEHTHI IPA ABYX OCTABIINXCS BEKTO-
pax Tpuansl £, U A, ONPENENAIOTCS JUIIb C TOYHOCTHIO N0 HOBOPO-
TOB Ha miIockocTu (cM. ¢opmyiner (10.4.10) — (10.4.11) u (10.4.14)).
MoxHO mOKa3aTh, YTO STOT MPOM3BOJ CBA3aH C OCTABLIENCA B MC-
TIOJIB30BaHHON KaJnbpoBKe cBoOo#oil B mpeobpa3oBaHUAX HOMOIHHU-

TenpHBIX kKoopauHaT (10.2.15) m (10.2.16). B wacTHOCTH, 5TH Ipeo6-

pa3oBaHWA NOMYCKaloT MOBOPOTH B miockoctu (z*, z°). Mipn Takmx

npeobpa3oBaHUAX KOMIOHEHTHI BEKTOPOB &, U A, 6yAyT mpeobpaso-
BEIBaThCS APYT 4Yepe3 APYra, 4TO COOTBETCTBYET yKa3aHHBIM IIpe-
o6pa3oBaHUAM K03()GUINEHTOB PN HEATPAIbHLIX U 3apSIKEHHBIX
dU3MYIECKUX MOISIX.

3. Ilepeiinem oT 7-MepHOll reoMeTPUYECKOil MOLEIN K paHee pac-
cMaTpuBaBIIeiics 6-MepHOII MOAEIM IPaBH-3JIEKTPOCIabhIX B3a-
nmogeiicTBuit [19]. B Takoit Mofenn oTcyTCTBOBala NONOIHATEIbHASL
pa3sMepHOCTE ¢ mHIekcoM 4, mostomy momoxuM £pr = 0. Jlerko Bm-
IeTh, 4TO ycioBus Ha Kosdduunmentsr (10.3.12) — (10.3.20) Torma
IPUHEMAIOT BHJ

b2 =C?; b= 0; (10.4.18)

a; +af = C}; (10.4.19)

bsas = 0; (10.4.20)

bs(wi wy + wywd) = 0; (10.4.21)

wiwy +wFw; = C; (10.4.22)

ag(wFwy + wFwg) = CiCq; (10.4.23)

ag(wfwy +wFwg) = CiC3; (10.4.24)

as(wy wi + wiwg) + 2aswwg = —CiCq; (10.4.25)
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(wi wd + wFwz)? + 4(wFwg)? = CEC3, (10.4.26)

4TO COBNAJAET C YCIAOBUAMHE Ha KO>(hPUUUEHTHI, IPUBENEHHEIME B
pa6ore [19].

PaccMOTpUM pellleHus 5THX ypaBHEHHH (yCIIOBHI).

a) Obwuil cayuatd. W3 5TUX yciioBUil, IpeXIe BCETO, CIENYET

Ci=0C3=cC. (10.4.27)

Ina xosdpdunuenToB nepen HEHTPAILHEIMI BEKTOPHLIMU ITOJISIMU
HaXONATCd 3HAUeHUd:

bs =+C; bs=0; a5=0; ag=Cy==C. (10.4.28)

Insa xospdunuenToB nepen 3apAXKeHHEIMI BEKTOPHLIMU HOJIIME MMe-
€M COOTHOIIEeHU:

wy wg + wiwg = 0; (10.4.29)
3 1
wiwy = 502; wi wg = —502. (10.4.30)

Ilocenree ycioBme COOTBETCTBYET paHee yIOMUHaBINEMYCS KOMII-
JIEKCHOMY XapaKTepy KOMIIOHEHT MeTPHKH Ggq.

6) B uacmuom cayuae sewecmeennvir xodPduyuenmos u mpn
ycioBun (10.4.6) aBTOMaTH4eCKN MOy 9a€TCS BELIECTBEHHOCTH KOM-
IOHEHT Ay U

_ 3
wi =w; =+/:C. (10.4.31)
2

a5 sToro cityuas 3annineM BEIpaXKeHHA 1714 6-MepHBIX BEKTOPOB

Iuajb

Ao = +CB, + \/gC (T/Voé+ exp[2iaz®] + W, exp[—2iaz6]) ;

(10.4.32)
0o = TCA(3)y + % (W; exp[2iaz®] - W exp[—2iam6]) .
(10.4.33)

Yxkasaunsiii B pa6ote [19] mpousBon B BEI6GOpe K03 PUINEHTOB B
6-MepHO# reoMeTpUYECKON MOIEIM CBA3aH C JONYIIeHUEeM MX KOMII-
JIEKCHLIX 3HaueHN#. B ciayuae BemecTBeHHOCTH KO3DIUIUEHTOB IPO-
U3BOJI yCTpaHAeTcd, U Bce KO3DOUNNEHTEI ONPENeISI0TCA 13 BEINU-
CAHHEBIX YCJIOBUI. DTO COOTBETCTBYET TOMY (HaKTy, 4TO B 6-MepHOR
TeoMeTPHUYECKON MOJeNI B BEIOpaHHOHN KaJInbpoBKe OTCYTCTBYIOT HO-
NIyCTUMEIe BpallleHNd B IJIOCKOCTH NONOJIHUTEILHEIX KOOPIUHAT.
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10.5 TpuanHbIe onepaTophI
nuddepeHIUPOBAHNA

1. PaccMoTpuM cilefyIomyio COCTaBHYIO YacTh TPHATHOTO Me-
Tofla B HCIOJIL3YeMOil KaJlubpoBKe — 3adanue onepamopos dufde-
penyuposanug. CornacHo obmieil Iis MOHAJHOTO, TMAJTHOTO M T. I.
Meronuke mpu yduete (10.2.22) oHn 3ammceIBaioTCsA B BHIE:

3;” = gNafN :54% (10.5.1)
35” = )\N&%:AS%; (10.5.2)
36“ = UNajN = 06%; (10.5.3)
alf = gf)’&% = (;% + &0l T+ 200" 1 a0l (10.5.4)

2. IIpomsBeneM Gu3MUeCKyIO MHTEPIPETANNIO STUX ONEPATOPOB.
ComoctaBum omeparop (10.5.4) ¢ yamnreHHO# mpomsBonHoit (9.2.4)
B Mozenn Baiin6epra-Camama. OueBHIHO, 4TO JONOJHUTENbHEE K
9acTHOMl OPOM3BONHOM CjIaraeMble BO3HUKAIOT JIMINE JJI BEJIMYMH
(byHKUmiT), 3aBUCAMNX OT HOMOJHATEILHBIX KOOpANHAT. B Momenn
Baiin6epra-Camama 510 mois, o6agaoliue rumepsapsioM Y uwim
m3oronndeckuM comHoM. OTCiofa HejlaeM BBIBOL, 9TO B 7-MEPHOM
FEOMETPHUYECKON MOIEIH 306UCUMOCTIL 8EAULUN OM JONOAHUMENb-
HBIZ KOOPOUHAM COOMBEMCMEYEM HAAUNUIO UBOMONULECKO20 CNU-
HO UAL 2unep3apAoa.

3. Oneparop nuddepennuposanns (10.5.1), kak u B rnaBax 7 u
8, cllenyeT MHTEPIPETHPOBAThH Kak MacCOBHIM, T.e.

ol ~ my. (10.5.5)

B sToMm n B pame mocienyiomux maparpadoB 6ymeM mojiaraThb
B < Nesa; €8 < 0%60, (10.5.6)

TO €CThb 3aBHCHMOCTBIO OT z* 6yleM mpene6peraTs.

4. TlockonbKy 3apsxeHHble BeKTOpHEIE moasd A(1l), n A(2), 6bI-
JM BBeNEeHBI B METPUKY B KOMOMHAIMAX C SKCIOHEHIWAILHEIMA Clla-
raeMBIMH, a MOCJIENHNE BEIOGPAHHI 3aBUCALIMME TOJBKO OT KOODIM-
HaTH 2°, TO eCTECTBEHHO MOCTYJIMPOBATh, UTO 63aumodeticmeue ¢
mpunaemom eexmopnuiz noaell A(s), onuceieaemcd onepamopom
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(10.5.3). B wacTHOCTH, I HEATPAILHON YaCTH CIEAYET HMOJIOKHUTH
- ottty 192

Ua86 ¥ = —h—T3A(3)a\I’, (1057)
c

Ille 3HaYKOM &, OOO3HaueHa YacThb BEKTOpa O, 0e3 3apsaXeHHEIX
(skcmoHeHNMANBHEBIX) cilaraeMbIX. 3neck ¥ 0603HAYAET MPOU3BOIL-
HYIO NOJIEeBYI0 GYHKIHIO KaK FeOMETPUYECKOTO, TaK U He TeOMeTpPH-
geckoro mpomcxoxnenus. U3 (10.5.3) mpu ycioBuM, YTO OTJIMYHEL
OT HYJIS TOJILKO JUATOHAJBHEIE “CKajsgpHEIe” KOMIOHEHTEHI TPHUAIEI,
HaXONUM

0'66'6

9213

Orciona crnenyer, uro B popmysne (10.2.9) HyXHO mOTOXHATH

A(3)e = —ahc——6,. (10.5.8)

bg=10; ag#0 (10.5.9)

B COIJIacuM ¢ HaifineHHEIM pemterneM (10.4.10).

Jlerko BuAeTH, 4TO IPM NOMYCTHMEIX IPeo6pa3’oBaHMAX MOIOJ-
HETEeNbHLIX KoopamHaT (10.2.15) — (10.2.17) xombuHanus 0% ocTa-
eTcsa MEBapMaHTHOM. Mcmonb3ys MHBapHaHTHOCTE 0°, mocTyIupyeM

eg = 2T, (10.5.10)

T.e. KoaPPUYUERM Eg 6 IKCNOHEHMAT PAGEH YOB0EHHOMY 3HAUEHUIO
uzomonuuecrozo cnuna T3 6 modeau Baiinbepea-Casama. Ha ocro-
Baun ¢opmya (10.5.8) u (10.4.6) npuxonum K yXke paHee HalineH-
HOMY cooTHommeHno koncraHT (10.3.21).

5. Wcxomns U3 paHee U3JIOKEHHOTO, MOCTYIUPYEM, UTO 63aumodeti-
cmeue ¢ netimpaavubim nosem B, rapaxmepuszyemca cobemeennbim
3nauenuem onepamopa (10.5.2), T.e.

. Y
a0l Te = —%53@11. (10.5.11)

3mech ONATH THWILIOON MOMEUYEHA JIUIIL HERTPAIbHAS YacTh KOMIIO-
HeHTEI BekTopa. JleficTBuTenbHo, yuntsiBas (10.5.2), nomyuaem

}\565 ~

B, = —2ahe=21,. 10.5.12
Y ( )

Orciona HaxonmM, uTo B opmyse (10.2.20) cienyeT monoxuTs

as=0; bs#£0 (10.5.13)
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B COTJIACHH C MOJIYYeHHEIM paHee pernerneM (10.4.10).

Jlerxo BUIETH, YTO IPH NONYCTUMEIX IpeobpasoBanusx (10.2.15)
n (10.2.16)

Mgl + Xl = Mes + Mg = Inw.

Ilaxe B orcyrcrBue ycaosuii (10.2.22) MoxHO BHIGpAaTh Takyio Ko-
OpANHATHYIO CHCTeMy, B KoTopoit A® = 0, Torma

e =Y, (10.5.14)

TO €CTh 2aAPMOHUKGA E5 6 IKCLOHEHYUAABHBIT 3A6UCUMOCTNAT 6 EAUNUN

om donoanumeabubiz Koopdunam onpedeagem 3HAYEHUE 2UNEP3a-

pada Y. W3 ¢popmyan (10.5.12) n (10.5.14) momywaem cooTHoIIEHHE

IJI KOHCTaHT

)

~2a(hc)bs = 5. (10.5.15)

6. Cobupas BMecte dopmysnsl (10.5.10) u (10.5.14), mpuxonum k

YHUBEpPCAILHOM (HOPMYyJle NI 3HAUEHUS 3JIEKTPUUECKOro 3apsina (B
eNVHWUIAX €) B NaHHOM 7-MEPHO# Momenn

1 1
Q = §Y+T3 = §(€5+€6), (10516)

COOTBETCTBYIOIIElH N3BecTHOR popmyute (9.2.5) B Monenn Baitn6epra-
Canama. Ona Takxe o6obmaer popmyrny (8.2.12) mus smekTpuyec-
Koro 3apsana B b-MepHo#l Teopuu Kamymer.

10.6 HenTpanbHble BeKTOPHBIE MOJIA,
3apanbl m yroyqi BaunnGepra

1. B 7-MepHO#l reoMeTpHYECKON MONETN MOXKHO IMOJIYUYUTH BEIPaA-
JKeHUd AJId BeKTOPHOIO MOTEHNINAJIa 3JIEKTPOMAarHUTHOTO IO, AJId
7Z-6030Ha, IEKTPUUYECKOTO 3apana W miia yriia BaiuGepra. UTo6w1
3TO clejlaTh, 3aberad BIepel, YKaXKeM BHJ 3aBHUCUMOCTH OT IOIOJI-
HUTENBHLIX KOOPAWHAT HEATPAJIBLHOTO XUITCOBCKOrO 6o30HA (Teo-
METPHYECKOTO MIPOUCXOXHeHnsA) ¢. CoriacHO BBINIE W3JI0XEHHBIM
coobOpaXXeHUIM 5Ta 3aBHCUMOCTH JOJIXKHA OLITH BEIOpaHa, BO-IIEPBHIX,
U3 YCIIOBUA HENTPAILHOCTH

Qo = %(65 —|—€6) =0 (1061)
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¥, BO-BTOPHIX, U3 TOTO, YTO HENTpPAJLHEIN XUTTCOBCKUN 6030H BXO-
INT B COCTaB M30TOMMYECKOro Ay6ieTa, T.e. NJ1d HETO

1
T3 = —5 —eg = —1. (1062)
Orciona caenyer, uto Y = +1, u ¢ npencrasiiercs B BUAE
© = o exp [ia(m5 - mG)} : (10.6.3)

rIe g — YacTh (@, 3aBUCAIIAS JIAIIL OT 4-MEPHBIX KOOPAMHAT.

2. Ilns HamuUX Uejeil MOXKHO OTPAHUYATELCS JIWIEL HEHTPAIbHEI-
MU COCTABIISIONIME BEKTOPOB AUanEl. B 5TOM ciiydae muamHEIR ome-
parop nuddepennupoanus (10.5.4) osHagaer

ot = 92 4 ia(AA, — %), (10.6.4)
dz

ITockonbky MaccoBBIe cilaraeMble HMOJIYYalOTCSI U3 B3aWMONEHCTBUS

¢ (HefiTpaJIbHEIM) XUITCOBCKHM 6030HOM, TO MacCOBHIil BKial Gyner

IMeTH JuInb npucyTcTBymas B (10.6.4) KoMGMHANNS BEKTOPHBIX IO-

Jieii, T.e. Z-6030H NOIIXKEH OMpenenaThea popMyIToi

Zo = —(A*Ay — 0%5,), (10.6.5)

rie Cs- HEKOTOpas pa3MepHas MOCTOSHHASA.
3anumieM BEIpaXKeHUe A BTOPOil, 6€3MacCcOBOil KOMOMHAINT BEK-
TOPHBIX IOJIER B ¢popMe

Ay = (XX, + §0°5,), (10.6.6)

rge &, § n C3 — IoKa Hem3BeCTHEIE KO3hOUINEeHTH. OTa KOMONHAINS
JOoJKHa OBITH cOMoCTaBiieHa BEKTOPHOMY IOTEHIHMAJy 3JeKTpPOMar-
HUTHOTO TIOJIA.

3. Tpu HemsBectHBe Ko3dpduumenrta (&, §, Cs) HaxomaTcsa u3
OTOXIeCTBIIeHNs JacTH cooTHouenns (10.3.9), conepxaineit Tonbko
HeliTpajlbHBEIE BEKTOPHEIE IOJIs, BHIPAXKEHUIO

, 1

LBos = _E[F(A)aﬁF(A)aﬁ + F(Z)apF(2)*7). (10.6.7)
BI[CCI: MCIIOJIBL30BaHLI 0003HAUEHN !
_ 04 0A,. _8Z  0Z,
F(A)ap = dz>  9zB’ (Z)ap = dz>  QzB’
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IMoTpe6oBar, urober B (10.6.7) cieBa u cupaBa coBmamaiu Kosddu-
nuentst ipu F(B)asF(B)*?, F(3)asF(3)*" u F(B)asF(3)*”, npu-
XOOUM K TPEM ypaBHEHUSM IJis Benudud ¢, y u Cs.

4. Pemras noyYyuBmIyIOCS CUCTEMY ypPaBHEHU, HAXOMUM

c? 065\a + M6, _
2k /(0%)2 + (X%)2
2 ~
= —ﬁ@()\a cos O + G, sin Oy ); (10.6.8)
c? )\55\a — 0%, _
2Vky V(097 + (352
2 -~
= _#E()\a sin @y — &, cos b ); (10.6.9)
ak,

c: = 0—4[(06)2+(>\5)2], (10.6.10)

A, =

e BBEOEH YTOJI 0W TakK, 4TO

. AP
sinfy = )2+ ()\5)2;
o6
cosby = (10.6.11)

(0.6)2 i ()\5)2'
Otot YTOJI COOTBETCTBYeT yriy BaiinGepra B (9.3.2), OH oIpeneiideT

HOBOPOT OT BEKTOPOB IMANEl A, U 0, K BEKTOPHEIM IIOTEHIOUAIIAM
A, n Z,.

5. 3aMeHNM B yIJINHEHHOW IPOM3BOXHOI (B dopmyite, comepixa-
el JWINb HeRTpalbHBEIE BEKTOPHEIE NOJsE) 4-MEpHBIE YacTH BeEK-
TOpOB AUalbl Ha dusmdeckne mois A, u Z,,, ucnomnssys oGpaTHEIE

(10.6.8) m (10.6.9) cooTHOmEHM:
5 - 2vky (—0%As + X Z,)

« = TG (10.6.12)
5o = —2VFg VAot 0°Z0) (10.6.13)

EAVeUE Y
YunrbiBas BeIpaxkeHns A oneparopos (10.5.7), (10.5.11), a Takxe
coorromenns (10.5.8) u (10.5.12), nas oneparopa (10.5.4) HaxomuM

t 9 Ak aXo® B
Oa T g T2 ()\5)2_|_(06)2QA“
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,/)\5 + (09)? ng, )\5)2)‘5)( OF Z,. (10.6.14)

Ora ¢opmyna cooTBeTcTByeT (HEATPAILHON) YHJIMHEHHON MIPOM3-
BonHOI B Mogmenn Baitn6epra-Camnama (9.3.4).

6. 3 cpaBrenus dopmya (10.6.14) u (9.3.4) cnenyer reomerpn-
YyecKad MHTEpIpPETaNns 3apaloB. Tak, IJid 3JIeKTPUYECKOTO 3apaia
e W 3apAna g, ONpeNessAoIero B3anMoeiicTBe ¢ Z-6030HOM, COOT-
BETCTBEHHO MMEEM

4 / )\5 6
e = il ; (10.6.15)
c2 ()\5)2 + (0-6)2

4,/k, e
g = heay/(A5)2 62y ——,(10.6.1
I cz (A°)* + () sin cosz‘)w’( 0.6.16)

rne sin Oy u cos Oy onpenesnens: B (10.6.11). M3 sTux mnu u3 gpyrux
¢ opMyJI MOXKHO YCTAHOBUTL COOTHOIIEHNS MEXIY KOHCTAHTaMH, 3a-
mensomiue (10.5.8) u (10.5.15):

2 2
¢ g1 6__ € g2

4\/_hc g 4\/_7'zc'

7. DKCHEepUMEHTAILHO YCTAHOBIIEHO, uTO Oy ~ 30°. B 6-MepHOit
MOJIEIN 5TO O3HAYAET

a)® = (10.6.17)

in Oy = s ~ 1 10.6.1
sin Oy = T O 2 (10.6.18)
OTKyIOa CJIEOYET
(0°)? ~ 3(X\%)2. (10.6.19)

6

®opmyner (10.6.17) saBaswBator BenmunHL A\° m 0° ¢ KoHCTaHTOI

o. Ecan nomoxuts

DRSS P ARNRVE) (10.6.20)

TO IIepuon KOMHa.KTHq)HKa.HHH JOIIOJITHUTEJIBHBIX paSMepHOCTeﬁ OKa-
3BIBAa€TCA CBA3aHHBIM CO 3HAYEHUEM q)YHI[a.MeHTa.J'IBHBIX (1)]/[3H‘I€CKHX
KOHCTaHT

hy/k
1 =ovB3Y T — 23y ~ 1,7 107 em.,  (10.6.21)
ec

rme lpp = (/hk,/c® ~ 1,6 - 1073%cm. — nnankoBckad nnmmA, § =

e?/(he) = 1/137 — mocToAHHAA TOHKO# CTPYKTYDHI.



10.7. AHAJIOI’' MEXAHU3MA XHUI'TCA 283

10.7 TI'eoMeTpumUecKH# AHAJIOT MeXaHH3IMa
Xwurrca m Mmaccbl 6030HOB

1. B rmaBax 7 u 8 o6cyxnanack mpobieMa reoMeTpHU3anul Ka-
TErOpUy YaCTHIl, ONUCLIBAEMEIX CKAJIIPHBIM IOJEM (KaK HERTpaib-
HEIM, TaK U 3apsXXeHHBIX), 4epe3 KoHGOpPMHEI ¢akTop. s omm-
CaHUA 5SIeKTpociabbIX B3amMOIeHcTBUN (pepMUOHOB Takoe rpyboe
ONNCaHNe MaTepuu yxe HempuemiieMo. IMeHHO MO 5TOHl TpUYMHE
IaHHasS MOHNEIH CTPOUTCS Ha OCHOBE MMEHHO b-I ¢pu3mMuUecKOl mapa-
murmet. [{ns reomerpusanuu Momenn Baitu6epra-Camama Heob6xomnu-
MO yKa3aTh FeOMETPUUYECKUH aHAJIOT NCIOIB3YMOIO TaM MeXaHU3Ma
Xwurrca BBoZla MacC JacTHIl TOCPEICTBOM B3amMOIEHCTBUA X ¢ Oy6-
JIETOM CKaJISPHEIX Todieil. B 7-MepHOi reoMeTpmuecKoil MOTENH 5TO
MOXHO CIeNaTh ¢ IOMOMEBI0 KOHGOMHOTO (hakTopa, KOTOPLIA Teneph
TIpU3BaH UI'paTh MHYIO POJIb — ONHUCHIBATL XUTTCOBCKUE CKAJISPHEIE
6030HbI. O6CyIUM 5TOT BapUaHT OMNCAHUS MacC SJIEMEHTAPHBIX 4ac-
THII.

IIponssenem kondopMmHOe mpeoGpa3oBaHUE WCXOMHON 7-MepHOH
METPHKH COTJIacHO (opMynaM, aHajornuueM (7.7.1) u (8.7.2)

Gun = X*Gun; VGO =x"VGO, (10.7.1)

rae x? — KoHGOPMHEIE GaKTOp — CKajlipHOe Hojie, B ObIIeM CIIy-
Yae 3aBUCAILIEE OT BCEX CeMH KoopauwHAT. MOXHO HOJIOXKHUTE €T0
PaBHEIM ONHOW U3 JONOJHUTEIBHBEIX IUArOHAJILHLIX KOMIIOHEHT 7-
MepHoit MeTpuku. Ilonoxum

X’ = —Gu. (10.7.2)

ByneM cuuTaTh, 4TO BO BCEX IPENEINYLINX Haparpadax 5Toil riIaBhl
HCIONIB30BANINCH KOHDOPMHO COOTBETCTBYIOIINE MCXONHOM METPHKE
komnoreHTEL Gy B (10.7.1).

2. Ucnonbsys obmue $HOpMyIIsl KOHGOPMHOTO IpeobpasoBaHui,
IOJIy4aeM Cileylollee BHIpaXkKeHHe NI IJIOTHOCTH 7-MEPHOR CKa-
JSPHOM KPUBU3HEL

7
V&

2&c

NrelQ)
VG 5 (1R - 12MN YMVNX g omn X.MXN
2&c X 2

(10.7.3)

COCpeI[OTO‘IHM BHIMaHHNE Ha CKa.J'IHpHOﬁ YJaCTH BKJIajda B THIIEPILJIOT-
HOCTE JIaTrpaHXHWaHa.
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IMpouseenem nponenypy 141+ 1+4-pacieniieane KoHPOPMHO BEI-
nIejeHHOR YacTu. KpoMe Toro, m36aBUMCS OT BTOPHIX 4-MePHEIX IIPO-
M3BONHEIX BEIAEIEHUEM NUBEPTEHTHBIX CIATAEMEIX. DTO NPUBOAUT K
CIIENYIOEMY BLIPaXEHUIO

3vVG()

&c

{59 (0101 T x + 2x10] x + a1 12x + o 1+

3[(3IT)()2—|— (3JT)()2 + (3§Tx)2]}—|— (nmBeprenTHEIR wieH). (10.7.4)

3mech mcmonb3oBanch 0603HaUeHns omeparopos (10.5.1) — (10.5.4).

KpoMe Toro, moJioxkeHo, YTO KOMIOHeHTH A° n o gBigiorca mocTo-
SHHBIMU.

3. Ina cormacoBaHWsA C TEOPUEN XUTTCOBCKUX CKAJIAPHBIX IO-
seit B Mofienu Baiia6epra-CajaMa DoCTylIupyeM CIEAYIOMIYIO 3aBH-
CHMOCTH KOHQOPMHOIO paKTopa OT NONOIHUTEILHEIX KOOPIUHAT:

x = 1+bo (poexplia(e® — 2°)] - pjexp[—ia(e® - 2%)]) +

+by ((,o_|_ explio(z® + 2°)] — ¢% exp[—ia(z® + me)]) ,  (10.7.5)

rae by, by — KOHCTAHTEI, ¢g U @ — KOMIUIEKCHEIE CKaJldpHEIE IIOJId,
3aBHUCAININE JAIIb OT YeTHIPeX KJIaCCHYeCKMX KOOPAMHAT. OTH IIOJIs
COOTBETCTBYIOT HM30TONHMYecKOMy Ny6ieTy mojieli Xurrca B MoZesn
Baitu6epra-Canama®. B (10.7.5) BBeieHa 3aBUCHMOCTD OT JOTONHH-
TeJIbHBEIX KOOPIWHAT B COTJIaCHH C UX 3apilaMé M paHee BBeJlleH-
HOll MHTepIpeTanueil rapMOHNK. 3HAKM MHHYC B KPYTJILIX CKOOKax
CYIIeCTBEHHEI I ObeclleueHms IOJIOXKMTELHON ONpeneleHHOCTH
BKJIajla CKaJIAPHLIX TOJIell B TeH30p 5HEPTUH-UMIIYJIbCa, TO €CTh 5TH
IOJI ONHCHIBAIOTCS YUCTO MHOMON N06aBKO# B KOHGOPMHOM ¢aKTO-

pe.
ITonb3ysach, mpou3BoOJIOM KOHCTAHT, BLIOEPEM UX B BHUIE

YTO COOTBETCTBYET YHUTApPHOW KaimbpoBKe B Momeiu Baitubepra-
Camama. B mrore ocraeTcs ogHO TOJE @p.

23an/1en/n\/1, 9TO B (10.7.5) BMECTO €QUHUITLI MOXHO OBIJI0 ObI BBECTH KOMOUHA-
muio 1+ @, roe pyuxmus P onmuceiBaeT BO3MOXHOE NONOJIHUTEIbLHOE 6€3MaccoBoe
CKAJIIPHOE TIOJIE TEOMETPUIECKOTO IPOUCXOXKAeHUs. Fciu 661 Takoe mose CyIecT-
BOBaJIO, TO OHO 6Bl IPUBOOWIIO K PARY crermmuduaeckux 3¢pdexToB ckanipusMa |9,
11], B wacTHOCTH, K IEPEMEHHOCTH (3aBUCHMOCTHU OT 4-MEPHEIX KOODAHUHAT) OT-
HOLIIEHUN 3JIEKTPUIECKOTO 3apsifa JYacTHUIl K UX Macce.
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4. TlonctaBum (10.7.5) m (10.7.6) B (10.7.4). Ilocie HecmOXHBIX
anrebpanyecKnX BEIKJIAOK U YCPENHEHUH IO MEPUONaM 3aBUCHUMOC-
Teit oT xoopamHaT z° u 2° W3 (10.7.4) mony4aem BHIpaKeHUE

2V { (ol ei)oflen - a10° + (090 ) + 08,
(10.7.7)

Tlle SBHO He BBINWCAHEI clIaraeMble, MPOMOPUNOHAIbLHLIE YETBEPTOI
u Gosee BeIcOKUM cTeneHsM bg. Mcmonks3oBaHHbIe 3[IeCh OMEPATOPHI
nuddepennupoBanus 6buin Beinucansl B (10.6.4).

[Ipenebperas cnaraeMbIME 6olee BHICOKOTO mopsnka, u3 (10.7.7)
HaXONUM 3HaueHWe MacCHl MOKOS TaK BBEIEHHOTO CKaJIAPHOTO IO

mpc® = ay/(A%)2 + ()2 (he). (10.7.8)

OTo BEIDpaX€E€HNE, KaK 1 B I'JIaB€ 8, HIMEET IOPAIOOK IJIAHKOBCKOM Mac-
cel. OnaTes BecTaeT 3aga4da IMMEPEHOPMUPOBKHN Macc.

5. FeOMeTpH‘-IeCKI’Iﬁ aHaJIOT MeXaHN3Ma XUITCa COCTOUT B open-
CTaBJIEHIN HeﬁTpa.JIbHOI‘O (I‘eOMeTpH‘-IeCKOI‘O) CKaJIApHOI'O IIOJIA B

BHUIOE
Yo = To + ¢0, (1079)

rme 79 — HEKoTopad HOCTOSHHAad, COOTBETCTBYIOIad BaKyyMHOMY
CpemHeMy CKaJIIPHOTO HOJII B KaJmOPOBOYHOW Teopmu, @y — 3ddex-
THBHOE CKajldpHoe mojle. lIMeHHO KOHCTaHTa 7]y OTBETCTBEHHa 3a
BO3HNKHOBEHNE MaCCOBLIX CIaraeMbIX Y (PU3MUECKHX ToJiel B pe3yib-
TaTe UX B3aMMONEHCTBHA C MOJEM @g.

6. B §10.6 nmpu ofcyxmeHunm Bompoca O BEIIEIEHUN KOMOWHA-
nmil M3 BEKTOPOB TPHAIBI (IMAIBI), COOTBETCTBYIONUINX (buU3muec-
KUM 3JeKTPOMAaTHUTHOMY U Z-6030HOMY MHOJAM, yXe HCIIOJIb30Ba-
Joch CcKajldpHoe mojie ¢g. K nmmammueckomy Bkiany Z-6o3oHa B
INIOTHOCTS JlarpaHxkunana (10.6.7) mo6aBisgercs MaccoBas 9acTh M3-
3a cnaraemerx Buna (10.6.4) B (10.7.7). Macca mokost HeilTpajIbHOTO
BEeKTOPHOTO 6030Ha Z, onpenesideTcsa BhHIpaXeHHEM

m,c® ~ (he)(bomo)2ay/(A%)2 + (a6)2. (10.7.10)

CorylacHO >KCIepIMeHTAJIBHEIM JaHHEIM m,c? ~ 93T'3B. Otciona
MOXHO OLIEHHTH KOMOWHANIMIO KOHCTAHT

(Re) (bomo)2ay/(A%)2 + (a©)% ~ 20, 8T>B. (10.7.11)

7. CKa.J'IHpHOC II0JIE Pq BSaHMOHeﬁCTByeT TaKXe€ C 3apAXEHHBIMU
W§—6030HaMH. I[.TIH INOJIYUYEHNA TaKHUX MAaCCOBEIX BKJIaIOB CIIEAYET
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Beinenuth B (10.7.7) uwnener us &,, Ay ¥ 0,, CONEpXKAINME SKCIO-
HEHTHI OT NONOJHUTENLHEIX kKoopauHaT. Ilocie cooTBeTcTByIOmMUX
BEIYNCIIEHNI MOJyYaeTcs XUITCOBCKOEe 3HaueHHMe Macchl mokos W*-
6030HOB.

OnHako 5TO JNUINE YaCTh 3HAUEHUS MACCHI 3aPSKEHHEIX GO30HOB.
3HaunTeNsHO 60MbIINE BKIAAEI NAIOT (PU3UKO-TEOMETPUUECKHUE TEH-
30pHI, KOTOpEIE paHee He YUNTHLIBaJIUCH. B wacTHOCTH, Takue BKia-
OBl MaloT KOMOWHAINN U3 BEKTOPHEIX (U3UKO-TEOMETPUUECKUX IO-
Jeit, ykasaHHBIX B (8.5.20) 1 o603HauenHBIX MHOroTO4YmeM B (10.3.8).
Jlerko mokas3aTh, 4TO 5THU BKJIanbl OYAYT, KaK IJIs CKAJIIPHBIX 6Go-
30HOB B (10.7.9), mponopnuoHaIbHEL KBaJpaTy MEPHONa KOMIAKTH-
duKanuy TONOIHUTENHLHEIX TapaMeTpPOB, TO €CThL TaKWe MacChl UMe-
10T nopanok Maccel Ilmanka. BosankaeT mpobiieMa nepeHOPMUPOBKH
ITaHKOBCKNX Macce W *-6030H0B.

B pa6ore [19] 6b110 nOKa3aHO, YTO AJIS MEPEHOPMUPOBKU IUIAH-
KOBCKHX Macc W -6030HOB MOXHO HCIIONB30BATE Gojlee OBIIYIO Teo-
MEeTPUIO C KPyUYeHUEeM, MPUYEM BHIOPATL TaKoWl BUI KPYUeHUs, KO-
TOPEHI He HaGIIONaeTcsa B 4-MEPHOM MUpPE U He B3aUMONEWCTBYET CO
COIMHOPaM.



I'maBa 11

DepMUOHHLIN

CEKTOp 7-MepHOU
reoMeTpPUYeCcKOn MOeJIn
I'PaBU-3JIEKTPOCIAbbIX
B3aIMOIENCTBUN

B npenrvinymeii raaBe 6b171a pacCMOTPeHA JIUIIE TeOMETPUYECKast
9acTh (6O30HHBIA CEKTOpP) 7-MEPHON MOZEINH I'PaBHU-3IEKTPOCIabEIX
B3auMoneficTBUi. B 5Toill ri1aBe B paMKaX TO#l e MATol Gu3uUecKoi
nmapagurMel o6cyxaeHa pepMuoHHas MaTepus (JIENTOHEL), BHOCHMAS
B reoMmeTpuio u3BHe. IlokazaHO, YTO ymaeTcs MOCTHYL MOCTATOYHO
TIOJIHOTO COOTBETCTBHUA I'eOMeTPHUUYEeCKON Momesin ¢ OOMIeNpHHITON
Mogenbio Baitu6epra-Camnama u B GepMUOHHOM CEKTODE.

11.1 ®epMuoOHHI B 7-MepHOU
reoMeTPUIECKON MOOeJIn

B 7-MepHOW reoMeTpHYECKON MONENN HUCIOIL3YeTCS TPaluilu-
OHHOe 0606IIeHnE 2-KOMIOHEHTHLIX CIMHOPOB Ha OCHOBE AlrebphHI
Knuddopna Han moseMm BemiecTBeHHEIX dncen [65], korga COMHOPEHD
MOTYT UMETH JIUIIb 2" KOMIIOHEHT, THE 7 - IeJIoe 4ucio. B manHOM
ciiyyae 7 M3MepeHUi ¢ curHaTypoit (+——— | —— —) dpepMuOHE! onu-
CHIBAIOTCS 8-KOMIIOHEHTHBIMI KOMIUIEKCHEIME CHHHOpaMmu (n = 3).
Ilnga mx ommcaHums B UCKPUBJIEHHOM MHOTOO6pa3WM, MpPeXIe BCETO,
HEOOXONMMO OCBETHUTH PAI KIIOUEBEIX MOMEHTOB.

1. Cenranuwiii dopmanusm (meroxn). B 7-meproit mMomenu

287
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g onucaHngd ¢GepMUOHOB cJelyeT UCIOIB30BaTh eCTeCTBEHHOe 00-
obmmenne TerpanHoro dpopmanusma (cM. §7.2) Ha caydail ceMu m3Me-
PeHNH — cenTagHEIN dopMalu3M, B KOTOPOM 7-MePHEIH MeTpUIYecKui
TEH30p IpeiCcTaBiideTcI B BUIE

G =Y Gu(P)GN(P), (11.1.1)
P

rne P =0,1,2,3,4,5,6, Gy (P) — xomnonenTsr cenransl. Ouesnn-
HO, WCIIOJIL30BAHHLIN BEINIE TPUAMHLIA MeTON MOXHO TPaKTOBaTh
KaK TMPOMEXYTOUHEIH MeXNy OOIIeKOBapUaHTHEIM METPUUYECKUM U
centanueiM dopmanmsmamu. ClenyeT MOIOKUTH

3
G = Z gm(e)gn(a) — Emén — AMAN — omon, (11.1.2)
a=0

rune
Gu(o) = gum(a); Gm(4) =&m; Gu(5) =Am; Gu(6) =oum
(11.1.3)
C YCIIOBHAMM OPTOHOPMEPOBKH
+1 P=S5S=0;
Gu(P)Gn(S) =4 ~1 P=S=1.234,56; (11.1.4)
0 P#S.

CenTamHbIl METON, KaK M MOHAINHEINA, MIUAMHEIA W T.X., MOXHO
TIpeICTAaBUThL B BUJAE UETHIPEX COCTABHLIX yacTeil. B amre6py cen-
TaJHOT'O MeTola BXONNUT, B YaCTHOCTH, IIPOeKTUPOBaHNE BCEX TeH-
30pHBIX BEJIMYUH IOCPEACTBOM KOMIIOHEHT CENTalbl, HAlpUMep, AJId
IIPOM3BOJILHOTO BeKTOpa HMeeM

B(P) = ByGM(P), (11.1.5)

rne B(P) ckansap. Waneke B cko6kax 0O3HayaeT HOMED BEKTODA CEll-

Talbl, ¢ KOTOPEIM CBEPHYT 7-MepHEI BekTop Bys. B dopmyae (10.1.3)
yXe WNCIOJB30BAaHEl MOHATHSA CENTATHOTO MeToNa, HAIIPUMEDP, TaM

TIPUCYTCTBYIOT KOMIOHEHTHI KosdbdunuenToB Bpamenns Puuan. Bo-

Jlee MONPOGHO MOXKHO O3HAKOMUTBHCSA C TETPAIHLIM (CETANHEIM) Me-

TOXOM IO HammM pa6oram [9, 11].

2. IlpencraBnenne marpun [';;. B 7-mepHoit Momenu poib
matpuin upaka urpator 8-psanusie matpunst ['ps. Ogaako, cormac-
HO (10.1.4) onnm sBustoTcs dpyHKnuamu koopauHat. Henmocpencreen-
HEIM 06OGINeHNeM NOCTOSHHEIX MaTpun lupaka SBISIOTCS Ipoek-
nuu MaTpun ['ps Ha JOKaAILHYIO CHCTEMY M3 CEMH OPTOTOHAILHBIX
BEKTOPOB CENTANLI

I'(P) =Ty GM(P). (11.1.6)
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OTH BEKTOPEI HOCTOSHHEL (3aBHCHMOCTH OT KOOpAHMHAT 6epyT Ha
ce6s KOMIOHEHTEI CENTAlbl) U SABIAIOTCA 0OpasyOUIUME ajre6phl
Kunundppopna C(1,6), cooTBETCTBYIOMER HCIONB3YEMOMY 7-MEPHOMY
MHOroo6pasmio ¢ cursarypoit (+ ——— |- —-).

BribepeMm cienyromee mpencTaBiieHAE MaTPHII

I'(a) = Tng" (a) = ( ) 7(0) ); (11.1.7)
r=i( ¢ % )ite=(g % )ite=(15 )
(11.1.8)

rne Iy — 4-psanHas exuHEYHAS MAaTPUNA, ¥ (@) — TOCTOAHHELE 4-pAoHEIE
MaTpunsl upaka, HamOMHIM

(0 I
V=tV 0 )¢

OTO mpencTaBieHNe XapaKTEPHO ONWHAKOBOM GJIOUHOM CTPYKTY PO
BCeX MaTpull, yIOOHOHW IJid NaJIbHEWIIero paclleljieHusd 8-pAIHBIX
BeJINYNH Ha 4-panHEIe.

3. JleBble M mpaBBle KOMOOHEHTHI CHUHOPOB. B cormacuu
C IaHHBIM BHIIIE IpencTaBileHueM [-MaTpun 8-koMnoHeHTHEIE Y-
JyHKONN ecTeCTBEeHHEIM 06pa3oM pacIIelyIgioTcad Ha IBe 4-KoMIo-
HEHTHbIEe PYHKINN:

¥ = < (1) > LE—uiT) = @©2),%1), (1119

rme

T(s) = ¥l (s)9(0); s=1,2.

Pasnoxum KoMIOHEHTH 4-pAnHLIX QYHKIWH Ha JIEBLIE U IPABLIE
COCTaBIIAIOIINe COTJIacCHO CTaHIAapTHEIM dopMyJiaM:

Wi(s) = 51+ i) ¥(s) = T (s) = 5 T(s)(1 — 1)

Tp(s) = %(1 — iy5)(s) — Tp(s) = %ﬁ(s)a +ivs), (11.1.10)
torga umeeM s (11.1.9)

T = ( gig) + ¥p(1
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T = (T1(2)+ Tpr(2); (1) + Tr(1)). (11.1.11)

4. 3aBucuMocTb GYHKIUN OT AOIMOJHUTEILHEIX KOOPAU-
Hat. B Monenn Baiin6epra-Camama seBble U mpaBble KOMIOHEHTEI
JIENTOHOB MMEIOT PasHble N30TOMNYECKNE CBOMCTBA U Pa3HELl THIep-
3apsan. B §10.5 >Tu moHATHA GBLIN CBA3aHBI C XapaKTEPOM 3aBUCH-
MOCTHY OT IONOJIHUTENBHEIX koopauHatT. Ha Bpems mpene6pexeM 3a-
BHCHMOCTBIO CIIMHOPHBIX KOMIOHEHT OT KOOPAMHATHL z*, — onmcanme
Macc JIenTOHOB GyzmeT obeyxaeHo B §11.4. B cormacum ¢ ¢popmyia-
mu (10.5.10), (10.5.14) = (10.5.16) BBemeM 3aBUCHMOCTE CIMHOPHBIX
dynkumit ot z° m z° m mpowmssenem ¢uUzMUECKOE OTOXKIECTBIIECHHE
Bxogamux B (10.1.11) Bemnunn

. 6 ) 6 s 5
\I’L(S) — (aLsyLeza:l: ‘|‘bLseLe iaz )6 iaz :

\I’R(S) = aRsyR+bRseRe_2i°‘m5, (11.1.12)

roe s = 1,2. 3meck ap,, ARy, br,s, brs- MOCTOAHHBIE KODPHUIIUEHTEI,
oIpeleNgdeMLIe U3 YCJIOBHH HOPMHUPOBKH M COOOPaXXeHHH COOTBET-
CTBHUA IOy YaeMEIX GOPMYJI CO CTaHIapTHEIME B Momejn Baiinbepra-
Camama.

,H.TIH IIpaBbIX KOMIIOHEHT MOXHO IIOJIOXWUTH
ap1 = ars =0, (11.1.13)

T.e. NCKJIIOYUTH [PaBYI0 KOMIOHEHTY HEHTPHHO (OHO He ofiamaer
Maccoil MOKOs), a IPaByIO KOMIIOHEHTY SJI€KTpOHa 6yIeM paccMaT-
pPUBaTh KaK M30CKaJIdp, MOJOXUB, B YJaCTHOCTH,

bpi=1; bgy=0. (11.1.14)

Torma orsmuunLle OT HYNA K03GPUIMEHTEHI JIEBLIX KOMIOHEHT JIEI-
TOHOB B IBYX cTpokax (10.1.11) nmeroT xapakTep 2-KOMIOHEHTHOTO
CIOIWHOpPA W3 V[, U e, B M30TOMMYECKOM MPOCTPAHCTBE.

I[a.HHI:Ie O 3aBHCHMOCTAX OT (I}5 n 136 (B KOOpI[I/[Ha.THOﬁ CHCTEME,

rie )\6 = 0) BCE€X BBEIECHHLBIX BBIIIE BEJINYNH CBEICHEI B Ta6nnuy.
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Yac- 3aBucu- T'unep- 3aBucu- ITpoexnusa
THIEL MOCTb 3apsn MOCTb M30CINHA

or z° Y or 28 Ts
N3ony6ner

v, exp(—iaz®) -1 exp(iaz®) +3

er exp(—iaz®) -1 exp(—iaz®) -z
CuHriers

VR exp(0) 0 exp(0) 0

eRr exp(—2iaz®) -2 exp(0) 0

B, exp(0) 0 exp(0) 0
MzoTpunier

Wi exp(0) 0 exp(2iaz®) +1

W, exp(0) 0 exp(—2iaz®) -1

A(3)a exp(0) 0 exp(0) 0
N3ony6ner

do exp(iaz®) 1 exp(—iaz®) ~1

o exp(iaz®) 1 exp(iaz®) +3

T'apmonuku depmmonoB u 6030HOB U3 5TOH TabGAUNEI T'padUuecKn
npomaocTpupoBaHel Ha pucynke 11.1. Ha stom rpaduke mo BepTu-

€6
242,

Puc. 11.1: 'apmonuku (HpepMIOHOB 1 6030HOB B 7-MepHO# (6-MepHOil)
TeOMeTPUYECKOH MOIEIH.

KaJILHOI OCH OTJIOXEHEI TapMOHHUKHU Eg, a IO I‘Op]/[30HTa..TII;HOﬁ ocn
— TapMOHHUKH E5. Kak BHUIHO M3 PUCYHKa, OCYIIIECTBJIAECTCA IIJIOTHaA
YIIaKOBKa 49aCTHIl II0 TapMOHHUKaM BOJIM3W MX HadaJia OTCUETA.
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E1me pas momuepkueM, UTO I mepeXofa OT TUNEPIIOTHOCTH Jia-
rpaHXWMaHa K CTaHZApPTHOW IJIOTHOCTH JarpaHXWaHa HYXHO IIpo-
M3BECTH yCpelHeHWe IIo IepmojaM 3aBucmMocTeir or z° m z°. Ipm
5TOM YHHUTOXAIOTCA BCe cllaraeMble, coflepXKalllie 5KCIOHEHTHI, Ofl-
HaKO OCTaHyTCA TapMOHUKH €5 U £g, NHTEPIPEeTUPYeMEIe Uepe3 TH-
nep3apil U IPOeKIUK M30CIuHA.

11.2 JlarpaH:xmaH B3amMOOeNCTBUSA
¢depMHUOHOB ¢ BEeKTOPHBIME 6030HAMU

1. IIng 3anucu yIoJWHEHHON NPOM3BONHON OT (pepMUOHOB OGpa-
THMCA K BHIpaXKeHUIO IJId KOBapMaHTHON IIPOM3BOIHON OT CIMHOpa
(10.1.8). Jlerko mokasaTh, 4TO cjIaraeMsle ¢ KO3(P(UIUEHTOM Bpa-
meHus Puyuu cOOTBETCTBYIOT TPaBUTAIMOHHOMY B3aWMOAEHCTBUIO,
B3aNMOJIECTBUIO C BeKTOPHBIMHU MOJIIMHE Uepe3 aHOMaJlbHbEIe MOMEH-
THI I YaCTUYHO MacCOBBLIM cilaraeMeiM. HenocpencreenHoe (mpsmoe)
B3aNMOJIeiCTBUE ¢ BeKTOPHEIMHU IOJIAMU ONpelelideTcsa MepBLIM Clla-
raeMeIM cipasa B (10.1.3).

UTo6LI B 5TOM y6emuThCA TepeiineM K 4-MepHO# 3allcCh COOT-
BeTCTByMoIero ciaraemoro um3 (10.1.2), r.e. mpousseneM npouenypy
1+1+1+44-pacmenaenns:

0 - 0 6 0
r = I NS A’ = + 0,0 -
9z gon T8t g AN 5 0t
8 0
6 5 4 Y
rmue f\(x = FM 3I[CCI: IIEPBOE CjlIara€MO€ CIIpaBa COOTBETCTBYET

CBOOOITHEIM HOJ'IHM BTOPOE€, TPETHE N YETBEPTOE CJIara€MBIE€ OIIMCEHI-
BalOT B3a.HMOI[eI7[CTBHe C BEKTOPHBIMMU IIOJIIMM, a OCTaJIBHBEIE OAaIOT
BKJIaq B MaCCOBBIE€ YJICHEI. OrpaHnthc;[ cJlara€MBIMH, OIIACBIBalO-
MU JIAIIb OPAMOE B3alMOJIENCTBHUE C BEKTOPHBEIMHI 6030Ha.MI/I, n
npeHe6pe)KeM 3aBHCHMOCTBIO OT (I}4, TO €CTHh OT6pOCHM BTOpPOE Clia-
Ta€eMO€ CIIpaBa.

2. Bruinumem TUIEPINVIOTHOCTE JlarpaHXHNaHa OJIA TaKHX cCjlara-
€EMBIX

. VGO (he) [« 2, 00 0T -
Ly = —2{|TT*— - —T°¢
v 2c; gz Ban )T
+ A \praaq’—a—q’r“\p + (11.2.2)

Oz5 QOzb
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+ o%0, (Wraa—‘l’ - 3—‘I’F @)},

Oz6  Oz8

rae Cy — HEKOTOPEIH pa3MepHEIH K03)PUINeHT, BBeleHHEIH 11 y4e-
Ta MNOCIIENYIONWIEN HPOIENYPHl YCPeOHEHUS IO MEpPHMomaM IOMOJIHU-
TEeNLHEBIX KOOPAWHAT. XapaKTepHLIM OOIINM CBOWCTBOM BCEX cJlara-
eMbIx B (11.2.2) aBasercs 1o, 4To B HUX [-MaTpuIE! BXOAIAT KBangpa-

truHo (¢ yuerom Marpunsl I'(0) B onpenenernn ¥). Oto o3Havaer,
4TO B BHIGPAHHOM IPENCTABIEHNN MATPHI He 6YIeT MEPEKPECTHBIX
wieHOB 13 KommnoHeHT ¥(1) m ¥(2).

Kpowme Toro, Bce napuele kombunanuu u3 ¥-pyuknmii 6ynyT co-
CTOATH IGO0 TOIBKO W3 JIEBBIX, NGO TOIBKO U3 IPABBIX KOMIIOHEHT
CIIMHODOB!

T(s)ya¥(s) = To()7,02(s) + Trls)yu¥rl(s).  (11.2.3)

3hech U B JajbHeiimeM 6yneM o603Ha4aTh NMOCTOSHHBIE MAaTPHILI
Iupaka B cCTaHZAPTHOM IPENCTABIECHAN OOLIYHBEIM 06Pa30M, TO €CThb
v(p) ="

3. loncraBum B (11.2.2) Berpaxerns g ¥ u3 (11.1.12) ¢ npons-
BOJILHBIME 3HAUEHUAME KO3()G)UINEHTOB @ ¥ b, yuTs JIHUINL yCIOBHUS
(11.1.13). B ofmem ciayyae HaxomuM

Ly = Ly(free) + Lu(int) =

% 31/]; 31/]; @
= ﬁ \/ hC aLlaL]_ + aL2aL2) <1/L')/ 8;304 8@057 L) +

* * _ 8€L 86[, @

+ (b71b11 + b75bL2) (eL’)’ 9z 3? GL) +
% « _ a@eR 36R .

+  (bR1br1 + bRobro2) (eR’Y 9z¢ 0z €R>] -

— 2ia(b§1bR1 + bEQbRQ))\E()\a + )\a)(eR'y eR) —

— da(agiart +agpar) N (Aa +A3) — 0 (Cfa + o) @Lytvr) -

— ia(bL1br + b5b12) [N (Aa + AL) + 0°(0a + 03)](eryer) —

— da(alibry + azpbre) [N’ (Aa + AL) + 0% (00 — o)Ly "er) ~

= da(azibly + az2bls) [N (Aa + A3) — 0%(0a — 03)](ery vL)}-
(11.2.4)

BI[CCI: Be31€ MoApa3zyMEBAETCA, YTO COOTBETCTBYIOIINUE SKCIIOHEHITHN-
aJIbHBIE CJiIala€MBI€ BKJIIOYEHBI B BBIPDaXXE€HUA OJId V U €. B sToit
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dopMyile mepBEIe TPU CTPOKM COOTBETCTBYIOT CTaHIApPTHBLIM ujle-
HaM IUIOTHOCTH JarPaBXuaHa Ly frcc) CBOGONHBIX (EPMUOHHEIX IIO-
et v U e. B HUX 5KCHOHEHIUANLHEIE CllaraeMble MOTAIIAOT APYT
npyra. Ilnsg moiHOTO coBIanmeHUs cO CTaHNapTHOW Teopueil cienyet
TIOJIOXKUTH

aziary +arqsary = 1; br,bp1 + b72br2 = bpibr1 + bRabra = 1.
(11.2.5)
OcranbHbIE TATH CTPOK ONMHUCHIBAIOT B3aMMONERCTBUS JENTOHOB Ye-
pe3 IpPOMeXYTOUYHLIE BEKTOPHLIE G0O30HEL.

4. lloncraBum B mociennune versipe cTpoku (11.2.4) Beipaxkenns
IJIsi KOMIIOHEHT A, M O,, a TaKXe y4TeM SKCIOHEHIHWAILHEIE CJIa-
raemele pepmuoHoB. [IpomsBeneM ycpenHeHue (MHTErpmpOBaHUE IO
IEPHONAM 3aBUCHMOCTENl) IO JONOIHUTENLHEIM KOOPAMHATAM. JTO
o3Hagaer, 4TO B (11.2.4) ocTanyTCs IULIBL Te CilaraeMble, B KOTOPEIX
SKCIOHEHTHI 6030HHEBIX CIIaraeMBIX TacAT SKCIOHEHTH! (PePMUOHHEIX
caaraembix. QUeBUIHO, YTO B YETBEPTO, HATOM M MIECTOM CTPOKax
OCTaIOTCA JINITEL HelTpalibHBEIE BEKTOPHEIE IO, T.€. STUMHI CTPOKa-
MU ONNCEIBAIOTCS B3aMMOIENCTBUA Uepe3 HENTpalIbHLIE BEKTOPHEIE
6030HEI. B mociaemHEmX OBYX CTpoKaxX BEIXKWBAIOT TOJILKO 3apsaKeH-
HEIe BEKTOPHEIE TIOJS, T.€. STUMU CTPOKAMHU ONMCLIBAIOTCS B3aMMO-
IeficTBUA JIEIITOHOB Yepes 3apsiKeHHBIE BeKTOpHEIE WT-6o30mEr. B
HUTOTe IUIOTHOCTH JIarpaHXWaHa B3aWMONEWCTBUS ¢GHepMUOHOB IpHU-
HUMaeT BUI

1
Lop(int) = 3V G(")(hec)a{+4bs)* B, (ry™er)+

—}—2b5)\5Ba[(FL7“VL) + (eLy%er)]—
—2b50°A(3)a[(FLy vL) — (ELy%er)]+
+(az1br1 + azqbra) X
X [N3(wF +w5T) + 0%(wg — wyT)| W (Foyer)+
+(az1bL; + ar2bry) X
X [N3(wy +wit) — 0%(wg — wit)| WS (epy®vr).  (11.2.6)

IlomuepkueM, 3mech MOKa He KOHKPETH3WPOBAHEI 3HAUEHUA K03ddu-
IUEHTOB w5i u wét, koHcTaHTa C ompenernera B (10.3.21).

5. OTmenbHO npoaHaJmW3mpyeM ciaraeMsle u3 (11.2.6), onucriBa-
IolllNe B3aUMONENCTBIUE JINIIL Yepe3 HelmpaabHble BEKTOPHEIE 6030-
uel. Ucnonesys onpenenenus A, u Z, 4epe3 KOMIOHEHTHI TPUATLI
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Ao ¥ 0, cornacuo (10.6.8) u (10.6.9), 5Ty 9acTh IIIOTHOCTH JIaTPaH-
XKUaHa B3aUMONENCTBHS MOXHO 3allICaTh B BHUIE

4./k A5g6
V% g i Aq
o2 V@2 T+ (XF — x0)2
x (ery®er +ery®er) +

4f(h)a\/(06)2 (N - A9)22, x

X

Ly(a,z)

< 13 +0) Err™v0) + 0+ 0) v vm) +

1 A% sin By
—=+
2" Vo OF o

) (ER’)/aeR)]. (11.2.7)

) (ery%er) +
A° sin Oy

’ G*¢ww+u&ww

3necy onymien muoxurens VG(7). DTo BLIpaxenme nmmimEmi pas
moATBepXkaaeT npomsBeneHurie B §10.6 0TOXIECTBIEHNS T€OMETPH-
YeCKHUX BeJINUWH ¢ QU3NUYECKUMU.

11.3 ConocrTaBiieHue C JarpaH>kKHaHOM
monenu Bamu6epra-Canmama

1. IpencraBum 3 mociennne ciaaraemere B (11.2.6) copaBa (naTs
IOCJIENHUX CTPOK) B (OpMe, MOAXOAMIEl A 06CyXKIEHNS BOIPOCa
06 SU(2)-cummerpuu. Jlng storo pacmmmem WE depes BexTopHEIe
noreHnuaisl cornacHo (9.3.5). Kpome Toro, orpanmummes ciydaem
C? = C2 = C u BemecTBeHHEIME KO3h(UINEHTAMU B TPEICTABIE-
Hun BekTopoB Tpmansl (10.2.19) — (10.2.21). Mcnomesys pemenns
nnsa xosbdunnentos (10.4.9), (10.4.10) u (10.4.14), Haxonum

1
Lop(int) = 3V G(")(he)a{+4bs)* B, (ery™er)+

+2b5 A5 B, [(Fry*vr) + (ery“er)]—
—2b50°A(3)al(7Ly vL) — (epy“er)]+

+A(1)a [\/§A5w5 + CO‘G} [z(Fry“er) + 2" (ery“vL)+
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+iA(1)a [V2N w5 + Co°| [2(Fryer) — 2" (e1y?vp),  (11.3.1)
rine UCIOJIBE30BaHO obo3HaueHNE
z=al,br1 + arsbrs. (11.3.2)

YuTeM, 4TO cllegyIoline TPHU JENTOHHEIE KOMOUHAINYN 06pa3yioT
BEKTOP B M30TONNYECKOM IPOCTPAHCTBE:

A()* = (Fpyer) + (eLy*vr);
A(2)* = i[(Fry¥er) — (eLy"vr)];
A3 = (Fpy™wr) — (epy“er). (11.3.3)

JI:060NEITHO OTMETHTE, YTO BLIpaXKeHWe BO BTopoil crpoke (11.3.1)
MOXHO PacCMATPUBATH KaK BPEMEHHO-TIONOGHYI0 KOMIIOHEHTY 5TOTO
BEKTOPa B 4-MEPHOM H30TOIMMYECKOM “IIPOCTpaHCTBe-BpeMeHn”

A(0)* = (ry%vr) + (Bry%er). (11.3.4)

YuuteiBas Takxe, uTo B Mogenu Baiia6epra-Camama usoronu-
YeCKUM 3-MEPHEIM BEKTOPOM SBIIAeTCS TPHIUET A(S)y, IPHXOTUM K

BBLIBOIY, YTO JJIs HOJIyYeHUS W3 MOCIAENHMX Tpex cTpok B (11.3.1)

cnpasa SU(2)-nHEBapmaHTHON KoM6uHannu' Buaa

AD)*A(1) o + A(2)*A(2)0 + A(B)*A(3) = Inv (11.3.5)
HeO6XOI[I/[MO IIOJIOXKNTB, BO-IIEPBBIX
z=2" (11.3.6)

¥, BO-BTOPHIX,

0.6

2b50° = vV2X w5 + Co® — ws = W(% T0). (11.3.7)

Ilocnennee BrIpaXkeHUe MPENCTABISAET COGOM NOMOIHNTENLHOE YCIIO-
BHUE Ha KO3)OUIMEHTHI by 1 ws.

2. Ina ocMEBICTIEHUS 5TOTO YCJIOBUS PAcCMOTPUM 6-MepHLIN Ba-
PHaHT reoMeTPHUYECKOW MOJEJN T'PaBU-3JIEKTPOCIabbIX B3amMOHei-
CTBUH, IJI1 KOTOPOTro Ko3pPUIUEHTHI Pa3IoKeHNI Inafel Mo pusu-
geckuM noisaM 6eumm HajineHsl B §10.4. OQuaTe orpaHuYmMCs CiIyda-
€M BeIeCTBEHHBIX K03 PUIUEHTOB, KOTJa NMMEIOT MeCTO (POPMYJILI

13aMeTHM, UTO MOXHO GBLIO GBI TOBOPUTH 0 S L(2, C)-xombunarnum, B KOTOPOR
BekTOp B, Urpaer poib deTBepTol (BpeMeHHO-TIOR06HOM) KommoHeHTH! A(0)q.
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(10.4.27), (10.4.28) u (10.4.31). Iloncrasnss ux B (11.3.7) n ncnons-
3y4 paHee W3JIOXKEHHbIE COO6PaXeHNns, IPAXOAUM K COOTHOIIEHTIO

V3P = o8, (11.3.8)

KOTOpOE CITpaBeJINBO JININE TPY 3HAUEHNN yria Baiinbepra, paBHoM
30°. 3aMeTnM, 4TO MHaHHOE YCJIOBUE MPUBONUT TaKXe K COrJIacoBa-
HUIO 3HaKOB B popmyinax (10.4.6) m (10.4.28). Bo Bcex sTux dopmy-
JaX cilefyeT BHIOMpaTh MO0 BepXHUH, JNO60 HUXKHUN 3HAK.

3. W3 W3JI0XEHHOTO CJENyeT, 4TO IPH BHEIOOPE BEIIECTBEHHBIX
ko3d¢umnmentoB B (10.2.19) — (10.2.21) omxnonenuve yeaa Batinbep-
2a om 30° JdoadcHo ONUCHIBAMbBCA C NOMOUWbIO OONOAHUMEALHOZO
(cedvmozo) uamepenus, coomeéemcemeyouezo xoopduname z*. DTo
O3HaYaeT, B YaCTHOCTH, OTJIMYME OT HYJII HEKOTOPHIX KO3()UIIneH-
TOB B Pa3JIOXEHHN BEKTOpa TPHUANEL §, 1O PU3MUYECKUM IIOJIAM.

Hanpumep, monoxunm B (11.3.7) ws = /3/2C, xak B 6-MepHOi
monenu. Torma mveem

C
6 __ 5
0% =+/3) TGk (11.3.9)

W3 (10.4.10) coenyet, uto |bs| < C, To ecThb
0% < ol = V/3X%. (11.3.10)

Cornacuo (10.6.18) sTo o3ragaer, uTo yron Baiin6epra MoxeT 6BITH
nn6o paBHEIM 307, 160 MeHBIIE, KaK 3TO U cledyeT U3 SKCIIePUMeH-
Ta.

4. B BrIOOpe pepMUOHHEIX apaMeTPOB €Mle OCTaeTCA IPOU3BOJ
maxe B paMkax yciomit (11.2.5) n (11.3.6). Barnssem Ha 5TOT mpo-
M3BOJI HOJ cleylomuM yrjoMm 3peHud. IlpeacraBum JieBble KoMIIO-
HEHTEI JIENTOHOB coryacHo (11.1.11) B Buzme 2-KOMIOHEHTHOTO CTOIG-

ma
= \I,L(]') — ar1vy + bLleL
L= ( > N ( arevr + broer ) . (11.3.11)

Hycrs xospduunmenter ar, by ymoBnerBopsior ycmoBmsam (11.2.5).
IIponssenem mpeoGpazoBaHus >TUX K03(PGIUNMEHTOB C MOMOIIBIO He-
Kol MaTpunsl {c}}

1.1 / /
R _( ap v+ by er
L= ( ¢ el )‘I’L = ( dlov + brer ) : (11.3.12)
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IMoTpebyem, uTO6EI mpu >TUX NpeobpasOBaHUAX MO-TPEXKHEMY BEHI-
nonusnuck yenopus (11.2.5). Oro 6yner, ecnu KoshdUIMEHTEL Ipe-
0o6pa30BaHUil ¢, YIOBIETBOPAIOT YCIOBUAM:

*1 1 *2 .2 _ 1. *1 1 *2 .2 __ 1.
cireptcifei =1, eyt ceyie; =1, (11.3.13)
c*lcl_l_c*2c2_0 *.

1 6 2 €3 = U.

OTH ycioBHA ompenensioT rpynny npeotpasoBanmit U(2). OueBun-
HO, YTO IPH 3TUX IPeo6Pa30BaHMAX OCTAETCSI NHBAPUAHTHEIM M BLI-
paxenme z = aj,br1 + aj,brs. B wacTHOCTH, MOXHO B34TH Gollee
y3kue mpeoGpasoBaHus, cocTaBisomue rpynny SU(2). Ounm coor-
BETCTBYIOT HNOOGaBJIEHUIO YCIIOBUS

cics —cye? =1. (11.3.14)

11.4 Macca jJenToHa

1. O6cynum nponCcXoXAEHUE MACC JENTOHOB B MHOTOMEPHOIA T€0-
MeTPpUYECKOH MOIeNN, XapaKTepN3yeMoll I'UIePIIOTHOCTHIO JIar paH-
xmana (10.1.2). O6paruM BHUMaHWE, YTO B STOM BLIPAXKEHHH HET
BOJIEBLIM 00pa30oM BBENEHHOTO MaccoBOro ciaraeMmoro. Macca 6yner
moJIy4aThes, Kak u B Momenn BaiiuGepra-Camama, u3-3a B3auMozneii-
CTBHUS CO CKAJIIPHEIM IOJIEM, KOTOpPOEe B JaHHOW MHOTOMEPHOH Teo-
MeTPUYECKO MOIeNN BO3HUKAeT B BuUIe KOHGOpPMHOTO dakTOpa X.
UTo6EI BEIINCATH MAacCOBEIE BKJIANEI B THIEPIUIOTHOCTEL (hepMUOH-
HOW YacTHW JarpaHXuaHa, MpeXde BCEro, HeOOXOOUMO YCTaHOBHUTH,
KaK B HEro BXOIMT cKajspHoe moise. CorimacHo (10.7.1) u3 ompenenn-
TeJIs METPHKH BO3HUKAeT obIImit MHOXHTENS X' . ONHAKO X BXOLUT
B cocTaB (pepMEOHHON YacTH eme B ABa MecTa: B Marpuusl I'M n B
ko3¢ unnenTs Bpamerus Puuun Ay (N P).

2. KomnonenTsr mMatpun I'M nomxHEl mpeo6pa3oBEIBATHCA IpH
koHpOpMHOM mnpeobpasoBanmm (10.7.1) BeoencTBme WX CBS3HM C 7-
MepHEIM MeTpuuyeckuM TeH3opoM (10.1.4), To ecTh nMeeM

M — 1M, (11.4.1)

EcTecTBeHHO NOIOXKUTE, YTO (pepMUOHHASA BOJIHOBAA GYHKINS He W3-
MeHseTcsa npu KoHbopMHOM mpeobpaszoBanun. besz yueTa Bkiama oT
ko3¢ PunnenTos Bpamenns Puyun u3 (10.1.2) monyyaem crenyomne
MacCCOBLIE ClIaraeMEIe:

(1 i(he) o= 0 ] 0
['EII()m) == TXG‘P (F(4)§4w +F(5))‘5ﬁ —I—I‘(G)Ueﬁ) ¥+ (h.c.)
(11.4.2)
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Ha mepsernit Barman (6e3 ucmonb3oBaHWMS MeXaHNM3Ma THUIA XUT-
TCOBCKOTO) MOX€T IIOKa3aThCsA, YTO HTO BHIPAXKEHWE INOJIKHO IIPHUBO-
IUTH K IJIaHKOBCKMM MaccaM, ONHAKO TO HE Tak.

3. Utober B 5TOM y6emuThLCS, HYXKHO pacnucaTh ¢HepMUOHHELIE
dyukmun cormnacuo popmynam (11.1.9) — (11.1.12) u yuecTs BrIGpas-
HEle npencrasienns '-marpun (11.1.7). B mrore nosmyyatorcs BeIpa-
JKeHU U3 4-KOMIOHEHTHEIX (PYHKINI, COCTOAIINE U3 IePEKPECTHEIX
KOMOWHANIWA W3 JIEBLIX W NPaBLIX KOMIOHEHT. Jlerko BUAeTh, UTO
BesenctBre (11.1.12) sKcnoHeHNMAIbHBIE MHOXKHUTEIN B COIMHOPHEIX
CJIaTaeMBIX HE MOTYT CKOMIEHCHPOBATH APYT APYyra. DTO MOXKHO
CIENaTh TONLKO C IOMOIIBIO SKCIOHEHITUAIBLHLIX CIIaTaeMEIX CKAJIAp-
Horo mois. Bossens (10.7.5) B 6-10 cremens,

X° =1+ 6b (9o explia(z® — 2°)] — ¢ expl—ia(z® — 2°)]) + O(83),

(11.4.3)
JIETKO BUIOETH, YTO CJIEAYET OTPAaHNYUTLCA JINIIb HepBOI?'[ CTENEHBIO
IIOJINHOMa. OCTaJIBH]:Ie cJlIara€MBbI€ NP YCPEOHEHMM IIO II€EpHMOOdaM
JOIIOJIHUTEJIBHBIX pa.3MepHOCTeI7[ COKpaTATCAd.

4. MaccoBble BKIIagbl OT Ko3hPuUOneaToB Bpamerna Puaun cBo-
OJATCA K COOTBETCTBYIOIIIUM BKJjagaM OT ,[[H(bq)epeHHIIIPOBa.HHH CKa-
JIAPHOTO HOJIA, BOSHUKAIOIIETO MOcje KOHDOPMHOTO IIpeobpa3oBaHn
Ap(NP). Herpynso nmokasaTh, 9TO STH CjlaraeMble HMEIOT BHI:

. 3i(he X — oX —
(0 = _%XS <g48_;1xpr(4)x11 + A XTI (5) 0+
+ aﬁa—xﬁr(ﬁ)w> + (h.c.) (11.4.4)
X . 4.

OueBUAHO, YTO SKCIOHEHIMAILHEIE CIaraeMble (PEPMUOHOB KOMIEH-
cupyoorca dpakTopaMn nuddepeHINPYEMEIX CKaJsIpHBIX (QYyHKIWI,
TO €CTh OT CJIaTaeMOTO X° HYXHO Y4ecTh JIMIIb HYJIEBO# IOPAIOK
PAa3IOXKEHUS O CKAJSPHEIM MOJIIM.

5. llpousBonsa COOTBETCTBYIONINE BHIKIAIKH C UCIONL30BAHUEM
SKCIOHEHINANILHON 3aBUCUMOCTY GHEepPMUOHHLIX DYHKIWH OT NOMOJI-
HUTeJIbHBIX KoopamHat (11.1.12), a Takxke (10.7.5), MoxHO y6ennTs-
cs, uTo Mmaccoebie 6xaadby (11.4.2) u (11.4.4) e3aumno coxpawarom-
ca dpyz ¢ dpyzom. DTO OOYCIOBIIEHO, BO-TIEPBEIX, CTEMEHAMM KOH-
¢dopMHLIX aKTOPOB B MACCOBEIX BKJIallaX W, BO-BTOPEIX, PA3HBEIMH
3HAKaMU IOKa3aTellell SKCIOHEHT B GEPMUOHHLIX KOMOWHANUIAX U Y
CKaJISIPHOTO MOJIsS. JTa 3aKOHOMEPHOCTH (MOXKHO CKa3aTh, TEOPEMA)
6Luta ycTaHOBIleHa B Hamedl kHure [11, ¢.118] B pamkax cmemman-
HOTO TOPCUOHHO-METPHYECKOTO BapHaHTa 6-MepHO#l Teopuu rpaBU-
saekTpocnabrix B3aumoneiicTeuil. OHa cupaBemiinBa U IS METPH-
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YeCcKOTro BapHaHTa TEOPHMH, IpHYeM BBINOJHAETCA IJd JI000H pas-
MepHOCTH reoMeTpmdeckoit Momenu. B [11] paccMarpmBamucek nBa
BO3MOXHEIX IIyTH IIPEONOJIeHNs 3TOil TPYNHOCTH, ofHaKO oba OHM
IMeIOT HeJOCTAaTOYHO 060CHOBaHHEIH (HOpMalIbHEIA XapaKTep.

6. Ilna nojydeHMs OTJIMYHBIX OT HYJsd MacCOBHIX CJIara€MBIX B
paMKaX pa3sBHBaeMoli 37IeCk 7-MEePHOI TeOMETPHUYECKON MOMENIN Mpe-
JaraeTcs HCIOJIb30BaTh NTHOPIPOBABIIYIOCA O CUX MOP BO3MOXHYIO
3aBHCHMOCTE (DepPMUOHHLIX BOJIHOBHIX (QYHKINHA OT JOIOIHUTEILHOM
xoopauHaTH z*. HanoMurmM, 4TO 3Ta NONOJHATENbHAS KOOPIUHATA
B 5-MepHOoM BapuaHTe Kielina-Pymepa 6blia BBeleHa MMEHHO s
ONMCaHMA MAaCCOBHIX CJlaraeMBIX B yPaBHEHHMAX W B JiIaTpaHXHaHe
COOTBETCTBYIONINX TOJIEH.

O6o6mum onpenenerns (11.1.12) Ha cirydail 3aBUCHIMOCTH OT KO-

opamHATH z* B cormacmm c obmeit dhopMymoi (10.1.1). Ipm sTom
CIIEIYeT YYeCcTh CIEeNYIOMNe cOObpaKeHns:

1) YTo6E! He 6BLIO ONMCAHHOM BEIIIE KOMIEHCAINY ABYX BKIIAJIOB,
HeOOXONMMO IOCTYINPOBATL PAa3IMYHLIA XapaKTep 3aBUCUMOCTH OT
z* dbepMmoHHEIX GyHKMUI M cKajngpHoro mond. IlomoxkmM, 94To OT

KOOpIOMHATEI 1134 3aBHCAT TOJIBKO q)epMHOHHBIe BOJIHOBEIE q)YHKIIHH

2) I[.TIH TOrO, YTOOBI 3aBHCHUMOCTEL OT (I}4 HE IIOBJIMAJIa Ha OIIN-

CaHHOe BHINIe B3amMofelicTBue GepMUOHHEIX IOJIel ¢ 3apiaKeHHBI-
MI BeKTOpHEIME W *-6030HaMI HEOGXOAMMO MOJIOXKUTE, UTO JIEBHIE
KOMIIOHEHTHI HEHTPHUHO M MaCCHBHOIO JIEITOHA MMEIOT OIMHAKOBYIO
3aBICAMOCTH OT KOOPAMHATEL 4.

3) Insa Toro, 4yTo6HI NPH YCPENHEHUSX IO NMEPHONAM 3aBHCMOC-
Tell OT NONOJIHUTENILHBIX KOOPIWHAT >KCIOHEHIWAILHBEIE (aKTOpPHI
¢ z* cokpammammch B cilaraeMBIX, ONMCHIBAIONINX B3amMOfeficTBHA
(pepMUOHOB ¢ HERTPaIbLHLIMI BEKTOPHLIMHI O030HAMHU U B MaCCOBBIX
claraeMbIX, Heo6XOMIMO MOJIOKATH ONMHAKOBYIO 3aBICAMOCTE OT 4
JIeBOH M IIpaBo#l KOMIIOHEHT MaCCHUBHOI'O JIEITOHA.

BceMm 5TuM ycaoBUAM yIOBIETBOpPSET CIENYIOIIUN BUI 3aBUCH-
MocTelt GepMUOHHLIX QYHKIUNA OT MONOIHUTEILHEIX KOOPAUHAT:

4

U(s) = (aLé,)yLeio‘”36 + bLseLe_i“mS) P _O‘m5); (11.4.5)

U p(s) = bpsepeiPr’ —202%) (11.4.6)

rje KOHCTaHTa [3, KaK ¥ IpexJe, XapaKTepu3yeT HepHoll 3aBUCHMOC-
TH BeJIMYUH OT 4-i KOOPAMHATHI.

7. Mcxona m3 m37I0XKEeHHOTO, JIETKO MOKa3aTh, YTO OTJIMYHEIA OT
HyJs MacCOBBIA BKJIajl BO3HHMKaeT TOJLKO W3 NEPBOTO CJIaraeMOro
cupaBa B (11.4.2). Ilociie moncTaHOBKN BHOa BCEX BXOMSIIUX B 5TO
BEIpaXKeHHe BeJIMYMH U MOoCjle yCpelHeHNd 0 NepHoAy 3aBUCHMOCTH
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OT KOOpOIMHaTBL 1E4 noJiygyaeM MAaCCOBEII BKJIaJl BUIA

Lop(my = 68(he)bonoBC* [(€rer) (bhsbrr — bRibre) -

—(ELGR)(bzlez — bzszl)] . (11.4.7)

HanomuuMm, uro xoMbuHanus KOHCTAHT bg7y ONpeHesseTcs W3 3Ha-
YeHUs] MacChI MOKOS Z-6030Ha.

Jlerko BumeTh, uTO KOHCTAHTY [ BCerga MOXHO BEIGPAThH B CO-
riIacud ¢ HabIIofaeMBEIM 3HAYEHWEM MAacCHL JIENTOHa (3JIEKTPOHA).
Takum obpasom, KoHcTaHTa f., BBeleHHas B Momenn BaitubGepra-
Canama B mIoTHOCTH Jarpamxuasa (9.5.2) mis ommcaHWs MacChl
3JIEKTPOHA, B MHOTOMEPHOH! I'eOMeTPHUYEeCKON MOJIEIN COOTBETCTBYET
KOHCTaHTe 3, TO eCTh NEPUOAY KOMUAKTUPUKAINE JOTOTHUTEITLHON

KOOpIOAMHATEI 234 .

11.5 Omnucanme Tpex MOKOJIEHUM JIEITOHOB

1. Mo cux mop B paMKaX MHOTOMEPHEIX TEOMeTPUIECKUX MOZIeIIel
paccMaTpHBalIoch 3jleKTpociiaboe B3amMoIelcTBHE JIEIITOHOB ONHO-
ro moKoJeHnsd. Bo3HWKaeT ecTeCTBEHHLIN BONPOC, KaKUM 06pa3oM B
IAHHOM IONXOJE OMUCAThH TPHU MOKOJIeHHs YacTun. B psane pa6or [11,
20] npenUpUHUMAINCH HONBITKY PEIIEHUs STON 3aTadl.

B uactHOCTH, B pabore [20] mpensmaranock A 5TOM LedaW UC-
[IOJIB30BATh MMEIOMINiicd MPOU3BOJI B UHCIe MCIOJBL3YEMBIX IapMo-
HUK (IO INONOJIHWTENLHHEIM KOODAMHATAaM) B BOJIHOBHIX (DYHKIMIX
depmmonos (11.1.12) u B pasnoxeHusx koMmoHeHT Tpuansl (10.2.7)
- (10.2.9). ITouemy B 5THX HOPMYIIaX HYXKHO OrPAHNYNBATHLCS JIHUIIb
mepBEIME WwieHaMu pasioxenus! WccaenoBajcs BOMPOC O BO3MOX-
HOCTH CBA3aTh CIEeNYIOIINe YJeHBEI Pa3jloXeHWA C NMPUHAIIIeXKHOC-
TBIO YacTul K ApyruM mnokosdeHusM. O6CyxXmaioch HECKOIBKO Ba-
puaHTOB. Ha 5TOM myTm BcTpeTmsiica pian TPYIOHOCTEH, CBI3aHHEIX,
BO-IIEPBEIX, C BHIMOJIHEHNEM INPaBWJI 3allpeTa IJId B3aWMOIeHCTBHUM
Yepe3 HelTpajibHEIE TOKM, BO-BTOPHIX, C ONHOBPEMEHHEIM BLIMIOJIHE-
HHeM IpaBWI 3allpeTa IJid 3apAXKeHHBEIX TOKOB M, B-TPETBHUX, — C
ONMCAaHWEM MacC 3JeMeHTapHLIX YacTul. B-ueTBepThIX, He ymasaochk
HallTH HOCTATOYHO BECKOTO KPUTEpUA CYILIeCTBOBAHNA MMEHHO TpexX
TIOKOJIEHUH YacTHI.

I pyroit myTh aHAJIIM3UPOBAJICS B paMKaX ONHON M3 MEPBLIX MHO-
TOMEPHEIX MOJEJIE TPaBH-2JIeKTPOCIIabhIX B3auMoneicTauii [11], kor-
Ia KCIOJIL30BAJICA CMEIIaHHEIH TOPCHOHHO-MEeTpUYECKNH BapHaHT
ONMCAHU TPOMEXKYTOUHLIX BEKTOPHLIX 6030HOB. 714 5Toil lesnu mpe-
IJIarajioch YBEIUUYUTH Pa3sMEPHOCTH TeoMeTpuueckodl Mopmenu. Ile-
JlaJicd mepeXxon oT 6-MepHOH K 7-MepHOW MOIEJIN, U B ee paMKaX OIU-
CHIBAJINCH YAaCTUILI HeCKOJNLKUX mokoisieHwit. Ha sToM myTum Takxke
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BCTPETWIICA Pl TPYMHOCTEH pasIMYHOrO XapakTepa. B wacTHOCTH,
B 5TOM IOJIXONle BO3HUKAJIO HECKOJIBKO JTOMOIHUTEILHLIX BeK TOPHBIX
reoMeTpUYECKNX IoJjlell, KOTOphIe He yIaBajloch NOJIXKHEIM 0oOpa3oM
dn3nuecky WHTEPNPETUPOBATE.

2. Onmpasck Ha ONBIT OCTPOEHUS METPUUECKOTO BAPUAHTA MHO-
TOMEpPHEIX TEeOpHHl a TakxXe Ha coobpaXeHUd MapajllelIbHO pa3BUBa-
eMoll buHapHON reoMeTpodU3NKH, cleAyeT BLIOpAaTh OYTh MajbHEHl-
LIETO Y6EeAUNEHUA PA3MEPHOCTMY MHOTOMEPHBIX TeOMETPHUYECKHAX MO-
nmeseit. Il 5Tol nenmu eme pas IpoaHAJIU3UPYEM KITIOUeBLIe hopMy-
aet (11.1.12), roe 6bUIR 3aKaHBl TAPMOHUKY JIEBBIX, IPABBIX KOMIIO-
HEHT MAaCCHUBHOTO JIEITOHA W HEMTPWHO ONHOTO HmoKosieHuW:A. U3 sTmx
hOpMYyII MOXKHO clleIaTh CIIeAyIonIne BEIBOILI:

1) HononunTensHas KoopAuHaTa £° okaszanach HeO6XOIUMOM 11
obecrieueHNA B3aMMOIENCTBUSI MEXAY JIeBEIMU KOMIIOHEHTAMHU Mac-
CHBHOTO JIENTOHa WM HeliTpmHO depe3 W-6o30mBl. PasHocTh mx 3a-
BHCEMOcTelt oT z® moramaeTcs COOTBETCTBYIOMIEHl 3aBHCHMOCTBIO
W-6030H0B oT 28, Tak 4TO Takme >KCIOHEHIHMAJLHEIE CIIATaeMbIX
moramaloTcd, U HYXHBIE cllaraeMble BEDKHBAIOT NPHU yCpeTHEHUU
IO IepuofaM JIONOJHUTEILHEIX KOOPIUHAT.

2) IononHuTENbHAS KOOPARHATA 25, Bo-TIepBHIX, pasjimyaeT Je-
Bble KOMIIOHEHTEI MACCHUBHOTO JIENITOHA OT IIPaBBIX M, BO-BTOPHIX,
BHUJl TapMOHUK €5 Y 3TUX KOMIIOHEHT M XUITCOBCKUX CKaJIIPHBIX 60-
30HOB TaKOB, UTOOEI ONMCATh MacCOBLIE cilaraeMEle.

3. Ucxons u3 mpoBeNeHHOTO aHAJIN3a MPeIJIaraeTcs I YacTHUIll
TpeX NOKOJIEHUH

a) MCIOJIB30BATh ONWH U TOT XK€ BUI 3aBHCHMOCTER OT IOIMOJIHMU-
TenbHOH KoopAmHATH z° (OHE ommHAKOBO B3amMmogeiicTByioT ¢ W-
6030HAMHE) U

6) BBECTH IJIA KaXIOTO W3 TPeX MOKOJIEHU BMECTO Z° CBOIO JIO-
TIOJTHUTENbHYIO KOOPANHATY, TO eCTh IpeljlaracTcd YBEJINIUTh pas-
MepHOCTH Ha IBe elMHUIILI.

OT0 03HavYaeT, YTO IJIs JIENTOHOB IEPBOrO MOKOJIEHNS (3IIEKTpO-
HOB U 5JIEKTPOHHOTO HEHTPHHO) GYyNyT MMETH MeCTO (pOPMYJILI BUAA
(11.4.5) - (11.4.6):

‘I’Szl)(s) = (ag;lgl/eLei“mG + bgs)eLe_i“mG) ei(ﬁa‘(il)””4_am5);

(1) _ (1) i(ﬁa(l)m4—2am5)
Up'(s) = bp,ege"’ , (11.5.1)
1
rie BBeleHa TapMOHMKA 64(1 )| xapakTepmsylomas 3HaueHme MaccH
JIENTOHA IEePBOTO MOKONIeHN . [ IeNTOHOB BTOPOro MOKOJIEHNs (MIo-
OHOB I MIOOHHOTO HEHTDHHO) CIIEAYeT MOJOXKUTH

. . o (2)
W) = (e + b upenion”) gioest o),



11.5. TPH NOKOJIEHNIS JIEIITOHOB 303

¥D(s) = b upeilPei’s 20", (11.5.2)

rne OJid BTOPOI'O IIOKOJIEHNA BBEIECHBI HOBasd KOOpIOWHaATa (pa3Mep—

2
HOCTbD) 27 u HOBas rapMOHEKA 64(1 ), XapaKTepHu3yoolasd UHYIO Maccy

JIEITOHa BTOPOTO IIOKOJIEHUA (MIOOHa.).
AHa..TIOI‘I/[‘IHO, JJIA JIEHTOHOB TPETHLETO IIOKOJIEHUA (Ta.y-J'[el'[TOHa.
I Tay-JIENITOHHOI'O HeﬁTpHHO) CJIEOAYET 3allucaTb

. ) . .o (3)
vP(s) = (a(fﬁuTLeWG+b(L‘°’)rLe-m6)el(ﬁ€f w-aat),

¥ (s) = b rpeilpes’s!—203") (11.5.3)

Thoe OJid TPETBETO IIOKOJIEHNA BBEOEHEBI HOBad KOOpOWHATa (pa3Mep-

3
HOCTI)) 1138 u CBOA TapMOHHKAa 6'51 ), onmpenelidigad MacCy Tay-JIEIITOHA.

4. Takum o6pa3oM, IJId pelleHus MPOGIEMEI MOKOJIEHWH YacTHIl
¥ ONKCAaHMA WX Macc MOKOd cllelyeT HCIOJb30BaTh 9-MepHyIO Treo-
MeTPUYECKYI0 MOHOelb. B Takoil reoMeTpuu OOIIENIPUHATEIE CIUHO-
PHI onuchHIBalOTcA 16 KOMIIOHEHTaMt, TO eCTh UHIEKC § IpuHUMaeT 4
sHaueHnsa. CocTaBIIONNE MHOTOKOMIIOHEHTHOTO cnuHopa ¥(s) 3a-
MHUCHLIBAIOTCA 4epe3 BBelleHHEIE BEeJIMUUHLI CIEAYIOMNM obpa3oM

(s) = TV (s) + T (s) + BB (s). (11.5.4)

OueBuaHO, B TaKoil MOmENN MJisi (PEPMUOHOB MOXKHO COXPAHUTH
dopMyIly cBA3U ruIep3apAla M IPOEKIUU H30TONNYECKOTO CIMHA
(10.5.16) ¢ symek TpEyecKUM 3apAnoM (), TOILKO ISl BTOPOTO M TPETh-
€ro NOKOJIEHUH BMeCTO FapMOHUKHU ¢ HOMEPOM b Telleph cllefyeT IoA-
CTaBIATH FapMOHUKN ¢ HoMepamu 7 uiu 8. Iyig BBeIeHHBIX OIpene-
JeHul 3Ty dopMyiy cienyeT oboOIIUTH

1 1
Q= §Y+T3: 5(65 +e6+ €7+ €s), (11.5.5)
TaK 4YTO OJi4d rnnep3ap;[,z[a IMEET MECTO BBEIPDaAXEHUE
Y —e5+e7+es. (11.5.6)

5. Takyio Teopuio cilenyeT GOpPMYJIHPOBATh B COOTBETCTBYIOIIEM
o6obiienun TeTpagHoro ¢popManusMma. YeTsipe (WM mATH) DOMOI-
HUTENbHLIX BekTOpoB G(7), (rme r = (4),5,6,7,8), coorBeTcTBY-
IOIIAX CMENIAaHHEIM KOMIOHEHTAM METPHYECKOTO TEH30pa, CIENyeT

IpeNCTABUTEL 4Yepe3 GU3MUECKHe MOJA MOCPENCTBOM (GOPMYH THIA
(10.2.7) — (10.2.9) (unm (10.4.15) - (10.4.17)), To ecTh

G(’I‘)lg = b,.Blg + a,.A(?))g—I—
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+w Wy exp[2iaz®] + w; Wj exp[—2iaz°]. (11.5.7)

Insa onucanus 51eKTpociiaboro B3anMonecTBUA YaCTHUIl TPeX MOKO-
JeHUil 4epe3 mpoMexyTounble W-6030HH (B cornacuu co cTaHAapT-
HOW TeopHeil) HeT HEOGXONMMOCTY BBOIUTE NPYTHUE FaPMOHUKN 3aBH-
CUMOCTEN OT MOMONHUTEIBHEIX KoopauHaT. OU4eBUAHO, YTO B TaKOM
cayuae 6ynyT cobiomaThcsa MpaBUila 3alpeTa I B3auMONEeHCTBU L
3apAXKEHHLIX TOKOB. M3-3a pasnuumsa NOMOIHUTENLHEIX KOOPIWHAT
(epMUOHEI U3 pa3HLIX MOKOJIEHUN IepeMelnBaThCca He OyIyT.

Het Heo6X0mMMOCTH TaKXkKe NCHONIB30BATE HONOIHNTENILHEIE CTe-
TEeHN CBOGONEI NI OMMCAHUS HOBEIX HEHTPANLHEBIX BEKTOPHEIX IO-
neti. HanomunmM, uto cienys mpmeosnorum Teopun Kamymubr-Kmeiina
(xaxmoil HOBOH Pa3MEPHOCTH COOTBETCTBYET CBOE HEATPAILHOE BEK-
TOPHOE T0JIe) B OOIIEM CIIy4ae MOXKHO OBLIO 6B BBECTH YeTHIpe (MiIn
ITh) HEATPAIbLHEIX BEKTOPHEIX NoJiell. B nanHOM Xe ciyuae mocra-
TOYHO OBYX IOJIEH.

PacnuceiBad ckalfgpHYIO KPUBHU3HY depe3 COCTABIAIONINE MeET-
puyeckoro TeHszopa (11.5.7) coriacHO M3JI0XEHHOMY B IPENBIAYINER
IJlaBe U CpaBHUBAs Pe3yIbTaT ¢ 6030HHLIM CeKTOpOoM Mofenn Bain-
6epra-CamamMa, MOXHO HaWTH YCIIOBUS Ha HOBBEIE KO3()OUIUEHTEI
Ppas3loXeHus a,, b,, w,it. Tenepr nx 3HaunTensuo Gonbine. QueBun-
HO, 5TH K03bDUIUEHTH HAXOAATCI CO 3HAUUTEILHEIM IPOM3BOJIOM.
AHanoruuHO W3I0XKEHHOMY B HPENBINYIIUX maparpadax m3 cpaBHe-
HUS GEPMUOHHLIX CEKTOPOB ABYX MOIEJEN MOXHO HAallTH yCIOBUA Ha

K03 PUIueHTE bg?, bg:) n agk) n3 ¢popmya (11.5.1) — (11.5.3).

6. Ilna onmcaHma MacCOBBIX BKJIaJOB JJId JacTHI TPeX IOKOJIe-
HEil Heo6XOOMMO 0606ImuTh pasioxerue (10.7.5) XUrrcoBcKux Hei-
TPaJIbHBEIX 6030HOB IO TapMOHMKaM 3aBHCHMOCTEH OT NONOJIHATEhb-
HEIX KoopamHaT. OrpaHNYMBasiCh TOJILKO HEHTPAJLHBIMH CKaJlip-
HEIME 6030HaM#, Telephb CJIefyeT NUcaTh

x =145 (o explia(e® — °)] — g} exp[—ia(z® — 2°)]) +

+53 (poexplia(a” — 2°)] — p§ exp[—ia(2” — 2°)]) +

—I—bé?’) (goo explia(z® — 2°)] — o} exp[—ia(z® — a:G)]) ,  (11.5.8)
rie KospduuneHTE bgl), bgz) u bé?’) B OOIllEM ciIydae ABJIAIOTCA pas3-
HBLIMY.

Jlerko BUEETH, UTO TaKoe ONMpENENIEHNE XUTTCOBCKUX HENTPAiib-
HLIX 6030HOB HE TPHUBENET K MEPEMEINTUBAHUWIO MACCOBEIX BKJIANOB
YACTUIl PA3HBIX MOKOJEHUH.

7. K HemocTaTKaM 5TOW MOAEIN MOXHO OTHECTH, BO-TIEPBEIX, OT-
CYyTCTBUE KPUTEPUS NJid CYNIECTBOBAHWS UMEHHO TPEX MOKOJIEHUI
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5JIEMEHTAPHBIX YacTUIl, BO-BTOPEIX, HAJIWUNE PANa HEMCIOIHL30BaH-
HBIX CTeneHell cBOOOABI IPU ONUCAHUN HENTPAIBHBIX BEKTOPHBIX 60-
30HOB (MO)KHO OLLIO 6LI BBECTM B PAaCCMOTPEHUE HECKOJILKO BUIOB
Z-6030HOB), B-TPETbHX, C NO3MIUI MHOIOMEDHOH I€OMETPHYECKOR
MOIEN MOXET MOKa3aThCAd MCKYCCTBEHHEIM WCIOJIBL30BAHUE TOJIBKO
ONHON TapMOHWKU B Pa3IOXEHNN MO SKCIOHEHINAIBHLIM 3aBUCHMOC-
TAM OT JOTMOJHUTENLHLIX KoopauHaT. B obliteM ciiydae MOXHO GBIIO
OLI BBECTHU HECKOJILKO IPOMEXYTOUHLIX 3apIKeHHBIX BEKTOPHEIX 60-
30HOB.

11.6 BruIiBoabl m 3aMeYaHUs MO 7-MepPHOM
reoMeTPUIECKOl MOOeJIn

3aBepias o6cyXKaeHNe T-MEPHOW TeOMETPHUYECKON MOIENN T'pa-
BHU-3JIeKTPOCIIabbIX B3aNMONEWCTBUM, C MOJIHEIM OCHOBAaHMEM MOX-
HO yTBepXJIaTh, UYTO B paMKaX >TOH MOHAeNN yIaeTcd HOCTaTOYHO
IIOJIHO ONUCATh W3BECTHEHIE 3aKOHOMEPHOCTH 3JIeKTPOCIabBIX B3an-
MOAEHCTBHUH JIEITOHOB, BCKPEITHLIX B paMKaX KaJlMOGpPOBOYHOTrO IOH-
xoma (momenm Baiin6epra-Camama), 1 OGbENNHUTHL 5Ty TEOPUIO C
SHHIITENHOBCKOM 00IIell Teopuell OTHOCUTEILHOCTH.

Ananus mpenitoxeHHOR T-MEPHON reOMETPUYECKOR MOIEIIN MOXK-
HO IPOBOIHUTDH € YETHIPEX NPUHIUNNAIILHO Pa3jIMYHBIX MO3UINIH:

1) ¢ mosmumii cpaBHEHUS ¢ O6IIENPUHATON Monenbio Bafin6epra-
Canama (1-it ¢pusmyeckoil mapagurmoin);

2) comocTaBiAs NAaHHYIO MOIEID C Pa3BUTHIME PaHee aHAJIOTMY-
HEIMU G-MEpHBIME IeOMeTpPHUYEeCKMMHU MOIEJIIMU;

3) B paMKax ee cOGCTBEHHOM 5-il pU3MUECKOil mapaJUrMbl, Bee-
[IeJI0 oNMpadch Ha TeOMeTpHUYecKre METONLI U MpeNcTaBIIeHN;

4) ¢ Touku 3penHns Gosee riayGokoi 9-if PU3MIECKON MapaIUTMEL,
TO eCTh NMOHATHUHI OMHApPHON reoMeTpPOPU3NKH.

CrenaeM HEKOTOpPEIE 3aMEUYaHUS OTHOEILHO ¢ KaXXIOW W3 Ha3BaH-
HBIX TO3UNNH.

1. C mosunmuun moxenu BaituGepra-Canama obcyxnenue 7-
MepHOil MOJIeNTN BeJIOCH B TeUeHUe Bceill 5Tol rimaBel. K m3noxeHHOMY
IobaBUM clenylolee:

a) B pame pabor (cM. o630p [15]), HOCBAIIEHHEIX reOMeTpH3a-
nuu Momenu Baiiu6epra-Camama, cTapaloTcs HANPSIMYIO TeOMETPH-
30BaTh I'PYINE], UCHOJIbL3yeMEIE B 3TOH MOIEJIM, TO €CTh MCIONbL3Y-
eTcs TOnoJIorus cdeprl, coorBercTByomas rpynne SU(2), u 6eper-
s ellle OHA Pa3MEPHOCTD, cOOTBeTcTBYylomas rpynne U(1l), xak B
KJIacCHYeCKOM BapumaHTe b-MepHoit Teopun Kamyurr. B paccmoTpen-
HOM 31€Ch 7-MePHOM MOIENM MOKa3aHo, 4To i noiydenus SU(2) X
U (1)-cummerpuynoro narpanxunana Baiin6epra-Canama mocrarou-
HO OTPAHMYUTHCA GOJIee MPOCTOi Tomosorueil 3-mMepHOro Topa. JTo
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IOCTUTAETCSA, BO-TIEPBLIX, MONYINEHNEM IWKINYECKON 3aBUCUMOCTH
METPUKH OT MAONOJNHUTENbHBEIX KOOPIAWMHAT, BO-BTOPHIX, NOJIKHLIM
BEIOOpOM K03)PUIIUEHTOB Pa3ioXeHNs BEKTOPOB TpHAALI O pu3m-
YeCKUM TOJISIM M, B-TPETHUX, MIPOIENyPOll YCPeaHEHN O MepUogaM
JIOTIOJTHUTENTLHEIX Pa3MePHOCTEN.

6) C TOuKM 3peHHsA 7-MEPHOH reOMEeTPUUYECKON MOMEJIN BBEIEHHE
IBYX KaJuOpOBOYHLIX rpynmn B Mofmeinm Baiim6epra-Camama oka3bl-
BaeTCs CBA3aHHLIM C MMPOEKTWPOBAHWEM HA HAINPABJIEHWS HBYX BeK-
TOPOB: a) rpynma U (1) obyciioBleHa TPOeKTUPOBaHNEM Ha HaIpaB-
JIEHWEe BEKTOpa Ajs, TO eCTh Pa3MEPHOCTH, OT KOTOPO#M METPHUKa HE
3aBHUCHUT, 6) rpynma SU (2) obyciioBlleHa MPOeKTUpPOBaHNEM Ha Ha-
IpaBJIeHNE BEKTOPA Ojf, TO ECTH PA3MEPHOCTH, OT KOTOPOR MeTPpHUKa
3aBUCHT OUKJINYECKUM OOpa3oM.

B) Ctporo roBops, B PaCCMOTPEHHOM 7-MEPHO# MOIEN MOXKHO
TOBOPHUTH elrle 06 oguou rpymnme U (1), CBA3aHHOU ¢ MPOEKTUPOBAHU-
€M Ha HaIpaBJIeHNE TPETLETO BEKTOpa TpHalbl &37. OTa MOMOIHU-
TeJIbHAS Pa3MEPHOCTDL OMUCHIBAET MACCHI TIOJIEH.

2. 7T-MepHas reoMeTpudecKkas MoHeldb objlafaeT PAIOM IPEUMY-
IIeCTB IO CPaBHEHWIO C NCCIIENOBABIINMUCS paHee 6-MepHBIMU reo-
METPUYECKUMY MOAEJISMU T'DAaBU-3JIEKTPOCIabbIX B3aWMONENCT-
BUii?:

a) B 6-MepHBIX MOENAX UCIOIB30BAJINCH 8-KOMITOHEHTHEIE KOMTI-
JIEKCHEBIE CIIMHOPLI, KOTOPEIE ¢ TOUKH 3peHus anre6p Knuddopma Han
TIOJIEM BeIECTBEHHEBIX YUCEN MPUCYIM UMEHHO 7-MepPHOMY MHOTOO00-
pas3uio ¢ BLIOpaHHOM 37ech curHaTypoii. HamoMHMM aHaJIOTMYHYIO
CUTYyanuio, KOrja KOMIUIEKCHLIW XapaKTeP MCHOJIb30BAaBIINXCA B 00-
MIENPUHIATON Teopuu 4-KOMIOHEHTHEIX CIOWHOPOB PacCcMaTpUBAJICI
KaK ONWH W3 NOBOIOB B MOJIB3Yy Hepexona OT 4-MepHOW K H-MepHOH
TEOpHUH.

6) B 6-MepHO#T TeoMeTpUUECKOil MOmen Macchl GepMUOHOB TOX-
MEeCTBEHHO PaBHBLI Hy 0. IJid MONydYeHWA OTIUYHON OT HYJIIS Mac-
CBEI HEOOXOAMMO MCIIOIL30BATh 3aBUCUMOCTE CIUHOPHEIX QYHKIIWH OT
ellle KOOPAWHATEI :I:4, TO €CTh CJeAyeT NEPERTU K 7-MEPHOW MONEIIN.

B) B MeTpuueckoMm BapmaHTe 6-MepHOW TeOMETPHUUYECKOW TEOpHUH
IS OMMCaHWsA OTKJoHeHHWsA yria Baitu6epra ot 30 rpamycoB mpu-
XOAMIIOCH MCIOJIL30BATE KOMILIEKCHBIE KOADDUIIMEHTHI Pa3JIOXKEHU
BEKTOPOB OUANLI A\, U O, MO QU3NYECKUM IOJAM, TOTOa KakK B 7-
MEPHOW MOMEN! MOXHO OTPAHMYUTHLCSA BEINIECTBEHHBIMHU K03ddumu-
€HTaMM, UCIOJIb3Yyd TPETHH BEKTOP TPHUAMEL &, .

r) NmMenno B 7-MepHOI TEOMETPUUECKON MOIENTN OKa3bIBAETCS 3a-
IefiCTBOBAHLIM BeCh KOMILIEKC OOCYXIABIUXCSA paHee WAEH O CyTH

B pa6orax B.I'.Kpeuera [32] 6buta mpequpuHsTa [DOMBITKA OMACATE TDABH-
3NeKTpociiabbkle B3aMMOAENCTBUSA B PaMKaX 5-MEDHOM TeOMETPUIECKOU MOZIEIIU.
Onzako [T 3TOR IeNM IPUIIIIOCH UCIONB30BATh a(UHHLEIE TeOMETPUAR C KPyUe-
HUEM U C BEMJIEBCKOM HEMETPUYHOCTHIO.
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MOTIOJHUTEIBHLIX pa3MepHOCTeN, Kak B paMkax Teopun Kamymer,
KOTJa KaXHIas HOBas Pa3sMEPHOCTL IMO3BOJISET OMUCATL HOBoe (u-
3MYECKOe B3aUMONENCTBNE, TaK U B paMKax Teopun Kieitna, xorma
OIHa Pa3MEPHOCTH COOTBETCTBYET HEMCTBUIO (MHTEPBAIY).

3. B paMkax MOHATHI UM MeTONOB 5-ii mapamurmsl (Cyry-
60 reOMeTPUYECKON TEOPHN), IPEXIE BCETO, CIEAYET OTMETUTH [BE
IONONTHATEIbHBIE 0COGEHHOCTH 7-MepHO# (6-MepHOIt) Momenn:

a) NMOsBJEHWE LUKJINYECKOH 3aBHCHMOCTH KOMIIOHEHT METDHKH
OT IOMOJIHUTENLHBIX KOOPAWHAT, IPHYEM TaKas 3aBUCHMOCTEL HE
HaXONUTCS U3 PelleHWs MHOTOMEPHLIX YpaBHEHUI THIA ypaBHEHUH
OfiHIITeRHA, a BBONUTCA BOJEBEIM 00pa3oM;

6) KOMIJIEKCHBIl XapaKTep HEKOTOPHIX CMENIaHHEIX KOMIIOHEHT
7-MepHOI MeTpHKH (KOMIOHEHT G og).

OTH 0co6eHHOCTH JeXaT BHE MPABUI MOCTPOEHUS TPAJUIIMOH-
HBEIX TeoMeTpuueckux Teopuii. OnHAKO, HATIOMHUM, IPU MOCTPOEHUN
IaHHOW TeOMeTPUUYECKON MOMEIN MBI HCXONWIN U3 TOTO, YTO, BEIXO-
I B JONOJHUTEILHLIE Pa3MEpPHOCTH, HEJIb3S HABA3HIBATL IPUPOIE
TMOHATUS W METONLI, MONyUYeHHEIE U ONPOGHMPOBAHHLIE B M3YYEeHHON
obyacTy 4eThIpex Kilaccuueckux m3Mmepennii. Heob6xogumo Hamyns-
BaTh CBONCTBa MUpa B HOBHIX M3MEPEHUAX, UCXONI W3 HaNIEeHHLIX
3aKOHOMEPHOCTEN GU3MIECKOTO MUKPOMUPA, NI OMUCAHUA KOTOPO-
IO ¥ ImpelHa3HaueHa 5Ta TEOPU.

Ucxons m3 sToro MoxHO 060OCHOBATH yKa3aHHBIE OCOGEHHOCTH.
Iuknuyeckas 3aBUCUMOCTH OT JOMOJHUTENLHEIX KOOPAMHAT CBIA3a-
Ha C BIEPBEIE BO3HUKINEH HEOOXONMMOCTELIO UYepe3 KOMIIOHEHTEI MET-
PUKH ONUCHIBATEL 3apsXeHHEIe (u3mueckne moms WE-6o3omos. U3-
BECTHO, 4TO yXe B H-MepHOil Teopun Kasmynsr 3apsxenntie (Hereo-
MEeTpHYECKHE) IO OUKJINYECKHM O6pa3’oM 3aBHCAT OT NONOJHMU-
TEeNLHON KOOPAMHATHI.

KommnekcHbIl XapakTep MeTPUKHU HPOABISIETCS JIUIIL Ha MHO-
roMepHOM ypoBHe. Ilociie ocyiiecTBIeHNS TPOUENYPLI YCpeTHEHUS
o MepuofaM NONOJHUTEIHHEIX KOOPAWHAT CKajlsipHasd KPUBU3HA, a
CIIENOBATENLHO U GU3NUECKUH JIaTpaHKUaH, CTAHOBATCS BeIleCTBEH-
HeIMu. CTpPOro roBops, BapMalWOHHEIE METONBI CIIPABENJINBEL JIUIIE
B paMKaX KJIaCCUYECKUX UYeTHIPeX M3MEPEHUH.

OTMeTnM, 9TO BBelleHNe yrila BaitGepra uepes KOMIOHEHTHI \°

n o cormacro (10.6.11) paBHOCHIIBHO HCHOJIB30BAHMIO JBYX Pa3HBIX

IIepHOOB KOMIAKTH(UKAINH IO JONOJTHATETLHEIM KOOPANHATAM Z°
n 2%, mocKoNLKY BBeleHHLIN BLINIE eNWHEIR Teprofl KOMIaKTHhHIKa-
nuu o~ ! BXOAUT B bU3NUECKN 3HAUMMEIE hOPMYJILI B KOMOMHAMAX
a)’ u ao® (cM, manpumep, dpopmynsr (10.6.15) — (10.6.19)). Cnenosa-
TEeJIbHO, 2 KOHCTAHTHI 3JIEKTPOCIabbIX B3aMMONENCTBHMA g1 W g2 MOX-
HO CBA3aTh C MIEPHONAMH KOMIAK THGUKANN IBYX JOMOJHATEILHLIX
KOOpIWMHAT.
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IMonb3ysce aunis TpagUINOHHEIMU TEOMETPUIECKUMU ITPENCTaB-
JIEHUSIMU BPSI JIX BO3MOXHO OTBETUTH Ha 3aKOHHEIE BOIPOCHI O MPU-
YWHAX KOMOAKTHGUKAINN JOMOTHUTEILHLIX Pa3sMEPHOCTER, O YUCIIE
TMOTIOJHUTEILHLIX Pa3MepPHOCTEl, 0 XapaKTepe 3aBUCUMOCTER OT IO-
TMOTHUTENLHLIX KOOPAUHAT, O CHTHATYPE UCHOJIL3YEMOTO MHOTO06-
pa3ud U O IPYTUX CBOWCTBaX OOCYXIEHHOHN BLIIIE 7-MepHOW IeoMeT-
pUYeCKO MONEIH.

4. C mo3unuii GMHAPHOI reoMeTpoPM3NKM MOXKHO OTBETUTH
Ha P4l OIPUHIUNWAILHO BaXXHLIX BOIPOCOB MHOTOMEPHHIX TEOPWIl.
HazoBeMm HeKOTOpLIE M3 HUX.

a) Yucio usMepeHnil, paBHOE CEMH, KaK YK€ OTMEYAIIOCh, JUKTY-
ercsa parroM (4,4) BCKO, monoxeHHo#l B OCHOBY IpoCTelimmeil Mone-
i GUBNYECKOTO MPOCTPAHCTBa-BpeMeHN U GyHIaMEHTAILHLIX B3a-
umorneticTBuii. UMenHO B 7-MEpHOI T€OMETPUUECKON MONEIN UCHOINE-
3yeTcs BeCh KOMIJIEKC Pa3MepPHOCTelH, Tpoo6pa3 KOTOPEIX BBOTUTCS B
mpocTeiiiieir Monenu 6bunapHoi reomeTpodmsuke — Ha ocaoBe BCKO
panra (4,4).

6) KomnmakTudukanus AByX “3apsAmoBEIX” pasMepHOCTER 06y-
CJIOBJIEHA KBa3WBLIPOXKIEHHEIM XapaKTepOM IapaMeTpPOB C WHIEK-
com “3” smementoB BCKO panra(4,4). CumMeTpuynas KoMOHHALNS
maphl TapaMeTPOB JIEITOHA COOTBETCTBYET UMIYILCY Ps KOMIAKTH-
bUNNPOBAHHOM KOOPAMHATH Z°, 2 aHTHCHMMETPUYHAS KOMOMHAIMSA
— EMIyJbCY Pg KOMIaKTubUInpoBarHOi KoopauuaThl z°. Kak yxe
OTMEYAJIOCh B IJaBe §, mpouenypa KOMHAKTHGUKAINN NMUTHUPYET
haKT OTCYTCTBHUS KIIACCUUECKNX AHAJIOIOB KOOPAWHAT B TEOPHUH, KO-
TOPYIO IEITAIOTCA HOCTPOUTL Ha OCHOBE NMOCTYJIaTa O CYIIECTBOBa-
HUYM MHOTOMEPHOI'O KOOPAWHATHOTO NMPOCTPAHCTBAa-BpEMEHH.

HanomuuwM, B 6uHapHOW reoMeTpodu3nKe NCXONHLIMU HOHITHI-
MU SABJIAIOTCA OTHoWeHWs. U3 HUX cTposATca mpoobpa3bl UMIYIILC-
HEIX KOMIIOHEHT U Jlajiee pellaeTcs 3alada IMOCTPOEHUsS KOOPAMHAT-
HOTO TpocTpaHCTBa-BpeMeHu. Kak BumHo u3 6uHapHOil reoMeTpodu-
3UKHU, KOOPAUHATEI BO3MOXKHO CONOCTABUTEL TOILKO UYETHIPEM KOMIIO-
HEHTAM HUMIYJIbLCOB P, COOTBETCTBYIOIINM IMPOCTENIIeidl HEBLIPOX-
nennoit BCKO panra (3,3).

KoMnax Tudukanus TONOJIHATEILHOM KOOpANHATEL 2% cBA3aHa c
IPYTUMHE O6GCTOATENLCTBAMI.

B) IlBa THna mosell, orBevapomux B Monenu BaitnGepra-Canama
nByM kamubposouneM rpynmam SU(2) m U(1l), tecHo cBsasaHBI ¢
HaJuyueM IBYX KOMOWHAIW{ MapaMeTpOB ¢ WHAEKCOM 3: CHMMET-
PpUYHON U aHTUCHMMETPHUYIHOMN.
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[Mocne o6cyx IeHNS B IPENLIAYINEM paslelie NOJIEBIX (B YacTHOC-
TH, MHOTOMEPHEIX ) MOJEJIEll 5JIEK TPOCIIabbIX B3aNMONERCTBHIA, COOT-
BETCTBYIOIMINX HUXKHEN 4acTH GJI0OK-CXeMEI pucyHKa 1.1, B 3TOM pas-
IleJie DeJIaeTcsa BO3BpAT K MEPBOOCHOBAM GU3MIECKOH KapTHHLI MUPa.
B Tpex rnaBax 3TOro pasmena o6CyKIEHEI 3JIeKTpociiabble B3auMO-
IeficTBUS JIENITOHOB B paMKaX PeJSNUOHHOM Teopmm tmma R, (u),
TO €CTh Ha OCHOBE CaMONOCTATOYHOTO KPYyra NMEPBUYHEIX TTOHATWIM
Mukpomupa, onuckiBaeMeix BCKO panros (4,4) u Brme. Hamom-
HUM, Ha 6i0K-cXeMe pucyHka 1.1 5Ta Teopusa usobpaxeHa B BepXHel
yacTu. PaccMOTpeHEI NOHATHNSA U COOTHOIIEHUS, NMEIOINE MECTO IO
OCYIIEeCTBIIEHNS HPOIENYP MEPEXONa K MaKpOIpUGOpPY M COMYTCTBY-
IOIINX 3TOMY HOJIEBLIX MOHATHI.

Wcnmonn30BaH MHOYKTUBHEIR MeTON M3JIOXKEHWSI — NMPOAHAJIM3U-
POBaHEI BO3MOXHOCTH OINCAHWS 3JIeKTPociaabbIX B3amMoIeilcTBUi
gactun nocienoBarensHo B pamkax BCKO panros (4,4) (raasa 12),
(5,5) (rmaBa 13) u (6,6) (rnaBa 14). ®akTHUecKN IPEMEHEH TOT XKe
MeTOIl, UYTO U IPH aHAJIU3Ee BO3MOXKHOCTEl MHOTOMEPHLIX T€OMETpPH-
YecKUX Mopeiell Ppu3nuecKUX B3aUMONENCTBUN B NPENLIAYIIUX TJila-
BaX, KOTJa IOCJIENOBATEILHO OGCYXKITANNCHL BO3MOXHOCTH 5-, 6- n
7-MepHEBEIX Mogeieli Tuna Teopun Kamyno-Kieiina.

B mavannHOW riaBe 12 obcyxmeHa NpPOCTERINAs MOIENL HIEK-
Tpociabeix B3ammozeiicTBuil B pamkax BCKO panra (4,4), To ectb
TPONOJIXKEH aHAJIN3 NPUHIUNWAILHLEIX CTOPOH GMHApHON IeOMeETpo-
¢dusukn Ha 6a3e BCKO MunnmansHoro panra (4,4), IpUromgHoOro s
stoit menu. Iloka3zaHEI BOBMOXHOCTH U HETOCTATKH HTON MOIEINH.

B rmaBe 13 mokaszaHo, 9YTO JOCTATOYHO IIOJHOE ONMUCAHUE HIEK-
TPpOCIabLIX B3aUMONENCTBUH OMHOTO MOKOJEHNUS JIEMITOHOB JTOCTHUT a-
erca B pamkax BCKO panra (5,5). Ilna onucanns smeKTpociaabeIx
B3amMozeiicTBHil KBapKoB (anpoHoB) Heobxonumo mepeiitu k. BCKO
pamra (6,6). DToT Bompoc KpaTKO 06CYKAEH B 3aKIIIOUATENIBHOM Iila-
Be 14 sToTrO pazmena.



I'maBa 12

Mopneinb 3jieKTpociiabbIxX

B3alIMOJENICTBUN B paM-
kax BCKO panra (4,4)

B sTo0ii rimaBe nokasano, kak u3 6a30Beix 4 X 4-otHormenunit BCKO
panra (4,4) mpu ydeTe He TOJBKO CHMMETPUYHBLIX, HO M aHTHUCHM-
MeTPHUYHLIX KOMOWHAIUY NONOJHUTEILHEIX TapaMeTpPOB MOXHO IO-
JIyYUTH OCHOBHEIE MOHATHA U 3aKOHOMEPHOCTH MOJIEJIN 3JIeKTpocila-
6v1x B3amMmoneiicTeuil Baiinbepra-Camama.

3HauyuTeNnbHAsS YaCTh TJIABEI MOCBAIIEHA COMOCTABIIEHUIO PEIIS-
nuonHo# Teopnn R, (u) (B paMkax 9-if mapaIurMbl) ¢ KaanbpoBod-
Holl Mognenbio BaituGepra-Canama (B pamkax 1-il mapaJurMer), 4To
INKTyeT KCHOJb30BaHUWE B KadecTBe NPOMEXYTOUHOI'O 3BE€Ha Nallb-
HoZeficTByomell Bepcuu (U3 3-ii mapamurmel) momenu BaiiuGepra-
Camama, cnenmaibHO HOCTPOEHHOR IS 3TOi Hmein B riaase 9.

12.1 XapakTepHble YepThl 6a30BBIX
4 X 4-oTHOIIEHNN

B pazgenax 2 u 3 aHTHCUMMeTpUYHLIE KOMOUHAIINN U3 JOMOJIHN-
TeJIbHEIX NTapaMeTpPoB 1, — CR WIN ¢f, — (R GaKTUUECKN IOJIaTallinch
paBHEIMU HYyO. [IOHATHSA KIIacCHYECKOTO HPOCTpPAHCTBA-BPEMEHH,
3JIEKTPOMAarHUTHEIE U TI'paBHTAlUOHHLIE B3aMMONEHCTBUA BEIBONU-
JINChL MMEHHO Ha OCHOBE CHMMETPHUUYHEIX KoMbuHamuii. B cBsasm ¢
STHM BO3HUKAET Pl €CTECTBEHHEIX BompocoB: Kakyio pons B mo-
CTPOEHUN MUPA UTPAT AHTUCUMMeTpPUUYHEIE KoMbuHAINN! MOoXHO
JIN OCTPOUTH aHAJIOTMYUHEIA poobpas MUpa, OCHOBAaHHLIN Ha aHTH-
CHUMMETPUYHLIX KOMOWHAIUAX HOMONHUTEIBHEIX mapameTpos? Ecion

311
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HET, TO MOYeMYy?’ W TakK Jalee.

ITocTapaeMcs OTBETUTEH Ha 5THU NPYTHUe NONOOHBIE BOIPOCH], ONATH
onupasch Ha 6a3oBble 4 X 4-oTnomenns BCKO panra (4,4) n npoana-
JIN3NPOBaB IPORIEHHEIN B pa3fenax 2 n 3 OIyTh, HO TOJBKO Telephb
OCTABUB JINIIL aHTUCUMMETPUYHLIE KOMOWHAINY JOTMOJTHUTEILHELIX
mapaMeTpoB. B sToMm maparpade 6ymeM mosaraThb

art+ar=¢r+é&r=0; ciL+cr=2¢r+ér=0, (12.1.1)

rme s = 2,3, - - HOMepa BCEX NPYTUX YacTHUI MUPA, OKPYKAIOIINX
BbIeeHHY0 gacTuny (1).

1. BazoBrle 4 X 4-oTHOmenud n3 kom6buuanun 4+4-+0. Ha-
IIOMHEM, YTO B CaMOM OOIIEM ciIydae IOCie HCKiodeHns u3 (3.1.4)
“IMIMHEUX caraeMbIx” MONYYaJuch BeIpaxkeHHsax (3.3.8), koToprre
pasbuBasinch Ha 1) ciaraemere (3.3.10), onuceiBatomnue B3anMONe-
CTBH{, U Ha 2) mpoobpa3s meiicTBus “cBoGomHol wacTunsl ” (3.3.9).
Wcnonesys (12.1.1), oTnenasHo paccMOTPUM 5TH YacTH.

1) Asre6pamueckmii npoo6pa3s deticmeud e3aumodeticmeud mo-
TIpeXHEMY ONpeNeNseTcs YeTLIPbMS BHY TPEHHUMN TUATOHAILHEIMHI
ciaraeMeiMu B (3.4.2) 1 B DaHHOM Ciiydae ONUCHIBAETCS IIPOM3BEINE-
HUEM NCe6J06eKMOPO6 COOTBETCTBYIOMMNX JACTHII

- 1
Sine(152,0) = = exp(1) exp(2)x

x[(eizy"e1r) — (€1rY"e1r)] X [(€207ue2L) — (€2RVuE2R)]X
[(é1z — ¢1r)(c2r — c2r) + (c1z — c1r) (G2 — é2r)]- (12.1.2)
HamoMHIM, 9TO Pa3HOCTH BEeKTOPHEIX KOMOMHAIMIA U3 JIEBHIX U IIpa-

BBIX KOMIIOHEHT MAaCCHBHBIX JIEIITOHOB IIPEACTABIIAIOTCA B BHOE

(evuer) — (ErYuer) = ¥y57, 9, (12.1.3)

rie 4-KOMIIOHEHTHEIE CTONIGEN M CTPOKa OIpefeleHH B (3.2.1).

2) B mammoMm cayuae mo-mpexHeMy obpallaloTcs B HYJIL BKJIa-
OB B mpoobpas cBOOOOHOTO HEeNCTBUA OT KpaWHUX AWArOHAJIBHBIX
cjaraeMEIX B (3.1.4), HO Temnephb CTAHOBATCHA OTIWYHBIMH OT HYJII
IBa IpPYTUWe YTJOBEIE ClIaraeMble, KOTOPhLIE MOXHO HPENCTABUTH B
CIIENYIOMINX BUIAX:

sz = [3] () + (] (52) -

75> .
ik)

TN

= (e1re1r)(e2r.e2R) (jf) + (eire1r)(€2rear)
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= (@) (@) - (T35 0) (T )]
x[(é1r — é1r)(c2r — car) + (c1z — c1r)(é2r — E2m)]—
5 (@0 (Tays ) - (Trys ) (T2¥2) |

X[(é1z — €1r)(car — c2r) — (c1z — €1r) (2L — E2R)]. (12.1.4)

B nanwvueitiiiem 6ymeM moJiaraThb, 4TO
Ty = 0. (12.1.5)

Torma nMeeMm

5n(152,0) = ~[(Bazesr) + Errerr)l[(Eesn) + (Banean)]x

X[(é1z — €é1r)(car — c2r) + (c1z — €1r)(é2L — E2R)]. (12.1.6)

OTO BEIpaXKeHUE eCTECTBEHHO MOHUMATH KaK BKJIaJ MACCOBBIX CJla-
raeMbIX B Ipoobpa3s OelcTBUA.

2. Ipnanun Maxa, kak 6bIIO0 mOKa3zaHO B riiaBe 4, COCTOUT
B yueTe 6a30BBHIX 4 X 4-oTHomleHW# n3 KombmHammit Ttuna 44341,
44143, a TakXke Opyrux u B cymmupoBaHud ux. OOiITh OTIEIBHO
paccMoTpuM Ipoobpa3 HelcTBUA B3aUMONENCTBUA U Ipoobpas men-
cTBUs “CBOGONHBEIX 4acTuUIl .

1) 3 ananusa 4 x 4-orHourenns Bupa 44341 u npyrux cieny-
€T, 9YTO Mpembu “aCMuYbl He darom 6xaadoe é npoobpas deticmeud
63aumodeticmeud. DTO UPE3BEIUANHO BaXXHOE CBOMCTBO TEOPHUHU C aH-
TUCUMMETPUUYHLIMI KOMOWHAIUAME IOINOJIHUTEILHLIX ITapaMeTpPoB.

2) Bxnansl B anrebpandeckuii mpoobpas ceobodnozo deticmeud
IpN CIeJaHHBEIX B pasliefle 2 IPelNOoJIOKEHNAX BO3HUKAIOT TOJILKO
n3 6a30BHIX 4 X 4-orHomeruit Buna 4+(2)+(2). Orn umeror Bux

54[4+(2)+(2)](1; 2’ 3) —

free
1. _ _ _
= Z[(elL’Y“elL) + (€1R’Y“€1R)] X [(€1L’)’M€1L) + (€1R’)’M€1R)]><
X[(€2r, — €2r)(csr, — csr) + (c2r — c2r)(C3L — E3R)]- (12.1.7)

Sa.MeTHM, YTO 3TO BBEIPpAaXE€HMNE MOXHO IIEPENUCATHE YEPE3 KBaapaT
ICEBOOBEKTPHEBIX KOM6HHa.IIHI7[, BOCIIOJIB30OBaBIIINUCE CJIEOYIOIMINM CO-
OTHOIIIEHNEM

[(eiy"e1r) + (e1ry"e1r)] X [(errvuerr) + (E1ryuerr)) =
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= —[(eizy"e1r) — (E1rY"e1r)] X [(E1rYue12) — (B1RYME1R)]. (12.1.8)

Takum o6pa3oM, B BapHaHTE TEOPHUU C AHTUCUMMETPUIHLIMU
KOMOWHANIIMAMH NONOJIHUTEILHEIX TapaMeTPOB BO3HUKAIOT CYIIECT-
BEHHLIE OTJIMYNA OT BapHaHTAa C CUMMETPUUYHBIMU KOMOWHAIIWSIMU.
OHUE CcOCTOAT, BO-NEPBEIX, B OTCYTCTBUU BKJIAJOB TPETBUX YaCTHUI
B mpoobpa3 MeNCTBUS B3aMMONENCTBUA U, BO-BTOPHIX, B MOSBIIEHUN
cBOeoGpa3sHEIX MaccOBHIX BKianoB (12.1.6), o6yciioBeHHEIX AByMS
HEIMATOHAJILHEIME YTJIOBEIMEU ciiaraeMbIMu. IlepBoe m3 ykazaHHEIX
OTJINYW OTPAaHNYUBAET NMPOSBIeHNe npuHIUna Maxa ToabKO BKia-
naMu B “cBO6OMHYIO” YacTh NEHCTBHA.

12.2 IIpareomerpmus “cia6oro mmpa”

1. IIpoo6pas 6-mepHOil MeTpuku. llompo6yeM MOCTPOUTH
6-MepHYIO KBaIpaTUUYHYIO GOpPMY TaKUM XKe 06pa3oM, KaK 5TO Hejia-
smock B §4.4 B BapuaHTe TEOPHH C CUMMETPUYHEIME KOMOWHAIUSIMHE
MOMOJIHUTENBLHEIX MapaMeTpoB. OIHAKO 3[eCh BOZHUKAET CBOeoGpa-
31e B ONpeNeIeHNN KIIaCCUUECKNX 4-MepPHBIX CKOPOCTER M COOTBET-
cTByomuX UM 4-MepHBIX cMelneHuir. OO6IIeNpUHATHIE CKOPOCTH H
CMEIEHNs YacTHUI[ UMEIOT BpeMeHHO-TIONOGHEIR XapaKTep U Ompene-
JIAIOTCSI BEKTOPHEIMHU BEIPAXXKEHUSMH, MOCTPOEHHLIME W3 HapaMeT-
poB ¢ HOMepaMmu 1 u 2 cooTBeTcTBylomux yactun. IlceBmoBekTop-
HEIe KOMOWHAIINY CTPOSITCS U3 TeX XK€ CAMBIX TapaMeTPOB, HO UMEIOT
NIPOCTPAHCTBEHHO-NIONOOHEIH XapaKTep, He UMEIOIINA KIIaCCUIECKO-
To aHAaJOTa.

NmetoTcs mBa myTH pPacCMOTPEHHSA TEOPUU C AHTUCHMMETPHUY-
HEIMU KOMOWHAIWSIMU TONOJIHUTEIHHLIX IapaMeTPOB:

Iepewviti (peasucmuueckutd) nymes He NpeTEHAYET HAa MOCTPO-
€HIe KJIaCCHYEeCKOTO aHajora reoMeTpun (mpareoMerpmu) Ha 6ase
OTHENLHO JINIIL aHTUCHMMETPUYHLIX KoMOuHanuii. B HeM mpoo6pa3s
CBOGOIHOTO MNEWCTBUS 3alNCLIBAETCSA HMO-TIPEXHEMY dYepe3 KBalpa-
TUYHYI0O KoMGumHanmio 4-ckopocteit. ToT dakxT, YTO UCTOYHUKAMU
SABIIAIOTCS MCEBMOBEKTOPHI, HA STOM NIYTH O3HAYAET, UTO NOJKHEI
paccMaTpHBaThLCA TOJIBKO MukpouacTuntl. Ilomaraercs, 4aTo B Ta-
KOM BapHaHTE€ TEOPHUU MOJKHEI PacCMaTPUBATHLCS B COBOKYIHOCTH
AHTUCUMMETPUYHEIE U CHMMETPUYHLIE KOMOWHAIIUU MOMOJIHUTEIb-
HEIX mapaMeTpoB. Ha ocHOBe mociemHUX B TeOpPUHN BBOIATCS IOHS-
THS, COOTBETCTBYIOIINE KJIACCUUYECKOMY IPOCTPAHCTBY-BPEMEHH U
BMECTE C HUMU ONPENEIIIOTCS BOIHOBEIE GYHKINY YACTUIl COTIIACHO
M3JI0KEHHOMY B TJlaBe . DTO CaMEIi MPSAMOW MyTh K CTAHTAPTHON
Mogenu Baita6epra-Camnama.

Bmopoti (2unomemuueckutl) nymes COCTONT B aHAIM3€ BO3MOX-
HOCTeHl MOJIesu, NIOCTPOeHHOH Ha 6a3e TOJIBKO aHTUCUMMETPUYHEBIX
KOMOWHANIWH NONOSHUTENLHEIX TapaMeTPOB, aHAJIOTUYHO TOMY, Kak
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3TO Jenajiochk B riaBaX 4 — 6 Ha OCHOBe JIUIIL CUMMETPUUYHLIX KOM-
6uHAMA. DTOT NYTH OIUKTYET NOJHYIO 3aMeHy CKOpocTell (MMITyIib-
COB) 9aCTHI Ha ICEBIOCKOPOCTH (mceBmomMmynbenl). CooTHoEHnE
(12.1.8) mosBostster 5TO crenaTh. B sToM maparpade npoasannsupy-
€M 5TOT IYyTh, NENCTBYS IO INIaHYy IiaB 3 U 4.

Beenem HOBLIE 5ddeKTUBHEIE 4-MepHBEIE KBa3UKIIaCCUUECKNE Be-
JINYUHE — 4-MepHEIE KBa3UCKOPOCTH 4 corstacHo $opMyse, aHAJO-
rugHoit (3.6.1),

—iUysy"T = (ery"er) — (ErY"er) = (@ + &7*)e' ¥ ~9) | (12.2.1)

Ie ¢; - HEKOTOpas KOHCTaHTa, A¥ - KBa3WCKOPOCTL Iepefadyl OT
ONHOU YacTHUIEI OPYTOH.

Ha ocuoBe 5TOro onmpefieieHns MOXHO 3alUCATL BEIPaXeHUA A
KBaJpaTUUYHEIX KOMOMHANUN U3 IICEBIOBEKTOPOB:

(Ty57"0) (Uvs57,®) = @i, + 26,@,R" + ETRMR,.; (12.2.2)

(Try57" %) (Tav57,¥a) = {3z, + E1R" Ty, (12.2.3)

(

Ortu ¢popmynsl ananormussl (3.6.2) m (3.6.3).

3amerum, aro popmysnsr (12.2.1) — (12.2.3) copaBennuBsl 1 1pn
Pa3sBATUH TEOPUH IO NEPBOMY (peanuncTHyeckoMy) myTu. Toapko B
5TOM cilydae U, O3HadaeT 4-CKOPOCTH 9acTHIHL, a K, — HepeJaHHOe
IpYroil 4acTUIEl W3MeHEHUWE 4-CKOPOCTH B Pe3yJibTaTe UX CIaboro
B3alMOIENCTBHA.

OmnpenenuM 4-MepHBIE KBa3UCMEIEHAs dZ! BBINENEHHON YacTu-
LI COTJIAcCHO HOpMYyJIIe
. dz"
at = —,

ds

TOorja KaK aHTHCUMMETpPUYHEIE KOMOWHAIMM W3 JOIOJHUTEILHEIX
mapaMeTpoB, Kak 7 B (3.6.9), 6yneM mpencTaBiIATh KaK IIECTHIE KOM-
TIOHEHTHEI MHOT'OMEPHOH CKOPOCTH

(12.2.4)

. . dzb 6
¢cL—CR=CL—CR= - =u. (12.2.5)

Cobupas BMecTe BCe BHINUCAHHLIE BEIIMIE BKIIANBI U3 6a30BBIX
4 X 4-OTHOMIEHWA W yMHOXad WX Ha ds7, MOIydaeM 6-MepHYIO KBal-
patnunyio GOpMy, aHAJIOTHUYHYIO 3anucanHoi B §4.5,

a(1,1)ds? = dI* = GyndeMdz" . (12.2.6)
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Ee MoxHO paccMaTpuBaThL KaK KBaJIpaT HEKoOil G-MepHO#l MeTpUKH,
KOMIIOHEHTEI KOTOPOHR

- éw‘ézﬂ GMG
Gun=| G4 | Gas Ggs (12.2.7)
Gey, | Gea Ges
IIOCJIE IIEPBOTO aTalla oponenyp IMEOT BUAO
G = Muh(d); (12.2.8)
Gua = &kyfi(u); (12.2.9)
Gus = exp(1) exp(2)i(y),f2(u°); (12.2.10)
Gu = Grgi’ fi(u); (12.2.11)
Gy = & exp(1)RP exp(2)'&€2)ﬁf2(u6) +
+ 823 f2(u®); (12.2.12)
Ges = 0, (12.2.13)

rne fi(u®) u fo(u®) — mexoroprie mee dymkmum ot u® BTOpOH U

TPETHUX YACTHUI; KPOME TOTO MOJIOKEHO, UTO MHBAPUAHTEI YACTHUI]
Buna i k? —i2k! HOpMUpOBAaHEI Ha KOHCTAHTY &3. OIATH, Kak 1 B Ba-
pUaHTe C CHMMETPUYHEIMA KOMOWHAIWSAME, MOCIETHSS TUArOHAIIb-
Has KoMnoHeHTa (Ggg) obpamaercsa B HyIb.

2. IIpounenypa 14 1+4-pacimennesnunsa npooGpasa 6-mMepHOnI
METPUKH OCYIIECTBISIETCS COTJIAcHO GOpMyiiaM, IPUBENEHHEIM B
§4.6 m §4.7, TONBKO Temeph B HUX CIENYET 3aMEHUThH WHAEKCHL “5”
Ha WHIOEKCH “6”, a METPUKY OPEACTABUTHL B BUIE

Gun = dun — EméN — omoN, (12.2.14)

TIie 03 - BTOPOI BEKTOP OMAaAbl (BMECTO BEKTOPA Ajs B HPENBIAYIINAX
rnaBax). Onars ¢ yuerom (12.2.13) misa KOMIOHEHT 5J€MEHTapPHOI
MeTpPHKU M BeKTOPOB IHaJLI HMeeM

é B 2(;’4“(;’41/ . é44 X

v = v —G G',,
gu I G44 GZG 66 ‘|‘
1 . =« v
+ "—(G4MGGU + GGMG4U); (12215)
G46
g, = 2w (12.2.16)

V-G
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/ Ge,.
oy = \/7 —G44 . (12217)
G46

3mech WCMONIB30BAHO HMPENNOJIOKEHNE, UTO UMEET MECTO CHTHATYPaA
(+ — —— | —==), B wacTHOCTH ToMOXeHO, uTO G4 < 0. IMomcran-
A4 B 5TH BHIpaXK€HWs KOMIOHEHTEI 6-MepHO# MeTpuku u3 (12.2.8)
- (12.2.13), npuxonuM K BEIBOLY, YTO BEKTOP AMAIEL

(12.2.18)

He HeceT B ce6e MPOCTPAaHCTBEHHON 3aBUCHMOCTH (He CONEPKUT HKC-
NOHEHIWAIBbHEIX CJIaraeMbIX), a, CIIENOBATENbHO, He daem 6K.4ada 6
KOOPOUHAMHYIO 3A6UCUMOCTND §-MEPHOZ0 MEMPULECKO20 MEH3OPA.
HanomunM, urto B ciydae “s;mekTpoMarauTHoro” mmpa (cu. (6.1.2))
OCHOBHOil BKJIaJi B KOODOWHATHO 3aBHCHMYIO YacTh METPHKU OBLI
06yCIIOBJIEH IMEHHO TaKMM BEKTOPOM OUWAiLl (I aHAJIOTMYHOM CO-
CTaBIAOIEl BTOPOTO BEKTOpPa DHANBLL A,).

IIpousBens koHpOMHOe npeobpasoBanue (B KauecTBe KOHDOPMHO-

ro dakTopa Bri6upaem kosdounuent B fi(u)), npuxomum x 4-mMep-
HOll METpHKe BHIa
A 8RRy  FRaR” exp?(1) exp2(2)ﬂ’(2)u'&’(2)y
G =T = 7B~ 1o by 12
B [83 + exp(1) exp(2)R u(z)ﬁ]

eXp(].) eXp(2)(I%M'&/(2)U —I_ ku'&/(Z)M) ) (12219)

3 B
85 + exp(1) exp(2)n5u’(2)ﬁ

Ha.KOHeI.I, JJIA BTOPOI'O BEKTOpPa AMalbl NMEEM BBEIDaXXE€HUE

fi(u®) | VT 1(u®)RaR* exp(1) exp(2)iyy),
RgRP  8(82/¢1) +exp(1) exp(2)nl3u(2)ﬁ '

o, = Ry (12.2.20)

3. Ycpennenne no makpoob6bekTaM (TpeTHil 5Tanm U3 Ha-
3BaHHEIX B §4.5), B naHHOM ciy4ae npobiemaruueH. Jlis ero npose-
IeHNd HYXXHO ONUpaThcd Ha Jiexalllee 3a IpelejlaMul TaHHOW Moje-
au (B pamkax BCKO panra (4,4)) cBoiicTBO 9acTum o6pa30oBLIBATE
MakKpoobbekT. B ciyuae smekTpoMarneTunsMa y Hac OLIIHM TakKue OC-
HoBaHUA. B mamHoM ciyuae mx HeT. Bpsanm smum Bo3MOXHO yKa3aTh
MaKpooOBeKT, IOCTPOEHHEIN HAa OCHOBE CJIAOBLIX B3aMMOIEHCTBUM.



318 IVIABA 12. MOJEJIb B3BAUMOIENUCTBUY B BCKO (4,4)

4. CyMmMupoBaHUe IO 3JIEMEeHTapHBIM Ga3mcaM, COCTAaB-
NA0IUM MakKponpu6op, (4eTBepTEIA 5Tan) Ha JI060M My TH, Kak
peallicTUYecKOM, TaK U THIOTETUYECKOM, HOJIXKEH NPUBOIUTE K TIO-
ABJICHNIO WHTETPUPOBaHMA To d*R.

5. N3noxenHLIe BEIIIE CBOMCTBa IUIIOTETHYECKON nparecoMeTpun
IMO3BOJIAIOT CHOEJaTh CJAE€AYIOIINI€ BBIBOABI.

1) Ot runoTeTHyecKoil MONEN, OCHOBAHHOM TOJIBKO Ha AaHTUCHUM-
MeTPHUYHBLIX KOMOMHAINAX JONOIHNTEILHEIX IapaMeTPOB HEBO3MOX-
HO TIEPENTH K aHAJIOTy KJjlaccuueckoll reoMeTpuu. W3 BEIpaXXeHUS
(12.2.19) me momywaeTcs KOOPAMHATHO 3aBUCUMOR METPUKH, KOTOPas
MorJja 65l 6BITH aHAJIOTOM METPHKHU 0O0Ilell Teopu: OTHOCHTEJIBLHOC-
tu. W3 BekTOopos (12.2.18) u (12.2.20) onucaHHBIMI B MPENBITYIINX
pa3einax MeToIaMH He IOJIyYaeTCd KOOPIWHATHO 3aBUCUMEIX Bellu-
yuH. [lepexon K Ki1accUYecKMy TeOMeTPUUYECKOMY IPENENy BO3MOXKEH
JINITE Ha OCHOBE CHMMMETPUYHLIX KOMOWHAIUY NONOIHNTEIBHEIX Ia-
paMeTpoB.

2) Crenyer OTMETHTE, YTO B paMKaX chOPMYINPOBAaHHOrO B §6.1
KPUTepHd MOXHO IOCTPOHUTH Ipoobpa3 HOBOI'O BEKTOpPa, NMMEIOIIETro
du3mueckyo HHTEpIpeTaluio

Z, =

)

=

6
G44

(12.2.21)

3) Mns mo peanmcTHYECKOMY Iy TH IOCTPOEHUS TeOPUH (IpH COB-
MeCTHOM ydYeTe CHMMETPHUYHEIX ¥ aHTUCHMMETPUUYHLIX KOMOMHAIHM
U3 JONOJHUTENBHLIX [IapaMeTpPOB), cilenyeT Gojlee BHUMATEILHO OT-
HECTHUCH K COBOKYIHOCTH CyMMUPYEMBIX 6a30BEIX 4 X 4-O0THONIEHNH.
OueBunHO, 5Ta COBOKYIHOCTb OKaXETCS 3HAUUTEILHO INHUPE Ppac-
cmotpennoit B §12.1. B wacTHOCTH, cliegyeT mosiaraTh, YTO X yYET
IpUBeleT K MOABIIEHUIO NONOJHUTEILHOTO CJIaraeMoro B KOMIIOHEH-

Ty s¢pdexTuBHON MeTpuku (G44. Torma or BexTopa (12.2.21) ¢ mo-
MOIITLIO0 ONMCAHHEBIX BEINIE MPOLUENYP YCPENHEHUH MO 3iIeMeHTapHEIM
6a3mcaM U IPYTUX MOXHO NPHUATH K IpOmaraTopy BUIa

exp[ka(mg B J}?)]
];55];55 + m2c?

dik* = DS, (29 — 21), (12.2.22)

rie m? - Hekad Jo6aBKa K 3¢ddeKTUBHON KOMIOHEHTe MeTpUKN (44,

uMeromas GU3NYeCKui CMEICT KBagpaTa MacChl “HPOMEXYTOYHOTO
6030Ha” . DTOT MPOMAraToOp COOTBETCTBYET MPOMEXKYTOYHOMY BEK-
TOpHOMY 6030HY (Z-6030HYy) B Monenu BaiuGepra-Canama.
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12.3 OiaekTpociabble B3auMOAeCTBHA
MACCHUBHBIX JIEIITOHOB B OMHAPHON
reomeTpodusnke

1. BepaeMcsa kK o6CcyXmeHWIO Mpoobpasa MEWCTBUSA B3amMOJIE-
CTBU, moiydaeMmoro m3 6azoBoro 4 X 4-orHomeHus Buma 4+440.
N3 §12.1 m §12.2 cnenyeT, 4TO TAKUX OTHOIIEHUN HOCTATOYHO IJIISA
omucaHus ciabeIX B3auMoneiicTBuii. B caMoMm obiteM Bume mpoobpas

IeficTBUS B3aMMONENCTBUS Sipnt(€1,€2) ¢ yUETOM KaK CHMMETPHY-
HEIX, TaK ¥ aHTHCUMMETPHUYHLIX KOMOMHAINH U3 JONOJIHUTEIbHEIX
napameTpoB 3anucas B (3.4.2). [IponsBons B HeM cuMMeTpH3anuy u
AHTUCHMMETPU3ANANA AHAJIOTUYHO TOMY, KaK 3TO Henajiock B §3.4,
IPUXONUM K BEIpaXkeHUIO (3.4.4) ¢ yupoueHHEIME K03 punneHTamn

Sint(ela 62) =

s [Eur en) + ey enn)] - [(Eanvuenn) + (Eomyean)]

x[(é1r + é1r)(car + car) + (c1r + c1r) (éar + E2r)]+
+{(erzy*eir) —

1rY"e1r)] - [(€aryuesr) — (€2rYue2R)] X

e )
car, — car) + (c1L — c1R)
e

x[(é1z — &1R) (G2 — E2m)]—

(

(

—[(e1izv"e1r) — (B1ry"e1r)] - [(E2rvuear) + (EarVue2R)] X
x[(é1r — é1r)(car + c2r) + (c1z — c1r)(é2L + E2r)]—

—[(e1irv"e1r) + (B1ry"e1r)] - [(€2rvuear) — (€arYue2R)] X

X[(é1z + éir)(car — c2r) + (c1z + €1r) (G2 — é2r)]}.  (12.3.1)

Eme pa3 monuepkHeM, 4TO BO BCeX BHIPAXKEHUIX C IICEBIOBEKTOP-
HEIM CJIara€MBIM 0613aTeIbHO IPUCY TCTBYET MHOXUTEND BUa (cf, —
cr) mnu (ér,—¢ér). Taxum o6pa3oM, IpH 3aMeHe JIEBLIX KOMIIOHEHT HA
IpaBble OTHOBPEMEHHO U B IICEBIOBEK TOPHLIX BEIPAXKEHUIX, I B KOM-
OMHaNUAX W3 JONOJHUTEILHEIX IapaMeTpOB Bce cjaraeMble OCTa-
IOTC UHBAPUAHTHEIMEU OTHOCHTEIBLHO 3TOW IMPOHENYPHI. DTO COOT-
BeTCTByeT ToMy dakTy B cTanmapTHoil Monenu Baiubepra-Camama,
YTO Z-6030HLI ONIMCEIBAIOTCS BEKTOPHLIMU, a He ICEBIOBEKTOPHEIMHU
TIOJIAMU.

2. 113 BEINMIEN3ITOKEHHOTO MaTepualla ICHO HOSBJIEHNE BEK TOPHBIX
U TICEBIOBEKTOPHLIX BLIPAaXKeHUH IJIA B3aMMOAEHCTBYIOMINX YacTUII,
a TakXe BO3HUKHOBEHWE IpomaraTopoB. B »ToM u crnenyomux ma-
parpadax cocpeloTOYNM BHUMaHUE Ha 3HAUEHUIX JONOJIHUTEIbHEIX
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nmapaMe€TpPOB YacCTHIl. I[.TIH YUOPOIIEHUA 3alllCH BI:Ipa.)KeHHﬁ BBE€IEM
cJleqyroomme obo3HaUYeHN:

(eLy"er) <> er; (€rvy"er) < er. (12.3.2)

B nmambueiinmem 6ymeM numcath KombuHamuum: (eir,esr), (€im,es2r),
(e1r,e2r), (e1r, €21), Tie Bcerma Ha IEPBOM MeCTE CTOUT BHIPAJKEHNE
[l TepBOil YaCcTHUIIEL, a Ha BTOPOM — BTOpoii. B 3Tux o6o3HaueHmax
nepenumeM (3.4.2) B 6oee KOMIIAKTHOM BHJIE

Sint(el, es) = %(61L, ear)(cir — car)(E2r — &1R) +
+ %(611%, ear)(c1r — car)(C2r — 611) +
+ %(61L, ear)(c1ir — c21) (82, — E1R) +
+ %(611%, ear)(c1r — car)(é2r — é11). (12.3.3)

Brmnnimem OTOEJILHO KOBq)q)HIIHeHTBI opu cjara€eMhbIX, OIIACEIBa-
IOIINX B3aMMOAEHCTBUA MEXOY COOTBETCTBYIOINNMU KOMIIOHEHTaMM
ABYX MaCCHBHBIX JIEIITOHOB!:

(elL, egL) = (ClR — CzR)(52R — ElR), (12.3.4)
(err,e2r) = (c1in — c2r)(Car — é1L); (12.3.5)
(elL, 62R) = (ClR — C2L)(52L — ElR); (12.3.6)
(elR, 62L) = (ClL — CzR)(ézR — 51L) (12.3.7)

3. Kak yxe 0TMeUasioch, BO3MOXHEI JBa BapMaHTa B3aWMOLNEN-
CTBUS NBYX MAaCCUBHEBIX JienTOHOB. OOUH COOTBETCTBYET CHMMET-
PUYHOMY (pPaBHONPABHOMY) B3aUMOAEHCTBUIO JIEBBIX U IPABLIX KOM-
MOHEHT MACCHUBHEIX JIEMTOHOB, a BTOPOW — aCHMMETPUYHOMY B3au-
MojgeiicTeuio. Eme pa3s obcynum 5Tu nBa BapuaHTa, UCXONS U3 HO-
OyIIeHWs, YTO MACCUBHEIE JIENTOHLI MOTYT HAXONUTHLCS B HUBIIAX
(“HeBO36y XK IEHHBIX” ) COCTOAHMAX M B BO3OYKIEHHEIX COCTOSHHUI,
COOTBETCTBYIOIINX IBYM Ha3BaHHEIM BapHMaHTaM B3aUMOINEWCTBUA.
BzanmopeiicTBue 6yneM NOHUMATE KakK MEpenady Bo30YKIEHHOTO CO-
CTOSIHUSA OT ONHOW YAaCTHUIEI K APYTOM.

4. HauneM c o6CyXIeHUS CHMMETPUUYHOrO BapuauTa. llycth
mepBas JacTHIa HAXONUIACh B HeBO3OyxkmeHHOM coctosHuu. O6o-
3HAUNM JONOJHUTENLHEIE TApAMETPHI STOW YaCTHILI CUMBOJIOM .
Torna umeem

cip =cip=1u'. (12.3.8)
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HYCTI; B pe3yabTaTe B3aMMOJENCTBUA 5Ta YacTHUIla IEpENjia B BO3-
6y)KI[eHHO€ COCTOAHUE, XapaKTEPU3yEMOE 3HAUYCHUAMMU JNONOJITHATEIIb-
HBIX ITapaME€TpPOB z, TOormga

&1 = é1p = 2. (12.3.9)

IIycTes BTOpad WacTuma, Hao6OpPOT, B pPe3yibTaTe B3amMONEHCTBUA
Hepellia n3 Bo36yXIeHHOTO B HEBO36YKIEHHOE COCTOAHME, T.e. I
Hee

Co, = Cop = 2, Cop = Cop = . (12.3.10)

Honcrasnsas >Tu 3HadeHns mapameTpoB B (12.3.4) — (12.3.7), npu-
XONUM K OIHOMY COOTHOLIEHUIO

(z—u) =A% s z=u+ A, (12.3.11)

rge A - HeKOTOpas KOHCTaHTa, XapaKTePU3yolias CHMMeTPUYHEIR
(37K TPOMArHUTHEL) BapHaHT B3aNMOIEHCTBUA MAaCCUBHBIX JIENTO-
HOB.

3aMeTnM, YTO NP ONMHAKOBEIX 3HAYEHMAX BCeX KO3DODUIMEHTOB
B (12.3.4) - (12.3.7) 1 oINHAKOBLIX 3HAYEHNUAX U JJI1 BO36YKIEHHBIX
COCTOSHMUIT JIEBEIX U IPABBIX KOMIOHEHT ¢ HEOOXONMMOCTBIO CIIENYET
ONMHAKOBOCTH 3HaUeHWN ¥’ IJIs JEBBHIX M IPABLIX KOMIOHEHT dac-
THI B HEBO3OYXKAEHHBIX cocTofHmAX. HamoMHEM, uTo paHee mpu-
BONWINCH NOBONEI B IOJB3y TOro, 4TO6HI mosoxuTb u' = 0. Oro
COOTBETCTBYET TOMY, YTO B Pe3yJbTaTe 3JIEKTPOMArHNTHOTO B3al-
MozeiictBus npoucxonut nepexoxn or BCKO pamra (3,3) xk BCKO
panra (4,4).

5. AcuMMeTPHYHBIA BADUAHT B3anMOfeiicTBIA 6yIeM Xapak-
TEepW30BaTh ONWHAKOBEIME' 3HAUEHWAME ¥ NONOJHHUTENLHEIX Napa-
METPOB B HEBO36YXKIEHHEIX COCTOSHHUAX YaCTUIl I PA3IMIHEIME 3Ha-
YEeHUSMH [apaMEeTPOB JIEBHIX (Z3) M NpaBHIX (Z2) KOMIOHEHT B BO3-
6yXKIOEeHHEIX cocTosHmAX. IlycTh mepBas gacTuna oniTh GymeT B He-
BO3GYXKIEHHOM COCTOSHNN W NEPEXONUT B BO3GYXKIEHHOE, T.€.

CilR —cip — U, @& — ®3; C1R — o, (12.3.12)

a IpaBad YaCTHUIla NYCTh IMEPEXONUT U3 HaYaJILHOTO B036Y)KI[GHHOI‘O
B KOHEYHOE HeBO36Y)KI[eHHOG COCTOAHHUE!:

CoR — @9, Cof — X3 Car = Cof — U. (12.3.13)

IOTMeTI/IM, 9TO0 B 06H_IeM ClIy4da€ 3Ha4YCHUNI U U U’ MOT'yT HE€ COBIIafaThb. B
3TOH TJIaBe 3TO He CYILIIECTBEHHO, OOHAKO B CJIe,E[yIOH.Ieﬁ rJiaBe 6y,1:[e'r II0OKa3aHO,
9To U # UI. Boinee TOT'0, OKaXe€TCdA, 9TO OJIA JIEBBIX W OJA IIPDABBIX KOMIIOHEHT
3TH 3HAYCHUA PA3JINYIHBI.
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Honcrasnsas st 3Havenus B (12.3.4) — (12.3.7), npuxonuM K cooT-
HOIIIEHUSIM:

(e1,e21) = (22— u)® = ady; (12.3.14)
(e1r,e2r) = (23— u)® = ais; (12.3.15)
(e1L,e2r) = (22 — u)(z3 — u) = a33 = azqass; (12.3.16)
(e1r,ear) = (22 — u)(z3 — u) = al; = assass, (12.3.17)

TI€e Qg2 M Q33 — HEKOTOPHIE HOBHIE KOHCTAHTEI, B OOIIEM CIIydae He
paBHEIE IPYTr APYry U XapaKTepusyioline ciabble B3anMOIEHCTBUSL
JIeBBIX ¥ IPABEIX KOMIOHEHT MacCHBHOIO JienToHa. O6paTuM BHIMAa-
HIle Ha TO, 4TO JJIs CMELIAHHEIX IPOU3BENEHUI TOKOB Ko3(bduuueH-
THI BEIPaXaloTCs Yepe3 KOHCTAHTEL IPU IPON3BENEHNAX ONHOPONHBIX
tokoB. W3 (12.3.14) u (12.3.15) Haxonum

Ty — ut asy; T3 = ut ass. (12.3.18)

W3 Berpaxenuit (12.3.11), (12.3.18) n mocienyomux BUIHO, YTO
3HAUEHUs MapaMeTPOB BO30YXKIEHHLIX COCTOSHUWI Be3le OImpeneiisd-
I0TCSI B KOMOWHANMAX ¢ MapaMeTpaMi HeBO30YKIEHHEBIX COCTOSHUMN
Buma z — u', T3 — U, T3 — U, T.6. OTHEILHO 3HAYEHNA U U U’ OKa3EI-
BalOTCS HECYIIeCTBEHHLEIMU.

6. UTo6OBI cOMOCTABUTEL HOJIYYEeHHEBIE 3IEeCh BEIPAXEHHUSI C COOT-
BeTCTByOINME (popmynamn u3 momenu Baiia6Gepra-Camama (B
IaJlbHONENCTBYIOMEl Bepcuu) nepennineM BreipaxeHnue (9.4.5) B Go-
Jlee KOMIIAKTHOM BHJE, YYUTEIBas o6o3Hauenus (12.3.2),

'Cint(ela 62) =
9393 ) (93 — g3)?
9; + 93 4(93 + 93)

= (eir,e2r) |- DZ]‘*’

[ glg? gt
+ (eiwrye2r) |——5—5Da+ 5——=Dz| +
( )_ 9i +95 92+42 ]
[ 2.2 2( .2 2
919> 91 (91 - 92)
+ (ewr,e2Rr) |——5——5Da+ 75— Dz| +
( )_ 9i + 95 2(92 + 93) ]
[ 2.2 2( .2 2
919> 91 (91 - 92)
+ (eimr,e2r) |————=Das+=—"5—=-Dz|. (12.3.19
) |~ g DAt S T ad) ] (123.19)

O6paTuM BHEMaHWE Ha TO, YTO BO BCEX UETHIPEX COCTABHBLIX YacC-
TSX CIpaBa MMEIOTCs cllaraeMele (B KBaJpPaTHEIX CKOOKax), comep-
JKalllie, BO-NEPBHIX, ONWHAKOBEIN UJieH, MPONOPUUOHANLHEIH D 4, 1,
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BO-BTOPBIX, HECKOJILKO OTJIMYAIONINECA NPYT OT APYTa WIEeHBI, IPo-
mopuunoHajabHIe Dyz.

Ecim y4ecThb, 9TO COTJIaCHO SKCNEPUMEHTATLHEIM TaHHEIM g5 ~
397, To HaxonuM, uTo Bece KoadhdunumenTr npu Dz mo Moxysmio 6ms-
KU IPYT K IPYTY W UMEIOT TOPSIOK g3 /4.

7. ComocTaBUM IpPYyT C APYTOM, C ONHOM CTOPOHEI, BEIPAXKEHUE
(12.3.3), momyuennoe u3 6a30Boro 4 X 4-oTHOIIEHN: GHHAPHON Treo-
MeTpOGdU3UKHE, U, ¢ APpYroil croponsl, (12.3.19) u3 nansHOmERCTBYIO-
meit Bepcuu momenu Baiiu6epra-Camama. [lpu sTom 6ynemM yumTe-
BaTh Hajiiyue B OMHAPHOW reoMeTpodu3NKe NIBYX TUIOB IPONaraTo-
poB, coorBercrBytomux D4(1,2), Dz(1,2), n 06ycioBieHHBIX B3a-
UMONEWCTBUIMHI Uepe3 CHMMETPUYHEIE U AaHTUCHUMMETPUYHEIE KOM-
OWHANINY U3 MONOJHUTEIHHEIX apaMeTPoB.

HaunewMm c comocTaBieHUs BKIIaNOB 3JIEKTPOMAarHUTHOIO B3a-
uMozneiicTBus B GuHapHON reoMeTpodmsnke (cM. (12.3.4) - (12.3.7))
¢ BEIpa)XK€HHSAMHE B KBaJpaTHEIX ckobkax (12.3.19), mponopruoHasis-
HeIME D 4. OTO O3HaUaeT

2.2
9192
(z— ) ~ 122 (12.3.20)
9i +93’
T.€. CJIEAYET IIOJIOXUTH
9192

Vi +g2

8. Il;s cniyuas cnaGoro B3aummomencTBus (uepes “Z-6030H"),
onarsk comocTaBias (12.3.14) — (12.3.17) ¢ cooTBeTCTBYIOIMUME CiIa-
raeMbiMn u3 (12.3.19), DpuxoouM K OTOXIECTBIICHHIO

z—u =4+A=4% (12.3.21)

93— 95 g3
Ty — U = Fagy = +—F—=; T3 —u=tazgz3 = t—F——.
2y/93 + 93 \V9i + 93
(12.3.22)

OueBnmHO, YTO IPH 3KCHEPHMEHTAJILHO yCTAHOBJICHHEIX 3HAUEHMIX
KOHCTaHT g1 M g2 BBeJeHHLIE BhIIle KOHCTAHTHI g2 U @33 OIM3KH IO
MOAYJIAM M OTJIMYaloTCA 3HaKaMMH.

W3 coornomenmnit (12.3.22) MoxHO HallTH 3HaUeHNS KOHCTAHT ¢;
n g, momenn BaiinGepra-CamaMa uepes KOHCTAHTEI Gz W G33, BBe-
IeHHEIe B OMHApHOM reoMeTpodusuke:

g% = 2(133((133 — (122); g% = —2((133 — agg)(2azg — a33). (12323)
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12.4 OaekTpociabble B3auMOAeHCTBHSA
HelTpuHO (uepe3 “Z-6030H”)

1. Ilpexge Bcero, ciaenyeT HOONPENETUTH MOHATHE HEWTPUHO.
Ananu3 BO3MOXHEIX BApPUAHTOB B3aMMONEHCTBUS HEATPHHO C Mac-
CHUBHLIMU JIEITOHAMHU U WX CPaBHEHUS C M3BECTHON MOAebio Bain-
6epra-CaaMa 3aCTaBIAIOT MOJIOKATE, UYTO B PACCMATPUBAEMON MO-
IETU Helmpuno, max He Kax U Maccuemnsil senmon, obaadaem dey-
MA KOMNOHEHMAMU: A€60T U NPasoil, — OTHAKO jieBas KOMIOHEHTa
ONMCHIBAETCS NBYMs HEBEIPOXKIEHHEIME IapaMeTpaM: (¢ HOMepaMu
1 m 2) Opm HeoNpENeNEHHOM TPEThEM, a NpaBas KOMIOHEHTA ONN-
CEIBAeTCAd 3JIEMEHTOM, V KOTOPOTO IBa HEBLIPDOXAEHHLIX IIapaMeT-
pa paBHEL HYJIIO, a TPeTHH — NMeeT OTJIMUYHOE OT HYJd 3HaUeHNE.
O603HaunM ero 3HaUEeHNE B HEBO3GYKIEHHOM COCTOSHUU YEPE3 U, &
3HayeHUe B BO30YXJIeHHOM COCTOSHUU 1 HallleM U3 CONOCTAaBJIeHUI
co cTaHmapTHO# Mogmenbio Baitu6epra-Camnama.

3aMeTuM, 4TO TaKoe ONpelejicHNe HEATPWHO SBIISETCSI WHBAPH-
aHTHBEIM OTHOCHTENBHO BhIAeneHHo# rpynnel SL(2,C) (nopeHu-un-
BapHaHTHEIM). [leficTBUTENBHO, PN 5TUX JIMHENHBIX Npeobpa3oBa-
HUAX W3HAUYAJIBHO HYJEBLIE 3HAUEHNd HEBEIPOXKIEHHEIX IapaMeTpoB
IpaBofl KOMIIOHEHTEI OCTAHYTCA HYJIEBEIMU.

2. PaccmoTpuM B3amMofieificTBUEe HEMTPHUHO C MACCUBHEIM JIELITO-
HOM. Il7is »TOrO OWATH BOCHOJNIBL3yeMcs 6a30BEIM 4 X 4-OTHOIIEHUEM
(3.1.4). IycTs MacCHBHEIR JIENITOH XapaKTEPU3YETCSA SIEMEHTAMH i,
k, o, B, a HeliTpuHO — 5yleMeHTaMu j,7 (J€Bas KOMIOHEHTa) U §, 6
(mpaBas xommonenTa). Kak m panee, B3amMONeHCTBNE ONUCHIBAET-
sl YETHIPHM: BHYTPEHHIMH TMATOHAIBHEIMHE cilaraeMeiMu B (3.1.4).
Onnako, W3-3a paBEHCTBA HYJIO HEBLIPOXKAEHHBLIX IapaMeTpPOB mpa-
BOW KOMIIOHEHTHI HEMTPHHO IBa U3 3TUX cJlaraeMbIX obOpalllaloTcd B
Hyb. OCTAIOTCS TOIBKO IBa CIIaraeMEBIX:

B R I

3. Ilepeiimem k oOIIENPUHATHIM 0603HAYEHUAM OJIS HENTPUHO.
CoracHO TaHHOMY BBHIIIE ONPENEIEHNIO HEHTPUHO B 4-MepPHBIX 060-
3HAYEHUIX ero cllefyeT CUYUTATh JIeBEIM, T.e. IPU 3aIlUCU €ro B BHUIe
4-cTosibla OTJIINYHLIE OT HYJd HEBLIPDOXKIAEHHLIE IapaMeTpHl cileny-
eT mucaTh cBepxy. Anasgormuso (3.2.16) onpenenum mis HeHTPUHO
KOMIIOHEHTHI M30TPOIHOIO 4-MEPHOTO BeKTOpa:

vryovr = Jlvl + 5%

— -1.,2 2.1
_ _ ) vimvL =3y + 17
v vy) = _ . . 12.4.2
WYY =\ gy = i(Gty? = 3%); (124.2)
vrysvr = iyt — i3
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3nech cupaBa y* 03HaYaIOT He KOMIOHEHTEI HUPAKOBCKON Y-MaTpH-
IIBI, a MapaMeTpHl HedlTpuHO. C yYeTOM 5THX COOTHONIEHHWH BEKTOP-
BeKTOpHEIe KoMbmHanuu B (12.3.19) MoxHO 3ammcaTh CIeNYIOIIUM
obpazoMm

7] = et @
[iﬂ - %(amﬂeR)(amﬂyL). (12.4.3)

Bo BBenenubIX 0603HaueHUAX (12.4.1) mpuHEMaeT BuI

Sz(e,v) =
1
= §(EL7M6L)(7L'YMVL)(CR —cr)(ur — Er)+

1 - -
‘|‘§(§R')’M6R)(7L'YMVL)(CL — CuR)(CuR — CL), (12.4.4)

Tlle CHMBOJILI C7, I R 0603HAYAIOT MapaMeTPEl MACCUBHOTO JIENTOHA,
a ¢,p — mapaMeTp HellTpHHO.

4. CocpenoTounM BHUMAaHUE Ha CIATAEMBIX U3 JOMOJHUTEIBLHEIX
napamMeTpoB. Jliig HUX 3anuineM BHIpaKeHUs, aHasornyssle (12.3.4):

(eL, I/L) = (CR — CuR)(EuR — 5R) = a%z; (12.4.5)

(eR, I/L) = (CL — cllR)(él/R — EL) = a§3, (12.4.6)

TOe d12 U @13 - HEKOTOPBIE HOBEIE KOHCTaHTHEIL.

HyCTB MAaCCUBHLIA JIEITOH HaXOAWJICI B HeBO36y}KI[eHHOM CO-
CTOAHUU M B peE3YyJIbTaTeE B3aMMOJENCTBUA C HeﬁTpHHO IIEPEIIET B
BO36y)KI[eHHO€ COCTOAHHUE, OINCAaHHOE B IPEABIAYINNX pa3aesaX, T.c€.
JJId HETO MMEEM

¢ —cp=u—=0; & —=wx3, Cr=— Ts. (12.4.7)

HYCTI: HeﬁTpHHO HaXOOMWJIOCE B HeB036Y)KI[eHHOM COCTOJdHMHN N B
pPe3yIbTaTE B3aMMOJENCTBU A IIEPEIIJIO B BO36y)KI[eHHOG COCTOAHUE,
T.€. OJ4d HeﬁTpHHO NMEEM

CyR = U1; Cyr = Z1. (12.4.8)

oncraBnsas stu 3HaueHns B (12.4.4), HaXOOMM, YTO COOTHOIIEHUS
(12.4.5) — (12.4.6) mpuHEMalOT BUL

(er,vr) = (2o —21)(u1 — u) = ay; (12.4.9)
(er,vr) = (23— 21)(u1 — u) = als. (12.4.10)
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PaccmaTpuBas 5TH COOTHOIIEHNS KaK YpaBHEHUS IJId U] U £1 U UC-
II0JIb3Y 51 paHee HallleHHEIe BeIpaxeHus (12.3.22), naxonum pemenns:

2 2 2 2
a79033 — A75099 ajies — a
2, —u=+-12 B2 oy —u=4+22 13" (12.4.11)

2 2
aiy — a7s G323 — 433

rIe 3HAKd + COOTBETCTBYIOT 3HakaM B §12.3.
5. Hailimem BBeIeHHBIE KOHCTAHTHI M3 comocTabieHms (12.4.4)
C COOTBETCTBYIOUINMHE CJIaTaeMBIMH, COAepXalllUMU HedTpHHO, U3
craHmapTHO# Monmenn BaitnGepra-Canama B (9.4.6). Jlerko Bumets,
9YTO MMEIOT MeCTO COOTHOIIEHH:
2

2 2
a2y = %; a2y = %1. (12.4.12)

Ucnonesys stu Beipaxernus u (12.4.11), vaxonum

1
Uy —u::tgy/gf—l—gg; = u. (12.4.13)

TakuMm o6pa3oM, IPAXOOUM K BEIBOAY, UYTO 3HAUEHUE MNOMOTHUTEND-
HOTO TMapaMeTpa HERTPUHO B BO3OYKIEHHOM COCTOSHUM COBHANAET
CO 3HAUEHUEM MOMOJHUTEIBLHEIX MapaMeTPOB MACCUBHOTO JIETITOHA B
HEBO36YKIEHHOM COCTOSHUH.

6. Ucxons w3 HallleHHBIX MapaMeTPOB HEWTPWHO M3 WX B3am-
MozeiicTBuil (4epe3 “Z-6030H” B TEPMUHOJOTHYM CTAHIAPTHOH Te-
OpHH) ¢ MAacCCHBHEIME JIENITOHaMH, o6cynmM ciiaGoe B3amMomei-
crBue AByx HemTpumHOo. OnsaTh Bocmodab3yemcs 6a30BeM 4 X 4-
OTHOIIIEHNEM, B KOTOPOM TENEPh OCTAHETCA TOIMBLKO OMHO NUATOHAIb-
HOE CJIaTaeMOe, ONMUCHIBAIOIIEE B3aMMONEHCTBU A

Sz(vi,v) = [Og] (Zi) , (12.4.14)

rIe SJIEMEHTHI %, k, @, [J ONUCBIBAIOT MEPBOE HEMTPHUHO, a BIEMEHTHI

j, 8, v, 6 — BrOpoe HeliTpuHO. BBoma mpexHme 0603HAUEHUS, DTY
dopMyily MOXKHO IlepenncaTh B BHUIE

SZ(VlaVZ) =

1 - .
= 5(71L7HV1L)(72L'YMV2L)(CulR — ¢1R)(év2r — é2r).  (12.4.15)

O6o3Ha4eHNA O4YEBUIHEI. BI:I,I[CJIHM U3 5TOr0 BBIPaXEHUA BKJIaIbL
JOIIOJIHUTEJIBHEIX IIapaMETPOB

(v1z,v21) = (co1r — ¢v2r)(Buar — ER) = aiy, (12.4.16)
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rle ai] — HEKOTOpasd KOHCTaHTA.
7. PaccMoTpuM mBa ciydas:
a) Ilyctb 06a HEMTPUHO HAXONWINCEH B HEBO30Y K IEHHLIX HAYAIb-
HEIX COCTOAHUAX, T.e.

CAR = CLoR = Uy. (12.4.17)

OlIeBI/[I[HO, YTO B 3TOM CJIy4Ya€ HYXHO IIOJIOXKHUTH a%l = 0, T.€. HE-
BO36y)KI[eHHI:Ie HeﬁTpI’IHO HE BSa.IIIMOI[eﬁCTBYIOT APpYyr ¢ OpyroM.
6) HyCTI: ImepBOE HeﬁTpHHO HaXOoOomJIOCh B HeB036y)KI[eHHOM CO-
CTOAHUU, T.€.
CylR — U1, Ele = T, (12418)

a BTOpoe HeﬁTpI’IHO OyCTh HaXOOMJIOCE B BO36y)KI[eHHOM COCTOAHNN
(n3—3a B3aMMOJIEMCTBUSA C MaCCUBHEIM .TICHTOHOM), T.€.

Cv2R = 21; CyaR = U1. (12.4.19)

oncraBnsas st BeIpaxenus B (12.4.16), npuxonuM K OTINYHOMY
OT HYJIA pe3yiILTaTy

(co1r — €v2r)(Bor — E1R) = (21 — u1)? = a?,. (12.4.20)

IloncTaBnsas B 5Ty dopMyy paHee HalileHHEIe 3HAUEHUS IJIA U
¥ 1, IPEXONNM K BEIPaXXeHUIO

2 2 \2 2 2
2 2 2 (ai, — af3) 91 + 93
1 —u) = (ug —u)*  =aj, = =

( 1 1) ( 1 ) 11 (022—033)2 4

, (12.4.21)

COBHAJAIONIEMY C COOTBETCTBYOINM Kodddunnentom B (9.4.8) mus
B3aNMOJIERCTBUA IBYX HEUTPUHO B CTAHIApPTHON MOHENN 3JIeKTpOo-
cimabeix B3aummoneiictuii Baitn6epra-Canama (B HajbHONERCTBYIO-
el Bepcum).

12.5 IIpoo6pa3 B3aumMozmeiicTBUSA HEMTPUHO
yepe3 W-6030HbI

1. WsnoxeHnHoe B TpexX MpenbIAyIINX maparpadax COOTBETCTBY-
eT ciiaboMy B3amMONENCTBHIO JIEMTOHOB B Momesan Baiin6epra-Casna-
Ma uepe3s Z-6030HEI. Kak yike oTMeuasioch B I'i1aBe 9, uMeeTCs IPYyToit
KaHaJ B3aIMOAEHCTBNA HEHTPUHO U MAaCCUBHEIX JIEITOHOB Yepes 3a-
pAXeHHEBIe IPOMEXYTOUHEIE BEKTOPHEIE W-6030HLI, MOACHEHHEIN Ha
pucyuke 9.2. OH ONUCHIBAETCS TOCPEACTBOM CMENTAHHBIX BEKTOPHBIX
KOMOMHaIuil BUOa

(eLy"v) (7yuer).-
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OKa.3I:IBa.eTCH, TaKnme KOMOMHAIIMHN MOXHO CBECTH K YXKe N3BECTHBIM.
YrobLI moKa3aTh 9TO, YUTEM, UYTO paHEE MCIIOJIB3OBaHHBIE BEKTOD-
BEKTOPHEIE CJIara€MBI€ MOXHO 3alllCaTh B MHBIX BUOaX:

7 ]'1 al ,),1
Z'2 j2 a2 ,)/2

(E17"er) (Fyw) = 2 [6?7] _ X

t]

,Yl al

1 21
1
= —2{ 52 ] 72 o2

]2

=-2%] =~y ) en).

4]
(12.5.1)
ITono6HubIE paBeHCTBa B TEOPHUHU CIIAOLIX B3aMMOIENCTBUM W3BECTHHI
Kak cooTHoreHus Pupia [OO], OOBIYHO 3alHNCHEIBaeMBIE B BHIE

(ﬁaOMub)(ﬁcOMud) = —(EIO“ud) (HCOMub),

TIE Ug, Up, Ue, Ug — YETHIPE 4-KOMIIOHEHTHEIE BeJINUMHEI, a OllepaTo-
pet O, = v,u(1 £ i7s5).

Takum o6pa3oM, onucaHme M3BECTHLIX B3aWMOAEHCTBUH dYepes
W-6030HELI cBOIUTCSA B GUHAPHOH reoMeTpodU3uKe K MOSIBIEHUIO JIO-
MIOJITHUTENBHLIX cllaraeMBIX M3BECTHOTO paHee BHAA C HEKOTOPBLIMHU
HOBBIMU KO3(pPUINEeHTaMU.

2. Ucxona m3 M37I0XKEHHOTO, CIENyeT MNONYCTUTEL CYIIECTBOBaHUE
B OmHapHOU reoMeTpodu3WKe WHOTO KaHajla B3aMMOIEUCTBUI HEWT-
PUHO ¢ MacCHBHEIME JenToHaMu. B camoMm o6IeM Buae OH INOJIXKEH
IpeNcTaBIAThCA B npexHeM Bufe (12.4.5) — (12.4.6), Ho ¢ n3MeHeH-
HEIMU KOHEUHBLIME 3HAaUYeHUIMM IONOJIHUTEILHEIX MTapaMeTpoB H C
WHBLIME 3HAaUeHNIMU KOHCTAHT CIIpaBa:

(eL, I/L) = (CR — CUR)(EVR — 5R) = Wz; (12.5.2)
(eR, I/L) = (CL — cuR)(éuR — 5L) = le. (12.5.3)

HO.TIO)KHM, YTO MAaCCHUBHEIN JIEITOH M HeﬁTpHHO HaXOOWJINCH B Ha-
YJaJIbHBIX HeB036y)KI[eHHBIX COCTOAHUAX, T.€.

cr—cr—=u=0; c,r= u, (12.5.4)
1 mocjle B3aMMONEeCTBHA OHM NEPENLIN B HEKOTOPLIe BO36yKIeHHEIE
COCTOSHUSA, XapaKTepU3yeMEIe CIENYIOMUMA (MOKAa HEM3BECTHEIMH)
3HAYEHNAMHN JONOJIHNTEIbHEIX IapaMeTPOB:

ip=1zh; ip=1b; ém=2 12.5.5

ép=1w,y; ¢ =123 Cp=2;. (12.5.5)

3. Ilna ycTaHOBJEHNS HOBHIX MapaMETPOB BOCHOJIBL3YeEMCS IIOMN-
CKa3Koil 3 m3BecTHOW Mogmenu BaiiuGepra-Camama: B 5ToM KaHaje
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JleBoe HEMTPHUHO He B3aMMOIEMCTBYET C IpaBOil KOMIIOHEHTOW Mac-
CHBHOTO JIENTOHA, T.e. B cooTHomeHnn (12.5.3) cienyer monoxursb

W' =0. (12.5.6)

Ucxons m3 (12.5.4) n (12.5.5), oTciona mosnydaeM yCIOBHs Ha HEW3-
BECTHEIE IIapaMeTPhI

(uy — u)(zh —2y) = W"? =0. (12.5.7)

CremoBaTenbHO, HMeeM
Ty = 2. (12.5.8)

HeO6XOI[I/IMO JOIIOJTHUTEJIBHOE NMIPEAIIOJIOKEHNE; HAIIPUMED, B JaH-
HOI MOJEJIM MOXKHO IIOJIOXKHUTE, 4YTO JOIIOJIHU TEIbLHBIR nmapaMeETp Jie-
BOl KOMIIOHEHTEI B pe3yJbTaTe B3alMOJIENCTBU A IDIPpUHUMAET TO XK€
CaMO€ 3Ha4Y€HUE, UYTO U B IPEABIAYINEM IIYHKTE, T.€. 4TO

Ty =23 = tass +u— 2] = 23 = +az; + u. (12.5.9)

4. OcraBmeecs coorHomenne (12.5.2) Bo BBemeHHEIX 0GO3HaUe-
HUAX OPMHEMAET BHUJ

(uy — u)(zy — z3) = W2, (12.5.10)

B 5TOM BhIpaXkKeHNM IBe HEW3BECTHEIE KOHCTAHTHL: 4 u W. Heob-
XOIUMO ellle ONHO JONOJHUTeNIbHOe yciioBre. OHO HaXONUTCA M3 all-
re6pamyecKkoil CHMMeTpPHHN, N3JIOXKEHHOil B cllenyomleM maparpade.

12.6 Asnre6pamueckas cHMMeTPHA
3JIeKTPOCJIabbIX B3auMoOelCcTBUM

1. llpoananm3mpyeM BCKPBITLIE BEINIE 3aKOHOMEPHOCTH MOIEIN
snekTpociaberx B3ammoneiicTeuil Ha 6aze BCKO panra (4,4) u comno-
CTaBUM HUX cO cBoiicTBamu Mogmenu Baiin6epra-Camama. Kak 6v110
IoKa3aHO, B 06eUMX MOIedX BO3HHKAIOT ONMHAKOBEIE KOMOMHAIUN
U3 BeKTOp-BEKTOPHLIX, NICEBIOBEKTOP-BEKTOPHEIX M HHBLIX BEIpaXe-
HUH, COCTABIIEHHLIX U3 XapaKTEPUCTHUK IBYX B3aNMMONEHCTBYIOIIUAX
yacTun. Ilpum ux cpaBHEHUU KIJIIOUEBYIO POJL UTpaioT Kosddunmen-
TEHI PN COOTBETCTBYIOMUX BHEIPaXEHUIX, I'IaBHEIM 00pa3oM, YUCIIO
HE3aBUCUMEIX KOHCTAHT, ONPENeIJIOMNX 3TN KO3pPUINeHTHI.

B 6unaprot eeomempodusuxe 6ELIO BBeIeHO 8§ KOHCTAHT:

2 2 2 2 2 2 2 2
aiy, ais, ay3, a3y, azz, A, W7, W™ (12-6-1)
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M coorBercTBOBasO 8 APYrux KOHCTaAHT, ONPENEIAIINNX HEBO3-
6y)KI[eHHI:Ie n BO36Y)KI[6HHI:IG COCTOAHMA pacCMaTpUBa€MbIX YaCTHII:

I I I
z, X1, Zg, T3, Uy, Ty, Ty, Ts. (12.6.2)

(3nauenme v’ = 0 He ABIAETCS NONOIHUTENLHON KOHCTAHTOMN, a 3Ha-
YeHMe U OKa3BIBAeTCs HeCYINeCTBEHHEIM.) Bruta ycranosiena cBsse
MeXIy >TUMH AByMA HabopaMu BeJIMYUH.

B wmodeau Baiinbepea-Casama UMEIOTCA IBe HE3aBUCUMEIE KOH-
CTAHTHI g1 U go U HabOp NOCTYJINPOBAHHLIX 3HAUEHNH ruiep3apanoB
¥ M30TONNUYECKNX CIMHOB paccMaTpUBAEMBIX YacTHII.

B §12.3 — §12.5 u3 cpaBHeHUs HOPMYNI B IBYX MOAENAX KOHCTAH-
THI OMHApPHOW reoMeTpodU3UKM OBLIIN BEIPaXXEHEI Uepe3 KOHCTAHTEL
g1 4 go. OCHOBHOI# pe3ysbTaT PaKTUUECKH COCTOSAI B TOM, YTO 5TO
BO3MOXHO cleflaTh HEIPOTHBOPEUYMBEIM 06pa3oM M OBLIO NMOKa3aHo,
KaK 3TO KOHKPEeTHO JejaeTcd.

B momenn Baiin6epra-CanamMa npudmnHOil TOro, 4TO BCE KOHCTAH-
TEHI OKa3aJIiCh BEIPaKEeHHEIMU TOJIBKO Uepe3 IBe He3aBUCHUMEIE, IBH-
aock yeaoBue SU(2) x U(1)-cummerpun teopuu. Ilockonbky 6unap-
HOHN reoMeTpodU3UKOHN IpeljiaraeTcsd ONUCEIBATH Te XKe caMEble 3a-
KOHOMEDPHOCTH, TO B HEll JoAdNCHbL 6biMb HEKUE AHALO2UUHbIE CUM-
mempuu, popmyasupyemoie na ee cobecmeennom a3vike. U3 cpaBHenus
IBYX MoHellell MOXHO BCKPHITH 3TH CHIMMETPHH.

2. Ilpexnme Bcero, HyKHO OTMETHUTH, UTO UMEIOTCI TPHU KaHAJa
B3aMMOZeicTBHil: 1) 5IeKTPOMarHUTHEIA, 2) aHAJOr B3aMMOIENCT-
B 4epe3 Z-6030HHL M 3) aHAJIOT B3aMMONENcTBHS depe3 W-6030HEL.
OtnensHO eme pa3 o6CyqUM 3TH KaHAJEI, WUIIOCTPAPYS BEHISIBJIEH-
HEIE 3aKOHOMEPHOCTH ¢ nmoMombio Tabmun. Kak yxke 6n110 mokasaHo,
5TH KaHaJIbI XapaKTepu3yloTca KoddunueHTaMU Iepell MapHBIMU
IPOU3BENEHNAME TPeX THUIOB TOKOB: HEATPHHHOTO (V), JIEBOH KOM-
IIOHEHTHI MaCCHBHOTO JIENTOHA (e7,) M MpaBoil KOMIOHEHTEI MaCCHB-
Horo jenToHa (epr). Beimumiem B Bume 3 X 3-Tabuun koshhunMeHTE
nepell COOTBETCTBYIOIIUMY IIPOU3BEeNeHUAMHI TOKOB B KaXJIOM U3 Ka-
HaJioB B3auMogeicTBusi. [Ipu sTom 6ynem m306paxaTs mapsl TabIIHII,
COOTBeTCTBYyIoIINe 0603HAUEHNAM B OMHApPHOW reoMeTpodunsnke U B
mogenu Baitu6epra-Camnama.

1) DnekTpoMarHUTHOE B3aMMOAEMCTBUE MOXHO OXapaKTe-
PHU30BaTh CIEAVIONIUMN TabIuIaMu:

v Ter Ten] | llv] ec | er |
5 é; é% v [0 0 0
v P 73
— 9193 9192 12.6.3
A ALY 2T
er |l 0 9192 9192
er | 0 gi+9; | 9i+g3
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2) Cna6ble B3amMmopeiicTBusA depe3 Z-GO30HBI B paMKax
BCKO panra (4,4) o6cyxnens: B §12.3 u §12.4. I3 BeinucaHHEIX TaM
dopmyn (12.3.16), (12.3.17), (12.4.9) u (12.4.10) u gpyrux ciemy-
€T 3aKOHOMEPHOCTH: K03 Puyuenm npu npoudsedenut d6yzr pasnue
moK0e pasen KopHio Keadpammomy u3 npoudeedenud Jdeyr Kodp-
Puyuenmos nPu COOMEEMCMEYIOWUL NPOUIBEJEHUIT 00UHAKOEBLT
moxose. C yu4eTOM 3TOil 3aKOHOMEPHOCTH UMEEM CIIEAYIOIINE Tabiim-
B

L v | €L €R |
2 2 _ 2 _

v . a1q aio —2011022 0%3 = 11033
€L || 19 = Q11022 a5s A543 = (22033
2 2 _ 2

€ER || @13 = Q110433 | Q53 — Q22033 a33
L [ » | e | er |
4 4 2
e 9i-9g; | (61-93)° | giloi—93) (12.6.4)
4 4(97+93) | 2(s7+93)
ep | 4| gli=g) I
2 2(gi+93) 9i+9;

3) Cnabbie B3auMoneiicTBusa depe3 W-6030HEI B IBYX T€O-
PHsIX XapaKTepu3yloTcs TabiauiaMu:

[ v lew|er]

L v -
2 7]
v 0 4w7loy , | v]015 10 (12.6.5)
er, |W=1] 0 0 ezl 21010
ER 0 0 0 en (2) 0 0

3. 3 cpaBHEeHNs TabINI MOXHO OPUATH K BEIBOLY, 4TO 2pynno-
evim SU(2)- u U(1)-cummempuam modeau Bainbepza-Canama co-
omeemcmeyem cAedyYloUas CUMMEMPUT CYMMAPHBIL KOIPPUyuen-
MO8 NPU NPoU3EEJeHUAT MPET MUNOE MOKOS:

L1 v | er [ €R |
v ai; ai; = ajiasy + W3 ai3 = anass
er | ai, = ay1a00 + W2 | @i, = a3, + A? ajs = assass + A’
ler| afy=anass |afs=asat+ A’ | a®=da3;+ A% |

(12.6.6)

—
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Ll v | er [[ er |
y | gites [ aites || ot
242 242 222
— e g2+92 | 9i+4g2 || 2 +42
L 4 4 4
2 2
91 91 2
BEEEAa

4. IpyruMu cjioBaMu, MOXHO YTBEPXKIaTh, UYTO IJII CYMMapHEBIX
K03)PUINEHTOB MMeeT MECTO INOJIHAid CUMMETPHUA MeXIY JIeBHIMHI
KOMIIOHEHTAMN HEHTPUHO U MacCUBHOTO JiennToHa. Bee kosddunmen-
TEI B JIEBEIX BEPXHUX NMOAMATPHIAX ONWHAKOBEL (al;). OnmHAKOBEI
TaKXe CyMMapHBIe KO3(pPUIUEHTHI IPU NPOU3BENEHNIX JIEBEIX TO-
KOB (KaK HEHTPMHO, TaK N MacCCHBHOTO JIENTOHA) C TOKOM IIPAaBOM

KOMIIOHEHTLI MAacCHBHOTO JIEMTOHa (al;), TO €CTh A CyMMAapHEIX
K03)PUINEeHTOB MOXHO 3alllICaTh MaTpHUIY

L [wrlerfer]
v, 2| 2 y2

o T TE Ty (12.6.7)

lerly” [y" [ a

il

rle BBENEHEI HOBEIe obosHauenus: b = a?,, y% = a?; u a® mna mpa-
BOTO HUXXHETO 3JIEMEHTA MaTPUIEL.

5. IlagHas cUMMeTpHUsA NPUBOAUT K TOMY, UTO HE3aBUCUMEIMH
ClleAyeT CYMTATh HE COBOKYNHOCTH m3 8 mapamerpoB (12.6.1) mium
(12.6.2), a Bcero nBa mapaMeTpa. B KauecTBe TakOBEIX MOXKHO BEI-
6parh mapameTpsl b2 u a. JleficTBUTeNLHO, paccMaTpuM 6 pas3imd-
HBIX COOTHomeHmit B Marpuue (12.6.6) (Tpu AmaroHajJbHEIE I TPH
COOTHOIIEHNs HaJ OMArOHAJBIO) KaK CHCTEMY YPaBHEHUH OTHOCH-

TeIbHO 6 HEW3BECTHHIX: G171, A22, 33, W2, A% u y%:

(nip,ver) = &% =dly; (12.6.8)

(e1r,e2) = b = a3, + A% (12.6.9)

(vip,ear) = b = ajjass + W (12.6.10)

(VlL, €2R) = ?/2 = a11033, (12.6.11)

(e1r,€2r) = 9’ = assass + A’ (12.6.12)

(e1r,ear) = a* = ad;+ A% (12.6.13)

Permmenne >Toif cncTeMBl ypaBHEHHil MMeeT BHLI:
a’ — 2b? a? a?
= +b; =t—0; =+—; ¢'=—; (126.14
an ;o Qa2 % ass %’ Y 9 ( )
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20482 — a2 452 _ g2 2
Azzezzia(llbza); W2:72a; (J‘[HGOW2:%).
(12.6.15)

OTO pellleHre TPUBONUT K U3BECTHEIM B Monenu Baitu6epra-Canama
COOTHOIIECHNAM MeXIy PyHIaMeHTaJlbHEIMU KOHCTaHTaMU, €CJIU 1O~
JIOXNUTh

2 2
gityg
a2:g%; b2: 14 2.

Jlerko BHAETH, YTO BTOPOE BO3MOXHOE PEIIeHHE /A KOHCTAaHTEL W2
B (12.6.15) momxHO GEITH OTGPOIIEHO KaK He COOTBETCTBYIOIIEE HKC-
HepUMEHTY .

6. OgeBnnHO, 4YTO B KauecTBe KOPEHHHEIX KOHCTAHT MOXHO BHI-
6paTh m Ipyrue IBe, HaIpHUMep, KOHCTaHTY A, OTBedaloIyio 3a
3JIEKTPOMarHUTHOE B3amMoIeHcTBHMEe, W KOHCTAHTY @11, OTBedalo-
myio 3a ciaboe B3amMonelicTBue HedTpumHO B Z-kaHane. Torjma ms
cucremsr (12.6.8) — (12.6.13) momyyaeM COOTHOMIEHM:

Az
a1 =b; ag = j:\/afl — A%, ag3 = ) (
ail F \/afl — A?

2 2
P A a1 2 24 ail

Yy = ; a ;
alliF\/a%l—Az alliF\/a%I—Az
W? = ay <a11 Fy/a} - A2> : (12.6.19)

skBuBajleHTHEIE (12.6.14) — (12.6.15).

TakuMm 06pa3oM, U3 BCKPLITON CHUMMETPHE CIENYET, YTO B AaH-
HoM nonxoge (B pamkax BCKO panra (4,4)) Tak xe, Kak 1 B MOZeNIN
BaiinGepra-Canama, 6 xauecmee HE3A6UCUMDBLE 8bICTRYNAIOM TOAb-
KO 06€ KOPEHHBIE KOHCTNAHMbL.

(12.6.16)

12.6.17)

(12.6.18)

12.7 DBriBoAbl 1 3aMeYaHUs 10 MOJEJIN HA OC-
HoBe BCKO panra (4,4)

1. CoenaeM rsaBHBIE BBEIBOALI IO OOCYXKIEHHOM B 3TOil riiaBe
MOJIETIN BIEKTPOCiIabeix B3aumoneiictBuii B pamkax BCKO panra
(4,4).

1) OcHoBHO# BHIBOL cocTOHMT B ToM, 4To 6 pamku HBCKO pan-
2a (4,4) MOMCHO 640JCUMb OCHOBHBIE 3AKOHOMEPHOCTIU IAEKMPO-
caa6biz 83aumodeticmeut 4enmonoe6, BIEPBLIE HANIEHHEIE B PAMKAaX
kanubpoBounoit Momenu Baitu6epra-Canama.
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2) Ha ocHOBe mpOBeIEHHOIO aHAJIM3a 6CKPLIMbL bodee 2ayboxue
U npocmole aL2e6PAULECKUE CUMMEMPUL IAEKMPOCALOBIL 63AUMO-
deticmeudt, 3amensomue rpynmnoBeie SU(2) x U(2)-cummerpuu o6-
menpunasaToin momenu Baiu6epra-Canama. B utore oTkpriBaeTcs 60-
Jlee IPOCTOll B3IJIA] Ha 3JIeKTpocaabble B3aNMONENHCTBUS U UX CYTh.
MoXHO OmYCTHTH BCe IPOMEXKYTOUHEIE COOOPaXKeHNs O TPYIIMOBBIX
SU(2)- u U(1)- cuMMeTpHaX, O JOKaJIU3alUM TUX CHMMETDHIl, O
COOHTAHHBIX HapYUIEHNSIX CHMMETPHUH W IpOYde TOHKOCTH IOJIEBOI
MOZIEJIH.

3) M3noxeHHOe B 5Toll IIaBe He IPOTMBOPEUNT PaHee CIETaHHO-
MY BBIBOLY, UTO C IAEKMPOMASHUMMHbIM 630UMOOeliCTNéUeM MOKHO
cBa3aTh Iepexon (I MaccuBHoro sentona) or BCKO panra (3,3)
k BCKO panra (4,4). DTo cOOTBETCTByeT HyJIEBHIM 3HAUEHMSIM JO-

NOJNHATENLHLIX apaMeTPoB B HadalbHOM cocTosHmu (i° = k% =
u' =0).

4) OtmenbHO momuepkHeM ¢akT, uto B pamkax BCKO panmra
(4,4) s mpoobpasa caabuiz é3aumodeticmeut] 3HAYEHUS NONOJIHY-
TEeJILHEIX TapaMeTPOB B HAYAJILHOM COCTOSHUM (u) OKa3BIBAIOTCS He-
CYIIEeCTBEHHEIMU.

2. Ongnaxko, nannas Momens, ocHoBanHasg Ha BCKO panra (4,4),
obamaeT pAAOM HEXOCTATKOB. llepeunciuM riaBHBIE U3 HUX.

1) B pamkax manHON Mozmenn npooGpas ciabhIX B3aNMONENCTBHR
JIENTOHOB 4epe3 TPOMEXYTOUHEIE W-6030HbI BRITISAUT UCKYCCTBEH-
HEIM. XOTeJIOoCh 6Bl MONYy4uTh 60Jlee eCTECTBEHHOE OOOCHOBAHUE CY-
[IECTBOBAHUS STOTO KaHAJIAa SIIEKTPOCIAOLIX B3auMONelCTBHil.

2) K HemocTaTkaM IHaHHOH MOIENM CIIENYET OTHECTH HEONpENe-
JIEHHOCTD 3HAYEHUH MOMOJIHUTEIBHEIX TapaMeTPOoB ¥ IJIs Tpoobpasa
ci1abBIX B3aMMOAENCTBUI.



I'maBa 13

Onucanue 3J1eKTPO-
cJIaObIX B3alMOIENCTBUN
JICIITOHOB HA OCHOBE

BCKO panra (5,5)

3aberas Buepel, OTMETHUM, YTO B GHHAPHOW TeoMeTpPOGH3UKE Te-
OpHA CHIILHBLIX B3aHMOIEHCTBUI, COOTBETCTBYIOMIAI XPOMOIUHAMU-
ke, omuckiBaercs BCKO panmra (6,6) (cm. rmaBy 14). Beraer ec-
TeCTBEHHEI Bompoc o poau B ¢usmueckoir kaptuae mupa BCKO
npoMexyTouHoro pasra (5.5). B sToil riaBe mokasaHo, 4TO MMEHHO
B ee paMKaX IOCTaTOYHO IOJIHO OMMCHLIBAIOTCA 3JleKTpociabble B3a-
UMOIeHCTBHUA JIEMTOHOB ONHOI'O IOKOJIEHWd, BKJIIOYad aHAJOT B3anl-
MoIeiicTBUSA uepe3 mpoMexyTounkie W-6030ub1. C nosunuit fanHOR
MOZeNI pacCMOTpPeHHad B IPeNBIIYIINX IjlaBaX TeOpPUI B3auMOIeH-
crBuit B pamkax BCKO panra (4,4) BEIranuT kax nNpuGImXeHHAs
(Tounee, ynpomennas) monens. Tonsko B pamkax BCKO panra (5,5)
HauWHAeT IPOACHATHCA CMEICH ajlrebpamyecKuX CHMMETPHH, Jexa-
IUX B OCHOBE MOJNEJIN 3JIEKTPOCIIabLIX B3auMoneicTBuil Baiiu6epra-
Camama.

335
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13.1 BCKO pasnra (5,5) u pyHnameHTa b-
Hoe 4 X 4-oTHOoIlIeHHue

1. Cormacuo obmeit Teopun BCKO, usnoxennoit B 1-i wactu
[17] u xpaTko B §1.3, 3axon BCKO panra (5,5) umeer BuI

Uia Wi Uiy  Uis  Uix
Uha ULB Uky Uks Uk)
Bs5) = | Uja Ujp Uiy Uiz Ui | =0, (13.1.1)
Uga Ugg Ugy Ugs Ug)
Uy W Uy  US UL

Ille mapHLIE OTHOLIEHNS 3amuckiBaloTcs corsacHo (1.3.3)
Uio = 1rat + 1202 + %0 + itat. (13.1.2)

Onementer BCKO panra (5,5) xapakTepusyooTcs 4eTHIPbMS Iapa-
MeTpaMu.

2. Bynem momaraTh, Kak u B riiaBax 3 — 6 u 12, uto napamu
aaemenmos amott BCKQO onucwieatromed aenmonbl 6 Kancdom u3 co-
cmognutl. Torma mo6oMy JenTOHY e, OMUCEIBAEMOMY SJIEMEHTAMU
u k, HanpuMep, B HAUYAJILHOM COCTOSHHUE COTNOCTABISAETCS CIENYIO-
Imas OpsIMOYTOJIbHAsI MaTpHUIa:

it k!
2 k2
itk

3mech TOPUM3OHTAJILHON UYEpPTO#l pa3meeHbI (BHeI.HHHe) CIIMHOPHLIE
mapaMeTpHI, obpa3yiolue 4-MepHBEIE CKOPOCTH (IIIMI'Iy.TII:CbI), n Jo-
MOJIHUTENLHEIE (BHyTpeHHHe) mapaMeTpHI ¢ wHAeKcaMu 3 u 4.

IIpuMeuaTenbHO, YTO B paMKaX 3TOTO paHTa YUCa BHENTHUX U
BHYTPEHHUX IIapaMeTPOB YacTHUIl COBMAJAIOT, TO €CTh UMEET MECTO
cBoeobpasHas CHMMETPHUS MOJYyYAEMBIX U3 HUX BHENTHUX W BHYTPEH-
HHUX HOHATHI.

3. Kak u panee, 6ymeM mojiaraTh, YTO BHEITHWE CIWHOPHEBIE Ta-
paMeTpsl (c nHaekcaMu 1 u 2) OIS npaeot KOMNOHENMbL HelmpuHo
obpaIaTcs B HyJb, TO ECTh HEHTPUHO, HAIPUMED, B HAYAJILHOM CO-
cTOSHUU OyneM XapaKTepHW30BAThH CIENYIOIIEN MATPUIER mapaMeT-
PpoB:

it 0 it 0
] i’ 0 = P70 13.1.4
v(de) = | mm | = | (13.1.4)
poe) \ed
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rle BOMPOCUTENLHLIMA 3HAKAME MOMEUEHLI HECYIIECTBEHHEIE I
ONUCAHUA B3aUMONENC TR NOMOTHUTENLHEIE TApAMETPHI JIEBOM KOM-
moHeHTHI HedTpuHOo. OHE MOTYT OKa3aThCA CYIIECTBEHHEIMEU TPH
PacCMOTPEHNH MacC MacCCHBHBIX JIEITOHOB (SJI€KTPOHOB).

4. B cooTBeTCTBUE ¢ OBINEN METOTUKOM, HEOMHOKPATHO HCIONb-
30BaBINENCA paHee, B3aMMONENCTBUE NBYX MPOM3BOJILHEIX JEMTOHOB
MOJIKHO OMUCHLIBATHLCA HEKUM 4 X 4-oTHotmenuneMm. CBoeobpasueM maH-
HOTO paHTa ABJIAETCA TO, UYTO TeNePh B KAUECTBE TAKOTO OTHOIIEHU
ClleflyeT MCMOJIB30BaTh He 6a30BOe, KakK 3TO OBIIO B Momenu Ha 6ase
BCKO pasra (4,4), a gyndamenmanvroe 4 X 4-omuowenue, TO €CTh
OTJIMYHLIA OT HYJIA MUHOP MaKCHMalibHOTO paHra B 3akome BCKO
parra (5,5) (13.1.1)

Ui, Ui | Uiy  UiS
[a Bvyé ] _ | Uka  URB | Uky Uks
ikjs Ujo  Ujg | Ujy  Ujs
Uy Ugp | Ugy Ugs

iUk s al Byt &
2 k2|52 g2 o B2l~2 82

=155 %3 ;-3 53 X o3 53 13 53 |- (13.1.5)
4Rt s ot Byt &

3mech B HUXKHEN CTPOKE TOPW3OHTAJIbHASA UEPTa OMATH pasmeiseT
BHEIIIHNE ¥ BHYTpeHHUe napaMeTpel. Kak u panee, 6ynem monarats,
YTO BJIEMEHTHI %, &, k, 3 ONUCEIBAIOT COCTOSHUS MEPBOTO JIENITOHA, a
SJIEMEHTHI }, 7, S, 5 COCTOSHUS BTOPOTO JIENTOHa. B cooTBeTCTBUM
C DTUM BepTUKAJILHLIE JINHUM U FOPU3OHTAJIbHAA JIMHUI B BepXHeH
cTpoke (13.1.5) pasmensioT 5IeMeHTH [BYX PacCMaTPHBAEMBIX Yac-
THI.

5. PaccMoTpeHHLIE B IPENLIAYIIUX TIaBaX SJIEKTpociabLie B3a-
MMOIENCTBYS MEXIY JIeNTOHaMH (ONHOTO IOKOJIEHUs) Ha OCHOBE 6a-
30661z 4 X 4-oTHolLIeHWH OyneM NOHMMAThH KaK IPUOIJIMXEHHLIH Ba-
puaHT b6oJsiee 0bmIell Teopuy, OCHOBaHHON Ha pyHIaMeHTAJIbHEIX 4 X
4-ornomtennsax. PacknanbiBas onpemenurenu B (13.1.5) cmpaBa mo
IEpBEIM IBYM CTpOKaM, HaXoAuM, UTo GyHIaMeHTaJlbHEIe 4 X 4-
OTHOIIIEHNA 3allNCLIBAIOTCI TOYHO TaK Xe, Kak u Oa3oBble 4 X 4-
orHomenns (3.1.1). Ix MoXHO NpencTaBUTH B BuAe 9 mOIMATpHI

[aﬁ'yd]: M(4,0) | +M(3,1) | +M[(2), (2)]+

+M(3,1) |+M(2,2)] +M(1,3)+ ,
+M[(2), )] [+M(1,3) | +M(0,4)

ikjs

(13.1.6)
OXapaKTEPU30BaHHEIX YHNUCJIIaMHU 6HEWHUT IMapaMETPOB (C HNHIOEKCa-
M 1lu 2) 3JIEMEHTOB Pa3HBIX JIEITOHOB B COOTBETCTBYIOIIUX CJjlara-
€MBEIX. Kaxc,uoe CJlIaTa€MO€ B TaKOM BEIDaX€HHHU IIPENCTABIIAECTCA B
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BunOe
[‘j;’] [i i]/, (13.1.7)

rlle BTOPOE cjlaraeMoe B KBaJPaTHLIX CKOGKaX, IOMEUEHHEIX LITPU-
XOM, 3allUCHIBAETCS Uepe3 JONONHUTENbHEE MapaMeTPEl TOYHO TaK
XKe, KaK IIEPBOE cllaraeMe 3allUCHIBAETCs Yepe3 BHEIHNE IapaMeTPh
cornacuo (1.3.6), To ecTh

B |k 8

3 &3
><§4 54

(13.1.8)

6. lIpoo6pas “ceobomHOro” mEfiCTBUS MEPBOTO JIEMTOHA OMUCEIBA-
etcs nogMarpuueit M (4,0), cocTosmeil U3 OTHOTO CIIAraeMoro,

Sreeler) = M(4,0) = [‘:Z] [;’i]/ (13.1.9)

3meck BTOpas KBaagpaTHas CKOOKa COTEPKUT MOMONHUTEIBHEIE Tapa-
METPBI TOJIBLKO BTOPOTO JENTOHA. AHAJIOTMYHEIM 06pa30M MOAMAT-
puna (ciaraemoe) M (0,4) npencrapiser co6oit mpoobpas “cBoGon-
HOTO” MEMCTBHUSA BTOPOTO JIENTOHA.

13.2 IIpoo6Gpa3 neicTBUSA B3aMMOAEMCTBUS
JIEIITOHOB

1. Ipoo6pas meficTBAA B3aMMONEACTBAA NBYX JIENTOHOB OIMCEI-
BaeTcs, KaK I Ipexne, cpenHeil monmarpumeii M(2,2) u3 (13.1.6),
TOYHEe, ee NNATOHAJILHEIME CJIaraeMEIMH:

M(Q, 2) — Sint(el, 62) =

! ! ! !
o o1 e R v L e PR e L P
17l Llks ks|lZj is] lkj kEjllis
(13.2.1)
OT10 BRIpaxeHme cooTBeTcTByeT opMye (3.3.10) B BapuanTe onu-
caHIA 57eK TpociiabeIx B3anMozeiicTBuil B pamkax BCKO panra (4,4).

2. Ina xom6uHANUA 13 BHEITHAX ITapaMeTPOB BBeJleM Te XKe 671m3-
KIe K CTaHIapTHEIM oGo3HadeHns (3.2.16), uro u B rmase 3.
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BuyTpennux mapaMeTpoB Temephb cTajio 6Goibliie. BBemeMm mis
MaCCHUBHBIX JIENTOHOB 0003HaUeHUA, eCTeCTBEHHEIM obpaszoM 0606-
Ialonne paHee mcmosib3oBauasie B momesie BCKO panra (4,4):

3 3 . 4 _ 4. 3_ =3 . 4 _ x4 .
23_c%L, 24_clL, aS_C%L, a4 _c%L,
k® = cip; =cip; | B° =¢ip; B = Cip;

(13.2.2)

3 _ 3 . =4 .
g B G
=Cyp; 6% =&5p.

-3 _ 3 . 4 4 . 4
I, TG0 I, TG0 ~
§° = Cp; $ = CaR;

B Ttakux o603HaueHNAX TPOO6Pa3 NeHCTBUS B3aNMONERCTBHUS NIBYX
MACCUBHBIT AENTNMONOE 3AIUCEIBaETCd CIeAyIomMuM obpa3oM

Sint(ela 62) =

1
_ - _ 3 4 4 3 =3 4 -4 =3
= _§(elL’)’MelL)(62L’)’ue2L)>< (CchzR - cchzR) (CchzR - CchzR) -

1
—  ou _ 3 4 4 3 =3 4 ~4 =3
_§(elR’Y e1r)(€2rYue2R) X (CchzL - CchzL) (CchzL - CchzL) -

1
—  u _ 3 4 4 3 =3 4 <4 =3
_5(61L')’ e1r)(€2rYu€2R) X (CchzL - CchzL) (CchzL - CchzL) -

1
- = 3 4 4 .3 =3 =4 -4 =3
_5(61R7M61R)(62L’Yu62L) X (CchzR - CchzR) (CchzR - CchzR) .
(13.2.3)
3. BzauMoneiicTBUA HEHTPUHO MeXNYy co6OH M ¢ MacCCUBHBIMU
JIEITOHAMMU NO-IIpeXXHEMY OyIleM ONNCHIBATL GYHIAMEHTAILHLIM 4 X
4-ornoutennem (13.1.5). M3 mogmaTpunsr M (2,2) B (13.1.6) monyua-
eM mpoobpas HeHCTBUA B3aMMONENCTBUA J6YL Hetmpuno B CIENyIo-
IUX BUOAX:

ikjs — Sint(VlaV2) = (V1L,V2L) = iillks

1
= - 3 (71Ly"vin) (Faryuvar) X

3 4 4 3 ~3 ~4 ~4 ~3
X (cuchu2R - cuchu2R) (cuchu2R - cl/chl/2R) : (1324)

3mech NCMOABL30BAHEL 0G03HAUEHNS IS BHY TPEHHUX MapaMeTPOB HENT-
puHo, nauusle B (13.1.4), n oueBunHEIEe 06063HAUEHNS A TapaMeT-
POB COIIPSAXKEHHLIX COCTOSHWIA.
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4. Ilpoobpa3s neficTBUSA B3aNMONEHCTBIA HEUMPUHO C MACCUEHbL-
MU Aenmonamy TaKXe IoilydaeTca W3 pyHIZaMeHTambHOTOo 4 X 4-
orHomenus (13.1.5) u samuceiBaeTcs crenyomuM o6pasoM

[aﬁ’ycg
ikjs

[T LS -

1
_ — 7 — 3 4 4 3 ~3 =4 ~4 =3
- _5(6117 6L)(1/L‘)/M1/L) (ceRcuR - ceRcuR) (CeRcuR - ceRcuR) -

] — Sint(e,v) = (er,vr) + (er,vr) =

1
—§(eR’Y“€R)(VL’YuVL) (CchiR - CgLCER) (CSLC?/R - CchiR) .
(13.2.5)
5. Crnenyer oXupaTh, 4TO HaWHEeHHEBIE BEHIIIE MPOOGPa3bl Heii-
cTBHUA B3amMogeiictBua sentoHoB (13.2.3), (13.2.4) m (13.2.5) Ha-
XONATCSA B HEKOTOPOM COOTBETCTBHUHU C NeWCTBHEM B3aUMOAeHCTBUA
cTaHmaprHoil Mozmenn Baiin6epra-Camama (B HajpHOmEHRCTBYIOIIER
BEPCHN) [IPY HAJIOXEHNN HEKOTOPHIX YCJIOBUIl CHMMETDHY Ha BHYT-
peunue mapameTpsl. OTBiIEKasICh OT BUIA MPOMAraTOPOB, 3AMUIIEM
COOTBeTCTBYIOIINe BHIpa)KeHU HJId BHYTPEHHUX ITapaMeTpPOB

3 4 4 3 ~3 ~4 ~4 ~3 .
(VlL’ y2L) = - <cu1Rcu2R - cuchu2R) <CU1RCU2R - cuchu2R) ’

(13.2.6)
(e1n,var) = — (CSRC?/R - C:RCER) (52125312 - E:RégR) ;o (13.2.7)
(e1r,e2r) = — <C?RC§R - C%RCSR) (E?REgR - E?RégR) ; (13.2.8)
(e1r, €2r) = — (C?chL - C?chL) (E?LEgL - 5‘11L53L) ; (13.2.9)
(e1r,v2L) = — (CSLC?/R - CchiR) (5SL53R - 53L53R) ;o (13.2.10)
(e1r,ear) = — (C?chR - C%chR) (5?L5§R - E?LEgR) (13.2.11)

¥ aHAJIOTUYHLIE COOTHOUIEHN A IJII NTepecTaBIIEHHLIX MeCTaMHI TOKOB.
6. Heo6xommMo KOHKPETN3UPOBATE 3HAUEHUS TapaMeTPOB JIEBBIX
¥ IpaBLIX KOMIIOHEHT 3JIEKTPOHa M HEHTPUHO, YIOBIIETBOpPAIOLINE
5THM COOTHOIIEHUAM, a TaKXe YCJIOBHAM pacllellJIeHUsS MaTpUIEL
TOKOB Ha NMONMAaTPHUIEL ¢ TpeMs Bunamu cuMmMmerpuit (cm §12.6), co-
OTBETCTBYIOMNMHU
1) B3anMOmERCTBUIO Yepe3 NPOMEXY TOUHEE Z-GO30HEL,
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2) 5IIeKTPOMarHUTHOMY B3auMMOAERCTBHIO (depe3 GOTOHED),

3) B3aMMONENCTBHIO JIEBEIX KOMIIOHEHT SJIEKTPOHA C HEHTPUHO
yepe3 NpoMeXyTounbie W-6030HEL.

Oty 3amauy 6ymeM pemiaTh IOCIENOBATEIBLHO B YKa3aHHOM IIO-
pAlKe, HAXONs JNOMYCTHUMEIE IJI COOTBETCTBYIOMETO B3aMMOMEHCT-
BHs 3HAYEHMs IIapaMETPOB TPeX THUIOB 3JIEMEHTOB: V, €[, U €R.

13.3 IIpoo6Gpa3 B3auMonencTBUSA JIEITOHOB
Yyepe3 NPOMeXYTOYHbIe Z-6030HBI

1. Insa ommcanmsa mpoobpas3a ciIabbIX B3aMMONEWCTBUN depes
IIPOMeXYTOYHEIE BEKTOPHEIE Z-6030HBI HEOGXOMMMO, UTOGHI IIpaBhIe
gactn B coorHomernax (13.2.6) — (13.2.11) cocraBnsanu nonMaTpu-
ny Buna (12.6.4), To ectb

=3 =4 <4 =3 _ 2.
(v1p,vaL) = — ( lecy2R - cuchqu) (cuchy2R - cuchu2R) = 01315
(13.3.1)

~3 ~4 =3 _ 2,
(elL’ V2L) = - ( eRcuR - ceRcuR) ceRcuR - eRCuR) = Q19;
(13.3.2)

~3 4 =3 \ _ 2.
1R02R CchzR) = Qg9;

(¢
(¢
(13.3.3)
(¢
(e

3 4
(e1r,e2r) = — (CchzR CchzR)

3

4 -3 -4 =3 2 .
(e1r, €2R) = — (CchzL CchzL) CchzL - CchzL) = Q33;

(13.3.4)
(e1r,vaL) = — (CSLC?/R eLcuR) Eren - 53L53R) = ais;

(13.3.5)
(e1r,ear) = — (C?chR - C?LCSR) (é{l)’LE‘le - E%LEgR) = ajg

(13.3.6)

o€ mpaBBEI€ YaCTHU U3 HENUATOHAJIbEHBIX a?k OpeENCTaBIIAIOTCA B BHIE

TapHLIX IPOU3BENeHNT NUAarOHAJIBHEIX KO3(hdUIneHToB afk = a;; Q-

2. Anann3 xoMOWHAMUN U3 MOMOJIHUTEIBHEIX apaMeTPOB MOKa-
3LIBaeT, UYTO

a) MOCKOJIbKY 5TH KOMOWHAIMA 3aIMCHIBAIOTCS Yepe3 OMpeNein-
Tenn (aHTHCHMMETPUYHEIE BEIDAXKEHUs ), TO JONOJIHUTENLHEIE Iapa-
MeTPpHI IBYX B3aUMOAeHCTBYIOMNX YacTHUIl He MOI'YT OLITH ONUHAKO-
BEIMH, — CJIelyeT NCIOJIL30BaTh Nielo, IPUMEHEHHYIO B IPeNbIIYIITUX
IjlaBaX, O IBYX COCTOAHUAX B3aMMOIEWCTBYIOIIUX YacTHUI 1 06 0b-
MeHe 3HAUEHNAMH NONOJIHUTEILHEIX IIapaMeTPOB;
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6) npu ommcaHun npoobpasa ciIabbIX B3aMMONENCTBUR B paMKax
BCKO pagra (5,5) Henp3s mojlaraTh, 4TO OTHO M3 cocTosHmi (”He-
B036yxnenHoe” ) onucriBaercs snemenTamn BCKO panra (3,3), — B
5TOM Cilydae KOMOMHAIUMU W3 NOIOJIHATEILHLIX MapaMeTpoB obpa-
MAIOTCA B HYJIb;

B) NOCKOJIbKY BCE BEIDaXKE€HWs W3 JONOJHUTEIBHEIX IIapaMeT-
poB cieBa B (13.3.1) — (13.3.6) mpencraBiaioT co6oil IpOM3BENEHNS
IBYX KOMOWHAIWii OTHENBHO IJi HAYAJIbHBEIX M KOHEYHHIX COCTOS-
HU#, To 0OMeHHBIN XapaKTep B3aNMMOIEHCTBUA MO3BOJISIEeT OTPaHU-
YUTHCS PACCMOTPEHHEM JINIIE ONHOR M3 TaKUX KOMOMHanmil (0nHOro
CIIaraeMoro).

3. Ucxomns U3 TaKOro aHaJln3a CIIEAYET BBECTH TPH Maphl BO3ZMOXK-
HBEIX COCTOSHHN KOMIIOHEHT B3aMMONEHNCTBYIONINX YacTHI. BBemem
1714 HUX CJeNyoue 0603HaAUEHU:

1) mas HeRTpPMHO

() = G ()] s

2) mas mpaBoil KOMIIOHEHTHI MacCUBHOTO JIENTOHA (3JIEKTPOHA)

(&) = () (2)] sy

3) IJIS JIEBOM KOMIOHEHTEI MAaCCHUBHOTO JIENITOHA (BJ'ICKTpOHa.)

(d) = [(%): (&) (13.3.9)

HamomunM, uro B3amMonelicTBHe (BHEILIHErO) TOKa JIEBOHl KOMIIO-
HEHTHI MacCUBHOTO JIENTOHA XapaKTePU3YIOTCs NOMONHUTENLHEIMA
mapaMeTpaMi IpaBoil KOMIOHEHTEI STOTO JKe JIENTOHa I Hao6opoT,
TOYHO TaK XKe, KaK B3anMOMEfCTBUA JIEBOH KOMIIOHEHTHI HEHTPHHO
OIpefieIAeTCsA NOMONHUTENLHEIMA TapaMeTPaMil IPaBoOil KOMIIOHEH-
THI HEHTPUHO.

TakuM o6pa3oM, aHaJOr B3aHMMOIECTBHUS JIENITOHOB depe3 Z-
6030HEI XapaKTepu3yeTcs 12 moka HEM3BECTHEIME apaMeTpaMu: &;,
Yiy 24, Uy

4. BBeneHHEIE apaMeTPHL He SBIAIOTCA HE3aBUCHMBIMU Ha HOX
CIIeflyeT HAJIOXKUTh yCIIOBHS, BEITEKAIOIINE U3 CAMMETPUN Z-MaTpPH-
usl (12.6.4). U3 cnenansoro B 1.1 3aMeuaHus (B) CIeNyeT, 4TO TaKUX
yeioBuit 9. OHE 3anmchIBaioTCs NI KOMOHMHANWil N3 OTHOPONHBIX
napaMeTpOB BHIA

3 4 4 3 3 4 4 3
(cRclIR - CRCuR) , (C1R02R - CchzR) pr
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Brimmuimem ux B Buie TabauWILl, TAe MO TOPU3OHTAIN M BEPTUKAIIN
CHMBOJIaMU V, ef,, €g 0603HaUeHE] (BHEINHNE) TOKM ABYX B3aNMOIEIi-
CTBYIOIIUX YacTHI, IPOU3BENeHNIM KOTOPEIX COOTBETCTBYIOT BEINU-
CaHHEBIE YpaBHEHNA.

| Uy | €aL | €2R

Vi | 21Ul — Y121 = Q115 | L1U2 — Y122 = Q12; | L1U3 — Y123 = A13;
€1L | L2U1 — Y221 = Q12; | L2U2 — Y222 = QA22; | L2U3 — Y223 = A23;
€1R | T3U1 — Y321 = A13; | L3U2 — Y322 = QA23; | T3U3 — Y323 = a33.
(13.3.10)

BrimuirieM TakXe B Bulle TabIUNEI CBA3b IPABLIX YacTER STUX ypaB-

HEHUH @;}, C TPEMs BEJIMUYNHAMHE Q11, G99 U A33, BBEIEHHEIMHA B IJIABE
12:

| vy | €2l | €2R
2 ai1; a12 = 4/@11022; | @13 = {/C11033;
€1L | @12 = 4/Q11Q22; a232; Q323 = 4/Q22033;
€1R | @13 = 4/@11433; | Q23 = 4/022033; az3. ( )
13.3.11

OueBUAHO, YTO BCE NETEPMHUHAHTHI 2-TO MOpsNKa MAaTpuusl {a;}
obpaIaTcsa B HYJIb.
5. U3 pmaromanbHerx ypaBHeHmil (13.3.10) BEIpasuM BeIMUYMHEL

Y-
1 1 1
Y1 = —(wlul — 011); Y2 = —(wzuz - 022); Ys = Z—(:n3u3 - (133)
3

zZ1 Z9
(13.3.12)
I NONCTaBUM B ocTaBlimecs 6 ypaBrennit 3 (13.3.10). Uckmouas u3
HOX BEJIMYMHEI Z;, IPIXOANM K TPEM COOTHOIIEHNAM Ha OCTaBIIHECHT
6 HeM3BECTHEIX:

Nl(alzzz - 02221) + Ng(a23z2 — a22z3) =0
Ni(ai3zs — aszz1) + Na(azszs — aszze) = 0; (13.3.13)
0

N2(a12zl - 01122) + N3(al321 - 01123) =Y,
Tle BBelleHbI 0003HaUYEeHU !
N1 = U329 — U223, Ng = U123 — U321, N3 = U921 —U129. (13314)

U3 amammsa (13.3.13) u (13.3.14) cienyer, 4TO HMCKOMOE pellleHUe
OKa3bIBA€TCS 3aBUCAIINM OT 5 IPOM3BOJILHEIX KOHCTAHT, B KAUeCTBE
KOTOPBIX MOXHO BHIGPATh 21, 22, 23, U U1, Uz (unu Ny u Nj).
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6. Ilocne HecaOXHEIX BEIKJIAOOK IIOJIY9a€M pPeEUIEHNE, KOTOPOE
MOXHO IIPpEACTaBUTEL B BHUIE

()= (@i ) (&) oesw
(w)=(@mmamyi ) (5): e
()= (e ) () em 2w )

(13.3.17)

7. Jlerko BUmeTh, YTO COCTOSIHUS, XapaKTepU3yeMEIe CTOJIOAMHU
U3 z; U Y;, OKa3aJluCh KOJNINHEAPHEIMHU, TO €CTh IJII HUX

z;up — ¥z, = 0. (13.3.18)

,HBa. TaKNX CTOJIOIa MOXKHO BBEIPDA3UThE YEPE3 OOMH:

i) _ a12 T\ . Z3 _ a13 z1 (13 3 19)

Y2 ai n ! Ys ai n
CocrosHns, XapakTepU3yeMbIe CTOJIOIAMA U3 z; U U;, He ABJIA-
I0TCA KOJUTMHeapHEIMU. I[Ba CMEITaHHBEIX ONMpENeInTeNA U3 UX KOM-

noHeHT (13.3.14) MoXxHO BHIpasuTh uepes onmH Nj cienyomnM o6-
pazoM

z3a11 — 210413
No= N ——; Ns=N;
220413 — 23012 22013 — 23012

Z1Q412 — 220711 (13 3 20)

Bcraer BOIIpOC ob HHTEPIpETANM 3TUX NABYX THUIIOB CTOJIOIOB:
KaKHe U3 HUX CJIENYET CUNTAaTh XapaKTECPU3YIOIINMNI BO36Y)KI[CHHI:>IC
n KaKHne HeB036Y)KI[eHHI:Ie COCTOAHMUA.

13.4 Omnucanme npoo6Gpa3a 3JI€eKTPO-
MArHUTHBIX B3anMOAeNCTBUM

1. MoxHO yKa3aTh CIENYIONINe TP cIocoba OMUCAHUS BIIEKTPO-
MarHUTHEIX B3amMmozeiictBuii B pamkax BCKO panra (5,5):

1) IlepBblil W3 HAX COCTOMT B HMOCTPOEHUY €Il ONHOTO KaHAJA
OOMEeHHOTO B3aNMMONEWCTBUA, aHAJOIMYHOTO MOCTPOEHHOMY B IIpe-
IBIgyineM maparpade, OTHAKO ¢ IPYroll CUCTeMOW ypaBHeHHU THIIa
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(13.3.10), oTBevatomeil CHMMETPUN 5JIEKTPOMarHUTHEIX B3anMOe€ii-
crBit. Il sTOrO Cilydas mpaBhle 4acTH ypaBHeHHi (a, — A,,)
BMecTo (13.3.11) 6ynyT mMmeTh BHI:

el e o

141

erlo] Al 4 (13.4.1)
€1R 0 A A,

rie A — KOHCTaHTa, XapaTepU3yloIlas 3J1eKTPOMArHUTHOE B3aNMO-
IeiicTBUe, onpeneieHHas B (12.3.11).

IIpu 5TOM cmocobe omucaHus 5IEKTPOMArHUTHEIX B3aMMOLEHCT-
BUIl BCTaeT sl NpoGieM IO COIJIACOBAHMIO PA3iIMYHBEIX KaHAJIOB
(aHAZIOrOB 5JIEKTPOMarHUTHOTO U C¢1aboro) B3aMMONEHCTBHIL.

2) Bropoit cnocof MoxHO 6bLIO GBI MBICINTHL B BuAe 0606Ie-
HNA 2-KOMIIOHEHTHEIX CTOJONOB M3 JOHNOJIHUTEIbHEIX ITapaMeTpPOB
(13.3.7) u cooTBeTcTByIOWmEl UM cucTeMHl ypasHeHuii (13.3.10) raxk,
9TOOBI IMHI MOXHO OBLTO OB ONHOBPEMEHHO ONMCHIBATH M 3JIEKTPO-
MarHHTHBEIE, W cjIabbkle B3aMMOIEHCTBHA. AHajW3 >TOr0 BapHMaHTa
BBEIABIJI PAJl CYINECTBEHHLIX TPYMHOCTEHR B OMHMCAHMHA 3JeKTpoMar-
HermsMal.

3) Tpermit cmoco6 ommcaHWs 5JIeKTPOMarHeTH3Ma OCHOBaH Ha
njee O TOM, UTO IMEKMPOMAZHUMHOE 63QUMOOEUCTMBUE ONUCHIEA-
emca e pamxar BCKO panea (4,4), Kak GBIIO M3JI0XKEHO B IIPENEI-
IyIm#UX TjIaBaX, TOTJa Kak cilabkle B3aMMOMNEHCTBHA ONMCHIBAIOTCA C
nomompio BCKO parra (5,5).

TpynrOCTH B pealm3ally HepBHIX IBYX CIIOCOO0OB CBHIETEILCT-
BYIOT B IIOJIb3y PeajiM3allill B IPMPOJe MMEHHO TPeThero ciocoba.

2. O6cynuM Mopmenb 5JeKTpociaabbIX B3aUMONENCTBUN B paMKax
IMEHHO IOCJIeIHETo IoAXoNa K CyTH seKkTpoMarHeTnsma. OH o3Ha-
4JaeT MOCTYJIMPOBaHME 2-CTYNEHYaTON IPUPONLI 3JeKTPOCIabbIX B3a-
umopeiicTeuii. Bynem mosarats, 4TO

a) B COIJIACHN C TPAaKTOBKOI 5JIleKTPOMarHeTH3Ma, JaHHOM B IIpe-
IBEIIYIINX TJlaBaX, 3JeKTPOMarHNTHOE B3amMOfeHCTBHE OCYIIeCTB-
JfeT mepexoll OT ONMCAHMS MacCCHBHEIX JlenToHOB B pamkax BCKO
parra (3,3) (or ux HeBO3GYXKIEHHEIX COCTOSHMIT) K MX OINMCAHWIO B
pamkax BCKO panra (4,4), xapakTepu3syromieil Bo36yXIeHHEE CO-
CTOAHNA JIENITOHOB;

! B mccnenoBasbl 0GOOINEHNS CACTEMEBL ypasrerui (13.3.10), cooTBeTCTBY-
olue CUMMEeTDPUSIM, IPUBENEHHBIM B maparpade 12.6. B wactmocTnm, cpenu Ta-
KX CUCTeM UMeIoTcH 512 BapraHTOB, IPUBOAAINNX K YPABHEHUIM Ha KOHCTAHTHI
CBSI3U 3JIEKTPOCIAbrIX B3ammopmericTBuil. X peurenus npusopaT nmubo K Hedusm-
wecKUM (KOMILJIEKCHEIM) 3HAYEHNSIM KOHCTAHT B3aUMONEMCTBUs, JMGO K UCKIIIO-
YEeHUIO 3JIEKTPOMATCHUTHOIO B3aMMOIENCTBHS.
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6) ciabble B3aMMONENCTBUS OCYIIECTBIISIOT HEPEXON OT OIMCA-
HUs MaccHBHEIX jenToHoB B pamkax BCKO panra (4,4) (oT ux He-
BO36YKIEHHLIX COCTOSHMEA C HO3MIUi cIaboro B3aMMONEHCTBUSI) K
nx omucanmio B pamkax BCKO panra (5,5), xapakrepu3syomeii kKak
6bI IBaXIEl BO30YXKIEHHEIE COCTOIHUS JIEITOHOB.

OueBuaHO, YTO 3[eCh NOAPA3yMEBAIOTCS U OOpPATHEIE TEPEXOMEL,
ocymectBiasemele B pamkax BCKO coorBeTcTByMOmUX paHTOB.

3. B cBA3M ¢ UDpUHATHEM THUNOTE3Hl O 2-CTYHNEHYATOH NPHPO-
Jle 3JeKTPociiabbIX B3alMMOAEHCTBHN HEOOXOINMMO NOONIPENEIINTEL BO3-
O6yXKIeHHbIE COCTOAHNA MaCCUBHEIX JIEIITOHOB B 3JI€KTPOMarHUTHEIX
BzanMogeiictBuax (B BCKO panra (4,4)) u yTo4HNTH BHI HEBO3-
6y XIEHHBIX COCTOAHUE B ciabbix B3anMoneiicTBuiax (B8 BCKO panra
(5,5)) Takum o6pa3oM, YTOOEL MOXKHO OBLIO MX OTOXAECTBUTH.

HauneMm ¢ ob6cyxaenns mpooo6pasa ciabbIX B3aUMONEWCTBUHT Ue-
pe3 npomexytountsie Z-6o3ouel. B §13.3 6binu maiimeHsr nBa BuUIa
COCTOAHME IJId TPEX COPTOB 3JIEMEHTOB U OBLI IOCTaBJIEH BOIPOC:
KaKUMH CTOJ6IaMy (M3 IapaMeTpoB &; M y; WIN 2; U U;) ONNCHI-
BalOTCA HEBO3GYXJEHHLIE W BO3OYKIEHHBIE COCTOSHUN JIEMTOHOB?
W3 ycmoBus cmmBky (OTOXIECTBIIEHNA) BO36GYXKIEHHBIX COCTOSIHUIA
3JIEKTPOMArHUTHEIX COCTOAHUN M HEBO30OYXKIeHHLIX CJIabBIX B3anlMO-
IeWcTBUH ceNyeT NOJIOXKNTh, YTO TakKWe COCTOAHMUA KakK JIeBOi, Tak
¥ IpaBO¥ KOMIIOHEHTEHI MaCCHBHOTO JIENITOHA NOJIXKHEI ONHUCHLIBATHLCA
ssementamn BCKO panra (4,4), To ects ¢ nosunmit BCKO pasnra
(5,5) mOMXHEI MMETH IO ONHOMY HYJIEBOMY HONOJIHMTEILHOMY Ia-
pameTpy. Eciu BEHIGpaTh B KauecTBe HEBO3OYKIEHHEIX COCTOSHUI
CTONGIBI W3 MapaMeTpoB &; U ¥;, To coraacHo (13.3.15) — (13.3.17)
BCe TPHU KOMIIOHEHTEI, B TOM YHUCJIe M IJId HERTPUHO, OYOYT UMeTH
IO OJWHAKOBOMY HYJIEBOMY IONOJHUTEILHOMY IapaMeTpy, 4TO, KakK
GyneT mokazaHo HuXe (cM. §13.5), He MO3BONAT ONMCATH AHAJIOT ClIa-
6oro BzamMmogpeiicTBus dyepes W-6030051. CllefloBaTENBHO, B KAYECTBE
HEeBO30YXJIEHHOTO COCTOAHUSA CJIabbIX B3alMOIEWCTBUN HYXXHO BEHI-
6paTh CTOJNONEI U3 2; U U;.

Ho B 5TOM cityuae O JIeBHIX M HPAaBEIX KOMIOHEHT MaCCHBHO-
ro JeNTOHA JOMOJHUTEIbHEIE NapaMeTpPEl C HYJIEBLIME 3HAUYeHUIMHU
IOJXKHEI OLITH pasHBIMHU. Bosee TOro, M3 ycjaoBUS CUMMETPUH 3JIEK-
TPOMarHUTHEIX B3aWMOIeHCTBUN HeHYyJIeBble 3HaUECHNA IapaMeTpOB
IOJIKHEI OLITH ONWHAKOBEIME. 3-3a UMeloIierocss mpous3BoJia B OIpe-
meneHnn nmapaMeTpoB B (13.3.15) — (13.3.17) sTu TpeGoBaHMA MOXKHO
ocymecTBuTh. O6G0O3HAUNM 3HAYEHHs HEHYJEBLIX IapaMeTpoB (Xxa-
PaKTEPU3YIOMNX 5JIEKTPOMAarHUTHOE B3aMMOIECTBYE) CUMBOJIOM A,
TOorJa HeBO30OyXJeHHBIE COCTOSHUA MACCUBHBLIX JIEIITOHOB OIUCHIBA-
0Tc4 cTolbnaMu:

('ZZ):(g) (5‘;):(2) (13.4.2)
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W3 (13.4.2) nerko HaXOOUTCS 3HAYEHHE OMPENETMTEIS
Nl = U329 — Ugz23 = Az (1343)

u, KpoMe Toro, yuursiBas (13.3.12), MOXHO BEIpa3suUTh 3HAYEHUE IO-
TMOJTHUTENLHOTO MapaMeTpa BO30YXKIEHHOTO COCTOSHUS L3 depe3 Ko-

5pPUIMeHTE ag3 U A:

ass
rg = —-. 13.4.4
& (13.4.4)
4. TlepeiimeM K 0OOGCYXIEHWIO BO30GYXMEHHBLIX COCTOSHUM BITEK-
TPOMarHUTHEIX B3aumopneiicTBuili. Kak paHee m yTBepXIaJioch, OHU
onucuiBatorcs sinementramn BCKO panra (4,4), onHako ¢ mosmumii
BCKO panra (5,5) teneps MoxHo ompenenuts nBe pasusle BCKO
panra (4,4): 1as OHOM M3 HUX B KaYeCcTBe JONOJIHUTEIBLHOTO Hapa-

MeTpa BEICTyHaeT c°, a mna apyroii — mapamerp ¢! BCKO panra
(5,5). TakuM 06pasoM, 4EKMPOMAZHUMHO 6030YHCIEHNblE COCTNO-
AHUL A€60U U NPAsoly KOMNOHEHM MACCUBHOZ0 AETVMOHE ONUCHLEA-
romed saemenmamy paswviz BCKO pawea (4,4).

B cBa3u ¢ TakuM 06CTOATENHLCTBOM BO3HUKAET BOIPOC O CIIpaBel-
AMBOCTH (3aKOHHOCTH) NAHHOTO B IPENBINYLIMX IJIaBaX ONMCAHUA
SJIeKTPOCIabhIX B3amMOJecTBU JlenToHOB B pamkax oguoit BCKO
panra (4,4). Bce, uto TaMm kacanochk ciabBIX B3amMONEHCTBHM, Te-
Iephb cilelyeT BOCIPUHUMATE KaK IPUOIIMKXEeHHYIO MOJelb, a OTHOCH-
TEeJIBHO 3JIEKTPOMArHUTHOT'O B3aMMOAEHCTBUA HYXHO 3aMETUThH Clle-
nyromee. B §3.1 npu o6cyxnennn 6azoBoro 4 X 4-ornomenns (3.1.1)
OBLIJIO OTMEUYEHO, YTO €ro MOXHO IpeICTaBUTL KaK CBoeoOpa3HOe
dynnamenTanbHoe 4 X 4-orHomenme (3.1.6) Tak HasLIBaeMOil 6bi-
poaxcdennoti BCKO panra (4,4;a). OkaseiBaeTcs, ONNCAHUS B3aHMO-
IeficTBUN B paMKaX BRIpOXIeHHOM u HeBhIpoxaenHoit BCKO sapmns-
0TCA 5KBUBaJIeHTHBEIMU. QUeBUIHO, 3TO MOXKHO OTHECTH K JIIOGON U3

nByx BBenenubx Beie BCKO panra (4,4), To ecTh KaXIEIl U3 IBYX

BO3MOXHEIX IapaME€TpPOB C3 n C4 MOXHO CUNTATBh BBIPOXICHHEBIM.

BcTaeT Bompoc 0 BO3MOXKHOCTH BLIPOXIEHWN HE MO OTHOMY, a
no nByMm mapamerpaMm. OH paccMarpuBaiics B §1.3 mepBoii wacTm
kuuru (cM. [00, c. 35]), ¥ TaM 6BUIO MOKa3aHO, YTO BEIPOXKIEHHE IO
nByM u 60Jjiee TapaMeTpaM 3KBUBAJEHTHO BEIPOXKIEHUIO N0 ONHOMY
napaMeTpy, MPUYeM TaKOWl BEIPOXKIEHHEIN MapaMeTp MpelCcTaBIId-
eTca TMPAMOil CyMMOIl OTHEJTBHEIX BEIPOXKIEHHEIX mapaMeTpoB. Ha
OCHOBaHWUM 5TOTO MOXHO cUHMTaTh ABe Beipoxnenusle BCKO pan-
ra (4,4;a) cCOOTBETCTBYOIUMH ONHON nBax Akl BeIpoxaenHoi BCKO
pasra (5,5), To ects onuoii Berpoxaernoii BCKO panra (4,4;a). Tor-
Nla TPUXONNM K M3JI0XEHHOMY B IPENBINYIIHX riaBaX, IpH4eM OKa-

3BIBA€TCs HECYIIECTBEHHBLIM BO3MOXHOE CYINECTBOBAHHE JBYX pa3s-
#eix BCKO panra (4,4).
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13.5 IIpoo6Gpa3 B3aumomeincTBHA
yepe3 W-6030HbI

1. Ipoo6pas smekTpociiaboro B3anMONEACTBUA YEPE3 MTPOMEKY-
TouHble W-G030HET OMUCHIBAETCS NPYTUM KaHAJIOM OGMEHHOTO B3a-
nmorneiicteus B pamkax BCKO panra (5,5). On nmeer crenyomne
XapaKTEPHEIE YePTHI:

1) Kak u nns nepsoro xanana (mis nmpoobpasa ciaboro B3amMo-
IefiCTBUS Yepe3 MPOMEXYTOUHEIE Z-GO30HBI), HEBO3OYKAEHHEIM CO-
CTOAHUEM 6YIEM CUMTATH BO36YXKIEHHEIE SJIEKTPOMATHUTHEIM 06pa-
30M COCTOSHUS MAaCCUBHOTO JIENTOHA, ONMUCHIBAEMEIE 2-KOMIOHEH THEI-
Mu cronbuamum (13.3.7) — (13.3.9) u3 mapamerpoB z; u ;.

2) B sToM KaHalle ONUCLIBAETCS B3aNMOAENCTBHE ABYX JIENITOHOB,
HaXONAIINXCS ONHOBPEMEHHO B HEBO36YXKIEHHOM (MU B BO3GYKIEH-
HOM) COCTOSHHH, B OTIMYUE OT KaHajla Z-B3aMMONENCTBUS], KOrAa
OIIMH JIENTOH HAXONUTCH B HEBO3GYXKIEHHOM, a APYToll — B BO36YXK-
nernoM cocTosguun. OMHAKO B TaHHOM CIIydae BO36YKIEHHEBIE COCTO-
AHUSA ABJIAIOTCA WHEIMUA. BBelleM COOTBETCTBEHHO N MPAaBO# KOM-
TMOHEHTHI HEMTPUHO, MTPaBOil KOMIIOHEHTEI 3JIEKTPOHA U JIEBOM KOMIIO-
HEHTHI SJIEKTPOHa 0603HAUEHNsA, GIIM3KHE K PaHEe UCHOIL30BAHHEIM
B (11.3.1) - (11.3.3):

Zy . Zy . Z3
(7)) (%) (%) (13.5.1)
2. Jlna naHHOTO KaHajla BO BBENEHHEIX OG03HAUEHNAX BEINNIIEM
coorromenns (13.2.6) — (13.2.11), crenyomune u3 GpyHIaMEHTAIb-

HOTO 4 X 4-OTHOIlIeHHH, nmoJiarasd, 94ToO obe yacTUILEI M3HAYAJILHO Ha-
XOOWJINCHE B HeB036y)KI[eHHI:IX COCTOAHMUAX:

(viL,var) = 0 (13.5.2)
(e1n,v21) = —(zous — usz)(F281 — Fof1) = W?;(13.5.3)
(e1r,e2) = O; (13.5.4)
(e1r,e2r) = 0; (13.5.5)
(e1r,v2r) = —(z3u1 — usz1)(&391 — §3&1) =0; (13.5.6)
(e1mr,e2r) = —(zsus — usz2)(Z3f2 — §a&2) = 0. (13.5.7)

3mech WCMONIB30BaH M3BECTHHIN (PAKT, UTO Uepe3 MPOMEXYTOUHBIN
W-6030H B3aMMONEHCTBYIOT TOJBKO JEBEIE KOMIIOHEHTEI HEHTPHHO
U MacCHBHOTO JienToHa. HamomuuMm, koHcTanTa W 6blila BBemeHa B
(12.5.2).

3. llpoananm3mpyeM 5Ty CHCTEMY COOTHOIIEHUI.
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1) O6pamienne B HyIb OMaroHaJbHEIX cooTHomeHmi (13.5.2),
(13.5.4) u (13.5.5) o4eBHOHO M3-3a ONMHAKOBHLIX CTOJGIOB U3 JOMOJ-
HUTEILHEIX TapaMETPOB B ONPENEIINTENIX.

2) Oramunoe ot Hyns Beipaxenue (13.5.3), HanoMHuM, 06y CIIOB-
JIEHO BEIOOPOM B TpeAbIAyineM mnaparpade B KauecTBe HEBO3OYX-
MEHHEIX COCTOSHUN 2-KOMIIOHEHTHBIX CTOJIOIOB W3 MapaMeTpOB z;
M U; UMEHHO OJs STOW meiu. Bocmosib3yeMcs OTY4ACTU MOACKA3KOi
u3 crangapTHoil Mogenu BaiiuGepra-Camama, a oT4acTn coobpaxe-
HASMU MUHUMAILHOTO KOJIMYECTBA BXONAIIMX B TEOPHUIO MapaMeT-
POB, — HOCTYJIUPYEM, UTO B PE3yJIbTATE TAKOTO B3aMMOIEWCTBUSA
npasble KOMNOHEHMbL HEUMPUHO U MACCUBHOZ0 AENTNOHA O06MEHU-
saromed dpye ¢ dpy2om CE60UMU JONOAHUMEALHBIMY NAPAMEMPAMU,
TO €CTh UMEEM

<§11):<Z§>:<61> (fj)z(f&) (13.5.8)

Torma (13.5.3) npuaEMaeT Bux
(z2u1 — ’LLng)z = (AU1)2 = Wz. (1359)

3mecs ucnonb3oBaHo, uTo cormacHo (13.4.2) ug = 0w z2 = A. Ot-
CIofla HaXONUTCA paHee HEM3BECTHEIN MapaMeTp

w
w =t (13.5.10)

3) 13 obpamienus B Hynb Beipaxenuit (13.5.6) u (13.5.7) cienyer
obpaleHue B HyJIb npaBeIX cko6ok. Mcnomesys (13.5.8), nmeem

3t — Y321 =0 — g3 =0; (13.5.11)

Z3y2 — Y322 =0 — 23=0, (13.5.12)

TO €CTBb B B036y)KI[eHHOM COCTOAHUM OOIOJIHUTEIBHEBIE IIapaMETPBI
JIeBOIl KOMIIOHEHTEI 3JIEKTPOHa pPaBHBI HYJIIO. OTo 3HAQ4YUT, 4YTO CO-
CTOZHNE 5TOH KOMIIOHEHTEHI ommchIBaeTca sileMeEToM BCKO PaHTa

(3,3):
( ‘;;’ ) = ( 8 ) : (13.5.13)

4. W3 pasee HalileHHEIX IIapaMETPOB MOXHO HAliTH 3HaUYEHUE
emre oxgHoro ompenenurens us (13.3.14)

N3 = U921 — U129 = —Au1 = :FW (13514)
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IloncTaBnaa N3 n npyrue HailifleHHEIE TapaMeTPE B BEIpaXKeHNe A1
21 m3 (13.3.15), HaXOOMM HOCTENHUI HEM3BECTHEIN MapaMeTp

Z1012 — 220711 asW aiy
= =F—— 4+ —A. 13.5.15
o N3 “ i a; A + Q12 ( )

Hocnenunit onpenenntens u3 (13.3.8) Haxonurcs B BuIe
a13 a11 A2

N2 = U123 — U321 = —A21 =+—W —
aiz a2

(13.5.16)

Jlerko moka3aTh, YTO BCe NPYruUe COOTHOIIEHW:, 3aNNCAHHLIE B
§13.3 mns HalileHHBIX 3HAUEHUH MAapaMETPOB BEHIMOJIHSIIOTCA TOX-
IeCTBEHHO.

13.6 AHanu3 Momesin 3JIeKTPOocjIabbIxX
B3aumMonencTBui B pamkax bCKO
panra (5,5)

1. Kak yxe oTMeUanoch, MOIENb 5JIEKTPOCIAbLIX B3aUMONEHCT-
Buit Ha ocHoBe BCKO panra (5,5) umeer 2-cTyneHuaTsiii xapakTep,
Ille IepBas CTYIEHb XapaKTepu3yeT SJIEKTPOMarHNTHLIE B3alMONEH-
crBus (onuceiBaercs B pamkax BCKO panra (4,4)), a Bropas cry-
IeHb ompenesnseT ciaabble B3auMonmelicTBusa. Ilpuuem mmerorcsa mBa
2-cTymeHUaTHIX KaHaja: onuH (Z-KaHAJl) ONMCHIBAET 3J€KTPOMAar-
HUTHEIE B3aNMOIENCTBUA M mpoobpa3 B3aHMONEeNCTBHUH Uepe3 Hpo-
MeXyTouHEle Z-6030HEL, a Bropoil (W-KkaHai) onmuchIBaeT mpoobpas
ci1abeIX (571eKTpOoCIabbiX) B3aUMONEHCTBUI 4epe3 MPOMEXYTOYHEIE
W-6030Hb1. OTHETBHO TPOKOMMEHTUPYEM 3TH KAHAJIHL.

1) Z-xaHaa NpOMWITIOCTPEPOBaH OJIOK-CXeMON Ha pucyHke 13.1.
JleBas wacThb GIIOK-CXEMBI COOTBETCTBYET NEPBUYHO (BJIEKTpOMAr-
HUTHO) HEBO3GYXIEHHEIM COCTOSHUSM MAaCCHBHEIX JIEIITOHOB, ONN-
ceiBaeMbiM BCKO panra (3,3). Cpennss gacTh 6I0K-CXeMEI H306-
paXaeT 5JIEKTPOMATHUTHO BO3GYXIEHHLIE U B TO XK€ BpeMs HEBO3-
6yXIeHHLIE COCTOSHUSI C TOUKM 3peHus ciaabbIx Z-B3amMmopeiicTBUil
MaCCHBHEIX JienToHOB, onuckiBaemele BCKO panra (4,4). DaexTpo-
MarHUTHOE B3aumMoIeiicTBue o3HauaeT usMenenue panra BCKO, ko-
TOPHIM OIMCHIBAIOTCS COCTOSHUSA MacCCHBHBIX JIENTOHOB, ¢ (3,3) Ha
(4,4) wnm maobopor.

[IpaBas wacTh 6I0K-cXeMEI m306paXkaeT (DBaXIbl) BO3GYXIEH-
HEIe cabLIM Z-B3aMMONEHCTBUEM COCTOSHUS MACCUBHEIX JENTOHOB
a TakXe HeBO3OYXKIeHHBIE W BO3OYXKIEHHLIE COCTOSHUSI HEHTPUHO
(mmxHmit mpaBbiit 6110k), omuckiBaeMble BCKO panra (5,5). Oco-
60 cilenyeT HOOYEpPKHYTh, YTO €CIW B STOM KaHajle B pe3ylIbTaTe
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O.TIGKTPOMa.I‘HHTHOC B3aMMOJIeCTBUE

BCK(O ) BCK(O )

panra (4,4 pagra (5,5
BCKO ] en (ez, er)

panra (3,3)
(eL’ eR) \

BCKO BCKO

panra (4,4) parra (5,5)

(er) (mefiTpmHO)

Cnab6oe Z-B3zamMmopeiicTBue
Puc. 13.1: DaexTpocnabrie B3auMoneiicTBus B Z-KaHaje

B3aMMOJENCTBU I8 MacCUBHEIX JienToHOB Mensercs panr BCKO,
KOTOPHEIMU OHU ONUCEIBaiOTCs, TO i Heiitpuao paur BCKO me us-
MeHs€eTCs M BCerga ocraercs paBHEIM (5,5).

2) W-kaHaJI NIpOWLITIOCTPUPOBaH GJIOK-CXeMOil Ha pucyHKe 13.2.
Cpenusis 4acTh GJIOK CXeMEBI M300pakaeT HEeBO3OYXKAEHHBIE C TOY-

BCKO
paxra (3,3)

BCKO | | BCKO
parra (4,4) paxra (5,5)
(er) (mefiTpmHO)

BCKO
panra (4,4)

(er) (er)

Puc. 13.2: DaexTpocnabrie B3auMoneiicTBus B W-KaHaie

KU 3peHHd CJIabbIX B3aMMOAEHCTBUN COCTOAHUS MACCUBHEIX JIENITO-
HOB, onuckiBaeMmule n1ByMsa BCKO panra (4,4). IIpaBas gacTs 6510k-
CcXeMEI n300paXaeT, B YaCTHOCTH, HEBO30YXKIEHHOE COCTOIHUE HENT-
puHo, onuceiBaemoe BCKO panra (5,5). IIBoiitHeiMu cTpenkamu (Ty-
Ina m o6paTHO) IOKa3aHO, YTO NONOJHUTENbHBIE NapaMeTPHl Ipa-
BLIX KOMIIOHEHT HEHTPWHO U MacCCUBHOIO JIENTOHA B pe3yiabTaTe W-
B3aNMOJENCTBUA MEHAIOTCA MecTaMU, TO eCTh IpaBad KOMIOHEHTa
MaCCHUBHOTO JienToHa HaunHaeT onuckiBaThca BCKO 6omnee Bricokoro
parra (5,5), Torna kak mpaBas KOMIIOHEHTa HERTPUHO TENEPH ONN-
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cuiBaeTcs BCKO Mmensimero panra (4,4). OnunapHas cTpeika CHE3Y
TIOKAa3EIBAET, YTO JONOJIHUTENILHLIE IapaMeTPEl JIEBOW KOMIIOHEHTEL
MacCCHUBHOTO JIEITOHA B pe3yibTaTe W-B3auMONENCTBHUA 06palaioT-
ci B HYJIb, TO €CTh JieBasi KOMIOHeHTa Teneps onuckiBaeTcss BCKO
MeHbIIIero paHra (3,3), — oHa NepPeXOnuT B HEBO36YKIEHHOE HIIEKTPO-
MarHUTHOe cocTogHue. HamoMHUM, UTO MPOLECCHI C MONOIHUTEb-
HEIMU NTapaMeTpaMHé IIPaBEIX KOMIOHEHT CKa3bIBalOTCd Ha BHEITHUX
(o6LIEnpMHATEIX) TOKaX JIEBHIX KOMIIOHEHT YaCTHUI ¥ HaoGOpOT.

2. B paccMoTpeHHOH 3MeCh MOIENN 3JIeKTPOciaabbIX B3aWMOei-
crBuit B pamkax BCKO panra (5,5) Bce mapaMeTpel HeCcyT BIOJIHE
ompeneaeHHy0 dusudeckyio Harpy3ky. IlpomemoncTpupyem sT0 mo
NIYHKTaM, pa3BepHYB U3JI0XKEHHOE BLIIIE B 06paTHOM IOpAIKE:

1) 3a mcxomHOE MOXHO B3ATH ONpENEJEHHE 3JIEKTPOMArHUTHO
BO30YXJIeHHLIX COCTOAHNN MaCCHUBHOI'O JIEITOHA

(5“;)2(61) (Zi)z(i) (13.6.1)

rie A onpenmenseT KOHCTAHTY 3JIEKTPOMArHUTHOTO B3aUMOIEHCTBHA.
2) B camoMm ofmem ciydae mpoobpas ciabbIX B3anMOAEHCTBUI
B Z-KaHajle XapaKTepU3yeTcsd TPeMs INArOHAJILHEIME JIEeMeHTaMU
MaTpunst {a;; }, TO €CTb a1, G2, a33. VI3 HUX CTPOATCA BCE OCTAIL-
HEIe 5JIeMeHTH 5Toit MaTpunel. Iloncrasmsas (13.6.1) Bo Bropoit u B
TpeTmit cTonbuer ypaBHenmit (13.3.10), rme cmpaBa CTOAT @ik, Ha-
xonuM Bce 6 mapaMeTpoB (mBaXIbI) BO3OYXKAEHHBIX COCTOSHHUR Z-
KaHaJja:
Gz, _ G2
A Yi = A
3) IIpoo6pas smekTpociaboro B3aumoneiicTBus yepes W-6030HEL
XapakTepu3syercsa onHol koHcTaHToll W . Ucnonn3y s BrIipaxeHue niis
(er,vr)-B3anmoneiictBus B W-kanaste (13.5.3) u mocrynar o6 o6-
MEeHHOM XapaKTepe 3TOr0 B3aWMOIEeNCTBHA, HAXONMM HEW3BEeCTHHIN
mapaMeTp depe3 KoHcTaHTY W

(13.6.2)

r; =

uy = :t%. (13.6.3)

4) IoncraBnsAs 5TO 3HAYeHWE B ONpENeNleHNe apaMeTpa &1 B
(13.3.15), HajineHHOEe W3 YCIIOBHI CUMMETDHE Z-KaHajla, IOIydaeM
3HaYEHNEe IOCJIENHETO IapaMeTpa z;, npuBenenHoe B (13.5.15).

3. B Momerne, mocTpoeHHOH TOJBKO Ha M3JIOKEHHEIX coobpaxe-
HHUAX, B CaMOM o0IlleM ciiydae OyIeT comepXaThcd 5 MPOU3BOILHBIX
KOHCTAHT:

ai1, as, ass, A, W.
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IIpoo6pas monenu Baitu6epra-CanaMa nomydaercs, eciiu Ha IOMOJ-
HUTENbHbIE apaMeTpPHl IPAaBLIX KOMIOHEHT HERTpUHO (VR) M Mac-
CHBHOTO JIENTOHA (eR) HAIOXKUTH yciioBue cuMmerpuu. Eme pa3s mon-
YepKHeM, UTO OHO COOTBETCTBYET CHMMETPHUH TOKOB JIEBEIX KOMIIO-
HEHT, IOCTPOEHHLIX U3 BHENIHNX MapaMeTpoB. Kak yxke oTMeuasaochk
B §12.6, 5Ta cUMMeTpUS COOTBETCTBYET TPEM YCIIOBUIM Ha KOHCTaH-
THIL:

afy = a3y + A% afy = aly + WP aly = aj; + A% (13.6.4)

N3 sTux yc.TIOBHﬁ IATh KOHCTAHT BEBEIPDaXKalOTCA YEPE3 OBE HE3aBU-

cuMEle. B KauecTBe TaKOBLIX MOXKHO BHIGpATh KOHCTAHTHL a3y = b2
n a2; + A2 = a®. B mrore nomyuwatorca coormomenus (12.6.14) —

(12.6.15), roe, HAIIOMHUM, HE3aBUCUMEIE KOHCTAHTEL CIEAYIOMIMM 06-
pa3oM BEIpaXaloTcs Uepes IBe KOHCTAHTHL ¢ U ¢go Momenu BaiinGep-
ra-Camnama:

2, .2
al, = #; a® = g3. (13.6.5)

13.7 ComnocrTaBiieHue MoOAeJiell 3JIEKTPO-
cj1a6bIX B3aMONENCTBUMN B pPa3HBIX
nmapagurMmax

CpaBHUM pa3BUBaEMYIO 3IeCh MOMEIb 3JIEKTPOCIAabbIX B3aWMO-
IeficTBUHN B paMKaX OMHapHOU reoMeTpodU3UKH OTHAEIBHO C HM3JIO0-
KeHHOM B raaBax 10 m 11 7-MepHOH reoMeTpHUecKON MOIENIBIO THIIA
Teopuu Kamynwr-Kneitna n ¢ obmenpunsaToin Momenbio BaiinGepra-
Camama.

I. ConocraBnenue ¢ 7-MEPHON reOMETPUUECKON MOAEJILIO.
He xacasch obImux MeTONOB U Ui, UCIONL30BAHHLIX IMPU IMOCTPO-
€HNN ABYX Mofellell, — OHU MHOT'OKPATHO MONYEPKUBAIUCH IIO XOLY
W3JIOXKEHU A, — OTMEeTHM Hambojlee CyIIeCTBEHHbLIE aHAJIOTHU MEXIY
STHUMHU TEOPHAMU:

1. B MHOTOMEPHEIX T€OMETPUUYECKHUX MOIENAX SIJIEKTPOMATHUT-
HBEIe B3aHMOMAEHCTBHNA ONNCHLIBAIOTCA MOCPEICTBOM Ilepexofa oT 4-
MepHO{l OfIell TEOPUN OTHOCHTENBHOCTH (WM ee 5-MepHO# MOmM-
¢ukanuy) K (YHAPHON) reOMETPUYECKON TEOPHH Ha €NWHULY GOIb-
meil pasMepHOCTH. B GmHapHOW reoMeTpodm3WKe >JIEKTPOMATHUT-
HEle B3anMozeiictus onuceiBaiorcs BCKO (6mrapHO# reomerpueir)
panra (4,4), Ha equHANY GONBIIETO, YEM 5TO HEOGXONMMO IJIS ONU-
CaHUs HCXONHEIX, HeBO3OGYXKIEHHLIX cOCTOosAHWI. B obemx Momemax
3JIEKTPOMarHeTU3M IIpeAcTaBilgeT coOOW IepBYIO CTyIeHb Ha IYTH
B MUP CKPBITEIX pasMepHOCTell (Miim, ToO4Hee, B MUpP UX IPooGpa3oB
— CKPBITBEIX PaHIOB).
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2. B MHOTOMEPHEIX T€OMETPHUUECKUX MOIENAX ClIaGhle B3amMMO-
IefiCTBUS Yepe3 IPOMEXYTOUHBIA Z-6030H OMUCHIBAINCEH (yHApPHOIR)
reoMeTpHell pa3sMepHOCTH, Ha eNMHUNY OoibImeil, ueM HeobXOgUMO
DI ONMMCAHWSA 3JIeKTPOMAarHUTHEIX B3auMofeiicTBuii. B 6mHapHO
reoMeTpOGU3NKe 3TO COOTBETCTBYET NepBoMy KaHaly (Z-kaHaiy),
B KOTOpOM ocymiecTBiaseTcs mepexon Mmexny nsyms BCKO panros
(4,4) n (5,5). Ha equanny moBeImaeTcs pa3MEPHOCTH WJIM PAHT, TO
ecTh B 00eUX MOHEJAX 3JIeKTpociiabble B3aMMONEHCTBUA NpeAcTaB-
AAI0T cOGOM BTOPOM LIar B MUP CKPBLITBIX pasMepHOCTell (paHroB).

HanoMumM, 4TO BO3HUKHOBEHUE IBYX NONOJIHUTEILHEIX pa3Mep-
HOCTeW IJIA ONMUCAHUS SJIEKTPOMArHUTHLIX U CJIabBIX Z-B3auMOnelic-
TBuil obocHoBEIBaeTca B pamkax BCKO panra (4,4) (cm. §3.8), 1o
€CTh B YIOPOIIEHHON MOMAeIN 3JIeKTPociiabbIX B3aMMOIEWCTBUI.

3. B MHOTrOMepHLIX reoOMeTpHYECKUX MONENIX Z-G030HEI OIMCHI-

BalOTCA CyNepHO3UNNedl TBYX BEKTOPOB A, U 0, COOTBETCTBYIOIINX

ABYM JOOINOJHUTEJIBHBIM KOOpIAWMHAaTaM (I}5 n 136. B 6HHa.pHOI7[ T€OMET-

podusuke 5ToMy GHaKTy MOXKHO MOCTABAThH B COOTBETCTBHUE TO, UTO
HeBO36Y XK IEHHOE COCTOSHUE Z-B3aUMONEACTBU OMHOBPEMEHHO ABIIA-
eTcs BO36YXKIEHHEIM COCTOSHUEM C TOYKM 3pEeHHs mpoobpasa dIleK-
TPOMaTrHATHOTO B3aMMOMEHCTBU.

4. B 7-mepHoil (6-MepHOi) MOZENN 5JIEKTPOCIAGLIX B3aMMOIEii-
crBuit W-6030HEI ONUCHIBAJINCH B PaMKaX TOHM Xe Pa3sMepHOCTH, UTO
1 Z-6030HEI, KO3 dUIIEHTaMN IPY Pa3JIOKEHNIX BEKTOPOB A, H 07,
0 5KCIOHEHINAILHEIM 3aBUCAMOCT M OT JOMOJHUTEILHEIX KOOPIH-
HaT. OTOT PaKT MOXKHO MOCTABATHL B COOTBETCTBHE CYIIECTBOBAHMIO
Broporo kKaHaia (W-kaHama) caGex (3IeKTpociabbIx) B3anMONe-
CTBUil B GHHAPHOW reoMeTpodU3MKe B paMKaX ONHOTO W TOTO XKe
parra (5,5).

5. Hanuume snekTpuyeckoro 3apana y W-6030HOB B MHOTOMED-
HEIX F€OMETPHYECKNX Moneisx (m B Momenu Baiin6epra-Camama),
COOTBETCTBYET, BO-NEPBEIX, TOMY, 4YTO B GHHAPHOW TeoMeTpodusu-
ke B W-KaHaJie 1Jis JIEBO KOMIIOHEHTEI MACCUBHOTO JIENITOHA OCY-
ImecTBIseTcs Hepexon Mexny panramu (4,4) m (3,3), coorBeTcTBY-
IOIIUA 3JIEKTPOMArHUTHOMY B3aUMONEHNCTBUIO, W, BO-BTOPHIX, TOMY,
YTO MPOUCXONUT O6MEH NOMOJIHAUTENLHEIMA IapaMeTpaMi y IPaBLIX
KOMIIOHEHT 3JIEKTPOHA U HEHTPHHO.

MoOXHO TPOBECTH W APYTHUe aHAJIOTUH.

I1. CpaBuenue c mozennio BanuGepra-Canama npon3Boiau-
JIoCh Ha BCeX »TallaX IMOCTPOEHNI MOIENH! 3JIeKTPociiabbIX B3aWMO-
IelicTBU#l B OMHapHOU TreoMeTpodu3MKe, TeM He MeHee HeoOXONMMO
0c000 BBLIIENUTEH CIeAYyIOMNe MOMEHTHI:

1. MoxHO yTBepXIaTh, UYTO B ONHCAHWM 3JIEKTPOCIAbBIX B3a-
UMoneNcTBYE, HaunmHas ¢ paHra (5,5), 6GuHapHas reoMeTpodu3mKa
OTPEIBaeTCd OT HeOOXOOHMMOCTH IIOCTOAHHOTO oOpalleHHsI K oblle-
npuasToii Momenu Baitabepra-Canama u GopMynIumpyeTcs HeTUKOM
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B paMKaX CBOUX COGCTBEHHEBIX HOHATHUH U 3akoHOMepHocTell. Takoro
HeJIb34 OBbIJIO CKa3aTh O 7-MePHOHN reoMeTpHUYeCKON MOIENIN 3JIeKTpo-
clIabbIX B3aMMOAEWCTBUHN, KaK M O NPYTUX MOHENAX THIA TeOpUU
Kanynwr-Kneiina.

2. B monenu Baiin6epra-CaaMa HOCTYIAPYETCS W30 TONNIECKOE
BHyTPEeHHee IPOCTPAHCTBO, BEKTOPaMH (CIHHOPaMH) KOTOPOTO OIu-
CHIBAIOTCS JIEBLIE KOMIIOHEHTHI JIeNTOHOB. B Momesnu 6unapHOi reo-
Merpodmsuku Ha ocHoBe BCKO panra (5,5) nmocie pasmepnoil pe-
nykunu Ha BCKO panra (3,3) aBroMaTH4ecKy NOIyYaeTcs 2-MepPHOE
KOMIIJIEKCHOE NIPOCTPAaHCTBO JOMOJIHUTENbHEIX TapaMeTpPoB, TO eCTh
TaKXe MOXHO cKa3aTh, UYTO KOMIIOHEHTEI JIEITOHOB ONHMCHLIBAIOTCA
CIMHOpaMH BO BHYTpPeHHEM IPOCTpPaHCTBe.

3. Ilpsamoe comocTaBieHne M30TONNYECKUX CIMHOPOB (BHYTPEH-
HUX [IapaMeTPOB) B IBYX MOJEIAX 3aTPYHAHEHO TeM OGCTOATEIBCT-
BOM, YTO B obmenpuHsAToil Teopuu (B Momenu Baitn6epra-Camama)
TaKWe NOHATHA, KaK JIeKTpUUecKUil 3apial, TUIep3apall WIIN IPOeK-
IUYM M30TONMYECKOro CIMHA, IPUCBANBAIOTCA YacTHIAM He3aBUCHMO
OT mpoIllecca B3auMmomeiicTBuid. B 6unapHoil reomeTrpodusnke mHasd
CUTyallld — B Hell onpelendioTcsd HeCKOIBKO COCTOAHUN YacTHIl, n
MOHATHA 3apAI0oB U IPYTUX aHAJIOTMYHEIX XapaKTePUCTUK BO3HUKA-
€T JINIIL B MPOIECCe B3amMONENCTBUA. TakK, MacCUBHLIE JIENTOHEI B
(s7mex TpOMarHENTHO) HEBO3GYKIEHHOM COCTOSHUM BoobIme He obia-
IaloT BJIEKTPUUYECKUM 3apiaioM, — OH BO3HUKAET JINIIL B PeE3YIlb-
TaTe B3aHMOMAEHCTBNA, TO eCTh IOocCie IepeXxolla B BO3OyXIeHHOe CO-
crosgHue. IpyruMu cioBaMu, B KaXIOM IpOIECCE B3aMMONEHCTBUSI
JIEITOHY CONOCTABJIAIOTCS IBa 2-KOMIOHEHTHLIX CIMHOpA a He ONWH,
Kak B Mogenu Baiin6epra-Camama.

4. B 6unapHoli reoMeTpoduU3NKe NUMEIOTCI CYIIECTBEHHEIE OTIIN-
Yud B ONNCAHUW KOMIIOHEHT JIEITOHOB BO BHYTPEHHEM IPOCTPaHCT-
Be. HazoBeM Hamboitee cyliecTBEHHEIE:

a) B3aMMOJENCTBHS OOUIEIPUHATEIX TOKOB JIEBHIX M IPABHIX KOM-
TIOHEeHT B OMHAPHOU reoMeTpodU3WKe XapaKTepU3YIOTCA MOIOJIHU-
TEeJILHEIME IIapaMeTPaMi IPOTUBONOJIOKHEIX (COOTBETCTBEHHO, Ipa-
BBLIX U JIEBEIX) KOMIIOHEHT JIEIITOHOB;

6) HEHTPMHO XapaKTEPU3YIOTCS OBYMs KOMIOHEHTaMH, a HE Of-
HOM, KaK 5TO NpuHATO B Monenu BaituGepra-Camnama;

B) mpaBas (TOYHee, IO NONOJHUTENLHEIM IapaMeTpaM JeBas)
KOMIIOHEHTAa MAaCCHBHOTO JIENITOHA TakKXKe XapaKTepu3yeTcd CIUHO-
POM BO BHYTPEHHEM IIPOCTPAHCTBE, a He ABIIeTCAd M30TOMNUYECKUM
cKaJIIpoM, Kak B Mopenu Baiia6epra-Camama.

5. VI3 0TMeUYeHHOTO BEHINIE Pa3INyUsd XapaKTepa CINHOPOB BO
BHYTPEHHUX IIPOCTPAHCTBAX CIIENVIOT OTJINYNA U B ONUCAHWUN B3an-
MogeiicTeuii. Hamomuum, uto B Mmogenu Baiiu6epra-Canama cBoicT-
BoM U (1) X SU(2)-urBapraHTHOCTH 061afaeT MOJHEL JarpaHKIaH
B3aUMOIENCTBUA, TOrJa KaK B OMHapHOW reoMeTpodusuKke Bce OT-
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IeNbHEIE claraeMele B3auMonelicteuit: (vr, er), (er, er) U Tak masee
— ONUCHIBAIOTCA NPOU3BENEHNAMHU OIpeleInTellell N3 nap BHYTpeH-
Hux mapaMeTpoB. Moxuo paccmorpers rpynny (SL(2, C') nian 6omee
y3kyto rpynny SU(2)) mpeobpasoBaHuil BHYTPEHHHX NapaMeTPOB,
TOTJa B3aUMOIENCTBUE MEXIY JIIOOLIMHI NTapaMi KOMIIOHEHT JIENTO-
HOB 6YIyT XapaKTepH30BaThCd WHBapNMAaHTaMU TI'DYIIILI.

6. Ecniu B 6unapHO#l TeoMeTpodU3NKe BBECTU TPYHIy IpeobGpa-
30BaHUIl MTap HONMOJIHUTEILHLIX TapaMeTpoB APYT depe3 Apyra, TOT-
IIa MOXHO T'OBOPUTH O COOTBETCTBYIOIIeHl MHBAPUAHTHOCTU MOIEIN
ssekTpociaberx B3aumoneiictBuii B pamkax BCKO pamra (5,5). B
5TOM TaKXe MOXHO YCMOTPETH HEKYIO aHajormio MByx momenei. C
5TOH TOUKM 3peHHUs H3JI0XKEHHYIO BBIIIE MOMAENIb MOXHO TPaKTOBaTh
KaK TeOpHIO Ha OCHOBE COOTBETCTBYIOIIEH I'PYNNBI, HO B CHENUAJIb-
HOM IpefcTaBieHun (B cnenuaibHOR Kanmbposke). Tak, miasa omm-
caHUA CJTabBIX B3aMMONENCTBUN B Z-KaHajle COBCEM He 0613aTelLHO
nmojiaraTh, YTO HeBO3OYXKIeHHEIE COCTOAHNUA JIeBOR M MIPaBOR KOMIIO-
HEHT MaCCHBHOTO JIEITOHA XapaKTepU3yIoTCcA ONHON HYyJeBOW U onu-
HaKOBBLIMU HEHYJIEBEIMU HapaMeTPaMu. DTO U OTPaXKeHO B IPOU3BO-
Jie 2-KOMIOHEHTHEBIX cTONOIoB, HalneHuex B §13.3. Onuako nmomob-
HEI IONXON yXe 3aTPYAHUTEIICH IPU ONNCAaHUU Ipoobpasa 3J1eKTpo-
MarHUTHEBEIX B3aumMopnelicTBuii. Ham nmpencraBnsgeTcs, 4To B paMKax
6mHapHON reoMeTpodN3NKU I'PYNIOBON HOAXON UTpaeT He ompenesid-
IONIYIO, a HeKYIO BCIIOMOT'aTeILHYIO POJlb, 1a X TO He BO BceM o6beMe
TEOpHH.

7. Kax usBectHO, B Momenu Baiia6epra-Camama B3amMopeicT-
BUs XapaKTEepPU3YIOTCsI ABYMs KOHCTaHTaMU ¢; U ;. B GuHapHOR
reoMeTpodu3NKe KOJINUYECTBO BO3HHKAIOMIUX KOHCTAHT MOXHO CBS-
3aTh C YHUCJIOM HCHOJIL3YEMEIX paHroB. MoOXHO BEICKa3aTh CIENY-
olllee yTBepXIeHme: Kaxcdomy paney yuumsieaemots BCKO coom-
semcmeyem ceog xkoncmawma. HeiictBurensao, BCKO panra (2,2)
coorBercTByer nocrosusas Ilmanka h, BCKO panra (3,3) mMoxHo
comoctaBuTh Maccy jentoHa (m), BCKO panros (4,4) u (5,5) cie-
IyeT CONOCTABUTHL IBe KOHCTAHTHI. B KauecTBe MOCIEMHUX MOXHO
BEIOpPATh 1 W g WM KOHCTAHTHI @ u b, obcyxnennsie B §12.6.

8. Hakomeln, cienyeT emme pa3 HOTYEPKHYThH, UTO 3MECH IIPOU3-
BOOWJIOCH CONOCTaBJIeHHEe Mojeliell, Kak Obl pa3JelleHHBLIX I'IyOoKOn
nponacTthio. C OTHON CTOPOHEI, HAXONWJIACH MOMEIL OUHAPHOW Teo-
MeTpPOU3MKH Ha caMOM >jeMeHTapHoM ypoBHe (R, (4) B BepxHeit
gacTH pucyHka 1.1), a ¢ IPYrofl CTOPOHBI — MHOTOMEPHas T€OMET-
puueckas MOIeNb U Momenb Baiiu6epra-Camama, COOTBETCTBYIOLITE
TEOpHM INOCIIE OCYLIECTBIIEHUs Iepexoma K Makpompubopy (Teopuu
tuna R,,(p) B HuxHeill wacTu pucynka 1.1). IMenno mocse Takoro
nepexofla IPH 3apdiaX I TOKOBBLIX KOMOMHAIMAX B MoIelIld OMHAPHON
reoMeTpodU3NKN BO3HUKAIOT MPONaraTophbl COOTBETCTBYIOMNUX IPO-
MeXYTOUHLIX 6030HOB. B 5Toll ritaBe 5TOT Bompoc He ob6CyXIasics.
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IIpooGpas 3JIEKTPO-
cJ1abbIX B3aMMOAENCTBUN
kBapkoB B pamkax bCKO
paura (6,6)

Crenys noruke JaHHOTO B MPEILIAYINUX TJIaBaX OMUCAHUS SIIEK-
TPOCIIabbIX B3aUMOIEeNCTBUH JIeITOHOB, ECTECTBEHHO MOJIOXKUTE, 4YTO
IpencTaBUTENN aJPOHOB B C1a0BIX B3aUMOIENCTBHAAX — KBapPKH TOJIXK-
HEI XapaKTepu3oBaTbcs Tpoiikamu siemenToB. Ha ocmoBe BCKO
parra (5,5) MOXHO IOCTPONTH NPUGIMKEHHYIO MOAEID HJIEK TPOCIIa-
OBLIX B3aMMOIEWCTBUI KBapKOB M JIEITOHOB, aHAJIOTMYHO TOMY, KakK
B pamkax BCKO panra (4,4) uMmenach ynpolueHHas MOIEIb B3au-
MojeiicTBus senToHoB. OMHAKO OHA HE MO3BOJISET OMUCHIBATH SIIEK-
Tpociiabble B3aMMONERCTBUN MeXny KBapkamu. Ilssg >Toi menu He-
o6xonumo nepeiitu k BCKO 6osee Bricokoro paura (6,6). Ornasas
cebe OTUET O MHOXECTBE BO3HUKAIOUINX Ha 3TOM IYTH 3akad, Tpe-
6yoomux JeTalbHOU NpopaboTKU, oXxapakTepu3yeM B CaMbBIX OOIINX
YepTaX BO3MOXHYIO MOHEJNL IIpoobpa3sa 3JIeKTPOoCiIabbIX B3auMOIeH-
cTBuil kBapkoB Ha ocHoBe BCKO panra (6,6). Ilpu sTom ecrecTBen-
HEIM 00pa30M BO3HUKAET BO3MOXHOCTL ODOCHOBaHHNA TpeX IOKOJIe-
HUI JIEITOHOB ¥ KBapKOB M OTKPHIBaeTcd 6oJjlee MIUPOKUH B3TJIAN Ha
CYTh 3JIeMeHTapHEIX YacTHII.

357
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14.1 Mogaenb B3anMoieiCTBH S JIEMTOHOB U KBap-
koB Ha ocHoBe BCKO pasnra (5,5)

1. HauneMm ¢ ob6cyXIeHNsS YIPOUIEHHOW MOIENN 3JIeKTPociiabbIx
B3aMMONENCTBUN JIENTOHOB U KBapKoB. Mlcxoms m3 mpencTaBiaeHui o
TPEXKBapKOBOH CTPYKTYype 6apMOHOB, ECTECTBEHHO MOJOXKMNTL, UTO
U WX IPEeNCTABUTENN B 5JIEKTPOCHAOLIX B3aMMONENCTBUAX — KBap-
KU ONUCBLIBAIOTCS TPOMKAMMU BJIEMEHTOB B KaxioM coctosHuu. Cum-
Tasd, KaK 5TO NeNajioch B NMPENBINYIINX IJlaBaX, UYTO JIENTOHEI Xa-
PaKTepU3yIOTC MapaMU 3JIEMEHTOB, CIENYEeT MOJOXKNTh, YTO KBapK-
JIENTOHHOE B3aWMOAEHCTBUE OMUCEIBAETCI HEKUM D X H-OTHOIIEHUEM.
Munumansreni paur BCKO, rme sto moxuo cmemars, sto (5,5).
Torma BzamMomelicTBHE TaKMX YaCTHUIl HOJKHO ONMUCHIBATLCI 6a30-
ebism b X H-omuowenuem aHAJIOTUYHO TOMY, KaK B I'JlaBe 12 ynporren-
Has MOIENb 5JIeKTPOCiIabbIX B3aWMONEWCTBUN NBYX JENTOHOB OIM-
ceiBaslach 6a30BbIM 4 X 4-orHomenneM BCKO panra (4,4). lomo6-
HOe b X b-oTHOINeHNe rpaduyecKnl NPOWLIIOCTPUPOBAHO HAa PUCYHKE
14.1, roe cieBa m3o6paxeHa 10-xBocTka OMHAPHON reoMeTpodU3NKH,
B CepelUHe MPEeNCTAaBIIeHO 0600INeHNe TNarpaMMEl HelHMaHOBCKOTO
THUIa, a COpaBa — CTaHZApTHas DUarpaMMa paccesHUs ONHOHW Mac-

CUBHOI YacTHUNOEI Ha IPYTOH.
u /1L
v/fe \Po T
] U iz iz
g Py Ha)

Puc. 14.1: ®usnueckas wuriocTpanusg 5 X 5- OTHOIIEHUA.

2. BasoBoe 5 X b-oTHOIIEHNE MOXHO PacCMOTPETH IO AHAJOTHUH
¢ 6a30BeM 4 X 4-orHomerneM BCKO panra (4,4), o6cyXIeHHEIM B
raaBe 3. OHO 3alUCHIBAETCA Yepe3 OKAWMIIEHHBIN ONPENeSINTEND U3
OTHOINIEHNT MEXIY OBYMS MATEPKAMHU Pa3sHOMMEHHEIX 3JIEMEHTOB I
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OpeENCTaBIIAETCA B BUOaX

0 1 1 1 1 1
1w g Uy Ui Use

{05756} _ |1 Uka kg Upy Uks Uke | _
ikjsr Louje wjp wjy ujs e
1 Ugs Ugy Ugs Uge
1 Upg  Upy Ups Upe
1 1 1 1 1 1 1 1 1 1
LR SR LR g al Bl 4l & €

=—| K 2 & rP|x|a® B 8 é (14.1.1)
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3. PacknanniBag ompenmenuTenu cupaBa IO MHUHOpPaM BTOPOH U
TpeThell CTPOK U IlepeMHOXad uX, 6a30Boe H X H-OTHOIIeHNE MOXKHO
npenctaBuTh B dopme 10 X 10-mMaTpunsl Buga

*

{aﬁyde}_ I *
ik_’iS’l” - . . . . - %

*
S ¢

( M(4,0) | +M(3,1) | +M[(2), (2)] )
= | FM@B, 0 [+M(2,2)| +M(1,3) |, (14.1.2)
+M[(2), (2)] [ +M(1,3) [ +M(0,4)

Tlle 3Be3[I0YKaMU OTMEYEHLI cilaraeMble, Hambojlee WHTEPECHEBIE NI
OoNuCaHUs B3amMonelcTBUii. Bce citaraeMble, OTMeUeHHEBIE TOUYKOM
WM 3BEe3I0YKON, IPeACTaBIAI0T coboil KOMOMHAIIUN BUIa

[j‘i] (756> = M(4,0), (14.1.3)

jsr

rne KBalpaTHBIMHA cKOOKaMHu OTMeUYeHEI q)yHI[a.MeHTa..TIBHBIe 2 X 2-
OTHOINIEHUA, IIOCTPOCHHEBIE N3 (BHCH_IHHX) nmapaMeETpPOB ¢ MHIEKCaAMM
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1mn 2, a KpPpYTrJbIMHA cKoOKaMm OTMeYeHBI KOMOMHAIIMHN M3 JOIOJIHM-
TEJBHBIX IIapaME€TPOB BHIOa

5e 11 1 11 1
(7 ): 3 e x| 4% 8 8. (14.1.4)
jsr 4 st S L

B nocnenueit crpoke (14.1.2) cumBosamu u3 6ykB M (n1, ny) o603Ha-
YeHBI COOTBETCTBYIOIINE UM HPAMOYToibHEIE MaTpunsl. Ilpu sTom
cumBosiom M (4,0), kak u B §13.1, o6o3Hauena “cBoGomHas’ 4acThb
nepBoit yacTunsl (u3 ABYX smemenToB) (14.1.3), a cumBosom M (0, 4)
- o6o3HaueHa 3 X 3-MaTpuUna, COOTBETCTBYOMmas “cBobonHol” YacTn
BTOPOil 4acTHUEI (A3 TPEX SJIEMEHTOB).

CumBonuyeckas 3amuch 6a30Boro 5 X 5-orsomerus (14.1.2) ana-
JIOTMYHA 3anucaHHol B 6 X 6-MaTpnuHoM Bune dopmyie (3.1.4), Tak-
JKe pasfesieHHON TOPM30HTAJIbHEIMU M BEPTUKAJILHBIMEU JIMHUSIMU.
Kak u panee, BHyTpeHHSs, OTpaHNYEHHAs JIMHUSIME, 4acTh HOPMY-
JIEL ONMUCHIBAET HENOCPEACTBEHHEIE B3amMoneiicTBus dactun. W3 Hee
BBLAEJIEHBI IMATOHAILHEIE CJIaTaeMEIE, OIpeneaomnine npoobpas ja-
rpamxuana B3amMmomeicTBus dacTull. OHU MOMEUYEHEI 3BE3NOYKAMU.

4. N3BecTHO, 4TO, aHAJIOTMYHO MACCHUBHEIM JIEMTOHAM, KBapKH
o6agaoT JIEBEIME W TpaBuIMU KoMmmnoHeHTamu. Mcmombsys omert
ONMCaHWs HENTPUHO, B paMKaX HAHHOW Momeaun cHOpMyIUpPyeM TH-
MOTE3Y: K8APK LAPAKMEPUIYEMCA MPEMI IAEMEHNAMY, U3 KOMODHIL
00un 06aadaem HYAEbIMU SHALEHUIMU EHEWHUT Napamempos’, To
€CThb

FLE j: s; 0
.2 2 72 1 0
j© s° 1 B J s
= s = . 14.1.5
B A B Rl -
;7 o8l ) Sz )

OTMetuM, 4TO B 5TOH GHOPMYJIIE BIIEMEHT C HYJIEBHIMU 3HAYECHUSIMUI
BHEIIHNX IIapaMeTPOB PaclojokeH cupaBa. KpoMme Toro, B mpaBoit

1 . .
MmeeTcs cobiasH o mpuMepy HeATPUHO (BEPXHETO JIEIITOHA) U 3JEKTPO-
Ha(HIXKHETO JIEIITOHA) Ha3BaTh TaK OLPeNeNleHHBIM KBapK HuxHuUM (d-KBapkoM),

a BepxHmI (U-KBapK) OLPENENNTH Yepe3 TPU 3JIEMEHTa, U3 KOTOPHIX ABa 06ia-
[AIOT HYJIeBBIMH 3HAYEeHWSAMM BHEIIHUX ITapaMeTPOB, TO €CTh IIOJIOXUThH

jl 31 Tl jl 0 0

52 8 _ i 0 0
Gu= | 37— —3 | =

34 34 r4 €(1) €(2) €3

38T ‘y ‘@ ‘e

OOHaKO B 3TOM CJIy4Ya€ BO3HHKAIT TPYAHOCTH C OIIPDEOECNIEHUEM JIEBBIX U IIPDaBBIX
KOMIIOHEHT U-KBapKa.
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MaTpuile BBeIeHEl MPUHATHIE PaHee O0GO3HAUEHUS IJIS BHYTPEHHUX
ImapaMeTpoB C TOH PasHUIER, YTO BMECTO CHMBOJOB jeBhIX (L) m
npaBeix (R) KOMIOHEHT BBemeHBI 4mCIIOBEIE MHIEKCH OoT 1 mo 3 (B
CKOOKax).

5. IloncraBusas sTo onpeneieHne kBapkoB B (14.1.2) u Beimemnss
IMaroHaJbHEIE 3JIEMEHTHI cpenHeil MaTpuusl M (2,2), MoxHO moiy-
quTh nMpoobpas JlarpaHXXuaHa B3aMMONENCTBUS KBAPKOB C JIENTOHA-
MU, OIpeNeIeHHEIME B MIPENLIAYINNX TilaBaX. [lajee MOXHO mepeiiTu
K YIPOIIEHHOW MONENN B3aMMONENCTBUS SIEKTPOHA C HPOTOHAMH,
TO €CTh K MOIeNnu BomopomomonobHoro atoma. PaccMoTpenme sToro
BOIIPOCa BBIXONUT 3a pPaMKHN NaHHOW MoHOorpaduu. 3mechk OTMETHM
JIWIIB, YTO B MaHHOM MOIXONE MONENHL BONOPOINONONOGHOTO aToMa,
BO-TIEPBBIX, CTPOUTCS, HAUWHAS C UMIYJILCHOTO MPOCTPAHCTBA U, BO-
BTOPEIX, P 5TOM ECTECTBEHHEIM O6GpPa30M MPOSBIISETCS OTKPBLITas
B.A.®okom O(4)-cummerpus aroma Bomopozna [00]. Ilepexon x cran-
MapTHOW MOJEIW aToMa BONOPOIa B KOOPHUHATHOM NPOCTPAHCTBE
OCYIIECTBISAETCA MOCPENCTBOM YCPEOHEHHWS MO SJIEMEHTapHBIM 6a-
3aM, OMMCAHHOTO B TJaBeE b.

6. lannas monens Ha ocHoBe BCKO panra (5,5) o6nanaer pamom
HEMOCTATKOB MPUHININAIBHOTO XapakTepa. HaszoBeMm nBa u3 HuX:

1) Ora Mozmens MOXET IPETEHNOBATh Ha OMMCAHUE JINIIL OXHOTO
MOKOJIEHNU S JIENTOHOB U KBaPKOB.

2) IHanuas Momennb He MO3BOJAET ONMCATDH B3aMMONENCTBHE IBYX
6apuonoB. i 5TOW UeNW HYXHO TNEPENTH K MOAEIM HAa OCHOBE
BCKO pagra (6,6).

Nmerorca n Apyrue HegqoCTaTKM!.

14.2 Monenb B3anMoieCTBU S JIEMTOHOB U KBap-
koB Ha ocHoBe BCKO pasnra (6,6)

1. MepeiineM K 60slee COBEPIIEHHON MONEIN OMUCAHUA SIEKTPO-
caabrIX B3amMOAecTBUil IenTOHOB U kKBapKoB Ha ocHoBe BCKO pan-
ra (6,6).

Cormacuo ofireit Teopun, usnoxeHHon B rinase 1, 3akor BCKO
panra (6,6) ompenensercs myis LIECTH IPOM3BOJIBHBIX Iap PasHO-
MMEHHBIX 3JIEMEHTOB U MMEET BUJI

Ui  Wig Uiy  Us  Uih  Ujp
Uka Uk Uky UKS UL\ Uk
U U, U, Uzs Us) Uy
® — | Yo Uip Ujy Uy 3 (L 14.2.1
(6,6) Ugq UsB Ugy Ugsy TUg) TUgp ) ( )
Ule WB Uy U W U
Upey Upp Upy Ups Up) Upp
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rJe mMapHOE€ OTHOIIECHUE 3allChIBA€TCA NOJId 3JIEMEHTOB, XapaKTEpPH-
3YEMEIX OATHIO MapaMEeTpaMn

Ui = 110t +120% + 20 +ita* + °a°. (14.2.2)
2. OueBnnHO, wacTUIE! (KBapKH), ONNCHIBAEMEIE TPEMS SJIEMEH-

TaMH B KaXXJIOM COCTOAHNH, B 00IIeM cilydae XapaKTepU3yIoTcA clle-
Iyiolllell MaTpHUIell mapaMeTpOB

jUost ]: s; l;

A R I
g=1 j7° s° 1 = 031) Cs‘z) 033) , (14.2.3)

4 44 c c c

J_ s (1) ~(2) ~(3)

j5 35 l5 c5 05‘ 65

(1) “(2) ~(3)

rJle TOPN30HTAILHLIME JNHUAME pa3fielleHEl BHEITHNE I BHY TPEeHHHUE
nmapaMeTphl. 3Iech HCIONb30BaHEL BBeleHHEIE B (14.1.5) n (14.4.6)
o6o3HaueHN NJId BHY TPEHHUX IapaMeTpPOB.

Amnamormuso, JIENTOHEI B caMOM 06IlleM ciIydae Telephb JOJKHEI
XapaKTepH30BaThCd Cllefylollleil MaTpuieil mapaMeTpoB

it k! it k!
i? k2 i k2
e= | 2 B |=| & & |. (14.2.4)
it k? ¢t ch
i k° e3¢k

3. Hcxons w3 NaHHBIX NPEICTABJIEHUIl O YHCIIaX 3JEMEHTOB, KO-
TOPHLIME ONUCHIBAIOTCS YaCTULEI, IPUXONUM K BHIBOLY, 4TO TeNEphb
IJis 5TOH LeN! CilefyeT HCHONb30BaTh yndamenmadvroe 5 X 5-
omnowenue BCKO panra (6,6)

Uia Ui ‘ Uiy Uis  Uix

[a Byé )\] Uka  UkB | Uky Uks Uk
Uja  Ujg | Ujy Ujs Ujx | =
Ugsa UgB | Ugy Ugs Ug)

Uy WG | ULy Us U

itkjsl

’il kl _’il Sl ll al ﬁl ,),1 51 )\1
Z'2 kz ‘]2 52 l2 ‘ a2 ﬂ2 ‘ ,)/2 52 )\2
=14 K| & Bx|a® gy & N |, (14.25)
2'4 k4 j4 84 l4 a4 ﬁ4 ,),4 54 }\4
2'5 k5 _’i5 85 l5 a5 ﬁ5 ,)/5 55 )\5
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PackmaneiBas ero no nmepBeIM IBYyM CTpoKaM (IO BHEIIHUM Hapa-
MeTpaM), JIETKO yOeAUThCS, YTO OHO IpencTassercs B Bune (14.1.2),
Tlle KaXIBIil 5JIeMeHT, IOMEUEHHEIH TOYKOW WIJIN 3BE3IOYKOH, Tenephb
3aluCHIBaeTCA B dopMme

[‘:i] [Zi;‘]l (14.2.6)

I'lle IepBLIME KBaJpaTHLIME CKOOKaMu o60o3HadeHEI GYHIAMEHTAIIb-
HEBEIe 2 X 2-OTHOIIIeHNU, TOCTPOEHHLIE U3 apaMeTpoB ¢ HHAekcaMu 1
¥ 2, a BTOPEIME KBaJpaTHLIMH CKOOKaMH, TOMeYeHHEIMU IITPHUXOM,
— KOMOMHAUIWN U3 JONOJHUTEIbHEIX IapaMeTpoB BUIA

*3 3 3 3 3
ST j° s 1 ' S\
Dsl] =7t st x|yt 8t At (14.2.7)
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Jlerko BumETH, YTO B3aUMONENCTBUSA MEXAY TAKUMHU YacTUIAMHE
B CaMOM OOIIEM CIIy4ae OMATh OMUCHIBAIOTCS MIECTHIO ANATOHAJILHEI-
MU 5jleMeHTaMu cpenseil MmaTpunst M (2, 2) B (14.1.2), noMeuenHEIME
3B€3M0YKAMHU, a C YUETOM HPUHSATON TUMOTE3RI O CYTU KBAPKOB UMC-
JIO OTJIMYHEIX OT HYJIS MUATOHAJILHBIX SJIEMEHTOB COKPAIIAETCS IO
YeThIpEX W MEHBIIIE.

4. ITnsa mocrpoenus Ha ocHoBe BCKO panra (6,6) peanucruuec-
KON MOZENHN 3JeKTPpociiabbIX B3alMOIENCTBHUU JIENTOHOB M KBapKOB
CIEeNyeT PEUIUTh CIENYIOINe 3a0aumn:

1) HeofxomuMo KOHKpPETH3MPOBATh 3HAUEHMS IONOIHUTEIHHBIX
mapaMeTpoB ¢ HWHIOeKcoM b JenToHa. IloMoXuM, 4TO AJA JIENTOHA
paccMaTpUBAEMOrO IMOKOJIEHWS OHUM PAaBHEI HYJIO, TO €CTh MaTpPHIA
napamerpoB (14.2.4) npuanMaer BuA

it itk
2K 2K
e= | & kK| = 031) 032) . (14.2.8)
4 4
- €y )

2) CienyeT KOHKPETU3MPOBATH 3HAUYEHN BHY TPEHHUX IIapaMeT-
POB C MHAEKCOM 5 KBapKa. OTy 3ajJauy 6yleM peliaTh MPH 3alaH-
HOM BHUJIe TapPaMETPOB JEMTOHA, UCXONA W3 MPUHINIIAa COOTBETCTBUSI
C paHee pellleHHOW B TyiaBe 13 3amaueill ommcaHUs >IIEKTPOCIIabBIX
B3aMMOIENCTBUN ABYX JIEITOHOB.
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5. Obcynum ciaydail B3anMOIeC TBE MacCHBHOTO JIENITOHA 1 KBap-
ka. Ilpoo6pas Takoro meilcTBUA IOJIydaeTcs M3 yIPOIIEHHOTO GYH-
IDaMeHTaJbHOTO 5 X 5-orTHomenus (14.2.5) Buna

iRl ‘ ]-1 P ol ﬁl ,),1 s1 0
i2 k2132 §2 0 o? 2 2 52
[ai*y&?] — B3 ;-3 S B lx| B 23 13 53 \3
tR]S 4kt ]-4 st 4 ot 54 ,),4 54 )4
0 0 |j° s I° 0 0 |~% 6% X°

(14.2.9)

PacknanbiBag onpenesuTeNy Mo NEPBLEIM IBYM CTPOKAM U YUUTHIBASL
paHee HCHOJIb30BaBINHeCAd COOOpaXXeHUs O BBIIEJIECHNH AUaroHaJIb-
HBIX cJIaraeMBIX, NOJIydaeM Ipoobpas JlarpaHXXHaHa B3anmMOIeNCT-
BUA B popmMe

Sint(e1 q) =

R i I e A i )

ij ksl+ks z'jl+is kjl+kj isl]’

(14.2.10)

Il IpaBble KBaIpaTHLIE CKOOKH, IOMEUEHHEIE [ITPUXOM, 3alNCEIBa-
foTcs coraacHo (14.2.7).

6. BeeneM B 0603Ha4Y€eHNUs NONOIHUTENLHLIX IaDAMETPOB CHMBO-

JIBEI € I ¢ COOTBETCTBEHHO [JId MaCCHBHOIO JIEIITOHa W KBapKa, TakK
UTO IJId KBapKa IMEEM:

]Z = Cg(l)§ ji = Cg(l)§ ]; = Cé(l)a ’Y; = 5;:(1); ’Y: = Eg(l); ’Yz = 5§(1)§
A i O L O L L
F=cyei U= e U= s [N = G A= Gap A = Eqpay.

(14.2.11)

N3 stux nmapaME€TPOB MOXHO OIPENECIINTH KOM6HH&HHH, HNMEIO-
e CMBICJI JIEBBIX U IIPAaBBIX KOMIIOHEHT KBapKa:

R = o) ~ S0 | Gar = Gtye) ~ ey

€aR = C4(2)%(3) T €a(2)%(3) | “aR = Cq(2)%(3) T €a(2)%(3)’

3 _ 3 5 5 ~3 -3 =5 55 23

ch = 03(1)6%(3) - 03(1)03(3)a fZL = ‘fz(l)_q(?:) N q(l)fg(?r)’

CaL = €4(1)%(3) T Cq(1)%(3)7 | CaL = q(1)%(3) T Cq(1)%a(3)"
(14.2.12)

7. Bripaxenus copasa B (14.2.10) MOXHO IpencTaBUThL KaK COBO-
KyIIHOCTb W3 YeTHIPeX CJIaraeMbIX, ONMCEHIBAIONINX B3aMMOIEHCTBHS
JIEBLIX KOMIOHEHT (O “BHEIIHMM” MapaMeTpaM) JIENTOHA C JIEBHI-
MH KOMIIOHEHTaMI KBapKa, IPABEIX KOMIIOHEHT JIENITOHA C IPaBEIMU
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KOMIIOHEHTaMH KBapKa I TaK JaJiee, T.€. B CHMBOJIMYECKOM BHIE
NMEEM

Sint(e,q4) = (eL, L) + (er, qr) + (er, qr) + (er, qz).  (14.2.13)

Jlss KaXXJOro W3 STUX CIIaTaeMBEIX IMeEeM TaKWe XKe BKIaNbl U3 JO-
IOJIHUTEILHEIX DapaMeTpoB, Kak u B (13.2.8) — (13.2.11):

3

(eL, qL) = — (CSRCSR ERC R X chqR — ceRégR) N (14214)

) x (¢
(er,qr) = — <cg’chL - chc?’L) X <cg’chL chEZ’L) ;7 (14.2.15)
(eL,qr) = — (chch echL) X ( Epéar — chégL) ;  (14.2.16)

(em az) = — (clpcin — clpeln) x (Sréip — drlz) . (14.217)

Jlasiee MOXHO HCIONIB30BATh BCE T€ BHIKJIAIKH, KOTOPEIE GBLIM IPO-
U3BEJEHEl B IPENbIAYIeil IaBe IPH ONUCAHUN 3K TPOCIabhIX B3a-
MMOIENCTBU OBYX JIEITOHOB, TOJILKO TEIEPh B KauyeCTBE COOTBET-
CTBYIOIIUX DapaMeTPOB KBapKa (BTOPOl YaCTHIbI) CIAENYeT UCIOIb-
3oBaTh onpenenurenn (14.2.12).

14.3 OiaekTpociabble B3aUMOAEMCTBHAA ABYX
KBApPKOB

1. IIpoobpa3 »IeKTPOCITIabLIX B3aMMOIENCTBUE IBYX KBapKOB
onuceBaeTcsa 6a30BbM 6 X 6-oTHomenunem BCKO panmra (6,6), ko-
TOpOe NIJ1d NAaHHOTO cjiydas MMeeT BUI

{aﬁ75 Ap}_
ikjslr)
it kY 0 ]st I 0 ol B 0|6 AL 0
i k2 0|s?2 12 0 a2 B2 08 A o0
_ Z'S k3 j3 83 l3 ,,,3 o a3 53 73 53 )\3 ,03 .
?:4 ]C4 j4 34 l4 1,,4 a4 ﬁ4 74 54 )\4 P4
,L'S k5 j5 85 l5 ,,,5 a5 55 75 55 )\5 ,05
1 1 1]{1 1 1 1 1 1|1 1 1
— Sint(q1,42). (14.3.1)

OT1o mpoobpas HeACTBUSA ABYX B3aUMONEMCTBYIOMINX YACTHUII.
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2. PackmanbiBas OmpefenuTenu MO HEPBHIM ABYM CTpPoKaM (IO
BHEINHUM CIMHODPHEIM IIapaMeTpaM), IPUXONMM K cyMMe u3 36 cia-
raeMbIX, KOTOpEIE MOXHO 3allucaTh B BHAe 6 X 6-MaTpumel Tuma
(3.1.4). U3 Hee onaTh BeImenseTcs 4 X 4-moaMaTpua, JUaroHaIbHELE
5JIEMEHTEI KOTOpoil 06pa3yioT mpoobpas HelcTBUS B3amMOIENCTBUA
IBYX KBapKOB

. [asé ﬁvAp) ﬁ/\] <a75p)
Sznt(qlaq2)_|:2'3:| <k]lr T kl ijST‘ -

LR, e

Ille B KaXXIIOM U3 YeTHIPeX cJlaraeMEIX JIeBLle KBaJlpaTHEIE CKOOKH,
KakK U paHee, 3alUCHEIBAIOTCA 4epe3 IMapaMeTpHl ¢ HoMepaMmu 1 m 2,
a mpaBEle KPYIJIble CKOOKM 3aIMCHIBAIOTCS Yepe3 IMapaMeTpPHl C WH-
Iekcamu 3, 4 u 5, HanpuMep

e B[] 8

YAPN _ |k | B A p 14.3.3

(kjlr) B 5 X 85 45| P8 | (14.3.3)
T 11 1 T 11 1

Bripaxenus cnpaBa B (14.3.2) MOXHO HOHMMAThH KakK COBOKYI-
HOCTh UETHIPEX CIIATAEMBIX, OMUCHLIBAIONINX B3aUMONERCTBUS JEBBIX
C JIEBHIME KOMIOHeHTaMu (o “BHemmHmM” mapaMeTpaM) ABYX KBap-
KOB, IIPABEIX C MPaBBIMA W TaK Hajiee, T.e. B CHMBOJIMYECKOM BHUJIE
nMeeM

Sint(q1,92) = (@12, ¢20)+ (1R, ¢2r)+H(q1L, 2R)+ (01 R, ¢21)- (14.3.4)

3. Haunem c ofcyxmeHus BKJIAINOB W3 NONOJHUTENLHEIX Iapa-
METPOB B BhIpaXeHue (¢1r,, ¢27,), KoTOpoMy cooTBercTByeT (14.3.3).
PaccmorpnM ommna m3 onpenenuteneii. Ilyctes sTo 6ymer ompenesnn-
TeNb W3 mapaMeTpoB MHOXecTBa M. Ucnonbsys o6o3HaueHNs THIA
(14.2.11), ero MOXHO IPEACTABUTHL B BHUIE

AR SRS & ) %) | B e
BG4 | gt A A ol !
(1L, 921) = — 5 ]-5 5005 |7 é(z) é(3) 2(2) 2(3) =
; 71 |r1 T C1(2) C1(3) | C2(2) C2(3)
T 1 [T 1
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—(C?(s) - C?(z))(cg(z)cg(s) - Cg(z)cg(s))—
—(c12c§3 —0?20?3)(033 _ng)+
(2)"1(3) (2)71(8)/172(3) (2)
(et 2)¢1(3) — ST (2)¢1(3)) (€3(3) — a2+
+(ei(s) — c§(2))c$§) + c(l?l)g)(cg(S) — c5(9)); (14.3.5)
rane BBEOEHEBI HOBEIE 0003HaUYEeHNI:
ch) = c?z)c??,) — c?3)c?2). (14.3.6)

4. ITna Toro, uro6s BeIpaxenue (14.3.5) coorBercTBOBasO HOpP-
MyJiaM, IOJIYYEeHHEIM B NPENBINYIIEH TJIaBe NIJIA JIEITOHOB, EMY He-
06X0IUMO UMETH BUI

(912, 920) = C(Erésr — ERrER), (14.3.7)

rjie 3HAYKOM C TIJIBJ0M 0603HaUYeHEI BEIPaXKeHN I, COOTBETCTBYIOMIHE
InapaMeTpaM, HCHOJIb30BaHHEIM B IpPeNBIAYyINeil riase, cumBosioM C
o6o3HaYeHa HEKOTOpasd BO3MOXHAad KOHCTaHTa. DTO HajaraeT Ha JIO-
HOJIHATENIbHbIe apaMeTPHI Pl YCIIOBMA.

Ilns Toro, 4TO6HI NCKIIOUNTE B nocienHel ctpoke (14.3.5) (7 mmm-

34
HI’IG”) cJlIara€eMBbI€, comepXxKalliue ng ), JOCTaTOYHO HAJIOXUTB YyCJIO-
BUA:

o) = ey Ca(z) = Caa)- (14.3.8)
Torna Beipaxenue (14.3.5) MoXHO mpencraBuTh B hopMe

(@1, ¢22) = (Ci(s) - Cg(s)) X

X [(C?(z) - C?(s))(cg(z) - Cg(s)) - (C?(z) - 011(3))(03(2) - Cg(s))] ,
(14.3.9)
coorBercTByomeil (14.2.14), ecnu monoXuTH AL 06ENX YACTUIL

3 .-
c 2 3
( x ) = ( cg ) cg) ) (14.3.10)
R (2) (3)
1, KpOMe TOTO, €CJIM HAJOXUThH €Ille OMHO YCJIOBUE Ha MapaMETPHI C
MHIEKCOM b:

C?(3) — 03(3) = Const. (14.3.11)
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Bes ymep6a OIS OOIMHOCTH 3HeCh MOXHO MOJIOXKUTE

1
Cl(s) = —Ch3) = 52 C=1 (14.3.12)

Pestomupys o6cyxienne B3auMONENCTBUA JEBEIX TOKOB, IPUXO-
INM K cllenyiollell mHGoOpMaluM O BHIe MaTpPHIEl U3 BHYTPEHHUX
napaMeTpPOB KBapKa:

IO
(€= 7 ¢y <5 |- (14.3.13)
7 41/2 +1/2

3mech mepBBIN CTOJGEIN ellle HEW3BECTEH, NBa WiEHA B HOCIEMHEN
CTpPOKe paBHHL IPYT APYTY.

5. lonmosHUTENbHEIE TapaMETPEL I NPAaBHIX (BHEIIHUX) BKIIa-
10B (q1R, ¢2r) HaxonaTcs aHanornyHo. Tak, Ha mapaMeTpHI KBapKOB
Teleph clleyeT HAJIOXKNUTh YCJIOBHUL:

ci(l) = ci(sﬁ Cg(l) = 03(3), (14.3.14)

anasoruynsie (14.3.8). Torna s¢dekTUBHEIE JIEBbIE TapaMeTPHI KBap-
KOB 3allNCLIBAIOTCS B BUIE

3 CS _ C3
( L > = ( o e ) . (14.3.15)
‘L ‘1)~ @)
B nrore npuxonum k popmynam, anamoruyasiM (14.3.9) — (14.3.12).
6. Cobupas BMecTe BCIO MHGOPMAIMIO O B3aNMONEHCTBAY JIEBLIX

¥ IIPaBEIX TOKOB, IPUXOAUM K BIIY IOJIHON MaTPUILI N3 BHY TPEHHUX
nmapaMeTpoB KBapKa

031) 032) 033)
(9) = 631 c%‘z C%S) : (14.3.16)

)
+1/2 +1/2 +1/2

W3 Buma 5TOl MATPUIEL MOXHO CHENATh CIEAYIOMINE BLIBOALL:

1) Bce Tpu mapaMeTpa HUXKHEH CTPOKH ONMHAKOBBI, IPUYEM ML
IBYX B3aMMOJENCTBYIOMNX KBApPKOB OHH NOJIKHBI UMETh IPOTHBO-
HOJIOXKHEIE 3HAKI.

2) IlBa 2-koMmoHeHTHBIX cTon6na u3 (14.3.10) n (14.3.15) mox-
HO COIOCTABHTH 2-KOMIOHEHTHEIM CTOJIGIAM JIEBEIX UM IPABLIX BHYT-
PEHHUX IapaMeTPOB MacCHBHOTIO JIENTOHA B MOJEIH, OCHOBAHHOW Ha
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BCKO pasra (5,5) n paccmorperHoi B riase 13. B wactHOoCTH, 1014
7Z-xaHajla MOXHO 3alMUCATh

czz) - cz3) — [( f/; ) wim ( Z )] ; (14.3.17)

031) - 633) T3 23
C%l) - 0%3) - [( Y3 ) i ( us )] - (14.3.18)

14.4 TI'mmoTe3a o mpupome TpeX MOKOJIEHUM
YacTHUII

N3BecTHO, YTO YaCTUNEI, YYACTBYIONINE B 5JIEKTPOCIabLIX B3a-
UMOIeNCTBUAX — JIENTOHLI U KBapKM, COCTABJIAIOT TPU IOKOJIEHNUA.
B coBpemennoii ¢usnke HeT OOIIENPUHIATOTO TEOPEeTHUECKOTO 06ocC-
HOBaHMA CYILIECTBOBAaHMUA HMMEHHO TpeX IOKOJIEeHUW 3JIeMeHTapHEIX
yactun. Kak npencrasnsgerca aBTopy, B 6UHapHON reoMeTpodusuke
OTKPHIBAIOTCA BO3MOXHOCTH AJI1 0ObACHEHNI 3TOro heHOMEHOIIOT -
yeckoro ¢akrta. BrIckaXeM HECKOJILKO THIOTE3 U NPEINIOIOXeHW
Ha 3TOT CUeT.

1. Haurmem ofcyxmeHme >TOl mMpobiieMbl ¢ JjiemToHOB. B §14.2
npu O6CYXIEHNHN B3aMMONENCTBUS JIENTOHOB M KBapkoB B (14.2.8)
ObIJI UCMIOJIB30BaH IOCTYJIAT, YTO NONOJNIHUTEILHEIE BHY TPeHHNE Ia-
paMeTpHl C HHAEKCOM 5 IJId JIENTOHOB paBHH Hywmo (¢ = ¢ = 0),
ONHAKO MOXHO IPeNNOJIOXKNTh, UYTO 3TOT IOCTYJIaT MMeeT MECTO
JULIb IU1S OOHOTO (HNEPBOrO) MOKOJIEHMS JIENTOHOB, TOTNA KaK A
BTOPOI'O U TPeThero MOKOJIEHNH 3T NapaMeTPhl MOI'YyT OBITH OTJINY-
HEI OT HyJsA. BEICKaXeM TUNOTE3y, Mmpu NOKOAEHUL AENMOH06 06Y-
caosaenst paneom (6,6) BCKO, neobzodumol dad onucanud xaio-
UEBBIT INEMENMAPHBIZ LACTNUY U UT COCTNABATIOWUET (K6apKos), mo
eCTNb HAAUYUEM UMEHHO TMPET BHYMPEHHUT NAPAMEMPOE IAEMEH-
moe. IIpyruMu cjaoBaMum MOXKHO CKa3aTh, UTO NOHATHE IMOKOJIEHUH
JIENITOHOB OOYCIIOBJIEHO CYLIECTBOBAHMEM AaJPOHOB (KBapKOB), ONU-
ceiBaeMbrx BCKO 6omee Bricokoro panra (6,6), n B3aumMozneiicTBueM
JIEITOHOB C HUMH.

OTHOCHTENLHO KOHKPETHEIX 3HAUEHUH TPeX JONOIHATENLHEIX Ia-
paMeTpOB JIENTOHOB TPeX IOKOJIEHWI MOXHO BEICKa3aTh Pl Ipel-
mosoxeHnii. Hanmpumep, u3 coo6paXeHuWii CUMMETPUN MOXKHO OBLLITO
ObI OXNIaTh, YTO TPHU IOKOJIEHNS JIEIITOHOB CBA3AHEL C CYIIECTBOBA-
HHUeM TpeX BO3MOXHEIX BapHaHTOB pa3MeIleHUs HYJeBEIX 3HAUeHUH
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OmHOro (WM maphl) MapaMeTpOB:

3 3 3 3
CL cR H 0 0 ) CL CR . (1441)
0 0 ci cg’:ﬁ c}r’: C?:z

OnHako 5TO NPENNOIOKEHNE BEI3LIBAET TPYLHOCTH C OMUCAHUEM B3a-
UMONENCTBUN MeXIY JIEMITOHAMN Pa3HBIX mokoseHwii. Het momxomsa-
muX GYyHIAMEHTAILHEIX WIN 6a30BHIX 4 X 4-OTHOLIEHUH NI eNWHO-
ro crmoco6a MOCTPoeHNn A mpoobpasa NefiCTBUSA NBYX JIEMITOHOB Pa3HEIX
TIOKOJIEHU.

OTy TPYOHOCTH MOXHO HPEOAOJETh, MOMYCTUB, HAPUMED, UTO
peajbHLIE B3aMMOIEHCTBUSA JIEMTOHOB MMEIOT He 2-4acTWYHLIN, a 3-
YaCTUYHEIA XapaKTep U ONMUCHIBAIOTCS 6a30BEIM 6 X 6-OTHOIIEHUEM
(14.3.1), roe mBe IIECTEPKY 3JEMEHTOB COCTABIAIOT HE NMapEl KBap-
KOB, a TPOWKH JIENTOHOB. JTO HAJEKO UAYIIEe MPENIOIOKEHNUE.

Ipyroe momyimieHue MOXKET COCTOATL B TOM, UTO JIENTOHEI IIpU
B3aMMONENCTBIN MeXAYy coboil He pa3iMyaloT CYUIECTBOBAHWS IO-
TMOJTHUTENLHOTO TTapaMeTpa W BCTYHAIOT OPYT ¢ OIPYIOM B OTHOIIeE-
Hus, onuceiBaemsle BCKO panra (5,5).

2. Ina omucaHuA TpexX MOKOJEHWN KBAPKOB MOXHO IOWTH He-
ckonmpkuMu nyTamu. HazoBem nBa n3 Hux. IlepBRIil IyTH MOXHO Ha-
3BaTh 20PU30HMAAbHBIM, — ICXONA U3 OOIINX COOOpaKeHNN CUMMET-
pHM, MOXHO HOIpPo60OBaTh CBA3ATH HOMEP IOKOJIEHUS C TPEMS BO3-
MOXHEIMU MOJIOXKEHUAMU 3JIEMEHTOB C HYJIEBLIMU 3HAUEHU MY BHEIII-
Hux mapaMeTrpoB B (14.1.5), TO ecTh €O CIIENYIOMAME BO3MOXHEIME
3HAUYEHWSAME MATpPHI TapaMeTPOB:

b k0 i 0 gt 0 k' 4t
i k0 LA R & U
Cg) ng) 033) ; “‘31) 032) 033) ; “‘31) ng) €(3)
O B W O N O I W O T
€1 Sz s) €1 %2 €@ €1 C2) )
(14.4.2)

OueBuAHO, YTO MMEIOTCI TOJBKO TPH TAKUX Pa3MEIIEHUs HYJEBEIX
BHEITHNX HapaMeTpoB. Jlerko moka3aTh, YTO TpPH NOKOJEHUS Ta-
KNX KBapKoB OyOyT ONMHAKOBO B3aMMOIEMCTBOBATL MeXAy cobOM,
IpUYeM 5TH B3aUMOAEHCTBNA €JUHOOOpa3HO ONMUCHIBAIOTCA 6a30BBIM
6 X 6-orHOmenmem (14.3.1). Ha sToM myTm BOBHHKAIOT BOIPOCHL O
IpUYWHAX HapyLIeHUd NaHHOW CUMMeTpPHH, IPUBONAIINX K pPasiiu-
YHMIO TpeX MOKOJIEHUH KBapKOB.

I pyroit myTh MOXHO Ha3BATh 6€EPMUKALbHbIM, — OH aHAJIOTUYEH
IIepBOMY W3 IpUBEIeHHBIX BHIIIEe CIIOCOOOB ONUCAHUA TpPeX IMOKOoJle-
Huii snenToHoB. OH COCTOMT B HOJKHOM HOAGOpPE BHYTPEHHHX Ia-
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pamerpoB ¢, ¢, ¢®, cormacyiomemcs c ompemeneHmeM IOKOJEHMIt

JIENTOHOB.

B pamkax mamsoit BCKO panra (6,6) umerorcs u npyrue monxo-
Iel K mpobrieMe ommcaHus (06OCHOBaHMS) TPeX NMOKOJEHUIl SJIeMeH-
TApHBIX YaCTHII.

14.5 BruIBoabl 1 3aMedYaHUd [0 MOJEJIN HA OC-
HoBe BCKO panra (6,6)

CremnaeM psii BHEIBOIOB WM 3aMeUYaHWil IO M3JI0XKEHHOMY B 3TOH
rilaBe MaTepHaJy:

1. Cnenyer eme pa3 mMOOYEPKHYTH, YTO 5Ta TjilaBa HE MPETEH-
IyeT Ha JOCTATOYHO IIOJIHOE ONNCaHWe Mpoobpa3a 3JeKTPociiabbIxX
B3aMMOJIECTBU KBapKOB. B Hell Ha MOJIyKauyeCTBEHHOM YpPOBHE 06-
CYXIeHEI JINIIL caMble OOIIUe CBOMCTBA BO3ZMOXKHON Momenu. TeMm He
MeHee, MOXHO yTBepxkaarh, uro BCKO panea (6,6) cocmasagiom
docmamounyo 0CcHo8Y 044 NOCTMPOEHUI UCKOMOL Meopul.

2. NmeroTca DOCTATOYHO BeCKWEe OCHOBAHWS MOJIATaTh, YTO MPU
NOKOAEHUL IAEMENMAPHBLE Yacmuy (JIENTOHOB M KBapKOB) 06yca06-
aenbl cywecmeosanuem adpornos, onuceiBaeMerx BCKO panra (6,6).
N3m0xennoe B 5Toi TlaBe JIUIML MONTBEPXKAAET, UTO PACCMOTPEH-
Has paHee Monens Ha ocHoBe BCKO panmra (5,5) nmpencrasaser co-
601l MOCTATOYHO MOJHYIO TEOPUIO 3JIEKTPOCIIabbIX B3aMMOAEeNCTBUMR
JINITE ONHOTO IOKOJIEHUd JIEITOHOB.

3. llpuaaTne Momenn 3JIeKTpPociIabbIX B3aMMONEHCTBUN Ha OCHO-
Be BCKO panra (6,6) cTaBUT ps HOBBIX BOIPOCOB [IO HMHTEPIPETa-
IWN OPUPONLL 3JIEKTPOMArHUTHLIX U 3JIEKTPOCiIabbIX B3anMOAEHCT-
BUIl JIEIITOHOB BTOPOr'O U TPeThero MOKOJIEHU.

4. B »Toli raBe He OLIIM 3aTPOHYTa MpobiieMa Macc SJIeMeHTap-
HEIX 4YacTul. [ ee pemreHus Heo6XOOUMO PacCMOTPETH YTJIOBLIE
3JIEMEHTHI, NoJIydalolinecad n3 6a30BLIX 6 X 6-OTHOINEHUI, U yU4ecThb
BKJIaJbEl B IIapHEBEIE B3aMMOIENCTBUSA CO CTOPOHEI YacTHI OKPYKalo-
1ero Mmpa.

5. Ham mpencraBisgeTcs, 4TO U3JI0XKEHHLIN 31eCh OAXON OTKPLI-
BaeT HOBHIN Iy TH 14 NOKUCKa 0ObIACHEHN U KilaccuduKanuy Habio-
IaeMOll COBOKYIIHOCTH 3JIeMeHTapHEBEIX YacTHIl I PE30HAHCOB.

6. Hakonen, o6paTuM BHHMaHUE Ha TOT HakT, UYTO ecau GBI Te-
OpHA CTpOMJIach Ha OCHOBe GMHAPHEIX CHCTEM 6EU,eCMEEHHbIT OT-
somerunit (BCBO) panros (5,5) u (6,6), To mpocras ckieiika sie-
MEHTOB IBYX MHOXECTB, ONWCaHHas B NEPBOil 4acTW KHHTH (CM.
[17, c. 46]), npuBonuia 6bI K yHAPHBIM F€OMETPHIM COOTBETCTBEH-
HO TpeX M YeTHIpeX U3MepeHMH, BaXXHBIX IIJId TeOpUH KJIacCHUecKo-
ro mpocTtpaHcTBa-BpeMeHu. Ho KoMmekcHEI XapaKTep OTHOLIEHUH
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CONEPXUT B cebe 3HAUNTEILHO OoJbIlle NHDOPMAIUK, KOTOpPasi COOT-
BETCTBYET, BO-NIEPBLIX, 4-MepHEIM KJIaCCHUEeCKUM IIPOCTPAHCTBEHHO-
BPEMEHHLIM OTHOIIEHUAM, BO-BTODEIX, CONEPXKUT Npoobpas (ocHo-
BaHWs) IONOJIHUTEILHEIX Pa3MEPHOCTER, BCKPHITHIX MHOTOMEDHEI-
MU TeoMeTpuuecKuMu Mopensamu tuna Teopun Kamynwr-Kmneiina, u,
B-TPeTBbUX, BKIIIOUaeT B ceOd OCHOBaHMWA IJIA ONUCAHUA piana ApPY-
TUX CBOHCTB GU3MKU MUKPOMEpAa, TaKUX KaK apoMaTHyecKue WJIU
IBETOBEIE XapaKTEPUCTUKU 3JIeMEHTAPHLIX YacTHIl.



Pasgen VI

CuabHble
B3aMOIENCTBUA
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B sToM pasmesne cmenaH cIeNYIOMINHA AT B Pa3BUTUM PEISIINOH-
HOH TeOpUU NPOCTPAaHCTBa-BpeMeHN U GU3UUECKNX B3aUMOIEHCTBUM
— IPOU3BENEH INepeXol OT T'PaBU-3JIEKTPOCIAOBIX B3aMMOIEHCTBUM
K ONNCAHUIO I'PAaBU-CUILHEIX B3aUMOIENCTBUN TaKXe C IMO3UINA He-
CKOMBKUX mapagurM. QmiaTh CONOCTABIAIOTCS YeThIpe (pu3mUecKue
nmapagurMbl:

1) manbonee raybokas, HeBATas, COOTBETCTBYMOIIAs OMHAPHOM
reoMeTpodusnKe;

2) mpoMmexyTouHas TpeThbs (TEOpHsA MPIMOrO MEXYaCTHYHOTO
B3aMMOIEACTBHSA (POKKEPOBCKOTO THIIA);

3) reomeTpusoBaHHas, NATas (MHOTOMEPHEIE MONENN THIA TEO-
pun Kanynsr-Kieiina) u

4) obulenpuHsaTas nepBas (KaJIHOPOBOYHBIA NOAXOLN K ONMCAHUIO
bU3HYECKUX B3aMMONENCTBHI).

ITockonbKy mpu NOCTPOEHUN KaXXION HOBOW TEOPUH, IPEXIE BCe-
ro, Hy>XHO IOKa3aTh BEINOJIHEHUE IPUHIUINA COOTBETCTBHA C YXKe
cymiecTByOmell Teopueil (mapaIurMmoil), 5TOT pa3mesl HaYMHAETCS
¢ raaBel (15), B KOTOPOil M3/I0KEHEI KIIIOUEBLIE NOJIOKEHUS TEOPHH
CUJILHBEIX B3aHIMONENCTBHI B paMKaX OOMIeNpHHATON IepBoil pusu-
geckoil mapanmurmel. B crnenyiomein riase (16) pasBura 8-mepHas
reoMeTpuydeckas Molellb I'PaBU-CUJILHEIX B3aHMOAeHCTBUR THIa Te-
opun Kanyusr-Kneiina. B 3akmounrensHoit riase (17) cunbHele B3a-
IMOIENCTBHS O6CYKIEHbI ¢ MO3NNU GHHAPHON reoMeTpodusukn (B
pamkax BCKO panra (6,6)).



I'maBa 15

Haugasna XpoOMOANMHAMMKUA

B 5Toli r1aBe KpaTKO M3JIOXKEHLI caMble HEOOXONUMEIE IJIS ailb-
HeWIIero cBefleHN U3 KJlacCuueckKoll XpOMOIUHAMUKH — COBpeMeHHOH
KaJIMOPOBOYHON TEOPHY CHIIBHEIX B3amMozeiicTBuil (6omee monpo6HO
cM., HanpuMep, B [48, 85]). Kak n3BecTHO, XpOMOIMHAMUKA SIBIIIETCS
TUNNYHON TeopHel MOJid, HO3TOMY OT Hee K OMHapHOU reoMeTpodu-
3uKe HeoOXOIUMO NepebpOCUTh MOCTHUK B BHIE BEPCUM >TON TeOpHUHU
B paMKaX TeOpUH IIPAMOTO MeXUYacTHYHOTO B3auMoAelcTBud pOKKe-
POBCKOI'O THIIa, YTO TaKXe CIejaHO B 3TOH IilaBe.

15.1 OcHOBHBIE IIOJIOXEHUNA
XPOMOAMHAMUK M

1. CoBpeMenHas Teopus CUIBLHBIX B3aUMONEHCTBUN, UMEHyeMas
zpomodunamuKotl, OMIPAETCI Ha CIAENYIOIINE KITIOUeBEIE TIOJIOXKEHN S :

1) XpOMOI[I’IHa.MI’IKa. CTPOUTCA B paMKaX 3apaHe€ 3aJaHHOTO KJjIacC-
CHYECKOTIO (KOOpI[I/IHa.THOI‘O) IpOCTpPaHCTBa-BPEMEHU, YTO O3HAYaeT
HNCIOJIE30BaAHNE BCEX CONYTCTBYIOINMUX 3TOMY IIOHATHU, TaKHUX KakK
KOOpIAWHATEI, YaCTHEIC MPOU3BOOHEIC U T.I.

2) Teopus CHIBLHEIX B3aUMONEHCTBUIl OCHOBaHA Ha IPUHIUIAX
KaJIu6poBOYHOTO monxona. Mcnoab3yeTcs Tpynna BHYTPEHHUX CUM-
Merpmit SU(3); cunbpHBIE B3aMMONENCTBHUS BBONATCS MOCPENCTBOM
JIOKaJIW3anuu 5Toil rpynnel. HamoMHUM, OCHOBHEIE TOJIOXKEHWS Ka-
NUGPOBOYHOTO MOAXOHNA W3JIOXKeHH B §9.1.

3) Ilonarme “xpoMonmHaMuKa” CBA3aHO C IBETOBHIME TEPMUHAa-
MU, TPUCBANMEIME TPEM KBaHTOBLIM COCTOAHMAM KBapkoB. ['oBopAT,
9TO KBapKM OGIamaioT mpemd yeemamu (IBETOBEIME 3apsAmaMn),

375
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T.e. 006pa3yIloT IBETOBON TPUIJIET

q(1) qr KpacHBI
gH=1| 9% |=| & | = | xerrsrt |. (15.1.1)
q(s) qc 3eJIeHLIN

4) Iockoneky rpynna SU(3) saBnseTcs 8-mapaMeTpHUecKoil, TO
TIpH JIOKAJIM3aIUK TOW TPYNIEl BO3HUKAIOT 8 BEKTOPHEIX Toteit V7,
KOTOPEIE UMEHYIOTCS 24100HAMU; 30€Ch HHIEKC @ MPUHAMAET 3Hade-
Hus: 1, 2, ..., 8. [omaraercs, 4TO CHIBHBIE B3aMMONEHCTBHS MEPe-
HOCSTCS TIIFOOHAMH.

5) KBapkn y4acTBYIOT KakK B CHJIbHEIX, TaK U B CJIaGBIX B3aMO-
IeHCTBUAX, IO3TOMY OHM XapaKTE€PU3YIOTCS ABYMs COPTaMU KOMIO-
HeHT (y(;), Tie f ONpenenseT apoMaTWYeCKuil 3apsaj (37eKTpocia-
6rle B3amMmozeiicTBu), a (j) — HBETOBOI 3apsin.

6) KBapkm o6mamaioT CBOHCTBOM acumnmomuyeckot. ce0600sl
Ha MaJIbIX PacCTOSHUAX U Kondatinmenma Ha Goabuimx. B cBobon-
HOM COCTOSIHUY OHH HeHabmiofaeMsl. Bee ¢usuueckn nabmonaeMele
gacTHIL! (HalpUMep, 6apHOHEL Il ME30HBI) IPEACTABIIAIOT OGO CHHT-
JeTHEIE, T.e. GeCUBETHEIE KOMOMHALINY U3 KBApPKOB.

2. Jaepanocuan zpomoduramury B KAHOHIYECKOM BHJE 3allUCHI-
BaeTcs CIENYIOIUM 06pa3oM

L= FQF+ | q4(ihey”d) — m(5c)gs + (hee) |, (15.1.2)

1
4
(f)
*
Ile cyMMa U6epeTc;1 IO BCeM apoMaTaM f KBapkKoB, 0}, — omepaTop
YIJIMHEHHO! IPOM3BONHOIM, ONIPEe/IeHHBII HIXKE, M (#) — Macca KBap-
Ka ¢ apoMaToM f, He 3aBHUCSIIAi OT NBETa. B 5TOM BEIpaXXeHUH OMY-
IIEHEI IIBETOBEIE MHIEKCHI KBAPKOBEIX TOJIel, Tak KakK MCHOJIB30BaHa
MaTpWYHas 3aluch, Ille TON ¢ IOHUMAETCSA BEKTOP-CTOI6EN U3 Tpex
4-xoMnoHeHTHHIX ¢yHKIUA. B 5Toil ritaBe apoMaTuuecKue CBOMCTBa
CHIIBHO B3aMMONEHCTBYIONINX YAacTHUI pacCMaTpUBATLCA He OyOyT.
IlepBas gacts B (15.1.2) cupaBa ompenenseT GO30HHEIN CEKTOP
TEOPHUHU, a OCTABIIAICA YacTh CIpaBa — PEPMUOHHLIN CEKTOP.

15.2 ®@OepMHUOHHBIN CEKTOP XPOMOAMHAMUKMI

1. Beimesum m3 (15.1.2) m o6cynuM GpepMHOHHYIO YacTh IJIOT-
HOCTH JIarPaHXUaHa XPOMOAMHAMUKN (6€3 MacCOBBIX BKIIALOB)

Lr = ihcgy"0,q + (h.c.). (15.2.1)



15.2. ®EPMUOHHBIN CEKTOP XPOMOINHAMUKHA 377

B Hee BxomuT onepamop ydaunennot npoudeodnot, IMEIOMNRA BUI

9% = 8, +igoV. = 0, —I—z;; AV, (15.2.2)

rae Vi — kanu6poBoYHbIE OIS CHILHEIX B3aUMOIERCTBUH (a=1,2,. ..,
8), A, — Marpuusl I'e;s-Manna, g, — KanubpoBoYHas KOHCTAHTA
ces3m o rpynme SU(3). 3nech Besnme mompasymeBaeTcs MaTpUUYHAS
3aIUCh, T.e.

3# — I38M,

rme I3 — enuanuHadg 3 X 3-MaTpuIa.
2. llpuBenem Bun maTpun 'enn-Manna B Haubosee yacTo BCTpe-
YalomeMcs IpeICcTaBIeHNN

—_
[en N en Nean]
v
>
=~
I
TN
—oo )
|l N aw] [en NewNen] [en N en]

. OO
ol o
-
~——
b
)

Il
S
N
OO
OO

|
l\DOO
~——

0
;\7:(0
0

3. Omepatop (15.2.2) MoXHO mepenncaTs B MHOM BHUIE

2 igo 9o 9o
=I;—+1 A I A AV 15.2.4
3 33u+3 3A+32h 8B +2h Vi (15.2.4)

rIe mHIEKC n npoberaer 3HaueHus: 1, 2, 4, 5, 6, 7. 3mecy BBeme-
HEI HOBble 0GO3HAYeHMs HJIs NBYX (HEATPAJbHBIX) KaJINOPOBOYHEIX
BEKTOPHEIX TOJIEH, CTOAIMUX NPHW AUATOHAJLHEIX MaTpumnax I'ems-
MagHna:

Vi= A, VP=B,. (15.2.5)

IMockonbky MaTpUIEI A3 U Ag SPMUTOBEI, MOXHO MM COHNOCTa-
BUTH JBE XapPaKTEPUCTHUKM IBETOBLIX 3apsaloB: (), - IBETOBOM M30-
TONUYECKUH 3apAn U (Jp - TUMEPIIBETOBOMR 3apsill, KOTOPLIE SBISIOTCA
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HNCTOYHHUKaMM HeﬁTpaJIbHI:IX TJTIOOHHEIX TOJIEH AM n BM COOTBET-
CTBEHHO. 3HaueHUd 5THUX 3apAa1n0B (B €OINHNIOax go) JJId OCHOBHBIX
YJaCTHUI: KBapKOB M I'JIIOOHOB, paCCMaTpUBa€MBIX B XpPOMOINHaMMUKE,
IIPUBEIECHEL B Tabnuie

YacTune Q. Qs
g =qr | 1/2 | 1/(2V3)
KBapkn | g2 =gy || —1/2 | 1/(2V/3)
4s5=qa | O -1/v3

A, B, 0 0

T'nroonsr X: -1 0
Y -1/2 | —v3/2
zZ} 1/2 | —v/3/2

Ucnonesys BBemeHHEIE 3apsansl, onepatop (15.2.4) MoxHO mepe-
mHUCaTh ellle B OTHOM BHUIE

3 igo 2.go Z.go
P AN LY Sy e Yoy v (152,
3“ 39zH +ls th AutIs he @By + 2he Vi (15.2.6)

4. llpusenensoe B (15.2.3) npencrasnenue marpun ens-Manna
o pANy coobpaXkeHWil He ABIgeTCA yHOOHLIM. IlepeiineM k mpyromy
MpeNCTaBIEHNIO, M3BECTHOMY B JIMTEPATYpE MOJA Ha3BaHUEM npeod-
cmasaenue 8 ba3uce Kapmana-Betiag. B sTom npencrasmenun MaT-
PHOEL A3 U Ag OCTAIOTCS MPEXHUMHE, a OCTAJIbHEIE MOMAPHO TPYIIIN-
pyIOTCA clenyomuM obpa3oM

I

1 01 0
Ti2 = —()\1+i)\2):(0 0 0);
2 0 00
1 0 0O
To1 = —()\1 — 2}\2) = 1 0 0 ) ,
2 000
1 0 01
T3 = —()\4+i)\5):(0 0 0>;
2 000
1 0 0O
T31 = —()\4 — Z}\5) = 0 0 0 , (1527)
2 100
0 0O
0 0 1)
0 0O

1 .
Toz = 5()\6+2)\7):(
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1 0 0 0
T32 = 5()\6—2')\7):(0 0 0);

010

OnepaTophl, COOTBETCTBYIOIINE MATPUIAM Tup, JERCTBYIOT KaK IIO-
BLINITAOIINE W TOHMXKAIOIINE ONEPATOPHl B 3-MEPHOM IBETOBOM IIPO-
cTpaHCTBe. PacrosioXeHus emwmHUI] MOKAa3LIBAIOT, KaKOe 3HAUYEHUE
IBETOBOTO 3apsifa B KaKOe HOBOE MeCTO MmepebpacBIBaeT COOTBET-
CTBYIOIIUH OIEPATOP.

5. IlepenuiiteM ¢pepMHOHHYIO YaCTh JIaTpaHXUaHa XPOMONUHA-
MEKE (B 6€3MacCOBOM IIpelesie) B HOBOM IPENCTABIIEHWH MAaTpPHII
T'enn-Mannua

. 9o — uira
Lp = he [zqv“é’uq - %qv“VM )\aQ] + (h.c.) =

— e {iqy“ﬁuq - %W‘ [(As A, + AsB,)+

+\/§(7'21le + T31Yu+ + Tszz: + 712X, +13Y, + 7'232,;)} q} +
Hhe), (15.2.8)

rie BBeJleHBEI HOBEIE 0003HAUEHNA JJI1 KOMOMHANNHA 13 6 3apAKEeHHEIX
(B cMBICiTe mBeTa) IIIIOOHHBIX MOJEH:

Xi=LVi+ivE); Xg= H(Vi-ivd);
Y= %(V: +iV9); Y, = %(V: —iV2); (15.2.9)
2t = HVE+iVI); 25 = Ve = V).

ITockonbKy onpenesieHHEIE TaK TIIIOOHHEIE MOJISA BXOAAT B IIIOTHOCTD
JarpaHXuaHa (B yIJINHEHHEE IPOU3BONHEIE) B KOMOMHAIMAX € COOT-
BETCTBYIOMINME MaTPUIAMU T,p, JIeTKO IPONHTEPIPETHPOBATEL POJIb
STUX TIIOOHHBIX moJsieli. OHUM U3MEHSIOT IBETOBBIE 3aPANEI COOTBET-
CTBYIOIIUX KBapKOB, T.€. TeHEPUPYIOT MepeXoAbl KBApKOB MEXIY CO-
CTOAHUAMHE, NOACHEeHHLIMN Ha JWarpaMMax pucyHka 15.1.

15.3 DBo030HHBIN ceKTOpP XPOMOAMHAMUKMI

1. BozorHas YacTh INIOTHOCTH JarpaHxuaHa (15.1.2)

L pla) o (15.3.1)

EBOS = _Z v (a)
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TOT Xe IBET KeITHIN 3eJIeHbIN 3eJIeHbIN
(1,2,3) (2) (3) (3)
Ay
B,
(1,2,3) | (1) | (1) | (2) |
aoboil BeT KpacHEI KpacHEI KeJITHIN

Puc. 15.1: KBapk-Tai00HHEIE B3aNMONENCTBUA.

3aMUCHLIBAETCS UEPe3 TEH30PHl HANPSIKEHHOCTH KaJuOpPOBOYHBIX IO-
aeit V', KoTopele NMEIOT BUL

ove ove g
F = v o B Y  J9 pa yrbyre 15.3.2
uv (8113“ dzV ) he f-bcv,u Vu’ ( 5.3 )

roe f$. — cIpyKTypHBIe KoHCTaHTEI rpynnsl SU(3), aHTHCHMMeET-
PUYHEIE IO BCEM TPeM HMHIEKCcaM, HallpUMep,

fi2s3 = —fiz2 = —fo13 = fa31 = fara = —faa1 = L. (15.3.3)

KpOMe f123 OTJIMYHELI OT HYJIA CIEOAYIOIINE KOHCTaHTHI:
1
f147 = _f156 = f246 = f257 = f345 = _f367 = §a (1534)

fass = fars = ? (15.3.5)

U Opyrue KOHCTaHTHI, MOJy4YalolIuecd U3 HUX II€EpeCTaHOBKaMU WH-
JEKCOB. OcrajnbHbIe PaBHEI HYJIIO.

Jlerko IIOKa3aTh, YTO KOMMYTAaTOPHI YIJIMHEHHBIX IIPOMU3BOIAHBIX
3allUCBIBAIOTCA YE€PE3 TEH3O0PBI HAIIPAXEHHOCTH CJIENYIOINUM 06pa—
30M

0%, 87 = i%ﬁ,ﬂ, = z';jc)\ang. (15.3.6)

2. IlnoTHocTh narpamxwuana (15.3.1) 6ymem paccmarpuBaTh B
6asuce Kaprana-Beiing, To ecTh 3amuineM ee depe3 3apsKeHHEIE
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+ + + &
nona X7, Y7, Z; n wefirpanbusie nons A, B,. Beuny cnoxuoctu

3TOTO BBIPaXECHUA yI[O6HO HNCHOJIB30BaTh 0003HAUYEHN:

_op, 0P,
F(P) = dzr  dav’

rne P, — cobupaTenbHLI 06pa3 JIT060T0 U3 Ha3BaHHBLIX 3aPIKEHHBIX
WM HeATpalbHEBIX TIIIOOHHBEIX mnojeli. Kpome Toro Bocmombayemcs
TaK Ha3EIBaeMEIMHU cKoO6kamm Xyanra [86]:

(PQ) = (PQ)w = P.Q, — P.Q,. (15.3.7)

Ckobku Xyanra o61amaoT CIEIYIOMUMI CBOMCTBAME, O3B0~
IOIIUMY YIIPOLIaTh BLIUYKMCIIEHU:

XTABX") = X'A(BX")™ =AX*(X"B);

(AX") = —(X"A);
XTABX™) = —AXT(BX™); (15.3.8)
(AXT)(BX™) = 24X*(BX");

(AX ) = —(AX 7 )y

AX~(BX'%) = BXT(AX™),

rje cuMBoEI A, B aBiAI0TCA COGMpPaTEeIbHEIMA 0603HAUYEHNAME Heli-
TPANBHEIX TITIOOHHEIX ToJIeil, a cuMBombl X © — 3apskeHHLIX TITI00H-
HEIX IIOJIE.

3. Ucnonpb3ys BBeNeHHEIE 0003HAUEHN A, INIOTHOCTD JIarpaHXNaHa
(15.3.1) MOXHO mpeICTaBUTh B BHIE TPEX CIAraeMbIX

EBos = ['(2)305 + ['(3)30.5 + £(4)Bosa (1539)

IpefcTaBIg0MIX coOO0l COOTBETCTBEHHO KBaAPaTHUHYIO, KyOUUHYIO
7 KOMOWHAMUIO YeTBEPTO CTENEHNU IO TIIIOOHHLIM mosisM. OHu ume-
0T B

L(Dpen =~ {F(A) + F(B+
+2F(XT)F(X™)+2F (YY) F(Y™)+2F(Z")F(Z7)}; (15.3.10)
00 = 7
+V3F(B)(Y'Y ")+ (24 27)] -2[F(X*)(AX ™) - F(X)(4AX )]~

—[F(Y*)(AY™) - F(Y7)(AY 7))~

{FARXTXT)+ (¥ Y") - (Z2727)+
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—VB[F(Y*)(BY™) — F(Y)(BY™")]-
—V3[F(Z*)(BZ™) — F(Z7)(BZ )]+
+[F(Z)(AZ7) - F(Z7)(AZ")]-
[F(XT)(Y~2Z%) - F(X7)(Y*27)]-

[F(ZH) (XY ™) - F(Z7)(X Y )]+
\/_[F(YJ’)( X7) = F(Y")(ZTXH)]}; (15.3.11)

&&

L(4)5os = —4(,’;; F{2AX ) (AX )+

LAY H)(AY ) + (A7) (427 )

By BY )+ (B2Y(B2

Bty (BY) + (V) BY

V(a7 B2) + (A2 BT
HEYTZT) (Y2 + (2P XH)(Z7X7) + (XY (XY )+
+V2[(AXT)(Y™2Y) + (AX ) (Y Z27)]-
%[(AYJ’)(Z‘X_) +(AY ) (2T X))

_%[(AZJ’)(XJ’Y‘) +(AZ7) (XY )]~

2By x) + (BY)E X

+\/g[(BZ+)(X+Y‘) +(BZ7)(X7Y "))~
(XX (YY) + (27 24)7)-

(XX (YY) + (XX (272 + (YY) (2 Z))):
(15.3.12)
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4. 3ameruM, uTo B ciaydae ucnoassoBanus SU(3) x U(1) - cum-
METPHYHOTO BEIPAXKEHHs, aHAJOTHYHOTO BapHAHTY 3JIEKTPOCIAGEIX
B3aMMOJIENCTBHN, HeOGXONMMO BBECTH €llle OLHO BEKTOpHOE moite M),
ABIAIOIIEECS CHHIJIETOM B IBETOBOM M30TONMYECKOM IIPOCTPAHCTBE.
K monHOil mIOTHOCTH JlarpaHXWaHa TOTLLa CleNyeT NOGaBATH Clla-
raeMele

1 Go
Lar =~ F(M)u F(M)™ - %qu“MMq—i— (hc),  (15.3.13)

rie §, - 3apal UCTOYHMKA HOBOTO IOJIA 1

oM, oM,
Ozt oz¥

- TEH30p HAIPAXKEHHOCTH BEKTOPHOro moss M),.

OTHu cijaraeMble TOHANOOATCS TMPU OOCYXIEHUN 8-MEPHOW Teo-
MeTPHYECKOil (yHAPHOI) MOLENN I'PaBU-CHILHLIX B3aMMONENCTBUI.

F(M),u, (15.3.14)

15.4 JlanbHOmEeMCTBYIOIIIAasg BepCUus
XPOMOJANMHAMUKHA

1. Kak yXe oTMeYaloch, COBpEMEHHAA XPOMOIUHAMUKA SIBIISET-
Cs TUIUYHON Teopuell mons. B Hell cUIbHEIE B3aUMONENCTBUSI MEXIY
(pepMUOHHEIME YacTUIAMHU — KBapKaMH IepeHOCATCd 8 TII0OHHBIMHU
mosaMu. B pasBuBaeMoii 31ech GUHAPHON TeoMeTpodu3uKe moJiei me-
PEHOCUNKOB B3aMMOIENCTBUN HET Cpely NMEPBUYHLIX IOHATHH, 1O>-
TOMY [IJId CONOCTaBJIEHUA NPYT C APYroM IBYX MoJejell CHIbHEIX
B3aNMOJIEHCTBUN HEOOXONUMO IIPOMEXYTOUHOE 3BEHO, MO3BOJIAIOIIee
CpaBHUBAThH TeOpHWH pa3Hoil mpupontl. B xauecTBe Takoro 3BeHa, Kak
¥ B cJIy4Yae ONNCAaHUA 3JIeKTPOMarHUTHEIX U 3JIeKTPOociIabbIX B3anMo-
IelicTBUH, IpeljlaraeTcd HCIOIb30BATh JaJbHONENCTBYIOMIYIO Bep-
cuio xpomonuHaMuku. IlocTpouM ee mo mpaBmWJIaM, M3JIOXKEHHEIM B
§9.4.

2. Ho mpexne, ueM 5TO meaTh, mepenunreM ¢GepMUIOHHYIO YacTh
IIOTHOCTH JlarpaHxkuaHa (15.2.8) B Hanbosee mOAXOOAIMEM I STO-
ro BHIE, COOTBeTCTBYomeM dopmyie (9.3.6) B Momenn ek Tpociia-
651X B3auMogneiicTBuii. Ucmoabsysa Bun Mmatpun 'ena-Manna B 6a3u-
ce Kaprana-Being, 074 nioTHOCTH JarpaHXuaHa B3alNMOINEHCTBUIL
HaXOI UM

9o 4 /= _
Lrint = =5 Aul@0)7"90) — @2)7"0(2))]-

9o _ _ _
_ﬁBM[(‘I(l)’)’M‘](l)) + (Q(z)’)’“tJ(g)) - 2(q(3)7“q(3))]_
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Jo v/

—7X+( @)7"91)) — \/§X“ (@1)7"9(2)) —
Jo e

\/_Y+( ©7"9) = 5 Y @1"ae) -

\/—ZJ’( 3)7"q(2)) — TZ (@2)7"43) + (hc).  (15.4.1)

3. Anajoruuno ToMy, KakK 5TO JEJIAIOCh B TEOPUHU MPIMOTO MEXK-
YaCTUYHOTO 3JeKTpoMarHuTHOTO B3aumMmomelicTBus Pokkepa-Deiin-
MaHa, BBefeM BMecTo mojeit B (15.4.1) KOMOMHAIME U3 BOJIHOBEIX
dyEKINA KBapKOB BTOporo 6apHoOHa, ¢ KOTOPHEIM HeNOoCpenCTBEHHO
B3aMMOIENCTBYeT IepBHI, IpHUYeM TakuM obpa3oM, YTOOBI KBapKH
IBYX 6apHOHOB BXOIWIIN CUMMETPUUYHEIM o6pa3oM. BaaumoneiicTBu S
MeXJy OByMs InapaMy KOMOMHaIW# M3 XapaKTEepPUCTUK YacTHUI[ OIU-
CHIBAIOTCA MpoNlaraToOpaMu.

3aMeTuM, 4TO B XpPOMOAMHAMUKE TPH KBapKa, COCTABIAIONINE
6apuoH, GaKTHUYECKH COOTBETCTBYIOT IBYM KOMIIOHEHTaM JIEITOHOB
(;1eBoil U MpaBoil) B TEOPHN 3IeKTPOCIabEIX B3amMomeicTBmil. Y un-
THIBad 5TO, B NallbHeWmux d¢opmyinax 6yleM NOHNMAaTh WHIEKCHL
(1), (2), (3) coorBercrByromumu cuMmBoiam “L” m “R” B Momenn
Baiin6epra-Canama, a HOMepa 4acTuil, 4TOOLI He MyTAalUCh C WH-
IekcaMu, 6yIeM MUCATh B KPYIJILIX cKoGKaX. Torma s BEKTOPHEBIX
MOTEHIINAJIOB, CO3laBaeMEIX BTOPLIM OapHOHOM B MecTe HaXOXIeHU I
nepBoro 6apuoHa, 6yleM HMeThb

9o [r/= _

A(L,2), = 9 [(‘12(1)’)%92(1)) - (Q2(2)7u92(2))]DA(1a 2)d4‘”(2);
(15.4.2)

B(1,2), = 2\[ [(@2(1)Y622(1)) + (T2(2)Yul2(2) —

—2(@2(3)7ﬂq2(3))]DB(1, 2)d'zs); (15.4.3)
X*(1,2), = f (G22)7u21)) Dx+ (1,2)d 2 (5);  (15.4.4)
X7(1,2)u= \/— (@21)7042(2)) Dx - (1, 2)d*2(2);  (15.4.5)
Y*(1,2), = _% /(52(3)7;AQ2(1))DY+ (1, 2)d4‘”(2)§ (15.4.6)
Y™ (1,2),= (@2(1)7ud2(3) Dy~ (1,2)d*z(2);  (15.4.7)

\/_
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Z7(1,2), = _%/@2(3)’)%‘12(2))DZ+ (1, 2)d4$(2)§ (15.4.8)

_ 9o [~
Z7(1,2),= _ﬁ/(‘I2(2)’YM‘I2(3))D2—(L2)d4‘3(2), (15.4.9)

rne D4(1,2), Dp(1,2), - - - — mponaraTopel COOTBETCTBYIOIINX B3a-
UMOJEeNCTBHH.

4. Moncrasnas (15.4.2) — (15.4.9) B (15.4.1), Haxonum meiicTBHE
1714 NajbHONENCTBYIONME BEPCHN XPOMONUHAMUKY B BHIE

Sims(1,2) = //[LA(l, 2+ Ls(1,2)+

+Lx(1,2) + Ly (1,2) + Lz(1,2)]d*zq)d 25), (15.4.10)

roe OTHEJIBHEBIE Cjlala€MBI€ B IIONMHTET PAJIBHOM BBIPDaXE€HUHN MMEIOT
B
2

9o 1= _
La(1,2)= Z[(Q1(1)7MQI(1)) — (@127 q1(2))] %

X[(@2(1)Yu2(1) — (T2(2)7"92(2))1 D a(1, 2); (15.4.11)
2
Lp(1,2) = %[@1(1)7“‘11(1)) + (@127 q1(2) — 2(q1(3)7" q1(3))] %

X [(@2(2)Vu92(1)) + (@2(2)Y"22(2)) —2(T2(3)7"92(3))| DB(1, 2); (15.4.12)
2
95— _
Lx(1,2)= ?(‘11(2)’)’%1(1))(92(2)’)’u‘12(1))]DX+(17 2)+

2

‘1‘%(%(1)’)’“‘11(2))@2(1)’)%‘12(2))]Dx— (1,2); (15.4.13)

2
Ly(1,2) = %’(61(3)7“%(1))(ﬁz(s)‘YMQz(:l))]Dw (1,2)+

2

‘}‘%(61(1)7“91(3)) (52(1)7u92(3))]DY— (1,2); (15.4.14)

2
L7(1,2) = %(%(3)’)’“‘11(2))@2(3)’)%‘12(2))]DZ+ (1,2)+
2

9o (- _
‘|‘?(91(2)’Y“<I1(3))(Q2(2)7u92(3))]Dz— (1,2). (15.4.15)
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15.5 HexkoTopble 3aMedYaHus MO KaJIuN6GpoBOU-
HOM TEOPpHMM CWJIbBHBIX B3amMOOEeMCTBUM

ITo m3m0XeHHON MOIENN KIIacCHYecKOR (He KBaHTOBOIM) XpOMO-
IMHAMWUKHN MOXHO BEICKa3aThb IPUMEPHO Te XKe 3aMeYaHnd, 9YTO I IO
Mozenu Baiin6epra-Camnama (cm. §9.7).

1. llo mameMy ray6okoMy y6eXIeHUIO, BCAKas Teopus pyHIa-
MeHTaJIbHLIX (pU3NUeCKUX B3aNMONERCTBUH JOJKHA OLITH TECHO CBI-
3aHa CO CBOHCTBaMH IPOCTPAaHCTBEHHO-BPEeMEHHOI'0 MHOTooOpasud,
Yero He NOCTUTHYTO B COBpPeMeHHOH (pOpPMYIMPOBKE CUILHEIX B3an-
mogeiicTeuii. Ona, kak u Monent Baiiu6epra-Camama, umeetr deHo-
MeHOJIOTUYeCcKNH, BpeEMEHHLIN XapaKTep.

2. Ot 6onee T1y6OKOR TEOPUN CIIILHEIX B3aUMONEHCTBHI CIIENyeT
0XUIATh TeopeTHUeckoe 0OOCHOBaHUe BEIOOpa U3 BCEX BO3MOXHBIX
rpynn JIn nmenno rpynnsr SU(3).

3. CnenyeT mpu3HaTh, YTO MOMAEIb XPOMONUHAMUKHN ONMUPAETCS
Ha MeHBIIIEe YUCIIO MOCTYIATOB, Hexenn Monens Baiiubepra-Camama.
B wacTHOCTH, B Hell HET TOTO OOWIINA HOMOIHUTEILHEIX MOCTYIIATOB
O 3HAUYEHUIX THUIep3apiia U NPOeKIU§ H30TONMYECKOro CIUHA AJId
puUrypupymomnx B MoJeJIl YaCTHUIl U IOJIEH.

4. B coBpeMeHHOI XpOMOIMHAMUKE P BOIPOCOB CBA3aH C MPob-
sieMmoii koudaiiaMenTa. [loueMy KBapku HeHaGIIOMaeMEI B CBOGOTHEIX
COCTOAHUSIX !

5. 3meck TONBKO 0603HAYUM MPOBIIEMEI, CBA3AHHEIE C OMUCAHUEM
Macc KBapKoOB I B0oOOIlle CHIILHO B3aNMONEHCTBYIOMIUX YAaCTHII.

HGCMOTPH Ha 3TN M OPYTHUE IIPETEH3UN K MOOECJIM XPOMOIWHAa-
MHKH, B HAaCTOAIIIEE BPEMA OHa COCTaABJIAET OCHOBY OIIMCaHUA CHIIb-
HBEIX B3aMMOJIEMCTBUM. HOBTOMy aobad mHasd BHOBL nopenJiaracMad
MOZIEJb, IIPEXIE BCETO, JOJIKHa YIOBJIETBOPATH IPDUHONILY COOTBET-
CTBHA C YX€ yCTaHOBJIEHHBIMU KJIIOYEBBIMU ITOJIOKEHUAMU XPOMOON-
HaMHNKMN.



I'maBa 16

8-Mepnuas
reoMeTpmudyeckas MOIeIb
I'paBU-CUJILHBLIX
B3aMOIEeICTBUM

B sroil rnaBe o6cyxneHa 8-MepHas reomerpmueckas (yHapHas)
MOZeJIb I'PaBU-CUJIBHEIX B3aNMOIeCcTBHH, pa3BuBaeMasd ¢ IOMOIIBIO
TeX JKe MeTONOB MHOTOMepPHEIX Teopuil Tuna Kanyner-Kineiina, uto n
IIpU IOCTPOEHUN 7-MepHOU reOMeTPHUeCKOl MOIesu I'paBU-3JIeKTPOo-
citabeix B3amMopeiicTBumii. IlokaszaHo, 4To B paMKaX 5TOH MOMEIH
MOXHO ONNCATh M3BECTHBIE COOTHOILIEHMA KJIACCHYECKOW XPOMOOU-
HaMWKH.

16.1 OcHoBHBIe naen 8-MepHOHI
reoMeTpUIecKOl MOIeJIn
rPaBU-CUJIbLHBIX B3aMMOIENCTBUM.

1. 3agauum, pemiaeMble NpU HOCTPOEHUM 8-MEPHOW TeOMETPH-
YecKON MOHeNIN T'paBU-CHJILHBLIX B3aUMOIEHCTBUM, aHAJOTWYHEI Iie-
peuncienasiM B §10.1. Tem He MeHee, OTMETUM BaXXKHEWITNE U3 HUX:

1) Heo6xonmMo reoMeTpnuecKIME METONAMHI ONNCATh TPH THUIA
IBETOBEIX 3apAI0B XPOMOIUHAMUKH.

2) IlockonbKy B XpOMOAMHAMUKE CHIIbHEIE B3aNMONEHCTBHS IEpe-
HOCATCA 8 THIAaMU I'JII00HOB, HEOOXOIUMO IOKa3aTh reOMeTpUUYecKui
obpa3 3TuX GU3MYECKUX BEKTOPHEIX IOJiell B MHOI'OMEpPHOH I'eoMeT-
pUYECKOW MOIeNn.

387
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3) Kanu6posounas rpynna SU(3) npmBoouT K CymecTBEHHO He-
JINHEWHEIM BEIPaXKE€HUAM B O030HHOM CEKTOpE JIarpaHXNaHa TeOpUH.
CrenoBaio mokasaTh, UYTO BCE 5TH HEIMHEWHEBIE CIIATaeMbIE MOXHO
OnucaTh B paMKaX MHOT'OMEpPHOH I'eOMeTpPHUYeCKON MOIeld THUIa Te-
opuu Kanynrr-Kieiina.

4) CrenoBajio IpOREMOHCTPHPOBAThH, YTO B 8-MEPHOH MOZEIN
MOXHO ONHNCATh B3amMoZelicTBUe HEepMHUOHOB C IJIIOOHAMH B COTIJIa-
cum ¢ GepMHUOHHLIM CEKTOPOM XPOMOIWHAMUKH.

B paccmaTpuBaMoM HUXe BapHaHTe FeOMETPUUECKOH TeOpUH Mo-
Ka He CTaBWJIAach 3ajlaya ONUCAHUA MacC 3JIeMeHTapHEIX YacTHII.

2. [Ina pemienns nepevyncIeHHEIX 3a1a4 OGLIIN NCIOIB30BAHEL CIle-
Iyloline UIeHW U MeTONHL:

1) Ananms mokasai, 4TO Pa3MEPHOCTH 7 HENOCTATOYHO NI Pe-
IIeHNs NaHHBIX 3alad. DEITO mpensoXkeHO MCHONIB30BAThH 8-MEPHYIO
reOMETPUYECKYIO MOZEID ¢ CUrHATypoii (+ — —— | — — — —). 'naBuBIM
IOBOIOM B IOJIb3Y TPEX IONOJIHUTEIBHBEIX PasMepHOCTedl (K YeThl-
peM KiacCuuecKUM IJIIOC KOOpAWHATE :134) ABUJIaCh HEOOXONMMOCTh
OIIMCAHUA TPEeX LBETOBBLIX 3apsANoB (MJIf pelleHns NEPBORl W3 mepe-
quciieHHBIX 3ana4). W3BecTHO, uTo B Teopusax Kamymer-Kieiina 3a-
PAIOEL COOTBETCTBYIOT IONOJHUTEILHEIM KOMIOHEHTAM HMIIYJILCOB.
Tpu 3apsna — Tpu HOBBIX pasMepHOCTH (uMIyiibca). Bymem o6osna-
YaTh TPH HOBEIE JONOJHUTENbHEIE KOOPAMHATEI MHIEKCAME z ', 28,
2°, mMes BBUAY, 9TO BCe NpeBLIAYyINHe HOMepa yKe GBLIM 3aHATHI
I ONUCAHUA KjlacCMuecKoro 4-MepHOTO IpPOCTpaHCTBa-BpeMEHH WU
5J1eKTpociiabbIX B3anmMOIeCTBUM.

3ametum, uto B §11.5 yKe BBOOMWINCEH NONOIHUTEILHEIE Pa3Mep-
HOCTH IIJIs ONHMCAHUS TPeX MOKOJIEHWH JenToHOB. Ecim cTaBuUTH 3a-
Iauy oObeqWHEeHN I'PaBU-3JIEKTPOCIabbIX U CHILHEIX B3aUMoAelcT-
BUI, TO eCTECTBEHHO OBIIIO OBI OllepeThcd Ha TOT XKe Habop u3 9 pas-
MepHOCTeil ¢ JONOJHUTENLHEIME KoopaumHaTaMu z°, ', 8. OxHako
Ha 5TOM IyTH BO3HHKAaeT PAN JONOJIHUTEIBHEIX Ipo6ieM, IO3TOMY
[OKa COCPENOTOYNMCS Ha OHMCaHHN (O6BHENMHEHHN C TPaBUTALMEN )
HUCKITIOUNTEIbHO CHIIBHEIX B3aMMOAEHCTBHUH.

2) Tpu momoNHUTENBHLIE Pa3sMEPHOCTH BLIGHPAIOTCS KOMIAKTH-
¢unupoBanueiMu. OUOATH NPEHIaraeTcs WCOOJIB30BATH TOMOJOTHIO
3-topa. OTo o3HavaeT, YTO BCE MOJs, O0OJIANAIOIINE IIBETOBEIME 3a-
panaMu, JOJXKHEI HUKJINYeCKNM oO6pa30oM 3aBHCETH OT JOMOJIHUTEIb-
HEIX KoopauwHAT. [[5ig onucanmsa Tpex HBETOBBLIX COCTOSHUN KBapKOB
q(;) TpemlaraeTcs MCIOIb30BAaTh CIENYIOMYIO X 3aBUCHMOCTEH OT
IONOJIHUTEIILHEIX KOOPIUHAT:

a1y ~ exp(iye’); qe2) ~ exp(iyz®); qs) ~ exp(iyz?), (16.1.1)

Ille vy - HeKad HoBad KOHCTAHTAa, ONpelelidionasd Nepuol KOMIaKTH-
duKauy JOMOIHUTENbLHEIX Pa3sMePHOCTEN, XapaKTepu3yIOMINX CUIIb-
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HEIe B3auMofelicTBud. M3-3a cuMMeTpun B XpoMoIMHAMUKE BCEX TPeX
3apAJI0B MOJIOKEHO, 4YTO PaJlyChl KOMIAKTHPUKAINN ONNHAKOBEI 14
3THUX TPeX W3MepeHui.

3) Insa onucanms 8 IiII0OHOB IpefJIaraeTcs MCIOIB30BATh MET-
pUYecKuil BapmaHT 8-MepHOll Teopmm!, Korja Bce TITIOOHEI ONHCH-
BaloTCd KOMIIOHEHTAMH MHOTOMEDHOH METPHKH, KaK W B clIydae 7-
MEPHOHN MOMAeIN TPaBU-3JI€KTPOCIabbIX B3aUMOIEWCTBUIN.

Kak 651710 yKa3aHo B IpelbIAyIIel riiaBe n3 8 TIII0OHOB IBa ABJIA-
I0TCA HeATPAJILHEIMA IO IIBETOBLIM 3ap4/laM, a IMeCTh — 3apAXKEeHHEI-
mu. B cornacun ¢ onpenenernoit B (16.1.1) 3aBucHMOCTBIO KBapKOB
OT JONOJHUTEILHEIX KOOPAMHAT, IBETOBEIM 00pa30M 3apAXeHHEIE
TJII0OHEI JIOJIXXHEI MMETE CJAENYIOINE 3aBUCHMOCTH:

+ . 7 8\1. + : 7 9\7.
X, ~exp[Fiv(e' —2%); Y. ~exp[Fiy(z’ - 27)];

+ (8 0
Z; ~ exp[Fiy(z” —27)]. (16.1.2)

4) Kak ykaseiBajocs B §10.2, B cTaHZapTHOM HOAXOXE K OIECA-
HUIO COWHOPOB B paMkax ainre6p Knudbdopna man mosneMm BelrecT-
BEHHLIX YUCEJ UMeeTCs JKeCcTKas CBA3L MeXIY pPa3sMepHOCTLIO, CHUI-
HaTypoil MHOTOOGpa3usa M YUCIOM KOMIOHEHT cunumHOpoB. g pas-
MepHOCTH 8 cilefyeT MCHOJIL30BaTh 16-KOMIOHEHTHEIE CIMHOPEL.

5) B cormacum ¢ 1yxoM obIuell TEOPHH OTHOCUTENBHOCTH B MHO-
romepubrx Teopmit Kamyner-Kieiina B xauecTBe kitoueBoro (6aso-
BOTO) BEIPaXKE€HUs MOJENN BHIOMpaeTCs 8-MepHad 2unepniommocms
AQ2PANRIHCUAHA, CTATAIOMASCT U3 TEOMETPUUYECKOH YacTn (CKaIIpHOM
KPUBU3HEI) ¥ BHELIHEH K F€OMETPUY CINHOPHOH MaTepuu

-~ 8 ; —
F=y—c® |- T —|—ZZ—C\III‘MVM‘II—I—(h.c.) . (1613)

2&c

3meck Bce 0603HAUEHUS Te XK€, YTO U B 7-MEPHO#l MONEIU, PACCMOT-
perHoii B rimaBax 10 u 11. KoBapuaHTHEIE TPOU3BOIHEIE OT CIHHOPA
Ho-npexHeMy onpegnensiorcsa dopmysoit (10.1.3), roe mHAEKCH Ipo-
6erator 8 3nauvennii: 0, 1, 2, 3, 4, 7, 8, 9, u ucnonp3syorcsa 8-MepHEIe

'B mamei pabore [l1] 6B pasBUT B KadecTBe NPENBAPUTENHLHOTO LIATA
TOPCHOHHO-METPUYECKUN BapUAHT 7-MEPHO TEeOpUH, B KOTOPOM HEUTDAJLHEIE
(B IBeTOBOM CMBICIIE) TNIIOOHEI OLMCHIBAIINACH MHOTOMEDHOM METDUKOH, Kak ¢o-
TOHEI B 5-MepHoil Teopuu Kamynsl, a 3apsXeHHBIe TIIIOOHBI BBOAWINCH IIOCPEN-
cTBOM TeH30pa kpydeHus. Kpome Toro, B paGorax A.B.Munmakosa [42, 45] 651
UCCIIENOBAH 7-MEPHBIN METPUYECKUAN BAPUAHT IPDABU-CHIIBHBIX B3aWMONENCTBUM.
Brimo mokaszano, uTo ceMu m3MepeHUI HETOCTATOUHO IJIS IIOCTPOEHUS ONHOBPE-
MEHHO Kak G030HHOT0, Tak U GepMUOHHOT0 CeKTOpOB Teopuu. 8-MepHuii BapuanT
uccnenosaiica copMmectHo ¢ A.H.I'ybanoBbim.
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kospdunuentr Bpamenus Puuun. na 16-panaerx matpun 'z, 06-
obmatomux MaTpunsl upaka, UMeIOT MECTO COOTHOIIEHUS CBS3U C
KOMIIOHEHTaMM MEeTPHUYECKOTro TeH30pa, aHasmoruynsle (10.1.4).

6) Kak ¥ B IpenbIAyIuX MHOTOMEDHBIX I€OMETPHYECKUX MOJE-
JAX GUBNIECKNX B3aMMOIEHCTBUI, MpemiaraeTcsa UCI0Ib30BaTh 06-
obIIleHns MOHAMHOTO MeToNa pedyKIuu Ha 4-Mepue. B mamnoMm city-
gae 5T0 6ynmeT terpanubiii MeTon 14+14141-+44-pacmenienus.

7) s mosydeHms OKOHYATENLHHIX (POPMYJ ONATH OymeT muc-
IOJIL30BATLCSA METOI yCPeNHeHHs (MHTErPHPOBAHU:A) MCXONHEIX 8-
MEPHEBIX BEIpaXXeHWil IO NOMOIHUTEILHEIM KOOPAMHATAM.

16.2 MeTpuka nu TeTpaaHble
¢u3uKO-reoMeTpMUECKNE TEH30PbI

Onmpaschk Ha paHee W3JIOKEHHLIA MaTepHaJl IO MOHAIHOMY H
OUAJHOMY MeTomaM PeNyKIUM, W3JIOXKHUM CaMble HEOOXOTUMEIE CBe-
IeHusA o TerpanaoM Metome 1+1+1+1+4-pacmennenus. Bymem cite-
IOBaTh MPEXHERN cXeMe M3JIOXKeHUA: ajirebpa, GU3UKO-TEOMETPHUUEC-
KW€e TEH30pHI, ...

1. B terpamaoM MeTone 8-MepHBIH METPUUECKHH TEH30D B BLI-
6paHHOl BEIIIE CATHATYPE MPENCTABIIETCA B CIENYIOINIEM BUE

8Gun = gun — Emén — Culn — TN — WMWwN, (16.2.1)

roe En, M, MM, WA — YETHIPE OPTOHOPMUPOBAHHbIE (IIPOCTPAHCT-
BEHHO-TIONOGHEIE) BEKTOPEL TETPAIELL.

Bynem ucnonb3oBaTh KaJuGpOBKY THIIa YETHIPEXKIEI XPOHOMET-
pUYeCKOl, KOrfla KOMIOHEHTHI BeKTOPOB TeTpalbl CIeAYIOMUM 06-
pa3oM CBA3aHBI ¢ KOMIOHEHTaMH 8-MepHOTO MeTpHUYecKOoro TeH3opa:

~ - ~M
€M — GQ/I . wM — Gg/[ . nM — Gé\/[ . CM — G?
_G44 \/ _é99 V _GSS —é’77
(16.2.2)

rme
Gun =Gun + &mén; Gun = Gun + wywn;

Gun = Gun + nunn.
B TeTpaI[HOM BHIIOE KOMIIOHEHTEI COCTaBJIIAIOIIINX MeTqueCKOFO TEH-

30pa IMEIT OOBOJIEHO I‘pOMO3I[KI/[I7[ BHO, IO3TOMY OIrPaHUYUMCA 3a-
IINCBIO TOJIBKO HECKOJIBKHNX BEJINYNH:

G4a G9a

a — ) Wa = )
€ V _G44 V _G99
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_ GooGsa — GgoGoa
 /~Goo(GrsGoo - Gy)’
Ca = —(G38G99Gra — G3oGra + GroGs9Gsn — Gr3GooGsat
+Gr8G3Gon — GssGraGaa) (GsGas — Gio) /2%

X (G77GssGoo — Gr7G2y — GsGlg — GooG2g + 2G8GroGiao) 1%

1 9 1 8 ‘\/ng

64: . w? =

) o7 )
V944 V=G GggGog — Ggg

C7 -/ GggGog — Gég

\/G77G88G99 — GrGiy — GgsG2y — GooGig + 2G75G79Gs9

N (16.2.3)

(16.2.4)
90 = %0+ + 110 + 0wa; g8 = €860 + ¥l + 1°n0;
95 =60+ (" g4 = &*a (16.2.5)

2. B cornacum ¢ U3IOXEHHBIM paHee 6yIeM Iojararb, 4yTo 4-
MepHBIE KOMIIOHEHTHI YeTHIPEX BEKTOPOB T€TPANLL [UKINIECKUM 06~
Pa30M 3aBHCAT OT TPEX HOMOJHUTEIBHEIX KOODAMHAT B AyXe 7-Mep-
HEIX popmya (10.2.7) — (10.2.9):

€o = ClasAs + b4Bo+

+ef X exp[—iy(e” - 2%)] + 2f X expliv(z” — 2°)]+
LY exp[—in(a” — 2] 4y Yo expliv(a — a%)]
+2f 2 exp[—iy(e® — 2°)] + 25 Z; expliv(2® —2°)]};  (16.2.6)
Co = C{ar Ay + biBat
+ef X exp[—iy(e” - 2°)] + 27 X expliv(z” — 2°)]+
PV explin(a” — 2%)] + 97 Yo expliv(e” - 2]+
+2f 2 expl—iy(e® — 2°)] + 27 Z; expliv(e® —2°)]};  (16.2.7)
flo = ClasAq + bsBot
+eg X exp[—iy(e” - 2®)] + 25 X expliy(z’ — 2®)]+
+yg Yo exp[—iy (2" — 2°)] + yg Y, expliv(e” - 2°)]+
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+2g 2 exp[—iy(e® — 2°)] + 25 Z; expliv(2® —2°)]};  (16.2.8)
wa = Clag Ay + boBat
+eg X exp[—iy(e” — 2°)] + g X expliv(z’ — 2®)]+
LY exploin(e” - %)) + 43 ¥ expliv(a” — 2]+

+25 2] expl—iy(e® — 2°)] + 25 Z; expliv(2® —2°)]},  (16.2.9)

roe C - Hekas pa3MepHas KOHCTaHTA, d,, by, a:;t, y;t, zgt - Oespa3s-

MepHEIe KOHCTaHTH (5=4,7,8,9), KOTOpBIe NOIKHEL GBITH OIpeneie-
HBI U3 YCIOBUA COOTBETCTBUA C 6O30HHEIM CEKTOPOM XPOMONUHAMMU-
ku. Bexropasie mona Ay, By, X, Y+, Z* npencrapnaior coboit 8
rifooHHHIX modeit (15.2.5), (15.2.9) crarmapTHO#l XpPOMOIMHAMUKI.

3amernM, uTo B BhIpaxenu: (16.2.6) - (16.2.9) B obimem ciryqae
MOXHO 6BIIO GBI BBECTH €llle IBa HENTPAIBHEIX BEKTOPHEIX OIS C
COOTBETCTBYIOIIUME TpH HUX Kodpdunuentamu. Teopusa ¢ Takumn
nossaMu mpereEnyer Ha poab SU(3) X U(1) x U(1)-cummeTpudHOi
mogenun. OmHAKO 3/eCh OTPAHMYMMCA YaCTHHEIM ciiyd4aeM 6e3 TaKumx
“uimEnX” BEKTOPHLIX IMOJIEN.

3. Kpome Toro, orpaHuduMcs CIyd4asisMi, KOTAa HENUATOHAIILHETE
” cKaJISpHEIE” KOMIIOHEHTEHI BEKTOPOB TETPAIbl PABHEI HYJIIO:

=== =0"=9"=0. (16.2.10)
ECTeCTBeHHO TaKXe€ IIOJIOXUTH,

¢r=C"=n*=0u° (16.2.11)

4. B TETPagHOM METOIE U3 COCTABIAKININX METPUUYECKOTO TEH30-

Pa 1 UX IepBBEIX IPOU3BONHEIX CTPOUTCI pAl PU3MKO-TeoMeTpuyec-

KHNX TEH30POB. BI:IHI/[I_HGM YETBIPE M3 HUX, KOTOPEIE (HeHBHI:IM 00-

pa3oM) COOTBETCTBYIOT HEIMHEHHEIM TEH30paM HaIPSXKEHHOCTH (C
HeabesleBEIME ’XBOCTaMu” ) TIIIOOHHEIX IOJIEHl B XPOMONUHAMUKE,

Fc(u‘;)’) = %[(gaﬁ - Sﬁ,a) + C7(Cﬁ€a,7 - Cocfﬁ,7)‘|’

18 (1p€as — Nabps) + WO (Wpkao — walp )i (16.2.12)
FED = 2[(Gap — G) + €7 (Coent — i)+

+1°(15¢as — Nalps) + @ (Wplas — walpo)l; (16.2.13)
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1
FS;) = 5[(77%[3 - nﬁ,a) + C7(C/37)a,7 a Co‘nﬁ’7)+

+0° (705 — Nanp,s) + W (Wptla 9 — Walp)]; (16.2.14)

; 1
Fc(u%) = 5[( o, — wﬁ,a) + C7(Cl3w“v7 o Cawﬁ’7)+

+1°(Mpwa.s — Mawp 8) + W (WaWa 9 — Wawp o), (16.2.15)

rie HeT cjaraeMbIX ¢ AuddepeHINpOBaHIeM MO %, IIOCKONLKY HC-

TOJIB3YETCA YCIOBME MUINHIPUIHOCTH O 3TOM KoopauHaTte. UmMeeT-
cs ellle PNl OTIAWYHLIX OT HYJIS APYTUX TETPATHBIX (HU3UKO-TEOMET-
pUYECKUX TEH30POB, KOTOPLIE HAIOT BKIIAALI B MACCOBLIE CJIaTaeMEIe.
Oun 3mech paccMaTpHBaThLCA He OymyT.

5. Ilng Hamux 1ejieil OCHOBHOM MHTEpeC MPEeICTABIIAeT 8-MepHasd
CKaJIspHas KPUBU3HA 8R, BXONAIMIAs B TUNEPIUIOTHOCTE JIaTPaHXMa-
Ha (16.1.3), kotopas nocie 1+1+1+4144-paciennenns NpuHEMAET
BHI

SR = ‘R + F;;)F(4)“ﬁ+

+EGFM 4 FE @b | FO FOs | (16.2.16)

Ille MHOTOTOYWEM OTMeYeHLI BKJIANLI NPYTUX TeTPAaTHBIX (DU3UKO-
TEOMETPUYECKUX TEH30POB, OMUCHIBAIOIINX, KaK yXe OTMeYajoch,
MAacCCOBLIE CIIaraeMEIE.

6. Bo3zoHHET ceKTOp 8-MepHOIl TeOMETPUUECKOH MOIENN ONMUCHI-
BaeTCs IEPBOI YacThio (CIpaBa) B TMIEPINIOTHOCTH JIarPaHXUaHA
(16.1.3), xyma momcTaBiIeHO BHIpaXKe€HWe I 8-MEPHOM CKaJlspHOR
kpuBm3HEL (16.2.16). OueBunHO, uTO 4-MepHas CKaJsgpHas KPUBH3HA
OIMCHIBaET rpaBHTAaNmio, a ocrapmuecs B (16.2.16) cnpaBa ciarae-
MEIE CJIENYEeT CONOCTABUTLH JIarPAHXWaHy BEKTOPHEIX G030HHEIX IO-
Jeit crangaprHoit xpoMonnHaMukn B (15.3.9) - (15.3.12). B nampuei-
meM 6yneM mojaraTh, YTO T'PaBUTAIIMOHHEIE BKIIaNEI IpeHeOpexm-
MO MaJIbl, U COCPENOTOUYMMCS Ha OOCYXKIEHUU TIIOOHHLIX BKIIANOB B
TIpaKTUYeCK! INTOCKOM 4-MepHOM mpocTpaHcTBe-BpeMenu. [lomcras-
aaa B (16.2.16) npencraBieHne KOMIIOHET BEKTOPOB TETpPAnEl de-
pe3 dusmueckume TIIOOHHLIE TOJIS U SKCIOHEHNWAJILHEIE CIIaraeMbIe
(16.2.6) — (16.2.9), mocie ycpenHeHms MO MEPHOAAM IOMOIHMTEINb-
HEIX KOOPAWHAT HAaXOMWUM ILNIOTHOCTH 4-MEPHOTO T€OMETPUUYECKOTO
JarpaHXmnaHa. BBUIY IpoM03IKOCTH mOJIydalolieecs BLIpaXeHue He
6yIeM BLINUCHIBATD.

Crenyer moxasaThb, YTO MOXHO Hono6paTh BBeneHHEIE B (16.2.6)
- (16.2.9) ko> PUNMEHTEI TaK, YTO reOMeTpHUECKas 6030HHAA JacTh
6yneT coBmajzaTh ¢ 6030HHON YacThIO CTaHAapTHON XpOMOIWHaMMU-
KH.
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16.3 YcaoBus Ha KO3DPUIMEHTHI
Pa3JI0XKeHU

N3 comocTaBieHus MIOTHOCTH TeOMETPUUYECKOTO JIar paHXUaHa
8-MepHO# MoJlesiu I'paBU-CUIILHLIX B3auMoAelcTBUR ¢ 6030HHOH Yac-
ThIO INIOTHOCTH JarpaHXXWaHa CTaHIapTHON XPOMOIMHAMUKHN Ha-
xomsrces 46 ycnoBmit (ypaBHeHmit) Ha 33 KoshdUIEEHTa pasiioxKe-
HUs BEKTOPOB TeTPajAbl (CMENIaHHEIX KOMIOHEHT 8-MEpHOH MeTpn-
k) (16.2.6) — (16.2.9) mo ¢pusudeckuM BeKTOPHBIM IOJISAM TIIIOOHOB
¥ Ha ONHY KOHCTaHTY

7
c=2¢

90

Te go — KOHCTAHTA CBSA3M CUIILHEIX B3aWMONENCTBUI B XpPOMONWHA-
muke. [lo xapakTepy COMOCTaBISIEMEIX BEJIUUNH 5TH YCIOBUA pa3ou-
BaloTCA Ha b rpymm:

1. YcoBusa m3 cpaBHeHUS KBaJpPaTUUYHBIX KOMOWHANMN W3 TJITO-
OHHLIX IOJIEN:

aj +a?+ai +ai =1; (16.3.1)

b3+ b2+ b3+ b3 =1; (16.3.2)

agby + a7by + agbg + agbg = 0; (16.3.3)
efey +aefe; +ageg +adzg =1; (16.3.4)
Yivs Tyiyr tusus Hudye = 1 (16.3.5)
izl v 2dzy ‘2dzg +28zg =1 (16.3.6)

2. YcmoBud U3 cpaBiieHUS KyOMUHBIX KOMOWHANWi HelTpallbHBEIX
¥ 3apAXXeHHBIX TI'JIIOOHHBIX IIOJIEH:

(zg —z7) Zaimj + (zg — 23) ZGZ = —; (16.3.7)
Clag —a7) = —1; (16.3.8)

(zg — z7) Zb 2t + (24 — Zb z; =0; (16.3.9)
C(bs — br) = 0; (16.3.10)

(5 —97) Zazyz Zazyz = —; (16.3.11)
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Clay — a) = —%; (16.3.12)

_ V3
o — Y7 szyz Zblyl = o5 (16.3.13)
C(bo — br) = —?; (16.3.14)

- - _ 1
(24 — 25) Xi:aizf + (28 - 23) zi:aizi =50 (16.3.15)
1

C(as — ag) = —g (16.3.16)
(25 —25) Y bizt + (28 — 23 )Z:bZ = _\/_§, (16.3.17)
O (b — bs) = —?. (16.3.18)

3mech m B MaJbHERIIEM MTPOU3BONUTCA CYMMHUPOBAaHUE MO %, Mpobe-
rafomemy 3Hauenud: 4, 7, 8, 9.

3. YcnoBus u3 cpaBHEHUS KyOMUYHBEIX KOMOMHAIUN TOJILKO 3api-
JKEHHEBIX TJIIOOHHBIX IIOJIEN:

1

(v — ¥s Zw+z+ + (2 - z7)2z =G (16.3.19)
- - . 1
Zm (zg — 27 Zm = —\/5; (16.3.20)
1
(zg — 29 +z+ + (zg — 27 ter = ——; 16.3.21
9 Zy 7)2?/1, 7 C\/§ ( )

—2d) Yy =z + (- Zyz 2 = C\f (16.3.22)
27— ) D Z i + (v7 v Zz+ + = —\/5; (16.3.23)

- 1
(27 — zg) Zz i Zz z; :—\/5; (16.3.24)
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4. YcaoBus u3 cpaBHEHUS KOMOUHAIUN YETBEPTO CTENEHN TOIb-
KO 3apAXXeHHBIX I'NIIOOHHBIX IIOJIEH:

(vo — ) w'=
e — 2D v (v -
(27 = 2D 2 5 (a3

(E—iEg E:I}Z

(v7 —vs)D 2w

—e)Dzu (v

Dz (of -
+Hyr —v5) Doz (27 -
o) et -

—ef)D o E

DD wi = (=
—y)Dow A (e
(5 —97)D i 2i (a7

(27 —z) + 257 (w8 — w3+
+ o= (- -\ L
)‘|‘Z?/i Y (29 —27)] = 50T
Z (16.3.25)
—2d)+ > zfe; (2 - D)+
. 1
‘1‘222 —‘Es)]:—ﬁ§
(16.3.26)
(27 —=23) + > a2 (v7 — v+
_ _ 1
_y8)+zyzyz —1139)]:@,
(16.3.27)
§)+2 2y (27 —2g)l+
+ NET N
z )"‘Z‘”z?/ (27 —zg)] = BYeEk
Z (16.3.28)
—}—Zm zy _Zs )]—1—
— — — (V] L
Zg _Zs)‘*‘zmi z; (29 Zs)]——ﬁ,
Z (16.3.29)
—zf)+ )y (2 -zt
1
_28 —I_ZZ yz _ZS)] 202’
(16.3.30)
—939)+Z£'3 z; (va — ui)]+
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(z7 —zg) Zyz z,;
(o =)Dz (=
Hzg —2z5)D_ 22
(vs —90)D_ vz (=7
Hzr —29) D7 v (4
§—27) )zl e (ag

D v (95 -
Ezi_z

+Z vt (
s —23) —I—Zz

+Zyz yit (

(27 —25)+D_ 7 2 (=
—#)+ D w5 (v

—ug)+D_wi v (a

Yo —u7 )2 +2(y

Z42(

_Zg

—ms)—I—Zm z;

—z7 ) +2(zf -

z3)] = 0; (16.3.31)

(z5 — z7)l+
F_zh) =0; (16.3.32)
—ya)+
—2z$)] = 0; (16.3.33)
o)(@7-23) = 5o
(16.3.34)
1
~43)(¥7 %) = 53
(16.3.35)
% —2)(% —%) = &7
(16.3.36)

5. YcioBuS U3 cpaBHEHUN CMEIIAHHLIX KOMOWHAIUN YeTBEPTON
CTeNleHN 3apAXKEHHBLIX N HEWTPaAJILHBLIX IIIIOOHHBIX ITOJIEH:

(as — a7)[Z :L';"z"'

(as — an)[Y 27 27 (v

a7 - ag) qu, Z;

(bo = b2)[Y 27 v (

(v5 —v5)+ D =y (=5

—98) + 2w (
—:Eg —}—Zm

27 —z5)+ Yz yf (25 -

zg —2z7)] =~

Ve
ﬁa
(16.3.37)
Ve
ﬁa
(16.3.38)

24/20?’
(16.3.39)
V3

24/202’
(16.3.40)

=

zg —z7)] =

zg)] =
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V3
b—bET"T+—+ ET“T+_+:4.
( 9 7)[ - z; Y; (Z7 28)+ - Z Y (1139 Tg )] 2\/502,

(16.3.41)

(bg — bs)[zzjyl_(m}" - m;)-l-zzj—mj(?h— —ys)l = _2\/\2502;

(16.3.42)

(bg — bs)[Zz{yj(m; —:1:9_)—I-Zzi_f”i_(y7+ —y3)] = _2\>/§§Cz;

(16.3.43)
(-~ o) aFo (e — o)+ el (o ) = 5
(16.3.44)
(ag — ag)[zi:zj'yi_(m; —z3)+ Z;Z:_mj_(?/s_ —y7)l = ﬁ;
(16.3.45)
(00— o) = i (= = o7) & 3= 23 (6 9] = el
(16.3.46)

16.4 PereHne ypaBHEeHUN UM UX aHAJIN3

1. IpumMeuaTensbHO, YTO MOJTYUYMBIIAICA CHCTEMA YPABHEHUN He
SBIIsieTCs Tepeonpeneiiennoii. W3 »toil cucteMel BhimenuMm 9 ypas-
HeHmil mox HoMepamu: 1, 2, 3, 8, 10, 12, 14, 16, 18 (3mecs umeeTcs
BBUAY JINIIL NOCIENHAA NHbpa B HyMepauunu GopMyi), Kyaa BXOLIT
mums 8 “HedTpanbHEIX” Ko3dduiuentos, u koucranta C. W3 soii
MOACUCTEMBI HaXOIUM PEIIEHUE:

1 .
V2’

1 2
by =0; br=bg=+—; by= \/j; 16.4.2
4 7 8 76 o — F 3 ( )

1
C=+—. (16.4.3)
V2
BO BCEX 3TUX BBEIPpAXEHUAX 3HaKHn IIJIIOC-MHUHYC COTJIaCOBaHEI OPYT C
npyrom. Oum oTpaxaioT TOT GakT, YTO HePEMEHHELIE BXONAT B PIX
Bpra.)KeHHﬁ KBaJdpaTHUYHO.

as=0; ay=—ag—= ag = 0; (16.4.1)
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JI10600BEITHO OTMETUTE, UTO PEUIEHUS OIS NBYX TPoeK Kosdbdu-
IMEHTOB ¢ HOMepaMu: 7, 8, 9 COOTBETCTBYIOT ABYM (IMATOHAILHEIM )
marpunaMm 'emin-Manna Az n Ag u3 (15.2.3), ecsin ¥X pacnosoXuThH
B COOTBETCTBUU ¢ HOMepaMmu: 7 — 1; 8 — 2; 9 — 3. IleiicTBUTENBHO,
nMeeM

0 ag 0 |J=4+—[(0 -1 0 )=4——X3; (16.4.4)
( 0 0 ao ) V2 ( 0 0 ) V2

(b7 0 0) 1 (1 0 0 ) 1
0 b 0 J=4+—(0 1 0 |=+—Xs. (16.4.5)
0 0 b vVe\o 0 -2 V2
2. HOI[CTa.B.TIHH Ha.ﬁ,[[eHH]:Ie PEIIEHNUA B OCTaBIINECA YPaBHEHUA,

HaXONUM pelleHus s “3apsaxeHHBIX” KoddhdunumentoB. OTHenbHO
BLINUIIEM KO3(hPUINEHTHI ¢ MHEAeKcaMu “4”:

ef =z =y =y, =zf =z = +1. (16.4.6)

Ocrasmuecs ko>hdunnenTs: ¢ uagekcamu: 7, 8, 9 ynobuo mpencra-

BUTH B 3-MEPHOM BeKTOPHOM BH]le, HAaIlpUMeEpP

&t = (m?,zét,:eg:).

Has unx HaxonaTcsa 8 map permienuii. [IpencTaBuM ux B Bue cieny-
1ommel TabJINIbI:

1-# BapuaHT | 2-#f BapuaHT | 3-1 BapuaHT | 4-i BapHaHT
- (0,+1,0) (+1,0,0) (0,+1,0) (+1,0,0)
zt (+1,0,0) (0,+1,0) (+1,0,0) (0,+1,0)
7| (0,041 | (#1,0,0) | (0,0,71) | (F1,0,0)
7| (£1,0,0) | (0,0,41) | (1,0,0) | (0,0, 71)
= | (00,41 | (01,00 | (0,0,71) | (0,F1,0)
0| (0,#1,0) | (0,0,&+1) | (0,%1,0) | (0,0,%1)

b-if BapuaHT | 6-11 BapwaHT | 7-# BapHaHT | 8-H BapHaHT
F | (0,¥1,0) | (¥L,0,0) | (0,¥L0) | (F1,0,0)
zt (¥1,0,0) (0,F1,0) (¥1,0,0) (0,F1,0)
7| (0,041 | (#1,0,0) | (0,0,71) | (F1,0,0)
7| (£1,0,0) | (0,0,41) | (1,0,0) | (0,0, 71)
zZ- (0,0,F1) (0,F1,0) (0,0,+1) (0,+1,0)
zF | (0,¥1,0) (0,0, F1) (0,41,0) (0,0,41)

COBOKYIIHOCTH 3THX PpeIIeHUil yIBamBaeTCs 3a CYET BHIOOpA MBYX
3HaAKOB y Ko3(pdpuuuenTos ¢ nugekcamn “4” B (16.4.6).
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3. Huxe 6ymeT mokazaHO, 4TO YCIJIOBUS, BEITEKAIOIINE U3 COTIIa-
coBaHUS (HEPMUOHHBLIX CEKTOPOB NBYX TEOPWil, BEIOENSIOT MEPBHIR
BapuaHT pelieHus. Bug 3Toro perenus cOOTBETCTBYET CTPYKTYpe
Tpex map HeAuaroHAJLHBIX MaTpul ['enn-Manua B 6asuce Kaprana-
Beitns (15.2.7), eciin mosmXHBIM 06pa30M HOCTPOUTE 3-PSNHEIE MaT-
punel u3 kosbdunmentos £, yT, zT. IelicTBuTensHo, obpasyeMm
mIECTh 3-PANHBEIX MaTPHUI W3 CTPOK: JuOO W3 KOMIOHEHT BEKTOpA
¢ mHOgekcoM “-” cBepxy, am60 W3 KOMIOHEHT BEKTOpPa C HMHIEKCOM
“4+” cBepxy m IByX CTPOK m3 Tpex Hy’deir. OnHa cTpoka W3 HYJeR
MOMEIIAETCA B MECTO, COOTBETCTBYIOIIEE HOMEPY MHAEKCA, KOTOPOTO
HET B COOTBETCTBYIOIINX SKCIOHEHTaX. HampuMep, i BEKTOPOB £ T
5KCIOHeHTa ompegeiieHa B (16.1.2), T.e. B Hee BXONAT KOOPAMHATHI
¢ mHAeKcaMu 7 u 8, — 3HAUUT, HYXHO NOOABUTH HYJIEBYIO TPETHIO
CTPOKY, COOTBETCTBYWOINYIO HemocTatomeMmy uuuekcy 9 — 3. Ipy-
IYIO HYJEBYIO CTPOKY CIENYET MUCATH COTJIACHO CIEAYIOMEMY Mpa-
Buiay. Ecim B3aTa cTpoKa M3 KOMIIOHEHT BEKTOpa C MHOEKCOM “-”,
TO BTOpas HyJieBas CTPOKa HUIIETCS HUXKE €€; eclii B3SITa CTPOKa
13 KOMIIOHEHT BEKTOpPa C MHAEKCOM “+”, To BTOpas HyJieBad CTPOKa
nuieTcs Beiaie ee. B utore 6ynmem uMerh

oo oo

= +7p3; (16.4.11)

_=o o [en N ewNan) oo O oo o [en N ew N an) (= Nel o

Ni_olol [e=]] Nll [en]] Nﬁ_ll_olol Oioltell [en]] &iol ooy till

oo oo oo SO

4. Beinnmem sBHO KOMIOHEHTHI TeTpansl (16.2.6) — (16.2.9) s
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IIEPBOTO BapUaHTa PEIIeHns:
€o = Co[ X exp[—iy(2” — 28)] + X exp[iy(z” — 28)]+

AV} expl—i (a7 — 2%)] + Y explin(e” - 2%)]+
+Z} exp[—iy(e® - 2°)] + Z; expliy(2® — 2°)]);  (16.4.13)
1 1
a — C _Aoc _Ba
G of 2 + G +
+ X exp[—iy(2” — 28)] + Y.} exp[—iy(2” — 2°)]); (16.4.14)

1 1
Na = CO[_ EAQ + %Ba‘}‘

+ X7 expliv(z” — 28)] + ZF exp[—iy(2® — 2°)]]; (16.4.15)
we = Co —%Ba + Y, expliy(z” — 2%)] + Z, expliy(z® — 2°)]|.
(16.4.16)

5. B Gomee paHHeM BapmaHTe 7-MEPHOH MeTPHYECKOil MOIEIH
rpaBU-CINIBHEIX B3amMofelicTBmil [45] pelnanack aHAJIOrMYHAs 3ala-
4a HaXOXIeHHUs K05(pGUINEHTOB B KOMIOHeHTax Tpuansl (16.2.7) —
(16.2.9). Brunu Hajinens: Te xe camsle pemenns (16.4.1) — (16.4.2)
I Ko>hPUIUEHTOB Iepell HElTpPalbHBIME BEKTODHBIME IOJISMH,
a 1 k03(pGUNNEHTOB Iepel 3apSKEHHLIMI BEKTOPHBIME MOJIAMH
OIATH HOJIyYWJIOCH 8 Map BapMaHTOB PEIleHMil, KOTOPEIE IPENCTaB-
JIEHEL B BHJe CIIEAYIONIEH TaGIMIEL:

1-# BapuaHT | 2-#f BapuaHT | 3-1 BapuaHT | 4- BapHaHT
zt | (0,71, F1) | (¥1,0,F1) | (0,F1,F1) | (F1,0,F1)
g | (F1,0,¥1) | (0,F1,F1) | (¥1,0,F1) | (0,¥1,¥1)
7 | (0,FLFY) | (F1,71,0) | (0,+1,41) | (+1,41,0)
g || (FL,F1,0) | (0,F1,F1) | (+1,£1,0) | (0,+1,+1)
Zt | (F1,0,F1) | (F1,¥1,0) | (£1,0,+1) | (£1,%1,0)
| FLFLO) | (FLO,F1) | (£1,+1,0) | (+1,0,41)

b-if BapuaHT | 6-11 BapmaHT | 7-# BapHaHT | 8-H BapHaHT
z (0,£1,41) (+1,0,41) (0,£1,41) (+1,0,41)
r- (£1,0,41) (0,£1,41) (£1,0,41) (0,£1,41)
7 | (0FLFY) | (F1,%1,0) | (0,+1,41) | (+1,41,0)
|| (FL,FL,0) | (0,F1,F1) | (*1,£1,0) | (0,+1,+1)
Zt | (£1,0,£1) | (£1,#+1,0) | (¥1,0,¥1) | (¥1,FL,0)
Z7 || (£1,41,0) | (£1,0,41) | (¥L,¥1,0) | (¥1,0,¥1)
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TakuMm obpaszoM, umeromcd no 8 nap 6apuanmos pewenuts oid
KOIPPUYUEHMOE DPABA0NHCEHUA JONOAHUMEABHBIE CMEULAHHBIT KOM-
NOHEHM MHO20MEPHO20 MEMPUUECKO20 MEH3OPA KAK 6 8-meprol
2eomempureckot, modeau, max u 6 T-meprot modeau, mpu xKomo-
PHIT UMeem mecmo coenadenue 6030HHBIE cexkmopos deyr meopud.

16.5 TeTpanaublie onepaTophl
nuddepeHIUPOBAHUA U
HellTpaJibHbIe BEKTOPHBIE MOJISA
1. B TeTpamroM dopManusMe KIIOUEBYIO pOJIb UTPAIOT MATH

TeTpamHEIX onepaTopoB nuddepennunpoBannsd. B kauecTBe TaKOBEIX
MOXHO paccMaTpHUBaTh CJeAYIONINe OIepaTophI:

95 = gM%iM = 54%; (16.5.1)

05 = CM&ELM = C7%; (16.5.2)

% =n"5 5 TIS%; (16.5.3)

0y = wMam—M = wQ%; (16.5.4)
u 0 8

0, =9, 92 — 9o +£.05 + Cu07 + 105 + w05, (16.5.5)
JleficTBUe Bcex 5THX ONepaTOPOB He 3aBUCHUT HU OT paHTa, HU OT
KOBapMaHTHOCTHU AuddepeHnnpyeMEIX BETNINH.

2. Mocnenuuii onepatop (16.5.5) cooTBETCTBYET yAIMHEHHOM IPO-
m3BonHoi (15.2.6) B xpomonnuamuke. Ilomaras, 4ro sToT omeparop
IENCTBYeT Ha IPOUW3BOJIBLHYIO GyHKIuio ¥ co ciemyioimeil 3aBUCH-
MOCTBIO OT JNONOIHUTEILHLIX KOOPAMHAT

U = o(2%) exp[ifeqz® + iy(ere’ + egz® + e92°)], (16.5.6)

rie ¥ (z%) - 3aBUCHT TOJILKO OT YETHIPEX KIIACCUYECKUX KOODAUHAT,
n ucnonb3ys pemenns (16.4.1) — (16.4.2) nna koshPUuEEHTOB PN
HeATPAILHEIX BEKTOPHBLIX MOJIAX, NMOJydYaeM JJid YIJIMHEHHON Mpo-
m3BonHoit (16.5.5) BeIpaxkeHme

v =

“w
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= i + \/52"7067 ; £s

e7 +€eg — 2¢€9
5oh —FB,+ | L.

2V/3
(16.5.7)

3neck BLIGpankl BepxHue 3Haku B (16.4.1) — (16.4.2); ¥ = yn".
Ecnu 651 paccMaTpuBajicss BADHAHT TEOPUH C JONOIHUTEILHEIM
HETPAJILHEIM BEKTOPHBIM HoJieM M), TO K yIJIMHEHHOH IPOM3BOI-

Hoit (16.5.7) cpaBa mo6aBmiics GBI WieH

A, + V2i7C

\/gi?CWMM\I& (16.5.8)

3. CpaBHuBas yniuHeHHy0 npomssonuyioo (15.2.6) B cranmapr-
HoOll xpoMonuHamuke ¢ (16.5.7) B 8-MepHOil reoMeTpHYECKOi MONEINH,
TMPUXONUM K CIIENYIONINM OTOXIECTBIEHUIM:

Q. = %(67 —€es); Qp= 21%(67 + €5 — 2¢9). (16.5.9)

B cnyuae mpucyTcTBHS IDOMONTHUTENLHOTO HEHTPANILHOTO BEK-
TopHoro mons M, m coorBercTBylomero emy ciaraemoro (16.5.8)
€CTECTBEHHO BBECTH ellle ONWH 3apsl

1
Q.= 5(67 + &5 + €9), (16.5.10)

KOTOPBIl MOXKHO HMEHOBATh K6a3UIMEKMPUUECKUM 3aAPATOM.

4. Ucnonbsys dopmyser nis 3apsanos (16.5.9) — (16.5.10) u npu-
BeneHHbIe paHee B (16.1.1) u (16.1.2) 3aBHCEMOCTH OT HONOIHATENb-
HEIX KOODAMHAT IJId KBapKOB M TJIIOOHOB, 3alUINEM IJIS BCEX pac-
CMaTPUBAEMEIX YAaCTHUIl TAPMOHUKM W 3apAlbl B BUie TabGIUIEI, CO-
OTBETCTByIOIIeH Tabnume B §15.2.

[ Tacrmmet | [ er [ es [eo] @a [ @ [ Qe |
qu=qr | 1 | 0 |0 1/2 | 1/2v3[1/3
Keapku | gy =gy | 0 | 1 | 0 | —1/2| 1/2v/3 |1/3
=9 || 0 | 0 |1 0 |-1/v3|1/3
A, B, 0] 00 0 0 0
T'smroonnr X,j‘ -1 1 0 -1 0 0
| -1 0 |1 |-1/2]-v3/2] 0
zt 0 |-1|1 | 1/2 | —v/3/2| 0

BI[CCI: BCE 3apAnbl JaHbI B €EMUHUIIaX g,.
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5. HakoHen, aHAJIOTHYHO TOMY, KakK 5To 6buio caesaaHo B §10.5,
ykaxeM (GU3MYECKUA CMBICI TETPAMHEIX OHEPATOpPOB nuddepeHIn-
poBanms (16.5.2) — (16.5.4). Cobcmeennble 3nauenud mper Kombu-
HAYUL U3 HUT ¢ Mounocmblo Ao KosdPuyuenma npedcmasadiom co-
601 esedennble ébluwe 3HAUEHUT 3APAA0E:

1

Lo, N — A3 .
5(37_88)\P_27Qawa 2\/§

(8% + 0% —28%)® = i7Qp¥; (16.5.11)

%(a; b OE 4 O5)W = i7Q. V. (16.5.12)

OcraBmmniics onepartop auddepennuposanns (16.5.1), kak n panee,
6yIeM MHTepIpeTUPOBAThH KaK MAaCCOBEHIM.

16.6 ®depMHUOHHBLIN CEeKTOpP 8-MepHOu
MoOieJ I

1. Mepeitnem k obcyxmeHmo GpepMUOHHOTO CEKTOpa 8-MepHOM
MOJ€eNN IPaBH-CUIbHEIX B3auMogeiicTsumil. Ilocie mpene6pexenus rpa-
BUTAIVOHHLIM B3aMMOIEHCTBUEM M HCKIIOYEHNEM MaCCOBBIX cllara-
eMBIX HereoMeTpuuecKas (epMUOHHAS YacTh [MIEPIIIOTHOCTH Jia-
rpamxkunana (16.1.3) npuauMaeT Bun

fg="Y 2_9 (ihcTTHT + .. ) + (h.c.), (16.6.1)

rie, HAMOMHUM, OIEPATOP TETPAMHON YIJIMHEHHON TPOM3BOMHOM BhI-
nucad B (16.5.5), a 16-pannEle MaTpunsl, 0606IIaOMKUe MaTPHIEL
Hupaka, COpOEKTUPOBAHEL Ha 4-MepHBLIE HANPABICHNA:

I =TMgh. (16.6.2)

2. BriGepem miis 1uia MaTpun LM ciemyiomee IpeacTaBieHne de-
pe3 cTaHnapTHEE (B INIOCKOM IIPOCTPAHCTBe-BpeMeHN ) 4 X 4-MaTpPUIIED
Hupaxka y#

0 0 0 4~
- [ 0 0 4 0
fw 0 4% 0 0 (16.6.3)
Y40 0 0
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B 8-mepHOM MHOrOO6pasmu ¢ mJaHHLIM 3amaHueM |- matpun 6y-
IIEM HCIONL30BAaTh 16-KOMIOHEHTHLIE KOMIIJIEKCHEIE CIIMHOPEI

g = T = ¢ir(0) = (T(4), T(3), T(2), T(1)),
)

(16.6.4)

roe ¥(s) u ¥(s) = \IlT(s)fy(O) - 4-KOMIIOHEHTHEIE KOMIUIEKCHEIE CITH-
HopH (s =1,2,3,4).

3. YunThIBasg CHMMETpPHIO TPeX KBapKOB, IPENJIaraeTcs MCIONb-
30BaTh Ciefyollee MPeNCTaBlIeHNEe BBENEHHEIX BHINIE 4-KOMIOHEHT-
HBIX CIMHOPOB 4epe3 KBapKOBEIE BOJIHOBEIE (DYHKIUM:

U(s) = clg) exp(ivz”) + q(z2) exp(ivz®) + q(3) exp(ivz®)], (16.6.5)

rne B corsacun ¢ (16.1.1) mms Tpex nBeTOB KBapKOB BBel€HA IUKJIN-
decKas 3aBUCHMOCTE OT JONOJHHUTENbHEIX KOOPAMHAT; ¢(;) — 3aBH-
cAIye TOIBKO OT 4 KOOPIUWHAT YacTH BOJHOBEIX QYHKIUH KBapKOB,
¢, — 4eThIpe KOMIIEKCHEIX KO3pUNueHTa, KOTOPEIe NOJIXKHEI OBITh
OIlpenielIeHEl N3 yCJIOBUA COOTBETCTBHA C XPOMOAMHAMUKOM.

4. Moncrasnsas (16.6.3) n (16.6.4) B (16.6.1) u mpomssons ycpen-
HeHNe IO IIepHofaM IOMOJHUTEIbHEIX KOOpAMHAT, HojrydaeM 4-Mep-
HEIN BuI GEepMUOHHON YacTH ILNIOTHOCTH Jjiarpanxkuana. QToxmecT-
BJIAs ero ¢ GEepMUOHHBIM CEKTOPOM CTaHAApPTHOM XPOMOIWHAMUKH,
moJiydaeM cHCTeMy U3 9 He3aBUCHMEIX ajrebpamuyecKUX COOTHOIIIe-
HU# Mex Ay KosddunueHTaMu ¢, u KospdunueETaMmn 6030HHOTO CeK-

TOpa a,, by, =¥, . ... [lomaras Ko>bOUIHEHTET ¢, ONTHAKOBBIMH, STH
ycioBud HaXOOUM B BHOE
! ! 0 (16.6.6)
ar=—:; ag=——: ag=0; .6.
Yok 30" ’
1 1 1

br= — bg= — hg— ——=—; 16.6.7

V2
C

Kpome Toro, nmomydaeTcs elle OMHO YCJIOBHUE Ha KO3bDUIUEHTEHI C,4

ef feg =yi tyg =25 +z5 = (16.6.8)

cie1 + cyen + czez + ciea = 1. (16.6.9)

5. HOI[CTa.BJ'IHH B 3TH COOTHOIIIEHNA HepBbIﬁ BapuaHT pEII€CHUA

I Ko>)PUIUEHTOB a,, b,, :r:;t, ..., BoInucaHHEIN B Tabmune §16.4
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(m.5), HaxonmumM, uto coorHomenns (16.6.6) — (16.6.8) BrmonHsOTCS
TOXAecTBEeHHO. ¥ cioBre (16.6.9) ynoBieTBOpsAeTCS, €CIN NOIOXKATH

1
Cl = Cy = C3 =Cq4 = 5 (16610)

Cnenyer OTMETHTH, UTO U3 UPUBEINeHHEIX B Tabnuune §16.4 Ba-
PUAHTOB DEIEeHNH ellle TpU BapuaHTa (TPEeTHil, NATHIA U CeIbMOI)
VIOBJIETBOPAIOT BHIMNCAHHEIM VCIIOBHAM, €CIM He mojaraTh Koad-
PUIUEeHTE! ¢; OTUHAKOBEIMU.

16.7 DBrnIBoabl m 3aMeYaHUS MO 8-MepHOU
reoMeTPUIECKON MOOeJIn

3aBepuias riaBy, clejlaeM Pl BEIBOIOB M 3aMeYaHMil:

1. MoxHO yTBEPKIATE, UTO 8 PAMKAL paccmompennot, 8-meprod
zeomempureckot, 06vedunennot Modeat TPABUTANNOHHEIX W CHIIb-
HEIX B3amMmopneiicTBuil (Tuna teopmn Kamyner-Kueitna) wmoocro do-
bumbca NOAHO20 coomeemcmeud Kax ¢ 6030HHbIM, MaK U ¢ (dep-
MUOHHBIM CEKTODAMY CMAHIGPMHOT TPOMOOUHAMUKL.

2. B paHnee mcciienoBaBIieMcs aHAJIOTHYHBEIMEA METOIAME BapUaH-
Te 7-MepHOil TEOMETPUUECKO MOIENN TPABU-CUIIBHEIX B3aUMOIENCT-
Buii [45] mosydasack uHas CHCTEMA YCJIOBUN Ha KO3hGDUIUEHTH, KO-
TOpBIE HE YOOBJIETBOPSIINCEH HU NPU ONHOM W3 BapMAHTOB PELICHMUIA,
npuBenenHsix B Tabnune §16.4 (un.8). lomyyanocs Tak, 4T0 OTHEND-
HO BBINOJIHAIINCE JIN60 YCIOBHA Ha “HedTpalibHEIE” KO3(PHUIIUEHTEL,
HO HE BBLINOJIHAJINCH YCJIOBHA IJi “3apsaXeHHHEIX  KOo>)PUIUEHTOB
(momy4asncs IPOTHBOIONIOXKHEIA 3HAK ), IH60 HaoGopoT. Oma mpyo-
Hocme npeodosesaemcd ¢ nomowplo donoanumenvrot (maccoeot)

pazmeprocmu c xoopdunamot z*, TouHee, Garomaps MCIOIb30Ba-
HUIO JIONOJIHMTEILHOTO BeKTopa &,.

3. B oToll rnaBe He pacCMaTpPHBAJIOCH BBeIEHHE MAacC KBapKOB.
Maccel MOTYT 6BITH BBENEHEI IOCPENCTBOM yUeTa 3aBUCHMOCTH BOJI-
HOBEIX (pYHKIMil KBAPKOB OT JONOIHUTeNbHOM KoopaumHaTer z*. Ilpn
5TOM MMEIOTCS ABa crnocoba 3amanus macc. [lepBrrit ciocob cocTouT
B HEMOCPEACTBeHHOM nuddepeHIupoBanny QYHKIUN KBaAPKOB IO KO-
opamHaTe z*. Bropoii cmoco6 dakTHdecknm oCHOBAH Ha TEOPHH 3JI€K-
Tpociabbix B3auMoneicTBui KBapkoB. OH OCYIIECTBIIAETCSA TEMU XKe
MeTOfaMu, KOTOPEIMH B riiaBe 11 ONUCHLIBAINCH MACCHI JIEMITOHOB.

4. 3a npenanaMm 5TOi riaBhl (M KHATH) OCTAJOCh O6CYXKIEHUE
npobiieMbl O6LeNNHEHUS TPABU-3JIEKTPOCIAObIX U CUIBLHEIX B3aWMO-
IeficTBUN B paMKaX MHOTOMEDHEIX T€OMETPUUYECKUX MOJMENel Tuma
Teopuu Kanyner-Kieiina.
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Onuncanme CMJIIbHBIX
B3alIMOJIEVICTBUN B
OuHapHOII
reoMmeTpodusuke

Ot ofcyxneHus Mozmelell CIIILHEIX (IPaBH-CHILHEIX) B3aNMOLEH-
CTBHUil B paMKaX KOHIENINM OIM3KOmeicTBHs (OT mepBOil M MATOM
dU3HYIECKUX DapaJurM) NepeiileM K ONNCAHUIO CHILHEIX B3anMOLE-
CTBHUH B KOHIENNNHU NajbHONEHCTBHA, TOUHee, B paMKax OMHapHOR
reoMeTpoGU3NKN (B NEBATOR (PU3MUECKO Mapagurme). OTO O3HAYA-
eT mepexox or Teopmil Tuna R,,(u), Haxomsamuxcs B HUXHER JacTH
6510K-cXeMEl puUcYHKa 1.1, K pejIAINMOHHOH TeOpHH CaMOro IJIyOmH-
HOTO ypoBHA MumKpoMmmpa R, (i), m306paxeHHOll B BepXHe#l dacTm
6710K-cXeMEI. B 5To#l I'ilaBe pacCMOTpEHEI OTHOIIEHWS MEXIY Sile-
MeHTaMHU, COCTAaBIAIOMNME 6apHOHEI, ellle IO IPONEAyp Iepexoma
K MaKponpubopy ¥ K CONyTCTBYIOUINM €My NOHATHUIM MaKpOMUpa.
ITokazano, uro B pamkax BCKO panra (6,6) ommcriBaroTcs 3ako-
HOMEPHOCTHY CHUJILHEIX B3aMOAEHCTBUH, BCKPLITHIE B paMKaX Xpo-
Monumaamuku. CrefyeT MOMYEPKHYTH, UTO 3M0ECH W3JIOKEHEI JIUIIbL
HUCXONHBIE, KII0UeBEIe MOMEHTEHI IOCTPOEHHUI PellAlUNOHHON MOJIeJIN
CHJIBHEIX B3aMMOJAENCTBUIM.

17.1 DBa3soBoe 6 X 6-0THOIIIeHUE

1. IIpn pemnternn nmpo6iieMuI onucanus 6apMOHOB B GMHAPHO# Teo-
MeTpodu3uKe, IpeXie BCero, clefyeT NMeTh BBIAY €ro 3-KBapKOBYIO
cTpykTypy. OTobpasum »ToT dakT TeM, 4To GyldeM XapaKTepHu3o-

407
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BaTh GAPUOHEI TPEMS BJIEMEHTAMHI B HAYAJIBLHOM U TPEMS BIIEMEHTa-
MU B KOHEUHOM COCTOSHUAX. B oTnuume ot raaser 14, rue paccMat-
PUBAJINCEH TOKOBEIE (5JIEKTPOCIIAGEIM 06pa30M B3anMOAEHCTBYOIINE)
KBapKH, B 5TOil IiaBe 6ydem onuceiéams 640K06ble (CULLHO 63aQU-
modeticmeyrowue) keapru omodeavrvimu saemenmamy BCKO panea
(6,6).

B cooTBeTcTBUN ¢ paHee MPUHATON METONMKOWN OMUCAHWS B3am-
MOIEWCTBHUI CIIOXKHBIX YacTHI OyNeM ONUCHIBATH CHIJIBHOE B3aWMO-
nmeiictBue nByX 6apmoHOB 6a3oebim 6 X 6-omuowenuem BCKO pan-
2a (6,6). OTo o3HaUaeT, YTO, KaK M B IiiaBe 14, KaXIBIf SI€MEHT
IOJIKEH XapaKTepH30BaThCs MATHIO NapaMerpamu, a 6apuony (B),
HaIlpEMep, B HAYaJbLHOM COCTOSHUU JOJXKHA COMOCTABISATHCI MPS-

MOYTOJIbHas MaTpPHIa I3 IapaMeTPOB COCTABISIOIINX €r0 SJIEMEHTOB
Buga (14.2.3):

iR 41 it kgt
2 kB i k2 g2
B=| @ & 2 |= Cil) Ciz) Cis) , (17.1.1)
4 pa 4 c c c
s s s QIO
voR W o

rje BEpPXHHE JBe CTPOKM ONATH COOTBETCTBYIOT BHEITHHM CIIIHOP-
HEIM KOMIIOHEHTaM, a OCTaBIINeCsd TPH CTPOKH — JONOJIHUTEILHEIM
napaMeTpaM, Tellepb ONNCHIBAIONINM BHYTPEHHHE CTEeNleHNn CBOGOIBI
CHIILHO B3aMMOoJelicTBylomell gacTunsl. g o6o3Hauenns napamer-
PoB GapmoHa 37leCh IPMHATEL 0003HaUeHN TJ1aBHl 14.

2. Bemnmnmewm sBHO 6a30Boe 6 x 6-orHomernne BCKO panra (6,6)

0 1 1 1 1 1 1
1w g Uiy Uis U Uy
1 upe upg Ury Urs Upx  Up
{Ofﬁv.“p}E L uja Ujg wy wis up g, | =
ik J s Lr 1wy, Ugs Ugy Ugs Ug) Ugp
1w wg wy ws up U
1 Upg UTY Ups Up) Upp
AR Gl st Lo al Bl o4l|s Al p
2k j2|s? 12 g2 o B2 47|82 AT p?
B PSS B y o B 8 NP
Tt okt G| st 1t gt at Bt o4t|st A pr |
SR PSS B ab B5 45|65 AF P
1 1 1|11 1 1 1 1 1|1 1

—_ =

17.1.2)
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rIe BEPTUKAJbHEIE JIMHUU HONYEPKUBAIOT TOT (PAKT, UYTO MEPBEHIR
GapHOH ONNCHIBaeTCsA >IeMeHTaMu %, k, j, o, 3, v (B cormacmu c
(17.1.1)), a BrOpO#l 6apHOH ONWCHIBAETCH 3JIEMEHTaMHu s, [, 7, §, A,
p. l'opusonTansuas yepTa B HOCIAENHUX OMPENETUTENSIX OTHEIIET
“BHemHme” mapaMeTphl (¢ mHOEKcaM® 1 u 2) oT “BHyTpeHHHX mIa-
paMeTpoB (c mEmexcamn 3, 4, 5).

3. BasoBoe 6 X 6-OTHOIIEHNE MOXKHO IPENCTABUTEH B HECKOIBKUX
BHJAX, aHAJOTUYHO TOMY, KaK 5TO AeJaJioch ajis 6Gazoeoro 4 X 4-
oruomrenus B §3.1. Kak u panee, Hac 6yeT WHTEpPECOBAThH PENYIH-
poBaHHOe Ha “4-mMepue”’ BEIpaXKeHHE, TO €CTh TaKOe, T'Ie BELIEJe-
HEI TApAMETPHI ¢ WHAEKCaMu 1 W 2, U MTOrOBOE BHIPAXKEHUE MMEET
SL(2,C)-uEBapuaHTHEL BAL. DTO TOCTHTAETCSA PA3JIOKEHUEM OIpe-
IenuTenell cupaBa B nocienHeil crpoke (17.1.2) mo MuHOpaM mepBoii
u BTOpO# cTpok. [lepemuoxkas ux, 6a3oBoe 6 X 6-0THOIIIEHNE MOXHO
npencTaBUThH B dopMe 15 X 15-MaTpunsl Buxa

{a ByéA p} _
tkjslr
*
*
*
*
*
*
*
= * =
L
*
*
*
*
*
. . . . . . . . . . . . *
M(4,0) |+M(3,1) | +M[(2)(2)]+
=| +M@G3,1) |+M(2,2)] +M(1,3)+ |, (17.1.3)

+M((2), ()] | +M(1,3) [ +M(0,4)
rle B cpelHell MaTpULe OTAENbHEIE ClaraeMble 0603HAYEHBl TOUKa-
MH WIH 3Be3004kaMiu. IlocieIHIME OTMeUeHE JUarOHAJIbHEIE Cllara-
eMEIe IIPH UX paclosioxeHnu B coorBeTcTBuu ¢ §3.1. Huxuaga maTpn-
na ciaraercs u3 9 6JI0KOB, OUepUEHHBIX TOPU3OHTAILHEIMY I BEPTH-
KaJbHLIMI JINHIAME B cpeqHeil MaTpune. OHa COOTBETCTBYET MaT-
punawm, npusefeHHEM B (13.1.6) u B (14.1.2).
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4. Kaxpmoe ciaraeMoe B cpeHEN MATpPHIlE, OTMEUYEHHOE TOUKOI
WM 3BE3JOYKOM, MpelcTaBideT coboll MIpon3BeleHNe IBYX KOMOMHA-

Ui BUIa
od ﬁ“r)\p>
[Z, s] (kj ), (17.1.4)

rme KBaJpaTHBEIMI CKOOKaMH, KaK I paHee, OTMeUYeHHl GyHIaMeH-
TajJbHEIE 2 X 2-OTHOIIEHMS, NOCTPOEHHBIE U3 IapaMeTpPOB C MHIEK-
camn 1 m 2 (xax u B (3.1.4)), a KpyrabIMH CKOGKaMl OTMeYeHEI
KOMOMHAINN U3 JONOJHUTENbHEIX TapaMeTpoB Buna (14.3.3).

5. Kak u B IpenbInymiux pasjeiiax JieBblil BepxHuit 610k M (4, 0)
B HIDKHeR cTpoke (17.1.3) cienyer TpakToBaTh Kak mpoobpas meicT-
BI: IEpBOro “cBoGomHOro” GapmoHa, a NpaBblil HIKHUH 6510k M (0, 4)
— Kak mpoobpas “cBobomuoro” meiicTBUsS BTOporo 6apuona. Jlerko Bu-
IETh, 4YTO, KaK U B ciiydae 6a30BOTO0 4 X 4-OTHOIIEHN, B3aNMOAENCT-

BHE MeXAy OByMs GapHOHAMH ONNCHIBAETCS CJIaraeMbIMU CPENHETO
6aoka M(2,2).

Puc. 17.1: ®usnueckas wuriocTpanus 6a3oBoro 6 X 6- oTHOIIEHNS.

®Pusuueckas uHTepnpeTanus 6a30Boro 6 X 6-OTHOIEHNS TPOUII-
JIIOCTpUpOBaHa JUarpaMMaMu pucyHKa 17.1, rie cieBa m3obpakeHa
12-xBocTKa 6mHapHO#N TeoMeTpodu3uku. J[Be TPONKY HUXKHUX JIWHIT
ONUCHIBAIOT HavallbHBEIE COCTOAHMNA NBYX GapHMOHOB, a IBe BepXHUe
TPO#KM — UX KOHEUHLIE COCTOSAHUA. B cepenmHe mpencTaBieHO 06-
oblleHNe gUarpaMMEl GeHHMAaHOBCKOTO THUIA, a CIpaBa JaHa CTaH-
IapTHad IMarpaMMa paccedHHA OJHOH MacCUBHOW YacCTUNLI Ha APY-
roii. QOUeBUAHO, YTO HAaHHEIE NUATPAMMEI WJLTIOCTPUPYIOT M SJIEK-
Tpociiabble B3aUMOIENCTBUA IBYX TOKOBEIX KBapKOB.
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17.2 BxHeurame nmapamMeTphbl U IIpoob6pa3s
NeCTBUS B3anMMOJAEeMCTBUSA

1. llpucTynas K o6CyXIEHUIO B3aMMONENCTBUSI NBYX GApPUOHOB,
HAIIOMHUM, YTO B CTAHJAPTHON XPOMOAWHAMUKE OHO NPENCTABIIIET-
¢4 KaK CYMMAapHBI NTOT B3aNMOMEHCTBHA MeXIYy COO0M OTIeIbHBIX
KBapKOB, COCTABJIAIONINX 3TU GapuWoHEI. B corslacum ¢ KBaHTOBOME-
XAaHUYECKUMU MOPENCTABIEHUSIMHI TOJIATAeTCd, YTO KaXIBI KBapkK
MOXET HAXONUTHLCA B TPeX HBETOBEIX COCTOSHUAX, MOSTOMY B3amW-
MOIENCTBNE NBYX KBAapKOB CJIaTaeTcd W3 B3aWMONENWCTBUU WX BO3-
MOXHBIX cocTosHui. UMeHHO 5TO MMeNoCh BBUNLY TPU HANUCAHUU
dopmyan tuma (15.2.8).

B pazBuBaemoM 3mech moaxome (Ha CaMOM 3JIEMEeHTapHOM ypOBHe)
uMeeTcs cyinecTBeHHOe pasimume. OHO COCTOMT B TOM, UTO B KaXK-
oM ciaraeMoM 6a30Boro 6 X 6-OTHOIIEHUS COmepXKaTci MapaMeTPhl
H KBapKOB B KaXJIOM U3 COCTOSHUM, TO €CTh MU ONNCEIBAIOTCS CBOE-
obpasHble Mrozomoueunble omuowenud. OTHOMEHNA (B3anM01[e17ICT—

BH:) IPMOGPETAIOT CYNIECTBEHHO KOJUIEKTUBHELR xapakTep'. Tpak-
TOBKa CJIaraeMBIX KaK ONNCHIBAIOIINX B3aNMOeicTBIE Iap KOHKPET-
HEIX KBapKOB Telleph HMeeT YCJIOBHBHIA xapakTep. Ee MoxHO mpo-
M3BECTH IO BHemHHM (¢ mHAekcaMm 1 m 2) mapaMeTpaM, U3 KOTO-
PHIX CTPOSTCS OBIIENPHHATHIE BEKTOP-BEK TOPHEIE KOMOMHALINA IBYX
KBapKoB. JIMeHHO B 5TOM cMEIciIe 6yeM IOHIMATh IPUBENEHHEIE BEI-
e GOpPMYJIEI XPOMOAUHAMUKN (B HaJIbHONEHCTBYIOMIEH BEPCHN), TO
ecTb KaK OTHOIIEHN: (B3aMMONEHCTBHA) MeXAY Pa3IMYHBEIMI KBap-
KaMu IByX 6apuoHoB. Ilpu sToM He GyzneMm 3a6BIBaTh, 4TO CTAHAAPT-
Hble KBaHTOBOMEXaHMYECKNE IPENCTABIEHNs CBSI3aHEL C MOCIENYIO-
IIUM IEPEXONOM K CyMMUPOBaHMIO (yCPeIHEHHIO) IO 5IeMEHTapHBIM
6a3aM, COCTABIAIOIMINM MaKpoIpubop.

2. Ipoananusupyem cnaraemere MaTpunsl M (2,2), onuceiBaio-
el B3aMMOAENCTBHE MeXAY KBapKaMH Pa3jINYHEIX GapMOHOB, OIN-
pasich Ha KOMOMHaINM B KBaJPAaTHHIX CKOOKaX, KOTOPHIE 3alUCHIBa-
I0TCA Yepe3 BHENIHNE mapaMeTpil. OHN ONPENeNioT, Kak I B TiIaBe
3, BEKTOpP-BEeKTOPHEIE OTHOIIEHNs Iap KBapKoB. BMmecTo cmMBoiIOB
7eBEIX L ¥ mpaBhIX R KOMIOHEHT 4acTUNEL 6yAeM IMHCATH CHMBOJEL
(1), (2) nam (3). IlycTs nns nepBoro Gapuona by cumBoiy (1) coor-
BETCTBYIOT 5JIEMEHTHL § M &, CHMBOJY (2) COOTBETCTBYIOT HJIEMEHTEHI
ku B, a cumBomy (3) — s71eMeHTHI j 1 y. AHAJIOIMYHO B MOpPANKE, Kak
m306paXeHo Ha pHCyHKe 17.1, TpeM MHIekcaM COIOCTABHM 3JIeMeH-
THI BTOporo 6apmoHa by. B cormacum ¢ Takoit nHTepnperanneil BBe-
IeM HOBEHIE (IIPOMEXYTOUYHbIE) OGO3HAUEHNS NI BEKTOP-BEKTOPHEIX

1

CTporo roBops, TO Xe caMOe MOXHO GBIIIO OBl CKA3aTh U IPO 3IIEKTPOCcIabnie
B3alMOAECHCTBUA, OMHAKO TaM 13-3a MEHbIIIETO UHICIa NOIOJIHUTENbLHEIX ITapaMeT-
POB 3TO HOCMJIO MeHee BEIDaX€HHBIN XapaKTep.
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(“BHemHNX”) vacTell claraeMEeIX:

ss
)
r !
rie, Kak U paHee, B JIEBOM CToJIGIe CHH3Yy 3allMcaH HOMEP KBapKa
B HaYaJILHOM COCTOSHHE IIEPBOTO 6apHOHA, CBEPXY B TOM XK€ JIEBOM
cTobIEe — HOMEDP KBapKa B KOHEUHOM COCTOSHHE IEePBOTO 6apHOHa, a

BO BTOPOM CTOJIGIE TO XK€ caMoe, HO AJjg BToporo 6apmona. B mtore
marpuny M(2,2) MOXHO OXapaKTEpPH30BaTh CIENYIOMUM 06pa3oM

M(2,2) ~
HEERHIHES RGN
HEEREIEEE RGNS
2] 23] Gl el Bl )| es] (el D
HESEHIHEE RSN
s B G| 02| Gl
2] s3] sG] [zl sl fes] el [
HESESIHE RSN
2 B2 B | G g
) ) ) (e sl ) Gy

OueBunno, yto 5TOT BUA Marpuusl M (2,2) cooTBeTcTByeT mpHBe-
nenHoMy B (3.1.4) Buny cpenuedl yactu 4 X 4-OTHOIIEHHS.

3. IlepefimeM kK cTaHMaApTHHEIM O603HAUEHUSIM BEKTOP-BEKTOPHEBIX
koMm6uHanuii. I[lockonbky B maHHOM HoOAXome KBapKH ONMCLIBAIOT-
sl JMINb IapaMM CIMHOPHBLIX (BHELIHNX) KOMIIOHEHT, TO aHAJIOTMY-
HO CJIydYalo HEHTPWHO BBeleM 4-KOMIOHEHTHEIE CTOJIGILI, TAE 3TH
KOMIIOHEHTHI 6YIYT 3alUCHIBATLCA cBepxy. Torma ¢urypupyomne
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B (17.2.1) xoMOMHAIMN MOXHO IPENCTaBAThH, HAIPUMED, B BHIE

ald 11 1 B ~
[i s] = [1 1] = 5(‘11(1)7%1(1))(q2(1)7uq2(1))

a 12 1
[i l] - [1 2] - 5(71(1)7“91(1))(ﬁz(zqu(z)), (17.2.2)

U TakK Jallee.

4. Boinesum u3 (17.2.1) cnaraemsle, cCOOTBETCTBYIOINE Ipo6pa-
3y meNCTBUS B3aMMONENCTBUS OBYX GapuoHoB by u by uepes Hell-
TpaJIbHbIE ['JIIOOHBI. JIerko BUIETH, YTO B JAHHOHN 3aINCH MaTpH-
usl M(2,2) onn HaxonsATcs Ha IrilaBHOM nuaronanu. Wcnonssys Bse-
IeHHbIe 0603HAUEeHNI U YUNTHIBad KOMOMHAIIUY U3 TONOJIHUTEIHLHEIX
mapaMeTpoB (B KPYIJIBIX CKOOKax), mpoobpa3s NefiCTBHS B3amMOIEii-
CTBHUA depe3 HelTpalbHEIE I'NII0OHH A, 1 B, MOXHO IPeNCTaBUTH B
BUIE

SAB) b b,y = %@mﬂ“qlm)(62(1)7,&2(1)) <ZZ?Z> |
+ %(61(1)7%1(1))(52(2)7;1‘12(2)) (k Z i i) +
T %@1(1)’7“‘11(1))(62(3)7Hq2(3)) <i§i;\> +
+ %(51(2)7%1(2))@2(1)’)’Mq2(1)) <C:Z;\’:> +
+ %@1(2)7%1(2))@2(2)%‘12(2)) (jji’j) +
+ %(51(2)7%1(2))(52(3)’)’#(12(3)) <?Zi;\> T
+ %(61(3)7%1(3))(52(1)%(12(1)) (?i?i) +
+ %(61(3)7%1(3))@2(2)’)%‘12(2)) (jiii) +
+ %(Gl(swi‘ql(s))(ﬁz(squ(g)) (‘: i i ;‘)
(17.2.3)

Ora ¢popmyia coorBercTByer (3.3.10).
5. Jlerko BUIETH, YTO NUATOHAILHBIMH CJIATAa€MBLIMU MaTPHUIIEL
M (2,2) He onmcrIBaloTCA B3aHMONEHCTBUA KBapKOB dyepes 6 3aps-
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>KEHHBIX TJII00HOB. ['nansa va ¢opmysner (15.4.13) — (15.4.15), mpa-
XOIUM K BEIBONY, YTO HeOOXONMMEIE IJId 3TOH Ieu cjaraeMble Ha-
XONATCS 3a IpelellaMy IiIaBHOl nuaronamu (17.2.1). OHu comepxar
BEKTOP-BEKTOPHLIE KOMOMHAIINY BUJIOB!

9
[21]
917
[12]
13
[3 1]
31
[13]
o3
[3 2]
39

(23]

1
5@1(1)‘)’“‘11(2)) (T2(2)Yud2(1));

1
5(71(2)7“91(1)) (T2(1)Vub2(2));
1

5@1(1)’)’“‘11(3)) (T2(3)Yut2(1));

1
5@1(3)’)’“%(1)) (T2(1)Yu92(3));

1
5@1(2)‘)’“‘11(3)) (T2(3)Yub2(2));
1

5(71(3)7“91(2)) (T2(2)Yud2(3))-

(17.2.4)

(17.2.5)

(17.2.6)

6. YuntriBag ko3dPUNNEHTEHI U3 JONOIHUTENLHEIX IapaMeTpPoB,
nmojydaeM mpoobpa3s AeficTBUA B3aIMOAEHCTBHUA depe3 3apAKeHHEIE

+ + +.
ratoonel X7, Y5, Z5:

S.(X,Y,Z)

nt

(b1, b2)

1
5(%(1)7“‘11(2))(72(2)’)%‘12(1))

1
5 (T1(2)7"01(1)) (T2 (1) Vud2(2))

1
3 (T1(3)7"01(1)) (T2(1) Vud2(3))
1
3 (T1(2)7"01(3)) (Ta(3) Yud2(2))

1
2 (@37 012) (@2(2)Vud2(9))

(
(
%(ﬁl(l)v“ql(s))(ﬁz(smqm) ( :
(
(
(
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17.3 BHyTpeHHHe mapaMeTphI

1. Berpaxenus B (17.2.1) B Kpyrasix cko6Kax 3aliCEIBAIOTCS de-
pe3 BHY TPEHHUE apaMeTphI (¢ nagexcamn 3, 4, 5) coraacHo (14.3.3).
Pasnmaras onpemenurtenu mo cTpoKaM W3 €NUHWUIL, JIETKO YOEMUTHCA,
YTO OHU PacCHUCHIBAIOTCA depe3 3 X J-OImpemesNTeNu, o6l1amaloline
CBOMCTBOM MHBapHaHTHOCTH OoTHOcuTenbHO rpynnet SL(3,C) mpe-
o6pa3oBaHUil HOMOITHATENLHLIX TapaMeTPOB APYT depes npyra. Ha-
npuMep, A nepBoro u3 onpenenureneii B (14.3.3) umeem

1 1 1 1
k3 j3 13 ,,,3 B
k4 _’i4 l4 ,,,4 —
k5 j4 l4 1,,5
j3 l3 1,,3 k3 l3 1,,3 k3 j3 1,,3 k3 j3 l3
j4 l4 ,,,4 _ k4 l4 ,,,4 + k4 _’i4 ,,,4 _ k4 _’i4 l4 =
j4 l4 ,,,5 k5 l4 1,,5 k5 j4 1,,5 k5 j4 l4
s ) %e) | | e %e) e
_ 4 4 4 4 4 4
=1 C3) Ca2) C23) || Ciz) Ca2) C23) | T
4 4 5 5 4 5
€13) C2(2) C2(3) €1(2) C2(2) C2(3)
Ci’(z) Ci’(s) 03<3> Ci’(z) Ci’(s) 03@)
4 4 4 4 4 4 |
+ ‘U2 aE 2 || ae A 9o | =
€1(2) C1(3) C2(3) C12) C1(3) C2(2)
=[(3;23) — (2;23) + (23;3) — (23;2)], (17.3.1)

IJle ICIOJIb30BaHEI 0003HaUeHN IJid BHY TPEHHAX IapaMeTpOB, BBe-
nennsle B (17.1.1). Bes cko6ok o603HaueHEl HOMepa 6apnoHOB. B mo-
cllefHe# CTPOKe B KPYTJILIX CKOOKaX BBeleHEI yCIIOBHEIE 0603HaUeHNA
I ompelelnTejell yepe3 KOMOMHAIMKM HOMEPOB KBapKoB IBYX Oa-
PHOHOB, BXO[AINNX B COOTBETCTBYIOMUM onpenennrens. o Toukn ¢
3aIlATOl CTOAT HOMepa KBapKOB IlepBoro 6apmoHa, a Hocjie — HOMepa
KBapKOB BTOPOTO 6apHoHa.

2. B cBa3u ¢ ynomsaryTeM cBoiicTBoM S L (3, C')-uEBapmaHTHOCTH
onpenenuteneir B (17.3.1) HamomunM, uro B 1-it wactu [17] B ria-
Be 5 npm obcyxnernu BCKO panra (4,4) 6b110 BBeNEHO HOHATHE
3-komnonewmnozo (Pumncaeposa) cnunopa. Belto mokasaHo, 4TO B
pamkax Teopun BCKO oTkphrIBaeTcs HOBEIN KaHaJI 0606IIEHNs Teo-
pUM 2-KOMIOHEHTHBLIX CIIMHOPOB.

O6men3BecTHEIM ABJIAeTCA KaHall 060OIIEHNS 2-KOMIIOHEHTHEIX
CIMHOPOB uepe3 ajrebphl Knmddopna Han mojieM BellleCTBEHHBIX
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gucen [11, 65]. B mem momywarorcs cumHOpEI, obnanatommue 2" Be-
MIECTBEHHEIMY, KOMIIJIEKCHBIMU WJIM KBATEPHUOHHBIMU KOMIIOHEHT A~
MH B 3aBHCUMOCTU OT Pa3MEPHOCTHU W CUTHATYPHI MHOTOOGpa3us, B
KOTOPOM OHHU ONpenesieHbl. B paccMaTpuBaeMOM 3ecCh KaHAJle BO3-
MOXHBI CIMHOPHLI C JIOOBIM UHCIIOM KOMIIOHEHT 7 — 1, 3aBUCSIIEM
or pamra (r,r7) BCKO. Tak, B pamkax BCKO panra (3,3) Bosnuka-
5 OGIIEN3BECTHEIE 2-KOMIOHEHTHEIE CIIMHOPEI, TOTa KaK B PaMKax
BCKO panra (4,4) aMeIoT MecTO 3-KOMIOHEHTHEIE CIMHOPHL. B mpe-
OBEIIYIIAX TJIaBaX OHM HE WMCIOJIL30BAJINCh U3-33 TOTO, YTO Cpa3zy
ke 6bllla TpOUW3BeNeHA PeNyKnus Ha 4-Mepue, TO eCTh HA MOHATHUS
BCKO parra (3,3).

Hanomuuwm, uTo 3-koMnoHeHTHEIE GUHCIEPOBEI CIMHOPEI OIIPee-
JISIOTCA CTPOTO MO AHAJOTUU C 2-KOMIOHEHTHHEIMU CIIMHOPaMM, KakK
5TO KpaTKo m3ii0xkeHo B §1.4. Bo-mepBhIX, 5TO BEKTOPHL B 3-MEPHEIX
KOMIUJIEKCHBIX MPOCTPAHCTBaX, HAIPUMED, B JaHHOM CIIydae

Z'3

i— | it ]; a—(a?atdd). (17.3.2)
5
i

Bo-BTOpLIX, B TaKOM IPOCTPAHCTBE OINpeNelieHa T'PyNNa JIMHEHHBIX
npeobpasoBanmil, anasoruyras (1.4.4), cooTBeTCTBYIOIMAs BO3MOX-
HEIM M3MEHEHUSIM 5JIeMeHTapHEIX 6a3mcoB. 113 Hee ecTeCTBEHHO BEI-
nensercsa rpynna SL(3,C). Bmecto nuBapmanTHOCTH 2 X 2- Ompe-
nennteneit B (1.4.3) unm B (1.4.5) Temepb mMeeT MecTO HHBapHa-
HOCTh 3 X 3-ompenenureneii Buna (17.3.1), To ecTb BMecTO KBampa-
THUYHOH aHTUCUMMETPUYHON GHOPMEI BOSHUKAET KyOMUHAsI aHTUCUM-
MeTpuuHag dopMma. Ilo anasmoruu ¢ Teopueil 2-KOMIOHEHTHEIX CIIITHO-
POB MOXHO BBECTHU KO- ¥ KOHTpaBapUaHTHEIE KOMIIOHEHTEI CIITHOPOB.
(Ilpu 5TOM mMeloTcs HekoTophle orTnmums.) V3 Hux mo dopmymnam,
anasmoruyebM (1.4.7), MoXHO 06pa30BaTh KOMIOHEHTEI 9-MEDHEIX
BekTopoB. Mlyis mocienHnx onpenensiorcs Kybumunas (¢uHCIIEpoBa)
MeTpuka. IMeHHO 5TO 0GCTOATENLCTBO MOCTYXKUIIO OCHOBAHNEM Ha-
3BaTh 3-KOMIIOHEHTHEIE CIIMHOPH! (PMHCIIEPOBEIMH.

3. Hcmonbsys BBenennsie B (17.1.1) o603HaueHns, BEIINIIEM KO-
5(pPUINEHTHI 13 KOMOUHALNI JONOJIHATENLHEIX TapaMeTpoB (B KPyr-
JBIX CKOOKaX) NP BEKTOP-BEKTOPHEIX CIIaraeMEIX B Ipoobpase neii-
CTBHS B3aIMOIEHCTBHS depe3 nelumpaabubie 2aoombl (17.2.3):

_ _ _ Byrp\_ (2 3|2 3
(%(1)’)’“‘11(1))(‘12(1)’)’#‘12(1)) =[L1] — (k: I i) = ( 2 3 ‘ 2 3 ) =

= [(3;23) - (2;23)+(23; 3) - (23; 2)][(3; 23)— (2; 23)+(23; 3) - (23; 2) ;
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_ _ _ Byép\ _ (2 3|1 3
(‘h(l)’)’“fh(l))(‘12(2)’)’#‘12(2)) =[1;2] = (k j sr> = < 2 3 ‘ 1 38 ) =

= [(3;13)—(2;13)+(23; 3) - (23; 1)][(3; 13)— (2; 13)+(23; 3) - (23; 1) ;

(
_ _ _ BydAY_ (2 3|1 2
(‘h(l)’)’“‘h(l))(‘12(3)’)’#‘12(3)) =[1;3] = (k js l> = ( 2 3 ‘ 1 2 ) =

= [(3;12) = (2;12)+(23; 2) - (23; 1)][(3; 12)— (2; 12)+(23; 2) - (23; 1) ;

(
_ _ ayA 1 3|2 3
(‘h(z)’)’“‘h(z))(‘12(1)’)’#‘12(1)) =[2;1] = (z Z I i) = ( 1 3 ‘ 2 3 ) =

= [(3;23) - (1;23)+(13; 3) - (13; 2)][(3; 23)— (1; 23)+(13; 3) - (135 2)};

_ _ ayd 1 3|1 3
(‘h(z)’)’“‘h(z))(‘12(2)’)’#‘12(2)) =[2;2] = ( ! p) = ( 3 ‘ 1 3 ) =

tjsr

= [(3;13) = (1;23)+(13; 3) — (13; 1)][(3; 13)— (1; 13)+(13; 3) -

(13;1)];
B 3 ayd A 1 3|1 2
(‘11(2)’)’“‘11(2))(‘12(3)’)’u‘12(3)) =[2;3] = ( 7 ) = ( 1 3 ‘ 1 9 > =

= [(3;12)—(1;13)+(13; 2) - (13;1)][(3; 12)— (1;12)+(13; 2) - (13; 1)];

(
_ _ afi A 1 2]2 3
(T1(3)7"21(3)) (T2(1)Yut2(1)) = [3;1] = (z k1 i) = ( 1 2 ‘ 2 3 ) =

= [(2;23)—(1;23)+(12; 3) - (12; 2)][(2; 23)— (1; 23)+(12; 3) - (12; 2)];

(
_ _ afBé 1 21 3
(T1(3)Y"01(3)) (Ta(2) Yul2(2)) = [3:2] — ( g p) = ( 2 ‘ 1 3 ) =

iksr

= [(2;13) = (1;13)+(12; 3) - (12;1)][(2; 13)— (1;13)+(12; 3) - (12; 1)];

(
_ _ aBéA 1 3|1 2
(‘11(3)’)’“‘11(3))(‘12(3)’)’u‘12(3)) =[3;3] — (z ks l> = ( 1 3 ‘ 1 9 > =

= [(2;12) = (1;12)+(12; 2) - (12;1)][(2; 12)— (1;12)+(12; 2) - (12; 1)].

(17.3.3)
SI[GCI) Be€3€ compaBa BTOPEIE KOM6HHa.HI’[I’I B KBaJpaTHBIX ckobkax
COOTBETCTBYIOT KOHEUHBIM COCTOAHUAM. BTO OTMEYEHO ‘IepTOﬁ Han
COOTBETCTBYIOIIINMHU KPYTJIBIMHA ckobkaMm.
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4. AHalIOrMYHBEIM o6pa30M 3alNCEIBAIOTCS KOMOMHAIIMM U3 JO-
NIOJIHUTEJIBHBIX ITapaMETPOB B Hpoo6pa3e JeNCTBUSA B3aUMOJEHCTBU A
YEPE3 3aAPAHCEHMHDBLE 2AM00MDbL

3 _
3 =

[(3523) — (1;23) + (13;3) — (13;2)][(3; 13) — (2; 13) + (23; 3) — (23; 1)];
(17.3.4)

_ _ ayApy _ (1 3|2 3
(91(2)’)’“%(1))(‘12(1)’)’#%(2)) - (k js r) = ( 2 3 ‘ 1 3 ) =

_ _ Bydp\_ (2 3|1
(@117 01(2)) (T2(2)Vu92(1) — <z il r) = ( 1 3 ‘ 2

= [(3;13) = (2;13)+(23; 3) - (23; 1)][(3; 23)— (1; 23)+(13; 3) - (135 2)};

(17.3.5)
_ _ BydA\ _ (2 3|1 2
(‘11(1)7“%(3))(92(3)’)’u‘12(1)) - (z k1 r) = ( 1 2 ‘ 2 3 ) =

= [(2;23)—(1;23)+(12; 3) - (12; 2)][(3; 12)— (2; 12)+(23; 2) - (23; 1)];
(17.3.6)

aBip\ _ (1 2|2 3\ _
kjsl)—\2 3|1 2,

= [(3;12) = (2;12)+(23; 2) - (23; 1)][(2; 23)— (1; 23)+(12; 3) - (12; 2)};

1

(7137 01(1)) (T2(1)Yub2(3))

(17.3.7)
_ _ aydA\ _ (1 3|1 2
(‘11(2)’)’“%(3))(Q2(3)’YMQ2(2)) - (z ks r) = ( 1 2 ‘ 1 3 ) =
= [(2;13)—(1;13)+(12; 3) - (12;1)][(3; 12)— (1;12)+(13; 2) - (13; 1)];
(17.3.8)
_ _ afép 1 2[1 3
(@137 01(2) (@2(2)Vu42(3)) — (z is l> = ( 1 3 ‘ 1 2 ) =

= [(3;12) —(1;12)+(13;2) - (13; 1)][(2; 13)— (1; 13)+(12; 3) — (12; 1)].
(17.3.9)
17.4 Mopgenpr 0OMEeHHOr0o B3anMOOENCTBUA

1. ITanee BcTaeT Bompoc 06 M3MEHEHUIX INOMOJHUTENLHEIX Ia-
paMeTpoOB B pe3yibTaTe CUIBHEIX B3aNMOIeHCTBHUHA NIBYX GapHOHOB.
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HanmomumwM, uTo B raaBax 3, 12, 13 u 14 nnsa ciayuas >eKTpocia-
OBIX B3aMMONENCTBHUI JIENTOHOB M TOKOBBLIX KBapKOB OBLIU oIlpele-
JIEHLI HEBO30YXIEHHLIE U BO3OYXIEHHBIE COCTOSHMA. B3auMoneiicT-
BUE IIBYX YacTHUIl, B YaCTHOCTH, COCTOSJIO B OOMeHe 3HAUEHUSIMHU JIO-
TMOJHUTENBLHLIX TMapaMeTpoB. llpumepXuBasich OOIMUX TPABUI OIU-
CaHWS B3amMMOIENCTBUN, B NAaHHOM CJIydYae CHJIILHBEIX B3aMMOIENCT-
Buil cienyeT chOpMyIHpOBATL HEUTO aHajiormuHoe. CrpammBaet-
cs, KaKme 3HAYEHWs NONOJHUTEILHBIX IapaMeETPOB CJENyeT IpH-
OHUCaTh HEBO3OYXKIEHHLIM M BO30YXKIEHHBIM COCTOAHHAM GapmoHa?
IIpu 5ToM ecTecTBEHHO TMOJIATaTh, UTO 3ajJaHUE 3HAUEHUN MapaMeT-
POB He JOJXKHO HapyIIaTh CBOWCTBO SL(3, C)—HHBapHaHTHOCTH OoT-
IeITLHEIX ONpeNeInTeNen.

PaccMoTpuM ympoIrneHHYIO MOMENHL CHJILHBIX B3aWMOIEHCTBUI.
B wmeit mpenmaraeTcs ommcHIBAThH HEBO3OYXKIeHHEIE cocTodHUS Ga-

pHOHa KOJUIMHEAPHEBIMH 3-MEPHBEIME BeKTopaMnm (cnmHopamm) b, =
3 4 5 _

{c(s), Cls)» c(s)}, roe s = 1,2, 3. OueBumHO, 9YTO B 3TOM CIIy4ae OCTa-

eTCs TIPOM3BOJI B BEIGOpe MONYJIell BEKTOPOB. BBemeM Tpm moka He-

M3BECTHHIX 3HAUeHNS N Ko3h(QUIUEHTOB IPU COOTBETCTBYIOMINX
BeKTOpax (CIHHOpax):

|3(1)| ~ T |5(2)| ~ T2; |E(3)| ~ 3. (17.4.1)

Jlerxo BumeTh, YTO 5TO yCJIOBHE mpumBomuT K Tomy, uro SL(3,C)-
MHBapMaHTHEIE onpenenuTent B (17.3.1), obpamaioTcs B HyiIb, eCiin
comepkKaT OBa CTolOIa U3 MOMOJIHUTEIHHLIX TapaMeTpoB 6apuoHa B
HEBO36YKIEHHOM COCTOSHUM.

IlycTe aHasormuyHble BEKTOPHI OJid BO3OYXMEHHBEIX COCTOSHUN
6apuoHa He SABIAIOTCS KOIINHEAPHBEIME. DTO O3HAYAET, UTO MMEIOT-
cs smme Tpu pasHoBunHocTH SL(3,C)-MHBapMAHTHEIX ONpeNeiu-
Telel, COCTaBJIEHHLIX U3 MapaMeTpoB 6apHOHOB B HEBO3GYKIEHHOM
u BO30OyXIeHHOM cocTOofHUAX. IlycTh B BO3GYXKIEHHOM COCTOSHUHI
HaXO#UTCA BTOpoil 6GapuoH. BrIpasuMm 3HaUYeHUS OTIWYHLIX OT HY-
JI OIpeNesINTelIell Uepe3 HOBLIE IMOKAa HEM3BECTHLIE YNCHA ¥, TIE
r=1,2,3:

(5;23) = z,y1;  (5;12) = z,ys;  (s;13) = 2,4y, (17.4.2)

rle CUMBOJIOM S 0003HaueH HOMep KBapka IepBoro 6apuona.

Ins 6apuoHOB B KOHEYHELIX COCTOSHUIX MMEIOT MECTO TaKUe XKe
obo3HaUyeHNA.

2. llycTe mepBEIil 6apmoH B HAYaJILHOM COCTOSHUE OLIIT HEBO3-
6y XIEHHBLIM, a BTOPOil 6apumoH — BO36YyXIeHHEIM. B pe3ynbTaTe B3a-
UMOIelCTBUA NepBHIl 6apUOH Nepemniell B Bo30yXKIeHHOE COCTOAHUE,
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a BTOpOil — B HeBo36yknenHoe. Torna coornomenus (17.3.3) B npo-
obpase HelCTBUS B3aMMONENCTBUS UEPE3 HEUmpaabHble 24100Hbl 3a-
OUCHLIBAIOTCA Yepe3 BBENEHHBIE YHCIIA CIEAYIOMNM 0o6pa3oM

1;1] = yf(mg, - 132)2; [1;2] = y1ya(zs — 22) (25 — 21);
[1;3] = yiys(zs — z2) (22 — 21);  [2;1] = y1ya(z3 — z1) (23 — 22);
[2;2] = y3 (23 — 21)%;  [2;8] = yaya(es — 21) (22 — 21);
[3;1] = yiys(z2 — z1) (23 — 22);  [3;2] = yays(z2 — 1) (23 — 21);

[3;3] = y3 (22 — 1)”. (17.4.3)

3. IlokaxeM, 4TO OIpeelieHHEI BLIIIE MEXaHN3M OMUCAHUS CUITE-
HBLIX B3aHMONIEMICTBHH 4epe3 oOMeH GapHOHAMHU 3HAYE€HUAMH IOIOJI-
HUTEJIbHEIX NapaMeTPOB IPUTONEH NI ONMMCAHWS B3amMoIeicTBUi
KBapKOB uepe3 HelTpalibHEIE I'I0OHEI. B riase 15 6nimo mokaszaHo,
9TO TaKuX IiooHOB nBa. OHEM o6o3Hauauch cumBoigamu A, u B,,.
ComocTaBnss koMGuHaunu u3 BeIpaxeHmit (17.3.3) ¢ m3BecTHHIME
COOTHOIIEHUSIMHE IJIsI B3aUMONENCTBUH ABYyX GapMOHOB B XPOMOIU-
HaMuKe (B DaJbHONEHCTBYIOIEN BEPCHY) 3alMINEM YCJIOBHUS HA BBe-
IEeHHEIE BEHIIIE KO3()UNNEHTEI 24, Y, OTAEIBHO NI B3aNMOIEHCTBU L
gepe3 A, u B, TIIOOHEL

1) Ucnonbsys (15.4.11), monyuaem 9 ypaBHeHUR Ha 6 BBEIEHHEIX
BEJINYWH IJIs CIydas B3aWMONENCTBUS 4Yepe3 MPOMEXYTOUYHBIH A-
TJIIOOH:

yi(z3 —22)> =& yiya(zs — z2) (23 — 21) = =&

1ys(zs — z2)(z2 — 21) = 0;  y1ya(es — 21)(23 — 22) = —52;
y%(iﬂs - $1)2 = 52; ?/2?/3(133 - 1101)(1102 - iEl) =0;
n1ys(ze — 1) (23 — 22) = 0;  yays(z2 — 21)(23 — 21) = 0;

2 2 _
y3(2z2 —21)° =0, (17.4.4)
roe & — HeKOTOpas KOHCTaHTa, colepXkalnas B cebe KOHCTaHTY {,
CIJILHBEIX B3alIMOIENCTBUIA.
OTa cucTeMa ypaBHEHMiI OKa3LIBA€TCA COBMEeCTHOM. Ee pemrenus
NMeIOT BHUA:

y1(zs — 22) = £ ya(2s — 1) = F&  ys(z2 — 21) = 0. (17.4.5)
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2) Mcnonbsysa (15.4.12), nomyuyaem mpyrue 9 ypaBHEHHil Ha Te
Ke 6 BEIMYWH OJId CIIyYas B3aUMONENCTBUS Uepe3 MPOMEXY TOUHBIM
B-raioon:

2 2

¢ I
?/f(ms - 132)2 = 3; ?/1?/2(133 - 902)(933 - 901) = 3;
~2 62
y1ys(zs — z2) (22 — 1) = —2§; y1y2(23 — 1) (23 — 22) = 3
) ) 52 52
ys (23 —z1)° = 3 yoys(zs — z1) (22 — 21) = —23;
&2 &
y1ys(ze — 21) (23 — 22) = —2§; yoys(z2 — 21) (23 — 1) = —23-
2 2 &
y3 (2o — 21)° = 43. (17.4.6)
BTa. CHUCTeMa ypaBHeHIIIfI'[ TaKXe COBMeCTHa. Ee peH_IeHI/IH HMEIOT BUL
I I 2¢
y1(zs — 22) = i\/—g; yo(z3 — 21) = i%; ys(zs —21) = :F7§'
(17.4.7)

ns IIPpUBEOECHHBIX pemeHm?[ CJIENYET, YTO HEBBIPOXIEHHOE COCTO-
AHUE NOJIXKHO XapaKTE€PU30BaThCA Pa3HbBIMU 3HAUYCHUAMU T,:

1 £ x9; o F L3, T F 3. (17.4.8)

4. Jlnga ciydas B3aMMONEHCTBHN dUepe3 IPOMEXYTOYHBIE 3aPA-
JHCEHHbIE 2410Hbl B PaMKaX NaHHOH YIPOINEHHOW MONEIM CHTYalus
OKa3BIBaeTCsA CIOXKHee”, IO3TOMY 37leCh OTPAHMUAMCA JIAIIL HEKOTO-
PHIME 3aMeYaHUIMH.

a) IIpexne Bcero, OTMETHM, UTO, €CIM UCXONUThH U3 IIPEICTaBIIE-
HUil O Iepexolle U3 HEBBLIPOXKIEHHOTO COCTOSNHNUS B HEKME BHIPOXKIEH-
HEIe COCTOAHMNA, To BeipaxeHus (17.3.4) — (17.3.9) coorBeTcTBEHHO
IPENCTABISIOTCS YePe3 BBEIEHHEIE BEIMUNHLL CIIEAYIOMINM 06pa3oM:

X = yi(zs — 21)%; (17.4.9)
X = ya(z3 — )% (17.4.10)
Y = ¢l (22 — 21)% (17.4.11)

2 o
Moxmno AOIIyCTUTH, 9YTO TaKHN€ B3aMMOOECNCTBUA OIIMCBIBAIOTCSA II€PEXOQaMU
MeXny BO36y)KI[eHHI:IMI/I COCTOAHUAMMN.
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Y = y3(z3 — 22)%; (17.4.12)
Z = yi(zq — 21)% (17.4.13)
Z = Y3 (1133 — 1131) . (17414)

)

6) 13 comocrasnennit (17.2.7) ¢ popmymnamu (15.4.13) — (15.4.15
HaXONUM OTJeJIbHble HEeTPHBUAJILHBIE COOTHOIIEHNs Ha KO>(pduimm-
€HTEI IMeeM

X = yi(es — 21)? = 28%  y3(zs — 22)” = 28% (17.4.15)
Y = yi(zs — 21)” =28 y3(2s — 22)® =28 (17.4.16)
Z =y —21)" =28 yi(es—w1)?=28%  (17.4.17)

B) AHanu3 NOKa3skEIBaeT, 4TO BCe APYTMEe HEAWATOHAJLHEIE CIlara-
emule B MaTpune M (2,2), He COOTBETCTBYOIINE BEKTOP-BEKTOPHBIM
B3aMMOJIECTBUAM CTAaHIAPTHOW XPOMONMHAMUKH, MMEIT KadecT-
BEHHO WHOW XapakTep. B WacTHOCTH, Bce Takme cilaraeMble CONEp-
KaT IPOU3BENEHNS NBYX PA3IMUHLIX pasHOCTEl (25— 2, ), a He KBal-
pat ogHoro, kak B (17.4.15) — (17.4.17). Hanpumep, nmeem

12 2 3|1 3
17 (3 313 3) sttt

23 1 3]1 2
[12]j<2 3‘1 3)2?/%(‘”3_“92)(‘”2_‘”1),"'- (17.4.18)

17.5 HexkoTopble 3aMeuaHns

He nperennys Ha JOCTATOYHO MOJHOE PACKPEITHE TEOPHUH CHIIb-
HEIX B3auMmozeiicTBuii Ha 6aze BCKO panra (6,6), cieaeM HecKoib-
KO 3aM€YaHWii, KOTOPEIE MOTYT OKa3aThCs HOJIE3HEIME TP TaJIbHEl-
[IEM Pa3BUTHM NAHHOTO HANPABIIEHUS.

1. MoxHO OCTAaBUTEL BOMPOC O HOCTPOEHUN H0jlee TOUHOM GHusm-
4ecKoil KapTuHEI Mupa Ha 6a3ze BCKO panra (6,6), onnpascs Ha Te
JKe IPUHIUTEL, KOTOPEIE OBLIN WCHOJIB30BAaHLl B IPEABLIYIUX pa3e-
aax B pamkax BCKO panra (4,4). Onrako ciienyeT 3aMeTHTH, 4TO
B 5Toll riaBe obcyxkpajlack Oojlee dacTHasd mpobjieMa ONNCaHHUA B
pamkax BCKO panra (6,6) nums cHiIbHEIX B3aHMONEACTBHI.

2. Kak yxe ormeuasnock B §17.1, mpoobpas “ceobomHoro” mneii-
cTBUS OByX GapuoHOB by u by ONUCEIBaeTCS ABYMS COOTBETCTBYIO-
mumn nogmarpunamu M (4,0) u M(0,4) 6asoBoro 6 X 6-oTHOIEHN:
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(17.1.1). IIpm 5TOM OmATEH CllEAYET NOMHATH 06 yCIIOBHOM XapakTe-
pe “cBobomHOro” MEMCTBUA, HOHMMAEMOTO TOJBKO Yepe3 BXOMAIINE B
HEro KOMOWHAIINN U3 BHEIIHUX MapaMeTpoB dacTtui. [lpu 5Tux KoMm-
OUHAIUAX 06I3aTENBHO CTOST BEIPAXKEHUs, COCTABJIEHHEIE U3 MOMOJI-
HUTENLHEIX TapaMeTPOB IPYroro GapmoHa.

Honmarpuny M (4,0) (nns nepBoro 6apmoHa) MOXHO OXapakKTe-
pu3oBaTh aHajormyHo (17.2.1) yepes kOMOMHAIUM BHEIIHUX Hapa-
METPOB CIIEAYIOMUM 06pa3soM

M(4,0) — [}3} [;g} [;g} (17.5.1)

23 23 23

12 13 23] "
EcTecTBeHHO 0XUIaTh, 4TO aHAJOTOM “cBOGOMHON YacTH’ MIpoobpa-
3a NENCTBUA ABIAETCI CYMMa NUATOHAILHLIX JeMeHTOB. [lonb3yach

BBeIEHHLIMHE BBIIle 0603HAUYEHNAMHE, poobpa3s “cBobomHOro” memct-
BUS MOXHO NMPEACTABUTH B CIENYIOIIEM BUIE

Sfree(b(l)) =

1

= 5[(?1(1)’)’“‘11(1))(ql(z)')’u‘h(z))]X

x[(123)5—(3; 23)+(3; 13) — (3; 12)][(123),— (3; 23)+(3; 13)— (3; 12)]+

1
T3 [(@11)7"911)) (Tu(3)Yud1(3))] X

x[(123)2—(2; 23)+(2; 13)— (2; 12)][(123), — (2; 23)+(2; 13)— (2; 12) ]+

1
‘|‘§[(‘11(2)’)’“‘11(2))(‘11(3)’)’/#11(3))]><
x[(123)5— (1;28)+(1; 13) — (1; 12)][(123), — (1; 23)+(1; 13) — (1; 12)],

(17.5.2)
rie cumBosioM (123), 0603HaUEH ONPENETUTEND, NEINKOM IOCTPOEH-
HEIl U3 JTONOJHUTEILHLIX TapaMeTPOB BTOPOTO GapHoHa.

Jlerko BUmEeTb, YTO B YaCTHOM MONENW B3amMONIEHCTBHIl, pac-
cMoTperHO# B §17.4, 5To BEIpaXeHHWe o6palllaeTcs B HyJb, TaK KakK
ONlHa W3 KBaJpaTHHIX CKOBOK GyIeT COOTBETCOBATh HEBO36YXKIEH-
HOMY COCTOAHHUIO BTOporo 6apmoHa. QOTIMYHEIA OT HyJIA pe3yibTaT
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MOXeT JaTh TOJLKO yUYeT BKIIALOB OT Tpex (u Gosee) 6apuoHOB (B
nyxe npuanuna Maxa).

OTMeTuM, 4TO HJIs CIIydas MOAEIN SJIEKTPOCIabbIX B3amMONEi-
crBuit B pamkax BCKO panra (4,4) npoo6pas “cBo6omHoro” meiict-
BU NPEICTABIICS He 4epe3 TpH, Kak B (17.5.1), a Tompko uepes
OINHY KOMOWHANUIO MapaMeTpoB. BripaxkeHnue w3 BHENIHUX MapaMeT-
POB BEIpaXaJjoch 4epe3 4-KOMIOHEHTHEIE cTONGEeN U CTPOKy. AHano-
TUYHBIE BEIPAXEHUS MOXHO 3alWCATh WM B JAHHOM CIIydae, ONHAKO
Temepb KaXIHIH pa3 clieflyeT BEIGNPAThH CBOU BUIEI 4-KOMIOHEH THEIX
CTOJIGIOB U CTPOK.

3. CaenyeT uMeTs BBUAY, 4TO U3 6a30Boro 6 X 6-OTHOIIEHNA Clle-
IYyeT OXUOATh BKJIAJOB B Ipoobpa3 NERCTBUS ellle ABYX OPYTUX yT-
aoBbIx mogmarpun M((2), (2)] B (17.1.3). B pasnene 5 Takne BKIanbl
OBLIM Ha3BaHBEI MAaCCOBBLIMU.

4. Konnek THBHEIA (MHOTOTOYEYHEL ) XapaKkTep OTHOIIEHN (B3a-
IMOJeficTBHIT) KBapKOB B 6a30BoM 6 X 6-orHomenun (17.1.2), Bunn-
MO, IPOJIMBAET CBET Ha TpobieMy KOH(paWHMEHTA, TO eCTh Ha MPo6-
JeMy HeHabIIMaeMOCTU KBapKOB B CBOOOMHEIX COCTOAHUSIX. B pam-
KaX pacCMaTpPUBAEMORl 3[eCh KOHIENIWM HEBO3MOXHO TOBOPUTH O
CUJIBLHBEIX B3aUMONENCTBUAX 6€3 yUacTus cpa3y MHOXKECTBA KBapKOB,
160 CMBICI CaMHUX [apaMeTPOB 5JIEMEHTOB (KBapKOB) MMEET Xapak-
TEp OTHOIIEHWH ¢ ApyruMu siaeMeHTamnu (kBapkamu). Bes mocta-
TOYHOTO KOJIMYECTBA STUX 3JIEMEHTOB TEPSIETCI CaM CMBICI CHIIBHO
B3aMMOJENCTBYOMAX YaCTHII.



SAKJIFOYEHNE

Ncxons w3 m3m0KeHHOTO, MOXHO YTBEPKIATE:

1. B ocHOBY u3mueckoil KApTUHLI MUpPa CIENYET HOJIOXKUTH Ca-
MOCTOATENbHYIO CUCTEMY NOHATHH U 3aKOHOMEPHOCTEN, MMEIOIUX
CIIIy B (pM3MKe MUKpPOMEHpa U He TpebYIOMIUX IpelBapUTeNILHOIO
3aJaHU KIIacCUYeCKNX MPOCTPAHCTBEHHO-BPEeMEHHLIX OTHOIIECHUH I
cOmyTCTByIOmMUX UM MakponoHiaTuii. [lociennane BrIBomaTCA U3 cHC-
TeMEI NEPBUYHLIX MOHATWI. B pa3BuBaeMoll B 5TOH KHUTE PeISIN-
OHHOHM TeOpHHU NIPOCTPAHCTBa-BpeMeHH U (U3MUECKUX B3auMOIeH-
cTBUil (6MHADHON reoMeTpPOGU3UKE) MPENJIOKEHAa KOHKPETHas pea-
amsanns 5Toil uaen (0 MaKpOCKONMYECKOH NPHPONE KIIaCCHYECKOTO
npocTpaHcTBa-BpeMeHn). IlepedncinM KioueBhble ee MOJIOXKEHNUA.

1) B kauecTBe NEPBUYHEIX NOHATHIL CIEAYET B3ATh KOMIJIEKCHBIE
OTHOIIEHUS MeXIY ABYyMs MHOXECTBaMH 5JIEMEHTOB, OIUCHIBAIOIINX
COCTOSIHUS 5JIEMEHTAPHEIX 4aCTHII.

2) KoMmiiekcHbIE OTHOLIEHNS O6JIafaloT CBOMCTBOM (yHIaMeH-
ranpHOll cuMMmerpnn, oTkperroit FO.M.KymnakoBeim B Teopun ¢usn-
YECKUX CTPYKTYP, TO €CTh 06pa3yIoT GHHAPHYIO CHCTEMY KOMILIEKC-
ueix orHomennit (BCKO).

3) BumecTo Tonmonornueckoro nouarus pasmepaoctu B BCKO Bur-
CTyIaeT paHT — Iapa MelIbIX YUcell, XapaKTepusylolad KOJudecT-
Ba 3JIEMEHTOB, IJ14 KOTOPHIX 3alUCEIBAIOTCA 3aKOHLI, I TEM CaMEIM
onpefiendeT YUCia 3JIeMEeHTOB, yUacCTBYIOMNX B 3JIeMeHTapHOM aKTe
B3anMOIeNCTBHA.

Cnenyer OTMETHTBH, YTO CBONCTBA OTHOWUIEHUH 3HAUUTENLHO Gell-
Hee CJIOXKHOTO KOMIIIEKCa aKCHOM M NPUHIWIOB, COCTABIAIONINX NO-
HATHE KJIaCCHYECKOTO IMPOCTPAaHCTBa-BpeMeHUW. B wacTHOCTH, niis
HUX HET MOHATHA 6OIIbINe-MeHbIIe, HET aKCUOM HellpepbIBHOCTH. Tem
He MeHee, KakK moKa3aHO Boimre, Ha ocHoBe BCKO Husmmx panros
MOXHO Pa3BepPHYTH HOCTATOUYHO COAEPXKATeILHYIO TeOpUIO, OTpaXa-
IOIIYIO KITIOUEBLIE CBOWCTBA BJIEMEHTAPHLIX yacTul. B sToit Teopun
JIETKO yCMaTPpUBalOTCA Npoobpa3kl U3BECTHHIX MOHATUN U3 O0IIenpu-
HATBIX KJIaCCMUYEeCKON W KBaHTOBoW Teopmii. Tak, camMu GuWHapHBIE
CHCTeMBI OTHOIIECHUH ABIIAI0TCA NPoobpa3oM KIIacCHUeCKUX CUCTEM

425
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oTcuera (B KaKOM-TO CMBICJIE MX KBAHTOBEIM aHajioroM). KBanToBoe
TIOHATUE CIUHOPHOCTH YacCTHUIl OTOOpakaeTCs Mapoil KOMIIEKCHEIX
OTHOIIEHUH, COOTBETCTBYIOIUX paHry (3,3).

2. llpn oTkaze OT ampHOPHOTO KJIACCHYECKOTO IPOCTPAHCTBA-
BPEMEHN OKAa3BEIBAETCHI BO3MOXHLIM ONEPETLCSI TOJILKO HA IPSIMEIE
OTHOINIEHNS MEXIY 3JIeMEHTaMU-COOBITHAME, YTO COOTBETCTBYET HUC-
TOJIBL30BAHUIO KOHIIENMIINY TATLHONENCTBNS, allIbTEPHATUBHON 0bIIle-
TIpUHATON Teopun mois. VIMeHHO mO 5TOH NpUYUHE AJS HOCTPOE-
HUs 6GUHAPHON TeoMeTpodU3NKN BaXXKHOE 3HAUEHUE UMENIN YPOKHU Teo-
pun npsmoro MexyacTuysoro BzaumoneiicTsus (TIIMYB) dokkepa-
®eitnmana. 3 m3noxeHHOTO BUIHO, YTO, BO-NEPBHIX, NAEU U Me-
tonel TIIMUYB ucnonb3yioTcs mMpu MOCTPOEHWH OGWHAPHOW TeOMET-
podusuku, Bo-BTopeix, TIIMYB o6ocHoBEIBaeTC ¢ 6oJiee TiIy6OKIX
TO3UIN 6GUHAPHOM TeoMeTpodu3uku, B-TpeTbux, TIIMYB aBnsgeTcs
IPOMEXYTOUYHLIM 3BEHOM MeXIy OMHapHOU reoMeTpodU3UKOHN U 06-
MIETPUHATHIME TEOPUSIMHU U, B-4eTBEPTEHIX, caMa GMHapHasd TeoMeT-
podu3mKa MOXKET pacCMaTPUBATLCI KaK Pa3sBUTUE KOHIENINY Jajlb-
HozeificTBU:A, HauboJIee Najleko pa3BuToil (panee) B pamkax TIIMYB
®oxkepa-PeiinMana.

Konnenmnusa 6auskoneiicTBUA B BUNIE TEOPUN IOJII TOMUHUPYET B
dusuke yxe 6oilee cTa JeT, MONABIAd UAeW HajibHomelicTBus. Ham
nmpencTaBagercs, 4To ¢uznka XXI Beka mpeomosieeT 5TOT HeMOCTa-
TOK. MOXHO IPOTrHO3MPOBATEL B ¢U3NKe GYOYINETO CTOJIETUS 3aMEHY
KOHIlennuy GJIM3KONeHCTBUA Ha KOHUIENIUIO TATLHONENCTBUS, OIJIO-
IOTOBOPEHHYIO UIEIMM W ONLITOM KaK TPaIWINOHHON TeOopHH IO-
Jisl, TaK B MHOTOMEPHEBIX T€OMETPHYECKUX Mojeliell. ABTOp HaleeTcs,
YTO HaHHA] KHWUTa GyIeT CONelcTBOBATL STOMY.

3. Ilepexon OoT NEPBUYHLIX MOHATHH PEISINOHHON TEOPUM MUK-
poMHupa K KJIacCH4ecKMM (MaKpOCKONHYECKHM) IPOCTPAHCTBEHHO-
BPEMEHHEIM IIPENCTABIIEHUIM Hajieko He TpuBmajieH. Hemocpenct-
BEHHO U3 IEPBUYHEIX OTHOIIEHNH MOJIYYal0TCsI KOMIOHEHTEI HMITYITh-
coB. llig mepexona oT UMIYJILCHOTO IPOCTPAHCTBA K KOOPIUHATHO-
My HEOGXONMMO HCIOJIB30BaTh Psif IPUHINIOB (IPOIENyp):

1) npoo6pas npurnuna Maxa, cocToAmuil B CyMMIPOBAaHNK BKJIa-
IIOB B OTHOIIIEHNE MEXAY Mapoll JIOOLIX YacTHIl CO CTOPOHLI TPETh-
uX JacTHI (COOBITHA ¢ TPETHUMH YacTHIAME) BCETO OKPYKAIOLIETO
MUDPa;

2) IpMHINI yCpeNHEHHs [O 3JEMEHTAPHBIM 6a3aM, COCTABIAIO-
UM MaKpoupubop, — TOJNLKO B Pe3yibTaTe STOH HPOIenypHl BO3-
HUKaeT njes KIacCHYeCKOTO IPOCTPAHCTBA-BPEMEHN;

3) mpouenypy ycpemHEHWs [O 4acTHIaAM, COCTABJISAIOMIMM Mak-
POOOBEKTEI, MEXIY KOTOPHEIMU BO3HUKAIOT KJIACCHUYECKUE MPOCTPaH-
CTBEHHO-BpPEMEHHLIE OTHOIIEHNS.

4. N3 mpencTaBieHNl O PeANUOHHON NPUPOAE HPOCTPAHCTBA-
BpPEMEHN U BBENEHHOTO MOHITHUSA CUCTEMEI OTHOLIEHWH CllefyeT HO-
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Bagd MHTepIpeTalusd KBaHTOBOH TeOpPHH, COTJIAaCHO KOTOPOH cTaTuC-
TH4YecKad NpUpofa KBaHTOBOHN TeOpPHU, BO-IEPBLIX, CBA3aHA ¢ KOMII-
JeKCHBIMN (NMKINYeCKHMU) OoTHOImeHUsIMH, onuckiBaeMbiMa BCKO
MEHEMAJIBHOTO paHra (2,2), u, BO-BTOPHIX, O6YCIIOBIIEHA NIEPEXOLOM
OT 5JIEMEHTAPHBLIX (Ga3MCOB (CHCTEM OTHOLIEHWH) K OTPOMHOMY aH-
caM6JII0 M3 HUX, COCTABIIAIOIIEMY KIIaCCHUECKUl MaKponpu6op (Teso
KIIaCCHYECKOH CHCTEMEI OTCUETA).

5. B paMkax pa3BUTON (IEBATOR) mapaJNrMbl OTKPELIBAETCS He-
TPaXINIUOHHEIA B34 Ha CYTh PU3NUEeCKUX B3aUMOAEeHCTBUN 1 BO3-
HUKaeT HOBHIW MOAXOMN K uX o6benunenuio. Ha camom simemenTapHOM
ypoBHe (emme mO mepexoma K MaKPOIOHATHSAM) MOXHO PasriIileTh
npoo6paskl KJ1acCHueckKoro NeRCTBUA B3aNMONEWCTBYIOMINX YaCTHUII.
TakoBreIME ABIAIOTCA 6a30BLIe WIN GYHIAMEHTAIBHEIE N X N-OTHO-
IeHnd, IpelcTaBigoIue cBoeobpa3Hble 06beMbI O6MHAPHON reoMeT-
pun.

EcTecTBeHHEIM 06pa30M CTPOUTCA MOCIENOBATENHLHOCTL MOIETIEN
U3BECTHHIX PU3NUYEeCKUX B3aMMOAEHCTBUHN, B YaCTHOCTH:

1) B pamkax BCKO panra (4,4) cTportTcs mpocTeiimas MONENb
5JIEKTpociIabBEIX B3aMMOAENCTBHM, KOTOpasd MoXeT OBITh HOCTaBlle-
Ha B COOTBETCTBUE C OOUIenpuHATON Mogmenbio Baiubepra-Camama.
B tepMmumax sToit Momesu GopMynaupyeTcsa ajreGpamdecKuil mpoob-
pas rpynnoBeix SU(2)- u U(1)- cuMMeTpuil, HOIOXKEHHEIX B OCHOBY
kasmmbpoBounoit Momenu Baitu6epra-Canama.

2) B pamkax BCKO panra (5,5) packpsiBaeTcs Goiiee coBepileH-
Had MOJIeJIb 3JIeKTPociiabbIX B3aNMOAEHCTBH JIEITOHOB, OCHOBaHHAA
Ha COOCTBEHHOH CHCTeMe NOHATHH U NMPUHIUANOB.

3) B pamkax BCKO panra (6,6) BLIBOOZUTCS MOIEND 5JIEK TPOCIIa-
OBLIX B3aHMOJIEICTBUM KBapKOB, IO3BOJIA0IMai OOBICHATE CYIeCTBO-
BaHUE TpeX NMOKOJICHWH YacTH.

4) Ha ocroBe BCKO panra (6,6) MOXHO NpHATH K OIMCAHHIO
KITFOUEBLIX IOJIOXKEHU XPOMOANHAMUKH — COBPEMEHHON TeOpHH CUIIb-
HEIX B3amMogeiicTBuil. [lomaraem, uTo TakuMm o6pa3oM 3aKiagbIBa-
J0OTCA OCHOBBI JJI HOBOT'O IOAXOMla K ONUCAHWIO CHIILHEIX B3aUMOIeH-
CTBUH 3JleMeHTapHBLIX YacTHIl, allbTePHATUBHOrO KaJUOPOBOYHOMY
MIONXOAY B OOIIENpUHATONR TeOpHH IOJId.

Ecte ocroBanus Hanesarncs, yrto B pamkax BCKO panra (6,6)
yIoacTcd MOCTPOUTH OObeNINHEHHYIO MOIENb 3JIeKTPociaabblX U CUIIb-
HBIX B3alMOIENCTBHN.

6. U3 mousaTwii GmMHApPHON TeoMeTpODU3WKKU BLIBOOUTCA IPOOG-
pa3 MHOTOMEPDHOH METPHKH, UYTO MOXHO IOHMMAaTh KaK OOOCHOBa-
HHe MHOTOMEPHEIX TeOMeTPHYECKUX Mojellell (Ppm3muecKuX B3amMO-
nmeiictBuii Tuma Teopum Kamynrel-Kieiina. Takum obpasoMm o6ocHO-
BaHa INIONOTBOPHOCTDL HJAEW O IPOABJIEHUU IONOJHUTEIBLHEIX pas-
MepHOCTell B MUKPOMEUpe B BHIEe 3JIeKTPOCIabbIX U CHILHLIX B3an-
MOIeNCTBHIH.
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Onwmpasce Ha unen teopuit Kanymu: u Kineiina u pykoBoIcTBYACh
TOJIOXKEHUAMU OWHADHOW reoMeTpodU3WKM, YIAaeTcsd Pa3BUTL KOH-
KpeTHBIE BapWMAaHTHEI MHOTOMEPHEIX TE€OMETPUUECKUX MOHAeNen, 06b-
eqUHSIONNE OOINYI0 TEOPWI0 OTHOCUTEIBHOCTH W TEOPUU IPYTUX
B3aUMOAEeNCTBUN, B YaCTHOCTH:

1) b- m 6-MepHBLIE TEOMETPUUYECKNE MOJENIN €IWHOW TEOPUU Tpa-
BUTAINN U 3JIEKTPOMarHeTN3Ma, pa3BuBaoInue n obobinaomne nep-
BLIE BapHMaHTHI H-MepHEIX Teopuit Kanymnsr u Kiteiina-Pywmepa;

2) 6- m 7-MepHBIe BapWaHTHI €IWHOW TEOPHUHW TPABUTAIMOHHBIX
U 3JIEKTPOCIabbIX B3aNMOIENCTBIN, COBMEIIAOIINE 3aKOHOMEPHOCTH
SHHIITETHOBCKOM 0OOIell TeOpHN OTHOCUTEIHLHOCTH WM MOMENIH >3JeK-
TpociabeIx B3amMoneiicTeuil Baiin6epra-Camama (mociennss nocTa-
TOYHO XOPOIIIO BKJIANEIBAETCS B TEOPUIO 7 n3mepeHnﬁ);

3) 8-MepHYIO reOMETPHYECKYIO MOJEID IPABATANNOHHEIX U CHIIb-
HBEIX B3aMMOIENCTBUN, 060 BeNNHAIONIYIO OOIIYIO TEOPUIO OTHOCUTENb-
HOCTHU ¥ KJIaCCHMUYECKYI0 XPOMOIUHAMUKY.

IIpu mannHelinteM yBEIUUYEHUN pa3MepPHOCTEN, HAIPUMEDP B paM-
kax 10 usMepeHHUi, MOXHO INOCTPOUTDH €IUHYIO ['eOMeTPUYECKYIO Te-
OPHIO I'PaBHU-3JIeKTPOCIAabEIX N CUIBHEIX B3anMMOIeHCcTBU.

7. AHanmu3 MHOTOMEPHEIX T€OMETPUYECKUX MOIENER ¢ Goiee TiIy-
60KUX mo3UNU 6MHapHON reoMeTPOPU3NKHU MO3BOJIMII IO HOBBLIM yT-
JIOM 3peHHud B3TJISHYTH Ha IPUHIUNNAILHLIE TPYLHOCTH Kjaccumdec-
kux Mopeseii Tuna teopuu Kanyner-Kmneiina. HanomanMm nHekoTophie
¥3 HUX:

1) IIpobaema xomnaxmuurayuu JdonoOAHUMEALHBIT PA3MEPHOC-
met. C TOYKHU 3peHUs U3IIOKEHHOTO 3IeCh MOAXONa BBITIANAT Gec-
NepCHeKTUBHLEIMHI MONBITKKM OOOCHOBAThH KOMIAaKTHUDUKAIIUIO JOIMOJI-
HHUTeNbHLIX Pa3MepPHOCTEN KJIaCCHUEeCKNMMHU TeOMeTpUUYECKIMHI MeTo-
namu. B nccnemoBanmax nogo6HOTO pofa NCXONAT U3 HUYEM He OIpaB-
IaHHOW IOCBUIKH O IMePBHYHOCTH HEKOMIAaKTHUPUIUPOBAHHEIX pa3-
MepHOCTell ¥ MEITAIOTCA OOBACHUTL MX KOMIaKTHUGUKAIWIO, TOTAa
Kak B OmHapHOIl reoMeTpodusuke, HaobOpOT, IpeniaraeTca 060CHO-
BaHUeE IOABJIEHUd UYETBIpeX KJIacCHUeCKMX HEKOMIaKTUGUINPOBaH-
HEIX pa3sMepHOCTeH, MCXoid, MOXHO cKa3aTh, U3 IEPBHYHO KOMITaK-
TUGUINPOBAHHLIX IMOHATUH.

2) IIpobaema wucaa u3mepenuli MHOTOMEPHEIX MOJIEJEl TaKXe,
Ha Halll B3TJI4l, JOJDKHA pellaThcd 3a IpelejlaMi TeOMeTPHUeCcKOn
(msaToit) mapanurMel. B mpenoxeHHOM 311€Ch TOAXOME BLINEIEHHOCTE
IONOJIHUTEIILHEIX Pa3MEPHOCTEN pelllaeTcd Ha 3JIEMEHTapHOM yPOB-
He ellle O Iepexofa K MaKPONOHATHAM.

3) Ilpobaema noucka u Pusuveckod uwmepnpemayuu pewsenutl
MmHo2OoMEPHBIL Ypaerenul Stdnwmetna. C TOUYKE 3peHUs pa3BUBae-
MOTO 37leCh IIOAXOHa ClefyeT YCOMHUTHECA B dU3muecKoir 060CHOBaH-
HOCTY BapHUalMOHHLIX IPUHIIUIIOB B MHOTOMEPHEIX T'eOMETPHUYECKUX
MOZeJIAX IO IPOoBeleHNd Npouenyphl 4-MepHOH pelyKIuHU, a cileloBa-
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TeJIbHO, I YCOMHUTBLCA B CIPABENINBOCTH MHOI'OMEPHEIX ypaBHEHUH
Otnamnreiitna. CTporo roops, BapualuoOHHbIE METONLI MOXHO IPUMe-
HATH, KOI'la BBeleHO KJIacCHUecKOoe KOOpPAWHATHOE IPOCTPaHCTBO-
BpeMsA. A Kak TOKa3aHO BBINIE, JJIA NONONHUTEIBLHEIX Pa3MepHOC-
Tell MMEIOT CMEICH JIUIIL KOMIIOHEHTEI MMIIYJILCOB, M HET aHAJoTa
KOOPIMHATHOTO TpOoCcTpaHCTBa-BpeMeHu. Ilociennee MOXHO BBECTH
TOJILKO HOJIS YeTHIpeX KilacCm4ecKuX KoopamHaT. VIMeHHO mo 5TOi
npuuuHe B riaBax 8, 10, 11 u 16 3anuceIBajuCh UL T'HIIEPIIIOT-
HOCTH MHOTOMEPHEIX JIarpaHXWaHOB U OT HHUX IMOCPEICTBOM IIpO-
melyp pa3MepHOW peNyKIWHU OCYIIECTBIIAIICA IepeXol K 4-MepHBIM
IUTOTHOCTAM JIarpaHXmaHa. K TakuMm JlarpaHXuaHaM yXKe IIpUMe-
HUM BapUalUWOHHLIA npuHnun. IloguepkHeM, B yKa3aHHEIX IJIaBaX
HUTIe HE WCOONL30BAJUCH b-, 6- U T. O. -MepHBIE YpPaBHEHUS DiH-
HmITeNHA.

8. Ocobo ciienyeT BBIIENTNTE BEIBOI O CYITHOCTH T'PAaBUTAMOHHO-
ro BzauMmopeiicTBus. B raase 7 mokasaHo, 4TO 4-MEPHYIO UCKPUBJIIEH-
Hy!0 (PEMaHOBY) r€eOMETPHIO M ONNCHIBAEMEIE C €€ MOMOIIBIO [PABH-
TAUOHHLIE B3aMMOIERCTBUA MOXKHO TPAKTOBATh KaK CIENCTBUA, BO-
IEPBEIX, 5JIEKTPOMAarHUTHEIX (3JIeKTPOCIabEIX) B3aNMONEHCTBUMR X,
BO-BTOPHIX, KaK Pe3yibTAT yUYeTa BIMAHUS OKPYXKAIOIIEH MaTepuu
(yuer mpmanmna Maxa). 3ameTnM, oT TOro, Kak TPaKTyeTCs CyII-
HOCTH TPABHUTAINM, 3aBUCUT MOCTAHOBKA W PEIIEHNE MHOTHX (YyH-
MaMeHTAJIBHEIX MPO6JeM COBPEMEHHON TEOPHH T'PABUTAINM, TAKUX
Kak “KBaHTOBaHWE IPABATAINA , ONMUCAHWE PAHHUX CTAJUN pa3BH-
Tusa Bcenmennoil, MONCK TPaBUTAINOHHOTO U3JIYUEHUA U MHOTHE APY-
rue.

9. Onupasich Ha N3II0XKEHHEIR MATEPUAIl, MOXHO BEICKA3aTh IMPE]-
MOJIOXKEHNEe, UYTO UCTOPUA Pa3BUTHUA Teopnu GU3NUECKUX B3auMOIeH-
cTBU#l Moriia GBI oka3aThbcd mHOM. Kak m3BecTHO, B dm3mke XX Be-
Ka MOMUHUpYIOIIei 6blia KoHnenmnus 6imskomeicTBug. Teopus du-
3MYECKNX B3aMMONENCTBUI pa3BUBajach B paMkax Teopun mons. W
celfyac moaBJdioliee YUCIO GU3UKOB-TEOPETUKOB MBICIIUT MOCTpOe-
HHe TeOpHUH BeJIUKOro oObelWHEeHNd He MHaUe, KaK B paMKaX elNHOH
teopuu noissi. Ho ¢wusmka Morsia 6L MOWTH M IO ONHOMY W3 IBYX
IPYTUX OyTeu:

Bo-nepeviz, meopug mozaa 6bl pa3eusambca KA OCHOBE KOHYEN-
yuu daabrodeticmeud. JIIOGONEITHO OTMETHTD, YTO MHOTUE OTKPHI-
Tus B TeopeTndeckoii puzuke XX Beka GLUIU CHEJIaHEI B CBA3ZHU C Pas-
MEIIIJIEHUAME B AyXe KOHIENINN TalLbHONeNCTBUA. Eirle pas HamoM-
HOM, 4TO OWHIITEWH MPUIIE] K CO3NAHUIO OOIIEH TeOpuH OTHOCH-
TenbHOCTH, cienys unesMm Maxa. CirycTs MHOTO JIeT OKa3aliock, 4TO
Max cToan y KOJBEIGETN OCHOBHEIX GYHIAMEHTAIbHLIX TOCTUXEHWI
XX Beka. Ilpyroit spkuit mpumep: P.®eituman B cBoeit HobemeBckoit
JIEKOINH 3adBWJI, YTO K pe3ylibTaTaM, 3a KOTOphble eMy Bpydalach
IpeMUs, OH IpUIle]l Ha OCHOBE HIel KOHIENNUN TalbHONeHCTBHUI...
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Ecnu 6v1 umen majibHOMEWCTBUA OGCYXMAJINChL HAYUYHBIM COOO-
IecTBOM 6oJlee aKTHBHO, TO MHOTHE Pe3yJIbTaThl COBPeMEeHHOH Teo-
peTuyeckoil Gpu3nKu GEUTH OBl MOJIYUEHEI B €€ PaMKaX. JHAUNTEILHO
panbire (He B koHIe 60-x rogoB XX Beka) MOXKHO GbLIO 6B OTKPHITH
Teopuio ¢usmyeckux cTpykTryp KymakoBa, a 3aTeM 6Ll pa3BUTH I
ugen 6MHAPHOU reoMeTpPOPU3UKH.

Bo-emopviz, pusuxa mozaa 6 pa3eusambca NoO NYMU MHO20-
MepHblz 2eomempuueckur modeseti muna meopur Kaayyvi- Kaetina.
06 5TOM CBUAETENBLCTBYIOT BO3POXKIEHNE MHTEPECA K HUM C KOHIA
70-x TONOB, He 3aTHUXAIOIIETO yXe NBa HecaTuieTus. Wsnoxennoe
BBIIIIe NTOKA3EIBAeT, YTO B X paMKaX MOXHO pealli30BaTh NPUHIN-
nHaJIbHbIE MOMEHTEI CYIIeCTBYIOMINX HEIHe KaJIMOPOBOUYHEIX TeOpHi
dusnueckux B3anmorneiicTBuii. MHOTOMEpHEIE TEOMETPUYECKUE MOTE-
nu tuna teopuu Kanymner-Kinelina HecoMHEHHO OTpaXaloT CBOHNCTBA
peallbHOTO MUpa, HO OHHM IpPeICTaBIIAITCA JUIIL BepIINHOHN miaBa-
fomero aiicbepra. Ero ocHOBHas 4acTh OKa3BIBAETCHA CKPBLITOH IJIIA
OrPaHMYMBAIOIINXCA paMKaMU IATON MapalurMbI.

Ho ¢uzmnka XX Beka monnia mo Iy TN TEOPUHU TONA U KaJIubpoBOU-
HOTO HOAXONA K OMUCAaHWIO B3auMomelicTBuil. B raaBax 2 u 7 cuena-
Ha NONBITKa OOBACHUTHL, MOUYeMY BCe IPOM3OLLIO Tak, a He MHaUe.
OcHOBHEIE TPWYWHEI WMEIN, MO-BUAMMOMY, HCUXOJIOTMUYECKHAR Xa-
pakTep. Iluonepckue paGoTHI Ha3BaHHLIX HAPaBJIEHUH OKa3allNCh
TIpeXaeBpeMeHHEIME. B HUX MOBONLHO GBEICTPO BCKPLIIUCH NPpobIe-
MBI, KOTOpbIe He MOIJIM OBITH HeMeNJIeHHO pelleHEl MMEIoMUMUC
Ha TOT MOMEHT CpeICTBaMH, TOTJa KaK TeOpHdA IOJd NpeacTaBiId-
Jach MeHee MpobiieMaTWYHOW M MO3BOJANIa OOCHTH MHOTHE OCTPEHIE
BOIIPOCHI.

10. W3noxeHHEIH B KHUTe MaTepuall He IPETEHAYET Ha NCUEPIEI-
Balolllee pellleHNe MOAHATHLIX BOIPOCOB, HO, XOUeTCA HaleIThCd, 4YTO
UM 3aKJIaJBIBal0OTCAd OCHOBHL Iiid (pOPMHUPOBAHUSA HOBOT'O IOAXONA K
peliileEnio GyHIaMEeHTAILHLIX IpobiieM COBpeMeHHOM TeopeTHdYecKon
$n3nKy, ¥ 4TO 37ech cHeJIaHBEl IepBLIe ITaru Ha 3TOM MYTH.

Ha B3rmanm aBTOpa, OTKPLIBAIOTCS 3aXBATHIBAIONINE NEPCIEKTH-
BLI Ha HOBOM IIyTH, He CKOBAHHOM IPeICTAaBIIEHNAMU 06 alpMopHOM
KITacCUYECKOM IIPOCTPAHCTBe-BpeMEHH.

Xotenock 6u1 3aBepmnTh KHUTY cioBamu T.Kamyner, npusenen-
HEIMI B 3aKJIOYEHNM ero Kiacmueckoil paborsr: “IlomHocThio yum-
THIBasg Bce QU3MUECKWE M TEOPETUKO-NO3HABATENbHEIE TPYAHOCTH,
TPOMO3JAIIVECS Ha HAlleM IIyTH IPH U3JI0XKEHHOM NONXOIE, BCE XK€
HEJIETKO NPUMUPUTHLCS € MEICIBIO, YTO BCE 5TH COOTHOIIEHWS, KO-
TOpbIE BPSI JI MOXHO NPEB30MTH MO NOCTUTHYTOW B HAXCMENEHU
dopmanbrozo eduncmea, — BCETO JIMIIL KalpU3HAs UIrpa o6MaHUH-
Boll ciywaiinoctn” [27, ¢.534].
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CIINCOK KJIFOYUEBBIX TEPMWHOB AN
OBO3HAYEHWUN

R, (b) — penaumonnas Teopus o6beKTOB b OTHOCHTENLHO Gasuca a.

1. BAUHAPHASYS TEOMETPO®N3UKA

BCKO panra (r,r) — 6unapHas cucTeMa KOMIUIEKCHEIX OTHOLIEHUI
pamra (r,r), rme r = 2,3,4,--

1* — MapaMeTpHI 3JIEMEHTOB I3 MHOXKeCTBa M HauallbHEIX COCTOSHMIA;

o® — mapaMeTphl 3JIeMEeHTOB 13 MHOXecTBa N KOHEUHEIX COCTOAHMIL;

U;jq, — TAPHOE OTHOIIEHUE MEXIY 3JIEMEHTAMU i I Q;

®(, ) — 3axon BCKO pasra (r,7);

ik
pasra (r,r);

{a B } — ¢yunamentansHoe (r — 1) X (r — 1)-ornomenune BCKO

{?lz } — 6asoBoe 7 X r-orHomernne BCKO panra (r,1);

E]
(2 o
U = ( ﬁ ) — 4-KOMIIOHEHTHEIN CTOJIGEN M3 BHENTHUX mapaMeTpOB
T

YacTUnel, tae s, 7 = 1, 2;

¥ = \PT')/O = —{k,,a*} — 4-xoOMIOHEHTHas CTPOKa U3 BHEIIHUX
mapaMeTpoOB YacTHIEI, TOe S, 7 = 1, 2;
ap
i k
uian 2 X 2-0THOIEHWE W3 BHENTHUX MAPAMETPOB JIEMEHTOB
BCKO pasra (r,r) upn r > 3;
(e1r, €21) — cKamApHOE NPOM3BENEHUE JIEBEIX KOMIOHEHT YacTHI]
(u3 BHEIIHNX mapaMeTpOB);
(e1r, €2r) — CKaANAPHOE NPOM3BENEHNE NPABLIX KOMIOHEHT YaCTHUIl
(u3 BHEIIHNX mapaMeTpOB);
exp(s) — SKCHOHEHNMAIBHBIA HaKTOP YaCTHIEL S, COOTBETCTBYOIINI
ssiemernty BCKO panra (2,2);
¢ ~ S — BeIleCTBEHHEBIN MOKA3aTeNh SKCIOHEHTHI — IMpoobpasa
” neiticTBUA” ;
k, = mck, — IMIyJBC Nepefadn NpH B3aNMOAEHCTBIN ABYX YacTHI;
¢’, & — BHyTpeHHHUEe IapaMeTpHl 3eMeHTOB (r = 3,4, - - 1);
¢}, Cp — BHYTpeHHNE IapaMeTPHl COOTBETCTBEHHO JIeBOIl M IpaBoi
KOMIIOHEHT JIENITOHA;

} — ¢ynnamentansHoe 2 X 2-otHomenne BCKO panra (3,3)

(? lz) — 2 X 2- OTHOIIIEHNE U3 BHYTPEHHHUX IIapaMETPOB 3JIEMEHTOB

BCKO panra (4,4);
cL + cr ~ e — mpoobpa3 3JIEKTPAYECKOTO 3apAla JIENTOHA;
¢, — cgr ~ § — mpoobpa3s citaboro 3apsAmna JIENTOHA;

S(1,2) — npoo6pa3 neficTBUS ABYX B3aMMOINENCTBYIOMNX YaCTHIL;
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di? = GundeMdzY — npoobpas kBagpaTa 7-MepHOTO MHTEpBAIa,
rme M,N =0,1,2,---,6;

G N — KOMIOHEHTHI TPoo6pa3a METPUUECKOTO TEH30PA.

2. TEOPIIA IIPIMOTO ME2KYACTHUYHOTI'O
B3AMMOIENCTBUA

S (e)(l, 2) — GOKKePOBCKOE HeficTBYE MPSIMOTO MEXYaCTHYHOTO SIIEK-
TPOMarHUTHOTO B3aMMONEWCTBHUA YacTHUIl ¢ HOMepaMu 1 u 2;

S (9)(1, 2) — HOKKEPOBCKOE JENCTBHUE IPAMOrO MEXYACTUIHOTO I'pa-
BHTALNOHHOI'O B3aUMOAEHCTBUA YacTHUIl ¢ HoMepaMu 1 u 2;

S (‘P)(l, 2) — HOKKEPOBCKOE NENCTBHUE MPAMOIO MEXYACTHYHOTO CKa-
JIAPHOTO B3aMMOIENCTBUA YacTHIl ¢ HoMepaMu 1 u 2;

A, (i, k) — 5IIeKTPOMArHUTHEIA BEKTOPHBIA MOTEHINAJ, CO3LaBae-
MEI# 3apsamoM k B MecTe HaXOXIEHUS 3apsna i

A, (7)) — cyMMapHBIil 5/IeK TPOMArHUTHBIA MOTEHIINAI B MECTE PaCIo-
JIOXKeHNd 3apiana i;

F,,(1,2) — TeH30p 5/IEKTPOMArHUTHON HAIPAKEHHOCTH, CO3aBae-
MBIF 3ap4loM 2 B MecTe HaXOXIeHHA 3apina 1;

hap(1,2) — HO6aBOK K METPUYIECKOMY TEH30DPY IPOCTPAHCTBA

MUuHKOBCKOTO, CO3TaBaeMLIll JacTHUIIEH 2 B MECTe HaXOXKIEHUS
YacTUneI 1;

8(s%(1,2)) — nupakoBckas AenbTa-OYHKIUA AJd NBYX COOLITHIL B
Toukax 1 m 2;
jf‘i) — DJIEKTPUYECKUT TOK 3apAna i;

T(’:; — TEH30p >HEPruH-UMIyJIbca JacTHIEL %.

3. MHOTOMEPHBIE TEOMETPUYECKHWE MOJIE-
JIN TAITIA TEOPAN KAJIYIIBI-KJIEUHA
dI* = Gyndz™de™N — xBampaT n-mepHOro mETepBana, rIe
M,N=0,1,2,---,n—1;
G /N — KOMIIOHEHTHI MHOTOMEPHOTO METPUUYECKOTO TEH30DA;

G — OIpelelIuTellb U3 KOMIOHEHT 7i-MepPHOTO MeTPHYECKOTO
TEH30pAa;

g1 — KOMIIOHEHTEI 4-MEPHOTO MeTPHYECKOTro TeH30pa, Tle
pv=0,1,2,3;

&)/ — KOMIIOHEHTHI MOHAILI, COOTBETCTBYIOMIEN KOOpAMHATE Z°;

A) — KOMIIOHEHTHI MOHAJLI, COOTBETCTBYIOIIEN KOOpAUHATE Z°;

O3f — KOMIIOHEHTEI MOHAILI, COOTBETCTBYIOIIE KOOpIUHATE &

(M — KOMIOHEHTHI MOHAMAEI, COOTBETCTBYIOIIEH KOOpAUHATE &

70 — KOMIIOHEHTHI MOHAJEI, COOTBETCTBYIOIIel KoopIuHATE &

wj)s — KOMIIOHEHTEI MOHAALI, COOTBETCTBYIOLIEH KOOpAUHATE Z°;

GM (N') — XOMIOHEHTEI MHOTOMEPHO# N-aibl, 0606IaoIell TeTPaLy

o o B

I

)

o

)

©0
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_ B OTO;

Gun = x*Gun — ucxonnas (mo mpouenypsl KoHGOPMHOTO Ipeotpa-
30BaHNs) MHOTOMEPHas METPHKA;

Xz — KOHQOPMHEIN PaKTop;

I‘Z‘NJP — MHOTOMepHLIe cuMBONEI KpucTodbdend;

Apr(N P) — mHOrOMepHEIE KO3(hdUINEHTE Bpalenus Puyun;
®,, F, I, — MOHaIHEIE QU3UKO-TEOMETPUYECKUE TEH3OPH;

3
Fﬁ(u,) — AHTHCUMMETPUYHLIE DU3UKO-TEOMETPUUYECKNE TEH30PLI IPHI
n>b,roe s=4,5,-4
Vi — omepaTop KoBapuaHTHOTO AuddepeHInpoBaHns;

Op — MOHAIHEIR omepaTop 4-MepHOTro nuddepeHnnpPOBaHNA,;

3IT — OWamHEI omepaTop 4-MepHOro nuddepeHnnpOBaHN;
kg — HBIOTOHOBCKad I'paBUTallIOHHaA IIOCTOSHHAL,
87kg

& = —y’ — SHHIITeAHOBCKas 'PaBUTAlMOHHAs NOCTOAHHAL;
& — MHOTOMepHOe 0OO0OIIeHNe SWHITTENHOBCKON T'PaBUTAINOHHON
TIOCTOSHHOM;

ec
2/kgh
Kalu| 1o KoopanHaTaM z° u z° (Ip; ommcaHWE 371eKTpociaberx
B3aMMOIEHCTBH]I);

B = '3* —XoHcTaHTa, XapaKTepu3ylollas Nepuoll KOMIaK THUKaIun

IO KOOpAMHAaTE 1134 N

Y — KOHCTaHTa,XapaKTepU3yollas Iepuoll KOMIAaKTHDUKAIMA 1O
koopnuHaTaMm z', 8 n 2° (Ipu omMCAHWYM CUITBLHEIX B3amMO-
neficTBHI);

€, — TapMOHHKa MAKJIMYECKON 3aBUCUMOCTH MO KOOpAMHATE Z';

U = ¢pexp{i[Besz* + a(esz® + €¢2°)]} — MBOrOMepHAd cnmHOpHAL
BOJIHOBasA QYHKIIAS;

1) — 4acTh CIMHOPHOW BOJHOBOW (DYHKIIWH, 3aBUCAIIAA TOJIBKO OT

94eTEIpeX KJIACCHYECKMX KOOPIMHAT;

— MHOTOMEpPHOe 0606IIenne MTUPaKOBCKUX 7Y-MaTPHII;

"R — n-MepHasd CKajipHasd KPUBHU3HA;

L - TUIEPIJIOTHOCTE I'€OMETPHYECKOIO JIal'PaHXNaHa;,

Em — FNIEPIJIOTHOCTE HET€COMETPHUUYECKOI'O JIarpPaHXWaHa.

4. KATIMBPOBOYHAS TEQPHSI DJIEKTPO-
CJIABBIX B3AUMOIEACTBUAA
B,, — xanu6poBoYHOe moile, cooTBeTcTByomee rpymme U(1);
A(s), — TpumIeT KaIuGPOBOYHEIX MOJIEl, COOTBETCTBYIONUINX TPYIIIIe
SU(2);

AH — KOMIIOHEHTEI 3JIEKTPOMarHMTHOI'O MOTEHIUaJIa;

a= — KOHCTaHTa, XapakTepu3yolnasd nepnol KoMnakTudu-

FM
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Z,, — KOMIOHEHTHI HefiTpaibHOTo Z-6030Ha;
T/VMi — KOMIOHEHTHI 3apakKeHHEIX W*-6030H0B;

P = ( z’;—(})_ ) - I[Y6.TIGT XUTTCOBCKHX CKaJIAPHBIX 6030HOB;

3:4' — yAJWHEeHHasd MPOM3BONHAL 3JIeKTPOCIabEIX B3aUMOAEHCTBHH;

g1 — KOHCTaHTa B3aMMOJENCTBHUA C Ka..TII/I6pOBO‘IHI:>IM IIOJIEM BH’
g2 — KOHCTaHTa B3aMOJIENCTBHU C Ka..T[H6pOBO‘IHI:IMH IOJIAMMU I'DYyII-

ne1 SU(2);

—AL_ _ 57eKTPOMArHUTHEIN 3apsijl 3J€KTPOHA;

e =
gi+93

fw = arcsin (971
Voi+as

Y — rumepsapsn;

T3 — mpoekuus W30TONMMYECKOTO CIUHA;

Q= %Y + T3 — oIIEeKTPUYECKUT 3apsil B eNUHUINAX €;
VL
€L

5JIEKTPOHA;

er — IpaBas KOMIIOHEHTA JIEKTPOHa (H30CKAIAD);

o1, — 2-psanusie MaTpunsl llaymnm;

v, — 4-psanasie maTpunsl Hupaka;

EH — IUJIOTHOCTH JIaTPaHXKUaHA.

5. KAJINBPOBOYHAYI TEOPUS CAJIBHBIX
B3ANUMOIENCTBHAN

V! — BeKTOpHEIE MOTeHNNANEI (IIIIOOHHEIX) KAINOPOBOYHEIX MOINE
(CL: 112a3a"'78);

Fﬁ(i?,) — TEH30PbI HAIPAXKEHHOCTH Ka..T[I’[6pOBO'-IHBIX r[o.]'[eﬁ;

A, =V?2, B, =V? - meiirpanbubie (IIIOOHHEIE) KalIGPOBOYHELE

moJIs;
X Mi, Yui, Z;—L — 3apsKeHHEIE (TIIIOOHHEIE) KAJINOPOBOYHEIE IIOJIS;
0}, — ynnuHeHHas NPOM3BONHASA CHILHLIX B3aWMONEeHCTBUi;

go — KOHCTaHTa CIJILHEIX B3aWMONEHCTBUIL;

q(s) — UBETOBOIl TPUIJIET KBapKOB;

(), — UBETOBOM M30TOIMMYECKUA 3apil;

()p — THIEPIBETOBOW 3apsim;

Ay — 3-psanueie MmaTpunsl [emn-ManHa;

T4 — MaTpunsl I'enn-Manna B 6asuce Kaprana-Beiins;

LB,s — 6030HHAA YACTh MIOTHOCTU JIAT PAHXKUAHA;

Lr — depMuoHHasA 4aCTh MIOTHOCTH JIaT PAHXKHUAHA.

) — yron Baiiu6epra;

— M30TONUYECKUH I[y6JIeT 13 JIEBBIX KOMIIOHEHT HeﬁTpHHO n
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