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HUhetutyT marematuin AH YCCP, Kues

«Duauveckne ABICHL, NO-BUAHMOMY , IEPECTAIOT ITOJI-
9WHATHCA BAKOHAM, KOTODHE MOMKHO BHIPABHTH C
noMompbio AEpPepeHIHANBLENX ypPaBHEHUI, U 3TO,
BEpPOATHO, caMce DoJvHce U camoe TiyfoKee HOTps-
ceHne, KOTOPOe NCIETANA GU3UKa co BpeMer HploToHa»,
A.Nlyarmkape

IToayuensl u MOLPOGHO HCCHAENOBAHBL TPH Kiacca NMyaHKape-WHBAPHAHTHEIX
YPaBHEHMH, OMACHBAOIHAX CBOGOIHOE NBUIKEHME YACTHUIE IPOM3BOIBHOTO CIUHA.
Ha ocrOBe BHIBEIOHEEX YpaBHEHUH IIONYY€HO HENPOTHBOPEdMBOE ONMCAHUE [IOBE-
DeHUsd 33PAKeEHON JacTHUH BO BEHEIIHEM 9JEeKTPOMaTEUTHOM Iojie. Y CTaHOBJICHH
TparcdopManuOHBHe CBOICTBA ONEPATGPOB KCODAWHATH ¥ CHUHA.

The three classes of Poincaré-invariant equations, which describe a free
motion of an arbitrary spin particle, have been obtained and studied in detail.
The consistent description of the charged particle behavior in an exteinal electro-
magnetic field have heen obtained in the frame of the equations derived. The
transformation properties of the position and of the spin operators have keen
established.

BBEJIEHUE

Iloapexa masam, B 1928 r., Jlmpax oTKpHa ypaBHenne OJa 4aCTHIE
co cumroM 1/2. 9. Maiiopana [2] 6ma mepeEM, KTo cHopMyiampoBa
H 9aCTHYHO Pl 3a[[ady O HOCTPOCHUH PeJATABUCTCKUX ypaBHEHUH
OBMKEHHS] [JA 9aCTHIH IPOMBBOJNBHOIO cnmHa. Pelmas 3Ty 3agauy,
Maiiopana «umonyTHO» OTKpPHLUI, 32 15 JieT o MaTeMaTuKOB, YHHTAPHHEE
fecKOHEYHOMEPHHE IIPEACTaBIeHHA OJHODOAHOH rpynnm Jloperna
0 (1,3). C 1ex mop s1o#i mpoGiieMe NOCBAMEHO OTPOMHOE YHCIO (OKO-
ao 1000) paGor (mamGoiee mONHHIM COMCOK JETEpaTypHl IO PeIATH-
BHCTCKEM YDABHEHHAM MOKHO HadTu B paGorax [3—17]). Tekon
60abMOH NOTOK ¢TAaTed HA 3TY TeMY FOBOPHAT O TOM, 9TO HCCJIELOBaHUA
10 YPABHEHUAM [IJif YACTHUI[ ¢ BHICOKHMYE CIMHAMY B CBSSH C 9KCHepH-
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MeHTAJLHEIM OGHADY/KeHAeM pesoHaHCoB co cummamu 1, 3/2, 5/2, . . .

, 11/2 Bumam ganexo 3a paMKHE YACTO aKaJeMAYeCKOTO HHTepeca.

o paborer Moxmu [18] B ocHOBHOM HCCIOXOBATECH — G HCHOXb-
30BAHMEM TOH30DHOIO H COMHOPHOrO AHAXHE3a H KOHEIHOMEDHHIX
npencrasienui rpyonu O (1,3) — aBHO KoBapHaHTHHE PeIATHBUCT-
CKHe YpPaBHOHHA JJIA JacTHI C Upod3BoNbHEM comaoM. OOHYHO ABHO
KOBAPHAHTHHE YPABHeHWS LPeACTaBAAT coboil cucreMy maddepenr-
MHAIbHHX YPaBHEHWH IEPBOr0O IOPAXKA OTHOCHTEILHO IPOM3BONHHEIX
10 OPOCTPAHCTBEHHHIM W BDOMOHHOH MepeMEeHHEIM. OcoGeHBOCTHIO
STHX YPaBHOHHH SIBJISETCA TO, 9TO BOIHOBAasA QYHKOHA AAA TACTHIH
¥ AaHTATACTHAOH C (I)nxcnpoaalmoz Maccoil m u cumaoM s > 1/2 ¢ Heob-
XORUMOCTHI0 HMEOT KOMIOHOHT GoXbINe, dYeM UHCAO BO3MOMKHHIX
cocrogani [pasmoe 2 (25 4 1)].

@onapa [18], onmpascs ma pesyasrari Brraepa mo mpegcrasie-
HEAM IpyIns IIyaHKape (1, 3) [19, 20], nposex TeopeTrKo-TpynIO-
BOH aHan®W3 ypaBHOHHHK ,I[npana " Hpoxa. WM xe ycTaHOBIeHO, 4TO
ypaBHeHEE LA TaCTANH IPOW3BONBHOTO CHHHA MOXHO HPE[CTABATH
B IIPeAWHTEPOBCKOH . fopme:

0¥ (¢, x)/0t = H, ¥|(t, x), 1)
re
1(2“’1) 0(23"'1)
H,=vQE; v = (0(23+1) __.1(234-1)) ; @
1@+ g Q@*D_cooTBeTCTBOHHO ONAHWYHAA H HYJNeBAS MAaTPHANH
pasmepHOCTE (25 1) X (25-+1);

E=(pi+m)'% py= —i0/0z,. 3)

¥Ypasuerne (1), B orTamdme OT ABHO KOBADHAHTHHX, ABJIACTCA
uuTerpo-tuddepennranvanm (mam ucesgorupdepennmaibanM), TaK
KaK oumeparop £ — wBajgpaTHHA KopeHb u3 faddepeRnransHOTC Ome-
paropa. ['pyGo roBops, 9ro — ypaBHen#e OeCKOHeIHO BHCOKOTO
HOpATKA W0 HPOCTPAHCTBOHHHM HIPOH3BOAHHM U B HeM OTCYTCTBYeT
ABHAA CAMMETPHS MEKAY POCTPAHCTBEHHHIME W BPeMeHHHMHA ITepe-
MEHHEIMH,

B pa6orax [21 —24] Gumo oGmapyKeHo, 9TO €CAd B SABHO KOBa-
pUaHTHHe ypaBHeRHA NjaA gacTHL co cumaamMu 1 m 3/2 BBect: pelaTH-
BACTCKA-UHBADHAHTHHM COOCOG0M B3amMoJeiCTBHe C BHONIHEM 3JIeK-
TPOMACHATHEIM TOAEM, TO YaCTANH, ONACHIBAGMEe TAKUMH ypaBHe-
HAAMA, OGYAYT ABHAratbCs CO CBEPXCBETOBOH CKOPOCTBHIO; 3SHEPIHEA
TAKHX YACTHAIN CMOKET HPHHAMATH JO0HSe NedCTBETeJIbHEE H KOMI-
JAeKcHHe 3gadends. Baitrman [73] mokasai, aro gJake HATAKOMIIOHEHT-
Hoe ypasHeHme Hemmepa — [ladppuna — Ilerse puaa dwacTAOH CO
cuiraoM s == 0 ofmamaer Temm jKe cBoidcrsamu. Hexoropwie ABHO
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KOBapUAHTHHE ypaBHEHH:A Jis s > 1/2 mocse BBefleENA B HEX B3aMMO-~
HMeficTBAA MHHAMAJLHBIM CIOCOGOM CTaHOBSATCA IPOCTO HPOTHBO-
peampriMu [26]. v ,

K macrosmeMy BpeMeRu e[HHCTBEHHHM ABHO KOBAPHAHTHHIM ypaB-
HeHEeM, He IMeINUM YKa3aHHHX IaTOJOTHYECKHX CBOHCTB, ABIAETCH
ypaBreHme Jlmpaka pus gacrmnsl co cummEoM 1/2.

OcHOBHAsA OPEYMHA BO3HHKHOBEHHA YKA3aHHHX TPYAHOCTeH
COCTOHT B TOM, ITO BOJHOBHEe YHKIMA B yPaBHEHHAX LEPBOTO MOPA/-
Ka puaAa dacran co cmmaoM 0, 1,3/2 mMelor ammame (medusmieckme)
KOMIIOHEHTH, 9TO [03BOJIsAET BBECTH TAKHe B3aUMONEUCTBHA, KOTODHE
OpPABOJAT K HE)KEJATeJLHHM (QHSHICCKHAM CIeHCTBAAM. TaxkmMm e
He(pM3MIECKAMHA CBOMCTBAMHA 00JaXal0T B PeJATABACTCKAEC YPaBHEHHA,
B KOTOpPHE BXONAT IPOU3BOAHEE II0 BPEMEHH BEHIIe IEPBOTO HOPS[-
xa [27].

UrobH HpeoxoseTh YHOMAHYTHE TPYIHOCTH, €CTeCTBEHHO IOIH-
TaThCA HAUTH TaKHe YDABHEHHA NBI)KeHAA NJIA CBOGONHON YaCTHILH,
BoJIHOBaA QyHRIUA KoTOpOH mMeaa GH Toabko 2 (2s 4 1) rommonexnT.
Yrobsr GyHEROEA, YAOBIETBOPAIIMAA TAKOMY YPABHEHHI, NOIYCKAaXZa
CTaHIAPTHYI BePOATHOCTHY MHTEPIPETALHIO, YPABHEHHE JBHKEHHA
IOJ/KHO MMeTh mpefmHrepoBy dopmy (1). Ilpm srom penarmemcrcrmit
raMEJIbTOHHAH CBOOGOXHOM YaCTHUHH JMOJIKEH SBHO 3aBHCETh OT COHHO-
BHIX MaTpHn. B mporuBHOM Ciydae OH He HeceT HEKaKo# mHGOpManmm
0 cOHHOBHX 3¢derrax (CHAH-OpOATAIBHON CBA3H, IUIOIHFHOM M KBal-
PYOOJIBLHOM B3AHMONEHCTBEX ¥ T. N.), KOTOPHE [OJYKHH HMeTh
MeCTO IpH BBENeHHA  B3aUMOJEHCTBAEA €  3IeKTPOMATHATHHIM
moieMm. '

Iloctpoernio ypaBHeHHWIl JBEUKeHHA JJf CBOGOZHEIX YACTHIL
¢ QEKCAPOBAHHOH Maccoi m W CIUEHOM S, YAOBJIETBOPSIOIIAX HpH-
BEJICHHHM YCJIOBHAM, HOCBAIMEHH paboTe [28—44]. Pasunie aBTOpHI,
HCXONsl M3 PA3NHYHHX KOHKPETHHX MaTeMaTHIeCKHEX HOCTAHOBOK
3agaud, HOJYIAIN ypaBHEHHHA, OTIMIAlOIM@Eecs APYr oT Apyra. Tem
He MeHee MeJy YDABHOHHAMHA IJIA CBOGOZHEIX 9ACTHI], HOJYYeHHHIX
Bo Bcex pabGorax [28—44], MOKHO yCTaHOBHTH B3aHMAO-OHOZHAUHYIO
cBsA3b. OmEaKo (H3WYECKH ITH YPaBHEHHMS COBEPHICHHO pPAa3JIHIHH,
TAK KaK OPH BBelcHNH B HUX B3aHMOJeHCTBHA C IOMOMIBIO CTAHIAPT-
HOU B3aMeHHl p, —> N, == p, — €A, OHE CTAHOBATCA HEIKBHBAJIEHT-
AEIMA X OPHBOAAT K PA3INIHHM (HUBHIECKHEM CIeJCTBHAM.

Busep, Xammep m T'yn [28], a sarem Mersioz ¢ corp. [30—35]
BHBEIHW ypasHeHHEA BEAA (1) Rad 9acTUl DPOM3BOIBHOTO CIHHA,
VHBAPHMAHTHEE OTHOCHTEJIHHO JOKAIBHHX IPeobpa3oBanmii B3 IPYIIE
Uyamrkape & (1,3). Tammaproumaon H, Busepa, Xammepa, ['yaa
u Metsio3a (BXI'M) ABHO 3aBHCAT OT CHMHOBHIX MATpPHI], 4 BOJHOBHIE
$yHKIEM MMeIOT IPOCTHe IpaBHIa mpeobpasopanna. Bee sTH raMmiab-
TOHHAHH HpeJCcTaBiAlT coboil mHTerpo-gaddeperimanbHEe oOuepa-
TOPH B THIB6EPTOBOM HpocTpamcTBe BodHOBHX ¢ymkmmi {¥ (¢, x)}
CO CHAIADHHIM LPOU3BEJeHHEM
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(%, Yo = | Y1, 0 M, ¥, ¢, x) da, (%)

rme M, — HEKOTODHIH MeTPHYIeCKAH INOJIOMKHTeIbHO OIpeelleHHEH
nETerpo-nudPepeATIANTFHEE omepaTop. 3aBHCHMOCTD METPHIECKOIO
ollepaTopa OT EMIYJALCA M CHMHA CHJAbHO 3aTPYRHAET 3a[a9y OLHCa-

uusa Ha ocHoBe Teopma BXTM moBegesms 3apsixeHHOM YacTHIH BO
BHGIIHAX BJCKTPOMATHATHEIX MOJAX.

B macroameil crarpe, ABIAIOINEHCT B OCHOBHOM 0030poM Hammmx
pabor {36—41, 45—48], mocTpoeHH myaHKape-WHBADHAHTHHE ypaB-
HEHHA [NA CBOGONHHX YACTHI, RONYCKAaHOIINe HENPOTHBODEYHABOE
onncanue ABAKEHMs TACTHI, BO BHeIIHEX Ioasax. Iloaywennsie ypas-
HeHWS MOJKHO Pasie/ATh HA CIeAYIOIHZE TPHE KIaCcCa.

1. Unrerpo-muddepernnaapusie ypasuennsa s dopme (1). B oram-
ame or nmoaxofa BXI'M, rammasropmasst B ypasuenun (1) onpenerens
B rEAs(epTOBOM IPOCTPAHCTBe C OOKYHO DPMHATHM B KBAHTOBOH
MeXaHmKe CKAJASDHBEM NPONSBefeHHEeM

(¥, ¥o) = { Wi, 0 ¥at, 0 & (5)

Jror pakrT HO3BOAMI HAM oGOCHETEL HailieHHLNe YPABECHUA Ha ciaydafh
BaammofeitcTenA wactan ¢ noneM [38, 39] B mpegmomoskenmm, 4TO
AMIYJIBCH TaCTHI[ MaJhl N0 CPABHEHHI C MX MAaCcCaMH, X BHYHCIUTDH
9ACKTPOMATHUTHEIE MOMEHTH JACTAN € NPOM3BOJNBHBIM CIIHHOM.
B pa6orax T'yepruna 143, 44] pesyapratar pator [36-—41] momyunan
rHTEpecHoe obobmenne Ha crydai rmusGepToBa NPOCTPAHCTBA C HHIe-
¢unmTHO! MeTpmKoil. IIpm 3ToM MeTpmueckumii omeparop M, ABIAETCH,
Kak # ana ypasuenmit Tamma — Cararst — Taretamm (TCT), marpm-
Ie#l, He 3aBHCAMEH 0T EMIYJIbCa W COEHA YACTHIH.

2. Cacrema 2 (2s + 1) nnueiineix andgepeENUaIBHHX ypaBHe-
Hu¥ Broporo mopanaka suaa (1). IlocTpoens Bce Bo3MOKEEE (C TOTHO-
CTBIO [0 mpeoGpasoBamuii moxobusA, 3afaBaeMBIX UWUCJIOBEIME MAaTpH-
HaMi) OyagKape-AHBADHAHTHHE YPABHEHAS BTOPOro HOPAKKA, OMHCH-
BAONMe [BEIKeHHe CBOGOJAHOH YaCTHNH € NPOH3BOJBHHM CITHOM
¥ He IMeoIN¥e JIWIIHEEX KoMOooHeHT. B caywae s = 1/2, 0, 1 moxy-
4eHHHE ypaBHeHHsA COBIaNawT ¢ ypasmenusmu [mpaka m TCT
[49, 50]. B xavectee nnats 32 quddepeHnAaNbHOCTh FaMAIBTOHAAHOB
B 9TOM LIOAXOfl¢ IPEXOAUTCS HMeTH Jelo ¢ HHAePHEUTHOH MeTpPEKOA
WIH ¢ MeTpEKo# (4).

3. Cucrema pmdpdepeEIUaNbHEX YPaBHEHHMI IEPBOI0 HOPANKa
prfa {1) @A 9acTHIH DPOM3BONBHOrO COWHA. JTH ypaBHEHHA Npel-
CTABIAIOT co00H cHCTeMy 8s ypaBHeHmH TEna [[Apaka ¢ KOBapMaHTHHM
MOTOIHUTEILHAM YCIOBUEM, YCTPAHAIOMHM JUMHEE KOMIOHEHTH
BOJHOBOA (YHKUHH. Y PaBHEHHS MMEIOT JOCTATOYHO IPOCTYI0 PopMy,
KOTOpas He YCIOKHAETCS ¢ POCTOM CHMHA, W He OIPABOAHUT K IIPOTHBO-
peunsaM npu obobmennnd Ha ciydail 3apAKeHHHX YaCTHIL, BO BHEITHEM
3JeKTPOMATHATHOM IIOJE. :
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Jls MONHOTH H3N0KeHHA B PaMKaX PasBEBAEMOr0 HOAXOAA pac-
CMOTPEHN YP4BHEHHUA [JsA 4TacTHNH C HYJeBOH Maccom NOKosf.
B [45, 46] morasano, 9TO A 9aCTHNL M AHTHYACTUIH C HYJeBOM Mac-
cofi 1 TpPOW3BOJBHHEM COAHOM § CYMECTBYeT TPH THHA IYaHKape-
AHBAaPUAHTHHX ypaBHeHHi. OfHO M3 TAKMX HEJOKAJIbHBIX ypaBHEHUI
IBUMKEHHS He WHBAPHAHTHO Jake otHocATe bHOo PCT-upeoGpasosanns
[45]. 3a mocaemEme rofm Grino HmpeAsokeHo GOABINIOE YHCIO ypaBHe-
Huit (He BCerZa HEYKBWBAJIGHTHHX) [JA 9JAaCTHI, C HYJNEBOH Maccoi
[54—54). Okasanoch, 9T0 BCe OHM UPEHAMJIEIKAT K YKA3AHHEIM TpeM
tamam [47]. Bo BTopoM paspese, ¢ HCHOJB30BAHHEM pPE3YIBTATOB
paGor [45—48], mafinensl Bce BOBMOKERE (C TOYHOCTHIO 10 SKBHBA-
JEHTHOCTH) IIyaHKape-AHBADHAHTHBI® YpaBHeHMHA A 0(e3MacCOBHX
YacTHI{ B M3YYeHHE MX CBOHCTBA OTHOCHUTENBHO AUCKPETHEIX mpeobpa-
sopagmit P, C n T.

Ilpn BHBO#e pENATHBACTCKAX YPaBHEHWIl JBIWKeHHMA OGHYHO
UCHONB3YIOT TaKWe NOHATHS, KaK TeH30P H CHUHOD OTHOCHUTEILHO
rpyuoH Jlopersna O (1,3). B nannoi paGote pis moayyeHns U aHaJIn3a
ypaBHeHHUH JBHJKeHHA B5TH NOHATHS HHINe He HCHOAB3YIT. DBee
WM3I03KeHUe BeleTcA Ha ajire0pamvuecKoM ssHKe, pasBuTOM B paforax
[30—43, 45—48, 55—57]. TeopeTuro-rpynnoBoil aHaiu3 ypasHeHmE
IpPOBEeIeE He B TPAJHIMOHHO HCIOJIb3YEeMHX TEPMHHAX OpeCcTaBlie-
ol rpynns Jlopesna O (1,3), a B TepMEUEAX TPeACTABIEHHE I'pYIIIH
IMyarsxape & (1,3) [19, 201, comepxameii B kagecTBe HOATP YLLK IPYL-
oy Jlopesna O (1,3). IlpmunHa BOBHHKHOBEHHA TAaKOro B3IVIAJA Ha
YPaBHeHUA ABHIKeHHA 00YCIOBIEHA TeM, 9TO K HACTOAMEMY BPeMeHHE
TOBKO MHBapmauTH rpynnn Ilyamxape & (1,3) [a He mEBapmauTh
ee moarpyunsl O (1,3)] nmeroT getryio ¢usHUECKYI0 MHTEpPIpETAIHIO.
B cBsasm co ckasaHHEIM BHIIe BOSHMKAET eCTECTBEHHBIH BOHPOC:
KaKHWe 3Ke mpefacraBienusa rpynunn Jlopenma O (1,3) peanmsywoTesa Ha
muokecTBe pemenwmii {V} BHBeJeHHHX YPaBHEHHH.

Ha stor Bompoc Mo:kHO aTh Takoi o1BeT. Tak Kak Ha MHOMKECTBE
pemernit {¥'} peanmsyeTcss, KaR IPaBUIO, UPSAMaA CyMMa HECKOJb-
KHX HENPWBONUMEX GeCKOHEYHOMEDHHX [HO KOHCYHOMEDHHX OTHOCH-
TeJbHOM Maaoll (cmmuoBoit) rpynun SU (2)] yuurapHEX mpegcTaBie-
Hui rpyoos & (1,3), aT0 03HaYaer, 4TO HA ITOM Ke MHOKECTBEe —
m3-3a BRAgeHmsa & (1,3) > O (1,3) — peanmsyerca OGecromednas
npaMas cyMMa (TodHee IPAMOU HHTETDPAN) HeIPHBOAUMEX GeCKOHEYHO~
MEPHHX YHHTADHHX NPeACTaBIeHHU Ipyuus Jlopemnma.

B 3akniouenme 0OTMETHM, YTO M3JIOMKEHHBIH METOJ HCCIEIOBARUA
PeIATUBHECTCKAX YPABHEHUA NPHMEHHEM H JJif HOCTPOCHUA ypaBHERHM
OBMKOHEA YacTUL TPOM3BOJIBHOIO CIUHA, HHBAPUAHTHHX OTHOCHTEIE-
HO TPYOOH JBHKEHHH HEPeIATABHCTCKON KBAHTOBOH MeXaHHKH —
rpyunkl ammmes [58, 59]. Ormermm Takke, 9TO €CIM PE3OHAHCH
¢ BEICOKEMH COMHAMHI OHNHCHBATH KaK CJIOMKHYI CHCTOMY, COCTOAMYIO,
HallDEMep, E3 ABYX DJIEMEHTAPHHX CTaGHJABHBIX YaCTHI, CO CUHHAMH,
TO H B DTOM clydae IOpHMeHHMMAa Hallla MeToAuKa [57].
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I. IYAHKAPE-MHBAPHAHTHBIE YPABHEHMA
BE3 JTUIMHNX KOMIIOHEHT

Tlocranoska 3agauu

HaiieM ypaBHenudsi ABIKeHAA CBOGONHOH PeJIATHBUCTCKOR wacTm-
s ¢ OPOH3BOJILHHM CIOMHOM B TaMuIsTOHOBOH ¢opme (1) B mpo-
cTpaHcTBe (QYHKNHH CO CKAIAPHHM IpomsBefeszeM (4) m (D).

Bynem rosoputb, 9T0 ypaBHeHHZe BERa (1) myaHKape-HHBAPEAHTHO
B ONECHBAeT YacTHHH ¢ MAcCO# m M COEHOM S, 6CJAH TeHepaTOPH
#(1,3)-rpynua P,, J,, 1 raMansToEnan H, yIOBIETBOPSIOT KOM-
MYTAaIUOHHKEM COOTHOUICHHAM: :

[Pa, Pol-=0, [Ps, H])-=0, [Jap, H,]-=0; 6)
[Jabs Jedle=1(8scd ba+ 883 ac— 8ag b — Obed aa); (D
[Jaln JOc]—= i (GacJOb—' achOG); (8)

[Pay Jopl-=10apH g3  [Pa, Jbcl-=1 (0acPp—8a0P.); 9)
[Joar Jopl = —idap . (10)

 [Hg, Joodo=1iPq, @, b, ¢, d=1, 2, 3; (11)
P,P*=H}— P =m? (12)

W, WYY (¢, x) =m2s (s 4+ 1) ¥ (¢, x), (13)

Tre BBemeHo oGosmadenme [A, Bl.=AB— AB, a
W= €upe P P°/2 (14)

— Bexrop Jiwobanckoro — llayxm.

3agaua mMoCTpPOoeHAs NYAHKAPEe-HABAPDHAHTHHX YPABHOHHH BHUKe-
HAA YaCTANH HPOHM3BOJIBHOIO CIUHA OyIeT pelleHa B Tpex pasiHIHHX
goaxofax. ¥ paBHeHUA, HOJYyIeHHHE B IePBOM U TPETheM IOXXONAX,
OKasHBaTCA yHOOHHMHE IIsd IpHMEHOHHA HX K 3aJJadaM KBAHTOBOH
MeXaHHKH, & YDABHEHWs, MOJYy4eHHBIe BO BTOPOM IOHXONe, MOMKHO
yCHOemHO HCIOXb30BaTh B Teopum moxs [31].

B wepsom mogxopme (I) 3agada cBoguTcsa K chaefyomeMy: HadTH
BCe BO3MOKHHE (¢ TOYHOCTHIO 10 SKBHBAJICHTHOCTA) IaMHJILTOHHAHK

H! raxme, uro omepatops [36, 37]
Pl=H};, P.=p,— —i0dldzs;
Jthb = ZaPb— TpPa + Sav;
J})aztpa—i/2 [xa, Pg]-&-;
(24, P}y =2,PL+ Piz,

(15)

o
) hcte- JU
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yrosiersopaer axrebpe Iyamkape (6) — (13). 3mecy S, — MaTpH-
B, peaIH3yolEe IPAMYI0 CyMMY IBYX HEIPHBOZAMEIX Hpe/CTaBJIe-
auit D (s) anrebpu O (3):

S. 0

Sap= ; (a, b, ¢)—umka (1, 2, 3). (16)
0 S,

Bo stopom mopxone (II) sagaga gopmyampyercs ciaepyomum oGpa-

s0M: HAfTH BCe TaKMe TaME/IBTOHEAHH H.', 9TO COBOKYIHOCTH OHepa-

Topos 128—35, 38
Py =HY;, P% = p,=i— 0/0z,;
J 5 = Zaps — xbPa + Sav;
Jba=1pa—2aPl + 1055, {7

ynosiaersopsier auareGpe Ilyamwkape. 3pmecs 03 — 2 (25 4 1)-pammas
marpana llaymm:

Oy = (g ?) . (18)

B ToM wacTHOM ciydae, Rorja cume s = 1/2, mpencraBmeHua (15)
u (17) coBmagaioT, TDOCKOIBKY

HY )= HYy = oym + 203 S-p (19)

1 ‘ .
5 [Hl2, Tale = 2aH 12 + 10550 (20)

Omneparop (19) — aro xopomo m3Bectunit raMmabroHmaH Jmpaka.
Jlas apyrEx sHadeHwi s, Kak OygeT HOKA3aHO HW)KE, HPEACTABICHHAA
(15) u (17) me copuagmatT. BRGop CcTpYKTYpH HOpeacTaBieHnil ajire0psl
& (1,3) B popme (15) m (17) obycuoBied TeM, ITO HA MHOKECTBE
pemennii ypaBuenus [[mpaxa remeparops rpyoosl Ilyanxape MoKHO
npefcTaBuTh B dopme mam (15) mam (17). OcHoBHOEe oTIMume HOpef-
craBierds (13) or (17) cocromt B ToM, 4To omeparopH (15) mpm Beex
BHAYEHHAX S YPMUTOBH OTHOCHTEIHHO O0OHTIHO IPAHATOr0 B KBAHTOBOR
MeXaHWKe CKAIIpPHOrO IpoH3BefeHHA (O), B TO BpeMd Kak olepa-
Topel (17) mpm s > 1/2 He’PMUTOBH OTHOCHTEIbHO (D), HO YPMHTOBH
B CKAJAPHOM OPOH3BeNeHHE (4) ¢ HEKOTOPHM MeTPHIECKHM OIIepaTo-
poM My = M, (pa)'

Ha maosxecrBe {¥} pemennii ypasHennsa (1) ompemeamm onepaTopsl
JHUCKDPETHHX IpeoOpasoBaHHM:

PY¥ (¢, x)=nr¥ (t;,, —x);
TY (¢, x)=r,¥ (—1t, x); (21)
C¥ (¢, x) =r3¥ (¢, X),
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Ie r, — MaTpHIHl, KOTOPHE, He yMajifAd oOHIHOCTH, MOKHO BHODPATh
B BHfe:

~ I 0\~ )
rl=o, unm ri=1= (O I) ; =gy l
{

rl=rll=A niam ril =g;A; (22)
A O \’
r:I;:rIZI:ng; A= o Al
A’ — MaTpmna, ORHO3HAYHO oLpefelseMas ypasHeHmamm [18]
A's,= —szA'; (M) =(—1D*. 23)

Onepatopst P, C, T m remeparopm P,, J,, rpymmu & (1,3)
NOJKHK  YAOBASTBOPATH COOTHONIEHUAM:

[P$ PO]—':[P1 Pa]—!-:[P,iJab]_: [P, J0a]+:0;
[T, Pol-=[T, Po)+ =T, Joal-=IT, Jap]+=0; (24)
[Cs PH].;.:[C, Ju‘v]-i-:O

Iorpe6yem, 9106H ypaBrenme (1) GHJIO0 HHBADMAHTHHM OTHOCH-
tensao P-, T-, C-upeobpazopaumil. 1lpm 31oM k aarebpe Ilyankape
(6) — (13) meo6xoammo noGaBETH cooTHOmenHA (24). Taxum oGpasom
OKOHYATEJLHO HOAY9YHM, YTO 3371893 O HAXOMKJEHHH IyaHKape-HHBa-
PHAHTHBIX TaMHIBTOHOBHX YPaBHEHHA Ge3 JWITHMX KOMIOHEHT MIJIH
9aCTHI ¢ IPOM3BOJBHBIM CIIMHOM cBofuTcA B moaxonax I m I k oTHCKa-
HHIO omepaTopoB fH,, YHOBIETBOPAIOMHX COOTHOIIEHHAM (6) —
(13), (24).

Ilopxonu I m II mosBoaAKwT moXyYuTh FaMEIHTOHOBH ypaBHEHHSA
6es JIMITHAX KOMIOHEHT [Jf YaCTHOL C UPOABBOJABHHM CHOHHOM,
KOTOpHIe, OFHAKO, He BriogawT ypasuenmit TCT [49, 50] naa wacTar
¢s=0ms=1. Ypapaepns ABWKeHHU], BKINYanmue npu s = 1/2
ypasuense [lupaka, a npu s = 0, 1 — ypasmenme TCT, 6ynyT moxy-
gennl B TpetheM mopxoge (III), B xoTopom sapaua craBmrcsa ciemyio-

mEM 06pa3oM: HaliTH BCe BO3MOIKHEE {C TOYHOCTHIO JI0 KBUBAI€HTHO-
cti) naddepeHNMANBHEEE OIEpPaTOPH BTOPOro HOpAAKa H™M taxwe,

9T00B COBOKYIHOCTH OIEPATOPOB
P =H"; PlM=p,= —i0/0z,;
Jap —xapb—xbpa+Sab; (25)
TH = tpa— - [2a) P+ Ao
yaosaersopsana axarebpe & (1,3). 3pmece A, = A, (S, p) — Heko-

TOPHIA 0IepaTop, HA ABHHA BUJA KOTOPOro MH He HaKJIabIBaeM
a priori HEKaKEX OTpaHUMYeHHH.
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CymectBerHoe oTamade moxxofa III or momxomos I m IT cocrour
B TOM, 9TO MH He QEKCHUPYeM ABHHI BUJ reHepaTopoB J T 1 me Tpe-
fyeM mMHBapEaHTHOCTH ypaBHemmsa (1) orHocmTenbro mpeoGpasoBa-
gaii P, C, T. Jli1a maxoKgeHAs SABHEOTO BHJA IAMHAJIBTOHUAHOB B MOJ-
xoge 111 mocraToumo morpeGoBarh, uToGH Hi' mpEEALIEkAT KIaccy
nudpdepeHIAATLHEX ONePaTOPOB BTOPOTO IOPIKA.

[IpencraBnenus Bupa (25) memouszoBanmes B paborax [43], rme
TaksKe OHJIE TOJYYeHH TaMAIBTOHHAHH JJIA TaCTHI, IPOH3BOJHHOTO
cumra s, cosmajatomme upd s = 0, 1 ¢ rammabrommamamm TCT.
Opnako mpa s >1 rammiabronmasn [43] aBagiorca materpo-audpde-
PeHIEATHHHMA ONEPaTOPaMH.

fABupli BHJ oepaTopoB H!

3pech pemmena 3agada I, T. e. HaliieAsl Bce Te omepaTopsl H',
KOTOphle YAOBIETBOPAIT cHCTeMe cooTHomenud (6) — (13), (24)
B ciydae, Korjga upexcrasiaenme aare6pur & (1,3) mmeer Bum (25).

o 1 .

Paznoxum mcKoMuid omeparop H; m0o DOJHOHR cmCTeMe opTo-

IPOEKTOPOB

Hi=3 (@ (p)+0u8] (p) +0shl -+ 0ol (1) Ay, (26)
rae
A Sp—V Y S-p . 2 2 20 1/2
lzﬂ I—F ' PrTTp p=(pi+p;+p)'";
11
L U'=—s, —s+1,...8 27
di (p), gl (p), hlI (p), fi (p) — HemsBecTHHE QYHKIUM, 3ABUCATIME
oT p.

Herpynro yGemmThesa, uTo omepartopst (27) ABIAOTCS OPTOOpPOEK-
TOpaMd Ha COGCTBEHHE® MONIPOCTPAHCTBA omeparopa Sy, T. e. YHo-
BJIETBOPANT COOTHONICHASIM

8 8
ANy =8 Ay 12 A =1 SpE Z IA,. (28)

=—=5 I=-s
Ompenennts ABHHI B TaMIIBTOHHAHOB H- o3Hawaer Tenephb
HaliTH Bce 3HAUGHHA K0OPHUMEHTOB dr (p), gt (p), hi (p), ft (p), upm

KOTOPHIX BHOONHATCA cootHomeHms (6) — (13), (24). IopmeraBasda
(26) B (24), momyuaem

di=hi=0; fi=fl;; gl=gl,, ecnm ri=T;
(29)

I 3X_ . 4 1
di=h=0; fi=—f; gl=g",, ecan rI=o,.



510 B. M. ®YIUY, A. I. HAKUTHH

VYenosme (12) mamaraer Ha QYHKOHUH fi, g NOIOJHATENBHOE OTpa-
HH9CHUO
' (1?4 (gh)? = p* + m>. (30)

MoskHO yOeAHTHCA HENOCPENCTBOHHON NPOBEPKOH, 4UTO COOTHOMIE-
g (6) — (9), (11), (12) obGpamaloTea B TOMKIECTBO, €CJIH BHIIOJI-
msoress (26), (30). Takmm o6pasoM, ocTaeTcsi TOJIbKO NOTpeGOBaTSH,
9To6H BHIoIEAAnch cootromenua (10) m (25), KoTophie u ONpPeREAAT

1 .
OKOHUATeIBHO CTPYKTYPY omepaTopoB H, T. e. ABHHIE Bmj Koopdu-

HUeETHHX (yBEKIEH fﬁ, gg
Coorromenme (10) mast oneparopos (15) mosxHO npnBecTn K BURY

[36], [37]
A, zalos [Hs, @)= —4iSas (31)

Hopcrasms (26), (29) B (31), mcmoansys ToxpmecTso [36, 37]
7 ) v v
[Zay Ag}= S Sapps (Aj—g + My —20)) —

'i p
— 5 (Sa— 22 85 At — Assy) (32)
M NPUHAMAsA BO BHUMaHME COOTHomeHHA (28), mojydaeM ciejy IOIEe
ypasmenss paa fi, gi:

gigr,, +if, =m*—p (33)
Cornacao (30), ¢pynkmum fI, gl MokHO mpencraBuTh B BHIE
fl—Esing; gi=Ecosq; E=(p*+m? '™ (34)
Moncrasms (34) B (33), mpEXOAEM K DPeKyppeHTHOH popmyie
Qg = @, = 20%; 0" =arctg p/m. (35)

Mopmynn (34), (35) HM03BOJAAIT ONpPENE]HTs BCe KODPPUIEEHTH
glI, f;I omeparopa (26), ecam msBecTHa XoTA OH ofHa (QYHKIAA H3

zabopa fzI (mnu gzl). 9Ty HavadbHY0 (YEKOEI0 MOKHO HAaHTH H3 COOT-
gomermit (29), (35), KoTopue ¢ yueroM (34) HIpPEHEMAIOT BHA

_[ oy man =T, | 36
i { —Q_; AIA =0, (36)
Hs (35), (36) momyuaem

Qo =0; @y =0", ecum 1l =o0. 37

Ecam me rl = I, T0 1A DONYIEJNHX § yCIOBESA (35) 7 (36) mecoBMe-
CTHH, a Jum § MeIHX Qg MOKeT GHTH IpOM3BONLHON QyHKIHmEH oT p:

po=o0); =T " ' (38)
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Wenmonsays TosKmecTBa
Wl = [HI, S,14/2; WL =p-S,
HeTpyAHO yGeawThesd, 4To cooTHomeHHe (13) saBemoMmo BHImoONHAeTCA,
ecam mmeer Mecto (31). Tawkmm o6pasoM, IPHXOAAM OKOHYATEILHO
K CIefyIeMy pesyabTary.

Teopema 1. Bce sosmoscnvie (¢ mounocmulo 00 IKEUSANEHMHOCIMU)
samusvmonuany HY, ydosaemeopawuwue coomnowenusm (6) — (15),
(24), sadaomes gopmyasanu (26), (29), (34), (35), (37), (38). ¥Ypas-
nenue (1) ¢ eamuavmonuaron H! uneapuanmuo omuocumesvio noanol
epynnvt IlIyanxape & (1,3) u onucwieaem ce0600H0e Geuscenue Lacmuys
€ NPOUSGOALHBLM CRUHOM S U Maccoi m.

ITpuBeseM mpocTefimne pemeHHsA CECTEMH PeKYPPEHTHHIX COOTHO-
merui (35), (36), (38):

1
N l 4+ pua DoaymenHx s;
(@)1 =(—1) 191§ N1={ 2 (39)
!l pas mensx s;
(@1); = 216" (40)
Hopcrasnasa (39), (40), (34), (29) B (26), momygaem [36, 37, 39]:
(H3)e=ogm +o5p 3 (—1)"1As; (41)
(HY), = E D} {0, cos (218") + o3 sin (218"} A,. (42)
7

Buifupas mpyrume pemesus cmcreMul (35), (36), (38), mpmxopmmm
K TaMHJIBTOHHAHAM, KOTOPHe YHHTapHO sKBEHBatenTHH (41), (42), wo
OTAMYAIOTCH OT HEX 1o gopme. Memonnsys (35), (37), merpynHo mon-
CUMTATH, YTO YACHO BO3MOKHKX TIaMHIBTOHHAHOB HI paBHO (mpu
rl = 0y) 2% pua moaymensix s m 2°7! puA menHX .

Brnmmem sBHHe BHpa)kemusa omepatopoB HI B TepmmuHax S-p
nas s << 3/2. Ucenoawsya (41), (42), (27), momywaem [39]

N

nas s=0 (H'g)i';aim"{-csp?

(Hb)y =04E; ,
s s=1/2 (HY2)1 = (Hij2)s =0,m+ 205 (S-p);
s s =1 (HY), = (H{)s— 205 (S-p)2 p%;

(HY):= (H5)2+2 (S‘P)' [oam—o, (S-p)l E7Y } (43)
s s=3/2  (Hy)i=Hip ++50s(S-p)[1—4(S.p2 5

(Hijg)s= Hig+ {0 B+ p*+2(S-p)2im+

t+os[ gz S m)—5 (S-p1 ]} B

P4
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W3 (43) Bupuo, uro omepaTops A1 MOMKHO BHpasuTh depes HI.
Taxum o6pasoM, BHUA TaMHIBTOHHAHA &JAA IIPOM3BOJBHOTO CHHHA
MOJHOCTHI0 ONpefeJseTcss raMuabTonmanamm mias s = 0, 1/2.

fIpubiii B oneparopos H !

[Ipusexem spech pemenme samatim LI, T. e. oThmeMm Bee omepa-
Tops HII, ymosmerBopsmue cEcTeMe cootHomenmi (6) — (13), (25},
Korga mpepcrasiesde aiare6ps & (1,3) mmeer crpyxrypy (17).
Brepssie ravmuasrorransl HI noxysunn Busep, Xammep u 'yn [28],
a 3ateM, B Gosee ofmeit mocramoBKe 3afaund, Mersios ¢ corp. [30—35].

Ilo amanormm ¢ HI mmem HI! B Buje

H= ; (0188 + 031 Ay, (44)

T 11
rie Heum3BecTHHe QyHKIUEM g7, fi, 3aBUCAmMe OT p B m, obaanaiT
CleflyIOMAMA CBOHCTBAMH:

el gimg Hea (&5
By —g o (46)
I+ (g2 =2+ m2. (47)

HemocpencTBeRAOH TPOBEPKOH MOKEO yGemuThes, 9To yeaosnsa (6)—
(13), (24) myamxape-uHBapHAaHTHOCTH ypaBHeHms (1) BRUOXHAIOTCH,
eCIE EMET MecTo COOTHomeHMA (44) — (47) m (11). lcnoassysa
o6muit Bay (16) remeparopos rpymus & (1,3), mpusommm (11) k BERY

—[HY, 2] B 1S [Hy, 05141 [H:, Sal-0s=ipa.  (48)
HoncraBuasa (44) B (48), mcmoabsya toxpectBa (32) m
[Ay, S]—E p X [Aw X} (49)

¥ yYITHBasA IHHEHHYIO He3aBHCHMOCTD CJAT3aeMHIX, IPUXOTUM K CHCTe-
Me ypaBHeHHH:

fi'fii +gigli=E*+p (Fr—1)s
g (fra+ p) =g (1" —p); (50)
gl ogitop— fir o /ap = 2p.
Onycxaﬂ JIOBOJIBHO T'POMO3AKHE BRIKJIAaAKH, IPpHEBEAEM PCIICHU ] CHUCTe-
ME (45) — (47) m (50):
(1, = E th (216"); (g)y=E sech (210"); r;'=A; (51)
(1Y, = E cth (20"); (g1")s = iE cosech (216"); }

(52
rl = 0,A; 6" —= Arth p/E. )
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OrmeruM, 4ro pememms (51) ompemernensl A1 TpPOMSBOIBHHX s,
a (52) — TONbKO A TOMYNedHX BHAYEHHUH CHHHA, HOCKOABRY LpH
LeJHX § ypaBHeHHA (46), (47), (50) cTaHOBATCA HECOBMECTHHMH.

IlopcraBuaa (51), (52) B (44), moxyvaeMm ABHHE BHL TraMHIBTO-
EmaHoB H{' naa npepcraiaemma (16):

(H{")y = E 3} {0, sech (216™) + o, th (200™)} Ay (53)
l
(H')y = E ) {io, cosech (216™) + o, cth (200™)} A, (54)
l

Ile raMHIBTOHHAH (93) cooTBercTBYeT BHOODPY rll = A m ompemenen
A OpOHW3BOJBHEIX 3HAYEHMH CHHMHA S, a omeparop (54) cooTser-
ctByer ril = 03A u ompefeleH TOJBKO A MOXYHEAHX S. llocaenaee
06CTOATENIBCTBO OCTAJNOCH HezaMedeHHHM B paborax [31, 331, rme
(54) nHTepmpeTHpYETCA KAK TAMHIBTOHHAH MJA YACTAL C IEJIHIM
CIAHOM.

Bripasam rammibrommasst HI' mua s <C 3/2 wepes omepatopu
S-p. Coruacro (27), (53), (54) mmeem

g s=10 Hf)IzcriE;

s=1/2 (H1%)y = 0ym + 205 (S-p);
(Hi})e= —2E (S-p) (ioyn -+ 0,E) p%
s=1 Hi' =0,E+2E (S-p) [04 (S-p) —
—03E] (B2 + p*); (55)
s=3/2 (H372)1 = {04 [(4E2 4+ Tp?)/4—2(S-p)* m &

+ 03 [S-p (20p%+ 6E2)/3 + (8/3) (S-p)*]} (B2 + 3p);
(H3)2), = {04 (mE/p) [(35E* — 13m2)/8 —"
—4 (E?*/p?) (S-p)?| +ios (E*m) [(S-p)/px
X (20B2+6p%)/3 8 (E*/p%) (S-p)*]} (p? -+ 3E2).

3ameqanme 1. Pemenue sagaun 11, npusenessoe B paGorax [32—
35], momydueno mpn HeCKONBKO Gomee cIaGHX YCIOBEAX, MATAraeMBIX
Ha BHUJ raMmuabsToHmanoB HI. B pa6ore [33] morasano, ato rammin-
ToEnaus (35), (36) MommO monyunTH, He TpeGys P-, C-muBapuanTHO-
cri ypasrenud (1), a B pabore [34] rammaprommans (53), (54) moay-
YeHH B IIPe/lI0JN0/KeHNH, YT0 ypaBHeHHe ABuKeHus (1) mmBapmaHTHO
OTHOCHTeJIBHO mpeoGpasoBanmit ums rpymnut & (1,3) m mpeobpasosa-
HAsA O = CPT. Mu e OpPHBOREM 3fech eTajlell HTHX HACCICTOBAHUM,

3ameqanne 2. Pemenne sagmaw I u II maiizeno B paborax [38, 39]
B Oojlee o0mMed mOCTAHOBKE, KOrIa Matpralsl S,;, BXOOAMuEE B OIpe-
nererme (14) remepaTopo rpymmet & (1,3), ABIAITCA BIeMeRTAME

2—0507
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upencrasiaerns . P (f, 7) aare6pu O (4). B rakoit mocranoBKe moxy-
JeHE yPABHEHHS JAJIA TACTHI C IePeMeHHEIMH CIMHOM M MacCO#, IpAIeM
BO3MOJKHHE 3HAYEHHS COUHA S J6HaT B HHTeDBaJe

2o lj—ris<s<i+T, , - (56)

;
Ie j @ T — OPOW3BOJBHEE NeJiHe UM HoJyNelkie 1ACAa, 3ajalomue

HellpMBOJEMOe Ipe/icCTaBleHAe IPYNIb O (4). Ilpm aToM Macca JacTHIE
nim QEKCEAPOBaHA, WM 3a7aeTcd onHOM M3 dopMyl

m=a, + bys (s + 1)

HIHA

_ m?+ a2 4 bis(s+ 1), - - (8D
rae ay, ay, by, by — NPOEBBOIBHEE NOCTOAHHEE INCIA. Boaee nogpo6-

HOe PacCMOTpeHHe yPaBHEHHH A JaCTHI ¢ IePeMeHHHIME CIHHOM
7 Maccoit BEIXOXHT 3a PaMKH HacToamero o06sopa. '

fAeuwii Bug onepaTopos HIY

Pomawm 3amauy 111, T. e. maiigem Bce BO3MOMKHHE (C TOYHOCTBIO [0
npeo6pa3oBaHmii OKBEBAJEHTHOCTH) [H(PQepeHNNANBHEE OIEpaTo-
pu HIL, copep/Kamme TPOM3BOAHBIE IO IPOCTPAHCTBEHHHIM IEPEMEH-
HHIM He BHIIe BTOPOI'0 HOPAAKA H YOBIEeTBODAIOIMHE COBMECTHO C (25)
KOMMYTAIEOHHEM cootHomenmaM (6) — (13) anre6psr Ilyamkape.

WeroMui rammabrormar HIT mpemcTaBEM B BEe DPasiOKeHHA
mo cumHOBEIM MarpmuaM # 2 (2s -+ 1)-psAmHEHM MaTPHIAM Ilaynu:

B =h'm 1P+ P m, (58)

rae
B =aPok; 'h{Y=b{c* (S.p);

1 = ciPom (S-p)*+ duotp?;

6,—2 (25 - 1)-panase Marpuis Ilayawm, koMMyTEpyOmMuUe C Sab (16);
aff), bff), d(ﬂ, cff) — pemssecTERe KoapdmumentH. Ilo mnopTOpAIOmE-

Mycs WHIEKCY | DOApa3yMeBaeTcA CYMMHDOBAHHE OT 0 mo 3.
Teopema 2. Bce goamoxcnbie (¢ mourocmuio 9o IKEUBAACHIMHOCTU)

dugdepenyuarvibie Onepamops 6mopoz0 NOPAIKA HM, ydoeremeo-
paowyue (6) — (13), (25), sadaiomes Popmyaramu:

(59)

W _ ,m 4 o4k, (S D) + 5 (01 —i0s) (P2 — K2 (S-P),
' s=0,1/2...; (60)

vy (S . 2
I — oy liogy + 0V B (la— D] S 2t 0y —i0)) 55 (6D
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I p? ..
H1 —01m+03k3(S'p)—i——z?‘(ci—'lovz)‘*‘

+-5 [~ Ko+ (2 — R 0u); (62)

: 2 ik, . 5 T
Hijy =0y (mtgo )+ 50 [ (S-pP—g p* | + 5 VE—1 p%
(63)

H3jp =0y [ m -5 — k(S D) |+ o5hs (S-p) —
—gr 0| (E—1) Spr—(3R—2) ], @4

20e k; — npouseosvnue napamempw, 1 = 1, 2, 3, 4, 5.
Hoxazareascrso. Hcnonnsys sprmit Bua (25), (16) remepatopos
rpymost - & (1,3), metpymmo y6GenmThes, 4UTO TaMHAbTOHHAH (5S)

YyAoBJXeTBODAET cooTHomeHMAM (6) UpM TPOH3BOJBHHIX SHATYCHHAX

KodpdunumenTon afy’, b, ¢, di.

Horpe6yem, uto6s ramuabronman (58) ynosmersops yeaosmo (12),
KOTOpOe 3aluimeM B CJAelylolleM BHAE:

(H2= p2+m2. (65)

Honcrasasa (58) B (65) w mpmpasrmBas KodQ)QUIMEHTH TIPH THHEHHO-
HEe3aBUCHMEIX CJIaTaeMBIX, OPHXOAEM K CHCTEM€ YDABHOHMM:

(B2=1; [, b, =0; ()2 =0;
[hgs)’ his)]_‘_:O; (66)
(R)2+ (B, B, = p2.

Beuny nuneiinoll He3aBECEMOCTH COWHOBHIX MaTpuy S, @ MaTpHIf
Ilaymm o, cmerema coormomermit (59), (66) skBuBasmemTHA cmCTeMme
ypaBHeHmE aua koddduumentos aip’, by, ¢, di’. Pemennme cumcre-
ME (59) m (66) a5 OPOMBBONBHHX 3HaUeHHE S 3aflaeTcs ciefyiomedt
dopmymnoir [40, 411

hgs)=01; hfs)=03k1 (S-p);
1y = (01 —ioy) [D*— K} (S-p)21/2, (67)

e k; — DPOH3BOJNBHOE KOMILUIEKCHOE YHUCJIO. Haa s=1 1 s =32
nommmo (61) cymecTByeT eme 1o /IBa HE3aBHCHMHIX peIIeHHSA:

h) =0y B =0; b= (0,—ioy) p¥2 +
+ [k 105+ 03 V' Fz (g — 1)1 (S- P (68)

h‘g” = Oy; hﬁi) = 03k (S - p);
2*
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B — 6, [p2— K2 (S-p)21/2 +
0y [(2— k) (S-p)2 — p2/2;
h(3/2) oy h(3/2) 0;

R = {0, p? + 1ok, [(S- p)2— Bp*/4] +
+03V ki —1 p%)/2;
B3P =06, BYP = a4ks (S-p);

D=2y (FR—1) S p2-
—(gB~%) 2]+ oumr— K (S-ppv2,

me kq, ks, k4, ks — TpPOH3BOJBHEE KOMIUIGKCHHIE THCJA.

Oopmynut (67), (68) 3amarnT BCe BO3MOKHEE PeNIeHAs CHCTEMHI
(59), (66) ¢ TogHOCTHIO A0 mpeoOpasOBAHWEA SKBHBAJEHTHOCTH, OCY-
MEeCTBIAACMEX YACIOBEIMHE MATDHI[aMM. HO}IOT&B]Z[B (67), (68) B (58),
npuxogmM K raMmmiabrormamaM (60) —

s saseplieHds JOKa3aTelbCTBa TeopeMH 0CTAJII0Ch TOABKO YKa-
3aTh ABHHI BHI ONEPATOPOB A,, BXOAAIMEX B onpefeicame (25)
renepatopos Jo,, IPH KoTOpoM omepaTtopH (25), (60) — (64) ymoBaer-
Bopatr cootromenusam (8) — (11) m (13). Moxuo ybemmtecs Hero-
CpPe/CTBeHHON IPOBEPKOM, UTO 9TH COOTHONIEHHA BHIOIHAITCH, €CiIH
MOJOKATS B (20)

i (68)

I io.
ha=(1—ky/2) [ 10,80 ~ B e peS. ] (69)
B ciyuae, KOTWla TaMAJAbBTOHUAH H™ umeer mug (60), =
[SaoPs, HiLe . p, (2E -+ By)
b= ——p@Tm T 2mE,
, [7a0n, BN [Sawpoor, HEML
- SEB, 'S ETImB,

B,=2E+[H", o)s; A—i[H, AL
B ciy4ae, Korga rammiasTonuasn A 3anaercd ogmoi ua gopmyr (61) —
(64). Teopema goxasama.

Ws (60) — (64) Bmmmo, uro ramMuabToEHaHH HUI ompepenens
¢ TOYHOCTBHIO [0 HOCTOAHHKEIX KOMILIGKCHHX gmcesa k;. Moo moka-
3arb, 4910 ypasmemme (1), riae H, — omeparop, 3agaBaemslif OfHOI
73 popmya (60) — (64), mHBAPMAHTHO OTHOCHTENBHO NpeoHpa30BAHMAA
«cEIBROTO oTpaskernA» © = CPT, HO He MHBAPHAHTHO OTHOCHUTEJIBHO
P-, C- n T-npeobpasoBaunmii. uBapnantHocTs ypasmenns (1) oTHOCH-
TeJAbHO 106010 @3 3THX Npeo0pPa3oBaHEA MOMKHO obecneInTh CIle-
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nmaiabEHM BHOoOpoM umcen k;. Tax, ecam B (60) monommrs s = 0
u s=1/2, k =1/s, a B (61) — (64) monomurs ky, = 1, ks = 0,
ky =1, ky = 0, to monyusmm C-, P-, T-muBapmaHTHHeE TaMHIBTO-
HHEAHB BHAA

HE" = 6, (m + p?/2m) — io,p?/2m; (70)

HYS = 0,m + 2058 - p; (71)

Hi" =0y (m + p%2m) 4 0,i/2m |2 (S - p)? — p2]; (72)
HEjs =0y (m+ p?/2m) + 0,4i/2m [(S-p)2— 5/4p?]. (73)

Omnepatop (71) coBmajaer ¢ rammabTommanoM [lmpaka, a omepaTto-
pu (70), (72) — ¢ rammarronmanamu TCT [49, 50] gxa uwaerum co
cuuaoM s = 0, 1. Omeparop (60) gus s = 1/2 pacematpuBasca panee
B [44]. IlpeoGpasosauma P, C, m T ma MHOMecTBe pemeHHWii ypaBHe-
ausA (1) ¢ rammasTormanamu (70), (72), (73) MoskHO onpefeauTs GopMy-
aamm (14), rme

it =1, ril =0y [T = o,

Herpynno y6emurbesa, uro rammabronmansl (60) — (64) B obmem
CIyYae HEIPMATOBH OTHOCHTEJBHO CKAJADPHOTO IpoumsBemeHEA (D).
Onuaxo Becerga MosKHO mogo6paTs Takme sHaueHHA Kod(uumenTos kj,
9T06H omeparTopsl HH! Grau SpMHTOBH B HHAePUHHUTHOH METPHKE

(%5, ¥o) = | d2¥io ¥, (74)

a HMeHHO, omeparops (60) — (64) spmmTOoBH oTHOCUTEABHO (74),
ecau k; yROBIETBOPAIOT CIEHYIOMHEM YCIOBHAM:

K= —ki; k= —ky k= —ks;
k= ky kg |<<1; ky >0
v =k R I<< 1y kg >0.

Fammaprormann HIU npu NpoM3BONBHHIX 3SHAYEHHAX KoOdPPH-
IUEeHTOB K; 3PMUTOBH TaK)Ke OTHOCHTEIHHO CKAJSAPHOTO IpOU3BeJe-
HuA (4), THe

M, = ()3 U,

a UHI — omepatop, cBASHBaomui mpexpcrasiesune (25) ¢ KanoHUYe-
ckuM npencraBaenmeM lllmporoBa — Doamm [18, 20]. fAsmmit Bup
oneparopoB UNI mpmeenen nuske [em. (133), (134)].

OtrMmernM emge, 4TO He TOABKO ramMuiahrorman (60), HO H BCe ocTaIb-
HEle TeHepaTopH (25), (69) mpuuagimemxar rraccy puddepennmaIbHBX
omepaTtopos. Ilpm k%, = 2 onepartopsr A, (69) ToKmeCTBEeHHO paBHE
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HyJII0 u TeHepaTopH J,, (25) mpummmmaloTr Bmp .
) JI = tp, — lz,, HU],/2, (75)

cosmagatromuit ¢ (15).

Taxmm ofpasoM, 37ech mONydYeHH BCe BO3MOXKHEE (C TOYHOCTHIO
A0 DKBHBAJEHTHOCTH) PeAATHBHCTCKEE raMuiabToHmansl HIT gacTmis
¢ NOpPOHU3BOJIBHEIM CIMHOM §, BRINYAIME UPOH3BONHEE He BEHIIIE
BTOPOTO MOPAAKA. Oxasanocb, 9T0 TaK@e TaMHJIbTOHHAHH CyMe-
CTBYIOT [JIA JIOOHX 3Ha4eHHWE s W 3amaiorcA gopmynamu (60) — (64).
BosankaeT ecTeCTBOHHHIH BOIPOC: CYMECTBYIOT JH IIyaHKape-MHBa-
PHAHTHHE TaMUIHTOHHAHH JIA 9aCTHI ¢ IPOHU3BOJLHHEM CIHHOM
B KiIacce quddepeHIHATBHEX OMEPATOPOB IePBOro mopsagka? 3amatua
QUHCAHAA TAKHX TAaMEJIbTOHUHAHOB PENIAETCSA HIIKe.

Jnddepennuanppie raMAIABTOHOBH ypPABHEHH S
IEepBOro- mOopAAKa i

Ilo amanormm c¢ Teopme#t Jmpara AJA 3JIEKTPOHA NOCTYJIHEPYEM,
9TO0 FAMAJIBTOHAAH POIATABACTCKON TaCTHANH C IPOM3BOILHEM CIHHOM
ApiadeTca nEPPepeHIAANBENM OHEPATOPOM,  BKIOYAIMAM IPOU3BOL-
HHe II0 IPOCTPAHCTBEHHHM IepeMEeHHKM He BHINe IePBOT0 MOPSIKA.
06m1m BHJ, TAKOTO OHepaTopa 3ajaercA (GopMyaod

H— I\(S) + I‘(’)m- Pa= —10/0z4, (76)

e I'Y — HEKOTODPHe HCIOBEHE MATPHEIEL.
l'emeparopn mpepcraBiennsa rpyunns Ilyamkape, KoTopoe peasim-
3yeTcs HA pemeHmsx ypasmemma (1) ¢ rammibronmanom (76), BmGe-

peM B BHJe: ‘ :
P0=Hs; P,=ps= —10/02,;

Job= ZaPb— Z6Pa + Sab; k (77)

"rua=x0ra—xayo+sua’ J

rae S,, — MaTpuus, o0pasyomme KOHEYHOMEPHOE IpeACTaBICHHE
(8 obmem caydae umpmsogmmoe) anreGpu Jlopemma O (1,3). Dopmy-
am (77) 3amaor caMelii ofmumid BEA remeparopos rpymmu & (1,3),
COOTBETCTBYIOIIHHA JTOKAJIBHHM Ipeo0pa3oBaHEAM BOJIHOBOH QyHRIUHA
OpH mepexoje K HOBOH HHEPIHAJLHOM CHCTEMe OTCIeTa:

L4 (x) V' (@)= (A ¥ (Az — b);
= Az + b z = (zg, 1, T2, T3),
rne A — wmartpuna, 3anamm;aa mpeo6pasoBanme Jlopeana; &P (A) —

TPOM3BOJbHOS KOHOTHOMEDHOE IPecTABICHHE 3TOr0 IpeobpasoBaHAA.
Onpegenuts Bce BO3MOKHEE IaMHIbTOHEAHH Buia (76) o3Hagaer

HA¥TH TaKAe MATPHANH f‘i 7 S,,, 910, onepatopH (76), (77) 6ynyr
ynosierBopArh axreGpe llyamkape (6) — (13).
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. TIHorpefyeMm, uroGe rammiabToHEaH (76) yHOBIETBOPSAZE COOTHO-
mennio (12):

H: = p* + m?2 (78)
Honc'raBJmH (76) B (78) = IPEPABHUBAA JUHEHHO-HE3ABUCAMEI® Clarae-
Mble, 3aKI09aeM, 9T0 MATPHIH 1§ JOMKEB yIIOBJIeTBopHTB a.nreﬁpe
Hnmbtbopna—

TOPE 4 PPTE — 28,4, p, v=0,1,2, 3. (79)
Ilpepcrasnenus aiareGper (79) Xopomo u3BeCTHH ¥ 3afAI0TCA
MATPHUILAMEA pasMepﬁocm "X 2" n =2, 3, . TIpu sTOM MaTpHIH
Tap = ILOTY/2; roa_1r<s>/2 (80)

pearmsyioT 2" 2-KpaTHO BHpOKTemHoe mpefcrasienme P (1/2, 0) @
& D (0, 1/2) anre6pu O (1,3).

Onpenenmm Temeph MaTpuusi S, m3 (77). IpemcraBmseMm mx
B BHe
’ S v=17p,v+jp.v, (81)
rme j,, — HEE3BEeCTHBle MATPHUIH, Hojieskamue ompeperenuio. Ilox
CTaBHB (76) (77), (81), (80) B (6) — (13), moxydaeMm, 9T0 MATPHIH
AOJKHBL YXOBIETBOPATH CIEAYIOIUM COOTHOIMIEHHUAM:

[Fuvs jhb]-—= i(gupiva+ Evrjnp— Eurivp— ngju?v)- (82)
, 0, p=£v;
[Fuvs fg»S)]—:[]-uv, Tpk]—=0; guv={ 1, P'=V=0; (83)
) » '—17 lu,——:‘\?#o,

T. €. MATPUNH j, , ZOJKHH Pealn3oBaTh KOHEYHOMEPHOE OpeficCTaBje-

mue axre6pu O (1,3) m xommyTtEpoBath ¢ 1.
PaccmorpuM caydait, kKorma j,, o6pasyloT HEIPHBOAEMOe HUpen-
crapienwe P (j, 0) anxrebpm O (1,3). 1o osmadaer, d4TO

Jav=1Je; Joa=1ifa; (a, b, ¢)-mmxa (1, 2, 3); }
‘ Uas Jol-=1je; ja=7(F+1).

Torna ua (81), (83) mo Teopeme Huebmra — Topmona saxaiodaeM, 1T
MaTpHILHI S v BOIDKHBL Deajm30BaTh IIPe/CTABICHHE

(2 (1/2, 0) ® Z (0, 1/2)] ® Z (j, 0)=
—D(j+1/2,0) ®F (—1/2,0) ® D (j, 1/2). (85)

Ilpu pegyxmum (85) mo mpencrasiemusM moarpymmm O (3) < O (1,3)
HoJyJaeM Hpe/CTaBIeHHe

Z.(G+12)eZ(j+12)0D (G120 Z(—1/2), (86)
9T0 COOTBETCTBYET IBYM BO3MOMKHBIM SHAYEHHAM CHOHHA
syy=s=f+12 m s=s5—1=j—1/2. 87)

(84)
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Herpynamo mopcumTaTh, 9TO pasMepHOCTh Marpun S, ., BXONAIMX
8 mpepncrasienne (85), paBHa 8s X 8s; TakoBa ke HOJKHA GHTH pas-
meprocts Marpmn 'Y ma (80), (81). Ilpm sToM BosmoBasa ¢ymkmus
¥ (¢, x), yooBaerBopsaoman ypasuenmio (1) ¢ rammasTonmamom (75),
nMeeT 85 KOMIOHEAT. MoKHO MOKa3aTh, YTO €CIE MATPHUH j, ., u3 (81)
obpasywnT menpupBoguMmoe mpencrasienme I (j;, j,) anrebpm O (1,3),
rie j; =+ 0 m j, =0, nim npuBoamMOe HpefCTaBAeHAE ITOM ANTe6pH,
TO IpH 33JaHEOM QHKCHPOBAHHOM $ Pa3MePHOCTH MaTpuI S, Beerna
6ymer Goapme, weM 8s X 8s.

TagmmM ob6pazoM, rammasrordad (76) ¥ remepatopH (77) yaosaerpo-
PAT YCIOBHAM HyanKape-mEBapmanTtHOCcTH (6) — (14), a Boamopas
¢yuxnua ¥ (Z, ) ummeer MEHEMAUIGHOE UHCIO KOMIOHEHT TOIZA
H TOJIBKO Torfa, kKorga Matpumel [} B (76) peammsyior 8s-pammoe
npefctasienne anre6pu Hampdopaa (79), a marpmom S,, B (77)
umeror Bupg (80) — (84), rme j = s — 1/2.

Ypasrenre (1) ¢ ramuanrormanoMm (76) onmcrHBaeT YacTHNY, CIHE
KOTOpOR MOKeT HpmHUMAaTh ABa sHadeuma (87). Has rToro uTobHm
IOJTYyYdTh ONMCAHMe JACTULH C (UKCHPOBAHHHM CIHHOM S, H& BOJ-
HOBY® pymkmuio ¥ (f, ) cremyeT HAIOHKUTH HIyaHKAPe-HHBAPHAHTHO
KOMONHATEIBHOS YCIOBHE, HCKINYA0MEe JUIIHEEC KOMIOHCHTEI, KOTO-
PHE COOTBETCTBYIOT 3HAUEHHMI0 cOmHA S, = s — 1. Takoe gomounm-
TeJbHOE YCIOBHe BCerfa MoskHO BHGparh B Bume (13):

W WY (t, 2) =m?s (s+1) ¥ (¢, z), (88)
9xBuBanenTHOX (opmoil sammcm ycaoBma (88) caymmr dopmyna
b Y|=1, (89)

rpe Py — omepaTop OpPOeKTEPOBAHUA HA HOAIPOCTPAHCTBO, COOTBET-
CcTByIOMee (HKCHPOBAHHOMY CIHUHY:

By—1/25 [ — W —s (s—1)]. (90)

m2

Ucnonbsyst ABHBII BHJ TeHePaTOPOB py, J 4y (77), moaygaem mpoex-
Top P, B fopme
: Py=P,+(1—T0) (IPp", Pj]/2m, 91)
rie BBeleHH 0003HAYCHHS

I~ HOR; T I

I = TPTPTETS;
' (92)

3

1
Ps-——-Z;- [Sie—2s(s—1)}; (Sap= 2 SavSab
a, b=1

e et e e e’
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TaxuM o0pasoM, MOJAYyYeHH YpPaBHEHHA JBUIKEHHS CBOOONHOM
PeNATABUCTCKOH YaCTHIH C IPOM3BOJBHHM CIHHOM B BHJE:

i 2 V=HY: H=TFPIVp,+TPm; (93)
PY—1. (94)

OTmetmM, uTo BHpaxenua (93), (94) mokHO 3ammcaTh B ABHO KOBa-
pramTHO# Popme [39]:
(TPph—m) ¥ =0; (95)

(Tpr ++ m) (1 + T8 [SuS* — 4s(s—1)] ¥ = 16ms¥.  (96)

Ypasuerne (95) moayuaerca m3 (93) mpocteim ymuosxenmeM Ha I,
a ypasuenme (96) cmommtca ® (94), ecaim LpEHATL BO BHAMAHHE
TOXIECTBO

(A +TP) Py = (1 +T%) [SuwS™Y —4s (s —1)}/8s. (97)

Ilonyuennsie pesynpraTHl MOKHO COOPMYJIHPOBATH CleNYIOMUM
o6pasoM.

Teopema 3. Cucmemn ypasnenuil (93), (94) u (95), (96) nyankape-
UHEAPUGHMHL U ONUCHEAIom c80600H0e Oeuncernue wacmuys ¢ Pukcu-
POBAHHBIM CNUHOM S U MaAccol m.

Cucrema ypaBuenmit (95), (96) umeerT psA ImpeuMymiecTs mepex
IPYrEMH W3BECTHHIMH YPABHEHUAME A HaCTHL ¢ HPOM3BOJBHEIM
cumaoM [3—17]. [eitcteuTensuo, ypasaerns (95), (96) mmetor gocra-
TOYHO HOPOCTYI0 GOpMY, KOTOpas He YCIOKHACTCA € POCTOM CIHHA
(axre6pa I'-maTpmn, GeaycioBHO, mpolne ajareGps MaTpHIi, BXOJAIUX
B ApyFHe U3BECTHHIE B JIATEPATYpPe YpABHEHUA JJIA BHICIIAX CIMHOB);
npefieNbubl mepexox m — 0 mossoaser moxyunth m3 (95), (96)
ypaBHenus AAs (Ge3MAaCCOBHIX 4acTHil (CM. pasp. Z2), B TO BpeMA Kak
ypasaenuma Hemmepa — [ledduna m Baba me A0oOyCKAT TaKOTO
mepexona [60]; naxomern, Kak GyfeT mOKasaHO HEKe, ypaBHenus (95),
(96) momyckawT HempoTmBOpeuMBoOe 000fINeHUe [IA YaCTHUI[, B3AWMO-
HeifiCTBYIOIINX C BHEIIHMM 35JeKTPOMATHUTHHIM HIOJeM.

OrMernym, 910 B paborax [61, 62] raxxe mpegmaraanch 8s-KoMmmo-
HEeHTHHEe JudepeHIMAIbHEE ypaBHEHHSA HepBOr0 HOPAJKA, OIHUCH-
BaIue [BUKeHHE CBOOOMHOA YaCTHIH ¢ IPOWSBOJIBHHIM CIHHOM S
u maccoit m. OgHAKO CHCTeMBl ypaBHeHHH, Moaydennsie B paborax [61,
62], HecOBMeCTHE IIpH ydeTe B3aUMOMEHCTBHA JACTHUUE C BHEITHHEM
mOJeM.

HKoneunbie npeoGpa3oBaHusa OHepaTopoB
KOOPAMHATHI M CIIMHA

3ananue ABHOTO Buja resepatopos Q; 35 {P,, J,, (U =1,2,...
<« ., 10) rpyonu llyarkape onHo3HAYHO ompejeiseT 3aKoH Hmpeobpa-
30BaHEA BOJHOBOH (QYHKIUM OpH HepeXofie K HOBOH WMHepHmAaJbHOI
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cncTeme Koopmma'r.
T W(t, x) > (t x)-—— exp (1(),91) ¥ (z, x), ©(98)

Toe 6, — napame'rpm npeo6pasopanns. IIpm aToM omepaTopn ¢uam-
YeCKUX BeJAMINH (KOODAEHATH, CIHHA, MMIOYJbCa H T. O.) mpeolpa-
3yI0TCs CIeRYIOmMEM o0pasoM:

N—>N'=exp (i0,6;) N exp (—iQ,6,). O (99)

@opmyaa (99) B mpuHOUNE KaeT MCISPIHBAIIIEA OTBET O CBABH
O11epaTOPOB JHHAMHAIECKAX IEePeMeHHHX B CTApOH B HOBO@ cHCTeMax
KOODAHHAT ¥ B CIydae, KOIjAa remepatopu P, J,, mMeior JoKaabHO-
KOBapHAHTHYIO ¢opMy (77), KOHKpDeTHHE BHYHCASHHA € HCIOIB30-
BardeM (99) He BHsHBaT HEMKAKEX sarpydHenmii. OpHako B mpen-
crapaenuax tama (15), (25), rorma remeparopu J,, He HMEOT BHAA
CYMMH KOMMYTHRDYIOIQAX <CHTHOBOHY U «0pOATAIBHONY JacTeH, BHIAC~
Jlenme SBHOTO BHAA: npeoﬁpasoBaHme omeparopos N’ sBisercs
HeTPHBMANBHON 3afadedn [76].

B srom paspene moayuer 3akoH upeoGpasoBaHUA onepa'ropon
KOODIUHATH W CONHA YaCTAINH, TeHEPHPYEMHX omepatopaM:m J g,
sufia (74). TeM camuM, B mpusnume, pellesa 3afa4a OJAA HPOH3BOJIb-
goro mpefcrapienmsa Bupa (25), (69), mockoasry remepatopm (94)
u (25) cBasaun npeoﬁpaaonannem axBEBasenTHOCTH JIII — VJIIY -1
TIIe ,

V=14 (03— o) 2— ) 2

- (100)
V-1=1—(c,—ic,) (2—Fk

S-p
) m
Haiigem cHagana B sABHOM BH/Je 3aKOH KOHEYHHX HpeoGpasoBa-

amit (99) s omepatopa Z,. [l 3TOTO BOCHOJIB3YeMCH TOMKIECTBOM
Xaycpoppa — Hambesma:

exp (4) Bexp (—4)= 5 LB (4 pyr—14, {4, By
n=0

(4, BYy=B

K(101)

IpnemMas BO BHEMamme TOT (AKT, UTO reHeparopH Jog (79)
Ha MHOMKecTBe pemenuii ypasmemmit (1), (60) MoskHO mpegcTaBATH
B dopme

Joa = ZyPa~— ZaPo + MNa> (102)
rae

n= —[HM, 2,1./2 =i0,S, - (0y—i0y)/2m X /

X {iPg—2i [Sq, S-PL.}; Po=1i0/0z,=10/0t, } (103)
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w moxarag B=ux,, A=1iJvs, 16 Jop» — reseparopsr (102), a vp—
mapaMeTps mpeolpasoBanma JlopeHna, moJydaeM 0 HHAYKIHE

{A, B} = vaxpvpt™ 2 — (i0y + 05) (—vaSpvsv™ 24
+F)Im, n=2k, k=0,1,...; v=©0+vi+v)1/2; (104)
(A, By = oo™t + %2 (et _29), n=2k41, (105)

e
@n'; [Sbvb, @n_ih; @i: [Sbvb, Sa]+- (106)

Hoxcrapaas (104)— (106) B (101) m mcmodB3ya TOMIECTBO

By =[Sachy it gny
1

— Y8 (oh p — 1) | exp (2Sove) —Say (107)

T e

T0JyYaeM 3aKOH HpeoOpasQBaHMA I, B BHIE

x;=xa+y%(chv—1)+x0';—“shv+

1 v,

+E%3{va—i;’@(chv—1)+ 5 shv-4

S Sa ch v 412 gy 2 (oh y—1)] exp (2S5vs)}. (108)

Just x, HaXOOAM AHAJOI'HIHEIM CIOCO0OM

Y io c
__b_bchu_%[

” exp {98pvp) —chv—

Zy=zxochv+
28 -
— =g vJ, (109)

Ws (108), (109) Buauo, uro x,, mpeobpasylorces IO 3aKOHY, OTIHI-
HOMY OT mpeoGpasoBanmil JlopeHIia 1iasd 4-BeKTOPa; IPH 9TOM MHTEPBAJ
z, 2" = x; — z; He coxpansercd. CiegoBaTenbHO, X, Helb3A BHOPAThH
B KadeCTBe OLNEPATOPA KOODAMHATH TacTHIIH.

YToGH ompeReNnTh KOBAPUAHTHHIA 0IepaTop KOOPAMHATH, Iepeii-
IeM K HIpeCcTABJEHHI0, B KOTOpOM TeHeparopu Jg, (102) ummeior
JIOKAJIbHO-KOBAPAAHTEYIO POpMY:

- _ . ,
Joa = ZoPq — ZoPo + SOm SOa = 10‘3Sa, \110)
9TO0 JOCTHTASTCS NOCPENCTBOM NpeolpasoBaHES

Jod-’{,f()a =VJeVH, (111)
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rHe
V=1+27"% 98.p—py); Vi=1—271%(95.p_p). (112)

B npepcrasinerms (110) xoBapmanTHHE oOuepaTOp KOOPAWMHATEHL
MOKHO BHIOpaTh B BHJIE

-~

X, = z,. (113)

Ucnonraya (112), moayiaeM ABHHIN BAJK STHX ONEPATOPOR B HCXON-
uom upepcrapienmum (102):

Xo=VEV =g,4+ 0%,

13 u w m Hy (114)
Ea = Sa; go =1.

IIpm mepexome K HOBOHE MHEPIHATHHOE CHCTEMEe KOODAHHAT OLEPATOP

X,. mpeob6pasyerca KaK 4-BEKTOD:

Xo=Xo+a0XD (ch y— 1) 4 o X sho;
(115)
X;=X,chv 4 E8 gy,

IIpm sTOM, 0OYEBHIHO, BHIIOIHAETCA
X0 —Xa=(X3)* — (Xa)% (116)

Omneparopst X, yAOBIETBOPANT KAHOHHYECKAM HEePECTAHOBOTHHIM
COOTHOIMICHUAM
[Py, Xv]_—_—iguv; [Xu., Xy].=0. (117)

Ilpm atoMm, omgmako

Xo=—[H™, [(HY, X,]1.0.

B cayuae s = 1/2 omeparopu (114) mpuraMaloT SBHO KOBaPHAHT-
nyio popmy
Xy= xu“'ﬁ (1 +v4) Vus (118)
e
V=03 Yo= —2i0,84; Yo=0; (119)
— Marpunsl umpaxa.
B cmay wmsnoxemnoro Bmme omepatop (118) mosxmo BHIGpaTH
B KauecTBe KOBAapMAHTHOrO OIEPATOpa KOODIHHATH HWPAKOBCKOU

gacTEnbl. MHETepeCHO OTMETHTL, UTO IPH TAKOM OIpefiejleHUH omepa-
TOP CKOPOCTH

Xo= —i[Hip, Xol_=(t47) voba/m (120)
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(rze
Hy/2 =%0VaPa - vom (121)

— raMEAbTOHHAH JlEpaka) mMeer CIJOmMHOR CHOEKTp.

[loggepxneM, qTo moayderHH omeparop (118) mpmmEnummmaapmo
OTIMIAETCS OT OHEPATOPOB KOOPAWHATH, HPENIOKEHHHX HBOTOHOM
7 Buraepom [63] u @onnm m Boyryitsenom [64]. To oTnmume 3axrmio-
waercss B ToM, uro omepatop (118) sokamem m mpeoGpasyerca Kak
KOBapUAHTHHI 4-BEeKTOp, B TO BpeMs KaK ONePaTOpH KOODAWHATHI,
mpejioKeHHNe B paborax [63, 64], mpuHagieskaT Kiaccy HelOKamb-
HEX HHTErpo-TuddepeHnmaTIbHNX ONePATOPOB € HEKOBAPHAHTHHIM
3aKOHOM HOpeo0pasoBaHWA IPH NHEpeXofje K HOBOX MHEPIHAJIBHON
cEcTeMe OTCUeTa.

[Ipmsenem 6e3s MOKa3aTeJbCTBA 3aKOH HpPeoGpA3OBAHUA OHEPATO-
poB S, ¥ SABHHI BHJl KOBAPHAHTHOTO OIIEPaTOpPa COEHA X, TACTHUILH,
onuckBaemoi] ypapreruame (1), (60) [40, 41l

S;b=fabchv+v°{)+vd(chv——1)—{—

—!—J"“—””:ﬁ”—"lsh V—ZaPb -+ TpPa; =
Zab==S.p4- Fﬁ%’; S.aPq;
e = iGsSbc—ioi%yi[(zSdpd—Po), Svelis .
rie
Pa= pa+ "% (chv—1) +22 p; shv;

1 1
Ja= 3 Eobalab; Sg= 5 €abaSabs

a Zqy J4py Joar Sap — omeparopsi, ompenmenennsie B (108), (25), (26),
(102). Ilo amamormm ¢ (110) — (115) mokmO moxasaTs, uTo omepa-

Top Z,, (162) mpeoGpasyercs, kKaK KOBapHAHTHEIA TeH30p BTOPOTO
panra.

IIpeobpazoBanne K KaHOHNYECKOMY INpENCTABICHUIO

Peneparoprt P, J,, rpymmst & (1,3) B kamommueckoMm mpef-
craBiennu [[lmpoxosa — @onmm [18, 20] umewor cremymomumit Bun:

Pi=H* —6\E; Pi=p,= —1i0/0z,
ng""—' ZaPb— T Pa+ Sas; (124)
J%a = tpa - [xav P%]+/2“— Gisabpb/(E + m)'
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Ipencrapaenne (124) peanmsyercsa pa MEOkecTBe 2 (25 4 1)-KoM-
HOHEHTHHX BOJHOBHX ¢yukmmit @ (f, X), yROBIeTBODAKMEX ypaB-
mennio [18]

(D(t Xx) = H*® (¢, x). o (125}

ITockoabKY HA MHOKECTBAX pememm ypasuenns (1) u ypasuenna (125)
peaimsyeTcA OZHO W To. ke mpepctasienre & * (s) @ P~ (s) anrebpu
& (1,3), To Meny BommoBhME (ynkmmamm ¥ m @ pomxea cyme-
CTBOBATb CBA3H .

@ (¢, x)=U§“I’(t, x), @=I, I, I, (126)

rne U% — HeKOTODHI 06pATHMEL OIIepPaToOp, yAOBIETBOPAIOMHEHA COOT-
HOIeHAAM
U, (U% ™t = Jﬁv,;
UIPyUH =P, 127
IIpeoGpazopanme (126), (127) momxmO paccmaTrpEBaTh Kak 0006~
menue mnpeobpasosanmsa @oapa — Boyryitsema [64] mas ypaBme-

gusa Jlupaka B ciyd4ae peASTEBACTCKAX YpaBHEHHH [ TacTHI]
OpPOU3BOJILHOI0 CIHHA.

B paﬁo’rax [30, 37, 40] mafinen sBumit Bupx omeparopoB U, mus
npejcrasrennit (15), (17), (25). llaa ypasHeHNU#, NOJIyIeHHHX B IOJ-
xome I, sror onepa'rop 3aJaeTcA d)opmy.non {37, 391

Us—exp [(i/2) 0'22 o], (128)

rae KoadPHUIAEnTH @; onpefelNsioTcsa cooTHomenuamu (35), (37), (38);
A; — omeparopsl npoekTEpoBarmsa (27). B ciryuae, . Korga ramMmabTo-
HE3H JaCTHNH ¢ TPOM3BOILHEIM COHHOM mMeeT B (41), oneparop (128)
npurnMaer gopmy [36, 37]

Ui=(E+oH})/V2E (E +m), (129)
a mnA raMoipToRHaHOB (42) omepatop (128) mmeer BHUA
s S. ;
Ul=exp (102 __p_p arctg%) ; (130y

Ipr s = 1/2 omeparopm (129) m (130) coBmamaioT ¢ omepaTopoM
®oaxm — Boyryiizena [64].

Tlepexon ot mpepncrasienus (17) K KAaHOEMIECKOMY OCYIIeCTBIAET-
¢ ¢ IOMOIBIO HW3oMeTpmiecKoro omeparopa [30]

UH=—— (UM sech [2 ‘—")en] ; (131)
Oyt — 1/ m {ch[SRou] 1o, [sn ERGu ]} (132

I8 caydas, Korja rammibromman HI' samaerca dopmymoir (53).
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Haxonenm, puas npefcrasienus (25) omepatopsl U, mMmeloT BHA:
UIII VngV‘Qv
V,=exp (01 P Arcth-2- ) ;

V=g [E (14065) + (1 —0z) (m—20,S-p)];

Va=1+(0—ioy) (k,—2) 52 (133)
s HY ms (60) m
U= (E +0,H)V 2E (E+ (o), HO,/2) (134)

masa ramaaproEmanos (61) — (64). B caygae s = 1/2 omepatopm
(131) — (134) Taxsxe cOBHAZAT € OLEPaTOpPOM IpeoGpa3soBaHUA
®onpu. — Boyryitzsena [64].

Huddepennmanpable ypaBHeHAsA HePBOTO DOPANKA IS YaCTHOEI
¢ IDPOH3BOJBHLIM CIMHOM, IIOJYYOHHEE BHING M TEHEPATOPH TPYIIIK
ITyamxape (76), (81) B cBoI0 09epes MOKHO IPHABECTH K KaHOHMIECKOH
dopme (124), (125). 3to mocruraercsa npeo6pasoBaHneM, OCYHMIeCTBJIAC-
MEIM OLEePATOPOM

s (s) OF

U,=exp (11‘2_;%? arctg%) exp (—O;ai Arth %) . (135)
Ypasuenus (93) m (94) B pesyavrare mpeo6Gpasosammsa (126), (135)
HPHHAMAIOT CJAERYIOIYI0 (OpMY:

i 2 D=TE0; ©=U,¥; (136)
PO=@® wunam *Y,S5pP=s(s+1)O (137)

rge P, — npoektop, ompefenenuui B (92). s (137), (86), (87) cae-
nyer, duro BoiaHoBaA ¢ymruma @ (x, t) mmeer 2 (2s -+ 1) oramummx
OT HyJS KOMIOHEHT.

IIpeoGpasoBammsa (126) m (127) — (135) MoKHO WCHOIB30BATH,
9TO0Bl OLPEefledUTh OIEePATOPH CpefHe#l KOOPAHHATHl ¥ CPEeTHEro CIIH-
Ha [64] paa wactEnm ¢ npomsBodbEEIM comEOM. [leficTBHTENBHO,
B KaHOHNYECKOM IpefcraBienun (124) oTe mapaMeTpH MOKHO BHEPATh
B Bupe [64]

Xo=2a; Sop=0Sap (138-)

C moMomsio mpeoGpasoBarud, obparHoro (126), nomydsaem sTm omepa-
Topn B mpencrasienmsax (158), (17), (25), (76):

Xo=Us'zlg Sap—= U800, (139)
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~ [

IIpuBeneM sABHHIE BHN onepatopoB X, H 8,3, COOTBETCTBYONIUX
ramMuasrornanam (41), (42), (93):

(X2)s = %a+ sz {ESavPy LE— 0y (H3):] +

+ipgm [0y (HY—m]}; (140)

]

< Y S. (H})
(Sa)1=01Sap Ti—{-Pc TE [1 —01—5 =

(st o S Bt

E2(E ] m) ’ ,
- SeqP S p—Sepp? [3(141)
(Sab)2:Sab+02 dEvd + p El()E+”lb)p ;
¥ . Hgt jo  JabPoE — i02pq (P-3) | ETapPo—iPq (T-P) |
Xo=za— 10+ 0O+ mm e+ — w142
< . . Hstegpd JedPd Pc (i-P) — japp? Pc (7-P)— TPt
Sap = Sap—1 — TO:Tg + E(E+n:l) += m(E+my

rne S, = Spes Ta = Tpes Ja = Joe; (@, b, ¢) — mmra (1, 2, 3).

B szaxmouende cmexaeM Clefyiomige 3aMedaHHA.

1. B paborax [656—67] ob6mapysxeHa [BoHCTBeHHAs HHBAPHAHT-
HocTh ypasuenuil Makeseana, [Qupaka, Kaeitna — T'opmona. G onmoi
CTOPOHE, 9TA YPABHEHWS WHBAPHAHTHHE OTHOCHTEJIHHO HpeoGpasoBa-
muit Jlopenna, coXpaHAnMAX KBa{PATHYHEYI (OPMY Kak B KoHQUTrypa-
HNOHHOM IIPOCTPAHCTEE

82 (2) = 23— 2 = 8% (2') = (2)? — (22, (143)
TaK B B HMOYJALCHOM :npochchTBe
8% (p) = p2— P2 = 5% (p') = (P})2 — (o)™ (144)

C npyroii cTopoHsi, 3TH ypaBHEEASA JONYCKAOT HelOKAJbHLE Opeobpa-
30BAHAA [QIA KoopA®mHAT (He COBHafawIime ¢ NpeofpazoBaHUAMHA
Jlopenna) m jmokaabuHHe mpeobOpasoBamud JlopeHma A MMIYIBCOB,
OTHOCHTEIBHO KOTOPHX coxpanserca (opma (144), Ho He coxpanserca
$opma (143). BaskHo momYepKHYTH, YTO IpPH STHEX HpeoOpa3oBaHHAX
BpeMsa He H3MeHAeTCA (X, = I,). ITOT HoCAeTHHA (GaKT, a HMEHHO
MHBAPHAHTHOCTh ypaBHeHHS [[#paka OTHOCHTENBHO HpeoOpaszoBaHHUi
KOOpPIHEHAT, He H3MeHANIEX BpeMsa U He COXPAHANMAX KBANPaTAIHYIO
dopmy (143), asaserca caeacrauem toro [67, 68], ato omepaTop 19/0t
B OPOCTPAaHCTBe pelieHuil ypapuoHAd (1) mMeeT TaKoi ke CHEKTP, KaK
¥ rammabrondan Hupara (121). Cmexrp omepatopa (121) memumr, 3a
HCKII¢HAeM mATepBaia (—m, m), Ha BCeH [eACTBETEABHOH OCH.

AHajJorAYHaA CHTyamdA HMMeeT MeCTO W B ciIydae ypaBHeHHHR
JABUIKOHUA IS YacTH OPOW3BONBHOTO COAHA. DBhiBefeHHHe HAMH
B moaxoxax 1 m IIl ypaBHemms mHBApDHAHTHHE OTHOCHTEJBHO Hpe-
o6pa3oBaEmii KOODAWHAT ¥ WMIYJIbCOB, KOTOpHe coxpamawT (144),
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o He coxpausawor (143). Imbdepennmanbubie ypasHeHWA HepBOro
HOPANKA, BHBEJCHHEE BHINe, WHBAPHAHTHH OTHOCHTEIbHO Ipeobpa-
sopammit (143) m (144), coxpausomux o6e GopMr.

2. Bo MHOTEX CTaThAX II0 DEJAATHBHCTCKAM YDPABHOHUAM NBHIKE-
HAA BCAKHAA 0meparop, AWATOHAIH3YIOMHAE TaMAIBTOHHAH Hupaxa
M AP YTHe TAMUIbTOHEAHH JJIA TACTHL CO CIEHOM § > 1/2, HasHBAawOT
o6o6mernnrM omeparopoM Doxmm — Boyryitsema. Takoe waspanmme
He BIIOJIHE IOCJAe0BaTeJbHO, M HAM LPEJCTABIACTCA Gollee JOTMIHEIM
Ha3HBATh MHpeoOpa3oBaHmaME TEHa Qoagm — Boyryiizena Toasko
Takde Npeo6pa3scBaHdsA, KOTOPHE [AATOHAJIH3YIOT TIaMHJIbTOHHAH
4 OJHOBPEMEHHO IPHBONAT omepaTopu aurebpu Ilyamwape P, J,,
k npepcrasiennio QPoagm (124). Ecam sto mocaemmee ycioBue He
HAKI3[HBACTCA, TO CYMECTBYeT OYeHb MHOIO (KOHTHHYYM) omepa-
TOPOB, KOTOPHE MOKHO HCIOIb30BATH A AUATOHAIN3ANAN rAMHAIBTO~
mmana. OmepartopH, mpmBefenHile Hamu B (128) — (135), aBasoTtes
0600menuriMu omeparopamu Dongm — Boyryiisema B ykasamHOM
BHIIIE CMBICIE,

[Ipumepom omepaTopa, OMATOHAJA3EPYIOMEr0 IaMAIbTOHHAAH
Hupaka, #o He mpmsoasmero remepartopst J,, K ¢opme Doxgm —
HImpoxoBa, Mo:KeT cay:RuTb omeparop [68]:

V =1+ yH o/ (Hp)21/V 2;

Hp = YetaPa+ Yovsm.
B st1oM caygae

Jay = VI ooV = 20 py — 2opa + Sa;
J(,,a = -[/-]()a‘[/—1 = xopa —_— ’YO (.Z'aE + xaE)/Q + Yo (Sabpb "I— Swm)/E.
S&a = iY4?a/2.

2. YPABHEHHA AJ BE3MACCOBEBIX YACTHI]

YpaBHeHHAM [JId YaCTHI ¢ HYJNeBOR MAcCoil MOCBAMEHO GoJbIIoe
KoIn9ecTBO paborT, omy0AMKOBAHHHX B IOCIeNHHe TOLH |51—54].
B arux paborax OHIH HpeNIOKeHH pPAa3IMIHBIE YpaBHeHUA HiIA
TAKUX YaCTUI[ I B TO K€ BpeMs ONHCAHE HE BCe BO3MOKHEIE HEIKBU-
BaJIeHTHEIE YDABHOHHA TAKOTO KJacca. 31ech, OCHOBLIBASCH HA PE3YIb-
Tatax pabor [45—48], onmmen Bce HeIKBHBATERTHEIE B PaMKAX IPyI-
oot Ilyaskape ypaBHeHHA Hius 6e3MACCOBHIX TACTHLN H HcclenyeM
mx cpodcrBa npum P-, C- m T-upeoGpasoBamuax,

Ypasnenue thna Beiina pas wacTunm mpousBoxbHOro cmmHAa

Xopomo m3BectHO, WTO ypaBHeHme Beiimsm mua meiitpmmo [69]
9KBHUBAJIeHTHO ypaBHeHui0 [lmpara (¢ m = 0), ecaim Ha pemenns
OOC/elHEI0 HAJOKATh NYaHKape-WHBADHAHTHOE [OIOJIHHTEILHOS

3—0507
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YCJIOBHE
(1—TP) ¥ =0. (145)

3}1801) HoJYyIHM YPaBHEHHE THIA Beiins AJIA 9acTH IPOU3BOJBLHOIO

cumua, mexofs m3 ypasueHmii (95), (96). _
Crcremy ypasmermii (95), (96) maa caydas m = O MokHO 3amm-

caTh B BHJe
. 0 s
i 5 ¥=T0Tp¥;
146

(1 2 STOTOpa ) (14 TH) 15,88 — ds (s— )] ¥ = 0.

Vs sproro Buga remeparopos rpymmx & (1,3) (77), (80), (82), (83)
cnexyer, uro upum m = O omeparop (1 — I'Y”) xommyrmpyer ¢ Py,
J v 4, CIeloBaTeIbHO, YPABHEHHE (145) myaBEKape-WHBapMaHTHO JJIA
a06oro sHademms cumEa. [o6aBass ycaosme (145) k ypaBHeHHAM
(146) m Bmbupas marpmus I') B BHME :

01 I 0 0 2
F(s)= I:I O} ; P(If): [0 ——I} 3 !I‘S)=i [__21:0 Oa] ’ (147)

rme I m O0—4s-paganie eqwHWYHAA W HYyJeBad MATPHOEL Tq— 4s-
PAZHBEE MATPAIH, YHOBIETBOPAMIIMHEE COOTHOMEHHAM

[Tay Tol. = iapeTe; 2 Te=3/4, (148)

OPHEXOAUM K CHCTeME yDaBHEHUI ’
i -g—t @ (¢, x) =27-p@ (¢, X); (149)
(i—:t——Qt-p)[Sib—Qs(s——l)]cp(t, x) =0; (150)

Sab=Je 1 Tes

rfe @ —4s-KOMIOHEHTHAs BOJHOBaA (YHKIHWs], CBA3AHHAA C ¥ coot-
HOIIEHHEM

o=(1-+4+T%) ¥/2. (151)

Matpann S,,, Bxonamme B (150), coriacmo (82), (83) mMesor cie-
OVIOOYI0 CTPYKTYDY:

Sab:—jc_“rc; [jc? Ta]—=01 (152)
Ile MATPHIH j. ¢ TOYHOCTHIO [0 MPeo0pa3oBaHAE SKBHBAJIEHTHOCTH
3aMa10TCA COOTHOIMECHAAMH

lar Tol.= i€apefes 2 fi=s (s—1). (153)
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Ypasrenme (149), odeBmmHO, omMCHBaeT WacTHNH C HYJeBoi
maccoir mokos. Hempuponmmsle npepcrasnernmsn rpynnm [lyamkape 11
riaacca (maa PyPh = 0, P, =£0) D¢ (A) zanaiotca CcoGCTBeHEEIME
3HaUeHHMAMH & H A WHBADHAHTHHX OIEPATOPOB 3HAKA DHOPTHE € ==
= Py/| Py | m compambmoctm A = D Jo,P./P.

afbfc

Hoxrasxem, uTo cmcrema ypasEenuit (149), (150) ommcumBaer wacTa-

ny €O CHOAPAIBHOCTEI0 A = —4s. OGosEagmm

5 Sh—s2=g. (154)

Hopcrapasas (154) B (150) m memonbsys (149), momywaem mocie
HECJOKHBEIX Ipeo0pasoBammit

. .
(1 W—Qt-p) gp=11i —%—21.1), g]_(p_—: lg, 2v-pl.¢.  (155)

[IpuanMas Bo BHAMAaHEE TOKIECTBA
lg, T-pl.=S-p; g=s% [g,S-pl.=0, (156)
monydaem m3 (155)
S-po=2st-py. (157)

Wz (149), (157), (148) sakarouaeM, 4To omepaTop 3HAKa BPHEPIUH
e = 2t-p/p mMeeT HA MHOKeCTBe pemleHMH ypasHemmit (149), (150)
3HaYeHMA & = 41, a BHaueHHWs omepaTopa COAPAIbBHOCTH A ==
= S.p/p mpu sToM A = +s. CaefoBaTenpHo, Ha PENIeHUMAX ypaBHe-
muit (149), (150) peanmsyercs mpsAMmas cyMMa HeIDWBOTHMHX Tpef-
crapiaesuir D* (s) @ D~ (—s) rpynom Ilyankape u mx MokHO pac-
cMaTpEBaTh Kak o0o6menme ypaBHenm#l Befina ma ciaydail wacrmim
¢ TIpOM3BOJNBHEM chomHoM. Hwuske mokasmeM, g9ro ypasmemma (149),
(150) C-,P-, T-nnBapuautssl, HO C-, P-HemHBapUAHTHH.

PacemorpuM nmpmMepH ypasmemmit (149), (150) pas s = 0, 1/2,
1, 3/2, 2.

a) s = 1/2. B sroM cayuae, cormacro (152), (153),

Sazra;t ja=0, (158)

Ie T, — MATPHIB pasMepHOCTH 2 X 2, ynmoBietBopsiomme (148).
Honcrapnsa (158) B (149) m (150), yGesxnaemcesi, ato ypasuerne (150)
obpamaerca B ToxkzecTBo [ecam uMeer mecto (149)], a (149) cosmamaer
¢ ypaBHenmeM Beiinsa:

pupte (2, x)=0, (159)
rae o, — Marpunsl IHaymm:

Pa=27q4; po=1. (160)
3%
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6) s=1. B sroM cayuae MaTpUOH Tg, jp, YHOBIETBOPAOMUE
(148), (152), (153), He ymamaa oOOIHOCTH, MOKHO BHODaTh B BHfe:

- 00 0 i -0 0 i0]
1 00 —iof | 0 00il.
=35l o3 oo0of’ T2z|—-i o000}’
| —i0 00 | 0 —i 0 0]
"0 —i 007 00 0 —iT
4 ]i 0 o0 (oo —i o].
“=zlo o oi|’ *Tzloi o of { (0D
0 0 —i 0] [i0 0 0]
- 00i 07 0 —i0 07
4| 000 —i}  4)i 00 0
=51 _j00 o> =20 00 —i
L 0i0 O] 0 0i O]
O6o3ragan
Py
o= iz (162)
Qs

n nogcraBaag (161), (162) B (149), (157), npuxonum K cmcTeMe ypas-
HeHHA AIA @ .
rot ¢ = 0¢/dt;

dive=0; ¢,=const, (163)

rle ROHCTAHTY @, He yMaiAdA OOIIHOCTH, MOMKHO IPHDABHATH HYII.

[Honaras B (163) ¢ = H — iE, rie H u E — BexTopH HampsKen-
HOCTH MATHWTHOTO H 2JIeKTPHYECKOro IoJel, NPHXOAEM K ypaBHe-
amayM MaKcBeTa IS BIeKTPOMATHUTHOTO HoisA B BakyyMme. Takas
dopmyrmpoBra ypasHeHmii MaxcBeasna Obuta BIepBEE DpeIOKeHA
B paborax [70, 71].

B) s = 0. Vpasmenma a1 GecCOMHOBHX U 6e3MaCcCOBHX YACTHUL
moxuo moxydmtsh m3 (149), (157), (161), ecam moa0KATH TaM § = 0.
Ucnonpays obosmauenme (162), momydaem B 3TOM ciaydae CACTEMY

ypaBsHeHHR
. L 0gy .
dive=i—2*; }

_; 9%
grad @, =1 i

(164)
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YpaBreHHA HMeIT peIIeHWs BHAA

?, (¢, X) =k, ¢ (o) exp [i (kx —wt)]; }

— 165
=0 ==xVk, (e
rie ¢ (®) — OpoE3BONLHAA QYHKIMA, W OHHCHBAIT PAacOPOCTPAHE-
HUe OpPOLOJAbHOH BOJHHI.
r) s = 3/2. Buupas mMaTpuus T, u j, B BHje:

—00 000 0~ - 00i 0007
00 —i00 O 000 000
, 0i 000 0O . —i00 000 |
=100 000 o} 2| o000 00il
00 000 —i 000 000
00 00i O_ 000 —i00_|
-0 —i00 00— ~000100~
i 000 00 000010
. 0 000 00 1] oooo001 |
=10 000—io|° " 2100000 | (166)
0 00i 00 010000
0 000 00_ | 001000_
000 —i 0 0~ ~100 0 0 0~
000 0 —i O 010 0 0 0
1|000 0 0 —i | 1] 001 0 0 0
2=zl 500 0 o o '™ 2/ 000—1 0 O
0i0 0 0 O 000 0—1 0
| 00i 0 0 0 000 0 0—1_])
H OPeicTaBisis BOJHOBYID (yHKIHMI ¢ B dopMe
P
cp=[q)’]; da=| ®% |, a=1,2, (167)
P, 3
_ o5 _|
noxyuaeM m3 (166), (167), (149), (150) m (157) ypasmenmme muas 54
rot g =i 2% ; (168)
(Ow) wor PPg- = 0. (169)

Takum o6pasom, BoaHoBasg GynrmuA @2 dactanH ¢ m = O m § = 3/2
yaoBIeTBopsAeT ypaBHeHur Tuna MaxcBeiaaa (168) mo BexTopmHOMY
HH[eKCY a 7 ypasHeHuIo THna Beinsa (169) no cuuropuomMy musexey o;
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z) s = 2. BufepeM MaTpuOsl T, 4 j, B BHUJe

ja=j:t X IA, Ta:%-[ ® E)av (170)
rae 1 m ] — nBYXpsAGHAA ¥ 9eTHPEXPALHAA eWHEIHES MATDPHIH;
0 ‘_/39 0 0 _O_Q 0 0

V3 V3 .
TS - PP B
1—_2— s 1y 12— 5 1
0 2 0 ‘/—33 o 2 o —Q
0o o ¥3 o o o Y3 o | (U™
. 7 Y _ 3 _
30 0 0
1ot 0 o] . rot 0—i M0
B=7l00—1 0™ ={10[PT|i o)/ o—1]
00 0—3

BoxroBas ¢yrrnma ¢ (z) mmeer, coraacuo (170), (171), BoceMb KOM-
IIOHEHT cp’;; a=1,2; k=1, 2,3, 4 opuuem MaTpuOH j, KeHCTBYIOT
TONBKO Ha WHAEKC k, a T, — Ha HHAEKC q.

U3 (149), (156), (157) u (170) moxyuaeM ypaBHeHHA A Pc B BAZIE

k .
(Ow)ac’ P* Qo =0;
R
2 . . 9%
3 (Fa)rrPa®e =1 vl (172)
KOTODHE W3 H3JI0KEeHHOTO BHIIe MOMKHO HHTepPIPETHPOBATh KaK
ypaBHeHHA i (e3MACCOBHX dYaCTHI[ CO COAHOM 2.

Jlpyrue TRmel ypaBHeAmii AnA YacTHIL
¢ HYyIeBoif maccoit

Kakx moxasamo B pabore [45], ypaBremme Beiina me aBaAercd
e[MHCTBOHHO BO3MOKHHIM NYaHKape-MHBAPHAHTHHM JIBYXKOMOOHEHT-
HEIM ypaBHeHHeM JUIA 0(e3MacCcoBHX dacTHI[ co cumEOM s = 1/2.
B paGorax [45—47] monyuens Bce HeIKBHBAJEHTHEE ypaBHeHWA A
TAKEX YACTHI[ W HMCCIENOBAHH HX CBolcTBa oTHocutenbHo P-, C-,
T-npeo6pa3oBaHMmIt.

AmajorduHas CATYaIWs HMeeT MecTO W JJId 9YacTHI, IPOM3BOJIB-
HOTO CIIEHA, T. ¢. ypaBHenus (62), (63) He mcuepOHBAiOT BCeX HEIKBU-
BaJeHTHHX ypaBHeHAX Aas OesmaccoBHX dacrmn. Iloxyumm 3peck
BCE BO3MOKHHE (C TOYHOCTHIO [0 SKBUBAJISHTHOCTH) ypaBHeHHA AJIA
qacTHn ¢ m = O W HPOHE3BOABHHIM CHFHOM S.
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ByaeM HCXOOUTH U3 caeqyiomeil cucTeMbl 8s-KOMIIOHEHTHHX ypaB-
HEeHUH:

a
i)‘
( - —a p)S:«;,,qf .0, (174)

rie ¥ (¢, x) — 8s-KoMTmoHenTHAA BOJHOBaA (QYHKIUA; Gg B S,p —
MaTpmI(hl pasmepHOcTH 85 X 8s:

. 0 —21'0, . 31 Sab O 175
Og=1 2Ta 0 » ab = 0 Sa,b ’ ( )

a Matpunil S.,, T,, DO-IpekKHEMY, OHPENedAlTCS COOTHONMEHHA-
v (148), (152), (153).

Vpasmerua (173), (174) myamxape-muBapmauTHH. I'eHepaTopu
rpyunst & (1,3) Ha MHOXKecTBe pemeHmit ypaBmemmia (174), (173)
HMeIOT BHA:

Py=a-p; Pa:pa———li'

dzg ’
Jab = ZaPo — TpPa + Savs (176)
Joa= ZoPa — xap0+ iaa/2 + iﬁa»
rie
T0—j. 7 ] 0 —1
a— l[ja 0 _]=F4]ay F4=1[1 O] ’ (177)

Matpuns j, oupemexensi B (152), (153).

IToBropssa moutm pmocioBHO BhKIamkm (154) — (157), HETPYAHO
ybemuThed, 910 ypaBuenme (174) MoykHO 3ammcaTh B ciaefyomlell DKBU-
BaJNeHTHOH ¢opme:

S-p¥ =Tysa -'p‘P. (178)

Ms (176), (178) sakarouaem, uTo Ha MHOMKeCTBe peIIeHHI ypaBHe-
amit (173), (174) peammsyercs mpsmas cymma

T () DI (—s) DT (s) ® T* (—9) (179)

HeOPUBOJUMHX npefcraBienuit rpymosr & (1,3). Tarmm o6pasom,
ypasuerns (173), (174) meswkemBamentam (177), (178).

st mosydeHHA BCeX APYIMX HESKBUBAJIEGHTHHIX ypaBHeHHH JJiA
0e3MAaCCOBHIX TacTHI] NPOU3BOIBHON CHUPANBHOCTH BOCIIOJIB3YEMCS
TeM darToM, 9T0 cucreMa (173), (174) He mcuepUEIBaeT BCex mMyaEKape-
WHBADHAHTHHX ypaBHeHEIN B Ipexcrasienmz (176). IeficremreabHo,
Kak # B caydae s = 1/2, mommmo (174), ma Boamosyio ¢ymkrzio ¥
MOHO HAJIOKHKTH OJHO W3 CICAYIOMHUX MHBAPHAHTHHX JOLOJTHUTEb-
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HHX YCIOBHIMH:

Li¥Y=(14¢ela-p+eT,+eecap)¥=0; (180)
LW = (1 }¢T,) ¥=0; (181)
L;¥ = (1+ea-p) ¥=0; (182)
V= (1+elap) ¥=0; (183)
V= (—3+elo.pt+eT,+ee’ap) ¥=0, (184)
rae
f):p/p; g, & =+ 1. (185)

Ypasuenua (180) — (185) myamrape-EHBapHaBTHH, LHOCKOJBKY OLe-

parops a-p u I'y (a smawmr, u L,, L., ..., L;) KoMMyTapyoT co
BceMmu remeparopamm (176) rpymmm & (1,3). G mpyroit cropownm,
3TH ypaBHeHMA HCYePUIHBAIT BCe BO3MOJKHEE ¢ TOYHOCTHI0 [0 SKBH-
BAJIGHTHOCTA DyaHKape-HHBAPHAHTHHE RONOJHHTeJBHHE YCIOBHA,
KOTODHE MOKHO HAJXOKATH Ha pelnenust cucteMu (173), (174). Heircten-
TeJABHO, OIePaTOPH L, MOXHO HpefCTABATHL B BHJE:

Ly=4P{PY; L,=2P% L,=2P% } (186)
L, =2(P5Py +P[°P;¥); Ly= —4 (1— PPY);
rage P¢ m PY — omepaTOpH NpPOEeKTEPOBAHHA HA NOIIPOCTPAHCTBA
Pe (s) ® ¢ (—s) v D*(e',s) & D~ (&', s) COOTBETCTBEHHO:
p1=7(1+87); P'Z':T(i—}-e’l“—-p—), (187)

Hs (179), (186), (187) caenyer, uro Ha pemrenmax ypasHenmi (173),
(174) ¢ ommum wm3 mgomoammTenbHHX ycaosmi (180) — (184) peamm-
3yI0TCA clefyoomue npefcrasieHus rpyoou & (1,3):

D™*(¢'s) @ D™° (—&'s) ® D (—¢'s); (188)
“*(s)i® D° (—s);) (189)

) @ DT (—s); (190)

Tt (—es) D T (—e, s); (191)

9° (e's). (192)

Herpynuo yGemmrees, aro dopmyasr (179), (188) — (192) mcuepma-
BAIOT BCe BO3MOJKHEE HEBHPOKICHAHE NPAMHE CYMME HEUIPABONH-
MHX upepgcTaBirenmi Pe (¢’ s) rpynox & (1; 3), oTKyma m ciaenyer
BHBog, 4to ypaBmemma (173), (174) ¢ omumM H3 [OHONHHTEJIBHHX
yexopmit (180) — (184) (1 Ges MOMOAHHATEABHKX YCIOBHH) HCYePIH-
BAIOT BCe BO3MOKHHE (C TOYHOCTHIO [0 SKBHBAJCHTHOCTH) PeJIATH-
BHCTCKHE ypaBHeHHA IJd 0Ge3MaccoBOd dYacTuOEl € HPOH3BOJBHEIM
COAHOM S.
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Heccneayem cBoiicTBa HOAYYEHHHIX YPaBHEHHH OTHOCHTENBHO P-,
C- m T-nmpeoGpasoBanmii. [iA 3Toro Bocmomb3yeMcsA CiefyImeit
cxemoit [46]:

D*s) <—g—>ﬂ'(s)
P P DHE'S) =L DYls)
D¥-5) =S pts)

rae cuMBoax P (s) & D+ (—s) os3mavaer, 9TO ouepandA IPOCTPAH-
CTBeHHOW HWHBepcuH mpeo0pas3yeT NPOCTPAHCTEO HEIPHBOIEMOTO
9® (s) mpefcTaBIeHHA B IPOCTPAHCTBO Z ¢ (s) mpefCcTaBIeHHA X T. J.
Ma (179), (188) — (192) sakarouaem, uro ypasmenma (173), (174)
P-, C-, T-AHBAPUAHTHH; ypaBHeHHAA (173), (174) ¢ momoaHETENBHEIM
yCJIOBHeM (180) T-uuBapmantam, O C-, P-, CP-HeWMHBapHAaHTHH;
ypasmerua {173), (174), (181) T-, CP—nHBapnaHTHH, wo C-, P-menu-
BapmaHTHH; ypaBHerma (173), (174), (182) P-, T-mEBapmaBTHH, HO
C-pempBapuanTHH; ypasuenws (173), (174), (183) C-, I'-unBapuaHTHE,
HO P-HeWHBapuWaHTHH; HaKoHen, ypasmemmsa (173), (174), (184)
T-naBapHaATEH, HO P-, (-, PC-HeunBapHMaHTHH.

OTMeTEM, gto ypaBueHus (173), (174) ¢ ojuuM M3 HOUOJHHTENb-
mux ycaosmit (180), (183) nmam (184) HemABapmaHTHH OTHOCHTEJIBLHO
PCT- m PT-npeobpasoBanmii. IToT QaKT He IPOTHBOPEUHT H3BECTHOM
CPT-reopeme llaynm — Jlionepea, NOCKOMBKY JOIOJHUTETbHEE YCA0-
susa (180), (183), (184) B z-mpocTpancTBe HEIOKAJbLHEL.

B saxmiouennme sToro pasjesna HpmBeleM ABHEIH BH BCeX BO3MOMK-
HHIX HEe9KBHBAJEHTHHX YDaBHeHMH Aus GesMacCOBBIX YaCTHI[ CO CIH-
HoM 5 = 1. Bubupasa marpunm v, u j, u3 (175), (152) B dopme (161)
H OpeAcTaBiafAA BoJHOBYIO ¢ymknuw ¥ B Buie

e
_[ x]’ (193)
rae

;‘Pi p.4

P2 X2
- s by — : 194
o) s 4 " (194)

Py pA

H ¥, ~— OHOKOMIIOHEHTHEIe (DYHKUUH, IIPHXOAHM, coryiacHo (173),
(174) (178), K YpaBHEHWSM st ¢ U Y B (opme:
rot @ = —dy/dt; dive=0;
rot = 0¢/0t; divy=0;
Pr=¢Cy;  Ya=C2 (195)
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ri€ ¢; ¥ C;— KOHCTAaHTBI, KOTOpHIE, He yMaiss OOUIHOCTH, MOKHO CUH-
TaTh PABHBIMH HYJIO.

VYpasuenmst (195) coBmapmaior ¢ ypaBmemmsMum MaxcBexna pus
JMEKTPOMAaTHATHOr0 oA B BaxkyyMe. Haiigem Temepr ABHHII BAR
monoaHmTeabHHX yciaosmi (180) — (185), KoTopEHe MOKHO HaJo-
JKATH Ha pemends ypasaenzit (195), He HapymuB WX KOBAPHAHTHOCTH.
Tloperasasaa (152), (161), (175) 8 (180) — (185), moxygaeM

p(p—ie'y)= —erot (p—ig'y); (196)

p=iey; (197)

rot ¢ =iepy; roty= —iepe@; (198)

rotg= —epy; roty= —epy; ~ (199)
p(—e@-+ie'y) = —erot (p—ic'y);

p(p-+-ie'y)=0. (200)

Takmm ofpasoM, momMumo ypasHenmii Maxcsenaa (195) mas Ges-
M3CCOBHIX JaCTHI] CO COHMHOM 1 CymecTByeT ele OATH THIOB HyaBKape-
MEBAPDMAHTHHX YypaBHeHHE, KoropeHe mmeror Bup (195) ¢ ommmm m3
JomorHWTeNbHEX yeaomit (196) — (200). Ilogmsepkmem, dwro Bce
gononamrensHuie yeaosmsa (196) — (200), sa mewmrogenmem (197),
B Z-IPOCTPAHCTBe HMeT (GopMy HETOKAIbHHX mETErpo-guddepen-
OUaJbHHX YPaBHOHUH.

3. YACTHHA C IIPOM3BOJbHLIM CIIMHOM
BO BHEIMHEM 3JEKTPOMATHUTHOM IIOJIE

VYpaBHeHHS ABAKOHAA CBOGORHHIX DPeJATHBACTCKEAX 9aCTHI[ Ipe.-
CTaBJIAT PeATbHHNE QH3HIECKU HHTepec TOIBKO B TOM CIydae, ecil
AX MOKHO HCIOJbB30BAThH I DeIIeHHS KOHKPETHHIX 3afau (U3HKH.
Onnoil ¥3 caMBIX BaUKHHX ABJIAETCS 3a7a4a O IBIKCHUE 3apAKeHHOM
9acTHLOH BO BHEIIHEM dIeKTPOMAarHHTHOM moJe. ak yixe roBopmiIocs,
MHOTHe W3 IMAPOKO H3BECTHHX PEIATHBUCTCKAX yPaBHeHHN HPUBOJAT
OpH pelleHUH 3TOH 3afadd K GONBIEAM TPYTHOCTAM.

B mactosimeMm pasjeie 3ajada O ABW/KeHWH FACTHANHE ¢ HPOM3-
BOJIBHHM CIHHOM BO BHeNIHeM 93JeKTPOMATHHTHOM HOJe peliaeTcs
¢ MCIOJB30BAHUEM YDPaBHeHHH, MoaydeHHHX Bhime. llpm aToM oxasm-
BaeTcda, 4rto ypaBHeHuA (93) — (96) He mpumBomAT K HapYIIEHHIO
OPAIUHHOCTH,

Brenenne BzammopeiicTeus B ypaBHEHHA
0e3 JNMHAUX KOMIOHEHT)

OGo0mienne ypaBHeHWH 0e3 JIHITHAX KOMIOOHEHT, HOJYIeHHHIX
BHIINe, IS 3aps/KEHHKIX YaCTHI] BO BHEITHEM II0Jle HpelCTaBiAeT co0ok
NOBOJBHO TPYAHYIO 3aJady BBHAY CIOKHOH 3aBHCAMOCTH FaMHIBTO-
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guagoB H1, HI or mMmyabcoB. 3mech 9Ty 3ajady DemImM B Ipef-
UOJIOKEHMH, YTO HMOYJIbCH YacTHI[ MAJIH [0 CPABHEHHI0 C HX
MaccaMm.

IOas p € m rammabronmassl HI (42) m HI! (53) MokHO mpepcTa-
BATH B BHJe pAfa 1m0 crememam 1/m (KOMHOTOHOBCKOH AJIMHEI BOJIHEL)

[38, 39}
HY=8,[m+4 — 4 S‘ dab (PaPs+ PoPa)] +

+o | ) baba+ i b (1) | +9 (7). (201)

ruae
a=1I, II;, dg="0s/4—SaSs; ba=2854;

2
Wl (p)= —2h1 (p) =5 )} SadvcPaDoPe;

a, b, c

a, b, c=1, 2, 3. (202)

Kax srpeo 73 (201), ramanstonmans A1y HY coBOamaioT ¢ TOYHOCTHIO
JI0 WIeHOB HopAAKa 1/m W ABIAAIOTCS TOJUHOMAME IO Pg.

Has Toro 4TobH Hepe#iTw K ONHCABWIO 3apsKeHHOM 9aCTHALH BO
BHEIDHEM DIIeKTPOMATHUTHOM Hole, cieinaeM B {(201) obmnunyio saMeHY
Py—> T, =p, —eA,, Tae e — 3apag uwactmns; A, — BeKTOp-
HOTEHIIAAJ DJEKTPOMArHATHOrO Hoxas. B pesyiaprare mpupeM K cle-
OVIOWEMy YpPAaBHEHHIO:

HE () p (¢, x) =i 9 (4, X);
Hf (n) =0y [m +x2/2m — 2 (S - x)%/m —
—eS-H/m]+edy+05[2S-w+
+ho (m)/m2 40 (1/m?), == Zn (203)

rie H = rot A — BeKTOp HAUPSAKEHHOCTE MATHATHOFO IIOJA.

Moxa0 yOeauThCsa HEMOCPENCTBEHHO, UTO COOCTBEHHEE 3HAYEHUA
ramuabrornana (203) Moryr 6HTH KaK HOJOKATEIbHHMHA, TaK B OTPH-~
narexpasMu. V3 (203) monyuum ypaBuenne [ COCTOSHUAA © IMOJOKH-
TeNBHOH BHEPréel, MOKoGHO TOMY, Kak 9To Omo chenano @oiugu m
Boytyiisenom [64] A aEpaKoBeKoi uacTuiw ¢ s = 1/2. 3ro gocruraer-
cfI ¢ IOMOIBI0 cepuH OpHOIMKEeHHHX YHHATAPHHX IOpeobpas3oBaHUA,
upuBomAmuX ramuabronuan (203) K BUAY, He Comep)KameMy «HedeT-
HHX» (He KOMMYTAPYOIIUX ¢ O;) YIEHOB.
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Itogseprrem rammnsronnad H% (x) m Boanosyw dynrnuwno ¥ (£, x)
npeo0pasoBaHAO:

V> Y =UY;
HY (w) — H* () =UH® (wy U~ —i 0U/6tU*. (204)
Hcnonbsyst onepatop
U;=exp(—io, S-x/m), (205)
nonyyaem
H (1) =0y (m+ g0~ e S0 ) ey —

—ioy SE 4SS B, Sl 00 (o );

(206)
K (@) = he (1) — [22, (S-m)ly + ¢ [S-H, S-aly 45 (S-)%;
a4 04,
Eo= — 7t — 5

TFamunbronvan H,* (%) sBASIETCS  «YETHHIM» C TOYHOCTHIO 10
yjeHoB mopsifka 1/m°. B cBoio ouepenb, YHHTApHBIA onepaTop

Uzzexp(lose gml;l)

npusonut H,* (w) x caeayomeMy BHAY («4€THOMY» C TOYHOCTBLIO
J0 ujeHoB nopagka 1/m):

(207)

H® (n)_oi(m-{-?——e )-{-er—}—
+7 [S-E, Seml+ o he() +0 () (208)
K () = h'e () + 5 = (S-E).

Haxkonen, ¢ nomompto onepatopa

U;=exp ( —1i0, B () ) (209)

m3

moiyyaeMm u3 (208) ramuapTomnam {38, 39]

Hr (u):ci(m+—272~e———) +edy+ 5or [S-E, S-atl,
(210)

«4eTHHI» ¢ TOYHOCTBIO [0 WIEHOB HopAfxkKa 1/m?.
Taknm oGpazoM, TpE IOCIeROBaTeJIbHHX IpeoOpasoBanm#A, OCY-
mecTBAsAeMHXx omepatopamm (205), (207), (209), mpmBoasar ypaBHe-
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aue (203) K BHOy
HI (@) ® (¢, x)=i2- D, x);
@ (t, x)=UsU,U,¥ (¢, x)- (211)

| Oneparop A B npubamxenan 1/m? xommyTapyer ¢ 6;. Ha MHosxe-
ctBe QyHKHuA D, yHOBIETBOPAWIMEX YCIOBHIO

0,0* = O, (212)

rammirbronnan (211) momoskmTennrHO oumpenmesen m pasen [38]:

HY (@) O ={mt g ey g, 1

.m

+5or [SE, S-a).} @r =i @, (213)

®opumya (213) npencraaser coboit oGobmenne ypasrenus Ilayan
AJAA GACTANH co comHOM 1/2 ma cayuait wacTmmH ¢ IIPOU3BOIBHEM
CHAHOM.

st Toro 9TOOK BHACHATH GUHYECKUH CMEICH BXoAAmumx B (213)
CJIaraeMEIX, BOCHONB3YBMCH TOMKIECTBOM

e __ e dE, )
Tz 8B, S-qt]= 5 Qabm"‘
—es(s-z,;)zdiVE— 755+ (E x p—p x E); (214)

Qab =3[Sqs, Sol+— 28465 (s +1).

Cornacuo (213), (214), xBasupensTupEcTCKEHE rammibTonman Hi ()

4acTHUB ¢ HNPOM3BOJILHEIM CIOMHOM BO BHEIIHEM B3JIeKTPOMATHUTHOM
e

110Ji¢ BRJIIOYAeT YJIeHB, COOTBOTCTBYIOMUE TUIOIBHOMY ( — ;S-H) ,

8K,
dxp

KBaDYHOJIBbHOMY (—- 12;2 Qo ) B COHH-0pPOUTAIBHOMY

‘[_ JW S p x E—E % p)] B3aUMOIEMCTBUAM,

Takmm obpasom, mcmonb3ys HONydYeHHBIE BHINe YPAaBHOHHA ILIA
¢BOGOJ{HEIX YaCTHI] TPOUBBOIBHOTO COMHA, IOJIYTHM KBAZHPELATHBACT-
ckde ypaBHenuA (213) ansa 3aps/KeHHHX YaCTHIl BO BHEIIHEM DIEKTPO-
MATHATHOM Hoje. B paccMarpmsaemom upubiammernn 1/m?® rammabro-
unaust H (w) m H; (w) (203) sxBmBamemturr H! (m) (213). Ommaxo
omepatopkl HI onpemeneHH B rmiabGepToBOM IPOCTPAHCTBE, B KOTO-
POM CKaIAPHOe HPOH3BEleHHEe AMeeT CIOKHYIO CTPYKTYPY (4), mosTo-
My ramMuiabToHMaBE MY () mpencraBiasiiores Gosee YMOOHHIME IS
ONMCAHUA [BIKEHNA 3aPA’KOHHON YACTHI[H BO BHENIHEM IOJe.
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Ilas s = 1/2 dopmyna (213) cosnafaer ¢ ypaBHEHHEM, IOJIyIeH-
usiM Dounm 1 Boyryiiserom [64]. IIpm s = 1 (213) mmeeT Tarymo sxe
CTPYKTYPY, KaK I ypaBHeHHe, IoiaydeHHoe B pabore [72], Ho momoi-
HETeJAbLHO YYMTHIBAGT KBAZPYHIOJbHOe B3aHMONeHCTBHe HYACTHIIGE

¢ HoJjeM.

Brenenne Bzaumoneiicteusa B anddepennuaibubie
YPABHEHHA ABIKEHNA

Ionyuenuse Bume pudQPepeHIUATFHEE YPaBHEHHA [ABWKEHHA
CBOBGOIHBIX YACTHI[ IPOU3BOJBHOIO CIEHA JOMYCKAIOT HOOPOTHBOPEUH~
Boe 0Go0MeHNe AJIA 3apA/KEHHEX JACTAL BO BHENIHEM 3JIeKTPOMArHNT-
noM moie. Hmske 6yger ocymecTBieHO Takoe obobmenme m Oyzer
IOKa3aHoO, UTO IIPK 3TOM HE BO3HEKAaeT IapafoKCOB ¢ HapyMIeHHEM
OPHYABHOCTH, KOTOPHE HMEIT MeCT0 B JAPYTHX peJATHBUCTCKAX
VPaBHEHHAX JIA 9acTHL €O cumHoM s == 1/2 [23, 24.]

BymeM mcXofmTh W3 CHCTeMB ypaBHeHEHH mepBoro mopamka (93),
(94) uam (95), (96). MoskHo ToKasarh, 9TO BBEJEHNE MOHHMAJIBHOTO
5JIeKTPOMATHHTHOLO B3aHMOMNEHCTBEA HENOCPEeJCTBeHHO B ypaBHE-
A (93), (94) mam B sBHO KoBapmamtHyl cucremy (95), (96) mpm-
BONAT K TOMY, uTo Kak ypasHerus (93), (94), Tak u ypasmerusa (95),
(96) cramoBaTcs HecoBMecTHEIME. UTOOH IpeofoNeTh Ty TPYAHOCTS,
gamumeMm (93), (94) B BHAe eAHHOTO YpaBHEHHA

[Ps(iait—Hs) +x(1—P,) | ¥ (1, %) =0, (215)

Tjie % — OPOM3BONBHEIA HapaMeTp. OKBUBaJdeHTHOCTS (215) m (93), (94)
clenyeT W3 COOTHOMEHMH

[i ——H, Ps]_=0; p.p,—P,. (216)

ABHO KoBapmamTHy chcreMy (95), (96) TaxiKe MOKHO HpeACTa-
BATH B BH/le OJHOIO yDaBHEHDA

(B, T p#—m) + % (1—Bg)] ¥ =0; 1
—_ S ] (2 7)
By= qpr (T m) (1 -+ TE) [SpS™ — bs (s —1)] }
OOCKOJIBRY
[Bs, T ps—m)I. ¥ =0; B,B,=B,. (218)

Cneraem B (215) m (217) samemy p,— 7, = p, — €Ay, TAe
A, — BEKTODP-TIOTEHNEAJ BJIEKTPOMATHATHOIO HOJSA, W HOKAKeM, 9TO
TaKkasg B3aMeHA IHO3BOJAET IMOJYyIATH CHCTEMY YDaBHeHHA NepBOTO
HOPANKA, ONMHCHBAKINUAX JBHIKeHHe 3apsA/KeHHOM YaCTHIH BO BHEII-
HeM 5IeKTpOMarsaTHOM mone. ITockombKy ypaBHemmsa (215) a (217)
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nocje 3aMeHHl p, —- 7, B KOHEYHOM HTOTe UPHBOJAT K OJMHAKOBHIM
pesyapTaTaM, pPacCMOTPEM TOIBKO ypaBHemme (215), KoTopoe mpm-
HOAMaeT BHUL

P, () [my— Hy (M)] 45 [1— P, ()] ¥ (¢, x) =0, (219)

rjae
H, ()= TPTOm, +Tm

Py (m)=P,+ (1 —T,) [Tym,, P,)_/2m. (220)
Yunoman (219) wa B, (x) = [1—'163 (sv)] m EcmoAB3ys TOEIECTBA
[g— H, (@), P, ()] B, (m) =
= £ 18 (1 —T9) (£ 81— TPT ) P8, (); (221)
ps (“)p () = P (w); eFyy = —i[m,, 7],
OPUXOXAM K CHCTEMEe YpaBHCHHH

—07 Ve—=H,(w, no) ¥; Hy (0, 1) =TPTOm, +T§m +edo+

- TP (1 —T§) (5 Sy iTPTY) P (222)
{Pe+(t— F“))[—E;S]‘ Jy=v, (223)

KoTopyto, kKak u (93), (94), MOJKHO B3ammcaTh B PKBHBAJEBTHON SIBHO
KOBapHaHTHOU (opMme:

[T —m ot 5 A—T) (5 S —ITPTE) Y| ¥ =0; (224)
(M TPa8) (1 4-T8) [SpuS™ —4s (s—1)] ¥ = 16ms¥,  (225)

IToramem, gro ypaBuerusa (222), (223) lmam (224), (225)] me npn-
BOOAT K IapajoKcaM ¢ HapymMeHWeM TpHYMHHOCTH. [[JsA »TOTO mpe-
obpasyem (224), (225) k Takoi GopMe, uTolH Kamoe peIIeHHe CHCTE-
MBI YIAOBIAETBOPAJNO ypaBHeHHI 3ainepa — (Dermmama — [exn-Mana
[77], ®oTopoe, xak msBecTHO [12], onmenBaer npmumunOe pacmpocTpa-
HeHMe BOJH. ITO JOCTHArAeTCA NEePEeXOLoM K HOBOH BOJHOBOM QYHKIHM

Y, x)=VO (¢, x), (226)
rie V——o6paTanﬁ omeparop:
V=t T0mn; vt = 2 pOme; 2= = L4 219, (220)

Iopcramass (226), (227) B (223), (224) m wcnoOAB3YA TOKAECTBO
(TP n1)2 = mon 4 ieTEOTO /2, (228)
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moxygaeM ypasuenma aa @ (¢, x):

A @4 + e8P 12sm + mzv/m) — m] @ (8, x) =0, (229)

PO—0 mm o Su®=s(s+1)Q. (230)
Haxonen, ymuoxasn (229) ciesa Ha omeparop
F=m+ TOnr — S, F*"/2sm — m,at/m) A~ (231)
rae
:S;ab = Sabs SToa = iSbcy (232)
OpHUXOJUM K YpaBHEHHIO
(sture —m? — - Sf™) ® (¢, x) =0. (233)

dopmyasr (230), (232), (233) sapmaior ypasHemme JaiimeBa —
deiinmana — lean-MaHa [ 9aCTHNHE ¢ OPOW3BOJILHEIM CIHHOM.
Pemernsa @ (¢, X) 5T0r0 ypaBHeHHA ONACHBAKT IPHIMHHOE PACIPO-
CTpaHeHHe BOJH C JOCBeTOBO cKopoctbio [12]. Takosw e, oueBHAHO,
cBoiictBa pemenmit ¥ (¢, x) ypasmemmi (222), (223) m (224), (225),
ceasaEanx ¢ O (¢, x) npeoGpasosanneM 3KBHEBajJeHTHOCTH (226).

K sroMy pesyapTaTy MOKHO IPUATH W KPYTHM IyTeM, BOCIOIB30-
BaBmHMCH KpuTepueM Baittmana [25]. Ymuomas (224) ma (T'ya* 4 m),
mojiygaeM ypaBHEHHe

(pup"+B) ¥ (¢, x)=0, (234)

rie B — muddepeHinanbHEE onepaTop, COAep;KAIMUA NPOW3BOJHEE
He BHIIe IepPBOTO HOPANKA H PABHHEIN B OTCYTCTBEE B3aHMONEHCTBHA
—m?. Kax moxasaso B paGore [25], aro o3nagaer, aro ¥ (¢, X) onmch-
BaeT PACOPOCTPAHEHHWEe BOJH C [OCBETOBOH CKOPOCTBHIO.

TaxkaM o6pasom, IpUXONEM K BHBOAY: ypasmemma (224), (225)
ONMCHBAIOT JABMKeBHE 3aPs/KEHHON PelATHBUCTCKOE 4acTHIBI ¢ OPO-
M3BOABHHM CIHHOM BO BHENIHEM DIeKTPOMATHUTHOM Ioje W He IpH-
BOIAT K HapajoKCcaM ¢ HapyOmieHmeM IPWIMHHEOCTH.

OrmeTEM eme, uto ypasmenma (95), (96) MoxEHO mOmyddTbh U3
OpHWHIENS MHEHAMAIBHOTO AEHCTBHA, €CId IUIOTHOCTh JarpamKdaHa
L (z) Bubpars B Bumze

L(z)=(m¥ +i2-T,) (1 + 1) (58" —
—4s (s—1)] iTy 0V /0z), + 16m2T ", (235)

roe ¥', ¥ — 16s-koMnoHCHTHAaA BOJXHOBAg (QYHKIHUA:

L - o
‘P’:[x | ¥ = Wil (236)
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Iy, S,v—MarpEus pazmeprocT: 16s X 16s:

o[ 0w [T 0 T,
U Ve 0 —rf

weo 0 TP1 + Suw O
e’ o 0 Su

k=1, 2, 3, 4. lpu srom gua dyuxman ¥ (¢, X) moiydaeM ypaBHeHAS
(95), (96), a maa % (¢, x) — ypaBHeHH, KOMILIEKCHO-COIPS-
mennwse ¢ (95), (96). Cpemas B (235) MuUHEMAJXBHYI0O 3aMme-
Hy —id/dz, — —id/dz, — eA,, npupgeM k ypasHenuam (224), (225).
Tarmm o6pasoM, ypasmeHmsa (224), (225) momycKalT JarpaHKeBY
dbopmyaupoBry.

3aMeuanmne Momuo mokasarp, 90 ypasHerua (93) — (96)
WHBAPHAHTHH OTHOCHTEIHHO ONEpAIHE 3apAROBOro coupsmreHus C,
HO He MHBAPWAHTHH OTHOCHTEJAbHO ofpamendst Bpemend I m oTpaske-
HHA OpPOCTPAHCTBEHHHX Kooppmuat P. P-, C-, T-wHEBapHaHTHEE
YPaBHEHHS [ 9aCTHI OPOM3BONBHOTO COHHA MOMKHO IIOJIYIATH H3

(95), (96) ynBoeEmem wmena KommoHerT 1 3ameroil I'§ — I'fY cormae-
Ho (237).

(237)

Pasaoxenne mo cremenam 1/m

Famuawsromman H (w, m,) (222) MomeT HMeTh IOJOKMTEAbLHBIE
W OTpHIATeAbHLe cofcTBennbe 3HateHUsA. C TOMOIIBIO CEPHH LOCHTe-
KOBaTeAbHHX NPHOAMKeHHBX IpeobpasoBanmii, momobumx (204) —
(213), moxyumm us (222), (223) ypasHeHHe I COCTOAHHEE ¢ HOJOMKU-
TeJIBHOM pHEprueh. Ilpu >ToM TaMEABTOHHAH YACTHI(H IPOM3BOJILHOTO
cuuHa GyfeT OpejicTaBieH B BHAe pAxa mo cremeHaM 1/m, ymobmom
JJIA BHYUCHEHWH 10 TEOPHH BO3MYIISHHH.

OcHoBHAas TPYAHOCTh HpH AHMATOHAJM3ALMHA ypaBHeHmi (222),
(223) cocrouT B TOM, uTO HeobxomuMo HafiTm mpeoGpasoBaHMA, OXHO-
BPEeMEHHO MPUBOQAINNE K AUaTOHAJIHHON (opMe IBa Pa3IUIHHIX YPaB-
memna. (CHauala [HATOHAJN3yeM [OHOJAHHUTENbHOE Yycaosme (223),
a 3aTeM, MCIOXB3Ys OMePAaTOPH, KOMMYTHpYIOIHUe ¢ Ipeofpa3oBaH-
HEIM ypaBHemmeM (221), mpmBeneM X AmaroHanbpHOH (opme ypaBHe-
ghe (222).

Tlonsepraem Bommosyio $yurnuio ¥ (£, x) m3 (222), (223) npe-
o00pa3oBaHUIo

Y P =V, (238)
rae V — olGpatuMHi omeparop:
V=14 (1=T) [Pna—T§Somaky)/2m;
Vt=1—(1—T%Y) T, —THS on.ky)/2m. (239)

4 —0507
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IopeitctBoBar omeparopoM’ (239) caepa ma ((220), (221), momyumm
YpaBHEHHA [ .

c . ” . a‘ "
(H(m, Ag) ¥ =1'§‘f;

$ S s S 1
H, (3, A) =T{'m+ 1T (8- 7) + T (1 —T¢) o {=*—

— B (8-mfp— S-[H—i (1—Fkys) Bl } +edy; (240)

P =W wim 5 SH¥ —s(s41) ¥, (241)

fne Hy,= —i[np, 7 ]- m E’a: —1 [y, 7,]. — HAUpANEHHOCTH Mar-
HETHOTO M BJEKTPHIECKOTO Touefi; P, — IPOeKTOp, ONpefeleH-

B B (92).

s (241), (84), (85) sakiuiouaem, uTo, He yManAsa OGIIHOCTH, MOKHO
CUMTaTh, 470 BoiHOBasf ¢yHknmua V' mmeer 2 (2s -+ 1) orTamunmx
OT HyJIs KoMIoHeHT. MaTpuns S, ; ¥ KOMMyTHPYIOH(Ee ¢ HEMHA MaTpH-
ner I'Y, T Ba mEOKecTBe TaKEX QYHKNUI BCerna MOMKHO BHOpaTh

B BHJE
S0 01
Sab=[0 SsJ’ Fﬂ :012[1 O:lr

ie|t 0] 242
AT 0= 0 g (242)
rane S, — MaTpEnH, o6pasyomue npescrasirenne D (s) anre6pw O (3);
1m0 — (25 4 1)-panEnie enmEWYHaA ® ByJeBag MaTpumsl. IlopcTas-
asa (242) B (240), momxywaem rammapromman H, (w, 4,) B BmIe

| H, (%, Ag) = 0y 058 -7 o (01— i03) {m—
— 1} (S-m)?— - eS . [H—i (1 — ki) E]} + e, (243)

Qopmyna (243) o6o6miaeT raMEILTOENAH CBOGOTHON WACTHIH
npousBoibHOTO cimHa (60) mpm B3aMmMOAEHCTBYM ¢ BHEIIHEM DJeKTPO-
MarHuTHEM Nojem. Tarmm o6pasoM, HCHOAB3YA ABHO KOBapHAHTHHIE
ypasrenus (224), (225), moaydnnu pemenT BBeJIeHHS B3aMMOIEHCTBYA
B fudepeHnmaibEEe NyaHKape-HEBAPHAHTHEE yPaBHeHHA 0e3 idm-
HHUX KOMIIOHEHT, HAHMACHHEE BHIIE.

3anava o maromanmsanmm cmetemil (222), (223) cogmTcs Temeps
K mpeo0pa3oBaHMI0 TaMHJIbTOHHaHA -(246) k mmaromamsHOM (GopMe.
Hax u nna ypasmenma Jlmpaxa [64], Takoe mpeoGpasoBamme MOMKHO
OCYHIECTBHTDH TOJBKO UPAGAMEEHHO, s v, €& m: Vcnonsays pns
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3TOH IEeJH CepuI HOCACH0BATE]BHHX: npeobpas3oBaHEi :
Hy (0, A0) > VoVaV i H (, A) VIVt = Hi(n, Ay, (244)

rze 4

Vi=exp( —io, k*i‘“);

V2=‘exp{o3’4;2 [k Emp—e SRy | -
tie(3—k)SE]} Y ()

Va=exp { —int [ 15 G-+ 4 [ w2 —ky (S-m2—

eS-H . 1
‘—'—S_—l— 1e (T_ki) S'E, ﬂo]_]} N
n npeneCperas wieHaME mnopsAfaka 1/m3, moxywaem

, 2 S:H .
H; (=, A0)=01(m+;—m—em) +

+Ao— -z S (Exn—ax E)—

— g [ 7 Qe To2 45 (s + 1) divE ]+

i(2s—1 ‘ 0H
+ g S (H X A X B) i Oos e s (246)

3MeCh (), — TEH30D KBaJPYNOJBHOTO B3aMMOIEHCTBHS, oIpenesieH-
HEE B (214). -

Upnbamxennsit rammasronmam (246) B TowHOCTH COBIafiaer
€ NOJTy4YeHERM B paGore [74], B KOTOPO# B KauecTBe MCXOHOI0 HCHOME-
30BaJIoCh ypaBHeHme 3aiiieBa — Qeiinmana — [ema-Mawa (233) mas
DPOU3BOABHOFO cmmHA.- [lna s = 1/2 (246) cosmapmaer ¢ rammiapro-
HuanoM (210), ABNAIMEMCA HEPENATHBUCTCKEM LPEleNIOM TAMHIbTO-
Huana Jlmpaxa mas snexrpona [64]. Ecam sxe s 5= 1/2, To omepaTopH
(246) m (210) me coBmaparor. CaepmoBaTenbHO, ypasrerms (42), (1)
u (93), (94), Gynyun MaTeMaTU9eCKH HKBUBAICHTHEIME B ciIyuae CBO-
GopubIX wacTui, IoCle BBefeHHS B3AMMOJEHCTBHS OpPUBOAAT K pas-
JNYHEM QE3UYeCKAM pesyabraTaM. Tax, cormacuo (213), nmnonsHmH
MOMEHT YACTHIE NPOMBBOJIBHOIO cumHA p, (Koapdurment mnpm
eS-H/2m) pasen 2, a m3 (246) moxyuaem s = 1/s.

PeasarnBncrckas wactnna c IPOM3EOABHBIM CHHHOM
B OJHOPOJHOM MATHMUTHOM LOJie

Paccmorpum cucremy ypasnenmit (222), (223) gs wacTum B onHO-
POfHOM MarEATHOM moie. He ymanas o6muocTH, MOMHO canTaTh, uTo
BEKTOp HAUPAKEHHOCTH dTOoro moxsa H mapasmmenen Tperseit OpoeKIAd

4*



548 B. W. ©OYINHNY, A. T HHKHTHH

AMITYJILCA GACTHIEL Dg. OTO 03HAUAST, YTO KOMIOHEHTH TeH30pa JIeK-
TPOMATHUTHOTO moJas F,, paBHH

Foo=E,=0; Fy3=H,=0; F3,=H,=0; F,=Hz=H. (247)
s (98) cremyer, 9To 17y, MOMKHO BHOpAaTh B BHIE
7y = py—eHz,; Ty = py; 3= pg; Mo =10/0L. (248)
Ioacrams (247), (248) B (220), (221), opmaeM K ypaBHEHHAM:
Hy (1) ¥ =i

el
H, () =TT, + TPm + S (1 —T9) (iDPr8° — £ 8, ) H; (249)
{», b (1 —T) [Ny, P} W= Py (m) ¥ =W, (250)

TlpeoGpasyem H, () X TakoMy BHJY, YTOOH OH COAEPIKAJ TOJNHKO
KOMMYTHDYIOI{He BeJMIAHEL. JTO IIO3BOIAT HAM, He pellas ypaBHeHUH
memmeHns (249), (250), ompefeadTs CHEKTDP COGCTBOHHHX 3HAYCHMM
rammabroHnana (249).

Toxsepraem Boimosylo ¢ymkmmio ¥, rammrbronman H, ()

1 mpoexTop P, (%) mpeofpaszoBaHmio

V¥ =VY; H,(x) > H;(w)=VH, (@) V™ } 251
B, () D, () = VB, (m) V1, (251)
rge
V= A — WTOH, (30);
&
V= — (M 4 H, (@) MT);
o= (n2—eS Hls+m?); A= (1 T2
Hcenoansys ToskpecTBa
AT = TP (W52=A%; M- =0, (252)
AoydaeM
H (%) =T (a2 + m? — S, HIs) ", (253)
PY =¥ man Y,55¥ =s(s+1) V. (254)

Bce omeparopsl, BXOAAmEe B ompefeienme (253) raMuasrOHEAHA
H (%), XOMMyTEPYIOT APYT C ZPYTOM W HMEIOT TaKde COGCTBEHHEE
3HAYOHAA:
TOv —g¥'; =+ 1;
S HY =sHY'; s3=—sy, —s+1, ...8 (255)
AV ={@2n4+ 1) H4-p21¥Y'; n=0,1,2, ... (256)
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Gopmynsr (255) caenyoT HemocpencTBeHHO u3 (254), a coorHome-
aue (256) mpmsenmeno, Hanpmmep, B moHOorpadum [75].

Ksazgpar rammabronmaHa (253) u omeparopm (255), (256) mmerort
06y cAcTeMy cOOCTBeHHHX (GyHKIUH W;nssps. Orcioma sakmovaem,

910 cOOCTBeHHHe 3HAaUeHUA TaMHIbTOHHaHa (253) paBHB
Eenepy=¢ [ m? -+ (2n41—-2 ) eH + p? 1 (257)

Coornomenue (257) o6o6maer uspecTHyo0 Qopmyay [75] ans ypos-
Hell JHePTUH DICKTPOHA B OJHOPOJHOM MAarHUTHOM HOJIe JIJIA YaCTHIIH
¢ mpomsBonbBHM cnumHOM. Hak BEAHOe us (257), spaveHuws sHeprum
TaKOH YAaCTHOE AeHCTBHTENbHH IPH JNIOOHX 3HAYEHHWAX S, B TO BpeMs
Kak ypasHenms Papurst — llBuarepa npm pemeHmu aHaJIOrAIHOM
3a/laYd OPHUBOAAT K KOMIIEKCHEIM 3Had9eHUAM sHeprumm [24].

IIpmBenemM nasa NONHOTH ABHEIA BHA COGCTBEeHHEIX (QyHKImi
Wensypy BuOupas marpunu I, S,p B Buse

T ro 1J e { QJ
[1 0]’ 0 —11"’

I‘ff):Zi[O—Tf i Sap= Sav f)]; (258)
Ta 0 0 Sab

. S 0 G
Sab:[ 0 S(z)}' Ta= (eabeSoe/2 — Sia)/2,

ruoe T n0— 4S-leIHHe €INHNYHAS B HyJeBaA MaTpUILb, S abr Saa —
Marpunsi u3 npepcrasirerma P (s — 1/2, 1/2) aarebpm O (4);
S®u S, — MaTpuuH, pearH3yIONEe upencrapiaenus P (syu P (s — 1)
anreﬁpm 0O (3) coorBeTcTBeHHO, MOIyIaAEM

¥

Sa

v W pss (259)

. 0

enssps = e
Sg

0

rae ‘I’ss — (2s 4+ 1)-xommonenTHasi cobcTBeHHas (YHKUMA omepa-
TOpa S;,, KOTOPEIA Bcerga MOKHO BHOpaTbh B JUATOHAJBHOK (opme:

1 0~
0 1 :
0
‘P‘s — 0 ; \Fs—-i = 0 s e e IF_S = : H (260)
0 0 !

0— (2s — 1)-papmnie nymessle croiabus u

. . H
Wip, = €xp (ips21 +1pszs) exp [ — 5 (z2a+
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+p/HY | VH (zm+p/E); 0 (261)

H, o l—— nosmEoME SpMuTa. SIBHELH le1 COGCTBeHHRX (YHKIHE HCXOX-
HOTO ramMmabroHHaHa . (249) momkmo moxywmrs m3 (259) — (261)
¢ moMompio mpeobpasosaHus, ofGparHoro (251).

YeTnipexxoMuoHeRTHOE ypaBHeHHE IIA
- GeCCHEHOBBIX YACTHE

B pa6orax [37, 45, 55] HeogHOKpAaTHO HOXIEPKHUBATOCH, 9TO HIA
O/{HO3HAYHOTO' OTBETA HA BOIPOC, KAKYI IACTUIY ONMCHBAOT JAaHHOE
PeJIATHBHCTCKOE ypaBHeHMe, HeOGXOMMO 3HATH ABHHI BHJ T€HEOPATO-
poB npepcraBienus rpyons & (1,3), xotopoe peanusyercs B mpo-
cTpaHCTBe ero pemerHmdA. Eciaa Ha MHOKecTBe pemieHmt 3aJaEHOrO
YPaBHEHAA MOJKHO ONpENeANTH PASIAIHEE NPEeJCTABICHHA TPYIIIH
[Tyamkape, To Takoe ypaBHeHHe B IPHUHIANE IPHTOTHO JJIA OMHACAHHES
HOBMKEHNA PasJdIHHX YACTHI. :

B [45] mokasamo, 4T0 OGHYHOE 9YETHPEXKOMIOHEHTHO® YpaBHE-
HEe [[mpaka ¢ MOIOJHHTENbHHM IyaHKAape-HHBADHAHTHEIM YCJIOBHEM
B OTCYTCTBHE B3aHMOJCHCTBMA MOKHO HMHTOPIPETHPOBATH KAaK YypaB-
HeHde s gactull co comaoM § = 0. OgHaKO X0pomo H3BeCTHO, 9TO
[OoCJIe BBeeHHUS MEHAMAJIBHOIO B3AaHMOHEHCTBAS 3T0 YPABHEHHE OIM-
CHIBA®T [BWKEHHE JACTHIH €O COHBOM § = 1/2 Bo BHemmHeM »reKTpo-
MarHATHOM mojge. IlokaskeM, UTO B3aHMOMEACTBHEG MORHO BBECTH
B ypaBHeHHe J[upaxa -TakaM o0pasoM, 4T0 oHO OyHeT HOMYyCKaTh
MHTEepPIPeTANUI0 KaK ypaBHeHHe [ 0eCCUNHOBOHA 3apsaKeHHOR TacTu-
OB BO BHEOIHEM IIOJIe.

Paccmorpum ypasrenme

[Pt —m - (1 +7,) iekyayoFu/dm] W = 0, (262)

Tie y, — 9YeTHpexpAnHue Matpunu [Qupaka; m, = p, — ed R
4-Berrop-moTeHnman; F4 — TeH30D HANDAKEHHOCTH 9JIEKTPOMATHHT-
HOTO HOAA; k& — UPOU3BONLHAA KOHCTAHTA.

Ypasrenne (262) sBHO KOBapHAHTHO U B ciaydae k — 0 coBmagaer
¢ ypasaenmeM [[paka [Js 27I6KTpOHA, B3aMMOIEHACTBYIOMEro ¢ BHEII-
HAM BXeKTpoMarHUTHHM monaeMm. Ciaraemoe (1 4 v,) ieky,y.F¥/2m
MOKHO WHTEPUPETEPOBATH KAaK BKIAJ OT aHOMAJIHLHOTO B3amMOIeH-
crBas tuna Ilayan. '

[TorasxeM, uro mpd k& = 1 ypasuende (262) M0'KHO HCIOIB30BATH
A OHACAHUA NBW/KeHHA OeCCUOMHOBONM 3apsiKeHHOR wactmnoul. [las
9TOT0 CHadaga ymMHOmuM (2062) Ha y, H HOAydEM ypaBHeHHWe B Jopme
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Ilipepunrepa :
HY =i 2w,
ot . (263)
H = ¢Va?ta + Yo +eAg — Yo (1 +a) ievupuF*"/4m.

IToasepras BoaHOBY®H ¢yHKnmO ¥ m rammiasronuas H m3oMmeTpmde-
CKOMY Opeo6pasoBaHMIO

VW = VY; H—H =VHV—i V- aV/at; } ,

¥ = exp [(1 — 1) Vatta/2m] = 4 -+ (1 — ) Yata/2m, (269)
moay4aeM

H' = ygm 47, (1 4 v4) 7%/2m - e 4, (265)

BunGpaB MaTpEnH Yy, H VY, B BHIE

o3 0 ] oy 0 66
'Y()—()G,er_—o._7_0_1 (266)

rie O; W G; — ABYXpaAqHsle Marpunu I[laynam, sammmem TaMaIbTO-
mmau H' B ¢dopme

! H+ O . nz il
H = 0 H. ; Hi=o3m—{—(03j:wz)m+e/10.j (267)

O6ospaune ¥ = V¥ = (i“ ) , rme VY. — IByXKOMIOHEHTHHE

¢yuxnmn, moxyzaem ana ¥y, ¥_ nBa Hesamemnaomuxca ypaBHEHHA:
(o3 + (03 == i03) 7%/2m 4 eAo) ¥ =i o= ¥, (268)

copnagatomue ¢ ypasaesuamu TCT [49, 50] gna GeccnmmoBoit saps-
JKREeHHOH YACTHIH BO BHENIHEM 3JIeKTPOMATHHTHOM IONe.

PesyaeTat 3TOT, KOTOPHIA Ha HEPBHI B3IJIAJ KaKETCH HECKOJABKC
HeoXHIAHHHM, HA CaMOM Jejle ABIIeTCA CIe[CTBUEM TOro, 94TO ypaB-
menne (262) (rme k& = 1) MoKHO HOAYIATH BBeeHHEM MUHEMAJIBHOTO
B3auMofielicTeuA B ypaBHeHme [lHpaKa ¢ IyaHKape-ZHBApHAaHTHEIM
AONOJHATSABHEM YCIOBHEM '

WA — m2s s+ 1) ¥, s=0. r(269)

Takum 06pasoM, TOIBKO ypaBHeHHe NBU;KEHAA COBMECTHO C JOUOJHE-
TeabHEIM yciaoBueMm (269) mo3BoJifeT ONHO3HAYHO ONPEHENHTH CIHH
¥ MacCy OIHCHBAEGMOH dYaCTHILH.

Asrops Gamaromapust C. II. Omydpmitayxy, B. A. Camoryby
z 0. H. Cerese 3~ ofcy:RieHHe Pe3yIbTATOB, BOMEQIIAX B CTATLIO,
7 3a moMmomps mpu odopmiaeHHE DPaGOTHL
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