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TEPMOIIOJIEBAAA JUHAMUKA U KOHAEHCUPOBAHHBIE COCTOAHUS

B oroit kHuMre naercs ¢GopMymupOBKa KBAHTOBOM TEOPUM MO MPHU KOHEUHBIX
TeMIIepaTypax, MO3BOJISIONIAsl OMUCHIBATh YIOPSJOUYECHHBIE COCTOSHUSI CUCTEM MHOTHMX
Ted, B KOTOPBIX MOKET BO3HUKATh MHOTO MPOTSIKEHHBIX TOMOJOTHYECKUX OOBEKTOB
pPa3HOTO THIA, B3aUMOJICHCTBYIONIMX ¢ KBaHTaMH. B aToMm popmanusme ¢ enuHON TOUKH
3pEHHs] ONUCHIBAIOTCS KJIACCUYECKHE, KBAaHTOBOMEXAHMUYECKHUE WU KBAHTOBO-IIOJIEBBIC
OOBEKTHI, OTO JOCTHTaeTcss Omarojmaps TMOCIEAOBAaTEIbHOW CXeMe OMUCAHHS
MaKpPOCKOMMYECKUX OOBEKTOB, COCYIIECTBYIOIIMX C KBaHTaMU. B Hacrosiiee Bpems
CUCTEMBI, B KOTOPBIX COCYIIECTBYIOT MHUKPOCKOIIMYECKHME W MAaKPOCKOIMUYECKUE
OOBEKTHI, MPUBJICKAIOT OONBIIOE BHUMaHUE (U3MKOB, padOTAIONIUX B Pa3IUYHBIX
obnactax. /laHHas KHMTa CTaBUT CBOEH IIEJbIO JIaTh YUTATEINIO SICHOE MpEACTaBIICHUE
00 3TOM Kpyre BompocoB. [Ipeamonaraercs, 4To OHA MPEACTABUT HMHTEPEC HE TOJIHKO
Ui (PU3UKOB, 3aHUMAIOIIUXCS U3yYEeHHEM TBEPAOTo Tella, HO U M HccleoBaTeNnel B
Ipyrux o0nacTax, TaKuxX, HampuMmep, Kak (Qu3uKa BBICOKUX DHEPTHM M KOCMOJIOTHS,
HECMOTPS Ha TO YTO OOJBIIMHCTBO MIPUMEPOB B3SITO U3 (U3HKHU TBepAoro tena. OOmras
TOYKa 3pPEHUsI, KOTOpasi MPOBOAMUTCS B KHUTE, a TaKXkKe KPaTKuil 0030p ee coaep>KaHus
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MunnManabHOe B3auMoaencTeue 421
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Héreposckuii reneparop 194, 229

— 1ok 194, 197

Hu3skux snepruii teopemsl 249
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— KOHCTaHTHI cBsi3u 219

— XHMHYECKOro ImoteHuuana 142, 143,
159, 220

—sHepruu 141, 160, 162, 332
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227
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ITprunnHOCTS 58, 59
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— — BHUXPEH B CBEpXNPOBOJHUKAX 446
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— OeckoHevHasi MPOBOAUMOCTb 429

— BIIMSIHUE KYJIOHOBCKOTO
B3aumozencTeus 179

— I pona 443
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— — — 3aTyxaHue yJibTpa3Byka 447

— 1I/1 pona 444

— 1I/2 pona 444



CB00o0/IHOE TBM)KEHUE JIBYX BUXpeEH
372

— — NPOTSKEHHBIX 00BeKTOB 366, 381

Cas3pIBaronye nous 76, 93, 241

Cxatue rpynnst 247, 257

Cunyc-I'opnona mozneins 340

CuHyconaanbsHOE CIIMHOBOE
ynopspodenue 347

Cnabble cooTHOIIeHHS 42 S-MaTpHIia
76, 88,93, 99

CMmemanHoe cocTosiaue 443, 464

CoOctBennas sHeprus 140, 141

— — KOJUIEKTUBU3UPOBAHHBIX
ANEKTPOHOB 215

— — (orona 186, 295, 305, 433

Comuron 15, 337

CocraBnasg yactuna 43, 71, 73, 76, 82

CnekrpansHoe npencrasnenue 100,
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— —ABYXTOuY€YHbIX ¢yHKuui 101,
131, 201, 207, 212

— — HENPUBOJNMOM YacTH
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NPEANCROBHWE PELAKTOPA TMEPEBOJA

«TepmononeBas jHHaAMHKAa H KOHJEHCHDOBAHHBIE COCTOSHHS» —
e CTaHJAPTHAs KHMra 110 KBAHTOBOH TEOPHH TBEpAOTo tena. Ecau
ee IIPOCMOTpETb, He BHHKAf B COJEpXKaHHE, TO MOXKET MOoKaszaThes,
YTO TJIABHOE BHHMAaHUeE B Hel COCPEOTOYEHO He Ha (QH3HUECKOM CMEICIIE,
a Ha MaTeMaTH4eCcKOM BBIBOAE (HopMyJ (PU3HKH KOHAEHCHPOBAHHOTO
coctossHus. JeicTBUTENbHO, (HGOPMYJ, YPaBHEHHUH, COOTHOIIEHUH He-
npuBbIYHO MHOTO. OAHAKO HECTaHAAPTHOCTb KHHTH HE B 3TOM.

IToaxoa aBTOPOB PE3KO OTJAHYAETCS OT TOTO, K KOTOPOMY MBI NMPH-
BoIKJAM. [ToHMMaHHE aTOMHOH CTPYKTYpPHl BEUIECTBA M IVIABHOE TO
OBCTOAITEJBCTBO, UTO JIBUMKEHHE CTPYKTYPHBIX €JIHHHI, MaTepuil
(3M1EKTPOHOB, 4TOMOB, MOJEKYJI) MOJUHHSETCS 3aKOHaM KBaHTOBO
MEXAHHUKH, [PEIENbHbIM CJAYydYaeM KOTOPOH ABJSETCS KJIAaCCHUYECKas
MEXAaHHKA, He JIMKBHJHDPYET ONpeaeJeHHOH IKJIEKTHUUHOCTH, OOCBIUHO
HMeroHed MecTo IPH OMHCAHUM TBepIHX Tes. Hapsany ¢ MuKpocKoIu-
YEeCKHMH CTEMeHsMH CcBOGOJB (KOTOpHE TpeGyroT KBaHTOBOMEXaHUYe-
CKOrO ONHCAHUS) (heHomeHOAO0U eCKY BBOJATCS MaKpPOCKOMHYECKHE
06BEKTE, aNPHOPHO ONMUCHIBAEMBIC HA I3bIKE KJAAacCHUeCKOH MEXAaHUKH,
Ilepexos O MHKpO- K MAKPOONHCAHUIO, KAK MPAaBHJIO, OCTAECTCH «3a
KaJpoMy.

YmspazaBa, Mauymoro M Taruku —— H3BECTHbLIE CHEUMAJIHCTLI 110
KBaHTOBOI TEOPHH TNOJSl — CASIaAl IIONBITKY HOCTPOUTL HOCAC-
dosamenvHyio TEOPHIO, IMOCJAEA0BATEJNbHYIO B TOM CMBICJE, YTO 1i0-
CTPOEHHE MCXOJHT TOJMbKO H3 CYIECTBOBAHHA KBAHTOBBLIX YACTHIL,
a MakpocKonuyeckue oOBEKTH (B UACTHOCTH, HMEIOLiHE TONOJOTHYe-
ckue ocobenHocTH: BUXpH B He-11, B cBepXnpoBofHHKAX, AUCAOKAILIH,
TPAHHUIBI KPUCTANJMTOB H KDHUCTANJa U T. II.) BO3HHMKAIOT KaK pe-
3yJbTaT CIOHTAHHOTOC HAPYIUIEHHS CHUMMETPHUU W KOHACHCAIHU TOJA-
CTOYHOBCKHUX GO30HOB-

Taxofi mopxon Tpebyer paspaboTKM cHenUaNbHOH TEOPETHYECKOH
TeXHUKH. DTOMY H NOCBslieHa 6oMblias 4acTb KHUTH. OTMETHM, 4YTO
TEPMHH «TE€PMOMNOJeBas AMHAMHKA» BBeleH aBtopamu (OH nojpcGHO
pasbscHeH B TJ. 4).

HoBoe ussoxkenne KBaHTOBOIH TEODPHH TBEpPIOTO TeJa, JOGHBASCh
6ONBILOH JJOTHYHOCTH, TEPSET B HAIASAKCCTH, M K 3ToMy HYX)HO €BiTb
TOTOBHIM NPH YTeHHH KHHUTH. Dosee 1010, WancxeHue cneuHanbHO
¢opmanusosano. I'1aploe BHEManHe YACJICHO e BHIEOAY KOHKPETHBIX
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COOTHOIIEHHH (COCTABJISIONIHX COAepKanue BOMbIIHHCTBA HMEIOMIH X CST
YyueOHMKOB M MOHOrpaduii Nmo KBAaHTOBOH TEOPMH TBEPIAOTO Teaa),
a (pOpMANTLHLIM BO3MOXKHOCTSIM, COJEPKALUMCS B KBAHTOBOHOJIEROM
ONHCAHHH. ¥ japeHue CIeJaHO He Ha TOM, KaK ONUCAMb, a HAa TOM,
KaK OQO0AXCHO CMpoumvcs ONHCAHHe: YTOOBl CYIIECTBOBAA TOT HJIH
APYrofi OOBEKT, ONHUCBHIBAIIIHE €0 YPaBHEHHA JO/MKHBI MMETh Te
HJIH HHble cBOWCTBA. Kuura HecomneHHO Gyger nosesHa (U3HKaM-
TEOPeTHKAM, HHTEPECH KOTOPHIX COCPEJOTOYEHBI HA DELIEHHH IJIy-
OOKHX 3a/au TEOPUH MHOTHX YaCTHI, B KAKHX ObI KOHKPETHBIX VCJI0-
BHSIX 3TH YACTHIbI HH CYIIECTBOBaJH. B 3TOM cMbic/e npeTeHsuu as-
TOPOB, BbIPa)K€HHBIE B MX NMPENUCAOBUH, 4 Takxke B . 1 u 13, 1e
YPE3MEPHBI, XOTS BCsiKoe 0000IIEHHE, eCTECTBEHHO, TPeGyeT peluens
HOBBIX H, BO3MOXHO, BecbMa CJOXKHEIX 3aja4.

Crporasg — B cMBIC/I® HCNOJb30BAHHS MaTeMaTHYeCKOTO alifia-
para — «Tepmonosepast AHHAMHKAa» HANUHCAHA CPABHUTENBHO CBOGO -
HBIM f13bIKOM, yNOTpe6JsieMbIM Ha ceMuHapax uiKoupepennusax. Jlas
OJHOTO H TOTO K€ MOHSATHSA aBTOPBHI YACTO HCIOJIb3YIOT PasHLIe Tep-
MHHBl, HE MO BCeH KHHIe NPHHATA OJHA H Ta XKe CHCTeMa eIHHHIL.
Crpemsich COXPaHHTb CTHJIb KHHTH, Mbl HE BHOCHJM H3MEHEHHH, Ha-
JesiCh, UTO 3TO HE INOMENIAeT YUTATesI0 Pa3oOpaTbesl B CojepKaHHH
OPUTMHAMBHONH M HECTaHAAPTHOH MoHOTpaduu.

Ilepesoa Bmnosuuau: K. WU. Kyreas (ra. 9—I11), T. 10. Jlu--
copckas (1. 6—8 u 12, 13) u 0. T. Pymoit (npeaucaosie
ura. 1—5).

M. H. Kaeatos



NPEK CIIOBUE

B 3Toft KHure naercsi GopMyIHPOBKA KBAHTOBOH TEOPHH MOJSA NPH
KOHEUHBIX TEMOepaTypax, IN03BOJsIOWAss ONHCHIBATh YIOPSJOYEHHbIE
COCTOSIHUSI CHCTEM MHOTHX Tesl, B KOTOPhHIX MOXK€T BO3HMKAaTb MHOIO
npOTsiKEHHBIX TOMOJOTHUECKHX OOBEKTOB PAa3HOTO THIA, B3aMMOjieil-
CTBYILMX € KBaHTaMH. B 5ToM dopmannaMe ¢ eIHHOH TOYKH 3peHHs
OIIHCHIBAIOTCS  KJlacCHyecKHe, KBAaHTOBOMEXAHHYECKHE H KBAHTOBO-
noJjeBsie OOBEKTBI; 3TO JOCTHTaercss OJarofaps mnocjaenoBaTenbHOH
cXeMe ONHCAHHsS MaKpPOCKONHYEeCKHX OOBeKTOB, COCYIIECTBYIOMNX
¢ KBaHTaMu. B Hacrosiiiee BpeMsi CHCTEMBI, B KOTOPBIX COCYIIECTBYIOT
MHKPOCKOTIHYECKHE U MAKPOCKONHYECKHE OOBEKTHl, IPUBJEKAIOT 00Jb-
110e BHMMaHue (pU3HKOB, paloTalolMX B pasjJHYHBIX obaactax. JlaH-
Hasi KHUra CTaBUT CBOEH 11eJbI0 JATh YUTATENIO SICHOE TpeACTaBJeHne
00 »TOM Kpyre Bompocos. [Ipexnonaraercsi, 4To oHA MPeACTABUT HH-
Tepec He TOABLKO st (PH3UKOB, 3aHUMAIOLUXCH H3Yy4YeHHEeM TBepIoTO
reJa, HO U IS HecsieopaTeneil B IpYTHX obaacTax, TakixX, HanpHMep,
Kak (QH3HKA BBICOKHX JHEPTHI M KOCMOJIOTHS, HECMOTPA HA TO YTO
OOJNBIIMHCTBO NPUMEPOB B3sATO M3 (U3WKH TBepjoro Tteqa. Obmias
TOYKA 3PEHHs, KOTOpast MPOBOANTCSI B KHUTE, a TaKike KPaTKHil 0630p
ee cojepiatus NPHBENEHH B IJ. 1.

ABTODBl XOTeTH Obl TMOJAYEPKHYTb, UTO JAHHAS KHHUTA SBJSAETCS
MOJTHOCTBIO 3aMKHYTOH B CMBICJIE H3JI0XKEHHUSI NpobaeM TEOpHH MHO-
rux ted. [lpeanosnaraercss moaToMy, 4TO OHA OKaMeTcst NOJAXOJSILIEH
H IJ5 CTYAEHTOB, 00MAaJAIHX JHUIb [I€PBOHAYAJNBHBLIMH 3HAHHAMM
B 00/MacTH KBAHTOBOM TEOPHUH INOJIA.

Kuura mosABusace B pe3yabTaTe COTPYAHHYECTBA TPeX aBTOPOB.
B Teuenue HeCKONbKHX NOCAELHHUX JeT Kaxaoe JeTo B DAMOHTOHE
(Kanaga) mpoxoaunu HeboJbluHe paboyue COBEIaHHUs MO0 HEKOTOPHIM
npoGaemam (PU3UKH TBEPJOro Tejga M KBAHTOBOH Teopuu nonsg. Ha
ITHX COBElIAHHAX KDOMe HAC HPUCYTCTBOBAJAO MHOIO (PH3HKOB H3
pasHbIX CTpaH, NpHYeM TaKue COBELIAHMS OKa3blBaJdH Ype3BLIYaHHO
CTHMYJHpYIOLIEe BJAHAHUE M JOCTABJIAJM yYacTHHKaM GOJbINOE yj0-
BJETBOPeHHUe; Mbl HajleeMcsi, UYTO Tak OyJAeT H B AajbHeiureM. 3uMO
Halle COTPY/JHHYECTBO NPOAOMAKAJIOCH € IOMOIIBIO JAJMbHHX CPENCTB
cBsisd. KynbTypHOH mporpamMoil JIETHHX COBeLlaHUii BeXana MHCCHC
Tamas Ym313aBa, ube rOCTENPUMMCTBO JI€NAJ0 3TH COBELIAHHS 4pes-
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BBIUAHHO MPUATHEIMH. MBI XOTHM NOGJAroJapuTh €e 3a NPHUJIOKEeHHLIe
YCHUJUSl M HOCBALLAEM €H 3Ty KHHTY.

@duHAaHCOBYIO CTOPOHY JETHUX coBellaHuii obecneunsanu HMceaeso-
BATEJAbCKHI COBET IO €CTECTBEHHBIM M NPHKJIAJHBIM HayKam KaHaibl,
HMHcTHTyT TeopeTHueckoll (QU3HUKH M (aKyJbTET €CTECTBEHHbIX HAyK
YHuBepcuTera NPOBHHIMH AsnGepra, a Takxke MuHHCTEpCTBO 06-
pasoBaHMsl, HAYKH U KYABTYPH SIMOHHH. MeI GJaroflapHnt 9THM Opra-
HI3AIUSIM 32 HOMIEPIKKY.

BB xoje HoAroToBKH KHUTH Mbl [IOJAb30BAJTHCh MTOMOLLBIO H 110J1ep-
KO psjla cBoux koguter. B uwacrHocru, jg-p . Cemenos Jodesno
IIPOYHTAJN BCIO PYKOIIMCh H CleNal LeHHble 3aMeyaltst. Muorue yacru
KHHTH yJIY4YUIHIUCh OGJarogapsi HaluM JHcKyccusam ¢ A-pom P. Man-
unnd, A-pom H. ITanacromaruy, a-pom M. Takaxacu, x-pom M. Yman-
saBa n Jx. Yaltxegom. Mel o4eHb 6JarogapHbl 9THM KoJLIeram 3a
HOJIC3HBIE 3aMeyaHusl.

AaMonToH, 1981 X. Mayynomo
M. Tamuxu
X. Ym303a8a



FNABA 1
BBEJEHHE

1.1. HBaHTOBaA TEOPHA CHCTEM MHOTHX Ten

KBaHTOBaa Teopus MoJss BO3HHKJA NMCPBOHAYAJIBHO KAK aHaUTH-
yeCKHIl MeToJ] oITHcaHus B (H3HKe 3jJeMeHTapHhX Yactui. Ho B xoze -
ee Pa3BUTHA B HEH MOCTENEHHO HAYANY IPOABIATLCH YEPTH], AeJAIOIHe
ce IPHTOAHOM JIISA aHani3a KBAHTOBBIX CHCTEM MHOrHX Ten. Hawano
3TOMY OBIJIO TIOJIOKEHO Teopued npeacrasienns Poxa (npejcraBieHus
BTOPHYHOIO KBAHTOBAHHS1); HMEHHO OHO I0KAa3aJ0, YTO KBAHTOBAS Te0-
pUS NMOJIS TpejJIaraeT A3bIK, TPUTOAHBIH /1 ONMCAHUS KBAHTOBOM CH-
CTEMBI, B KOTOPOH COCTOSHHS MOXHO KJACCHPUIUPOBATL HaBOpOM
YHCJIOBLIX TOCHenoBarebHocTeil. OueBHHO, UTO KBAHTOBAas cHCTeMa
MHOTHX TeJ TpeGyeT J/isl CBOGro OMUCAHHUA TaKOIo si3bIKa.

JABoiicTReHHBbIl Xxapaktep onucaHua. KBaHTOBasi Teopusl NoJM#A
emte 6oJible MPUOJAN3UIACch K GU3HKe TBEpJOro Tesna, XOrja ee yaajnoch
chopMYJIHPOBATh B TEPMHHAX CBOGOAHHIX (BXOASMX) Toneil. Bpuio
NOKa3aHO, YTO, XOTS1 OCHOBHbIE COOTHOINEHHS] KBAHTOBOH TEOPUH [0JA
BHIPAXKAOTCA Yepe3 TaK Ha3wrBaeMmble ref3eH6eproBCKHe TOJs, ee
pesyJabTaTsl MOTYT OBITh OMHMCAHBI C MOMOUIBIO TOHATHS BXOASALIUX
noJeii. Tor dakr, 4To BXoAsmue oA cBOBOJAHLI, HATIOMHUHAET O Tak
Ha3nBaeMbiX KBa3W¥acTHIAX, UJH KBAHTAaX, ONpPeNeJaslomHUX HabJio-
JaeMble siBJenust B (U3uKe TBepAoro tena. B 3Tofi kKHure cobonube
IoJisl, uepe3 KOTOPhIE BHIPAXKAIOTCSI Pe3yJbTaThl TEOPHH, HA3BIBAIOTCS
«(PH3MYCCKUMH YACTHIAMHY HJIH «pH3HUECKUMH KBaHTaMmiy». [IpuMepom
(pH3NUECKHX KBAHTOB MOTYT CAYXUTb (DOHOHBI, MATHOHBI, NJIA3MOHB
U JpyTHe KBAa3WUACTHIILL.

Takum o6pasoM, s3bIK KBAHTOBOH TEOPUH Mojsi o6jafaer ABOKHCT-
BEHHOH CTPYKTYPOH; OCHOBHLIE COOTHOIIEHHUSt TEOPHH BLIPAXKAIOTCSH
yepe3 refiseHOepProBCKHE TOJsI, TOrJa Kak HabJiojaemble BeJHMYHHBL
ONUCHIBAIOTCS € NOMOLIbIO «(pu3ngeckux rnoJelds. Peuutp 3agauy
B KBAHTOBOH TEOPHH TOJS 03HAUYaeT HAUTH COOTBETCTBHE MEXK/Y STUMH
JIBYMsl ONHCAHMSIMHU; TAKO€ COOTBETCTBHE HA3LIBAETCSl JHHAMHUYECKHUM
0oTOOpakEHHEM,

Teopust ynopsipoueHHbIXx cocToaHHél. Cepbe3Hoe IPOJIBHIKEHHE
prepej B KBAHTOBOH TEOPUH NOMAS GblAOG JOCTHTHYTO HOCHAE TOTO, KaK
YAQJ0Ch TIOJHOCTBIO OCMBLICJIHTL B PaMKax 3TOH TEOPHH siBjeHUe
CHOHTAHHOrO HapyuleHus cummerpuu. Jlo 1955 r. B KBaHTOBOH Teo-
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PHH HOJsT pACCMATPHBAMMCh TONBKO TAKHUE PEIICHUR, IS KOTOPHIX
BCe HHBAPUAHTHbIE NPeoOPa3OBAHMSI YHUTAPHO SKBHUBaJeHTHH. Ho
HayuHas ¢ 1953 r. nosiBUMHCH MaTeMaTHuecKie paGoThl, YKA3bIBAIOUIHE
Ha TO, 4TO B KBAHTOBOH TeOPHH C OECKOHEYHBIM YHCJAOM CTelneHefl
cBOGOJB! KAHOHHYECKHUE TPeofpasoBaHus He 06s13aTebHO JOJKHEI ObITh
YHHTAPHO 5KBHBAJEHTHBIMH.

B pesyJbTate yCNELIHOrO Pa3BHTHS TEOPHH CBEPXMPOBOAMMOCTH
bappuna—Kynepa—Illpuddepa KBanTOBasi TEOPUS NOJST €CTCCTBEH-
HLIM 00pa30M MOAOWIA K PeLIeHHUIO NPoGJeM, BK/IOYAIOUIHX YHHTAPHO
HEIKBHBAJIEHTHbBIE IPEOOPa3OBaHNs, MOCKOBLKY CHOHTAHHOE Hapylile-
HHC CHMMETPHH OTHOCUTCSH K 3TOH Karteropuu sBjeHuil. BosHHKHOBe-
HHE YMOPSsIIOYEHHBIX COCTOSHU B DU3HKe TBEPJOTO TeJla — Pe3yabrar
CIOHTAHHOTO HAapPYyIUEHHA CHMMETDHH, NO3TOMY KBaHTOBas TEOpHs
NOJI4 0Kasajachb CHOCOGHOH JaTh TeOpPeTHYECKOe ONHCAaHHE TaKuX
COCTOSIHHA. B OCHOBE Takoro OnmMcaHus JeXHT 3HAMEHHTAs] Teopema
[onjacroyna, KoTopast mpakTHYECKH CBOAHTCA K TOMY, UTO CYLLECTBO-
BaHIe yNOpPsAA0YEHHbIX COCTOSIHHH ofecleyuBaercss HEKOTOPLIMU Gec-
[1e7CBbIMH (HE UMEIOUIMMH HIEJH B SHEPTEeTHUYECKOM CleKTpe) 6030-
HaMU, HA3LIBAEMBIMH TOJACTOYHOBCKUMH 6030HaMH. DTO 00CTOSATEND-
CTBO IIHPOKO H3BECTHO CMENUasHCTaM Mo (H3HKE TBEPLOro Tena, Tax
KaKk OHO BCTpeyaercsd IPH H3YUEHHH PAa3NUYHLIX YHOPSIIOUEHHDBIX
coctoAanuil (hOHOHB B KpHCTajsiaX, MarHOHB B (eppoMarHeTHKax
v T. 1.). TouHee roBopsl, KOMIEKTHBHASI MOJA, KOTOPAs CAYIKHUT Tepe-
HOCYHKOM B NpOIECCe NMOAACPKAHUSA YIOPAJOYEHHOTO COCTOSHHSA, —
3TO TOJACTOYHOBCKas Moja. JIpyruMH cJaoBaMy, YHOPSIOUYEHHOE
COCTOSTHME CYUHIECTBYeT O/arofiapsi KOHJEHCAIHH TOJACTOYHOBCKHX
6030HOB. IIpu crnoHTaHHOM HapyUIEHHH CHMMETPHH NpeoGpasoBaHud
CHMMETPUH YNOPSAOYEHHOTO COCTOSIHHSA PEryJIHPYIOT XapaKTep KOH-
Jexcanuy 6030HOB. ToT dakT, UTO B 3TOM NpoOIECCe PEryJaHpoBaHuA
y4acTByeT OrpOMHOE 4HCJIO KOHAEHCUPOBAHHHIX G030HOB, 00bscHAET,
IloueMy COOTBETCTBYIoUlee npeo6pasoBaHHe He SIBJSETCS YHHTaPHO
KBHBaJENTHHM. B cBA3U ¢ sIBJeHHEM CHOHTAHHOTO HAPYINEHHS CHM-
METPUH BO3HHKAET HHTEPECHLIl Bonpoc. Penienve, COOTBETCTBYIOLIEE
HAPYINEHHOU CHMMETPHUH, SBJAETCA TaKXKe pelleHHeM HCXOAHOTO
ypaBHeHnus I'eiisenbepra, KOTopoe HHBAPHAHTHO OTHOCHTENbHO Tpe-
06pa3oBaHHH CHMMETDHH, CBfI3aHHBIX C HADYIIEHHOH CHMMETPHEN.
[TosToMy HCXopHasi HHBAapUAHTHOCTH™ NOJKHA KAaKHUM-TO 06pasoM
COXPAHHTBCS B 3TOM PemieHNH. Bornpoc cocTouT B T0M, KaKHM 06pasoM
COXPaHSETCs 3Ta HHBADHAUTHOCTD B IIPOIECCE HAPYIIEHHA CHMMETPHU?
[Ipu orBere Ha 3TOT BONPOC OYEHB IOJE3HOH OKAasHBaeTcss ABOHCT-
BEHHOCTb si3blKd KBAHTOBOH TEOPHM NOJSA, O KOTOPOH YIOMHHAJAOCH
Boimie. CHMMETPHS OTpakaeT MHBAPHAHTHOCTb, HO XapaKTep 3TOro
OTPa>KEHHST MOXKET H3MEHSITbCH B IpPoUecce Nnepexoa ¢ 0JHOro A3LKa
na apyrofi. Habaonaemuiil BHJL CHMMETpPHH BHIPAXKAETCA HA f3bIKe
GHM3MUECKHX KBAHTOB H MOXKET OTJIHYAThCs OT COOTBETCTBYIONLErO BhI-
paxkeHusl Ha A3blKe reff3enbepropckux moJefl. B 3ToM cMmelcae crol-
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TaHHOE HAPYIIEHHE CHMMETPHH (T. €. BOBHHKHOBEHHE YIOPSIAOUEHHBIX
COCTOSIHUH) MOHHMAETCS KaK NepecTpoika CUMMETPHM NpPH AHHaMude-
CKOM OTOOpa:KeHHH. DTy CHTYALHIO MOXKHO PE3IOMHPOBATD CJEAYIOMHM
obpasom:

CO3JaHHe YNOPSROUEHHBIX COCTOSTHHH = CIIOHTaHHOMY
HapyUIeHH}O CUMMETPUH = JMHAMHUYECKOH mepecTpoiike
CHMMETPHH.

[Tocsie cozpanus npexkpacHoro gopmanusma i ONHCAHUS YTOPSi-
JIOUCHHBIX COCTOSIHUH KBAHTOBAasl TEOPHS MOJsl Npuobpena emle 60/b-
1IYIO0 HEHHOCTh KaK MOUIHBIH MeToJ pacuera B (pH3HKE TBEPJIOTO TeJaa.

KpaHToBas TeopHs noJs npu KoHeyHbIX Temnepatypax. QueBHIHO,
YTO JJIA YCIEHTHOIO HCCJAEAOBAHHS npobieM (U3UKU TBEPAOro Tesa
KBAHTOBYIO TEOPHIO NOJIA CAeAyeT nepedopMyaHpOBaTh C yYETOM Tell-
10BbIX 3¢dexros. Hauunas ¢ 1955 r. mupokoe pasBUTHE TOJYUMJIH
MeTHbl, CBI3aHHBIEe ¢ QDYHKUMAMH [ pHHA NpH KOHEYHHX TEMIEpaTy-
pax. Ho ¢opmannam, B KOTOPOM YUHTBIBA€TCSI KAK BPEMEHHAs, Tak #
TeMIepaTypHas 3aBHCHUMOCTb, HE€ MOXKET IIOJHOCTHIO HCHOJMb30BaTh
NPEeHMYLIeCTBA MeTOAA npuuurHoix PyHKLMI I'puHA, KOTOPHIA 103-
BOJISIET JOCTHYB TAaKUX OOJBIIHX Pe3yJbTaToB B OOLIUHOH KBAaHTOBOH
TEOPUH HOJS, O UeM CBH/CTEJbCTBYET AMarpaMmHas TexHHKa Peiin-
maHa. C Apyrod cTOpOHBI, H3BecTHHIN (opManuam Manybapsl MOxKeT
MCTIONIb30BATh TMPEHUMYINeCTBa AMarpaMMHOH TexHukH PefinMana,
[0 C €r0 MOMOIUIBIO TPYAHO H3YYaTb sIBJEHHS, 3aBUCSLINE OT BPEMEHH.
Kpowme Toro, B MeToje TeMnepaTypHuX ¢yHKUHH 'pHHa He yjaercs
[POCTO HCIOJb30BATh MHOIHE THILL ONEPATOPHBIX MPeobpasoBaHHUI.
[TostoMy BecbMa ikesaTelbHO NMOJHOCTBIO MepeopMyJHPOBATE BCIO
CTPYKTYPY KBAHTOBOH TEODHH MOJS € YyYETOM TeNJOBBIX 3((PEeKTOB.
Haunnasa ¢ 1963 r. 6aarogapsa pasBuUTHIO aKCHOMATHYECKOH TEOPHH
1OJIST CTAJIO SICHO, YTO KBaHTOBYIO TEOPHIO CBOOOAHBIX NOJIel NPH Ko-
HeUHbIX TeMrneparypax MOKHO I0CJAeJ0BaTeNbHO cPOPMYyINPOBATS,
eCJIM Y/IBOMWTL 4MCI0 cTeneHell ¢BoGOAn. AKCHOMATHYECKHH TOAXOA
B JasibHeillleM YCIeEIIHO pa3BUBaJjcs, H B HacTosllee BpeMs nonay-
YeHHBIE CTPOrHE PE3YAbTATHL JIETJIH B OCHOBY CTATHCTHUECKON MEXaHHKH
KBAHTOBEIX cHcTeM. Ho coBcem jipyroe neno — ¢opMyanpoBKa KBaH-
TOBOW TEOPHH MOJS NPH KOHEUHBIX Temneparypax B ¢opme, YIOOHOMH
JUIsT MPAKTHYEeCKOrO HCIHOJAb30BAHHS NPH BBIYHCAEHHAX B (H3UKe
TBepaoro rena. Teopus rtakoro THna cpopMyaupoBaHa H HOCHT Has-
BaHKe TEPMOIOJEBO AHHAMHKY. B Hell, B 4acTHOCTH, MOKa3aHO, 4To
MOMKET GBITh HCIMOJB30BAH HE TOJABKO POPMaTU3M NPHUHHHBIX Py HKIHH
['puHa, HO U Bce METOABl OOBIYHOIN KBAHTOBOH TEOPHH MOJA.

Makpockonuyeckne o0 beKThl B KBAHTOBBIX CHCTEMaX MHOFHX Tel.
[Ipn HcnoMb30BAHHH KBAHTOBOH TEODHM NOJA IJs ONHCAHWA ynopd-
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JOYEHHBIX COCTOAHHH CDa3y BO3HHKAET HOBAasl IPyNNa BOIPOCOB.
[lockonbKy nepBOHAYaNBHO KBAHTOBASI TEOPHsI 110Js1 HOPMYMHPOBa-
Jlach JJ11 ONUcAaHHA (DH3MKM YacTHU BBICOKOH 3HEepPruud, oHa Oplia
IPUTOAHA JHIIb AJIs1 CHCTEM MHKPOCKOHNUYECKUX 00BEeKTOB (KBAHTOB).
Ojanako B Apyrux pasjenax GU3HKH PEIKO yAAeTCs HAKTH YUCTO KBaH-
TOBBIE YNIOPSJOUCHHBIE COCTOSIHUA 6e3 KaKUX-JTHGO MPOTAKEHHBIX 06b-
ex1oB. Hanpumep, TpyaHo Hafith KpucTaniasl 6e3 AHCAOKAUUH, rpa-
HHI[ sepen wjan jedexkToB. B TakHX KpHcTan1ax cymecTByeT MHOIO
Pas3IuuHBIX KBAHTOBBLIX BO3OYXKAEHH, TAKHX, Kak (OHOHBL M JIPYrie
KBAHTBL. JlHcaoKalmiu — 3T0 MaKpPOCKOMHYECKHE OOGBEKTHI € KJac-
CHYECKHM NOBEJEHHEeM; OHH BO3HHKAIOT B KpHCTANIaX U B3aHMOAEHCT-
ByloT ¢ (POHOHAMH H APYTUMH KBaHTaMu. KODOTKO MOMKHO CKA3aTh,
9TO KPHCTAJI ¢ AHCAOKALMAMU NPEACTaBasieT COO0H npumMep CHCTEMDI,
B KOTOPOH MHUKDO- M MaKPOCKONHYeCKHe OGBEKTHl COCYINECTBYIOT H
B3aHMOJIEACTBYIOT APYT ¢ ApyroM. B ¢usuKe TBeproro rena nogobHas
CHTyallHs] BCTPEYAETCSl YACTO: TAKOBBI, HampHMep, BUXPH B CBepX-
NPOBOJHHKAX, MATHUTHLIE OMEHbI B eppoMarseTukax u T. 1. OGpy-
Hbl€ MaKPOCKONHYECKHE TOKH, HabJioflaeMble B TBEpPJbIX TeJax,
TaKKe MaKpocKonuueckue o0bekTrl. [lo cyiecTBy MHOrHEe U3 HAGIMIO-
JIae€MBIX B TBEPIBIX TeJaX sBJAEHHHA OTPaKAIT MAaKPOCKOMHUECKOE [10-
BelleHHEe KBAHTOBLIX CHCTeM MHOTrMX ted. Taxkmm o6pasom, Mel mpu-
XOAUM K HEOOXOAMMOCTH ONMHCAHHSI KBAHTOBBIX CHCTEM MHOTHX Tes,
B KOTOPBIX CaAMOCOI/IACOBAHHO BO3HHKAIOT HEKOTOPLIE MAKPOCKOMH-
YeCKHE OOBEKTHI.

OO6beKThl MPHPOABI NPHHATO OINUCHIBATH C IIOMOIIbIO CTPYKTYpP-
HBIX, HJH CTPAaTHQUUUPOBAHHEIX, MoHATHH. [Ipocreitias kaaccugu-
Kauusi TaKOro THIA nojpasfiensier oObeKTsl Mo Maciuitafy Ha KOCMO-
JIOrHUECKHE, 3eMHBIE U Jajee Ha MOJEKYJbl, aToMul H T. X. 3arem
NOAUEDKUBAETCSH, YTO 3€MHBIE OOBEKTHI COCTOSIT H3 MOJIEKYJI, T€ B CBOIO
ouepeib H3 aTOMOB U T. [. [Ipu 5TOM sIBJIeHHd, NpUHAJJEKALIHE Pa3-
JINYHBIM «CTPATAM», PaccMaTPHUBAIOTCH KaK NPaBUJIO PA3JIHUHLIMU (hH-
suyecKUMH TeopHsimu. Ocoboe pasnuuyue NMPOBOANTCS MeXAY YpOB-
HEM 3€MHLIX OOBEKTOB H ypOBHeM MoJjeKyJ . OObeKThl, NpHHAJIe)KA-
IHE YPOBHIO MOJIEKYJ (HJIH elle MeHblieMy), OOBIYHO HA3BIBAIOT MHK-
POCKONMMYECKHMH, d OCTajJbHble — MakKpockonuueckumu. Heopnuo-
KPaTHO YKa3BBAJOCh, YTO AMHAMHKA MHKPOCKONHYECKHX OOGBEKTOB
OTIHCHIBAETCH 3aKOHAMM KBAaHTOBOH TEOPHHM, a JMHAMHKA MAaKpoO-
CKOMHYECKHX OODBEKTOB — 3aKOHAMH KJAaCCHUECKOH GHSHKH. 310
HPHBEJIO K IIOCTAHOBKE BOIIPOCA O B3aUMOCBSI3M KBAHTOBOH M KJacCH-
ueckOH ¢usHKH. IlocKOoNbKy OGOJBIIMHCTBO H3MEPUTENbHBIX IIPH-
6OpOB MpPeACTaBJAAIT cO60H MaKpPOCKONMHUYeCKHE O0BEKTHI, 00Jsajaio-
IIHE KJ4CCHYECKHM IIOBeJeHHeM, YKa3aHHBIH BOINDPOC OTKPBUl NYTh
K H3YYEHHIO CaMOT0 MeXaHH3Ma U3MEePEeHHsI, H 3TUM 3aHHUMAJIOCh MHOTO
nccJefoBaTesiedl B redeHne noayseka. Ho npuposa ciauiikoM cioxHa,
4TOOBL €e MOXKHO OBbLJIO ONMHCATH C ITOMOLLBIO YIIOMSIHYTO Bbillle IIPO-
crolt «THHeANo iy KAacCH(HKAIMH 10 «cTpaTaMy. D10 CTAHOBHTCS OYC-
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BUAHBIM NpPH OerJioM B3IVIsSle Ha MHOTUE SIBJCHHS, MNPOHCXOJIALIHE
B YIOPSIOYEHHBIX COCTOSIHUSAX, IPH KOTOPHLIX BO3HHKaeT GoJblloe
YHCJIO PA3IMYHBIX MAKPOCKOMHUECKHX 0OBbEKTOB, B3aHMOAEHCTBYIOMNX
¢ KBaHTaMH.

Wrak, Mbl DIPUXOJAMM K (PyHAAMEHTAJbHOMY BOIIPOCY: KAKHM 00-
pa3oM MaKpPOCKONHMYECKHE OOBEKThl BO3HHMKAIOT H3 MHKPOCKONHYE-
ckux? B pusrke TBepOTO TEA YACTO YAACTCA NPOCTEAHTh 3TY CBA3b —
IIPUMEPOM MOXKET CJYXKHTh BBIUHCJACHHE 3JeKTPONPOBOAHOCTH. ITO
MAKPOCKONHYECKass BEJHYHHA, TAK KaK OHA OINPeNeJsieTcs OTHOLIe-
JIHeEM MAKPOCKOIIHYECKOr0 TOKA K MAKPOCKONMHYECKOMY SJIEKTpHYe-
ckomy noso. Teopus MHHEAHOTO OTKJAHKA CBA3LIBAET 3TY MaAKPOCKOIIH-
YeCcKy10 BEJHUHHY € onpefeseHHEIMH 3(deKTamMy KBaHTOBBIX QUIyKTY-
aluil, KOTOphle ABJSIOTCS MHKPOCKOMHYECKHMH (3Ta CBSI3b OCYIUECT-
BJIsIeTCSl NOCPEJCTBOM TaK HasbiBaeMoil (IyKTyalHOHHO-AHCCHIAIH-
oHHoli TeopeMn). Ho mepeuncsiienne H3BecTHEIX NPHMEPOB M3 (PU3HKH
TBEPJOTO TeJ1a He MOXKEeT NPHBECTH K aJieKBATHOMY OTBeTy Ha IOCTdB-
JIEHHBIH BBILIIE BONPOC. XOTeaoch Obl HMEeTb OOMMH MaTeMaTHYeCKHH
(hopManuaM, MNO3BOJAIMUN MOJYYaTh MaKPOCKONHYECKHE pe3yJb-
TAThbl HA OCHOBE MUK POCKONHYecKoil TeopHu. Kpome Toro, KeJlaTesbHo,
4ro0bl NOJOGHBIA PopMau3M 0Ka3ascs 110JE€3HbIM IIPH IIPAKTHUYECKOM
aHajv3e KBAaHTOBBLIX CHCTEM MHOTHX TeJ € yYacTHeM MaKpOCKOIHYe-
CKHX OOBEKTOB.

B nmpuHuune 0KasbiBaeTcsl BO3MOXKHBIM 0600IHTL GOPMYJTHPOBKY
KBAHTOBON TEOPHUH [OJS TaK, UTOOLI BKJIIOUHTh B Hee MAaKpOCKOIHYe-
cKkve O00BeKTh, BO3HHKAIOI[HE B KBAHTOBBIX CHCTeMAaX MHOTHX Tesl.
Ira obolbuieHHast GopMyaUpPOBKa BKJI0YaeT B ceds TEOPHUIO JUHEHHOTO
OTKJHKA H COJEPKHUT CACTEMATHYECKHE METOABI 151 aHalu3a KBaHToO-
BBIX CHCTEM MHOTHX TeJ ¢ NPOTsKeHHbIMH oObekTaMi. COTsiacHo 3TOH
bopMyJIHPOBKE, MaKpPOCKONMHUECKHe OOBEKTE B KBAHTOBLIX CHCTEMAX
MHOTHX TeJl BO3HHKAIOT B pe3yJ/bTaTe KOHJECHcAuH GO30HOB ompe-
JleIeHHOTO BHJAA.

Tononoruyeckne o6beKThi. CyMecTByeT MHOTO Pa3/JHUHBIX BHJOB
MaKpPOCKOIIHYEeCKHX OO0BEKTOB, 00JajalolinX TOMNOJOTHUYECKUMH O0CO-
OeHHOCTAMH. Hanpumep, BUXPH B CBepXNPOBOJAHHKAX M JHCAOKALUH
B KpHCTaJJIaX HecyT Ha ceGe suHelHble ocobenHocTH. Kak mokasaHo
B NOCJEAYIOLINX IJ1aBaxX, I'PaHUIBI 3ePeH, ToueyHnle Je(eKTH B KpHU-
crajjiax, a Takxe JkK03e(pCOHOBCKHE KOHTAKThl HECYT IIOBEPXHOCTHEIE
TonoJloruueckne ocoGeHHocTd. MoXKHO J0KasaTbh, YTO MAaKPOCKOIIH-
yeCKHe OOBEeKTHl, CBs3aHHBIE C TONOJOTHUECKHMH OCOGEHHOCTSIMH,
MOTYT BO3HHKaThb TOJIbKO B pe3y/jbTare KOHAEHCAUHUH OecClieneBbIX
6030HOB (T. e. GO30HOB, MHHHMaJbHas 3HEPTHA KOTOPHIX paBHa
HyJ10). ITHM oObsicHsiercsl TOT (akT, UTO B JIOOOM YIOPSLOUEHHOM
COCTOSIHHH MOXHO OOHAPYKHTL Pa3NHYHbIE BUAL MAKPOCKOMHYECKHX
06BEKTOB, O06JAJAMOUIMX TOMNOJOIMUYECKHMH OCOGEHHOCTAMH; AeHCTBH-
TeJTbHO, KaK OTMeYasoch BhILle, YIOPSAAOUEHHBIE COCTOSIHHA MOAAEp-
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KHBAIOTCA I'OJMJACTOYHOBCKHUMH 6030HaMI/I, HE HMCIOIHMMHU UIeJU B 3HEP-
FeTHYECKOM CIIEKTpeE.

Becnopsinok B ynopsgouennbix coctosuusx. [TpimeuaresbHol yep-
TOX MaKpPOCKONMHYECKHX OOGBEKTOB, OGJANAIOWIHX TOMNOJOTHUECKHMHU
0COGEHHOCTSIMH, ABJISAETCS TO, YTO 3TH OGBEKTHl IPOSABJAIOT TaKxKe
ONpeJIeJIEHHYI0 PasyNnopsA04eHHOCTh, CBSI3AHHYIO C TEM, YTO Ha 0ccC-
GeHHOCTAX HapaMeTpsl NopsijKa o0pailanTcsl B HYJb., B pesynabrare
B yHOPSIIOYEHHOM COCTOSIHMH BO3HHKaOT objactH Oecrnopsigka, He-
CMOTPSI HA TO, 9TO CO3JAHHE CAMUX MAaKPOCKONUUECKHX OGLEKTOB
Tpebyer Haluyus OnpeleNeHHoro nopsiika. [Ipumepom moxker ciy-
KHUTh CJAEAyIoLAast Lenoyka OOBEKTOB: MOJeEKYJAspHas CHCTeMa—
KDUCTAJJ —AHCAOKAIIMH B KpHCTadae—aMopdhHblil MaTtepuad.

B3aumopeiicTBHe MeX1y MakpOCKONHYECKMMH O0LEKTAMH M KBaH-
TaMH. EcrecTBeHHO o0XHIaTh, YTO, NOCKOJbKY MaKpPOCKONHYECKHE
00bEeKTHl BO3HHKAIOT B KBAHTOBBIX CHCTEMAX, COCTOSIHHSI CAMHX KBaH-
TOB HCIBITHIBAIOT BO3JEHCTBHE CO CTOPOHBI 3THX OOBEKTOB., IJTO BO3-
NEHCTBHE MAaKPOCKOMHYECKHX OOBEKTOB MOXKET OBIThb ONHMCAHO B Tep-
MHMHaX MOTeHLMAaNa, AEHCTBYIOIEro Ha KBaHTH. Tako#d NOTEHUHAN
Ha3bpiBAIOT CaMOCOIVIACOBAHHBIM moTeHnuasdoM. Hanpumep, Ha 3gexrt-
POHBI B OKPECTHOCTH LIEHTPA BHUXPS B CBEPXNPOBOJHHKE BO3JAECHCTBYET
CaMOCOIJIACOBAHHBIA MOTEHUUAJ], CO3JaBaeMbIl 3THM BHXpeM, B pe-
3yJIbTAaTE YEero SHEPTHR 3JEKTPOHOB IMOHHIKaeTcss. B 3ToM cocrout
NpHpoja TAaK HAa3blBaeMON 3SHEPTHH TBEpJOH CepAuEBUHBI BHXpA.
HpyruM npuMepoM MOKET C/IY2KHTb BIHSHHE MOBEPXHOCTEH HA POHOHBI
B KPHCTaJJIaX, B pPe3yJjbTare 4Y€ro BO3HHMKAT INOBEPXHOCTHHIE (o-
HOHBL.

losepxHocTHbie sBaeHHsi. Bce peasibHble (H3HYECKHE CHCTEMB
o6/1ajal0T KOHeYHEIMH pasMepamMu. Ec/H rpaHHuYHasi MOBEPXHOCThb
He [I0/lIEPKHBAETCS BHEIIHUMH CHJIAMH, TO 3TO IPOHCXO/IUT CAMOCOTJIa-
COBaHHLIM 06pa3oM 3a CUeT BHYTPEHHHX B3aHMOJEHCTBHH. ¥YcToiuu-
BOCTh CHCTEMBl O3HAY4eT, 4YTO €€ IP3HHYHAS NOBEPXHOCTb NOJJED-
XKUBAETCS 3a CYeT ONPEeJCJNEHHBIX AAJbHOJCHCTBYIOWINX KOppeasiuui
(WJIH KOJMJIeKTHBHOM MOJB). IIpH PasmMHUHBEIX MONBITKaX HCKYCCTBEHHO
H3MEeHUTh (POpPMY TPaHUOBl KOJJNEKTHBHAsE MOAA CTPEMHTCS BEPHYThH
ee K HauboJsiee MPEANOYTHTENLHOH popMe cpasdy e Mocje Npekpaiie-
HHs BHelHero BozjeficTBust. VHBIMM cloBaMH, cucTeMa BhIGHpaer
HauboJiee NPEeNIOUYTHTEIbHYIO GOPMY CBOell IpaHHIbI H3 GECKOHEYHO
OONBINOro Yncsaa Bo3MOxKHbIX. OTCiofia SICHO, YTO JaKe MPH paccMoTpe-
HHH CTAllHOHADHOM cHCTeMBl KOHEUHOTO pasMepa 3T1a cucreMa obsianaer
OeCKOHEYHBIM YHCJIOM cTeneHelf cBoGoabl. MHTYHUTHBHO siCHO, 4TO
rpaHuyHasl MOBEPXHOCTb CHCTEMBl B YMOPAAOUEHHOM COCTOSTHHH SIB-
JIsleTCl MAKPOCKOTIHYECKUM OOBeKTOM (06/1afaioliM TOMOJIOrHYECKOH
O0CODEHHOCTBIO), KOTOPBIII BO3HHKAaeT B pe3y/bTaTe KOHACHCAIHH
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FOMICTOYHOBCKHX 6030HOB. HekoTopele THIB KoJNeGaHHi FpaHULlbl
06171407 BecbMa CTALHOHAPHBEIMH CBOMCTBAMM H CO3[AI0T CBOEro
pOJId MOBEPXHOCTHYIO BOMHY. [IPHMEPOM MOXKET CJTyXHUTb P3JIeeBCKast
BOJIHA, NpeicTaBJsiiomas cofofi NOBEPXHOCTHYIO 3BYKOBYIO BOJHY
B KpHcTa/ie. AHANOTMYHO MHOTHE THNB TIOBEPXHOCTHBIX SIBJICHH
MOTYT GLITh CBSI3@HbI C TIOBEPXHOCTHBHIMH OCOGEHHOCTAMH.

JIpyTHM MNpHUMEpPOM MNOBEPXHOCTHOTO 3(ppeKTa fBJIAETCHA sthexr
Tzxo3edcona. O6bYHO 3TOT 3hhEKT OMUCHIBAIOT HA OCHOBE MHKPOCKO-
[IHYeCKOTrO TYHHEJHPOBaHHS KYNePOBCKHX Map, HO €ro MOXKHO TaKke
paccMaTpHBaTh KaK MAaKPOCKOMHYECKHH TOK, KOTOPEIH €CTECTBEHUbIM
06pa3oM HHIYUHPYETCs HaJHYHeM MAaKPOCKONHYECKON NMOBEPXHOCTH.

KsaHToBas TeopHsi MOJf, KBAHTOBAs MEXaHMKAa M KilaccHueckas
teopusi. Mcropuyeckn KBAaHTOBasi TEOPHsl MOJSA BOSHHKJ/A B PE3yJb-
Tare KBAHTOBAHUA KJIACCHUECKOHN TEOPHH, HO B NPEJANIECTBYIOMIEM H3J10-
JKEHMH HMCIOJb30BAaH O6PaTHBIA NMOPSOK. A HMEHHO, TeoperHyeckoe
OTIHCAHHEe Mbl HAuanH ¢ 0OLIYHOH KBAHTOBOH TEOPHH IOJS AJIA YHCTO
KBAHTOBLIX CHCTEM H JIMIIb 3aTeM, MCIOIb3Ysl MaTeMaTHueCKHd ¢op-
MaJiu3M KOHjeHcal U 6G030HOB, Mepelly K ONHCaHHIO BOSHHKHOBEHHU
B KBaHTOBOH CHCTEME MaKPOCKONHUYeCKHX 00bheKTOB. B pesysbraTe
MBI NPHXOAMM K TEOPHH, KOTOPas OXBaThiBaeT KBAHTOBOIMOJEBLIE,
KBAHTOBOMEXAHHWYECKHe H Kiaccuueckue o6bekTel. Takum obpasoM,
MCTOPHYECKHH LUK/ PA3BUTHA TEOPUH MOJNYYaeT HHTEPECHOE 3aBep-
[IeHHe: KBAHTOBAsi MeXaHHKa M Kjaccuueckass (D)M3HKA BBIBOAATCH
113 KBAaHTOBOM TEOPHH MOJs. DTO NPOJHBAET CBET HA XapPaKTEP B3aNMO-
CBSI3H MHKDOCKONHUECKHX H MaKPOCKOMHYECKHX TEOPHil.

[IpumeyarenbHOH YepToii COBPEMEHHOH HayKH fBJAETCS TO, HTO
HeceloBaTeNIM B Pas3HBIX 06/acTAX MCIHOMB3YIOT CXOAHBIE NOHSATHA
1 Mmerojipl. M3yuenue ynopsilOueHHOCTH, HAPyUIEHHA CHMMETPHH H
MaKpPOCKOTIHUECKHX 0GBEKTOB HAXOAMTCS B LIEHTPE BHUMAHHUS HE TOJNBKO
B (U3MKe TBEPIOTO TeNa, HO H B (U3MKe YaCTHIl BLICOKHX SHeprui,
acTpodu3nKe, XMMHUH 1 6HOXUMHH. K 5TOf1 ke rpynie npo0JeM ciaeiyer
OTHECTH H3YyUeHHe B MaTeMaTHKe Ha OCHOBE HEJHHEHHBIX ypaBHeHUH
COJIUTOHOB H KBAHTOBBLIX COJHTOHOB. [lo3TOMy HMeEOTCS BECKHE OC-
HOBAHMS CUHTAaTh, YTO KBAHTOBAas TEOPHS MOJS OKaxercs MOJE3HOH
AN IIHPOKOTO KPyra HayuHBIX TpoGJeM.

1.2. MnaHd KHHIH

B »Tofl KuHHUre KBAaHTOBasl TEOPUSl NOJA M3jaraercd B NOPATIKE,
OnpejeseHHOM B TpeubiAylieM pasiene. Mamoxenue oOUuX MOHATHH
COMPOBOK/AETCSI MHOTOUHCJIEHHBIMH MPAKTHYECKUMH TIpAMEpaMH U3
(HU3UKH TBEpPJOro Teja.

B ri. 2 u 3 uanaraercs Teopust npocrpancrsa Poka s KBaHTO-
BOH CHCTEMBI, COCTOSTHHSL KOTOPOH K/JAacCHPHUUHPYIOTCA C HOMOLLBIO
YHCJOBBIX TOCIE40BATENLHOCTE!; 3/1eCh JKe ONUCHIBAETCS ABOHCTBEH-
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Hasl CTPYKTYpa f3blKa KBAHTOBOH TeopHM mnoJas (refiseH6eproBckue
nosist ¥ cBobGopHble (H3HUecKHe KBaHTH). OGCYXAAOTCSA TaKkKe Tak
Ha3LIBAEMBEIC YHHTAPHO HEIKBHBAJEHTHBLIE MMPEJCTABJECHHS.

O6muit hopmanu3M KBAHTOBOH TEOPHH INOJS NPH KOHEUHBIX TeM-
neparypax (repmonoJieBas fHHaMHKa) uanaraercs B ri. 4. CoraacHo
[IOCTPOEHUIO 3TOH TEOPHH, MOAPOOGHO pPacCMaTPHBAOTCH CHEKTPasb-
HbI€ TIPEJCTABJIEHUS IPHYHHHBIX ABYXTOYCUHBIX (GYHKUHKH (IIPAUHHHBIX
KOPPEeNANHOHHBIX (yHKIMH) H HX NPOH3BENEHUH. DTH CEKTPAJbHBIE
OpEeACTABAEHHS H MPABU/AA HUX YMHOXKEHHS CNYIKAT KJHOUEBBLIMH 3Je-
MEHTaMH CHCTEMATH3aLUH M YNPOILEHHS MHOTHX NMPAKTHUECKHX Bbi-
YHCJEHHH JUIsl CHCTEM NMPH KOHEYHHIX TeMmepaTypax. B ri. 5 tepmo-
nojeBas JAHHAMHKA NPUMEHAETCA KO MHOTHM 3ajayaM (QH3HKH TBep-
Joro tena. B 37ofl ryiaBe cTaBUTCA JABe 1IeJH: C OJHOH CTOPOHEI, OHA
3HAKOMHT C MHOTHMH THIIMYHBIMH TNIpHUMepaMH H3 (QHSHKH TBEDJOTO
T€Ja, ¢ APYrod — IO03BOJAET MPOHJIIOCTPHPOBATL MHOTHE BEIYUCTH-
TeJbHBIE IPHEMBl TEPMOINOJEBOH AWHAMUKM. Ecau uurarens codrer
HEKOTOPBIE H3 3THX NPHMEPOB CJIHLIKOM TPYHLOEMKUMH H TPOMO3J-
KHMH, OH MOXET OTJIOXKHTb HX pasbop N0 Tex mop, HoKa He Gyler
ysICHeHa OCHOBHAas HJiesl KHHTH,

[Tpu uccnefoBanuu 3ajay JJIsi CHCTEM MHOTHX TeJ OKasblBaercs,
4TO MHOTHE (U3HUeCKHE CBOHCTBA ONPEENSIOTCS HEKOTOPBHIMH HH-
BapHAHTHLIMH 4epTaMH JHHAMUKH CHcTeMbl. Mcmosbays kakue-nu6o
NPUOMHKEHUS NPH ONMHCAHUH CBOMCTB CHCTEMBI, CJEIyeT COBMIONaTh
0co0yI0 OCTOPOXKHOCTb, YTOOBl He HapYIIHTh yKa3aHHYIO HHBApHAHT-
noctb. IlosToMy Hosie3HO HMeTh ONpefieNieHHkie MaTeMaTHYECKHE COOT-
HOIEHHS, OTpaxkaillie HHBapHAHTHBIE CBOHCTBAa cHCTeMl. Takue co-
OTHOIIEHHS JeHCTBUTEIbHO CYLIECTBYIOT H HOCAT Ha3BaHHE COOTHOIE-
nuil Yopaa—Takaxamu (YT); uX ONHCAHHIO LJIsI CHCTEMBI TIPH KOHEY-
HBIX TeMIlepaTypax nocBsimieHa 1. 6. Ha ocHoBe Henosib30BaHKs 3THX
COOTHOILIEHH! B IJI. 7 u3naraiorcs obuwue coobpaxeHus o6 ynopsjo-
YEHHLIX COCTOSHHUAX, CBA3AHHMBIX CO CIIOHTAHHBLIM HAapylUIEHHEM CHM-
METPHH, a TaKxke ofeyskjaloTcsa TeopeMa ['ongcroyHa u fuHaMHUAeCKas
nepecTpoiika cuMMeTpPHH. PaccmarpuBaloTcsl Tak:ke HEKOTOPHIE IpH-
Mephl YNOPSJOUEHHBIX COCTOSIHHI.

B ra. 8 pasBuras KBaHTOBasi TEOPHA MOJIS PUMEHSETCS K OCOOEHHO
BaXXHOW mpobsieMe, a MMEHHO K KBAHTOBOH 3JIEKTPOJAHHAMHKE B TBEp-
JBIX TeJIdX, B TOM YHCJIe B HOpMAJIbHBIX H CBEPXMPOBOASIIHMX METANIAX.
ST0 paccMOTPEHHe HJJIIOCTPHPYET METOJX ydyera KaJuO6pOBOYHOR HH-
BapHaHTHOCTH.

Ananu3 BO3HHKHOBEHHs MaKPOCKONHYECKHX OOBEKTOB B KBAHTO-
BHIX CHCTEMAax MHOTHX TeJ HauuHaercs B IVI. 9. B 310i#i rmase faHo onu-
canue oOHX YePT TEOPHH KBAHTOBBIX CHCTEM MHOTHX TeJ IPH HAJHYHH
MakKpOCKONHYeCKUX oObekToB. OcoGeHHO BaKHBIA cayuall Takux
OOBEKTOB, CONEpPKAIUX TONOJOTHUECKHE OCOGEHHOCTH, 06CyKna-
erca B 1. 10, Msmoxenne B 3THX I71aBax sIBJSETCS €CTECTBEHHBIM NIPO-
JIOJIXKEHHEM H PA3BUTHEM KBAHTOBOH TEOPHH MOJIS, H3JIOKEHHOM B pe-



Beedernue 17

JIECTBYIOUIWX BOCHMH IJIaBaxX, IOCKOJbKY BO3SHMKHOBEHHE MAaKpOCKO-
[HUECKHX OOBEKTOB C TOMOJOFHUECKHMH OCOOEHHOCTAMHU 00y CIOBIEHO
HaJuuYHeM TOJACTOYHOBCKMX OG030HOB, MOJJEPKHBAIOIHX YIOPSLO-
yeHHOE COCTOSIHHME, CAMM TOTOJIOTHYeCKHE OOBEKTH! SIBJISIOTCA pPe3yJib-
1aTOM KOHIEHCAIIHH TOJNACTOYHOBCKHX 6o3oHoB. B ra. 10 nsyuarorcs
TaKKe KOHKPETHbIE TPHMEPBI: AHCIOKAINH, TPAHULEL 3ePEH H JepeKThl
B KpHCTaJNaX.

B ra. 11 gopmanuaM, pa3BuThId 1JI MAKPOCKOMHYIECKHX 00LEKTOB,
PUMEHsIETCS] K OMHCAHMIO MAaKPOCKONHYECKHX SIBJICHUH, CBA3AHHBIX
¢ KBAaHTOBOH 3JEKTPOAHHAMHUKOH B TBEPIBIX TeJax. Paccmarpuba-
I0TCA TaKHe MAKPOCKOIHYECKHE BEJIHUMHBI, KaK MaKpPOCKOIHYECKHIT
TOK ¥ TOJ€, 3JeKTPONPOBOJHOCTh, AH3JIEKTPHYECKAs IPOHHUAEMOCTD
i T. 0. B KauecTBe OJ{HOrO U3 Pe3yJbTaToB MOJyYeHa TeOpUs JHHEeH-
HOro oTkJauKa. [1oApo6GHO paccMaTpHBAETCsl sIBJEHHE CBEPXMPOBOIH-
MOCTH M OBCYXAAercsl ero B3aHMOCBSI3b C MAarHETH3MOM.

[naBa 12 nocBsiieHa ONWCAHHIO SIBACGHUH, BHISBAHHBIX HANHYHEM
TONIOJIOTHYECKHX TIOBEPXHOCTHBIX ocobenHocTel. Obliee paccMOTpeHHe
JIOHOJTHEHO CJICAYIOIIHMHE TPeMsi IPUMEPAMHU: NIOBEPXHOCTHASL 3BYyKOBa#
BOJIHA B KpHCTaJJie, JKO3e(DCOHOBCKHI TOK H NPOHHKHOBEHHE BHEIL-
HEero MAarHUTHOTO NOJIST B CBEPXIIPOBOJIHUK.

BesieicTBHE HEAO0CTaTKA BPEMEHH H OTPaHHUYEHHOCTH 06beMa KHHTH
ONylIeHbl MHOTME Ba’kHblE M HMHTEPECHbIe BONPOCHI; HEKOTOPbIC H3
HHX KPaTKO YIOMHHAIOTCA B TOCJENHEeH riaBe.

1.3. Ob6o3HayeHus

Huke npuBeens o603HAYEHHs!, KOTOPBHIE HCIOJb3YIOTCS B 3TOH
KHHTe, TPH HCNOMb30BAHHH APYTHX ofo3HaueHnil B Tekcre GyayT
clesaHbl COOTBETCTBYIONIHE OTOBOPKH. R

Jnst TIPOCTPAHCTBEHHLIX KOOPAHHAT X W BPEMEHM ! MBI 4acTo HC-
Nosb3yeM ueThHIpexMepHoe ofosHavenne x, (p = 0, 1, 2, 3):

{xi (W = i; TpOCTPAaHCTBeHHass KOODAMHATA),
Xy =

¢t (uw = 0; BpeMeHHAS KOODJHMHATa). (1.3.1)

UeTpipeXMEPHBIHl BOJNHOBOH BEKTOD k, HMMEET CJEAYIOWMi CMBICH:

k; = {; BOJIHOBOH BEKTOD),
eu——{ (n P) (1.3.2)

» (uw = 0; yacrora).
IMpocroe oGO3HAYEHHE X COOTBETCTBYET YETLIPEXMEPHOMY  BEKTO-
DY X,,,  TIONYKUPHBIA CHMBOJ (nampyMep, X) — NPOCTPAHCTBEHHOMY

Bexropy. Takum o6pasom, 3anucb [ (x) oGosHauaer 3aBHCHMOCTDb
or x U L.

Merpuueckne TeH30pH MY H g, ONPEILNAIOTCS COOTHOUICHHAMH
gfl' — _gOO f—1 1’ gii S ——goo = 1, (13.3)
g;w = G = O:HPH H"# v, (134)
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a BEKTOPHl C BEPXHHMH HHAEKCAMH — BhLIPAXKEHHAMH
X o= gy, kM = gW . (1.3.5)

Besne npexnosaraerca cyMMHPOBaHHE MO HOBTOPSIIOLLMMCS JIBAKJIbI
unjexcam. CxanasipHoe npou3BejeHHe TPeXMEPHLIX BeKTOpoB k M x
ofosHauaercst k-X, a 4eThlpexMepHOe CKaJsipHOE NpOU3BefeHHe k- x
onpejensercsa CAeAYOLIUM 006pasoM:

kex = Rkt = k'x, = k-x — of. (1.3.6)
Oneparop auddepenunpoBanus 0% onpenensiercsi Kak
d 0/0x; (w = 1),
o
M= = —alot (n — o), (1.3.7)
rorpa
[ 00k (w=1),
¥ Vo
()H T ggud = I '*—(),/af (}{ . 0) (1 38)
Henoabsyeres rakaxe cumpoa \;:
\71' = ()’dxl, (1.39)
Toraa V? HMeer cMmblea
Vi= ¥ V,V,. (1.3.10)

Qyukuus or onepartopa auddepenuuposains F (9) onpenensercs
CBOMM JleficTBHEM Ha ¢ypbe-o6pas:

F (0) exp {ik-x} = F (ik) exp {ik- x}. (1.3.11)

Hisi mpocTOTH B janibHediieM MHOXKHTeAb | B Bupamenun F (ik)
MLl OnyCKaeM H 3amuceiBaeM npocto F (k). Takum o6pasom, ecau
yHkuus g (x) uveer dypbe-o6pas, onpejensieMbiil BHPAKEHHEM

g () = | d'%G (k) exp {ik-1}, (1.3.12)

TO AeCTBHE Ha 3Ty QyHKuMIO onepatopa F (0) "maercs BbIpakenuem

F@)g(x) = [ d'kF () G (k) exp {ik-x}.  (1.3.13)

Tpexmepnas penbTa-GpyHKUMA ofoznauaerca O (x):
8 (x) = 8 (x1) 8 (x) 6 (xy), (1.3.14)

a vetmpexmepuas — 6 (x):
64 (x) = 8 () 6 (x). (1.3.15)
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dyHiavMeHTaNbHble MOCTOSIHHBIE 7, ¢ M APYTHE 3ANHCHIBAIOTCS
B SIBHOM BHJE; TAK, SHEPIHSI 3J€MEHTApHOr0 BO30YyKAeHHs (KBa3H-
yacTHub) E BHIpaXkaercsi 4epe3 4acrtoTy @ CjaelylomuM 06pasoM:

E = ho. (1.3.16)

[Tonesas nepeMeHHas P (x) U CONPSIKEHHbIH €l UMNYyJabC T (x) YIOB-
JIETBOPSIOT KAHOHMYECKOMY IepecCTaHOBOYHOMY COOTHOILEHHIO

[ (x, ), % (y, )]s = —ihd (x —y). (1.3.17)

HopmMuporka cBoBoiHBIX MMOJeH onpejesnsiercs Tak, 4ToObl yaoBJ/er-
BOPSIJIOCH 3TO COOTHOILEHHE.

[TockobKy CBSI3b Hepruu £ H 4acTOThl ® 3aTHCHLIBAETCS B BHJE
ho, obparnas Temneparypa [ onpejenasercs COOTHOUIEHHEM

(Uk,T) E = po, (1.3.18)
OTKyJ1a

B = nlk,T. (1.3.19)

[Ipn paccMOTPEHHH 3JEKTpPOMAarHeTH3Ma BhIDAXKEHHs I Xp
(1.3.1), kg (1.3.2) u 9° (1.3.7) yno6HO HECKOJBKO BUAOU3MCHHTD, 3a-
NHCcaB HX B BHAE

Yo=cl, hy=—0, 00:—;_7;3[. (1.3.20)

Takue 0603HaYEHU S HCTIOAb3YIOTCS B 1. 8 u 11; 1pu 3TOM HOPMHPOBKA
BCeX moJell Takke H3MeHserca Ouarojaps MHOXKHuTeno ¢. UToGhl
yGequThcsi B 3TOM, PacCMOTPHMM JarpaHxkuaH

Z () = — - 0,30%1, (1.3.21)
L () = - 12 (@0l — (Vy)2l (1.3.22)

Orcioa HaXx0guM
7 (x) = 1% = c7? dy/ot, (1.3.23)

YTO NPHBOAUT K BHIPAXKEHHIO

[x x, 8, 2 (y, z)} — iehd (x — ). (1.3.24)
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Herbipexmepupiii BekTOp-moTeHmMan A, (X) Onpeiensercs coot-
HOILEHHUSIMH
A, () = A (k) (=),
u - J—
¢ x)  (w=0.
Ilpu BbiBoge (opMyJ HCHOMB3YIOTCH pallHOHANH30BAHHBIE €NHHHIBI
Xesucaiipa—Jlopenna (cucrema CH), koropbie 3atem mnepeBomsTCs
B eqununpl [aycca (cucrema CI'C) /sl npakTHYECKHX NPHIOKEHHH,
Torpatok j, Bra. 8 u 1l onpenensercs tak, 4toGsl YA0BAETBOP 1/10Ch
ypaBHenHe Maxkcesa

(1.3.25)

—_ ¥
—0"F\u = [(1.3.26)
rjie
F,, = 0,4, — 3,4,. (1.3.27)
CrejoBaTe/IbHO, jy HMEET CMBIC TJIOTHOCTH 3apAjia P, 4 TOK j BKJII0YAeT
MHOKUTEAb ¢™' 110 CPABHENHIO ¢ OOGHIYHLIM ONPEEHACHHEM.

dusnueckue 1oast 0003MAUATCT BEPXHUM HHAEKCOM HyJanL (i1a-
npivep, ¥°, @° u 1. 1),



FNABA 2
HBAHTOBAA TEOPHUA CHUCTEM MHOIMX TEN

2.1. MpepcTtasneHne yucen 3anONHEHHUS,
onepartopbl POMLEHHA H YHHUTOMEHHSA

Kaaceupukauus oJHOUACTHYHBIX COCTOSHMH N BOJIHOBBIE TIAKETHI.
PaceMOTpUM cUCTeMY YaCTHIL, A8 KOTOPHIX OAHOUACTHYHBIE COCTOSHIS
KJ14CCUQHIUPYIOTCS MOCPEACTBOM JHCKPETHOTO MHAekca § == 1, 2,
3, ... . Jlasi BisicHeHusl ero GU3HUECKOIO CMBIC/IA CJIeAYeT HANIOMHUTD,
YTO, COrJIACHO BOJIHOBOH MeXaHHKe, COCTOSHHE OJHOH YaCTHILLI OIIH-
chiBaeTcsl BOAHOBOH GyHKIHeH | (x), KoTopast A0JuKHA OLiTh HOPMH-
pyemoi:

Jae (92 < oo ©2.1.1)

Taxkum ofpasom, P (x) He MOxKET OBITh IJIOCKOI BOJHOMN, a sIBAsieTCS
BOJIHOBLIM ITaKeTOM. B 3T0il KHHI€ TePMHH «BOJHOBOH MaKeT» HCHONb-
syercss it o6o3HaueHusi JOGOH JIOKaJH30BAaHHOH B IPOCTPaHCTBE
BOJIHOBOH (YHKUMH. B 4YacTHOCTH, BOJHOBLIE (PYHKIMH 3JIEKTPOHOB,
JIOKAQJIM30BAHHLIX BOIM3M Y3JI0B PelleTKU B KPHCTaJNe, TAKXKEe CUH-
TaloTCsl BOJIHOBBIMH MaKeTaMH.

JlioGast nopmupyemast yHKIHA P (X) MoxkeT ObITh pPasjioxkeHa cJe-
JyomHM o0pa3oM:

V()= X og: (%), (2.1.2)

i

rae pyuKuun g;(x) o6pasyior cueTHoe MHO)ecTBO {g;(x); i =1, 2, ...}
OPTOHOPMHPOBAHHBIX (YHKIHH:

| doxgr (0 g7 (0 = 8.. (2.1.3)

XopoIllo H3BECTHHIM HPHMEPOM IIOJHOTO OPTOHOPMHPOBAHIOIO
Habopa {g;} SIBASETCS] CHCTEMa BOJHOBBIX (DYyHKIHI IapMOHHYECKOTO
OCHMJILIIATOPA, KJacCHPUIUPYEMBIX IOCPEACTBOM IVIABHOTO KBaHTO-
Boro yucaa. Kosdpdunuento pasnoxenus ¢; B (2.1.2) moryr saBucersb
oT Bpemend. Ecin uwactyia obnajaer CnMHOM, HEOOXOAUM elle OJIuH
HHJEKC, KiaaccuUUMpPYOUIHi CIHHOBbIE cocTosinusA. B sTOM cayuae
NpeAnoJaraercs, YTo HHAEKC { KIacCHPUIUpPYeT KaK OPTOHOPMHPOBAH-
Hble BOJHOBbIE (YHKIHH, TaK M CIHHOBhIE cocTosinuA. Ilpu sTom Bee
OJIHOYACTHUYHBIE COCTOSIHHS yjlaercsl KAaccHOHUHPOBATh JIUCKPETHHIM
HHJIEKCOM .
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- Kaaccudukauus MHOro4acTHUHBIX COCTOSIHHI M YHCJOBblE MoCJe-
RoBaTeNbHOCTH. PacecMoTpuM cocrostnde cucTeMbl MHOTHX Ted. Yneno
dacruy, 3aHHMAWoUIHX {-€ OJHOYACTHYHOE COCTOSTHHe, 0603HayuM uye-
pes n;. Torza cocrosinue cHCTEMB MHOTHX Tesl GYIET OmpejeseHo,
€C/IM 3a]aThb 71; V18 BCeX 3HauyeHuH {. Takoe cocTtossHHE oBo3HauaeTcs
| ny, 1y, ...); OGBEAMHSIA BCe TAKHE COCTOSAHHUS, o0pasyeM MHOKECTBO
{l ni, ney ..)}. Ecu uncnam n; paspeineHo mpuUHHMATbL JTIOGbie He-
OTpHIATENbHbIE [eJIbIe 3HAUEHHH, TO YACTHIIL HA3LIBAIOTCS GO30HAMMU,
Ecau ke unena n; MOryT npuHHMAaThL Jumb 3HadeHHs 0 MM I, o
Y4CTHLB HA3LIBAIOTCA PEPMHOHAMH. 3aMETHM, UTO YACTHIb YKA3aHHBIX
ABYX THIOB He fBJIAIOTCS €IHHCTBEHHO BO3MOKHBIMH B PaMKax KBau-
TOBOII TeOpHU nOAs. [IPUHSTO FOBOPUTH, YTO YACTHIIBI, OTIHYAIOMIHECS
OT GO30HOB H (PEPMHOHOB, NMOAUMHAIOTCA TAK HA3HIBAEMON napacra-
THCTHKE. HO B 3T0# KiNre Mbl paccmMarpuBaeMm TOJAbKO GO30HH! 1 dbep-
MHOHBI.

OnepaTopel YHHUTOKEHHS H POXKIACHHS 18 GO30HOB. Pacemotpum
cHauyaza cHCTeMy GO30HOB W BBEIEM ONEPATOP YHHUTOMKEHHS «;

H OTIePATOp POXNKIEHHSA O C MOMOWIBIO COOTHOUIEHHMIL
1/, -
@iy, ey gy ) = oy, ni— 1,0, (2.1.4)

allny, oy ng ) = (A D7 ny o, i1, L) (2.15)

COOTBETCTBEHHO. B mnpesenax wmuoxecrBa  {|ny, ny, ...)} MoxHO
NepefiTH OT JMoGOro 3afaHHOrO COCTOSHHS K JIIOGOMY APYroMy ¢ Io-
MOLLBIO TOBTOPHOTO JEACTBHS ONEPATOPOB POKACHHS H yHHUTOKEHHSI,

M3 coornomrennit (2.1.4) u (2.1.5) moxmno NOJIYYHTb B KauecTne
CJAEJICTBHSL €lle OJHO COOTHOIIEHHE

Nilny, .., ngy o) = nglny, oo, my, e (2.1.6)
rae onepatop N,; omnpejensercs ClAefyomuM 06pasoM:
N; = ala; (cymMMHpOBaHHsS 110 i HeT). (2.1.7

DTOT onepatop HA3LIBAETCS OTEepPaTopPOM YHCJIA 3aNIOJHEHUS COCTOSTHH
{; TOTAa oneparop

N =N, (2.1.8)

HUMCET CMBICJ ONepaTopa MOAHOIO YHCAA YACTHIL,
Coornowenns (2.1.4) u (2.1.5) npusoiar takke K CAELYIOUHM
paBeHCTBaM:

[a[y a7]|n19 n2) ---) = 6[]"’11, ng, ...), (21.9)
lag, o;l|ny, n,, ...) =0, (2.1.10)
laf, af1|ny, 1y )= 0. (2.1.11)
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OnepaTopbl YHHYTOXKEHHS H poxieHus Jas depmuoHoe. Paccmo-
TpuM jajee cucreMy (epMuHOHOB. OnepaTtopbl yHHUTOXKEHHS U POXK-
AEHHSA JJIs Hee BBOJAATCH IIOCPEACTBOM CJAEYIOIUX COOTHOLIEHUMH:

OC,‘|711, coey Ry oo0) ==

0 npu n; = 0,
_-{ N (1, ooy mi) |y, o e — 1, L) mpu n; =1, (2.1.12)
ocﬂnl, vy Ny ) =
0 npu n; = 1,
:{ N (ny, ooy ni) | Py oo A1, L) npu on; = 0. (2.1.13)

dasoBulit MuoxHTENL W (A4, ..., n;.;) BLIOMpaeTCst B BuJe
Y. on,
n (nl, iy ni‘l) - (—1)—']<"nj. (2114

Takoit BbGOp ynpomaer onepauuio fo;, ofl,, Kotopas onpeuens-
ercsl COOTHOIEHHEM

(A, B), = AB + BA. (2.1.15)

JeilcTButenpHo, mosaras Ads onpejenexuoctd [ >j, uz (2.1.12)
u (2.1.13) nonyuaem

oc[oc;r]nl, vy My ey Mgy ey =
éfl)""I+1 |ny, ., n, + 1, ..,n,—1,.)npun; =0,n =1,
“{ B OCTaJbHBIX CAyuYasx,
(2.1.16)

a Takxke
{ (—hMlny, ..o,n;+ 1, o,onp — 1, .0 npu n; = 0, n; =1,
| 0 B ocTanbHbBIX cIy4asx,

+
;| ny, ..., By, ..., Ry

(2.1.17)
rie

M= Y n,. (2.1.18)

i<i<i
PaccMOTpeB Mo aHaJOTHU caydau [ < j H i == j, HETPYAHO NOJYUYHTb
[og, o1 |ny, nay o) = 855 ny, na, 20, (2.1.19)
lo;, a1, |ny, ng, ...y =0, (2.1.20)
laf, afly|ny, np o) =0 (2.1.21)
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npu JoOLX 3HaueHusix { v j. Oneparop
N; = ala; (cymmnpoBanus no [ Her) (2.1.22)

Ha3biBaeTcsi ONEPaTOPOM UYHUC/IA 3ANOJHEHUS COCTOSHHUS [; €ro JneHcr-
BHE OIIpeJessaeTcsl COOTHOUIEHUEM

Ni|7’l1, ey Ny, > = I’L,-|n1, sy NG, > (2123)
OnepaTop HOJHOTO YUCJa 4YacTtHll onpenesaseTcs paBCHCTBOM
N =Y N,. (2.1.24)
3

2.2. YHUTapHO HesKBHWBaNEHTHLIE NPEeACTaBJEHHA

HecuetHocts MHoxecTBa {|ny, ...)}. CyuwecTBeHHOEe CBOfiCTBO
MHOXKeCTBa {| 1y, M, ...)} COCTOMT B €ro HecueTHocTH. IIpowe Bcero
yOenuThCs B 3TOM B Clydae CHCTEMbl GEPMHOHOB, JUIst KOTOPOi n; = 0
utn 1. Hcnomb3ys XBOHYHYIO CHCTEMY CUHCJIEHHs, DPacCMOTPHM
natop uucen {4 = 0, ny, ny, ..., n;, ...}, B Koropom n; = 0 uau 1.
dror nabop uucen sanogaHsier marepBan (0, 1) BemecTBeHHOH ocu
H HAXONHUTCH BO B3aHMHO-OJHO3HAYHOM COOTBETCTBHH € MHOMKECTBOM
{|n1, ny, ...y ny, ...} Orciopa ciienyer, uTo MHOXKECTBO {| 11, 715, ...,
ni, ...)} HE SABNSETCS] CYETHBHIM. DTOT BHIBOL, OYEBHJHO, OCTAETCH
CIPABEJJIUBEIM H /IS CUCTEMBI GO30HOB.

YHHTapHO HeIKBHBAJNEHTHbIE TNPEeACTABJEHHsI. BBHAY HecuerHo-
CTH MHOXecTBa {| 713, My, ...)} OHO HEe MOXeT OhITb HCIOJb30BAHO
B KavectBe 0asuca cenapaGesnbHOro') rusibGepToBa HPOCTPAHCTBA.
Haa nmocrpoenusi cenapaGesabHOro THILGEPTOBA NMPOCTPAHCTBA C TI0-
MOLIbIO 3JEMEHTOB MHOMKeCTBa {| 1y, Ny, ....)} clenyer BLIGpaTh cuer-
HOE IIOAMHOXKECTBO H HCIOJb30BATh €ro B KauecTBe Oasmca rujabbep-
ToBa npocrpancrea. Ho cymecrByer GeCKOHEUHO MHOTO CnOCOGOB Bhl-
Gopa TaKMX CYETHBIX MOAMHOXKECTB. Ec/H KakHe-JIHG0 ABA Pa3IHUHbIX
NOJIMHOXXECTBA MOXKHO HCIIOJb30BATh B KayecTBe Hasuca mpejicrabJe-
HHit 1151 onepatopos (o, af; i =1, 2, ...), To 3tH ABa npencras-
JEHUS SABJAIOTCS YHUMAPHO HEIKBUBAACHIMHOIMIL N0  OMHOUEH IO
Opye K Opyey B TOM CMbLICJIE, UTO BEKTOP OJHOTO NPEJCTaBJICHHS He
SIBJIsIeTCA Cynepnosuuuell 6a3HCHBIX BEKTOPOB JAPYTOro mpejcraslie-
HUs. B 3TOM cocToHT npuunHa ovenb IMyGOKOrO PasiuMuus MEXAY CH-
TyalHsMH B 0ObIYHON KBAHTOBOH MeXaHHKe 1 KBAHTOBOH TEOPHH TIOJs .
B KBanTOBOH MeXxaHuKe, KOTOpast sIBJSIETCS] KBAHTOBOH TeOpHel AJIs

1) IlpocTpaHcTBO 26 HasbIB aeTea cenapaGesbHbIM, eCAH OHO COJIEPHHUT CUETHBII
Gasuc {E,}, Taxoit uto Mmoboit BexTop £ B 26 MOKET GHTh C TIPOH3BOILHON TOYHOCTHIO
annpoKCHMHPOBAH JMHelHOl KoMOMHamueR BekTopos &p (T. €. Zacnkn). dto osHa-
yaer, 4To g moboro & u3 6 u moboro € > 0 cyUIECTBYET MOC/IE0BATENbHOCTL
{cn}, Taxas, uro |§ — Z,cuEn | <€ npu nmpoussosbHOM €.
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KOHEYHOTO YUC/Aa KAHOHHUYECKHX MepeMeHHBIX, BEIOOP LPEACTABJEHHH
JUIS 3THX I[I€PEeMEHHBIX HE BBI3BIBAET 3aTPYJHEHMH: BCC BO3MOXKHBIC
Npe/ICTABJIEHUs] YHUTAPHO KBHBaJenTHE Apyr apyry [1]. Ho B cay-
yae KBaHTOBOjl TEOPHH IOJISi CHTyallMsi pe3Ko MeHsercal), 4ro, Kak
[MOKA3aHO B IOCHAEAVIONMX pasjesnax, NPUBOAHT K JANEKO HAYLIIHM
CIEAICTBUSAM.

2.3. lMNpoctpaHcTtso oka

[0]-MHOXecTBO M Bakyym. Ha nepBbiil B3TJAA KaxeTcd BEPOsT-
BBIM, 4TO MHOXKECTBO {| iy, My, ...)} HIJHIIHE BEJMKO J/Id ONHCAHHS
peanbHBIX (U3HUECKHX CHCTeM. Bejb B KOHEUHOM HTOTE BO BCEX 3K-
CIIepHMEHTaX BO30YKAAercs JHIIb KOHEYHOE UYHC/IO KBAHTOB, XOTA
3TO YHCJIO H MOXKET OBITh CKOJb YTOJHO BesuKO. [J03TOMy MOXKHO TIpesi-
MOJIOKHUTh, YTO IS ONHCAHHA (U3HUECKHX NPOHECCOB J0CTATOYHO
CJENYIOMETO TIOAMHOKECTBA:

Ry, Ag, +oey); ) N; — KOHEUHOE YHCJIO}. (2.3.1)

1[0 ]-mnOxecTBO =_{

D10 MHOKECTBO COJEPIKHUTLCOCTOSIHHE, B KOTOPOM 4YaCTHLB NOJ-
HOCTBIO OTCyTCTBYIOT (n; = 0} A Bcex i); 5TO COCTOSIHHE Ha3bl-
Baercs BaKyyMOM H ofosnauyaercs |0):

10y =0, 0, ...). (2.3.2)

C apyroit croponsl, [0]-MHOXKeCTBO He COJEPKHT MHOTHX COCTOSIHMI,
KOTOPBIe HMEJIHCh B HCXOAHOM MHOXKECTBe {|7y, My, ...)}; HaIpHMED,
B [0 ]-MHOMKeCTBe OTCyTCTBYeT, OUeBHAHO, COCTOAHME ¢ n; = 1 ans
BCEX I.

CuetHocts [0 ]-MHoxectBa. JokamxeM, uto [0]-MHOXKecTBO $B-
aserca cueTHeM. [1oCKOABKY cymMa Xn; KOHeuHa, JJs JioGoro sJje-
MeHTa [0]-MHOMKeCTBA MOXKHO HAHTH 1leJIoe, YHCIO /M, TAaKOe, 4To
n; = 0 npu i > m, npuueMm 1, 7= 0. Kpome Toro, KaxaoMy 3/1E€MEHTY
[0}-MHOXKeECTBA MOKHO HOCTABHTH B COOTBETCTBHE BTOPOE LeJ0e YHCI0
s, Takoe, 4To Zn; = 8. Toraa juist moGoro sHAUeHHs eJIoro Yucaa ms
HMeercs KOHeUHOe UHCJI0 COOTBETCTBYIOULMX 3/eMeHTOB [0]-MHOXKeCTBa,
KOTOPbIE MO3TOMY MOXKHO YHOPSJouHTh. Tounee, OOLIHI SMEMEHT
[0}-MHOXKecTBA MOXKHO NPEICTABHTL B BUJE

B (@a=1,2 .., 2.3.3)

IJie NpH BO3PACTAHMH @ 3HAUGHHE /MS BO3PACTAET WX OCTAeTCA HEH3-
MeHHBIM. TaxuM o00pas3om, AoKasaHa cueTHocTh [0]-MHOXKecTBa,
KOTOpOe MOMKeT OHIThb Tenepb 3ajaHo B BHAE {8 a=1,2 ..}

1y TIpo6ieMa YHHTAPHO HEIKBUBAMEHTHLIX TpEACTaBACHHA KaHOHHYECKHX KOM-
MyTaTOPOB BO3HUKJA B Molenn Bau Xosa [2]. JeranbHblfi MaTeMaTHUCCKHH aHa/N3
5Tojt po6JeMsl Brepsbie Aajx Ppuapuxc [3]; AaapHefne pesyubTaTh OLIIH [1OJTY-
yelnt ¥ aiTMaHoMm M Ap.
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Moctpoenne [0]-mHoxecTsa Ha Bakyyme. Bekropst [0]-mHuoxe-
CTBa CTPORTCH TOCPEACTBOM IIOBTODHOTO NPHMEHEHHS ONEPaTOpOB

POXJIEHHS & K BAKYYMHOMY COCTOAHHIO. B cilyuae cucreMbl 6030HOB
BEKTOpP | f;, Ny, ...) 3allHCHIBAeTCs B BHJE

Ina na, - =TT ()™ ()] 0), (2.3.4)
a B cjydac CHCTEMbL q)epMHOHOB — B BUJE
|y, ng, .y =l |0y, (2.3.5)

riae I1' osHauaer, uTO HHAEKC i Npoberaer TOJbKO Te 3HAYCHHS, s

KOTOPBIX n; = 1. Kpome Toro, onepaTtopsl o, paclosaraiorcs ciesa
HANpaBO B COOTBETCTBHU C BO3DACTAaHUEM 3HAUCHUA .

Buyrpennne npousseledust. BBenem Temepb coOmpsiKeHHble BekK-
TOPBI (f1y, Mgy ...| M NPEANONOHHM, YTO ONpPeleJeHbl HX BHYTPEHHHE
NpOU3BENEHUs C HCXOAHBIMH BeKtopamu. O603HaYuM 3TH BHYTPelHHe
NpOU3BEACHUS uepe3 (ni, Nns, ...|ny, Ny, ...). B yacTHOCTH, BexTOP,
conpsikeHHbIl BaKyyMmy, obosHauaerca (0|, ¥ npeanojaraercs, 4ro

010y = 1. (2.3.6)

Onepanyu of u oo, onpefessioTcs TaK, uTO ¢; 3PMHUTOBO CONps-
xena a!. Torma us coorHouenuit (2.1.4) u (2.1.5) caepyer

(Ay, ooy N, ...loﬂ-r = n/*(nyg, ..., n;—1, eels (2.3.7)
(Myy eoey Mgy |y = (g + D' dny, o, ng -1, 0] (2.3.8)
LJ8 cHCcTembl 6osonoB. Torjpa uMmeeMm
mbwnqzwﬂymfﬁww. (2.3.9)
3ameTuM, 4YTO B CHUJIy coorHolreHuil (2.1.4) u (2.3.7) umeem
a;10y = 0, (2.3.10)
(O}l = 0. (2.3.11)
Kpome Toro, us coornomenuit (2.1.4) u (2.1.5) crenyer

IT(1/n,) (@) (2f)" | 0) =0). (2.3.12)

Wcnoanays coornomenus (2.3.10)—(2.3.12), noayuaem
(ni, ns, ...\M1, Ag, ...y = H 8n;ns (2.3.13)
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orkyaa caenyer, uro [0]-mHO:kecTBO oOpmonopmuposatno. Amano-
THYHOE CBOHCTBO MOXKeT ObITh JIOKa3aHO H I/ CHCTEMbl (PéPMHOHOB,
AT KOTOPOU

(ny, nay o] = (0T ay (2.3.14)

3aMETHUM, UTO OTIE€PATOPHI &; CTOST 311€CHh CIIpaBa HaJMEBO B COOTBETCTBUH
Cc BO3pacTanHueM 3HaueHUd i.

Hcnonbsysa o6osnauenne §, (2.3.3), ycaoBHE OPTOHOPMHPOBAHHO-
ctH (2.3.13) MOXKHO 3amHcaTb NPOCTO B BHAE

(&b &a) = dup- (2.3.15)
PaccMmoTpuMm pasnee nBa BeKTopa

= ;‘ Colay & = ; clas

nx BHyTpennee npousseienne (§-§') onpenensiercsi BipameHHeMm

(E-E)= L Lb‘c;‘ca (Earl) = (2.3.16)
=Y cica (2.3.17)

Hopma Bextopa & onpenensiercs Kak (§, §)'/: u o60o3nauaercs HHKe
yepes | § |.

Mpocrpancteo Poka. Ecau onpepenuTh JHHEHHOE MPOCTPAHCTBO
COOTHOHIEHHEM

2 lo]l =18 = Y cks X ]lc.|® — xoneunoe qncno}, (2.3.18)

TO TaKoe TpocTpaHcTBO cemnapaGenabHo [5]. Dro ruanbeprToBo npo-
cTpaHcTBO HasmBaercsi npocrpanctBom Poka [6]. 3mech Bexrtop

g = Yomic,E, onpenensiercss Kak npejes (mpu N — co) mociejosa-
respHOCTH BekTOpoB &' = X alic,&,, KOTOpas sBJSIETCA MOCHAENO-

BareabHOCThi0 Komn, cymMa Z;‘;Ilca |> koneuna. Mubivu cioBam,
| &y — En- |* MOXHO clenaTh MeHbIUe JIOGOH CKOJb YTOXHO MaJof
BeJHUYNHB € NPH BbIGOpE JOCTATOYHO GoMblIMX 3Hauenuwit N u N'.
U3 suipaxenuit (2.3.4) u (2.3.5) caenyer, 4to, AEHCTBYS BCEMH BO3-

MOXKHBIMH TIOJIHHOMAaMH 110 OL;‘: Ha BakKyyM, IoJydaeMm MHOXKECTBO

a=I1
Koropoe apasgercs mIoTHuM *) B 46 [a]. ITo 3toiél npuyiHe mpouecc,

N -
D = {Z ¢.k.s N — KoHeuHoe 1es0€ rmmo}, (2.3.19)

1) Muoxectso D Ha3bIBAIOT IJIOTHLIM B HOPMHPOBAHHOM BEKTOPHOM APOCTPAHCTBE
6, ecnu RIS KamlOro BekTOpa § B 46 u moGoro € > 0 cymecTsyeT Bextop { B D,
TaKol, uto | § — {| < &. MuTynTHBHO AcKo, uto D «noutH 3anonuser 6. Hanpu-
Mep, MHOXKECTBO PalfOHANbHHX YHCeJ IJIOTHO BO BCEM MHOXKECTBE BEILECTBEHHBIX
quces.
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HCIOMb3yeMbili Mpu moctpoenun I8 [w], HAa3bIBaOT «mocTpoeHHEM
NPOCTPAHCTBA ¢ MMOMOULBIO UNKJINYECKOTO AEHCTBUSI ONEepatropos po-
JKJIEHHST HA BaKyyM». JlerajbHOe MaTeMaTHYecKOe OIHCAHHE NOCTpoe-
HUSI THALOEPTOBA MPOCTPAHCTBA HE BXONHMT B 3ajauH TOH KHHTH, H
MBI ajpecyem uurareast K paGoram [4, 5].

Bakyym B npoctpanctse Poka. Baxkyymuoe cocrosnne [0), oye-
BHAHO, NPHHANLIEKHT K (OKOBCKOMY NpoCTpaHcTBY 6 [ct] M ynoB-
JIETBOPSIET YCIOBHIO

o;|0) = 0 nas Beex . (2.3.20)

Kpowme toro, eciu Bektop & Uz 6 [a ] ynoBaerBopsier ycaoBuio o; § =
= 0 ;71 BceX {, TO 3TOT BEKTOP & CBSi3aH C BAKyyYMHBIM COCTOSTHHEM
coornowenuem § = ¢|0), riae ¢ — HeKOTOpOE C-YHCIIO.

IepectanoBouHbte cooTHoweHust. Coornomenns (2.1.9)—(2.1.11),
a rtakxke (2.1.19)—(2.1.21) npuBoAAT K CJAEIYIOIIHM CJIEJCTBHSIM!

(a|los, afle|by =25 (a]b), (2.3.21)
(allo, a)e|b)=(a|laf, afls|b) =0, (2.3.22)

rae |a) u |b) — no6ble jBa BEeKTOpa, NMPHHALAEXKAILME TJOTHOMY
MHOXecTBY D. 3hech HCnoAb3oBanbl 0003HAUCHUS

[4, Bl., = AB 4 BA,; (2.3.23)

[A, B. u [A, B], HasbBaloTCs COOTBETCTBEHHO KOMMYTaTOPOM
H anTHKOMMyTaTopoMm oneparopoB A u B. B coorHowennax (2.3.21)
u (2.3.22) KoMMyTaTOPH HCHOMAL3YIOTCS B ciayudae cHeTeMnl GO30HOB,
a aHTHKOMMYTATOPBl — B c/yuae cHcTeMbl pepMHOHOB. M3 3THX coot-
HOWeHHH caenyer, uto J6 [a] peanusyer npenpcraBjeHHe onepaTopoB
o;, anreGpanyecKie CBOACTBA KOTOPHEIX ONPENENIOTCS COOTHOLIEHHSIMH

[, ef e =8y, (2.3.24)
[, o). = [af, af]. =0. (2.3.25)

OnepaTopbl POMIACHHS H YHHUTOXKEHMA JJIt YACTHILbI, ONHCbIBae-
MOii NPOM3BOJILHLIM BOJHOBBLIM TaKeToM. HamoMHHM, UTO BO3MOXK-
10CTh KiacCuuKaiuy cOCTOsTHU NOCPEACTBOM AUCKPETHOTO HHAeK A |
obycaoBieHa TeM (GaKkToM, YTO B OJHOYACTHYHOM COCTOSIHHH IIPOCTPaH-
CTBEHHOE pacrpefesieHHe ONHCHIBACTCS BOJHOBBHIM IaKeTOM, T. €.
KBaJpaTHYHO HHTErpupyemoil ¢yHKuneHd B KOHOUTYPALHOHHOM IIPO-
crpagcrBe. Kak BuaHo u3 BeipaxkeHus (2.1.2), nojgo6GHbie BOJTHOBLIE
nakersl BCerfa MOryT ObITh BHIpa)KEHHl MOCPEACTBOM CYETHOTO MHO-
JKeCcTBa OPTOHOPMHPOBaAHHBIX QYHKUHE g; (X):

(g0 ) = | dxgi (x) g (x) = by, (2.3.26)
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Torpa BHYTpPEHHEE IPOU3BEHEHHE TAKHX BOJIHOBBIX IIAKETOB HMEET
BHI

¢, @ - [ (x) g x), (2.3.27)
(J, @ = ) cfdi, (2.3.28)
cean [ (x) u g (x) puipaxkaiores popmyaamu
f(x)= Z cigi (x), | (2.3.29)
g (x) = E dig; (x). (2.3.30)

BBHAY TOro YTO OJHOYACTHYHOE COCTOSIHHE, CBSI3AHHOE C BOJHO-
BLIM NaKeToM g; (X), npeacraBisieTrcss B (DOKOBCKOM TNPOCTPaHCTBE

2% la] BexTopoM o} | 0), BEKTOP COCTOSIHHS, CBA3AHHEIN C BOJHOBHIM
nakeToM [ (X), JOJKEH IPEACTABJSATbCA HEKOTOPOH cylepno3unueii

BHJA Ziciocj-“ | 0). OnepaTop poxaeHHS OAHOH YACTHIHI B COCTOSIHHH,
OIHCHIBAEMOM HPOCTPAHCTBEHHEIM paclpejejeHneM [ (x), o6o3Haunm

uepes oc}r; Torza
oc;r = Z ciaf. (2.3.31)
H

CoOTBETCTBYIOIHH 2DMHTOBO CONPSIKEHHBIH ONepaTop HMMeeT CMBICT
onepaTopa YHHUTOXKEHHS

ap = Y clo. £(2.3.32)

Torua B cuay ycnoeuit (2.3.24) u (2.3.25) umeem
[, azle = g), (2.3.33)
[, ogly =[af, afle =0, (2.3.34)

Ipepcrasnenne ®@ypoe. BBUAY TOro uTO QyHKIMI, OlHCHIBAIOIIHAE
BOJIHOBBIE TIaKeTLl, UMelOT (ypbe-obpassl, yaaercs copMyJsHpPOBaTh
TEOpPHIO (POKOBCKOTO TIPOCTPAHCTBAa B TEPMHHAX MPEACTABJEHH;
Dypbe. Kax 6yner nokasaHo B NOCAeAVIOUIMX TJ1aBax, Takas popmy-
JHPOBKA UYpe3BBIYAHHO TMOJE3HA B IIPAKTHYECKHX NPUIOKEHUSAX.

O6GosHayum ¢yphe-o6pas byuxnuu g; (x) uepes g; (k):

a3k .
8 (0 = [ o & (k) e (2.3.35)

Torga ycaoBue opToHopMHPOBKH (2.3.26) npuHHMaeT BHA

(gr &)= | (g—;js gi (k) g; (k) = 6. (2.3.36)
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Ananornyno, BBoAs dypbe-o6pasl GyHkIHMi f (X) H g (x)

a3k . .
= [ gzl ek, (2.3.37)

A3k .
g %) = | 75 g (k) erx, (2.3.38)

MOZKHO 3anHcaTtbh HUX BHYTpEHHEE npoH3BeJAeHUHE B BUJIE
d3k

(&)= [ gz 02 (K), (2.3.39)
f, &= Z ctd;. (2.3.40)

C roukn spenus dypbe-aHanusa B KayecTse «6a3uca» B mPOCTPaH-
CTBE BOJIHOBHIX TNAaKeTOB YJOOHO HCIOJAb30BATh IJOCKME BOJHB
exp (ikx). Ho niockue BoJIHB He MOTYT ONHCHIBATD NPOCTPAHCTBEHHOE
pacmpejiesienre B OJHOYACTHYHLIX COCTOSTHHSIX, NOCKOJbKY OHH He
AABJIIOTCST HOPMHPYEMBIMH, & TaKiKe He 06pasyloT CUETHOrO MHOMKe-
CTBA. YJOBJIETBOPHTb OGOMM TPEGOBAHUAM YHAETCH TOMBLKO IyTEM
BBEJIeHHS] HOPMHPOBKH Ha O-QyHKIHIO, KOTOPOE OCYIeCTBJSETCS
CJERYIOmKM 06pasoM (AJs1 NPOCTOTHL Mbl HE paccMaTPHBAeM CIUMHO-
BHIE CTEIEHH CBOGO/IN).

Beenem onepartopul o (k) ¢ moMolbi0 COOTHOINIEHMH

[a(k), ot (D). =8k — 1), (2.3.41)
la (k), @ )] = [af (k), af ()] = 0. (2.3.42)
ITockonbRy 8-pyHKIMA onpefeneHa TOMBKO B CMEICAE TEOPHH 0606-

WEHHBIX (YHKUHH, NPHBEJCHHbIE BBIE COOTHOWIEHHS CHAEAYeT I0-
HHMAaTh B TOM JK€ CMBICJIE, @ HMEHHO

5 (2[31:;/2 f (2313/2 fr k) g 1) la (k), af (). :S (gsTk)*’f*(k)g(k)Z(f’ ¢
(2.3.43)

H 1. A, tae f (k) u g () — coorBercrByomHue npobHble BYHKIHH.
Takum o6pasom, Mbl NPHUXOAMM K HEOGXOXMMOCTH OTOXKAECTBJCHHUS

of = @)™ [ @k (k) o (K), (2.3.44)

OTKyJa
[, afle = (1, @), (2.3.45)
log, gl = [of, afl =0. (2.3.46)

OtH cooTHomeHHs coriacywores c (2.3.33) u (2.3.34); Ha sTOM
OCHOBaHHH of paccMaTpHBaeTcsi KaK ONEPATOp POXJEeHHS yYa-
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cTHUB! C TPOCTPAHCTBEHHBIM pacnpefenenHeM f (x). CpaBHUBasi BbI-
paxenne (2.3.31) ¢ (2.3.44), oxoHYaregpbHO NOJydaeM

of = @)™ | d’kgi (k) o (K). (2.3.47)

10 BblpaXXe€HHe COoryacyercss ¢ HCXOAHLBIM ONpelesIeHHEM OL?-, corJia-

CHO KOTOPOMY ¢ fABJISETCS OIepPaTOpOM POMKIEHHs UYAaCTHIB B CO-
CTOSIHHH, ONMHCHIBAEMOM TPOCTPAHCTBEHHBIM pacnpejeneHueM g; (x).

Cnenyer sametuth, yto onepatops o (k) u at (k) He onpenesnenst
Ha BEKTOPaX (JOKOBCKOTO NMPOCTPAHCTBA: NMPH JICHCTBHHM HA BEKTOPHI
(POKOBCKOT'O TIPOCTPAHCTBA OHH NOPOXKAAIOT COCTOSHHA C OECKOHEUHOH
nopmoii. Paccmorpum, Hampumep, Bektop |k) = at (k) |0); co-
OTBETCTBYIOLLAsI HOPMAa JJIsl HEro ONpeNesisieTcsi BHYTPEHHHM IPOU3-
sefenvem (k|k) = 8® (0), xoropoe GeckoHeuHO Beauko. B stom n
COCTOMT HOPMHPOBKA Ha O-(YyHKLHIO, O KOTOPOH yNOMHHAJOCh BhIIE.
[Tostomy omepartopsl (k) He peanusywoTcs B HalleM FHJAbGEPTOBOM

[IPOCTPAHCTBE; I10JIb3a OT HX BBEJEHHA COCTOMT B MX CBA3H ¢ (ypbe-

npeicTaBJeHHEM OTIepaTopa of, kotopoe naerca Buipaxennem (2.3.47).

3akmounTenbHoe 3aMeuanue. B 3ak/oueHHe 3aMeTHM, YTO (POKOB-
CKOe TPOCTPAHCTBO B 3TOM Dasiesie CTPOHJIOCh YHCTO SMIHPHYECKH;
HaM HHTAE He NPHUILIOCH FOBOPHTh O CeHM(HKe AMHAMHYECKOTO IO-
BefieHusl paccmaTpHBaeMmoil cucteMmsl. Ilocjenunue TpH pasiena MOXKHO
paccmaTpHBaTh Kak (OPMYJIMPOBKY $3blKa KBAHTOBOH TEOPHH, Ha
KOTOPOM MOKHO ONHCHIBATb JAHHYIO CHCTEMY. DTOT «A3BIK», 4 TOUHEE
(POKOBCKOE I[POCTPAHCTBO MOXKHO, CJleJl0BaTebHO, HCNOJAb30BATh
BO BCeX CJyyasX, KOTJa Mbl HMeeM JeJo ¢ KBAHTOBBIMHM CHCTEMAaMH,
COCTOAHHS KOTOPLIX OMUCHIBAIOTCS NOCAEL0BATeNbHOCTAMU unces. [1o-
3TOMY NMOCTPOEHHAA BhIIIIE ob1as cXeMa NPUMEHHMA B CTOJIb  PasJiny-
HBIX 06/acTaX, KaK (GU3HKa TBEPAOro Tesa i PU3HKa BEICOKHX HEPTHH.

2.4. HexkoTopbie npuMmepsl
YHUTAPHO HEe3KBWUBANEHTHbIX NMpeAcTaBieHHH

B npeppiaympx pasyenax ObuIo NMOKA3aHO, YTO, XOTs1 MHOMKECTBO
BCeX BO3MOXKHBIX COCTOSIHMII BHAA |71, Mg, ...) HECUETHO, B KauecTBe
fasuca Hamero cenapaGesbHOro ruab6EPTOBA MPOCTPAHCTBA MOXKHO
HenosnbsoBath [0 ]-MHOxecTBO. ['HAbGEPTOBO NPOCTPAHCTBO TAKOTO
BHJA HasbiBaeTcs npocrpaHctBoM Poka, NMpHUeM 3TO NPOCTPAHCTBO
CTPOMJIOCH TIYTeM LHKIHUECKOro AEHCTBHS OTepaTopa cf Ha BaKyyM.
[Tostomy ajnre6panueckne cootHoweHus (2.3.24), (2.3.25) camu 1o
ceGe He MOTYT OJHO3HAYHO ONPeNessATh NpeJcTaBeHus o; (1axe ¢ ToU-
HOCTBIO IO YHHTAPHOI 5KBHBAJIEHTHOCTH); HeOGXOIUMO €LIe ONPeJeNuTh
BakyymHoe coctosinie. ITpoGnema BhiGopa mpeicTaBieHHs ajrebpau-
yecKUx cooTHomeHH#H (2.3.24) u (2.3.25) odeHb cjoKHA.
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MpeoGpasoanne BoromoGosa Go3oHHbIX onepaTopos. IIpousiio-
CTPUPYEM YHUTAPHO HEIKBHBAJIEHTHbIE NIPEACTABJIECHHS HAa KOHKPETHOM
npuMepe, paccMOTpeB 1Ba HaGopa GO30HHBIX ONEPATOPOB YHHUYTOXKE-
rus o (k) u P (k). Cienyst cooGpaxeHuaM, H3JOXKEHHBIM B MpPEAb-
AYHMX TpeX paspenax, nocrpoum [0 ]-MHOKeCTBO M COOTBETCTBYyIOLLEE
(OKOBCKOE NpPOCTPAHCTBO, KOTOpoe oBo3Haunm uepes o6 (o, Bl
BakyymHoe cocrosinue |0) B 1eM yAOBJNETBOPSET COOTHOIIEHHSIM

o (k)|0) =0, p(k)|0)=D0. (2.4.1)

AnreGpavueckie cBoiictBa omnepartopoB c (k) 1 f (k) maworcest co-
OTHOLIEHHSIMH

o (K), " ()] =8 (k —1), (2.4.2)

B k), pr )] =06 (k —1); (2.4.3)

oCTajlbHblE KOMMYTATOPbl 06pallalTcs B HyJb.
Beegem panee onepatopsl a (k) u b (k) ¢ momompbio caepyiomux
COOTHOILEHU:

a (k) = cyo (k) — dyBt (—K), (2.4.4)
b (k) = cip (k) — dpot (—K). (2.4.5)

37ech uncIeHHbIe Ko3(duIuenTs ¢ U d — BelecTBeHHble Gy HKIHH K?;
OHH YJIOBJETBOPAIOT COOTHOLIEHHIO

¢4 — di = 1. (2.4.6)

[Tocaennee coorHomenue rapantupyer, uro a (k) u b (k) umewor Te
e ajre6panyeckue cBoficrBa, yto H o (k) u B (k), T. € .

la (k), a* (1)] = 6 (k — 1), (2.4.7)
[b (), b* (1)] = & (k — 1), (2.4.8)

a Bce ocTabHble KOMMYTATOPHI 06paiiaTes B Hyab. MHbIMu ciloBaMy,
npeofpasopanue, onpefeseHHoe paseHctBamMu (2.4.4) u (2.4.5),
ABJSIETCS] KAHOHMUYECKHM; OHO HOCHT HasBaHue npeoOpasoBanus bo-
romo6Gosa [7].

Crepysi cooOpaXkeHUsIM, H3JIOKEHHBIM B IMpeIblAylleM pasjene,
BBEJiEM ONEepaTopbl BOJIHOBHIX NAKETOB a; M by

af = @n)""* | dg: (k) a" (k) T B (2.4.9)

IlefictBue 3THX onepatopoB Ha Bektopbl B 6 [a, Pl ompeneneno
cootHowmenusamu (2.4.4) u (2.4.9).

YpocTHM cHTyaunio, cyitast Ko3QOUIHEHTH ¢, NIONOKUTEbHBIMH.
Toraa B cuay (2.46) MOXKHO TNOJOXKHTDb

cp = ch elu dh = sh ek' (24.10)
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BsejieMm janee omneparop
G (0) = exp [4 (0)], (2.4.11)
rae
A (0) = j d*k0, o (k) B (—k) — Bt (—k) ot (K)], (2.4.12)
TaK UuTo
[a (k), A (6)] = —0,p (—K), (2.4.13)
[Bt (—k), A (8)] = —6,a (K). (2.4.14)
[I0oBTOPHO NpPHMEHsIA 9TH COOTHOLICHHS, IOJyuaeMm
G (0) o (k) G (0) = o (k) ch 8, — Bt (—k) sh 0, (2.4.15)
OTKyJa, ucrnoib3ysi (2.4.4), umeem

a (k) = G (0) « (k) G (0). (2.4.16)
AHaJIOFI/I‘IHO MOZKHO II0KasaTh, 4TO
b (k) = G () B (k) G (8). (2.4.17)

[locnenuue [Ba COOTHOLIEHHS! IO3BOJSIOT TPEANONONKHTb, YTO
npeobpasopanue boromo6osa (coorHowenust (2.4.4) u (2.4.5)) apas-
ercs yHUTapHeIM. [ss1 Gosiee TIaTebHOrO PacCMOTPEHHSI 3TOrO BO-
npoca BHIYHCAMM MaTpUuHble 3jeMeHTHl G (0), HayaB ¢ BaKyyMHOTO
cpennero or G (0):

fo (8) = (0] G™ (0) ] 0). (2.4.18)
J1s1 BeIUMC/IEHHS 3TOH BeinunHEl 3aMenuM napamerp 6 (k) va 6 (k) -
+ &8 (k — 1) ¢ npousBosibnem 1. Mamenenue f, (6) sa cuer ykasan-

HOTO M3MeHeHus napamerpa ob6osnauum uepes Of (6; 1). Torna dynk-
LMOHA/NbHAS NPOM3BOLHAS ONpENENAeTc DPaBEHCTBOM

o7 Fo0) = lim =15/ 0; 1. 2.4.19)
Ho, cornacno (2.4.11), nmeem
s(zrfo (0) =—(0a®P(=)G"()]0) (2.4.20)
HJIH
R Jo(®) = (0] G (8) B (—Da (1| 0) 2.4.21)

[Tockonbky G0 = G (—8), noayuaem
a ()P ()G (0) =G (0) G (—0)a ) p ()G (—0) =
= G (0) [a (1) ch 6, + p* (—1) sh 0,] [B (—1) ch 8, +
-+ ot (1) sh 6,], (2.4.22)



34 ’ Trasa 2

IJIE€ HCNOJb30BAHO COOTHolleHHe (2.4.15), ¢ 3amenoit 0, ua —0,.
Torna us (2.4.20) nonyuaem

-ggl—fo (0) = —0@ (0) sh 6, ch 0, () — sh*6, (0] G! (0) B* (1) a* (1) | 0,

(2.4.23)
a u3 (2.4.21) naxouum
6% Fo (0) = —8® (0) th 8,5, (6). (2.4.24)
3nech
6@ (0) = lim & (k). (2.4.25)

k=0
[Mockonbky 60,/66, = & (k — 1), pewenue ypasuenus (2.4.24) c ua-
yanbHeIM ycaoBueMm fo (0) = 1 umeer BHJ
fo (8) = exp (—8® (0) | d% In che,). (2.4.26)

Bennuuna A (0) B (2.4.12) comepXUT TONBKO Mapnl ONEPaTopoB
(p n Ptar), mosToMy AOCTATOYHO OrPAHMYHTHCS H3YUEHHEM JIHILDb
CHENYIOUIUX MATPHYHEIX 3JIEMEHTOB!

Fa (05 1) = (0] [ () B (D) G (8)]0).  (2.4.27)
Orcioja HaxoJIHM
o7 03 1) = —(0 ] [ (1) B(— )" [ (D (—1) — B* (—1) at (11G(6) | 0)
— i (0 D 2[5 (O)F o (65 1), (2.4.28)
Pemenue nocjaefHero ypaBHCHUS HMEET BHI
fa (05 1) = nl [8® (0) I exp (—8® (0) [ d¥% In ch 6, ) (th 6,)r,
(2.4.29)

OTKyJAa CJenyer
0)) = G (8)|0) = (2.4.30)

— fo (8) exp (6™ (0) | d%at (k) Bt (—K) th 8,)]0), (2.4.31)

rae f, (8) ompeneneno B (2.4.26).
Ecann yuecTb Tenepb Tot ¢akr, uto BeanynHa 6@ (0) Geckoneuna
(a cnenoBarennHo, fy (8) = 0), To u3 (2.4.31) BHIHO, uTO npu pas-
aooeruu | 0)) no 6asucrom eexmopam 8 lo, Bl kancdeud Kospgu-
Yuenm pasaodenus obpawjaemcs 8 Hyao, Tak uto | 0)) He npuHALIEKUT
76 o, Pl. Unbivu ciosamu, G™* (0) He otobpaxaer 76 (o, P Ha cebs.
3amerum, uto B cuay (2.4.16) umeem

ak)[0)) =0, b (k) |O)) =0, (2.4.32)
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OTKyJa cjefyer, 4to | 0)) — BakyyM B OTHOWIEHHH AeHCTBHSA omnepa-
topos a (k} u b (k). Ilpeanonoxum, uro crpourcs [0 ]-mHOXKeCTBO,
npuueM @i u b — oneparopel poxiuennus, a 9 la, b] — coorser-
cTByiollee npoctpanctBo @oka. B stom npocrpancree Poxa umeercs
BaKyyMHoe cocrosiHue |0)), yjpoB/ieTBOpsioniee paBeHCTBY (2.4.32).
[IpriBefieHHbIE Bblllle COOOPAXKEHHS IM0KA3bIBAIOT, YTO 3TOT BaKyyM
|0)) ne npunagnexur #6 o, B). Takum obpasom, 6 la, bl wu
7 la, Bl — nBa yHMTapHO HESKBHBANEHTHBIX TPEACTABJEHHS B TOM
cmbicne, yto B 36 [a, b cymectByer BEKTOp, KOTOPBIH HENb3s1 Npel-
CTABUTb B BHAE CYNEPNO3HUUYN GasHCHHIX BeKTOpoB J6 o, B). Pak-
THYECKH B PaccMaTPHBAEMOM CJIyuae MOMKHO MOKa3aTb, YTO HUKAKOMH
BeKTOp M3 J8 [a, b] He Moxer OLITh NPEACTABJEH B BHAE JHHEHHOH
CYNepHo3uIuH 6a3UCHBIX BEeKTOPOB U3 76 [o, P]. Dra cutyalusa o6bYHO
OMHCHBAETCS WHTYHUTHBHBIM YTBEPXKAEHHEM 06 OPTOTOHANBHOCTH NpPO-
crpaucte 7 [a, bl v 36 [a, PI.

Ilpuunny 5TOro fBJEHHSI MOMKHO YSICHHTB, BCIOMHHB (GopMmMyny

8 (k) = (2n)* | dPxeivs, (2.4.33)
OTKYJAd HHTYHUTHBHO fACHO, 4YTO
84 (0) = (2m)~3 X (o6bemM cHCTEMEI). (2.4.39)

Ha 3TOoM oCcHOBaHMH MOXKHO OblJIO OBl ¢lie/IaTh BEIBOJ, YTO B AEHCTBH-
TeNbHOCTH YIOMSHYTas Bblllle YHUTAPHAsT HEIKBUBAJEHTHOCTb MOMKET
U HEe CYLIeCTBOBATh, NOCKOJbLKY Kaxast CHCTEMA HMEET KOHEUHbIE pPas-
mepel. Ho Takas Touka 3peHHs MPEACTABJSETCH CJAHIIKOM ONTHMH-
cTHYHOH. [Ipy u3yueHHH cTallHOHApPHON CHCTEMBI KOHEUHBIX PasMepoB
npyLioch OBl Bcepbe3 YUMTHIBaTh BAUfIHHE ee rpaHul.. Kak Oyger
NOKAa3aHo B MNOCJAeNYIOUMX TIJaBax, CYNIeCTBOBaHHE 3TOH IPaHULEI
obecrieunBaercsl 6Jarofaps HaJUUYMIO B CHCTEME HEKOTOPHIX KOJMJEK-
THUBHBIX MOA. I'panna BeneT cefs nojo6HO MAKPOCKONHYECKOMY ofbe-
KTy C TOBEPXHOCTHOH OCOOEHHOCTBIO, MpHUEM TaKoH OOBEKT TaKxKe
obsiajiaer GeCKOHEYHBIM YHCJIOM CcTeneHell cBoGoAbl. B aToM cMeicie
CTallUOHApHAsT CHCTEMA C €CTECTBEHHOH (caMomojjep:xkuBammeics)
TPaHHUIEH CYIeCTBEHHO OTJIHYAETCSl OT CHCTEMBbl, UCKYCCTBEHHO OI'pa-
HHUYEHHOH «SIIIHKOMY.

Kax ykasaHo B pasil. 2.2, npHuYMHA OSIBJEHHST MHOTHX YHHTapHO
HE3KBHMBAIEHTHBIX NPEACTABJIEHHH COCTOHT B TOM, YTO MHOXKECTBO
{| n1, 1y, ...)} sABASIETCS HECUETHBLIM.

TosiyueHHBle Bhille pe3yJbTATH HE 03HAYAIOT, YTO MLl HE MOXEM
onpejieNIuTh AeHCTBHE ONEPATOPOB a; U b; Ha BekTopul B I8 [a, Bl
JeficTBuTeNbHO, KaK GBUIO MOKA3aHO BHILE, Oedcmeue onepamopos
a; u b; Ha eexmoper 8 & la, Bl onpedersemcs coomuowenuIMU
(2.4.4) u (2.4.5). To, yTo MBI MOKAa3a/]¥ BhLIlUE, CBOAHTCS K yTBEPIKAE-
HHIO, YTO KaHOHHYecKoe npeoGpasoBanue (2.4.4) u (2.4.5) He peann-
3yeTcs ¢ BBINOJIHEHHEM YCJIOBHS YHHTapHOCTH. EciH ruib6epToBO
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nPOCTPAHCTBO ~ siBasierca mpocrpanctBom Poka 6 [a, B, 710 a;
¥ b; He MOryT GBITh ONEPATOPAMH YHHUTOMXKEHHS!, TOCKOABKY B 76 [at, B
He CYIIECTBYET BAaKyyMa, CBsiI3aHHOTO C omepaTtopamH a; H b;.

MpeoGpasosanue BoromoGosa depmuoHnbix oneparopos. Ciyuai
(epMHOHOB MOXKeT OBbITb HCCJIEJ0BaH aHaJIOTMYHBIM o6pasoM. Pac-
CMOTpHM ABa Hafopa (GepMHOHHBIX onepaTtopoB yHHYTOXeHHsa o (k)

n B (k):
a (k), ot (D1, = 8 (k —1), (2.4.35)
[ﬁ (k), B* 1 =8 k-1, (2.4.36)
[ k), p M), = la(®), pr{)), =0mn 1.1  (2.4.37)

[ToBTOpAs paccyKAeHHS NPEABLYIHX Pa3esNoB, NOCTPOUM NPOCTPaH-

CTBO ®oka # la, pl. Bakyym B Hem YJOBJIETBOPSET YCJAOBHAM
) [0) =0 n P (k)|0) = 0. Bpemem panee onepatopnl a (k)
b (k) ¢ momolibl0 COOTHOLIEHHH

a (k) = o (k) cos 0, — Pt (—K) sin 0, (2.4.38)
b (k) = B (k) cos 0, + at (—K) sin 0, (2.4.39)

rae 0, — ¢yuknus k2. I1o npeobpasoBanue Ha3bBaeTCs 1Peo6paso-
BanueM Boromotosa [7]1. Jlerko Bugers, uro a (k) u b (k) yunosJierso-
PAIOT TEM XK€ ajJreGpauyeckHM COOTHOUIEHHAM, 410 H o (k) P (k):

la k), at )], =8 (k —1), (2.4.40)
(b k), b* ()], = & (k — 1), (2.4.41)
la k), b ()], = la k), b* O], =0 u r. 1. (2.4.42)
MoikHO noKasarb, 4TO

a (k) = G (0) « (k) G (8), (2.4.43)
b (k) = G (8) B (k) G (0), (2.4.44)
rme G (8) = exp [—A (0)], (2.4.45)

npuueM )
A(0) = | & 6, 1o (k) b (—K) — B* (—k) a¥ (k)] (2.4.46)

Briuncaenne nokaswiBaeTr, 4To

10)) = G (8)]0) = (2.4.47)

=0 (8) exp (8® (0) [ Pk In {1 + ot (K) pT (—k) tg 6,))]0).
(2.4.48)

3rech Fo (8) = exp (8® (0) | d In cos B, ), (2.4.49)

nupuueM 3Ta BeNMuMHa ofpamaercss B HYJAb BBUAY OCCKOHEUHOCTH
8¢ (0). Orcioga BHAHO, Y4TO, B 3TOM caydae (Kak H B cjyyae GO30HOB)
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npeacrasiaenuss € [a, Bl u #la, b] yHuTapHO HEIKBHBANECHTHBHI
APYT APYTY, €CJIH TOIbKO He BbinosHsAeTcs yeaosue 0, = 0 nis eex k.
Hecmorpa Ha 1o uto (2.4.47) NpHUBOIUT K PaBEHCTBY

a (k)] 0)) = b (k)| 0)), (2.4.50)

pekTop |0)) He npunamnexur 6 o, Bl. TTostomy a (k) u b (k) ne
MOTYT CUHTATBCS OLEPATOPAMH yHHUTOXKEHHS, eCJU B KayecTBe TUJlb-
GeproBa nmpocTpaHcTBa Buibpano 76 (o, B 1. Ho dedicmeue onepamopos a;
u b; Ha eexmopeL 8 J6 [, B onpedeasemes coomuouenuamu (2.4.38)
u (2.4.39).

Casur Go3oHHOrOo noJss. B kauecrBe nocjejpHero npuMepa pac-
cMOTPHM Habop omepaTopoB yHHUTOXeHHs Go30HOB o (k) U BBenem
onepartopsl @ (k) ¢ MOMOUIBIO COOTHOUIEHHS

a (k) = o (k) + ¢, (2.4.51)

rjie ¢-4HCao ¢, sBasietcst ¢pyHkuued k. Takoe coOTHOLIEHHE TakKKe
HasniBaeTcst npeo6pasoBanneM bBorosaw6osa. [lockoibKky npeobpaso-
Banue (2.4.51) uHAynHpyeT CABUT BO30HHBIX ONEPATOPOB Ha C-YHCJIO
Cy, €r0 4acTO Ha3BIBAIOT CABUIOM NoJA. Tak Kak ¢, ABJseTCA C¢-uHC-
J0BOH ¢yHKuHell, onepatopsl a (k) ynoBJjerBopsA0T GO30HHLIM HEpe-
CTAHOBOUHBIM COOTHOMIEHUsIM. Takum 06pasoM, CABHT NOJA ABJAETCH
KAHOHHYEeCKUM Npeo6pasoBaHHEM.
Jlerko Buperb, 4To

a (k) = G (c) o (k) G (c), (2.4.52)
ruae
G c) = exp(— | &k leter (k) — eyt (K)])- (2.4.53)
Hcnoasays ¢opmyany bBefikepa—Xaycaopda
efeP =exp (A B} % |4, B] |- —112- (A, 14, B) -}, (2.4.54)
noJiyuaem

Gi(o)=exp (5 [ a%|cx|?) exp (— | #kesat (k) x |
x exp (] dkeier (k). (2.4.55)
DT0 HPUBOAUT K COOTHOHIEHHIO
[0)) = G1(e)]0) = (2.4.56)
—exp (— 5 | @k ic?) exp (— [ dkewort (k) [0).  (2.4.57)
Ecau umeer Mecto paBeHCTBO

| d e, = oo, (2.4.58)
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npencrasnennst 6 [a] u 6 [a] ynurapHO HeSKBUBAJEHTHBI APYT
apyry. Xors Bektop | 0)) ymoBaerBopsier coornomenuio a (k)| 0)) =
=0, om He nupuHamgexur J6{«]. Tloatomy, eciu Mbl BuIGpaiau
B kauectBe npocrpanctBa ®oka 4 [a], oneparop a (k) He momxer
OeITh HA3BAH ONEPATOPOM YHHUUTOXKEHHs. 3aMeTHM, YTO DPaBeHCTBO
(2.4.58) umeer Mecro, Hanpumep, npH BeiGope ¢; = ¢d (k).

Konpencauus GosoHos. PaccmoTpuM cTpyKTypy cocrosinus |0)).
Kak Bugno u3 (2.4.57), 310 cocrosinue (no KpaiHe#l Mepe (HhopMasnbHO)
COOTBETCTBYET CYNEPNO3UIMH COCTOSHHI NPOU3BOJBHOTO YUCAA O~
6030HOB (3TO yTBEPXKAECHHE HMEET JHUIIb (GOPMAJbHLIA CMBICI, €CaH
BuIMoOJIHAeTcs] yeiaoBue (2.4.58)). MoXHO HHTYHMTHBHO ADEICTABJATH
cebe cocrosinue |0)) Kak COCTOSTHHE, B KOTOPOM KOHJAEHCHDYIOTCSA
a-0030HBI; NOLOOHOE sIBJEHWE HasplBaeTcd Kxoxoexcayueli 0030HC8.
MoxHo ckasarb, uro caBUT noas (2.4.51) uHAyIUPYeT KOHJEHCAIHIO
GO30HOB, Jaxe ecJad BhINOJHsAETCS YyciaoBhe (2.4.58). Benuynna

(0}a* (k) a (k)|0) = |cy[* (2.4.59)

Ha3bIBAETCS YHMCJAOM KOHAEHCHPOBAHHBIX G030HOB ¢ HMIyJbcoMm k.

MHTYHTHBHO MOXHO BHAETb, nouemy o6 [al siBisiercs yHHTapHO
geskBuBaneutueiM 8 o] mpu ¢ (k) = ¢b (k). B stom cnyuae mpo-
CTPAHCTBEHHOE pacnpeneseHne KOHIeHCHPOBAHHBIX GO30HOB fABJSETCS
ORHOPOAHBIM (T. €. cooTBercTBYWOIHUM k = 0), a NMoJHOE YHCIO KOH-
JIEHCHPOBAHHLIX GO30HOB PaBHO

dk|c (R) P = c?® (0). (2.4.60)
N3 (2.4.34) BUAHO, 4TO MJIOTHOCTh KOHAEHCHPOBAHHLIX G030HOB PaBHa

dp = - [ &rlc @) = @) (V — obvew), (2.4.61)

NpHYEM 3TAa BeJUUMHA KOHEYHa, Jaxe ecqd obwvem V crpemurcs
K G6eCKOHEUHOCTH. VIHTYHUTHBHO SICHO, YTO JIJIsl BO3MOXKHOCTH CO3AaHUs
JOKalbHO HabmogaeMbX 3(peKToB NpH KOHAEHCAHUH GO30HOB IJOT-
HOCTh KOHIEHCHPOBAaHHHLIX O030HOB dp JOMKHA ObITb OTJAHYHA OT
HyJas. EclIu npocTpaHCTBEHHOE pacnpefiesieHHe KOHIEHCHPOBaHHBIX
6030HOB OJHOPOLHO, NOJTHOE YHCAO KOHIEHCHPOBAHHBIX 6030HOB PABHO
Vdg u cranoBurcsi GecKOHeuHBIM, ecau OeckoneuHo V. IlockoabKy
BeKTOpPH B mpocrpancrBe Doka #6 [a] mpakTHueckH He cojepikar
COCTOSIHUH ¢ GECKOHEUHBIM YHCJOM C-6030HOB, HHTYHTHBHO MOHSITHO,
nouemy cocrosinue |0)) He moxer npuHamexarb 6 [al.

Cnenyer orMeruth, uto geHictsue a (k) Ha BekTopn B 46 o] on-
penensiercst cooTHouleHueM (2.4.51), paxe ecau BhHIIOJNHsAETCA pa-
BeHcTBO (2.4.58).

3aMeruMm B 3aK/0UeHHe, UTO c08ue noas suda (2.4.51) undyyupyem
mak nasesaemoe Koeepenmnoe cocmosnue [8].
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2.5. lpepcTaBnieHre UBHUYECKHX YaCTHI]
H AHHaMH4YecKoe oTobpameHue

Mpoctpancteo Poka paa ¢usnueckux vactuy. CylulecTBOBaHHe
GEeCKOHEYHO GOJIbLIIOTO YHC/a NPEICTABJACHHE, YHHTAPHO HE SKBHBA-
JEHTHBIX IPYT JIpyry, HNPHBOJAUT K BONPOCY O NPaBHILHOM BHIGOpE
OJIHOTO H3 HUX It JaHHOTO npocTpaHerea @oka. B kBauToBO# TEOpHH
B Ka4eCTBE HCXOJHOrO NPHHHUMAETCS IOJIOXKEHHE, YTO THILGEPTOBO
NPOCTPAHCTBO COAEPKHUT Bce Habmawonaembie cocroshusi. Ha stom
OCHOBaHHHM Mbl Tpebyem, 4ToObl [HJALGEPTOBO HPOCTPAHCTBO OBLIO
npocrpaHcTBom QPoOKa, CBSI3aHHBIM C YacTHIAMH, HalJi01aeMBIMHA

C; - A
i C.'z :> AT

P e

é,,‘/ B

Puc. 2.1,

B sKcnepumenTe. Takue 4acTHIBI HOCAT Ha3BaHHe PU3HUYECKUX YACTHIL
HiH Quanyecknx KBaHTOB. Takum 06pa3om, Msl BHIGHPAEM NPOCTPAH-
ctB0 POKa, MOCTPOEHHOE NyTeM LUKJIHYECKOro AeiCTBHS ONEpaTopoB
DOXKJEHUS pusuvecKux wacmuy (M GU3NYECKHX KBAHTOB) Ha (H3H-
YECKHH BaKyyM, WJIH, KOpOYe, Mbl HCIOJAb3YyeM IpejcTaBjienue (husu-
4eCKHX YacTHIL.

Moanaa sHepruss u sHeprus ¢uanueckux uyacTui. UToOwl BhIfAC-
HUTb NOBEJEHHE PU3HUECKNX YaCTHL, PACCMOTPUM GOJIEe JETadbHO H3-
MEpEeHHEe 3HEePTHH B peaKuUMAX MeXAY dacTHiaMmu. B mobol nogo6Hoil
peakuuHu HMEeTCsl HEKOTOPOe KOJHYECTBO CTAJKHUBAIOUIMXCS YaACTHIL
(nanpumep, A u B) u onpeleJeHHOe KOJHYECTBO YACTHL, €y, ..., Cy,
NOKHJAIOIUX 06JacTh cTosKHOBenusi (puc. 2.1). [TonHast sueprus
CHCTEMB], B KOTODOH INPOMCXOAHUT CTOJKHOBEHHE, ONpPee/siercs Mo-
CPeJCTBOM H3MEPEHHS YHEPIUH Majamouiix yactiil A U B [0 uX BXo-
KIEHHS B 00/1acThb CTONKHOBEHHS; IDH 3TOM HOAHASA IHEPIUS PABHA
cymme snepeud wacmuy A u B. Ecid nsMepuTbh TaKKe SHEPTHIO Ya-
CTHI Cy, Cy, ..., Cy TIOCAE CTOJIKHOBEHHS, TO MBI OGHAPYXXHM, UTO
CyMMa 3HEPrMH 3THX YacTHI, PaBHA ONpejeJeHHOH BbLIIIe HOJHOH
SHeprud. Ecan Mbl XOTHM HHTEPIPETHPOBATb 3TOT HKCIIEPUMEHTAJb-
HBIA Pe3yJsIbTaT KaK 3aKOH COXPAHEHHs] SHEPTHH, TO S9HEPTHIO Cleayer
ONIPEeAEe/IUTh KAK CyMMY 3HEePTHH BeeX PH3UUECKHUX YACTHI, HMEIOLLHXCS
B JlaHHOM COCTOAHMH. IIpH TakoM onpejesneHuH HESIBHO NOApasyme-
BAETCA, UTO PeaKyuu Mexcoy €acmuyamiu npoucxodrm 6e3 sampamel
snepeut 63aumodeticmeus, 4To BecbMa HeoObyHO. B ri. 3 Gyjer moka-
3410, KaAKHUM 00pPasoM TAKOe [PeANOI0KEHNEe CTAHOBUTCS BO3MOXKHBIM,
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B ¢du3iKe TBepJOro Teja 3HEPreTHUYCCKHH CHeKTP (PH3HUECKHX
KBAHTOB MOXeT ObITb B MPUHIHIE ONPeJeJeH ¢ NOMOLbI0 HEKOTOPbIX
BHEIUHUX Bo3jelicTBUi. I1pu 3TOM u3Mepsiemast NoJHAas IHEPTHA OKa-
3bIBAETCst PaBHOU CyMMe 3Hepruil Bo3OYy>KIEHHHIX KBaHTOB. Mrtak,
norpedyem, uToOLl 2Hepeus Keanmosgou cucmemer Obiaa pasHa cymme
FHepeutt ecex (uauuecKux wacmuy.

CpoOOJHbLI raMHJIBTOHKAH H ONEPATOP HMIIYAbCA JAf (PHIHYECKHX
yacTul, [Tycrs fio (k) — sneprusi oaHo# (QU3NUECKOH YaCTHLE! C HM-
nyascom fik. Torpa chopmyavpoBanHoe Bhille TpeGoBaHHe 03HAYAET,
uTo

Hoort (ky) ot (Ky) ...t (k,)]0) =
— (ﬁ i}lw(ki)> at (ky) ot (ky) ... ot (ko) |0), (2.5.1)

OTKyjla noJyyaeMm
[Hy, at (k)1 at (k) ... at (k,)|0) =

= fio (ky) ot (k) ... at (k;)]|0). (2.5.2)
3peck H, — oneparop, cOOGCTBEHHbIE 3HAYEHHsI KOTOPOTO SIBJISIIOTCS

3HAYeHUAMH >Hepruu cucremul. CooTHowenue (2.5.2) BepHO s Jio-
foro n, NO3TOMY OUYEBHJHO, YTO

[Hy, at (k)] = fiw (k) ot (k). (2.5.3)
[TocKo/IbKY 9HEpTHs BJSETCS BelleCTBEHHOH BeTHYHHOH, Hy — 3pMH-

ToB onepartop. CrnenoBarenbHO, 6eps 3PMHTOBO CONDPSIXKEHHE OT
(2.5.3), monyuaem

[Hy, 2 (k)] = —fio (k) o (k). (2.5.4)
Ha ocuose (2.5.3), (2.5.4) u (2.5.1) Haxogum
Hy = F J Bho (k) ot (k) a (k). (2.5.5)

Omneparop H, HaspiBaeTcs CBOGOJHBIM IaMHJIbTOHHAHOM (PH3HYECKHX
YyacTtuu.

B TepMHHAX OIEPAaTOPOB POXKJIAEHHS BOJHOBBIX MaKETOB af,
OnpejieIeHHBIX PaBeHCTBOM (2.3.44), umeem

[Ho, of] = 11 @n)""* [ d%o ) f (®) ot (k).  (2.5.6)

HeiictBue H, Ha COCTOSIHHUS BOJHOBLIX NAaKeTOB NMOHUMAaeTCs cJe-
AyouiHM o6pasoM:

Hoof|0) = 7 (2m)™/2 j ko k) f (k) at (k) ]0), (2.5.7)

Hoeidaf0) = 1.2y [ % | &1 1o (k) + 0 () g (0] () o (K) ot (1) | O)
‘ (2.5.8)
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u T. A W3 coornomenust (2.5.8) cTaHOBHTCS OUYEBHAHBIM JHHEHHBIH
xapakrep sHepruu. IlocKoabKy H, He CONEPHHUT WJIEHOB B3aUMOJEH-
CTBHSA, YAaCTHILEL, poxKaaemple nocpeiactsom omnepartopa ot (k), Haswl-
BaioT CBOGOJHBIMH.

C moMoIIbi0 aHAJOTHYHBIX PacCyXAeHHH MOXKHO HaHTH oneparop
uMnyasca P:

P =7 dkat K) « k). (2.5.9)

[IpoBeneHHOE BbillE PAaCCMOTPEHHE MOKA3BIBAET, UTO, IIOCKOJIBKY
BCe HabMojaeMble COCTOSTHHSI YACTHIL ABJSIIOTCS COCTOSTHHSIMHM BOJIHO-
BEIX NAKETOB, B HAlleM FHJALGEPTOBOM HPOCTPAHCTBE OTCYTCTBYIOT
coGCTBeHHbIE COCTOSHUS oneparopoB H, u P. Habmonaemas sneprusi

yaCTHUB B COCTOAHHH |ag) = oy | 0) ompesensercs He KaKkuM-
JAu60 U3 COBCTBEHHBIX 3HaueHHH H,, a CpefHHM (0KHIaeMblM) 3Haue-
nueM (ag | Hy|@y). Ho 370 06CTOATENBCTBO HE CO3MET HUKAKHX TPYII-
HOCTEH C NpHUMEHEHUEeM MOHSATHS SHEPTHH, TaK Kak (1Mo KpaiiHe# mepe
B NDHHIMIE) CpelHee 3HAUEHHE MOXKHO CJieJaTb CKOJb YTOAHO GJn3-
KHM K COGCTBEHHOMY 3HaueHUI0 H,, BHIGPAB BOJIHOBOH NaKeT, OYeHb
OAN3KMH K IUIOCKOH BOJHE. AHANOrv4HbIe COOOpaxKEHHs MPHUMEHHMB
K TIOHSITHIO HMITYJIbCA.

Teiizen6epropckue noast W ypasHenue [Ceiizenepra. Hecmorps
Ha TO 4YTO Hab/oJaeMble 3HAUEHHS SHEPTHH CHCTEMBI ONPENeNsIoTCs
COBCTBEHHLIMU 3HAaUEHHSIMH CBOGOJHOTO TaMHJIbTOHHAHA H,, TeM He
MeHee eCJIi MexAy YaCTHIAMH TIPOHCXOAAT KaKHe-TO peakuu, 1o H,
He MOXeT ObITb HCTHHHHIM FaMHJILTOHHAHOM cHcTeMsl. JlosroMmy He-
06X0INMbl HEKOTOpBLe (YHIAMEHTaJbHbBIE BeJHUUHBI, ONpejestole
IHHAMHKY cHCTeMBl. [10CKO/IBKY paccMaTpaBaeTcst KBAHTOBAsI CHCTEMA,
3TH (yHAAMEHTAIbHbIE BEJIHUHHBL SBJAAIOTCA ONepaTopamu, IeHCTBYIO-
WHMH B HalleM NpPOCTPAHCTBeHHO-BpeMeHHOM Mupe. O0603HaUHM 3TH
onepaTopbi P (X); OHH HAa3pIBAOTCS OOBIYHO TIefi3eHGeproBCKHMH
noasmu. Torna AuHaMHKa CHCTEMBI OnpenessieTcsl NPOCTPAHCTBEHHBIM
1 BPEMEHHKIM H3MeHeHHeM Trefi3eHOGeprOBCKHUX IIOJeH.

Vsmenenue mnoJgeil Y (x) omnpenenseTcs HEKOTOPHIM ypaBHEHHEM,
KoTopoe” HasbiBaercsi ypaBHenneM [efisenfepra. IIpn paccMOTpeHHH
HEKOTOPO# CHCTEMBl BeCh TEOPETHYECKMH aHANIH3 HaYUHAETCs C Ofl-
peflesieHUs] TelizeHOGEProBCKHX Iojefi n ypasHenus [eiisendepra.
[Tpu 3ToM TpeGyercsi, 4ToOB! M060H OepaTop, NOSIBJASIOLMACS TIPH
aHa/M3e CHCTeMH, BHIPAXkaJcs B BHJE JUHEHHOH KOMOHHAIMH MMPOH3-
BefieHH i refizenfeproBCKHUX ToJed.

TamHAbTOHMAH Aas ypaBHeHus TeiizenGepra. Mot TpebyeM, 4ToOHI
Bce MPOCTPANCTBEHHO-BPEMEHHEIE MPeo0pa3oBaHHs TeHEePHPOBANHChH
HEKOTOPBIMH onepatopaMu. B uacTHOCTH, OTClofa_clelyeT TpeGoBaHne
CYIIECTBOBAHHUS IaMUJIbTOHHAHA, PEHEPUPYIOUIETO CABHT BO BPEMEHH.
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ITOT raMMJABTOHHAH o0o3HadaeTcsd uepe3 f1. Torpa KaHOHHUYECKoe
ypaBHenue BHAA (fi (OY/0f) = [y, H]| spasercs ypaBHennem Teil-
3enbepra. 115 BBLIUMC/IEHHS BXOISULEIO B 3TO ypaBHEHHE KOMMYTa-
topa [V, H] Heo6X0oAUMO BBECTH NpPEANOJOKEHHE O TOM, 4TO refizeH-
6eproBCKHe MOJs YAOBJAETBOPSIOT OJHOBPEMEHHLIM KaHOHHYECKHM
NepecTaHOBOUHBIM COOTHOUIEHHSIM. :

Ipencrasienue duanUecKUX YacTUL JJis reiizeH0eproBcKUX noJjeil.
Ecaun npusejenuble Boille cOO6PaKeHHST OOBEAHHITD C YTBEPIKAEHHUEM,
4TO Hare THABGEPTOBO NPOCTPAHCTBO sABJAsieTes npocTpancTBoM Doka
CBOOOJHBIX (DH3HUECKMX YaCTHIL, TO ypaBHexue [efizenbepra AOJKHO
pematbesi TakuM o0pas3oM, 4To6bl refi3eHGeprOBCKHE MOAST Peanu3o-
BaJHCh B IpocTpancTBe MDoka cBOGOAHBIX PpU3HUeCKUX YacTULl. M HbIMU
cJI0BaMH, ypabHenue I'efisenfepra peuraercss TakMM o6pa3oM, 4TOOLI
reiiseH6epProBCKHE TOJISI BLIPAXKAAUCH Yepe3 COCTOSIHUSI HEKOTOPBIX
CBOGOJHBIX YACTHII, T. €. UTOOHl BCe MaTpHUHbIe 3/71eMeHTH (a |y (x)]b)
RJIsS BeKTOPOB | @) M | b), npuHaisexamux npocrpanctsy ®oxa co-
6OAHBIX uacTul, ObLIM omnpefeseHBl. ¥ Ka3aHHble CBOOOJAHBIE NOJA
paccMaTpHBaloTCH jJajee Kak CBOGOAHbIE (pH3UYecKUe YaCTHIL, a Mpo-
cTpaHcTBO DOKa ABJSIeTCS TOTAA NPeACTABIeHHeM (PU3HYeCKHX YacTHIL
o5 refsenteprosckux rnoned. Takum o6pa3oM, NPOCTPaHCTBO
®oxa 6 [a] moxno onpenenuth, NoTpeGoBaB, YTOOLI reiisenep-
FOBCKHE TOJISI BBIPAXKA/IHCh 4epe3 ONepaTophbl DOXKIEHHS H YHUYTO-
JKEHHSI HEKOTODBIX CBOOOAHBIX YACTHI[, KOTOpBIE SIBISIOTCH CBOGOM-
HBEIMH (DH3MUECKUMH 4yacTunamu. B ciaenyoueil riaase 6yger nokasaHo,
4YTO 3TO TpeCOBAHHE TIPUBOAUT K COOTHOLIEHHIO

(a| H|b) = (a| Hy|b) + W, (a|b), (2.5.10)

rae W, — c-uuciao, a |a) u | b) — BexkTopw B mpocrpancTee 6 [al,
peasH3ywIleM TpeAcTaBjeHne (PU3NYECKHX YacTHIl. 3aMeTHM, 4TO
ycaoBue (2.5.10) He siBnsieTcsl CTOJbL CTPOTHM, KakK ycjaosHe H =
= Hy 4+ W,, nockonbpky oHo tpebyer, uroful pasbuenne i == H, -
-+ W, oCylecTBAAA0CH TOMABKO TOTAA, KOTAA [1 peannsyercsi B Crie-
LHATLHOM MpejcTaBaeHiH (a uMeHHo B npocrpancree ®oka 4 [al).
COOTHOIIEHH S MEXKJY MATPUYHLIMH 3JEMEHTAMH, CBSI3aHHBEIE C KOH-
KPeTHBIM TMpeJiICTaBJIeHHEM, HA3BIBAIOTCH CJAAGBIMH COOTHOILEHUSMH.
ITostomy coorHotienue (2.5.10) sBasiercs ciaabbM yCa0BHEM, KOTOpoe
MOKHO HCIIOJIb30BATb B KAYECTBE KPHTEPHS JIsi onpenenenus 76 [a .

CamocorsniacoBaHHbl it MeTofl. [locie TOro Kak 3ajaH TraMHJbTO-
HMaH H, MBbl CT2TKHBAEMCS C AHJEMMOI: XOTS BBIUHC/JIEHHE MATPUUHBIX
aneMeHTOB (a|H|b) tpebyer sHaHus npoctpancrBa $ora 4 [al,
K KOTODOMY NPHHAJIIEXKAT BEKTOPH |a) W | b), HAM HHUErO He H3-
BECTHO OTHOCHTENLHO (PHU3HUECKHX YACTUIL (4 TeM CamMbIM OTHOCH-
tenpno 6 lal) 1o Tex nop, moka He pemeHa Best 3ajpada. [Ipuuuna
BO3HUKHOBEHHA 3TOH AHJEMMBl COCTOUT B CYIIECTBOBaHHH GeCKOHEU-
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HOTO 4HCJa HeNPHBOJAUMBIX NPEACTaBACHHH, YHHTAPHO HESKBHBAJIEHT-
HBIX JPYT APYTY; noAoOHAsA JHJeMMa He BO3HHKAaeT B CIy4ae KBaHTO-
BOH MEXaHWKH € KOHEYHBIM YHCJOM KaHOHHYECKHUX TMePeMEHHBIX.
Jra JHjeMMa OTHOCHTCS K YHCHy npobseM, KOTOphle OGBIYHO paspe-
1HAIOTCSl € TIOMOIIBID CaMOCOIIACOBAHHOIO paccMoTpeHusi. B jnaHHOM
clydyae Mbl HMEeM JeJ0 ¢ NPOOJEMOH CaMOCOTJIACOBAHHSN MEXIY
raMuJbTOHHaHoM H u BeiGopoM mpoctpaHcTBa Poxa A5 QHIHUECKHX
YaCTHII.

CamocorsiacoBaHHBIll NMOJAXOA COCTOHT B caexymolieMm. llpexne
BCETO C TOMOLIBIO Pa3IHYHBIX (PU3HYECKHX COOOpaXKEeHHE COCTABMSAIOT
1a0op «KaHAMAATOB» Ha POJIb (PU3HYECKUX TOJIEH, PHUEM ITH KaHIH-
JaThl KJIaCCH(QHUMPYIOTCA C TIOMOILbIO ONpEJeIeHHBIX MapamMeTpoB.
3atem CTPOAT NPOCTPAHCTBO 6 | ], a HEHM3BeCTHbIE NapaMeTphl onpe-
AT ¢ MoMowblo cooTHowenust (2.5.10). daa npumepa paccmo-
TPHM TaMH/JAbTOHHAH M/ HYKJOHHOIO refi3eHGEPrOBCKOTO MOJA.
3 xavyecTse HavajbHOrO HabOpa (GU3MYECKHX YACTHI BEIGepeM H301y6-
JieTHoe CBOGOJHOE AMPAKOBCKOE I10J1e, KOTOPOE PACCMATPHBAETCS Kak
pusuyeckuit nykaon. Ocrapias MacCy (U3HYECKOro HYKJIOHA HEON-
penenennoi, npobyem pewnTs ypaprenue (2.5.10), ucnosnbsys ofHo-
BPEMEHHBIE KaHOHMYECKHe II€PeCTAHOBOYHBIE COOTHOUEHus. IIpu
3TOM Mbl OOHapy:KHBaeM, 4TO cooTHOweHHe (2.5.10) He ynoBaerBo-
psiercst npH J000M BEIGOPe Macchl (PH3HYECKOro HYKJOHA. Torga B Ha-
Oop ¢pu3HYECKHX NOJIEH BBOAUTCSH HOBHII UJIeH, II0C/Ie Yero MOXKHO y6e-
AHTBCs B TOM, 4TO cootHowmenHe (2.5.10) ynosaerBopsiercsi. Hoswiit
4leH Habopa OKAa3blBAeTCs (PH3HYECKHM JeHTPOHOM, NPEACTABJISIONIHM
€000i COCTABHYIO 4acTHLy. B . 3 Mbl ZeMOHCTPHpYEM NpHMEHEHHE
CaMOCOIIaCOBAHHOIO METOZA BO BCeX JeTalsiX HA MNpUMEpe ORHOH
paspewnMoi MoJelu — TaK HasbiBaeMoH N 8-Mozpenu.

B rn. 6 nmoxasaHo, 4TO MCHO/JIb30BaHUE KAHOHMYECKUX MepeCcTaHo-
BOYHBIX COOTHOWICHH! H TAK Has3biBaeMpiX COOTHoWeHHi Yoppa—Ta-
KaxallH BO MHOTHX CJIy4asiX 3HaYHTEALHO YIPOLAET CaMOCOTJIACOBAH-
Hble BEHIUHCJEHHS,

HexoTopnie npocThie npHMepbl camMOCOrJIacOBAHHBIX BLIUKCACHHI .
YUT0o0bl NOMYUHTh NPEACTABJACHHE O CAMOCOIIACOBAHHOM MOJAXOAE, pac-
CMOTPHM TaMUJIbTOHHAH, OO0JajaoLWUil NPocTOd CTpyKTypoH. A
HMEHHO pPAacCMOTPUM TaMHJBTOHHAH BHAA

H =1 d% le, {at (k) a (k) - b* () b ()} -+
+ v {a (k) b (—k) + b (—k) at (K)}], (2.5.11)

rae a (k) u b (k) — reitsen6eprosckue onepaTopsl, yAOBJIETBOPSIOLHE
GO30HHBIM 1IePECTAHOBOUHEIM COOTHOLIEHHSIM, €&, H Vi — IOJIOXH-
TeJbHO ompejeseHHble (YyHKUHH aprymenta k2, npuueM & > vi.
KOHKpeTHBIM npuUMepoM NOA0GHOH CHCTEMBI MOTYT CJYXKHTb CIIHHO-
Bble BOJIHBl B aHTH(eppoMarHetHkax [9].
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[Tockonbky ramuiaproHual (2.5.11) umeeT BHJ, He COBHAAAOWHUN
¢ BUAOM CBOGOAHOrO ramusabtonnana, a (k) u b (k) ne nmelot cMbicia
ONepaTopoB YHHYTOXKEHHs (PH3HUECKHX YacTHL.

[Tpumensisi npeoGpasoBanve bBoromotGosa (2.4.4) u (2.4.5), rae
cp = ch 0, dy = sh 0,, MoxuO samucaTh ramuiasToHHaH (2.5.11)
B JApyroit ¢opme

H = H, + W, (2.5.12)
TJie
Hy = 1 | ko, [t ®) @ k) + Bt (K) B (k)] (2.5.13)
31ech BuiGop B, npousBeseH B BUAE

ch20, =—— | sh20,==—s—B .  (2.5.14)
N CGEEARE (e =)

Coraacno (2.5.13), oneparoput o (k) u p (k) saBasioTCcst onepatopamu
YHUYTOXKEHUS (H3MYECKHX YACTHML, H Hame TuIb6epTOBO MPOCTpaH-
cTBO gBasercsa npoctpancTBom Poka 6 o, 1. Dneprus pusnueckoi
yacTHIb A0y, U SHEPTHS BAKyYMHOTO cocTossHUA Wy, KaK JIETKO HalTH,
HMEIOT BHJ,

op = (8% —Vi)'2, (2.5.15)
Wy = 78® (0) | d% (0, — &) (2.5.16)

3ametuM, uTO, HECMOTpS Ha GecKOHedHoe 3Hauenune W,, MJIOTHOCTh
SHePTHH KOHEYHa, eC/IM KOHeUHoe 3HaYeHHe nMeeT nurterpan B (2.5.16);
sennyuna 6@ (0) onpepmenena BblpaxenueM (2.4.34).

Ecau Bxoasmue B (2.5.11) oneparopst a (k) u b (k) yrosnersopsior
(epMHOHHBIM COOTHOLIEHHSIM aHTHKOMMyTaluu (2.4.40)—(2.4.42),
To mnpeobpasoBanue BoromoGosa (2.4.38) u (2.4.39), rae

SN 20, = — ———F —— (2.5.17)
)T

L
(e +vi)7

npusoaut H k BuAy (2.5.12), npuuem
wr = (e} + vi)'s, (2.5.18)

Wy = —h8® (0) | d% (0, — ). (2.5.19)

Cos 20, =

3aMeTuM, YTO B paccMaTpHBaeMOM (epMHOHHOM Caydae Her HeoGxo-
JIUMOCTH B YCJNOBHH &j > V.

Paccmotpuwm emme ofuH npumep — Mofesn» Ban Xosa [2]. B sroii
MOJeJNH TaMUJbTOHHAH HMeeT BHJ

H =1 &% leat (k) a (k) + vy {a (k) + at (K)}], (25.20)
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rie ¢ (K) — GO30HHbBIE ONMepaTopPhl, a ¢-4HCJIa €, H Vv, — BEILECTBEHHbIE
¢pyuxuin k2. [Tepepopsiee raMuapToHnad B GopmMy (2.5.12) npeobpa-
sopanue BoromoBoBa ectb capur noas (2.4.51), a umenso a (k) =
=~ o (k) + ¢, Ta€ €, = —Wu/e,. Torna nmeem

O, = &, (2521)
Wy — —h8'" (0) | d (viles). (2.5.22)

B paccMOTpenubIX caydasix NOAY4eHO CHIBHOE COOTHOuleHHe A =
— H, - W,, aue caaboe cooTHolLeHue Buja (2.5.10), 1. e. (a|H|b) =
== {a|Hy|b) + Wo{a|b). D10 06BACHAETCS CIAUIIKOM YTIPOLLEHHBIM
XxapakTepoM Mojenefi: ramMuipToHHAaH (2.5.11) COIEPKHT TOJNBKO
Guanneinpie wienbl, a rampaproHuan (2.5.20) — OunuueiHpie U
JuHefinsie.

Jlunamuueckoe oTobpaxenue. OOpaTuMcs Tenepb K BPeMEHHOH
3aBHCHMOCTH OMEpPaTopoB (DH3HYECKHX HACTHI[ H Tefi3eHOepTOBCKHX
oneparopos. IlockosibKy H,, Ompele/seMbiil BbIpaXKeHHEM (2.5.5),
— PAMHJIBTOHMAH (PUSHUECKHX YACTHL, BPeMEHHAs 3aBHCHMOCTDb Oniepa-
TOPOB YHHYTOKEHHS (PU3MYECKHX UYACTHI[ MMEeT BHI

a (k, 1) = efolo (k) e-iHut = (2.5.23)

= a (k) exp [—io (k) ¢]. (2.5.24)

COOTBETCTBEIHO JJTS SpMHTOBO COHpﬂ)KeHHOI‘O onepaTopa noJiyuaem
at (k, 1) = elfotat (k) e ol = (2.5.25)

= ot (k) exp lio (k) ¢1 (2.5.26)

(smece H, = Hy/h).

C JApyroii CTOPOHBI, BPEMEHHAs 3aBHCHMOCTD reisen0eproBCKUX
onepartopos a (k, {) onpegensiercs ypasuenuem l'efisentepra, Hin KaHo-
HIYECKHM YpaBHEHHEM JBHKEHHS

i —2-a(k, ) =la(k, ?), H], (2.5.27)

TaK 4To
a k, t) = eiflg (k) e-ift, (2.5.28)

rne H = H/A.

B cayuae 6030HOB C raMusabToHHaHoM (2.5.11) npeobpasosanne
BoromoGosa (2.4.4), (2.4.5) onpefe/nser BPEMEHHYIO 3aBHCHMOCTb
refi3eH6EProBCKUX ONEPATOPOB C/IEAYIOWUM 06pasoM:

a(k, 1) = ch 8, " o (k) — sh0,e"+*BT (—k), (2.5.29)
b(k, 1) = ch8,e Kf (k) — sh 0, K e™ (—K). (2.5.30)
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B cayuae depmuonoB ¢ ramuibronuanom (2.5.11) maxogum
a(k, 1) =cos Oe” o (k) — sin ,e’W'BT (—k),  (2.5.31)

bk, 1) = cos 0,e” "+ B (k) - sin 0,e"°k'e" (—k).  (2.5.32)
B cayuae mogenn Ban Xosa (2.5.20) numeem

ak, t) = e o (k) - c,. (2.5.33)
Coornomennst (2.5.29)—(2.5.33) onpefensioT Bce MaTpHUHblE
S/IeMeHTH rei3eHGeproBekux onepatopos, a umenuo (ala (k, #)|b)

u (a|b (k, £)|b) mexny Bextopamu B mpoctpanctBe Poka H8 [
(usnueckux yactuu. Hanpumep, us (2.5.33) caenyer

(ala (k, ]b) = "' (a]a (k)| b) + ¢, (a|b). (2.5.34)

Hpyrumu  cioBam, cootHomennsi (2.5.29)—(2.5.33) nokaswiBaior,
KaKHM 00pa3oM refi3eHGeproBCKHe ONepaTophl PealH3yioTCs B npex-
CTaBJEHHH (H3HUECKHX YACTHL. DTH COOTHOLIEHH S BhIpaxKarwT pe-
wenns ypahenus IeiisenGepra (2.5.27) B TepMuHax omepaTopos
¢usnueckux yactun a (k) u B (k). Bepasernue maroeo poda naseisaemcs
Juramuseckum omobpaxcenuem. B paccMOTpeHHBIX BHILIe IPOCTBIX
NpHMepax JAWHAMHYECKHE OTOOpa)KeHUs JNHHEeHHB [C JomoJHHTEND-
HBIMH CJIaraeMBIMH ¢, (c-4HcaaMu) B cydae (2.5.33)] u Bepakaiotes
CHJIbHBIMH COOTHOLUEHHAMH (2.5.29)—(2.5.33). Ho B GoJee ci0xKHBIX
CaydasX NHHAMHYECKOE OTOOparkKeHHe CONEPKHT NPOH3BEJCHHS BbIC-
Iero Nopsijika 1o OneparopaM POXAEHHST M YHHYTOXKEHHS (pU3HYe-
CKHX YaCTHI H ONPEJJNEHO TOJbKO C TIOMOLLbI0 MATPHUHEIX 3J1€MEHTOB
(caabbie coommowenusn). Ml BepHEMCS K STHM BOIpocaM Huxe. B pac-
CMOTDPEHHBIX BLILIE MTPHMEPax C MIOMOLLBIO PelleHHH ypaBHeHus [eiizen-
Oepra, BbIpaKeHHBIX Yepe3 ONepaTophl CBOGOHBIX MOJIeH, yaaercs
€CTECTBEHHbIM 06pa3oM sanucatb H B Bune H, + W,. 310 HITIOCTpH-
pyeT ofulyio CHTyalHuio, B KOTOPON pelleHHs ypaBHenuii I'efizen-
Gepra yaoBJAeTBOPSIOT yeioBHIO (2.5.10) 1A npexctaBneHus ¢dusu-
YEeCKHX YacTUL. 3aMeTHM, 4TO, BOOOILe rosops, ycaosue H = H, -4
+ W BEINOHSETCS TONBKO B CIAGOM CMBICJIE, XOTS B PACCMOTPEHHBIX

BBbIIIE MPOCTHIX NPUMEPAX OHO BHIMOAHAJNOCH TAKXKE H KaK CHJALHOE
COOTHOIIIEHHE.

i

HopmanbHoe npoussesenue. [Ipu NOSBIEHHH B AMHAMHYECKOM
OTOGpaKeHHH MPOU3ZBEJEHHH BBICUIHX NOPSAKOB MO onepatopam ¢u-
SBUYECKHX YACTHIl UX CJelyeT pacnosarath B BHJE JHHEHHBIX KOMGH-
Halliil TaK HasblBaeMBIX HOPMAJTBHBIX TPOH3BEACHHUI. HopManbHBIM
HAasbIBAETCST NMPOM3BEJEHHE OIEPATOPOB POXKACHHS H YHHUTOKEHHUS
¢pusnueckux wactun at (k) u a (k), B koTopoM Bce OIIePaToOpbl  POXK-
ACHHSA DAacno/iaraloTCs cJjeBa OT BCEX ONePaTOPOB YHHUTOMKEHHS.
Takum o6pasom, Bce onepaTopbl YHHUTOXKEHHS B HOPMAaJbHOM HPOU3-
BEJEHHH YHHUYTOXKAKT UaCTHLBL B KET-COCTOSHHMH, TOINA KaK Bee\ome-
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paTopbl POXK/EHHS POXKAAIOT YACTHIEL B Opa-cocTostHHH. MHbIMU cito-
BaMH, TIPH BbIYUCJIEHHH MAaTPHYHBIX 3JIEMEHTOB HOPMaJIbHBIX NPOH3-
Be/leHHI He BCTPEYaloTCs CIIapHBaHHd ONepaTopOB POXKACHUS U YHUY-
toxenus. EciM HopManbHOe NPOH3BEIEHHEe COAEDPXKHT 71 ONepaTopoOB
POXKIEHHS M /M ONePaTOpPOB YHUUTOKEHHSI, €r0 MATPHYHBIE JIEMEHTHI
COOTBETCTBYIOT IMepexo]y M3 COCTOSIHHA C m YACTHHAMH B COCTOSIHHE
¢ 7 4AaCTHIIAMM. DTO CBOHCTBO HOPMAJIbHBIX NPOH3BEIEHHH JesaaeT HX
Bceria yAOGHBIMHM TNPH 3alHCH JAMHAMHYECKOTO OTOODAXKEHHS.

Pesiome. B 3TOoM pasnese BBeleHbl CJAEAYIOUHe NMOHATHS: (QH3H-
yecKasi 4acTHiua, rpejcraBleHHe (PU3HYECKHX YAaCTHL, AMHAMHYecKoe
oTo0pakeHue reli3eHOGEPrOBCKHUX OMEpPaTOPOB H HOPMAaJNbHOE IIPOH3BE-
JileHle ONnepaTopoB (PU3HYECKHX YacCTHI.

2.6. CeoGopgHble nona AnA HU3HYECHKUX HacTuy

CeoboaHble ¢u3nuecKMe moasi. B 3TOM pasjiene BBOAUTCH ofnepa-
TOpP, OMHMCHIBAIOLUIMHA NPOCTPAHCTBEHHO-BpEMeHHOe NOBejieHHe (H3HYe-
CKHX YacTHIl. DTOT ONIEPATOpP HA3pIBaeTCs ONepPaTopoM CBOGOJHOTO
(PU3HYECKOTO IOJIS.

MpocTpancTBEHHO-BPEMEHHAS 3aBHCHMOCTb ONEPATOPOB POXKAEHHS
H yHHuYTOXeHHs. JIJ1s mocTpoeHHs] CBOGONHOrO (DH3HUECKOTO NOJA
paccMOTPHM NPOCTPAHCTBEHHYIO M BPEMEHHYIO 3aBHCHMOCTH oOnepa-
TOPOB POXKIEHHS M YHUUTOXKEHHS (PH3HYECKMX YacTHI. Bpemenuas
3aBUCHMOCThL ONHCHIBAETCST BhIpaxkeHUsAMH (2.5.24) u (2.5.26):

a (k, 1) = a (k) exp [—io (k) 7], (2.6.1)
at (k, ?) = ot (k) exp [io (k) £]. (2.6.2)
ITockonbKy onepatop uMmnyJdbca P siBjsieTcst reHepaTOpoM IPOCTPaH-

CTBEHHBLIX CABHMIOB, NIPOCTPAHCTBEHHAS] 33BHCHMOCTD ONEPaToOpPOB POXK-
JEHHS M YHHUTOXKEHHS OTIPEAesIeTCs CACAYIOUIHM 00pa3oM:

at (k; x, )y =e"T*a (k, {)e'Tx = (2.6.3)
= a (k) exp [ {kx — o (k) {}], (2.6.4)
ot (k; x, 1) =eiTxat (k, 1) eT* = (2.6.5)
=at (k) exp [—i {kx — o (k) #}], (2.6.6)

rae T = P/fi. Cnegyer OTMETHTH, UYTO 0NEPAMOp YHUUMOXNCEHU 06-
aadaem ompuyamenrsroll wacmomoil, a onepamop poiOeHus — noao-
ocumenvroll.

TpeGosanusi, HakJaAbiBaeMbie Ha CBOOOAHbIE (DU3MYECKHE MOJs.
[Torpe6yemM, uToGel CBOGOAHOE (hU3HYECKOe NoJe ABIAJOCH JHHEHHOH
komGuHauuei oneparopos a (k; x, f) u a’ (k; X, ) ¢ kosppuureHTamy,
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He 3aBHCAIMMH HH OT X, HH OT f. [Torpe6yem, Kpome TOro, 4ToGul CBO-
GoaHble (DH3HUECKHE TI0JIS CTPOUIHCH TAKUM 06Pa3oM, UTOGH CYLIECTBO-
Bajsa NPOUEAYPA INPOCKTHPOBAHHS, MO3BOJASAIINAL H30ABHUTBCSA OT
BCEX ONEePAaTOPOB POXKAEHHS WK yHHUYTOKEHHs. DTO TpeSOoBAaHHE ra-
pPanTupyer, 4TO JuHnamuuecKue omobpascenus onepamopos I eiizer-
Gepea mozym Goimo evipasicerst Uepe3 npousseOerus cobodHbIX (husi-
4ecKux noaetl, XOTs TEPBOHAYaJbHO JAHHAMUYECKHE OTOGpaKeHHst
BLIDAXKAKOTCA Yepe3 ONePaTOPHl POXKACHHS H YHHUTOXKEHHA. B KoHIe
STOTO pasje/sa IOKa3aHo, KaKHM 00pa3oM VJOBJIETBOPAIOTCS 3TH
TpeboBanus. Ecan dusuueckast yacTuua o6aanaeT CIHHOM HJIH Apy-
THUMH CTENEHSIMH CBOOO/IbI, TO HMEETCH HECKOJIBKO ONEPaTOPOB YHHUTO-
XeHus1, a umedno a (k; x, #), r = 1, 2, .... [Ipu Hanuyuu OJIHOBpe-
MEHHO YacTHU W JAHPOK (MJIH aHTHYACTHI) MOXKHO HCHOJIb30BATh
ol pgas wactuu u B s ABIPOK.

Ypasnenus csoGopHoro nosst Aist GuaKueckux nosei. [TocKoIbKY
¢pusnyeckoe nose ¢ ABJSETCH CYNepHO3HINeH MAOCKUX BOH (2.6.4)
H (2.6.6), oHO YJOBJETBOPSET OAHOPOJHOMY AM(dEpeHIHATLHOMY
ypaBHEHHIO

A (0) 9° (x) =0, (2.6.7)
rae x = (X, ). Ecan ¢usnueckast yacTHua o61a1aeT CIHHOM HJH APY-
THMH CTeNeHsIMH CBOGOALI, ¢° (X) MpPEACTABJISIETCS BEKTOPOM-CTOJG-
LOM:

34

¢ (x) = ; (2.6.8)
@n

B 5TOM caydae A (J) aBasercs MaTpuueil n n. Hanpumep, 1is anek-
TpoHa ¢ — cnuHOBBIH ay6nerT. B crondue (2.6.8) oGweauusiores
OOBIYHO TONIBKO MOJISA, HMEIOUIHE OJHHAKOBBIIT SHEPIETHUECKHUIT CIeKTP
o (k): B nanbpHeiimemM Mbl GYAEM CUMTATL 3TO YCJAOBHE BBLIMOJHEHHDIM.

Kaaccudnkauus ypaBHeHHit cBoGojHOrO noas. Ypasuenue (2.6.7)
HA3bIBAETCST ypaBHeHHEM CBOOOAHOTO MOJS THHA |, eCiH OHO MOKeT
ObITh CBEJIEHO K YPaBHEHHIO HA COOCTBEHHbIE 3HAUECHHS

(i0/0t — & (V)) ¢° = 0, (2.6.9)
H ypaBHeHHeM THHa 2, eCqH CGOTBETCTBYIOULiee YpaBHEHHE HA CO6CT-
BeHHBIE 3HAYEHHS] HMeeT BHJ,

(0%/0t* + w* (V) ¢° = 0. (2.6.10)
Hudpepenunanpupie onepatopr & (V) 1 o (V) B ypasHenusax (2.6.9)
¥ (2.6.10) onpenenennt cienyomuM 06pasom:

e (V) efkx =g (k) e’kx u 7. 1.; (2.6.11)
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yKasaHHOoe omnpefenenue Ju(depeHIHaNbHHIX ONEePATOPOB HCNOJb-
3yeTcs Ha NPOTSKEHHMH BCeH KHHIH. 3aMeTHM, UTO B Cjlydae ypaBHe-
nust tuna 1 sueprust o (k) gaercs BeipaxkenueM | & (k) |. Eciu Benn-
yuHa ¢ (k) HeoTpHuaTe1bHA, TO @ BKIIOYAET TOJIBKO ONEPATOPHI YHUY-
roxkenusi. Ecau e (k) craHOBUTCS OTpHIATEbHOH B HEKOTOPOH 06-
nactu sHauenuit k, to ¢ colepxUT Takxke OnepaTopel pPONKIEHHS.
[Tocnentee MOXKeT BOZHHKHYTh TOJBKO B TOM cayuae, ecian ¢° — dep-
muoHHoe noje. Orpuiarensisle aHayenns ¢ (k) COOTBETCTBYIOT ABIPOY-
HBIM COCTOSIHHSIM (pepMHOHOB. B ciydae ypaBHenus tumna 2 mnose ¢°
COJIEPKUT KaK OIepaTopbl YHHYTOMKEHHS, TaK U ONEPaTopnl PoxKie-
HYfA, COOTBETCTBYIOIIHE KAXKAOMY 3HAUEHHIO UMMYJbCA.

Hususop. U3 ypasuenuit (2.6.9) u (2.6.10) cienyer, 4to doascers
cyuecmgosame  dugdepernyuarorotl onepamop d (0), ydosaemsopsaro-
WUl COOMHOUEHILIO

d(@)A©0) =i —& (V) (2.6.12)

JJIsl ypABHEHHUsI THNMA | M COOTHOLIEHHIO
d (0) A (0) = —(8%*/08 + w*(V)) (2.6.13)

JJ151 ypaBHeHMsl THa 2.

Omnepatop d () HaswiBaercss Oususopom') ypaBHeHus (2.6.7).
ITokaxkeM, 4TO C IIOMOILIBIO 3TOTO ONEPATOPA MOXKHO IOCTPOUTL (PYHK-
uiio I'puna asist ypaBHeHud (2.6.7). 3amMeTuM npexjie BCero, UTo B CHY
(2.6.12) u (2.6.13) det [d (9)] det [A (9)] 5= 0, mockoabKky npous-
BOZHBIE 0/0t u V HesaBHCHMBI ApYT or jppyra. Takum ofpaszom, omne-
patopsl A (0) u d (0) He SABJSIOTCA CHHTYJASPHBIMH U IOTOMY 0BJMafaoT
obpatumiMi onepaTtopamu. [Ipumensisi oneparop A-' (0) k obeum ua-
cTsIM paBeHcTBa (2.6.12) m 3ameuas, 4To moJaydawouiasacs B NpaBoH
YaACTH MATPHIIA KPATHA eIMHUYHON, HAXOLHM

A (0) d (9) = idlot — & (V) (2.6.14)

JAs1 ypaBHeHus1 tTHna 1. AHAJOTHYHO AJd YPABHEHMS THNA 2 MOJY-
uaem

A (0) d (0) = —(0%/08 + o (V). (2.6.15)

O6osHaunm panee uepes Ag (x) dpynkuuwo I'pina moboro u3 ypas-
Henu#t (2.6.12) nan (2.6.13):

(i0/0t — e (V) Ag () = 8 (x) 6 () (tunm 1), (2.6.16)
(@0 + @ (V) Ag (x) =8 (x) 8 () (tun 2). (2.6.17)

1) uBH30p Aast ypaBHeHHs CBOOGOAHOrO TOJISL BlepBbie OB BBEJEH B PeNATH-
BHCTCKON KBaHTOBOj Teopnu most [10]. 3aecs 3710 nonstue o6obiiaerTcs Ha Hepens-
THBHCTCKHE CJyYaH,
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Orcioga mosyuaem BaxHblil- pesyibrar: ¢yskuus d (d) Ag (x) sB-
asercad ¢yukuue#t I'puna ans ypaBHenus (2.6.7):

A (@) d () Ag (x) = & (x) 8 (4). (2.6.18)

Marpuua npusenenus k spmurosy Bupy. Onpegenm ¢byHKIHIO
A (p) paBencrsom

A (p) exp [i (px — pot)] = A (9) exp [i (px — pot)]; (2.6.19)

TOTJla COOTHOLIeHHE A (p) u = 0 17151 BeKTOpA i ABASETCS YPaBHEHHEM
Ha COGCTBEHHbIE 3HAUEHHS, OTKY/1a HAXOANM po == =+ (p). [IocKOMBbKY
COGCTBEHHBIE 3HAYEHHS ® (f) BEILECTBEHHDI, COOTHOIIEHHE A (p) u = 0
JAOMKHO OBITh IKBUBAAEHMHO YPABHEHHIO Ha COOCTBEHHBIE 3HAUYEHHS
JJIsl HEKOTOPOH 3PMHTOBOH MaTpHIBl (C COGCTBEHHBIMH 3HAYEHHSIMH
Po = £ (p)). TeM caMbM NpeanoJaraercsi CyIeCTBOBAHHE HECUH-
2yAapHoll MaTpUUbl v, NPUBOASAWEH 1 A (p) K 3PMUTOBY BHLY

A (p) it = (p). (2.6.20)
llpunnmas Bo BHMMaHMe ycaosue (2.6.19), nosyuaem
At (—0) nt = A (9). (2.6.21)

Hcnonbsys satem Bepaxenus (2.6.12)—(2.6.15), Haxoxum
A (@)1 [d (0) n™*1 = [d (@) n7*1 [y (9) ], (2.6.22)

OTKYJla, a Takxe U3 ypaBueHui (2.6.14) unu (2.6.15) caeayer, uro
d (p) n~' Taxxke SABJSETCS SPMHTOBBIM OMEPaTOPOM:

M dr (—0) =d @) Y, . (2.6.23)

NOCKOMBKY MA (p) — HeCHHryJspHast Martpuua. Martpuua 1 Haswl-
BaeTcsi mampuyeil npusedenus k spmumosy éudy [10].

C yuerom Boipaxkenus (2.6.21) 5pMHTOBO COTpsIKEHHE yPaBHEHHs
(2.6.7) nmaer

¢° () A (—J) = 0, T (2.6.24)

-
rae 0 O3HayaeT, 4TO NPOH3BOJHLIE GEPYTCA OT BEJHUHH, CTOSILHX
caeBa, a ¢ omnpejensiercss CIEIYIOMAM OB6Pa3oM:

9° (x) = @ (x) 1. (2.6.25)

3ametuM, uTo ecau ¢ (x) — BekTop-cToaben, TO §° HOJMKEH OBITh
BEKTOP-CTPOKOH.

JlarpamxuaH ajs cBOGORHBIX (M3HUECKHX noseil. Besnuuna

Zy = [ dixg® (x) A 9) ¢° (x) (2.6.26)

BemlecTBeHHa. O4YeBHAHO, UTO 3TO — JarpaHXKHaH AIsa noas ¢P,
TaK KaK IpHMeHeHue K HEeMY BapHallMOHHOTO MNMpPHHHHIA NPHBOIUT
K ypaBHeHHIO cBoGoaHoro noas (2.6.7).
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BayTpenHee tpousBefienue BOJHOBBIX (GyHKUMii. [Ipeanosoxum,
yTo A (0) ABJAETCS NOJUHOMOM IO oneparopy 0/4¢ He BIle BTOPOH
CTENeHU; Toraa A (d) MOXKHO 3amucarh B BHJE

A (0) = AO (V) + iAD (V) (8/08) + A® (V) (8/08)2. (2.6.27)

Bsenem oneparop [10, 111]

I = A (V) — iA® (V) 3/6t, (2.6.28)

rIA€ HCIOJB30BAHO 0003HAYEHHE

0/ot = 0/9t — d/0t. (2.6.29)
Torxa umeem

[l (0 Te ) = [ dief () (- + 2-) 20 (V) g ) —

w= i [ @xF (910002 — (0100211 (V) g (x) =

= —i [ (IO~ A (—I)g(v, (26.30)

rje 110 NPOCTPAHCTBEHHBIM MePeMEHHBLIM NPOBEJeHO WHTErPUPOBAHHE
no yactam. Ecau f (x) 0 g (X) YAOBJAETBOPSIIOT YPABHEHHIO CBOGOJIHOTO
nosst (2.6.7) la teM cambiM u ypaBuenuo (2.6.24)], To BhIpaxeHue
(2.6.30) obpauaercst B Hynb, a MOTOMY BeJIMYHHA

j d3xf (x) T“g (x) (2.6.31)

He 3aBHCHT OT BpeMeHH. [losToMy YyKasaHHYI0 BeJHYUHY HA3BIBAIOT
BHYMPERHUM npouseederues BOJHOBBIX GYHKUME f (x) u g (x), yHOB-
JIETBOPSIOIHX YDPaBHEeHHI0 CBOGOAHOro nojs (2.6.7). Ciaenyer same-
THTb, YTO BHYTPEHHee Mpou3BeJeHue Buia (2.6.31) He obsizaTenbHO
AIBJISIETCS MOJOXKUTENBHO onpejeseHHeM. 1o cyuecTBy 3T0 CBOACTBO
1 He TpeGyercd, MOCKOAbKY BHYTPEHHEe NIPOH3BeJileHHe He HUMeeT mpsi-
MOTO OTHOLUEHHs K INOHSATUIO BePOATHOCTH. BepoatHocTh Aast (usH- -
UECKHX peaKUHH JHIIb CBS3aHA C BHYTPEHHHUMH I[IPOU3BEASHHSIMH
BEKTOPOB B mpocTpaHcTBe Poxka.

[MonHass opTOHOPMHPOBAHHASA CHCTEMa peINEHM i YpaBHEHUS CBO-
GoxHoro nouast (2.6.7). Mcrosnp3ys npusefeHHOE BHIIE ONPENENeHHE
BHYTPEHHEro IIPOH3BEAEHHS, NOCTPOHUM TeNeph TMOJIHYID OPTOHODMH-
POBAHHYIO CHCTEMY pellleHHH ypaBHeHHs cBoGojHoro mouast (2.6.7).
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Ilpennonoxum cHagasa, 4ro ypaBHenue (2.6.7) sBJisercs ypasHe-
uuem tHna 2. Torja ono o6JajaeT peuvieHNAMH Kak C MOJOKHATENbHOH,
TaK H C OTPHLATEIBHOH YacTOTamu:

w(k, x) — u (k) exp i {kx — o (K) £}], (2.6.32)
v (k, x) = 0 (k) exp [—i {kx — o (—k) #}1. (2.6.33)

37ecb MHAEKC 7 OTHOCUTCS K CTIHHOBHIM WJIH HHEIM CTETIeHSIM CBOOOJDI.
Henons3ys coorHowenne (2.6.19), umeem

Ak wr (K) = O aas ky = o (k), (2.6.34)
ho(—k) o (k) = 0 ana ky = o (—k). (2.6.35)

IToacrasasisi B Buipawkenue (2.6.31) u” (k, x) u ¢" (I, x) BMecTO
f(x) u g (x) COOTBETCTBEHHO, JIEFKO BHJAETH, YTO OHO [IPEJCTaBJseT
coboii cynepnosuiio caaraemelx Buja exp li {o (k) + o (—D} 1.
[Tockonbky BuIpaxenue (2.6.31) He AO/MKHO 3aBHCETH OT BpeMeHH,
OTCIOA CJeNyeT, YTO OHO paBHO Hyaw. Takim o6pasom, noaydaem
CJIe/YIOILYI0 TEOPEMY OPTOTOHAJBHOCTH!

Jd?’xﬁ’ k, x) Tos (1, x) = 0, ~ (2.6.36)

[ s (k, ) Tur (1, %) = 0. (2.6.37)

Bribepem u” (k, x) u v" (k, x) Tax, 4ToObl YAOBJETBOPHTBH CJ/CAYIO-
IEMY YCJIOBHIO OPTOHOPMHDPOBAHHOCTH:

J'd3xﬁ’ (k, x) Tus (1, x) = #8,,6 (k —1), (2.6.38)

[ @xor (k, 2 Tos (I, x) = —Fpd,8 (k —1);  (2.6.39)

CMBICJT 3HAKOBOrO MHOMHTENs p Oyjger mnosicHeH Huke. HMuaexc r
KJacCU(UIMpYyeT COOCTBEHHBIE BEKTOPBl H3 Ha0opa IPMHTOBBIX Ma-
TPUL, KOMMYTHPYIOIWHX APYT € APYroM, a Takxe ¢ A (k) (1 Tem ca-

<>
MeiM ¢ M1}, Takum o6paszom, A5 BCeX BEJHUNH, BXOAAILUX B {2.6.38),
MOXKHO BBIOpATh OfMHAaKOBHIA 3Hak. llockosnbky omepatop & (0)
B ypaBherud (2.6.7) onpejiesieH TOJAbKO ¢ TOYHOCTBIO J0 3HAKA, BCErla

“«>
MOXKHO BHIGpATh €ro 3Hak (a cjaejoBaTesnbHO, M 3Hak I') Takum obpa-
30M, 4TOObl BesnunHa (2.6.38) Obina mnomdoxureapHoH. Ho ecan
3Hak M () ¢ukcmpoBan TpeGoBaHHeM MOJOXKHTENBHOCTH (2.6.38),
3TO ellle He o3Hayaer noJoxkureapnocty (2.6.39). Ilo cyuiecTBy BbI-
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paxenne (2.6.39) MoxkeT HMeTh J11000H 3HAK B 3aBUCHMOCTH OT CTPYK-
>

typsl I'. IMEHHO 5THM O6BACHAETCS NOSABJEHHE 3HAKOBOTO MHOXKHTE/I
p — 41 (2.6.40)

B yciaoBuu (2.6.39).
Hcnonbsys o603HaueHud

A (R) eikx — A (V) ek y T, 1., (2.6.41)
nRejieM BeJHUHAY

' (k, E) = M) (k) — 2EA® (k). (2.6.42)
Torma ycaoBust OpPTOHOPMHPOBAHHOCTH, BbIpaxkKAaeMble COOTHOLLIEHH IMH

(2.6.38) n (2.6.39), npuMyT BHI
ar (k) I' Ik, o (k)| us (k) = (2n)72 A, (2.6.43)
o (k) I' [k, —o (—k)] o5 (k) = —(2m)7® pd,.77. (2.6.44)
B cayuae ypapuenuii Tuna 1 pewernsam u” (k, x) COnocTaB/sioTCs
nosoxutenphbe ¢ (k), a pemenusm v (k, x) — orpuuaressHee & (k).

Yc/JI0BHE OPTOHOPMHPOBAHHOCTH BBIPAXKA€TCst COOTHOMEHHAMH (2.6.43)
u (2.6.44).

CTpykTypa ¢u3uueckoro moas. [Tocse npoBeJeHHOH MOArOTOBKH
MOKHO ONpPENeNHTh CBOGOJAHOE (usnueckoe nose. CpoGonHoe ¢usH-
yeckoe moJie ¢° 3ajaercs BhIpaxeHHeM

¢ () = N | @ [ (k) (k) exp (i {k-x — o (K) ) +

)
]

+ o (k) Bt (k) exp (—i {k-x — o (—Kk) £})]1 (2.6.45)
JJIsl ypaBHEeHHH THHA 2 ¥ BhIpaxKeHHEM
o () = | d% {6 [e ()] u (K) o (K) +

+ 0 [—e (—k)] v (—K) prt (—k)} eikx-ie o 1 (2.6.46)
115 ypaBHenui tuna 1. 3xech 0 (x) -— paspbiBHas (QyHKUHA («CTy-

neHpkar»): 0 (x) = 1 gisi x > 0 u 0 (x) = 0 gas x < 0. Orpuuarens-
nple 3Hayenus & (k) MOTYT MOSIBJAATBCS TOJNBKO B Ciyuae HepMHOHOB.

Hekotopbie npuMepbl ypaBHeHHi cBoGojHoro noas. IlpuBeneM
HEKOTOphIE IIPHMEpPH], HJJIIOCTPHPYIOLIHE H3J0KEHHbe Bhile ofuine
coobpaxenus. [IpocToil mpuMep ypaBHenus THIa 2 Aaercs omeparo-
poM BHZa

A (@) = —020f — w® (V). (2.6.47)
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B 3toM cayuae nmeem

n=1 4d@) =1, (2.6.48)
I' = i (0/0%), (2.6.49)
I (k, E) = 2E, (2.6.50)
o=1. (2.6.51)
Torna us (2.6.43) u (2.6.44) caenyer
(k) = v (—k) = Q)" [20 (k) "'/:H'2,  (2.6.52)
OTKYAa
0 () = (20)—2h' e [ @t (—2 ) i tkx—o (k) 11 1
00 () = @) [t (e :

LB e——[[kx-m(~k)t]>. (2.6.53)
[20 (—k)]'/2

Bonee cnoxueifi npumep npencraBasier cofoil ypaBHEHHE CBOGOA-
HOro moJig (DH3HYECKHX 3JIEKTPOHOB B cBepxmpoBoguukax [121]:
M0) = i Ty i AT, — £ (V). (2.6.54)

IT0 ypaBHeHHE THIIA 2, XOTA OHO BKJIOYAeT JIMUIb MPOH3BOJHYIO TIO
BpeMeHH nepBoro nopsifka. B ypasnenun (2.6.54) A — nocrosinHas,
a T — Marpuusl Ilayan pasmeproctu 2 x2:

0 1 0 ﬂz) 10 )
“:(1 o)’ Tﬂ:(i 0] T3=(,0 4)’ (2.6.55)

TaK 4uTo noJie ¢ sBasercs AyGJaeTouM.
Jlerko mokasath, uTtoO -

N = 1, (2.6.56)

d(0) =i o1, + AT, |- & (V), 2.6.57)
d@O)A0) = — (%4—@2(V)>, (2.6.58)
o (k) = () + AY)', (2.6.59)

T =, (2.6.60)

T (k, E) = 1, (2.6.61)

3nech BeqMUHHA &, ONpeeasercs COOTHOWEHHEM &, exp (ikx) =
= ¢ (V?) exp (ikx). M3 ycaoBuit (2.6.43) u (2.6.44) Haxopum

uwt (k) u (k) = (2n)™ #, (2.6.62)
vt (k) 0 (k) = — (2m)~ phi. (2.6.63)
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[TocKOMLKY BeJHYMHA 0V TTONOXKHTEIBHO OmpejeNeHa, NoJdydyaeM
o = —1. (2.6.64)

CranpapTHeIi MeTOJ NOCTPOeHHst BOJHOBHIX ¢yHxuui u (k, x)
n v (k, X) cocTouT B MCHONB30BAHWHM AMBM30PA COIJIACHO COOTHOLIE-
HHAM

uw(k, x) = d (@) n"'wexp {i [kx — o (k) £1}, (2.6.65)
v (k, x) =d (0) '@ exp {—i [kx — o (—K) ¢1}. (2.6.66)

3/ech w H @ — BEKTOP-CTOJIOUB, OnpejessieMbie yeaoBusaMu (2.6.62)
1 (2.6.63). M3 Boipaxkenus (2.6.15) BUJIHO, YTO 3TH BOJHOBBIE (DY HKIUH
YJAOBJETBOPAIOT YypaBHeHHIO A (9) ¢° = 0. B Bupaxenuax (2.6.65)
1 (2.6.66) BmecTo d (0) ucnonpzoBan onepatop d (0) n-!, MOCKONBKY
NOCJAEHHH ABAseTcsa 5PMHUTOBEIM [cp. ¢ (2.6.23) ). Mcnoawsys Bbipa-
Kenus (2.6.56) u (2.6.57), Haxoaum

u k) = lo — Aty + &,15]1 w, (2.6.67)
v (k) = [—o — Aty + g13] @, (2.6.68)

rie o = o (k) = o (—k).
OueBHAHO, YTO

ut (k) v (k) = ot (k) u (k) = 0; (2.6.69)
13 BeIpaxkeHH# (2.6.67) u (2.6.68) Haxomum
ut (k) u (k) = 20wt o — Aty + €,75] w, (2.6.70)

ot (k) 0 (k) = —208" [—0 — Aty -+ 1] @, (2.6.71)

B nanpHefinieM MOXHO NPUMEHUTH JIOGOH BHIGOP @ U @ NPU YCAOBHU
HUX JIHHCHHOH HE3aBUCHUMOCTH; INO3TOMY HCHOJb3yeM MpOCTeHIIHil
BHIGOD

w=c ((1)) & =2¢ (_(1)). (2.6.72)

Torpa n3 (2.6.70) u (2.6.71) moayunm
ut (k) # (k) = 20c® (0 4 g,), vt (k) v (k) = 208 (0 + &).

CpaBuuBas 3TH cooTHowenusi ¢ (2.6.62) u (2.6.63), HaxOAUM ¢ =
= ¢ = [(2n)*20 (0 + ¢,)-/:A":. Tlostomy HMeeMm

w (k) = (2m)="/: /2 ( COSO") (2.6.73)
—sin6, /"’
v (k)= (2m)—"/s /s ( oin 0"> (2.6.74)
.cosf/’ )
rge
cos 0, = [(o + &,)/20 1", (2.6.75)

sin 0, = A/[20 (0 + &)1 = [(0 — &)/20]7:. (2.6.76)
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CBoGojHOe TMOJe [AeTCsl BbIpa)KeHHeM
@0 (%) = j d?k [u (k) a (k) et kx—ot) o (k) ft (k) e—F (kx=0h] (2.6.77)

[IpuBegem mnpocTofi mpumep ypaBHeHHs THna l:

. 0

AO) = ia oV, (2.6.78)

OTKYAa
n =1, d@) =1, (2.6.79)
e (k) = k2, (2.6.80)
T=1, T (k, E)—I. (2.6.81)

Torjga yc/joBHe HOPMHDOBKHM IIPHHUMAaeT BHJ

(k) u (k) = (2m) 7, (2.6.82)

OTKyIa
u (k) = (2m)=*: fi'ls, (2.6.83)
90 (x) = (2m)=" '/ | Phou (k) et kx—e, (2.6.84)

3aech & oBosHauaer & (k).

Mpasuio cymm. Bephemcss K ypaBHEHHIO A5 CBOGOJHOTO NOJs
obmwero Buga (2.6.7) ¥ BBeleM BaxKHOE IIPaBHJIO CyMM. PaccMoTpuMm
cHayaja ypaBHEHHS] THNA 2; MOJy4YeHHBIE pe3YyJbTaThl HETPYAHO
6yner MOAMGUUHMPOBATH IPHMEHHTENBHO K YpaBHEHHsIM THna .

Beenem aBe (QyHKUUH

3

A () = F i 20 |

So (k) SXP Ak lkx — o («=k)#}}, (2.6.85)

obnagaioniie CJAEAYIOIKUMH HHTEPECHBIMH CBOHCTBAMHU:

A (—x) = —A" (%), (2.6.86)
8(t) =A% (1) = — -8 (X) 8 (4), (2.6.87)
(5 +0rW) A= () =0. (2.6.88)

-O6beuHss TI0CTe/IHee CBORCTBO ¢ BhipaxeHueM (2.6.15), nomyuaem
A (0) d (0) A= (x) = 0, (2.6.89)



Keanmosaa meopus cucmem MHO2UX men 57

O603HauUHB pa3MepHOCTh MaTpulbl A (d) 4Yepes 7, PacCMOTPUM
TIPOH3BOJBHBIH MOCTOSTHHEIH BEKTOP

{w,
w,
w=| - [. (2.6.90)
(@n )
Toraa BexkTOpHI
e (x —x)=d @) A= (x—x)w (2.6.91)

SIBJASIOTCS peLICHHSIMH ypaBHeHds nosd A (0) @ = 0. Pasnoxum
HX Mo oproHopmupoBaHubiM pewernsam u” (k, x) u v" (k, x), KoTopbie
jaloTcst Beipaxenusmu (2.6.32) u (2.6.33). ITockonpxy mose ¢*
(MJIH @~) COZEPHHUT TOJNbLKO OTPHUATEJNbHBIE (MM TOJOXUTENbHbIE)
Y4acTOTHI, MMeeM

d@ AT (x—x Yo=Y [ (k, X)u (k, ), (2.6.92)

r

d@) A (x—Xw= Y | %7 (k, ¥)0" (&, 0. (2.6.93)

YuuThEBast yCJI0OBHA OpTOHOpMupoBanHocTH (2.6.38) n (2.6.39),
MOMKHO OnpeieauTh Kosppuuuents ¢; (k, x') caepywomum oGpasoM:

fict (k, x') = jd?’xa'(k, X) Td @) AT (x = x)w, (2.6.94)

her (k, ') =—p | 0" (k, x) Td (@) A~ (x — x) w. (2.6.95)
[ToacraBasst 3ateM Boipaxenus (2.6.85) B (2.6.94), nonyuaem

fict (k, x') = ‘ @ (k, X Tk, ko) d () @i 0 (2:6.96)

_[2(0(1(
C sapyroft croponsl, u3 Belpaxenndl (2.6.27) u (2.6.42) caexpyer
J
I (k, ko):—af'eT?”(k)’ (2.6.97)

OTKYJAa, TNpHMeHss cooTHomenue A (k) d (k) = ky — o® (k), moay-
yaeMm

Tk, ko)yd (k) - A (k) 79“(/:7 d (k) = 2k, (2.6.98)

Takum ofpasoMm, uveeMm
[ar (k, )T (k, ko) d (B))s,m0 1y = 20 (k) @7 (k, x°), (2.6.99)
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TaK 4TO M3 BhipaxeHus (2.6.96) caenyer

hci(k, x') = —iar (k, x) w. (2.6.100)
AHaJIOrH4HO HAXOAHUM
her (k, x7) = ipd” (k, x') w. (2.6.101H)

Okonuarenbno Boipaxenns (2.6.92) u (2.6.93) npuBogar K caenyio-
WEMY NpasUAY CYmM:

| @k (k, %) @ (k, x) = ind @) At (x — x), (2.6.102)

r

2 | ke (k, x) 5 (k, x) = —iphd (3) A (x — x). (2.6.103)

Jast ypaBHeHuit tHna 1 C MOMOKHTEJNbHHIMEH 3HaueHHsiMH & (k)
[= @ (k)] MmoxkHO n0Ka3aTh mpaBuio cymm (2.6.102) npu ycaoBUH, UTO
A% (x) onpezeneHa CAEAYVIOUHM 0O6Pas3oM:

A* () = —i (2m)=3 | dket tex—on, (2.6.104)

I/I3 3TOro pre}leJIeHHﬂ CJIel[yeT
8 (1) A (x) = —ib (x) 6 (9), (2.6.105)
(i~ o)A (@) =0. (2.6.106)

B cayuae ypasuennit Tuna | Bmecto cootHomenus (2.6.98) nomy-
qaem

T (k, ko) d (k) - ?»(k)?zo—d (k) = 1. (2.6.107)

IlepecraHoBouHBIE COOTHOUIEHHS! M CTATHCTHKA. [IoCKOJIBKY ¢°
umeer BUA (2.6.45) ana ypasHenni tuna 2 wan (2.6.46) ansa ypape-
HH# THHA 1, npaBusa cymum (2.6.102) u (2.6.103) npuBoasaT K cienyio-
UM Nepecrian0804HbIM COOMHOUICHUAM:

[of (), @k ()] = ifid;y 9) [A* (x —y) + pp’A™ (x — y) 1.
(2.6.108)

3nech obosnauenue | . A1 KOMMyTaTOpa (AHTHKOMMYTATOpa) OTHO-
CUTCS COOTBETCTBEHHO K OO30HHBIM {(pepMHOHHBIM) IOJSIM, a

0 mns ypaBHeHuH THma 1 ¢ nojoxuteabusiM e (k),
p/ = { +1 nna ypaBHeHu#l Tuna 2 GO30HHOTO MOJSI, (2.6.109)
—1 ana ypaBHeHuii THna 2 (epMHOHHOIO moJs.

Beenem tenepb mpebosanue nputurHocmy, COTIACHO KOTOPOMY
oneparopsl F;, COOTBETCTBYIOUIHE HAG/IONAEMBIM BEIMYNHAM, JOJKHBI
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KOMMYTHPOBATb APYT C APYTOM, €CJIH OHH OTHOCSATCS K PA3JHYHBIM TOY-
KaM TNPOCTPAHCTBA B OAMH U TOT JK€ MOMEHT BPEMeHH, TaK 4TO
[F; (x, 8, F; (y, )1 =0 npu x5 y. (2.6.110)

ITockoabKy BCe HAOMIOAAeMble, CBSI3aHHBIE C ()epMHOHHBIMH NOMSAMH,
ABJASIOTCS (YHKIIHOHAJAMH OT GHAMHEHHBIX KOMGHHALMH (pepMHOH-
HBIX MOJIeH, Tpe6oBaHNE NPHUUHHHOCTH AJ1A HHX BBHINOJHAETCH TOTAZ
U TOJBKO TOTAd, KOTJa

(o7 (x), @k (1)1 6 (4 —8) =0 npu x==y.  (2.6.111)

Jasi ypaBuenus tuma 1 (o = 0) u3 coornomenuii (2.6.108) u
(2.6.105) sicHo, uTO TpeGoBaHHWE NMPHYHHHOCTH BBINOJHAETCS aBTOMa-
THYECKH.

Hast ypaBuenuii tuna 2 us (2.6.85) umeeM
A x—p)+A (x—y =0 npu t, = t,
(2.6.112)

A (- g) — A (= g) = —i @) |

e’k- =y} npu ., =1,
(2.6.113)

Torpa u3 TpeGoBaHMS NPUYHHHOCTH CJELYeT
pp’ =1, (2.6.114)

rjae yureHo cootHomeHue (2.6.108).
Ecau BBeCTH (PYHKILHIO

Alx—y) =AM (x—y)+ A (x—pg),  (2.6.115)

TO II€PEeCTAHOBOYHBIE COOTHOLIEHHSI AJIS CBOOOJHOrO MOJA IPUMYT
BHI

[0® (x), §° (W) ]: = ihd (0) A (x — y) (2.6.116)
JJIsi ypaBHeHHlt THna 2 W
[¢° (x), @ (W) 1L = ihd (0) A" (x — y) (2.6.117)

Uil ypaBHeHU# tuna 1.
Bepnemcs Temepn K ycaoBuio (2.6.114), M3 KOTOpPOro ¢ yueTom
(2.6.109) cuemyer BBIBOJ

-+1 ana 6030HHBIX MoJel,

0 = (2.6.118)

—1 nng depMHOHHBIX TOJEH.

Takum o6pa3oMm, Mbl MPUXOAUM K HEOKHJAHHOMY De3yJ/bTatry. mpe-
6osanue NPULUHHOCMU 00HOBHAYHO Onpedessiem CMamuCmuKy 4acmuy,
ONUCHIBAEMbIX NOACGOIMU YpasHeruany muna 2. [JeHCTBHTEIBHO, B CHITY
TpeGoBaHHsl NMPUUHHHOCTH P = p’, MPHYEM ypPaBHEHHE NOJS ONpeie-
JISeT BEJMYHHY p, TOTAA KaK CTAaTHCTHKA ONpPENEeNsieTcs BeIHYH-
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HO# p’. B ciyuae peJsiTHBHCTCKOIO IIOJIEBOTO YpaBHEHHS COOTHOLIe-
Hue (2.6.118) sBaAsieTcs ycaOBHEM, KOTOPOE NMPHUBOIHT K XOPOIIO H3-
BECTHBIM COOTHONIEHUSIM MEXKAY CIMHOM M CTaTHCTHKOH [131].

Kanonnyecku conpsixeHHas BeamunHa pajs ¢°. B ciayuae, onuch-
BaeMOM ypaBHeHHeM (2.6.47), T. e.

A (@) = —0¥of — of (V), (2.6.119)
coryacHo (2.6.51), umeem p = 1, u, cjaenoBaresibHo, noJae ¢° ZOMKHO

6bITh 6030HHBIM noJeM. B stom caydae d (3) = 1 uw ) = | corsacuo
(2.6.48); caenosatenpHO, H3 cooTHoweHds (2.6.116) wmeem

[0 (x), ¢ (y)] = iAA (x — y). (2.6.120)
Ilockonbky (2.6.87) npuHHMaer BHA
8 (t)%A (xy = —8 (x) 6 (1), (2.6.121)

cooTHotteHne (2.6.120) paer
[@° (x), ¢ (y)] = iid (x — y) nmpu ¢, = t,, (2.6.122)

rge @'t = (9/0t) ¢°t. Orcropa BugHoO, uto Beuunnsl @° H ¢ Kkano-
HHUECKH CONpSIKEHBl APYT APYIY. DTO YTBEPKIEHHE COIJacyercs
CO CTPYKTYpo# JsarpaHxuana ¢ B (2.6.26).

Has npuMepa, onuchiBaeMoro cooTHomeHueMm (2.6.54), korza

AO) = ity - (AT, — & (V) (2.6.123)

HMeeM p = —1 B coorBercTBuH C (2.6.64), oTKyna cjenyer, YTO
¢® — cepmronHoe mose. B sTom cayuae us (2.6.116) umeem

[9° (), §° @), = in (i 57 + ibw + & (V) A (x — ),
(2.6.124)

rie ¢° = ¢’f1;. M3 3TOr0 aHTHKOMMYTAIMOHHOTO COOTHOILEHHS
noJsiyuaem

[¢° (x), oot (y)], = 88 (x —y) I uwpu £, = ¢, (2.6.125)

rie / — efuHMYHAs Marpuua pasmepHocTH 2 xX2. Takum o6pasoM, ¢°
H "t 06pa3yioT mapy KaHOHHYECKH CONpPSIKEHHHBIX MOJIeH, YTO Corvia-
CyeTcsl co CTPYKTYpO# snarpanxkuana Zg.

IpoekTHpoBaHHE OMEPATOPOB POKAEHHS H YHHUTOKEHHS. 3aKOH-
UHM 3TOT paszes TeM, YTO IIPOAEMOHCTPHPYEM BO3MOXKHOCTH MPOEKTH-
POBaHHS OIEPAaTOPOB YHHUTOXKEHUS HJIH POXKIAEHHUS, IPH KOTOPOM OHH
TOJIHOCTBIO HCKJHOYAIOTCH U3 cBoGognoro nodas ¢°. B wauwaje storo
pasiejia Mbl NOTPeGOBANU CYHIECTBOBAHUS COOTHOIUEHUH, CBSSHIBAIO-
KX ONMEPaTOpbl YHHUTOXEHHS M POXKAEHHS CO CBOGOAHBIM (pH3HUe-
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ckuM moJdem ¢, Dto TpeGoBaHHe TapaHTHPYET, YTO AHHAMHUYECKoe
orofpaxeHie, Bhipa)kaipolleecs yepe3 ONMepatopbl YHHUTOXKEHHS H
POXKJACHHS, MOKeT OBITh BBIPAXKEHO TaKkKe uepe3 (hH3UYCCKHE MOJf.
ITokaxeM Tenepb, KakuM o6pa3om MOxHO cBsizaTh o (k) u Pt (k)
¢ ¢° (x). Ecau cBoGoguoe nose ¢° sapaHo B Buue (2.6.45), metonom
NPOEKTHPOBAHHSI MOKHO HCKJIOUHTH ONEPATOPhi POKACHHS U YHHYTO-
JKEHHSI C MOMOILBI GopMyJI

hor (k) = | dw (k, %) T (x), (2.6.126)

Apt (k) = —p | dxo7 (k, ) T (x). (2.6.127)

I1H POPMYJIE HENOCPEJCTBEHHO CaAeAYIoT U3 (2.6.45) npu yyere COOT-
HOIIEHH OpTOHOpMHpOBaHHOCTH (2.6.36)—(2.6.39). O6obmeHnue 5T0ro
paccyskieHus Ha caydail ypaBHeHus (2.6.46) mpeicTaB/asfeTCs oOue-
BHJHBIM.
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FNABA 3

NPEACTABNEHHE ®BU3HUHECHUX YACTHUL,
S-MATPHUA N COCTABHbIE YACTHUbI

3.1. (N, 0)-mogens

Beenenne. B ru. 2 BBeJeHbl HEKOTOpLlE (YHAAMEHTAIbHbIE MOHS-
THS U METOJB, TpeOyeMmble AJIsi NMOCTPOEHHSA KBAHTOBOIOJEBOTO (op-
MajiidMa IIpH OIHMCAHUH CHCTEM MHOrMX uYactuu. B naHHOfl riape
Tako# (opmManusM npeicTaBleH B Hanbosee obmeir dopme. B kaue-
CTBE TOATOTOBHTENBHOrO MaTepHalda B 3TOM pasfiese HCCIenyeTcs
TOYHO pemlaemMasi MOJAEJIb, YTOOHI C €e NMOMOLLbI0 MPOUJLIIOCTPHPOBATD
HOCTPOeHHE NpPEeJACTaBJeHHs (PH3HUECKUX YACTHIL, S-MATPUIY H IOHS-
THE COCTaBHBIX YACTHIL,

(N, 0)-momenb. Dra Mojenb onpejessieTcst AByMs TeiiseHGepros-
ckuMH monsMu N (x) u 0 (x), ypaBHeHus [efisenepra anst KOTOPEIX
HMEIOT BHJ
(ign—awﬁNoy:xj&yjdmux—waQu_@mgoNuw@%

(3.1.1a)
. 0 - _
i5r — ()0 =1 [dty [diza(x — ) aly — 2 N* (9) N (5) 6 2).
(3.1.16)

Ipennonaraercs, uro N (x) — depMHOHHOE moJe, VIOBAETBOPSIONee
AHTHKOMMYTALHOHHOMY COOTHOILUEHHIO

[N (x), N* (1)), 8 (t, — #,) = 78% (x — p), (3.1.2a)

a 0 (x) — 6osoHHOe mOJe, YAOBJIETBOPSIOLEE KOMMYTALHOHHOMY
COOTHOLIEHHIO

[0 (x), 0F ()16 (t, — ¢t,) = 784 (x — y). (3.1.26)
3recy 8* (x) oGosnauaer § (¢,) 8 (x); NPUHATO Takke, yTO
(N (x), 6 (@]1d(¢t.—1t) = IN(x), 8t @ld(t, —1¢) =0, (3.1.28)
a (QYHKIHUSA G (Xx—y) HUMeeT BUJ
a(x —y)=oa(x—y)d(E —1). (3.1.3)
Ynpoctum Janee MOAeNb, IPENNONOXKHB, UTO ¢ (X—Y) sBJseTcs

dynkiume# TOIBKO OT | X—Y [; GYHKLHS & HTPAET POJb O6PE3AIOUEro
MHOXHTEJIA B 06/acTH OGOJBIIHX HMIYJbLCOB,
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KaHoHHYecKue ypaBHeHHS

ih S N@=IN(), Hl, 1400 =I0(), H (3.1.4)

BBINOJHANOTCS, eCJH raMHUJIbTOHHAaH HMEET BHUJ
H = [ (N (1) e (V) N () + 07 (1) ju (V) B (x) +-
A Jdiy [ diza(x — ) a(x — 2 NT () N ()07 (1) 02). (3.1.5)

3aMeTuM, 4TO TaMHJALTOHHAH W ypaBHeHusi [efisenGepra (3.1.1a),
(3.1.16) nHBapHaHTHEL OTHOCHTEJIBLHO JBYX HE3aBHCHMBIX I1peo0paso-
BaHHH (hasbl:

npeo6pasoBanus gasel N : N (x)— e/ N (x), (3.1.6a)
npeobpasoBanns ¢asel 0:0 (x) > ef*:0 (x). (3.1.60)

CamocornacosaHHoe BblYHCJEHMe. [[11 DpOBeleHHS caMocorJa-
COBAHHOTO BBIYHCJEHHSI, KPAaTKO ONHCAHHOro B pasi. 2.5, Heo6xo-
JMM HavaJbHbIH HaGop CBOOGOAHBIX NHOJIEH B KayecTBe «KaHAHNATOB
B (U3HUeCKHEe NOJsl», ¢ KOTOPHIMH CBS3aHO IIOCTPOcHHE (hH3HYECKOTO
npocrpanctBa ®oka. PaccMOTpHM B KadecTBe NPOOHOIO CACAYIOMHMH
na6op: csoGonHoe ¢epmuoHHOe mose N° (x) u cBoGoAHOE GO30HHOE
nosie 0° (x). DHEpruu 3TUX NoJel (OCTaoIHuecs N0Ka HeH3BECTHBLIMH)
o6osnauum m (k) u o (k). 3amuwem ¢ypbe-npeicTaBieHHs 3THX IO~
Jed B BHIE

No(x) = jd%N (kyexp [ikx — im(k)#],  (3.1.7a)

09 (x) =W f d3%0 (k) exp [ikx — io (k) 1]. (3.1.76)

3aecy N (k) u 6 (k) — oneparopbl yHHYTOKeHHst KBaHTOB N® u 6°
COOTBETCTBEHHO, TaK 4TO

[N (k), Nt (D], =8k —1), (3.1.8a)
[0k), 6t ()] =06(k —1). - (3.1.86)

DTH COOTHOINEHHS TPHBOJAAT K KAHOHHYECKHUM I€PECTAHOBOUHBIM CO-
OTHOILLEHHAM A/ CBOOOJHBIX IOJeill

[NO(x), N ()1, 8 (s — 1,) =16® (x —p),  (3.1.9)
[8° (x), 0%F ()] & (£ — £,) = 18 (x — p). (3.1.96)

Iunp6epToOBBHIM NPOCTPAHCTBOM SIBJSIETCA B JAHHOM CJydae IIPOCTpaH-
c¢tBo DoKa, CBS3aHHOE CO CBOGOAHBIMH mousaMu N° u 6°

Hamia 3asaya coCTOMT B BHIYHCJIEHHH MATPWUYHBIX 3JEMEHTOB Ieid-
seHGeprosckux noJei. [losyueHHEIE pe3y/abTaTHl NMPUBEAYT K OnNpe-
ZeJIeHHBIM BEIpamenusM 15 N (x) 1 0 (x) uepes HOpMaJsibHBIE IPOU3-
BeJieHHs1 CBOGOAHBIX (U3HYECKHX IoJeH. DTH BHIpaKeHHS U OyAyT
HpeJCTaBAATh COG0H AUHAMHUYECKOe OoTOOpaKeHMe, BBEJEHHOE B IJI. 2,
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pasa. 5. Urobnl n3bexkaTh Kakoro-au60 NpHOJHKEHHS, PACCMOTPHM
yacTHoe peweHHe ypaBHeHu# [efizentGepra (3.1.1a), (3.1.16), npu xo-
TopoM TnpeoGpaszoBaHue ¢aspl mojs N HHAYIUPYETCA COOTHOLIEHHEM

NO(x) — ef*1NO(x), 8°(x) - 0°(x) (3.1.10a)
HOCPEeCTBOM AHHaMHuecKoro orobpaxenusi N (x), a npeoGpasoBaHue
¢daspi nonss  — COOTBETCTBEHHO COOTHOIUIEHHEM

00 (x) —> 00 (x), NO(x) — NO(x). (3.1.100)

b o
*
*\\\ e x
‘/
P *aq
-~ o
¥, ~p+q+k
I’, "P'Hl*k K \\ P*a*
Puc. 3.1. Puc. 3.2,

Torga puHamuyeckue oroGpaxeHusi HmeioT BHJA (puc. 3.1 n 3.2)

0 (x) = 2,%6° (x) +

+ 1 [ dp [ g [ RNT@N (@ + a—)O(K)e(a, P p + q—k, k) X
x exp [ipx — i{m(p 4+ q — k) —m(q) + o (k)} 1]+

+ 1% [ p [ [ do#6%(—p +Ha-+K)O@OMa(p, —P +q+k; k) X

x exp[ipx —i{o (k) +o(q) —o@+k—p}1+ ..., (3.l.1la)

N(x) =Z/"N' 0+

- #s [ dp [ &g | dok6* (@) Nip +-q — k) B (k) d(p, 4;p -+ q — k, k) X
x exp [ipx — i{o (k) +-m(p q—k) — o (q)}1] -+

41 [ @p | &g [ dRNH(—p -+ q+HIN @N R)b (P, —p+a+Kk; 4.K) X

x exp[ipx —i{m &)+ m(q) —m@+k—p)}tj+---. (3.1.116)
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31eCh MHOTOTOYHSIMH OGO3HAUEHBHl HOPMalbHble NMPOH3BEJEHHs GoJiee
BHICOKOT'O NOPSIAKA, KamJoe H3 KOTOPHIX COJEpKHT Gojiee JBYX OIe-
paTopoB YHHUTOXEHHs H 0oJiee OJHOTrO omeparopa poxjieHHs. Mwm-
NyJbCH B GYHKUHMAX ¢ ¥ d yNOPsAOYEHEl coraacHo npasuay ¢ (N, 6;
N, 9) u 1.1

U3 Beipaxenuit (3.1.11a), (3.1.116) u (3.1.7a), (3.1.76) umaxonum

8 (x)|0) = 0, (3.1.12a)
0% (x) | 0) = Z1/00% (x) | 0), (3.1.13a)
N (%) 0) = 0, (3.1.126)

Nt (x) | 0) = ZL/=N%* (x) | 0), (3.1.136)

rae | 0) — BakyyMHoe cocTosiHHe. 3 3THX BHIpameHHH ¢ ydueToMm
(3.1.9a), (3.1.96) caenyer

(0] 18 (x), 6 (5)1]0) 8 (£, — £,) = ZAdW (x — ),
(O [N (x), N* (1)1, ]0) 8 (t. — 1)) = Z,18® (x — y).

HopmHpOBOUHBIE MHOXKUTENH Z; U Z, ONPEHENSIOTCS C MOMOLILbIO
cootHoweHu# (3.1.2a) u (3.1.26) caenyiomum oGpasom:
Z]_:Z2: 1. (3.114)

YuuTeiBasi cooTHomenus (3.1.12a), (3.1.126) u (3.1.13a), (3.1.136),
u3 ypasHenuil efisenbepra (3.1.1a), (3.1.16) Haxoaum

. 9
(57— 8 (V) (0| No(x) =0, (3.1.15a)
. 0
(z 5 — B (V) (0] 60(x) = 0, (3.1.156)
YTO NMPUBOJHUT K CJeAylomeMy onpenenenuio suepruit m (k) u o (k):
m k) = e, o k)= p,, (3.1.16)
TJle BeHUHHBl &, U [ ONPeJeJeHbl COOTHOLIEHHSIMH
gretks = g (V?) efkx g 1, . 3.1.17)

Bripaxkenus (3.1.16) npeamonaraioT OTCYTCTBHE COGCTBEHHEIX 3Hep-
THH.
Bregem of6osHaueHHs

|0 (k) = 6 (k)| 0), | 0 (k) 6 (1)) =0t (k)6 (1) | O)ur. A (3.1.18)

B 0(%) | (3.1.16) |0(p)O
W (N 0016112 N () M@, nonyusen | 110 10010(@)

a(pt+a—k kop aqq=b(p-+q—k k p, g =0. (3.1.19)
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Boruncmum nanee (N (q—p) | (3.1.16) | N (q—k) 6 (k)) npu p== k.
Ilonyyaem

[o(p) —o (k) —m(q—k)+m(q—p)c(@—p, p; q—k, k) =

=—Eﬁs,;apah~?»ﬁapj dlae(q—1, I; g—k, k), (3.1.20)
rae o, — ¢ypbe-o6pas GpyHKIHH
) =1 [ ik (x —
(X —¥) = | ko exp ik (x — y)]. (3.1.21)

PaccMorpum BpemeHHYI0 3aBHCHMOCTH BTOPOTro CJIaraeMoro B npa-
BOH yacTH ypaBHenus (3.1.11a) u mosoxum ¢ (q, p; p + q — k, k)
PaBHEIM (ypbe-00pasy samasibiBaiollell GYHKUHH, TOTAA H3 (3.1.20)
HOJIYYHM

¢(d —p,p;q—k, k)=2a, [0 (k) + m(q—k) — o (p)—m(q—p) + ie]! X

_ % 3 —1 1 a—

% ( ot [@oe@—1,1; q—k, k)), (3.1.22)

rge e — -+ 0. Orciona Haxoaum
. —— _ hapay 1
C(q p’ py q k, k)_ (23’5)3/2 1 — Al (q’ k) X
1

oW In@—RN—em—ma—pie 123

rue
1@ k)= ] d'poy [0 (k) -+ m (q — k) — 0 (p) — m(q — p) -+ ie]™

(3.1.24)

Ananoruunoe Beuucaenne s (0 (p)| (3.1.1a) | N (q—k) 0 (k))
NPHUBOJHT K PABEHCTBY

d@—p, p; 94—k k) =c(q—p, p; q—k, k), (3.1.25)
YTO MOXKHO YCMOTPETh TaKxke H3 puc. 3.1 u 3.2.

KaHonnueckne cooTHoweHHs. PaccMOTPUM KaHOHHHECKHE Nepe-
CTaHOBOYHbIE COOTHOIIEHHA. [l NPOCTOTH OTPAaHHUMMCH JIMIUB CO-
CTOsIHMSMH, B_KOTOPBIX MMeeTCsl He Gosee ABYX yacThu. PaccMorpum
cHauana [N (x), 0 (y)1 6 (¢,—*t,). ITockonbKy BHIpaxeHue (3.1.102)
HHAyLHpYeT npeoGpasoBanue ¢assl noast N, a (3.1.106) — noss’,0,
oneparop [N (x), 6 (y) ] yunuroxkaer ogun KBant N° u onun kBant 6°.
Cl1efoBaTeJIbHO, JIOCTAaTOYHO BBIYHC/IHTb JIHIUbD MATPHUHBIH 3JEMEHT
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(0] [N (x), 8 (y)1|N, 8). Nunamuueckne oToGpaKEHHs, ompejessie-
mble paBencTBamu (3.1.11a) u (3.1.116), matoor
(O] IN@), 6@ INA—Kk 6kK)S(t—1) =
=T ety [ dpexp {ip (x — y)}exp[—i{m( —K) + 0@} L] X
(2m) 2
X lep, 1 —p; 1 —k, k) —d(p, 1 —p; 1 —k, K] X
X & (t, — 1) =0, (3.1.26)

YTO COrJacyercs ¢ KaHOHMYeCKHM cooTHoweHHeM [N (x), 0 (y)]X
X6 (t—t,) = 0.
AHasoruuHo HaxoJuM

(N(A-K)|[N*(x), 6(@)1|0k)S (. — 1) =
=—b—t) [ | Gt r k0 1m0+
+d*(I+p, k; 14k, p)y +A(1-+k, p; 1+p, k)] X
X exp {—ilx —ip (x — y)yexp[i{m (I -+ k) — o (k)}£], (3.1.27)
e A(+k pl+p k) =a[dged+k pl+k+
+p—q qd*d+p, kl+k-+p—gq, q= (3.1.28)
= [dge+k pl+k+p—qac(+pk
l1+k+p—q, q. (3.1.29)

YTo6H yHPOCTHTL 3aMHCh, BBEJEM OGO3HAUYEHHS

1
F (q, k) = h?»a;%T_—W, (3130)

() =0 (@ +md—aq). (3.1.31)

Torpa umeem
A+ K, p; 14p, k)= oo [ o |F(1+p+ k, @F X
X Eq(U+p+k) —& U+ p+k) - ie] Eg (I +p + k) —
— &+ p+k)y—ie]t. (3.1.32)
C znpyrofi cropounl, u3 (3.1.30) caenyer
F(q, k) — F* (q, k) = —2in|F (q, K)? Z (q, k), (3.1.33)
rie Z (q, k) onpeneneHo coorHoleHHeM
o4Z (g, k) = [ dpa (& (@) —Eo (@) (3.1.34)
Mockonbry &p (q) 3aBuCUT TOBKO OT p? H (p—q)?%, MOXKHO 3anHCaThb
aid’p = N {|q|, cos 0, & (q)1dE, (q) d cos 8d¢/2n, (3.1.35)
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rae 6 — yroa Mexjy BekTopamu q H p, N — HeKoTropast QyHKLHS.
Torna us (3.1.34) caenyer

oiZ (q, k) = [ d cos ON [| Y], cos 0, &« (@)  (3.1.36)

3aMeTHM, 4To, corsiacHo (3.1.34), BenuunHa Z (q, k) mosnoxurennbHa.
YuureiBas coorHomenue (3.1.33), MoxHO mnepenucats (3.1.32)
B CJIeLylolleM BHJE: ,

A(l+k, p; 1+p, k)=
—y(+k p; 14p, k) |- :
=y(tk pil4p W @) GZATp Tk @

X{FU+p+k q—F(+p+k 9} (?glk_T—

1

——‘E‘q—_w) Iy (3.1.37)

rjae

1
a(l+k, p; 1+p, k)=— “z;i};ﬁ e ; (3.1.38)

3ech H B JajpHeHIeM HCIONb3yeTcs COKpaleHHoe o0O3HaueHHEe &g

Bmecto &g (1 4 p + k).
Hcnoabsya dopmyay

Ll onis(0) (3.1.39)

o -} ie o—ie

¥ yuuThiBas paBeHctBa (3.1.24), (3.1.30) u (3.1.34), nepenumem
poipaxkenue (3.1.37) B caeAymoleM BHIE:

A4k, p; 14p, k)=
—2ni gz a(l -k pi 149, Wi (4 p+k k) —

—omia(l+k, pi 1--p, Kog'F (4 p-+k p)+

d%q F(i+p—+k, q)

X( aq-—ék+is - aq—é,,+ta )*

. &g F*d+p+k q
—a(l+k, p; 1+0p, k)j eF GZ(FpFk 9

X ( ! — d ) (3.1.40)

Ba— G E—E,—e
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3aMeTHM, YTO MEepPBOe M BTOPOE CJaraeMble PaBHBI COOTBETCTBEHHO
[—A%(@2n)/:] ¢ (I+k, p; 1+ p, k) u [—A%(2n)":]d* (I4+p, k;
14 k, p). Takum o6pasom, nojydaem

ek, o 14 p Wt p ki Tk P+

+ A4k, p; T4+p, k)=

=1 apopfi® j d%q ( 1 A x
- 2m @\ Z(+p-+k q 1—A(1+p+k q
X 1&g — Ek + ie]™ [Eq — &p | ie]™t — xommL. conp.) (3.1.41)
4 113
C3
-
\ P
Puc. 3.3.

3T0 BHIpaXKeHHE ONpeAeNseT MPaBylo YacTb paBencTsa (3.1.27). Bei-
Gepem &, B KauecTBe OJHOH M3 TNEPEMEHHBIX HHTETPHPOBAHHSA, H
NycTh &, SIBJASETCS IPAHHYHHIM 3HayeHHEM, C KOTOpOro HayHHaeTcd
rOPU3OHTAJNbHEIA pa3pes B 3Tofl myaockoctd. Toraa BblpaKeHue
(3.1.41) mpHoGpeTraeT cMBIC KOHTYPHOTO HHTErpana, KOHTYPOM AJs
KOTOPOTO SIBJSETCSI ¢; + €y (¢; — OOXOJ CHHSY BEIECTBEHHOH MOJY-
ocH oT oo 10 &), a ¢, — 06X0J TOH e MOJYOCH CBepXy OT &) 10 00).
[ockoabKy MHTErpaa rno 6eCKOHEYHOCTH YAaJeHHOH YaCTH KOHTYPA Cg
PaBeH HYJII0, KOHTYP HHTETPHPOBAHHUS B IJIOCKOCTH § MOXKET OBITh Tipe-
06pa3oBaH B 3aMKHYTHEIA KOHTYD ¢; + €y +- ¢3 (puc. 3.3).

Ecau dpynknus [1 — M (1 4 p <+ k, q) I He umeer ocobenHocTeH
BHYTPH 3aMKHYTOro KOHTypa ¢, uHTerpast B (3.1.41) pasen HyJo,
H paBeHctBo (3.1.27) craHOBHTCA KaHOHHYECKHMM I1€PECTaHOBOYHBIM
coornomenunem. Ho Tak GuiBaer e Bcerfa. Utobbl yOEAHTLCA B 3TOM,
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UCIOJAb3yeM cooTHoweHue (3.1.24), 3amncaHHOe B BUie
I0+p+k q =h |[draf g, —& + il (3.1.42)

W NpHMEM, YTO KOHCTAHTa CBS3H A JONYCKaeT OAHO 3HaueHHe {, mnpH
KOTOPOM

D=2 [dorad [E— &1, §<E. (3.1.43)

3amerumM, 4To Be1MuYHHa { 3aBHCHT OT moJjHoro umnyJasca | + k 4 p,
T.e. £ =0 ( +k -+ p). Yerosue (3.1.43) ynoemerBopsiercs, Ha-
npumep, ecau §, sB/asercs Bospacrawomell GyHkuued r?, A orpuua-
TeNbHa U | A | JocTaTOuHO BeMHKO. PU3HUECKHI CMBICT IBYX MOGJEN-
HHX YCJOBHE COCTOHT B ToM, 4TO0 (N, 0)-B3auMopelcTBHE sSIBJSETCA
OPUTATUBAOMUM H JOCTATOYHO CHJbHBLIM.

Pasencrsa (3.1.42) u (3.1.43) npuBOJAT K COOTHOILUEHHIO

L=Al(-tptk q=H(E —0) | draley— &+ e [§ — B,
(3.1.44)

OTKyJa BHJHO, YTO BKJal B uHTerpuposanue B (3.1.41) maer Jquump
NOJIOCHaA 0COGEeHHOCTh npHU §g == {. Torga mMoxHO 3amucarb

M _ B(l4+p+k i
=M (+pTk @ E,—¢ +n(-+p-+k q), (3.1.45)

rie n (I +p +k, q) He comepxuT mosocHOM ocoBennoctu. Toria
u3 (3.1.44) maxogum

B(l+p—}—k)=<_[d3r(€—jz§%)§—)*l; (3.1.46)

orMeTuM, uto BeanuuHa B (I 4- p 4+ k) nonoxurennHa.
YuuteiBaa pasenctBa (3.1.35) u (3.1.36), us (3.1.41) noayuaem

<‘2nﬁ)——"§/z le(+k p; 1-+p, k) d*(I4p, k; 1+k, p)]+

| 1o — ___nh oporB (14 p + k)

310 cootHomenue BMecTe ¢ (3.1.27) yKkasmpiBaer HA HapylIeHHE BTO-
poro KaHOHMYECKOro cooTHouteHHs B (3.1.2B).

CocTasHble yacTHubl. Ui HCHPABJIECHHS 3TOH CHTYAlMH H3MEHHM
nepBOHaYaJbHEIE HaG0p CBOGOAHLIX (H3UUECKHX OJeH, BBELd B HETO
HOBOe (pepmuonnoe nose VO (x). Mamennm ycaosus (3.1.10a), (3.1.106)
caeayiomuM obpasom: npeo6pasoBaHue noas N MHAYLHPYETCs co-
OTHOILEHHUSIMH

NO(x) > N0 (x), VO (x) — i/ (x), 69(x) —09(x), (3.1.48a)
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P

a npeo6pasoBanHie nmojsg 0 — COOTHOIICHHAMH
00 (x) — ef*:00 (x), VO (x) > e%V0(x), NO(x) - NO(x). (3.1.486)
Takoe NpPeNoNOKEHHEe MOTHBHPOBAHO  TeM, 4Yto V° mpejgcraBisier
co6o#i_«cocTaBHYIO_yacTuly» u3 N u 0. ‘ A ;
B stoM cnyuae pumamuueckue orobpaxkenus (3.1.11a), (3.1.116)
Takxke usMeHsitcs (puc. 3.4) U IPUMYT BUJI :
0.() = 00 (1) + 1 [ p [ g [ RN (@) N (p+q—K) O (k) X
Xc(@ p; p+q—k Kexp lipx —i{m(p+q—k —
—m (@) + o @)1+ n[dp [alg(, p; p+
+DNQVp+1)exp lipx—i{M@p-+1)—
—mD} 1+ ..., (3.1.49a)
N (x) = NO(x) + 7% [ dp [ doq [ ket (@) N (p -+
+q—k) 0k d(p, q; p+ q—k, k) exp [ipx —
— i{o k) +m(p+q—k —o (q}]+

+n[@p[din @l p+) 6tV (p+
+Dexp lipx—i{M@p-+1) —
—o M}t +.... (3.1.49)

31eCh MHOTOTOUHMSIMM OGO3HAUCHBI HOP- i
MaJibHble NPOH3BEJeHUst G0oJee BLICOKOTO

nopsjaka, V (k) — omepaTop YHHUTOXKE- .
Husi kBaHTa VO ¢ ummnysbcom k u snep-
rueit M (k). [Ipu Hanucauuu BeIpaxKeHHH
(3.1.49a), (3.1.496) wucmoab3OBAJCS TOT
¢axr, uto coorHowmenus (3.1.14), (3.1.19),
(3.1.23) u (3.1.25) coxpaHHJIH NpexRHUH
BHJl, HECMOTps Ha HaJjuuue moJsi VO,

Briuncaisis Matprunbie saeMentsl (N (1)| /"rl
@.1.16) | V(p +1) n (8()] (3.1.1a) Puc. 3.4.
|V (p +1)), naxonum
. _ hia .
g(]; p; p“i‘ l)_M(p—{—l)—a)p(p)—-m(l) _‘.dskakg(p P’l_ k, k,p+ 1)7
’ (3.1.50a)
R, pspt+D) =g p;p+1. (3.1.506)

Beoxs panee Bemmunmy

B+ =2]d%kagp+1—k kp-+1), (3.1.5)
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us (3.1.50a) nosyuum

- Ao (o + 1)
gl p; Pt )= e (3.1.52)

IoxcraBnsa nocaepnuit pesyaprat B (3.1.50a), mosyvyaem

1 =M | d%a} (M (p+1) — & (p + 1)1, (3.1.53)
Wi B JApyroi copme
I =M [ droi (M (p 41 + k) — E I (3.1.54)

CpapnuBas (3.1.54) c (3.1.43), naxogum, uro M (p 4 k -+ 1) — co6-
CTBEHHOE 3HayeHHue [, omnpenensiemoe ypaBHenueMm (3.1.43), T. e.

M@P+i+k=2¢ (3.1.55)

HupimMu cnoBamu, sneprus M (p 1 + k) xBanwra V° coBnagaer
C BEJHYMHOH TNOJMIOCHOH ocoberHocTH ¢yHkunu [1 — A7 (I +p--

+k, i

Hopmuposounsiit MHOHTeqb B (p 4 1) B (3.1.52) ocraercs me-
onpenenennnM. Hannune wactunsl VO uamensier cootnomenue (3.1.27)
cJaenyomuM o6pasom:

(N + k) [ [Nt (1), 0 (5)1] 0 ()8 (e —1,) =
=8l — 1) [ (Ghar etk pi 1 1)
+d* @ +p k1+k p}+A0+k p;1+0p, k+
+rgl+k ps1+p+KA*U+p k1+p+

+ k)) exp {—ilx — ip (x — y)} exp Li {m ( +
+ k) — o k)41 (3.1.56)
YuuteiBag, 4TO
gl+k pl+k+pr*d+p k1+k+p =

— fitapan | B (p+14-k)| 2
STt & MeFi+o—5 197

U TNpuHHHMas BO BHuMaHHe (3.1.47), Haxonum
(NI +Kk)| [Nt (x), 6()]]|0.(k))S (¢t —¢t) =0, (3.1.58)

ecau BeOpathk P (p + 1 4 k) caenywomum o6pasom:
-3
|[3(p_|_l+k)]2=(§—n)3-3(l—|—p—i—k). (3.1.59)

Taxum o6pa3oM, KaHOHHYECKOe cooTHomeHHe [NT (x), 0 (y)] 68 (¢, —
—t,) =0 BoccTanaBnuBaercs 6jarofaps HaJH4YHIO YacTHUBI V°.
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U3 onpenenennit (3.1.59) u (3.1.52) cnenyer

. _n @pBYs (p+1) ‘
gl pp b= e rn—em—mm - 189

BBuIYMCISAST MATPUYHEIE SJIEMEHTH APYTHX KAHOHHYECKHX KOMMYTa-
TOPOB (MJIH 2aHTHKOMMYTAaTOPOB), MOXKHO ITOKa3aTb, YTO BHIIIOJIHAIOTCH
BCE KaHOHHUYECKHE NepecTaHOBOUHLIE cooTHoleHus (3.1.2a)—(3.1.28).
YkasaHHoe BHLIUHCIEHHE OI'PAHHYEHO TNOAMPOCTPAHCTBOM TIHAbGEp-
TOBAa MPOCTPAHCTBA, B KOTOpOE BXONAT cocTosiHuA |0), | 0), | N),
| 6, N),| N, N), |6, 0),| V) u ux qunelinpie KOMOHHAUNH; HHKE ITO
MOJANPOCTPAHCTBO Oyner obo3nayaThesl ..

Hcnonpsys pasencrsa (3.1.136) u (3.1.49a), moxkHO MoKasatb, YTO

g, p; p+ Dexp lipx—i{M (@ +1) —m)} ] =
=(NO[6@IVp+1) =

- Wem(nfjdﬁ»ye—ﬂy(ouwy, H0(x, O]V (p ). (3.1.61)

Orcioga sICHO, 4TO JAHMHAaMHuecKoe oTobGpaxenue N (x) 0 (x) umeer
CJCNYIOWUH BUJ:

/s
N0 =L [@idpg t, p; o+ DV @+

xexpli(p+N)x—iM(p--)iL.... (3.1.62)

3necr wmuorotroune of03HAYaeT HOPMaJbHbBIE HpOU3BeieHHs OGosee
BeICOKOTO mopsinka. CorsacHo stoMmy coornomenuo, V (p +1) 8-
JISI€TCS OJHHUM U3 CJIaraeMblX B IMHEHHOH CyNeprosulluy NpH AHHAMH-
YecKoM oOTo0paxeHnuu reisen6eprosckoro omeparopa N (x) 0 (x).
B 371OM ciyuae mbl 3akm04aeM, 4to VO-KBaHT — cocmasHasn 4acmuya,
cocrosimast u3 N u 0. [IpuBesenHsie Bule CO00paKeHUs NOKA3LIBAIOT,
KakKuM 0OGPa3oM COCMOBHAS 4acmuya 6800UmMCs 8 npoyecce camocona-
coeannozo eoiucaerus [1]. TlpumeuatessHO, UTO KAHOHHYECKHE Iepe-
CTaHOBOUHBIE COOTHOLIEHHSI HIPAOT PEINamwIlyl pojb B BOMPOCE O
HaJN4{¥ COCTABHBEIX YaCTHIL.

TamuabTonnan. Mcnonsays nuHaMHyeckue otrobpaxenus (3.1.49a),
(3.1.496), MOXHO BHYHCIUTL MATPUUHBIE DJIEMEHTHI TaMU/IbTOHHAHa H
onpepensiemoro BuipaxkenueMm (3.1.5). Ilpumenssa ypasuenue ['efisen-
Gepra (3.1.16), Moxkuo 3anucarb / B Buge

H= [ (N+ () & (V2) N (x) -+ 0t (x) alte (). (3163
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Uz coornowennit (3.1.49a), (3.1.496) u (3.1.16) umeem

(V ()] | dx0F (1) 0 (1) |V () =

= @) 125 (k — 1) | &p (M (K) —m (k—p)}|g(k—p, b K]
(3.1.64)

(V (k)| ] dNT (x) e (V) N ()| V (1)) =

= 2n)? 728 (k — 1) | d®pm (k — p)|g k —p, p; K) [, (3.1.65)

Tz yureno Takxe pasenctso (3.1.505). Mcnoabsys nanee (3.1.46),
noJ1yyaem

(VI IH|V 1) =

=aM W) BIO Kk~ | €0 o ww—pr = 150
— BM (k) § (k —1). (3.1.67)
Takum obGpasoM, HMeeM

(VWH|V M) = (V ()| Ho| V (), (3.1.68)

rae H, — cBO60AHBIE raMUJIbTOHHAH (PH3HUECKHX TNOJIEH:
Hy = ﬁjd% lo (k) 6% (k) 8 (k) + m (k) Nt (k) N (k) +
+ M (k) V¥ (k) VT (k) V (k)]. (3.1.69)

W3 3TorO BBLIYMCJAEHHS BHIHO, KAKUM 00pa30M ECMECMEEHHO GO3RU-
Kaem c80600HbIL 2aMUNBIMORUAH 048 COCMABHBLX 1ACHiUY,.
Anasoruysoe BBIYHCIEHHE IOKAa3pIBAET, YTO

(a| H|b) = (a| Ho}b). (3.1.70)

HUcnonbsys punamuueckne orobpaxennsa (3.1.49a), (3.1.496), moxHO
noxTBEpAUTh pasenctso (3.1.70) Ans cocroanui |a) u | b), npunag-
nexamux noanpocrpanctBy ¥;. Ta xe 3ajaua Ajsi BCero MNpOCTPaH-
CTBa CTAHOBUTCS Becbma rpomosjkoii. Ho npusenenubie Bile coo6pa-
JKEeHHs T0Ka3bBalOT, KAKUM 00pPa3oM BHIIOJIHSIETCS yCJIOBHE pealy3a-
J[UM NpEJACTABJEHHA (PU3HYECKHX HaCTHIL (2.5.10).
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AcumntoTHyeckoe ycaosre. OGpaTHMCS Tenepb K aHAJNU3y acHMII-
TOTHYECKOro yCaoBusl. C 3T0l LEbI0 MOJYyYHM H3 IHHAMHYECKHUX OTO-
6paxennit (3.1.49a), (3.1.496) caepyiomue COOTHOLIEHHS!

e

(a|0,(0)|b) = (Z;y/z | dkg (k) [ drxexp {—ikx - i ()t} (a] 0 (x) b) =
=<a|jd3kg(k)e(k)|b>+..., (3.1.71a)

(a|Ng(1)|b) = (’;;)// [ kg (k) [ doxexp {—ikx +-
+im() 1) (a[ N (1) b)=(a| | kg ()N (O |b) + ... . (3.1.716)

3nece g (k) — KBajgpaTHUHO-MHTETpHDYemas GyHKUHA, |a), | b) —
COCTOSIHHSA, NpHHaMIexamue dusnueckomy npocrpancTBy Poxa
Ilpu BhBose coornoutenuii (3.1.71a), (3.1.716) yuuThiBanuchp pabeH-
ctBa (3.1.7a), (3.1.76), nawmue ¢ypre-pasaokenne cBOGOJHBIX MO-
Jed.

Kak Buzno us (3.1.23), caaraeMele, npejncraBleHHEE MHOIOTO-
UHSMH, HMEIOT BHJ

1 i
(RS, (E—Ey) t
| dEf (E) g—p—7 . (3.1.72)
Oyuxkuusa «pasmasniBanusy [ (E) BosHukaer Gjarogapsi TOMy, 4TO
COCTOSIHHA | @) U | b) ABNAIOTCA BOJHOBLHIMM NakeTaMd. [Ipu unrerpu-
poBanuu B (3.1.72) ucnosbsyiorcsl caepyiomue (GOpMYJIbL:

. 1 E—Ewt
Jim gy e T =0, (3.1.73a)

. 1 BBt o
Jim g o T (=28 (E — By (3.1.736)

Onpenenum tenepb noas 0in (k) u 6out (k):

(a| j dhg (k) 0" (K) | b) = lim (a|6()[b), ~ (3.1.742)
(al | dkg (k) bout ()[6)= lim (a|05()]0).  (3.1.740)

Torpa n3 pasenctBa (3.1.73a) Buano, uro 0it (k) maercsa coorHoule-
HHeM

oin (k) = 0 (k), (3.1.75)

TaK yro 0in (k) ABJAsercs onepaTopoM YHHUTOXKEHHs Aasi mosst 00
d1o obycnosaeno BribopoM ¢ (q, p; p + q — k, k) u gpyrux xoad-
(GUIHEHTOB Pa3/IOXKEHHS B IMHAMHUECKHX OTOOpaxeHHusiX B BUIE 3a-
nazapiBaomyux ¢ynkumi [em. (3.1.23) 1.
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C apyro#t CTOPOHEI, H3 (3.1.746) Bmecte ¢ (3.1.736) u (3.1.49a)
caenyer

ewt@)=e<m——2M(%w%hjdwjd%N+m)N<p+w:—
—KOME@ pPpt+a—k K+..., (3.1.76)
rae

Aapay 1

E(q_p! p; q—k’ k)= (23’[)3/’ 1— Al (q, k)

X 8lo® +m@—k —o@—m@—pl (3.1.77)
Kaxjoe ciaaraemoe, o6osHaueHnoe muororouueM B (3.1.76), co-
IepKUT §-QyHKIHIO, 4TO OOYyCJIOBJHBAET COXPAHEHHE SHEPTHU MJsi
COOTBETCTBYIOIIETO MaTpUuHOro sJjementa. Hanpumep, us (3.1.76)
u (3.1.77) nmeem

(N@—=D]e@)[N@—K6®)=8p—1)@p—k—
— 20l 2B F (q, ) 8 {0 () + m (a — %) — o (p) —m (a—P)}).
* (3.1.78)

Bxonsimee nose 61 (x) onpenensiercs: Kak cBoGoaHoe nmose 0° (x),
a BeIxofsiee nojge 0out (x) — kKak cBoGopHOE TOJIE

/e
fout (x) = (2’1),/2 [ dokoout (k) exp {ikx — io () 1) (3.1.79)

X

IIpuBeneHHoe pacCyKJeHHE MOKA3HIBAET, KAKUM 06Da30M C MOMOIILIO
reiisen6eproBckoro nogas 0 (x) ycranasjuBaercs CBf3b Mexjay 0O
u Oout,

Boo0ie rosopst, ec/in JHHAMUYECKOE OTOOpaKeHHe reuseﬁéeproa-
CKoro onepaTopa [Hanpumep, ¥ (x) ] copepxuT TONbKO OJHO JUHEHHOE
Ho noJiio caaraemoe (Haupumep, @°), To 1 (x) ocyulecTB/asieT CBA3b
Mexay nonsmu @ u gout. Takum obpasom, Nin(x) u Neout (x)
NOJYYAlOTCA C IIOMOIIBIO MNPEJAENbHBIX M[EPEeXOf0B INpH f — 4 oo
nonsi N (f) B (3.1.716); nHbIMu c10Bamu, refizen6eproBekoe noae N (x)
HBJIHeTCH cszyouum Mexay Nin (x) u Nout (x). Anasorud4no us
(3.1.62) Buano, uro refizen6eproBekuii onepatop N (x) 0 (x) siBasiercs
CBSI3YIOIHM ToJieM Mexkay Vin (x) u Vout (x). Tem caMbiM HJJIIOCTpH-
PYETCsl BO3SMOXKHOCTb CBSI3M BXOJSILETO M BHIXOASIIErO MOJIEH COCTaB-
HOH 4YacTHIBI C [OMOIUBIO npoussedenus eelisenbepeoscKux noaet.

S-marpuua. Beegem rtemepbh S-MaTpHIly, ONPEIEJNHB €e paBeH-
CTBaMH

gout (x) = S—10in (x) S, Nout(x)'=S—INin(x)S, Veut(x)=S-1Vir(x)S.
(3.1.80)
Byaem uckats maTpuuny S, npennojarasi €¢ yHUTapHOH.
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B coorBercTBuM ¢ papenctBamu (3.1.746) u (3.1.486) npeoGpaso-
Banue (aspl Bin —» l%:fin y Vin — ei%:V iv yynynupyer npeo6pazo-
BaHHe 0out 5 go.Qout Jout . eicaf/out ecqy yuyectb, uto N (x) 0 (x)
ABJIAETCS CBA3YIOUIEM MOJEM MeXAy Vit u Vout, AHaJOrHYHO MOXKHO
noKasath, 4to npeo6pasoBaHne (asnl NIt —ef%iNin g Vin - eicaYin
AHLynupyer Nout s gic Nout  Jout , giciJ/out, (rciofna MOKHO 3aKJIO-
YHTh, UTO MAaTPHIA S HHBAPHAHTHA OTHOCHTEJBHO NpeoOpa3OBaHHS
0in > gica@in Nin . gi®Nin  Yin 5 ei%ei®%Vin, J10 O3HAUAET, YTO
€cJId BBIpasuTh S C NMOMOIIBIO JUHEHHOH KOMOHHALMM HOPMaJbHBIX
- MpoM3BeJeHUE CBOGOAHBIX (pu3nUecKUX moJed (Bin, Nin, Vin) 1o Kax-
aptit uien B (S — 1) cosiepKuT onepaTtopsl YHHUTOXKEHHS H ON€PATOPLI
poxneHust napamu. [lostomy umeem

S|0)=]0). (3.1.81)

Hasnee us (3.1.13a) Bmecre ¢ (3.1.14) caenyer
gout ¥ (x) | 0) =01 % (x) | 0), (3.1.82a)
Noutt (x) | 0y = Nint (x) | 0). (3.1.826)

TpancdopmamoHHLIE CBOACTBA, ONpejeseMble paencTami (3.1.48a),
(3.1.486), npuBOIAT K CJAEAYIOILEMY BHIBOAY: KaxJoe caaraeMoe GoJee
BBICOKOTO MOpSiiKa, NPEACTaBJAEHHOE MHOIOTOYHEM B JHHAMHYECKOM
oroGpaxenun N (x) 0 (x) B (3.1.62), conepXuT KaK onepatopbl yHud-
TOXKEHHsI, TaK U ONepaTophl poxKAeHHA. Takum o6pa3soM, Mbl BUIHM,
yto npu Beiuucaenuu Nt (x) 0% (x) | 0) maer Bkiaajq TOAbKO NEPBHIA
yinen (nuHefHbl#l no V) B npaBoit wactu (3.1.62). Toraa, yunteiBas,
uyto Vout gpjsercs BHIXOASIIHM aCHMITOTHYECKHM IIPEEJOM NPOHS3-
Benenuss N (x) 0 (x), nmeem

Voutt (x) | 0) = Vin® (x) | 0). (3.1.828)
Uz coornomennti (3.1.82a)-—(3.1.828) caenpyer
S16 (k) = |6 (K), (3.1.83a)
S|N (k) = [N (k)), (3.1.836)
S|V (k) = |V (), (3.1.838)

rae yureno pasenctBo (3.1.80). Us coornowmenus (3.1.81) caenyer
YCTOHUHBOCTb BaKYYMHOTO COCTOSIHHUS, a U3 cooTHomeru# (3.1.83a)—
(3.1.838) — ycTOAYMBOCTb OZHOYACTHYHHIX COCTOSHHA.

Ucnonbsyst pasencrBa (3.1.80) u (3.1.83), MOXHO C MOMOINbIO
(3.1.78) mosyuuTh MaTPHYHBIH 3JEMEHT S-MaTPHIBL:

(N@—p)0DISIN@—KOK)=0(p—1D) O /—k—
—2ni 2 F(q, W8 lo®+m@—K—o@—m@g—p).
(3.1.84)
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Orciona umeem
(N(@—p) 0 ()[S*SIN(@—K) 0 (R) =6 —1)[6(p—k —

—2ui (S F (4, ) — Z2F* (q, p) + 2niF (,K) Z (q,1) 2+ (q, p) ) ]

X8 lok) +m@—k —o@) —m@—p)l, (3.1.85)

/i€ uCno/b30Bano paBeHcTso (3.1.34). Tak kak coorHowenus (3.1.30)
u (3.1.24) naiwor

(SZF (@, k)~ 2F(a, p))8lo®)+m(q—k)—o(p)—m(q—p)] =0,

1.8
10 paBeHcTBa (3.1.85) u (3.1.33) npuBOAAT K COOTHOLICHHIO N
(N @—p) 0 ()|S*SIN (@ —K)0®R)=5(p—1)8 (p—k.
(3.1.87)
Takum crocoGoM J1erko y6eauThes, 4To
(a| StS|b) = (a|b) (3.1.88)

Anst | a) v | b), nIpHHAIIEXKAWAX NOAUPOCTPAHCTBY F,. D10 ompas-
ABIBA€T CHETaHHOE MPEANOJIOKEHHe 00 YHHTADHOCTH MAaTpHlbl S.
Hasi cnyuast, koraa | a) u | b) npunHagiexar Bcemy NpoCTpaHCTBY ¥,
NOKa3aTesqbCTBO CBOKCTBa (3.1.88) BecbMa rpomosako.

Ypasuenne Bere—Coanurepa. OGumenpuuarthii MOAXOL K usy-
YEHHIO COCTAaBHBIX YACTHI OCHOBAH Ha MHCIONb30BAHHH YDAaBHEHHS
Bere—Connurepa [2]. Amnnurypa Bere—Connutepa fis yactaunt V
ONpeJeNsieTCsl BhipaXKeHHeM

G,y k) = (O[T [N (x), 6 @)1V k)=
=0(L—1)(0|N x|V k) +
10 (8 — 1) (0|0 (9) N ()| V (k). (3.1.89)
B cuny ypasuenus IefisenGepra (3.1.1a) nmeem s G (x, y; k)
(i0/0t; — & (V2)) G (x, y; k)=
= [dE [ ata e — (e —H(OITIOF @ N (90(0), 0]V k),
(3.1.90)
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Orciona umeem
(N(@—p) 0 ()[S*SIN(@—K) 0 (R) =6 —1)[6(p—k —

—2ni(ZEF (@, k) — 22F*(q, p) + 2iF (q,K) Z (g, k) P (a.p))] %

X8 [o@®) +m@—k—o@ —m@—pl (3185

/i€ uCno/b30Bano paBeHcTso (3.1.34). Tak kak coorHowenus (3.1.30)
u (3.1.24) naiwor

(SZF (@, k)~ 2F(a, p))8lo®)+m(q—k)—o(p)—m(q—p)] =0,

(3.1.86)
10 paBeHcTBa (3.1.85) u (3.1.33) npuBOAAT K COOTHOLICHHIO
(N@—p 06M|S*SIN@—Kk6(K)=28(p—1)8(p—k).
(3.1.87)

Takum crocoGoM J1erko y6eauThes, 4To
(a| StS|b) = (a|b) (3.1.88)

Anst | a) v | b), nIpHHAIIEXKAWAX NOAUPOCTPAHCTBY F,. D10 ompas-
ABIBA€T CHETaHHOE MPEANOJIOKEHHe 00 YHHTADHOCTH MAaTpHlbl S.
Hasi cnyuast, koraa | a) u | b) npunHagiexar Bcemy NpoCTpaHCTBY ¥,
NOKa3aTesqbCTBO CBOKCTBa (3.1.88) BecbMa rpomosako.

Ypasuenne Bere—Coanurepa. OGumenpuuarthii MOAXOL K usy-
YEHHIO COCTAaBHBIX YACTHI OCHOBAH Ha MHCIONb30BAHHH YDAaBHEHHS
Bere—Connurepa [2]. Amnnurypa Bere—Connutepa fis yactaunt V

OTIPENENSIETCS] BEIpAXKEHHEM

G 5 k) = (O|T [N (), 0 )1V W)=
=0 (t.—1,) (0| N (9 0 ()| V () +
+0 (8, — £) (010 (4) N W[V (k). (3.1.89)

B cuny ypasuenus IefisenGepra (3.1.1a) nmeem s G (x, y; k)
(i0/ot, — e (Vi) G (x, y; k) =

= At [ e (e — Ha—5 | TOON (X)), 8 @)V K),
(3.1.90)
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TI€ HCMOJNb30BaH TOT (PakT, 4YTO [N_(x), 6 ()] =0 mpu ¢, =1¢,
Vpasuenue eitsenbepra (3.1.16), rnea (x — &) =a (x —§) 6 (¢, —
— Iy), TPHBOJHT TeNnepb K yPaBHEHHIO )

(i0/0t, — w (V3)) (0/0t: — e (V2) G (x, 4 k) =
=ik [ [ dita (x - Ba(e— 9(0]10(y), 0t @ NxOQI V(k)) x
X 8 (fe — 1,) -+ 12 | dUEACAE dTa (x — Ba(x —{a(y — &) X
X &y —C)(O|TIBTEN @@, NTE)NE)BE)NV (k)=

= iMid (x — y) j d¥%a (x — ) G(x, & k). (3.1.91)

z X
:—:@ *——4——‘ Lq—( )
¥ Yy

Puc. 3.5.

3nece wucmosib3oBanel cBofictBa (0| Nt = (0|6t =0, a Takxe
paBeHCTBO

OIT IN (x), 0 1]V ®)=(0|N () 0DV ®) st =t
(3.1.92)
YpaBuenue (3.1.91) MoxHO 3amucaTh B MHTETpaJbHOH (opMe:
G (x, y; k) = —iM1 | dEd*0d%2S (x — B) A (y — §) & X
XE—Da(E—29GE 5 k). (3.1.99)

3ro Tak HasbiBaeMoe ofHOponHoe ypaBHenne bBere—Cosnurepa
(puc. 3.5). 3gece A u S — ¢ynknuu I'puna:

(15— R (7)) A ) = is® (),
(i - — e (V) S (1) = i6W (x).
B ypaBrennu (3.1.93) HET HEOZHOPOJHOTO U/eHA, TaK KaK

(O T [N® (), 6% (»)1|V (k)) = 0.
Beenem tenepr (GyHKIHIO

(3.1.94a)

(3.1.946)

G (x; K) = | d%a (x — 9) G (x, y; K. (3.1.95)
Torza ypaBrenue (3.1.93) npunuMaer BUA
G k) = [d'EQ (x — §) G (5 &), (3.1.96)
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rae aapo
Q(x—E&) = —iMiS (x — B) | diyd'la (x — y) A (y — 0) & (E — 1)
(3.1.97)
Dypoe-o6pas aapa Q (k), onpenessiomuil ero pasJoKEHHE Dypre
1 —
Q (1) = g | Q) e, (3.1.98)
HMeeT BHJ
= i\ 1 o} —
Qw‘“%.wqm_%—mm—n+m%_mm+m (3.1.99)
o2
— !
=M | @l e = (81100

Tockonbky oyukiuus G (x, k) sBasiercs MaTPUYHBIM 3JEMEHTOM
mexny cocrosnuamu | 0) u | V (k)), ona umeer Bux

G (x; k) = G (k) exp {ikx — iM (k) 2}, (3.1.101)

rne M (k) — sneprust xBaura V°. Toraa B cuay ypaBHenuii (3.1.96)
1 (3.1.100) monyuaem

o

OL[ —_—
(1= 28 [ @t prgr—sre—p ) G0 =0.  (3.1.102)

[Tocnexnee osnayaer, uro M (k) sABAsieTcst COGCTBEHHBIM 3HAYEHHEM
ypaBHEHUs

g
MK —o)—mk—T)

L—an | a =0. (3.1.103)
Tem camblM BOCIIPOM3BOAMTCS DPe3YJIBTAT, HNOJNYYEHHBIH NMpH aHAJH3E
ypaBHeHus (3.1.53), u HAMOCTPHpPYETCS] BO3MOXKHOCTD ONpPEeNeIeHUs
3HEPIUH CBA3aHHOIO COCTOSIHUA C NMOMOILBI ypaBHeHus bere—Cou-
IHTEpa. '

Ecnu ucnoabsosats (3.1.95) u (3.1.101), To ypaBuenue (3.1.93)
OpH X = Yy Jaer

(O|N (x) 8 (x)|V (k)) = —iAh J d*&d*T exp {ik§ —
— MK ESKEK—E AKX —DaE—0G(K. (3.1.104) -
C npyrofi cropons!, B cuay (3.1.62) umeem

(O] N (x)8(x)|V (k)) = (;f:)/:/, exp {ikx — iM ()3} [ & lg (k — 1, 1; K).

(3.1.105)
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Jlerko nokasartb, uro ypaBHenue (3.1.104) nepexoxur B (3.1.105)
npH Hcnosib3oBanuy (3.1.62). HeonpenenenHbiis HOPMHPOBOUHBLH MHO-

xurenab P (k) (a cnenoparenbHo, U G (k)) onpenensieTcs, Kak 6bLIO Mo-
Ka3aHO BhILIE, KAHOHHYECKHM TIEPECTAHOBOUHBIM COOTHOmeHHeM. Ipy-
rofi croco6 ompeje/eHnsi HOpMEpPoBouHOro MuoxuTeAs f (k) cocront
B ucrmonb3oBanud  Martpuunoro sgementa (0|7 [N (x) 6 (x),
Nt (y) 6% (y)1]0). IlockoabKy cOTJIaCHO (3.1.12a), 0 (x)]0) =0,
nosyuaem
(O|T [N () 8 (x), N*(y) 6* (9)1]0) =
=0 (& —t,) (O] N (x) 0 (x) N¥ (y) 6 ()| 0) =
=0 (t, — 1) Jd?’k (O] N (x) 8 (x)] V (k)) X
X (V ()| N¥ (5) 6% (4)10) + ..., (3.1.106)

TZie MHOTOTOUHSI 0003HAYAIOT cJaraeMele, COjiepiKallie BCE MPOMEXKY-
TOYHBIE COCTOSIHHS, OTJIMYHEIE OT COCTOAHHI ¢ OfHOH VO-uacTHued.
Hs ypasuenns (3.1.106) maxopum

(O| T [N (x) 6 (x), N* (y) 0% ()1]0) =
= 0 (t — 1) [ d% exp {ik (x —y) — iM (K) (£ —
— t}OIN© 8OV K)P ... (3.1.107)
C npyroft cTopoHbl, BBOAA (YHKIHIO
G(x, y; 2 = (0|T [N (x), 0 (), 0" &) N* (9)1]0) = (3.1.108)
=0 (t. — 4,) 0 (t, — £.) (0| N (x) 6 (4) 6* (2) N* ()] 0) +
+ 6 (f, — &) 0 (t. — 1) (010 (y) N (x) 6% (2) N* (9)[0) +
+ 0 (t — 1) 0 (. —1,) (0| N (x) 67 () N*(2) 0 ()| 0) —
—0(, — 1) 0t — ) (0|0 () O @ NT () N (0)]0) —
—0(t,—1)0(t. —1,)(0|6F @ NT @ N (10 (1)|0) —
—0(t,—1,)8(t, — ) (0]8F Q) N* ()8 (») N (x)]0) (3.1.109)
U TOBTOPsAs BHIKIAAKH, KOTOpHIE HPHBEIH K YDAaBHEHHMIO (3.1.93),
nofyuaeM HeogHopopHoe ypasuenue Bere—Coanutepa (puc. 3.6)
G (e, g5 m) =S (e —m) Ay — ) — M [ dUEAT %28 (x — B) X

XA@y—aE—8a(E—2GGE & m). (31110
Pemas 310 ypaBHenue, Haxoium yHkumio G (x, y; 2), KoTopad HpH
X =y omnpeieaser MaTPHUHBIH 3IJEMEHT

(O] T [N (x) 0 (v), Nt (2) 0 (2)1]0).

CpasuuBasi 3707 pesaysprar ¢ (3.1.107), MoXHO HaiTH MaTPHIHBIA
aaemenT (0|N (0) 6 (0) | V (k)). ITonyuenuslil Takum crnoco6om pe-
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3yJIbTAT HE TOJBKO corjiacyercs ¢ Buipaxenuem (3.1.105) npu x = 0,
HO U Onpeje/sieT TakkKe HOPMHPOBOYHHIH MHOXHTENDb P (k), KOTOpBIH
OKa3bIBA€TCA PABHBIM AHANOTAYHOMY MHOXuTe o B (3.1.59).

CocraBHble H 3JeMEHTAPHbIE YacTHLBI. 3aKOHYHM 3TOT pasjel
3aMeYaHHeM O CBSI3M MEX/Y. COCTABHBIMH H 3JIEMEHTAPHBIMH YacTH-
namy. C 310# esbio BBEEM Motens JIn [3], B KoTopoit umetores Tpu
refizenGeprosekux noas N (x), 0 (x) u V (x). ona N (x) u V (x)
YAOBJIETBOPSIOT KAHOHHYECKHM AHTHKOMMYTalHOHHBEIM COOTHOLIEHHAM

o x
o = *\'>k
X4 7 » 4" g
y y
o+

Puc. 3.6.

7151 pepMuOHOB, a 8 (X) — KaHOHHYECKHM NE€PECTAHOBOUHLIM COOTHO-
IIeHHsIM JJIsi G030HHOTrO nossd. YpaBHeHusi [elisenGepra MMeET BHJ

(i0/0t — & (V) N (1) = g | d'ya (x — ) 0% (4) V (x), (3.1.111a)
(i0/3t — 1 (V) 0 (x) = g [ diya (x — ) N¥ (5) V (1), (3.1.1116)

((0/0t — My (V) V (x) = g _[d‘*yd *x—y)N(y)o(y). (3.1.111p)

OTH ypaBHEHHUS MOLYT GhiTh PELIEHHI aHAJOTHYHO TOMY, KaK 3TO
nenaercs B (N, 0)-monenn. Ypapuenus IeiisenGepra (3.1.111a) —
(3.1.111B) MHBApHAHTHEL OTHOCHTEJbHO NpeoGpasoBanuil (dasbl:

N (x)—>e' N (x), 0(x)—ei%0(x), V(x)—>eatiaV(x). (3.1.112)
[Ipennonaras, 4ro cymecrByioT Tpu dusuyeckux noas N° (x), 0° (x)
u V°(x), pemmm ypasuenus [I'efisenGepra (3.1.111a)—(3.1.111s)

NpH YCIOBHH, YTO npeo6pasoBanue dasnl (3.1.112) ungynupyercs cie-
AYIOIHM NpeoOpazoBaHueM:

NO(x) > e NO(x), 00(x) > e'%00(x), VO(x)—ef®tiaal/0(x),
(3.1.113)
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Torna qunamuueckue orobpaxenus aas N (x) v 0 (x) uMeioT BUA cooT-
BercTBeHHO (3.1.49a) u (3.1.496), Torna Kak ANHAMHYECKOE 0TOOpaxe-
Hue ays V (x) Jaercs BHIpakeHHEeM

V(%) =2Z5(q) VO (x) +... . (3.1.114)
B peayJbrarte BHIYHC/ACHHA NPUXOAHUM K CJAEAYIOMEMY COOTHOIICHHIO
A Zs (q):
af

g B _
z@(1 + & [ prrrae= wE) =1 (31119

Bpenem Temeph NEpEHOPMHPOBAHHYIO KOHCTaHTY CBA3H g, (q)
C NOMOLLBIO COOTHOLIEHHS

gr (@) = Zs (q) & (3.1.116)
Toraa u3 (3.1.115) umeem

2
Qo

1 _ t 2 3
Zs(@) =1 — w8 @ | % grrrra—y—weE - G1117)

IMpexnosiarast BeTHYUHY g7 OTJAHYHOH OT HYJsSA, pacCMOTPHM INPeAea
Zs (q) — 0. Tlpu arom (3.1.117) nepexonur B (3.1.46) ¢ neperopmupo-
BaHHOH KOHCTAHTOH CBHA3H

< & (@ =B(a). (3.1.118)

Kpome Toro, Kax OplIO TOKasaHO, S-MaTpHLa, BhIpakeHHass 4depes
NMEePEHOPMHPOBAHHYI0 KOHCTAHTY CBf3H, corjacyercs ¢ S-marpuuef
aast (N, 6)-mopmenu, ecaum mnoJoxuTb Zs (q) = 0 U HCHOJIB30BaTh
cBsi3b (3.1.118). TakuMm obpasoMm, cCoCTaBHas 4acTHIAa OKa3blBaercs
CnelMabHBIM CJAYYaeM 3JeMeHTapHOH dactuuel [4]; atoT cmenualp-
HBIH cllyya#t cooTBercTBYyeT ycjoBuio Zs = 0.

JIns BLissCHEHHS! (PM3HYECKOrO CMBICJIA 3TOTO Pe3yJbTara NOJIEe3HO
paccMoTperh 3ajauy o Hefitpone n, mporone p u jgeirpoune d. Ilosis-
Jiegue QU3HUECKOrO HEHTPOHA, (PU3HUECKOTO MPOTOHA U (PU3HIECKOTO
LeATpoHA B 3IKCIEPUMEETE MOXKET CTaTh IIOBOAOM JJIfi BBEIEHUSH
refizen6eprosekux nodei 1, p # d. Vs npuBeeHnsIX Bhlie COOTHOLIE-
HHll SICHO, YTO €CJM NEePeHOPMUPYIOWHI MHOXKMTENb Aasi d obpa-
Waerca B HYJb, TO AHTPOH — ACHCTBUTEJNBHO COCTaBHAs YacTHLA.
[Ipu sTOM MOXKHO (OPMYJHPOBATD TEOPHIO C IIOMOIIBIO TOJIBKO IBYX
refisen6epropekux mosed n u p (51

3.2. MNpepcTtaBneHHe PH3HHECKHX 4YacCTHL,
H BbIYHCNEHHS NO TEOPHH BO3MYLLEHHH

Beenenne. TouHo pemaemasi MOeJab, PacCMOTPeHHas B pasi. 3.1,
HJIOCTPUPYET, KaK BHIOAHACTCHA YCJAOBHE pealusallid mpeiCTaBJIe-
Hus (U3HUECKHX yacTull. [JoKazaHo B ABHOM BuJe, YTO TaMHJIbTO-
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HHAH MOXeT OHiTh B CJ1aGOM CMbICJE PaBeH CBOOOJAHOMY TaMHJIBLTO-
HHaHYy (QU3MYECKHX YaCTHI[ Jaxke NpPH HAJHYHH Peakuud Mexjay 4da-
crunami (t. e. npu S 5= 1). CApyroi CTOPOHH, B COOTBETCTBHH C OOBIY-
HOH (GOpMYJMPOBKOH pa3/IOXeHHH B PsJ 0 TEOPUH BO3MYINEHHH S-
MaTpulla BHIUMCJSIETCS] HAa OCHOBE FaMHJbTOHHAHA B3aMMOJEHCTBMA.
Orclofa BO3HHMKAeT MHTEPeCHas 3ajayua: IpPOaHaJH3HDPOBATH, KaKHM
o6pasoM ofbYHAs TEOPHA BO3MYILEHHH COTJAcyeTcs C YCJIOBHEM sl
npejcraBieHuss (QU3HYECKHX YacTHI. DTa 3ajaya pacCMaTpUBAETCs
B JJAHHOM pasJele.

AjnabaTuyeckKd it MHOXKHTENb. BEIYHC/IEHHS IO TEOPHH BO3MYIIe-
HHH OOBIUHO TNPOBOAATCH C MOMOLLLIO BBEJEHHS TaK Ha3HIBA€MOro
npedcmasaerus é3aumodeiicmeus [611). Jlasi ero mocTpoeHust Heo6-
XOIAMMO 3aMEHHTb TaMHJbLTOHMAaH B3auMogelicrBus h (f) Ha
h (f) exp (—e|t|) (anmaGaTHueckKoe BKJIOYEHHE B3aHUMOAEHCTBUSA).
K sToMy npuxoiautcsi npuberatb, IOCKONBKY 4YacCTO HE CYINECTBYET
VHHTApHOTO npeoGpa3oBanusi Mexay mnpeicraBiaenneM Iefisenbepra
H TIPEICTaBJIEHHEeM B3aUMOJCHCTBHSI, €CJIH He BBEJEH aiuabaTH4eCKui
MHOXKUTeNb exp (—e|¢|). Benuuuny h (f) exp (—e|?f|) Mol Gyxem
o6osnavatb uepes A, (f).

Haunem ¢ XpaTKOro H3JI0MXKEHUSA TEOPHH NPEACTaBJEHHS B3aHMO-
neicrBusi. Kaxnomy oneparopy A (£) B npeicrasienun ['efisen6epra
cootBercTByer onepatop A;,: ({) B npeicTaBJeHUH B3aUMOJEHCTBHS,
cBsizaHHb ¢ A (f) yHUTapHBIM INpeo6pa3oBaHUEM

A ) =u () At (%) 2 @), (3.2.1)

rie ¢ o6osuauaer f#,. YHHTapubeifi oneparop u (f) BhiOMpaercs Tak,
4TOGE BBHINOJNHSAJNOCH COOTHOMIEHHE

i~ A () = LAy (), Ho), (3.2.2)

rae H, — cBo60AHbIH raMHJIbTOHHAH (PH3HUECKOT'0 CBOGOAHOTO NoJs ¢°:
Hy = | d%o () at (k) @ (k). (3.2.3)

IIpu BeImosueHuu ycaoBus (3.2.2) ramMuJabTOHHAH B3auMOJEHCTBUA
h, (f) ompenensieTcsi NOCPEACTBOM BpeMEHHOH 3aBHCHMOCTH U (f)
cJefyIomuM 06pa3oM:

i 0w (f) = h, (&) u (8). (3.2.4)

Torza u3 ompepenenus (3.2.1) monydaem
i A (1) = u™ () (A (1), Ho + he ()]0 (). (3.2.5)

1) TloapoGHoe onucanHue NpeiCTaBIEHHs B3aUMOAGACTBHA JaHO B YyueOHHKaX,
IMTHPOBaHHLIX B pabore [6].
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C apyroit cTopoHsl, ecnn H — raMuIbTOHHAH B npejcraBienun [eid-
senbepra, TO

in2-A (x) = [A (x), HI. (3.2.6)

Ypasrenue (3.2.5) nonxuo nepexoautd B (3.2.6) B npenene & — 4-0;
HO3TOMY TOJy4YaeM
H = lim {u™ () [Hy + ke (1) + Wolu ()}, 3.2.7)

e—+4-0

rae Wy — c-uncao. Iockoasky o (k) — sHeprus pu3nyeckoro KBaHTa,
h. (f) HE IOJIKHO MPUBOAMUTEL K NMOABJIEHHIO KAKOTO-J160 CABUTA IHEP-
THu (T. €. cobcTBeHnoi sueprum). MpiMu cioBamu, h, (¢) copepxur
KoHTpusieH cofcrBennoil suepruu. Cornacuo (3.2.7), h () — ounepa-
TOp B IpENCTaBJeHHH B3auMopedcTBHs. IlosTomMy €ro 3aBHCHMOCTD
OT Bpemenu onpejensiercs ypapHenuem (3.2.2). [lpyrumu cioBamH,
NpoM3BOAHAA N0 BpemenHu oT A () nosiBisierca sa cyer AefictBus H,.

Mpencrasaenne ¢uandecknx vacthy. JloKaxeMm Temepb COOTHO-
meHue

{w™ () [Hy + Wo + he )1 u (O}imo = Ho + Q4+ Wy, (3.2.8)

CIIpaBeIHBOe JJisl MalbiX &, Tie Q — OmepaTop CO CJIeNyIOUHM CBOH-
CTBOM:

(a|Q[b) = 0 (e). (3.2.9)

CumBosiom O (&) o6o3HauaTCs BeAUUHHEL Mopsifka €. CocTosHus |a)
M | b) SIBNSIOTCS COCTOSHHSMH BOJIHOBBIX NMAKETOB (uU3WyecKHX da-

CTHI.
Jlns BEIBOA cOOTHOMWEHKS (3.2.8) BCNOMHHUM, YTO (DH3UYECKOE I1oJIe

¢ (x) yHOBJETBOPAET YPaBHEHUIO
g0 i
= —%‘[Ho, @], (3.2.10)
a TIpoM3BOAHAs MO BDEMEHH OT A (¢) ompeenserca AelicTBHeM H,:
3 dh(t
— Hy, ke (9] =exp (—e[{]) JUES (3.2.11)
H3 (3.2.11) nonyyaem coOTHOMIEHUE
d
2w () (Ho, he @11 @)=
=t )~ Ho, b )+ g e Ju ) =

— ((;Lt exp (_~8|t|)) wTOROul). (3.2.12)
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Iockoabky npu ¢ — -—oo umeem u (f) - 1 u h, (f) — 0, Bupakenue
(3.2.12) naer

{u™ (&) o he O] 4 (O}—o= Hy -+ jdt'u*(t)h(t)u(t) el =

0
=Hy+e | d'u () he(t)u(t) = (3.2.13)

—_—0

0
=Hyte [ dih(t)+ ... . (3.2.14)
[Tpu nomyuenun (3.2.14) u3 (3.2.13) wHCMONB30OBAHO COOTHOLIEHHE
t
u)=1-— [arn,@yu), (3.2.15)

KOTOpPO€ MOXeT OLITh NoJyuero U3 (3.2.4). Bropoe cnaraemoe B (3.2.13)
npeicTapisger cobon oneparop @ us (3.2.8). B nuuefinoM npubauxe-
HAW TEODHH BO3MYLIEHHH () COBMAZaeT €O BTOPHIM CJaraeMuIM
B (3.2.14).

s BBHIYHCJEHHSI 3TOrO CJAaraeMoro 3ametuM, uto mpu ¢ <0
HMEET MECTO COOTHOMIEHHE

(W|he (W) = €& (W | exp ( H0t>h(0)exp<~——HOt>|W)—-

= (W |4 (0)| W) et exp <—ﬁ— (W —W)t), (32.16)

rae | W) u | W) — coBerBennble coctosiuus Hy:
Hoy|W) = W|W) u r. n

Takum obpasom,
[
lim e(W| | dt'hy ()| W)= (W [0 (0)|W)bw, w, (3.2.17)
e—~>-40

—00

rje HCIIOJb30BAaHO COOTHOUIeHUE

1
lim °

Jm i v (3.2.18)

Hceaepyem moppobuee coornomenue (3.2.17), npeamoJarasi, 4to
paccMaTpHBaeMas cHCTeMa orpaHuyeHa «sAmuKoM» o6wema V. Torga
HMITYJIbChl (PH3HYECKHX YACTHL[ HMEIOT AMCKPETHEIC 3HAYeHHS, a Ole-
paTopbl YHHYTOXKEHHS (GH3MYeCKHX YaCTHI[ HODMHPOBAHEI COOTHO-
LIeHHEM

o (k), at ()] = (W Sk 1. (3.2.19)
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Muoxutenb V/(2n)® o6ecrieynBaer crpemieHue npapoit actu (3.2.19)
K 8 (k — 1) B npegene V — oo. Bennyuna B (3.2.17) npexacraBnser
co60% MaTPHUHEIA 371eMeHT Q B mepBoM NpubamKeHuH. [Las H3yyeHus
CTPYKTYPHl 3TOH BEJIMYHHBLI PACCMOTPHM, HANpHMEp, WJIEH BHJA
otatac, Bxoaamuid B Q:

v % 2 2 Z Q(k, 1, p)at(k)at (Do (p)x(k+1—p); (3.2.20)
k 1 P

3Jlech YYTEHO, YTO Kax /bt oneparop a uiau at B ¢° (x) comepxut
MHOXHUTeNb (27)3/V, paBHLIi 00beMy fAuYeHKH B HMIIYJbCHOM IpO-

CTpaHCTBE:
lim 2% Bk,

Muoxurtenb V B uucaurtesne Buipamenus (3.2.20) obycioBneH uHTe-
TPHPOBAHUEM M0 MPOCTPAHCTBY B ramujbronuane. HamomuuM, uToO,
NOCKOJMbKY BekTop k HMeer Tpu KOMIOHEHTHI, cyMMupoBanue B (3.2.20)
NPOBOJHTCA TO JeBATH nepemeHHem (k;, [;, p;, ¢ =1, 2, 3). Ho
TOJBKO BOCEMb H3 HHMX HE3aBHCHMBI ADYT OT Jpyra, NOCKOJBKY,
cormacuo (3.2.17), penuunna @ (k, 1, p) obpamaercs B Hylb, €CJaH
HE BLINIOJIHEHO YCJIOBHE

ok +od)=o0@ +ok+l—p). (3.2.21)

YuutniBas pajnee, uro V = L3 MBl BUAMM, YTO BC€ MATPHUYHEIE
aseMenTHl omepatopa (3.2.20) — BenuunHbl nopsiika 1/L npu Gosb-
wux L. 3ameruM, uTO NPH KOHEUHBHIX € 3aKOH COXPaHEeHMs SHEpPTHH
(3.2.21) napymaercs na BequuuHy nopsinka 0 (g). IlosTomy marpuu-
Heie aaemenTh (3.2.20) nopsiaxa O (e) B nmpesene L — oo. HMcnoansys
T€ e apTyMEeHThI, MOXKHO J0Ka3aTb, YTO MATPHYHBIE 3JIEMEHTH BCEX
HOpMaJbHBIX NMPOH3BEAEHHH, BXOAAWHUX B Q (kpome wiena Buaa ata
U TIOCTOSTHHOTO YUCJIEHHOTO CJIaraeMoro), — BEJHUHHEI nopsjaka 0 (g).
[Nockonbky onepatop ot (k) a (k), oueBHAHO, COXPAHSET HEPTHIO
J1060r0 COCTOAHHSI, 3aKOH COXPAaHeHHd 3HEPIHH He HakKJajhiBaer
HHKAKHX OTpAaHHYEHHH Ha MaTPHUYHBIE 3JIEMEHTHI 3TOTO Oneparopa.
Orciona cienyer, 4to MATPUUHbLIC dJ1eMeHTHl onepatopa afa ocraloTces
KOHEYHBIMH NPH NpefeibHbX nepexofax vV — oo u & — --0. Ho ome-
patop oot BHOCHT BKJIaJ B COOGCTBEHHYIO HEPIHIO, H, MOCKOJbKY
coGCTBEHHAsT SHEPTHsS y¥XKE BXOAUT B H,, omepatop Q He COAEPKHUT
yiena ate. Kpome toro, omnepatop @ He cOOEPKUT TaKkKe HHKAKOH
YHCJIEHHOM KOHCTAHTH, MOCKOABKY W, — HoJIHaA 3HEPTHA OCHOBHOIO
cocrosinusi. Takum o6pasom, foKasansl cootHomenus (3.2.8) u (3.2.9).
CuTyauus He H3MEHHTCS, €CJH DPAacCCMOTPETh TaKKe WieHH OoJjee
BLICOKOTO NODSIAKA B Pas/OXKEHUH II0 TeOpHH Bo3myulenuii (3.2.13),
JOCKOJIbKY Kam/plli MaTPHYHLIA 3J1eMEHT 00Jee BHICOKOrO MOPSAKA,
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BXOASINHE B Q, CONCPKHUT TAKOH K€ MHOXHTENb Ow, w-, KAK ¥ 4JeH
nepsoro nopsiaka B (3.2.17).

M3 Boipaxenus (3.2.7) smecte ¢ (3.2.8) u (3.2.9) cnenyer, uto
raMHJAbTOHHAH F B cnaGoM cMuicje coBHajaeT co CBOGOAHLIM Tra-
MusnbTOHHaHOM H, -+ W,; omepatop Q He AaeT BKJaja HU B OfHH
MATPUYHBIA 3/7eMeHT onepatopa H B npepene & — —+0.

Peaxkunn mexpy uactnuamu. Boiyncaum Tenepp S-MaTpHIly, Hc-
noJib3yst onepaTop Q B KauecTBe B3aHMOAGHCTBYUsI. B HH3meMm nopsike
TEODHH BOSMYIIECHHH HMeeMm

S=1-lim - [ atexp(—e|t))Q. (3.2.99)

e>+0

Orcroza BuaHo, uto (S — 1) ne ncuesaer naxe B npegese ¢ — +0,
XOTst Q MOPANKA €, TEM CaMbIM CTAHOBHTCSA SICHO, HOYEMY peaKLHH
MEXKJy YaCTHIaMM BCE K€ BO3MOXKHBI, HECMOTPS HA TO, YTO FAMHJIb-
tonnad H pasen H, + W, B craboM cmpiciie. XoTs B3aHMOZEHCTBHE
MeXKAY aCHMOTOTHYECKHMH YaCTHUAMH B KaxABIl MOMEHT BpEMEHH
NPaKTHYECKH NPEHEOPERUMO MaJio, OHO JNEHCTBYET B TeYEHHE GEecKo-
HEYHO JOJITOTO BPEMEHH M IPHBOJHT, TAKUM 00pPasoM, K KOHEUHOMY
HabmojaeMoMy 3dpdeKTy paccesHus.

IlpuBeienHble BhIIE COOGDPAKEHHS! IMOKA3bIBAKT, UYTO YCJIOBHHA
(3.2.8) 11 (3.2.9) m1st npejicTaBienust QU3UUECKHX YACTHIL BBLITONHAIOTCS
TOJIBKO B mpenene | — co. ITO MOXKHO NOHATH WHTYMTHBHO CJEAy-
romuM 06pasom. PaceMoTpuM ABe YACTHI, KOTOPHIE B3AHMOAEHCTBYIOT
JAPYT ¢ IpYToM, KOTja PAcCTOsIHHE MLy HUMH CTAHOBUTCS MEHbINe
pajuyca B3auMOJEHCTBHs. BepoATHOCTb HaXOXKIEHUs JBYX YACTHIL
B OpelieJax pajuyca B3auMOJeHCTBHS CTAHOBHTCS TEM MEHbINE, yeM
CHJIbHEE BO3PACTalOT PasMepsl COOTBETCTBYIOIIMX 3STHM YaCTHIIAM
BOJIHOBHIX MNaKeToB. BaauMonelicTBHe NOJHOCTBIO HcYesaeT, KOria
IBa BOJIHOBBIX NdKeTa NPHOOPETaloT GeCKOHEUHYIO MpPOTSAKEHHOCTD.
Ho mnocnennee Bo3aMOXKHO JMIIb NIPH yCa0BHH, 4TO o6beM V Gec-
KOHEYeH.

310 paccyKIEeHHe 0KA3bIBAET, UTO CYLIECTBOBAHME NPEACTABACHHS
(M3HYECKHX YaCTHI, OCHOBAHO HA €CTECTBEHHOM pacIUILIBAHMH BOJ-
HOBBIX NakeToB yacTul. Kak 6yjer nokasauo B ri. 10, cucreMy Koneu-
HOTO 06DbEMA MOXKHO PaccMaTPHBAaTh, HAYAB C NPEAETBHOTO ClAyyas
CHCTEMBI, HE uMetolle# rpanun. MIHpMH Cl10BaMH, MBIl CHAYa/Ia U3y 9UM
CHCTEMY O€CKOHEYHOro OObeMa C HOMOILBIO NPEACTaBJEHHs (U3HYe-
CKMX YaCTHil, a 3aTeéM CO3JajuM 3aMKHYTYIO NOBeDXHOCTHYIO OCO-
GeHHOCTb, Pa3AeNAOIIYI0 CHCTEMY Ha JBEe YacTH, pAacloJOoXkKeHHBIe
BHYTPH H CHAPYXH MOBEPXHOCTHOH ocobenHocTH. [lomo6Hast oco-
GeHHOCTb BefleT ce0s KaK MAKPOCKOMHYECKHH OBEPXHOCTHHIH OGBEKT,
KOTOPHIH HHAYUHPYeT CaMOCOIJIaCcOBaHHBIA morTeHuuan (ra. 9 u 10).
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ATOT NOTEHLHAN BO3JACHCTBYET HA BOJHOBbIE (QYyHKIHH (DH3HYECKHX
yactun. Paccmarpusas Jidib 06/71aCTb BHYTPH IOBEPXHOCTH, MOXKHO
M3yUaTbh CHUCTEMY, NPHOIHIKEHHO OFPAaHHUYEHHYIO O006/acTbio KOHEY-
HOTO pasmepa.

3.3. lNpepcraBneHHe (U3HYECKHX YaCTHL
H BapHaUHOHHbIA APHHUHN

PaccmorpuM HaGop mapamMeTpPHU30BAHHBIX ONEPATOPOB YHHUTOXKe-
uus {a (k, 0)}, rae 0 — napamerp. CBA3aHHOE C 3THMH ONEPATOPaMH
(npu ompenenennom sHayenud 0) mpocrpancrBo Poka 0603HAYHM
9 (8). Tlpunumas, uto reiisenGeproBckoe moJe P (x) peanusyercs
B mpocrpancree DPoka ¥ (0), onpenennm

W, (8) = (0, 6|H|0, 8), 3.3.1)

rie H — rammibTonMaH reiisenGeprosckoro moss, a |0, 0) — Ba-
KyyMHOe cocrosinue B & (0), npuuem

a (k, 6)]0, 8) = 0,

MOXKHO JA0Ka3aTh, 4TO MpEACTaBJeHHEe (PH3HUYECKUX H4CTHI[ COOTBET-
CTByeT MHHHMaJbHOMY 3HauenHio W, (0).

[Tycrs 6, — 3HayeHue napamerpa, COOTBETCTBYIOIIETO HpEJCTaB-
JAeHulo (U3NYeCKUX YacTHIL:

H = | d%o () at (k, 60) @ (k, 8) + W, (6).  (3.3.2)

IMepeiinem Tenepb K Gauskomy mnpoctpascTBy Poxa § (0, + db),
IJisT KOTOPOTO COOTBETCTBYIOIL}E ONEepPaTOPEl YHUUYTOXKEHH HMEIOT BHJ,

@ (k, 0, + 60) = a (k, 05) + dcx (k). (3.3.3)

3neck 8o (k) — JiuHeHHass KOMGHHAIMS HOPMaJbHBIX NMPOH3BENEHHH,
cocrosamux us o (k, 8, + 60) u at (k, 0, -+ 60). Kaxnawii uieH
¢ HOpMaJIbHBIM npousBefenneM B So (k) CONEpPKUT UHCIEHHBIA KOI(]-
¢buuunent nopsinka 60. [eficrBue a (k, 0y) Ha BEKTODPHI B IPOCTPAHCTBE
9 (0, -+ 80) onpemeneno Bhipamenuem (3.3.3), mnockoabky a (K,
0, - 80) — oneparop yHuWuYTOXKE€HHMsi B mpocrpancrse ¥ (6, + 80).
Tak Kak HAC MHTEpeCcyIOT TOJbKO WiIeHbl HepBoro mopsiika mo 60,
a (k, 0, + 80) u at (k, 8, 4 69)B Oa (k) MOXKHO 3aMEHHTb HPOCTO
Ha o (k, 0,) u at (k, 0,). Torga peiictue oneparopa o (k, 6, + 60)
Ha BEKTOPHI B IIPEACTABJCHHH pH3UYECKHX dacTHL ¥ (0,) Takxke ompe-
nensercs Buipaxennem (3.3.3). Takum o6pasoy, (3.3.3) Xxopoluo onpe-
JeneHo B oGoux npejcraBiaeHusix ¥ (8y) u F (8, + 80).
Hcnosnbsys (3.3.2) u (3.3.3), umeem

H = | ko (k) lo* (k, 0 + 80) @ (k, 0, + 66) —

— ot (k, 0,--60) S (k) — 8ot (k) ax (k, B, + 80) - W, (8,) 10 (562).
(3.3.4)
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[Tocrennee cnaraemoe 0 (66%) umeer Bup Oat (k) da (k) u noromy
TNIOJIOXKHUTeNbHO. [lasee, mnockKoMbKY

(0, 0, + 80|t (k, B, + 60y =0, a(k, 8, 86)[0, 0, 80y =0,
u3 (3.3.4) caepyer
(0, 6, - 86| H|[0, 6, 4 80) = W, (6,) 4 0 (66%), (3.3.5)

a 310 OsHauaer, uto W, (8y) — MUHHMAaJbHOE 3HAUYEHHE.
JrorT pesysnbTaT OGHAPYXKHBAET TECHYIO CBf3b MEXJAY CamoCo-
[VIaCOBAHHBIM H BAPHANHOHHBIM METOJAMU B KBAHTOBOH TE€OPHH NOJS.

3.4. O6wui aHanu3 npeacraBNeHHA
(hHU3HYECHHX YacTHL,

Jlunamuueckoe oroGpaxende. PaccmorpuM refizenfeprosckoe
none 1 (x), raMHAbTOHHaH Kotoporo H. IlpumeM, uYTO ypaBHeHHe
IefizenGepra u ofHOBpeMeHHblE KAHOHHYECKHE NEPECTAHOBOYHBLIE CO-
OTHOIIEHHS NPHUBOASAT K peanusanut P (x) B npocrpancrse doka &,
CBS3aHHOM €O CBOOOJHBIM (pH3HYecKuM nojieM ¢° (r). Mubimu ciioBamuy,
MBI CYHTaeM, YTO MOJYYEHO AMHAMUYECKOE OTOGpakKeHHe

—_— . 0
P (x) =¥ (x5 ¢°). (3.4.1)
310 orobpaxkeHue mnpefcTaBidercs B BUAE JHHEHHOH KOMOGHHALMA
HOpMaJIbHBIX NPOH3BefleHUH mnoJeil ¢°:

b (x) =y + 2290 (x) +
FlatfatFr—Ex—0: @ ® @+ . (342

3Jech 7 — YHCJAEHHAs KOHCTAHTA, a MEPEHOPMHPYIOMHH MHOKHTENb Z
MOXKET COJePKaTh NPOCTPAHCTBEHHBIE NPOH3BOAHbIE. [locTosHHAA ¥
paBHA HYJI0 B TOM cjydae, ecJaH rnoJge ¢ (pepmuHoHHoe. COOTHOIMEHHE
(3.4.2) siBnsiercst c/1aGbIM B TOM CMBIC/IE, UTO 3HAK PABEHCTBA O3HAYdeT
PaBeHCTBO MaTPHYHBIX 3JEMEHTOB My BeKTopaMu B &. [Tockonbky P
onpefensierca cnabeiv cootHoulenuem (3.4.2), ypaBuenue Iefizen-
Gepra ¥ KaHOHHYECKHE OJIHOBPEMEHHBIE MNepecTaHOBOUHLIE COOTHO-
UIeHHs1 TaKxe JOJXKHBI paccMaTpuBathCsl B caabom cmeicie. s
TOro 4TOGBHl 3HATb «pELeNnT» NpOoYTeHHsl ypaBHeHus [elsenGepra,
cofiepKalller0 HeKOTOphle NPOM3BEJeHHs MoJel P, Heo6X0JUMO ompe-
Jenutb npousBeldeHuss VP (x; ¢%). OHH HeBHO HCHIOJb30OBAJIHChH
" B pasj. 3.1, a uMeHHO NPaBUJIO A/ NPOH3BEJEHHH IVIACHT, YTO MpexKIe
BCEro BHIUUC/AIOTCS NPOU3BEACHUS HOPMANbHEIX NPOU3BeAeHHH @°,
OPHYEM OHH NPEJACTABJAIOTCA B BHUJE JHHEHHHIX KOMOHHAUU# Hop-
MaJbHBIX MpoH3BeAeHHH. VHTerpuposanue mo NpocTPaHCTBY U Bpe-
MEHH CJefyeT BHIIOJAHATH TOJBKO IOC/E HAIJIEXKAIETO BHLIYMCICHHS
npou3BefeHUH HOPMaJNbHLIX Npou3BefeHuH. [Ipu 3anucu pasnoxenns
(3.4.2) npeanosiaranock, 4To TPAHC/IALHOHHAA CUMMETPHUsT (EHOMEHO-
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JIOTHUYECKH He HapyiueHa (MHBIMH CJTOBAMH, OCHOBHOe cocTosinHe |0)
TPAHCISILMOHHO HHBapHaHTHO). B ra. 7 mokasaHo, KakuM o6pasom
MOXKHO (eHOMEHOJIOTHUECKH HADYIIHTD TPAHCJASAIIHOHHYI0 CHMMETPHIO.

UnrterpupoBauus no Bpemenu (dfy, df; u 1. 1.) B (3.4.2) pac-
NIPOCTPAHAITCA OT —oo 10 oo. CylIECTBEHHO, YTO COCTOSHHMA |a)
u|b) B (a |y (¥) | b) sBAsIOTCA HE IVIOCKHMH BOJHAMH, 4 BOJHO-
BHIMH naKeraMH. Eciu Obl 3TH COCTOAHHS ObIM IVIOCKUMH BOJIHAMH,
HHTErpHpOBaHue 10 BpemeHH B (3.4.2) cBopuaoch OBl K HHTETPUPO-
BAHHIO MOHOXPOMATHUECKHX OCHMJIJHUPYIOIHX (QYHKIMHA H HHKOrAa
He TPHBOAMJIO Obl K KOHEUHBIM pe3yJbTaTaM; CXOAHMOCTb obecre-
YUBAETCST TOJNBKO OJarofaps TOMY, YTO HCIHOJB3YIOTCA COCTOAHHS
BOJIHOBHIX TaKeToB. B 3ToM ciyyae obsacTd G€CKOHEUHO YAAJAEHHOTO
IPOLLTIOTO HJAM GYAYILEro He BHOCAT BKJIAJOB B MHTErpa, U IO3TOMY
JONYCTUMO HHTEIPUPOBAHHE 110 YaCTAM.

Ceasb mexny H u H, IloxaxeM tenepb, 4YTO TaMUJIbTOHHAH
cucreMsl H B cia6oM cMBic/ie paBeH CBOOGOJHOMY TaMH/AbTOHHAHY H
s @° (c TouHOCTBIO JI0 yHCACHHOTO Wy, KOTAA CyIIEeCTBYET JHHAMH-
yeckoe oTo6paxkeHue, Bhipaxkaemoe paseHctBoM (3.4.1)). Has ympo-
IIEHHUs CUTYALMH TIPEANONOKHM, 4To P U ¢° BemecrBenHbl. OGo0menue
paccMOTpeHHusl Ha cayyadl KOMIUIEKCHBIX MOJIeH NMPOH3BOJAMTCS HEINo-
cpexcreenno. CBOGOAHBIN IaMHJIBTOHHAH 151 @° HMeeT BHJ

Hy = | do (&) at (k) @ (¥). (3.4.3)

CoorHolenne

~Ja

(Ho, 90 (9] = 1= 2 g0 (x) (3.4.4)

NPHBOJHUT K CJACAYIOUIEMY DaBEHCTBY:

(@] (Ho, $()][8) = 2+ —5-(al 4 () [b) +

+ [ [ R —E x— ) (—a%Jra%) (@l: 9" ®) 9" (©): 16y ... .
(3.4.5)
HpHMeHﬂH Jajee HHTCTPUPOBAHME IIO YaACTAM, IoJdydaeM
(@] 1Ho, ¥ ()] ]8) =T -5 (al b ()] b). (3.4.6)
CpaBHuBasi (3.4.6) c COOTHOLIEHHEM
(allH, ¥ (01[6) =25 (al v () |9), (3.4.7)
HaXOJHM

(a| [Hy, v (9)]1]b) = (a| [H, b (x)1]b). (3.4.8)
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OTO BHIYHC/IEHHE MOXKHO OGOGIHTH CJIELYIOUHM 06pasoM:
(a| [Hy, npoussenenne ¢1|b) = (a |[H, npoussenenue y1|b).
(3.4.9)

Ilycts & — HempuBoiuMoOe NpejcTaBieHHe Habopa ONepaTopoB,
COCTOSIIIEr0 M3 BCEX NPOH3BeJeHHH ; Torga paseHcTBo (3.4.9) 03Ha-
gaer, uto H B cnaboM cmruicie pasen H, + W,, rae W, — c-uncio.
Takum obpasom, ¥ sBasiercss NpejcTaBjieHHeM (DH3NUECKHX HYACTHIIL.

Jlpyroii crnoco6 nosnyuyenusi coorHoirenus (3.4.6) COCTOHT B BHI-
yHuCTIeHHH Gypbe-00pasa MaTPHUHHIX 3JeMeHTOB B MNpaBoil 4acrtu
paBeHctBa (3.4.2). Mwmeem, manpumep,

3 —_
(b () o) =28 [ [ Flk, 0 ) 1, o ()] x

u* Ky frgyud)yfiMexpfi(l —k)yx+ilok) —ol)j} (3.4.10)
npu [ 7= j, tae | &;) U | ®;) — COCTOSHHUSA BOJNHOBBHIX NaKETOB:

lw=jmwn®wmm> (3.4.11)

a u (k) — BosHOBast (YHKIHS B BbIPaxeHUH

¢° (%) -—W j d*k {u (k) o (k) exp [ikx — io (k) {] +

- u* (k) at'(k) exp [—ikx + io (k) 7]}. (3.4.12)
Benuuuna F (k, ko; 1, I,) B (3.4.10) — ¢ypbe-o6pas or F (x — &,

x — )
dk J‘ dai

F(x—§, x—g)—j o (2n)4F(k ko3 1, L)yexplik(x —B) + il (x —Z]].

(3.4.13)

3aBHCHMOCTb OT BpeMeHH cjaaraemoro B (3.4.10) ssBHO yKasbiBaer Ha
BhINOJIHEHHE paBeHcTBa (3.4.6), nockoabky o (k) u o (1) — co6-
CTBEHHBlE 3HaueHUs [, B 6pa- W KeT-COCTOSTHMSIX COOTBETCTBEHHO.

AcumnToTHueckHii mnpegen W S-matpuua. 3anullieM YypaBHEHHE
cBoGosHoro nons aas ¢° B Buje (2.6.7), a HMEeHHO
A0 o (x) = 0. (3.4.149)

Torna gmeficrsue onepartopa I', onpenesenHoro Bripaxkenuem (2.6.28),
npuBoAHT K (2.6.126):

o (k) = [ dxa (k) exp [—ikx + io (K (1T (x). (3.4.15)
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Ecau ¢° Bemectsenno, 1o # = u*. BBegem oneparop

ak, ) = —;,L— j d®xa (k) exp [—ikx - io (k) t]‘ITZ*‘/z [p () — x]
(3.4.162)

A TOCTPOUM
g ()= | g () a (k, 0), (3.4.166)

rie g (k) — kBagparTHuHo-HHTErpHpyeMas QyHKuus. OnpejenuM Aa-
gee Besnuunbl ait (k) u acut (k):

Jim (al (0 |8)=(a] | d%g 0 a WD), (B.417)
lim (alopy(0)|b)=(a] [ g () @ ()]0).  (3.4.18)

CylnecTBOBaHHE ITHX NPEAETOB OCHOBAHO HA HCIO/Ib30BAHHH COCTOSA-
HUf BOJHOBHIX NMakeroB. OCUHINHPYIOMIHNE KOMIIOHEHTHI, BXOASIIHE
B [y (x) — 7] ¥ He HaxXopsmuecs B ¢ase c BOJHOBOH OyHKIHEH
CBOGOAHON YaCTHIBI, MCUE3AT B Npefienax f— 4-oo. B pesynabrare
BXojsllee H BHIXOAfAINIeE TONA 06JajalOT TOH Xe SHEPrued, 4To H
cBobopHoe mone @°.

Onepatop p = Z-'/» (p — ¥) Ha3BIBAIOT CBASHIBAIOIHM IOJNEM
A olt g ooeut,

o cux mop Mbl NPHHHMaIH, YTO noje ¢° MMeeT CMBICH A/ BCex
du3nyecKNX CBOGONHEIX MOJIEH {o%; i = 1, 2, ...}. Ecnu cymecrByer
Marpuna S, yIOBJIETBOPSIONIAS COOTHOMEHHIO S e R ES

o™ (k) = S'i” (k) S mst Beex f, (3.4.19)

TO €e Has3bBalOT S-MaTpULEH.

Mexnay saemeHTaMH HaGopa refiaeH6eproBcKux mojelt {¢} u sJie-
MeHTaMH HaGopa ¢(usuueckux mojeit {¢’} He 06A3aTENLHO OJKHO
CYIIECTBOBATb B3aHMHO-OJHO3HAUHOE coOTBercTBHE. [Ipeanonoxum,
YTO CYWECTBYIOT (M3HUECKHE IOJIf, KOTOpble HE MOTYT ObiThb Npex-
CTaBJIEHHl B BHJE JIMHEHHOro cjlaraeMoro B JHMHAMHYecKoM oToGpa-
keHud Jo6oro 3 nosed {P}. Torma MOXHO yTBEpKAATh, YTO STH
dusMueCKHe YaCTHLBl COCTAaBHbE, W MCKAaTh TaKOe NMPOH3BEJEHHE 1P,
V151 KOTOPOTO JINHEHHbIf Y/leH B THHAMHYECKOM 0TOGPaKeHHH aBast Obl
HCKOMO€ cOCTaBHOe husnueckoe noje. Ecau A o6pasoBaHus TaAKOroO
npousBeieHUsi HeOGXOJUMO N0 KpafiHell Mepe n mojeii P, TO COOTBET-
CTBYIOIAs COCTABHAS YaCTHIA HA3BIBAETCS 7-YaCTHYHBIM CBSI3AHHBIM
cocTosiHMEM. Y Ka3aHHOe NpOoU3BeieHHe mosef P (13 KOTOpOro clieayer
BLIUECTb €0 BAKYYMHOE CPe/iHee 3HAUeHHe) JEHCTBYeT Kak CBsi3blBa-
jotliee noJe A COCTaBHOH HacTHLE B TOM CMBICJE, YTO BXOAsinee
H BBIXOASAIIEE TOJIs /Il COCTABHOM YAaCTHIIBI MOJIYYaAKOTCA KaK aCHMITO-



94 Trasa 3

THYECKHE MPejesl 3TOTO NPoH3BeieHusi. [IPH 3TOM acHMOTOTHUECKHe
NpeJiessl ONPENeNSIIOTCs TaK XKe, Kak B BhIpakeHHsAX (3.4.17) u (3.4.18).

[Ipumem Tenepp, 4ro KoshhUIHEHTH PA3JIOKEHHS B AHHAMHIECKOM
oto6paxkeHnH (3.4.2) ABAAIOTCS 3aNasiplBAOMUMH (QyHKIHSIMH, TaK
uTo

F(x—& x—0) =0(t,—t)0(t—t)F(x—E& x—10); (3.4.20)

B 3TOM cayyae @'" (x) = @° (x) [r.e. ain (k) = o (k)].

[TockonbKy mpenenbHbit nepexon (1 — oo) B (3.4.17) npusogur
K HCYE3HOBEHHIO Bcex ocuuuasnuii B a (k, {), He coBnajamlomux mo
thase ¢ QUINUECKUM [OJIEM, HMEeM

ot (k) = ain (k) -+ ..., (3.4.21)

rje MHOroToudeM OOO3HAYeHBl HOPMAJbHBIE NPOU3BENEHHs GoJiee
BLICOKHX MOPSAJNKOB, COAEPKamue KaK o, Tak u oi"t, B Bhipaxkenue
(3.4.21) He BXomUT uYMCIEHHOE CJIAraeMoe, IOCKOJIbKY, COTJIACHO
(3.4.16), nunamuueckoe oroGpaxenue a (k, f) He COAEPKHT c-yHCJA.

YcroitunsocTs Bakyyma. BenomuuMm tenepb, uTo wacrota, COOT-
BeTCTBYIomas MaTpHyHOMYy sJiemMenty (o () | (x) | a (p) @ (q)), co-
riacHo (3.4.6), paBna nepeganHoi srepruu o (p) + o (q) — o (1) 1.
[Tockosbky npu nepexone K mpeseny (£ — oo) B (3.4.17) ocraworcs
TOJIbKO BOJIHBEI ¢ 4yactoTod  (k), oueBHAHO, 4TO

(@@]avt (k)| (p) e (@) ~8(1+k—p—q) X
X0 lo(l)+ ok —o (@) —o(q], (34292

TaK YTO JAHHbIH MATPHYHBIA 3JIEMEHT COXPaHSIET SHEPIHIO U UMITYJbC.
AHanoryyHo MOXKHO NOKa3aTb, YTO BOOOIIE BCe MATPHUHBLIE SJEMEHTEHI
o°ut (k) cOXpaHSIOT SHEPTHIO H UMITYJbC.

Taxkum ofpasoM, HMeem

(a]acut (k)]0) =0 (3.4.23)

IUist oGOTO COCTOSIHUSL |@); NMpPH 3TOM MOAPA3yMEBAETCsS, UTO €CJIH
ojHO4acTHUHAs sHeprus o (k) obpamaercd B HYJb IPH HEKOTOPOM
JHMCKPETHOM 3HaueHUU k, TO ero BKJIAjK B COCTOSAHHE BOJIHOBOTO NAKeTa
HMeeT HyJeBylo Mepy. B stom ciyuae

(o (k) $]0) = 0, (3.4.24)

IJie Henosib3oBaHto onpenenenue (3.4.19) cait (k) = a (k). ITockosbky
cooTHolienue (3.4.24) BoimosusieTcss npu JwoGom K, oueBHAHO, uTO
cocrosinue S | 0) sBasierca BakyymunM: S| 0) = ¢ |0), |¢| = 1.
37ech M BCIOLY HHXe omepaTop S NPEANnosaraercs yHHTapHBIM.
OT0 NpeAnoJoKeHHe O3HAYAeT, YTO MOJHAS BEPOATHOCTh YACTHIE
BCTYNUTL B PEaKLUHI0O paBHA eJMHHIIE,
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bes morepu obuiHoctd pazy S MOXKHO BhIOpaTh Tak, 4ro ¢ = 1.
Torpa umeem

S10) =]0). - (3.4.25)

D10 COOTHOHIEHHE HA3LIBAETCS YCJAOBHEM YCTOHUHMBOCTH BaKyyMa.

YcToiuHBOCTh OJHOYACTHYHBIX cocTosHMM. Paccyxpenue, ana-
JoruuHoe npuBesieMy K (3.4.22), vKaswiBaeT, UTO MaTPUUHBIA 3J€-
MerT (a | aout (k) | @ (p)) nponopnronanen 8 [o (p) — o (k) —... 1,
rfie MHOTOTOYHe 0GO3HAuaeT 3HEPTHH YACTHI[ B COCTOSHHH |a).

Ecnu sHeprusi ojHOro KBaHTAa HHKOTJA He MNpPEBHIIIAeT MOpora
MHOTOKBAHTOBBIX YHEPTHH, T. €. eCJHu

ok + .. +k)<ok)d ..+ ok) n=2 (3426

TO, NPHMEHsIS Te Ke pPacCy:KAeHHusi, Koropeie mpuBean K (3.4.23),
roJydaeM

(a]|acut (k)| (p)) = 0 nmaa |a) = |0). (3.4.27)

3/ech CYIIECTBEHHO 3aMETHTb, YTO |@) — COCTOSIHME BOJIHOBOTO Ia-
KeTa, TaK YTO BKJAaJ COCTOSHUH, YJOBJETBOPAIOUINX 3HAKY PABEHCTBA
B (3.4.26), npeunebpexumo Maj (UMeeT HyJeByio Mepy). M3 ypaBHe-
Hus (3.4.27) cnenyer

aeut (k) | e (p)) = ¢b (k — p)|0).

[TockoabKy B JUHAMHYECKOM OTOOpaxKeHHH @Yt BKjiap
B (0 | a°ut | @) maer TOJNbKO JHHEHHLIH 4/IeH, KOTOPLIM sBJAsSETCA aif,
HaxopuM, uyto ¢ = l. Ilostomy umeeM

a (k) S|a (p)) =6 (k —p) S[0) =8 (k —p)|0),
rae ucnogabsoBaHo onpejenenue (3.4.19). Ilonyuaem pajee
Sla (p)) = |a (p)) + ¢]0),
rie ¢ — ¢-4HCJ0; OoTciofa, Hcnoansys (3.4.25), Haxomum
¢ = (0]S[a(p)) — (0] (p)) = 0.
OKoHuaTe/NbHO NPHXOAHM K COOTHOLIEHHIO
Sla (p)) = | (p)), (3.4.28)

KOTOpOe YKHSbIBaeT Ha YCTOﬁKIHBOCTb OJHOYACTUUHOIO COCTOAHUSA.
SaMeTI/IM, qTOo YCTOﬁqHBOCTb OCHOBaHAa HA BRINNOJHEHHH }’CJIOBI/ISI
(3.4.26).

KomnuekcHble noJsi. B npuBelleHHBIX Bhillle pacCyKAEHHAX lpe-
HoJ1aranock, 4ro P u ¢° — BenmecrBeHHble noJs. OueBUAHO, OQHAKO,
YTO BCE IOJYYEHHBIC PE3yJbTaThl OCTAIOTCS B CHJE, JAXKe eClu
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H ¢° — KoMmJIeKkcHble. B atom cayuae paBeHctBa (3.4.3) u (3.4.12)
3aMeHSIIOTCA COOTBETCTBEHHO Ha ‘

= [ ko (k) ot ®) o () + B* (k) B ()},  (3.4.29)
j a2k {u (k) @ (k) exp likx — iw (k) #] -

+ v (k) B (k) exp[-—ikx 4 io (k) £]}. (3.4.30)
3necy B (k) — onepaTop yHHYTOKEHHS AHTHYACTHIBI (MM ABIPKH).

ﬂJIﬂ IMMOCTPOEHUS BXOASAILLEIO H BBIXOASALIETO noJjefl B JAOIIOJTHEHHE
K {g (f) u3 (3.4.16) Tpebyercs omepaTop

P (%) =—— - on )a/

e () = — & [ kg (k) [ d*Z—"/+ 1 (x) — 5] To (k) X
xexp [—ikx - io(k)f), (3.4.31)
rae p = —1, ecan @° — depMuOHHOE MOJIe U ypaBHEHHE JJISI HEro

(3.4.14) orHOCcHTCH K THNY 2; B OCTaNbHHIX cayuaax o = 1. Urobml
OHSITh, ¢ KaKOH 1eJIbio BBOXUTCS P, (f) ¢ nomowpio (3.4.31), nosesno
HanoMHUTb BuIpaxeHue (2.6.127), orkyna umeem

Bl =——- | 2x90 (x) To (k) exp [—ikx - io (K)£]. (3.4.32)

Bxoaamuit onepatop Pi* (k) u Brixoasmui oneparop Bout (k) nomy-
YAIOTCH COOTBETCTBEHHO NMePEXOLOM K mpejgeny (f — —oo) uau (f —
—- 00) B MATPUUHBIX 3JIEMEHTAaX g (f) — B MOJHOH aHAJOTHU C IOJY-
yeHHEeM olf B oOut,

3.5. Mopmyna peaykuud v dopmyna
JlemaHa— CumaHanka—Llnmmepmana (JICLL)

dopmyna peaykuus. B sToM pasjesne Mb BBeneM ofliiee BhIpaxe-
HHe JUIs JMHAMH4ecKoro orobpaxkenus Buja (3.4.2), Buibupas onepa-
TOPBl BXOAANIETO NOJS JJ51 cBOOOAHOrO (PU3MUECKOro mojst ¢°, T. e.

al® (k) = a (k), B (k) =p (k). (3.5.1)

[IpexJie Bcero noJyuuM Tak HaspiBaeMywo Gopmyny peaykuuu [7].
PaccMOTpHM MaTPHYHBIH 3JeMeHT

(a (k), a|ST [Fy(xy) ... Fr (xn)1]0), (3.5.2)
rie S — S-marpuua, KoTopast MpeAnoaaraercss YHUTApHOH, a CHMBOJ
| @ (k), a) oGosnayaer

| (k), a) = at (k)|a) = Sacvt (k) S7!]|a). (3.5.3)
Cocrosinus | a) u | b) npuHagnexat npocrpancTsy ®oka &, cBssaH-

HOMY ¢ ¢u3HuecKMMH 4actumamu. Omneparopui F; (x;) cocrosTt us
reiizeH0eproBcKUX noJe ¥.
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W3 (3.4.17) umeem
jd%g(k) (a(k), a|STIFy(x1). .. Fn(xa)]]0) =

= | d%g (k) (a] Soout () T [Fy (x1). . . Fr (x2)] | 6) =

L tim [ aeg (k) [ dea %) T (a| ST b () Fy (¥2) - . Fu (xa)] | 0),

h {00

(3.5.4)

rae ¢ obosnauaer f,, ¢ (x) — cBA3LIBawomee moje AIsS QN uo @out:
¢ (x) =Z7: [P (x) — 11, (3.5.5)

a i (k, x) = @ (k) exp [—ikx + iw (k) ¢]. IIpu moanyuenun (3.5.4)
HCIIOIb30BAHO COOTHOIIEHHE

}im T ¢ (x) F1(x) ...1 = tlim ¢ (x) T [Fy(x) ... 1

Jast ynpoumeHus o603HaueHHil OMyCTUM B JAajbHeHlieM HHTErpH-
poBanue mo umnynascam d3kg (k). M3 (3.5.4) naxomum

(@ (k), a|ST [Fy (x)) ... Fn (x)1]0) =

=‘_( lim — lim ) [ @xa (k, x) T (a|ST$(x)Fi(x). .. Fa(xa)l]b])+
ﬁ t++o0 t—»—oo) , )
\ +e(a| ST [F1(x1).. . Fy(xp)a(k)|b), (3.5.6)
rae € = -+1 (—1), Korza Heo6x0AUMO YeTHOE (HeueTHOe) UHCIO Iepe-
CTaHOBOK (epMHUOHHEIX nosiell npu mnepexone ot o (k) Fy ... F,
K F;... Foa (k).

Ucnonbsys coornomernne (2.6.30), . e.

A [ @ () Tg (9 = —i [ & () h@) —4(=D)lg ), (G57)

MOXKHO nepenucath (3.5.6) B Bujie
(a(k), a|ST[Fy(x1)... Fp(x,)]0) =

= — 5 [t (6 %) 4 ) (a| ST [$ (x) Fi (x1) ... Fuxa)116) +
’ - e{a|STIF(x) ... Fp(x) (k) |), (3.5.8)

-
rae yureso, uro & (k, x) A (—0) = 0. Bropoe ciaraemoe B npapoit
yacTH (3.5.8) omuchIBaeT peakuuio, B KOTOPOH KBaHT, IOPOXKAAEMBIH
o (k), BooGule He B3aHMOJEHCTBYET € OCTaJbHBIMH KBAaHTAMH;, HHAye
roBOPs, STOT KBAaHT He CBs3aH ¢ ApyrumH. ITycrs (a | A | b), oGo-
3Hayaer MaTpuyHbif sneMeHT A n1a nepexopa |a) — | b), saBas-
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IOLIIEroCs «OAHOYACTHYHO CBA3AHHBIMY (T. €. HET YacTUL, He CBA3aH-
HBIX ¢ apyrumu). Torga u3 (3.5.8) Haxogum

(o (k), a| ST [Fy (%) ... Fy (x2)1]0), =
= ——— [ dWi (k, 91 (9) (@[ ST [¢ (x) Fy (x2) . .. Fn () 1] ).

(3.5.9)

270 0JlHA U3 TaK Ha3blBaeMBIX OpPMYJI PeAYKIUH, C IOMOILbIO KOTOPOH
kBaHT o (k) uckiaouaercs u3 Gpa-coCTOSHHA.
AHanOruYHO MOXKHO MOJYYHTH CaeAyiomue GopMyasl peiyKIHuH:

<a|ST [Fi (x1) ... Fy (x2)1]|B (k), b), =

—— Lo [%5 (6, %) % (0) (a] ST [Fy (v) ... Furn) ¢ (91]0),
(3.5.10)

(B k), a| ST [Fy (x1) ... Fn (x5)1]b) =

=——p [d% (@] ST [§ (9 F1 (x) .. Fa(x)1]6) D (=)0 (k, %),
(3.5.11)
<aIST [Fl (xl) L Fn (xn)]IOL (k)’ b)c =

=— = [d%(@| ST [Fi(x) ... Fu(ea)d (1[0} A (—D)u (K, )
(3.5.12)
3necy v (k, x) = v (k) exp [—ik, x + io (k) {], ¢ = ¢, a n —

MATpHIA DPHBEAEHUs] K IPMHTOBY BHAy. IIpH nmoJydyenus mocjaefHHX
COOTHOIIEHHH HcHOMb30Basack (opmynaa (3.4.31).

dopmyaa JICLl. Beibepem pmanee B kadectBe Fy (xy) ... F, (x,)
none P (x). Ilpumenss mnoBTOpHO ¢opMyJbl penyKuuu (3.5.9) —
(3.5.12), MOXHO HCKJ/IIQUHUTH BCE YACTHIB B 6pa- H KeT-COCTOSTHHSX.
B pesyJabrare nosiyunM cieAyouiee JUHaAMHYECKOe OTOGparKeHHe Iis

Sy (x):
=22( i i [ ... dtxdiy ... diy,

X :[ci>° A (03)] ... [8° (xn) A (92)] x
XOITHE) ¢ (1) ... )P @) - - - ¢ Um)]0)e X

) [M=04) @) . [M (=) ¢ gm)]:. (3.5.13)
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ra ¢opmyaa HOCHT Ha3BaHHE GopMyJsl JleMana—Cumansuka—Ilnm-
mepmana (JICI]). Ee moxHO samucaTh B KOMIAKTHOH Qopme

St =:(T [p@exp(—4 [¢ET @@ +FO®))]) -
(3.5.14)

3jech yraoBbie CKOOKM 0003HAUalOT B3sTHE BAKYYMHOIO CPEHEro
aHayenuss ot T-Tpou3BelleHUs refi3eH6eProBCKUX NoJel ¢, ¢ H é»
a CHMBOJI HOpDMaJIbHOTO NPOH3BeAeHHus : ( ).: 0003HaYaeT HOPMAAbHOE
npousBenenne ¢usHyeckux cBoGonHbIX monelt ¢° u §°, KoTopwie
cBsiansl ¢ J° ®w J° cuepyomum obpasom:

T (x) = ¢° (x) A (9), (3.5.15)

<«

J0 (x) = A (—0) ¢° (x); (3.5.16)

npu stoM J® = J%n.

3ametruM, 4T0 HHAeKc ¢ B (3.5.13) MOXHO ONyCTHTH, NOCJE TOTO
KaK MaTPHYHBIE 3JIeMEeHTHl MOJHOCTIO NepeBefieHsl B GopMy BakyyM-
HBIX cpeinuX sHavenuit. Ho MBI coxpaHsem HHIEKC ¢ Uil HATIOMMHA-
HHSI O TOM, 4TO B pyHkimio I'puna (3.5.13) naroT BKIaj TOJALKO OJHO-
YACTHYHO CBSI3aHHBIE JHAarpaMMel. BKiaj, cofepKaluil 0HOYaCTHYHO
HECBSI3aHHYIO YacTb, BCErJa INPONOPIHOHAJIEH BEJHUYHHE

J atxatge® () A 00 (01 T4 () F W)1[0) A (—Ty) 9° (1),
KOTOpasi paBHa HYJIO.

3amensia P (x) Ha efuHHLY, TIOJyYaeM AWHAMHYECKOE OTOOpaxe-
HHe S-MaTpHIEL: .

§ =:(T [exp (— e o010 re)]) . 651

_Ecnn Oy (x) — refisenGeproBcKuii oneparop, cocTosuui us P (x)
u P (x), To guHaMuyeckoe orobpaxenue SOy (x) umeer BHJ

80u() = (T [Ouwyexp (— 4 [ 42T @O +F® @) ] )

(3.5.18)

MoKHO Hamucarb
OIT{p(x) i . ¢ PW) - - ¢ Um)1|0)e=
= [d .. AT G — B L G (i — ) X
XFG o Bl @G —m) o COCn—m), (3519
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rae ¢yukuusa G (x — y) onpejesieHa ¢ IOMOLIbIO paBeHCTBA
G (x—y) = (0| T [¢° (x) &° () 1]0). (3.5.20)
@yukuua f (§y... §; Cy... {,) HasbiBaercs BEepUIHHHON (yHKIMeEH.

HrHamuueckoe oto6paxenue S-MaTpPUIbl BEIPAKAETCS UePe3 Bep-
IIHHBEL CAeAYIOUUM 06pasoMm:

S=§O ;0 [dxg .o dieadtyy . @0 () @ () X
X PGy oo X oo Un) 90 (00) - - 92 () 1o (3.5.21)

Crpykrypa ¢ynknuu G° (x — y) paccmaTpuBaercs B CJAELYIOLLEM
paszerne.

3.6. CneKktpanbHble NpeAcTaBNeHHA ABYXTOYEUHbLIX
tDYHKUHHA

MuoroToueunsie ¢ynkuun. B npexpiayumem paspene NoKasaHo,
4TO JHHAMHYECKOEe OTOoGpa)keHue JMIOGOTO Omeparopa MOMKET ObITh
TIOJTY YE€HO € ITOMOLILbIO (POpMYJInl penykiuu JICLL, eciin H3BECTHBI acHMII-
toTuueckue nois. Gopmyna JICLL BeIpakaercs yepe3 BaKyyMHBIe
cpefHue 3HaueHHs1 T-NpOM3BEJEHHH ref3eHGEPTOBCKUX ONEPATOPOB,

D yHKIHIO cHB--C (%1% ... Xp), ONpELEJIEHHYI0 COOTHOIIEHHEM
GaP . x) =(0|TIA(x) B(x) . . . C(xa)}]0), (3.6.1)

Ha3oBeM NPHYHHHOM n-TOYeYHOH GyHKuHeHd. 3ajgaya mMoCTpoeHHs
JAHHAMHYECKOT0 OTOGpAaXKEeHHsI CBOAHTCS K BBIYHCJEHHIO TAKUX (QYHK-
uuit. B aTOM pasjene paccmarpuBaercs o6uiasi CTpyKTypa NPHYHHHOM
JABYXTOYEUHOH (YyHKUHH; BBOAATCA TAKXKe 3aMaslplBAlOLIast H Olepe-
JKaromasa JBYyXToYeyHble (PyHKIHH,

[Ipuyunnas, 3anasgeiBaomias M ONEpeXamollasi JBYXTOYEYHbIE
GyHKUHE ONpelesisiloTCsl COOTBETCTBEHHO BRIPAKEHHSMH

GIP (x —y) = (0| T [A (x), B (y)1]0) = (3.6.2)

‘ =00 —1)(0[A () B(y|0) £
+ 0 (4 — 1) (0B () 4 (x)]|0), (3.6.3)
G% (x — 4) =0 (b — 1,) (0| [A (), B(®)]+|0), (3.6.4)
GiP (x—y)=—0(t, — £ (0| [A®W), BW]«|0).  (3.6.5)
3uak nepen crymeHuaroit ¢yukuumeir 0 (£, —¢) B (3.6.3) monxen
BbIOHpaThCsl TaK, YTOOHI 3HAK -~ COOTBETCTBOBAJ CJy4aio GO30HOMNO-
IoGHpIX omepatopoB A M B, a 3HaK — — c/1y4al0 (HEePMHOHONON06-

HBIX onepatopoB A u B. 3aech noj 6030HONOROGHHIMH (hepMuOHO-
NOJOGHBIMH) ONepaTopaMi TNOHAMAIOTCA ONePaTophbl, INPeACTaB/If.
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ol e coGoif Npon3peeHusl YeTHOrO (HeueTHOrO) uKcaAa PEPMHOHHBIX
nonefl ¥ HEKOTOPOTro uHcaa G030HHBIX mosel. B Bripaxenusx (3.6.4)
¥ (3.6.5) KOMMYTaTOpHl BHGHPAIOTCA JUIA Cayuast G030HONONOGHEIX A
¥ B, a aHTHKOMMYTATOPBl — JJIsL_CJIydast GepMUORONON0OHbX A 1 B.

CreKTpaibHbie TPEACTABJCHHS JBYXTOYEYHBIX (YHKUH . Pypbe-
06pa3 NPUYHHHOM IBYXTOUEUHOH QY HKIIHH ONPEAENALTCA BEIPAKEHHEM

GAP (x — g) =B [dkexplik(x — I GI7 () u 1. 1 (3.6:6)

@m?

[TpumeHenue GopMybl

. 1 .
0ty —1,) = 6111_1:02% j dw—g exp [—iw ( — 1)) (3.6.7)

—00

NPUBOJUT K BLIPAXKEHHIO

AB © 648 (v, k) 8 (w, —k) )
G! (k):oj do (Sl g S ), (363)

rJe HCIOJb30BaHbl CJACAYIOUHE 0603HaYECHHUSA:
018 (w, k)=-Z 31 (0] 4(0)|n)(n] B(0)]0)8 (k — k) 8 (w — Eu),
i (3.6.9)

1 6 ) A u B,
0 {—I— Aas1 6030HONOAOOHHIX A H (3.6.10)

—1 ngas depmuononogo6uex A u B.

3pech |n) 0603HAuaeT 5/IEMEHTEI 3 MOJHOrO Habopa cOGCTBEHHBIX
BEKTOPOB SHepruH ¥ HMiyabca. COOTBETCTBYIOIHE co6CcTBEHHEIE 3Ha-
yeHUs SHEPIHM W HMIYJbca 0603HAYAIOTCA 4Yepes E, u k,. Bsoas
o6o3HaueHHe

o (0, k) = 0 (v) 045 (v, k) — p0 (—w) 054 (—w, —k), (3.6.11)
Mo3kHO 3anucath (3.6.8) B BHIe

[+~

AB 0 (w) 0 (—w)
G2 ()= | dwo(w, k) (;_ko__erR3 + o). (3.6.12)

—0

Beipaxenus (3.6.8) u (3.6.12) Ha3HBAIT CMEKTPANLHBIMH NPEL-
CTaBJEHUSIMH TNPHYMHHOH JABYXTOYEUHOH GYHKIHH [81.

Eciau B CyMMHPOBAHHH B BHIPAXXCHHH (3.6.9) npHHHMAIOT y4acTHE
omnpejeJeHHbBIE OJIHOYACTHYHbIE COCTOSHUSA C sueprueil o (k), BeiuuHHA
g4A8 nmpunuMaer BUJ -

048 (w, k) = ZAB (k) § [w — o (k)] + 65 (v, k). (3.6.13)

3neck ZAB onpejenserca BKAaAOM, 06YCHOBIEHHBIM OJHOYACTHYHBIMH
COCTOSIHHAMH, @ 042 — MHOTOYACTHYHBIMU COCTOAHUAMH. B mocyea:



102 T'rasa 3

HEM cJaraeMoM 06J1acTh H3MeHeHHs w A1s jaHHoro k mpexacraBnser
cO60H HEKOTOPHIH KOHTHHYYM, MOCKOJBKY 3HEPIHs MHOTOYACTHYHBIX
COCTOSIHME Jaxke NpPH TOYHOM YKasaHuH MMNyJabca k He ompeaenena
onHoaHayHo. IlosToMy ciaraemoe, comepxamee ZAZ, naer Bkmaj
B mpaByio uyacth (3.6.8) 3a cuer OAHOMOJIOCHBLIX CHHIYJSPHOCTEH
B IJIOCKOCTH Ry, TOTJA KaK caaraemoe ¢ 6458 cosfaer JHHHIO paspesa
BJIOJIb BEHIECTBEHHOH OCH £y. DTO pe3y/bTaT NPHUMEHEHHs NpeJCcTaBie-
HHs (QHU3HYECKHX UACTHI[ €ciu Obl NPHYMHHAS JABYXTOoueuyHas (QyHK-
IMsl MMesa OCOGEHHOCTH, OTJMYHBIE OT NPOCTOrO IOJIOCA WJIM JIMHUH
paspesa BIOJb BelECTBEHHOH OCH, 3TO 03Ha4ajgo Obl, YTO TeH3eH-
6eproBckue OMnepaTopbl HE HMEOT pealH3alud B NPeICTaBlIeHHH
(u3NYECKUX YaCTHII. '
Bripaxkenne (3.6.9) noxaseiBaer, 4ToO

(0|A(x)B(y)|0)=%3—J.d3k | dooa? (w, kyexplik (x —y) —
iyt —1)], (3.6.14)

(O1IA (), BO))e|0)e,mr, = ol [ Phexplik (x )] | dwo(w, k).

(3.6.15)

31ech KOMMyTaTop (aHTHKOMMYTATOD) NPUMEHseTCs Jiisi GO30HOIO-
no6HBIX (pepMuOHOMONOGHBIX) moselr A u B.
Ecnu B oxasbiBaeTcsi KaHOHMUECKH CONPSIKEHHBIM A, TO HMeeM

[A (x), B ()]+d (4 — 1) = 78D (x —y), (3.6.16)
yto BMecte ¢ (3.6.15) npuUBOAUT K NpaBHAy CyMM

[ dwo (@, k) = 1. (3.6.17)
C npyroi#i croponsl, ecna B = At to (3.6.9) npuBoaurcsa K BHLY
048 (w, k) = 0, (3.6.18)

oTKyfa, yuureBas (3.6.13), nomyuaem
ZAB (k) = 0, 0648 (w, k) = 0. (3.6.19)

Ecau B = A%, npuuem A — depmuonononoOHulil oneparop, TO 3
- (3.6.11) naxogum

o (w, k) = 0. - (3.6.20)

TakuM o6pasom, eciu A* — onepaTop, KaHOHHYECKH COMPSIKEHHBIH
(depmuoHonogobHoMy nojio A, to (3.6.17) u (3.6.20) BeINOJAHAIOTCS
OJIHOBpPeMEHHO, TakK uto | == Z4A4t (k) = 0. ‘ ’
B KkauvecTse Apyroro npumepa npexnotoxuM, 4to Af(x) — Go-
SOHHQE Nosie, B = (0/0t) A* (x) u B KaHOHHYECKH CONpsKeHo ¢ AT,
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B s1oM cayuae B cuny (3.6.9) npuXoAMM K BBIBOALY, YTO 3HAK BejH-
yunbl 048 (w, k) coBnajaer co 3HaKOM w. TOrAa M3 BhIpaXkKeHHUs
(3.6.11) caenyer (3.6.20), orkyna nosmydaem 1 = Z4% (k) = 0.

O6parumest Teneph K 3aNasAbBAIOLIER M ONEpexaioumed ABYyX-
ToueyHbIM OGyHkuusaM. Pypbe-o6pas sTHX (YHKUUME 3anuchHBaeTcs
Tak ke, Kak (3.6.6) naa G, BriuucieHHsi NPHBOJAAT K CJACAYIOUIHM
CIEeKTPaNbHBIM TPEJCTABIEHUSM:

AB o o (w, k)
/ (k)_j o (3.6.21)

G ()= | dw%"—_‘”’w__':—g (3.6.22)

BosBpamasicb K NPHYMHHOA (DYyHKIMH, NPENNONOKHM, YTO HMEET
MecTo cJjyuail, Korjaa QusHyeckoe nose ¢° MOKHO NPEACTaBHTh KaK
JUHEHHOE caraeMoe B JHHAMHYECKOM OTOGpaxenuu A (x), a JuHeH-
HbIM CJaraeMbiM B JUHAMHYECKOM oOTofpameHun B (x) sABasercs

¢ = ¢*m:
A =22V ¢ (x) +..., (3.6.23)
B(x) =28 (V)¢ (x) +.... (3.6.24)

B 3THX BRIpaXKEHHSIX MHOTOTOUHS O0O3HAUAIOT HOPMAJbHBEIE TPOH3-
Belenus 6Gojee BBICOKHX mopsAikoB. Torza umeem

Gl (x—y)=Z" (V) ZP(V)Go(x — o) +. ..,  (3.6.25)

M
rje MHOroTouxe 0GO3HAuaeT BKJAAH MHOTOYACTHUHBIX COCTOSIHHH,
a G (x — y) — mByxToueyHass QYHKIHA GUIHYECKOrO TOJIS:

G (x—y) =(0]T [¢° (x), &°(»)1]0) = (3.6.26)
=0 (t. — 1) (0]9° (x) §° (1) ]0) =
+ 8 (f, — 1) (0]9° (v) ¢° (x)]0). (3.6.27)

Npuunnnas AsyxTodyeuHas QyHkums dmaudeckoro nous. [Ipasusa
cymm (2.6.102) u (2.6.103) pawor

(0]9° (x) §° (y)|0) = ifd (0) A* (x — y), (3.6.28)
(0]§° (1) 9° (x)|0) = —ipfid () A~ (x — y). (3.6.29)

31ech npuHATO, 4TOo @° (X} YAOBIETBOPAET YPABHEHHIO CBOGOJAHOIO
noas tuna 2. Hcnosbsysa (2.6.86), monyuaem

G (x —y) = i [0 (ty — 1) d () A" (x — y) —
— 0 (t,—t)d (@) A (x —y)] = ifid 0) A, (x — y) +
+ih 10t —1,), d@)] A —y), (3.6.30)
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e HCMOMb30BaHO cooTHoweHue 0 (f) = 1 — 0 (—¢). Pynkuusa A (x)
onpesenesa B (2.6.115), a A, (x) ompenesneHa BLIpaxkeHHEM

A, (x) =0 () A" (x) — 6 (—1) A (x). ~(3.6.31)
M3 Bripaxenunii (2.6.87), (2.6.88) u (2.6.112) Haxomum
(—0%0f2 — w? (V)) A, (x) = 8W (x), (3.6.32)

OTKyaa chaenyer, dro A, (x) — npuuunHas ¢yuxkuus [puna pias
oneparopa [—(0/0f)? — »?]. BBoms ypasHenue mas ¢°

A (9) ¢° =0, (3.6.33)
yuTeM, 4To NpHYMHHAs QyHKuMs [pHHA JIST HEro JAercsi, COTJACHO
(2.6.18), meficrBuem omnepartopa d (0) A, (x). Ecau npousBojgHas no
BpeMmeHH B d (d) nepBoro nopsiika, sbipaxkenue (3.6.30) npuHEMaer By,

G (x —y) = ihd (0) A; (x — y), (3.6.34)

rge yureHo (2.6.112). B stom cayuae G? (x) — npuuuHHaa QyHKIHA

I'puna. :
Hnasi ypasHeHust tuna 1 ¢ nosoxuredbHbeiMH (k) Belpa)kenne

(3.6.27) naer
G (x —y) = ih0 ({, — 1)) d (0) A* (x — y), (3.6.35)

rae At onpepensercad BoipaxenueM (2.6.104). HMcnoabsysa (2.6.105)
u (2.6.106), monyuyaem

[id/at — e (V)] A, (x) = 8¢ (x), (3.6.36)
ecit A, (x) ompeneseHO COOTHOIIEHHEM
A, (x) =8 (D) A (x). (3.6.37)

B cuny (3.6.35) umeem 7
G (x —y) = ilid Q) Ac (x — y) + ifi 108 (¢ —1,),d (0)] A" (x — y).
© (3.6.38)

Ecnu d () HE COAepPXKUT IPOU3BOJHOH IO BPEMEHH, TO
G (x — y) = ihd (0) A; (x — y); ‘ (3.6.39)

coryacHo {2.6.18), sto dyuknua I'puHa AJas ypaBHEHHUS CBOGOAHOTO
oJs.
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FNABA 4

HBAHTOBAf TEOPHUA MOJA
MPU HOHEYHbIX TEMMEPATYPAX

4.1. Tepmononesana AHHaMHKa

KsanToBbie BO36YHIEHHs TPH KOHeYHBIX Temmepatypax. Ilo cux
NOp PACCMATPHUBANHCh TONLKO H30JUPOBAHHBIC KBAHTOBLIE CHCTEMBL.
B meficTBHTENLHOCTH, OAHAKO, GOJNBIINHCTBO CHCTEM HE M30JIHPOBAHEL,
a MOrpyxKeHH B «TeloBoil pesepByaps (tepmoctar). IlockoabKy
cHcTeMa B3aMMOJEHCTBYET C TEPMOCTATOM, HA INPOIECCHl BO3OY¥KIe-
HHSl U peJaKCaluu Biausier oOMeH 3Heprueil Mexxay CHCTEeMOH H Tep-
mocratoMm. Jlisi onpenesieHdsi aGCOMIOTHOR Temnepatypel T HCIOMb-
3yeM CHMBOJ

[5:77‘%, @.1.1)

rie kp — mocrosinHas bBosabumana. Ecau B cHcTeMe YHUUTOXKAeTCA
kBaHT 3Heprud o (k, ), To 3TOT mpouecc MOXKHO paccMaTpHBATh
KaK pesyJbprar jedictBust oneparopa o (k), yIOBJIeTBOPSIOULETO H3-
BECTHBIM I€PECTAHOBOYHEIM COOTHOIIEHHAM

[ (k), et ()] =6 (k —1). (4.1.2)

Torja raMusbTOHHAH cucTeMbl H paBen (B cjaGoM cMblcae) cBOGOA-
HOMY TaMHJIbTOHHMAHY (C TOUHOCTBIO IO UMCJEHHOTO ciaraemoro W):

(a|H|b) = (a|Ho|b)+ W, (a]b), (4.1.3)
Hy =1 | @k k, B) «t (k) « (k). (4.1.4)

v

Jlo cuxX mop paccykAeHUss B TOYHOCTH COBMAJAIOT CO CaydaeMm
M30JAHPOBaHHOH cHcTeMbl. OJHAKO BJHsIHHE TEMIEP3Typhl INIPOsB-
asietcsa B crpykrype oneparopa o (k). Hanuyue repmMocraTa NpUBOAUT
K CYIIeCTBOBaHHIO HEKOTOPOrO YHC/a Bo30yxIeHHBX KBaHTOB. [lo-
3TOMY INOTJIOLIEHHE 3HEPTMH CHCTEMOH NPOHCXOAHT JABYMS CHOCO-
Gamu: Ju60 3a cyer BO3OYKAEHHS NONOJMHHUTENBHOTO YHC/ia KBaHTOB,
JU60 33 cUeT 3arnoJHEeHHs CBOGOJAHBIX MECT B [IPOCTPAHCTBE YACTHIL —
VHHYTOXEHHS NBIPOK, CYLECTBYIOUIMX Giaropaps tepmocrary. Eciu
FIMEeT MeCTO BTOPOI POLECC, TO TOBOPAT, YTO YHHUTOKAETCS G-KBAHT
(meipxa) ¢ orpuuaresnuoil sHeprueit [—fio (k)] u orpuuaTesbHBIM
umnysabcom (—7k). Bosbyxaenue JOMONHHTEIbHOrO KBaHTA OIH-
CHIBAETCSL C NOMOLIbI0 HeKoToporo omepartopa poxaenus ob (k, B),
a YHHYTOXKEHHE G-KBaHTa — C IIOMOHLbIO  Ofeparopa a (k, P)
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(puc. 4.1). IMockosbky omneparop o (K) BbINOJHSET JBe HE3aBHCUMbIE
ollepanuu, OH HOJKEH IPEACTaBAATHCS B BUAE JUHeHHOH KOMOMHALNH
oneparopoB o (k, p) u at (k, B):

a (k) = c (k, B) o (k, B) + d (k P) & (k B), (4.1.5)

rae ¢ (k, B) u d (k, P) — nexoropble yucjeHHBIE (yHKIHH k u B.
[TocKOJBKY (ha30Bbe MHOKHTENH 3THX (QYHKIMH MOTYT GbiTh BKJIO-
YeHnl B COOTBETCTByMOLIME (a-

Frn g s
30BLle MHOMKHUTEJNH ONIEPATOPOB o (K): fitog «"(K): Freog
o (k, B) u &t (k, p), dyHKuIHU \ /
¢ (k, ) u d (k, p) MmoxHO cuH-
Tarb  BellecTBeHHBIMH. DBol-
OpaHice HaMH T'HIbGEPTOBO
NPOCTPAHCTBO SIBJAAETCA MPO-
crpancTBoM PoKa, CBA3aHHBIM
C omneparopaMH YHHUTORKEHHS e (K, B
{OL (k’ B)’ a (k’ ﬁ)}v 3TO HpO-
cTpancTBo obosnaunm G (a (B),
a (f)). Huxe wmpt ofcynum Tepmocmarm
5KBHBAJIEHTHOCTD I0CTPOCHHOM
TaKMM CHoco60M KBaHTOBOH
TEOPHU TOJISI M CTATHCTHYe-
cKoii teopuu aHcambaest I'ub-
6ca.

(VAVAVAVAVAV A 4
o (%, p)

TaMuHJIbTOHHAH M HKMIOYJbC
C YUETOM BJHMSIHMS TepMocTa- o (I):ficoy
ta. [IlockoabKy  oneparop
at (k, B) poxzmaer KBaHT C
sueprued fio (k, f) 1 nMnyJab-
com 7k, a oneparop at (k, f) —

kBaHT c suepruei [—7o (k, frw)
p)] u umnyabcom (—#hk), ra-

MUJBTOHHAH M HMIYJbC MOJ-

HOH CHCTEMBI C YYeTOM BJHS- //

HUS TePMOCTATa JIOJ/UKHBL OBITh

paBHBl B cJjaboM cMbiCje cJe- Puc. 4.1.

IYIOUHM BeJHIHHAM:

~

H=1# j d*ko (k, p) [aF (k, B) « (k, p) — aF k, pya (k, p)l, (4.1.6)
P,=1 | dkk; (o (k, B)oc (k, B) — &F (k, B ak, Bl (4.1.7)

Mpeo6pasosanne BoromoGosa. ITockoabky onepartopsr {a (K)},
{o (k, B)} u {@ (k, B)} ymOBJIETBOPSIOT YK€ H3BECTHHIM NEPECTAHO-
BOUHBIM COOTHOIIEHHSAM, NpeobpasoBanue (4.1.5) f0/KHO OBITE KaHO-
HHYECKHM, 4 CJIe0BAaTeJbHO, OHO SIBJsiETCsl NpeoGpasosanueM boro-
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ao6osa (ra1. 2). Otciofa Buitekaer TpeboBaHue, yTOObl BBHINOJHAJOCH
yeaosue ¢ (k, p) — pd® (k, p) = 1 (p = +1 s 6030HOB, p = —1
A5 (epMHOHOB); YJAOGHO BBECTH oOmepaTop G (k), ompegpenus ero
paBEeHCTBOM

& (k) =c (k, B)a(k, B) + pd (k )t (k B). (4.1.8)
IIpeoGpasosanusi (4.1.5) u (4.1.8) ymoGHO 3anmcarb B C/IeAyIOLIeH
topme:

o (k) = ch 8,a (k, p) + sh 0,at (k, B), (4.1.9a)
@ (k) = ch 8;a (k, B) + sh Ot (k, B) (4.1.96)
1151 GO30HOB H
o (k) = cos B0 (k, B) + sin 0,8t (k, B), (4.1.10a)
@ (k) = cos 8,a (k, B) — sin 6, (k, B) (4.1.106)

A depMuOHOB. 3nech napamerp 0, spiserca (QyHKIHel k u B,
KoTopas 6yjer onpefenena Huxke. O6paTHble Npeo6pa3oBaHis HMEIOT

BH],

a (k, B) = o (k) ch 0, — @' (k) sh 6, (4.1.11a)
@ (k, p) = @ (k) ch 0, — ot (k) sh 0, (4.1.116)
IJsi 0030HOB U
a (k, B) = a (k) cos 0, — & (K) sin 6, (4.1.12a)
a (k, B) = & (k) cos 0, + af (k) sin 8, (4.1.126)

Aisi gepMHOHOB. B panmbueiimem HaGopsl oneparopos {o (k, B)}
‘u{@ (k, p)} coxpauenno o6osnavarotcs o (f) u & (B) COOTBETCTBEHHO.
3amernm, uto H, coxpansem 6ud c80600KH020 2aMUALIMOHUAKA, OadHE

ecau ezo svipasume uepes onepamopol o (k) u @ (k):
Hy = 1 [ &% (k, B) [ot () o (k) — " () & ()], (4.1.13)

nockonbky kombunayus ot (k, p) a (k, p) —a* (k, B) & (k, P)]
UHBAPUARMHA OMHOCUMEAbHO npeobpasosarus boeorwbosa. AHano-
THYHO HMeeM

Py =1 | ik ot (K) o (k) — & (K) & (K)]. (4.1.14)

Bakyym, 3aBucsmuii oT TemmepaTypbl. OCHOBHEIM COCTOSHHEM
NpH KOHEYHO# Temmeparype siBasiercsi cocrosinue |0, B), mast koro-
pPOrO HMEIOT MeCTO CJEAYIOlHE PaBeHCTBA:

@ (k) ﬁ)IO’ ﬁ) = 0, (4.1.15)
a(k, |0, B) = 0. (4.1.16)
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[NpeacraBiaenue ¢uauueckux yactuu ') npu temneparype T jpaercs
¢ nomompio ¥ [a (B), @ (B)] /

Onpepenenne napamerpoB 0;,. OnpenesuM Tenepb napameTpsl 0,
BHIUHCJIHB CpeJiHee 10 OCHOBHOMY COCTOSIHHIO OT ONepaTtopa 4Hcna
yactun. Kak ykasano B Hauyazme 3Toro pasgena, oneparop o (k)
onuchiBaeT Bo36Gyxkaedue B cucreme. Iloatomy onepaTop 4Hcaa KBaH-
TOB B CHCTEME HMeeT BHJ

N (k) = at (k) a (k). (4.1.17)

CnepoBatenbHo, coraacio (4.1.9) m (4.1.10), cpennee sHaueHue
IJIOTHOCTH YHCJ& YAaCTHIL - PaBHO

om)3 ‘
n(k) =220, 8| N )]0, B) = (4.1.18)
= sh? 6, gnsa 6030HOB, - (4.1.19)
n (k) = sin® 8, a8 hepMHONOB. (4.1.20)

3aecs V = (2n)® 8¢ (0) — o6peM cHcTeMBl (CM. B 3TOH CBsi3H pa-
BeHCTBO (2.4.34)). CpaBHHBAsI 9TOT Pe3yJAbTaT ¢ XOPOLIO H3BECTHBIMU
GopMyJiaMH A/ IJIOTHOCTH YMCJA YaCTHI B CTATHCTHYECKOH MeXa-
HHKEe, HaXOIuM :

sh? 0, — 5_0)1_1 715t GO3OHOB, (4.1.21)
e —

sin? 6, = z—— 4 (hepMHOHOB, (4.1.22)
eP" -1

rie ® o6osnayaer o (k, B). DTH COOTHOLUEHUS NPEACTABAAIOT COOOH
aKCHOMY, ONpPEeIeJsIOlULyI0 TeMIIepaTypy CHCTEMBI B COCTOSIHHH TemJIo-
Boro papHoBecusi. ITo CyliecTBY OHH IMPEANOJNATAIOT, YTO CpejHee
3Ha4yeHHe MO BAKYYMHOMY COCTOSIHHMIO OT Ofieparopa 4Yuc/a YacTHull

paBHO cpeJHEeMY 3HAUEHUI0O IO KaHOHHUYECCKOMY ancam0J10 OT 4Yucaa

1) TeopeTHKH, 3AHAMAIONIMEC AKCHOMaTHueckoi Teopued moas [11], nonaranw,
4TO A/ TOCTPOCHHS KBAHTOBOM TEOPHH N0/t NMPH KOHEUHOH TeMileparype MOHAA0-
6UTCA YABOMTH YHCIO CTemeHel cBoGoAbl. Msnoxenue B HacTOsumeHl KHHTe Hampas-
JIeHO Ha co3faHHe GopManiaMa I B3aUMOJENCTBYONMX Hoefl, yloGHOro Ansi mpak-
THUECKOTO HCIOJb30BaHHS. B npocrefimedl gopme MofoOHBIN GOpMaiH3M H3IOKEH
B nocaeineir raase ofzopa [2]. Bosee Toumast GopMyJaHpOBKa NpejsoXeHa B pa-
6ore [3] U masBaHa TepMONOMEBOH AUHAMUKOH. [leTa/bHEIA aHANM3 aHANUTHUECKHX
CBOHCTB NPHYKHHLIX yHkumii [pura fan B pabote [4]. Mvenno stoT ananus paer
BO3MOXKHOCTb TIOJHOCTBIO HCIO0/Ib30BATL NPEHMYUIECTBA TEOPETHKO-TIOJEBOro IMOM-
XOfa, OCHOBAHHOTO Ha IPHMEHEHHHM NpHUMHHHIX ¢yHkmui [puna.. Ilpaktaueckue
BLIYMCJIEHHS] 3HAUHTEJIHHO YIPOWAITCS MPH HCHOJB30BAHHH TAKHX NPHYHHHBIX
¢ynkuuii. BsammocBsish MeXIy AKCHOMAaTHYeCKHM TONXOAOM H TEpMONOJEBOMH AH-
HaMMKOll aHaJu3upyercs B nocaeAneir u3 crareit [1].

DopMyIHPOBKA, OCHOBAHHAA HAa TaK Ha3HIBAEMEIX TeMNepaTypHHIX (PYyHKIOULX
I'puHa, monyunia mupokoe passutde [5]. CymectByeT MHOro yuebunkos (6], B ko-
TOpPHIX H3J1araercsi 3T0T (OPMan3M, TOSTOMY Mbl HE ONTHCHIBAEM €ro 3Jech.
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yacTHi. JTO yTBepKIEHHE MOXKHO 6e3 TPyAa 06o6uTb Ha J0GOI
omepatop, cocrosimuit u3 o u af, nanpumep 4 (@, at). A umesnHo,
BaKyyMHOe cpeJHee 3HauY€HHe OT TaKOro Oneparopa 0, B|A (x,
ot) |0, B) paBHO cpejHeMy 3HAUEHHIO NO aHCAMOMIO OT A (o, at).
Takum 06pPa3oM, CTATHCTHYECKAsh MEXaHHKA KBAHTOBOH CHCTEMb
MHOTHX YacTHI CTAHOBMTCSI KBAHTOBOH TeOpHedl moJsi, peajn3oBaH-
HOH B 3aBHCsAWEM or Temmeparypn npocrpanctse ®oka F [a (B),
@ (p)]. CoorBercTBylomHit OpMAaNU3M HOCHT HA3BaHHE TEPMOMO/IEBOH
IUHAMUKH. :
B janpHe#mieM HCNoOAb3ylOTCA 0003HAYEHHS

fi (0) = eﬁ‘”l—-—l (4.1.23)
fz (0) :F;—l. (4.1.24)

3amerumM, uro nmpeobpasoBanus BoromwoGosa (4.1.9) u (4.1.10) npu-
HUMAOT BHJ

a (k) = [1+ fz(0) 1V a (k B) + o [fz (0)]' & (k, B), (4.1.25a)
@k) = [l + fp(@)]7a k, B) + o [fs(0)]/: at (k, f) (4.1.250)
AJiss 6030HOB U

@ (k) = [1 — fp (@) 172 @ (k, B) + 0 [fy (0)1/: & (k, B), (4.1.26a)
&) = [l —fp (o)1 (k B) — o [fr (0) 1 ot (k, B) (4.1.266)

17151 PEPMHOHOB; TIPH 5TOM COXPaHseTcs MPOH3BOJ B BHIGOPE 3HAUCHHS
o= -+1 wim o= —1.
Tlockoasky a (k, B) | 0, p) = 0, u3 Beipaxkennit (4.1.11) n (4.1.12)

caenyer
th 6,6t (k)|0, B) xm1a GosoHos,
o (k)[0, B) = {tg 0,a* (K)[0, B) AN bepMHOHOB.

M3 3THX COOTHOIIEHHH BHAHO, uTO nobGaBjenue Kpanra o (k) K OCHOB-
HoMy cocTosHuio |0, P) SKBHBANEeHTHO HMcKmoueHwio kBauTta o (k);
B 3TOM cMbIc/ae KBaHT & (k) Bezer ce6sa nogo6HO AsIpKe KBanTa & (k).

(4.1.27)

Onepauus THibja. CHopMyIHPYeM TENepb NPABUJO, CBA3LIBAIO-
lee OmepaTophl ¢ TH/ABAOH C omepatopamu 6e3 THAbAE. PaccMoTpuMm
cHauana cBoGojHoe mose (cm. (2.6.45))

¢ (x) = [ d% [w (k, x) of (k) + 0 (k, ) B (W), (4.1.28)
yIOBJETBOpsiIOWee ypPaBHEHHIO THNA 2
A (@) ¢° (x) = O. (4.1.29)
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T[TockoapKy «omepaius THAbAa» 3amensier k u o (k) Ha —k 1 —o (k)
COOTBETCTBEHHO, OIpEAeNHM I0Je '
(0 = | d% e (k0 @ () + o (k0BT ®], (4130
YIOBJIETBOPSIOLLEE YPABHEHHIO
A* (0) ¢° (x) = 0. ' (4.1.31)

Onepartopbl 4’ ¥ U HMEIOT NPOM3BOJIbHbIE (A30BLIE MHOMHTENH,
nostomy BhipaxeHHe (4.1.30) mpuUBOAMT K CICLYIOIEMY npaBuay
JJIs OMEpalUH THJbJA:

~/
op® = c*§0 = (c§°%)*, (4.1.32)

rie ¢ — c-uucao. CpaBHuBas ypaBHenus (4.1.29) u (4.1.31), Mbt BH-
auM, uto npasuao (4.1.32) coxpauser cuay, Jaxke €ClH ¢ SABJIAETCA
JuddepennuanbupiM oneparopom ¢ (9):

c(0)@° = c* (0) ¢° = [c (0) §°* ]*. (4.1.33)
Coraacuo npeo6pasosanusu (4.1.25) u (4.1.26), nonyyaem npaBusIo
a (k) = pro (), @ (k, B) = pso (k, B), (4.1.34)

ecad n10Tpe6oBath, YTOOH ONepanust THIbJA, NPUMEHEHHAs K & (k, B),
He 3aBucesaa OT P. 31ecb Op — 3HAKOBBHIH MHOKHTEJb!

+1 pis GO30HOB,
Or =

—1 pas GpepMHOHOB. (4.1.35)

[Ipuuumas BO BHHMaHue Beipaxenus (4.1.33) n (4.1.34), obuee
TPABMJIO JJIsl OTIEPALMH THIbJAA MOXKHO CHOPMYJIHPOBATh CIEAYIOHM
obpaszom:

(e ~ o~
0,0, = 0,0, (4.1.36)
o ——sd ~ ~
Clol + 0202 - CikO]_ + C;OZ, (4.1.37)
0 = pu0, (4.1.38)

rje r
{ +1 pnsa 6030HONOAOOHBIX ONEPATOPOB,
Pr=

—1 s GopMHOHOIOAOGHBIX ONEPATOPOB. (4.1.39)

Oneparop HaspiBaercsi (epMHOHONOJOGHBIM (6030HOTIOIOOHBIM), €CH
OH mnpejcTaBifgerca B BHAe JHHEHHOH KOMOHMHAIHH C/IaraeMelx,
KaMjI0€ U3 KOTOPLIX COXEPKUT HeYyeTHOE (UETHOE) YHCIO PepMHOHHBIX
noJsed.
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IMycre H, [9°] — cBoGoanblit ramusibToHHaH aas ¢°:

Hy lg°) = 1 [ ko (k) lo* (&) @ (k) -+ B* () B (K); (4.1.40)

" 3llech M B JaJbHEHINEM MBI ONycKaeMm CIIMHOBHIH HHAEKC r. Onepamus
THAbAA JaeT

Hy = H} [¢*] = (4.1.41)
= j ko (k) [ (k) @ (k) + B* k) P (K) ], (4.1.42)

rfle TOCJIefHee COOTHOLICHHE [OJNyYeHO INYyTeM OlepalHH THJbJA,
IIPUMEHEHHOH K BuipaxeHuno (4.1.40).
B cuny Boipaxenuil (4.1.28) u (4.1.30) umeem

ifi 2 ¢ (1) = [9° (1), Hl, (4.1.43)

. 0~
ih = @° (x) = —[§° (%), H,1. (4.1.44)
[TonyueHHble ypaBHEHHs SBJSIIOTCH CAMOCOTIACOBAHHBIMH B TOM
CMBICJIE, YTO NPHMEHEHHE ONEePAIHH THAbAA K 0GEHM 4acTAM ypaBHe-

Hus (4.1.43) nmpusogut X ypaBHennio (4.1.44). Cormacuo (4.1.44),

raMHJIbTOHHAH A5 10J1si ¢° paBeH (—H,), TaK YTO MOJNHBIH FaMHJABTO-
HHAH paBeH

A, = H, — f,. ' (4.1.45)

KaK II0OKa3aHO BbIUIE€, 3TO BBIPpAXXEHHEC MOXHO 3allHCcaTh B BHJE
H, =ﬁjd3km (k) [of (k, B) o (k, B) + BT (k, B) B (k, B) —

—a* (k, p) @ (k, p) — Bt (k, ) B (k, B)]. (4.1.46)

3peck onepatopsl yruutoxkenus B (k, p) u p (k, p) ceasannt ¢ B (k)
u P (k) npeobpasosanuem bBoromoGoBa, wumeomum BHJ (4.1.25)
u (4.1.26). HecMoTpsa Ha TO YTO 3HEPIHs KBAHTA 3aBHCHT OT TeMIIe-
paTypHl, oHa 3Jlech M HHxKe obo3HavaeTcs npocto o (k).

B cnyyae ypapuenus THna 1 Bce npuUBe/ieHHbIE BLILIE PACCYKAEHHUS
COXPAHAT CUMY, €CIAH NPOCTO HTHOPHPOBaTh Benuuuunl v, P (k),

B k), Bk B) u Bk B).

Onepauus tuabia M ypaBHeHue IeiisenGepra. O6patumcs tenepb
K ypasHeHuo [efisenbepra. [Tycrs H [P ] — ramusbroHHaH cCHCTEMBI,
COCTOsINER W3 B3aHMOJEHCTBYIOIIErO refi3eHGEPTOBCKOrO TOJS 1.

Torna onepatop H nonyuaercst #3 H NMOCPeACTBOM ONMEPANHH THJIbJA:

A = H* [y*], (4.1.47)
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TTonHEI ramMuabTOHHAH H Jaercs BHIPaKeHUEM

H=H—H. (4.1.48)
KaHOHH‘{eCKoe ypaBHeHne - IBHXKCHHU A
i o=y, H] (4.1.49)
OPUBOAUT K YPaBHEHHIO
L 0~ ~
Lﬁ-??t—lp‘—:—[lp, Hi; (4.1.50)

~

oTCiOfid CAeAyer, uto H sBjAercs TaMHJLTOHMAHOM MOJed P u P.
Hompebyem, umobo. eamurvmonuar H 6bur 6 crabom cmvicae pasen

H, 6 (4.1.46). 3asucumocmo ® (k) om memnepamypel. nposasaiemcs
uepe3 cobcmeentiyro anepewio, 00YCA0BACHRYI0 83AUMOOCIICIBUAMLL. 310
HJLIIOCTPHPYETCS MPUMepaMH B IV1. 5. 3aMeTHM, UTO dHepeUus 0CHOBHOSO

cocmosnus cucmemst daemea ne eopaxceruen (0, B 1 H 10, B), a e
paocernuen (0, B | H |0, p). Cornacuo (4.1.3), H B ciraGom cMeiCie
paBeH H° (C TOYHOCTBIO JI0 IOCTOAHHOTO YHCAEHHOro caraemoro W).
Konkpetublii BHBOA cooTHomenHs (4.1.3) paercsi B caejyloliem pas-
aene.

Ecan & [¢) — narpanxuad, KOTOpBIE € MOMOWBIO KaHOHHYE-
ckoro (opManu3Ma TPHBORMT K ramHibToHHany H, 10 & =
= Z* [¢*] — narpanxkuaH, KOTOPbii NPHUBOAUT K H. Tlonuwit

narpamxual pasen £ = £ — Z.

Ecau cuereMa cofepuT 6o/bIloe, HO Onpee/eHHOe YHCI0 HCXOL-
HBIX YaCTHIL (OTHCHIBAEMBIX Tei3eHGePTOBCKHM TNosieM ¥), T0 £ HMeer
Bug & = %+ uN, rie p — Xxumuyeckuit noreduyal, a N — onepa-
TOp YHCAA HCXOAHLIX uacTHl. Takum o6pasoMm, ramuibroHHan H
TAaKXKe COAEpHKHUT claraeMoe ¢ XMMHUecKuM morennuanom (—ph),
MI03TOMY HaG/aofaeMas 3aBHCSMAs OT TeMIIepaTyphl 3HEpTHs ® (k)
33aBHCHT OT XHMHYECKOro NOTEHIHANA.

CBob6ojunas sHeprus [eabMrosibiia HMMEET BHA

F=(0, B|H|0, B) — S, (4.1.51)

rae S — 3HTpPOUHA:

S=—hV | ge{fa (o) log fa (@) — lpa + fa (0)] X

xlog [1 + pafa (@)1}, (4.1.52)
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3nece V = (2n)® 6® (0) — o6bem cucrembl, ©® o6o3HayaeT o (k),
a QYyHKIWUH 4 M 0, UMEIOT BHUJ

‘ fs mist 6030HOB,

fa —{ fr D151 hepMHOHOB, (4.1.53)
{ 1 nas 6G030HOB, Les

= —1 pna pepmuOHOB. - (4.1.54)

M pumepsl cBOGOAHBIX MoJel U ABYXTOHEYHBIX (DYHKUM# Bjd HHX.
PaccMOTpHM HEKOTOpHIE NPOCTHIE IIPHMEpHl CBOGOJHBIX HOJEH NpH
KOHEUHBIX TeMiepaTypax. I1ycth cBoGofHOE moje ¢° yAoBJEeTBOPSET
ypaBzennio A (0) ° = 0, B koropom A (0) uMeeT BHJ

A@) =io— o (V) (4.1.55)

Hmeem torma
Z = | dixger <i—§t—~ o (%)), (4.1.56)
P = [ gt (— iP5 — 0 (—V)§, (4.1.57)

rae yuyreHo cootHomeHHe ©* (V) = o (—V). CoorBercrBylouue
raMMJIbTOHHAHEl HMEIOT BHJ

H = | d*x¢™o (V) ¢, (4.1.58)

i = | & (— V) §, (4.1.59)
a onepartopnl IO/

90 (x) = @u)"/sh'e | dkee (k) exp [ikx — io (K) ], (4.1.60)

§° () = @n) /s | dha (k) exp [—ikx + io (k) ¢]. (4.1.61)
Toraa us (4.1.58) u (4.1.59) cnenyer

H =1 dko &) ot &) o (K), (4.1.62)

A =1 dko (&) a* k) & (k). (4.1.63)

Oneparopnl & (k) u @ (k) cBazausl ¢ a (k, p) u @ (k, B) npeo6pasosa-
nuem Doromwo6oBa (4.1.25), (4.1.26). Bce mpuselenHble BLIUIE COOT-
HOIIEHUS] CIOPABENJHBLI KaK JiJIS GO30HOB, Tak M M5 (PepMHOHOB.
Dueprust o (k) A1s 6030HOB MOJOXKUTEALHO ONpeAeneHa, a s ¢ep-
MHOHOB OHA MOXET CTAHOBUTHCHA OTPHIATENLHOH NPHU OnpeeseHHBIX
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snauenusx k. Ho jmaxe B mocjeaHeM ciydae BeipaxeHus (4.1.60)
u (4.1.61) cOXpaHAIOT CWJEBL, KaK 3TO BUJHO H3 CJEIYIOUHX coobpa-
xenufi. [TocTaBUB B COOTBETCTBHE ONEPATOP YHUYTOKEHHUS IMOJOXKH-
TeJbHON Y4CTOTE, a ONEepaTop DPOKIAEHHS — OTPHUATENbHOH, HMeeM
90 () = @n) /el [ PR {a (K) 0 o (k)] +

+ bt (k) 0 [—o (k) 1} exp [—io (k) £ -+ ik-x]. (4.1.64)

Oneparopst a (k) u bt (k) cBssanst ¢ a (k, B) u b (k, p) mpeoGpasosa-
unem bBorogao6oBa

a k) ={1—frlo &) ak, B)-+{fzlo @]}/ a" k, p), (4.1.65a)
bt (k) = {1 — fpl— @ R}/ bt (k, B) — {fr[— o ®)]}'/: b (K, B).
(4.1.656)

3amerum, uto B (4.1.656) HCMONB30BAHO 3HAUeHHe ¢ = —I1, mpHueM
5TOT BHIGOP MTPAET CYUECTBEHHYIO POJib B HHXKECJE/YIOMEM BHIBOIE
soipaxenuit (4.1.60) u (4.1.61). Tlockosmpky frlo®]=1—
— fr [—o (k) ], umeen
a (k) 0 lo ®!+ otk 6[—o (k] =

={1 — fp [0 )]}/ {a (k, B) 0 [0 (k)] — b (k, B)O[— oK)} +

+ {frlo R} {at (k, B) 0 [0 ()] - b (k, B)O[— o (K))}. (4.1.66)
Jlanee, Tak KaK omepatop B mepBoii (BTopoii) urypHO# cKoGke co-
JEPKHUT TOJBKO OMNePaTtopbl YHUYTOXKEHHA (pokIeHus), MOXKHO OIIpe-
nemnth o (k, p) u at (k, P) crenyromum oGpasom:

«(k B) =ak B0 lo®k]—5k B) 6 [—o k]~ (4.1.67a)
&t (k, p) = a* (k, )0 [o (k)] + b* (k, p) 0 [—o (K)]. (4.1.676)

B stom cayuae Bupaxkenue (4.1.64) npunumaer BUA (4.1.60), a npu-
MeHsisi K HeMy ONepaiuio THibja, noayuum (4.1.61).

YTOUHHM Temepb MOJeNb, MPEANONONKHB, 4TO §° — epMHOHHOE
noste. s ynpoumeHuss oGo3HayeHMit BBEAEM VIS TEPMOMOJEBOTO

nybaera CHMBOJ
¢! ¢
((P2> = (fp“*‘) . (4.1.68)

i

[IpuuunHas AByXTOUeuHas OYHKUHUs ONpPejesNeHa CAEAyIOUHM
obpasom: -

S (x — ) =0, B| T o™ () ¢ (110, p) = (4.1.69)
=0t — £,) (0, Bl * (0Pt (&) |0, B) —
—0(t, — 1) (0, Bl B @) o™ ()0, B);  (4.1.70)
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UMNyJbCHOE HpeﬂCTaBJIeHHe JAJIsT Hee HMeeT BHJ
S (x — y) =B [ d'kexp lik (x — y) — iky (b — £,)] SEP (4).
@t :
(4.1.71)

Torga nosnyvaem

(o) a2 (@) —c(@d(e)  c(o)d(e
«p ko—m+i6+ko—m—i6’ ko— @418 ' ky— 00— 8
s (k)]: — ¢ (0) d (0) ¢ (0) do &2 (w) 2 () ’
kg— o -} i8 +k0~m—i6’ ko——m—}—i6+k0-—m—i6
(4.1.79)

rae @ = o (k), 8§ — nmonoxuTenbHAas GECKOHEUHO Masasi BEJHUYHHA,
c(0) =[1 —fp (@)1, d(0) = [fp (@)]/:.  (4.1.73)

Ipumeuatennno, yto BoipaxeHue (4.1.72) MOXKHO 3anHcaTh B cJe-
Ayiouled npocroit dopme:

S S 0
Sc(/e)=U(m)(k°_“’+"s . )U+(m)= (4.1.74)
0 rpr—y
=U () [ky — © - i67]2U* (w). (4.1.75)

3necy U (®) — yHHTapHas Marpuua

U (0) = ( ¢{o) d(m)) 4.1.76)
a MaTpuua T Onpe,lleJIeHa Bblpa}KeHI/IeM
| = 1 0 4.1.77
T = (0 1 ) : (4.1.77)

Bosmoxnocts sanucu S, (k) B mpoctom Buze (4.1.75) menaer 3Ty
NPHYHHHYIO QYHKIHIO OYEHb NOJIE3HOH B NPAKTHUECKHX BBHIUMCIECHUSX
[I0 METOMly TEPMONOJNEBOH JHHAMHKH.

3anasppiBaiomas AByxToYeyHas ¢yHKuua S, (x —y) u onepe-
Kawowas AByXToyeyHas GyHRUMA S, (X — y) ONPeHeNsIoTcs Ciejly-
IOIUM 06pasoM:

SEB(x — ) =0t — 1) (0, Bl [0 (0, o™ )]+ [0, B),  (4.1.78)

SPx—p=—0(t,— 200, Blle™®, o* 1)1+]0,B).  (4.1.79)
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dypbe-06pasbl 3TUX (yHKIHI ONPELEIAIOTCs C NOMOIbIO COOTHOMIE-
Hui, anasornynsix (4.1.71), B HMeOT BUJ

@B oy bap

r (k)_ ko-ﬁ)—l—iﬁ ’ (4180)
8o

Ply= g - (4.1.81)

PaccmoTpuM Tenepb 603oHHOE mose ¢°, 1Jsi KOTOPOro Oneparop
A (0) 3anan BupaxenuneM (4.1.55); sjecb BHOBb HCIOJB3YETCsl ay6mer-
Hoe o6osHauenue (4.1.68). IlpuupHHAs JBYXTOUeuHas GYHKIHA
HMeeT BHJ

2P x — ) =0, BI T [¢” (), ¢"* ()10, By = (4.1.82)
= 0 (t. — £,) {0, Blo™ () ¥P* ()]0, B) +
+ 8 (8, — 1) (0, BloPt (4) ¢* ()]0, B), (4.1.83)
a ee ¢ypbe-pasnoxeHue
AZ (x — ) = i [ dtkexp ik (x —y) — tko (b — 1)1 A (8).
(4.1.84)

Hcnonpays Buipaxedus (4.1.60) u (4.1.61) u yyursiBas npeobpaso-
panne BoromoGoBa, onpejensemoe paBeHcrsamu (4.1.25) u (4.1.26),
Hafigem

) 5@ cp)ds (@) o5 (©)dplo)
(Arxﬁ(k))__ Fo—0Fid kg —0—0" kg—@+i§ k—o—i6 |
‘ s (©) dp (@) cp(@ds @ 450 ¢ ()
Fp— @10 kp—0—i0 kg —+id ky—o—id
(4.1.85a)

= Uy (0) 7 Lty — © + i6t]™ Uy (0), (4.1.856)
rae o = o (k), a
B dg
Us (0) = (ZB ((“;)) . EZ;) (4.1.86)
npuuem
s (0) = [1 4+ f (0)1:, dp (0) = [f5 (@)1 (4.1.87)

3ametumM, YTO MaTtpuia UB HEe YyHHTapHa, HO YAOBJIETBOPAET COOT=
HOILIEHHKIO

UBTUB = T. (41.88)
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3anasjplBaiolas | onepexawuas JABYXTOUeyHble PYHKUMH A, U A,
ONpeJIeNISIIOTC  PABEHCTBAMH

AP (x — ) =0 (L. — 1,) (0, B| [0 (x), #* )1]0, B) (4.1.89)
AT (=) =—01(t, — £) 0, B| [o" (x), o™ (1)1]0, ), (4.1.90)

a ux Qypbe-o0passl HMEIOT BHJ

af
afp _ T
o o«
Aaﬁ(k):—kot’ca_—ié. (4192)

PaccmoTpuM Tenepb HeCKOJMbKO GoJiee CJIOKHBIN caydai
A (—0) = —[(8/00)* + w® (V)] © o (4.1.93)

Kak ykasano HenocpejicTBeHHO mocse Bhpaxkenus (2.6.119), noje ¢°
JOMKHO OBTh GO30HHBIM noJeMm. Ecau npeanonoxuTth, urto ¢ —
BemecTBenHoe nose (¢°t = ¢°), to B cuay (2.6.53), rae p (k) = a (k),
uMeeM

o g &% .
¢° () = (2m)- /s S G {a (k) exp [i (kx — wf)] |-

4+ at (k) exp [—i(kx — b}, (4.1.94)
OTKyJa
azk

F° (x) = (2m)~ */ah2 S oy (@ (R) exp [ i (kx — o)

+ @t (k) exp [i (kx — of)]}. (4.1.95)

Oneparopnl o (k) u @ (k) cBsizaHel ¢ omepaTopaMu (DU3HYECKHX Ya-
crun, o (k, B) u @ (k, B) npeoGpasosanuem boromwoGosa (4.1.25a),
(4.1.256). IlpuuuuHasi, 3anasuplBapllasl K ONEPexKamas ABYX-
TOUeYHBIE (PYHKUHH ornpeleneHn pasenctBamu (4.1.83), (4.1.89) u
(4.1.90) cooreercrBeHHo. Pypbe-o6passl 3THX (GYHKIMH HMEIOT BHI,

A (Ry=Upg () TR} + (0 — ib1)*| ' Up (0), (4.1.96)
op
By 1
AP 0= e (4.1.97)
af
op . T
Aa (k) -_— W&)—Z—' (4.1-98)

CreKkTpanbHble NPEACTaBACHUSA JIBYXTOYEYHBIX QYHKIMH /151 B3aH-
MOJIeACTBYIOIIMX NOJeli NPHBENEHH B CJEAYIOUEM pasjese.
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PaccMOTPHM NOC/HENHUA TMpPUMEpP, AIf KOTOPOro
M) =2 —& (V) T+ An | (4.1.99)
[TocKOIBKY HMeeT MecTo paBeHcTBO (cM. (2.6.54))
7»(6)213<i—gt—“r3—8(V2)+iArz>,
cBoGoaHoe mnote @° onpenensercst BolpaxkenueM (2.6.77)
¢° (x) = [ d% {u (k) a4 (k) exp [i (kx — o)1 +

+ o (k) at (k) exp [—i (kx — of)1}. (4.1.100)

CorsiacHo COOGpaKeHHSIM, RHICKA3aHHBIM mocie dopmyssr (2.6.123),

® — cepmuonnoe nose. B (4.1.100) mcnosib3oBaHH 0003HAUECHUS
oy (k) m ay (k) Bvecro o (k) u P (k) cOOTBETCTBEHHO, TaK KaK p
HCIONMb3yeTcs Jisi o6o3HaueHust orHomenus H/kpT. YKasauHble
onepaTophl yJOBJETBOPSIOT (PEPMHOHHBIM aHTHKOMMYTAIHOHHEIM CO-
orHomenusiM. Boanosle pynkuud u (k) u v (k) npusenens B (2.6.73)
n (2.6.74):

k) = (2 -“/h‘/< Sl 4.1.101
w (k) = @n)rnte | ot (4.1.101)
K = (2 —3/#/(5“19" 4.1.102
0 ) = @ayra (S0 o, (4.1.102)

rje
cos 0, = (o + &)/ 201, (4.1.103)
sin 0, = [(0 — &)/20 '/, (4.1.104)
o = o (k) = (g} + A", (4.1.105)

Takum obpaszoM, uMmeeM
§ () = [ d% {u ®) @ (k) exp [—i (kx — 0f)] +
+ v (k) & (k) exp i (kx — of)1}). (4.1.106)

Onepatopnl a4, y (k) u @, ; (k) cBAsansl ¢ onepatopamu Qu3u-

yeckux uactui o4, 4 (k, p) u @y, ; (k, ) npeoGpasoBanuem Boro-
moGosa. A uMeHHO

ar, 4 (k) =[1— fp @)1 a4, o (&, B) = [fe ()72 &F, 4 (k, B), (4.1.107)
@y (k) =11 —fp (o))" G 4 (k, B) F [fr (@)1 af, y (k, B), (4.1.108)

rre BepXHHH (HHXKHuil) 3HaK COOTBETCTBYET CJy4Yalo CIHHA BBEpX
(BHH3). .
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CorsacHo (2.6.56) u (2.6.57), umeem =1 u
d©) = io + & (V) % — Ay, (4.1.109)

Takum o6pasoM, npaBusaa cymm (2.6.102) u (2.6.103) Bmecre ¢ BHI-
paxenueMm (2.6.85) naior

@myu (K) uy (k) = (S EER = ) (4.1.110)

(27)? v, (k) vy (K) = (W >

20

, (4.1.111)

5

tiea=1wm2ub=1wuwm2.
Hcnosb3yem BHOBb 0003HaueHHe TepMonoJesoro jpy6maera (4.1.68):

¢! @° .
(‘P2> — (@0*') . (4.1.112)

3ameTuM, YTG 9TO N0 CYUECTBY HYeTBIPEXKOMMOHEHTHBIH BEKTOP-
croaben, Tak Kak ¢° — Bekrop-nyOsaer. B panbHedimem Gyaem o6o-
3Hauath @' u @? uepes ¢%, a = 1, 2. [IpuunHHas, 3amasjplBarmas
1 Omepexxkawmas JAByXtoueunsie GYHKIMH ONpeeJeHbl BHIPAKCHHIMH
(4.1.70), (4.1.78) u (4.1.79) coorBercTBeHHO. B pésysabraTe BRIYHCIE-
HUSA HAXOJAUM

S2 (k) = 2T — 8% 1) () (ky — & + 80U (0) g +-

o — ety -+ Aty

4 AT T (U (— o) (ko 4 8T UT (— 0)lag,  (4.1.113)

rae U (o) npusegeno B (4.1.76), o oGosnauaer o (k).

Onpejesienne NPUYHHHOMN, 3anas3jrBapolell 1 oNepexaroues AByx-
Toueunsix hyurimi gauo B (4.1.70), (4.1.78) 1 (4.1.79) ans depmMuonoB
u B (4.1.83), (4.1.89) u (4.1.90) nns 6030H0B. [IpuMensas sTH onpefe-
JIEHHS K TIPUBEJEHHBIM BhiIEe NMpHMepaM, NMOJydaeM ypPaBHCHHS IJIs
¢yukuui I'puna

A (@) S*B (x — y) = ihdW (x — y) 678, (4.1.114)
A (0) A% (x — g) = iA8W (x — y) v*B; (4.1.115)

sgecp S obosnavaer S, S;, S,, a A — A, A, A, )

Kasounyeckue KOMMYTATODbI TakKKe CJErKa BHIOH3MEHSIOTCS
B 0603HaYEHHsIX TEPMOTIOJIEBOrO Ny6eTa ¥ HMeloT A1l 6030HOB M dep-
MHOHOB COOTBETCTBEHHO CJEAYIOMMH BHA:

[n* (x), 9 (1) )r,mr, = —iBT*B0 (x — ), (4.1.116)
[ (x), @F () bor,—r, = —iROB6 (x —y);  (4.1.117)

3nech n* (x) — BeJIHUMHA, KAHOHHYECKH CONpPSXKEHHAs ¢ % (x).
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MpaBH/ia YMHOXKEHHS AAs ABYXTOHWEUHBIX (yHKuMi. IIpH npaxru-
yeCKHX BBHIYHCJEHHSX 4acTO BCTPEYAIOTCs 3aMKHYTHIC INETJEBHIE IHaA-
I'DaMMBl, COOTBETCTBYIOLIHE IPOM3BEAEHHSM JBYXTOUCHHBIX $yHKIH.
Huke npHBOAATCA BbIPAXKEHHs IJIs TNOJOGHBIX BEJNHMYHH.

Haunem c¢ mnpousBefieHHs OO30HHBIX JBYXTOYEUHbBIX byHKuul,
onuceiBaeMbix Boipaxennem (4.1.85). Mwmeem

[ U eyt (fo - — e i07) " Un () |

% [UB (%)t (10 — -k2i $ (. — i&))‘l Ug (y._)]aﬁ =

=i J dwno (; %, %) [UB )T {ko — % - 8T} Up (W)]ap, (4.1.118)
rae
o (; %y, %) =8 (0 —x, %) [fp () — [5 (£x)]. (4.1.119)

BuBoj nocaenneit opmysl Tpebyer BHIUUCICHHS KaxIOro Marpud-
HOro sJ1eMeHTa. Hanpumep, komnonenTa (1, 1) MarpHip! 0 BEIYHCAAETCA
clefyoIuM 06pasom:

dly cB (%) db (%)
20 k - k X
lo+70—“++i5 lo""‘le“"ﬂ_i“5

% cB (%) _ db (%) _
! ko . kg |
— i — S —ib

2 - 2
() ( Bxy)db(x) _ db(us)ch (x) ) _
- B — %4+ %_ - 08 kg— Ry +n_—id /]
. ﬂ’}{___ 1 B%_
= (—1) Sdm‘i (% — %, -+ %) (eﬁ’Ei—- ) ()eg“— 0 X
% ( B (%) dB (x) )
Bo— % |10 kg—x%—ib /]’

[Ipu 3TOM AEHCTBUTENBHO JIs O (%; %, %_) NOJy4Yaercs BhpaxeHHe
(4.1.119). Cayuait HuxHero 3Haka B (4.1.119) Jyierko nosy4uTs, €C/d
yuecTb COOTHOWEHHE Cp (k) = —db (—x).

dopMyJia AN NPOH3BENeHHst YEPMHOHHBIX ABYXTOUEUHBIX QYHK-
IUH HMEeT BHJ

P [ G [ Uk (o b5 — i6t)" Ut () | X
% [U(%_) (zo —h + i&c)"‘ Ut (”-)]as —
= j dno (x; %, %) [Up (%) T {ky — %+ 6T} 2 Up (W)]ap,  (4.1.120)
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rje &* = t** y
o %y, )= —0x—un, +x) [fp () —[o(x)]. (4.1.121)

C nmpyro# croponsl, ¢opmyna gisi (GepMHOHHOH JBYXTOYEUHOH
¢ynkuuu, cocrosumeir H3 ¢epMHOHHON H GO30HHOH JABYXTOYECUHBIX
(QYHKIHUY, 3aNHCHIBaeTCS B BHJE :

[ G2 () tho — ly — w1 385} U* Ga)ap X
X WUp (%) T {lo F (2 — i81)} T Up (%) ]up =

+oo

= j dno (06 %y, o) [U (%) {ky — % -1- (8T} LU ()]0, (4.1.122)

rie
g ('K; Ay, %2) = —§ (M'—%l - Mg) [fB (—_“Kz) _F 1 — ]cF (%1) ], (4.1.123)
ecay G030HHAsA AByXToueuHass pyHkius umeer BUA (4.1.85). Ecau xe

6o3oHHas JABYXToueuHas GyHKuus umeer Bupx (4.1.96), to dopmyna
3allUChIBaeTCsl B BHJE

S0 1U (1) {to — Lo — w0+ 8T} LU* (tr)]up X
X (Ug (o) T{l; — (g — i67)%} 1 Up (%) ]ap =

— i | dxo (6 w1, o) [U (%) {ko — %+ iST) T UY (4)op,  (4.1.124)

e
O (%; %y, Hp) = —5%; [6(¢ — %1 — %) {fp (%) + 1 — [ (%)} —

— 8 (% — H1 %) (i (— %) 1 — fo ()] (4.1.125)

4.2. [luHamruyeckoe oToOpameHHe NPH KOHEYHbIX
TemnepaTypax, NpPaBH/IO MNOACTAHOBKH THNbALI
H cooTHoweHHe Hyb6o — MaprtuHa — LLiBuHrepa

B rai. 3 BBezeHnl ofluee NOHATHE JHHAMHYeCKOro oTobpaxKkeHHus H
npejcrapjieHHe (U3HYECKHX YAacTHI IJIs H30JHPOBAHHOH CHCTEMBI.
B stom pasnene naercsi o6o0lieHHe YKasaHHBIX NOHATHH Ha caydail
yuera BJIHSHHSI TeMIepaTypHl.

¥Ypasnenue lefizeH6epra npu KoHeuHbIX Temnepatypax. CorsacHo
CKa3aHHOMY B pasf. 4.1, umeercs He TONbKO refiseHGEProBCKOE IMOJE
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Y (x), HO M COTMpsSIKEHHOE eMy (B CMBIC/]IE ONEPAUHH THABJA) TOJIE
P (x). YpasHenus TlefisenGepra HMeIOT BHJ :

A@P(x)=F [yl 4.2
A* (9) P (x) = F* [9* 1. (4.2.2)
3amerum, uto F* [{* ] nonyuaercst u3 F [y ] mocpenctsom onepaunu
Tunbaa. Kak nokasano B npumepax pasi. 4.1, IByxtoueunsie GpyHKIHH
HMEIOT CPAaBHUTEJNbHO NIPOCTOH BHJ NPH UCTOJAb30BAHMH 0003HAYCHHH
TEPMOTIOJIEBLIX Ay CJIETOB. 31ech naercs 06o6IIEHHE ITHX 0003HAYEHHH,
Ilast mo6oro omeparopa F ompejenuM TepMONoONeBoil aybaer

¢ IOMOMLbI0 COOTHOUIEHHS

F st o = 1,

Fo = (4.2.3)

Ft  gna o = 2.
Ecin F — dyuknusa Apyrux omeparopos, Hanpumep AB ... C:
=aAB ... C, 4.2.9)

rie @ — YHCJeHHBIH Kos(duuueHt, To F*, COIMAaCHO ONpejie/eHHIO
(4.2.3), 3amaHO BBHIpAXKEHHEM

@ = qP, (A*B* ... C*); (4.2.5)
sjech P, — omepatrop yNOpsJOUeHHs, OMpejesieHHbIH COOTHOEHHEM
AlBl ... C* g o = 1,

Po (A%B* .. C%) = 2 pA® g o = 2.

(4.2.6)
Ucnonbsys fy6aerHsie oGo3HaueHus, ypasnenne IefizenGepra MOXHO
NPHBECTH K BHAY

A @) 9™ (¥) = PoF [y (x)1. (4.2.7)

Ecau ¢ ONUCHIBAET 3/IEKTPOHHOE IOJEe, TO OHO SIBJAETCH CHH-
HOBBHIM Ay6serom. BooGiye roBopsi, €C/id HCXOAHBIA onepaTop Ieiizen-
Gepra ¢ (x) BhIpaXkaercsi C MOMOIIbIO BEKTOP-CTOJGLA, TepPMONOJEeBOR
RyOsieT HMeeT BH] ‘

N VP (x) s oo = 1,
- x fnd ~
b (%) Pr(x) g o= 2.
31ech BepXHHi HHIEKC f 0603HAa4YaeT ONEepauuio TPAHCIOHHPOBAHHA

BekTopa. Ecau ¢ (x) npeo6pasyercs NMoA AeHCTBUHEM IpeoGpasoBaHHsl
CHMMETPHU COIJIacHO

(4.2.8)

P (x) = Uy (%), (4.2.9)

10, Kak BHAHO u3 onpeaenenus (4.2.8), p* (x) npeobpasyercs aHa-
/IOTHIHO;

¥ (%) = Up* (%), (4.2.10)
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3TO CBOHCTBO, XapakTepHoe JJisl TEPMOTIOJNEBLIX MYJbLTHINJIETOB,
MO2KET YIHPOCTHTb BLIYUCJCHHSA.

JuHamuueckoe orofpakenue NPH KOHEUHBIX TemmepaTypax.
Iycts @° u §° — cBoGomHOE hHU3HYECKOE T10JIe H THIbJA-CONPSIKEHHOE
HOJIE COOTBETCTBEHHO. Y PABHEHHs JIJAsd 3THX TOJEeH HMET BHJ

A ()¢ =0, (4.2.11)
A* (9) §° = 0. (4.2.12)

Ecau teMieparypa OTJIHYHA OT HYJIsI, MHOTHE KBAHTOBBIE MOJbI CTa-
HOBATCSA HEYCTONUMBLIMH. BO MHOPHX c/1ydyasdX 3TH KBAHTOBLIE MOJbI
paccMarpuBaroTCsl NPUOIHKEHHO Kak (usnueckue kBautel. Heycroi-
YHBOCTh, O6YC/JAOBJEHHAST BJAHSHUEM TEMIEPATYphl, YUUTHIBAETCA I10-
CPEICTBOM CTPYKTYPBl COOTBETCTBYIOIMX JBYXTOYEUHBIX (YHKIHH
pPE30HAHCHOTO THHA.

Cnenys paccysxaeHusiM IJ1. 3, 3alHIIeM AHHAMHYECKOoe oToOpaxke-
HHE B TEPMHHAX HEKOTOPHIX cBOGOAHBIX moJjeil. [JockonbKy ABa ypaB-
nenns (4.2.1) u (4.2.2) He cBs3aHBI APYT C APYTOM, MOXKHO BBIGPATh
¢° u ¢° Tak, yToOLI P coAepKANA TONLKO ¢°, a P — TONbKO §¢°. Baus-
HHE TEMIEPATYpPHl MposiBJasiercst auub B ToM, uto o (k) u & (k) nepe-
CTaloT OHITb ONEPATOPAMH YHHUTOMKEHMS; OHH BBIPAXKAIOTCA 4Yepes
onepatopel yuuuroxenusi o (k, B) u @ (k, B) cornacuo dopmymnam
(4.1.25) u (4.1.26):

o (k) = o (k B) g’ k, B) - oat (k, B) f/= (k, B),  (4.2.13)
a (k) =a(k B) g (k B)+ opat (k, B) f2 (k, B),  (4.2.14)

rae p = 1 aas GozoHoB M p = —1 a1 pepmuonos. Pyukuuu g (k, B)
u [ (k, B) ompeneneHsl caepyiomuM o6pasoM:
g (k, B) = e"r/(ePr — p), (4.2.15)
f(k, B) = 1/(¢"» — p). (4.2.16)
3ametuM, uT0 ©, o6Go3Hauaer o (k), a
g (k, B)/f (k, B) = e™r, (4.2.17)
Xors none P He cofepKUT noas §°, a P — moas ¢°, uMeeM
(0, Bl¥Hp|0, B) # O, (4.2.18)
NOCKOJIbKY ‘
0, BI§*9°|0, B) == O. (4.2.19)

HimMenHo 1o 31ofi npuynHe MHOrHe GU3HYECKUE BETHUHHEL, COAEPKAILHE
puepruio © (k), 3aBucAT OT TeMmepaTyphl,
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Jlunamuueckoe oro6pazkeHHe AJs P MOXKHO 3aMHCaTh B BHJE

$ )= ¥ [y . dbndgy .. dguF 05 Ry oo Bai oo Gn) X

X ot (k) .. o (kn) @ () o @ (Gn).  (4.2.20)
TOI‘ILa onepapusa TWJIbJAA Ja€eT
P () = Zjdkl o dhydgy .. dGuF* (5 Ry e Rt Gy Gm) X

n,m
X @t (ky) ... @t (kp) @ (q0) ... @ (qn). (4.2.2])
Us Buipaxennit (4.2.20) u (4.2.21) cnenyer, urto H u H pasnol
¢ caabom cmowcae Hy u Hy coomsemcmeenno (cM. pasf. 3.4). Takum
06pas3oM, NOJNHBIA raMHJIbTOHHAH H=H—H paseH B cJaabom

cmpicne Hy = Ho— H,. Onepatopnl o (k) u o (k) cBsizamnbi ¢ ¢H3U-
yeckume onepatopamu « (k, B) u @ (k, p) mocpenctsom npeo6pas3oBa-
Hua bBoroso6osa.

TpaBuiao MOACTAHOBKH THAbAB. OGpaTHMCA Tenepb K COOTHOLIE-
Huto (4.1.27), corjiacHoO KOTOpOMY

a (£)]0, B) = o exp (pw,/2) & (k)|0, B)- (4.2.22)

Ilpu ero BhiBoge yurteHo, uto a (k, B) | O, p) = 0. Kpome Toro, co-
ornomenue @ (k, p) | 0, p) = 0 npuBoguT K PaBEHCTBY

at (k) |0, B) = op exp (—Pw,/2) @ k)]0, B). (4.2.23)
TToBropHoe npumeHenue (4.2.22) u (4.2.23) npHBOJAUT K BhHIPaXEHHIO
v ()]0, By =eexp (B (Ho— H)) #* (010,8),  (42.29)

rae ’
Hy= [ dhouet (k) @ (), (4.2.25)

Hy = [ do,a* (¥) & (), (4.2.26)

& — 3HAKOBLIH MHOXMTEJ/b.

3HAKOBLIH MHOXHTENb & ONpEIENsAeTcs CJAeRyIoHM 06pasoM.
Paccmorpum crHauana omepatop ot (Ky) ... at (k) @ (qy) ... @ (qm),
rae o (I) — depmuoHHEA onepaTop. YHCIO mepecTaHOBOK dbepmu-
OHHBEIX OMNEpaTopoB B 3TOM NPOU3BEJCHHH PABHO

ng =1, (n+m(n+m-—1. (4.2.27)
[peanosoxuM, 4TO CpPEeIu ONepaTopoB at (ky) ... ot (k;) umeercs
v epMHOHOB ¢ 6 = —1 U (n — ) epmuoHOB € 0 = +1, a cpenu

onepatopos & (qy) ... & (qm) HMEETCA W depMHOHOB ¢ ¢ = —1 ¥
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(m — p) depmuonoB ¢ ¢ = -4-1. C yueroMm cooTHOweHHH (4.2.22)
1 (4.2.23) nonyyaem HONOJNHHTENbHEIA 3HAKOBBII MHOXKHUTEIb OT Ome-
paropoB @ ¢ ¢ = —1 u ot onepatopoB at ¢ 0 = +1. Takum obpa-
30M, 3HAKOBbIH MHOXHTENb € NPHHHMAET BHI

o= (— I)'F (— 1" (— )P = (= 'F" (— )P (4.2.28)
ITockonbkKy

nF+n=%(n—m)(n—m—l—l)+2nm,

5 (—m) (n—m 1)+ (=) =
=g ln—m+2@—V]ln—m+2@u—v) + 11—

—2@n—m(p—v) —2 @ —Vv)>
;HMeeM
£ (— 1)"/e (890 = () 4V (19) = (o) 4w g 9 90

Torpa (4.2.24) MOxKHO 3amHcaTh B BHJAE

exp (5 ) ()10, B) = (— D Frexp (L 1) (9 0, py.

(4.2.30)
3aece F — onepatop uucsia GepMHOHOB, ONpeJe/eHHBIH BhIpaXKeHueM
F = jd‘"’ka [ot (k) o (k) — &t (k) & (k) ]. (4.2.31)

Ecan nMeercs elne HECKOMbKO THMOB GepMUOHHBIX H GO30HHHIX MOJEH,
TO O-MHOXHUTENH LA HHX MOXKHO ONDENeTHTh, NONb3YsSCh NPaBHJOM
COXpaHeHHs MOJHOro yucaa epMHOHOB. [l 3TOro mpumem, 4TO,
Kak Jjisi OObIYHBIX ()epMHOHOB, 0 = ~-1 JIjIs 4acTHl H ¢ = —1 jpas
IBIpOK. 3jech moj uacTtHieil (hepMHOHOM) IIOHMMAaeTcsl KBAHT, CBS-
3aHHBIH ¢ BosiHOBOH (yHKumed u” (k) B (2.6.45) u (2.6.46), a nox
JBIDKOH — KBaHT, cBs3aHHbH ¢ v° (k). B cayuae mozenu cBOGOAHOTO
nons (4.1.55) ¢epmuon ¢ oTpunaTenbHuiM 3HaueHneM o (k) aBaseTcs
JIBIpKOH, U, cnenoBarenbHo, B (4.1.656) mcrnonab3oBasoch 3HaueHHe

6 = —1. B cnyuae mozmenu (4.1.99) Buipaxkenue (4.1.100) mokaskl-
Baer, YTO ABIPKOH ABAseTcst GePMHOH CO CIHHOM BHU3. [JoatoMy 3Ha-
uenue 6 = —I B (4.1.107) u (4.1.108) npunuceiBaercss GepMHOHY €O

cnuHoM BHH3. (Ecau ¢epMHOHY cO CIHHOM BHH3 NpPUIKMCATL 3HAUCHHE
0 = +1, BolpaxeHue A5l NIPHYHHHON ABYXTOUEYHOH YHKIHH CTAHET
6osee rpomosakum; U n Ut noMeHsioTcss mectaMd BO BTOPOM YJjIeHE
BoIpaxenus (4.1.113), a ne B nepBom. [Ipu 3TOoM NpaBHIa YMHOXKEHHS
NPHYHHHEIX JABYXTOUEUHBIX (DyHKIMi ycnoxHAoTes.) Uro Kacaercs
3JIEMEHTapHBIX 6030HOB, TO MBI MOXKEM BCErJd HCIOJb30BaTh 3Haye-
#ue ¢ = +1. Ecau paccMaTpHBAJQTCH TaKiKe COCTABHHIE YACTHILI
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(6030HbI HIH (EPMHOHBI), 3HaYEHHE O OHpeneasercsa GopmyJoh
o = (—1)F (F+h2,

rae F — uucno Bcex depMHOHOB, BXOASIIMX B COCTABHLIE YACTHIHL.
[lyctb n; — yuca0o GepMHOHOB B {-# wactuue. Toraa moJjHoe 4uciIo
¢epMHOHOB JlaeTCsl BHIPAXKEHHEM

F=|a% X%l () o (k) — & () & (k) (4.2.32)

3ameruy, uro F, Hy u [, KOMMyTHDYIOT ADYT C APYTOM H, KpOMe
toro, F |0, B) =0.
Coornomenue (4.2.30) nonyckaer caeipymomee o6o0LIEHHE:
exp (7H0> 0n(1)]0, B) = (— 1)(F+) Fzexp (—g—H(,)OH )]0, B),
(4.2.33)
rae Oy (x) — mpousBoJbHEI onepatop I'efizen6epra, cOCTOAIHHA U3
oneparopoB .
IMpumenss k (4.2.33) onepanuio 3pMUTOBA CONPSIXKEHH, NOJTYyYaeM
(0, Bl Ox () exp (- 1Ty) = (0, B| 0% (x) exp (- Ho) (— nyren 72,
(4.2.34)

rie Bvecto Oy crour Of. Coormomenus (4.2.33) u (4.2.34) Beipa-
¥KaIOT NPAaBUJIO MOACTAHOBKH THJIbJHL.

Coornomenue KyGo—Mapruna—IlIsunrepa. Paccmorpum fBa ome-
patopa A (f) u B (f), siBasiouisecss NPOU3BEIEHUAMHU rei3enGepros-
CKHX IoJjiell B MOMEHT BpemeHH ¢. Uucsao GepMHOHOB, COmoCTaB/semMoe
¢ oneparopoM A (f) unu B (f), o6o3Hayaercs N4 MIH np COOTBET-

ctBeHHO. [10CKOJBKY NMOAHBEIH raMUJIbLTOHHAH H=H—H B caaboM

CMBIC/IE DPaBeH TaMHJAbTOHHAHY Ho = Hy, — H,, npn BeuHCTEHHH
MaTpHYHBIX 2JeMeHTOB A (f) u B (f) MOXKHO HCNOJB30BaTh GOpMyTy

A () =exp [iHy(t — t')1A (') exp [—iHy (t— ') 1uT. 1. (4.2.35)
Hocxcl.nbxy yHCNO0 (PepMUOHOB B A paBHO (—n,), 2 TaKKe yuuTHBAf,
yto H | 0, B) = 0, umeem
0,B1A® B ()]0, By=(— 1)) " x

x {0, B | A (t+ zﬁ)B(t)lo B).  (4.2.30)

3amernM, 9TO A COTEPIKUT TOIBKO (P,J Torja kax B (f) — toapko ¢°.
[Tostomy nepecranoska oneparopoB At (¢ + 1/2ip) u B (¢') npusogur
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K TOSIBIEHHIO TOJAbKO 3HakKoBoro MHoxutens (—1)"4"8, Takum 06-
pasoM, IOJydYaeMm

(0, Bl A@) B(t)]0, B) = (— 1)("a™) "4 (— 1)"4"5 x
x (0, B| B() A (¢ +_;-ip) 0,B).  (4.2.37)

HcnonbsoBanue (4.2.33) npuBOAUT K COOTHOMIEHHIO

(0,BlA@) B0, p) =

= (— 1)(a™) "4 ( y"ans (— 1)("at) mal?

X (0,B|B () A+ iB)|0,B) =

= (—1)"at4*) =(0, B|B (¢) A (t + iB)|0, B) =
=0, B|B (t') A (¢t -+ ip)|0, B), (4.2.38)

KOTOpoe OGHIYHO HaswkBalOT cooTHomenueM Ky6o—Mapruna—IliBun-
repa [7]. Brie Beafie yUuTBIBaJACS TOT aKT, YTO BAKYyMHOE cpejlHee
snauenue (4.2.38) oOpamaercas B HYJb IIPH Ny %= —Np.

[lycts |1, #i) — BEKTOP COCTOSIHHSI, KOTOPBIH CTPOHTCA MOCPE-
CTBOM n-KPaTHOTO JeficTBHA uMKJIMdeckok omepamuu ot (B) m m-
KPaTHOTrO JIeHCTBHSI LHUKJAWYecKoi omnepanuu at (B) na |0, ). Torna
omepanus TH/IbJA IPHBOJAUT K COOTHOLIEHHIO

(n, I () |0, ') = (A, m|§ ()| 7, 'y =
= (— )" (7 m|P ()| A, m')*,  (4.2.39)

e M, — 4YHCIO0 (epMHOHOB B cocTosiHuMu |#i). TIpw noayuenuu
(4.2.39) ucrnionb3oBaHo Bepaxenue (4.1.34) 1 NOBTOPHOH onepanuy

THJ/IBAA.
Coornomennsa (4.2.33), (4.2.34) u (4.2.39) HCHOAbL3YIOTCA HHUKE
IPH BHIBOJE CIEKTPAJbHOTO NPEACTABACHHS M JABYXTOYEUHBIX

byBKuUUH.

0606menue dopmyant JICLL Ha chayyaii KoHEHHBIX TeMmmeparyp.
O606mum Tenepb GopmyJnl (3.5.13) u (3.5.14) Ha cayuait KoHeuHBIX
Temneparyp. PaccmMoTpHM CHadaja BellecTBeHHoe GO30HHOE IoJe .
B stoM cayuae ¢ uMeeT BHUJ

@ (1) = (—2# | e, Do) +u(k, Hat (], (4.2.40)

rie u (k, x) = u (k) exp [ikx — io (k) ¢]; | (4.2.41)
Kpome Toro, A* (9) = A (9).
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[Tockombky
o (k, B) = g': (k, B) a (k) — of*/= (k, B) at (k), (4.2.42)

o (k, B) = g+ (k, B) & (k) — of'/s (k, B) ot (k),  (4.2.43)
HMEEM

ok, B) == [dxu* (k, 9T {g” @, B) ¢° (1) —
— of 11 (0, B)§° (1), (4.2.44)
ak B)=—= [dxuk 0T {gh 0 B ©—

— of'/= (9, B) ¢° (x)}, (4.2.45)
rae g (0, P) u [ (9, P) onpemenensl ciaenymouuM 00pasoM:
g @, P) e'kx = g (k, P)’** u T. . (4.2.46)

“«> >

3amernM, uto B Bhipamenuu (4.2.45) ucnoabsosano (—I') Bmecto T,

HOCKOJIBKY IIOJHBIH JIarpaHXKHaH paBeH ¢ =% — 2.
Mz (4.2.44) u (4.2.45) caepyer, 4TO BeAHUHHA

b (5, B) = g2 (0, B) (0 () — 1} — o2 (9, B) {H () —x} (4.2.47)
sBJAsieTcs cBsidyomuM moaeM g o't (k, B) u ocut (k, B), a BenuunHa
¥ (x, B) = 720, B) {b (x) —x} — of'2 (3, B) {¥ (x) — 3} (4.2.48)
— cBa3ylouee noje aas &t (k, p) u aout (k, P); amecw

1 =10, Bl¥|0, B)=(0, B|®|0, B).

3amMeTrHM, UYTO _
[ (00 (v, B) T (v, B) — @ (x, B) T% (x, B)} =

=@ T () — %) =@ T ) —x)), (@249
ecau onpegenutb ¢° (x, p) u §° (x, Pp) paBeHCTBaMHU

¢ (x, B) = g2 (0, B) ¢° (x) — of'”* (0, ) §° (v), (4.2.50)

P (x, B) =g (0, B) ¢° () — 0f'? (3, B) ¢° (x). (4.2.51)

Beauunna ¢° (x, B) (unu ¢° (x, P)) — du3HUECKOe IOJIE, COOTBET-
creyromee P (x, B) (unu P (x, p)). [lpu BuBoge (4.2.49) ucnonbso-
BAaHO COOTHOLIEHHE

g@ B —f@ p =1 15 6030HOB. (4.2.52)
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IIpumenss panee cootHowenue (4.2.49) u cienys seiBogy (3.5.14),
nojyyaeM JHHAMHYECKHE 0T06pa>xem»m

Sy (x) = <T ¢(x)exp(— A QJ_ z,))b (4.2.53)
S (x <T $ (x) exp (-— (2% — ZJ))D (4.2.54)

rjge

S— :<T[exp (h%(g‘] —5’23))}>c:. (4.2.55)
31ech

5= [d®$6), (4.2.56)
2= [T’ @ ¢ ), (4.2.57)

rjae
J°(8) = ¢’ (d), (4.2.58)
JO(B) = @°* (9), (4.2.59)
¢ (8) = Z712 Iy (§) —x1, (4.2.60)
¢ (E) = Z-12 [ (8) — x 1. (4.2.61)

Ecan ¢ (x) — KOMIIEKCHOE moJie, TO MOXKHO NOJIYYHTb COOTHOLLE-
Husi (4.2.53), (4.2.54) Bmecte ¢ (4.2.55), rne £ u F§ umeor Bux

L= j de{I° @ ¢E® +¢® I E), (4.2.62)
Zy=[de(I'®FO+3© O, (4.2.63)
npuueM ¢ = ¢ u '
JO (x) = ¢° (x) A (9), (4.2.64)
J° (¥) = A (—0) ¢° (x), (4.2.65)
70 (x) = ¢ (x) A* (9), (4.2.66)
7o (x) = A* (—0) ¢° (), (4.2.67)
¢ (x) = Z72 [§ (x) — x ], (4.2.68)
¢ (x) = Z°12 [ (x) — % 1. (4.2.69)

ITpuBegenusifi pe3yabTar CIpaBefHB HE3ABHCHMO OT TOTO, OIHU-
ChiBaer JiM P 6030HbI MM (epMHOHE. Brimie orMeuanoch, 4ro guHa-
MHYECKOE 0TOOpaKEeHHE P MOXKHO BEIPAa3HTb TOJbKO uepes ¢°. C xpy-
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roit cTopoHbl, Bepaxenue gina Sy B (4.2.53) comepxut Hapsany ¢ @°
Takxe U ¢°. DTo HeyAHBUTENbHO, MOCKONbKY H3 (4.2.22) u (4.2.23)
OUEBMIHO HAJHUME CBA3H Mexny ¢° u @°.

Cnenyer OTMETHTb, YTO JHHAMHYECKOe OTOOpaXKeHHE NMpPHU KOoHed-
HBIX TEMIIEPaTypax MOXKET ObITb IOJNYYEHO H3 JHHAMHYECKOrO 0TOGpa-
JKEHUS JJs HM30JMPOBaHHOH cucTeMbl (3.5.14) mpoctodl 3ameHo#
LY > (L — £5). Bro HerpyjHO NOHATh, BCIOMHHUB, YTO IOJIHbIH
JarpaHXMaH TNPH KOHEYHRIX TemnepaTypax uMeer Bug & — £.
Cneyer TaKKe OTMETHTb, UTO XOTS (H3HYECKUMH NOJISAMHU SIBJISIOTCS
ne @ (x) u ¢° (x), a ¢° (x, P) u ¢° (x, P), TeM HE MeHee nUHAMHUECKHE
orobpaxenus (4.2.53)—(4.2.55) npHHUMAIOT CTOJIb XK€ MPOCTOH BHJ,
KaK M /5 caydas HyJeBoii temneparypsl (3.5.14), eciu BLIpasuth
ux uepes ¢° (x) n ¢° (x). .-

Ecan Oy (P, 9) — onepatop, cocroswuil u3 ¢, ¢F, $ u $*, 10
dopmyssr (4.2.53) u (4.2.54) noayuaor caepyiomee oGoCleHne:

S0 (¥, ﬂ))=:<'1‘ (04 (4, $)exp (—-;1—(.93 —373))]>c L. (4.2.70)

4.3. CneKTpanbHOe npepcTaBlieHke
OBYXTOYEUYHbIX YHKLUHH

CnekTpajbHOe MpeICTaBICHHE ABYXTOYEUHBIX QYHKUUHA IS U30-
JMMPOBaHHOM cucTeMul ofcyxkpanock B pasp. 3.6. B pamnom paspene
Gyner nogyyeHo o6obuieHHe 3TOro NPEACTABJEHHS Ha Clydyad KOHeY-
HHIX Temmepatryp [4].

PaccmorpuM gBYyXTOYeYHBE (YHKLHH, COCTOSILHE M3 ONEparo-
poB A (x) u B (y). Yucao ¢epMHOHOB, CBSI3aHHBEIX C OIEPaTOPOM
A (x) (B (x)), 6ynem oGosnauath F4 (Fp). Hcnonbsyem Bekropnoe

o6osHauenue (cM. (4.2.3))
B! B ;
(32)=(§+)' 4.3.1)

Aty (A

A2) = Z+)’

TMpuuuHHas gByXToUeuHass QYHKIHS ONpEReNsieTcs Caeyomum obpa-
som (cp. ¢ (4.1.70) u (4.1.83)):

G5 (x —y) = (0, B| T [A* (v), B @w)]]0, B) =
=0 (t.—1,)(0, Bl A" (x) BP (y) | 0, B) +
A+ 00 (¢, — ) (0, B| BB () A* (x) |0, B), (4.3.2)

rae p = --1 wam —1 pas 6030HONOKOGHBIX HiH (EPMHOHONOAOCHBIX
onepatopoB A u B COQTBETCTBEHHO,
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HUcnonbaysa dopmyay
o(zx~zy):gim jdw +16 exp {—iw(t, —t,)} (4.3.3)

 BCTaBJAss NOJHBIA HaBOp Y | n, M) (1, n| mexny onepatopamu 4
n,m

u B, naxomzum

af UAB(w p) 0';/32( w, —p)
Giis (p) = jd (p T P (4.3.4)

rie
ok @, p )—(2::)3”2”1(0, B| A% ) |n, m) (m, n|B®0)]0, B) x
X 8(p-—Ppn-tpm)S@—E, - Ey). (4.3.5)
Oynkuns G285 (p) B (4.3. 4) onpenesiena Kax
G%‘EB( — ) = (%)4 jd pexp {ip(x —y)} G85(p). (4.3.6)

Benuuununl p, u £, B (4.3.5) — UMIOyNbC ¥ 3HEPTUA COCTOSHHA 1,
a (—py) U (—E,) — HMIOYJABC M 3HEPTUA COCTOAHHA M.
U3z Bmpameﬁnﬁ (4.2.33) n (4.2.34) nmeem

exp {—B (Hy — Hy)/2) A(0)]0, B)==(—1)F "+D2 A+ (0) |0, B), (4.3.7)
(0, B|A©0)exp{—P (Hy — Hp)/2} = (0, B|A* (0) (—1)Ff F+1)/2,  (4.3.8)
a us (4.2.39) noaydaem
(n, m|AQ)|n', m'y=(—1y"™"m (0, m|A(0)|n'; m'y*.  (4.3.9)
U3 3TUX COOTHOLIEHMH HaXOIUM
(0, BlAT ()| n, )= (-—1)FaFa)e® (EnEmP (0, B| A (0) | n, ),
_ L (4.3.10)
(n, m|A )]0, By=(—1)"m(n, m|A(0)]0, p)" =
= (—1)"m (0, | AT (0) | m, n) =
= (—1)"m (—1Ta Fa)2 P Em-En)2(0, B| A(0)|m, A), (4.3.11)
(n, m|A*(0)10, By = (—1)TaFaN 2P En"Em)(n, m| A4(0)]0, B) =
= (—1)"a(=1)"m (0, B[4 (0)|m, @),
B ~ (4.3.12)
(n, m| BY(0)]0, By = (—1)FB 82 B En-Em) (1 | B (0)]0, B),
(4.3.13)
(0, B| B(0) | n, )= (—1)"m (—1)78 Fe*)P P (FmEn)/2
X {m, fi|B(0)]0, B), (4.3.14)
(0, 1B (0)|n, )= (—1)"B(—1)"m (m, n|B(0)]0, B). (4.3,15)



Keanmosas meopus noas Npu KOHEYNbIX MEMNeparmnypax 133

Takum o6pasom, MMeeM
(0, B A (0) | n, ) (i, n[BB(0)[0, B)=(0, BIA(O)]n, ) x
x {f, n|B(0)]0, B) X
1, (_1)FA (Fa-1)/2 g7B (Ep-Ep)/2 \ @B
( (_])FA (Fa-1)/2 g“B (En’Em)/Q, e'B (En~Em) ) ’
(4.3.16)
(0, B| B (O)|m, &) (A, m|A*(0)]0, By=(0, BJA(0)|n, ) X
x (i, n|B(0)]|0, B) x
e_B (En_Em), (A_])FA (FA'H)/Qe‘fs (En~Em)/2 \B
” ((_1 \a (AP B (EuEn)/?, I ) ’
(4.3.17)
eciu F, = —Fy. Eciu xke F, 5= —Fp, 10 Gi%5 ofpamaercs

B HYJIb; TIOSTOMY B JaJibHEHALIEM MBI BCETAa cunTaeM, uto Fu = —Fp.
Torxa (4.3.5) npuHHUMAaeT BHJ

0% (w, p) = 0as (@, p) X

¢ (@), (—1) aCaDP ¢ (w) d @) \*
( (—-l)FA (FaD)i2, (@)d(w), 42 @) ) ,  (4.3.18)
o%h (—w, —p) =045 (@, D) X
de’ : (——I)FA (Fath)2p (w) 4 @) B
X (—1)FaFa™)P ¢ (w) d (w), & @) ) , (4.3.19)

rpe
0an @, p) = L2 (1 — pe-82) Y18 (p — pr + ) 8 @ — En - Em) X

x (0, lA©0)|n, m)(M, n|B(0)]0, B), (4.3.20)

¢t @) =1+pf (@), & @)=/, (4.3.21)

f (w) = 1/(ef® — p). (4.3.22)

Hanomuum cHOBa, 4TO p = 1 471 6030HOB K p = —| 1715 HepMHOHOB.

Ecau f (w) cTaHOBHTCA OTpULATeJabHBIM, (asbl ¢ (w) u d (w) caepyer
BEIOHPATh TakK, 4To6bl ¢ (@) d (w) OLLIO BEIECTBEHHBIM.

CpasnuBasi Bhipaxenus (4.3.18) u (4.3.19) ¢ (4.1.72) u (4.1.74)
COOTBETCTBEHHO, HAXOXHM

A ()= | dwoas @, p) x

X (W"ANPY (@) lpy —w - § 77 UF o) 7EATE)E(4.3.29)
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JJ151 GEpPMUOHONOAOGHEIX onepatopoB (p = —1) u
G285 (p) = j dwo 5 @, p) (vA%Us ()T [po — @+ i 671" X

x U (@) 747" (4.3.24)

115 6030HONOROOHEIX omepaTtopoB (p = --1), rae U (w) u Ujg (w)
onpeseneHs Buipaxenuavu (4.1.76) u (4.1.86)

cw) d@w)

U(w):(_d(w) (@ ) (4.3.25)
cp(w) dp @)\

Us ‘w):(dg«v) @) (4.3.26)

Cootnowrenns (4.3.23) u (4.3.24) gawor cnekTpajsbHOe NpPEACTABIEHHE
NPHYHHHOH ABYXTOYEYHOH (YHKLUHH NPH KOHEUHBLIX TeMIeparypax.

3anasjplBamllas H onepexaiouas AByXToueuHsie QYHKIHE HMEIOT
BUJ

Giis (x — ) =0t — 1,) (0, B|[A% (1), B*(®)]+]0, B),  (4.3.27)
Galis (x — ) = —0(t, — 1) (0, BI[A* (x), B® ()] |0, B)  (4.3.28)
COOTBETCTBEHHO, a8 HX (pypbe 0o6pa3bl onpejeseHsl COOTHOIIEH HEM

Gr, anp(x —y) = (2m4 jd“pexp {ip (x — )} G5 (p).  (4.3.29)

Hmeem rtorga (cp. ¢ (4.1.80) u (4.1.81), a Takxe (4.1.91) u (4.1.92))

Oap(®@ P)
Grhs (p) = 8F [ duw 2B, (4.3.30)

OuB (w, p)

P (4.3.31)

G285 (p):@aﬁjdw
A GepMHOHOMONOOHEIX ONEpaTopoB H

045 (@, P)

pp— w0’

O, (@ P)
pp—w—if

85 (p) =P j dw (4.3.32)

Gahn (p) =" | duw (4.3.33)

Ans 0030HENOAOCHLIX ONEepaTopoB,
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Hs (4.3.18) oquHnﬂé, 4yTO
0, Bl A (x) BB () |0, B) =
— ——-(2?03 stp j dw exp [ik (x —y) — iw (f, —t,)] 6.5 @, p) X

¢ @), (—1)"aCaP ¢ (w) d (w) \*#
X ( (_I)FA (FA-l)/2c(w)d(w), a4 (w) ) , (4.3.39)

0, BI1A*(9), BE@)I]0, By, =

— o | dhexp lik (x — y)| [ dwosp (@, p) (0P, (4.3.35)

Eciu B — onepaTop, KaHOHHYECKH CONPSIKEHHBIH ¢ A, uMmeem
(A% (x), BB ()]« 8t —1,) =1 (v(1+0)/2)2B §4) (x — 1), (4.3.36)

OTKyAa, yuuThiBas (4.3.35), mosyyaem NpaBUIO CYyMM

+oo

| dwos @, py=1. (4.3.37)

-0

Ecnu B cymmuposanuu, BxogsimeM B (4.3.20), yuacTByIOT KaKue-To
OJ(HOYACTHYHBIE COCTOSHHA C 3HEpruedl o (p), To 043 umeer Buj

Oap (@, P)=Zap(P)08[w — o (p)]+ 645 (@, p). (4.3.38)

CBoiicTBa cnekTpasiboll GyHKIME 6 (@, p), YCTaHOBJEHHEE B pasy. 3.6,
MOKHO OGOOCIIUTL Ha CJAyyYaH KOHEUHBIX TEMIEPaTyp, ecJqH 3aMeHHTb

0 (w, p) Ha O4p (w, p). 3aMeTuM, YTO O,p (W, p) NPH KOHEUHBHIX
TeMIEPaTypaxX MOXKET NPHHHMATh OTJHYHBIE OT HYJs 3HaYeHHUS KakK
AJISl TIOJIOXKHUTENbHBIX, TaK H AJS OTPHIATeNbHBLIX 3HAYEHHH w, NO-
CKOJIbKY 3HaK pasHoctH E, — E,, He onpejesesx.

s (4.3.11) u (4.3.14) umeem

0, BlAO) | n, @), n|B(0)|0, B)=
= EnEm) (0, B| B(0) |7, m)(m, R|A(0)|0, B), (4.3.39)
OTKY1a
Oap (@, p)=—p0pa (—w, p). (4.3.40)

Korpa Teopust HHBapHaHTHAa OTHOCHTEJIbHO MPOCTPAHCTBEHHBIX oTpa-
KEHUH, umeeM

O4p (@, P) = —pOps (—w, —p). (4.3.41)
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Eciu A — GosoHonozobubili oneparop H B = A, To BhIpaxenue
(4.3.24) MOXHO nepemucarb B BHJE

[s o]

G5 () = | dwdaa (@, p) X
]
% (7T @) T [P} — (@ — i 8071 Up (w) 77478, (4.3.42)
rjpe
Gaa (@, p) = 20044 (@, D). (4.3.43)

B sToM cJaydae 3amasipiBaiomias M ONepekarolias ABYXTOUeUHBIE
(GYHKIHH HMEIOT BUX COOTBETCTBEHHO

¢ ~ 1
G%EA (P) = 17066 j deAA (w, p) m ) (4344)
0

o0

o3 ~ 1
Gaha(p) =P j dwSaa @, P) s - (4.3.45)

0

4.4. YpaBHeHnue bete — Connurepa
MPH HOHEYHbIX Temnepatypax

Paccmorpum Habop refizeHGeproBCKUX Mosel y,, YIOBJIETBOpPSIO-
mui ypaBuenuwo I'efizenéepra A,y (0) ¢, = F, [§], xoTopoe moxHO
3amucaTh B BHIE

M@y = F vl (4.4.1)

rae ¢ u F [y ] — BekTOp-CTONGLEI C KOMIOHEHTaMH p, H F, COOTBer-
cTBeHHO. Mcmonb3ysa (4.2.7), nmonydaem

A (@) V> = PoF [y*]. (4.4.2)
PaccemoTpuM jazee NPHYMHHYIO ABYXTOUEUHYIO QYHKIHIO
G*B(x, y) =0, B|T [y* (x), ¥+ (1|0, )= (4.4.3)

=0(t, —1,)(0, B[ Y™ (x) VBt (4) [0, B) F
T O, — )0, BlYBT () y* (00, B), (4.4.4)

rje BepXHUH 3HAK OTHOCHTCA K (PEPMHOHAM, a8 HUKHHUH — K Go30HaM.
Moxuo Boiuncantb A (0) G*F ¢ momowpio (4.4.2), a pe3yabrar sanu-
cath B caenytomen ¢opme (F*P (x, y) — HeKoTopas QyHKUUA):

A (0) G*B (x, y) = F*B (x, y) + ihb® (x — y) 8*F  (4.4.5a)
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nnsi hepMHOHOB H
A () G*B (x, y) = {F (v, y)}*P + ikd®W (x —y) P (4.4.56)

151 6030HOB.
B umTErpaJbHOM BHJE 3TO YPaBHEHHE 3aMUIIETCS TakK:

GoB (x, y) = S“B (x — y) — ;T [trzsee (v ) Fb @, ) (4.4.6)

J1s1 (GepMHOHOB H

GoB (x, y) = A% (x — p) — —;z— [dizdwo (x—2) Fobz, ) (44.7)
151 6O30HOB. 31eCh HCNOMb30BaHbl Boipaenus (4.1.114) u (4.1.115);
yuTeH TaKXKe TOT PaKT, 4To GpyHKUHs G CTaHOBHTCH paBHo#t S uau A,
Korja uCTouHHK F B ypaBHeHuu (4.4.2) obpamaercst B Hynb. Besu-
ypna FeB (z, y) MOXKeT cojepKaTb MHOTOTOYEUHbIE (QYHKLUHH

0, BIT [y (x) ¥ () ¥7 (2)... 110, B).

AnanoruunpiM oGpasoM u3 ypasuenns I'efisen6epra (4.4.1) moxHO
MOJYYHTb HaGOp MHTErpaJbHBIX YpPaBHEHHI JJIA MHOLOTOUCYHBIX
¢dysKuuii. DTH HHTErpajbHEIE YDABHEHHsS! HA3HIBAKT YPABHEHUAMU
Beme—Coanumepa (BC). O6bIYHO OHH JHIIb C TPYAOM NOAAAKOTCSH
pemenmio. JlAs STOro IPUMEHSIOT Da3HOOCpasHble MPUOMMNKEHHT,
ucroabsyomue Merox xuarpamm deiinmaHna. B crepyrowmell riaaee
NpPHUBEREH Psj NOLOOHBIX MPHMEPOB.

MoryT 6bITh NOJYYEHB! TAKKE MHTErpajbHbe YPABHEHUS LIS Be-
auwaun (a | T [y* (x), 4Pt (y)1 |0, B), rue | @) TpUHAIIERKHT NPO-
crpanctBy @oka & [a (B), & (B)]. DTu ypaBHEHHA TAKXKE HA3LIBAIOT
ypaBuenusimu bere—Connurepa.
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FNABA b

HEHOTOPBIE MNMPUMEPbI BQI‘-IHCJ'IEHHH
B PAMHAX TEPMOMNOJNEBOHW AUHAMHUHHU

5.1. OneKTpoH - hoHOHHAA cCHCTeMa

Mopens. PaccmoTpum refiseH6eproBckue noJs — 3JEKTPOHHOE
P (x) u doHOHHOE ¢ (x). [ mpPOCTOTH mNpeHebpexReM CIHHOM 3JEK-
TPOHA H OyjeM CYHTAThb ) CHHIJIETHHIM (PepMHOHHEIM moJsieM. PoHoH-
HOE moJje BemecTBeHHO: ¢t = ¢. [Ipeanosaraercs, 4To cyluecTByer
CTeayIomui JlarpaHXKHuaH:

L W=t () (i - —2W) () + 5 [ (5 4) — @i @ 00|~

—WrO () —ngV)¢x). 6.1.1)

Huddepennuansupie onepatopel €, (V), o2 (V) 1 g (V) onpexpeiers
C NOMOLIbIO CBoUX ¢ypbe-06pa3oB

gg (V) e'kx =gy (k) ek u T. 1., (5.1.2)

a NOCTOAHHAA 1 JOJXKHA ObITb onpeneseHa caMoCor/JacoBaHHBIM o6pa-
30M C NOMOIUBIO YCJIOBHUSA

n=1{0, Blv*¢|0, B). (5.1.3)

Ilpennonoxum, uro g (k) — BemecrBeHHas QyHKuus. Beauunna
g (k)/ [2w, (k) 17>, KaK OGBIYHO, OTIUCHIBAET 3JIEKTPOH-(OHOHHOE B3aH-
mozedcteue. IlocTpoum JnarpaHXxuaH € NMOMOLLBIO ONEpAllMH THAbILA

FW=—F (ig+eom) b+ [(58) - Fbm ] -

— [ () (x) — n) g (V) ¢ (1), (5.1.4)
rae 7 onpejenadercss B KOHIE BBIYHCJIEHHH C HOMOILbIO ycnoﬁm
ﬁ:(O, 6]@‘@]0, ﬁ). (5.1.5)
HOCKOJIbe N — BEUIECTBEHHOE YHCJI0, onepaunﬂ THJAbA Jaet
n = f, : (5.1.6)

4YTO SIBJISIETCA OJHMM W3 COOTHOIUEHHH, BhIpaxKalollUX CBOHCTBA CHUM-
METPHH 3TOH onepauuu. [TosHBIH NMarpaHXkuaH UMEET BUJ

=% - 2. (5.1.7)
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Ananoruuno dopmyse (4.2.3) BBeneM BeKTOpHLIE OGO3HAYEHHS IJISt

TepMOmnoseBoro ayéaera Yp* u ¢*
1
(iz)=(§) (5.1.8)

AANNA"

v\t
Torpa, yynteiBasi BHJ JarpaHKuaHa 2, Hony4yuM ypaBHeHusi [edf-
3eHbepra B CJAeyIOLIEM BHJE:

. 0
(i —e@) ¥ W =Pal¥* (W g M () — V) ¥ (9], (5.1.9)
02
(e 02 (V)) 47 (9 = Po {g (—9) ¥ (94 () — ] —
— dw? (V) % (x)}, (5.1.10)

rae P, — omepatop ynopsijoueHusi, BBeseHHbH B (4.2.6). [TocKONBKY
onepaTtopsl Y* (x) M ¢* (x) KOMMYTHDPYIOT, HaJuuue omeparopa P,

B (5.1.9) HecymecTBenno.

Beanunnsr 8¢ (V) u Ow? (V) NpescTaBisiOT NEePEHOPMHPOBKY
(van cHBHT) 3HEpTHH:

g (V) = & (V) + de (V), (5.1.11)
@* (V) = o (V) + 80 (V). (5.1.12)

YpaBnenne bBere—Coanurepa. PaccMOTpuUM NpHYHHHYIO (QYHK-
uuio 'puHa /158 371eKTPOHHOTO refi3eHGeproBCKoro moas

G:P (x —y) = (0, BT [¥* ) ¥** (»)]]0, B). (5.1.13)

Coryacuo ypaBHennwo [eifizenbepra (5.1.9), umeem
MO)GEP (x — ) = (0, BIT [¥* () g (V) " (0 v™ ()]0, B) —
— 8e (V) G2P (x — y) -+ ih8™ (x — ) 8°F,  (5.1.14)

rne A (0) = [i (0/0¢) — & (V) 1. Orciona noayuaeMm caepywouiee ypas-
nHenne Bere—Coanurepa:

G?B(x~y)=8?ﬁ(x—y)+71ﬁ2 [ dizse (x—2) x
X0, BIT " (2) g (V) ¢¥ (2) ¥B* ()] | O, B) —
—TIﬁ—Zjd%SS“’ (x — 2) 8e (V) G* (z — p). (5.1.15)

3necs SZP (x) — npuuunnas ¢yuknus Ipuna cBoGoguoro ¢usuye-
CKOro 3/IEKTPOHHOrO nois Y&:

A (@) S8 (x) = ind™ (x) 6°P. (5.1.16)
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BBejem jaziee HENPUBOAUMYIO YacTb COOGCTBEHHOH 3HEPTHH
B (x — y) ¢ HOMOILbIO COOTHOILIEHHA

O, BITIV @ g W) ¢ @) v** <y>]|0, B) =
= [a7 ¥ - —y). (.17

Torga, yuuthiBass Gypbe-npeacTaBaeHUe

G2 (x — y) = (234 [ d'kexp lik (x—y) — ity (t: —1,)1G® (B), (5.1.18)

nojyyum ypaBrenue BC B Buze
GIP (k) = SZP (k) -+ SZY (k) X (k) GEP (k) — STV (k) 8e (k) G2 k),
(5.1.19)

rge >0 (k) — ¢dypbe-obpas VP (x).

Pk = o B
g(t) k=1 g0)

Puc. 5.1.

CnekTpaabHOe NPEACTaBJAeHHE HENPHBOIMMO if 4acTH cOGCTBEHHOH
gneprun. CorsacHo MeTony puarpamMm QPeffHMana, BO BTOPOM INOPAAKE

TEOpHH BO3MYLUeHHH umeem (puc. 5.1)
af .
Z (k) = (2 et jd”gQ (1) A8 (1) S*B (k — ). (5.1.20)

3aech AP () — dynxuust Tpuna csoboauoro ¢usuyeckoro ¢GoHona.
C gpyro#t cTOpoHbl, NpHYnHHasA ¢yHKuus ['puna ceoGopHoro pusuye-
CKOTO 3JIEKTPOHa jaercsi Bhipaxkeunuem (4.1.75), rze o (k) caenyer

samenuTh Ha € (k):
S, (k) = U (g) lky — & -+ (6t ] U* (g), (6.1.21)

rae & obosnauaer & (k). ®ynrnus I'puna cBoGoaHOIO (PU3HUECKOTO
¢onona naercst Beipaxenuem (4.1.96):

As (B) =Up (0) 7 [k — (@ — i 69’ Us (), (5.1.22)

rze o o6osnavaer o (k). Vcnonbays (4.1.124) u (4.1.125), nonyyaem

3 (k)= jd;«;@ K)U () [k — % -+ i ST Ut (). (5.1.23)
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3pech S (k) — marpuua [ %P (k) 1, npuuem

06, k)= [t B0 15 (4 — & 0) {f5 (0) |- 1 — fir ()} —

@np 2o

— 80t —eF o) {fz(—0)+1—fr @}, (5.1.24)

IJle HCTOMb30BaHbl BBEJEHHbIE BHE o003HaueHus o = o (1), & =
= ¢ (k — 1). Buipaxenue (5.1.23) naer cnekTpasbHOE NpeiCTaBJje-
Hue aast > (k).

JHeprusi (GM3MYECKOTo eKTPoHa. [TOCKOALKY &, — SHEPTHsI pu-
3UYECKOTO 3JEKTPOHA, B3aUMOLEHCTBHE HE JOJIKHO NMPUBOJHTH K MO-
SIBJIECHHIO KaKoi-nuGo coberBennoil snepruu. Munmvu ciosamu, de (k)
B (5.1.19) nomxHO KOMINEHCHpOBaTb coBeTBeHHyio suepruio. IToxoC-
HAasg TNpOIEIYpa NEePeHOPMUDPOBKH SHEPIMH CTAHOBHMTCS CJIOKHOM
B CJyuae KOHEUHBIX TeMIepaTyp, MOCKOJbKY Ha/lHuHe TEMIICPaTyphl
NPUBOXUT K HEYCTOHYMBOCTH MHOTHX KBaHTOB. CyIIecTBOBaHHE IIH-
PUHEl 3HEPTETHUECKOTO YPOBHA NPHUBOAMT K HEOJHO3HAUHOCTH Ompe-
JeJeHns ¢uanueckoil snepruu. Ecau mmpiHa Mana, OCbIYHBIH cnocod
onpegenenust ¢usnyeckoit snepruu € (k) COCTOMT B MCIOJb30BAHHH
BEIECTBEHHOH YacTH DM, B 3TOM Ccayuae ycjoBHE NEPEeHOPMHPOBKH
SHepruH NPHHUMAET BHJ

Re Y1 (k) = be (k) &% nam ky =& (k). (5.1.25)

CorJlacHO 3TOMY YCJIOBHIO, (H3HuecKasi 3HepTHsi ONPeNesaeTcs Kak
e (k) = g (k) + 8¢ (k). OueBnnno, € (k) 3aBUCUT OT TeMneparyphl.
Ilpyro# cnoco6 onpejesnenns QU3HUECKOH SHEPIHH COCTOUT B HCIOJb-
30BAHUH KOMIVIEKCHOH IIOMIOCHO OCOGEHHOCTH B JIBYXTOYEUHOH
dyHKIuE refisen6eproBCKuX noseit. B aToM ciyyae GH3n4eCKOl 3HEP-
rHeH fBJSIeTCA BelleCTBEHHAs 4YacTb 3TOTO KOMIIIEKCHOTO NOJIOCa,
Kak GyjeT NpOMJJIIOCTPHPOBAHO B past. 5.2.

B Mmerajajax nepeHOPMHPOBKA 3HEPIHH YBEJIHYMBAET IJIOTHOCTb
cOCTOSIHUH BOMM3H YPOBHA PepMH ¥ NPUBOXHUT K POCTY JNEKTPOHHOH
Temoemkoctd (cM., Hanpumep, [11]). Jlaxe B Au3JeKTPHKAX 3Je€K-
TPOHBLL MOT'yT GbITb BO36YXKIEHB! B 30HY NPOBOJHMOCTH 3a CUET BHEHI-
HHX BoO3jefcTBHi (HAanpHMep ONTHYECKHX HJIH TEIVIOBBIX BO3CYXKie-
HHH). DTH 3/ME€KTPOHBI TaKXkKe BHOCAT BKJIaJ B NEPEHOPMHUPOBKY SHEDP-
THH, OGYCJIOBJEHHBIH 3JeKTpOH-hOHOHHBLIM B3aumojeficTeueM. TakoH
3JIEKTPOH, «OfeThifl» 3a cyeT (POHOHOB, HA3HIBAETCA MNOJSIPOHOM (cm.,
Hanpumep, [2]). CTpykrypa 3/eKTpoH-PoHOHHO#H CBsizu g ([) Ans Me-
TalJIOB, JH3JEKTPUKOB M IOJYNPOBOJHHKOB COBEPIICHHO pas-
JINYHA,
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5.2. Mofenb KOHTAKTHOro B3aHWMOLEMCTBHS
B heppoMarHeTHame KONNEKTHBH3HPOBAHHbLIX
9JIEKTPOHOB

Mopens. JlarpaHxuan MoJend HMEeT BHJ
Z () =" () (i 57 — e (V) ¥ () — M () W] () s () s () +
F @Y ; (5.2.1)

371eCh W2 — mepeHOPMHPYIOIHI MHOXKHTEIb, C IOMOLIbIO KOTOPOTO
CaMOCOTIacOBaHHBIM 06pa3oM noabHpaercs XHMHUECKHi IOTEHUMAJ,
a & (V?) onpeesieHo COOTHOLUEHHEM

& (V?) efkx = gpeikx, (5.2.2)

rape

—B). (5.2.3)

8k=

INocrosinuas k, — umnyasc ®epmu. CHMBOM ¢ 0603HAYAET SJNEKTPOH-
HOe refizenGeproBCcKoe noJjie — CIHHOBHIH AyOmer

¢=<$). (5.2.4)

BaMETI/IM, YTO JlarpaH:xKHaH HHB2DHAHTEH OTHOCHTEJDbHO BpalICHUS
CIIHHOB

y—exp [ (0-0)] ¢, (5.2.5)

rae 0 — napamerp (04, 0;, 05).
Ypaeuenus IefisenbGepra HMEIOT BHJ

(12 — ¢ () s (O =T (04 00 4 (0 — by (), (5.2.6)
(12— ¢ () e (9 =0t (s () Wy () — 2y () (5:2.7)

IlpuMensisi K 3THM YDABHEHHSM ONEPALHIO 3PMHUTOBA CONPSKEHHA H
ONEPANMIO THIbAA, NOJYydaeM

(i % — & (V) () =2 (B (0 by (0 — Wb (0, (5.2.8)
i = - & (V) B (0 =200 () BF (1) 94 () — W} (1) (5.2.9)

3aMeTHM, 4TO
O, BIHw 10, By=—(0, BI W' (1 -0 [0, B), (5.2.10)
©, BIW w10, B)=(0, BlY' (1 —0) b0, B). (5211
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INpaBrie yactu ypaBHeHuit (5.2.6) u (5.2.7) samumem B Bpmé

MYy — 180 = A Loy — (0 B 1wy [0, BY] s — A Sy — B2y,
(5.2.12)

MbToiby — 12y =4 Loy — (0, B Wiy [0, BY] w4 + 4 20wy — uly,
(5.2.13)

Ilpu monydyeHHH 3THX ypaBHemm npoBenena 3amena p? — A (1/2) X
X (0 p Yty | 0, B) Ha B® (mepeHOPMHPOBKA XHMHUECKOTO IIOTEH-
1Hana). Benuuuna M ompejeneHa CJAeAYMUM o6pasom:

M =0, B|¥t (x) o (x) [0, B), (5.2.14)

npuuem npexnosaraercss, uro M 5= 0. HMupvMu cjoBamu, npeagnona-
raercs, YTO OCHOBHOE COCTOSIHHE CHCTEMBHl HE HHBAPHAHTHO OTHOCH-
TEJbHO CIMHOBLIX BpalleHuil. 3To 03HAYaeT, 4To B CUCTEME CYIIECTBYeT
(eppoMarHuTHOE YNOPANOUEHHE, H CHMMETDUA OTHOCHTENLHO CIHHO-
BbIX BpallleHMH He nposisisieTcss npu HabmogeHuax. MoxHo npen-
NOJIOXKHUTb, YTO BpAllaTeqbHAs CUMMETDHA, ONHCHIBAeMasl Tpems Ia-
pamerpamu (04, 6., 05), samensiercst ogHomapameTpuueckoh (0;) cum-
MeTpuell (HJIHHAPHIECKOH CHMMETpHEH), HO B MOC/EAYIOIHX I/1aBax
6yJeT 10Ka3aHo, YTO B AEHCTBUTEJIbHOCTH 3TO He Tak. Byaper mnoka-
3aHO, YTO TpeXnapaMeTpuueckas BpallaTebHas CHMMETPUS 3ame-
HsieTcsi Ipyroil GopMoi CUMMETPHUH, TAKXKE ONUCHIBAEMO# TPpeMsl napa-
MEeTpaMu (IuHAMHYeCKas mepecTpoiika cummerpuu). B aTom paspene
Mbl HOKaxkeM, KaKuM 06pa3oM B CHCTeMe BO3HHKAIOT MarHoHul. IToss-
JIeHHe MarHOHOB fABJISIETCS NPHMEPOM OOIIEero yTBepKAeHUS (TEOpEMEl
TonpcroyHa), 4To JMi000e YNOpPsAAOUEHHOE COCTOAHME IOJAEPKHUBALTCS
C IOMOIIbIO HEKOTOPHIX AaJbHOJEHCTBYIOUIHX KODPEISLHH, KOTOPhIE
CaMOCOIJIACOBAHHBLIM 00pa3oM CO3Jal0TCsl cHCTeMOH. KBaHThI, cono-
cTaBAseMbie AajJbHOAEHCTBYIOUIUM KOPDEJISLUSAM, HashBaloTCcad TOJj-
CTOYHOBCKHMH G030HaMu. B mocjenymomux raasax GyfeT 10KasaHo,
KakKuM 06pasom MOsIBJeHHe MarHOHOB BOCCTAaHABJMBAET BpallaTe/b-
HYI0O MHBapHAHTHOCTD.

Henoabsys (5.2.12) u (5.2.13), MoxHO nepemucarb ypaBHEHHSI
Fefizentepra (5.2.6) u (5.2.7) B BuIE

(i e (V) ¥4 (0) =

=[] () by (1) — €0, Blwipa|0, BY1 b4 (1) — B4 (%), (5.2.15)
(i —e. )% @=

=M [pF (0) s (6) — (0, B| Wit |0, By (¥) — By (%), (5.2.16)
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rae ex (V) =& (V) F =M. (5.2.17)

Ecay HCmojb3oBaTh 06O3HAueHHE AJIsi TepMonosaesoro aybiera

(cp. c. (4.2.3)
i P ) ¥
<¢21 > N (w% ) (w% j N (&) (5219

To ypaBnenus [eiizenGepra npumyT BHJL (cp. ¢ (4.2.7))

(i —er (V) w0 =

= P (MW ()05 () — €0, BIyFTyT 10, BT (x) — pE (0},
(5.2.19)

(15— e (V)=

— Po (LW (0 w5 (1) — €0, BT [0, BTV (x) — BT (1)}
(5.2.20)

CBoGoaHbIe PH3HYECKHE JIEKTPOHHBIE MOJst ¢, | YIOBJIETBOPSIOT
yPaBHEHUAM

(i 2 — e, (V) 9§ =0, (5.2.21)

(¢ D e (V) of =0. (5.2.22)

[TosTomMy npuunnHBe QYyHKLUKKE ['puHA /51 STUX MOJEH OMHCHBAIOTCA
Boipaxkenuem (4.1.75

Sy (k) =U (e4) ko — e —+ 671 U* (e), (5.2.23)

rae &, ofosnauaer e. (k), a S. (S_) cooTBercTByeT HampaBJIEHHAM

cnuHa 4 ().

HamarauueHHocTb. BoiuucauMm Tenepb M B HH3IIEM [OpsIKe
Teopun BoamylleHu#. [ToCKoMBKY

€0, B1¥} () %1 () — ¥ )0y (9]0, B) =
=—11m<0 BIT vy ¢ —e, x)¥i (¢t + &, x) —

— Pyt —&, )Y (¢ & 0]]0, B, ( 5224)
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MOZKHO 3anmucarb
M= — % [d'(SY (0) — S (8) (5.2.25)

Ijié KOHTYD HMHTErPHPOBAHUS ¢ B KOMIUIEKCHOH k,-TIOCKOCTH mpej-
crapJ/asieT co6ol NOJTYOKPYXKHOCTh B BEPXHEH moJymaockocTH. Torpa
u3 (5.2.23) umeem

M=l [ @k {fee) = (e} = (5.2.26)

___h 31, 1 o 1
(2w’ j]d k {eﬁs++1 ePe- 1 } (5.2.27)

3To ypaBHEHHE CaMOCOTJIACOBaHHUs, onpejensiomee Beauunny M;
3aMEeTHM, YTO BEJHYHHH €. 3aBHCAT oT M.

[Ipu Huskux Temnepatypax BeauunsHa M peger ce6sa xak T~
Ho s1oT pesysabrar CyIeCTBEHHO H3MEHSIETCs, €CJIM y4ecTb BJHsHHE
MArHOHOB, 2 HMEHHO NPH HAJHYHH MarHOHOB B pasjoxkeHuu jias M
BXoauT caaraemoe T°/: (3akon Buoxa). Jror Bonpoc paccMaTPpUBAETCH
B pasn. 6.4.

VYpasuenue Bere—Couanutepa jans marHoHa. [l1s u3yuyeHHs
CBOHCTB MarHoHa BBejeM 0603HAYEHUSI TepMOINoJenoro aybaera 1.5
OMepaTopoB PONKJACHHS W YHHUTOKEHHS CHHMHOBBIX OTK/JIOHEHHH

% ()= P [WFF @) ¥ (] =T VT (x),  (5:2.28)

o at o o .0F X =
0% () =P [¥{" () v} ()] =i  (vf (0, (5.2.29)
rae
u l i oo=1, 5 930
g* = 2.
—1 g o =2; ( )
onepaTopet 6% U 6% B3aHUMHO 3PMHTOBO COMNPSZKEHDI.

Mur BoiBeseM ypaBHenue BC pjs MarHona ¢ NOMOLLBIO JIHArpaM-
MHOTO MeTofa PeifiHMana, NpUMEHsieMOro BMecTo ypaphenuil [efisen-
Gepra (5.2.19) u (5.2.20).

PaccMoTpUM IETJIEBYIO AHarpaMMy, COCTOSILYXO W3 ABYX BHYTPEH-
HUX 3JIEKTPOHHBIX JIHHUH. DTOH MeTseBOH JHarpaMme COOTBETCTBYET
caenyromee ciaaraemoe (puc. 5.2):

DB i(k) _ —%jd‘*laoﬂgfﬁ (l +_;L> She <l — %) ef. (5.2.31)

IMoBTOpenue 310# NETU NPHUBOAHT K NOABJEHHIO MHOTHX LENOYCUHBIX
Iuarpamm. Iletsin coepunsoTCA APYr C APYTOM MOCPEICTEOM B3aHMO-

neicrus Ae” Py Wiyt pY, a Ha 060X KOHIAX LenoukKH CTOST ome-
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partoput 0% ¥ of. Hume mbl Boiuncaum Beanunny (0, B | T [o% (x),
of (y)1] 0, B) c yueToM TonbKO TaKMX UEMOYEYHBIX AHArpaMm (ue-
noueyHoe npubmauxenue). HMmeem

0, BIT[0% () ® ()]0, BY =
= s | d'kexplik (x —y) — ik (£ — £,)1 G5 (8.

(5.2.32)
Henonbsyst nenouednoe npubiuxenue, sanuumem (puc. 5.3)
Gg (k) = D (k) — AD (k) D (k) + ..., (5.2.33)
, l*%

D*P(k) = of *@oﬁ

k
2
Puc. 5.2.

Of of /—t\
*/\A\N@/\):\:w = a* *ﬁ
Gy (k) \4__»/

-3
+
*/T\;/t\*
x \4./%\4,/ B

Puc. 5.3.

R

rae D (k) — marpuna [D*B (k)]. UneiMu cioBamu, Gy (k) yAOBJAETBO-
psaer caepymoumemy ypaBHeHHio BC:

Gy (k) = D (k) — AD (k) Gy (k) (5.2.34)

H3 KOTOpOI‘O Haxoaum
Gy (k) = N (k) D (k), (5.2.35)

rae )
N (k) = 7 -+ AD (k). (5.2.36)
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Boiuucaenne D (k) u N-' (k). IloxcraBasa (5.2.23) B (5.2.31)
U ucnoabsys ¢opmyay (4.1.120), nonyuaem

D (k) = [ dno (x, K) Uz () 7 kg — % -+ idT) 1 Uy (u), (5.2.37)

rae
o (% k)=—ﬁ- &) ! — ! )6(%—8'—]—8')
’ (2m)3 P’ 1] ebfe’ 11 - A
(5.2.38)
3jech HCHOAB30BAHH CJAefyiOUiHe 0B03HAUEHHS:
’ k , k
8+=8+<1—T>, gl =¢. <l+-—2—>. (5.2.39)
Ecau ky — BemiecTBenHasi BeqyunHa, npuMenseM Gopmynay
1 1 .
ATl P i ind (kg — %), (5.2.40)
oTkyna, a takxke u3 (5.2.37) u (4.1.88) moayuaem
DB (k) = R (k) ©°B — ino (ky, k) [Up (k)?1*8, (5.2.41)
rue
R(k)=P | dx %% (5.2.42)
g 2.
Tagum o6pasoM, HMeeM
N (k) = [1 + AR (k)] v — inko (ko, k) Uk (ko), (5.2.43)
N-1 (k)—_[l—l-ﬂ?(k)]r -} ihno (ky, k) Ug? (ko) (5.2.44)

[T AR (B)]2 + 220202 (kq, K)
rJ€ HCMOJNb30BaHO cooTHoweHue (4.1.88), T. e.
Us (ko) v =1UF (ko). (5.2.45)
Oxonuatenbuo u3 (5.2.35) Haxonum

[R (1 4+ &R) + An%0%] T — inoU%
(T + AR)? + A*nZo? ’

rie R = R(k)o_c(ko, k) u Ug = Ujg (k).
IMockoabky &, = ¢, npu k=0, u3 (5.2.38) u (5.2.27) nosayqyaem

o (%, 0) = Md (% — AM), (5.2.47)

TIe yYTeHO TakKke, uTo &_ — &4 = AM (cp. ¢ (5.2.17)). Torna us
(5.2.42) umeem

(R (k)limo =P 4 M mpu k=0. (5.2.48)

Gy (k) = (5.2.46)
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Marnon. Ecnu Gy (k) nmeer nosocHyio 0COGEHHOCTD, MOJIOCHBIIH
uneH Bejaer ce6a nofgobHo ¢ynkuunm I'puna aaa Gosona. [lostomy,
KaK BHAHO U3 (5.2.46), ectn cymecTByeT GyHKIHS 0y (k), TaKas, 4yToO

[1 -+ AR (B)] £ iAno (ko k) = 0 st by = op (k),  (5.2.49)

TO CYIIECTBYET 6030H ¢ sHepruedl ® ; (k). C Apyrofi CTOPOHH, Kak
BUAHO u3 (5.2.47) u (5.2.48), snauennusi k, =0 u k = 0 ynoBaerso-
pAloT yparHeHHo (5.2.49), oTkyaa crepyer, 4To AeHCTBUTEIBHO CY-
uiectsyer 6030 ¢ sHepruell vy (k), Tako#, yTO

op (k) =0 npn k = 0. (5.2.50)

Drot 6030H Ha3LIBAETCS MATHOHOM (MJIH CHHHOBOH BOJHOMH). 3aMeTum,
YTO CYHIECTBOBAHHC MArHOHA OITMPAercs Ha YCJOBHE CAMOCOIJIacoBa-
uust (5.2.25), KoTopoe TapaHTHPYET, YTO OCHOBHOE COCTOSIHHE CH-
CT€MBbl MaTHHTHO-YNIOPSIIOYEHO. TeM caMblM HaXOJHT OTPaxKeHHe TOT
(PakT, YTO MarHUTHBIH NOPSIIOK INOAJAEPKHBAETCS MarHoHoM. Korga
Ts0 u k =0, ycaosue (5.2.49) yznoBieTBopsieTcs TOJBKO TIpH
KOMIVIEKCHBIX 3HaUeHHAX oy (k), uTo 06yCNOBANBAET HECTAOHIBHOCTH
MarHoHa C OTJIMYHBIM OT HYJs HMIYJbCOM NOPU KOHEUHHIX TeMIepa-
Typax.

BoJsee TOUHBIC BRIYHC/IEHHS AJS MOJAEAM (eppoMarHeTHsMa KoJ-
JICKTHBH3HPOBAHHEBIX 3J€KTPOHOB, OCHOBAHHEIE Ha HCIOJIb30BAHHH TaK
Ha3LIBAEMBIX COOTHOLIeHHH Yoppa—Taxkaxaimu, npuBeseHnl B rJ. 6.

5.3. Mopenb lelizeHbepra B deppomarHeruame
NIOKANM30BAHHbLIX CMHHOB

B npexuiaymem pasjesne paccMaTpHBanach MOJeNb KOJJIEKTHBH3H-
POBAHHBIX 3JI€KTPOHOB, OIIUCHIBAIONIAS] BO3HHKHOBEHHE MACHHTHO-
YIOPSAOYEHHOTO COCTOsiHMA. B aTOoM paspene tepMmonosieBasi guHA-
MHKa NPHUMEHSETCS K CHUCTEMEe JIOKAaJH30BAHHBIX CHHHOB.

Mojeap IeitzenGepra. Jlist omucaHus CHCTEMBI JIOKAJAH30BAHHEIX
CIIHHOB UIMPOKO HCNIONb3yeTCs Mofenb I'efizenbepra, O603HauUUM CITHH,
JIOKaJIM30BAHHLIA B {-M y3Je CNHHOBOH peleTkH, uepes S (i); Torga
raMHJIbTOHUAH JAJd Mojenau I'efisenbepra npumer BUT

He—5 Y 1S0)-S() —gus D, h-S@.  (5.3.1)

3neck J;; — KoHCTaHTa CBsi3n o6MeHHOro B3auMopedcteus (J;; = 0
npy i = j), h — BHeIIHee MarHHUTHOe noJe. DTOT [aMHUJIbTOHHAH
COJIEPKHUT TOJNBKO CITHHOBLIE CTENEHH CBOGOABI, CBSA3AHHBIE C HEKOTO-
PBIMH YaCTHUIIAMH MarHUTHBIMH HOHAMH.

JlokannsoBaHHble MAarHWTHble HOHBI. TIOCKOJIBKY JIOKa/JH30BaH-,
HBIH CIIHH CBSI3aH C MAarHUTHBIM HOHOM, BBEJEM AJIS NOCJAEIHEro ref-
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senGeproBeckoe noJje u ofosHauum ero P (x). Pacemorpum cravana
MATHUTHBIH HOH B H30JHPOBAHHOM COCTOAHHM, OCO3HAYHB €T0 CIHH
yepes J; B 3TOM Cjydae HOH obJanaer 2J 4- 1 COHHOBBIMH COCTOS-
HuAMH. llepexonnl MeXKAY 3THMH CINHHOBBIMH COCTOSSHUAMM MOTYT
6BITh OMHCAHB! C IOMOILBIO ONEPATOPOB DOKIEHHS U YHUUTOKEHHS
(at™ t, atm), Omneparop a(™ yHAYTOXKAECT YaCTHILY B COCTOSHUU
C a3UMYTaJbHBIM KBAHTOBLIM YHCJIOM 17; 3TO COCTOSTHHE Mb 6ynem
gasuBaTh m-cocrosinpeM. [lepexox OT m-COCTOSIHUSA K f1-COCTOSIHHUIO
onuCHBaeTcs JefcTBHeM oneparopa al™® ta(™ . OpTOHOPMHPOBAHHYIO
BOJHOBYI0 (PYHKIMIO mM-COCTOSIHHSI 0GO3HAuuM depes ¢ (x). Pac-
CMOTPHUM Ternepb CHCTEMY, B KOTOPOIl MarHWTHBIE HOHBI 00pasyioT
pereTky W B3aUMOAEHCTBYIOT APYT C APYLOM. Torpa reizen6epros-
cKoe moJsie P (x) MPHHHMMAET BHJ

p)=r"Y 2J3J o™ (x) al™ (1), (5.3.2)

i m=-

rae o™ (x) — opTOHOPMHpOBAHHASl BOJNHOBast (GYHKIHS m-COCTOA-
WHSI MAFHHTHOTO TOJSt B i-M yame, a ai™ (f) — onepatop a'™, orHo-
CAIIMHCA K HOHY B i-M y3Je. BpemenHuasi 3aBUCHMOCTb ai™ (¢) o6yc-
JIOBJIEHA B3anMojeHcTBHEM MEXAY uonamu. Mmerorcs cienyomue He-
M3BECTHBIE KOMMYTAIHOHHbIE UK AHTHKOMMYTallMOHHBIC COOTHOIIEHU A
(B 3aBHCHMOCTH OT CTATHCTHKH PacCMaTpPHBAEMBIX MarHHTHBIX HOHOB):

[af @), af ™ (#)]y=08umdy ans t=t.
IycTb a; () oBo3HauaeT BEKTOP-CTOJGEI, KOMIOHEHTaMu KOTOPOro
spastorest oneparopel ai™ () (m =—J, —J + 1, ..., J—1,J).

FaMHJILTOHHAH M oniepaTopbl CHHA, I'aMHJIbTOHHAH MOJENH Teii-
senfepra JJs pacCMaTPUBAEMOH CHCTEMBbI NPHHMMAET BUJ

H= E nala; — »;—ZJ,-,«S ()S()) — gus Z bS ().  (5.3.3)

A if i
3nech L — XMMHYECKUH noTeHnmas, @; o003HauaeT a; (), S (i) obo-
sHavyaer omepatop S (i; f), OmpeneneHHH caeayloluM 06pasom 1.

S(i; ty=alsa; (t) = X O)mnat{™ * () a” (2). (5. 3.4)

m, n

1) Ilpy mayuennu Mogenu efisenfepra 4acTo HCNOJIb30BANOCH NpefCTaBJIeHUE
Tonbmrefina—IIpumakosa [3] Ans COMHOBHIX ONEPAaTOPOB B KAYeCTse GC30HHOTO
npeacrasnenus Lis S (i). Ho B 3T0# kuure B KauecTBe npeAcTaBaents Ans S (i) BBl
Gpano ypasuenne (5.3.4).



150 T'rasa 5

3xecb s — ChnHHOBas Marpuua pasmepHoctd (2J 4+ 1) X (2J + 1),
YAOBIETBOPSAIOIAs TEePEeCTaHOBOYHOMY COOTHoIeHHIO [s;, s;1 =
= i&;;8,. lIpumeHsas onepanuio Tuaba AN TaMHJIbTOHHAHA, IIO-
Jy4yaem

H=Y uala,—— Y 7.8 ()8 () — gus I hS (). (5.3.5)

Ypasuenus Teiisenbepra. Ypabnenus [efizenfepra HMeIOT BHA
. 0d .
[ —a; () = pa; () — 2 7S (i £)-sa; () — gush-sa; (),
/
(5.3.6a)
. 4 =~ ~ gl #~ e~
—iraill) = pait) — X JiS (5 8)5°a; (f) — gush-s"a().
7
(5.3.66)

Mpl ucnosbsyeM caepyoiHe 0603HadeHusi Js TEPMONOJEBBIX Ay6-
JIETOB:

o

a? (t) = (Eajt((i)), (5.3.7)
St

Sz (f; t) = <§+t(t(l, )f)) ; (538)

B BoIpaxkeHudax (5.3.7) u (5.3.8) Bepxuuii ungexc f 0603HaYAET TPAHC-
NIOHHPOBAHHE MATPHUBI UAU Bektopa (cp. ¢ (4.2.8)).
Torpa ypasnenue (5.3.6) MoxkHO nepenucaTtb B BHAE

. 0 (e4 [0 4 Qs [« 2N o
i = af () =paf () — X 1P [8% (s 0)-saf ()] — gush-saf ().
7
(5.3.9)

ITpuGauxenue cpeanero noas. B npubauxkenuu XapTpH ypaBHe-
Hue (5.3.9) npuHuMaer BuA

i 5 (= waf ) — gun (B 1M () + h)-saf 0,

(5.3.10)
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rpe

M (i) = gus (0, B|S* (5 00, B), (5.3.11)
Vi = (gns) Jyj- '(5.3.12)

3amerum, uto BekTop M (i) mapasienen Bekrtopy h.
Vpasuenue (5.3.10) mnokasbiBaeT, YTO SHEPrHs m COCTOSAHHA

JaeTcd BbIPpAXKEHUEM

om (i) = p — guamHy (), (5.3.13)

rae H,, ({) — BequyuHa BEKTOpA

Hy () = ; M (j) 4 h. (5.3.14)

37eCb a3UMYTaIbHOE KBAHTOBOE YHCJIO M1 ONPEe/IEHO MO OTHOWIEHHUIO
K Hanpasjenuio Bekropa h; sekrop Hy (i) mapannenex h.

Onepatopst af* () u & (f) Bupaxaiorcs yepes Quauueckue ore-

paTropsl YHHYTOKEHHS of (B) m @y (B) mnocpemctBoM mpeoGpasosa-
Hus Borouaw6oBa:

™ () = [of™ B) g (9) +-a&™ Y @) F/* ()] ¢,
(5.3.15a)

Ef-m) (t) — [&;(m) (B) g‘/z (w[ ) + pocgm) ¥ (B) ft/z ((0;‘)] eimm (i) t.

(5.3.156)

Uro6bl OLEHHTh CpEiHHe 3HAUYEHHSA MO BAKYYMHOMY COCTOSIHHIO
OT ONepaTopoB, NPEACTAaBASOMHX COGOH (YHKUHH OT ONEPATOpOB
KBa3MYaCTHI &; W @;, HYXKHO 06paTHTh 0cofoe BHHMaHHE Ha COXpa-
HEHME YCJOBHS XOPOIIO ONpENENEHHBIX JOKaJH30BAHHBIX COCTOSIHHH.
TIpexe BCero HEoGXOXMMO BLITIONHHTb TPeGOBaHHE O HE3aBHCHMOM
pacipeneJeHH: aToMOB, MpPHYEM KaXK[pii Y3 PEIeTKH NOJIKEH
6LITL 3aHST TOJABKO ONHHM aTOMOM. TakKad KapTHHA HE3aBHCHMOTO
pacnpejieJIeHHsi BO3HHKAeT B Mpejeae p —- 0o, NOCKOIbKY BEpOAT-
HOCTb 3aHATHS OJHOTO y3Ja 7 YaCTHIAMH NPONOPIHOHATbHA eBrs,
TakuM 06pa3oM, HPHU COOTBETCTBYIOIEH NEPEHOPMHPOBKE COCTOA-
nue | 0, B) cBOAMTCA K BEKTOPY COCTOSIHHSI B TOUHOM NPEACTABJICHHH
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YHCEJ 3allONTHEHMsA, NDH KOTOPOM HMEETCS JHUIb N0 OJHOMY aTOMY

Ha ysen'). Torma wHamarunuennocts M (i) = | M ({)| nonyuaercs
u3 (5.3.11) B cne;xylomeM 15370 (H
1
m é —P

rae Z (B) — HOPMHPOBOYHKIA MHOXKHTENb, O KOTOPOM YIOMHHAJOCh
Bpie. IIoCKOMBKY KaXKIBlf y3ea 3aHAT TOJAbKO ONHHM aTOMOM, TO

0, Blaja; |0, )= ¥\ B—mf)—_p ZB)=1.  (53.17)

B npegene p - co umMeeM
M (i) = guge P2 B) X me®sfm @O m (5.3.18)
m

1 =Bz ) 2 e BBH (D m (5.3.19)

1) [TpowsLmiocTpHpYEM 3Ty CHTYaluio B ciydae cBoGogHoro oreparopa o™ (9,
JUIst KOTOPOro 3HePrust Jaercs BEIPAXKEHHeM (5 3.13). Cocrostde |v ), B KOTOpPOM
HMeeTcs MO OJHOH YacTHIle B Ka)KJmM yaae i, UMeeT BHJ

|U>=< 2 () ) [Tt @ co @at o0,
rre af (1) ¢ @) & () = Y] a™ T () @) a™ T ), a €O @) u Z, (B) ne-

I0TCSl BBIpaKeHHAMH C,(n‘.) ) = ewﬁm’” (i)/Z, Z, )= ]_—_[ ( Z ewﬂmm ([)) .

i m
Bakyymuoe cocTosauue |0) ompegensercs ycaosHem o () |0) = @ (i) | 0) = 0.
Bakyymuoe cocrosinue |0, f), onpeuene}moe ycaoBueM

a (i, B0, BY=3a; ¢/, B)]0, By =0,

(opmManbHO BHIpAXKaeTCsi B BHAE

0, B) = HH(Z%[MW’U)C};’@) at ) ¢ ])|0>

‘/2 (B) -

o (B) = HH(E ‘ 5“””“’”)

m n=0
Ecan cpaBuuts cpejHee 3HaueHHe IO BaKyyMmy BHJA
(0] [a™* @) a®D (p] - - [T @) @D ()] v)
CO CpeJHHM 3HAYeHHEM IO BaKyyMmy BHAA
©, Blle™F@)a®D (p] ... @™ ¥ @)t (9]0, B),

TO JIETKO 3aMeTHTb, 4T0 cocTosinde |0) B |0, B) He BHOCHT BK/Iaja B MaTpHuHLIe
sjieMeHTHl. Pasinude MexJy STHMH IBYMS CPELHHMH 3HAYECHHSIMH COCTOHT, BO-Nep-
BLIX, B Pa3/IHYHBLIX BKJAAJaX OT MHOTOYACTHYHLIX COCTOSIHHE H, BO-BTOPHIX, B HOPMH-

POBOYHBIX MHOXHMTedsiX. Ecayt mepedTH K npeleay [—» oo, 00a BHIpameHHs CTAHO-
BATCA TOXK/JECTBEHHBIMH 33 HCKIIOYeHHEM HOPMHDOBOYHBIX MHOQMKHTEJEH.
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Torpa namarsivyessocts M (i) npHHHMAeT BHI

M ()= gpp 3 me® st m @ / Y eesPin O (5.3.20)
= gupd B lgualBH (D), (5.3.21)

rae B, (x) — ¢yuxuua bpusrosna:
B =2 et 228D v cthox (5.3.22)

Aro xopomo usBectHas Gopmyna, nonydaemas us (5.3.1) B npubimu-
JKEHHH CPEJHETO IoJIsA.

CnuH-BOJHOBOE BO30YKAEHHEe (MAarHo). paCCMOTpI/I‘VI Teneph ClivH-
BOJIHOBOE BO30YXKAEHHE NPU HAJUYUM CINOHTAaHHOH HAMarHWYEHHOCTH
(h = 0). Beegem oneparopsl S* (x) u dpynkumio J (k) ¢ mOMOMIbIO
COOTHOILIEHUH

§% () = - m) | d%e ““‘Ze”‘ iS*(i; 1), (5.3.23)
B t
Jij = (Qng gj d*kJ (k) exp [tk (R; — R))]. (5.3.24)
B

CumBost Qp 0603Hauyaer, YTO HHTEIPHPOBAHHE NO K OrpaHHYeHO npe-
JeJaMH NepBOH 30HHI Bpmrmoaﬂa BBegem Takxke PyHKLUHH

J(x —y)= W Qj dkJ (k) explik(x — y)],  (5.3.25)
B

Sp(x —y)= —(—2—310—3 J d*kexp ik (x — y)I. (5.3.26)
Rp

3amerum, uto dyHrmus 84 (R; — R;) mponopuuonasbua §;;.
[TockoabKy 8% () yIOBJIETBOPSET I€PECTAHOBOYHOMY COOTHOIIEHHIO

(8%, 1), SE(j, D] = ieasv™8:;S% (i, 1), (5.3.27)
nMeem

[S (1), S8 @)=, = iearev™POR (x — y) SC'(¥),  (5.3.28)

rae Matpuia t@f npusenena B (4.1.77).
TamMunbTOHNAH H u3 (5.3.3) mMoxer ObITh I€penuca B BHAE

H= Z wata; — d3xS *)J(V)S(x) — gqudE’xh-S(x), (5.3.29)

rae J (V) ompeneseH COOTHOLIEHHEM
IV eikx = J (k) etkx.
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HMeer mecTo COOTHOLIEHHE
JO) S =|dyr x—y) 8@ (5.3.30)

Tamuabronuan B (5.3.29) npuBoauT K clejpylomeMy ypaBHenuwo ['ei-
3eH6epra lIJIﬂ S (x):

S( {S(X)XJ(V)S(X)—J(V)S(X)XS(X)}+gMBS(X)><h
(5.3.31)

[TpuMensas onepauuio TUAbLA, HAXOJAHM 3aTeM ypaBHeHHe [efizeH-
Gepra aasa S (r). O6beaHHAS 3TH ypaBHEHHs, MOJYYHM YpPaBHEHHE
Feﬁseu6epra B BHJe

_sa() P « {8% (%) X J (V) S* (x) — J (V) §* (x) X 8% (x)} -+
+ gupS*(x) X h. (5.3.32)

3pecs P, — CHMBOM OmepaTopa YNOPSIOYEHHs, ONpPeJeJeHHbIH
B (4.2.6):

Aope. . Co {AIBI"'CI mpu @ = 1o o a3
Po (A*B*...C%) = C:B? ... A® mpu o = 2. (5.3.33)

[TocKoAbKY Hac MHTEpecyeT cayyadl CMOHTAHHOH HamarHH4eH-
HocTH, mojoxum h =0 1

M) = (0, B|Sg(x)]0, B)~0, (5.3.34)

rae M (B) me 3aBucut OT x. BBezem pajee onepatop p* (x) ¢ MOMOLIBIO
COOTHOUICHHS

o (x) = S (x) — M (). (5.3.35)
M3 ypasuenus (5.3.32) caepyer ‘
i 287 () =L (52 (1) ] (VM B) + 0% (9] —
— J (V) S (x) M (B) + p= (01}, (5.3.36a)

P52 (1) = — L2 4S2 (x) 4 (V) LM B) + 0% (9] —

— J (V) S% (@) [M (B) -+ 0% ()}, (5.3.366)
rae
S% (x) =27/ [SF (x) £ iS5, (1)]-
[Mockombky )
[8% (), S (@))r,mr, = ST (DO (X —¥) % (5:3.3D)
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HMEEM ‘
i3 (0, B|TIS (1) SP(1)]]0, By = ibx (x — y) 8 (& — £,) TP M (B) -
+ [MB)/21¢0, BITI{J (0) — J (V)} S% (x), SB(1)]|0, B) +-
(0, BIT (Po[S2 () J (V) 0% (x) — J (V) S (9 0™ (9], S*()]]0, B

(5.3.38)
Ecau npene6peub nociegnum ciaraemsiM B (5.3.38), moamyunm

(15— 5 MBI © 7). BITIS? (0P )]]0, B) =
= i1%B8p (X — y) S (t, — t,) M (B), (5.3.39)

Ak
12,y

Puc. 5.4.

OTKYJAa C/I€NyeT BbhIpaXKe€HHe JJIS SHEPTUH CNHHOBOH BOJIHBI
o (k), =% M@B)[J (0) — J (k)] (5.3.40)

O6osnauas uepes A®P (k) ¢ypbe-06pas ABYXTOUEUHOH (YHKIHH
O, B T[S (), SB(y)) |0, B), nmonyuum us (5.3.39) cooTHOWEHUE
' M af

8% (k) = (Us [0 (K)] —= (kﬂ FUslo®)])™. (5.3.41)
[Tonryuennsie pesyabratel s o (k) u A%B (k) BechMa HETOYHBI.
B ocrambuolt wacT 3TOr0 paszena Mel HCCAEAYEM, KaK H3MEHSET
nocnenuee ciaraemoe B (5.3.38) 3HEPrHIO CIHHOBOH BOJHBL H ABYX-
Toueunyro ¢yukuuwo AP (k).

Bepunnnan ¢yHkuus u auHamudeckoe oToGpaxeHHe CIHHOBBIX
onepaTopoB. UToOb H3y4YuTh BJIHSHHE TMOC/JENHEr0 CJIaraeMoro
B (5.3.38) Ha nonyueHHble pPEe3YJbTATH, ONPENENHM BEPUIHHHYIO
dynkumio (puc. 5.4) BeIpaxeHuem

0, BT (ST (x)p?(2) SE ()]0, B) =
- <(2_;)r)2 [ dkga™™ TP (k, ¢ —k; q) 8°F(g) x
25

X exp [ikx — iqy+i(qg —k)2]. (5.3.42)
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BseneM jajee COOTHOLUEHHE
1% (0, 0; 0) = —M" (B) 8" "% 8ury (5.3.43)

¢ [IOMOIIBIO JMHAMUUECKOr0 0OTOOpakenus oneparopos S¥ (x) u 8§ (x).
C 3T0H 1eabw 0003HAYUM CBOOOAHOE CIIMH-BOJHOBOE IMOJIE 4YEpPE3
B® (x); OHO YAOBJETBOPSIET yPABHEHHIO

i — 0(V)) B*(x)=0. (5.3.44)

Torja auHaMuueckue orobpaxenuss S% (x) IpUMYT BHJ
S (x) = M= (B) F (V) B** (x) +..., (5.3.45)
S% (x) = M= (B) F (V) B*(x) + ..., (5.3.46)

rae F (k) — uexoropasi pynkuus. Muororouusi 0603HayaioT HOpMaib-
HblE TIPOM3BEEHUs Gosee BLICOKHX NOPsAKOB. COr/acHO (4.3.38),
cnekTpajbHas Qynkuusg o (w, k) A ABYXToyewHOH  PyHKIHH
(0,B| T [S%, SB1| 0, B) numeer Bux

o k) =M () F? (k) 6 [w— o ®]+ 5 (w k.5 (5347

3nech & (w, k) onucHBaeT BKJAj ClaraeMbix, 0G03HAYEHHBIX MHOTO-
tounsMu B (5.3.45) u (5.3.46). Ilockonbky pe3yJsbTaT HHTErpHpOBA-
HUs [0 BCeMy IPOCTPAHCTBY S% (X) HE 3aBHCHT OT BPEMEHH, (ypbe-
o6pas S% (x) npu k = 0 umeer HyJeByiO 4acCTOTy k, = 0. C npyro#
cTopoHml, cocrostiust ¢ k == 0 n k, = 0 He aalT BKIaaa B G (v, k),
MOCKOMbKY BKJIaj B § (@, K) 1ai0T JIMIIb MHOTOYaCTHYHbIE COCTOSAHNA,
yuacTByIoIue B CyMMHpOBaHHH B (4.3.20). Takum oGpasoM, HMeeM
o (w, 0) = 0. [danee u3a (5.3.37) nosnydaem

gy (O BIISE (@, SP@110, Brpmr, =B8R (x =) TP (5.3.48)

[TocnenHee BHpaXKEHME HMEET TOT XK€ BMJ, YTO U CPEJHEE 3HAYCHHE
10 BaKyyMy OT KaHOHHYeCKoro Kommyrtaropa (4.3.36), nostomy cnex-
TpasbHas QYHKUHS IJS HEro JOMKHA YAOBJIETBOPATH COOTHOLICHHIO
(4.3.37):

—+oo
1 —
TE _L dwo (v, k)=1. (5.3.49)

TMocnennee coornouienne npu k = 0 naer
F () =1, (5.3.50)
rne yutens Boipaxkenue (5.3.47) u pasenctso & (w, 0) =0.

1y Cornacuo (4.3.20), ky= En—Em,, nostomy yciaosue k= 0 tpeGyer coBnae-
nust Eq, ¥ Ep,. TIOCKOABKY 3HEprHsl MHOTOYACTHYHBIX COCTOSIHHI C NaHHBIM HMITYJIb-
COM NMOKPHIBAeT CIVIOMHYH 06/1aCTh, BEPOATHOCTb COBNAJCHHS E, v Ep upu pp 7=

5= Pm paBHA HYJH.
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XoTsi MHBApHAHTHOCTb OCHOBHOTO COCTOSIHHSE N0 OTHOLIEHHUIO
K CIIHHOBLIM BpalIEHHsAM Hapyiuaercss ycaopueM (5.3.34), uHBApHAHT-
HOCTb OTHOCHTEJbHO CIHHOBOTO BpAIeHHS BOKPYT TPETbeHd ocH

Bce K€ coxpaHsiercss. [eHeparop 3TOro BpameHus S; UMEET BHA

-~

s =[x 1S5 (1) — S5 ()] (5.3.51)

¥ HE 3aBHCHUT OT BpeMenu. [IpaBuia KOMMYyTallud CIHMHOBBIX OMEpaTo-
pOB TPHUBOJAT K PaBEHCTBY

[S%(x), Ss]=FS%(»). (5.3.52)

M3 uHBapHAHTHOCTH OCHOBHOTO COCTOSIHMSI OTHOCHT@IBHO BpalleHHS
BOKDYT TpeTbeil OCH CJelyeT, YTO MarHOHBI JOJIKHBEI IIPHHALJIEXKATh
K TIPEeJCTaBJeHuI0 aGeeBofi IPYNIEl BPallCHHH BOKPYT TpeTbed OCH.
Torja, COIIACHO AMHAMUYECKUM OToOpaxeHuam (5.3.45), (5.3.46),
kommyTatop [B%F (x), B* (x)| npu Bpamenuu BOKPYT Tperbeli ocu
Bener ceGst Tak ke, Kak kommytatop [S% (x), S% (x)|. ITostomy
us (5.3.52) mosyyaem COOTHOLIEHHE

[B* (x), S = —B% (x), (5.3.53)
KOTOpOE NPHUBOAUT K BLIPaXKEHUIO

8y =— [d%: (B* (1) B(x) — Bt (@ B(x)]: =
—_ j d3x - 2 SQBOH' ()C)B(X) :, (5354)

rae e, = 1 npu o =1 1 g, = —1 npu @ = 2. 31eCb HOpMaNbHOE
NpoU3BENEHUE ONpPENeJeHO uepes (uaMueckue omnepatopel B (x, B)

u B (x, B), casauusie ¢ B (x) u B (x) npeo6pasosanueMm boroo-
6oBa. B Beipaxenuu (5.3.54) MBI ONYCTH/IHM YJ/IEHBI, HE COAEpKallHe
MAarHOHHBIX ONEPaTopoB, NMOCKOJbKY 3TH WIEHE HE HMEIOT OTHOLICHHA
K JanbHEHIIEMY paccMOTPEHHIO.

Cornacuo (5.3.54), nHHaMHYecKoe oTo6paKeHHe p* (x) UMEeT BHA

" () =—:B* ) B () : ..., (5.3.55)

IIe MHOTOTOuHe 0003HAaYaeT cjaraeMele ¢ OTJHYHBIM OT HYJA 3Haye-
HueM mnepenaBaemoro uMnyisca. [Toxcrasnaa (5.3.45), (5.3.46) u
(5.3.55) B (5.3.42), nmpuxopuM K coorHouwenxuio (5.3.43) ).

JlucnepcHoHHOe ypaBHeHue AJisi MarHona. Mcmombsysa naa A u T
B (5.3.42) npubnuxenupie Bolpaxenus (5.3.41) u (5.3.43) coorser-

1) Cootromrenue (5.3.43) He 3aBHCHT OT MOJe/H. JIeHCTBHTENBHO, 3TO COOTHOMIE~
HHe MOXKHO TOJYYHTD, HOJb3YSICh YCAOBHEM HHBAPHAHTHOCTH TEOPHM OTHOCHTENBHO
CIIMHOBHLIX BpPaILeHHH, ¢ [IOMOLIbIO TAK HA3LIBAEMBIX cooTHomeHuft Yopaa—TaxkaxaiH,
KaK noxasauo B raq. 6.
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CTBEHHO, MOXHO BbIYHCAUTE U3 (5.3.38) yTOUHEHHOE BhHIpaXKEHHE
aas AeB;

0A°? (@) =v"PMB) + o MB) 17 (0) — T (@1A% () —

1
7 @)t

f vk [A% () M~ (@)6°%' 1 (q — k) AP (g) —

‘e

— J (k) A* (By M (B) 8P APB (). (5.3.56)
KonTyp unTErpHpoBaHHSI ¢, HAa KOMILIEKCHOH IIOCKOCTH £, €CTb
TIOMTYOKPY2KHOCTb Ha BEPXHEH NOJYINIOCKOCTH (00X0J NPOTHB YaCoBOMH

CTPEJKM) TIPH & = | U Ha HUIKHEH MoJayIVIOCKOCTH (06X0 MO 4acOBOMH
crpesike) npu a == 2. M3 (5.3.56) maxogum

{% - %M ®) [ (0) — J (q)] — 6w (q)} AP (g) = "B M B), (5.3.57)

rape

60 (@) = 57555 | PR (0 — k) — J (K)]f [ ()] =

= goags | U (@ — k) — T () — J (@ + T (O)1 a0 (0] +

+ 51T (0) = 7 (@) 55 | Phf Lo (L (5.3.58)

Takum o6pasom, (5.3.57) NPUBOLHT K CaMOCOI/IaCOBAHHOMY ypaBHe-
HHIO JJis CIIHH-BOJIHOBOT'O CIEKTpa

@ (@) =5 [ 0) = J (@) (M) + -5 | PF [0 (k))) —

— g ) PR @ =0 = T () — T @+ J O fal0s (K)]. (5.3.59)

Hast Beruucnenus o (q) npu Maasix T ¢ momompio (5.3.59) Heo6-
XOLMMO 3HaTh HaMarHWueHHocTb M (B) nmpu HU3KMX TemmepaTypax.
Ilpu nynesoit temnepatype B (k) — dusnyeckuit omepatop yHHYTO-
}KeHnsi, noatoMy Bt (k) B (k) ecrecTBeHHHIM 06pasoM OKasHIBAETCH
HODMaJIbHO YNOpsiAOYEeHHHIM npousBenexuem. Torma us (5.3.55) u
(5.3.35) umeem

So = [ dS; (x) = M (00) V — | kB* (®) B (k). (5.3.60)

Ecsin remnepaTypa sumbL HeMHOro Bhile HyJst, To B (k) cBsizan ¢ du-
auyeckumu onepatopamu B (k, f) u B* (k, f) nocpesctBom mpeobpa-
30BaHus bBoromo6oBa, H MOXHO HalTH

0. B|B* 0B ®]0, f) = mmlslo].  (.361)
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TakuM o6pasoM, umeem

M (B) = M (20) — 553 | ]z [o (k) (5.3.62)

IPH HHU3KHX TeMmneparypax. HMcnoabsysa nasee (5.3.59), MoxHO IOKa-
3aTh, YTO TE€MNepaTypHas 3aBHCHMOCTb o () NPH HH3KUX TeMIepa-
Typax oO6ycJoBJN€HA TOJbKO BTOPHIM CJaraeMblM B OpaBofl 4acTH
(5.3.59), uTo B CBOI0O Ouepenb NPHUBOAUT K 3aKoHy T°/: jjsi Koaddu-
IHEHTA JKECTKOCTH CIUHOBBIX BosH [4]. Ecam yuecTb 3Ty Temmepa-
TYPHYIO 3aBHCHMOCTb o (q), To B passioxeHuw M (f) B (5.3.62) Ha-
pARY C OOBIYHBIM YieHOM 7°/: (6JIOXOBCKHIl YJeH) MOsIBJsIeTCs] TaKkKe
uneH T* (1afiCOHOBCKHI uieH).

5.4. CeepxnpoBOAHMOCTb

Jlarpanxunan. Haunem c JlarpameaHa nnst mogenn BKII [5]:

Z ()=} (z——s(V))IIJHr‘IM( o —8(V2)>‘P‘

— MpTpibybs -+ (biey +wlyy).  (B.4)
3zech Py, | — 3MEKTPOHHBIE TeilzenGeprosekue nodst, a & (V?) onpe-
JIeJIEHO COOTHOLIEHHEM

e (V?) e =g e, (5.4.2)
rae

e 2212”7 (K = %) (5.4.3)

(nocrosiunast kp, — umnynse @epmu). B Bripaxennn (5.4.1) 3arpa-
BOYHBIH XHMHYECKHH NOTEHIHaN paBeH p + (A/2m) k%. Tlockoabky
NepeHOPMHPOBAHHBIA XHMHYECKHI NOTEHIMAJ HOJXKeH ObThb paBeH
(A/2m) k%, ponb mapameTpa pL COCTOHT B KOMIEHCALHH CABUra XHMH-
YECKOr0o NOTeHIIHaJa BCJEACTBHE B3aHMOACHCTBHA. B BhIpaXKeHHH
(5.4.1) orcyTcTBYeT 3JEKTPOMarHHTHOE B3aHMOAEHCTBHE; OHO Oyzer
paccMOTpeHo B mocJeHeld 4acTH 3TOro pasjena.
Beenem crenyomue Bektopubie (qyGierHbie) 0603HAUCHHS !

w:(}ﬁ;):(ﬁ%). (5.4.4)

TOI‘JJ,a AHTHKOMMYTAaTOp

[¥e (0), ¥ @)1 =8a8 (x —y) npr ta=1t,  (5.4.5)
Ca,b =14 uIM | npuHUMAaeT BHJ

[y (x), $" )]y =HI6 (x —y) npu £, =1, (5.4.6)
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rae [ — maTpuna pasmepuoctn 2X2, a \ — AyGaer, onpeeseH-
HBH (5.4.4).

Ypasuenne TeiisenGepra. Jlarpanxuan (5.4.1) npHBOZHT K cJe-
AyioleMy ypaBHeHHio ['efizenfepra:

(15— &) +Aw ) by =
=S (%) + At (x) — prgp (0);  (5.4.7)

BXOJfLLME ClOJa MAaTPHIBL T; onpeaeneHsl B (2.6.55):

0 1, 0 —p 10
B . L (5.4.8)
““(1 o,)’ T2*(i o)’ Ta (0 _1>'

Huien, OTBETCTBEHHBIH 3a B3aMMOAEHCTBHE, S (X) HMEET BHJ
1+7 l—7 +14+7 .
s=im 5y (vn i) - Al By (p iRy Gag)

cnaraeMoe Atyp B o6eMx uyacTsix ypasmenus (5.4.7) oGecrieumpaer
NEPEHOPMUPOBKY SHEPTHH.

Beenem Tenepb 0Go3HaueHue 1/s TEPMOIOJEBOIO nyOGJera
Tt
1 1P1> 2 ~ 1t q’l
== = = ., 1, 5.4.10
Yy =1 <¢2 » V=9 ( wg) ( )

rae MHREKC { ofo3Hayaer TpaHCNOHHpoBaHHe. Omepanusi THAbIA U
SPMHTOBO CONpsiIKEHHE NEPeBOAAT omepatop s (= s 1) B onmeparop

=57 =Py b 5 (9 L B )

___;J_‘;_ﬁqﬁ <¢2+1+T3 >:l (5.4.11)

3jech P, — ONneparop ynopsiA0YeHHs, ONpeieTeH b 4.2.6):
AB' ... C* mpum a =1
a e oy ’
P,(A"B "'C)_{CzB2;..A2 npu o = 2. (5.4.12)
Toraa moxmno mamucars

$ = Py (M =y (7 m LE Ty

— ATy (lp”””s )] (5.4.13)
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[lpumMensia nanee K reiiseH6eprobckomy ypasHennio (5.4.7) one-
palHrio THAbJA H 3PMHTOBO CONpSXKeHHE, MOJYYHM ypaBHeHue [eil-
senGepra ais 2. O6benuHsAss 00a ypaBHEHHS, HaXOLHUM

A @) V" () =" () + Atp® (x) — prp” (x),  (5.4.14)
rie HCNOJb30BaHO OGO3HAYEHHE

Q) = i — & (V) T+ ATy, (.4.15)

Ypasnenne BC past (0, § | T[ ¢, ] | 0, B). BriBesiem Tenepsn
ypasuenne BC pnsa dynruun

@ (xy — %) = (0, BIT [H* (x) v (xx)110, B). (5.4.16)
Hcnonwssys (5.4.14), noayuaeMm ypaBHEHHE
A @) 1™ (51— x5) A (—0,) =
= ifih (04) 6@ (%1 — x3) Ogp + if (Aty — py) 6® (¥1 — xg) dop +
+ 40, BI[s™ (x1), v (x)]4]0, B) 8 (1, — 1) +
+40, BIT [s* (x) + (Aty — wg) 9™ (1), s™ (xg) +
+ 47" (%) (At, — pr)] |0, B)- (5.4.17)

M5 pemieHus 3TOro ypaBHEHHs HCIOJNb3yeM IENOYEYHOE MpPUGIHIKE-
HHE, B KOTODOM YyUTEM JIMIb LENOYEUYHBIE€ AHarpamMmel. B sTom mpu-
OJXKeHHH TIOCJeNHee caraemMoe B npasofl yactu (5.4.17), B KoTopoe
BXOIUT T-KOMMYTaTop, BooOlle HE HaeT BKJAaja. Tperbe ciaraemoe
MOXKHO BBIYHCJHTb C MOMOLIbI0 KAaHOHHYECKHX AHTHKOMMYTATOpPOB:

[v* (), ¥*" ()] = 76°P8 (x —y) mpu £, = t,. (5.4.18)

Torpa ypaBuenue (5.4.17) B uenoyeyHoM NPHOGIHKEHHH NPHUBOLHUT
K caenywomeMy ypabHenunio bC:

(P (11— xa) =2 (11 — ) — j d'EST (1 — B X

X [At — prs+ M1 — s ] SIPE— x0),  (5.4.19)

rae S* (x — Yy) — NpHYHHHAs IBYXToYeuyHas QYHKUHs, onpeaessie-
Mas BbipaxkeHueMm (4.1.113) u notomy ynoBieTBopsoliast YpaBHEHHIO

A (0) PP (x) = in8™ (x) 67®, ~ (5.4.20)

corsiacHo (4.1.114). B ypasuennu (5.4.19) %(") naercsi BhipaXkeHHsIMH
1 =0, Blwf ()b (0]0, BY =10, Blwf (W ¥=(x)[0, By= (5.4.21)
=0, Blby (x) ¥ (010, B)=(0, Blvi ()W} ()]0, B), (5.4.22)
=0, Bl#%: [0, By =10, B[H{%e]0, B).  (5.4.23)



162 ' Taasa 5

3ameruM, 410 a3y Py, , MOKHO BHIOpaTh TaK, yro6er %" 6bL10 Be-
mwecTBeHHuIM. Torja = 7®, nostomy us (5.4.21) u (5.4.23)
caenyer '

yi" =%l (5.4.24)

DTo PaBEHCTBO MOXKHO Ha3BaTb COOTHOLIEHHEM TH/bJA-CHMMETPHH.
NMepenopmupoBka. [TockoJabKY 3HEPrus, BXojsuas B A (0), nonkHa

GITh HA6TIONAEMOl (T. €. TePeHOPMUPOBaHHO), 3 ypaBHenHs (5.4.19)
BuAHO, 4TO A - 3y =0 gaa v =1, 2. C yuerom (5.4.24) mony-

yaem A — — Ay = —Ax{?, orkyna naxomum A:
A=—2{0, Blyswn |0, B) = (5.4.25)
= —2(0, B ¥y¥1]0, B)- (5.4.26)

_ Bequuunnl y{*, BXoAsiue B (5.4.19), ompeaensiloTcs BbIpaxe-
HHAMHA

o — (0, Bl w0, B)=—(0, BlwTwi]0, B), (5.4.27)

o —} Bloiei |0, B)- . (5.4.28)
Hmeercs ewie ojHO COOTHOUIEHHE THUNbAA-CUMMETPUH
ys) = X", (5.4.29)

CozepKallee Ts CaraemMoe B yDPaBHEHHH BC (5.4.19) uckmoyaercs
¢ NOMOINBIO YCJIOBUSA

w - As® =0. (5.4.30)

Dr0 ycaoBHE BHIpaXKaeT NMEPEHOPMHPOBKY XHMHUECKOTO noTeHLHAa.
TaxuMm o6pa3oM, BbIGHpast (L C NOMOLIbIO YCJAOBHS (5.4.30) n omnpene-
asig A ¢ nomompio (5.4.25), nosyyaeM, 4YTo 3/€KTPOHHAsA ABYXTOHUEH-
Hasg QYHKIHsA TPUHHAMAET BHI ¢BOGOJHOH (PYHKIIHU:

1P (0 — ) = S (0 — x). (5.4.31)

dU3HYECKH it JIeKTPOH U ABYXToHeuHas (YHKUHA IS HEro. [Tone
(pU3HYECKOTO 3JeKTPoHa ¢°* YAOBJIETBOPAET YPABHEHHIO

A (9) ¢** = 0. (5.4.32)
Sueprusa E, QU3HUECKOTO 3/EKTPOHA J1aeTCs BHIPAKCHHEM (4.1.105):
Ep—(ek 49", (5.4.33)

OTKYJAa SICHO, 4TO A HMeeT CMBIC] SHEPTETHYCCKOH IIEJH.
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dypre-o6pa3 NPHUHHHOH JABYXTOUEUHOH (GYHKLUHH AAETCS BhIpa-
xenveM (4.1.113):

S (k) =PI EN Y (B (kb — En+ 89 UT (En)]as +

n E@_:_G%_-Iﬂ [U (— Ey) (ko + Ep, + i87) 7 Ut (— Ex)]og.

(5.4.34)

YpasHenne Ans wean. M3 Beipaxenus (5.4.26) BugHO, uto ecau
A 5= 0, TO OCHOBHOE COCTOsIHHE HE UHBAPHAHTHO OTHOCHTEILHO H3Me-
HeHMs (asbl 3/JIEKTPOHHOH BOJHOBOH (YHKIHH, NOCKOJBLKY HPH 3a-
meHe P — %) Bennmuuna A mnepexomut B e?%A. CiexoBartenbHO,
OCHOBHOE COCTOSIHHE SBJAETCS (ha30BO-YIIOP sIOUEHHBIM.

B nanpuefimem Beanuuuny S. 6yJgeMm o603HadaTh IpocTo uepes S.
Coraacruo (5.4.26) u (5.4.16), umeem

A =Alim [yiz(x, )]0 = (5.4.35)
t—>-+0

=Alim [Sis(x, #)]x—o== (5.4.36)
>0

—1 (2134 [ d*esty ), (5.4.37)

<

[J€ KOHTYD HHTETPHPOBAHHS ¢ B KOMILIEKCHOl k(-TJIOCKOCTH MNpes-
CTaBJsieT CoGoH MONYOKPYKHOCTL B BepxHel noaymiockoctH. Toraa
u3_(5.4.34) caenyer

A= —MA | (Q-d—n% 2+5k [1 — 2f (ED)], (5.4.38)

oTKyZa npu A 55 0 noayyaeM
1=V | ggf—s%& (1 — 2 (En, (5.4.39)
e V = —#A. D10 ypaBHeHHe Has3blBAeTCsl YpaBHEHHEM sl ILEJH,

TaK KaK OHO ONpeJessieT SHEPTeTHYECKYI0 Iedb B 3/IEKTPOHHOM
cnektpe. OHO BhIpa)kaeT CaMOCOIVIACOBAHHOE YCJOBHE BO3HHKHOBE-
HHA (Ha30BO-YIOPANOUEHHOIO COCTOSIHHS:  ()a30BO-YNOPAJOUEHHOE
(cBepxnpoBossimee) COCTOSIHHE BO3HHKaeT TOTJAa H TOJBKO TOTAA,
Korga ypassesnue (5.4.39) uMeer OTJHUHBIE OT HYJsl peHleHHs JIJ
3HepreTHueckodl mead A (a1s BeinosHenus (5.4.39) A pomxkHa GbITH
OTPHIATENBHOH).

OGoanauum snepruio Jle6as uepes op, a MJIOTHOCTh COCTOSHHUH
Ha yposre Qepmu — uepes N (0). Murerpupopanne B (5.4.39) o6pe-
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3aercs Ha ©p, TaKk Kak B3aumojeiictBue BKII nepenocutess oHo-
HamMu. Ecium op € e (roe ez — 3Heprua @PepMH), ypaBHEHHE
(5.4.39) MOXHO NPHOJIHKEHHO 3anHcaTb B BHJE
©p
1=VN(©) [de—411— 2/ (E), (5.4.40)
(1]

rie E= (g2 A/,

Kputnueckas temnmepatypa. KpurHyeckas TtemmepaTypa cBepx-
nposofsimero cocrosiuusi T, onpenensercsi ypaBHenueM (5.4.40)
opu A = 0:

®p

I=VN(©) [de — (1 —2fe()] npn T=T, (5.4.41)
0

Otciosia nosyuaeM 3HamenuToe cootHomenve BKII pasa T,
ksT, = 1,13h0p exp [—1/N (0) V1. (5.4.42)

C nmpyro#i cropousl, ofosHauasi A npu temmeparype T uepe3 A (T),
HaxofuM u3 (5.4.40) A (0), monarasg P = oo:

(O]

D
1=VN(0) [de npn T =0. (5.4.43)
0

Orciola HaxoguM
A0) = op {sh [I/NV (0)]}7* ~ 20, exp (—1/N (0) V), (5.4.44)

uto BMecTe ¢ (5.4.42) NpHBOJAMT K COOTHOLIEHHIO

A (0) = 1,76k5T,. (5.4.45)
Jns GoJbIUHHCTBA CBEPXNPOBOJHUKOB BeénnunHa VN (0) sakioueHa
B mpegenax or 0,2 mo 0,4 (cm., wanpumep, [6]). Torma, cofnacuo
(5.4.44) v (5.4.45), ornomenue (kT /Awp) 6yper nopsaka 0,01—0,1.
HiMeHHO 3THM OGBsICHSIETCS, TOUEMY KPUTHYeCKash TeMnepaTrypa 6oJb-
HIHHCTBA CBEPXIIPOBOJHHKOB CTOJb HH3Ka.

OrepaTopbl TOKa M mJioTHocTH 3apsaga. Oneparop ['efizenbepra
ISl 3JEKTPUUECKOTO TOKA HMMEeT BHJ
e

i =gz [WVs — (V90) w1+ vy — (V9] ] =

e

= gz 5 [V = V) ¥ () ¥ ()} (5.4.46)

(31€Ch W HMXKE MBI ONyCKaeM TPHUBHAJbHbIE UHC/JAEHHBIE BEJHYHHBHI).
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[Ipumenss k (5.4.46) onepauHio THJbAA, MOJAYYaeM
=g 5 [V = V) B () B )]s =

5 [V — Vi) BT () b1 ()] 5= (5.4.47)

TepmonosieBoii 1yGrer Toka j* (@ = 1, 2) MOXKHO 3amucaTh B cie-
JyioleM BHJE:

J = et B (Ve — V) W 9 )iz (5.448)

omi

2mt

AHaJoTHYHO oneparop IJIOTHOCTH 32psaja HUMEET BHI

0% = ga,%_ pX (t3) T P7 T (5.4.49)
ij
3akoH COXpaHeHust AJis HJIOTHOCTI/I TOKa HMEET BH]I
Vit 2t =0, (5.4.50)

BBeneM BeJIHYUHBI
A% (x —y) =0, B|T [p* (=) 0* ®)]]0, B),  (5.4.51)

D™ (x, y; 2) = {0, BIT [¥3 () v*" (v) 0* (@]]0, B)- (5.4.52)
Torpa nosyuyum

A™ (x —2) = — —;—S“T, [t:D* (x, x; 2)].  (5.4.53)

Ypasnenne BC n.fm D8V (x, y; 2). Ypasuenue ['eiisenGepra
(5.4.14) npuBoaut K ypaBHeHuio BC cienyomero Buja:

A (@) D™ (x, x5 2)A(—0p) =
=— 1" 289 (1, — 98 (5 — 2) 1”66 +-

4 id(ty— {0, BIT [[1% () + A () 4% () —
— wp"(nl W ()4 0" @]10,.8) +
+i28% (1, — 280, B|T [e"°%" @) {s" (o) +
w (x2) Aty — WP (x0) wt} ] |0, B) +
i 289 (1, —2) 870, BIT [{s" () + Arap” (x)) —
— weal™ ()] 0™ (7e"1] 0, B) +

+0, BT [15™ (x)) + Aty — pa) W™ (1) } (8P (i) +
+ 9™ (1) (AT, — p)} 07 (@] 0, B)- (5.4.54)
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B ocranpHOA uacTH 3TOro pasjesa Mbl HCIOMb3yeM HeloyeyHoe
npubauxenue. llenoyeunsie guarpaMMsl I10/KHBI HAYHHATBCS C TOYKH
Xy, = Xy, HOCKOJIbKY HOCJEAHHE TPH CJaraeMblX He COLEDIKaT MHOXKH-
tens 8@ (x; — x,), OHM He JalOT BKJI3ja B lenoyeyHoe NpHOIHKe-
HHEe ¥ TMOTOMY MOIYT OBITh OMNYIIEHHI.

Jlns Gogee IIpOCTOH sanucu ypasHenns BC BBefeM ofosHaueHHe

DIV E—2) =DV & & 2), (5.4.55)

rje CYMMHpOBaHHe MO & He TPOU3BOAHTCH. BBemeM Takxke maTpuuy

o ADSY (8 — 2), ADY (& — z))
FP(E—2) = . (5.4.56
t-2 ( D3 (E—2), —ADI(E—2) ( )

Torga ypasnenue DC (5.4.54) B uenoueyHom NPHOIUKEHHH IIpH-
MET BHJ ;
D (x, g ) == 8" (x —2) wS™ (e —y) &" +-

+— [ &S -y FT -2 ST E—y). (5.4.57)

Pewias sto ypaBHeHHe npu o = P ux = y, MOXHO HaliTh D*? (§ — 2),
a sareM F;} (8 —2); nanee ¢ nomompro (5.4.57) HaxoguTcs H
DB (x, y; 2 ).

Ypasuenne gas D*B(x—y). Ypasuenne BC (5.4.57) npn o = f
M X = y NPUHHAMAET NMPOCTOH BHJ, €CJIM HCIOJb30BATh OGO3HAUEHHS

St () = ST (v), (5.4.58a)
538 (x) = 83 (v), (5.4.586)
S = — SP(x) = — S (), (5.4.588)
) = ( ‘,;‘ ) ST (x) STP (x) (5.4.59)
H yu4eCTb COOTHOWICHHA
P (1) = S5 (1) = S (— x), (5.4.60a)
SiP () =—S# (—», (5.4.606)
Sef () =S¥ (),  (5.4.608)

KOTOpHIE HOJIy‘{aIOTCH us (5.4.34).
Beoas D?P (x) ¢ NOMOIIBIO COOTHOIIEHHH

D (x) = DI (%), (5.4.61a)
D%® (x) = — D3P ), (5.4.616)
D58 (x) = D3 (x) — DY (x), (5.4.618)
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'no.nyqaeM ypaBHeHus bC s DP (x) (puc. 5.5)

x D y
L aVaVaVaVaVaV, = /:\
x ¥
-+ %
x ¢ y
Puc. 5.5

D, (x»—y):——?i—;—le(x—y)V{—jd4§[Q11(x~§)rD1(§—y)+

+ Qag (0 — B tDy (§ — y) — Qi (x — ) Dy (§ — Y1, (5.4.62a)
Dy (x —y) = —2i = Qu (x — y) v +

+ [ 4 [Qu (x— B) WDy (8 — ) +
; 4 Qg (x — &) D2 (§ — y) —
— Qi (x — §) 5 (5 — 1)), (5.4.626)

Dy (x —y) = 2+ [Qss (x — 9) + Qu (x —y)1 7 +
+ | € [—2Qus (x — &) Dy ( — y) —

—~ 2Qe3 (x —8) D (§ —y) +
4 {Qu (x — &) + Qs (x —E)}Dg 5§ — )1, (5.4.628)

npuyem . »
Dy (x—y) -+ Dyg (x — y) = 0. (5.4.62r)
B ypasnenusix (5.4.62) D; (x) u Q;; (x) — MaTpuusL:
D (9= [DF )], Qi (1) = [QFF ()] (5.4.63)

YUto6el BBIpasuThL MHOJyueHHble ypaBHeHuss BC uepes ¢ypbe-o6-
Pasbl, BBeseM (pypbe-npeicTaBaeHHs

Di(x) = | g—%—iexp[i(kx —kID; (k) (=1, 2, 3), (5.4.64)

Quj () = | g exp [ (kx — Fuf)] Qu; (1) (5.4.65)
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VTorﬂ,a ypaBHeHHs (5.4.62) npuHHMAIOT BHJ

Dy (k) = —2 - Qua (B) 7 + Qu (B) WDy (B) +

+ Qg5 (k) TD5 (B) — Qus (k) TD3 k), (5.4.66a)
Dy (k) = —2 -~ Qua (B) T + Qus (B) D1 (&) +

+ Qq9 (k) TD4 (B) — Qu3 (k) D3 (R), ‘(5.4.666)
Dy () = 2 [Qu (%) + Qua (A)] v — 2Qus (&) D1 (&) —

— 9045 (K) D5 (B) + {Qua (B) + Qug (B)} D5 (k). (5.4.668)

Boiuncaenne Q;; (k). UtoObl pewinTb ypaBHEHHS (5.4.66), BBIUHC-
JuM BeJaHuHHB Q;; (k). TIpexnae BCEro nepenuieM (5.4.34) B BHJAE

oo

S () = | dn 2EEET AN [ ) (b — 4 i80) 7V ()op X

—00

00

x {6 (x — Ex) — 8 (¢ + Ep)} = jdxa(x)a(nQ—Ei) X

—00

X (% + &yTs — ATy) [U () (ko — % 4 81)7 U™ (0)]ogs

(5.4.67)
rae € (#) — 3HAKOBbIA MHOXHTE/b: :
+1 nmpu % >0,
e (x) = {_1 npr % < 0. (5.4.68)
BBozisi BeJIMUMHBI
QP (6) = i—;—;- S8 (x) SB% (— x) = (5.4.69)
d*k . B v
= | g exp 1i (kx — kef)] Qifim () (5.4.70)

H HCIOAB3YA GOPMYyIy (4.1.1'20), HakonﬂM
Q2B (k) = BAee® | dnosjim (%, K) [Us (9 T (ks — % — i87) ™ US (09)]aps
‘ (5.4.71)
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rae
a3l i e 2 2
Oijim (%, K)=— .[?27)3" _[ dry | due(e,)e(x)8 () — EL) x
x 8 (w2 — EZ) 8 (% — wy + %) [fr (x4) — fr (x)] X
X %y T+ 4T3 — A’L’l)ii -+ &e_t3 — AT)im. (5.4.72)
3pecy e = e (1 + k/2), E. = E (I + k/2). Bunoausas uHTerpu-
POBAHHE MO XK., HAXOAUM

o l—f,—f. ‘
Gijim (%, k)=J(2n)3 < 4£+E_f {(x—E,—E) X

X (E+ + 8,73 — A’Ul)ij (E_ — &_Tg + A171)lm'_"
— 8+ E, + E)(E, — e, + Aty)yj (E_ + €15 — A1)y} —

o {;ETEi__ {0(x—E,+E)(E,+ 8,75 —At) (E_ + & 15— ATy)pm —

—8(x 4 E,— E) (B, — &% + Aty (B — o5 + Av)im} ),
' (5.4.73)

rie f+ = [r (Ex).
3amnuieM Tenepb CHEKTPaJbHOE MPEACTABAEHHE sl Q?,p (k)

Qi (k) = the“e® | dmoy (x, k) [Up () v Ly — x +
0T Uy ) lap.  (5.4.74)
Torza us (5.4.59) umeem

01 (%, K} = 01199 (%, k), (5.4.75a)

Opa (%, K) = Ogany (%, K), (5.4.756)

032 (%, K) = 011y (%, K), (5.4.758B)
a4 TakxkKe »

013 (%, k) = O1pp (%, k), (5.4.762)

Ogs (%, K) = 03915 (%, k), ‘ (5.4.766)

O35 (%, k) = —0q315 (%, K). (5.4.76B)

Ecan er 3> op, To B uHterpupoBaHuHe B Buipaxenuw (5.4.73)
BHOCHT BKJaJ JIHIb Masas 0baacth (Shwep) BOau3y sHeprun Pepmy.
[notHoCTE COCTOSIHME Maso MeHSIETCS B CJIO€ SHEPTHH TOJNMMHON 70 p
"BOan3H ypoBHs ®epmu. ITostomy ciraraembiMu Buaa E.e. uan E e,
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MOXHO NpeHe6Gpeub, TaK Kak BOAK3HM MOBepXHOCTH DepMH OHH BeAyT
cefa Kak HeyeTHple QyHKUMH. ONyCTHB 3TH WIEHB!, HOJYYHM

ou 0, k) =e () [ e (G (BB o) X

2 ) @ ELE_

% (1 —f+—f_)6[K2—(E++E_)2]“%E_—lX

X (E,E.—e,e) (F, — f) 8 12 — (E, — E-)ﬂ]} . (5.4.77)

Ananoruauso nosyuum
o (%, k) = 0y (%, K), (5.4.78)

1 a3l E, 4 E
01 (%, k) = ¢ (%)TJ (2m)3 <( Ej—E_ : x

X(EE.—ee) (I —f,—[)8 [x* —

— (B + B — BB (BB ) (, —

— )8 [x — (E, — E)?], (5.4.79)
015 (%, k) = 0y (%, k) = —xA0, (%, k), (5.4.80)
gy (%, k) = —2A%, (x, k), (5.4.81)

rie Gyuknus o, (%, k) onpenenena paBeHCTBOM

0, (%, k)= —e () o | oo (LEoE 2 s e —

@uP\" ELE_
—(EAFEXUA —[— )+
+ %@5[%2 —(E,— E )1 — f_)>. (5.4.89)

ITonesHo Takxe BBECTH (PYHKUHIO

R*® (k) = nre™e® j dua, (%, K) [Ug (®) ¥ (ke — % +
) 400 Uy ) lap,  (5.4.83)
TaK KaK Torja
Qss (k) = —2AR (k), (5.4.84)
Qus (k) = Qa3 (R) = —koAR (£). (5.4.89)

Ilpu BoiBoge (5.4.85) MeI mpexje BCero 3aMEHMJIH MHOXHTEJNb X
(8 Bolpaxkenun (5.4.80)) Ha (% — k) - Ry, HCIIONB30BAJH PaBEHCTBO
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(ko — %) (Rg — % + i01)~' =1, a rakxe dopmyny (4.1.88) (. e.
UgtUg = T); xpome TOro, GBIJIO YUTEHO COOTHOILEHHE

[ duo, (x, k) = 0. (5.4.86)
BenoMHuM panee paBeHCTBO ‘
fa (%)= =—[14fz(—n)] (5.4.87)
OTKyJa cJjeiyer

e 01
UB<—u>=<~1>’UB(u)(1 o)
Torna uMeem
Ug (%) © (kg — % + i61)™ Up (x) — Up (—x) T (ky -+
+ % 4 i81) Uy (—x) = Up (x) 7 [kg —
— (x — 61211 Uy (%) npux>0. (5.4.88)
Orciopa ¢ yd4eToM COOTHOIIEHHSI © (—x, k) = —o0 (%, k) Haxomum

R (k) = tihe”s® | a0 () 0, (x, k) X
0

X {Us () v [k) — (¢ — i8] Up ()} op- (5.4.89)
Ananoruuno us (5 4.74) umeem

QP (k) = me"‘sﬂj dx%0 (%) o1 (n, k) X

X {Ug () 7 [k — (x — i81)°T™" Ug ()]0, (5.4.90)
€CJIM TOJIBLKO [j He paBHbl 13 uam 23. 3ameTHM, 4TO
Qu1 (B) = Qa2 (R), (5.4.91a)
Qi (k) = Qos (k) = —koAR (k), (5.4.9106)
Qg3 (R) = —2A%R (k). (5.4.918)

Takum o6pasom, HaBijeHsl Bce QYHKIHMH Q?jﬁ.

Pewenus ypasuennii BC (5.4.66). Teneps ypasuenusi BC (5.4.66)
HPHBOJATCA K c.ne;l;yxomeMy BULY:

D, (k) = —4e — Q13( ) T -+ [Qu (B) +

+ Qss (k)] D, (k) ~— 2Qq5 (k) tD4 (k), (5.4.92a)
Dy (k) = 2+ [Qus (k) + Qua (&)1 T — 2Qus (k) D, (&) +
+ {Qus (%) + Qus (&)} WD, (B), (5.4.926)

D_ (k) = {Qu (k) — Qss (k)} D_ (k), (5.4.928)



i  Faoaa

rue .
D. (k) = Dy (k) = D, (k). (5.4.93)
U3 pasenctBa (5.4.92B) cienyer, yto D_ (k) = 0, OTKyAa HaXOIHM
D, (k) = D, (k), (5.4.94)

TaK 4To
D, (k) = 2D, (k). (5.4.95)

Pewas (5.4.92), nonyuaem

Dy (k) = 2 - {11 — Qu () T — Qua (B) 71 X
X Qs (k) 4 Quz ()1 7 4 4Qug (k) ©Q1s (k) T}, (5.4.96)
rje
W (k) = [1 — Qu (B) T — Qas () 7] 11 — Qg (k) T — Qus (k) 71 —
' — 4Q,5 (B) ©Qys (B) T. (5.4.97)
OcoBrifi HHTepec npejcTasiserT GyHkuus D (k), TOCKOJLKY Cylle-
CTBYET COOTHOLICHHE

A% (x, — x;) = {0, B] T [p" (x) 0° ()] |0, B) = (5.4.98)

= | (%} exp lik (5, — Xs) — iko (ts — ta)] (D5 (B)) > (5:4.99)

crenyiomee u3 (5.4.49), (5.4.51) u (5.4.618).

OGoGmenHoe ypaBHeHHe Aasi miean. Jlia jaibHEHLIero H3yyeHus
D, (k) saMeTuM, 4TO ypaBHEHHE JJIF LIETH (5.4.39)

AR asl 1
1=",TJW'ET” — 2fr (E)] (5.4.100)
MOXKHO 0600INHTh, 3alHCaB €ro B BHAE
M B (E++E) (E+—E) (¢ _
1= — 20 [ L (BB (1 — ) + B - 1)
(5.4.101)

IleficTBUTeIbHO, NpaByio yacTb (5.4.101) MoxHO nepenucarb B BHAE

An o, ddl 1 AR ( d% 1 .
—Tj(z—n)a—ﬂa—zh)——;—j@—,,;g—,;_—a—w_),

OHa CTAHOBHTCS paBHO# npaBoit wactH (5.4.100) nocne 3ameHbl Mepe-
MeHHHIX HuuTerpupoBanus 1 -4 (k/2) —1 B nepsoM cjaraeMoM H
1 — (k/2) - 1 — Bo BrOpOoM. IIpH 3TOM MHl IpeHeGperaem H3MeHe-
HHeM SHAYeHHs MMMYJbCa OOpesaHHs, BHISBAHHLIM 3TOH 3aMEHOH
NepeMeHHEIX, TIOCKONBKY [0 NPEANoJIoNeHHIo k 3HAUNTEIbHO MeHbIle
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neGaeBCKOTO UMIyJibca. ¥ pasHenne (5.4.101) MoxHO 3anucaTh B Buje
MaTPHYHOTO YPaBHEHHSI PA3MepHOCTH 2 X2:

P = Mie%e® | 0 () o (x, k) [Us () T[4} —

— (¢ — 60217 Ug (#)}aps  (5.4.102)
rAe 04 (%, k) AaeTcs BbIpa)kKeHHEM

0 (t, B) = —~ e (0) [ s (2L [ — (B4 By %

X 8 [ — (Ex -+ EY[ (1 — [y —fo) +
+ BB [y~ Ee [ —

— By — E-F] (= — 1)) (5.4.103)

YpaBuenue (5.4.102) naspiBaeTcst OGOOCILIEHHBIM YypaBHEHHEM [/
wean [7]; npu ero BoIBOLE HCHIOJNb30BAHO COOTHOILEHHE

(b — E*) 8 (x* — E*) [Us (w) 0 (kg — E* 4~ i6v) "' Us (w)] =
i —8(— EDv, (5.4.104)
KoTOpoe cjenyeT u3 paBencrsa UpgtlUy = 7.
Boiuncnenne D, (k). Kax BugHo u3 (5.4.96), aas Bouncie-

Husa Dy (k) HeoO6Xoaumo 3HaThb BeAHUHHY (1 — QT — Qg37). Huis ee
BBHIYHCJIEHUA HCIOJb3YEM COOTHOINEHHE

Og(%, &) —o01 (%, k) — 05 (n, k)=
— — () [ gmp K — ey — )1 %
x (LB 50 — By + B Y1~ — )+
+ (EE—:;E—) 80 — (Ex — EY1(s — 1)) (5.4.105)
Onpenennm & (k) paBeHCTBOM '

62(1()0',(%, k):—g(x)%jélg)_a(&‘__ -) (E++E) 6[ 2 __

~E A EP—f— 1)+ s pe - (E+—E-)21(f+—f_))-
(5.4.106)
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. CpaBHuBas ero ¢ (5.4.82), naxopum
® (k) =0 npuk=0. (5.4.107)
Torpa (5.4.105) npuHHMaeT BHI
o (¢, k) — o1 (%, k) — 033 (%, k) = [k§ — 0°] 0, (%, k), (5.4.108)
rae & o6osnauaer & (k). Bupaxenue (5.4.108) Bmecte ¢ (5.4.102) maer
1 —Qu (&) T — Qs (k) 1 = (kf — ©°) R (k) v. (5.4.109)
Hanee us (5.4.97) umeem
W (k) = R (k) [k§ — T ()], (5.4.110)
rjpe
T (k) =" 4 24° (ki + &) R ()1 + (K — &) Qu(B) 7. (5.4.111)

ABanOr¥yHO MOXHO BHIYHCJIHTH 4uCHuTEb B (5.4.96); B pesyiib-
Tare npnxo,lmm K CJAELYIOUIEMY BbIPaXKEHHIO:

D (k) = 2¢ — m[w (k5 -+ &°) R () + (Ko — &°) Q2 (B)] ,
(5.4.119)
HJH B JPYTOM BHJAE
g L @=T(),
Dy (k) = —2¢ ~ T (5.4.113)

TakuM 0GpasoMm, BhlUHcJaeHa ¢yHKuuA Dj (k).
Boiuncaenne aByxrodeuHod (GyHKUMH JJad IJOTHOCTH 3apsia.
®ypoe-o6pas A*P (k) pyukuuu
€, BT o™ (x), 0" )]0, B)
onpejieNsieTcs CAEAYIOIMHUM 06pa3oM:
0, BIT[o" (). " @110, B) =

(2n>4j ok exp [ik (x — y) — iky (£ — t,)] A™P (k). (5.4.114)

dypre-06paz A (k) umeer BHJI

A () == (— i) - wDs (k) = —%Tmm?——r(k)]. (5.4.115)

s (5.4.111) u cnekTpanbHbIX npeicTasieHHd ans R u Qg BHAHO,
uro [' MoxeT GLITh 3amucaHa B ClefyiollleM BHJE:

T (k) = Ty (k) — inoy (ko, k) TU% (ko). (5.4.116)
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31ech
Tz (k) = & + M J dx’0 (x) [2A% (B3 + &%) o, (%, k) +
0

P
kg— e

+ (kg — &°) o1z (¢, k)] . (5.4.117)
op (%, k) = M [2A% (2 -+ @?) o, (%, k) + A
4+ (®® — &%) 045 (%, k) I; (5.4.118)

B (5.4.117) P — rnaBnoe sHauenne uHTerpana. Temepb A (k) MOXKHO
noJayuuTh H3 (5.4.115) B caexyiomeM BuUJE:

2e? 1 2 ~2 2 2
A - = _ — T @ — 1 o —_—
(k) A (kg FR)Z HQO%[ {(ko R) ( R) | I‘J T

— inop (K — @) Up (ko)]-  (5.4.119)

®yuxuus A (k) uMeer cnekTpajbHOe NpejcTaBleHHe Buaa (4.3.24)
¢ F4 = 0. CpaBHuBas MHUMYIO YacTb Beipaxkenus (5.4.119) ¢ (4.3.24)
H YYHTHIBAas cooTHomeHue lim (ky — oo) Re A (k) = 0, umeem

A(R) = J dnoys (%, k) Up (%) v kg — % + 6117 Up (%), (5.4.120)
rae
%2 Op (% k) (2 — 0?)
T (R TR)P A o k)

Ecau Benuuuna op (%, k) paBHa Hy/ 0 MM npeHeCpeXXHMO MaJja,
HMeeM

oa (%, k) (5.4.121)

o (4, k) = i—f,;(uz — @Y e ()6 (2 —Tp). (5.4.122)

3necy yureno, uro o, (%, k) u oy, (%, k) (a cneropareqpHO,
oa (%, k)) — neuernnie Qymkuuun or x. B (5.4.121) u (5.4.122)
I'r o6osuauaer 'y (k), Kyxa BMecto k, BxoauT x. Koraa

B —Tgp (k) =0 upu ky = op K), (5.4.123)
A (k) umeer noJocHyi0 OCOGEHHOCTH NPH ky = wp (k). 34eCh  BHOBb

MBI IIpeHe6persiu BeJHuuHOl o (%, k). Mcnonpsys pasnoxenue Tei-
aopa uas 'y (k) B6nusu kj = op:

Tr (k) =05 k) + [k2— 05 I Tri (k)4 -+, (5.4.124)

HaXoJuM
902 0)% (k) — ?

Oa (4, k) = 5 gy © (%) 0 [¥* — oz (k)]- (5.4.125)



176 ’ Trasa 5

OGo3nauum Bxoaamuii B (5.4.125) popmbakrop uepes (€%/7) [wpn (k)12
TOrza Ny

2 2
5 o 2e8 op (k) — o

(I)yHKLmﬂ 7 (k) xoneuna npu k = 0, nockoabKky otHomenne &% w} (k),
cornacHo (5.4.107), komeuno npu k = 0. U3 (5.4.124) Haxoaum

T (k) = (a% T's (k)) (5.4.127)
0 ky=0g (k)
Torna suipaxenue (5.4.120) MoxHO nepenucaTh B BHJE

A(B) =2 0% (k) v () Up (05) v [8 — (05 — 891 Us (05) + . ..,

(5.4.128)

TJie IepBoe cjlaraemMoe NpejcTaBasieT coGoil BKAaX oT wieHa ¢ §-pynxk-
nueit (T. e. momocHoro) B (5.4.125).

(5.4.126)

MuHamMHYecKoe 0TOGpakKeHHe TOKA M IIOTHOCTH 3apsaaa. CpaBHHM
nepBoe cjaraeMoe B npaBoi yact (5.4.128) c Buipaxenuem (4.1.96),
JAaomuM INpeACTABJIeHHE ABYXTOUeYHOH (DYHKUHH CBOGOAHOrO 6030H-
HOTO TepMOIloJieBoro aybsaera B%:

\ 1 d3 1 . R
B () =1 (2:‘)?/‘ e [B* (k) exp (ikx — iogt) -

+ B™ (k) exp (= ikx + iogt)].  (5.4.129)

MoXHO YGeNHTBCS, YTO AHHAMHUECKOE OTOOParXKeHHe reii3eHGepros-
CKOro omneparopa IJIOTHOCTH sapsiia umeeT BuA [7]

() =——nWB* W+ ..., (5.4.130)

rie B o6osnauaer (0/0f) B, a MHOrOTOYHE — HOPMAaJIbHHIE MPOH3Be-
JeHHs1 Gosiee BBHICOKHX MHOPSIAKOB OT CBOGOLHBIX (PH3HMYECKHX TOJeil.

IlokaxeMm Teneps, 4TO G030H B% (x) AEHCTBHTEJNBLHO CYIIECTBYET.
C aroit nenpio 3aMmernm, uto (5.4.107) u (5.4.111) npUBOAAT K BHIpa-
JKEHHI0

T(k) =K [20°R () + Q2 (B)] v npu k= 0. (5.4.131)

Takum obpasom, ypasnenue (5.4.123) nomyckaer peiuedue, AJIs1 KO-
TOPOro

og (k) =0 mpu k =0, (5.4.132)
OTKyla CJeAyeT CyllecTBoBaHHe Go3oHa B%, 3HepPrusi KOTOPOTro

He uMeeT weaH. Takofi 6030H ¢ HYJIEBBIM HMIYJIbCOM YCTOHYMB GJa-
roaaps yenosuio or (0, 0) = 0. 3T0T (rONACTOYHOBCKHI) GO30H NOA-
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JePIKUBAET YIOPSIOYEHHOCTb (assl, a MOTOMY HASBIBAETCS (PASOHOM.
dasoH — cocTaBHasi YacTHIA, B KOTOPYIO BXORUT 3JIEKTPOHHASA Iapa.
Cxkopoctb (asoHa v (k) yno6HO OnpeieNuTh PaBeHCTBOM

oy (k) = v (k) |k|. (5.4.133)
Ypasuenne s ¢a3oHa MMEET BH[

[(0/0t) + w3 (V)] B* (x) = 0, (5.4.134)

rie oz (V) = —uv* (V) V.
3 3aKoHa COXpaHEHHs IJsl TOKa CJefyeT

i%(x) = %02(\7) n(V)VB* (x) + ..., (5.4.135)

rJie MHOTOTOYHE BHOBL o6o3Hauaer HOpMaJIbHBIE TIDOU3BENEHUSA Gosee
BLICOKHX MNOPSIAKOB.

IMepecTpoiika ¢a3oBoii cummeTpun. I'eHepaTop npeoGpasoBaHUs
dassl P* — e/p* umeer BuA e*Q* (mpu o = 1 &% =1, mpn @ = 2
e* = —1), rre Q% — HHTepBaJ MO NPOCTPAHCTBY OT IVIOTHOCTH 3a-
psaza:

Q" =+ [ dxp® (x). (5.4.136)

BhIuKc/IeHHe NTOKA3HIBAET, UTO BKJaaJ B % HaeT JHIb NepBOe cjara-
eMoe JMHaMM4ecKoro oto6paxenus (5.4.130):

QP =— -;1—] d*em (V) B* (x). (5.4.137)

Ecau onepartop exp [i0Q*] neficTByeT Ha BEKTOp COCTOSIHUS B. IPO-
crpanctee 8 o (B), @ (B) ], To pesyabTUPYIOIHKE BEKTOP HE OCTAETCA
B 3ToM npocTtpaHcTBe (pasa. 2.4). ITostoMy npu omnpefiesieHHH onepa-
topa Q* Heo6xofuMa 0co6ast OCTOPOMKHOCTB; TOUHee, Q% MOXKeT OHITh
OnpefiesieH TOJbKO C IOMOUIBIO HEKOTOPOTO MpPEeAeNbHOr0 3Ha4YeHHs
HeJIOKaJbHOTO oneparopa. UToGbl NPOBECTH STOT Npelle/ibHBIH mepe-
XOJl, BBeJEM YMCJCHHYIO (YHKIUMIO f (X) THOA BOJMHOBOrO Iakera,
VIOBJETBOPSIOLULYI0 YpaBHeHHIO Jas (pa3oHa

[(0/61) + 0 V)1 f (x) = 0. (5.4.138)

Beegem janee onepatop Q% (f) ¢ moMoLIbIO COOTHOIIEHHS

<>

ro H=— __;?J‘ d3x’c (x) -gt— n (V) B (x)’ (54139)
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- -~
e HCNOJAb30BaHO OGo3HaueHue J, = 0y — 0,. Jlerko BHAETb, UYTO

Q> (f) me sasucur ot Bpemenn, Q% (f) = 0. Torma remepatop Q“
onpeJiesIsieTcs C MOMOIIbIO CAeAYIOMEro NPefenbHOrO Mepexoja:

(a|Q*|b) == [ d'xa[p™ (1) |6) =lim(a| Q* (1] 8). (5.4.140)
-1

3xeco |a) u | b) — BekTopu B npoctpancree Poka I8 [a (B), @ (B)].
HcnosibdyeM jajiee nepecTaHOBOYHOE COOTHOILEHHE

[B* (x), @ (H] = —in V) | (x) v*, (5.4.141)
KOTOpoe OPpUBOAUT K COOTHOIIECHHIO

G'NB* WG =B*" @+ (), (54.142)
rie G (f) = exp (i % e“Q* (f)> . (5.4.143)

3necb ¢* =l npua = 1 u ¢* = —1 npu & = 2. B npenese f— 0
BeJMYHHA G (f) unayuupyer cABUr noas B* (x) — B*(x) + n (0) 6.
ITockoambry &*Q* — reHepatop mnpeo6GpazoBanus ¢asel Y* (x) —
— exp ((6) V™ (x), yKasaHHBIH CABHT NOJA HHAYUHDPYET npeoGpasoBa-
nue aspl reii3eH6eproBCKOrO NOJA:

v [x; B4+ 10 0, ¢°] =% (x; B, ¢"); (5.4.144)

3jech B ofosnauaer B”, a ¢ oGosnauaer ¢%,

INonyyennsiii pesysbrart popMyaupyercs oGpI4HO CJIELYIONIUM o6pa-
som [8]: dasoBas cummerpusi reii3eHGeproBCKOTO MOJsi IlepecTpa-
HBAeTCsl U NMPHBOJUT K CABUTY (a3oHHOro monsi. Takum o6pasoMm, Mel
HMeeM 37eCh AHHAMHYeCKyio nepecTpoiiky ¢da3oBolt cuMmeTpuu. Coom-
Howenue (5.4.144) nokaseisaermn, Kaxkum o00pa3OM UHEAPUAHMHOCMb
¢asst Haxolum ompascerue 6 ceolicmeax ¢asona. Huoemu caosamu,
ynopadouennocme aser nodlepsicueaemes (a30HOM, MO ompaxcaent
cyuecmsosanue , daavrodelicmeyowell  Koppeasyuu~ mewncdy  3aek-
MmpoHamu.

YUuTHIBasi AHHAMHYECKYIO NEPECTPOHKY CHMMETPHH, HPHXOIHM
K CJENYIONEMY NUHAMHUECKOMY OTOGDaXKEHUIO IS :

P* (x) = : exp [in™" (V) B* )19 (x; 9B, ¢°) :, (5.4.145)

rae 0B oGosnauvaer aeficteue Ha B audipepeHnnaNbHBEIX ONEpPaTOpPOB
HeHyneBoro mnopsaka. IlocnenHee BBIpaXKeHHE MNOKasBHIBAeT, KaKHM
06pas3oM MOryT OhITh HalJeHBl ONpeje/eHHBle YepThl AHHAMHUYECKHX
OTOOpaXKeHHUH, ec/i U3BECTHA CTPYKTypa AHHAMHUYECKOH NepecTpOoiKH
CHMMETPHH, '
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BausiHHe KyJaoHoBcKoro B3aumojeictTeus. Bmenem temepp xyiio-
HOBCKOe B3auMojieiicTBue. Torja raMMJAbTOHHAH TNPHMET BHA

H,=H + Hg, (5.4.146)
rjie
H = [ d* [y}e (V) by + wfe (V°) vy + MpTud ey —
—p (6o + ¥iw)l  (5.4.147)
Ho= e | dayfi("l’%;(%ﬂ. (5.4.148)
raMHﬂbTOHHaH H noaydaerca U3 BBEICHHOI'O BHIIIE ,narpameaHa

(5.4.1), a H¢ npeicras/sieT KyJOHOBCKOE B3aHMOJAEHCTBHE.
Onepauust THABLA AAET

Ho= [ aix [ ary 20D ("I'xt)_pzy‘ly’ D, (5.4.149)

[Tonuelfi raMUJBTOHHAH HMEET BUJ
H,=H,—H, (5.4.150)
re H,=H+ He. (5.4.151)

UTo6el NpPOBECTH KalHGPOBOYHO HHBAPHAHTHOE BBHIYHC/IEHHE BJIH-
JHHS KyJOHOBCKOTO B3aHMOJEHCTBHS, HCIOJNb3yeM METOA KaHOHH-
yecKoro npeo6pasoBanus. Bojee mojHas KaJqHOPOBOUHO MHBApHAHT-
Hasi (GOPMYJHPOBKa NaHa B J. 8.

Ucnonbayem Tenephb Bipaxenue (5.4.137),¥xoropoe nokaseiBaer,
YTO OCHOBHYIO POJIb B AHHAMHYECKOM OTOOPaXKEHHH P (k) mpu MasBIX
k urpaer TonbKO JHHEHHHIH GO30HHBIH UY/IeH B (5.4.130). ITosromy
3/1eCh HCIOJB3YeTCs NPHGIHKERUe, B KOTOPOM YUTeH JIHIIb JHHEHHbIH
6030HHBEIA UJieH B p*.

IlycTb i* 0603HaYaeT BeJHUHHY, KAHOHHIECKH CONPSKEHHYIO B~
ITockoabKy B® kaHOHMYeCKH compsikeHa ¢ B, Belpaxenue (5.4.130)
MOXHO 3alucaTh B BHJE

0% (¥) = — ';7 n (V) * (x). (5.4.152)

TOl",lIa ramuJIbTOHHAH KyJIOHOBCKOFO BsaHMOﬂ,eﬁCTBI/IH anHHMaeT BUJ
-——1- .i z 3 3 1 1 1
Ho = () J@x [@m®a & O =@ a0, 0,
(5.4.153)

NIPHYEM THJIBAA-CONPSIKEHHOE K HeMy H ¢ moJjiydaercs us H. nocpexn-
CTBOM 3aMeHH n' — %, .
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Cornacso (4.1.3), H B caGom CMbICIIe pasex H, (B) -+ H, (9%,
-rae H, (B) — 6Gosonuasi 4acTb, a H, (¢°) — KBa3H3JIEKTPOHHAA 4acTh.
Jnst 6030HHOH YacTH HMEeM

Ho(B)=1 [ Phog (k) B (k) B' (k) =
— —é— I d3x {[“1]2 +[o ) VBllz}_ (5.4‘154)

B urore mosyyaem cjaa6oe COOTHOIIEHHE

Ho=Hy(¢") + 5 | dx ([0 -+ [0 [V VB +

+5 () @ [@ym@) =t (x, 0 T?—l_y’l' N0 (54159)

KaHOHI/I‘-XECKoe HePECTaHOBOqHOG COOTHOIIIEHHE MMeeT BHJ
[B* (x, #), o (y, O] = ind (x — y) 7P, (5.4.156)

Ky/0oHOBCKOE B3aMMOJEHCTBHE M3MEHsAET CBfA3b MeXAYy 7% H B
A uMeHHO, KaHOHHUYECKOE ypaBHEHHE ~

it o B* = [B, H,] (5.4.157)

OPUBOAHT K yPaBHEHHSIM
5o _ e \? 3 1 o
B (x, ) =a"(x, )+ (5) ") [dY D=, 0,
(5.4.158)
a® (x, ) = ¢ (V) V'B* (x, 0). (5.4.159)
U3 3THX IBYX ypaBHCHHH HMeeM ‘
02
(5r = MV) B (x, ) —

—(F) 1™ [ ¢ =T W VB (@, H=0.  (54.160)

3aMeTuM, uTO B Toc/JefHeM ciaraeMoM B (5.4.160) ve nposoauTcs
MHTErPHPOBAHHE TI0 YacTAM, NOCKOJBKY 1/| X — y | HMeer GecKoHeu-
HHfl paguyc geiictBus. Ilpumenss onepanuio V? K 0GeHM YacTaM
(5.4.160), naxonum
.
[~ WV +4n(5) MO VB (x ) =0.
' (5.4.161)
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970 03HauYaeT, YTo B* COCTOHT H3 JABYX YacTed: OfiHA H3 HUX YyIOBJET-
BOPSAET YPaBHEHHIO

[Z—o OV + () @ (V)] B* =0, (5.4.162)

a Jpyras — ypaBHeHHwo Jlamsaca
V’B* = 0. (5.4.163)

Pemenue ypaBHenns (5.4.162) npu Masieix UMIYJbCaxX AaeT SHEp-
o 0, = (e/f) (4n)*/+q(0)v (0). Kak Gyner BHAHO H3 JalbHEHUINX
BBIUHCJICHH, 3TO 3HEPTHsl IWIa3MEHHLIX KOJMeOaHHi.

3ameTHM jajee, 4TO pemeHds ypasuenusi Jlanaaca (5.4.163)
HMEIOT OJHOPOAHBIE B IIpOCTpaHcTBe Qypbe-o6pasul. IlosTomy cooT-
BETCTBYIOULHE MOJbl HE HAGMIOJAI0TCH KAaK KBAHTOBble BO3OYXKAECHHS.
VHBIMH CJIOBaMH, edutcmgenHoe Habaodaemvie G030HHbE 6030YIH0e-
HUA — 3mo naasmenHvie Korebanus; Gecuieaesole 6036yxcdenus (pa-
30HbL) UCKAIOHQIOMCA U3 4UCAQ HabA0daemblx 3a Cuerm KYAOHOBCKOO
esaumodeticmeus. D10 sBleHHE HOCHT HasBaHHe MexaHusMa Amnjep-
cona — Xurrca — Ku66aa [9]. C apyro#i cropoHbl, Haluyue AHHA-
MHYeCKOl nepecTpoikd cumMerpuu (5.4.144) ykaspiBaer Ha TO, 4TO
dasoBoe npeoGpasoBaHHe 3INEKTPOHHOIO TIeH3eHOEPTOBCKOTO  I0JIs
Y — exp (i0)y HHAyUHPYETCS C-YHCJEHHBIM TMOCTOSIHHBIM CABHIOM
dasonnoro moanst B¥ (x) > B* (x) + n (0) 6. Iro yrBepxKAcHuE
OCTaeTcsi B CHJe Jaxe NPH yYere KYJOHOBCKOTO B3aHMOAEHCTBHMS.
TeM cambIM (ha30H, YAOBJETBOPSIOWHMA ypaBHeHuio Jlanjaca, coxpa-
HS€T CBOIO POJIb B KauecTBe NepPEeHOCYHKa (a3oBOH CHMMETPHH, He-
CMOTpSI Ha HaJHYHe KYJOHOBCKOrO B3aMMOAEHCTBHS.

B uTOore MOXHO YTBEpPXKAaTb, YTO YHET KYJOHOBCKOTO B3aHMO-
JeHCTBHS NPHBOJMT K MNOSBJEHHIO NJ1a3MOHA; (a3oH, KOTOPHIH YAO-
BJETBOPSAET ypaBHeHHo JIamiaca U He MOXeT HalMoJaTbCA IKCNEpH-
MEHTAJIbHO KaK BO3GYXK/IEHHE, CJYKHT BCe 2Ke ePeHOCIHKOM (pasoBoro
npeoGpa3oBaHHs. ‘ '

Bce npuBeseHHLle Bhille COOGPaKEHHs TNONTBEPXKAAOTCS Gosee
TOUHBLIM M HE 3aBHCSIIHM OT BHIGOpa MOZEJNH PacCMOTPeHHeM B IJI. 8.

Ecau MCronb3oBaTh coorHomenns (5.4.152) u (5.4.159), Jsoxanb-
2{5!:11'71 3aKOH COXDaHEHHsl IJsi TOKa NPHBOJUT BHOBb K BHIPAXKEHHIO

.4.135).

XapaxtepucTHueckas (yHKUHA Go3oHOB. Il/f MPaKTHYECKHX Bbl-
unceHH# yAao6HO nepenucath (5.4.135) B BuAe

i (1) = ;ﬁ%c @)~ ) VB (1) + ..., (5.4.164)
rae c (V) = V) 1* (V)/2* (0) 0 (0), (5.4.165)
L Anet 2 0) 2 (0). (5.4.166)

L e
Wz T
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3ameruM, uTo ¢ (V) HOPMHPOBAHO CJIEAYIOMMM OGP a3oM:
c () =1. ' (5.4.167)

Hro6bl yyecTs nonepeunblii BEKTOPHBIR HOTEHNHAT A%, HAIOMHHM,
uro exp [in-! (V) B* (x)] sBsiercs: (pasoBBIM MHOXKHTeJIEM 3/IEKTPOH-
Horo noss. Kanu6poBounoe npeoGpasoBanue nepesogut A, B A, -
-+ Oyh ¥ MHAYHMpYeT nosBJeHHe Y 3JIEKTPOHHOro 1oJsi (a3oBoro
MHOXHTeNs exp i (e/fic) A, koropeiii npuBoaMT K 3amene 1-'B Ha
n~'B + (e/fic) . Torna B AMHAMHYECKOM OTOGPAKEHHH JOGOTO Ka-
JIHOPOBOYHO-HHBAPHAHTHOIO ONEPATOPa HYKHO 3aMeHHTh VB®* Ha
[VB*—(e/fic) v (V) A%]. Buipaxenue (5.4.164) moxHO IiepenucaTh B Buje

"0 = o [ dwetx—y) (17 VB )~ 5 47 M), (5.4.168)

rine
3 ikx
c(x)=j(27)30(/e)e : (5.4.169)
npuyeM, corsacHo (5.4.167),
[ #xe () = 1. (5.4.170)

O6osnaunm uyepes A, (T) Beauuuny A, npu Temneparype 7. Bu-
gyucsenne npu T = 0 noxkaswiBaer [7], uto

x}@ =L RN = (5.4.171)
L
= 4nen/mc?, (5.4.172)

TA€ n — 3JEKTPOHHAs MIOTHOCTb. OGbennnas (5.4.166) u (5.4.172),
HaXO0JHM ,

o = (4m) "0 (00 (0) = (£ )",

YTO JEHCTBMTENBHO COBNAJAaeT C SHEpPrueil MJIasMEHHOrO KOJe6aHHS.
B pa6orax [7, 10] nokasano, uro

(5.4.173)

(L)D -
MO\ ] o [ ge AE) (5.4.174)
(7”L (T)) 1 6[ ok

rjle op — 3Heprusa ebas.
Ilpu Hyne Temneparyprl BeaHunH wp (k) u 1 (k) BEYHCAEHH wiHC-
JIeHHO. JHeprusi ¢asoHa wp (k) BeleT cefsa caeaywomuM o6pasoM:

op (k) = —;-U%‘ [1— VN (0)]K npu mammx k, (5.4.175)

4 3aTéM IJIaBHO BHIXOAHT Ha HacCHIIEHHE, CTPEMSChH K SHaYeHHIO 2A
npH 6oaemux k.
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dyukuus ¢ (k), onpenenenHas BepaxeHueM (5.4.165), nasuiBaerca
XapaKkTepHCTHUECKOH ¢(yHKuueH GoszoHoB. CorsacHo (5.4.164), srta
pyHKuus sBasercst gopMmpaxropoM Toka; npu T = 0 ona noayuyena
¢ NOMOIIbIO uHcaeHHOro pacuera. Ilpu 3nauenuax VN (0) = 0,2—
— 0,4 oHa MoxeT GLITb X0opomo onkcaHa ¢opmyJoi {11]

c (k) = exp {—v [kE 1"}, (5.4.176)

rae k = | k|, n = 2,207 — 0,7857VN (0), v = 0,559 — 0,4257V N (0),
£, — NJMHA KOTEPEHTHOCTH NPH HYyJe TeMIepaTyphl; OHA ONpeleseHa
BBHIpaXKEHHEM

& = fivp/nl,, (5.4.177)

rie A, — snauenne A npu T = 0. Dopmysa (5.4.176) mocTaTtouHO
XOpOIIO aNMPOKCHMHPYET YHEJeHHBIH pPeay/abTar, HO npH Goapmux k
OHa MOPUBOJMT K CJAHIIKOM OhiCTpoMy cnajaHuio. [leACTBUTENBHO,
C TOMOIIbIO AHAJMTHYECKHX pACYeToB rokasaHo [12], uto B acumnro-
THUecKO# obsacTtu ¢ (k) BefieT ce6sl COMJIACHO COOTHOLIEHHIO

¢ (k) = (A/kE,) exp (—BKE), (5.4.178)

rie A u B — uekoropuie pyuxuun VN (0). Ecan npu ananuse KOH-
KDPETHBIX 3a7a4 TpeGyercs BHICOKAS TOYHOCTb, TO HHOTJa OKa3bBaeTCs,
4TO OTCYTCTBYIOMHA B hopmyae (5.4.176) «XBOCT» HTpaeT pemaiouiyo
posab. B 3ToM cayuae ciefyeT HCIOJIb30BATh YHC/JEHHBIA pe3yJbTarT,
a He HHTePHOJHPYIOIYI0 (OPMYJY; COOTBETCTBYIOIHH NPHMEp MpPH-
BeJeH B ra. 11,

Ecnu Temneparypa OTJIHYHA OT HYJIS, BHIUHC/IEHHE XapaKTePUCTH-
4ecKoft (YHKIMHK O6030HOB CTAaHOBHUTCSl CJIOKHBIM BCJEACTBHE TEM-
nepatypHOH HeCTaOUJILHOCTH KOJJIEKTHBHOH MOAll. IlepBoe BhIUHCIIE-
HHE TaKOro THNAa GBIO BBEIIOJHEHO €lile IO TOro, Kak Oblia jaHa ¢op-
MYJMPOBKA CNEKTPAJbHOTO NPEJCTABIEHHS JABYXTOUCUHBIX (DYHKIHH
B TEPMOMNOJIEBOH JHHaMHKe. [T03TOMYy BBIUHMC/IEHHE ObLIO MPHUOJIHKEeH-
HeiM. Yncaenusit peayasrar [13], nosnyueHHslil B pesyJ/bTare rpy6oro
NPUOJHIKEHHsI, ONUCHIBAETCS HHTEPNOJHpYIoueHd (opmynon

c (k) = exp {—v [KE (1) I}, (5.4.179)
rie n = —0,7857VN(0) + 2,207, v = —0,4257VN(0) + 0,559.
TemnepaTypHasi 3aBHCHMOCTb MPOBJISETCA TOJNbKO yepes MacmTas-
HbI akTop E:

E@) =v (@&, (5.4.180)
rine .
v () =1+ a ltv/(1 — H"], (5.4.181)
a = —0,0536VN (0) + 0,3719, (5.4.182a)
n = 0,3714VN (0) + 3,846, (5.4.1826)

Il

—0,0414V N (0) + 0,556. (5.4.1828B)
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3necy ¢ o6o3HauaeT npuBegeHHylo Temneparypy ! = T/T,; pesy.b-
Tarel noay4enel gasa 0,2 < VN (0) < 0,4. IlpumeuatenbHo, 4To
N0OKa3aTesb 1) MPAaKTHYECKH He 3aBHCHT OT TeMIEPaTYpHL.

Xors nojaydyeHHas c¢opmyna aas c (k) OPH OTIMYHOH OT HyJA
temneparype T saBJseTcss pesyabTaToM TIpyGoOro npHGIHKEHHS,
Hcrnosbp3oBanue (5.4.168) ¢ stoit ¢pynkuued ¢ (k) npHBOIUT K pasym-
HOMY COIJIACHMIO C 3KCIIEDHMEHTOM B pa3iHYHBIX pacuyerax sIBJeHUH
CBEpXNPOBOAUMOCTH. JKeJsaTenbHO, OXHAKO, BBIUHCAATH ¢ (k) ¢ mo-
MOLLbIO HOBBIX YTOYHeHHBIX (opmya (5.4.121).

Heprus 0CHOBHOTO COCTOSIHHS. BHIYHC/IHM Teneph SHEPTHIO KOH-
Jencanuu [5, 6] B npeHeGpexkeHHH 3JIEKTPOMATHUTHBIM B3aUMOAEH-
crBueM. C 310l 1eJblo paccMoTpuM cpennee 3avenue (0, f | H |0, B),
rae H — ramunpToHHaH cucteMsl (5.4.147). Ilpubamnxenne XapTpu —
®oka jpaer ciaefyiomee BhpaxKeHHe NS IVIOTHOCTH 3HEPIHH OCHOB-
HOT'O COCTOSTHHSL:

Ws=(1Vs) (0, BIH0, B) = [ d[(0, Bl e (V") s +

+ e (V) 0y [0, BY 2.0, BIwiwi[0, BY(O, Blwyws]0, B)] =
(5.4.183)

J Bx hm {—e(V®) Tr [Tssn () }e=0+ "—Az +1 I (gn,;"' Ek-

(5.4.184)

3nech yureHo BhipaxkeHHe (5.4.26); Vg — 06BEM CHCTEMBI. Hoc.nen—
nee cnaraemoe B (5.4.184) BosHHKIO Giarofaps NepecTaHOBKE ‘PT
H Yy B NepBOM CjaraeMoM B npaBo#l yactd (5.4.183).

Hcnonbsys ypaBHenue ans weaH (5.4.39), Buipaxenue (5.4.184)
MOXKHO NepenucaTtb B BHIE

Ws= -(2‘;’7 [ dt Tr (181 () & —
d3k 1
— A [ QfF (Ek)] + ﬁj (2n)3 er, (5.4.185)

TAe KOHTYD HMHTErPHPOBAHHS ¢ HA KOMIVIEKCHOH Ky-TIOCKOCTH —
MOTYOKPYXKHOCTL B BepxHed mnosymiockoctd. CornacHo (5.4.34),
HMeeM ,

a3k &

o | AT [0S (B) e = — [ G 2 [1 — 2 (E)] =

S Enll — QfF(Eh>1+2A2j o a5 [ — 2 (BN

(5.4.186)
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TOTJA MoJaydaem

: Wszﬁj%r{(gk — Ek) _l“?éEi_ll - sz' (Ek)]}—

2 a3k fu(E
—_ﬁﬁ_ | @ gy [r (Ex)In (T:’%) (5.4.187)
Cornacno (4.1.51), cBoBonnas 3Heprus I'espMrosibia HMeeT BHJ

F=Ws— % S. (5.4.188)

U3 (4.1.52) naxomum

S—QHQWm@mMm+W%MWM—MMD
(5.4.189)

(MHOXHTesbL 2 O6YCJOBIEH CIHHOBOH cTemeHbio cBoGombl). Hmeem
TOTAA

F=t [ -2k ((en— Ew + 55 11 — 2w (EN)) —
__%g_ | (gn’;s [l — fe(Ex)]. (5.4.190)

CsoGognasa sHeprus ['enpMrosibua F* JJ1s HOPMaJbHOLO COCTOSBHA
COBNajgaeT ¢ BeJUYHHOH F npH 3HaueHHH A, PaBHOM HYJIO:

2 dsk
Fr= l? .[ 2n)° In 1 — fr (en)]- (5.4.191)
Torza pa3HOCTb MEXIY 3HaUYeHHsIMH CBOGOJHOM 5HepruH I'epMrosbua

U1 MeTalnja B HOPMaJbHOM H caepxnposo;mm.eM COCTOSIHUSAX BBI-
paxkaercs ¢opMyJioi

F=Fr—F. (5.4.192)
[punsato BBoauTth Beanuuny H(T), onpele/eHHyi0 ypaBHEHHEM
HZ(T)/8n =F. (5.4.193)
U3 (5.4.190) u (5.4.191) naxogum npu T = 0
H? (0)/8n =+ N (0) A% (5.4.194)

[Tockoanky A (T) umeer 6eckoHeuHyto npoussogdyio npu T = T,
tenjoemkocts T (0S/0T) ue HempepriBHa npH T = T,; OHIO mOKa-
3aHO, 4TO

S =143 mpu T=T,, (5.4.195)

rhe ¢, H C; — IEKTPOHHBIE TEMJIOEMKOCTH HOPMAaJbHOroO H CBEPX-
npoBogALLero COCTOSIHHII COOTBETCTBEHHO.
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5.5. lNnasmeHHble KOonebaHHUA
B HOPMa/bHbIX MeTannax

B pasx. 5.4 u3yuanach cucteMa 31€KTPOHOB IPOBOJMMOCTH B CBEPX-
NpoBOAHHKAX. B 3TOM pasjgene MBI PACCMOTPHM 3JIEKTPOHHBIH ras
B HOpMaibHBIX MeTa/nax. lInpoko H3BECTHO, YTO 3JIEKTPOHHEIH ra3
¢ (POHOM [MOJIOXKHTE/NbHBIX HOHOB NPHBOJUT K HOABJEHHIO KOJJIEK-
THBHOH MOJBI (IIJ1a3MEHHBIX KoJeGaHHH), B pe3yJbTare 4ero (JOTOHHI
B MeTaJJaX BelyT ce6a nofoGHO MacCHBHBIM KBaHTaM, Ha3bIBaeMbIM
IasMoHaMH. B 3TOM COCTOHT HpuUMHA HENPO3PAYHOCTH METAJJIOB
a5 cBera. KBaHTOBOMEXaHHUECKOE ONIMCAHHE MJIa3MEHHBIX KoMeGanui
H MX BJHSHHS Ha 3HEPIrHI0 OCHOBHOTO COCTOSIHUS OBbLIO MNOAPOGHO
paccmorpeHo bomom u IlaiiHcoMm, a Taxkxke ApyruMu aBropaMu [14].
B kBaHTOBOH 3JeKTPOJMHAMHKE KaJuOpOBOYHAs HMHBAPHAHTHOCTD
ABJISIETCA BaXKHBIM CBOHCTBOM CHMMETPHH. EC/H B X0Je BBIUMCJIEHHH
AeNaeTcs TO MM HHOe NPUG/IHKEHHE, 0C000e BHUMAHHE CJIELyeT yJe-
JIATb BBIIIOJIHEHHI0 TPEOOBAHHS O COXPAHEHHH KaJHOGDOBOYHOH HH-
BapHaHTHoCTH. B mocseiHue rojpl pasBHTa MoJie3Hass M Kpacubas
MEeTOJHKa yyeTa KaJaubpoBouHo#H cummerpun [15]. B ra1. 8 ¢ nomoubio
5TOH METOAMKH JaHa CAMOCOIJ14CcOBaHH&as (OPMYJHPOBKA KBAHTOBOH
3JIEKTPOAHHAMHKH B TBEpABIX Tesax. B 3ToM paszese Mbl BBIYHCIUM
HENMPHBOAHMYIO (POTOHHYIO COOCTBEHHYIO SHEPrHio 2, LIS 3JEeKTPO-
MarHHTHOTO NOJS B HODMaJibHBIX MeTa/JaX NPH KOHEYHBIX TeMIIE-
parypax Ha OCHOBe CJeAYyIiOLlero JarpaHxuaHa:

Z =it (ot i )0 — o (Vi A) W (Vi A)
_ k‘;’,¢*¢] —en A" — 4 F*Fuy,  (5.5.1)

rie A, = (A, Ay) — 3/7€KTPOMArduTHLIA BeKTOPHBIH MOTEHUHAJ,
Y — anempom{oe reiizenGeproBcKoe moJe .
P\ o
Y= ( (5.5.2)
¥y )’

(—en,) — noJoKHUTENbHAS TJIOTHOCTb 3aPAJa HOHOB. DJIEKTPOMATHUT-
Hoe mnone F,, = 0,A,— 0,4, rie 0° = (l/c) (0/0f), a 9, =

= —(l/c) (0/0t). B STOM pasjene HUCHOJb3yeTcs palUuoHAIN3HPOBAH-
Hasg cHcTeMa equHul XeBucaiiza — Jlopenua.

Onepa'ropbl TOKAa H NJNOTHOCTH 3apaja. IlroTHOCTH TOKA H 3apaia
IIaIOTCH BbIpaK€HH AMH

(1|’+V1P Vipty) — mﬁc Aty i=1, 2, 3, (5.5.3)
p=— 2 (Y1 —tfin). (5.5.4)
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[Ipeanoiaras, uTo IJOTHOCTb fe MOCTOSIHHA BO BPEMEHH. W OJHOPOAHA
[0 TPOCTPAHCTBY, MbI HCXOAHM H3 PaBHOMEDHOIO pacnpelefeHHs
[JIOTHOCTH 3apsifia HOHOB. Torjia moJiHasi 3Je€KTPOHEHTPaNbHOCTD Tpe-
6yeT, 4TOOGBI BHIIONHAJIOCH YC/IOBHE

0, Bt ()¢ (x)]0, B) = #in,. (5.5.5)

ITocpeACTBOM Onepauiy THIbAA- CONPSIKEHHS TIONYYaeM BEJIHYHHBI 1,

A 2, j ¥ p. Hcnoapays nosiss — TepMONOJIEBbIe ny6netel " u Ay,
HMeeM

i = Pa (g (W — Vi) — o
0% = —Pq (5 (41Y® — hny)); (5.5.7)

onepartop ynopsjoueHusi P, onpenenen B (4.2.6).

yHA*),  (5.5.6)

JAsyxToueyHbie GyHKUHH Jas fH p. B oqHONET/IEBOM NPUOTHAKEHUH
nMeeM

IS c—p = BITHFW T @0, B)=
= — (e/2m)’ e"ePSP* (y — x) 3}‘3,?3“5 (x —y), (5.5.8a)

T (x —4) = 0, BIT L7 (x) o® )]]0, B) =
= (ie*/2mh) e“ePSP* (y — x)?i-‘sf‘“ (x—1y), (5.5.86)

J§P (x — ) = (0, BIT [p™ (x) 0" (9)]]0, B)=

= — (e/h)? %P SP* (y — x) SP* (x — y).  (5.5.88)

3xech S (x — y) — NpUYHHHAS JBYyXTOUeUHas PYHKUHS PUIHYECKOTO
anektpoHa @°. ITockoabKy ¢° yIOBJIETBOPSET YPaBHEHHIO

(15 —2W) =0, (5.5.9)
rae : 8 (V) = — - (V' -+ 3), [ (5.5.10)

dypre-o6pa3 ¢yHkuuu S (x — y) naercsa Buipaxenuem (4.1.74), Tak
4To

Se () = U (&) [ky — & + iT17 Ut (&), (5.5.11)
tie &, = (A/2m) (k* — k}).

O6o0sHauuM ¢ypbe-o6passl OGYHKIUE J;; (x — y), Jip (x — ¥)
H Jgo (x — y) uepes Jy; (k) Jio (R) 1 Jyo (E) COOTBETCTBEHHO:

Ji/ (x - y) (2 )4 Jd4kelk (- y)Ji (k) (55 12)
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Ilpumensas ¢opmyny (4.1.120), noayuaem

Tn)=e | (—‘2’;’? [ o (; e, &) W5 (0) T (ks — %+ 87} U ()],
(5.5.13)

rie o (x; g, e)=—0(x —e, + &) [fr(e,) — fr(e)]. (5.5.14)

3necn

_ h K\? e
es :W@ 't7> — L K (5.5.15)

CymecTBeHHO OTMETHTh, YTO €4 MOXKEeT NPHHHMATh KaK MOJOXKHTeNb-
Hble, TaK ¥ OTpHIATeJbHbIE 3HAYEHHS.
AHaJIOTHYHO MOXKHO MOJYYHTb

2
T (®) eﬁJ‘(Qn)ledxq(u ey, ) [Up (%) v {ky — n+
6t} U ()], (5.5.16)
252 d3l
Ji,(k):f,{;—j il [ duo (; e, e) x
X [Up(r)yt{ky—n+ it} tUsz(x)], (5.5.17)
OTKyIa BHAHO, uTO J;; (R) = J;; (k). MoXHO moKas3aThb, YTO HMeEeT

MeCTO TaKKe PaBeHCTBO Jy (B) = Jy; (R). Ecan yuecTs, uto e4 —&_ =
= (#i/m) (1-k), 1O nonquM

Zkiszez (W, [dn (e, —e)o(x e, e.) x
><lUB r{ko—u+16r}1UBu)]—

=e jdmw(x £, E)Up00)T{ko — %+ i 8T} 2 U (0)];

(5.5.18)

J 2:rt)3

oTcioAa, ucnoan3ys (5.5.13), Haxomum

W ud o () = —e [ <G e 6) — o (€)1 T=0,  (5.5.19)
u

rae k, = (k, k). Ilpu BbiBoge cooTHomeHHs (5.5.19a) HCnONB30BaHO
cootHomenne UgtlUpg = T.
AHanorHyHeIM 06pasoM MOXHO J0Ka3aTh COOTHOUIEHHE

Ekwm ) =— Zh I (2n)3 i (fp(e) — fo (@17 (5.5.196)
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Js ,U,aJleeﬁme Bbmuc.ne}mﬁ norpebyrorcs (GopmMyJisl
pit
1 dsl
(2n)3 lfF g1) = J (2 LfF(Sl):FTk[ WfF(ﬁz), (5.5.20)
a3l ’ - 1
| < il ) — [ (€] = 5 R (5.5.21)

[Ipu BHBOfe ¢opmyJsl (5.5.20) npoBeleHa 3aMeHa NepEeMEHHOH MH-
terpupoBanus 1 — 1 F (k/2), a B (5.5.21) yureno, uro u3 (5.5.5)
caenyer

ni=2 | g fr (e)- (5.5.22)
Torzxa coorHomenus (5.5.19) HpHBO}IﬂT K BbIpaXeHHIO
Z byl i = — S nk. (5.5.23)

IMockonpKy mpaBas dactb (5.5.13) spasercs dynkuumeis k? u k&
H obpamiaercs B Hyab npu k = 0, MOXKHO BBeCTH X, (k) C NOMOILLBIO
COOTHOILIEHH S

Joo (B) = —K* X (B) 7, (5.5.24)

rae X, (k) — marpuna (Z%B) pasmepnoctn 2 X 2. Toraa MoxHO
MOJYYHUTD

3 kil ()= — R nekt 3 kokidos (k) = (5.5.25)
i g ]
2
= — L n ke Ko () = (5.5.26)
= — 1 n kT — S, () T, (5.5.27)

rJle HCIoJb30BaHel paseHcrsa (5.5.19a) u (5.5.23).
U3 (5.5.27) cnenpyer, uto J;; HMEET BHJ

2 kik;
Ty (B + g nediyt = (21 (0 Ty () — K20 (B) S5E), (5.5.28)
rie 37 (k) — marpuua (2 ##) pasmepHoctd 2 X 2, a Ty; (k) — npoexk-
HHOHHBIH Oneparop IONEepeyHOH KOMIOHEHTHI:

Ty (k)= (8 — 2L ). (5.5.29)

Hs (5.5.28) cnenyeT o
Sr(k) = (2 Ju(® 4+~ n, 1 £5, (k)) (5.5.30)
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Marpunpt 27 M 3; MOryT GHITh BBIYHCJEHH C noMom,b}o (5.5.24)
1 (5.5.30). U3 (5.5.19a) umeem

kidio (k) = koJ o (k) = —kek?Z, () T (5.5.31)

Ionepeunsie M NpogoabHbie naasmMoHbl. O6o3zHaunM Qu3HUECcKoe
(hOTOHHOE (IJIa3MOHHOE) ToJIe B HOPMAaNbHEIX MeTannax depes Uy (o =

k

w () =g ()4 . (5.5.32)

[Monepeytble H NPOJOJbHBIE Na3MOHbI 0G03HayuM depe3 u*’ u u*l
COOTBETCTBEHHO. B ofgHONET/IEBOM NMPHOMHKEHHH HOJTYYHM CICAYIOLIEe
JUHaMHuecKoe oToOpaxkeHue Aaa ¢ypbe-o6pasoB j* u p*:

e =— PR @t (5.5.33)
B
RCESY) <k3>16‘ﬁ () L (k) — hok 22 (k) uf (k)) 4 .-, (5.5.39)
B

o* () =— Y [18236 (F) b (B — S (k) ky (k “Tﬁ)] .. (5.5.35)
; \

B Buipaxenusx (5.5.33)—(5.5.35) MHororouns o6o3HaualT CJara-
eMble, OTJIHUHBIE OT JIMHEHHOIO MJIAa3MOHHOrO cJjaraemoro. [Ipu Bbi-
Bojie (5.5.33)—(b.5.35) ucnosb3oBank ¢opmyant (5.5.24), (5.5.28),
(6.5.31), a Takxke cooTHOmeHHe Mexay J, (x) H A, (x) U3 Teopuu Ju-
HeHHOro oTkJAMKa. CHMBOJB j*7T n j* 0603HAYAOT MONEPEUHYIO
H MPOJOJBbHYIO YacTH j* COOTBETCTBEHHO.

C npyrofi cTOpoHBI, H3 ypaBHeHHII MakcBesia CJAELYIOT COOTHO-
ILIEHH

—PAT = T, (5.5.362)
OFA" — VA, =", (5.5.366)
0 (V-A) — VA, = p, (5.5.365)

a TaKke TUJbAA-CONPSKEHHBIE K HHUM. DTH COOTHOINEHHSI BMeCTe
¢ IMHAMHYeCKHMH oTo6GpaxeHuaMu (5.5.33)—(5.5.35) npusogsr k cie-
AYIOIHM YDAaBHEHHSAM IJIa3MeHHBIX KoJeGanui [16]:

M ([0 (p0/e)1 67+ - 27 (0)) w7 (p) =0, (5.5.37a)
B
}ﬂ] [6°° + 25% (9)] u®* (p) =0, (5.5.376)

X167+ =3 (p) 14§ (p) =0. (5.5.378)

M3 stux ypaBHeHui#t BHAHO, uTO X1 (p) H (1/p}) X6 (p) — HenpuBo-
IHUMEBE COOCTBEHHO-9HEPIeTHUECKHE YaCTH MONEPEYHBIX H NPOLOMbHBIX
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L —

poroHOB. ITIpHBe/IeHHEIE BbIlE COOTHOIICHHS ONDENEJSIOT SHEpPTHH
11a3MOHOB. IIpH ByJeBoil Temneparype BhIYHCJIeHHA naoT [14]

1o 3 Kp ke

Zo(k)z—-k—g-&)pl (1 +T7nfz—_ké—+ "’), (55383)
, 1 2 k2

21 (k) = wp; (1 +—5‘m—iﬁ+ ) (5.5.386)

npu Maneix k, rae \
Wy = Enelm. (5.5.39)

TakuM 06pasoM, 3HEePrUH MOHEPEYHOro IJlasMoHa Er M MPOAOJNBLHOTO
n1asMona E; mpH HyJeBOil TeMmneparype JMAAlOTCS BbIPaMEHUAMH

3k
Ei(k)=wp + = —5K 4, (5.5.40a)
k2
E% (k) = o5 + <c2 +_;3_ — ) K e (5.5.406)
npu Mmanbix k.
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FNABA 6
MHBAPUAHTHOCTb W HETEPOBCHHH TOH

6.1. HéTepoBCKHI TOK H COOTHOLUEHHA
Yopaa—Takaxawm

Ilpu ananuse cucTeM MHOI'MX YaCTHIL BaXKHYIO POJIb UTDaeT HHOTAA
HHBAapHAHTHOCTL TeopHH. VIMeHHO M3-3a TpeGOBaHHHA HHBapHAHTHOCTH
BO3HHMKAIOT ONpeJie/IeHHEe COOTHOUICHUS] MEXAY MaTPHYHBIMH 3J1eMeH-
TaMH ONEPATOPOB 10J51, OTBUAIOIIMX HEKOTOPHIM CYIIECTBEHHBIM CBOH-
CTBaM TaKHX CHCTeM. B 310l riiaBe faetcs oSl METOR PacCMOTPEHH
HHBADHAHTHOCTH B paMmkKax KBaHTOBOH TeopuH nons. UrTobwl npo-
JEeMOHCTPHPOBaTh NPHMEHEHHE 3TOr0 MeToJd, B IOC/JeLHEeM Dasiese
06Cy2KIaeTCd ero MpHMeHeHHe K (eppoMarHeTU3My KOJJICKTHBH3H-
POBaHHBIX 3JIEKTPOHOB.

Hérteposckuii Tok ¥ Jarpanxuad. PaccMOTpHM CHCTeMY, THHAMHKA
KOTOPO#i OfpefessieTcsl INIOTHOCThIO arparkiana & [ (x), 9,4 (x) ].
3peck P(x) — Habop refizenGeproeckux mosmed P; (i = 1, 2, ...).
HenpeprisHoe npeoOpasoBanue

P (x) > (x) = (x) + 85p (x), (6.1.1)
Xy = Xp = X -+ 00xy, (6.1.2)
rie 0 — GeCKOHEUYHO MaJjasi KOHCTAHTa, NPHBOLHT K CJAEAYIOUWEMY
H3MEHCHHIO JarpaHxHuaHa:
AL (" () opp” () — d*xZ ( (x), Oy (x)) = 6 d*x0Z (x).
- (6.1.3)

3}1er HCII0JIB30BAHLI '-IeTpreXMeprIe 0603HaquHﬂ
xu = (XO) X1, xg, x:.;), Xo = t, 0”‘ == .
— (0/0t, 3ldxy, DI9%xy, 0/0%5), By = gund”s

—go = & = 1, B ocradbHBIX ciydasx g, = 0.

dra crnenuguieckas gopMa npeofpas3oBaHUs JarpaH:KMaHa NPUBOXHT
K PpSARY  COOTHOHIEHHH MeXJY MHOTOTOYEUHBIMH (YHKLHSIMH
O|T I (x), ...1]0), KoTOpHIE HA3LIBAIOTCS COOTHOLIEHUAMH Yopla —
Takaxawu (¥T). Coornowendst YT urpaioT Ba)KHYIO POJb HPH aHAa-
JIM3e TeX CBOHCTB CHCTEM, KOTOpbie OCHOBaHbl Ha ONpENeJeHHON
CHMMETPHH JHHAMHYECKHX YpaBHeHHH. Kak Mbl yBH/MM, COOTHOLICHHU S
YT ocHOBaHB HA KaHOHHYECKHX IMeEPECTAaHOBOYHBIX COOTHOIUEHHAX
IJIS1 OTIePaTopOB, B3ATHIX B OJHH M TOT e MOMEHT BpeMeHH. Haunem
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co cayyas, Koraa Oy(x) B Boipaxenuu (6.1.1) — snHeliHOe npeo6-
pasoBaHHE C IIOCTOSHHBIMH YHCJIEGHHBIMH KO3(hGhHIHeHTaMH:

&p; (x) = cipp; (x). 6.1.4)
Onpejennm
86 (x) =P (x) — P (x). (6.1.5)
[TockonbKy '
P (x") =" (x) + 08x,0Mp (x), (6.1.6)
CTIpaBEJINBO PABEHCTBO
80 (x) = &y (x) — dx,0Mp (x). 6.1.7)
Ec/iu MBI yYTEM COOTHOILEHHE
0 (X1x2x3%0)/0 (x1Xox3x0) = 1 -} B6* 6x;, 6.1.8)

TO U3 cooTHomenus (6.1.3) nonquM
L X)=2Z 1 (x), 0pp ()] —ZL [P (x), 0 (x)] -+ 0 (9" 8x) Z (),
(6.1.9)
rae & (x) o6osnauaer &£ [ (x), 9,¢ (x)]. TTockoabky
oup” (x") = 9y (x) + 60, 8¢ (x) — B0 (x) 0, 6xy, (6.1.10)
H3 paBeHctBa (6.1.9) caenyer

8L (x) = ‘3—51; 8 (x) - % 3, 69 (x) — gﬁ OV (x) 0, 6, - 9V 61, L =

— 0 (500 () —

TJIe HCIOJIb30BAHO ypaBHeHHe ['eiizenGepra

gf M (x) 0, bx, -V 6x,Z,  (6.1.11)
n

OL I3y = 0, 0L /0, (6.1.12)
B NPpHUBEJEHHBIX BLHIIIE COOTHOIIEHHAX
Vu = 0. (6.1.13)

I/ICHOJIbsyH ypaBHeHHe 6.1. 12) nonyqaeM
Ol 00} = G4 0u b+ G0 =0,L [h (9, Qb (91 (6.1.14)
TaKHM oGpasom, Beipaxkenue (6.1.11) MOKHO mepenucath B BHJe
8L (x) =0, { (O — v axv)+axuz} (6.1.15)
YunteBasi cootHouenne (6.1.7), nonydaem
6“N = 0% (x), (6.1.16)

T,
ae N, = mpu 92 sop 4 6x,Z (6.1.17)



194 Traea 6

M3 coorHomenua (6.1.16) caeayer, 4To HM3MeHEHHe JarpaHxuaHa
PaBHO JHBepreHUMH ToKa Nj,. DTOT TOK Ha3bBaercsl HETEPOBCKHM
Tokom [1].

HetepoBckH il TOK M renepaTop. 3aMeTHM, YTO NOJIE, ONPEEIeHHOEe
COOTHOLICHHEM

n (x) = 0L/’ (6.1.18)
ABJISIETCS] KaHOHHYECKH COMPSKEHHBIM IOMIo ¥ (x):
[5 (x), $ @) 8 (b — 1) = —iAd® (x —y).
Takum o6pasom, u3 cooTHomeHus (6.1.17) caenyer
No (£) = m; () {erp; (0) — vibs (6) 8x — b} + 802 =

= q; (x) {c;p (¥) — v; (x) 8x} — Bxoh (x), (6.1.19)
rae P = 0/0t, a h (x) — IIOTHOCTb TaMHJbTOHHAHA:
h=np; —Z. (6.1.20)

Bripaxenue (6.1.19) BMecTe ¢ OHOBPEMEHHLIMU KAHOHHYECKMMH [€pe-
CTAHOBOYHBIMH COOTHOIIEHHUSIMH NPHBOAAT K COOTHONIEHHIO

[P; (x), N(@®)18 (¢t —1t,) = ind (t — 1) {c:pb; (x) —
— V; (x) 6x — Py Ox} = S (F — t,) 8, (x),  (6.1.21)
rae N () = | d®xNg (). (6.1.22)

I[TIpuBenenHoe COOTHOIIEHHe NOKashiBaeT, uto N (f) reHepupyer mpe-
ob6pasosanne Bupa exp {iON}exp {—iON} = + 08% + ...
ITpu BBIBoge cooTHoweHHA (6.1.21) Mbl HCMONB3OBAIY KaHOHHYECKOE
ypaBHeHHe

inp = [y, H,

rie H — raMuJbpTOHHAH
H= | d*xh (). (6.1.23)

BuiBox cooTHoweHHii Yopaa—Takaxamu. 3aMeTHM Tenepb, 4TO

FOITIVG, w0 - b1 0) = N3¢ — L) (OIT 19 (x) - .

a=1
AN @) 9 €] b )OO T IN (B, % (x2) - - ¥ (5,)]|0).
(6.1.24)
[Tockombky u3 cootHomenus (6.1.16) crexyer

N = | #x82 (v), (6.1.25)



Husapuanmuocme w HEMePOsCKul mox 195

cootHowende (6.1.24) moxHO nepenucarh B BHJE

S OITING, $x) ...1]0)=—ift 38— 1) (0| T [ (x) . ..

a=1

BB () () 0) 4 [ Bx (O] T 8L (x), % (x) . b (xa)] | 0).
(6.1.26)

BoinonsuM B o6enx yactsx coorHourenns (6.1.26) mHrerpupoBanue
no ¢ (B mpenenax or —oo 10 o00). Ecim n = (O|N[0) = 0, To N
COREPIKUT HEONepaTopHulfl (YucjaeHHbIH) ujgeH. M3-3a Hero mpu HH-
TErPUPOBAHUM IIO { B JIEBOH YaCTH BO3HHKaeT GeCKOHEUHOCTh. C ApY-
roft croponsl, 3ameHa N — N—(0| N |0) He u3meHsieT COOTHOLICHHS

(6.1.21). CaenoBarennbto, cootHoltenne (6.1.26) He W3MeHHTCH, €caH
[IPOBECTH CJIENYIOLYIO 3aMeHY:

N () =N () — (0| N_())0), (6.1.27a)
8F 8L — (0|62 |0). (6.1.276)

Bo Bcex dopMyJsax 3TOH KHUFM NPHUHSTO, 4TO TaKasg 3aMeHa BHIOJ-
HEHa BO BCeX ciyuasx, Koraa n =0 (i, ciaegosarensto, (0|82 |0)
% 0). Jlaxe ecqu 3Ta 3aMeHa INPOBeJeHa, MOMKET OKas3aTbCsd, YTO,
KOTJla JMHaMHyeckoe oToOpaxkeHue N colep:KHT JiMHEHHBIH no 6Oes-
Maccosomy GU3MUECKOMY MO0 UjeH (cKaxeM, ¥°), DU HUHTErpHpPOBa-
HHH JIEBOH 4aCTH MOXET BOSHHKHYTH HEOZHO3HAYHOCTb M3-3a JAJbHO-
JedcTByIomefi mpuUpoAsl mpomararopa Oe3MaccoBoro mnosas. B aToM
CIy4Yae HCIOJNBb3YeTCsl CJAeIYIOIHMH NpHeM: K JarpaHxuasny goba-
BJsieTcs HeGoabIoN wien £, (x), 4To6H y % MOsSBHIACH COGCTBEHHAS
3Heprus. B KoHue BBIUHC/IEHHHA nepexogaT K npegeay £ (x) — 0.
B pasx. 6.3 Mbl noiiMeM ¢usuueckuil cMbica wieHa Z, (x). C noMoubio
3TOTO TMpHEMa HHTErPHPOBAHHE 10 BPEMEHM JICBOH UaCTH BBIDAXKEHH
(6.1.26) naer HyJb, W pe3YAbLTHPYIOLIEE COOTHOLICHHE MMEET BHJ

Xift (O] T ¥ (xr) ... 8% () ... ¥(x,)]]0) =

= [ d (0| TL ()W () ... % (x)1[0).  (6.1.28)

Sro coorHomenne Yopua — Taxkaxamu (¥YT) 1), cBsasantoe ¢ npeobpa-
sopauusmu (6.1.1), (6.1.2).

1) MlcTopuueckH NMepBbIM OBUIO NOJYYEHO COOTHOLIEHHE AJIS BeKTOPHOH BEpIIMHBL
JIEKTPOMArHUTHOrO B3aHMOAENCTBHSI IIPH HYJIEBOM IlepeflaBaeMoM MMIyJibce, ITO
COOTHOIIeHHe GHLIO Ha3BaHO ToXJecTBOM Yopia [2]. CooTHomleHHe NnpH KoHEYHOM
NepeflaBaeMoM MMIyJbce BhiBegeHo Takaxamu [3]. B Gosee mosguux paborax HasBa-
HHe «cooTHOweHHe Yopha-—Takaxamu» HCIoab3yeTcs B Gojiee IHPOKOM CMBICTIE:
7o6oe COOTHOWIEHHE, OCHOBAHHOE Ha CMeNH(HYECKOM NOBEJeHHH Jarpaskhana NpH
HEKOTOpOM MNpeo6pa3oBaHHM, Ha3bIBaeTCH COOTHolueHueM YT,

T*
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KomnakTHas 3anuch cooTHoweHHii Yopaa—Takaxamu. Pac-
CMOTDHM CHayaJja cay4ai, korga §; (x) — GO030HHEIE NOJs, H BBEIEM

Z, = | dixd; (0¥ (), (6.1.29)
rae J; (x) (i =1, 2, ...) — uucjeHHble GYHKIHUH, PA3IOXKUMBEE B Pl
dypre. IlpeobpasoBanue tuna (6.1.1) u (6.1.2) npuBOAUT K 3amene
Z, ua

Zy = [do T () v () = [ died i () ¥ () =
= .[ d*xJ; () §; (x) -+ 6 _[ dixd ; () 8%; () =Z,+ 0 J dixd ; (x) 8%; (x),

(6.1.30)
OTKYa caenyer L . .

57, = (10)(T) — Z)) = 6.1.31)

— [dtxd; () 8 (x). (6.1.32)

YMHo)kas ofe sactu ypaBuenust (6.1.28) Ha J (xy) ... J (x,) u HH-
TErpupys Mo Xy ... X,, NMOJyUaeM

ifin (0| T 8Z,(Z,~'1|0) = [ dtx (0T (62 (v) (Z)1]0), (6.1.33)
YTO TIPHBOAMT K KOMIAKTHOH 3amuCH COoOTHomeHus YT:
©O|T [55Z, exp (5 Z,) |10y=
= — [ax(0|T [_;L—az (x) exp (% ?,}] [0). (6.1.34)

UTo6Hl YBHIETH, KaKUM 00pasoM H3 cooTHouenus (6.1.34) moay-
gaerca coorHoulenne YT, onpepenuM GYHKIHOHANbHYIO TNPOH3BOA-
HYIO

8J;
7 = b = 0 (6.1.35)

[MoneiicTBoBaB Ha o06e uacTH cooTHoileHus: (6.1.34) omeparopoM
(—i#) 8/8J (x,) u nepeiins x nmpeaeay npd J -» 0, MOTYYHM COOTHO-
[IeHHe :

(0]8% (1) [0y = — [ (0| T (- 8Z ()% (%)) |0),  (6.1.36)

KoTopoe sBJsercsi cooTHomenuem YT (6.1.28) ana n = 1.
Ecau wa o6e cropons (6.1.34) mnoxeficTBOBaTh OMEPaTOPOM
(—ih)2[8/8J (x,)118/8J (x,)] u mepeiitu k npemeny mpu J — 0,
MOJYYHM COOTHOLIEHHE

(0] TI8% (x), P (x2)1]0) + (O] TIwp (xy), 8% (x3)] | 0) =
= [dix (0] T(—%— 8L (%), b (%), (x2)> |0), (6.1.37)
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KoTopoe siBjsiercst coorHowenueM YT (6.1.28) mns n = 2. Takum
o6pasom, Bce cootHomeHHss YT MOryT 6bITh noJyueHsl u3 (6.1.34).

PesioMupys, MOXHO CKa3aTb, YTO €CJHM Y4YecTb NpeoOpasoBaHHUs
(6.1.1), (6.1.2), To cHauana cienyer BIYHCAHTL 8% (x) u 6Z, nocae
Yero cpasy MOXKHO nojay4utb cooTHomenue YT (6.1.34) ).

Ecnu onepatopsl §; (x) — ¢depMHOHHBIE NOJA, COOTHomeHHe YT
(6.1.34) ocraetcst cnpaBelJHBbLIM, €CIH J; (X¥) MOXHO CYMTATh BHEIU-
HMMH MCTOUHHKaMH (epMHOHHOTO THma, T. e. J; (x) ({ = 1, 2, ...)
AHTHKOMMYTHPYIOT (a2 He KOMMYTHDPYIOT) ADYT C JAPYrOM, a TakikKe
¢ mobbiM (epmHOHHBIM ToJeM. Takum o6pasom, 6/8J; (x) Takxke
AHTHKOMMYTHDYIOT ¢ (epMuonHbIME mnossiMu. Coorroutenne (6.1.35)
CIpaBeIHBO Jlake B TOM cJjyuae, Korga J; (X) — HCTOYHHKH ep-
MHOHHOTO THIHA.

0606umeHne cooTHomennit YT. Mbl MoKeM pacnpoCTpaHHTb U3J0-
JKEHHOE BHILIIE PACCMOTpeHue Ha npeobpasoBanus BHAA

Sp; (x) = ¢y (x) Filp ()] + dy (), (6.1.38)

rae ¢;; (x) v d; (x) — HeKOTOpHIE UHCJAOBHIE (PYHKLUHH OT X, a Omnepa-
topel  F;[¥ (x)] — nuneiinple KoMGUHAUMH TNPOM3BeAeHHH ) (X),

JAJd KOTODBIX
p (x), F;l )16 (¢ —t,) = 0. (6.1.39)

Torga HETEPOBCKHMH TOK, ONHCHIBaeMblii cooTHoueHusamu (6.1.17)
u (6.1.19), pasen

No (£) = 7 (x) {ci; (x) F; [ (1)) + d; (x) — Vp (x) 8x} — x5 (x),  (6.1.40)
OTKyJa caenyeT cootTHowenue (6.1.21), 1. e.

[y, (x), N ()18 (t —t,) = ind (t —1,) 8%; (x). (6.1.41)
CnegoBaTesibho, HH oaHa u3 (opmysa (6.1.25)-—(6.1.37) ne TpeGyer
u3MeHeHui. B dyacTHOCTH, He TpeGyeT M3MeHeHHH cooTHowenue YT
(6.1.34). Kanu6poBouyHoe npeobpa3oBaHHe — INpumep npeoGpasoBa-
HHS, ONKMCHIBAEMOTO cOoOTHoueHHeM (6.1.38).

Ecan ¢ kommnekcHo, &, u 8Z; HYXHO 3aMeHUTb Ha

Z, = [ dx(IT 04 )+ ¥ 09 4 (), (6.1.42a)
08, = [d'x [JF (1) 6" (%) + 8°%F (0 J: (9] (6.1.426)

BaxxHO OTMETHTD, 4To cooTHowweHHo ¥ T (6.1.34) Heap3s 10BepATSh,
KOTJia JIarpaHKUaH He JONYyCKaeT ONHCAHHS B paMKaX KaHOHHYECKOro

1) Yutatenu, 3HaKOMblE C PYHKIHOHAIBHEIM (OPMATH3MOM KBAHTOBOH TEOPHH
10Js, MOTYT cpasy 3aMeTHTb, YTO 3TOT MeToA (opMaspHO SKBHBA/TEHTEH BBIBOAY
cootHomennit YT B paMyax ¢pyHKIHOHANIBHOrO GopManusMa. J{elCTBHTeNbHO, B 3TOM
dopmanname (6.1.34) npespainaercss B cooTHollenne YT, €c/M 3aMeHHTb BbIpaXKeHHe
(0] T-cko6ka |0) dynkuuoHanbuuiM unterpasgom [3]. TIpuBeleHHHIfi 31ech BHIBOA
cootHomenus YT cxofen ¢ BHBOAoM B paborax [5], rie umTerpmposanne no Bpe-
MeHH BeleTCsl C MCHOJb30BaHMeM renepaTopa N npu = foo, a He L (X).
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¢opmMann3ma, NOCKOJABKY npH BeiBoje (6.1.21) Hcrmonb3oBaHB OLHO-
BpeMeHHbIe NePeCTAHOBOYHEIE COOTHOLICHHUS.

CoorHomeHHss Yoppa—Takaxawn Ajas JoKajJbHOro Toka. Heére-
POBCKHH TOK BBeJIEH € NOMOIIbI0 BhipaxkeHusd (6.1.17); ero nusepres-
nus yZosJeTBopsier cooTHomenuo (6.1.16). Tenmepp MBI NoKaxewm,
9TO n-ToYeuHble (yHKUMH, cogepxamue N, (x), YIAOBJAETBOPSAIOT
HEKOTOPOMY YCJOBHIO, HaJIOKEHHOMY Ha HX JUBEPreHIMIO, KOTopoe
TaKXKe HasblBaeTcsi cooTHouleHueM Y T.

Hcnonb3ys onpejesenne T-npousBefieHUsd, MOTydaeM

0 (01T 1N, (), (). 9 (xa)1]0) = B 8¢ — ) O T 1 (5. .

e INg (), ] - ()] 0) -
F(O|T 8L (x), $(x) ... $(A[0).  (6.1.43)

Ecau paccmorpers Bhipaxenue (6.1.19), 10 MOxkHO YyGeAMTBHCS, YTO
obmas ¢opma xommyratopa [N, (x), ¥ (y)] umeer Bug

[No(x), ¥ We,=t, = —ifi6 (x —y) 8% (x) + i 8xoV [F (x) 8 (x — y),
(6.1.44)

rae F (x) — HeKkoTopHIl omepaTop. DTO BhHIpaXKEHHE CJEAyeT H3
COOTHOIIIEHU S

b (%), B Oty=t, = i7 {(p(x)8(x —y)+VIF(x)8(x—y)}, (6.1.45)
ABJAWOILETOCH CJHACACTBUEM YpaBHeHUsA
W (x), H] = it (x). (6.1.46)

Ecau 8xy = 0 unu F = 0, urto B GoAbIIHHCTBE C/IydyaeB CHPABEMJIHEO,
ycaoBue (6.1.43) ympougaercs U npuHHMAeT BHJ

o <OIT[Nu(x)’ lP(xl) lp(xll)]lo> =_Lha§1 " (x_xn)<0|T[lp(xl)
e 8% (%) ... (£)1]0) - (0| TI8Z (x), b (1) ... % (%)]]0).  (6.1.47)

310 JoKajgbHag ¢opma cooTHomeHHH YT.

6.2. CooTHoweHHA Yopjpa—TaKkaxawm
MPH KOHEYHbIX Temnepartypax

Tuabpa-conpsixenne. Kak nmokasaHo B ri. 5, Koria Mel paccma-
TPHBaeM CHCTEMY NPH HEHYJIEBOH TeMmeparype, Kpome refiseH6epros-
CKOTQ NOJISl \p BOSHUKAET THJIbA-CONPAKEHHOE eMY MOJIE .
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CootHowenun Yopaa-Takaxawu. B sTom cayuae cootHoinenue YT
(6.1.34) usmensierca caexyomum o6pasom:

0, BIT[58Z, exp (= Z,) 10, By =
— [at(0, B|T [7 8 (x) exp (‘7 s?,ﬂ [0, B), (6.2.1)

rze @y =[dx[JF WU 0 et @ IF W] (6.22)
8L, (0= [d' [J¥" () 8% (1) -+ 8% (0 JF (9], (6.2.3)
8L (%) =8F (x) — 8Z (x). (6.2.4)

31ech Mbl HCIOJb30BANH BBEJEHHOE B 1. 4 ofo3Hauenye TepMoroJe-
Boro jybéJera

evo = ©6.2.5)

B Buipaxenuu (6.2.4) 6% 1 8Z — usmenenna £ u L cOOTBETCTBEHHO.
OTH M3MEHEHUsS BBIPAXKAIOTCH q)opmyﬂon (6.1.11). Coornomenne ¥T
(6.1.28) nerko oGoOIWUTh HA CAy4Yall KOHEUHBIX TEMICDATyp, €CaIH

obosnayaer ¢* u p*t, 6& 3ameneHo Ha 8Z, a |0) — na |0, B). Torpa
u3 Boipaxenus (6.1.28) cpasy caepyer Boipaxenue (6.2.1),

6.3. lNpocTok npHUMep COOTHOLLUEHHA
Yoppa—Takaxawu

B sroMm pasjesie MBI PaCCMOTPHM IpPOCTOH MPHMEDP COOTHOILEHH s
YT, uroGrl garb oflee npeacTaBJIeHHe O TOM, KaK 3TH COOTHOLUEHHS
MOKHO HCIIOJb30BaTh.

[Tpocras Mogens onuchiBaercs Aarpamxuaiom & = [Z, (b, ¢*) +
4+ C (¢ + yh ], rae ¢ — KommiekcHoe ckajsipHoe nojte, C — neil-
CTBHTENbHAA mocTosinuasi, a £, (P, 1) npuHumaercss HHBapUAHTHBIM
OTHOCHTENbHO $a3oBoOro npeodpasoBaHHs

P — el (6.3.1)

Ecnu 8 GeckoreyHo majo, TO CIPaBeAJHBO PABEHCTBO
08 = . (6.3.2)
Ilpegnomaraercsi, 4To BBEIEHHBIH BRIIE JArPAHKHMAH COBMECTHM
€ KaHOHHYECKUM (POPMaIn3MOM.

Hsmenenue JiarpaHxuana 3a cuer (asoBoro npeob6pasoBaHHSA
(6.3.1), gorpa O GeckoHeuHO MaJO, PaBHO

00Z = COy, (6.3.3)
rje x =i —Pt). (6.3.4a)
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[Ipu BHIYHCAEHUAX MBI BOCIIOJIb3YEMCS TaKKe BEIECTBEHHBIM MOJEM ¢,
OMpEENTEMBIM C NOMOILBIO COOTHOLICHHS

¢ =P + ¢t (6.3.46)

Ecau Mbl paccmaTpuBaeM CHCTeMBI NPH KOHEYHOH TeMmeparype,
TO JAJISE ONMCAHHA MCNOJNb3yeM TE€pMONoJeBoH ay6maer ¢* (x* u ¢%),
onipejessieMbli caeayomum o6pasom: Yt = b u §* =P*. INockonbky
TEPMOIIOIEBOH Ay0eT 1 narpaHxuana & onpejensiercs: Kak rmapa

P'=F, F2=F+=F, nonHbil narpankuaH HMEeT BUJ

F =Y 27, (6.3.5)
rree* =lnao =1ue* = —1 gaa o = 2. Torga MoKHO HAH-
caThb

= ) * (2§ + C$%). (6.3.6)
a

Tak xak (e®)" =¢® (asoBoe mnpeoGpasoBanne TEPMOINOJIEBOTO
py6maera ¢ HMeeT BHJ

P —> e, (6.3.7)
1 0ECKOHEUHO MaJbIM Npeo0pasoBaHUEM €r0 MOXKHO MPUBECTH K BULY
060y™ = (O, (6.3.8)

Takum o6pasoM, H3MEHEHHE TNMOJHOTO JIarpaHKHaHA NPH 3TOM Npeod-
Pa30BAHHUH COCTABJSIET

06% =0 Y exCy=.. (6.3.9)

Tenepp coornowenne YT (6.1 28), B kotopom ¥ oGoznauaer |,
a 8% obosnauaer 8%, jgaer

i 0, B| 8% (x)]0, By= [ d*y(0, BIT[82Z (). ¥ (010, B), (6.3.10)

i#1{0, B|8%t ()]0, B)= [ d*y (0, BITI8Z (9), ¥** ()] 10, B).
(6.3.11)
OTH COOTHOLIEHHST NPeobpasyioTcs K BUAY

—1 (0, Bl ¥* (9]0, By=C X, [ d*y (0, BT le%y® (), ¥* (110, B),
’ (6.3.12)

70, Byt ()]0, By=C Y} [ dty (0, B| T 1 (1), ¥** (1)1 10, B).
’ (6.3.13)
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Takum obpasom, umeeM

v =i % Z d'ye®A* (y — x), (6.3.14)
o

rae v = (0, B]¢*|0, B), (6.3.15)
AP (x —y) = (0, BIT[x* (x), %* 1|0, B).  (6.3.16)

Ecnu ucnosb3oBate (ypbe-npejcraBieHHe
AL (x — y) = (T:L;)T Jd4p exp lip (x — )] A (p),  (6.3.17)

To cooTHowenue YT (6.3.14) npunumaer Bup

v _701_ Y g9A0e (0). (6.3.18)

[

CnekrpanbHoe mnpejacraBiaenne A*P (p) Bbipaxaercs paBeHCTBOM
(4.3.24), rpe FA =0, 1. e.

A(p) = | dwo (w, p) Uy (@) Tlpy — @ + i8] Uy (@);  (6.3.19)

31ech O (w, p) — CnekTpajabHas GYHKUHS. DTO NPUBOAMT K BhLIpa-
KEHHUIO

AO) =— [dwo(w, 0)Up @)t —— s Us(@) =

- J'dw%o(w, 0)v—in | dwo (w, 0)8 @)Uz @), (6.3.20)

—00

TI€ UCMOJb30BaHbl (OPMYJIbL

1
w— {61

=P | in1d (@) (6.3.21)
u Up (w) tUp (w) = 1. ITockoabky

Uy @) = =L g —1,2 (6.3.22)
2536 [ B(w)]coc—wu:; aa a=1, 2, (6.3.

nonyyaem

YA )=~ [do—o@, 0) a1 a=1,2 (6.3.23)

g -0
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Taxkum o6pasoM, coorHouenue YT (6.3.18) npHBOANT K CAeAYIOLEMY
[IPABUNY CYMM:
e o]
v“:—cﬁ—? [dw;o(w, 0) mrs a=1,2,  (6.3.24)
_J w
rje v* He 3aBHCHT OT o) v' = o2,

Cootnomenne YT (6.1.28) mosBosasieT NOJAYYHTh MHOTO APYLHX
COOTHOINEHMH /151 MHOTOTOYEYHBIX PYHKIMA. DTH COOTHOIEHHA y100-
Hee BHIPA3UTh B TEPMUHAX BEIECTBEHHBIX NoJel X* u p* (= ¢% — v7),
uyeMm B TepmuHax P*. IlpeoGpasosanue (6.3.8) naer

8oyt = — (v* + p%), (6.3.25a)
8%% == 2, (6.3.256)

3amensis § Ha {* uau p* B cooTHowenun (6.1.28), MoXHO, Hanpumep,
NOJYYHTh

if (0, B T18%* (), 0 (5)110, B) -+ i (0, B| Tlx*(x), 8P (9)110, B)=-
= [ a2 (0, BITIZ @), 12 (), 0® V110, B).  (6.3.26)

Ecau ucnoabsobars ypabuenue (6.3.9) u (6.3.25), 70 370 cooTnouIe-
HUe NPHMET BIJ

(0, BIT[p* (), 98 ()]0, B) — (0, BITlx* (), 2 ()1]0, B) =
= C Y\ [ a2 (0, BITIe (), 4* (), 08 (W)1]0, B).  (6:3.27)

OTKYya NOoJdyYaeM COOTHOLIEHHE MeX/y JBYXTOUEUHBIMH H TPEXTOYeU-
BbMH QYHKIHAMH. Jlpyrue COOTHOIIEHHS MOXKHO MHOJAYYHTH C [O-
MOIIbIO aHAJOrMUHOH TNPOLEYPHL.

6.4. [pumep nMeTneBoro pasfioHeEeHUs;
theppOMarHeTam 30HHbBIX 3JIGKTPOHOB

MeToibl anmpokCMMalMH W cooTHoleHHss Yoppa—Takaxalu.
P komkperHbiX pacuerax B ¢pn3HKe OOBIUHO NMPUXONUTCS HCIOJb30BATDH
HEKOTOpbIie NPHOMHKEHHUS. 3aTeM Mbl NBITaeMCA YIAYUIIHTL CHTYAlHIo,
3aMeHsIs1 HEKOTOPhIE TEOPETHUECKHe MapaMeTpPhl MX 3KCIEepHMEHTasb-
HBIMU 3HadenusMu. Hanpumep, MBI 4aCTO 3aMEHsIEM NEPEHOPMHUPOBAH-
HBIE KOHCTAHTHI CBSI3H HX SKCHEPUMEHTAJbHEIMH 3HaueHHSIMH. UTOOH
cjenath 3TO COTJIACOBAHHLIM 006pa3oM, HEJNb3s HAPYIIATb HEKOTOPhIE
BaxKHBIE€ COOTHOIICHHSI. [TOCKONBKY YNOpPsAOYEHHBIE COCTOSIHHS BHI-
TEKAIOT M3 ONpPEJeNeHHON CUMMETPHYHOH CTPYKTYPHl JlarpaHKHaHa,
HallH NpPuUGIHKEHHbIE MeTO[bl HE JOJKHB HapyIIaTb COOTHOIUEHHS
YT, Tak Kak OOCHEQHHE SIBJSIOTCS NPOSBJICHHEM 3TOH CUMMETDHH.
Takum o06pa3oM, OCHOBHOH CTpaTerdYeCKHi mJaH TAKOB: CHayaJa
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nonaydaeM coorHomenuss ¥ T u3 coobpaxenuil CHMMETPpHUH, CBA3aHHOM
C paccMaTpPUBAEMBIM YIIOPSIIOYEHHBIM COCTOSIHHEM. 3aTeM B paMKax
3THX cooTHomeHHH YT BBOJUM aNnpOKCHMAUUIO.

3agaBas COOTHOLIEHHS MEXIY n- U 1+ 1-ToueuHrIMH GYHKIIHIMH,
cootHomrenust ¥T (6.1.28) mpuBogaAT K ONpEAeNE€HHBIM DaBEHCTBAM,
CBA3BIBAIOIIHM Pa3JIHYHbIC MHOTOTOUCYHEIE BEPIINHHbIE QYHKIUHU (HJIH
KOHCTAHTBl CBf3M). DTO 03HAY4erT, UTO, COIJIAaCHO HallleMy NpexnoJsao-
JKEHHIO, MHOT'OTOYEYHLIE KOHCTAHTHI CBSI3H OJHOT0 MOpAnKa BEJIHYUHBL
M, CJ€j0BaTeNbHO, NMPOCThIe NPHUOGIMIKEHHT, OCHOBAHHLIE HA y4YeTe
BO3MYIIEHUH, He BCerga yaoBJaeTBOPSIOT cooTHomenusM ¥ T. CooTHO-
wenue YT (6.1.28) nokaspiBaer, YTO BHEIIHHME JMHHH, CBA3aHHLIE
¢ 8 (x), BcaenCcTBUE HHTEIPUPOBAHHU S 110 d*X COOTBETCTBYIOT SHEPTHH

k
. )1/’(11) ®
§ :a,kﬁoljf(%a)o—— E
® V(L) ‘e o
Puc. 6.1.

UMIyJbCY, paBHOMY HYyJio. Ha3oBeM 3TH BHEIUHHE JIMHHH C HYJEBBIM
sHeprueit-umnynbcom 8 -nuuuamu. Coorsourenue YT (6.1.28) noka-
3pBaeT, 4To ecau 0.F-iuHuH yOpaTbh U3 IPAaBOH YacTH COOTHOILEHHS
(6.1.28), TOo ocraHercss Jub JeBas YacTb. [IoCKOJbKY BHeIIHHE
JHHHH HE YYACTBYIOT B INIETJIEBOH CTPYKTYpPE 7-TOUEUHOH (QYHKIHH,
MOXKHO OXHJAaTh, YTO IPH KJACCH(PUKANNHY (PeHHMAaHOBCKHUX AHArpaMM
C TNIOMOILbIO CTPYKTYPHI HX METeJNb 3TOT Cnocod KaacCHOHKALHH MOXKET
NPUBECTH K NPUOG/IHIKEHHBIM METO[aM, COIVIACYIOIUMCS C COOTHOILE-
Husamu YT. YOpaB 8Z-nuHuI0, MBI MOXKEM H3MEHHTb THI BEPLIHHBI
MJIH BHYTPEHHUE JIHHAH, HO TONOJOTHYCCKAS CTPYKTYPa H KOJHYECTBO
neTeJb NpH 3TOM He MeHsoTest (puc. 6.1). Ecan ¢parmMents! (BepiunHEI,
nponaraTopbl) ()eHHMaHOBCKHX JHarpaMM YJOBJIETBOPSIOT COOTHO-
menusMm ¥ T, To UM yOBJETBOpsieT U nosHas guarpamma. Cnenosa-
TeJbHO, METOJ AallMpPOKCHMAIUH BBITJISAUT CJAELYIONHM O6GpasoM:
CHayaJa HYXHO TaK ONpPENeJHTb IpOLaraTopsl H KOHCTAHTH CBS3H,
4TO0Ll OHM YJOBJETBOPSIJIH cooTHOWIEHUsAM ¥ T, a 3arem oto6paTh BCe
(beHHMaHOBCKHE JHATPaMMbl C OJHHAKOBBLIM KOJIHYECTBOM II€TEJb.
SToT NpUOGNHKEHHBIH METOJ HAa3BBAeTCS METOLOM PAa3JIOXKEHHS I0
netasM (mersieBoro pasgoxkeHus). UToObl OnpenenHTbh KOJIMYECTBO
IE€TeNIb, HYXKHO COCYMTaThb MX BCEMH PAa3JIMUHBIMU crnocobGamu. Eciu
yuecTs Bce (peHHMAHOBCKHE jaHATPaMMbl BIJIOTb JO N-NETJAEBHIX, TO
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B IETJEBOM Pa3/OXKEHHUH BO3HHKHET WeH, OTBEYAIOW Ui n-NeTIeBOMY
npubanxkennio. Haubosnee Tpygoemkas 4aCTb METOfa COCTOUT B TOM,
utoObt BeIpab0TaTh COTVIACOBAHHYIO MNPOUEAYPY NEPEHOPMHPOBKH,
KaXkAbll TNEPEeHODMHUPOBAHHLIE KOHTPUJEH [OJKeH OblTb CYMMOH
B NETJIEBOM Pa3JjloXKeHHH. 3a MCKJIOUEHHEM 3TOH MpOLEeLYpbl NEPEHOP-
MHPOBKH, METOJ [eTJEBOI'0 Pa3JIOMKEHHUS SABJSETCS COBEPUIEHHO fIC-
HbiM. HO NOCKONBKY METO METIeBOro Pas3JjiOMKeHHs] OCHOBAH Ha (eiH-
MAHOBCKHX AHarpaMMax, OH He MOXKET ObITb HENOCPEejJCTBEHHO MpH-
MEHEH K CHTyallusiM, KOTJa HMEIOTCs CBsI3aHHbIE COCTOSHHA. IJTO
OrpaHUYEHHE METO4Aa JOBOJbHO CYHIECTBEHHO, €CJIM MBI XOTUM INpH-
MEHHUTh €ro K npobjeMaM (HU3HKH TBEPJOrO TeNa, NOCKOJbKY KOJJIEK-
THBHBIE MOJBl (TaKue, Kak (POHOHBI, MarHOHBl M T. J.) 4aCTO OKasbl-
BalOTCSl CBSA3AHHBIMH COCTOSIHMSIMH. XOTs NpaBHJIO 00pa3oBaHHsl
NeTNeBOT0 Pa3/IOXKEHUS NPeAroJaraer, 4YTo COOTBETCTBYIOLIUM 00pa-
30M ONPELENEHHbIE NPONAraTopsl CBS3aHHBIX COCTOAHHH JOJIKHBI
OLITb BKJIOUEHE B KayeCTBE BHYTPEHHHX JIMHHMH puarpamMel, cama
CTPYKTypa 3THX NPONAratopoB 3aBUCHT OT npubauxkenus. CregoBa-
TeJbHO, H B JaHHOM cJyuae TpeGyeTcss CaMOCOTJIaCOBAHHOE PacCMo-
TpeHue 06pa3soBaHKs CBSI3aHHOIO COCTOSIHHA. Mbl mpoxeMoHCTpHpYeM
BO3MOXKHOCTH METOja II€TJEBOTO pas3jioXKEHHd B Clyyae CHCTEM CO
CBA3AaHHBIMH COCTOSIHHSIMH Ha IpuUMepe (eppoMarHeTusMa 30HHbIX
3JIEKTPOHOB.

CnuHoBas cummerpus. Jlarpamxkuan umeer Bug £ [P (x), ¢t (x)].
rae P (x) — refiseH6eproBCcKoe MoJje 3JEeKTPoHa:

b ()
lﬂﬂ—(%uﬂ- (6.4.1)
JlarpauKuaH MHBapHAHTEH OTHOCHTEJNBHO II0OBOPOTA CIMHA:
P (x) =" (x) = exp {i0-0/2} ¢ (x). (6.4.2)

Korna 0 6eckoneuno majo, 6% (x) craHOBUTCSI BEKTOPOM; O603HAYHM
ero 8% (x):

8% (x) = i (6/2) ¢ (x). (6.4.3)
Ilonubl#l JarpaHXkuaH paBeH
P 7, (6.4.4)

rpe JarpaHxuahH g HHBapHaHTeH OTHOCHTEJNIbHO NOBOpOTa CIIHHA,
NpUMEHEHHOI'O K IIOJIO, THJAbAA-CONPAXKEHHOMY HO OTHOUIEH H10
K (6.4.2):

@uy+¢'@)=em@—ﬂ%ﬁm}¢uy (6.4.5)
rie @;(E). (6.4.6)
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TakuM obpasom, HMeeM

8% (x) = —i (6%/2) $ (x), (6.4.7)
OTKyJa CJenyeT . 5
80Pt (x) = —ipt (x) 0/2. (6.4.8)
3neck P 03HayaeT TPAHCIIOHHPOBAHHE B NPOCTPAHCTBE CITHHOB:
Y= (Py, Py). (6.4.9)

Cnepysi oGo3HaueHHAM TJI. 4, UCNOIb3YyeM CHMBOJIHKY Te€pMoToJe-
Buix aybmeros. Ilockoabky £'=%, seipaxenne (6.4.4) MOXKHO
nepenucatb B BHJE

P =Y e, L. (6.4.10)
Bruipaxenus (6.4.3) u (6.4.8) moxHO OOBEAMHUTE!
8% (x) = i (0/2) p* (x). (6.4.11)
Mb! TaKKe HCHOJb3YEM CIIHHOBLIE ONIEPATOPhI, OHPe/eNsieMble CIeNYI0-
UM 06pasoM:
oy (x) = Pt (x) 0.9 (x), (6.4.12)
03 (x) = PF (x) o5 (x), (6.4.13)
Tae 0. OMNpeieseTca BhlpaXKeHHeMm
0s = o (01 = i), (6.4.14)

Hx tepmononesble 1yGaeThl UMEIOT BHI
0% () = Po 47" (9) 0up” W] = e () 0.9 (), (6.4.15)
0% (x) = P [9*" (x) o39™ ()] = ™" (x) oap™ (x). (6.4.16)
Uro6bi ONpefesuTh HalipaBICHHE HaMarHUYMBaHKsl, BBELEM MaJjoe

BHELIHee MaCHHTHOE NOJIE €, KOTOpoe 100aBJIsieT K IIPexHeMy JIarpaH-
JKHAHY UJIEH

Pe(0)= Y *LL (), (6.4.17)

e P (3) = £6% (). (6.4.18)

[Tepexox k mpenenay & — 0 poJKeH ObIThb BBEINOJIHEH B KOHLE BH-
YHCJIEHUH.

CooTHoumeHus: Yopra—TakaxawH JAJsi CNMHOBOH CHMMeETDHH.
HMsmenenune narpankuana BCJ/IENCTBHE MOBOPOTA CIIMHA MOJYYaeTCd
u3 Boipaxkenus (6.4.11) u umeer Bup

8% = ¥ e~ 827, (6.4.19)

rie 8L = 8L (x) = o iePa | [03, 0] ¥ (6.4.20)
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Taxkum o6pasom, umeem

8. L% (1) = - (8 -+ i8) P (1) — (6.4.21)
— +iso? (x), (6.4.22)
8,2 (x) = 0. (6.4.23)

U3 Bripaxkenus (6.4.19) nomyyaem

8. %L (x) = -tie Y %0 (x). (6.4.24)

Tenepnp coortnomenue YT (6.1.28), B xoropom § oGosnauaer {*
u P**, a 8% oGosnauaer 0F, MOXKHO mepenucarb B BHJE

(0, BIT[6%% (1), WBF (x2)]] 0, BY 4 (0, BIT [5 (x1), 8%y (x2)1]0, B) =
=g e [0 D0 BITERL G (0 (0, B, (0429

rae 89t ompegensieTcst BeIpaxKeHUEM
8% = (60 & i88) ¢ = (6.4.26)

—— D)) (6.4.27)

YmHoxas ofe yacTu cooTHomeHus (6.4.25) Ha &% (0x)s-s ¥ monarast
Xy = Xy =X H o0 = f§, nHojydaem

(0, B|o% ()]0, ﬁ):—%—.?e [d'y Z(O, BIT [e0L (v) 0% ()] 10, B).
i (6.4.28)

AHanoruyHo MOXKHO NOMYUHUTH Jiofoe cooTHomenne ¥ T pas muoro-
TOYEYHBIX QYHKUHH. B pajpuefimemM Mb HCHOAB3yeM 0003HAaYEHHSA

(), = (0, B| TIAI|0, B), (6.4.29)
(4) = 1im (0, B| TIA10, B). (6.4.30)

CoorHowenus YT npHBOAST HAC KO MHOTUM YTBEPXKIEHUIM, KOTOpPHIE
BKJIIOYAIOT BHJ SHEPreTHYECKOTO CIeKTPA U PSJ COOTHOIIEHHH MeX1y
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KOHCTAHTaMM CBsi3M. Mbl NpHBeneM HEKOTOpHIe COOTHouwenus YT,

KOTOpHIe B pajbHelileM GyayT HCIOJb30BAHBI!
W5 W @)Y — (WF @ (0)e =
= — % [d'z 3 &P (o%(a) ¥F (D ¥l" ()=

o

o _;'2_ % [ d'2 2 e (9§ (1) VR (1) 0% (2))es

o]
W5 v (1) 07 (2))e — (W5 (1) T () 0F (2))e =
= — 42 [d Y1 (@O W (¥ (1) 0¥ @)
p
WG )W ) 07 (@))e 1- (W5 () W8T () 03 (2))e =
= 7 % [ d't Z " (0% ) ¥ () ¥ () o (@))es

(W () z)> — (¥ x)xp (4) 03 (2))e =

=2 fate Z * (ot @) ¥F () B} () o° (B))e,

WF 8" ) oF @)e + (¥F <x)x|> (v) 03 (@))s =
=728 [a'e ¥lef (o) ¥ (995 () o2 @)
o

A
>

S5+ o

R ¥R ¥ R

§- 32

A

<
W *wm T w

}

Ag
Puc. 6.2.

(6.4.31)

(6.4.32)

(6.4.33)

(6.4.34)

(6.4.35)

(6.4.36)

Hcnonbsyem pypee- npe;LCTaBJIeHHe JBYXTOUeUHBIX QyHKIHui (puc.6.2):

(6 () ¥ @) = e [ d'pexp lip (x — ) ST (0),

(¥ () W3 ) = e [ d'pexp lip (x — 1)1 S% (p),

(0% (1) o2 () = ot [ d'pexp lip (x — )1 A5° (p).

(6.4.37)
(6.4.38)

(6.4.39)
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TTockonbky nocseayrouiie BHYUCIEHHS JOBOJIBLHO 3aIyTaHHBI, NMOJE3HO
NOMHHTb, YTO S M A 0603Ha4alOT (EPMHOHHBIE H GO3OHHLIE JBYX-
TOYEeYHbI€ QYHKHMH COOTBETCTBEHHO, a HHEEKCH « 4> H «—» npH S
00603HAYAIOT CIHH, HANPaBJEHHBIA BBEPX H BHH3 COOTBETCTBEHHO.

CywecTpoBanue MarHosa. Jlokaxem tenepb, uto, KOrja B npejene
€ — 0 HaMarHMYeHHOCTb HE HCYE3aeT, T. €.

lim M, 5= 0, (6.4.40)

e—>0
u3 cootHowenus YT (6.4.28) crenyer cymecTBoBanue MarHoHa. 3jech
M = (0, Blog (x)|0, B). (6.4.41)

Ecau yuects Beipaxenue (6.4.39), 1o coorHomenue YT (6.4.28)
IIPpUHHMAaeT BHJ

M, = —2¢ Y} ePAR*(0). (6.4.42)
B

CrnexkrpanbHOoe NpeACTABJEHUE A% (p) 3ajgaercss COOTHOILIEHHEM
(4.3.24), rpe FA4 =0:

Ap(p) = | dwoy (@, p) Uy (@) Tlpy—w+ i61 Up(@). (6.4.43)

-C0

Hcnonvsys (4.1.88) u coorHowenue

D¢ [Us (@) Ul @)oo =
(Y
MoxkeM nepenucatb (6.4.42) B BHge

ePei2__

M, =22 | dw + 5@, 0). (6.4.45)
3pecp Hcnoab3oBaHa dopmyJda
1 1 — .
p—; =P T ind (py — w). (6.4.46)

CnektpanbHast GyHKUUSL Op (w, P) MOKET ObIThb NpefCTaBJeHa
B BHjE
or (@, p)=1%(p) 1(p)

w— (®p - ag)j

T H2Y2 ® + 0'CB (w, p), (6447)

rjie o3 (w, p) — YacTb, KOTOPas ONPELeJsIeTcsi YCIOBHEM i
lim o3 (w, p) = O. (6.4.48)

w—>0
pr—>0

3ameruM, uto, Koraay, (p) =0, CymecTByioT CTaGHIbHBIA H/IH HeCTa-
OunbHbIH 6030HBI; crabu/ibHas 4YacTHLA OTBEYAeT CJy4aw, Korja
¥ (p) = 0, 1. e. nepBuiit usien B (6.4.47) papen % (p) 6 (W — 0, — ag).
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B Buipaxennu (6.4.47) ae — caBUT 3HEpruy G6o30Ha, 00YCIOBACHHBIH
BHOIIHHM :MarHuTHeIM TioqeM. [logcraBisiss Boipaxkenue (6.4.48)
B (6.4.45) u nepexons K npepeny npu & — 0, nomydaem

x P #0, v =0, o, =0 npup =09, (6.4.49)

TaK KaK npaBas yacTtb paBeHcTBa (6.4.45) He ofpaijaercs B HYJb
npu nepexoje kK npexeny npu e — 0. M3 (6.4.49) caepyer

o5 (w, 0) =y (0) 8 (@ — ae), (6.4.50)
a 310 BMecTe ¢ (6.4.45) naet

M=2-%0). (6.4.51)

Takum 06pasoM, Mbl J€J1aeM BEIBOJ, YTO CyllecTByeT 6030H, CTabH/Ib-
HBIfi mpH p = 0, KOTOPbIl BO3HHKAeT B O (X)-KaHajaX. ITOT GO30H
paspiBaercss Marnosom. ®Oyukuus Ap (p) HasbBaeTCs JBYXTOYECUHOM
¢yukunell maruona. Cornacno (6.4.49), sneprusi MariosHa ©, paBHa
HYJIO IPH PAaBHOM HYJIO UMINyJbce. JIpyruMH CJIOBamu, SHepreTnye-
CKMH CIEKTP MAarHOHA He copepKHT menu. Ilpn Heny/eBoM umnyJbce
SHEPrUsi MArHOHA HMeeT KOHEUHYIO IIHPHHY, OGYCJIOBJEHHYIO TeMIIe-
patypHbIMH GayKTyauusmu. Uro6sl HAUTH BEIHYHHY @ B BHIPaXKEHHH
(6.4.51), BCIIOMHHM, YTO HMHTErpasj IO NPOCTPAHCTBY OT BJIMYHHBI
(1/h) 05 (x) ecTb remepaTop IHOBOPOTOB BOKpYr TpeTbed ocu. Ilo-
CKOJIbKY 3TOT TEHEpaTop He 3aBHCHT OT BPEMEHM, HMEEM

[ dxlog (0), o ()] = 2n0_ (). (6.4.52)

CpaBHuBasi C KAHOHMYECKNUM YDaBHEHHEM

H, o_ () ="10_(), (6.4.53)

Mbl BHMJIHM, 4TO COOGCTBEHHAsl SHEPTeTHYeCKass QyHKIHA, 00yCaOBIEH-
Hasl JONOJHHMTEJbHBIM UJIEHOM B T'aMHJbTOHHAHE B3aMMOLEHCTBHS
—e0; (x), paBHa 2e. [loCKOMbKY CABHMI 3HEPruM MarHOHa paBeH &a,
HaxoauM, 4to @ = 2. Takum oBpasom, cooTHouenue (6.4.51) MoxHO
nepenucaTb B BHIE

x (0) = M. (6.4.54)

Brinucannoe coOTHOUIEHHE MOKa3bIBAET, YTO UHTEHCHBHOCTDL BhHI3BaH-
HOTO CIOMHOBLIMH BOJIHAMH HEYIPYTOro paccesiHus HEHTPOHOB BHepen
paBHa 00BEMHOH HaMarHHYEHHOCTH.

3aMeTuM, 4TO HeT Takux coorHomienuit YT, Koropee rpeGoBaiy
Obl CyiecTBoBaHHs GecuieneBoro 603oHa B O3-KaHaJge,
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CootHowenust YT aasa sepund. Yro6sl HOJMYUATH cOOTHOMEHHS YT
(6.4.31)—(6.4.36) B nmpocroit popme, BBejeM BeplIHHHbIE GyHKOHH I
C MOMOMLIBIO cjepylomux coorHowmenui (puc. 6.3):

W (68 () S @)e = (o) | d'p d'gexpli (p+q) x—igz—ipy

x [S2(p -+ q)€"ST (p) + S2° (0 + ) T% (0 + 9, 1, 9) ST (0) AT ()],
(6.4.55a)

W5 0 @) ot @e = (o) [ d'p d'gexplipx — i(p+0) y+igal X
% [S¥7(p) eS™ (0 4- 9) - ST () AE (9) %2 (p, ¢ p @) SF (0 + g)]-

(6.4.556)
zZ,y
q
I, V-1 4 Y, B
*—ei——**—epT——* + ..
p*q P
z, o vnA
zZ,y
q
x,0 zZ,y v B
*—4——**—(’—Hk + p+q
p p+q
« P
X, & v.B
Puc. 6.3.

Ecnu guarpaMmy Hesb3si pasjeuTh Ha JBE YacTH IyTeM pas-
pesaHus TOJbKO OJHOH BHYTPCHHEH JIHHMH, OHA HA3HIBAETCA COO-
CTBeHHOH auarpammoii. IlepBeifl uneH B npasolt yactH (6.4.55) He-
coGcTBEHHBIH, a BTOPOH COGCTBEHHEIH. '

AHajlorHuHO MOXKHO HoMy4urh (puc. 6.4)

(o2 @) ¥F ()W () 02 ©))e = (T (1) ¥FT @))e " (W] (@) ¥ ®))e £ X
x (4} @ WY (@))e + (WF () WET () (oL (@) 08 B))e +
+ [ d't [ a'% (5 0 ¥5F @) ot @)2 187 (& — &)l X
X (W} () i (1) 0® @)% (0% @) ¥ ()T () )%,  (6.4.56)
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rje BepXHHH uHAeKC p 0003HaYaeT COOCTBEHHYIO YaCTh, HMEIOULY IO BHJ

(@@ ¥ (0 80 o @Y = (e ) | A'md'ped'd'd (o1 g1 —
— pa— qa) eXp [i (a2 4 pax — poy + G:B)1 X

X 8% (p1) AF (1) Toma (1115 p2q2) ST (p2) AF (q2).  (6.4.57)

Ecan yuects coorrnomenust (6.4.28), (6.4.31), (6.4.41), To nomyunm

lim-—2¢ [d'e Ve @I@ W () X za pzy | Lp sus
A j KS-:' *—4—**—4—*——** &

>0

X PR (9) 0% (2))e = M (¥ () B () T

+
+ QW () ¥ () 02 @)F — ) .
oa _ x, Y zZ,p. P
— J d4C1 d4CQS+ (x—20 [S_l € — *—(—1——* VY VL V-
— ) o (0} (&) W8 (9) 0% ()% +
4 lim = 2¢ [ 2'€ N e {ob (®) ¥F () % +
e»o 1 J Z z,y §,p
'V .
X ¥ () o @).  (5.4.58)
Takum o6pasoMm, coorHomeHue . ¥T @ ‘ e
(6.4.34) BMECTE€ C  BBIPAXKEHHEM %
(6.4.552) paer 2 9B
lim - 2¢ | d‘*gge" (0T ®) ¥f (x) x +
Z;J’ E’p
X P o @) = [d'hd'G x
XS3(x — b [87' (G — )]y ¥
X W@ @) @)+
6.4.59) ¥, g
TIe MHOroTouHe 0603HAYAeT YJ/EHHI, Prc. 6.4.

KOTOpEIe” He  Conep:KaT HHKAKMX Mar-

HOHOB, cBfAI3aHHBIX C TOYKOH 2. [logcraBum Temepb BHIpaXKEHHUS
(6.4.55a) u (6.4.57) B ypaBHeHue (6.4.59) 1 paccmoTpuM ciyuaf,
KOra yeTripe-BEKTOp SHEPIHU-HMIYJIbCa MarHOHA, CBA3AHHHIH ¢ 0_ (2)
B BeIpaxkenuu (6.4.59), paBen Hys0. D10 NPUBOAMT K NOSIBJEHHIO
MHOxHTess1 (1/e) B nepBhIX useHax npaBod YacTu ypaBrenus (6.4.59).
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TOI‘}IH YJIEHBI, 0003HauYeHHble MHOCOTOUHEM, MOXKHO HE€ YUYHUTHLIBATh,
U Mbl NoJy4daeMm

I (ps p, O =—M X Iiu(p, 0 p. 0).
AHaJOrHYHO MOXKHO ONpEJeNHTh BEPIIHHHYIO YacTb | SR
(2@ ¥} ()1 @) o @ =
= ( (52)4 >3 _[ dipydipy diqy d'qed (pr+gr — P2 — o) X
% exp i (quz + p1x — pay — G:E)] X

% SZ%(p1) AF (q1) F[-lid (p1g1; peg2) st (p2) A (g2).  (6.4.60)

Hakoneu, coornowenns YT (6.4.33)—(6.4.36) B npenene & — 0
NPHUBOAAT K C/IELYIOIHM PaBEHCTBAM:!

8 p, 0)=—M 2 7, 0; p, 0)= (6.4.61)
=M Y T (p, 0; p, 0), - (6.4.62)
', 0; p):-/ﬁ 2 %8 (p, 0; p, 0)= (6.4.63)
=M 2 T8 (p, 0; p, 0). (6.4.64)

C npyroil CTOpoHLI, NEPEXOAs K Npefeny npu & —- 0 B coorHouIe-
uusx YT (6.4.31) u (6.4.32) u yuutsiBas pasenctpa (6.4.55) u (6.4.42),
HaXoAHUM

ST () — SIP (D)= METH(p, O p=  (6.4.65)
=M Y1 (p; p, 0). (6.4.66)

Coornowmenus (6.4.61)—(6.4.66) sBasorcst coorHouenusmu ¥ T, Ko-
TOPBHIE HCIOJNB3YIOTCH B JAJbHEHIUEM H3JIOXKEHHH.

Hanucanupie Boie cooTHomenusi ¥T CTaHOBATCA UYpPe3BBIYANHHO
npocteiMi npu p = 0. UToObl MoKasaTh 3TO, HAUYHEM CO CICKTPAJb-
Horo npencrasiexus (4.3.23):

o0
S. ()= | dws. @p) U @Ipo—w + b7 Ut (w). (6.4.67)
—00

[lpu py = 0 oHO mMpUHHMMAaET BHJ

o T 1 . 0 1
S (D)oo =2 | dws. @, p) g Bop+ ins= (0, D) | 0) ,
-0 \ af

(6.4.68)
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OTKyja noJydyaem

(o]

-la 1 1
. ﬁ(l’)|po=0=“—,<—('p)—|tg’ desi(w’ p) 5 Bap+

/ 0 1 \
"+ inss (0, p) (\1 0 )aﬂ], (6.4.69)

o0

2
rie K (p) :[9’ jdwsi (@, p)—;—;}—-" Ln2fs, (0, P (6.4.70)

-00

U3 310ro Bbipa)KeHHsi BHAHO, YTO aHaroHajbuble saements S ' (0)
BEICCTBEHHDBl, 4 HEJIHAaroHaJbHbIe — MHUMbie. [I03TOMY H3 COOTHO-
wenud YT (6.4.65) u (6.4.66) npu p = 0 caexyer, 4TO BEPHIHHHLIE
YacTH MOTYT ObITh MAaDAaMETPU30BAHBI CJEVIOIIUM 00pa3oM:

8 (—& o oa=8,
Ec I8 (0, 0, 0) —{ b, amn e pr EHTD

KpoMe Toro,

- 1
: 2 — oM  anga a=§,
spcby =1 T P (6.4.72)
in[b, 2= b,M] s as=p.

[Mapamerpnr [i%, g, b, W b, BelIECTBEHHBI W ONPEIENSIOTCA 3HAaye-

HUSAMH Su (w, 0).
Us coornouennii YT (6.4.61)—(6.4.64) u pasencra (6.4.71)
nosydyaem

+g/M s o =B,

Zrm(o 0; 0, 0)= {iQinbz/M . (6.4.73)

Muumpie yactu pasenctB (6.4.71)—(6.4.73) nosBUIHCH BCJEICTBHE
KOHEYHOl Temnepatypnl. [103TOMY MOXKHO OXHAaTh, 4TO by U b, npH
HH3KHX TeMmIeparypax MaJbl.

AByxTodeuHble (yHKLHH MAarHOHOB H 3Heprusi marsoHoB. OGpa-
THM Tenepb BHMMAaHHE Ha SHEPTHIO MATHOHOB ®y. IIpH paccmoTpeHuu
Oynem HCnoJsib3oBaTh opmyay

(0% () 0% () = lim (e P+ 9 x— 8ol (),  (6.4.79)
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Kortopasi BMecte ¢ (6.4.55a) npuBoAHT K BeIpaxeHuio (puc. 6.5)
A5 @) = — e Id pets?® (p 4 ) oPS¥ (v —‘59 -
2n)4jd4pea5aa<lf+ ) _C(P+2: P—4, q)x
x S (p—&) A”Bﬁ (g). (6.4.75)

U3 dopmyasl (6.4.74) BuaHo, YyTO NyTh HHTErpUpoBanusa C no mnepe-
MEHHOH p, €CTh NOJYOKPYKHOCTb B BEpXHeH NOJYNJIOCKOCTH KOM-

P-%
kANNANNNK */+\*
« q B a\t/ﬁ
p+i
-7 +
ot ¢
q
Pty
Puc. 6.5.

IVIEKCHOH TIepeMEeHHOR p,. BprameHHe (6.4.75) onpenensier Ap (g).
YMHO)Kas obe yactu (6.4.75) na A B (¢) U ocTaBifAsA TONBKO UJIEHHI,
COOTBeTCTByxomHe MarHOHHBLIM PE30HAHCaM, NOJYYaeMm

=Re oo fdpsS (r+5)t%(p+%: p—%, q) x

SiP ( —-"—) l . (6.4.76
X o+ P 9 T ( )
3T0 BRIpaXKeHHE ONPENEeSieT SHEPIHIO MATHOHOB @

Ypaenenue eiisenéepra. [IpuBeieHHOE BhIlE PACCMOTPEHHE MPH-
MEHUMO K J1000My JarpaHXHaHy, HHBapUaHTHOMY OTHOCHTE/JbHO
Bpamenu#t cnuHa. Oauako, 4toObl cHOPMYNHPOBATh NETVICBOE MNpH-
6auxkenue, Heo6XonuMel ypaBHeHus [efizenGepra. 31ech MBI HCIIOJb-
3yeM Mozesb napabosui4ecKoil 30HE ¢ KOHTAKTHBIM B3aHMOJI€HCTBHEM:

L () = i§* 2§ — 9Te (V) ¥ — oMy, (6.4.77)
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e CYMMHPOBAHHE BEJEeTCs N0 CIIHHOBBLIM HHJEKCAM S U s'. Dueprus
¢ (k®) paBHa .

e(k) =T k2, (6.4.78)

rie u? — XUMHUECKHH MOTeHUHaT. YpaBHenus ['efisenGepra MoxHO
3anucaTh B BHJE

(15— (V) b (O =ME @D @) s (0. (6:479)

TToCKOJBKY uimeH Ml aps s B (6.4.79) COOTBETCTBYET COGCTBEHHOM FHED-
run A (i), mepenmmenm ypapuenne (6.4.79) B Buge

(i D m e (V) — e ) by (0) = M () Wy (%) Wy (x) — Ay () w0

rae n.. = (\Iﬁr (x) Py (x)). [Tpu stom ypaBuenusi Iefizenbepra 1pu-
HHUMAIOT BHJL

Ay (0) UF (x) = —APo0? () Yy (x) — Anyy (x),  (6.4.80a)
A (9) ¥ (x) = —APao% (1) ¥F () — An] (x),  (6.4.800)

rie Aw@=i—o —e(y?) —hns, (6.4.81)
n- = (b} () ¥y (1)) = G} (x) By (1)), (6.4.82)
e = (B} () by () = (B () B4 (%)) (6.4.83)

H uMeeTrcsda COOTHOUIEHHuE
M=n,—n_. (6.4.84)

BuiBon ypasnenuit Jajicona. Ypasuenne Ieiisenbepra (6.4.80)
NPUBOLUT K DPABEHCTBY

A @) W () ¥ () =

= i16* (x — y) Sup — A {Poo” () V] (x) W' (1)) — An_ (O () BE )))-
(6.4.85)

Ecnn uenoab3oBaTh Buipaxenue (6.4.55a), To noaxyuum (puc. 6.6)
A4 (p) STP (p) = Bup —

D[ S (0 DT (o ks py B)SP() AT (), (6.4.86)

- @t

rge A, (p) ompepensiercs BbIPaXKEHHEM
A, (p)etrxr = A, () eir, '(6.4.87)
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H3 (6.4.86) cregyer

S () = A (p) Bup + g [ d'RS™ (p + T (p 5 p, KA (8).
(6.4.88)

AHaZIOrHYHO MOXKHO MOMYYHTB

ST (p) = A~ (p) Bup -+ 2 [ d*S5 (p — B)AE () T (p—k, ks p).

(2m)*
(6.4.89)
k
A <« <4 r.
P ook :
k
|e—« < A T,
oV %
Puc. 6.6.

Bropeie unenst B Beipaxkennsix (6.4.88) u (6.4.89) COOTBETCTBYIOT
COGCTBEHHOH SHEPruu. BO3HHKAIOUIEH 3a CUET 3JEKTPOH-MAarHOHHOIO
crnapHuBaHus.

Ecnu nopeficrBoBate onepatopom A, (9) Ha <¢‘i° (%) lp$+ (v) o° (2))
H (w?(x) w'f“‘ (v) 0% (2)) = co6parb TOMLKO COGCTBEHHBIE YAcCTH JH-
arpamMM, TO MOJIyYHM YPaBHEHHsI A/ BepUIHH (puc. 6.7)

T2+ ¢ p, @) = —Abapbup —
i j dRSE (p -+ q— R)AF (R TS (0+g—k, ks p, @), (6.4.90)

(@)t
T30, 45 P+ 0) = —Mugbey —
T | LRSX (0 L AT TR (0 1k, ¢ p g, B (64.91)

@)
Ypasuenus (6.4.88)—(6.4.91) nasmiBawoTcs ypaBHeHusmu Jlaiicona.
3aMeTuM, 4TO 5TH ypaBHEHHS HEJb3sl NOJYUYHTB MO TEOPHUH BO3MYIIle-
HHH, NOCKOJIbKY OHHM COJEpXaT MAarHOH, KOTODHIH [peICTaBIseT
co0o#i CBA3aHHOE COCTOSIHHE 3JIEKTPOHOB. ~

OcHOBHbBlE COOTHOLIEHHS AJSi OJHONETJEBOro npuGaukennsa. o
CHX TOp HE€ nenanoch HUKaKuX npubnuxkenuil. Tenepb Me BBexem
OLHOMETNCBYI0 ANNPOKCUMANHIO, B KOTOPOi BCE MapameTpnl mnepe-
HOPMHPOBaHBHI,
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Kak nokaswiBator ypasuenus (6.4.90) n (6.4.91), B nepsowm HpH-
6/HXKEHUH BepILHHHAs YacTh Fiﬁp paBHa —A84p84,. TToCKOMBKY ML
HCIIOJb3YeM TOJBKO NEPEeHOPMUPOBAHHBIE NApaMeTpPhl, HYXHO 3a-
MEHHTh A Ha NMEePEHOPMHDPOBaHHOE 3HaueHue A.. Torxza u3 CooTHOuIE-

q q
pPtq
P
q q
2 TP AN\ P
pP*q
+
k q
P p+k
P*q
Puc. 6.7.

Hud (6.4.71) cnenyer, uto A, = g. Takum 06pasom, B OZHONETIEBOM
NPpUGIHAKEHHN BCAKUH Pa3, KOrga B ONHONET/IEBEIX WIEHAX MOSBASeTCs

. ﬁ,, €ro CJaejyer saMeHATb NPHOMHIKEHHBIM 3HAYEHHEM
T (0, ¢ p + ¢) ~ —g8apbop. (6.4.92)

Ananornuno I'th; samensercs NPHOTHKEHHBIM 3HaUeHHEM A4 8,50,,.044.
Torna us pasencrsa (6.4.73) caenyer

T~ & £ Sugbacbau. (6.4.93)
B

Moxcunraem eneps S3'*P u I'H ¢ nomompro coornomennit (6.4.88)—
(6.4.93). 3nech Mbl BocmoJb3yemcs MpPaBHIOM Jaficona pas nepe-
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HOPMHMPOBKH MEPEKDPLIBAIOIIUXCS PACXOJHMOCTEH, KOTOpoe Tpebyer
3aMeHBl MHOXHTeqas A nepex uurerpaiamu (6.4.88)—(6.4.91) na g,
a TaKxke CHMMETPH3AUHH B CJydae NOABJEHHS JBYX BEDILHH, €CIH
KOHCTaHTH CBA3H B I' B 3TUX HHTerpanax 3aMeHeHbl HX NEePEHOPMH-
POBaHHBEIMH 3HaYCHUSIMHU (puc. 6.8). Dro NpaBHJIO MOJNYUYEHO H3 pac-
CMOTPEHHS CTPYKTYDPH (peHHMAHOBCKHX AHarpaMM. Tenepb Mbl HOay-
qyaeM

S (p) = A () bup — s & [ RSP (p £ AR (), (6.4.99)

% p+g p =T ¢ p+q9= (6.4.95)
L i}
= — A80pbop — —(-2%7 L[S (p+ g — ) AZP (k) 85y —
— S - k) AR (k) 84p)-  (6.4.96)
k g k
i 557
A > g
p+q  prg-k p p*q  prgk p
+

p+q  ptk P
Puc. 6.8. v

BaXHO 3aMeTHTh, UTO paBeHcTBA™ (6.4.94)—(6.4.96) yuoBaeTBOpSIOT
cootHomenusim ¥ T (6.4.65) u (6.4.66), uto o3HauaeT BHYTPEHHIOW
COTJIACOBAHHOCTb PaCUeTOB.

U3 coornomenuil (6.4.71) u (6.4.96) caexyer

g=h— (;Tﬁﬂ%} | RIST (—R) AF (B) — ¥ (B) AF* ()],  (6.4.97)

rje He MPOBOAUTCS CyMMHUpOBaHHe no . aJee cooTHomenus (6.4.72)
u (6.4.94) pawoor

B = — e (n ) — B [ e (S () AR () +

+ S2% (k) AF™ (R)}, (6.4.98)
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TI€ TaKxKe He IPOBOAMTCA CYMMHPOBaHHEe Mo o. W3 cooTHoweHwui
(6.4.72), (6.4.94) cnenyer TakKe paBEHCTBO '

[ 'S (R AY (k) = | d'RS% () AE (k), (6.4.99)

OpYYEM 3STH BEJHUHHB BELIECTBEHHH. DTH YCJAOBHA MOTYT OHITh
HOATBEPIKJEHBl MPSIMEIMH BBIYHCJICHUSIMH.

Hckmouas HenepeHOpMHEPOBAHHBIE KOHCTAHTH W2 H A U3 BLIpakKeHHH
(6.4.94)—(6.4.96) c mnomomplo coorHomenui (6.4.97) u (6.4.98),
noJsygaem

S (p) = AL (p)8op — (;Tﬁy,g2 j d'k (S";ﬁ (FE) AR (k) —

— 5 8up Z S% (k) A% (k)) . (6.4.100)

T8 +aq p, =T, ¢ p-+q) = —gBupbup —

4 2 o o
“@l—fyx%% [d® (S+B(p+q—k)Asﬁ(k)—

— b Z S% (—k) A% (k)) T

L o ) 1 o

+ o Sup [ AR (S (0 ) AT (R) — 580 ) 5 (k) A (k)),
\ a

(6.4.101)

X ~ 1
rae Ax(p)= Po*%l’z + k5 gM. (6.4.102)

OTH COOTHOIIECHMSI MPHBOASAT K CJIEAYIOUIHM NPOCTBIM COOTHOILCHHSM
mexay S+ u I'i:

S (p L) o — 5 (0 — L) b0y =

=M% (p+%5 p— %, q)+ (90— L p-q) bughup. (6:4.103)

3ameTnM, uTO, KaK H CJIEJOBaJO OXKHUAATh, OHH COIJIACYIOTCS C COOT-
HomeHnueM YT (6.4.66).

Bocnosnp3oBaBunchk cooTHomeHussMu (6.4.103) u (6.4.75), Buiuuc-
JHUM Temnepb JBYXTOUCUHYIO (YHKIMIO MarHOHOB B OJHOIETJEBOM
npubnuxenuu. IlogcraBus (6.4.103) B coorHomenue (6.4.75), Halinem

D(9) A (g) = —,,l,l—lD (9) 9o — N (9) %), (6.4.104)
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rne D (g) u N(q) — cjeayiolke MaTpHIbl pasMepHOCTH 2 X 2:
D (q) = s [dipe™s™® (p + &) ¥ (p— %), (6:4.109)

N (q) = (2’7)4 jd“pe 8% (p + L) BLsI (p—L). (6:4.106)

YpaBHenue (6.4.104) onpenensier Ap:
1
As@) =M o—prw g -
DHeprus MarHoHa o, ONpejeNnseTcs ypaBHEHHEM
—D7 (@ NG =0 s gy = o, (6.4.108)

Teneps MOXKHO ONPEACJNHTb OJHONET/ICBOE NPUOJIUKEHHE CAEAYIOUIHM
o6pasoMm. UJeHH OJHONETEeBOTO PAa3JIOKEeHHsl NOJAYYaloTCs HHTETPH-
pOBaHHEM OCHOBHHIX CooTHoienuit (6.4.97), (6.4.100)—(6.4.102),
(6.4.107) u (6.4.108). B 3Tux uHTerpanax Mol NHOJb3yeMCs NpuGIH-
JKEHHLIM PABEHCTBOM

(6.4.107)

SI® ()~ A, (p) up= (6.4.109)
. 1
= 8up (po—%DZ"FSFiTgM>, (6.4.110)

rje yYTeHO, YTO XMMHYECKHH moTeHuuan i paBeH 3Heprun Pepmu
&, = hkF/2m. B stom npubnuxewuu HalgeM Ap (§) C NOMOIIBIO
COOTHOIIEHHsI (6.4.107). PesyabTaTr noayuaercs TOT Ke, YTO H B NpH-
OMyKeHHN CJay4afHbIX (pa3, KoTha BCe NapaMerpnl 3aMEHEHBl HX
NepeHOPMHPOBAHHBIMK 3HaueHUusAMH. [loacTaBasas 370 NpUOAHKEHHOE
snauenue Ay u Beipaxenue (6.4.110) gas S (p) B wunrerpansi,
Bxogswue B (6.4.100), (6.4.101), moayuum S“ﬂ (p) u I'?® B oxmo-
neTJeBoM NpHGAHKeHHH. [lepeHOpMHPOBaHHAs KOHCTAHTA CBSI3H g
HAXOAMTCA U3 BuipaxkeHus (6.4.97).
HaMarunueHHOCTb CHCTEMBI onpeneanercs GopMyJaoH

M=— ol Jd4p‘°’ (¥ (p) — S2*(p)},  (6.4.111)

TJe CyMMHPOBaHHE 1O O He NPOH3BOAUTCSA. 3€Ch NYThb HHTErPHPOBa-
Husg C 1o mepeMeHHOH p, €CThb MONYOKPYKHOCTb B BepXHEH mHogy-
IVIOCKOCTH KOMILIEKCHOI'O MepPeMEHHOTo p,. Eciau BocnoabsoBarbes
crekTpanbHbiM TpenacrabienueM (6.4.67) nas Sy (p), T0 dopmysa
(6.4.111) anHnmaeT BUJ

M =L [dp [ dwls, @, p) — s (o, P)) [ (@).  (6.4.112)

Koukperubie pacyeTsl 3HAUHTENBHO YIPOLAKOTCH, €CAH MCIOJb-
30BaTh CMEKTPAJbHOE IPEJCTABJICHHE A/ S+ u Ap u mpaBuna JIJIH
npousBejieHuit, NpuBeqeHHbIe B TJ. 4.
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MMocaenosarenbHoe yaydiuieHue neriesoro npubamxesus. Tenmepb
OUYEBHJHO, KaK YCOBEPUIEHCTBOBATh NpHOaHkKenue. Hauas ¢ Bhipaxe-

oAl s Sy (p) u I‘Z_‘r’%, NOJIYYEHHBIX BRHILIE, MBI BRIUHCIAEM 110 hop-
myJse (6.4.75) yrounennoe 3Havenue Ag, a 3aTem npoBoguM GoJee

TOYHOE BHIYHCJICHHE BEJIHYHH Si H ]"(ﬁ) no gopmysam (6.4.88)—
(6.4.91).

KoHkpeTHble BHIUHC/EHHS M NIPHJIOKEHHs. Bbuin nposejsens pac-
YeTHl B OJHOMNETIEBOM NPHOJIMAKEHHHU IPH HYJEeBo# Temnepatype [6].
Bru10o 06Hapy:keHo, 4TO GYHKIHS MarHOHOB HMEET BHJ

2
Aplg) =2E@) o (6.4.113)
qo — Wgq
rjge MHOrorouueM oO6O3HAYEHH YJEHBI, B KOTOPHIX HET MArHOHHOTO
noJ10ca.

Ilpu MasbIX q 3HEprus MarHoHa nponopiuoHaibha q2. Koraa | q|
NPEBBIIAET KPUTHYECKOE 3HAUEHHE, CKAXKEM ¢, (0, COBNA/AET C 3JIEK-
TPOH-3JIEKTPOHHOA MJH 3JEKTPOH-ALIPOYHOH SHEpPrHedl M MAarHOH
CTAHOBHTCH HECTAOUJNbHBIM. JTa 06JaCTh HA3LIBAETCH CTOHEPOBCKUM
KouTHHYyyMoM. Ha puc. 6.9 npeacraBnena o6smactb, rie cnekTpaabHas
¢byHKLMA Op He paBHa HYJIo (puc. 6.9, a qas cayuasn § < 1, puc. 6.9, 6
ang caydas § > 1). Ilapamerp { ompepesnsiercsi BuipaKeHueM

= gMleg. (6.4.114)

IloBenenne 3HEpPruM MarHoHOB ®, MNpejcTaBJeHo Ha puc. 6.10.
B TOuke OKOHUAHHS CIJIOMIHON JIHHUM CIIEKTP MArHOHOB MEPEXOJMT
B CTOHEPOBCKHH KOHTHHYYM. MarnoHHbI#l MOJII0C COXPAHSETCS H ITOCae
nepexoja cuekTpa B 06/JacTh CTOHEPOBCKOTO KOHTHHYYMa, HO yiXKe
B BHJie pe3oHaHca. llItpuxoBas suuus Ha puc. 6.10 npubausHTENLHO
COOTBETCTBYET NOJIOXEHHIO pe3oHaHca. HeycrofiunBocts 31010 cocros-
HUsA (M, C/Je10BaTeNbHO, MHHMasi 4acTh SHEPTHH MarHoHOB ¥y (p))
GeicTpO BO3pacTaer NpH ylaJeHHH pe3oHaHca B T1yGb CTOHEPOBCKOTO
KOHTUHYYMA.

Ha puc. 6.11 nokasaHa 3aBHCHMOCTb CHEKTPAJbHOH (QYHKIHH OT
&, = hq*/2m. 3pecb B KauecTBe eJHHHMLBLI 3HEPrHM HCHOJb30BaHa
BeJIMYHHA & &, = g,/e,. Braax peanbHOro, T.e. cTaGHJbHOTO,
MardoHa nokasaH B BuJie 8-QyHKIUHOHANbHBIX BCIJIECKOB, BLICOTA KOTO-
PBEIX ompejaensercs BenMunHol dopmpakropa F (q*). Ha puc. 6.11
3aMereH OCTPHIH NMHK B OGJACTH CTOHEPOBCKOro KOHTHHyyMa. [laxe
€CJIM &, HACTOJbKO BEJHKO, YTO MATHOH CTAHOBHUTCA HECTAGHJbHLIM,
3TOT MUK COXPAHSAETCS, YTO OTPaXKaeT CYLIECTBOBAHHE MAarHOHHOIO
pesonanca. Ha puc. 6.12 nokasano noJiokeHHe TAKOrO NMHKA CIEK-
TpanbHO# QyHKIMH 6O30HOB; IUTPHXNYHKTHPHAS JUHUS H WITPUXIYH-
KTHpHas JIMHHA C ABYMST TOYKaMH OTMEYaloT MOJOXeHHs NHKa pacyer-
HOi KpHBOW Op NPH MOCTOSIHHOH HEPTHU M NOCTOSAHHOM HMOYJbCE
COOTBETCTBEHHO, 4 LITPHXOBAas NHHUA — Pe3yJbTaT PacueTa B Pe3o-
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HaHcHOM npubamxkesnu. Ha puc. 6.12 BHAHO, 4TO C YBEJIHYEHHEM g
pe3yJbTaThl pacyera B Pe30HaHCHOM NPHOJHAKEHHH BCe CHIbHEE OTJIH-
YaTCsd OT PEe3yAbTATOB PACUETOB, NOKA3aHHHIX INTPHXNYHKTHPHOU
aunmeir. Otciofa cieiyer, 4To pe3oHaHCHOE NPHOJNHKEHHE HeJb3s

w

[« &% a

Puc. 6.9.

HCII0JIb30BATh JI0 TeX MO, T0Ka AeGaeBcKas SKPAHHPOBKA He TePeKpoeT
HOJIHOCTBIO Ty 061aCTh, B KOTOPOH MarHOH CTAHOBUTCST HECTAGUIbHBIM.
CrekTpanbHyO QYyHKIHIO Op MOXKHO 3KCIEPHMEHTaJbHO ONPENENHUThH
IIPH HCCJEIOBAHUH paccesiHus HeHTPoHOB. Xots popMbaKTOp MarHoHa
F (q®) ofpamaercss B Hy/ib Ha IDaHHIE CTOHEPOBCKOIO KOHTHHYYMa,
HO 3TOT KOHTHHYYM JaeT GOJIbIIOH BKJaJ BCJEACTBHE PE30HAHCHOTO
noBeJileHHst  cnekTpasbHOH (GyHKUMH. CIVIOIIHBEIMH JIMHHAMH Ha
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wp(Eq) F(Zg)

—— - POpMBRITIOp

0,2 N | 1,0

08 16 — 0

0,4 ~
0 L 1 I ] 1 1

O4% a8 1,2
Puc. 6.11.

A
&
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puc. 6.12 nokaszaHo TeopeTHUECKOE paclpejleleHie HHTEHCHBHOCTH
GYHKIHH 0. DTO pacnpejiesleHHe OUeHb NI0X0XKe Ha 3KCNEPHUMEHTANbHO
Habmoaaemoe pacnpenenenue [7]. Mcnonbays npuBejeHHbIE B JaH-
HOM pasjienie (GOPMYJbI, 3TH pacyeThl MOXHO pAaCOpPOCTPAHHUTL HA
KOHEUHBIE TeMIepaTypHl.

Xorsl B 3TOM pasjelie Halle BHHMaHUe ObLIO COCPENOTOYEHO Ha
deppomaruuTHOi (ase, Bce cooTHolieHHs YT NPUMEHHMBI TakKke H

L

5 Y B
wB 50 [ !
!

orzf

0
Co8r
004}

1 1 1 L &

g 06 08 12 nz 7

Puc. 6.12.

K napamaruutHo#i ¢dase. B aTom ciayuae uneH B Jjarpanxkuane £,
NPUBOASIMMH K HAPYIIEHHIO CHMMETPHH (BeIpaxkenue (6.4.17)), npu
MaJIOM BHeEIIHEM MArHUTHOM I[I0JI€ & TaKiXKe HTPaeT BaXKHYIO POJb, TaK
KaK IIOMOTaeT YCTAHOBHTb HEKOTODHIE BAXKKHBIE COOTHOLUEHHMS MEXKAY
yHKuuamMu oTkauKa [8]. B HEKOTOPOM NPHGIHKEHHH STH COOTHOLIE-
HHUS NPHUBOMAT K TAK HA3LIBAEMOMY CaAMOCOIVIACOBAHHOMY PEHOPMAaJIH-
sanuoHHoMy Metoxy Mopusi—Kasa6arhl [9], KoToprlit ucnosmb3oBacs
ISt OOBSICHEHHS KIOPU-BEHCOBCKOTO NOBENEHUS 30HHBIX 3JEKTPOHOB
H HEKOTOPHIX APYTHX ABJEHHH B napamMarHuTHoH ¢dase, o6pa3oBaHHOM
CIUHOBOH CHCTEMOH 30HHBIX 3JEKTPOIHOB.

JIATEPATYPA

1. Noether E., Goett. Nachr., 235 (1918).
2. Ward J. C., Phys. Rev., 78, 182 (1950).
3. Takahashi Y., Nuovo Cim., 6, 370 (1957).



Hueapuanmuocme w4 Hémeposckuil mox 225

O Ne ot »

Maisumoto H., Papastamaiiou N. J., Umezawa H., Nucl. Phys., B68, 236 (1974);
B82, 45 (1974).
Nakanishi N., Prog. Theor. Phys., 51, 1183 (1974);

Takahashi Y., Phys. Rev., D15, 1589 (1977).
Matsumoto H., Seki S., Tachiki M., Umezawa H., Phys. Rev., B17, 2276 (1978).

. Ishikawa Y., Shirane G., Tarvin J. A., Kohgi M., Phys. Rev., B16, 4956 (1977);

Ishikawa Y., J. Magn. Mat., 14, 123 (1979).
Whitehead J., Matsumoto H., Umezawa H., Phys. Rev., B (1982).

. Moriya T., Kawabata A., J. Phys. Soc. Jap., 34, 639 (1973);

Moriya T., J. Mag. Magn. Mat., 14, 123 (1979).



FNABA 7

ANWHAMUYECHAS NEPECTPOWMHA CUMMETPHUM
U AMHAMHUHECHOE OTOBPAHEHHUE

7.1. O6uee paccmoTpeHHe

Nepectpoiika cHMMeTpHH. B npeablAyIHX pasaenax Mbl HCNOJIb-
30BaJl [Ba A3BIKA: OJMH OCHOBLIBAJICS HA red3eHOeProBCKHX MNOJAX
(nanpumep, ¢P), B TePMHHAX KOTOPHIX 34NHCAHBI OCHOBHLIE YpaBHEHHUS,
a jpyrofi — Ha CBOGOXHBIX (HU3HUeCKHX HOJAX (Hampumep, ¢°),
¢ NOMOWBIO KOTOPHIX mocTpoeHo rpocTpaHctBo Poka. Ilepexox or
OJIHOTO 513blKA K APYTOMY Ha3bIBaeTCsl IMHAMHYECKUM OTOOPaKeHHeM H
obosnauaerca cuMBoJIOM P (x; @°). Dra ayanbpHas CTPYKTypa fA3blKa
KBaHTOBOH TEOPHU IIOJISi NIPHBOAUT K YPe3BLIYaHHO CJIOKHOMY Mexa-
HU3MY IPOSIBJICHUS CHMMETDPHUH.

[Tpennosoxum Teneps, 4T0 ypaBHeHus ['eiisenéepra umeroT Gopmy,
HHBAPHAHTHYIO OTHOCHTEJBHO HENpPEpHIBHOTO NpeobpasoBaHua (mpe-
06pasoBaHusl ¢ HEMPEPLIBHBIMU NTapaMeTpamy):

P> = Q (). (7.1.1)

YacTo 0KA3BIBAETCH, YTO OCHOBHOE COCTOSIHHE HE MMEeT TaKo# Q-cuM-
MeTpHH. XOpOIIO H3BECTHHIH INpuMep — KPHUCTala, B KOTOPOM IIpo-
CTPAHCTBEHHO-TPAHCASIHOHHAS CHMMETPHUSl HAapyLIeHa 3a cueT obpa-
30BaHMs PEUIETOYHO CTPYKTYPHI, XOTA ypaBHeHus ['efizen6epra auas
B3aUMOJIEACTBYIOWIUX MOJeH MOJIeKyJ TPAaHCAALIMOHHO WHBADHAHTHLI.
Jpyro# kJaccuyeckKuH nmpuMep — ¢peppOMAarHeTHK, B KOTOPOM Hapy-
IIEHA CIHH-BpaniaTesbHas CUMMETpHA. XOTA 3TO U HE OYEBHAHO M3
BH3YaJbHBIX HAOMIOAEHUHA CTPYKTYDE, CBEDPXNPOBOJAMMOCTD NpeACcTaB-
Jser coGol npuMep HAPYIIEHHS IPAfHMEHTHOH HHBAPHAHTHOCTH. ITH
sSIBJIEHHS] HasblBalOTCA CIOHTaHHBIM Hapyuienuem cummerpuu [1, 21.
BaxHelimes uepToil STUX sIBJICHHI fBJAdETCA TO, 4TO HadasibHast Q-CHM-
METpHs He MPOCTO TepsieTcs, a NPH 3TOM BO3HHKAIOT ONpe/e/eHHbIe
CTPYKTYPHI(yOPSIIOYEHHBIE COCTOSIHMA), TAKUE, KAK KPUCTAJINYECKHE
peIleTKH, CHCTEMbl MOJSPH30BAHHBIX CHHHOB B (eppoMarHeTukax
v T. 1. EcTecTBeHHO OXHAATh, YTO NOsIBJEHHE HOBOIO IOPSIAKA €CTb
NposiBJieHHe HCXOAHOH HHBApPHAHTHOCTH. 3JieCh OYEHb BaXHO pas-
JIHYaTh IOHSTHS «CHMMETDHSI» H «HHBAPHAHTHOCTb». OUEBHIHO, UYTO
MHBAPHAHTHOCTb TEOPHH HUKOT/IA HE MOXKET HCUe3HyThb. Ho, NIOCKONLKY
CHMMETpDHsI e€cThb IDOSIBJEHHE HHBADUAHTHOH HPUPOAB, (opMa CHM-
meTpuu ypapHeHH# [efizenGepra MoxeT oT/aHYaThes OT HOPM CHMMe-
TPUHU HAOMIONAEMBIX SIBJAEHUHA. DTO H3MEHEHHUE NPOSIBJAEHHSA CUMMETPHH
Ha3LIBAeTCA AHHAMUYECKOH mepecTpoikoii cummerpuu [3].
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YT06Hl NOSCHUTb NPHBELEHHYIO BHIIE aPTyMEHTALHIO, HAIIOMHUM,
yTO refisen6eproBekoe noJe P (x) Brpaxkaercs yepes Gusuyeckoe nose
¢° (¥) ¢ mOMoOIBIO JHHAMHYECKOTO OTOOparKeHHsI

P (x) =P (x5 ¢°). (7.1.2)
Ecan gunamMuueckoe oto6paxenue (7.1.2) usectHo, JuHefnas KOMGH-
Hanusa npoussefeHuit ¢ (Hanpumep, F (P)) moayuaercss ¢ MOMOILBIO
YMHOXKEHHsS] W JOTOJHHTENbHBIX NpPaBUJ [EHCTBHI Haj MaTPHIAMH
(T. €. OmepalMOHHOTO NpaBu/ia AJIsl NPpeo6pasoBaHHsl NPOU3BENEHUH
HOPMAJIbHBEIX NPOW3BefeHHE ¢° B CYMMY HOPMAJbHBIX MPOH3BENEHHH
Tex e (QH3HYeCKHX IoJel).

3Has juHamuyeckoe otobpaxenue (7.1.2), Mbl MOxeM BBECTH
oneparuio, HasHBaeMylo oictaHoBKol. [loAcTaHOBKA ecTh ONepanus,
IPH KOTOPOH B JHHAMHYECKOM OTOOpaXKeHHH ¢° 3ameHsercs: Ha QyHK-
nvoHann or ¢° (nanpumep, @ (¢%). Ecnu MaTpUYHLIE 3JIEMEHTHI

(@l o (x)|b)=(a] ¥ x; D (¢)][b) (7.1.3)

Xopomo omnpenesenb ), 1o mogcra€oka (7.1.3) mpespamaer b (x)
B HOBBIil onmeparop Yo (x), KOTOPLIH AeficTByeT Ha npocTpancTee Poka
aas1 @°. TToaToMy nojicTanoBKa He H3MeHseT npocTpaHcTBo ['nabbepra.

Ecnu  Q-mpeoGpasopannoe  refisenGeproBckoe moae ¢’ (x)
(=Q [p]) npencrasaser cofofi cyMMy KOHEUHOTO YHC/IA MPOU3BEje-
Hul P (x), To §' (x) Xopouwo onpeneneHo B mpocrpanctBe Poka s
¢°: ero auHaMuyecKoe 0ToOpaxKeHHe HMEeT BUJ

: P x) =P (x5 ¢Y). (7.1.4)
[Mockoabky ¥ (x) B’ (X) YAOBJIETBOPSIOT OJJHOMY U TOMY K€ ypaBHe-
nuio Tefisenfepra, CylecTBYIOT ONpEeAeNIeHHbE COOTHOIIEHHS, CBS-
3HIBAIOL[HE MATPHYHBIE 3JEMEHTHI | C MATPHUHBIMH 3dJeMeHTaMu .
Orciofa clefyer, YTo, MO-BUAMMOMY, MOXHO CHenath MOACTAHOBKY
¢° — ¢, Kotopas yJOBJETBOPSAET YCJAOBHIO

P 9% = (x; 9”). (7.1.5)

1) Yacro anst onpesiesieHusi Pg, (x) Tpebyercs COBEPIIHTL HEKOTOPHIA MpefebHblil
nepexof. TIpocThiM mpuMepoM siBisiercs: moAcTaxoBka %° (x)—- ¥° (x) + 0 (0 — mo-
cTosinHag, a y° — GeaMaccoBoe (H3HYECKOe IMoJie), IPUMEHEHHAsA X wWieHy BHla
92 ((1/9% : %° (x)? : ). UtoObr u3bexath TPYAHOCTeH, CBA3AHHLIX C TeM, YTO HpO-
UeAypa mpHMeHeHHs onepatopa (1/6%) K KoucranTe GeccMbIC/€HHA, BCIOMHHM, 4TO
jay u | b) B BHpaxeHHu (alxp@ I b) — COCTOSIHHSI, COOTBEeTCTBYIOIIHE BOJHOBBIM
nakeraM. ITocKoJbKY KaxAbifi omeparop ° B HOPMa/IbHOM NPOU3BEJEHHH JMKO0 yHH-
YTOXKaeT YaCTHILy B COCTOSiHHH |b), JIn6O pOXKIaeT wacTHIy B COCTOSHHH |a) H,
C/Ie0BaTeNbHO, 3TH COCTOSHHS NPEACTABJSIOT COG0H COCTOSHHMS C ONpeleNeHHbIMH
BOJIEOBLIMH TIAKETaMH, KaxJoe 1oae X° (x) pasMasaHO 3a cueT KBaAPaTHIHO HHTErpH-
pyemoi pyHKUMH (YyHKIHH BOJHOBOrO NMakeTa), YTO CJIEKyeT y4HTHIBATH NPU pacyere
BhIpayKeHu#l THIa (a | VYo | b). 310 NPUBOAUT HAC K cJefylomell MTPOCcTofl npoueaype
OlpefesieHHs] YKa3aHHOH BhIIe NMOJCTAHOBKH: CHAUajJa NPOHUSBOAMTCS NOACTAHOBKA
%0—> %%+ 0 f (x), rae f (x) npoGeraer GeckoHeuHbil PsZ KBaJPAaTHYHO HHTErpHpYye-
MBIX (QYHKUMH, Npu6aMKasch K eMHAINE, a 3aTeM BBINOJHAETCS IEepexol K Ipefeny
C IIOMOINBIO COOTHOLICHUS lfm} 92 (/% 2 (x)) = 1.

-
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Kak 6yzmer mokasaHo B 3TOM pasjiesie, Takas NOJACTAHOBKA AEHCTBH-
TeJbHO CYLIECTBYeT, KOoraa Q- npeo6paaoBaHHe HeNpEpLIBHO M HMeer
Bug (6.1.4) uau (6.1.38). HpeoﬁpaSOBaHHecp B ¢*" MbI 6yieM Ha3bIBaTh
g-npeobpasoBaHHEM:

@ =% = q(¢°). (7.1.6)
Takum ob6pasom, umeem

Q [ ()1 = [x; g (@)1 (7.1.7)

CJyefloBaTesqbHO, MBI  YCTAHOBWJIH, 4YTO (-CHMMETPHS MEPexojuT
B g-cummerpHuio (puc. 7.1).

¥(x) PP

¥i() ¢o(x)

o
(x)
P

—

CrioHTaHHOEe HapylleHHe CHMMETDHH He O3HayaeT MOTepH HHBA-
PHAHTHOCTH, OHO JHLIb INPHBOAHT K TOMY, 4TO CTPYKTypa ¢ (-CHM-
MeTpHel OTIHYHA OT CTPYKTYPHI ¢ g-CHMMeTpHel. B xadecTBe npumepa
paccMoTpuM (eppoMarHeTux. Q-cUMMETDHSA ecTh CIWH-BpaliarespHas
CHMMETpPHSI Tpexnapamerpudeckoii rpynnsl SU (2). Ha nepsuit
B3r/sii B (eppoMarHeTHKax HMeEeTCsl TOJbKO OJHONAapaMeTpHUYeCKasi
CUMMETDHS, CBSI3aHHAs C BPalleHHeM BOKDYT HaNpPaBJIEHUS CIIUHOBOH
nojspusanuu. Ho nBe jppyrue MHBAPHAHTHOCTH HE MOTYT IPOCTO
Hcue3HyTh. TiulaTeJbHOE H3y4YeHHe II0Ka3blBaeT, 4YTO (-CHMMETpPHSI
B JEHCTBHTEJLHOCTH SIBJISIETCS TpeXNapameTpHUYeCKOH CHMMETpHeNl,
XOTA OHA M He OoTHOCHTCS K rpynne SU (2). Mul BepreMcs K 3TOMY
Bornpocy B pasn. 7.3.

Puc. 7.1,

CootHowenne YT ansa Q-cummerpuu. Tenepb MBI [IOJIYUMM COOT-
HOILIEHHE, KOTOPOE SBJISETCS OCHOBHBIM HHCTPYMEHTOM NPH HCCAEN0BA-
HUH nepecTpoiiku cummerpuu. UTob6bl 3TO clesaTh, HANOMHHM YHTA-
TeJsaM pasz. 6.1, B KOTOpOM BBOJSATCS HETEPOBCKHH TOK H COOTHOIIEHHE
¥T. Paccmorpum mnpeoGpasoBaHHe, OTBedaloliee H3MEHEHHIO P Ha
BennuuHy 6%, onpepeneHHylo cootHomeHHeM (6.1.5). HameHnenne
narpauxkuana 86 onpenensiercs Beipaxenuem (6.1.9). Ipeanonoxim,
YTO JIarpaHxuaH & WHBApHAHTEH OTHOCHTEJILHO PAacCMATpPHBAEMOTO
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npeo6pasoBanusi (1. e. 6 = 0). [Jo6aBuM K HeMy G€CKOHEYHO MaJblil
5pMHUTOB ujeH [4]

P, = ed (), (7.1.8)

KOTOPBHIH HapyllaeT HHBaPHAHTHOCTb. B KOHIE BBIUHCIEHHH HYXKHO
nepeiitu K mnpejgeny npu e — 0. Ecaum paccMarpuBaercs cayuai
deppomarHernka, puaHUecKHHE cMbica ujJeHa £, MOXKHO HHTYHTHBHO
HoHsiTh. UTOGH B 3TOM c/ydYae YCTAHOBHJIOCH HalpaBJeHHE HAMATHH-
yuBaHug, Tpebyercsa uype3BHYalHO cjaaboe MarHHTHOE NoJie (B 3TOM
caydyae &€ — MarHurtHoe nose, a® (x) — MarHuTHHIH MOMeHT). B nesom
posib £, (X) COCTOHT B TOM, UTOOBI OTIPEJIEJUTD HAlIpaBJEHHE, B KOTOPOM
Hapymaercs cuMmerpHusi. @ (X) MOKHO paccMaTpHBATh Kak 3JEMEHT,
ocyLIecTBAsIOUNE onpefenennoe npejcrabienne (D; ... @), rpynnnt
Q-cummerpun. laa yno6GerBa mbl BhiGepem @ = @,. B panbueiiiiem
6yjeM cuutath, 4ro noJse @D BemecrBeHHoe; ecnu P, oKaxkercss KOM-
IJIeKCHBIM, TiepeiifieM K BemectBenHnM noism @ = (@, -+ ©F).

Ecnn paccmatrpuBaemoe npeoGpasoBaHHe COAEPKUT A MapaMeTpoB
8; (i =1, 2, ..., n), To cymecTByer n HETEPOBCKUX reneparopoB N;
(i=1,2 .., n).

CoraacHo Bripaxenuio (6.1.9), 8% (x), nonyueHtoe B pesyJabrare
0;-npeo6pa3oBaHus, ONpENeNseTcss COOTHONIEHHEM

0,8, 2 (x) = e {D' (x') — D (1)} + €0; (0"8,x2) D (x) =
= 0, {6,D (x) + (@8:0:) D (1)}, (7.1.9)
M3 KOTOPOIo CJeayer
0; [ 6,2 (1) = 0ie [ dx (8,0 (x) — 81,9 D ()} =
=0 [ dxd0 (v).  (7.1.10)

31ech Mbl Mcnosb3oBanu ompepenenust 0,6, (x) = @' (x') — D (x)
u 0,600 (x) = @ (x) — @ (x) u coorHomenue (6.1.7). ITockombKy
B;N; (¢) mopoxnaer npeo6pasoBanue @ (x) — @ (x) + 0,090 (x), us
cootHomeHust (6.1.21) maxomum

(D (x), Ni (]S (E — te) = ifis (¢ — ty) 8D (x). (7.1.11)

3amensa P (x;) B Boipaxenuu (6.1.28) Ha 89D (x) m noabsysch
coorHowenuem (6.1.276), nonyuaem coornomenue YT

if1 0] 899D ()] 0) = [ 'y (0| T {[8D (9) — cal, & (0} ]0), (7.1.12)

rae ¢; = (0|6 (x)|0). Torma umeem
(89D (x), N;(1))8(t — t) = ihd(t — 1) 88D (x), (7.1.13)

Tle MCNnoJAb30BaHO cooTHoueHue (6.1.21).
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Teopema IoaactoyHa. IlpumeM Tenepb, 4TO AJf ONPEAEJEHHOTO
BeiGopa (i, j) cnpaBeIHBO HEPABEHCTBO

lim (0 | 82830 (x) | 0) 5 0. (7.1.14)
&0

Torpga npu MHTErpupoBaHuHU no d*y B cootHomenun (7.1.12) momken
BO3HUKHYTh WIEH, OPONOPHHOHAJbHEI 1/€, TOCKOJBKY B CNEKTPalb-
HOM IIpe[icTaBJeHHH npaBoft yactu Beipaxenus (7.1.12) comepxurcs
HOJIIOCHAasl OCOGEHHOCTh, CBsi3aHHAs C TeMH SHEPTUAMH, BEJIHUYHHA
KOTOPHIX DY HYJIEBOM HMIYJbCe MOpsAJKa € (T. e. npu & = 0 3Hepre-
THYeCKUH crnekTp GecieneBoli). 1o NMPUBOAUT Hac K Teopeme ['osn-
croyua [1, 2, 5], yrBepxknatwomel, 4T0 eciu BHIIOJTHSETCS YCJIOBHE
(7.1.14), To Bo3HHKAIOT QU3HYECKHE GO30HH ¢ GecleseBbIM SHEPTEeTH-
yeckuM crnektpom. O6osHayum 31 Gosonn ¥} (x) (i = 1, 2, ..., m).
OTH G030HE HAa3BIBAIOTCS TOJJACTOYHOBCKHMH. bes morepu obmHoCTH
MBI MOXKEM TaK BHIOPATb 3TH G030HbI, YTOGE! BCce OHM OBLTH BELIEeCTBEH-
HBIMH. 3aME€THM, YTO €eCJH Nl-|0) =0 gnda Becex [ U &€ = 0, TO U3
Bripaxenus (7.1.13) caenyer, uro Bee snements (08269 |0) obpa-
mamTcsl B HyJb B npenene & — 0. Takum o6pa3oM, H3 yCJIOBHUA
(7.1.14) nopu e— 0 crieayer, 4to JJIs HEKOTOPOrO 3HA4YEHHS
i Ni(f)|0)== 0, u, ciefoBaTesbHO, OCHOBHOE COCTOSTHHE HE HHBAPHAH-
THO OTHOCHTEJIbHO IIpeoGpa3oBaHus THIA exp [i BiN,-]. Mmenno no
13

5TOH NpHuKHe HepaBeHcTBO (7.1.14) HA3LIBAIOT YCJAOBHEM CIIOHTAHHOTO
HapyIIeHHs CHMMETPHH.

[IpuBeneHHEI BhIIlIE COOOPaXKeHHs! MOKA3LIBAIOT, YTO JHHAMHYECKOE
oro6paxenue [63D (x) — ¢; ] comepkut B KauecTBe JHHEHHBIX YIEHOB
FOJIACTOYHOBCKUE GO30HKI:

8D (x) — ci= 3, Cij @) a} (¥) + - - (7.1.15)
j=l

Kosgpdunuent C;; (0) moxeT coiepxaTb NPOH3BOAHBIE.
Mbl MoOXeM Hamucarthb
O[T [x¢ (1), %} @)110)=
= s [ dpexplip(x — ! 7.1.16
g 8; Jd pexplip (x — y)l 2 mf,—l—ea,-—l-ié ,  (7.1.16)
rie o, = 0 npu p = 0. 31ech MBI NPHHAJH, YTO YPaBHEHHE CBOGOJ-
Horo nons anas y? tuna 2. M3 coorHomenus (7.1.16) caenyer

-

lime | d'y(0|T {[80 (5) — e, 8}0 (1)}]0) =
=lime [ dty (0| T {1890 () — cul, (8} (x) — c;1}|0) =

=i ¥ C (0) Cp, (O)le—. (7.1.17)
k=1
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Koraa roaacroynosckuit 60304 y° YIOBJIETBOPSAET YPABHEHHUIO CBOOOI-
HOTro rnoJsi tHma 1, mojie HMeeT KOMIJIEKCHOEe 3HaudeHHe. B Takux
caydanx komGunanmuu (x° -+ x°%)/2Y: u i(y® — y°*)/22 spasiorcs
BEILECTBEHHBIMH HOJSIMH, NPHYMHHLIE JABYXTOYeuHble DYHKIHH KOTO-
PBIX HMEIOT IIOJIIOCHLIE YJIEHBbl BHAA

1 1 1
—2—-<Po—(0—|—8a+[6 T —pg— @ +¢ea+ 18 >: (7118)

eo = o (p)u o = o (—p). 70 oNarh NPUBOAUT HAC K COOTHOLIE-
Huo (7.1.17).

ITockonbky @ (x) u N; — BelecTBeHHbIE, 82D (x) Takxe Bemect-
BeHusl. Takum o6pasom, kospouunentst C;, (0) BeliecTBeHHL, a Ma-
TPULA, ij-#i s/eMeHT KoTopoii paBeH X, (1/a,) C;, (0) Cir (0), Be-
INECTBEHHA M cuUMMerpHuHa. C/efoBaTeNbHO, 5Ty MaTPHIY MOXKHO
AHATOHAJIN3UPOBATDL C IOMOLBIO OPTOrOHANLHOM MATDHIL, HAIPUMED
4 = (u;,). Torma nuHEHHBLIH YAeH B AUHAMHYECKOM OTOGpaXKEeHUH
2 u;;6)0 11 KamA0T0 { CONEPIKUT He GOJIee OAHOTO TOJIACTOYHOBCKOTO
6o3oHa. Kpome TOro, eciu Mbl HCHOMb3yeM A5 TeHePaTOPOB BLIparke-
HHe 2 u;;N;, TO 5TH TeHEPaTOPH BBHISHIBAIOT H3MEHEHHs @, paBHbIE
2 u;89D. ITosToMy MBI MOXKEM BCerja TakK COCTABHTD reneparopet N,
YTOOB! JIMHEHHBIH YIeH NHHAMHYECKOTO oTobpaxenus 60 mis kax-
AOTO { He cofiepkKan Gosee OJHOTO TOJACTOYHOBCKOTO GO30HA:

SO (x) — i =2 0) 42 (x) - ... . (7.1.19)

B nanbmeiimem Mel Gynem npejmosaraTh, uTo resgeparopsl N; mo-
CTPOEHBbl ONHCAaHHBIM BHIIIE 06paszoM. Torga umeem

Z;=0 pmai=m-+1,... n, (7.1.20)
N:|0)s=0 mas i =1, ..., m, (7.1.21)
lim (O [ 6767 (x) | 0) = v, (7.1.29)
&0
#*=0 ai=1,..m .
=0 gas i=m-+1, .., n. (7.1.23)

ITpu atom coorromenne (7.1.12) Bmecre ¢ (7.1.23) n (7.1.17) npusoaut
K COOTHOIIEHHIO

v; =Z2; (0)a; paai=1, .., m. (7.1.24)

Yenosue (7.1.21) unu (7.1.23) onpeneasier uucio FOJIICTOY HOBCKHX
Gosonos. Toraa ypaBHeHHe CBOGOAHOTO MOMs ANS §? 3amHCHBAeTCS
B BHJE

LM@OYWx =0 gmai=1,.., m. (7.1.25)
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ITocKoanbKy 3HEpreTHuecKui CnexkTp roJAcToy HOBCKHX 6030HOB Gecuie-
JeBOH, HMeeM

A; (0) = 0. (7.1.26)

HUckmoyenne & u3 cootHomennit YT. Tlockoabky 6;Z (x) =
= e8%D (x), us coornowenuii YT caenyer

i Y (0| T01(x1). .. 8{0a(xs). ..]|0) =

:ejd“y(O]T{[é?CD(y)— cil, Or(xr)...}[0),  (7.1.27)

rae ¥ (x,) B (6.1.28) sameneno cumsosoMm O, (x,), 0603HAYAIOIHM
mo6oii reiisen6epropekuil oneparop. B coorHomennw (7.1.27) 670, (x)
ONpE/ENIEHO COOTHOLIEBHEM

[04(x), N: ()18 — tx) = ih8 (t — t4) 620, (x). (7.1.28)
Uto6bi HCKJIIOYHTh & u3 cootHomenyuss YT (7.1.27), Bocnoabsyemes
dopmysof
11msjd"y(0|T{6°(D(y)——a 3 0)=

=—a;—jd‘yxf(ay)<0|r[agq)(y),...110). (7.1.29)

Yro6ul ee 10Ka3aThb, 3aMeTUM cHayaja, uto ecau F (x) — dyHkius,
pypbe-aMIIITyla KOTOPOH HE COJEPMKHT MNOJIOCHOH OCOGEHHOCTH,
CBSI3aHHOH ¢ Geclie/ieBbIM IHEPTEeTUECKUM CIIEKTPOM, TO CNPABEAJHUBO
PaBeHCTBO jd‘*y?»i (@,) F (y) = 0, rax kak A (0) = 0. Ilockoabky
YiIeHEl, OGO3HAYEHHEIE B JMHAMHYECKOM npeo6pasoBanuu (7.1.19)
MHOTOTOYHEM, He IOPOMKAAIOT MOJIOCHOH 0COOEHHOCTH B CHEKTPATbHOM
NpeACTaBJEHHH ABYXTOYCUHBIX QYHKIMH, COCTOAMMUX U3 reiiseH6epros-
ckux oneparopoB (63D — ¢;), To Mbl HMEeM

[ d' 0,) (01T {810 (1), 163D (2) — 1} 0) =

—7;(0) | d'yhs 0,) O1T 138 (9), %) @)110) =ihZ: (0) 8y,  (7.1.30)

rje ucnoJp3oBaHel cooTHowenus (3.6.34) uau (3.6.39), u3 KOTOpHIX
caenyer, uro (0|7 [x?x71|0) — rpuHoBckas GyHkuus ;mq)q)epeﬂ-
HUaJLHOTO oneparopa A; (d):

A (0y) (O T [xd (9), %7 (@] 0) = ifi6® (y — 2) 6,;.
C npyroit cropousl, Beipaxenue (7.1.17) c C; (0) = ZY2 (0) 8
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NPpHUBOJUT K COOTHOHIEHHAM

lime j dy (0| T {[8D () — ci, (83D (2) — ¢;1}|0) =

=lim 2} (0) Z}"* (0)e [ 29017 [ (9) %} @)1 0)) =i8:; 4~ Z: (0).

(7.1.31)
Coornomenust (7.1.30) u (7.1.31) gmatot

lime [ dty (01T (180 () — a1, 18} (2) — c;1}]0) =
- _al_ | dgs 0,) (01 T {81 (1), 8} (2) — 1} | 0).  (7.1.82)

1o wacTHH cayyail dopmyasl (7.1.29). UTober nonyuuts GopMyny
(7.1.29), HyKHO BOCIHOJb30BATHCSI TAKKE PaBEHCTBOM

(0| T{8D (y) —cil. . . }|0) =
= [ 20| T (180D (5) — ], (8D (2) — i1} [0) g () (7.1.33)

(cyMMHpOBaHHUE TIO { He MPOM3BONUTCS), TAE ¢ (2) — HeKoTopast QyHK-
wdst. dra GopMysaa MOKeT GHITh NOJydYeHA H3 PAcCCMOTPeHus: ofLied
CTPYKTYyphl (pefinManoBcKUX juarpamm. Hcenonbsysi BHpaXKeHHS
(7.1.32), (7.1.33) n coornomenne A;(d) ¢; = A;(O)c; =0 (cp. ¢
(7.1.26)), nonyuaem dopmy.y (7.1.29).

Hcnoabays dopmyay (7.1.29) u nonaras ¢ = 0, MOXKHO MepenHcarhb
cooruomenue YT (7.1.27) B Buje

if 2(0|T[01 (x1). . .8%04(%5). . .1]0) =

:a—liJd“y?»i(dy)(OIT[G?CD(y)Ol(xl)...]IO) s i=1,..., m.
(7.1.34)
Takum o6pasoM, Mbl HCKJMIOUHMH € U3 cooTHomenus YT (7.1.27).

Mepectpoiika cummerpun. Ilycrs ¢f (0 = 1, 2, ...) — Bce dusu-
yecKHe noJjsi, KPOME ToJIICTOyHOBCKHX 6030HOB. X ypaBHeHus sanu-
CHIBAIOTCST B BHJE

A (0) ¢! =0. (7.1.35)

3areM, MOCKOJBKY Z77 @) 8D (x) — ;] (=1, 2,...,m)—
cBsispBaoiee mone mas Y (cm. pasencrso (7.1.19)), coorHomeHus
(3.5.17), (3.5.18) mator

Sy (x) = : (T [P (x) exp S£])c:, (7.1.36)
= (T [exp S#})., (7.1.37)
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TA€ ompejejeHue cKOGOK MOA 3HAKOM 7-TIPOU3BENEeHHS MPHBEAEHO
B a63aue, ciepymomeM 3a dopmyJoit (3.5.14); kpome Ttoro,

of = 7 [a'e (; 7i €) A (9) Z72(9) 80 (B) -

. X [¢7 (&) A ) ¢: (@]) . (7.1.39)

31ech ¢; — cBA3bIBaIOIEE n0Je Aas @y, s CBO6(_)ILHI)IX qmsmlecxnx
noJieli Mbl BuGepeM Bxogsmue noas (. e. xf = ", ¢f = ¢l").
Byrnem uckars takoe ¢-npeo6GpasoBaHue
%7 () > %7 (%) -+ 0:8:x] (x),
0. (7.1.39)
@F (X) > 7 (x) - |- 0:8007 (x),

KOTOpOe Topojaer Z Q-nmpeo6pasoBanue reii3eHGEPTOBCKOTO HOJS
VP (x), He MeHsoLIee BeTHYHHEL S (BC/eICTBHE HHBADHAHTHOCTH ypaB-
Henusi ['efizen6epra). [Tockosabky Q-npeo6pasoBaHue HENPEPHBHO, A1
Halled LeTH JOCTAaTOYHO pAaCCMOTPErb TOJMNBKO OECKOHEUHO MaJible
npeo6pasosanus. Toraa coorHomenus (7.1.36) u (7.1.37) npusogsr
K YCJOBHUSM

(T80 (x) exp o)), : =

= < [0 <x>Jd§$‘6x, ® 2, 0) Z 810 ) +

4+ Z 802 €) A; (9) ¢; (g)) exp w] > : o (7.1.40)
j

4

0= — - < { | dg@a,x,@x(O)Z“‘“é%D(%)r

Eacp,(g) 0)¢>,(§)exp&¢]>: (7.1.41)

(4

cooTBeTcTBeHHO. 31eck O (x) o603Hayaer reizen6eproBeKHit oneparop.
3amerum, uto coorHouenue (7.1. 41) SIBJIAAETCSA YACTHBIM CJydaeM COOT-
Howenus (7.1.40) (npu O (x) = 1).
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C npyrofi ctoponsl, u3 cootHomenuss YT (7.1.34) cnenyer
ifi: (T80 (x) exp HA])e : -+

m

4 <T [0 (0 [a' (Z 1 ©) 2 (9) Zj " "818j0 (€) +

=1

+ Ve @A @81, (.&)) exp mD -
i

= _al— J d*yh: 0):(| T 183D () O (x) exp H])e:.  (7.1.42)

CpaBnubasi (7.1.42) u (7.1.40), Haxonum

: <T [0 () [ d' ( N (27742 @) 4 0) 82800 ®) -+

j=l
+ 27 8 €)1 (9) 8] (§)] -
+ Y1805 @) Ay 0) ¢ B) + 0f (8 A, (9) 0%y (€] —

— aL A: (0) 82D @) exp m] > '=0  (7.1.49)
4
amai=1, 2, ..., m. 910 onpejensier g-upeoGpasoBaHue.

UroOk nepefiTH K AaibHeANINM BBIK/IaKaM, BCIOMHUM CJIENYIOLLYIO
Jemmy. PaccMorpuMm ypaBHenHe st cBoGogHOTO 1osis A (4) g (x) = 0.
Eciu mByxTOueynas ¢yHKIMS Jns refi3eH6eproBCKOro omepaTtopa
P (x) He cofepXKUT ocobeHHOCTH THNA mogioca Al (), To

[dixg ()2 0) (OIT bp(x)...1]0) = 0. (7.1.44)

9TO MOXKHO JI0Ka3aTh ¢ IIOMOINbI0 MHTETPHPOBAHMS MO YACTSIM.

Iockonbky O (x) — 37eMeHT HENPHBOAHUMOTO NPEACTABJACHHS
TPYNOB ¥ NOCKOJNbKY N0 NPEANoN0XKeHHI0 GeCKOHeYHO MaToe npeobpa-
30BAaHHE HMeEeT BUJ

8D, = i (Mi)em D, (7.1.45)
CrIpaBeJINBLI CJenyIolue paBEHCTBA:
8D = i (A))ym D, (7.1.46)

898D = 2 (MA) D =~ (g, Ml -+ {As, A })imm D (7.1.47)
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Taxk kak A; — MaTpuupl npeoGpasoBaHusl IPYMNNLl, MEePECTAHOBOUHLIE
COOTHOIUEGHHSI JJIfi HUX TONUHMHSIOTCH anareépe Jlu

[7\:,', }\:,] - iCi]'k}“h' . (7148)

Co §00M0mbfo cooTHomenH (7.1.46)—(7.1.48) MOXKHO mapaMeTpH30BaTh
(',' ]'q):
50800 = X £ () BRD . .., (7.1.49)
k

rae
1
eijr (0) = — 5 [Cijn = dijnl, (7.1.50)

a d;;; OnpeesieTcs ¢ MOMOUBIO PaBeHCTBA
{}"ir )"j}lmCDm = [diik (}"k)lm(Dm + ...,

npuyeM
dijr = djin- (7.1.51)

Ujensl, o6o3HaueHusie MHororouneM B (7.1.49) u (7.1.50), He co-
JepKaT CBSA3LIBAOIIETO NOJsI TOJJICTOYHOBCKHX GO30HOB M, CIENOBA-
TeJbHO, COIVIACHO MpeJpIyinel JeMMe, He Aa0T BKJIaja B JEBYIO YacTh
coorHomenus (7.1.43). 3aMeTHM, UTO 3TH YJICHBI HE BOSHHKAIOT, €CJH
{}\/i, A:J} = idiih}"k'

Mgpl MoxkeM BuIGpaTh CBSI3BIBAIOUIME MOJA TaK, YTO

8¢ (x) = ; e (0) b (%) - - -, (7.1.52)

rJe MHOTOTOYHE OB03HauaeTr YJeHbl, He cojepiKaujie CBA3BBAIOWIHUX
noneit ¢f (x) (¢ = 1, 2, ...}. [locaegune 4ieHs HE AaiOT BKI4J1a B Je-
BYI0 yacTh (7.1.43). Mpl BUHM, 9TO 10 TOH 2Ke IPHYHHE BKAAA B (7.1.43)
JAI0T TOJABKO Te & (0), WIS KOTOPHIX ¥} M Y HMEIOT OJHY H Ty Xe
suepruio (T. €. A; (0) = A, (0)). AHanoOruyHo B BhIpAXKEHHE (7.1.43)
JAI0T BKJAA TOABKO Te e, (0) us (7.1.52), ana kotophx Ay (0) =

Cootromernue (7.1.43) npuBOAUT Tenepb K CJEAYIOMEMY g-nipe-
06pa3oBaHHIO: -

8%f (x) = [Z:" (0)/ar] 6:; — 2}} (Z;1Z4) ir; (—0) 1% (x), (7.1.53)
890§ (x) = — Zk} “eir (—0) @} (x). (7.1.54)

B coorsomenusx (7.1.53), (7.1.54) cumBon X’ o3Hayaer, YTO CyMMH-
pOBaHHE MPOBOAHTCS TOJNBKO MO TEM IOJSIM, SHEPIHH KOTOPHIX PABHLI
SHeprHH MO, BXOAAUIErO B JieBYIo yacth. [IpeoGpasoBanus (7.1.53),
(7.1.54) saBasiorcs ¢-npeo6pasoBaHMSIMH, KOTOpble NPEACTABJAIOT
coboit HabmonaemMbie NposBAeHHs Q-npeo6pasoBanusi. B cieayiomem
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pasjesie Mbl IPUBEJEM HEKOTOPbIE NPUMEPhI NEPECTPOHKH CHMMETPHH.
®opma nepecTpoiKH CHMMETPHH HAK/IaIbIBaeT OTPaHHYEHHs HA hopMy
JMHAMHYECKOro oTofpaxeHus.

Jlokaxem Temepb, YTO ypaBHeHHSI CBOGOAHOTO MOJS NSt (H3H-
YECKHX noJiefi %Y ¥ ¢} HHBAPHAHTHBI OTHOCHTENBHO ¢-NIPEO6PA30BAHHUS.
IlepBoe cnaraemoe B (7.1.53), Kotopoe mosiBisieTcas B pe3ysbTare
TPAHC/ISIIUM NOAA ¥}, HE HApyuUIaeT HHBAapHAHTHOCTH YpPaBHEHHIt
CBOOOJHOTO 1MOJIf, TaK KaK CIEKTP TONACTOYHOBCKHX GO30HOB He
obnanaer meanio, T. e. A; (0) = 0. Bropoe caaraemoe B (7.1.53) He
HapylIaeT HHBAPMAHTHOCTH YPAaBHEHHUSI CBOGOAHOTO MOJS, TaK Kak
B HEr0 BXOJSIT TOJIBKO JIMHEHHEIE KOMOMHAIIHH TOJIICTOYHOBCKHX TOJIEH
C OfHOH H TO# ke snepruedt. Anamoruyso u (7.1.54) He mapymaer
HHBADHAHTHOCTH YPaBHEHHUs CBOGOJHOIO 10,

Jlokaxem 3ateM, 4To g-npeoGpas3oBaHHe OCTABJIACT HHBAPHAHTHHIMH
KaHOHHYECKHE COOTHOIIEHHS MJs1 ¢usuyeckux nosneli. Korma g-mpe-
o0pas3oBaHHe TOJYYEHO B BHJE

Siyj = [z (O)/ai] 8:; - i (4:) e s (7.1.55a)
8097 = i (00)r ¢, (7.1.556)
KaHOHUYHOCTb (PM3HUECKHX MNoJefl BEITEKAET U3 YCJAOBHI
)i = (U )ej = — (o), (7.1.56)
(00) i = (67 )x}s (7.1.57)

NpHYeM BelEecTBeHHOCTh ¥} BUAHA u3 (7.1.56). CooTHomenns (7.1.56),
(7.1.57) npexcraBisiior co60H yCJAOBUS YHHTAPHOCTH AJIS JIHHEHHOH
yacru (7.1.55). 31ece Mbl JoKaxkKeM TOJBKO CNPABE/JIHBOCTh COOTHOLIIE-
Hust (7.1.56), mocKosMbKy crupaBejiuBocTh paBenctBa (7.1.57) moxer
OBITh JOKa3aHa aHAJOTMYHO.

. Samerum cHavana, uro Q-mpeoGpasoBaHue JIOGOTO Tefi3eHGeproB-
CKOro OmnepaTropa MOXHO BHIBECTH H3 g-TlpeoOpasoBanuil (7.1.53),
(7.1.54), mockoabKy Qopmynaa (7.1.43) cnpasemimBa misi JH0GOTO
O (x). Ecnu nunamuyeckne oto6paxenus onepatopoB A u B 3ajaHbl,
AuHaMHYeCKoe oToOpakeHHe npousselenuss AB nosyuaerca 3ameHok
IpOH3BEJIEeHH HOPMaNbHLIX NPOU3BENEHUH CBOGOJAHBIX (PHIHYECKHX
NoJIedl Ha JIMHeHHble KOMOHHALUY HOPMA/NbHBIX TPOM3BENEHHH TeX XKe
HoJen:

A @ B (%) = AB Y. (7.1.58)

His npocToThl MEL paccMOTpeNH TONBKO CAyuail TFOMACTOYHOBCKHX
6o30HOB. CHpaBemIHBO PABEHCTBO

AB (') + 0° (824B) (1) = AB(x" +0'8")  (7.1.59)
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rie Jesas uacTh — pesyJbTar Q-npeo6pasoBaHus, HPHMEHEHHOTO
Kk AB, a npaBas yacTb — peayJbTar ¢-npeoGpasoanusi. C ApYyrou
CTOPOHBI, TOCKOJIbKY

[A () + 0°8°A (4O [B (%) + 6°8:B ()] = AB (1°) + 0°61AB (x°)s
(7.1.60)

TO MBI HME€EM

A@O - 078;7%) B (x0 - 098,50 = AB (x* + 0%8:x),  (7.1.61)
OTKY/la CJIeAyeT, YTO JiBe OIepallHt, 4 HMEHHO N0JCTAHOBKA (7.1.53),
(7.1.54) u B3sTHE NPOU3BEJEHHS, KOMMYTHPYIOT APYT € APYroM. Ecan
MBI CPABHHUM MaTpHUHbIE JEMEHTEL B 00eHX gacTax paseHcrsa (7.1 .61),
10 OGHAPYKHM, YTO 4ACTD NoJiefl °, B KOTOPEIX POH3BEAEHO ClIapHBA-
HUE, y4acTByoWasa B 00PA30BAHUU [IPOU3BEACHHS AB (%), He yuact-
ByeT B g-NpeofpasoBaHUsX MPaBoil yacTu paBeHcTBa. ClIeI0BATE/bHO,
BKJIAJbI OT HUX JOJKHBL 00PAalaThCs B HYJb. B 4acTHOCTH, €CIH AJA
A v B BHGpanbl cBs3bIBaoWye noas y; (x) uy; (0) cooTBETCTBEHHO, TO
cpeHee MO BAKyyMY OT BEeJNHUHHBI, ONpeeasieMoi (7.1.61), pasHO

O]y (x), 0%8:1° ()] 0) 1- (0] 8%8ex? (), %7 () |0) -+ G (x, ) =0,
(7.1.62)

rie G (x, y) coflepUT ABa UM GoJiee criapuBaHuil mosei v°. [Tepexoas
K T-TpOU3BeieHUAM, NOJydYaeM

O] T %2 (x) % 9110 0 (te) e +
10k (L)e O] T 1S () 5§ @1 0) + Ge (x, ) =0.  (7.1.63)

UjieHbl, KOTOPBIE COJEPKAT B HMITYJbCHOM NPEACTABJIEHHH (7.1.63)
HOJIOCHI, BO3HHUKAIOT TOJBKO H3 NEPBBIX ABYX CJaraeMelx, C/ae10Ba-
renbno, (4);; = —(t):j- C APYroil CTOPOHBI, NMOCKOMBKY X% H Sy
BEleCTBEHHE!, H3 npeobpasopanus (7.1.55a) BuaHo, uto (f;);, MHHMAs
penpuuHa. TakuM 06pasoM, Mbl nojydaem coorHoimenue (7.1.56).

Mbl OKasajH, 4TO KaxkJoe g-npeobpasoBaHHE eCTb KOMOHHALMS
TPAHCASIMH TOJAST TOJIJACTOYHOBCKHX GO30HOB %% (x) — %7 (x) +
~+ ¢-uucso | m 06pasoBanys JHHEHHON KOMOHHAIMH GU3HYECKHX noJieH
c ofHOH U TOf ke 3Heprueit [6—8), u sTa onepauus ocraB/IseT HHBA-
PHAHTHBIMA yPaBHEHHs JJIs1 CBOOOAHBIX (PH3HUCCKHUX noJjiedl U KaHOHH-
YyeCKHE KOMMYTAIMOHHBIE COOTHOIIEHHUS.

3aMeTHM, uTO TeHepaTop, KOTOPHIH CMEIIMBaeT HEKOTOphie CBOGOA-
Hble TIOJIS C OAHON ¥ TOH K€ 3HepTHeH, UMeeT BUA X oc;“oc,-. Cnenoba-
TeJbHO, OH paspylaer BakyyM. Ycaosue N;|0) 7= 0 pist HEKOTOPHIX
3HAYeHHH [ IPUBOJMUT K TOMY, UTO §-1IPE06pa3oBaHHe OJIKHO BKJIOYATH
TPAHCAANMIO TONACTOYHOBCKHX TNOJIEH, KOrJa HMeeTCsl CIOHTaHHOE
HapymeHue cumMerpuH. Taxum o0pasoM, CIOHTaHHOE HapylieHHe
CHMMETPHH TPeGyeT CyIecTBOBaHUA 6030HOB ¥’ ¢ 6ecliie/IeBbIM SHepre-
THUECKHM CIIEKTPOM. DTO ele OJHO JOKa3aTeJbCcTBO TeopeMbl I'o-
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croyua. Tor daxr, urov; 5= 0(7.1.23), c1yKUT NpOSIBJIEHUEM OPSAKA,
KOTOPHIHl BO3HHMKAaeT NPH CIOHTAaHHOM HapyIUEHHH CUMMeTpuH.%He
ofpamallnuecsi B HyJb NapaMeTPsl U; Ha3HIBAIOT MapamMeTpaMd Mo-
pAaKa.

VHTYHUTHBHO TIOHATHO, YTO B YNOPSAOYEHHOM COCTOSIHHH JAOJIKHA
OLITh CHCTEMA HEKOTOPHIX KBAHTOBHIX BO30OYXKAEHHH, HAXOLAUXCH
B OCHOBHOM COCTOSIHWH, NpHUeM TaKHM 06pa3oM, UTO HX KBAHTOBHIE
yyucaa «OTNEYaTHIBAIOTCA» B TOM COCTOSIHHHU, CO3JlaBasi CTPYKTYpY.
DTH KBAHTOBLIE BO30YXKIEGHHA JIOJKHBI TONUMHATHCA CTATHCTHKE
Boae, 9ToOLl ObLIa BO3MOXKHA UX KOHAEHCAIHSA B OCHOBHOM COCTOSIHHH.
JIpyruMH CJOBaMH, B NIpolecce NHHAMHYECKOH NepecTpofikd BO3HH-
KaeT HyJIeBOH yDOBeHb 3HePTHH GO30HOB, M KOHJeHcanus OGO030HOB
B 3TOMfCOCTOSIHHH CO3@eT CTPYKTYPY OCHOBHOTO COCTOSIHHSI. ITH
6030Hb! ABAAIOTCS IMOJICTOYHOBCKUMH 6030HaMu. Korza refizeH6epros-
CKOro moJisg 6o3e-THNA HET, NPH AMHAMHYCCKOU IepecTpoiike, ecrect-
BEHHO, BO3HHKAIOT COCTABHBIE YACTHILI, ABJAIOLUIHECS TOJICTOYHOB-
cxuMu Goszonamu. EciH BO3HUKaeT KOHAEHCALHUS, NPH KOTOPOH IJIOT-
HOCTb KOHJEHCATa 3aBHCHT OT BPEMEHH WJIM NOJOXKEeHHS B NPOCTPAH-
CTBE, TO B pesynabrare 00pasyloTcsl NPOTSKECHHBIE BO BPEMEHH WJIH
B NIPOCTPAHCTBE OOBEKTH. ITH NPOTAKEHHbIE 06BEKTLL Mbl PACCMOTPHM
B IOCJEAYIOHMHX TJaBax.

O6parnM Halue BHUMaHHe Tenepb Ha GpU3HyeckKue NoJs ¢f, 3Hepre-
THYECKHH CMEKTP KOTOPHIX HMeeT IIeJb, H NMOJYYHUM COOTHOIIEHHE AJA
cnapuBanus Tuna (y;$;¢,) B cayuae, Korja ¢} v @ o61ajaoT pasiHd-
HBIMH 3HepreTuyeckumu crekrpami (t. e. A; (0) 5= A, (9)). U3 coot-
pgomenusa YT (7.1.34) Bmecre ¢ paBeHcTBOM (7.1.52) momyuaem coort-

HOILIEHHE

if (Zeﬁk@l’rm (¢ @110)+ Y e (0] T [ (x)¢2<y>]!0>> =
k ke

= ”al““ [ d'21: (20| T [60D (2) ¢, (x) 67 ()] 0).  (7.1.64)

[MockonbKy npencrasienue (7.1.52) ynurapHo, umeeM
e, = — elkj. (7.1.65)
PaccmorpuM Temepb TOT aKT, YTO, NOCKOJABKY ¢; — CBSI3LIBAlOllEe

none Jia @Y, JUHEHHBIH UYTeH B JHHAMHUYECKOM OTOOpaXeHHH ¢;
cofiepuT TOJMBKO ¢f. CienoBarejpHO, COJepKalUH TOMIOC UJeH

B cnekrpasnbuom npencrasaenun (0] T [¢, (x) ¢7 (y)1]0) obpamaercs
B Hysb nipu k == [ . Torna us coorHowenuit (7.1.64) u (7.1.65) crenyer

ineyj {(O| T [1 (x) #T (9)]10) — (O T [; (1) 4] ()] O} =
= % [ d'2ri (02) (O] T [80D (x) ¢ (1) 6T ()] 0),  (7.1.66)

TJie MHAEKC p OTHOCHTCS K BKJIAAy MOJIOCHBIX 4IeHOB ¢f u ¢!. [Tpeamno-
JIOXHUM, 4TO @f H @} HMEIOT OJHH H TOT K€ SHEPTeTHUECKHH CIeKTp.
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Torpaa neBas yactb o6paulaercs B HyJb, a IpaBas CTAHOBUTCS 3JIEMEH-
TOM S-MaTPHIE!, COOTBETCTBYIOWUM Hepexoay ¢f — ¢? 4 (x° ¢ Hyse-
Bo# 3Heprued). B stom ciyuae paBencrso (7.1.66) — wacTHBIE cayyait
TEOPEMbl O HH3KOJ/EXAIIHX YPOBHAX SHEPrHH S-MaTpHUbL, KOTOpas
yCTaHaBJIMBaeT, UTO 3HEPTHUs HYJEBOTO cocTosiHud ¥° He paer Bkaaza
B S-marpuny. C Apyrofi CTOPOHbI, KOrAa SHEPrHs ¢} MeHbuIe, ueM ¢f
NPH 3aJJaHHOM HMITYJIbCE, MBI OCTABJSIEM B BhipaxeHnuH (7.1.66) aumb
YIeHbl C TOJIOCOM Yy @), YTO MPHBOAMT K COOTHOLIEHHIO

ifeq (01 TI$1 () ¢ 9|0}, = 5 [d'20:0:) (O[8D R ¢ ()T ()]0} .
. (7.1.67)

3aech uujekc P, o6o3Hayaer ujeH ¢ mosiocoM B ¢f. [IpaBas wvacTb
COOTHOIIEHUS] — BHEIIHSS 110 OTHOIIGHHIO K 3HEPTETHYECKOH 060A0YKe
4acTb ¢;; OHA MOXET ObITh HCHOJbL30BaHa AJs OupefeseHus (y;¢;¢,)-
cnapusanus. Takum o6pasoM, (7.1.67) CTaHOBUTCS COOTHOUIEHHEM
JJIs1 KOHCTAHTHI ();$;¢,)-CllapUBaHHUsI, €CTH SHEPIeTHYECKHE CIEKTD ¢f
oraMyed ot crnekrpa ¢j. Takoe (y;¢;¢,)-cnapuBaHue MOMKET HHIYIH-
poBarthb nponecc ¢f — @7 - x? 1 genath ¢ HecTaGHAbHBIM. AHaJIOTHY-
HO€ pacCyXkJeHHe NPUBOLUT K BHIBOAY O TOM, YTO ¢} CTAHOBHUTCH He-
CTabUJ/IbHBIM, KOTJA 3HEPTHs noJas ¢f 6osbmie sHeprund ¢f. IloxsBoxs
HTOT, MOXHO CKa3aTbh, YTO B NPEACTaBJIEHUH {¢;} g-Tpynnwl ¢? He
MOTYT pasjauyarbcsa No 3HeprusiMm. C APYrofi CTOPOHBI, HapylIeHHE
CHMMETDHH CTPEMHTCSI CHATh BBIDOXKJEHHE IO SHepruu y ¢f. Takum
06pa3oM, 4acTo OKa3EIBAETCS, UTO MHOTHE NOJIst §f CTAHOBATCSA CHHIJIET-
HBIMH NPEACTABJAEHHUSMH ¢-TPYIHIBL. DTOT NPOIeCC NMOPOKAAET GONbIIOE
KOJIMYECTBO (f, HE MEHSIIOIUXCS [IPHU §-TPE0GPA3OBAHUAX; STH MO (Y
«3aMOpoXeHbl». Takum 06pasoM, CIIOHTAHHOE HAPYIIEHHE CHMMETPHH
CTPEMHTCHA 3aMOPO3HTb «MACCHBHLIE» NOJS ¢f, T. €. MOJS, YHEPIeTH-
YEeCKHH CNeKTP KOTODHIX HMEET ILEJib.

Koneunnie Temmepatypbl. 3aBepmum 3TOT pasje] 3aMeuaHHeM
O TOM, YTO BCE NMPHBEJEHHbIE BBHILE Pe3ysabTaThl MOTYT GbiTh pacmnpo-
CTPaHeHbI Ha C/Iyuali CHCTeM IIPH KOHEYHBIX TeMIeparypax, [MOCKOJIbKy
CTPYKTypa AWHaMHuecKoro otoGpakenus (4.2.53)—(4.2.55) u cootHo-
wenne YT (6.2.1) Te xke, yTo U Npu HYJEBOH TeMIepaTtype, XOTsl NpH
He PABHOH HYJIO TEMIePaType BO3HHKAET THJBJA-CONPAXKEHHOE TOJE.

7.2, MaszoBas cMMMETpHA

PacemoTpuM marpaH:kuaH KOMIIEKCHOTO reii3eHGeproBCKOro moJs
VP (x). Bynem cunrath, yro sarpanxkuan & (P, p*t) nHBapuanten npu
(pazoBom npeobGpaszoBaHuu P —> exp ((0) . IIpumem, uro

v = (0] (x) + ¥F ()] 0) % 0. (7.2.1)
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Mojiesib TaKoro BHJA Ha3bIBAETCH MOJENbIO TOJACTOYHOBCKOTO THHA
[2, 6]. Mui BHI6epem MPHBOASAIIHA K HapyIUEHHIO CAHMMETPHHU JiaTpaH-
xkuan &, B suge L, = & (Y -+ p*), 1. €.

D (x) =¥ (x) + P+ (»). (7.2.2)
Takum o6pasom, da3oBoe npeobpasoBaHue NPHUBOAUT K TOMY, UTO
8D (x) =y (x) =i [P (x) —¢Pr (x)]. (7.2.3)

[ToCKOMBbKY MMEeTCs TOMbKO Of\MH T€HEePaTop, MOsB/IAETCS JIHIIb OfHH
rOJICTOYHOBCKH 6030H [61%° (X), ypaBHEHHE I/1s1 KOTOPOTO HMEET BUJ,

D (@) y° (x) = 0. (7.2.4)
31ech OTCYTCTBHE Ie/1H B HepreTHueckoM crekrpe x° (x) npossasercs
B CJEIYIOLIEM CBOHCTBE:

D (0) == 0. (7.2.5)

[efizenGeprosekoe 1ode y, (x) ABAAETCS CBA3LIBAIOWIUM MNOJEM TOJA-
CTOYHOBCKOTO 6030Ha:

w () = 27 @) %0 (x) 4 ... . (7.2.6)

EMHCTBEHHAs YacTHIA, KOTopas nosiBasiercs B (P - PT)-kanaie,
0OblUHO HecTabHJbHA, TAK KAK OHA MOXKET pacilafiaTbCs HA TOJACTO-
YHOBCKHE GO30HHI.

CooTHoulenue (7.2.3) npHBOJUT K PABEHCTBY

§98°D (x) = — D(x). C(7.2.7)
I[TockonbKy B npaBoit dactu (7.2.7) Her 8°@® u nockoabky B @ (x)-Ka-

HaJe He TOsBJsercs HH ofHOro 6osona y°, coorHomenus (7.1.49) u
(7.1.53) NpHBOAAT K PaBEeHCTBAM

8y° (x) = Z'2 (0)/a = vZ=": (0), (7.2.8)

tak kak u3 (7.1.24) caenyer, uro v = Z (0)/a. Takum oGpasom,
tasoBoe npeobpasoBaHue

P — ety (7.2.9)
MHAYLLHPOBAHO NpeoGpasoBaHueM ,
0 (x) =20 (x) 4 0Z (0) 0, (7.2.10)

KoTopoe npeacrasisier coboit capur moas ' (x). [lpeoGpasoBanue
(7.2.9) onpenensier Q-npeoGpasoBanue, a (7.2.10) — g-npeoGpasosa-
Hue. TakuM 06pa3oM, Mbl HOJYYHJIH JHHAMHYECKYIO NEPECTPOHKY
¢asoBoii cummerpun [6]. IIpuBeneHHbE Bblile Pe3yAbTATHl IOKa3bl-
BAlOT, KaK (asa CHCTeMEl OTpefesieTcss KoHAeH calued ToJACTOyHOB-
CKHX GO30HOB, KOTOPHIE B 3TOM CJiyyae HasHBAWOTCs (PasoHAMHU.
DTOT pPesyJbTAT MOMHO TaKiKe BHIBECTH M3 TNPABHJA,” COTJIACHO
KOTOPOMY ¢-TIPe0GPa30oBaHue AOJIKHO BKJIOYATh CABUT NOJS TOJIACTO-
YHOBCKOTO (030Ha H MOXKET TaKKe COJEPKaTh CMelHBaHHe (PU3MYe-
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cKHX noJje#l. [TockoNbKy cylecTByeT TONbKO OJHH FeHepaTop, CyLlecT-
ByeT JIHIIb OJUH TOJACTOYHOBCKHH Goson. Takum ofpasom, g-mpe-
o6pasoBaHue ecTb MPOCTO CABMI MOJIsl TOJICTOYHOBCKOIO 6030Ha.

IMockonbky capur noas x° (7.2.10) nopoxnaer dpasoBoe npeobpaso-
Banue (7.2.9) refizen6eproBCKOro NoJsi\, AHHAMHYECKHE OTOOP a3KEH U]
P (x) # S uMeoT BHI

P (x) =:exp (—Z—Z‘/z (0) x° (x)> F [0y, (7.2.11)
S=:8[dy, (7.2.12)

rie cuMBoJoM 0%° o603HaueHBl MPOU3BOAHBIE OT §°.

PaccmorpuM Tenepp $a30BO-MHBAPHAHTHYIO MOJesb (PEPMHOHHOTO
reif3eH6eproBeKOro moJs, ONUCHBAIOIIETO CIHHOBBIH AyGJIeT y, | (x).
Jlarpan:xnan MHBapuaHTeH Npd (a3oBoM npeobpasoBaHUU

Py, v = exp (i0/2) Py, | (x).

Moyenb 3TOro THIA HA3BIBAETCs1 MOJE/BIO CBEPXTPOBOAUMOCTH. B 3TOM
caydae napaMeTp mopsAjiKa paBeH

0 = (0 1y () 4 () + YL () §] (1) | 0) £ 0, (7-2-13)
a NpUBOJALIMA K HAPYIICHHIO CHMMETpHH Jlarpanxuad &, = eD, rae
D (x) = Wy () $a (X) + Bf (0) ¥ (x). (7.2.14)

B 3ToM cayyae uMmeeMm BhipaxKeHHe
1) =8O =ily, (e () — i@ Wb (7.2.15

KOTOpOe OINpeJesierT CBAabiBawollee mnose y° 1jas roJACTOYHOBCKOTO
6030Ha:

w (X)) =27 @) %0 (x) + ... . (7.2.16)

BoOnbmas yacTe apryMeHTOB B HOJb3Y CIPaBEJJIMBOCTH TOJIACTOY-~
HOBCKOH MOJeJM NPHUMEHHAMa M JJIs MOJIEJH CBEpPXMPOBOIUMOCTH.
EJMHCTBEHHOE CYLIECTBEHHOE OT/IHYHE COCTOHT B CYIIECTBOBAHHH
KBasusynekTpoHa ¢°. Takum o6pasoM, Mbl MOXKEM IIOKa3aTb, YTO CABHT
OJIs1

¥ (%) =% (x) + HvZ—/+(0) O (7.2.17)
IPHBOJUT K (pa3oBoMy mpeoGpa3oBaHHIO
P —exp (i76/2) . (7.2.18)

JunamMuueckue oro6paxkeHusaPp U S HMEIOT BHJL, cXolHbli ¢ (7.2.11),
(7.2.12):

Y () = rexp (-2 (010 (9) Floxt, ¢%]:,  (7.2.19)
S=:8[0y, ¢]:. (7.2.20)



Jlunamuseckas nepecmpolixa cummempuu 243

BcnoMuEuM Tenepb, 4To NJOTHOCTD
p (x) =Pt (x) b (x) . (7.2.21)

YJOBJIETBOPSE€T IEPECTaHOBOYHBIM COOTHOMIEHHSAM JJs OIEPAaTopoB,
B3ATHIX B OJHH U TOT 2K€ MOMEHT BPEMECHHU!

[p (x), ¥+ @) @18 (e — 1) = P (x) 8@ (x — y), (7.2.22)
OTKyJa cJjaeayer, 4yto
N = — [ dxpt (0¥ (x) (7.2.23)

fBJseTcs reHeparopom (asosoro npeoGpasoBanusi. Ilockoabky N
reHepupyer ¢pasosoe npeobpasoBanue, remepatop N KOHCTpyHpYyercs
NPH TIOMOLIM BeJHUYHHBI, KAHOHHUECKH CONPSIKEHHOH BeJIHYHHE
(20)™ Z': (9) y°, a umeHHO

N =20 [ dxz="1+ (9)

Jg
=7 (7.2.24)
[TosToMy AHHAMHYECKOE OTOGpamKeHHe O (X) MMeeT BHU
" d
0 (X) =—20Z=2(0) 1" () + ... . (7.2.25)

Bcenomunas, uro N — HETEPOBCKMI reHepaTop, Mbl OyieM CUHTATD,
uTo P (X) — YeTBEPTAs KOMIOHEHTA HETEPOBCKOTO TOKA: P (x) = —N,.
C Apyroil CTOPOHbI, MOCKOAbKY dHEPreTHyecKHH crnextp ¥’ He uMeer
wesd, paBeHcTBO (7.2.4) MOXKHO NepenHcath B BHIE

D¥ (0) 9,y° = 0. (7.2.26)

Taxum 06pa3oM, U3 3aKOHa coXpaHeHHs Toka 0N, = 0 caenyer, 4to
JHHAMHYECKOe oToOpakenue N, HMeeT BU

N, (x) = —20Z7"= Q) Dyx° (x) + ... (7.2.27)

7.3. [AuHamHyecHas nepecTpoMHa
CMNHHOBOW CHMMETpPHH

B sToM pasjesie Mbl H3yUaeM CIIOHTAHHOE HapyIIeHHe CIHH-Bpamla-
TeJLHOH CHMMETPHH, KOTOPOE INPHBOAUT K COCTOAHHIO C YMOPsjO-
YyeHHeM CIIHHOB ((PeppOMAarHHTHOMY COCTOSIHHIO).

ITycts S (x) — reiizeH6eproBcKoe MnoJe CNUHA:

[S; (x), S; (9)18 (¢, — t,) = ie;pSk (%) * (x —y), (7.3.1)

rIe &;;;, — NOJHOCTbIO AHTHCHMMETPHYHBLIA TEH30D, HAa KOMIOHEHTHI
KOTOPOTO HAJIOXKEHO YCJOBHE €195 = 1.

Yro6bl YTOUHHTH, KAKHM OGpPa3oM HapyuIaeTcs CIIMHOBAs CHMMe-
TPHs, BBEJIEM JONOJHHTENbHBIA JlarpaHXuaH

Z, (x) = &85 (%), (7.3.2)
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KOTOPBIH MPHUBOJHUT K HADYVIUEHHIO CIHH-BPALIATEIbHOH CUMMETDHH.
BeckoHeyHO Majas KOHCTAHT2 & HMeeT CMBICT Claforo BHEIHEro
MarHHTHOTO MOJIsi, KOTOPO® ONpPeJeNACT HANPABJICHHE IOJIAPH3ALIH.
B KoHLe pacuera HYKHO BBINOJNHHUTb TNPENEJbHBIH TE€PEXo] MNpH
e — 0.

prnna BpaleHHH CTHHA COAEPIKUT NOBOPOTH BOKPYT TpeThedl ocH,
KOTOpPBIE COCTaBJAT abeaeBy noarpynny. 3amerum, uto £, B pa-
BeHcTBe (7.3.2) MHBApHAHTHO OTHOCHTEJBHO NPeo6pasoBaHUH 3TOM
aGesieBoit moArpynnel. Takyio CHTyauHiO MOXKHO 0XapaKTepH30BaTh
YTBEPXKJEHHEM, YTO 3Ta abeseBa IOATPYINA ecThb IOATPYINA YCTOH-
YHBOCTH.

[TockoMbKy Mbl MPHHHMAaEM, YTO BpaliaTelbHas CUMMETPHS OTHO-
CHTEJNIbHO TPeTheH OCH He Hapyluaercs, NoTpeGyeM BHIIOJTHEHHS YCI0-

BHUs
v=(0]S;(x)]/0) 0. (7.3.3)

Hsmenenus S; (x) u &, (x) u3-3a noBOpoTa BOKPYT j-i OCH Ha GECKO-
HEYHO MaJsblH yros 0, paBHBI COOTBETCTBEHHO

0,67S: (x) = 0,€;:Sk (x), (7.3.4)
0,00L o(x) = €0;;3: Sk (%). (7.3.5)
[TosToMy, HampHMep, MOXKHO HaMHCaTh

89S, (x) = —8, (x), (7.3.6)

8IS, (x) = S, (x), (7.3.7)

NZe (x) = —&8s (1), (7.3.8)

83Z¢ (x) = &Sy (x), (7.3.9)

89878, (x) = 83828, (x) = —S, (v). (7.3.10)

Torpa pasenctBo (7.1.12) npu i = j = 1 u @ (x) = S; (x) npuBOAUT
K cooTHoweHnio ¥T
—ifv = e | d*y (0| T IS, (9), Sa(x)1]0). (7.3.11)
Ananornyno paseHctBO (7.1.12) mpui =j = 2 u ® (x) = S5 (x)
HNPUBOJHUT K COOTHOIIEHHIO
—itiv = ¢ | d' (0] T 1Sy (%), S1(»1]0). (7.3.12)

Bcromunasi coorHoumenue (7.1.19) u noaaras @ = S;, MOKHO HoO-
Ka3aTh, 4TO 3JieCh HMEIOTCS JBa TOJJACTOYHOBCKHX Go3oHa %! H ¥,
B IHEPTreTHYECKOM CHeKTpe KOTOPHIX HeT wenau, u uyro S; ( =1,
2) — cBA3HLIBAKILYE MOJST STHX TOMACTOYHOBCKHX GO30HOB:

Si(x) =838Ss(x) =Z" @) y3 ()~ ..., (7.3.13a)
So(x) = —80Ss(x) = —Z* @)y ()} ....  (7.3.136)
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3/ecb HOPMHPOBOUHBIH MHOXHUTENDb Z (0) Ans S; U Sy OMH H TOT XK€,
MOCKOJIbKY CHMMETpPHsI BPAUlEHHsI OTHOCHTENbHO TPEThell OCH coXxpa-
Hsiercs. CleicTBHEM 3TOH BPAIATENbHON CHMMETPHHU SBJSETCS TaKXKe
TO, 4TO %Y ¥ %} YIOBJIETBOPSIOT OAHOMY M TOMY XK€ YPaBHEHHIO

AO) =0, i==1, 2. (7.3.14)
[TocKoIbKY B cnekTpe 3THX GO30HOB HET UleJH, HMeeM
A (0) = 0. (7.3.15)
[anee, uaz coornomenus (7.1.24) caenyer
v = Z (0)/a, (7.3.16)

rie a ompejessiercs paBeHcrsoM (7.1.18).
Y 106HO BBECTH KOMILJIEKCHOE TI0JI¢

w' =27 (x — iy)). (7.3.17)
apMI/ITOBO CONPSAKEHHOE II0JIE onpeaeaseTcs Bpra)KeHI/IEM
= 27 (xd - iyh). (7.3.18)
OueBHHO, YTO
A (0) x° = 0. (7.3.19)

[Tose %°* nopoxiaer KBaHTOBOE BO30yxkJAeHHE, Ha3biBaeMoe
MargodoM, a noJje %’ yuuutoxkaer ero. CBsisniBaiollee Moje MarHoHa
S_ = 2-12(§; — iS,) paBHO

S_(x) = Z': @)y (x) + ... . (7.3.20)

3aMeTI/IM, 4YTO ClipaBeJJIHBbI CAenyIomue paBeHCTBA:
876983 = 696{S3 = 0, (7.3.21)
808583 = 0, (7.3.22)
836085 = S; = 8353 (7.3.23)
830985 = Sy = —&7S;, (7.3.24)
878183 = 630385 = —S. (7.3.25)

Takum o6pasom, cootHouenne (7.1.49) paet

. &g (0) = —e39 0) = 1, (7.3.26)
ocTanbHee &;;;, (@) = 0. (7.3.27)

N3 Beipamxenusi (7.1.53) Temepb BHAHO, UTO IGBOPOT OTHOCHTEJNLHO
nepBoil OCH Ha GECKOHEHO MaJblilt yroJ 0, BbI3BaH Npeo6pa3oBaHHUSMH
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1} (%) = o3 (x) 4-v8,Z2/2 (0),
%3 (%) = x3 (%),

4 MOBOPOT OTHOCHTEJILHO BTOPOH OCH Ha 6€CKOHEUHO MaJblil yroJa 6, —
npeobpasoBaHUsAMH

(7.3.28)

% ()10 (%),
x5 (%) > %3 (x) + v8,Z—"/2(0).
IToBOpOT OTHOCHTENBHO TPeThell OcH Ha GECKOHEUHO MaJbiii yroa O
BbI3BaH NPE06PA30OBAHUAMHU
% % () - O3x3 (%),
7 () =25 () — 0] (x).
Ecan yron 8; xoneuen, To BeJeACTBYE TOTO, UTO BPaUIATENbHAS CHM-

METPHA OTHOCHTEJNBHO TpeThbedl ocu He Hapywaercs, (7.3.30) mpu-
HHMAET BHJ

(7.3.29)

(7.3.30)

%2 = c0os 0,39 + sin 6,%3,
0 0 o (7.3.31)
X9 — €08 O35 — sin 0,%9,

C pyroii cTopoHBI, MOBTOPHOE PHMEHEHHE IPeoGpa3oBaHH i (7.3.28),
(7.3.29) nokaseiBaeT, 4TO 5TH MPeOGPA3OBAHHA OCTAIOTCS CIPABELIH-
BBIMH_H IPH KOHeuHHX 0, u 0,. t

Takum o6pasom, Mbl BUAUM, uTO npeobpasosanus (7.3.28), (7.3.29)
M (7.3.31) saBasioTcs 1npeoGpasOBaHHSMH §-CUMMETPHH, KOTOpbIE
HHAYUHPYIOT , CIMHOBBIE BpallleHHusi TIeli3eH6eProBCKOro omeparopa.
ITockonbKy rpynna ¢-CHMMETPHH COCTOMT M3 ABYX C/BHIOB IIOJS M
OJIHOr0 MOBOPOTA, OHA ABJSETCS ABYMEPHOH €BKJANAOBOH IpyNnoH cHM-
Merpud (T. €. rpynnoii E (2)).

IIpHBeeHHbIE BBILIEIPE3YILTATEl MOKHO CHOPMYJIHPOBATD CJIELYIO-
UM ofpasom: rpymna cummerpud SU (2) (rpynna crniHHOBOH CHMMe-
TPHUH) IPH JHHAMHYeCKOl nepectpofike mepexogut B rpymny E (2),
ecan noarpynna cummerpun U (1) (rpynna BpaiieHuii BOKPYT Tperhei
OCH) ecTb MNOArPYNIa YCTOHYHBOCTH.

D10 3aMeyaTebHBIA CIYYafi B TOM CMBICJIE, UTO HaXKe CTPYKTypa
TPYNNbl H3MEHsieTcA NPH nepecTpoiike cummerpuu. [IpuunHa 3TOrO
M3MEHEHHSI CTaHeT OYEBMIHOH, €CJM Mbl BCIIOMHHM, YTO T'€HEPaTOphl
BpAllleHHsl CHHHA IIOJYYaloTcsl NPH HHTErpHPOBaHHH S; (¥) mo _mpo-
CTPaHCTBY:

Si () = [ axS; (v). (7.3.32)

Hrofbl BoIpasuth 3TOT (PaKT B TePMHHAX dusuueckHX mnosed x{ H xS,
MBI JIOJIKHBL CHayasa HalTH JuMHAMHYecKoe oTo0paxeHue S; (x;
%, %%) omeparopa CHHHOBOH MJIOTHOCTH, BEISHCJIHB MaTpPHUHBIE 3jie-
MeHTH (a| S; (x) | b), rae | a) u | b) npunagnexar npocrpauncrsy doka
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IJIs1 MarHoHoB. ITOoCKOMBKY |a) H |b) — BOJHOBLIE AKETHl, COOTBET-
CTBYIOIIHE COCTOSIHHSIM MAarHoHoB, npu pacuere {a|S; (x)|b) Bcemu
yieHamu nopsiaka 1/V (V — oO6wem) moxkuO npeHebpeus. Cienosa-

TeJAbHO, AHHAMHYECKOEe OTOOpaXkeHUe S;, ONPeeaeMOe BHPaXKEeHHEM
(a|Si]b) = [ dix (a|S: (x)]b), (7.3.33)

YAOBJETBOPSIET HEKOTOPEIM anre6panyeckKuM COOTHOWIEHHIM, KOTOPbIE

MOTYT OTJIHYATBCS OT COOTBETCTBYIOMHX cooTHOIeHuH anst S;. Takum
o0pasoM, M3MEHEHHE TPYIIIBl CHMMETPHH BBI3BAHO TeM (PAKTOM, YTO
JIHHAMHYECKOE OTOGDAMKEHHE €CTh COOTHOIeHHEe B caaboM cMbICie, U
pacuer AMHAMHYECKOro OTOGpaXKeHHd BKJIOYAET IPefe/bHBIA Nepexoi
1/'V — 0.

Kak ynomsHyTo B pasf. 7.1, g-npeofpasoBanue B JHHAMHYECKOM
0TOBpaxKEeHHH ONPEAeNsiercs KaK MOACTAHOBKA. MaTpHYHbIE 3JIEMEHTH!
onepatopa P [x; ¢ (x°)] nocite g-npeoGpazoBanus nosydawTcst € TO-
MOIbI0 06Pa30BaHMUS NIPOH3BEAEHUA U AONOJHHTENLHBIX NMPaBUJ s
%°. TTocKONbKY MaTpHUHEIE 371eMeHTH P (x; %°) CBA3aHBI C MepexofaMu
MEXKAYy COCTOSIHHSIMH, COOTBETCTBYIOIIMMH BOJIHOBEIM aKeram,
c-yMcsIa, BOSHUKAIOWHME pu cABUre 11oisi ° — %° ~+ (c-4ynci0), HyKHO
NOHUMATb B cMbicie npeaeaa x° — x° -+ (c-uncao) f (x) npu f (x) — 1,
rie [ (x) — KBafpaTHYHO HHTerpupyemast GyHKUMA (CM. IpuMeEYaHHE
110 noBojy Bhipaxkenus (7.1.3)). 1o T0 Ke camoe, UTO U TIPENLNbHBIH
nepexox 1/V — 0.

M3 Teopuu rpynm usBectHO, 4To cxkarue rpynnel SU (2), ecan
U (1) — noarpynmna ycrofiuuBoctd, jpaer rpymnny E (2). Me moxem
c(hOpMYJNIHPOBATh Pe3yJabTATHl 3TOrO pasjesia CleAylomHM 00pasoM.
Ecsu BpamarenbHasi CHMMETDHSI OTHOCHTEIbHO TPETbEHR OCH COXpaHs-
ercsl, AMHaAMMuecKas nepectpoilka rpynnsl cummerpuu SU (2) aBasg-
ercs. pesyJbTaToM IpefesnbHoro nepexoxa 1/V — 0, KoTopblil BHI3bI-
Baer cxkarue rpynnsl SU (2) - E (2), rae SU _(2),— rpynna Q-cum-
merpuu, a E (2) — rpynna g-CUMMETpHH.

O6paTtumcsi Telepb K JAHHaMHM4eckoMy oro6paxkenuto. Ilycrs
Oy (x) — moGoi#i Telizen6eproBCK Uil onepaTop, KOTOPHIH HHBAPHAHTEH
OTHOCHTEJNLHO MOBOpOTAa cnHHA. ITOCKOBKY IOBOPOT CIHHA BOKPYT
11€pPBOH U BTOPOH OCei BHI3BAH CABHIOM HOJIS FOJNACTOY HOBCKOTrO 6030Ha
x? (i =1, 2), B puHamHuecKoM oToOpaxkeHHH Oy (X) JOJIKHBEL COLEp-
KaTrbCcAd INIPOU3BOJHLIE:

Oy (x) = Oy [x; 0%°, 9x°t]. (7.3.34a)

BoJiee TOro, MOCKOJIbKY MOBOPOT OTHOCHTEIbLHO TPETheH OCH PUBOJUT
K (asosomy mnpeobpasopanuio 3° — e-i%?, oneparop Oy (x) nOMXKEH
ocTaBaTbCsl HHBAPMAHTHBIM IPH hasoBoM npeobpasopanuu. ITockobky
S-mMarpHia WHBAPHAHTHA OTHOCHTEJIbHO BpAIIEHMs CIHHA, HMEEM

S =S loys, oy°tl, (7.3.346)
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OTKYJa CJIyeT, YTO B S-MaTPHLE HeT YJIEeHOB, OTBEYAIOIMMX MATHOHAM
C HYJIEBOH 3HepTrHel, MO3TOMY NOCJEJHHe He YYacTBYIOT HH B KaKMX
B3auMOJEHCTBHSIX. 3TO YTBEpXKJEHHEe HA3BIBAETCS TEOPEMOH O HHU3KO-
3HEepPreTHYECKHX MarHoHax. Bce st Bonpock nmoipo6HO paccMOTPeHEl
B CJEIYIOIEM pasiese.

Mul 3aBepminM 3TOT pasjien BeiuucaeHHeM KoHcTaHT Z (0) H a
B Beipaxenud (7.3.16). ITockoabky F (0) = Z (0)/M npu M = v, us
Beipaxenus (5.3.50) HememnenHo crepyer pesyabrat @ = 1. UTto6sl
NIPOJEMOHCTPHPOBATh DPa3iMuHbIe CHOCOOBl BHIYHC/EHHS, oOpaTuMcs
K BBIPaXKEHHIO

J 200180 S:0)0) frymr, = lim [ (0|18, (0 S: )10} [t
x7ty

Mgl MO3KeM BHIYHC/IHTD 3TY BEJHUHHY C IOMOIIBIO CIEKTPATBHOTO NPE] -
craBjenus (7.1.18). YuurteBas cooGpaxKeHHs, NPEIUIECTBOBABILHE
Hanucauuo paBeHcTBa (5.3.48), Mbl BHAHM, 9TO BKJAJ OT YIEHOB, He
CoJiepXKaluX TmoJjoca, obpamaercst B HyJb IIDH HHTEFPHPOBAHHH I10
IPOCTPAHCTBEHHLIM NE€PEMEHHBIM. Takum 06pasoM, moJayyaem

[ @ (018:(x)S: (0)[0) [ry—t, ==~ Z(0) aaz i=1, 2. (7.3.35)
3r1o gaer

(OISSi10)=—4Z OV s i=1, 2. (7.3.36)

C npyro# cTOpOHbI, HOCKOJNbKY ¥ — IIOTHOCTb CMUHHOBOH MOJSIPH-
3allHH, CyMMapHBIH CIHH CHCTEMBI PaBeH

[ dx (0185 (x)]0) = V. (7.3.37)

Kpome Toro, nockosbKy BpaiareibHasi CHMMETPHS OTHOCHTEIbHO
Tperbell ocH He Hapylaercs, ocHOBHoe cocTosinne |0) ectb coGerBeH-

HOE COCTOsIHHE Sj, T. €.
Ss]0) = vV|0). (7.3.38)
C npyrofi cropoHbl, NOCKOJILKY CHHH\bI MOJIHOCTBIO T10JISIPU30BaHDI
BJIOJIb TPETbeH OCH, CIpaBeljJIHBO BhIpaXKEHUE
(0187 -+ S5+ S5 0) =0V (oV + 1), (7.3.39)

KoTOpoe, coryacHo (7.3.36) u (7.3.38), pasHo Z (0) V + (vV)%. Takum
o6pasoM, HMeeM

ZO =v, - (7.3.40)

OTKyAa ciaenyer, yto Z (0) — mjaoTHOCTh CNHHOB. Tenepp H3 COOTHO-
wenus (7.3.16) crenyer, ytoa = 1.
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7.4. MepecTpoiiHa CHMMETPHH H TEOopeMbl
ANA HH3HKUX SHEeprHH

TeopeMbl 0 COCTOSIHMSIX C HH3KAMH 3Heprusmu. Kouxpernas
dopMa nepecTpORKH CHMMETPHH NPUBOJUT K PAJLY COOTHOLIEHHH MEXAY
HEKOTOPLIMM MATPHYHBIMH 3J€MeHTaMH. B 3T coOTHOuIeHHs Bceraa
BXOJAMT NO KpaiHeidl mepe OfMH MAaTPHUYHLIH 3JEMEHT, CBA3aHHBIH
C COCTOSIHHEM, COJEpKAllHM TOJNACTOYHOBCKHH G030H B NpeleJbHOM
COCTOSIHMH C HYJNeBo# sHepruel. [To3ToMy ynoMsaHyTHIE BhIIIE COOTHO-
IIEHUS] HA3HIBAIOT T€OPEMaMH O COCTOSIHHSIX C HH3KHMH 3HEpPTHAMH
(Teopemamu Jisi HUSKHX 3Heprufi). HauGosee obmas Teopema 3TOro
THIA TJIACHT, YTO FOJJACTOYHOBCKHE OO30HBl B HPEJEIbHOM COCTOSIHHH
C HYJIeBOil SHEPTHEH He YYacTBYIOT HH B KAKHX B3aHMOJAEHCTBHAX. ITO
HEeNOCPE/JCTBEHHOE CJAEACTBHE TOrO (hakTa, 4TO CABHT noasa (Yo —>
— %% + ¢q) TOJNACTOYHOBCKOTO GO30HA g NOPOXKAAET MHBapHAHTHOE
npeo6pasoBanue, M, CJAELOBATENBHO, B S-MaTpHIE Yo BCEIAa COAEp-
JKaTcs HEKOTOpPbIE Pou3BoAHbe. Ec/H 3Ty TeopeMy NPHUMEHHTD K CJIy-
yalo (eppoMarHeTH3Ma, Mbl YBHAHM, UTO MarHoH B Npejese HyJeBOi
SHEPTUH He YYacTBYeT HH B KAKHX B3aHMOJAEHCTHAX. ITO COrsacyercs
¢ pesyabratom [aicona [9], KoTopbifi yCTAaHOBHJ, YTO 3JIEMEHTBI
S-MaTpHILBI, CBA3AHHbLIE C MATHOHOM HU3KOH 3HEPTHUH, MaJbl. B ¢pusnke
BBICOKMX 3HEPTHH 3Ta TeopeMa AJsA HH3KHX SHEPTHH NEPEXOJHUT B Teo-
pemy Annepa [10], koropast onpesessierT NOJOXeHHE HYJICH B aMIJIH-
Tylle paccesiHusi NMHOHOB, PAcCMaTPHBAEMBIX KaK TIOJACTOYHOBCKHE
6030HbI.

[pousmocTpupyeM Tenepb GoJiee CI0XKHbIE TEOPEMB! A1 HH3KHX
SHEepTHii B cJyyae CNOHTAHHOTO HapyuleHust cummerpun SU (2)
¢ rpynmoii ycrofuuBoctu U (1) (cayuait deppomarnernsma). Kaxk
yKasaHo B pasi. 7.3, HabjiofaeMasi Tpynna CHMMETPHH eCTbh rpymna
E (2). Ipunsaro, uro npeobpasoBanneM rpynnsl ycroiuusoctu U (1)
ABJISieTCS MOBOPOT OTHOCHTENBHO TPeTheli OCH B IPOCTPAHCTBE Mpef-
crasienuit SU (2)-npeoGpasosanni