B. BEJIORYPOB
B. INPROB

B.
1.
TEOPUA

B3ANMOJIEIICTBHIT
YACTUIL




[MPOBJIEMbl HAYKH
W TEXHHYECKOI'O IMPOI'PECCA

B. B. BEJIOKYPOB u [. B. INPKOB

TEOPHA

B3AVMMO/JEVCTBUH
HACTHLL

MOCKBA «HAVKA»
;5% TJABHAZ PEAAKLHSA

\m’ OU3UKO-MATEMATHUECKOF! JIMTEPATYPBI

1986



BBK 22.382
B43
VIK 539.12(023)

PeueHnsenT udeH-koppecnongenr AH CCCP JI. 5. Okyne

Beaoxypo B. B. u Illupkos JI. B.

b 43 Teopust B3aumojpedctBuii uactuu.— M.: Hayka,
Fn. pex. ¢wus.-mar. gur., 1986.— 160 c. wni1.—
Cepus «[Ipo6sieMbl HAYKH M TEXHHYECKOTO IIPOrpeccas.
85 kom., 7 850 3K3.

KHHra cofiepXHMT H3JIOXKeHHe HCTODHH DPa3BHTHSI H COBPEMEHHOro
COCTOSSHHSI TEOPHH B3aHMOJeHCTBHH 3JieMeHTapHBIX uYacTHL. OCHOBHas
3ajjaya KHHIH — JJaTh KapPTHHY Pa3BHTHSI KBAHTOBO/ TEOPHH moOJsl B BHJE,
JocTynHoM panas ¢usukos, He paGoTalolHX B 3Toif o6jsactH. Hapsny
C O4epKOM XPOHOJIOTHYECKOrO0 Da3BHTHSI OCHOBHBIX MNpeACTaBJIeHHH HaHO
H3JIOXKeHHe TEeOPHH NePeHOPMHPOBOK H DEHOPMTDYMNIbI, KaJHGPOBOUHbIX
TEOPHH, MOJENH 3JIeKTPOCJaGblX B3aHMOAEHCTBHH M KBaHTOBON XpOMoO-
AMHAMHKH, HOBeHIUHX o6JsiacTefi McCJlefOBaHHS, CBSSaHHBIX C OOG'beJHHe-
HHeM BcCeX B3aMMOAEHCTBHH H cynepcHMMeTpHelH.

Jlnsi CTYREHTOB, acCMUPaHTOB M HayUHBIX PaGOTHHKOB DasyHYHbIX
(DM3HYECKHX CrelHaJbHOCTEH, HHTEPeCcylouXcsi npo6JeMaMH TeOpHH
3JIeMEHTapHbLIX YacCTHI.

1704070000-136
115-86 BBK 22.382

B —053 (02)-86

© UsparenbcrBo «Haykas.
T'naBHasi pepakuus
(husHKO-MaTeMaTHYeCKOH
JuTeparyphl, 1986




NPEJUCJIOBHE

«[IpocBeiienre BHEAPATbH C YMEPEHHOCTbIO, IO BO3MOXK-
HOCTH M306erasi KpOBOIPOJUTHA». STUM NPHUHLHUIIOM, cPOpMYJIH-
pPOBaHHBIM BEJHKHM PYCCKMM CaTHPHKOM, aBTODBI CTapasHCh
PYKOBOJCTBOBAThCH NPH H3JIOXKEHHUH HCTOPHH Pa3BHTHS H COB-
PEMEHHOIO COCTOSIHMSI KBAHTOBOH TEODHMH MoJsi — HauboJjee
abCTPaKTHOIO M MaTeMaTH3HPOBAHHOIO pasjesia GH3HKH.

3a NOYTH IOJYBEKOBOH IE€PHOJ CBOEro CYIeCTBOBAHHUS
TEOpPHS 3JIeMEHTApPHBIX YACTHIL HECKOJNIBKO pas MeHsJa CBOH
BHeIIHHH 0OMMK. Ee ucTOpHS MOXKeT ObITh YCJIOBHO pasbura
Ha TpH sTana. [lepsrie 30 JeT xapakTepu3ylOTCA MOCTYNATeNb-
HBIM pa3BHTHEM KBAHTOBOH 3JIEKTPOJMHAMHMKH OT OCHOBOMOJA-
raomux pador 20-x ropoB Jo co3naHus K cepenuHe 50-x o6-
el TEOpHH NEepPeHOPMHPOBOK M MeTOoZa peHopMrpymnnsl. Bro-
poOH nepHof, IJuBLIKICS NpuUMepHO 15 JeT, OblI 03HaMeHOBaH
HOsIBJIEHHEM Pa3/IMYHBIX TeOPETHUECKHX CXeM M NOJXO0J0B, allb-
TEPHATHBHBIX JIOKAJbHOH KBAaHTOBOH TEOPUH IOJIS, PAa3BHTHE
KOTOPOH 3aTOPMO3HJIOCH H3-33 TPYLHOCTeH, BOSHUKWIHX MNpH ee
OpUMeHeHUH K cJabbiM H CHJbHBIM B3auMOJeHCTBHAM. B 370
BpeMsl TEPMHUHBI «TEOpPHsI dJ1eMEHTAPHBIX YaCTHI» ¥ <KBAHTOBAS
TeOpHsl NoJs» JAJIs GOJNbIIMHCTBA (DM3UKOB HMeJH PasjH4HbIA
cMblcs1. B Havase 70-X rofioB CHTyalHsl JOBOJBHO OGBICTPO cTana
MeHsITbCS. B oOpaTHYIO cTopoHy. KBaHTOBas TeopHs IoJjs,
JIONIOJIHEHHAS JMHAMHYECKHM MPHUHIHIOM JIOKalIbHOH Kalaubpo-
BOYHOH CHMMETPHH, YBepeHHO BhIILIA HA NEPBLIH NJaH, 3aHSB
TPOYHBIE NO3HMIHUH He TOJbKO B JEKTPOLHHAMUKE, HO H B T€O-
pHH cnalblX W CUABHBIX B3auMogefictBuii. Takum obpasom,
CnHpa/ib Pa3BUTHS TEOPDHHM YaCTHI[ H HX B3aMMOJEHCTBHH CO-
BepIIKJa NOJHBIH 060pOT, NOJHABIIUCh NIPH 3TOM Ha HOBYIO Ka-
UYECTBEHHYIO CTYyIeHb.

PeaGunuranusi JoKaJbHOH KBAaHTOBOH TEOpPHM MOJISA Ha
HOBOH — Kanu6pOBOYHOM OCHOBE, 3aBepIIMBILIAfACA €€ I0J-
HBIM TpHyMdoM B HayaJsle 80-X roJioB, MPOH30LJIa OTHOCHTEIBHO
ObICTPO, YTO Hapsily C HCIOJIb30BAHHEM HOBBIX HeHabJofae-
MBIX (DM3MYECKHMX cCyllHOCcTell (KBAaHTOBOrO YHCJA LBET»,
KBapKOB H TJIIOOHOB) 3aTpyJHsET ee NMPOHMKHOBEHHe B CO3HA-
Hue (H3MKOB JAPYTHX CHelLHaJbHOCTEeH.



JlaHHasi KHUTA BO3HHKJA W3 KPATKOTO IUKJA JIeKIHH, KO-
TOPHIH HEOJHOKPATHO UYHMTAJICS OJHHM M3 aBTODOB B psjie YHH-
BEPCHTETOB J/Is IIHPOKO#i, HO JOCTAaTOYHO KBANH(HIIPOBAHHOM,
¢usuueckoit ayautopun. [Ipy HanucaHHUM KHHUTH NepBOHayYalsb-
HBIH MaTepHas JIeKUMH NoJBeprcs 3HAUHTEJBHOMY pacliupe-
HHuo. Hacrosiiiee H3J/oKeHHe He CJIeAyeT paccMaTpuBaTh Kak
HOJPOGHYIO JIETONHCh HOCTHXKEeHHH TEOPHH 3JIeMEHTApHBIX da-
cTHll. ABTOpPHI XOTeNTH JOCTATOYHO BHINYKJO H BMeCTE C TEM
JOCTYIHO OOPHCOBATH JIMILL TJIaBHble MOMEHTHl ee DasBUTHS,
OlLIEHHBAeMble C TOUKH 3peHHs1 UX HeOOXOAHUMOCTH JJisi MOHH-
MaHHs COBPEMEHHOTO COCTOSIHHs TeopHH. Takum obpasom, 3a-
Jlaua KHHUTH COCTOMT B TOM, YTOOLI IOMOYb (pH3HKaM, He SBJISAIO-
HIHMCS CIelUaJHuCcTaMH B 3TOH o6sacTH, BOHTH B KPYT HOBBIX
npencraBieHuii. Mbl He 3aJaBa/liCh LIEJTbIO XOThb CKOJBLKO-HH-
OyIb IOJHO OTPa3HTh BKJAABl PA3HBIX YUEHBIX, H MO3TOMY NpH-
BOJIMM HMeHa TOJIbKO HeKOTOpPbIX M3 HUX. [Ipit aTOM HHUIHAJBL
JAIOTCS JIMIUb NPY NepBOM YHNOMHHAHHMH (paMHJIUH.

B Tekcre Takoro coliep:KaHus HEBO3MOXKHO, Ja H, MO-BHAH-
MOMY, NPOCTO He pallOHaJbHO, COBceM OO6OHTHCH 6e3 HCIOJb-
30BaHMs MaTeMaTHUeCKUX TMOHATHH U dopMys. B To ke Bpems,
aBTOPHl CTAapasliCh CBECTH WX ynorpebGleHHe K MHHHMYyMy, a
BCE IOHSATHSA, KOTOpPEIE MOIJIH Obl OKa3aTbCA HE3HAaKOMBIMH
JIOCTATOUYHO LIMPOKOMY KDYTy uuTaTesel, CONpOBOAHTHL HeoO-
XOJHUMBIMH TIOSICHEHHSMH.

B KoHIle npuBefieH HeGOJBIION CMHCOK JOCTATOYHO AOCTYII-
HO TO YPOBHIO JIMTEPATYphl, peKOMEeHIyeMOH IJis HOIOJHH-
TeJILHOrO 3HAKOMCTBA C 3aTPOHYTBIMH B KHHre HpoOJjeMaMH.

Mel nmpu3HaTeNbHE MHOTHM HalllIM KOJIJIeraM 3a IOMOLIb
H moJsesHele o6cyxaeHHs. Ocob6o xoTenoch OBl OTMETHTH
A. M. Dbanpuna, . W. KasakoBa, M. I'. MemepsKkosa,
B. U. OrueBenkoro, A. B. Pamouikusa, A. A. CiasHoBa H
A. H. TaBxenupase, YbHMH KOHCYJbTALUSMU MHI II0JIb30BaJHCh
NpH HANMCAaHHH HEKOTOPBIX pasfiesioB, a TaKxkKe peleH3eHTa
kuurd JI. B. OKyHs1 3a TiiaTelbHOE NpPOYTEHHE PYKOIMCH H
MHOTOUHCJIEHHBIE 3aMeuaHHsl M COBEThbl, IOAABJAMOIIAS YaCTh
KOTOpHIX Oblla HaMH YuTeHa.



Fnasal

OCHOBHDbLIE TOHATHA

§ 1. Yactuusl M B3aumoueiicTBHA

O6aacme u o6vexmol tccaedosarust. 3aKOHOMEPHOCTH, NPHU-
CylLYe MaTepHM Ha PACCTOSIHHSAX NOPsJKa H MeHblIe SIEpHBIX
(r<107'3 cM), u3yuaer ¢usKKa sjaeMeHTapHBIX yacTul. OCHOB-
HOH cIoco® HCCJIef0BaHHS CTOJb MaJblX PACCTOSIHMH, CpaBHH-
MBIX C pasMepaMH CaMHX YaCTHII,— 3TO CTOJKHOBEHHSI YacTHLL
IpyT ¢ apyroM. IIpu 3ToM BO3HHKaeT HeOOXOAMMOCTb YCKOpe-
HHSl CTAJKHBAIOIIMXCS YacTHL N0 OYeHb OGOJBLINX 3SHEpPrHui.
[TostoMy 3TOT pasgen Takke Ha3bIBAlOT (H3HUKOH BBICOKHX
SHepru.

B ¢usuke gactun oGBIYHO HCIONB3YeTCS CHCTEMA eNHHMIL,
B KOTOpO#l i=c=1. Heprus, HMNYJILC, a TAKKEe Macca H3Me-
pAIOTCS B 3TOH CHCTEMe B OJHHX M TeX e elHHHLAX. B 3aBu-
CHMOCTH OT BeJMYMHBl 3HEPTHH IJIl STOH LEIH CJHyKaT pas-
JIMYHble NPOH3BOAHBIE OT 3JIEKTPOH-BOJIBTA:

1 MsB=10° 3B, 1 I'sB=10° 3B, 1 T3B=10! 3B
(1 'sB=1,602-10" x=1,782-10"2¢ r).

AnanoruunsiM 06pa3oM B OJMHAKOBBIX eNHHHLAX (CM) H3-
MepsIoTCs BpeMeHa M paccTosiHMs. B BeIOpaHHOH CHCTeMe
eMHHULbl U3MEepeHHs] SHEPTHH U DacCTOSHUS He ABJIAIOTCS He-
3aBHCHMBIMH, a BBIpaKaioTCs APYr yepes Apyra, B YaCTHOCTH,
1 I'sB~'=~2:107** cm.

B Hacrosimee BpeMs H3BeCTHO JOBOJBHO GOJIBIIOE KOJHYE-
CTBO YaCTHII.

B ocoGriit K/1ace BBIAENSIIOTCS YaCTHLBL cO COHHOM 1/2, yua-
CTBYIOLME TOJBKO B 3JIEKTPOMarHMTHOM, cjaboM H rpaBHTa-
IHOHHOM B3aMMOJEHCTBHAX (CM. KOHel| HACTOSIILIEro mapa-
rpada) — Tak HasblBaeMble JIENTOHBl. K HHM OTHOCATCA
3JIEKTPOH, MIOOH, T-JIENITOH M TPH THIIA COOTBETCTBYIOLIMX HM
HEUTPHUHO.

Bonbiyio rpynny cocTaBisiIOT afpOHBI — YacTHUEBI, KO-
TOpBle 0G/AZAlOT TaKXKe H CHJIbHBIM B3auMojeHcTBHeM. ITO —
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HYKJIOHB! (TPOTOH U HEHTPOH), Me30HH!, GAPHOHB! U PE30HAHCH!.
[To coBpeMeHHBIM NpeNCTaBNEHHSIM, afPOHLI SIBJASIOTCS COCTaB-
HBIMH YaCTHLAMH, COCTOSILUMMH U3 Oosiee (yHIaMeHTaJbHbIX
00beKTOB — KBapKOB.

Takue yactunpl Kak GoToH, npomexkyTounble W- 1 Z-Go30Hb!
U Taxk HasbiBaeMBle IVIIOOHBI MIPAIOT POJIb IEPEHOCUHKOB B3a-
HUMOJeHCTBHUH .

«Iremernmaprocmey yacmuy,. C poCTOM JOCTHXKHMBIX B 3KC-
NlepHMeHTax 3Heprufl, T.e. [0 Mepe MOsSIBJeHHsS BO3MOXKHOCTH
HCCIeloBaTb BCe MEHbLIME DAacCTOSHUS, H3MeHsieTcsd CaMo
HOHSTHE 3JIEMEHTapHOCTH dYacTull. I3 nepednc/ieHHBIX BEIILE
YacTHI, Ha CeTOAHSIIHMH JeHb 3jeMeHTapHHIMH (GecCTpyKTyp-
HBIMM) CuHTaroTcsi (POTOH, JIENTOHBEI M KBapKH. B cienyromux
rIaBax Mol Jo6aBHM K HHM ellle HEKOTOpHIE YaCTHIBI — Ilepe-
HOCUMKH B3aUMOJEHCTBUH: TaK HA3bIBaeMble TJIIOOHBI U MpOMe-
JXKyTOuHEIe 6030HHI. He HCKJ/IIOYeHO, OfHAKO, YTO JasbHEeHIIHe
HCCJIeIOBaHUSI MOTYT NIPUBECTH K OTKPHITHIO CTPYKTYPHI U Y 4a-
CTHIl, CUHTAIOIUXCA B HACTOSlllee BPEMs 3JIEeMEHTaPHEIMH.
BBuay s10r0 B 3aBHCHMOCTH OT KOHTEKCTa TEPMHHBI «3JIEMEH-
TapHas YacTHLa», «bH3HMKa 3JeMEHTAPHBEIX YaCTHIl» MOTYT OKa-
3aThCsl ABYCMBICJeHHBIMH . [10 3TO# npuurHe Npy HCNOIB30BAHUH
STHX TEDMHHOB Mbl 6yJieM 10 BO3MOKHOCTH H30erarth Ipujara-
TEJILHOTO «3JIeMEHTapHbIe»,

Xapaxmepucmury uacmuy. OCHOBHBIMH XapaKTepUCTHKa-
MH YaCTHIL ABJAIOTCS: Macca HOKOs, CIHH (CoGCTBeHHHIH Me-
XaHMYECKMH MOMEHT), 3JIeKTpPHYecKUH 3apsji, BpeMs KH3HH,
a TakKxXe HeKOTOphle JpyrHe BeJWUYHMHB. Hanuyue y 4YacTHIL
CIIHHA M ONpeJe/eHHOIO BpEMeHH XKM3HH SIBJISIeTCs] NpOsiBJe-
HMEM MX KBAaHTOBBIX CBOHCTB. O HHX MBI pacCKaXkeM YyTb
nosxe. IIpexxje HanmOMHHM HEeKOTOpHIE CBEIEHHs O Maccax H
3apsjax.

Macca m, sHeprus 4 UMIyJIbC YACTHIB! CBSI3aHBI H3BECTHBIM
PEeJIATHBHCTCKMM COOTHOLIeHHeM E%—c?p?=m?**. Kak yxe
FOBOPHJIOCH, OOBLIYHO Macca M HMITYJILC HU3MEPSIOTCS B SHEpre-
THUYeCKOHM mKaje. Hanpumep, Macca asnektpoHa m,=9,110-
-107*® r=0,6110 M3B, macca nporoa m,=1,673-1072* r=
=0,9383 I'sB. Cpenu H3BeCTHBIX K HaCTOsiliEMy BpEMEHH Ya-
cTui, HauGosbiune Macchl (~100 I'sB) umeroT Tak HasbiBae-
Mble IpoMexKyTouHsle W- 1 Z-Go30Hbl. A Maccel (OTOHA U He-
KOTOPBIX APYTHX YaCTHI, PaBHbl HYJIO.

Yactuupl 061a4a10T Takke HaGOPOM IHCKPETHHIX XapaKTe-
PHCTHK — TaK HasblBaeMblX BHYTPEHHHMX KBAHTOBBIX UHCEJ.
Cpeny HUX HanGosee H3BECTEH 3JEKTPUYECKHE 3apsijl, KOTOPHIi
y BCeX HaO/IofaeMblX YaCTHIl KpaTeH 3apsily 3JEKTPOHA e=
=4,803-10" ex. CI'C=1,602-10"** gysona.
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BHyYTpeHHHMH KBAaHTOBBIMH YHCJI4MH YacCTHIl SIBJASIOTCS Ga-
PHOHHBIH H JIENTOHHBIH 3apsi/bl, YeTHOCTDb, a TaKKe KBapKOBHIE
apoMaThl — XapaKTepUCTHKH, ONpeJesiolye THN KBapka (d
COOTBETCTBEHHO aJipOHa, KOTOPHIH €ro COAEPKHUT), TaKHe, Kak
M30CIIHH, CTPAHHOCTh U T. 1. KpoMe TOro, KBapKH OJHOrO H
TOTO K€ apoMara MOT'YT pasjHyaTbCsl elle OfHHM KBAHTOBBIM
YHCJIOM, KOTOpOe MOJNyuYHJIO HasBaHHe 1uBeT. [lonpoGHee 06
3THX XapaKTepHCTHKaX Mbl paccKaxeMm B § 8.

BHyTpeHHHe KBaHTOBBIE YHMC/a BBOIATCS LISl TOTO, UTOGHI
(opMasnn30BaTh 3aKOHOMEPHOCTH, 3KCIEpPHMEHTANbHO Habio-
JlaeMble B Tpoleccax, NPOUCXOISLUIMX C yacTHUamHi. Tak, Ha-
npHMep, OTCYTCTBHE B NPHPOZE KAKHX-JHOO0 NMPOIECCOB MOXKHO
NpeACTaBUTb KaK CJIENCTBHE CYLIECTBOBAHHS HEKOTOPOTO KBaH-
TOBOTO 4HCJIa, COXpaHeHHe KOTOPOTo 3ampellaeT MOAOGHBIE
IIPOILECCHL.

Keanmosvie ceoticmsea uacmuy. KBaHTOBYIO NPHPOLY HMeET
CNIMH — COOCTBEHHBbIH MOMEHT KOJIHUYECTBA JIBHIKEHHUS YaCTHIIH,
He CBSI3aHHBIH C ee nepeMelleHHSIMH B IPOCTPAaHCTBE.

CnuHBl HacTHIl, KaK 3TO CJAeNyeT H3 KBAaHTOBOH MEXaHHKH,
MOTYT NPUHHUMATb JIHIUb JUCKPETHbIE 3HAUeHHs — IieJible KpaT-
Hble TOJIOBHHBI MOCTOSIHHOH [lnaHka 7i,=1,054-10‘27 3prec=
=6,582:10-?2 MaB. Cnun n- u K-me30HOB, Hanpumep, paBeH
HYJIIO; CIMH HeHTPOHA, MPOTOHA, 3JeKTPOHA, MIOOHA H HEHTpH-
HO B BEIOpAaHHOM cHcTeMe paBeH 1/2, a cHH (OTOHA, IVIIOOHOB,
W- 1 Z-6030H0B paBeH 1. CyliecTBYIOT TaKKe YacTHIbL ¢ 66Jb-
MM CIHHOM.

OTnHYHBIA OT HYJIS CIIMH YacTHLB! BBIAE/ISET HEKOTOPOEe Ha-
TnpaBJieHNe B IpocTpaHcTBe. [109TOMy yI/I0BbIe XapaKTepHCTHKH
Jo6oro mpomecca 3aBHCAT OT CIHHOB Y4YacTBYIOUMX B HeM
gactuil. Ha npakTHKe 3TO NO3BOJSIET ONpelensTh 3HaueHHs
CNIMHOB YaCTHI[ H3 aHa/IM3a YIVIOBBIX XapaKTePHCTHK IPOLECCOB.

B 3aBHCHMOCTH OT 3HAaueHHs CNHHA YacTHUBL JeJATCS Ha
JIBa KJIACCA: YACTHIIBI C Le/IbIM (B eIMHHLAX /i) CIMHOM H YacTH-
el ¢ noayueasm (1/2, 3/2, .. .) cnuHoM. 3aKOHBI MOBEAEHHS
CHCTEM YacTHII 3THX JABYX KJaccoB pasiuuHbl. Paccmorpum
3TOT Bompoc Gosee noipoGHO. B ocHOBe KBaHTOBOMeXaHHUe-
CKOTO OINMCAHHUSI CHCTEM YaCTHI[ JIEXKHT NPHHIMI TOXKAECTBEH-
HOCTH, COIJIACHO KOTOPOMY B NPHPOJE pealu3yioTcs JHIb Te
KBAaHTOBHIE COCTOSIHHSI, KOTOpble He MEHSIIOTCSl IpH IepecTa-
HOBKE OJMHAKOBBIX YacTHI. [IpHHIMI TOXKAECTBEHHOCTH Tpe-
6yeT, 4TOGB! (hU3HUECKHE XapaKTepHCTHKH ObLIM HHBApDHAHTHBI
OTHOCHTEJILHO NEPeCTaHOBKH OJMHAKOBHIX dactull. Orcroja cie-
LyeT, 4TO BOJIHOBbIE (PYHKIIMH CHCTEM OAMHAKOBBIX YacTHIL CHM-
METPHYHBI HJIH aHTHCHMMETPHYHBEI OTHOCHTEJIBHO TaKoH mnepe-
CTAaHOBKH, T.e. JUG0 He H3MEeHSIOTCd NpPH IepecTaHOBKe
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J0GO# maphl 4acTUll, JHOO YMHOXKAIOTCA NPH 3TOM Ha —I1.
[TepBrifi BapHaHT HMeeT MeCTO JJIs CHCTEM YACTHIL C LeJLIMH
CIHHAMH, BTOPOH — C IIOJIYLEJBbIMH.

TpeGoBanve aHTHCHMMETDHH BOJHOBOH (DYHKIHM CHCTEMEI
TOXKJIECTBEHHBIX YaCTHIl C MOJYIEJbIM CIHHOM H3BECTHO Kak
npunuun Ilaynu. Ilpu npeneGpexeHnH B3aHMOIEHCTBHEM H3
npuHuuna IlaynM cnemyer, 4yTo B KaX[IOM KBaHTOBOM COCTOSI-
HUZ MOXKET HaXOAHTbCA He GoJiee ONHON TAaKOH YaCTHIIH.

Pasnuune B CBOHCTBaX CHMMETPHMH BOJIHOBBIX (YHKIIME
CBSI3aHO C TeM, YTO CHCTEMBI YACTHIL C LENBIMH U MOJyIleNbIMHI
CNIMHAMH MOAYMHSIOTCS PAa3HBIM CTAaTHCTHYECKHM 3aKOHAM —
COOTBETCTBEHHO HasblBaeMbIM CTaTHCTHKaM# bBose — DiHm-
refiHa u ®epmu — Jupaka. [TosToMy yacTHIB ¢ LEABIMH CITH-
HaMM HasblBalOTCSi G030HAMH, C MOJNYLENbIMH — (GepMHOHAMH.,

B crarucruke bBose — DiinmrefiHa craTHCTHYeCKHE Bec
JIF060ro peau3yeMoro COCTOSAHHA cHcTeMbl N yactuil paBed 1.
B crarucrike ®depmu — Jlupaka CTaTHCTHYECKHE BeC MOXKET
NpUHUMATD JBa 3HAuUeHMs: 1, ec/lM HH ORHO YHCJIO 3aMOJIHEHHS
He TnpeBblaeT efuHULL, H 0 — B npoTHBHOM ciydae. Hamnom-
HHMM, 4YTO YHC/JaMH 3alOJIHEHHS HasbIBAIOTCA COBOKYIHOCTH
BeaquuuH Ny, ..., Ny, ..., KOTOpBIE NOKAa3EIBAIOT, CKOJIBKO
YacTHIl JaHHOTO COPTA HAaXOJUTCA B HHAMBHUAYAJbHEIX COCTOSI-

Huax 1, ..., s, ...; ZN;'=N-

OnHo3HayHas CBA3b CIMHA C THIIOM CTAaTHCTHKH COCTABJsIET
cofiepkaHue TeopeMel llay/nu, xoropas umeer ¢yHAaMeHTa/b-
HBIl XapakTep, ABASAACh HENOCPENCTBEHHBIM C/IEICTBUEM HPHH-
IIMIOB, JIeXallliX B OCHOBE COBPEMEHHOH KBAHTOBOH TEOpHH
noJisi.

[lposiBjleHHeM KBaHTOBBIX CBOHACTB SIBJISeTCS TaKkXe H
TOT (akT, YTo GOJBLUMHCTBO M3BECTHBIX YaCTHIL XKHUBET JIHIb
OorpaHHYeHHOEe BpeMsi, a 3areMm pacnaznaercsi. [loj sTuM, sanm-
CTBOBAHHBIM H3 $IAEDHOH (DH3UKH, TEPMHHOM IOHHMAETCH HE
pasBaJl YaCTHLEI Ha KaKHe-TO COCTABJISIIONINE, a ee IPeBpalieH e
B COBOKYNHOCTb APYruX uacTHu. OXHH H3 NepBBIX H3BECTHHIX
TIpolLeccoB pacrnafa — f-pacnaj HeHTpOHA, B KOTOPOM HEHT-
POH npeBpalaeTcs B 3 YaCTUIBI: MPOTOH, 3JEKTPOH H 3JIEKTPOH-
HOe aHTHHEHTPUHO, T. €. N—=>p—+e~~v,.

Kaxk Bcakuii KBaHTOBBIH IIpollecc, pachaj YacTHIE HMeeT
BEpOSITHOCTHEIA XapakTep. Ero BeposTHOCTb SKCIOHEHIHATLHO
3aBHCHT OT BpeMeHH f, a HMeHHO: w=l—exp (—1/7). [lapa-
MeTp T, HMeIOmMH pasMepHOCTh BpPEMEHH H XapaKTepH3yio-
IHA CKOPOCTb 3TOTO TNpOIlecca, Ha3blBAETCs] BPEMEHEM JKH3HH
yactHUpl. Pasymeercsi, Kak Jo6asi BepOSTHOCTHAsl XapakTe-
DHCTHKA, OH yKasblBaeT He Ha CBOHCTBA OTHENbHOH YaCTHIbI
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JaHHOTO COPTa, a sABJAseTcs HEKOTOPO# ycpefHeHHOH 1Js Goslb-
IO COBOKYTHOCTH YacTHI, BeJHYHHOH.

BpemeHa X(M3HH 4acTHLL OYeHb CHJBHO pasauyatorcs. Ha-
npumep, Ajas HeidtpoHa 1~ 10° ca 15 MuH, a M caMblX KOPOT-
KOXKMBYIIMX YacCTHIl, TAK Ha3blBaeMbIX PE30HAHCOB, OHO COC-
taBasier 1072 —107%* c. ITpomMexXyTO4YHOH 1O BpeMEHH KHU3HU
MeXJy HYKJIOHaMH M pe3OHaHCaMH siBJseTcs 6ogbllias rpynna
HecTabUJIbHBIX aJpOHOB — Me30HOB U GapHOHOB.

Pasnuuve Bo BpemeHax KH3HH YacTHIL CBSI3aHO B NEPBYIO
ouepellb C MHTEHCHBHOCTBIO B3aHMOJEHCTBHH, OTBETCTBEHHBIX
8a pacnagbl. Tak, pacnaj HeHTpOHa BbI3bIBaeTCs CJlabM B3a-
HUMOJIeHCTBHEM, a pachajpl pe30HaHCOB — CHJIBHBIM.

3a HeGOJBIUMM HCKJIOYEHHEM pacnafialoTcsi NOYTH BCe H3-
BEeCTHble YacTHIBI. AGCOJMIOTHO CTAaGUJILHEIMH B IpejesaX ToY-
HOCTH COBPEMEHHBIX 3KCIepHMEHTaNbHBIX JaHHBIX, T.e. XH-
ByIIUMH B CBOGOJHOM COCTOSIHHM INPaKTHUYeCKH OEeCKOHeUYHO
JOJITO, ABJAIOTCSA JIMIIb 9JEKTPOH, NPOTOH, (DOTOH U HEHTPHUHO.
(O momckax pacnaioB MpOTOHAa MBI pacckameM B § 23.)

Bsaumonpespawjaemocme wacmuy,. OGCYXKIaBLIAsCs BbIIIE
HeCTaGUIBbHOCTD YacTHIL NIPeJCTaBJ/IsieT COG0H NPOsiBIeHHe BaX-
Hejillero cBofcTBa MMKpOMHpa — CBOHCTBAa B3aMMoOIpeBpalae-
MocTH yacTHil. OHO COCTOHT B TOM, YTO YaCTHIIBl H HX COBOKYII-
HOCTH, KaK IIpaBWJO, NepexoisaT B JIpyTHe 4YacTHLBI M HX
COBOKYIIHOCTH, €C/IH TaKHe Nepexojipl He 3ampelleHbl KaKHMH-
60 3aKOHAMH COXpaHeHHs.

BsaumonpeBpainiaeMocTb YacTHI, JIEXKHT B OCHOBE Me-
XaHM3MOB HX B3auMmofeficrBuil. OcraBisis GoJiee NozpoGHOe
o6cy:K/leHHe 3TOro Bompoca A0 CleAyrouero naparpada, oTMe-
THM 3/1eCh JIMIIb, YTO NPOHU3BOJBHBIA ITpoLecc B3aUMOAEHCTBUS
YACTHI, C COBPEMEHHOH TOYKH 3peHHsl NpelcTaBisercss B BUIE
COBOKYIIHOCTH 3JIeMEHTAapHBIX aKTOB, B KaXJOM H3 KOTODHIX
NPOHCXOJAT HEKOTOpble B3aHMONpeBpailleHHsl YacTHII.

Takum o6pasoM, B MHKpOMHpe MpOLECCH B3aUMONpPeBpa-
IeHHs] YacTHI, — 3TO OOBIYHBIE M HEOGXOAUMbIE sIBJIEHHS. bo-
Jiee TOrO, OTCYTCTBHE KaKHX-JIHOO IepeXojioB, paspelleHHbIX
H3BECTHBIMH 3aKOHaMH COXpaHeHHsl, BOCIpHHHMaeTcsl KaK yka-
3aHHe Ha CyllleCTBOBaHHe HOBOTO, ellle He H3BeCTHOIO 3aKOHa
COXpaHeHHs.

3aKonbl CoxpaHeHus BHYTPEHHMX KBaHTOBBIX YMCeN, Kak
y2Xe TOBOPMJIOCh, SIBJASIIOTCS HEKOTOPOH ¢opmasu3sanyeli 3Kc-
nepyMeHTaNbHO HabJsofaeMblX 3aKoHOMepHocre#l. HawuGosee
H3BECTHBEIH NPHMep — COXpaHeHHe 3JIEeKTPHYecKoro sapsia.
Bce cymecTByomue B HacTosiiiee BpeMsi SKCIepHMeHTasbHbIE
JaHHble He NPOTHBOpeuaT TaKKe COXpakeHHI0 GapHOHHOIO H
JIENITOHHOTO 3apsAnoB (cM. § 23).



B 10 Ke BpeMsi HEKOTOpHIe 3aKOHOMEPHOCTH HabJII0AaroTCs
B Mpolleccax Onpeje/eHHOro THNA, HO He BLIMOJNHSAIOTCA B APY-
rux. IlostoMy 3aKoHBI cOXpaHeHHsI BBOIMMBIX B 3TOM cJllyyae
KBaHTOBLIX UMCes He HOCAT oOlIero xapakTepa, a HMeloT orpa-
HHUYeHHYIO 00JacTb NpHMeHHMOCTH. K 4ucay NMoZOGHBIX KBaH-
TOBBIX UYMCeJl OTHOCATCSl, HalpHMep, KBapKOBBIE apOMaThl, KO-
TOpBIe B CHJIbHOM B3aHMOJEHCTBUH COXPaHSAIOTCA, a B cjlaboM —
Her. [Ipyrum npHMepOM CJYXKHT YeTHOCTb, COXpaHAKOIAfCA
Besjile, KpoOMe IMpOIecCcOoB CJIaboro B3aUMOJICHCTBHA.

Kaxk wusBecTHO, Takue (yHJaMeHTaJbHble 3aKOHBl, KakK
3aKOHBI COXPaHEeHHs SHepTHHM, UMIYJbca U MOMEHTa, SIBJIAITCS
CJIEJICTBHEM CHMMeTPHH (DM3HMYeCKHX OOBEKTOB B IIPOCTPAHCT-
Be — BpeMeHHU. [lelicTBysl NO aHaJOrMH, COXpaHEHHIO BHYT-
PEHHHUX KBaHTOBBIX YMCeJ CONOCTABJAIOT CHMMETPHH B HEKO-
TOPBIX a6CTPaKTHHIX (BHYTPEeHHHX) mpocTpaHcTBax. Kak scHo
U3 BBINIECKA3aHHOTO, OOMNBUIMHCTBO BHYTPEHHHMX CHMMETPHH
HOCHT NpUOIHKEHHBI! XapakTep. 3a HCKJIOYeHHeM CHMMeTPH,
CBSI3aHHBIX C COXpaHEHHeM 3JIeKTPHYeCKOro 3apsja, 6apHOH-
HOTO H JIENTOHHOTO YKCeJl, a TaKXke CHelHaJbHOH «I(BETOBOH»
CHMMETPHH KBapKOB, BHYTPeHHHME CHMMETPHH HMEIOT MeCTO B
OIHMX B3aHMOJeHCTBHAX M Hapyalorcd B ApyTHX. B cienyio-
Iell I71aBe Mbl paccKax<eM O POJIH NPUOGIIKEHHBIX CUMMETPUH B
¢dusuke yactuy 6osee NOAPOGHO.

Tunot e3aumodeticmeuti. B Hacroslee BpeMs CuMTaercd,
YTO Bce MHOroo6pasue pasNHyHBIX BHAOB U (OPM B3aMMOJeH-
CTBHSI MaTepHMH CBOAUTCS K YeThblpeM THNaM (yHAaMeHTaJbHBIX
B3aHMOZEACTBUH MeXIYy UYacCTHUIlAMH: CHJBHOMY, cjaboMy,
3JIeKTPOMarHMTHOMY M TPaBHTAIlMOHHOMY.

Kak y:xe roeopusoch, CHJIbHbEIE B3aHMOJEHCTBHSA OXBAThIBA-
10T GOJIbLIYI0 TPYMNIY YaCTHIL, KOTOpPhle HasbIBAlOTCS COOMpa-
TEeJbHBIM TEPMHHOM — aJpOHBl. JTO B3aUMOJEHCTBHE INIPOSB-
JIFeTCs1 Ha PacCTOSHUAX, He NPEeBhILAONIUX XapaKkTepHoe sijep-
HOe paccTosiHue ry; ~1071® cM, 6/M3KOe K KOMIOTOHOBCKOH IJIH-
He m-Me3oHa. CuJ/ibHBIE B3aMMOJEHCTBHSI OTBEYaloT, HanpHMep,
3a filepHBle CHJIBI, CBSI3bIBAIOLIME IIPOTOHBI B HEATPOHBI B aTOM-
HbIX sifipax. OHY Ha3BIBAlOTCS CUJIBHBIMH, TaK KaK B MHKPOMHpPE
NPUBOAAT K OOJBUIMM KOJHYecTBeHHBIM 3(¢ekram. CeueHus
COOTBETCTBYIOLIMX NPOLECCOB, KaK NpaBuJo, OJU3KH K reoMe-
TpHueckuM (~1072% cM?), KOTOpHIE ONpefelsloTCsl KBafpaToM
pajuyca B3aMMOJeHCTBHSI H KOTOpHIE MOJYYaJHUCh Obl, Kak
ecJii Obl IPOMCXOAUIO CTOJNKHOBeHHe 1apoB panuyca 10713 cu.
Ha manbix paccrosiHusiX (S7,;) CHJIbHBIE B3aUMOJEHCTBHS Be-
JIIKH 10 abCOJIIOTHOH BeJIMUMHE H CYLIeCTBEHHO NpPeBOCXOJIAT,
HanpHuMep, 3JIeKTPOMAarHHMTHBIE B3auMojelicTBusi. Tak, cpen-
HSIsl SHEPTHs CBA3H HYKJIOHOB B siipe COCTaBJSIET BeJHUHHY
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nopsigka 10 MsB Ha ofuH HYKJIOH H B MHJUIHOH a3 NpeBbilla
€T THINHYHYIO SHEPTHIO 3JeKTPOMarHHTHOH CBsi3, HanpuMep,
BHEIIHHX 3JIEKTPOHOB C aToMHBIM siapoM (~10 3B). pyroi
Crnoco6 CpaBHeHHs] B3aHMOJEHCTBMIl 3aKJIOYaeTCsl B COINOCTAB-
JIEHHH YMCJIOBBIX Oe3pasMepHbIX XapaKTEPHUCTHK, OIMHCHIBAIO-
IIMX HHTEHCHBHOCTH B3auMojeficTBHi. Mepoll MHTEHCHBHOCTH
3JIGKTPOMArHATHOTO B3aHMOJEHCTBUSA CHYKHUT TaK Has3biBaeMast
NOCTOSIHHAs TOHKOH CTPYKTYps a=e*fic=1/137. CuabHbe
B3aUMOJICHICTBHsI TPaJHIHOHHO XapaKTepU3YIOTCS KOHCTAHTOH
NHOH-HYKJIOHHOTO B3auMofelcTBusl g. UucioBoe 3HayeHHe
GespasMepHOi KOMOHHAnMM g%/fic, aHANOrMYHOM MOCTOSIHHOM
TOHKOH CTPYKTYDHI, OKasblBaeTcsl paBHBIM 14,7, 4To Ha He-
CKOJIBKO TNOPSIAKOB npeBblmaer . C coBpeMeHHOH TOUKH 3pe-
HUs B3aUMOZieHCTBHe aZipOHOB He sBJsieTcs GyHIaMeHTaNbHEIM,
a npeJCcTaBAseT co00H clelCTBYe 31eMeHTapHOTO B3auMojeficr-
BHSI KBAPKOB, U3 KOTOPBIX COCTOST aipoHbl. ONUCAHUIO TeOpHHU
STOTO KBapKOBOTO B3aMMOJEHCTBHS MOCBsIeHa rjaBa VI.

TunuuHbIM TpHMepOM caGoro B3aHMOJEHCTBHS sSIBJISIETCS
B-pacmaj HefiTpoHa W, Kak CJEACTBHE 3TOrO, PajHOAKTHBHEI
pacmajz aTOMHBIX siep. B KauecTBe BTOPOrO NpHMepa MpHUBe-

JleM mponecc pacrnaga MiooHa (p~—»e~-+v,-+v.). Cnabele B3a-
HUMOZEHCTBHS NMPUCYMY KaK ajpoHaMm, Tak M JentoHaM. B o6-
nactu sHepruit <€100 I'sB uX MHTEHCHBHOCTb CYIIECTBEHHO 3a-
BUCHT OT XapaKTepHBIX SHepTHH MpoLeccoB, BO3pacTas Cre-
TeHHBIM 06pa3oM NpH yBeauuyeHHH 3Hepruu. IIpu mocraTouHo
HU3KHX SHeprusax 3¢d¢eKTel B3auMOAeHCTBHSA JeHCTBUTENBHO
ABJSIOTCS cJabbiMU. Tak, NpH SHEPTUsAX MOpsJKa MacChl HYK-
JoHa (~1 I'sB) GespasmepHas BenuuuHa GpMJ, xapakrepu-
3yolasi MHTEHCUBHOCTh B3auMojelicTBus (Gr— Taxk HasbiBae-
Mast KoHctanTa @epmiu), paBHa 10~%. B To xke BpeMs B o6JacTH
~100 I'sB cnabele B3auMoneHCTBHsI CPABHHBAIOTCS IO CHJE
C 3JIeKTPOMAarHHUTHBIMH. Dosee moapo6HO 06 3THX Bompocax
MBIl pacckaxeM B ryaBe V (§ 17), B xoropo#l obcyxnaercss cob-
peMeHHass TeopHs CJaGbIX M 3JeKTPOMArHHTHEIX B3aHMO-
Ie#icTBui.

B 3JeKTpOMarHHTHEIX B3aHMOJEHCTBHSIX HeNoCpeICTBeHHO
YYacTBYIOT 3JIEKTPHUECKH 3apsKeHHble yactuubl. OHH, B yacT-
HOCTH, OCYIIECTBJSIOT CBS3b aTOMHHIX 9JEKTPOHOB C fiIpaMH H
CBSI3b aTOMOB B MoOJeKyJax.

I'paBuTanuonHOoe B3auMoIeficTBHE SBJseTCS YyHHBepcalb-
HelM. OHO TpHUCYIle BCeM BHJAM MAaTepHH, BCeM YacCTHIIAM.
OnHako Ha pacCTOSTHUSX, COOTBETCTBYIOMIUX JOCTHKHMBIM BO
B3aUMOJIEHCTBHUAX YACTHI[ SHEPTUSIM, IPaBUTALMOHHbIE 3thdexTsl
npeHeOpeXXHMO MaJsbl 10 CpaBHeHHIO ¢ 3ddekramu APYrux
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B3auMozelicTBuil. Tak, B 4aCTHOCTH, IPaBUTALHOHHAS MOCTOSIH-
Hasg Gy (xoHcranTa HbioTOHA) B BHIOpaHHOH CHCTEMe eIMHHI]
fi=c=1 na 33 nopsaka MeHbIe caboit KoncTauTsr Pepmu Gp.
B kauecTBe elle OfHOH HJIIOCTPALIMH MAJIOCTH I'PABHTALHOHHBIX
CHJT yKa)keM, HampuMep, 4TO CHJia I'DaBUTALHOHHOTO MPHUTS-
JKEHUs IBYX NPOTOHOB NpuMepHO B 10%7 pa3 MeHbIle CHJIBI HX
3JIEKTPOCTATHYECKOTO OTTaJKHBaHUs1. ONHAKO JJIs1 MAaKPOOG beK-
TOB, KOTOpble B IeJIOM 3JIeKTPHUECKH HeHTpasbHBI, rpaBuTa-
[[HOHHBIE B3aHMOJEHCTBUA IOMHHHPYIOT.

Kak rpaBuTanioHHOe, TaK U 3JeKTPOMarHUTHOe B3aUMoOjleli-
CTBUS SAIBJSIOTCS JasbHOZeHcTBYOUUMU. KX HHTEHCHBHOCTH
cnabo yObiBaeT Ha GOMBIUNX pacCTOSHUAX (~r~1), BCJeACTBHE
Yero MIMeHHO 3TH B3aHMOJEHCTBHSI HIPAIOT ONPEEISIOULYIO POJb
B MakpodHsHKe. Tak, yKe Ha aTOMHBIX paccTosiHUAX (~ 10~8cm)
9JIEKTPOMAaTrHUTHBIE CHJIBI 3HAUHTEJNbHO MNPEBHIAIOT sfiepHEIE.

§ 2. KsanroBble noJs

Jia onucaHus AMHAMHKM 4YaCTHLL M HX B3aNMOJEHCTBHH
CO3JlaH MOLIHLIH TeOopeTHUecKHH amnnapar — KBaHTOBasi Teo-
pus nossi. OCHOBHBIM (H3HYECKUM OO'BEKTOM 3TOH TEOpHHU sIB-
JisleTcsl KBaHTOBOE I0Jie — CcBOeoOpasHblfl CHHTE3 MNOHATHH
KJIaCCHYEeCKOTO I0JIs1 THIIA 3JeKTPOMarHHTHOIO M IOJIST BEpOST-
HOCTell HepeJATUBHCTCKOH KBaHTOBOH MexaHMKH. Ilo coBpe-
MeHHBIM NpeJNCTaBJeHHsM OHO sBJsercs HauOoJee QyHIaMeH-
TaJbHOH M yHMBepcalbHOH ¢dopMOfl MarepuH, JexameH B oc-
HOBe BceX ee KOHKPETHBIX IpOsiBJIEHHH.

Knaccuueckoe nose. 1o moHATHE OXBaThIBaeT Bce (H3Hue-
CKHe BeJIMUHMHBI 4 (X), 3aBHCSLIMe OT KOODIAMHAT H BpeMeHH
(x — 370 TOUKa mpocTpaHCcTBa — BpeMeHH: x= (X, f)). Oco-
6y10 pOJIb HTpaloT BOJIHOBBIE MOJISI, CBSI3aHHBIE C NEPEHOCOM
B3aMMOJeHCTBUH MexAy uacTHLaMH. THNHYHBIH nOpuUMep —
sJeKTpoMaruuTHoe noje Papanes — Maxcesna, onHchIBato-
llee B3auMOJleficTBHe 3JeKTPHYECKH  3apsXKEeHHBIX YAaCTHI.

3aMeTuM, 4YTO MOHSTHE II0JIsT eCcTeCTBEHHO BO3HHMKaeT IpH
NOMBITKE OTKAa3a OT IpejCTaBjleHHs O MTHOBEHHOM JeHCTBHH
YaCTHIL APYT Ha Jpyra Ha pacCTOSIHMU — IpeACTaBJeHHs], Npo-
THBOpEYAIllero CrenrHaabHOd TeOpHH OTHOCHTeNbHOCTH. CunTas,
YTO NIPOCTPAHCTBO MeXAy YacTHIaMH 3alOJHEHO IIoJIeM, Mbl
BO3j1araeM Ha mnoJjie (pyHKIMIO Nepefiaull BO3MYLIEHHS C KOHeu-
HOH CKOpOCTBIO OT OJHOH yacTHIpI K Apyro#i. Takum obpasom,
BBeJleHHe KJ1acCHYeckoro mnossi B GUsHKy IMKTyeTcs coobpa-
JKEHHSAME DeJATHBHCTCKOH HHBApHAaHTHOCTH.

PaccmatpuBas mosie Kak MeXaHHYeCKYIo cHCTeMy c Gecko-
HEeYHBIM YHCJIOM CTeneHel CBOGOZBI, MOXHO MOCTPOHTD JlarpaH-
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KeBY (DYHKLUHMIO 3TOH CHCTeMbl H C MOMOLIbIO BapHaLHOHHOIO
NpUHLUMIA CTAlMOHAPHOrO AeHCTBHA MOJYUYUThb YpaBHeHHe 1JIA
nojeBoil GyHkuuu u(x). Hy¥HaMuyecKue HHBAapHAaHThI, TakHe
KaK 3Heprusi, HMIYJbC H MOMEHT, 06pasyloTcsi NMPH 3TOM MO-
IOGHO COOTBETCTBYIOLIMM BeJHUYHHAM B annapare KjaaccHuecKoh
MeXaHHKH H BbIpaKaloTCs B TEDMHHAX U (X) M ee IPOM3BOJAHEIX.

C MeTonHYecKO# TOYKH 3peHHsi, BMECTO HeNpephIBHOTO pac-
npejieleHHs MoJe3HO CHayajla pacCMOTpeTb NHUCKPETHYIO Mexa-
HMYECKYIO CHCTEMY, MMEIOLLYI0 CUeTHOe YHCJIO CTeneHell CBOGO-
Ibl, a 3aTeM NepedTH K HeNpepblBHOMY Ipefiesy. 310 yI06HO
clles1aTh, MCMOJB3Ysl TaK HasblBaeMoe JUCKPETHOe HMMYJbCHOe
npefcTaBleHHe, KOTOpOoe NOJYUYHTCS, eC/IH 3aKJIOUHTh Moje B
NPOCTPAHCTBEHHHIN Ky6 o6beMoM V=L? U HaJOXHTb yCJIOBHE
TIEDHOJMYHOCTH C MepHofoM L mo KaxJoH NpocTpaHCTBeHHOH
KoopauHare. Torla, Kak H3BecTHO, HHTerpansl @ypbe 3aMeHSAT-

s psiflaMy, a noJie GyeT OnpefessiThCsl XOTs U 6eCKOHEYHbIM, HO

2n 2n 2n
cueTHIM HaGopoM BesnnuuH @(k), roe k= (T Mgy T~ Mas Tns),
a fly, Ny, Ny NPUHUMAIOT LEJOYHCIEHHBlE 3HAYeHHl OT —OO
10 +00. B ciyuae cBOGOAHBIX TOJIEH 3TO MOXKHO TPaKTOBAaTh
KaK pasJjioKeHHe 10JIst B 6eCKOHEYHYIO CYMMY He3aBHCHMBIX rap-
MOHHYECKHX OCLHJISTOPOB, KaMIbl# M3 KOTOPHIX XapaKTepH-
3yercs cBoell uyacrotodi ® (k) u ammuutymoit ¢ (k). Ilepexon
K HenpepLiBHOMY IIpefiesly AOCTHTaeTCsl NPH ycTpemseHHH L
K 6eCKOHEYHOCTH.

Keanmosanue. KBaHTOBaHHe NOJNA — 3TO, IO CYTH, KBaH-
TOBaHHe Ka)JOro M3 TaKHX OCUHMIATOPOB. Kak H3BecTHO
U3 KBaHTOBOH MeXaHMKH, 3HEpPrus OCLHJIATOPA MOXKeT IpH-
HUMaTb JUCKpPETHHIH Habop 3HaueHUH

E,(k)y=Fho(k)-(n4+1/2), n=0,1,...

OKBHIUCTAHTHOCTb YPOBHEH 3HEPTHH, T. e. baKT JHHEHHOH
3aBHCHMOCTH 3HEpPTHH OT HOMepa COCTOSIHHS, CJIY2KHT OCHOBOH
IJIsT KOpNYCKYJSPHOH TPaKTOBKH TeopuH. Ocumaasatop c ua-
croroii ® (k), Haxomsuiu#ics B BO3OYXKIEHHOM COCTOSIHHH 1,
MOXKHO IIPeICTaBHTh KaK COBOKYNHOCTb Hepas3JHYUMBIX ADYT
OT Jpyra n YacTHIl — KBAHTOB BO30YXKIeHHS, KaxX/biil H3
KOTOPHIX HMeeT sHeprHio ho (k).

UKeao yacTHIENoJOOHBIX BO30YKIEHHH, Kak JIerkKo 3a-
METHTb, MOXET ObITb IPOU3BOJIBHEIM, YTO OTKPHIBAET BO3MOXK-
HOCTb KBAHTOBOTI'O ONHCAHHS CHCTEM C [lepeMEeHHBEIM YHCJIOM Ya-
cruu. Ilpn sToM noJieBble (pyHKIHHM NPeICTABJSIOT COOOH ole-
paropbl, KOTOpble H3MEHSIOT YHCJIO YaCTHI[ B CHCTEME.

Bostee TouHO, KaxIoe KBaHTOBOe TOJIe U;(x) BBIpaxKaercs
JUHEHHEIM o06pa3oM uepes omneparopsl poxaeHus u} (k),
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ONHCHIBAIOLIME POXKIEHHE YACTHIBI C MACCOH M; U 4-HUMNYJIbCOM
k, 1 oneparopbl YHUUTOXKeHUS u; (k), COOTBETCTBYIOLIHE YHHUY-
TOKEHHIO TaKOH yactyuisl. JleHcTBys Ha COCTOsIHNE C SHeprHed—
HMIIYJIBCOM p, Ccofiepxkaiiee N uacTHL, ONEpaTtop pOXKIEHHS
u* (k) mepeBomuT ero B coctrostHHe ¢ N1 yactHuell u ¢ sHep-
rHeil — UMIyJIbCOM p-+k. AHANOTMYHO ONepaTop YHHUTOXKEHHS
1~ (k) yMeHbILAeT SHEepPTHIO — HMIYJBLC M YHCJIO YACTHI[ CHC-
TEMBI.

Takum o6pasoM, B pe3yJibTaTe KBaHTOBaHHS NoJIeBble GYHK-~
MK TPHOGDPETAIOT ONepaTOpPHBIH (B KBAaHTOBOMEXaHHUYECKOM
CMBICJIE) XapakTep. STH Oneparopbl AEHCTBYIOT Ha OOGLLyIO AJIs
Bcex noJsiefi BonHOBYIO ¢yHKIHIO @. B coOTBEeTCTBHH € OGBIUHOM
KBaHTOBOH MeXaHHMKOH BoJHOBas (yHKnus @ NOJHOCTHIO Xa-
pakTtepusyer (u3HUYeCKoe COCTOSTHME CHCTEMBI, OIHCHIBAEMOMH
KBaHTOBBIMH BOJIHOBBIMH NoJIsIMH. [Tono6HO o6bruHOf W-hyHK-
nuy, BequunHa @ MOXKeT paccMaTpHBaTbCs KaK BEKTOpP B He-
KOTOpOM JIMHEHHOM npocTpaHctBe. BBuay storo ¢ynkius @
HasblBaeTcst BeKTOpoM coctosiHusl. CpellHMe 3HAUYeHHS NHHAMH-
Y4eCKMX BeJMUYHH M BEpPOSITHOCTH Nepexojia BHIPaiKaloTCsl depe3
kBagpatiHuHele ¢opmel ot @, mostomy @ HasbIBAalOT TaKkKe
aMnIuTyno# coctostHusi. Oco6oe 3HaueHHe B ONUChIBaeMOM (op-
MaJIi3Me HMeeT TaK HasblBaeMoe BaKyyMHoe cocrosiHue. Coort-
BeTCTByIOLIAsl eMy aMIJIuTyja obosHauaercs cumBojioM @,.
ITo ompeneneHuio, B 3TOM COCTOSIHHH OTCYTCTBYIOT YaCTHIIBI,
OHO MMeeT HYJIeBOH HMIY/JbC, MHHHMAaJbHYIO 3HEpPrHIo, H
JeficTBYEe Ha HEro onepaTopa YHHUTOXKeHHs J060ro IoJsi Jaer
HYJb:

u~ (k) ®y=0.

ITpu neficreuu Ha @, oneparopa poxieHus u* (k) nonayua-
ercs ojaHoyacTHyHoe cocrosiHue. CocTosiHHe, copmepxkamee N
4acTHIL, MOXKeT ObIThb NOoCTpoeHo N-KpaTHBIM JeHCTBHEM Ha Ba-
KYyMHOE COCTOSIHHE ONepaToOpOB DOXIEHHUS:

Opy=ut (k). . .u* (ky)Ds.
B cayuae, xorna unciio yacTul He GHKCHPOBAHO, aMIVIHTYAA

COCTOSIHMSI 3aMUCHIBAETCS B BHJE JIHHEHHOH Cyneprno3unuu am-
IJIUTY L () » C HEKOTODBIMU BECOBBIMH pr}IKI.lI/IﬂMI/II

®= Z XNCDN'
N=0

310 ecTh TaK HasbIBaeMOe npencraBJieHue ®oxka s AMIVIATYIBL

COCTOSTHHSA.
Kearmosvie noas. Mer noxKasaJii, KaKk KBAaHTOBOe IoJie BO3-
HHKaeT B pe3yJibTaTeé KBAHTOBAHHSA KJACCHYECKOI'O IOJIA. Ha-
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npuMep, NPpH KBAHTOBAHHH MOTEHLHAJBI KJIaCCHUYECKOTO 3JeK-
TpOMarHuTHoro nois A u ¢ M HanpskeHHoctd E u H crano-
BATCA KBAaHTOBBIMU ONlepaTopaMHM, KOTOpble IeHCTBYIOT Ha KBaH-
TOBOMeXaHHYECKYIO BOJHOBYIO GYHKIUIO GU3NYECKOH CUCTEMBI.
JInHeliHEle KOMOHHAIIMM 3THX IOJIEBBIX OMNEPATOPOB SIBJIAIOTCS
onepaTopaMH POXKAEHUS KBAaHTOB 3JIeKTPOMAarHUTHOTO MOJS —
¢oToHOB. B TO ¥e BpeMms omeparopHble NMOTEHIHANbl M Hamps-
JKEHHOCTH YJOBJIETBOPSIIOT OOBIYHBIM 3JIeKTPOJAMHAMHYECKHM
YpaBHEHUSIM JBHKeHHs — ypaBHeHUsM MaxcBesnna. Ha stom
NOYTH MBL IPUXOAHM K KBAaHTOBOMY 3JIEKTPOMarHHTHOMY MOJIO,
00 beiMHsAIEMYy B cefe BOJIHOBble M KOPIYCKYJSIpHblE CBOH-
CTBa 3JEKTpPOMAarHeTH3Ma.

K noHsiTHIO KBaHTOBOTO IOJISI MOXKHO IOJOHTH H CO CTOpPO-
Hbl yactul. KBaHTOBasi MexaHHKa JaeT BEPOSTHOCTHOE OIlHCa-
HHe MOBefileHHsI YaCTHIBl, HamnpyuMep, 3JeKTpPOHa, C IOMOLILIO
BOJIHOBOH (DYHKIHH, YIOBJIeTBOpsOWEH ypaBHeHHIo [upaka
(cm. § 4). PacnpocTpanenue 3THX NpelCTaBIeHHH Ha CHCTEMBL,
coliepaKaliye HeCKOJMbKO YaCTHIL OFHOr0 copTa (HanpuMep, sJeK-
TPOHOB), OKa3aJoch YIOGHLIM (opMalH30BaTh NyTeM BBele-
HHS ONepaTOpPHOrO BOJIHOBOTO I0JIsI, 3allMCaHHOTO B IpeACTaB-
JIEHUH 4YHCeJl 3aMOJIHEHHs C NOMOIIbIO ONEepaTopoB POXKIEeHUs
U YHHYTOXEHHsI, DTO OIllepaTOpHOe I0Jie OKasblBaeTcsl COBep-
IIEHHO aHaJIOTHYHBIM KBAaHTOBOMY 3JIEKTPOMAaTHHTHOMY IIOJIIO.
Ilpouenypa nepexoia K omneparopaM IpeACTaBIeHUS] YHCe
3aNoJIHEHHs YacTo MMeHyeTcsl BTOpHYHBIM KBaHToBaHHeM. Cire-
LyeT sICHO NpejcTaBlAThb, YTO HHMKAKOrO «BTOPOIO KBaHTOBA-
HHUS» 3Jecb HeT, BCJEJCTBHE 4ero 3TOT TEPMHH ClefyeT INpH-
3HaTh He TOJIbKO HeyAayHEBIM, HO M Je30pHeHTHpYIOIHUM.

Takum o06pasoM, KOHIENUIHUS KBAHTOBOTO IIOJS COILEPXKHT
OpraHHuecKoe O00beJHHEHHEe BOJIHOBBIX ¥ KODNYCKYJSPHBIX
CBOHCTB MaTepHH. KBaHTOBoe moJie cllefyeT paccMaTpHBaTh
KakK eldHbIH QyHIaMeHTaJbHBIH 00BEKT, 3aMeHSIOIHUHA Noas H
4acTHIEl Kjaccuyeckoit ¢usuku. ORHO Takoe IoJie, onpeseseH-
HOe B KaKJOH TOUKe 4YeThIPEXMEPHOTO MpPOCTpaHCTBa — Bpe-
MeHH, ONKCHIBaeT Bce YacTHUBI JaHHoro copra Bo Bce-
JIeHHOH.

Bsaumodeticmsue ksarnmosotx noaeti. s Toro 4todbl noay-
YUTh JIMHEHHble YpaBHEHUS [BHKeHHs (KaKHMMM OObIYHO ABJISA-
IOTCS1 YpaBHEHHs JJI CBOOOJHEIX MOJiek), clefyeT HCIOJAb30-
BaTh JlarpaHKuaH, T. €. IJIOTHOCTb (GyHKuMH JlarpaHa, Ou-
JIMHEAHBIA 110 MOJIEBBIM (PYHKUUSIM W UX NpoH3BOZHBIM. Ilpu
HaJM4Hy B3aUMOJEHCTBHS ypaBHEHHs ykKe He sBJsSIOTCA 6osee
JIMHeHHBIMH, a JlarpaHXKHaH COJEPXKUT IPOH3BelileHHs TpeX H
Gosee mosieit. JIokasibHasi KBaHTOBas TEOpMA INOJA NpeiroJa-
raer, 4YTO BXOASIIME B YKasaHHble MPOH3BeJEHHs II0JIeBhHIE
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¢GyHKIOMH GepyTcs B OJNHOH M TOH e TOYKe NMPOCTPAHCTBA —
BpEMeHH.

[Tockonbky noJieBble (GyHKIMH BEHIPAXKAIOTCS Uepe3 omnepa-
TOPBl POXKAEHHSI H YHHUTOXKEHMS, TO dJeMEHTApHBIH aKT BCS-
KOrO B3aHMOJEHCTBHA IpeAcTaBaseT COG0H pOXKAEHHe OJHHUX
YacTHILl U YHHYTOXKeHHe JPYTMX B OJHOH H TOH xKe Touke. TO
BBIMJIAIMT Kak JIOKalbHOe H MIHOBEHHOE IpeBpallieHHe OJHUX
4aCTHLL B JpyTHe.

B aTOM MecTe HeoGXOAHMMO cAenaTh ClelyIollee BaxHOe 3a-
MeuyaHHe. B paMkax kmaaccuueckod (U3HKH cBOGOJHAS YacTH-
I[a He MOXKeT HM HCITyCKaTb, HM MNOIVIOIIATh APYTYIO YacTHILY,
0CTaBascChb NpH TOM cama co0oH (HanpuMep, B KJIACCHYECKOH
(H3KKe CBOOOZHBIH 3JE€KTPOH He MOXKeT HH HCIYCTUTb, HH IO-
IVIOTHTh (DOTOH), TaK KakK B TAKMX Ipoueccax He GYAyT OXHOBpe-
MEeHHO BBINOJHATLCS 3aKOHB! COXPaHEHHA SHEPTHH U HUMIYJIbCa.
Muas curyauusi B kBaHTOBOH TeopHH. COIVIaCHO COOTHOILEHHIO
HeollpeJieJieHHOCTell, MHTepBal BpeMeHH Af u ofnacTe Hpo-
crtpaHcTBa Ax, B KOTODHIX HAaXOAHMTCS 4YacTHLA, CBf3aHHI C pas-
6pocaMy BO3MOXKHBIX 3HaueHHH sHepruy AE u umnynasca Ap,
HepaBeHCTBaMH: At-AE=H, Ax-Apx>ﬁ. B cuny sroro, eciu
HCIyCcKaeMasi YacTHLa CYIUECTByeT B TedeHHe Maloro HHTep-
BajJia BpeMeHH, TO JJjisi Hee OOBLIYHOE PeJISITHBHCTCKOE COOTHO-
HIeHHe MeXJAy SHepruel, UMIYJbCOM H Maccoi MOXKET He Bbl-
noJHsATbCA. TaKkue YacTHIB! BCTPEYAIOTCS TOJBKO B HPOMEXKY-
TOYHBIX COCTOSIHHSIX M Ha3bIBAIOTCA BUPTYaJbHeIMH. HeTpyaso
y6eIUThCS, YTO X HCIyCKaHHe HJIM TNOIJIOLIeHHEe COIJacyercs
C 3aKOHAMM COXPaHEHMS 3HePrHH M HUMIyJabca. B uactHOCTH,
CBOGOJHBIN 3JIEKTPOH MOMKET HCIIYCTHTh BHPTYasbHBIH (OTOH,
SHepPTHSi M MMIYJBC KOTOPOTO YJOBJIETBOPSAIOT  YCJIOBHIO
E?—q><0.

OtmeTHM, YTO COOTHOLIEHHSI HeonpelesleHHOCTeH NpHBOAAT
ellle K OJHOMY BaxKHOMY CJe[CTBHIO. XOTsl B3aHMOZEHCTBHE U
NpeJoJiaraeTcsi JIOKaibHbIM, YKasaTb, B KaKoil HMEHHO TOYKe
NPOCTPAHCTBA — BPeMEHH NPOH3OIle/] 3JeMEeHTapHBIH aKT, Hee
BO3MO2KHO H3-3a TOTO, 4TO Nepefiaya SHEPIHH — HMIYJbCca Of-
HO3HAYHO OIpeJesisieTCsi 3aKOHaMH COXpaHeHHd.

DneMeHTapHble aKTbl B3aHMOJEHCTBHS YAOOHO H300paxKarh
BepIUHHAMH C TpeMs MM Ooslee JIMHMAMH. Hanpumep, B KBaH-
TOBOH 3J/IEKTpPOJHMHAMHKe BepILIMHA HMEeT BHJ:



rlie BOJHHUCTAS JIHHHUSI COOTBETCTBYET POXKIAEHHIO (MM YHHUTO-
xKeHHio) GOTOHa, a NpsiMBle — YHHUYTOXKEHHIO 3JIeKTPOHA B
OJHOM COCTOSIHHM M pOK/IEHHIO ero B APYroM.

Uro ke KacaeTcst NIPUBBIYHBIX KJACCHUYECKHX CHJI, JefCTBY-
IOIUX MeXKAy 4acTHLaMH, TO OHH, KaK NpaBHJIO, IIPEACTaB/IAIT
co6oii BropuuHblii 3¢hdeKT, BOZHUKAIOWMH B pe3yJbTare oOMeHa
BUPTyaNbHEIMHM  YacCTHIIAMH — KBaHTaMM IOJif, IepeHoCcs-
mero JaHHoe B3auMojeiictBue. Hampumep, B3aMMoOJeHCTBHe
JIBYX 3JEeKTPOHOB MOXKET MPOHUCXOAMTH TaK, KaK H300paxeHo
Ha CJIEAYIOUIeM pHCYHKe:

Cienyer OroBOpHTBCSI, YTO B HEKOTOPHIX KBAHTOBOIOJIEBBIX
MOJEJISIX 3JeMeHTapHble aKThl B3aUMOJEHCTBHH MOTYT OIHCHI-
BaTh M peanbHble npoueccel. Hanpumep, B npenyoxenHom Pep-
MH JlarpaHXKHaHe c1a60r0 B3aMMOZEHCTBHSI, 0 KOTOpoM GoJiee
noApo6HO GyZeT pacckasaHo B § 4, B KauecTBe 3JIEMEHTAapPHOTO
aKTa BBICTyNaeT peajibHBIH Ipouecc f-pacnajga HeHTpoHa:

]
n p

— o~

Ve -

BsaumogeficTre KBaHTOBBIX ToJel 06/1afaeT BaXKHBIM CBO#-
CTBOM, SIBJSIOLIMMCS CJAEACTBHEM PeJNATHBHCTCKOM HHBApHaHT-
HOCTH M 3aKJIYaioliMcs B TOM, YTO (KaK yKe TOBOPHJIOCH)
KBaHTOBOMOJEBble (YHKIUMH TNPEICTABJISAIOT CO6OH JHHeHHbIE
KOMOMHAIMK ONepaToOpOB POXKAEHHS U yHHUTOXKeHus. [ToaTomy,
€CJIM JlarpaHKHMaH B3aHMOJEHCTBHS ONMCHIBAeT IpOLecC, B KO-
TOPOM MMeeT MeCTO YHHUTOXEHHE OFHHX 4YacCTHI U POXKJEHHe
APYTHX, TO TOT e caMblfl JlJarpaHKHaH ¢ Heo6XOJHMOCTbIO IIpH-
BOJMT K TponeccaM, B KOTOPHIX YHHUTOXKAaeMble H POXKIaeMble
YacTHlbl MeHSIOTCSl posisiMH. B KauecTBe npumepa NpHBeIEM
Tpoliecc Tak HasblBaeMOro o6paTHoro B-pacnaga: ve+p—>-n--et,
KOTOpBIH ONHCBIBAETCS TEM Ke caMbIM JarpaHxuaHoM Pepmi.
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§ 3. Cummerpuu M rpynnel npeoGpazoBaHuii

[IpocmpancmeenHo-6pemMerHble U BHYMPEHHUE CUMMEMPUL.
CoBopsT, 4TO 06BEKT OO/AaeT CUMMETPHel, ec/iH CYLIEeCTBYIOT
npeo6pa30BaHusi, KOTOphE OCTAB/SIOT €ro Heu3MeHHBIM. [lo-
HSITHE CHMMETDUH SIBJISIeTCS OJHHM M3 IEHTPa/lbHBEIX B (QU3UKE
BooOllle, U 0coGeHHO B GU3MKe YacTHl. BakHelilive npumepsl
CHMMETPHH CB3aHBI C CAMBIMU OOLIMMH CBOHCTBAaMHU IPOCTPaH-
crBa — BpeMeHH. K HUM cllefyeT OTHECTH, Ipexae BCero,
OIHOPOJHOCTb INPOCTPAHCTBA M BPEMEHH, NpPOABISIOLLYIOCT B
HEeH3MeHHOCTH (MHBapHAHTHOCTH) (PH3HYECKHX 3aKOHOB IpH
CIBHTe (TpaHCIALUH) NPOCTPaHCTBEHHO-BpEMEeHHbBIX KOODHHAT,
Jpyroe Ba:xkHOe CBOACTBO — 3TO H30TPOIHOCTb IPOCTPAHCTBA,
03Hayamomass HHBAapUAHTHOCTb OTHOCHTEJNBHO IPOCTPaHCTBEH-
HBIX TOBOPOTOB. Ellle OIHUM IPUMepOM MOXKET CJIYKUTh S5KBHUBA-
JIEHTHOCTb CHCTEM KOODJUHAT, ABHAKYIIUXCH MO OTHOIIEHHIO
IpyT K JPYry C IOCTOSIHHOH CKOPOCTbIO. DTO CBOHCTBO Ipel-
cTapJisieT cofoli MHBApHAHTHOCTb OTHOCHTEJNBHO IpeobGpa3oBa-
HUH BpEeMEHHOH H NPOCTPAHCTBEHHBIX KOODJAMHAT, OCTAaBJIAIO-
IIUX HeUu3MeHHOH KOMOWHAUHUI0 C?f2—x?—y?—z2?,— TaK Ha3bl-
BaeMbIX npeobpa3oBaHuil JlopeHua.

YKa3aHHbIE CHMMETPHH MNPHCYIH BceM (yHIaMeHTaJIbHBIM
B3auMOJeHcTBUAM. KpoMe HUX CYIIECTBYIOT TaKKe IIPOCTpaH-
CTBEHHO-BPeMeHHEIE CHMMETDHH, KOTOpble BEINOJHSIOTCH sl
OrpaHHuYeHHOro Kpyra siBleHuli. Tak, Bo Bcex mnporeccax, Kpo-
Me IIpOLEeCCOB C/1a0oro B3aHMOAEHCTBHS, HMEIOT MeCTO CHM-
MeTPHHM OTHOCHTEJNBHO OTPaXKeHMsI TpeX IPOCTPaHCTBEHHBIX
ocell — 3epkajibHas CHUMMeTpusl — (mpeobpasoBaHHe 0603Ha-
yaercss 6YKBoH P) M H3MeHeHHUs HanpaBjeHHs BpeMeHH (Ipe-
o6pasoBanusi T). CylecTBYIOT TaKKe CHUMMETPHUH, HUKAK He
CBSI3aHHBIE CO CBOMCTBAMM IIPOCTPAHCTBA — BpeMeHH. Ha-
npuMep, B GOJIBIIMHCTBE IPOLECCOB YACTUIE M aHTHYACTHIEI
BelyT ce6s1 OAMHAKOBO. B 3TOM c/lyyae HMeeT MeCcTo HHBapHaHT-
HOCTb OTHOCHUTEJILHO 3aMeHbl YaCTHI Ha aHTHYacTHIE! (peobpa-
3oBanue C). Bo3MOXHHI TakKe HEKOTOpLIE ApPYrHe CHMMETPHH
B3aUMOJeHCTBUH MeXIy dacTnaMu. Kaxaol H3 HHX Takxke
YAOOHO CONOCTAaBHTh MHBAPHAHTHOCTb OTHOCHTENBLHO Ipeobpa-
30BaHUH B HEKOTOPOM (OpMabHOM (TaK Has3bIBaeMOM BHYTPeEH-
HeM) NPOCTPAHCTBE, KOTOpPOe 3aJaeTcsi «BHYTPEHHHUMH» CTelle-
HAMH CBOGOJBl — KBaHTOBBIMH YHCJIaMH, Pa3/IHYalOmIVMH JaH-
Hple yacTuubl. (TUNUUHBIN NpUMep — HM30TONMHYECKast CHMMET-
pHsi, O KoTopofl nofizer peub B §6.)

IlpuBeseHHble BhIMe NMPeoOpa30BaHUs HMEIOT psf OOWHX
CBOHCTB, UTO NO3BOJISIET ONMHCHIBATL HX B paMKax ORHOH Mmare-
MAaTHYeCKO! TEOpHH — TeOpHH TpyIl.
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JoBOJIBHO NpOCTEIE B JIOTHYECKOM IJIaHE TEOPETHKO-TPYII-
TIOBblE MOHSTHSI U METOIBl LIMPOKO HCIIOJIb3YIOTCS B COBPEMEH-
HOH ¢u3uKe yactul. IlosToMy B HacTosilleM maparpade, HOCS-
IleM BCHOMOTraTe/JbHBIH Xapakrtep, A O6JIerdeHHst MOHUMAHUS
JaNbHeHIIero M3joKeHHs Mbl HAIIOMHHM HEKOTOpble OCHOBHEIE
Onpefie/IeHlsl, a TakKxKe INpPOCTEHILHe CBOHCTBA Tpymnl, BCTpe-
YAKOIUXCS B CeAYIOMHUX raaBax. IIpa 3ToM, Mo BO3MOXKHOCTH,
Mbl GyzieM u30eraTh Upe3MepHOH CTPOrocTH U aGCTPaKIMU U 6Y-
IeM NoZApasyMeBaTh NOJ IPyNNaMH TOJBKO IpYNIE! peobpaso-
BaHMH BEKTOPHBIX IIPOCTPAHCTB.

B kauecTBe npuMepoB, HJIIOCTPHPYIOMIHX OCHOBHBIE OIpe-
Jle/leHHs], Mbl PACCMOTPUM CJeAYIOIHe COBOKYITHOCTH npeoGpa-
30BaHHH:

— TPaHC/ANMH BAOJMb OCH;

— BpalleHHsl IJIOCKOCTH OTHOCHTENBHO 3afaHHOH TOYKH —
Havajla KOOpJHHAT;

— BpalleHHs] TPeXMepHOro NpPOCTPaHCTBaA;

— oTpaxeHHs KoopIuHat (mpeobGpasoBanus P u T)

U HeKOTOphble ApyTHe npeobpasoBaHHsl, KOTOpble HaM MOHAaXOo-
6aTcsa BrocheAcTBud. Kak Oyler sicHO M3 JajbHellero, yxa-
3aHHBIE COBOKYIHOCTH NpeoOpasoBaHUM HOMXKHB! ObIThH JOIOJ-
HeHB!l TOXJECTBEHHHIM IpeoOpa3soBaHHEM, KOTOpPOe HHYero He
MeHSeT.

Onpedenerue epynnot. Ilodepynnet. Tlpexne Bcero naaum om-
pelleleHHe CaMOrO MNOHATHA Trpynnsl. ['OBOpPSAT, dYTO COBO-
KYNHOCTh IpeoOpas3oBaHuii @ sBisfeTcs TIpPYNNoH, ecau
YIOBJIETBOPAIOTCSA Clefylomue TpeGOBaHHS — FPYINIOBLE aK-
CHOMBIL.

1. Jlio6ele nBa mpeo6pas3oBaHHsI g3 U g MOXKHO IIPOBECTH
TNIOC/IEeJOBATENBHO, H HX Pe3yJbTaT, Ha3blBAEMBbIH KOMIO3HIHEH
npeoGpa3oBaHui, WM NPOM3BefeHHEM, U 0603HaYaeMbIH g5 °g1,
LOJIKEH COBIaJaTh C Pe3yJbTAaTOM HEKOTOPOrO TPEThEero mpe-
006pa30oBaHuUsl g3 U3 TOH Ke COBOKYNHOCTH G, TaK YTO MOXKHO
3anucaTh g,+g1=gs.

2. Tlpu ymHOXKeHHH (KOMNO3MIHH) OoJlee ueM JABYX IIpe-
00pa30BaHMil BBHINOHSAETCH CBOHCTBO acCONHATHBHOCTH, T. €.
gs* (g2 -g1)= (g5 Qo) *&1-

3. Cpexn npeoOpasoBaHHi COBOKYHNHOCTH ( cylecTByeT
TOXKJ|eCTBEHHOe NpeoOpa3oBaHue, KOToOpoe OObIYHO 0003HAYAeT-
csi cumBosioM E M HasblBaeTcsl eJMHHIEH TpYIIHL.

4. st ymo6oro npeoOpasoBaHusl g B COBOKYNHOCTH G cy-
ecTByeT ofpaTtHoe mpeoGpasoBaHue, o6o3HayaeMoe gt, T. €,
Takoe, yro g~!-g=E.

JLois1 BBIGpaHHBEIX HAMH NIPHMEPOB BHINOJHEHHE STHX CBOHCTB
NPaKTHYECKH OYEBHIHO.
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CrnenaeMm elie HECKOJbKO 3aMeyaHufi. JIJis1 CABHTOB H MOBO-
pOTOB eMHHYHBIE NpeoGpa3oBaHHA — 3TO CABUI' Ha HYJeBOH
BEKTOpP M NOBOPOT Ha HyJeBoi yros. O6paTHeIMH NpeoGpaso-
BaHUSMH SIBJSIOTCS CIOBUTHM (IIOBOPOTHI) Ha TO K& PacCTOsIHHe
(tor xe yroa), HO B NPOTHBOINOJOXHOM HanpaBieHuH. [Ipe-
o6pa3oBaHHe OTpaXKEHHs COBIAJAeT CO CBOHM OOPATHEIM, T.e€.
Tpynna OTpa)KeHHH COCTOMT BCEro M3 ABYX 3JeMeHTOB P H

2—

Ecau Hexoropnifi HaGop npeoGpasoBaHuii [ u3 rpynnst G
cam mo ce6e ob6pasyer rpynny, To H HasblBaeTCsl NOATPYMNOH
rpynnel G. [Ipumep NOATpYNNEI MOXKHO, HANpHUMep, IOJYYHTD,
€CJI1 OTPAHHYHUTHCS CABHIaMH Ha BEKTODHI, NPONOPLIHOHANBHbIE
HEKOTODOMY BEKTOPY € KO03(h(}HIHEHTaMH NpPONOPLHOHAIBHO-
CTH, PaBHBIMH LeJIBIM uHciaM. Jlpyroit npuMep — IOBOPOTHI
IJIOCKOCTH Ha YIVIBI, KOTOpPhble B pajiHaHHOH Mepe paBHHL 2mr,
rle r — pauuoHa/lbHble ApoGH. [IOBOPOTEI OTHOCHTENBHO Of-
HOH U3 ocell 06pasyloT MOATPYIIY IPYINIbI BpalleHHH TpexMep-
HOTO NIpPOCTpaHCTBaA.

Abenesol u Heabenesol epynnel. 3aMETHM, UTO TepeYHCIIEHHbIE
CBOMCTBa IPYIINOBOr0 YMHOXKEHHSI He NpeAIoJaraioT ero KoM-
MyTaTHBHOCTH, T. €. B ONpeleJieHHH IPYNNEl HeT TpeGOBaHHUS
g1+€2=g,- g1. 1103TOMY MOr'yT CyIecTBOBaTb I'DYMNIBL, AJIS KO-
TOPBIX YKa3aHHOe CBOHCTBO He BHINOJIHSAETCH, T. €. g1 g7 82 *G1,
H Takhe TIpyNnel AeACTBHTENBHO cyulecTByloT. [Ipocrefimmi
IpUMep — 3TO IPYNINa BpalleHHH TPeXMEPHOro IPOCTPAHCTBA.
Herpynno y6enutbesi, uTo, HanpHMep, NOBOPOTHl OTHOCHTENLHO
B3aMMHO MNePNEHAMKYJSAPHBIX ocelf, BooOlle roBOps, He KOM-
MYTHPYIOT APYT C IPYroM.

Ecnu pns nanHo#t rpynnel G yMHOXKeHHe JIOGHIX IBYX Mpe-
06pa3oBaHHA KOMMYTATHBHO, TO TaKas TpyIa Ha3blBAaeTCs
abesieBoil. Ecan B rpynne G ects X0Ts1 GBI OiHA Napa npeobpa-
30BaHHi, KOTOpble He KOMMYTHPYIOT, TO 'pyNna HOCHT Ha3Ba-
HHe HeaGeneBoH. PasyMeercsi, H B HeaGeNeBbIX Ipynnax cy-
IIECTBYIOT KOMMYTHpYIOIIME MeXAy co0olf npeo6Gpa3oBaHHs.
Hanpuwmep, emuHnuHOEe NpeoGpa3oBaHHe KOMMYTHPYET CO BCe-
MH Tpeo6pasoBaHUMAMH rpynnbl. OueBHAHO, YTO Tpymna TpaH-
CJSILMH U TPYIINa NOBOPOTOB IJIOCKOCTH abeleBHl, a TpyIna Bpa-
IIeHHA TpPexMepHOro NPOCTpaHCTBA HeaGeseBa.

TI'pynner JTu. B oT/IMYHe OT IPYNNBI OTPAXKEHHUs ocel, TpyII-
Tbl CIBUTOB U IIOBOPOTOB 06/13JaI0T OXHUM OUeHb BaXKHBIM CBOH-
cTBOM. JIo6oe npeo6pasoBaHHe H3 STHX TPYINN MOMKHO Hempe-
PHIBHEIM 00pasoM 3ajath (IapaMeTpH30BaTb) C MOMOIIbI0 He-
KOTOPOro JeHCTBUTENLHOIO Ylcia MM HEKOTOPOTo HaGopa Jael-
CTBHTeNbHBIX udHces (mapaMerpoB). Tak, Jo6ofl CABHI BHOJb
OCH 3ajiaeTcsl BeJIHUMHON PacCTOSIHUS, Ha KOTOPOE NPOBOJHTCS
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CI(BHT, B3ATOH CO 3HAKOM «—», €CJH CABHUT IPOUCXOJUT B IO-
JIOXKHTEJIbHOM HalpaBJeHUH OCH, U «—», ecii B o6paTHoM. Kom-
NO3HIHUM JIBYX CIABHIOB OTBeyaeT ajrefpanyeckas CyMMa BbI-
6paHHBIX TaKHM CIOCOGOM INapameTpoB. BpaleHHe MIOCKOCTH
MOXKHO 3ajarb yrjom nosopora ¢ (0<Se<<2m). [Ipu sTom rpyn-
IOBOH oOmNepalMH COOTBETCTBYET CJOXKEHHE IO MOLYJI0 27
yIJIOB [IOBOpPOTA.

[lInpoko pacmpocTpaHeHa napameTpHU3alisi TPYIBl Bpa-
IEHHE TPeXMEepHOro INPOCTPAHCTBA C IIOMOLIBIO TPEX YTIJOB
dfinepa @, 0, ¢, KOTOpble ONHCHIBAIOT MOJIOXKEHHE HCXOJHOMH
U TOBepHYTOH cucTeM KoopAuHaT. [lo-Ipyromy TpexmepHhbie
BpallleHUsT MOXKHO IIapaMeTpH30BaTh, 3aJlaB HalpaBJieHHe OCH,
OTHOCHTEJIbHO KOTODOH NPOHUCXOIHUT [IOBOPOT, U YTOJ MOBOPOTA.
HetpyaHo BHIeTb, YTO POU3BOJILHOE HAlNpaBJeHHe B TPEXMep-
HOM TIPOCTPAHCTBe ONpefiesisercs ABYMS IeHCTBHTENbHBIMU YHC-
JlaMH: «Iapajljieslbioy U «MepunuaHomy. [lostomy obiuee ymciio
napaMeTpoB H IIPH TaKOM CIIOCOOe PaBHO TpEM.

MuHNManbHO HEOOXOAMMOE UHCHIO 1 IEHCTBHUTENBHBIX Mapa-
MEeTpPOB, C MOMOIIBIO KOTOPBIX MOXKHO 3a/iaTh Jo6oe npeobpa-
30BaHMe JaHHOH rpynnsl (, Ha3blBaeTCsl pa3MepHOCTBIO TpyI-
nbl, a cama rpynna (G HasbplBaeTcsl n-IlapaMeTpHYecKofl.

Takum o6pas3oM, rpynna BpameHHH IJIOCKOCTH — ORHO-
napameTpHyeckasi, a TIpyIIa BpamleHHH# TpeXMepHOro Ipo-
CTPaHCTBa — TpPexnapaMeTpHyecKas.

B sTOM MecTe MBI NMOZOLJIM K HMEIOIEMY IIepBOCTENEHHOE
3HayeHHe MOHATHIO IPynnsl JIH, s KOTOPOX B KayecTBe IpO-
CTpaHCTBa NapaMeTPOB MOXKET JIOKAJIbHO GHITh BLIOPAHO KOHEU-
HOMEepHOe eBKJHJOBO NpocTpaHcTBo. Dosiee crporoe ompene-
JIeHHe BBINISIUT clefylomuM obpasoM. HenpepriBHasi rpymnmna
G HasplBaeTcsl n-napaMeTpuyecKoil rpynmo# JIu, ecan Heko-
TOpasi OKPeCTHOCTb JII0OOT'O ee 3JIeMEHTa MOXKET ObITh B3aHMHO
OJIHO3HAYHO H B3aHMHO HENPEephIBHO OTOOpaKeHa B HEKOTOPYIO
006J1aCTb N-MEPHOT'0 JIeHCTBUTEILHOTO €BKJIHI0BA IPOCTPAHCTBA.
IIpakTHyecKH Bce HeNpephIBHbIE TPYINIEBL, BCTpevyalollyuecs B
TEOPHH YaCTHL, IBAAIOTCA rpynnamd Jlu.

Ipynna U(1). IlpocrefituuM ¢H3HYECKH HHTEPECHBIM NPH-
MepoM rpynnel JIu ciryxHT abeneBa rpynna BpalleHHs MJIO-
ckoctd. O napameTpu3alyM ee C IOMOLIBIO TOYEK OTpe3Ka
[0, 27] mbt y2xe roBopusin. [Ipyrasi napaMeTpH3anys BOSHHKAET,
€CJIH IO0BOPOTY IJIOCKOCTH Ha YroJ ¢ COMOCTAaBHTb YHCJO Ha
KOMIJIEKCHOH TJIOCKOCTH €', uMelolee efUHHYHBIE MOLYJb U
aprymeHT, paBHbIH . ['pynmnoBoll omepauyu IOpH 3TOM COOT-
BETCTBYET OOBIUHOE YMHOMEHHE KOMIJIEKCHBIX YHcesd, a 00-
PAaTHOMY  3JIeMEHTY — KOMIIJIEKCHO  COTIPSIKEHHOE  YHCJIO
(eiqa)—1=e—i(p.
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[Tocnennee cooTHOLIEHHE eCThb NpPOCTEHLIMH NpHMep Bax-
HOTO CBOHCTBa, Ha3bIBA€MOI'O YHHTAPHOCTBIO. [ MaTpUUHBIX
TPpynm CBOHCTBO YHHUTADHOCTH BHIIVIAJHT HECKOJbLKO GoJee
cnoxHOo. C HUM MBI IIO3HAKOMHMCSI 4yTh o3xke. ['pynna xom-
IVIEKCHBIX 4Hcesl, MOAYJb KOTOPHIX paBeH 1, WM SKBHBAJIEHT-
Hasi efl rpynna IoBOPOTOB IIOCKOCTH Ha YIOJ ¢, HMeeT clie-
nuanbHoe o6o3naueHue U (1), B KoTopoM natuHcKas Gyksa U
yKasblBaeT Ha YHHUTApHOCTb Ipynnsl. B ¢usuke yactun rpynna
U (1) BosHukaer kak afejeBa rpynna KaluOpPOBOUHBIX IIpe-
00pa3oBaHuil, CBA3aHHEIX C COXpaHEHHEeM aJIUTHBHEIX 3apsi/iOB.

Mampuunsie npedcmagrenusn. TlepefineM Tenepb K Gosee
CJIOKHBIM TpyINNaM, KOTOpble HaM BCTPeTSTCS B JajbHeHILeM.
Jljis 3Toro BO3bMeM INPOM3BOJIBHOE BEKTOPHOE NPOCTPAHCTBO
KOHEUHOH pa3MepHOCTH M pacCMOTPHUM Bce JIMHeHHble mpeobpa-
30BaHHMs, JJI KOTOPHIX CYLIECTBYIOT obpaTHbele. Kak M3BeCTHO,
KaXJOMYy TaKOMY Npeo0pa3oBaHHUI0 OXHO3HAYHO COOTBETCTBYET
HeKoTopasl KBajJpaTHasl MaTpHlla, HMelollass HeHyJeBOH oIpe-
Jenurtenb. EciM B KauecTBe IPYNNIOBOH onepaimyM BEIGPATh
MaTpHYHOe YMHOXKEHHe, TO, KaK JIerko yOefUTbCs, COBOKYI-
HOCTb BCeX TaKHX MaTpHIl (T. e. BceX JIMHeHHBIX HEeBBIPOXKJEH-
HBIX Npeo6pa3oBaHUH KOHEYHOMEPHOI'O BEKTOPHOTO NpPOCTpaH-
crtBa) obpasyer rpynny. HamoMHHM, 4TO MaTpHyHOe YMHOXKe-
HMe ofJiafiaeT CBOHCTBAMH acCOLMAaTHBHOCTH, OJHAKO, BOOOIIE
roBopsl, He KOMMYTaTHBHO. [lo3TOMy MarpuyHble IPYNINEBI, Kak
npaBuio, HeabeJsieBHl.

C dusnueckoit TOUKH 3peHHUsT OCOOBIH HHTepec NpeACTaBIsIOT
YHUTapHble MaTpHUUEl. HanoMHHM, 4TO YHHTapHOH HasblBaeTcs
maTpuna U, 3pMHTOBO comlpsikeHHe (T. e. TpaHCIOHHPOBaHHe
H KOMIIJIEKCHOE CONpsi2KeHHe MaTpPHUHBIX 3JeMEeHTOB) KOTOPOH
Jaet obpaTHyio Matpuuy, T.e. UtU=UU+={, uau Ut=
=U"!. Bolle/leHHOCTb YHHTAapHBIX Npeobpa3oBaHHH CBs3aHa
C TeM, YTO OHH COXPAHSIOT KBafpaT MOAYJS BEKTOpa COCTOSI-
HHA (BOMHOBOH ¢yHKUMH) [P|?, ¥ MO3TOMY NPHUBOAAT K (HH3H-
YyeCcKH 3KBHBaJIeHTHOH KapTHHe.

Bes oco6oro Tpyma mnpoBepsieTcsi, 4TO YMHOXKEHHe JBYX
YHHTapHBIX MATpHUIl JaeT YHHTApHYIO MaTpHLy, M MaTpHIa,
oOpaTHas YHHUTAapHOH, Tak)e yHHTapHa. [losaToMy COBOKyI-
HOCTb YHHTApHBIX MaTpHI o6pasyeT rpynmy.

Cneyuansnole ynumaprole epynnet. EcAH cOCTaBASIOLINE
IPYNIy MAaTPHLbl YHHMOAYJSAPHBI, T. €. HMET eIUHHUHBIH
ONpeJeNUTeNb, TO FPYINNa Ha3blBaeTCsl ClellHaNbHOH; 3TO OTMe-
gaercsi OykBo# S. Tak, rpynna SU (N) npeicrasisieT coboit
IpyNNy JHHEHHBIX NpeoOpa3oBaHUH KOMILIEKCHOTO N-MepHOro
BEKTOPHOTO MPOCTPAHCTBA, OCYIIECTBASEMBIX YHHTapHbIMH
marpuamu (N X N), onpenenuTenyd KOTOpPBIX paBHBL 1.
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Ilpocrefimas rpynna u3 stoil cepus — 310 rpynna SU (2),
coCTOfillasl M3 YHHTAPHBIX, YHHMOLYJADHBIX KOMILIEKCHBIX
matpul (2X2). HerpyaHo ycraHOBHTb, YeMy paBHa pa3Mep-
HOCTb 3TOH Ipynnbl. PaccMOTpUM A1s1 3TOr0 NPOM3BOJIBHYIO Ma-
TpuLy (2X2).

Sra MaTpHIa ONpeAessieTcsl YeThPbMs KOMIUIEKCHBIME HJIH
BOCbMbIO JIEHCTBHTENIbHBIMM YHCIaMH. TpefoBaHMe YHHTap-
HOCTH HaKJ/aJplBaeT Ha HUX YeThIpe YCJIOBHS, a PABEHCTBO elH-
HHIle OlpefeNHTeNsl — elle OXHO. TakuM ofpasom, ocraercs
3 He3aBHCHMBIX JeHCTBHTENbHBIX YHMCJA, C [OMOLIBIO KOTOPHIX
napaMerpusyercs Jo6asi Matpuna us rpynnsl SU (2). dpyrumu
cnosaMH, pasmepHoctb SU (2) paBHa 3. CoBeplleHHO aHaJO-
TMYHO MOXKHO [0Ka3aTb, 4To pasMmepHocts SU(N) paBHa
2N*—N>—1=N2>—1,

Ha npumepe SU (2) nokaxem, Kakum 06pa3oM MOXKHO HpeJ-
CTaBUTb NPOH3BOJBHBIH 3JeMeHT rpynnel. BHauane paccmoT-
PHM MaTpHILE!, 6eCKOHEYHO MaJIO OTJIMYAIOLINecs OT eAHHHYHOM.
Kaxnas takas marpuna sajaercss TpeMs GECKOHEYHO MaJbIMH
JeHCTBUTEJbHBIMH NIapaMeTpaMu o (B=1, 2, 3) u MoxeT GbITb

3

sanucaHa B BHIe g =1 +i O,ty, TIe {p— JMHEHHO He3aBH-
k=1

CHMBbIe MaTpHIBl, ofpasywouiye 6a3uc B OKPECTHOCTH €IHHHY-
HOro sjeMeHTa rpynnel. OHM HOCAT Ha3BaHHE TI'eHepaTOPOB
rpynnel. Kak Jlerko 3aMeTHTb, YHCJIO HX PaBHO Pa3MepHOCTH
rpynnel: 3 aaa SU (2), 8 pas SU(3), 24 gna SU®B) u T. A.

[Tpexxne yeM nepefiTH K KOHKpeTH3alUMM MaTpHI f, 3anu-
IleM INPOM3BOJBHEIA 3jemeHT g rpynmel SU(2). B Teopuu
Tpynn JOKasblBA€TCS, YTO INPOM3BOJBHBIN 3/71€MEHT STOH IPpyNNbl

3
NIpeACTaBAsAeTCA B BUAE g = €XP {l Z aktk} . Sﬂer op— YXe
k=1

NpOM3BOJIbHbIE (He 06s3aTelbHO GECKOHEYHO Masible) IeHCTBH-
Te/lbHble INapaMeTphl.

MoxxHO TakKe MoOKasaTb, YTO JJIs YHUTApHOCTH g Heob6Xo-
J¥MO, YTOOBI MaTPHLB! #, OBLIM SPMHUTOBBIMH, a JJIs TOro, 4YTO-
661 det g=1, Tpebyercs, uto6ul Sp #,=0.

Bce cxasanHoe cripaBefIMBO U AJIsi POU3BOJIBHOH TPYIIEL
SU(N). B stom ciryuae uHIexc k2 npoGeraer sHaueHus or |
no N2—1.

Il pedcmasrenus. Heo6XoIUMO BBECTH TaKKe BaxKHOE IOHA-
THe cJefyiolero xapakrepa. [Iycte rpynna G cOCTOUT U3 IIpe-
06pa3oBaHUH HEKOTOPOro MNpoCTpaHcTBa. [IpeAnosoxxuM, 4To
CYIIeCTByeT COBOKYNHOCTb INpeoGpasoBaHuil Apyroro (OTJIHY-
HOTO OT IepPBOro) NPOCTPAHCTBA, KOTOPYIO MOXKHO OJHO3HAU-
HBIM 06Pa30M CONOCTaBHUTh Ipymne G Tak, YTO COXPAHAITCA BCe
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TpYIIoBble CBOHCTBA, T. €. NPOH3BeJEHHIO IBYX Npeo6GpasoBa-
HUH OTBeyaeT NpOU3BeJeHHEe COOTBETCTBYIOIUX MM Npeobpaso-
BaHWH, M aHaJOTHYHOe TpeGOBaHHE BBINOJHSIETCS Uil eNUHHY-
HbIX W O6paTHBIX npeo6pasoBaHuii. B atoM ciayuae rpynna G
peanusyercsi B BHJe NpeoOpa3soBaHHH pasHBIX NPOCTPAHCTB,
T. €., KaK TOBOPSIT, MMeeT pasHble NpeJCTaBleHHsi. Pa3Mep-
HOCTb COOTBETCTBYIOILETO MPOCTPAHCTBA Ha3blBAaeTCs pasMep-
HOCTbIO TIpeAcTaBieHus. i1 TOro ytoOBl MOJYYUTh KOHKpET-
HBIH BHZI MaTpHL fj, HYXHO 3ajaTh NpejCTaBJeHHe TPYIIEHL.
[Ipocrefiluum mnpejcTaBieHueM JIOGOH TPYNIBL SBJASETCS Tak
HasbIBaeMoe CHHIJIeTHOe mpefictaBieHHe. [IpocTpancTBo, B KO-
TOPOM IeHCTBYeT 3TO IpefCTaBleHHe, COCTOMT U3 OJNHOIO 3Je-
MeHTa, He MeHSIOLIerocst NpH JIoObIX Npeo6pasoBaHUAX.

Ecnu Mexnay sjeMeHTaMH [PYINEI U NpeoOpa30BaHUSIMH,
06pasyIolMH ee NpeNCTaBIeHHe, MOXKHO YCTAHOBHTb B3aHMHO
OJIHO3HAYHOE COOTBETCTBHE, TO TAKOe MNpeJCTaBleHHEe Ha3blBa-
ercsi TouHbIM. OHO TOJIHOCTBIO BOCIIPOH3BOLUT CTPYKTYPY TpYII-
nel. B yacTHOCTH, TOUHEIMH SIBJISIIOTCSI BBOAMMBIE HHXKe QyHZa-
MeHTaJbHOe Y NpHcoeyHeHHoe npefcTaBeHus rpynnsl SU (N).

Ipencrapnenne rpynnsl SU (N), KoTOpoe GbLIO HCIOMB30-
BaHO INpH ONpefieJIeHHH 3TOH IPYNNBl, HOCHT Ha3BaHHe QyHAa-
MeHTaJIbHOTO.

Haa SU (2) —sto npencrasieHyde B BULE YHUTAPHBIX YHUMO-
LyaspHbIX MaTtpull (2X2). 'eHeparopamu ¢yHAAMeHTaJbHOTO
npefcraBaeHus rpynnsl SU (2) ciayxaT H3BecTHble MAaTpHIBI
[Maynu T =<O 1) T _—_(0 _i> T =<1 0) I'enepa-

1=\t 0) "7\ : o) T\o —1)°

TopaMH (yHAaMeHTalbHOro npencrabiaenusi SU (3) aBasoTCA
TaK HasblBaeMble MaTpuibl ['en-ManHa (3 X 3). VX Bug mis Hac
He OYeHb BaXKeH, H NI03TOMY Mbl He OyJeM ero NpuBoAuTb. OTMe-
THM JIMIIB, YTO TPH %3 BocbMH MaTpul ['esn-ManHa npefcrasis-
I0TCS B BHJE l/ Il o
L0 0 0,
ecTb oTpaxkeHue toro, 4to SU (2) — noarpynna SU (3).

BaxHyio posib HrpaeT Tak HasbIBaeMoe MpHCOeIHHEHHOE
npefcTaBleHne — MpelcTaBleHHe B BHJAE MAaTPHIl, IEHCTBYIO-
IKUX B BEUIECTBEHHOM IPOCTPAHCTBE, Pa3MEPHOCTb KOTOPOTO
COBNAJaeT C Pa3MePHOCTBbIO TPYIIMIHL.

[Tpucoenunennoe mnpexcrasneHue SU (2) — 3TO COBOKYII-
HOCTb IIOBOPOTOB OOBIYHOI'O TPEXMepHOro MpocTpaHcTBa. Ie-
HepaTopel ero MMeloT BHI (f4);;=ig;;,, THe i, f, k=1, 2, 3;
€;jr— TOJHOCTBIO AHTHCHMMMETPHYHBIH €ZMHHYHBIH TEH30D.

B crnenyromeit rnaBe Mbl MO3HAKOMHMCS C TIPUOGJIHKEHHBIMU
CHUMMETPHSIMH MeXIY DasJHYHBIMH YacTHLaMH, 06JIafaromiMH
HEKOTOPLIM HaBopOM OAMHAKOBHEIX NpH3HAKOB. [Ipu 3TOM cOBO-
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KYNHOCTH YacCTHIL C ONMHAKOBBIMH CBOHCTBAMH — TaK Ha3blBae-
MBle MYJIbTUIJIETHl — ONpeJeNsioT MNPOCTPaHCTBAa MNpencTaB-
JIEHHH TPYNNBl CHMMeTPHM. Pa3MepHOCTb MyJ/IbTHILIETA €CTh
pasMepHOCTb COOTBETCTBYIOLIETO NPOCTPAHCTBA.

B nanbHeiiiieM Ham Takxke BCTpeTsTcsl mpsiMasi (opToro-
Ha/lbHas) CyMMa M TEeH30pHOE NpOH3BeleHHe MNpeJiCTaBIeHHH
HEKOTOpOH TPYMNMBl, KOTOPHE HMEIOT Pa3sMEepHOCTH, PaBHEHIE,
COOTBETCTBEHHO, CYMMe M MPOHM3BENEHHIO pa3MepHOCTeHd Hc-
XOJHBIX NpeicTaBleHHH. B KauecTBe WJIIOCTPAlMH MOHATHS
NpPSIMOH CYMMBI IPOCTPAHCTB MOXKHO NPHBECTH OPTOrOHAJIBHOE
CJI0X€eHHe JIBYX OJHOMEpPHBIX MPOCTPAHCTB (ocell), pe3yJbTaToM
KOTOpOro GyZIeT ABYMepHOe NpOCTPAHCTBO (MJIOCKOCTh). [Ipsi-
Mas CyMMa IIOCKOCTH H OCH — 3TO TPeXMepHOe IPOCTPaHCTBO.

Marpuusl npejcraBieHus, SBJSIOLWETOCs NPSIMOH CyMMOH
NpeacTaBleHuH, HMeloT GJOYHO-JHaroHanbHbI BuX. Matpuu-
Hble 3JIeMEHTH, He BXOAsIIME B PacroJioKeHHble BIOJb IJaB-
HOH AuaroHajau GJIOKM, paBHBHI NPH 3TOM HyJo. [lokasaHo, 4to
Joboe npescrasiaeHye rpynnbl SU (N) MOXKHO pasioXHuTb B Op-
TOTOHAJNBHYIO CYyMMY ee GoJiee MPOCTHIX NpeJCcTaBJeHHH MeHb-
el pa3MepHOCTH.

Ecay Bce MaTpHIbl peficTaBleHNs] YHUTAPHON TPYIIIBEI HMe-
IOT B NMOAXOAsAIEM Ga3uce GJOYHO-AHATOHANBHBIA BHA, TO Npej-
CTaBJieHHe HasblBaeTcss NPHBOAMMBIM. B INpOTHBHOM ciydae
TNpeicTaBleHHe HenpuBoAMMO. HenpuBoiuMble mpeicTaBie-
Hus rpynnel SU (2) MOTyT HMETh NMPOM3BOJbHBEIE Pa3MEpPHOCTH.
B ornnune ot 3TOrO0, pasMepHOCTH HENPUBOAUMEBIX NpeJCTaBle-
Hull rpynnel SU (3) mpUHUMAIOT BHIJENEHHBIE 3HaueHHs: 1, 3,
8, 10, ...

Bonee cnoxHO NPOBOAMTCS TEH30pHOE YMHOMEHHE TMpe-
craBneHu#. [y KaxKIOH MaTpHLBl MepBOro NpeicTaBleHHs H
KaJIoi MaTpHIBl BTOPOTO NpeJCTaB/IeHUsl CTPOHTCS MaTpHua,
COCTOAIAS H3 BCEBO3MOXKHBIX IPOM3BeJeHHH MaTPHUHBIX 3Jle-
MEHTOB NepBOH MaTpHllpl HAa MaTpUYHBIE 3JeMeHTH BTOPOH.
$IcHO, 4TO TIpM 3TOM NPOHUCXOZUT YMHOXKeHHe pa3MepHoOCTeH
npezcrasaenuii. C TeH30pHBIM NpOU3BefeHHeM NpejcTaBIeHHH
rpynnel SU (3) 1 ero pas/ioxeHHeM B NPAMYI0 CYMMY HeNpH-
BOZMMEBIX NpefCTaBlIeHHH MBI BCTPETHMCS, B 4acTHOCTH, B § 8
NpH OOCYXK/[EHHH COCTaBHBIX Mojenell aJpOHOB.

[IpuBenem elne HHTYHTHBHO $ICHOe OmnpejiefieHHe NpsMOro
npousBefenus rpynn. I[Tycts G, u G,— rpynnsl Matpun (2 Xk)
u (mXm) cootBercTBeHHO. Torna rpynna G=G,; X G, ecTb rpyn-

16l
, TIe

na Bcex Marpun (k+m)X (k+m) Buma | . 1Gal
2
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MHOTOTOYHSI 0603HavaloT HyJH. [IpocTpaHcTBa npeacTaBieHHH
rpynnsl G ABJSIOTCS NPAMBIMH CyMMamH HPOCTPAHCTB Ipej
craBiaeHu#t rpynn G; 1 G,.

B 3axuroueHune storo naparpada NpHBeAEM CBOAKY MOX-
rpyni, KOTOPBLIMH 0O6JIafaloT NMpOCTeHIIMe YHUTAPHble IPYIbL:
SU©2)o U (1),

SU (3) o SU (2); SU (2)x U (1);
SU@) o SU@B)xU (1), SU(@2)xSU (2);

SU 2)xSU (2)x U (1);
SUGB)>SU4)xU(1); SU@B)YxSU 2)xU (1).



F'masa II

9TANbI PA3BUTHS OCHOBHbIX NPEJACTABJIEHUM

§ 4. 3aknagka dyHpaMeHTa

K xonmy 20-x romoB oxoHYaTteJbHO chopMHpoBaIach H
noJlyyuJia IOBCEMECTHOE IIpU3HAaHHWEe KBaHTOBas MeXaHHKa.
Kax u3BecTHO, 3Ta TeOpHsl OO0BSCHHJIA 3aKOHBI TEMJIOBOIO H3-
JIydeHMsl, CTabUJILHOCTb aTOMOB U NPHYHHBL, O KOTOPEIM KaX-
JblH 3JIeMEHT XapakTepHu3syercsi creliHIeCKHMH IJIs HEro ys-
KHMH CIEKTPa/jbHBIMH JIHHHAMH. B ee pamkax yzajoch Bhi-
YHCJIUTh Pa3Mephl U 9HEPTHH Bo30YKIEeHHUS aTOMOB, a TaKkXKe pe-
IIUTb MHOTHE JpYrHe 3ajaud aTOMHOH (PU3HKH.

Ycnex KBaHTOBOH MEXaHHKH B ONHMCAHMH aTOMHBIX SIBJIeHHH
CO Bcell OUEBHIHOCTbIO I0Ka3aj HeoOXOAMMOCTb HCIIOJIb30Ba-
HHA B MHKpo(dH3HKe KBaHTOBHIX uIel. CoelHHeHHe STHX HJeH
¢ Tpe6oBaHHEM DEJATHBHCTCKOH HWHBADUAHTHOCTH NPHBEJO B
KoHUe 20-x — Hauase 30-X TOJOB K CO3LaHHIO OCHOB KBaHTO-
BOH TEOPHH MOJIS.

Peasmususayus xsanmosoil mexaruxu. HepeasTHBHCTCKAs
KBaHTOBas MeXaHMKa, KakK HM3BeCTHO, HMeeT OrpaHHueHHYIO
obsacte npuMeHHMocTH. IloaTomy ¢ camoro Hauyaja OBLIH IO-
TIBITKH 0GOOIIUTh 3Ty TEOPHIO, CAeNaB ee PeJsiTHBHCTCKH HHBa-
PHaAHTHOH.

B 1926 r. O. Kuefin, B. A. ®ox u B. I'opoH npeasoxuiu
PeJIATHBUCTCKH HHBapHaHTHoe o6oGuieHHe ypaBHeHusi Illpe-
JUHTepa JJisi BOJHOBOH (DYHKLUHH CBOGOJHOH 4YacTHIBL. 3TO
ypaBHEHHe HMeeT BHI:

92 02 02 02

Ecny conmoctaBUTb HEPTUH H HMIYJLCY oneparopsl AuddepeH-
LMpOBAHUS 110 BpeMEHH U 10 NPOCTPaHCTBEHHBIM KOOpAHHATAM,
TO JIETKO 3aMeTHTb, YTO YDPaBHEHHIO COOTBETCIBYET DPeJIsTH-
BHCTCKOE COOTHOLIEHHe MeXAy SHeprHefi H HMIYJbCOM:
E2=p?2+m?ct.

B ypaBuenuu Kiefina — I'opnona — ®Poka HUKaK He yuH-
TBIBAETCS JLOMNOJHHUTENbHAs CTeneHb CBOOOABI YaCTHIBI, CBS-
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3aHHAasl CO CTHHOM. H3-3a 3TOro JOBOJIBHO JJIUTEIHHOE BpeMsl —
BIUIOTb [0 OTKPBITHSI YaCTHI, cO CIMHOM O — cyuTajJoch, UTO
OHO He HMeeT OTHOIUeHHS1 K peajJbHOMY MHpY.

Bonee Toro, ecnn paccmarpuBath 3TO ypaBHEeHHe KaK ypas-
HeHHe JJis BOJIHOBOH (YHKLHM YaCcTHLE, TO, Kak 06patHi
BHUMaHue [lHpak, HeH30eKHO BO3HMKHET IPOTHBOpeYHe C Be-
POSITHOCTHOH HHTeprperanyel BOJHOBOH GyHKUMH. ITocKOMBKY
ypaBHeHHe KieiiHa — ['oproHa — ®oka cOlep:KUT NPOH3BOJ-
HYIO 110 BpeMeHH BTOPOTrO NMOpPsJKa, TO, KaK MOXKHO I0KasaThb,

ot
3TOM CJlydae He SIBJISIETCSl MOJIOXKHUTEJNBHO OIpele/leHHOH Be-
JHYHHOH. ¥YKasaHHasg TPYUHOCTb COXPaHAAAChb BIVIOTb JO
1934 r., xorza B. Ilayau u B. Bafickond Hamin npaBH/bHYIO
HHTEpPNIPETALKHIO 3TOr0 ypaBHEHHs KaK ypaBHeHHs IJIs KBaH-
TOBOTO CKaJIIPHOTO MOJIS.

B 1928 r. IT. A. M. [lupak npemJoXHJ CBOe 3HAMEHHTOE
ypaBHeHue JJIsi OMUCAHUSI BOJHOBBIX (YHKUUH YaCTHIL CO CIIH-
HoM 1/2. 310 — ypaBHeHHe nepBoro nopsinka mo 0/0f, KoTo-
pPOMY YZIOBJIETBOPSIET MHOTOKOMIIOHEHTHAs BOJIHOBasi (PYHKILHUA.
s yactun ¢ HeHyJieBoH Maccol  NMpeAcTaBJ/sieT co60H YeThl-
PEXKOMIOHEHTHBIH CTOJI6eN

£ 9 o
BBIpaXKeHHE JUIS IVIOTHOCTH BEPOSTHOCTH (53— 7 ¥ ) B

Ay
2
Vs
Py
Ipyrumn cnoBamu, ypaBHeHue [lupaka siBasiercsi, MO CYTH,
CHCTEMOH UeThipeX YpaBHEHHH JIJis uYeTblpex QYHKLIMH P;,
Vi, Pa, $,, 3aBUCAIUX OT KOODAMHAT Xy, X, X3 H BpeMeHH
t=x,/c. Ero MaTpuyHasi 3amuch MMeeT BUJ:
. 5} 0 0 J me
i 0~ Al T a2 T A3 _ W= — .
(v¥3m—75 p=25

0xt O0x? 0x®

V=

Tax HaspiBaemble MaTpHLb! [lupaka y°, y%, 2, y° NpeACTaBIsIOT
coO0H YeThipexpsiHble MAaTPHUIE!, YIOBJIETBOPSIOLIHE YCJIOBHIO:
Pyt = 28,

w, v=0, 1, 2, 3; g"v=diag(l, —1, —1, —1).

Ypasrenne Jlupaka 6e3 ocoGoro Tpyaa o6obuiaeTcsi Ha CJ1y-
yall IBHXKEHHsI YaCTHIIBl BO BHEIHEM 3JIEKTPOMAarHUTHOM IoJIe.
Jlnst 3TOrO JOCTAaTOYHO BCIOMHHTB, YTO omneparopam Audde-
PEeHIMPOBaHHS 0 BpEMEHH H NPOCTPaHCTBEHHBIM KOOpAHHATAM
COOTBETCTBYIOT 3Heprusi E u umnysabc P uactuupl, 1 nogo6Ho
TOMY, KaK 3TO Je/JaeTcsi B KJacCHYeCKOH 3JIeKTPOJHHAMHUKe,
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e
3amennTb P Ha p—— A, a B BbIpaxeHHe JUI5 SHePTHH J06ABHTH

cnaraemoe eA,. Periexue takuM o6pa3oM 0GOGLIEHHOTO ypaB-
HeHHs AJIs JBIKEHHUS 3JeKTPOHA B roJie fpa NpHBeJo K GoJee
TOYHOH (opMyJie AN YpOBHeHl 3SHeprMH BOLOPOINONOAOGHBIX
aToOMOB. JTO — TaK HasblBaeMOe TOHKOe paclleljieHHe ypOB-
Hell — paclienJieHHe ypoBHel C ONHUM H TeM Ke [VIaBHbIM KBaH-
TOBBIM YHCJIOM 1 M PasHbIMH 3HaYeHMAMH INOJIHOrO MOMEHTa.

Keanmosas meopus usayusenus. 15 pelueHHs 3ajay, CBs-
3aHHBIX CO B3aMMOJEHCTBHEM 3JEKTPOMArHHTHOrO NOJISI C He-
PEJATHBHCTCKHMH OOBEKTAMH, HAalpHMep, HpH H3JYYeHHH H
IOTJIOLeHHH CBeTa aToMaMH, OObIYHOH KBAHTOBOH MeXaHHKH
yXe HeJocTaToyHo. Heo6XomuMo Takxke HMeTb (opMasH3M,
T03BOJISIIOLIME KBAaHTOBBIM 06pa3oM ONHCBHIBATb M 3JeKTpoMar-
HHTHOe noJie. ta npobsiema Obuia peieHa B 1927 r. [lupakoM,
KOTOpPHIH MNpPEeACTABHJ 3JIEKTPOMAarHUTHOE MOJe KaK CHCTeMY
KBaHTOBBIX OCLHJIJIITOPOB M yues ero B3aHMOZEeHCTBHE C aTo-
MaMH B NIePBOM IOpSIiKE TEOPHUH BO3MYILEHHH.

Taxoil noxxoJ NO3BOJIHJ NOHATH NPUPORY CIIOHTAHHOTO H3-
JTy4YeHHs aTOMOB, T. €. M3Jy4eHHS, CONPOBOXKMIAIOIIEr0 CaMo-
NPOU3BOJILHEIA Iepexof, aToMa U3 BO30Y2KAEHHOIO COCTOSIHUA B
6oJiee HU3KOe COCTOSIHHE B BaKyyMe, H BBIYHUCIHTb €r0 BeposT-
HOCTb.

B nocnenytomeit paGorte, Bhillefueit B ToM ke rory, lupak
B paMKax CO3JaHHOTO UM MeTOja MOJY4HJ 3aHOBO PAJ, H3BECT-
HbIX GOpMYJI 151 paccesiHHsI CBeTa aTOMHBIMU cucTeMaMH. [Toce
sToro Teopusa Jl¥paka crajna NpUMeHATbCS H AAs APYTHX Opo-
6JieM, CBI3aHHBIX C IIpoLlecCaMd H3Jy4yeHHs. B kauecTse npu-
Mepa npusefieM pabory Batickonda u E. Buraepa, mojyuus-
KX C ee NOMOLLbI0 (GOPMYJTy JJIsl €CTECTBEHHOH IIHPHHEL CIIEK-
TPaJbHBIX JHHHUH.

B pa6ore [lypaka KBaHTOBaHHIO [I0JjBEPTaeTCA He BCe 3JIeK-
TPOMar{HUTHOE IIoJie, a JIMIIb €ro IonepeyHas— «pajHalloH-
Has» 4acTb. OJIEKTPOCTATHYECKHE IOJIsl BKJ/IOYAJHCh B BHIE
KYyJIOHOBOH 3HepruH B3aUMOLEHCTBHSI B TaMHJILTOHHMAH JJIA
gacrun. Takoll HepaBHONIpaBHBIH INOAXOA K IBYM CllaraeMeiM
10151 HEeMHBapHaHTEH OTHOCHUTEJbHO npeobpasoBaHuil JIopeH1a,
flepeMelINBaOLIMX 3TH 9acTH MexAy coboil. [Tostomy npobiema
TIOCTPOEHHSI PEJSITUBHCTCKH HHBAapHAHTHOH CXeMbl KBAaHTOBa-
HHS 3/IeKTPOMarHUTHOTO MOJIsSI COXpaHsa CBOI OCTPOTy. B ee
pemennn npuHsaad yuactue 1. Mopaan, Ilaynu, B. Deiisen-
Gepr u . ®epmu. Ilpu stom B mnoxxoze Pepmu, Haubosee
COOTBETCTBYyIOIEM AyXy OyAyiiedl TeopHH, HepH3HYeCcKHe CTe-
NeHd CBOGOABI YCTPAHSAIHCh HaKJalblBaHHEM JOMOJHHUTENb-
HBIX YCJIOBHE Ha JONYCTHMble BEKTOPbI COCTOSIHHA. B omy6uu-
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KOBaHHOH nocsie storo pa6ore Lupaxa, ®okau b. [Togoasckoro,
MOCBAIIEHHOH 0606ILIeHNI0 TeOpHH, OBLIO JaHO TakKe JoKasa-
TeNIbCTBO DEeNATHBHCTCKON HHBAPHAHTHOCTH CXeMbl KBAHTO-
BaHHS.

BaxHyto po/p B IIOHUMaHHH (PU3HYECKOrO CMBIC/IA KBaHTO-
BOTO MOJIST M3JIy4YeHHs chirpana Beimenmast B 1933 r. pa6ota
H. Bopa u JI. PoseHdenblia, KoTopble NOKasalH, YTO MEXKLY
HanpsXKeHHOCTSIMH 3JIeKTPHYECKOr0 M MarHHTHOTO MoJeH cy-
IIECTBYIOT COOTHOLIEHHS HeompeleneHHOCTel, NofoOHBIe refi-
3eHGEepProBEIM COOTHOLIEHHSIM MEXAY KOOPIAMHATOH H HMIYJMb-
coM. B cuny atoro, HanpuMep, HeBO3MOXKHO OJJHOBPEMEHHO TOY-
HO H3MEPHTh X-KOMIIOHEHTY HamnpsIXKeHHOCTH 3JIEKTPHUECKOIro
NoNsl M Y- WJIH 2-KOMIIOHEHThl HampsKeHHOCTH MAarHHUTHOTO.

Anmuuacmuybi. B KBaHTOBOH TEOpPUH H3JyUYeHHs 3JEKTpO-
Hbl U (OTOHBI TPAKTOBAJIMCh HECHMMETPHUYHBIM o6pasoM. Ecmu
(hOTOHBI BO3HHKAJ/H NIPH KBAHTOBAHUH 3JIEKTPOMATHUTHOTO NIOJIS,
TO 3JIEKTPOHBI ONHCHIBA/INCh BOJTHOBOH (PyHKUMel B KOHDHUTYpa-
LIUOHHOM  IIPOCTPAHCTBe,  YJOBJIETBOPAIOUWIEH  ypaBHEHHIO
Hupaka.

B 70 :xe Bpems HHTepnperauus ypaBHeHus Jlupaka Kak ypas-
HeHHUs1 AJs BOJHOBOH GYHKLHH OJHOH 4acTHLBl CTOJKHYJAacCh
C Cepbe3HOH TPYLHOCTBIO, CBSI3aHHOH C CYILeCTBOBAHHEM COCTOS-
HU# ¢ oTpuuaTenbHOH sHeprue#i. Taxue COCTOSHHMS NPHCYTCT-
BYIOT CpPelld peilleHHH ypaBHeHHs [upaxa M He MOTYT OBITb HC-
KJoueHbl M3 TeopHu. IloHnMaemble 6yKBajibHO, OHH JOJXKHEI
ObLTM Obl MPHBOAUTb K TaKUM abCypAHBIM CJIEJCTBHAM, Kak,
HanpHuMep, HeCTaGU/IbHOCTb aToMa BOAOPOJA, TAK KaK BO3HHKJIA
OBl BO3MOXKHOCTb pafHAlMOHHOIO Ilepexofa U3 OOBIYHBIX CO-
CTOSIHHH B COCTOSIHHS C OTpHLATEeNbHOH 3Hepruei.

JLais1 npeonioneHnst NofoGHEIX npoTHBopeyuit Jupak B 1930 r.
BBIABHHYJ OCTPOYMHYIO TMIIOTe3y, KOTOpas omupanach Ha Ho-
Byl0 MHTepHperaluio INOHATHA Bakyyma. I[Ipenmosaranocs,
YTO B BaKyyMe Bce COCTOSIHHSI C OTpPHLATeNbHOH 3Hepruer
3ar0JIHEHbl 3JeKTPOHAMH U 00pasyloT Guskueckd HeHabJIozae-
MBI (oH. Ilepexofpl 3JeKTPOHOB M3 COCTOSSHHH C IOJOXKH-
TeJbHOH 3Hepruell B COCTOSIHHSI C OTpPHLIATENbHON SHepruei sa-
npellieHbl NpH 3ToM npHHUMNOM Ilaynu,

l'unoresa [lupaka He TOJBKO YCTpaHMJ/a ONMCAHHBIE BhILIE
TPYAHOCTH, HO U NO3BOJIMJIA NpeAcKas3aTh pAj NPHHIMIHANBLHO
HOBBIX (bH3HMYeCKHX sBJeHHH. Tak, MO/MKHBI CYIIECTBOBATDH
NPOLECCH, B XOJle KOTOPBIX 3JIEKTPOH H3 «MODS» 3aNOJHEHHbIX
COCTOSIHHH C OTpHLIaTe/NIbHOH 3HepTHeH, NoJyYHB Heo6X0LHIMYI0
3HepTHIo, HanpuMep, 3a CYeT NOIJIOmeHHs (OTOHA, NMepexoiuT
B COCTOSIHHE C HOJIOXHTeNbHOH 3Hepruell. IIpu stom AaHHBIH
3JIeKTPOH CTaHOBUTCA HabmonaeMeiM. Ha6amonaeMbiM TaKxke
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OKa3blBAaeTCSi He3aloJHEHHOe COCTOSIHHE C OTPHIATETbHOH
SHeprued, Tak HasplBaeMasi JblpKa. Bo Bcex mpoueccax ABIpKa
BelleT ce6si NMOZOOHO UYacTHLE C IOJOXKHTENLHBEIM 3apsiIoM H
Macco# 3JIeKTpOHa, T. €. 006/1afaeT CBOACTBAMH aHTHAJEKTPOHA
(nosuTpoHa). DJIEKTPOH MOXKET MepeHTH O6paTHO B He3aroJ-
HEHHYIO JIBIPKY, M3JIyU4HB NPH 3TOM (JOTOH COOTBETCTBYIOLIEH
SHepTHH.

Taxum ofpasoM, ObLTO NpeNCKas3aHO CYLIeCTBOBAaHHE aH-
THYACTHIL, a TaKXke ABYX JO TOTO BpeMeHH HeH3BeCTHBIX ¢yHIa-
MEHTaJIbHbIX IIPOLIECCOB — POXKIEHHST ¥ AHHUTHJISIIHUK Taphl
YacTHLA — aHTHYacTHIA.

Kpome [Iupaka, Gosbiuoft BKlax B pa3paboTKy KOHIENIUH
aHTHMaTepuu BHecsnH Takxke M. E. Tamm, Ix. OnneHrefimep
u T'. Befib. DrcnepUMeHTAIbHOE MOATBEPKAEHHE HIEH O CY-
IIeCTBOBAHMH aHTHYACTHL, OBLJIO IOJYYEeHO BCKOpE ITOCse 3TO-
ro — B 1932 r. B pesyabTrare OTKPHITHS MO3HTPOHA.

O6paTiM BHHMaHHe Ha TO, YTO pelleHHs, COOTBETCTBYIOLIHE
OTpHIlATeNIbHBIM 3HAYEeHUSM 3HEPIHH, HMelOTC TakXe H Y
ypaBHenuss Kuefina — TI'opnona — ®oka. OO6was mnpHYMHA
HalHyHus B TEOPHH INOJOCHBIX COCTOSTHHH COCTOHT B TOM, 4YTO
B pPeJSITHBHCTCKOE COOTHoOIeHue E2=p2c*4-m?3c* 5HepTHs BXO-
JHUT KBaJpaTHYHO, a ONepalHsi H3BJeUYeHHsT KOPHS HeOXHO3-
Hauna: E=4)/ p*c*Fm?*. Takum 06pasoM, CyliecTBOBaHHE
aHTHYacTHI[ B KOHEYHOM CYeTe eCTh CJe[CTBHe PeJITHBHUCTCKON
HHBApHAHTHOCTH.

T'unoresa [Jupaka o cymecTBOBaHHH HeHa6monaeMoro GoHa
COCTOSIHHH C OTpHIATENbHOH 3Hepruefl BHIIVIsAJeNa B 3HAYH-
TeJBHOH Mepe HCKYCCTBEHHOH M He NOJIyYHJa BIOCTEACTBHH
obocHoBaHus. Bosee ToOro, Jisi yacTHIl ¢ LEJBIM CIHHOM OHA
Boofle He npuMeHuMa. C Ipyrofl CTOPOHEI, NpoGJeMy Cylie-
CTBOBaHMsI COCTOSIHMH C OTpHLaTeJbHOH 3Hepruell okasasoch
BO3MOXKHBIM YCTPaHHTb B TaK Ha3biBaeMoM (OpMain3Me BTO-
PHYHOTO KBAHTOBaHHUS.

Keanmossie oarosote noas. ror gopmanuam 6bll paspadoraH
B KoHue 20-x ronos Mopnanom, Kaeitnom u E. Burnepom s
KBaHTOBOTO OIHCaHMsI CHCTeMbl N TOXKIECTBEHHBIX YaCTHIl H
06061eH POKOM Ha CHCTeMbl C NepPeMEHHBEIM YHCJIOM YacTHIL.
B ocHoBe sToro dopmanuaMa JexKUT anmnapaT onepaTopoB poxK-
JI€HHSl M YHUYTOXKEHHSl M IIpeACTaBJIeHHe 4YHCeJ 3alOJHEeHHS .
Ilpu sTOM penATHBHCTCKasi KBaHTOBas mnoseBass (QYHKIUS JIH-
HeHHO BbIpaXkaeTcs Kak yepe3 OmepaToOpbl POXKJAEHHS, TaK H
yepe3 ONepaTophbl YHHYTOXKEHHS COOTBETCTBYIOLIMX YaCTHI[ —
KBaHTOB noss. Tak, Hanpumep, QYHKUMS u(X) ONHCHIBAET
OJIHOBPEMEHHO YHHMUYTOXKEHHE YaCTHILl M POXKJIEHHE aHTHYaCTH-
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»
Lbl, a CONpsXKeHHas el QYHKUHUA u(X) — POXKAEHHE YACTHLEBI
H YHHMYTOXKEHHE AHTHYACTHUIIBI.

B 1934 r. TeiisenGepr, a Tax:xe Onnerrelivep u B. ®appu
NoKasaju, 4TO NMPH KBAaHTOBOM paccMOTpeHuM mogs [lupaka,
NPOKBAaHTOBAHHOrO C y4yeToM npuHuMna Ilayju, Bo3HHKaeT
CHMMETPHYHOE OIHCaHHEe 3JIEKTPOHOB M MO3HTPOHOB H TPYI-
HOCTH OTpPHLIATeNbHbIX 3HepTHH He Bo3HHMKaeT BoBce. K aHa-
JIOTHYHBIM pe3yJ/ibTaTaM NPHBOJUT KBAHTOBAaHHE pelueHHs ypaB-
HeHus Kunefina — I'oprona — ®oka no Bose — SiiHmrelny,
BeINoJIHeHHoe [laynu u Bafickondowm,

TaxkuM ob6pasom, ypaBHeHust [lanamGepa, Hupaka, Kuefi-
Ha — 'oproHa — ®oka clelyeT NOHHMATh KakK ypaBHeHHs
IJISl PeNSATUBUCTCKHX OIIepPaTOPHLIX NOJEBbIX (DYHKLMH, Aei-
CTBYIOIMX Ha BEKTOP COCTOSIHHSI CHCTEMBbI KBAHTOBBIX IoJel,
yroBnerBopsiomuil ypaBHenuio lpenunrepa. BosHukio npen-
CTaB/leHHe O HOBOM €NMHOM O0BeKTe — KBAaHTOBOM IIOJe.

Dopmyauposka kéanmosoll ssexmpodunamuxu. B pamkax
9TOH HOBOH KapTHHBI CBeT H MaTepHs (T. e. 3JeKTPOHBI U IO-
SHTPOHBI) PaBHONMPABHO BBICTYNAIOT KaK B3aHMOJEHCTBYIOLINE
BOJIHOBBIE M0JIS1 B 4-MepPHOM IIPOCTPAHCTBe — BpeMeHH. Teopus
B3aHMOJIeHICTBH Sl KBAaHTOBBIX 3JIEKTPOMATrHHTHOIO ¥ CIIMHOPHOTO
noJiefl HasbIBaeTCsl KBaHTOBOH asekTpoiuHamukoi (KI).

B 3TOl TeOpHM 3/IEKTPOH-NO3UTPOHBL U (HOTOHBI TPAKTYIOT-
Csl OMHAKOBO — KaK KBaHThI COOTBETCTBYIOIIUX noJell. KpaH-
TOBaHHe, NPaBJia, BLINOJHSETCS N0-pasHoMy. Eciu 15 sJek-
TPOMAarHUTHOTO IOJIS, UMEIOLIEro CNHH 1, crpaBelJIMBhL OIpe-
Je/leHHble KOMMYTAIMOHHbIE COOTHOUIEHHS, TO JJIsl ONepaTopoB
5JIEKTPOHHOTO I0JIsI, CIIMH KOTOPOro paBeH 1/2, KoMMyTaTOpHI
3aMeHSI0TCS Ha aHTHKOMMYTATOPEl. JTO NMPUBOIUT K aHTHUCHM-
METPHH BOJHOBBIX QYHKUMH cHcTeM GepMHOHOB, KOUMH SIBJIs-
I0TCA 3JIeKTPOHBI, H NpHHUHMNY 3anpera [lay.u.

Eciiu 3/1eKTPOHHOE M 3JIEKTPOMAarHHTHOE IOJIS BHIPA3UTh
yepes OINeparopbl POXKAEHHS M YHHUTOXKEHHs, TO B3auMOJefi-
CTBHE MeXJ1y HMMH, 3alMCBIBaeMoe B BHJe NMPOU3BeJeHHS ABYX
(bepMHOHHBEIX TOJIEH Ha 3/JE€KTPOMAarHUTHOE IOJIe, MOXHO HH-
TepNpPeTHPOBATh KaK U3MeHeHHe COCTOSIHHSA (epMHOHA — YHHU-
TOXKEHHE €ro B OJHOM COCTOSIHMH M POXKJIEHHE B JIpYyrom, co-
NpOBOXKJAIOLIeeCsT HM3JIyyeHHeM HJIM TOrJomeHreM (OTOHA.
®u3MYeCKH 3TO MOXKeT ObITh YHHYTOXEHHE U pOXKIeHHe
3NMeKTPOHA, YHHUUTOXKEHHe M PpOXKIEHHEe TNO3UTPOHA, OJHO-
BpeMeHHOe YHHUTOXKeHHe (WM pOXKIEHHE) 3JeKTPOHA M Iio-
3UTPOHA.

B konue 20-x — Hauasne 30-X roJjoB OblJIM PACCUHTAHBl KBaH-
TOBO3JIEKTP O HHAMHYECKHE MPOIECCEl, KOTOPble OMNHCHIBAMHCE
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sddexramMmu nepBOro NOpsifKa Mo NOCTOSTHHOM TOHKOM CTPYKTY-
prl. Hanbosee BaxkHBIM Obl1 pacuer dopmyJbl Kieiina — Hu-
wrHel — Tamma (1929) n1s 3hheKTHBHOrO CeYeHHsT paccessHUst
(OTOHOB 3/IEKTPOHAMH, KOTOPAsi XOPOLIO ONHcaia TaHHble OIbl-
ta JI. B. CkoGenbuplHA 1O KOMNTOH-3(beKTy. IDTOT (akKT
HMeJl BaXKHOe 3HaueHHe JJIs CTAHOBJIEHWs! TEOPHH, OCHOBAHHOH
Ha ypaBHeHHH [upaka.

Modenrs @epmu. Xorsa x Hayany 30-X TOIOB KBaHTOBOIOJE-
BOE ONHCaHHE 3JeKTPOMArHUTHLIX B3aUMOJEHCTBHH GLIIO OKOH-
JaTeJbHO CHOPMYJNHPOBAHO, HIes AaHAJOTHYHOTO ONMHCAHHS
IJIs1 APYTHX TIpolieccoB Gblla COBEPLIEHHO He OueBHAHA. B ua-
CTHOCTH, He GBbLIO MOHSITHO, MOTYT JIM JJIsI HUX GBITb NMPUTOL-
HBl MOHATHSA «POXKIEHHS» U «YHHUTOXKEHHs». B 3TOM OTHOLIE-
HHH GOJIbILIOE 3HAYeHHe MMesa TeopHsi B-pacnaja, mpeioxKeH-
Hasg @epmu B 1934 roxy. ®epmH HCHONB30BAN NpelJOKEHHOE
[Taynn oObsicHeHHe HENPEpPHIBHOCTH CHEeKTPa BBLIETAIOUIHX
NpH pacnajie 371eKTPOHOB NyTeM BBeJleHHsI HEHTPHHO, KOTOpOe,
yCKO/Ib3asi OT HaOMofeHHsi, YHOCHT 4acTb BEICBOOOXKIaeMOH
sHepruu. B ocHOBy cBoefi Teopun PepMH NOJOKHJI HIEIO O
TOM, YTO BO3HHKAIOIIHE B MPOILeCcCe pacrnajga NpoToH, 3JeKTPOH
U aHTHHeHTDHHO He BXOAAT B COCTaB HEHTPOHA, a POKAAIOTCHA
B pesyJbraTe B3auMofeHcTBus. KpoMe Toro, mpu mocTpoeHHH
Mmonenu PB-pacnana Pepmu peANONOXKHJ, UYTO Bechb IPOLECC
IIPOMCXONUT B OXHOH NPOCTPAHCTBEHHO-BpEMEHHOH TOUKe,
T. €. 3JIeMeHTapHLIH aKT B3aHMOJIEHACTBHUS COCTOMT B YHMYTO-
JKEeHHH HeHTPOHA W POXKIEHMH IPOTOHA, 3JeKTPOHA H aHTHHeH-
TPHHO.

Takum o6pasoM, npenyoxeHHbli @epMu JarpaHxKuaH cia-
00ro B3aUMOJEHCTBHS COZEPIKUT NPOU3BeNeHUs deThipex dep-
MHOHHBIX MOJIEBBIX (DYHKIMH (BhIpa)kaeMbIX 4epe3 OnepaTophl
POXKIEHUS ¥ YHHYTOXKEHHs HeHTPOHa, IPOTOHA, 3JeKTpoHa H
HEeHTPHUHO), B3ATHIX B OJHOH M TOH Ke TOYKe NPOCTPaHCTBA —
BpeMeHH.

Koncranra derslpexdepMHOHHOrO B3aMMONEHCTBHS OKas3bl-
Baercsi pa3MepHoit [Gpl=m—2. Ee uuciieHHOe 3HadYeHNe, Onpe-
IIeIEeHHOE TI0 BepOosATHOCTH f-pacnana, paBHO MPHGIH3HTENBHO
10-5 I'sB 2. -

Hapsiny ¢ npoueccom pacnaga n—p-+e—-+v, JarpaHxuan
depMH, KaK yKe FOBOPHJIOCH B § 2, ONMHCHIBAaeT TakxkKe H JApY-
rHe peakluH, Hampumep, v.+n—>-p-+e- u v.+p—->n-tet.

BriocnencteuM MoZenb NpORO/XKAada COBEPLIEHCTBOBAThLCA.
Brlna yTouHeHa CTPYKTypa 4YeThblpex()epMHOHHOrO JiarpaHXxHa-
Ha, MOJNYYUJIO TaKKe OTpaxKeHHe COCTaBHOe CTPOeHHe aJpPOHOB.
[MonpoGHee MBI pacckaxeM o6 3ToM B § 6 u 17,
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Modenro IOkagpt. UTo KacaeTcsl aepHBIX CHJI, CBA3bIBAIOLHX
IPOTOHBLI U HEHTPOHHI B siipe, TO, KaK yiKe roBopujoch B § 1,
OHHM OTJIMYAIOTCS OT 3JEKTPOMAarHUTHBIX NpeEXIe BCEro TeM,
YTO UMEIOT KOPOTKHH pajuyc AeHCTBUS, N0 NOPAAKY BeJHUYHHEBI
coBnajawmmuil ¢ pasmepamu sapa (10-% cm).

Cpenu nepBbIX MoZenell CHJIBHBIX B3aUMOZeHCTBHH ciefyeT
Ha3BaTh HEJOJITO NMPOCYIECTBOBABIIYIO, HO HMEBLIYIO 60JbLIOE
HCTOpUYeCKoe 3HaueHHe «[-TeopHio SIepHBIX CHJI», NpejJo-
xeHHyo Tammom u [1. JI. FiBanenko. B 1934 r. oHH BbICKa3a-
JIH HJelo, COTJIaCHO KOTOPOH BO BTOPOM NOpSAKE TEOPHH BO3-
MyIeHU} HEeHTPOH M NPOTOH MOTYT B3aHMOJeHCTBOBAaThb, HCITY-
CKas ¥ CHOBAa IIOIJIOLAsl BUPTYyasbHble 3JeKTPOH-HEHTPHHHbIE
napel. OfHaKo 3To B3aHMMOJEHCTBHE OKa3aJoCh CJIHIUKOM CJla-
OLIM 1J11 OOBACHEHHUSI SIePHBIX CHJI.

Hcnonpsys uneio o6 0OMEHHOM XapakTepe KOpOTKOAEHCTBY-
fomux saepHbix cui, X. IOkaBa B 1935 r. npensnoxus nepByio
TNI0C/IeI0BATEbHYIO MOJlesIb MeXaHH3Ma CHJIBHBIX B3aMMOJEHCT-
BUH. OH IpeNNONOXKHUI, YTO B3aHMOJEHCTBHE MEXKIY COCTaB-
JISIOLIMMH aTOMHOrO sifipa, NPOTOHAMH M HEHTPOHaMH, NepeHo-
CHUTCS1 HEKOTOPOH HOBOH, B TO BpeMsl HEH3BECTHOH dacTHieH co
cnuHoM O u maccoit m. Ilonaras, 4To 3Ta YacTHIA ONHCBHIBAETCA
ypaBHenueM Kueifina — I'oprona — ®oka, H onpefenss Ha
€r0 OCHOBE COOTBETCTBYIOWIMH CTaTHUYECKHH MNOTEHLIHAJ

A—m*) U (r)=8(r) — U (r)=e~""r,

IOxaBa cBsizan paguyc HeHCTBHS SiepHBIX CHJ 1, ~1071% cm
C Maccoy «mepeHOCYMKa B3auMofelicTBus» m. OKasalnoch, 4TO
3Ta Macca Jo/kHa npuMepHo B 200 pa3 mnpeBblIaTh Maccy
aJekTpoHa. Kak H3BeCcTHO, 4acTHUBI ¢ TpeOyeMbIMH CBOHCTBa-
MH, Ha3BaHHBIE T-Me30HAMH, OBLIM OTKPHITH B 1947 T.

Mogens FOxaBh B TeueHHE TOCHAENYIOMUX NECATHAETHH CIy-
JKHJIa KaueCTBEHHOH OCHOBOH OOCYKJEHHS AMHAMHKH CHJIbHBIX
B3auMoeicTBul. OfHAKO YNOBJIETBOPUTENbHBIX KOJIHUYECTBEH-
HBIX DEe3yJIbTaTOB MOJYYHTh C €€ MNOMOLIbI0 NPAaKTHUECKH He
yAaanock. HMckmioueHHe cocTaBiaseT MOJMy¢heHOMEHOJIOTHUeCKHH
aHa/Mu3 peakuUUuu (POTOPOXKAEHHS NMHOHOB HA HYKJOHAaX, NpoO-
BefeHHeld B 1950 r. A. M. BanauueiM u B. B. MuxaiinoBeiy,
KOTOpBle MOJYYHJIH yAOBJETBOPUTENBHOE KOJIHUECTBEHHOE OMH-
caHHe 3TOHM peakuun BOJH3H NOpoOra.

§ 5. CtaHoBJIeHHEe KBAaHTOBOH 3JIEKTPOAMHAMMKH

Yaompaghuoremosvie pacxodumocmu. KBaHTOBasi 3J1€KTpo-
JIMHAMHKa CTOJIKHYJIach C TNPHHLUHIHAJIBHOH TPYAHOCTBIO, 3a-
KJIIOYaBIIeHics B TOM, YTO BBIYHCJIEHHS 11O TEOPHH BO3MYIIEHHH
B MOPsAKAX CTaplle NepBOro NpHBOAMIHU K 6eCCMBIC/IEHHBIM Gec-
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KOHeUHBIM BhIpa:KeHHsIM. BrepBble Ha 3TO 06paTH/ BHHMaHHE
B 1930 r. Onnenreiimep. ITockonbKy 3TH GeCKOHEYHOCTH Briep-
Bble MOSIBUJIMCh NPH y4YeTe BKJaloB (POTOHOB OOJBLUMX SHEp-
TMH, OHH TOJYUYMJH HAa3BaHHe YJbTPaHOJIETOBBIX PacXOfH-
MocTell. YKasaHHble GECKOHEYHOCTH OOYCJ/IOBJIEHB! JIOKAIbHBIM
XapakTepoM B3aHMOJEHCTBUS W NpeiCcTaB/sIOT COO0H oTpaxKe-
HHe M 00OOLLeHHe H3BEeCTHBIX TPYAHOCTeH KJIACCHYECKOH 3JeK-
TPOAMHAMHKH NPH ONHCAHUH TOYEYHBIX 3apAfoB. B cienyomei
ryiaBe Mbl 06CyAHM 6oJiee AeTalbHO NMPHYHHBL NOABJEHHA B Te-
OpHH YJIBTPaHOJETOBBIX pacXOAMMOcTell H CrocoObl 60PbObI
C HHUMH. 3Zech e OIpaHHUYHMCsl MPOCTEHIIHMH MpHMepaMH H
HCTOPHYECKHMH KOMMEHTapHsIMHU.

[Ipumep THNHYHON PACXOAHMMOCTH — 3TO COOCTBEHHAasl SHep-
rua sjekrpoHa. Kak ussectHo (cm. Takxke § 11), B kiaccuue-
CKOH TeOpHH 3HeprHus 3JeKTPOCTaTHYEeCKOIo MoJsf, CO3jaBae-
MOTO 3JIEKTPOHOM C PafuycoM 7y, npu ro—0 cTpemutcs K bec-
KOHeYHoCTH Kak l/r, (pacxomurtcst JMuHelHO). B KBaHTOBOM
3JIEKTPOAMHAMHKE COOTBETCTBYIOLIAsl BeJMYHHA HMeeT OoJjee
cnabyio pacXoAuMOCTb, 8 HMEHHO, CTPeMHTC K GeCKOHeYHOCTH
Kak In r, (4T0 fIBJsIETCS CJIEACTBHEM yueTa MO3HTPOHOB B IPO-
ME@2KYTOUHBIX COCTOSIHHUSAX).

[TockosbKy 1pH pacueTe NpoLeccoB Y/AbTPadhHONETOBbIE pac-
XOJMMOCTH BO3SHHKAIOT, KaK NPaBUJIO, TONLKO B 60Jiee BEICOKHX
nopsifiKax, 4eM TOT, KOTOpBIH sBJAsieTCs A HHX [JIaBHBIM, a
9KCNepHMeHTaNbHas TOYyHOCTh B 30-e rofil 6blia elle He CIHII-
KOM BBICOKOH, B TO BpeMsl O'paHHYMBA/IHCh HU3IIMM NOPSAKOM
TEOpPHH BO3MYLIEHHH, KOTOpHIH obecrneynBal IOCTAaTOYHYIO CTe-
NeHb COBNAafleHHsl ¢ OnmbBITOM. UTo ke KacaeTcsl pacxoidaluxcs
UMIYJIbCHBIX HHTErpajoB, BCTPEYAIOIIMXCA B CJIEAYIOWHUX
nopsiikax, TO MX NMPOCTO obpe3any Ha BepXHeM npefene. Tu-
[MYHOE BO3HHKAIOIlee B pe3yJbTaTe 3TOr0 BbIPaXKEHHE — 3TO
JorapudM OTHOIIEHHS SHEPTHH, NMPH KOTOPOH MPOMCXOJUT 06-
pesaHHe, K Macce 3JeKTpoHa. IIOCKOJNBbKY Iepel HHM CTOUT
MaJiblit MHOKUTENb (ot/7i~10-3), To naxe 1JIs1 napaMeTpoB obpe-
3aHMs, MHOTO GOJIBLIMX Macchl 3JIEKTPOHA, OTHOCHTEJbHBIE I10-
NpPaBKH NOJNYyYaJHCh JOCTATOYHO MaJbIMH.

Tem He MeHee mpucylMe BBICIUMM NOPsiAKaM 6€CKOHEUHOCTH
NpeACTaBAsNH co00H NPHUHLHUNHANBHYIO NpobieMmy, Ges perile-
HHS KOTOPOH HEBO3MOXKHO ObIIO CYJHUTDb O JIOCTOBEPHOCTH Teope-
THYECKHX TIpefcKa3aHMil.

B xonue 30-x romoB psii aBTopoB, B ToM uHcie Jlupak,
9. IlmiokensGepr 1 X. Kpamepc, BBICKa3biBalH HEKOTOPHIE
coo6pakeHHs] OTHOCHTENIbHO YCTPaHEHHS PacXOAMMOCTeH.
OpnHako co3fath perynspHeIl MeToJ obpamieHusi ¢ Gecko-
HEeYHOCTSIMM B Te rOfpl TaK U He yJajoch.
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SKcnepuMeHTaNbHbE Pe3yJbTaThl JaJH HOBBIH TOMYOK Te-
OpeTHUYECKHM YCHJIHSIM B 3TOM HanpasieHuu. B 1947 r. Y. JIsm6
u P. Pusepdop H3MepH/IH BeJHYMHY PasHOCTH MEXAYy 3SHep-
ruaMu 2si, ¥ 2p, COCTOSIHHE aToMa Bozopoja. Mexny TeM
npuMeHeHHe ypaBHeHHs Jl¥paka K aToMy BOJOPOAA NPHBOAHJIO
K TOUHOMY BBIDOK[IEHHIO 3THX ABYX YpOBHel. BblIO ficHO, YTO
pacienyieHie ypoBHeH BO3HHKaeT H3-3a DaJMalHOHHBIX IO-
NpaBOK K B3aHMOJEHCTBHIO 3JIEKTPOHA C KYJIOHOBCKHM IOJIEM
sapa. OJHaKO NMPH HX BBIYMCJIEHHH BO3HMKAJ/IH GECKOHEYHOCTH,
OT KOTOpBIX Haflo OBbLIO HAyYHTbCA aKKypaTHO H306aBJAThHCH,
BBIE/ISIsT TeM caMblM M3 pacXOAALIMXCS BbIpaXXEHHH 4YacThb,
HMEIOILYI0 peasbHBIA (pu3anyeckuil cmblics. Takylo mpoueaypy,
HOJIYYHBIIYIO Ha3BaHHE NIEPEHOPMHPOBKH, B HepelATHBHCTCKOM
npuGaKHXKeHHH ocymecTBul B 1947 r. Bere. llockonbKy, Kak
BBISICHMJIOCH BCIOC/IEACTBUH, 60/bllas 4acTb a¢beKTa 06yCaoB-
JieHa (pOTOHAMM MaJiblX SHeprui, bere momyuna corsacue ¢ sxc-
[EePYMEHTOM NOPSJAKA HeCKOJbKHX HPOLEHTOB.

Kosapuanmunas meopus 603mywenuii 0asa S-mampuypst.
B 40-e romel 6co6eHHO CCTPO NpOsiBUIAch HEOOXOAHMMOCTb CO3-
JlAHHSI BBIUMCJIHTENBHOTO popMa/iu3Ma B KBAaHTOBOH 3JIEKTPO-
JMHaMHKe, KOTOPBIH Obl Ha BCeX 3Tanax COAepzKall pPeJATHBHCT-
CKM MHBapHaHTHble BhlpaxKeHHs. Il1s 3THX Lejell 0KasajocCh
yOOGHBIM HCIOJB30BaTh BBeleHHYyIO ['elisen6eprom B 1943 r.
TaK HasblBaeMylO MaTpHULy paccesiHus S, NpeACTaBJSIONLYIO CO-
601 COBOKYNHOCTb aMIJIUTYJ BCEBO3MOXHBIX NPOLECCOB Iepe-
Xofa (B pesyabTaTe B3aHMOJEHCTBHS) KBAHTOBHIX CHCTEM
H3 HEKOTOpPOro HauyaJbHOTO COCTOSIHHA B JApyroe — Ko-
He4Hoe.

B pa6orax C. Tomonaru, lO. lllBunrepa u P. ®eitnmana
BTOpOH noJIoBHHBEI 40-X rojoB OblIa co3JaHa pesIsiTHBHCTCKH
KOBapHaHTHAas TEOpHsl BO3MYILEHHH, KOTopas NO3BOJIMJIA HO-
CTPOHUTH S-MaTpHLy B BUJE pPasJoKeHHs IO CTeleHsM MaJsloCTH
B3auMogiedictBus. Ilpu stom B noxxone Tomonaru uIlllBuHrepa
OTNpaBHBIM NYHKTOM CJyxHJo ypaBHeHue Ilpenunrepa nis
BEKTOpPOB COCTOSIHMSA, a PeHHMaH HCXOJHUJ U3 NpeACTaBJIeHHS
3JIEeMEHTOB MaTpHIBl PacCcesiHHsl B BHJAE KOHTHHYa/bHBIX HHTe-
TpajioB IO NOJIEBBIM KOH(HUIypauusiM. 3HaKOMCTBO C KOHTHHY-
aJbHEIMH HHTErpasaMy Mbl OTJIOXKHM 0 § 14, a 37ech OTMeTHM
elie, YTo B paMKaX 3TOro MOAXoJa yAaJoch paspaboTaTb Cle-
IHaJbHYI0 TrpadHuecKylo NPOLEAypY NOCTPOEHHS S-MaTpHIbI
B IPOM3BOJLHOM MOPSJKE TEOPHH BO3MYIIEHHH C HOMOLILBIO
TaK HashiBaeMblX auvarpamMm QefiHmana. Ilo ompeeneHHBIM
npaBuiaM, TaKxKe HOCAILMM uMs PelHMaHa, KaxkAoH Auarpam-
ME COIOCTABJSAETCS] HEKOTOPBIH KpaTHBIH HHTerpal Mo HMNYyJb-
caM BHPTYyasibHBIX yacTHI (cM. § 10). B Hacrosiee Bpemst ¢eiin-
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MaHOBCKHE JHarpaMMbl CTajld OJHHM H3 OCHOBHBIX HHCTpYMEH-
TOB pacyeTa NMpPOLEccoB B KBAaHTOBOIIOJEBBIX MOJE/SX, a TaKxke
LIHPOKO HCNOJB3YIOTCS U B APYTUX 06/acTAX QU3HKHU.

Co3s0anue meopuu neperHopmuposok. ¥ creliHasi peaan3anys
HJed NepeHOPMHPOBOK, OCylLlecTBIeHHass Dere B HepensiTH-
BHUCTCKOM IPHOJNHXKEHHH, M cO3[aHHe KOBAapHAHTHOH TeOpHH
BO3MYLIEHHH AJIs1 MaTpHUBbl paccestHus MNO3BOJMHJIH pa3pabo-
TaTh NOCJAeJ0BaTeNbHbIH (OPpMaANTH3M BbIYHTAHHA YJALTpadgHose-
TOBBIX GeckoHeuHocTelf. D10 OblIO chenaHo B paborax Pefin-
maHa, lIBunrepa, ®. Haficona, A. Canama u Jpyriux aBTOPOB.
B wactHocty, [aficor u CanaM npoBesM OOGLIKE aHANH3 CTPYK-
TYpHl PacxoJuMocTell B NPOH3BOJBHO BBICOKHX NOPSIKAaX Teo-
pHuM Bo3MylleHHH. OfHAKO PSL TOHKHX Npo6JeM, CBS3aHHBIX C
TaK HasblBaeMbIMH I€PEKPHIBAIOIIIMUCS PacXOAUMOCTSMH, 10J-
roe BpeMs He MNOJALABaJCs peLIeHHIO.

3zecb okasascsi HeOGXOAMMBIM TLIATEIbHBIH aHaJIM3 MaTe-
MaTHYeCKOH NpPHUYMHBI BO3HHKHOBEHHS pacXoJUMOCTeH, KOTO-
pHIH yJajloch NPOBECTH, MCNONb3ys HOBBIH pasjen MaTeMaTH-
KM — TeopHio o6o6weHHblx ¢yHkuui C. JI. CobGoneBa H
JI. IlBapua. Oxasanoch, 4YTO KBAHTOBONOJEBble GYHKLIHH
I'puna (1. e. nponararopst HltiokensGepra — definmana) npes-
CTaBJIAKT co60H oboblieHHble QyHKUMH THNA O-dpyHKuuMu u-
paka, B3aMMHBble NPOM3BeJileHHsi KOTOpHIX, BoOOLle roBops, He
onpejiesieHbl. YIbTpadHOIETOBEIE PACXOAMMOCTH Kak pas H
OTpPaXKaloT HeoNpeJleIeHHOCTH HX NPOK3BefeHH NpH coBnajaio-
IMX apryMeHTax B IPOCTPaHCTBEHHO-BPEMEHHOM IPEJCTaB-
JIEHHH.

Ha sto#t ocnoBe H. H. Boromo6oBbIM 1 ero yueHHKaMu B
cepepriHe 50-x ronos Gbia pas3paboTaHa TeXHHKa TaKoro Jo-
onpejie/eHHs] NPOM3BeJeHHH NPHUYMHHLIX INPONaraTopos, KO-
Topoe ofecnedynBaeT KOHEYHOCTH H OJHO3HAYHOCTb MATpPHIbI
paccesHHsl B NPOM3BOJBHBIX NOpSAAKAX TEOPHH BO3MYLIEHHIL.
CooTBeTcTBYIOILEE YTBEPIKAEHHE COCTABISET CONEpPKAHHE Teope-
Mbl Boromo6osa 1 O. C. [Tapacioka o nepeHOpPMHPOBKax, a ero
pelentypHas 4acTb — TaK HasbiBaeMasl R-onepauus — siBJjs-
eTcsl MPaKTHYeCKOH OCHOBOH INOJNYy4YeHHS KOHEYHBIX OJHO3Hauy-
HBIX pe3yJIbTaTOB B KBAHTOBOIIOJIEBLIX pacyerax 1o TeOpPHH BO3-
MYIIeHHH.

Yenexu xeanmosoll arekmpolurnamury. Takum obpasoM,
B pesyJbTaTe CO3JaHHSl INOC/e]OoBaTeIbHON BBIUHCIHTENbHOM
cXeMbl B KBAaHTOBOH 3JIeKTpOAHHaMHKe Obljla OTKpHITA
Jopora Jyis pacyera JiloG0OT0 KBaHTOBO3JIEKTPOAHHAMHYECKOIO
s¢dexTa B NPUHIKIE CO CKOMIb YTOIHO BBICOKOH CTENEHBbIO TOY-
HocTH. TOUHOCThL peasbHBIX BLIYHCJAEHHH OrpaHHYUBaNach
Tenephb JHIb UX TpyAoeMKocTbio. (CreryeT OTMETHTBb, 4TO, MO
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CYTH, B TOM Ke caMoM BHJe Becb opManusM cyluecTsyer ¥ B
HacTosilllee BpeMs.)

Ycnexu co3JaHHOM TEOPDHH OKa3alMCh BIEYaTJAIOIHMH .
B 1949 r. IlIBuHrep paccuuTajg NepByl0 pajMalMOHHYIO NO-
NpaBKy K MarHHTHOMY MOMEHTY 3JIeKTpOHa — TaK HasblBae-
MBbIH aHOMAJbHBEIE MarHUTHBIH MOMEHT 3JEKTPOHAa, AOCTHUTHYB
TeM caMbIM OTHOCHTeJbHOH TouHocTH 10-3. Bhln 3aHOBO, GoJiee
CTPOTO M 3HAYHTENBHO NPOLIE BLIYMCJIEH JISMOOBCKHE CHABHT,
MoJIyueHbl pajMalliOHHble MONPaBKH K aMIIMTYAaM paccesi-
HHS U JIeTaNbHO MCCJIeL0BaHEl 3eKTh NoJspH3aluy BakyyMa.
Bce mosyuenHele OpMyJibI XOpOLIO COIJIACOBBIBAJIHCH C 3IKC-
nepumeHToM. O cpaBHEHHHM INIPOBEJEHHBIX K HACTOsIUEMY Bpe-
MEHH KBaHTOBO3JIEKTPOJHHAMHYECKHX pAaCYeTOB C 3KCIEpH-
MEHTOM Mbl pacckaxkeM B § 16. 3gxech xe OTMeTHM JIMLIb,
yro  HaGuojaeMoe  corjlacHe  sIBJSIETCS  PEeKOpAHBIM B
usuxe.

Y aompaguoremosas acumnmomuxa. Ilocne Toro Kak mos-
BHJIAaCb YBEPEHHOCTb B TOM, YTO C NOMOILIbIO HHU3LIHX MOPSALKOB
NIEpEHOPMHUPOBAHHON TEOPHH BO3MYILEHHH MOXKHO MNPaBHJBHO
ONHKCHIBATh pas/HyHble KBAHTOBO3JEKTPOAHHAMHYUEeCKHE ddek-
ThI, GBI NPENNPHHSATHL IONBITKH MOJYYHTb BO3MOXHO GoJee
NOJIHYI0 HH(pOpMalLHIo, COIepKallylocs B BBICIIMX MOPsIKaXx.

B psage 3agau, HanpuMep, NpH HCCIEIOBAHHH aCHMIITOTHYE-
CKHX CBOHCTB (pyHKUHH ['pHHA KBaHTOBOH 3JIE€KTPOJUHAMHKH,
BKJIalpl CTaplIMX MHOPSAAKOB CTOJIb 2Ke CYIIECTBeHHbI, KaK H
Husummx. Tak, B yapTpadHo/eToBOH 06J1acTH (paKTHUECKH napa-
MEeTpPOM pasJioXKeHHsl fIBJseTcs He KBajpar 3apsiia o, a ero
npousBe/ieHHe Ha Jorapudm 60J1bIIOA HMNYJIBCHOH NepeMeHHOH
k2, T. e. a In k% TlosToMy BKJaApl KaXKJOro nopsijKa TeOpHH
BO3MYIIEHHH OKa3blBalOTCS CpaBHUMBIMU. st TOrO 4TOGH IO-
JYUUThb NPaBUJIBHYIO aCUMNTOTHKY, CleJloBaTesbHO, Tpebyercs
CYMMHpOBATb BCe 3TH BKJajbl, T.e. 4ieHbl Tuna (o ln k%)%,

B npocrefimmx ciayyasix yZaercsi BHIAEIHTh TAKHE UJEHHI
HernocpeJCTBEHHO B NPOM3BONBLHOM Inopsinke. Hanpumep, B
1954 r. npsIMBIM CyMMHPOBaHHEM IJIaBHBIX JIOrapH()MHUECKHX
unenoB JI. [I. Jlannay, A. A. A6pukocoB u M. M. XajsiaTHHKOB
BBIYHC/IMJIH  yAbTPa(HOIETOBYIO aCHMITOTHKY NPONAaraTopoB
KBaHTOBOH 3/1eKTpojuHaMHKH. McXois M3 NONOOHBIX BBIUMC-
aenu#t, E. C. ®pankuH, a takxe Jlangay u U. §1. [Tomepanuyk
B 1955 r. cnenanu BBIBOA O CYLIECTBOBAHHH y (DOTOHHOIO
nponaratopa JONOJHHTENbHOIO HeH3HYECKOro — TaK Hasbl-
BaeMOro «mnpH3pauyHoro» — mnoJgioca. CylecTBoBaHHe TaKo#
OCOGEHHOCTH ~ CBHJETE/NILCTBOBANO Obl O IPOTHBOPEUHBOCTH
KBaHTOBOH 3J/IeKTpoAMHaMuKH. Doisiee cTporoe paccMorpenue
NOKa3bIBaeT, OJHAKO, YTO 3TOT BBIBOJ, He MOXKET ObIThb CTPOrO
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060CHOBaH, TaK Kak OH TpeGyeT NpHBJIeYeHHs HHQOpMAILHH,
KoTOpasi He MOXeT OBIThb H3BJedeHa H3 TEODHH BO3MYyLle-
HHUH.

Penopmepynna 6 K3/I. Takoit BEIBOJ 0Ka3aJ0Ch BO3MOXKHEIM
clieJlaTb Ha OCHOBE DeryJIsipHOrO MeTofa YJYYIIeHHSI TeOpHH
BO3MYILEHHH, HCHOMb3YIOMEro PeHOPMAaIN3alHOHHYI0 Tpynny.
ra rpynna 6bl1a BrepBrlie oTKphiTa B 1953 r. lTiokens6eprom
u A. IlerepmaHoM, KOTOpble OGpaTH/IH BHHMaHHe Ha CYILIECTBO-
BaHHe HelpephIBHLIX NMPeo6pa3oBaHuil, OCYIECTBISIOMHX pena-
paMeTpH3alHI0 NepeHOPMHPOBAHHO!H TEOPHH BO3MYILEHHH, a
TaKXKe Ha BO3MOXKHOCTb HOCTPOEHHsI FPYNIOBBIX AubdepeHIH-
albHBIX ypaBHeHu#. Benen 3a rem M. Tenn-Mauun u @. Jloy
NyTeM H3yYeHHS CTPYKTYpbl HEOJZHO3HAYHOCTEH YCTpaHEHHUs
pacxopuMocTel MeTooM obpe3aHus B KO/ nonyuunu ¢hyHKIHO-
HaJbHOe ypaBHeHHe IJs (OTOHHOro mpomnaratopa (He oOpaTHB
BHHMaHHSI Ha ero IpyNnnoBYyi0 IPHUPOAY) H C ero NOMOIIbIO Ka-
4ecTBEHHO HCCJIEeNOBaNH BO3MOXKHBIE YJABTPacbHOIeTOBLIE aCHM-
TOTHKH.

B 1955 r. Boromo6os, 1. B. llupkos u A. A. JloryHoB B
cepuu paboT pa3paboTaly CHCTeMaTHYeCKYIO NPOLEAYPY MOJay-
YeHHs] (DYHKIHMOHANBHBIX YyPaBHEHHH [y PEeHOPMIpPYIIbI
HITioxensbepra — IlerepmaHa, onupasch Ha KOHEYHblE PEHOP-
MHDOBOYHBIE NpeoOpa3oBaHusl [lalicoHa, a TakKKe MNOJYYHJIH
COOTBETCTBYIOImIHE Ju(bepeHIHalbHEle YPaBHEHHS] B SIBHOM
BHJIe. 3aTeM OHH pelluJ/Iy 3afaqy NpHUBefileHHs] Pe3yJbTaToB Teo-
pHH BO3MYyLIEHHMH B pPEHOPMHUHBADHAHTHHIN BHA. AJTOPHTM
pellleHHsl, HCIoJb3ylUHA rpynnosele au(depeHIHaNBHEE
ypaBHEHHSsI, U3BECTeH KaK MeTo] peHopMrpynnsl. OH No3BoJsier
NOC/IeIOBATENBHO yJyYIIaTh allpOKCHMHpYIOLIYe CBOHCTBA
TEOpHH BO3MYIIEHHH U 3(hheKTHBHO CBOIUTCS K CYyMMHPOBAHHIO
GeCKOHEUHbIX (PEHOPMHHBApHAHTHHIX) MOJAINOC/IEfOBaTENbHO-
creii ynbTpacdHoseToBbIXx JorapudmMoB. Brocienctsun ¢ ero
[OMOIIBIO GBLIO OGHApYKEHO CBOHCTBO acHMITOTHYECKOH CBO-
GoZbl B KBAaHTOBOH XpoMojinHaMmuKke (cM. HHxke § 13).

§ 6. Mpobaematnka 50-x ronos

CPT-meopema u Hapywenue vemuocmu. B § 3 B KavectBe
NpHMepa BO3MOXKHBIX B IPHPOJie CHMMETPH NIPHBOAHJIHCH CHM-
METPUH OTHOCHTENBHO OTPaXKEHHsT TPeX IpPOCTPAHCTBEHHbBIX
ocell (P-npeoGpasoBanue), obparieHuss BpeMeHu (T-mpeoGpa-
30BaHHe), a TaKKe 3aMeHbl YacTHOBl Ha aHTHuactuuy (C-mpe-
ob6pasoBaHue). Hanuune uau OTCYTCTBHE CHMMETPHHM OTHOCH-
TENbHO YKa3aHHBIX INpeo6pa3oBaHMil xapakTtepusyeT ¢yHAa-
MeHTaJIbHble CBOHCTBA B3aUMOJEHCTBHH YacTHIL.
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B rauane 50-x romos I'. Jliogepc u [laysnu nokasanu Ttax
HasbiBaeMylo CPT-TeopeMy, COIJIaCHO KOTOpOH BCe MPOHUCXO-
JsI14e B IPUPOJIE MPOLEeCCH B3aHMOJEHCTBHH NO/IKHBI OBITh HH-
BapHaHTHBl OTHOCHTEJBHO OJHOBPEMEHHOr'O BHITNIOJNHEHHS TpeX
npeo6pasoBanuit C, P u T (CPT=1). B cuny stoil Teopemsl,
€c/I¥ BO3MOXKEH HEKOTOpHIH mpolecc, TO C TOH Ke BepOSTHO-
CTBIO JIOJI2KEeH MPOHMCXOIHTH M NPOLECC, B KOTOPOM YaCTHIBI 3a-
MeHeHBl COOTBETCTBYIOLIMMH aHTHYaCTHLAMH, NPOEKLUHH HX
CIMHOB U3MEHWJIH 3HaK, a HayaJbHble H KOHEYHBIe COCTOSHHS
noMeHsanuch Mectamu. M3 CPT-tTeopeMbl TakxKe cClefyeT, 4TO
Macchl U BpeMeHa JXKH3HH YacTHI 1 aHTHYaCTHI paBHEI, a Mar-
HUTHBIE MOMEHTHl OTJIMYAIOTCS TOJBKO 3HAKOM.

CPT-teopeMa OCHOBaHa Ha CaMbIX OGLIMX NpHHLUHMNAX, 3a-
JIOXKEHHBIX B TEOPHH, TAKMX KaK PelsSTHBHCTCKAs MHBAapHaHT-
HOCTb, JIOKAJIbHOCTh B3aNMOJEHCTBHS M «HOpPMaslbHasi» CBSI3b
MeX]y CIHHAMH YacTHI[ U UX CTATHCTHKOH, 3aJaBaeMasi Teope-
mo#t [Taysu. CnepncrBusi CPT-TeopeMbl NpOBEpSIINChE BO MHO-
THX 3KCTepUMeHTax, M K HacTosillleMy BpeMeHH He OBLIO 00-
HapyXeHO HH OLHOTO C/Iyyasi ee HapyIIeHHSs.

Ilo-gpyromy o6crout aeno ¢ P-, C- u T-npeo6pa3oBaHHSIMH,
BBINIOJIHEHHBIMH 110 OTAENbHOCTH. ECMH B 3J1€KTPOMAarHHTHBIX
M CHJIBHBIX B3aHMOJEHCTBHSX CYLIECTBYeT KaXkhas M3 yKasaH-
HBEIX CHMMETpHH, TO B cjlaGoM B3aMMOJAEHCTBHH OTHEJIBHO OHH
He BBINOJHSAIOTCA. B uacTHOCTH, Hapymaercs P-HHBapHaHT-
HocTb. [TocKONBKY HMHBAapHaHTHOCTH OTHOCHTENBHO P-npeo6-
Pas0BaHMs COINOCTABJSETCS COXPaHeHHe CIelMaJbHOrO KBaH-
TOBOTO YMCJia — YETHOCTH, TO TFOBOPST, YTO B €J1a6OM B3aHMO-
JeHCTBUM YETHOCTb He COXpaHsercs.

Sbdexrom Hecoxpanerus yerHoctH T. J. JIu u Ux. fur
B 1956 rony o6BsICHHIM CylieCTBOBaHHEe pacnafoB K-mesoHoB
Ha CHCTeMEHI IBYX M TpeX T-Me30HOB. KpoMe Toro, oHM mnpemjo-
JKHJIM TaKxKe SKCIEPHMEHTHl 10 IpoBepke HapylueHHs P-un-
BapMaHTHOCTH B JIPYrHX Ipoleccax c1aboro B3aHMOIEHCTBHS .
Bckope P-HeueTHble 3dpeKTHl GbLIH OGHApYy2KeHbl BO BCEX INIPO-
1eccax, o6yC/JIOBJEHHbIX clabbiM B3auMogeiicTeieM. Crano sic-
HO, YTO HEeCOXpaHeHHe YETHOCTH ecTb (yHIaMeHTalbHOe CBOH-
CTBO €J1a6oro B3aMMOJeHCTBHS.

Kak samerunn B 1957 rony Jlannay, a takxke Jlu u SHr,
B ONpENEeNEHHOM CMBIC/IE 3epKasibHas CHMMETpHS Morya Obl
CYIECTBOBATh, €C/IM Obl COXpaHsJlach TaK HasbiBaemas: KOMOH-
HUPOBaHHAsl YETHOCTb, T. €. HMeJsa Obl MECTO HHBapHaHTHOCTb
OTHOCHTEJbHO COBOKYMNHOCTH npeoBpasosanuit C u P. Ilpu
stoM CP-HHBapHaHTHOCTb O3HayaJja Gbl, YTO JI06OMY Ipoleccy
JOJIKEH COOTBETCTBOBaTh 3epKasbHO CHMMETPHYHBIH mporiecc,
B KOTOPOM BCe YYacTBYIOLIME 4YacTHIBl 3aMeHeHbl Ha AH-
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THYACTHLbI, a BCe XapaKTepHCTHKH OGOMX NpOLECCOB OJH-
HaKOBBI.

Opnako B 1964 rogmy, onATb-TakH B pacnajgax K-Me3oHOB,
6610 OOHapy:KeHo HapyuleHHe W CP-uHBapHaHTHOCTH. (B oT-
JIMYHe OT HapyIeHHs TNPOCTPAaHCTBEHHOH YETHOCTH, Hapylle-
Hue CP-MHBapHaHTHOCTH HaOJMIOAaNoch IO CHX NOp TOJBKO B
npoueccax ¢ yuactueMm K-Me30HOB, U NpHpojia 3TOTO SIBJEHHS
oCTaeTcs MOKA O KOHIIA He PacKpHITOH.) 3aMeTHM, YTO corJac-
Ho CPT-teopeMe OTCIOZa TaKKe CJIELyeT BBIBOJ, O TOM, UTO B
YKasaHHBIX [polleccax HapyllaeTcsi U HHBapHaHTHOCTb OTHO-
CHTEeJIbHO OOpalleHHs BpeMeHH.

Hapyuwennoe cummempuu. Brilne Mbl pacckasald O CHM-
MeTpHAX, KOTOpHE MMEIOT MeCTO BO BCeX B3aHMOJAEHCTBHUAX,
KpoMe ciiaGoro. BaxkHyio posb B GU3MKe YaCTHI, HTPAIOT TaKXkKe
oco6ple CHMMETPHUH, KOTOPBIE BHITIONHSIOTCS (IPHOGIHKEHHO)
TOJBKO B IIpoLeccax CHJABHOrO B3auMofeficTBusi. Peub Huer
0 TaK HasblBaeMblX YHHTapHHIX CHMMETPHSIX afpOHOB.

Unes pommnacy B Hauasna 30-x ropmoB, korpa I'efiseHGepr
OpeNJIOKHU paccMaTpHBaTh HEHTPOH M INPOTOH Kak pasHble
3apsfioBble COCTOSIHHSI OJHOH vacTHIbl — HyKJoHa. OcHoBa-
HUeM JJIsl 3TOTO IOCHYKHJIO TO, YTO 3TH JABE YAaCTHIBI XOTA H
pasnIuyaloTCs 3JEeKTPUYECKHM 3apsjioM, HO HMeloT OJH3KHe
Macchl, OfMH M TOT K€ CIHH U B CUJILHBIX B3aUMOJEHCTBUAX Be-
IyT cebsl CXOZHBIM 06pasoM.

HesaBucumocTs CHJIBHBIX B3aHMOJEHCTBHI OT 3JeKTpHUe-
CKOTo 3apsja NoJiyyusia HasBaHHe H30TONMYeCKOH MHBapHaHT-
HOCTH, a TPYNNHl YaCTHIl C OJHHM U TeM Ke CIIHHOM M UYeTHO-
CTBIO, NPUOJU3UTENBHO PABHEIMH MaccaMM M OJMHAKOBBHIM IIO-
BeJleHHEM B CHJIBHBIX B3aUMOJEHCTBHAX, HO OTJIHMYAOIIHecs
3JIeKTPHUYECKUM 3aps/ioM, Ha3BIBAIOTCS H30TONHYECKHMH MYJb-
THIJleraMd. Tax, HanpuMep, NPOTOH M HeHTPOH o6pasyloT
U3oTONHYecKui nybJer (p, 1), a T-Me30HBI — HM30TONHYECKUH
tpumier (sit+, J°, ;7).

s onycaHMA 3TOro BaXKHOTO CBOHCTBA CHJIBHBIX B3aMMO-
JleficTBUH McrnoJib3yercs ¢opMajbpHas MareMaTHdecKas aHa-
JIOTHS ¢ OOBIYHBEIM CHHOM dacTull. M3oTonnueckyio HHBapHaHT-
HOCTb paccMaTPHBAIOT KaK HHBApDHAHTHOCTb OTHOCHTENBHO IIO-
BOPOTOB B HEKOTOPOM aGCTPaKTHOM TPeXMepPHOM (M30TomMye-
CKOM) TIpOCTpaHCTBe, KoTopble o6pasyior rpynny SU (2).
Tak Xe Kak CHMMETPHSl OTHOCHTEJBHO OOBIYHBIX NPOCTpPaHCT-
BeHHBIX BpallleHHH NPHUBOJHT K COXpaHeHHIo MOMeHTa, KOTOPhIH
B OTCYTCTBME OPOHTaJIbHOTO IBHKEHMS COBIIaJlaeT CO CIIHHOM,
TaK M M30TONHYecKas MHBAPHAHTHOCTb O3HayaeT COXpaHeHHe B
H30TONIHYECKOM NPOCTPAHCTBE HEKOTOPOTO BEKTOpa, HasblBae-
MOTO H30CHHHOM.
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KoHuenuusi BHyTpeHHe#l CHMMETpHH Kak ¢akTopa, ompefe-
JISIIOLIEro TPYNIHPOBKY YacTHL ¢ OIM3KHMH CBOHCTBaMH B ce-
MelicTBa, OKasaJ/jachb IJIOLOTBOPHOH M WA KJacchupuUKauHUH
6OJIBILOTO KOJMYECTBA HOBBEIX aApOHOB, OTKPBITEIX B 50-e rojsl.
B 3T0 BpeMmsi NOCTENEHHO CTAHOBHJ/IOCH SICHBIM, 4TO /Sl HX
CHCTEMATHKH HEOGXOJHMO HCIOJb30BaThb He TOJbKO H30CHHH [,
HO M HOBOE KBAaHTOBOE YHCJIO, Ha3BaHHOE CTPAHHOCTbIO S.
OHo 6bl710 BBEJEHO AJ1 TOro, 4To6bl IopMan30BaTh HabJ/ohae-
MOe NpH CTOJKHOBEHHSAX -MEe30HOB C HYKJIOHAMH ABJIEHHE COB-
MeCTHOTO poxkJieHHs1 K-Me30HOB U rHIepoHOB — HeCTaOH/IbHBIX
6apHOHOB € MaccoH, GoJsibliedl Macchl HYKJOHA. Eciu npex-
IIOJIOKHTD, YTO JJIS T-Me30HOB M HYKJIOHOB S=0, a B CHJIbHBIX
H 3JeKTPOMAarHUTHHIX B3aHMOJEHCTBHSIX 3TO KBAaHTOBOE UYHCJIO
COXpaHsleTcsl, TO NPH HMX CTOJIKHOBEHHAX MOTYT pPOXJAAThCS
TOJbKO KOMOMHAIMH YacTHll, HMEILUX CYMMapHYIO HYJEBYIO
CTPaHHOCTb.

K nayany 60-x ronos OblI0 YCTaHOBJIEHO, YTO Trpynna
npubJIMKEHHOR CHMMETPHH aJpOHOB MOXKeT OBbITh paciiupeHa
jJo rpynnsl SU(3), ecium mNpeANosIOXHUTb, YTO KBaHTOBBIMH
YycJaMH, ONpefieIslOMMH BHYTpPeHHee NPOCTPAHCTBO, B KO-
TOpPOM JeHCTBYeT IpyNna CHMMETDHM, SIBJISIOTCA H30TONHYe-
CKHH CNHH M CTpaHHOCTb. IIpH 3ToM rpynna H30TONMYecKOH
cummerpur SU (2) BXOZMT B JaHHYIO IPYNNy Kak NOArpymnna.
(3ameTHM, 4TO yyeT NONOJIHHTENBHEIX KBAaHTOBBIX YHCEJ, OT-
KDBHITHIX BIOCJEACTBHH, NPHUBOJHT K AajbHeHIleMy paclype-
HUIO [pPYNNbl NPHOJMKEHHOH CUMMETPHH CHJIBHBIX B3aHMO-
neficTBuiL.)

Cpenu HenmpHBOAMMBIX NpeicTaBjeHuit rpynnel SU (3) ecTb
npexacraBnenus pasmepHoctd 1, 8 u 10. Ha sto#i ocHoBe B
1961 r. 10. Heemany u lenn-MaHHy yznaJjock CrpynmupoBaTh
Ha6JioflaeMble aZpOHbl B MYJBTHILIETH NOAXOAsLeH pasMep-
Hocti. Tak, GapuoHBI cO cnMHOM 1/2 cocTaBisiloT OKTer, a
GapHOHBI cO CMHOM 3/2 — nekymniet. [IceBrockansipHble Me30-
HBl (cnuH 0), a Takke BeKTOpHble Me30HH (cnuH 1) ofpasyior
CUHIVIETHl M OKTETHI.

Cxema kJaaccudHKaliHu aJpOHOB 10 NpeJCTaBJIeHUsM IpyIl-
net SU(3) He TOJIBKO BKJIOUH/IA B ce0si BCe H3BECTHHIE B TO
BpeMsl afipOHBl, HO H NO3BOJIHJA NpPEACKA3aTh CYLeCTBOBAaHHE
HOBhIX. Tak, ObLJIO NpelcKa3aHO CYyLlecTBOBAHHE U ONHCAHHI
OCHOBHBIE CBOHCTBa 2™-THIEPOHA, KOTOPBIIl Yepe3 HEKOTOPOe
BpeMsl nocje 3TOro Obl1 OOHapy»KeH 3KCIepHMEHTaJbHO.

SU (3)-cuMMeTpHsl aJpOHOB $IBJSIETCS MeHee TOYHOH, yeM
H30TONHYeCKast, YTO INPOSIBJAseTcs, B YaCTHOCTH, B JOBOJIBHO
3HAYHTEJNBHOM (MO0 HECKOJIBbKHX JHECATKOB IPOLEHTOB) pasfu-
YHH N0 MaccaM YacCTHI[ OJHOTO M TOTO Ke MyJbTHIJera. Tak,
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HanpHMep, OJHOMY M TOMY XKe OKTeTy NpHHAJJIexaT NpPOTOH
(mp,=~983 MsB) u E--runepon (mz-~1321 MsB).

Hanuune npu6ankeHHOH CHMMETPHH aJPOHOB NpeJCTaBAseT
COo00¥ 3MNHMPHUYECKH YCTAHOBJIEHHBIH (akT. [IpyruMH CJIOBaMH,
B HacTosillee BPeMsl Mbl He MMeeM OOBSICHEHHSI HH CaMOTO CY-
IECTBOBAHUs CHMMETPHH, HH NPHYMHBLL ee HapyueHus. Eciu
HapylleHHe M30TOMHYECKOH CHMMETPHH MOXKHO ObLIO MBEITATHCS
OTHECTH 33 CYeT 3JIeKTPOMArHHTHOrO B3aWMOJEHCTBHUS, TO HJIS
6oJiee BBHICOKHX CHMMETPHH OGBSICHEHHsI TAKOrO poja He Ipo-
xonaT. PaccvaTpuBaeMasi B § 8 KBapkoBasi MoJeNb Takke He
COZIEPKUT PelleHHs] 3TOH NPOOGJEMEl, a JIUIIb CBONHUT ee K CY-
IIeCTBOBAHHIO CHMMETPHM KBapKOB, HapylUlaeMoH HaJH4HeM
Yy HHX pasHBIX Macc.

V — A modeas craboix 83aumodeticmeuti. B 40-e roapl, Kpo-
Me f-pacrnaga, cranM H3BEeCTHBl HOBBIE THIBI MPOLECCOB CJa-
6oro B3aMMOJEHCTBUS, TaKue, HaNMpUMEp, KaK pacnaj MIoo-
HOB: WUF—eF v, (ve)+v, (vy), p-3axBar: p~-+p—>n-+v,, pa-
crnajipl CTPaHHBIX YacTHI[. DTO CHENAI0 aKTyaslbHOH paspaboTKy
TEOpUH cnabblXx B3aUMOJEHCTBHIl, ONHCHIBaIOIIEH Bce YIIO-
MAHYTHIE Npouecckl. OKas3aloch, 4TO BCE MX MOXKHO OMNHCATh
yHHBepCaNbHBIM 06pa3oM, BBelsl B JlarpaHXKHaH B3aHMOJEH-
CTBHsl cjlaraeMble, aHAJIOTHUHbIE (epMHEBCKOMY JarpaHxKuaHy
B-pacnaja. Kaxpmoe M3 HHMX MMeeT BHJ NpOH3BeNeHHS IBYX
OHNIHHEHHBIX MO ()ePMUOHHBIM IOJNSIM KOMOHMHaLMi, HasbiBae-
MBIX TOKaMH.

[TocJsie OTKPHITHST HECOXPAHEHHS YUETHOCTH B c/1abbIX B3aHMO-
JelicTBUAX Obliia npofenaHa Gosbluas paboTa [0 YTOYHEHHIO
JIODEHIIEBOH CTPYKTYpPHI cJabhiX TOKOB. PesysnbraToM ee siBH-
Jlach cosnanHas B 1957—58 rogax P. Mapmakom u 3. Cynap-
manoM, a takxe Defiumanom u [ensn-MaHHOM yHHBepcalbHAast
Tak HaswiBaeMas V — A wmopenb ciaGbix B3anMojelcTBHi. B
3TOH TeOpPUM KaxKIAblll H3 CIabbiXx TOKOB INPEACTABIsSET COOO0H
CYMMY IBYX 4JIE€HOB, OAHH U3 KOTOPLIX TpPH JOPEHUEBHIX Mpe-
06pa3oBaHMsAX M OTpakeHHsX Beger cebst kak Bekrop (V), a
Ipyrod — Kaxk akcuajbHbifi Bekrop (A). Kak u3BecTHO, ak-
CHaJIbHBIH BEKTOp NMpPH BCceX IpeoOpa3oBaHHsIX, KPOMe OTpaKe-
HHSI BCeX NPOCTPAHCTBEHHBIX OCel, BeJleT cefsi MoJ0oGHO BEKTO-
Py, @ MPH YKa3aHHBIX OTpaxKeHUSX HX NpeobpasoBaHUsl OTIIH-
yaloTcsi 3HakoM. [TosToMy B3aHMMHBIE NPOM3BEIEHHSI BEKTOPa
Ha aKcHaNbHBI BEKTOp Kak pa3 M NPHUBOAAT K CJ1araeMbiM B
JlarpaH)kuaHe, ONHCHLIBAIOIHM MPOIECCH C HapyIlIeHHEM Yer-
HocTH. Bosee moxpo6GHOe ofCy:xkaeHHe 3THX BONPOCOB, a TAKXKE
SIBHBIH BHJ JarpaHxkuaHa, cM. B § 17, 3hech e yroMsIHEM O
BaXXHOM CBOMCTBE BEKTOPHOTO TOKa — €ro COXpaHeHHH, BIED-
Bele ycraHossiedHom C. C. FepwreitHom u §1. B. 3enppoBuyeM.
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IIpobaemot cunvrotx 63aumodeticmeuti. O6pamasch K CHJb-
HBIM B3aHMOJEHCTBUSM, CJIEAYeT HAOMHHUTh, 4TO 50-€ roJpl 0Xa-
PaKTepH30Ba/JUCh 3HAUYHTENIbHBIM Pa3BHTHEM YCKOPHTEJNbHOH
TexHUKH. CO3JaHHbIE K 3TOMY BpPEMEHH MPOTOHHBIE YCKODH-
TeJNH Jald BO3MOXKHOCTH B HEBHJAHHEIX JOToJe Maciirabax
H3y4aTh B3aHMOJEHCTBHEe HYKJOHOB H Me30HOB. OGBbeM 3KCIe-
PHMEHTaJbHOH HMHGpOpMalMH Hayaj CyLIeCTBEHHO BO3pacTaTh.
HmenHo B atoT nepuoj GeiH KonuuecTBeHHO H3yueHbl (NN)-
u (nN)-B3aumozeficTBusl B o6sact sHeprHi 10 1 ['3B 1 o6Hapy-
>KeHbl npejckasanuele [Taysu B 1946 r. pesonancel. K KoHIy
50-X TroIoB cTaMO SICHO, YTO PpE30HAHCH MPEICTABIISIOT
co60H HOBBIH, Upe3BBIYAHHO Ba)KHBIH KJacCe (HU3HUECKHX
o6bekToB. TakuM 06pasoM, OT TEOPHH CHJIBHBIX B3aHMO-
JIEeHCTBHH Temepb yiKe OXKHAAJNOCh KOJHUECTBEHHOE OMHCaHUe
He TOJMBKO (M He CTOJIbKO) BHYTPHUSALEPHBIX CHJI, HO U LIHPOKOTO
Kpyra sBJeHMH afpoHHOH (DHM3HKH, BKJIOYas (HU3UKY pe3o-
HaHCOB.

Kak yxe oTmMeuasnoch B § 4, MOMNBITKH PacCMOTPETb 3TH
BOMPOCHL C [OMOIIbIO TEOPHH BO3MYILEHHH, omuparolefics Ha
B3aMMOJEHCTBHE IOKABCKOIO THMA, 32 OLHHUM HCKJIIOUEHHEeM,
He NpHBeJH Jaxke K KayecTBEHHOMY ycrnexy. B aTux yciaoBusix
NOJNyYUJIH 3HAYUTENLHOE Da3BHTHE METOLBI aHaju3a 3ajad
TEOpHM YaCTHIl, He CBSI3aHHbIE HENOCPEICTBEHHO C MaJOCThIO
KOHCTAHT CBSI3M M Da3/OXKeHHSM II0 UX cTeneHsiM. B nepsyio
ouepelb Mbl MMeeM B BHAY MeTOZ (pyHKIIMOHAJNLHOIO HHTerpasa
U MeTOJ, AMCNEPCHOHHBIX COOTHOLIEHUH. [lepBEIil 3 HUX, NIPUB-
HeceHHbI# B KTII 13 KBaHTOBO! MeXaHUKH, MOJYYHJ MOHAYANY
YHCTO TEOpeTHUeCKHe npuMeHeHus (cM. Hixke § 9 u 14). Uto ke
KacaeTcsi BTOPOTro, TO IIOMHMO CBOEro IJIaBHOIO pe3yJibTara —
HEeIocpeICTBEHHO NPOBepsieMBbIX Ha ONbITe MHTErpasbHBIX COOT-
HOIIEHHH MeXIy XapaKTEepUCTHKAMH paccesiHUs — OH JaJ
Hadajo LeJoMy «OyKeTy» NMpHOMHKEHHBIX H NOJNyheHOMEHOJIOo-
IMYECKMX CXeM, KaxIas H3 KOTOpPBIX CHIrpana Ty HJIH HHYIO
pOJb B YNOPSALOYMBAHHHM KOJNHYECTBEHHBIX XapaKTePHCTHK al-
POHHEIX NIPOLIECCOB.

Ananumuueckue memo0Oot. CyTb METOZA AUCIIEDCHOHHEIX COOT-
HoleHuH, npejyoxeHHoro B 1954 rony I'esi-Mannom, M. Tosb-
n6eprepom U B. THppHHIOM, COCTOMT B HCNOJIb30BaHHHU aHaJH-
THYECKHX CBOMCTB aMIUIUTYIbl paccesHus f, paccMaTpHBaeMoi
Kak ¢yHkuus sHeprun E. Taxo#t nomxon tpebyer o606LieHHS
¢usnueckoii ammiautynel f(E) Ha KOMIIEKCHBlE 3HAYeHHsI ap-
TyMeHTa, aHalu3a CBOHCTB f(2) BO BCell KOMIIEKCHOH MJIOCKO-
CTH 2 U HCNOJh30BAHHUS annapara Teopiuu QYHKLUHHA KOMIJIEKCHO-
ro nMepeMeHHOro, B 4acTHOCTH, TeopeMmbl Kowm. B urore mis
NeHCTBHTENBHEIX COCTABJSIOMINX KOMIVIEKCHOH aMIIMTYABL pac-
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cesnus f=Re f+i Im f MOXKHO NONYUHTb HHTErPATBHYIO hOPMY-
Jy BHIA

w
| Im f(E’ ’
Ref(E)=1 S ImIE) 4g’ 1 P (E), (6.1)
-

KOTopasl U fIBJsIeTCS NHMCIEepPCHOHHBIM COOTHOLIeHHeM. Jlerasu-
3alus SBHOIO BHJA NMOANOPOrOBOH 06/1aCTH MHTEIPHPOBAHHUS H
nonuHoMa P (E) Tpe6yer NMpHBJeYEHHS TONOJHHTEIBHBIX CO0G-
paxeHH#, HanpUMep, YCJIOBHSI NMEPEKPECTHOH CHMMETPHH.

HauGonee cioxHas yacth paccykIeHHH — onepauusi aHa-
JINTHYECKOTO IPONOJIKEHUS] aMIUIUTYAB [ Ha KOMIJIEKCHYIO
IJIOCKOCTb — BBIMOJIHSIETCS C MOMOLIBIO YCJIOBHS NMPHUHHHOCTH,
HaJIOKeHHOTO Ha MaTpULY paccesiHus. Ba)KHO OTMETHTH, UYTO
BMECTO TEOPHH BO3MYILIEHHI MPH TAKOM PacCMOTPEHHH HCIOJb-
3yloTcsl ofliye CBOHCTBa, MOCTYJHPYeMble IJIs MaTpHIBI pac-
CesIHHA B IleJJOM. TakoH MOAXOX K KBaHTOBOH TEOPHH MOJIS
HasblBaeTcsl akcHoMaTHyeckHM. [lepBoe N0Kas3aTelbCTBO JHC-
TIIePCHOHHBIX COOTHOIIEHH 6GblIo mosyuyeHo B 1956 r. Boro-
JIIOGOBEIM HA OCHOBE aKCHOMATHUYECKOTO MOJXOMa, KOTOPBIH
GoJsiee monpoGHO omucaH Huxe B § 7.

Cnenyer OTMETHTB, UTO 3afaya aHAJIHTHYECKOTO MPOJOJIKe-
HHUSl C YHCTO MaTeMaTHYECKOH CTOPOHBI OC/JIO0XKHSETCS TeM, YTO
ammiIuTyna paccesHus f(E), paccmarpuBaeMasi NpH HeHCTBH-
TeNbHBIX HedU3HuecKUX (HANpHMep, IOINOPOrOBBIX) 3Haue-
HUAX apryMeHta E, moxer ofnanath CHHTYJ/ISPHOCTAMH, T. €.
npencraBiser coGoft oGobueHHyo ¢yHKuuio. [lostoMy Kop-
PEKTHOe NoJTyyeH e JUCTIep CHOHHBIX COOTHOILIEHHH NOoTpe6oBasio
Pa3BUTHS METOZOB aHAJHTHYECKOTO NPOJOMKEHHs 0600IeH-
HeIX GYHKUMH.

ITUM nyTeM 6BUIO NMOJYYeHO CTPOroe AOKa3aTeNbCTBO JHC-
MIEPCHOHHBIX CcOOTHOLIEHHH At (nN)-paccessHUs Blepel, OCHO-
BaHHOE Ha THIIOTe3€ JIOKAJbHOTO NMHOHHOTO MOJIs, YCIEIHO BhI-
IepKaBIIHX CpaBHeHHEe C OMBITOM. B cBoe Bpemst 3TOT (akT
UMeJ TMpHHUMNHMAJbHOe 3HAaueHHe, TaK KaK OH MOATBEpIUN
NPaBHJILHOCTb OCHOBHBLIX TIOJIONKEHHI JIOKAJIbHOH KBAHTOBOH
TEOPHH IIOJISI, a TAaK)Ke NPHBeJ K ObICTPOMY POCTY MOMyJIsp-
HOCTH AaHAJUTHYECKHX METOIOB B TEOPHH CHJLIIBIX B3aHMO-
nedcrBuil. OnHAKO 3ajaua TMOJNYUEHHsST Ha 3TOM MOYTH CTPO-
THX pe3yJbTaTOB, CJENYIOUIHX HENOCPEACTBEHHO H3 OOIMIHX
CBOMICTB KBAHTOBOH TEOPHH MOJIS, OKas3alach XOTH M 3aMaHuH-
BOH, HO JOCTaTouHO cJOXHOH (cMm. Huxke § 7). TlosToMy momy-
UMM IIHPOKOE paclnpocTpaHeHHe «OOJeryeHHBe» BapHAHTHL
aHAJIUTHYECKOTO MOAX0Ma, B KOTOPHIX ¥KejlaeMble aHalUTHYeCKHe
CBOMCTBA aMIUIMTYJ paccesiHHsl ¥ BOOOIIe MATPHYHBIX 3JE€MeH-
TOB S-MaTpHIlE He JOKa3bIBaMHCh, & MOCTYJHpoBanuch. Hau-
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Gosee aMOMIMO3HOH KOHCTPYKLeH Takoro poja fBHJACh
nporpamMma «aHaJIUTHYEeCKOH MaTpHLB! paccesiHus» [Ix. Uy, B
KOTOPOH aHaJUTHYHOCTb TPAKTOBaJach B KauyecTBe OCHOBOMOJa-
ralero NpUHIKNA, 3aMeHSIIOIEr0 OCHOBHBIE NOJIOXKEHH 1 KBaH-
TOBOH TEOPHH NOJS M Jaxke KBAHTOBOH MexaHMKH. [Ipenmosa-
rajoch OpH 3TOM, YTO HCIMOJb30BaHHE HEJHHEHHBIX YCJIOBHH
CaMOCOIJIaCOBAaHHOCTH, OTpaKalollMX CBOHCTBA YHHTapHOCTH,
CMOXKeT NPUBECTH K OXHO3HAYHOMY OMNHCAHMIO CHJIBHEIX B3aHMO-
JelcTBUE BIVIOTH JO ONpefeseHus] YHCIOBLIX N1apaMeTpoB, THIA
KOHCTaHT cBsi3H. Kakoii-nu6o ycnemHo# peanus3anuM 3Tof
[porpaMmbl, npejcrabJsiioniel co60H ajJbTepHATHBY KBaHTOBOH
TEODHH I0JIs B ee 0OBIYHOH JOPMYNTHPOBKE, NOJNYUEHO He OBLIO.

Hexkoroprle nOnbITKH 10JyHeHOMEHONOTHYECKOT0 HCHOJMb-
30BaHMA INOCTYJHPOBAHHBIX AHAJHTHYECKHX CBOHCTB MBI pac-
CMOTPHM HHXKe, B KoHue § 7.

§ 7. AkcHoMaTHYeCKHE M aHAJHTHYECKHE MeTOHb

Axcuomamuueckuti nodxod. MeTompl U3yueHHs aHAJIUTH-
YeCKHX CBOHCTB 3JIEMEHTOB MATpPHIBI DACCESHHS MONYYHIH
TBEpPAYI0 MaTeMaTHYeCcKyl0 OCHOBY B paMKaX TaK Has3bIBaeMOTO
aKCHOMAaTHUYEeCKOTO NMOAX0a. STOT MOLXO0J K MATPHILE paccessHus
He ucnonb3dyer ypaBHeHue Illpennnrepa u ero pemuenus, a
onupaercs Ha obuie GU3HUeCKHe IPUHIUILI KBAHTOBON TEOPHH
paccesHHsl 4acTHL, cHOpMyJHPOBaHHEIE B BHJIE aKCHOM.

Brepsbie Takoli akCcHOMaTHUECKHH MEeTOJ| GBI HCIOJNb30BaH
Boromo6oBeiM B Hauase 50-Xx rOZOB 1Jisi SIBHOTO NOCTPOEHHUS
PasJIoKeHHsI MaTPUIBl PACCESHHUSA N0 CTENEeHsIM B3aUMOJEHCTBHUS
(nogpo6uocTH cM. Hike B § 10). PasBuBasi 3Ty HAE0JIOTHIO, B
1956 r. BoromoGos, B.B. Meneenes u M. K. IlonuBanos
chopMyIHpPOBaJIH CHCTEMY aKCHOM, He HCIOJIBb3YIOMLYIO B KAKOM-
J160 BHIe NpeinosioxKeHHe O claboCTH B3aUMOJeHCTBHS. Jra
CHCTeMa HCXOIMT M3 refiseHGeproBa OnpefeNeHHs] S-MaTpPHLEL
Kak onepaTtopa, MaTpHYHble 3JIeMeHTHl KOTOPOrO SIBJISIOTCS
aMINVINTyaMH BepOSITHOCTH IIepeXoJioB OT OJHOrO (HayasJbHOTO)
COCTOSIHHSl NPU f=—o00 B Jpyroe (KOHEYHOE) COCTOSIHHE NpH
t=- 00, B KaXXJOM H3 KOTODHIX MOXeT HaXOAHThCS KaK COBO-
KYIHOCTb «6eCKOHEUHO» yJaJeHHBIX APYT OT Jpyra OTAedbHBIX
YaCcTHI, TaK H HX KOMILJIEKCOB, T. €. CBSI3aHHBIX COCTOSIHHH.
3zech, TakMM 06pa3oM, He HCIOJb3yercsl NpeicTaBleHHe 06
annabaTHyeCcKOM BKJIIOYEHHH M BBIKJIIOUEHHH B3aHMOJEHCTBHS .

BoromoGoBckasi cxema COAEPKUT PSL aKCHOM O CTPYKTYpe
Habopa KBaHTOBBIX aMIJIUTYI (T. €. BEKTODPOB COCTOSIHHS),
OTIHCBHIBAIOMIMX ACHMINTOTHYECKHE COBOKYIHOCTH YacTHIl, H HX
TpaHCOPMAIOHHBIX CBOHCTB, a TaKkiXe CBOHCTB S-MaTpHIIHL.
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HauGonee BaxKHEIMH Cpeld aKCHOM SIBJISIIOTCSl YCJIOBHS pesifi-
THBUCTCKOH HHBAapHAHTHOCTH, YHHTApHOCTH H MNPHYHHHOCTH,
chopMyIHpPOBaHHBIE HEINOCPENCTBEHHO IS MaTpHLBI paccesi-
HHSA.

Sra akcuoMaTHKa MO3BOJHJA MOJYUHTH GOJIBIIOE YHCIO
CTPOTHX CJIeACTBUH OOILIEro xapakrepa, TaKUX KaK OJJHOMepHbIe
CIeKTpaJbHble MNpelCTaBleHHS OJHOYACTHYHBIX GYHKUMA ['pu-
Ha («OIeThiX» NPONAraToOpPOB), YETHIPEX- M MSTHMEPHEE Npel-
CTaBJIEHHsI /I aMIVIMTY/Bl paccessHUsl (Tak Ha3blBaeMble Mpe-
craBienuss Mocta — Jlemana — Jlaficona) ©, HakoOHel, IHC-
NIePCHOHHEBIE COOTHOILUEHHS JJIl aMIVIHTYABl NHOH-HYKJIOHHOTO
paccesiHHsl (CM. HMKe), CBSI3BIBAIOIIHE MEXJY COGOH TOJBKO
HabJoflaeMble Ha OMbITE€ BEJIHYHHBL.

B nocnenyrouiye rofipl aKCHOMaTHYeCKast TEOPHUSI MOJS MOJY -
YyuJia 3HayuTeJbHOe pa3BUTHe. B akcuoMaTHyecKOM MOAXOIe
Ya#iTMaHa OCHOBHBIM (DH3HYECKHM OGBEKTOM SIBJISIETCS B3aHMO-
JeHACTByIOllee KBAaHTOBOE IIOJie, He SBJAOIIEECS HEeIOoCpeicT-
BEeHHO Hab6JiofaeMblM 06beKToM. Hao6opor, anrebpanyecKMi
noaxos Xaara — Apaku paccMaTpHBaeT COBOKYNHOCTb BCeX
«Hab/II0faeMbIX», T. €. (U3HUECKHX BeJUYHMH, M3MepsieMblX Ha
OIIBITE.

B pamkax TakHX aKCHOMaTHYeCKHX CXeM YAaJoch MONYYHTb
HEeCKOJbKO OOIIMX /i KBAaHTOBOH TEOPHUH IOJISI Pe3yJbTaToB,
HanpHuMep, HOBOe NOKa3aTeJbCTBO CHOpMYyJIHMPOBAHHOH BBIIIE
B § 6 Teopembl CPT, a Takxe TeopeMbl O CBfI3H CIHHA CO CTa-
THCTHKOH. 3fech cleflyeT YNOMsIHYTh TaKxKe TeopeMy Xaara,
U3 KOTOpOH BBITEKAeT, YTO IpeicTaBjeHHe B3aUMOAEHCTBHS
KBaHTOBOH TeopHHM NOMs (T. €. BEKTOP COCTOSIHHSI CHCTEME
KBaHTOBEIX MOJieHl B 3aJaHHEIH KOHEUHBIH MOMEHT BpeMeHH f)
CYILeCTBYeT TOJbKO B cjydae, KOrZa BCSIKOe B3aHMOJEHCTBHE
OTCYTCTBYeT.

Hucnepcuonnusbie coomrowierusi GopMabHO SBASIOTCA Clefl-
crBueM Teopembl Komm H3 TeopuH (PYyHKIMHE KOMIJIEKCHOTO
MepeMeHHOro, TNpHUMeHeHHOH K awmmiautyne paccesiHus f(E),
aHAJMTHYECKH TPOJOJIXKEHHOH Ha KOMIVIEKCHYIO IJIOCKOCTD
nepeMeHHO# 5HepruH E—-z=E--iV. OGBIYHO OHH 3aNHChHIBa-
I0TCSI C IIOMOIIBIO HHTErpaibHLIX CcOOTHoweHu# Bupa (6.1)
MeXJy BelIeCTBEHHOH W MHHMMOH YacTIMM aMIJIUTYIbl ABYX-
yactuuHoro paccesinus f (E)=D (E)+iA (E). B cnyuae pacces-
HUs Brepej Kaxjas M3 HHX MOXeT ObITb BhlpakeHa ajrebpau-
YEeCKUMH COOTHOLIEHHSIMH

D:(E) 4 A*(E)=|[['=doyd, A(E)=YE—"c (E)
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yepes IBe HENOCPEICTBEHHO M3MepsieMble BEMHUMHBI — MOJHOE
5eKTHBHOE CeYeHHe DaCCesiHUS Oy M AH(QepeHNHaTbHOE
ceueHHe paccesiHUs Ha HyJeBoH yrox do,/dQ=do (E, 6=0)/d<.

Brepsble yAanoch CTPOro JOKasaTb [HCIEPCHOHHBIE COOT-
HOLIEHHs JJIsI NHOH-HYKJOHHOTO paccesinus. Jlas (m*p)-pac-
CesiHMSI BIepEl OHM HMEIOT CJeNyIOImUH BUHA

S

Bt oap (an(Ey | Az (E) ]
D, (E)=P.(E)+ =22 SEQ_M;LE’ + 5 £
w

(7.1)
rjae Pi — CyMMa TIOJIFOCHBIX U MOJIMHOMHAJBbHBIX 110 E BKJIA10B

_E+4un p—E g% E'—p’

Py (E)= 2u D.+ 2u D;+2ME:I:E., ’
cofiepKaliasi TpM NapaMeTpa: MOPOTOBbIE 3HAYEHHS aMINIHTYA
D.=D_. (M) ¥ KOHCTaHTY g, XapaKTepHU3YIOUIyI0 HHTEHCHB-

)

Puc. 1. CtpyxTypa Heduauueckoil 06J1aCTH HHTEIDHPOBAHUS B AHCIIEPCHOH=

HBIX COOTHOLIEHUSIX IJ151 THOH-HYKJOHHOTO paccesiHMs BIIepel H cxema ole-

pauui aHaJUTHUYECKOTO MPOJNOJKEeHHs M3 (H3HuYecKOoil o6sacTH Ha BepXHEM
6epery mpasoro paspesa npu E>p

JOS—

o | th

Imé£
L] [ ]

HOCTb IICeBJOCKa/IIPHOTO MHOH-HYKJIOHHOTO B3aHMOJEHCTBHS
tokaBckoro THna. [losoxeHnue E, «OMHOHYKJIOHHOrO» moJjioca
BBIpaXKaeTcsi yepe3 Macchl NMOHa W ¥ HYKJOHA M cooTHole-
HueM E,=p?/2M.

Kax BumHo, o6/macTb HHTErDHPOBAHHUS KpOMe (hH3HYeCKOH
4yacTH E>> cOiepKHT HeH3UUYeCKyI0 06J1acTb HelpepbIBHOIO
cnektpa npu E<<—p. CTpyKTypa onepauuy aHaJIMTHYECKOTO
NPONOIKEHHST HMeeT BHJA, HM300pakeHHHIH Ha puc. l.

Takoe aHaqHTHYeCKOe NMPOJOJIKEHHE OKa3bIBAETCS BO3MOXK-
HBIM B CHJIy YCJOBHMSI NPMYMHHOCTH, 3alHCAHHOIO Henocpej-
CTBEHHO IJIsl MaTpHLUbI paccestHHsi. [Ipu paccMoTpeHHH o6Jia-
CTH JieHCTBUTENbHBIX OTPHLATENBHEIX SHEPrHH NPUXOIUTCS
NpUBJIEKATh H30TONHYECKYIO CTPYKTYPY NMHOH-HYKJIOHHOH amIl-
JIUTY[Bl, CBSI3BIBAIOILYIO MeXIy coBoH (mtp)- u (m—p)-pacces-
Hue. OTMeTHM elle, 4TO CJIeAYIOWIMH M3 ONTHYECKOH TeopeMl
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creneHHofi poct f(E) B o6sacth 60sbuX £ NpHBOIUT K TOMY,
uyTo TeopeMy Koluu npHXOZMTCA 3amlHCHIBaTH He JJIsi caMoi
aMIUIMTYJIbl paccesiHHs, a JJs BblpaxeHusi f(E)/ (E*—p?),
yOBbIBAIOIEr0 Ha GECKOHEYHOCTH. 3TO J]aeT BO3MOXKHOCTb OTGPO-
CHUThb HHTerpaj no GoJbLIOMY KPYT'y B KOMIIEKCHOH IIOCKOCTH
SHEPTHH H «CIYCTHTHCA» B GECKOHEYHO OJIM3KYIO OKPECTHOCTHb
JefCTBUTEJBHOH OCH.

ITockonpKy noporoBble XapakTepuCTHKH D4 (U), TakKe Kak
1 yskuuu D+ (E), AL (E), npu E>>p HenocpeACTBEHHO Ompe-
IeJIAI0TCA U3 HabJoaeMblX Ha ONbITE CeYeHHH, IHCIepCHOHHbIE
cooTHouleHus (7.1) comepkar eIMHCTBEHHBIH CBOGOAHBIA mapa-
merp g2. IlosToMy npoBepKa JUCIEPCHOHHBIX COOTHOLIEHHH CO-
CTOHUT B YCTaHOBJIEHHH TOTO, UTO CYIIECTBYeT Takoe 3HauyeHHe
g%, IUisl KOTOPOTro JieBble M npaBble 4acTH obeux ¢opmya (7.1)
paBHBI IpYT JpYTYy.

BrinucanHble fycriepCHOHHBIE COOTHOIUEHHS Cpasy NOC/Ie X
HoJy4eHHs OBIM CpaBHEHBI C UMEBIIMMHUCS ONBITHEIMHE JAHHBIMU
B JIOCTYNIHOM TOTZa HHTepBaJle SHeprHi. PesynbraThl 3TOH Npo-
BEDKH CBHJETEJbCTBOBAIH O XOPOILEM COIVIaCHH C KCIepUMEH-
TOM Ipu g2=14,7 — 3HaueHHH, COBMIAJAWIIEM C OLEHKAMH,
NOJIYYeHHBIMH paHee M3 DeaklM (OTOPOXKIEHHS IHMOHOB Ha
HYKJIOHaX B OKOJIONOporoBol obJactyi. Takum o6pasom, obuiue
NPUHUMNB JIOKAJbHOH KBaHTOBOH TEODHH IOJs TOJYYHIH
npsMoe 3JKCIepHMeHTalbHOe IOATBEPIKIEHHE.

Bcenten 3a cTporuM JOKasaTesbCTBOM JMCIIEPCHOHHBIX COOT-
HoleHU i 1J1a (7N)-paccessHus Briepell GbLIM MOJYYeHbl JHCHEp-
CHOHHBIE COOTHOLIEHHS A/ aMIIMTYIBl (nN)-paccesiHHSI mpu
(MKCHDOBaHHOM 3HaueHHWHM KBajJpara IepefaHHOro HMMOYJhbca
t= (Ap)? B HeKOTOpOM HHTepBaje 3HaudeHult 0<lt<lt,,, HIA
KOMOTOHOBCKOTO paccesHHsl Ha HYKJOHaX, MJIs (oTopoxie-
HHS NHOHOB Ha HYKJ/OHAaxX, AJIfA psifia IPOLIeCCOB PAacCesHHS C
yyacTHeM BHPTYaJbHBIX YaCTHI, a TakXke M1 HEeKOTOPHIX
HeyNpyruxX NPOLECcCOB THNA 2 YacTHIbl —-3 YaCTHIHI.

Ararumuneckuti nodxo0. Kax yxke orMedasoch Bhilie B § 6,
ycnex MeTola JUCNePCHOHHBIX COOTHOIUEHHH NMpPHBEN K BO3HHK-
HOBEHHIO HOBOTO B3IJIsia Ha BO3MOXHBIE IYTH JAaJbHeHIIero
PasBHTHSA TEODHH B3aHMOJEHCTBHMH YacCTHIl, KOTOPBIH, OJHAKO,
He TOJYUHJ HaJJIeXKallero NOATBEPKAeHH BIOC/IEACTBHH.

BMecre C TeM HeCOMHEHHBIM CYILECTBEHHHIM BKJAJOM B
KBaHTOBYIO TEOPHIO TOJIS1 SBUJIOCH YCIIEIIHOe HCIOJb30BaHKeE B
Hell COBpeMEHHBIX MaTeMaTHYeCKHX HJeH H Merozos. [loka-
3aTeJIbCTBO JMCIEPCHOHHEIX COOTHOLIEHHMH NPH OTJIHYHOH OT
HyJsl BeJIMUKHE NepeJlaHHOrO MMITyJbCa NOTPeGOoBao OJHOBpe-
MEHHOTO HCIIOJIb30BAaHHSI M Pa3BUTHS TEOPHUH OGOGLIEHHBIX
OGYHKUMH M TEOPHH AHAIUTHYECKMX (YHKUME HECKOJbKHX

49



nepeMeHHbIX. B mpolecce JokasaTtenbcrBa BoromoGoBbiM GblT
OTKPBIT HOBBIH NPHHLUMI aHAJHTHUECKOrO MpPOJOJIKEeHHSI 0606-
IIeHHBIX (YHKIHMH B KOMIIEKCHYIO 06JacTb HECKOJNBKUX Hepe-
MEHHBIX U J0Ka3aHa TeopeMa «0b OCTpHe KJIMHa», CTaBIlas OCHO-
BOH HOBOTO HalpaBJeHHs MaTeMaTHuecKOoH (H3HKH.

C 3TOro BpeMeHH B TeOpeTHUYecKOoll (H3MKe H3MEHHJIOCh
npeJcTaBjeHHe O CTPOTOCTH PacCyKAeHHUs, 3HAYUTENBHO MOBBI-
CHJICSl €70 MaTeMaTHYeCKMH craHiapT. Kpyr ujell, BBeIeHHBIX B
¢U3MKY NpH JOKasaTeJbCTBE JAHCIEPCHOHHBIX COOTHOLIEHHI,
CTaJl OCHOBOH HOBOTO s13blKa KBAHTOBOM TEOpHH M0Jsi. BO3HHK-
JIO HOBOE NpeficTaB/eHHe 06 aMILIUTYle KaK O eMHOH aHaJUTH-
4eCKOH (PYHKLIMM HECKOJbKHX (HM3HUYECKMX IepeMeHHBbIX, OT-
paxarollee ryboKHe CBS3H MeX]1y, Ka3asnoch Obl, COBepIIEHHO
PasHMYHBIMU IIpolieccaMM. Takue CBS3H MeXAY aMIVIUTYyZaMH
NpOLIeCCOB, CBSI3aHHBIX MeXJYy COOOH COOTHOLUEHHSIMH Ilepe-
KpecTHOH CHMMeTpHH, peajH3yeMble C OMOLLbIO HajJexalero
aHaJIMTHYECKOTO MNpOJOJIKEHHs, SBHJHCh OTIPaBHOH TOYKOH
MHOTOYHCJ/IEHHBIX 3BPHCTHYECKHX CXeM M noctpoeHuii. Haunbosee
BaKHble TOYHBIE Pe3YJIbTaThl, IOJNyUeHHbE B PaMKaX 3TOI'O HO-
BOTO aHAJHUTHYECKOTO MOAX0Ja, OTHOCATCA K CTPOT'MM oOrpa-
HHYEHMSIM Ha acHMITOTHYECKOe IOBeJileHHe aMIUIUTYJ pacces-
HHsl B 00J1aCTH BBICOKHX SHeprHH. 3]ech c/lellyeT OTMETHTb TaK
HasblBaeMylo OleHKy Dpyaccapa, U3 KOTOpPOH cCJefyeT, 4TO
[IOJIHOE CeuyeHHe C POCTOM SHEeprHMH He MOXKeT BO3pacTaTh Obl-
crpee ueM In?E. JlucrnepCHOHHbIE COOTHOIUEHHS GBUIM MCIIOJIb-
30BaHbl [loMepaHUyKOM IIpPH IOJYYeHHH TeopeMbl 06 acCHMIITO-
THYECKOM DaBEHCTBE MOJHBIX CeYeHHi paccesHHs YacTHIbI H
aHTHYaCTHLB! Ha OXHOH U TOH Xe MUILEHH B CJydae BBIXOJA STHX
CeyeHHH Ha NMOCTOSTHHblEe 3HAaYeHHs. Annapar TeopHH aHaJIMTH-
YeCKHX (QYHKUHH CJIYyKHUT OCHOBOI mnonyuyeHHoro A. A. Jlory-
HoBbiM, Hryern Ban Xwey, M. T. TomoposeiM u O. A. Xpy-
crajeBeIM 0000lleHHs: TeopeMbl [lomepaHuyka Ha JHdbde-
peHLHaNbHBle CeYeHHsl DacCesHHsl YacTHLL M aHTHYacTHI[ Ha
OAMHAKOBBIX MHILEHAX.

AHanutHuecKH# NOAXOJ K 3ajjauaM TEOPHH CHJIBHBIX B3a-
HMOJIEHCTBUH JIEXKHT B OCHOBe pAAa NoJay(eHOMeHOJOTHUECKHX
H NpUOGJMIMKEHHBIX CXeM, pa3paboTaHHbIX B 50-x H 60-X rogax.

IIpumenenus anarumuueckoeo memoda. MHOTHe U3 HHX Tak
HJIM HMHaue CBsI3aHbl C JBOMHEIM CIIeKTpPa/JbHBIM IpeJCcTaB.le-
HHMeM /ISl aMIVIUTYJIBl IBYXYaCTHYHOTO paccesiHusl. IT0 Npel-
CTaBJIeHHe yCTaHABJAMBaeT aHaIHTHIECKHe CBOHCTBA aMIIMTY bl
OIHOBpEMEHHO 10 ABYM He3aBHCHMBIM KHHEMaTHUECKHM JIOD €HIL-
HHBAapHaHTHBIM apryMeHtaM. OHO O6blLIO CHOPMY/IHPOBAHO
C. ManpencramoM B 1958 r. H3 coobpaxeHHII COOTBETCTBHSA C
KBaHTOBONOJIEBO TeopHell BO3MYLIEHHH.
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B janbHefieM crnpaBeJIHBOCTb JABOHHOTO CHEKTPabHOTO
npeicTaBleHHs1 Oblia yCTaHOBJN€Ha MNJs KBaHTOBOMeXaHHYe-
CKOH 3allauM paccesHHs INPHMEHHTENBLHO K ONpefieleHHOMY
KJlacCy MNOTEHLHAJ0B I0KaBcKoro THna. OJHAKO MHOTOYHC/IEH-
HBle NONBITKH J0Ka3aTbh €ro B paMKaxX KBaHTOBOH TeOpHH INOJIS
ycnexa He UMeJH. BenefcTBre 5TOro B Ja/lbHeHIleM NpeicTaB-
JieHHe MaHJe/cTaMa paccMaTpHuBaoch JIHG0 Kak NpaBronofo6-
Hag THMOTe3a B paMKaX KBaHTOBOH TeOpHH Toas, JHG0
KaK Hes3aBHCHMbIH NOCTyJaT (B CXeMe «aHATHTHYecKoH S-mar-
PHLEBD).

YcnoBHsl YHUTAPHOCTH JJIsi aMILIMTY [, pacCesiHUs, 3alHcaH-
HBIX C IOMOLIBIO 3TOTO NpeNCTaBJEHHS, NMPUBOIAT K HeJHHeH-
HEIM COOTHOIIEHHSIM MeXAY HX MHUMBIMH 4aCTSIMH H CNIEKTpafb-
HBIMH IUIOTHOCTSIMH. TakKHe COOTHOLLIEHHST HCIIONb30BaNNCh IS
MOJIyYeHHs! PASIMYHBIX NPHOIHKEHHBIX ypaBHeHMH, B YacT-
HOCTH, CHCTeMBbl YpaBHEHHH A HU3LIMX NaplLHajJbHBEIX BOJIH
paccestHHsl B 006J1aCTH 3Heprui, rie Heylpyrue KaHajbl HecCy-
mecTBeHHHl. Taxkue opMajbHO 3aMKHYTblE CHCTEMBI AJIs1 3afay
HM3KO3HEpPreTHUeCKOT0 paccesiHUsI U B3aUMOIIpeBpalleHHs IHOo-
HOB M HYKJIOHOB HMHTEHCHBHO HcciefoBaluch B 60-x rogax.
OHH chIrpany NoJe3HYIO PONb NPH yNOPsAOYEeHHH 3KCIepHMeH-
TaJbHBIX JaHHBIX. OIHAKO JOBOJNBHO OBICTPO BBISICHHJIOCH, UTO
NOJNYUYUTh (PM3MYECKH 3aMKHYTble OIMCaHHS XOTA OBl BecbMa
OTpaHMYeHHOro Kpyra SIBJI€HHH Ha 3TOM IIyTH He yJaercd.

IToatoca Pedxce. JIBoliHble crHeKTpasbHble NpelCTaB/IeHHs
CYLIeCTBEHHO HCIOJb30BaJUCh B MareMaTHUeCKOM amnmnapare
1071y(heHOMEHOJIOTHYeCKOH CXeMbl, ONHparolleiicss Ha Ipef-
CTaBJIeHHsl O MOJIOcax M TpaeKTopHusx Pemxe, KoTopas 1no3Bo-
JIMJa YCTaHOBUTb 3(deKTHBHBEIE CBSI3M MeXKAy XapaKTepHCTH-
KaMH HH3KOIHepPreTHUYeCKOro paccesHHss B ONHOM KaHale,
ONHUCLIBaeMOM 4-XBOCTHOH aMINVIMTYJIOH, CO CBOHCTBaMH BHICO-
KO3HEPTeTHYecKOro paccesiHHs B APYroM, NepeKpecTHOM KaHa-
Je. TloMuMo CBOHCTB NepeKpecTHOH CHMMETpHHM H aHaJIHTHU-
HOCTH, 3/leCh NIPHBJEKAIOTCS B KayecTBe HABOAALIMX cOoOpaxKe-
HUH HEKOTOphle crelnyudHyecKkHe pesyJbTaThl, IOJYyYEeHHLIE
T. Pemxe B TeopuH HepessITHBHCTCKOTO paccesiHHsl Ha IMOTeH-
HHaJNax I0KaBCKOro Tvna. Tam, B 4acTHOCTH, Oblja yCTaHOBJIEHA
IJIOJJOTBOPHOCTb  MCIOJMb30BaHHs MpeJCTaBlIeHus] HelpephB-
HOTO YTIJIOBOTO MOMeHTa [/, 1MoJly4aeMoro ¢ NMoMolibio mpeobpa-
3oBaHus 3oMMepdenbaa — BarcoHa no nepeMeHHO! KocHHyca
yraa paccesiHusi. B 3ToM npejcraBleHHH CBS3aHHBIC H De30-
HaHCHBIE COCTOSIHHSI C OJMHAKOBLIMH KBaHTOBLIMHM YHC/JaMH, 3a
HCKJ/IIOUeHHeM 3HauyeHHH YTIJIOBOIO MOMEHTa, pacnojararTrcs
Ha HEKOTOpPBHIX IJIAaBHBIX KPHBBIX Ha IUIOCKOCTH MepeMeHHBIX
sHepruu E u [. Takue KpuBble NOJYYHJH Ha3BaHHE TPaeKTO-
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puit Pemxe. AMmuTyma paccesiHusi B 3TOM TNpeICTaBJIEHUH
BBIPAXKAETCS CYMMO#! NOJIIOCHBIX ocoGeHHocTed Buja 1/(I—a(E)),
HasblBaeMbIX ToJocaMH Pemxe.

Sra KpacuBasi U NpoCTast KAPTHHA, YNOPSLOYHBAIOLIAS CBS-
3aHHble M pe30HAHCHBIE COCTOSIHHS, B BHJE THIOTe3bl OblIa
nepeHeceHa Uy u C. Opayuu, a takxke B. H. 'puGoBniM B
PEJIITHBHCTCKYIO TEOPHIO YACTHI. DyayuH NOMOJNHEHHOH c000-
pakeHHSIMH TepeKpecTHOH CUMMETPHH H HCIIOJIb3Ys METOX aHa-
JINTUYECKOTO NPOJOJIKEHHS, OHA IIO3BOJIMJIA YCTAHOBHTbL Ka-
YeCTBEHHO HOBBle CBSI3M MeXIy NapaMeTpaMH pPEe30HaHCOB, Jle-
KalHX Ha TpaekTopHH Pelke B OLHOM, NMPsSMOM, KaHaJje, H
XapaKTepHUCTHKaMH BBICOKOSHEPTeTHYeCKOro AH(paKIHOHHOTO
paccestHHs B ApYTOM, NlepeKpecTHOM, KaHaJse. CpaBHEHHE C ONbl-
TOM I10Ka3aJso, YTO YIJIOBbIE MOMEHTHI aJpPOHHLIX PEe30HAHCOB C
OJMHAKOBEIMH OCTa/JbHBEIMH KBAaHTOBBIMU YHCJIaMH AeHCTBHTE/b-
HO HMMEIOT TEHJEHIMIO pacnojarathCsi Ha IJIABHBIX MOHOTOH-
HBIX KPHUBBIX, GIH3KHX K NPSMBIM JHHHSM, a JaHHBE [0 JH-
(hbpaKIMOHHOMY pAaCCesTHUIO B HaJJIeXKAIHX [IepeKPeCTHhIX KaHa~-
Jax B psjie cly4yaeB YAHBUTENBHO XOpPOLIO ONHCHLIBAIOTCS COOT-
BETCTBYIOLUIMMH BLIPAXKEHUSIMH, COIEpPKALIMMH aHaAJTHTHYECKHE
NpOJOIKEHHs TpaekTopuil Pemxe.

B nocnenylomye ropel npennpHHUMaNUCh HEOLHOKpaTHELIE
TMONBITKH MOJYYHTh OGOCHOBaHHE pelKeBCKOH KapTuHbl. Of-
HaKo B paMKax JIOKaJbHOH KBaHTOBOH TEOpHH IOJIsSl 5TOrO Clie-
JaTh He yzajock. Bosee Toro, Bckope BBISICHHJIOCH, UTO B KaHa-
Jlax aJpOHHOTO paccessHHs C BaKyyMHBIMH KBaHTOBLIMH YHC-
JlaMH, Trle J0/KeH NOMHHHDPOBAThb TaK HasblBaeMbIH MOJIOC
[TomepaHuyka, cHTyauust BecbMa jajieKa OT TEOPHH IOJIOCOB
Penxe.

IIpasunra cymm. BaxHbIM nonydeHOMEHOJOTHYeCKHM NpH-
MeHeHHeM aHaJHUTHYECKOrO MeTOJa SIBUJIMCh IpaBHJa CYyMM H,
0CO0EHHO TaK Ha3blBaeMble <«MpaBHJa CYMM IIpH KOHEYHOH
SHepTUu».

[IpaBusa cymm no cBoeft MpHUpPOZE TECHO CBS3aHBL C AUCIEp-
CHOHHBIMH COOTHOUIEHHSIMH H TPEACTaBJASIOT COOOH mpsiMoe
c/IefCTBHE TeopeMbl Kow 1/si aMIJIHTYA, HOCTAaTOYHO OBICTPO
yOBIBalOKX TpH pocte SHeprHd. OHM HUMEIOT BHJL HHTErpasb-
HBIX COOTHOLIEHHUH 10 SHepreTHyeckoll nepeMeHHOH OT MHHMBIX
gacTell TakKUX aMIVIMTYI. B ciydae «HefOCTaTOYHO OBICTPOrO»
yOBIBaHUSI pacCMaTpHBaeMOH aMINIMTYAbl 0Ka3aloCh BO3MOXK-
HBIM HCIIOJIb30BATh IJIst allIPOKCHMALUH BEICOKOSHEPreTHYeCcKo-
ro BKJafa NapaMeTpH3allHi0 MHHUMOH 4acTH, OCHOBaHHYIO Ha
Mozienu mnoJtocoB Pemxe.

STUM TIyTeM, KOMGHHHDYS JAHCIEpCHOHHLIE COOTHOLIEHHS
npu GUKCHPOBAHHON Nepefaye UMIYJbCa C FUIIOTe30H 00 acHM-
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nToTuke pelxkeBckoro tHna, JloryHos, JI. 1. ConoBeeB H
A. H. Tasxenuase, a takxke K. Hru u C. Mauyma B 1967 r.
TIOJIYYMJIM TIPABHJIa CyMM NP KOHEUHOH SHEPruH, sIBHO COHEp-
Xaliye CBSI3b CBOHCTB pacCesiHHSl B NPSIMOM M T€PEKPeCTHOM
KaHajax. Jra CBfI3b BIOCJENCTBUH MNpHBENa K BO3HHKHOBeE-
HHIO KOHLENIHH NyaJbHOCTH, KOTOpasi B CBOIO OUepe/lb JIerJa B
OCHOBY TOCTPOEHHUS NyasJbHBIX MOJeNell HJIsl aMIJIHTYX afpOoH-
HOTrO paccesiHHs, a TaK»Ke IBUJIaCh CTHMYJIOM CO3IaHHUS CTPYH-
HBIX MeXaHM3MOB, MPHUBOJSIIHX K TAaKHUM IYaJbHHIM aMILUIHTY-
IaM.

Keasunomenyuanoroe ypasrerue. OIHHM U3 BaXKHBIX CTPO-
THX pe3yJbTaTOB aHAJHTHYECKOrO METOZA SIBHJIOCH MHTErpasb-
HOe ypaBHeHMEe JI MATPHYHBIX 3JIEMEHTOB IBYXUYaCTHYHOTO
paccesiHMs. DTO ypaBHeHHe, BIepBble MOJyYeHHOE JIOTYHOBBIM
u Tapxemunse B 1963 r., npezcrasisier co6ofl npsimoe 06oGiie-
HHe HHTerpaibHoH ¢opmel ypaBHenust Hpenunrepa aist amniiu-
TYJbl HepeJATHBUCTCKOro paccesiHus. Bxoasmui B Hee aHasor
TNIOTEHIMa/la 3aBUCUT OT SHepTHH U Ha3blBaeTcs] KBa3HIOTeHIHa-
JIOM.

Pelenve 3Toro ypaBHeHHSI HTepalHSAMH NPH HajJexaleMm
BoI6OpE KBa3UMOTEHIMAaJa B TOYHOCTH BOCIPOHU3BOAHT pSAI
KBaHTOBOIO/NIEBOH TEOPHHM BO3MYIIEHHH JJsl PeNSTUBHCTCKOHN
aMIUIMTYABl pacCessHHsT C JaHHBIM JIarpaHXHMaHOM B3aMMO-
JeHCTBHS .

dusnyeckass BaXHOCTh KBa3MIIOTEHIHANBHOTO YypaBHEHHS
JlorynoBa — TaBxenuase o6ycjoBleHa TeM, YTO OHO HaeT OC-
HOBY MJII DPAasJMYHBIX (eHOMEHOJOTrHYeCKHX INPHOMHKeHUH,
HCIIONIB3YIOMIMX TOT MJIM HHOH SIBHBIH BHJ, KBasUNOTEeHLHANa.
Takue npuOIMIKEHHS 0Ka3alHUChb OCOOEHHO IVIONOTBODHBIMH B
006J1aCTH  BBICOKOSHEpTeTHYeCcKOro AH(pPaKIHOHHOrO pacces-
HHS, THe OHM YCIelIHO ONHCHIBAIOT Kak oOfllee MOBeJeHHe
IuddepeHIHaIbHBIX CeYeHHMH, TaK M PsAJ TOHKHX CIHHOBBIX
addekToB, 0O0BICHAEMBIX MeXaHH3MOM IlepepacCessHHs.

§ 8. OT KBapkoB K KBAHTOBOH XPOMOJMHAMHKe

Cocmagtsie modesu. Kak yxe ynomusanoch B § 6, B TeueHne
50-x romoB Gmarojapsi nporpeccy YCKOPHTeJNbHOH TeXHHKH
GBIO OTKPBHITO 3HAYHUTENTHHOE KOJHYECTBO HOBBIX MHKDOOOBEK-
TOB — CTPAHHBIX THIIEPOHOB H ME30HOB, a TAKXe Pe30HaHCHHIX
cocrostHuil. VX oflimee 4ucjI0 COCTaBHMJIO HECKOJBKO AECATKOB.
OnucaHue KaxIOro H3 3THX OOBEKTOB C IOMOLIBIO CBOEro
KBAHTOBOTO MOJISI NMPHBOIMJIO B IeJIOM K BecbMa TIPOMO3IKOH
KapTHHe.
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ITepBofi MONBITKOH YNPOCTHTH CUTYaLHIO, NPENCTABUB «3JIe-
MEeHTapHble» YacTHLBI HJIH NO KpafiHell Mepe uyacThb H3 HHUX B
BHJile KOMGUHANUH (a TOYHee — CBA3aHHBIX COCTOSTHHH) MEHb-
mero uucnaa 6osnee ¢hyHIAMEHTAJNBHEIX OOBEKTOB, SIBUJIACh MO-
nenr ®epmu — $IHra xoHua 40-rofoB, B KOTOpOH mNpexrnona-
rajoch pacCMaTPHBATh NTH-ME30HEI COCTOSIHMH M3 HYKJIOHOB H
aHTHHYKJIOHOB.

B paGorax M. A. Mapkosa (1955 r.) u C. Cakarsr (1956 r.)
OBLTH TOCTPOEHBI M HCCNENOBAaHBl MOJIENH, B KOTODBIX, HApsLy
G DIPOTOHOM M HEeHTPOHOM, B KayecTBe (byHJaMeHTaNbHEIX
PaCCMaTPUBANUCh TAKIXKE U OTKPHITHIE K TOMY BpeMEHH CTpaH-
Hble allpOHHI.

B cxeme CaxkaThl HCIOJB30BaTUCh MPOTOH, HEHTPOH H
A-runepon. PasBuBas 3ty cxemy, JI. . Oxynp B 1957 r.
OpPeNnoNoXuI, 4YTo (GyHAAMEHTaNbHBIM SIBJSETCS  TPHUIUIET
YaCcTHI, C KBAaHTOBBIMH YHCIaMH p, n H A (HO He caMH p,
n u A), ¥ Ha 3TOH OCHOBE IOCTPOMJI HOHET MCEBAOCKAJSP-
HBIX ME30HOB, NpencKasaB cyulecTBoBaHHe 1 u m'. Kpome
toro moznenb CakaTel — OKYHS Jajla BO3MOXKHOCTb YCTaHOBHTB
H30TOMHYECKHEe CBOHCTBA CJIa6GhIX aIpPOHHEIX TOKOB, COXpPaHHB-
IKecsi B COBPEMeHHOH TeopHH. B InanbHefimem sta MoIenb
nonyctuna SU (3)-o6o6imenne ans cnabblX TOKOB U Me30HHBIX
PE30HAHCOB, HO BCTPeTHJIa TPYAHOCTH TPH OMHCAHHH GapHOH-
HEIX DPE30HAaHCOB,

BBuIy OTCYTCTBUST KBaHTOBOIIOJNEBOH TEOPUHM CHJBHOIO
B3aMMOJIEHCTBUS NPOU3BECTH KaKHe-THGO NMHaMHYeCKHe pac-
yeThl B paMKaX 3THX COCTABHEIX MoOJesell He NpefcTaB/sAJIoCh
BO3MOXHBEIM, BCJIELCTBHE Yero HX poJb Obljla OrpaHHyeHa
nonyheHOMEHOJOTHYECKUM  YIIOPSIIOYEHHEM CIEKTPOCKOIHYe-
CKHX XapaKTePHCTHK aJ]pOHOB M DE30HAHCHHIX COCTOSIHHH, B
H3BECTHOM CMBIC/IE NOTOJIHSIONEM 3aKOHOMEPHOCTH, CBf3aH-
HBIE C TMPENCTaBJIeHHEM O PEeIKEBCKHX TpaekTopusax. Kak
BBEISICHHJIOCH BIOCJIEACTBHH, MoJiesb CakaTthl sBU/IACh NPOTOTH-
NOM KBapKOBOfl MOJEJNH.

SU(3)-cummempusn u xeapxu. B § 6 MeI pacckasanu O CHC-
TEeMaTHKe aJpOHOB C TOMOLIbI0 NPHOGIUKEHHOH CHMMETPHH
oTHocutenbHO rpymnel SU (3). Habmonaemble OKTETH H Jie-
KYIJeThl aZpOHOB COOTBETCTBYIOT MpEJCTaBIeHHUAM TIPYIIIBL
SU (3) pasmepnocta 8 1 10.

Knaccudbukanyus anpoHOB 10 NpeCTaBAEHHSM TDYIIIbI
SU (3) npuBoiHIa K HEKOTOPHIM BaXKHBIM CJIEACTBHAM, Kacaio-
LUMCSL CTPYKTYPHI afipoHoB. [Ipexne Bcero, B pamkax SU (3)-
CHMMEeTpPHU BCE aJPOHBI PABHOMNpPABHBL, II NOITOMY BhHIJEJEHHE
KaKHX-TO OJHHX B KauecTBe Gosiee (hyHIaMeHTANbHBIX C 3TOH
TOUKH 3peHHs He HMeeT cMbicsia. Kpowme Toro, GBIIO HEMOHSTHO,



YTO 3Ke COOTBETCTBYeT (YHIAMEHTaIbHOMY MpeJCTaBIEHHIO
rpynnel SU (3), KoTopoe HMeeT pa3MepHOCTb 3.

BaxHoe npepnoJioxeHue Obuio chenaHo B 1964 r. [emi-
ManHom u, He3aBucuMmo, k. Ligefirom. Bblin BBeleHBI TpH
HOBBIX (DyHAaMeHTa/lbHbIX 00DbeKTa, SIBIAKLIMXCA «3JeMeHTap-
HBIMM HOCHTEJIIMH» KBAHTOBBEIX YHCEJ — 3JIEKTPHUECKOro 3a-
psana Q, 6apHoHHOro 3apaja B u cTpaHHOCTH S, a TaKkXe ClHHA
J, 3a KOTODHIMH 3aKpeNMJOCb Ha3BaHHe «KBapKH» (faHHOe
Cenn-Mannowm). CoryiacHO HOBO# runorese Tpu kBapka u, d u s
peanusyloT pyHAaMeHTaJbHOe NpelcTaB/e e TPynbl BHYTpeH-
He#i cummerpuu SU (3), 1o HeKOTOpHIM M3 IpelcTaBeHHH
KOTOpOH KaaccudHUUpyioTcs HalbJofaeMble aJpOHBL.

KBapkaM npuuuioch npunucatb ApoCHBIE 3HAYEHHUS 3JIEeKT-
pHyecKkoro ¥ OapHOHHOIO 3apsiOB:

KBapku Q B S J

u |23 [ 13|0f 12
—13] 130172
s | —13] 13|11 172

[=%

Takum o6pa3oM KBapKH ¢ ObIIH BBeleHH KaK BeCbMa 3K30-
THYECKHE CYLIHOCTH, BeChbMa jJasleKHe OT Hab/oJaeMblX 4acTHIL.
Oxkasajloch OJIHAKO, YTO €CJH NPUHATb, YTO B NPHPOJEe pea-
JIU3YIOTCS JIMIIb TPOHHbIe KOMOHMHALMM KBAapKoOB (3¢) M aHTH-

KBapkoB (3¢), a Takxke apHble KOMOMHALKH (§g), TO BO3HHKAeT
BecbMa IIpocTas cxema KJaccHdMKaluuu HabmiogaeMblx GapHo-
HOB, aHTHOAPHOHOB H Me30HOB. B ee ocHOBe JIeKHT cllefyiomee
NPOCTOe CBOHCTBO YHHTApHBIX TPYHNI: J060e NpeficTaBleHHe
rpynnel SU (N) MoxeT GbITb IOJY4YeHO NPH TEH30PHOM yMHO-
JKeHHH (pyHIaMeHTaJbHBIX TIPeACTaBJIeHHH.

BBuzny uncro ¢opMajJbHOrO XapakTepa 3alpeToB Ha cyiue-
CTBOBaHHE B IPHPOJiEe CAMHX KBaPKOB M HX OCTaJbHBIX KOMOHHA-
uui, Hanpumep (29) (a Takxe TpyAHOCTeH, CBA3aHHBIX C Hapy-
ImeHHeM TeopeMbl [TayJiu o CBA3M CNMHA CO CTATHCTHKOMN,— CM.
HUKE), BBeIEHHbIE TAKUM 06pa3oM 06 beKThl IOHAYAY CYKHIH
JHIb CHMBOJIAMH, [O3BOJSIOIHUMH [OJyYaTb MPOCTHIM H 3Je-
raHTHBIM 06pasoM Bce afpoHel co cmuHoMm 0 u 1/2, a Takxke
M DE30HAHCHBIE COCTOSIHHSI co cmHHOM 1 n 3/2.

HerpyznHo BuAeTb, KakuUM 06pa3oM M3 KBapKoB CTPOSATCHA
HabJro/laeMble  aJipOHHI.
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anBelleM B KauecTBe HJJIIOCTpAalMHU HEKOTOPbIE H3 HHUX:

AnpoHbl KpapkoBuid | BaaumHble opHen- CnuH Q B S
COCTaB TaluHH CIIHHOB aypoHa

p uud +Hy 1/2 1 1 0

n udd 1y 1/2 0 1 0

n+ ud 1 0 1 0 0

o uu+dd’ 1 0 0 0 0

p° uu -+ dd 4 1 0 0 0

KO ds b 0 0 0 1

K+ us b 0 1 0 1

A++ uuu 14 3/2 2 1 0
Q- ssS it 3/2 —I1 1 —3

KBapkoBasi Mofieslb [aeT ecTeCTBEHHOe OOBSICHEHHE CyIIe-
CTBOBaHHMIO MYJbTUINETOB. [leACTBUTENBHO, COCTOSIHHS M3
KBapKa M aHTHKBapKa (Heo0s3aTeNbHO TOTO 2Ke THIA) MOXKHO
IOCTPOUTh JAEBATHIO DPa3JHYHBIMH CIOCOGAMH, IIOJNYYHB TEM
CaMbIM CHHIJIET H OKTET Me30HOB. AHa/JoOrMyHo 27 KOMOHHANM,
COCTaBJIeHHBIX M3 TpeX KBapKOB, 00pa3ylOT CHHIJIET, 2 OKTe-
Ta U JeKynjeT 6apHOHOB.

YKasaHHOe pa3bHeHMe pPa3MHYHbIX KOMOMHAUUN HAa MYJb-
THILIETE HMeeT NpocToe 0G0CHOBAHHE B TEODHH IPEJCTABJIEHHH
rpynn. A MMeHHO, NpOU3BeNeHHs] TPEXMEPHBLIX NpeNCTaBIeHHH
rpynnel SU (3) pack/anplBaioTcsl B NpsIMBIE CYMMbl NMPEACTaB-
JICHHH 3TOoH rpynnel ciaefyiomuM obpasom: 3X3=1-48; 3X
X3 X3=1+4+8+8-+10.

Bce usBectHble B 60-e rofipl aipoHBI YCIIEIIHO OMHCHIBATHCh
TPeXKBapKoBoil Mofelbplo. B Hadase 70-X rofoB AJisi ONHCAHHUS
HEKOTOPBIX c/1abblX pacnajoB ObLIO NPEeAIOJNOKEHO, UTO Cylile-
CTBYET TaKKe M 4eTBepThll KBapK, Ha3BaHHBIH «0YapOBAHHLIMM
(o6o3nauaercs 6ykBoi c). Bckope mociie 3TOro GBIIH OTKDBITHI
J/p-Me30HBI, KOTOpHIE HHTEPNPETHPYIOTCS KaK CBA3AHHOE

COCTOSIHHE CC, a 3aTeM U ouyapoBaHHBle Me3oHHl F u D. K Ha-
CTOAIlEMy BpeMeHM M3BECTHHl 6 THIIOB KBapKOB, T. €. KpOMe
KBapKoB U, d, s elle TpH HOBBIX KBapkac, b, t ¢ 3apsimamu:
Q.=2/3, Q,=—1/3, Q;=2/3. Kaxnomy KBapKy COOTBETCT-
ByeT MNpHCylllee TONbKO €My KBAaHTOBOE YMCJIO, KOTOPOE OT-
JIMYAeT €ro OT OCTAJbHBIX KBapKOB. OJTH KBaHTOBHIE YHCJA,
(bakTHYECKH HyMepyIollHe THII KBapKa, IPHHSATO Ha3kIBaTh «apo-
MaraMH» KBapKOB.
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IJeem. KBapkoBasi MOZie/Ib B TOM BHJIE, O KOTOPOM JHO CHX
Nop Luia peyb, BCTPeyaeTcsl ¢ MPHHUMIHMAJIBHOH TPYAHOCTRIO,
CBSI3aHHOH C CYIIECTBOBAHMEM CHMMETDHYHBIX KBapKOBHIX
coctosinufi. Jleqo B TOM, YTO, NpHNHCAB KBapKaM crnuH 1/2
(30 Tpebyercsl AJss mosydeHHs] HaGMIONAeMBIX CIIHHOB y afpo-
HOB), MBI HeMeIJIEHHO NPHJEM B MPOTHBOpEUYHE C MPHHIKIIOM
[Taysu, NOCKOJIBKY CYLIECTBYIOT YACTHIEI, KOTOPhIE B paccMar-
pHBaeMOH MOIeNHM NPEICTaBAAITCS KakK KOMOWHALHUS Tpex
OJIMHAKOBEIX KBapKOB, HAaXONSIIHXCA B OXHOM H TOM XKe CO-
crosiHud. [IpumepoM MOTyT cayuTb A++-pesoHaHc (mpejcras-
JisieTcsl KaK COCTOSIHHE TpeX KBapKoB U C OJMHAKOBO Hanpas-
JeHHBIMH cnuHamu — (ut, ut, u?)) wuw  Q--runepon —
(st, st, st). Bro, Kasanoch 6bl, O3HauaeT HapylueHHe QyHIAa-
MeHTaJbHOH TeopeMbl Ilaysu O CBSI3M CIIMHA C THIIOM CTaTHC-
THKH, KOTOpas, KaK OTMeyasloch, BBITEKaeT H3 CaMbIX OOLIHX
NPUHLHUIOB, JeXalliX B OCHOBE TEOPHH.

Peuenue ato#i npoGiemsr Ge1o HaineHo B 1965 roxy Boro-
Jaio6oBelM, bB. B. Ctpymunckum u TaBxenupase, a Takxke
M. Xanom u E. Hawm6y, xoropble NpeANOJIOXKHJIH CYILEeCTBO-
BaHMe y KBapKOB HEKOTOPOro HOBOTO KBAaHTOBOIO uMcJ/a (3a
HHUM BIOCJTENCTBHH YTBEPAHJIOCH Ha3BaHHe «IBeT»). OTMeTHM,
9TO NOCJIENHHUM aBTOpaM MNPHHANJIEKHT TaKKe HIes BBeNeHHS
OKTeTa KaJuOpPOBOYHLIX BEKTODHEIX NOJIeH, NIePEHOCALINX B3aH-
MOJeHcTBHE MeXAY KBapKaMH (T. €. NoJiell TJIOOHOB, CM. HHXKe
§ 9). Lier KaxnOro KBapKa MOKeT MPHHUMATb 3 3Ha4eHHUs (10
aHaJIOTHH C TPeMSl OCHOBHBIMHU I[BeTaMH BHIMMOIO CIIEKTPa HX
HasbIBAlOT KpacHBIM, CHHHM W XeaTeiM). [To omnpegenenwro,
I|BeTa aHTHKBAPKOB fIBJSIOTCS AONOJNHMTEJNbHBIMH K I[BeTaM
KBapKOB. lXx ecTecTBeHHO Ha3BaThb «aHTHKDACHBIM» (3ese-
HbIM), «aHTIKEeJNTBIM» ((DHOJIETOBEIM) M <aHTHCHHHM» (OpaH-
JKeBbIM).

HeoG6biuHOCTH HOBOIO KBaHTOBOI'O YHCJ/IA COCTOMT B TOM, UTO
IIBETOBAsI CTeleHb CBOGOABI y HaGJI0JaeMbIX YacTHL, OTCYTCT-
ByeT. ITO MOXHO HOJNYYHTh, TOJNBKO NPEANOJIOXHB, YTO JJIs
peajbHBIX aJJpOHOB (6apHOHOB ¥ ME30HOB) LiBETa COCTABJAIOIUX
HX KBapKOB B3aHMHO KOMIIEHCHPYIOTCS, M B pe3yJibTaTe aipOHLl
OKa3bIBAIOTCSI (eCI[BETHLIMH.

3Iech YMECTHO c/ieslaTh 3aMedaHHe OTHOCHTEIBbHO HCIOJb-
3yeMoll TepMHHOJOrHH. Pa3symeercsi, BBeleHHas XapaKTepH-
CTHKA KBapKOB He HMeeT HHYero oOliero ¢ HaCTOSILMM LIBETOM,
KOTOpHI# OnpefensieTcsi JIHHOH BOJMHBI HCITYCKaeMOrO 3JIEKTPO-
MarHuTHOro uanyuenusi. OcHoBaHHeM JJisi BbIGOpA TaKOroO Tep-
MHHA MOXKET CJIYKHTb, OJHAKO, aHAJOTHs C TeOpHeH IBETOBOIO
3pEHHs, TJie CJOXKEHHe B PABHLIX JOJAX TPeX AONOJHHTENbHBIX
11BeTOB 1aeT GeJipifl [BeT. ¥ KA3aHHOE CBOHCTBO MOXHO HarJIsij-
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HO NpPEICTaBUTh KaK Pe3yJbTaT BcKTODHOTO CJIOXKEHHS I(BETOB
(cM. puc. 2).

B HOBOIl KapTHHe KBapKH, oOpasyiouiye ajJpOHBI, B 4acT-
HocTH, A++ u Q—, pasnnyalorcs IBeTaMH, NOSTOMY Telephb HH-
Kakoro NpOTHBOpeudsi ¢ NpuHUMNoOM [Jaynu He BO3HMKaeT.
3aMeTHM, KCTaTH, YTO B 3TOH CXeMe BO3MOXKHO CYLIECTBOBaHHe
KBapKOB KaK ¢ JpOOHBIMH, TaK H C LeJbIMH 3apsijiaMH, OfHAKO
HauGoslee TNOMYJSPHBIM SIBJISIETCSI BCE Ke NEPBBHIEl BapHaHT.

HenaGnronaemocTh 11BeTa 03Ha4aeT OTCYTCTBHE BblAENEHHOTO
HanpabJ/leHHsi B HEKOTOPOM aGCTPaKTHOM (IIBETOBOM) NPOCTPaH-

CTBe, T. €. HHBaPHaHTHOCTb OT-

> Apacriend HOCHTENbHO TOBOPOTOB  3TOTO
HONEO6bIA ODarRebss
(amanenmsli) lamiedmad) ~ POCTpaHCTBA. [Tocrynupyercs,

4YTO TPYNNOH 1IBETOBOH CHM-
MeTpHH  fIBJsleTCsl ~ rpymnna

SU.(3), BoGo3HaUEHUH KOTOPOH
Cupuii 0 SKeqmbia YacTo MHUIIETCS HHAEKC «o» (OT
aHruicKoro «colour» — 1ger),

Senewsiz 4TOOBl M36eKaThb MyTaHHIEL C
(ammurpackeid) rpynno#i npHOGIHKEHHOH CHM-

Puc. 2. [uarpamma BektopHoro METPHH II0 KBapKOBBIM apoma-
C/IOXEHHUS 1IBETOB TaM. B 3arom ciyyae TpexuBer-

Hble KBapKH OCYLIECTBJSIOT
(yHIaMeHTaJbHOE NpeicTaB/eH e IPYbl LIBETOBOL CHMMETPHH,
U Goslee «vJeMeHTapHBIX» LIBETOBBIX OO'BEKTOB He CYILECTBYET.

BosHOBBIE (PYHKLIHH aJpOHOB, NMpeACTaBAsIOLNe COG0H HH-
BapHaHThl YKa3aHHBIX NpeoOpa3oBaHHUH, BHIOMPAIOTCS B BHIE

| Me3oH> ~ 2 _|q"[f">; | Gapuon> ~ 2 &1l G5,
no uBeTy it no uBetamMm
i i, k

rie &;;, — NOJHOCTBIO AHTHCHMMETDHYHBIA TEH30D.

Tor ¢akT, uTo HabMONaeMble aJpOHEI OECIIBETHEI, Ha SI3HIKE
TEOPHH NpeNCTABJIeHUH 03HAYaeT, YTO OHH NpPHHAJJIexaT CHHI-
JieTHOMY npefctaBiaeruto rpynnel SU.(3), KoTopoe BcTpeyaeTcs
IpHU pasjoXKEeHHH COOTBETCTBYIOLIMX NPOH3BEeJeHHH NpeicTaB-
JgeHnii: 3X3=1-+8, 3X3X3=14848-+10. Ha srom s3bike
CTAHOBUTCS TNOHSTHO, NouyeMy GeCLBETHbIE COCTOSIHHSI HEBO3-
MOXHO 06pa30BaTh U3 JBYX, YeTHIpeX U T. 1. KBapKoB. B stoM
c/lyyae CHHIVIETHOE MNpeJlCTaBleHHe He BCTpedyaeTcss B Pasio-
JKEHHH COOTBETCTBYIOWMX Npou3BefeHui: 3X3=6-+3 u T. I.

XoTs uBer B NpHpoJe sBHO He Habmofaercs, TeM He MeHee,
CYLIECTBYeT psJi SKCIEepHMEHTANbHbIX yKa3aHHi Ha TpexuBeT-
HOCTb KBapKoB. MbI pacckaxem o HUX B IMI. VI, mocBAleHHOR
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KBaHTOBOH XpomopuHamtike. TpeGoBanue nokanbHol SU, (3)-
CHMMETPHH CJIYXKHT B 3TOH TEOPHH NPHHIHIOM, ONpeessiio-
UM MeXaHU3M B3aHMOJENCTBHS.

Ilapmonsr. I onucaHHOH Bhillle CHCTEMATHKH aipOHOB
KBapKH JOCTATOYHO OBbLJIO CYMTATh HEKOTOPHIMH (POpMasIbHEIMH
06BEKTAaMH, C TOMOLLBIO KOTOPBIX MOXKHO OBIO IOCTPOHTH CO-
CTOSIHHS, MMeEIOLlMe JAHCKPeTHble XapaKTepHCTHKH aJpOHOB.
ITocsie pemenns npo6JeMsl coO CTaTHCTHKOM B cepeaute 60-x ro-
JoB B pa6orax Boromo6oBa ¢ coTpyAHHKaMH ObLIH NpelJioxKe-
HBl NepBLIE AMHAMHYecKHe KBapKOBble MojesH. Ilocsenyromue
HCCIeloBaHHsI U OCOOEHHO HCC/IENOBaHHS IPOLECCOB C 60Jb-
IUHMH NepefadaMH HMIYJIbCa, B KOTOPBIX NpPOSIBJSETCS BHYT-
peHHss CTPYKTypa ajpOHOB, CONOCTABHJH KBapKaM peasbHOe
¢usHUecKoe colepxaHue,

IIpn BospacTaHMH 3HepruM B3aHMOJEHCTBYIOLIMX YacTHIL,
6s1arojaps TOMY, YTO OTKpPBIBAIOTCSl BCe HOBble H HOBblEe He-
yIpyrue KaHajbl, 3HauMTeJbHO YBeJHUYHBAETCSl YHCJIO BTOPHY-
HBIX YaCTHI, BOSHHUKAIOLIMX B pe3ysbTaTe CTOJKHOBeHHs. Pas-
HooOpasHe BO3MOXHBIX IPOLIECCOB B3aHMHBIX IpeBpalleHHH,
CJIOXHOCTb HaOJMI0JeHHA OOJIBbIIOTO YHC/Ja IMPOAYKTOB peakuui
CYILECTBEHHO 3aTPYAHSIIOT TeOPETHYeCKHH aHa/jH3 OIBITHBIX
JaHHBIX 10 afipOH-aJpOHHBIM B3aMMOJEHCTBHSIM,

B stHX yCl0BHSIX OKasajcsl BecbMa IJIOJOTBOPHBIM HOBBIH
METOJI, H3yYeHH s HEYNIPYIHX NPOLLECCOB BLICOKOIHEPTETHUECKOTO
B3aMMOJEeHCTBUA, NpefaoxkeHHbA B 1967 r. JloryHoBbiM. Oc-
HOBa JaHHOTO MeTOJia COCTOUT B TOM, YTO B KOHEUHOM COCTOSIHHH
BBIJIE/IAIOT HeGOJbIIOe YHCJIO0 YaCTHLL 3aJaHHOTO COPTa, KOTOphIe
JHIIb U PErHCTPHPYIOTCA Ha onbiTe. ITo BeposTHOCTAM poxie-
HHA (1060ro yMcla) BCeX OCTabHBIX YaCTHI, NMPOH3BOLHUTCS
cymmHpoBaHHe. [JonyyaeMele B pesyJsbTaTe 3TOro CyMMHpPOBa-
HHs CeueHMs Ha3blBAlOTCA HHKJIIO3MBHBIMH.

[171010TBOPHOCTD HMHKJIIO3UBHOIO IOJXOZAa B IOJHOH Mepe
[posABHJIaCh NPH 06pabOTKe 3KCNEPHMEHTOB IO IVIyOOKOHEYII-
pyroMy paccesiHHIO 3JIEKTpOHa Ha NpoToHe (KOrja 3JeKTPOH
nepezaeT NpPOTOHY SHEPTHIO U HMIYJbC, MHOTO 6OJbLIHE MacChl
TIOCJ/IE/HETO), BBINOJHEHHEIX B 1968 r. Ha yckoputene CJIAK B
Kanugopuuu, a Tak:Ke npu aHanu3se JaHHBIX 110 BBICOKOSHEpre-
THYECKOMY IPOTOH-IIPOTOHHOMY pacCesiHHIO, IIOJNyYeHHHIX B
1969 r. B CepnyxoBe. Briio o6Hapy:KeHO CBOHCTBO CaMONOAO-
6 MJIM aBTOMOJENBHOCTH (Has3blBaeMoe TaKXkKe CKeHJHHIOM»)
HHKJIIO3MBHBIX CEeYeHHH, CBHJETeJbCTBYIOLlee 06 OTCYTCTBHH
XapaKTepHOTO pasMepa MJIM LIKaJbl MacC B aJpOHHOH (pH3HKe B
o6JiacTH HecKoMbKHX ['3B.

JKcrepHMeHTalbHOe OTKPRITHE CKeHIHHTa 03BONUI0 PefiH-
MaHy B 1969 r. BEIABHHYTb NapTOHHYIO MOJeJIb CTPOEHHS afipo-
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HoB. CoryiacHO 3TOH MOZENH HYKJIOH, YUAcTBYIOMHUH B BHICOKO-
SHepreTHYeCKHX I1yGOKOHeylpYTHX Mpoleccax, CAedyeT npel-
CTaBJSTh COCTOSIIIUM U3 AUCKPETHBIX pPacceHBaloLHX LeHTPOB—
NapTOHOB, KOTOpble C AOCTaTOUHOM CTeNEeHbl0 TOYHOCTH MOXKHO
CYMTATh TOYEYHLIMH, T. €. He HMEIOIUMH pa3sMepoB.

Ora KapTHHA NepeKJHKaeTcs ¢ HAessMM MapKoBa, KOTOPBIH
eite B 1964 r. nokasas, 4ToO NMpU JOMHHHMPYIOLLEH POJH HeyI-
PYTHX KaHaJoB MOJHOE CeyeHHe JIEeNTOH-aAPOHHOTO BBICOKO-
SHepreTHYeCKOTO paccestHHsl MOJOCHO CEUEHHI0 Npouecca Ha
TOYEYHOH YACTHLE 1 He COAEPIKUT 3aBHCHMOCTH OT 3(ppeK THBHOIO
pasMepa HYKJIOHA.

B nauasne 70-x romoB boromioGo, B. C. BnagumupoB u
TaBxenuz3e oKa3and, YTO aBTOMOJENbHOe IOBeieHHe aMILIH-
TYJ He NPOTUBOPEUHMT OGLUUM NpPHHIHNAM JOKaJbHOH KBaHTO-
BOH TEOpHMH MOJIA.

B naspHeliiieM napTOHHAs KapTHHA CTPOEHHsI afipOHOB IO-
JIY4YHJia TIOATBEpKAEHNE B ITyOOKOHEYNIPYrOM paccesiHHH HeHT-
PHHO ¥ aHTHHEHTPHHO Ha HYKJOHAX. Y JalOCh TaKKe NOJY-
YHTh HEKOTOPYIO HH(GOPMALMIO O KBAHTOBBIX YHCJaX NMapTOHOB.
Briio ycraHOBNeHO, UTO 3apsiKeHHble NAPTOHEI HMEIOT CIHH
1/2. 3To npuBeso K NpENNOJIOKEHHIO, YTO 3apsiKeHHble MNap-
TOHEI MOXKHO OTOXJECTBUTH C KBapKaMH.

BaxXHBIM apryMeHTOM B MNOJIb3Y TaKOIO OTOXKAECTBJEHHS
SIBUJIaCh CNPaBefJIMBOCTb NpeJJioxKeHHbIX B 1973 r. B. A. Mat-
BeeBolM, P. M. Mypansuom u TaBxennzze ¢opMmys «KBapKo-
Boro cuera». IlpaBusa KBapKOBOTO cuYeTa, MNOJyuYeHHble Ha
OCHOBe cOOOpaxkeHHH aBTOMOJEJBHOCTH M NpeACTaBJIEHHH O
COCTaBHOH CTPYKTYpe aipOHOB, ONpPeJe/sIoT XapakTep SHepre-
THYECKOH 3aBHCHMOCTH IH(depeHLHaNbHOrO IONEepeyHoro ce-
4YeHHs NPOHM3BOJBHOH GMHAPHOH peaKLMH C y4YacTHeM aJpOHOB
NpH BBICOKOIHEPTeTHYECKOM pacCesiHMM Ha GoJsblluMe YIJBL, a
TaK>Xe acHMITOTHKY (opMpaKTOpPOB NpH GOJNbIUHX 3HAYEHHAX
nepeaHHOr0 HMITYJbCa.

B nenom xBapK-napTOHHasi MOZeJb afPOHOB, 00 BSICHUBILAS
pAJl BaXKHBIX HabMIOJaeMblX 3aKOHOMEpHOCTeH, fIBUJIach Cyllie-
CTBEHHBIM 3TaloM Ha NYTH K CO3LaHHIO KBaHTOBOIOJEBOH
TEOPHUH CHJIBHBIX B3aMMOJEHCTBHH — KBAaHTOBOH XpOMOAMHA-
MHKe, ONMCaHHe KOTOPOH COZepIKMTCH HUKe B riaBe VI.

§ 9. KanuGpoBouHble MOJSt M B3aUMCAEHCTBHSA

Iloas fInea — Muaaca. B sTom naparpade MBI pacckaxkeM
06 HCTOPHH Pa3BUTHS TEOPHH KAaJMGPOBOYHBIX MOJEH — Bax-
HOTO HamnpaBsJjeHHsl B KBAHTOBOI TEOPUH MOJsI, B paAMKaX KOTO-
poro B nocJjefHHe rojibl GLIH JOCTHTHYTHL 3HAUHTEbHEIE yCIie-
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XU B NOHMMAHHH NPHPOJIBI B3auMoneHCTBHH uyacThil. B ocHose
5TOH TEOPHH JIEXHT NPHHLMI JOKAJbHOH KaluGPOBOYHOH
cuMMeTpHu. JIaHHBIH NPUHUUN TNpPEACTaBAseT COO0OH MPHHIUIN
OTHOCHTENLHOCTH B 3ap$JJ0BOM NIPOCTpaHCTBe. BriepBrie OH Obi
ucnosnb3oBaH PokoM B 1926 r., Korga eMy yajoch 1okasarhb,
uto ypaBHeHHe Kuefina — ®oka — ['oploHa LI YacTHUBl B
3JIeKTPOMarHUTHOM M0Jle sIBJSieTCs HHBAPHAHTHBIM OTHOCHTEJ b~
HO OJHOBpeMeHHOro ()a3oBoro npeobpasoBaHus P-GYHKLHH H
rpajHeHTHOro npeo6pasoBaHMs MOTeHUMAJa 3JEKTPOMarHWT-
HOro noJss

P (x) —p(x) et D, Ay (x) — Ay (¥) + 0] (%)

B 1954 rony SIur u P. Mujuic o6o0muIN NPHUHIMI JIOKANb-
HOH KanuOpoBOuHOH cuMMeTpuu Ha rpynny SU (2) usoronu-
4yecKUX npeoGpasoBanuil. OHUM NOKasasH, YTO JJs TOTO, YTOOH!
JIOGUTBCST HHBAPHAHTHOCTH OTHOCHTENBHO JIOKAJIbHBEIX (hasOBBIX
npeo6pa3oBaHUH, MMEIOMHUX H30TONHYECKYIO CTPYKTYpy, CJe-
JlyeT 3aMeHHTb B CBOOOZHOM JlarpaH:xKMaHe OOBbIYHbBIE IPOU3BOJ-
Hble NoJied Ha TaK HasbiBaeMble KOBapHaHTHHIE, KOTOpHIE CO-
ZepKaT HoBoe BeKTopHoe nose B,. (Takas npouenypa HOCHT
HasBaHHUe «yIJIMHEHHS TNPOU3BOIHEIX».) IIpH 3TOM BO3HHKaeT
B3aMMOJIeHCTBHe IeDPBOHAYAJBHBIX [OJIeH, KOTOpble HHOTJAA
Ha3BbIBAIOT NOJISIMH MaTepuH, ¢ noJeM B,,. JlaHHOe nosle, ABMAI0-
meecst 0000IIEHHEM 3JIEKTPOMArHUTHOTO IOJIsL Ha ciyvail Hea-
Genesoli rpynnel SU (2), npeobpasyercsi N0 NPUCOeAUHEHHOMY
NpelCTaB/IeHHI0 YKa3aHHOH Ipynnel. B oTiMune oT ypaBHeHHH
MakcBensia, ypaBHeHHSs! [IBHXKeHHs NoJs B, HeJMHEHHBI, UYTO
(pM3MYeCKH COOTBETCTBYET CAMOJEHACTBHIO 3TOrO NOJI.

Iloctpoenue §lHra — Mussica MoxeT ObITh IEPEHECEHO Ha
6oJiee CJIOXKHbIe IPYNNBI Npeo6pa3oBaHuil. BRofuMEle NpH 3TOM
BEKTOPHBIE IOJIS TMOJNYYHJIH Ha3BaHHe KajMODPOBOUHBIX INOJEH
unu nosef $IHra — Musica. CoBOKYNHOCTb JIOKaNbHBIX (a-
30BBIX IpeoOpasoBaHHH IOJIeH MaTepHHM M COOTBETCTBYIOIIHX
npeo6pasoBaHMH BeKTOPHBIX Ka/lHODOBOYHBIX IIOJieH Hasbl-
BaeTCAd KaJHOPOBOYHBIMHM IpeoOpa3s0oBaHUAIMH.

[Tono6HO BBEAEHHIO 3JEKTPOMarHHTHOTO B3aHMOJEHCTBHA,
YAJIMHEHHe NPOM3BOAHBIX B cCJydae HeabeseBBIX TIpymm Jo-
KaJIbHOH CHMMETPHH COIPOBOXKJAeTcsl MOsiBJeHHeM, INOMHMO
BEKTODHOTO I0JIS, HEKOTOPOH KOHCTaHTHI, XapaKTepH3YIoleH
B3aMMOJICHICTBHE BCeX NoJieH MaTepHuH ¢ KalHOPOBOYHBLIM MOJIEM.

Kaxpo#i kanu6poBOYHOH rpymnne OTBeyaeT HEKOTOPBIH Ha-
6op moJsie#l MaTepHH, NpeoGpasyOLIUXCs [0 ee PasIHYHbIM Npej-
CTaBJEHHAM H B3aHMOJEHCTBYIOIIHX C NOJyYaeMbIM HajJjexa-
MM YAJHHEHHeM NPOM3BOAHBIX KAaMUOPOBOUHBIM BEKTODHBIM
nojieM, a 4yepes ero MOCPeACTBO M APYT C ApyroM. BosHukaer
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MoJie1b B3aUMOJIeHCTBHS COBOKYMHOCTH T0JIeH, cofiepakaruasi Bce-
ro ofiHy KOHCTaHTY CBfI3H. [IplIB/eKaTelbHOCTh TAKOH KapTHHEL
OCJIOJKHSIETCSL PSILOM OOCTOSITENBbCTB.

Bo-nepBbix, HeabeneBbl KaJHOPOBOYHBIE IOJS, MOXOOHO
3JIEKTPOMAarHuTHOMY IIOJIIO, SIBJISIIOTCSI 6€3MacCOBBIMH, TaK Kak
MacCoBBIE WIeH HapyllaeT KaJHO6pOBOYHYIO HHBAapHAHTHOCTb.
3T0 CBOMCTBO CYIIECTBEHHO OIpaHMUYHMBaeT HeNoCpeACTBeHHOe
(busyuueckoe NpHMeHEHHeE.

Bo-Broprix, noss SlHra — Muisica, Kak H 3JeKTPOMarHuT-
Hoe roJie, cofiep:Kar HedH3HyeCKHe CTeNeHH CBOOOJbI, BCAEACT-
BHe Yero npejcTaB/sioT co00 chcTeMbl co cBA3AMH. K Tomy ke
caMOJIeHCTBHe NepenyThiBaeT (H3MUYeCcKHe CTeleHH CBOOOABI C
Hepu3HuecKUMH. Bce 3TO CHJIBHO OCJOXKHSIET NpOLENypy HX
KBaHTOBAaHHS.

Keanmosarue. Ha cneuudyuxy KBaHTOBaHHS HeaGeseBBIX
KanuOpoBOoYHLIX nosieil B 1963 r. BrnepBble 00paTH/J BHHMaHHe
®eiiuman. OH MoKasaJ, YTO €CJIH COMOCTAaBHUTh IoJi0 SHra —
Munca o6blunbIl nponaratop 6e3MaccoBOTO BEKTOPHOTO MOJIS,
TO NOCTPOEHHAsI C ero MOMOMIbI0 S-MaTpHlla OKaxeTcsl HeyHU-
TapHo#. [locrnenoBaTesbHasi cXxeMa KBaHTOBaHUs Oblia IIOCT-
poeta B 1967 r. JI. [I. ®anzneesnim ¥ B. H. [lonoBriM, a Takke
HezaBHcHMO b. [le Burrom. [Ipy KBaHTOBaHHH KaJuOpOBOYHBIX
nosiefi oco6eHHO YIOGHBIM OKasaJicsl NMOAXOXA, B KOTOPOM KBaH-
TOBasi JMHAMHKa ONHCHIBAETCSI KOHTHHYa/NbHBIM HHTErpajloM —
CBOEro pojia HenpepbIBHOH CYMMOH IO BCeM IOJIEBBIM KOH(UTY-
pauusM. C NOHATHEM KOHTHHYa/JbHOIO HHTETpajia Mbl TO3Ha-
KomuMcs B § 14. 31eck OTMETHM JIHIIb, YTO STOT O0BEKT 06Ja-
JaeT aJjrefpauyeCKHMH CBOHCTBaMH OOBIYHOIO HHTErpaja H
N03BOJISIET BHIMOJHATh HHTETPHPOBAHHE IO YaCTAM, a TaKkKe
NPOM3BOAMTL 3aMeHy INepeMeHHBIX HHTerpupoBanusi. [locmen-
Hee CBOHCTBO OCOGEHHO BaxKHO JiJIsl NPOLEAYpPhl KBaHTOBaHHS
KaJHOPOBOYHBIX TNOJIEH, B KOTOPOH JIJIsi HCKJIOYEHUS CBsi3el
TpebyeTcs MHTEIrpHpOBAaTh He IO BCEM MOJEBHIM KOHGUTrypa-
IMSIM, a TOJBKO IO KaJu6pOBOYHO SKBHBAJIEHTHHIM KJlaccaM
TnoJIeH.

Maccusroie sexmoproie noas u spgexm Xueeca. Kar yxe
rOBOpHJIOCH, 06€3MaccoBOCTb KaJHGPOBOYHBIX IOJIell 3aTpyn-
HsJla BO3MOXHYIO (PH3HUYECKyI0 HHTEpIpeTalHio TEeOpPHH, IIO-
CKOJIbKY HHMKaKHX 0e3MacCOBbIX YaCTHL[ CO CIHHOM 1, xpome
(oTOHA, M3BECTHO He OBIJIO.

WHTepecHass BO3MOXKHOCTh IOSIBJSIETCS B MOJEJNSIX, B KOTO-
PBIX Kaau6poBOUHAs HHBApHAHTHOCTb HAPYIIAeTCsl CIIOHTAHHO.
B Hauane 60-x rogoB siBJ€eHHe CNOHTAHHOTO HapyLIEHHS CHM-
MeTPHUH B KBAaHTOBOH TEOPHH IOJIS HHTEHCHBHO HCCJEN0BAJOCh
B pa6orax Hawmby, B. I'. Bakca u A. Y. Jlapkuna, Jx. Foax-
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croyHa, [I'. HMona-JlacuHno, KOTOphHle HCHONB30BaJH HIEH
BoromoGoBa o CrIOHTAHHOM HAPYIIEHHH CHMMETPHHM B KBaHTO-
Bo# cratuctuke. B 1964 r. 1. Xurrc, a Takxe psij Apyrux a.-
TOPOB MOKa3sajH, YTO B MOJE/SIX CO CIIOHTAHHBIM HapylIeHHeM
JIOKaJbHOH CHMMETPHH MOXKHO MOJYUYHTb Maccy y KaJHGpOoBOU-
HOro BeKTOpHOro nosst. OTMETHM, 4YTO 3TOT, KaK ero HasklBaloT,
MexaHu3M XHUIrca BJSETCS] aHaJOroM H3BECTHOTO B (peHOMEHO-
JIOTHYECKOH TEOpHH CBEPXNPOBOAUMOCTH 3ddekta B. JI. 'un3-
6ypra — Jlannay, NpHBOISIIEr0 K BO3HUKHOBEHHIO LIENH B
9HepreTHYeCKOM CIEKTPE 3JIEKTPOHOB.

B 1971 r. T'. 7'Xoodt nokasas, 4to o6liHe MeTOIbl KBAaHTO-
BaHMs 6e3MaccoBBIX MoJiel fHra — Musica npaktudyecku Ges
H3MEHEHHsl TNEepeHOCSITCS Ha cAyyad CIOHTAHHO HapyIlUeHHOH
CHMMETPHH.

Irexmpocaaboie 83aumodeticmeus. Ilocse OTKPHITHA Mexa-
HHM3Ma BO3HHKHOBEHHS MacChl Y KaJHGPOBOYHBIX BEKTOPHBIX
6030HOB C MOMOILIBIO CIIOHTAHHOTO HapyIUIeHUs CHMMETPHH
CTaJIo BO3MOKHBIM IOCTPOEHHE KaJlHOPOBOYHOH TEOPHH CJIabbIX
B3aumogelicTBuii. Cpefnt mpenjaraBIIHXCs Mojesel B najbHeH-
IeM MoJydusia NOATBepiKAeHHe co3faHHas B 1967 r. C. Baiin-
Geprom u HesaBucumMo A. CanamoM oGbelHHEHHast TeOpHs
3JEKTPOMarHUTHBIX M cJabblX B3aHMOJEHCTBHEH, B KOTOPOH
3JIEKTPOMarHUTHOE [0JIe U II0JIe NPOMEKYTOYHOrO BEKTOPHOro
6030Ha, nepeHocsero cjia6oe B3anMofeli cTBUe, 06 beIUHAIHCh
B MyJbTHIVIET Toslell $IHra — MuJjica, COOTBETCTBYIOMIMHA
rpynne SU (2)X U (1). Pasnuune B cBoficTBax moJieH MOJy-
YaJoChb B 3TOH MOJEJH C IIOMOIIBIO CIIOHTAHHOTO HapyIIeHHs
CHMMETpHH.

Ieperopmuposka. B uauane 70-x romoB A. A. CnaBHOBBEIM
ObIIM pa3BUTHl METOAL! HHBADHAHTHOH peryJspU3alyy H Inepe-
HOPMHPOBKH JJIsl TEOPHH KaauGpOBOYHBIX moJiell. B panpHed-
11eM OHM OBUIM pacIpocTpaHeHBl Ha ciaydai, Korja Ha OCHOBe
CIIOHTAHHOTO HApYILIEHHs CHMMETDHH KaJHOPOBOYHBIE MOJS
npuobperaror Maccy. T'Xooprom u M. BenbTmanoM 6blia
pas3BHTa TeXHHKa HOBOH, pa3MepHOH peryJ/ispH3aluH, oKasas-
mefici BecbMa YyJIOGHOH M pacyera NepeHOPMHPOBAHHBIX
nuarpamMm. Tem cambiM 6blJIO, B OCHOBHOM, 3aBepILEHO MOCTpPOe-
HHe TeOPHH BO3MYLIEHHH JJIsT KOHEYHOH M YHHTApHOH MaTpHLEI
paccesiHHsi B TEOPHAX, COJepKalluX KalMOPOBOUHBIE IOJS.

Acumnmomuueckas c60600a u KEAHMO6ASL XPOMOOUHAMUKA.
Kanu6poBouHble TeOpHH 06G/afaloT BaXKHBIM CBOHCTBOM, Hasbl-
BaeMbIM AaCHMITOTHUYECKOH CBOGOJOH, OTKpHITEIM B 1973 r.
H. Tpoccom, @.Bumuekom u HesaBucuMo X. Ilosmutiepom.
OHO COCTOHMT B TOM, YTO HHTEHCHBHOCTb B3aHMOJEHCTBHA,
NepeHocHMOoro HeabeJsleBHIMH KaJHOPOBOUHBIMH MOJISIMH, CTpe-
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MHUTCSl K HYJIIO IPH HEOrPAHHYEHHOM YBeJIMUEHHH NepelaHHOro
NpH B3aUMOZEHCTBUH HMNyJbca. VIMeHHO Tako# XapakTep
NOBeJleHU sl HHTEHCUBHOCTH B3aUMOJIeHCTBH S MeXy KBapKaMU—
NapTOHAMH HAWJYYLIHM 00pa3oM COIJIacyeTcsl C TeM, YTO Hal-
JIIOJA€TCSl Ha OINBITE.

Ilocsie sToro oTKpHITUSL B cepefiiHe 70-X TOJOB CJIOXKMJACh
COBpeMeHHasi KBaHTOBOIIOJIeBasi MOJE/Nb MeXKBAapKOBBIX B3a-
HMOJIeHiCTBHH, MOJyuYHBILIAss Ha3BaHHWE «KBAHTOBAas XPOMOJHM-
HaMHKa». B ee OcHOBe JIeXKHT NpeANONIOKEHHE O CYIIEeCTBOBa-
HUM B IpHpoRe JoOKaJbHOH 1uBetoBoi SU,(3)-cHMMETpHUH.
KBaHTBI cOOTBeTCTBYIOIErO KalHGPOBOYHOrO MOJSI, NepeHocs-
I[He B3aUMOJEHCTBHe MeXJIy KBapKaMH, Ha3blBalOTCSl TIJII0O-
Hamu. [Ipu HHTepnpeTauuyu KBaHTOBOH XPOMOAMHAMHKH C TOY-
KH 3peHHs] NapTOHHOH KapTHHBEI UM OTBOAHUTCS POJIb 3JEKTpH-
4ecKH HeHTpaJbHBIX NapTOHOB, Ha KOTOpBIE, KaK CJeLyeT H3
SKCIIepUMEHTANbHEIX JAHHBIX, NPUXONUTCS OKOJIO IOJIOBHHBI
HMITyJIbca afpoHa. B3auMmopelicTBHEe aJpOHOB INpeJCTAaBJSETCS
Tenepb CJOXKHBIM IIPOLECCOM B3aMMOJIEHCTBHSI COCTaBJSIIOMIUX
HUX KBapKOB M IJIIOOHOB.

B Hacrosimee BpeMsi KBaHTOBasl XpOMOAHHAMHKA HAXOIUTCS
B COIVIACHH CO BCEMM H3BECTHBIMH 3KCIEepHMEHTaJbHBIMH JaH-
HBIMH.

Bonee noxpoGHoe obcyxkneHHe CTPYKTYpPhL U CBOHCTB MOJe-
au Batin6epra — CajamMma ¥ KBaHTOBOH XPOMOAMHAMHKH, a
TaKXKe HX SKCIepPHMeHTalbHOIO craTyca uMTaresb HalleT B
rmaax V u VI

Kanubposounsie e3aumodeticmeus. VItak, Mbl BHAHUM, YTO
3J1eKTPOMAarHuTHOE, cjaGoe U CUJIbHOE B3aHMOJEHCTBUSA YCIell-
HO ONMCBHIBAIOTCS KBAHTOBOIOJEBBIMH MOJENSIMH KaluOpOBOY-
Horo tuna. Kak mokasas B 1956 r. P. ¥Ytusma, noxo6HbIM o6pa-
30M MOXeT ObITb TaKKe BBeJeHO M I'DaBHTALMOHHOE B3aHMO-
IefictBue. s 3TOrO C/efyeT pacliMPHUTh HNOHSATHE Kaaubpo-
BOYHOH HHBAapHAHTHOCTH H PacCMOTPeTb JIOKAJbHYIO BEPCHIO
rpynnsl Ilyankape, T. e. Takylo rpynny npeo6pasoBaHHH, Ko-
Topasi NoJlyyaeTcsl 3aMeHOH NapaMeTpoB HCXOAHOH I'PYINbI Ha-
6opoM npousBoJbHBIX (yHKUKHA. Ha 3TOM nmyTH MOXKHO mnoay-
YHTb yPaBHEHHs OOLIeH TEOpHIl OTHOCHTENbHOCTH, IPHYeM Ipa-
BHTALMOHHOE MOJe BO3HHKAeT KaK KaluGPOBOYHOE.

Takum o6pa3om, Ha CMeHY 3BPHCTHUECKOMY CIIOCOGY OMHca-
HUSI B3aHMOJIEHCTBHSI YaCTHI[ U COOTBETCTBYIOUIHX NOJeH B
COBpPEMEeHHOH TeOpUM NpHUINe] eIMHBI NPUHLMI NOCTPOEHHs
IMHAMUKH (pyHIaMeHTaJbHbIX B3auMOZeHCTBUH, KOTOPHIH npej-
noJlaraer, YTo B OCHOBe KaxOr0 B3aHMOJEHCTBHSA MOJeH Jie-
JKHT HEKOTOpasi CHMMETpHs. JTa CHMMeTpus, OyAyuH JIOKaslH-
30BaHa, TMPHBOIHT K HeOOXONMMOCTH BBeJEHHS COOTBETCTBYIO-
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IIET0 KalHOGpOBOYHOrO MOJIsA, OTBETCTBEHHOTO 32 NAaHHHIH Mexa-
HHU3M B3auMoJeiicTBUS. B Takoi NOCTAHOBKE BONPOC O NPHPOZe
B3aHMOJEHCTBHH 3aMEHSIeTCsT BONPOCOM O INPHPONE CHMMETpPHIl.

Creztyet oroBopuThCs, uTO 3TOT NPHHIMI N0KA €lile He yja-
eTcsl peajiu3oBaTh «B WHCTOM BuJe». Kak B Monemu 3seKTpo-
cnabbiX B3aHMONEHCTBHE, TaK U B TEOPHSIX HOBBIX T[HIIOTETH-
YECKHX B3aMMOZEeHCTBHH, O KOTOPHIX MBI PACCKaXeM B 3aKJIIOUH-
TeJILHOH IJIaBe, ¢ HOMOIILIO KaJHGPOBOYHOTO IPHHIHNA He Yaa-
€TCSl OHCaTh BeeX JeTanell JHHaMUKH. B3aumonefAcTBUS I0KaB-
CKOTO THIIa M 4eTBepHOe caMoJeficTBHE CKaJspHBEIX MOJeH Hr-
palT B yKa3aHHBIX MOJE/sX XOTSA U BCIIOMOraTelbHYIO, HO JO-
CTaTOYHO BaXKHYIO POJb, NPUBOJAs, HalpHMep, K IOSBJEHHIO
Macc y KBaHTOB KaJHOPOBOUHBIX HOJeEH.



F'nasa III
OT NEPEHOPMUPOBOK K PEHOPMIPYIIIIE

Kax y»xe ropopHsoch B npefbIayinel riaase, 40-e u 50-e romst
03HaMEHOBAJUCh 3HAUUTEJBHBIM NPOTPEeccOM B Da3BUTHH Me-
TOJIOB KBaHTOBO# TeopuH noJisi. HanGosee BaxKHEBIH maT cOCTOSN
B pelleHny TNpoGieMEl yCTpaHeHHs! YAbTPadHOJNETOBEIX PacXo-
IuMocreli. EMy mpezllecTBOBaJio MOCTPOEHHe KOBapHAHTHOM
TEOpHH BO3MYIIEHHH U peanu3alys Ha ee OCHOBE HJEH mepe-
HOPMHPOBOK. 3aBepliaiollliM aKKOpAOM 3TOTO NepHoJia SBUJIOCh
OTKPHITHE PEHOPMaJIM3alHOHHON TPYIIBEL H CO3JaHHe MOIIHOTO
BEIYHCIHTENBHOTO annapara — MeToja PeHODMIDYIIH, 3Ha-
ueHHe KOTOPOTro B NOJHOH Mepe NposiBUJIOCh B 70-e U 80-e rofsl.
BBuny oco6oit BaxKHOCTH 3THX BOIIPOCOB, JIeXKalUX B OCHOBE
COBpPeMEHHOH JIOKaJbHOH KBAaHTOBOH TEOpHH NOJS, MBI pac-
cMOTpHUM MX Oojlee TOAPOGHO B NAaHHOH TJiaBe.

§ 10. KoBapuanTHasi Teopusi BO3MYILIeHUH

ITocmanoska 3adauu. Tlpu dopMy/MpoBKe 3alaud B3aMMO-
JeHCTBHS B KBAaHTOBOH TeOpHUH IoJeH, KaK U B KBAaHTOBOH MeXa-
HUKe, 00blYHO HcxonsaT u3 ypaBHenus llpenunrepa

i%=H\P(t), (10.1)
B KOTOPOM MOJIHBIH 'aMHJIbTOHHAH CHCTeMBI IoJiell H mnpejcras-
JisieT co00H CyMMY raMHJIBTOHMAaHa CBOGOJHOrO ABUKeHHst H, u
raMuJbTOHHAHA B3auMojelcTBHus [1y. ITocKONBKY, KaKk mpaBu-
JIO, TIOJIYUUTb TOYHOE pelleHHe STOTO YPaBHEHHs He YJaercs,
HCIIOJIb3YIOT METOJ TeOPHH BO3MYLIEHHH, OCHOBHIBASICh HA HC-
XOIHOM TpHOIMKEHHH CBOGOIHBIX HEB3aUMOJeHCTBYIOIIHX
nosei. [Ipu 3TOM NPUXOZUTCS pacCMaTPUBATh B3aUMOJEHCTBHE
KakK HeKOTOpHIH (akTop, MaJio MeHsIIOIUE CBOHCTBA (pH3HYECKOH
cucTeMbl — (aKTOp, KOTOPBIH MOMKET «BKJIOYATHCSA» H «BBIKJIIO-
garecs». Ha nepBelfi B3raisj Takas MOCTAHOBKA BOIpPOCa Kak
6YyATO KaxkeTcsi JONYCTHMOH.

OpHako gaxke cBOGOIHBIE YACTHIB! B3aUMOJEHCTBYIOT C CO3-
JaBaeMBIMH MMH TOJISIMH. B KBaHTOBOM cllyuyae, KaK H3BECTHO,
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YacTHIBl B3aHMOJEHCTBYIOT ¢ BaKyyMOM, KakK CO CBOEro poia
¢dusnyeckosi cpemo#t. HecMoTpsi Ha BO3MOXKHYIO CJIa6OCThb
B3aMMOJEHCTBHUS, OJjarofaps MaJoCTH pa3MepoB 4acTHL, 3¢-
(eKTbl B3aUMOJAEHCTBHSA OKasblBAIOTCA OOJBIIHMH, a B Npelene
TOYEUHBIX YacCTHI, — GeCKOHEeUHLIMH,

ITosToMy HCHOJIB30BaHUE KOHIENIHUH «TOJBIX», T. €. He B3a-
HMOJIeHCTBYIOMIMX JaXKe C BAKYyMOM, YacTHIL siBJsIeTCsT clabbM
MEeCTOM CXeMBl TEOPHH BO3MYIIEHHH, U IpelcTaB/sieTcs Keja-
TeJIbHBIM HMETD JIeJ10 C CaMOoro HayaJsa ¢ peajbHbIMH B3auMoJel-
CTBYIOIIMMH YaCTHUI[AMH H COOTBETCTBYIOLIMMH KBaHTOBBIMH II0-
JasMu. Takas nporpaMMa B U3BECTHOH CTelleHH peaslu3yeTcs NpH
TaK Has3blBaeMOM aKCHOMAaTHYECKOM IIOCTPOEHHH KBaHTOBOH
Teopun noss (cM. § 7, a Taxkxke KoHel 3Toro maparpada), a
TakXe NP HCNOJb30BAaHUM NpeACTaBAeHHs (YHKUIHOHAILHOTO
uHTerpana (cm. § 14 u 20).

B cranpapTHOH e ¢opMe KBAHTOBOIIOJIEBOH TEOPUH BO3MY-
IeHHH, CHMBOJOM KOTOpOH siBiAseTcs (elHMaHOBCKAas AUa-
rpaMma, MpPHXONUTCS pacCMaTpHUBaTh Iepexoj] OT «TOJbIX»
yacTHl, K «pusuuecKkHM». JlaHHBIE NepeXoX OCJOXKHSETCs He-
06XOIMMOCTbIO yCTPaHEHHs] BOSHHMKAIOWIUX NPH 3TOM YJbTpa-
(HOMeTOBBIX PAcXOJAMMOCTEH, YTO HOCTHraeTcsl CreluaJbHOH
NpOLEeNypPOH, U3BECTHOH KaK IlepeHOPMHPOBKA GECKOHEYHOCTeH.

Mampuya pacceanus. KoBapuantHass ¢opma KBaHTOBOIO-
JIeBOH TeODHH BO3MYLIEHHH, KaK y2Ke FOBOpHJOCH B § 5, ocHO-
BaHa Ha MCIHOJIb30BAHUH TaK HasblBaeMOH MaTpHIbI paccesiHus.

Ilycts u3yuaercss mpouecc, B Hayajle U B KOHIIE KOTOPOTO
HMEIOTCS JIMIIb JaJeKO OTCTOSIIMe ApPYT OT ApYyra 4YacTHIH,
KOTOpBIE MOXHO CYUTaTh CBOGOAHBIMU., O603HAUMM BOJHOBYIO
GYHKIHMIO HayaJbHOTO COCTOSIHUS yepe3 P (-—c0), a (QyHKLHUIO
KOHEUYHOTo — uepe3 1 (00) U CBSKEM HX COOTHOLIEHHEM

P (00) = S (— o0).

Beesennas takuMm crnocoGoMm BelHYMHA S Has3blBaeTcs Mart-
puuel (MK onepaTopoM) paccesiHusi. KBapaTel ee MaTpUYHBIX
3JIEMEHTOB OIIPEIENISIIOT BEPOSATHOCTH NepeXxooB U 3(peKTHBHLIE
CEeYeHHs] BOSMOXKHBIX IIPOIIECCOB paCCesHHS M B3aHMHOTO IIpe-
BpAIlleHHsT YaCTHIL.

Jlna onpejieneHHst MaTpHUbl PACCEsSHUS C NMOMOIIBIO ypas-
nenus lpenunrepa B HeM CcHayana MEPeXoisT K APYroMy
IPEJCTaBIeHHI0 — TaK Ha3bIBAEMOMY IIPEICTABJEHHIO B3aHMO-
Je#ACTBYSA, B KOTOPOM BpeMeHHas 3aBHCHMOCTb, CBsi3aHHas C
IHHAMHKOK B3aHMOJEHCTBHS, COCPEIOTOUEHA B BOJHOBOH (yHK-
IMH, a TaMUJILTOHHAH CBOJUTCS K TaMHUJILTOHHAHY B3auMOZel-
CTBUS, 3aBHCAILIEMY OT ONEpaTOpHHIX (YHKUHH, YIOBJETBO-
PSIOMUX ONHOPOLHBIM YpAaBHEHHSM CBOGOIHEIX MOJeEH.
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HoBoe ypaBHeHHe peIIalT MeTOAOM IOC/eN0BaTelbHBIX
npubanxKeHut. B HafileHHOH TakKUM coco60M BOJMIHOBOH (PyHK-
1 P (f) NepexoiAaT K Npefeny {—- oo U MoJaydaroT s S Belpa-
JKeHue B BHJe psifa S=1+4 2 S, n-# wieH Kotroporo S, npo-

n>1
NOpLHOHAJNEeH COOTBETCTBYIOIIEH CTeNneHH TaMMJILTOHHAHA B3a-
uMozelicreus. C yuetoM TOro, 4TOo AJIs1 MoJesel, He cofepxa-
IMUX OPOU3BOAHBIX OT (GYHKUMH B JarpaHKHaHe B3auMOJeH-
CTBHfA, TaMUJIBTOHHAH OTJHYaeTcs oT (yHKHUM JlarpaHxa
JIMIIb 3HAKOM,

H(t)=—L()=— {2 dx,

S, MOXKHO TakxKe 3alucarh yepesJlarpaHkHaH B3aHMOJEHCTBHSA
in
cenyomum o6pasom: S, = :;ngxl e denT {Z (x). .. Z(x,)},

rle yepes S dx 0603HayeHO HHTEIrpHPOBaHHe 10 BceMy NPOCTPaH-

CTBY — BpeMeHH, a T — CHMBOJI XPOHOJIOTHYECKOTO YNOpPAHO-
YeHHsl, O3HAYAIOWKUH, YTO BXOZAAIIHME B NPOU3BeJieHNe I0JeBble
oInepaTopsl OepyTcs B NopsijKe YORIBAaHHSI BpeMeHHBIX apryMeH-
toB x3. Hanpumep, T{A (x)B(y)}=A (x)B(y), ecnmu x">>y°;
T {A(x)B(y)}=B (y)A (x), ecnn y*>x°.

Takum o00pa3oM, HeKOBapHaHTHas BeJHYMHA — BOJIHOBas
¢yHkuusa P (), Xxapakrepusyiomasi CUCTeEMY B IaHHBIH MOMEHT
BpeMeHH f, B GopManu3Me S-MaTpuIb! He QUTYpHpPYeT BooOIe,
a caMy MaTpHLly paccesiHMs, ONpeleleHHYl0 KaK oIlepaTop
5BOJIIOLMH CHCTeMBl 3a GeCKOHedHO GOJBIIOH HHTEpBasl Bpe-
MeHH, OKa3hlBaeTCsl BO3MOXKHBIM BEIpa3HTb KOBapHaHTHBIM
o6pa3oM uepe3 JiarpaHKHaH B3aHMOJeHCTBHS £ . X pOHOJOTH-
YecKHe NPOM3BEJleHHs JlarpaHXKHaHOB CBOAATCS K XPOHOJOIH-
YeCKHMM IIPOM3BELEHUSM COOTBETCTBYIOLIMX NOJIeH, a MaTpHUHBEIE
3/1eMEHThl S-MaTpHIbl BEIPAXKAIOTCS yepe3 BaKyyMHBIE CpPeLHHE
OT XDOHOJIOTHYECKHX IPOM3BEJEHHI OIEpaTOPHEIX IOJEBBIX
¢ysxuui. Ha sTolt ocHOBe BBOASITCS NPOCTHIE NpaBHJIa OCTPOe-
HHUSl MaTpUUHBIX 3JIeMEHTOB, CBSI3aHHEIE C HaIVISAHBIMH (H3H-
yeCKMMH ofpasamu — auarpammamu QefiHMaHa.

IIpasura Peidinmana. [Huarpammel delinmaHa, B3AThHE B
KOODJMHAaTHO-BPeMEHHOM Ipe/CTaB/leHHH, KaKk Gbl H306paxaroT
JBHIKEHHE YacTHL, MeXIYy aKTaMH HUX B3aUMOAEHCTBHH. AKTHI
B3auMOJEHCTBUH 0603HayaloTCs TOYKaMH (BepIUMHAMH JHar-
pamMm), a IIpolecChl pacnpoCTPaHEHHs YaCTHI[ — JHHHUSMH.
[lo cnemuaneHeIM npaBu/iaM (HasblBaeMbIM NpaBuiaMu DeliH-
MaHa) KaxJoMy rpaguuecKoMy 3/eMEeHTy OTBeYaeT MHOXKHTEb
B COOTBETCTBYIOLIEM ClaraeMoM MaTpHLb! paccesinust. HaunGosee
BaXKHLIM SIBJISI€TCS TOT GaKT, 4TO (PYHKLHH, OTBeUalou(He IBHU-
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JKEHHSIM YacTHI|, OKasblBaloTcs GyHKuMsAMH ['pHHa ypaBHeHHH
JBHKEHHSl IJI COOTBETCTBYIOIIHX IMOJIeH CO crelHaabHBIMU
IPaHUYHBIMH YCJIOBHSIMH. IDTO TaK HasblBaeMble IponaraTopbl
Hltioxensbepra — PeitHMaHa, KOTOPEE MOI'YT GHITH Onpefele-
HBl KaK BakyyMHBIE OXHJAHHA OT XPOHOJOTHYECKHX IpOH3Be-
JeHH# IBYX NoJeBBIX onepartopoB. VX HaselBaloT Tak:Ke IpH-
YHHHBIME GyHKUuAMH [puHa. OHH OJHOBpEMEHHO OINHCHIBAIOT

bes

B 2% &

Puc. 3. Ogmna u3 AByx nua- Puc. 4. Ipyrass gparpamma
rpaMM KOMITOHOBCKOTO pac- BTOPOTrO NOPs/JKa, COOTBET-
cessHHsl ()OTOHA Ha 3JeKTPOHe CTByIOLIAsh paccesHHIo ¢o-
BO BTODOM IOpSiAKE TEOPHH TOHa Ha 3JIEKTPOHE

BO3MYLIEHHH

JBHIKCHHE YaCTHI U HX aHTHYaCTHI BO B3aHMHO IIPOTHBOIIO-
JIOXKHBIX HalpaBJ/IEHUAX. HaanMep, nponaraTtop 3JEKTPOH-
NO3UTPOHHOrO MOJA

S¢ (x—y) =i <TP (%) b (%)
YIOBJIETBOPSIOIIUE HEOJHOPOXZHOMY ypaBHeHHIO [lnpaka

(57" Oy—1m) S¢ (x—y) = —8 (x—1), Oy=-2

M
MoxKeT OHITh NpefcTaBjeH B BuAe HHTerpana ®ypre
m+p __ _; .
5= (2n)4 S mi—pi—is © Pidp,  p=p“yy

(B 3HaMeHaTesle KOTOPOro GeCKOHEUHO MaJiasi o6aBka ~&——+0
OTpaXkaeT yNOMSHYThIe Bhblllle TpPAaHHYHbIE YCJOBHSA) H NPH X°<
<y oTBeyaeT [IBHIKEHHIO JEKTPOHA M3 TOYKH X B TOUKY Y,
a npu x>y’ — JBUXKEHHEe MO3UTPOHA U3 Y B X.

[ uaocTpanyMH paccMOTPHM MPOLECC KOMITOHOBCKOTO
paccesinusi y;+e—y,+e;. B HmKHEM, BTOPOM MNopsjke Teo-
pHM BO3MYIIEHHH OH H300paxKaeTcs JIBYyMs JHarpaMMaMH,
NpHBeJIeHHEIME Ha puc. 3 u 4. Iuarpamma 4 OJHOBpPEMEHHO
YUYHTBEIBaeT JiBe BO3MOXKHOCTH. [Ipu x°<y° cHayala B TOUKe X
NepBOHAYAJIBLHBIN 3JIEKTPOH €; HCITyCKaeT KOHEUHBIH (OTOH Yy
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¥ MpeBpalaeTcst IPH 3TOM B BUPTYaJbHBEIH 3JIEKTPOH, KOTOPHIH
JBHraeTcad U3 X B y. 3aTeM B TOUKE Yy BHPTYAJbHBIH 3JIEKT-
POH MOIJIOMaeT HauyaslbHbIA (JOTOH Y; H NpeBpallaercs B KO-
HEYHEIH 3JIEKTPOH €;. Ecay ke x°>>4°, TO NOPAJOK H Xapakrep
cobmiThii MeHsitorcst (cM. puc. b). CHavyajna B Touke y (POTOH
HauaJIbHOTO COCTOSIHUS ; IPeBpallaeTcs B apy, COCTOSALLYIO H3
KOHEUYHOTO 3JIEKTPOHA €; H BUPTY-
albHOTO  TIO3HTPOHA,  KOTOPHIH
3aTeM B TOYKE X AHHUTUJIHUpPYeET
C HavyalbHEIM 3JIEKTPOHOM €,
npeppauiasicb B KOHeUHBIH ¢o-
TOH Yj.
Puc. 5. Pacmudposka aua- IIpu paccmoTpeHHH MaTpHU-
rpamMmbl PHC. 4 B CaydYae, KOI-  HBEIX 3JEeMeHTOB OoJiee YIOOHEIMU
A2 B TPOMEKYTOUHOM COCTOR-  gyaspipatoTcsl AUarpaMMbl M Ipa-
HUHU HaxOoJHUTCSA IIO3UTPOH o

Buna elilHMaHa B  HUMIYJbC-
HOM npejacTaBieHHH. IIpuMepsl NOZOGHBIX AHArpaMM HMeoTCs
B clefyiomeM naparpade. B mpaBuiax HMIyJAbCHOTO mpel-
CTaBJIeHHs] BeCbMa CYLIECTBEHHBIM SIBJSIETCS TO, 4TO KaXKIOMY
TOTIOJIOTHYECKH 3aMKHYTOMY OOBEKTY — IIeTJIe COOTBETCTBYET
HHTerpaJ no HajjexarieMy 4-HMIyJbCY, CM. HUXKe AHarpammy
puc. 6. KoBapuaHTHasl TeOpHSi BO3MYIIeHHH IS MaTpHIbI
paccesiHHsI, HCIOJb3yomas auarpamMMbl ®elfHMaHa, 3HauM-
TEJILHO YIIPOCTHJA TEXHHKY BBIYHCJIEHHH IO TEOPHH BO3MY-
IIeHHH, o0Jeryusiia NpoBeleHHe IIPOrpaMMbl IE€PEHOPMHpO-
BOK M B JajbHEHIIeM BbIIJIA 32 PAMKH KBaHTOBOH TeODHH
noJsis.

Axcuomamusecxkas cxema Bozonobosa. AHamu3 CTPYKTYpHI
pacxomuMmocTeil U (GOpMYNIHPOBKA TEXHUKH HX YCTPAHEHHS OKa-
3a/uch Oojiee IPOCTEIMH B paMKax 0co6oH, paspaGoTaHHOH B
HayaJe 50-x rozoB Boro/o6oBeiM cxeMbl, B KOTOpOi S-maTpHIa
BBOJMTCA aKCHOMaTHYecKH, Ge3 obpalleHHsl K raMHJIbTOHHAHY
H ypasHenuto Wpenunrepa.

B nanHOM mozxoze S-MaTpuua onpenensercss U3 (uaHue-
CKHX YCJOBHUH KOBapHAHTHOCTH, YHUTAPHOCTH U NMPHYMHHOCTH,
KOTOPHIM OHa yIoBjeTBopsieT. Oco6oe MeCTo 3aHHMaET YCIOBUHE
IPUYMHHOCTH. MHTYHTHBHO CMBICJ 3TOrO YCJIOBHSI AOCTATOYHO
OYeBHJEH — Ha 3BOJIOLHUIO JIIOOOH CHCTEMBI MOTYT OKa3bIBaTh
BJMSHHE JIMIIb COOBITHS, NPOUCXOISIINE B INpeAIIeCcTBYIOIHE
MOMeHTHl BpeMeHH. OfHaKo ero (GopMyJHpPOBKa B JIOKAJbHOH
KBaHTOBOI TeOpPHH MOJst TPeOyeT YCTAHOBJIEHHS HETPHBHAJb-
HBIX [POCTPAHCTBEHHO-BPEMEHHBIX COOTHOIIEHHH.

Ja1s1 opMyTHPOBKE yCJIOBHS NPHYHHHOCTH BBOZUTCS 0606-
ILIeHHasl MaTpuIa paccessHus S (g), cooTBeTCTBYIOWAsA GopMasb-
HO «BKJIIOYEHHIO» B3aHMOJEHCTBHS B IIPOCTPAHCTBEHHO-Bpe-
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MEHHOH 06/1acTH, XapakTepuUsyeMoH (yHKnueil o6aactu g (x)-
Martpuna S (g) aBnsercs GyHKIHOHAJIOM OT g (X), a caMo ycJI10-
BHe NpHuMHHOCTH BoromioGoBa dopMy/supyercs B TepMuHHAX
ee (YHKIHOHAJBHBIX NPOU3BOLHLIX MO g (x). du3nyeckass MaT-
pHLia paccessHHs COOTBETCTBYeT cJydalo, Koraa g(x)=1 Bo
BCceM GeCKOHEYHOM IIPOCTPaHCTBEHHO-BpEMEHHOM KOHTHHYYME.
910 NOCTpOeHHe MaTpHIBl paccesiHHsi MCTOPHYECKH SIBUJIOCH
nepBOH aKCHOMATHUYeCKOH KOHCTPYKIMeH B KBaHTOBOH TEOpHH
nosisi. B nanpHefeM oHO CHIMpaJio BaXXHYIO POJb IIPU JJOKa3a-
TEJBCTBE NHCIEPCHOHHEIX COOTHOLIEHHH.

§ 11. PacxoxumocTH M nepeHOPMHPOBKH

Y aompagpuoremosote pacxodumocmu. Crenuduyeckas Tpyn-
HOCTb KBAHTOBOH TEODHH IIOJISI COCTOMT B HalMYMH B HeH Tak
HasblBaeMbIX YJ/bTpahuOJeTOBEIX pacxomumocreit. Ilpu BEI-
YHCJNEHHAX IO KBAaHTOBOMEXaHHYECKOH TEeOpHH BO3MYILEHHH
NIPUXOJUTCS CYMMHPOBATh 1O BCEBO3MOXKHBIM MPOMEXKYTOUHBIM
COCTOSTHMAM paccMmarpiBaeMol ¢usngeckoll cucreMel. B KTII
3TH COCTOSIHHSI COZEpIKaT NOTNOJNHUTeNbHble MO OTHOLIGHHIO K
HayaJIbHOMY M KOHEYHOMY COCTOSIHHSIM BHUPTYasbHble YaCTHIIBL.
CooTBeTCTBYIOIIME CYMMBl INIPEBpALAIOTCSl B HHTErpajiel IO
BCEM 3HAYEHHUSIM SHEPTHH U UMIYJIbCOB 2= (k,, k) npomexRkyTOu-
HBIX COCTOSIHMH CHCTEMBI YaCTHIL.

O6patuMcst K nmpoleccy KOMITOHOBCKOTO paccestHis (hoToHa
Ha 3JeKTpoHe. Ero MaTpUYHBIH 3J1eMEHT B HaWHHU3ILIEM, BTOPOM
NOpsIIKE TEOPHH BO3MYILEHHH COAEPIKUT BKJaJ OT AHArpaMMel,
nusobpaxkeHHofi Ha puc. 3. Ilosaras, 4YTo cTpesna BpeMeHH
HanpaBJjieHa c/leBa HanpaBo, BHAHM, YTO IOC/e NepBOro aKTa
B3aMMOJEHCTBHSI B TOYKe X Haya/jbHble (OTOH Yy H 3JIEKTPOH
ey NpeBpalaloTCs B OJHY YaCTHLy — BHPTYalbHBIH 3/J€KTPOH
e~, KOTOpHIH B TOYKe y pacrajaercs Ha KOHEUHble (DOTOH 7y,
H 3JIEKTPOH €.

CymMa BKJIaZOB BTOPOrO IMOPSANKAa, NPONOPLHOHAMBHEIX
KBajipaTy 3JEKTPHYECKOro 3apfjia, T. €, IepBOH CTEeNeHH I0-
CTOSIHHOM TOHKOH CTpYKTypel a=e?hc, o6pasyeT MaTpHy-
HEIL aieMeHT aM,, KBaIpaT KOTOPOro NMPHBOJHUT K M3BECTHOH
¢dopmyse Kneltna — Hummaer — Tamma.

3ameruM, 4TO 4-UMIYJIbC BUPTYATbHOIO 3JIEKTPOHA €™ MOJI-
HOCTBIO OIpelesleH KHHEMaTHKOH Ipolecca, BCJENCTBHE YEro
MaTpHUYHBIH 3JeMeHT oM, HUKAaKHX HHTerDHPOBAaHHMH HE CO-
IepkuT. OIHAKO B CJEAYIOUEM, OTJIMIHOM OT HyJIsl, YETBEDPTOM
TNIOPSIIKE TEOPHH BO3MYILIEHHI IOJIOXKEHHE CYIIECTBEHHO Me-
Hsercss. MaTpHuHBIH 2JeMeHT a.2M, CONEPXKHT BKJak, OTBe-
yarouit  guarpamvme pucyHka 6. IlociemoBatenbHOCTb
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3JIeMEHTapHBIX B3aHMOJeHCTBUH Ha pHC. 6
(1) € _"évl‘{"g» (2) V~1+e:_" é-zv
(3) y+e,—e; (4) e;—y,ter

TaKOBa, YTO TPOMEXKYTOYHOE COCTOsSIHHMe, BO3HMKalolee Mocye
NepBOro H3 HHX, COJEPKHUT BHPTyaJIbHBI QOTOH, 4-HMIYIbC &
KOTOPOTO TOJIHOCTBIO He OmpefiesieH. JT0T GOTOH y NPHCYTCT-
ByeT M B CJeAyIOMEM MPOMeXYTOUHOM COCTOSIHUH MEXIy
Baaumogeficreusamu (2) u (3). ITo
BCEM BO3MOXHBIM 3HaueHHSM
KOMIIOHEHT %, He0OXOZHUMO Mpo-
BEeCTH cyMMHpoBaHHe. [ToaTomy
MaTpUYHBIH 3JemeHT M, BbIpa-
JKaeTcs yepes MHTerpaJI 1o 4-um-
nyiascy k. W stoT HHTErpan
OKasblBaercss  pacxoasumumcs!
Briyncauts pagdanuoHHYIO Ho-
npaBky K dopmyne Kiefina —
Humunst — TammMa, npo-
HOPIMOHANBHYIO  BHIpaKeHHIO
.

*
Puc. 6. Onua ua puarpamm komn- o (M, M,+M, M), okasanoch
TOHOBCKOTO pacCesHHsI QJOTOHa Ha HEeBO3MOXXHBIM.
€KT q OM IOpsAIKe

S P_‘r’ggpn‘; Bgi&%eun?ﬁ PR PacxoauMOoCThb I0J0GHBIX HH-

TerpajoB, BXOASIIUX B pajgua-
[MOHHBIE TOMPABKM MATPHUUHBIX 3JIEMEHTOB pPAasJHYHBIX IMPO-
11€CCOB, B 06J1aCTH GOJIBIINX 3HAYEHHUH BUPTYaJbHbIX HMIYJIbCOB
ABJIieTCs He HCKJIIoueHHeM, a paBuioM. dopMmasibHasi IpHYHHA
COCTOMT B HENOCTATOYHO GHICTPOM YOBIBAHHM MOABIHTErpasb-
HBIX BhIpakeHHi mpH |ky|—oo. Tak, 3aMKHYTO# meTJie ¢ TpeMs
BepIIMHAMH B JIEBOH YaCTH AMAarpaMMel PHC.6 B MMIYJIbCHOM
NpEACTABNEHUH COOTBETCTBYET HHTerpal

_(d% m+p—Fk m+p+q—Fk .
Lu(p, q)—Sk_zmz—(p—k)”Y” m—(pLq—R)2 "’

E=2yvk,, (11.1)
v

Tlie p U g — UMIYJIbCHl HayalbHBIX 2JeKTpoHA ¥ ¢oToHa. Kak
BUJHO, MOJBIHTETPAJbHOE BhIpaXKEHHe COLEPIKHT BTOPYIO CTe-
NeHb KOMIOHEHT HMIYJibCa HHTETPUPOBAHHS B UHCIHTENE U
mecTylo — B 3HaMeHatese. BceiiefcTBHe 3Toro HHTErpan: pac-
XOJHUTCS Ha BepXHEM INpefiesie, T. €. B 06JIaCTH GOMBIUHX 3Ha-
YeHHH HMIYJbCOB k.

O6nacTh pacXOAMMOCTH TaKHX HHTETpajoB B KBaHTOBOH
3JIEKTPOAHHAMHUKE OTBedaeT GOJIBIIUM, yIbTpadHOJIETOBEIM 3Ha-
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YEHHSIM YACTOT BHPTYAJIBHBIX (POTOHOB ©="Fk.c/fi. C Ipyroii cTo-
POHBI, HOCKOJBKY 4-MMNYyJbCHOE M NPOCTPAHCTBEHHO-KOOPAH-
HaTHOe NpeZACTaBJIeHHsI CBA3aHEI MeKIY co00H npeobpas3oBaHU-
em Oyphbe, TO B CHJIY H3BECTHEIX CBOHCTB 3TOTO Npeo6Gpa3oBaHus
GosbIMM UMNyJabcaM |k| COOTBETCTBYIOT Majible pacCTOSIHHSA
r~h/|k| B o6buHOM mpocTpaHcTBe. IlosToMy yibTpadHo-
JIETOBBIE PACXOIMMOCTH OOYCJIOBJIEHBl CBOACTBAMH MeXaHH3Ma
B3aUMOJIEHCTBHSI Ha MasbIX IPOCTPAHCTBEHHO-BPEMEHHBIX pac-
CTOSIHMSAX, TOYHee — JIOKA/JbHOCTBIO B3aUMOZEHCTBHS KBaH-
TOBBIX BOJIHOBBIX TIOJIef.

B cBsi3H ¢ 3THM yMeCTHO HANOMHHTb, YTO U B KJ1aCCHUECKOH
3JIEKTPOJMIHAMHKE HMeeTcsl XOpOIUO H3BecTHass TPYLHOCTD,
CBsI3aHHAsE C TOYEYHOCTBIO 3JIEKTPOHA. DHEPTHS 3JeKTpoMar-
HHUTHOTO TIOJI%, CO3[aBaeMOro TOYeYHBIM 3apsfioM, Kak YyiKe
roBopHJIoch B § 5, OKasblBaeTcsl GeCKOHEUHOH. DHEpruio IoJs
COIVIaCHO COOTHOLIEHHIO E=mc? COOTHOCAT MOJIeBOH Jo6aBKe K
Macce 3JieKTpoHa. KBaHTOBOmOJIeBEE Y/bTpa(HOJNETOBEIE pac-
XOJMIMOCTH SIBJISIIOTCSI PEJISITUBHCTCKHM KBAHTOBBIM aHAJIOTOM
5TOH GeCKOHeYHOH I0JIeBOH MacChl KJIACCHYEeCKOrO TOYEYHOTO
3JIEKTPOHA.

Pezyrapusayus. B panbHeitmeM npu o6CyKIEHHH PacXojsi-
IIHXCSl HHTErpajioB Mbl OylieM XapaKTepH30BaTh CTelleHb pac-
XOZMMOCTH 3aBHCHMOCTBIO OT BOOOpaxaeMOro BepXHero Ipe-
Iena A, COOTBETCTBYIOLIETO YJbTPahHONETOBOMY OGpE3aHHIO
o6J1acTH 4-HHTErpHPOBaHHS YCJIOBHEM BHAA |k, |<<A. ¥YcnoBHOe
BCIIOMOraTebHOe IIpeficTaBleHHe PacXOAAIIHXCsS HHTerpaJoB
tuna I, cxomsmumucs BbIpaXKeHHSIMH, COfepKalllUMH IOMOJI-
HHTeNbHbIE NapaMeTphl, HasblBaeTcsl perynaspusauueii. Pery-
JspH3anus yno6Ha M BaXKHa TeM, YTO NO3BOJSET Ha NPOMEXY-
TOYHBIX 3Tanax BEIYMCJEHHH ONepUpOBaTh C KOHEUHEIMH BHIpa-
keHUsIMH. Pasymeercsi, /151 BO3BpallleHHs] K peajlbHOMY C/Iyyaro
B KOHIle BEIYMCJIEHHMH peryJ/isipusauuio Hago ybpartb. B ciyuae
peryJasipusanuu ob6pe3aHHeM NpPH 3TOM [apaMeTp perynas-
pusanud A ycTpeMJISIOT K GECKOHEYHOCTH.

3ametum, yro B KTII ucnosnp3yorcss W Apyrue BHIBI pery-
Jspusanuii: peryaspusauus [layam — Buanapca, aHaluTu-
yecKasi peryJspusanusi, a TakxKe pasMepHasl peryJ/spH3alus
T’ Xoodra — BenbrmaHa, cocrosimas B 3aMeHe HHTerpana o
4-uMIyILCHOMY MHOTOOGPa3HI0 HEKOTOPO! CHMBOJIMYECKOH orle-
pauueit, ¢GopMalbHO COOTBETCTBYIOLIEH  HHTETPHPOBAHHIO B
NPOCTPAHCTBE UMIYJIbLCOB IO HELEJIOMY YHCIY H3MepeHUH D=
=4—2¢, MeHblleMy ueThlpex. [lapameTpom peryssipusaunuu
3liech sBJIseTcsl GeCKOHEYHO Majiasi BeJHUMHA €, a CHSITHE pe-
TyJsipU3alyuy JOCTHraercs yCTpeMJeHHeM € K HyJio. B nocien-
HHE TOJABl pasMepHasi peryJsipusauus MoJydyH/aa IIHPOKoe
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pacnpoctpaHeHHe BBHIY ee NPEHMYLIECTB NPH BBIYUC/ICHHSX B
TeopHsiX, 06/1aJaloMKX CHMMETPUSAMH Kalu6POBOYHOrO THIIA, a
TaKKe H3-3a ee TeXHMUYeCKOH IPOCTOTHI.

[Teperopmuposku 8 kearmosoll srekmpoduramure. B KBaH-
TOBOH 3JIEKTPOAMHAMHKe OKa3blBAeTCH BO3MOXKHBIM BBIIETHTD
H cobpaTh BCe PacXOAsINHecs BeJMUHHBI B HeOOJbLIOE YHCIO
CTPYKTYp, KOTOPEIE, B KOHEUHOM CUYeTe, MOTYT ObIThb MHTepIIpe-
THPOBaHBI KaK NoJieBble N006aBKH Om M Oe K Macce W 3apsny
snekTpoHa. Tak, HanpuMep, pacxogauuiics uurerpan Iy (p, ¢),
coorsercTBytomui popmyse (11.1), yaaercs npexcrasutb B
BHJEe CYMMHl KOHeuHOl ¢yHkuuu I'y(p, g) OT UMIyJBCOB Ha-
YaJIbHBIX YACTHIL ¥ pacxofsmielica noctossHHoH C, yMHOXeHHOH
Ha Mmatpuny [upaka 7y,. Uactb MaTpHyHOro ajaemeHTa aM,,
coflepKamas 3Ty KoHCTaHTy, a2Cy,, N0 cBoeH (yHKIHOHAJb-
HOM M MATPHUYHOH CTPYKType He OTJIHYaercs OT MaTPHUYHOTO
3JIeMeHTa Hu3Iero nopsjaka aM,. IlostoMy ee MoxHO dopmanb-
HO «BBIHECTH» U3 UYeTBEPTOro INOpsSAKAa BO BTOPOH, a CyMMy,
BO3HHKIIYIO TaM,

aM,+a?CM,= (0. + da) M,, OSa=a2C,

NpeICTaBUTh KaK pe3ysibTaT H3MEeHeHHs 3apsja 3JeKTPOHa,
IIOCKOJIBKY

fic (o + da) ~ (e -+ 8e)?, rue 2ebe= fic- 8.

CyiecTBeHHO, YTO B KBAHTOBOH 32JIEKTPOLUHAMHUKE 6Ce
pacxofsiuecss BKJalbl MOXKHO NpPEICTaBUTh B BHIE N06aBOK K
Macce M 3apsiy 3jeKkTpoHa. [Ipu 3TOM MaTpHYHBIE 3JEMEHTHI
OKasbIBalOTC (DYHKUMAMH JIHIIL KOMOMHAUMH mo—+0m u a,+
+8a, rme my ¥ Ay — HUCXOAHEIE, TAK HA3BLIBAEMBIE «TOJIbIEY, UJIH
«3aTpaBOYHBIE» Macca W 3apsf 3JeKTpoHa. (3ZeCh M HHXKE
«3apsNOM 3JIEKTPOHA» OYyJeM HashlBaTh IOCTOSIHHYIO TOHKOMH
CTPYKTYDBI, IPONOPLHOHANBHYIO ero KBaapaty.) [Tomumo sTHX
KOMOMHAIMH, 3aTpaBOYHblE NapaMeTpbl 3JeKTPOHA U YJbTpa-
¢uoJIeTOBEIE PACXOJIUMOCTH B MaTPHYHEBIE SJEMEHTH HE BXOHSAT.
IlosTomy BO3HHKaeT BO3MOXKHOCTH OTOXKJECTBJEHHSI CYMM

Mo+ Om = Myyus, 0+ 80 =gy,
C 3KCNEePUMEHTANbHBIMU 3HAYEHHSIMH MacChl #71 H TOCTOSIHHOMH
a=1/137.

HmeHHO 3TO nepeonpefiesieHHe H JIEXKUT B OCHOBE OIepaluu
yCTpaHeHHUs YJbTPadHOJIETOBRIX pacXONUMOCTel, Ha3blBaeMOH
TaKxKe NepeHOPMHpPOBKOH. DTOT TEPMHH CBSI3aH C NpeACTaBIe-
HYeM 3ddeKTa pafHanHoHHBIX MONPABOK HE C MOMOMLIBIO CYyMM,
a B BHJe IpOU3BENEHHH

my+0m=2Z,m,, o,+ ba=2Z,0,,
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rie Zm, Zo — HEKOTOpble Ge3pasMepHble CHHTYJISIpHBIE MHO-
xutend. Onepauusi nepeonpesiesieHHs] NapaMeTPCB 3JeKTPOHA
IyTeM YMHOXEHHs Ha YHCJIOBBIE MHOXKHTEIH

My —> Z 1My = Mypgs, Qg —> Loy = Ogyg

U HasblBaeTcsl MepeHOPMHPOBKOH (MHOTZA — «NepPeHOPMHPOB-
KOl GecKOHEUHOCTeH»).

C KauecTBEHHOH TOUKM 3pEHHs H3MeHeHHe MacC U 3apsAJoB
YaCTUI[ O] BJAMSHUEM B3aUMOIEHCTBUS NPECTABJAETCS BIOJIHE
ecTecTBeHHBIM. [lofjoGHbIe SIBJIEHUS M3BECTHHI B KJ1aCCHUECKOH
3JIEKTPOJMHAMUKE: CTOPOHHHH 3apsiJ B cpelle CO3RaeT BOKPYT
ce0s1 00J1aKO MOJISIpU3alUH, KOTOPOe YaCTUYHO ero SKpaHUpYeT.
IlosToMy Hab/omaemMoe Ha GOJBIIMX PacCTOSHUAX S(peKTHB-
Hoe 3HaueHHe 3apslia OKa3blBaeTCs MeHbllle UCTHHHOro. Ilpu
nepeMeIlleHHH TaKOH YacTHUIIE BMeCTe C Hell JBHKeTCs H 06/1aKo
NOJSIpU3alUH, YTO HNPUBOAUT K 3((PeKTHBHOMY H3MEHEHHIO ee
HHEPIIMOHHBIX CBOHCTB, T. €. K HU3MEHEHUIO MaccChl.

B npuBelieHHOM KJ1acCHYECKOM IIpHMepe H3MeHeHHs MaccH H
3aps/ia 4acTHIBl KOHeUHbl. B KBaHTOBOH TeOpPHH MHOJS Hemo-
CPeACTBEHHBIH TNepeHoc TaKoH (HH3HUYeCcKOH HHTepIpeTaluH
COOTHOLIIEHH NepeHOPMHPOBKH 3aTPYIHEH M3-3a UX CHHLYJISP-
HOro xapakrtepa. ®opmanbHO 3Ty TPYAHOCTb 06XOIST, HCIOAb-
3ysl KPHTEpHH, aHaJOTHUYHble YNOTpeb/sieMbIM B KBaHTOBOH
MexaHuke. JleJo B TOM, 4TO BXOJfAIHe B COOTHOIGHHS Nepe-
HOPMHPOBKH BEJIMUHHEI M1,, &y, Om u Oa, B OTJIMYHE OT KJac-
CUYECKOTOo CJIydasi, He MOTYT OBEIThb M3MepeHbl Ha OINBITe 1O OT-
JeTbHOCTH, a JIMIIb B KOMOMHAUMAX ZnpMe B Z,0. B oTiuune
OT CTOPOHHErO 3apsja, KOTOPHIH MOXKHO H3BJieyb M3 MOJSpH-
3yeMo#l cpefpl U 00cC/eNoBaTh B NMYCTOTe, 3JEKTPOH He MOMKET
OBLITH «OCBOGOXKIEH» OT B3aHMOJEHCTBUSA C KBAHTOBBIM 3JIEKTPO-
MarHuTHEIM noJieM. [TosToMy momo6HO TOMY, Kak HNpH OOCYX-
JeHHH AuQpakiyM 3JeKTPoHAa Ha MHOTOLIENEBOH pelleTke He
HUMeeT CMBIC/IA BBISICHATh, B KaKYI0O MMEHHO H3 Liejiedl NPOHHK
3JIEKTPOH, B JAaHHOM Clydae He CJefyeT M3JHIIHE OropyaTbCs
1o 1noBoAy (OpMaNbHOTO XapakTepa COOTHOIUEHHH MepeHOPMH-
DOBKH.

@DH3HYECKH CYLIECTBEHHO JIMIIb TO, YTO B pe3yJbTare nepe-
HOPMHPOBOUHOH MpPOLELYPHl MBI NPHUXOAUM K KOHEUHBIM ORHO-
3HAYHBIM BHIPAXKEHMSIM, KOTOpHIE B pSZie ClAydaeB OIHCBHIBAIOT
SKCIEepHMEHTa/NbHbIE [aHHBEIE C IOPa3UTeJbHO BBEICOKOH CTe-
NEHBIO TOYHOCTH. Tak, Hampumep (cM. § 16), 3HaueHHe aHo-
MaJbHOTO MarHUTHOTO MOMEHTa 3JIEKTPOHA, BBIYHUCJEHHOE B
KBaHTOBOH 3JIEKTPOJUHAMHUKE, COBIIAJIAeT C ONBITHBIM 3HAUEHHEM
Ha YPOBHE SKCIEPHUMEHTaJbHOH mNorpewmiHocTH mnopsjaxka 10-10.
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§ 12. Teopuss mepeHOPMHUPOBOK

Kaaccugurayua pacxodumocmedi. Tlpu peanusanud mnpo-
rpaMM nepeHOpMHMPOBOK B TOH MJIM MHOH KOHKPETHOH KBaHTO-
BOIIOJIEBOK MOJeJIM KJIIOYeBHIM MOMEHTOM fIBJISeTCsl aHalu3 H
KnaccupuKauuss THIOB YyJAbTpadHOJEeTOBHIX pacxoAuMocTel.,

Taxk, B K9]I okaskiBaoTcs pacXoAslIMMUCS MaTPHYHEIE SJle-
MeHTHI, COOTBETCTBYIOIIHE JYarpaMMaM C JBYMs M TPeMsl BHeII-
HUMH JIHHHSIMH, M300paxKeHHBIM Ha pHUcyHKax 7, 8 u 9. Iu-
arpaMMam C YHCJIOM BHEIHMX JIMHHUH, 60/bIIMM TPeX, KaK MOX-
HO II0Ka3aTb, OTBEYAIOT CXOASIIMeCs «B IeJOM» BKJaibl B

S~

Puc. 7. INpocrefiilune pacXOAsIiHecs AHATPAMMEI KBAHTOBOH 3JeEKTPOAHHA-
MHKH C JBYMSI BHEIIHHMH 3JIEKTDPOH-IIO3HTPOHHEIMH JHHHSIMH

A A AT~

Puc. 8. HekoTophie pacxofsiiyecs fHarpaMMbl KBAHTOBOH 3JIEKTPOJHHAMH-
KH C JBYMs BHEWIHUMHM (DOTOHHBIMH JIMHHSIMH

o

Puc. 9. Ipocreiiune pacxopsiiiuecst AUarpaMMbl KBAHTOBOH 3JIEKTPOAMHA-
MHKE C TpeMs BHEUIHHMH JIHHHSIMH

MaTpHYHBIE 3/1eMeHThl (PACXOAUMOCTH B HHX MOTYT COOTBETCT-
BOBAThb JIHLIb NOAAMArpamMmaM, COBIAJAIOUIUM C OJHOH M3 JHa-
rpamMMm C ABYMS H TpeMs BHEUIHHMH JIHHHSIMH).

ITpu sTOM AHarpaMMbl ¢ ABYMs BHEIIHHMH 3JIE€KTPOH-TIO3UT-
POHHBIMH JIHHHSIMH, H300paKeHHble Ha pHC. 7, NPHUBOAAT K
pacxofyMOCTM He cTaplie JHHeHHOH, AMarpaMMel C ABYMs
BHENIHUMH (DOTOHHBIMH JIHHHSIMH — K PACXOXMMOCTSIM He CTrap-
Ille KBaJIpaTHYHOH, a AHATPAMMBI C TPEMS BHEIIHHMH JTHHHUSMH —
K PacxojuMOCTSIM JorapH(MHYECKOrO THIA.

Baxuemv cBoficTBoM K3OJI (a TakKe HEKOTOPHIX APYTHX
Mojenell B3aMMOJEHCTBHS KBAHTOBBIX moJel, HanpuMep KX]I)
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sIBsieTcst TOT (AaKT, YTO CTENeHb PAaCXOXMMOCTH JHarpamm
TIOJTHOCTBIO OTpeJessiercsl YUCJIOM H THIIOM BHEIIHHX JIMHHE H
(c TouHOCTBIO N0 cTeneHed Jorapudma In A) He 3aBHCHT OT mO-
psiiKa Iuarpamm, T. €. 9HCJa BHYTPEHHHX BepIIMH M IeTesb.

SOOI

Puc. 10. HexoTophle iHarpaMMEl paccesiHusi B YeThipexGepMHOHHON MOJeNH

IIpuMepoM KBaHTOBOIOJIEBOH MOZENH, He 06/anatomel 3THM
CBOHCTBOM, fIBJIsIeTCSl MOJeNb (pepMHOHHOTO NOJS 1 C 4eTBep-
HBEIM camojieficTBUeM (hepMHEBCKOTO THIIA

Z 5a =G O O

B sToli MoziesM pagvanMOHHBIE NONPAaBKH K NPOILECCY paccesi-

HHs JBYX (DepMHOHOB ApYr Ha Jpyre OTBEYAlOT AHAarpaMMaM,
usobpaxeHHbIM Ha puc. 10.

CoorBeTcTByIOLIME  MaTpPUYHBIE
3JIeMeHTHl PAacXOJSATCS CTeNeH-
HbIM o6pasoMm. OiHaKo, B OTJIH-
yhe OT MNpejbIAYINero ciydas,
CTelleHb PACXOMMMOCTH 33BHCHT b |1 Grevaropue crpyxry-
OT NOpAAKa A¥arpaMM H YBEIH-  py ¢ pacxoasuumMucs Koabuiu-
YHBaeTcs C ero pOCTOM. Beﬂy- €HTaMH, COOTBETCTBYIOLLHE JHar-
Y0 pacXoiUMOCTh JHarpam- pammam coﬁcmeunoﬁ_ SHEepTHH
MBI pacceHHHﬂ n-ro HOpHI{Ka 2JIEKTPOHA B KBAHTOBOH 3JIEKTPO-
_ IHHAMHKe

G"A*7=1) MOXHO mNpEeNCTaBHTh

Tak¥ke B Buje G**1A2, rpe [—uHCIO TONOJIOTHYECKH He3a-
BHCHMBIX I€Telb JHarpaMMEL.

KBanToBble Teopuu mossi, nofo6Hele K3, B KOTOPHIX
CTeNeHb PACXOAMMOCTH JIHarpaMM He 3aBHCHT OT NOpsJKa Teo-
PHH BO3MYILEHHH, OKA3bIBAIOTCH INepeHOPMHPYeMBIMH. B aTHX
MOJZIeJIIX KOJIHYECTBO ONEPATOPHBIX CTPYKTYDP, COOTBETCTBYIO-
IUX YJAbTPadHOJETOBEIM PACXOLMMOCTSIM, KOHeYHO (M HeBe-
auko). Hanpumep, B K3]I Bcemy GeckoHeuHOMY Ha6opy AHa-
rpaMM COOGCTBEHHOH SHepTHH 3JIEKTPOHA OTBEYAIOT BCETO JIMILb
IBe CHHTYJspHBIE oneparopHbie CTPYKTypH (puc. 11). Tlpu
STOM Kaxkfias U3 KOHCTaHT A u B mpeicraBisercs psioM IO
CTENEeHSIM O C pacXOAsUIMMHCA NpH A—-oco KodaddumreHTaMH.

[TonoGHble onepaTopHble CTPYKTYPHI C CHHI'YJSIPHBIMH KO-
3¢xpunHeHTaMH MOTYT GBITh NpeoGpa3oBaHbl B TAK Has3bIBaeMHle
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KOHTDUJIEHbI, T. €. J0GaBKM K JarpaHKHaHy CHCTeMBl IoJel,
B nepenopmupyembix KTIT Bce Takue JoGaBKH HMEIOT CTPYK-
TYpPY OTAENBHBIX COCTAaBJSIOLIHX NOJHOTO JarpaHxuaHa, 4To U
N03BOJISIET, B KOHEYHOM cyeTe, NPOBECTH ONepaluio H30aB-
JIeHHS OT pacxojuMocTell nyTeM IlepeonpefesieHHss Macc U
KOHCTAQHT CBSI3H.

B monensix, nono6Hbix 4-¢epMHOHHOH, YHCJIO CHHTYJISPHBIX
CTPYKTYP, OTBEYalOIUX pPacXOAAIHUMCS BKIaJaM U3 pa3iIudHbIX
BCe BO3pACTAIOIIUX MOPSAAKOB TEOPHH BO3MYIIEHHH, OKa3bl-
BaeTcsl OeckOoHeuyHbIM. BcenesnctBie aToro «y6paTh» yabTpaduo-
JIETOBEIE PacCXOAMMOCTH IIyTeM IepeonpejelieHHs] KOHeYHOro
yucna (HM3HYECKHX XapaKTepHUCTHK HCXOAHBIX YacTHI,  He
NPEeACTaB/IsETCS] BO3MOXKHBIM. TaKkue MOIENMH OKa3blBalOTCS
HenepeHOPMHUP yeMBIMH .

Ileperopmupyemocms. Vitak, KBaHTOBOIIOJIEBEIE MOJIENH €CTe-
CTBEHHBIM 006pa3oM pacnafaloTcs Ha ABa KJiacca — NepeHOpMH-
pyeMble H HenepeHOpMUpYeMble. B nepeHOpMHpPYeMBIX MOJeNsIX
yZAaeTcsl, Kak IpaBuJo, yOpaTh BCce paCXOAMMOCTH B NEepPeHOp-
MHDOBKH IlapaMeTpoB (Macchl, KOHCTAHTHI CBfI3H,...) HCXOLHOTO
JlaTpaHXHaHa M, IOcJe OCBOOGOXKAEHUSI OT OGecCKOHeYHoCTeH,
OJIHO3HAYHO BBIPA3HThb pe3yJbTaTHl BLIUMCJIEHHH Yepes Iepe-
HOPMHDOBaHHBIE 3HAYEHHSI COOTBETCTBYIOIIUX (DH3HUYeCKHMX Ia-
pPaMeTpoB.

He BpaBasicb B Jeranu COOTBETCTBYIOWIEro (opManusMa,
3aMeTHM, 4YTO IPOCTHIM H JOCTaTOYHO HaJEeXHLEIM NpPH3HAKOM
NePEHOPMHPYEMOCTH MOXKET CAYKUTh PasMEPHOCTb KOHCTAHTHI
cBsi3u. Tak, HanpuMep, B MOJeNsX, IJie B3aHMOJeHCTBUEe HMEeT
BHUJ,

2:9* (%), @b (x) O (x) @ (x) mm gy (x) 0% (x) B, (76()12 1
1)

(¢ — cransp, ¢, P — cnuHOpE,, B, — BeKTOp), pasMepHO-
CTH KOHCTaHT CBSI3H g; C HEOOXOAMMOCTbIO DABHEI HYJIO, IO-
CKOJIBKY CyMMapHasi pa3MepHOCTb ONepaTopoB B KaxJIOM H3
TpeX BblpaxKeHHH paBHa m* (Wi L—*), 9T0 coBNajaeT ¢ pasmep-
HOCTBIO JlarpaHxuaHa. HaoGopor, Asis B3auMOJeHCTBHH

GyOW0y, Hyovy 22 (12.2)

%"’

B KOTOPHIX CyMMapHasi MaccoBasi pa3MepHOCTb OIIEpaToOpPOB U UX
TNIPOM3BOJHEIX NpeBHIlaeT 4, KOHCTAHTHl CBSI3H 06/1ajaloT OTpH-
naTeNbHOM MaccoBoii pasmepHoctbio: [Gl=m~?, [Hl=m".

B nepBom ciyuae GespasmepHble KOHCTAHTBI CBSI3H SIBJISI-
IOTCSl «eCTeCTBEHHBLIMH» [apaMeTpaMH pas/IOKeHHS TeOpHHU
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BO3MYILEHHH, BCJEACTBHE Yero peryJspH3OBaHHAas — TEOpHUS
BO3MYILEHHH BBICTDAHBaeTcs 10 CTeNeHSAM KOHCTAHT CBA3H H HX
npou3BefieHuil Ha Jorapudmel g In (A%/k2) (B 6e3MaccoBOM CIIy-
Yae MM B yJabTpaduoseToBoM Ipefene). Ilostomy BhosHe
€CTeCTBEHHO, YTO B TaKHX TEOPHAX CTelleHb DAacXOAHMMOCTH
JuarpaMM ¢ JiorapuMHYecKO# TOYHOCTBIO He 3aBHCHT OT MNO-
psAlxa Teopun Bo3MylleHu#. HaoGopor, Ajasa Moienell THIa
(12.2) ¢ pasmepHBEIMH KOHCTAHTAaMH CBSI3H eCTECTBEHHBIE Napa-
MeTpHl HeNepeHOPMHPOBAHHOH TeOpHH BO3MYILEHHH IpejcTaB-
JISIIOTCSL IPOM3BeJleHHSIMH KOHCTAHT CBSI3H Ha 00e3pa3MepHBalo-
IyI0 CTeNeHb UMIyJbca obpesanus: GA2, HA. B stoM ciyuae
CTelleHb PAacXOAMMOCTH pacTeT BMecTe C IOPAIKOM TeOpHH
BO3MYIIEHHA H IEeDPEHOPMHDOBKA CTAHOBHTCSI HEBO3MOXKHOH.

[Ipocrora 3TOH KapTHHEI B HEKOTOPBIX C/Iy4asiX HapylaeTcs.
Tak, ecnmn B TpeTbeM M3 BhipaxeHu# (12.1) BexTopHOe mose
uMeer Maccy M, TO BO3MOXKHO o6pasoBaHHe Ge3pasMepHOTO
napaMeTrpa pasioxeHHs ¢ ee yuactHeM: gA/M, u Teopus
OKAa3bIBaeTCsl HEeNepeHOPpMHUPYeMoH. B peanbHBIX ciyyasix 3ToH
OTOBODKOH, HO-BHIMMOMY, MOXHO NpeHe6peub, MOCKOJbKY M3-
BECTHbIe MaccHBHbIe BeKTOpHEIe Nosisi (W- 1 Z-G030HEI) HMeEIoT
Kanu6poBouHylo npupopay. Ileso B TOM, 4TO KajauOPOBOYHLIE
NOJIs1 «IIepBOHAYAJbHO» 0e3MacCOBBHl M «IPHOODETAoT» Maccy B
pesyJibTaTe CIOHTAHHOTO HapyleHHs KaJlHODOBOYHOH CHM-
MeTpuH (cM. Huxe § 15), npu KOTOPOM CBOHCTBO IIepeHOpMHUpYe-
MOCTH He Hapymaercsi. TakuM o6pas3oM, Ge3pa3MepHOCTb KOH-
CTAHTHI CBSI3U $IBJISIETCS HEOOXOAHMMBbIM H NPAKTHYeCKH HOCTa-
TOYHBIM YCJIOBHEM IlepeHOPMHPYEMOCTH.

BosHukaer Bonpoc 0 ¢H3HYECKOM CMBIC/Ie YCIOBHSA NepeHop-
MupyeMocTd. [lJis OTBeTa Ha HEro 3aMeTHM, YTO pafHalMOHHBE
NONPaBKH MOXKHO paccMaTpHBaTh Kak 3(beKTh peakluHd KBaH-
TOBOI'O BaKyyMa Ha NPOXOXKJAEeHHe yepe3 HEro TeX HJIH HHBEIX
(H3HYeCKNX YacTHL. 3JeCh CJelyeT HalOMHHTb, YTO BAaKYyyM-
HOe COCTOSIHHe B TEODHH KBAHTOBHIX IOJIeHl He eCTh (hH3HuecKas
nycrora. OHO COIEpPXKHT BaKyyMHBIe (QJIYKTyauMH — BHPTY-
aJbHbIe YaCTHLBL. JTH BaKyyMHble (IYKTyalUM — HyJleBble
KoJieGaHUst — SIBJISIIOTCSL XOPOIIO H3BECTHBIM CBOHCTBOM HHK-
HEro COCTOSIHHSI B KBaHTOBOH TeopuH. B K31 HyseBhe Koie-
0aH¥s COCTOSIT, B OCHOBHOM, M3 BO3HHKAIIIMX Ha KOPOTKOE
BpEMs1 3JIEKTPOH-TIO3UTPOHHEIX Nap U (OTOHOB. ITH BHUPTyalb-
Hble 00pa30BaHUS INPELCTaBJSIOT CO00OH cBOero poja «hup
XX Beka», ¢ KOTOPEIM B3aUMOJEHCTBYIOT JBHKYIIHeCs CKBO3b
«IyCTOTY» (H3HUYECKHE YACTHIBI. ¥ IbTPa(HOJeTOBble pacXou-
MOCTH paJHallHOHHBIX INONPABOK CBSI3aHBI C TeM OOCTOSITENbCT-
BOM, YTO KOPOTKOBOJIHOBblE BaKyyMHBIE (IYKTyalMH, Kak
NPaBHJIO, OKAa3blBAIOTCS BeCcbMa HHTEHCHBHBIMH. B mepeHOpMI-
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pYeMBIX TeopHSX UX 3ddeKT MoxKeT OBITb CBEleH K H3MeHEHHIO
¢usnyeckux napamerpoB yactul. C 3TOH TOUKH 3peHHs «mepe-
HOpMHpPYEMOCTb® OTBedaeT TOMY, UYTO JJIs COOTBETCTBYIOIIHMX
MeXaHH3MOB B3aHMOJEHCTBHA KBAHTOBBIX IIOJieH BIHSHHE Ma-
JBIX paccTosiHUH (TZe M COCPeOTOYEHH! BHICOKOYACTOTHHIE
¢nyKkTyanuu) Ha ¢U3HKY OONBIIHX PaCcCTOSTHHH MOXKeT OHITh
3((heKTHBHO YYTE€HO C NOMOIIBIO OrPaHHYeHHOrO JHCJa KOHEed-
HBEIX [apaMeTpoB.

MoxHo Takxe cKasarb, YTO HelepeHOpPMHpYeMble MOJENH
B3auMojieiicTBUl, MofoOHBe (12.2), COOTBETCTBYIOT ciydasM,
KOTZa He yZaeTcsl NOCTPOHMThb NOC/IefoBaTesbHYI0 KBaHTOBOIIO-
JIEBYIO MOJe/Ib C NaHHBIM MeXaHH3MoM BaammogefictBus. Ilo-
CKOJIbKY HMMelomuics K HacTosllieMy BpeMeHU OIIBIT YYHUT Hac,
9TO CBOHCTBO NIePEHOPMHDYEMOCTH He CBSI3aHO C OOBIYHO HC-
Nonb3yeMol TeopHel BO3MYIIEHHH, TO MOXKHO CHeNaTb BBHIBOZ,
YTO TaKHe MOJIeNH Hesb3sl IPOKBAHTOBAaTh Boobie. Takum o6pa-
30M, <HEeNepeHOPMHPYeMOCTb» OKa3blBaeTCsl CHHOHMMOM «He-
KBaHTYyeMOCTH».

Ilepenopmuposru 6e3 Konmpusenos. VanoxeHHasi Bhllle
HJIeOJIOTHSI yCTpaHEeHHUsl YJbTPadHONETOBEIX pacXoguMocTedl ¢
NIOMOIIBIO ONePalUH BBeileHHS] CHHI'YJSPHHIX KOHTPUJEHOB He
pacKpHIBAaeT MaTeMaTHYecKyio NpHpony GeckoHeuHocTed. B
CBSI3H C 3THUM CJiellyeT OTMeTHThb, YTO BaXKHBIM 5TaloM B DPasBH-
THH TEOPUH NepeHOPMHPOBOK SIBUJIOCH OCO3HAHHE TOTO 00CTOSA-
TEeJBCTBA, YTO (GYHKIUMHM paclpoCTpaHEHHsl KBaHTOBOIOJEBOH
TEOPHUHU BO3MYLIEHUH NpeACTaBMASIOT cOO0H OcobGhle MaTeMaTH-
yeckHe OOBeKTH — 00600IIeHHble (YHKIHNM, oOInpeleleHHbIe,
NoJ06HO NenbTa-QyHKUMH, JHIIb Kak sfapa JUHeHHBIX (GyHK-
nuoHanoB, Omnepanyus yMHOXEHHSI STHX OGBEKTOB JIpPYT Ha
JIpyra He cjlefyeT U3 HX OIpejeNeHHs] U TpeGyeT 0coGoro pac-
cmotperusi. Kak yxe ynomrHaJjoch Beille B § 5, Takoil B3rIax
Ha GeCKOHEYHOCTH U HX NepeHOPMHMPOBKY OBLT pas3BHUT B cepe-
InuHe 50-X rofioB M mpuBesn K Teopeme boromo6Goa — Ilapa-
CIOKa, KOTopasl fiaja CTPOroe 1 HcyeplbIBalollee pelleHne npo6-
JeMBl YCTpaHeHHs pacXOoAHMocTed.

BaXHbIM 17151 IpUJIOKEHUH ClleICTBUEM STOH TeOpeMBl, HMero-
UM peleNTypHBIH XapakTep, siBJsI€TCS Tak HasbiBaeMasi GOro-
Jo6oBckass R-omepanus. Ee cyTb cBoguTcss K TOMy, 4TO /IS
OCBOOOXKJEHHS OT YJIbTPadHONETOBEIX OGeCKOHEYHOCTeH BMeECTO
BBeJleHHs] KaKoH-JIH60 peryjsipusauuy, Hanpumep, obpesa-
HHEM, H MaHHNYJHPOBaHMS C OeCKOHeUHBIMH KOHTpY/IeHaMH
JOCTaTOYHO IepeonpelesuTh pacxoisuiyecs: (eHHMaHOBCKHe
HHTeTpaJsbl 0 BUPTYaNbHBIM HMIYJILCAM ITyTEM BBIYHTAHHS U3
HHX HEKOTOPBIX NPOCTHIX BHIpAXKeHHH, NOJHHOMHAJIBHEIX IO
BHEIIIHMM HMIyJbcaM, KOTOpPhHle B INPOCTEHIIMX CJIydasX CBO-
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IATcs K OGPHIBKAM COOTBETCTBYMOWKX psinoB Teiyiopa. ORHO™
3HAYHOCTb BHIUHCJEHHH obecliednBaeTcs HaJOXeHHeM crely-
aJbHBIX YCJAOBHH Ha KOHEYHBble, T. e, yKe He cofiepxallHe
pacxoauMocTeli, pe3y/bTaThl BEIYHCAEHHH. STH YCI0BUS MOTYT,
KaKk IpaBHJO, ObITb BhHIOpaHBl TaKUM 00pasoM, YTOGHl Mapa-
MeTpHl JlarpaHxkHuaHa COBNafaiH ¢ (PU3HYEeCKHMH.

Tlosepxrocmuvle pacxodumocmu. BaxKHO NOXYEpKHYThb, YTO
ONIHCaHHasl BHIle IpoLejypa NepeHOPMHPOBOK YCTpaHseT
yJAbTpadHOJIETOBEE PACXOAMMOCTH JIMIIb M3 MaTPHILEI paccesi-
HHUSI, KOTOpasi, KaK ynoMuHasoch Beile B § 10, nomydaercs
CrelHaJbHEIM NpefeJbHBIM [IEPeX0J0M NPH {—-00 U3 DelIeHHs
ypaBHenus1 llpenunrepa B mpencTaBleHHH B3aMMOAEHCTBHS.
UTo Ke KacaeTcsl caMOro pelleHHus], T. €. BeKTOpa COCTOSIHUA B
npejcraBieHun B3aumofeHcTBusi ¥ (f), paccmarpuBaeMoro B
KOHEUHEII MOMEHT BpeMeHH f, TO 3JieChb IOJIOKeHHe OKasblBa-
eTCsl HeyJOBJIETBOPHTEJNBHEIM M IIOC/]e IepeHOPMHPOBKH.

JHeno B ToM, uto obpamenye K ¥ (f) BRIHYKAaeT 0TKas3aThbes
OT KapTHHHI IIJIaBHOTO (afuabaTHyecKOro) BKJIOYEHHsI H BhI-
KJIIOYeHHs1 B3aUMOJEHCTBHS NPH {—= 0o, N0CTaTOYHOH /ISl BBE-
JeHHss S-MaTpHLBI. 3Jechb NPHXOAMTCS paccMaTpHBaTh IOJIO-
JKeHHe, IPH KOTOPOM B3aHMOJEHCTBHe Pe3KO BBIKJIOYaeTcs B
MOMEHT BpeMeHH f (B OOIIeM c/lyyae — Ha HEKOTOPOH IpocTpaH-
CTBEHHO-TIOJOGHOH noBepxHocTH). Kak nokasbiBaeT JeTalbHBIH
aHa/u3, NpH TaKOM BEIK/JIOYEHHH KOHTPWIEHBI, COfepKalliye
IIPOH3BOJHbIE OT IOJIEl, NPUBOAAT K BO3HHKHOBeHHIO B W (?)
0COOBIX, TaK HasblBaeMbIX IOBEPXHOCTHBIX pacXoJuMOCTel,
CyIIeCTBOBaHHe KOTOPHIX GhIo BrepBble oTMeueHo IllTiokenn-
6eprom.

Hanuune noBepXHOCTHEIX pacXoiuMOCTeH JellaeT HeBO3-
MOXHBIM IOJIyYeHHe BEKTOpa COCTOSIHMSI B IIPEACTaBJIeHHH
B3aUMOJEHCTBHS. DTOT (haKT BHISHIBAET aCCOLHAIMHU C TeOpeMOH
Xaara, ynomsnyTo#t B §7.

§ 13. PeHopmannzauuoHHas rpynna

Spghexmusrole Koncmarnmot ceasy. OXHUM U3 HaGIIOLAEMBIX
nposiBleHHH BakyyMHBIX (aykryauud B KO saBasercs ad-
dexT yacTHYHO! 3KpPaHHPOBKH 3apsifia ajekTpoHa. CyTh Jena
CBOJHUTCSI K TOMY, YTO JIsl H3MepeHHS 3JIEKTPHYECKOro 3apsija
ero HeoOXOAUMO IIOMECTHTb B 3JIEKTPOMArHUTHOE MoJie H HC-
cllefloBaTh peaklyio mossi. MIHeIMH clioBaMH, 3apsf CJIefyeT
«IpOLLYNaTh» C IIOMOIIbI0 KBAHTOB 3TOTO IOJS — (OTOHOB.
IIpu sTOM OKaskIBaercs, YTO KBaHT-MPOGHHK Ha MYTH K 3apsny
MOXKeT BHPTYasIbHO AHCCOLMHPOBATh Ha 3JI€KTPOH-TIO3UTPOHHYIO
napy, Koropast 4 o6pasyeT 3deKTHBHBIH JUNONb, TPOH3BOAA-
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Hit 5ppeKT SKPaHUPOBKU. ITOT NpoLECC AaeT BKJaJ, Nponop-
LHMOHAJBHEIA &, KOTOPBIH 3aBUCHUT OT 4-umnyJinca ¢oToHa, a B
KOOpIMHATHOM NpeICTaBJIeHHH — OT PACCTOSIHHS O H3Mepsie-
Moro 3apsiza. TakuM o6pasoM, B pe3ysbTaTe yueTa BaKyyM-
HbIX 3(QeKTOB UYHUCIOBOH NapameTp — 3apsj, 3JeKTpoHa —
npeBpaulaercss B (YHKIMIO, HasblBaeMylo 3hdeKTHBHBIM
3ap oM.

KauecrBenHo mnoBeneHHe 3¢gdekTHBHOTO 3apsfia B K3
COOTBETCTBYET KJIaCCHUECKOH 5KpaHHPOBKE CTOPOHHErO 3apsifia,

(0%

qf.
Puc. 12. KauectBenHoe nosefente sddextusrHoro 3apsaaa B KOJI Kak QyHk-
uuy xBagpata 4-umnynabca. CHJoWHass KpHBas (HKCHPOBAaHA YCJIOBHEM
COOTBETCTBHS C ONBITOM MHJIHKeHa

BHECEHHOTO B MOJISPU3YEMYIO CPefly: ero 3HaueHHs! YOBIBAIOT C
yBeJHYeHHeM paccTosiHus. B obmeynorpedureasHom B KTII 4-
HMITyJIbCHOM IPeACTaBJeHHH 3TOMY COOTBETCTBYeT (YHKUHS
a (Q?), MOHOTOHHO Bo3pacraiomas Bmecte ¢ Q2 (puc. 12),
rfie NYHKTHPHBIMH KPUBBIMH H306paeHbl 3aBUCHMOCTH o (Q?),
TEOpEeTHYECKH BO3MOXHBIe 00 HAJIOXKEHHSI YCJOBHs COOTBET-
CTBHsI C JAaHHBIMH omnbiTa. JTO ycaoBHe B KO o6bIYHO BHIGH-
pator B BHfe @ (0)=1/137, ¢puxcHpys TeM caMblM OIHY H3 BO3-
MOXHBEIX KPHBBIX M5l 5(beKTHBHOro 3apsja.

Oteiaekasice or K9], 3aMeruM, 4to B JIOGOH NepeHOPMH-
pyemoit mozenu KTIT kBaHTOBEIe NONpaBKH NPHBOAAT K TOMY,
YTO BMECTO IIOCTOSIHHOIO YHCJOBOTO NapaMeTpa g, CTOSIIEro B
HCXOJHOM JlarpaHxHaHe, BO3HHKaeT ¢yHKuUHS g (Q?), Haswl-
BaeMasi 3eKTHBHOH KOHCTaHTOH cBA3H. Bri6op onHo# H3
BO3MOXXHBIX B KaXXJIOM C/Jydae KPHBBIX NPOH3BOJAUTCS yC/IOBHEM
g(n?)=g,. TeM campIM pe3yJbTaThl NepeHOPMHPOBAHHOH Teo-

82



pUM BOSMYLIEHMH eCTeCTBEHHBIM 00pa3oM [apaMeTpH3YIOTCA
napoi BeJMYUH U M gy. [losiBNeHNe B TeOpHH HOBOTO pa3MepHOTO
napaMerpa . — napaMeTpa LIKaJbsl — HOCHT HasBaHHe 3-
(eKTa pasMepHOH TpaHCMYTallMH.

Peropmunsapuaumrocme. Kark cienyer U3 o6CyxIeHHS
5(GheKTUBHOH KOHCTaHTHI cBsis3 B K3JI, ¢uanuecKHH CMBICT
rapaMeTpa WIKaflbl | COCTOMT B TOM, YTO OH XapaKTepH3yeT
yCJI0BHS H3MepeHHsl (HampuMmep, UMNyJabc HOTOHA), MPHBOLS-
IHe Ha OMNblTe K JAHHOMY 3HAYeHHIO g, KOHCTAHTHI CBSI3H.
Ecny u3MeHUTD yCJIOBHS H3MEPEHHST, TO MBI IPHAEM K ADYIOMY

Ahag (Qz)

2 2 2

Hi HM; q
Puc. 13. Bo03MOXKHOCTb pa3/JHYHBIX MNapaMeTpPH3alMi peajbHOH KBaH-
TOBOH 3JeKTPOAHHAMHKH, COOTBETCTBYIOmleH ONbITy MuaaukeHa. Ilepe-

XOJ, BAOJb KDHBOH OT TOUKHM I K TOYKe 2 COOTBETCTBYET Ipeo6Gpa3oBaHHIO
PEHOPMIP YIB!

3HaueHHIo 5¢xpeKTHBHON KOHCTAHTHI CBfI3H, IIPHYeM HOBas mapa
3Ha4YeHHH B U g, NOJKHA JieXkaTb Ha ToH ke KpHBOH, UTO H CTa-
pas. VIMeHHO IpH BBHINOJNHEHHH STOTO YCJIOBHSI 06e MapaMeTpH-
3anuu OyAyT (DU3HYECKH SKBHBANEHTHBHIMH.

PaccmorpuM Teneps GoJsiee MOAPOGHO OnepamHio nepexoaa ot
OZHOM mapaMeTpH3auuH, Hanpumep (Ui, g1), K APYTOH (W2, Z2)
(puc. 13). s mpocTOTH! NPEANONOKHM, YTO MBI HMeeM JeJIO C
6e3MaccoBOH KBaHTOBOTIOJEBOH MOJe/blo, Hanpumep, c Ges-
MmaccoBoit K91 (uro ¢usnuecku oTBeyaeT YJALTpadHOIETOBOMY
npeneny obbruHof K3II).

[Tpu 3TOM mHOC/TE Ha/lOXKEHHS YCJOBHS HODMHDOBKH «hH3H-
ueckast» KpuBas g (Q?) MoxeT ObITb NpelcTaBieHa B Buje hyHK-
LMK IBYX 6e3pasMepHBIX apryMeHToB Q/p? u gy, T. €. 3anucaHa
B Buie g(Q¥p? gu). OmHako napa BeNHYHH | U g, HC-
TI0JIb30BAHHEIX IIPH 3TOH NapaMeTpH3aldH, MOXKET COOTBETCT-
BOBaTb J10GOI TouKe BHIGPaHHOH KPHBOH. ¥YClIOBHE PEHOPMHH-
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BapMaHTHOCTH O3HauaeT, YTO JBe JIOOble pa3HBle NapaMeTpu-
3auuH, Hanpumep (Wi, g1) ¥ (We, g), AO/KHEI NPHUBORHUTH K
OZMHAKOBOMY pe3yJ/bTaTy, B YaCTHOCTH, H AJIs caMOH (YHKLHH
g, T.e. JOMXHO HMeTb MeCTO PaBeHCTBO

§(Q2/va gl)=E(Q2/M§’ g2)7 (131)

rfie OueBHIHO g,=g (U2/us, g1) u g1=g /s, g.). Kombuuu-
pys 5TH (OpMYJIBEI, MPHXONHM K (YHKIHOHAJIBHOMY ypaBHe-
HHIO

g(x, g)=g/t, g(t, g)). (13.2)

3To ypaBHeHHe, a TaKXKe H COOTBETCTBYIOIME COOTHOLIEHHS
Juis GyHKHu# 'pHHA H MaTpPUYHBIX 3JIeMEHTOB, CBSI3BIBAIOLIHE
HX SIBHBIC BEIpaXXKeHHs IPU PasHbIX, HO PH3HUECKH SKBHBAJEHT-
HEIX TapaMeTpH3alusix, JexaT B OCHOBe MaTeMaTHYeCKOro amna-
pata MeToja pPEHOpMalH3alMOHHOH TIpYIIHL.

Penopmepynna.  PeHopManH3alMOHHYIO TPYNNY MOXKHO
OIpefie/INTh Kak IPyNIy npeo6pa3oBaHUH OT OZHOH M3 BO3MOXK-
HBIX NapaMeTpU3auuil K Apyroi, GusHyecKy el SKBHBaJeHTHOH.
Takue mpeo6pasoBanus 00pasyloT HeNpepbIBHYIO OJHONAapa-
MeTPHYeCKyIo TPYNIy, KOTOPYIO MOXKHO TaKiKe paccMaTpHBaTh
Kak TIpynny npeo6pasoBaHMil WIKaMbl KBaJpaToB HMIYJbCOB
B ! pa3 nmpH OJHOBPeMeHHOM (PYHKIMOHAJbHOM mNpeobpasoBa-
HHH KOHCTaHTBl CBSI3U:

x — x"=x/t, g-—»g'=§(t, g). (13.3)

dyHKnHoHanbHOe ypaBHeHHe (13.2) obecneunBaeT 3aKOH rpyn-
noBoit Kommosuuuu anas (13.3).

OcHoBHasi o6jactb mnpumeHeHusi peHopmrpynnsl IlTio-
Kenpbepra — Ilerepmana B KTIT — gacTHuHOe cyMMHpOBaHHE
Jorapiu(dMHYECKHX BKJAJOB B yJIbTpahHO0JeTOBOH aCHMITOTHKE.
OHO ocyiecTB/sIETCA C NOMOILBIO CIIEIMaJbHOH HPOLENypHI,
HMeHyeMOH MeTOJOM PEHOpMIPYIINEl, Ha OCHOBE HCIIOJb30Ba-
HHS AuddepeHIHaNbHEIX TPYNNOBBIX ypaBHeHH#. OTBIeKasch
Ha BpeMsl OT 3TOro NpHMeHeHHs1 (KoTopoe GyJeT paccCMOTPEHO
HHXKe B 3TOM naparpade), OTMETHM, YTO B IOCJNYIOIIHe TOJbl
peHopMrpymnna 6bljla YCNelHO HCIOoNb30BaHa B TEOPHH KDHTH-
9ecKHX fIBJEeHHH, TeOpHH TYpOYJEHTHOCTH, TEOPHH IepeHoca
H3yuyeHUss M psile APYTHX pasfeloB (DU3MYECKOH TeOpHH,
BecbMa JasleKHX OT (DU3HKH MHKPOMHDPA H KBAHTOBBIX fBJIEHHH.
B aToM BEIXOZE peHOPMIpPYNIBLl 3a paMKHM KBAaHTOBOH TeOPHH
noJisi rJiaBHas 3acayra npuHaiiexut K. Buibcony.

[Tpuuuna nmono6HON yHHBEpCATbHOCTH JIEXKHUT B IPOCTOTE H

obuHocTH npeo6pasoBanui BuAa (13.3). Kak Owuio HeaBHO
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MOKAa3aHO OJIHMM M3 aBTOPOB, 3TH Npeo6pa3oBaHHs OTPaXKaioT
CBOHCTBO TPAH3WTHBHOH MHBApHAHTHOCTH IIPOCTHIX (PH3H-
YECKMX CHCTEM OTHOCHTEJBHO crocob6a MX KOHKDETHO!H mHapa-
METPH3alMH C IIOMOLIbIO HaYaJbHEIX MJIM TPaHHYHBIX 3HaUeHHH
NOAXOAAIMX (PH3HYIECKHX BeJHYHH. B TO Xe BpeMs OHH sIBJISA-
IOTCA NPOCTHIM 0600IIeHHeM Npeo6pa3oBaHHH CTEHNEHHOrO MOo-
Iobusi (mpeoGpa3oBaHMil aBTOMOIENBHOCTH), H3BECTHBIX YiKe
GoJiee cTa JieT Hasaj B FHJPOMEXaHHKe M rasoBOH JHHAMHKE H
HbIHEe IIHPOKO HCHOJBb3yeMBIX B CaMbIX Da3/IMUHBIX 3ajayax
MeXaHMKH H (H3UKH.

Memod peropmepynnet. B KTII sT0 peryisipHeii MeTox
«yJIy4lIeHHSI» pe3yJIbTaTOB OGLIYHOH TEOpHH Bo3MyleHuH. Jleno
B TOM, YTO YCJIOBHIO PEHOPMHHBApHAHTHOCTH JOJIXKHEI YIOBJET-
BOPATb TOUHBIE DeIleHHsI KBaHTOBONOJEBBIX ypaBHeHHH. Ha
NpPaKTHKe Mbl HMeeM JieJio ¢ OOPbIBKAMH Das3JIoKeHHH B pSIEL
Te#tmopa no koHcraHTe cBsidu. CBOACTBA STHX NPHOJIMKEHHBIX
pelleHHH MOT'yT 3HAUMTENBHO OTJIMYAThCH OT CBOHCTB TOYHBIX
pelleHHA BBHJY TOTO, YTO B TEODHH BO3MYIIEHHH HapyllaeTcs
PEHOPMUHBApHAHTHOCTh. JTH OTVIMYMS CTAHOBATCS CYHIECTBEH-
HEIMH B C/Iy4asix, KOTJia pelleHHe MMEeT CHHIYJSPHOCTb, YTO
HMeeT MeCTo, HanpHuMep, B yabTpacdHoseToBoM npefiese. Meton,
PEHODMIPYIIIBL NIO3BOJSET, ONHpAasch HAa NpPHUOJIMKEHHBIH pe-
3yJbTaT, NOJYYHTb PEHOPMHHBADHAaHTHOe BhIpaXKeHHEe, COB-
najamoliee ¢ HCXOAHLIM B 3aJaHHBIX NOPSAKAaxX, HIXKHHUX IO g.
TexHHYECKHM CPeLCTBOM pealu3allH 3TOH MporpaMMel CJiyKat
auddepeHnyaibHEle TPYNNOBHE ypaBHeHHs. Ilpocrefimee (u,
noxasny#, HauGoJjiee Ba)KHOE) M3 HHUX MOXKeT OHITb IIOJYYeHO
IuddepennpoBanreM (YHKIMOHANBHOrO ypaBHeHus (13.2).
OHO uMeeT BUL

x 2280 gz, g). (13.4)

Kax HeTpyaHO moKasath, 1J1s1 JIoGoH 3afaHHOH dyHKIMH f (g)
KBaJpaTypa STOrO YpaBHeHHs B TOYHOCTH YJOBJIETBODSET
(13.2). Bxopsimasi B IpaByI0 4acTh GeTa-(pyHKIMSA MOXKET OBITh

BhIpaXKeHa uepe3 pelleHHe g COOTHOLIEHHEM

g (x, g)
Ble)="a"1,_." (13.5)
CyTb MeTola PEHOPMIPYIIEL COCTOHT B TOM, 4TO GeTa-(pyHKIHIO
MOJTyYaloT M3 JAHHOTO NPUGJHKXEHHOTO pellleHHs: 1o ¢opmyJie
(13.5). Peruas 3arem ypaBHeHHe (13.4), nosyyaror yJy4dieHHOe
NPHOJIMKEHHOE pelleHHe, KOTOpOoe, C OIHOH CTOPOHBI, COOTBET-
CTBYET MCXOJHOMY B HH3ILIHX NOpsAJKax, a ¢ IPyrod — peHop-
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MHHBapHAHTHO. ACHMINTOTHYECKHE CBOHCTBA CYIIECTBEHHO Me-
HAIOTCSI B pe3yJIbTaTe€ TaKOH NpPOLENYpHI.
B K31 oxHonetsieBoe NpHOMHKEHHE LJIS1 O JA€T:

—_— a2
a® (x, o,)=oc+%1n x.

Omnpegensiss Ha OCHOBaHHMH S3TOrO BhlpaxeHHs P (a)=a?/3n u
pemwast nugdepeHnuanpHoe ypasHeHue (13.4), nonyuaem ymayd-
IIeHHOe PEHOPMIPYNIOBOE pelueHHe

a(x, o)=—"—o- (13.6)

3

Ananoruunoe BbipaxkeHHe st 5QEKTHBHOrO mapamerpa
pasnoxeHnust B KX]|

- 33—2
o8 (x, a) = W(x—(:i;l—lﬁ y ﬁl:lT:n:n (13.7)

l—=Inx

(rme n — uyMCJIO pA3/JIMYHBIX COPTOB KBAapKOB) KaueCTBEHHO
oTyinyaercss oT noBefieHus oo B K3JI BBHIY NOJOXKUTENBHOCTH
Ko3dduunuenta f;.

Acumnmomuueckas c80600a u «Hyrb-3apa0». Popmyana (13.7)
ONHCBIBaeT (eHOMEH ACHMIITOTHYECKOH CBOOOJBI, COCTOSIIMH B
TOM, YTO HHTEHCHBHOCTb B3aWMOJEHCTBHS, ONHCEHIBaeMas a¢-
(beKTUBHOH KOHCTAHTOH CBsI3H, yObIBA€T C yMEHbILIEHHEM pac-
CTOsIHHS (YTO COOTBETCTBYET BO3pacTaHHio Q%).

OG6HapyKeHHOe TeOpeTHYeCKH B KaJHGPOBOYHOH MOJeNH,
IJie TepeHOCYHKaMH CHIBHOTO B3aUMOJEHCTBH S MeXK1y KBapKaMH
ABJISIIOTCSl KBAHTHI HeaOesieBa noJst S{Hra — Mudica, sB/eHHe
aCHMITOTHYECKOH CBOOOIBI NO3BOJIMJIO KBAHTOBOIOJMEBLIM O6pa-
30M HHTEPNPeTHPOBATh NMAPTOHHYIO MOJeJb CTPOCHHS aJpOHOB
H, B KOHEYHOM CYeTe, SIBHJIOCH pelLIAoUM apryMEHTOM IIpH
(bopMyJIMPOBKE KBaHTOBONOJNEBOH TEOPHH CHJIBHBIX B3aHMOJeH-
CTBHH, H3BECTHOH Tenephb KaK KBAaHTOBas XpPOMOJAHHaMHKa.
[ostomy copmyna (13.7) moxeT paccMaTpuUBaThCs Kak HaH-
Gosiee BaxKHOe (pM3UYECKH NPHMEHEHHEe MeTOAa PEeHOPMIPYMIHL.

Kak BugHO, kKoadpduuvent B; B (13.7) cnaraercs u3 AByX
BKJIaJ0B. OJHH M3 HUX, NIPONOPUHOHANBHEIH 7, NPOHCXOIUT OT
BHYTPEHHUX (pepMHOHHEBIX IleTeslb M, HMes TOT e 3HaK, 4TO H
oJHoneTJeBo# BkJaan B (13.6), GaarompHATCTBYeT pOCTY &
IpH yBeJHueHHH X. Bropoil, mnoJoxuTeNbHBIA BKJag 11/4m
CBSI3aH C YMCTO IVIIOOHHHIMH 3(deKTamu, T. €. AHarpaMmamy,
He cOIEpIKAalYIMH BHPTyaslbHBIX (bepMHOHOB. [losToMy 3ddekT
aCHMIOTOTHYECKOH CBOGOMBI HETHKOM 00YCJIOBJIEH HEJIHHEHHBIMU
s(peKTaMH caMoro KBaHTOBOro noJas Slura — Muiuica.
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Cpenu TeopeTHkoB B cepefuHe 50-X rofoB noJyuuia 6ogb-
IIOHA pe30HaHC KBAHTOBO3JIEKTpoAuHaMHUYecKas dopmyaa (13.6).
Heno 3akntoyaercss B TOM, 4TO 3Ta opMyJia, paccMaTpuBaeMas
KaK TOYHasl, COLEPKUT TPYAHOCTb, KOTOPYIO MOXKHO HHTepIIpe-
THPOBaTh KaK CBUIETENbCTBO O BHYTPEHHeH IPOTHBOPEUHBOCTH
JokanapHON KII. 3ra dopMmysa CONEPKHT MOMIOC NPH X=
=x, =exXp (3m/a), KOTOpEI He NOAJAeTcsi KaKOH-TH60 pasyM-
HOH (pM3HUecKOl HHTepIpeTAalld BBUAY OTPULATENBHOrO 3HaKa
Bblyera. [losToMy roBOPSAT, YTO 3TOT HOJIOC — IPHU3PAYHBINY.
[lpu HauBHOH ¢opMyJIMPOBKE aHaJOrHYHOTO pe3yJbTara Ha
sI3blKe HMITYJbCOB o0Ope3aHHss NPUXOJAT K (dopMalbHOMY
obpalleHui0 B HYJb IEPEHOPMHPOBAHHOIO 3apsifia 3JEKTpPOHA
IpH yCJOBHHU KOHEUHOCTH «TOJIOTO» 3apsilia M CTPEeMJIEHHH HM-
nyJbca obpe3aHusi A K GecKoHe4HOCTH. TakoMy B3IJIsiLy COOT-
BETCTBYeT O0oJiee paclIpOCTpAHEHHBIH TEPMHMH — «TPYAHOCTH
HyJI-3apajanr.

B cBoe BpeMsl 3Ta TPYAHOCTb NOPOAMJIA Cepbe3HbIE COMHe-
HMS BO BHYTPeHHeH caMOCOIacOBaHHOCTH KBaHTOBOH 3JIEKTPO-
JUHAaMHKH, a TaKXe M JIOKa/JbHOH KBAHTOBOH TEOPHH N0JIS BOOD-
me. Kak yxe otmeuasoch Bhillle (B KOHLe § 5 4 B KoHue § 6),
(eHOMEH HYJ/f-3apsifia B COBOKYNHOCTH C HeyJadeH IONBITOK
HCNOJIb30BaHUSI (eHHMAHOBCKOH TeXHHKM, OCHOBAHHOH Ha
IOKaBCKOM MeXaHH3Me B3auMOJeHCTBHS, B 3ajadyaX aJpOHHOH
(U3HKH NOPOAHJ y 3HAUUTENbHOH uYacTH (H3MKOB CHJbHBIH
CKEIICHC IIO OTHOIIEHHIO K KBAHTOBOH TEOPUH IOJS KaK OCHOBEI
IJIsi TEOPETHYECKOTO ONHCAHHS B3aHMOJEHCTBHH YacTHL.

OnHako, Kak NoKasblBaeT GoJlee TILATEJbHOE PACCMOTpEHNE,
3HaYeHHe TPYJAHOCTH HYJIfA-3apsja ObIO CHIBHO [IPEyBeIHUYEHO.
¥Yxke B 1955 r. Boromo60BbIM 1 OJHUM U3 aBTOPOB 3TOH KHHIH
OBbLJIO NIOKA3aHO, YTO 3aKJIOUeHHe O HaJWYMH NPOTHBOPEUYHS B
KBaHTOBOH 3JIeKTPOJIMHAMHKE He HMeeT JOKa3aTeNbHOH CHJIBL.
HeckosbKO MOIMGUIUDPYS pacCyKAeHHs, 3aMeTHM, 4TO IIpO-
CTOll aHa/Ju3 npobJieMbl NPHU3PAYHOI0 MOJIOCA MOXKET OBITh AaH
Ha OCHOBe MeToJa peHopMrpynnel. Jeno B ToM, 4ro opmy-
Jaa (13.6) He saBaserca ToyHo#i. OHA COOTBETCTBYET JIMLIbL TaK
Ha3plBaeMOMY NPHUOGJIHMIKEHHIO [IVIaBHBIX JIorapudMoB, T. e.
npeicTaBasieT coOOH CyMMy HTepalMil OLHONETJIEeBHIX BKJALOB
Buja o (o lnx)”. Ee MOXXHO yTOUHHTb, Y4Ts IpPH ONpeleJeHHH
Gera-pyHKLUMH K3 TEOPUH BO3MYLIEHHH JBYXIeTJeBble BKJa-
Ibi. [oce peruennss nuddepeHaNbHOrO ypaBHEHHS 3TO NPHU-
BOIHUT K GoJjiee coxHOMY, 4YeM (13.6), BeIpaxkeHHio, KOTOpoe
3(h(deKTHBHO CYMMHpPYET TaKxKe «MJIajliue» JorapugMmuieckue
BKJIAIel Buja o?(a lnx)*. dra ¢opMmyia ABYXNETIEBOTO pe-
HOPMTI'DYIINOBOTO NPUG/IMMKEHHS CYLIECTBEHHO OT/IHYaeTcs
ot (13.6) B OKpecTHOCTH x~X,, . ¥ ueT 6oJiee BLICOKHX NpHOIHKe-
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HUH (TpeXMeT/IeBbIX BKJANOB U T. [I.) elie Gojiee MeHseT Kap-
THHY B 3TO# o6Gsnactd. Taxum o6pa3oM, KaKUX-1H60 JOKasa-
TeNbHBIX VTBEPKIEHHH O CYLIECTBOBAHMM IHoOJIOCA CHeNaTh
HeJb3s1.

C coBpeMeHHO!H TOYKH 3peHHs1 npobJeMa B NPHHIHIE BO3-
MOXKHOTO  CYIIEeCTBOBaHHMS TPYAHOCTH JoKaiabHOH KO Ha
paccrosHusAX nopsika 10—%° cM HHKakKoro ¢H3H4eCKOro 3Ha-
UeHHS] HMETb He MOXKeT (cM. Huxe § 22) BBHIY rocnoacTByomei
TOYKH 3peHHs 00 oOBbefUHEHMH B3aMMOJEHCTBHH Ha paccTosi-
HHusx nopsaka 10-20—10-% cm.

3Iech TaKXKe YMECTHO HANOMHHTb, 4TO eile B 1955 r. B
CBSI3H C TPYAHOCTBIO «HYJb-3apsifiar JIaH#ay oOpaTu/ BHUMaHNe
Ha BO3MOXHYIO CBA3b IpaBUTallUd H 3JeKTpOMarHeTi3Ma Ha
IJIaHKOBCKUX paccrosiHusax (~10-% cm).

Dra cBsA3b 3areM Oblla HccsleoBaHa MapKOBEIM, KOTOpBIH
YCTAaHOBWJI, YTO y4eT IPaBUTALHOHHOIO B3aHMOJEHCTBHS IpH-
BOJUT K OTPAHUUYEHHIO Ha MacChl NPOMEXKYTOUHBEIX COCTOSIHHH
B K3JI. CymecTtBoBaHue mpeneibHoii Maccel ~10-% r, nomy-
yuBIIeH Ha3BaHUe «bpPHIMOHA» HJIH «MaKCHMOHa», HaeT sddek-
THBHOe 0oOpe3aHHne Ha IJIAHKOBCKHX PaCCTOSHUSIX.



F'masa IV
JIOKAJIbHbBIE CUMMETPUYU H HUX HAPYILIEHHE

§ 14. KamuGpoBouHblie noas

Jloxanerble hasosore npeobpasosanus. B § 6 pacckasblBajloch
0 TOM, KaK BHYTpEHHHe CHMMETPHH HCIOJIb3YIOTCS IJIs CHCTe-
MaTHKH aJpOHOB. 3HaYeHHe CHMMeTPHil B (U3HKe YacTHL, Of-
HaKo, 3THUM He HcyepnbiBaeTcsi. KoHUeNuusi BHYTPeHHHX CHM-
MeTpUil HMeeT (yHIaMeHTaJbHOe 3HaueHHe IJis IOHHMAaHHA
NPHPOJL! B3aUMOJEHCTBUH, NPHCYLIUX YacTHIAM.

Kak usBecTHO, B KBaHTOBOH MeXaHHKE COCTOSTHHS CHCTEMEI
ONMCBHIBAIOTCST BOJIHOBOH (yHKIMeH (BEKTOPOM COCTOSTHHS)
V. Ilpu stoM HaGmionaeMble CpefHHe 3HAYeHHsI (DH3HUECKHX
BEeJIMYMH U aMIVIHTYZB! [IEPEXOJOB CHCTEMBI H3 OJHOTO COCTOSI-
HHS B JIpyroe NPeNCTaBJsSIIOTCS B BHJe OMIMHeHHBIX KOMOHHA-

-

muit ¥,0¥,, rae O — HeKoTOpHI# omneparop, AeACTBYIOMHUH Ha
BOJIHOBble (YHKUHH. ITOoCKOJNBKY BOMHOBHIE (YHKLUHHM KOMII-
JIEKCHO3HAYHbl U XapaKTepHU3yIOTCa MOAyJeM M (a3oH, TO OT-
Clofia cienyer, YTo (GPM3HUYECKHH CMBICJ HMEIOT JIMIIb PasHOCTH
ux ¢as, a He caMH ¢asHl.

B xBaHTOBOH TeopHU INOJIS BEKTODHI COCTOSIHHH IOJIYdaloT-
csl IlefiCcTBHEM ONepaTOpPHLIX (PYHKIUH M0/ Ha BEKTOp BaKyyMa.
IlostoMy ¢asbl noseBblx PYHKUHH Takxe He HMEIOT abCoJIOT-
HOTO CMBIC/IA, @ CYLIECTBEHHBI TOMBLKO pasHOCTH X ¢a3. Ta-
KHM 06pa3oM, H3MeHeHHe ¢a3 1noJieBbIX GyHKIHH Ha IPOU3BOJIb-
HYIO aIUTHBHYIO BeJHUHHY

P ()=o) | — ¢ (x) =] (x)]et @®*P
(14.1)

He JOJKHO NPHBOJHTH K H3MeHeHHIO GH3HUECKHX CJIeACTBHH.

310 03HAuaeT, YTO JlarpaHKHUAaH CHCTEMBI IOJeH JOJIKeH
6bITb HHBapHAHTHBIM OTHOCHTEJIBHO YKa3aHHBIX Bblille (a3oBhIX
npeoGpasoBaHuii, T. €. B TepMHHaX noJei @ (x) H @' (x) JomxKeH
3aMHCHIBAaThCH OILMHAKOBEIM 00pPa30M.

W3 uHBapHaHTHOCTH JlarpaHKHaHa OTHOCHTENBLHO INpeos-
pasoBanuii (14.1) mpu A = const crenyer cymecrBoBanue coxpa-
Hsitollefics XapaKTepUCTHKH I0JIsl, KOTOpasi OTOXIECTBJseTCs
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c 3apsifioM. JlaHHOe CBOHCTBO €CThb CJIE[ICTBHE TaK HasbBaeMOH
nepBoii Teopembl Hértep, Koropasi cONOCTaBJsieT HempephiB-
HBIM NPeoGpasoBaHUSIM CHMMETPHH HEKOTOPble COXPaHSIoLIHe-
cs BO BpeMmeHH BenuuuHbl. ClieZICTBHEM 3TOH TeOpeMBl siBJIsieT-
csl, HanpuMep, 3aKOH COXPaHEHHSI SHePTHH — HMIyJbca, CBsi-
3aHHBIH C TPAHCHASHOHHOA HHBApUAHTHOCTBIO NPOCTPAHCT-
Ba — BpeMeHH.

®a3oBbie NpeoGpa3oBaHUsl MOJEBBIX (GYHKIMI MOXKHO pac-
CMaTpUBaTh KaK NpeoOpa3oBaHHs B HEKOTOPOM BHYTpeHHEM
(unu, mo-ZpyroMy, 3apsiioBoM) npocrpaHcTBe. B paccMatpu-
BaeMOM CJlyuae 3apsiloBoe NPOCTPaHCTBO NPEJCTaBJISIET COGOM
KOMIIEKCHYIO IJIOCKOCTb, a Npeo6pas3soBaHHsl, KaK JIETKO BH-
neth, obpasyior rpynny U (l). B nanbpuefimeM Mel BCTpeTHM-
cs1 ¢ GoJiee CJIOKHBIMY BHYTPEHHUMH IPOCTPAHCTBAMH.

®aszoBrie npeoGpasopanusa (14.1) npu A=const HocaT Has-
BaHHe ry106adbHEIX. C HX IIOMOIIBIO MOXKHO MeHATb a3y nosst
B HEKOTOPOI MpoH3BOJNLHON Touke. OnHako, ecau 3afaTh Ta-
KHM criocoGoM ¢a3y noss B KaKOH-1160 TOYKe NPOCTPaHCTBA —
BpeMeHH, TO TeM caMbiM OyAyT GUKCHPOBaHH 3HaueHUs (asbl U
BO BCeX OCTaJlbHBIX TOYKaX, TaK Kak Iyo6abHble (a30Bble Mpe-
o6pa3oBaHUs OIMHAKOBHI HJIs1 BceX X. MexIy TeM peasbHble
SKCTEpHMEHTHl BCerjia NMPOHCXOAAT B OrPaHHYEHHEIX 06GJIacTAX
npocTpaHcTBa — BpeMeHH. [I0o3TOMy ecTecTBEHHO HMeTh BO3-
MOYKHOCTb HE3aBHCHMOro BbIGOpa a3kl NOJsI B PA3NHYHEIX TOY-
kax. Jlns storo npujercs norpefoBaTb, YTOOB! TEOPHS OCTaBa-
Jlach WHBapHaHTHOH M B clydae, Korja napamerp npeo6paso-
BaHHS 3aBUCHUT OT X

@ (x) — @' (¥) =@ (x) e* ™, (14.2)

T. €. 4ToGBl OTHOCHTeJbHast ¢asa A (x)—A (x') B nByX pasnuu-
HBIX TOYKAaX MPOCTPAHCTBa — BpeMeHH X U x’ Gbljia cOBepIleH-
HO TIPOM3BOJILHA. Takue ¢asoBbie NPeo6pa3oBaHHsT HA3HIBAIOT-
csl JIOKaJIbHBIMH.

B cnyuae cBOGOZHBIX MOJIell HMeeT MeCTO, OIHAKO, HHBa-
PHAHTHOCTb TOJBHKO OTHOCHTENBHO IJ106albHEIX NpeobpasoBa-
Huil. JeficTBUTENBHO, HJIS1 JIOKATBHEIX IpeoGpasoBaHHN Npo-
M3BOJHEIE ToJiell @ (x) ¥ @'(x) OTIMUAIOTCA HA AIIUTHBHYIO
J106aBKy, TPOTMOPUMOHANBHYIO TIpajueHTy GyHRIuH A (x).
ITostoMy sarpaHxkuaH CBOGOAHOTO HOJS ¢ U COOTBETCTBEHHO
noJjlydaeMble M3 HEr0 YpaBHEHHS [BHXKEHHs, CofepKaiiye

0
Ou® (maau , He MHBapUaHTHHl OTHOCHTENbHO (14.2).

Saexmpomaerumnoe nose. VIHBapHaHTHOCTb OTHOCHTENILHO
JIOKaJIbHBIX TNPeo6pasOBaHUi MOXKHO NOJNYYHTb, €CJIH BBECTH
B TEOPHIO JIOTIONHHUTENIBbHOE BeKTOpHOe nose A, (x), npeobpasy-
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Iollleecsl OJHOBPeMEHHO ¢ (a30BbIM Ipeobpa3oBaHHEM IOJsA
¢ (x¥) o 3aKoHY

Ap () — Ap (1) = A, () + - 20 (14.3)

4=
e Oxb

*
[1pu 3TOM ClleflyeT 3aMeHHTb Bce NpOM3BOAHbIE O¢/dx™, Op/dxM
Ha ONepaTopbl

Dy (A) ¢ =S ieAu (1)) @ )
Du(A)p= (535 +ieAu ) 0 (0), (14.4)

KOTOpble HAa3bIBAlOTCA YIJHUHEHHBIMH NDOH3BOIHBIMH. Hx Ha-
3bIBAIOT TaKXKe€ KOBApHAHTHBIMH, IIOCKOJBLKY IIPH OLHOBPEMEH-

HOM npeo6pasoBaHuu monel @, ¢ U A, OHH peoBpasyioTes Io-
*
JIOGHO MOJIAIM @ U @, T. €. MeHsIIoT dasy:

D, (A" (2' (x) =€ me (4) cp.(x),
Dy (A") ¢’ (x) =e~* 9D, (A) @ (x).

Orciofa HeTPYIHO 3aKJIOUHTh, UTO JarpaHKHaH, colepKallui
*

NoJIst @, @ U UX KOBapHaHTHEIE IPOM3BOJHBIE, NPH npeobpaso-
Banuax (14.2), (14.3) He mensercs.

3aMeHa B CBOGOZHOM JlarpaH:kHaHe OCBIYHBIX MPOHU3SBOAHBIX
Ha KOBapHaHTHbIE NPUBOJUT K IOSBJEHHIO B3aHMOJIEHCTBHS
noss @ (x) ¢ BeKTOpHBIM nosieM A, (x). [1y1s MOMHOTE KapTHHEL
HY2KHO J0GaBHTb JIaTpaHXKHaH CBOGOAHOro mnojs A, (x), xorto-
pHIH B CBOIO OYepellp JOJIKeH ObITh HHBAPHAHTHBIM OTHOCHTEJb-
HO npeoGpasoBanuii (14.3). OH uMeeT BUL

1 04 04
Z, (A)= -7 Huva’, rae HM:ax—"y—ngu .

(14.5)

Ecnu OTOXIECTBUTb KOHCTAHTY €, BXOASILYIO B (HOpMYJIBL
(14.3) u (14.4), c anmeKTpUYECKHM 3apsJiOM, TO BEKTOpHOE NOJe
A, (x) npexncraBnser cofoi 3s/MeKTpoMarHuTHoe noJe. [lpu
3TOM, KaK H3BEeCTHO, aHTHCUMMETPUUHBEIH TeH30p [, NPOCTHIM
06pasoM CBsI3aH C KOMIOHEHTaMH TPEXMepPHBIX BEKTOPOB Hampsi-
JKEHHOCTH 3JIEKTPHYECKOTO M MarHUTHOTO IoJIeH:

0 —E, —E, —E;
Ho _[E 0 Hy —H,
WELE, —Hy 0 Hy
Es Hy —Hy 0

(14.6)
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3aMeTHM, 49TO BBeJieHHe B3aHMOIEHCTBHSI C IMOMOLILIO KO-
BapHAHTHBIX NPOU3BOJHBIX NMOJHOCTBIO COOTBETCTBYET CNOCOGY,
NPHUHSITOMY B KJIaCCHYECKOH 3JeKTPOAHHAMHKe, KakK yxKe 00-
cyxpmanock B § 4. Tlomyuaemas TakuM o6pa3oM TeopHsi, Kak
H3BECTHO, 06JiafiaeT CBOHCTBOM IPajHeHTHOH MHBAapHaHTHOCTH.

ITocKOJIBKY JiarpaHKHaH CBOOOLHOTO CIIHHOPHOTO NOJIS JIH-
HeeH M0 [NPOM3BOAHEIM, TO IIOJYYeHHOE 3JIeKTPOMAarHHTHOEe
B3aHMOJIEHCTBHE OKa3bIBaeTcs JHHEHHbIM N0 nomo A,,. Jlarpas-
JKHMaH B3aHMOJEHCTBHS HMeeT BHI

ev (x) ™ (x) Ay (x).

JlarpaH:KHaH CBOGOZHOTO CKAaJsPHOTO MNOJS KBafpaTHueH IO
npousBofHbIM. [JosTOMy B3aMMOJeHCTBHMe ONHCHIBaeTcs Kak
*

.| *a 0
JMHefHBIM 1O A, cllaraeMeM ie [@&%_ﬁf q>] A, Tak wu

*
KBazpatiHuHbiM e2ppA,A*. CoOTBETCTBYIOIME HM BEpIUHHHI
n3o6paxeHHl Ha pHc. 14.
VIHBapHaHTHOCTb TEOPHH OTHOCHTEJNbHO NpeobpasoBaHUH
(14.2), (14.3) HaseBaercs (IOKaJbHOH) KanuGPOBOYHOH UHBa-
PHAHTHOCTBIO, a BBOAHMOE
JOTIONHUTENIBHO ~ BEKTOpPHOE

noje, KOTOPOe KOMIIEHCH-
pyer JIOKaJbHOE H3MEHEHHe
¢asel (kanuOpoBKH) Hoss @,

’ ~ N HOCHT Ha3BaHHe KaJu6poBoy-
P ~ /7 N Horo. Yacrto Takxke, 4TOGHI
Prc. 14. Bepumnn Bsaumogeficrsns OAUEPKHYTH 0cOGYI0 pOJb
CKaJIIPHOro MOJS C 3JIEKTPOMarHMr- KaJIH6pOB0f{Hbe noJieit, oc-

HBIM TaJbHblE NIOJI Ha3bIBaKOT IO-

JSIMH MaTepuH, HECMOTpPS Ha

TO, YTO, KOHEYHO, BCE MOJIS «MaTepHa/bHb» B OQUHAKOBOH CTe-
NIeHH.

I'pynna ¢asoBrix mnpeo6pasoBaHHi KOMIIEKCHOTO MOJS
MaTepHH @ (x) aGeneBa. JlaHHOe CBOMCTBO NIPHHSITO OTPAXKaTh
U B HasBaHHHM KaJMOPOBOYHOIo noJisi. Tak, 3JeKTPOMAarHHT-
Hoe mosie A,(x) npexcraBnser co6oii aGeneBo KaluGpOBOY-
Hoe noJie. B cilyyae MHOTOKOMIIOHEHTHBIX [OJIEH MaTepHH MO-
JKeT MMEeTb MeCTO MHBapHaHTHOCTb OTHOCHTEJNLHO JIOKAJbHBIX
npeoGpasoBaHuil, o6pasyomux HeabeneBy rpynny. s sToro
NPUXOJUTCS BBOAUTL HeabesieBbl KaJlUGPOBOYHEIE IIOJIS, HJIH
HHaye noJisa $JHra — Muica.

Ilora fInea — Munaca. TlycTh MHOTOKOMIIOHEHTHASI IOJIE-
Basi QyHKIMA @,(x) (a=1, . .., A) npeo6pasyercss no oaHOMy
M3 MpEACTaBJeHHH HeKoTOpoHl HeabeneBod rpynmel JIn G.
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JocraTogHo paccMOTpeTh JIHIIbL GeCKOHEYHO MaJisle npeoGpaso-
BaHHs, KOTOPEIMH TPyINIbl JIU MOJHOCTBIO onpenelnsiioTcs. Bec-
KOHEYHO MaJible JIOKaJbHble KasluGpOBOYHEIE NpeobpasoBaHHUs
nosis @, BEINVIAJAT CeLyIMUM 06pas3oM:

Pg — q)tlz = Qg + [}" (x)]ab Pp- (14'7)

Bxogsmas B 3Ty dopMyay Martpuua A(x) Bblpakaercs
B BuJe JHMHeHHOH KoMOMHauuu Mmatpun 71 — reHepaToOpOB
J@aHHOrO TpeJCTaB/leHusl, ¢ GeCKOHEYHO MaJbIMH Ko3(uuueH-
TaMH O(X), 3aBHCALIMMH OT TOYKH NPOCTPAHCTBA — BpPEMeHH:

Mx)=igk2ak (x) T,.

Jls1 Toro 4ToGB! MarpaHKuaH CBOGOJHOTO MOJS @,(X) GbLI
HUHBapHaHTeH OTHOCHTeJbHO npeobpasoBaHuil (14.7), 3ameHHM
O aHaJIOTHH C 3JIEKTPOAMHAMHUKON OOBIYHBIE NpPOHM3BOJLHbIE
0¢,/0x* Ha KoBapuauTHble Dy (B)@,, COAepKaliie HOBHIE BeK-
TopHele mons  Bf(x), mpeoGpasoBaHHe KOTOPEIX I103BOJISIET
CKOMIIEHCHPOBaTh aAJUTHBHYIO J0GaBKY, CBS3aHHYIO C Aub-
tepeHIIIpOBaHHEM A (X).

OTH 10Jisl, B OTJIHYME OT 3JEKTPOMAarHUTHOTO, HMEIOT Ipym-
noBoH HHJeKC k. MakcuMa/JbHOE YHCJIO He3aBHCHMBIX MOJeH
Bf(x), KaK HeTpyZHO 3aMeTHTb, PaBHO Pa3MEPHOCTH TPyl
G (N*—1 pna SU (N)).

[Mons Bf(x) npeoGpasyiotcss no 6ojiee CIOXKHOMY 3aKOHY,
4yeM 3JIeKTPOMarHHTHOe, U KpOMe «TPafHeHTHOTO YIJIMHEeHHUS»
O\ (x)/0x*, comepKar eiie ciaraemoe, COOTBETCTBYIOLIEE TPYIi-
NOBOMY BpauleHHio, aHaJjoruynoe (14.7).

AHasoroM 3JIEKTPOMATHHUTHOTO TEH30pa HaMpsKeHHOCTH
Hy, aBnsieTcss TeH30p

_By__ By
VT o0dh axY

+ig (BuBy—ByBy); (14.8)

B, npencraBasier coGofi JMHEAHYIO KOMOHHauuio By (x)=
= 2 B (x) t,, Tie MaTpHuBbl , — reHEpaTOPHl IPHUCOEIHHEHHO-
E

ro mpeicrasaenus rpynnsl G. B orinuue ot H,y, TeH30p Fyuy
caMm no ce6e He nuHBapuaHreH. [IpeoGpasoBanue F,, HMeeT BHJ,
NIOBOPOTOB B IIPOCTPAHCTBE NPHUCOENYHEHHOIO NpPeACTaBJeHHs.
Ognnako JlarpaHxuan nonas By

& (B)=Tr F, F¥

(sHak Tr osHauaer omepaiuio B3STHS CJefa MaTpHIBI), Kak
MOXXHO NOKa3aTh, OKasbIBAeTCS HHBapHAHTHBIM.

Tak ke Kax U s/ieKTpoMaruuTHoe nose A, (x), nonis By (x) ¢
HeoGXOIUMOCTDIO SIBJISIOTCS 6e3MacCOBEIMH, NMOCKOMNBKY JarpaH-
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JKHaHBl He MOTYT COZlep:KaTb HeMHBapHaHTHBIX WIEHOB THIIA
m?*B, B*, onmuchIBAIOIMX MacCy BeKTODHBIX MNOJeH.

TpeGoBaHue 6e3MacCOBOCTH CYLIECTBEHHO CEpPKHBA/IO IO-
CTpOeHHe MoJesiell peasnbHBIX B3aUMOAEHCTBHH, COJAEpXKallkX
KanuOpOoBOYHEIE I10JIS1, TOCKOJBKY, KPOMe 3JIeKTPOMAarHHTHOIO
noJisi, Apyrux Ge3MacCOBBIX BEKTODHBIX NOJIEH He HabJiofaeT-
csi. OnHa U3 BO3MOKHOCTeH OOOHTH YKa3aHHYIO TPYIHOCTb
3aKJIIOYaeTcs B NPEJIOJNOKeHHH NPHHIMNKAAbHON HeHabuoa-
€MOCTH KaJIHOpOBOYHBIX TNOJIeH, 4TO, MO CyTH, M Jesaercs B
KBaHTOBOH XpOMOJMHaMHKe — COBPEMEHHOM BapHaHTe TeOpHH
CUJBHBIX B3auMozelicTBuil. JIpyro#i nyTb — 3TO BBeJeHHE Mac-
Cbl BEKTOPHOTO I10JI51 32 CYET HEKOTOPOTO «MATKOT0» HapyIIEeHHUS
KanuOpOBOUHOH CHMMETpDHH, COXPaHSIOLUIero MHOTHe CBOHCTBa
MHBapHaHTHOH TEOPHH, U NpexJe BCero, CBOUCTBO NepeHOPMHU-
pyemoctd. OnMCaHHIO MeXaHH3Ma TaKOro HapyllieHHs CHMMeT-
PMH IOCBAIIEH caefylomuil naparpad.

BaxxHott yepToii JlarpaH:xHaHa HeaGesieBa KaJuOpOBOYHOTO
TI0JIl SIBJISIETCS HaJM4yMe B HeM cllaraeMelX, IPONOPLIHOHAIbHBIX

0B 0B
Tr[Bqu<ax_§—ﬁ>] u Tr[BuByB,By],
KOTOpHle 3ajaloT caMojelictBue monsa By (x). Ha aumarpammax
UM COOTBETCTBYIOT TpOHHasi M uYeTBepHas BepIIMHBI, H306pa-

JKeHHBIe Ha puc. 15.
BsaumogefictBie HeaGesieBHIX KaJlHODOBOYHBIX MOJEH ¢
NOJISIMH MaTepHH HMeeT TOT e BHJ, YTO H B3auMoJeficTBHe
3JIEKTPOMarHuTHOTO  MOJI,

OTVIMYAsACh TOJNIBKO YMHOXe-
HYeM BepIIMH Ha HeKOTOpEHIe
NOCTOSIHHBIE MaTpHLEBI — re-
HepaTopbl  IpeACTaBJeHHUH,
COOTBETCTBYIOIIUX NOJSM Ma-

TEepUH.

Puc. 15. BepiumMHel caMOfeiCTBHS

Hea6esieBa KaJH6POBOUYHOTO IIOJISI 3aMetuu, uTo TIpOHSBOI B
BhIGOpe KaIMOPOBOYHOTO Ma-

paMerpa NPUBOIMT K TOMY, YTO, KaK H B 3JIEKTPOAHHAMHUKE, U3
YeThipeX KOMIIOHEHT BEKTODHOro mosis By, (X) Jumb ABe «Tpex-
MEpHO MomnepeyHkIey KOMIOHEHTH OTBeYaloT (PU3HYECKHM CTere-
HAM cBo60zEl. Oco6eHHOCTh HeaGesieBa KaniMGpPOBOYHOTO MOJIA,
CepBLe3HO 3aTPYyIHSAILLAS €ro H3yYeHHe, COCTOHT B TOM, UTO H3-
32 CaMOJEHCTBUSl TPOMCXOJAMT IepenyThiBaHHE (PHIHUECKHX
creneHell CBOGOMBI ¢ He(pH3HUECKHMMH — NPOAOJNBHBIMH, KOTOPHIE
[I03TOMY TaKXe CYIIECTBeHHbl B KOHKDETHBIX BHIUHMCJICHHSX.

YKasaHHasl TpYAHOCTb MoTpeGoBana paspa60TKH crenmalib-
HBIX METOJIOB KBaHTOBaHHSI KaJlMOPOBOYHBEIX IOJIEH, KOTOphHIE
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MOXHO paccMaTpHBaTb KaK JWHAMHUeCKHE CHCTEMBl CO CBfl-
3aMH. [IpH KBaHTOBaHMM TaKHX CHCTeM Tpebyercsi OTAENHTD
HCTHHHBIE IHHAMHYECKHe INiepeMeHHBle OT He(dH3UYeCKHX, HC-
KJ/IIOYUB TIPH 3TOM CTOJBKO Nap KAHOHHYECKH COIpsXKeHHBIX
NepeMeHHBIX, CKOJIbKO HMeeTcsi cBsizell. HaunGosee ynoGHBIM
JJisT KBAaHTOBAaHHA KalHOPOBOYHBEIX MoJieH oKasancs QopMa-
JIN3M KOHTHHYaJbHOTO HHTErpasna.

Konmunyaneroti  unmezpas. TloHsITHE KOHTHHYaJIBHOTO
WId  (4YTO SKBMBAJEHTHO) (PYHKUHOHAJBHOTO HHTErpana B
KBaHTOBOH TeopHH OblIO BBeleHO Pefinmanom B 1948 r. Ilpu
stoM @efiHMaH onUpaJcs Ha HIeH, chopMyIHPOBaHHEIE
paHee JlMpakoM, COIVIACHO KOTOPHIM BPEMEHHYIO 3BOJIOLHIO
KBaHTOBOH CHCTeMBl OT MoMeHTa BpeMeHH (0 K MOMEHTY Bpe-
MeHH T MOXKHO INpeICTaBHTh B BHAE MOCIELOBATENLHOCTH
SBOJIIONMH 1O GOJBIIOMY YHCJY MasblX BpeMEHHBIX HHTEpPBAJOB
©, t), (ty» t3), .. ., (tx, T). Ecniu paccmorperh 3ateM ¢yHK-
IIMI0 COOTBETCTBYIOLIEro INpeoOpa3oBaHUs B IpeACTaBIEHHH,
rie HabmofaeMoH sBJsieTCS KOOpLHHATa ¢, T. €. BEeNHUYUHY
{g(T)lg (0)), To ee OKa3bIBAETCST BO3MOMKHEIM TNPEACTABHTD B BH-
Je MHOrokpatHoro MHrerpaja ot npousBefeHHs (G (T)l|gn)...
.--{q2191) {g,1g(0)) MO BO3MOMKHBIM 3HAUEHHSIM KOOpPIHHATHI g,
Gs - . -, n B NPOMEXKYTOUHbIE MOMEHTHl BpeMeHH #y, I, . . .
..., L. YMeHbIIAS pa3Mepbl BpeMEHHEIX HHTEPBAJIOB U Heorpa-
HHYeHHO yBeJHYMBas YHCJIO HHTETPUPOBaHHH N, TPUXOIUM K
HOBOMY IpeJCTaBJeHHI0 KBAaHTOBOMEXaHHUECKHX BeJHUHH ue-
pes KOHTHHyasIbHble HHTErpasbl, HJIH HHTErpajbl MO MYTSIM.
C topMaJIbHOH TOYKH 3pEHHST KOHTHHYaNbHBIX HHTErpas npen-
cTaBlseT co0OH INpenes MHOTOKPATHOTO HHTerpaja IpH YCT-
peMJIeHHH 4YHCJa MHTErpHpOBaHHH K GecKOHeYHOCTH. B pac-
CMOTPEHHOM BhIllle KBAHTOBOMEXAHHYECKOM CJIyyae BO3HHKAET
BhIpaXkeHHe, KOTOpPOe MOXKHO TpaKTOBaTh Kak HHTerpana Io
BCeM BO3MOXXHBIM 3HQUEHHSIM KOOPAHHAT YACTHILI B IPOMEXYT-
ke BpeMeHH oT 0 fio T, T. e. 10 BceM BO3MOXKHBEIM 3HAUEHUSIM ee
TpPaeKTOPHH Ha 3TOM MHTepBase. [HTerpan mo Tpaexropusm
TeM CaMbIM MpeJCTaB/seTcs B BHJe MHTerpana Ho BCeBO3MOXK-
HBEIM 3HauYeHHAM QyHKUUH ¢ (f). [To3TOMy KOHTHHYAJLHBIH HH-
Terpaj HasbBalOT TaKkKe (QYHKIHOHANLHEIM,

B Teopuu noss B posiv KaHOHHYECKHX KOOPJMHAT BHICTYIa-
I0T 3HAaYeHMs] TNOJIEeBBIX (YHKUHA BO BCEBO3MOMKHEIX TOUKAX
4-MepHOTO NpOCTpaHCTBA — BpeMeHH. [103TOMY KOHTHHYaJ/b-
HBIH MHTerpaj B KBaHTOBOH TEOPUH IOJIA MPELCTaBIseT cOGOH
(YHKIHOHANBHEIE HHTETpas IO NOJIEBBIM (QYHKIHUSIM.

[lepBoHayanpHo @elHMaH HCHNOJIbL30BaJd KOHTHHYAJBLHEIHA
HHTerpas IJis NOCTPOEHHs] KBaHTOBOIOJEBOH TEOPHH BO3MYyLIe-
HHH, OJHAKO BIOCJEACTBHH BBICHHJIOCH, YTO INpeJACTaBJIeHHe
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KBaHTOBOIIOJIEBLIX BEJNUYMH yYepe3 (pyHKIUOHAJNBHBIH HHTErpas
OKasbIBaeTCsl TaKKe BeCbMa IIOJIE3HBIM H JJIs1 BEIYMCJIEHHH BHE
paMOK TeopHH Bo3MylleHHH (cM. § 21).

OxasaJiocb, 4TO HOBBIH OOBEKT 06safaer anre6pandyecKUMHU
CBOHCTBaMH OOBIYHOTO HHTerpana M JONYCKaeT BHINOJHEHHE
HHTETPHUPOBAHHSA II0 4acTaM, a TaKxKe 3aMeHY IepeMeHHbIX HH-
TerpupoBanus. Bcnencrsue 3Toro ¢opManu3M KOHTHHYa/b-
HEIX HHTErpajoB oKasajcs HauboJiee aJeKBaTHBIM /ISl HCClle-
JoBaHUs1 3¢deKToB npeo6pa3oBaHUl MOJEBLIX GYHKIHE, B TOM
ypcJie KaduOpOBOYHBIX NpeoOpa3oBaHUU, UYeM, B YaCTHOCTH,
o6yc/ioBeHa ero ocobasi posib IIpH KBAHTOBaHHH KalHOpOBOY-
HEIX TOJIeH.

Kak B KBaHTOBOH MeXaHHKe, TaK U B KBAHTOBOH TEOpHH
nojisi KOHTHHyaJbHble HHTerpasbl MOTYT OBITh HHTEpPIpeTH-
poBaHbl KaKk (hOpMyJIbl yCpeHEeHHsl N0 KBAHTOBBIM (DIyKTyauu-
SIM BOKPYT peLIeHHH KJAacCHYeCKHNX YpaBHEHHH JBIIKEHHS.
Sra TouKa 3peHHus NO3BOJISET PacCMaTpHBaTh IIpelCcTaBleHHe
KOHTHHYaJBHOTO HHTerpaia Kak albTepHaTHBY APYTHM METO-
JlaM KBaHTOBaHHS.

Keanmosoe nose fnea — Muaaca. Tlpn KBaHTOBaHHH Ka-
JIUGPOBOYHLIX HOJeH, SABASIOMMXCA CHCTEMaMH CO CBSI3SIMH,
npejicraBieHye (GYHKLHOHAJBHOTO HHTErpajga I03BOJIAET OT-
HOCHTEJIBHO IPOCTHIM 00pa30M yuyecTh 3TH CBs3H, BBelS COOT-
BETCTBYIOIIHEe OTPaHHYEHHs] NPH HHTEIPUPOBAHHH B (QYHKUH-
OHaJIbHOM NPOCTPAHCTBE KOMIIOHEHT KaJHOGpOBOYHOIO BEKTOP-
Horo monsi B (x). [TonyvyaeMblli TakuM IyTeM KOHTHHYaJIBHBIH
HHTerpaJj nocje HeKOTOPHIX peo6pasoBaHUH yJaeTcs IPHBECTH
K CTaHAapTHOMY BHIY, NOPOXKAAIOMIEMy JIHarpaMMHYIO TeX-
HUKY JUIsi KBAaHTOBOH TEODHH BO3MYINEHHH. DTa TeXHHKa OTBe-
gaeT 3(eKTHBHOMY JarpaHXKHaHy B3aUMOJEHCTBHSI KBaHTO-
Boro nons Bj

L oy =5 (0yBL—0.B) BLBG by, —
2 —
—gT BﬁBzBﬁBf» tabc tcde + gCa (x) BI(’ (x) 9vC* (x) tabc

(£33 — CTPYKTYpDHBIE KOHCTAHTHl — MaTpPHYHEIE 3JIEMEHTHI re-
HepaTopoB INpUCOeNHHEeHHOro mnpencrabieHus (cm. § 3)), co-
JepiKaileMy, [OMHMO YIeHOB BBHICIIHX cTeneHell no B u 0B,
TaKkKe crenH(UUecKHil wieH B3auMoneficTBua mossa B, co cka-
NsapHBIM  epmu-nosieM «nyxoB ®Danneera — ITonosa» C (),
OTCYTCTBYIOIIMH B JlarpaHkHaHe KjacCUdecKoro nosas $fura —
Munnca. CooTBeTCTBEHHO 3TOMY AHarpaMmel U npaBuia Pefn-
MaHa, Hapsly C npomnaraTopoM mnonas B, H BepiIMHaMH ero
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caMOJIeficTBHsl, BKJIIOYAKOT mpomaratop «myxoBoro» monasi C
H BepIIMHBI ero B3aHMOJIeHCTBMS C BEKTODHBIM moJjeM By.
TIpy 5TOM JAHarpaMMbl TeOpUM BO3MYINEHHH cofepKaT my-
XOBBIE YACTHIB! JIMIUb B MPOMEKYTOUHBIX COCTOSHMAX B BHIE
3aMKHYTBHIX neTesb. Pu3nueckuil CMBICT BKJIAJOB OT TaKHX
reTeNb 3aKJI04aeTcsi B TOM, YTO OHHM KOMIIEHCHDYIOT COOTBETCT-
ByIOIIME BKJalbl OT HehH3UUeCKOH GeCCrHHOBOM NPOJONBHOH
COCTaBJAIOMWEH YeTHIPeXBeKTOPHOTO Tossi By, omuceBaeMo#
nuBepreHnuedl 0B, NPHUBOASA K BOCCTAHOBJIEHUIO YHHTAPHOCTH
S-MaTpHIbl B TMPOCTpAHCTBE (PU3MUECKHX COCTOSHHH.
B3aumogeiicTie Kanu6poBoyHoro noas B, ¢ mosisMH Mare-
PUH OIMCHIBAETCS COOTBETCTBYIOLUIMMH BepIUMHAMH, TOJyYae=
MBEIMH HajJIeXalliM yIJHHeHHeM NPOM3BOIHBIX 3THX TOJIeH.

§ 15. CnoHTaHHOe HapylleHHe CHMMETPUH

CrioHTaHHOe (CaMOIIPOU3BOJIbLHOE) Hap yIIleHHe CHMMETPHU —
fIBJIEHYMEe, XOpOLIO H3BECTHOE B CaMBIX DA3JHYHBIX O6JIaCTAX
¢usnku. OHO COCTOMT B TOM, uTO (hbH3HUecKast CHCTeMa, OIH-
cbiBaeMasi yYpaBHEHHSIMH [BHIKEHHS, KOTOpBIE OGJNanaioT He-
KOTOpOH cHMMeTpHeH, HaxONHUTCS B COCTOSIHHM, OTBeYaromeMm
YaCTHOMY DEIUeHMIO YpaBHeHWH NBHIKEHHS, 3TOH CHMMeTpuei
He o6JazanlemMy.

CrioHTaHHOE HapylIeHWe CHMMETPHH IMPOMCXONUT B Tex
clyyasix, KOTZa B CHMMETPHYHOM COCTOSTHHH C HaWMeHbInedl
SHepTHel cucTeMa He 06JafaeT aGCOIOTHEIM MHHHMYMOM 3Hep-
THH, U TO3TOMY YKa3aHHOE COCTOSIHHe SIBJSIeTCS HeyCTOHUH-
BbIM. PeaslbHOM NMPHUYMHOH HApYIIEHHS CUMMETPHH OKa3hIBaerT-
csl CKOJTb YTOJIHO MaJsloe HeCHMMETPHYHOE BO3MYILEHHE.

Ilpumep us mexanuxuy. HarasuHo#l usmocTpauued 3TOro
SIBMIEHHST CJYMKHT CHCTeMa, COCTOsIasi M3 cocyla NpaBHILHOM
(opmel (Tesa BpalIeHHs) C BRIMYKJBIM JHOM, HaXONSIErocs
B TI0JIe TATOTEHHS TAKUM 06pasoM, YTO OCh CHMMETPHH COCYZAa
pacrnosiokeHa BJIOJIb HATPABJIEHHUS CHJIBl TSIKECTH, U MaJeHb-
Koro mwapuka. Eciu ctporo no ocH 6pocHTh WapHK, TO, majxas,
B TEpPBBI MOMEHT OH KOCHETCS IHAa TOYHO NocepeluHe, HO, Mo-
CKOJIbKY TOJIOXKEHHe PaBHOBECHS Ha BepIUHHE BEINYKJOCTH He-
YCTOHYMBO, OH CKaTHTCS K Kpalo IHA B HEKOTOPYIO €ro TOUKY
(puc. 16). B HayajapHBIA MOMEHT cucreMa ofJajana CHMMeT-
puell BpalleHHs BOKPYT OCH COCYyJa, B KOHEYHOM COCTOSTHHH
3TOH CHMMETPHH HeT.

Ipumeper u3 xeanmoeoil cmamucmuxu. Ipyrolt mmpoxo
M3BecTHHII mpHMep — 3To (eppomarHeTHK. COCTOSIHHE, CHMe
MEeTpPUYHOe OTHOCHTEJ]bHO IIOBOPOTOB TPEXMEpPHOro MpOCTpaH-
CTBa, B KOTOPOM MarHHTHbIE MOMEHTH! PasHBIX aTOMOB OpHeH-
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THPOBAHbl XaOTHYECKHM 06pa3oM, He ABJAETCsS COCTOSIHHEM C
MHHUMaJbHOH 3Heprueil. B deppomarHeTuke CyuiecTByer Kop-
pensinys MeXIy MarHHUTHBIMH MOMEHTaMM COCEIHHX aTOMOB,
Gnarogapst KOTOPOH SHeprusl CHCTeMbl MeHbIlle B COCTOSIHHH C
napaJjiesIbHbIMU CriHHaMH. [103TOMYy B COCTOSIHHME C MHHHUMaJlb-
HOM 3Heprueil MOMEHTBI BCeX aTOMOB BBICTPOEHBI NapajljiesibHO
IpPYT IPYTY H BellleCTBO 06/1aJaeT MaKPOCKONIHYECKUM MarHHT-
HBIM MOoMeHTOM. OUeBHJHO, YTO TaKMX COCTO-
f SHUH C MHHHMaJIbHOH 3SHepruefl GecKOHEUHO
MHOTO (OHH OTJIHYAKOTCA APYr OT Apyra Io-
‘. BOPOTOM MOMEHTOB BCEX aTOMOB Ha OIHH H
ToT XKe yroa). OgHaKo B peasNbHOM cilyudae
CHCTeMa HAXOJIHUTCS B OHOM M3 HHX.
Ewme omun, Mmoxer ObIThb, MeHee HarJsj-
HBIH, HO 3aT0 GoJjiee GJIM3KHH K TOMY, YTO
HMEeT MeCT0O B MOJENSIX KBAaHTOBOH TeOpHH
MoJIsi, NPHUMEP — 3TO  CBEPXIIPOBOJHMOCTb.
p JlaHHOe sIBNEHME HMeeT MecTo, KOrja M3-3a
uc. 16. Mexa- o -
Huveckas cuere-  CHENMGHUECKHX B3auMOfeHCTBHH ¢ KojebaHH-
Ma, JeMOHCTpH- SIMH PELIeTKH 3JIEKTPOHBl C IPOTHBOMNOJONK-
pyomas CHOH- HO OPUEHTHPOBAHHBIMH HMIYJbCaMH H CIIH-
T:::":m‘;’waegygg‘ HamM¥ OGBEUHSAIOTCS B Haphl, KOTOPbe, 06pa-
P 3ya G030HB! (CyMMapHBIH CIHMH Napsl paBeH
HYJII0), HaKalJIHMBAIOTCS B HU3IIEM 3HEPTEeTHUYECKOM COCTOSI-
HuH. CUMMeTpHS, KOTOopas HapyllaeTcsi B 3TOM Clydae, ecTb
KaJu6pOoBOYHAs CHMMETPHUS, COOTBETCTBYIOIIAS] 3aKOHY COXpa-
HeHHs 3JIeKTpHuecKoro sapsina map. CBsI3aHO 3TO C TEM, YTO
4HCJIO Nap, T. €. YHCJIO YIOpPSLOYEHHEIX 3JIEKTPOHOB He SBJS-
eTcst 3allaHHOH BeJuuuHOH. [I1s1 XapaKTEPUCTHKH yHOpsioue-
HUS BBOJMTCS CIIEHAJbHBIA NMapamerp, 110 CMBICJY aHaJIOTHY-
HBI HanpapJeHHI0O MOMeHTa B ()eppOMAarHeTHKe, 3aJaHie KOTO-
poro ¢pUKCHPYeT NPOU3BOII.

Jlg aHa/nM3a KBaHTOBOCTATHCTHYECKHX CHCTEM CO CIIOHTAH-
HBEIM HapylleHHeM CHMMEeTPHH DoroJiio60B pasBHJ CrelHab-
HBIH MeTOJN,— TaK Ha3bBaeMbl MeTOJ KBasHCpeIHUX, HIes
KOTOpPOT'O COCTOUT B TOM, YTOOBI, 3alaB HEKOTOpPOe GeCKOHEWHO
Masloe BO3MYLIeHHe, CHATbH HMelollleecs BHIPOXKIEHUE, a 3aTeM
YCTPEMHTb 3TO BO3MYLIEHHE K HYJIIO.

Cayuail meopuu noas. Paccmorpum Teneps, KakuM o6pasoM
NIPOMCXOJAHUT CIIOHTAHHOE HapylleHHe CHMMETPHH B TEOPHH
noJisi. 31ech Tak:kKe MOTYT CYIIeCTBOBaTh (PH3HYECKHE COCTOS-
HHMs1, KOTOpHIE He 00/1aflaloT CHMMeTpHel arpaHxuasa. B vact-
HOCTH, MOXeT ObITb HECHMMETPHUHBIM OCHOBHOE COCTOSIHHE,
¥Melollee MHHHMaJlbHYIO SHEPTHIO, KOTOPOe eCTeCTBEeHHO OTO-
JKIECTBUTh C BaKyyMOM.
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[pocrefimmit mpuMep CHCTEMbI TA4KOTO POAd — 3TO CaMoO-
JelicTByIOllee CKalsIpHOE I[I0Je, JarpaHkHaH KOTOPOTo Co-
Iep2KUT MaccoBEIH uleH ¢ ofpaTHbIM 3HaKoM. B obuieM ciaydae
JIarpaHKUaH CKaspHOro noJs @(x) uMeer Bua & = T(0p/0x*)—
—V (¢), rne T — KuHeTHuecKas 4acTbh, 3aBHCALLAA JHIIb OT
KOMIIOHEHT TpaiueHta 0¢@/0x*, a V — noreHuuanbHas (GyHK-
Ius.
Jlna o6BIYHOTO CBOGOAHOTO CKasspHOro mojs V(g) npen-
craBJjsiercs napa6osiolt m2g?/2, uso6paxkeHHoi Ha puc. 17. Mu-

Vig)
Yp)
~% *%
T T
I | ¢
y

Puc. 17. Tloren- Puc. 18. IlorennuanpHas QyH-
nuanbHasg (GyHK- KIIHS MOJEJM CKaJIsipHOro Io-
Husi CBOGDIHOIO Jig, colepialleil CHOHTaHHOe
CKaJIIPHOTO NOJIA HapylleHHe CHMMETDHH

HUMyMy MOTEHUHAJbHOH (PYHKLHH OTBeYaeT KJaCCHUECKOe pe-
meHue ¢=0, a KBaHTOBaHHE CBOGOLHOIO CKaJsIpPHOrO NOJA —
5TO KBaHTOBaHUE MaJbIX KoJeOaHHI OKOJIO IIOJIOXKEHHS paB-
HoBecus npu ¢=0. JlarpaHxkuaH B 3ToM ciaydae obJafaeT
CHMMeTpHell OTHOCHTeNbHO INpeoOpa3oBaHUs OTPaXKeHHA ¢—-
— —@, U HUXKHee cocTosiHHe (=0 CHMMeTPHYHO H YCTOHUYHBO.
Beenenne B V (9) NOMOXKHUTENBHBIX YIEHOB BHAA —+@%, ONHCH-
BaIOUIMX CaMOJEHCTBHE NOJs, He MeHseT 3THX CBOHCTB.

Jlna toro 4roGbl MOMYYHTH CIIOHTAHHOE HapylleHHe CHM-
MeTPHHM OTpa)KeHHUsl, JONYCTHM, YTO 3aBHCHMOCTb V oOT @
UMeeT BUZ YeTHOH QYHKLUHH C IBYMS CHMMETPHYHBIMH MHHH-
MyMaMH, H300pakeHHEIMH Ha pHc. 18. Tlomo6Hyro 3aBuCH-

2 2
MOCTb MOXKHO OIIHCaThb JBY4IEHOM V(cp)=—%cp2—|—%- (ORN

Bnaropapsi orpuuaTenbHOMY 3HaKy NEpBOrO CJaraeMoro Tod-
kKa =0 He sABASETCA MHHHMYMOM, a MOJOMEHHS YCTOHYHBO-
IO paBHOBECHS pacrojaralTcs B JBYX TOUKax: @=dQ;
@o=p/h. O6a HUKHHX COCTOSIHHS MMEIT OIHHAKOBYIO SHep-
ruio V (=¢,) =V ,=—p4/4h?, BCIeACTBHE YEro COOTBETCTBYIO-
mas KBaHTOBas CHCTeMa 0GJajaeT ABYKDPATHO BBIPOKAEHHHIM
BaKyyMHBIM COCTOSTHHEM.
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[l u3yueHUs: MasblX OTKJOHEHHH OT MOJIOXKEHHS paBHO-
BecHs CJieyeT BbIOpaTh OINHO M3 HHMIKHMX COCTOSTHHH, HanpH-
Mep -, ¥ onepauHeil CBHra Ha KOHCTAHTY NepeiTH K HOBOH
QYHKUMH noas: @ (x)—>¢'(x)=¢ (x)—¢,. B TepMUHaX HOBBIX
nosesblx GYHKUUI V HMeeT BUL

V=V0+P’2(P,2+Ilhfpl3+"?(PM‘

OtBrekasicb OT NOCTOSIHHOH V,, CABHramme# JHIIb MIKany
SHEPTuH, HETPYNHO YBHJETh, YTO MOJOKHUTEJNbHBIH BTOPOH YileH
B NpaBOH YaCTH OTBeYaeT Macce KBaHTOB MaJ/blX KoJebGaHHH,
paBHolt m=}2 W, & TPeTbe H ueTBepToe cJaraeMele, Jaroliye
HeJIMHeHHble BKJalbl B YDaBHEHHs ABHXKEHHSI, COOTBETCTBYIOT
CaMOJEHCTBHIO TOJIS.

®usnyecku OGoslee CcOfeprKaTesbHAs CHUTyauHUs BO3HHMKaeT
IpH nepexofie OT AeHCTBHTENBHOIO MOJMA K KOMIVIEKCHOMY H K
MOTeHUH ATy

u? # h2 =
V(o)=—5 oo+ (¢ ¢

B aTOM c/lyyae BMeCTO AMCKPETHOH CHMMETPHH OTpaKeHHs Cy-
IIECTBYET HenpepbiBHAs CHMMETPHSI OTHOCHTEJNBHO BpalleHHH
KOMIIJIEKCHOH IIJIOCKOCTH . MHHMMyMy NOTeHIHalbHOH 3Hep-

THH OTBeYaeT COOTHOLIEHHEe QQ= |@,|>=p2/h?, omnpezeisiouiee
OKPYKHOCTb Ha 3TOH MJOCKOCTH. TakHM o6pasoM, KpaTHOCTb
BBIDOXKJEHHS HUIKHEro COCTOsIHUSI GeCKOHEUHa.

Jli1s HeciieoBaHUsl MaJIbIX OTKJIOHEHHH OT NOJIOXKEHHs paB-
HOBeCHs clleflyeT IPOBECTH CABHI (YHKIMH NOJS Ha @y, CO-
OTBETCTBYIOIlEe HUXKHEMY COCTOSIHHIO @ (X)— & (X)=@ (X)—o.
Bri60Op KOHKDETHOTO 3HAYeHHsS @,, T. €. BHIGOP TOYKH Ha yKa-
3aHHOH BBIIIE OKDYKHOCTH, INPHBOIHT K HapYIIEHHIO CHM-
MeTpHH.

IlycTb, ANsL ONpeNeNeHHOCTH, @y AeHCTBUTENBHO H NOJOXH-
TespHO. Torma w,;=Re u=Re ¢g—q,; u,=Imu=Ime, 1 Jist Vv

*
nojayyuM BepaxeHnue V=V (q,) + p2ui+ phu, (u u)—l—hT(u u)?,
U3 KOTOPOro BHIHO, YTO JEHCTBHUTEJLHOE ITOJIe U; HMEEeT Maccy
V2 w, a none u, GesamaccoBo. HarnsiiHoe oO0BsiCHEHHE IOJY-
YEHHOI'O Pa3/IMuMsl B CBOHCTBaX MOJEH Uy U U, CIeLyeT H3 BUAA
norennyana V (puc. 19). eficTBuTebHO, B OKPECTHOCTH IOJIO-
JKEHHUSI paBHOBECHSI B paJHalbHOM HaNpaBJieHHH CYIIeCTBYeT
OOBLIYHBIH NOTeHIHaNbHBIH 6apbep, a B KacaTeJbHOM Halpas-
JIeHHH Takoro Gapbepa HeT. B OKpecTHOCTH BHIOPAHHOTO BHILIE
3HaueHUs @, pajiMalbHOe HanpabJieHHe COBIAjaeT C Hamnpas-
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JIeHHeM JeHCTBUTENbHOH OCH, a KacaTelbHOe — C HarpabJe-
HHEM MHHMOH OCH.

IosiBnienne GesMaccoBBIX CTereHeH CBOGOIBL SIBJSIETCS He-
NpeMeHHBIM aTpHOYTOM CIIOHTAHHOIO HapylleHUs Ji000H He-
IpepLIBHOH CHMMETPHH, NOCKONbKY TaKHe CTENeHH CBOGOZEL
CBA3aHBl C OGECKOHEYHOKDATHBIM BBIPOXKJIEHHEM BaKyyMHOTO
COCTOSIHHSA. B KBaHTOBOH TEOPHH M0JIs1 3TO O3HAYAET 00s3aTelb-
HOe TOsIBJIeHHe IIPH CIOHTAHHOM HapylUeHHH HenpepblBHOM
CHMMETpPHH 6€3MacCOBBIX CKaJsip-

HBIX Me30HOB. YKas3aHHOe CBOH- Vig)

CTBO HOCHT Ha3BaHHE TEOpEMBI T T T T T~
[onpcroyHa, a Ge3maccoBele uac- )]
THIBl — FOJNJACTOYHOBCKHX — 6030-  \>~__ | =

HOB. Teopema I'osicroyHa mpen-
CTaB/IsieT COOOH peNATHBUCTCKHI
aHaJoI YCTAHOBJIEHHOH paHee B
KBaHTOBOH CTAaTHCTHKE TEOPEMEI

Boromo6oBa 0  BO3HHKHOBEHHH AR $
ﬂaﬂbHOﬂeﬁCTBHH IpH CIIOHTaHHOM ~——
HapylIeHHH HENpepLIBHOH CHM-

METDHH. Puc. 19. TloTenumnanbhas

YHKIMSA MOJENH CO CHIOHTaH-
Sppexm  Xueeca. Herpusu- iy HAPYIIEHHEM CHMMETDHUH

aJbHOE IIpUMEHEHHE CIIOHTdH- B cjyuyae KOMIIJIEKCHOIO CKa-
HOTO HapyIIeHHs] CHMMETPHH BO3- JISIPHOTO MOVt
HMKaeT TOTJa, KOria CKajsp-

HOe NoJie B3aUMOJEHCTBYeT C APYTMMH MHOJSIMH M, B YacTHOC-
TH, C KaIHOPOBOYHBIM BeKTOPHLIM nosieM. HamomHuM, YTO CIIOH-
TaHHOE HapylleHHe CHMMETPHH eCThb HapyIIeHHe CHMMETPHH
pelleHHsl, a He CHMMeTPHH JarpaHxuaHa. ONMHCaHHBIH Bbllle
CIBHI CKaJISIDHOTO MOJISI HAa KOHCTaHTY IO3BOJISIET, HE MeHssd
CBOHCTB CHMMETPHM JarpaHXKHaHa, NOJYUYUTh B HEM HOBBIE
CTPYKTYpPHl. JTO OGCTOSATENBCTBO YIAETCS HCIOJAb30BaTh A
TOTO, YTOObI BBECTH MaccCy KaJHGPOBOYHOTrO MOJISI, He HApYIIHB
KanHMO6pOBOYHOH HMHBAapDHAHTHOCTH JarpaHxkHaHa. Takoe Mac-
CHBHO€ BEKTODHOE I0JIe He MOXeT OBITh CBOGOAHBIM. OHO JOMXK-
HO B3aMMOJEHCTBOBATb CO CKANSPHBIM IOJIEM, CJYXKAIHM HH-
CTPYMEHTOM CIIOHTAHHOT'O HapyIUeHHs] CHMMETPHH.

Kak mbl 3HaeM U3 npenpiaymero naparpada, B JarpaH:KuaHe
KanHOPOBOYHOIO B3aUMOZEHCTBHSI, KPOMe W/IeHOB, JHHEeHHBIX
N0 KaJHUOpOBOYHOMY HOJIO, NMPUCYTCTBYeT TaKKe cJjaraemoe
Bura |@[2A%. Ilocne cpBura ckajdsipHoro mnodst @' (x)=
=@(X)—, 3TO cjaraeMoe, noMuMo wieHoB |’ |2 A% u |¢'| AL,
ONHCHIBAIOIIUX B3auMojeficTBue nojed @'(x) u Ay (x), nacr
TaKxKe wieH @QjA}, 3ajawoomuii Maccy BEKTOPHOrO MoJsi, pas-

uyio V2 p/h.
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Brile Mbl BUIEIH, 4TO Ge3MaccoBble ToJACTOYHOBCKHE 6030-
HBl OTBEYAIOT CTENEeHAM CBOGOJBI, CBSI3aHHBIM C GECKOHEYHBIM
BHIpO2KJIEHHEM BakyyMa. Ilpu cnoHtaHHoM HapyiueHuu U (1)-
CHMMETpPHH 3TO eCTh CTeNeHb CBOOOABI, COOTBETCTBYIOMIAA ABH-
JKEHHIO N0 OKPY2KHOCTH B KOMIUIEKCHOH IVIOCKOCTH ¢. B arom
JKe HanpaBJIeHHH NDPOUCXONUT M3MeHeHHe QYHKUIHUHA NOJA IPH
(azoBeIx mnpeobpaszoBaHHsAX. HerpyZHo nokasarb, 4TO cIe-
L HaJIbHEIM BEIGOPOM (a3bl MOKHO B KaXJOH TOUYKe CKOMIEHCH-
pPOBaTh BKJIAJ yKa3aHHOH CTeNneHH CBOOOMABI, T. €. HCKJ/IOYHTh
3aBHCHMOCTDb JIAaTPAHKHaHA OT COOTBETCTBYIOLIEH NO0JIeBOH Ie-
pPEMEHHOH.

Taxkum ob6pasoM, BMECTO HCXOZHOro $e3MaccoBOIO BEKTOP-
HOTO NOJIT U KOMIJIEKCHOTO CKaJIIPHOT'O NOJS C OTpHIATeIb-
HBIM KBaJpaTOM MacChl Mbl MOJYYMJIH MAacCHBHOE BeKTODHOE
10Jie B OJJHO MacCHBHOE IefICTBHTENbHOE cKaslsipHOoe noJse, bBes-
MacCOBBbIH TOJJCTOYHOBCKHII 6030H HCYe3 B pe3yJbTaTe Kalju-
6poBoYHOro NpeobpasoBaHus. JTOT Npolecc NpeBpalleHHs 6es-
MaccoBOr0 KaJuOGpOBOYHOTO IOJISI B MAacCUBHOE C OJHOBpEMEH-
HEIM HCYe3HOBEHHEM TOJIACTOYHOBCKOro G030Ha Ha3bIBaeTCs
s¢dexToM (MM MexaHM3MOM) XUITca, a NOSBJSIOMWASCH NPH
9TOM MacCHBHas CKajsipHas 4acTHLA HOCHT Ha3BaHHe XHITCOBa
6030Ha.

B pesyabrare adipexta Xurrca npoucxoIHT nepepacnpefe-
JieHHe cTeneHell CBOOOZBI — OJHO M3 JBYX BeIeCTBEHHBHIX IIO-
Jie#, o6pasymoIux KOMIJIEKCHOe CKajlsipHoe NoJe, NpeBpaliaer-
Csl B TPETbIO (NPOJOJBHYIO) KOMIIOHEHTY BEKTODHOIO MOJS.
Takoe nepepacnpeneneHue cBsi3aHO C TeM, 4TO (e3MaccoBoOe
BEKTOPHOe IIoJle MONepeyHo, T. €. UMeeT JiBe KOMIIOHEHTH, a
MacCHBHOe BEeKTOpHOe Iiojle TpexkKoMmoHeHTHo. CymmapHoe
YyuCJ0 (PU3MYECKHX CTeleHed cBOOOJbI, eCTeCTBEHHO, OCTaeTcs
HeusMeHHbIM: 2--2=1+43.

BaxHoe sHauenue sdexra Xwurrca IJif TEOPHH YaCTHIL
COCTOMT B cliefyiomeM. TeopHs B3aUMOJEHCTBUS MAacCHBHOIO
BEKTOPHOrO MOJs C APYFMMH HOJSIMH, NOCTpOEHHAas cTaHapT-
HBIM croco6oM, sBJseTCs] HellepeHOpMHpyeMoH H3-3a TOTO,
YTO NpONaraTop MacCHBHOTO BEKTOPHOIO IOJs B yJbTpacdHose-
TOBOH oGJacTH He yGbiBaeT (~m~2k,k,/(k2—m?)). C npyro#
CTODOHBI, TEOPHH, OCHOBaHHbIE HAa KaJMOPOBOYHOH HHBapHaHT-
HOCTH H coJiep:xaiiye 6e3aMaccoBble BEKTOPHBIE II0Js, NepeHop-
MHpYyeMbl. DTO CBSI3aHO C TeM, YTO MponaraTopbl 6e3MaccoBBIX
BEKTOPHBLIX MoJ1el, 6yayun nonepeudsivu, (1/k2%) [guv—~uk.,/k?],
yOeIBalOT npH GONBIUMX k M TpeGOBaHME HMHBApHAHTHOCTH
HaKJaJplBaeT CTPOrHe OrpaHHyYeHHs] Ha BO3MOXKHBEIE CTPYKTYDHI
pacxoidAluXCcs paJvalHOHHBIX [ONPaBOK, JAONYycKas JHIIb MX
KOHEeYHOoe YHCJIO.
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Ilpy crOHTaHHOM HapylIeHHH CHMMETPHH KasJuGpOBOYHAs
HHBapHAHTHOCTb JIarPaHKHAaHA COXPaHAETCs. ITO 06CTOSTENb-
CTBO JIEXKHT B OCHOBE J0Ka3aTeJbCTBA HE3aBHCHUMOCTH pe3yJib-
TATOB BBIYMC/IEHHS 3/JEeMEHTOB MaTPHIBl paccesiHUsi OT BhIOOpa
KanuOpoBKH. B uacTHOCTH, MOXKHO BBHIOpaTb KaJHOPOBKY,
B KOTOPOH OTCYTCTBYIOT T'OJIICTOYHOBCKHE 0O30HBI M BEKTOP-
HOe rnoJsie uMeeT Maccy. [pyroii BO3MOXKHBIH BBIGOp Kasiub-
POBKH — TOT, INPH KOTOPOM TIpONAratop BeKTOPHOTO MHoJs
umeetr nonepessbiil BUA [1/(R2—m?)] [guy—Fky ky/k?]. Eciu nep-
Bas KaluGpOBKa XOpolla TeM, YTO B Hell S-mMarpuua sIBHBIM
00pa3oM yHHTapHA B NPOCTPAHCTBE (PU3HUYECKHX COCTOSHHH,
TO BO BTOpPOH Ka/dHOpPOBKe HaHboJee MPOCTO JOKAas3bIBAaeTCs
nepeHopMHpyeMocTb. JleHCTBUTENBHO, NDH YyBelHYeHHH £k
TONepeyHbl nponaraTop y6biBaer kax 1/k%. Kpowme Ttoro, xak
MOXKHO [OKa3aTb, OCTAalOTCS B CHJIe W BCe OrpaHHYEHHs Ha
CTPYKTYPY BO3MOXHBIX pacxoiumMocTefl. Bk/aamel B maTpuuy
paccesiHusl HedM3HUECKHX COCTOSIHMH, NPHCYTCTBYIOIHX B
3TOH KanHOpPOBKe,— (UKTHBHBIX TOJJICTOYHOBCKHX O6O030HOB,
I0GaBOUHBIX IOJISIPH3ALHOHHBIX COCTOSTHHE BEKTODHOTO MOJSI
u noas pyxos dDangeeBa — [lonoBa, KOTOPBIM COOTBETCTBYIOT
nmponaraTopsl ¢ nofocamMu npH k*=0, — B cymMMe KOMIIEHCH-
pytorcs.

Takum o6pasoM, KBaHTOBONOJIEBble MOZENH, B KOTODBIX
BEKTOpDHEIE IOJIS TOJNYYMJIH Maccy B pesyJ/ibTaTe CIIOHTAHHOTO
HapyIUeHHsl CHMMETDHHM, OKasblBAlOTC IePEHOPMHPYEMEIMH.
SroT 3aMeyaTeNbHBIH (DAKT MO3BOJMJ IOCTPOUTH INEPEHOPMH-
PYEMYIO TeOpHIO cJabblX B3aHMOJEHCTBHH, O KOTOpOH OyneT
pacckasaHo B Cleyloliel riase.



IF'nasa V
TEOPUS 3SJIEKTPOCJIABOIO B3AMMOJENCTBHU S

§ 16. CoBpemeHHBIN cTaTyC
KBaHTOBOH 3JIeKTPOJAUHAMMKH

Anomanorvil maerumubti momenm srekmpona. Kak us-
BECTHO, ypaBHeHHe [lupaka IjIsl 37eKTPOHa, B3aUMOJEHCTBYIO-
Wero ¢ 3JMeKTPOMAaTHHUTHBIM IIOJIEM, COJEPIKHT UJieH, OTBeyalo-
IUH MarHUTHOMY B3aHMOJEHCTBHIO. FIHTeHCHBHOCTD NoOc/enHe-
rO ONHCHIBAETCS] MarHUTHBIM MOMEHTOM 3JIEKTPOHa [\, PaBHBIM
wo=eh/2mc — marsetony Bopa. SddexTs monApHU3aNHH
BaKyyMa NPHBOZAT K JONOJHHUTEILHOMY BKJaly, HasblBaeMo-
My aHOMaJbHbIM MarHUTHEIM MOMeHTOM. [IpocTefimas mompas-

Ka K W ToJydaercs u3
OJHOMETJIEBOH BeplUMHHOH
JuarpaMMbl, H300paeH-
Hoi Ha puc. 20. O=Ha
6bl1a BblyHcaeHa B 1948 r.
[lIBuHrepoM ¥  OKa3sa-
Jlacb paBHOH

Oy = (0/2m) o 2~
~ 0,00116p,.

Puc. 20. [duarpammb ®eiiHMaHa, naio- Sror SQQeKT OTKIOHEHHS

Qe BKJIAX B MATHHTIBI MoMenT sjex- OT OOPOBCKOTO MarHeToHa
TpoHa: @ — marHetoH bopa, 6 — mom- ObLI NNpakKTH4YeCKu OJHOB-

paska Ilsunrepa pPEMEHHO HaG/IoleH Ha

SKCIePHMEeHTe,  IpHYeM

SKCNepHMeHTaNbHOe 3HadyeHHe OKa3aJock GJU3KHM K ILUBHHTe-
POBCKOMY .

B nanbHefilieM Kak TeopeTHuecKoe 3HaueHHe, TaK H SKCIe-
PHMEHTa/NbHBIA pe3ysbTaT HeOJAHOKPATHO NOJBEpPrajliuch YTOY-
HeHHAM. B HacTosfilllee BpeMsi CHTyallHsl BBITVISIIHT CJIELYIOMHM
o6pasoM. AHOMaJIbHBEII MAaTHHTHBI{ MOMEHT pacCuMTaH BIUIOTb
10 4-nieTieBoro npubJuKeHus. Pe3ysibTat pacueta MOXeT GbITh
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npeacraB/ieH B BHI[eZ

e—ti g (2)4a () e () re(5)

rae C,=—0,328478..., C;=1,1765 (13), C,=—0,8=42,5.

Uncsa B CKOOKax NOKasblBAIOT HEONpPEeNeJeHHOCTh B OJHY
CTaHJAPTHYIO IOTPEIUHOCTb, BBIPAXKEHHYIO B eJHHHIAX II0C-
JIeIHero 3HaKa OCHOBHOIO 4MCJa, TaK 4Yro, Hamnpumep,
1,1765(13)=1,1765+0,0013. Koadpduuuent C, BbIUHCIEH aHa-
JINTHYECKH, JYIS Yero noTpe6oBasoch pacCMOTPeTb 5 JHarpaM.
TpexnersieBomy BkJany C; COOTBETCTBYIOT 72 AHArpaMMsl, pH-
ueM BKJaZ 51 U3 HUX YAaJ0Ch BBIYHCIHTH TOYHO C IOMOLILbIO
ucnosnb3oBaHusg IOBM 1y npoBeleHHs aHaJUTHYECKHX BbI-
yucneHui. [lorpemnocts B C; (Tak xe, Kak U B C,) cBA3aHa ¢
NpHOJIKEHHBIM YHCJIEHHBIM PAacyeTOM OCTaJIbHBEIX Auarpamm (B
nocjefneM cayuae Bcex 891 ueThlpexmeTJieBOH JuarpamMbl).

Jl1s1 cpaBHeHH S TEOPEeTHYECKOro pe3dyJsbTara ¢ SKCIepHMeH-
TaJbHBIM

HOPUXOJUTCS HCHOJB30BATh YHMCJIEHHOE 3HaAueHHe IOCTOSHHOH
TOHKOH CTPYKTYphl. Ec/iH B35iTb B KauecTBe TaKOBOI'O ee Hau-
6oJiee TOYHOe 3HauyeHMe, ONpele/ieHHOe C IOMOIIBIO 3ddeKTa
Ilxxo3eppcona, a—t=137,035 963 (15), TO NOMYUHTCH Preop/to=
=1,001 159 652 460 (147), npuueM GoJsbliasi YacTb IMOTpeIl-
HOCTH CBfi3aHa C HeONpelesIeHHOCTBIO B 3HAUYEHHH O.

Kak BuzHo, cor/iacue Mexiy TEOpeTHYECKHM U KCIep HMeH-
TaJbHBIM 3HAYeHHSIMH HMEEeT MECTO Ha OTHOCHTENBLHOM YpOBHE
2.10-1°, yro siBJISI€TCS peKOpJAOM B (PH3HKe.

Lpyeue spgexmor. IlpuBeneHHbIH NpUMep sBJSAETCS BecbMa
BHeyat/sOWKUM. UTo Kacaercsi NpouuX KBaHTOBOSJIEKTPOAHHA-
MHUYecKHX 3(deKToB, TO B HHX JIHGO TOUHOCTb IKCIEpHMEHTa
He CTOJIb BeJIMKa, JIUO0 TEOpeTHYeCKHe Pe3yAbTaThl OrpaHHYeHb
HeOOXOAMMOCTBbIO yueTa IONPaBOK, BLIXOASLIMX 3a PaMKH
YHCTOH 2JIEKTPOAHHAMHUKH.

Tak, Hanpumep, SKCIepHMeHTa/lbHOEe 3HaYeHHe BeJHUHHBI
CBEDXTOHKOIO pacllelieHusl YpOBHA 1Si, B aToMe BOJZOPOZa,
06YCJIOBJIEHHOI'O B3aUMOJEHCTBHEM 3SJIEKTPOHA C MArHUTHBIM
10JIeM NIPOTOHA, U3BECTHO ceffiyac ¢ TOYHOCTBIO 0 13 nopsiaKoB,
OJIHAKO TeOpeTHYeCcKHe pacyeThl JAIOT JHIIb 7 3HAKOB, NpHYEM
yXKe C yYyeTOM KOHEUYHhIX pasMepoB IPOTOHA.

JIsMOOBCKHH CABUT, T. €. TOHKOEe paclleljieHHe YpOBHel
2sy, u 1py, B aTOMe BOROPOJA, H3BECTEH C NMOTPELIHOCThIO IO-
psanxa 10-¢

Saken = Sreop = 1057, 89(2) MT,
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npuyeM 3¢eKThl, BEIXOAALLNE 32 pAMKH KBAaHTOBOH 3JI€KTPOAH -
HaMHKH, MEIOT OTHOCHTEJIbHBIH nopsafok 10—° i yuTeHH B Teo-
peTHyecKoM 3HaYyeHHH.

B uenoM cienyer ckasaTh, YTO BCS COBOKYIHOCTb SKCIIEPH-
MEHTAJBHEIX IAHHBIX 110 OOJIbILIOMY YMCHIY SIBJeHHH HaxOJMT-
Csl B MOJIHOM KOJIMYECTBEHHOM COIJIACHH C pe3yJbTaTaMH pac-
YeTOB TEOPHH BO3MYLIEHHH KBaHTOBOH 3JIEKTPOJHHAMUKH B TeX
clyyasix, KOrZa B 3TUX SBJEHHAX CHJAbHOe B3aHMOJeHCTBHE
OKa3blBaeTCsl HeCYLIECTBEHHBIM, JIHGO NMOAJAeTCs YUYeTy.

3ararouenue. BosBpamasice K aHOMAJbHOMY MArHUTHOMY
MOMEHTY 3JIEKTpPOHA, NMOAUEpKHEM, YTO JOCTHUTHYTas TaM CTe-
NIeHb COTJIACHSI TEOPHHM H ONBITA HMEeT NPHHIUIHATIbHOE 3Ha-
yeHHe /Il JIOKAJbHOU KBAHTOBOH TeOpHM noJsi B HejoM. OHa
CBHJETEJIbCTBYET O TOM, YTO BCE OCHOBHBIE IOJIOXKEHHS 3TOH
TEOPHH BEpPHHL C OUEHb BHICOKOH TOYHOCTBIO. DTO OTHOCHTCH,
B YaCTHOCTH, K TaKOMY BaKHeHIleMy CBOHCTBY, KaK JIOKaJlb-
HOCTb, C KOTOPEIM TECHO CBSI3aHO IIPOHUCXOXIEHHE PaCXOAHMO-
cTell © HeO6XOAUMOCTb IIepEeHOPMHPOBOK.

Hauunas ¢ 40-x rofioB u 10 camoro nocjeiHero BpeMeHH He
npekpamanich Bocxojsiine K paboraMm Mapkosa, Tamma u
I. Y. BioxuHueBa mNONBITKH MOCTPOHTH MNOC/JeNOBATENbHBIH
HeJIOKaJNbHBIH BapHaHT KBAHTOBOH TEOPHM II0JIS, CBOGOIHHIH
OT TPYZHOCTeH, CBSI3aHHBIX C YJBTPapHOJIETOBHIMH OGeCKOHeu-
HoctaMmu. HenokasbpHasi MoAHGUKAIHs HEM30EKHO BJeyeT BBe-
JeHHe B TEODHIO HOBOH MHPOBOH KOHCTaHTH — TaK HasblBae-
MOH (pyHIaMeHTaNbHOH ANMHBI L, XapakTepusyouiell Macurad
MaJIbIX PacCTOsSIHHH, Ha KOTOPBIX HAYHMHAIOT NpPOSABJIATbCH 3¢-
(deKTEl HellOKalbHOCTH. He BraBasich B JeTalH CYLIECTBEHHOTO
nporpecca, AOCTHTHYTOIO Ha NYTH NOCTPOEHHs HeJOKaJbHOH
TEOpHH, OTMETHM, YTO C SKCIIEDHMEHTANbHOH CTODOHBI HET HHU-
KakNX yKasaHU# Ha CYIeCTBOBaHHE HENOKaJbHHEIX 3((deKToB.
IlpuBeneHHEle BhIIE PE3YJBTATHl 10 aHOMAJLHOMY MAarHHTHO-
MY MOMEHTY 3JIeKTPOHa, a TaK¥Ke [0 HEKOTOPHIM APYTrHM sddex-
TaM II03BOJISIIOT CHeNaTh BBHIBOA O TOM, 4To L<<10-16 cm.

§ 17. CnaGoe B3aumopeiicTBUE
C NpPOMEXYTOYHbIM GO30HOM

Toxu u e3aumodeticmeue Pepmu. O6OOIEHHE TPEIJIOKEH-
Hol PepMH KBaHTOBOIOJIEBOH Mojeny P-pacnaja HeHTpoHa Ha
Ipyrue mnpouecchl NO3BOJNMJO NOCTPOHTH YHUBEPCAJBHYIO TEO-
pHIO cnabblx B3aUMOZEHCTBHH, corsacymouryiocss ¢ GOJIbIIOH
COBOKYIIHOCTbIO 3KCIIepHMEHTAJbHBIX JaHHBIX. B aToff Teopuu
5JIeMEHTaDHOMY aKTy cJa6oro B3aMMOJEHCTBHSI COIOCT@BJs-
eTcsl Npou3BeleHHe 4YeThlpeX OIepaTopoB CHMHOPHBIX IOJIeH,
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B3SITHIX B OJHOH TOYKE, C pa3MepHOH KOHCTAaHTOH cBA3H Gp
~10-5 I'sB—2. TIpu 3ToM OKa3bIBaeTcs, YTO HHTEHCHBHOCTH B3a-
HMOJIeACTBHSI, CBOSI AJISI KaXKJOTO IIpOLecca, XapaKTepUayercs
GespasMepHbIM npou3sBefeHneM GrE?, rie E — XxapakTepHas
3Heprusi (macca) npouecca. HeTpynHo BuAETh, UYTO BIWIOThb
Iio sHepruu nopsizka 100 I'sB sTa BesMunHA 3HAYHTENBHO MEHb~
e eIUHUIBL.

Ipexxze uem nepeliTH K omucaHHIO Goslee IeTaJbHOH CTPYK-
TYpBbl CJ1a60r0 B3aMMOJEHCTBHs, CIenaeM HeGOJIbIIOE IMOsSCHe-
HHe OTHOCHTeNIbHO TepMHHOJIOTHH. DununeftHoe no depMuon-
HEIM TIOJIEBEIM oflepaTopaM 4 (x) U v (x) BeIpaxeHHe BHIA [ (x)=
=u(x) Ov(x), rne O — HekoTOpast KOMOMHALIUST MATPHII, BKJIIO-
yaromass Matpuusl Jlupaka, HasbiBaeTcs TOKOM. B uyacTHOM
cjlydae, KOrjja u U v COOTBETCTBYIOT OfHOMY H TOMY Ke IOJIO,
a matpuusl O coBnajawT c Marpunamu dupaka 9y, 3T0o BHpa-
JKeHHe NpeACTaBseT cO60H OOBIYHBIH 3/eKTPOMArHUTHBIH TOK,
BXOAAMMUH B JlarpaHKHaH B3aHMOJEHCTBUS KBAHTOBOH 3JeK-

TPOIHHAMUKH, €U (x)yul (x)A, (x). B 3aBucumocTd OT BHIa
Mmarpuil O Tox j(x) MoxeT GHITh ckanspHbM (O=1), nceBrocka-
JasipHbIM (O=%,), BekTOpHBIM (O=7,), aKCHAJBLHO BEKTOPHHIM
(O=yuy;s) unu TensopHeM (O=%,y,) OTHOCHTENIHHO Npeobpa-
3oBaHui rpynnsl Jloperna. B xoHue 50-X ronoB nocse OTKPHITHS
HeCOXPaHEeHHs] YeTHOCTH OBbLIO YCTAaHOBJEHO, Y4TO CJabblfi TOK
NpefcTaBiAseT co00f CyMMY BeKTOpa M aKCHAJbHOIO BEKTOpa,
T. €. [ (X)=]i(x)+a(x).
UertipexdepMHOHHBIA JlarpaHKHaH cJaboro B3aMMOfeH-
CTBHS 3allUCHIBAeTCSl B BHJE IPOHU3BELEHHS «TOK X TOK»:
1 01 = 22 iy + i3l at oTa+ i)

IIpn sTOM B3aMMHBIE NPOH3BENEHHS BEKTOpAa Ha aKCHAJbHBIH
BEKTOp NPUBOIAT K NEPEX0JiaM, B KOTOPHIX He COXpaHSIeTCs YeT-
HocTh. (HanomuuM, uTto BO Bcex npeoGpasoBaHHSAX, KpOMeE HH-
BEPCHH NPOCTPAHCTBEHHBIX KOOPAWHAT, BEKTOD M aKCHAJbHBIH
BEKTOD BeAyT ce6sl ONUHAKOBO, a IPH OTPaKeHHH NPOCTPAHCT-
BEHHBIX KOOPJMHAT MX NpeoOpas0BaHHs OTJIHYAIOTCS 3HAKOM.)

Cnalblii TOK pasfessieTcsi 11a ciaraeMble, COTepKallie JHIIb
JIENTOHHBIE NOJIST U CJlaraeMble, COCTOSILIME TOJBKO H3 aipOoH-
HBIX noJselt, j(x)=j'+4j?. VIx HaspBalOT JIENTOHHLIMH H al-
DPOHHBIMH cJIaGBIMH TOKaMH. [1pOM3BeleHHSI JIBYX JIENTOHHBIX
TOKOB JIPYr Ha Jpyra OMNHCHIBAIOT YHCTO JIENTOHIIBIE cJabble
TNIPOLIECCHl, HANpHMep,

I,r—->e‘+;e+vu, vp+eT —wvy+eT u T I
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HpOHBBe,IlEHHH JIENITOHHBIX COCTaBJIAIOLIHX Ha aApOHHBIE
OTBeYaloT TaK Ha3bIBaeMBbIM I10JYJ/JENTOHHBIM IIpoueccaMm, B KO-
TOpPBIX YYacTBYIOT KaK JIENTOHbI, TaK H aApOHBI. Cpemd HHUX
TakKHe Ipouecchl, Kak

n—p+e +v, A—p-4e 4w, u apyrue.

HakoHel, B HeJeNnTOHHBIX CJa0bIX NpoIeccax yyYacTBYIOT
JUIIb afpoHbl. HesenToHHBIE B3aMMOAEHCTBHSI C H3MEHEHHEM
CTPAHHOCTH NpPOSIBNAIOTCS B YHCTO aJpPOHHBIX pacnajax rume-
poHoB ¥ K-mesonoB. Ilpomeccsl ¢ coxpaHeHMeM CTPaHHOCTH
TNIPUBOASIT K TaK Ha3bIBAEMBIM p-HEUETHBIM SIIEPHBIM CHJIaM. DTH
CHJIBI, NpelcKasaHHble TeopHeH, OblIM OTKPHITHL B 1964 r.
10. T. A6osbiM 1 I1. A. KpynuuuKUM U KOJHMYECTBEHHO HCCIle-
noBaHbl B 1967 r. B. M. Jlo6auossiM ¥ B. A. Ha3zapenko.

YcTaHOBJIeHHe KBapKOBOH CTPYKTYDHl aJpPOHOB IOBJEKJIO
3a co60f M3MeHeHHMe NpeACTaBJeHHH O CTPYKType ciaaboro
TOKa. BMecTo ajpoHHBEIX TOKOB Telepb (pUTypHUPYIOT TOKH, COC-
TaBJleHHble M3 KBapKOBBIX HOJIEH.

B Tom cnyuae, xorna depMHOHHBIE NOJIST ¢4 U U COOTBETCT-
BYIOT YaCTHLAM C Pa3HBEIMHM 3HAUeHUSIMH 3JIEKTPHUECKOro 3apsi-

Ja, Tok j=uOv HasblBaeTcsl 3apsKeHHBIM.

Ecau xe anektpuueckne 3apsijpl noJeil 4 ¥ v COBNAjaloT,
TO TOK HasblBaeTCs HeHTpasibHBIM.

3aMeTHM, YTO B TAaKOI TEPMHHOJIOTHH OGBIYHEIf SJIEKTpOMAar-
HHUTHBIH TOK TaK:Ke OTHOCHTCS K HeHTpasnbHEIM. HelTpanabHOCTD
3JIEKTPOMarHUTHOTO TOKAa O3HAuaeT, YTO B aKTe B3aMMOIEHCT-
BHUsA 3apsf YaCTHIEI He MeHseTCsl, IOCKOJNbKY IIepeHOCUHK B3aH-
MmojelicTBusl  ((OTOH) sBJIsSeTCS HeHTpasbHBIM.

Han6onee naBHO wH3BecTHB! cj1abble IPONECCH, KOTOPbIE
CBSI3aHBI C 3apAXKEeHHBIMH TOKaMH. K HX 4HCHy OTHOCATCS, Ha-
npyMep, TaKHe NMpOIEcCH, KaK

n—p+e +v, p —e +v, +;V;u

vp+n—p+p-, A—pte 4w,
H MHorde apyrue. CyiiecTBoBaHHMe cJIaGbiX IpolLieccoB, oGyc-
JIOBJIEHHBIX HeHTpa/bHBIMH TOKaMH, ObLIO NpeACcKa3aHO Teope-
THUYEeCKH B CO3haHHOH B 60-e roipl 06befHEHHOH TEOPHH cJia-
OBIX M 3J€eKTPOMArHUTHBIX B3aHMoJeHcTBHH. Uepes HecKONbKO
JIeT TIoCJle 3TOr0 OHM OblIM OOHApyKeHBl Ha 3KcIepHMeHTe.
B 1973 r. B npoBozuBuIHXcsl B EBponefickoM LiEHTpe siIepHBIX
Hcenenopanyni (LEPH) sxcnepyiMenTax 1o paccesiHHIO MIOOHHBIX
HEHTPHHO Ha HYKJOHAaX OblJIH 3apericTpHpOBAHBl GE3MIOOH-
HBIE IIPOLIECCHI

vy, + N — v, 4 anponsl, v—u +N— ;u ~+ anpoHEL.
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Orcionia GBI CleslaH BBIBOJ O CYIIECTBOBAHHH c/1aboro B3a-
HUMOJIEHCTBHS, ONMHCHIBAEMOTO TpPOH3BeleHHeM HeHTpasbHOTO
HelTPHHHOTO TOKA Ha HeHTpaJsibHBle KBapKOBhIe TOKH. B 1978 T.
NPpH HCCIeAO0BAHHH ONTHYECKOH aKTHBHOCTH NMapoB aTOMApPHOI0
BucmyTa JI. M. BapkoseiMm u M. C. 30/10TOpeBbIM GBI 9KCIIE-
pHMeHTaNbHO OGHapyKeH CJabblfl HeHTpaNbHBIH 3/EKTPOH-
Hbli Tok. Hakonen, B 1982 r. GbIIM OTKPHITHL U ApYyTHe clabbie
HeHTpasbHbIEe JIENTOHHBIE TOKH.

ITpomescymounoi 6030x. Kak yxe roBOPHUIOCH BO BTOPOH
ryiaBe, YeTblpeX(pepMHOHHAS MOJeJb YCIELIHO ONHCHIBaeT Le-
JBIA PSAJ 3KCNEepHMeHTaNbHO HaGMioJaeMblX B Npoleccax cia-
60ro B3aMMOIEHCTBHSI 3aKOHOMEPHOCTEH.

Bmecre ¢ Tem, o6nanas pa3MepHOM KOHCTaHTOH CBSI3H, MO-
nenb PepMy HerepeHOpMHpYeMa U NO3TOMY He MOXKeT NpeTeH-
J0BaTb Ha pOJib Noc/efoBareJbHOH Teopuu. CTeneHHOH POCT
MaTPHUHBLIX 3JIeMEHTOB C 3Heprueil NPHBOIUT K NPOTHBODEYHIO
C YCJIOBHEM YHHTApHOCTH, YTO JeJiaeT BblpaxKeHUs, NOJY9eH-
HEIE B HH3MIEM NOpSJKe TEOpHHU BO3MYIIEHHH, HeNpHUTOAHBIMH
IJisl ONMCaHMs ABJEHMH B 06JIaCTH BHICOKHX (MOpsiKa COTEH
I'sB) sHepruit. ['panuna o6jacTd NPUMEHHMOCTH deThpexdep-
MHOHHOH TEODHMH, Ha CYUIeCTBOBaHHE KOTOPOH BIEpBble yKa-
3an BJoxyHIEB, HOCHT HasBaHWe YHHTApHOTO Mpenena.

B To e Bpems, HM3KOSHepreTHyeckue MNpelCKa3aHHs He
H3MEHATCS, €C/MH NPEeANOJOXKHTb, UYTO YeThipexdepMHOHHBINA
JlarpaHXHaH c1aboro B3auMomeHcTBHs B ¢GopMe (TOK X TOK)
He sBiseTcst (dyHIaMeH-

TalbHEIM, a BO3HHMKaeT

BCJIE[ICTBUH TOTO, YTO CJa-

Oble TOKH B3aUMOJAEHCTBY- z

0T Mex1y coGoi uepes He- _Cr —_—
KOTOpOE MacCHBHOe Mnpo- V2
MeXyTOuHoe noJie. [Ipyru-

MH CJIOBaMH, OHH He H3-
MeHSITCH, eClH NpeAnoso-
XKHUTb, 9TO B3aUMOJIeHCTBHEe  Puc 21. Mamoctpauusi mnepexoga oOT
oYX TOKOD TeIED He Ty o
ABJISIETCA JIOKAJIBHBIM, - 2  pea I\flle)l(yTO'{H;»IM I6)030HOM v
pasHOCHTCS B  pasHble

NpPOCTPAHCTBEHHO-BpeMeHHble  TOYKH, KaK T0Ka3aHO Ha
puc. 21.

Haponsuiyum coofpaxeHneM MOXeT CJYXHTb HeKotopas
KBaHTOBOIOJIeBass MOJeNb, NoJAo6Hast KBaHTOBOM 3JIeKTPOAHHA-
MHKe, B KOTOPOH, OIHAKO, «(HOTOHE» 06/afaloT AOCTATOYHO
GOJIBIION MacCOH H ONMUCHIBAIOTCS BEKTOPHHIM nosiem By,. Eciu
OTPaHHUYUTLCS TONBKO TAKMMH NpoOLEccaMH, B KOTOPHIX TsIXKe-
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Jible «hOTOHBI» HaXOASATCS JIMIIb B BHPTYaJ/bHEIX COCTOSIHHAX,
a B HAyaJbHOM M KOHEYHOM COCTOSIHHSIX OTCYTCTBYIOT, TO HX
MOXHO omHcaTb, ¢OpMalbHO HCKJIOYHB H3 TEOPHH BEKTODHBIE
noJisi By, ¥ 3aMeHUB JlarpaH:KHaH B3auMOfeHcTBHA ejy, (x) By (x)
Ha HeKOTOphbii 3(h¢deKTHBHBIH HeJOKaJbHEIH JarpaHxHaH
%, (¥) Dyy (x—y) jy (x), tie Dy, (x—y) npexncraBaser co6oi
¢dyHKIMIO pacrnpocTpaHeHus «portoHar. Kak yxe o6cyxnanoch
B CBA3K ¢ Mozenbio IOKaBbl, MaCCHBHOCTb NepEeHOCYHKA Ollpe-
JlesIsieT KOHeYHOCTb pajuyca B3aHMOJAeHCTBHS.

Takum o6pasoM, MOKHO NpPENNOJNOXKHTb, 4TO (yHIaMeH-
Ta/lbHBIH JarpaHXHaH CJ1ab0oro B3aHMOAEHCTBHS HMeeT BHI,
aHaJIOTHYHEIH 3JIeKTpOoAHHaMHuecKoMy gfy (X)W, (x), toe g —
GespasMepHasi KOHCTaHTa CBA3H, a W), — HEKOTOpOe BEKTODHOe
noJie, nepeHocsmee B3auMofeHcTBue. CooTBeTcTBYyloIas dac-
THIA TNOJYYHJa Ha3BaHHEe «IPOMEXYTOUHBIH BEKTOPHBIH 60-
30H». B pamkax 3ToH runoresbl MOXHO OOGBACHHTb, NOYEMY
yeTblpexeDMHOHHAsl TEOPHS HEIIOXO OIHCHIBaeT HEKOTOphIe
NpoLlecCH, M yKasaTbh Npefenbl ee NPHUMeHHMOCTH. JleHcTBH-
TEeJbHO, €CJH Macca NPOMEXYTOYHOro 6030Ha AOCTAaTOYHO Be-
JIUKa, a IepefaHHble HMIYJbCH ¥ BCE SHEPTHH MHOTO MeHbIle
My, TO IpOMEXKYTOUHBIE GO30HBI MOT'YT BO3HHKAaTh TOJNBKO B
BUPTya/lbHBIX COCTOSAHUAX. IIpu 3TOM B3auMmozeHcTBHe, oCy-
IeCTBJIsIEMOe B pe3yJibTaTe o6MeHa NPOMEXKYTOYHBIM 6030HOM,
NOYTH He OTJHMYaeTcd OT YeThlpeX(hepMHOHHOIO, MOCKOJBKY
nponaratop nmnoas W, B HMIYJbCHOM DpeNCTaBJIEHHH
g"v/(M?*—k?) B 3TOM Cityuae NpUGIU3UTENBHO PaBeH NOCTOSTHHOM
g"’/M*. B KOOpIMHATHOM MPENCTABNEHHH 3TOMY BbIPaXKEHHIO

uv
coorBeTcTByeT 6-QyHKUHS: iMz—G(x——y), T.€. TOUKH X U Y

NPaKTHYeCKH CIUBAIOTCS B OJHY.

Hrak, B3auMoneficTBHe JBYX TOKOB B HH3KO3HepreTHUec-
KOM DNpHOnuxeHHN 3¢deKTHBHO MOXKET ONHCHIBATHCS JIOKasb-
HBIM BbIpaxeHueM gjy, (x) Wy, (x). Kaxk Jjierko 3ametursb, depMu-
eBcKas KoHcTaHTa G NPOCTHIM 06pa3oM CBsi3aHa ¢ Ge3pasmep-
HOH KOHCTaHTOH g:

GV 2 = g/ M. (17.1)

STO COOTHOLLEHHE JIEFKO MOJIYYHTh, CPaBHHBAs NpPHBENEHHBIE
Ha puc. 21 guarpamMmbl H npeHeGperast HMIYJIbCOM B IPOMEXY -
TOYHOrO 6030HAa 110 CPaBHEHHIO ¢ ero Maccoli Myy.

I1pobrema nepernopmupyemocmu. bespasmepHoCTb KOHCTaH-
Thl CBSI3H NOPOXKJAAeT HafeXIy Ha BO3MOXKHOCTb TOCTPOEHHS
nepeHOpMUPYeMOll MoJend cJabblX B3aUMOJEHCTBHH.

OnHako cuTyanus 3[ech COBEpILEHHO JApYyTasl 0 CPaBHEHHIO
C HM3BECTHHIMH IIePEHODMHUDYEMBIMH TEODHSAMHM, TaKHMH, Ha-
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NpHMep, KaK KBaHTOBAs 3JEKTPOAMHAMHKA HJIM TEOpHst IOJs
Slura — Mussica. Hanomuum Bkpatue cyTh jena. DBoiee
NOPOGHO 3TOT BoMpoc yKe o6CyKaancs B KoHue § 15. B otiuune
OT 6e3MaccOBBIX BEKTOPHBIX NOJIEH, MACCHBHOE BEKTOPHOE I0JIe
MMeeT npomnaraTop, KOTOPBIH COJEpKHT, KpOMe IMOoNepeyHoH
4acTH, ellle M HNPOJOJNbHYIO, ONPEIEISIIYI0 €ro MOBeJeHHe
0py GOJIBLIMX HMMIYyJbcax M NPHUBOASALLYIO K GOJiee CHJIbHBIM,
YeMm JJIs TOINEPeYHOro IpornaraTtopa, yJbTpadHOJEeTOBEIM pac-
xogumocTaM. [losToMy Teopuu ¢ MacCHBHBIMH BEKTOPHBIMH MO-
JSIMH OKasblBalOTCl HelepeHOpPMHpYEMBIMH. EXHHCTBeHHas
BO3MOKHOCTb IIOCTPOHTb NEPEHOPMHPYEMYIO KBaHTOBOIOJIEBYIO
MOZe/lb C MacCHBHBIM BEKTOPHHIM II0JIEM OCHOBLIBAeTCsI Ha HC-
N0/b30BaHHH MEXaHH3Ma CNOHTAHHOTO HApYIUEHHsT CHMMETPHH.

§ 18. Mopenp Baiinoepra — Canama — I'iawoy

Buibop Kkaaubposouroil epynnei. JJOBOJBHO HOJroe BpeMsi
KBaHTOBasl 3JeKTPOAMHAMHUKa Oblla eNUHCTBEHHOH IOC/efOBa-
TeJILHOH TeopueH B (pM3HKe YacTull, KOTopasl AaBajla KOJIHYecT-
BeHHBle INpelCcKa3aHHs, COIJacylomuecss € SKCIEPHMEHTOM.
OmHa 6bli1a TaKKe NepBoi KBAaHTOBOIOJIEBOH MOZIEJIbIO, B KOTOPOH
CyllecTBOBaJa KaJHOpOBOYHAS HHBAPHAHTHOCTb. [IpHHIMI
JIOKaJIbHOH KaJH6pOBOYHOH HHBAPHAHTHOCTH MOXKeT GBITh I0JI0-
JeH B OCHOBY M TeopHM cjaboro B3aumojelictBusi. IIpu stom
Macca NePEeHOCUHKOB B3aMMOJEHCTBHUSI IOSB/SETCH B pe3yJib-
TaTe CINOHTAHHOIO HapylueHUsi cuMMeTpuH. OOWHUHA NpHHUMI,
Ha KOTOpOM 0asMpyIOTC MOJEJNH C1ab0oro M 3JeKTPOMAarHHT-
HOTO B3aMMOZEHCTBHH, I03BOJSET (OPMATbHO OOBEIHHHUTD HX
B paMKax OIHOH KaJHOpOBOYHOH TEOpHH.

Kanu6posouHasi rpynna eIMHOH TeopHH J[OJKHA HMETb
PasMepHOCTb, He MEHbBLIYIO TPeX. ITO CBSI3aHO C TeM, YTO B Te-
OpPHM JOJKHBEI IPUCYTCTBOBaTb, KaK MHHHMYM, TPH BeKTOp-
HBIX II0JIST — 3JeKTPOMarHuTHOe M JABa IIOJISI, COOTBETCTBYIO-
IMX 3apsiKEHHBIM [POMeXyTOYHHIM GosoHaM Wi, (Hanom-
HHM, YTO B TO BpeMs, KOTja co3jaBajack TeOpHs, O CYLLECTBO-
BaHMH HeHTpalbHBIX cJabbIX TOKOB OblI0 HensBecTHO. ONHAKO,
Kak BHIHO H3 JajbHelllero, B NpeijaraeMod MOJAEJNH OHH C
HeOGXOMMMOCTbIO COMYTCTBYIOT 3apsi2KeHHEBIM.)

Uucno KanuGpOBOYHBIX HosieH, Kak oObscHsaoch B § 14,
COBNafiaeT C pasMepHOCThIO rpynnsl. [Ipocreiinass yHHTapHast
rpynna pasmepHocTs Tpu — 310 rpynna SU(2). OgHako B paM-
Kax 3TOH TPYyNNbl He YJaeTcsl COINIacoBaTh HapylleHHe YeTHOC-
TH B c1a00M B3aUMOJEHCTBHH H ee COXpaHeHHe B 3JeKTpoMar-
HUTHOM. [leficTBUTENbHO, CJIabbiil 3apsiKeHHBIR TOK (IS mpoc-
TOTBl CHayaja Mbl OFpaHMYHMCS TOJNBKO JIENTOHAaMH, a O BBe-
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JeHUH B MOJeNb KBAPKOBBIX TOKOB H HX POJIM pacckaxkeM B
KoHIle naparpada) MoXHO NpelcTaBHTb B BHJE

j=;e‘vu (1 +Y5) e” = "ITeYM (1 + ‘Ys) T+we’
rae P, = (Ze_ ) — Ay6JeT, COCTOAILMH H3 IMOJeBbIX (yHKIHH

01
0 + —
3JICKTPOHA U HEUTPHUHO, a TT = (00> .

Jns ApyruxX JIeNTOHOB BCE PAaCCyKJAEHHsS aHaJOTHYHBI.
Marpuna (147;)T* U COOTBETCTBYIOWAS CONPSIXKEHHOMY TOKY
varpuna (14vy;) T~ aBasworca reHeparopamu rpynnel SU (2).
TperbuM reHeparopoM 3tofi rpynnsl siBasiercsi Matpuua (1-4-
—+7vs) Ts, KOTOPOH OTBevaeT HeHTpa/lbHBIH TOK, Hap YA
4eTHOCTb. 3aMETUM, YTO O6LIM# MHOKUTEND (1-7,) HE BaHUsET Ha
IPYMIOBYIO CTPYKTYPY, KOTOpasl onpefiesisieTcsi T-MaTpHIaMy,
NpeJCTaB/ASIOMUMH CO00H, KaK U3BECTHO, reHepaTophl I'DYIIIEL
SU (2). B Takoii cxeMe He ocTaeTcsi MecTa JJisi HEHTPaJbHOTO
TOKa, COXPaHSIOLIEro YeTHOCTb, KOTOPHIH MOr Obl UrpaTh pPoJb
3/JeKTpoMaruutHoro. [TosTomy AJ1st Toro, yTo6b! BK/IIOYUTL B 3TY
CXeMy 3JIeKTpOMarHMTHOe B3auMOfelcTBHe, HEOOXOAMMO BbI-
OpaTb rpynny pasMepHOCTH 4YeTbipe, B KauyecTBe KOTOPOH,
kak yxasan Il. Dnswoy, Moxer O6biTh BhIOpaHa rpymnma
SU(2) X U (1). FImerHo oHa Gblila OJNIOXKEHA B OCHOBY €IHHOH
MOJeJH 3JIeKTPOMarHUTHBIX M C/labblX B3aUMOJAEHCTBHI Jer-
TOHOB, IpejnoxeHHo#t B 1967 r. Baitn6eprom u Cana-
MOM.

Dusuueckas cmpykmypa. Tlepefiiem Tenepb K KpaTKOH Xa-
pakTepHucTHKe 3TOH MoZenHu. [lockosbKy OHa oKasbIBaeTcs JO-
CTaTOYHO TPOMO3ZAKOH, 0COGEHHO B 4acTH, KacatwlueHcs dep-
MHOHOB, Mbl OTpaHMYHMCSl B OCHOBHOM ONMCaHHEM BEKTOPHBIX
nosiefi, mepeHocsAWMX cnaboe U 3JeKTPOMarHUTHOe B3auUMoJeii-
creie. JlokanbHasi Kanu6GpoOBOYHAs HHBAPHAHTHOCTb OTHOCH-
TenbHO rpynnsl SU (2) XU (1) Tpebyer cyllecTBOBaHHSI ABYX
KaJU6pOBOYHLIX BEKTOPHBIX  IOJeH — TPeXKOMIOHEHTHOTO
Vi(x) (a=1, 2, 3) u omHOKOMNOHeHTHOro B (x), B3anMojeli-
CTBHE KOTOPHIX C MOJSIMM MaTepHH XapaKTepU3yeTcsi IBYMs
KOHCTaHTaMM CBs3H: g, U g;. [lons Vji(x) u Vi(x) 3apsKeHsl,
a nos V3 (x) u By(x) HelTpabHEL.

B pesy/abrare cnoHTaHHOrO HapylleHHS CHMMETPHH NpH-
obperator Maccy moas V}i(x), Vi(x) U cynepnosunus nosei

2(x) u By(x): Z,=V} cosOy—B,, sin Oy, [Tapamerp 0Oy, Ha-
3bIBaeMblil yrioM BaifinGepra, npocTbiM 06pa3oM BbIpa)kaercst
yepe3 KOHCTAHTHI cBsi3u By, =arcsin(g;(gi+g%)—"/2). Kombunarus
Ap=By cos 0+ V} sin By, oproronanbhas Z,, ocraercsi Ges-
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MaccoBOH M B3aMMOAEHCTBYET C OGBIUHBIM 3JEeKTPOMATrHHTHBIM
TOKOM. [lo3TOMY ee MOXKHO OTOXKJAECTBHTb C 3JIEKTPOMATHHT-
HEIM roJeM. MaccuBHble BekTopHbie noas Wi =Vi+iV3 u
Zy, B3aMMOJEHCTBYIOT COOTBETCTBEHHO C 3apsi’KeHHbIMH M Heli-
TpalbHBIMH TOKaMH, HapyIIAIOUMMH YETHOCTb.

Hcnonb3oBanue mexaHuaMa XHUrrca Anist 06pa3oBaHUsi Macce
BEKTOPHBIX MoJieH Hen36exKHO NPHBOJUT K NOSIBIEHHIO B MOZEJH
MacCHBHOM CKaJ/IsipHOH uacTHUBl — XHITCOBa Go3oHa. [lo cux
Mop 3KcrepHMeHTalbHO OHa He oGHapykeHa. OfHOH M3 MpH-
YHH 3TOr0 MOXKeT ObITh 60JIbIIAs BeJUYHHA ee Macchl, He JOCTH-
XHMasi Ha COBpPeMEHHBIX YCKOPHTeJSiX.

He BnaBasice B neranu, kacawomuecsi GepMHOHOB, OTMETHM
JIMIIb, YTO KaxkAas napa JIenToHOB (e~, V), (W™, Vu), (T7, Vq)
BBOJIUTCS1 B MOJieJIb He3aBHCHMO.

Cpasrenue ¢ sxcnepumermom. PaccMOTpUM Tenephb rJaBHbiE
NpefcKasaHuss MOAeNM M HX 3KCIepPHMEeHTalbHBIH CTaTyc,
K uncny BakHeHIIMX C/IeACTBHH OTHOCHTCS NpejCcKasaHue Cy-
IECTBOBaHMA HEHTPa/lbHbIX C/1abblX TOKOB. B TeueHHe HECKOJb-
KHUX JIeT 1ocjle CO3JaHHs MOJeNH 3TO CJeACTBHe pacCMaTpH-
BajloCch KaKk ee HeJOCTaTOK. Kak yxe roBopHJioch B NpeAbIAy-
ueM naparpacde, npoueccel, 06ycJOBJeHHble HeHTPalbHBIMH
TOKaMH, ObIH SKCIepHUMeHTalbHO o6HapyxxeHsl B 1973 ropy.
STO OTKpHITHE CTA/I0 MepBEIM TpUyMpoM Mofeny BaitHGepra —
Canama.

Jpyrum CBHIETENbCTBOM NPABHJIBHOCTH TEODHH SABJAETCS
JOBOJILHO XOpolllee COBNafieHHe H3MepeHHbIX B pPasHbIX IIPo-
neccax 3HauyeHH# yria BaiinGepra: sin? 0,,~0,23.

Camasi HemocpeACTBeHHast NpoBepkKa COCTOsJ1a B IIOHMCKe
IIPOMEXYTOYHBIX 6030HOB, OLEHKY MX Macc IO MNOpPSAKY Be-
JIMYMHEI MOXKHO MOJIYYUTh YKe u3 dopmydsl (17.1), ecan noso-
XHUTb g2~e?~1/137. Orciona ciefyer BelMYHHA B HECKOJBKO
necatkoB I'sB. DBousee TouHble npenckasaHus JAaeT MoJeNb
Baiin6epra — Canama. C yueToM paJMalMOHHBIX NONpPaBOK
NOJYYalOTCsI COOTBETCTBEHHO CJEAyIole BeMHYHHB: My =
=82,56+2,5 B, M;=93,3+2,5 I'sB. Cronp Gomnbluux SHep-
TM# [0 HelaBHETO BPeMeHH AOCTHYb Ha YCKODHUTENSAX He ylaBa-
Jochb. [losToMy nmpoMekyTOuHble BeKTODHBIE 6030HBI JOJITO OC-
TaBaJIMCh HEOTKPHITEIMU. ToJbko B 1983 roay B cnenyajbHBIX
3KCIepUMeHTax Ha pp-koanaigepe LIEPH — camom MomHoM
B HacTOslliee BpeMsl YCKOpHTeJe Ha BCTPEUYHBIX NPOTOH-aHTH-
NPOTOHHBIX INyyKax — yJAanoch 3adHKCHPOBATb PpOXKIEHHE
9THX yYacTull. V3MepeHHble B 3THX 3KCNepHMeHTaX 3HaueHHs
Macc Mm=8142 I'sB, M¥"=93+2 ['3B xopouo ykJaaipl-
BalOTCs B PaMKH TeOpeTHYeCKHX NpelcKasaHUH.
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Meul npuBenn HauGoJsiee sIpKHE MpHUMePHl SKCrepHMeHTallb-
HOTO IIOATBep:KJeHHs Mojend Baiin6epra — Canama. Ilox-
yepKHeM TakKxe, YTO 3Ta MOJE/b INOJHOCTbIO BOCIIPOM3BOAHMT
HH3KOSHepreTHueckie pe3yJ/bTaTbl YHHBEpPCANbHOH YeThlpex-
(epMHOHHOH TEOpHH H, B OTJHMUYHe OT IOC/]eJHeH, SABJIAETCS
niepeHOPMHUp yeMOH.

Anomanuu u ksaprosoe pacuiuperue. BaxkHas 0co6eHHOCTD
ONHChIBAaeMOH MOJie/IH CBsi3aHa C HecOXpaHeHHeM YeTHOCTH.
H3-3a Toro, 4ro B TEOpIIH NPUCYTCTBYIOT TPeYyToJbHbBIE AHArpaM-
MBI, y KOTOPBIX Bce TPH BHYTpPeHHHe JIMHUH (pepMHOHHbBIE, a U3
HapyXKHBIX — JBe BEKTOpHblE, a OJHA aKCHaJbHO BEeKTOpHad,
BO3HHKAaeT TaK HasblBaeMasl aKcHaJbHasd aHOMaJlHs.

[lon anoManue#l oOBIYHO NMOHMMaeTcsi HapylleHHe HEKOTO-
poro 3akoHa COXpaHeHHsd, BBITEKAIOLIero M3 CBOHCTB CHMMET-
pHH JlarpaHxHMaHa KJacCH4YeCcKOH TeOpHH, KBAaHTOBBIMH IO-
NpaBKaMM, BBIYMCJAEHHBIMM Ha OCHOBe TOTO Ke JlarpaH-
’)KHaHa. XapakTepHBIM IIPH3HAKOM KBAHTOBBIX aHOMaJHMH
ABJIsieTCs] HeBO3MOXKHOCTb YCTPaHeHHsA MX MyTeM Iepeorpe-
IesleHHs1 (IepeHOPMHPOBKH) KaKHX-IMOO BeJMYMH HJIM mapa-
METpOB.

B onuceiBaemMoM ciyyae H3-3a BKJala TPeyroJbHOH JH-
arpaMMbl OKasblBaeTCsi HEBO3MOXKHO OJHOBPEMEHHO YJOBJIET-
BOPUTb YCJIOBHSIM COXPAaHEHHs BEKTODHOI'O TOKAa H YaCTHYHOIO
COXpaHeHHsl aKCHaJbHOIo Toka. JlaHHOe 0OCTOATEeNBbCTBO NpPH-
BOJHUT K TOMY, YTO OOBIYHBIE YJIbTPaQHONETOBbIE IEPEHOPMHPOB-
KM BeKTODHOH BepILIHMHBI He YCTPaHSIOT BCeX PAaCXOJUMOCTeH U3
aKCHa/JbHOH BepIIMHBL. JTO HMMeeT KaTacTpOo(HuecKHe MOoc/el-
CTBUA JJIs1 NePeHOMHPYeMOCTH BCeHl TEOpHH.

EnuHcTBeHHasi cnacuTeslbHas BO3MOXKHOCTb 3aKJIOYaeTCst
B TOM, 4YTOOBI BKJaJbl Pa3HbIX ()EPMHOHOB, PACIPOCTPAHEHHIO
KOTOPBIX MOTYT OBITh CONOCTaB/eHbl BHYTPEHHHE JIHHHUHM JaH-
HOH TpeyrolbHOM JuarpamMmbl, B CyMMe CKOMIIEHCHDPOBAJIHCh.
Kaxk MOXHO nokasaTb, BKJaJ KaxJoro (gepMHOHa B aKCHalb-
HYI0 aHOMAaJIMIO MPONOPLHOHAJEH €ro 3JIEKTPHUUECKOMY 3apsi-
ny. IlostoMy ycnoBHeM B3aMMHOIO COKpaUeHHS AaKCHasb-
HBIX aHOMaJuil sIBJsIeTCS: paBeHCTBO HYJIIO CYMMapHOTo 3apsija
BceX (bepMHOHOB.

Taxkylo KOMIEHCaLHul0 yjaercs NOJYYUTb, €CJIH BBECTH B
paccmorpeHye ciaGoe B3aMMOZEHCTBHE KBapKOB, KOTOpoe 3(-
(eKTHBHO IpoOsABJAseTcs B Ha6M0faeMOM Ha SKCIEDHMEHTe
cnaboM B3anMOJeHCTBHH afpoHOB. Cnabble TOKH KBapKOB ObLIH
nocrpoensl B padorax HI. T'msmoy u ap. aBropoB. O6beAvHEH-
Hasg MoOjeJb 3JeKTpPOoCcaabblX B3aUMOAEHCTBHH JIENTOHOB H
KBapKOB HasblBaeTcsl Mojenbio BaiiHGepra — Canama — I'y1s-
IOy .
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Ecin xaxpolt nape JIenTOHOB NOCTABUTh B COOTBETCTBHE Na-
Py KBapKoB, TO COKpallleHHe aHOMaluil BO3HUKAET eCTEeCTBeH-
HbIM 06pasom. Hanpumep, conocTaBuB 3/J€KTPOHY H 3JEKTPOH-~
HOMY HEATPHHO mapy KBapKoB U H d, MOJy4uM, 4TO CymMMap-
HBIl 37IEKTPHYECKUH 3apsifi paBeH HYJIO:

2Q=—14+0+3(2/3—1/3)=0. (18.1)

MuoxuTenp 3, cTosIUHMH Tepef KBAPKOBBHIME 3apsilaMH, COOT-
BETCTBYET TPeM BO3MOKHBIM IIBeTaM KBapKOB.

Ilokonrenus. O6pasoBaHHbIE TAKHM 0GPa30M COBOKYMHOCTH
JIENITOHOB H KBapKOB HA3bIBAIOTCH MOKOJNEHUAMH (hepMHOHOB.
Hrak, nepBoe MOKOJEHHE COCTABJAIOT JIErdaiiufe JieITOHBI
€7, v, U Jervafimme KBapku u u d.

BTopbIM noKOJeHHEM SIBISIOTCS MIOOH M €r0 HeHTpHHO,
U=, vy, ¥ Ba KBapkKa, ¢, S. 3[1eCh TaK»Ke BHINOIHSETCS YCIOBHE
(18.1), rne oxasbiBaeTcsi CyLIECTBEHHBHIM YETBEpPTHIH KBapK c,
TEOPETHYECKH NpelCKa3aHHBIH Ha OCHOBe COOOpakeHHH KBapK-
JIENITOHHOH CHMMETPHH 3aJI0JITO IO €ro 3KCHepUMEHTaJbHOTO
OTKpHITHSA B 1974 T,

B Tperbe mnokoJsieHHe (epMHOHOB BXONSAT OTKPBITHIA B
1975 r. T-nenToH u ero HeHTPHHO, a Takxke b- U t-kBapxu; b-
KBapK OblJI 5KCIIepHMEHTaJbHO 06HapyxKeH B 1977 r. Mmeromye-
Cs 3KCNeDMMEHTa/lbHble JaHHBle, KOTOpble MOXHO OBLIO GBI
HHTEPIIPETHPOBATh KaK yKasaHHe Ha CyllecTBoBaHHe t-KBap-
Ka, TOKa ellle He MOTYT paccMaTpUBaThC KaK OKOHYATENbHEIE
H HYXKJAIOTCS B NONTBEPKIEHUH.

Maccel hepMHOHOB OT NOKOJIEHHS K NMOKOJEHHIO 3HAUHTENb-
HO Bo3pacrawoT. Tak, Hampumep, m,=~200m,, m~20m,.
AHaOTHYHO pacTyT M Macchl KBapKOB.

B Hacrosimee BpeMsi NpPHYMHBI, ONpelesioliye IPynmHpo-
BaHHe (EPMHOHOB B IIOKOJIEHHS, COBEPIUEHHO He IOHSITHHI.
HensBecTHO TaKkiKe, CKOJIBKO K€ BCETO CYLIECTBYET NOKOJEHHH.
(Ects, npaBza, KOCBEHHbIE JaHHBIE, NOJyYeHHbIe H3 acTPO(H3H-
KH, KOTOPble YKa3bIBAIOT HA TO, YTO YHCJIO THIIOB JIETKHX Heli-
TPHHO paBHO TpeM MJIM yeTbipeM.) Hakownen, HeT oTBeTa M Ha
BOINIPOC, 3ayeM Booflle INpHpoOfie MOHAZOOHJIOCh «THPaXKHpPO-
BaTb» TOKOJIEHHS, IIOCKOJNBKY pOJb (PepMHOHOB BTOPOIO H
TPETBErO IOKOJEHHH Ka)KeTcsi HHMYTOXHO MaJiofl IO CpaBHe-
HHIO C DOJIbIO ()epPMHOHOB IIEPBOTO TOKOJIEHMd, ONpeAessio-
IIHUX TNOJaBJsomlee GOJNBIIMHCTBO HabJIOfaeMbIX (H3HUYECKHX
sIBJIGHUH .

YBeJMueHHe YHCJA M3BECTHHIX KBapKOB M JIENTOHOB HAaBO-
JHT Ha MBICJIb O TOM, YTO OHH CAMH MOTYT NPeICTaBJATL COOOH
CBfI3aHHBlE COCTOSIHHSI KaKHX-TO GoJiee 3J1eMeHTapHBIX OObeK-
ToB. Ha 3Ty TeMy BbicKasaH psj IMIOTe3, KOTOpble NOKa HaJie-
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KH OT O(hopMJIEHHsI B NOCJeAOBATEe/bHLIE TEOPETHUECKHE MOJE-
JIH, He TOBOPS y2Ke 0 KaKoH Obl TO HH ObLJIO 3KCHEePHMEHTaJbHOH
TNpOBepKe.

[oxBons utoru obcyxieHust moienu Baiin6epra — Cana-
Ma — [ys110y, nofuepKHeM ellle pas, YTO OHA fABJfAETCA B Ha-
cTOsilllee BpeMs OOLIeNnpH3HAHHOH MOJEJBIO 3JIeKTPOMAaTrHUTHBIX
H cJabblX B3aMMOJEHCTBHH, coryacymooumelcs ¢ 3KCnepHMeH-
TaJbHBIMH JaHHBIMU. B TO 3Xe BpeMs 0 cHX IOp He oOHapy:ke-
HBl XUITCOBBI O030HEI, a C/1eJ0BaTelbHO, He HMeeT I0Ka JKCIIe-
PHMEHTaNLHOTO NOATBEPXKAEHHS HCHOJb3YEMBIH B MOJENH Me-
XaHHU3M CIIOHTAHHOTO HapylleHHs CHMMETDMH H BO3HHKHOBe-
Husa macc. OTMeTHM ellle, TaKKe He BAABascb B AeTalH, YTO B
IaHHOH MOJeNH HeHyJeBOoe BaKyyMHOe CpeLHee CKaJsSpHOIo
TNoJIs MIPHBOJUT K INOSIBJIEHHIO Macc He TOJNLKO Y Kajau6poBOu-
HBIX BEeKTOPHBIX NoJell, HO H(K3-3a MpeAnosaraeMblx ClelHab-
HbIX B3aHMOJEHCTBHH IOKaBCKOI'O THIA) K INOSIBIEHHIO MacC Y
tepMHOHOB. YTOOGBI COBMECTHTb Pa3/HUYHMS MO BEJIHYHHE MAcC
(hepMHOHOB H IPOMEXYTOUHBIX 6030HOB, TpPeOyeTcsl IPenIoJo-
KHUTb, YTO IOKABCKHME KOHCTAaHTHI JOCTaTOYHO MaJjbl H, KpOMe
TOTO, Pas3JHuHBbI I KBAPKOB M JenToHOB. Hanuuue monosuu-
TeJIbHBIX B3aHMOJEHCTBHH KpOMe KaJuGPOBOYHOTO, XapakTe-
pH3yeMbIX pa3HbLIMH KOHCTAHTaMH CBSI3H, HAPYIIAeT B 3HAUH-
TEJbHOH CTeNeHH NPOCTOTYy U 3KOHOMHOCTb MOJEJIH.



I'masa VI
KBAHTOBASI XPOMOJHUHAMHKA

§ 19. CoctaBHasi CTpYKTypa afpOHOB

T’ aybokoneynpyeoe pacceanue aenmonos Ha adporax. Kax
yXe TOBODHJIOCH B § 8, HcCllelOBaHHe MPOIIECCOB pAacCCestHUS
JIENTOHOB BBICOKMX 3HepPrufl Ha HYKJIOHAX INPHBENO K OTKPHI-
THIO CJIOXKHOH CTPYKTYpHl INOCJelHHX. PaccesiHue J/enToHOB
Ha aJpoHaxX INPOMCXOAHMT C MNepefayell SHEPrHH H HMIyJbca
MOCPEACTBOM BHPTYaJbHOH 4YacTHLBI — ()OTOHA — MNPH  pac-
CesTHMH 3JIEKTPOHOB H MIOOHOB, a TaKKe NPOMEXYTOYHOTO GO-
30Ha NPH paccessHHH HeHTPHHO. [lysi KPaTKOCTH Mbl GyAeM
TOBOPUTB JIHLIbL NP0 BUPTYAJbHBIH
¢oToH, moxpasyMeBasi TakKe BO3-
MOXXHOCTb OGMeHAa H IIPOMEKYTOY-
HBIM 6030HOM.

Ha puc. 22 cxematuuecku u3o-
OpaxeH mpolEecC Tak Ha3blBaeMO-
ro riiy6G0KOHeyNpyroro paccesiHus
JentoHa (e, W WJIH V) Ha HYKJO-
He, TIIpH KOTOpPOM HYKJOH N
NPEBPAILAETC B CHCTEMY alPO-  p,. 99 (Cxemarmueckoe M-
HoB X. KuHeMaTHuecKHe YCJIOBHSA o6paskeHHe nmpomecca ray6oKo-
(p+9)>M% u —q*>M3; ofecrie-  Heynpyroro paccesiHHsi JINTo-
YHBAIOT COOTBETCTBEHHO BO3MOXK- :HKHH% :3;1”;3}!2, :g;‘cﬂl‘fog;é“
HOCTb POXKIeHHs 6oJibioro gucia Y Te‘:wyp a’{:p hon
aZpOHOB U «IIPOHHKHOBEHHS» BHP-

TyanbHOro (OoTOHA «B TJIyGb» HYKJIOHA HA PACCTOSTHUSA, MHOTO
MeHbILIHEe er0 pasMepoB.

TexHuuecku HauGoJiee MPOCTBIM H, BMECTE C TeM, NO3BO-
JIIOIMM HOJNYYUTDh JOCTATOYHBIE CBEJEHHS O CTPYKType aipo-
HOB sIBJIsieTCs, KaK y¥Ke roBopuioch B § 8, u3yuenue tak Ha-
3bIBaeMbIX MHKJ/IIO3HBHEIX XapaKTepHCTHK, T. €. XapaKTepHCTHK
TaKMX NPOIECCOB, KOTAa B KOHEUHOM COCTOSIHHH PeTrHCTPHpYeT-
Csl TOJIbKO pacCesiHHbIH JIENTOH, a KOHeuHas afpOHHasi CHCTe-
Ma MOXeT ObITb KaKOH yTOJHO.

ITapmonnas modens. CyliecTBYIOUHE SKCIEpPUMEHTAbHEIE
JaHHBIe NOBOJIBHO HENJIOXO OIHCHIBAIOTCA B paMKax MapTOH-
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HOM MOJEeJH, COIJIACHO KOTOPOH BHPTYasbHBIH (OTOH HeKore-
PEHTHBIM 06pa3oM B3aHMOJEHCTBYET C TOYEUHBIMH COCTABJISIO-
IKMMH aJpOHAa — TaK HasblBaeMbIMH napToHamu. HexorepeHrt-
HOCTb 03HAYaeT, YTO BEPOSTHOCTb B3aUMOZeHCTBHS (hoTOHA C
COBOKYNHOCTBIO TAPTOHOB PaBHAa CyMMe BepOSITHOCTeH B3aHMO-
JeHCTBHA C KaxkIbIM M3 HHX.

B napToHHOH MojesnH mpejnoJaraercs, 4To npouecc ray6o-
KOHEYIpPYroro paccestH!si IPOMCXOJMT B JiBe He3aBUCHMBIE ADYT
OT Jpyra CTajuH, Kak NoKasaHo Ha pHc. 23. Ha nepsoit cra-
IHM TPOHMCXOZHUT B3aMMOJEHCTBHe BHPTyaslbHOro (oToHa C

Puc. 23. Tlpeacrasaenne npomecca riyGOKOHEYNPYroro paccesHus B Hap-
TOHHOH MOJe/H

OJHHUM H3 NIapTOHOB, KOTOPHIH INOJyuYaeT GOJBIIOH HMITYJbC
OTJAuH, a Ha BTOPOH — «aJpOHM3alHUs», T. €. NpeBpalleHHe
[IapTOHOB B CTPYH AaJApOHOB, KOTOpPble U HaGMNnaroTcs Ha
OTIbITE.

WsmepsieMass Ha OmNbiTe 3aBHCHMOCTb HHKJIIO3MBHEIX Ceye-
HHH OT KBajipara nepeJlaHHOro MMIyJbca §* U SHEpTHH, Iepe-
JaHHOH all]pOHHOHM CHCTeMe, KayeCTBEHHO COIJIacyeTcs C Ipej-
CTaBJIEHHEM O TOYEYHOCTH IIapTOHOB, a TaKxKe TpeGyeT, YTOGH
npu Goabmux |g2|(lg2|>>1 I'sB2) B3auMoneiicTBHe MeXLy HUMH
OBLIO JOCTAaTOYHO CJa0BIM.

Kesapku u 2a100Hbt. AHANMN3 NaHHBIX 110 TTyGOKOHEYPYroMy
pAacCestHHIO SJIEKTPOHOB, MIOOHOB M HEHTPHHO MO3BOJISIET TAKKeE
cliesaTh BLIBOZ O TOM, YTO 3apsiKeHHbIE MAapTOHBI MOMKHO OTOX-
IecTBJSATh ¢ KBapkamu. OHH, OJHAKO, He HCUEpIBIBAIOT BCEX
naptoHoB. OKOJIO NOJIOBUHBI HMIYJbCa HYKJOHA NEPEHOCHUTCS
3JIEKTPUUECKH HeHTpaNbHBIMH OOBEKTaMH, KOTOphle HasbiBa-
toTcsl TUIooHaMmu (0T aHrauiickoro «glue» — kaei). Ilo mpen-
TIOJIOKEHHIO, OHHM OCYLIECTB/SIOT B3aHMOJEHCTBHE KBapKOB
MeXLy co00f ¥, B YaCTHOCTH, CKJIEHBAIOT» HX B aJPOHEI.
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OGMeH Tr/00HAMH MeXAy KBapKaMH JIOJ/KEH NPHBOAHTh
K B3aHMOJEHCTBHIO, KOTOpPOe CJIaG0 Ha MaJbIX pPaCCTOSIHHAX
(<<10-® ¢M) W JOCTAaTOUHO CHJILHO, 4TOOBI 06ecrneyuTh yCTOH-
YHBOCTh aiPOHOB, Ha GObumX (=104 cM).

Keapk-eaioonnoe e3aumodelicmeue u acuMnMOMu4ecKas ceo-
6o0a. B KBaHTOBOH TeopuM IOJS, KaK M3BECTHO, MHTEHCHB-
HOCTb B3aUMOJEHCTBHA Ompefensercss BelMUYHHOH 3¢deKTHB-
HOI KOHCTaHTHI CBs3H. Kak y»ke roeopuyoch B § 13, MMeHHO
Takoe noBefieHHe 3(hGeKTHBHBIX KOHCTAHT CBA3H, KaKoe Tpe-
Oyercsl IS B3aMMOJEHCTBHUA KBapKoB, INpHCYlle HeabeseBbIM
Kaqu6poBoyHbIM TeopusiM. C yBeJMYeHHEM pacCTOSIHHS HH-
TEHCHBHOCTb B3aMMOJEHCTBHS B HUX 3(h(deKTHBHO BO3pacTaer,
a NpH YMeHbLIEHHH PaCCTOAHHUS CTPEMHUTCS K HYJIIO 110 hopMyie
tuna (13.7)

a (r) ~ (cln riA)—

CBOHCTBO «CaMOBHIKJIIOUEHHSA» B3aUMOJEHCTBHSA HA MaJbX
pPAacCTOSTHHAX HOCHT Ha3BaHHE acCHMITOTHYECKOH CBOGOJHL.
Takum 06pasoM, BO3HHUKAET Clefyloliast KapTHHA CTPOEHHUS
ajpoHOB. B cooTBeTcTBHU C HX KBAaHTOBBIMH YHCJaMH afpOHBI
COLlep:KaT HEeKOTOpoe MHHHMalb-
HOE UYHCJIO KBapKOB H aHTHKBap-
KOB, KOTOpble MHOTAA HaskIBAIOT
BaJIeHTHBIMU. Tak, GapuHOHBl CO-
Jlep:KaT TPHM BaJIeHTHBIX KBapka,
a Me30HBl — BaJleHTHble KBapK
U aHTHKBapK. BasneHTHEle KBapKu
B3aUMOJIEACTBYIOT MeXILy Cco060H,
OOMEHHBAsICh BUPTY albHBIMH IVIIO-
OHaMH — KBaHTaMH 1nojas  SlH-
ra— Munsica. B cBow ouepenp
[JIIOOHBl POXKIAIT BHPTYasbHbIE
napbl KBapKOB M aHTHKBapKOB,
KOTOpble, YTOOBl OTJIMYHTH MX OT
BaJIEHTHEIX, HashIBAlOT MopeM. Bce  PuC. 24. Cxemaruueckoe Hso-
Jpax<eHHe CTPYKTYphI HYKJO-
5TO Hafi0 JONOIHMTH NPOLECCAMH  .a"Cpermme KpymKH u30Gpa-
HCyCKaHusl BHPTYaJIbHBIX TIVIIOO-  kaloT BajeHTHble KBapKH, a
HOB KBapKaMH MOpSl M CaMHMH TeMHble — KBapKH Mops. Bou-
IJIIOOHaMH, H T. A. HHUCTBIE JHHHH H306pa>xa10T
Ha puc. 24 cXeMaTHuHO No- OGMEHS! - T00HANH
Ka3aHo, KaKk YCTPOeH HYKJIOH.
CpeT/IbIMH KpYKKaMM Ha HeM H306pakeHbl BaseHTHBIE KBap-
KM, a TeMHBIMH — KBapkud Mopsi. O6paTHM BHHMaHHe Ha TO,
uTO KakK Te, TaK M JADYyTHe MOTYT HaXOZUTbCH B JIIOOOH TOUKe
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BHYTpH agnpoHa. CielyeT OTMeTHTb, YTO INpHBeleHHas Kap+
THHKA ABJISIeTCA BecbMa yCJI0BHOH. IIpaBuiibHee GBLIO GBI CKa-
3aTh, YTO aJPOHY COOTBETCTBYeT GeCKOHEeUHBI!I Habop nojo6-
HBIX KapTHHOK C Pa3/JMYHBIM YHCJIOM BHPTYa/lbHBEIX KBAapKOB H
TJII00OHOB.

§ 20. KanuOpoBouHas Teopus
B3aMMOJeiiCTBHSI KBapKOB M IJIIOOHOB

Llsemosas cummempus xeapkos. OCHapyKeHHE CBOHCTBa
aCHMNTOTHYECKOH CBOOOZEI HeabesieBbIX KaJMGPOBOYHEIX TeEO-
pHUH OTKPBLIO BO3MOXKHOCTb NOCTPOEHHS KBaHTOBOIIOJIEBOH MO-
JeNd B3aHMOJIEHCTBHH KBapKOB, COIVIacyloLlecs ¢ SKCHepH-
MEHTA/NbHEIMH JAHHBIMH 10 TIJyOOKOHEYNPYTHM IpOLECCaM,

e
w0 3
U= g
9
b
Puc. 25. [uarpamma mnpouec- Puc. 26. [uarpamma nporec-
ca pacnaja n°-me3oHa Ha JBa ca ete—-aHHHTHJSILMH B [iBe
toTona CTPYH aJpOHOB

B ocHOBe 3TOH MOJe/NH JIEXKHT IPYNIa CHMMETPHH KBapKOB IO
uBeram SU, (3), c KoTopoil Mbl no3HaKOMHJIHCh B §8. Xora cam
IIBET HENMOCPEJCTBEHHO HaOJIIONATh HEBO3MOXKHO, €ro BBeJeHHe
NO3BOJISIET PELINTh MHOTHE NPHHUMIHANbHBIE MPOGJEMBI TeO-
pun. Hanpumep, cornacoBaTb KBapKOBYIO MOJe/]b C NPHHIH-
nom [layau M cOKpaTHTh TpeyrosibHble aHOMalHM B MOJEIH
Baiin6epra — Canama — I'/131woy.

CyluecTByeT TakKe LeJBIH pSJ KCIEPHMEHTANbHBIX yKa-
3aHUMH Ha TPeXIBETHOCTb KBapKOB. B KauecTBe mpuMepa MOX-
HO NPUBECTH XapaKTEPHUCTHKM TaKHX IIPOIECCOB, Kak pacnajy
n° Ha ABa (JOTOHA ¥ AHHHTHJISLHS 3JNEKTPOHA M INO3UTPOHA B
afipoHbl. YKasaHHble IIPOLECCH OMNHCBLIBAIOTCA AHarpaMMaM,
H300paxKeHHEIMH Ha puc. 25 u 26. MoxXHO nokasarb, YTO OT-
HolleHHe R=0 (ete——y*— anpounl)/o (ete~—y*—p+p-) npo-
NOPLHOHANBHO YHCTY 1BeTOB N, a mupuHa pacnajga 'z oy
nponopuyoHaibHa Ni. PesysbraTel pacueToB 3THX XapakTe-
PHCTHK COBNAJAIOT C 3KCIEpHMEHTANbHBIMH JAHHBIMH TOJIBKO
apu N.=3.

Jazpanscuar 63aumodeticmeus. Ecnin npemnonoxkuth, 4TO
IIBETOBasi CHMMETPHsI HMeeT JIOKaJbHbIH XapakTep, TO BO3HH-
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KaeT KaJu6GpOBOYHAS TeOpHS B3aHMOZEHCTBUS KBapKOB H IVIIO-
OHOB, KOTOpast MOJIyYu/ia Ha3BaHHe «KBAaHTOBAasi XPOMOAMHAMH-
Ka» (coxpameHo KX HO).

B sT0li TeopuH, KpOMe IBETHHIX KBAPKOB, CYIIECTBYeT elle
8 Ge3MaccoBLIX BeKTOPHHIX INrooHOB Gy, (i=1, . . ., 8), KoTOpHIe
peasu3yloT NPUCOENMHEHHOe NpeJcTaBleHHe rpynnm. Kak us-
BECTHO, YHCJIO HX PaBHO pa3MepHOCTH rpynmnsl: 32—1. Baaumo-
IeficCTBHe KBapKOB C IJIIOOHAMM ONHCHIBAETCS JlarpaH:KHaHOM

EGti=V+g2—E(E1 52 :7-3)X

s G . 4 s )
Gp,-—l--V..S_. GM_LGH Gp,—lGu_
q1
x | Gh+iG} ou+V’*_ Gp—iG}, y”(‘lz)-
qs
2
Gh+iGy,  GE+iGh ———G8
p+iGu p+iGL V3 o

B aroii dopmysie nBeToBBle HHAEKCH 1, 2, 3 BHINHCAHEI SBHO, a
CyMMHpPOBaHHe BeJeTCsl 1O LIeCTH THIaM KBapKoB =1, d, s,
c, b, t.

HanomuuMm, uro, KpoMme yKa3aHHOTO CJaraeMmoro, aHajo-
FHYHOTO B HM3BECTHOM CMBICJIE KBaHTOBO3JEKTPOLHHAMHYECKO-
My ¥ TPHUBOASILIEr0 K BepLIHHAM, M300paxeHHbIM Ha pHc. 27,

1A X

Puc. 27. Bepum- Puc. 28. Bepmm{bl ONHUCHIBAIOLINE
Ha KBapK -I'TIOOHHOTO caMOJEeHCTBHE TIJIIOOHOB
B3aHMOJeHCTBHUS

B JlarpaHXHaHe B3aUMOJEHCTBHS NMPHCYTCTBYIOT YJeHbI, OIH-
chiBatouie camofieficteue riooHoB: g Tt (GuGy [0,Gy—0,Gyl)
n g?Tr(G.G,GuGy) (puc. 28). Kpome Toro, NpH BBIUMCJAEHHSAX
[0 TEOPHH BO3MYIleHHH HeOOXOMMMO TaKKe YUHTHIBATL BKJIAJbI
3aMKHYTHIX neTesib nyxoB danneeBa — I[lonosa.

O6paTuM BHUMaHHe, 4TO B CHJIy KaJHOGPOBOYHON HHBADHAHT-
HOCTH KOHCT4HTa CBsI3H g BO BCEX 3THUX uJeHaxX OfHA M Ta XKe.

Spexmusran korncmanma ceasu. Kaxk ciefyeT U3 mnonay-
ueHHOU paHee gopmyJsl (13.7), sddekTHBHAA KOHCTAHTd CB53U
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KX a,=g*4n B yabTpaduOeTOBOH 06/aCTH CTpEMUTCS K
HYJIIO 10 3aKOHY

— n ¢

o (k‘) NW, (201)
rie ¢=1/p,=12n/(33—2n), n — uKCIO THUNOB KBapKOB, a
A=p exp [—c/2 ay(u?)] — Tak HasviBaeMbIil NapaMeTp IUKaJbl
KBaHTOBOH XPOMOAMHAaMHKH. JTOT pasMepHBIH napameTp, BO3-
HUKIIHE B pe3yJibTaTe pa3MepHOH TpaHCMyTauuH, 3aMeHseT
NIepeHOpPMHpPOBaHHYIO 0Oe3pa3MepHYi0 KOHCTAaHTy CBSI3H.

OtmeruM, uto ¢opmysa (20.1) onuchiBaeT, TaK cKasarb,

UHCTYIO» YNBTPadHONETOBYI0 ACHMITOTHKY, Koria k= )}/ k®
MHOTO GOJIblle Macc BCeX KBapKoB U a,<Z1. B peasbHOH CcHTY-
alMy, COOTBETCTBYIOLIEH COBpEMEHHEBIM 3KCIepHMeHTabHBEIM
BO3MOXKHOCTSIM, INPHXOIMTCS HMeTb geno ¢ k~1--10% I'sB,
T. €. ¢ O6GJacTbi0 MacC TSKeNBIX KBapKoB (m.~1,5 I'aB,
my,~4,5 I'sB u my~40 I'sB) npu a;~0,2. 3necy okasbiBaeTcs
HeoOXOIMMBIM IOJIb30BaThCsl GoJiee TOUHOH (hopMyJoH HJst

o, TOJNy4yaeMoHl U3 pelleHHs] PEHOPMIPYINIIOBOTO ypaBHEHHS B
IBYXIETJIEBOM NpHONHKeHUH i Gera-pynkuuu: f=p,g2+
+B. g 3ra dopmysa HMeeT BHJ

E‘f’ (kz) =

s
I+Blasl+(ﬂz/ﬁl) O In (l+ﬁlasl)’ (20.2)

rje
k2 —
l=]l’lF, as=as(l"2),
B,=(33—2n)/12n, B,=(306—38n)/48x>.

ITepexons x BBeIeHOMY BhIle mnapaMeTpy Mkamsl A, (20.2)
MOXKHO NpPHOJMKEHHO 3aluCcaTh B BUJE

—_ 2
a® (b =L Belnl oy B (20.3)
P.L  B1 L2 A?

UucnoBoe 3HaueHHe mnapameTpa A, ompeneseHHOe H3 06-
paboTKH ONBITHBIX JAHHBIX, OKa3blBaeTCsl BeJHYMHOH MOpSLKa
100 MsB. 3amerum 3ech, YTO NpH HCNOJH30BaHHH GHOPMYJ
(20.2), (20.3) B oGmacTH Macc TsKeJbIX KBapKOB IOJ 1 Clle-
1lyeT mnofpasymeBaTb 3((eKTHBHOE YHCJIO apoMaToB, T. e.
YHCJIO KBAapKOB, JUIsi KOTOPBIX BEHIOJIHSIETCS] COOTHOLIEHHE m2<€
<Zk? 1 IpH yUeTe KOTOPBHIX B IPOMEIKYTOUHEIX COCTOSIHUSIX MOXKHO
N0JIb30BAThCA JorapHgMuueckoil acuMnToTHko#. B obGnactu
1 T'sB2<<k2<C100 I'sB? cremyer nonoXuTh n=3.

Ilpu 3THX ycJoBHAX Bropoit uieH B npaboit yactd (20.3),
T. €. COOCTBEHHO JBYXIIETJIEBOH BKJIAJ, COCTABJSIET OKOJIO
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1/5 or nepBoro, a cama o, B yKasaHHO!H 06J1aCTH OKA3LIBAETCS
3aMeTHO MeHblie#d efuHuuBl. [lonmykosnnyecTBeHHBIH rpadHK

3aBHCHMOCTH o, OT k® npuBefeH Ha puc. 29. M3 Hero cie-

ayer, uto npu k2>100 I'sB? penuunHa o, cla6o yGbiBaeT
(c poctom k?), uameHsisico B untepBase 1/7--1/10. Kak moxka-
3bIBAET GoJiee JeTalbHOE PACCMOTPEHHE, B 3TOH 06JacTH OKa-
3bIBAETCS BO3MOXKHBIM I10/1b30BAThCS JBYXTETJIEBOH TeopHel

agh
G5

D
0y
T

""-v—__

1 ! ! ! 1 1
0 a7 7 0 00 000 K2 /382

Puc. 29. TloBesenne KBaHTOBOXPOMOAMHAMHYECKOH 3eKTHBHOH KOHCTaH-
THl CBSI3H Qg B 3aBHCHMOCTH OT KBajJpaTa NepejaHHOro MMIyJbCa

BO3MYLIEHHH, yJyuylleHHOH ¢ moMolbio peHopMrpynnst. C apy-
ro#i CTOpOHBI, U3 rpadvka BHIHO, YTO IPH YMEHLIIEHHH k2,
HayuHasi co 3HayeHH# ~10 I'sB2, @, OwbicTpo pacter ¥ npH
k2<<1 I'>B? npoucXofuT BbIXOA B 0G/NaCTh CHJILHOH CBSI3H.

Takum obpasoM, IByxnerseBass ¢opmynaa (20.2) mepenaer
He TONbKO (PeHOMEH aCHUMITOTHYECKOH CBOGOABI NpHU GOMbIIMX
k%, T. e. MaJIBIX PACCTOSIHUSIX, HO U MeXaHU3M GEICTPOro BHIXOJA
(c pocrom paccrostHuit) B «06J1aCTh afPOHHOH U3HKUY, THe Troc-
NOJCTBYET CHJIbHAs CBSi3b. PU3HUECKH} CMBICH NapaMeTpa LIKa-
JIbI COCTOMT B TOM, YTO YHCJIOBOEe 3HaueHHe A Jaer xapakrep-
HBIH Macmtab o6JacTH CHJIBLHOH CBSI3H.

Ikcnepumernmanoubiti cmamyc KX /. Kak cienyer U3 Bbillie-
H3JI0}KeHHOTo, B 006JIacTH JOCTAaTOYHO GOJbLIMX NepefaHHBIX
UMIYy/bCOB Teopust Bo3myileHH#t KX]I moxeT sIBAATBCA OC-
HOBOH /I YHCJIEHHOTO ONMCAHHS NPOLECCOB CHUJIBHEIX B3aHMO-
JerictBuH. CJIOXKHOCTH TaKOro ONHCAHHS CBsi3aHa C TeM, YTO
pacuery NOAJAIOTCA KBapK-TVIIOOHHBIE MOANPOLECCH, B TO Bpe
Ms Kak HalJofilaeMble XapaKTEPUCTHKH OTHOCATCS K aJpoH-
HEIM npoueccaMm. [103TOMy NpHXORHMTCS pellaTb TeOpETHUECKYIO
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3allauy HaXOMJEHHs CBSI3H MeXIy MaTpHUYHBIMH 3JeMeHTaMH
aJIpOHHBIX NIPOLECCOB M KBapK-TJIIOOHHBIX IOANPOLECCOB.

B psze ciyyaeB — 1151 Tak Ha3bIBAEMBIX KECTKHX MPOLLEC-
COB — MOXHO YKa3aTb XapaKTeDUCTHKH, IPH BBIUHCJIECHHH
KOTOPBIX yJaercs OTIEIUTb APYr OT JApyra BKJajwl obiacTedd
GOMBIIMX ¥ MaJsIblX MNepeJaHHBIX HMIYJbCOB (COOTBETCTBEHHO
MaJblX M OOJBIUMX DAaccTOsHUM). 3aBHCHUMOCTb HCCJelyeMOH
BeMHUMHBEl M oT Majblx (p?) u Goabmx (Q%) MHBapHAHTHHIX
MMITyJIbCHBIX IepeMeHHBIX NpeACTaB/sieTcss B (akTOpH30BaH-
HoM Buze M (Q? p2)=o# (Q* X F (p?), rie paccuuThiBaemas B
paMKax KBaHTOBOXPOMOJMHAMHUYECKOH TEOpHHM BO3MYILeHHH
GyHKUHA o (Q?) omMChIBaeT KBapK-IJVIIOOHHBIA MOJAIpOLIecC,
NPOUCXOASANIME Ha MalbIX pPacCTOsHUAX, a GyHKuusa F (p?)
COJIEPKHT BCIO HeoOXOAMMYyI0 HH(pOpMalMI0 O JAMHAMHKE Ha
GoblINX paccTosiHUAX. ONMHAKOBbIE /IS Pa3MHYHBIX NPOLIEC-
COB (heHOMeHoJIorHYecKue GyHKIUH F (p?) XapakTepH3YIOT pac-
npeJieleHHe NapTOHOB B aJipOHAX U BepOSITHOCTH 00pasoBaHHs
aJlpOHOB M3 MApTOHHBIX KOHOurypauuit. Bun dymnkumi F
omnpefie/IfeTcs U3 SKCNepUMeHTaJNbHbBIX JaHHBIX 110 NPOCTEHIINM
JKeCTKHUM mpoueccaM. Kak mpaBu/o, Ijsd 3TOH LeJH CIyXaT
JIETNITOH-aipOHHBIE [POIECCH.

TakuM o6pasoM, KBaHTOBasi XPOMOJHHAMMKAa MpeNCTaBJIs-
eT co6oil Teopuio, Gojiee ONOCPENCTBOBAHHYIO € (pH3HUECKOH
TOYKH 3peHHs, YeM KBaHTOBas 3JeKTpoJuHaMHuKa. B camom ge-
Jie, KBaHThl COCTaBJIAIOMUX NOJIeH — KBapKH H IJIIOOHBI — He
NOANAIOTCS HENOCPeICTBEHHOMY HaGMIOfieHHI0, TaK e Kak H
KBaHTOBOE YHCJIO — I[BET, Jiexallee B OCHOBe KaJlHOPOBOYHOTO
MeXaHu3Ma B3aHMOJeHCTBHSA 3THX mnoJjeil. TeM He MeHee cy-
HIECTBYIOT [OCTATOYHO yOeauTesIbHBIE SKCIIepHMeHTa/bHbEIE ap-
rymentsl B noab3y KXJI. Ilepeuncnum HauGosiee BaKHBIE H3
HHX:

1. XapaxTep 3aBHCHMOCTH HHKJIO3UBHBIX CeUeHUH IJIyGOKO-
HeyNpyroro JIeNTOH-aAPOHHOrO paccesiHHsl OT KBajpara mnepe-
JaHHOrO MMIyJibca %, mpeickasbiBaeMeli KXJI, coraacyercs
C 3KCIepHMEHTaJbHBIMH JaHHBIMH.

2. Habniofenne B mponeccax 3/1€KTPOH-NO3HTPOHHON aHHH-
THJISIIMK COOBITHH, B KOTOPHIX POXKJAAIOTCA 3 CTPYH aipOHOB.
OcHOBHOH BKJIaJ B ceueHHe (et e~)-aHHHUTWIISILMH JAloT JABYX-
CTpy#HBIe TIpOLIeCcChl, H300paxKeHHble Ha puc. 26. OnHaKo, Kpo-
me 3Tux npoueccoB, KXJI npenckasbiBaeT Takke, 4TO C 3aMeT-
HOH BEepPOATHOCTBIO NPOMCXONHUT POXKIAEHHEe afpOHHBIX CTPYH H
[JIIOOHAMH, HCIYIIEHHBIMH OJHUM M3 KBapKoB (puc. 30). ¥Yrio-
BOe H 3HepreTHYecKoe pacnpefie/leHHe aipOHOB B Ha6/I0aeMbIX
TPEXCTPYHHBIX COOBITHAX XOPOIIO COIVIacyeTcsl CO 3HaueHHeM
CMIMHA IVI0OHA, PaBHBIM 1. YKa3aHHBIE pe3yJIbTaTbl pPaccMaTpH-
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I0BaTCA KaK 3KCIepHMeHTaslbHOe I0Ka3aTeJbCTBO CYHIeCTBOBa-
HHS TJIIOOHOB.

Taxasi cutyanusi, Korja BbIBOJL O CYIECTBOBAaHHH YaCTHLEI
JleJlaeTcsl Ha OCHOBaHMM HaGJIOJeHUsi NPOAYKTOB ee pacnaja,
He SIBJISleTCS HOBBIM B (pH3HKe yacTHL. BcrnomHHMM, HampHMmep,
PE30HAHCH, KOTOPHIE CAMH HENOCPEJCTBEHHO HEe PEeruCTPHPYIOT-
csl, a HaGJIIOJAl0TCsl JIMIIb afpOHbI, 06pa30BaBIINecs B pe3yJib-
Te WX pacnaja.

3. B pamxax KX]I ycnemno onuceiBaercss HabJrofaemasi
CNIEKTPOCKOMHSI TSKENbIX KBAPKOHHEB — CBfI3aHHBIX COCTOSI-

HUll cc U bb, Bk/ouass mnpencka-
sblBaeMble TeOpHeHl TPeXIJIIOOH-
Hble pacrnafpl J/{- U Y'-Me30HOB.

4. Psij 3akoHOMepHOCTel, Ha-
GmolaeMblX B SKCIEpHMeHTax
N0 DPOXKIEHHIO aJpPOHOB C 060Jb-
INMMH TIOTIEPEYHBIMH HMIYJIbCaMH
B aﬂpOHHbIX CTOJIKHOBEHHSAX, e€C- Puc. 30. 'U\Ha]'l;)am]\,jaY OTHCHI~
TECTBeHHO moJiydaercsi B KXJI  Balomas poxaienne Tpex CTpyit
KaK DeSyJBTaT NpPAMOTO Iuo- AAPOHOP B MPOuCCcs ete-an-
OH-TJIIOOHHOTO B3aMMOJEeHCTBH .

5. CaugerenbcrBoM poctoBepHoctd KX siBasiercs ¥ TOT
(haKT, 4TO 3KCNEepPHMEeHTaJbHO ONpelleleHHHble B PasHBIX MPO-
neccax 3HaueHHs napametpa A, sBJSIOLIErOCsi OCHOBHOH KOJIH-
uyecTBeHHOH XapakTepucTHKofi KX]I, okasblBaloTCsl BecbMa
GauskuME Ipyr K apyry (100--200 MsB).

Takum o6pas3om, HeCMOTPS Ha TO, YTO OCHOBHLIE (pH3HUEC-
KMe TNOoHATHSA, Jexamue B ocHoBe KXJI, okaswbiBaioTCs He-
JOCTYNHBIMH TPSIMOMY HAaOJIIOZEHHIO, XOpolllee KaueCTBEHHOE,
a TaKkxe HeNJOXOe KOJHMYECTBEHHOe cOrjiache C OIBITOM ee
NpeicKasaHHH TNO3BOJSET IPHHATb 3Ty KBaHTOBOMNOJEBYIO
MOJIeJIb KaK DEaJIHCTHYECKYIO TEOPHIO CHJIBHBIX B3auMOJei-
CTBHUH.

B nocnennye rofpl KBapK-IJIIOOHHBIE NpeACTaB/IeHHs CTalH
MCNO/Ib30BaThCsl TaKkKe M B sfiepHOfl (u3uKe JJIs ONHUCAHUS
CTONIKHOBEHHH aJ[pOHOB U sJiep C fApaMH, NPH KOTOPHIX MpO-
HCXOIAT GosibluMe Nepefaud umnyJabca (nopsiika 1 I'sB wna
HYKJIOH M 6oJibire). Hauasmo sTomy HanpaB/ieHHIO — TaK Hasbl-
BaeMOH peNITUBHCTCKOH fepHOH (H3HKe — OBLIO IOJIOKEHO
B pa6orax banmuna. 3pech orkpeiBaercs HoBasg 06JacTb
npumeHenns KX, KoTopas c/1yKHT TaKKe HCTOYHMKOM LOTOJI-
HHTeJIbHOH HMH(OpMAalLHH O AeTajlsaX KBapK-TJIIOOHHOTO B3aUMO-
IeHcTBHUS.

B3saumodeticmeue na 6orowiux paccmosnusax. KoHeuHo, 4To-
6bl HMeTb [0JIHOE NIPABO HA3bIBAThCS TeOpPHeH CHJIBHBIX B3aHMO-
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netierButi, KX/ go/mKHa onMchbiBaTh BCO (H3HKY afpOHOB.
[Tpu 5TOM HEMHHYeMO BO3HHKHET npobJema KOJHYeCTBEHHOTO
onHcaHusl sIBJeHHH Ha Gonbmux (=104 cM) pacCTOfHHAX.

®opMasibHOE NPOJOJIKEHHe BblpaXKeHHs IS 3(QQPeKTHBHOTO
3apsiza (20.1) (mau (20.2)) B o6acTe Maablx k? (60JbLIKMX pac-
CTOsIHMH) YKaspiBaeT Ha BO3pacTaHHe B3aHMOJEHCTBUH TNpH
yBeJMueHHH paccrosiHuil. OueBHAHO, YTO CTPOTHH KOJIHYeCT-
BeHHBIH aHaJH3 MeToJaMH TEOpHH BO3MYLIeHHH INPOBECTH B
3TOi 06J1aCTH He yJaeTcsl M3-3a 6OJIbILOH BeJHUHHBI NapaMerpa
pasyioxeHus. Tem He MeHee Bo3pacTaHHe B3aUMOJEHCTBUs Ha
OOJIBIIMX pAcCTOSIHHAX (a2 OHO HMeeT XapaKTep NpHUTsXKe-
HHSI) [03BOJISIET KauecTBEHHO MOHATH O0ObefHEHHEe KBapKoB H
TVIIOOHOB B aJpOHHI.

[IpoBeseHHble B peILeTOYHOM NPHOJHIKEHHH, O KOTOPOM MbI
pacckaxeM NofipobHee HUKe, YHC/IeHHBIe pAacyeThl IOKAa3bIBAIOT,

————> <— & —_A_—}—@o———_oo—-————_(oi_f

9 9 9 (i9) 7 Y 59

Puc. 31. CxemaTuyeckoe H3o6paxkeHue oOpa3OBaHHSI HOBLIX G6ECLBETHHIX
COCTOSIHHE NPH YJaJleHHH KBapKa M aHTHKBAapKa Jpyr oT Apyra

YTO CHJa NPHUTSAXKEHHS KBapKOB JADYT K APYTYy He 3aBHCHT OT
paccTosiHHSl MexJy HHMMH, a NOTeHIMasbHasi 3HepTHsi, CJaelo-
BaTeJIbHO, TNPOMNOPIHOHANbHA 3TOMY DPacCTOsiHHIO. B pesyiib-
TaTe BO3HHMKAeT TaK HasbiBaeMoe HH(paKpacHoe yrep:kaHue
KBapKoB (KOH(a¥HMEHT), KOTOPOe, BO3MOXKHO, OOBSICHSET He-
HabJ/11072eMOCTh CBOGOAHLIX KBapKOB H IVIIOOHOB.

Harasigno MexanusMm yjiep:xaHHsl MOXKHO NIPENCTaBHTD, €CIH
paccmoTpeTh, HanpUMep, Y4TO NPOMCXOAHMT NPH yAaJeHHH JpPYT
OT JpyTra KBapKa M aHTHKBapKa, o0pasyloluX HeKoTopoe Gec-
IIBETHOE CBfI3aHHOe cocTosiHue. Korja oHM oKaxyTcs Ha pac-
CTOSIHMH, Ha KOTOPOM COOTBETCTBYIOIIAsl NOTeHIMalbHasl SHep-
THSl NPeBBICHT NOPOr POXKJEHHS HOBOH KBapK-aHTHKBapKOBOH
napbl, SHePreTHYeCcKH Oojiee BBITOJHBIM CTaHET POXKJAEHHE Ta-
KOH mnapbl 1 o6pasoBaHHe JBYX HOBbIX GeCLBETHBHIX CBSI3aHHBIX
COCTOSIHMH, KaK H306paxeHo Ha puc. 31.

§ 21. HeneptypGaTuBHbIE METO/bI
B KBAHTOBOH XPOMOJMHAMHKe

Bo3M0KHOCTE TIPOBOAHTH pacyeThl 1O TEOPHH BO3MYIUEHHH
npejnoJiaraeT MajoCTh KOHCTaHThl CBs3H. Kak yxe rosopu-
JIOCh, CBOHCTBO aCHMIITOTHUECKOH CBOGOABI OGeCHeuHBaeT BbI-
fIoJIHEHHe 3TOrO YCJIOBHS JIMIUb HA MaJblX pacCTOSIHUAX. B Toi
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JKe 06J1acTH, KOTopasi ONpefessieT BCIO HH3KO3HEPTeTHUECKYIO
afpoHHYyI0 GH3KKY, TEOPHS BO3MYIIEeHHH He npHMeHHMa. B gacT-
HOCTH, B paMKaX TEOPHH BO3MYIIEHH{ HEBO3MOXKHO OGBSICHHTD
MeXaHH3M, NPHUBOASIIH{I K HEBBUIETAHHIO KBapKOB, CHEKTD
MacC afipoOHOB M psf APYTHX NPHUHIHNHAJIBHEIX BOIPOCOB.
[TosTomy BO3HHKaeT HEOGXOIMMOCTb DPa3BHTHS METONOB BHI-
upcyenn#i B KXJI, He npennosaramomux MajlocTb B3aHMO-
JeHCTBHSA.

1/N ~pasaomcenue. OcHoBHasi upess 1/N .-pasnoxeHus co-
CTOHUT B TOM, uTOGBl B paMKaxXx HOBOH TeOpHH BO3MyILEHHH, B
KOTOPOl B KauecTBe MapaMeTpa pasfoXKeHHUs HCIOJNb3yercs
BesuunHa 1/N., rie N, — uucjio 1BeTOB (paBHOE TPeM B pe-
aJTbHOM CJyYae), MOMBITAThCS TNOJYYHTh HHU3KOIHEepreTHuecKHe
a¢dekTH, He mopnawoouyecs o6LIYHOMY NMepTypGaTHBHOMY aHa-
JIU3y.

Benymee npubsyxenne orseuaer GopManbHOMY Ipelenb-
HoMmy mepexony N —>oco B KX]JI. B stoM npuGiHKeHHH B 06-
JIACTH 5HeprHuil, GJUSKHX K MOpOraM pOXKIEHHsS Me30HOB, yIa-
€TCsl BBIIENHTh 3aBUCHMOCTh OT CHHIVIETHEIX 110 LIBETY CTeleHel
CBOGOB!, COOTBETCTBYIOLIIUX IICEBIOCKAJSIPHLIM Me3OHaM, H B
(bYHKIMOHABHEIX HHTErpasax, uepe3 KOTOphble 3aNMHCHIBAOTCS
OCHOBHEIE BEJMYMHBEI TEOpPHM, NPOUHTErDHPOBAThL $IBHO IO
OCTAIOIIUMCSl I[BETOBEIM NepeMeHHbIM. [losydaromytocss B pe-
3yJIbTaTe TEOPHIO MOXKHO ONHCATh HEKOTOPHIM 3¢(heKTHBHLIM
HeJIMHeHHBIM JIarpaHKHaHOM, KOTOPHIH, KaK OKa3blBaeTcsl, COB-
nagaer ¢ (GeHOMEHOJOTHYECKHM Me30HHBIM JiarpaHKHaHOM,
TNpelsIaraBIInMCS paHee 1JIs1 ONIMCAHHUS alpOHHBIX SIBJIeHUH B 06-
JIACTH HU3KHX SHepruil.

Janneiit adbheKTUBHBIN JarpaHKHuaH MMeeT HeTPHBHABHBIE
TOTOJIOTHUECKHE PelIeHHsT THNA YeNWHEHHBIX BOJH — COJIMTO-
HOB, TIPHYEM CBOHCTBA 3THX pelIeHUH MO3BOJSIOT OTOXAECT-
BHTb MX C GapuoHamu. I[TpuGaiKeHHBle BBLIUHMCIEHHS pasiHy-
HBIX XapaKTEPUCTHK COJIMTOHHBIX pelleHHil, HampuMmep, pac-
npelieieHNs 3apsifia U MarHWUTHBIX MOMEHTOB, COTJlacyloTcs ¢
U3MepsIeMEIMH Ha OTBITE COOTBETCTBYIOIIMMH OapHOHHBIMM Be-
JUYHHAMH C TorpeiHocTbio nopsaka 30%.

Baxyymrete xorndencamer u npasura cymm. I'unoresa KBapK-
aJpOHHOM Nya/IbHOCTH MO3BOJISIET CBS3aTh HEKOTOpHIE Xapak-
TEPUCTHKH aJPOHOB C Pe3yJbTAaTAMH KBaHTOBOXPOMOJMHAMH-
9eCKHX MepTypOaTHBHEIX (T. €. OCHOBAaHHBIX Ha TEOPHH BO3MY-
IIEHHUE]) BEIYMCJEHHH C NMOMOIIBIO NMPABHJ CYMM IPH KOHEUHBIX
SHepTHSX.

BakHBIM T1aroM B pa3BHTHH HenepTypOaTHBHBIX MpEACTaB-
JIeHH# SBHJIOCH NOTIOJIHEHHEe MeTojia NPaBHJI CyMM Hlieel O Cy-
IIECTBOBAHHHM OTJUYHBEIX OT HYJsl BaKYyMHBIX CPeJHHX KBap-
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KOBEIX M TJIIOOHHBIX TOJIefl — TaK Has3blBaeMBIX KOHJEHCATOB,
cnenannoe A. WM. Baitnwreitnom, B. U. 3axaposeim u M. U.
Indmanom.

KBapkoBhHIH «KOHIEHCAT» OMpelensiercs KaK BaKyyMHOe
cpelHee TNPOM3BENEHHS  OMNEPaTOPOB  KBApKOBBIX  MoJeit

<q (x)q(x)>o. B o6bluHOM mOIXOJE, ONMHpAIOMEMCsT Ha TNPEACTaB-
JieHVe B3aMMOJIEHCTBHsSI W TEOPHIO BO3MYIIEHHH, 3TO cpejHee
paBHoO HyJT0. OT/IMYKE OT HYJIsST KBAPKOBOTO KOHJEHCAaTa, TaK XKe
KaK ¥ aHaJIOTHYHOTO TJIIOOHHOTO KOHJeHcaTa < Fi,>,, 0O3HaUaer,
uto BakyyM B KXJI He siBnsiercsi «hU3MUECKON MYCTOTOMY U
YTO B HeM HMeeTcsl HeHYJieBas IUIOTHOCTb KBapK-aHTHKBapKoO-
BEIX Tap W TJIIOOHOB.

B HoBOM nonxope HaGmiofaeMble XapaKTEPUCTHKH alpOHOB
M DE30HAaHCOB BBIPAXKAIOTCS UYepe3 KOHJAEHCATHBIE CpeNHHe.
Halinennble orciofa 4Mc/IeHHble 3HaYeHHS] 3THX CPeIHHX OKa-
3bIBAIOTCA JOBOJILHO GOJIBIIMMH:

<qq>e ~—(240 MsBY, 3% (F35, ~ (240 MsB)t.
Taxum o6pasoM, ¢ ¢pu3HUECKOH TOUKH 3peHHUsl HemepTypGaTHB-
Hele a¢hderTh B KX ]I okasbBaloTCs 3HAUHTENBHEIMH.

KX/l na pewiemxe. BecbMa BaXKHBIM NPSIMBIM KBaHTOBOIIO-
JIEBHIM METOIIOM HCCJIEJIOBaHMsI, OPTaHHYECKH JOTOJIHSIOMIUM
TEOPHIO BO3MYILEHHH, SIBNsETCS MOAXOM, HCNOJNB3YIOMUH HpH-
GMKeHHbIe UYMCJIEHHBIe BblUMC/IeHHs1 MerofoM Moute-KapJio
OCHOBHHIX XxapakTepuctuk KX ]I, npencraBieHHbIX B BHE KOH-
THHYaJIbHBIX HHTErpasioB, anlpOKCHMHDOBAHHBIX MOBTOPHEI-
MH HHTerpalaMH BBICOKOH KPAaTHOCTH. DTOT, KaK ero Hasbl-
BaloT, pemieToyHbli Bapuant KX I npejcranisier co6oi Moaenn-
Hoe ynpoieHne jgokanbHo# KX]I H mosyyaercss B urore cie-
IyMoleH ToC/Ief0BaTeNbHOCTH NPHOIHKEHHH.

CHavasa coBepIIaeTcsi Nepexoj, K eBKJIHAOBY NPOCTPaHCT-
BY, T. €. BMECTO BPeMeHH ! HCIONb3yeTCs MHHMasl ueTBepTast
KOOpIMHATa iX,. 3aTeM HeNpepeIBHOE YeTHIPeXMepHOe MpOoCT-
PaHCTBO 3aMeHsIeTCsl JUCKPETHOH COBOKYMHOCTBIO TOYEK — pe-
WeTKOH (¥—{ni, n,, ns, n,}={n}) ¢ onMHaKOBEIM mwaroM a
BO BCEX YeThIpeX H3MepeHUsX.

BmecTo HenpepsIBHO pacrnpefiefleHHBEIX MOoJielt Tenepb GymyT
GYHKUMH JHCKPETHBIX TepeMeHHbIX. Bce npousBonHble 3aMe-
HATCS Ha KOHEUHble PAasHOCTH, a NMPOCTPAHCTBEHHLIE MHTErpa-
JIbl — Ha CYMMBI N0 y3JaM pemeTkd. [Ipa 3Tom moJssi KBapKoB
3analoTcs Ha yanax peuteTkH: ¥ (x)—) ({n!), a noss riwooHOB
onpeseneHsl Ha ee peGpax: B, (x)—u({n}, 1), rme @ — BEKTOP
JJIMHBL @, 3ajialouiuii HanpaBaeHHe pebpa (puc. 32).
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JleficTBHE, KOTOpOe ONUCHIBAET B3aMMOJEHCTBHE KBapKOB
C TJIIOOHaMH, UMeeT BHJ

Sth, 0)=—5 > [P valinl, Hvn +ih—

{n}, 1
—p({n+p) puu o+ ph—pw ({2h]- (21.1)

TakuM 06pa3oM, KBapKH, HaXOAsllHecs B COCEIHHUX y3/ax pe-
ILIETKH, B3aHMOJEHCTBYIOT Yepe3 INIIOOHHOE T0Jie, ONpee/IeHHOe
Ha pebpe, COENMHSIOMEM STH Y3Jbl.

Heckosibko Gosiee CI0XKHO BBHITVISIAMT TJIIOOHHOE JEHCTBHE.
OHO COIEpPKUT BCEBO3MOXKHBIE YNOpSIOYeHHbIE NPOHM3BEAEHHS

{n+5} {n+fie 3}

A
y

A A

g} {rdy {7} i}
Puc. 32. Pe6po pemerku, Ha Puc. 33. Yetnlpe pebpa,
KOTOPOM B DEIUETOYHOM IIpH- NpHHAMJIeKAIHe OLHOH
GJIMKEHHH KBAaHTOBOH XPOMO- rpaHy pelLIeTKH, Ha KO-
JMHAMHKY OIpeleseHo MoJe TOPHIX ONpeIeaeHo TIo-

TJII0OOHOB OHHOe JeHCTBHe

noJel TJIIOOHOB, COOTBETCTBYIOHMIMX YeThlpeM pefpaM, NpuUHAJ-
JIeXalluM OAHOH U TOH »Ke rpaHu (puc. 33):

S(u)~rp§1 Tr (u ({n}, p) u ({n+ B}, v)x
xu({nd p+vh—pu(n+vh—v).  (21.2)

Herpynno mokasatb, uro B npefene a—-0 Beipaxkenus (21.1)
u (21.2) nepexoisAT B OOBbIUHOE HeliCTBHE KBAHTOBOH XpOMOIH-
HaMUKH.

BBeneHue peleTKH ¢ KOHEYHbIM LIAaroM @ HIPaeT posib TaKKe
U peryJspHsaluy yJabTpadHONETOBbIX pPacXOAUMOCTeH, CBfl-
3aHHBIX C JIOKAJbHBIM onucaHHeM. [l1s Toro yrobbl 136aBHTHCH
OT pacXOAMMOCTEH, BO3HHKAIOIHUX M3-32 GeCKOHEYHOH NpOTH-
JKEHHOCTH peLUeTKH, OOBIYHO paccMaTpHBaeTcsi pelleTKa KO-
HeyHoro pasmepa (0<<ny, n,, ng, 1,<<L) C OTOXIECTBJIEHHLIMH
TIPOTHBOJIEKALIUMH TDAHSMH.

[Tocsie BBemeHHS 4-MepHOH IIPOCTPAHCTBEHHOH peLIeTKH
¢yHKuHoHaJpHble MHTerpaasl KX Moryr ObiTh 3anycaHbl B
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BUZe NOBTOPHBIX HHTETpajioB BbICOKOH KparHocTH. HauGosee
NpsIMBIM M YHHBEPCAJbHBIM METOAOM HX BBIYHCJEHHSA ABJSAET-
ca meron Moute-Kapmo. KpaTtHocTh uWHTerpana mno kaiju-
6poBoyHoMy nouio rpynnel SU(N) oxasbiBaeTcsi paBHOM
4L4 (N2—1). Makcuma/bHbI# pasMep pereTk#d L,,.x, KOTOPHIH
JOnycKaeT noo6Hoe YHCJIeHHOe HHTeTpHPOBaHHe, onpeliesisercs
GLICTPOIEACTBHEM W 06'BEMOM MaMsITH JOCTYNHbIX DBM M B Ha-
CTosilliee BpeMsi COCTaBJIsieT BeJIMUHHy nopsaka 10.

B pamkax pemrerouneix pacyeroB B KX ] yznajoch noka-
3aTh, YTO NPH TAKOM, Kasajocb Obl, HeGOMBLIOM YHCJE TOYeK
pasbuenus (L~10) nocruraercs «gocTatouyHasi 6/1M30CTbY K He-
IpepbIBHOMY IIpefiesly, 4YTO MO3BOJSIET HCIOJNb30BaTh TaKHe
HeGOJIbILINE pEILeTKH /IS TMOJYYeHHST JOCTaTOYHO HaleXKHBIX
KAueCcTBEHHBIX H OTYaCTH KOJHUYeCTBeHHHIX (H3UYECKHX pe-
3yapTaToB. HaunGosiee BaxKHBIMH SIBJISIIOTCS ClefyIOLIHe:

ITokasaHo, YTO KYJIOHOBCKHH INOTEHIHA] B3aHMOJIEHCTBHS
MeXIy IBYMsI CTATHYECKHMH KBapKaMH Ha GOJBLIHX pPaccTos-
HHUSIX CMeHSIeTCsl JIHHeHHO pacTywmiuM norteHuuanom: U(r)~kr.
Takasi 3aBHCHMOCTb OOeclieydBaeT HeBblJIeTaHHE KBapKOB.
Takum o6pasoM, YCTaHOBJIEHO, YTO CBOACTBO KOH(paHHMeHTa
B KX]I sBnsiercs ciiefCTBHEM IMHAMHMKH, CBSI3aHHOH C HEJH-
HeHHOCTbIO ypaBHEHUH TJIIOOHHOTO IOJIA.

IlepBo#i ¢u3MuecKOH BeJHUHHOIN, BBHIUHCJIEHHOH METOJOM
Mosnre-KapJsio Ha pemlerke, Gbl1 BBeJEHHBIH BHIILIE NApPAMETP
wkaasl KX A, 115 KoToporo nosyuyu/u 3HayeHHe MNOpsiIKa
200 MsB, corsacyomieecsi ¢ TeM, 4YTO CJeyeT U3 CPaBHEHHUS
nepryp6atuBHoit KX/ ¢ akcnepumentom (cm. § 20).

PaccunraHbl 3HaueHHs1 Macc HEKOTOPHIX aJipOHOB (HaIpHUMep,
A,- ¥ p-Me30HOB, HYKJIOHA U A,,-pe3oHaHca), KOHCTAaHT pac-
naja, a Takxke 3HaueHHs] KBaPKOBOTO H TJIIOOHHOT'O KOHJEHCa-
toB. [Ipu sTOM Habmofaercss corjacHe ¢ 3KCHEPHMEHTOM To-
panxka 10%.

Ipencka3aHbl 3HaueHHs Macc TMOKa ellle SKCIepHMeHTalbHO
He OOHapyKeHHBIX OeCHBETHBIX TJIIOOHHBIX OGpasoBaHHH —
ry1t060J10B.

Briuncniena temneparypa nekoHdaifinmenta T,, NpH KOTO-
po#t o/KeH MPOUCXOAHUTD (ha30Bbli nepexof U3 (hassl aIpOHHOM
MaTepuH ¢ yAepKaHHeM KBapKoB B (pa3y KBapK-IVIIOOHHOMH 1Jias-
MBl. YKasaHHBIE pPacyeTsl nokasanu, yto B KX 7T,~200 MaB
¥ 11 T>2T, 3aBUCHUMOCTb NJIOTHOCTH SHEPTHH OT TeMIleparTy-
phl 3anaercs 3akoHoM Crethana — Bosbumana. dto npejnckasa-
HUE HMeeT Ba)KHOe 3HaueHHe AJI KOCMOJIOTHUECKHX MoJesiei
M MOxeT ObITh MPOBEPEHO B 3KCHEPHMEHTaX IO CTOJKHOBEHHIO
PEATHBHCTCKUX siliep, KOTOpBIE INpelnosiaraeTcs IPOBECTH
B OamKafiieM GynyiueM,
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Xorsi yKasaHHbIE KOJMYECTBEHHBIE pPAacueThl MPOBELEHb
II0Ka YTO C J0BOJIbHO GOJIbIUHMH OTHOCHTEIbHBIMH NOTPELIHOCTS -
mMu (~10% u Gosee), nosyueHHasi obliasi KapTHHA BCEJISIET
YBepeHHOCTb B TO, YTO KaK BBICOKO3HepreTH4ecKHe NPOIECCH!
CUJIBHBEIX B3aHMOJEHCTBHH c GOJblUOH Nepefaueli uMnyJibca,
TaK M HHUSKOHepreTHuecKMe — B TOM YHCJe CTaTHYecKHe —
XapaKTepUCTHKH aJPOHOB MOT'YT ObITh ONHCAHBEI HA OCHOBE eJH-
Horo JarpaHxuaHa KX]I B TepMHHAX HeGOJIBIIOIO YHCJa Ma-
paMeTpoB, XapaKTepHU3YIOUIHX KBapKH H UX B3aHMOJAEHCTBHS
C IJIIOOHaMH.

Crepyer TaKKe OTMETHTb, YTO B IOCJelHee BpeMs BO3HHK
GoJibLlION HHTEepeC K aHANH3y B pelleTOYHOM MPHOJIHKEHHH B3a-
UMOJIEHCTBHSI KaJHOPOBOYHBIX H CKaMAPHBIX MoJiedl. DTO ObLIO
BbI3BaHO HeOOXOJAMMOCTBIO HCCIEJOBAHUS XHTITCOBCKOrO CEKTOpa
MOJesH 3JeKTpocaabbix B3auMogeficTBHil Barfin6epra — Cada-
Ma — [1swioy, Mogeneit Beaukoro oObeAuHeHMsT (CM. HHXKe
§ 23), a Takxke cynepcuMMmeTpHuHbIX Teopuil (§ 24). Pacuernt
B peILeTOYHOM NpHOJHKeHHH Mojenu Baklin6epra — Canama —
[n51m0y 4151 OTHOLIEHHSI MacChl XHITCOBCKOro 6030Ha K Macce
W-Go3oHa paloT 3HaueHue, paBHoe npumepho 6 (¢ 10%-i# mo-
TPEeLIHOCTbI0). DTOT Pe3yJIbTaT MOXET ObITh BeCbMa BaXKHLIM JJIsT
3KCIIepIMEHTAIbHOIO MOUCKA XHITCOBCKHX GO30HOB.



fmasa VII
THNOTETHYECKUE MCJEJIH BSAMMOIlEﬂCTBMﬂ

§ 22. Hpess o6beaMHEHUS B3aUMOXEHCTBHM

Cmandapmnas moOess. B IByX nNpelplAylIMX IjaBaX Mbl
NO3HAKOMHJIUCh C COBPEMEHHBIMH KBaHTOBOINOJIEBBIMH MOJe-
JISIMM 3JIeKTpOCNa0oro M CHJIbHOro B3auMogedcrBuii. Obe 3TH
MOJIe/IH OCHOBaHbl Ha NpPUHLHUINE JOKAaJbHOH KalHGPOBOYHOH
HHBAPHAHTHOCTH, YTO IO3BOJISIET OTOXKAECTBHTb NepeHOCUHKH
B3aMMOJeHCTBHI C KBaHTaMH COOTBETCTBYIOMIMX BEKTOPHBIX IIO-
Jgefi. IInsg OZHOBpPEMEHHOTO PAacCMOTPEHHS KBAHTOBOH XpPOMO-
JVHaMHKH H Mojeau BalinGepra — Canama — I'sswoy yao6-
HO BBecTH KanuGpoBounywo rpynny SU.(3)XSU (2) XU (1),
NpEeACTaBJAAIIYI0 cO00H NpsaAMOe NpoH3BefieHHe KalHOpOBOY-
HBIX TPYNI 3THX MOZejel, TeM caMbIM (OpMalbHO COEIHHHB
CHMJIbHBIE M 3JIeKTpOC/]Ia0ble B3aHMOLEHCTBUS B paMKax OLHOH,
TaK HasblBaeMo#l CTaHJapTHOH Mozenu. Pasymeercs, B Heil HeT
peasbHOro o6'beJMHEeHHS B3aUMOJEHCTBHE, KOTOPhIE CBA3aHbI C
He3aBHCHMBIMH KaJIHGpOBOUHLIMH IpeoGpa3oBaHUsIMH, Mare-
MaTHYeCKH 3TO BhIpaKaeTcsl BBeIEHHEM IOHSATHS MPSIMOTO Npo-
usBefilenus rpynn. (Hanomuum (cm. § 3), uto npeo6pasoBanus,
BXOJsIIMEe B KaxABbI M3 COMHOXHTeNeH NPAMOro NpoH3Beje-
HMS TPYII, OCYIIECTBJAITCA He3aBHCHMO M CBfi3aHBL C pas-
HBIMH CTeNeHAMH CBOOO/IBI.)

BsaumoneficTBUsl XapaKTepH3YIOTCSI TpeMsl pas3IHYHBIMH
KOHCTaHTaMH CBfI3H O, Oy, O);, COOTBETCTBYIOIMMH TpYMIaM,
BXOIALIMM B NpsIMOe NpOH3BelieHHe (BMECTO O; MOXHO MOJIB30-
BaTbCsl OOBIYHOH KBAHTOBO3JEKTPOAMHAMHYECKOH KOHCTaHTOH
CBA3H Q=0 COS? Oyy).

Kak yxxe roBopuJoch, CTaHIAapTHas MOJE]b COLEPKHUT 3 1O-
KoJleHHsl (hepMHOHOB (KBapKkoB M JenToHOB): (u, d, e—, v,),
(c, s, W=, vu), (t, b, 7=, v¢) U 12 BEKTOPHBIX YACTHI — KBAHTOB
Kaau6poBOYHbIX NoJjed — 8 riiooHoB, W*- u Z-6030HOB ¥ (o-
TOH. KpoMe Toro, oHa mpejnoJiaraer CyuiecTBOBaHHE T0Ka 3KC-
[ePHMEHTaJIbHO He OOHApYXKeHHbIX MAaCCHBHBIX CKaJlsipHBIX
XHUITCOBCKHX 6030HOB, CBfi3aHHBIX C HapyweHuem SU (2)-
CHMMETpHH.

['oBopst 0 craHnapTHOM MOAENH, KOTOpasi COTJIaCyerTcsi CO
BCEMH H3BECTHBIMH 3KCIIepHMEHTAJbHBIMH JAHHBIMH, CJENyeT
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OTMETHTb, 4TO B HEH COEPIKUTCS JOCTATOYHO MHOTO TPOU3BOJIb~
HbIX [1apaMeTpoB (KOHCTaHT CBfA3H, MacC KBapKOB H JeNTo-
HOB, XHITCOBCKOro 6030Ha U Jip.), He onpele/ifieMblX B paMKax
camoit TeopHH. OcTaeTcs OTKDPHITHIM TaKKe BOMNPOC O COOTHO-
LIEHHH CHJIBHOTO H 3JIeKTPOoc1aboro B3aMMOAEHCTBHH, OTBET Ha
KOTODPBIH MOXKET OBITh NOJIYYeH JIUIb B MOJieNIH, AeHCTBUTENBHO
00beJUHSIOMEN 3TH B3aHMMOJEHCTBHSA.

Tosvuuernue cmenenu cummempuu ¢ pocmom 3uepeuu. Ilpu-
Mep peaslbHOTO 1uara Ha NyTH TOCTPOEHHS €AHHOH TeOpHH
CHJIBHOTO H 3JIeKTpOC/iaboro B3aMMOJEHCTBHH JAlOT Tak Hasbl-
BaeMble MOJiesid BesuKoOro oGhefyHEHHs, B OCHOBE KOTOPBIX
JIEXKHMT THIIOTE3a O TOM, UTO NPH CBEPXBLICOKHX SHEPTHSAX TPH-
poOZia OT/IHYaeTCs BBICOKOH CTeNeHbI0 CHMMETPHH (IIpH KOTOpo#
NpaKkTHYeCKH Hcue3aeT pasHHLA MeXIy pas/HYHbIMH THIAMH
yactul). B 3Tol o6/macTH 3Hepruil YacTHLBI CBA3aHBI, 1O Npel-
NOJIOKEHHIO, efMHbIM B3auMojelicTBieM. [Ipy MeHBIIUX 3Hep-
THSX CTelleHb CHMMETDUH B OpraHU3allui MaTepUH [OHMKaeTcs,
a eJlMHOe B3aUMOJeHCTBHE «pa3jie/isieTcsi» Ha TPH «BETBU»: CHJIb-
Hoe, ciaboe U 3JeKTPOMarHUTHOE, KOTOpPhIe [IPOSIBASIOT pa3Hbie
CBOHCTBA.

[IpuBesieHHass IMNOTe3a NpPeACTaBASETCS JOBOJBHO eCTecT-
BEHHOH, TNOCKOJBKY y2Ke H3BecTHble HapylleHHble CHMMETPHH,
Kak IpaBUJIO, DY yBeJIHUYEHUH SHEPTHH CTAHOBATCS Bce GoJiee
TOYHEIMH. B KauecTBe mpuMepa MOKHO NPHBECTH H30TONHYEC-
KYIO CHMMETPHIO, KOTOpas B THOH-HYKJIOHHOH (U3HKe ABJseTcA
XOpOIUMM IIpHOJIHKEHHeM B 006/1acTH KHHETHYECKHX 3HepTrHH,
3HAUYHTEJbHO NPEBHILAIOIMIHX PA3HOCTH MAacC 3TUX YacTHIL.

Spexmusnpie KoHcmanmpl c823u 8 cmanOapmHoll modeau.
OtnpaBHO# TOUKOH Jyisi Mojeneli Benukoro o6befyiHeHHs IO-
CTY2KUJI0 NoBefeHMe 3¢hdeKTHBHBIX KOHCTAHT CBSI3H CTaHAApPTHOH
Mmonenu. Kak yxke o6psicHsiiock B § 13, yueT pajguallHOHHBIX
NONpaBOK MNPHUBOJMUT K TOMY, YTO [apaMeTpOM, OMNpefiensio-
IIHM HHTEHCHBHOCTb B3aHMOJEHCTBHA B JIIOGOM Mpolecce,
sIBJISIETCS1 He KOHCTaHTa CBSI3H, CTOSIAA B JarpaHKuaHe, a He-
KoTopasi QyHKIHS [lepejaBaeMoOro UMIYyJibca £ (MM conpsiKeH-
HOTO eMy pacCTOsIHMA), TaK HasbiBaeMasl 3((eKTHBHAs KOH-
craHTa cBsi3u. IIocKOMbKY B BRHIOpAaHHOH cHCTeMe SHepTrusi H
HMITYJbC BBIPAXKAIOTCS B ONHHUX M TeX XKe eIHHHUIAX, TO COrJac-
HO NPHHATOMY XKaproHy OyJeM Ha3blBaTh IepeMeHHYIO & 3Hep-
rueii. Ilpu sTom okaseiBaercsl, uTO 3(peKTHBHBIE KOHCTAHTHI
CBsi3U B HeabeseBbIX Ka/JMOPOBOYHBIX TeOPUSIX YOBIBAIOT C PO-
CTOM k2, a B OCTaJbHBIX TEOPHAX BO3PaCTalOT MO 3aKOHY

o (k) = a (k) (1 + Bou (k2) ln%>—l,
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rae o (kj) — SKCnepHMEeHTaNbHO OINpefessieMoe TpH  HEeKO-
TOpOH 3Hepruu k, 3Hauenue a (k?) (cM. dopmyasr (13.6)
u (13.7)).

Kosdpuunenr P, onpenensiomuii CKOpPOCTb H3MEHEHHS
5¢heKTHBHOH KOHCTaHThI, 3aBUCHT OT KOJIHMYeCTBa HoJel, yyacT-
BYIOIIMX B JaHHOM B3aUMOJeHCTBHH. [IJ1s1 He CJHIIKOM GOJb-
HIOTO YHcJ/a noJell MaTepuH B HeabeseBbIX KaJuGPOBOYHBIX TEO-
PHSIX OH NOJIOXKHTeJeH. B yactHocty, >0 17151 @, U Qg B CTaH-
JapTHOH MOJeNH, cofiepalleil U3BeCTHBIE B HACTOSIIee BpeMs
yacTHIB. Ecau npeanosoXuTh, 4To KpOMe U3BECTHBIX YACTHII,
Maccel KoTophix He mpebeimator 100 I'sB, xpyrux B npupone

a; A,
[ \%
o,m
1/40 &
02 -
0,07 ot ,
ik w" /36
Y -2 oM

Puc. 34. IloBenenne shpeKTUBHBIX KOHCTAHT CBSI3H B CTaHAApTHOH MOJEJH

He CYLIECTBYET, TO 3aBHCUMOCTb 3(peKTHBHBIX KOHCTaHT CTaH-
JapTHOI MOJeJH OT SHepruH (pacCTOSHHS) UMeeT BHJ, H300pa-
JKeHHBIH Ha puc. 34.

Tunomesa o cauanuu sgexmusroix Koncmanm. dbdeKTHB-
HBIe KOHCTaHTHI G, H Og C POCTOM 3HEPrHH yMeHBINAITCH, a
o, yBenuuuBaeTcs. IIpu 3TOM OKaskiBaeTcsi, YTO B HEKOTOPOH
ob6Jsiacty 3Hepruit ~ 10 I'sB (usu paccrosiunii ~10-2° cm) Bee
TpH 3beKTHBHbIE KOHCTAHTHL CTAHOBSITCS NPHMEPHO PaBHBIMH.

Tor ¢akr, yTO B3aMMOJEHCTBHS CPaBHUBAIOTCS NO CHJIE,
JlaeT BO3MOXKHOCTb MPEAIOJNOXHUTh, YTO (pU3MyecKass NpHpoAa
CHJIBHOTO H 3JIeKTPOCJaboro B3aMMOJEHCTBHH OfHa M Ta Ke,
H Ha paccTosHMAX, MeHbmux 10-2* cM, cylecTByeT elyHOe
B3aHMOJieiCTBHe C OAHOH KOHCTaHTOH cBsi3u. I'paduyecku aro
COOTBETCTBYeT TOMY, 4To npu E>>10'® 'sB xpuBhLle He pacxo-
JSATCA, KaK M300paKeHO IITPHXOBBIMH JHHHUSIMH Ha pHC. 34,
a HauuHas c 3Hepruit ~ 10 I'sB, ciuBaloTcs B OFHY, Kak MO-
Ka3aHo Ha puc. 35.

Hosas cummempusn u ee napywenue. B ocHoBe sTOro enu-
HOTO B3aUMOJENCTBUS JIEXHT Gosiee BBICOKAsi, YeM H3BECTHBIE
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paHee JIOKajlbHasi CHMMETPHSI OTHOCHTENLHO NpeoOpasoBaHUil
HeKoTOpoOH rpynnsl G, BrJouatwoilell B ce6s rpynny SU (3) X
XSU (2)XU (1). Hapyuenne 3TO# CHMMETPHH Ha paccrosi-
HHSX, NpeBhIAMHKX 10-2° cM, IPUBOJUT K TOMY, YTO €IHHCT-
BeHHAasl KOHCTaHTa CBA3M pasfiesisieTcsl Ha TPH: Oy, Oy, Og, U3-
MeHSIIOLINecs: MO PasHBIM 3aKOHaM.

YcoBHe TOrO, YTO B3aHMOJEHCTBHS ONHCEHIBAIOTCS ONHOM
KOHCTAHTOH CBSI3H, COCTOMT B TOM, YTO KaJHOpPOBOYHAsl Irpym-
na G ABJseTCs TakK HasblBaeMo# npoctoii rpynnoi. Heckomnbko

%N g

~7/40

0* B
02 om
Puc. 35. HaocTpauusi rHnoTeTHYeCKOro o6GbeIHHEHHs B3auMOAeHCTBHH
npH sHeprusix, Goabwux 1016 ['sB

YIpOLILEHHO 3TO MOXHO NOHHMATh Kak To, YTo G He ecTb Npsi-
MOe NpOM3BeleHHe APYTHX Ipynn. B cBsi3u ¢ 3THM 3aMeTHM,
4TO NpefAnosaraeMblil 31ecb Xapaktep o6 beJMHEHHs B3auMozeh-
CTBHH coBceM MHOH, 4eM B Mogenu Baiin6epra — Canama —
Tysmoy, rioe sJeKTPOMarHUTHoe M cjiaGoe B3aHMOLEHCTBHSI He
00 BeIMHAIOTCA B OJHO, a NPOCTO CMeLIMBAIOTCA NPH COXpaHe-
HHH JIByX PasHbIX KOHCTaHT CBSI3H g, H g;, YTO COOTBETCTBYET
npamomy npoussefieHuto rpynn SU (2) X U (1).

Taxum o6pasoM, SKCTpanoJsiiys nobefeHUs1 3((eKTHBHBIX
KOHCTaHT CBfI3M CTaHAApPTHOH Mozend H3 06JacTH 3SHeprui
<102 I'sB (unu paccroanui =10-16 cMm), IOCTYIHEIX COBpe-
MEHHOMY 3KCIEepHMeHTY, IO 3Hepruil nopsizka 10 I'sB (pac-
CTOSTHHI ~ 10—2° cM) U NpeANOJIOXKEHHE O CYIIeCTBOBAHHH HOBOH
CHMMETPHH NPHUBOISAT K clefytouielt kaptiuHe. B o6nacTu cBepx-
BLICOKMX 3Hepruil (CBepXMaJsbIX pacCTOSHHIT), KOTJa Macchl
BCeX YaCTHI HeCYLIeCTBeHHEl, HMeeTcsl efHHOe B3aHMOJeHCT-
BHe, ONMChIBaeMoe KasJHOGpOBOYHOH Teopuelt ¢ rpynmod G.
[lepBble Macchl, KOTOpble BCTYNAlOT B MIPY IPH YBeJHYeHHH
paccTossHuH, uMmetoT nopsifok 10%® I'sB. OHu HapywamoT CHUM-
METPHIO OTHOCHTeNbHO Ipynmnbl G JO CHMMETPHH CTaHZapTHOH
mogienn SU (3)XSU (2) XU (1), koropass B CBOIO oyepellb Ha
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paccrosinusix =10-1¢ cm Hapywaercs mo SU (3) X U,u(1)-
CHMMETpPHH:

Sy (3) X Uy (1) SU3) X SU(2) X 1) b4
10 0" /38
01 102 M

B npocrefilieM BapHaHTe JaHHas MOJeNb NpeAnosaaraer, 4ro
Ha paccrostHusix oT 10-1% mo 10—2° cM He MOXeT NPOHMCXOAHThb
HUKAKHX HOBBIX (pM3HYeCKHX SIBJI€HHH, H, B YaCTHOCTH, UTO He
CYILLECTBYET HOBBIX YacTHI[ C MaccaMH, JexXauyiMH B 06/1acTH
ot 102 mo 106 I'sB, KoTopasi no3TOMY 4acTo Ha3LIBaeTCsl KaJiu-
6pOBOYHOH NYCTHIHEH.

B Gosee C/IOXKHEIX MOAENSX, NPEANOJarailiHX MHOTOCTY-
neHyaToe HapylueHHe CHMMETDHH, CYIIeCTBYIOUIEH NMpPH CBepX-
BBICOKHX 3SHEpPrHsiX, JO CHMMETPHH CTaHJapTHOH MOZeNH JO-
NYCKAIOTCS COOTBETCTBEHHO JOMOJHHUTENbHBIE YacTHLBL C Mac-
caMH B 3TOM HHTepBaje.

§ 23. Monenn Beaukoro o00beauHeHUS

Yto6bl KOHKPETH3HPOBAaTb MoJeNb Benukoro o6wbeiuHe-
HUf, Heo6XOAMMO GHKCHpOBaTh rpynny G CHMMETPHH, CYIIeCT-
Bylollel Ha MasblX paccTosiHUsiX. MuHuManbHasg rpynna,
comepxamass SU (3)XSU (2) XU (1),—aro SU (5). Kpome
moziend ¢ rpynnoit SU (5), npensioxeH Takxe psj Moienef, Hc-
NOJIB3YIOIUX JpyTHe Tpynnbl ¥ Gojlee CIOXKHBIE CXeMHl Hapy-
IIEHHS] CHMMETPHH.

Xots, no-BupuMoMy, npocrefimuii Bapuant SU (5)-monenu
NPOTHBOPEYHUT MOJYYEHHHIM B IOC/HeNHee BpeMsl SKCIepHMeH-
TaJIbHEIM JAHHBEIM, O KOTOPHIX MBI YIIOMSIHEM B JajibHeHIeM, MEL
BbifepeM B KayecTBe HJIJIOCTPALMH HMEHHO 3Ty MOAe/b H3-3a
ee OTHOCHTEJNLHOH NpPOCTOTH, @ TaK)Ke MOCKOJNbKY MHOTHE ee
YepThl NMPHCYIIH, TaK HJIH HHaye, U OCTaJbHBIM MOZEJSIM.

Cmpyxmypa SU (5)-modeau. Kaxnoe noxoseHue ¢epMHuo-
HOB paccMarpuBaercsi B SU (5)-mozenu HesaBucuMo. [Ipu sTom
¢epmuoHbl rpynnupytorcs B SU (B)-MyJibTHIJIETHT TaKUM 06-
pasoM, YTO B OJHOM M TOM Ke MYJbTHIJIETe OKa3blBalOTCH H
JIENTOHB!, U KBapKU. Taxkoe o6belHHEHHe KBapPKOB H JIENTOHOB
B OHOM MYJIbTHIIJIETE NIPUBOJUT K TOMY, YTO HX 3JIeKTpHUYeCKHe
3apsajpl OKas3blBAalOTCS KPaTHBIMH JPYT APYTY, a HMEHHO Q=
=1/, Qe-, Qu=—2Q4 ¥ T. 1. OTCIOfa, B YaCTHOCTH, €CTECTBEH-
HBIM 06pa3oM cliefyeT HabJlloflaeMoe pPaBeHCTBO N0 aGCOJIIOTHOH
BeJIMYHHE 3JIEKTPHYECKHX 3apsfioB NPOTOHA H 3JeKTPOHa.

Ilpexkne yem nepefTH K ONHMCAHHIO CTPYKTYPHl (pepMHOH-
HOTO CeKTOpa, cliesiaeM cefiyloliee sameuanue. [loneByio QpyHK-
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1Mo gepMHOHa, HMEIOIIEro HeHyJIeBYI0 MAccy, MOXKHO Dasjio-
XKHTb Ha JIEBO- U NPaBONOJSPH30BaHHbIE YacTH, HAEHCTBYS CO-
OTBETCTBEHHO NPOEKIHOHHbIMU onepatopaMu (1—vy;) u (147y;).
Ilpy 3apsfoBOM CONpPSIXKEHWH JIeBbId (PepMHOH TlepedfieT
B npaBbli aHTH(GepMHOH H Haoboport. [losTomy Bmecro omuca-
HUs ¢epMHOHA MoJeBOH GYHKIMeH, HMelolleH JBe yacTH («Je-
BYIO» M (NIPaBYIO»), MOXKHO TOJIb30BATbCAA SKBUBAJEHTHHIM OIH-
CaHHeM JBYMs NOJEBBIMH (YyHKUUAMH, HMEIOLKMH OIHY NOJs-
pusanuio. BeamaccoBblil ¢epMHOH MMeeT TOJNBKO OfHO Hampas-
JieHHe noJspusaunt. Tak, HeHTPHHO, KOTOpOe MpeAnoaaraeTcs
6e3MacCcoBBIM, HMeeT JeBylo mnossipusauuio. (Mbl He 06CYX-
JlaeM [OKa HeNOCTATOYHO 3SKCMEPHMEHTaNbHO INPOBEpPEHHYIO
BO3MOXKHOCTb CYLIECTBOBAHHSI Macchl y HEHTPHHO.)
[Npocreiiinit MyIbTHIVIET GEPMHUOHOB — KBUHTET (5-1JIeT) —
COCTOMT H3 TpeX JeBHX aHTHKBapkoB (d;), (i=1, 2, 3), Je-
BOTO 3JIEKTPOHA (€7); M JIeBOrO 3JIEKTPOHHOIO HEHTPUHO WV,
(3mecp MBI GyleM 0603HayaTb aHTHKBAapKH 3Be3[J0UKOH B BepX-
HeM HHJeKce):
[ )
d*
@ | -
Yo =1 g .

o
L'Ve JL

Jpyroii MyJbpTHIJIET — JAeKymier — cocTouT H3 10 JeBwIX

(epMHOHOB: TpeXx KBapKoB (d;);, Tpex KBapKoB (U;). ¥ Tpex

aHTHKBapKoB (U;),, a Takxe no3uTpoHa (e*),. [ekymiaer

yOOGHO TPEICTaBHUTb B BHJE AaHTHCHMMETPHYHOH MAaTpHIBI
(5X5):

* »
0 ug —uy —u —d, ]
* *
(10) —Uug 0 U —Ug —dg
— . *
v - Ug —Uup 0 —uj —ds
uy Ug ug 0 —e+

l 4 d d e+ 0L

BMecTe €O CBOMMM aHTHYaCTHLAMH NepeyHcsieHHble (epMHOHBI
COCTABJISIIOT NepBoe INOKOJIeHHe.

W3 24-x (=52—1) KanuOPOBOYHBIX BEKTOPHBIX mosei 12
TNIPEACTaB/SAIOT CO60H M3BECTHble BEKTOPHBIE NOJISI CTaHAapTHOH
MoJienu — [JIooHbl, W- B Z-6030HH U (oTOH. 12 npyrux, o6o-
3HayaeMbIx OykBaMu X H Y, ABJISIOTCS flepeHOCYMKaMH HOBOTO
B3auMojeiicTBUs. Kaxaoe U3 HUX MMeeT NpHHUMaIOWKHA 3 3Ha-
YeHHUs I1BETOBOH 3apsifi U APOOHBI 3JeKTpHYeCKHH 3apsh, pas-
HBI COOTBETCTBeHHO 4/3 1 1/3. He BBINMCHIBasi YHCIOBBIX KO-
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s(bHIMEHTOB, MPEJCTaBHM CXeMaTHYHO MaTpHIly KaJHGpOBOY-
HBIX MOJIefl ClefyroluM 06pasoM:

(Gv:Z G G Xt T
R G G y;Z G X2 Y?
B=lc & KRS

X]_ Xg X3 H Y Z W+

[y, Y, Y, {W- Z

~

Ecnu 6u1 B Marpuile B Bvectro X UM Y CTOSJIM HYJH, TO
Takas KapTHHa oTBeyaja Obl CTaHAAPTHOH MOJENH.

JlarpaH:kuaH B3aHMOJEHCTBHs CONEPIKHUT ClaraeMble BHIA
JoRY® y Tr (PT@0BY40), HerpyaHo BHIETb, YTO NepBOe
cjaraeMoe INPHUBOIMT K IIO-
SIBJIGHHIO TNPSIMOTO B3aHMO-
JeHcTBUA MeXLy KBapKaMH
U JIeNTOHAMH, OITHCHIBAEMOTO

X(Y) X3

Puc. 36. Bepumu-
Ha  KBapK-Jiel-
TOHHOTO B3aHMO-
npefictBusg ¢ X-
i Y-6030H0M

Puc. 37. OgHa u3
BepIIHH B3aHMO-
JIeHCTBHSI  KBap-
k0B ¢ X- HJIH
Y-6030H0M

BepIIMHAMH THNa H306pa-
JKeHHo! Ha puc. 36. Bropoe
cllaraeMoe, KpoMe BepIUMH
KBapK-JIENTOHHOIO  B3aHMO-
IefictBus ¢ X- U Y-6030Ha-
MH, COLEpPKHT TaK¥Ke H Bep-

UIHHBI, B KOTOPHIX C X- H
Y-6o30oHaMu B3aMMOZEHCTBYIOT TONBKO KBapku (puc. 37).

BexTtopHble 6Go3oHBl X U Y, BEI3BIBAIOLIME NEpexojpl KBap-
KOB U JIENTOHOB APYr B Jpyra, NOJNYYH/IHM HasBaHHe JIENTO-
KBapKkoB. VX Macchl cBf3aHBl C SHepreTHYecKHM MaciuTaboMm
Hapywenus SU (5)-cumMerpuu U cocrabJsitor okoso 101 I'sB.
310 06BACHSET, OYeMy NPH JOCTHKHMBIX B HacTOsllee BpeMs
SHepPIrUsAX CTaHJapTHasl MOJE/b fBJSETCS XOPOIUMM NpHOIHKe-
HueM. CTosib GOJIBbLIIHE MAaccChl JieJaloT HEeBO3MOXKHEIM Henocpes-
CTBEHHOe Hal6MIofieHHe JIeNTOKBAPKOB B 0603pHUMOM OYAyILLeM.
Onnako 3ddekTr, 06yCI0BIeHHbIE KBapK-JIe€NTOHHBIM B3aHMO-
Je#icTBUEM, B NpPUHIUIE MOI'YT OBITh HAaGMIOJaeMBIMH H B Ha-
crosiliee BpeMs.

Pacnad npomona. BaxHeiinee ciecTBHE 3TOr0 B3auMofeH-
CTBHSl — CYLIECTBOBaHHE IPOLECCOB C HecoXpaHeHHeM GapHOH-
HOro M JlenTOHHOrO 3apsJoB. HauGosee spKUil NpuUMep TAKOTo
pojia NpOIEeccOB — 3TO pacnaj INpOTOHAa, KOTOPHIH MOXKHO
TNPeACTaBUTh NPOHCXOAANINM TaK, KaK H300pax<eHo Ha puc. 38,
39. Pacnazn moxeT NpOHCXOAMTB U 3a CYET JPYTHX NOANpPOLEC-
COB, B TOM YMCJe M IpH oOMeHe Y-GO30HOM.

UToGH NOHATH, He NPOTHBOPEYHUT JH 3TOT 3¢xheKT NPHBbIY-
HBIM NpeJCTaBAeHUSIM O CTaOUJILHOCTH MaTepHM, OLEHHM Be-
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POSITHOCTb TAKOTrO pacrnaja, MJd BpeMsl KH3HHM NPOTOHAa. AMI-
JIMTyJla 3TOro MpoLecca INpONopUHOHaNbHA KBaApaTy KOH-
cTaHThl cBsisM M mponarartopy X (Y) Gosona:

a(Mx)

Bpemsi xusHM npoToHa T,~ l/|A|2~M%/a® (Mx). 3Ha-
yenusi o (Mx)=~1/40 (cM. puc. 34) u Mx~10" I'sB pator
T,~10%%2 jer. ([l cpaBHEHHs] HANOMHHMM, YTO BO3pacT
Bcenenno#t — nopsizka 10'° jer.)

Uq

Uy Uy }n’%afy{m@

p
; X3

et

Puc. 38. Onna u3 auarpamM, ONHCHIBAIOWIHX NpoLecC pachaja MpOToHA

dy

}””//7’3 7509
Puc. 39. Jlpyras Bo3MOXHasi fuarpamma npoliecca pacmaja NpOTOHa

Pasymeercs, cTosb GoJsblioe BpeMsi KH3HH JeslaeT HeBO3-
MOXHBIM OOHapy»KeHHe pacnaja KOHKpeTHoro npoToHa. Ofi-
HaKoO JJIs JOCTATOYHO GOJIBIIOrO KOJHYECTBA NPOTOHOB (~10%%)
BEPOSAITHOCTb pacnaja Xorsl Obl ONHOTO M3 HHX MOXKeT OBITh 3a-
MeTHOH. Ha 3ToM OCHOBaHBI IPOBOMMBIE CeHyac SKCrnepyMeHThl
N0 MHCCJIeOBaHHIO CTaGHJIBHOCTH mnpoToHa. IloayyeHHble B
3THX 3KCNepHMeHTaX K HacTOsIIleMy BpeMeHH pe3yJbTaThl HC-
KJaoydatoT npocrefimyto SU(5)-Mozmenb. B wacTHocTH, npepcka-
sanua SU (5)-momenu v (p—-etn®)<<10%' Jser mnporHBOpEYar
IKCIIePHMEHTaJbHOMY OrpaHHuYeHHIo T (p—-etm®)>10%2 ser.
Hpyrue cxembl Besnkoro oGwenuHeHHsi, NpelcKasblBaoLive
GoJibliee BpeMsl KH3HH NPOTOHA, He JOCTYIHBI TOKa 3KCIEpH-
MEeHTaJILHOH NpoOBepKe.

Heidmporn-anmunedimponnsie ocyurrayuyu. B pamxax 6o-
Jiee CJIOXKHBIX Mojesell BesMKoro o6beMHEHNsT BO3MOXKHO CY-
IECTBOBaHHE HEKOTOPBIX HOBBIX SIBJEHHH, KOTOpbIe He JOmyc-
kawotca B SU (5)-mogenu. Tak, B SU (5)-mMonenn B mpoueccax
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C HecoxpaHeHHeM GApHOHHOIO YHCJIa 00513aTelIbHO HMEET MeCTO
HeCOXpaHeHHe JIeNTOHHOro 3apsja. Ilpu 3ToM, OXHAKO, HX
pasHocTb B—L coxpaHsiercsi (HanpHMep, NpH pacnaje NpoToHa
p—(etn®), p—(v.mt)). B Momensx c 6osee CAOXKHBLIMH Ipynna-
MH, COJEpKallMMH IOCTAaTOYHO MHOTO YaCTHII, JOTYCTHMBI IIPO-
Llecchl, B KOTOpuix B—L He coxpaHsercs.

C ToukH 3peHHs 3KClepHMeHTa HauboJlee HHTEPECHBIMH fIB-
JISIOTCS] HeATPOH-aHTHHENTPOHHBIE OCHHJJISILHM B BaKyyMe.
[lpn Takux nepexonax GapHOHHBIM 3apsil H3MEHsETCS Ha JBe
e[MHHIEI, a JeNTOHHBIH He MeHsieTcsl. [0 MOZEeNBbHEIM OLEeHKaM
NEePHOA TaKHX OCUMJIAUMEA T, ,-~10°+10% ¢, ¥ oHM MorjH
6bl B NpHHIMME GHITh OGHAPYKEHE! B JOCTATOYHO WHTEHCHBHBIX
Ny4yKax HeHTPOHOB OT peakTopoB. [Ioka, omHAaKoO, HeT SKCIiepy-
MEHTa/IbHbIX CBEIEHHI O CYLIeCTBOBAHMH TaKHMX IPOLECCOB.

Mownonoau. B cBs3u ¢ oficyKIeHHEM MPOLIECCOB C Hecoxpa-
HeHHeM GapHOHHOTO YHCJsa, KOTOphHe NPeNCKasbIBAalOTCS MOJe-
JaMu Benukoro o6mpefyHeHMs, YNOMsIHEM Takxke elle o6 HH-
TEPECHOM SIBJIEHHH, KOTOPOE MOXKeT HMeTb MeCTO B paMKax 3THX
Mmogenefi. Eme B Hawane 30-x romoB [upak 3ameTns, 4to B
KBaHTOBOH 3JIEKTPOZHHAMUKE MOXKHO MPEJIOJOXKHUTb CYILIecT-
BOBaHMe MarHHTHBIX 3apSf0OB — TaK Has3blBaeMBIX MOHOIOJIEH,
He NpPHUXOJAs IpH 3TOM K mnpotHBopeunto. B 1974 r. t’'Xoodr
1 A. M. TlonskoB noKasaii, YTO MOHOMOJIbHBEIE PEIUEeHHs CY-
IIECTBYIOT B KaJHOGPOBOYHBIX TEOPHSIX C TOJYIPOCTHIMH TPYIl-
NaMH CHMMETPHH, KOTOpHIe CIIOHTAHHO HapyIleHEl N0 IPYMIb,
cozepxatreit U (1). B 4acTHOCTH, MOHONOJIH HOJIXKHBI IPHCYT-
CTBOBaThb B MoJie/isix Benukoro o6befnHEHHUs], B KOTOPHIX IPyIi-
na cuMMetpuu G Hapyluaercss O CHMMETPHH CTAaHJApTHOH MO-
zemn SU (3)XSU ()X U ().

Macca Takux MoHomoJsie cBfi3aHa ¢ Maccoi KaJnGpOBOYHBIX
6030HOB X cooTHOweHHeM My~Mx/o; u niass Mx~10 I'sB
H og~1/40 coctapnsier BenuuuHy nopsigka 10%¢ I'sB.

He yuactBys cam BO B3aMMOIEHCTBHM, MOHOIOJb MOXET
HHAYI¥POBATh NPOLECCH ¢ HapylleHHeM 6apHOHHOTO 3apsja H,
B YaCTHOCTH, pacnaj NMPOTOHA, HUrpas NpH 3TOM POJb CBOEro
pona Katanusatopa. Kak ycranoBua B. A. Py6akos, snekTpu-
YecKoe ¥ MarHHTHOE MO0JIS BOKPYT MOHOIOJS CO3AAI0T KOHJEeH-
caT (epMHOHHBIX NOJIeH, KOTOpbIH HapyiuaeT GapHOHHBIH 3a-
PAL C BepOSTHOCTBIO, NPONOPIHOHAJBPHOH KBajpaTy KOMII-
TOHOBCKO!l JJIMHBI BOJIHBI (epMHOHOB 1/mi. IlosTomy xapak-
TePHBIe CeueHMsl, HalpHMep, ceyeHHe mpolecca

p -+ MoHOMNOJNL — €* - Me30HBI + MOHOIOJb,
HOJIXKHEI OBITh CPABHUMBI C CEUEHHAMH OOBIYHBIX aJPOHHBIX PO~
11eCCOB.
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Crenyer OTMETHTb, UYTO pa3/IHUHblE SKCIEPUMEHTaJbHbIE
TIOMCKHU KaK CaMHX MOHOIMNOJeH, TaK H HHAYIHUPOBAHHBEIX HMH
pacrnajoB NPOTOHOB JO HACTOSIIETO BpPeMeHH He Jajd MOJO-
JKHTEJIBHBIX De3YJIbTaTOB.

Ozparnuuernocms modereti Beauxoeo o6vedurernus. Mopenu
Benukoro o0beIHHEHHS H HX BCEBO3MOXKHble MOAM(HKALHH
HOCHIT MOKa CINEKYJATHBHLIA XapakTep U HYXKIAIOTCs B HaJEX-
HOM 3KCNepHMEeHTaJbHOM TNOATBEpPKAEHUH UM ONPOBEPKEHUH.
EcTe B HUX M DAJ YHCTO TeOpeTHYEeCKHX TPYIHOCTeH.

O6cy:xnaemoe o6beMHEHHe B3aMMOJEHUCTBHI He sIBJsETCA
TOJIHBIM, TOCKOJBLKY OHO He BKJ/IOYaeT rpaBHTaluio. [lonbiTKH
yYecTb B paMKaXx eIHMHOH CXeMbl TaKxKe U 'PaBUTAIIMIO He JIMIIe-
HBEl OCHOBAHHH, MOCKOJBKY CYLIeCTByeT 00JIacTb, B KOTOpPOH
rpaBUTauVOHHbIE 3(peKTHl CTAHOBATCSA CyllecTBeHHBIMH. [lefi-
CTBHTEJBHO, CPaBHHBAsl BbIpaxkKeHHUs JJIsl TIOTEHIHAJIbHON SHep-
TMH IPABHTAlMIOHHOIO MNPHUTAXKAHMSA IBYX TeJ Macchl m, T. €.
Gm?®/r, c sHepruell KyJOHOBCKOTO B3aHMONEHCTBHs e%/r, JIETKO
3aMeTHTh, YTO B KaudecTBe Ge3pa3MepHOll BeJIHUMHBI, aHAJOTHY-
HO TIOCTOSIHHOM TOHKOM CTpyKTyphl a=¢?/hicas1/137, xapakTe-
pH3yiolledl CHJIY TPaBHTAllMOHHOTO B3aUMOZEHACTBHS, BBHICTY-
naer kom6uHauust Gm?/fic. Ecin Macca yacTHLbl IOCTHTaeT Be-

JIMYMHBI ]/ fw/G =~ 10'® ['sB, Tak Has3blBaeMOH MJIaHKOBCKOH
Macchl, TO 3T0 BeIpaxkeHHe ~1. PaccrosiHue, ompegensieMoe

KOMITTOHOBCKOH JJIMHOH BOJIHBI TaKoH JacTuiml, r=%=

= ]/%ﬁ;z 10~33% c¢cM, HOCHT Ha3BaHHe IJIAHKOBCKOH MJIMHHI.

Mogenu Benvkoro o6 befHHEHHS OCHOBBIBAIOTCS HA JOBOJb-
HO MCKYCCTBEHHOH THIIOTe3e O CYIEeCTBOBAHHH «KaJH6pOBOY-
HOH NYCTHIHM» MeXIY OTJIHYAIOUIMMUCS APYT OT Apyra npuMep-
HO Ha 13 nopsaAKoB XapaKTepHBIMH MacuITabaMH SHepTuil, Npu
KOTOPBIX TNPOHUCXONAT HAapyIeHus cUMMeTpu#l rpynmel G 10
rpynnsl SU 3)XSU (2)XU (1) u rpynnet SU (2) B mozenu
3JieKTpocaabelX B3aMMofelicTBuil. He uckoueHO, 4TO B 3TOH
obaacTH, T. . Ha KaKHX-TO paccrosiHusax ot 10-1¢ no 10-2° cM,
nposiBasercsa 6Gosee IMy6oKas CTPYKTYpa YacTHl, TpeOyromias
HOBBIX (PU3HUECKHX TNpeACTaBJIeHHH.

Takoe «3aceseHHe TNYCTHIHA» HOBBIMH UYAacCTHLIAMH IPOBO-
JMTCA BO MHOTHX NpejylaraeMbIX B NocjelHee BPeMsl TeOpeTH-
9ecKHX NocTpoeHHsX. Ocobblli HHTepec BBISBIBAIOT MOJENH, OC-
HOBaHHBIE Ha CHUMMETPHM HOBOTO THNa — TaK HasbIBaeMOH CY-
NepCHMMETPHH, O KOTOPOH MBI PacCKakeM B ClIefyolleM napa-

rpade.
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§ 24. Cynepteopuu

Cynepcummempus. B nocienHue roiwl 3HauuTeNbHOE pas-
BHTHE MOJYYH/IH KBAHTOBONOJIEBbIE MOJeNIH, 06/l1afaioye CHM-
MeTpHeil HOBOTO THIIA, KOTOpasi CBSI3bIBAET MEXKIY COGOH KBaH-
TOBBIE N0JIS1 C pa3/IMYHOH CTaTHCTHKOH, TaK HasblBaeMOH cynep-
cumMerpueli. [Ipeo6pasoBaHusi CynepCHMMETPHH 06pasyioT
rpynny, npeicTaB/siollylo co60f HeTpHBHAJNbHOE paclIHpeHHe
rpynnel [lyaHkape, NoJydYeHHOe IyTeM BKJIIOUEHHSI B Hee
CIIHHOPHBIX I'eHepaToOpOB, aHTHKOMMYTATOP KOTOPBIX IpPOMNOpP-
I[MOHa/leH IeHepaTopy CABHra, T. €. UMIYJbCY.

Ato paciuupenue 6b1o oTkphito B 1971 1. I0. A. Tonbdan-
gom u E. I1. JIuxtmanoM. CynepcHMMeTpHYHbIE KBAHTOBOIIOJE-
Bble MOJeJM BrepBble Obliu moctpoensl Jl. B. BoJakoBeM u
B. I1. AKyJoBbIM ¥ NpHOGPEeNH MONYJsSPHOCTb NOocJae paGoT
Bb. 3ymuno u 10. Becca.

BakHy10 posib B CTAHOBJNEHUH H Pa3BUTHH CYNEPCHMMETPHH
M CcyneprpaBHTalMH celirpaiu pabotel Canama, . Crpacay,
B. U. Oruegenxoro u E. C. ®pankuna.

IloneBrle mpencTaBleHHst TPYNNBEl CYNepCHMMETPHH pac-
CMaTpPHUBAIOTCH Ha MHOTOOOPA3HH, COCTOSIILEM H3 YeThbpeX Npo-
CTPaHCTBEHHO-BPeMEeHHBIX KOOPAMHAT X, H YeTHOrO YHCJa ABYX-
KOMIIOHEHTHBIX cruHOpoB O, 0/ (i, j=1, ..., N), KOMIOHEHTbI
KOTOPBEIX He SIBJSIOTCS OOBIYHBIMM YHCJaMH, a 06JajaioT clie-
HHaJbHEIMH a/ire6pauyecKMMH CBOHCTBAMH, AHTHKOMMYTHDYS
IpyT ¢ IpyTrOM M HMesl KBajAparthl, paBHble HyJo. CMaTeMaTH-
4ecKOH TOYKH 3PEHHs OHH 00pa3yloT 0cobyio aire6py — anreb-
py I'paccmana. Ilpocreiimas rpaccmanoBa ajre6pa (COOTBeT-
cTBytowas ciayyaio N=1) cofepKUT IBe ABYXKOMIOHEHTHHIE
obpasytouiye 0 u 0, yroBieTBopsIOLIHEe aHTHKOMMYTAllHOHHOMY
ycnoBuio 00=—00 u COOTHOIIEHUSIM HHJILIOTEHTHOCTH JJIs
KoMmmnoHeHT 02=0%2=02=02=0.

[IpeoGpasoBaHusi  CynepCHMMETPHH  CYNepHpOCTPaHCTBA
(¥, 0, 0) sanucrBalOTCS B BHAE TPAHCIASLHH

0—0+e, x,— Gt end. (24.1)

[IpencraBnenusi cymnepcHMMETPHH peasM3yIOTCsl (YHKIHSA-
MH IlepeMeHHBIX ¥, 0, 8, KoTopble HOCAT Ha3BaHHUe cyneprosel.

Cynepnosisi MOTYT GbITh IHHEHHO BhIpaxKeHbl Yepe3 KOHeYHoe
YHCJIO OOBIYHBIX KBAHTOBBIX MOJIeH pasiHyHON TEH30pHOH NpH-
pomel. OjHO W3 mpocTedIMX, TaK HasblBaeMoe KHpaJbHOe
ckanapHoe cynepnone @ (x, 0), npencraBiasiercss B BHIE

D (x, 8)= (x)+p(x)0+08, F(x), (24.2)
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rie @ M F — KBaHTOBble CKa/lspHble (603e-10Js1, a P — CIIH-
HopHoe ¢epmu-niosie. bBosee BeICOKHE CTenmeHH rpaccMaHOBBIX
flepeMeHHBIX HE BXOAAT H3-3a CBOHCTBA HHJILIIOTEHTHOCTH.

KoBapuaHTHOCTb cyneprnosiefl OTHOCHTEJNBHO Cymepnpeos-
pasopanuii (24.1) IpUBOAMT K TOMY, YTO NIpH Cymepnpeo6paso-
BaHHAX «COCTABJSIOLIME» JIOPEHL-NIONS @, 1,. . . IPeobpasyroT-
csl Apyr uepes apyra. IIockoJbKY cpelu HHX HMEIOTCS HOJs,
NOJUMHSAIOUIHECS DAa3JMYHBIM CTAaTHCTHKaM, TO CYMHepCHMMET-
pHIO TakXe HMEeHYIT (epMH — 6o03e-cuMMeTpueli. KBaHTHI
BXOJAIIUX B OJHO cyleproJse GepMHOHHBIX U GO3OHHHIX NOJEH
HasplBAIOT CyleplapTHepaMH.

CynepcHMMeTPHUYHBIN JlarpaHKHaH CHCTEMbl B3aMMOJEHCT-
BYIOIMX TOJIEHl MOXKHO MOJNYYHTb, B35IB HEKOTOPYIO CTElEHb
cyneproJsisi, HanpuMep, Bbibpare B Buge g3, rge @ — Ku-
panbHoe cynepnofe (24.2). Kaxk BHAHO, NpPH 3TOM BO3HHKAIOT
pasHooOpasHLle B3aUMOJEHCTBUS COCTABJSAIOMINX CKANSIPHEIX H
CIIMHOPHBIX TOJIeH, XapakTepusyeMble OJHOH KOHCTaHTOM
CBSI3H.

[Ipeo6pasoBaHus CynepCHMMETPUH CBS3BIBAIOT MEXKAY COGOM
KBaHTOBble IOJIA PasHOro THHA. B To Ke BpeMms, OHH NOJY-
4aloTcsd NPH HETPHBHMAJIBHOM DACIUMPEeHHH TPYIIEl MNPOCTPaH-
CTBEeHHO-BPEMEHHBIX IIpeoOpas3oBaHuil — rpynnel  [lyaHkape.
B 3TOM COCTOHT HX OTJIHYHME OT H3BECTHHIX paHee MPOCTPAHCT-
BeHHO-BPEMeHHBIX M BHYTPEHHHX CHMMETPHH: eCJIH NpOCTpaH-
CTBEHHO-BpeMeHHEIe NpeoOpa3oBaHHUsl He 3aTparkBaloT KBaHTO-
Bble UHCJla YaCcTHI[, TO BHYTpeHHHe He JEHCTBYIOT Ha KOOp-
JUHATHI.

C ToukH 3peHHSI (DeHOMEHOJIOTHH CyNepCHMMETPHS MOXKeT
CYIIECTBOBATh TOJILKO KaK HapylleHHas cuMmMerpus. Ecau 6bl
OHa Obl1a OBl TOYHOH, TO Macchl 6030HOB U (epMHOHOB — CyIiep-
napTHepOB — JOJIXKHBI ObIM OBl COBHAjaTh, YTO B INpPUPOJE
omnpejie/ieHHO He Hab/ofaeTcs.

Hu onHa u3 M3BeCTHBIX 1O CHX TOp YaCTHI[ He SIBJISETCS
cynepnapTHepoM Apyro#i. Takum o6pa3oM, coryiacHO 3Toft cxe-
Me B NPHpPOJE JO/IKHO HMMeTb MeCTO, Kak MHHHUMYM, yJBOeHHe
Yhcja H3BeCTHBIX dYacTull. Tak, HanmpuMep, KpOMe KBapKOB
H JIENTOHOB, JIOJ/IKHBI CYLIECTBOBATh TaK HasblBaeMble C-KBapKH
H c-JIenToHbl co cnuHOM 0, KpoMe IVIIOOHOB H (OTOHA — IVIIOH-
HO u (oTHHO co cnHHOM 1/2 u T. ..

Cynepcummempuurole Karubposoursle meopuu. CynepcuM-
MeTpHus Obl1a BBeleHa B KBAHTOBYIO TEOPHIO NOJS KaK HEKOTO-
pasi ¢dopmanbHas KOHCTPyKUMs. [lo CHX NOp HeT HHKaKHX
SKCIepHMeHTalbHbIX YKasaHHiI Ha ee CyLIeCTBOBaHHE Jaxe
KaK HapylleHHOH cuMMeTpuu. OJHAKO 3TO HanpaB/eHHe HH-
TEHCHBHO Da3BUBaeTCsl B HACTOsllee BpeMs, YTO BO MHOIOM
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CBfI3aHO C HAZEXKAaMH Ha BO3MOXKHbIE KOMIIEHCAIMH pacxoju-
MocTell pH ydeTe 3TOH HOBOI CHMMETDHH.

Takasi BO3MOXKHOCTb BO3HMKAaeT B CYINepPCHMMETPHUHBIX
TeOpHSX, KOTOphe 06/1afaloT H Ka/liOPOBOYHOM HHBADHAHT-
HOCTBIO OTHOCHTEJBHO HEKOTOpoH HeabeseBod rpynnsl. ®usu-
yecKkass OCHOBA KOMIEHCALHMH PacXOJUMOCTeHl COCTOUT B TOM,
4TO BKJIaJbl KaJIMOPOBOYHBIX MOJIeH M INoJied MaTepHH B pac-
XOJAIIIeCsT CTPYKTYPhl oT/HyaioTess 3HakoM. C nojnoGHOH cH-
Tyanuell Mbl y»Ke BCTpeda/juch NPH aHa/lH3e YJbTpadHoseTo-
BOTO NoOBeleHHUsl 3(hdeKTHUBHOH KOHCTAHTHl CBSI3HM B KBaHTOBOH
XpoMoJyHaMHKe (cM., Hanpumep, dopmyael (13.7), (20.1) u
(20.2)). CynepcumMmeTpHs 2Ke ompejessieT TO, YTO 3TH BKJIALHI
B TOYHOCTH COKpallaloTCsi, NpPHYeM He TOJbKO B IEPBOM IO-
pAAKe, HO H BO BCeX OCTa/bHBIX.

Hcropuuecky nepBBIMH MOZENSIMH, A KOTOPBHIX YZAasOChk
JloOKa3aTh COKpallleHHe pacXOAHUMOCTel, OblIM MOJENH TaK Ha-
3piBaeMOll pactmpeHHod N=4 u N=2 cynepcuMMeTpHH, 06-
Jlajiarolye JJOKaJbHOH Ka/lMOpPOBOUHOH HHBapHaHTHOCTHIO. Pac-
IIMpPEHHBIM CYNePCHMMETPHSIM COOTBETCTBYIOT GOJiee CJIOXKHBIE
anre6psl I'paccMana, yeM Ta, O KOTOpOH LjIa peyb B Hauaje
naparpaga. OHH COOTBETCTBYIOT 3Ha4YeHHSIM BBEJEHHOIO TaM
HHJeKca pacupesus N, GOJMbIIMM eIMHHLEBL.

B nocnennee BpeMsl ypajsioch Takxke NOCTPOUTH (peHOMEHO-
JIOTHYeCKH 6oJiee NMPeANOYTHTENbHEIE KOHEUHEIe KBaHTOBONOJIE~
Bble MOJeJIM, OCHOBaHHHIe U Ha N=1 cynepcuMMeTpHH.

Cynepepasumayus. PaccMaTpuBaeMble IO CHX IOp NpeoG-
pasoBaHHsl CYNEPCHMMETPUH ObUIH TIJI0GaNbHBIMH. MOXHO,
OZHAKO, paccMOTpeTh M JIOKAJIbHYIO cynepcHMMeTpHio. B atom
cjllyyae, TNOCKOJBKY BO3HHKAIOMHE H3MeHeHHs KOOpAMHAT B
KaXJoH TOYKe IIpOCTPaHCTBa — BPEMEHH pa3/HMYHBEL, IOJY-
yaeTcd CynepcHMMeTpHuHoe oboblieHHe oflied TeOpHH OTHO-
CHTeJILHOCTH — TaK HasblBaeMas cyneprpaBuTauus. [Ipocreii-
KA CyneprpaBUTALUOHHBIA MYJIBTHIIET COCTOMT H3 JBYX
YacTHI: NePeHOCAIIero rpaBUTAalMOHHOE B3aUMOJAEHCTBHE rpa-
BHUTOHA, HMMEIOIIEro COHH 2, U TPaBUTHHO — THUIOTETHYECKOH
HeATpasbHOM YacTHIBI cO CIHHOM 3/2.

CraHzapTHass KBaHTOBasl TeOpPHs I'PaBHUTALlHOHHOTO B3aHMO-
JeHCTBUS M3-3a TEH30PHOTO XapakTepa rpaBHTAIlMOHHOIO MOJS
H HeJMHEeHHOCTH B3aMMOZEHCTBHS fBJASETCH, KAK MOXHO IO-
Ka3aTb, HeNepeHOpMHpYeMOH.

CoxpareHrne pacXoAMMOCTeH B TeOpHsiX, 06/1aJalomuX IJ10-
6aJbHOH CynepcHMMeTpHeH, NOPOAMJIO HaleXIy Ha BO3MOXK-
HOCTb IOCTPOEHHSI KOHEUHOH MOJeJH CyneprpaBUTalyM, B
KOTOpOH, TaKHM 06pa3oM, OTCYTCTBOBaJIH Obl HE TOJILKO Henepe-
HOpMHpYeMble pacXOJUMOCTH, OOBIYHO COMNPOBOMXIAIOILLHE IIPO-
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Hefypy KBaHTOBAHHUS TPAaBHUTALMOHHOrO NOJsi, HO H pacXofu-
MocTH BooGue. s Moneneit cyneprpaBHTanuu JOKaszaHa Ko-
HEYHOCTb B JBYX IepBbIX INOPSAKAaX TEOPHH BO3MYLIEHHH,
OJIHAKO B I1eJIOM BONIPOC O COKpALIeHHH PacXOAHMOCTe!l BO BCeX
NopsAfiKax OCTaeTcsl MOKa OTKPBITHIM.

B ocHoBe mpuMeHeHMs Mojesell CcyneprpaBUTalMH K OIH-
CaHMIO MHpa peasbHBIX YACTHIL JIEXKHT THIIOTe3a O TOM, YTO NpHU
SHepruax, 60apmux 10'° I'sB, T. e. Ha paccTOHHAX, MEHBLIHX
10-% cM, nponcxoiuT o6befHEHHe BceX YeTHIpeX B3aMMOJeit-
CTBUH.

Komnaxmucpukayusn «auwnux» usmeperuti. Teopuu cynep-
rpaBHTallMi B YeTLIDEXMEDPHOM IPOCTPAHCTBE — BpEeMeHH, CO-
Jepxauiye 6o/blI0H Habop noJsel, ecrecTBeHHBIM 06pasoM ¢op
MyJIHPYIOTCS B IPOCTPAHCTBe — BpeMeHH GOJbLIEero YHcsa H3-
MepeHHH.

Hres ucrnonb3oBaHUsI NPOCTPAHCTBA — BpeMeHH pa3MepHo-
cTH, GoJibluell, yeM 4, HMeeT LOBOJLHO AaBHIOW HcropHio. Ele
B 20-e rofbl NMpH NOCTPOEHUM eNuHOro ¢gopmaguaMa Ljsi ONH-
CaHHs TpaBHTAUMHU U sjekTpoMmarHeruama T. Kanyua u Kaefin
NpefJIOXKUIN pacCMaTpPUBAaTh TEOPHIO MOJS B H-MEPHOM IPOCT-
paHCcTBe — BpeMeHH. B HX cxeMe MeTpHuecKuil TeH30p MATHMep-
HOTO MpPOCTPAHCTBA — BpeMeHH HMeeT CIelHaNbHBIH BHA H
BEIpaXKAeTCsl Yepe3 KOMIIOHEHThl MEeTPHYECKOTO TeH30pa Guy(x)
YeTHIPEXMEPHOTO IIPOCTPaHCTBAa — BpPEMEHH, 3aJalollero rpa-
BHTAlMOHHOE B3aHMOJIEHCTBHE, M BEKTOD-NOTEHIHAN 3JIeKT-
pomarHuTHoro noJsi. Kpome TOro, oHH NpejnoJIOKHJH, UTO
JOTIONIHATeNIbHAS NsATass KOOpAHHAaTa NpPHHHMAaeT 3HaueHHs HaA
OKPYXHOCTH S; Hekoroporo paguyca R (0<Cx,<(2nR). 3ame-
THM, YTO FPYNNoH JBHUIKEHUS 3TOTO NPOCTPAHCTBA SBJSETCH
rpynna U (1), Jexamasi B OCHOBE 3JIEKTPOMarHUTHOTO B3aHMO-
JedcrBus. [pyrumu cioBamMu, BMeCTO OOBIYHOTO 4-MepHOTO
npocrpaHcTBa—BpeMeHH M, paccmarpuBaercsi 5-MepHOe IpoCT-
PaHCTBO — BpeMsl, KOTOpOe mpefcTaBiser co60# npsMoe Npo-
usBefienne M, X S;. Takum o6pa3oM, 3iech Mbl BCTpedaeMcsi C
NpOCTeHIIMM IPHMEPOM TaK HasblBaeMOH KOMIaKTH(HKaLHH
JIONIOJTHHTEJIbHOTO TIPOCTPaHCTBEHHOI'O M3MEepeHHs.

Teopusi Kanyubnt — KulefiHa Gblia 0ZHOH M3 NepBHIX MOINBI-
TOK TeQMeTPHYeCKH OOBEJHHHTb NpPOCTPaHCTBEHHO-BPeMeHHEBIE
U BHYTpeHHHe CHMMETPHM M CBfi3aHHLIE C HHUMH B3aUMOJEHCT-
Busi. CoBpeMeHHble TEODHH OCHOBBIBAIOTCS Ha aHAJOTHYHBIX
HJesIX O BBEIEHHH JONMOJHUTETbHBIX INPOCTPAHCTBEHHBIX H3-
MepeHUuH.

CyliecTBeHHOH 4YepTOH JONOJNHUTENbHBIX KOOpJAUHAT $B-
JsieTcsl TO, YTO OHM JOJIXKHBI KOMIAKTH(ULUHDPOBATHCS M MpH-
HUMaTbh 3HAYeHHS Ha 3aMKHYTBIX M OTpaHUYeHHBIX (KOMNAaKT-
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HbIX) MHOroo6pasusx. Ilpocrefilye npuMepsl TAKHX MHOro0G-
pasuil — OKpYKHOCTb H NOBEDPXHOCTb Chephl.

XoTs BBelieHHe IONOJHHTENBHBIX H3MEpeHHH HMeJo JIMILIb
dopManbHO-MaTeMaTHYeCKOe OCHOBaHHMe, He HCKJIoYeHa BO3-
MOXKHOCTb, YTO OHH HMeloT GoJiee TiyGOKyrO0 (PH3HYECKYIO NpH-
pody. UToOel MOHATH, KaK COOTHECTH Ha/jHuMe NONOJHHTeNb-
HBIX TPOCTPAHCTBEHHBIX KOODJMHAT C HabiioJaeMOH ueTelpex-
MepHOCTBIO NIPOCTPAHCTBA — BpeMeHH, PacCMOTPHUM IIpHBeJeH-
Hbll Ha puc. 40 npumMep KoMnakTHOHKANUKY GeCKOHEYHOH MJI0C-
KOCTH MO OJHOH M3 IBYX KOOpAHHAT. [l1ockocTe npH 3TOM
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Puc. 40. Ilpumep KomMnakTHhHKauHMH GECKOHEUHOH MJIOCKOCTH MO OJHOH H3
KoopauHar. Omepainysi COCTOMT B Iepexofie K APYrofi o6iacTH H3MEHEeHHs
KOODAHMHATHl X, KOTOpas IpeJCTaBJseT Tellepb He GECKOHEYHYIO NPAMYIO,
a 3aMKHYTOe OrpaHHYeHHOe MHOrooGpasne — OKpY:KHocTb. [IpH 3TOM
IUIOCKOCTD NpeBpamiaeTcs B OBEPXHOCTb LMJIHHAPA, KOTOPYIO MOXKHO Ipea-
CTaBHTb KaK HPSMOe NPOH3BeJeHHe NP#MOH H OKPYKHOCTH.

npeBpailaercs B NOBEPXHOCTb LMJIHMHApPA. XapaKTepHBIM pac-
CTOSIHHEM fBJIfieTCs pajuyc nuiaupipa R. Ilpu paccrosHusX,
MHOTO MeHBbIUMX, YeM R, KpMBH3HA LMJMHJApA NPAKTHYECKH HE
omymaercs ¥ 5(pQeKTHBHO MOBEPXHOCTb KaXETCs IIIOCKOH.
Hao6opot, npyu paccTosiHHsIX, MHOTO GOJIbIIHX R, KOMIaKTHas
06/1acTb H3MeHeHHs1 KOOPAHHATHL X, KaK Obl CTATMBAaeTCs B TOU-
Ky, a [IOBepXHOCTb KakK OBl NpeBpallaercs B JHHHIO, T. €. B OfI-
HOMepHoe MHoroo6pasue. JIpyrumu cioBaMH, Ha GOJIBINHMX pac-
CTOSIHMAX, Iieé KOMINaKTH(QUIHPOBAaHHbEIE KOOPAMHATHEL He OLLY-
IAOTCSA BOBCE, KOJIHYECTBO H3MepeHMil 5(QeKTHBHO yMeHb-
1aercs.

B wmomenax cyneprpaBuTanuH, cGoOpMyJHPOBAHHBIX B
NPOCTPAHCTBE — BPEMEHH OOJIbIIEero YMcJa H3MepeHHH, mnpel-
T0JIaraeTcsi, YTO JIMIUHKEe IIPOCTPAHCTBEHHbIE KOOPAHHATEL KOM-
NakTHQUIMPOBAHHLL C PAJMYCOM, PaBHBIM IUIAHKOBCKOH AJIH-
He R omp~ 103 cM. Ipu 3TOM Ha Goapluux paccrosHusax (R>
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SR comp) 30DEKTHBHO HMeeTcsi 4-MepHOe npocTpancTBo. Cienp!
TOFO, YTO HCTHHHOE» NpPOCTPAHCTBO — BpeMsl HMeeT OOJblie
M3MepeHHH, COCTOUT B TOM, YTO 4-MepHble BEKTOPhl H TEH30DPbI
VIMEIOT «IHIIHHE» KOMIOHEHThI, KOTOphle BOCIPHHHUMAIOTCS KakK
IONOJIHHTE/bHblE HE3aBHCHMblE CKaJsipbl, BEKTOPBl H T. 1.
Ha npoMexyTOYHBIX pacCTOSiHHSIX R~R omp HAUHHAIOT YyB-
CTBOBAaTbCA JOMOJHHUTENbHBIE KoOpAHHATE. HakoHel, npu R<€
<R omp BCE KOOPJHMHATHI OKAa3HIBAIOTCA DaBHONPaBHBIMH.

B mnocyenHee BpeMsi 0OCYKAaeTcsi BO3MOXHOCTb TOTO, UTO
Ha pacCTOSIHHSIX, MEHbIIMX IJIAHKOBCKHX, HapsAy C yBelHuye-
HHEM pa3MepPHOCTH NPOCTPAHCTBA — BpeMeHH JIOKa/bHas
KBaHTOBasl TEOPHSA NOJIA NOJKHA ObITh 3aMeHeHa Ha CymnepCcHM-
METPHYHYIO TEOpPHIO NPOTSKEHHBIX OJHOMEDPHBIX OGBEKTOB —
TaK Ha3blBaeMbIX CyNepCTpYH.

Cynepcmpynot. VICXONHBIM TYHKTOM TEOPHH CHYKHT MOJEJb
PEJIITUBHCTCKOH CTPYHBI, K KOTOPOH MOXXHO NpPHHTH, 060611as
PeJISTUBHCTCKYIO IMHAMHKY TOYKH Ha NPOTSXKEHHBIE OLHOMEp-
Hble 00'beKTHl. PesIATHBHCTCKAs JMHAMHKa TOYKH OIpelessieTCs
JeficTBMeM, KOTOpOe NPONOPLHOHAJNBHO JJIMHE MHPOBOH Tpaek-
TOPHMH TOUKH B NPOCTPAHCTBe — BpeMeHH. EcTecTBeHHBIM 0606-
lIleHHeM sIBJISeTCs NPeIIoJIoKeH e, YTo JeHCTBHEe CTPYHBI NPO-
HOPIMOHANBHO IJIOLALH MUPOBO#H I0BEPXHOCTH, KOTOPYIO CTPY-
Ha INpH [BHXKEHHHM 3aMeTaeT B IIPOCTPaHCTBe — BpEMEHH.
ITpuHnMn HauMeHblIEro NeHCTBHSA, 3aJAIOIUH 3aKOH JBHKEHHS
CTPYHHl B NpPOCTPAHCTBE — BpeMeHH, O3HayaeT C reoMeTpHye-
CKOH TOYKM 3peHHMs HaXoXJeHHe MHHUMAaJbHOH NOBEpPXHOCTH
B npocTpaHcTBe MHHKOBCKOTO, NpOXOAsllieH depe3 HauaslbHOE
1 KOHe4YHOe IOJOMXEHHS CTPYHHL.

Knaccuueckass pesnsiTHBHCTCKasi CTpyHa o6Jajaer GecKo-
HeuyHEIM HabopoM BpallaTeJbHBEIX H KoJleGaTelbHEIX MOJ, YTO
NpY KBAaHTOBAaHHMH NPHBOIHT K GeCKOHEUHOMY DALY COCTOSIHMH
C HEOrpaHHYeHHO YBeJHUYMBAIOMMMHCA MaccaMd. PaccrosHus
MeXJly MaccamH B CIeKTpe OIpeJessloTCsl eJHHCTBEHHBIM pas-
MEpHBIM NapaMeTpOM — HaTs)KeHHeM CTPYHBl T, HMeomHM
pasmepHocTb |[ml? (miuHa crpyHbl [~T—1/2),

Ecan kaxno#t Touke oObI4HOH (6030HHOH) pensiTHBHCTCKOM
CTPYHEI NIPUNIHCATh CIHMHOBYIO CTeNeHb CBOGOJBI, TO NMOJYUYHTCA
HOBBIH OOBEKT — CIIMHOBAs CTPYyHa.

[TocTpoenne cynepcuMMeTpH4HOro AeHCTBHS IJIsi CMMHOBOH
CTPYHBI MPUBOJUT K TaK Ha3blBaeMol cynepcrpyHe. Henpotu-
BOPEYHBLIM 06Pa30M KBAHTOBYIO TEOPHIO CYIEPCTPYHBI yAaeTcs
chopMyJIHPOBATH JIHIIBL B J€CATHMEPHOM NPOCTPAHCTBE — Bpe-
MeHH.

Xorsl camH CTPYHBl — OGBEKTHl HeJIOKAJbHBIE, HX B3aHMO-
AEHCTBHE JIOKAJbHO — OHO IPOMCXOAHT B OJHOH NMPOCTPAHCT-
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BeHHO-BpeMeHHOH Touke. [IpH 3TOM OJIHa CTPYHA MOKET pa3phl-
BaTbCSl Ha JIBe; JBe CTPYHBI, CKJEHBasiCh KOHLAMH, MOTYT 00Bb-
eIMHATbCS B ONHY M T. 4. B3aumozelicTBue cymepcTpyH no-
pOXIaeT B3aHMOJEHCTBHE COCTOSIHMH, IOJy4YaeMBIX IIpH HX
KBaHTOBaHWM. OKasblBaeTcsl, 4TO B3aUMONEHCTBHE OCHOBHEBIX
(6e3MaccoBBIX) COCTOSIHMH CYNepCTpYH B JIOKAJbLHOM IIpenene
IPUBOJUT K TEOPHUSIM CyNeprpaBUTaLUH U cynep-SIHra — MuJi-
ca B 10-MepHOM npocTpaHcTBe. B ofliem ciyyae TakHe npefiesb-
Hble KaJHOpOBOUHBIE TEODHH O06JajalT KaK pacXORHMOCTS-
MH, TaK H aHOMajusaMu. [ToNbITKH H30aBHTLCS OT HUX, KaK MO-
kasanu B 1984 r. M. I'pun u k. llIBapu, npuBoAsT K BBIIENEH-
HOCTH KaJHOpPOBOYHBIX TpyNN (HKCHPOBAHHOH pa3MepHOCTH.

[TostoMy ¢ Teopuell cynepCTpYHBI CBSI3BIBAIOT HaEXJAbl Ha
NOCTpOeHHe YHHKAJNbHOH TeOpHM, KOTOpas Ha pacCTOSHHAX,
MeHBIINX TJIAHKOBCKOH IJIMHB! 10-3% cM, siBasina 6Bl coGoft Ko-
HEUHYIO eUHYIO «TeopHio Bcero», a no Mepe yBeJqHueHHs Mac-
mwraba NpuBoAMJa Gbl K pPealHCTHUeCKOMY OMHCAHHIO BCEX Ye-
ThIpeX (pYHIaMeHTaNbHBIX B3aHMOJAEHCTBHH B paMKax JOKaJb-
HOH KBAaHTOBOHl TEOPHM MOJs. STH HalexKIbl BBISHIBAIOT BCe
BO3pACTAOUIUH SHTY3Ha3M BeLyIIHX TEOPETHKOB, B OCOGEHHO-
CTH IOcJIe TOTrO, Kak O. BUTTeH BHISIBHJI Iy0OKHe reoMeTpHye-
CKHe HJeH, Jiexkalue B OCHOBe MOJ0OHBIX Bo3MoxHoctell. Cie-
IyeT OFHAKO CKas3aTh, YTO YKasaHHas NporpaMma eme fajeka
oT cBoero 3aBeplleHHsi. Cpelu yKe HMelomHxcsl (HparMeHTOB
OTCYTCTBYeT BaxkHas 4acTb, CBS3aHHas C reoMeTpu3anuell rpa-
BHTallUH,

§ 25. Oowwmit Barasn Ha KTII

Ha npeppinymux cTpaHHLAX Mbl MONBITANHCh AaTh IO BO3-
MOXKHOCTH CBSI3HYIO, XOTfl H JIMIIEHHYIO psifia, ObITb MOXKeT,
BaXKHBIX JeTasefl, maHopamy GoJjiee 4eM IOJYBEKOBOH HCTOPHH
Pas3BHUTHSI KBAaHTOBOH TEOPHH IOJST H KaDPTHHY €e COBPEMEHHOTO
COCTOSIHHS.

Xapaxkmep sgonoyuu KTII. AHanu3 3BOMIOLMH 3TOH KapTH-
HBbl BO BPeMeHH NO3BOJISIET CJleJlaTh HEKOTOPBIE BBIBOJB! OGLIETO
xapakrtepa. Kak yxe ormeuanocek B ryiaBe 11, ocHOBHBIE mpef-
craBjeHust H Meronpl coBpemeHHOH KTII GblH, B OCHOBHOM,
copmyHpoBaHH! K cepenyHe 50-X rolioB, T. €. HMEHHO K TOMY
BpEMeHH, KOTJa IoJ BJHSHHEM HEKOTOPHIX (aKTOpOB, HMeIO-
IUX Hapsly C SKCNePHMEHTAJIbHBIMH H YHCTO TeOpeTHUeCKHe
uctokH, neHHoctb KTIT Kak ocHOBEI TeopHH dYacTHIl Gblia Mo-
CTaB/ieHa MOJ, COMHEHHe, a ee MONYJSPHOCTb CPeXH IIHMPOKOH
dusnyeckoll ayIUTOPUH Hayasa 3aMeTHO NajaTh. JTOT NpOoIecc
YCHIIUJICS HA MPOTSAKEHHH CJIELYIOUIero AeCATHJIETHS, KOra Ha
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aBaHCIEHY TeOpHH BHIIUIM TaKHe MNONY(eHOMeHOJOrHYecK e
KOHCTPYKIIMHM, KaK TeopHsl HoMocoB Pemxke, aHanuTHueckas
S-Mmarpuua, yHUTapHast CHMMETpPHsI, alre6pa TOKOB, KBaDKOBEIE
MeLIKH U JpyTHe CXeMH! elle 6osee MparMaTHIeCKOro xapakTepa,
He CBfI3aHHBIe OPraHHYECKH C TeopHeH moJisi.

OzHako B 3TOT NePHOJ «CMyTHOTO BPeMeHU» B Helpax Teo-
PHM TIPOMCXOJMJIM Maso3aMeTHble CTODOHHEMY HaGJIIOfaTelo
rJIyGHHHBIE MPOLECCH, KOTOphIe H3-3a CBOEHl OTOPBAHHOCTH OT
CHIOMHHYTHBIX (DM3HYECKHX HYXJ TOJYYHIH B CBOE BpeMs
obHLHANBHEIA CTATYT «TEOPETHUECKOH TEOPHH». DTH MPOLECCHL
NpHBeJH K GyHIaMeHTalbHBIM JOCTHXKeHHSM, CBSI3aHHBIM B Nep-
BYIO Oyepellb C CO3JaHHeM KBAaHTOBOH TEODHH KaJHGPOBOYHBIX
nonelt, 1 K KoHuy 60-x — Havany 70-x ronoB najiu GJucra-
TeJIbHBIE IJIONBI B BHIE TEOPHH 3JEKTpocjaGoro B3auMofeHcCT-
BUSl M KBAHTOBOH XPOMOJMHAMMKH.

C unpeliHOH TOYKM 3DeHMs TVIaBHEIA pe3yJibTaT CBOAHTCS K
06HapYKeHHI0 NPOCTOTO M YHHBEPCAJbHOIO METOJa MOCTpOe-
HUS JIYHAMHKH B3aHMOJEHCTBHSI DeNISTHBHCTCKHX KBAHTOBHIX
noJiel, OCHOBAaHHOrO Ha INpHHIHNE KalHGPOBOYHOH CHMMeT-
pun. Kanu6poBoUHbIH MeXaHH3M CYIIECTBEHHO YIIPOCTHJI JIOTH-
YeCKYI0 OCHOBY TEODHH B3aMMOJeHCTBYIOWUX mnosel. OnHako
3a 3Ty NMPOCTOTY NPHIVIOCh YIIATHTD JOBOJBHO BEICOKYIO LIEHY .

sIBHas dopmyaHpoBKa KaaHOGPOBOUYHOH AMHAMHKH, OpTaHH-
YeCKH CBfI3aHHOH C TPYNINOBBIM XapaKTepOM CHMMETPHHEHBIX
npeo6pa3oBaHHi, CYLIECTBEHHO HCNONBb3YeT $13bIK TEOPHH He-
npepbiBHBIX rpynn. Hapsiny ¢ stuM paspaGoTka dopmannama
KBaHTOBaHMsA KaJMOPOBOYHBIX NOJIeH NpHBeaa K GoJiee MIHPO-
KOMY HCIOJIb30BAHUIO INPEACTaBJeHHs (DYHKUHOHANBLHOIO HH-
Terpaja. BcellefcTBHe TOrO MaTeMaTHUeCKHH anmapar TeOpHH
rpynn JIu, a takxke H MeTonbl (DYHKIHMOHAJBHOTO aHaNH3a, K
HacTosIlleMy BpeMeHH NpeBpaTHJHCh B NOBCEAHEBHHIH paGouHit
HHCTPYMEHT B 06J1aCTH TEOPHH YacTHIL.

B To ke BpeMst MpocTOTa KaJu6pPOBOYHOro MexaHu3Ma 6asu-
pyercsl Ha JNOBOJILHO CJOXHBIX (PH3HYECKHX MOHATHSX. 3Iech
MBI IMeEM B BHIY JBa COBEpPLIEHHO pas3iHyHBIX (axrtopa. OnuH
U3 HHX CBsI3aH C oOlell MOTHBHDOBKOH JIOKAJNBHBIX KaJn6po-
BOYHHIX NpeoGpasoBaHuil, ane/yIMpylomel K HeHaGJoXaeMo-
cTH Gasel KOMIVIEKCHOTO KBaHTOBOro mnossi. BTopo#t — ¢ He-
HabJ/1101aeMOCTbIO LIBETOBOH CTeleHH CBOGOJBI, Jexalled B oc-
HOBe KaJHGPOBOYHOH CHMMETPHH, NPUBOASAINEH K KBaHTOBOH
XPOMOJIHHAMHKe, a TaKXKe K HeHabJI0[aeMOCTH KBaHTOB ee HC-
XOJHBIX MoJiefi — KBapKOB U TJIIOOHOB.

Takum o6pa3oMm, MOXKHO NpPOCJAeIUTb IBe TeHieHuuH. OnHa
H3 HHUX, B JaHHOM KOHTEKCTe — OIpeNessiomas, 3aKJ/oyaercs
B [I0C/I/IOBATe/IbHOM YNPOIUIEHHH JIOTHYECKOH CXeMbl TEOpPHH
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YaCTHI, YMEeHbIIEHHH YHCJAa He3aBHCHMBIX OCHOBHBIX (H3HuYe-
CKHMX MNPELNOJIOKEHHH U MapamMeTpoB, MPOUCXOAALIEM Ha (oHe
CTPEMHTENILHOTO POCTa KOJHYecTBa Hab/ofaTeJbHBIX (DaKTOB
H 3aKOHOMEpPHOCTeH (B TOM YHCJe OTKPBITHS HOBBIX UYacCTHIL,
KBAaHTOBBIX 4HCeJ, NPUOGMHXKEHHBIX CcHMMeTpHit). Bropas —
COMyTCTByIoLash (M B 3HAUMTE/JbHOH CTeNeHH 3aTpPYIHSAIILAs
pacnpocTpaHeHHe HOBBHIX HZeHl M HX BOCNPUSATHE MIHPOKHMH
KpyraMu (H3HKOB) — COCTOMT B YCJOXHEHHH HCIOJb3yeMOro
MAaTeMaTHYeCKOro amnnapaTa M IOBBILIEHHH cTeleHH (H3HYe-
cko#l abcrpakuud. Paccmorpum IBa moclefHHX (akTopa Mo
OT/ZIeJILHOCTH.

YcaoocHernue mamemamudeckoeo annapama. Ilocnenosa-
TeJIbHOe MOBBIIIEHHE CTeNeHH MaTeMaTH3alMH sBJsSeTcs Xapak-
TepHOH 4YepTOil TeopeTHYecKOH (HM3MKHM Ha MNPOTAXKEHHH BCeH
ee HCTOPHH. AKKYMYJISITOPOM HOBBIX MaTeMaTHYeCKHX METOJIOB,
a B HEKOTOPHIX CJIy4asiX M CTHMYJISTOPOM HX Pas3BHUTHS B He-
Jpax caMol MaTeMaTHKH, Bcerja sIBJSJIMCh Haubosee mnepezo-
Bhle pasjiesbl ¢uanHueckoll TeopuHu. Takyio posib B HellaBHEM
[IPOILTIOM HTpasii: TEOPHs 3JeKTpOMarHerusMa, KMHeTHYecKas
TEOpHsl MaTepHH, TEOPHs OTHOCHTENBLHOCTH M KBAHTOBas Me-
xaHuka. [IpunsaB scradery, KTII mupoxo Hcnosbs3oBana 0606-
eHHble (YHKIHH, TEOPHIO HeNpephIBHBIX IPynm H (QYHKLIHO-
HanbHBI HHTerpan. Cienyer orMeruth, uto KTII He ToMBKO
OLICTPO «OCBAaHBaeT» HOBLIE pasfie/lbl MaTeMAaTHKH, HO H 6e3
NpOMeJVIeHHs] «TepeflaeT» BHOBb CO3JaHHbIE TEOpETHYeCKHe Me-
TOJB! B TpouMe pasfesbl (H3HUYEeCKOH TEOpHH.

VisBecTHEIM DNpHMEPOM TaKoro pojia SBJSETCS TEeXHHKa
Juarpamm @eliHMaHa, a TaKxKe CBsI3aHHOE C Hell Ipe/icTaBJIeHHe
(GYHKIHOHANIBHOrO HHTerpana, yxe B 50-X rojax HCHOJB30-
BaHHOe B KBAaHTOBOH CTaTHCTHKE, a 3aTeM H B HEKOTODHIX IpY-
THX HanpaBjleHHSX TeOpeTHYecKoH (M3HKH, paccMaTpHBAIOMIUX
CHCTEMBI C GOJMBIIMM YHCJIOM CTerneHeH CBOGOIEI.

SIpkyo mamOCTpanMio Aaer Meroj peHopMmrpynmel. OT-
KphIThIH B cepenuHe 50-x rogos B KTII, cnycrs 30 Jer oH cran
CTaHJIApTHBIM METOAOM MCC/IENOBAaHHS B TEOPHH KPHUTHUECKHX
ABJIeHHH, QH3HKe NOJHMEpOB, B TEOPHH CMAuHBaHHS H TEOPHH
TPEILHH, TEOPHH TypOyJNeHTHOCTH, HeJIHHeHHOH TeopHH Inepe-
HOCca U HEeKOTOpPHIX JpPYTHX.

Eime ofHUM NpHUMEpPOM MOXET CJAYXKHUTh NPAaKTHKA HCIOJb-
30BaHHsl COBpeMeHHHIX OblcTpofeficTBylomux IBM miasi mpo-
BelleHHs1 anre6panyecKuX NpeoOpasoBaHHH M aHAJHTHYECKHX
H CHMBOJIbHBIX BBIYHCJIEHHH. DTa 06/1acTb NPUMEHEHHS! BBIYHC-
JINTeNbHBIX MAallHH, NOSBUBIIASICS NPHMEPHO B CepefuHe CTo-
Jerus, B 70-x rofax Gea ychemHo npUMeHeHa K 3ajaue aHa-
JINTHYECKOTO BhlYHC/IEHHA JuarpaMM PeliHMaHa B BBICIIUX TQ-
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pSIAKaX TEOPHH BO3MYLIEHHH, JJsi 4ero ObLIH CO3NAHBI CIle-
[HaJbHBIE CHCTEMEI TporpaMM. B nanpHeliiueM, B 3HaulTe1bHOH
Mepe 6narofapsi yCHJIHSIM TeOpPETHKOB-IIOJEBHKOB, MOSBHJHCH
CHCTeMBl INpOrpaMM JJIs AaHAJIHTHUECKUX BHIUHCJIEHHEH GoJee
ofllero xapaxrepa. JTH YHHBepCasbHBIE CHCTEMBI NOJYYHJIH
pasHooGpasHble NIPUMEHEHHs1 B pas3/iHYHBIX pasiesax TeOpeTH-
yecKoH (PH3MKM, MeXaHHKH M MaTeMaTHKH.

TakuM 06pasoM, MOKHO cKkas3aTh, YTO KBAaHTOBas TeOpHs
ToJIsi BRICTYNAaeT B MHMOHEPCKOH pOJH co3jaTesiss U pacnpocTpa-
HUTeNsl HOBeHIeH «MaTeMaTHYeCKOH TeXHOJIOTMH» B 06J1acTH
TOYHBIX HayK, B 3HAUUTEJNBbHOH Mepe Onpejessisi MaTteMaTHyec-
KU ypoBeHb COBPEMEHHOI'O eCTeCTBO3HaHHS.

Abcmpaxyus u HaeasdHocms. Kak orMeuasoch Bhllle, 3a
nocienHye yetsepTh Beka B KTII nponsorues nepexoj K HOBOMY
THIIy OCHOBHBIX (PU3HUECKUX NOHATHH U BeJHUYHH, KOTOpLlE He
SIBIAIOTCS HeINOCPeACTBeHHO HaluiofaeMbiMM. KBaHTOBas Teo-
pHsl cTaHOBHTCA Bce GoJiee onocpefcTBoBaHHOH. K Hena6uio-
JlaeMOCTH TPaeKTODHH 3JIeKTpOHa Jo0aBusach HeHaburonae-
MOCTb KBAHTOBOT'O YHCJIa (IBET», JIeXKallero B OCHOBe JMHAMHKH
CHJIbHBIX B3aHMOJIEHCTBU I, ¥ HeHa0J10laeMOCTh KBAHTOB OCHOB-
HEIX ToJleli. B uMc/le OCHOBHEIX NOHSITHH yTBEPAMJIOCH MpEX-
CTaB/ieHHEe O BaKyyMe KaK O COCTOSIHHH, HMeIoleM Maslo 00-
mero ¢ ¢u3xuecKod mycrotoif. MoxHO cKa3aTb, YTO B TEODHH
MHKDPOMHpA IPOH3OIIeN nepexoj Ha GoJee BBICOKHH, IO CpaB-
HEHHIO C KBAaHTOBOH MeXaHHMKOM, ypOBeHb (hH3HUeCKOH abCTpak-
uun. Kak BHAHO M3 MatepHaja npejpiayuiero naparpada, sta
TeHJIeHLIUs] K HCNOJNb30BaHUIO MOHSTHH H o6pasoB Bce GoJjiee
JaleKuX OT «OOIeNnpUHATHIX B ¢U3MKe» HaAOHpaeT CHIY.
Takum o6pa3om, TeopHsi YaCTHLL W HX B3aHMOIEHCTBHH, HaXo-
Jsiascs Ha nepejHeM (pOHTe COBPeMeHHOH (PH3HKH, SIBJSAETCS
HCTOYHHKOM Bce GoJiee CJIOXKHBIX M abCTpPakKTHHIX NpelcTaBiie-
HU# 06 yCTpoHCTBe (PU3HUECKOro MHpa.

Ortciofa, Kasa/noch Obl, MOXHO CZesaThb BBIBOJ O TOM, UTO
coBpeMeHHas (M3HKa MHKpOMHMpA CTaHOBHTCS BCe MeHee Ha-
rasigHoii. [eficTBUTENbHO, OHA Bce Oosiee yjansieTcst OT IOHSA-
THH M TNpeJCTaBNeHUH INOBCEJHEBHOIO HYeJOBEYeCKOIo OMBITA.
Cnenyer, oiHaKO, NPHHATbL BO BHHMaHHe, YTO CAMO INOHATHE
HarJIAAHOCTH B COBPEMEHHBIX YCJIOBHAX ObICTPOTO HAay4HO-TeX-
HHYECKOro Mporpecca He ecTbh HEeM3MeHHasi KaTeropHs. 310 OT
HOCHTCSl KaK KO BCeMy 4YesJoBeyecTBY B CpellHeM, TaK H K OT-
JeJbHBIM CIIelHaNH3UPOBaHHbIM Ipynnam Jojell. Tak, Gmiaro-
Japs ycrexaM KOCMOHaBTHKY M CPELCTB Nepefaul HHGOpMaLHuH,
AJis1 OObIBaTesist BTOPOH IIOJIOBHHHL HAllero CTOJIETHS NpPeNCTaB-
JieHHe O mapooGpa3HoCTH 3eMsH He siBiisieTcst GoJsiee abCTpak-
nuel. OcHOBBl KBAHTOBBIX IpeACTaBJeHHH NpenojamTcs B
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cTapinuX KJaccax cpefHeH IIKOJbI M, BO BCSKOM Clydae, H3-
BECTHB! LUHPDOKHM KPyraM HayyHO-TEXHHMYECKOH HHTeJJIHIeH-
UMH, COCTaBJAIUIEH 3aMeTHbIH NPOLEHT HaceleHusi. B Kare-
FOpHIO NPHBLIYHBIX, TaK CKa3aTb, «NOJNYHAIVISAHBIX» IOHATHH
[IOCTOSTHHO TIePeXOAAT Bce HOBble M HOBBble aGCTPaKLHM, Iep-
BOHAyaJlbHO yTBepAMBILHECS B MHpe HayuUHBIX IpeACTaBJeHHH.

B sToM mpoliecce KBaHTOBasi TEODHS MHKDOYACTHI, H HX
B3aUMOZEHCTBHH HrpaeT poJib reHepaTopa HOBHIX H Bce GoJiee
C/IOJKHBIX TIpeACTaBJIeHMH H 00pa3oB, KOTOpble IIOCTENEHHO
BXOJAT B CO3HaHHe (DM3HKOB JPYIHX CIelHaNbHOCTeH, a Boen
3aTeM — U 6oJiee MIHPOKOH ayAHUTOPHH.
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§ 17. Cnaboe B3auMOJeliCTBHE C MPOMEXKYTOYHbIM GO30HOM . . . . .
Toku u B3aumozeiictene ®depmu (106). IlpomexyTou-
Hblit 6030 (109). IlpoGrema nepeHOpMHPYEMOCTH
(110).

§ 18. Mopeas BaitnGepra — Canama — Iismwoy . . . . . . .
BriGop kanu6poBounoil rpymnst (111). (I)HSHlXECKaﬂ
crpykrypa (112). CpaBnenne c skcnepumentom (113).
Anomanuu H KBapkoBoe pacwupenue (114). Ilokose-
nusa (115).

F'nasa VI. KsaHToBas xpomopuuamuka . . . . . . . . . . .

§ 19. CocraBHas CTPYKTYPa QIPOHOB . « « . .« « « « « & o « « &
I'ny6okoHeynpyroe paccesiHHe JIENTOHOB Ha aJpoHax
(117). TIMapronnas Mozeab (117). KBapku M IVIIOOHBI
(118). Kaapk-ryitooHHOoe B3aHMOJEHCTBHE H aCHMMTO-
THYeckasi cBoGoma (119).

§ 20. Kann6poBoyHasi TeopHsi B3aHMOLEHCTBHS KBapKOB H TIJIIOOHOB
LiBetoBasi cumMerpus kBapkoB (120). Jlarpanxuan
B3aumojielictBus (120). DpdexTHBHAS KOHCTAHTA CBS-
su (121). Okcnepumentanbubiit cratyc KX (123).
BsaumogeiicTBne Ha Gosibliux pacctosHuax (125).

§ 21. Hemnepryp6aTHBHblE MeTOAB B KBaHTOBOH XPOMOAMHaMHKe
1/N -pasnoxenue (127). Bakyymuble KoHpeHcaTh H
npaBusa cymMm (127). KX]I na pewetke (128).

I'nasa VII. I'unoreTHyeckne Mojiesu B3aUMoOjeHcTBMH . . . . .

§ 22. Wpes o6bennHeHHsT B3aHMOZAeHCTBHI e e e e e
Cranpaptaas wmogeiab (132). IloBbieHue cTenmeHu
CHMMETPHH ¢ pocToM 3Hepruu (133). S¢dekTuBHBIE
KOHCTaHTBl CBfI3H B cTaHjapTHo#i mopeau (133). Iu-
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noreza o cIUAHUN 3bdeKTHBHLIX KoHcTaHT (134). Ho-
Bas CUMMeTDHS M ee HapyiueHue (134).

§ 23. Mogean Besnukoro ob6beiHHeHHA . . . . . . e e e
Crpyxrypa SU(5)-mozenu (136). Pacmax mnpotona
(138). HeifiTpoH-auTHHeATPOHHBIe ocuusuun (139).
Monononu (140). OrpannyerHocTs Mopene#i Besukoro
obvennHenus (141).

§24. CymepTeopHH . . . . .+ v v v e e e e e e e e
Cynepcummerpusi  (142). CynepcuMMeTpuuHbBIE Ka-
au6poBounbie Teopru (143). CyneprpaButauus (144).
Komnaktuduxauns  «idiiHux»  u3Mepenuit (145).
CynepctpyHnl (147).

§25. O6wmit Barsiam wa KTIT... . . . . . ... .. ....
Xapaxkrep sBomonun KTIT (148). YcnoxHenne mate-
maTHyecKoro anmnapara (150). AGcTpakuus ¥ Harasi-
Hoctb (151).
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