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dpenucioBue

Wsmaraemplii Huke MaTepuaJ IpeacTaBageT coboll CylieCTBEHHO PaCHINPERHBIN KOH-
CIIEKT JIEKIIHIT, YMTaeMBIX aBTOPOM Ha dusmdeckoM dakyabreTe ¥ paiabckoro Locymap-
cTBeHHOTO YHUBepcuTeTa, Hadnaad ¢ 1991 roma. OcHoBHAA 3amgada Kypca — MO3HAKO-
MHTBH CTYJIEHTOB — TEOPETUKOB C OCHOBAME COBPEMEHHOI KBAHTOBOM Teopuu mosid u du-
UKW 3JIEMEHTAPHBIX JACTHUI[. DOCKOJBKY CIema msanusa cTyaeHToB B Ypl'Y cBasana,
TJIaBHBIM 00pasoM, ¢ GpuU3nKOoil KOHIEHCHPOBAHHOIO COCTOAHUA, MEPE], AaBTOPOM CTOAA
HEMpOoCTad 3a7lada M3JIOKEHNA MaTepuasia B JOCTATOIHO KOMIAKTHOM W 3JIEMEHTAPHOM
Bume. B To ke Bpemd, 3amaveil Kypca ABJIAeTCA W3JIOKeHNEe HabOpa CBEIEHNI, KOTOPBIE
HeOOXOIMMO 3HATh, B HACTOHAIIee BpeMd, KaXkKIOMY IPAMOTHOMY TEOPETHKY, HaXkKe He pa-
boratomeMy B manHol obstactu. B msBecTHOM cMBIC/Ie, TaHHBI Kypc 3aBepinaeT obuuit
IUKJT MPEMOIABAHNSA TEOPETHIECKOH DUSUKH.

KpanToBas Teopua mosid ABIAETCA, HA CETOMHAINIHUN TeHb, Hambosee QyHIAMEH-
TaJIbHON Teopuell marepuu. B mocnemame mecaruaernsa B »TOi 00IaCTH HJOCTUTHYT BIIe-
YaTIANMIA Tporpece, KOTOPHI CBA3aH € MOCTPOEHHEM TOTO, YTO HAa3BIBAETCH “CTaH-
ITapTHON Momedab0” YacTHIl U WX B3amMomelicTBuii. B To xe Bpems, cOOTBETCTBYIONINT
MaTepuaJl ellle He OYeHD MINPOKO MW3BECTEH 3a TpeieIaMu cOoOIIeCTBA JOIell, HEMOCPe -
cTBeHHO paboraonux B ¢usnke gacturl. C Apyroit CTOPOHBI, HIEN W METOIBI KBAHTOBOM
TEOPUHN MO HAILIN OYeHb ITIPOKOE MPUMEHEHNE B TEOPUHU KOHIEHCHPOBAHHOTO COCTOA-
Hud, n Oe3 3HAHUA COOTBETCTBYIOMINX TPUHITUIIOB, TPYIHO 2 deKTUBHO paboTaTh B 9TO
obJTacTh, Ka3aa0Ch OBl TOCTATOYHO JAJIEKOI OT Kpyra HHTEPECOB TEOPUH 3JIEMEHTAPHBIX
JaCTHII.

Nmeerca mocTaTodno HOJIBITOE KOJTUIECTBO CTAHIAPTHHIX YIeOHUKOB KBAHTOBOR Te-
opun oA pasHoro yposa# [1] — [12]. OcobenHOCTHIO GOMBIMHCTBA W3 HUX (KpOMe, TI0-
KTy, TOBOJBHO CTAPHIX KHUT [5, 6]) ABIAETCA HOCTENOBATETBHOE TEIYKTHBHOE W30~
JKeHIe peaMeTa B paMKaX UAeoJornu, Hanbosee 6im3koil aBTopam. OTimdne TaHHOTO
Kypca COCTOUT B TOM, UTO 3[I€Ch MPUHAT CKOPEE WHAYKTUBHBIN METO, KOTAA OIHU M Te
e, 33a9aCTYI0, BOMPOCH M3JIATAIOTCA PASTHIHBIMI CIIOCODAMHE. DTO BEIET K HEN3DEKHBIM
MOBTOpaM, HEKOTOPOMY pas3Hoboi B obosHadeHnax u T.1. OmMHAKO aBTOPY MpEeICTaBJIA-
eTcd, 9TO Takoil momxon Oojiee TOJIE3€H ¢ TOUKH 3PEHNA 3HAKOMCTBA C pasHOObpasueM
ueit 1 METONOB, NCIOTB3YEMBIX IIPH PEIIEHNNN PeadbHBIX 3a1a4. [lag monuManusa 60ab-
nrefi 9acTu Kypca Tpedyercd 3sHaAHUE OCHOB KBAHTOBOW MEXaHUKHU U CTATHCTHIECKON du-
3UKH. JEKOTOPBIE HYKHBIE TIOIXOIbI, HE M3JIarafollnecs B TPAAUIMOHHBIX Kypcax KBaH-
TOBOI MEXaHWKW M CTATUCTUYIECKOW pusuku, OynyT obCyXKIEHBI IO X0y [EJA.

Dpu HANMWCAHUHW HAHHBIX JEKIUA aBTOP B HAMOOJBINEN CTEMEHN OMUPAJIC Ha KHUTH
[1, 8], HO HOBOJILHO MHOIO MaTephaJsia B34TO U U3 JPYIMX UCTOYHUKOB, KOTOPBIE OYIyT
MUTUPOBATHCH O XOMy M3JIOXKeHusd. B psame ciydaeB, MBI cTapaeMcd TPOBOIUTH aHa-
JIOTHHU ¢ W3BECTHBIME 33[a9aMU TEOPUHN KOHAEHCUPOBAHHOTO COCTOAHUA UJIH TTIPUBOIATE
MPUMEPHI PElleHnsd KOHKPETHBIX 3aad U3 3Toi obaacTu, Oosee HJAU3KON CIIYIIATETAM.
Dpu 5TOM CJIeIyeT UMETh B BUIY, 9TO W COBPEMEHHAA TEOPUH 3JIEMEHTAPHBIX JACTHII 32~
HMCTBOBAJIA MHOTHE UIEU U METOBI TEOPUH KOHIEHCHPOBAHHOTO COCTOAHNA, W OMHOR U3
3aJad JaHHOTO Kypca ABIAeTCH IEMOHCTPAIAA 3TOTO eINHCTBA TEOPETHIECKON PUSUKHA.

DeKOTOPOit HEOOBITHOCTHIO KypCa, CBA3AHHON ¢ OTMEYEHHBIME BBINE €0 OCODEHHO-
CTAME, ABJIAETCA TOBOJIBHO HOJIBIIOE TUCITO JIUTEPATYPHBIX CCBIIOK. D PH 5TOM HMEIOCH
B BHIY, YTO HAJIMYHWE CCHLIOK MO3BOJIAET YUTATENO, MPH KeJaHWw, mepeiitu K Hostee
yrayOJIEeHHOMY PAacCMOTPEHUIO TEX WJIM WHBIX BOIPOCOB, TeM Oojlee 9TO UTEHHWE JAHHBIX
JIEKTINl He MOKeT, KOHEYHO, 3aMEHUTH u3ydeHud Oosee GyHIAMEHTATBHBIX YIeOHUKOB.



CurenyeT, KOHETHO, UMETH B BUIY, UTO 3TH JEKIHMN ABJIAIOTCA W3JIOKEHNEM MaTepHaJIa
HE CHEeINUAJUCTOM U JJId He CIenuaancToB!

lenTpaabhoil nmeeit Kypca ABAAETCA WITOKEHNE OCHOB KAJUOPOBOYHBIX TEOPUIL B3a~
UMOIEeCTRUA 3JIeEMEHTADHBIX YaCTHIL M OCHOB “cTaHiapTHON Momenn . B MeTomumdeckom
IJIaHe JTOCTATOYHO MOAPOOHO M3Jaraercd gumarpaMMHad TexHnka PefinMana, 3HaUEHHE
KOTOPOIl BBIXOIUT [AJIEKO 3a Mpelesbl TeopHu saeMeHTapHbIX dactul, [13], a Takxe
dbopmanusm bYHKINOHATBHOTO (KOHTHHYAJBHOTO) HHTETPUPOBAHNSA, KOTOPHI TakXe
NIMPOKO HUCIOJB3YETCA B HACTOdAIllee BPEMA B OPYIUX 0OJIacTAX TeopeTmdeckoit du-
suku [14, 15]. Mbl co3HATENBHO ONpAHUYMBAEMCH STUM YKE JOCTATOYHO TPAJUIHOH-
HBIM MAaTEPHUAJIOM, COCTABJIAIONIM OCHOBY COBPEMEHHOTO MOHMMAHWA B3aUMOIeRCTBUH
BJIEMEHTAPHBIX YacTUIl. B 5TOM cMBIC/IE, M3TaraeMblli MaTepraJl He HOB, BCE 3TU PE3YIb-
TaThl OBLIN TOJTY YEHBI TPUMEDPHO K cepenuie 70-X romoB. MBI cCOSHATETBHO OCTABJIAEM 34
paMKaMu U3JI0kKeHns Doslee COBpEMEHHBIE, HO U HoJlee CIIEKYIATHBHBIE BOIIPOCH], TAKHUE,
CKalKeM, KaK cymepcuMMerpud. Tem Oosee He W3IaraloTcd BEIH, BHIXOAAIINE 38 PAMKH
cOOCTBEHHO KBAHTOBOW TEOPHWH TOJIf, TAaKUE KaK CTPYHBI U cymepcTpyHb. CobCTBEHHO
JusnKe YacTUI] TakkKe YIeJdeTCs TOBOJIBHO MAJIO MECTa, TPUBOMATCH JIUIIb OTAETb-
HBIE TMPUMEPHI pacdeTa TeX WU UHBIX MPOCTERnmx 3pPeKToB, ¢ MeJbI0 WIAOCTPAIHN
MpUMEHEHNsA ODINX TMPWHITNIIOB TEOPHUH. XOpoliiee M3JIOKEHNE KOHKPETHBIX BOIMPOCOB
coBpeMeHHO dbusnkn yacTu, MoxkHO Hafitu B [16] — [17].

DaszbueHne Kypca Ha JBE YacCTH HOCHT YHUCTO TEXHWIECKWI XapakTep. B mepsoii ga-
CTH paccMaTpUBaeTCd Jarpamkes popMaJn3M, CHMMETPHN, KAHOHUIECKOe KBAHTOBAHUE
U OCHOBBI KBAHTOBOU 3JIEKTPOAMHAMUKN. BTopasd 9acTh HMocBdAIleHA ()yHKITHOHATBHBIM
MeTOIaM, KBaHTOBAHWIO KaJIMOPOBOYHBIX TOJIell, MOomesiaM OObeIWHEHHOTO ONMCAHUA
B3aMMOMEHCTBUII 3JeMEHTADHBIX JACTHIl, a TakxkKe Oojee MeTaJTbHOMY DPacCMOTPEHUIO
TEOPUHN MEPEHOPMUPOBOK U HEMEPTYPOATUBHBIX METOIOB.

M.B.CanoBckuii, Exarepunbypr, 2000 r.



Y nac nem aywweeo cpedemea 0as ONUCAHUA IAEMEHMAPHBIL YACTIUY, YeM KEAH-
moeas meopa noas. Keanmosoe noae — 3mo ancambad 6eckonetno20 wucae 63aumodeti-
CMEYWWUT 2APMOKURECKUT OCUUAAAMOPOS. Boszbyncdenusa amuzr ocuussamopos omo-
scdecmeaaromen ¢ wacmuuamu... Bee amo owenv 6 dyre XIX cmosemus, xoeda arodu
NHMAAUCD CIMPOUMD METARUNECKUE Modeau 6cex AsAcHul. H He 6UNCY 6 IMOM HUYE2O
NAOT020, NOCKOALKY A100GA HEMPUEUANLHAA Udea 68 onpedesennom cmvicae sepra. Mycop
NPOULAO20 HACTNO OKAZVEACNCA COKRPOSUUEM Hacmosweeo (u naobopom). Doamomy Mol

bydem cmeno npubezamd K PA3AUNHBIM AHAL02UAM NPU 0OCYHCIeHUY HAWUT OCHOEHBIT
npobaeM.

A .M Ilonsikos. “KasubpoBounbie moJis u ctpyusr”, 1987 [24]
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InmaBsa 1

OC®O0B3bIE 93EICTABJIEDUYI
O CTOYKTYDE DJIEMEDTAD-
SBbIX YACTUIL I X B3AUMO-
MTEVUCTBUAX

@}/'H,H,aMeHTaJ'ILHBIe qacTHuulbI.

Dpexe 4eM IepexoanTh K CHCTEMaTHIecKOMY M3JI0KEHNI0 MaTephaJia, IeaecoobpasHo
pOBECTH KpaTKHii 0630p MUpa 3JIeMEeHTapHBIX TaCTHIL, TPAHIAIEL ONTCAHNA KOTOPOTO U
COCTaBJAIOT Hally TJIaBHYIO 3ajady. JpH 3TOM OymeT BBeJeHa OCHOBHAA TEPMHHOIOTHS
¢bnsrKY 2/1eMEHTAPHBIX YaCTHI, KPATKO ONMCaHa NX KJIacCH(pUKaImsa 1 OTMEeYeHbI HEKO-
TOpHIE TIEHTpaJIbHBIE NN, KOTOPBIE MCHOJIB3YIOTCA TIPU OMUCAHNN WX B3aWMOIEeCTBWIi.
31ech ke yMecTHO 3aTpOHYTh sl BOIPOCOB, KOTOpBIE B JaJbHelieM Booblle He OymyT
obCyKIATHCA. Doslee MOAPOOHO ¢ STUMI BOTPOCAMHI MOXKHO O3HAKOMUTHCA (Ha BIOJIHE
5JIEMEHTAPHOM YPOBHE) B OUE€HB XOPOIIO HaMCaHHBIX KHuTe [16] u 0630pe [21]. Kpaiine
MOJIESHO MPOYATATE 3TH paboThI Jo YTeHNA OCHOBHOI 9acTh W3Jj1aracMbIx Jjeknmii! AHa-
JIOTMYHOM 110 My XY ¥ CTHJIIO U3JIOKECHUS dBasgeTcsd U Kuura [17]. Da menee sineMenTapHOM
YPOBHE C OCHOBHBLIMH pe3y/ThTaTaMM COBpEMEHHOIl 3KcllepuMeHTaIbHOl (hU3NKH YacTHI,
TakXke, KaK ¥ C TJIABHBIMA HIAESAMHA, HCIIOJIb3yEeMBIMK IIPH WX KJIaCCA(DUK NN N ONMCAHAH
ux BzauMogelicTBuil, MOXKHO To3HaKOMUThCA B [18, 19, 20].

B reuenne Muornx Jiet (ocobenno B 50-60 — X Tomax, a B MOMYJIApHON JUTEpATypE I
ropasfio Moske) OBLIO IPUHATO TOBOPHUTH 0 “Kpusnce” B (hU3NKe 3JIeMEHTAPHBIX YaCTHII,
KOTPHIN CBA3BIBAJICA KaK ¢ OTPOMHBIM (COTHM!) YHCIIOM 9KCIHEPUMEHTAIBHO OTKPBITHIX
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OC20B2bIE 23EACTABJIEDUA O CTOVKTYIE 2JIEMED TADI bIX HACTULL N NX B3AMMOOENCTBUAX

cyObANEPHBIX J9ACTUIL, TAK U C TPYIHOCTAMHI TEOPETHIECKOTO ONMUCAHUA WX B3aUMOJEli-
crBuit. OnauM u3 Hanbosiee SHAYUTENBHBIX JOCTUKEHNN COBPEMEHHON (DUIUKHU ABIIIOCH
Ype3BbIYaiiHOe yIPOIlleHNe 3TON 3alyTaHHOW KapTHUHBI, KOTOPOE W BBIPAXKAETCA B CTaH-
mapTHOl Momenu. B HacTodAlllee BpeMd IKCREPUMEHMAALHO YCTAHOBIEHO, 9YTO MUD HC-
THHHO 5JIeMeHTapHEIX TaCTHI ' YCTPOeH MOCTATOUHO HPOCTO, 4 OCHOBEI CTPOCHHA Ma-
TEPUH HAJEKHO OMUCHIBAIOTCA Meopemuieck B paMKax TaKkKe TBEPIO YCTAHOBJIEHHBIX
MPUHIUITOB COBPEMEHHON KBAHTOBOW TEOPHUH MOJH.

Danbosee GyHIAMEHTATBHBIM, COTJIACHO PEJIATUBUCTCKON KBAHTOBOI TEOPUH, ABIHA-
erTcd JieJeHne 3JeMEHTAPHBIX YaCTUIl HAa (hepMuonvt m 6030Hb. DKCIEPUMEHTATBHO OT-
KDBITHI Beero 12 saeMeHTapHBIX hepMuOHOB (co cnmHoM s = 1/2) u 4 6030Ha (co cimHOM
s = 1). 910, pasymeercsd, He CUNTad COOTBETCTBYIONINX AHTHIACTUIL. B 2TOM cMBIC/IE
MHUDP YCTPOEH JOCTATOTHO MPOCTO!

DepMUOHBI.

Bee nsBectHble byHIaMeHTaNbHbIEe pepMuoHbI (s = 1/2) nepeanciens B Tabaure 1. 13
X CBOICTB B »Toil ke TabJIiile yKas3aH JUllb 2JIeKTpudecKuii 3apam. Itu 12 depMmonon
OesdTcd Ha 5 “HOKodeHHA” 2, B KaXJOM W3 KOTODEIX HMeeTcd IO IBa JIEHTOHA M IBa
KBapKa 5. Y KaxJoro sapAwXeHHOTo dhepMHOHa eCTh CBOA AHTHIACTHIA ¢ APYTHM 3Ha-
KOM 3JEKTPHUYECKOTO 3apana. EcTh U aHTHIACTUIRI Y HEWTPUHO ceifuac HEM3BECTHO,

BO3MOXKHO, YTO OHU ABJIAOTCA TaK Ha3blIBacMbIMHW UCTUHHO HeﬁTpaHbeIMI/I HJacTUIOaMM.

Tabauna I. yngaMeHTaIbHBIE (PePMUOHBL.

DoKoSIeHnA 1 2 3 Q
Ksapku w | ¢ |t |+2/3
(“Bepxnne” m “mmxkuue”) | d | s | b | =1/3

JlenToHbL Ve | Vu | V7 0

(HeHTpHUHO W 3apAXKeHHBIE) | € | o | T -1

Bce ocTanbubie cyObanepHble YaCTUIBI ABIAIOTCA COCTABHBIME M CTPOATCA U3 KBap-
koB. Kak »To gmesiaercd HOCTATOYHO XOPOIIO M Hoapobuo omucano B [18; 19] 4 o MBI
He OyIeM yHeJATh >TOMY BHUMAaHHA B JaJibHelleM. 3aMEeTHM TOJIBKO, ITO M3 TPOEK
KBapKOB CTPOATCA 6apuonst, T.e. PepMIOHBI THIIA IIPOTOHA, HERTPOHA B Pa3sHOOOPA3HBIX
TUIIEpOHOB, TOTAa KaK M3 IMap KBapK — aHTUKBAPK CTPOATCA ME30HbI, T.e. DO3OHBI THIIA

!Ecrecrsenno, 9T0 MO HCTHHHO 3/T€MEHTAPHBIMA MOHMMAIOTCA ACTHITE, KOTOPBIE Ha COBPEMEHHOM
YPOBHE 3HaHHA M 3KCIePUMEHTAJbHON TeXHUKH He COCTOAT U3 GoJlee 31eMEHTAPHbIX COCTABJIAIONINX.

°B TeopHH YACTHIL CYNIECTBYET yCTOABIMIAZICA TEPMHHOJIOTHHA, B NasbHeHIIeM, OpH ymoTpeGTenun
COOTBETCTBYIOIINX TEPMHHOB MBI He GylIeM HCIOJIb30BaTh KaBBIYKH. DPH 3TOM, BCe Ke, HyIKHO IOMI-
YepKHYTb, ITO BCe 3TH IIOHATHA KOHETHO Ke He MMEIOT HHKAKOTO OTHOUICHH: K OGBIIEHHOMY CMBICILY
TeX CJIOB, KOTOPHIME OHM, 33 HEHMEHHEM JIydIIero, 0603HaTal0TCA.

8 JlenToHBI, TAKTE KaK TEKTPOH M 3JIEKTPOHHOE HeHTPHHO, M3BECTHEI yKe masHo. B momysmaproit u
obumedusHaecKoil uTeparype, Kak IpaBHIIO, KBADKH HMEHYIOTCA THIOTeTHIECKUME JacTHIAMH. DTO
HEeBEPHO, OHU HABHO M3y9aloTCA dKCIEPUMEHTAJBHO, a HEKHe COMHEHHHA B HX PeaIbHOCTH ABJIAIOTCI
HacJIeINeM UX TEOPeTHIECKOro “IPOMCXOMKIeHHA” M CBA3AHBL C HEBO3MOJKHOCTBIO HX HAGJIONEHUA B
cBoGonHol cocrosHnu. (KoHpalHMEeHT). DyKHO MOXIEPKHYTh, 9TO KBAPKH abCOJIIOTHO PeasIbHBI, OHH
9eTKO HaBJII0AI0TCA BHYTPH a/IPOHOB B MHOTOYHCIICHHBIX SKCIIEPUMEHTAX [P BBICOKUX 3HEPIUAX.

‘B mcropmyeckoM mitaHe BOSHHKHOBEHHE KBAPKOBOH MOMEJIH XOPOIIO MPOCHETUTE, THTAA CTAPBIE
ob63opHr [22, 23].
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T-ME30HOB, /{-ME30HOB W T.II. DapUOHBI U ME30HBI OOBEMNHAIOTCA B KJIACC YACTHIL, HMe-
HYEMBIX 4JpOHGMY — HTH JaCTHUIIBI YIACTBYIOT BO BCEX TUIAX B3aWMOAeicTBUiT, m3BecT-
HBIX B TIPUPOIE: CHIBHOM, 3JIEKTPOMATHUTHOM U cJ1aboM. JIENTOHBl yIaCcTBYIOT TOJIBKO
B 3JIEKTPOMATHUTHBIX U CJIAOBIX B3aUMONENCTBAAX. AHAJOTHYIHBIE YaCTHIIBI U3 PA3HBIX
MOKOJIEHUH OTANYIAIOTCA TOJBKO IO Macce, BCE OCTAIbHBIE KBAHTOBBIE YHCAA Y HUX MPO-
CTO COBMAJAIOT. DalpPUMeEpP, MIOOH fi BO BCEX OTHOIIEHUAX aHAJJOTHYEH 3JEKTPOHY, HO
npumMepno B 200 pasz Taxesee, mpupoaa »Toit pasHuisl He mwsBectra. B Tabmaume 11 npu-
BEIIEHBI 5KCIEPUMEHTAIbHBIE 3HAUEHNA Mace BceX (yHIAMEHTANIBHBIX hepMUOHOB (B
SHEPTETHYECKUX EIUHAUIAX), & TaKkKe BPeMeHa KU3HU (MJIH COOTBETCTBYIONINE TIMPIHBI
PESOHAHCOB) B cJIydae HeCTAOWJIBHBIX JacTHIl. TaM Ke yKasaH rof OTKPBITHA COOTBET-
cTByfollell dacTuIpl 0. 3HaueHHs MacC KBapKoil (Takxke Kak M UX BpeMeHa JKU3HH) He
cJleyeT TOHWMATh CJWIIKOM OyKBaJIBHO, TIOCKOJIBKY KBAPDKHU He HaOJIIOHAIOTCH B CBO-
60MHOM BUZE. DTH 3HAYEHWA XapaKTEPU3YIOT KBapKH, HAXOMANIMECA IyDOKO BHYTPH
aJIPOHOB.

Tabauma II. Macckl m BpeMmeHa Ku3HH GYHIAMEHTAJIBHBIX (PEPMHIOHOB.

v, < 10eV (1956) v, < 170K eV (1962) v, < 24MeV (1975

)
e =05MeV (1897) | = 105.7TMeV, 210~%s (1937) | 7 = 1777MeV, 310~ s (1975)

u="b5MeV (1964) | ¢ = 1300MeV, 10~ s (1974) | t = 176GeV, T = 2GeV (1994)

d=10MeV (1964) s = 150MeV (1964) b=4.3GeV, 10~ % (1977)

3aHATHO, 9TO IJId MOCTPOECHU BCETO OKPYKAIOIIETO HAC MHPA, COCTOLAIIETO PEAIHHO
3 aTOMOB, T.€. AJEP U 3JIEKTPOHOB, & COOTBETCTBEHHO N3 TAKWX CTAOMJIBHBIX (MM OT-
HOCHTENIBHO CTaOMIBHBIX) YaCTHIl, KaK 3JEKTPOH, IPOTOH, HERTPOH N HERTPUHO, JOCTa-
TOYHO YaCTHUIL TOJIBKO U3 IIEpBOro moKoJeHusd! 3aueM “HyXKHBI ellle IBa HOKOJIEHUA —
HEU3BECTHO, I0CTATOYasd yBEPEHHOCTD CYIIECTBYET TOJILKO B TOM OTHOIIEHUH, YTO APYTUX
OKOJIEHHH B IPUPOIE HET.

BekTopHble 6030HBI.

DomMumMo pyHIAMEHTATBHBIX (DEPMUOHOB, ABAAIONINXCHA OCHOBHBIMHU “KUPININKAMU~ Ma-
TEPUE, M3BECTHBI U3 ONBITA ellle 4 BEKTOPHBIX (s = 1) 6o30HA, ABIAONHECH HEPEHOCTH-
KaMd OCHOBHBIX B3aUMOIelCTBUli: BceM W3BECTHBIN (HOTOH 7y, IVIIOOH ¢, HERTpaJBHBIH
cnabrrii 60300 Z° n sapakennble ciabbie 6030HbI W (aBndionmeca anTuHacTHIAME
JpPYT [0 OTHOIIEHHUO K ApyTY ). OCHOBHBIE CBOWCTBA 9THX YacTHIl MpuBeaeHbl B Tabsmie
I1T1.

Tabsuna II1. @yagamenTaabHbIe 6030HBI, HX MACCHI H IIXPHHBL.

Hoson | y (1900) | ¢ (1973) | Z (1983) | W (1983)
Macca 0 0 91.2GeV | 80.4Gev
MMupuna 0 0 2.5GeV 2.1GeV

Jlydiite Bcero M3ydeHBI, €CTECTBEHHO, (DOTOHBI. ITO PAJUOBOJIHBI, CBET, PEHTTEHOB-

ckue u y-ayun. Macca ¢poToHa paBHA HYJTIO, TAK 9TO SHEPTETHIECK U CITEKTP CBOOOIHOTO

5F0,Z[ OTKPBITHUA, KOHEYIHO, OIIPEIe/JICH WHOTJa OJO0CTAaTOYIHO YCJIOBHO. B HEKOTOPBIX CJay4YadX yKa3aH

ToO TE€OPETUIECKOTO IIpeAcCKa3aHd.
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dorona (sakon mucmepcun) umeer Buz U E = hiclk|. ®otonst ¢ E # he|k| naspatorca
BUPTYAJbHBIME, HAIPUMED KYJIOHOBCKOE ITOJIE B aTOME BOAOPOIA CO3MAIT BHPTYATIb-
Hele dhororm ¢ hZc’k? > E?. UcrounnkoMm ¢dhoOTOHOB ABJIeTCA 3JIeKTPHTIecKHN 3ap4.
CooTBeTcTByfOIad Oe3pasMepHas KOHCTAHTA B3ANMOIERCTBIA — M3BECTHAA MOCTOAHHAL
ToHKOI cTpyKTYpHl o = e2/he ~ 1/137. Bce »/eKTpoMarnuTHbIe B3anmMosiecTBus oby-
cJIOBJIEHBI 0bMeHOM doToHamu. Teopus, OMUCHIBAIOIIAA 2JIEKTPOMATHUTHBIE B3aUMOIETi-
CTBUA HA3BIBAETCA K6aHMos0d saexmpodunamuroti (KII).

Maccupnble BeKTOpHBIE 6030HB Z 1 W aBisiorTca mepeHOCYmKAME KOPOTKOICi-
cTByoniero ciaaboro pzaumoeiictus. Bvecre ¢ poToHOM OHE BXOAAT B 6IUHYIO TPYIIIY
aaexmpocaaboeo B3anmoneiicreug. CooTBeTcTBYyIOIIME Oe3pasMepHble KOHCTAHTHI B3aH-
Mogneficteus aw = g /hc ~ az = g5 /hc ~ «, T.e. MOpAIKA >JTEKTPOMATHATHON KOH-
CTAHTHI.

[T00HBI ABAATOTCA TEPEHOCUYUKMHI CHUJIBHOTO B3auMojeiicTBud. MceTognmkamMu riio-
OHOB ABJAIOTCA cleldudeckne “mBeToBble” 3apanbl. Kaxopiii m3 6 copToB KBapKoB
(mim, Kak roBopAT “apomaToB”) u,d,c,s,t,b cyliecTBYeT B TpeX NBETOBBIX PasHOBHI-
HOCTAX: KpacHo#l r, 3eseHoli ¢, cuHel b. AHTHKBApKU 0DJIAJAIOT COOTBETCTBYIOUHME
anTunBeTaMu: 7, §, b. IlBeTa KBAPKOB HE 3aBHCAT OT UX apOMaTOB. AIPOHBI COCTOAT U3
CHUMMETPHYHBIX MJIH TPOTHBOIOJIOKHBIX MO IBETY KOMOMHAIM KBapKOB — oHE “Gesibie”
UX BT paBeH HYT0. C yIeTOM aHTHYIACTHUIl, KBAPKOB 12, a ¢ yyeTom meeta — 36. Do mag
KakKJIOTO apoMaTa pedb WIAET MPOCTO O PA3HBIX TO MBETY COCTOAHUAX OMHOW TaCTHIIHL.
[IBeToBast cuMMeTpud ABJSIETCH TOTHOM.

IIBeTOBBIE COCTOAHMA TVIIOOHOB cJIoKHee. [VTIooH mMeeT He OIMH IBETOBOR MHIEKC, a
mBa. Beero mMeercsd 8 MBETHBIX TUTIOOHOB: 3 X 3 = 8 + 1, omna KoMmbuHALIMA 77 + ¢§ + bb
ABJIgeTcA 6eJIofl M He HeceT IBETOBOTO 3apsAfa. B oTsmtdme oT 3JAeKTPOANHAMEIKH, TIe
GOTOHBI 9JIEKTpHIECKH HERTPAIbHBI, TIIOOHBI, KaK HOCHTEH IIBETOBBIX 3apAI0B, B3au-
MOIEHCTBYIOT M C KBapKaMH M MEX Iy cObOi, T.e. W3JIy9IaioT U MOTJIONIAIOT HOBBIE TVIFOOHBI
(“cBeraumiica cBer”). Dra 0COOEHHOCTD ABJIAETCA OTHON W3 MpWIMH KoHbalfiHMeHTa —
IpH TOMIBITKE Pa3BECTH KBApKH W TUIIOOHBI MX SHEPIUs BO3PacTaeT, UTO W MPHBOIUT
K HEBBLIETAHWIO KBapKoB. Teopms B3amMoIelCcTBHA KBapKOB Ha3BIBACTCA KEAHMOGOI
zpomodunamurol (KXII).

q)y'H,H,aMeHTaJ'ILHBIe BBaHMOﬂeﬁCTBHﬂ.

B dusmke sneMeHTapHBIX AacTHI pacCMaTpUBAETCd TPH BHIA B3aUMOISHCTBHIL: CHIb-
HBIe, 9JIEKTpOMAarHUTHBIE U cjaabble. Teopusa CHIABHBIX B3amMoaeiicTBHii ocHOBaHa Ha
KBaHTOBO# XpOMOIWHAMHKE M OMICHLIBACT B3aMMOMEHCTBUA KBApKOB BHYTPH aIpOHOB.
DJIEKTpOMATHUTHBIE W CJIabble Ba3sUMOIEHCTBIA 00BeINHAIOTCA B 6INHYIO CXEMY 3JIeK-
Tpocaboit TeoOpuH. DTH B3aNMOLEHCTBAA XapakTepH3yIoTca H6e3pasMepHBIMA KOHCTAH-
tamu Bzaumogeficteus: o = e /fic, oy = g% /he, aw = g3, /hic, az = g% /hc. PakTHaeckn
eme B H0-X rogax OBIIO OCO3HAHO, ITO (¢ = ez/hc ~2 1/137 aBnsgercd KOHCTAHTOR JIUIITE

690Ka MBI BBIIICHIBAEM B ABHOM BHe JL ¥ ¢, HO B maabHEHIIEM MbI GEICTPO HepelIeM Ha eCTeCTBEH-
HyIO [JIf KBaHTOBOH Teopmm mosa cucreMy emmuumi L = ¢ = 1. ColicTBa u npasmia paboTel B Taxoit
cHcTeMe IpeKpacHo ommcaHbl B KHWKKe [16]. Korma ato myxHO, h u ¢ serko BoCCTAaHOBHTIE.



OC20B2bIE 22EACTABJIE2 NS O CTOVKTYIE 2JIEMED TADI bIX HACTULL N X B3AUMOOENCTBUAX 11

[P HyJIEBOM (TOYHEE OUeHb MAJIOM) KBaJpaTe MepeIaBacMoro B paccMaTpUBAEMOM MTPO-
necce BzaumosielficTBua (peakiuu) uMiybca ¢°. GakTudecku, n3-3a ABICHUA NOAAPUIA-
UUU 6AKYYMA BEIHIHHA ¢ PACTET C POCTOM ¢° U IIPH HOBIINX, HO KOHETHEIX ¢2, MOKET
naxke obparnthed B GeckoHedHOCTH (mostioc Jlamnmay — Domepandyka). Torma s10 pac-
CMAaTPUBAJIOCh KaK BHYTpeHHAdA mpoTuBopednBocTh KD, Docne cosmanua KX]I Beiac-
HIJIOCK, 4TO s (q?), B IPOTUBONOIOKHOCTD ar(¢? ), CTPEMUTBCA K HYJTIO IPH ¢ — 00, 9TO
COCTABJIAET CYTh fABJIEHUA TAK HA3BIBAEMON acumnmomuyueckoti c6o6odv. Acumnrorude-
ckagd cBOOOMA MPUBOAUT K TOMY, 9TO MPOIECCH B3aMMOIERCTBIA IUIIOOHOB M KBAPKOB Ha
MaJIbIX paccToatugax (Gosbume ¢*!), Xopolo onuckBalOTC Teoprell BO3MYIeHH, Kak 1
2JIEKTPOMATHUTHBIE B3amMoieiicTBusa. O6OpoTHON cTOPOHO# acHMIOTHYIECKOH CBOGOIBI
ABJIAETCA KOH(paWHMEHT, T.€. POCT B3aUMOMAEWCTBAA KBAPKOB W TJIFOOHOB Ha OOJIBIIMX
paccroaHuAX. TPpyIHOCTH TEOPETHIECKOTO ONNCAHNA KOHbaiiHMeHTa (yIepKanusa KBap-
KOB) CB#A3aHBI IMEHHO ¢ HEMPUMEHUMOCTBIO TEOPUE BO3MYIIeHHH Ha 6opmnx (HopsaaKa
pa3sMepoB aIpOHOB) PACCTOAHNAX. KKOHCTAHTHI ¢/1aboT0o B3aNMOAEHCTBIA ayy, oz TaKKe
MeHAIOTCA ¢ TIepeJaBaeMbIM HMIYIbCOM — IPH pocTe ¢° oT Hyad g0 ¢° ~ 100GeV?, onn
BospacTaoT (skcmepuMenTaabHo!) Ha 1%. Takum obpasom, cOBpeMeHHAA TEOPUA HMEET
JIENO C TaK HA3BIBAEMBIME “OeryImuMu’ KOHCTAHTAME CBA3M. B 9TOM CMBICTIE, CTAPBII BO-
MPOC O pacYeTe BEJTMINHBI 2JIEKTPUIECKOTO 3apaaa, Kak pyHIaMEHTAIbHONR KOHCTAHTHI
Dpuponsl, pakTUIECKH, YTPATII CMBICJ — 3ap4l He KOHCTAHTa, a PYHKINA XapakTep-
HOTO PacCTOAHUA, Ha KOTOPOM PacCMaTpPUBAETCA B3amMomelicTBre dacTuil. Ecau Teope-
THYEeCKH IPO5KCTPAIIOJIPOBATh ABIKEHNe BeeX KOHCTAHT CBASH B CTOPOHY GOJIBIIHNX (2,
TO OKA3BIBAETCA, UYTO UMEETCA TEHIEHIINA K MEPECEUEHUIO COOTBETCTBYIONIUX 3aBIUCHMO-
cTeii B ogmolt Touxe mpm ¢° ~ 10'° — 1019GeV?, tme o ~ a, ~ aw ~ %ﬁ R 41—0. DTo
IPUBOAUT K HaTexkJaM Ha TO, UTO IPU TAKHX BOJBIIHX ¢° CyllecTByeT equHad Teopud
BJIEKTPOCTA00TO U CHABHOTO B3aUMOIeCTRUA.

CTaH,ZLapTHaﬂ MOoOeJIb U IIePCIIEKTHUBDI.

B ocHoBe cmandapmmoti Mmodeau 3IeMEHTAPHBIX YaCTHIL JIEKWT MPWHIUIT OTHOCHTETh-
HOCTH (9KBHBAJEHTHOCTH MHEPIWANBHBIX crcTeM orcdeTa). CoOTBETCTBEHHO, BCe MPO-
[EeCChl CYMTAIOTCH Pa3bICPHIBAIONIMMUCA B YeTHIPEXMEPHOM IIPOCTPAHCTBE — BPEMEHN
Munkosckoro: (z,y,z,1) = (r,t). DaccTrodanne MexXAy IOBYM:A TOUYKAMU (CODBITHAMMI)
A m B B 5TOM HPOCTPAHCTBE ONpeNesdeTcd UYeThIPEXMEPHBIM HHTEpBAJOM: $4p =
Ata —tg)? — (xa — 25)? — (ya —yB)? — (24 — z)?. Unrepsan s% 5 > 0 naga upu-
YHHHO CBA3AHHBLIX COOBITHIl (BpeMEHUTOMOOHDI HHTEPBAT), €CJIN JKe TOIKH Pa3aeJeHbl
IPOCTPAHCTBEHHO TONOGHBIM MHTEPBAIOM s4p < 0, TO OHM He MOTYT GBITH MPHYMHHO
CBA3aHBL.

B ocHOBe Teopuu JEKUT KOHIEHIHA A0KAAbHO20 KBAHTOBOIO MOJIT — KOMMYTaTOPBI
noJsiell B To9Kax, pasfe/IeHHBIX IPOCTPaHCTBEHHO OJO0OHBIM HHTEPBAJIOM BCErla PaBHEL
nymo: [¢(x4),¢(xp)] = 0 npu s%5 < 0, 4T0 03HAYAET HE3ABHCHMOCTH COOTBETCTBYTO-
umx noseil. YacTuubl (aHTHIACTHIHI) PACCMATPUBAIOTCA KaK KBAHTHI (BO3OYXKIeHHH)
COOTBETCTBYIOIINX TTos1eil. M3 caMBIX oBIIMX IPUHIUIIOB PeAATHBACTCKONR MHBAPHAHTHO-
CTH B YyCTOHYHBOCTH OCHOBHOTO COCTOAHMA CHCTEMBI IoJlel cienyeT dyHaaMeHTaIbHAL
TeopeMa O CBA3M CIHMHA W CTATUCTHKH — YaCTHILL C HOJIYIEIBIM CIMHOM HMPEACTaBIAIOT
coboil bepMHMOHBI, 8 YCTHIEI ¢ HEeJIBIM CIMHOM — G030HBI. B mpmHIMIE, 6030HBI BCETma
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MOXKHO MBICJHTD ‘COCTABJICHHBIME W3 (PEPMIOHOB, B 3TOM CMBICTE (HEePMUOHHBIE OIS
“bostee byHIAMEHTAILHBI .

OcHoBomOJTATAIONIYO POJIb B TEOPUHU UTPAIT RPUHUUNDL CUMMEMPUY. DOMUMO YIKe
YOOMAHYTOW PeTATHBACTCKON WHBAPWAHTHOCTH, B COBPEMEHHOW TEOPHH pPacCMaTpUBa-
eTcsd bl pAL TOUHBIX W HPUOIUKEHHBIX CUMMETPHI (TPYTI CUMMETPUH), KOTOPBIE
CJIENYIOT W3 OOMIMPHOrO KCIEPUMEHTAIBHOIO MaTepHaga M0 KAacCudUKAINNT JaCcTUIl
u ux B3aumMmomelictBuaM. CHMMETPHAN TECHO CBA3AHBI C COOTBETCTBYIOUIMME 3AKOHAMU
corpanenusa (TeopeMa DeTep), TAKMMI KaK 3aKOHBI COXPAHEHWA SHEPTUH — WMITYJIbCA,
MOMEHTA, PA3JTHIHBIX 3aPAM0B. D PUHITUI L0KAALHOT KAAUOGPOSOUHON cCuMMEMPUY ABIIA-
eTcd KJIIOYEBBIM MPU MOCTPOEHNN TEOPHUH B3aUMOIECTBUSA /IEMEHTAPHBIX JACTHIL. 2 a-
KOHETI, ABJCHIE CIHOHTAHHOTO HapYIIeHH:A cuMMeTpuu (pasoBblii mepexom B BaKyyMe)
BEIET K MEXaHW3MYy TEHEPAIMM MacC [JId WCXOIHO Oe3MacCOBBIX YacTHIl (MEXaHU3M
Xurrca)?. Dosbmas 9acTh Jexmmit mocBdAlIeHa oapobHoit pacimdpoBke 9THX, W pAga
MOCTIEAYIONIAX,, 3aABICHU.

B ocHoBe cTanmapTHOl MOmeTN JEKUT IKCREPUMEHMAALHO YCTAHOBICHHA JTOKATh-
Hasd KaJnbpoBovYHAA CHMMETpud, omuckiBaeMasa rpymmoii SU(3), @ SU(2)w @ U(1)y.
3mech SU(3), — cuMMeTpH# CHABHOTO [[BETOBOTO B3aNMOIEHCTBHSA KBAPKOB M TUIFOOHOB,
a SU(2)w @ U(1)y ommchBaeT »JIeKTpociadble B3anMoaehcTBuA. B nenapyuwennot cnm-
MeTpHUH Bce PEPMUOHBI U BEKTOPHBIE KAJIHOPOBOUHBIE GO30HE HeamaccoBhl. B pesyabTare
cmoHTaHHOTO HapylieHusa cumMmerpun SU(2)w @ U(1)y, 6030HBI — TEPEHOCUNKN C1aB0TO
B3aUMOMEHCTBUA CTAHOBATCA MACCHBHBIMH, a POTOH OCTAETCA HEIMACCOBBIM. DOy IaI0T
Macchl U JIenToHbl (Kpome HefiTpuno?)®. DnekTpuuecku HeHTpasibHOE XHITCOBO TOJIE
obstamaeT HEHYJIEBBIM BaKyYMHBIM CPEIHUM (BaKyyMHBIH 60o3e — KoHOeHcar). KBaHTHI
5TOTO moJig (“Xurrek’”) — cKaagpHble 9acTHIB cOo cniHoM § = 0, MoKa 4T0 He obHApy-
JKEHBI 3CIIEPUMEHTATIBHO. 3agada nX OOHAPYKEHNs CTOUT Ha MOBECTKE IHA 3KCIIEPUMEH-
TOB Ha HOBOM TOKOJIEHHH CTPOAININXCH YCKOPHUTEJIEH. DPAKTHIECKH HET COMHEHMUIT, ITO
“xurrcel” OYIAYT OTKPBITHI, HO JEJI0 OCJOKHAETCA BEChMAa HEOIPEIETEHHBIMHA OTEHK AMHE
UX MacC. JOJBIIMHCTBO OIEHOK [TAET JUIIb TPyOble HEpABEHCTBA THIIA: My < My < 2my
9. CylecTByeT HHTepeCHLIN BapHaHT, KOTIA “XHTTCE” MOTYT OKa3aThCd COCTABICHHBIMIE
w3 GEPMUOHOB CTAHIAPTHONW MOMIE N, HO OH OCTAETCA TOBOJIBHO IJIOXO Pa3pabOTAHHBIM.
B mestom — mpobiiema obHapyKeHHs XUTTCOBCKUX YACTHUIl OCTAETCA IPOobJIeMOoil HoMep
OIINH COBPEMEHHOl 3KclepuMeHTAIbHOW dU3MKN 37eMeHTapHBIX YacThil. Ee pemenue
3aBEPIINT 5KCIEPUMEHTATBHOE MOITBEDK ICHNE CTAHIAPTHONR MOIETH.

Beiiire yike oTMeTaI0Ch, YTO CTAHIAPTHON MOJIENH ([ake ¢ yIETOM TOJBKO TEPBOTO
HoKoJIeHnsA byHIAMEHTATBHBIX (HEPMUOHOB) yKe TOCTATOUHO [/ TOJTHOTO TTOHUMAHHS
TOTO, KaK “yCcTpoeH” OKPYKAOIIMA HAC MUP, COCTOAIINH 3 aTOMOB U dAnep. Beixonsr 3a
pPaMKH CTaHIAPTHOI MOAESN HOCAT A0 CHX MOP HOCTATOYHO CIEKYIATHBHBIN XapakTep.
CytecTByeT mesblii pam Momeneil eeauxoeo obsedunenus, B KOTOPBIX B PAMKaxX €IH-
HOIl TPYNIBI CHMMETPUN OMUCHIBAIOTCA MYJIBTUILIETHI KBAPDKOB W JIENTOHOB. JTa CHM-
MeTpHud, MPEINOTOKUTENBHO, ABJIAETCA TOYHON B 0DJIACTH TEpPENABAEMBIX HMITYIBCOB
(paccrosnuit) nopanka ¢* ~ 105 — 1019GeV?, rne, kak oTMeueHO Bblllle, IPUMEPHO
CPaBHUBAKTCA KOHCTAHTHI BCEX B3auMOAeHCTBUl. DKCIepUMEHTAIbHAA IPOBEPKA MOJIE-
Jell BeJIMKOro oObeIMHEHN BEChMA 3aTPYAHUTETbHA, MTOCKOJIBKY IPAMBIE 3CITEPUMEHTHI

"MexanmsM XHITca B KBaHTOBOH TEOpHH IIOJIH ABJIAETCA IpAMBIM aHasoroM a¢gdexra Meiiccrepa B
Teopuu cBepxmpoBomuMocTn | masbypra — Jlannay.

#Bompoc o Macce HERTPHHO OCTaeTCA OTKPBITHIM, BOSMOKHO, ITO OHA He HyJIeBad, HO OUeHb MaJIeHb-
Kad (CyNIeCTBEHHO MEHBUIE MACCHL 2JIEKTPOHA).

B aprycre 2000 roma moaBuInuCch npenBaputeabubie naaasie u3 CERN o mabimomennu xurrcoBckoh
JaCTHUITHI ¢ Maccol mopsamka 115 GeV .
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B yKasaHHO# obJtacTu sHepruil Bpsaa — ju Korga — aubo 6YayT JOCTYIHBL YeJI0BEYECTRY.
EnuHcTBEHHBIM TpPOBEPAEMBIM, B OPUHIIHIE, TPEACKAa3aHWeM >THX MoJesiell saBidercd
pacmaj mpoToHa, HO, HeCMOTPA Ha WHTEHCHUBHBIE KCIEPUMEHTRI, BEAYIINECS yIKEe OKOJIO
20 steT, oH Tak u He OB ODHAPYIKEH, UYTO 3aBEIOMO MO3BOJAET OTOPOCHT TpocTelinine
CXEMBI BEJIMKOTO OObeINHEHNA. D POBEPKA XKe bosiee XUTPHIX MOMEEl, Tie BpeMe JKU3HU
MPOTOHA OKA3BIBAETCA Ha MOPAIOK WJIH ABa HOJbIIE, 9eM B mpocTelliieM caydae, TaKkKe
CTAHOBUTCS OY€Hb TPOHIEMATUIHOM.

Hpyroe akTyanapHOe HanpaBeHne — HOuCKU cynepcummempuu (SUSY), obbennna-
oleil B eIuHble MyJIbTHILIETH GepMUOHBI U 6030HEL. EcTh ciaemyiommume oCHOBAHNA T4
Bepbl B cylecTBoBanme SUSY:

e COoKpallleHne HEKUX PACXOIMMOCTell B XUTTCOBCKOM CEKTOpe CTaHIApTHON Momen,
e obbenmHeHNe BCEX B3aMMOIEHCTRIIN, BKJIIOUAs TPABITAIIIO (7),
e MaTeMaTHWiYecKasd MPUBJIEKATEJBbHOCTh U KPacoTa.

B mpocreiiniem BapuanTe SUSY — Teopun y Kax ol u3 W3BECTHBIX HAM JACTHUI] IMEETCH
cooTBeTCTBYONMI “cynepmapthep”, ornmvaoumiica (B caydae tounoit SUSY) smuib
ciumuoM: poTony ¢ s = 1 coorBercTByeT boTuHO ¢ 5 = 1/2, anekrpony ¢ s = 1/2 coorBet-
cTByer aseKTpuHO ¢ s = 0, kBapkaMm ¢ s = 1/2 — ckBapku ¢ s = 0 u 1.1. CynepcuMmerpus
3aBEIOMO CHJIBHO HapylieHa (o Macce), B HACTOAIIEE BpeMdA SKCIepUMeHTaIbHbIE YK a-
3aHUA Ha CYIIECTBOBAHUE CYIEPIAPTHEPOB ODBIYHBIX YACTHIL MPAK TUIECKH OTCY TCTBYIOT.
B mamux snexnuax mMel He OyIeM 3aHIMATHCH W3JTOKEHUEM UIEOJTIOTHH CYIEPCUMMETPUN.

D akoHerr, MoK HA OBITH eIllle OHA YACTUIA, B CYNIECTBOBAHUN KOTOPOR MPAK THIECKH
HUKTO HE COMHEBAETCA. JTO — T'PABUTOH, T.€. KBAHT MEPEHCOYNK I'PABUTAIIMOHHOTO B3a-
uMoeiicTBIA (s = 2). Do TpaBHTAIMA 3aBEIOMO HAXOMUTCA 32 MPENeTaMi dKCIEpHMEH-
TasibHON dusuku gactui. [leso B TOM, 9TO rpaBUTAIIMOHHOE B3aMMOIeRCTBIE ABAAETCA,
C TOYKHW 3peHUdA (PUSUKHU 3JEMEHTAPHBIX YaCTHIL, O9eHb caaabbiM. Ero poss MoxeT crath
3aMETHOIl MpW W3yYEeHUH MUKPOIPOIECCOB JUIb NpH (HaHTACTHIECKUX, TaK HA3BIBae-

1/2
MBIX NAGHKOSCKUL PHEPTHAX MopAnKa £ ~ mpe® = (Gh—fv) 2 = 1.2210'9GeV . Buecn
G N — HBIOTOHOBCKasd KOHCTAHTa TI'PABHTAIMOHHOTO B3aWMOIEHCTBHUA, a Mp — Tak Ha-
3bIBacMasd MIAHKOBCKad Macca (~ 10-° rpamm!), KOTopas OIpenesaeT U XapakTepHyo

RG -
IJIAHKOBCKYIO IIHHY: Ap ~ —L— ~ VRGN . 10~38¢m. EcTecTBenHo, 9T0 9KCIEePUMEHTHI
mpec c3/2 ’

IIpu TaKUX 2HEPTUAX M pACCTOAHUAX TaKXKeE Bpdd — JU KOrJa — aubo 6y,D;yT JOCTYITHBI

qesioBedecTBY. OOHAKO XK€, KBAHTOBBIE TPABUTAIINOHHBIE TPOTIECCH, HECOMHEHHO UTPAJH
KJIIOYEBYIO POJIb B MOMEHT DoJIbIIOro BapeiBa u, Takmm oOpasoM, onpenesuan Oy ayuryio
sBOJTIONIIO Beesennoil. DosToMy, KBAaHTOBAaA TDaBUTAINSA TPEACTABIAET TPUHITUTHAT b=
HBIIl WHTEpeC Id PeJIATHBUCTCKONW KocMosoruu. MHOTHE TEOPETHKH CYUTAIOT, 9TO He3
MOHMMAaHMUsA KBAHTOBOH IpaBUTAllMU HEBO3MOMKHO PEIIUTH Hesblil pAl NPpUHININAIBHBIX
BONIPOCOB TEOPUW 3JIEMEHTAPHBIX YacThll. K coXKajleHWio, KBAHTOBAA TEOpHdA TDaBUTa-
IUH IO CHX MOP HEe MOCTPOEHA, M K TOMY UMEETCHA MEBI pAl CePhe3HBIX MPUINH. Do-
IBITKN KBAHTOBAHNSA DENATHBUCTCKON Teopun rpaputanun Jiinuireitna (obmeit Teopun
OTHOCHUTENBHOCTH ) HEM3OEKHO HATAJIKMBAIOTCA HA TTPAKTHIECKH HEMPEONONMBIE TPY/I-
HOCTH, CBA3aHHBIE CO CJIOKHBIM HEJMHEHBIM XapaKTepoM 3Toit Teopun. Kpome Toro, Bo
BCeX BapraHTaX TaKOI'o KBAHTOBAHUA MOJIYYaeTCA CYIIECTBEHHO HENEPEHOPMUPYEMAA Te-
opud, K KOTOpoil, TpaKTHYEeCK!, HEIPUMEHNMBI METOIBI COBpeMEHHO KBaHTOBOH Teopun
MOJIdA. Da3yMeeTcsd, aKTUBHBIE UCCIEIOBAHNA B TOH 06JaCTH BEMYTCA YKE MHOIO JIET.
Ecth MHOTO KpacHBBIX MOAXOMOB 1 OOODIIEHUT OOBIYHON TeopWH TpaBHTAINN, TAKUX,
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HapuUMep, Kak cyleprpaBuTanud. EcTh KpacuBble uaen “MHIYIHPOBAHHONW W TIpaBHUTa-
AU, KOTJIa Teophs DHHIITeHA paccMaTpUBaeTca Kak HU3KosHepreTndeckuit (penome-
HOJIOTHYECKT) Tpeaest, BOSHUKAONH PN pacCMOTPEHNH KBAHTOBOH TeOpHM MOJA B
UCKPHUBJIEHHOM MPOCTPAHCTBE — BPEMEHN.

Dakoner, ecThb elre bosiee daHTACTHIECKHE BOIMOKHOCTH. CYIIECTBYET WA, UTO
KBAHTOBas TEOPHUs MOJd W CTaHIapTHAS MOIEb ABJIAIOTCA 5 GeKTUBHBIMU (heHOME-
HOJIOTHIECKUMU TEOPUAMH, MOCTPOECHHBIMI Ha HOBOH 0CHOBe (byHIAMEHTAJIBHOR TeOpUH
cmpyn. B aToM moaxoze, B OCHOBE BCEro JIeKaT He TOYeUeHble YaCTHIIBI, a CTPYHBI C Xa-
pakTepHbIME pasMepamu nopsaka Ap ~ 10733 em. Dru crpyHb npmkyTea (Kosnebatored)
B MHOTOMEDPHBIX IIPOCTPAHCTBAX U 00/1a1al0T 6030H — dhepMUOHHON cuMMeTpueli (cymep-
CTPYHBI). Da gA3bIKe TAKNX MPENCTaBIeHHN paspabaTsiBacTcd “Teopus BCero”.

Do HallM 33aJa49d B JaHHOM KYpPCe ABAAIOTCA Topasmo Oosee ckpoMmHbIMEU. Cylie-
cTByerT, KoHeuHO, 3abaBHad TepMuHoJsiorusd [21], cormacuo KoTopoil, paboThl, OCBAIIECH-
Hble JacTHIIAM, KOTOPBIE y¥Ke OTKPBITHI WU OYAYT OTKPBITHI B 0003pUMOM OyIyIIeM,
HasbIBaOTCA “‘(EeHOMEHOJIOTHIECKUMI, TOTIAa KakK pabOTHI, MOCBAIIECHHBIE TaCTHUIIAM,
KOTOPBIe HuKozda He OyAYT OTKPBITHI HKCIEPUMEHTABHO, CIEAYET HASKBATE “TEOPETH-
dJeckuMu’ . B 3ToM cMBIcsIe MBI BoODIIE He OymeM 3aHUMaThbcd GyHIAMEHTaJIbHON Teo-
pueil, omHAKO W Ha MaTepuaJie, JOCTAMIEMCA HaM U3 PEaJIbHOTO 9KCIEPUMEHTA, XBATACT
MOKa WHTEPECHBIX Bellel.



IntaBsa 2

JIATOAID 2KEB POSMAJIN3M.
CUMMETOSNN N KAJIND990BOY-
IDBIE 90J141

HarpaH>KeBa MexXaHUKa YacCTUuIbI.

BemomuuM cHagasia OCHOBHBIE MPHUHITUIBI KJIACCHIECKON MEXaHWKH. DAacCMOTPUM dYa-
cTuIy (MaTepuaabHyIo TOUKY) € Maccoil m, IBUKYIIYIOCA B HEKOTOPOM MOTEHIMAJIE
V(x). dna mpocToTsl paccMaTpuBaeM OJHOMEPHOE IBIZKEHNE. B MOMEHT BpeMeHn ¢ da-
CTHIA HAXOIUTCA B TOUKe #(1) CBOEH TpaeKTOpHM, KOTOpasd CBA3BIBAET HAYAJIBHYTO #(11)
u KOoHeuHyto #(12) TOYKHM, KaK 2T0 TMoKasaHo Ha Duc.2-1(a). Dra TpaekTopnd, Kak ms3-
BECTHO, ONIPENESIAETCA U3 PEIeHns YPABHEHNA IBUKEHUA D BIOTOHA!

d’z dV(z)
mar =T =g,

(2.1)

C COOTBETCTBYIOMIMMHE HAYaAJIbHBIMEI YCJAOBHAMHI. JTO YpaBHEHHE MOXHO “BBIBECTH U3
TIpUHITAIIA HAaNMeHbIIeTo aeficteud. [j1a sToro BBognTca Gyukmua Jlarpamka, mpencra-
BJIATOITAs cobOOit pasHOCTh KMHETHIECKON M MOTEHITNAIBHON sHEePTHii:

m [ dzx

L:T—V:E<E)2—V(x) (2.2)

n MHTETrpaJI aericTBud:

sz/ﬁﬁuﬁﬁ (2.3)

15
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Puc. 2-1 (a) — TpaekTopus 4acTuubl, yAOBNETBOPAIOLWAA NMPUHLMMNY HaUMEHbLUEro fef-
cteus. (6) — Pabop BosmoXHbIX TpaeKTopui HYacTuLbl.

rae, Kak oOblYHO, obosHadeHa cKOpocTh & = dx/di. McTuHHAA TPAEKTOPHA YaCTHUIIbI
OIpEIeTACTCA MITHIMYMOM (B OBIIIEM coIydae — 9KCTPEMYMOM ) NefiCTBHA Ha MHOKECTBE
BCEX MBICJUMBIX TPACKTOPHH, CBASBIBAOIINX TOUKH #(t1) u 2(f2), KaK TO MOKAa3aHO Ha
Imc.2-1(6). M3 51010 yTBEPKIAECHUA CPA3y CIACOYIOT KIACCHUECKNE YPABHEHUA JIBIKE-
Hus. B caMoM Jeste, pacCMOTPHM MaJTyio Bapuaiuio a(t) TpackTopun BOIU3H Toi caMoii
HCTHHHOM TpaekTopun #(t):

z(t) — 2'(t) = z(t) + a(t) (2.4)

B nauasabHOl M KOHe4YHOI TOYKaxX Bapuallud, eCTeCTBEHHO, IoJaraeTcd paBHOR HyJIIO
(3aKpenieHHble KOHIIBI):

a(ty) =a(t2) =0 (2.5)
Ipu noacranoBke (2.4) B meficTBue (2.3) MosydaeM ero Bapuanuio B BHIE:
e
S— 5= / dt[;(i‘—l—d)z —V(z+a)] =
t1

= / ’ dt[%mi‘z +maa — V(e)—aV'(x)] + O(a?) =

t1

=S+ /t2 dt[mza —aV'(x)] = S+ 65 (2.6)

t1
rae V' = dV/dz, tak uro

55 = /f difmiia — aV'(x)] 2.7)
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TpeboBanue skcTpeMabHOCTH HeficTBua commtTca K ycsoBuio 85 = 0. UnTerpupya
HmepBoe ciaraeMoe B (2.7) Mo dacTaM, MOy IHM:

ta ta t2
/ diia = ialt? — / dtai = —/ dtai (2.8)
t1 t1 t1

HOCKOIBKY Bapualii TPaeKTOpUH Ha KoHIAX 3akpertensl (2.5). Torma nmeem:

65 = — /h difmai + aV'(2)] = 0 (2.9)

t1

9TO BBHIY MPOWSBOJIBHOCTH BAPUAIINN ¢ CBOAUTCA K 3aKOHY IBUKEHHA DbioToHa (2.1):
mi = —V'(z) (2.10)

olpelesadrmeMy eIJUHCTBEHHYIO TPACKTOPUIO ABUXKCHU A KJIACCUYIEeCKON 9acTUIIHI.

HelicTBUTEJIbHOE CKAaJISIpPHOE IoJie. Y paBHe-
Hust Jlarpamxa.

Depexon OT KJIACCHIECKON MEXAaHUKU JACTHUIIBI K KJIACCHIECKON TEOPUH MOJIA CBOAUTCH
K IepeXoay OT pacCMOTPEHUNd TPacKTOPUN YacTHIbl K aHAJN3y MPOCTPAHCTBEHHO — Bpe-
MEHHBIX KOHQUTYpannii moJid, ONpeeeHHOTO B KaXI0# TOYKe MPOCTPAHCTBA — Bpe-
MeHH. AHAJIOTOM KOOPAMHATH YacCTHIB KaK DYHKINH BpeMeHH (1) CTAaHOBUTCH TOJIEBa

bynkuma o(x#) = p(x,y, 2,1).

OTCTyHJIeHI/Ie O pPeJsAATUBUCTCKHUX 0003 HAYCHUAX:

B nampHelimeM HCIOIB3YOTCHA CaeMyOMUE CTaHTApTHBE 0b03HaYeHNA. [IBe MEPOBBIX TOIKH (coObITHA)
(z,y,2,t) m &+ do,y + dy, z + dz, t + dt pasnesrens mHTEpBAJIOM:

ds® = 2dt? — (dx2 +dy? + dz2)
Unrepsan ds® > 0 HasHBaeTCA 6peMenunodobnbiM, COOTBETCTBYIONIME TOUKM (COBGBITHA) MOTYT GHITEH
OpUYMHAG cBaAsambl. MuTepsan ds? < 0 HasbBaeTcda npocmparcmeentonodobuum, COOTBETCTBYIOMIHE
To9KH (COGBITHA) HE MOTYT OBITH IIPHYIHHHO CBA3AHSEL.
Dabop BeIUINH
0 1 2 3y —
zt = (z°, 2, 2%, 2°) = (ct, @, y, 2)
3a0aeT KOMIIOHEHTBI KONMPEAPUAHMHN020 BEKTOPA, a
zy = (w0, 21,22, 22) = (ct, —x, —y, —2)
TpeICTaBIAEeT KOMIOHEHTHI K064 puanmno20 BEKTopa. 1oria HHTepBaJ 3alUChIBACTCA B BHJIIE:
3
ds? = E detdz, = detds, = Adt? — do? — dy? — d2?
u=0

HMneer mecTo o4YeBUOHAA CBA3DL:

0 1 2 3
Tp = g’ = guor” + 91T + 9o + gusw
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roe BBeJIL MeTpI/I‘IeCKI/Iﬁ TEH30p B IPOCTPAHCTBE — BpEMEHN Munakosckoro:

1 0 0 0

0 -1 0 0 s s
gw =g =1 o oy o |3 omwgT =0
0o 0o 0 -1

Hoa mud depeHnna bHBIX 0OIIepaTopoB 6YIeM HCIOIB30BATH COKPANIEHHYO 3alllCh:

a 19 9 a9 3 19
3 5_28787878 =\—5 375 7 )= __7V
K= gpn (%001, 02, 8) (cat dx Oy 82) (cat )
19
M =gy, = (-—,-V
g v (cat )
1 82 a? a? a? 1 92
O=0,0"= —— —( )= = _A

c2 92 D2 w 9.2 c2 912

J1s BeKTOpa HEPTUN — UMITYJIBCA YACTHUIBI C MACCOl MOKOHA M MMeeM:

E E
pM_(_vp) pM:(_v_ )
c c
E2
P’ =pupt = = - p? =m?

JIf THTMATHON KOMGHHAITHH, cToAlIell B mHTeTpasax Pypbe:
s 1% ypP
pr = puzt = Et — pr

B magbHeliureM, IOYTH BCErma, MCIOIb3YeTCH eCTECTBEHHAH CHCTEMA eIHHEI, B KoTopod A = ¢ = 1.
D peuMyIECTBA TAKOM CHCTEMBI, KPOME OUE€BHUIHOTO COKpalleHnd PopMYJI, B €€ CBA3B C TPATUINOHHBIMI
CHCTEeMaMU eIFHAL, XOPOUIOo OIHCAHBI B KHWTe [16].

DaccMOTpHM HpocTeimit mpuMep cBobomHOTO craaaproeo nongd p(xh) = ¢(x,y, z,1),
KOTOPOE COMOCTABIAETCA TaCTHIIAM cO cTHHOM (). DTo MoJie yIoBAeTBOPAET ypaBHEHHIO
Koneitna — l'opmona:

(O+m*)p =0 (2.11)

WcTopudeckn »To ypaBHEHHE OBLIO MOJAYYEHO KaK PeJATHBHCTCKOE obobIlneHne ypan-
venua Illpegunrepa. [HeficTButenbHoO, cuntad go(xu) BOJIHOBO# byHKIMEH YacTUIIBI K
YUUTBIBaA, YTO B PECJAATUBUCTCKOM CJy4dac €€ 3aKOH AUCIICPCHUN (CHeKTp) olpegeJsidercd
PaBEHCTBOM:

E? = p? +m? (2.12)

MOXKHO IIPOBECTHU CTAHJAPTHYIO MIPESINHTEPOBCKYIO 3aMEHY INHAMUYIECKHX TTEePEMEHHBIX
Ha OIepaTopbl O MPaBUIY:

p 9 g4l (2.13)
i Or ot
910 HeMemyeHHo maer (2.11). EcrecTBeHHO, 4T0 9Ta mMpoleaypa He ecTh 6600, bomee
MOCJIEIOBATEIbHAS CXeMa PACCMOTPEHHA CBOAMTCA K MOJYIEHUIO PETATUBUCTCKUX IO~
JIEBBIX YPABHEHUHN W3 64PUAUUOHHO20 NPUHUUNG.
Brenmem dynryuonaa deticmeus xax:

S = /d4x£(g0,8ugo) (2.14)

rie £ — aaepansicuan (IoTHOCTH GyHKIHN Jlarpamika) paccMaTpuBaeMoli ccTeMBl To-
neft. ®yukiua Jlarpanxka ects L = [ dz3£. O6bITHO HoMaraioT, ITo £ 3aBUCHT OT IOJIA
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@ W €ro NnepBbIX IIPONU3BOJHBIX. ypaBHeHI/Ie Koeiina — FOp,D;OHa JIETKO BBIBOAUTCHA C IIO-
MOUIIBIO JIaTrpaH2KHaHa:

L= (00 0up) — g = S(0h)? — (V) — m? (2.15)

B sToMm MoXkHO yOenuThCA, €CaM PACCMOTPETh Obiuil Jarpamkes GoOpMaaInsM B TEOPUU
mosiga. OmHAKO TpeX e MOJe3HO CAeIaTh elle

OTcTyniienre o pa3MepHOCTIX:

B paccmarpmBaemoii cucteme emurmm I = ¢ = 1 pasMepHOCTH 5HEPIHH, MACCH U O6paTHOM MITHHB TIPo-
cTo copmamator: [snepaud]=[maccal=["1]. [ys TOHEMAHUS TOC/TETHET0 PABEHCTBA JOCTATOMHO BCIIO-
MHETH, IT0 KOMITOHOBCKasd [JTMHA BOJIHEI TACTHITET C MAccoil m ompemedercsa xak R/me. JlelicTame
S = f d*z L mmeer pasmeprOCTH I B, TakmM obpasom, 6espasatepno! Torma pasMepHOCTS JIarpaHKHaHa

[£] = [I7*]. CoorBercrBento, u3 (2.15) moTyaeM pasMepHOCTS CKastapHoro ot [¢] = [[71]. Domobmbrit
aHaJIU3 pasMepHOCTell IPUTONNTCA HaM He OHAYKIBL.

DycTh ToJe ¢ 3anoHAET HEKOTOpYIo obaacth (00beM) R B MPOCTPAHCTBE — Bpe-
MeHn MwuHKOBCKOTO. B KadecTBe Hada TbHOI W KOHEUHON THIEPIMOBEPXHOCTEl MOKHO
B3ATb BPEMEHHBIE cpe3bl t = {1 U ¢ = 3. DACCMOTPHUM MPOU3IBOJBHBIE MAJIble BAPUAIIHT
KOOpAMHAT U ToJeil:

P — 't = gt 4 Sx# 2.16)
p(x) — ¢'(x) = () + bp(x) (2.17)

Dpu 5TOM HoJIaraeM, 9To Bapuarmu 6rt m 8p(x) obpamatorca B HY/Ib Ha TPAHHIE pac-
cMmaTpuBaeMoii obsactu R:

Sp(g) =0 d2'=0 z€eR (2.18)

SaCCMOTpI/IM AOCTAaTOYHO O6H_[I/II7[ cnyqal‘/’[, Korga JiarpaHXKWaH L FBHO 3aBUCHUT OT KO-
OpOMHATHI l‘u, 9TO MOXKET OBITH B CUTyalIun, KOorJa nMeeTCA B3anMoJieiicTBrE ¢ BHEITHUMHA
HCTOYHHKAME. D OJIHAS Bapuanud IIoJId MOXKET OBITH 3alHCaHa B BHUIE!:

¢'(2") = p(x) + Ap(x) (2.19)
TIe
Ap = @' (2") — (") + p(2') — p(z) = Sp(x) + 62" (0up) (2.20)
Torga Bapuanus JeficTBUA eCThb:
§S = /d%’ﬁ(gpl,@ugo’,x;) —/d%ﬁ(gp,@u@,xu) (2.21)
Bnecs diz’ = J(x/x')d*x, tne J(x/z') — axobuan nepexoma or z x z’. Us (2.16) BuaHo,
910 o'
x
o = O Dhdat (2.22)

n OgJjid ArkobraHa MOXHO HAIKCATh IIPOCTOE BhIpaXKEHNE ¢ TOYHOCTBIO JO 9JICHOB IIEPBOTO

mopsaka mo ozt
oz'H

J(z/x") = Det (3?) =1+ 0,(6x") (2.23)
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Torma
6Sz/d4x[6£+ﬁﬁuéx“] (2.24)
i oL oL oL
SL =6 — 4 — sz 2.2
L 9% go+a(aw) (Oup )-I—aux (2.25)
3 (2.16) acno, aro §(0up) = 9,0y, Tak aTo W3 (2.24) n (2.25) HeMemJIEHHO CIIemyeT:
oL
65 = /d4 {—6 +——0,(8¢)+ 0 Eém“} 2.26
Ty Oul8e) + B,(L02%) (226)

Tperbe caaraemoe B pUrypHBIX CKOOKaxX mpencTaBsigeT cobofi MOHY ITUBEPTEHITHIO,
TaK 9TO COOTBETCTBYIONMII BKJIA] B HHTETPAJ MOXKET OBITH HpeobpasoBaH (Mo TeopeMe
Taycca) B TOBEPXHOCTHBIN MHTETpas o rpanuie obact R. Bropoe ciaraemoe B (2.26)
TaK¥kKe MOXKHO HEPENNCcaTh TAKUM 00pa3oM, 9TOOBI BBIIEAUTH MOJHYO THBEPTEHITHIO!

oL oL oL
3B,p) +(20) = Ou {a@m ‘5@} = O { D(00) } o (2.27)

B pesysbTare mepenuchiBaeM Bapuanuio geficTeug (2.26) B BHIe:

oL oL
o el ] o
T Voe a1

—I-/ doy { oL by —|—£6x“} (2.28)
R au

B cuny yenosua (2.18) Bapuanmu ¢ n 2 Ha rpaHuie obJacTi HHTEIPUPOBAHEA R paBHbI
HYyJTI0, TaK 9TO MOBEPXHOCTHBIN WHTerpas B (2.28) obpamaercs B HyIb. Torma ycioBue
craruonapHocT Aeficteug 65 = ( Tpu MpOM3BOJBHBIX BapHUAIlMAX MOJAd W KOODAWHAT
JTaeT:

oL d [a(ﬁﬁ ]: (2.29)

do Ozt 0ue)
Dro ecthb obumit Bu ypashenuii Jlarpamxa (ypaBHeHull IBUKEeHUd) /14 MO @ *

BanuireM JarpaHKuaH CKaJsdpHOTO TOJId B BHJIE IPOCTeiitieil kBaapaTndnoil popmbl
IO TIOJIIO M €TI0 MEPBBIM TPOU3BOIHBIM:

1 1
£= 50" 0 0up) = gms” (2.30)
Torna nmeem
0L _ 0L _ _ g (0,9) = 0'p (2.31)

== —mPp o~
d¢ ()

u ypaBHenue Jlarpamka cBomutcsd K ypapuenuio Kaeiina — Topaona:
0u0"p +m?p =0p +m?p =0 (2.32)

D10 ypaBHEHNE THHERHO 1 0TBeYaeT cBOGOIHOMY (HeB3anMoaeHcTByomeMy ) nomo. Eciin
GBI MBI TIPUITHCAJIN K Jlarpamknany (2.30) nHBapHaHTH oA ¢ GoJIee BBICOKUX HOPAIKOB
(cremeneii), To y HAC BOSHUK./IH OBl HeJIMHEHHBIE YpaBHEHNA IBIKEHN /1A CaMOIeHCTBY-
IOIIETO CKaJIAPHOTO TOJIA.

19p0Be,Z[eHHLIﬁ BBIBOM, CIIpaABEOJIAB OJIdA Tr060ro IIoJjid, He obasareIBbHO OJ1d CKaJIAPHOTO. B cJIy4dae
BEKTOPHBIX,TCH30PHBIX HJIM CIIMHOPHBIX moJrei 3TOMY YPaABHECHHUIO YOOBJIETBOPAIOT BCE KOMNOHEHTN b
IIoJId, KOTOPBhI€ HYMEPYIOTCA COOTBETCTBYIOIMNMA MHACKCAMM.



NAIMA3XXKEB ®OOMAJIN3M. CUMMET2UN N KAJIN220BO4Y3 bIE 50JIA 21

Teopema Ietep.

Bepremcs# ¥ Boipaxkenuio (2.28) n mepenuiieM TOBEPXHOCTHBI WHTETpaJ B HHOM BHIE:

65:/Rd4x{g—i—6u [a(g—f@)]}éwr
+/ﬁdau{a(gif@[5so+(3uso)5x”]—
_ [a(gif@)(aygo) - 5;%] 69@"} (2.33)

re MpocTo AoDABJIEHO W BBIYTEHO OIHO W TOXKe. BbIpakeHue B TEPBBIX KBaIPATHBIX
ckoOKaX B IOBEPXHOCTHOM WHTErpaJie MPEACTaBaAdgeT coboli MOJIHYI0 BapWAIUK TOJId,
ompenenennyio B (2.20). Bropas kBaapaTHasd cKoOKa, Kak MBI yOequMcsa HIKe, ONpee-
JAET MeH30P IHEPLUU — UMRYALCA:

oL
= 5,0 — 4L 2.34
TR N (2:34)

o1 =

Teneps 6.5 mepenucwsiBaeTCd B BUIE:

oL 0 oL
_ 4 o~ T
o5 = /Rd x{ﬁso Do [a@m)]}é“

+ /~ doy, {rgﬁ Ap — 9561‘”} (2.35)
R u%p)

3aMeTnM, 9TO HEPBBIii HHTETpA 30eCh PaBeH HYJIO (IIPU MPOU3BOIBHBIX BapHannax §¢)
B CIJIy BBIOJHEHNdA ypaBHeHuii npmkennd (2.29). DaccMOTpUM Telleph BTOPOM U/IeH B
(2.35). Dycrh mefictBue S MHBAPHAHTHO OTHOCHTEIBHO HEKOTOPOR HENpepbié ot TPYIIIEI
npeobpasoBannii * u ¢ (rpynnsr JIn). Torma MoxHO 3amucaTh WHOUHATEINMATHHBIE
Ipeobpa3soBaHu:

Azt = XFbow? Ap = @b (2.36)

rae dw# — GeCKOHETHO MaJsble NapamMemps TPYNHOBOTO TpeobpasoBannd ( “yrubl TMOBO-
pora”), X!' — HekoTopad Marpuma, $, — HEKOTOpBIE HHCJIA. 3aMETHM, ITO B ODIIEM
cJiydae, WHIEKCHI MPU THX BEJUYMHAX MOTYT OBITH MBOHHBIME, TPOHHBIME W T.I., B
YACTHOCTH MOXKHO PACCMOTPETh ciydail, Korma UMeeTcd HEKOTOPBIR Myabmuniem mo-

Jeit p;, Tak 41O

AQDZ' = q%’jé(.dj (237)

rae Teneph u $ npencrapadger coboii MATPHUIY B HEKOTOPOM abcTpakTHOM ( “H30TOoIMHYe-
cKOM” ) TIPOCTpPAHCTBE.

Tpebys Tenepb MEBapHaHTHOCTH JeiicTBug 6.5 = () Mo oTHOIIEHHWO K MpeobpasoBaHUIO
(2.36), w3 (2.35), c yaerom (2.29), mosrydaem:

oL }
doyd =25 @, —0rx" b s =0 2.38
[ 4o {awm (2.38)

9TO, BBUIY ITPOU3BOJIBHOCTH dw” | MPUBOIUT K:

/~ do,Jb =0 (2.39)
R
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rie: or
JE =
6(8;1%0)

9o Teopeme Taycca s (2.39) mosrydaeM ypaBHEHIE HEMPEPBIBHOCTH:

®, — 64 X" (2.40)

Qut =0 (2.41)

TaK 4TO Besm4uHa JY npencraBiader coboil corpamarwutica mox. Tounee, coxpaHsro-
efics BeInauHol ABIgeTCA obOOIeHHbI]R 3apad:

Qv :/dauJﬂ (2.42)

rlie UHTerpaJj bepercd Mo MPOU3BOJIBHON MPOCTPAHCTBEHHO — MOJOOHOM THIEPIOBEPXHO-
¢t ¢. Fciim B34Th ¢ B BUIE TUNEPTIIIOCKOCTH T = const, TO MOJYIUM ITPOCTO MHTETPA
o TpexmMepHOMY 00beMy V!

Q, = / PrJ) (2.43)
v
O6braubIM 00pasom [25], uarerpupysa (2.41) mo obvemy V| nmeem:
/ dPx0yJ? +/ O;iJ: =0 (2.44)
v v

Bropoit naTerpasn smeck npeobpasyercd Mo TpexMepHOit Teopeme ['aycca B MOBEPXHOCT-
HBIL, KOTOPBIIl ONpesiesiger MOTOK 3apsdia Yepes Ty noepxuoctTh [25]. Iluid 3aMKHYTOI
cucTeMbl (BeesieHHOI) 9TOT MOTOK paBeH HYJIIO U IOy daeM:

d 3 0 _ dQV _
dt/vd vy =5 =0 (2.45)

DTO U €CTh OCHOBHOE YTBEDPKIECHUE TEOPEMBI DETED — UHBAPUAHMHOCTIL Jelicmeus om-
HOCUMEADHO HEKOMOPOH HENPePUEHOT onepayuy (2pynnot) cummempuu npusodum x co-
OMEEMCMEYIOWEMY 3AKOHY COTPAHEHUA.

DaccMOTpUM HPOCTOii TpuMep. DycTh npeobpasoBanna cumMerprn (2.36) cBomaTca
K IPOCTBIM MPAKCAAYUAM B TTPOCTPAHCTBE — BPEMEHN:

Agh =t Ap =10 (2.46)
TaK 9TO
XE=5t B, =0 (2.47)
Torma us (2.40) HeMeNIEHHO MOTydaeM:
i =0 (2.48)
U COOTBETCTBYIOMIMI 3aKOH COXPAHCHUA MMEET BUJIL:
L g0 = o (2.49)
dt v '

qYTO IDpeadcTaBJIdeT coboii 3aKoH COXpaHEHUAd >HEPrum — UMITYJIbCa W, KCTATH, IMMOATBEPD-
KIOacT BBECACHHOE BBIIIE OIIPEICJICHUE TECH30pa SHEPIUU — UMITYJIbCA. SpI/I 2TOM, BEJIN-
YHMHa

P, = /d%eg (2.50)
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mpeacTaBidaeT cobolil 4-UMIMy IbC HAIIETO TOJIA. DTO MOHATHO W W3 MPOCTONW aHAJIOTHH C
Mexannkoii. s onpenenenns (2.34), B 9acTHOCTH, CJIEIyeT:

/d%eo = /d% g—igb—ﬁ (2.51)

YTO aHAJIOTMYHO U3BECTHOMY BLIpaiKeHHUIO, cBA3bIBalolleMy byHKnNuio Jlarpamxa c ra-
MHJIBTOHHAHOM B KJIACCHIECKON MexaHunke [26]:

ar

= % (2.52)

H:ZpiQi_L Di

Tak uTo (2.51) maer sHepruto mosA. AHasOrHIHBIM obpasoM, BesmauHa [ d2zf) ompene-
JIeT MMITYJIC TOJId.

Takum o6paszoM, coXpaHeHHE SHEPTHH — HMILYJILCA HMeeT MEeCTO JIJIA JI060H CHCTEMBI,
Jarpanxkua# (neficTBEe) KOTOPOIl He 3ABHCUT ABHO OT L.

Ha narpamknana Kneitna — Topgona (2.30) us (2.34) cpasy mosiygaeM TEH30D 9HEP-
MU UMITYJIbCA B CJISIYIOIEM BHIE:

0" = (0"¢)(0"¢) —g"" L (2.53)

DTO BBIpaXkeHWe ABHBIM 00pa3soM CHMMETPHYHO Mo WHAeKcam MY = #YF. Do tak He
BCETMIa MOJTIYyYaeTCs, eCyN MONb30BAThCA onpenesenneM (2.34) A1a TponsBOJIBHOTO Ja-
rpamkuana. B Toxke Bpemsa K (2.34) Bcerma MoOXKHO MoOaBHTH WJIEH THIA OnfHM | rhe

A = — A rak uTo @ﬁ,,f)"“’ = 0 u 3akoH coxpaHenus (2.49) He Hapyuraercs.
Takoilt HeolpeIeIeHHOCTBIO MOKHO BOCIIOIB30BATHCS U BBECTH
A
THY = 0R7 + Oy fH (2.54)

BEIGpaB fAMY Tax, 4TOBBI BLIIOJIHAIOCEH yeaoBue cumMmerpun T4 = TV DonobpaHHbii
TakKuM 0O6PA30OM TEH30D SHEPTHH — UMIYJIhCa HABBLIBAGTCA KAHOHUYIECKUM. FcTecTBeHHO,
9TO

8, TH = 9,0 =0 (2.55)

SOJIHBI]Z 4—I/IMHy.HbC IIpU 3TOM TaKXKe€ HEC MeHAETCA, ITIOCKOJIBKY UMECT MECTO!
/d?’x@AfAO” = /d?’x@iflo” = /daif“)" =0 (2.56)

Deppoe pasencTso B (2.56) caenyer us %% = 0, a Bropoe us Teopembr [aycca. Dy
B MpaBoii YaCTH BO3HUKAET MPYW OTHECEHUH MOBEPXHOCTH ¢ Ha DECKOHEYHOCTD, TJIe O
CUNTAIOTCA OTCYTCTBYIOIIUMU.

Takum o6pasoM, »HEPTHA W WUMIYJABC MOJA OKa3BIBAIOTCA OMPEHESIEHHBIMEA OIHO-
3HAYHO, HECMOTPHA HAa HEKOTOPYIO HEOIHOIHAYHOCTH B ONMPEIETEHUN TEH30Pa SHEPTUH

— UMIIyJIbCa.

WNmeerca pan coobpakenuit dbusmdeckoro xapakTepa, Mo KOTOPHIM TEH30P 3HEPTUHM — WMITYJIHCA
cIremyeT BCerna BRIGHpPATh cHMMeTpHIHBIM [8, 25]. OcobeHHO M3ANIHEIL apTyMeHT OCHOBAH Ha IPHBJIE-
“eHwH o6uIell TEOPHI OTHOCHTEIBHOCTH. Y paBHEHAA DHHIITEHHA UIA IPaBATAIHOHHOTO HO/IA (METPHKH
IPOCTPaHCTBa g, ) EMEIOT BHI [25]:

1 8rG
Ry — EgMyR = —C—2T“” (2.57)
rne R, — cBepHYTHII TeH30p KPHBHSHEL JHMaHa (TeH30p Dmaun), R — cka/spHas KpHBHSHA IPOCTPaH-
crBa, G — HPIOTOHOBCKaA KOHCTaHTa TAToTeHNA. JleBarx 9acTh (2.57) CTPONTCA M3 METPHIECKOTO TEH30Pa
gy B €TO IIPORSBOMHEIX , ABJIAACH IACTO [€OMETPHIECKAM OO BEKTOM. D PH 5TOM OHA BCETHa CHMMETPHIHA
1o (i, v [25]. D0aTOMY M TEH30D PHEPTHE — HMITYJIHCa MATEPHH, CTOAIINI B IPABOH 9acTH U ABIATOUIIIACA
HCTOYHUKOM TPABUTAITHOHHOTO MO/, HOJLKEH GBITH CHMMETPUIHBIM.
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KomMmniekcHoe CKaJIdpHOE MU I3JIEKTpOMarHmrT-
HOe€ IIoJIe.

SaCCMOTpI/IM TENnephb CKaJIdpHOEC KOMIIJICKCHOE II0OJIE, KOTOPOE y,D;O6HO 3alliCaThb B BUIOE:

© %(@1 + i) (2.58)
1

" = ﬁ(%pl —ip2) (2.59)

dakTHIecKn 30€Ch pacCMaATPpUBACTCA YXKE Jea HE3aBUCHMBIX CKaJIAPHBIX TIOJIA @1, @2,

KOTOpBle MOYKHO paccMaTpHuBaTh, HAIpUMep, KaK HPOCKIHUU HEKOTOPOI'O ABYMEPHOTO

BEKTOpa Ha OCH lu2s HEKOTOPOM U30MONUUECKOM ZHpOCTpaHCTBe, ACCOMUUPYEMOM

c HammM mosieM. C yuerom TpeboBaHUA MelCTBUTETBHOCTH AefCTBIA, JarpaHKuaH Ta-
KOTO HOJIA, aHaIoTHaHbI (2.30) MOXKHO 3amucaTh Kak:

L= (0,0)(0" ") —m*p* (2.60)

YaccMaTpuBas TENEPhb MOJd ¢ U ¢ Kak He3aBUCHMBIE TIEDEMEHHbIE, U3 ypaBHeHu Jla-
rpamxka (2.29) mosmydaeM gBa ypasHenua Kuefina — Topmona:

(O4+m?)p=0 (2.61)
(O+m?)e" =0 (2.62)

Jarpamkuan (2.60) o4eBUIHBIM 00pa30M HHBAPHAHTEH OTHOCHTEIBHO TaK HA3BIBAEMBIX
II06ATbHEIXS Kaan6pOBOIHEIX IpeobpasoBaHnil BUIA:

o — e Mo ©* — ety (2.63)

rie A — mpowsBoJIbHAA AeficTBUTENbHAA KOHCTaHTA. B (2.63) MBI NMeeM HeJ10 ¢ THITHIHBIM
mpeobpasoBanueM rpynsl JIu (B nanroM cayvae — rpynmst U(1) IByMepHBIX BpalleHmit),
COOTBETCTBEHHO, /1A MaJILIX A Bcerma MOXHO HAHCATh:

bp = —iAp bp" = iAp” (2.64)

— mHPUHATEINMATBHBIE KanOpOBOUHBIE MpeobpasoBanud. Bumy nesaBucumoctn A oT
MPOCTPAHCTBEHHO — BPEMEHHOW KOOpAWHATHI, WH(PUHUTEIMMAIbHBIE MPeOOpa3OBAHUA
MIPOU3BOJIHBIX MTOJIA UMEIOT TaKOl e BUI:

8(0,p) = —iAd,p 8(0ue™) = iDL 0" (2.65)
B obosnadennsax (2.36) umeem:

2TepMHUH T30TOMHIECKOE HCIIOIb3YeTCH HAME B GO/ IBIIMHCTBE CJIydaeh BHe BCAKON CBA3M, HO IO aHa-
JIOTHH ¢ W30TONWYIECKOH cmMMeTpuell B AnepHoil dpmsmke m Teopmm ampoHoB [27]. Dedub 3mech HOeT o
HEKOTOPOM IPOCTPAaHCTBE BHY TPEHHAX KBAHTOBBIX IHCEI HO/IH (TACTHIEI), COXPAHEHHIO KOTOPBIX COOT-
BeTCTBYeT Hal IeXKalllad CHMMeTpHA B 3TOM IIPOCTpaHCTBe.

3Tepmun r106anbHbe 03HAYACT 30eCh TO, UTO IPOH3BOIbHAA dpasa A 37ech oIHHAKOBA IJIA HOJIel,
B3ATBHIX B Pa3/IMIHBIX TOYKaX IPOCTpAaHCTBA — BpEeMeHH.
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TaK ITO COXpaHAINICT HeTEPOBCKUI TOK (2.40) nMeeT B JAHHOM cJIydae BUI:

JH = 6(220) (—ip) + %(w*) (2.67)
C yaerom (2.60) momydaem:
T =i(p" M p — 0" ") (2.68)
— ABHBI BHJ TOKA, Y/IOBJETBOPAIIETO yPaBHEHWO:
90" =0 (2.69)

B BBITOTHEMOCTH TOTO YCJIOBHA MOKHO YOENUTBHCA W HEMOCPEICTBEHHO, UCHOIB3YHA
ypaBHenus apukenus (2.61), (2.62). CoorBeTcTBEHHO, B paccMaTpUBaeMoil Teopun BO3-
HHUKAET COXPAHANIMACA 3apaT:

Q= /dVJO = i/dV (wg—f - go%i;) (2.70)

Ecan noste gefictBuTebHO, TO ¢ = ¢* n, oueBnaHO, mMeeM () = 0, Tak 9TO NMOHATHE CO-
xpangionierocd 3apsaua d@Q/di = 0 MOKHO BBECTH TOJIBKO AJid KOMILIEKCHOIO TIOJId. Dpu
5TOM olpeessaoliee sHadenne nmeer U (1) cummerpua narpamknana (2.60), (2.63). 3a-
METHM, 9TO BCE PACCMOTPEHHE TI0Ka 9TO OCTAeTCA IMCTO KJIaCCHIECKHM, COOTBETCTBEHHO
() MOXKeT IpUHUMATE JTIo0bIe (HENETOUNCIEHHbIe) SHATEHH.

Aepermiem (2.60) ¢ momourso (2.58), (2.59) B BHIe alINTHBHON CYyMMBI JarpaHKi-
aHOB IoJIel @1, Ya:

£ = L)@ 1) + Dup) (@ 2)] — Sm?( + ) (271)

TOI‘,D;&, BBO A 3allUCh 1IOJIA ¢ B BUAE BEKTOpA QE B IBYMECPHOM HU30TOIMMYECKOM IIPOCTpaH-
CTBeE!

F=pri+ e (2.72)

rae ¢, j — eAMHUYIHBIE OPTHI B TOM HPOCTPAHCTBE, MOKHO 3amncars (2.71) kax:
1 I TN
L= 50u)0"F) —om @ ¢ (2.73)

OTKy,D;a ACHO BHAcH I‘eOMeTpI/I‘IeCKI/Iﬁ CMBICJI paCCManHBaeMOﬁ CI/IMMeTpI/II/I TeOpI/II/I (.Ha—
rpamxknana). Kanubposounsie npeobpasopanna (2.63) MOXKHO 3amncaTh 1 Tak:
/ -0 —IA .
1 +iph = e (1 +ipa)
/ - b 1A .
@) —ipy = "1 — ipa)

nJjin

) = @1 cos A+ pasin A
0y = —p1sin A + g cos A (2.74)

YTO OMUCHIBAET MOBOPOT BEKTOPaA ¢ Ha yroa A B mockoctu 1, 2. JlarpamkuaH, 04eBHIHO,
WHBApUAHTEH OTHOCHUTEJIBHO TaKMX MOBOPOTOB, T.€. OTHOCHUTEJIBHO I'PYIIBI JIBYMEDPHBIX
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Bpamennii O(2) miun wsomopduoii eff rpynmnst U(1) — npeobpasoBanng (2.63) oueBnaHO
yauTapubi: ¢'2(e")* = 1. ['pymmoBoe MpOCTPAHCTBO OMpeseAeTCA MHOKECTBOM BCEX
BO3MOXKHBEIX yT/I0B (as) A, onpeseneHHbIX ¢ TOYHOCTBIO A0 271 (n — Iesoe, TOBOPOT
Ha A TOXKZecTBeH MOBOPOTY Ha A + 271), M TOMOOTHYECKN 9KBUBAJIEHTHO OKDPYXKHOCTH
EIUHNIHOTO PAIHyCa.

I BOT Temephb MOXKHO HMONBITATLCA CeaaTh pemrafomuii mar! MoxHO 3amaTbed Ho-
CTATOYHO GOPMAJILHBIM BOIPOCOM — HEJIb3A-JIH CHeJaTh Hally TeOpUio HHBapHaHTHOI
OTHOCHUTENBHO A0KEAbHHE KATNOPOBOUHBIX Tpeobpasoanuii Tuma (2.63), Ho ¢ dasoii
(yrsom), aBasiomeiica Tpon3BOBHON hynKyuetl TPOCTPAHCTBEHHO — BPEMEHHOW TOUKH,
B KOTOpOIl OIlpeiesIeHo Hallle IoJIe:

pla) — e M p(x) () — A (2) (2.75)

OcobBIX TTOBOAOB /151 TAKOTO XKeJaHud, B 00LIeM-To, HeT. Dy pasBe 9TO MOXKHO CKa3aTh,
910 TIobanbHoe HpeobpasoBanue (2.63) HEBaKHO CMOTPUTCH ¢ TOYKM 3peHHA obuieil
UIEOJIOTHH PEJIATHBACTCKON Teopun — MBI “Bpamiaem” Hallle MoJe Ha OAWH M TOT JKe
YTOa (B M30TOMHYECKOM POCTPAHCTBE) BO BCEX TOUKAX HPOCTPAHCTBA — BPEMEHH, B TOM
4ncae M B TeX, KOTOpBIe pas3iesieHbl IPOCTPAHCTBEHHO — MOJOOHBIM HMHTEPBAJIOM, T.€.
HE MOTYT OBITH NPWYMHHO CBA3AHBI. DO BEIb M M30TONMYECKOE IPOCTPAHCTBO HUKAK
NOKa He CBA3AHO C IIPOCTPAHCTBOM — BpeMeHeM. D0 MBI YBHINM, 4TO TpeboBaHWe NHBa-
PHAHTHOCTH TEOPUH OTHOCHTETHHO (2.75) MoUTH HEMEAIEHHO NPUBOIUT K COBEPIIEHHO
3aMedaTeIbHBIM Pe3y JIbTaTaM.

Da mepBbIi B3IVIAL MHBAPHAHTHOCTH TEOPUH OTHOCUTENBHO (2.75) HEBOSMOKHA. Dac-
CMOTPHM OIATH cIydail GecKoHeTHO Masbix mpeobpasopannii ¢ A(z) < 1. Torma (2.75)
CBOONTCH K:

p—p—1tAp bp = —tAyp (2.76)

9YTO UIECHTUYHO C (2.64). OnHako OJId MPOM3BOAHBIX TOJ BCE CJIOKHEE B CHJIY sBHOM
3aBUCUMOCTH A(a:) OT KOOPIWHATHI:

Oup = Oup —i(0uN)p — iA(Oup) (2.77)

8(0up) = —iM(Oup) — 1(0u M) (2.78)

9TO, eCTeCTBEHHO, He coBnagaeT ¢ (2.65). [Ind KOMILIEKCHO COMPAKEHHOTO MOJd BCE
aHAJIOTHTHO:

oF — " +iIAY” bp* = iAp” (2.79)

Ous” — Bup” + 1(BuA)0" + (D) (2.80)

5(0u6") = iMBue) + (0, M) (281)

DTy cuTyanuio oOBIYHO XapaKTEePU3YIOT CJIOBAMHI O TOM, YTO MPOW3IBOIHBIE MOJIA { Mpe-
obpasytorca Tenephb (B OTJIMYHE OT CaMOTO MOJA) HEKOBAPUAHTHO, T.€. He MPOIOPIHO-
HaJIbHO caMuM cebe. Bee mopTut ciraraemoe ¢ npounsBogHoil Al Duxakoii MHBapUaHTHOCTH
snarpamknana (2.60) oTHOCHTETBPHO TAKNX MPpeobpasoBaHmil MPOCTO HET. DOCMOTPHM, OJI-
HaKO, HEJIb34-JIH ee 00eclednTh?

NsMeHeHMe JlarpaHKHaHa IpU IPOU3BOJILHBIX BapUallaX HoJeil i UX IpOM3BOIHBIX
AMeeT BUI:

oL oL
§L = =60+ ———6(9,0) + (¢ — @ 2.82
30 T W) (Oup) +(p — ¢7) (2.82)
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DepenncriBasg MEPBOE CIAracMoe ¢ OMOIIBIO ypaBHeHuil Jlarpamka (2.29) n noncraBisas

(2.76) m (2.78), mosryunm:

oL

=055

] (—Ap) + a(giip)(—il\@w —ipdu )+ (p — ") =

oL ]_i oL
90,2) 1~ "9(0p)

DepBhIit 4IeH 30eCh MPOMOPINOHAIEH IUBEPTEHIINN OT COXPAHAIONIETOCA TOKa (2.67) u

:—mm[ @A) +(p—o")  (283)

paBeH, TakuM obpasoMm, HyJi0. BTopoe ke ciaraeMoe, ¢ UCIOIB30BAHNEM ABHOTO BHIA
JarpaHkuaHa, TpHOOpPeTaeT BUI:

L =10, A(¢ "0 — pO* ") = JHO,A (2.84)

rmoe J# Bce TOT e cOXpaHAIONMACA TOK (2.68).

Nrak, geficTBre HEMHBAPpUAHTHO MO OTHOUIEHHIO K JIOKAJIBHBIM KaJHOPOBOTHBIM IIpe-
obpasoBannaM. OKasbIiBaeTcsd, OTHAKO, UTO MHBAPHAHTHOCTL IEHCTBUA MOKHO Obecie-
IUTH MyTeM BBeleHNA HOBOTO 6eXMOpH020 oA A, , HEIOCPeICTBEHHO 63aumodeticmeyto-
weeo ¢ TOKOM JH | mobaBHUB K HallleMy JarpaHKuaHy CJAeIYIONMi daeH B3anMogeiicTBIA:

L1 =—eJlA, = —ie(p 0" — pOHe™)A, (2.85)

rie e — be3pasMepHad KOHCTAHTA CBA3U. DOTpebyeM Termephb, 9ToOBI OMHOBPEMEHHO C JIO-
KaJbHBIMH KaJIOPOBOUHBIME IPeoOpasoBaHuAME oA ¢ (2.75) mose A, nomseprasocs
6B1 2paduenmuomy TPeobPa3OBAHUIO BHUIA!

1
Ay — A+ gﬁuA (2.86)
Torma mosyanm:
L1 = e(8JH)A, —eJH(6A,) = —e(6TH)A, — THOLA (2.87)

Bummm, 910 BTOpoe ciaraemoe B (2.87) Kak pas TouHO cokpamaer (2.84). Do HyxHO
Temeph elle W36aBUTHCA OT IepBoro caaraeMoro B (2.87). C momorisio (2.76), (2.79)
MOYKHO IIOJIYYUTh:

SJH = i8(p" 0 p — pOH ™) = 20" pI* A (2.88)

TaK 49TO

8L+ 6L, = —2eA, (0 A" (2.89)
Do mobaBuM K L ellle OgUH YJIEH:
Lo=e?A Al p"p (2.90)
Torma mox, BosaelicTereM (2.86) mmeem:
6Lo = 2e* A6 A o* o = 2e2 A (0" A)p* (2.91)

Tenepb JICTKO BHAETH, 9YTO

8L+ 6Ly + 6Ly =0 (2.92)

Tak YTO WHBAPUAHTHOCTH AEUCTBUA OTHOCHTEJIBHO JIOKAJBHBIX KAaJHOPOBOTHBIX Mpe-
obpasoBaHuil obecneuena!
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YdTeMm Tellephb, UTO BBeIeHHOE HaMHU BeKTOPHOe moJsie A, JomKHO 0bagaTh M COOT-
BETCTBYIOIINM “CBODOIHBIM” BKJIAIOM B JIarpaHKHaH. DTOT BKJIAL JOJKEH OBITH MHBa-
PHAHTEH OTHOCHTENBHO TPAINEHTHHIX Mpeobpasopannii (2.86). DOHATHO, KaK TYyT HAIO
HocTynuTh. Beemem 4-mepublit potop mnosig Ay:

Fo,=0,A, —0,A, (2.93)
KOTODBIi, OUeBHIHO, MHBAPHAHTEH OTHOCHTENBHO (2.86). Torma MOKHO HPUHATE:

1
L L 2.94
L 167 # (2.94)

Co61/1pa9{ TEenepb BCE YJICHBI HOBOTO JlarpaHzKHWaHa, IMOJYy9IrUM:

Lion=L+ L1+ L+ L=

* * . * * * 1 v
= (0up)(0" ") = Mo — ie(¢7 0" p — 0" ) Ap + A AT — T Py I (2.95)

YTO MEPENUChIBACTCA B CTaAaHAAPTHOM BHUIEC KaK:

1 . . * 2, %
Liot = _16_7TFWFW + (0 + iedy)p(0F —ieAH )™ — m ¥ (2.96)
Takum o6pazoM MBI IOJIYIAIN JarpaHKuan 3.4eKmpodunaMuky KOMILIEKCHOTO CKAaJIAP-
moro moJia ! OH Jlerko mosydaeTcd W3 ucxomHoro Jarpankwuana Kutelina — Topmona
(2.60) cranmapTHOil 3aMeHO# [25] oObIuHON TpowsBONHOM O, ¢ Ha Ko6APUAHMHYW TPOM3-
BomEyIo *:

Dye = (0 + ieAy)p (2.97)

1 10baBIeHHEM dJieHa CBODOIHOTO 3JIEKTPOMAarHnTHOro moJid (2.94).
Jlarparkuan sekTpoMarauTHOTO MostA (2.94) Moxer ObITh 3ammcan Kak L = aF,, F* [25], rme

IIOCTOAHHAA ¢ MOXKET OBITH BI>I6paHa pa3H0]‘/’1, B 3aBHCHMOCTH OT BI>I60pa CHUCTEeMBbI €OUHUIIL. B raycco-

_ 1
16m "

DapdAny ¢ rayccoBoil, 4acTo MCHOJIb3yeTcCd TaK¥Ke CHCTeMa €IUHHIN, XeBHcalina, B KoTopo#l a =

BOIl CHCTeMe enWHNUI, IPUHATON, B 9acTHOCTH, B Kypce Jlanmay u Jludumiia, monaraerca a =
_1
4 ?
KOTOpas HCIOJIb3yeTcd, HapuMep, B [8]. B aToil cucreme B ypaBHEHHA 1OJIA He BXOOHT MHOKHTEH
47, HO 3aTO OH BO3HHKaeT B 3akoHe Kysiona. B rayccosoil cucreme Hao60poT 47 BXOOWUT B ypaBHEHHA
MakcBesiia, HO OTCYTCTBYeT B 3aKoHe Kysiona. B sinreparype mo KBaHTOBOI »/IeKTpOOMHAMUKE dalle
HCIOJIB3YyeTCA cucTeMa Xepucaiina. Mer B nasprelimmem 6yneM, B OCHOBHOM, HOJIb30BAThCA T'ayCCOBOM
CHCTeMOii, CrielmasibHO OroBapuBad IIEPEXO K CUCTeMe XeBHcalina B OTHE/IBHBIX CIIydadax.
B ormtme or 0, Besndauna (2.97) mpeobpasyercd Ipu KaJuOPOBOUHBIX IPeobpaso-
BaHUAX KOBapMaHTHBIM o6pa30M, T.€. KaK CaMoO IIoJIE !

§(Dup) = 8(0up) +ie(6A)p +ieA b0 = —iA(Dup +icAup) = —iA(Dyp)  (2.98)

DOJIIO  COOTBETCTBYET, TAKMM 06pa3oM, 3JIeKTPUIECKUil 3apsal €, CONpAKEHHOe TT0JIe
" coorBeTCTBYeT 3apAny (—e):

Dyp™ = (Op — ieAy)e” (2.99)

YOHATHO, UTO BBeIeHHad BB BeINUINHa F),, TpeacTasdeT coboil TeHsop HalpaKeH-
HOCTell /IeKTpOMarHnTHOrO moJtsA [25].

4:’)pI/I 3TOM KOHCTAHTa € UME€E€T CMBICJI 3JIEKTPUYECCKOTO 3apdna.
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Ypaprennsa Maxceenta caenyior us (2.96) xak ypasHenus Jlarpamxa mig mod Ay

oL oL
P P 2.1
o4, ~ v |a@,ay] 70 (2.100)
qTO aceT:
0, " = —ie(p* 0" p — 00" ") + 2e* A |p|* =
= —ie(p* DFyp — pDF ") = —dmeTH (2.101)
rmue
J" = i(p" Dt — D"p") (2.102)

— KoBapmaHTHadA ¢opma Toka. N3 anTucuMmmerpun F'*Y cpasy ciaemyer:
9uJ* =0 (2.103)

TaK ITO B IPUCYTCTBUE 3JIEKTPOMATHUTHOTO MOJId coxpaHdeTcd Tok J*, a He JH.

OrMeTnM, 9T0 6€3MaACCOBOCTD 3JIEKTPOMATrHUTHOTO IIOJIA OKa3bIBaeTCd HeobxommMol — ecan GBI y
3/1EKTPOMarHHTHOTO IOJIA Oblia OBl KoHewHad Macca M, To K Jarpamxmany (2.94) HyXHO GbLIO GBI
OPHUIIACATH 9IeH THIIA:

Ly = M?A, AP (2.104)

()‘IGBI/I,Z[HO7 9TO TaKOﬁ BKJIaOd HEMHBAPUMAHTEH OTHOCUTE/IBHO JIOKAJIBHBIX KaJ'II/I6p0B0‘{HI)IX Hpeo6pa30Ba—
HUI.

SaCCMOTpeHHbIﬁ CHOCO6 BBEICHUA 3JICKTPOMArHUTHOTO B3aI/IMO,D;eI7[CTBI/I$I 6BI.H BIIED-

BbIe MCIIOJIB30BaH Be]‘/’meM IIpyu MMONBITKAX MOCTPOCHUA e,D;I/IHOﬁ TEOpUHU IIOJId B Ha4daJIe

20-X TOIOB. DJIEKTPOANHAMHUKA COOTBETCTBYET abeseBoil kKaanbposouanoit rpymme U(1),

A JICKTPOMATrHUTHOE IIOJIC ABJIACTCA HpOCTeﬁLHI/IM IpuMepoM mmu5p0604m020 IIOJI4.

Douga Auara—Mmwuasca.

Wrak, paccMOTpeB WHBAPHAHTHOCTH OTHOCHUTEIBHO JIOKAJIBHBIX KaJHOPOBOYHBIX Ipe-
obpasopanmit Tpymisl U (1), MBI HOTy9InIn U3 Jarpankuaia cBoGogHoro mos Kieiina —
lopoona ckaJgapHYO 3J€KTPOAMHAMUKY, T.€. TEOPHIO C BECbMa HETPUBAAJIBHBIM B3aMMO-
neiicrBueM. MoXHO cKasaTh, 9T0 CHMMETPHA “HaBA3asga’ HaM (GOpMy B3amMOIeHCTRII
1 TIpuBesa K HeobXOIMMOCTH BBECTH KaJHOpoBodHOe Moje A,, Kak MepeHOCINK 3TOTO
B3aUMoOJeficTBIA. DaccMoTpeHHadn Kaaubposodnas rpymmna U(1) 6sina abenesoit. 0606-
lIeHWEe MPUBEIEHHOTO aHAJIN3a Ha cJIydail HeabesleBBIX KaanOPOBOYHBIX MDY OBIIO MPO-
Bemeno B Hadasie H0-x romos Aurom m Mumicom. B pesynbrare ObLTa OTKPBITA IOpOTa
K MOCTPOEHUIO MMNPOKOTo KJacca BechbMa HETPHBHAJBHBIX TeopHil (BsamMomelicTmii),
KOTOPBIE, KAK OKA3aJI0Ch, MOTYT OBITH IOJIOXKEHBI B OCHOBY COBPEMEHHOTO MOHUMAHUA
IUHAMHAKE 3JIeMeHTAPHLIX TacTHI °.

DpocreiiiuM BapuaHTOM HeabeaeBoil KaaubpoOBOYHON IPYIIIIBI, PACCMOTPEHHBIM €IIIe
B nepBofi pabore fAura w Musica, aBagerca rpyimna usoronndeckoro cnuua — SU(2),
msoMopdHasA rpyimne TpexMepHbIX Bpauiernit O(3). Boire paccMaTpuBaioch KOMILIEKC-
HOe CKaJIApHOe TOoJIe, KOTOPOe MPEICTaBIAIOCh IBYMEPHBIM BEKTOPOM ¢ = (o1, p2).

5Xopoiryto monGopKy paHHHX OPUTHHAIBHEIX cTarell o TeopHH HeabeIeBEIX KaTuOpoBOTHEIX TToel
Mo¥KHO Halitn B c6opHEKe [28]
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SyCTb Tenepb HalIe CKaHﬂpHOG II0J1€e dBJIdeTCd TpeXMeprIM BeKTOpOM B HeKOTOpOM
“msorormyeckoM” mpocTpaHcTBe: G = (1, Y2, ¢3). NHBADUAHTHBIH OTHOCHTETBHO TPEX-
MeprIX Bpa,H_[eHI/Iﬁ B TOM HpOCTpaHCTBe HaI‘paH}KI/IaH KJaelH — I‘Op,D;OHOBCKOI‘O I10JIA
OIIATH MOXKeT 6]31’1‘]) 3alluCaH KakK:
| S
L= 50u)0"F) —om @ ¢ (2.105)

r7ie ToJie @ BXOOUT TOJBKO 9epe3 CKaJdpHBIE MpoW3BeleHud. VHBapHaAHTHOCTH OTHO-
CUTEJILHO BpallleHu#l 3/ech raobaibHasd — TMoJe ¢ MOKHO MOBEPHYTH Ha TPOU3BOJIBHBIH
YIOJI B U30TOMMYECKOM IIPOCTPAHCTBE, OAUHAKOBBII /14 [oJIell BO BCeX IIPOCTPAHCTBEHHO
— BpEeMEHHBIX TOYKaX. DalpuMep, MOKHO PACCMOTPETh BpallleHns B IJIOCKOCTH 1 — 2 Ha
yroa Az Bokpyr ocu 3:
, .
¢ = cos Azp1 + sin Asps
, .
@y = —sin Az + cos Asps
I
Y3 = ¥3 (2.106)

Hia wrduHITe3NMAaTBHOTO TOBOPOTa A3 € 1 M MOXKHO HAIMCATH!

o) = @1+ Azpo
©oh = —Asp1 + o
¥3 = 3 (2.107)

B ciyvae nHpuHETESMMAIBHOTO TOBOPOTA BOKPYT MPOU3BOJIBHO OPUEHTHPOBAHHON OCH:

§¢=—-Ax§ (2.108)

r7e BeKTOp A 1o BeWdnHe paBeH YIUIy MOBOPOTA, a HANPABJIEH BIOJb OCH, BOKPYT KO-
TOPO¥i TPOU3BOIUTCA BpPAIIEHNE.
DaccMOTPHM Telleph JOKaIbHOe IpeobpasoBanne, mojarad A = A(x,). Torma mpouns-
BOMHAA TOJIA § TpeobpasyeTca HEKOBAPUAHTHO:
- - - é - é -
Ouf — 0uP = 0uP — OuA X G — A X 0,
8(0,8) = —A X 0,8 — 0,A X § (2.109)
DompiTaeMcs CHOBA TTOCTPOUTH KOBAPUAHTHYTO TTPOM3BOMHYIO, 3alCaB €€ B BHIE:

Dyf = 0uf + gW, x & (2.110)

e BBEJIX Ka.HI/I6pOBO‘IHOG IIoJ1e (HO.HG Aura — MI/I.H.HC&) WN’ ABJidronieecd BEKTOPOM HeE
TOJIBKO B IIPOCTPpaHCTBE MI/IHKOBCKOI‘O, HO M BO BHYTPE€HHEM (I/I3OTOHI/I‘I€CKOM) IIpocTpaH-
CTBE, a TaK2Ke€ KOHCTAHTY CBA3M (.

Tpe60BaHMe KOBapMaHTHOCTH UMEET BU/L:

§(Du@) = —& x (D,9) (2.111)

-

Kax HOJIZKHO HpeO6pa3OBbIBaTbCﬂ IIoJ1e e 9TOOBI TO ycJaoBue BRIIOAHATOCH? OTBET:

8, A (2.112)
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B camowm mese, ucnonbsys (2.108), (2.109) u (2.110), moaygaem:

8(Du) = 8(0u8) + g(6W) x &+ g Wy x (65) =
:—Kx@ugé’—ﬁqugE (K W)xgo—i—@Axgp gW x(KxgE):
X O — gl(A x W) x G+ Wy x (A x @)]  (2.113)
BOCHO.HI)(SyeMCSI Tenepb BEKTOPHBIM TO}KILGCTBOM6Z
(AxB)xC+(BxC)x A+(Cx A)yx B=0 (2.114)
U3 KOTOPOTro NyTEM HUKJIMICCKUX MMEPECTAHOBOK MOXKHO MOJYYNUTH:
(AxByxC+Bx(AxC)=Ax(BxC() (2.115)

DpUMEHAA 5TO TOKIECTBO K BHIPaKEHNIO B KBaJpaTHBIX cKobkax B (2.113), nonyvaem:

—

8(D,@) = =K X (8,4 gW, x §) = —A x D, @ (2.116)

9T0 U TpeboBaJIOCH!
YocMOTPUM Telleph KaK BRITIAIUT aHasIorT TeHsopa [, saekTpognnamuin. ObosHa-

qnm ero Wy, . B oramane ot F,,, ABIATONIETOCA CKAJIAPOM TIO OTHONIEHHUIO K TTpeobpaso-

BaHHAM Kaaubposousolt rpymmer O(2)(U(1)), Benuunna W, npencrasiser coboil Bek-
Top 1o otromenno K O(3)(SU(2)). CooTBeTCTBEHHO, MPABIIIO TPEOOPA3OBAHUA JTOJIKHO
BBITH TEM e, 9TO U Y IOJd B:

- -

§(Wy) = =K x Wy, (2.117)
Benuuauna 0, W, — 9, Wu Tak He mpeobpasyercd:
. . D L
(0, Wy — 0, W,) = 0u(—A X W, + —8,,A) — O (—A X W, +
g
=K x (0, W, =0, W) — (8K x W, —8,K x W,)  (2.118)

Bropoe ciaraemoe 3geck “smiiiHee” . 3aMeTHM Teeph, 9TO

. |

- -1 . - - -
S(gWy x W) = g(—A x W, + EaMA) X W, +gW, x (A x W, +-0,A) (2.119)

<

SepBoe U TpeThe cJjiaracMoe 3IeCh MOXKHO OOBEIUHUATE C IIOMOIIBIO (2.115), YTO TaeT:
S(gWy x W,) = —gA x (W, x W,,) + (8,A x W, —8,A x W,,) (2.120)

Bummm, 910 BTOpoe cotaraeMoe 371ech coBnagaet ¢ “auianmM”’ dwieHoM B (2.118). DosTomy
ompeneauM TeHsop nosiell Hura — Muiica Kax:

W = 0,Wy — 0, Wy + gW, x W, (2.121)

9TO TpeobpasyeTcsd HyKHBIM 00pasoM, T.e. coryiacHo (2.117).

. 5 o s o
6910 TOXIECTBO MOKHO JIETKO TOKA3aTh, HCIOIb3Y: M3BECTHOE IPABILIO: (AxB)yxC=B(A-C)—

AB-0)
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Temepb MOXKHO BBITICATH JarpaHknan Teopun fAuara — Muinca:
1
167
YpaBHeHud ABUKEHUA BHIBOOATCH OOBIYHBIM OOpas3oM m3 ypaBHeHuil Jlarpanxa:

0L o [ 0L
awi) % {a(aywﬁ)} (2.123)

L=(Du@)(D'P) —m* G F— ——W,, - W (2.122)

rie i - BeKTOprIﬁ NHICKC B N30TOIINYECCKOM HpOCTpaHCTBe. TOFILa nMeeM:
0" Wy + gW" x Wy = gl(8,B) x G+ g(Wy x @) x & (2.124)

win, ¢ yaerom (2.110):
D' Wy = (D) x & = dngJ, (2.125)

Do BHEINIHEMY BH[Y 5TH YpaBHEHUA MOXOKW Ha ypaBHeHUs MakcBesiia, HO B OTJIUYIHE OT
HUX OHH Heauwelns 1o mono W,. B orcyrersun “marepun”, T.e. mpu ¢ = 0 us (2.124),
(2.125) nmeem:

D"W,, =0 wan "Wy = —gW" x W, (2.126)
TaK YTO AHT — MHJJICOBCKOE (HeabeaeBo KaauOPOBOYHOE) TMOJIE ABIAECTCA HCTOTHHKOM
camoro ceba’ (“cBeraumiica cer”)! D10 pasmKagbHO OTIHYAETCA OT Caydad abeseBa
KaTOPOBOTHOTO (3/IEKTPOMATHITHOTO) TOJIA, I1Jis KOTOPOro mpn ¢ = 0 TOK — HCTOYHHK
HOJIA 3aHyIAeTCs, a ypaBHeHus MakcBesia NMeIOT W3BeCcTHBIH (nHeiineiii) Bug [25]:
OE

0"Fu, =0 wan divE =0 5 rotB = 0 (2.127)

B o6BIvHOIl 3T€KTpOIMHAMAKE NMeeTCH ellle W OJHOPOIHOe ypaBHeHHe MakcBesTa BUIa
[25]:

OrFuy + 0uFor + 0, Fr = 0 (2.128)
13 KOTOPOTO B TPEXMepHBIX 0003HAYeHNAX BOSHUKAET BTOpasd Mapa ypaBHEHHH 3JIeKTpo-
MAarHETHOTO TIOJIH:

B
divB = 0 66_15 +rotE = 0 (2.129)

B wacTHOCTH, TIepBOe W3 3TUX ypaBHeHUit O3HAYAET OTCYTCTBUE MATHUTHBIX 3apAnoB
(MoHOTOTET ). AHAIOTHYHBIE YPAaBHEHNA CYIIECTBYIOT W B Teopun fura — Mumica (ux
BBIBOJI, OY/IeT MPUBEIEH HECKOJIBKO MO3KE):

D)\Wuy + DNWI/)\ + DVW)\N =0 (2130)

Tensop HanpaxenHocTeil mona fAura — Muaica W, MoxeT OBITH 3alican depes COOT-
BETCTBYIOIINE HAIPAKEHHOCTH HeabeJeBhIX “9JIEKTPHIECKOTO” W “MarHUTHOro  TMojei
Tak¥Ke, KaK U B aJeKTpoauHamuke [25]:

o E. E, E.
W =| 2 0 =B -5 (2.131)
~E, B, 0 -B,
—E. -B, B, 0

7CHuTyalua 37ech aHAJIOTHYHA BOSHUKaoLIEH B 061l TeOpHI OTHOCHTE/IBHOCTH, TI€ TPABATAIHOHHOE
ImoJle TaKXkKe ABJIACTCH MCTOYHHKOM CaMOro cebd B CHy HeJHHeHHOCTH sHHImITEHHOBCKHX ypaBHeHM
IPaBHTAITHOHHOTO TTOJIA [25].



NAIMA3XXKEB ®OOMAJIN3M. CUMMET2UN N KAJIN220BO4Y3 bIE 50JIA 33

Torma us (2.130), B acTHOCTH, cemyer:
divB # 0 (2.132)

9TO, KOHIIE KOHITOB, MPUBOIUT K CYIIECTBOBaHWIO B Teopun fAura — Musiaca Tak Hasbi-
BaeMbix MoHonoJsel 1T’Xoodra — Dongrosa [8]. Do 91U UHTEpECHBIE PEIIEHUd MOJEBbIX
ypaBHEHU{I MBI paccMaTpUBaTh He HyIeM.

Doge Aura — Muinca, mogobHO 2JIEKTPOMATHUTHOMY TIOJTIO, JOJIKHO OBITH Heamac-
coBbIM. Ecm aTo He Tak, To K narpamkuany (2.122) mobasmiacsa-Onl wiieH BUaa:

Ly = M*W, - W* (2.133)
9T0 TPHUBEIO-0bI K 3aMene (2.125) na:
D'W,, = 4ngJ, + MW, (2.134)

YTO dBHO HEC MHBAPpWaHTHO ITO OTHOIICHUIO K JIOKAJIBHBIM Ka.HI/I6pOBO‘IHbIM Hpeo6pa30Ba—

HUAM.

DesmaccoBocTh mosteil Aura — Musuica, B ycsaoBuax To4HOU KaaubGpoBOYHON MHBAPMAHTHOCTH, B
TeYeHNe TOBOJIBHO HOJTOTO BPEMEHW ABJIAIACH CEPHESHBIM IMPEHATCTBHEM /A (PUSHIECKUX IIPUMeE-
HeHUil OCHOBHOI mIem KaamGpoBodHBIX Teopwil. Vmes cocrosia B Tom [28], uTo w3 Toil miam mHOI
(?KcIIepEMeHTaAIBHO OOHApPYKEHHOH) BHYTpeHHEl CHMMETPHH 3/1€MEHTApDHBIX YaCTHI, (HaIpEMEpP CO-
XpaHeHHNA GApPHOHHOTO 3ap#Ala HJIM H30TOINMYIECKOTO CIHHA), HOTPeGOBaB A0KaAAbH 0T HHBAPHAHTHOCTH
OTHOCHUTEJIFHO COOTBETCTBYOUINX I'PYIIHOBHIX MPeobpasoBaHmii, MOKHO IIOJIYIUTEH COBEPUIEHHO HETPUBU-
aJIbBHBIE JIarpaHXKHaHBl B3aNMONEHCTBHA C COOTBETCTBYIOWNMHE (abesleBBIMI MM Heabe IeBBIME) KaJsIh-
6poBounHbIMU ToaAMY. KaanGpoBoYHBII MIPUHIUIT BBEOEHIA B3aNMOIeicTBII IIpenIaraaioch mMOIOKATE
B OCHOBY TeopuHu B3amMomeiicTByrommx noseii. OHAKO TPYTHOCTH Ty T BOSHHUKAIOT CPa3y XKe. De3Macco-
BOCTB HOJIA O3HAYAET HAJIMIHE Jaabhodeflcmeyrowus CHIl, CBA3AHHBIX C 5TUM mosieM. T unuaHbIi npuMep
TyT — asekTponmHaMuKa (3akoH Kysona). OnHako »/IeKIpOMarHATHOE O/l ABJIAETCH, CKOPEE BCETO,
€IMHCTBEHHBIM Ta bHONEHCTBYOIIM IToJIeM B Dpupore (HCKJIo9ad, KOHeIHO, rpasuranuio)! B sTom
MOYKHO y6eIuTHCA ¢ TIOMOUIBIO IIPOCTHIX OMEHOK, KOTOphle GbLau crenanst Jlu u arom [28].

DaccMoTpuUM mpocTedmnii npuMep abesleBa KaJIUOPOBOYHOTO IIOJIHA, KOTOPOE MOKHO OBLIO-OBI CBiA-
3aTh C 3aKOHOM COXpaHeHHs 6apumoHHOTO 3apdna. OHO IPpUBOAMIIO-OBI K IOMOJHATEIBHON TalbHOTENH-
crByfomieii B — cuie metictByroureil ma 6apuonsl. CpaBHUM OOBIMHBIN MOTEHIHAT HBIOTOHOBCKOTO THATO-
TEeHUdA C HOTEHINAJIBHON sHeprueil, 06y c/IOB/IEHHON B3aMMOOERCTBIEM TAKOTO THIIOTETHIECKOTO TOJIH,
HaIIpEMeD, ¢ HyK/JIOHAME I3 KOTOPBIX COCTOUT 3eMJId. DyCTh HMeeTCs MpobHadA 9acTHIla p ¢ Maccol my,
HaXOOAIAACA HA IIOBEPXHOCTHIO 3€MJIM Ha PACCTOAHUN I OT ee IeHTpa. lorna:

GT)’LPME

r

Vgr = — (2.135)

e (G — HBIOTOHOBCKasd I'PaBATAIMOHHALA ITOCTOAHHAA, a M p — Mmacca 3eMmin. DycTh GapUOHHBIN 3apaT
570l JacTunpl paseH Np. DycTh Macca HyKJIOHa my. JJOImycTuM, 9TO IIOTHOCTD HYKJIOHOB B 3eMle
nocrozHHA (& aHTHHYKJIOHOB TaM BooOllle HET) U paBHA:
Mg
=— 2 (2.136)
mpy3TRE

tae Rp — pamuyc Semumn. Torma morenmman Vg, obycioBiaeHubi B — crjlaMu HYKJIOHOB M3 KOTOPBIX
COCTOUT 3eMJIA MOJKET OBITH MTOCINTAH KakK:

M Ny / Pr_ Ml

[t -1~ myr

Vg = (2.137)

Z_p3
sTRymy
Tle WATETPUPOBaHAE BEIEeTCA 10 00beMy 3eMun, a gp KOHCTaHTa B3amMOIeHCTBHA ¢ moseM B — cmr.
Do premmeMy Buay (2.137) coBIamaeT ¢ HOTEHMUAIOM TATOTEHHA. D02TOMY, IOJIHBLI OTEHIHAI, Teti-
CTBYONIHI Ha MPOGHYTO YACTHUILY PABEH:

T)’LPME 2 MENP

T)’LME
+ 93 prE

2
N,
e 1_g_B—p
mNT r G mymyp

V=-G (2.138)
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Takum obpasom, npex e BCero, mpu Hagnauu noada B — cun V # V| tne V — morennmas, neiicTBy rourprit
Ha aHTHYIaCTHILy P, O/1d KOTOpo# 6apHOHHEIA 3apam uMeeT apyroi suak: Np = —Np. B npunnumne, stor
addexT 6B 6B HAOITIOIAEM TIPHT:

g2

RN (2.139)

m2

N

Da mesie W3BECTHO, 9TO C JTOCTATOYHO XOPONIeH TOTHOCTHIO TaKoll 2 dekT He HAGITIOMaeTCA — YACTHUITHI I
AHTHYIACTHUITHI MATAIOT B TIoJIe 3eMuth ogmHaKoBo. OTCro/la cpasy cJIeMyeT oleHKa 92]3 < 10738, mockobKy
Gm?\, ~ 10728, 90 maxe m cTOJIb MATYIO g 5 MOKHO HCKJIIOUHTE. J1€/I0 B TOM, 9TO ypaBHeHHE IBIDKCHIT
OpobHON YACTUIBI B TOJI€ TATOTEHNA UMeET, KaK M3BECTHO, BUIL:
m pM E

> (2.140)

mpg = =G
”

¥ Macca My 3IeCh COKPAIla€TCA, TaK ITO yCKOPEHHE CBOGONHOIO NaleHAA g OT Hee He 3aBHCHT (paBeH-
cTBO MHEPTHOMW n TzKesoit Macc). Ecsm npere6peas Maccoil 2/1eKTpoHOB:

mp =myNp — € (2.141)
TIe € — PHeprudA CBA3H B AAPaX TOTO BEIIECTBa, W3 KOTOPOTO cHeslaHa Hallla Mpobraa 9actumna. OTciona
m €
Np=—2 4+ (2.142)
my my
Ipu Hasgwuaun B — cujl ypaBHeHHE DBIOTOHA TpHoOpeTaeT BUII:
2
T)’LPME 9B ME €
mpg = ————C+ 5 —5 (2.143)
T r m3;

2
g o I
rme C = G — =5~ MOXHO OTOXKIECTBATH C H3MepAeMol KOHCTaHTOH TAToTeHNA Gegp. MHawe rosopa,
m
N
(2.143) MoxHO ImEpenmcaTh KakK:
2
9B €
—5
GempmN mp

m ME
mpg = _i—2Gemp 1+

(2.144)
Bropoe ciaraemoe 3mech mapymaer dhakT coBIaTeHUA MHEPTHON M TAXKeI0M Macc, KOTOPHIH GBI ycTa-
HOBJIEH C TOTYHOCTBIO IIOPAITKa 10_8 B KJIACCUYIECKHUX 3KCIIEpUMEHTAaX STBGH_I& JJIA pa3s/IMIHBIX BEIECTB.

TI/IHI/I‘IH&H OIICHKAa, CJIECAYyIlIiad U3 COBpPEMEHHOTO BapruaHTa 3TUX 3KCIIEPUMEHTOB!:
2 2
95 € 2 9 _
o B — ~10 SG—B,Z < 10712 (2.145)

mN mp mN

TOoe y9/JIiu, 9TO U3MECHCHWA E/mP JJId pa3’/JIMYIHBIX BEUIECCTB IMOopdnKa 10_3 COOTBGTCTBGHHOZ
2
9B

2
Gm¥;

<107° (2.146)

Takum 06pa3soM U3 3KCHEPUMEHTAIBHO YCTAHOBJIEHHOTO PABEHCTBA MHEPTHOW M TAXKeT0ll Macc BO3HU-
KaeT oTpaHHdeHHe: 92]3 < 107471 CoorBercrBenno, B — cHIIBI HECpaBHEHHO cabee NaikKe IPABHTAIIE. D o-
3TOMY, B JIFO6OM MPaKTUIECKOM CMBICJIE, Ka3a/I0Ch OB MOKHO UCKJITIOYUTE CYNUIECTBOBAHME 6€3MacCOBBIX
KaauGpOBOIHBIX TOJIEH, KPOME 3JIEK TPOMATHUTHOTO. DK CIEPUMEHTAIBHO H3BECTHBIE BEK TOPHBIE ME3OHBL
MAaCCHUBHBI X HAPYIIAOT, TAKUM 06pasoM, JIOKAJIbHYI0 KaIHOPOBOYHYI0 HHBAPUAHTHOCTE. J0O3TOMY CaMa
uoed BBEOEHUA HOBBIX KaJIUOPOBOYHBIX IMoJIell, Ka3aJiock OBI, IOBHCaeT B BO3Ayxe. B masnbHelreM Mol
YBUOUM KaK COBPEMEHHAs TEOPU:A PEUIAET 3Ty Mpobiiemy.

Il'eomeTpuss KaIMOPOBOYHBIX ITOJIEH.

DepeiimeM K HEKOTOPBIM 006061IeHuAM. BhIllle MBI BUIEHN, 9TO MOBOPOT 6€KMOPA B W30-
TOMWYIECKOM HpocTpaHcTBe Ha Maswiii yron A(|A| < 1) moxer 6BITH 3amncan B BHIE
(2.108):

=

F—F =F—Ax @ (2.147)



NAIMA3XXKEB ®OOMAJIN3M. CUMMET2UN N KAJIN220BO4Y3 bIE 50JIA 35

9TO ABJIAETCA HHPUHNTEINMATBLHEIM BADHAHTOM ODIIEro 3aKoHa MpeobpasoBaHusAd BHIA:
- —f . -
7 — & =exp(il - AP (2.148)

rue I- MaTPHUYHBIC eeHEPAMOPb, BUOA:

0 0 O 0 0 =z 0 —2 0
n=|0o0 —i L= 0 00 =i 0 0 (2.149)

0 2 O - 0 0 0 0

COOTBeTCTByIOH_[I/Ie MaTpUYHBIC 2JIEMEHTBI MOTYT 6BIT]) 3alliCadbl B BUIEC:

THE Eimn — AHTHCHMMETpHUUHBIH cuMBoa Jlepn-UuBnTa. CoOTBETCTBEHHO, B MOKOMIIO-
HEHTHOH 3amucu (2.147) MOXKHO 3alHcaTh KaK:

ﬂOKaHbHBIe HpeO6pa3OBaHHﬂ NMEeIoT BU:
G — @ = exp(il - A(x))g = S(x)F (2.152)

rae depes S(x) obosHAUMIN OMEpaTOp JOKAJBHOTO BpalleHus. Marpunsl [ ABIAOTCA
reHepaToOpaMi BEKTOPHOTO MpecTaBaeHua rpynnsl spammennit O(3) (wnn SU(2)) n ymo-
BJIETBOPAIOT H3BECTHBLIM KOMMYTAIlHOHHBIM COOTHOIICHHAM MOMEHTa MMITY IbCA;

L, I;] = ieijnly = Cijrly (2.153)

Bmeck 4depes Cjjp 0OO3HAUEHEl cmpykmyprvte koncmanmy, Tpynnsl SU(2), B manHOM
cmydae Cyjp = 1€;51 . EcTecTBeHHO, UTO A4 APYTHX TPyHH JIn CTPyKTypHBIE KOHCTAHTHI
CBOM, HO KOMMYTAIIMOHHBIE COOTHOIIEHN IJIA TEHEPATOPOB Beerma nMeor Bui (2.153).
H1a nponsBosbHON rpynmsl Jlu ee reHEpaTOpBl YOOBIETBOPAIOT TOXIECTBY fK0o6mM:

([, L] Ie] + [y, Il L] + [[Ix, L], ] = 0 (2.154)
9TO OJId CTPYKTYPHBIX KOHCTAHT CBOOUTCA K:

Olimcm]k + Ol]mcmki + Olkmcmi] =0 (2~155)

o cux mop MBI pacCMaTPUBAJIN U306€KMOPHOE TOJE. Josiee PyHIAMEHTATBHBIN MTOIXO,
Tpebyer paccMOTpeHusd uzocnunopos Toit ke rpynusl SU(2) 8. Bpamenue dynnamen-
()
(2

TaJIBHOT'O IBYXKOMIIOHEHTHOT'O CIIMHOPA ’l/) = ) MO¥KET OBITH 3aIIMCAHO KaK:

—

¥ = expl g7 K()(e) = S()o(x) (2.156)

rae S(x) — MaTpuna 2x2, a 7 — MaTPUIB Dayn B H30TPOCTPAHCTBE, T; /2 yIOBIETBOPAIOT
KOMMYTAIlMOHHBIM cooTHOMmEeHUAM (2.153), n MBI cpasy muieM JIOKaabHOEe MpeobpasoBa-
uue. Jlyia obiiero n-MepHOroO cayvad:

() — ¢ () = exp[iM A (z)]e(x) = S(x)v(x) (2.157)

8:’)I/I)Ke MEBI €1IIe BEPpHEMCHA K ITOCJIeI0BaTeIbHOMY PACCMOTPEHUIO CIIMHOPOB, a IMMOKa JOCTaTOYHO BCIIO-
MHHUTB KYpPC KBAHTOBOM MeXaHUKH.




36

NAIMA3KEB ©®OOMAJIN3M. CUMMET2UN N KAJIN220BOYS bIE 2014

@)

X+dx

dx
Yi(x +dx)=W(x)+dW(X)

w(x)

(b)
dx x+dx
Y(x)+dy(x)
X
Y(x)

Puc. 2-2 (a) — Bennuuna di HeceT wHdpopmaunto kak ob nsmeHeHun ¢, Tak u o
npeobpasoBaHMU KOOPANHATHBIX OCEA B W3OMPOCTPaAHCTBE MPU Mepexode OT TOUKU ¥ K
z+ dx. (6) — Benuuuna 64, onpeaensemas napannenbHbIM NepeHOCOM.

rie a mpoberaer sHadennd 1,2, 3 (rpynna SU(2)!), ¢ 3mech yKe n-KOMIOHEHTHBIH CITH-
HOp, a M % — MaTpUIBL N X N, YIOBJIETBOPAIONINE KOMMY TAIIMOHHBIM COOTHOIIECHNAM THITA
(2.153).

Ec/u MBI paccMaTpUBaeM JIOKaIbHBE IpeobpasoBaHud Hodell, To mpousBonHas J,1,
KaK MBI BHIE/H, Ipeodpasyercda HeKOBapHaHTHO!

Oy’ = 5(0,0) + (9,5 (2.158)

€2 )

MoxHo cKazaTh, 9TO MPUIMHA STOTO UMeeT YHCTO “TreoMeTpudeckuii” xapakrtep. Heso
B TOM, uTo mouta () n Y(x + dx) = (x) + dy, orHOCAIINECA K GECKOHETHO BIM3KIM
TOYKAM OOBITHOTO TPOCTPAHCTBA, N3MEPAIOTCA O OTHOIIEHNIO K PA3INIHBIM ([OBEpHY-
THIM JIOKAJIBHBIM KaTHOPOBOTHBIM MPeobpasoBaHNeM) OCAM B H30IPOCTPAHCTBRE, KaK 3T0
nokasano Ha Duc.2-2(a). Takum obpasom, BeandarHa di) HeceT HHMOPMAIMIO HE TOJIBKO
00 W3MEHEHWH TOJIA C PACCTOSHUEM MpHU TepeMelleHnn u3 & B ¢ + dr, HO U COOTBeT-
CTBYIONIEM H3MEHEHWW 33 CYET MOBOPOTa OCell B M30TOMHYECKOM HpocTpaHcTBe. YToOBI
HOCTPOMTH KOBAPHAHTHYIO TPOM3BOAHYIO, HY)KHO cpaBHHTEH ¢ (r + dx) me ¢ (), a co
3HAaYEeHWEM, KOTOpOe NPUHAIO Obl MoJe ¢(x) TpH HepeMelleHnn U3 & B & + d& npn He-
MOJBUKHBIX OCAX B M30MPOCTPAHCTBE U KOTOPOE MBI 0003HAYNM Kak 1 + 61), U KoTopoe
MBI ByeM HazbIBAaTh MOJYUYEHHBIM B pe3ysbTaTe “HapasiiebHOrO” mepeHoca, Kak 3To
HOKa3aHo Ha Inc.2-2(6). DpeanosoknM, IT0 BeJNUnHa §¢) TPONOPIIOHATBHA CAMOMY
HOJIIO ¥, & TaKKe BeJIMYUHE CMEUICHUA d2,, U 3alULIEM ee B BHIE:

8¢ = igM® A% dats) (2.159)

roe g — HeKoTopad KOHCTaHTa, a AZ — KaaubpoBOYHOE TOJe, KOTOpOoe Kak OBl ommpe-
JeJsigeT B KaKOW CTENeHM OCH B M30IPOCTPAHCTBE MEHAIOTCA IPH Iepexole OT OHHOMR
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TouK™ K Apyroii. “UctuHnaa” mam KoBapuaHTHAaA TPOM3BOTHAA 1P OIPEIS/ISIeTCA TeIeph

PASHOCTBIO
Dy = (4 + dip) — (4 + 69) = dp — 8¢ = dop — igM*A%d? (2.160)

u pasHa
% = Db = Butp — igM A% (2.161)

Curyanu#a 3mech aHAJIOTHYHA BOSHHUKAOUIEH B TeOpHH TpaBHTamuu [25], TIe KoBapHaHTHAA ITPOM3-
BoIHasd BeKTopa VH ompenesigerca Kak:

DLVH = 8,Vi 4 TH VA (2.162)
e xKoadbumments Kpucroddeira thy CBA3BIBAIOT KOMIIOHEHTHI BEKTOPA B JTAHHOM TOYKE C €ro KOM-
TIOHEHTAME B COCETHEN TOUKe, M3 KOTOPOl BEKTOP MTEpEMENIEH ITy TEM TTapaJliIeIbHOTO TEPeHoCa B PIMa-
HOBOM IIPOCTPAHCTBE.

Boipaxenune (2.161) maer oblee omnpenesenne KOBApWAHTHON NPOW3BOIHON Teopwun
Aura — Munica miaa Jsroboro moJid 1, Tpeobpasyonerocs Mo HEKOTOPOMY HEMPHBOIN-
MOMY MPEACTABIEHUIO IIPOU3BOILHON KaaubpoBouHoil rpynsl ¢ rernepaTopamu M® [28].
DaccMOTpUM TpocTeilliime TpuMepH:

o I'pynna U(1).
o — ey ©* — ety M=-1 (2.163)
Dy, =0,+1gA, g=-c¢ (2.164)
— 3JIEKTPOINHAMHEKA.

o I'pynna SU(2).

Bexmopnoe npedemasaenue:

(M%) = —i2amn (2.165)
Du@m — au@m - Zg(Ma)mnAZSDH — au@m - gEamnAZSDn —
= (0,8 + 94, X P)m (2.166)

-

rue A »T0 TO caMoe Ka.HI/I6pOBO‘IHOG II0JI€, KOTOPOE BHINIEC obozHadag0Cch Kak W.

Cnunopnoe npedcmasaenue:

Me=-7r"  (i=1,2,3) (2.167)

2
Dytp = 9,16 — i%%ﬁw (2.168)

— Teopuda Aura — Munca.
Urak, npu mpow3BOJIBHOM BpAIEHIN B W30IPOCTPAHCTBE MOJIE TPeobpasyeTcsd Kak:
b — Sz, (2.169)
a KoBapWaHTHasd MPOM3BOMHAA MpeobpasyeTcd Kak MoJe:

Dt — DL’ = S(2,) Dyt (2.170)
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y,D;O6HO BBECTHU MAaTpHUYHBIC 0DO3HAUECHUA:

A, = MeoA® (2.171)
Tak uTo (2.161) mpuHnMaeT BuI;
Dyt = (0, — igfiuﬁb (2.172)
Depexof K HOBOI crcTeMe KOOPIWHAT B M30MPOCTPAaHCTBE, ¢ yueroM (2.170), naert:
(O — ig AW = S(0p — ig Ay ). (2.173)
Doustaras 3mech ¥ = Sy, momydaeM:
Al = S48 - é(@uS)S‘l (2.174)

9T0 maeT obImil 3aK0H KaInGpoBOUIHOTO MpeobpasoBanud moJel fura — Muica (0606-
HEHHOE I'pagienTHoe peobpasopanne). CHOBA PACCMOTPHM IPHMEPDL:

o I'pynna U(1).
S=e 9,8 =—i(0,N)e”™ (2.175)
1 .
AL :Au‘i'g@uA (9 —e, M =-1) Dy, =0,+1gA, g=c¢e (2.176)

o I'pynna SU(2).

Cnunopnoe npedcmasaenue:
i

S:exp(§F~K) 8,8 = =7-9,AS (2.177)

B, A (2.178)
gT0 caenyer u3 (2.174) npm |K| < 1, ¢ y9eTOM KOMMYTAIMOHHBIX COOTHOIIEHWH
[Ta, To] = t€qpTe M coBmamaer ¢ (2.112).

DACCMOTPUM Tenephb MOCTAETOBATETBHO BHIMTOTHAEMbBIE “TlapaJiiebHbIE TIEPEHOCH” MO
BOKDPYT 3aMKHYTOro KouTypa ABC' D, nokasannoro va Juc.2-3. Yagunem ¢ Touku A, roe
[OJI€ CYUTAEM PABHBIM 4 o, TOINa €I M3MEHEHHe LPU Hepexole B ToUKy B ompemeid-
eTcd KoBapuaHTHOR mpousBonHofi (em. (2.170),(2.161)), gro naer:

1
v = 1/)1470 + Dul/)AyoAl‘“ + §DNDV1/)A70Al‘“Al‘V +...= (1 + Al‘“Du + ...)1/)1470 (2179)

Hamee, coBepiirag meperoc B To9ky (', ¢ TOYHOCTBIO O UJIEHOB MEPBOTO MOPATKA TOTY-
qaeM:

1/)0 = 1/)3 =+ (Sl‘VDyl/)B = (1 =+ 6$VDV)1/)B = (1 + (Sl‘VD,,)(l + Al‘uDu)l/)Ayo (2180)
Docsenytommii Teperoc B To9Ky ) W B WCXOmHyIo TOUKy A maer:

vp = (1= A2"D,)¢c (2.181)
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5

Puc. 2-3

Ya1=(1=06x"Do)bp = (1 =62 Dy )(1 = Az’ Dp)(1 + 62" Dy )(1 + Ax* Dy )pa o =
={l+éx"Ax"[Dy,D)]} a0
(2.182)

re BOSHUK KOMMYTaTOp OIepaTOpOB KOBapUaHTHOIO AuddepeHInpoBaHAA:
[Dy, D] = [0, — igA,, 8, — igA,] = —ig {aufiy — 9, A, — ig[Au,A,,]} (2.183)

Onpenenum Temepb TEH3OP:

Gy =0, A, —0,A, —iglA,, A)] (2.184)

TaK 49TO

[Dy, D] = —igG, (2.185)

Coorromrenne (2.184), baxkTuaeckn, gaeT obiiee onpeeIcHe TEH30pa HANP MK eHHOCTE!
noseil Slara — Mmica Ojd IpomsBosbHOH KaaubposodHoil rpynmbl. CooTBETCTBEHHO
(2.182) mpencTaBageTcs B BHIE:

Va1 =1 —1igAS* G )ban ASH = §xHAz” (2.186)

1 MBI IIOJIYyY9a€M:

Va1 —Yao = —igASY Gy (2.187)

Taxum 0OpazoM, ecat MeH30P KAAUOPOSOUHO20 NOAA OMAUYEH O HYAA, MO 06200 no 3a-
MEHRYMOMY KoOHMypy Jaem konewnvd dpusuveckut spderm nponopuuonHarvrvili nomoxy
kaaubposounozo noaa G, wepes naowadv xowmypa ASHY: moje i) moBopaumpaeTcd B
M30TIPOCTPAHCTBE. DeTPyIHO yoenuThed, uTo moJie G, THBAPHAHTHO OTHOCHTETHHO Ka-
JAUOPOBOTHBIX TMPeobPa3OBAHMIA:

Guy = SGpp S™1 (2.188)

1 €ro HeJIb3d CBeCTH K HyJIo TTyTeM TakWX mpeobpasosanmit. Ecian xe mose G, paBHO
HYJIIO B OIHOW KaaubpPOBKe, TO OHO PABHO HYJIO W BO BCEX OCTAJBHBIX KaIuOPOBKAX.
DACCMOTPUM OMATEH MIPOCTHIE TPUMEDHI:
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o I'pynna U(1).
Gy = Fuy = 0,4, — 0,4, (2.189)

— OOBIYHBIIH TEH30p HaHpﬂ}KeHHOCTeﬁ noJieil B AJICKTPOANHAMHUKE.

o I'pynna SU(2).

(M, M"] = g M* (2.190)
Gy = 0uAy — 0, A5 + geane AL A (2.191)

YTO B BEKTOPHBIX O603Ha‘IGHI/I9{X B N3OIPOCTPAHCTBE 3allCBIBACTCA KaK
Gy = 0,4, — 0,4, +gA, x 4, (2.192)

9TO COBIMAJIAET ¢ JAHHBIM BBIIIE ONpeaeIeHueM (2.121).

3Hech MOXKHO CHOBAa OTMETHUTEH aHAJIOTHIO C Teopumel rpauranuu. lensop mosei HAmra — Mwusuica, B
HEKOTOPBIX OTHOUIEHUAX, AHAJIOTHICH TeH30Py KPUBH3HBI OnMaHa — Kpucroddema [25]:

RE

Sup = WS, = 0uTY, + T8, T5, T4, T (2.193)

Av© pv AvT PH

Ipu mapaJiIeIbHOM MEPEHOCE MPOU3BOJIBHOTO BEKTOpa V H 110 3aMKHYTOMY KOHTYPY B PUMaHOBOM IIPO-
CTpaHCTBE Pa3sHOCTH HaYaJIbHBIX U KOHEYHBIX KOMIIOHEHT BeKTOpa paBHa:

1
AVH = ERZMVPAS‘”‘ (2.194)

rme ASP} kak m BbmIE, 0GosHaTaeT ILIOMANb OGJIACTH, OIpaHNYIEHHOH KOHTypoM. Besmamaa AV H
OTJIMIHA OT HYJIA TOJBKO B TOM cJydae, KOTHa IPOCTPAHCTBO obJiamaeT BHYTpEHHeH KpuBmsHON. B
obureti TEOPHHE OTHOCHTETHHOCTH 3TO COOTBETCTBYET HAJIMYHIO HETPUBHAJIBHOTO IPABATATTHOHHOT O TIOJTH.
AHaausupysa obXom o KOHTYPY, OKPYKaOIIeMy HapaJieseluile, ToKa3aHHOMYy Ha
Ync.2-4, QefiAMaH Ja1 TPOCTOl BEIBOM, CAEAYIONIETO TOXKIeCTBa 1A Toad Gyt

DpGuV +DuGl/p+Dpru =0 (2195)

KoTOpoe, pakKTUIeCKH, U ONpeaeaseT BTOpYyIo Hapy “ypaBHenmit MakcBesia” mas Ha-
npseKenHocTelt mona STura — Mummnca (2.130). B caydae kanubposounofi rpynmer U(1)
9TO TOXKIECTBO MPOCTO CBOIUTCH K:

0pFuy +0uFyp+ 0, F, =0 (2.196)

BbiBos, KOPOTKO TOBOpH, CBOIUTCA K CJEIYIOUEMY paccyXkiaeHuio. Ja uc.2-4 wzo-
6paxen nyTh obxoma ABCDAPSRQPA. Umeerca ele nBa MyTH TAKOrO XK€ THIIA,
BIOJb TPAHUI[ JIBYX APYTWX Tap TPOTHBOMOJOKHBIX TpaHel MapaJsliesenunena, Tak
9TO BHOJH TPAHWIl BCEX ImecTn rpaHell npoxomut koHTyp (ABCDAPSRQPA) +
(ADSPABQRCBA) + (APQBADCRSDA). 9701 myTh MPOXOIUT Yepe3 KakKI0E pPe-
6po TmapaJIesienunesa OIUHAKOBOE YUCJO pa3 B MPAMOM U oOpaTHOM HANpPABJIECHUN.
CooTBeTCTBEHHO, MOJIe ¢ MPU TaKOM 0DXOIe He MEHACMCsA, OTKYAA U CJIEIYeT TOXKIe-

cTBO (2.195).
B Teopmm rpaBmTanmm cyniecTByeT aHAJIOTHYIHOE TOKIECTBO DWAHKH 1A TEH30pa JWMaHa — Kpu-
crodpdesta:

DpR%,, + DuRS,, + DuRS,, =0 (2.197)
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A

Puc. 2-4

Anajorus TeopuH KaJuOpoBOYHBIX HoJeH ¢ TeopHeil rpaBUTAIMN MOXKET OBITH M300pakeHa CJIEIy-
foureit Tab maIei:

Tabanua 1. Arasorna reopun KaauGpoBOYHBIX MOJIEH U T€OpHUU IPaBUTAIINH.

| Kamubposouarsie Teopun | Oburasa Teopus OTHOCHTEJTBHOCTH
Kanubporounbie mpeobpasoBanms IpeobpasoBaHUA KOOPOUHAT
Kanubporounaa rpymma I'pymma Bcex mpeobpasoBaHUil KOOpImHAT
DoreHnHasI KaaubpoBodHoro mosda Ay, Koapdurmmentsr ceasnoctm '),
DanpaxennocTs mosrda Gy Tensop KpuUBU3HBI R';;w

Ira aHasiorua UMeeT naxe Gosiee riryGokmii cmbicsi. Eule Ha paHmHeM sTalle pasBUTHA TEOPUN KaJIn-
6poBogHBIX Hoslell YrHaAMa MoKasas (cM. mepeBon »Toil mETepecHOH paboTsl B 6. [28]), 9To ypaBHeHMA
ob61Iell TEOPUN OTHOCUTEIBHOCTH DiHIITeiHA MOTYT GBITH MOJIYYEHBI IO PEMENTY TEOPUH KaTubpoBOY-
HEIX nostel Slara — Mumica, ecym B kagecTBe KauGpoBodaHOR Ipy sl B3ATH rpymry Jloperna (mpeotpa-
30BaHUIl KOOpAWHAT B CIEIHa/IbHOI TEOPHH OTHOCHTEIBHOCTH) H HOTPeGOBAaTH HHBAPHAHTHOCTH TEOPHH
OTHOCHTEJIBHO COOTBETCIBYIOUAX JIOKaIbHBIX IpeobpasoBaHWil (Korma mapaMeTpsl IPymImsl JlopeHna
CUNTATCA NPON3SBOIBHBIME QYHKINAMI TOIKH B IPOCTPAHCTBE - BpeMeHN MUHKOBCKOTO).

DeaIMCTUUYECKUN IpUMep — XPOMOITUHAMHKA.

B xadecTBe mpuMepa peanuctrdeckoil HeabesieBoii KaJauOpOBOYHON TeOpUU KPATKO pac-
CMOTPHM CTPYKTYPY KBAaHTOBOI XpoMOIMHAMUKN. B OCHOBE XpOMOIMHAMUKHY JIEKUT YIKE
OTMeYEHO BO BBOIHOI ryiaBe 06CTOATENBCTBO (Ha CETOMHANIHII JeHD 9TO MOKHO paccMa-
TPHWBATH MPOCTO KaK KCIepUMEHTAIbHBIH dhakT!): Kaxkaeii KBapK maHHOTO “apoMara’
u,d, s, c,t, b obmagaer eie W HOMOJTHUTETBHBIM KBAHTOBBIM UHCJIOM — “IBETOM” , TMpH-
uumatomum Tpu sHavenus (1,2,3 wam R, G, B) °. Takum obpasom, moJse Kakaoro

9 9606X0,£[I/IMOCTL BBeAcHHNA TAKOTO KBAHTOBOT O YHCJIa GBLiIa ACHA C CAMOI'O MOMEHTA [MOABJIEHIA KBap-
KOBOU Mome aapOHOB MJIA CHATUA HEKOTOPBIX HpOTHBOpe‘II/Iﬁ C MIPpUHITUIIOM Sayﬂn.
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KBapKa mpencraBagercd QyHIaMEHTAIbHBIM CIIHHOPOM T'PYIIITHI SU(3)10

q= q2 (2.198)
qs

HBGTOB&?{ CUMMETPHUA TCOPUHN ABJIACTCA mounoti u Jlal'paHXKHWaH OJOJIZKEH OBITH nHBapu-
AHTEH OTHOCHUTECJIBHO I'PYIIIBL Hpeo6pa30BaHH]‘/’1 BUIOA:

qg—Ugq (2.199)
rae 3 x 3 mpeobpasoBanng U ABIAIOTCA YHUTAPHBIMEA U YHUMOLY TIADHBIMMA:
Uty =1 DetlU =1 (2.200)
U=e? T=Tt SpT' =0 (2.201)
I1u MaTpunsl (mIpeobpasoBaHnd) 3aBHCAT OT BOCBMH HapaMeTpoB (“yIJIoB moBopora”)
£4, COOTBETCTBEHHO NMEETCH W BOCEMbB TeHepaTopoB A; /2 (i =1,...,8):
0 1 0 0 —2 0 1 0 0
M= 1 00 Ap = ? 0 0 As=1] 0 —1 0 (2.202)
0 0 0 0 0 0
0 0 1 0 0 0 0 0
A= 0 0 0 0 0 0 0 1 (2.203)
1 00 ¢ 0 0 1 0
0 0 1 10
A= 0 0 —i d=—]| 0 1 0 (2.204)
0 ¢« O V3 0 0 -2

MPEACTAaBIAIOT cobOlt HEKOTOpoe “obobieHne” MATpUIl DaysIl HA TPU U3IMEDEHUsd. DTH
reHepaToOphl YAOBIETBOPAIOT CJAEIYIONMM KOMMY TAITHOHHBIM COOTHOIIECHIAM

[/\ Ap

5 ] fabc (2.205)

r7ie CTPYKTYPHBIE KOHCTAHTHI fu5, PABHBI:

f123:1 f147:_f156:f246:f257:f345:_f367:

S
W] N —

fass = fors = (2.206)

CMBICT XpOMOAMHAMAKH COCTOUT B TOM, YTOOBI CUMTATEH I[BETOBYIO CUMMETPHIO JIOK AJIh-
HOIl KasmbpoBouHoil cumMmerpueii! B pesysibrare, 1O H3JI0KEHHBIM BBILIE PEIENTaM B
TEOPUE BO3HUKAET BOCEMb KaJUOPOBOUHBIX MoJIeH (TUIIOOHOB) — MEPEHOCUHKOB B3aNMO-
IelicTBUsA MeXay KBapkamu. VX ymoOHO 3amucarh B BHIE cJemyloleil MaTpuisl (Kak B

(2.171)):

1 . .
. Az + %Ai AL — zAz Aﬁ — ZAZ

- A 1 . .
AN = AZ— == — AL —|— ZAZ —AZ + \/1§Ai Ag - ZAZ (2207)
4 A5 6 FAT 248
AN—ZAN Au"'lAu _\/§Au

10 [Tocrarouto scHoe B KOMIAKTHOE M3/I0KEHIE TEOPHH HEIIPUBOIMMBIX IIPEICTABICHII 5T0M TPYIIIIb,
XOTA M B CBASH C HECKOJIBKO Npyroil 3amadeill PpUSHKH 3/€MEHTApPHBIX TacTHL, (IpHO/IIKEHHON CHMMe-
TpHUell agpoHOB M UX KBapKOBOM CprKTypof/’I)7 Mo¥KHO HafiTn B kHHETE [27].
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SBHBI BII TeH30pa HAPAKEHHOCTEN TUTFOOHHOTO MOJIA MOKHO Oy dnTh n3 (2.184) win
w3 (2.191), momcraBuB B MOC/EqHEE BBIPAKEHNE BMECTO £qpe CTPYKTYDPHBIE KOHCTAHTHI
fabe Tpymmer SU(3). B coorBeTcTBum ¢ obuieil uneonorneit Teopnu KaanbpoBOUHBIX 1O
JIell TAOHBT ABIAIOTCA OE3MACCOBBIMIL, & OTCYTCTBUE B 9KCIIEPUMEHTE COOTBETCTBYIOIIAX
MAJIbHOMERCTBYIOINX CHJI OObACHAETCH ABJIEHUEM KOHPainMenma, KOTopoe OymeT pac-
CMOTpEeHO HanKe K KOHITY HAIIETO KypCa.
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ItaBa 3

KADOPNYECKOE KBADTOBA-
SUE CBO30I2bIX D0JIEMN.
CUMMET®UU B KBADTOBOU
TEOPUU D0OJIS

PoToH.

KBanroBanue 9JICKTPOMAarHuTHOI'O IIO0JI4.
Teneph Halla 3a1a9a COCTOUT B TIEPEXOJE OT KJAACCHIECKOH K KBAHTOBOH TEODHUH IIOJIA.
Iporeaypa KaHOHNIECKOTO KBAHTOBAHMA KJIACCHYECKOTO MOJIA MPOBOIUTCH, KAK MBI
YBUJINM, B MOJHOM aHATOTHA ¢ aHAJOTUIHON MPOIEIypoil AT MEXaHHIeCKOH CHCTEMBL.
CHadasa MBI PACCMOTPHM KBAHTOBYIO TEOPUIO CBOOONHBIX (HEB3aNMMOAEHCTBYIONINX) TO-
Jieil, © HavwHeM MBI He CAMOTO ITPOCTOTO MPUMEPa CBOOOIHOTO 3/IEKTPOMATHUTHOTO TIOJIH,
9TO OTpeNeNAeTcs ero BaXKHOI poJIbio. BIlle MBI yKe BHIENH, 9TO 3JeKTPOMAarHUTHOE
HoJie ABIAeTCs IpuMepoM (abeseBa) KaanbpoBOUHOTO TOJIA. DOITOMY 3IECH BOSHIUKAIOT
JIOTIOJTHATEIBHBIE CIOKHOCTH, CBA3AHHBIE C YIeTOM KaJMOPOBOYHON MHBAPMAHTHOCTH.
Do A SJIEKTPOMATHUTHOTO MOMA 3TH MPOOTIEMBI JOCTATOYHO MPOCTO PENAIOTCA W B
paMKax Tpomeayphl KaHOHMIECKOTO KBAHTOBAHUA, TOTAA Kak I/id HeabeseBbIX moJeil
Sura — Muasca HyKHO MCIIOJIB30BATh CYIIECTBEHHO (oJiee CIOKHYIO CXeMy KBaHTOBa-
HH$, OCHOBAHHYIO HA QYHKIIMOHATHLHOM MHTEIDUPOBAHUH, H KOTOpad OyIeT 00CyKIaThes
HaMU ropasio mosaaee. B naabHelinem, B aToil [aBe, MBI cJleyeM, B OCHOBHOM, CXEMe
u3JI0KeHud npunaTol B [1].

C TOYKH 3peHHA MEXaHUKH, TOJIe MPencTaBaaeT coboil cncreMy ¢ GeCKOHETHBIM UH-

45
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cJIOM cTereHell cBoGomBI. YIOOHO MCXOAUTH M3 TAKOTO KJIACCHYECKOTO ONMUCAHUHA ITOJId,
KOTOPOE MMEET OeJ0 ¢ OeCKOHEYHBIM, HO MUCKPETHBIM HAaDOPOM MEPEMEHHBIX. DyIeM
paccMarTpuBaTh 3J€KTPOMATHATHOE TIOJ€ B TaK HAa3BIBAEMON KYJIOHOBCKOI KaaubpoBKe,
KOTZIa €ro BeKTOp — moTeHnas A(r, ) yaoBIeTBOpAET YCJIOBUIO MOMEPETHOCTH:

divA =0 (3.1)

Dpu 3TOM cKandgpHEIH HoTeHnmas ¢ = 0, a moaa E n H onpemenaiorca xax':

E=-A H=rolA (3.2)

ypaBHeHI/ISI Maxkcpemnna CBOOATCA, B JaHHOM CJIy49a€c, K BOJIHOBOMY YpaBHEHHUIO OJId BEK-
TOp — MoTecHIOnaJIa A:

O?A
ot?

Kak mspecTHO mrecTh KOMIOHEHT JIEKTPOMATHATHOTO IIOJIA 3allUChIBAIOTCA B BUAEe AaHTUCUMMETPHUYIHOT O

VIA — =0 (3.3)

TEH30pa:

FHY = gk AV — 9¥ A¥ (3.4)
OTKYIOa Cpa3y CJ/JeOyYIT OMHOPOIHBIC YpaBHECHWA MaKCBeJ’IJ’Ia B BHUOE:
OAFHY L oYX L gVFAR = (3.5)

B Bakyyme (B OTCyTCTBHE HCTOYHHKOB) HEOMHOPOIHBIE ypaBHeHNA MaKcBesIa HMe0T BHI:

B FM =0 (3.6)
njin
0AY — 8%(8,A") = 0 (3.7)
MI)I 3HaAEM, 9TO 3THU YPAaBHECHUA CJICOYIOT U3 BApHUaAIlTMOHHOTO IIPUWHITAIIA C JIalrPaHKWAaHOM
c=—Lt g, (3.8)
167 *

roe AH paccMaTpuBacTCAd KaK IMHaAMHUY€CKOE II0JIE. (),E[Ha.KO7 JJId 3aJaHHOTO 3HaAYCHU A HaHpﬂ)KeHHOCTeﬁ
SJIEKTPOMArHATHOTO IIOJIA FMV BEKTOP AH me mABIAeTCA €MUHCTBEHHBIM, a OIpeaecjieH ¢ TOYHOCTBIO IO
TpPaoTUEeHTHOT O HpeO6paSOBaHI/IEIZ

Ay — Al + 0uA () (3.9)

Danaraa ma A(z) ycropme OA = —9, A¥, nura npeoGpasoBanHOro 1o (3.9) MOJLA JIETKO MOy IATH QMAL =

0, mocJie Yero mTpux Ham AM yixKe MOMKHO OIIyCTHUTE, 3amucas ycaosue Jlopenua:
b
BuAR = 0 (3.10)
Torna (3.7) mepexonurt B:
04Y =0 (3.11)
— BOJIHOBOe ypaBHEHHe I oTeHnuasa. Ycsosue Jloperna (3.10) naeT omHOo ypaBHeHHe JIA 9eTHIPEX
KOMITOHEHT IIOTEHINAJIA, COKPAIlad YHC/IO He3aBUCHMBIX IepEeMEHHEIX ToJId 10 Tpex. OIHaKo, 3T0 ycIo-

BHE €lle He openejdeT IMOoTeHI Al AM OOHO3HAYHO. ()‘{e]?:I/I,Z[HO7 9TO e€CJIn AM YOOBJIETBOPAET YCJIOBHIO

Jloperna, To u AL = A, 4+ 9uA emy Toxe ymosnersopzer B cmiry OA(z) = 0. Beibepem temeps A(x)

TaK, ITOOBI BBITOJTHAIOCH PABEHCTBO % = —(, Torma HOJIy9HM, 09eBHIHO, ¢’ = 0, uto B cmty (3.10)
maer V - A = divA = 0. Takum obpaszom, MBI U IPUXOIUM K KYJIOHOBCKOM Ka/uGpoBKe, B KOTOPOH

OocCcTaeTCcd TOJIBKO IBE€ HE3aBUCHUMBIC KOMIIOHEHTHI 3JIEKTPOMAroHuTHOTO IIOJIA (yCJ'IOBI/Ie I'IOI'Iepe‘IHOCTI/I)7
COOTBETCTBYIOUINE PEATBHOMY MUPY.

Yepexon K OUCKPETHOMY HabOPY MOJEBBIX MEPEMEHHBIX MPOU3BOAUTCA IMYTEM pPac-
CMOTPEHNA TOJIA B KOHEUHOM 0bbeMe TTpocTpancTBa V (B masbHelleM, 1id KpaTKOCTH,

1:’)aHOMHI/IM7 9TO MBI UCIIOJIB3YE€M CUCTEMY €IWUHWIL, B KOTOpOﬁ CKOpPOCTB CBE€Ta ¢ = 1
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BCIomy moJjaraem V = 1) [25]. Torma BeKTOp — HOTEHIMAI NPEACTABILAETCA B BUIE PAIA
Pypbe O MIOCKUM BOJIHAM:

A= (a4 ap kT (3.12)
k

rae K03 GUIMenTh pasIoKeHnd ay 3aBUCAT OT BPEMEHU O 3aKOHY:
ap ~ e k! wi = |k| (3.13)
B cuny yenopus monepednoctn (3.1) nmeem:
ap k=0 (3.14)

B (3.12) cymMmupoBaHme HOeT IO GeCKOHETHOMY OUCKPETHOMY HabOpY ky, ky, k.. MoxHo,
KaK OOBIYHO, IepefiTH HHTErPUPOBAHUIO 1O ky, ky, k., BBENS % KaK 9UCJI0 BO3MOKHBIX
sHauennii k, nmpuxonsmmxca Ha s1emenT obbema k-npocrpancrea d°k = dk,dk,dk.. B
UTOTE, TI0JIe MOJTHOCTBIO ONPEIeNIAeTCA BeJTUINHAMME A, KOTOPhIE PACCMATPUBAIOTCHA KaK
HabOP KJIACCHYECKUX MOJIEBBIX MTEpEMEHHBIX.

BBenem kanoHWYeCKHe MOJEBBIE TEPEMEHHBIE KaK:

1 *
Py = —%(ak —aj) = Qy (3.16)

Jlerko BUIeTh, UTO »TH TepeMeHHBbIE BellleCTBeHHBI. Torma passiokeHue (3.12) MOXKHO
mepenncaTb B BUIE:

A=+4r Z(Qk coskr — LPk sin kr) (3.17)
“k
k

,ZLH?{ HaXOXINcHNA I'aMUJIbTOHMaHa I10JId H, BBIYUCJIUM €I'0 IMOJIHYIO 2HEPIruro:

1
E=— [ &’c(E* + H?) (3.18)
87
1 BBIpasUM ee uepes nepemennble Qp u P, g sroro naiinem E u H ¢ momompio (3.2)
u (3.17) u, momcTaBUB COOTBETCTRYONINE Bhipa)eHud B (3.18) n BHINOJHUB HHTErPUPO-
BaHUE IO KOOPAMHATAM, TOJTY IUM:

H= %Z(Pf{—i—wiQf{) (3.19)
k

Do ycJIoBHIO TIOTIepeIHOCTH, Besmanibl Py m Q) oproroHambubl BekTopy k, Tak 9ro,
bakTHIECKM, OHM MMEIOT BCETO MO ABe HEe3ABUCHMBIE KOMIOHEHTHI. D alpaBIeHusd >THX
BEKTOPOB ONpeIesIATCA HAllpaBIeHIAME TOJIApH3allui COOTBETCTBY oMl BostHEL. O60-
sHaumM ase Kommonentsl Py n Qp B mockoctn oproromansuoii k kax Py u Q. , Toe
a = 1,2. Torga (3.19) MOXHO TepemnucaTh Kak:

1
H=3 > (P + @i, (3.20)
ka
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Takum obpasoM, raMuJIbTOHHaH H pacnamaercd Ha CYMMY HE3aBUCHUMBIX CJIaraeMbIX,
KakJoe W3 KOTOPBIX MMeeT BIJ FaMIIBTOHHAHA FAPMOHHYECKOTO OCIUIATOpa (“pas-
JIOXKEHHE TosA” Ha OCIH/IIATODEI).

Temeps MBI MOXKEM HepeliTl K k6aHmosanut. Kak KBaHTOBATh OCIHUJLIATOPBL XOPOLIO
U3BECTHO U3 KBaHTOBOM Mexanuku [29]. Dporenypa KBAaHTOBaHUA COCTOUT B 3aMeHe 0606-
IIEHHBIX KoopauHaT Q. 1 060OIEHHBIX UMY ThCcOB Pj. onepamopamu, yIoBIeTBOPA-

OIMMA CTaHAAPpTHBIM KOMMY TaOlMOHHBIM COOTHOH.[GHI/I?{Mzi

Qkozpkoz - Pkonkoz = [Qkoz’ Pkoz] =1 (321)

Hia pasubix 3HaveHuit ko cooTBeTCTBYyMOIIME OMEPATOPH KOMMYTHPYIOT. (COOTBET-
crBenHo, oJid A E, H Takke cTaHOBATCA OMEPATOPAMU.
CobcrBennble 3HaveHns raMuibronnana (3.20), oueBHIHO, HMEIOT BHUI:

E= %: (Nka + %) Wi (3.22)

rae Ny, — He/ble 9uca, KOTOPBIe HPeACTaB/IaioT coboll 9ncio $omonos B COCTOAHNNT
ka. Marpuanbie s/1eMeHTH ollepaTopa (J)  Takike XOPOIIO M3BECTHBI U3 KBAHTOBOH Me-
xanukn [29]:

< Nka|Qka|Nka —1>=< Nka — 1|Qka|Nka >= (323)
Marpuatteie sremeHTh Pl = Qka orudatored or (3.23) MHOKHTE M iWw] .
Beenem HOBBIE OTIEpPATOPHI:
(k@ +iP) Qs — P (3.24)
ckoz: wk ko Zkoz CQI wk koz_Z ko :
2wk k 2wk
Torma us (3.23) u (3.24) monydaem:
< Nkoz — 1|Cka|Nka >=< Nkoz|cil;a|Nkoz —1>= Nkoz (325)

s (3.24) u (3.21) HeMeJIeHHO ToJTydaeM KOMMYTAITMOHHBIE COOTHOIIEHNA A4 Olepa-

TOPOB Cka n Cil; :
a

ckaci:a - cl-:acka = [tk ci:a] =1 (3.26)

Hnga necopnanaionux k u « 11 omepaTopsl mpocto KoMMyTupytor. Oneparopst ¢, u
Cl-:a Ha3BIBAIOTCA OlepaToOpaMi YHHYITOXKEHUA U POKICHHT (GOTOHOB B COCTOAHUE BOJI-
HOBBIM BeKTOpoM (mMityibcom) k u mondpusanneil o, 9 ponCcXoKIEHHE 5TOTO HA3BAHHA
oveBnaHO 3 (3.25). Do HCTOPHIECKUM MPpHIHHAM, (HPOPMATH3M, OCHOBAHHBIH Ha HCIIOb-
30BaHUM TaKUX ONIEPATOPOB, HA3LIBACTCH IPEACTABICHIEM 6MOPUNHO20 KEAHMOCAHUA.
Onepamop BeKTOp — MOTeHINAaa, ¢ ucnoabsoBanneM (3.12), (3.16), (3.15) u (3.24),

MOXKET TEIIEPb OBITH 3alCaH B BHUIE!:

A=) (g Ak, +oh AL (3.27)
ka

29amoMHmM, 4TO ¥ Hac Beerma i = 1
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e

ole)
Ay, = Var c'kr (3.28)
« v/ 2w
k
rae el®) - enquHETHBI BEKTOD HOJAPH3IAMMKA I JAHHOTO TOJEBOTO OCIULIATOPA, OTe-
BHUIHO, 9TO el®) k = 0, Tak 9TO OH opTOTOHAJIEH UMITYIbcy dhoToHa k. Jlrobomy 3HaUIEHIIO
k cooTBeTcTByeT ABa HEe3aBUCHMBIX HAlpaBJeHHA Moadpu3anmm o« = 1, 2.
AHAJOTHIHBIM 00pa30M MOKHO BBIINCATH PA3JI0KEHHA I OMEPATOPOB HAIIPAKECH-
HoctH moJieit B u H:

E = Z(CkaEka + CEQET{Q) (3.29)
ko
H= Z(CkaHka + CEQHT{Q) (3.30)
ko
Tae
Ekoz = ikakoz Hkoz = [n X Ekoz] (331)
rje n — % npeacTaBJaIdeT CO60]7[ eILI/IHI/I‘IHHﬁ BEKTOP B HaIlpaBJICHUHN pacCIIpoCTpaHe-

uus dorona. Beemennsie B (3.28) BekTopa A, YIOBJIETBODAIOT CIENYIONEMY YCIOBHIO
OPTOHOPMUPOBAHHOCTH:

N 27
/d?’rAkaAk,a, = @&Wékk, (3.32)

rfie yITEeHO, B YaCTHOCTH, 9TO ABa HE3ABUCHMBIX BEKTOPA MOJTAPUSAIIN OPTOTOHAIBHBI:
1
e(@.el®)* = (. dagTuaeckn, BeTHINHbI Al (MIOCK e BOJTHBI) MOKHO TPaKTOBATH KaK

BOJTHOBBIE (bYHKINI BOTOHA ¢ MMITy.IbcoM k n momapusamnueii e(®)3,
s (3.32) u (3.31) HETPYOHO MOMYUNTH, UTO:

1 * *
e / dSI‘(EkaEk,a, + HkaHkla/) = wkékk, daa’ (333)

Doncrasiaga (3.29), (3.30) B (3.18) u ucmonbsya (3.33), HaxomMM:
1 1 * *
i = Z §(cko‘ci:oz + cil;ozcka)ﬂ / dBI‘(EkO‘Ek’O/ + HkaHk’a’) =
ko
1
= Z §(ckaci’;a + ci;acka)wk (3.34)
ko
WJIH, UCHOMB3YA KOMMYTAIMOHHbBIE COOTHOIIEHUA (3.26),
1
H = Z (cil;acka =+ 5) Wk (335)
ko

— oneparop I'aMIIbTOHA cHCTEMBI (DOTOHOB B MPEICTaBACHIH BTOPHIHOTO KBAHTOBAHKS.
W3 cpasrenns ¢ (3.22) acHo, uro

Nko = 4 ka (3.36)

3DomuepKHeM, YTO 3TH BOJIHOBbIe (BbYHKINU HeIb3d PACCMATPHBATH KaK AMILIUTYIB BEPOATHOCTH
HPOCTPaHCTBEHHOM JIoKaan3anun GpoToHa, IIOCKOJIBKY MOHATHE KOOPIUHATHI IJIA YACTHIbI, IBIKyleiica
CO CKOPOCTBIO CBeTa B BaKyyMe, IIPOCTO OTCYTCTBYeT
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mpencTaBiger coboli omeparop duciaa GpoToHOB B coctodanun ko, MaTpUIHBIE DJIEMEHTHI
KOTOPOTO B IPEICTABIEHUN YUCE] 3AMOJHEHUSA JHATOHAJIBHEl U TPUHUMAIOT TEJA0TNCIIeH-
Hble 3HadeHn#. 3aMeTnuM, 910 (3.33) mpemcrapiiger coboil 3aMuch HOPMUPOBKY BOTHOBOMH
dyukmun “ma ommna doron B obbveme V =17,

B kstaccutdeckoil Teopuu 3JIeKTPOMATHUTHOTO OIS, €70 UMITYJIBC ONpeHeasdeTcs Kak

[25]:
P = i/d?’r[E x H] (3.37)

Bamensasa E u H oneparopamu (3.29), (3.30) mosydanm:
. 1
P= %: Fokat )k (3.38)

YTO COOTBETCTBYET TOMY, UTO Kakbifl (hoTOH mepeHocuT uMiyabe k.

Dammane B (3.35) u (3.38) BKIAIOB, HEBABUCANINX OT YHCEN 3AMOJTHEHUA (CBASAHHBIX
co caaraeMbiM 1/2 B cKOOKax), 03HAUaeT MPUCYTCTBUE GeckoneyHo20 BKITATA BAKYYMHBIX
dbaykryanunii (“HysneBbix” KogebGaHU) 9/IEKTPOMATHUTHOTO HOJA. DTO HEPBBIH MpuMep
TUIIIHOR “KBAHTOBO - MOJIEBOI” PACXOAMMOCTH, ¢ KOTOPBIM MBI CTaJKHBaeMcda. B 6071b-
IIWHCTBE CJYyYaeB, B 9TOH CHTYAIIUN TPOCTO MEPEXOAAT K HOBOMY HAYAJIY OTYETa SHEPTHH

(MMITyJTbca) M 3alMUCHIBAIOT:

H= Z ci:ackawk P= Z Ci:ackak (3.39)
ka ka

Ipu >TOM Hagao oTcUeTa “NMEPEHOPMHUPYETCA’ GeCKOHEUHBIMNI ( “BakyyMHBIME ) KOH-
CTaHTAMU, HE3ABUCAILIMME OT COCTOAHUs BO3DYXKmeHusd moJida. Bumecre ¢ Tem, caemyer
cpasy MOmUYEpPKHYTh, UTO HaJIndne OeCKOHEUHOH »Heprum (MMIysibca) Bakyyma (HyJle-
BBIX KOJIeOaHuit) ABIAETCA COBEPIIEHHO PEANBHBIM POABIEHHEM KBAHTOBOW MPUPOIBI
MOJIsT U TPUBOIUT K KOHEYHBLM SKCIEPUMEHTAIBHBIM CJCACTBUAM, OJHUM W3 JIYUIIMX
MPUMEPOB KOTOPBIX ABJIAETCA paccMaTpuBaeMblii Huxke spdext Kasumupa.

SaMedaHus o Fpa,H,I/IeHTHOi/JI MHBAPpUaHTHOCTHU U CTAaTHUCTHKe Ilose.

Bribop moTeHna oB B 3JI€KTpOJINHAMAKE, KAK XOPOIIO W3BECTHO, HEOHO3HAYEH. Bhinie
MBI FICTTOJIB30BAJIN KYJIOHOBCKYIO KaanOpoBKy (3.1). B obiiem ciiydae, KOMIOHEHTHI BEK-
TOp - MoTeHIma a A, MOTyT OBITH OABEPTHYTH TPAJNEHTHOMY NpeoOpasoBaHnio BUIA:

Ay — Ay +0,A (3.40)

J1g II0CKUX BOJIH, €CJIM OrpaHMYHTLCA IPeobpasoBaHUAMHU, He MEHSIONIMH TaKOoTO
BUIa MOTeHIHasa (T.e. eT0 MPOMOPIHOHANBLHOCTH eXp(—ik,2,)), 5Ta HeONHOSHATHOCTD
CBOJINTCHA K BO3MOXKHOCTH IPUHGABUTH K aMILIATYAE BOJIHEI IPOU3BOJIBHEL 4-BeKTOD, IIPO-
HMOpIHOHAJBHELA kH.
B ciy4yae mpomsBosbHON KaaunbpoBKH, 4-IOTEHIWAJI IIOJId NpeACcTaBAdeTcda B BHUIE,
obobatoriem (3.27):
AR = (epa Al + el AL (3.41)
ko
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1€ BOJIHOBBLIC (byHKI_[I/II/I (bOTOHa IpeACcTaBJIdOTCAd B BUAEC!:

7 o
Al = \/4752_6—”“” (3.42)
W

rae e’ — IpoCTPaHCTBEHHOMOTOOHBI 4-BEKTOD MOIAPU3AINE, YIOBIETBOPAIONINI YCIO-
BHIO €, e = —1. DpocTpaHCTBEHHONONOOHbI XapakTep 4-BeKTopa HOIAPI3AINT OTeBH-
JeH 13 YCTIOBHA Y€THIPEXMEPHOH TOMIEPEIHOCTH, TOCKOJIBKY BOTHOBOW BEKTOD (MMITYJThC)
peasbHOro HOTOHA BCETIa JIEKUT HA CBETOBOM KOHyce. B Takoii sammcu, ymoMaHyTOE
BBIIIE KanOpoBodHOe (IpajneHTHOe) MpeobpasoBaHie CBOIUTCH K:

en — e+ Aky (3.43)

roe A = A(k*) — mpousBosbHAA cKanApHad GYHKIMA k. DoNepeTHOCTD MOMAPH3AINN
O3HadYaeT, YTO BCerja BO3MOKHA KaJauOpoBKa, B KOTOPOU BBIOHpaeTcs:

" =(0,e) e k=0 (3.44)

obecrmeunBaIiag TPEXMEPHYIO TOMEPEYHOCTD. YCJIOBHAE YeTHIPEXMEDPHOIT OMEPEYIHOCTH,
sKBUBaJIeHTHOe ycaosuio Jlopenna (3.10), samuckiBaeTca B MHBADHAHTHOM BHIE:

ekt =0 (3.45)

DTo ycaoBHe, TakkKe KaK H YCJIOBHe e,el* = —1, He HapyllaeTcda mpeoOpasoBaHHEM
(3.43) B cuy Toro, WTO AMA peadbHOTO doToHA Beerma nmeeM k2 = ( (paBeHCTBO HYJTIO
macchl GoTona, cBeToBoil Konyc!). smMepnmble Gpusnaeckne BeTUIMHBL, eCTECTBEHHO, HE
JIOJIZKHBI MEHATHCA IIPH KaJIHOPOBOYHBIX Hpeobpa3oBaHuaX.

PoTOHBI MOMYNHAIOTCA CTATUCTHKE Do3e. ITO OYEBHIHO U3 TOro hakTa, 9TO THCJIO
dboronos Ny B cocrosdiuu ka Moxer mpuHEMATh JTI060€ NETOUHCICHHOS SHAYCHHE, &
TakkKe W3 BHJa KOMMYTAIMOHHBIX cooTHOIeHn (3.26). DoseBcKoe Mose MOKET NMETH
KJaccudecKmil mpemest. M3BecTHO, 9TO cBOlCTBa KBAHTOBOM CHCTEMBI MPHOIMKAIOTCA K
KJIaCCHYeCKMM, KOIJIa BEJIMKHM KBAHTOBBLIE 9HCJIA, ONPEHE/IAIONNE COCTOAHNS CHCTEMEI.
J1g 51eKTPOMArHHTHOTO IO 5TO O3HAMAET, YTO BEJIMKH duc/aa ¢hoTonos Ny . B arom
cJlydae, MBI MOXKeM IpeHebpedb equHUIell B mpabBoli 9acTH KOMMYTaIHOHHBIX COOTHO-
mennit (3.26) (o4eBUAHO, 9TO 9TO COOTBETCTBYET U Npeneny i — () u 3amucarh:

cl-:acka ~ ckacl‘:a (3.46)

TaK 9TO OIEpaTOPLI cka’cl-:a MOXKHO paccMaTpHBaTh KaK KJaCCHYECKHe aMILIUTYIBI
nostg. OmEako TyT TpefyeTca HeKoTopoe yToWHeHWe, TOCKOJIBKY TpH Beex N > 1
MBI Oy YUM GEeCKOHETHOCTH MpH cyMMupoBannu mo ko B sHeprum mosd (3.22).

DakTHuecKn, GUSHIECKUIl CMBIC MMeeT PacCMOTpeHNe 3HaYeHUl 101, yCpeTHeH-
HBIX 10 HEKOTOPBIM KOHEYHBIM IIpoMexXyTKaM BpeMeHn At. B dbypbe-passiokennn ycpe-
HeHHOro mosid E ocHOBHON BKJIan maeT obJacTb YacTOT, YAOBJIETBOPAIOUINX YCJIOBHIO
wAt < 1. Takum 0bpazoM, IpH BHIBOAE yCJAOBAA KBA3WKJACCATHOCTH, HYKHO paccMa-
TPUBATH JIUIb HOJIEBble OCHUAIATOPD ¢ w < 1/At. U0 oCHUILIATOPOB ¢ 4acTOTaMU
oT Hyd 10 w ~ 1/At, mo nopanky Besmunusl, pasxo (V = 1):

(%)3 ~ ﬁ (3.47)
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PHeprug noJd B eauHUIe obbeMa nopanka EZ. Domeus 5Ty sHEpruo Ha YHCJIO OCIUI-
JIATOPOB M HA CPEIHIO HEPTHUIO (HOTOHA ~ fiw, MOTYINM OIEHKY duciaa hOTOHOB!

E?c3
~ S (3.48)
Torma us yesosua N >> 1 u (3.47) nonydaem:
Vh
B[ > (3.49)

(cA1)?

970 oIpemedeT KPUTepHil KBasWKIACCHTIECKOT0O PACCMOTpeHNd Iond . BuamM, 1To moe
JIOJTZKHO OBITH TOCTATOYHO CUJIBHBIM, TEM CHJIbHEE, UeM MeHbIlle HHTepBaJ BpeMeHu At.
Ina mepemensoro mosg At ~ w™ !, Tak WTo mOCTATOUHO ciaboe IepeMeHHOe TIoJIe He
MOXeT OBITh KBa3WKJIACCHIeCKUM. JIWIb craTuyeckme mosd, IJId KOTOPHIX Al — 0o
BCerja MOXHO CHYUTATh KJIACCHYECKUMU.

06 HU3MEpPpUMOCTH noJseil B KBaHTOBOU AJIIEKTPpOINHAMUKE.

CymecTBOBaHNE IPENEIBHON CKOPOCTH paclpoCcTpaHeHNH B3anMoaeiicTeuil (cKopocTn cBeTa) IPHBONAT
K TEJIOMY PAIY MOMOJTHATEIHHBIX OTPAHWYEeHHI BO3MOKHOCTE M3MepeHU: pPasIuIHBIX (PHIHIECKUX
BEJIMYUH B PEJIATHBACTCKON KBAHTOBOI TeopwHW, IO CPABHEHWIO C HEPETATHBHUCTCKUM CIy9IaeM. DTOT
BOTIPOC GBI MPOAHAJM3UPOBAH Ha PAHHWX 3TallaX PasBHTHA KBaHTOBoil Teopmm mosra Jlammay m Daii-
epyicoMm. KagecTBeHHOE OGCYRKIEHIE >THX OTpaHMIeHII MOKHO HaiiTn Bo BBenmenmnn k xawure [1]. B xome
cBoero aHamm3a, Jlanmay m Daliepsic momaamn GyHIAMEHTATHHBIN BOITPOC 0 BOSMOKHOCTH H3MEPEHU
€caMOTO 3JI€KTPOMATHUTHOTO TIoJA. B 9acTHOCTH, OHHM yTBEPKIAJH, 9TO MOCKOIbKY W3MepPEeHHe 0601k
KOMIIOHEHTHI 3JIEK TPIIECKOTO ([IJIA OIIPENEIEHHOCTH) MOJIA TPeOyeT OIpemeIeHNA HMILY/IbCa 3apAKEH-
HOTO TPOGHOTO TeJia, To obpaTHOe MeHCTBHE TOJIA, W3JIy9eHHOTO TPH BBITIOJTHEHUH TAKOH olleparum,
BCET/la TPUBOAUT K OTPAHWYIEHHIO TOYHOCTH W3MepeHu:A Mo A. CoOTBETCTBEHHO TOYHOE OIMpEeNeITCHHE
HAIIPAKEHHOCTH TIOJIA HEJIb3:A BBECTH B MIPOTHBOPEYHH C PACCMOTPEHHBIME BHINIE OCHOBAMHA KBAHTOBOM
2JIEKTPOIMHAMUKH. DTO, TaK¥Ke KaK PAMN OAPYTHX 0GCTOATETHCTB, KOTOPBIE MBI €lle PACCMOTPHM HIIKE,
OB IpEYIWHON NJTATETHHOTO CKENTHIECKOTO oTHOIeHnA JlaHnay K KBAHTOBOH TEOPHH TOJIHA.

DoJjiee METATBHO BOIPOC 06 M3MEPUMOCTHU IoJjell ObLI MmMpoaHaJM3HMpoBaH B paborax Jopa M Jo-
serdesbna (cM. mHTEpecHSBIH 0630p »TOH mpobGseMsl B crarbe JoseHdensna B 6. [30]). Okasasocs,
B 9aCTHOCTH, 9ITO BOIIPOC pemaeTcA (B HyXe KOIEHTareHCKOH MHTEpIpeTalyun KBaHTOBOH MeXaHWKMH)
TIPY WCITOJTh30BAHWH MPOTAKEHHBIX MIPOGHBIX Tesl. B caMoM mesre, pacCMOTpAM W3MepEeHHe KOMIIOHEHTHI
3JIEK TPUIECKOTO oA K, yecpenHenHoit o o6bemy V' u maTepBasy Bpemenn . BosbMmeMm nmpo6roe Tesio,
samosHANIee 06heM V ¢ paBHOMEPHOH TIOTHOCTBIO 3apA/a p, W W3MEPHM ero WMITYJIbCH ph, U Pl B
Hagasle W KOHIE BpeMeHHOTO mHTepBasia 1. Cmenas mTpobHOE TEJI0 TOCTATOYHO TAYKEJIBIM, MOJKHO TTPO-
M3BOJIGHO YMEHBIIUTE €TO CMeEIeHne B TeYeHHe 3TOro WHTEepBajla BPEMEHHW, a IJIA CPETHETO 3HATCHHA
E, monyunts:

ExpVT = pll —pl, (3.50)
OpHako, ompeesieHre UMITYJIbca ITPOOHOT0 Tes1a Hem3beKHO BJIeYeT 3a coboll HeKoTopyio onmbKy Ax B
OTIpe/IeIEHUH €r0 KOOPAWHATHI B COOTBETCTBHUH C OOBITHBIM COOTHONIEHHUEM HEOMPENETEHHOCTH: Apy ~
h/Axz. Torma posumKkaer u HeTournocTh AK, B sHadeHun Moy Fy, paBHas KaK HETPYIHO BHIETH:

_ h
AE; ~ ——
pVTAz

90 5T0 omMMOBKY MOKHO CHEJIATEH IIPOM3BOIBHO MaJIOH, YBEJIMIUBAsA MJIOTHOCTE 3apsAia IpobGHOTo Tela.

AHagoruIHBIM 06pa3soM yoaeTcd MPOaHAJIU3UPOBATH BO3SMOKHOCTH TOYHBIX M3MEPEHUI 3apAIoB U
ToKOoB [30]. D0 MHEeHHIO Dopa m JozeHeTbIa, TAKHM 06pa3oM HEMOHCTPUPYETCA HEPOTHBOPEIHBOCTh
OCHOBHBIX ITOHATHUHN KBAHTOBOM JIEK TPOIMHAMIUKI. 3aMETHM, BIPOIEM, 9TO CaMa KOIEHTareHCKad MHTEP-
IpeTanud KBAaHTOBOU TeOpHUH, HCIOJIb3YIoIIad B KadeCcTBe CyHIeCTBEHHOTO 3/IeMeHTa IUCTO KJIacCHIecKHe
IIpefCTaBJIEHHA, B HACTOMAIIEE BPEMA II€pecTasla OBITH obuenprHATOH (M, o Kpafineil Mepe, BIOIHE
YIIOBJIETBOPHTEJIBHO ¢ TOUKH 3peHNA MHOTHX HCC/IeNoBaTeel). ABTopy HEMSBeCTHBI paGOTHL, B KOTO-
PBIX BoOpoc 06 M3MEPUMOCTH HOJIEH paccMarpuBasica 66l ¢ 60Jlee COBPEMEHHBIX ITOSHUITIHA.

(3.51)

4,D;J'I§I HaArJIAOHOCTHU B 3TUX OIICHKAaX ¢ 1 h BBIIINCAHBI B ABHOM BHIIEC.
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M\

1

Puc. 3-1

Bakyywmubie paykryarnuu u s3dpdekt Kasumupa.

DeaIbHOCTD BaKy yMHBIX ( “Hy/IeBBIX” ) JIyKTyalmil 3/IEKTpOMarHATHOTO HOJIA IIPEKPACHO HILIFOCTPHPY-
eTcA pacCMOTPEHHEM TaK HasbiBaeMoro addekrta Kasmvupa [10]. Daccmorpum mBe Gostbumme mioearbHO
TTPOBOIATIFE METAJITHIECKHE TIIIACTHHEI, TOMEINEHHEBIE B 64Ky YMe, HA PACCTOAHUHN @ APYT OT APYTa, KaK
2TO MOKa3aHo Ha Juc.3-1. DycTh IUIACTHHBI TIPENCTABIIAIOT cobOll KBAIPaThl CO CTOpoHOM L, mpmaem
L > a. DaccMoTpuM MOOBI KoJIe6aHHH 2/ IEKTpOMArHITHOTO 1oJid B o6beMe L2a. ['panmansle ycoBus
COCTOAT B TOM, 9TO BEKTOP 3JIEKTPHIECKOTO oA E MeprmeHnuKyapeH, a BEKTOp MArHUTHOTO IO
H mapasstesien motacThHe Ha BHy TpeHHEH MoBepXHOCTH. BKITan B 2HEprUi0 BHOCAT TOJIBKO TIOTIEPEIHBIE
mompt. Ecam kommonenTa k , TepIeHIAK Y IAPHAA MIOBEPXHOCTH TUIACTHH, OTJIMIHA OT HYJIA, TO OHA MO-
JKeT IPHHEMATH TOJIBKO NUCKPETHBIE 3HadeHHA k: = nr/a (n = 1,2,...), 91066l y3/sl (Hy/m) mosra
pacIoIarajanuch Ha MJIACTHHAX. DPU 3TOM HYKHO €llle y9eCcTh MBa COCTOAHUHA TOJIAPU3ANWHA. Fcmm ke
k. = 0, To ocTaeTcA TOJIBKO OfHA MoIa (2JIEKTpPHIeCKadA COCTABJIAOMAA y 5TOH MOIBI IIPOCTO paBHA
HYJTIO B CHJIy OTCYTCTBHA TAHTEHIHAJHHOTO 3JIEKTPHIECKOTO TOJIA Ha TMOBEPXHOCTH HIEAIHHOTO MTPO-
pBonHuka). Torna sHeprua Hy/eBBIX KosleGaHMIl 5/1€KTPOMATrHATHOTO IIOJIA B PacCMaTpPHBAEMOM OGbeMe
MEXKITy TITACTHHAME DABHA:

1 1 he
E=Y" 5Pk = > Shelkal = L
ka ka

ITo BbIpaXXecHne, Kak JIETKO BUOETH, GecKoHEYIHO. ]E;I:.I‘{TGM7 OMTHAaAKO, U3 HETO aHaJIOTUYHOE BBIpaXecHHUE
OJ1d HEPTUW BaKyyYMHBIX CbJ'IyKTyaH,I/Iﬁ B TOM XKe 06’]>eMe7 HO B OTCYTCTBHUE METAJIJIMYECKUX IIJIaCTHUH:

A d2k * dk A d2k o
By = g2 | L, Peg e wr2 =82 [ oy [ g K2 4 n2n2/a2 (3.53)
27 I 2 272~ [ I
—_—00

(3.52)

2 272

Tor,z[a HU3MEHEHUE 5HEPTUN BaKyyMa, BBI3BAHHOE BBEICHUEM B HETO METaAJIJIMYECKUX IIJIACTUH, B pacdeTe
Ha €¢OUHUILY UX ITOBEPXHOCTU PaABHO!:

E—Ey he [% > - >
g=———"0 _ dn dkk | — + E k2 +n2r2/a2 - k2 + n272 /a2 (3.54)
L2 2 J, 0 2 0
n=1

9To BEIpaKeHHe, 10 HPEXHEMY, GECKOHETHO M3-3a YIbTPadHOIETOBHX (IpH Gosabumx k) pacxommMo-
crefl. YareM, omHAKO, 9TO OJIA IJIUH BOJIH MEHBIINX, 9€M Pa3sMephl aToMa, MPHGJIMKEHTE UITeATHHOTO
IpoBONHUKaA (pPaccMaTpHBaeMOro KakK CIUIONHAA CPeNa) HENPHMEHHMO. D03TOMY BBENEM B IIOIHHTE-
IpaJIbHOE BBIpaKeHME B (3.54) HeKoTOpyIo Inlankyro $yHknuio obpesarnna f(k), KoTopasd paBHa €IHHAIE
upu k < kg, m obpamaerca B HyJIb TIpH k > km,, T1e ky, mopsAnka o6paTHBIX aTOMHBIX pa3MepoB. Torma
MOJKHO HAIMCATH:

fore) o0

et [ (28) S v ()

4q°

n=1
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—/Oodn\/u+n2f (gx/wn?)] (3.55)

0

IIe BBeJM GespasMepHYIo MepeMeHHYI0 HMHTeIPHpoBanud u = ak? /71'2. DocienHee BHIpa)keHNE MOXKHO
IIepenncaTh Kak:

£ =hel [%F(O) +F() 4 F(2) £ o — /OO an(n)] (3.56)

Te ompene i OyHKITH:

Foy= | dunSusnis (Zfutr) (3.57)

0

Opn n — oo mmeem F(n) — 0 B caity cBolicts pyHKnun obpesann=. 1A BeIMHC/IEHNA PasHOCTH MEKILY
CYMMOM U MHTETPAJIOM, CTOANEH B KBAIPATHBIX CKOOKaxX B (3.56)7 MOIKHO BOCITOJIb30BAThCA (POPMYJITIOH
cyMMmupoBanud Ditsiepa - Maksopena, 3amnmcas ee B BUIIE:

%F(O) +FQ) 4 F2) + .. _/ dnF(n) = —%BQF’(O) - %B4F'“(o) +o (3.58)

e GUTYypUpPYIOT Ynciaa JepHyJIn By, olpenessdeMble ¢ MOMOIIBIO PATa:

o]

y yY
= ZB”I (3.59)

v=0

Nmeem By =1/6, By = —1/30, ... . Msr mmeem:
[ee)
m™/u ™
Foy= | awsas [T, Fln) = —2n25 (—) (3.60)
n2 a a
Dpennosarazh, aro f(0) = 1 u Bce ee MpoHsBonHbIe 06PAIAIOTCA B Hy/Ib IPH HyJIeBOM 3Ha9eHUH apry-

menra, umeeMm F’/(0) = 0, F'”/(0) = —4, a npoussonusie F' 6os1ee BBICOKOTO MOPAIKA PABHBL HyJIto. Taxum
06pa3oM, B OKOHIATEIIHHBIN pe3yJIbTaT MapaMeTp oOpe3aHud BOOOIIE He BXOIAT, W MBI TTOJTY TaeM:

her? By w2 he
£ Do 7™ e 3.61
a® 4! 720 a3 ( )
Torma cmita, meficTByromada Ha eIWHUILY ILTOMIAIN ILIACTHH, paBHA:
2 h

T c
= - 3.62
240 at ( )

OTpuiiaTe IbHBIA 3HAK COOTBETCTBYET HPUTHRKEHNIO. 3aMedaTe/IbHO, YTO CYUECTBOBAHNE TAaKOU, Ipes-
BBIYalHO caaboil, CHIIBI HPUTIKEHNA, IeJIUKOM 00y CIOBJIEHHON BaKyyMHBIMHI BJIyKTYAIUAMEA 3JIEKTPO-
MAaTHWTHOTO IIOJIA, GBLIO »KCIIEpHMeEHTaIbHO obHapyXeHo, a dopMysa (3.62) 6blIa HENOCPENCTBEHHO
npoBepeHa. Fuie 6osiee yamBUTEIBHO, YTO CYIIeCTBOBAHNE CHIIBI KasuMupa, B HACTodAllee BpeMsH, IIPH-
XOMHTCHA yIHTHIBATH IPH KOHCTPYHPOBAHEH K o6eCIIedeHnn paGoThl COBPEMEHHBIX MEKpoMaumi! 1o

J0Ka3bIBaeT, 9TO “HyJ’IeBI)Ie” KoaebanmsA 3JIEKTPOMArHATHOT O IIOJIA BIIOJIHE pEaJIbHBI.

D O30HbI.

CKaJTﬂprIe YacTHUIIBI.

DacemoTpuM gacTuisl co cumaoMm (. Coctodnme cBoboaHON GecCIMHOBONW TacTHITHI MOJI-
HOCTBIO ONIPENETIACTCA 3aJaHIEM €€ IMITYJIbCa P. DPH 9TOM ee SHepTHu £p omnpenendercd
u3:

5%) =p>+m? wm  pP=m? (3.63)

5A.Lambrecht. Physics World 15, No.9, 29 (2002)
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WM, KaK TOBOPAT, YaCTUIA JIEKHUT Ha “MaccoBoii moBepxHocTH . CoOXpaHeHNe SHEPTUH -
HMITYJIbCA ABIAETCA CIEICTBUEM OJHOPOIHOCTH MPOCTPAHCTBA - BpeMeHHU. B KBaHTOBOI
MeXaHWKe TpeboBaHNE CHMMETPHH TI0 OTHONIEHWTO K TIPOU3BOJIBHOMY CMEIIEHNIO CHCTEMBI
KOODIAUHAT O3HAYAET, UTO BOJTHOBAA (DYHKIHA YACTHUIIHI ¢ 4-IMIYJABCOM p MMPOCTO yMHO-
KaeTcd Ha (pasOBBIE MHOXKUTEb, PABHBI 110 MOIYJIIO EOUHUIE. JTOMY TpeCoBaHWIO
YIOBJIETBOPAET JINIIE IJIOCKAA BOJIHA!

—ipx

const e pr = ept — pr (3.64)

BostHoBoe ypaBHeHNe I/ HANIUX YacTHIl JOTKHO nMeTh (3.64) B KadecTBe YacTHOTO
pellieHna O JToOHX p, YIOBIETBOPAONIK yeaouio (3.63). D10 ypaBHEHHE ITOIKHO
OBITH JIUHERHBIM, 9TO BBIpaKaeT MPWHIINII CYTEPIO3Uuu: Jdiobad JuHeiiHad KoMOnHa-
A PENIeHnii TaK¥kKe OMUCHIBAET BO3SMOXKHOE COCTOAHNME CBODOMHON JACTHUIHI. ) aKOHETI,
IO BO3MOMKHOCTH, 5TO YpaBHEHUE ITOJIKHO OBITH AOCTATOYHO HU3KOTO MOPALKA MO MPO-
W3BOIHBIM.

CImH 9acTHUIBl — 9TO ee MOMEHT MMITYJIbCA B CHCTEME MOKOA, & COCTOAHUE TACTHUITHI
B CHCTeMe TIOKOd OMUCHIBAeTCA HEPeJIdTUBUCTCKON KBaHTOBOM MexanHukoit. Torna, ecan
CIIUH YaCTUIBI PABEH §, TO B CIHCTEME MOKOsA €€ BOJHOBAaA (DYHKINA HOKHA UMETH 25+ 1
KOMITOHEHTY (TIPENCTaBIATECA TPEXMEPHBIM CIIMHOPOM patra 2s) [29]. acTuma co cmu-
HOM s = ( B cuCcTeMeE TIOKOH OMUCHIBAETCA TPEXMEPHBIM CKAIAPOM. D0 9TOT TPEXMEPHBIH
CKaJIdp MOXKET UMETh IBOAKOE YeThipexMepHoe “npoucxoxkjgenue” [1]: 910 MoxeT ObITh
YeTBIPEXMEDHBI CKaAp ¢, HO 3TO MOXKET OBITh U BpEMEHHAT KOMIOHEHTA 1y BPEMEHM-
HomobHOTO 4-BeKTOpa 1, TAKOTO, 4TO B CHCTEMe MOKOA TOJBKO Py W OTAMYHA OT HyJId.
Tersopsr 60J/iee BHICOKOTO paHTa MOKHO HE PaCCMATPUBATh, MOCKOIBKY OHW TPUBOMAT K
ypaBHeHUAM 60Jiee BHICOKHUX MOPAIKOB.

Hia ceobomHO#t 9acTUIbI, EMNHCTBEHHBIM MudhepPEHITHAIBHBIM OMEPATOPOM, KOTO-
PEIIT MOXKeT BOIUTH B BOJTHOBOE ypaBHEHHe, ABAAETCA OMEPATOP 4-UMITYIbCA P:

P =it = —iV (3.65)

=

ot’
BonHoBoe ypaBHeHHe JOIKHO MPeACTaBAATh coboll nud depertnanbyio cBasb ¢ I 1,
¢ TIOMOTIIBIO omepaTopa p*, yIOBJIETBOPAIONIYIO YCJAOBUIO DENATUBUCTCKON WHBApHMAHT-
moctu. OUeBUAHO, 9TO MpOCTelnii BADHAHT TaKOl CBA3M MMeeT BU:

Pup = md’u p‘“/)u = my (3.66)

e M - CKaJAp, XapakTepusyoumii qacTuiy®. Donctapnss 1, U3 HepBOrO ypaBHEeHH:A
B (3.66) BO BTOpOE, MOTydaeM:

2

(p* —m?)p =0 3.67

(3.67)
YTO COBIAJAET ¢ PACCMOTPEHHBIM Bbille ypaHeHneM Kueiina - Topaona (2.11), (2.32)
IJIA CKAAAPHO20 TIOJA . DofcTaBidd @ ~ e~ P% 5 (3.67), mmeem p? = m?, rax uro (3.63)
YIOBIETBOPAETCA, a CKAJADP M NMeEET CMBICT MACCHI (TIOKO# ) 9acTHIBI. DOCKOIBKY (3.63)
CIPaBEIJINBO JIJId PEJATHBUCTCKON JacTHIlBI C JIFOOBIM CIUHOM, ypaBHeHUIO Kitelina -
lopnona, dakTwyeckn, TOKHB YIOBJIETBOPATH KOMIIOHEHTH BOJTHOBOW DYHKINE CBO-
OOIIHON YacTHUIIBI C JFOOBIM CITMHOM.

CroifcTBa CKaJAPHOTO MOJI4, YAOBIeTBOpAfolero ypasuenuio Kuelina - lopmona, yxe
JIOBOJTBHO TIOIPOOHO aHAJMIWPOBAJIMUCH BBHIIIE. DYIAEM, MJd OOIIHOCTH, PACCMATPUBATH

$BpomuTs OBa CKaIApa m1, Mo GECCMBICICHHO, TOCKOIBKY HX BCETIa MOXKHO CIe/IATH OTMHAKOBHIME
COOTBETCTBYIOIIUM IIepeolpefeIeHIeM BeIMIHH @, 1)y,
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cpasy ciaydail KOMIUIEKCHOTO oA, ETo TeH30p 9HEPrum MMIyJibca, aHaIOTHIHO (2.53)
naeTcd BbIpaXKcHUEM:

0" = (9"¢")(0" ) — g"" L (3.68)
The Jarpamkuan L ompenesieH B (2.60). B wactHOCTH:
dp™ Oy 2
Tog = — — . * .
00 BT at—l—Vgo Ve +mp*e (3.69)
™ dp | Op™ Oy
Tio= ——" + —— 3.70
"= 0 T o B (3.70)
Torma 4-mMIyJIbC MO ONPEAETACTCA HHTETPAJIOM:
P, = /d?’rTuo (3.71)

M3 (3.69) Ml Buanm, 910 Tpp > 0, Tak 9To 9HEPIUA ABAAETCA MOJOKHUTENBHO ONpEe-
JIEHHOH, 9TO, KCTATH, U ONPEIESAET BHIOOD 3HAKOB B JIarDaHKHAHE.

Boipaxenne (3.69) MOXHO MCIOIB30BATH I8 HOPMHPOBKH MOJIsA. DJIOCKAdA BOJIHA,
HOPMHUPOBaHHAdA “Ha OIHY YacTHIy B oObeme V = 1”7 samminercs Kak:

1 R
th, = ——e T (3.72)
14
VEDP

caMOM JeJie, BhIIYUCJIdd . HJId . IIOJIVUHUM 1igg = TaK 49TO IIOJIHAAd 2HEPTUA

B , 3.69 3.72), T ep,

B 0bbeMe V = 1 okasbiBaercd paBHOW »HEpTUM OAHOI YaCTHIIBI.
DepeilimeM K KBaHTOBAHWIO. DACCMOTPHM DAa3JIOXKeHHWe MPOW3IBOJIBHON BOJIHOBOM
dyHK IR (Honﬂ) o cOHBCTBEHHBIM (DYHKITMAM MOJTHOTO Habopa BO3MOXKHBIX COCTOAHIIT

CBODOIHON YaCTHUIIBI, HAPUMED IO TLJIOCKHM BOJTHAM 1/)p u3 (3.72):

Y= Zaﬂ/}p " = Za;¢; (373)
P P

*

P COOTBETCTBY IOITNMHA

Ypolenypa KBAaHTOBAHNA CBOIATCA K 3aMeHe Ko3bUINEHTOB ap, ¢
OnePaAMOPaMU YHUITOKEHUSA dp, d;’.
D PUHIATAATBHBIM MOMEHTOM PEJTATHBUCTCKON T€OPUHN ABIAETCH, OMHAKO, CYIECTBO-

BaHUe Jeyx peuteHuit ypasrenus (3.63), u3 KOTOPOro 1Jid HEPIUN YACTULBL HOJLY TAEM:
ep = £V p? + m? (3.74)

OusmuecKuil CMBICJ MMEOT TOJIBKO £p > 0, HOCKOJIbKY Hajmdue (B HPHHIMIE CKOJIb
YTOIHO GOJTBIINX ) OTPHIIATENBHBIX 9HEPTHH JacTUIIBI O3HAYAET HEYCTORINBOCTH CUCTEMBI
(oTCyTCTBHE OCHOBHOTO COCTOAHNLA). DPocTo 0T6pocuTh pemennd ¢ ep < 0 Hesbsd, Ho-
CKOJTBKY OblIlee pellieHne BOJTHOBOTO ypaBHEHU MPEACTaBIgeT cODOil CYyNepIO3nInio BCEX
HE3aBUCUMBIX YACTHBIX PEleHUH U pa3aokeHue Mo CJIeIyeT BECTH IO TTIOJTHOMY Habopy
cobcTBeHHBIX (byHKIHIT. 3amuiiem:

1 3 Ir— t 1 — 3 Ir t
=Y —=ap PITRY) £ Y ——af e PR (3.75)
p VP p VP
rJe B HepBOﬁ CYMME CTO4T IIJIOCKHWE BOJIHBI C IMOJOXKHWUTEJIBbHBIMHA, a BO BTOpOﬁ — C OT-
pUIATeTHbHBIMA 9acTOTaMH. 3/ech U JaJjee Bessie TofpasyMeBaeM cp = Vp?+m?, te.
ITOJIO2KUTEJIBHO OIIPENCJICHHYIO 9 HEPTUIO (bI/I3I/IlIeCKOI7[ HaCTHUIBIL.

DelenT MpaBUJIBHOTO MEPEXOAA K MPEICTABIEHIIO BTOPUIHOTO KBAHTOBAHUA MOXKET
Tenepb OBITH CHOPMYTUPOBAH CIAEMYIONINM O0Opa3OM:
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(+)

® ap ' — dp — ONEPATOP YHUYTOKEHU#A YACTHUIb! ¢ UMILYJILCOM P.
. a(p_) — bfp — onepaTop POKIECHUA AHMUYACMUYDL C UMILYTIHCOM —P.

Docaenndaa 3aMeHa BOSHHKaeT U3 TOrO, 9TO BpeMeHHasd 3aBHCHMOCTH BO BTOPOM cyMMe
iapt —iapt % oo« 599

B (3.75) e = (e )* COOTBETCTBYET MOABIEHHUIO OTHON “THINHEH” JacTHIBI ¢ 9HED-

rueil ép B KOHEYHOM COCTOAHME (IPH BBIMHMCJIEHHH JIOGOI0 MaTPUYHOLO 3JIEMEHTa Ile-

pexoza, BKJOYAIEro B ceba mose ¢). Temepsb, 3aMeHAd BO BTOPOH cymMMe p — —P,

3alUIIeM:

o 1 o —ipT i+ ipz
@:Z (ape™"* —I—bf)ep)

p \/2€p

1 . R .
pt=>" (afe’?” + bpe™™7) (3.76)
P

Termeph omepaTophl dp 1 bp B pasaoxenni (3.76) okasbIBAIOTCA YMHOKEHHBLIMA Ha “Tpa-
P P

—iept o 7
BI/IJ—H)HBIG” MHOZXKUTEJIN € p , @ OIlepaTOphbL af) n bf) — Ha KOMIIJICKCHO COIIpA2KEHHBIC

¢"*P'. O6a Buna acTun (YacTHIL I AHTHYACTHIL ), OIIEPATOPEI KOTOPHIX BXOAAT B OIUH
(p-olepaTop, O4EBUIAHO, HMEIOT OJMHAKOBEIE MACCHL.

Doncrapiasa oneparophoe pasoxenne (3.76) B (3.69) n unrerpan [ d®rTyg, onpene-
JIAIOMNl SHePTUo oA, HaXOOUM TaMEJIbTOHNAH B BHIE:

H =Y eplapap + bpbf) (3.77)
p

Pusnaeckn pPasyMHBINH PE3yIbTAT N8 COOCTBEHHBIX 3HAYEHUH 5TOrO ollepaTopa (IoJIo-
KUTeNbHASA ONMPENETEHHOCTh SHEPTHN ), HOIYIAETCA TOTBKO €CJIN ONEPATOPHI POK IEHHUA
U YHUYTOKEHUA YIOBJIETBOPAIOT 603€6CKUM KOMMYTAITMOHHBIM COOTHOIIEHUAM

lap,ah) = [bp, bl =1 [ap,bp] = [ap,bf]=..=0 wmxa (3.78)

B camoM jese, N0oIb3YACh 3THMU KOMMYTAIMOHHBLIME COOTHOIIEHUAME, MOKHO IIpejicTa-
BUTH TaMUJIbTOHHAH (3.77) B BHIE:

H=> eplapap + bjhbp + 1) (3.79)
P

Beriie mbr YK€ BUIeJIn, 9YTO B IIpEICTAaBJICHUN 9UCEJI 3allOJTHCHU A CcODCTBEHHBIE 3HAUCHU A

003eBCKHX OIIepaTopoB le)ap n bf)bp PaBHBI MOJIOZKHUTECJIBHBIM [EJIBIM 9UCJIaM, KOTOPHBIC

Mb1 ByeM 0603HadaTh, COOTBETCTBEHHO, Kak Np 1 Np (4HC/IO YacTul, 1 aHTHYACTHIL B
COCTOSHIH ¢ JAHHBIM HMITYIbcoM). Torna sHepTHio W HMITYJIbC HALIEro HOJdA, OTOPOCHB
(BecKOHEUHYT0) SHEPIHWIO BAKyyMa, MOXKHO 3alcaTh Kak:

E=> ep(Np+ Np) (3.80)
P
P => p(Np+ Np) (3.81)

p
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DopMasbHBI BBIBOJ, MOCTEIHETO BBHIPAXKEHNA MOXKHO BBIIOJIHUTH ¢ HoMombio (3.70),
(3.71). Ecnu 6B MBI IPHHAIN s OHEPATOPOB POKACHUA W YHHITOKEHHA AHTHKOM-
MyTaIlMOHHBIE COOTHOIIEHN# (HEPMIEBCKOTO THIa, TO BMecTo (3.79) mosyunan 661 H =
Zp Ep(af)ap — bf)bp + 1), T.e. He MONOKUTENBHO ONpEEIEHHOE BHIpaXKeHne (OTCyT-
CTBHE OCHOBHOTO cocTOAHNA). TakuM obpasoM, JacTUIBl CO CTMHOM HOJb (CKAJIAPHBIE
YACTUIIBL ), ABIAIOTCA GOBOHAMIL.

Beitirte MBI Buesin, 9TO OJd KOMILIEKCHOTO CKAJIAPHOTO TOJIA BBIMOJHAETCA U 3aKOH
coxpanenuns sap#aga (2.70). 3aMeHaAsd B BBIpasKeHNH A MJIOTHOCTH ToKa (2.68) Kmaccu-
"TecKue MOJH @, ¢ Ha omepaTopbl @, T m3 (3.76) m NpoBOIA 3eMeHTapHbIE BBIKIAIKH,
nosyunm u3 (2.70):

Q=) (ahap —bpbh) = > (apap — bHbp — 1) (3.82)
P P

e IIpu nepexone K ImocJeJHeMy paBECHCTBY OIIATH BOCIIOJIB30BAaJINCh KOMMY TallMOHHBIMHA

COOTHOUIEHNAMM (3.78). CobcTBeHHBIE 3HAUEHUA DTOTO ONIEPATOPA, 38 BEIYETOM BaKyyM-

HOI'O BKJIaJda, IPEACTABJIAOTCA B BUIE:

Q=) (Np~ Np) (3.83)
p

OTKYJa BUOHO, 9TO 3apdlbl 9aCTHUIl 1 aHTUYIACTUL, IIPOTUBOIIOJIO2KHBI. BaMeTI/IM, 4TO Te-
nepb (HOC.HG KBaHTOBaHI/ISI) 3apdn MOXKEeT MEHATHCA TOJBKO JUCKPETHBIM o6pa30M.

I/ICTI/IHHO Hei/’ITpaJ'[beIe YacTHUIIBI.
Berme onepaTopst dp u I;p paccMaTpHBAJIACh KaK OTHOCAIIMECH K Pa3/JIHYHLIM 9acTHIIAM.
©To He Bcerga Tak: B YaCTHOM CJIy9ae ONEpaTOphl, BXOAALINE B Pa3JIOKEHNE ¢ MOTYT
OTHOCHUTBCA W K OJHHM M TEM e dacTHiaM (aHAJOTHIHO TOMY, KaK 3TO OBLIO [IJId
dboronos). Torma:

p=> L(épe—m + che'”) (3.84)

p A /2€p

TaX 9TO YaCTHILA IIPOCTO COBIIAJAET CO CBOell aHTHMYacTHIEll, I MBI HMEEM JEeJIO C TaK
Ha3BIBaEMBIME HCTHHHO HeliTpaJbHLIME dacTHmaMmu. OlepaTop HoJd Temeph 3pMHTOB:
» = @b, 9To ABAAETCA aHAJIOrOM BEIIECTBEHHOTO IO/ B KJIACCHKE. DTO IHOJIe, ecTe-
CTBEHHO, MMeeT BIBOE MEeHBIIe CTeIeHeill cBobomBl, 9eM KOMILIEKCHOE MOJe, €r0 JIarpaH-
xuan uMeeT Buz (2.30). CooTBETCTBEHHO, MOXKHO BBIUNCINTE TEH30D SHEPTHH - HMITYJTbCa
U, B 9aCTHOCTH, [JI IJIOTHOCTH SHEPIHK IOJIYIUTD:

1 [op\?
Ton = 5 (a_f) + (Ve)? + m%p? (3.85)

Torna, moncTapaad B f d®rTho pasioxenne (3.84), mosyduM raMUJIbTOHUAH B BUIIE:
1 s L
H= 2 ZEP(CBCP + CPCB) (3.86)
P

CHoBa BUIHA HeO6XO,D;I/IMOCTI) KBaHTOBaHUA IO 9036, TaK 9TO KOMMYTAallMUOHHBIE COOTHO-
ImeHnd OJ1d OIepaTOpOB POXKACHNUA U YHUYITOXKECHNA MMEIOT BU:

[ep,épl =1 [ép,ep] = [éf, 5] =0 (3.87)
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TOI‘,D;& raMIJIBTOHMAH

H=> ep|(chep+ % (3.88)
p
TaK 9To, TMocsie oTOpachiBaHUA HEPTHH BaKyyMa, ero cOOCTBEeHHBIE 3HAUYCHNA TpHObpe-
TaOT BUO:
E=> epNp (3.89)
p

DOHATHO, YTO IJIA SPMUTOBA MOJIA (TakkKe, KaK B KJIACCHKE I BEIECTBEHHOTO) IIOT-
HOCTb TOKa M 3apfAl PaBHBI TOXKIECTBEHHO HYJIIO.

3aMeTuM, 9TO W3 PACCMOTPEHHBIX [0 CHX TOP (PUBHIECKUX TACTHUIl, TPUMEPOM HC-
TUHHO HellTpasabHO# JacTuibl 6611 (POTOH, & BEIECTBEHHOCTH COOTBETCTBYIOIIETO O
oTBedasia (HUIMIECKON W3IMEPUMOCTH HANPAKEHHOCTEH 3IEKTPUIECKOTO U MAarHUTHOTO
ToJI4.

Orcryniienue o rpynne JlopeHna.

CoryacHO CHenMaIbHON TEOPUN OTHOCUTEIFHOCTY BCE MHEPIIHAIBHBIE CUCTEMBI OTCYETa SKBUBAJIEHTHEL.
Fcim nee cmcreMsr KoopOmHAT OBMKYTCA OPYT OTHOCHTEIBHO IPYra B HAIPABJIEHUH 1 CO CKOPOCTBIO
v, TO CBA3H MeXK Iy HIMH BhIpajkKaeTcd IpeobpasoBanueM Jlopenma [25]:

20 = 'y(xo - ﬁxl) =2%h u—zlshu
' = 'y(xl - ﬁxo) =zlchu—2sh u
z? = 2 " =2 (3.90)
roe
1 v
L 5=Y thu=23 (3.91)
/1 — 52 C
B ofuiem ciygae, mocTy/MpyeTcd HHBAPUAHTHOCTD (PU3MIECKUX 3aKOHOB OTHOCUTEIHHO JIMHEHHBIX TTpe-
obpasoBaHmil KoopoWHAT BANa (HEOOHOPONHHIX Ipeobpasobanuil Jlopenma):

zh — ' = ALz 4 oM (3.92)

v =

coXpaHAIOIINX KBaIpaT HHTepBaJa:
2
(#=9)" = (@p — ) (@ = v") = guw (& = ") (v" = ¢") (3.93)
B (3.92) cMemenne coBepmIacTCsA MOCIE OOTHOPONHOTO IPEOGpasoBaHA. D €0NHOPONHEIE IPe0obpasoBa A
JlopeHria HasBIBAIOT TaKke MpeobpasoBaAaHUAME O yaHKapP?.

Cpenu paccMaTpuBaeMBbIX MpeobpasoBaHMUIl COOEPKATCA He TOJIBKO CMEUICHNA W BPAIIEHUA B IICEB-
TMOEBKJIMIOBOM IIPOCTPAHCTRE, HO M OTPaKEHUH MPOCTPAHCTBA U BpeMeHHn, obosHauaemsre P, T u PT:

PzF = —5F Pzl =40
Tk = o* Ts0 = —o°
PTzt = —zt (3.94)
Watepsas (3.93) He m3sMerAeTcA pn npeobpasopaan=ax (3.92) ecom:
ARAG =6 AL =guphhe™ (3.95)
B MaTpmaHOM BHIe TOCeIHee yCIOBHE 3alICHBACTCA KakK:
Agh =y (3.96)
T7le THIbTa 06o3HaTaeT ollepaliio TpancHornposanna. OTcioga ACHO, 9TO
DetA = +1 (3.97)
s (3.95) Takxe caemyer:
(A%0)2 — Z(AOk)2 =1 (3.98)

k
TaK 9TO (AOO) > 1. CoOTBETCTBEHHO BO3HAKAET IBE BOSMOKHOCTH:

A0 >1 A%< g (3.99)

Takum obpasom, oburre nmpeobpasopann= (3.92) Honpasne/IAOTCA Ha IeTHIPE Kilacca:
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1. Pl: DethA =1, A% > 1.
OTpakeHna BpEMEHW W MPOCTPAHCTBA OTCYTCTBYIOT. Y IHTBIBAIOTCA TOJBKO BpPANICHUA W CMe-
EeHNA B TICEBOOEBKJIMIOBOM IIPOCTPAHCTBE, obpasylomme CoOGCTBEHHYIO OPTOXPOHHYIO TPYIIILY
DyaHKap?.

2. PL:DetA =1, A% < —1.
3mech BKJIOUeHaA omepamyda 1. Beumy yauMomy mapHOCTH TpeobpasoBaHmil, OHI COIEPKAT TAKIKE
u onteparmio P. JIro6oe nmpeobpasoBanne us Pi MOMKeT GBITH IPEICTABIEHO B BHOE IIPON3BEIEHIA

Pl u PT. B gactaoctu, 4-unsepcua PT € Pi, a P u T no ormeIbHOCTH HE BXOIAT B Pi B CHJLY

DetA = 1. IpeobpasoBanusa Pl u Pi BMecTe 06pasyroT COGCTBEHHYIO TPYIILy DyaHKaps P4 .

3. Pl DetA = —1, A% > 1.
CooTBeTcTBYOUIME TPeObPA30BAHUA UMEIOT B, PPJ_. Bmecte ¢ Pl OHH 06PA3YIOT OPTOXPOHHYIO
Tpymumy DyaHKapa.
4. Pl Deth = —1, A% < —1.
DanpaBJieHHe BpeMeHH MeHAeTcH. J[fo6oe mpeobpasoBalWe 3TOTO KJIacca MPeACTaBIAETCA B BIITE
T
TP, .
Obwas rpynma DyaHKap? MOXKET, TAaKUM 06pa3oM, O6BITh IIPEICTaB/IeHA KAK CyMMa:

P =Pl +PTP} + PPl + TP} (3.100)

W3 Bcex »TMX KOMIIOHEHT IPYIIBI JyaHKap> TOJIBKO Pl CONEPKUT €NMHUIHOE IIpeobpasoBaHme. Do-
3TOMY IpeobpasoBaHUd, IPUHAIJIEKAIINE PA3TUIHBIM KJIacCcaM, HE MOTYT OBITh CBA3aHBI KAKUM - JIHG0
HENPEPBIBHBIM IIPpeobpa3soBaHMEM, OTHOCAUIIMCH K Pl. IpeobpasoBaHnud U3 OMHOTO W TOTO ¥Ke KJIAcca

MOTYT GBITH IIOJIyYEHBI IPYT W3 ApyTa ¢ HOMOIIBI TpeobpasoBaHuil n3 Pl.

IIpeobpasoBauusa C, P, T.

WUnBepcus mpocTpaHCTBA.

B kBaHTOBOIl Teopumm mMoJid UMeOT OOJIBbINOE 3HAUEHNE OUCKPETHBIE CUMMETPHUH, TaKie
KaK WHBEPCHUA IPOCTPAHCTBA, OTpaXkeHNe BpeEMeHN U 3apA0BOe COTIpAKEHNE (3aMeHa ga-
CTHIL aHTMqaCTMuaMM). B wacTHOCTH, onepaliusdg WHBEPCHHU TPOCTPAHCTBA ONPEIeSIAETC
CAETYIONIAM 00pa3oM:

Pr=—-r (3.101)

Dpu >TOM TPeobpPa3OBaHWM, PACCMATPUBABIIEECHA BHINE CKAJAPHOE IOJE MOKET Ipe-
00pa30BBIBATHCA CJIEMYIOIINM 00pa3OM:

Po(t,r) = to(t, —r) (3.102)

Ille 3HAKN COOTBETCTBYIOT CJIydaro OOB[YHOIO cKasldpa W HceBIocKaJsdpa. B mepenarn-
BHCTCKOIl KBaHTOBO} MeXaHHKe MOBeIeHUe BOJHOBOM DYHKINA CHCTEMBI DU IPOCTPAH-
CTBEHHO! MHBEPCHH CBA3aHO IPOCTO C €6 KOOPAMHATHON 3aBUCHUMOCTBIO, YTO NPUBOIHUT
K TIOHATHIO OpOuTAIbHON deTHOCTH [29]:

b(t, —r) = (L, 1) (3.103)

B kBaHTOBO# Teopunu moJid pedb WAST O MOBEICHUH MO B JAHHOU TOYKE POCTPAHCTBRA,
a coorHomrenne (3.102) onpenensger eHympenHot I€THOCTH COOTBETCTBYIONINX YaCTHII,
DosiHAad YETHOCTH CHCTEMBI YaCTHI[ PaBHA MPOU3BEIEHNIO X BHYTPEHHUX YETHOCTEN U
opbUTATIBHON Y€THOCTH NX OTHOCHTEBHOTO IBMKeHNA. “BHyTpennne” cpoiicTBa cmMMe-
TPUH PA3JIMIHBIX YaCTUIL IPOABIAIOTCA JIUITH B TPOTECCaX WX BIAUMHBIX MTPEBPAIICHT.
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B (bOpMa.HI/ITSMe BTOPHMYHOTO KBaHTOBAHUA BHYTPCHHA YETHOCTDL BbIpazKacTCd IMOBE-
AJCHUEM TP MHBEPCHUU COOTBETCTBYIOIINX @—OHGP&TOPOB. CKa.H?IpHOMy " IICEBJOCKAJIADP-
HOMY IIOJIFO OTBEYAECT:

P(t,r) = £¢(t, —1) (3.104)

BosneiicTrue P-omepalinu Ha $-0mMepaTop MOKHO C(hOPMYJITUPOBATH B BHJIE COOTBETCTBY-
IOIUX MpaBUJI MpeoOpa30BaHusd ONEPATOPOB POKIAEHUA W YHUUTOKEHUA JACTUIl, TAKUX,
9T00BI B pe3y/ibTaTe BosHUKaI0 nsMenenne (3.104). Mcnonwssysa (3.76), meTpyaHo mosty-
YUTH, 9TO HTH MPaBUJIA UMEIOT BUI:

P Clp — :l:a_p bp — :l:b_p
ah — faty, bh — £bt, (3.105)
B camom neJie, 3alncaB:

1 —ie i iept—i
p(t,r) =Y —=—=(ape” PP 4 pLepITIPE) (3.106)

p \/2€p

nocste oneparuu (3.105) u mepeobosHaveHns MEpEMEHHON CyMMUPOBaHNA P — —P TIO-
ayamm £p(t, —r), aTo n TpeboBasock’. 3amernm, uTo mpeobpaszosanme (3.105) Bmosme
OYEeBHIHO — HHBEPCHsA MPOCTO MEHAET 3HAK MOJIAPHOro BEKTOpa P.

3apsitoBoe comnpsaXeHHe.

SaMeHa JacTuIa — aHTHIACTUIIA TTPOM3BOINTCA B TOJEBOM OIlepaTope (3.76) C IOMOIIIBIO
OYeBUIHON oTeparnm:

PDpu sToM @ — ¢ re
(1) = ¢ (1,x) (3.108)
CMBICJT TOTO peobpa3OBaHNA He U3MEHAETCH, €CJIM BBECTH IPOU3BOJBHBIN (asoBbIii
MHOXKHUTEIb:
Clp — 6Zabp bp — 6_Zaap (3109)
TaK 4TO
o — %t ot ST (3.110)

IIBykpaTHOEe TpUMeHeHHe MPeoOpa30BAHUA 3apPAMLOBOTO COMPIAKEHUA MAET TOXKIECTBO
¢ — . CUMMeTpHA MO0 OTHOIIEHUIO K 3aMeHe YacTHIl Ha aHTUYACTHUILI HEe MPUBOIUT, B
obIieM cJrydae, K BOSHUKHOBEHWIO Kakoli - 1ubo HOBOIl XapaKTepUCTHKHN YACTHIL, & OTle-
patop C He mMeeT CODCTBEHHBIX COCTOAHUN W coOCTBeHHBIX 3HadeHuil. Mckmarodernem
ABJIAETCA CHCTEMA, COCTOAIIAA W3 PABHOTO 4mcJia dacTull u anTudacTtur. Oneparop C'
MEPEBOIUT TAKYIO CHCTEMY caMy B cebd, B »TOM CJydae IJid HETO CYIECTBYIOT COD-
crBentble sHavens C' = £1 (mockonbky C? = 1). Toxe camoe BEpHO Jis UCTUHHO
HeATpaJBHEIX YacTull, Korma ¢° = 4¢ u BOSHUKAET HOHATHE 3apHIOBO YETHBIX WM
HEYeTHBIX YaCTUII.

733.MGTI/IM7 qTO B HJaJIbHEWIIEM MBI IMpaKTUIeCKHA He 6y;[eM YKa3pIBaTk 3HAYOK oOIlepaTopa Ham, obo-
3HAYCHUAMHN OII€EPaATOPOB POXKICHUA U YHUITOXKECHNA, & TAKXKE U APYTIUX ITOJIEBBIX OII€epaTOpPOB, HAOEACH,
qTO 3TO HE NPUBEOET K HETOPA3YMEHHUAM.
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YerTnipexMepHasi nHBepcHusl U obpallleHne BpeMeHu.

YeTnipexMepHad HHBEpCHd ollpefeJideTcs olepalueii:
r— —2x re z=(r,1) (3.111)

DTy OMEpAINIO BCETa MOXKHO TPEACTABUTE cebe, Kak HEKOTOpPOe YeTHIPEXMEPHOE Bpa-
NIeHWe UJIN, HHAYe TOBOPA, KaKk npeobpasoBanue JlopeHiia, MOCKOIBKY JeTEPMUHAHT Ma-
TpUIBl TpeobpazoBaHud B B 0boux caydadax paBen 1. CuTyarms 371ech OTAUIAETCH OT
TpexMepHOH (IpOCTpaHCTBEHHOM ) HHBEPCHH, TETEPMUHAHT KOTOpofi paser -1. DosTomy
JT060e BBIpaXkeHWe, HHBAPUAHTHOE OTHOCHTEIBHO OTHOCHTEBHO MpeobpasoBanmii Jlo-
peHIta, ABJIAETCA WHBAPUAHTHBIM U OTHOCHTEJBHO YETHBIDEXMEPHOW WHBEPCHH. DO OT-
HOIIIEHNIO K ONEPATOPY CKAJIAPHOTO HOMA (CKATIAPY, MO OTHOIIEHHIO K YETHIPEXMEPHBIM
BpaleHnaM!) 510 o3HAYAET:

p(t,r) — p(—-t,—r) (3.112)

B TepMmHax omepaTopoB POKIAEHHA M yHHUTOXKeHNA npeobpasoanne (3.112) moctura-
eTcs TepecTaHoBKOH Koad duimenTon npu e *P¥ 1 P B Bripaxkennu (3.76), uro maer:

CPT: ap—tbf bp—af (3.113)

Taxmm obpasom, »To mpeobpaszoBaHme BKJIOYACT 3aMeHy YaCTHUIIBI aHTHIACTUIEH, a B
PEAATUBUCTCKON TEOPUH A6MOMAMUECKY BOSHUKAET WHBAPUAHTHOCTDH MO OTHOMIEHUIO
K TpeobpasoBaHMIo, IPpH KOTOPOM OTHOBpeMeHHO ¢ P u T mMpom3BOOMTCA TakKiKe M 3a-
panoBoe conpskenne (. DTo yIBEpKIEHUE COCTABJIAET COAEpKaHUe TaK HasbIBacMOik
C PT-1eopeMsbl, gBagonieiica ogHIM W3 HanboJiee OOUINX pe3yJIbTaToB KBAHTOBONH Te-
OpHUH TOJA: HUIETO B IDPUpOAe HEe M3MEHHTCHA, €CJAN OTHOBPEMEHHO C UeTBIpeXMepHO
uHBepcHeil (oTpakeHneM MPOCTPAHCTBA - BPEMEHN ) TTPOU3BECTH 3aMEHY BCEX YacTHI] Ha
aHTHYaCTHUIBI! D peobpasoBaHue (3.113) MOXKHO 3aIlicaTh TaKxXKe B BUJIE:

goCPT(t, r) = ¢(—t,—r) (3.114)

Orciona nerko HafitTu GopMyanpoBky T-uuBepcun (obpalleHnsa BpeMeHNn). DTy omepa-
IHIO HyXXKHO ONpeIesNTh Tak, 4Tobbl BMecTe ¢ C'P oma mapasa O PT-npeobpasopanue
(3.113). Yaursag (3.105) u (3.107), gerko HaxomuM:

T: ap— :I:afp bp — :I:bfp (3.115)

[Ie 3HAKW cooTBeTCTBYIOT 3HaKaM B (3.105). Takum obpasom, obpallieHiie BpEMEHH HeE
TOJTBKO MEPEBOUT ABUKEHNE C UMITYJIBCOM P B ABHKEHHIE C UMITYJIBCOM —P, HO TaKkKe
mepecTaBIdgeT HadalbHble I KOHEYHBIE COCTOAHUA BO BCEX MATPUUYHBIX JIEMEHTAX, UTO
MPUBOAUT K 3aMeHe OIEPATOPOB YHHYTOXKEHUS YACTHUI C UMITYJIBCOM P HAa OMEpPaTOPHI
POKIEHUA YacTHIl, ¢ UMIyIbcoM —p (1 Haobopor). M3 (3.115) u (3.106), ¢ nepeobosHa-
YeHHeM P — —P, THOJYIaeM:

ol (t,r) = £pt(—t,1) (3.116)

@akTHYECKH, 3[eCh MMeeTcs MOJIHAad aHaJIoTHd ¢ olepalueil ofpalleHns BpeMeHH B
KBaHTOBON MexaHuke [29]: ecsiu HEKOTOpOe COCTOAHUE OIUCHIBACTCA BOJHOBON hYHK-
mmelt ¢(1, r), To obpallleHHOE [0 BPEMEHH ONMICHIBAETCA € HOMOIIBIO ¥ (—t, ).
Opeobpazsoparua T m CPT nepectaBidoT HadaJbHbIE W KOHEYHBIE COCTOAHWA W
IJI HAX He CYMECTBYET MOHATHA COOCTBEHHBIX COCTOAHUI M COGCTBEHHBIX 3HAYEHMIA.
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OHu He MPUBOHAT, TAKUM O00pPa30M, K CYIIECTBOBAHWIO HOBBIX XapaKTEPUCTUK TACTHUII.
B cuny penarmBucrtckoil maBapumanTHOCTH, omeparop C'PT mnpeobpasoBannd MOJKEH
KOMMYTHPOBATH ¢ JTIOOBIM TaMHJIBTOHIAHOM (arpaHkHaHOM) PETATHBHCTCKON Teopun
nosda. Yro xe kacaerca C'u P (m.e. uw T) 10 OTAETBHOCTH, TO 9TO BOODIE TOBOPS HE
Tak. B gacTHOCTH Cc1abble B3aUMONEHCTBUA 3JIeMEHTAPHBIX YaCTHUIl HE HHBAPUAHTHBI 11O
OTHOIIEHUIO K TMPOCTPAHCTBEHHOMY OTpaXkeHno P, U maje MO OTHOIIEHWIO K KOMOWHMU-
posarHoii omeparuu C'P. Docnennee (odens ciaaboel) HapylleHne CHMMETPHUH CJIabBIX
B3ammosnelicTeuii, corstacao (' PT-TeopeMe, o3HaYaeT HAJIUYINE B D PUPOIE OUE€HD CaabOM
HE»KBUBAJICHTHOCTH HAIPABJIECHUN BpEMEHM, YTO MMEET BeCbMa CYUIECTBEHHBIE KOCMO-
JIOTHYECKHE TOCJECTBAA. DanpuMep, coraacuo ugee CaxapoBa, 3T0 00CTOATETBCTBO
MOXeT OOBACHUTDH KOJIOCCAJIbHOE Tpeobialanne MaTepUn Hall aHTUMaTepueli B COBpe-
MeHHOM cocTodaHnn BceseHHoOil.

Juckperusie mpeobpa3oBaHus TOKA.

DaccMOTPHM OLEpaToOp COXPaHAIOUIEIOCA TOKa CKaJIAPHOTO ILOJIH, KOTOPSIH, ¢ moMomsko (2.68), MOKHO
3aIUcaTh B BHIE:

J* =it ate — pateT) (3.117)
Dpeobpasoparne (3.104), BMecTe ¢ oaeBnnHON 3aMeHoM (Jg, d;) — (9o, —9;), maer:
P (%) — (5% —d)e,—r (3.118)

KakK ¥ JIOJDKHO OBITH /1A HCTUHHOTO 4-BEKTOPA.
AnasormamEIM 06pasoM, IpeobpasoBaHHe 3apANOBOTO conpzKkeHuA (3.108) maer:

C: (%0 — (=% =d)er (3.119)

ecsm ommeparopsr ¢ 1 @1 KoMMyTupytoT. Dpapna, oHE He KOMMYTHPYIOT, HO 3T0 00CTOATEIHLCTBO HeCy-
MECTBEHHO — HEKOMMY TATUBHOCTD BO3HUKAET TOIBKO OT HEKOMMYTATUBHOCTH OII€PATOPOB POKIECHUA U
YHUYITOXEHUA C OMUHAKOBBIMH P, a B CHJIYy COOTHOWIEHHH KOMMYTAITHH /I THX OLNEPATOPOB, UX IIe-
pecTaHOBKa IPHUBOMUT K IIOABJIEHUIO WIJI€HOB, HE 3aBUCAUINX OT UHCEJI 3aIlOJIHEHUHA, T.€. OT COCTOAHUA
mouts. Or6pachiBasd »TH YJIEHBI, BCE PABHO IIOJIYYIUM (3.119). Hs (3.119) BUIHO, YTO 3aMeHa YaCTHI]
AHTHUYIACTHIIAMH, €CTECTBEHHO, IPHUBOIUT K M3MEHEHHIO 3HaKa BCEX KOMIIOHEHT TOKa.

Onepaus obpalleHust BpeMeHN CBA3aHA C MEPECTAHOBKON HaYaIbHBIX M KOHEYHBIX COCTOAHMIA, TaK
YTO IPH NPUMEHEHHUN K IPOM3BENEHHUIO OIIEPATOPOB OHA MEHAET MOPATOK COMHOXKHUTEeIEH, HallpuMep

T T T
(¢T0ue)" = (Oue) T (¢T) (3.120)
B cooTBercTBHE € TOJIBKO UTO cHesaHHBIM mocie (3.119) samedanmeM, »To 06CTOATEIHCTBO HECyLIe-
CTBEHHO, a BO3BpallleHre K MCXOIHOMY TOPAIKY MAOKHATEICH He oTpakaeTcd Ha pesyabTaTe. Y 9UTHBAL,
aro npu T-orpaxennu (Jy, ;) — (—9p, d;), ¢ momomsro (3.116) morygaem:

T: (%0 — (% —0)-erx (3.121)

TaK 9TO TPEXMEPHEIN j TOK MeHAET 3HAK, B COOTBETCTBUU C KJIACCHIECKHUM CMBICTIOM 3TOU BEJIMIHNHEL,
Torga Kak IJIOTHOCTD 3ap#Ama j° He MeHdeTcd.
DaKoHeI, IIPU YeThHIpeXMepHOI MHBEpCHI (3.112) JIETKO TOJIY9IUTh:

CPT: (5%§)er — (=3% =j)—t,—r (3.122)

B COOTBETCTBHUHU CO CMBICJIOM »Tol omeparnun, Kak C PT mpeo6paszoBanus.

Omeparop »/JEKTpPOMarHATHOTO B3aHMomelicTBua mponopnuoHaseH j, A" m mHEBapmanTeH OTHOCH-
reasro C'PT, Kak UM BcAKOe Npyroe peaaTUBHUcCTCKoe B3ammoneiicteue. CooTBETCTBEHHO, MCHOIb3Y
(3.118), (3.119) m (3.121) HeTpynHO HOJIy9HTH IIpaBHJIa IIpeobpa3soBaHNHA OTEHIHAA 3JIEK TPOMATHIT-
sHoro mosta A, = (Ag,A):

C: (Ao, Ay — (=40, —A)r
P: (A0, A)tr — (Ao, —A)t —r
T: (Ao, A)eyr — (Ao, —A)—tr
OPT : (A07A)t,1' — (_A07_A)—t,—1' (3.123)

AmasiorudHbIe TIpaBUiia Mpeobpa3oBaHUsA UMEIOT MECTO U OJid KaaubpoBodHBIX mosieil fura - Musiica.
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BekTopHble 6030HBI.
Yacrtuma co cnmHOM | ONHUCHIBAeTCA B CHCTEME MOKOdA TPEXKOMIOHEHTHOIl BOJIHOBOI
dbyHKIMER — TPEXMEPHBIM BEKTOPOM (BEKTOPHBIN GO30H). DO CBOEMY YeTBIPEXMEPHOMY
“IPOUCXOXKAEHUIO” HTO MOTYT OBITH TPH MPOCTPAHCTBEHHBIE KOMIIOHEHTRI 4-BeKTopa thH
(MpoCcTpaHCTBEHHOMONOOHOTO!) MK Ke aHTHCHMETPUIHOTO TEH30Pa BTOPOTO paHra ¢
¥ KOTODEIX B CHCTeMe HOKod obpallafoTca B HyJb COOTBETCTBEHHO BpeMeHHad ¥’ I mpo-
cTpaHCTBEHHBIE ¥ KOMIIOHEHTHI.

BonnoBoe ypaBHeHUe ONATH MOXKHO 3aIicaTh B Buie maudgepeHnuaabHoil cBasm
u Y B caeayioneM BHUIE:

i1/)u1/ = p;ﬂ/)l/ - Pﬂ/)u (3124)

P = im*i, (3.125)

rae p, = 40, — olepaTop HMIIYJIbCa. DTH ypaBHEHUA HA3bIBAIOTCA yPABHEHUAMU D POKa.
Ipumvenaa K obeum ctopoHam (3.125) omepanmio p#, MoJgyduM BBULY aHTHCHMMETPHU

1/);“/3
Py =10 (3.126)

Torma, uckiodas ¢, u3 (3.124), (3.125) (momcra/ias mepBoe ypaBHEHHE BO BTODPOE), C
yaeToMm (3.126), moryanm:

(P* = m*)gu =0 (3.127)

TaK 94TO M, eCTECTBEHHO, IpeacTaBageT cobolt maccy dactuiel. Takum obpazom, cBo60 -
Had JacTHIa CO CIMHOM 1 OMMCEIBaeTCA ONHUM 4-BEeKTOPOM ), , KOMIOHEHTE KOTOPOTO
yaoBnaersop#aor ypasHenuio “Kieitna - Topmona” (3.127) u donoanumesvnomy ycaoeuto
tuna ycaosu# Jlopenmna (deTsipexmepHol momepeunocTn) (3.126), mckrodaonemMy u3
P! “gacthb, npuHammexamyo comay 07.

B cucreme mokos, rjie i, He 3aBUCHT OT MPOCTPAHCTBEHHBIX KoopamHat (p' = 0), u
MBI mMeeM Tpocto plify = 0. B Toxe BpeMs, ¢ yHIeToM TOro, 970 B cHcTeMe IMokod p° = m,
tax uro pty = mpy. Torma AcHO, ITO B cucTeMe HOKod Py = 0, KaK U JOIKHO OLITL
JLad 9acTHIbl co cmaoM 1. Bmecte ¢ ¥y B 9T0fl cucTemMe obpainaorcd B HYyAb TaKKe U
i

Yacruma co couaoM | MoxeT ob1amaTh pasINIHOl BHYTPEHHENR YETHOCTHIO, B 3aBH-
CHMOCTH OT TOTO ABJIAETCA JU H* HCTUHHBIM BEKTOPOM HJIH TICEBIOBEKTOPOM:

Pyt = (00, —) wmn Py = (0, 0) (3.128)
DJrocKas BOJIHA, HOpMUpOBaHHasA Ha 1 dacTuiy B obbeme V = 1, mpeacrapiserca B
BHJE:
1 .
Yy = ——=uue P uyut” = -1 (3.129)
2€p

rie 4, — eIUHUYHBIR 4-BeKTOp LOIApHU3alul, HODMUPOBKA KOTOPOI'O OllpeslesideTcs Tpe-
6oBaHNeM NPOCTPAHCTBEHHONOTOOHOCTH 1), YIOBIETBOPATONINI TaKKe yCTOBHIO UeTHI-
pexMepHoil monepevyHoCTH:

uupt =0 (3.130)

BaMeTI/IM, 4YTO B OTJIMYHE OT (bOTOHOB, BEKTOpPHBIC 0030HEI CO CIHHOM 1 UMET TpHu HE-
3aBUCUMBIX IMOJIAPU3aIAN.
ﬂaI‘paH}KI/IaH BEKTOPHOTO IIOJId MOXKET OBITH 3alUCAaH B BHUIE!:

L= —(0u97) (0" 9" ) + mPyp" (3.131)
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CTpykTypa 3Toro JarpaHkuaHa aHAJOTHYHA CJIYYald CKaJdApPHOTO TOJd, HO obpaTum
BHUMaHHe Ha Apyrofi suak! lleso smech B TOM, 4TO 1, — HPOCTPAaHCTBEHHOLIONOOHBIH
BEKTOD, Tak 4To ¥y 1, < 0, Torma Kak oy cKasasgpHOTO moid ¢*¢ > 0, Tak 4To 3HAK
BBIOpaH TaK, 9TO0BI 0OECTIEUUT TOJMOKUTETBHYIO OPEAETEHHOCTE SHEPTUH TOJA B KJIaC-
CUYECKOM TIpefesie. B caMoM zese, IpakTHIeCKOe HCIoIb30BaHre Jarpanxkuana (3.131)
CBOIAUTCA HE CTOJBKO K TOCTPOEHUIO YypaBHEHWH MBUKEHWA, CKOJIBKO K HAXOXKIEHIIO
TEH30pa PHEPTHUH - UMIIYJIbCA U TOKa. DeTpyIHo HaiiTu, 9To:

Tuy = _a;ﬂ/))\*alﬂ/})\ - _61/1/}>\*6u1/}>\ - ‘Cgull (3132)
Ju= _iW;a;ﬂ/’)\ - (a;ﬂ/’;)ﬂ’)\] (3.133)

DTU BBIpAXKEHWdA BIOJHE AHAJOTHMYIHBI MOJIYYEHHBIM BBINIE 1A CKAJAPHOTO MOJIA W HE
TpebYIOT 0COOBIX MOSACHEHMI.

KpanToBaHme TakKe MOKHO MIPOBECTH AaHAJOTHIHO CKaAdpHOMY cirydato. CHOBa, IJid
obecredeHna O9eBHIHOTO U3 GU3MIECKUX coobpaxenmii yeaosud 1oy > 0 B Ipon3BOJIH-
HOCTH 3HaKa IJIOTHOCTH 3apAfa j°, KBaHTOBATh HYKHO IO Dosze!

DomdepkHeM, 9T0 BBULY M # () rpaJWeHTHAd WHBAPUAHTHOCTH TEOPUH OTCYTCTBYET.
NnmeHHO MOSTOMY MACCHBHOE BEKTOPHOE TOJIeé UMeeT TPH He3aBUCHMBIE KOMIIOHEHTHI.
OrcyTcTBUE TPAAUEHTHOI MWHBAPDMAHTHOCTH PAcCMaTPUBAEMOlN TeOPHH OCODEHHO YETKO
BHIHO U3 BTOPOTO ypaBHeHna Dpoka (3.125): BesmunHa 1, IpalleHTHO HHBapHAHTHA,
Tak 94To JieBasd 9acTh YpaBHEHU TPAINEeHTHO HHBAPUAHTHA, TOT/A KaK €ro MpaBas 9acTh,
OYEBHIHO, MEHAECTCA TP IPATUEHTHBIX MTPEobPa3sOBaAHUAX.

T‘IaCTI/II_[,I)I C TIPOMU3BOJIbLHBIM IIEJIBIM CIITMHOM.

BosroBas GyHKIINA 9aCTUITHL C TMETBIM CIIMHOM $§ TIPEICTAaBJIAeT coboll HeMpUBOIUMEI 4-TeH30p paHTa
s, T.e. T€H30p CHMMETPHIHBIH Mo BCeM CBOWM HWHIAEKCAM W obpalnafolnmiica B Hy/JIb MPH YHIPOUICHUH
(cBepTKE) WO TFOGOI Mape HHIEKCOB:

Yopow =% WL =0 (3.134)
:’)TOT TEH30P OOJIZKEH YOOBJICTBOPATH JOIIOJTHUTEC/JIBHOMY Yy CJIOBHUIO ‘{eTLIpeXMepHOﬁ MMONIEPEYIHOCTH!:
P . =0 (3.135)
a J'IIO6aﬂ €TI0 KOMIIOHEHTA TOJIZKHA YIOBJIETBOPATH YPaBHECHUIO!
(P? —m*p . =0 (3.136)

B cncreme mokoz (3.135) mpuBonuT K o6palleHAI0 B Hy/Ib BCEX KOMIOHEHT 4-T€H30pa, CpEOH HHIEKCOB
kKoTopbix Bcrpedaercd 0. Takmm obpasoM, B cHcTeMe MOKOHA IMOJ€ CBOOUTCA K HEIPUBOOMMOMY TPeX-
MEpHOMY TeH30py paHTa §, YHCJI0 HE3aBHCHMBIX KOMIIOHEHT KOTOPOTO paBHO 25 + 1, KaKk W ciemyetT
OBITH.

JlarpamkmaH, TEH30p HEPTUH - HMILY/IbCA W IJIOTHOCTEH TOKa MJIA IIOJIA C IIEJBIM CIIMHOM S OTJIH-
9aroTCA OT BBIIMCAHHBIX BBINE MJIA CIydad s = 1 TOJIBKO 3aMeHOH ¢y, Ha Y. ... v.... DOpMHpOBaHHAA
IJIOCKadA BOJIHA MMeeT BH:

1 .
wpv... — P L) u:ﬂ“/ wMv = 1 (3.137)

IpHuYIeM
wHp, =0 (3.138)

HNmeerca Bcero 2s + 1 HE3aBUCHUMBIX HOJIAPU3AITHIL.

KeanroBanne npoussonuTca ogeBuAHBIM 06061IeHIEM ciaydaeB s = Om s = 1.

Msnoxennas cxeMa TOCTATOYHA IIJTA OMUCAHUAA 6060015 IACTHUII CO IIPOU3BOIBHBIMHA MEIBIMI CITH-
HaMU. DPpH BBEICHUU B3aUMOIeHCTBUA CUTyalud ycaokHAeTcda. oA Bcex 1meapix s > 1 okasbIBaeTCd
HEBO3MOXKHBIM ChOPMYIHPOBATh BapHAaIHOHHGIH IPHHIIAI ¢ HIOMOIIBIO TOIBKO ONHOI (TeH30pHOI) dyHK-
MU IO/, PAHT KOTOpOil cooTBeTcTBYeT mamHOMY cruHy. OKasbliBaeTcA HEOOXOMUMBIM BBECTH BCITO-
MoTaTe/IbHBIE TEH30PHBIE (HJIN CONHOPHBIE) BEJIMIHHBL (ojlee HHSKOLO paHTa. DPH 3TOM JlarpamKHaH
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BBIOMpaeTcd Tak, 9TOOBI 5TU BCIIOMOTATEIBHBIE BEJIMYNHBI 0OpallaInch B HYJIb B CHJIY CJIEIYIOIIAX U3
BapUAaIlMOHHOTO IIPUHITATIA Y PABHEHUN HOIA CBOGOMHBIX YaCTHUII.

3aMeTuM, B 3aKJII0YEHUE, 9TO BOIIPOC O YaCTUIIA CO CIIMHOM 5 > 1 MMeeT HOBOJIBHO “akKameMudecKuii”
XapaKTep, IOCKOJIBKY (ec/H 3a6bITh 0 IPaBUTOHE! ) B paMKaX CTaHIapTHON MOZE/IN TaKHX 3JIEMEHTaPHBIX
TaCTHI IPOCTO HET.

®epMUOHEI.

TpexmMmepHbIe CITUHOPBI.

DamoMHIM, KaK OIMUCBIBAIOTCA YaCTUIBI ¢ TMOJIYIEIBIM CITHOM (hpepMIOHBI) B paMKax
HEPETATHBICTCKOM KBaHTOBOH Mexanukn [29]. HacTuma co cimuoM s = 1/2 omuckiBaerca
IBYXKOMIIOHEHTHOH BoHOBOI dbyHKINEH — cnunopom, KOTOpYIo yIOOHO 3alUCATh B BHIE

cronbna: o ( Z; ) _ ( ﬁ(—%%)) ) (3.139)

I7Ie KOMIOHEHTH ¥ 1 ¥? COOTBeTCTBYIOT TPOEKINAM ciimHa §° = £1/2. Dpu mponsBoIh-
HOM BpAIIEHUN CHCTEMBI KOOPIMHAT KOMIIOHEHTHI CIIMHOPA TPeobpasyTcd ApYT depes
Ipyra JUHERHBIM 00pazoM:

Pl =apt +bp? P =t + dy? (3.140)
nHa4vYe roBop4d:

;L [ a b
Y =Uy U—<cd) (3.141)

Kosddburnmentsr mpeobpasoBanua (s1eMeHTsl Marpuipsl U), Booblle TOBOPHA, KOM-
IJIEKCHBI U ABJAIOTCA GYHKIUAME YTJIOB MTOBOPOTA CHCTEMBI KOOPIMHAT.
YaccMmoTpuM SumHeltHy0 dhopMy BuIA:

Ple? — et (3.142)
rae ’l/) n ¢ — IBa CIIMHODpAa. SpOCTOG BBIYHCJICHHE JacT:
1/}/1@/2_1/)/2%0/1:(ad_bc)(d)lng_d)ngl) (3143)

tak uTo (3.142) mpwm moBopoTax cucrembl Koopannar (3.140) mpeobpasyerca cama Uepes
cebs. DaccmorpuM OGunuHelinyo dopmy (3.142) Kak HEKOTOPYIO BOJHOBYIO (BYHKIHIO
COCTABHOM CHCTEMBI. D0 ecJii UMeeTCd BCErO OHA BOJIHOBadA (pyHKIUdA, Mpeobpasyola-
dAcsd TP MOBOPOTAaX caMa depes cebsd, TO OHA COOTBETCTBYET CIUHY HYJIb, T.€. ABIAETCA
CKaJIAPOM 1 BOOOIIE HE MEHAETCH P MOBOPOTAX. D0OITOMY Ha K03dUIUEHTH Mpeobpa-
30BaHUA CJIEAYET HAJIOKUTH yCJIOBHE:

ad—be=1  Det U =1 (3.144)

Torma (3.142) mpocto mpencraBiager coboii BOMHOBYIO dYHKIHIO YACTHIBI CO CIHHOM
s = 0, cocraByeHHON M3 ABYX YacTUIl co couHoM § = 1/2. D0 B KBaHTOBOI MexaHUKe
MOJKHO BBECTH €Il OIMH CKaJIAD, COCTABJIEHHBIl W3 KOMIOHEHT cnmHopa (3.139):

L (3.145)
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U TPEOCTABAAOININNE coDOI TMIOTHOCT BEPOATHOCTH HAXOXKIEHWS YACTHIBI B JAHHOMN
TOYKe MPOCTPAHCTBA. D peobpasoBaHme, OCTAB/IAOINEE HHBADHAHTHONW CYMMY KBapa-
TOB MomyJiel TpeobpasyeMbIX BEJIUYUNH, ABIAETCA YHUTAPHBIM, TaK 9TO

Ut = ( o ) S (3.146)

C yaerom (3.144) obpatHas MaTpuna npeobpasoBaHUa NMeET BHI:

U-t= ( _dc _ab ) (3.147)

TaK ITO N3 YCJAOBNA YHUTAPHOCTH TOIYIaeM:
a=d" b= —c* (3.148)

B cuny ycmoBuii (3.144) u (3.148), u3 deThIpex KOMILIEKCHBIX BEJHIWH a, b, ¢, d (T.e.
BOCBMH BEIECTBEHHBIX ), HA CAMOM JeJIe, TOJIBKO TPH (BEIIECTBEHHBIX ) ABJIAIOTCA HE3a-
BHCHMBIMH, 9TO COOTBETCTBYET TPEM yTJIaM IIOBOPOTa TPEXMEpPHOM CHCTEMBI KOOPIUHAT.
Cpasrubag ckaaapsi (3.142) u (3.145) summm, aro ' u ¥?* momxmsr mpeobpasoBbI-
Barbed Kak Y2 m —l.
DapAmy C pacCMOTPEHHBIMH BBIIIE KOHMPEAPUAHMHbLMYU KOMIIOHEHTAME CIIMHOPA
P!, 1)? BBOTAT ellie W KO6APUAHMHDLE KOMIIOHEHTEL:

b1 =197 =yt (3.149)
NupapuanT (3.142) 3alUChIBAETCA TOTIA B BUIE CKAJAPHOTO TPOM3BEIEHNA:
Wroa = vler + ¥y = le” — P! (3.150)
YdareMm Temepb, ITO
Wron = 0lor + ¥ ey = —thap” — iyt (3.151)
TaK YTO BCETIa BBHIMOJHAECTCA CJEAYIOIIee YCA0BHE aHTHCHMMETPUH:
U ox = —hag (3.152)
O1cioma 09eBUIHO, TTO:
Yy =0 (3.153)

Moxno OIIpE€ICJINTE U CIIMHOPBI BBICHINX PaHTOB. SaHpHMep, MOXHO BBECTH CIIMHOPBI
BTOPOTO paHI'a KakK:

P PRt~y U ~ e (3.154)

Crauaopsl 60Jiee BBRICOKOTO paHTa ONPEIeIaioTCa aHAJIOTHIHO.
Yepexol 0T KOHTPBAPHMAHTHBIX CIIMHOPOB K KOBAPUAHTHBIM MOXKHO MPOBECTH C IIO-
MOIIBIO “MeTPUIECKOr0 TeH30pa” BHIA:

N 0 1
gku:gu:<_1 0) (3.155)
ITIOCKOJIBKY, KaK JICTKO BUACTH, MOXKHO HAllUCATh!:

Py = gapth” P = g" M, (3.156)



68 KA2 02 VHECKOE KBAD TOBADNE CBO20[12 bIX SOJIEA. CAMMET3MN B KBAS TOBOW TEO3UN 2014

DaccMOTPHM YMHOKEHIE U YIPOIIeHNe (CBEPTKY ) CIMHOPOB. Y MHOXKEHHE IBYX CITHHOPOB
BTOPOTO I TPETBETO PaHra 3, ¥” "7 maeT CIHHOD MATOTO paHra. Y IpOlIeHHe (CBEPTKA)
1/)§\ZU O IBYM WHIEKCAM jt W ¥ JaeT CIHHODP TPETBETO PAHTa 1/)550. B wacTtHOCTH, yIpO-
menue Y4 naer ckangp ¢3. Dpu aToM, onHako, Hajo yuecth (3.152), (3.153), Tak uTo
1/& = —1/& Orcroma ciemyeT, 9TO YyIPOIIeHHe MO ABYM HHIAEKCAM JTIOO0TO CUMMEMPU -
#o2o (TI0 TIepecTaHOBKEe MHIEKCOB) CIIMHOPA JAaeT Hy Ib! B 9acTHOCTH 115 CHMMETPHIHOTO
CTIMHOP& BTOPOTO PaHTa Y, = P, WMeeM 1/& = 0. CuMMeTpHUYHBIH IO BCEM HHIAEKCAM
CIIIHOD JIIOOOTO PAHTa MOXKHO BCETIIA COCTABHTE COOTBETCTBRYONIEH cuMMeTpusanueii (1.e.
B3ATH CYMMY CIMHODOB CO BCEMHU TEPECTAHOBKAMI WHAEKCOB). B CHIIy CKasaHHOTO, W3
KOMITOHEHT CHMMETPHIHOTO CIIMHOPA HEBOSMOKHO COCTABUTH (IIyTEM YIPOIIEHUA) CITH-
HOPBI Ooslee HU3KOro paHra. C MaTeMaTHYecKol TOYKH 3PEHWdA TAaKUe CIUHODHI Peasii-
3YIOT HEMPWBOIMMBIE TIPEICTABICHUA TPYTIBI Bpauennit SU(2).

Do olpeneseHnIo OMEPATOpa MOMEHTA UMITyIbca (cnuHa) s oneparop 1 + idp(n - s)
OTMCHIBAET TOBOPOT HAa YToJl 8¢ Ha OECKOHEYHO MAJIbIil yroJi 6y BOKPYT OCH, OPHEHTH-
pOBaHHOM BoJIb equHuYHOrO BekTopa n [29]. Iad cnuna s = 1/2 umeem s = %0’, rie o
— Habop Tpex MaTpuIl D ayJin:

ax:<$é) gy:<?_ol) UZ:<(1)_01) (3.157)

Oneparop MOBOpoTa HA KOHEYHBIH YyTOJ, COOTBETCTBEHHO, ECTh!

Up = exp (%(n . U)gp) (3.158)

4YTO MHa4Y€ MOXKHO 3alluCaTh KakK:

Un = cos g +i(n-o)sin g (3.159)

TOI‘,D;& AJ1d ITOBOPOTA BOKPYI OCH 2 UMEECM!:

ip/2
Us(¢) = cos £+ o sin £ = ( . 6_3;/2 ) (3.160)
TaK 49TO
’l/)/l — ,l/)leitp/Z 1/)/2 — 1/}26—2'@/2 (3161)

Orcrona BEIHO HEOOBIYHOE CBOWCTBO CIIMHOPA TIEPBOTO PAHTa — NPU NOSOPOME WG Y2oa 2T
€20 KOMNOHENMbL MEHAIOM 3HaK (HEKITACCHIECKas TBY3HATHOCTE ). TaknM ke cBOHCTBOM
0obJIaIaroT BCe CIMMHOPHI HEYETHBIX PAHTOB.

1 mOBOPOTOB BOKPYT Oceil & U Yy aHAJIOTHIHBIM OOPa30M HAXOINM:

_ o . .9 [ cos% ising

Us(p) = cos 3 + o sin 5 = ( isin2 cos$ (3.162)
U P cos ¥ sin %

Uy(p) = cos 5 + ioy sin 5= ( _sin® cos? (3.163)

CrmHOBBIE CBOMCTBA BOJTHOBBIX DYHKIINN TOXKAECTBEHHBI [JId YaCTUIBI CO CIIMHOM §
U JJId CHCTEMBI U3 n = 2§ YacTull co ciuHaMu s = 1/2 HaIpaBJIeHHBIME TaK, 9TO MOJI-
HBIT CTIMH CUCTEMBI paBeH 2s. Unc10 He3aBUCHMBIX KOMIOHEHT CUMMETPUIHOTO CITTHOPA
paHTa 2s paBHO 25 + 1, MOCKOJTBKY pa3/JIUYIHBI JIUIIH €0 KOMIOHEHTHI, CPeI WHIEKCOB
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KOTOPBIX UMeeTcda 2s enuHunl, u 0 groek, 2s — 1 enmHuUIl, m oana Apofika, ... , 0 emxu-
HAN 1 2s OBoek. Kak yXe yKasbIBaJIoCh, CAMMETPHIHBIE CITHHOPHI MPeobpasyIoTcs Mo
HEMPUBOANMBIM MPEACTABICHUAM TPYIIILI BpalleHMii.

B wacTHOCTH, CIHHOPBI ¥emH020 paHTa MpeobPasyoTca KakK Men30pa TOJJOBHHHOTO
pamra. KoMImOHEHTBI 9THX TEH30pPOB MOTYT OBITH HEMOCPEICTBEHHO BBIPAKEHBI depes
KOMIIOHEHTHI COOTBETCTBYIOIINX CIHHOPOB. B KadecTBe BaXHOTO IMpUMepa TMPHBEIEM B
ABHOM BHIE CBA3b KOMIIOHEHT CIIMHOPA BTOPOTO paHTa ¢ KOMIOHEHTAMH COOTBETCTBYIO-
mero BekTopa [29]:

o= e = = i)t = (i) (3.164)
W2 = —%az Y= %(ax Ciay) 0¥ = —%(ax +iay) (3.165)

1 obparo:
G = VB = ) = (7 ) gy = - ) (3.166)

V2 V2 V2

I/ICHO.HI)iSySI MaTpHUIIbI Say.HI/I, 3THU COOTHOHICHUA MOXKHO IIEPEIINCAaTh B HATVIAAHOM U KOM-
ITaKTHOM B IE:
1
P ——
vy = Vo (3.167)

LY
_ p
a= TN (3.168)
V2
CkaJigpHOE Ipou3BeleHne BEKTOPOB HEIOCPEICTBEHHO BEIPakKacTcd 9epes cKaadpHoe
IPOU3BeIeHNe COOTBETCTBYIOIMUX CINHOPOB KaK:

a-b =1y, (3.169)

Cnounopsl rpynnsl Jlopenria.

Nrak, B HEPEAATUBUCTCKON TEOPUN JacTHIa CO CIMHOM § ommchiBaercd (25 + 1) - KoM-
IOHEHTHOI BeJIMYNHON — CUMMETPHUYHBIM CIIMHOPOM paHTa 25, T.e. MaTEMATHUIECKON Be-
JUYUHON, peaJiu3yoleil COOTRBETCTBYOIIEE HEMTPUBOIUMOE TIPEICTABIEHNE TPYIITHI Bpa-
wennit SU(2). Tpynna Bpamiennfi aBisgerca moarpynmnoit rpynmsl Jloperna (rpymimst
BpallleHn{l B 9eTHIPEXMEPHOM MPOCTPAHCTBE - BpeMenn ). OrpaHnanMcs pacCMOTpEHIEM
cobersennoil rpynmst Jlopetna (6e3 NTpocTpaHCTBEHHBIX oTpaKeHnit). Teopua deThipex-
MEPHBIX CIIMHOPOB CTPOUTCA aHAJIOTUYIHO TECOPHUU TPEXMECPHBIX CIIMHOPOB.

Crmrop €% mpencrtaBageT coboil NTBYXKOMIIOHEHTHYIO BEJMYUHY & = 1,2, COOTBET-
CTBEHHO MpPOeKIMAM cimHa s = +1/2. Do BoznelcTBHEM HPOU3BOJIBLHOIO Tpeobpaso-
BaHWA JIopeHIa, KOMIOHEHTH CIMHOpa MpeobpasyloTca ApyT depes apyra (OuHapHBIE
IpeobpasoBaHns):

¢ =ag 4567 P =98t 18 (3.170)

r7ie KOMILIEKCHBIE KO D DUIMUMEHTH «, 3, Y, 6 ONPEnesdaioTcs YyIIaMi TIOBOPOTa YeTHIPEX-
MEpPHOI CHCTeMBl KOOPAWHAT U MOJYMHEHBI YCJIOBUIO!

ab— By =1 (3.171)
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TaK YTO IETePMUHAHT Tpeobpasoanns (3.170) paBeH 1, 94T0 HakIambIBAET OrpaHNIEHHE
B BH[e IBYX YDAaBHEHWII Ha YeThIpe KOMILIEKCHBIX KO3} duimenTa. JosTOMy OCTAETCA
8-2=6 BelllecTBEHHBIX MapaMeTPOB Mpeobpa30BaHUsA, COOTBETCTBEHHO UUCJIY YTJIOB TO-
BOPOTA CHCTEMBI KOODIMHAT B YE€THIPEXMEPHOM MPOCTPAHCTBE - BPEMEHH (IOBOPOTHI B
HIECTH KOOPIMHATHBIX IIOCKOCTAX ).
B cuny (3.171) npu npeobpasoBannax (3.170) ocraerca nHBapnanTHOW SunnHeiinasd
dopma;:
gre? —¢2ut (3.172)

MOCTPOEHHAA U3 IBYX COHHOPOB £ m =% W COOTBETCTBYIOIAA CKAJAPHONU TACTHIE CO

ciumaoM 0, cocTaBieHHOl U3 ABYX YacTul ciuna 1/2.
Dapgaay ¢ KOHTpBapHAHTHBIME CIHHOPaMH £ BBOIAT ellle M KOBapHaHTHBIE CITHHOPBI

ot
£ = gust? (3.173)

rie

0 1
Jap = gAu ={ 1 ¢ (3.174)
TaK 49TO

f=g £y = g (3.175)
€1£2 _ €2£1 — anz — QEO‘ (3176)

Doka Bce GOpMYJIBI aOCOTIOTHO Te XK€, 9TO U B HEPEJIATHBUCTCKON TEOPUH. Dazaudue
BO3HUKAET MIPU PACCMOTPEHUN KOMILJIEKCHO CONPAKEHHBIX CIIMHOPOB. B HepemaTuBuCT-
ckoit Teopuu cymMa i yl* +1p24p?* | onpenesdionag MIOTHOCTb BEPOATHOCTH JIOK aJIN3a-
IUH 9ACTHIL B MPOCTPAHCTBE, ABAAETCA CKAJTAPOM. JOITOMY, KOMIIOHEHTHI /™™ MO HBI
mpeobpa30BBIBATHCA KaK KOBAPDHAHTHBIE KOMIIOHEHTHI CMUHOPa. (COOTBETCTBEHHO, TIPe-
obpasopanne (3.141), kax MBI BUIEH, ABIACTCH YHUTAPHBIM. B PelATUBHCTCKON Te-
OPHUH TIJIOTHOCTH YACTHIl HE ABJAAETCA CKAJAPOM, a MPEICTaBIAET coOOl BpeMEHHYIO
KOMIIOHEHTY 4-BeKTopa, a Ha Koaddunnents mpeodpasosannusd (3.170) He HakIambl-
BaeTCcA HWKAKMX orpanmdennii, kpome (3.171). DosToMy, B penaTHBUCTCKON Teopun
KOMILJIEKCHO COTpAKEHHBIE TPeobpasoBaHid CIIMHOPOB OKA3BIBAIOTCA CYIIECTBEHHO pas3-
augHbIME. COOTBETCTBEHHO, 3[€Ch BOSHUKAET JBA THIIA CHUHOPOB. WHIEKCH CIIMHOPOB,
Ipeobpasyomnxcsa MO MO KOMILIEKCHO COMpAKeHHBIM dhopmynam (3.170) ormedatorcsa
TOYKAMH (MyHKTUPHBIE WHIEKCHI).

Do onpeenennio umeeM 7Y ~ £ (3HAYOK ~ O3HAYAET 371eCh “Ipeobpasyercd Kak” ),
1 TPaBUJIO Mpeobpa30BaHUsd CIMHOPOB ¢ MYHKTUPHBIMHU WHIEKCAMU MMEET BUI:

OHepaL[I/II/I OIIyCKaHUA U IMOJHUMMAaHNA NHICKCOB NMEIOT Hpe}KHI/Iﬁ BUI:
=0 my=-n (3.178)

D0 OTHOILIEHWIO K TPEXMEPHBIM BpAallleHUAM 4-CIUHOPBI BeOyT cebd Kak TpeXMepHBIE
COUHOPBI, TIOCKOJIBKY, KAK OTMEYAJIOCh BBIIIE, TPYINa BPAIICHUH ABIACTCS MTOATPYIION
rpynns! Jlopenna. Do Ijid4 TpeXMepHBIX CIHHOPOB %5 ~ ¥, DosToMy, 1, BeleT cebd
IpU BpallleHUAX KaK KOHTPBapUAHTHBIN 3-crimHOp ¥ .
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CHI/IHOpr BBICIIX PAHTOB OIIPEACTIAIOTCA KaK COBOKYITHOCTH BEJIMIMH, Hpeo6pa3y10—
IMUXCA KaK IMPON3BECICHNA KOMIIOHEHT HECKOJIBKUX CIIMHOPOB IIEPBOT'O paHTa. SaHpHMep,
MOXHO BBECTH TpH THIIa CIIMHOPOB BTOPOTI'O paHTa:

P~ (Pt g~ HP (3.179)

CoOTBETCTBEHHO, PAHT CIMHOPA B PEATHBUCTCKON TEOPUH yKA3BIBAETCA B BHIE TAPBI
wncest (k, 1), T.e. YncIa HEMYHKTUPHBIX 1 MYHKTHPHBIX HHAEKCOB.

CaeprhiBannie (ympolleHne) CIUHOPOB MOXKET MPOM3BOANTHCA JIHINB IO HapaM WH-
JEKCOB OAMHAKOBOTO pofa (IBYM HMyHKTHDHBIM WJIH ABYM HEMYHKTHPHBIM ), TOCKOJIBKY
CYMMUPOBaHUE IO Iape NHAEKCOB Ppa3JIMIHOTO poaa He ABJdeTcda NHBApHaHTHOR omnepa-
nueit. Do3ToMy, U3 CIIHHOPA

Calag...ak5152~~~ﬁl (3.180)

CHUMMETPUYIHOTO TI0 BCeM k TMYHKTUDPHBIM U | HEMyHKTUPHBIM HHIEKCAM HeJIb3s obpa-
30BaTh CHOMHOD GoJiee HU3KOTO paHra (YUpOIIEHHe MO Hape WHIEKCOB, OTHOCHTETHHO
KOTODBIX CIHHOP CHMMeTpuYeH naeT, ¢ ydaeroM (3.176), Hysn). Takum obpasom, cnm-
MEeTPUYHBIE CIIMHOPHI PEaU3yIOT HENPUBOAUMBIE MPEICTABIEHNA TPyl Jlopenma, a
KakJoe TaKoe TpecTaBsenne onpenenderca mapoit uncen (k,!). DocKonbKy KakIbiii
I3 CONHOPHBIX HHAEKCOB IMpoberaeT mBa sHadeHHd, To mMeeTcd k + 1 cymecTBeHmo®
Pas/IMYHBIX HABOPOB WHCeNT (1, vz, ..., o B (3.180) (comepxamux 0,1,2,.. .k equaum u k k-
1,...,0 mBoex) n {+1 Habopos uncen By, fa, ..., 1. ClaegoBarenbHO, CAMMETDUIHBIN CITHHOD
panra (k,!) umeer (k+1)(I+1) He3aBHCHMBIX KOMIIOHEHT, UTO 1 ONIPENENAET PASMEPHOCTE
COOTBETCTBYIONIETO HEMPUBOAMMOTO TIPEICTABICHUS .

CBsA3b CIUHOPOB ¢ 4-BEKTOPAMM.

Cuunop (%Y umeer 2-2=4 KOMIOHEHTbI, CTOJIBKO ke, CKOJIBKO U y 4-BekTopa a’. Do-
CKOJIBKY TOT W APYTOil peaJms3yioT OZHO W TO K€ HENPUBOAMMOE IPEICTABIEHUE COD-
CTBeHHOM Tpynnsl JlopeHIia, MeX Iy WX KOMIIOHEHTAMH CYIECTBYET JUHEWHAA CBA3b!

al = %(Cm +C21) a = %(Cli . Czi)

a3 = %(CH _ Czé) a® = %(CH + Czé) (3.181)

L1 TpocTpaHCTBEHHBIX KOMIIOHEHT 3Ta CBA3b TaKad XKe, Kak W B TPEXMEepPHOI TpyIie
Bpamenuii, ¢ yaerom samenst ¥ — (7. Bupaxenme mia a’ ogeBnmmno U3 mpoBemen-
HBIX BBIIE PACCYXKACHHUI O IJIOTHOCTH BEPOATHOCTH NMPOCTPAHCTBEHHON JIOKaJsm3alnm

JacTHIbI, KaK BpeMeHHOI KOMIOHEHTH 4-BekTopa. ObparHbie hopMyJIbl HIMEIOT BII;
11 _ . _ .3 0 22 _ . _ 0 3
(T =C=a"+a (“=(i=a —a
M=y =a —id® =y =d +id? (3.182)

Kosddunuentsr B stux dopmysiax momobpaHbl Tak, ITOOBI CKaIsdpHOE TPOM3BEIeHIe
3aMUChIBATIOCH B BHJIE:

I
a? = 5 h (3.183)

8(‘15 u Cﬁa — T0 OIHO W TO K€, IOCKOJIBKY IpeobpasoBanud (3.170) u (3.177) HesaBHCHMSEL.
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Coorsercrue Mexay (%P u 4-BexTopoM a* ecThb 4acTHBIA ciydaii oflero mpasma:
JII000H cMMMeTpudHbBIi ciuHOp panra (k, k) SKBUBaJ€HTEH CHMMETPHIHOMY HETPHBO-
JuMoMy (T.e. obpalnaioleMycsa B HyJIb IPH CBEPTHIBAHUM MO JII0OON Mape MHIEKCOB)
4-Tensopy pamra k.

Crasp crmnopa panra (1,1) ¢ 4-sektopom (3.181), (3.182) MoxkHO 3amucaTh B KOM-
NaKTHOM BHJIE C MOMOIIBIO MaTpHIL, D ayJIn:

a= %Sp(é’a) a’ = %Spé’ (3.184)

(=a o+a'l (3.185)

rae ¢ — marpuna (*?, 1 — ennanunas mMarpuma.
BanumeM npeobpazoBanue cuuHopa ¥ B BHIE:

£ = (BE)® rtme B= ( : ? ) (3.186)
Torma® . . .
0 = (B*n)’ = (nBt)? (3.187)

IpeobpasoBanne cuuHOpa panra (1, 1) samuceiBaeTca Torma Kak:
¢’ = B(B* (3.188)

D pu GeckoHedHO MaJoM mpeobpasoBannu B = 14+ A, roe A — 6eckoHEYHO MaJTad MaTPHILA.
Torma us (3.188) umeem:
=C+ A+ (3.189)

DaccMOTpUM Tellephb mpeobpasoBanue JlopeHiia K cucTeMe KOOPAWHAT, MIBUKYIIelcd ¢
BeckoHeTHO MaJsoii cKopocThio 8V (6e3 m3MeHeHNA HANpaBJICHUA MPOCTPAHCTBEHHBIX

oceit). Dpu »rom 4-BekTop a* = (a’, a) npeobpasyerca Kak:

a =—a—dv ad®=a"—a. év (3.190)

Mcnompayem teneps (3.184). C ommoii cTopoHbI:
1
a’ =a’ —adv =da® - §Sp(C06v) (3.191)
a ¢ gpyroi

1 1 1
@0 = 58 = 0+ SSPOC + ) = a4 ZSpCA+ A) (3.192)

Cpasrnsag (3.191), (3.192) moyaaem:
A4 At = —oév (3.193)
AHaJJOrm9HBIM 06pa30oM, pacCMaTpHUBad IPeobpa3oBaAHHE A, Oy IHM:

oA+ Ate = —év (3.194)

9 Iy KOBADMAHTHBIX KOMITOHEHT MeeM £/ = (B_lf)a = (fB_l)ou 77(/i = (UB*_l)a, TaK 9TO CKa-
JAPHOE TPOW3BENEHNE CITHTHOPOB OCTAECTCA WHBAPHAHTHBIM.
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Dasernctia (3.193), (3.194) umeroT pelnienue:
n 1
A=AT = ——obv (3.195)
2
Tak 9T0 HeckoHedHo MaJsoe mpeobpasoBanue Jlopenna mig cnuHopa ¢ ocyliecTBaAgeTCA
MaTpHUIen:
1
B=1- 5(0 -m)év (3.196)
rae n = év/év. Orciona MOKHO HepeiiT K KOHEYHBIM IIPeobpa3oBaHUAM. D peobpaso-
Bauwe Jlopenna (Mepexon K cHcTeMe KOOPIWHAT, IBIKYIIEHCA CO CKOPOCTBIO V) TeoMe-
TPUUECKN O3HAYAET IMOBOPOT UETHIPEXMEPHON CHCTEMBI KOOPAWHAT B IJIOCKOCTH (¢, 1)
HA YIOJ ¢, CBA3AHHBIA CO CKOPOCTBIO ¥ PABEHCTBOM v = Lhep [25]. DeckoHeYHO MaJoMy
Mpeobpas’oBaHWI0 COOTBETCTBYET yTOJ 8¢ = v, a MOBOPOT Ha KOHEUHBIH YTroJI ocylie-

CTBAAETCA /b - KpaTHBIM TIPUMeHEHIEM MOBopoTa Ha d¢. Bosond (3.196) B cTenens
/b u nepexong x npeneny dp — 0, noaydaem:

B = exp (—gn . 0') (3.197)
y‘H/ITbIBa,ﬂ, YTO YE€THBIC CTEIICHU 11 - 0 paBHBI 1, a HEYETHBIC — 11 - 0, UMEEM!
B:chg—n.ashg the = v (3.198)

OTMeTHM >PMETOBOCTH MaTpHIIbI Tpeobpasobanud B = BT . Boipaxenne (3.198) u onpe-
JIendeT JIOPEHIEBCKOe TpeobpasoBaHIe YeTHIPEXMEPHOTO CIIMTHOPA MEPBOTO PAHTA.

DaccMOTpUM Terepb HECKOHEYHO MAJIBI TIOBOPOT BEKTOPA B TPEXMEPHOM IIPOCTPAH-
CTBe, KOTIA:

a’ = a—[60 x a] (3.199)

B sToM caydae, aHAJIOTHYHBIM 00pa30M, IOy IHM:
B=1+ %U - 66 (3.200)
a [IJ1d OBOPOTa Ha KOHEUHBIH yroJI:
B =exp (ign~a) :cos%—i—inwfsin% (3.201)

IIe n 3afaeT HaIpabJeHHe OCH BpallleHnd. 9Ta MaTpuma yEuTapHa Bt = B~! xax m
JIOJTZKHO OBITH [I1d TIPOCTPAHCTBEHHOTO TIOBOPOTA.

WNusepcust cuuropos (P - orpaxkenue).

B HepenaTuBuCcTCKOI KBAaHTOBOI MeXaHWKe Olepalnd WHBEPCHH MPOCTPAHCTBA HE Me-
HAET 3HAK aKCHAJBHOTO BEKTODPA, KAKOBBIM ABJAETCA CIIUH. JOITOMY HE MEHdET 3HAK
u ero mpoeknuda s°. Takum oOpazoM, IpU WHBEPCHU KaXKIad KOMIIOHEHTA TPEXMEPHOTO
crmHOpa ¥ mpeobpasyercda TOJBKO depes caMmy cebd:

b — Py (3.202)

SpOBO,D;ﬂ MHBEPCUIO ABa2Kbl, MBI BO3BPpallacMCd K UCXOOHOI cucTeMe KoopAuHaT. B CJIy-
qJac CIIMHOPOB, BO3BpAaT K HAYaJIbHOMY IMOJIOXKECHUIO MOXKHO ITOHUMAaTb anbo Kax IIOBOPOT
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Ha yrosa 0, mubo Kak MOBOPOT Ha Yros 2/pi. Do Mbl BUAEIN, YTO IJd CIMHOPOB 9TO HE
OJIHO 1 TOXKe, HOCKOIBKY, coriacHo (3.161), KOMIOHEHTHI ¥* MEHAOT 3HAK TPH HOBOPOTE
Ha 27. Y03TOMY BOSHUKAIOT JBE AJbTEPHATHBHI:

P =1 1e. P=41 (3.203)

Pi=—-1 1e. P==xi (3.204)

DepeiimeM K deTbIpeXMepHBIM ciimHopaM. WHBEpcHA KOMMYyTaTHBHA C MPOCTPAHCTBEH-
HBIMU BPAIIEHUAME, TIOCKOJIBKY OHA JIWIb MEHAET 3HAK &,Y, 2 B &, Y, Z,{, HO HEKOMMY-
TaTUBHA ¢ MPeodPa3OBAHUAME, MOBOpadWBatonuMu och . B camom mese, ecou L ecTh
npeobpasoBanune JlopeHna K cucreme, ABMKyIueiica co ckopocthio v, 1o PL = L'P, tne
L’ — mpeobpasoBaHmne K cEUCTeMe, IBUXKYylIeiica co ckopocThio —v. Takum obpasom, mpu
HHBEPCHUE, KOMITOHEHTHI Y€THIPEXMEPHOTO CIIHOpa £ He MOTYT Ipeobpa30oBBIBATHCH de-
pes camux cebsa. Takum obpasom, nHBepcua mpeobpasyeT ¢ depes Apyrue BEJIMYWHBI,
KAKOBBIME MOTYT OBITH HIIb 7%, DOCKOMBKY HHBEpPCHS HE M3MEHAET 3HAK 5., TO KOM-
nonenThl &1 u €2 MoryT nepeliTu TOBKO B )i U 13, COOTBETCTBYIOIME TEM Ke s, = +1/2
u s, = —1/2. Donumag non MHBEPCHUEl ONepanuio, JAOIY0 | IpU IByKPATHOM IIpUME-
HEHUHU, OMpEeNeS M ee (POPMYJIaMu:

£ —na Na — &7

Eo — —0° N — —£~ (3.205)
g caydaa P? = 1. Jlna sapuanta P? = —1 MOXKHO HAITUCAT:
£ —ina na — "
Eo — —in® % — —i€® (3.206)

Ilpyroii 3HaK BO BTOPO# cTpoKe 5THX (HOPMYJI CBA3AH C TeM 0OCTOATETHCTBOM, ITO OIYC-
KaHWe U MOJHUMAaHWe OJHOTO U TOTO e WHAEKCA MPOUCXOINT, COTJIACHO (3.175), (3.178),
C Pa3sHBIMH 3HAKaMH. DUKe, IJd OIMpeIeSICHHOCTH, Besme OyAeM MOIb30BaThCA OIpene-
serneM (3.206).

D0 OTHONIEHWIO K MOATPYIINE BPAIlEeHU, KaK MBI BUIEJHN BBINIE, BEJIUIUHBI £¥ U 14
npeobpasyorca onnaakoBo. O0pasyeM nX KOMOWHAIUN:

R (3.207)

DeTpyaHO BUAETD, 9TO 9TH KOMOMHAIIME Mpeobpas3yioTcd MPpH HHBEPCHH caMi depes cebs,
KakK (3.202) ¢ P = +i. OnHako, 5T KOMOMHAIINH He BeIyT cebd KaK CIMHOPHI MO OTHO-
IIEHNIO KO BCEM TPeobpa3oBaHuAM Tpymmel JlopeHra.

Taxmm 0bpaszoM, BKAOYEHIE HHBEPCUN B TPYIIY CHMMETPHE TpebyeT oIHOBPEMEH-
HOTO PAcCMOTPEHNA Maphbl CIIMHOPOB (£, 1) — 6ucnunopa. YeTbipe KOMIOHEHTH GUCITH-
HOpa peaJiu3yoT OJHO WX HENPUBOIMMBIX TIpelcTaBJaeHUll paciimpeHHoil Tpynnb Jlo-
penma. CraJagpHoe TMPOM3BEIEHHE IBYX OUCIMHOPOB MOXKET OBITH 0O6pasoBaHO IBYMsI
pasHbIME criocobamu. Bennanma

E¥Eq +nall® (3.208)

IIpUM MHBEPCHUHN HE MEHAETCA U OIIpEAeJIdeT, TAKUM o6pa30M, UCTUHHBIH CKaJIdp. Benuguna

§¥ B0 — naH® (3.209)
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TaKXKe NHBaApHaHTHA OTHOCUTEIHHO MOBOPOTOB YeThIpEXMEpPHO crucTeMbl KOOPAMHAT, HO
MeHAET 3HAK NP UHBEPCHUH, ONPENEIAA, TAKIM 00pa3oM, ncesdockasp.

Hpymsa cnocobamn n3 KOMIIOHEHT JABYX OHCIMHOPOB MOXKHO ONDENE/UTh U COOTBET-
eTByIommii cimHOp BTOporo panra (. Oupenesnus ero Kax:

¢~ 0P 4 By (3.210)

IOJIYYnM BEJUYHHY, Ipeobpasyollyioca Ipi HHBepcHn cornacho (*F — Cap, TaK 9TO 4-
BEKTOD, KBUBAJIEHTHBIH 3TOMY cIUHOPY npeobpasyerca cornacHo (a” a) — (a®, —a) u
npeacTaBageT coboll HCTHHHBIH 4-BeKTOp (IpH 9TOM a — MOJIAPHBIH BEKTOD). DO MOKHO
onpenenuts (7 u unaue:

CoP P —ZyP (3.211)

Torna npu unsepcun (¥ — —(45 1 >TOMY CIIMHODY COOTBETCTBYeT 4-BeKTOD, IIpeobpa-
sytouuiicst npu nheepcnn kak (a°,a) — (—a’, a), r.e. 4-ncenoBexTop (a — aKCHATBHBIH

BEKTOP).

¥YpaBuenue lupaka.

Tactuia co cnuroM 1/2 B cucTeMe mokos OMUCHIBACTCH [BYXKOMIIOHEHTHON BOJTHOBOIL
dyHKIHEN — TPEXMEDHBIM COIHHOPOM. DO CBOEMY UETBIPEXMEDHOMY “TIPOUCXOKIEHUIO”
9TO MOXKeT OBITh KaK HEMYHKTUPHBINA, TaK W MyHKTUPHBIR 4-crimHOp: €Y won 1)4. Exunn-
CTBEHHBIH OllepaTop, BXOAALMI B BOIHOBOE ypaBHEHHE €CThb p, = %0, , KOTODHIA B CIu-
HOPHOM TIPEJICTAB/ICHAN BBIPAKACTCA 9EPE3 P, 5

Pt =pys=p.+po P =pii=po—ps
PP =—pyi =pe—ipy P =—ps=Dps tipy (3.212)

U3 TpeboBanua peTATHBACTCKONR MHBAPUAHTHOCTH Cpasy ke MOXKHO HAMNCATH CJIEIYIO-
nyo cucrtemy nuddepeHnna bHbIX ypaBHEHUH TepBOTO MOPAIKA!

Py = me?
Psa” = mny (3.213)

KOTOpas W MpeacTaBageT coboii cucteMy ypaBuennii /Inpaka B CIHHOPHOM TpeICcTaBIIe-
HUH.
Donacrapiadaa TG U3 BTOPOIO ypaBHEHUA (3.213) B mepBoe, MOy UNM:

Oé. 1 Oé. (a3
Py = —p™p s = me (3.214)

26oz

+, momygaem us (3.214):

YuauTsiBad p“ﬁpw =p
(p? —m*)E =0 (3.215)

— ypaBuenue Kuteiina - [opmona mima kax ol KOMIIOHEHTBI CIMHOpPA. DPH 2TOM ACHO,
9TO MapaMeTp 1M UTPAET POJIb MACChl 9ACTHIIBI. 3aMETHUM, YTO UMEHHO HEOOXOIUMOCTD
BBEIEHNA MaCcChl TpebyeT OTHOBPEMEHHOTO PACCMOTPEHUA J6yZ CIUHOPOB £ U NG, T
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BBe/IcHHA OUCIIMHOPa, HHAYEe HE yIAeTCA COCTABUTE PEAATHBACTCKH HHBApHAHTHEIE YDaB-
HEeHUd, CollepKalllie pa3sMepHBIH mapaMeTp m. B pesy/brare, BOJIHOBOE ypaBHEHHE OKa-
3BIBACTCA ABTOMATHYECKH MHBAPHAHTHBLIM OTHOCHTEJIBHO MIPOCTPAHCTBEHHON MHBEPCHH,
ecsin onpeesnTh ee Kak (cp. (3.206)):

P: % —ing na— it" (3.216)

PDpu a1oM B (3.213) onHOBpeMenHO p*F — Doj
C nomomisio (3.185) ypasuennsa (3.213) MoxHO 3ammucaTh Kak:

(Po + po)n = m¢
(po — po)§ = my (3.217)

~(8) ()

J1J1sT KOMILJIEKCHO CONMPSIKEHHBIX YpaBHEHU yA00HO BBECTH CTPOKH:
f* — (é’l*’gZ*) 77* = (77;’77;) (3219)

u 3ammcath (¢ y9eToM pj, = —pu):

rIe BBEJIH CTOJIOLBL:

n"(po +po) = —m¢
& (po— po) = —my (3.220)

Ornepanus WHBEPCHH 1T KOMILIEKCHO CONPAKEHHBIX CIITHOPOB 3alNCHIBACTCA KaK:
. a* c * ek
P EN — —if, mh — —i€ (3.221)

B snmreparype, ropasmo waiie Hexenn (3.213) wawm (3.217), ucmonbsyercd Tak Ha-
3bpIBaeMadg CUMMeTpudHad gopma ypaBHennsa [lupaka. UToOwl mepeiitn kK Heil, BBemeM
YeTHIPEXKOMIOHEHTHBIH GuctuHop Tnpaka, cocTaBieHHblit n3 cTos6m0B (3.218):

% = ( g ) (3.222)

Torma cucremy (3.217) MOXKHO 3allicaTh Kak:

Puip b = mab; (3.223)
WJIH, OILyCKas OHCIMHOPHBIE HHIEKCHL:
(YFpu—m)p =0 T.e. (Iv*0, —m)y =0 (3.224)

rie vHp, = poy’ —p -y =" % + ¢y -V, u MBI BBesTH MaTpuipt 4 x4 (Mmarpunst Tnpaka)

BHJIA: i
o (01 (0 -—o
'y_<i 0) ’y_<& 0 ) (3.225)

HetictBurenso, (3.217) MoXKHO 3anmcarh B BHIE:

(e 5 ) (8)=m(9) s
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410 comagaer ¢ (3.224) upu BeiGope y-marpur, B Buze (3.225).

B ob1miem citygae y-MaTpUIBl JOKHBI JHIIb YIOBJIETBOPATE YCJAOBHAM, 0beciednBa-
tomuM paBeHcTBO p? = m?. [l BBIBOMA 5THX yCa0BHil yMHOKUM (3.224) ciieBa Ha v p,,.
Torma:

(Y 2 ) (VP = m(yH )b = m*y (3.227)

DOCKOJIBKY pup, MPencTaBgeT cOOO CHMMeTPUUHBIH TeH30p (KOMIOHEHTH HMIIYIbCA
KOMMYTATHBHEL), TO (3.227) MOXHO Hepenucarh B BUIE:

1
5Pubr (77" 977" = m*y (3.228)

TaK 4YTO HeO6XO,D;I/IMOG YCJIOBHUE BBIITOJTHEHO, €CJIN:
Y A = 29" (3.229)
Taxum obpazom, maphl pasHBIX MaTpHUIl 7* aHTUKOMMYTHUDYIOT, & UX KBaJIPaThl PABHBI:
) =0")P=0")P=-1 (") =1 (3.230)

Dpu NpoM3BOJLHOM YHHTApHOM Hpeobpa3oBaHUE KOMIOHEHT buctnmuopa v: ¢ = Ui,
rae U - yauTapHad marpuiia 4 x4, y-MaTpuiisl mpeobpasyioTcd Kak:

N =UyU =UUT (3.231)

TaK 110 (y.p* — m)y = 0 mepexomut B (y'#p, — m)y’ = 0. Dpu TakoM IpeobpasoBaHUE
COXpPAHATCA OUYeBUIHBIE U3 (3.225) cBOMcTBA:

r=— =4 (3.232)

YpaBHeHWe, KOMILIEKCHO compaxenHoe (3.224), MOKHO 3alicarh B BHIE:

(=po¥o — Py —m)y* =0 (3.233)
Depecrapagas * ¢ nomorbio YHY* = *y* u ymHOKad Bece ypaBHeHue cripaba Ha Y0 (c
yuerom vy? = —4%), monyunm conpskentoe ypasnenne [Iupaka:
Yy pu +m) =0 (3.234)
T7le BBEJIN: B B
b=ty =gy (3.235)

— OIEpAINo TUPAKOBCKOTO CONPAKEHNA OUCTHHOPA 1.
YeTpynHO BUIETH, UTO ypaBHenue Hupaka (3.224):

(y* 9, —m)y =0 (3.236)

MOXKeT OBITH TIOJYYEeHO U3 ypaBHeHua Jitsiepa - Jlarpanxka:

oL oL\
5~ O (73(%1/))) —0 (3.237)

€CJIN BBECTH JlarpaHXKHWaH JUPAKOBCKOI'O IIOJId B BHUIE!

L= L (0u) — Ouir ] — mip = W B —mis (3.238)
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rae gepes J, obosHadena onepanud quddepennupopanud “Bupaso” u “Biaeso”, oupeme-
JIeHHAas BBITNCAHHBIM TOKICCTBOM. D PHI 5TOM, B ypaBHeHHAX dinepa - Jlarpamka 1) u 1
paccMaTpuBaloTCA KakK HE3aBHCHMBIE MoJIs (CompsakenHoe ypasHenne [lupaka (3.234))
Hosydaercsa W3 ypasHeHus (3.237) mocie 3aMeHBI Y — 1. Torma HEMeLIEHHO HAXOMHM
KaHOHWIECKU{ UMIYIbC T(%) TUPAKOBCKOTO MOJIA:

oL

7(z) = — =it () (3.239)
O (x)
B pesymabTare, mAoTHOCTH raMUJIBTOHHAHA TUPAKOBCKOIO TIOJIA 3AMUCHIBAETCA KaK:
— R N N — o+ a00:.0 _+-61/’
H=mp— L= 9Ty (=07 0+ m)y = YTy (v 0ot) = YT i (3.240)
e BO BTOPOM paBEHCTBE HCIOIB30BaHO ypasHeHne Tupaka (3.224).
Orcrymiienne 0 pasMepHOCTSIX.
Vcnionbsys ABHBIE BHI JlarpaHKHaHa THPaKOBCKOro moJrd (3.238) 1 m3BecTHEIE pasMepHoOCTH (L] = —*,
[m] =171, [8] = {7}, s;remMenTapHO HaXOMHM PasMEPHOCTD THPAKOBCKOTO TIOJIH:
[] = [¢] = 17°/2 (3.241)

9qTO IIPATOAUTCA B HaJIbHENIIEM.

IpeobpasoBanne nHBepcnu (3.216) m4a ¢ MOKHO 3amncarh B BHIE:
P p — iy — —ipy? (3.242)

MuBapuanTHOCTD ypaBHeHn JIupaka OTHOCHTENBHO (3.242) oueBnnHa: 3aMeHAA P — —P
u Y — vy monyuaem (poy° +py—m)y°Y = 0, a ymHOKaz 5TO ypaBHeHUe ceBa Ha Y,
U YUHTHBad aHTHKOMMYTaTHBHOCTE 7 I 7, Bo3BpallaeMcd K HCXOIHOMY YpaBHEHHIO.

Vunroxum (Y4p, — m) = 0 ciea na 9, a ¥(y*p, +m) = 0 cipasa Ha ¥, cIoKIM
UX A TOJYIUM:

Dy (putd) + (ppd) v ¢ = pu(yu) = 0 (3.243)
- ypaBHeHI/Ie HereprBHOCTI/I HJId 4—TOKa ,D;I/Ipa,KOBCKI/IX qacCcTHuIL:
uj* =0 jF =y = (e, vy ) (3.244)

oNmcHIBalollee 3aKOH COXpaHeHHd 3apdafa, IJIOTHOCTL KOTOpoTro j° = ¥* > 0.
Ypasaenue [Jupaka MOXKHO 3amucaTh B Bule ypaBHenud lllpenunrepa:

ov
ot

? =Hvy (3.245)
e raMuJIbTOHUAH H uMeer BU:

H=oap+ 8m (3.246)
Ijie IUPaKOBCKHE MATPUIBL o U [3:

a = 'yofy 8= 70 (3247)

Tak uTo (3.246) coBnamaer ¢ BBemeHHBIM Bbie (3.240). Marpuusr (3.247) ynoBiaerso-
PAIOT KOMMYTallMOHHLIM COOTHOIICHMAM:

gy +apoy; =26 Pa+aBf=0 [F=1 (3.248)
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a X gBHBIN BUII:

c 0 0 1
a={ 8= 10 (3.249)

—

DacCMOTPHUM HEPETATHBUCTCKHUI Tpenes. Depexond B (3.217) k mpeneny p — 0, ¢ —
m, moJyduM £ = 5}, Tak 4To 0ba CIMHOpa W3 OMCIUHOpPA COBIAIAIOT, HO BCE YETHIPE
KOMIOHEHTHI OMCIIUHOPA OCTAIOTCH HEHYJIEBBIME. B TOXe Bpems, fiCHO, UTO JINIIh [IBE U3
HUX HE3ABUCUMBI. ¥ IOOHO TepeliTn K Tak HA3BIBAEMOMY CTAHIAPTHOMY HPENCTABIIEHUIO,
B KOTOPOM B HEPEJIATUBUCTCKOM TIPEese ABE KOMIIOHEHTH OMCIUHOPa obpaliaioTcd B
HyJb. s »Toro BBOOAM:

(¥
v= X
_ ! _ ! 3.250
so—ﬁ(@rn) x—ﬁ(ﬁ—n) (3.250)

I nokosimedica qacTunbl, oueBuaHO, MeeM Yy = 0. CkaapiBasg W BEIYUTasA ypaBHEHUA
(3.217), nonyvaem:

Pop —POX = myp
—pox + Pop =my (3.251)

OTKYJa MOXKHO HaWTU dABHBIH BUA Y-MaTPUI, 1/ CTAaHIAPTHOTO npencTtaBierusd [1]. Or-
MeTuM, 9To B (3.250) 0TaeTBHO CKITAIBIBAIOTCS TIEPBBIE U BTOPBIE KOMIIOHEHTHI CITHHOPOB
& u . CoOTBETCTBEHHO, B CTAHIAPTHOM MPEICTABIEHNN, KAK U B PACCMOTPEHHOM BHBIIIIE
CIIMHOPHOM, 11, 13 COOTBETCTBYIOT NpoekImu s° = +1/2, a )9, 14 — npoexiuu s* = —1/2.
Marpurma

1 1/ 0 0
52_5 0 o (3.252)

HdaeT TpeXMeprIﬁ OIl€paTop CIIMHa B CTAHJAPTHOM NIpeACTaBJICHUN.

CnupaiabHOCT.

B penarupucrckoit Teopun opburasibHBIH MoMeHT | M crimiH S OBMKYINENCH YACTHUIBI HE COXPAHAIOTCH
KaXIObi B oTmesbHOcTH. CoXpaHAeTCA JUNIb TOJTHBI MomeHT j = | 4+ s. Dosromy He coxpammerca
¥ IpOeKIW# CIIHHa Ha KaKoe-JIH0o HallpaBseHHe (OCh z), TaK 9UTO »Ta Be/IMIWHA He MOXKET CIYXKHTH
IJIA MepeYnC/IeHAA HO/IAPH3aluoHHbIX (CIMHOBBIX) KOMIIOHEHT NBIDKyllelica wactumsl. Coxpansmercs,
OIHAKO, CRUPAALHOCTAY, T.€. HPOEKIW:A CIIMHa Ha HallpaBJIEHWE IBIDKEHHA (MMIy/Ibca). B camom meore,

nockobKy 1 = [r X p], To mpomsBemenwe S - N, TOe N = , COBIIamaeT ¢ OYeBHIOHO COXPAHATOIMMCH

P
Pl
mpomsBenenneM j - n. CoGCcTBEHABIE 3HAYEHUA CITAPATBHOCTH A = —5, ..., +5. COOTBETCTBEHHO, BOJTHOBBIE
bynKITHY CBOGOMHON TACTHIIBI C MMITYJTHCOM P XapaKTEPU3YIOTCHA ellle M COEPATBLHOCTBIO! Yp ) . B cucreme
[IOKOH COCTOAHME IaCTHIBL XapaKTEPU3yeTCcH, KaK OOBITHO, CIIMHOM (€ro mpoeKnmel Ha oChb z).

Joia gacTrITs ¢ Hy JIeBol Maccoll oKod He CyNIecTBY €T CHCTEMBI TIOKOH, B JIFOOOH cHcTeMe KOOpIIHAT
OHaA OBWIKETCA CO CKOPOCTBIO CBETA. DO OTHONIEHWIO K TAKOW 9aCTHIE BCETIa CYNIECTBYET BRIOEJIEHHOE
HaIlpaBJICHUE B MTPOCTPAHCTBE — HAIlpaBJICHWE BEKTOpAa MMIyJdbca P. B »ToM ciydae He cymecTByeT
CAMMETPHH ITO OTHOIIEHWIO KO BCell TPYIie TPeXMEPHBIX BpalleHUH, a CyUIeCTBYET JIUNIb aKCHATbBHAT
CAMMETPHA 10 OTHONIEHWIO K TTIOBOPOTAM BOKPYT 3TOH BEImeIeHHONH ocr. CoOTBETCTBEHHO, COXPAHAETCA
TOJIBKO CIEPATbHOCTE. Hcam morpe6oBaTh CHMMETPHIO TI0 OTHOIIEHHIO K OTPaKEHUAM B ILJIOCKOCTAX,
TPOXOOANAX I€PE3 OCh P, TO COCTOAHUHA, OTINIAIONINECA 3HAKOM A, Oy/IyT BBIPOXKIOEHBI, TaK ITO IIPH
A # 0 mmeem mByKpaTHOe BBEIpoXKOeHUe. Takmm obGpasom, mpu mepexome K mpemesy m — 0 cmcrema
YPaBHEHWH NJTA YACTHUITEI CO CITUAOM § PACIIATacTCA Ha HE3aBUCHMBIE YPABHEHH A, OTBEIAONIE TACTHATIAM
co cmmpampHOCTAME *5,£(s — 1),.... Danpumep, mra dororma A = +1, 9To Ha ASHIKE MOJIAPHSAIHN
COOTBETCTBYET IIPABO W JIEBO TOJIAPU3OBAHHBIM POTOHAM.
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Augrebpa marpur Hupaka.

B IIPAKTUICCKNUX BBIYUCJICHUAX GOoJIbIIIOE 3HAUYCHUE UMEET aﬂre6pa Y-MaTpHuL,. SpI/IBe,D;eM
CBOIKY OCHOBHBIX (bOPMYJI I OTIpeIesIeHni, KoTophie OYAYT BCe BpeMs NCIOIB30BAThCA B
,D;aﬂbHeﬁH.[eM. Bee aﬂre6paﬂquKMe CBOMCTBA >TUX MaTPpHIL BBIBOOAATCA U3 IBYX OCHOBHBIX
COOTHOIICHUH:

T+ = 29" (3.253)

G Y'Y =yt =4 mmm g — — v — 3 =4 (3.254)

T.€. U3 OCHOBHOTO aHTUKOMMYTAIIHOHHOTO COOTHOIIEHNA U CKAJAPHOTO MPOU3BEIEHNUS.

Ecnm v, n v* pasmenenbl HeCKOIBKIMHA MATPUIAMHA ¥, TO Y, U ¥# MOTyT OBITH TIpH-
BEIIEHBI B COCETHME MOJOKEHHs ¢ TOMOIIbo (3.253), mocse dero cymMMHpOBaHUE 1O U
MOXKHO MPOBECTH ¢ MoMolibio (3.254). Takum 0b6pasoM MOKHO HOIYUIHTEH CJIELYIONHE
COOTHOIIEHNA:

YuY Y = =2y
YA =200+ Y M) (3.255)

Yacto ")/u BCTpEYal0OTCA B KOM6I/IH&L[I/I${X C 4—BeKTOpaMI/I. BBe,D;eM CTaHJapTHOE obozHaUe-

HuE:
a=+"a, (3.256)
Torma us (3.253) monydaem:
ab+ba = 2(a,b*)  aa = a’ (3.257)
a 3 (3.254):
Yuoyt = —2a
Yuaby" = 4(a,b")
yuibiyt = —2éba
ypabedy" = 2(dabe + ébad) (3.258)

ITupoko ncmoab3yeTCd oNepallnd IMYyPUPOBaHNA y-MaTpuil. B wacTHOCTH:

Spy* =0 (3.259)
Beoma
1
TH = ZSp('y“'y”) (3.260)
U BBIYHCIIAA Wmyp oT (3.253), Haiimem:
T = g (3.261)
U, COOTBETCTBEHHO
1 .
ZSp(db) = a"b, (3.262)
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Ocofyio poJsib UrpaeT MaTpuia 7>, onpeneadeMad Kak:
7 = -y (3.263)
Jlerko ybenurhed, 94To
Py =00 ()P =1 (3.264)

TaK 4TO ° aHTUKOMMYTHPYET C OCTAIBHBIMHI Y-MATPUIAMHE. D0 OTHOIIECHIIO K MATPHIIAM
o 1 3 IMeeM:

ay’ —Pa=0 By +9°8=0 (3.265)
Marpuna v spMuToBa:

P = it = iy = 4P (3.266)

MMOCKOJIBKY Tlepexofl oT mopanka uuiaekcoB 3210 k 0123 mocturaerca dyerHoil nmepecra-
HOBKOM y-MarTpui,.
B cnmrOpHOM TIpencTaBIeHUN ABHBIR B/, 75 €CTh:

-1
5 _

a B CTaHOAPTHOM IpecACTaBJICHUN:
0 -1
5
fu— ~ .2
c=( %) (3.268)

Spy® =0 (3.269)

(3.267)

—_> O
N

OTKYyJda BHAHO, 9TO

9TO, ECTECTBEHHO, HE 3aBUCUT OT BRIOOpA MPEICTABICHUA.
CoBokynHocTs 16 MaTpu:

{74} = {1,9°, 4%, ivhy® i } (3.270)
rie
o = (Y =) (3.271)

obpasyer “moJiHBI Habop”, MO KOTOPOMY MOXKeET OBITH “passioxkeHa” Jrobas MaTpHILA
4x4. B caMoM [eJie, Bce 9TH MATPUIBI 00Ia1al0T CBORCTBAME:

Spyt =0 (A#1)
1
yAy, =1 ZSp'yA'yB =64 (3.272)

COOTBETCTBEHHO, BCE YA-MaATPUILI TMHERHO He3aBUCHMEL, a Jiobad MaTpuia 4x4 mpen-
cTaBadeTcd B BHIAC:

1
r= ZCA’)/A ca = ZSp’yAF (3.273)
A
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Ils1tockue BoOJIHBI.
COCTO?{HI/IG CBO60,D;HOI7[ HJaCTHUIIBI C OIIpeAcJICHHBIM UMITYJIBCOM 1 3HepI‘I/IeI7[ OIINChEIBaETCA
MJIOCKOH BOJIHOM, KOTOPYIO 3allMIIEM B BHJIE:

1 .
Py = uye” P (3.274)

- \/2€p r

Tle U, OmpemeseHHBIM 06pa3soM HOpMUpOBaHHbI Onctnurop. g BoTHOBOM DYyHKINN C

€2 )

“OTpI/II_[aTe.HI)HOI‘/J[ qaCcTOTOU (I/I3M€H9{9{ TaKXKe 3HaK p) 3alliIIeM:

1
\/2€p

B ofoux ciyuagx mumeM p = ++/p? + m?. KoMnonenTs 6UCIHHOPOB Uy B U_p YAOBJIE-
TBOPAIOT CJIEAYIONNM YPpaBHEHNAM, MOy IafolMca Ipn noacTaHoBke (3.274) u (3.275)
B ypaBHenme [lupaka:

Uy = u_pet? (3.275)

(p—m)u, =0 (p+m)u_p, =0 (3.276)

*

p"}/o nMeeM:

J114 CONpAKEHHBIX CIUHOPOB Up = U
Up(p—m) =0  u_p(p+m)=0 (3.277)
DpumeM cienyoliee HHBapUAHTHOE YCJIOBIE HOPMUPOBKH:
Uptty = 2m U_pu_p = —2m (3.278)
Yumuoxkas (3.276) cieBa Ha Uy, MOmyIuM (UtpY usy)py = 2m? = 2p? ) re.
UpyHup = u_pyHu_, = 2pH (3.279)
TaK 4To 4-BEeKTOp IJIOTHOCTH TOKA JJIA IJIOCKUX BOJH (3.274), (3.275) pasen:
S o) 5 — L 5 — p*
I =y ey = Ewp'y Uty = - (3.280)

re. j¢ = (1,v), tne v = % — CKOPOCTBb YacTHIlhl. Buanm, 9To BRIOpaHHAT HOPMUPOBKA

COOTBETCTBYET “OmHOM dacTuie B obbeme V = 17,

B cranmaprHOM mpencTaBiennn, u3 (3.251) mosydaeM cHCTEMY OZHOPOTHBIX JIMHEH-
HBIX ypaBHEHU:

(ep —m)p —pox =10
(ep +m)x —pop =0 (3.281)

Orciona:
po po
p=—"X X=— (3.282)
cp—m ep +m
Ob1nii MHOKHUTED Tepen ¢ U Y (TPOW3BOJIBHBI, TOKa Pedb HIET HPOCTO O PElleHHN
OIHOPOJHBIX ypaBHEHWH) cleqyeT BbIOpaTh n3 ycjaoBusa HopMupoBKH (3.278). CooTBeT-

CTBCHHO, B CTaHIJapTHOM IIpEACTaBJICHIN, CIINHOPBL Uy U U_, UMEOT BILL

up = ( VEp ) u_p = ( V%zw/ ) (3.283)
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rmen = %,

BUIO!:

a W - MPOU3BOJIbHBI IBYXKOMIIOHEHTHBI! CHUHOD, YIOBJIETBOPAIONIN yCJI10-

w'w =1 (3.284)

Bropasa dopmyna B (3.283) mosydaeTcs U3 HepBoii N3MeHEHNEM 3HAKA TEPE]] 1 1 Tepe-
obosnagenmeM w — (no)w'. AHasOrHIHBIM 06pPa30M, MOKHO TTOJYIHTD [1]:

t, = (y/ep + mw”, —,/Epw”(no))

t_p = (/epuw"™(no), —/fFpw™ (now™) (3.285)
DepeMHOKEHNEM HEIOCPEICTBEHHO yHeK JaeMcsd, 9TO
UtplUtp = E2m (3.286)

B cucteme mokod, T.e. Ipu £p = M, UMeeM:

u, = Jﬂ( o ) (3.287)

u_p = Jﬂ( 3, ) (3.288)

TaK 9TO W — ®TO TOT CaMBIi TpeXMeprIﬁ CIIMHOp, K KOTOPOMY B HEPCJIATUBUCTCKOM
npeaese CBOAUTCA KaXKdad U3 BOJIH:

wr=? = ( é ) wo="17% = ( ? ) (3.289)

Dpu 3aJaHHOM HMITYJIbCE CYIIECTBYET ABA PA3JIUIHBIX HE3ABUCHMBIX COCTOAHUA, B CO-
OTBETCTBUU C ABYMSA BO3IMOXKHBIMU 3HAUEHUAMU TPOEKINHU CIWHA. B cooTBeTcTBHU CO
CHeJTAHHBIMEU paHee OOIIMME YTBEPKIACHUAMHI, B ODIIEM cJIydae, pedb UIET O CIHUPATIb-
HOCTH 9YacTHUIBI A — HPOEKIHW CIWHA Ha HampaBjeHne p. CHHPaJbHBIM COCTOAHUAM
COOTBETCTBYIOT IIJIOCKHE BOJIHBI, Y KOTOPBIX CIMHOD W = w(A)(n) ABJIAETCA COOCTBEHHOM
dyukHED OMEpaTopa no:

1
§(n0)w(>‘) = ™ (3.290)

CB#A3b cIMHA U CTATUCTUKH.

BTOpI/I‘IHOG KBAHTOBaHUE AUPAKOBCKOT'O IIOJIA (‘IaCTI/II_[ CO CIIMHOM 1/2) IIPpOU3BOIUTCA
CJICOYIOIUM o6pa30M. BBe,D;eM Pa3JI02KEHUE ITPOU3BOJIBHOTO JUPAKOBCKOT'O ITOJIA ITO IIJIOC-
KM BOJIHAM B BHIE:

1 —ipx ipr
Y= Z Q—E(apaupae PE b, e'T)

ipr - —ipx
= E \/_ paupae +bpoti_p_se ) (3.291)
lamMmunbronnan ﬂﬂpaKa HaM M3BECTEH, [TIOTOMY TCH30D 2HEPI'UHA - UMITYJIbCa MOXKHO 1 HE

uckarh. Hemonbsya (3.240), (3.245) HaxonuM CpeIHIO SHEPTUIO THPAKOBCKOM qacTuIb!
B COCTOAHWE C BOJHOBON dbyHKIMEH 1!

E= /d3r1/;*H1/; :i/d?’w*aa—f / d? 1/;70 1/’ (3.292)
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Doncrasiaa ciona (3.291), yuursiBag OpTOrOHAJBHOCTH GYHKINE ¢ pasHBIME P, 0, a
TaKKe Utpoy Usp o = 26p (cp. (3.280)), nomyuaem:

H=> eplaf,aps — bpob3,) (3.293)
Po

1o BbIpaxKC€HHUE, OYCBUIHO, €CTh IIPpAMOE CJICICTBHUEC TpaHC(i)OpMaL[I/IOHHbIX cBOlicTB -
PAaKOBCKOI'O IIOJIA 1 Tpe6OBaHI/I$I peHﬂTI/IBI/ICTCKOﬁ MHBaApUAHTHOCTH. Do TEenepb MBI BH-
AUM, 9TO Hall€ IMOoJ€ HYy>KHO KBaHTOBATH IIO cDepMI/I, T.€. BBOOA AHMUKOMMYMaAMopovi:

{apa, a;r,a} —1 {bpa, b;;a} =1 (3.204)

Dpu HECOBMAMAKIINX WHIEKCAX, a TaKkKe IJId map ‘HEKPEelIeHBIX W “KpelleHbIX’ ole-
paToOpOB MpaBBIe YacTl aHTHKOMMYTaTOPOB paBHBI Hy 0. B pesynbrate (3.293) nepemnn-
CHIBAeTCA B BUIIE!

H=> eplap,apo + bf,bps — 1) (3.295)
Po
TaK 4YTO CO6CTB6HHBI€ 3HaYCHUAd 2HEPIrun, 3a BBIYCTOM 66CKOH6‘IHO]Z SHEprum BaKyyMa,
PaBHBI:
E =Y ep(Npo + Nps) (3.296)
Po

n ABJAOTCA IMOJOXKUTEJIBHO ONIpEACJICHHBIMUA. SpI/I KBAaHTOBAHHUH 110 JO3€ IIOJTY YT OBl

_ Y 10
E = Zp epo(Nps — Npo), T.e. He HOJIOKHUTEILHO ONPee/IeHHOe BhIpakKeHue .

Jid onepaTopa UMIysbca, u3 [ d3rep* pa), aHAJIOTHYHBIM O6PA3OM IOy IUM:

P=> p(Np,+ Nps) (3.297)
Po

Omneparop maorHocTH 4-TOKa j# = 1y"1, B mpemcraBieHNN BTOPUYHOTO KBAHTOBAHUSA
JaeT omepaTop 3apdAia B BUIE:

Q= /d?’m/}y% = (ah,apo +bpsbh,) =Y (ah,aps — bp,bps + 1) (3.298)
b b

4TO daeT CcODCTBEHHBIE 3HAUCHH S 3apdia B BUIE:

Q=> (Npo— Npy) (3.299)
Po

4TO O3HAYaeT MPOTUBOIOJIOKHOCTD 3apAI0B YacTHUIl M AaHTHYACTHIIL.

QPepMHUOHHBIE MpaBUIa AHTUKOMMYTAIINU OMEPATOPOB POXKIEHNA W YHUUTOXKEHWd,
KaK XOpOIIO U3BecTHO [29], IpUBOMAT K IPUHIUIY Daysiu — COOCTBEHHbIE 3HAYCHU S Olle-
paTopa WHCJIa YACTUIL B JJAHHOM KBaHTOBOM COCTOAHWH Np, MOTYT PaBHATHCH TOJBKO
0 wu 1, npudeM Mbl yOAUIUCH, 9TO /I YACTHUIL CO CIMHOM 1/2 5T0 dABJIAETCH IPAMBIM
caencTBreM TpeboBaHWll PeAATHBUCTCKON MHBAPUAHTHOCTH W TOJOKHUTEBHONW OIpeme-
JIEHHOCTH »HEPTHUH. B pesysbTaTe, MBI MOXKEM JETKO TPUITH K 0OIIell TeopemMe O CBA3M
CIIUHA U CTATHCTUKHU: 6C€ YACTIUUBL € NOAYUEADIM CRUHOM — (DEPMUOHDL, 4 HGCTRUUDL C

10Bce o6osHagenns smech craHmapTHELE, OGIIHe CBOMCTBA M CMBICT (bepPMUEBCKHX OIEPaTOPOB POXKIe-
HUAA U yHHYTOKEHUA IPEAIoIarafoTca N3BecTHRIME [29)
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UEABLM CRUHOM — GO30HbL. DTO OUEBUIHO, ECJIH YUECTh, YTO JOYI0 YaCcTHILY CO CIIMHOM §
MOXKHO IPEACTAaBUTE cebe “cocraBieHHoR” u3 2s yactul co counoM 1/2. D pu nosyneaom
$ 9HCJIO 2§ HEYETHO, a MpH IeJaoM § — deTHo. “CiioxkHag’ dacTHIla, comepiKalias TeT-
HOE 4ncJI0 (hepMHOHOB ABJIdeTcd DO30HOM, a coaepkKallad HedeTHOe YUCI0 HEepMHOHOB
— ¢depmuonom. UTOOBI MOHATH TO JOCTATOYHO PACCMOTPETH IIEPECTAHOBKU TaKUX “CO-
CTaBHBIX 9aCTHI,. DPHU 3TOM IOAPA3YMEBALTCH, YTO BCE YACTHUILI C ONUHAKOBBIM CIIMHOM
HOIUYMHAITCA OOUHAKOBOR crarucTuke. Ecim Ob cymecTBoBa Il DEePMUOHBI CO CIIMHOM
0, 10 u3 Takoro depMuoHa U (HEPMHUOHA CO CIUHOM 1/2 MOKHO OBLIO GBI COCTABUTH
gacTuily couHa 1/2, Koropad ©buia Obl GO30HOM, B MPOTUBOPEYHH ¢ OOIIMM pe3yJib-
TaToM g § = 1/2) MOoJMyYeHHOM BbIlle. DTa 3aMedaresibHAasg TEOpeMa, OTHOCIIIAAC
K HauboJsiee OOLIMM yTBEPKICHUAM KBAHTOBOI TEOPUU IIOJIfA, BIEpPBhIe ObLIA HOKa3aHa
Daymu'!.

IIpeobpasoBauusa C. P,T nasa ¢dpepMuoHoB.
Muoxurean ps, BXOmANHE B (3.291) C omeparopaMé apg, IPeNCTaBadgroT coboil BoaHoBEIe OYyHKITHE
CBOGOIHEIX YacTHI (HAIpIMeED 3/I€KTPOHOB) C HMILY/JIBCOM P H HoJIApH3anyeil o: w(e) = Ypo. Muoxu-
TesH Y_p_ o IpHU olleparopax bps CIemyeT paccMaTpUBATh KaK BOJIHOBbIE (yHKINE COOTBETCTBYIOUIIX
anTHIacTHI (HATPIMED TIOSHTPOHOB) ¢ TeMu Ke P u 0. OMHAKO Yps M Y—p_o PASIHTHBI TIO CBOMM
TpaHCcHOPMAITMOHHBIM CBOMCTBAM, & MX KOMIIOHEHTHI YIIOBJIETBOPHIOT PAa3/IMYHBIM CHCTEMAaM ypaBHeE-
Huii. s ycTpaneHmMs »TOro HeIOCTATKa HAOO IPOBECTH ellle HEKOTOPOe YHHTApHOE IpeobpasoBaHUe
Y_p—_g, TaKOE, 9TOGH HOBad BOTHOBaA GYHKIHA YIOBJIETBOPAIA TOMY K€ YPABHEHUIO, 4TO U Yps. Ta-
kyro QyHKImI m GyIoeM HasHBaTh BOJIHOBOH yHKImell aHTHIacTHIB (HOSHTPOHA) C HMILYIHCOM P H
Hosdpusanuei o. 3amuurem:

D) = Ucdp—po (3.300)
ra omepanyd Ha3bIBAeTCA 3aPANOBBIM conpskerneM C. DTa oeparys He OrPAHUINBAETCH IJIOCKUMEI
BOJIHAMU, B OOLIEM CJIydae ITHUIEM:

Co(t,r) = Ugd(t,r) (3.301)
Omycka# merasn BBIBoIa, KOTOpBIE MOXKHO HafiTw B [1], IpHBeNeM TOJIBKO OKOHYATEJIBHBIH pe3y IBTAT:
U = ~%4° (3.302)
Us 9 = 1p*40 = 304* = 494* mmeem:

Cop = 209 = 42 9* (3.303)

g pemrennii B BHIe IJIOCKUX BOIH HETPYIHO YOEOHTBCH, YTO
Cd’—p—o' = 1/}130' (3.304)
TaK €TO 5/ICKTPOHBI M TIO3ATPOHBI OMACHBAIOTCA OMAHAKOBBIMI BoIHOBbIME by ke (¢ = (P) =

Ypo, KaK U TOJDKHO GBITH, HOCKOJIBKY 5TH (DYHKIHH HeCYT HHGOPMAIINIO TOJIBKO 06 HMILy/IbCE W IIOJIA-
PH3aliA 9aCTHII.

AHaJIOTWIHO MOYKHO PacCMOTPETh W OIlepalio obpallleHn:A BpeMeHU. 3MeHeHmWe 3HaKa BpeMeHI
HOJDKHO CONPOBOKIATHCA KOMILIEKCHBIM CONpPAKEHHeM BoJHOBOH dymxmum [29]. ma Toro, 4TobBI
TOJIyIUTh B pe3yJibTaTe ‘obpallleHHYIO0 IO BpeMeHU BOJIHOBYIO byHKIWMIO depmuoHa 1Y B TOM Ke
IPEICTABIIEHIH, 9TO M HCXOMHAHA 1, HAMIO, OIATH TaKH, MpoBecTH Ham Y* (mam 1) HeKoTopoe yHHTapHOE

npeobpasoBaHue: ~
Ty(r,t) = Upyp(r, —t) (3.305)
Mosxso mokasars [1], aTo
Up = i2~4140 (3.306)
TaK 9ro ~
T(t,r) = iv*y100(=t,v) = iy 4 * (=1, 1) (3.307)

119 omaeprreM, 9T0 B KBAHTOBOM TEOPHH IIOJIA 5Ta TeopeMa MMEHHO TOKA3RBACTCH, Ha OCHOBE CAMBIX
obmpmx TpeGoBaHUil peIATHBACTCKON HHBapHaHTHOCTH (TpaHcpOpMaIHOHHBIX CBOICTB moJteil) I moJto-
KHUTeTbHOU olpele/IeHHOCTH HEepPTUH, T.e. YCTOMYIMBOCTH OCHOBHOTO COCTOAHHUA, a He IIOCTY/THpPYyeTCHd,
KaK 3To OeslaeTcd B HepeIdTUBUCTCKOI KBaHTOBOI MexaHUKe.
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Omnepalius IIpocTpaHCTBEHHON HHBEPCUH (6I/I)CHI/IHOPOB P 6bu1a ompemesieHa BBIIIE B (3.242):
Py =i Py =—igy° (3.308)
D PpUBEIEM HOCTEMOBATENIFHO PE3YJIBTAT BO3HENCTBUA Ha IUPAKOBCKOE IIOJIE Y BCEX TpeX omeparmii
T,PC:
Ty(t,v) = —iv v % (—t, 1)
PTo(t,x) = in®(T9) = v 7* 9" (=, ~1)
CPTY(t,r) = v (4 72 0*)* = 47404 42 (—¢, —1) (3.309)
fidzice
CPTY(t,r) = > (—t, —1) (3.310)
Opnmenas >1w omepanud K (3.291), MoxxHO HalTH ciemyrompe IpaBH/Ia IpeobpasoBaHHHA OLMEPATOPOB
POKIEHUA W yHIITORKEHHA [1]:
6Go=bps b5, =aps
afp, =iaps  b_po = ibps

T
s

T

alp_, =20iaf, = 20ib; (3.311)

o

Iunuuetitbie popmbi.

DOCKOIBKY OUCTIUHOPHI ¥ U 1% WMeIoT 1Mo 4 KOMIIOHEHTHI, TO W3 HUX MOXKHO COCTABUTH
4x4=16 He3aBUCUMBIX OHJINHETHBIX KOMOMHAINI. B cuMMeTpUIHOM BHIE 5TH KOMOWHA-
IUU 3AMACHIBAIOTCA CJETYIONNM 00pa3oM:

S=yy  VE=4yty
P =iy’ A =y
TH = ipahap (3.312)

e

v 1 v v
o = (" =7"") (3.313)

D1u 6bununeiinbie GopMbl 06pasyOT OOWH CKaJdp S, OHUH cepmockaadap P, 4-BekTop
V#, d-ncemoBekTop A* m aHTHCHMMETpUUIHBIH TeHz0p THY.
CxaagpHOCcTh S U MCEBAOCKAIAPHOCTD P OYeBUIHBI U3 UX CIHHOPHOTO MpEICTaBIIe-

mus (e, (3.208) u (3.209)):
S=&n+ne P=i({"n—n"¢ (3.314)

Bexropnsrit xapakTep V# odemmien, Torma, ms ypasHenua [wpaka p,y 1 = ms), us
KOTOPOTO Cpasy CJELyeT (&pu’y“ ) = mapt), TIe cipaBa | CJleBa CTOAT CKAJAPHI.

Boobiie, mpapuio cocraBienna ounnHeiinbx Gopm (3.312) odeBnmHO: oHE cocTa-
BJICHBI TaK, KakK 6yaro v# mpencrasiager coboii 4-BekTop, ¥° — ICeBIOCKANp, a CTOAIIIe
¢ obenx cTopoH ¥ u 1 06pasoBBIBAIOT BMecTe cKasaap. OTCyTCTBIe BHIHHEHHBIX hopM,
KOTOPBIE UMeJIH ObI XapaKTep CAMMETPUIHOTO 4-TeH30pa ACHO W3 TOTO (haKTa, ITO CHM-
MeTpudHad Kombunarma YHy” 4+ yVy* = 2¢g" | Tak 9TO COOTBETCTBYIOIIAA OUIMHERHAAL
dbopma cBomuTca K ghYahrp. DpaxTuaecku, bGunneiinbie GopMbI (3.312) ucnonpsyiorca
MpU MOCTPOEHUH PA3JIMIHBIX JArPAHKINAHOB B3aUMOIECTBIA CIMHOPHBIX TOJIel MeXK Ty
coboli m ¢ APYyrUME MOJAME. JpaBuia npeobpasoBaHus OWIMHETHBIX GOPM TIPH HHC-
KpeTHbIX npeobpasoBanugax C, P, T moxHo Haiitu B [1].
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IlefiTpuno.

Berme mer BUACIN, 9TO HeO6XO,D;I/IMOCT]) OIINCaHNAd YaCTHUIbl CO CIIMHOM 1/2 ABYMdA CIIHA-
HOpaMHn € n 7 cBd3aHa C Maccoit JaCTHUIIBI. STa IIpuIrHa OTIaJacT, €CJU MacCa paBHa
Hy.HIOlz. Bousaxosoe YpaBHCHHE, OIIUCBIBAIOIICE TAKYIO YaCTUILY MOXKET OBITH COCTaBJIEHO
C IIOMOIIIBIO BCET'O OJHOTO CIIMHOpa, HallpAUMeED 7!

P =0 (3.315)

UJI, 9TO TOXKE CaMO€!

(po+po)y=0 (3.316)

©To ypaBHEeHMe HashIBaeTCA ypaBHEHWeM Beiirs.

Bellle oTMeYasI0ch, 9TO BOJIHOBOE YpaBHEHHE C Maccoll m, aBTOMATHIECKH OKa3bIBa-
eTcs WHBAPHAHTHBIM IO OTHONIEHWIO K NMPOCTPaHCTBeHHON mHBepcuu (mpeobpasoBaHme
& — 1 (3.216)). Dpu onucaHWN YACTUNBI ONHAM CIMHOPOM T4 CHMMETDPHUSA HPOIAIAET.

DHeprusg U UMIYJIbC dacTuibl ¢ m = ( cBa3aHbl cOOTHOLIEHHEM & = |p|. DosToMy
P ypapnenne (3.316) maet:

(m-o)ny = —1p (3.317)

I ILJTOCKOI BOJIHEL 1)) ~ €7

rme n = % Taxkoe e ypaBHEHWE UMEET MECTO W [IJIA BOJHBL ¢ “OTPHUIATETBHON 9acTO-
Toit” n_p ~ eP¥:
(n-o)n-—p=—n-p (3.318)

BTOpI/I‘IHO - KBaHTOBaHHBIE OILIEPATOPHI IOJIA 7} IPEACTABJIAOTCA B BIE!

n= Z(Upap + U—pbf))
P
nt = Z(n;ag + 7% ,bp) (3.319)
P

Otcrona, Kak 0OBIMHO, CJEAYET, ITO )%, ABJIACTCA BOJHOBOI (pyHKIUe!l aHTHIaCTHIBL.
DelTpuHO npencTaBageT coboil IEKTPUYECKN HERTPAJIBHYIO YaCTHILY, HO B PaCCMaTpH-
BaeMoM ¢hopMasII3Me OHO He AB/IAeTca NCTHHHO HefTpasibHoOll dacTueii!

Us onpenenenus onepaTopos p®’ (3.212) BugHO, 4TO p*P* = —p*P DosToMy KOM-
IJIEKCHO COTP K EHHbI CIIMHOp 7% yIOBIeTBOpAET ypaBHeHuio p’ 77; = 0, wau, 9TO TOXKE
caMoe:

pasn®* = 0 (3.320)

O6osnaunm n’* = €7 moCKOIbKY KOMILIEKCHOE CONpAKEHNE IpeBpallaeT IyHKTHPHBIH
CIUHODP B HEMYHKTUPHBIA. Takum obpasom, BoaHOBBIE DYHKIME aHTHIACTHUIHL YIOBJIE-
TBOPAIOT YpaBHEHUIO:

Pdﬁfﬁ -0 (3.321)
nJjin
(po —po){ =0 (3.322)
ﬂﬂﬂ IIJIOCKOI BOJIHBI OTCIOda NMEEM.:
(o), =& (3.323)

12Cpemn Becex m3BECTHEBIX epPMHMOHOB, ¢ HMeouelica »KCIepIMeHTAIBHON TOYHOCTBIO, paBHA HYJIIO
Macca HEHTPHUHO: yCTAHOBJIEHHOE OTPAHUYEHME Ha €ro Maccy my < 30eV.
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v AY

C.

XRr T;R
¥ '/

Puc. 3-2 Ppn otpaxeHun B sepkane (npocTpaHCTBEHHOR WHBEPCUN) NeBOe HEMTPUHO
NepexofnT B HecyllecTBytollee npasoe HedTpuHo (a). PeanbHoe cocTosHme nonydaeres
NPy OAHOBPEMEHHOM C OTPaXKeHWeM Mepexofe OT HacTUUbl K aHTMHacTuue (3apAnoBoM

COMpsXKeHWUM), NPU 2TOM NleBOe HEMTPUHO MEPEXOANT B MpaBoe aHTUHeATpuHo (6).

BameTnm, 910 (0 - 0) HpeAcTaBaAET COGOI ONEPATOp NPOEKIMN CIMHA HA HATpAB/ICHHE
IOBIKEHUA (CIUPATBHOCTH). DosToMy ypasHenus (3.317), (3.323) osHagaior, 910 cOCTOA-
HIIe 9aCTUIBI C ONpPeIeIeHHBIM HUMILY.IHCOM aBTOMATHIECKH OKA3BIBACTCA CIIUPAIBHBIM —
NpOEKIUsA CIWHA y HHX HalpaBjeHa BIOJb HalpaBJIeHWS NBUKEHNdA. DPH 3TOM CIUH
YaCTHUIB TTPOTUBOTIONOKEH MMITYJIbCY (CIMpaabHOCTh paBHa -1/2, “membrii BEHT”), a
CIIMH aHTUYACTHIBI HAIPABJIEH BIOJb HMIYJIbCa (CIUpaabHOCTD paBHa +1/2, “npabbrii
BuHT”). COOTBETCTBEHHO /1A HEWTPUHO M AHTHHEHTPHHO OTCYTCTBYET CHMMETPHA MO
OTHOIIEHNUIO K OTPaKeHNAM B ILJIOCKOCTH, IIpoXoidlleli 9epe3 och, HalpaBJIeHHYIO BIOJIb
UMITyJIbCa, KaK 3TO MOKa3aHo Ha 9uc.3-2. DTo COOTBETCTBYET 3KCIIEpHMMEHTaJIhbHO Ha-
6iIogaeMoMy HapyLUIeHHIO IIPOCTPAHCTBEHHOH YeTHOCTH B CJabbIX B3amMOAeiicTBHAX.
Dpu >TOM coXpaHseTcd, OJHAKO, CHMMETpHA OTHOCHTEeJbHO omepamum C'P — Tak Ha-
sEIBaeMad KOMOHHHpOBaHHad TeTHOCTH'S DaccMoTpeHHad cxeMa HasbIBaeTcd TeopHeil
JIBYXKOMITOHEHTHOTO HefiTpmHo. OHa 6BLTa mpensoxeHa Brepsble Jlarmay. C momorbo
onHoro crmuopa 7 (mm €) MOXKHO 06pa30BaTh BCETO YeThIpe OUIMHEHBIE KOMOHHAINH,

COCTaBJIdI0IINE BMECTE 4—BeKTOp :

j* = ("n,n"on) (3.324)

B cuny (po + po)np = 0 u n*(po — po) = 0 uMeeT MecTo ypaBHEHHE HENMPEPBHIBHOCTH
Juj* =0, Tax uro j* npencrasiger coboil 4-BeKTOp IJIOTHOCTU TOKa HEATPHHO.
DJIocKme BOJTHBI HEWTPUHO YyIOOHO 3aIncaTh KaK W BBINIE B BUIE!

1 1

77—1?—\/—2—6

13q)a.KTI/I‘{eCKI/I B cJIabBIX B3aMMOIENCTBUAX UMEET MECTO TaKKe U OUeHb caaboe HapyureHue C' P gerHO-
CTH, 9TO Ha.6J'IIO,£[a.eTCEI7 B OCHOBHOM, B IIpOIleCCax paclaioB K-meson0B. DTO O3HAaYaeT, KaK OTMEYaJIOCh

—ipx

u_,e'P” (3.325)

Up€

BEIIITE, TAKIKE OT€HB citaboe Hapylreane 1'- WHBApHAHTHOCTH. D pupona Hapymenna C' P-mHBapmaRTHOCTH
ocTaeTCA HEBBIACHEHHOH , M3/10JKeHHAA BEINIE CXeMa OITUCAHUA HeITpUHO IpeHebperaeT aTuM ctabbiM 2 -
dexToM.
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a CIIMHOPpHBIE AaMITJIATYABlI HOPMHUPOBATh NHBaAPpUMAHTHBIM YCJIOBUECM:

u*:l:p(lao-)u:tp = 2(6,[)) (3326)

Torma MWIOTHOCTD YaCTHI, U IJIOTHOCTE TOKa paBHbl j° = 1, j = g =n.
DpH pacCMOTPEHHH TIPOIECCOB B3amMOACHCTBIA HEATPpHHO ¢ APYTHMH YaCTHUIIAME
VI0OHO TOAB30BATHCA eANHOOOPaA3HBIME OOO3HAUEHNAMI W BBECTH /1A HeliTpuHO “Omc-

OHHOPHYI BOJIHOBYIO HKITUIO Be U3 KOMIIOHEHT KOTOPOil paBHBI HYJIIO: = 0 .
’
)

Onrako Takasg ¢Gopma i, BOODIIE TOBOD#, MEHAETCA MPH MEPEXOE K IpyroMy (He CIHHOD-
HOMY ) TPEACTABICHIIO. DTY TPYIHOCTH MOXKHO ODONTIH, €CIH 3aMETHTh, 9TO B CIIHHOPHOM
npeAcTaBJICHUN UMeeM:

0en=5{(a 1)+ 1))

o O > O
N

L i
S(1-7%) = ( ; (3.327)
TaK 9TO MOXKHO HalliCaTb TOXIOcCTBa:
1 ¢ 0
e (5 )=(5)
2( 7%) ” 0
* ok 1 *
(n*, ¢ )5(1—75) =(n",0) (3.328)

e ¢ — mpom3BoJIbHEIR “OasmacTHblil” cnmHop. Torma yciaoBre MCTHHHON IBYXKOMITO-
HEHTHOCTH HeWTpWHO OymeT COOIIONEHO W TMPHU ONUCAHUH €0 YeTHIPEXKOMIIOHEHTHBIM
6UCITMHOPOM 1 B JTIOOOM TpEINCTABJIEHUN, €CJIN O ¢ MOHMMATh PEIIEHWE ypaBHEHUE
Hupaka ¢ m = 0:

pY =0 (3.329)
C OOIMOJTHUTEJIBHBIM YCJIOBUEM (75—I/IHBapI/IaHTHOCTb)Z
1
S+ =y Y=y (3.330)

DTO yCJIOBHE MOKHO y9YeCTh aBTOMATHYECKH, €CJAU BO BCEX BBIPAKEHUAX ITPOU3BECTH
3aMeHY HERTPUHHBIX OUCITHHOPOB MO MPaBUJIY:

1 1
=S+ = do(1-97) (3.331)
SaHpHMep, 4—BeKTOp IIJIOTHOCTH TOKa 3allUChIBacTCd B BIIC:

_ 1.
= =) = S () (3.332)

AN

13 1poBeIeHHOrO Bhille 06CYKIEHUA CIUPaJIbHOCTH OE3MaCCOBBIX (hepMHUOHOB ACHO,
97O IJId HUX B 00IIeM caydae yIobHo BBecTH “IpaBbie” M “JeBble” MO KakK:

vl = %<1 +97) oyt = %<1 = =yttt (3.333)
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Takue obo3HAYEHNA TACTO UCTOAB3YIOTCA HE TOJIBKO IIPU ONMUCAHUU HERTPUHO, HO W I/
JIOBBIX APYTUX (GEepMUOHOB CO CIIMHOM 1/2| pu pacCMOTPEHUH 3a/1a4, B KOTOPBIX MOXKHO
npenedbpednb UX MacCoii.

B mocJIEMHUE TOABI, B CBA3M C KOCBEHHBIMH 3KCIHEPUMEHTAJIBHBIMI YKa3aHNAMU Ha KOHECYHOCTH
MaCChL He]‘/’ITpI/IHO7 BO3HUK MHTEpEC K MOIIEJIN UCTUHHO He]‘/’ITpa‘J—ILHI)IX7 TaK Ha3bIBacMBbIX Maﬂopa%osc%ux
He]‘/’ITpI/IHO7 nmepexomdauunux caMi B Ce6ﬂ IpHA OI€palr 3apANdOBOTO COIPAKEHUA W UMEIOUINX KOHEYHYIO
Maccy, OITucCaHue KOTOpOﬁ HECKOJIBKO OTJIMIacTCA OT 06LI‘IHO]7[ ,E[I/Ip&KOBCKOﬁ MAaCChI. MaCCOBI)Iﬁ 9JICH OM-
PAKOBCKOTO THUIIa, KaK ACHO U3 IIPEOBIAYUIECTO U3JIOKECHUAA, B JlalrPaHKUaHe CBA3BIBAET (HepeMemnBaeT)
L n R KOMIIOHECHTEI OOHOTO WM TOI'O XK€ IIOoJIdA:

Lp =DWryr +¥rir) = DYy (3.334)

tae D ofosHadaeT mupakoBcKyro Maccy. Maccossril 4ien maliopaHoBckoro tuma nmepememmnBaeT L mw R
KOMTIOHEHTHI 34PpAJ060 CORPAHCERHUT NoAel, TAK ITO COOTBETCTBYIONIAE BKJTAIBI B JIATDAHKHAH MOJKHO
sammcaTh Kak [11]:

Lara = AWS Y +91vF) = Axx
Lyp=B@SYr +9rv$) = Bow (3.335)

rne maAekc C' o6osHavaeT 3apANOBOE CONPAXKEHNE H BBENEHBI 5PMATOBE (HCTHHHO HeHTpaJIbHBIE HIIM
MalopaHOBCKHE ) HOJIH:

x =L+ ¢ x“ =

w=1vp+9G Wl =w (3.336)
O6parHble paBEeHCTBA UMEIOT BUII:
1 C 1 5
¢L:5(1—’Y5)X L4 25(1+’Y )X
1 1
Yr = 5(1 + 0w WG = 5(1 - )w (3.337)

KOI‘,E[& B JlaTpaHXHaHe OOHOBPEMEHHO IIPHUCYTCTBYIOT WM OUPAKOBCKHE M MaﬁopaHOBCKHe MacCCOBBIC
qJICHBI, TME€EM:

Lpa =Didpbn + AVE¥r + BYGidr + he =

= 'D(xw + ax) + Axx + Bow = (v.0) [ | 2D (X) (3.338)
= PRt o) + A+ Bow=(x@) | 1, » :

BOSHI/IKIII&H 30€Ch MacCoBad MAaTpHUIla JIETKO NUATOHAJIN3YETCAd U €€ CO6CTBeHHLIe 3HaYCHA Jar0T:
1 1 > >
mip= (A4 B)£ V(A= B2+ D (3.339)

TaxkuMm ob6pasom, cambiii o6umit MacCOBBIN WiIeH (3.338) C 9eTBIPEXKOMIIOHEHTHBIM (hEPMUOHHBIM TIOJIEM
daKTUIECKN ONUCHIBAET B MallOpaHOBCKHE YACTHILI C pasHBIMU MaccamMu. COOTBETCTBYIOIIME ITOJIA
[IPeNCTaBIIADTCA CIENYOINME (anaroHamsyomuMe (3.338)) JMHeHHME KOMOMHAITAME HCXOIHBIX
ntoJsteii:

@1 = cosfx — sin fw ¢ = sin fx + cos fw (3.340)

TIae

tg20 = (3.341)

B-A
Derpynso ybemmrbea, aro npr A = B = 0 (T.e. Opr paBHBIX Hy/ 0 MallopaHOBCKHX Maccax) OTCIONA
nosygaercda GopMam3M OOBITHOTO € THIPEXKOMIIOHEHTHOTO TUPAKOBCKOTO TIOJIA, TAK 9TO TUPAKOBCKUH
dbepMUIOH COOTBETCTBYET “BRIpOXKIeHHOMY' Tipemesty A = B = 0 mByx MallopaHOBCKHX YacTHUI. 9 O0-
CKOJIBKY MailopaHOBCKHE MacCOBBIE WIEHHI B Jlarpamkuane (3.335), O9€BHIHO, IPHBONAT K HECOXPAHE-
HUIO aIIUTHBHOTO KBAHTOBOTO YHCJA, KOTOPOE HECET TOJIe v, HATPUMEP 3JIEKTPHIECKOTO 3apAna, BCE
W3BECTHBIE 3JIEMEHTAPHBIE (PEPMHUOHBI, 3a HCKJIIOYEHHEM HEHTPHUHO, OyMyYn 3apAKEHHBIME, TOJIKHBI
mmeth A = B = 0, T.e. OBITH TUPAKOBCKHME YACTUIAMA. A BOT IJidA HeHTPHHO 3TOTO OTpAHWIECHHA
HET W €ro MOYKHO OIWCHIBATH W B paMKaX Gostee oburero mafiopanobBckoro ¢popmammsma. Fcam macca
HefITpHHO TOYHO paBHA HYJIIO, TO MallopaHOBCKHE HEHTPHHO HEOTJIMIAMSEL OT IBYXKOMIOHEHTHBIX (Beii-
JIEBCKHX) HeHTPHHO, PaCCMOTPEHHBIX BbIIe. Fcym e Macca HEHTpHHO OT/IMYHa OT Hy/IA, TO TEOPHHA
MaliopaHOBCKUX HEHTPUHO TIPUBOAUT K DAY CIEMUPUICCKUX MPeICKa3anmii.



KA2 02 VHECKOE KBAD TOBADNE CBO20[12 bIX SOJIEA. CAMMET3MN B KBAS TOBOW TEO3UN 2014 91

YacTHIIBI CO CIAHOM 3/2.

Yacrumet co comaoM 3/2 B cBoell cncTeMe MOKOA OMUCHIBAIOTCA TPEXMEPHBIM CHMMETPITHBIM CIITHOPOM
TpeTbero panra, mMeromuM 25 + 1 = 4 HesaBUCHMBEIX KoMOoHeHTHI. COOTBETCTBEHHO, B MPOH3BOJIb-
Holl CEICTeMe OTCUeTa ONHMCAHNe TaKHX JacTHIL MOKHO CTPOHTE, HCIO/Ib3y S cImHOpHI & %P7, N By ¢eB,
X 46+ KaK OB 03 KOTOPBIX CHMMETPHYEH II0 BCEM OIMHAKOBEIM (T.e. IyHKTHpPHBIM HJIN HEILY HK THPHBIM )
WHIEKCAM. 3aMeTHM, 9TO TOCJEIHAA Tapa COIHHOPOB He T0GABIAET HIYIETO HOBOTO B yPABHEHUA, TIOTY-
YeHHBIE C TIOMOIIBI0 TIepBoil mapkl. CyniecTByeT HECKOIBKO KBUBAJIEHTHBIX (POPMYJTHPOBOK BOJTHOBBIX
ypaBHeHHl B paccMaTpuBaeMolt 3amate, MBI OTPAHMIAMCH KPATKHM 0630poM Jmmib ommof ms mux [1].

Dape CIHUHOPHBIX WHIEKCOB ¢, KAK MBI BHIIEJIH BBINIe, MOXHO CONOCTABUTH OIMH 4-BEKTODHEIH
HWHIEKC u. DosToMy comocrabimeM &Y — wl u Py — wl, T.e. BBOOUM ‘“CMelIaHHbIe” CHOUHOPHO -
TeH30pHbIe BeTmauHbl. COBOKYIHOCTH 3THX IBYX CIIMHOPOB COIIOCTAB/IACTCA “BEKTOPHBIR" GHCIIHHOD 1y,
(rme yxe He mmmIeM GHCIMHOPHBIE HHIEKCH). BoslHOBOE ypaBHEHME 3alWCHIBAETCA B BHIE ‘ypaBHEHHA
Hupaka” m1a Kaxmo#i u3 BEKTOPHBIX KOMIIOHEHT 1)y,:

(p—m)by =0 (3.342)
C OOIIOJTHUTEJIBHBIM Y CJIOBHEM
e, =0 (3.343)

Yvuoxazn (3.342) ma v, ¢ yaerom (3.343), moayanm vHvYpy 1), = 0 mam, B CHIIy IIpaBHJI KOMMY TaIlHE
oo yH: 2gHY pu — v yHp, = 0, e B crty (3.343) Bropoil wieH maer HyJsb. Torma mMeeM:

Pty =0 (3.344)

9T0 06ECIIEINBAET MIEPEXOM IETHBIPEXMEPHBIX CIIMHOPOB B “HYKHBIE” TpEXMEpPHBIE B CHCTEME ITOKOS.

IpobiieM ydeTa DOMOJHUTEIBHBIX YCIOBUI K BOJTHOBBIM YPAaBHEHUAM CO3HAET CYIIECTBEHHBIE TPY -
HOCTH IIPU NPOBENEHWUN MPOIEIYPHl KBAHTOBAHUA. 3aMETHM, OOHAKO, UTO KaK M B CJIydae YacTHIL C
BBICIIFIMHE e IBIMU CIIMHAMH, TaK W IIPH 06Cy K ITeHIH (GepMIOHOB CO CIIHOM § > 3/2, ciremyeT IOMHHATE,
YTO 3JI€EMEHTAPHBIX YaCTUIl TAKOTO THIA B paMKaX ‘cTaHmapTHON Momean” MpoCTo HET.
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I'naBa 4

OENDIMADOBCKASI TEODUSI
DO3UTI0IA U DIJIIEMED TAD-
SBIE OCP0BLI KBADTOBOU
SJIEKTS0IND AMUKU

I epesisTUBUCTCKasA Teopusi. Pyukimu I'puHa.

B »T1oit T1aBe maeTcda »JIeMeHTapHOe BBeIeHWE B KBAHTOBYIO 3JIeKTPOINHAMUKY, MOHW-

MaeMyIo, KaK Teopud 3JIEKTPOMAarHUTHOTO B3aNMOAEHCTBUA 3JI€eMEHTAPHBIX JECITOHOB —

T.e., (paKTUIECKHU, 3JEKTPOHOB U MO3UTPOHOB. D PH 3TOM MBI CJEAYEM, B OCHOBHOM, OPH-

ruHaJabHBIM paboram PeliHMata, Xopolilee U3IOKEHUE KOTOPBIX MOXHO Hafitu B [5, 31].

D0 HaYHEM MBI C HEPEJTATHBACTCKON KBAHTOBON MEXAHUKHU, 9TOOB BBECTH PAM, TOHATHH

U TOIXO/0B, KOTOPbIE, OOBIMHO, BHINAIAIOT U3 TPALUIIMOHHBIX KypcoB Tuia [29].
YaccMoTpuM HecTanuoHapuoe ypasrenue [lpemmarepar

th— = Hv (4.1)
ot

Ob6BI9HBI TIOIXO0 K PeIeHno Takoro audhepeHInaIbHOTO YPABHEHNA COCTOUT B TOM,
YTO 3HaA BOJHOBYIO DYHKINIO B HEKWH HAYATHHBIN MOMEHT BpeMeHH t)(t1), MBI TIBITA-
eMCd pacCINTaTh ee W3IMEHEHNE 33 MaJblil mHTepBaJ BpeMeHu Af, COOTBETCTBEHHO HAWTH
¥(t1 + At), a 3aTeM MPOJOIKUTE 5TOT Tporece. PeliHMan TPEITOKIIT 3aNUCh PENIEHNs
(4.1) B mHTETpAIBHOM BHIE, TaK UTO MPH TMEPEXone K MOMEHTY BpeMeHN tg > {1 BOJIHO-
Basd GYHKIMA B ToUKe (12, X2) BBIpakKacTCA Yepe3 BOJHOBYIO GYHKINIO B ToUKe ({1, X1)

93
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CJICIYIOIIIM o6pa30M:
’l/)(Xz,tz) = /d3X1[((X2t2; Xltl)’L/)(Xltl) tz Z tl (42)

3mech MHTErpaJbHOE AIPO K(xztz;xltl) mpencTaBasgeT coboit nponazamop ((byHKLU/Ho
FpMHa), COOTBETCTRYIOILYIO JIMHEHHOMY Ind depeHInaaIbHOMy YpaBHEHAIO (4.1). Dusu-
decKuil cCMBICJ TIpoTaraTopa dceH W3 caMoil 3anmnucnu (4.2) — »TO KBAaHTOBOMeXaHNYIeCKasd
aMTIIATYIa BEPOATHOCTHU TIEPEXOIA YACTHUIIHI U3 TOUYKHU X B MOMEHT BpeMeHH 11 B TOUKY
X9 B MOMEHT 13.

DycTh, OJd MPOCTOTHI, TaMIJIbTOHNAaH H He 3aBUCHT OT BpeMeHH. B cooTBeTCTBUHN
C TPWHIIUTIOM CYTEPIO3UNNN KBAHTOBOW MEXaHWKHW MOXKHO Pa3JIOKHTH 1/)(x1t1) B pAal
IO MTOJTHOMY Habopy OPTOHOPMHUPOBAHHBIX COOCTBEHHBIX (DYHKIIH Uy, (x) omepatopa H ¢
CODCTBEHHBIMU 3HAYCHUAME F,:

Hu, = F,u,
/d?’xu:;(x)um (x) = (tn, tm) = Snm

D un(x)uj(x') = 8(x —x') (4.3)

Torma:

’l/)(xltl) = chun(xl)e_iEntl/h (44)

n

KosddburmenTsl ¢,, MOKHO TONYyUNTh Teneph, ymMHOXKadA (4.4) Ha u)(x1) n uHTErpHpy#
IO TPEXMEPHOMY HMPOCTPAHCTBY:

o = /d3x1u;(x1)¢(x1t1)eiEnh/ﬁ (4.5)
BOHHOByIO d)yHKHI/IIO B MOMECHT BpE€ME€HHI tz MOZKHO 3alliCcaTh B BUJe:

1/)(X2t2) = chun(XZ)e_iEnt2/h (46)

n

Aoncrasisaga (4.5) B (4.6), MeHAA MOPATOK CYMMUPOBAHUA I MHTETPHPOBAHNS W CPABHH-
Bad ¢ (4.2), mosydaem:

K(xaty;xit) = 3 (%) (3 )e~ Enllm 0/ (4.7)
nJan, BBOOA O603Ha}IeHI/Ie )
Xn(X, 1) = ty(x)e " Ent/R (4.8)
nmMeeM 60.Hee KOPOTKYIO 3allUCh:
K(xata;x1t1) = Y xn(Xata) X5 (x1t1) (4.9)

Dpu coBmamAONNX BpeMeHax i1 =ty =t us (4.7) nomydnm:

K(xot;x11) = Y un(x2)uj(x1) = 6(x2 — x1) (4.10)
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D10, ¢ OUEBUIHOCTHIO, MpeBpamaet (4.2) B TOXKIeCTBO NpH ¢1 = t2. Dac, KOHEUYHO, HHTE-
pecyioT BpeMeHa to > t1, M05TOMY yIOOHO TONMOKUTE K (Xate; X1%1) = 0 mpum ¢2 < 11, 910
0becmevunT BHITOJTHEHNE NPUHYUUNG NPUNURKOCU, T ONPETETATh:

[((thz; Xltl) = 9(152 — tl) Z Xn (thz)x*(xltl) (411)

n

rJe BBEOCHA CTYIICHYaTad (byHKL[I/IﬂZ

|1 npu t>0
ot) = { 0 npu t<0 (4.12)

1t mpon3BogHON O-QYHKIINT nMeeM:
— = (1) (4.13)

Teneph yxe MOXKHO BhIBecTH nuddepennmanbaoe ypaBaenue nia Gynkunn ['puna (mpo-
mararopa) K (rats;rit1). DOCKOIBKY X, HPEICTABIAIOT OGO pelntenns ypasaenns [pe-
murrepa (4.1), (4.3), To ncnonnaya (4.10), (4.11) u (4.13) mveem:

L 0 . . . 0
|:Zh6_t2 — H(Xz):| K (thz; Xltl) = thn: Xn(thz)X (Xltl)a—tzg(tz — tl) =

= ih Y un(xo)uy(xy)e™ P2 0hg (1, — 1) =

= Zhé(tz — tl) Z UH(XQ)UZ(Xl) = Zhé(tz — tl)é(XQ — Xl) (414)

Nrak, B obmem ciydae (maxke xorma H sasuent ot Bpemenn) dbyukmma ['puxa (mpo-
maratop) K (Xafsz;X161) onpenenaeTca Kak pellleHHe HEOTHOPOIHOTO (¢ §-MCTOUHNKOM B
npasoit yactu) nuddepennuaabHOro ypaBHeHus Brgal:

Zh% — H(thz)] [((thz; Xltl) = Zhé(tz - tl)é(XQ - Xl) (415)
2

npuyYeM B KadecTBe PAHUYHOIO YCJI0BHd TpebyeM
K(xata;x1t1) =0 npu ta < ty. (4.16)

Ipu t2 £ t1 ypasuenne (4.15) ceogmTesa K:

Zh% — H(thz) [((thz; Xltl) =0 (417)
2

Ecau npounTerpuporarh (4.15) Mo H6eCKOHEYHO MAaJIoMy HMHTEPBAJy BpEeMEHH OT ip =
t1 — € 1o to =11 + £, TO mOAYYUM:

[((thl + g; X]_tl) — [((thl — &, Xltl) = (S(Xz — Xl) (418)

101croma, Kcraru, BuaHO, 9To Hamle ompefedenue bymkmuy ['prHa ypasaenns 11Ipemunarepa copma-
HaeT ¢ ee olpelleleHUeM B MaTeMaTHIecKoil dpusuke [32]
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Bxuiag BToporo unena B JieBOil yacTu (4.15) nponagaeT npu € — 0 104 KOHeYHBIX H .
Yuarem, Teneps, uro K (Xt — ¢,x1t1) = 0 BRuay (4.16) mw t; — e < 1. Torma:

hI% [((thl + g; Xltl) = K(thl;xltl) = (S(Xz — Xl) (419)

910 copmagaer ¢ (4.10).

Takum obpasom, ncrob3oBanne (4.2) sKBHBAJEHTHO OOBIYHOMY KBaHTOBOMEXAHM-
9eCKOMY ONHMCAHUI. DYCTh MMeeM Iesio ¢ 3amadeli, B kotopoit H = Hy 4+ V, mpuaem
mnna H = Hy 3amada pemaercd Touno. Torma mo moTeHmuas y V' MOKHO HONBITATHCA
HOCTPOUTH Teopuio BosmyteHnii. Obosuadtnm Ko(xato; x1t1) dyukmmio Ipuna “cBobon-
HOI” YacTUIbl, IBUKYIIeficd B OTCYTCTBHE BO3MYyIeHus V. DeTpyaHo ybeauThcd, ITO
mud depennmanbroe ypasuenue (4.15) u rpanndnoe ycaopne (4.16) MoxHO 00BEINHNTE

B OJHO URMEPAADBHOEC YPABHEHUC!
K(2,1) = Ko(2,1) — %/d4x3[(0(2,3)v(3)K(3, 1) (4.20)

rae mndpamu obo3HAUEHBI MPOCTPAHCTBEHHO - BPEMEHHBIE TOUYKM, Hampumep (2) =
(x1,%2) U T. 1., ¥ BBeleHa YeThIpEXMepHasA lepeMeHHad NHTErpupoBanusa &3 = (Xs,13),
MpUYEM 110 BpeMeHH 3 ToIpasyMeBaeTcd GopMaIbHOE HHTETPUPOBAHNE B OECKOHETHBIX
npegenax (Haaudwe O-GYHKINN B ONpemeseHHN MPOIAaraTopa aBTOMATHIECKN obecie-
YMBAET MPaBHJIbHBIE KOHEUHBIE Mpeaesnl). YTobsl ybennthea B cupasemansoctn (4.20)

mofelicTByeM Ha 0De €ro 9acTh OmepaTopoM [ih% — Hy(2)| u, ncronbsysa ypaBHEHHE

(4.15) mna Ky (1.e. ipn V = 0), moayaum muddepeHnmanbHoe ypaBHEHTE BUAA:

0

[ihaT - HO(Q)] K(2,1) = ih6(2,1) + V(2)K(2,1) (4.21)
2

YTO MOCJIE MEPEHOCA BTOPOTO YjeHa CIpaBa B JIEBYIO 4acTh MPpocTo coBmamaet ¢ (4.15).

Dockonbky Ky(2,1) = 0mpu ta < t1, Tom K(2,1) =0 npu ¢35 < 1.

DpENMyIIeCTBO WHTErpaJbHOTO ypaBHeHua (4.20) cocTonT B TOM, 9TO €ro ymobHO
pelraTh WTepaliaMyi, TaK 9TO BO3HUKAET P, TEOPHM BO3MYLIEHHWH s IpoIllararopa
BUA:

K(2,1) = Ko(2,1) — %/d4x3[(0(2,3)v(3)[(0(3, 1)+

+ (7) / d*zsd*zaKo(2,3)V(3)Ko(3,4)V(4) Ko(4,1) + ... (4.22)

YeHBI TOTO pdAlla UMEOT OUYEBUAHYIO W HATVIAJHYIO WHTEPIPETAINIO — MePBHI WieH
OTMCHIBAET PACIpOCTpaHeHne cBOOOMHON YacTUIBI U3 TOYKH | B TOYKY 2, BTOPOi omm-
CHIBAET paclpocTpaHeHue CBOOOMHONW YacTUIBI M3 TOYKH | B TOYKY 3, TJ€ OHA HCITBI-
TBIBAET paccedHNe Ha MOoTeHNHaJg e V| Tocse 9eTo CHOBA MPOMCXOINT paclpocTpaHeHne
cBobomHOl yacTuisl u3 3 B 2. OueBUIHO, 9TO TOYKA 3 MPOW3BOJIBHA, TAK 9TO IO €€
KOODAUHATAM HAI0 MPOUHTETPUPOBATEH. DPOIECC MPOAOIKAETCH OECKOHEYHO, T.€. Pl
OTMCHIBAET TaK¥Ke IMPOIECCHl ABYKPATHOIO, TPEXKPATHOTO M, B Ipeiene, OECKOHETHO-
KpaTHOTo paccesHus Ha mnorennmase V. Takad Teopusd BosMmylueHuii MoxeT ObITH 2d-
G eKTUBHO UCIIOIB30BAHA TIPU PENIEHNH KOHKPETHBIX 3a/1ad, U MBI €llle BEPHEMCH K €€
HUCTIOJIb30BAHUIO.
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DeJIATUBUCTCKAasd Teopus+-d.

DepeiiieM K MOCTPOSHUIO AaHAJIOTHIHOTO (pOpPMAaJIn3Ma B PeIATHBUCTCKOI Teopun. Y pas-
uwenue Jlupaka mia c6060dnodi 9acTUIBI UMeET BUI:

(iV —m)p =0 (4.23)

r7e, B OTJUYHE OT MPEIBIAYIIEro pasfesia, Mbl BEPHYJIUCH K CHCTEMe eIuHuIl i =
¢ = 1. YeThIpeXxKOMIIOHEHTHAA BOJHOBadA GyHKImMA (Gucnunop) Hupaka t(Xatz) Mo-
KeT OBITH HMOMydeHa W3 “HadanbHOW” $(X1?1) ¢ momombio mpomararopa (byHKIHN
Ipura) Ko(xate; x1t1), mpeacrapiagoniero coboli Hekoropyio Marpuiy 4x4. D1a Ma-
TpUTAa JOJEKHA YIAOBJAETBOPATH ypapHenuio [lupaka ¢ mpaBoit 9acTbhio, aHAJOTHIHOMY
(4.15):

(iVy — m)Ko(2,1) = i6(2, 1) (4.24)
[7le UCTOAb3yeM, KaK W BBINIe, OYeBUIHBIE OO03HAYEHNs TPOCTPAHCTBEHHO - BPEMEHHBIX
mepeMeHHBIX Mudpamu. Do ananorun ¢ (4.4), (4.6) GYHKIMIO ¢ MOXHO pas/oXHUTH B
pam o Habopy cOBCTBEHHBIX DYHKITUI Uy, , COOTBETCTBYIONMX HABOPY KaK MOJIOKUTE b
HBIX, TAK W OTPUTATETBHBIX »HepTuil. BMecTo u), ymobHO MCTOMB30BATH COMPAKEHHBIE
cruHophl 4, = uTy® = utB (rme durypupyer nupaxosckaa marpuna v = 3, 3% = 1).
DOBTOPAA PACCMOTPEHNE, HCTIOB30BAHHOE TIPW BBIBoze (4.7), HallmeM HCKOMBIH mpoma-
raTop B BHIE:

[((thz;xltl) = Z un(X2)an(X1)e—iEn(t2—tl) + Z un(xz)an(xl)e—iEn(tQ—tl)
E.>0 E, <0
npu iy >y,

K(xata;x1t1) =0 npu ta < t1(4.25)

DazsIoKenne 1 DOMKHO HITH WMEHHO IO NOAHOMY HAOOPY COOCTBEHHBIX (DYHKIIH,
BKJTIOUAIONIEMY COCTOAHUS ¢ OTPUIIATEbHON sHeprueli. Kasamock 6bI, 9T0 miI0X0 ¢ dhu-
3WUIECKON TOUKN 3pEeHN# — HAPUMED BHEITHEE BO3MYIIEHNE (MMOTEHINAJ ) MOKET BHI3BATh
HEPEXOIBI ACTUIIBL (/18 ONPEIETEHHOCTH 5JIEKTPOHA) U3 COCTOAHM ¢ MOTOKMTETBHON
sHepTHell B COCTOAHUA ¢ OTpHUIATEIbHONW sHEpTHell, 9TO 0O3HAYaeT HEYCTORIMBOCTH CH-
CTeMBI (OTCYTCTBIE OCHOBHOTO COCTOAHNA ). JIUpaK, Kak NW3BECTHO, PEIA 5Ty HpobIeMy
Tak: JaBaiiTe CIUTATH, YTO BCE COCTOAHUA C OTPHUIATESILHON sHEPTHEH B OCHOBHOM COCTO-
AHUN (BAKyyMe) yXKe 3aHATHI 5JIEKTPOHAMHE, TOTIA IPUHITAI Day/In He JacT 3JIeKTPOHY,
IBIKYIIEMYCsd HaJl TAKUM BaKyyMoM, mepefiTu, B pesysbTaTe pacCcesHUs, B yKe 3aHd-
ThIE COCTOAHNSA C OTPUIIATETbHON sHeprHeil. 910 Tpebyet, 4T00OH A4 to > ¢ MpomaraTop
K (xat2;X1t1) ObLT cyMMOli pellieHni, COOTBETCTBYIONINX TOJIBKO MOJOKUTETBHBIM SHED-
THAM 9acTHIBL. [I1g TOTO, 9TOOBI peaJn30BaTh 5TO MaTEeMATUIECKH, T.6. CAeIaTh

K(xata;x1t1) = Z un(xz)ﬂn(xl)e_iE"(tT“) apu 1o > 1y (4.26)
E.>0
HyKHO 13 (4.25) BBIUECTH CYMMY 9JIEHOB BHA:

U (X2 )T (%1 )6 T En(t2=t0) (4.27)

IO COCTOAHUAM C OTPUIATEBHON SHEPTHEN 114 6cer MOMEHTOB BPEMEHU. DTO CHETaTh
MOJKHO, HOCKOJIBKY TaKas CyMMa HpeIcTaBideT coboil pellieHre oqHOponHOTO (6e3 mpa-
Boit wactn) ypasuennsa (4.24). B pesysnbrare, 5784 cCyMMa COKPaTHTCA CO BTOPOH TOJIO-
BuHON penterns (4.25), W MBI moJyduM ciaenyiomyo dbynknmo [pura mida cBoGOTHON
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} 2
2
Q
Q
Q 1
lpocrmancmeenHyle
Koopdusams —»
Puc. 4-1
HaCTHUIbL:
Ki(xata;xity) = Z un(xz)ﬁn(xl)e_iE"(trh) apu  to > 1y (4.28)

E,>0

Do Teneph mid ts < {1 3Ta QYHKINA yKe HE paBHA HYJO, U MBI HMEEM:

Ky (xato;xity) = — Z un(xz)ﬂn(xl)e_iE"(tT“) npu 1o < 1y (4.29)
E.<0

Obparute BHUMaHMe Ha BOSHMKLIMIL 3mech obuuil 3Hax MuHyc! DocienHee BbIpaxKeHHe
yI00OHO 3amnucaTh Kak:

Ki(xata;xit1) = — Z un(xz)an(xl)e_ilE"”tQ_“l npu  ts < 1y (4.30)
E,<0
TaK 9TO B MOKa3aTeJie PKCIOHEHTHI CTOAT YXKE TOJIBKO MOJIOKUTEbHBIE BEJTUIHUHBI, a
OTpHUIATESTbHBIE YHEPTHH KaK-Obl HCUE3IIH.

Dpu HAJUYINE BHENIHETO MOTEHNHNAJIA MOXKHO ONATH HANKNCATH WHTErpabHOE ypaB-
uenwe Tuna (4.20) u ero pasnoxenne B pan (4.22), Toapko Ky HYXKHO Besle 3aMeHNTH
Ha K, a morennuas V paccmarpuparh Kak marpuily 4x4. CMBICT 4I€HOB MOJIYYeH-
HOTO pAfa JIyUIlle BCETO MOHATEH, HAPUCOBAB MPOCTPAHCTBEHHO - BPEMEHHBIE JUa2pamMMbi
Peitumana. Deppoiit unen paga (4.22) K4 (2, 1) onucsiBaeT pacupocTpanenne CBOGOTHON
qacTuibl 13 Toukn 1 B Touky 2 (Duc.4-1). Bropoii wien (Duc.4-2) umeer Bu;

(—i) / d* w3 K, (2,3)V(3)K4(3,1) (4.31)

U OTMHUCHIBAET OIHOKPATHOE paccedHme. Ya PUCYHKe 3aMKHYTON KpuBoil obosHadeHa
0bJ1acTh, B KOTOpOil oTmdeH oT Hysaa morenmuas V. Tpernit wien (9Juc.4-3):

(—i)? / d*eadzy Ky (2,3)V(3)K (3, )V (4)Ky(4,1) (4.32)

OIWCBIBAET IBYKpaTHOe paccednne. uarpaMmer Duc.4-3(a) n Juc.4-3(6) namoctpupyor
JIBa BapUAaHTa TaKOrO PacCedHusd, KOTOPhle WIIIOCTPUPYIOTCA AuarpaMmMamMn Juc.4-3:

o Caywatd (a): Ecin ws roukn 1 K ToUKe 2 5JIeKTPOH ABIKETCA TAK, 9TO BPEMHA PACTET
BJIOJIb MUPOBOI JINHWW, TO B BBRIpaXeHWW A K WMeloTcA JIMIIb CyMMBI THIA
(4.28), T.e. yIUTHIBAIOTCA TOMBKO COCTOAHUA YACTUIIBI ¢ TTOJIOKUTENBHON sHepTHE .
D10 ecTh OOBITHOE ABYKPATHOE PACCEAHNE DJIEKTPOHA C TOJOKUTEBHON sHEPTHEH,
KaK B HEPEJATUBUCTCKON Teopuu.
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Puc. 4-2
Caydad a 2 Cayuail 6 2
1 1
Puc. 4-3

o Caywad (6): Dpu IBMKEHWN 1O MUDPOBON JIMHWH, TIpW Hepexome u3 4 B 3 dacTura
BO3BpalllaeTcd Ha3ad 10 BpEMEHH, TOTIA B BbIpaXKeHUH 1Jid | OCTAlTCA TOJIBKO
CYMMBI TTO COCTOAHUAM ¢ OTpHUIIaTeIbHOM sHeprueii Tuna (4.30). B uaTepnpeTanum
PeitaMana 5TO COOTBETCTBYET PACTPOCTPAHEHWIO RO3UMPOoHd (T.6. AHTHIACTHILH)
w3 TOYKU 3 B TOUKYy 4. Ecnm cumTarh, 9TO BpeMd BCerla BO3pPACTaeT, TO 3Ty IO-
CJIEIOBATEJIBHOCTD COOBITHIT MOKHO WHTEPIPETHPOBATH TaK: B TOUKE 3 POXKIAETCA
3JIEKTPOH - NMO3UTPOHHAHA Iapa, 3JeKTPOH PacHpoCTpaHAETCA B HaIlpaBJIEHUHN K
TOUKe 2, TOTMIa KaK MO3UTPOH AHHUTHINDPYET B 4 ¢ IPUXOAAIINM TYIa UCXOTHBIM
3JIEKTPOHOM.

Takum obpazom, mo PefiHMaHy, ROZUMPOH CYMH GAEKMPOH, PACRPOCMPAHAOUWUTCA

06pammo no epeMenu.
Ta MHTEpHpeTAInaA MOXKeT OBITH HIPOMJITIOCTPUPOBAHA W M3 KJIACCHIECKHX COoGpaKeHU: B ypas-
HEHUAX OBIKEHHA KJIACCHIECKON 9acTHIEI B 3,TEKTPOMArHATHOM ToJie [25]:

d290M dzy
m =€
ds? ds
MW3MECHECHUE HallpaBJICHUA CO6CTBeHHOrO BPEMEHHU S 3KBUBAJICHTHO U3SMCHECHUIO 3HAKa 3apdlia €.
BaMeTuM, UTO B TpoIecce, MOKA3aHHOM Ha Iuc.4-3, MbI, KOHEYHO, HOJLKHBI TPO-
UHTEIPUPOBATH MO BCeM BpeMeHaM t3 U {4, Tak 9To 06a cJIydasd ONUCBIBAIOTCA OTHUM
wieHoM pama (4.32), Koropwiit msobpaxkaerca omHol mmarpammoii 9uc.4-3(a), a mua-
rpamma Juc.4-3, dakTudeckn, naeHTHIHA. Dporecc Duc.4-3(6) mporekaeT UMEHHO Tak,

KaK W cJenyeT m3 Teopun [Impaka: 3JeKTPOH C OTPUIATETbHON 3Heprueit mepexognT B

Fow (4.33)

COCTOAHME 2 ¢ TOJIOKHUTENBHON sHeprueli (KOHETHOE COCTOAHNUE), T.€. POKAECTCH 3JIEK-
TPOH - TMO3UTPOHHAA Tapa, a HbIPKa 3aNOJHAETCA 3JIEKTPOHOM, MpHJIeTeBIMM u3 1,
T.€. TPOUCXOINT AHHUTHIATINA. B pesyabTaTe 371eKTPOH paccemBaeTcd, NepPeXond U3
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cocTodHUA | B COCTOdAHUE 2, MPUYEM 3JIEKTPOH C MOJIOKUTETBHON sHEpruell 3aMeHdA-
eTcd OMHUM U3 3JEKTPOHOB € OTPHUIATENBHOTO “dona’. DpOUCXOmuT, TaKuM 00paszoM,
06MeH TOKITECTBEHHBIMU JACTUIAME, & COOTBETCTBYIOMINN MATPUYHBIA 2JIEMEHT HUMEET
OTPUIATEBHBIN 3HAK, KaK U HOJIKHO OBITH MO AJid (pePMHUOHOB. D0 MBI HULJE HE HC-
MOJIB30BAJIM ABHO MpUHIKN Dayau! OkasbiBaeTcd, 9T0 BOSHUKHOBEHUE OTPHUIATETBHOTO
snaka B (4.29), mpomsolreniiee W3 caMOTO MeTOIA MOCTpoeHnsA mpomnararopa K, obec-
meYmBaeT HaM MpaBUAbHYIO cTatuctTuky! Obobiienne sTux paccyXkaeHuil 114 Mpomeccon
MPOM3BOJIBHOIO TIOPAIKA TEOPUH BO3MYIIEHHIT JaeT elle OMHO JTOKA3aTETBCTBO TEOPEMBI
O CBA3M cIWHA U cTarucTukn [31].

I/IMHYJ'ILCHOQ IpeiacraBJieHHE.

DacueThl peasbHBIX 3a/1a4 3SHAYUTETBHO YI00HEE TPOBOINTE B UMITYJIBCHOM MPEICTaBIIE-
Huu. Jpornararop K HaxoguTcd Kak pellleHNe ypaBHEHUA:

(V —m)K4(2,1) = i6(2,1) (4.34)

Beemem dbypbe - obpas Ky, Kotopslii obosHaanm Sy (p), Torma:
Ky(2,1) = /d4p6_ip(x2_x1)5+(p) (4.35)

rae d%p = dpyd®p. Oneparop (z@ — M) MOXKHO BHECTH TIOJ MHTETpas B Buje (p — m), a
O 6-pYHKINN HamncaTh Gyphe - MpeacTaBIeHne:

d'p
5(l‘2—l‘1):/(271_]))46_”)(“_“) (4.36)

Torma Jerko moJydaeM ypaBHeHne misd St (p):

S = 4.37
+ (p) (271_)4 ]3 —m ( )
D10 BBIpaKeHUe YIAOGHO EePENucaTh TakK:
i p+m 1 i p+m

S4(p) = (4.38)

2m)*p+mp—m o (2m)% p? — m?

TIe y4JId, 94To P2 = pupt = p2—p? = p?, rak uro sHameHnaTes b B (4.38) yiKe He COMEPKUT
marpuil. COOTBETCTBEHHO:

- i —ip(ro—o1 ]3—|—TTL
Brenewm, o onpenenenuno, nHTErpaJ:
1 e~ ip(z2—1)
I,(2,1) = d*p——— 4.4
+( ) ) (27‘,)4/ P pz_mz ( 0)



®ENIMADOBCKASI TEOOUSI 203UTI03A U DJIEMED TADI bIE OC20BbBI KBAD TOBOW JIEKT20UD AMUKW 101

o(-£) P

(+E)e

Puc. 4-4

Torma (4.39) MOXeT OBITH 3aNNCAHO KaK:
Ky (2,1) = i(iVy +m)[4(2,1) (4.41)
Aoncrasiaga (4.41) B (4.34), Haxonnum, 9To HHTETpaa [ YIOBIETBOPSAET YPABHEHHIO:
O+ mHI(2,1) = —=8(2,1) (4.42)

T.e. apagercd, bakTudecku, bynknueir 'puna ypasuenus Kneiina - opmora. 3anucas
OTHEJIBHO MPOCTPAHCTBEHHBIe U BpeMeHHbIe KOOPANHATHI, lepelnireM [ Kak:

—ipo(tz—t1) iP(L2—T1)

1 e e
I_|_(l‘2 - $1) = W/ dpo / d3p p2 — p2 — (443)
—o0 0

Do 3Hech BO3HUKAET MpobjeMa — MOAWHTErpaJbHOe BBIpaXKeHme HMeeT IOJIoca IPH
ps —p?—m? = 0, Te. ipu py = +/p2+m? = +Fp. DovToMy MHTErpas HYKHO
JOOTIPENe/TNTh MPaBIJIOM “0b6Xo7a” »THUX 2THX MOJIOCOB. Dpasmio PeifHMaHa COCTONT B

3aMeEHe!

m—m— 10 6>0 6 — +0 (4.44)

TOI‘,D;& MOXKEM 3allUCaTh Halll HHTETpaJI KaK:

d3p ' 00 dpo e—ipo(t2—11)
I — = iP(ra—Ty) / —_— 4.4
+(z2 —21) / (27)36 w27 (po — Ep +ic)(po + Ep — ic) (44)

IIOCKOJIBKY IpH 3aMere (4.44), Bemmunna Lp npuobperaer 6ecKOHEUHO MAIyI0 MHIMYO
106aBKY, KOTOPYIO MBI ODO3HAYHIN €. DACCMOTPUM TENEPh MOAMHTErPAJIBHOE BhIDaKe-
HHe B KOMILIEKCHOH IJIOCKOCTH TlepeMenHoil pg. Buauwm, uro nosioc pg = —FEp Tenepnb
JIEKTT HEMHOTO BHIIIE TeHCTBUTETBHON ocH py (IyTH nHTerpupoBanus B (4.45)), a mosioc
po = +Ep JexuT uyTh HIDKe ee, KaK 2TO I0Ka3aHo Ha Juc.4-4. Dpounterpupyem (4.45),
cunTad, 9To {2 — {1 > 0. Torma wHTErpas MOKHO JIETKO BBIYUCIUTE MO TeopeMe Kotn,
3aMbIKad KOHTYD WHTETDUPOBAHUA B HIKHEN MOTYIJIOCKOCTH Pg. DPHU 3TOM HHTETPAJT
0 yAAJIEHHON MOJYyOKPYRKHOCTH obpallaeTcd B HYJIb M3-3a OBICTPOTO 3aTyXaHWA 3KC-
MOHEHITNAJIBHOTO MHOXKUTENA B MOAWHTEIPAJIBHOM BBIDAKEHWH, TaK 9TO, (DaKTUIECKH
OCTaeTCd TOJIBKO HYKHBIIT HaM MHTErPaJi BAOJb BENECTBEHHONW OCH. D0 WHTETPAJ 1O 3a-
MKHYTOMY KOHTYPY TIPOCTO OllpefiesiseTcd Bhl9eToM B rnosmoce + [y, KOoTopblii okaszajcs
BHYTPH KOHTYpa (1 06XOOUTCHA 1O 9acoBO cTpesiKe), Tak 9To MOJIydaeM OTBET:

_ 2mi —iEp(ta=t1) (4.46)
2Fp
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Ecmm xe to —t; < 0, To myig obHydeHud BKJIaMa YIAJEHHON MOIYyOKDPYRKHOCTH, HYXKHO
KOHTYD WHTEIPHPOBAHUA 3aMKHYTH CBepxy. Torma BHYTpb KOHTYypa HOMAIET TOJBKO
nosioc npu —FEp, Korophiit 6yger obXoouThed IPOTHB HacOBOil CTPEJKM, M MCKOMBII
HHTETPAJI PABEH:

_ ﬂe‘”Ep(h—tl) (4.47)

2Ep

3ameTnM, 4TO BesMYMHa Fp, MO ONpeNeseHuio, cUUTaeTCd IIOJIOKMTEeNbHOM!, TaK 9To
HoKasaTesb 5KCIOHEHTH Kak B (4.46), rak u B (4.47), mosoxuTeneH (¢ TOIHOCTHIO H0
i). Takum obpasom, mHTerpas [y, a sHaunT u GyHKIna K, BeoyT ceba aHATIOTHIHO
(4.28) m (4.29) — upm {3 —t; > 0 urparoT poJib TOJBKO MOJOKUTENbHBIE SHEPTHH, &
mpu t2 —t; < 0 — TonpKO orpunarenbubie! PakTudeckn, yeiaosne (4.44) obeceunBaer

2KBHUBaJICHTHOCTD IIPpEXKHEMY OIIpEACJICHUIO IIpollaraTopa [{+
MoxHo 65LT0 GBI, IIPH IOOLpPENEIEHAN IPOIararopa, MOCTyIINTh HHade  BMecTo (4.44) mobaBuTh
6ECKOHETHO MAJIYI0 MHUMYO TOGABKY K po:

po —~pot+i6 & — 40 (4.48)

Opn stoM B (4.43) BOSHHKAIOT IOBa IOJIOCA, JEKallie B HIDKHeH MOJIyIUIOCKOCTH pg. lorma, mpm
to — t1 > 0, Korma KOHTYp WHTETPHPOBAHUA 3AMBIKAETCA B HUKHEH IOJIYIIIIOCKOCTH, HTPAIOT POJTHh
KaK TOJIOKHUTETbHBIE, TAK W OTDPHIIATEILHBIE SHEPTHHU. B ToXe Bpemd, Npw iy — t1, 3aMBIKad KOHTYP
CBepXy, BUIHNM, 9TO BHYTPH HETO BOOOIIE HET IIOJIFOCOB, TAK 9YTO COOTBETCTBYIONIHI WHTETPAJT IIPOCTO
paBeH Hy/o. Takoe moompemeseHHe mpomararopa K maer, dpaxrmaeckn, pesysnbrar (4.25) (“samasmer-
paromyro” ¢ysxnmro ['puHa), T.e. IHPaKOBCKYI TEOPHIO ONHHX TOJIBKO 2/IeKTpoHoB. PeifiEManOBCKOE
MPABUJIO UMEET TO MPEUMYINECTBO, YTO MHUMOCTH BBOIMTCA B PEJIATHBUCTCKUI HHBAPHUAHT 711, BCE BBI-
PakeHHA OCTAIOTCA KOBAPWAHTHBIMH, TOT/A KAK B T€OPUH “OMHUX 3JIEKTPOHOB” MHUMOCTH B BEJTMYHHE
po HeJTaeT ee OTJIMIHON OT OCTAIBHBIX KOMIIOHEHT HMITYJTBCA.

Meur €lIe HE pa3 BEpHEMCA K O6Cy}K,D;eHI/IIO ITHUX, JOCTATOYHO TOHKHX, BOIIPOCOB OIIpe-
JIeJIeHs aHAJINTHIECKUX cBoiicTB dpyHKImi ['puna, a ceiiuac orMeTuM obiee cBORCTBO
— moutioca nponaraTopos (GyHkmui ['puHa) B UMIYIBCHOM NpEICTABIEHNH, dhakTHIe-
CKH, olpelcJidioT 3HepFeTquCKHﬁ CIICKTPp COOTBETCTBYIOIIUX YaCTHII. B pPacCMOTpPEH-
noM ciydae Ep = +/p? + m? npencrapisger coboll pe/IATHBUCTCKII CIEKTP cBOGOIHOIO
5JeKTpoHa (HO3UTpoHa). DTo cBoiicTBo dbyHKuni [prHa momydnso Tybokoe pasBUTHE
B COBpeMeHHOﬁ TEOpUN KOHIOCHCUPOBaAHHOT'O COCTOAHUA, HA HEM, B HaCTHOCTH, OCHOBaHAa
BCAd KOHIENINA KBA3UIACTUIL — 2JIEMEHTAPHBIX BO36y}K,D;eHI/H7[ MHOT'OYaCTUNYHBIX CUCTEM

[13).

SJ'IQKTPOH M BHelllHee 3SJIEeKTpOMarHmTHOeEe
I1oJI1€e.

DAacCCMOTPUM B3aMMOJIECTBIE 3JIEKTPOHA C BHEITHUM 3JIEKTPOMATHUTHBIM TIOJIEM. JTO
B3amMOIelicTBIe ONNCEIBaeTCA BHIpaKkenneM ej’ A, = epyt YA, Tak 9TO “TOTeHIHAT
B3amMofielicTBuda ymobHo obosHaunTh Kak: ey A, = eA (e — 3apan syeKTpoHa). Ypas-
Herme [lmpaka, yauThIBamollee B3aUMOAEHCTBHE € 3JIEKTPOMATHUTHBIM TTOJIEM, HMEET,
OYEBU/IHO, BUJ:

(iV —ed —m) =0 (4.49)
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rJe MpoOu3BeICcH IMEPEXod K COOTBeTCTByIOH_[eﬁ KOBapI/IaHTHOﬁ HpOI/I3BO,D;HOI7[ JICKTPOJU-
HaMUKH. COOTBGTCTBGHHO, IpornaraTop 49acTUlbl BO BHCHIHEM IIOJIE [{_T_‘ olpegeJsidercd

YpaBHEHUEM:
(iV —eA —m)K2(2,1) = i6(2,1) (4.50)
VYpasuenue Hupaka (4.49) MOJKHO TaKiKe Ilepenucarh B Bume ypaBHenus |lIpemunarepa ¢ coorBeTCTBYIO-
M raMHIJIBTOHHMAHOM:
% = Hy=oa-(p—eA)p+ep) + mBy (4.51)
Te YyIT€HO, 9TO AM = (ap, A) Iporararop, TOTAa OMPENeaAeTCa KaK pelleHne YpaBHEHMA:
ia% —epz —a - (—iV — eAs) —mfB| K£(2,1) = i856(2,1) (4.52)

e mogB/IeRne MaTpuipl § = 0 copaBa cBE3aHO ¢ MCIIO/IL30BAHMEM COIP K CHHBIX (mo Hupaky) cumeo-
PoB B onpeneseann (4.25),  obecrreanBaeT, TaKUM 06pa3soM, PESTATHBACTCKYI0 HHBAPHAHTHOCTE. Y MHO-
Kad (4.52) Ha MaTpuiy (3, IPUBOIUM €ro K BHUILY

(V2 — edy — m)K4(2,1) = i6(2,1) (4.53)

cosmamatomiemy c (4.50). Dentenne ypasuennd (4.50) yIoBiaeTBOpAET HHTETPATHHOMY YPaB-
HeHWIO, anasorngromy (4.20):

K 2,1)= Kq(2,1) - ie/d4x3K+(2,3)A(3)Kf(3,1) (4.54)
pasJjiokKeHne KOTOpOro B pdal TCOPUU BO3MYIIEHUNR (MTepaLU/H/I) JaeT aHaJIor (4.22):
K42,1) = K1(2,1) — ie/d4x3K+(2,3)A(3)K+(3,1)+
+(—ie)? / dresd*es K1 (2,3)A3)K (3, 4)A(4) K4 (4,1) + ... (4.55)

B pesnaTmBHCTCKOM ciydae, CBA3L MEXKIY BOJHOBLIME dyHKImHAME (2) B ToUKe T3 B
(1) B Touke x1, mo anagorun ¢ (4.2), Kazaaoch Obl, MOKHO 3alNcaTh KaK:

0@ = [ dx R Dm0 (4.56)

roe d3x; — aJeMeHT obbeMa TPeXMepHOro IPOCTPAHCTBA IPH (GHKCHPOBAHHOM BPEMeHIH
t1, 9To MMIOCTpUpyeTca Duc.4-5(a), rae mokasaHa COOTBETCTBYIONIAA THIIEPILIOCKOCTE
t1 = const, BOJHBI, UCIIyCKaeMble TOYKAMU HAa KOTOPOi, GOPMUPYIOT BOJTHOBYIO (DYHK-
A0 B TOYKE Xp B HoJlee MO3MHUI MOMEHT BpeMeHW fs. Do »To He coBceM Tak! lemno
B TOM, 9TO MBI Olpemennan GbyHkumio ['pura (mpomararop) B peSATHBUCTCKON Teopun
TaK, YTO OHa OINCBHIBAET PACIPOCTpaHEHNE YaCTUIl ¢ TMOJIOKNTEIbHON sHeprueil Brepes,
IO BPEMEHH, a PACIPOCTPAHEHNE YaCTHI C OTPUIATEBHON sHeprueil #a3ad MO BpeMEHN.
DosToMy, paKTHIECKN, aHATIOT BhIpaxeHna (4.2) Hamo MHCATH Tak:

P(xaty) = /d3X1Kf(X2t2,Xl,tl)@/)(xﬂh) —
—/d3xlf(f(X2t2,Xltll)ﬁ’l/)(xltll) (457)

rhe t; < ty < t)! Baech, B coorBeTcTBHE ¢ Duc.4-5(6), mepBoe ciiaraeMoe MpeicTaBIAeT
BKJIaJ, COCTOAHUN ¢ MOJOKUTEIbHON sHEepTUell 1 3aBUCUT OT NPEAIIECTBYIOIMNX MOMEH-
TOB BPEMEHH, a BTOPOE cJjaraeMoe JaeT BKJIal COCTOAHUN ¢ oTpuiareabHoil sHeprueit
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*x, 1 :

Puc. 4-5

W 3aBUCUT OT TOCJEAYIONNX MOMEHTOB BpeEMEHH. AMIIUTYZa BEPOATHOCTH TOTO, UTO
YacTUIa TPUXOOUT B TOYKY Xo, {2 HE OIPEIEIEHA, eCN U3BECTHA TOJIBKO aMILJINTY 1A Be-
poATHOCTH OOHADPYKEHUA 3JIEKTPOHA (HJIN MO3NTPOHA) B 60sIee PaHHUI MOMEHT BPEMEHT.
Ecsnm mosutpon u He mpucyTcTBOBa B Oosee paHHUI MOMEHT BPEMEHHU, BHEIIHEE TOJE
MOXET TIOPOINTE 3JEKTPOHHO - TOSUTPOHHYIO Mapy B MPOIECCE HBOJONNN CHCTEMBI, YTO
MPUBOIAUT K MOABJIEHUIO aMILIUTYIB BEPOATHOCTH OOHAPYKEHU TOSUTPOHA B Oy MY IIEM.
B teopun ®eiiimana BKJIAIBI B MPOIATaTOP, COOTBETCTBYIOIINE YACTUIIAM C MTOJIOXKU-
TEeJIbHON »HEpTrHUell, paccMaTPUBAITCA KAaK AMILIUTYIbI BEPOATHOCTH TOTO, UTO HJIEK-
TPOH UMeEeT OOBIYHBIN OTPHUIATEBHBIN 3apdA[l, TOTAAa KaK BKJIAILI, COOTBETCTBYIOIINE
qacTUIaM ¢ OTPUIATENBHOI 3Heprueil, pacCMaTpUBAOTCAd KaK AMILIUTYIBI BEPOATHO-
ctr obHapyXKeHUs MO3UTpoHa ¢ sHeprueit —F > 0. Takum obpazoM, 4TOOBI ONpEIeTUTh
BOJTHOBYIO (DYHKITHIO MTHPAKOBCKOIO MOJIA B HEKOTODHIE MOMEHT BPEMEHH, HEODXOMMMO
3HATH €€ 3JEKTPOHHYIO KOMIIOHEHTY B MPEIBIAYIIUA MOMEHT BPEMEHH, & €€ TIO3UTPOHHY IO
KOMIIOHEHTY B nocaedyrousuti MOMEHT BpeMeHu!

Boipaxenne (4.57) MoxHO 060BIUTH, 3aMedas, UTO g ONpeneseHnd GyHKIIT
$(Xat2) HEOOXOAMMO 3HATH BOJHOBYIO GYHKINIO t(X1?1) HA HEKOTOPOW UeThIpexMep-
HOIl THIIEPIIOBEPXHOCTH, OKPYKAOIIEHl TOUKY Xa,ts, KaK 9TO MOKa3aHO Ha DJuc.4-6:

(xats) = /da(ml)Kf(Q, DN (1)(1) (4.58)

roe N = Nyv#, tme N, — BEeKTOp HOPMaJIl K TUNEPIOBEPXHOCTH, OKpyXKafolleil TouKy
X2,t2. MHTerpupoBanne B (4.58) nmer no »roit runepmnoBepxHocTH. Torma MoXHO cKa-
3aTh, 9TO 3amnch B BHIe (4.56) MMeHHO 9T0 M MOApa3syMeBacT. DodTOMY B HasbHefi-
nreM, AJisd KPaTKOCTH, MBI B OYIeM TIOJIb30BAThCA 3TOl mpocTeiinneli dhopmoit 3amucn.
DYKHO TOMBKO MOMHHTE, YTO MPOCTPAHCTBEHHOE MHTErpUpoBanne B (4.56) moapasyme-
BaeT WHTETPUPOBAHUE TIO MPaBUJIbHO BRIOPAHHON TMIIEPIIOBEPXHOCTH B YETHIPEXMEPHOM

IIPpOCTpaHCTBE - BPEMCHMU.
Popmasbasi BEBO, (4.58) MOKHO IPOBECTH CiIemyIomHM obpasoM. Bocmosbsyemca qeTsipexmeproit

Teopemoii ["aycca:
AF ()
/*“ﬁ%—=/MWMMMWWS (4.59)
Q S

Tu
rne Fj,(z') — HekoTOpaz 4-BekTOpHAA GYHKINA, ONpeNe/IeHHAA B IPOCTPAHCTBEHHO - BDEMEHHOM 06 beMe
{1, orpaHIIeHHOM HOBEPXHOCTBIO S, Ny (z') - BHEMHAA HOpMaJIb K 2/1eMeHTy IoBepxHocTH do () B Touke
z'. Dycrp ¢(x) - pemenne ypasHenna [lupaka i’y“%ﬂ — my(z) = 0. Bubepem F(z') = Ki(z —
z')yHp(z'), tme z, z' € Q. Torma mmeem: "

OFu(z') _ i
dz, oz

K4 (@ - o ()] =
m
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Puc. 4-6

Ky (z — o)
Fiitudals i Sl
T

Cals Bl

5, — may(z’) (4.60)

Y+ mKy(z — x'):| Y@+ Ky (z — 2')

Bropoe ciaraeMoe 3mech paBHO HYJ IO B COOTBETCTBHUU C ypaBHeHHeM [lmpaka. DoaCcTaBuM MOJIYy Y€HHOE
BBIPAKE€HUE B JIEBYIO 9acCTh (4.59) M yUITEeM elle, ITO

8]7 ot
Z'MW +mKy (e —2') = —is(e — ') (4.61)
oz},

Torma mmeem:
P(z) = — / do(2' VK4 (2 — 2" )yub(a")nt (") (4.62)
S

The 7, - BHENIHAA HOPMaJib. Iy a €CJIH BBeCTH BHYTPEHHIO0 HOpMaJsb [V, TO MOy IHM:

Y(z) = / do(2" VK4 (2 — 2" )yu (2 YN#(2') (4.63)
S

4aro B TpeGoBaJIoch MoKa3aTh. Bepaxenne (4.57) ciemyeT oTcrona, €C/IH BHIOpaTh IOBEPXHOCTD S B BAIE
IBYX IPOCTPAHCTBEHHO - ITOMOOHBIX TUIIEPILIIOCKOCTEN 1 | {2, a “GoKoBBIMHU’ BKJIaTaMU IpeHebpedb, C
YI€TOM TOTO, YTO COOTBETCTBYIOUIME TACTH IIOBEPXHOCTH S PACTATHBAIOTCA Ha 6ECKOHETHOCTD. 3aMeTHM
eme, aro mpu stoM N9~ = .

AMHHI/ITy,D;a, BEPOATHOCTH IIEpEXOJa IAEKMPOHA U3 HCKOTOPOT'O COCTOAHHUA C BOJIHOBOIL
dbyurImel o(X1t1) TACTHUIL ¢ TOJOKNTENBHON sHEPIHEH B MOMEHT {1 B COCTOSHIE C
BOJTHOBO#H byHKIMER ¢p(Xal2), TAKKE COOTBETCTBYOMEN COCTOAHUAM C MOJOKUTETBHON
sHeprueil, B MOMeHT T3 > ?; HaeTcd BRIpaXkKeHUEM:

M = /d3X1d3X2g03(X2t2)[(+(thz;Xltl)ﬁ’l/)o(xltl) = /d3X1d3X2@0(2)6[(+(2,1)61/)0(1)
(4.64)

Ecsim Mexxmy MOMeHTaMH BpeMeHHW {1 W iy HelicTByer morenmmas eA, to byakmma Ky
saMengeTcs Ha K{'. D07ToMy aMIUIITy A Iepexoia B IIepBOM IPUOIIKEHAN, B COOTBET-
crun ¢ (4.55), paBHa:

M = —ie/d3x1d3x2d4x3¢0(2)ﬁf(+(2,3)A(3)K+(3, 1)B8vo(1) (4.65)

C momouibio (4.56) MOYKHO CHATH WHTETPAJIBI TTO X1 W X5 BBEIA:

/d3x1[x+ (3, 1)Bo(1) (4.66)

/d?’ngoo VK 1(2,3) (4.67)
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P2 Py
Py P2
Puc. 4-7
Tak uto (4.65) mpeBpaiaerca B:
M, = —ie/d4x3¢0(3)ﬁ(3)¢0(3) (4.68)

DycTh HavabHAad BOJHOBas QPYHKINA COOTBETCTBYET 3JIEKTPOHY C 4-UMIYIBCOM P, a
KOHEYHAsd — 3JIEKTPOHY C 4-UMITYABCOM Pa:

do(z) = ulpr)e™ ™" @o(z) = ulps)e’?= (4.69)

rie % — CHHEHOPBI, COOTBETCTBYIONUINE CBODOIHBIM 9aCcTHIIAM C IOJI0KHATEIBHON sHeprueii.
Broma dypre-obpas A,(x):

Au(z) = /d%e‘i“au(/@) (4.70)

u mogcrasaga (4.69) u (4.70) B (4.68), BHIIOIHAEM WHTEIPUPOBAHKE O &3 1 HOIYIaAEM:

. 4 4 _ N . 4 — N
My = —ie(27) /d ké(p2 — k — pr)u(p2)a(k)u(pr) = —ie(2m)*u(p2)a(ps — p1)u(pr)
(4.71)
YTO MOKHO H306pa3uTh guarpaMMoil, MoKa3zaHHol Ha 9uc.4-7. AHaJIOrmYHBEIM 06pas3oM,
MaTpUYHBL 3JIeMEHT Iepexoa U3 COCTOAHUA C pi B COCTOAHHUE C Pg, BO BTOPOM IOPHAIKe
TEOpUU BO3MYIIEHHUIT, MOXKHO 3alucaTh KakK:

My = (—ie)? /d4x3/d4x4¢0(3)A(3)K+(3,4)A(4)1/;0(4) (4.72)

Orcrofa, moc/Ie MONCTaHOBKH (ypbe-06pasos dyHkmmii A u K4 ns (4.70) u (4.39), a
rakxke (4.69), momydaem:

My = —i62(2ﬂ')4/d4p/d4k1/d4/€25(p2—/ﬁ—P)(S(P1+/€2—P)Q(P2)d(/€1) — md(kZ)u(Pl)
(4.73)
My = —ie2(27r)4 / d4ka(p2)d(p2 —p1 — k)md(k)u(pl) (4.74)

910 m3obpaxkaerca rpadukoMm Juc.4-8. AcHo, 9TO aHAJIOTHIHBIM OOPA30M BBITHCHIBA-
0TCHA U 9JIEHBI DoJIee BHICOKOTO MOPAAKa. B pe3yJibraTe BOSHUKAIOT CJIEAYIONINE NPA6UAL
Juaepammnol mernuky Iad PaCCEAHNA 3JEKTPOHOB Ha MOTEHIIAAJIE BHEIHETO 3JEKTPO-
MarHUTHOTO IOJIf:
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k P~ P,k

p,+k
Py P2

Puc. 4-8

1. Marpuunsrit ss1eMenT niepexona umeeT Bug M = ug Nujy.

2. KaxkaoMy 6upmyaibroMy COCTOAHUIO 5JT€KTPOHa (BHYTPEHHEN 2/1€KTPOHHON JTH-

HHHU) ¢ UMIYJICOM p COOTBETCTBYeT B N akTop p_lm.

3. Kaxznomy dhoTony (BOTHUCTON JWHIN) ¢ WMITYIBCOM ¢ cOOTBETCTBYET B N dakTop
—iea(q).

4. Do BCceM UMITyJbCaM ¢;, He (PUKCHPOBAHHBIM 3aKOHAMHU COXPAHEHUH, BBIMTOJTHAIO-

& d*
IMIMHUCA B 8€PWUHAT B3AaUMOACUCTBUA, ITIPOBOJUTCA UHTETPUPOBaAHUE (271_(])’4 .

D pU BHIYUCJIEHNH WHTETPAJIOB KOHTYP WHTEIPUPOBAHUSA 110 BPEMEHHOW KOMIIOHEHTE UM-
MyJibca CAeayeT BRIOUpATh NCXond ux e iHMaHOBCKOTO MpaBmIa 06X0/ma OJTIOCOB: Macca
M B HOJUHTErPAJIBHOM BBIPAKEHNH 3aMeHsdgeTca Ha m — m — 6 (8§ — +0).

B Ka49eCTBE IIPOCTOTO MpUMEpa KOHKPETHBIX BBIIUC/ICHUH pPaccMOTpHUM 3a1a9y paccedHnd Ha KYJI0-

HOBCKOM II0JI€ aTOMHOTO Anpa (pe3epdopIoBCcKoe paccernHme) ¢ 3apanoM Ze. B sTom cirydae, morennmas
Adpa paBeH:

Z
Ag = V(T) = e (4'75)
T
CooTBeTcTBEHHO:
1 ; 1 ; Ze
a(q) = drze' Tyt A, = § O | Exe” UV (r) = ———5 0 4.76
a(q) )i / e = e (a0) / e (r) Py (q0) (4.76)
Torna aMIInTyna Hepexolia MepBoro mopAnka (4.71) mveer Brm:
ArZe?
M, = —27T5(E1 — Eg) ﬂ(pg)ﬁwou(pl) (477)
P2 — p1l
rne By un B> — Hava/bHa#A W KOHEYHad HeprudA »/eKTpoHa. U3 (4.77) BmmHo, uto K1 = Ey = E, Te.
pacceaHne ynpyroe (crarmaeckmii moTennmas'). BepoaraocTs pacceanna onpenesaeTca Kak:
ArZe? :
TZe
|M1|2 = (277)2 ﬂ(pQ)W'you(pl) §(E1 — E2)6(0) (4.78)
2 — P1

Brecs mu1 samucamu [§(Ey — F2)]?2 = §(FE1 — E3)8(0), uro cosnaer monarabie mpobemsr. Bemmraumy §(0)
HaIIO UCTOJIKOBATE, HOIb3YAChH M3BeCTHRIM pertenitoM Pepmm, Kak:
T/2
§(0)= lim lim — dte** = lim — (4.79)

T—o0 2—0 27 —T/2 T—o0 27

roe T— BpeMA B3amMOIENCTBUA. Tor,z[a MOZKHO BBECTH BEPOATHOCTD II€PEX0o1a B €AMHUILY BpEMEHH W1 -2 ¢
2

§(E — ) (4.80)

wi_g = 27 |u(p2)

ArZe? 0
|p2 — p1|2w u(p1)

,D;aJ'ILHeI!/’H_LII/Ie BBIYMHCJICHU A (B IIPpEeOITO/JIOK EHUHN HEIIOTAPA30OBAHHOCTH ITY YK a UCXOOHBIX BJIGKTPOHOB) Tpe-
6yIOT IIpOBEOACHUA yCPEOHEHNA 110 ABYM HaAYaJIbHBIM IIO/IAPM3ATUAM CIIMHA 3JIEKTpOHa U CYMMHDPOBaHUA
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0 KOHEYHBIM TTostapm3anuaM. [lyia aToro cynmecrByer paspaboTaHABIH alTIapaT, HCIIOTb3YFOUIIH ABHBIH
BHI cimHOPoB u(p) U cBoificrBa Marpun upaka. MEL oIlycTHM COOTBETCTBYOIITE TEXHHIECKHE IETAJIM,
KOTOpBIe MOKHO HaiiTw, Hampumep, B [5] mum B [1]. B xomewnom mrore, ms (4.80) MOXHO IIOJIyIHTH pe-
JIATHBACTCKHA BapmaHT dopMymst Desepdopna (popmyry Morra) mna nuddepernmansHOro ceqenms
paccesiHEA B 3JIEMEHT TeJIeCHOTO yrita d§) [5]:

d Z2et [
R . — (1 — 22 sin? —) (4.81)
dQ  4p2¢2? sint g 2

rae yaau [p1 — p2| = 2|p|sinéd/2, toe § — yron pacceanms, u BBesn cKopocth v = |p|/E.
Samada OByX YacTHIL.

Ecom BeiOparh JOpeHIleBCKYI0 KaaubpoBKY, TO ypaBHeHme MakcBesina Iid MOTEHITHA-
JIOB, KaK Mbl BUJCIN, NIPUHAMAET BUI;

OA, = 47j, (4.82)
DTO ypaBHEHHUe JIETKO pelnTh ¢ nomolsio dyukmun ['puna Dy, KoTopylo onpenennm
YpaBHEHUEM:
O,D4(2,1) = 476(2, 1) (4.83)
D poBona odeBHIHBbIE TpeocbpazoBarnd Pypbe nmeeMm:
47 ) 1
D(2,1) = ——— | d*keth@emo) __— § 0 4.84
+(21) (274)/ c RN - (4.84)

D0 CYUIECTBY, ¢ TOYHOCTHIO IO KOHCTAHTHI U 3HAKA, 3TO BBIPAXKEHWE COBIIAMAET C MHTE-
rpasoM Iy u3 (4.40), ecsim B HEM HMOJOKHTEH JTOOTMpPENeNEeHHY0, coracho (4.44) maccy
m = 0. Teneps MBI MOXeM 3anucarh pelrerne (4.82) B IpaKTUIECKN OYEBUIAHOM BHIE:

4 .
Au(2)= /d 21 D(2,1)j,(1) (4.85)
B,D;GCI) OTCYTCTBYET BO3MOXKHBIH HeO,D;HOpO,D;HbIﬁ BKJIa [, YTO COOTBETCTBYET I'PaHUIHOMY
YCJIOBHUKO OTCYTCTBUA CBO60,D;HOI‘O AJICKTPOMArHUTHOTO M3JYYCHUA IIpU t = +o0 (T.e.

OTCYTCTBYIOT pelleHHs ALO) ypasrerus 0A, = 0, koTopble Bcerna MOXKHO H0OAaBHTH B
mpaByio dacTh (4.85)).

DaccMOTPHM TeTeph Caydail ABYX 3apsKeHHBIX (B3anMoneficTByiomux!) dbepMmnonos.
Kaxkpmasa u3 4acTHIl gBIAeTCA HCTOYHUKOM 3JIKTPOMATHUTHOTO II0JIA, KOTOPOE OKa3bI-
BaeT BJHAHNE Ha ABIKEHHE APYToil 9acTHIEl. B pesysbTaTe 2TOro B3anMOIeHCTBUA Ya-
CTHIBI paccemBafoTCA ApYT Ha Opyre. 3amuiieM BhHIpaXXKeHWe AJId TOKa, COOTBETCTBYIO-

IIETO TEPEXOY 3IEKTPoHa “a” M3 COCTOAHUA Uq(p1)e” P1¥ B cocTogHme Ug(p2)e™ P27

(@) = etia(pa)yhua(pr)e' P2 P07 (4.86)

B coorerctBHn ¢ (4.85) 9T0T TOK cO3maeT B MPOCTPAHCTBEHHO - BPEMEHHOI ToUke &
rnoJie ¢ NOTEHINAJIOM:

Ay(x)=e / d*e' Dy (x — 2")e P2 =PO g (po )y g (pr) =

1 .
— dnme / Ah e (k4 2 = P (p2) o (01) (4.87)



®ENIMADOBCKASI TEOOUSI 203UTI03A U DJIEMED TADI bIE OC20BbBI KBAD TOBOW 2JIEKT20W2 AMUKW 109

Puc. 4-9

DTOT moTeHIWAN HeficTByeT Ha IBMKeHHe BTOporo ssekTpoHa “b”. Cormacuo (4.68),
MaTPUIHBIH 9JIEMEHT TEePBOro MOPAIKa, COOTBETCTBYONIHI Mepexomy »aekTpoHa “b” w3
COCTOAHUA C 4-UMIYIBCOM ¢ B COCTOAHHUE ¢ 4-UMITYJIHCOM (2, BRI3BAHHOMY MOTEHIIHAIOM
(4.87), numeer BUI:

M = —ie/d4xﬂb(q2)eiq”’yfflu(x)ub(ql)e_i‘hx =

u NU Ug apUa
* b(qZ)Pyb b|(]()]1) p(]ﬁ)v . (pl)(s(pl +q—p2— Q2) (488)
1— P2

= 47Ti62(27T)

DacCMOTPHUM TENMEPh MPOTAraToOp CHCTEMBI HX JABYX YacTHIL (IBYXYaCTHIHYIO (YHKIINO
pura). B HependaTWBHCTCKOM TMPUOIIKEHHH CHCTEMA W3 JABYX YaCTHI[ ONHCHIBACTCH
HIPEITHTEPOBCKOH BOTHOBOH dyHKIMER ¢(X4, Xp, 1), B MBI MOKEM, TaKKe KaK ¥ BBIIIE
B CJIyYae OIHON YACTHILI, ONpPeneanTh mponaratop K (Xq, X, t; %X ¢, X'y, 1), mpencrasia-
fomnil coboil aMIIATYAYy BEpOATHOCTH TOrO, YTO YacTHNa “a’ W3 TOYKH X', B MOMEHT
BpeMeHH ' ImepexomuT B TOYKY X, B MOMEHT {, Torga Kak dacTuma “b” ms Toukm x'; B
MOMEHT i’ TIlepexouT B TOYKY X; B MOMeHT {. Ec/im qacThIel He B3amMOAeiCTBYIOT, TO,

OYCBUIHO, UMECEM!

K(xq,%p, ;% q, x5, ") = Koa(xat; X ot’) Kop(xp; X p1") (4.89)

roe Koq, Koy — mpomaraTopsl ¢cBobogHbIX gacTuil “a” u “b”. B caydae orcyTcTBHA B3a-

UMOIEeHCTBUA MOKHO ONpeNenTh u Oosee 0bIlyfo AByXdacTudnyo dyukmuio ['puna, y
KOTOPOil BpeMeHa 4acTHUll B Ha4aJbHOM 1 KOHEYHOM COCTOAHMAX HE COBIIAIAIOT:

Ko(3,4;1,2) = Koa(3,1)Kop(4,2) (4.90)

Boipaxenue (4.88) MOKHO Teleph PACCMOTPETH KaK MaTPUIHBIH 2/1eMEHT, BOSHUKIINH 13
nompaBkn mepsoro mopanka K1 x mpomaraTopy IBYX cBOGOIHBIX YACTHIL, 3alHCAHHOI
B BUJE!

Ki(3,4;1,2) = —iez/d4x5/d4x6K+a(3,5)75K+a(5,1)D+(5,6)K+b(4,6)~ybuK+b(6,2)

(4.91)
u npeAcTapiaeHHoil nuarpammoit Peitnmana Ha Juc.4-9. MaoxkuTE B D) B 5TOM BBIpakKe-
HUU pacCMaTPUBAETCA KakK MPOMaraTop supmyasvnozo dporona. akTudeckn, IpuBEIeH-
HBIIl BBIBOJL HE BIIOJIHE YIOBJIETBOPUTEJEH, OCKOJIBKY MBI ITOKA BOBCE HE KBAHTOBAJU
caMo 2JIEKTPOMATHUTHOE TIOJI€, HO, KaK MBI YBUIUM HUXKE, 3TOT JKe Pe3yJIbTaT BOCIPO-
U3BOAUTCA W B MOCTEIOBATENBHON Teopun.
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B UMITYJIBCHOM IIPEACTABJICHUN BCE 5TO MOXKHO IIEpEINCATh B boJtee IIPUBBIYHOM BHJIE.

Dpu BeIMOTHEHUU ycaoBud Jlopenra g’;‘[j = 0, auddepernnposanue (4.87) mo z, maeT:

Ua(p2) 7 kptia(p1) = wa(p2)(v2k° — 7 - kK)ua(p1) = 0 (4.92)

DTO COOTHOIIEHNE TeHCTBUTENBHO BBIIOTHAETCA, TOCKOJIBKY n3-3a Haanand B (4.87) -
dbyarIMH HMeeM k = Py — P1, a u(p2) U u(p1) ABIAAOTCA CHTHOPAME CBODOIHBIX YaCTHII,

TaK 9TO
u1(p2)(p2 — p1)u(pr) = u(p2)[(p2 —m) — (p1 — m)]Ju(p1) =0 (4.93)
Dosromy Beropy, e B (4.88) BeTpedaercs marpuiia 0 ), MOKHO BOCIIOIB30BATHCA COOT-
HOIIICHNEM
Ya ko —7a k=0 (4.94)

1 BBIpa3UTh "}/2 KaK:
k
Ya = Yai <|k—|) (4.95)
0

Te y; — MaTpuiia ¥ “B HalpaBseHun pacipoctpanennsa’ k (HomdepKHeM, 4TO mJid BUp-
TyasbHoTO boTona kg # |k|). Takum obpasom, obosHadasa “nomepednsie” KOMIOHEHTHI

. BB
¥ KaK -y, MOXKHO MEPENncaTh 7‘}611’ B (4.88) kak:

5 . 0 0( _ kb ) N2 i
P 0 = = ih, Y\ RE) T 2im Y

k2 kg — k2 kg — k2 o
0.0 2 i
Ya Vb Zi:l Vat Vot
= — — 4.
k2 kg — k2 (4.96)

DepBoe craraeMoe B 9TOM BbipakeHun onuckiBaeT B (4.88) u (4.91) MrHoBeHHOE KYyJTO-
HOBCKO€ B3aUMOJIENCTBIE ABYX 3JIEKTPOHOB, & BTOPOE YUUTHIBAET MOMEPEYHBIE KBAHTHI,
obyc/taBauBaloIIe 3amasablBaiollee MATHITHOE B3amMojieiicTBre dacTull. BosHUKHOBE-
Hie “MTHOBEHHOTO” B3aMMOMENCTBUA CBA3AHO C HEKOBAPDUMAHTHBIM XapaKTepoM pasdbm-
eHNA Ha JIBa CJIAracMbIX MCXOJHO KOBAapWaHTHOTO BhIpaxkeHusd B (4.96): dakrTudeckn
MEPBBIN WIeH ABJIAETCA TVIABHBIM B IIPElese MaJbIX CKOpocTeil, a BTopoil 4ieH maer
MOMPABKN K MIHOBEHHOMY KYJIOHOBCKOMY B3aMMOIERCTBUIO.

o cux mop MBI He yUUTHIBAJIH, 9TO 3JIEKTPOHBI TOXK IECTBEHHBI I MOTIMHATOTC TTPWH-
MUY Dayan. ¥ IeT 3TOro 0bCToATeTbCTBA MPUBOIUT K TpeOOBAHUIO aHTUCAMMETPUIHO-
CTH BOJTHOBO (pyHKIIUU CHCTEMBI YACTHUIl, 9TO OOECTIETNBAETCA BBEIEHUEM IBYXIaCTHI-
HoTO Tpomararopa K (3,4;1,2) — K(4,3;1,2), onuceBamIero mepexon AByX YacTHI] U3
Touek 1 m 2 B Touknu 3 u 4, ¢ yaerom obmena. Takum obpasom BMecto (4.88) monydaem
MaTPUYHBIA 3J€MEHT PacCedHNd IBYX TOXKIECTBEHHBIX YACTHIL, B IEPBOM TOPAIKE IO
B3aMMOMIEHCTBUIO, B BUIE:

_ i _
M= 47Ti62(27T)4 {Ub(QZ)PVb Ub(Q1)Ua(P§)7auua(P1)
lp1 — pa

, " ,
_ nlp2)vs “b|(q‘“)“;(q|§)%““a(p1) } 8(p1+q1 — P2 — q2) (4.97)
1 — P2

qTO, oIIpeaecadeT, B HaCTHOCTH, CEYCHUE TaK HA3BIBACMOI'O MEJIJIEPOBCKOTO paCcCCdHMAd.
B Boicmmx nopdiakax IIo B3aNMOJICICTBUIO TTOABJIACTCA OeCKOHEYHOEe YHCJIO IIonpa-
BOK K 3TOMY MAaTPpHUYHOMY 3JIEMCHTY, COOTBETCTBYIOIINX O6M6Hy Bce DOJIBLINM YHCJIOM
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Nopsidox e?

Nopadox e*

FOCh A

Puc. 4-10

BUPTYAJIbHBIX (POTOHOB MEXKIAY YACTHUIAMH U COOCTBEHHOMY B3aMMOIEHCTBIIO YaCTHUII.
Bce Takwme mportecchl mzobpakatorca muarpammamvu PeliHMaHa, KOTOPBIM COMOCTABIIA-
OTCH COOTBETCTBYIONINE MaTeMAaTHIECKNE BBIPAXKEHUA. JDPUMEPHI AMATPAMM MOPAIKA
e* moxasans Ha Duc.4-10. DpaBuia mHArpaMMHON, TOMOTHOMAE chOPMYTHPOBAHHEIE
BBIIIIE [JI4 33Ja90 PACCEAHNA Ha BHEITHEM IM0JI€, TEXHUKH POPMYTUPYIOTCHA CJIELYIONIAM

obpaszsoM:

1. AMniuryna BepOATHOCTH U3JIyUEHNs BUPTYaJbHOTO (DOTOHA paBHA ey* | 4TO como-
CTaBAETCA TOUKe (BEpUIMHE) Ha q@arpamMMe.

2. AMIInTYa BEPOATHOCTH Hepexoma (Mpomararop, BOMHACTAA JUHHA) GOTOHA W3
4m
Tourn 1 B Touky 2 pasna Dy (2,1) win, B HMIIYJIbCHOM TPEICTABICHIT b rnw L
OrpanrauMcs B 3a7ade IBYX JacTHIL “JTeCTHUYHBIME Tuarpammamn (6e3 mepecede-
Hull TUHAH B3anMogelcTBIA ), HOKasaHHBIME Ha Duc.4-11. Beenem dbyurmmio ¢(xy, £2) —
AMIIJIATYIY BEPOATHOCTH HAXOXKIEHWs NBYX 9YACTHIL B TOYKAX £, W L9 TOCJE TAKOTO
obMeHa n BUpPTyaJibHBIME ¢doToHamMu. Torma aMIINTyZa BEPOATHOCTH IMOCTEe OOMeHa
(n+ 1)-m dbororoM uMeer BU:

ont1(1,2) = —ie2/d4x3/d4x4K+a(1,3)751(+b(2,4)~ybuD+(3,4)gpn(3,4) (4.98)

C.HG,D;OBaTe.HI)HO, IIOJIHAA aMIIJINTYAda BEPOATHOCTH B JIECCTHUYIHOM HpI/I6.HI/I}KeHI/II/I MOXKeET
OBITH BbIpazxK€Ha B BHUIE:

Yz, 20) = Z on(21,22) (4.99)

", COOTBETCTBEHHO!

V(2,1) = po(2,1) — iez/d4x3/d4x4K+a(1,3)75[(+b(2,4)7buD+(3,4)1/;(3,4) (4.100)

rae po(2, 1) — BoHOBaA byHKINA, yAOBIETBOpAONAasA ypapHeHnio Jupaka mis cBoboi-
HOW dacTHIpl o 06enM HepeMeHHBIM. Ecau Teneps K obenM gactam ypasHenusa (4.100)
npuMeHnTE auddepermaabibie omepaTopsl Jdupaka g dactui “a” u “b”, To mosryamm

muddepennnanbHoe ypasHerne gia (2, 1):
(iVa — m)(iVy — m)h(2, 1) = dey vy, Dy (2, 1)0(2, 1) (4.101)

910 ypaBHeHMe HasblBaeTca ypapHeHneM Dete — Cosmurepa (B JECTHHIHOM TpubIIH-
KEHUW) W HPEICTABIACT cO0OH PeNATUBIHCTCKOE BOJHOBOE ypaBHEHHE [JIf CHCTEMBI U3
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ABYX 9aCTHII. Ono ITO3BOJIAET, B IPUHIUIIE, IIOJTHOCTBHIO PACCMOTPETH U 3aJa9y o6pa30Ba—
HUA CBA3AHHBIX COCTOAHNN B TaKOit CHUCTEME, HAITpUMED O6pa3OBaHI/Ie n E)HepI‘eTI/I‘IeCKI/Iﬁ
CIICKTP IMO3UTPpOHUA.



I'mtaBa 5

MATOULA S5ACCEAD N

AMIinTyna paccessHUA.

DomaBagioliee HOIBIITHCTBO 9KCIEPUMEHTOB B (pU3HUKeE 3JTEMEHTAPHBIX JaCTUIL CBOILATC
K W3YYEeHWIO WX paccedHWd, peakiuit m pacmanoB. BsammopeitcTBUA WacTHUIl TPOUCXO-
4T, KaK MPaBUJIO, HA OYEHb MaJblX PACCTOAHUAX M BpeMeHaX (HANpUMep B MHUIIECHAX
WIH B OBJTACTH HepecedeHns BCTPETHBIX MYYKOB yCKOPHUTEeli), ocIe 9ero perncTpu-
pyloTcd yXKe NpakKTHYecKH HeB3auMOoAeHCcTBYIOUNE MPOAYKTHl peaKlnu, nonataioline B
CHCTEMY JIETEKTOPOB, HAXONAIINXCA TAJIEKO OT 0DJIACTH B3aMMOAEHCTBYA, TPUBEIIIETO
K 00pa30BaHUIO 9THX MPOAYKTOB. D0O3TOMY, BECbMa 00Iad TOCTAHOBKA 33aUl CBOIUTCA
K 3allade O CTOJIKHOBEHHAX. 3HAd HAYAJIBHOE COCTOAHWE CUCTEMBI CBOOOMHBIX UACTHII,
HYKHO HafiTHM BEpPOATHOCTH PAa3JINYHBIX KOHEYHBIX COCTOAHMI, CBOOAIIMXCA K HAPYTUM
COBOKYITHOCTAM CBODOIHBIX YaCTHI, BOSHUKAIOIINX B PE3YJIbTAaTe B3aUMOLeicTRUA.

DycTh |i > — HEKOTOPOE HAYAIBHOE COCTOAHUE. De3yJIbTaTa B3aUMOICHCTBUS MOKHO
NpeACTaBUTh KaK CYIEPIO3UINIO:

ST >< fISli > (5.1)
f

rfe CyMMHPOBaHHE UAET 110 BCEM BO3MOXKHBIM KOHEUHBIM cocToduuaM |f >. Koad-
dbunuentsr Sp; =< f|S]i > obpasyoT Tak HasBIBAEMYIO MAMPUUY PACCEARUA WIH S-
mampuyy'. Bennmauna |Sy;|* naer BepoaTHOCTH nepexosa ¢ — f. B orcyTcTBHE B3amMO-
nelicTBAA S-MATpUIla, OU€BUIHO, EAUHUIHA. Y I0OHO 3Ty eIUHUILY BBIAEIATE U 3AMUCATH:

Sfi = (Sfl' + (271')4(5(Pf — Pi)Tfi (52)

1D omATme MATPHIIBI paccesHns BIePBbIe BBeI | elisenbepr, MpemIoKnB ee B KadecTBe Hambosree byH-
JaMeHTaJIbHOU XapaKTepUCTHKHN MPolleccoB B3auMonelicTBUA 3/71eMeHTapHBIX TacTHII.

113
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rae 6-dYHKINA BHIpakaeT 3aKOH coxpaHeHnda 4-mmmysbca. [lyida HenMmaroHaJIbHBIX 2JIe-
MEHTOB UMeEM ITPOCTO:

Sfi = —i(271')4(5(PZ' — Pf)TfZ' (53)

Benmunna Ty; HasbIBaeTCA AMRAUMYTOU pacceAHUSA.

Ipu BosBemenwun (5.2) B KBampal NOABJIAETCA IIJIOXO OIpPEeNENeHHbIH KBagpar 6-
GyHKINN, CBA3AHHONE C 3aKOHOM COXPAHEHWdA. 3IeCh HYKHO MOCTYIHTH CJIELYIONIM
obpasom. Beemem dypbe - npencraBieHne:

1 .
§(Pp — P) = —— [ d*aelPr—Por 5.4
(P =P)= g [ (54)
TOI‘,D;& BO BTOPOM TAaKOM 2K€ MHTEI'paJi€ BBIYHUCJICHUA TTPOU3BOAATCA IpHU Pf = PZ', HO

HHTETPUPOBAHIE PACIIPOCTPAHAETCA IO HEKOTOPOMY DOJIBITOMY, HO KOHEYHOMY, OOBEMY
V u unrepBasy spemenn T, uro maer V1'/(27)%, u Mbl 3anuchiBaem:

|Sil* = (2m)*8( Py — P)|Ty:|*VT (5.5)

CoOTBETCTBEHHO, MOXKXHO BBECTH yXkK€e XOPOIIO ONPEIeJeHHYI0 BEPOATHOCTE MEpexona B
€TUHUILY BpeMeHN (B KOHEYHOM o61;eMe)2:

wyi = (2m)'8(Py — P)|T3i|*V (5.6)

CBOOOIHBIE ACTHIIB OMTUCHIBAIOTCA COOTBETCTBYIONIUMH TITOCKUMHU BOJTHAME C aMILJTATY-
JTaMU U, TPEACTABIIAONIIMEA CODO OMCTUHOPHI AJIA IUPAKOBCKIX PEPMUOHOB, 4-BEKTOPA
nna doronoB u 1. . Torma umeem:

Ty = ujus...Q...uqus... (5.7)

rue Q — HEKOTOpad MaTpHuIla IO MHACKCAM KOMIIOHCHT aMIIJINTYHA BOJIHOBBIX (byHKL[I/Iﬁ
BCEX YaCTHII.

SaCCMOTpI/IM HauboJiee BajKHBIE CcJIydan, KOorga B Ha4YaJIbHOM COCTOAHHUH HUMEETCA
BCETO OdHa WJHW ABE YacCTHUIBI, T.€. paclial OOHON M CTOJIKHOBEHUA ABYX HaCTHII. Da-
YHEM C 33JJa49MW O paclale. SyCTb HJaCTUIla paclagacTCd Ha HEKOTOPOEC YHUCJIO OPYTUX
HJaCTHUIL ¢ UMITYJIbCaMH1 p/a’ IIonaJaxvimMil B 3JIEMEHT obbeMa (1)&3OBOI‘O IIpoCTpaHCTBa

IL. d®p’, (a HymepyeT 4acTUIBI B KOHEYHOM COCTOsAHME). YN0 cocToaHuil B 5TOM 3J1e-
31y

Vda'p
MenTe pasHo [], ~(r 5 COOTBETCTBEHHO (5.6) HAIO YMHOXKHTE Ha 5Ty BEJTHIHHY, JabbI
MOJIYYUTh BEPOATHOCTD MEPEX0ia B KOHEUHBIE COCTOAHNA, MOMAJAIONIHE B STOT SJIEMEHT
obbeMa pazsoBOTO MPOCTPAHCTBA!

)

Ms1 Besme wWCmoOJIb3yeM HOPMHUPOBKY Ha “OmHY dYacTuily B obbeMe V7| Torma BOJIHO-
BBle GYHKIME BCEX YACTHUIL CONEPKAT MHOKUTETb —m——  Tle €p — PHEPIU#A HACTUIIBL.
A /ZapV

Vd3p/,
dw = (2m)*6(Py — P)| TV || e (5.8)

Y1n06HO >TH MHOKHMTEN OTHECTH B aMILTATYLY PacCEeAHNsd, T.€. TNCAaTh BOJHOBHIE (yHK-
AN KaK:
P = ue T uu = 2m (JIEKTPOHBI ) (5.9)

ike =1 ek* =0 (doromn) (5.10)

Ay = 4me e eut

29T0T penenT UpHMHAIIEKHUT, KAK OTMedaa0ch Bhiure, epn.
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M T. 1., & aMIUTUTY/Iy PaccedHu# NPeICTAaBUTh Uepes HOBYIO aMmiutyy My;, onpee-
JEHHYIO Kak:

Mfi
(261 V..2e0 V.12

Ty = (5.11)
rJe B 3HaAMEHAaTEJIE COOCP2KUTCA IO OJHOMY MHOXKUTEJIIO (262 V) Ha KazKIYyI0 HaYaJIbHYIO
1 KOHEYHYIO 9aCTHUIbI. B JaCTHOCTH, OJId BEPOATHOCTH pacllaJa MMECM:

dSP/a

R (5.12)

1
dw = (271')4(5(Pf — Pz)|Mfz|2% H

a

TIe € — sHeprud pacnajatonieiica gacTuibl. Kakx u cjieqoBaJsio 0XHIATH, HOPMHUPOBOY-
Hble O0BEMBI B (5.12) MMOJHOCTBIO COKPATHJINCH. EcJin cpel KOHEYHBIX Y4acTull, ecTh N
TOXKJIECTBEHHBIX, TO (ha30BbIll 06'beM KOHEUHBIX COCTOAHMI HYKHO elle HoIe uTh Ha N !,

4TOObL Y4eCcTh UX BO3MOXKHBIE ITEPECTAHOBKH.
DaccMoTpuM TronpobHee caydail pacnafa Ha IBe SACTUIIEI ¢ UMITy Thcamu p'y, p’y U sHepTHAME 51,

). B cucreme mokos pacnamaromeiica yacrunst p'y = —p’y = p’, ¢] + &5 = m. Torma
1 2 1 ' ' ' ' 3! 3 _.f
dw = —(277)2 | M| Ry §(p'1 + p'5)8(s] + 5 — m)d°p’1d°p’, (5.13)
252

DepByIo §-QYHKIINIO MOKHO yCTPAHATD, BBIIOIHAB HHTEIPUPOBAHHE IO d° p’,. Hanee nepennmurem a? p';

B BHIOE:
eheld(e! 4+ &l
d3p/:|p/|2d|p/|dQ:|p/|dQ 1 2/( 1 - 2) (514)
e +tey
qTO HOJIyYIaeTCdA C yIeTOM 512 —m? = 552 —mg = |p'|2. Torma, mponHTErpUPOBAB IO d(si —I—sé)7 yCcTpaHUM

u Bropymo §-dyrkmmo B (5.13). CooTBeTCTBEHHO, I BEPOATHOCTH Pacliala B 3JIEMEHT TEIECHOTO yIJla

d) oty amM:
1

T 3272
SaCCMOTpI/IM Tenepb 3aJa49y O CTOJIKHOBECHHUM ABYX Y9acTUl, ¢ UMIIyJIbCaMW pPi, P2 1

dw

|M i |*|p'|d€2 (5.15)

SHEPTUAMU €] U €3, C IPEBPAIIEHIEM UX B COBOKYIHOCTB U3 HEKOTOPOTO HYHCJIa YaCTHI]
¢ ummnyJsibcamu p’, u suepruamu £),. Torga

1 ’p’,
dw = (27)*6( Py — Pi)|Mfi|24€1€2V H I (5.16)

MuBapuanTHOEe (OTHOCHTENBHO TTpeobpasoBanuii JlopeHiia) cedeHne pacceaHns Moy da-
erca us (5.16) nemenuem Ha [25]:

1
Jj= Ve rme I =+/(pip2)? — m3m2 (5.17)
B cucreme nenTpa HHEPIME NMeEM p; = —p2 = P, Tak 4to | = |p|(e1 +€2)
. plf1 1 vi + vy
S N I [P ) 5.18
J 14 &1 + E9 14 ( )

HTO HaeT IIJIOTHOCTDH IIOTOKa CTaJIKUBAIIWUXCA YaCTHIL (1}1, Vg9 — UX CKOpOCTI/I). TOI‘,D;a
OKOHYAaTeJIbHO!

4 5 1 dSP/a
do = (27)*6(P; — P;)| M| EH( (5.19)

Wcksmrounm §-pyHKOUM Nutd ciIydas, KOTIa B KOHEYHOM COCTOSAHUM MMEIOTCH BCETO HBE JaCTHUILHL.
IpoBeneM pacCMOTPEHHE B CUCTEME IMEHTPA MHEPIMU. DYCTh € = €1 + €2 = si + sé — IIoJIHAdA >Heprud
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P; PES
It
)
—
p2 P:..
Puc. 5-1
cTaJIKUBalolIuXcdA 9acTHIl, a Pp1 = —P2 = P, p'1 = —p'2 = p' - Ha9aTbHBIC W KOHETHbBIE MMITY/THCHI.

Torma, neficTBys TakKe, Kak U BBIUIE B 3a7ade O PACIalle, HOTyIaeM:

1 Ip’|

do = My)? ——=dQ’ 5.20
6472 Myl |p|e? ( )
B wacrHOM citydae ynpyroro paccesnu#s umeeM |p’| = |p|. Beenem xunemarmaeckuii mpBapuaHT:
2 2
t=(p1 —p2)? = mi? +mi” —2(p1pl) = m1? + mi” — 2e1¢] + 2|p1|p’1| cos b (5.21)
rae @ — yron pacceanua. B cucreme nentpa naepnun |p1| = |p| u |[p’y| = |p’| m oupenensorca Tosbko

TIOJTHOM BHGPFHeﬁ €, TaK 4YTO IIpH €€ 3aJaHHOM 3HaAYCHUHU UMEEM:

dt = 2|p||p’|d cos § (5.22)
CoOTBETCTBEHHO, B (5.20) MOYXKHO HAITNCATh:
dpd(—t
A = —ded cos§ = L/) (5.23)
2|pllp|

Ille ¢ — a3EMyTaJbHEIH yroJ BeKTopa p’; oTHOoCcHTesBbHO P1. Hastee, mia kparkoctn, mamem d(—t) Kax
dt m mosrydaem:

1 dt do
do = —|Ms|P—=— 5.24
e Ml =5, (5-24)
ECJ'II/I CE€YECHUE HE 3aBHUCHUT OT asumMyTa @, TO
1 dt
do = —|M¢;|> — 5.25
oar il 13 (5-25)

Kunemarmndeckue MHBApPHUAHTDLI.

SaCCMOTpI/IM HO,D;pO6Hee KMHEMATHUKY pacCedHNA IBYyX YaCTHUIL B IBE HaCTHUIIBI B KOHEYHOM
COCTOSIHHY. 3alliIIeM 3aK0H COXpaHeHUA 4—1/1Mnym>ca B BuJe, HE MpeJpellaloieM, KaKne
U3 9acTul, dBJAIOTCA Hada IbHBIMIA, & KaKNE KOHCYHBIMUA:

prt+p2tps+pa=0 (5.26)

AMILTHTYTy COOTBETCTBYIOMIETO TPOTECCa MOXKHO MPEACTaBHTH IpadukoM (mmarpam-
Moif), MoKasaHHBIM Ha DHc.5-1, Ha KOTOPOil HApaBJIEHNA CTPEIOK COOTBETCTBYIOT “BXO-
aanmM’ TMIyabcaM. [IBa UMITyJIbca OTBEYAOT HAYAIbHBIM YaCTUIIAM, & IBa KOHETHBIM
(1715 KOTOPBIX MMITYJIBCAMH ABJIAIOTCA COOTBETCTBYIONME —pg ). Takum obpasom, mpu
Takoil 3amucu, y JBYX U3 p, BpeMeHHad KommoHeHTa pd > 0, a y asyx p? < 0. Dpu 3a-
JMAHHBIX TUTAX YaCTHIl, YIACTBYIONINX B MPOIECCe PAcCedHNd, KBAIPATHI X 4-UMITYIbCOB
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t
1 3 1 ¥ 3 1 3
5 — U —>
2 4 2 4 4 z
1¢2~3+4 1+3=2+4 1+4~3+2
Puc. b-2

pg OIIpEIeJIAI0TCA UX MacCCaMt: pg = mi (CBO60,D;HBI€ HaCcTHUOBI BCEerda “JIexkar Ha CBoel

MaccoBoii noBepxaocTH” ). B 3aBucuMocTH 0T 3HAUEHNTH, KOTOPBIE MOI'YT MPHHUMATH Bpe-
MeHHbIe KOMIIOHEHTHI p° 1 OT 3HAa4eHUil 3apAI0B 9acTHIl, aMIINTYda pacceanna Jmc.5-1
MOXKET ONHUCHIBATH TP pa3Hble pPeaKInun:

(1) 142 —34+4 (s-xanan)
(2) 1+3—=2+4 (t-xanan) (5.27)
(3) 14+4—2+3 (uxanan)

rae yepTa obo3HAYaEeT COOTBETCTBYIOLINE AaHTHYACTHIEI. DTH MPONECCH pACCEAHNA HABhI-
BAIOT MEPEKPECTHBIME (KPOCC) peakiuaMu, rpaduIecku oHn MOTYT OBITH M300paKeHb!
IuarpaMMamu, TToKa3aHHBIME Ha Onc.5-2. MoxkHO TOBOPUTE M O TPeX MepeKpecTHHIX Ka-
HaJlaxX OJHOI M Toii Ke peakimu, n30OpakeHHOI Ha Dunc.h-1. Depexom oT omHOI peakum
K Ipyroil IpONCXOANT IIpH H3MEHEeHIH 3HaKa COOTBETCTBYIOIEH BpeMeHHO! KOMIIOHEHTHI
ummnyabca pd B (5.26):

pi >0 pd>0 pi<0 pl<0 (s-kamam)
pi>0 ph<0 p3>0 pi<0 (t-kaHamT) (5.28)
pI>0 pi<0 pi<0 pi>0 (u-xanman)

a TaKKe 3HaKa 3apfAa. Bee HadasbHBIE I KOHEUHBIE COCTOAHNA B (5.29) HMEIOT, KOHEUHO,
MOJIOKUTENBHYIO SHEPTHIO. DPHU MEPEXOME K TMEPEKPECTHON DEAKIUNN MUMITYIbC aCTUITBI
B HAYAJIBHOM COCTOAHUU Py 3aMEHAECTCH HA UMIIYJIBC AaHTUIACTUIBI —P, B KOHEYHOM CO-
crosguann. COOTBETCTBEHHO MeHATOTCA U 3apansl. B cuny C'PT - mHBaApUAHTHOCTH TEOPUH
BMECTE C 3TUMHU PEAKIUAME MOXKHO OJHOBPEMEHHO paccMmorpeTh u Tpu C'PT - compa-
KeHHBIE peakinu, Tosrydaonmunecd u3 (5.28) 3aMeHOl Bcex WacTHIl Ha aHTHIACTUIBL 1
MepecTaHOBKON HAYAJIBHOTO M KOHEYHOTO cocTOoAHMil. Ecanm Teopusa mHBapmaHTHA OTHO-
CHUTENBHO 3apamoBoro conpaxenna C, To K »tuM 6 peaknmam ngobasurca eme 6 C -
COMPAKEHHBIX PEAKIIN, B KOTOPBIX BCE YACTUIIHI 3AMEHEHBI HA aHTUIACTHITH.

U3 geTbipex 4-uMITyIbCOB, BXOAANINX B PEAKITHIO, MOKHO 0OPa30BaTh JBE HE3ABUCH-
MBle BesmanHbl. B camom neste, B cuity (5.26) Bcero Tpu 4-BekTOpa P,y HE3ABHCHMEBI, IYCThH
5T0 BYIYT p1, P2, p3. I3 HUX MOKHO COCTABUTH 6 MHBADMAHTOB: PT, p3, P3, P1P2, P1P3, P2P3-
DepBble TpU CBOAATCA K COOTBETCTBYIONMM KBajpaTaM Macc: m3, ma, m3. Bropeie Tpu
CBA3AHbBI OHUM COOTHOIIEHUEM, BBITEKAIOUNM 13 paBeHcTBa: (py + ps +ps3)? = p3 = mi.
Hia Gombieli cBMMETPHUE MPUHATO BBOAUTH TPW KHHEMATHIECKIX WHBAPUAHTA:

s=(p1+ P2)2 =(ps+ P4)2
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t=(p1+p3)* = (p2 +ps)’ (5.29)
u=(p1+pa)’ = (p2+p3)°
umMeHyeMbie nepemennvimu Mandeacmanma. Jlerko mpoBepuTh, 910!
s+t4+u=nh=mi+mi+mi+mi (5.30)
B kanase (1) wHBapuUaHT s mpeAcTaBageT coboll KBaapaT HOJTHON SHEPIHN CTATKHBAIO-
muxced JacTuil 1 n 2 B UX cucTteMe NeHTpa wHepnun. B camom mene, mpu py + p2 = 0
cpasy nonydaem s = (g1 + €2)%. B kanasie (2) aHAJIOrMYHYIO POJIb UTPAeT WHBADHAHT
a B kaHaJse (3) — naBapuadT «. COOTBETCTBEHHO TOBOPAT 0 §, T M U KaHAJaX PEaKIlui.
DaccMOTpUM TOIpolHEe S-KaHaJ . DYCTh:
pL=(€1,Ps) p2=(e2,—Ps)
ps = (—¢5,-P'y) pa=(e1,P) (5.31)
Torma HETPYIHO TOJIYIUTH:

s=¢; rTHe £;=¢1+ey=¢€3+¢a (5.32)

4spi = [s — (my1 + ma)*][s — (my — ma)?]

45p/§ =[5 — (m3 4+ ma)?][s — (m3 — m4)?] (5.33)
1
2t = h — s +4p,p’, — —(mi —m3)(mz — m3)
1
2u=h—s—4dp,p’, + —(m? —m2)(mi — m?) (5.34)
s
B caygae yupyroro paccesdnnd (my = mg, ma = my4) uMeeM |ps| = |p’,|, Tak uro £ = €3

u €9 = €4. Torma Beipaxennsa (5.33) ympomaiores:

t=—(ps — p/s)2 = —2p?(1 — cosby)
u = —2p2(1+ cosby) + (e1 — 2)* (5.35)

rae 0, — yros Mexiuy ps u p'y, T.e. yroa pacceanud. Takum obpa3oM MHBapUaHT —i
TIPeNCTaBJIAET, B JAHHOM CJIydae, KBaIpaT MepedalHoro TPU CTOIKHOBEHUHN 3-NMITYIbCA.

Anasornyanbie POPMYJIBL IJId OPYTHX KAHAJIOB MOJIYIATCA Tepeobo3HaYeHTEM. De-
PEXOM K t-KaHAJIy OCYIIeCTBIAETCA 3aMeHOM s «— ¢, 2 «— 3, Mepexon K u-KaHaay 3aMeHoi
s u, 2 4.

Ecnm gactunpl, ygacTByIONIe B pPeakiiid He UMEOT CIIWHA, TO aMILJIUTYIa pacce-
AHUA 3ABUCHT TOJIBKO OT KMHEMATHIECKUX WHBAPWAHTOB §,t, %, TaK 9TO, (paKTUIECKH,
aMIIJIATYIa PAcCedHNd CBOAUTCA K ONHON byHKIMN:

Mfi = f(S,t) (536)

Ecnm xe wactumer 0ob6amgaoT COIUHAMH, TO MOMEHMO §,1, U CYIIECTBYIOT HHBADUAHTHI,
KOTOPbIe MOYKHO COCTABUTH 13 BOJTHOBBIX aMILIHTYI TacTHIL (T.€. GHCINHOPOB, BEKTOPOB,
4-temsopos 1 1.11.). Torma aMIIUTyJa pacceaHus NMEET BUI:

My = fu(s,0)F, (5.37)

rae I, — iHBapUAaHTHI, JJUHEHHO 3aBUCATINE OT BOJHOBBIX aMILIHTY, BCEX YIACTBYIONIMX
YaCTHUIL, a TakkKe oT uX 4-uMnyabcoB. Koaddumnentst f,,(s, ) HASBBAIOTCA UHEAPUAHM-
HOMU AMRAUMYTaMU.
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yCJIOBPIQ YHUTApPHOCTH.
Marpuma paccednus OO/LKHA ObITh yHuTaphoi: SST = 1 man
(SS)pi = StnSi, = by (5.38)

TIe n HyMepyeT BCe BO3MOXKHBIE MPOMEKYTOUHBIE COCTOAHWA. YCJAOBHE YHUTAPHOCTH
(5.38) BBIpaxaeT coXpaHeHIe HOPMUPOBKH H OPTOTOHAJBHOCTH COCTOAHMUN B Tpoleccax
paccesund. B gacTHOCTH, TunaroHasbHEE saeMeHTH (5.38) mpemcTaBIgoT CyMMy BCex
BEPOATHOCTEN TIEPEXOIOB W3 JAHHOTO HAYAJIBHOTO COCTOAHUSA B JTIOO0E KOHETHOE!

S [Snil? =1 (5.39)
Mcnompsya (5.2) momydaem us (5.38):

Ty — T3 = i(2m)* 3 6Py — P T, (5.40)

JleBaga gacTh JauHeiiHa, a TpaBad 9acTh KBagparndna no 1. Ecin B3anmoneiicTBre comep-
JKUT MaJIbIi apaMeTp, To JieBasg cTopoHa “6oJibllie” MpaBoil M, B IEPBOM MPUOINKEHIN,
mperebperad MpaBoli CTOPOHOI, MOKHO 3alUCATh:

Ty = T5 (5.41)

Tak 4T0 T-MaTpHIa OKa3bIBACTCA, B 9TOM NPHOJINKEHAHN, 2PMUTOBOM.

DaccMOTPHM 3a7ady O CTOJKHOBEHHH JBYX YaCTHIL. DyCTh MMETCA TOJBKO YIpY-
Ie CTOMKHOBEHNA, TOTIa BCe MPOMeRyTouHble cocrodannd B (5.40) Toxke TONBKO IBYX-
yactnarable. CyMMUpoBaHNe MO HAUM CBOJWTCA K MHTEIPHPOBAHMIO 110 MPOMEKY TOTHBIM
uMIyIbcaM p’’y, p’y 1 CyMMUpOBAHWIO TO CIEHAM (CIHPATBHOCTAM) OOGEUX TacTHII, KO-
Tophle 0bo3HaYUM depes A

d3p// d3p//
=V = A2
Y=v [Ty (542

Uckmiouaa 6-pyHKIHE CTOCOOOM, aHAJIOTUIHBIM OMUCAHHOMY BBIIIE, MOXKHO MOJYYUTH
“IByXYacTHIHOE” yCJIOBHE YHUTAPHOCTH B BHIE:

LV p|
Ty —Tjy = NP > 7/TfnTm€'1'€'z'dQ” (5.43)
)\//

rlie P — UMIYJIbC, & € — MOJHAdA PHEPTHA B CHCTEME MEHTPA WHEPIHH. DOPMUPOBOIHBIH
0bbeM ncuesaeT Toc/le Mepexofa K aMIanTyaM My;:

w1 Ip| * "
Al

JnaroHa ibHBIN 31eMeHT T;; HasbIBaeTCd aMILTUTYIOM paccearnda Ha HyaeBoit yrom. [Ia
5TON aMILIATYIBI yCAOBUE YHUTAPHOCTU NPUHUMAET BUI:

2ImTy = (2m)* > | Tinl*6(Pi — P) (5.45)
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YpaBag CTOPOHA 37€Ch MPOMOPIMOHAIBHA TOJHOMY CEUeHHIO JTIOOBIX MPOIECCOB pacce-
AHUA W3 JAHHOTO HAYAJBHOTO COCTOAHHUHA ¢, KOTOPOe ODO3HAYMM Oy,. B camom meste,
cymmupy4 (5.6) o f u HomennB Ha IMJIOTHOCTH MOTOKA YACTHIL J, TOJTYIHM:

21)4V
Otot = % Z |Tin|26( P — Pp) (5.46)
TaK 9To -
—ImTy; = o401 (5~47)
J
DOpMHUPOBOYHBI 06beM coKpalaeTcs mocie nepexona K Ty = My /(261V25V) (rme

£1,€9 — PHEPTUN YaCTUIl B CHCTEME TeHTPA I/IHepI_[I/II/I) U MOJICTAHOBKY j M3 (5.18):
ImM;; = 2|pleoio (5.48)

9TO MPEACTABAAET COOOl TaK HABBIBAEMYIO ONMUUECKYD MEOPEMY.
B cuny C' PT-TeopeMbl nMmeeM:

Ty =Tir (5.49)

if

rue iU f — COCTOdHUA, MOJyYaroumecd 13 iU f 3aMeHOll Bcex 4acTHUIl aHTUYIaCTUITAMU.
,ZLH?{ AarOoHaJbHBIX 3JIEMEHTOB!

Ty =Ty (5.50)

Torma s (5.45) u (5.48) ciemyer, 9T0 TOJHOE CeUeHHE BCEX BO3MOKHBIX MPOIECCOB (C
3aJAHHBIM HAYATBHBIM COCTOAHIEM ) OMMHAKOBO T PEAKITHil MEXK Ty 9acTUIIAMK U aHTH-
JacTUNaMu. B 9acTHOCTH, OMMHAKOBBI MOJIHBIE BpeMeHa KHU3HH (BEPOATHOCTH Pacmaa)
JaCTUIBl W AHTHIACTHITH.

B nepuoj HEeKOTOpOro pazodapoBaHHMd B BO3ZMOXKHOCTAX KBAHTOBOI Teopuu HOJId,
CBA3aHHOIO, KaK Ka3aJoch, ¢ HelpeofOoJUMBLIME TPYJHOCTAME B €€ pasBUTUH, IIpej-
JIaraJioch IOJHOCTBIO MepedTH K aHaJu3y B3aUMOAeHCTBHI dJIeMEHTapHLIX HacTHIL Ha
OCHOBE OOIIUX CBOUCTB S-MaTpHILI, TAKHX KaK YHATAPHOCTH M HEKOTOPBIE OOIIHE CBO-
CTBa aHAJUTHYHOCTH, CBA3aHHBIe HAIlpUMEp C IPUHIAIIOM IPHINHHOCTH. DTO IOPOIUIIO
HeJsioe HAIlpaBJIeHUe TeOpUH, HA3BAHHOE aHAJIUTHYCCKOH Teopueii S-marpuubt [33]. Xora
Ha ®TOM IOyTH ¥ YJAJIOCh IIOJYYUTh LIEJblil P4l BaXHBIX TeopeM U yTBEPKJCHHI, B
TIeJIOM TOT TOIXO OKa3aJicad HEJTOCTATOUHBIM 1A CO3MAHNA MOJTHOI THHAMHITIeCcKoll Te-
OpHUU BJIeMeHTapHBLIX YacTull. B Toxe BpeMd, KaK Mbl yBUAMM HUXKe, KBAHTOBad Teopusd
IOJ1A COAEPIKHAT XOPOIIo paspaboTaHHLIN (popMaJIn3M BEIMUCICHAA S-MaTPUILL B paMKaxX
JIOCTATOYHO TPaJUIMOHHOTO IIOIXO0/Aa, OCHOBAHHOIO Ha TEOPHM BO3MYUICHUI.
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NDBAPUADTI AL TEOIUS BO3-
MYIIIED NN

I pencrasJieHue IlIpemunrepa u I'eiizentepra.

DepeiiieM K CHCTEMATHIECKOMY PACCMOTPEHMIO MATEMATIHIECKOTO allllapaTa TEOPUH BO3-
MYTIEHWH MO B3anMOAeHCTBUIO B KBAHTOBOI TEOPWH MOJId. XOPOIIO W3BECTHO, UTO CY-
HIECTBYET IBE OCHOBHBIX (DOPMBI TPEICTABIEHNA yDAaBHEHU NBUKEHHU:A B KBAHTOBOM
Teopun. B wpeduneeposckom mpencTaBIeHNN COCTOAHNE CHCTEMBI B 3aJaHHBI MOMEHT
BpeMeHN § onpenenaeTcs BeKTopoM coctoanna Vg (1), comepxanmM moTHbIH Habop Beex
BO3MOXKHBIX PEe3YJIbTATOB N3MEPEHNI, TPOU3BOANMBIX Hal CHCTEMON B 3TOT MOMEHT Bpe-
MenHn. JlampHelag sBOTIONNA CHCTEMBI ONMUCHIBAETCA BPEMEHHONH 3aBUCIMOCTBIO 3TOTO
BEKTOpa cOCToAHNA (BOJHOBOH GyHKINN), omuckiBacMoil ypasHenuneM [Ipennurepa:

ih% = HsUs(t) (6.1)

B »1om mpencraBienunn, omepaTopsl (pUSHIECKUX BEJIUYHH Flg HE 3aBUCAT OT BPEMEHN,

IJ1d BCeX { OHM OIMHAKOBBI: 6555 = 0. B Toxe Bpemd, cpeiHee 3HAUEHNE OMEpATOPA:
< Fg >=< U¥g(t)|Fs|Us(t) > (6.2)
BoODIIe TOBOpA, OYIET 3aBUCETh OT BPEMEHN KaK:
d
ihE < Fg >=< Ug(t)|[Fs, H||Ts(t) > (6.3)

CoBepIinM HEKOTOpoe yHWTapHoe TpeobpasoBanne BekTopa Wg(t), saBucsinee oT Bpe-
MEHU:

() =V()¥s(?) (6.4)

121
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Tae
VOVt =viovi) =1 Vi) = V) (6.5)
Torma HOBBIF BEKTOP COCTOAHUSA <I>(t) nooYUHAeTCd YpaBHEHUIO

LO®(t)y [0V ___, 1
1h o _<zhEV +VHsV d(t) (6.6)

Boibepem teneps V() yaoBreTBOpAIONIce CAEIYIONEMY YPABHEHHIO:

- ih%—‘; =(VHsV™HV = VHg (6.7)

Torma npeobpa3oBaHHBINl BEKTOP COCTOAHUA He OYIET 3aBUCETH OT BPEMEHH, UTO MPAMO
BunHO U3 (6.6). B cuny yunrapuoctn V(t), cpentee sHadenue onepatopa Flg BeIpakaeTcs
Telnephb B BUIE:

< F >=< Us(t)|Fs|¥s(t) >=< V() Us(t)|[V() Fs¥s(t) >=< &g |V()FsV (1) @g >

(6.8)
rae onpenesanan Py Kak:
by = V(t)\IJS(t) (69)
npudeM V (¢) yoosiaerBopser ypasaeruio (6.7). Onpenennm ete Fi(t):
Fr(t) = V() FsV™(1) (6.10)

Torma saBucsmii or BpeMenu onepatop Fr(t) mMeer Takoe Xe cpelHee B COCTOAHUM,
ompenenageMoM BeKTOpoM P, Kakoe umeer omepaTop Fs B COCTOAHUN, OMpENETAEMOM
BekTopoM V¥g. Muddepennupys (6.5) no BpeMenu, nmeem:

dV(t)
TV+(1t) + V(1)

dV+(t)
di

=0 (6.11)

Toraa us (6.6) u (6.10) mosyuaem assa Bpementoil sapucumoctu Frr(t)%:

OFu(t) oV . vt i
o o O+ V= =g

?

[VHsV*Y, Fy(t)] 7

[Hu, Fu(t)] (6.12)
9TO MpencTaBaAdgeT coboll ypaBHEHNE NBIKEHUA IJIA OllepaTopa (pusmIecKoi BeTHINHBI
B 2etisenbepeosckom npenctaBiaeHnn. |eitsenbepropekuit BekTop cocrogund g oT Bpe-
MEHN He 3aBUCHUT:

0dy

=0 (6.13)

Moxno, HampuMep, cantarh, 4to $pr mpocto copmamaer ¢ Wg(0) mpu ¢ = 0.

19 0mpo6io mueem: iRZH = iRV o (1) +ihV 228 = iRV =10(1) + VH U s = ih 2LV =10(1) +
VHsV~1®(t), aro cosmanaer ¢ (6.6).

1 —1
2Dpu mosnyaenmn (6.12) yarem, aT0: agfl = %Fsv_l + VFg agt = %V‘lFH + FHVB‘gt .
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D peacraBjieHHE B3aMOIEHCTBUSI.

YaccMoTpuM cHOBa obbraHOe ypaBHenue lllpemmarepar
ob(1)
ot

roe Hg — raMuJIbTOHHAH HEB3aAUMOIENCTRYIONUX Mol (qaCTMu), a Hy — HekoTODHIil ra-

ih = (Ho + Hp)®(t) (6.14)

MUJIBTOHWAH B3amMoelicTeud. BekTop coctoguna ¢ B oTcyTcTBHe B3anMoAeficTBIA, T.€.
npu Hy = 0, onuckiBaeT IBUXKEHNE 3aJAHHOTO YICJa CBOOOMHBIX YACTHIL C ONPEIEIEH-
HBIME UMIyJdbcaMu u cnuHamu. Omepatop Hy onuchIBaeT B3aUMOAEHCTBIE 3TUX TaCTHUI]
JIPYT C APYTOM M CaMUX ¢ cODOI.

Beenem Temeph BEKTOP COCTOAHMA:

U(l) = e P D(1) (6.15)

DerpynHo ybenuthes, uro V(1) yIOBIETBOPAET ypaBHEHHIO:

YO me ety (6.16)
at
nJjn
iha\g—it) = Hi(t)¥(1) (6.17)
rie
HIR(l) = 5 Hye™ 5 (6.18)

— OMepaTop 3HEPTUU B3aAUMOMENCTBUA B TOM HOBOM IIPEACTABIEHUH. DTOT OMEPATOP
ABHO 3aBUCHUT OT BDEMEHW, B MPOTHBOMOJIOKHOCTE NTPEINHTEPOBCKOMY oTepaTopy Hy.
Boobiie, mpomsBosibHBIi onepatop (Qrr(t) B 9TOM, Tak HasbIBAEMOM RPeJcmasieHuu
63aumodeticmeus, CBA3aH C NIPEAMHTEPOBCKUM OIIEPATOPOM (g Kak:

iHgt iHgt

Qrr(t) =e* Qge” F

OTCIO,D;& Cpa3y XKe CJIeoyeT, 4HTO B IpcJCTaBJICHIN B3aNMOJICICTBUA 3aBUCAMOCTH oIepa-

(6.19)

TOPOB OT BpeMeHH OIpele/IdeTCd TaMILIbTOHNAaHOM CBODOIHBIX YacTHIl, TaK Kak mudde-
pernupys (6.19) no ¢ mosydaem:

L 0Qrr(t
n O (G rnr), 1] (6.20)
Bamernm, uro HI® = Hj. Takum obpasom, B TpeicTaBIeHNE B3amMOeiicTBUA OTie-

paTopHl HmoJlefl YIOBIeTBOPAIOT YpABHEHHAM IBIIKEHHA c606001020 MOMA °, TOrma Kak

3aBUCUMOCTBb OT BpPEMEHUW BEKTOPA COCTOAHUHA CUCTEMBI \I!(t) onpemniesigeTcd, COTJIacHO
(6.17), JINIIB SHEepTHel B3anMoIeicTRIA. D peIcTaBIeHIe B3anMOIeHCTBIA OK a3bIBACTCSI

BeCbMa y,D;O6HbIM AJId IOCTPOCHUA TECOPpUN BO3MyH_[eHI/II7[.
DaccMOTPUM HATIPUMED TEOPHUIO TUPAKOBCKUX PEPMHUOHOB, B3aUMONEHCTBYIOIMX CO CKATAPHBIM IO~
geM. B mpennHrepoBCKOM OpenCcTaB/IeHNN TaMHUIbTOHHAH CBOOOMHBIX OJIell MMeeT BHU:

1
2

(ZED) 4 2 e@)? + 1m(0) (6:21)

Hy = /dSr |:¢(x)(—i'y SV 4 m)(z) + o

3]3 qaCTHOCTH, 3TO O3HAYaAET, 9YTO OJId JTFOOBIX MOMEHTOB BpEMEHH COXPaHATCA COOTBETCTBYIOUIHUE
KOMMY TaIlMOHHBIE COOTHONMICHUA OJId 3TUX OII€paToOpoOB.
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a TaMUJIBTOHUAH B3amMoIOelcTBUA (HaHI/ICaHHLIﬁ u3 HpOCTeﬁIL[HX COO6pa)KeHHﬁ peJ’IﬂTHBHCTCKOﬁ HHBa-
pI/IaHTHOCTI/I) €eCTh:

H; = g/dgrlzz(x)w(w)ap(w) (6.22)

e g — 6e3pasMepHas KOHCTAHTA B3aNMOIeHCTBHA. D 0CJIe IepeXona K MPeACcTaBIeHUIO B3anMOOeicTBIA
omeparopsl nosel ¢(z) u ¢¥(r) yHOBIETBOPAIOT CIIEMYOUMM ypaBHEHIAM:

GV +m)rr(z) =0  (O+m)yr(@)=0 (6.23)

a ypapHeHue (6.17) mmeer BrI:

= g/ d3I'lL]R(l’)’LZJIR(l’)(pIR(l’)‘IJ(t) (6.24)

VYpasuenue (6.17) MoxkHO 06OBUIAT, CHe/TaB €ro KOBapHAHTHBIM. DTo 0bobineHwe
MPOUBBOAUTCA MyTEeM BBEIEHUs NPOW3BOJBHON THIEPIOBEPXHOCTH B MPOCTPAHCTBE —
BPEMEHHU BMeCTO “ITOCKOH” moBepxHocTh t = const. EquHcTBeHHOE YCTOBHE, KOTOPOMY
OOIKHA YIOBJIETBOPATL »Ta HIOBEPXHOCTH — HOPMaJsIb K Hell n,(z) B soboil Touke r
OOIKHa OBITH BpeMeHH — MOmoOHOH, T.e. n,(r)n”(r) > 0. DT0 o3HaUaeT, 4TO HHKAKHE
JIBe TOYKW Ha JAHHOW MOBEPXHOCTH HE MOLYT OBITH CBA3AHBI CBETOBBIM CUTHAJIOM, HJTH
Ke, 9TO JIobble JIBe TOYKHU Ha MOBEPXHOCTH pasleseHbl MPOCTPAHCTBEHHO — MOTOOHBIM
uaTepBasioM. O60o3HAYNM TaKyl MOBEPXHOCTH CHMBOJIOM o. B moboit Touke r Ha 3TOl
HOBEPXHOCTH MOXKHO BBECTH BpeMs ¢(I'), HasbIBacMoe JIOKAJIbHBIM BpeMeHeM. B mperete,
KOTJ/Ia TIOBEPXHOCTh CTAHOBUTCH MJIOCKOHR, BCe TOYKHU Ha Hell MMeroT OTUHAKOBOE BpeMd
t = const. Teneps MoxHO 0606muTs ¥(t) BBena V[t(r)]. OcHoBHoe ypasnennue (6.17)

iha‘g—ff) = H,(1)¥(t) (6.25)
MOXHO T€NMepPhb PacCMOTPETH KaK Pe3yJIbTaT CYMMHUPOBaHUA DECKOHETHOTO PANA YPaB-
HeHuil, MOJIYYeHHBIX BBEIEHUEM JIOKAJBbHOI'O BPEMEHW [JIf KaKIOoW TOYKW IpPOCTpaH-
CcTBeHHO — momobHOi oBepxHOCTH. EC/IN raMu/ibTOHNAH B3aUMOIERCTBIA BHIPA3UTh KaK
CYMMY TI0 MaJIBIM TPeXMepHBIM sdueiikaM AV mpocTpaHCTBEHHO — MOIPOOHON TTOBEPXHO-
CTH 0, T.C.

Hp =Y Hi(x)AV (6.26)

TO ypaBHEHHWE B MaJioil Adeiike BOKPYT NPOCTPAHCTBEHHO — BpeMeHHOH Toukm r,1(r)
MOXKHO 3alucaTh B BH/JIE!

L OW[t(r)]
zhw = Hi(2)AVE[t(r)] (6.27)

910 0600maeT ypapuenue (6.17). Dockonbky Bapuammsa ¥(1), COOTBETCTBYIONAA KeECT-
KOMY DECKOHEYHO MaJIOMYy IIepEeMEINEHUIO THIIEPILIOCKOCTH = const Kak IeJIoro, OlIpe-
JIeNsieTcd HHTErpaJioM ft Hd®r, 1o acHo, uro Bapuanua W[i(r)] oTHOCHTEBHO TOUKH ¥
Gyner onpenendaThea sHepruel psanMomeiicTeua B Hy(#)AV B 6ecKoHETHO MATIOM 00~
eMe BOKPYT €. DOCKOJbKY npoussenerne AV At sBisercd pesIATUBUCTCKU MHBApHAHT-
HBIM, TO HAIpallMBAeTCsd cJIedyiollad MHBapHaHTHas Ipouenypa auddepeHImpoBaHAd.
DaccMoTpUM PYHKIMIO HA HPOCTPAHCTBEHHO — MomobHoil noBepxuoctn U[t(r)] = (o).
CpaBHEM 3aTeM BeJUUYUHBI >THX (GYHKIUA Ha OBYX IPOCTPAHCTBEHHO — MOAOOHBIX IIO-
BEPXHOCTAX 0 U 0, KOTOphle GECKOHEYHO MaJIo OTJIMYAlOTCAd B OKPECTHOCTH TOYKH I,
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4-065em Q J

Puc. 6-1

KaK »To mokasaHo Ha Iuc.6-1. Onpenenum temepb MHBapMaHTHYIO omepanmio /60 (x)
CJIEIYIONIMM OOpa3OM:

U+ At — 9
So(x)  AtAV—0 cfAV d3rAt(r)
8§ (o) . U(o')— ¥(o)

So(z)  AlAV—0 cAHT)AV
8§ (o) i U(o')— ¥(o)

So) et T ) (6.28)

rie w(z) — 4-06meM, 3akmodenubit Mexay o u L', Torna B npeneste Q(x) — 0 ypaBHeHne
(6.27) MOXKHO TlepenucaTh B BUe TaK HasbiBaeMoTo ypaHeHna Tomonara — IIIBunrepa:

ihc =Hi(2)¥(0) (6.29)

910 ypaBHEHWE KOBApHAHTHO, TOCKOABKY Hy(2) mpencrapiser coboit peTaATHBUCTCKAI
WHBApDWAHT (CKaJAp), a JJIA OUpeleseHns TPOCTPAHCTBEHHO — TOHOOHOH MOBEPXHOCTH
o He TpebyeTca Kakoii - ubo ompeneseH Ol JTOPEHTIEBCKOW CHCTEMBI OTCUETA. D 0ITOMY
ypasHenue Tomonara — llIBunrepa sanucsiBaeTca 6e3 yKasaHWd CHCTEMBI KOODIUHAT, K
KOTOPOit OHO OTHOCUTCA. Bupouem, B masbHeillileM MBI, B OCHOBHOM, b6yIeM paboTaTh ¢
ypaBHeHueM (6.17), sanncaHHOM B KOHKpPETHOH cHCTeMe KOODIMHAT.

DasJioKeHue S-MaTpHIlbl.

DellleHne ypaBHEHAA IBUKEHNA B MPEACTABICHIN B3aNMOIEHCTRIIA (6.17) MOXKHO 3aIlH-
caTh B HUHTETPAJBHOM BUJIE:

U(t) = U(tg) — %/t dt' Hr(t")®(t) (6.30)

to

3mech yuTeHO U HaYaABHOE ycjoBHe — mpH ¢ =ty dyukuna ¥ csognrcsa Kk ¥(ip).
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Banuuiem cBass ¥(t) ¢ () B Bruaet:

U(t) = U(t t0)¥(to) (6.31)
W(to) = U~ (1, 10)¥(1)
U(to,to) 1
rae U(t,tg) — yumrapubiil (coxpanaommii HopMupoBKy!) omeparop »Bosonnn. Torma:

S = U400, —) (6.32)

ompeneaaeT S-MaTpuity (MaTpHIly pacCesHnd ), KOTOpasa ONpeaesIaeT BCEBOSMOKHBIE 13-
MEHEHUdA COCTOAHUN CHCTEMBl B pe3yJibTaTe B3auMonelcTBud:

U(+00) = ST(—0) (6.33)

rae ¥(—oo) m ¥(400) — acCMMITOTHYECKHE BEKTOPA COCTOAHMSA CHCTEMBI, B MaCTHOCTH,
acuMIToTHYecKue hopMBI Manaolleil u pacxogdnieiica BoJH B 3ajade paccedHud.

Omnepatop U(t,ty) yaoBneTBopsAeT cienyiolieMy duddepeHnnaTbHOMy yPaBHEHHIO,
ogeBnmHOMY U3 (6.17):

ouU(t,t
m% = Hi(O)U (1, o) (6.34)
AHaAJOTHYIHO: 5
Uttt
% — UH(t, o) Hy (1) (6.35)
nockonbKy Hp(t) spmutos. U3 51ux ypaBHEHUil cpasy cJIeayer, 4To
9 +
S (UF (1)U (1, 10)) = 0 (6.36)
YTO 3KBHUBaJICHTHO
Ut (t,to)U(t,t9) = 1 (6.37)

,ZLH?I AJ0Ka3aTeJIbCTBAa YHUTAPHOCTH HY>KHO €Illl€ ITOKa3aTh, 9YTO
Ut to)UT(t,t9) = 1 (6.38)

Brinonmserca cJiegymouee rpyIrninoBoe CcBOICTBO OII€epaTopa 3BOJIIOINAN:

U(t, 1)U (t1,t0) = U(t, to) (6.39)
B camowm medte, u3
() = U, 1)) W(t) = Uty t0)¥(to) (6.40)
cenyer:
W(t) = Ut o) ¥(to) = Ut 1)U (11, 1) ¥(to) (6.41)

910 U Tpebyercs mag Beinonnenus (6.39). Ecaun B (6.39) mosoxuTs t = tg, TO MOIyInM:

Ulto, t1) = U™ (t1,10) (6.42)

4Wsmaraemsrii mimke GopMaInsM IpHHAIIEKHAT Jlaiicomy.
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Us pasencrsa U(to,t1)U(t1,tg) = 1, ymHokas ero caesa Ha Ut (tg,t1) u ucnosabsys
(6.37), momyanm:
Ulty,to) = Ut (to, t1) = U™ (to, 1) (6.43)

9TO M HOKa3bIBAET YHUTAPHOCTH ONEepaTopa »BOJIIONNMN.

D enocpencTBEHHO W3 TPYIIIOBOTO cBoficTBa (6.39) BhITeKaeT, 4To M0G0 Tepexosn cu-
cTeMBbl Ha KOHEYHOM WMHTEpBaJie BPEMEHM MOXKHO IPEICTaBUTH B BHAC ITPOU3BEICHUA
MOCJIEAOBATENBHOCTH OECKOHEYHO MAJIbIX MPeobpasoBaHMil, COBEPIIAEMBIX € MOMOIIBIO
omnepaTopa »BOJIIONNN:

U, 1) = U, t)U (1, t2)...U(tn—1,t0)U (t,, 1) (6.44)

riue U(tj , tj+1) — BeckoHeTHO MaJioe MpeobpasoBaHne 0T MOMEHTa BpeMeH™ t; K t;4.
Denrenne ypasaennd (6.34), oueBHIHO, TAKKeE MOKET OBITH 3aMUCAHO B HHTETPATHHOM
BHJIE:

Uty =1- %/t drH (1)U (1) (6.45)

i

YosTOMYy, 014 BeCKOHEYHO MaJIoit pasHOCTH BpeMeH t; — t;1 IMeeM:

. 1.
1 7
U(t]',t]'_H)Il——/ dTH[(T)U(T,t]'_H)%
tit1
i [l i [l
~1— —/ d' Hi(t"U(tj41,t541) =1 — —/ dt' He(t") (6.46)
h tit1 h ti+1
DeorpaHUYEeHHO yBEJIMINBAA YUCJIO WHTEPBAJIOB U TPYIIUPYA UIEHBI U3 (6.44) OJIy-
qacM:

U(t,to):1—|—<—hi) /tdtlHI(tl ( ) /dtl/ dto Hp(ty ) H(ts) +
( ) /dtl/ dtz/ dtsH (1)) Hy(t)Hi(ts) + ... (6.47)

DAacCMOTPUM WHTETPAJ, ONPENeAONIni n-it MOpALOK TEOPUH BOIMYIIEHU:

t t1 trn—1
/ dtl/ dtz.../ dty Hi(t) Hi(t2). Hi(t) (6.48)
to to to

WNaTerpupoBanme 31eCh BeeTCd, IO CYIIECTBY, O BCEMY WHTEPBAJTY BpeMeHH OT Tp 10 1, ¢
TeM OIpaHHYeHHEeM, 9TO MOMEHT BpeMeHH ¢; paHblle MoMerTa t;_1(j < n). EcTecTBenHO,
970 B BhIpaxeHun (6.48) MOXKHO MPON3BOIBHBIM 06pa30M MepeobGO3HATHTE MepEMEHHBIE
UHTETpUpPOBaHUA L1, ...,1n — {p, ,{p,... 1y, , OT YEro 3HaAYCHUE MHTEIPAJIa HE M3MEHUTCH.
D pomenaB Bce MEPECTAHOBKY MEPEMEHHBIX 11, ..., 1, CJIOKHUB BCE BHIDAKEHUA U PASIEINB
Ha YHCJIO MEPECTAHOBOK n!, MBI PACHpOCTpaHUM OOJIACTH WHTETPUPOBAHUS O KaiKIOH
mepeMeHHOl Ha Bech WHTepBaJI OT g m0 ¢. CYIECTBEHHO IPH 9TOM, OTHAKO, 9TODBI OTIe-
paropsl Hy(t;) mon sHaKOM HHTerpasa BCeLIa Pacloaraluchk CIpaBa HAJIEBO B IOPAAKE
BO3pACTAHUA BPEMEHH. DTO MOKHO ODECTIEUnTh BBEIEHNEM onepaTopa [ -ymopamnoueHnus,
KOTODPBI#t HeficTBysd Ha NPOM3BEAEHWE ONEepaTOpoOB, 3aBUCAIIMX OT BPEMEHM, pacloJa-
raeT X B XPOHOJIOTHIECKOM TOPSAIKE, T.€. ONEPATOP ¢ OOJBIINM 3HAYEHHEM BPEMEHH B
POU3BEICHNN CTOUT CJIEBA:

T(H[(tl)...H](tk)) = H](ti)H[(tj)...H[(tk) npu  t; > t]' > L > 1 (649)
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Sunus t=1,

1]

Puc. 6-2

9TO ONMpenesideT TaK HasbIBaeMOe XPOHOJIOTHYECKOe Wan T-Tpon3BeleHre ONMePaTOpPOB.
Torma, HCTONB3YA YIOMAHYTYIO CUMMETPUIO HOANHTETPAIBHOTO Bhipaxenns (6.48), mo-

JIydqaceM:
/dtl/ dts.. / dtn Hy(t1)Hy(t2). . Hi(l,) =

:n' dtl/ dis.. /dt TH[(tl)H[(tz) H]( )) (650)

DacCMOTPHUM TTOAPOOHO 3KBUBAJIEHTHOCTD 3TUX JBYX (POPM HHTErpaJa IJjid ciaydad n = 2.
N3 ompenenierna T-npon3BeneHNd NMeeM:

1 1
/dtl/ dtsT(H (1) Hi(t2)) =
to to
1 11 1 1
I/ dtl/ dtzH[(tl)H[(tz)—l—/ dtl/ dtzH](tz)H](tl) (651)
to to to ty

ObnacTh WHTErpUPOBaHUA B JIeBOH dacTm m3obpaxena Ha Juc.6-2 B Bume kBaapara. C
IpyToil CTOPOHBI, B TEPBOM dieHe B paBoit acTu (6.51) mHTerpupoBanne pacnpocrpa-
HAETCA 10 obacTn | (He3allTpHXOBAHHBIA TPEYTOBHNUK ), TOTJA KaK BO BTOPOM UJIEHE
HHTETPUPOBAHIE WIET MO 3AlITPUXOBaHHON obstactm [1. DomeHTEM BO BTOPOM HHTE-
rpaJie TopaI0K WHTETPUpOBaHusd, OyIeM cHada a WHTETPUPOBATD TIO 1, TOT/A MPEIeTbl
UHTEIPUPOBAHUS U3MEHATCH, U MBI TIOJIYIUM:

3 12
/dtz/ diy Hy(t2) H(11) (6.52)
to to

FEcoiu Temephb MpoNsBeCTH 3aMeHY TEePEMEHHBIX {1 — {3 1 to — 11, TO BeIpaKkenue (6.52)
MpUMET BU;

/t it /tl it Hy (1) H (1) (6.53)

TaK 4TO (6 51 CBOILI/ITCH K:

/ dtl/ dt T(H(t)Hy(ts)) _2'/ dtl/ dtyHy(t))Hi(ts) (6.54)
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9TO IOKA3bIBAeT CIPaBEeNINBOCTH (6.50) IJId caydad n = 2.
WMrak, pasmoxenue (6.47) MOXKHO HepenucaTh Kak:

U(t,to)=1+<%i) /jdtl (Hr(t)) + 5 (_Z) /dtl/ dts T(H(t1) Hi(ts)) +
( ) /dtl/ dtz/ dtsT(Hp(t1)Hi(t)Hi(ts)) + ...

Z:: ni (-%) /tu dt, /tu dtzm/to dt, T(Hp(t1)Hi(ts)...Hi(tn))

(6.55)

YTO MOXKHO ITepenucaTh KakK:

Ult,tg) =T {exp (—% /t: HI(t’)dt’) } (6.56)

TTle IPOBENEHO CUMBOJINIECKOe CYMMUPOBAHNE pPAOa (6.55), CBOIdIIEe ero K Tak Ha3bl-
BaeMoit T-sKcroHeHTE.

Mok HO HemoCpeaCTBEHHO TPOBEPHUTH, UTO DA, (6 55) ABJIAETCA PelleHueM YypaBHEHUA (6.34). Hoia
sToro nponuddepeHIIpyem (6 55 HO BpeMeHH t:

dUtt) N~ 1L / dt, / dts.. / dtn_inHi ()T (Hi(t) Hi(t2). Hi(tn))  (6.57)
at n'

SPI/I HallnCcaHnn| HpaBOﬁ HqacT| (657) MBI BOCIIOJIB30BAJJIACHh CHMMETPUYIHOCTHIO ITIOIWHTET PAJIBHOTO BBI-

paXKeHH#, a TaKiKe TeM obcToATesbcTBOM, 4ro omeparop Hi(t) Bcerma saBmcHT or MoMeHTa ¢, Gosee

[IO3MHETO, EM ¥4, ..., Tn—1. D02TOMY MBI BbIHeCIH oneparop H (1) sa sHax T-IponsBeneHns 0 HaTuCaJIH

€ro JieBee BCEX OCTAJIbHBIX MHOMXKHUTEJIEH. TOI‘,Z[a. 6. 57 MO)KHO nmepenncarb Kak:

%:HI@)Z:(; ' " 1/ dtl/ dts.. / dtp 1 T(H(t1)Hp(t2).- Hi(tn_1)) =
:H](t) F — = /dtl/ dtg / dtnnH] H](tl)H](tQ) H](tn)):

= H;(t)U(¢,t0)
(6.58)

uro U TpeboBaJsIoCch!

Benomunas, aro
H[(t) = /dSI‘H](l‘) (659)

MOXKHO TepermcaTh (6.55) B dpopme, 6ostee ABHO yKasbiBaiollell Ha ero KOBApHAHTHOCTH:

U(t, to) Z::n' (--) /d4x1/ d*zs.. /dxn (Hi(z Y Hi(2s).. Hi(zn)) (6.60)

rae yareno [ dt [dz = [ d*x/c. MoxHo 060bumTh (6.60) TakmM 06pasoM, 9TOGHI pe-
JTeJTBI HHTETPUPOBAHUA MPEACTABIATE cODO MPOCTPAHCTBEHHO — MOTOOHBIE TIOBEPXHOCTH
ou o', rorna U(e, ') 6yner uMeTh MHBAPUAHTHBIN BUI, TIOCKOIBKY 1 H 1 1 2s1eMeHT 065~
eMa d*r aBadAoTCA 4-cKasgpaMu.
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BaxkHeflinM MOMEHTOM B ODOCHOBaHHH H3JIaraeMoro (opmajiumsMa sBASeTCd Tak
HasbIBaeMad aduabamuyeckana eunomesa. CortacHO ONpemesIeHIIO S-MaTpHUIbl HYXKHO
YCTPEMHTDH HaUaIbHBIE MOMEHT BpeMEHH tg K —00, & KOHETHBII MOMEHT t K +00. D0 TyT
CIEAy€eT TPOABUTH OCTOPOKHOCTE — JJIA WieHa pasyioxennd (6.55) n-ro mopamka 370
MOXKHO cliesiaTh n! comocobaMy O KaXIoro u3 mnpenesios. Halicon mpemaoxui oboittu
5Ty npobJyeMy IIyTEM BBEIEHUsS MHOXKUTES CXOAMMOCTH BHIA e_>‘|t|, Ha KOTOpPBI# cJie-
AyeT YMHOXHUTH TaMUJAbTOHUAH B3aUMOAEHCTBIA. Dociie MPOBEIeHns BCeX BHIUHCICHMH
moApasyMeBaeTcs TMepexon K mpeneay A — 0. DTa mpoleaypa SKBHBaJCHTHA HEKOTO-
POMY YCpEeOHEHHIO II0 BCEM BO3MOXKHBIM n! mepexomaMm K mpeaeay { — 400. DpHHAB
5Ty aauabdaTUYecKylo T'HIIOTe3Y MOXKHO CUMTaTh, YTO BOJIHOBBIE (DYyHKIMH HAYaJILHOIO
U KOHEIHOTO COCTOAHWII ABJIAIOTCA COOCTBEHHBIMH (PYHKIHAMH “CBOOOIHOTO” TaMHJIb-
ToHmana Hy, nX OOBIYHO HA3BIBAIOT (DYHKIUAME COCTOAHUI “TONBIX” YaCTHIl. D0ITOMY,
J11060i1 Impolece paccedsHUs MOKHO PACCMOTPETh CJAEAYIOUUM 00pa30M:

1. B MoMeHT BpeMeHHU { = —00 CUCTEMA HAXOINTCA B COCTOAHUMU, ONMMUCHIBAEMOM BOJI-
HoBo#t byukmmeit @, apasonieiica cobcTBenHol hyHKIMEH omepaTropa Hg. B aTom
COCTOAHNY HAXOANUTCA 3aJaHHOE YNCJIO YACTHIL C ONPEACJACHHBIM CIIMHOM U UMITY b~
COM, IpUYEM YacTHIBI OTIEJeHbl APYD OT Ipyra W He B3aUMOAEHCTBYIOT MEXKIY
cobofi. Bektop & ABngeTcA MOCTOAHHBIM He 3aBucaAuuM oT Bpemenn (H; = 0)
BEKTOPOM COCTOAHUA B MpEIACTaBJACHUN B3auMoAelcTBIA.

2. HaJstee ammabaTuvdecKy BKJIIOYAETCS B3auMoIeHCTBUE, W COCTOAHUE C BOJHOBOM
dbyuxumeit & nepexomur B cocroanume ¥(tg) = Ul(tg, —o0)P, KoTOpOE, Kak cUn-
TaeTCs, COOTBETCTBYET PEANBHOMY COCTOAHNIO GU3HIecKHK (“omeThix”) dacTuIl ¢
TEMW K€ UMITYJTCOM W CIIMHOM. DPH 9TOM TPEINOIATaeTCs, YTO YaCTHUIIBI BCE eIl
JIOCTATOYHO OTHEJEHBI IPYT OT ApyTa W He B3auMoaeHcTByoT Mexmy coboii. Om-
HaKo BKJIOYeHUe Hj obecreumBaeT cobCTBEHHOE B3amMOeHcTBHE, B pe3yJibTare
qero “rosble” 9acTHIBI TpuobpeTaioT “mrydy” m3 BUPTYaJbHBIX KBAHTOB, T.€. IIPO-
HCXOIUT UX “ofmeBaHme” | TaK UTO YACTUIBI CTAHOBATCA PEATBHBIMEA (PU3MIECKUMHE
JACTHIIAMH, YIOBJIETBOPAIONINMHI YCJIOBIIO p° = m?, re m — HabIomaeMad Macca
JACTHIIHL.

3. Jamee 9acTUIOBI B3aMMOAEHCTBYIOT MEXKIY cobOil, T.e. pacCemBalOTCs, MEPEXOIAT
B ApyTHe YacTUIBI W T. M. DO MpOIIECTBUH JOCTATOYHO GOJIBUIOTO BpeMeHn 1 =
t — tp 9aCTUIBI CHOBA PACXOMATCH, HO yKe HAXONACH B COCTOAHUAX, OIMCHIBAEMBIX
BOJTHOBOM dyuKIIEd U(2) = U(t,10)¥(tg), 9TO COCTOAHNE COOTBETCTBYET “OHEeTHIM”
(T.e. peanbHBIM GUBMIECKNM) TaCTHITAM MOC/IE PACCEAHNIA.

4. Iasee pzaumopelicTpue ammabaTHIecKn BBIKJIIOYACTCA W COCTOAHHE ¢ BOJHOBOIL
bynkmmeit ¥(¢) mepexomuT B cocTosnmMe ¢ BoHOBOI GyHknmeit &, KoTOpOE COOT-
BETCTBYET “TOBIM” WacTHnaM mnocie paccedund, mpudem & = U(oco, ) ¥(t).

Taknm ob6pasoM peaibHad 3agada paccedund ¥(ty) — V(1) saMeHaeTca “oKBUBaJIEHT-
HOit” 3amadeil, BROAdIER B paccMOTpeHne “TOJbIe” JaCTUILI TpH ¢ = F00. JaccMOTpuM
COOTHOIIEHHTE:

U(t) = U(t,10)¥(to) (6.61)
" 3allyuiieM €ro B BHIe:

U™ oo, )W = U(t,10)U(tg, —00)® (6.62)
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Orcioga uMeeM:
&' = U(oo,)U(t,t0)U(tg, —00)® = U(co, —c0)® = SP (6.63)

910 ozHagaet, aTo &' mput = 400 melicTBATENBHO ABIAeTCA BOJHOBOM GyHKImEil cocTo-
AHUA “ToJIbIX” 9aCTHIl, B KOTOPbIE OHU EPEXOAAT B PE3YJIbTaTe PacCedHNd U3 COCTOAHNA,
omuceiBaeMoro dpyukumeit ¢ npu t = —co.

Annabarmdeckasi CUIOTE3a NPUBOOUT K pPE3yJbTaTaM, IPEKPACHO COLVIACYIOMIMMCS
¢ KCIEPUMEHTOM. DTO 0OCTOATETHCTBO HOBOJBHO YANBATEIBHO, MOCKOJIBKY SCHO, ITO
B3aWMOJIEfiCTBIE MEXKIY TMOAMN HENTb3A “BBIKTIOUHTE” (aquabaTndecku WiIH Kak Jinbo
uHade). B 9T0M OTHONIEHNN KBAHTOBAA TEOPHUA MOJIA JOBOJBHO CHJIBHO OTJIHIAETCA OT
KBAHTOBOI MeXaHWKH, TIe OOBLIYHO MMEIT [IeJ0 ¢ IHOTEHIMaJaMi KOHEYHOIO Paiyca
nelficTBus (KpoMe KYJTOHOBCKOTO CJIydasd, HO TOLJA W3BECTHBI TOYHBIE BOJHOBBIE (hYyHK-
[IAH), TaK 9TO B 33JaUe PacCedHNs BOJTHOBBIE DYHKINH HAYAIBHOTO H KOHETHOTO COCTO-
AHUH AefiCTBUTEIEHO COOTBETCTBYIOT CBODOIHBIM YaCTUIIAM.

HuarpaMmmbl PeliHMaHa OJIsI PACCESTHUS 3JIeK-
TPOHOB B KBAHTOBOU 3JIEKTPOIMHAMHKE.

B KBaHTOBO AJICKTPOAWMHAMMUKE IIJIOTHOCTh TaMUJIBTOHUAHA B3aI/IMO,D;eI7[CTBI/Iﬂ nMeeT B
I u
Hi(w) = ju(e) A% (2) (6.64)

rue jN — TOK JUPAaKOBCKHX 2JICKTPOHOB, a AH — BEKTOP IMOTCHIHWAJI 2JICKTPOMArHUTHOT'O
IIOJI4. COOTBGTCTBGHHO, MaTpHulla paCCedHUA 3aIllUChIBacTCAd B BUIEC 51

S =Texp —ie/d4xju(x)A“(x) (6.65)

IIe MBI BepHYJIUCh K CHCTeMe equnui A = ¢ = 1.

DaccMOTPHM KOHKpPETHBIE MPUMEPHI BHIUUC/ICHHS MaTPHYHBIX 3JIEMEHTOB MaTpPUIIBI
pacceannga. OmepaTop ToKa j CONEPKUT IPOU3BEIeHUE IBYX 2/I€KTPOHHBIX 1/-0IepaTOpOB.
D05TOMY B IepBOM MOPAIKE TEOPHH BO3MYUIEHUI MOTJIH OBl BOSHUKHY T IIPOIECCH, B KO-
TOPBIX y4acTBYIOT BCErO TPH YaCTHUIILL — ABa 3JIeKTPOHA H OfuH (hOTOH, THIIA MOKa3aHHBIX
nuarpammoil Duc.6-3, anagornanoi Juc.4-7, Tae Tenepb GoTOH 0603HATACTCA Ty HKTHP-
Holl nmameit. OmHAKO TaKWe IIPOIECCH CO €60600HbLMU YACTHIAMI HEBO3MOMKHBI H3-3a
3aKOHOB COXpaHeHHd >HEPTHH W HMILYJIbCa. B caMoM mesie, ecsil p; U ps — 4-HMITYJIBCEL
5JIEKTPOHOB, a k — 4-mMmysibe GoTOHa, TO 3aKOH COXpaHEHHA HMeeT B, k = ps — p1 WK
k = p1 + p2. OnHako Takme paBeHCTBa HEBO3MOKHEI, IIOCKOJIBKY [JId peasbHoro ¢hoToHa
Beerna k% = 0, rorma kak kBaapar (ps & p1)? 3aBesoMo He HyJb. B aToM HeTpymHO
ybenurhbed, Bhuncaasd (ps & p1)? B cuCTeMe MOKOdA OJHOTO U3 3JIEKTPOHOB, HAIDUMED
saektpona 1. Torma (pa £ p1)? = 2(m? £ pips) = 2(m? £ c162 Fp1p2) = 2m(m + e2), a
IIOCKOJIBKY €3 > m, To u umeeM (p2 £ p1)? > 0 uon (pa & p1)? < 0.

5B mambmeitem msaoxennn B >Toll w caemytomeii TaaBax, MBI CITyeM, B OCHOBHOM, KHETe [1].
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|

Puc. 6-3

Taxum o6pa30M, IIEPBbIC HEHUCYEC3aloNne MaTpUYIHBIC 2JICMCHTBI S—ManI/II_U:I MOTYyT
INOABUTHCHA JINITE BO BTOPOM IOPpAIOKE TCOPUHN BO3MyH_[eHI/II7[Z

5 = _% / d'e / 2T (" (x) Ay ()5 (2) Ay (2')) (6.66)

DOCKOJIBKY 3JEKTPOHHBIE U (POTOHHBIE OMEPATOPHI B MPEACTABIEHNN B3aWMOIEHCTBUA
KOMMYTHPYIOT ApYT ¢ ApyToM (6.66) MOXHO mepemnucarh B BUIE:

50 = =5 [t [T @5 )T A6) (6.67)

B kadecTBe mepBoro mpuMepa paccMOTPHM YIPYToe paccedHue IBYX 3JIEKTPOHOB.
Torma B HAYAJIBHOM COCTOAHUEH HMeEM [Ba 5JIEKTPOHA ¢ MMILYJIbCAMU P U P2, a B KO-
HEYHOM — JIBa 3JEKTPOHA C UMIYJABCAMHI P3 U Pa. DOAPAZYMEBAETCHA, UTO FJTEKTPOHBI Ha-
XOIAATCA B KOHKPETHBIX CIHHOBLIX COCTOSHUAX, HO COWHOBBIE WHIEKCHI, B AaJIbHEHIIEM,
OTYCKAEM JJId KPATKOCTH. DACCUYNTATH MBI JTOJIKHBI, KOHETHO K€, MATPUIHBINA 2JTEMEHT
MaTpPHIIBI PACCEAHNA, MEKTY HAYATBHBIM U KOHEYHBIM COCTOAHUSME, C COOTBETCTBYIO-
UMM 9aCTHIAMHA. DJOCKOJBKY B 0DOMX 5TUX COCTOAHUAX POTOHBI TPOCTO OTCYTCTBYIOT,
TO HYKHBI HAM MaTPUIHBIA 21eMeHT T -TipousBenenns GOTOHHBIX OMEPATOPOB €CTh TPO-
c1o < 0]...]0 >, tme |0 > — cocrosune dorornoro Bakyyma. Coorsercrenno 3 (6.67)
BO3HUKAET TEH30D:

Dyy(x—2') =i < 0|TAu(z)A, (2")]0 > (6.68)

KOTODBIi HasbiBaeTcsd HOTOHHON byHKIMER pacipocTpanenns (nponaraTopom) uin ¢ho-
ToHHOU yHKumeit ['prHa.

W3 T-npousBeneHus 3JIeKTPOHHBIX oepaTopoB B (6.67) BOSHUKAET MATPUIHBIN s.1e-
MeHT BUIA:

< 34|Tj" ()" (x')]12 > (6.69)

rae |12 > u |34 > o6o3HAYAIOT COCTOAHMA C ABYMH 3JEKTPOHAME ¢ COOTBETCTBYIOIUMU
HMITYJIbCAMI. DTOT MATPUIHBIN 3JIeMEHT MOXKHO TaK¥kKe IPeACTABUTh B BIUIE HEKOTOPOIO
CpenmHero o BaAKyyMY, €CJIN BOCIOJIB30BATHCA COOTHONIEHNEM THIIA:

< 2|F|1 >=< OlagFaf|0 > (6.70)

rae F' — Ipom3BOJTLHBIN ollepaTop, a ai" 7 G5 — OTIEPATOPHI POKAEHNA 1-T0 M YHUITOKEHN A

2-r0 sstekTpoHOB. fcHo, 410 BMecTO (6.69) HYKHO BBEIYHCIATH:

< OlazasT(5"(x)5" (z'))af at |0 > (6.71)
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Kaxneiit m3s omepaTropoB Toka ecTh j = Y1), NIpUYEM )-OTEPATOPHI MPENCTABIAIOTC
KaK:

Y= Z(alﬂ/)p + bfﬂ/)—p) 1/; = Z(afﬂ/jp + bIﬂ/j—p) (6~72)
P P

rzie 4epes 1), 0603HaYEHbl COOTBETCTBYIONNE CIIMHOPBI (ILIOCKHE BOJIHBI). Bropsle ciiara-
eMBble 31IeCh COIEepKAT HO3UTPOHHEIE OIIEepaTOPhI, KOTOPHI B pacCMaTpUBAEMOM CJIyYac B
urpe He ydacTyior. C yuerom (6.72) npoussenenne j*(x)j” (#') mpencrapiagerca B BUIE
CYMMBI 9JICHOB, KaKIBIH# M3 KOTOPBIX CONEPKHUT IMPOU3BEACHHE OBYX OIEPATOPOB dp I
IBYX af), KOTOpBIE JIOJIKHBI O6eCIednTh yHUYTOKEHNE 3/IeKTPOHOB 1 M 2 W poXIcHUe

5JeKTPOHOB 3 1 4. SICHO, 1T0 5T0 MO/IKHBI GBITH OIEPATOPHI a1, dg, ad , al | KoTopere “cra-
puBafoTca’ ¢ “BHEIIHUMEI OMEepaTOpaMu ai", a;, a3, (4 COTJIACHO OUEBUIHOMY PABEHCTRBY:

< Olapaf|o >=1 (6.73)

CaMu omepaTophi, TPHU 3TOM, MPOMATAIOT, OCTAIOTCA C-9UCJa. B 3aBHCHMOCTH OT
TOTO, W3 KOTOPHIX ¥-0OmepaTopoB GepyTcd a1, ds, ag', aj{ JIAd CIAPUBAHUA C BHEIIHUMHE
ai", a;, as, aq, W3 (6.71) Bo3HUKAIOT 4 cIaraeMbIX BHIA:

03a4(1/:7f1/))(1/;/:}/y1//) ;—ail— +a3a4(1/;7i11/))(1/;/:yy1/)/)a;—a1|— 4

rae ¢ = Y(x) m ¢’ = Y(2'), a onMHAKOBOE KOJTWIECTBO TOUEK BBIIETAET CliapeHHble dhep-
MUEBCKHUE oneparophl. Temepb HYKHO B KaX/IOM U3 9THX CJIATAEMBIX TOCJIEIOBATETBHO
[EPECTABUTh “CllapeHHBIe” OMEPATOPHI 41, dg, ... U3 ¢, 3aMNCAHHHIX B Bume (6.72), Tak
49TO6E OHM OKA3AJHUCh PANOM CO CBOMME BHemHWMHU af ,aj ..., 9To6BI MOKHO GBLIO
BOCTIOJTb30BaTheA (6.73) M HOTyUNTH TPH BBIUYUCJIEHNH BAKYYMHOTO CDETHETO MPOCTO
MPOM3BEIEHIE COOTBETCTBYONINX CPENHAX. ¥ UNTHIBAA AHTHKOMMY TATHBHOCTE 3TUX OTIe-
paropos (1,2,3.4 — pasnuunble cocToAnMA!), HAXOAUM, ITO MaTPUIHBIH s1eMeHT (6.69)

paBen®:

< BTG () (#)12 3= By o) () + (ar ) (o) —
o )W V) — G (e ) (6.75)

e i) yX&Ke He OepaTophl, & COOTBETCTBYIONINE CIIMHOPHI (ILIOCKAE BOJHBI C MMITY THCAME
1,2,3,4)! O61mmii sHAK 3706Ch YCTIOBEH, OH 3aBUCHT OT HOPANKa, B KOTOPOM PacoIOKEHBI
“preIHne” 3JIEKTPOHHBIE OMEPATOPHl. 3HAK MaTPUIHOTO 3JIEMEHTa JJIf pacCesaHUs TO-
KIECTBEHHBIX YaCTHUIL BOODIIE IPOM3BOJIEH. DepBoe U BTopoe ciaraeMbie B (6.75) (Takke,
KaK U TPeThe H eTBEPTOe) OTAMIAIOTCH APYT OT APYTa JINIIL MePECTAHOBKOI HHIEKCOB [
U V¥ apTyYMEHTOB & | . D0 Takas MepecTaHOBKa He MeHAeT MaTpUIHbIH s1eMenT (6.69),
B KOTOPOM MOPAJOK MHOXKHUTEJEeH Bce paBHO OIpeIesigeTcs CUMBOJIOM T-yIopaIoueHn.
Dosromy, mocse nocse nepemuoxenus (6.75) u (6.68) u mnrerpupoatua no dird*z’
geThipe dsieHa w3 (6.75) mafoT MOMapHO COBHANAIONIMI PE3YIBTAT, H MBI IMEEM:

Spi = iez/d%d%'%u(l‘— ) [(Vay" ) (057" ¥1) — (ary™ 1) (W57 ¥5)]  (6.76)

SBeumy aHTHKOMMYTATHBHOCTH (GepMHEBCKHX OIIEPATOPOB, OIEPATOPEl TOKa j(z) m j(z'), cocra-
BJICHHBIe M3 WX Hap, MOXKHO CYHTATh, IPH BBIYHUCICHUN MATPHUIHOTO 3JIeMeHTa , KOMMYTHDYIOIIUMN
U OIYCTUTH 3HAK 1 -IPOM3BEIeHNA.
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e (i 1*ug) Dy, (k) (g y'uy) = V&

[ Py

Puc. 6-4

Bamernm, 9To MHOXHUTENb 2! cokparmiaca! C ydeToM TOro, 4TO 3JIeKTpOHHBIE (DYHK-
AN 3[eCh NPeICTaBIAOT coboll MIOCKHE BOJIHBI, MOXKEM HAIHCATh, 9T0 BHIpAKEHUE B
KBaJpaTHHIX ckobkax B (6.76) pasno:

(a'}/uuz)({tSPyVul)e—i(p2—p4)x—i(pl_p3)x/
_(64’}/NU1)({137Vu2)e—i(p1—p4)x—i(p2_pl)x/ _
= {(aPVNUZ)(ag"yyul)e_i[(p2—p4)+(p3_pl)]§/2
_(ﬂ4’}/“u1)(63»}ﬂ/uZ)e—i[(1’1—p4)—(173—p2)]§/2}e_i(p1+p2_p3_p4)x (6.77)

rmeBBesn { —r—x' mw X = %(x +2'). Unrerpuposanue B (6.76) no d*xd*z’ samengercs
renepb Ha di¢d*X. Unrerpan no d*X maer 8(p; + p2 — p3 — pa), COOTBETCTBYIONLYIO
3aKOHYy COXpaHeHH# 4-UMIymabca. Depexond or Sp; K My; cormacuo (5.2), (5.3)], (5.11),
HOJIyIHM aMILIHTYLy paccedHus My; B Bume:

My; = €*[(uay"us) Dy (pa — p2) (37" 1) — (@ay"w1) Dyy (pa — p1)(uzy”us)]  (6.78)

rage BBeJIR d)OTOHHbIﬁ IIpornaraTop B UMITYJIBCHOM IIpEICTaBJICHUN
D,y (k) = /d‘*geikfpw(g) (6.79)

Kaxaerii w3 BKJIAZOB B aMIJIATYymy paccesdund B (6.78) MoxeT OBITH HpencTaBieH
cooTBeTCTBYIONIeH mumarpammoii @eiiimana. DampumMep, TEPBBI 4IeH MPEACTABIAETCA
auarpaMmmoit Duc.6-4, e k = p; — p3 = pa — p2. AHAJIOTHIHO, BTOPOE CJIATAEMOE TIPEI-
cTapdeTcd guarpaMmoi 9uc.6-5, tme k' = p; — ps = ps — p2. DpaBmia HOCTPOCHH
IuarpaMM aHAJIOTHYHBL yxKe obcyxmaBimmMcd B [mase 4:

1. “Bxongamue” cIUIONIHBIE JUHUU, HAIPABJIEHHBIE K BEPIINHE B3aWMOIEHCTBULA, OT-
BEYAIOT HAYAJIBHBIM 3JIEKTPOHAM, UM COMOCTABIAIOTCA OMCITUHOPHI . “Borxomd-
niue” CIJIONTHBIE JIMHWW, HAMPaBJIEHHBIE OT BEPIINH, COOTBETCTBYIOT KOHEUHBIM
DJIEKTPOHAM, STUM JIMHUAM COMOCTABIAIOTCA OUCIHHOPHL U. DTH MHOKUTETH 3a-
MHUCBIBAIOTCA CJIEBA HAINPABO B MOPAJIKE, COOTBETCTBYIOUIEM TEPEIBIKEHUIO BAOD

CILJIONIHBIX JTUHUN IIPpOTHUB HAIIpaBJICHUA CTPEJIOK.

2. Kaxmoit BeplnHe COTMOCTARIAETCA MHOXKUTETD (—ie’y“). Bepumunbr coenuns-
foTcaA (oToHHON JHHME, KoTopofl comocTapadAeTca MHOKNTETb —il),, . Jad 4-
HMITYJIBCOB BCEX 9acTuil (JWHWI) B BEPIIMHAX BBIIOJTHAETCA 3aKOH COXPAHEHUA.
Dpu >TOM, HallpaBJeHe (POTOHHOI JTUHIN HECYIIECTBEHHO, OHO JIUIIb MEHAET 3HAK
uMIyasca doToHa k, Ho dbyukmua D, (k) deTHad.
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NN

b

Puc. 6-6

IBe paccMOTpEHHBIE AMarpaMMBI OTJIMYAIOTCH APYT OT ApYyra oOMeHoM IBYX 3JEKTPOH-
HBIX KOHIIOB (P3 M P4), 9TO COOTBETCTBYET OOMEHY TOXKIECTBEHHBIX YACTHUIL B KOHETHOM
COCTOSHIH, TIPY TOM IMPONCXOANT CMEHA 3HaKa aMILTHTYIB paccednnsa (IPUHIMI Da-
yon!).

DaccMOTPHM Telleph paccedHNe 3JIEKTpOHA M TIO3MTPOHA, NX HadaJIbHBIE MMITYThCHI
0603HaYMM p_ W py, a KOHEWHBIE COOTBeTCTBeHHO p_ u p/y. OmepaTophl poxkIeHus u
YHUYTOXKEHHUA MO3HTPOHOB BXOJAAT B MOJEBbIE ollepaTopsl (6.72) BMecTe ¢ COOTBETCTBY-
IOIMME OIlepaTOpaMB YHHYTOXKEHNA U POKICHNA 3JeKTPOHOB. B paccMOTpPEHHOM BBIIIE
cJlydae paccedHus 3JeKTPOHOB, YHIUTOXKEHIE HadadbHBIX TaCTHI 06eCIeunBaIOCh OIle-
paTopoM 1), a pOKIEHHE KOHEUHBIX — omepaTopoM 1. Cefidac poJil 5THX OIEpPaTOpPOB
MeHAIOTCH — colmpaKenHaa byHKIHA (—py) OMHCHIBACT HAYATHHBIH TOSHTPOH, a KO-
HEUHBIN MO3UTPOH onnckiBaerca GyHknneit ¢(—py ). C yaeTom sToro oTIm4nsd, geficTBy
KaK ¥ BBINIe, MOXKHO JIEFKO IPEICTABATL COOTBETCTBYIOIIYIO aMILIATYIY pacCedHud B
BUIE:

My = —e*(a(pLy*u(p-)) Dy (p— — p)(@(—py 7" w(—pl)) +
+e* (u(=p 7" w(p=)) Dy (p— + py ) (w(pZ )7 u(—p,)) (6.80)

910 m30bpakaercd DUArpaMMaMi, TMOKa3aHHBIMH Ha ouc.6-6. DpaBmaa cocTaBIeHHd
IWarpaMM OCTAOTCH MPEXKHUME, BXOAAIINM CILIOMIHBIM JIMHAAM COTOCTABIAETCA OHC-
nuHOP 4, a BhIXomdmmM 4. OmHAKO Temeph BXOMAIINE JIMHUHN COOTBETCTBYIOT KOHEU-
HOM, & BBIXOIAIINE HAYAALHM TO3NTPOHAM, MPUYEM WX WMITYJIbCH DepyTcd ¢ obpat-
HBIM 3HAKOM. JTO COOTBETCTByeT obcyxkmasinelica B [maBe 4 dhefinmanoBCKOi KapTuHe
MO3UTPOHA, KAaK 2JIEKTPOHA, PACIIPOCTPAHAONIEToCH 06paTHO Mo BpeMeHu. B mepBoii qua-
rpamme Duc.6-6 B OMHON BepIInHE MTepeceKaroTCsd JMHIN HaYaJIbHOTO M KOHEYHOTO 3JIEK-
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TPOHOB, & BO BTOPOIl — IMO3UTPOHOB, 3Ta JAHArpPaMMa ONUCBIBACT paccedHue 3JIEKTPOHA
Ha mo3uTpoHe. Bo BTopoil nmarpamMMe B KaxKI0OH W3 BEPIINH BCTpeYaloTCd 3JIEKTPOHHAA
¥ TO3UTPOHHAZA JUHWHU, B BepXHeil BepliMHe MPOUCXOANT aHHUTHIANMNA Tapbl ¢ MCIIYC-
KaHNeM BUPTYaJbHOTO (OTOHA, a B HUKHENW — POXKIEHWE Tapbl W3 3TOT0 GHOTOHA. DTO
passinane OTpaXkaeTcA W B CBOMCTBAX BUPTYaJIbHBIX (HhoTOHOB. B mepBoit mnarpamme (ka-
HAJI paccedHn#d) 4-IMIYIbC BUPTYaIbHOTO GOTOHA PABEH PASHOCTH 4-MMIYIBCOB IBYX
5JIEKTPOHOB (UM TIO3UTPOHOB), ToaToMy k? < 0 (CM. CHOCKY B HadaJie »TOTO pasiesia).
Bo Bropoii amarpamme (aHHUIUIAINMOHHBIA Kanau) k' = p_ + py, a noromy k2 > 0.
OTmeTnM, 9T0 1719 BUPTyaabHOTO doToHa Beersa k? # 0, B OTJIHYMe OT peaJbHOTO, ITd
KoToporo Beerma k? = 0.

Huarpammbl @Pelinmana a1t paccessaust ¢o-
TOHA.

DacCMOTPHUM Teleph ApYToil addekT BTOpOTO Mopanka — paccednne GOTOHA HA DJIEK-
tpore (adpdekt Komnrona). DycTh B HATAIBHOM COCTOAHUN (HOTOH H JEKTPOH NMEOT
4-uMmysibewl k1 W pp, & B KOHEYHOM ko U pz (a TakkKe W ONpeNesIeHHbIE TOIAPU3AIINN,
KOTOpBIE A1 KPATKOCTH He YKA3BIBAEM ). DPH paciere MAaTPUIHOTO 3TEMEHTA S 110 Ha-
YaJIbHOMY W KOHEYHOMY COCTOAHWAM, BOSHUKAET (POTOHHBIN MATPUIHBIN 2JIEMEHT BUIA!

< 2/TAu(x) Ay (2)|1 >=< 0|eaT Ay(2) Ay (2')ef |0 > (6.81)
rae (cp. (3.41))
Ay = (e App + cf AL (6.82)
k

B (6.81) mpoBomnM Bce criapuBaHus “BHEMHUX W “BHYTPeHHNX’ HOTOHHBIX OMEPATOPOB
U ToJydaeM:

c'ZA'NA;,“ci"“ + c'ZA'N'A;,'cT' = A3, byt A A (6.83)

B,D;GCI) Y41 KOMMYTaTUBHOCTE ¢1 1 C;—, 1 IIOTOMY OIIYCTHUJIN 3HaK T—yHOp?{,D;O‘IeHI/Iﬂ.
AHaJIornIHBIM o6pa30M HYXKHO paCCMOTpPETh U 2JICKTPOHHYIO 9aCTh MAaTPUYIHOTO 2J1€-
MeEHTa:

< 2|T5*(x)j" (&)1 >=< 0lasT(¥v"¥)(¥' 7" ¢")af |0 > (6.84)

3aeck onATh bUTYypHPYIOT YeThIpe Y-omepaTopa. ToJIbKO JBa N3 HUX YHUITOK AT 3JIeK-
TpoH 1 U POKIAIOT 3JEKTPOH 2, T.e. CMAPHBAIOTCA C OMEPATOPAMH aj U as. DTO MOTYT
6BITH omepaTopsl ¥/, 4 wiam ¥, 4, Ho He ), 1 wiam 1,1, MOCKOJIBKY POKIEHHe B YHIITO-
JKeHWe B OMHON 1 TO ke TouKe & WM &' IBYX peasbHBIX 3JICKTPOHOB (BMECTE C OJHHUM
peasbHBIM POTOHOM) JTaeT, OYEBUIHO, HYIb. DPOU3BOAA BCE CIAPUBAHNA, [OJIYIAEM B
MaTPUIHOM 37eMenTe (6.84) mBa cjlaraeMbIX, KOTOPBIe BBIIHIIEM CHaYaIa /A CJIydasd
t>1"

U N+ a5 (6:59)

B IIEPBOM CJIara€cMOM CIIapUBaHUA HArOT:

asth — azagﬁ/jz 1/)/a1|' — alailﬂ//l (6.86)
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SOCKO.HI)Ky IIPpOU3BCICHUA A9 Cl;— naj Clil— AnaroHaJIbHbI, OHN 3aMCHAIOTCA NX CPEIHUM IIO

BaKyyMy 3HadeHHWEM, T.e. equHUIEeH cormacHo (6.73). [Iaa aHAIOTHIHOTO MpeobpasoBa-
HHs BTOPOTO cjiaraeMoro B (6.86) HyKHO cHadasia “IpOTAIINTE’ OMEPaTOp aé" HaJIeBO, a
@] HApaBo, YTO MOXKHO CHeJIaTh C MCIOJIB30BAHUEM MPABUJ KOMMYTAIUN, U3 KOTOPBIX

CJIEIYEeT, 4TO:

{Clp, 1/)}4_ = {a;—a 1/)}+ =
{ap’l/)}q_zﬁjp {a;—a¢}+:¢p (687)
rie B HpaBOﬁ qaCTH MOCJeIHNX IBYX COOTHOIIEHNN TOABUJINCH CIHIHOPDBI, COOTBETCTBYIO-

e MIOCKUM BOJTHAM ¢ 4-uMityibeoM p (cp. (6.72)). B pesynbrare (6.85) mpeobpasyerca
K BUILY:

< 0|y ) (@' 1) = (by* ) (Why )0 > mpu > ¥ (6.88)

rae ¢ 6e3 MHAEKCA — OMepaTOPH, a 1, s OHATH HPOCTO CHMHOPH (ILJIOCKHWE BOJIHBI) C
COOTBETCTBYIOUIMMHA MMITYJIbCaMK. AHaJIOTHIHBIM obpasoM, nmpu ¢ < t' mosydaem BIpa-
JKeHHe, OTJAndalollleecd MepecTaHOBKON MTPUXOB U MHIEKCOB (i U V!

< O] = (' ) (hav™ ) + (Why" ) (W )0 > mpm ¢ <t (6.89)

Oba BBIpaXKeHIST (6.88) u (6.89) MOXKHO 3alHicaTh eIUNHBIM 00pa3oM, BBEIs CJEIyIOIee
olpeeseHne XPOHOTOTHIECKOTO (T-yIOpA109eHHOTO) TPON3BEIeHNA GEPMUEBCKUX Olle-

PaToOpOB: )
oo o @) <t

Ty(x)(x') = { () o>t (6.90)

Torma mepBbie U BTOphie coaraeMbie B (6.88) u (6.89) o6bennuAIOTCA B eIUHON 3aUCH:

Yoy < OITYY' |0 > v" by + oy < O|T'[0 > v 4y (6.91)

OrMeTnM, 9T0 B cOOTBETCTBHNI ¢ ompenesenreM (6.90) nponsBeneHns omepaTopoB NpH
t < ¥ mt > t' Gepyrca ¢ pasHBIMH 3HaKamW. B »ToM orsimume omnpeneseHus T -
MpPOM3BENEHNSA 114 (PEPMHUEBCKUX OMEPATOPOB OT BBEIEHHOTO BBIIE, YTO CBA3AHO C aH-
TUKOMMYTaIliell 3TUX ONEPATOPOB, B OTJINYHNE OT KOMMYTHUPYIOUNX ONInHERHBIX dhOpM,
BXOAANINX B raMUJILTOHNAH B3anMoAeHcTBIA.

OmpenenuM Terephb 5JIeKTPOHHBIH HpomaraTop (QYHKIWMIO PacHpoCTpaHeHNA) HIN
dyukmuio ['puna, kak 6HECIUHOP BTOPOrO paHra CJELYIOIErO BUIA:

Gz — o) = —i < 0|T¥(x)¥(2')]0 > (6.92)
TOI‘,D;& I/IHTepecyIOH_[I/Iﬁ HacC SHGKTpOHHbIﬁ ManI/I‘IHbIﬁ 2JIEMEHT 3alluChIBacTCd KakK:
< AT ()] (@)1 > i7" Gl — &'y + +ithy G — 2)y en (6.99)

Docsie yMHOKeHHs Ha GOTOHHBIR MaTpuvHBI 2seMenT (6.81) W MHTErpupoBaHUA MO
d*zd*z’ oba unena B (6.93) narOT ONUHAKOBBIH pesyJbTAT, TAK UTO:

Spi = —ie” / da / d "o (x)y" Gw — &)y 1 (2")[AS () A (2') + A3, (2') Aru(w)]
(6.94)
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ks k,

\ /
A \ ’/
ety Glf)ey, = )
f=p1 +k1

4“3271231G(f’)é\2*u1 -

Puc. 6-7

DoacTaBiadAd 1A SJIEKTPOHHBIX W (POTOHHBIX BOJHOBBIX (DYHKIWI IJIOCKHE BOJHBI U
BBIIENAA, TEM Ke CIocobOM, UTO W BHINIE, §-DYHKIIIO, COOTBETCTRBYONIYIO 3aKOHY CO-
XpaHeHud 4-UMIYJIhCa, MOJYyIaeM aMIUINTYIy paccedHUd B BHUIE:

My = —4me*us[(ve3)G(p1 + k1) (ver) + (ver)G(py — ko) (ved)]uy (6.95)

The €1 W ey — 4-BeKTOpHI mostApusaum GoToHoB, a G(p) — JeKTPOHHBIH IpomaraTop B
HMITYJIbCHOM TIpeacTaBaeHund. J[Ba ciaraeMbiX 9TOTO BRIPAXKEHNA MPEICTABIAAIOTCA deli-
HMAaHOBCKUMHI AWATDAMMAME, TOKA3aHHBIME Ha Juc.6-7.

Bxopsammm guanAM (HadaabHBI HOTOH) comoCcTaBIAeTCA MHOKNTEND v/ 47e, a BBIXO-
OATNM (KOHEIHBIH (POTOH) — MHOKHUTEH V4me. BHyTpenHaa CILIONIHAA JTHHHUS OTBEIAECT
BUPTYAJBHOMY 3JIEKTPOHY, 4-UMITYIbC KOTOPOTO OMpeNensgeTcd 3aKOHOM coxXpaHeHud 4-
UMITYJIbCA B BEPIIHHAX. DTOH JMHNN comocTaBiageTca MHOKITeND (G(f). B otnmuane or
4-mMTyJIbca peaJTbHOI YacTUIIBl, KBAAPAT 4-UMITYJIbCa BUPTYAJTBHOTO 3JIEKTPOHA He Jie-
KUT Ha ero MaccoBoil IIOBEpXHOCTH, T.e. He paBeH m?. DaccMaTphpad WHBapHaHT f2 B
cucTeMe MOKOdA 3JeKTPOHA, JIEFKO NOKa3aTh, YTO:

=+ k)’>m* [P =pr—k)’<m’ (6.96)
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DJIEKTPOHHBINA IIpomararop.

BafiMmeMcs Temeph ABHBIM BBIUNCTIEHTEM IponaraTtopos (bynkunii I'puxa cBOGOTHBIX da-
cTum). Do onpenenennio (6.92) saeKTPOHHBIN TPOIATaTOpP €CTh:

Gl — ') = —i < 0|Ty(x)y ()]0 > (6.97)

DozeificTByeM Ha HETo CIIpaBa OLepaTopoM Y p, —m, The p, = 10,. DOCKOIBKY CBODOIHOE
nodte ¢(z) yoosmersopser ypasHenuto Hupaka (v#p, — m)y(x) = 0, To MBI HOIyYUM B
pesyJIbTaTe HyJIb BO BCEX TOYKAX T 32 HCKJIIOYEHHEM TeX, B KoTophix ¢ = t/. Iesto 3mech
B ToM, uTo G(x — ') cTpeMnTca K pasaudHbIM npefesnam mpu t — ' +0ut — ¢/ — 0,
HOCKOJIBKY COTJIACHO ompeneniernto (6.92) 5T mpemesibl COOTBETCTBEHHO PABHBI:

— i < 0[(xet)p(x')|0> u  +i< Ol t)y(rt)]0 > (6.98)

Tak uro ipu ¢ = ¢/ dbyHkuMA ['prHA WMeeT KOHEYHBII pasphIB. DTO MPUBOIUT K MOABJIE-
HUIO B Ipou3BoaHoilt 0G /0t monosHuTeIbHOTO YieHa ¢ §-pyHKIuell:

oG . 0
E = -1 < 0|Ta—1f1/)(l‘/)|0 > —|—(S(t — t/)[G|t_>tl+0 — G|t_,tl_0] (699)

020

3amedasd, 4To B Y#p, — m IponsBoAHad 10 { BXOIUT B BHIAC Y 55,

UMEECM IMO2TOMY !

(V'pu —m)G(x — ') = 6(t — ')7" < 0 {(xt), &(r't)}+ |0 > (6.100)

Beraucsium crogmimit 3mech aHTUKOMMY TATOP. D ePEMHOKast MOJEBBIE OTIEPATOPHI, 33 aH-
uple B Bue (6.72) 1 HCONIb3yA KOMMY TAIIOHHBIE COOTHOMEHUA I dp U bp, TOJTy mM:

[0, 00D}, = S0 () + vy ()9, ()] (6.101)
P

rme Y4,(r) — mWIockwe BOJHBL (GHCINHOPHI) Ge3 BpEMEHHOIO MHOKHTENSA. DO COBOKYI-
HOCTBb BCEX TaKuX QYHKINI MpercTaBIdeT MOJHBIA Habop, TaK 94To:

D [ E)un () oy (0)et, ()] = B(r —x')éi (6.102)
P

rae 6;; — cuMBos1 KpoHekepa 1o cnmHOpHBIM mHaekcaMm. CyMMa, cTodmas B MpaBoil 9acTn
(6.101) ornmuaerca ot (6.102) samenoii 1* Ha 1*y°, Tak uro:

{¥(xt), 1/7)(1"15)}_'_ =98 —1') (6.103)
Doncrasyaga (6.103) B (6.100) moaydnmM oKOHYIATETBHO:
(Y'pu —m)G(x —a') = §(x — 2') (6.104)

Takum 0b6pazoM, 3JIEKTPOHHBIN TMPOMATATOp YAOBIETBOpAeT ypaBHenmio [wmpaka c 6-
dyukueii B npasoil gactu, T.€. AelicTBUTEBHO ABAdeTCcA GyHKIMeR ['puna maa sToro
ypaBHeHHA " .

7 Jlerxo BHUIIETH, 9TO C BEJIMYNHA iG(acl — 1’2) TPOCTO COBHAmTaeT ¢ BBemeHHON Bhie B [1aBe 4 deii-
HMaHOBCKoH dpyrxmumeit K4 (2,1)
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YaccMoTpuM cHOBa (ypbe-obpasz ¢yukiun ['puna:
G = [ d'eeGie) (6.105)
Boranciasa dbypbe-KOMIOHEHTHI 0T 06enx cTopoH ypashenus (6.104), Haizem:
(v'pu —m)G(p) =1 (6.106)

Dellladg »TO YpaBHEHWE, MOJTyYaeM pPe3yJIbTaT, KOTOPHIA HaM m3BecTeH eie mo [utaBe 4:

_ 7upu +m

G(p) e

— (6.107)
KommonenTs 4-BekTopa p B G(p) ABIAIOTCA HESABHCHMBIME [EPEMEHHBIMI, OHU He CB-
3aHbl cooTHoleHneM Tuna p? = p2 — p? = m?. Ecau sanucars sHamenarens (6.107)
B Buge: pi — (p? + m?), 1o BumHO, uro Gi(p) Kak GyHKIMA py IPU 3aJaHHOM P UMeeT
IBa TIoJItoca TpH po = &, rae € = /p? + m?. Torma, npn mHTErpupoBaHum 1o dpg B
uHTerpaJe:

G(&) I/%C‘_WEG(])) = #/d?’peipr/dpoeip”(}(p) (r=t—1t) (6.108)

BO3HHKAaeT mpobiiemMa 00X0OHa 3THX TOJIIOCOB, Takke 3HaAKoMad HaM yxke 1o lnase 4.
DPpUMEHUM CHOBa WCIOJIb30BaBinniica Tam momxon Peitnmana. Bepruemca k ompemeste-
mrio (6.97). DomcraBuM B HeTo ¢-omeparophl B Buje (6.72), 3aMedast, IT0 OTJIHIHBI OT
HYJId BaKyyMHBIE CPEIHNE TOJIBKO OT CJELYIONUX MTPOU3BENCHU OepaTOpOB POKIEHUA
U YHUITOKEHUA:

<Olapat|0>=1 < 0bbF|0>=1 (6.109)

Torma mosyanm:

Gz —a') = =i wet)p(t') = =iy e7 ==y, (1)4, (r) (6.110)
P P

npu ¢ —t' > 0. CoorBercTBEHHO:

Gl —2)y =iy o t)(et)y =iy =g (x)d_, (') (6.111)
P P

npu t —t' < 0. Bugum, uto xax u [mase 4 mpu ¢t — ¢/ > 0 Bxaanm B G JaloT TOJIBKO
5JEeKTPOHBI, a mpu ¢ — t' < 0 — Tonbko mosurponsl. Cpapuusasa (6.110) u (6.111) ¢
(6.108) BummM, 9TO WHTETPAJ

/dpoe—ipof (6.112)

—ieT T

mpu 7 > 0 um 7 mpu 7 < 0.
Droro MoxkHO moburhesd, ecan mnpu BeraucaerHnn (6.112) obxomuTh mosioca py = € U

B BBIpAXKEHUN (6.108) JOJIKEH MMeThb MHOXKUTEJb €

Po = —& COOTBETCTBEHHO CBEPXY W CHHU3Y B KOMILJIEKCHON IJIOCKOCTH TepeMeHHO# pg,
KaK »To MoKasaHo Ha Duc.6-8. B camom mese, mpu 7 > 0 HyXKHO (014 cxomuMocTu!) 3a-
MKHYTH IIyTh HHTETPUPOBAHUA IO OECKOHEYHO yIaJIEHHONW MOJTYOKPYXKHOCTH B HUKHEN
HOJIYILIIOCKOCTH Py, TOTHA 3HadeHne WHTerpasa (6.112) ymer onpenenaTbes BHIYETOM B
mositoce pg = +&. Ipu 7 < ) 3aMBIKaeM KOHTYD B BEpXHeH TOJYIIOCKOCTH W WHTErPAJI
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- m

Puc. 6-8
-£+10
L]
0 .

+8-~10

Puc. 6-9
OIIpeIeasieTCd BEIUETOM B IIOJIOCEe Py = —&. TakuM o6pasoM IMOJIydaeTcs TO, YTO Tpedy-

erca. PeiinmaHoOBCKOE IIpaBUJIO O6XO,D;a IIOJIFOCOB MO2KHO, KaK MBI YK€ BUICJIN B [nase 4,
C(i)OpMy.HI/IpOBaTI) 1 MHa4vYe: MHTEIrpupoOBaHUE IO py BEACTCA BIOJIb caMoli BelleCTBeHHOM’
OCH, HO K MacCCe JaCTHIIbI ™ IIPUITUCBIBACTCA OeCKOHEYHO MaJiast OTpUIaTE/IbHad MHUMaA
HJacThb:

m — m — 0 (6.113)

Torma
e — P2+ (m—i0)2=/p2+m? —i0 =¢c—i0 (6.114)

COOTBeTCTBeHHO, IIoJIrOCa py = :l:[‘: CMEHIAITCAd BHU3 U BBEPX OT Be]_L[eCTBeHHOﬁ ocH,
KaK »TO IIOKa3aHO Ha 91/1(:.6—9, TaK 9TO MHTEIrpUpOBaHUE CTAHOBUTCA 2KBHUBAJICHTHBIM
HHTEIPHPOBAHTIO BIOEL KOHTYpa mc.6-8%.
DaccMaTpHBaeMoe IPaBIIo 06X0da TOII0COB COOTBETCTBYET M3BECTHOMY COOTHONICHMHIO:
1
z £ 10

= Pl rirs(o) (6.115)
T

KOTOpO€ IIOHAMAa€eTCA B TOM CMBIC/IE, 9TO IPY HHTEIPHPOBAaHAH C Kakol - 6o rnankoit dyrknueit f(z)

nMeEEeM: IS IS
/ PRC) :P/ 4 7@ Firf(0) (6.116)
e + 10 e z

roe P 0603Ha‘{aeT WHTETpUPpOBaHUE B CMBICJIE TJIABHOTO 3HAYMCHMUA.
C yuerom deilfHMaHOBCKOTO MpaBMJIa, 3JEKTPOHHBII MPOTAraTOP B UMITYJIBCHOM TIPET-
CTaBJIEHUN 3aIUChIBaCTCA KaK:

7upu +m

G0 = e

(6.117)

Dra dymkmua [puna mpencraBasger coboii mponsBeneHre OGUCIUHOPHOTO MHOKUTEA
v#py +m u crangpa:

1

— m?2

GO (p) =

. (6.118)

2
CooTBeTcTByIOMAad KoopauHaTtHasd GyHKua ['puna G(O)(g) VIOBJIETBOPAET YPAaBHEHUIO!

(O—m*)GO(x —2') = 6(x — &) (6.119)

890.1€3H0 OTMETHT, YTO TTPABHIIO CIIBHUTA MOJTIOCOB COOTBETCTBYET ToMy, uTo Gz — x') mpmobperaer
BeckomedHo MaJIoe 3aTyxanme 1o |7|. [leficTBUTEbHO, €CTH 3anHucaTh 3HAYEHNE Pg B CMETEHHBIX TIOJTIO-
cax kak —(g —16) m +(= —18), tme § — +0, T0 BpeMeHHO MHOXHTEIL B HHTErpaJte (6.112) Gymer paBer
exp(—tz|7| — 8|7]).
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u dABJdeTcd, TakuM obpasom, dbyukumeir ['puna ypasuenua Kneiina - T'opmona. Oue-
BUIHO, 9TO OHA 3aIa€T IPOMAraTop CKaIsdPHBIX YaCTHIl I MOXKET OBITh OIIpEeIeHa Yepes
CKaJIApHOE TMoJIe KaK:

GO — &'y = —i < 0|Tp(x)p™ (2')]0 > (6.120)

e

To(x)pt(x') = ii%f;p((i; Z i i (6.121)

— oIIpeaeJicHue T—HpOI/I3Be,D;eHI/I$I HJId 003EBCKOI0 IOJI.

PDOTOHHBINA IIpomaraTop.

Dpu paccCMOTpPEHNN CBODOOMHOIO 3JIEKTPOMATHIUTHOTO TOJA MBI MPENCTABIAIN BEKTOD -
TOTEHITHAJ B BUE PA3JIOKEHNA MO TOTMEPeYHBIM MJIOCKNM BoHaM. Takoe omnmcanue He
TOMUTCA B CJIYyYae MPOU3BOJBHOTO 3JIEK TPOMATHUTHOTO TOJAd. DTO OYEBIIHO, HATPUMED,
W3 TOTO, YTO B AMAarpaMmax paccedHnd 3JeKTPOHOB HYXKHO YUYHTBIBATH M WX KYJIOHOB-
CKOe B3auMojeiicTBue, KOTOPOe ONMUCHIBACTCA CKATAPHBIM ITOTEHINAJIOM U 3aBEIOMO HE
CBOAUTCA K OOMEHY MOTEPETHBIMI BUPTYAJbHBIME (POTOHAMHU. DOITOMY MBI, KA3aJI0Ch -
6B He IMeeM ellle TTOJTHOTO ONpelieIeHnaA oNepaTopos A, M He MOXKeM HeloCpeICcTBEeHHO
BBIYHCIUTH POTOHHBIN mpomaraTop mo ¢hopMyJie:

Dyy(x—2') =i < 0|TAu(z)A, (2")]0 > (6.122)

Kpowme Toro, kaaubpoBouHasd WHBAPMAHTHOCTH B 3HAYMTEJLHON Mepe JIHiaeT pusnde-
CKOTO CMBICJIA OMEPATOPHI, KOTOPBIE MOXKHO BBECTH [Jd “MOJHOTO” ONUCAHUA HJIEK-
TpoMarHuTHOTO ToJid. OIHAKO OKa3BIBAETCH, ITO MOKHO MPOBECTH HEKOTOPHIH obuImit
aHaJIM3, KOTOPBI paspelnraeT Bce 9T BOIPOck [1].

Damnbostee 00Kl BUI CHMMETPUYHOTO 4-TeH30Pa BTOPOTO paHTa, 3aBUCAIIETO TOJIBKO
oT 4-BexTOpa £ = ¥ — ¥’, ecTh:

Dy (€) = g D(E?) — 0,0, D' (€?) (6.123)

rme D u D' — cxanapusie dbynxunmn nasapuanta &2, COOTBETCTBEHHO, B MMITYJILCHOM
npeAcTaBJICHUN UMeeM:

Dyuu (k) = guw D(E?) + kyky, D' (k%) (6.124)

rae D(k?) u D'(k?) — xommomnenTnr ®ypre bynxmumit D(£2) m D'(€2).

B BeIpaxenuax mia aMIuuTy L paccegrusd boTonHad pyHKing ['puna Bcerma BXOIUT
YMHOXKEHHOW Ha MAaTPUYHBIE 3JIEMEHTHI TOKOB IMEPEXOIOB IBYX 2JIEKTPOHOB, T.€. B KOM-
Gunaunax suga jhy Dy, jis, aro Bugno, Hanpumep, u3 (6.78). B cuiy sakoma coxpaneHns
Toka nMeeM 0, j* = 0, Tak 4T0 MaTpUYHBIE 3JIEMEHTBI TOKa YIOBJIETBOPLIOT YCJIOBHIO
YeThIPEXMEDPHO TOMEePEeIHOCTH:

kgt =0 (6.125)

rae k = ps — p1. DosToMy, dUIMIECKHE PE3YABTATH HE W3MEHATCHA MIPH 3aMEHE:

Dul/ _>Du1/ +Xuky+kau (6126)
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Tle X, — TPOM3BOJIbHBIE GYHKINH k. DTOT HponsBoJI, GaKTHIeCKH, COOTBETCTBYET IPO-
U3BOJTYy B BHIGOpe KanubpOBKH OTepaTopoB mosd. Dostomy, Bhibop dynkmm D'(k?) B
(6.124) paxTuuecku npoussosen’ U MOKeT POU3BOAUTHCH U3 coOBpaXkKeHUi ymo6cTBa.
Daxoxaenne GyHKuu ['puHa CBOAUTCH, TAKUM OOPa30M, K OIPENETEHUI0 BCETO OIHOM
kaubposouno naBapuanTHoll byukiuu D(k?). Ecau paccMoTperh 3ajaHHOe 3HaUeHUE
k? u BRIGpaTH OCh z BHOJL HanpabseHus k, To mpeobpasosanuz (6.126) He GynyT 3a-
tparuBath Dy, = Dy, = —D(k?). DosToMy HaM HOCTATOYHO BBIYHCIHTH BCETO ONHY
KOMTIOHEHTY Dy, TOMB3yach JI060# KaJauOpOBKOH OTEHITHAIOB.

Yno6HO BOCIIOTB30BATHCA, KAK U BHIIIE, KYJIOHOBCKOH Kanubposkoit divA = 0, xorma
omepaTop A maeTcsd pasiaokeHUeM:

27 o) —ikx a)*x _tkx
A= Z”U(ckae( Je~ike 4 ci:ae( )ik ) (6.127)
ko

rae w = |k|, a @ = 1,2 nymepyer nongpuzanuu. 3 Bcex cpeHux Mo BAKyyMy 3HaYCHUit
IPOU3BEIEHAA ONepaToOpoB ¢, ¢t OTJIMYHEI OT HyJ/1d JIMIIDL

< Oleg, e 0>=1 (6.128)
Torma ns onpeneseHns (6.122) MoJTydaeM:
d3k 27TZ (Oz) (Oz)* —iW|T|+ikf
Dir(€) = / 2w Za:ei e, " e (6.129)

rae i, k — TpexMepHBbIE BEKTOPHBIE HHAEKCHI. DaJIMIe B IOKa3aTesie 9KCIOHEHTHI MOLY I
T =t — 1t aBnderca ciencTBueM T-ynopAA0odeHUsA HOJEBHIX omeparopos B (6.122). Ms

(6.129) sicrHo, 9TO MOAMHTETPAIBHOE BhIpakKeHHe 0e3 MHOKNTETA ¢'KE gpgerca dypre
- kKomronenTolt byurmmu D;i(rt). Dna Dy, = —D oHa paBHa:

27 . I .
LRt —wl|T| ()2 — 22° —zw|7’|. 1
¢ Ea les™| ¢ (6.130)

Nna vaxoxaenus Dy, (k?) ocranoch pasaoxurs 1y dynkuuio B uarerpan Oypbe 1o
BPEMEHHU. ITO pazjIoKeHNe maeTca GopMyIoi:

21 . « dk 47 .
—iw]|7| _ 0 —1koT 131
w - /_Oo 21 k2 — K2+ 40" (6.131)

Kaxk mokassIiBaJsiOCh BBIIIE, TaKOE HHTETPUPOBAHUE MOIPA3yMeEBAET OOXO TOTIOCOB ko =
+]k| = fw cOOTBETCTBEHHO CHU3Y U CBEDPXY, IIPU 9TOM pH T > () HHTErpaJI olpeaeasaercs

BBIYETOM B moJtoce kg = +w, a npu 7 < 0 — BergeToM B mosttoce kg = —w. Takum obpazom
HaXoOgUuM OKOHYATEJILHO!:
47
D) = ——— 6.132
(k%) k2 +40 ( )

Orciona OYeBUIHO, YTO COOTBETCTBYMONAA (PYHKIUA B KOOPIMHATHOM HPENCTABIEHUN
VIOBJIETBOPAET YPAaBHEHUIO!

OD(z —2') = —4xé(x — ') (6.133)

99ycre 6D (k2) — HnpomsBosbHOE H3MeHeHHe GyHKIHA D' (k2) Torma sosuukaer 6D, = kuky s§D! =
kuxv, e xv = ki 6D1(K?).
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T.e. aBagerca pyukiueit ['pura BoaHOBOTO ypaBHEHU.
B 6osbumucTse caydaes ynobuo seibpars D' = 0, Torma dboroHHBIH mpomaraTop

AMeeT BUI:
47

k? +40
9TO COBMAIAET C PE3YIbTATOM, MOy IeHHBIM B [TaBe 4 1 COOTBETCTBYET TaK Ha3bIBaeMOM
kanubpopke Peitnmana.

Dy = g D(K?) (6.134)

Urorma okasbBaetca yaobueim nomoxuts DY = —D(k?)/k?, Tax w0
47 k. k.,
Dy =4 (W _ 2_2) (6.135)

9ITO COOTBETCTBYeT TaK HasbiBaeMoil Kannbposke Jlannay. 9pn stom Dy, kY = 0 m Takoit
BBIOOD amasormdeH Kasanbposke Jlopenma, Korma k* A, =
Kanubporke divA = 0 anasiormgsa KaJaubpoBKa MPOMAraropa yCIOBHEM:

Diyk'=0  Dgk' =0 (6.136)
q10 BMecTe ¢ Dy, = —D = —47T/k2 aeT:
47 ]CZ]C] 47
Dy = B ) (62'1 T2 ) Dy = 3z Dy; =0 (6.137)

Tak 910 gy MpocTo paBHO dypbe - 06pasy KYJIOHOBCKOTO MOTEHIINAIA.
,D;J'Iﬂ MAaACCHUBHBIX 9aCTHII CIIMHAa 1 KaJ'II/I6p0BO‘IHa.H MHBApPpHUaAHTHOCTH OTCYTCTBYET 1 BI)I60p mporara-
TOpa OMHO3HAaAYCH. E)O,E[CTB.BJ'IHH COOTBETCTBYIOUINE OII€EPATOPHI ’QZJM B oIIpencJjIcHuE:

Gz — ') = =1 < O[T (x)E (=)0 > (6.138)

[IOJIy I¥M BEIpak€eHHe, oTyIndatomeecs oT (6.129) ToIbKO BHIOM CyMMSI II0 IIOIAPH3ANAAM, 9T0 S5KBHBA~
JIEHTHO YYETY TPeX He3aBUCHMBIX HOJTAPU3ANNHA MACCHBHOTO BEKTOPHOTO mosid. OnycKad TeXHUIeCKUe
neramn [1] yKakeM TOJIBKO, 9TO B HMILY IbCHOM IIPEICTABJICHIN IIPOMATaTOp BEKTOPHOTO IOJA PABEH:

1 pupv)
Gop=—-— — 6.139
my p2 —m?2 410 (gMD m?2 ( )

Teopema Buka u obiue npasujia guarpaMm-
HOU TeXHUKU.

B paccMoTpeHHBIX BBIIle TPOCTHIX MPUMeEpPAX BRIYUCJIEHNA MATPUIHBIX 3JIEMEHTOB Ma-
TPUIIBI PAacCedHns yxke ObLIN BUIHBI BCE MIPUHITUTHAIBHBIE MOMEHTRI THATPAMMHOTO Mée-
TOHA. DACCMOTPHUM Tenepsb obmuii coaygdaii. Marpudnbiii a,1eMeHT S 114 Tepexora MEK Y
JTIOOBIME HAJAJIBbHBIMA M KOHEYHBIMU COCTOAHUAME COBIAIAET CO CPEIHUM IO BAKYyMY
3HAYEHWEM OT OMEPATOpa, MOJYIEeHHOIO YMHOXKeHmeM S clipaBa Ha OMEPATOPHI POXKIe-
HUfA BCEX HaYaJIbHBIX YacTWIl, a CJeBa — Ha ONepaToOpbl YHUUTOKEHNA BCEX KOHEUHBIX
qacTuil. COOTBETCTBEHHO, B N-M MOPAIKE TEOPUU BOSMYIINEHUH MATPUIHBIN 2/ IEMEHT TIe-
pexona uMeeT BUI:

n!

1 )
< f|S(n)|l >= —(—26) < 0|...b2fb1f...a1f...clf/d4x1...d4an(1/)1'yA11/)1)...

(@nyAn1/)n)cii'i...a1|'i...b1|'i...|0 > (6.140)
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Mugekcsr 14,27, ... HyMepyroT HavaJ bHBIE YaCTHIB (OTAETBHO 3JIEKTPOHBI, TTOSHTPOHBI
u doronwr), a 1f,2f, ... — koneunsie. Mnmekcer 1,2, ... y omepaTopos ¢ n A o3HadaoT
1 = ¢(x1) n 1. m. Oneparopsl ¢ n A npencTaBAAOT cobOH JTHHERHbIE KOMOHHAIMN
OTIEPATOPOB POKIECHUA W YHUITOKEHUA COOTBETCTBYIONINX YACTUIL B PA3TUIHBIX COCTO-
aauax. Takum o6pasoM B MATpUIHOM 3JEMEHTE BOSHHUKAIOT CPEJHUE IO BAKyyMy OT
MPOM3BEHNEHMIT OMEPATOPOB POXKIEHUA W YHUUITOXKEHUS W UX JIMHEWHBIX KOMOWHAIIHN.
Bce 3Tu oneparopsl B3ATHI B IPENCTABIEHNN B3aUMOAEHCTBISA, Tak ITO OHHW HOIIMHSA-
0TCH YPABHEHUAM IBUKEHUA W KOMMYTAIIMOHHBIM COOTHOIIEHUAM C60600HbIT TACTHUII.
Berancsienne Takux CpegHUX OCYIIECTBIAETCA C TIOMOIIBIO meopemyt Buka, K paccmo-
TPEHUIO KOTOPOR MBI U TIEPEXOINM.

Teopema Buxka.

9&3OB6M HOPMAADHIM TIIPOU3BEACHIE HECKOJIBKHUX OIIEpaTOPOB
N(ABCD.. XY Z) (6.141)

B KOTOPOM BCE OMEPATOPHI POKIEHUS CTOAT CJAEBA OT OMEPATOPOB YHUUTOKEHUA, a 3HAK
COOTBETCTBYET YE€THOCTH TIEPECTAHOBKU (hePMUEBCKUX ONEPATOPOB, NpUBOIdIIeit mpons-
BelieHHEe K TakKoMy BHUIY. BakyyMmHOe cpefHee OT HOPMAaJbHOTO MPOU3BEICHUSA OTepa-
TOPOB, OYEBUIHO, PABHO HYJIO, KPOME CJIydas, KOT[a MoJ 3HAKOM HOPMAJBHOTO TPO-
W3BEIEHNA CTOUT TPOCTO C-UHCJIO. Da30BeM [ajiee “criapuBaHumeM’ [BYX OMEPATOPOB
pasHOCTh

A'B =T(AB) — N(AB) (6.142)

Jlerko BUOETH, UTO 3TO BBIpAKeHNe ABJIAETCA C-UNCJIOM, MTOCKOJBKY €ro mpapad JacTh
b0 paBHA HYJIIO, JTHGO COBIAMAET ¢ TOTHOCTBIO 0 3HAKA ¢ KOMMYTATOPOM (QHTHKOM-
MyTaTopoM) ansa omeparopoB A w B. Teopema Buka yTBepikmaet, 410 T-TpousBeacHue
JTI060TO YucIia OMepPaTOPOB MOKHO BHIPA3UTH Y€PE3 BCEBOSMOXKHBIE [N -TIPOU3BEIEHNA CO
BCEMHU BO3MOXKHBIMH CIIAPUBAHUAMU:

T(ABCD..XYZ) = N(ABCD..XYZ) +
+N(ABCD..XYZ)+ N(ABCD.XYZ)+ ..
A NABC XY Z) (6.143)

T.€. XPOHOJOTHYECKOE TMPOM3BEIEHIE OMEPATOPOB PABHO HOPMAJIBHOMY TTPOU3BEIEHUIO
IUTIOC CyMMa HOPMAJIBHBIX [TPOU3BENEHUI ¢ OTHNM cHapuBaHueM (IIPH 9TOM Tapa Bbi-
GupaeTca BCEMH BOSMOXKHBIMH CIOCOGAMHE), ILIIOC CyMMa HOPMaJIBHBIX MPOU3BEIEHNI ¢
IByMd criapuBaHuaMu u T. A. CrapuBadue BHYTPU HOPMAJIBHOTO TPOM3BENEHN A ABIACTCA
¢-9UCJIOM, KOTOPO€e ¢ TOYHOCTHIO 10 +1 onpenenserca (6.142). 3nak MuHyc BHIOHpaeTCH
B TOM CJIydae, KOIia IMePECTAHOBK A, BRIBOAIIAA CIIAPEHHBIE OMTEPATOPHI I3 HOPMAJIBHOTO
MPOM3BENEHNA CBOMUTCA K HEYETHOI MepecTaHOBKE HPEPMUEBCKUAX OMEPATOPOB.

Hlia mokasaTesbcTBa 3aMETHM, 9TO OIHOBPEMEHHAsd MEPECTAHOBKA OMEPATOPOB B
obenx dacTax papeHcTBa (6.143) me mapymaer sToro coorHoueHus. CrenoBaTETHHO,
6e3 orpaHuvYeHud OOIIHOCTH MOXKHO CYHMTATh, 9TO TMOPAIOK BPEMEH OMEPATOPOB COOT-
BETCTBYIOT HX paciosiokeHnio B (6.143). g Toro 41o6sl moTyanTh n3 T-TpOUsBeIeHIA
N-npousBenenne, HalIO B3ATH BCE OMEPATOPHI POXKIEHUA W MOCTENOBATETBHO TIEPECTa-
BUTb MX CO BCEMHU ONEPATOPAME YHUUTOKEHNA, CTOANIAMHE JIEBEE UX, TOJAB3YACH OIPENe-
serneM (6.142). Dpu s1oM MBI HOTyInM cymMmmy N-TpousBefeHnil Toro Tnma, KOTOPHIi
manucad B (6.143). Oxgnako B Hee OyIyT BXOANTH CHAPUBAHUA TOJBKO T€X OMEPATOPOB,
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Yy KOTOPBIX MOPANOK B 1 -MPOM3BENEHUN OTINIAETCA OT MOPAAKa B N-TIPOU3BEMEHUN. DO
TaK KakK CIapUBaHUA OMEPATOPOB, IJid KOTOPBIX 0ba MOpAIKA >KBUBAJEHTHBI, PaBHBI
HYJTIO, MOXHO CINTaTh, YTO B TpaByio dacTh (6.143) BxomaT HOpMasIbHBIE TPOU3BEIEHUA
€O BCEMU BO3MOXKHBIMHE ciapuBanuamu. Takum obpasom, Teopema Buka mokasana.

Teopema Buka obJierdaer BHIYUCIEHNE CPENHUX SHAYEHUIT TPOU3BEIEHNA OMEPATOPOB
no |0 >. Cpennee 3HaveHHE HOPMAJIBHOIO TIPOU3BEACHUA OIIEPATOPOB PABHO HYJIIO, MO
5TOMY Ha obpaliamolielica B HyJIb BKJIA JAI0T TOJIBKO T€ WieHbl B Ipasoii wactn (6.143),
B KOTOPBIX BCE ONEPATOPHI ClIapEHBL:

< 0|T(ABCD..XY Z)|0 >=< 0|T(AB)|0 >< 0|T(CD)|0 > ... < 0|T(Y Z)|0 > £
+ < O|T(ACH|0 >< 0|T(BD)|0 > ... < O|T (Y Z)|0 > ...
(6.144)

rIe y4Jau, 9TO

< 0]A'B|0 >=< 0|T(AB)[0 > (6.145)

Taxum obpazom cpennee pazduBaeTcda HA CYMMY BCEX BOSMOXKHBIX ITPOU3BENEHUH Cpei-
HHUX 1O OCHOBHOMY COCTOSHIIO OT OTIEJBHBIX Tap 1-NpOou3BeIeHUil OMepaTOpOB. 3HAK
mepes KaXkKIbIM 9JeHOM COOTBETCTBYET YETHOCTH MEPECTAHOBKYN (PEPMUEBCKUX OMEPATO-
poB. s (6.144), B wacTHOCTH, cemyer, uTo cpenn onepatopoB A, B, C| D, ... obasaTesibHO
JIOJTZKHO OBITH YETHOE YICJIO OMEPATOPOB KaXKIOTO TOJA. KC/IM BCIOMHUTEH OIpEIese-
uue yarnuii ['prHa, To CTAHOBUTCA ACHO, YTO BAKyyMHOE CpemgHee OT 1 -TIPOU3BeIeHnA
JTI060TO YHC/Ia OMEPATOPOB MOJd BBIPAKAETCA YEPE3 CYMMY MPOU3BEIEHUN CBODOTHBIX
TPUHOBCKUX (PYHKITHI.

Ipumvenaa TeopeMy Buka kK MarpuanoMy sseMenty (6.140), MBI MpencTaBUM €ro B
BHUJE CYMMBI YJIEHOB, KaXkIbIil W3 KOTOPBHIX ABJAAETCHA MPOW3IBEIEHUEM HEKOTODPBIX IMO-
mapHbIX cpeganx. Cpennm HEX GyOyT BCTpEUaThCH CHAPHBAHEA OMEpaTopoB ¢, m A ¢
“BHEITHUME OTIEPATOPAME POXKIEHNA HAYAJIBHBIX WM YHUITOKEHNA KOHETHBIX IACTHII.
DTU CIapUBaHUA MOTYT OBITH BBIDAXKEHBI depe3 BOJTHOBBIE (DYHKIIUH HAJAJIBHBIX W KO-
HEYHBIX YaCTUI KaK:

< 0lAcf10 >= 4, < 0]ep A0 >= A7
< 0[gat]0 >= v, < 0lapt]0 >= 7 (6.146)
< 0lbp|0 >= 2, < 0|bF 10 >= v,

roe Ap,¥p — GoTOHHBIE N 3JIEKTPOHHBIE BOJHOBBIE DYHKIUN ¢ MMIYJILCOM p. DOJApH-
3alMOHHBIE WHAEKCH JJTd KPATKOCTH OMyCKaeM. DyIyT BCTpeUaThcd TaKKe ClapUBaHUA
“BHYTpEHHUX OIEPATOPOB, CTOANINX MOJ 3HAKOM [ -TIpOM3BENEHUA. DTU CIapUBAHUA
3aMEHAIOTCA COOTBETCTRBYIONIUMHI MTPOMATaTOPaAMM.

Kaxnapiit u3 9eHOB CYMMBI, Ha KOTOpYIO pasbuBaeTcs MATPUYHBIA 3JIEMEHT S-
MaTpHIBI B pe3yJbTaTe ero packpbuiTus Mo TeopeMe Buka, mzobpaxkaercs HEKOTOPOH
nuarpamvoit @elinmana. B quarpamMve n-ro TpuOJIHKEHNT UMEETCS 1 BEPUIMH, Kak 0
U3 KOTOPBIX CTABUTCS B COOTBETCTBHE OJIHA W3 TEPEMEHHBIX WHTETPUPOBAHUS X1, X2, ....
B kaxmoff Bepuinte CXOIUTCA TPU JIMHAHK — JBe CILIONTHBIX (57T€KTPOHHBIX) M OJHA MY HK-
TupHas (bOTOHHA), KOTOPBIM COOTBETCTBYIOT 3JIeKTpoHHbIe (¢ m ) u doTonubIil (A)
omepaTophl, Kak GYHKIMHA OIHOW U TOH ke mepeMeHHOH ©. Dpu 9TOM 1) COOTBETCTBYET
BXOIANIAA JTHHUS, A 1) — BLIXOIANIAL.

Jag numocTpalu NpuBeIeM HECKOJIBKO MPUMEPOB COOTBETCTBUA MEKY “JICHAME
MaTPUIHOTO 3JEeMEHTA TPEThero mopaaka u guarpammamu. Onyckasd 3HaK WHTErpaJa u
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@) (PAY)(FA¢)(GAY) = —/\-«
W\
i
o~ !
R P
) (@ q‘\)‘(j ¢)(PAQ) = _'_:_-_

v
2 GAY) @AY Ghy) = e
&
Punc. 6-10
Al
@A @he) = | | ;
\ /
(PAY)(JAg) = | \
N
Puc. 6-11

T-ymopaaodennd, a TaK¥Ke MHOKUATEN —iey U He BBIMUCHIBAA apTyMEHTOB Y OIIEPATOPOB,
HaTHUIIEM 3TH WIEHBI B CHMBOJIHMYECKOM BUJE, TTIOKazaHHOM Ha Juc. 6-10. roe cmapuBa-
HUA MOKA3aHBl, KAK 9TO YaCTO MEJAeTCHA, JHHUAMHI, COSMUHAONNMA COOTBETCTBYIOIINE
MTOJIEBBIE OMTEPATOPHI. 3aMETHM, UTO JJIAd BHYTPEHHUX (HPOTOHHBIX CBEPTOK HAIPABJIEHUE
GOTOHHBIX JIMHWIT He MMeeT 3HAYEHN, UYTO CBA3AHO ¢ YETHOCTHIO POTOHHOTO MpoTara-
Topa Kak QpyHKIMH T — o’ .

Cpenn moaydaeMblX TaKuM 06pa3sOM YJIEHOB €CTh KBUBAJEHTHBIE, OTJINYIAIONIAEC
TOJTBKO MEPECTAHOBKON HOMEPOB BEPIIMH — COOTBETCTBUEM MEXKY BEPIIHHAME U HOME-
paMmu TepeMEHHBIX X1, L3, ..., T.€. IPOCTHIM Tepeobo3HaAYEHNEM TIEPEMEHHBIX HHTETPUPO-
Bauuga. Yucso Takux mepectaHoBoK paHo n!. OHO cokpalllaeT MHOKHUTEh % B (6.140),
MOCJIE Y€r0 yINTHIBATH INArPAMMBI C TEPECTAHOBKON BEPIINH yXkKe He HaJ0. DampuMep,
®KBUBAJIEHTHBI JBE IUarpaMMBbl BTOPOTO MOPAIKa, MOKaszaHHble Ha Juc.6-11. Da Duc.6-
10 m Duc.6-11 wsobpaxkeHsbl TOJBKO BHYTPEHHIE CIIAPUBAHUA, KOTOPBIM COOTBETCTBYIOT
BHYTpPEHHIE JIMHIH AuarpaMM (BUPTyasbHBIE 371eKTPoHBI 1 (HoToHb). OcTaBimecsd cBO-
OOMHBIMEU OMEPATOPHI CIAPUBAIOTCH C TEMH WU WHBIMHU BHENTHIMHI ONEPATOPAMH, B Pe-
3yJIbTATE YETO YCTAHABINBAETCH COOTBETCTBHE MEKIY CBOOOMHBIME KOHITAMHE JHATDAMM
I TEMU WJIH WHBIME HAYaIbHBIME I KOHETHBIMI 9aCTHIAMI. D ampuMep, 1, CIapHBasich C
oTlepaTopaMu d; MJIN b;»", JTaeT JIMHWIO KOHEYHOTO 3JIEKTPOHA I HA9aTbHOTO TO3UTPOHA,
a 1, cmapuBagch ¢ a;»" Al by, — JUHNIO HAYAJBHOTO 3JIEKTPOHA MM KOHEYHOTO MO3MH-
tpona. Cobommbiii omepaTop A, cmapuBagch C c;." AN C Cf, MOXKET COOTBETCTBOBATH
KaK HA4aJIbHOMY, TaK W KoHedHOMY (oTory. Takum obpa3oM moaydaeTcd HECKOJIBKO
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WAnghyy = O
&/
Puc. 6-12

TOHMONOTHIECKH OJMHAKOBBIX (T.€. COCTOAIMX M3 OAMHAKOBOTO UHCJIa OIMHAKOBO pac-
HOJIOKEHHBIX JIMHIIT) THarpaMm, OTJIMYAONMXCA TOIBKO MePECTAHOBKAMN HAYATHHBIX
U KOHEUHBIX YaCTHI[ II0 BXOIAIIMM U BBIXOOALINM CBOOOMHBIM KoHIaM. Jloobas Takas
epecTaHoBKa 5KBHBaJIeHTHA OIPEIeIeHHO IepecTaHOBKe BHEUIHUX OIEPATOpPOB a, b, ....
fcHo, 4TO ecam cpenu HadaJIbHBIX WJIM KOHEYHBIX YaCTUI[ MMEIOTCHA TOXKIECTBEHHBIE
bepMHOHBI, TO OTHOCUTEILHBI] 3HAK OUarpaMM, OTJIMYAIOIINXCsd HEYETHBIM YHCJIOM IIe-
PECTaHOBOK CBOOOIHBLIX KOHIIOB, HOJXKEH OBITH IPOTHBOMIOJIOKHBIM.

DenepekphIBaoIaica TOCJIEN0BATETFHOCTD CIVIONIHLIX JUHUA Ha gmarpaMMax Co-
CTaBJseT 2JIEKTPOHHYIO JIMHUIO, BIOJIb KOTOPOI CTPEJIKH COXPAaHSAIOT HEPpEPBIBHOE Ha-
mpaBJieHHe. Y Hee MOXKeT OBITH JINO0 IBa CBOOOMHBIX KOHIIA, JNO0 OHA MOXKET oOpa3oBaTh
MeTJTI0, KaK 2To MoKasaHo Ha Iuc.6-12. CoxpaHeHnne HampaBJIeHHA BIOJIb 3JeKTPOHHOM
JIMHUK dBJIdeTcsd rpadUIecKUM BhIpaKeHHEM 3aKOHa COXpaHeHUs 3apdaga: “BXOmdAiuil’
B KaXK/YIO BEPIINHY 3ap#dl paBeH “BBIXOOANIEMY . JacCIOJIOKEHNE OUCITHHOPHBIX WH-
JIEKCOB BIOJIb HENPEPHIBHOR 2JIEKTPOHHOI JIMHUU COOTBETCTBYET 3allMCH MaTPHUIL CJIEBA
HaIpaBO IpH IBUKEHUN MPOTUB CTPETIOK. DUCTHHOPHBIE MHAECKCH PA3HBIX 36K TPOHHBIX
JIMHUIT HUKOIIa He IepelyThIBaloTCA. BuoJib He3aMKHYTOR JIMHUK MOCJIEH0BATEIbHOCTD
HHIEKCOB 3aKaHIMBAETCA ¥ CBODOIHBIX KOHIIOB HA 3JIEKTPOHHBIX (HJIM MO3HTPOHHBIX)
BOJIHOBBIX (PYHKIMAX. Ja 3aMKHYTOM’ MeTJIe oCaeI0BaTEeTbHOCTD HHIEKCOB TOXKE 3aMbl-
KaeTcsi, TaK YTO IeTJIE COOTBETCTBYET LILYD NPOM3BEIEHUs PACIOI0KEHHBIX BIOJb HEe
Marpuil. JIerko BUaeTh, 9T0 9TOT INYp Bcerda Hamo OpaTh co 3HaKoM MHHyc. B camom
zgene, merje ¢ k BepUIMHAMU OTBEYaeT COBOKYIIHOCTH k CIapUBaHMA:

(6 A Ap).. (5 A) (6.147)
WM Apyrasd SKBUBAJEHTHAdA, OTJIMHAIONAACA NepecTaHoBkoil Bepumma. B (K — 1)-if
CBEpTKe OTIepaTophbl ¢ M ¢ yiKe CTOAT pAIOM B TOM Topsdnke (¢ cmpapa oT ), B Ko-
TOPOM OHH JIOJIKHBI CTOATH B 3JIEKTPOHHOM Iponararope. OmepaTophl ke, CTOAIIAE IO
KpasAM, IPUBOIATCA B COCEICTBO ¢ MOMOIIBIO YeTHOTO 9HCIa IEPECTAHOBOK C IPYTHMHE -
OTIepaTOPaMHE I MOCJIE 3TOTO OKA3BIBAIOTCH PACIIONOKEHHBIMA B TOPAIKE 1ht). DOCKOIBKY
< 0|TY' |0 >= — < 0|T4’|0 >, TO 3aMeHa 5TOro CIapUBaHUA COOTBETCTBYIOLUIEM IIPO-
[araTopoM CBA3aHa ¢ U3MeHEHHeM OBLIEro 3HaKa BCEro BLIPaXKeHU.

Depexon K MMITYJIbCHOMY HpPEICTaBJICHHIO IPUBOAUT K TOMY, YTO HapdAmLy C OOLIAM
3aKOHOM COXpaHEeHHdA 4-HMILyJIbca, JOIKEH COBII0IaThCA TaKKe U 3aKOH COXpAHCHHd B
kKaxk ol BepumHe. OZHAKO STHX 3aKOHOB MOXKET OKa3aThCd HedoCMamouno IJsd OLHO-
3HAYHOTO ONpeHe/IeHIs UMITYIbCOB BCeX BHYTPEHHUX JIMHUI mumarpamMm. B Takmx ciiy-
9gagx II0 BCEM OCTABIIMMCHA HEOIPEIeIeHHBIMI BHY TPEHHAM MMITYIHCAM IIPOBOIATCA HH-

4
TerpupoBaHKd (gTP;‘l'

AHaJOrmIHBIM 06pa3oM MOKHO PacCMOTPeTh cJydali, Korma B 3amdade (pUTypHpyeT BHEIIHEE 3JI€K-
TpoMarHUTHOE moJte (cp. [1aBy 4), T.e. moJe, cosmaBaeMoe “IacCHBHBIME’ IacTHIIAME, COCTOAHIE KOTO-
PBIX B IIPOLIECCE pacCeAHNA He HSMEHAETCH (3TO MOTYT GBITH TzIKeJIBIE “KJlacCHIecKne” 3apambl). DycThb

A(e)(x) — 4-moTeHmuast BHEMHeTo mosig. OH BXOIUT B JIarpaH:KUaH B3auMoIeificTBuA BMecTe ¢ (POTOH-
HBEIM omeparopoM A B BHme cymmber A + Ale), DOCKOIBKY A(®) gBagerca KJIACCHIECKHM C-THCIIOBBIM
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ToJIEM, TO OHO HE CONEPIKUT HUKAKWX OIEPATOPOB M HE MOKET CIHAPHBATHCA C APYTHMH OMTEPATOPAMHU.
DosTOoMy, BHENIHEMY TIosTio B muarpammax PeliamMana 6ymyT cOOTBETCTBOBATEH TOJBKO BHEITHAE JIHHUH.
Dpencrasum A(®) B Bunme unrerpata Oypoe:

A(e)(x):/%e_iqu(e)(q) A<e>(q):/d4xeiqm<e>(w) (6.148)

B BBIpakeHMAX /1A MAaTPHUIHBIX 3/IEMEHTOB B HMILY JIECHOM IIPe/ICcTaBIeHIN 4-BEKTop q 6yner durypn-

poBaTh HApAdY C 4-MMIIyIbCaMHU JAPYTHX BHEUITHUX JIMHWI, OTBEYalOIINX peaJbHBIM JacTuriaM. Kaskmoit

TaKol JIMHUYM BHENIHETO IIOJIA COIMOCTAB/IAETCA MHOKIATETE A(e)(q)7 TIpHYeM JIMHHIO HyKHO PacCMaTpH-

BaTh KaK “BXoOdAlryio”’ B COOTBETCTBUH CO 3HAKOM B IoKasarese e 9%
LIRS

mrTerpat Pypre (“BbIxomaAmell” MHHME Hamo GBLIO-GBI COMOCTABHTH A(e)*(q)). Ecan pu »aTom 3akon
COXpaHEeHUA 4-UMITYJIbCa, TPH 3aHAHHBIX 4-HMITYy/ThCaX BCEX PeaJIbHBIX YACTHUIL, He (PHUKCHPYET OIHO-

, C KOTOPBIM A(e)(q) BXOIHT B

3HAYHO 4—I/IMHyJ'H>CI)I BCEX JIMHUN BHEUTHETO IIoJId, TO IO OCTaBIIMMCHA “CBO60,£[HI)IMI/I” ¢ IMIPOU3BOONUTCHA

at o
WHTETpUpOBaHHUE ﬁ, KakK W IIO0 BCEM OPYTUM HE CbI/IKCI/IPOBaHHI)IM 4—I/IMHyJ'H)CaM JAaHHOU muarpaMMBbI.

ECJ‘II/I BHEITHEE I10JI1€ HE 3aBUCHUT OT BpEMEHU, TO
Al9)(q) = 278(4°) A1) (q) (6.149)

TIe A(e)(q) — TpexMepHad KoMmroHeHTa Oypbe:
Al9)(q) = /d3 rAe) (r)eHar (6.150)

Breurneil uHNE TOrma COMOCTABIIAETCH MHOXKHUTEH A(e)(q) u eil mpunmuceBaeTca 4-UMIyJIbC ¢H =
(0,q). DHeprum >/IEKTPOHHBIX JIMHHH, IE€peCeKaroWIUXCH (BMeCTE C JIMHHEH BHENIHETO IOJIA) B Bep-

nInHe, IIPpWU 3TOM OOTMHAKOBBI B CHJIY 3aKOHa COXpaHCHHA. D0 BCeM OCTABIINMCH He(bI/IKCI/IPOBaHHLIMI/I
3

(2m)3”
ﬂa,D;I/IM Tenepb CBOAKY OKOHYATEJIBbHBIX ITPpAaBUJI ,D;I/IanaMMHOﬁ TEXHUKHU, TIO KOTOPBIM

COCTaBJIAETCA BbIpazXKeHUE AJId aMIIJIATY bl paCcCeCAHN A (Tquee HJId ZMfZ) B UMITyJTbCHOM
npeacTaBJIcHAN B KBaHTOBOI AJICKTPOANHAMMUKE:

TpexXMepHBIM HUMITYy/IThcaM P BHYTPEeHHHUX JIMHUU HPON3BOAUTCA HHTeTpPUpOBaHIe

1. Bryamy n-ro mopaaka TeOpUU BOIMYIIEHN OTBEIAIOT TNATPAMMEI C 12 BEPITHHAM,
B KaX 0 13 KOTOPBIX CXOOATCA OJHA BXOAAIIAA U OfHA BBIXOAANIAA 5JIEK TPOHHBIE
(crmomHBle) MUHUN W ofgHA doToHHAsA (MYyHKTUPHAs) JHHHA. B aMIUTATYIy Mpo-
mecca paccednns BXOOAT BCE NMATPAMMBI, NMEOIINe CBOOOTHBIE KOHITBI (BHEIIHIE
JIHHUW ), COOTBETCTBYIONIE HATAMBHBIM 1 KOHETHBIM TacTHIIAM.

2. Kaxmoll BHemHe#l BXomguieli CILIOIIHON JIMHUM COIOCTAaBIAETCA aMILIATYIA Ha-
9aJIBbHOTO 2J1eKTpoHa u(p) man KouedHoro mosutpona u(—p). Kaxmoit Berxonsamei
CILJIONIHOM JIMHUKM COTIOCTAB/IAETCA AMILTHTYIa KOHETHOTO 3JIeKTpoHA U(p) MM Ha-
JaBHOTO TO3UTPOHA U(—p).

3. Kaxnoit Bepunte comoctapiagercd 4-BekTop —iey”.

4. Kaxnoit BHelHell BxoAdlell MYHKTUPHONR JUHUU CONOCTABJIAETCA aMILIATYIa Ha-
JaJIbHOTO (GOTOHA \/Eeu, a BBIXONAIIE# JUHUA — aMILIATYIA 471'6:1 KOHEYHOI'O
dorona. BekTopHBIN HHIEKC (4 COBIAMAET C HHAEKCOM MATPUIIHI ¥* B COOTBETCTBY-
follell BeplnmHe, TaK UTO BO3SHUKAET CKAJIAPHOE MPOW3BEIeHNE.

5. Kaxmoit BHyTpeHHel CILIONHON JUHUK COMOCTABAAETCA MHOKUTEH —G(p), a BHY-
TpeHHEell TyHKTUPHONW JIMHUM — MHOMXKWUTEIH —iDW (p) TeHzopHBIE WHIEKCH UV
COBTANAIOT ¢ WHIAEeKCAMHU MaTpuIl v*, " B BeplINHAX, COeIUHAEMBIX TyHKTUPHOI
JINHUEMN.

6. B,D;O.HI) KazxKJ10M HereprBHOﬁ IIOCJa€A0BATECJIBHOCTH 2JICKTPOHHBIX JIMHU CTpeJIKHN
UMEIOT HEM3MCHHOEC HAallpaBJICHUE, a PACIIOJIOXKECHUE 6I/ICHI/IHOprIX MHOICKCOB BIOJIb
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HUX COOTBETCTBYET 3allUCH MATpPHUIL CJIEBA HAlIpaBO IPpU IBUXKECHUU IIPOTUB CTPEJIOK.
BaMKHyTOﬁ SHGKTpOHHOﬁ IIeTJI€e OTBEYacT IHIIYP IIPOU3BCICHUA PaCIIOJIOKCHHBIX
BIOJIb HEE MaTPMHII.

B xaxmoit BepimHe 4-UMIYIBCH MepeceKaloONuXcda B Hell MUHUN yooBIETBOPAIOT
3aKOHY COXpaHEeHHUd, T.€. CyMMa HMIIYJIbCOB BXOAAIINX JIMHUII paBHAa CyMMe HM-
[YJIbCOB BBIXOAANNX JHHHI. VMIYIbchl CBOGOIHBIX KOHIOB — 3aJaHHBIe (¢ CO-
GuroeneM OBIIEro 3aKOHA COXPAHEHN ) BEJIMINHBL, TPUIEM HO3UTPOHHON JTHHUN
MPUIHCHIBAETCA UMIYJIC —p. DO HMIIYJIbCaM BHYTPEHHUX JUHUI, OCTAONIMXCA

He(i)I/IKCI/IpOBaHHbIMI/I IIOCJIE YyYI€Ta 3aKOHOB COXPAaHEHHUA BO BCEX BEPIINMHAX, IIPOU3-
4

d
BOAMTCA MHTETPUPOBAHHE ﬁ.

Bxonganiemy cBoGOIHOMY KOHILY, OTBEYAIOIIEMY BHEITHEMY TIOJIIO, COMOCTABIIAETCA

MHOXUTEb A(e)(q), TIpH 3TOM 4-BEKTOP ¢ CBA3aH ¢ 4-UMIYJAbCAMHU IPYTUX JIN-

HUi 3aKOHOM coOXpaHeHWd B BepimmHe. Ecam mose He 3aBUCHT OT BpPEMeEHHU, TO

CBODOIHOMY KOHILY COMOCTABJIAETCH MHOXKUTED A(e)(q), a IO OCTaBIIMMCA He-

PUKCHPOBAHHBIMEI TPEXMEPHBIM MMIYIbCAM BHYTPEHHUX JUHUN MPOBOMUTCH WH-
3

a°p
TErPUPOBAHTE (555 .

Kaxmoli samMkHyTOl (hepMHOHHOIN MeTJEe COMOCTABIAETCA AOMOTHATENBHBI MHO-
xutensb (—1). Ecau cpenn HavabHBIX HJIN KOHEUHBIX JACTUIL NMEETCA HECKOIBKO
3JIEKTPOHOB WJIN NO3UTPOHOB, TO OTHOCUTEJILHBIN 3HAK JrarpaMM, OTJIMYAIOUTIAXCH
HEYETHBIM YHCJIOM MEPECTAHOBOK TAp TOXKIECTBEHHBIX YaCTHUIL (T.€. COOTBETCTBY-
IOIINX WM BHEIIHNX KOHIOB), HOMKEH OBITH MPOTHBOOIOKHBIM.

SaHOMHI/IM, YTO IIpH HAJAYUN TOXKICCTBCHHBIX (bepMI/IOHOB O6H_[I/II7[ 3HaK aMILJIATYIbL
YCJIOBEH.



IimaBa 7

TOUIDBIE 939309 ATATOSLI 1N
BESIIIN99bIE YACTNN

OrepaTopsl moJiell B relizeH6eproBCKOM IIpe/-
CcTaBJIEHUHU, CBA3b C IIpelcTaBJIeHueM B3auMo-
nercTBU4.

Beiire mocsienoBaTesibHBIE YJIEHBI PsAfla TEOPUU BO3IMYIUIEHUH BBIpaXKaJHCh 4Yepes olle-
paTopel ToJell B MPEACTABIEHUN B3anmMOIelicTBUA, BpeMeHHAd 3aBUCHMOCTEH KOTOPBIX
ompenesgercd TaMIJIbTOHNAHOM CUCTEMBI CBOOOTHBIX dacTull Hy. TodHble aMIINTYIBI
paccedaHuda yaobHee BEIpakaTh depes MoJIeBbIe OMepaToOPhl B Tei3eH6EpTOBCKOM TIpeIcTa-
BJIEHUN, B KOTOPOM 3aBUCHMOCTB OT BPEMeHW ONpeneadeTcd TOUYHBIM TaMUIbTOHNAHOM
crucTeMBl BanMoaeiicTBytommnx gactut H = Ho+ Hp. Do oblieMy IpaBUIy COCTaBICHUA
reiizseH6eproBCKUX OMIEPATOPOB MMEEM:

P(x) = ¢(rt) = exp(i H)y(r) exp(—iH1t) (7.1)

u anasormano g (z) m A, (z), mpmaem smeck ¥(r) — HesaBUCAIINE OT BpeMeHH (Irpe-
JIWHTEPOBCKUE) OMEpaTOphl. |eliseHbeproBcKme ONepaTophl, B3AThe B ONWHAKOBBIE MO-
MEHTHI BpeMEHH YIOBJIETBOPAIOT TeM ¥Ke IpaBHJIaM KOMMYTaIlH, 9TO M ONEPaTOpPhl B
IIPEeIUHTePOBCKOM IIPEICTABICHAN W IIpelcTaBIcHIN B3auMogeiicTsua. B camoMm mee,
UMeeM, HallpHMep:

{1/)(1‘15), 1/3(1"15)}+ = exp(iHt) {1/)(1‘), 1/3(1")}+ exp(—iHt) = y°6(r — 1) (7.2)

151



152

TOYSbIE 5203 ATATOSbI N BESLUN2 S bIE HACTH

AnanormaaeiM obpasoM ¥(rt) u A, (rt) KOMMyTHPYIOT:

[(rt), A (x't)]) =0 (7.3)

B pasnudmbie MOMEHTHI BpEMEHH BCE 9TO OTHIONB He Tak!
YpaBHeHue ABUKEHUE A refizeHOeproBCKOro Y-omepaTopa UMeeT BU;

Oy
— iS5 = Hy(e) = () = [, o() (7.4)
ﬂﬂﬂ CaMOr'o raMmuJibTOHMaHa ITPpEAUHICPOBCKOEC N I‘eﬁ3eH6epI‘OBCKO€ npeacTaBJIcHUAd CO-
BIIaJalOT W TaMHWJIBTOHMAH BbIpaXKacTCd OJUWHAKOBBIM o6pa30M qgepes IMOJIEBBIC OIlepa-

TOPBL B O6OI/IX 2TUX MIpeACTaBJICHUAX.

9 pn BEMACIeHAN IpaBoil 9acT (7.4) MOKHO Oy CTHTH B TaMIJIBTOHUAHE JaCTh, 3ABACAULYI0 TOJIBKO
or omeparopa A, (z) (raMHIbTOHHAH CBOGONHOIO 3JIEKTPOMATHITHOLO IOJIA ), IOCKOJIbKY OHa KOMMY TH-
pyer c . Torma:

H= /dSrw*(rt)(ozp+ﬁm)w(rt) + e/dSI"LZJ(I't)’)/MAM(I't)’L[J(I't) =

= /dg’I'i[z(rt)['y“pM +m + ev* AL (rt)](rt) (7.5)

Boramcnaa xommyrarop [H, 1 (z)] ¢ momousio (7.2) u ycrpanaz §-yrkmuro murerpupobammeM mo d°r,
MO Ty<YHM ypaBHeHHe ABIKEHNHA /1A ofeparopa i B ABHOM BHIE:

(vpu— ey Ay —m)P(rt) =0 (7.6)

KOTOpO€, €CTECTBEHHO, COBIIATAECT C YpPABHECHUEM ,D;I/IpaKa B 3JICKTPOMATrHUTHOM IIOJIE.

ypaBHeHI/IEI ABUXKEHUA OJ1d 3JIEKTPOMATrHUTHOT O ITOTEHITUAIA AM (I't) 3apaHee OY€BUIHBI I3 COOTBET-
CTBUA C KJIACCHUKO (60J'H>]_I_[I/Ie qucJIa 33.1'IOJ'IHGHI/IEI)7 KOorga olnepaTopHOe ypaBHeHHE TOJIKHO HepeﬁTH B
oGBIYHEIE YpaBHEHUA Maxkcgsemta OJ1d IIOTEHINAaJIOB, TaK 9TO B HpOI/ISBOJILHOﬁ KaJ’II/I6p0BKe nMeeM:

Y8, AP (z) — 8,07 AY (z) = Ames” (z) (7.7)
the j¥(z) = ¥(x)vY¢(z) — omeparop ToKa, yHOBIETBOPATONINI ypABHEHNTO HETIPEPHIBHOCTH:
9,7Y =0 (7.8)
Cucrema ypasaenuii (7.6) u (7.7) HHBapHAaHTHA OTHOCHTEJIBHO KaJUGPOBOIHBIX Ipeobpa3oBaHHii:
Ap — Au(z) - Oux(x)
U(@) = P(e)e X () — e N g (7.9)
rre x(z) — mpou3BoJILHELT 5PMHTOB OLlepaTOp, KOMMY THPYIOWINIL (B OOMH M TOT YK€ MOMEHT BPEMEHH) C

1. 3mech pedp MOET UMEHHO O rei3eHGeproBckux omeparopax. B mpencraBsienunn B3anMomeiicTBud Ka-
AnGPOBOYHOE MpeobpasoBaHne 3T€KTPOMArHITHOTO HOTEHINAIa BOOOIIE He 3aTparuBaeT i omepaTopsr!

YcraHOBHM Teleph CBA3D MEXKIY OIepaTopaMH B reil3eHO6eproOBCKOM IIPEICTaB/ICHIHA
U IIpejcTaBieHny B3auMoueiicTeug. B coorBeTcTBUN ¢ aguabaTudecKoil runoTesol npei-
MOJIOKKM, 9TO B3amMmoneiictene H(t) memsenno “Briodaerca’ oT MOMEHTa { = —00 K
KOHeTHBIM BpeMeHaM. Torma mpu ¢ — —oo oba npencraBienns (TeitzeHGEProOBCKOe 0 B3a-
UMOIeHRCTRIA ) TPocTO coBnagaoT. CoOBIaTaoT U COOTBETCTBYIONINE BOTHOBBIE (DYHK I
(BekTOpa coctoaunii) ® u Dyyq:

Bipi(t = —c0) = @ (7.10)

C npyroit cTOpoHBI, BOTHOBadA (PYHKIUA B Teli3eHOEPTOBCKOM MPENCTABIEHNN OT BpEMEHH
BOODIIe HE 3aBUCHT (BCA BPEMEHHAA 3aBHCHMOCTB Ha omleparopax!), a B mpemcraBiaeHun
B3aUMONEHCTBUA 3aBUCUMOCTE BOJTHOBOW (QYHKIINN OT BPEMEHU MMEET, KaK MBI BUIEJIH,
BUI:

Bini(1) = S(t, —00)Bini(—00) (7.11)
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el
S(ts,t1) = Texp {—i/b dt’HI(t’)} (7.12)
t1
C OMEBMIHBIMHA CBOJCTBAMMY:
S(t,t)S(t, to) = St te)  STHL ) = St t) (7.13)
Cpasnusag (7.11) u (7.10) Haxomnm:
B4 (t) = S(t, —00)P (7.14)

9TO YCTAaHABJIMBAET CBA3Db BOJTHOBBIX (DYHKIUI B oboux mpemcraBieHuax. COOTBETCTBY-
ormas popMyaa mpeobpasoBaHUs OMEPATOPOB UMEET BUI;

WY(rt) = STHE, —00)Yind(xt)S(t, —00) = S(—00, )1hin:(rt)S(t, —o0) (7.15)

1 aHAJOTHIHO 1A ¢ 1 A, . DT HOpMyIBI pemaloT MoCTaBIeHHYTo 3a1ady.

Tounbili pOTOHHBIN IIpoOIIaraTop.

Tounblil GpoTOHHBI MpomaraTop onpemenderca hopMyIoii:
Du(z—2') =i < 0|TAu(z)A, (z)|0 > (7.16)

B KoTopoit A, (z) — reitsenbeproBcKHe OMepaTOPHL MOJIH, TOLNA KaK BhIIIEe MBI, (haKTHIe-
CKH, pacCMaTpUBaJIN:

Dyy( —2') =i < O|T AP () A (2))]0 > (7.17)

B KOTOPYIO BXOJWJIH OTNEPATOPBI B MpeIcTaBAeHUN B3auMojeiicTusa. Benmunny (7.17)

€2 )

OGBITHO HA3BIBAIOT MPOMATaTOpOM CBOGOITHBIX dhoToHOB (“HyneBoil” dbynkumneit I'puna).
Boipasum reneps Tounblit mpomaratop Dy, depes oneparopsl B NPENCTaBIEHUH B3a-
uMozeficTeuda. DycTs ¢ > ¢/, Torma HCIOIB3yd CBA3H A, 1 AL’” runa (7.15) nmeem:

Dz —2')y =i < 0|TA,(2)A,(2")]0 >= (7.18)
=i < 0]S(—00, 1) AL (2)S(t, —00)S(—o0, 1) A () S(t', —o0)[0 >

Mcnompsya (7.13) umeem:
S(t, —00)S(—o0,t') = S(t,t')  S(—o0,t) = S(—o00,+00)S(00,t) (7.19)
Torma (7.19) samuceiBaeTca Kak:
Dyy(x — ') =i < 0|STH[S(00, )AL () S(t, )AL (&) S, —0)]]0 > (7.20)
IJe 1A KpaTKOCTH 0603HAYEHO:

S = S(400, —0) (7.21)

13amerrM, 4To aHAJOTMYHEIH OlepaTop B MpedbLAylneil ryiaBe o6osHAYAICA KaK Ultz,t1).
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u MBl yan, ato ST!(co, —00)S(00,t) = S(—0c0,t). Dockoanky S(ts,t1) comepmuT
TOJIBKO OIEpaTOPhl B MOMEHTHI BpeMeHH MeXIy {1 ¥ t3, PACHOJIOKEHHBIE B XPOHOJIOTH-
94eCKOM HOPAIKE, TO O9eBUAHO, 9YTO BOOBIIE BCE OlepaTOPHbIe MHOKUTEIR B KBAaApaTHOI
ckobke B (7.20) pacmo/ioKeHbl B OpAIKe YOBIBAHWSA BPEMEH CJIEBA HANPABO. DOCTABUB
nepe cKobKoit cuMBoJ1 T-yIIopaIodeHn s, MOKHO ITOTOM IIPOU3BOJILHO MEPECTaBIATh MO
PAIOK MHOKHTEJEH, MOCKOAbKY T-ymopamodeHne Bce paBHO PACCTABAT UX B HYXKHOM
nopangke. Torma MoOKHO IIepenucaTh 3Ty CKOOKY B BHIE:

TIAP () A (') S (00, 1) S(t, 1) S(, —00)] = TIAY () A (2')S] (7.22)
Taxmm obpasoM mosrydaem:
Duy(z — ') =i < 0|ST'TAT (2) A (2')S]0 > (7.23)

DopTopdad Bce paccyXKIeHHd HETPYLHO YOeOIHThCA, 9TO Ta (pOpMyJia CIpaBeIJIHBa 1
nnat < t.

MoKHO TOKa3aTh, 9T0 MHOKHUTEIb S~ 1 BBIHOCHTCH W3 IOJ 3HAKA YCPEIHCHUA IO
BaKyyMy B Bue HeKoToporo ¢hazoBoro MHoxHUTead. JeflcTBuTeIbHO, refizenbeprobekasd
BosiHOBad dbyHKIMa Bakyyma ®f , (kak u Bcakas Apyras refizsenbepropekas dbyHKIMA)

conasaer, corsacho (7.10), co snaueruem ®Y ,(—oo) BosHOBoIl dyHKIME Bakyyma B
npencTaBiennn B3anMonelicTBuda. C Ipyroit CTOPOHBI, MMEEM:

Sq)?nt(_oo) = S(—l—OO, _Oo)q)?nt(_oo) = q)?nt(—i_oo) (724)

Do BakyyM (OCHOBHOE COCTOAHME), B yCTORUMBOl crncreMe, mpencTaBiageT coboit cTporo
CTAIMOHAPHOE COCTOAHME, B HEM HEBO3MOKHBI CAMOIPOM3BOABHEIE TIPOIECCHI POK TEHM
U YHUITOXKEHNA dacTull. MlHade ToBops, ¢ TeUeHNEM BPEMEHH BaKyyM OCTAeTCA BaKyy-
MOM. DTO O3HAYAET, ITO <I>?m(—|—oo) MOKET OTJINYaThCA OT <I>?m(—oo) TOJIBKO HEKOTOPBIM
¢da30BBIM MHOKHUTEIEM e’ Torma:

SPj,(—00) = '@, (—00) =< 0]S]0 > &f,(—0) (7.25)
NI, IpoOnu3BOAA KOMIIJICKCHOE COIIPAXKECHUE N YHUTBIBad YHUTAPHOCTH S

B, (—00) STt =< 0510 >~ ¥, (—o0) (7.26)

int int

Otcioma fcHO, 9TO (7.23) MOXKET OBITH MEePENMNCcCaHo B BUIE:

< O0|TA,(x)A,(2)]0 >
Dy —2")= - 2
wle =) =i < 0[50 > (7.27)

DoJcTaBisdd clofla B YUCJIUTENh W 3HAMEHATeb pa3sokeHue S-MaTpUIBI B DAl Teo-
pHHU BOSMYIIEHNH, onpenensgeMoe w3 (6.55), 1 MPpoBOAA yCpenHeHNE ¢ HOMOIIBIO TEOPEMBI
Buka, MOKHO MOJTyUUTh passoxenne D, M0 CTeNeHAM KOHCTAHTBI CBA3H €2,

B umcnmrene (7.27) ycpenHseMble BHIpaKEHWA OTJHYAOTCA OT MAaTPUIHBIX 3Je-
MEHTOB MAaTPHIIBI pACCesHUdA, PACCMOTPEHHBIX B MpeAbIayllell TyiaBe, JUWINb TeM, 9TO
BMeCTO “BHENIHMX OIEPATOPOB POXKIACHUA WM YHUITOKEHUSA (POTOHOB B HUX CTOAT
oTepaToph AL’”(JL‘) u A(2'). DocKoMBKY BCe MHOKHUTENN B yCPETHAEMBIX TPOW3BE-
JEeHUAX CTOAT TOJ 3HAKOM T-IpOusBeIeHNd, TO MOMAPHBbIE CBEPTKH 3THX OMEPATOPOB C
“BHYTPEHHHME  OIlepaTOpaMn AL”t(xl), Aint(z5) 6ymyT naBaTh GOTOHHbBIE TPOTIATATOPEI
Dy, . Taxum o6pasoM, pe3yJibTaTbl yCPEIHEHUA BHIPA3ATCH COBOKYIHOCTAMHE THarpaMM
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Puc. 7-2

¢ IByMs BHEITHUMH KOHI[AME, COCTABJEHHBIMU TIO MPUBEICHHBIM B TIpeIbiayiieil ruiaBe
IpaBmIaM, ¢ Tolf pasHHUIel, 9TO BHENIHUM (KakK W BHYTPEHHNM ) (hOTOHHBIM JIHHIAM THA-
IpaMMBbI OTBEYAIOT TEIEPh NPONaraTopel 1), , BMECTO aMIINTY L peasbHbx doTonos. B
HYyJIeBOM IpHOMMKeHnH, Korna S = 1, uncantens (7.27) mpocto coBuamaer ¢ D, (2 —z').
Crenytoune oTJIHIHEIE OT HYJIA IeHH UMEIOT HOPAIoK ~ ¢2. OHE n306pakKaroTca JHa-
rpaMMaMu, COIEPKAIINMHE JBa BHEITHUX KOHIA U JIBE BEPIIUHBI, TOKA3aHHBIMI Ha DHUC.T-
1. Bropag w3 »TuX amarpamMM COCTOWT W3 IBYX HE CBA3AHHBIX MeXIy coboli dacteii:
OyHKTHPHON JMuENE (KOTOpoii oTBedaer —iD,, ) I 3aMKHyTOH meTn. DTo 03HATAET, ITO
COOTBETCTBYIOIIEE JAaHHON AuarpaMMe aHAJUTHYECKOE BhIpaKeHWe PaclaJaeTcd Ha JIBa
HE3aBUCUMBIX MHOXKHUTEN . DpUOABUB K AuarpaMMaM Juc.7-1 TyHKTHPHYIO JIMHUIO HY-
JIEBOTO TMpUOJIMKEHNA U “BBIHECA €€ 33 CKOOKY”’ MOJIYIHM, UTO ¢ TOYHOCTHIO HO UJIEHOB
~ e? qucnurens (7.27) usobpakaerca anarpammamu Duc.7-2. Boipaxenue < 0[S|0 > B
sHaMenaTe e (7.27) npencraBiger coboit aMmmTyay “mepexona”’ BakyyM — BakyyM. Ero
pasJiokeHue B psl TEOPUH BO3MYIIEHU COMEPKUT TOITOMY JIHIIH TUATPAMMBL €3 BHEII-
HIX KOHTOB. B Hyserom npubmnkennn < 0[S|0 >= 1, a ¢ TouHOCTbIO 10 4/1€HOB ~ ¢ 5Ta
AMILTHTY/Ia BBIpakaeTcs Tpadudeckn, Kak To MOoKa3aHo Ha Duc.7-3. Dasmeus ¢ Toi ke
TOUHOCTBIO ~ €2 uncsurens (7.27) Ha 3HAMEHATE b MOJYIUM JUArPAMMbl, TOKa3aHHbIE
Ha Duc.7-4. Tak 970 BKIaL “BaKyyMHBIX” WI€HOB (BBIICTEHHBIX Ha PUCYHKAX GUrypHOI
cKOOKOiT) MoJTHOCTBIO coKpalnaeTcd. TakuMm obpasoM HecBA3Has guarpamma Juc.7-1(6)
BBIMIAIaeT W3 OTBETA. DTOT PE3yabTaT WMeeT, Ha caMoM jese, obmii xapakTep. Do-
pasbupasg mompobHee cmocod MOCTPOEHUdA TUATPAMM, COTOCTABJISAEMBIX YHCJITHTETIO U
sHaMeHaTeno B (7.27), MOXKHO TOHATH, 4T0 posb sHaMeHarena < 0]S|0 > cBommrca
K TOMY, 4TO B JI0GOM HOpALKE TEOPUH BO3MYIIeHUH To4Hbldl mpomnararop P, usobpa-
JKaeTcd TOJBKO AuarpaMMaMi, He COAEpKAIIUMU OTAEJEHHBIX APYT OT Apyra dacTei,

nJan, KaK IpUuHATO TOBOPUTDL, TOJIBKO CBA3HBIMU JUarpaMMaMM.

BaMeTI/IM, qTO AuarpaMMBbl 0e3 BHELIHHX KOHIIOB (3aMKHyTbIe HeT.HI/I) BOO6H_[6 He
HUMET (1)1/13I/I‘IGCKOI‘O CMEBICJIa, IIOCKOJIBKY TaKHE IMETJIN MPpeJcTaBJIAOT coboii paguanm-
OHHBIC TIOIIpaBKMN K OWATrOHaJBbHOMY 3JIEMCHTY S—ManI/II_U:I, OIIUCBIBAKOIIEMY IIE€PEXOAbBI

1+

Puc. 7-3
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BaKyyM - BaKyyM, TOTZIa KakK MBI YK€ OTMeUasI, 9T0 CyMMa BCEX TaKnX MeTesb (BMe-
cTe ¢ | W3 HYJIEBOTO NPHOIHKEHHUA) NAET JIUIIb HECYIIECTBEHHBIH (asoBbIii MHOKNTE D,
KOTOPBIN He OTpakaeTcd Ha (PUSHIECKUX PE3YIIbTATAX.

Yepexon OoT KOOPAMHATHOTO K HUMITYJBCHOMY MPEICTABIEHUIO MPOU3BOAUTCA Kak
OBEIIHO. DampuMep, B MOpAIKe e, IpomaraTop —iD (k) naerca rpadukaMu, IoKa3aH-
HBIME Ha JuC.7-b, TIe caM 3TOT MpomaraTop m300paXkeH KHUPHBIM ITYHKTHPOM B JIEBOH
qacTh. AHAJTUTHYECKOe BhIpaXkKeHne, COOTBETCTBYIOINIEE 3THM JHarpaMMaM UMeeT BU:

4

D) = Duub) + ie*Dya () [ 2507 Glo+ 0" G ) (729
YuteHBI CJIEMYIONMX TOPAIKOB CTPOATCA aHAJOTHIHO U W300pakaioTcd JuarpaMMaMi ¢
JIBYM# BHEITHUMHU (pOTOHHBIME KOHITAMU ¥ HYKHBIM THCJIOM BEPIINH, COOTBETCTBYIOIIIM
paccMaTpHBaeMOMY HOPAIKY TEOPHH BO3MYINeHHil. DampuMep, 4ieHaM ~ e* oTBeualoT
JHarpaMMBbl ¢ YeThIPhMd BEpIIHHAME, HOKa3aHHbe Ha Juc.7-6. YeTbIpbMa BeplImHAME
obJslamaeT Takke mmarpaMma, MoKasaHHad Ha Juc.7-7, B BepxHell dacTu KOTOpoit co-
JEPKUTCA 2JAeKTpOHHAA TETasd, obpa3oBaHHAad OTHON 3aMKHYTO# “Ha cebsa” CIIONIHOM
mamedt. Taxkas meTsia oTBedaet crapubanuio (x)y(z), T.e. IPOCTO BAKYYMHOMY Cpejl-
HeMy oT Toka: < O|j()|[0 >. Yke mo caMoMy ONpeIeseHNI0 BaKyyMa 5Ta BeJIHIHHA
JTOJIKHA TOKIECTBEHHO 0bpallaThCd B HYJIb, IPUIEM 3TO TOXKICCTBO HE MOKET OBITH W3-
MeHEHO HUKAaKNMI paJnalioHHBIME TTOMPaBKaMi K TaKOW meT/e (XOTdA, KCTaTH, IPAMOe
BBIYHC/IEHNE 9TOf TeTIn JaeT GecKoHeuHbI pesynbrar!). DosToMy BooDIIe HUKaKHe THa-
rpaMMBI ¢ “3aMKHYTBIME® Ha cebOsd 3JeKTPOHHBIME JTUHUAME HE JOJIKHBI YIUTBIBATHCA
HU B KaKOM MOPAIKE TEOPUH BO3MYIICHUIA.

Yacts mumarpaMMbl (“Giok” ), 3aK/IIOUEHHYIO MEXIY ABYM:A (HOTOHHBIMU JIMHUAMK
(BHEIIHUME WJIM BHYTPEHHWMN), HA3HIBAIOT (HOTOHHOW cofcmeenno - snepeemuueckot
wacmoro. B obiem caydae Takoit 60K elle caM MOXKeT OBITH pasfesieH Ha 9acTH, CO-
efuHeHHBIe OMHON dOTOHHON JuHUel, Kak MOKaszaHo Ha Juc.7-8, rue KpyXRKu obo3Ha-
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qafoT OJIOKH, KOTOpBIE yiKe HeJb3d Jajblile pasaeanTh TakuMm obpasom. Takwme Gsioxkum
HA3BIBAIOT HeNnPpusodumbimy (MIH OTHOIACTHIHO HEMPUBOIUMBIMI). O0O3HAUNM CyMMY
(6eckoHeTHOTO UMCIal) BCEX HENMPHUBOTUMBIX (HDOTOHHBIX CODCTBEHHO - SHEPTETHUECKHUX
qacTell kak (P, /47T U Has0BEM ee noaApusayUOHHuM onepamopom. Knaccndbunupya
AWArPaMMBI IO YUCJIY COMEPKAIMXCA B HUX TOJHBIX HEMPUBOIUMBIX COOCTBEHHO - 3HED-
reTHIeCKNX JacTell (MOIApU3annoOHHBIX OMEPATOPOB), MOKHO MPEACTABATH TOUHBIH dho-
ToHHEI ponaraTtop Dy, B BUIe AWAarpaMMHOTO PAfa, ToKasaHHOTO Ha Ync.7-9, rie Ka-
KIOMY 3allTPHXOBAHHOMY KDYXKKY COLOCTaBadAercd (P, /47. B aHagnTHdeckoM BHIE
3TO 3alUChIBAETCA KakK:

D:D—I—DBD—I—DBDED—I—...:
47 47 4w
P P
=Dyl+—|D4+D—=D+ .. 7.29
e a2
Bumum, 9ro pan B KBaIpaTHBIX CKOOKaX CHOBa maeT HOJHBIR pan mia D. Dosztomy
IoJIydaeM:
PAe(k)
Dyv(k) = Dy (k) + DNA(/@)TDW(/C) (7.30)
VMHOX)ast 5TO paBEeHCTBO cjeBa Ha obparhbiil Tensop (D™1)™# u cnpasa na (D71)"7,
TOJTy MM
1
-1 _ -1
Dul/ - Duy - E,PW/ (731)

Bce ckazannoe B mpenpiayieil TiiaBe OTHOCHTEIBHO TEH30PHONW CTPYKTYPHI U Kaaubpo-
BOYHO! HEONHO3HAYHOCTH HYJIEBOrO mponararopa [,, OTHOCHTCA U K TOYHOMY IIpOIa-
raropy D, . ammimemM ero obumit g, B dhopMe:

k.k, k. k,
D) = D) (g0 - 232 ) + 001 2 (7:32)

—— = e+ =+
Np— W, S

Puc. 7-9
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roe Dl(kz) — mpomsBoJibHAaA GYHKINA, ONMpeAesdoniagca BeibopoM Kaaubposku. [liia
HYJIEBOTO IIpollaraTopa aHaJIOTMYHO MOXKHO HAIIUCATh:

k.k, k.k,
D) = DU (30 = H252) 4 D) 2 (7.33)

910 GHOPMATIBHO OTIMYAETCA OT BHUIA, WCIOJB30BABIIETOCH B MPEIBIAYINEN TTaBe, HO
5KBHUBAJICHTHO €MY IO CYTH, OT/INYaACh JINIID ONpeIe/IEHIEM Dl(kz). D pomoJibHAA YaCTh
mpomaraTopa (BTopoe ciiaraeMoe B 9THX (HopMyJiax) CBA3aHa ¢ He IMeolell pusuaeckoro
CMBICJTa, TTPOJIOTBHON YacThi0 4-TIOTEHNWAIA TIOJAd U He YIaCTBYET BO B3amMOIelcTBIH.
D0PTOMY B3aUMOJMEWCTBIE €€ W HE MEHHAET, TAK UTO BCETMIA MOKHO CINTATh, 9TO

D'(k*) = D' (k?) (7.34)
Brenem Tenmeph obpaTHBIE TEH30PHI, yIOBJIETBOPSAIONIAE PABEHCTBAM:
-1y ¢ —1 vy _ ¢
D, DY =4, Dy, DY = ¢, (7.35)
Ha (7.32) u (7.33) obpaTHble TeH30DHL, ¢ yaeToM (7.34), nMeroT B
1 kk 1 kuk
-1 _ ufy ukvy
Duy - ,Z_) (gl“/ - 2 ) + ﬁ 2 (736)
1 kk 1 kuk
-1 _ Hvy uhvy

Orcroma cienyer, 9TO MOJAPUIANUOHHBIN OMEPaTOP MPEICTABIAET CODON MomepedHbIit
TEH30p:

k.k,
Prw = P(k?) (W _ 2_2) (7.38)
rae P(k?) = k? — D‘(*;g), Tak 4To>
9 47
D(k?) (7.39)

TR0 = Pk2)/k2)

Takum obpasoMm, B oTJIHYHe OT (GOTOHHOTO MPOIATATOPA, MOJAPUIAMNOHHBIN OMEpaToOp
ABJIAETCA KAIUOPOBOYHO - WHBADUAHTHON BEJTMIMHON.

WHorma mosesHo BBeCTH COOCTBEHHO - PHEPTETHYECKYIO YacTh (POTOHA, OMpemesisae-
MyIo KaK CyMMY BCEX, a He TOJIBKO HEIIPHBOTUMBIX, Tpadukos. Obosnaunm ee Il,, /47,
TOT/IA UMEEM:

s
Dul/ = Dul/ + Du)\ EDpy (740)
910 m3obpaxkaercd rpaduramn Iuc.7-10. Berpasus otciona I,y , mosyunm:
1 _ _ -
1M = DX DY DL} — Dy (7.41)
u ucnonbsy# (7.32), (7.33), (7.36) u (7.37), nonydnm:
kyk P
M, = (K , — 22 n=—— 42
M ( )(gu kz ) 1—7?/16‘2 (7 )

Otciona Buago, uto I, , kak u P,,, ABAAeTCA KaINOPOBOIHO - MHBAPHAHTHBIM TeH30-
pOM.

?Donesno saMmeTHuTh, uTo P (k%) = %Pﬁ(l@)
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To4YHBIA 3JIEKTPOHHBINA IIpoIaraTrop.

TouHbIil M€K TPOHHBIN TpoOTIATATOP OIpenenadeTca (POPMYIOii:

Gz —a") = =i < 0|T(x)(2")|0 > (7.43)
OTJII/I‘IaIOH_[e]‘/’ICSI OT IIpoIraraTopa CBO6OILHI:IX qacCcTHuIL:
Gz — ') = —i < 0|T%™ (x)™ ()]0 > (7.44)

3aMeHOI Y-0lepaTopoB B MPEACTABIEHUN B3anMoeiicTBusa Ha reitsenbeprosckme. Kaxk
MBI BUJEJIH BHIIIE Ha TpHMepe (GOTOHHOTO HMpomaraTopa, Beipaxkenne (7.43) MOXKHO Tpe-
obpazoBaTh K BUIY:

S OIT ) @) 5[0 >

Glo —a) = < 0[5]0 >

(7.45)
DazsI0keHHe 5TOrO BHIPAXKEHNA IO CTENIeHAM ¢ IPUBOIAT K IPeACTaBIeHNo §-hyHKINT
B BHJIe IUATPAMMHOTO PAa C ABYMdA BHEITHUME 5K TPOHHBIME JIUHUAME U PA3TUIHBIM
YUCTAOM BEpIIMH. JoJib 3HaMeHares d B (7.45) cHOBa cBOAMTCA K HEOOXOIMMOCTH yUH-
TBIBATH TOJBKO MUATPAMMBI 63 U30JTUPOBAHHBIX BAKYYMHBIX meTestb. C TOYHOCTBIO 10
11eHoB ~ e* TpadmIeckoe mpemcTapIenne G HoKasaHo Ha Duc.7-11, Toe cam ToUHEIH mpo-
maraTop obo3HavueH KUpPHOH cioirHol unmeit. JuarpamMmver Tuma Duc.7-12 ¢ 3aMKHY-
THIME “Ha ceba” AUHUAMHI, KaK OTMEeYaJIOCh BHIIIE, YINTHIBATh He Halo. B mMIyIbcHOM
[peICTaBIeHHN KUPHOH CILIOWHOM TuHNN conocTaBagerca iG(p), a CIJIONHBIM U ITyHK-
THPHBIM JUHUAM — IPOHAraTopbl cBobomubix dactut, —iG(p) n —iD(k).

Q

Puc. 7-12
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IpuBenem dopMaibHOE TOKA3aTeIbCTBO COKPAUIEHWA BaKyyMHBIX OUArpaMM. DaCCMOTPHM IIO-
IpaBKy 7-TO HOpANKa K TPHHOBCKOH (yHKImE »sekTpoHa (mpomararopy), KOTOpoil COOTBETCTBYeT
KakKad-TO HecBA3Had ouarpamMa. OHa, OYEBHIOHO, COCTOUT W3 IBYX MHOXHUTeseH. Deppoiil m3 HuX
BEJIFO9aeT Bce Hj, cBasammse ¢ (z) n 1[}(90’), T.€. COOTBETCTBYET CBA3HOMY GJIOKY ¢ BHEIIHUMU KOH-
namu. Bropoil MHOKHTEB OMUCBIBAET OCTAIBHYO 9acTh HUATPAMMEBL. ' TakuM o6pasoM, BRIpaKeHUe 1A
paccMaTpuBaeMoil ToIpaBKX paBHO:

_i%/dtl.../dtm < OT (@) b= H (b ) H i (tm))0 e X

X/dtm+1.../dtn <0|T(H](tm+1)...H](tn))|0> (7.46)

3mech < 0]...[0 >c m < 0]...|0 > cooTBeTCTBYeT HEKOTOPHII BIIOJIHE OIpe e IeHHbI HaGop CllapuBaHH 10
Teopeme Buka, mpudeMm cuMBosI < ... >, 03HAYAET, YTO B HTOM BBIPAKEHHHN CIIAPUBAHUA HAKT CBASHYIO
auarpamMmy.

DeTpyoHO BHOETH, YTO CPEIN OUATPAMM HMEIOTCH TaKWe, KOTOPBIE HAIT B TOYHOCTH OIMHAKOBBIA
BKJIamI. elficTBUTEIBHO, €CJTH MBI M3MEHNM CIIADUBAHUA TaK, UTO HEJIO CBENETCH MIPOCTO K IIEPECTAHOBKE
pasaumaabix H; Mexmy ckobkamu < ... >, u < ... >, TO 3T0 ByIeT COOTBETCTBOBATE IIPOCTO Mepeobo3HaA-
YEHWIO MepEMEeHHBIX HHTETPUPOBAHNA U He W3MEHUT BeJIUINHY IonpaBku K §. Hmceso Takmx nmarpaMm
PaBLO “HCILY pasbuennii n omeparopos H; Ha Ipynmsl 3 m W 7 — M OMEPATOPOB, T.€. BYIeT paBHO

DoJIHBII BKJIAT BCEX TAKWUX OUArpamMM OyHOeT paBeH:

m!

X(_%/dtm_kl.../dtn <0|T(H](tm+1)...H](tn))|0> (747)

(n — m)!

_ =07 /dtl.../dtm < OIT (D) VH (1) Hi(tm))]0 e
Z)n—m

IpocyMMEpYeM BKJIAOBI OT BCEX MUATPAMM, JTIOOBIX HMOPAOKOB, COMEPKAIIMX ONPENESIEHHYI0 CBASHYO
9acTh U JI00bIe HECBA3HBIE YacTu. OYEBUIHO, IIPU TOM IOJIY IUM:

—i%/dtl.../dtm < OIT (@)Y H (1) Hi(£m))]0 >
X {1 — i/dtm+1 < 0|H](tm+1)|0 > —

1
—E/dtm+1 /dtm+2 < 0|T(H](tm+1)H](tm+2))|0 > 4.

+ (—ki!)k /dtm+1.../dtm+k < O|T(Hi(tma1 - ) Hr{tmyr))]|0 > +} (7.48)

Bepremca reneps k mcxonsoi dopmyste (7.45). Ecim pas/oxuTs croAmyro B sHaMeHATE/IE BEJIMIAHY <
0]S|0 > B pam no cremeram H 7, To MOIy9nTCA B TOTHOCTH TO JK€ CAMOE BBIpaKEHHE, KOTOPOe 3aKTI09eHO
B durypuste cko6km B (7.48). Takmm oGpasom:

< O|TY(x) (") S|0 >=< O|T(x)d(x')S|0 >.< 0]S|0 > (7.49)

TakK 9TO, coriacHo (7.45)
' - 1 '
G(z—2')—1 < 0|TY(z)Y(z")S|0 >c (7.50)
970 U TpeboBasIoCh MoKa3aTh! DoIydeHHoe MPaBIIo CHPABEITHBO IIPH BETHCICHIH TO60T0 BHIPaKeHHA
ruma (7.27) mom (7.45) ¢ IpOU3BOJILHBIM KOIHYIECTBOM IIOJIEBBIX OLIEPATOPOB. Da IpaKTHKe 3TO 03HadIaeT,
YTO MOXKHO BoobIIe omycTuTh MHOKHTe b < 0|S|0 > B 3HaAMeHaTese, eCTH Cpasy IOTOBODHUTHCA HE
YYIHTHBATH HECBASHEIE THATDAMMEL.
JambHeiimme yIpoluieHna BOSHIKAIOT BCIEACTBHE TOTO, ITO BCe THIIHI CHAPUBAHT B BRIPAKCHIH
(i) ”
' dt1... | dtm < O|T(p(z)Y(z VHr(t1)...H1(tm))]0 > (7.51)

—1
m

oT/IHmYarouecda TOJIbKO HepeCTaHOBKOﬁ va AT OMUMHAKOBBIN BKJIAI. Sﬂaro,z[apﬂ 3TOMY MOZKHO OIIYy-
CTUTH MHOXHUTEJIb l/m' " YYUTBIBATH TOJIBKO TaKWE CIIApUBaAHMNA, KOTOPHBIE IIPUBOOAT K TMONOAO2UNECKU
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HE?KBUBAJEHTHBIM IAATPAMMAM, T.€. TAKHUM, KOTOPBIE HEJTB3H MTOJTy IATh APYT WX IpyTa MepecTaHOBKOH
omeparopos H;. Brkmam or xaxmoii Takoli mmarpaMMbl yKe He CONEPKHUT MHOKHUTEIA, CYyNIECTBEHHO
3aBHCANIETO OT MOPAMKA THATPAMMEI 1. DJIaroiapda 3TOMY KakIIad THarpaMMa MoKeT OBITh pastmra
Ha 3JIEMEHTHI, KOTOPBIE MOYKHO PACCMATPHBATH OTHEJIFHO KAaK IMOMPAaBKy K TOH MM WHOH TPHHOBCKOH
byrxmpm. K amcry HecyniecTBEeHHBIX 3aBHCHMOCTEN OT 1 OTHOCHTCH, OYEBHITHO, MHOKHTEHL A", TIe
X — koHcraHTa. Takoii MHOXHTE/Ib He MellaeT pasOHEHNIO THarpaMMBL Ha 3J1€MeHTH (Gsiokm). Daobo-
POT, TOABJIEHAE MHOKHITEIA THITA 1/m y’Ke IpenaTcTByeT TaKOMY Pa3sGHeHHIo U CyMMUPOBAHIIO YacTell
AIATPAMMBI TI0 OTHEeTbHOCTH.

SJ'IOK, 3aKJII0YEHHBI MEX Oy ABYMA 2JICKTPOHHBIMU JIMHUAMM, HA3BIBACTCA 3IJICK-
TPOHHOW cobcmeenno - anepeemuseckoti vwacmovio. Kak m B doToHHOM ciydae, ee Ha-
3bIBaloOT HenpU608uM01'Z (I/IJTI/I OOHOYAaCTUYHO HerHBOﬂ;HMOﬁ), €CJIN OHa He MOXKeT 6BIT])
pa3pe3aHa Ha OBE Apyrue CO6CTB€HHO - DHEPTETUYICCKHNE HaCTHU IIYTEM paCCCUYCHUA O,D;Hoﬁ
3HeKTpOHHOﬁ JIMHNNA. CyMMy BCEX HEMPpUBOIUMBIX CO6CTB€HHO - DQHEPTreTUYIECCKUX qgacTei
obosHaIM —IM(p), 9Ty BeIMUNHY HA3BIBAIOT €llle Maccoébm onepamopom. C TOIHO-
CThIO JO YJIECHOB ~~ 64 MaCCOBBIit OIIepaTop I/I306pa}KaeTC${ Fpa,(i)I/IKa,MI/I, IIOKa3aHHBIMHA
Ha Dnc.7-13. DyTeM CyMMHUpOBaHNA, aHAJOTHIHOTO TpOBeIeHHOMY Ipu BBBoze (7.30),

noJrydaeM ypasuenue Jlaticona:

D(p) = G(p) + G(p)M(p)G(p) (7.52)

WJIN, 0718 o6paTHBEIX MaTpHIL:
G=Hp) = G7H(p) = M(p) = v"pu — M(p) (7.53)

VYpasuenue (7.30) Takxke MOKHO HasBaTh ypapHeHueM [laiicona mis $hoOTOHHOTO Tpoma-
raropa. Juxke MBI ellle He pa3 BepHeMcHd K ODCYKIEHIIO 3TUX ypaBHEHUM.

TeitseHGeproBCK e P-0MEPATOPHI (B OTJIMUNE OT $-0MEePATOPOB B MPEICTABICHHN B3a-
UMOIEHCTBIA), KaK OTMEYANOCH BHINIE MEHANMCA TPH KaTHOPOBOUHBIX MpeobpasoBa-
HuAX. BMecTe ¢ HUME He ABAAETCA KAJIHOPOBOYHO HHBADUAHTHBIM W TOUYHBI 2JIEKTPOH-
HBII mpomaraTtop G. fAcHo, uTOo M3MeHeHUe § TMPHW KaIUOPOBOUYHBIX TPeOOPA3OBAHUAX
JOJIKHO BBIPAKaThCdA 4epes Ty ¥Ke Mpom3Bosbhylo bynknuio D' koropad nobasigerca
pH 9TOM K POTOHHOMY IPOMAraTopy. JTO ACHO U3 TOTO, YTO NMPH BRIYUCTeHUN § U3 mua-
TPaMMHOTO pslla TEOPUH BO3MYIIEHU, /1000l WieH pama BhIpakaeTcd depes (pyHKIHH
D n HUKaKWX OpYTUX BEJIUYUH, CBA3AHHBIX C 3JIEKTPOMATHUTHBIM TOJEM B HHX IIPOCTO
HeT. MBI MOKEM JIeIaTh JTIOOBIE MPEANoNoKe s 0 CBoicTBaxX omepaTopa x B (7.9), jmuib
6Bl OTBeT BRIpaxkasica yepes D'. B pesynbrare mpeobpasopanud (7.9) uponaratopst D u
G mepexonsT B:

Dy — i < O[T[Au(x) = dux(@)][Ay — 9, x(2")]]0 > (7.54)
G — —i < 0|Tap(x)eX@e=iex(@dl=)g > (7.55)
Sy,ﬂ;eM IIoJiaraTh, 9TO OIIEpPaTOPHBI Y YCPECOHAIOTCA IO BaKyyMy HE3aBUCHUMO OT OCTaJIb-

HBIX, 9TO, €CTEeCTBEHHO, OCHOBAHO Ha TOM, YTO B CHJIY KaHI/I6pOBO‘IHOI7[ MHBaApUaHTHO-
CTH 3JJEKTPOAUHaAMUKN “mose” X HE MIpUHUMAECT HUKAKOI'o y9acTud BO B3anMOJieiicTBUN.



162

TOYSbIE 5203 ATATOSbI N BESLUN2 S bIE HACTH

Jonoxkum takxe < 0|x(x)|0 >= 0. Torma B (7.55) u (7.55) wneHb, comepxaume Y,
OTHENAIOTCA W MBI TIOJIYaeM:

Dy — D+ < 0[T0,x ()9, x(2")]0 > (7.56)
G — G < 0|Te*x(@)e=iex(=D)g > (7.57)
DOmUEpKHEM €llle Pa3, 9TO BEJWINHBL X 3IECh ABJIAIOTCA onepamopamu. lamsee paccmo-

TPUM cJiyvali OecCKOHETHO MAJIBIX KaJaubpOBOYHBIX MpeoOpa3oBaHuil 1 BBEIEM 6 BMECTO
X. Dpeobpaszopatue (7.57), HE3ABUCHMO OT MAJIOCTH §X, MOXKHO 3alWCaTh B BUJIE:

Dy — Dyy +6Dyy 6Dy = 0,0, d (z — ') (7.58)

e

d'(z — ') =i < 0|Téx()6x(x)]|0 > (7.59)

Orciona BuaHo, uto d' ompemesder H3MeHEHHE IPH KAJIUOPOBOYHOM MpeobpasoBaHmu
IPOIONIBHON JacTi dhoToHHOTO Hpomararopa DV,

B mpeobpasosanun (7.57) pasiokKUM SKCHOHEHTHI O CTEMEHAM §X ¢ TOYHOCTHIO HO
KBaJpaTUYHBIX YJIEHOB, TOTIA:

. . ; 1
< OTefeix(@)=iedx(@)|) > _562 < 016x2(x) + 6x2(a") — 2T6x(2)6x(2')]0 > (7.60)

C yaerom ompenenenns (7.59) monydaem:

G—G+46G 6G = iezg(x — x/)[dl(O) — dl(x —z')] (7.61)
B UMITYJIBCHOM IPEACTABJICHUN 3TO HACT!:
. 2 d*q 1
00 = ic* [ G160) =G - )i ) (762
IpH9eM
¢*d'(q) = 6D'(q) (7.63)

D1u bopMyJIBL HA0T ODIIMIe MpaBUia KaduOPOBOYHBIX TPeoOPa30BaHUi TOYHBIX MPOTIa-
raTopoB B KBAHTOBOI 9JIEKTPOINHAMHUKE.

BepIJ_II/IHHBIe qacTH.

B caoxnmpix AnarpaMmMax MOXKHO, Hapddy C CODCTBEHHO - SHEPreTuIeCKNMHM 9acCTAMU,
BBLOCJ/JINTL TaKXKe 1 He CBOOAINNEeCd K HUM OJI0KH’ Apyroro spaga. SaCCMOTpI/IM (byHKL[I/IIOZ

K# (w1, w0, v3) =< O[T A" (21)vh(22)1(23)]0 > (7.64)

B cuity omHOpOMHOCTY TPOCTPAHCTBA - BPEMEHH OHA 3aABUCHUT TOJBKO OT PasHOCTENl CBOUX
apTYMEHTOB. Jocje Iepexona K MPeaCcTaBJIeHNIo0 B3anMOIEHCTBIA HMEeM:
Iz int int
< OIT A (1) (w2) 9" (25) 510 >
< 0]S]0 >

[(u(l‘l, X, l‘3) =

(7.65)
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Puc. 7-14
i
) Py
Puc. 7-15

B UMITYJIBCHOM IPpEACTaBJICHUN MOXKHO HAIIUCATH!:

[(N(pz’pl;k)(Qﬂ.)‘lé(pl_|_k,_p2):/d4x1/d4x2/d4x36—ikx1+ip2—iplx3[(ﬂ(xl’xz’xS)
(7.66)

B mmarpammuoit Texauke gyukiua K# omuckiBaeTcda “TpeXXBOCTKOM” |, MoKa3aHHON Ha
Duc.7-14, ¢ omauM GHOTOHHBIM W ABYMA 3JIEKTPOHHBIME KOHIAME, UMIIYJIBCHI KOTOPBIX
CBA3aHBbI 3aKOHOM COXpaHEHUA:

p1+k=ps (7.67)

YseH HyJIeBOTO MOPANKA B PA3JIOKEHWH 3Toli (hyHKIUH B PAN TEOPUH BOIMYIIEHU
obpatiaeTcd B HYJIb, a 4JI€H MEPBOTO MOPAIKA B KOODAUHATHOM MPEICTABICHUN:

K*(wy1,z0,23) = ¢ / d4xG(x2 — )y, G(x — x3) D" (21 — ) (7.68)
WM, B MMITYJTbCHOM TPeICTABICHNN:

KH(pa, p1; k) = eG(p2)7, G(p1) D" (k) (7.69)

910 m30bpaxkaeTcda amarpaMmoit Juc.7-15.

B ciepyromux mopgaakax uarpaMMbl yCJIOKHAIOTCA 3a cUeT JoDaBJAeHUA HOBBIX Bep-
UIWH. DalpUMep B TPEThEM MOPAIKE BOSHUKAIOT AMATPAMMBI, TOKa3aHHbIe Ha Juc.7-16.
B nepBoix Tpex mmarpamMmmax Oumc.7-16 BuIead0TCH OUeBUIHBIE COOCTBEHHO - HEPTETH-
geckme 4acTh GHOTOHA U 3JEKTPOHOB. DO B YETBEPTON AuarpaMme TaKuX OJIOKOB HET.

oA A A

Puc. 7-16
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D10 oblladg CHTyaImsd — MOMPABKM TUIA COOCTBEHHO - DHEPTETHYECKUX dacTeil mpocTo
npuBoOaAT K 3aMeHe B (7.69) dbynkuni I'puna G u D wa G u D. OcraiabHble WIEHB pas-
JIOKEHUA B CyMMe JAlOT BeJIHIHHY, W3MeHsAmyo B (7.69) MuoxuTens v*. O6o3Hadasd
COOTBETCTBYIONIYTO BeJIMInHy 4depes ['* uMmeeM, 1o onpemesieHuio:

K (p2, pi; k) = {1G(p2)[—iely (p2, pr; B))iG (p1)} [=7DH (k)] (7.70)

DJIOK, COEMHEHHBIN ¢ APYTUME YacTAMHU AUATPAMMBbI OfHOH HOTOHHON U IByM4A 3JIeK-
TPOHHBIMU JIMHUAMHA HA3BIBACTCS GePUUHKOT 4aAcMbI0, €CTU 3TOT OJIOK HEAb3d pasie-
JINTH Ha 9acTH, COSIUHEHHBIE MeXIy coboii omaoit (s/1eKTpoHHON mian $HoToHHOM) H-
uueit. Beemennwiii Boie 6ok ['* mpemcraBiiger coboil cyMMy BCero MHOXKECTBa Bep-
IIWHHBIX 9acTel, BKIIoYasd MpoCcTyo BEPIINHY ¥ | Ha3bIBaeTCd BEPIIHHHBIM OTEPATOPOM
(man BepumuHOi dynKuneit). C TOIHOCTHIO J0 UIEHOB MATOTO HOpsANKa OH M300pa-
JKaeTcd AuarpaMMaM¥, MoKasaHHBIME Ha Duc.7-17. Bee Tpu mmmysabca TyT He MOTYT
OTHOBPEMEHHO OTHOCUTHCA K PEAJHbHBIM YacTUIAM: MBI YKe BHICJH, 9TO MOTJIONEHIE
(nsnydenne) GoroHa cBOGOMHBIM 5JIEKTPOHOM HEBO3MOXKHO M3-33 3aKOHOB COXPAHEHUA
4-UMITyTbCa. DOITOMY, OUH U3 KOHIOB 3/IECh 3aBEIOMO JOJIKEH OTHOCHTHCSI K BUPTY-
aJIbHON YacTuie (MW BHEITHEMY TTOJTIO).

MoxHO BBECTH TOHATHE KOMIAKTHON 1 HEKOMIIAKTHOW BepIiinHHON dacTh. KKoMmakT-
HBIMU HA3BIBAIOTCS Te, KOTOpPHIE He COMEepKAT COOCTBEHHO - 9HEPTETHIECKUX MOMPABOK K
BHYTPEHHUM JUHUAM, U B KOTOPBIX HEJb3s BBIIEJUTH dacTell, mpeacTaBadonmx coboti
MONpaBKK K BHYTpeHHUM BepiruraMm. U3 rpadukos, mokazanHbIX Ha Duc.7-17, KOMIaKT-
HBIMH ABAAIOTCA TOJBKO nnarpaMmel (6) u (). I'padurn (3k,3,1) comepkar coOCTBEHHO
- BHepreTuvdeckre MONPaBKU K 3JEKTPOHHBIM WM (OTOHHBIM JHHUAM. B nmarpamme
(B) BepxHUI TOPU3OHTANBHBIN MyHKTHP MOKHO paccMaTpUBaTh KakK MOMNPABKY K BEpPX-
Heill BepunHe, a GOKOBble MYHKTHPHbBIE JHHUN Ha AuarpaMMax (1) n (€) MOKHO CINTaTh
monpaBKaMi K OOKOBBIM BepIIMHAM. 3aMEHUB B KOMIAKTHBIX JHArpaMMax BHYTpEHHUE
JIMHUU Ha KUPHBIE, a BEPUIMHBI 3alITPUXOBAHHBIMU KPYKKAME HOJYUUM DPas3JIOKeEHWe
BEpUIMHHOTO OTlepaTopa B BHIE, MOKa3aHHOM Ha Ouc.7-18, KoTophili WHOTIA HA3BIBAIOT
Pa3JIOKEHUEM TI0 “CKEJIETHRIM  IHarpaMMaM. DTO passokeHne, GakTHIeCKH, JaeT HHTE-
rpaJbHO ypaBHeHue mis ') HO ¢ 6eCKOHETHBIM YUCJIOM YJIEHOB B MpaBoil YacTh — IJid
BEpUIMH HEJb3d MOJYYUTh 3aMKHYTBIA aHaJor ypaBHeHuit [laficoHa, KOTOpble MMEIOT
MecTo At GyHKIHi ['prura (mpomaratopos).

MoxHO BBECTH TaK¥kKe BEPIIHHBI ¢ HOJBITHM KOJTHIECTBOM BHENTHUX KOHIIOB, HATIPH-
Mep “9eTBIPEXXBOCTKY  , MoKazaHHYIo Ha Juc.7-19. K rakoii nmarpaMme MOXHO NMpUETH
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Puc. 7-18
Ps [
P. P2
Pue. 7-19
paceMoTpes byHKIMIO!
K21, @953, 24) =< 0|T%(x1 )b (x2) 0 (23)0(24)|0 > (7.71)

KOTOPYI0 ODOBIYHO Has3BIBAOT Jdeyzrwacmuunol dysknmeir ['puna. OHa omaTh 3aBUCHT
TOJIBKO OT pasHOCTel cBOWX aprymMeHTOB. Ee mpeobpazoBanune Pypbe 3alUCHIBAETCA B
BHJIE:

/d%l/d%?/d4x3/d4x4K(l‘1,l‘z;903,$4)6i(p3xl+pw2_plx3_p2“) =
= (2m)*6(p1 + p2 — p3 — pa) K (p3, pa; p1, p2) (7.72)

IIpuaeM:

K(ps, pa; p1,p2) = (27)*8(p1 — pa)G(p1)G(p2) — (27)*8(p2 — p3)G(p1)G(p2) +
+G(p3)G (pa)[—iT(p3, pa; p1, p2)1G (p1)G(p2) (7.73)

DepBble IBa cAraeMBIX 3[e€Ch NCKJIOYAOT U3 onpenencand I'(ps, pa;p1, p2) rpadurn
THIA TOKa3aHHBIX Ha Onc.7-20. B Tperhem wiieHe (7.73) MHOXHUTEJU § UCKJIIOYAIoT U3
ompenesieHnst BepunHbl ' Te mmarpamMMbl, KOTOpPBIE TMPEACTABIAIOT COOOM MOMpPaBKM K
BHEIIHIM 5JIEKTPOHHBIM JIUHUAM. D0 cBolicTBaM T -TMpon3BeacHnsa HpepMHEBCKUX OIEPa-
TopoB, Bepumua I'(ps, pa; p1, p2) obsragaeT 0UEBHIHBIME CBOHCTBAME aHTHCHMMETPHN:

T'(ps, pa; p1,p2) = —T(pa, p3; p1,p2) = —T'(ps, pa; p2, p1) (7.74)

Py '—O‘_‘pa Ps ‘—O‘_ Pe

Puc. 7-20
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p ~ 7/

N

Puc. 7-21

ek

Puc. 7-22

DTa BepIImHA MOKET OIMCHIBACT MPOLECC PacCedHnd ABYX 3JIEKTPOHOB, €ro aMILIHTYILY
MOKHO HaiiTH, COIOCTABUB BHELIHUM KOHIAM aMILIUTYIb HadaJbHBIX M KOHEYHBLIX 4a-
cTHI (BMeCTO Tpomnararopos §G):

iMg; = u(ps)u(pa)[—iel' (p3, pa; p1, p2)]u(pr)u(p2) (7.75)

npudeM [’ onmcrIBaeT Bce BO3SMOXKHBIE TTPOIECCH] B3ANMOIEHCTBUA ABYX TACTHIL BO BCEX
nopAAgKax TeOpUH BO3MYUIeHMI.

YpaBuenus JlaiicoHa.

Toumble TpomaraTopbl U BEPIUIMHHBIE YaCTU CBA3AHBI MEK Y CODOM, KaK MBI YK€ BHIEJIH,
OTIPENETEHHBIMU HHTETPAJIBHBIMI COOTHOIIEHUAMHI. DACCMOTPHUM 3TOT BOIPOC MOAPOD-
Hee. DacCMOTPUM TPadUKH A HENPUBOAMMBIX COOCTBEHHO - PHEPTETHIECKUX dacTeit
BJIEKTPOHA. DeTPYIHO cO0OpasuTh, YTO U3 DECKOHETHOTO MHOXKECTBA 3TUX THATDAMM
TOJIBKO OJIHA, TIOKa3aHHAad Ha Juc.7-21, ABIdeTcda KOMIAKTHOH B OOCyXKIaBIIEMCH B
mpenpiayiieM maparpade cMbIce, a Jioboe ee YCJIOKHEHHE MOKET pacCMaTpUBATHCHA
KakK BBeIEHWE MOTMPAaBOK K OFHON W3 ee BepiiuH. SICHO, 9TO BCe BEpIIMHHBIE TONPABKH
JOCTATOYHO TPHUIHCHIBATE UMEHHO K OfHOM (/11000% w3 ABYX) M3 ee BEPIINH, OCTABJIAA
apyryo “romoii”. CoOTBETCTBEHHO, CYMMa BCEX HENPUBOMMMBIX COOCTBEHHO - DHEPTE-
THYECKUX JacTeil (T.€. MACCOBHIN omepaTop) MOKHO H306pa3suTh BCETO OIHON CKeeTHOH
IrarpaMMoi, mokasaHHoh Ha Juc.7-22. CooTBeTCTBYyIOIEE BhIpakKeHNE B AHATUTHIECKOM
BUJIe UMeeT BUI:

4

#’y”g(p +E)YTH(p+k,p; k)P (k) (7.76)

Amnajtornanoe BbIpaKCHHUEC MOXKHO HAalTUCaTh W OJIAd NOJIAPU3allMOHHOI'O OllepaTopa. Cpe,D;I/I

Mp) =G p) =G (p) = —ie2/

HEMPUBOAUMBIX (DOTOHHBIX COOCTBEHHO - PHEPTETHYECKUX YacTell Takike TOJBKO OIHA
ABAdeTCcA KOMIAKTHOW, W NOJAPU3aIMOHHBI omlepaTop npeicTaBadeTcd CKeJdeTHOR
IuarpaMMoit, mokasaHHO# Ha Duc.7-23. CooTBETCTBYOINIEE AHAIUTHIECKOE BhIPAKEHME
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nMeeT BUI:

1 , d
T Puv (k) = D) (k) =D, = wZSp/ #wg(p + k)L (p+ k,p; k)G(p)  (7.77)

Ypasuenus (7.76) u (7.77) upencraBnaioT coboli ogHy W3 ABHBIX (GOPM 3allUCH yPaB-
uennit Haitcona (7.52) u (7.30), mpencraBigaionmx coboli nHTerpaabHble ypaBHEHNA 115
TOYHBIX TPOMATATOPOB W BBIpAXkKalolne WX depe3 TOUYHBbIE BEPIIHHHBIE YHKIAU. DO-
CKOJIBKY /1A BEPUIMHHBIX YacTell aHAJOTHYIHBIE “3aMKHYThIE” WHTErpaJbHBIE YDaBHE-
HUA OTCYTCTBYIOT, TO B MPaKTHYECKUX CAydadXx ypaHenuda [lalicoHa MOXKHO pelraTh,
HCIIOJBb3Y s KaKue - JIHOO alMpOKCUMAINY JJid BEPIINH, OCHOBAHHBIE, HATIPUMED, HA TOM
WM WHOM BBIGODOYHOM CyMMUPOBAHUU dHeHHMAHOBCKUX IHATPAMM.

ToxnoecrBo Yopaa.

CylecTByOT TOYHBIE COOTHOUIEHWSA MEXKJY IPONaraTopaMi W BEPUIMHHBIMH IacTAMM,
6oJ1ee IpocThIe, YeM ypaBHeHns [laiicora. DaccMoTpuM »J1eKTpoHHBI mponararop. Co-
BEPIINM KambpoBovuHoe mpeobpasopanne (7.9), monaraa x(#) = éx(z), roe éx(x) Gecko-
HEYHO MaJlad Heonepamopras GyHKIHS KOOPIUHAT . Torma sJeKTpOHHBIH IpomaraTop
M3MEHUTCH Ha BEJTMYUHY:

6G(z,2') = ieG(x — ") [6x(z) — éx(2')] (7.78)

Takoe kaaubpoBouHoe npeobpasoBaHme HAPYUIAET OJHOPOIHOCTH MPOCTPAHCTBA - BpPe-
MeHn 1 GYHKIUA §G 3aBHCHT yKe OT ¥ B ' 10 OTIeBHOCTH, a He ToJIbKo oT « — z’. Ee
pazsioxenne Oyphe MPOUCXOANT MO3TOMY MO ¥ W &' B OTAEJIBLHOCTH, TaK 9TO B HMITYJIC-
HOM TIpeICcTaBIeHNN 0G aBadeTca pyHKIUEH ABYX 4-UMIYIbCOB:

§G(ps, p1) = /d%/d%’ég(x,x’)eim—im’ (7.79)

Doncrasagg ciona (7.78) u unrerpupys no dizd*¢ nnu d*a’'d*¢, rne € = r—2a', monyuaem:

6G(p +q,p) = iedx(¢)[G(p) — G(p + q)] (7.80)

C mpyrofi CTOPOHBI TP TOM K€ KaJUOPOBOYHOM HpeobOPasoBAHUEN K OMEPATOPY BEKTOD
- IOTeHNHAa 3JIEKTPOMArHuTHOTO noId A, (¢) mobapaserca GpyHKINA:

0
()= 2
SA N (x) = 6x“6x (7.81)
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KOTOPYK MOXHO pPacCMOTPETH KakK OeCKOHEYHO MaJioe sHewnee noae. B UMITYJIBCHOM
npeacTaBJICHAN UMECM:

6 AL (q) = iqdx(g) (7.82)

Benmaway 6G MOXKHO BBIYHCIUTH W KaK W3MEHEHHE Mpomararopa mof, AeificTBueM 3TOro
moJis. C TOYHOCTBIO [0 BEJIMYUH TIEPBOTO MOPAIKA MO §Y 9TO W3MEHEHWE W300pasUTCA
OIHOMl cKeJieTHOW Amarpammoli, moKasaHHol Ha Juc. 7-24, roe KUPHBIE TyHKTHP 000-
3HaYaeT 3P PEKTUBHYIO JIMHWIO BHENTHETO TOJIA, KOTOPOH COMOCTABAAETCA MHOKUTEIb!

SAC (0) + 545 () =P (@)Dy(a) (7.83)

y‘II/ITbIBaIOH_[I/Iﬁ BBEIcHHE B Hee CODCTBEHHO - SHEPreTuIeCKuX IOoIIpaBOK. Do 4—BeKTOp

€
6A(>\ )(q) npososTeH (Tio OTHOMEHH O K ¢), a Tersop P momepeuen (cp. (7.42)). Dosromy
BTOPOH 4JIeH 31ech IPOCTO 0bpallaeTcsa B Hy b, TaK 970 GaKTHIECKH OCTAETCA TOJIBKO
BKJIaJ rpacduka, mokasaHHOTO Ha Ouc.7-24, B KOTOPOM JIMHHIO BHEITHETO MOJIA MOKHO

1] ') €
CUNTATh “TOHKOH’ ¥ paBHON mMpocTo 6AL )(q). B amaanTumaeckoM BUIe MMEEM:

8G(p+4,p) = eG(p+ OT*(r + ¢,7; )G ()6 A (q) (7.84)
Doncranaz ciona (7.82) u cpasrusas ¢ (7.80), HAXOLUM:
Glp+q)—G(p)=—-90p+ D" (0 + ¢, p;0)G(p) (7.85)
WK, 115 0BPATHBIX MATDHIL:
G p+a) =G (p) = ¢l (p+ 4, i) (7.86)

Ypn ¢ — 0, cpapanBad Ko3pPuUIHEHTH MpW HeCKOHEYHO MAJoOM ¢, B 0obenx JacTdax
paBeHCTBA, TIOJIYIUM:
0

Ipy
— Tak HasbBaeMoe moxcdecmeo Yopda B nuddepennuansuoii dopme. CooTHoleHME
(7.86) mpencraBager coboit ToxkaecTBO Yopaa Nad KoHedHBIX ¢. U3 (7.87) BummHo, uTo
npousBopHad G~ !(p) mo mMmmysbcy coBlajiaeT ¢ BEpIIMHHBIM OIEPATOPOM C HyJIEBOM
Hepenadeil nMmysibca. DponsBoaHaa oT camoit dyukmuu ['puna G(p) pasna:

_ 9
Ipy

G~ (p) = I (p,p; 0) (7.87)

iG(p) = iG(p)[—il'"(p, p; 0)]iP(p) (7.88)

B mynaeBoM TpHOIMKEHHH 5TO TOXKIECTBO BOODIIE OUEBHIHO, HOCKONLKY w3 G~ =

—1

v#p, — m cpasy cienyer 65) = y*. Orcroga HETPYIHO MOJYYUTH W TpadudecKuii
"

BBIBOJI 3TOTO TOXKJecTBa — 3 ypasHenu# aficona (7.53) Jyierko BHIeTh, uTo mndde-

pennupoBanue obparHoli dbyukmuu ['puHa M0 UMIYABCY SKBUBAJEHTHO BCEBO3MOKHBIM
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BCTaBKaM JIMHWI (DUKTUBHOTO BHENIHErO MOJIA C HYJIEBBIM MEPEIaBACMBIM HMITYIbCOM
BO Bce TpadpMKW /1 HENPUBOAMMOI COGCTBEHHO - SHEPreTUIecKOl IacTH, MTO MeHepH-
pyeT Bce rpadMKm Ij1A COOTBETCTBYIONIEH BepiunaHO# dactn. Toxgectso Yopaa nmeer
OrpOMHOE 3HaveHne I TTPOBEPKH COTIACOBAHHOCTH KOHKPETHBIX MPUOJIMKEHHUN B 3a-
Jadax KBAaHTOBOJ TeopuH T0JIH.

DecKoNTBKO GoJTee TPOMOSBIKIM ABIACTCA BHIBOJ AHATOTHIHBIX TOXKIECTB M5 TOUHON
dboronHol bynknnu I'puna (mosapusannonHoro omeparopa). CoOTBETCTBYONINE JeTAN
MoxHO Hafitu B [1].
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I1aBa 8

IEKOTOI9BIE 99NMMESE9SUA
KBASTOBOU 9JIEKT30IUI A-
MUKN

DaccestHUe IJIEKTPOHaA Ha CcTaTHhu4YeCKOM 3a-
pdaaoe: IIoOIIpaBKHM BBICIHINX IIOPAIKOB.

B »7oit rytaBe MBI pacCMOTPHUM MPUMEPHI pacdeTa HEKOTOPHIX KOHKPETHBIX 2(PPEKTOB B
paMKax KBaHTOBOH »JeKTPOIMHAMUKM, TaKXKe KaK W PdAJ, BOIPOCOB IPHHIANHNAIBLHOTO
XapakKTepa, OTHOCAIIMXCA K OCHOBAM 3TOW TEOpWH. DYKHO 3aMETHUTHh, YTO KBAHTOBAA
DJIEKTPOAMHAMUKA ABJIAETCA OOPas3loM dYpesBBIYAilHO ycmemHoil Teopum B3amMometi-
CTBUA 3JIeMeHTapHbIX dacTul. OHa JaeT BO3SMOXKHOCTH MOPA3UTENBHO TOUYHBIX pacde-
TOB 3¢ HEKTOB 2JIEKTPOMATHUTHOIO B3aNMOIEHCTBUA, PEIYIIBTATH KOTOPHIX HAXOMATC
B UJ€AJbHOM COOTBETCTBHUH C COBPEMEHHBIME SKCIEPUMEHTAMHU. JPUMEPHI AETATBHOTO
aHa/IM3a MHOMXKECTBAa KBAHTOBOZJIEKTPOIMHAMUYECKHMX 3a/lad MOXKHO HaliTM B KHUTaX
[1, 2], 3@ech MBI, B COOTBETCTBUM ¢ XapaKTEPOM HAIIEro Kypca, ONPAHUYUMCH TOJBKO
pAmOM U36paHHBIX BOIPOCOB. DPHU 2TOM IeTAJH BBIYUCJIEHUN, KOTOPHIE JETKO HAfTH B
JuTepaTrype, byayT mo GoJIkIleli YacTH POCTO OMyCKaThcd. Bhimeaarhes GyIeT TOIBKO
Ka4vecTBEeHHad CTOPOHA JeJia.

B kadecTBe mepBOTO MpWMepa BepHeMcd K yXKe paccMaTpuwbablieitca B [taBe 4 3a-
Jade O pacCeAHUN SIEKTPOHA Ha CTATHYIECKOM 3apsne fapa (pesepdopaoBckoe pacces-
Hue). B mepBoM TOpAIKe TEOPHH BO3MYIIEHMI 5TOT mMpolece u30bpakaeTcs rpadukomM

171



172

DEKOTO3bLIE 22UME2E3UA KBAD TOBOW DJTIEKT204M2 AMUKNA

€ Pi Pf ¢

=

X Ay X =ilte,0]

a 0
Puc. 8-1

91/108—1(&)1, THe cTaTUYIecKuil 3apdam obo3HadeH KpecTUKOM. B cooTBeTcTBUM ¢ oOIIIMEI
mpaBUIaMU IUATPaMMHON TEXHUKH, aMILJINTYa 3TOTO MPOIecca 3aluchiBaeTcd B BUIE:

My; = —i/d4x < flip())i > A (x) (8.1)
Ifle MATPUIHBIH 3JIEMeHT TOKa Tepexona ecTh:
< fliu(2))i >= eﬂf'yuuie_iqx (8.2)

rhoe ¢q = p; — Py U BBEICHBI CIIMHOPBI Ha9aJIbHOI'O I KOHETHOI'O COCTOAHUM 2JICKTPOHA.
BeKTOp - [MIoTeHIInaJI Au(l‘) OIIUCBIBACT 2JICKTPOMATHUTHOE IIOJI€ CTATHYICCKOI'O 3apdia.
COOTBGTCTBGHHO, MOXKHO HallUCaThb:

Mfi = —ieﬂf'yuuiA“(q) (83)
The
At(q) = /d4x6_i‘”A“(x) (8.4)

B cJIydaec CTaTHYIECKOTI'O 3apdJa BECJINYNHA Au(l‘) HE 3aBUCHUT OT BPEMECHH, MMO3TOMY:

AP (q) = / dte 1B Ep)t / Bre’ T A, (v) = 276(Ef — E;)A* (q) (8.5)
Crarmgeckue ypapHeHua MakcBesia nuMeOT BUI:
VZAR(r) = —4mj*(r) (8.6)
Torna nmeeM:
H AT
Af(a) = Wﬂ (a) (8.7)

CoorBercTBenHO, 13 (8.3) u (8.5) mosmydaem:
- ir .,
My = =27é(Ey — Ei)zeuf'yuui—|q|zj (q) (8.8)
Y106kl He 3arpOMOKIATH JaIbHeHIne ONEHKN, Oy cTHM §-hyHKINIO 3aK0Ha COXPAHEHIS

SHEPTHUM W OTpedeSINM aMIIuTyny M Kak:

4
—iM = ieﬂf'yuui#j“(q) (8.9)

1B mepsoii moIoBIHe TaHHOM IJIaBE, TakKxe, KakK B 171abe 4, MBI GymeM 0603HAYATH BHEIIHEE MOJIe I
GOTOHBI BOJTHUCTHIMHI JIMHHAM.
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A

/7 7,
P P

Puc. 8-2

DpH paccedHHU Ha CTATUYECKOM 3apelle 3JIEKTPOH HCIBITBIBACT OTHAYy U P; 7# Py, HO
SHEpTUA coxXpandeTcda U F; = Ey, nam gqo = 0. DosTomy:

2 2
¢ =—la]" <0 (8.10)
— MPOCTPAHCTBEHHO TOHOOHBIN BEKTOD paccednud, a (8.9) mepennchiBaercsa B BHIE:

—4mig,,

—iM:(ieufwui)< " )(—ij”(q)) (8.11)

3/ech MEPBBIl MHOKHUTEB OMUCHIBAET BEPIIMHHYIO 9acTh, a BTOpoil — dhoTOHHBIH mpo-
maratop. g cTaTndeckoro aapa ¢ 3apda/ioM /e NMeeM:

) = plxr) = Zes(x)  j(x) =0 (8.12)

TaK 49TO
—4ms

—iM:(ieuf'yOui)< 7z )(—iZe) (8.13)

9710 H300paxaeTcsd anarpamMmoit Dnc.8-1(6) u, mo cyru mena, copmagaer ¢ (4.77). Drtu

dhopMyJIBL 1 ONMCHIBAOT pe3epdOPIOBCKoOe paccednme, cedenne Kotoporo (4.81):

do 1
e~ MP o~~~ — 8.14
dq ~ M~ ~ o z (8.14)
rae § — yros paccedHHd, KOTOPHI onpenedeTcd H3 KHHeMaTHKI:
0
¢> = (pi —ps)? = —2k*(1 — cos 0) = —4k? sin” 3 (8.15)

e mperebperin Maccoll aJIeKkTpoHa (1Mo CpaBHEHNIO ¢ Maccoll Aapa) u Beean k = |p;| =

Ipsl
TakoBa KapTHHa paccedHHsd B MEPBOM IOPAAKE TEOPHH BO3MYINEHUI. DOCMOTpUM

K 9eMy TPHBOJAT BHICIINE TOPAIKN (paauallioHHble MONpaBKy). B KadecTBe mpumepa
PaccMOTPHUM AHArpaMMy TPEThEro mopdAiKa, HoKas3aHHy Ha Juc.8-2. cnoabsyd obiuiue
MpaBuWjia JHATPAMMHONW TEXHUKU HETPYIHO YOEMUTHCH, 9TO €lf COOTBETCTBYET:

-iat = s (=42 ) [ { e R G R

q (27)? p? —m? q—p)?—m?
ATgyy cy
X (—l .z ) (=15"(a))
(8.16)
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Bumro, 9T0 MO CPaBHEHHIO ¢ pe3yabTaToM IepBoro mopaaka (8.11) smech mpowmsornia
odeBUHaA MomuduKanua GOTOHHOTO MPOAraTopa, B KOTOPOM MOABUIIACH OTHOIIETIIC-
Bad MOJIAPM3AMAMOHHAA “BCTaBKa , TaK TTO

_i47rgu,, _ _i47rgu,, N (_i47rng) v (_i47rg,,,,,) _

2 2 2 2

q q q . q .
=it D) (317)
rue
e = (1) [ sy {ler) G i) LA (s

Cpasy ke BHUOHO, 9TO IpH |p| — oo mHTerpad B I, COOEPKHUT BKJIamL (OT HOIApU3a-

[MOHHON TeT/IH) BHIA fdpg—z, Ka3aJoch OBl KBAIPATHIHO PACXOAANIACA Ha BEpPXHEM
npenesie. D10 TPUMED TUIUIHOW PACXOAMMOCTH, TMOABIAONIECA B BRICIINX MTOPAIKAX
TEOPHUM BO3MYIICHUH MPAKTUYIECKH B JTIOOOU MoIen KBaHTOBOW Teopun moJid. Pusude-
cKasd IPUPOIA PACXOIMMOCTH CBA3AHA, €CTECTBEHHO, C TOUEIHBIM (JIOKATBHBIM ) XapaKkTe-
pOM B3amMoelcTBIS ToJiel B peliaTUBUCTCKOH Teopun. Dak THdeckn, 3Ta pacXoguMOCTh
31ech Gostee cnabas (MorapudMudeckad), HO TpodIeMa OCTaeTCA. DIKe MBI CHadaIa 00-
CYIUM KadeCTBEHHYIO CTOPOHY JeJia.

YpAMBIe, HO JOBOJIBHO TPOMO3IKHE BBHIUUC/IEHHA MOKAasBIBAOT (2], 410 [, MOKHO
3amucaTh B BHIE:

Liw(q*) = —igu ¢ 1(¢*) + ... (8.19)
e
2 o] 2 2 1 2
oy _ & [T dp 2 _ _al=2)
I(¢") = o /m2 e = /. dzz(1—z)In [1 - (8.20)

a MHOroTO4IHeM B (8.19) 3aMeHEHBI WIEHBI MPOLOPIUOHANBHLIE ¢,,¢,, KOTOPBIE obOpala-
0TCH B HYJIb IIPU BBIYUCJIEHUH TEH30PHON CBEPTKHN (POTOHHOTO MPOTIATaTOPa C BHEITHUMHI
sapAnaMu (Tokamu). Deppoe caaraemoe B (8.19) kak pas u BuIIeIAET JOTApUMIIECKYIO
PACXOIIMOCTD HOIAPU3ANHOHHON HOMpaBKy 2.

DosesHo BhMUCaTh Bhipakenud and 1(¢?) B npenese 6obumx u maabix (—q)%. Mos
IPUIAHUA ONpPENeNeHHOTO 3HAUYEeHNs WHTETPAJy BBeleM B mepBoM dieHe (8.20) napa-
memp obpesanus A% (pasmepHocTn KBaapaTa umityabca (Macest), A2 > m?) Ha Bepxaem

npenene. Torna npu (—¢?) < m? umeem:

2 2
*z(1—z) N *z(1—z)
In [1 -5 ] ~ - (8.21)
W COOTBETCTBEHHO: , , , o
e A e’ q
I(¢P)~ —In| — — .22
(a7) 37 (mz) + 157 m? (8.22)

Dpu (—¢?) > m? umeem:

m

i 9] Ly () .

2 JlorapudMudecknit, a He KBaIpaIWdIHBIHN, XapaKTep DPACXOOUMOCTH CBA3aH 30eCh C HEKOTOPO

“ckpeITOl” anreGpoil MoTMHTErpaTbHOTO BRIpakeHud [2].
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o2 A2 o2 . o2 A2
(Y~ —In[—)]-=—In|—=—)=—In|— .24
() 37 n (mz) 37 n(mz) 37 n (—qz) (8.24)

Torga aMILTUTYAY paccedHUd ¢ y4eToM OFHOIIETJIeBOH MOIpaBKKM MOKHO 3allcaTh HpH
(—qz) < m? B coenyomeM Bume®:

. . 47 e? A? e? ¢* 4 .

m2

TaK 4YTO:

1o BbIpa2KCHHUEC MO2KHO C motl ce MmouHoCmv1o InepenncaTb Kak:

4me e, ¢>
st = teayio) (=5 ) |1 = T2 L] (—izen) (5.26)
T7e BBENEH NEPeROPMUPOSAHHbIT 3apa;
e2 A2\ /2
€ER — € (1 - 3—71_ In W) (827)

€2 )

D PEanonokIM, 9T0 BeJndnta ep u3 (8.27) npencrasiser coboli “nerunneiil” (sKcnepn-
MEHTAIBHO M3MepsAeMBbIii) syekTpudeckuii sapan. Torma ammintyna pacceannsa (8.26)
CTAHOBHUTCA KOHEwHOU, PACXOOUMOCTEH “ybpasiach” B €, KOTOpHIX OepeTcda M3 KCITe-
pUMEHTa W He MOAJEKHUT BBIUYUCJIEHHWIO B paMKax paccMarpuBaeMoli meopuu. Taxkum
obpasoM, HaM YIAJIOCh B ABHOM BHJE TPOBECTH NEPEHOPMUPOSKY pacxoidiieiica pau-
almoHHoOW mompaBku. B masbHefilieM Mbl YBHANM, 9TO B KBAHTOBON 3JIEKTPOIUHAMUKE
BCE PACXOAUMOCTH, BO3HUKAIOIINE B BBICHIHX MOPAIKAX TEOPUH BO3MYIIEHWH, yIaeTca
AHAJOTHIHBIM 06pa3oM “clpdTaTh’ B KOHewHOE TUCJIO MapaMeTPOB, MOAJIEKAIINX OTpe-
JIeJIEHUIO U3 sKclepuMeHTa. B aToM mpogBisgercd dyHIaMeHTAJIbHOE CBOWCTBO nepe-
HopMupyemocmu 310t Teopun. ToTbKO MEPEHOPMUPYEMBIM MOJAETAM KBAHTOBOW TeOpUH
MOJIsT MOKET OBITh MpUAAH (PU3HIECKUI CMBICIT.

JIsMOOBCKUU COBUT U aHOMAaJILHBIA MArHUT-
HbBIM MOMEHT.

Deppoe ciaraeMoe B dhopmye (8.26) oueBUIHBIM 00pa3OM CBA3AHO ¢ KYJTOHOBCKIM IO
TEHITHAJIOM:
d3q oy 4T Ze?
Vo(r) = —Ze3 W = TR 8.28
0( ) R/ (27‘_)3 |q|2 " ( )

Bropoe coraraemoe B (8.26) cooTBETCTBYeT KBAHTOBBIM MONPABKAM K KYJOHOBCKOMY IO

TeHIHAJTy, CBA3AHHLIM C BO3MOXKHOCTBIO POXKIeHHd BUPTYya bHLIX et e -map. Comepxa-
umitca B HeM MHOXKHUTeNb |q|? Ipn mepexone K KOOpAMHATHOMY TIPeCTABICHHIO 3aMeH -
erca Ha —V2. Torza ¢ yuetom (8.28) u dbypbe - pasnokenus §-byHKIUI

d3q

8(r) :/Weiqr (8.29)

3DamoMHANM, YTO Pa3/IoKeHHe B DA TCOPHU BO3MYUICHHI HIeT 30eCh II0 Ge3pasMepHOMY IMapaMeTpy

2
2 e~ 1
€ fic ¥ Ta7°
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P
TY

WJIM, BCIOMUHAd M3BECTHOE COOTHOIIeHUe [25] Vz% = —4xé(r), Buaum, 9T0 dopmyTa
(8.26) B KOODIAMHATHOM IIPENCTABIEHIN COOTBETCTBYET B3aNMOIEHCTBHIO BUIA:

Puc. 8-3

e 1 7 e? Zet
=7 2 1-— S (S v = — R TR
Vir) R 60m2m?2 Vv r r 157m?

8(r) (8.30)

Takum 06pasoM poxkeHHe BUPTYaNbHbIX et e™-map (mongpusanna BaKyyMa) TPHBOIAT
K MomudHKaINN KYJOHOBCKOTO B3aWMOAECHCTBIA Ha MAJIbIX PaCCTOAHHAX — BOSHHKAECT
JONOJTHATEIBHOE IPUTAKEHNE K Aapy. KoHedHo, 3T $hOopMyJIBl He BIOJIHE KOPPEKTHEI,
IOCKOJIBKY OHM TIOJTy4YeHbl U3 aCUMITOTHKHI OJIHOIETJIEBOTO BKJIaaa B npesese (—q)? <
m?. O@HaKo I/1d TPOCTHIX OIEHOK OHM BIOJHE JOCTATOUHEL.

DacemorpuM caydait Z = 1 (nporon). fcHo, 910 Bropoe craraemoe B (8.30) MoxeT
IaTh BKJaJ B 3HEpreTMdecKye ypoBHW aToMa Bojopoma Fn;. DaccMaTpmBas ero Kak
BO3MYIIEHHE, TIOJIYIaeM COOTBETCTBYIONMI BKIaJ B CABUT YPOBHEH B BHIE:

2

e 8¢2
AE, = —mﬁwn,(o)ﬁém = —m—RﬁRyé,O (8.31)

rae ¥ni(0) — BonHOBas dYHKINA aToMa BOJOPOAA, COOTBETCTBYIONIAA TJIABHOMY KBaH-
TOBOMY 4HCJYy 1 W opbuTagbHOMy MoMeHTy [, Ry = me*/2 — noctoamnnaa Dunbepra
(Ry =~ 13.5¢V). M3-3a TodYedHOro XapakTepa IOMOJHUTETBHOTO B3aMMONEHCTBHA B
(8.30), ono meficTByeT JINIB HA BOJHOBBIE (DYHKIMH, OTINIHBIE OT HYJId B HadaJe KOOD-
ouHAaT, T.e. Ha s-coctoanus (I = 0). CoorBercTByfomnii (15MOOBCKHIL) CABUT YPOBHEH Ha-
6JTI0TaeTCA 3KCIEPUMEHTAJIBHO U M3MEPAETCA C BECHMa BBICOKOH TOYHOCTHIO. B mepBBIX
skcrepumenTax JIomba msmepsanach pasuuia sHepruil ypoBHeil 2519 1 2py /2, KOTOpHIE
ABJIAIOTCH BHIPOK AeHHBIME B pamKax Teopun lllpenuarepa — dupaka, #He yanThiBatoeit
pagmanumoHHBIX monpaBok. Oxasansock, 4To Beaununna casura pasHa +1057MHz. Dacaer
o dopmyste (8.31) maer Besnmunny -27MHz. OnHako HeT/ia TONTAPU3ANNN BaKyyMa OT-
BedaeT TOJIbKO 32 YaCTh CABUTA YPOBHEH 2819 U 2py /9. Dosmbiil Habop deifnmanoBekmnx
IrarpaMM, OTBETCTBEHHBIX 3a J3MOOBCKHII CABAT B PACCMATPUBAEMOM MOPAIKE TEOPHUH
Boamyuenuii (~ e3) mokasan ma Duc.8-3. Bce BosHUKaolIMe B 3THX JMarpaMMax Dac-
XOAUMOCTH MOTYT OBITH “CHpATaHbl’ B MepPEHOPMUPOBKY 3apdAma, MacChl B BOJHOBOI
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dbysrnun snekTpora. TakuMm obpaszoM yaaeTcda pacCIUTATh HOJHYIO BEJIUIUHY JIOMOOB-
CKOTO CIBHTA, KOTOPad OKA3LIBACTCA B HAEATLHOM COOTBETCTBHH € 3KCIIEPHMEHTOM.
B cBoe Bpemda 310 ObLT TpuyMd TEOPUU MEPEHOPMUPOBOK B KBAHTOBOH 3JEKTPOIH-
HaMUKe. DOCKOJIBKY BeJIMYMHAa CIOBHTa M3BecTHa ¢ TouHOCThIO ~0.01%, TO HeTpymmO
yOemuThcd B CYIECTBEHHOCTH BKJIAJOB KaXIOH W3 auarpaMMm ouc.8-3, B TOM YUCJIE U
PACCMOTPEHHOTO BBIIIE OTHOCHTETBHO MAJIOTo BKJaMa MOJAPU3AINNN BaKyyMa, CBA3aH-
HOTO ¢ amarpammoii Duc.8-3(a). OcHOBHOW BKJIas B CABUT CBA3AH ¢ MEPEHOPMEUPOBKON
Macchl 3y1eKTpoHa (auarpaMmsl Duc.8-3(8)). Pusuaeckn 5T0T >hdeKT CBASAH ¢ TEM, ITO
BenarHa (BecKOHeUHaA) PATUAIMOHHBIX HOMPABOK K Macce CBOGOIHOTO 37EKTPOHA OT-
JmdaeTcd oT (Takke GeCKOHETHOMN) UX BEJMYNHBI /1A 5JIEKTPOHA, CBA3AHHOTO B aTOME.
DazHOCTh >TUX ABYX GECKOHEYHBIX BesuduH konewna [D, 31] u maer ocHOBHON BKJIai B
CIBUT ATOMHBIX yPOBHEH.

DaceMoTpuM ToApobHee ahdeKTH, cBA3aHHBIE ¢ guarpammoii Duc.8-3(6). PakTude-
CKHM, »Ta AuarpaMma MOTHGUIHPYeT CTPYKTYPY >JEKTPOHHOTO TOKa Tepexoma (Bep-
UIMHY) —elUsY,U;. BBIUNCIeHNe KOHEYHO! dacTh »Toff AMArpaMMbl B IIpelese MaJsIbIX

(—¢%) maer [25, 2, 31]:

_ _ e? ¢* m 3 e 1, Y
—elUpy Uy — —els <Yy 1—1—3—71_@ lnm—v—g — ﬁ%w‘“’q Uu; (8.32)

Lhe Oy = %(Py“ ¥ —4Y~#). BolpakeHne B EPBBIX KBAIPATHBIX CKODKAX 3IECH TA€T COOT-
BETCTBYIOIINI BKJIA B I9MOOBCKUI CIBUT, TOCKOJIBKY 3TOT WJIEH 1O hOpMe aHAJOTHIEH
(8.26). Do mpm >TOM MBI CTAIKMBAEMCA €Ile U ¢ PACXOANMOCTBIO HA MAAGL UMILY.Th-
cax, 910 dopmanbHO obxomuTcs B (8.32) BRemenneM Masioit pukTHBHON Macchl dhoTOHA
m,. 9To TaK HaskIBaeMad un@parpacrad xamacmpopa. PakKTHIECKN BKJIaM, CBA3AHHDIN
¢ bUKTUBHON! Maccoit m., MOTHOCTBIO CoOKpaudemca ¢ aHAJOTHIHBIMI BKJIaJaMH, BO3-
HUKAOMUMI oT quarpamm Duc.8-3(B). MHdpakpacHble pacXoAnMOCTH, BOSHUKAIOIINE B
KBAHTOBOI 3JIEKTPOAMHAMHUKE, HE HOCAT CTOJIb MPUHINNHAJBHOTO XapaKTepa, Kak 0b-
CYXKIaBIINECA BBINIE Yabmpaduosemossie (T.e. BOSHUKAIONME OT PAcXOAnMocTel deitn-
MaHOBCKHX WHTEIPAJIOB Ha BepxXHeM mpenee). Pusndeckn nHdppakpacHas KaracTpoda
CBA3AHA ¢ BCETMA CYIIECTBYOMIEH (/I JIIOOBIX 3K TPOTHHAMIIECKIX MPOTIECCOB) BO3-
MOKHOCTBIO M3JIyIeHUs OOJIBIIOro 9ucsa “MATKHX’ (OTOHOB ¢ OUeHb MaJioi »Hepruei
(qacToTolt). DosToMy mMHpaKpacHad PACXOANMOCTD ABAAETCA CJIEACTBHEM HE BIIOJHE
KOPPEKTHOW MOCTAHOBKH BOMPOCA: KAKOBA AMILIUTYIA BEPOATHOCTH PACCEAHUIA HJIEK-
TPOHA Ha CTATHYECKOM snpe He3 maaydennda dporona? PaxTuIeckn HYKHO OMPEHeTnTh
aMIIJIATYIy PaccesdHus 3JIEKTpoHA Oe3 m3aydeHusd (HOTOHA, a TaKkKe BEPOATHOCTH W3-
JIydeHNd ONHOTO, OBYX W T.J. “MATKWX ¢HOTOHOB ¢ sHepTHell Menbiie m.. Kaxnaa ns
5TUX aMILUTATYJ IO OTAEMBLHOCTH PACXOINTCA, HO MCKYCCTBEHHOE BBEIEHWE M. IesacT
nX KoHedHbIMI. CyMMa JKe 3THX BepOATHOCTell He pacXoAnuTCd, a mapaMeTp m., B OTBeTe
cokpalraercd. ITa npobemMa OblTa IeTAJTBHO MPOAHAJIM3NPOBAHA U PEIIEHA ellle Ha PaH-
HeM pTalle Pa3sBUTHdA KBaHTOBOM sekTpopunamuku [1, 2, 31]. g vac ceiiuac unTepecen
BTOPOH 4/IeH B KBaIPaTHHX CKoOKax (8.32), KoTopklil MonudUIupyeT BeANIHHY Y,, T.€.
JIOPEHIERY CTPYKTYPY TOKa.

PaxTHaeckn, MOXKHO yoenurhes [1, 2, 31], 4To BKJIAL THIA 0, ¢” ONUCHIBAET MACHHT-
HBIH MOMEHT 5JIEKTPOHA I = — 50, KOTOPbI OOBIYHO 3alUCHIBAIOT B BUIE fi = —§ 5.8,

rie CIuH 8 = %0’, a ¢ — TMPOMAarHUTHOE OTHOIIIEHTE 3JIeKTpoHa (B Teopuu Hupaka ¢ = 2).

4(j0OTBeTCTByIO]_I_I;I/Ie pac4deTsl Be€CbMa I'POMO3OKH WU MBI OTCBIJIAEM YHUTaATEJId 3a OeTaJldMH K KHATaM
(1, 2]
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CoOTBETCTBEHHO, BTOPOi 4jIeH B (8.32) ONKUCHIBAECT JOIMOJIHUTEJIBHBINH BKJIA B MarHUT-
HBIIT MOMEHT 3JeKTPOHA, TaK UTO

2

“(1+=)¢ (8.33)

ﬂ:_% 27

nJjin
2

g=2+= (8.34)

Taxum o6pa30M, JOMMOJTHUTEJIBHO K OJUPAKOBCKOMY MAarHUTHOMY MOMEHTY 3JICKTPOHA
BO3HUKAET GHOMAALHHT MAaTHUTHBIA MOMEHT 62/271'. DoJstee TOUHOE BbIpaxKCcHUE OJid aHO-

MaJIbHOT'O BKJIaJa B THPOMAroHMTHOEC OTHOIICHHUE, MMOJyYarolleecd IMOMOIIBIO BECbMa I'pO-

MO3OKHUX BBIYUCJIEHUN ¢ TOYHOCTHIO JIO YJIEHOB ~ 66 nMeeT BUI:

g—2 1lé? A e2\?
= 5?—0.32848 P +(1.49+0.2) P +...= (1159655.4:&3.3)10_9 (8.35)

YkasanHad 37ech oMuOKa CBA3AHA C TPYLHOCTAME 6uNUCAEHUT DOJIBIIOTO IUCTIA THa~
rpaMM ~ ef. Dxcnepumenmaavioe 3HaTeHTe aHOMAJBLHOTO MATHHTHOTO MOMEHTA, 3JIeK-
TpPOHA PaBHO:

—2
gTW = (1159657.7+ 3.5) - 10~° (8.36)

Bot nosToMy KBaHTOBad 3JAeKTPOAWHAMHUKA U CUNTAETCHd, MOKAIYH, camMoll TodHOI M3
HMEIUXCA Teopuit PyHIAMEHTATBHBIX B3aNMOAEHCTBIUIT 2/IeMEHTAPHBIX JACTHUIL. 2 a-
CKOJIBKO HU3BECTHO aBTOPY, /IO CHX TOP He OOHAPYKEHO HUKAKHUX PACXOKIEHUNH MEXKITY
ee MpelcKa3aHuaMyi U 9KCIEPUMEHTOM, B TeX CJy4YadxX, KOrja pedb UIEeT O YUCTO dJIeK-

TpOAMHAMHUICCKUX ABJCHUAX.

DaccMOTpeHNe PAMAIIMOHHBIX IOMPABOK Ha OCHOBe (pelHMaHOBCKOTO dopMaInsMa ABJIAETCH 1O~
CTATOYHO CJIOKHBIM ¥ rpoMo3gkuM. [lyid moHnMaHuA GUSHKN >THUX ABJIEHUN MOJIESHO PACCMOTPETH Ka-
YeCTBEHHBIN MOOXOM, MPENJIOKEeHHBIN BesbToHOM, U MO3BOIAOMMI TaTh TPOCTYI0 KaYeCTBEHHYIO HX
HHTEPIPETAIINI0, OCHOBAHHYIO Ha KapTHHE BAKyyMHBIX (JIyKTyaruil 3 1eKTPOMArHITHOTO TIOJIA W POJIH
3JIEKTPOH - MO3SUTPOHHOTO BaKyyMa.

Ob6cynuM, mpex e BCETo BOIPOC O TOM, KAKO€ 3HAYEHHUE UMeEET CPENHEKBAIPATUIHOE SHAYEHHE Ha-
OPAKEHHOCTU 3JI€KTPOMArHUTHOTO MMOJIA B IPOM3BOJIBHON TOUKe (PUSHIECKOTO BaKyyMa. JacCMOTPUM
HoJIe B HEKOTOPOM HOPMHPOBOYHOM 06beMe V. DyseBoe KosrebaHMe ¢ YaCTOTON w MMeeT >HEPIUIO h2—“’
MoxkHO HalHCaTh O9EBUIHOE PABEHCTBO:

h 1 1 E2
== o [ WVEE, +HE) = — [dVER, = eV (8.37)
¥is

2 4 81

rne Eg, m Hy, — aMmmTynsr HanpssKeHHOCTEHR mosiell B BaKyyMe, OTBEYAOUNX PACCMAaTPHUBAEMBIM
HyJIEBBIM KOJIeGaHIAM C 9acTOTOH w, a IepTa oGo3HaYaeT yCpeNHEHNE 110 Hepuony Kosebanmit. s (8.37)
HaXOINM CPEIHEKBAIPATHIHYIO aMILIATY Ly HYJIEBBIX KoaebaHull moda ¢ 9acToTol w:

arhw
2
EOw =

(8.38)

DaccMOTPHUM 3JIEKTPOH B aTOMe. Da 3TOT 3JI€KTPOH HeficTBYeT KYJIOHOBCKOE HoJTe Aapa n QpIIyKTya-
uH HyIeBBIX KoJieGaHuii mosid B BaKyyMe. D03ToMY Ha opOUTAaIbHOE OBIKEHNE 3/ IEKTPOHA HAIAraeTCs
XaOTHIECKOE IBIKEHNE o NelcTBHeM »THX BaKyyMHBIX Guaykryanuii. Dycrs V (r) ofosHagaeT moTen-
[UAaJIBHYI0 HEPTHIO 3JIEKTPOHA, HAXOMANIETOCA B TOYKE . IPEIIOTORIM, YTO KOOPANHATY 3JIEKTPOHA
MOJKHO HallcaTh KaK ' = I'g + ', THe ro — obBIIHOe 3HaYeHre KOOPIHHATH 3/ IEKTPOoHa, Goslee MM Me-
Hee TLJIaBHO MeHAINIeecd TIPH eTo opOUTaTbHOM ABIKEHIH, a ¥/ — eTo MaJioe cMelneHme o meiicTBreM
caygaltHOM CHITBI O CTOPOHBI BIIYKTYHUPYIOIETO BAKYYMHOrO moJid. Torma MOKHO 3alliCaTh CIIEIYOIIee
m3MeHeHHe cpenHell ToTeHNNAa/TLHON 5HepTrun 3/IeKTpoHa, HCHBITHIBAIONIETo cIydaiiible cMelleHUA:

av 1 82V
< AV(r) >=< V(rg +1r') — V(rg) >=< x;% + E(x;x;)— >=
2

Oz 0wy

1 1
= 5V2V < (2h)? >= gV2V < (x')? > (8.39)
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YrioBbIe CKOOKI 30eCh obo3Ha9AIOT cpengHee 110 BCEM BO3MOZKHBIM 3HAYICHUAM Cﬂy‘{aﬁHOﬁ BCJINYIMHBL I'/.
Dpu yCpeaHEHUN YITEHO, 9TO < x; >= 0, a B CIJIy TPOCTPAHCTBEHHOU M30TPONNH CIyYalHBIX CMeUIeHUH
<alz) >=5 < (r)?2 >,
B KYJ/JIOHOBCKOM IIOJIE€ TIPOTOHA
V2V (ro) = 4re®8(xo) (8.40)
TaK 9ToO

2me? 2
<V(r) >= V(o) + ——56(ro) <r'" > (8.41)

Jlia mostydennA 1osMGOBCKOTO CIBHTa aTOMHOIO yPOBHHA HyKHO yCPEOHUTH (8.41) MO COCTOAHMIO 2JI€K-
TpoHa B aToMe, TOTOa HMeeM:

2 12

21 21
2 2 1 2 2
AFELamp = ¢ dV |in (x0)[“8(xo) < ¥'" >= 5e [ (0)] <2’ > (8.42)
TIe Yy — BOJIHOBad PYHKIUA PACCMATPUBAEMOTO COCTOAHMIA.
Iz Beraucirenns < v’ 2 > MPEIIoJIORNM, YTO CMENIEHUE 3JIEKTPOHA TI0I AeHcTBUEM GIyKTyammi
IoJId MPOUCXOOUT HE3aBUCHUMO OT €TI0 0p6I/ITa.J'H>HOI‘O ABIZKEHMA. SannmeM KJJacCHIeCKO€e ypaBHEHHE

IBYKEHIA:
d?r'y, .
m? = eEg, = eEg, sin(kr — wt) (8.43)
OTKYIa IOJIY<IHM:
eE
r'y, =— 0: sin(kr — wt) (8.44)
w
CooTBeTCTBEHHO: ) 2p
—_— e 2Te
P2 s = 2 o2
<(w)? > = 2m2wt Bow = m2wiV (8.45)

Ioe 9epTa CHOBa O3HAYaeT yCpeOHEeHIe o BpeMeHH, a OJId oIy IeHNA II0CTeIHero paBeHCTBa BOCIIO Ihb-
s0BaJmCh (8.38).
DoCKOABLKY HyJIeBble KOJIe0aHHA ¢ PasHBEIMH 9acTOTAMH ABJIAIOTCA HEe3aBHCHMBIMHI, UX BKJIad B
ToJTHOE CpeOHeKBaIpaTIIHOe CMeNIeHTe 3/ IeKTPOoHA MOXKHO HaliTH IMPOCTHEIM CyMMHAPOBAHIIEM:
/2 14 o= — 2¢2h “mae g
<r'” >= dww® < (r'y)? > = —— — (8.46)

m2c3 medm?2 w
wmln

Ecau 661 He cyurecTBOBaJIO 3/IEKTPOH - IMMO3UTPOHHOTO BAKYyMa, TO BEPXHUH IIpenes 30eCh MOT OBI IIpH-
HUMATH JIIOObIe 3HAYEHUA U MBI UMeJIN OBl pacxondammiica pesysbrar. OOHAKO, IIPU 9acCTOTaX MOPAIKA
mc? / h BosHEKaer BsamMomeiicTBHe MeXKIy HYJIeBBIMH KOJIEOAHUAMM II0JIA U 3aI0THEHHBIM (POHOM OT-
PULNATETBHBIX PHEPTUH (HePMHUOHOB. D arjIAIHO MOYKHO HPEICTaBUTh HEJI0 TaK, YTO B3aMMOIEHCTBYIOT
dIIyKTyaImmm TOKOB, CBA3AHHBIX CO CIIYy9IallHBIMU CMENIEHUAMHA 3JI€KTPOHAa C MOJOKUTEILHON sHeprueit
U aHAJIOTMYIHBIE TOKH, CBA3AHHBIE CO CJIyIYaWHBIMU CMEUEHUAME 3JIeKTPOHOB (POHA 3AMOJTHEHHBIX CO-
cToAHUil. DOCKOIBKY B CHJIYy IPHUHIUIA Dayjil BCe 3JTEKTPOHBI CTPEMATCA HAXOMUTHCA B YIAJTCHUH
IpYT OT IpyTa, »TH (BIYKTyalluu TOKOB OyoyT MPOUCXOOUTH B HpoTuBodase, 9To MPUBEIEeT K UX B3a-
FMHOMY IOTallleHnIo. B pesy/braTe Bce CBOOHICA K BOSHHKHOBeHHIO 3 deKTHBHOTO 00pesanna (8.46)
OPHA Wmaz ~ mc?. Beamanaa obpesaHua (8.46) Ha HIDKHEM IIpenesie olpenesideTca HeKOTOopoli cpemuaei
9acTOTOH BO3OYKIeHNA 3JIEKTPOHA B ATOMe, MacIITab KOTOPOH oIlpene igeTcd puabeproBcKoi vacToToit:

4
Winin = Wo ~ % = glhea . Torna (8.46) cBommrca K:
2
<( ,2) N 2¢2h me? 2 2 h me? (8.47)
r =—In =—— | — n .
me3m?2 T hwo m he \ me hwo
Torna A BesmIUHEL T5>MOOBCKOro cnBrra (8.42) mosrydaem:
2
4 ¢2 h me2
AE‘Larnb = S5 - |'¢/n(0)|2 In (8'48)
3 he \ me hwo

DTOT CIBUT BCETIIA TOJIOKUTEJIEH — $-YPOBEHD BCETHa JIEKHUT II0 HEPTHH BBINIE, 9€M 3TO IPENCKA3BIBa-
erca teopuett [llpemunarepa — [dupaka. C ygeToM TOTo, 9TO B aToMe BOOOPOOa:

@ = (— ) (8.49)

nant/3

2
TOe a4 = 777}62 — 60pOBCKUH pamuyc, MOJIyIaeM

e2 Ry . mc
hc n3 th

8
AEpamp = — (8.50)
3
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Puc. 8-4

unu

Puc. 8-5

CrienranbHeTe PACeTs, TIPOBeIeHHbe DeTe, Tall yToMHeHRoe sHavenne Nwy & 18 Ry. Torma ms (8.50)
CllemyeT 3Ha€eHHWe CIOBHTa IJIA 2S-cocTomHUA Bomopona AE[ ,mp(2s) & 1040 MHz, aro odens Giamsko
K pe3yJIbTaTy TOYHBIX PAcIeToOB Ha OCHOBe obmero dhopMam3Ma KBAHTOBOH 3JTEKTPOIWHAMAKH W Te-
OpHUH TIEPEHOPMHPOBOK. TakmM o6pasoM, Jo>MOOBCKHUI CIBUT ABJIAETCA €Il€ OTHUM ITONTBEPIKICHIEM
peasibHOCTH pHU3TIeCKOTO “BaKyyMa’ KBAHTOBON TEOPHUH OJIA.

9D epeHOPMHUPOBKAa — KaK 3To “padoraer”.

B paccMoTpeHHBIX BBINIIE MPUMEpPAX PACcYETOB pPALUAIMOHHBIX TMOMPABOK B KBAHTOBOM
BJIEKTPOAMHAMUKE MBI BUIEJH OMPENEAONIYI0 POJIb MPOIENYPHI IEPEHOPMHUPOBKH, KO-
TOpad TMO3BOJAET W3DABUTHCA OT HeM30EKHO BOSHUKAIONUX PacXOmMMOcTel deitrma-
HOBCKHX WHTETPAJIOB B BBICIINX MOPAIKAX TEOpHWH Bo3MylleHuit. Umenuno bmaaromaps
Pa3sBUTHIO TEOPUU MEPEHOPMHUPOBOK B KBAHTOBOM 2JIEKTPOINHAMUKE BOSHUKJIA PEATBHO
paboTaoliie pacIeTHBIE METOIBI, TIO3BOIUBIINE MTPOBOINTE KAaK PACYETHl MPaKTUIECKH
JTIOOBIX KOHKPETHBIX 3¢ heKToB, Tak W ITPOAHAJIM3MPOBATH HEKOTODHIE MPUHITUIHATB-
HBIE BOTPOCHI TEOPHUH. JOHATHE NEPEHOPMUPYEMOCTU UTPAET OMPENEITANIYI0 POJIb B
COBpeMeHHOIT KBaHTOBOII Teopun mosia. Momenn B3auMomeiicTBUil He 0b6IaTAONINE STHM
CBOMCTBOM OOBIYHO CUMTAIOTCA HEPUIHIECKUMHA. D PEXKIE YeM EPEXOIUTE K MOCTETOBA~
TEJBHOMY aHAJM3Y TMPOIELYPHI TIEPEHOPMUPOBOK, MBI PACCMOTPHUM KA9€CTBEHHYIO CTO-
POHY [lesia Ha MPUMEpE yiKe M3BECTHON HaM NEPEHOPMUPOBKH 3apAna B OIHOIETIEBOM
TpHUOINK CHITH.

Bepremca x dopmysie (8.27), comepikamieli pacxomgnMocTs Buma In 717\1—22 Benuunna
BJIEKTPUYIECKOTO 3apaia BXOIUT B TEOPHIO depes rpaduK Mg 3JeMeHTaAPHONE BEPIINHHI,
moKa3aHHBI Ha Juc.8-4. Do K 2TOll BepIINHE UMeeTCd MHOXKECTBO MOMPABOK, MPUMEDHI
KOTOPBIX TMOKa3aHbI Ha Juc.8-5, KOTOphIe, PaKTHIECKH, U3MEHAIOT BEJUIUHY 3apdAjia.
Qusuneckull 3apaml ONPENESIAETCA BCEMU MUarpaAMMaMU TAKOTO TUIA, UMEHHO Pe3yiIb-
TaT CYMMUPOBaHUA 6C€L OUATPAMM JJId BEPIIMHBI U3MEPAETCH 3KCIEPUMEHTATBHO KAk
3apd 2JIEKTPOHA. Da30BeM “HCXOMHBIN’ 3apdAjl, COMOCTABJIAEMBIN 3/IeMeHTApHON Bep-
mmHe Ouc.8-4, “roabiM” 3apamoM eg. Torma mid “mcTUHHOrO” WM “omeToro” 3apdaia e
MOXHO 3alUCaTh, HAPUMED, PA3JIOKEHNE B DAL TEOPUH BO3IMYIIEHUi mo “rosiomy” 3a-
pPALy, TOCTPOEHHOE HAa OIHOMETJIEBBIX MOJAPUIAIMOHHBIX MOMPABKaX, MPEICTABIEHHOE
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[3 £ £y
‘o
= -— + oo
€
e [ €y ]
B o @ =
Puc. 8-6
eﬂ
€ 1
= =g +0(el)
”pu QZ =}l.2
Puc. 8-7

auarpaMMmaMu Duc.8-6, rie MHOTOTOYHEM 3aMEHEHBI AHAJOTHIHBIE NUATPAMMBI BBICIIIHX
nopankos. CooTHONIEHNe MeXKAy €2 M e2 HYKHO ONpelesnTh, KaK 3TO MW IOKa3aHoO Ha
Duc.8-6, Ipu HEKOTOPOM CIIENUAJBHOM, MOAXOMANIUM € TOYKH 3PEHUA DKCIEPUMEHTA,
sHaueHuH nepeasaeMoro (doronHoil aunelt) nmmysbca ° ¢2 = —Q? = —p?. Danpuwmep,
BO BCEX TPAIMUIMOHHBIX METOJaX OIpedcscHHdA 3apala pedb HIeT O HU3KO3HepreThye-
cxoM mpemene Q2 < m?. B pesysbTaTe, pasokeHHe, IoKasaHHoe Ha Omc.8-6, MOKHO
cXeMaTHYeCKH 3allicaTh KakK:

e = e[l — 1(Q* = u) + O(el) (8.51)

rae Bemunna 1(Q?) onpenengerca dbopmymamu (8.17) - (8.20), T.e. onHOIETIEBBIM TIPU-
6amkennem ~ e3. Usbiekas us obenx cropot (8.51) KBaapaTHBIl KOPEHb, HOJYYHM:

e=ey|[1— %I(QZ = p?) + O(ep) (8.52)

970 coBnagacT ¢ (8.27) mocsie pasnokeHus KOpH#. B AmarpaMMHOM BHIE DasIOKeHHe
(8.52) nokasano ua Imuc.8-7. COOTBETCTBEHHO, C YIETOM BCEX TOPATKOB HMEEM:

€ = 60[1 + 6%141(@2) + 661142(@2) + ] 2=p2 (853)

Sleno, uto A1(Q?), A2(Q?), ... 6eckomeuns mpn A? — co. DaceMoTpuM Kakoit - au6o
¢busmuecknit mponecc paccesHns, HallpuMep M300pakaeMblii gmarpammamn Juc.8-8. B
aHAJUTHIECKOM BHIE:

—iM(e) = eg[F1(Q7) + e Fa(Q7) + O(ep)] (8.54)

5Bemmamra Q2 BBemena Bmecto (—g?), maa ymobeTBa, 10681 pabotatsh ¢ Q2 > 0.
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—uM(eg) = - doss

npu Q2

Puc. 8-8

e e
- Y[1+% +0(e%)]

npu QZ =“2

Puc. 8-9

3mech Bce BBIpAXKEHUd TOKE PACXOOATCA. DO Teleph HACTYIAET PEIIafONuii MOMEHT.
Nasaiite penapamerpusyem (nepeHopmupyem) esuunty —iM (e?), Beipasus eg uepes e,
obparuB (8.52), min, wHade TOBOPH, MEPeCTPOUB Tpadukn Dnc.8-7, ¢ Tol Ke TOIHOCTHIO,
KaK »TO MOKa3aHO Ha Juc.8-9, U BOCHOJAB30BABIIACH 3TH PA3JIOKEHUEM, MTOACTABUB €TI0
B BepuuHbl rpadukoB Juc.8-8. Torga moaydnm amarpaMMHOE DPas3JIOKEHWE, MOKa3aH-
noe Ha Juc.8-10. /IBe mepBble nUarpaMMbl 3TOTO PA3JIOKEHUA MPOUCXOMAT W3 MEPBOH
AuarpaMMbl JIcC.8-8, MHOKUTENDb 2 BOSHHKAET W3-3a TOTO, UTO MBI JTOJIKHBI BHIDA3UTH
€p Jepes e B Kakoil BepmmHe. B ocrapuieiicsa mumarpamme Juc.8-8 MOKHO MPOCTO 3a-
MeHHTE € Ha €, TTOCKOJIBKY BOSHHKAIOMAA IIPH 5TOM PasHUIla BEIpaxeHmil mopaxa ef.
Teneps pasmoxenne Juc.8-10 MOXKHO Tepernmcarh, Kak 3TO mokazaHo Ha Juc.8-11. B

AHAJIUTUICCKOM BHUIOE 2TO PA3JIOKECHUE NMEECT BUI:
—iM(e?) = e[F(Q) + e’ F5(Q7) + O(e")] (8.55)

Bot Teneph MBI qoCTUTIN KenaeMoro — cpasHuBag (8.54) u (8.55) BuauM, 94To MOy IEHO
HOBO€ BBIDAXKEHWE [IJId AMILIUTYIBI PAcCEdHNsA, B KOTOPOE BXOIUT “IKCIEPUMEHTAB-
HBI” 3apsl €, onpeeseHHblil coracho (8.53) u usmepaembiit npu Q% = p?. Dpu srom
MBI HIYETro He T0OABWIN W HUUIErO He BHIOPOCHIIN, & MPOCTO penapamMerpusoBasin (8.54),
cootercTBento M (e?) = M(e?). B Toxe Bpemd dien ~ ef B (8.54) 6eckoneuen, a ujien
~ ¢ B (8.55) koneuen! DTo AcHO W3 TOTO, UTO “>KCTEPUMEHTATLHEIR” 3aps/ ¢ KOHeTeH
IO OTIPENEIEHIIO, & IBa CJAaraeMbiX B CKOOKax Ha Juc.8-11 mpoTHBOIOMOKHBL TIO 3HAKY

o 2y 1
i (e?) = +2 - = + 0le)

npe Q2 npu Q= pu? nper Q3

Punc. 8-10
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e e e
M (82) = - - + o(eS)
npu QJ ﬂqu2 nquZ’ ='u2
Puc. 8-11
= LR + R
Puc. 8-12

1 OJAIT B CyMMe:

62 AZ 62 AZ 62 /’LZ
YTO HE 3asucum OT IIapaMeTpa O6pe3aHHﬂ AZ. DaszHbLi BbI60p IrapaMeTpa /,LZ (TO‘IKI/I
HepeHOpMI/IpOBKI/I) IIPpUBOAUT K Pa3HbIM Pa3JIOKCHUAM (855) O,D;Ha,KO Ha,6.HIO,D;a,eMa,ﬂ Be-
JIMYMHa |]\4|2 He OOJIZKHa 3aBHUCeTb OT BbI60pa H. 910 Tpe6OBaHHe MO2KHO 3allicaTb B
BuIOe CJACHYIOUIEro ,D;I/I(i)(i)epeHL[I/Ia,HbHOFO YpaBHEHUA:

dM 0 Je 0

pH—— = (u——I—u——)M:O (8.57)

dp op Op Oe

DTo o3HadYaeT, UYTO ABHadA 3aBUCHMOCTB M OT p, KoTopas maercsa KoshhunmeHTaMu
F!(Q?% p?) B pasnoxenun (8.55), KOMIEHCHpYeTcsa cOOTBETCTBYIONIEH (17 3aBUCHMOCTBIO
e*(1?). Ypasuenne (8.57) mpencrasager coboil muddepennmaabioe ypaBHeHne pernopm
- epynnyt (MW TPYNIIBI TEPEHOPMHUPOBOK ), MTPAONIEeil OrPOMHYI0 POJib B KBAHTOBOI Te-
OpWH TOJIs. DUKE MBI €llle He pa3 BepHEMCH K 00CYKIEHNIO 5Tol (PEHOPM - TPYITOBOI)
MHBApUAHTHOCTH TEOPUH, KOTOpasd MO3BOJIAeT NpOoaHa u3HpOBaTh €¢ MPHHININAIbHBIE
OCHOBBI, & TakkKe naeT 2 GeKTUBHBI alnapar 14 IPOBEIcHAA pacdeTOB KOHKPETHBIX

s dexToB.

“Derymiass”’ KOHCTAHTA CBSI3H .

DazsIoKeHNe, MOKa3aHHoe Ha Juc.8-6, MOXHO epepucoBaTh B Bue Juc.8-12. Ecan orpa-
HUYIATHCA TOMBKO 9THMHU (METJIEBBIME) TpadUKaMi, TO 3[eCh BOSHHKAET TeOMeTpHUe-
cKad TPOrpeccud, KOTopas JIETKO CYMMUPYETCH, KaK 3TO MoKaszaHo Ha ouc.8-13. Beime
MBI BEIEJN, 9TO PACXOAMMOCTH MOKHO YCTPAHNUTE, eCH paboTarh ¢ GpusmaecknM (Ie-
PEHOPMUPOBAHHBIM) 3apAIOM €, KOTOPHIl olpenenderca pasiokeHweM Iuc.8-13 npu
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e €

Puc. 8-13

Q? = p?. ®axTHUECKH MOKHO HCIIOIL30BATE Joboe sHatueHHe i’ DasIHIHENE BEIGOD
Q? = p?, p, ... COOTBETCTBYET Pa3/IOKEHNIO TEOPUN BO3MYIIEHT T IO YUCACHHO Pas/THd-
HBIM 3HaYeHUsM dbusmueckoro sapana e(p?). B camom neste, us Juc.8-13 umeem:
€3

2/2
e (Q7) = —— (8.58)
1+ 71(Q?)
Tak 9TO 9KCIEePUMEHTATHHO HABIIOZAEMBIH 3aps/1 3aBUCHT OT BEJIUIHHBI IEPEIaBAEMOTO
(B npotiecce paccestiug) ummybca . Benuuuny e(Q?) naswsiBator “Gerymieil” KoHcTaH-
Toi casu. B npenene Goabux Q* = (—¢?) penuunna I(¢?) naerca Beipaxenuem (8.24),
TakK 9TO MOJIYIAEM:

2
€0

T A (@

Yrobbl uckounth B (8.59) aBHyto saBucuMocTh €?((?) or mapamerpa obpesanns A,
paccMoTpuM 3To Bhipaxkenue npu Q7 = p? u BbIpasuM eg uepes e’(pu?). B pesysbrare,
npu 6oabimux Q7 MoxHO nepenucarh (8.59) Kak:

e2(Q%) (8.59)

2(,,2
Q?) = (1) 8.60
D o

Bnech yxe Bce Koneuno! “Derymas” KoHcTaHTa cBasu e((Q)?), onuChBaeT 3aBUCHMOCTD
5¢b heKTHBHOTO 3apd/a OT HepefaBaeMoro HMIY.Ibca @2, T.e. hbaKTHIECKH OT PACCTOAHNA
MEKIY 3apAKEHHBIMEA JaCTUIAME. DTO, KAaK MBI YBUAUM B HAJbHERIIEM, €CTh PEATBHO
nabarodaemuili >ddexT, TpUIEM COOTBETCTBYIONIAA 3aBHCHMOCTH HOCHT UMEHHO JIOTa-
pudmudecknii xapakrep. B ¢asu ¢ pesynbrarom (8.60) BOSHUKAET pA HPUHITHITHAIb-
HBIX BOIIPOCOB OTHOCUTEJBHO HEITPOTHBOPEIUBOCTH KBAHTOBOH’ ek TpoguHamMuku. [leno
B ToM, uTo u3 (8.60) BumHO, uTO ¢ pocToM () (yMEHbIIEHUEM DACCTOAHU#A) BeJIUYMHA
2pPeKTUBHOTO 3apdaia o3pacmaem, TaK 9TO PAHO WJIH MO3MHO TEOPHUA BO3IMYIICHWIH
CTAHOBUTCS HEIPUMEHUMOH Ha MaJIbIX PACCTOAHUIAX, a TPH

2 9 3
Q" = pexp () (8.61)
«© £299 2
BOSHMKAET ABHO HePU3MIECKAA PACXOTUMOCTD ( “TOKHBIH mos0C). Dpu () MpeBHITIa0-
HIMX 3TO 3HAYEHHE 3ap4A]l BOOOIEe cTaHOBUTCA MHUMBIM! BosHuKarolas 30eCh CHTyaIus,
IO MPUINHAM UCTOPHIECKOTO XapakKTepa, Ha3biBaeTca “MOCKOBCKHM HyJieM . B masbHeii-
IIIeM MBI ellie He pa3 BepHeMcda K oOCYyXKIEHUIO0 BOSHUKAIONINX B CBA3M C 9TUM TPODJIEM.
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3aberas BIOEpeI OTMETHM, 9TO B KBAHTOBOM XpOMOOUHAMEKE CHTYAITHSA IPHHIMINAILHO nHasd. TamM
TaK)Ke BOSHHKaeT “Gerylias’ KOHCTAHTa CBA3H KBAPKOB H IJIIOOHOB, BHIpayKeHHe IJIA KOTOpoi (mory-
TaeMoe aHasIormIHO (8.60)) mMeeT BHA:

9> (1)
14 LW (33 9n)1n (fj—;)

TOE nf — TUCIO apomamos KBapKoB, a KOHCTaHTa 33 ceaszaHa ¢ HeabeTeBBIM XapakKTepoM KaJ’II/I6p0BO‘{—

Q%) = (8.62)

HOl cHMMeTpHHE XpoMonTnHaMPKH ( paKTHIECKH OHa BRITHC/IACTCA KaK HEKOTOpaA KOHCTaHTa, CBA3aHHAR
co cBoiicTBaMU MATPHIL T€HEPATOPOB ITBETOBOU T'PyNIBI SU(S)). Tosbko B mupe, Toe ng > 16 smak B
sHaMenaresIe (8.62) GbLI GBI TaKHMM K€, KaK B KBAHTOBOH’ s/IeKTpomuHaMuKe. B peansmom Mupe ny = 6.
Dosromy »ddexrunnniii sapan KX/ He pacrer, a nadaem ¢ pocTtoM Q2 B CTAHOBUTCH MAaJIBIM HA MaJ/IBIX
paccTogHuAX! DTO CUTyalnd TaK HA3BIBAEMOM “aCHMITOTHYECKOM CBOGOMBI” . DPH HOCTATOYHO MAJIBIX
Q? (ma 60TBPIITX PACCTOARNAX MK Ty KBapKaMmu) b ek THEHAA KOHCTAHTA CBASH Hao60pOT CTAHOBHATCH
60JIbLION, ITO DK CIIEPIMEHTAJIBHO IPOAB/IACTCA B ABJICHAN Konpalinmenma (“ardpaxpacHan TroppMa’” ).

Hna smavenna (2, mpn KoTopoM BosHUKaeT (omATE Takw “Toxmbrl’!) mosroc B (8.62), mprMem obosHa-

germe A2:
127
A =plexp|l-——M (8.63)
(33 = 2ng)g*(1?)
Torna (8.62) ImepenuchBacTCA KakK:
127
92(Q%) = (8.64)

(33— 2ns)In (%2)

9pu Q2 > A? sddexTuBHAA KOHCTAHTa CBASH MaJsla M B3aNMOAeIiCTEIe KBAPKOB U T/II00HOB (Ha MasTbIx
PaCCTOAHUAX WM IIPH GOJIBIINX HMITY/IbCAX) MOKHO OINHCHIBATH IO TEOPHH BO3MYUIEHHUI, aHaIOTHTHO
B3anMoneficTBHIO 2/1eKTpoHOB 1 doToHoB B KD]I (Ha Go/BMINX PACCTOAHMAX HJIM MAaJIbIX HMITYJIBCAX).
Dpu Q? ~ A? Taxoe ommcaHme CTAHOBHTCA HEBOSMOKHEIM, a KBAPKHI H T/IFOOHE 00beIMHAIOTCA B CHIBHO
B3anMMOIEHCTBYIONTAE KJIACTEPHI — AMPOHEBI. JKCIIEPUMEHTAIBLHOE 3HaYeHne A JieXKuT B mATEpBaste oT 0.1
mo 0.5 GeV. Torma mia sKcnepuMeHToB, NpoBomuMbIx mpu Q2 ~ (30GeV)? ms (8.64) mosryuaem g2 ~ 0.1,
TaK 9TO TEOpHsH BOSMYIIEHH ABHO HpHMeHHMa, Kak B KDJI. B mpenese Gospumx Q2 BceMH MaccaMu
KBapKOB MOKHO IpeHeGpedh, OMHAKO B TEOPHIO BCe PABHO OPraHMYeCKH BXOIMT MacCOBBI Macmitab p2,
BO3HUKNIUH B IPOITECCE MEPEHOPMUPOBKH.

AHHUTHJIIAIINAA e e” B agpoHbl — JOKa3aTe lb-
CTBO CYIIIeCTBOBAaHUA KBAapKOB.

B kadecTBe mHTEpECHOM MiLTOCTpalun npuMenennit K9]l mokaxem, Kak U3 YUCTO 3JI€K-
TPOAMHAMUYECKMX KCIEPUMEHTOB MOXKHO yOemuThcd B CyllecTBOBaHUEM KBapkos [18].
DTO OKA3BIBAETCH BO3SMOKHBIM MPU HU3YyYEHUH IPOIECCOB AHHUTHIIANNN 3JIEKTPOHOB U
MMO3UTPOHOB BBICOKMX 3Hepruil, Korga B KadecTBe KOHEYHBIX IPOIAYKTOB PeaKInM BO3-
HUKAOT BCEBO3MOKHBIE agpoHbl. PaKTUUECKN, TaKWe PeakKInu HAYT depe3 MPOIeCCH
POKJIeHHd IIap KBapK — aHTUKBapK, T.e. eT ¢~ — (g, KOTOpble B AaJbHelieM obbe -
oTCcd B anpoHbl. OKaspiBaeTCd, 9TO CEIEHNE TAKMX MPOIECCOB MOKHO TMOJIYINTh CEYEHU A
U3 JIETKO paccunThiBaemoro B pamkax K]l mpoliecca aHHUTHIANEN 3JIEKTPOH — MO3W-
TPOHHEIX IIap B MiooHH: ete™ — puji. Jl1a pacdera cedenmnda Taxoro npomecca B K9JI mo-
CTATOYHO PACCMOTPETH BTOPYIO U3 (PeRHMAHOBCKUX AUATPAMM, MOKa3aHHBIX Ha Juc.6-6,
B KOTOpOlt, B KauecTBe KOHEUHBIX IPOAYKTOB peakmuu, dburypupyer mapa uji’. Cran-
MapTHBI pacyeT Mo mpaBUjiaM AuarpaMMHol Texankn KDl naeT nJid mOTHOTO cedeHns

63 amoMHIM, 9TO MIOOHBI HIHEM He OTIMYAIOTCA OT 3JIEKTPOHOB, KPOMe GOJIBIIEro (mprmeprO B 200
pa3) SHa9YeHHA MACCHl IOKO.
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Takoro nporecca [18]:
2

_ de
TeT — pp) = 307 (8.65)

o(e
2= 4p? - M
rme Q? = KBaJpaT ®HEPTHU B CHCTEM NeHTpa Macc (mepemenuaa Mamnmnenctama
s). NaTepecyommee HAC ceveHne AaHHUTUIANIAY B APy KBapK — aHTHKBAPK PABHO:

olete” —qq) = 3630’(6+6_ — pft) (8.66)

rue e, — 3apdaj Kpapka. JJOIOJHUTENbHBI! MHOXKUTEIb 3 BO3HUKAET 3[eCh U3-3a TOrO,
4TO MBI UMeeM IO OJHON M Toil XXe nmarpamMme IJd KBapKOB KaiKJIOI'o IBeTa, TaK YTO
COOTBETCTBYIONINE CEYEHNA HYKHO MPOCTO CJIOKUTH. UTOOBI HaliTH Temepb cedeHme po-
KIEHNA BCEX BOSMOXKHBIX aJpPOHOB, HEOOXOINMO MPOCYMMHUPOBATE IO BCEM KBaPKOBBIM
apoMaTaMm ¢ = u,d, s, ..., TO3TOMY:

o(ete™ — hadrons) = Z olete™ —qq) =3 Z ega(e"'e_ — pft) (8.67)
q q
Takwm 06pasoM, >TH BHIYACJIEHUS MPHBOAAT K OYeHb CylIECTBEHHOMY MpPEICKa3aHuIo:
R= olete” — hadrfons) _ 3262 (8.68)
o(ete™ — pji) —~ !

Tak kak ceuenme o(ete™ — pfi) Xopouo W3y4eHO SKCIEPUMEHTAIBHO (M TPEKPACcHO
omuceBaeTca Qopmysioii (8.65)), To m3MepeHHOe Ha 3KCIepHMEHTe ceveHme el e -
AHHUTWIATIAA B aIPOHBI HEMOCPEICTBEHHO HAeT WHMOPMAIUIO O YHCJE KBAPKOB, UX
apoMaTax u nBeTax. Nmeem:
2\2 1\2 12
37+ @+ (3] =2 am wds
_ 2
R= 2—1—3(%) = % ona  u,d, s c (8.69)

10 V2 _ 11

?—1—3(5) =5 nna u,d,s,c,b wmwTom
DTu npefcKa3saHnd MPeKpacHo COTJIacyIoTed ¢ sKcnepuMenToM! 3uadenne R = 2 nabJro-
Jaercd mpn @ < 2(m. + my) & 3.7GeV, T.e. HIKe TOpora POXKIEHNA c-9acTHIl. Biie
MOpora POXKIEHNA MATH KBAPKOBBIX apoMaToB, T.e. mpu > 2my &~ 10GeV sxcuepu-
MEHTAJIbHO Habmomaercd 3Hadenue R = 11/3. Dru sKcnepuMeHTB HEIOCPEICTBEHHO
HOATBEPKIAIOT, YTO UMEETCA TP IBETa KBAPKOB ¢ HaJJIEXKAINME (IpoOHBIME!) 3HATe-

HUAMHA 2JICKTPHUYIECCKOTO 3apdlda.
B pamxax KX/I MoxHO ydecTh TaKyKe BK/IAIbI IHATPAMM, B KOTOPHIX KBapK WA aHTHKBAapPK MCITyC-
kaeT rooHsl [18]. B nepsom nopanke no g dopmyna (8.68) Momudummpyerca Kak:

R=3 Z e (1 + M) (8.70)

TaK, 9T0 B 9KCIEPHUMEHTaX IIPOABJIACTCA nake ciaabar (yorapudMmdaeckasn) 3aBECAMOCT R oT Q2.

dusndecKue ycJIOBUsI TEPEHOPMUPOBKHU.

Depeiimem k HoJiee TOCIETOBATETHPHOMY H3JIOKEHUIO TEOPUH TepeHOpMHUPOBOK B KD,
fcHo, YTO W3MaraBiiadcd BBIIE CXeMa TOCTPOEHNd WHBAPWAHTHON TeOpWH BO3MYIIIe-
HUil 1 guarpaMMHBIX ypaBHEHUMIl IJd TOYHBIX IIPONAaraTopoB, HOCHJA B 3HAYUTEILHOR
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Mepe dopmaabHBIl xapakTep. Tak MBI OIEPHPOBAJIM CO BCEMHU BeJIMYMHAME TaK, KaK
ecsii Obl OHM OBLIM KOHEYHBIMH, TOrda Kak (axTuuecku mpu Bbluncaerun D, G, ' mo
TEOPUU BO3MYUICHHI BO3SHUKAIOT PACXOIsIIfecd MHTerpaJjbl. I(ak MBI MOKaKeM HIKE,
B TEOPUHU MOXKHO CHOPMYJIMPOBATh OIpEde/eHHbIE MPEAIUCAHNAA, IO3BOIAIOIINE OLHO-
3HAYHBIM 00pa3soM MPOM3BOOMTL “BBHIUHTaHWE OECKOHETHOCTEH W MOJAydaTh KOHEUHbBIE
BBhIpaXKEHUA [JId BCEX BEJIUYUH, MMEIOIINX HEeIOoCpeACTBeHHbI dusndeckuii cMmbica. B
OCHOBE »THX INPEIIUCAHU Jexar odyeBuAHbIe dhusnyeckue TpeboBaHUs, YTOOBI Macca
dorona ObLIa paBHA HYJ/IIO, a 3apdl U Macca 3JeKTPOHa pPaBHAJJINCHL MX HabJromae-
MBIM 3HAUYEeHHAM. Dallle H3JI0XKeEHHe OymeT HOCHTH HECKOJIBKO CXeMaTH4ecKuil xapak-
Tep, gadabHeliue nogpobHocTH MOXHO HaliTu B [1] u, B ocoberHoCTH, B UcUeplbIBaiouieil
moHorpaduu [2].

®usmuecknit GoTOH UMEET HYIEBYIO MACCy U, COOTBETCTBEHHO, IJ1d Hero Beerma k2 =
0. D10 03HAYAET, YTO TOYHBIH (HOTOHHBIH IPOIATATOD NOJKEH UMETh T1oJtIoc mp k2 = 0,
TaK 4TO

D(k?) = 7 mpu  k? — 0 (8.71)

k2
rhe 7 — MOCTOAHHAA. DOCKOJIBKY COTJIACHO (7.39) ob1Imit BU, MpoaraTopa ompeaeasaeTcs
qepes3 MOJIAPU3ANNOHHBIN ollepaTop Kak

4w
D(k*) = 72
R AR &7
To 3 (8.71) m1a TONAPUIAMMOHHOTO OIEpaTOpa CAEIYeT:
P0)=0 (8.73)
AnayornynsiM obpasoM, octognHaA 7 B (8.71) MoxeT OBITH OlpeneseHa KakK:
1 P(k?)
~=1- 200, (8.74)

Nasnbreiinme orpannyenns wa P(k?) MoKHO MOTyUnTh U3 aHa M3 HUSMUECKOTO OIpe-
JeJIeHN 3JIEKTPHIECKOTO 3aps1a 9acTuIlbl. [IBe Kaaccudeckue (CKOIb YITOTHO TAKETHIE)
YacTHIBL, TTOKOAIIMecd Ha 60JIblIoM paccTogruu (r > m~1 rme m — Macca 3JeKTpoHa)
ApYT OT ApyTa, NOJKHBI B3auMoselicTBoBarh 1o 3akony Kymona: V(r) = e?/r. C npy-
roif CTOPOHBI, 9TO B3aUMOIENCTBIE BHIpAKaeTCA QUHArpaMMoli, TokasaHHol Ha Juc.8-14,
rie KUPHBIH MyHKTHP 0603HAYAeT TOYHBIA MpOonararop BUPTYAJIbHOTO (GOTOHA, & BEPX-
HIUEe U HIKHUE JIMTHUH COOTBETCTBYIOT KJaccuiecKuM dacTunam. PoToHHBIE COOCTBEHHO —
sHEpPreTHYecKne MOMPaBKU YITEHBI B TOYHOM IIPOMAaraTope BUPTYaJbHOTO doToHa. Bed-
Kue IpyTHe MOMpaBKM, 3aTPAardBaIOIINe JTUHAN TAKETBIX YaCTHUIl, TPUBOIAT K obpalie-
HUIO COOTBETCTBYIOIINX AHAarpaMM B HYyJb. [leficTBurensro, mobaBieHue elne Kakoi -
ubo BHyTpeHHel JuHUK B nuarpammy Juc.8-14, nampumep coenutenne | w 3 win 1 u 2
doTorHOI NUHMEN, TPUBOAUT K MOABJIEHUIO B COOTBETCTBYIOIIEl muarpaMMe TAKETBIX
BUPTYAJIBHBIX YaCTHI (COOTBETCTBYIONMX CIJIONIHBIM JIHHUAM, OKa3aBIIHMCH IOJ, JI0-
HOJTHATENNBHOM GOTOHHO MnHMEl ), TpoTaraTop KOTOPBIX COMEPKUT GobIIyo Maccy M
KJIACCHYIECKOl 9acTHIBI B 3HaAMeHaTe e u obpaiiaercd B Hy b npu M — oo. Torma scwo,
uro MHOoXuTeNb e2D(k?) B amarpamme Duc.8-14 npencrasiser coboil (¢ ToUHOCTBIO 10
3HaKa) Gyphe - 06pas MoTeHIHaIa B3aNMOIeHCTBIA paccMaTpuBaeMbix qactuir. CraTnd-
HOCTH B3aMMOIEHCTBHA (MOKOANMECA JaCTHIB!) O3HAYAET, YTO TaCTOTa BHPTYAJTBHOTO
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Py \\:k/p,
/\

2, Dy

Puc. 8-14

dorora w = 0, a GOMBIINM PACCTOAHIAM OTBEUAIOT MaJible BOJIHOBBIE BeKTOpa k. Do-
cKOMBKY D 3aBHCHT TOMBKO OT k% = w? — k?, TO IpUXOIUM K YCJIOBHIO

dre?

kZ

D — mpr k% — 0 (8.75)

TaK 910, dakTndecku, B (8.71) Mbl go/KHE nonoknTh 4 = 1. Torma us (8.74) nemen-
JIGHHO CJIefIyeT:

P(k?
% —0 upu k=0 (8.76)
DOMIMO yKe W3BECTHOTO HaM ycsioBug (8.73) oTciona ciemyer:
_ dP(k?)
7)/(0) = dkz |k‘2:0 = 0 (877)

Samerum, 4T0 3P deKTUBHON BHENIHEl JIMHUE peaJbHOTO (hOTOHA, B MPUHITAIIE, HAIO
ObL10 6Bl COMOCTABAATE MHOKUTED [1 + ﬁ?(kz)i)(kz)]eu. OpHako njs peaJibHOO ho-
tona Beerga k? = 0, Torma B cuay (8.73) BuAMM, 4TO B JMHHAX BHEWHUX HOTOHOB
paguanuoHHbIe MOMPABKH BOOOIIE HE HYKHO YIUTHIBATE.

Taxkum 0bpasom, ecTecTBEHHBIE (pusHIecKUe TPeOOBAHNA MPUBOAAT K yCTAHOBIEHIIO
ompeneneHubX (paBHbIX HysT0!) sHadennit P(0) u P/(0). B Toxe BpeMs, HEMOCPEICTREH-
HOE BBIYUCJIEHUE HTHUX BEJIUYUH MO OAUarpaMMaM TEODHH BO3MYIIEHWH MPUBOIUT K pac-
xomaumMcsd uHTerpagaMm. Cnocob ycTpaHeHnda 3THX OeCKOHETHOCTENW COCTOUT B MPUIIH-
CHIBAHUU PACXONANIAMCA BhIPAKEHNAM HATIEPET 3aJaHHBIX 3HAUEHN, yCTaHABINBAEMBIX
Jusnaeckumu TpeCoBannamu. Takas TIponeaypa u Ha3skIBaeTCd TePeHOPMUPOBKOit. Cro-
cob mpoBeenns 3Tol omepaluu Mok HO chOpMyIrpoBaTh 1 nHade. MoxHO BBecTH Hedu-
3UYecKuil “3aTpaBOYHBII’ 3apsal g KaK mapaMeTp, KOTOPBIf BXOIUT B BhIpaKeHMe g
HCXOIHOTO OMEPATOpa 3JIEKTPOMATHUTHOIO B3aMMOIeRCTBUA, GPUTYPUPYIOWETO B hop-
MaJIbHOI TEOPUH BO3IMYIIEHUIT. DOCJIe 3TOT0, yCIOBUE EPEHOPMUPOBKH GOPMYIUPYETCA
Kak TpeboBaHme
4re?

12

e2D(k*) — mpu k% — 0 (8.78)
rae e — ncTuHHELI (dusnaecknit) sapan dactuipl. OTCIONA HAXOIUM CBA3D:

e? = Zek (8.79)

U ¢ ee TOMOIIBIO HepU3nIecKad BeJTHINHA €y yCTpaHAeTcd W3 HhOpMYJ, OMpEeesTIONinX
dbusnaeckne sddekTh (a pacxoguMocTh “sarondeTcd” B dHakTOP MEPEHOPMUPOBKN 7 ).
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Dorpebosas cpasy Z = | Mbl Ipou3BOAUM epeHOPMUPOBKY “Ha xomny” [1] u uzbapsig-
eMcd OT HeODXOIUMOCTH BBEICHUA (PUKTUBHBIX BEJIUIHH B TPOMEKY TOUHBIX BBIKIAIKAX.

DepeiimeM Temeph K pACCMOTPEHIIO YCIAOBHU TEPEHOPMUPOBKH 3JIEKTPOHHOTO TIPOTa-
raropa. QueBHIHO, YTO TOUHBIH HponaraTop G(p) MoKeH UMeTh HoJtoc mpu p* = m?,
re m — Macca PUIHIECKOro 37aeKTpoHa. COOTBETCTBEHHO, MOXKHO HAIUCATH MPEIeTbHOe

BBIDAXKEHNUE:
Yo+ m 2 2
R4+ pu —m 8.80
G(p) e, 9(p) pn p (8.80)
e 7 — ckajspHad nocTodHHag (bakTop nepeHopMUpOBKH), a ¢(p) KOHeYHO npu p° —
m?. Us (8.80) HemocpecTBEHHO cJlelyeT U BUJ OGPATHOTO MPONAraTopa:

1

G p) ~ 7 ("Pu = m) = (7pu = m)g(P)(7*pu = m)  mpu pP—m*  (881)

2

MaccoBHIit oepaTop uMeeT TOLIa IpH p° — m’ cJemyomnit BII;

- _ 1
M) =670 =670 = (1= 2 ) (0¥ m) + (0P = o) = m) (852)

AdbderTuBHON BHelHEN sIeKTpoHHON JTUHEN (HAPUMED BXOAAIIEH) B AHATpaMME
paccedHnd OOJIKEH OYECBUIHO COMOCTABJIATHCA MHOXKHUTEb!

U(p) = u(p) + G(p)M(p)u(p) (8.83)

rae u(p) — OOBIYHBIN 2JIEK TPOHHBIH GUCITHHOD, yIOBIeTBOp#AoNIil ypasHennio Tupaka
(y*pu—m)u = 0. B cuny ycaoBuii pesIATHBECTCKOR HHBApHAHTHOCTH (U TOXKe GUCIHHOD)
npenenbHoit sHauenue U(p) npu p? — m? Moxer oTImYaTHCH OT Uu(p) JIHITB TOCTOAHHBIM
CKAJAPHBIM MHOXKHUTEIEM ([IEPEHOPMUPOBKa BOJHOBOH byHKITHN):

U(p) = Z'u(p) (8.84)

DerpyaHo nokazarh [1], 4To cylecTByeT npocTas CBA3b

7' =7 (8.85)

DTO MOUTH OUEBHIHO W3 TOTO, 4T0 dHyHKINA ['pruHa (Ipomararop) KBaIpaTndHa Mo ole-
paTopam 3JIEKTPOHHOIO IMOJId.

Temeps MOXKHO yOeIUTHCH, UTO MOCTE YCTAHOBIEHUS NMPEAETBHOTO BUIA DJIEKTPOH-
HOTO TpOoMaraTopa yxe HeT HeODXOMMMOCTH B KaKUX - JINOO HOMOJHUTETBHBIX YCTOBAAX
JL7d BEPIINHHOTO OTIEPATOPa. DACCMOTPUM JUarpamMMy, oK a3aHHyIo Ha Duc.8-15 u 6ynem
CYHUTATh, YTO OHA OINCBHIBAET paccedHue »JIEKTPOHA Ha BHEITHEM ITIOJIE Agf)(k) B IIEPBOM
MOPAIKE TIO 3TOMY TIOJIIO, HO C YIETOM BCEX PAIMAIIMOHHBIX monpaBokK. B mpemesne k& — 0
UMeeM Py — P = P paJNANNOHHBIE TTOMPABKY K JTMHIH BHENIHETO MOJI HCIE3AI0T (BBIIIE
MBI OTMEYaJIl, YTO OHH McUesatoT Boobie npu Beskom k2 = (). Torna paccmarpubaemoii
auarpamMMe COOTBETCTBYET aMILINTYyIa:

Mji = —etl (p)T* (p, p3 OYU (p) ASE)( — 0) (8.86)

€ ')
Do mpu k — 0 moTeHIHAT AL )(x) CBOIMTCA K He3aBUCAIIell OT KOOpAWHAT W BpeMeHNU
KoHcTaHTe. TakoMy MOTEHINAIY He COOTBETCTBYET HHKakKoe PI3NIECKoe MoJe, TaK ITO
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OH He MOXKEeT BBI3BaTh HHUKAKOI'O M3MEHEHWd 3JIEKTPOHHOTO TOKa nepexopa. Hpyrumn
CJIOBAMM, B 5TOM Iipefese ToK nepexona UTHU nomKeH npocTo CoBIAIaTh cO CBOOOTHBIM
TOKOM U~y*u:

U(p)T*(p, p; O)U(p) = Zru(p)THu(p) = u(p)y* u(p) (8.87)
DTo0 COOTHOIIEHNE aBTOMATHYECKH BBLIIOJIHACTCA B CIJTYy TOXKACCTBA YOpJa, HE3aBHCHMO
oT BenmuuHLL Z1. B camom neste, noacrasisa G~ 1(p) us (8.81) B (7.87), nosyuaem:

1
D (p,pi0) = 29" = 9" (0) (7" = m) = (1" = m)g(p)y" (8.88)
u paBeHCTBO (8.87) ymoBiersopserca B cuty (y'p, — m)u(p) = 0 u (y*p, — m)u(p) =
0. Bce »To, 110 CYIIECTBY, OIATH AaeT olpedeseHre (U3MIECKOro 3apama 3/JeKTPOHa.
BuauM, 9T0 IpH COCTaBJICHHH aMILIUTYABI (PH3HYECKOro IPOIEecca MEpHOPMEPOBOYHBILI
dakTop Z; BoObIIE BhMagaeT. MBI MOKEM IIPOCTO MOTpeGOBaTh:

u(p)T*(p, p; 0)u(p) = u(p)y"u(p)  mpm p° =m? (8.89)

T.e. HOJIOXHUTE /1 = 1. ¥YA06CTBO TAKOTO ONpeesIeHna COCTOUT B TOM, 9TO OTIIataeT He-
06XOINMOCTE BBEICHNUSA IONMPABOK BO BHENIHUE 3/I€KTPOHHBIE JIMHIH W MBI IIPOCTO MMEEM
U(p) = u(p). D10 AcHO W U3 Toro, 410 NpH 7, = | mia MaccoBoro omeparopa (8.82)
IMeeM:

M(p) = (v"'pu — m)g(p) (v pu — m) (8.90)

TaK 910 BTOpOil 4ieH B (8.83) oueBmmHBIM 06pasoM obpamaeTca B Hy Ib. TakuM obpasom
He TPebyIoT MepeHOPMUPOBKY BHEIIHNE JUHUU BCEX PEAJIbHBIX YacCTHIl — Kak (POTOHOB,
TaK U 3JEKTPOHOB.

Kiaccudukanmus u ycTpaHeHHe PacxXoIUMOo-
cTel.

DacCMOTpPEHHBIE BHITE (QU3NIECKHE YCIOBUA TEPEHOPMUPOBKH MO3BOJIAIOT, B IPUHITHAIIE,
MOJIYIUTh OJHOIHAYHBIM OOPA30M KOHEUHOE 3HAYEHUWE IJId AMILIUTYIBI BCAKOTO MPO-
mecca K9] B s0boM mop#Aike TeOpuu BOSMYIIEHUH.

DacCMOTPUM CHadYaJia XapakKTep PacXxOOUMOCTell, BOSHUKAMONINX B PA3JIUIHBIX WH-
terpasax ®eifumana. Dpexie BCEro MPOM3BENEM IOACYET CTENMEHEH BHPTYAIbHBIX 4-
HMITYJIBCOB, BXOIANINX B TMOAWHTErPAJIbHBIE BBIPAKEHUA. DACCMOTPUM MPOW3IBOIBHYIO



DEKOTO3bLIE 22UME2E3UA KBAD TOBOW DJTIEKT204M2 AMUKNA 191

IOuarpaMMy n-ro mopanka (n — 4ucso Bepiuns!), nMmemomyo N, 3JIeKTpOHHHIX B N, do-
TOHHBIX BHemHuX JuHmil. Yucao N, Bcerma 4eTHO. DOTHOE YUCIO JIEKTPOHHBIX JIUHUH
paBHO 2n, HO U3 HUX N, BHEIIHUX, a CKaxkeM [, BHYTPEHHUX. D PU MOACUYETE TUCTA TUHUH
BHYTDPEHHUE JIMHUM YUYHUTBIBAIOTCA IBaXKJbl, TTOCKOJIBKY OHM CBA3BIBAIOT IBE BEPUINHBI,
TaK 4To:

9n = N, +2I, (8.91)
COOTBGTCTBGHHO, IIOJTHOEC YHUCJIO BHYTPCHHHUX 3JICKTPOHHBIX JINHUN B AJuarpaMmMe:

Ne
l.=n—— (8.92)
2
B xaxmyio BepmMHY BXOIUT onHa (oTOHHAA JIMHWA, TPH ToM B N, BeplIMHAX 3Ta
JINHAA BHENIHAA, a B ocTapImxcd n— [N, — BHyTPeHHAA. DOCKOJIbKY KakKJad BHy TpeHHAL
doToHHAA TUHUA CBASBIBAET IBE BEPIIUHBI, TO MOJHOE YHUCJIO TAKWX JIMHUH PABHO

n— N,

5 (8.93)

Kazxnoii BHyTpenHeil doroHHONl MuHEN conocTaBaderca MuoxKHTeNb D(k), comepxa-
wwit k B crenenn -2. Kaxmoii BHyTpenHell s/1eKTpoHHOM imann comocTaBiagerca G(p),
comepxkamaa p B crenenn -1 (npu p? > m?). Takum obpasoMm, cyMMapHas CTeleHb
4-MMTyJIHCOB B 3HAMeHAaTe e JuarpaMMbl paBHA!

n— N, N, N,

2

Yucsio xKe HETerpapoBanmit mo d*p u d*k B mmarpaMMe paBHO UHWCIy BHYTpeHHHX JIHHMII,
OIHAKO B KaXk[Oil BepPIINHE BBIMOJHAETCA 3aKOH COXpaHEHNHA 4-HMITyJIbCa, 9TO HaKJIa-
IOBIBAET N — | MOMOMHATENBHOE YCIOBIE Ha UMITYJIbCHI MHTEIPUPOBAHUA (OJHH U3 5THX N
3aKOHOB COXPAHEHU OTHOCUTCA K BHEINTHUM UMIYIbCAM JHATPAMMBI — OH COOTBETCTBYET
obleMy 3aKOHY COXPaHEHHA B PEakIny, OlMNChiBaeMoli manHoii guarpammoit). CooTset-
cTBeHHO, ¢ yueToM (8.92) m (8.93), monydaem, 4TO MOJHOE YHC/IO BHYTPEHHUX JIHHUI
JHATPaMMBI (971€KTPOHHBIX U (POTOHHBIX) PABHO:

Ne
n— —=

n N, 3 N. N,
2 2

2272 3 (8.95)

q9TO JaceT YUCJI0 HUMITYJBCOB MHTCIPUPOBAHUA bes ydeTa 3aKOHOB COXpaHECHHUA. TOI‘,D;&
Bbl9lTad OTCIOda 1 — 1, nMeEM OJid YUCJIa HE3ABUCUMBIX UMITYJIBCOB MHTCIPHUPOBaHNA

n
O A AT [ (8.96)
y‘IeTBepﬂﬂ 9TO YHUCJIO IMOJIy9aceM IMOJTHOE YHUCJIO I/IHTerI/IpOBaHI/IﬁZ
2n— N, — N, +2) (8.97)

Torma pasHOCTb MEXKIY YNCJIOM HHTEIPUPOBAHUN U CTENEHBIO UMITYJIHCOB B 3HAMEHATEE
HOIMHTETPAJIBHOTO BBIPAKEHNA 14 JAHHOM AmarpamMMbl paBHa pastocTh (8.97) u (8.94):

3
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DTO YMCJIO W ONpeNesideT ABJIAETCA JIH COOTBETCTBYIOMNN (heHMAHOBCKUN WHTErpaJl
exomdmuMed WK pacxondamumcd . Jleno, mpapa, yeJoKHACTCA TeM 06CTOATETBCTBOM,
qro yeaoud r < () OJd ZmarpaMMbl B TEJIOM €llle HEAOCTATOYHO MIJIs BBIBOIA O €€ CXO-
JUMOCTH. D eobX0auMo, 9TOOBI OBLITA OTPANATETFHBIMI AaHAJIOTHYHBIE YUCIa 7' 11 BCeX
BHYTPEHHUX OJIOKOB, KOTOPBIE MOXKHO N3 Hee BRIACIUTh. Dalnvdne BHYTPEHHUX OJOKOB C
7’ > (0 mpWBeIeT K pacXoAMMOCTH JUArpPaMMBl B IIE€JIOM, XOTA OCTaJIbHBIE HHTETPUPOBa-
HUA MOTYT CXOINTHCH ¢ M3OBITKOM. YesioBud r < 0, OMHAKO, TOCTATOYHO /14 CXOIUMOCTH
npocTefilnx guarpaMM, B KOTOpEIX n = N, 4+ N, U nMeeTca BCeTo OIHO HHTEIPUPOBaHTe
d*p.

Ecmm xe r > 0, To uHTerpas BO BCAKOM CJyYae PACXOMUTCA. DPHU HTOM CTENEHD
PacXOmMMOCTH HE MeEHee 7, eCJM YUCJIO 7 9eTHO, U He MeHee r — |, ecqim r HEYETHO
(yMeHbIlIeHe CTEMEHN PACXOIMMOCTH Ha | B MOCJIENHEM CIIydae CBA3AHO ¢ obpallleHneM
B HYJIb WHTErPaJa OT IPOU3BEIEHNN HETETHOTO YUCIa 4-BEKTOPOB P HHTETPUPOBAHUT
o BceMy 4-nipocTpancTBy ). CTeleHb PACXOIUMOCTH MOKET H YBETHINTHCA TPH HAJTHIHI
BHyTpeHHHX 6J10K0B ¢ 1’ > (.

3aMeTnM, 9TO CTENEHb PACXOTUMOCTH JTHATPAMMSBI 7 coracHO (8.98) He 3aBHCHT OT
mopAgKa nuarpaMMbl 1. IMeHHO 3To 3aMedaTesibHOE 06CTOATENBCTBO, KAK MBI €I€ YBH-
UM TIO3HEE, U JeaeT TeOPUIo neperopmupyemoti. Koporko roBopd, 1eao TyT B TOM,
410 U3 (8.98) cpasy ACHO, 4TO B TAKOH TEOPUH CYIIECTBYET KOHETHOE HCIO THIIOB PACKO-
IuMocTell — MOCKOMBKY W3 HOJOKUTETBHOCTH Meablx unces N, m N, BHOHO, 9TO cylie-
CTBYeT JIMIIb HECKOJBKO Tap WX 3HAaYeHWil, mpu KOTOpHIX 7 > 0, U KOHEYHOE UUCJIO
MPOCTERINX NPUMUMUEHO pacrodawuzcs nuarpamMM. COOTBETCTBEHHO, B TEOPHH I0-
CTATOYHO BBECTH KOHEYHOE UHCJIO TMAapaMeTpoB (OMpelendeMblX W3 9KCIEPUMEHTA), B
KOTOpble U “saroHATCA” Bce pacxommmoctu. Ecan 6s1 B (8.98) Bxommia (co sHAKOM
IUTIOC) BEJIWYWHA 1, TO YWCAO THUIOB PACXOIMMOCTell pocio OBl ¢ POCTOM N U CHTYya-
1us OKaszasaach 6b1 coBepliento Hesnamextoi! B KO serko mepequcauTh Bce TPUME-
TUBHO PacXOAAIInecd AuarpaMMbl B aBHOM Buie. Cpasy ke HCKJIIOYNM W3 HUX CJIyYan
N. = N, = 0 (Bakyymusle neran) u N, = 0, N, = 1 (cpenHee sHadeHHe BaKyyMHOTO
Toka). OcraapHble coiydan mokasaubl Ha Duc.8-16. B meppoii us stux guarpamm r = 2
U PacXOoAMMOCTh (POPMAJTBHO KBAApATHIHAA, B OCTAJbHBIX caydadax r = 0 wan r = 1 u

7:’)aHOMHI/IM7 qTO peYb BCE€ BpeMdAd HOET O paCXOMUMOCTH HHTETrpaJjioB Ha BEPXHEM Hpe;[eﬂe!
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PacXomuMOCTh JoTapudMUIECKAd.
Huarpamma Duc.8-16(r) mpencrapiser coboil MEPBYO MONPABKY K BEPUIMHHOMY OTie-
paTopy. OHa JO/IKHA YAOBIETBOPATH ycaoBuio (8.89), KoTopoe 3amuiieM B BHIE:

a(p)A*(p, p; O)u(p) =0 mpm p* =m’ (8.99)
rae
Af=TH =8 (8.100)

Obosnaunm naTerpast PefirmMana, 3aTUCAHHBIN TPAMO IO JHATPAMMHBIM MTPaBIJIAM, KaK
A“(pz,pl;k). DTOT WHTErpasi JIOrapupMUIECKH PACXOIUTCA M caM 1o cebe yCJIOBHIO
(8.99) me ymoaeTBopseT. MBI, OIHAKO, HOIYINM BEJTHIHHY, YIOBIETBOPAIONIYIO TOMY
YCJIOBHIO, 06PA30BaB PA3HOCTh:

A (pa, pai k) = Ap2, p1; k) — M (p1,p1;0)|p2=me (8.101)

DacxomuMocTs B mHTerpatte oA AX(p2,p1;k) MOXKHO BELIEIUTH PACCMOTPEB B IIONUHTETPAIBHOM
BBIpaXKeHNN CKOJIb YTOOHO 60JIbUIoN 4-uMITyIbC BUpTYyabHOTO doroHa f. Torma mmeem:

4 4 V(AR v
— Arie? / d—f;’VVG(ZD _ f)’YMG(pl _ f)’YVDMv(f) ~ _47”»62/ ' f v (’7 fﬁ)'V“(’VPfP)'V (8.102)

(27) (2m)* f2f252
YTO HE 3aBUCUT OT 3HAYEHUN 4-UMIIy/IHCOB BHEUTHUX JIMHUH. D 03TOMY B Pa3sHOCTH (8.101) PACXOOUMOCTD
COKpaIlaeTCs U II0JIydaeTCsa KOHETHOE BBIpaKeHNe.

O raxoit mporenype ycTpaHeHNS PACXOAMMOCTEN TOBOPAT KaK O MEPEHOPMUPOBKE C
IIOMONIIBIO BBIYUTAHNIA. SO,D;‘IGPKHGM, YTO BO3MOXKHOCTBH yCTpaHEHUA PACXOIUMOCTH M3
WHTerpaJsa A“(pz,pl;k) IyTeM TOJBKO OTHOTO BBIYNTAHHA OOECIedImBaeTCs TeM, UTO
B OJaHHOM CJiy4dae pPacXOoJUMOCTH JIUIIb .HOI‘a,pI/I(i)MI/I‘IeCKa,ﬂ, T.€. HaUMe€HbIIad N3 BCEX
BO3MOXKHBIX.

Docse ompenenennd mnepsoii monpaskn B I'* (T.e. mepBoro wieHa pasmioxenna A*)
mepBag MOTNpaBKa B 5JeKTPOHHOM mpomnaratope (gmarpamma 9uc.8-16(6)) MoxeT OBITH
paccunTana ¢ HOMOIIBIO TOXKAecTBa Yopaa (7.87), KOToOpoe MOKHO Hepenncarh Kak:

T A0 (5.109)
BBeId MaccoBHIll omepaTop M BMecTo G m A* BMecTo ['M. D10 ypaBHeHUE MOKET OBITH
IIPpOCTO MMPOUHTETPUPOBAHO C TPAaHUYIHBIM YCJIOBUEM!:

a(p)M(p)u(p) =0 mpm p® =m’ (8.104)

caenyromnm u3 (8.90).

B npuHImie, aHAJTOTHIHBIM CIIOCOBOM (XOTA N HECKOIBKO HOJIee TPOMO3IKIM ) MOKHO
YCTPaHUTH PACXOAUMOCTH W W3 MOJAPH3ANMOHHOTO oneparopa Juc.8-16(a) [1, 2]. smecw
TpebyeTcda MPON3BECTH BA BHIYUTAHUA:

P(k*) = P(k*) — P(0) — k*P'(0) (8.105)

e uepes P obosnauen dhefiHMAHOBCK I HHTErpaJl, COOTBETCTBYIOIIMI paccMaTpuBaeMoii
mwarpamme. Ouesmano, 9o (8.105) yaoBraeTBOpAeT pacCMOTPEHHBIM BhIITE (DU3MIECKHM
yenosuam (8.73) u (8.77).

B caemyromem mopdake TEOPHH BO3SMYIIEHHI HOIpaBKa K BEPLUIMHHOMY OLEpPaTOpy
AEE) onpenengeTcs IUATPAMMAaMK, MOKA3aHHBIME Ha Juc.7-17(B-n). 3 HUX KOoMIaKT-
HBIMHU ABJAIOTCA TOJLKO MOKa3aHHBIE HA Ouc.7-17(r-€), m oHm MOTYT CBITH BLIMHCIEHBI
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B KOHEYHOM BHJIE ONATH ¢ TOMOIIBIO onHoro BeiauTanus (8.101). Conepikammnecsa xe B
HEKOMTIAKTHBIX JHarpaMMaX BHYTpeHHHE COOCTBEHHO - SHEPreTHYIeCcKHe W BEpIIHHHBIE
qacTn Hoslee HUSKOTO TOPAIKA Cpasy 3aMEHAITCH YKe N3BECTHBIMNI (TIEPEHOPMUPOBAH-
HBIMH) BEJTUIHHAME TEPBOTO HOPAIKA P(l),M(l),AE}), MOCJIe Yero MHTErpaJibl ONATh
TaK! JeJIal0TCA KOHEYHBIMI C [OMOIIBIO BHIYUTAHUA (8.101). DompaBkn M) g P2) 35
TEM BBIYUCJIAIOTCA U3 TOKIECTBA YOpHa (8.103) u u3 (8.105). OnucanHad cUCTEMaTHYe-
cKag MpoIleaypa JaeT, B IPUHIIAIE, CIIOCOD MOy YeHnsa KOHETHBIX BhIpaxkennii gaa P, M
u A, B mo6oM mopanke Teopun Bosmyuternii [1, 2]. TeM caMbIM CTaHOBHTCH BOSMOKHBIM
1 BBIYHUCJICHIE aMILINTYI (pU3HIECKUX IIPOIECCOB paccesnnsa, B KoTophie byiokn P, M u
A, BXOmAT KaK cocTaBHBbIe YacTh. Taknm obpasoM, ycTaHOBJIEHHBIE BhINTE bUSHICCKNE
VCJIOBUSA TEPEHOPMHUPOBKH OKa3BIBAIOTCA JOCTATOYHBIME IJId YCTPAHEHHA PaCXOIIMO-
cteit m3 Bcex muTerpasoB Peiirmana. B »ToM u mposgBaseTcda BechbMa HETPUBHAJILHOE
CBOWCTBO nepeHopMupyeMocmy KBAHTOBOW »JeKTpoauHaMuKn. B mabHelnieM MBI elle
BepHEMCS K 0bIIeMy OOCYKICHUIO TMOHATHA MEPEHOPMUPYEMOCTH M €TI0 MCIOIB30BAHMIO
B IPYTHUX MOAEJIAX KBAHTOBOR TEOPUH IMOJIA.

AcuMmnrorudeckoe InoBeacHmue (l)OTOHHOI‘O IIpo-
IaraTopa IIpu OOJIBLIIIUX NMMIIyJIbCaxX.

DAacCMOTPUM BaXKHBIN, ¢ TPUHIUIHAJIBHON TOUYKH 3pEHUHA, BOMPOC 006 acHMITOTHKE (o-
TOHHOTO TIponaraTopa B obsiacTi 6oIbIIX UMIY.ThcoB |k2| > m?. B nepsom npubimxe-
HUH TEOPHUHU BO3MYIIEHUH] MOJIAPU3aIIMOHHBI onlepaTop onpelenaeTcsd IpocToit metraeBoit
ArarpaMMoil, MoKasaHHol Ha Duc.8-17. D pu mpaAMOM BRIYHCIEHUT OH OolpeneadeTcs deli-
HMAaHOBCKHUM MHTETrPaJIOM BUIA:

ﬁm"(/ﬂ) = —62/ (5;1;4 SpG(p)y’ G(p — k) (8.106)

Onmako »TOT WHTErpaJ, B3ATHI MO BCEMY YETBIPEXMEPHOMY p-TIPOCTPAHCTBY, PacXo-
guTcsd (KBaIpaTHIHO, COTJIACHO MPOCTOMY MOICYETY CTeleHeH MPEIblayIero pasmiesna,
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a Ha caMOM JeJsie JIorapupMHIECKN W3-3a “CKpBITONH” aaredpbl MOAMHTEIPAILHOTO BBI-
paKeHn#). ITH GECKOHETHOCTH HYKHO YCTPAHUTE 1O PENENTaM IePEHOPMHUPOBKH, 00Cy-
K IABIIUMCA B MPEIBIAYIINX Pa3leaax. D paMble BHIUYNCIEHIA BOSMOXKHBI, HO BECbMa TPO-
Mo3nKH [2]. PaccMoTpenre CHTbHO YIIPOIAeTCs B aCHMITOTHEecKoM mipeaee |k2| > m?,
KOTOPBINl HAM TOJIBKO W WHTepeceH. Kak MBI YBUAUM 9yTh HIKE, B 3TOM Hpeuese He-
TPYAHO MOJIYYATE, 9TO Toc/e mepenopMupoBku (8.106), cBonuTes K:

2 2
P2 = 2 ED

- (8.107)

Do cyTH mena 5ToO ecTh MONPaBKa IepBOro IpHOIMmKeHnd K mponaraTopy 4nD~! = k% u
eil MOXKXHO II0JIB30BAThCA IOKa BBIIOJIHEHO ycJoBue:

62 | 2

ol <1 (8.108)

9TO OrpaHWYMBAeT ODJIACTH MPUMEHHMOCTH CO CTOPOHBI MHTEPECYIONUX HAC OOJIBIIMX
|k|>. B neiicrurenbHocTu, Bhipaxkenne (8.107) ocraercd cnpaBeJIMBBIM P TOPA3IO0
bos1ee caTaboM yCJIOBUM:

2 k2
Ll

T

<1 (8.109)

2~

Cxema HoKa3aTeabCTBA 3TOTO YTBEPKIEHNUA, MO XOLY KOTOPOTO MBI 3a0[HO TOJYIUM U
caM pesynpTar (8.107), cocTonuT B caemytommeM [1]. Dpexe Bcero 3aMeTnM, 910 XOTs IPH
yeaouu (8.109) B P(k?) MoryT BosHHKaTh BKJIabl OT UYJIEHOB BCEX MOPAIKOB TEOPHH

T k 2
BO3MYIIEHUIl, B n-M HOpAIKE IOCTATOYHO yUUTHIBATH TOJIBKO WieHbl ~ (e?)" In” (|m—|2),

cozepxaime 60110l Jorapudm B nHTepecylomem Hac npeaene |kZ| > m?. Dpu stom
JorapudM JOTKeH BXOOUTh HMEHHO B Toif XKe CTelleHH, IT0 U €2, IOCKOIbKY TJIEHEl C
foslee HISKHMH CTeIleHAMH JorapudMa 3aBeloMo MaJbl B CHJIy HepaBeHCTBa e’ < 1.
DTO HA3BIBAIOT MPUOINKEHUEM TJIABHBIX JIOTAPUPMOB.

DaccMOTpHM Telleph ypasHenue Jlaficona mid mongpusanuonHoro onepatopa (7.77):

Amie? d*
b [ GG+ M+ kphGe) (110

2
Pk*) =
DocKosbKY, Kak 6b1710 MoKasaHo Bhile, dyHkua P(k?) kaaubpoBouHo MHBapHaHTHA, TO
[pU BEITUCIAEHUN ee u3 quarpamm PeliiMana MOKHO HCIOJIB30BATE JIIODYIO KaIuOPOBKY
JIJId TIPOTAraTopoB U BepinuH. B gaHHOM caydae Haubosiee yIoOHOH OKa3bIBACTCA KaJli-
6poska Jlammay, B KoTopoil mpomaratop dboTonos umeet Bum (D! = 0):

47 k..
Duw(k) = 5 (gw - k%) (8.111)

HeTanbHblit aHag n3 TOMPaBoIHbIX anarpamMm 1id (8.106), koTopwiit MoxHO HaliTH B [1],
TMTOKAa3bIBAET, UTO B TaKo# KaJMOPOBKE PAIbI TEOPUH BO3MYIIEHHH BoObIIe He comepikaT
TJIEHOB C HYKHBIMH CTEMEHIMHE JIoTapudMa.

Dosromy B (8.110) mocTaToIHO HOACTABATE HYyJIeBBIE NpubanKenna G = Gu I'H = yH.
Torma (8.110) cBoguTCA K MHTETpATY:

mw>4“65/ GG+ 1 G) (8.112)
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TakoMy ke Kak B (8.106). Dpocienum, Npexkae BCero, 3a MPOUCXOKIACHIEM Jorapidma
B »TOM HMHTerpaJie. JIerko BuaeTh, 9T0 JorapudMudecKnil BKAaL BOSHIKAET 0T 00/1acTn
WHTEIPUPOBAHNA:

pP> |k mpm |k > m? (8.113)

ﬂeﬁCTBHTeHbHO, B 2TOM IIpeJdeJie MOXKEM HaHI/ICaTI)SZ

1 7upu
Glp) m —— = L 11 8.114
(p) P (8.114)
1 1 1 1 1 1 1
G(p—k) = = + vk, + vk, 7k + ...
(p—F) You =Y ke VP VP VP V'Pu YPa  Y7ps
_ 1 0" RIGPe) | (M) k) (G pa) (5 k) (07 P8)
pZ (pZ)Z (p2)3
(8.115)

Ipu ToACTAHOBKE »TnX BhIpaxkeHWid B (8.112) meppbiii wieH, He saBucamuii oT k, BBI-
mamaeT B pesyJbraTe MEPEHOPMEUPOBKN, B cooTBeTcTBIN ¢ ycaoBueM P(0) = 0 (mepsoe
serauTanue B (8.105)). Bropoit unen ofpaiaerca B HyJIb TPH HHTETPUPOBAHNE MO Ha-
npaBseHuAM p. Tperuil e mHTerpas JorapudbMUUYECK PACXOIUTCA 1O P2, ero JIerko
ONEHUTH MPOBOJIA WHTErPUpPOBaHue B mpefenax oT p° ~ |k?| (HumkHuii mpenen obnactu
(8.113)) mo mexkoroporo “napamerpa obpesanua” AZ:

4 4 A2 4 A? 2
1 A
/ p® p® |k2| p® [k2| p? &2 ( )

B urore IIOJIyHJaeM:

Pk?) = ——k* 2 (8.117)

Do TO ellle He BCe, /I OKOHIATENBHOTO YCTPAHEHNA pacxoanMocTn (A — o0) HyXKHO
eme Boruectsb us P(k?)/k? ero snauenne npu k? = 0 (Bropoe Berunranue B (8.105)). Do
IIOCKOJIBKY JIorapidMuAvecKasd TOUHOCTh HAIIMX BRIYAC/ICHHl mpeanoaaraer |k?| > m?,
TO IIPU BBIYUCJIEHUHE C 5Toll TOUHOCTBIO BHIYECTh HykKHO 3Hauenue (8.117) npu |k?] ~ m?
B pesysbTaTe uero A% B apryMenTe sorapudma saMeHdgeTcd Ha m?, I MBI HOJIydaeM HC-
KOMBIH pesynbTar (8.107). A mockosbKy B Kanmbpopke Jlanmgay He BOSHHKAET MOMPABOK
K G u T ¢ “ayxubivu” creneHamu Jsorapudnma, 1o Beipaxkenne (8.107) meficTBuTesibHO
crpaBenuBo U npn ycaosun (8.109).

®yuxuua D(k?), coorsercrBytoad nogpusanuonHomy onepatopy (8.107), umeer
BU;

bl

47 1

D(k?) = 5l (8.118)

LI P L
1—5-In
B cuy (8.109) »To BhIpaKeHHe MOXKHO He pasJjaraTh 1o crenensm e?. OmHaKO Tpu-
MenuMocTh (8.118) orpaHumueHa co cTopoHbl Gosbuiux |k?| B cBaAsm ¢ yMeHbleHHEM
ee sHaMenaresA. Beioz (8.118) ocHoBaH Ha JIorapudMUIECKOM NPHOIHKEHUN W TIpe-

He6pe}KeHI/II/I OeCKOHEUHBIMHI IIOCJACAOBATCJIBHOCTAMHI JUATPaMM BBICHINX TMOPAAKOB, HE

83HaKI/I 30eCh OIIpeaesIArOTCA cBolicTBamMu “Y-MaTPpHIL.
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cofepRalmx AoMuHApyonmx jgorapudmos. Cornacuo (8.118) mobasnenne Kax ol Ho-
Boii JKHpHON (OTOHHON JIMHAN IPHBHOCUT B THATPAMMY MHOKUTEID ¢2D, a poJib MaJIoro
HapaMeTpa TeopHH BO3MYIIeHn{l BMecTo e? HTpaeT BeJIHUMHA!

2

m<<l (8.119)

37 m

€2 )

coBmaamoliasa ¢ obcyx masirefica Beite “Gerymeli” KoHcTanTol cBaAsm (8.60). Korma, mo
Mepe BO3pacTaHnd |/c2 |, Ta BeMYMHA 10 NOPAIKY CPABHUBACTCH C eIUHUIEH, U3 TEOPUH,
O CYIIECTBY, BOOOIIE mCUYe3aeT MaJblil TapaMeTp W TeOphd BO3IMYIIEHHH CTAHOBUTCHA
HEeIpUMEeHUMO.

CBsa3b MeXOy “3arpaBOYHBLIM”’ B HUCTHHHBIM
3aPsIIOM.

Curyannio ¢ (8.118), (8.119) MoxHO oHATH HoJtee AcHO, ecin TpH BBBoze (8.118) nemars
epeHOPMUPOBKY He “Ha Xomy’ , a MyTeM IIpedBapHTe/IbHOTO BBEACHHA “3aTpaBOTHOTO”
wAn “rogoro” sapdna ep, KOTOPBIH B JaJbHeilieM HmomdmpaeTcd TakK, 9TOOBI TIPUBECTH
K MPaBUJILHOMY HaO/II0IaeMOMY 3HAUEHUIO 3apana e (Win g, B 0003HAYEHNAX, HCIIOb-
soBaBUMXCA Bhille). Ecom pacxomaummiica norapndMudeckuil nHTErpa obpesaerca Ha
BernomoraresibHoM A? (BbIlle MBI TakiKe HCIOJIB30BAJIM I apaMeTpa obpesanus 060~
sHauenue M?), To 3aTpaBOUHBIH 3apd] MOKHO CUUTATh ero GyHKIumeil: eg = eg(A?), a B
3aKJIIOYEeHNEe HYKHO MEePEXOMUTh K Tpeaesy A — 0o, DPpH TaKOM MOAX0Je MOJAPH3aIii-
OHHBI onepaTop nMeeT B (8.117):

2 €8 0y A
k)= ——k*In — 8.120
P(k%) = -3 k"In ] (8.120)
CoOTBETCTBEHHO Oy YUM:
4 1
Dk?) = = —— (8.121)
k2 0 1 A2
1+ 521n &
Oupenesnum Tenepsb GusMUecKnit 3apday € COracHo:
4re?
egD(kz) —~ 7z upu  k? — m? (8.122)

T.€. HA PaCCTOAHUAX TOPpAIKaA m_l (T.e. KOMIITOHOBCKOM OJIMHBI BOJTHBI JICKTPOHA h/mc,

ompenensaoleii ero s dekTUBHBIN paguyc B KBaHTOBOR Teopun). Torma momyanm:

2
€0

= ———— (8.123)
1+ ;—;ln%

uro dakTuyecku copnajaer ¢ (8.59) npu BeGope Touku HopMuposku p? = m?. Orciona

2
: (8.124)

€0 = 621 Az
3y Mgz
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FEcnu reneps popmansHo nepefitn B (8.123) k mpemeny Todedrnoro sapana A — oo, 10
e — 0, HesaBucumo ot Buna GyHKum e2(A). Dra curyanus n HasbBaeTCH “MOCKOBCKHM
nysem” . Oua BIepBble OblJIa oTMedeHa B paborax Jlanmay — Domepandyka u PpagkuHa
B cepenune 50-x ronoB. Do muenuto Jlannay [30] rakag curyanua osHadasa Obl HEBO3-
MOXHOCTB CTPOTOTO MPOBEIEHUsA MTEPEHOPMUPOBKU W BHYTPEHHIOI TPOTHBOPEIUBOCTD

K91 (1, kKak Torga canTasioch, JoOoH Ipyroit Mogean KBAHTOBOH TEOPUH TOJIH).
Ipusenem aprymerntamuio Jlammay m DoMepaHdyka, ¢ TOMOUIBIO KOTOPO OHE O6OCHOBBIBAIN CBOU
2

BBIBOIBL. DYCTh OTHOIIEHIE |£_2| HaCTOJIBKO BEJIUKO, ITO
2 2
€5 A
—In—>1 8.125
370 k2 (8.125)
HO, B TOXe Bpemd, euie eg < 1. Torma B (8.121) MOKHO TpeHebOpednb enuHuIleil B 3HaMeHaTe e, TaK ITO
1272
k2 60 In |k_2
¥, COOTBETCTBEHHO, u3 (8.122) mMeem:
2 3T
et = — (8.127)
A2
vin 25
m

9TO He 3a48UCUM OT BEJMIMHBI 3aTPABOYHOTO 3apdla €. 3aAMeTHUM, YTO 3OeCh MBI €lle OOIOJHUTETHHO
nmonesmn (8.127) Ha mapaMeTp v — UHC/IO THIOB (yHIaMEHTAJIBHBIX (PepMEOHOB, NAOWIUX BK/al B
[OJIAPU3alHIo BaKyyMa (COOTBETCTBYIOIIE HM BKJ/IaIbl B IO/IAPH3AINOHHbIE IET/IH IPOCTO CKJIAIBIBA-
rorcal).

Beenem Temephr BMecTo omepaTopa 4-TIOTeHITHAJA 3JI€KTpOMarHUTHOTO mosta A, 4-sekTop AM =
eg A¥. Torma rammIbTOHHAH B3anMoleticteua H; He Gymer comepkaTh 3aTpaBOYHOTO 3apsAla €p, a ra-
MIJIBTOHHAH CBOGOIHOTO 3/1€K TPOMArHUTHOTO oA Hy (kBamparmassii mo A*) Gymer comepxars eg B
sHaMmeHnaresae. DyHKIA Ke ﬁ(k2), oTpenesTeRHan ¢ ToMompio AH Takwe, kax D(k?) ompemengerca ¢
momombio A, 6ymer paBHa:

1272

A2
k2 In W
ITO BBIpAXKEHNe He COMEPKUT €0, & TO O3HAYAET, ITO OHO COOTBETCTBYET MPEHEOPEKEHNIO B TAMUITH-
Toamare H = Hy 4+ H; saBucammMm ot ey wieHoMm Hy. Do ecom mpenebpexxenume Hy 1Mo cpaBHEHUIO C
H; BosmoxHo (mpm Gompumx A) yxe mpn eg <€ 1, TO eCTECTBEHHO OyMAaTh, YTO OHO TeM Hosree 3aKOHHO
IPH HEe MAaJIBIX eg. TakwmMm ob6pasom (8.126)7 acHell 1 (8.127) mepecTaroT GBITH CBA3SAHHBIME C YCJIOBHEM
eg < 1 u mepexorn K mpemesy A — 00 CTAHOBHTCA BOSMOKHBIM. DpH 5ToM €2 — ( BHE 3aBHCHMOCTH OT
puna GyHKIEH g (A).

Dapamerp obpesaHna A, IpH KOTOPOM BBIIOIHAETCA cOOTHOMIEHNE (8.127), BO BCAKOM CJIydae O9€Hb
BeJIIK. Da cOOTBeTCTBYIOMMX (Kpalifie Masbsix!) paccTomamAX 2 PEKTH IPaBUTAINOHHOTO B3anMoneh-
CTBHUA MOTYT NPEBHINIATE 3JI€KTpOMaruuTHbie. BecbMa cobiiasHUTE IBHA HOEA, 9TO “KpU3nC” 3JI€KTPOOT-
HaMPKH IPONCXONNT HMEHHO Ha TeX PACCTOAHHUAX (HEpruAX ), KOoIla IPaBHTAIlHOHHOE B3anMoneiicTBrme
CPaBHHUBAETCH C »JIEKTPOMATHUTHBIM. Bpibrnpasa mMnysabc obpesannsd nopsanka obpaTHol MIAHKOBCKOM
IIJIMHBL, TMeeM:

D(k?) = 2D(K?) = (8.128)

GyAZ~1 (8.129)
roe Gy — HBIOTOHOBCKAA IPABUTAIIHOHHAA TTOCTOAHHAA. DPH TAKOH TOUKe 3pEHUA BEJTMIWHA (PH3WIe-
CKOTO 3apsAfa € aBTOMaTHYeCKH OIPEaeTAIach ObI U3 TeopHud 1o GpopMyIaM (8.127) n (8.129)7 <ITO TaeT
v & 12. Ecom v < 12, rpaBurammonabie 3¢ddeKTh HACTYIIAT 3HAYUTEILHO paHblle, 9eM 3(deKTUB-
HBIH 3apAll CTaHET MOPAIKA €IUHUIBI. D allpoTUB, OpH v > 12 rpaBurammonabie »ddeKTh He “cracyT”’
2JIEKTPOJIMHAMUKH, TaK KaK OHW HACTYIAT CIAUNIKOM “mo3mHo” . 3aHATHO, 9TO COTJIACHO COBPEMEHHBIM
TIPEICTABJIEHUAM O MUPE 3JIEMEHTAPHBIX 9YACTHIT, W3JI0KEHHBIM B | taBe 1, B Dpupome cymecTByeT Kak
pa3 12 dyHnaMeHTATbHBIX (PEPMUOHOB!

DYKHO, BIPOUEM, IOTIEPKHY T, YTO, COIJIACHO MHEHIIO OOMBITMHCTRBA APYTUX HCCIIe-
JoBaTesteii mepexon K mpeneny A — oo B BhIpaxenuax Tuma (8.123) u (8.124) BeimosiHATE
HeJIb34, He HapYIIUB MPEINONOKEHNH, cleTanHBIX TpY UX BeiBofe. W3 (8.124) BumHo, 410

1o Mepe yBesuueHus A (Mpu 3ajlaHHOM 3HaUeHWH e?) BeJIMYMHA €3 pacTer, U yKe HpH
e2 ~ 1 o GopMyJsIBI TEpPAIOT CBOIO MPUMEHNMOCTh, MOCKOIBKY WX BBIBOJ, OBII OCHO-
BaH Ha TpeNoJoKeHnn €5 < 1, Kak ycJOBUM NPUMEHUMOCTH TEOPHH BO3MYIIEHUH K

3aTpaBOYHOMY B3anMOJIeiCTBUIO.
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Samerum, uTo B npuMenennn K K9]l Bce 31U TpyaHOCTH UMEIOT HOBOJIBHO “akame-
MHUYeCcKoe” 3HaveHue, MOCKOJBKY OHU BOIHUKAKT NMpru daHTACTHIECKUX DHEPTUAX, HE

2 2
IpeACTAaBJIAOININX HUKAKOI'o0 peaJIbHOI'O MHTEpEeca: paBEHCTBO %hl (%) =1 AOCTH-

raerca mpu E ~ 10°%m, uTo KoHedHo Xe, cBA3aHO ¢ MaJsolt BeimumHoll e? = 5

YecpaBHEHHO paHblle, KaK MBI YBHUINM mgaJjee, »JeKTPOMarHUTHBIE B3amMOIeicTBms
“3alMyTHIBAIOTCA” CO CJIAOBIME M CHJIBHBIME B3aUMOIECHCTBUAME B “IUCTasa” 3JAEKTPOIN-
HaMHUKa TepsieT CMBICI. MHEI ellle BepHeMcd K 0OCYKAEHHIO IpobJIeM IIOC/IeI0BATEIBHOIO

OIINCAHNA AaCHMIITOTUYECKNX CBOICTB KBaHTOBOIL TEOpHUH IIOJId B KOHIIE HAIIETO Kypca.
s sygniero moHMMaHUA OOCYKIAEMBIX MPOGJIEM IMPUBENEM €llle IIPOCThIE KA9eCTBEHHBIE PACCY-
JKIIEHUA B KOOPAMHATHOM IpocTpaHcTie [34]. K “kKoopmmaaTHOMY mpencTaBieHmio” B paccMaTpPHBAEMBIX
acmvmTormaeckux dopmystax KS/I MoxHO nepelitn ¢ moMombo odeBROHOM (B3 coobparkeHUil pasMepHO-
CTH) 3aM€HBL: M — r~luA— To_l, TOe r — XapaKTepHoe paccTodHHe 3/IeKTpoHa OT IeHTpa 3/IeKTpoHa
(ero MOXHO B3ATH HOpPANKa €ro KOMITOHOBCKOH IJIMHBI BOJIHEL), a g — HeKoTopad pyHIaMeHTaIbHAR
IJINHa, XapaKTepusylolllad TeoMeTpHYIecKH pasMep 3aTpaBOYHOTO 3apdAla, KOTOPBIM MOMKHO HpelcTa-

BJIATH cebe B BHIe WApHKa C PaImycoM rg. Lorma esipaxenne (8.123) MOXKHO 3alHcaTh Tak:

2
2(r) = e*(ro) (8.130)
2e2(r
1+ STFQD ln%

DycTh BeNYHHA 3aTPaBOTHOTO 3apala €2 (ro) dukcmposanma. Mel xoTnM mepefiTh K To9eIHOMY 3aTpa-
BOYHOMY 3apdAly W HadWHaeM yMeHbIIATEL 7o, COXpaHdd eg (ro) memsmernsv. Torma, pano mam mosnHO,

2e? o
TIOJTY UM % In % > 1 u 3HaMeHaTe IE (8.130) MOKHO nperebpeunb enuauIeii. CooTBETCTBEHHO:

e(r) = % (8.131)

2 _1n .
32 o

Do Temeph, MpH NadbHeileM yMeHbIIEHTN 7o ToxygaeM e2(r) — 0 mpm ro — 0. DTo | ecTh “MOCKOB-
ckuil Hyp". Kak mucamm Jlamnay m Domepanayk®: “Mpr npuxomuM K GyHIAMEHTAIHHOMY BBIBOLY,
9To W3 dopMasTbHON KBAHTOBOH 3JIEKTPOIMHAMEKH, ITO-BUIAMOMY, CJIEIYET PABEHCTBO HYJIIO 3apdAiia
asnexkTpoHa. OroBopka “mo-BHAEMOMY”’ OTHOCHTCA K HEKOTOPOH HECTPOTOCTH W3JI0JKEHHOU BBINIE Apry-
menranun’ . Puswka fIe1a COCTOUT 3M€Ch B TOM, 9YTO B PACCMATPUBAEMOM TIPHOJIMIK €HIH, TIOJTAPASAIIAA
BaKyyMa (3a C9eT pOXIEHW: BHPTYa/IbHBIX 3/IEKTPOH — IIO3HTPOHHBIX IIap) OKaSBIBAETCH Ha MAaJIBIX
PACCTOAHUAX CTOJIb CHJIBHOH, 9TO Ha HEKOTOPOM PACCTOAHWH OCTATOYHBIN 3apiAll yiKe He 3aBHCHT OT
IIEpBOHAYA/IBHOTO (3aTpPaBOYHOrO). B mpenese e To9eIHOrO 3aTpaBOTHOTO 3ap#Ana OT HETO HHIETO HE
ocTaeTcda Ha JIOOOM KOHEIHOM PACCTOAHWH — MPOUCXOIWT TOJTHAA 3KPAHUPOBKA. 3aMETHM, UTO 3Ta
dusuKa BIIOSTHE TTpo3padvHa, ABJICHUE >KPAHUPOBKH XOPOIIO W3BECTHO B (PU3MKE IJIA3MBI W TBEPIOTO
Testa [35], OHO M ONMUCHIBAETCA COBEPUIEHHO AHAJIOTHIHBIMI PACIeTaMHE ITOJIAPU3AIHOHHOTO OIEPaTopa B
MHOTowacTHaHOI cucteme [13]. Kak e Torma moHHMATh MpakKTHYECKHE yCIeXH KBAHTOBOW 31K TPOIH-
HaMUKH?
Banmurem (8.130) B BuIe, paspemIeHHOM OTHOCHTENBHO e2(7g) 1 mostoxuM r = Ae = m ™! (KommTo-
HOBCKOIl IIJIMHE 3/1€KTPOHA):
e?(Ae)
1 - 2¢2Qe) 1 Ae
To

372

52(r0) — (8.132)

3neck 2 (Ae) comenmyer mormMarh Kak “dusmaeckuiil” 3apAm 3/IEKTPOHA, T.€. TOT, KOTOPBI IPOABIIACTCA

Ha GoJIBIINX paccToAHMAX (HOpANKa Ae) BHE 3¢ deKTHBHON ob6/IacTn MoIApH3anyn BaKyyMa (9KpaHd-
poskmn). Korna M1 “Bxonmm” BHYTpS 2T0M obstactn (rg < Ae), TO 3apan yBeIMIABacTCA — SKPaHAPOBKA
ocabeBaeT, KOTOa Mbl BXOOHM BHYTPb “IryGbl” H3 3JIEKTPOH — MOSHTPOHHBIX map'’. OmHAKO HOCTHYE
OpenesIbHO GOIBIINX 3HAYEHUI 5TOro 3apaAna MBI HE MOXKEM H3-3a JIOKHOTO IOJI0CA, BOJIN3H KOTOPOTO
dopmyta (8.132) mpocTo TepAET CMBICIL. DPaKTHIECKH 5TO HE aKTyaJIbHO, TaK KaK pedb HIeT o6 obra-
cru rg ~ Ae exp[—(137)(372)/2]. K9]] mpakTHueCKH MTPUTOIHA HMEHHO TTIOTOMY, 9TO MBI TIOJIH3YEMCA HE
TOYHBIMU PEMEHUAMI C TOYEIHBIM B3aUMOIeiCTBHEM, OCTABIIAA OTKPBITBIM BOIIPOC O TOM, UTO IeTaeTCH
Ha MaJIBIX PACCTOAHUAX, I1le HECOMHEHHO CYIIECTBEHHBI Npyrue B3anMoneiicTeus. [la m KTo ckasas, 9410
Ha MaJIBIX pacCTOAHHUAX He paboTaeT Kakol-To pusmaecKkmil MexaHNsM oOpesaHHA pacXoguMocTel (Ha-
IpUMep, CBA3AHHBIN ¢ TpaBuUTanmeil — Cp.(8.129)!)7 KOTOPBIN HaM IToKa He M3BECTEeH, HO KOTOPBIN IesaeT

°TIAD 102, 489 (1955)
O ®akruaeckn 10 0O3HAYaeT, HAIIPUMED, 3aBUCUMOCTD “IMOCTOAHHON TOHKOH CTPYKTYpPHI’ OT HEpelia-
BAEMOro B peakKIlny UMITy/Ibca. Kak yiKe oTMedas och, 3ToT a¢ddeKT peasbHo HabaromaeTca!
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B3amMoielicTBHe B Teopun moJid 3ddeKTuBHO HeToUdeuHBIM? TakuM obpasom, “mparmMarndeckada’ TOUKa
spern= (Go/BIINHCTBA!) COCTORT B TOM, 9TO sMIIHPHIECKN 3anal “dusmaeckuii” sapan e(Ac), Torna ectb
PelleHus B BUIE PANOB TEOPHH BO3SMYUIEHUH, HO K MaJIBIM PACCTOAHUAM COBPEMEHHA TEOPUA HEIPUMe-
HuMa. COOTBETCTBEHHO, Ha CETOMHAIIHMI TeHb, TpobeMa aCHMIITOTHIeCKOTo oBeneHna KO ocraerca
HepelleHHoH.

B acumnrormaecku cBo6omHBIX TeOpHAX mosid, HanpuMmep B KX ]I, curyanua, Kak yiKe ob6CyKOaI0Ch
BBINIe, MHasA. DOCKOJbKY 3HAK B 3HaMeHaTese (GOpMYJI THIIA (8.130) n (8.132) TaM TPOTHBOMIOJIOK-
BBl corygaro K9], To m acnMIToTHIECKOE IOBENEHNE “KOHCTaHTH B3amMoIeiicTen# (3apana) Opyroe:
9°(ro) — O mpu 79 — 0. Terephb He 3apsm Ha KOHEWTHOM PACCTOAHWH obpamaerca B Hy b TIPH JIIOGOM
3HAYEHNN 3aTPABOYHOTO TOYEIHOTO 3apsAla, a HyJIeBOW TOYEUHBIH 3apsAl oTBeYaeT KOHEIHOMY 3apsAmy
Ha KOHEYHOM PACCTOAHUM: §° (r) pacter c poctom 7. B KX]I mmeer Mecto addexrnsran “aBTHoKpaHn-
poBka” 3apana. MbI He 3HaeM, omHaKO, KakKoe 7o H g(rp) cienyer 3adHKCHPOBATD M 0 KAKHUX 7 MOKHO
TOJTb30BAThCA JloTapudMuaeckoil popmytoit Tuma (8.130). HAcno, 9To He He3rpaHmYIHO, MMOCKOJIBKY IIPH
YMeHBUIEHNH 3HaMeHaTeJIA (C pOCTOM 7) MBI CHOBa BBIXONWM 3a 06/1acTh IPHAMEHAMOCTH TEOPHH BO3-
myuennii. KagectBenHO, onHAKO, O9€BHOHO, UTO 3apsAll PACTET € PACCTOAHUEM, UTO, HMO-BUOUMOMY, U
BelleT K KoHpallHMEeHTYy KBAPKOB. D0 CYUIECTBY, 3TH 3aBUCUMOCTH TaKXKe Cefdac M3MepPAITCH Ha 9KC-
nepuMenTe. B KOHIIe Kypca MBI ellle BepHeMCA K 06Cy K IeHNI0 GUSUIECKON TPUPOIBI ABJIEHUA ACHMIITO-
Tuaeckoii ceo6onsr B KX/ u ero sHauenus B pusmke 4acTHIIL.

I'pynna nepenopmupoBku B K91,

DoraxeM Tenepb, Kak dopmysst (8.130) u (8.124) MoryT 6bITH HOTYUIEHBI ¢ HOMOIIBIO
MPOCTHIX PACCYKICHUN, OCHOBAHHBIX HA CMBICJIE TIOHATHS TIEPEHOPMUPOBKH U COODpaKe-
HUAX PA3MEPHOCTH, COCTABJIAIONINX OCHOBY MpEICTaBJIeHU O TPYIIe MepeHOPMUPOBKH
(peropMm - rpymne), u BBedeHHBIX B KD Tenn-Manuom u Jloy. DaccMoTpuM CHOBa

KBaJIpaT 3aTpaBOYHOro 3apdia Kak dbyHKIMIO mapamerpa obpesanusd ef(A), u BBegeM

byukiuo d, onpeneoNyo cOOTHOIEHIe MK Ty SHAYCHUAME €2 [pH IBYX 3HAYeHUAX

ee apryMeHTa:

A2 = A(AD)d (8.133)

Dpn A?, A2 > m? bynxuna d He 3aBucuT oT m u, Gymyunm GespasMepHOil BeUIMHOI,
MOKeET 3aBHCETh TOJBKO OT Ge3pasMepHbIX ke Besuunt e2(A?) u AZ/A? tak uro MoKHO
3aMUCaTh:

2
A3

3(43) = ed(AT)d (eB(A1), 53
1

(8.134)
D10 M ecTh mpeobpaszoBaHWE T'PYNIBI HepeHOpMHUPOBKEU. CMBICA €ro mpocT — B Iepe-
HOPMHUPYEMOI TEOPUH W3MEHEHWE MapaMeTpa 0bpesaHusa MOKeT ObITh CKOMITEHCHPOBAHO
COOTBETCTBYIONINM W3MEHEHIEM 3aTPABOYHOTO 3apsaia H6e3 W3MeHeHNd (PUIHIECKUX Pe-
3yIBTATOB (B JAHHOM CJIydae — BeJHINHB husndIeckoro sapana). Or GyHKIMOHATIHHOTO
ypasHenus (8.134) ynobuo mnepeiitn x muddepennnanpaomy. uida sToro paccMoTpum
Beckoneuno 6amskne sHadenna A7 m A2, O6osmaunm A = € m A2 = ¢ + d¢. Torma us
(8.134) nonyvaem:

d.
(6 4 dE) = e2(E) + de(©) = () (26, 1+ L

3
(e (e).0) _de
Ox =g

= eg(¢) |d(e(€), 1) + (8.135)
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oTkyza, ¢ yaerom d(e2(€),1) = 1, mmeem:

Od(ed(§),x),  dE

dej(§) = e5(O)—, =g (8.136)
910 u maeT guddepennnanproe ypasaenne ['emn-Manrna — Jloy:
de? 9
= 8.137
d lng 1/)(60) ( )
rae BeemeHa dyakiusa [enn-Manma — Jloy:
ad(e?, x
b(eg) = €3 [7(82 )L:l (8.138)
BanuceBag (8.137) B Bume wcéﬁ) = dg—g u naTerpupy# ero ot & = A? 1o £ = A2, monyunwm:

eo(AD) g2
In —= :/ — 8.139
A7 Sz ¥(e?) (8.139)

Ecum Bo Beeit obaactu MHTETrpUpOBaHNd BEJIUYINHA 6% Ma.J1a, MBI MOXKEM BOCIIOJIB30BATHCA

IJ1A 1/)(62) BBIpaXKEHWEM, TOJIYYaIONIAMCA U3 MEPBOTO MPUOIMKEHNA TEOPUH BO3IMYIIE-
-1
" P(k?
auii. 3 obimero BBIpaxeHms D(kz) = % (1 - %2—2) ACHO, YTO IIOIIpaBKU K 3aTpa-

BOYHOMY 3apdly e3 natorca Besuannoit e2k~?P(k?). Torna, ucnonbsys s mosgpu3a-
[IIOHHOTO OTEPATOpa eTo BhIpaxkeHue mepBoro nmpubimkennd (8.120), Haiimem:

2042 2 € Af 2022 2 e A3
60(A1) =€y 1-— 3_71'an 60(A2) =€y 1-— 3_71'an (8140)
Orcrona:
el A2
A2 1— 32 In ﬁ o2 A2
dled, 2 )=—"T—Fxl+-2In2 141
(35 = i~ (814
37 |%2|
CooTBeTCTBEHHO, NCTIONB3Y4 onpeneetue (8.138), momyaaem:
W) = 2 (5.142)
er) = — .
0 3T

Tak uTo dyuknna Lenn-Manua — Jloy KBagpaTudHO pacTer ¢ pOCTOM CBOETO apTyMEHTA.
Teneps nunTerpuposanne B (8.139) MoKHO HpoBecTH B ABHOM BHIE:

1 A2 1 1

—In—= = — 8.143
37 AT (A7) (D) (8.143)

Ecnu Tenepsb onpenenuts dusnueckuii sapan kak e? = limyz_,.» e2(A?), To BoIpakenue
1

(8.143) cBomutea x (8.123) u (8.124). Takum obpasom, pacuer dbyukunn Fenn-Manna —

Jloy B HEU3IIEM TOpAIKe TEOPUN BO3MYIIEHU] U Mocenyoliee nHTerpupoBanue mudde-

PEHITHAJBHOTO YPaBHEHUSA PEHOPM - TPYIIILI TAfOT PE3YJIBTAT, Oy YEHHBIN BBITIE CYyMME-

pOBaHUEM TJIABHBIX JOrapudMOB B A@arpaMMHOM psamy. B sToMm cMbicie, HaM yIaaoch
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“oboiiTn” MpobIEMBI TTOJHOTO 0OOCHOBAHMS OMHMCAHHOR BBHINIE MPOMEAYPH CYMMHPOBa-
HusdA. B ¢cBA3W ¢ 3TUM, HHOTIA TOBOPAT, YTO PEHOPM - TPYIIA JAa€T BO3MOXKHOCTE MTOCTPO-
eHus “yJydiieHHOil” TeopWH BO3MYIIEHWH, B KOTOPOW POJb KOHCTAHTHI CBASW HUTPAET
(8.119). Omrako Bce 0OCYKIABUIMECH BbINlE TPUHIMINAIBHBIE BOMPOCH, (HaKTHIECKH,
octafrcda. Jesyabrar (8.143) monaydeH ¢ moMoublo MPUOIMKEHHOTO BHIPAKEHWA [IJId
byukmuu Cenn-Manna — Jloy (8.142), cnpaBenuBoro Tosbko mpu ef < 1. DescHo, K
YeMy MPUBEAYT MOMPABKH BHICHIAX MOPATKOB, HATEKHOE UCCIIETOBAHIE KOTOPBIX 10 CHX
Op HE YIaJI0Ch TPOoBecTH. TeM He MeHee, KaK MBI YBUAIAM B IasibHellleM, KadecTBEHHBIH
aHaJIN3 BOSMOKHOCTEH, caenyomux u3 muddepennmaabHoro ypasaenna tnma (8.137),
OCHOBAHHBIN Ha T€X WJIM WHBIX TPEANOIOKeHnax o Buie dyukiun ['ensi-Manna — Jloy
IpH BCEX 3HAYEHUAX €€ apryMeHTa, MOXKET OKa3aThCA BECHMa MOJIE3HBIM.

AcuMOTOTUYECKHUU XapaKTep PsOoB TeOpUU
BO3MYIIICHUMN.

N3noxeHHBIl BBINIE MeTOH MEPEHOPMHUPOBOK YyCTpaHAET PACXOINMOCTH B OTIHEJBHBIX
auarpamMmax, T.e. B OTIEJIBbHBIX YJIeHaX pas3/IoKeHNd MaTPHUIbl pacCedHnd B Pl MO CTe-
TeHAM 3apdma 3JeKTpoHa, a He cpa3y BO Bceil MaTpulle paccedannd. Bo3suukaet Bompoc,
OyIer au CXOOANMCH DAl TEOPUU BOIMYIIEHUH, COCTOANINN U3 TTEPEHOPMUPYEMBIX CJla-
raembix. CylecTByeT apryMeHTarusd, npuHagiexkaiaa [laiicony, us koTopoil ciaenyer,
YTO 3TOT PAM ABJIACTCA PACXOOANIAMCA U OTHOCHTCA K TUIY TaK HAa3bIBAEMBIX aCUMRMOo-
MmuYecKur pasaoxKeHuni.

BzaumoseiicTBre MeX Ty IByMd 2JIEKTPOHAMHE, KaK MBI BUIEJIH, OIPEaeTAeTCA (PyHK-
nueit eiﬂ)(/@z), IIe ep CHOBa ODO3HAUAET MepEeHOPMUPOBAHHBIH (dbusndecknii) sapam.
Bbr4ucsinB ¢ noMolbio 5Toit byHKIME HEKoTopyto dusnieckyto senudauny F(p;e%), Mbl
0Ty MM GECKOHEUHbIH PAL O CTETNEHAM €%

F(pieg) = i R fn(p) (8.144)

tae fn(p) - HekoTopble GyHKINKM 4-UMIyaBCOB dacTui. OMycTuM, 970 3TOT D, OT-
JIeAbHBIE YIEHBl KOTOPOrO IEPEHOPMUPOBAHBL C IOMOIIBIO OIMCAHHOI BHIIIE IIPOIELYPHI,
CXOINTCA TPH HEKOTOPOM 3HadeHnH er. Torma F'(p; e%) = F(e%) ABadeTcd aHaJIUTH-
Jeckoit pyHKITHEH e% IpH e% ~ 0, a caegoBaTe/IbHO, T F(—e%) OyIeT aHaJIATHIECKOM
dyHKIMER, TpeacTaBUMOil B BHIE CTEMEHHOTO pAma. DO F(—e%) npencTapiager coboit
U3y4aeMylo HaM# BeJW4uHy F' 11j1s Toro cJjydas, KOrIa B3amMoIelcTBUEe ABYX YaCTHII
onpenenserca ¢yHKIuel —e%ﬂ)(/@z), YTO COOTBETICTBYET CHTYAIUU IPUTAKEHUT OLHO-
UMEHHBIX 3apAI0B BMECTO OTTAJIKUBAHUA.

Derpyamo yoeauThCcA, ITO B 9TOM CJIydae OOBITHOE OpelescHne BaKyyMa He OTBe-
YaeT COCTOAHUIO ¢ HauMeHblIel saeprueii! B camoMm neie, npencraBum cebe, 4o 0bpaszo-
BaJioch N 3JIEKTPOH - IO3UTPOHHBIX Iap U 9TO BCE 3JIEKTPOHBI COCPELOTOYEHHl B OIHOI
0bJ1acTH IPOCTPAHCTBA, a IMO3UTPOHLL B Apyroit. Ecam »1u obJacTH HOCTATOYHO MaJibl
U JOCTATOYHO OTAAJIEHBl APYT OT Ipyra, TO IpH OojblioM N oTpuUIlaTe/bHAd KyJIOHOB-
CKad 9HEpIrUd NPUTATUBAIONIMXCA OTJHOUMEHHBIX 3apsagoB OyaeT OoJIblle SHEPTHH IOKOsI
JacTHI U WX KHHETUIECKOR SHEPTHN. DA30BEM TaKHe COCTOTHUA “MaTOJIOTHIECCKUMMI .
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Dpennonarad, 9To B3amMOeicTEIe MeX Iy 3apAnaMu onpenesderca —e%D(k?), pac-
CMOTPHUM HEKOTOPOe ODBIYHOE COCTOAHWE, XapaKTePU3Yolleecsd HAJIUINEM HECKOJIBKHUX
gacTui. B ToM dncsie 5TO MOXKeT OBbITh U OOBIYHBIN BakyyM (cocTosHue He3 9acTHir).
DTO COCTOAHME OTIETEHO TOTEHITNATBHBIM 6APEPOM OT “TIATOJIOTHYECKOTO” COCTOAHUSA
C Takoli XKe »HEPTHell, MpUYeM BBICOTA Dapbepa ONpenesIdeTcs sHEPTHel, HeobXOomMMOik
nnda cosmanua N map, T.e. sHeprueil mokoa N gacTui.

B cuiny KBaHTOBOMEXAaHWYECKOTO TYHHEJBHOTO 3 deKkTa CyllecTByeT KOHeYHAd Be-
POATHOCTE MEPEXOA M3 OOBITHOIO B “TIATOJIOTHYECKOe” COCTOAHWE. ITO O3IHAYAET, ITO
KakK0€e (PU3HIECKOE COCTOAHUE ABIAECTCH HEYCTOWYHWBBIM IO OTHOIIEHWIO K CIIOHTAH-
HOMY POXKJIEHWIO OOJIBINOTO YHCIa YaCTHIl. “DaTOJOrHYecKoe” COCTOAHUE, B KOTOPOE
mepeitmer cucreMa, He OyIeT CTAIMOHAPHBIM, TaK KaK B HeM OyIeT oOpa3soBBIBATHCA BCE
6outblilee U OOJTBIIEE YHUCTO JACTUIL, T.€. B YACTHOCTH, OYIET MPOUCXOIUTH pa3pylleHue
BaKyyMa, a OCHOBHOTO COCTOAHHUSA y Takol cucTembl Boodine He byzer! B cury Takoii
“marosiormu” Henb3# mpeanonarartk, 9to KD/I ¢ dynkumeii Bsanmoneiictua —e%D(k?)
MPUBOAUT K BIIOJIHE ONMPEIEJIEHHBIM aHaauTndeckuM yHKmuam. CKopee caemyer my-
Math, uTo pyHkunsa F(—e%) He MokKeT GBITH aHATUTHYECKO[l, a ToTOMYy U paf (8.144)
He ABIATCA CXONAIAMCH TIPH % 7 0.

B cBs3m ¢ 3THM cHOBa BOSHUKAET ECTECTBEHHBIN BOMPOC — KAKOW JKE€ CMBICT HMEET
pan (8.144) u nouemy K9], onepupyroiasa ¢ TaKUMHI PAITAMI, HAXOIUTCA B OJIECTAIIEM
COOTBETCTBHH C 3KCIIEPUMEHTATBHBIME TaHHBIMU. OTBET Ha 3TOT BOMPOC COCTOUT B TOM,
910 paf (8.144) ABAAETCA ACMMITOTHIECKUM pAnoM. Takune pampl, MpH cOOTIOIEHIN He-
KOTOPBIX yCJIOBHI, MOTYT OBITH HCIIOJIB30BAHBI A OMNCAHUA (DYHKII, KOTOpBIe OHU
[PEICTABJIAIOT ¢ OUeHb GOJIbLIOH, HO Beerja KoHedHol TounocThio [36]. B orauuune ot
CXOIAMMXCHA PANOB, UJIeHBI ACHMITOTHIECKOTO pAsa €4’ f,,(p) ¢ pocToM n cHadasa ma-
[TAlOT, HO 3aTeM, HAYWHASA C HEKOTOPOTO HOMEpA Ny HAYMHAIOT PACTH, IPIYIEM, BOOOIIE
TOBOp4, PACTH HEOTPAHWIEHHO. DPHU HTOM MAKCHMAJbHAA TOYHOCTH, C KOTOPOW acmM-
OTOTUIECKUH DAl MOKET AMMpPOKCUMUPOBATh (GYHKIHUO F'| OnpenedeTcd BeJHIHHON
fno,. Uem »Ta BestMumMHA MeHbIle, TeM TOYHOCTH Hosblie. B ciydae K9 ecth ocHOBa-
HHs ToJiaraTh, 910 B pane (8.144) Benmaunnsl f, OyayT magaTh BIUIOTH OO N HOPAIKA
ng & hc/e% = 137. Tak kKax 3To 3HaUeHNE N( BECbMa BEINKO, TO TOYHOCTH, C KOTOPOH B
K9 paz (8.144) cooTBeTcTBYET pEaabHOCTH OUEHDb BETHKA. DO-BHINMOMY, HETOTHOCTH
pana (8.144) nopanxa exp(—he/e), uTo aBNAeTCA HUYTOKHO MaJioll BesuunHoi. [lna
mpakTudeckux neneli K9 rakoit Tounoctn Gosee deM m0cTaTOTHO!
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