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BBEXEHHE

B nmpeamaraemMoll BHHMAHHIO YHTaTeJeH KHHUIe ONHCHIBAIOTCSH
OCHOBHBIE MOHATHS H METOIbl COBPEMEHHOH MHKPOCKONHYECKOH Teo-
pUH CHCTEM MHOTHMX YaCTHIL *. DTH METOJBI, 32aHMCTBOBAHHLIE H3 pes-
THBUCTCKOH TEODMH KBAaHTOBAHHOTO IIOJISI ¥ MOJYUHBIIHE Pa3BUTHe
B IIOCJIEJIHHE TOJbI, KHPOKO NPHMEHSIOTCH B HACTOSILIee BPEMS B CAMBIX
PAa3JMYHBIX pasjenax (QU3HKU.

O6mas 3ajaua, crosimas nepej, TeOpHeH CHCTEM MHOTHX YacTHII,
3aKJIIOYAETCS] BO BCECTODOHHEM OINMCAHHH KaK BHYTPEHHHX CBOHCTB
TAKHX CHCTEM, TaK H Pe3ynbTaTOB MX B3aHMOJEHCTBUSI C BHENIHHMH
arentamH. lMeroTcs B BHAY Takue XapaKTEPUCTHKH CHCTEMBI, KaK
ee JHepTeTHYECKHH CNEKTP (3HEpTHs OCHOBHOIO COCTOSIHHSI, CIIEKTP
BO36YIKJEHHBIX COCTOSIHUI), CpeJlHHEe 3HAUEHHS AMHAMHUECKHX nepe-
MEHHBIX M HX pacnpejeNeHusi, BepOsITHOCTH nepexonoB U T. 4. Cioxa
OTHOCATCH TaKXKe BCEBO3MOXKHBIE TePMOJHHAMUUECKHE M KHHETH-
YecKue XapakTepUCTHKH CHCTeMbl. MoJiesb paccMaTpHUBaeMOH CHCTEMEI,
T. €. XapakTepUCTHKH OTAEJbHBIX YACTHIL|, 3aKOH UX B3aHUMOJIEHCTBHSA,
BHENIHHE YCJOBHS M T. J. JOJIKHBl 3aJaBaTbCst NMPH ITOM JONOJHH-
TeNbHO KaK HCXOIHOE YCJIOBHE.

Teopus MHOTHX YacTHI, pacrnoJiarasi ONpeJeJeHHbLIMH CPEJCTBAMM
AJIsl peIeHUs] YKAa3aHHOU 3a1aui B TOM HJIH HHOM NPHOJIHKEHHH, CJIy-
XKHT TeOpeTHYeCKUM 0asHCOM MHOTHX DasfesoB (H3HYECKOH HAyKH:
($U3MKH KOHJIEHCHPOBaHHOH cpeibl (B TOM 4HCJe TBepAOTo Teja),
(H3MKH IJIAa3MBI, aTOMHOT'O s1pa, aToMa H T. II.

HauGonee Baxnas 0COGEHHOCTb 3aflay, C KOTOPHIMH HPHXOJHTCS
HMeTb JIeJIO B TEOPHH MHOIMX YaCTHI[, COCTOHT B NPHUHUMIHAJIbHOK
HEOGXOAMMOCTH yyeTa B3aHMOJEHCTBHSA MeXAYy 4acTHIAMH. MojeJb,

* HeoGxonumo cpasy xe pasbsCHHTL TEPMUH «CHCTEMA MHOTHX YaCTHIY, KOTOPHIE
HOCHT B O0lLlleM YCTOBHBIE XapakTep. B panbuefimeM Mbl GyjieM HCKJIOYATh W3 YHCAA
CHCTEM MHOTHMX YACTHU, JIMIIL OAHO- H JBYXUYaCTHYHbIE CHCTEMEl, Pacuer KOTOPHIX 3Je-
MEHTapeH. Y2Ke TaKkylo CHCTeMY, KAK, HallPHMep, aTOM TeJIusi, MOXKHO (M B Psile OTHO-
LIEHHH LENecoo5pasHo) paccMaTpHBaTh TAK XKe, KAK H CHCTEMY, COCTOSIYIO H3 GOJb~
IIOro ynesa yactuil. Cieayer, OAHAKO, HMeTh B BHAY, UTO [JIsL CHCTEMSI CO CPABHUTENLHO
MaJIbIM YHCJIOM YACTHI[ MOTYT NOTEPATb CBOH CMBICJA HEKOTOPHIE ACNeKThl OMHCAHHSA,
B TOM uYHCJle CTaTHCTHYeckuit. Kpome Toro, nmpH sToM Tepser cuay leawit psaa dakTo-
POB, KOTODHI{ yNpOWAeT DACCMOTPEHHE CHCTEM, COCTOSIMX H3 GOJNBIIOrO uHMCIA
Y9aCTHL.
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B KOTOPOH 3TO B3aHMOJEHCTBHE HFHOPHUDPYETCs (MOZEJb HJEaNbHOTO
rasza), upesBoiuafiHO GefHA MO CBOMM CBOHCTBAM M PAacCYHTHIBAETCS
syeMeHTapHBIM o6pa3zoM. VIMeHHO B3aumMoZelCTBHE MeXJY YaCTHIAMH
IIOPOXKJAeT TO KaueCTBEHHOEe MHOroo6pasue oOBEKTOB, KOTOPOE CBOM-
CTBEHHO INePEYHCJICHHBIM BhHIILIE pasfenaM (PH3HKH.

Tounblil yueT B3aUMOJEHCTBHSI MEXKAY YAaCTHLAMH CKOJBKO-HHOYIb
CJIOXKHOH CHCTEMBI NpeicTaBjsieT co00H, OJHAKO, HCKJOUUTENbHYIO
N0 TPpYAHOCTH 3anauy. XOTs B nocje[Hee BpeMs U NOSIBUJIHCH HAJEXK bl
Ha HCHOOJb30BaHue AJs 3TOH IeJH BLIYHCAHTEIbHBIX MAUIHH, Deasb-
Hble BO3MOXHOCTH, KOTOPBIMH pacliojaraeT TeOPHH MHOTHX YacTHIL,
B LEJOM elle JOBOJLHO CKPOMHBIe (HCKJIOUas TeopuIo aToMa H MoJe-
KYJbl).

T'saBuast mpuYMHa 3TUX TPYAHOCTEH COCTOMT B TOM, 4TO ypaBHE-
nue . lllpegunrepa co MHOTMMH IIEDEMEHHBIMH, HE pPacnajaionieecs
Ha He3aBUCHMbIE YpaBHEHUS [Js KaxIOH M3 NEepEMEHHBIX, NpeacTaB-
JsieT co60H B MaTeMaTHYeCKOM OTHOIIEHHH HECPaBHEHHO 6oJjiee CJI0xK-
HHII 06BEKT, ueM, ckaxeM, ypaBHenue lllpeaunrepa ajas yacTHLB
BO BHemiHeM Ioje. B cucTeMe MHOTHX B3auMOJEHCTBYIOIIHMX YaCTHIL
peub JOJIKHA MITH HMEHHO O HepacrnajamomeMmcs ypaBuenuu [lpexus-
repa. DT0 MaTeMaTHUYECKH OYEBHJHOE OOCTOATENBCTBO MNPOSIBJISETCS
B (PU3HUECKOM OTHOLIEHHM CaelyromuM oOpasom. Beaencrsue nepas-
PHIBHOH CHJIOBOH CBSI3H OTAEMALHOM YACTHIH C OCTAMbHBIMH YACTHIAMH
CHCTeMBl INOHSTHE O COCTOSIHMH 3TOf YacTHIH, T. €. O €e BOJHOBOK
(YHKUHMH, SHEPIHH U T. I, TepseT CBOH TouHblld cmpica. CTpOro ro-
BOpsI, peub MOMKET WATH JIMIIb O COCTOSIHHUM BCEH CHCTEMBI B LIEJIOM.
[TosTOMy yueT B3aWMOLEHCTBHS MEXKJIy YACTHIAMH O3HAUAET B TO XKe
BpeMsi KaueCTBEHHBIH CKAauyOK B BBIOOpe caMoro o6beKTa OIHCAHHA:
B MOJEJH HAEaJbHOrO ra3a TakKuM OOBEKTOM MOIJd CAYXKHUTh Kamjas
H3 YacTHI[ B OTHENBHOCTH, B TO BpeMsl KaK B PeajbHOM cJyyae —
'06513aTeIbHO BCSl CHCTEMA B IIEJIOM. '

W3 cxasaHHOro sCHO, YTO pelleHHe 3aJa4d MHOTHX YaCTHIL MOXeT
HOCHTB JIMIIb NPUGIHKEHHEH XapakTep *. 3a Mmoc/eiHue NeCaTUIIeTH ]
B TEODHHM MHOTHX 4acTHl ObIO paspaboTaHo GOJMbLIOE YHCJO PA3HO-
06pasHbIX MPHOMHKEHHEIX MeTOJ0B. K MX yHC/Iy OTHOCATCHA: TEOpHSA
BO3MYIIEHHU1, MeTofb XapTpu — Poka, Tomaca — Pepmu, [leGast —
Xrwoxkxkensi, Bpaknepa, MeTOA KOJJEKTHBHEIX NepeMEHHBIX H MHOTHE
apyrue [1]. Ot meTonpl Ge3ycJOBHO ChHINpasid OTPOMHYIO POJIb B pas-
BHTHH COOTBETCTBYIOIMMX pasienoB ¢usuku. OLHAKO B LEJIOM psifie
OTHOIIEHHH COCTOSIHHE TEOPHH MHOTHMX YACTHLL JO IIOCJEHETO BpEMEHH
OBIJIO MAJOYAOBJETBOPUTEILHEIM. _

Ipex e Bcero, MHOTHe H3 06CYXKAE€MBIX METOJJOB OYeHbL TPOMO3/IKH.
STOT ynpeK OTHOCHTCS, B YACTHOCTH, K «CTapOi» TeOpMHM BO3MYILEHHH,
onepupyomeil netepmunantamu Cheiitepa — Poka, CIOKHBIMH CyM-

* Jlpyroil npHYMHOH NpPUGIMIKEHHOTO XapakTepa peuleHHs MHOTHX 3ajad: siB-
JISTOTCS. HETOUHBIE CBEACHHS O XapaKTepe B3aWMOACHCTBHS MeX]y YacTHUAMH (1pH-
MEpOM MOXKET CYXKHTb AfepHoe BelecTBo). [1py STHX yCJAOBHAX CTPEMJIEHHE K Ypes-
MepHO TOYHOMY PeIlleHHIO YPaBHEHHH TEODHH €[Ba JH HMeeT CMbICI. :
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MaMd H T. A. IloneiTku NpoiBHHYTHCS B BHIYHCICHHAX AAjblle BTO-
poro, MaKCHMYM TPEeThero HOpsAKa, KaK MNpaBHJO, HaTaJKHBAIOTCS
Ha Cepbe3Hble TeXHHYECKHe TPYAHOCTH. IIpH 3TOM BO3HHKAeT H psiA
TpyaHocTedl Gosiee rayGoKoro xapakrepa. Tak, Hampumep, NPH BBI-
YHCJICHUH 3HEPTHH OJHOPOJHOH CHCTEMBl NOSIBJSIOTCSH (DHKTHBHBIE
4JIeHBI, PACTYLiHe C yBeJHMYeHHEM 00beéMa CHCTeMHl OhICTpee MepBOii
ero creneHd. BecbMa cioxken Takxke meron Bpaknepa [2], TpeGyro-
WHH NPOBEEHHS TPYAOEMKHX YHCJIEHHBIX PacueroB.

Hanee, o6cyxkpaembic MeTOABI HMEIOT 3aBEJOMO OTPAHHYEHHYIO
¥ camoe rJIaBHOe JaJeKO He BCErja sICHYIO M3 Crnocofa HX (hOpMyJH-
pOBKH 006JacTb MPUMEHUMOCTH. Bonpochl 06 ycaoBHAX, KOTOPBIM
JOJIKHBL  YOBJICTBOPSITE XapAKTEPU3YIOUHE CHCTEMY MapaMerpbl
B O6/1aCTH IPHMEHHMOCTH JaHHOIO METOJA, W 06 HCIPAaBJEHHH MeToja
IpH HAPYIIEHUH 3TUX YCJOBHH B OOJBLIUMHCTBE CayyaeB Obuld paspa-
OOTaHbl COBEPIIEHHO HEXOCTATOYHO.

Haxkonen, 60osblIyi0 HEYZOBAETBOPEHHOCTb OCTABJISIIO TO OGCTOS-
TEJLCTBO, YTO (POPMYJHPOBKH PANa METOJOB TeOPHM MHOIHX YACTHIL
HOCSIT 3a4acTyl0 HCKYCCTBEHHBIH, MOJENbHBIH XapakTep W Cylile-
CTBEHHO MEHSIIOTCSI NIPH Nepexojie OT MeToja K Metoly. B pesyabrare
B 3HAYMTEJILHOH cTeneHH Oblaa yTepsiHa Ty0oKasi BHYTPEHHAA CBS3b
MEeXKIY PasHbIMH METOJaMH, ABJAIOLIMMHUCS 110 CBOEH CYIMIHOCTH HE 4eM
UHBIM, KaK pa3NUYHBIMH NPHOJMKEHHSAMH K TOYHOMY YpaBHEHHIO
Hlpenunrepa.

B 1menoM MOXHO CKa3ath, 4TO HEOOXOJMMOCTL 3aMeHBl OTIEJbHBIX
YACTHBIX METOJOB TEOPHUH MHOTHX YaCTHL €IMHHIM, OOMHUM H JOCTa-
TOYHO TNPOCTEIM 4NNapaTroM OLIYIIAJIach ViKe JABHO; B GOJbLIOH
Mepe 3TO JHKTOBAJIOCh POCTOM KPYIa H CJAOXKHOCTH 3afay, CTOSIIUX
nepej TeOpHeH. YIOBAETBOPSIOLIHE COOTBETCTBYIOUIUM TPeGOBAHUAM
METOJAbl BO3HHKJH, OIHAKO, JIHUIbL B CaMble IIOCJHeAHHE FOAB. TH
MeToAbl (AJs KpaTKocTH GyeM HasbiBaTb MX II0JIEBLIMH) SIBJSIOTCS
TPSIMBIM M €CTECTBEHHBIM PA3BHTHEM METOJa BTOPHYHOTO KBAHTOBAHHS
¥ MOTOMY HOCTATOYHO MPOCTHl U KOMITAKTHHI.

OcHOBHO# 3/1eMEHT MOJEBOTO OMUCAHHA — QyHKOUMM [pHHA —
COJICPIKUT MHOTOCTOPOHHIOK (H3HUECKYIO HHGMOPMAIHIO O paccMaTpH-
BaeMOH  cuCTeMe; H3B/IeueHHe ITOH HH(OPMAUMH NPOM3BOIAUTCS
TIyTeéM BECbMa HECJIOKHBIX MATEMATHUYECKHX MeHCTBUH.

Ananus ypaBHeHH#H Jist pyHKIUH I'puna c yyetom MajocTH xapak-
TEePU3YIOUWHX CHCTeMy Oe3pasMepHBIX NapaMeTpoOB OTKPHIBAET BO3-
MOXKHOCThL YNPOUIEHHS 3THX ypaBHeHHH. CYIIECTBEHHYIO POJib B 3TOM
OTHOLIEHHWH HIPaeT TaK HasplBaeMasl AHAarpaMMHasl TeXHHK4, IO3BO-
JAIAS C IOMOUIIO HECHOXKHBIX MPABUJ NOJYYMTh BEIpAXKEHHE IJIS
YJIeHa TEODHH BO3MYLIEHHH CKOJIb YIOJHO BHICOKOrO mnopsiixa. Takoi
AHAJH3 JIA€T NPSIMOE U HAJ/IEXKHOE OB0CHOBAHHE «CTApPHIX» METOJNOB T€O-
PHH MHOTHX YACTHI, BLIACHAET Ipefesnl NPUMEHHMOCTH 3THX METOJIOB
H ITO3BOJISIET HX YTOYHATE.

Ilepexoast kK KpaTKoOH XapaKTEePHCTHKE MOJEBHX METOLOB TEOPHH
MHOTHX YaCTHI{, CPA3y Xe OTMETHM, 4TO €llle B epBHe IojLl CTaHOBJIe-
HHSl KBAaHTOBOH MEXaHHKH CHCTEMbI YACTHI, B Hell BO3HHK IOLXOL,
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HOCSIMHI Ha3BaHHe MeToJa BTOPHYHOIO KBAHTOBAHHUS M COAepKalUi
[0 CYIEeCTBY BCe HeOGXOAMMOE I IIOJIEBOTO ONHCAHUSL CHCTEMbI
MHOTHX 4actHil. [ToHATHE YacTHIIH B 5TOM MeTO/le OTOABHIa€TCA HA 3al-
HUI MJIAH M €ro MeCTO 3aHMMAaeT MOHsSITHE KBAHTOBAHHOIO moJs P (x),
P* (x) (omepaTopHble QYHKUHH YHHUTOXKEHHS H POXKAEHHS YACTHIL);
4TO K€ KACAETCsl YaCTHIIbl, TO OHA NPOSIBJAAETCS KaK KBAHT 3TOTO 1014,
[Tpouecc B3anMOAEHCTBHS MEXJY YaCTHIIAMH MOXKeT OLIThb HHTepIpe-
THPOBAH KaK YHHUTOXKEHHE YACTHI[ B HAYAJLHOM H POXKJEHHE HX B KO-
HEeYHOM cOoCTOsiHMH. Booflne uHcjao yacTull (B OTJIHYHE OT PasHOCTH
4HCeJ 4acTHIl B AHIPOK) B Mpollecce B3aHMOJEHCTBHS HE COXPaHseTes.
Baxxublfi mpouecc BO3GYKIEHHSI CUCTEMbl Takike HNPHOOPETaeT YHCTO
TIOJIeBYI0 HHTEpPNpeTanuio ¥ B mpocTefieM Cayyae CBOAHTCS K POXK-
JIEHHI0 Tapbl — YacTHLA-AbIpKA, OOpAaTHHI INPOLECC BO3BpaUIEHH S
CHCTEMBl B OCHOBHOE COCTOSIHME OTBeuaeT AHHUTHJSAIHH STOH Naphl.
TaxkoB faneko He MOJHBLIN NepeyeHb TeX aCHeKTOB I0JEBOT0 ONUCAHHUS,
KOTOpHIE 3a/10:KeHbl B annaparte BTOPUYHOTO KBAHTOBAHHS.

B paMkax TeopHH MHOTHX YacCTHI| COOTBETCTBYIOL(HE BO3MOKHO-
CTH, OJHAKO, B 3TOT NEPBHIH MEPHOL He IOJYUHJH PA3BUTHSA, H IPHJIO-
JKEHHE MeTOJia BTODHYHOTO KBAHTOBAHHS K KBAHTOBOH MexaHHKe
CHCTEM YACTHIL OTPaHHIHBAJIOCH [0 MOC/ieJHEro BpEMEHH CPABHUTENbHO
Y3KHMH paMKaMH [cM., ojHaKo, 3]

CuTyamysi KOpeHHBIM O0pa3oM H3MEHHJIACH I10C/e TOro, KakK B TPHU-
IuaTkle ¥ OCOGEHHO COPOKOBBLIE OBl 3apOJHJIACh U CTajla PA3BUBATLCSA
TEOPHst 3JIEeMEHTAPHHBIX YACTHL. TeopHsl KBAHTOBAHHOTO IMOJSA 3THUX
YACTHI[ C CAMOT0 HAyaja CTpPOuJiach 10 06pasimy TEOPHH CHCTEM MHO-
rHX vacTui: Ha 6ase MeTofla BTOPHYHOrO KBaHTOBaHWsA. boJbmas
(H3HYeCKas 3HAYUMOCTb STHX HCCJIENOBAHHK H B 0OCOGEHHOCTH HATHYHE
Cepbe3HBbIX NMPHUHIMIHAIBHEIX TPYNHOCTEH NPHUBEJIH K 3HAYHTEIbHON
KOHIIEHTPAIMH YCHAUH B 06JIaCTH KBAHTOBO} TeopuH moJs. B pesyiib-
TaTe K HauaJy NOATHJECSITHIX TOAOB ObIIO B OCHOBHOM 3aBepLIEHO
nocrpoenue GOpMasbLHOrO annapara TeOpHH KBAHTOBAHHOIO IOJS.

DTOT anmapat B CMJIy CBOETO OOILIET0 XapakTepa M HECOMHEHHBIX
NPEUMYINECTB He MOT He INepepacTH DAMKH TeODHH 3JIEMEHTAPHBIX
YaCTHIl. YKe C CepelHHbl MATHAECATHIX FOJAOB HAUMHAIOT MOSIBASTHCH
nepBbie paGoTH MO TPHJAOKEHHIO NOJIEBHIX METOAOB K CHCT@ME MHOTHUX
9acTHL, T. €. K 06BbEeKTy, U3 KOTOPOTro 3TH METOJibl B KOHEYHOM cyeTe
¥ Broipocid. K macrosimemy BpeMeHH YMCJIO TaKHX paboT JOCTHIJIO
HECKOJIbKMX COTeH, M Mbl HMeeM cefiuac B DACIOPsSXKEHHH BIOJHE
chOpMHPOBABIIHACH, AOCTATOYHO YAOOHBIH M THOKHH anmapat Ajs
UCCJIeJIOBAHUS] CBOHUCTB CHCTEM MHOTHX YACTHIL.

Heo6x01uMO OAYEPKHYTh, YTO STOT aNNapar OKas3ajcsl B BBICOKOH
CTENeHH AJEKBATHHIM BarxkHelneMy IOHSTHIO (GH3MKHA CHCTEM MHOTHX
YacTHI[ — TOHSTHIO KBA3HYACTHIBI HMJH 5JEMEHTAPHOrO BO30Yyxe-
Husl. Mcnonbsyomuit 310 nousiTue noaxol [4—51 cayxun B 3Hauu-
TeJbHOH CTENeHH 3aJI0TOM YCMNEXOB, JOCTHTHYTHIX B COOTBETCTBYIOIIHM X
paszenax TeopuH. BBeleHne NOHATHS KBa3UYaCTHUBl MO3BOJAET
¢dopMyJIHPOBATL PsJi aCHEKTOB ONHCAHWS B OJHOYACTHYHOH dopme,
T. €. pacCMaTpHBaTh CHCTEMY B3aHMOJEHCTBYIOWMX YACTHIl KaK COBO-
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KY[IHOCTb B 3HAUMTEJbHOH Mepe He3aBHCHMBIX KOJIJIEKTHBHEIX 06pa-
30BaHHMH — KBasuuactuil. IloseBbie MeTOIB TEOPHH. MHOTMX YACTHIL
JAI0T ecTeCTBEHHOE OGOCHOBAHHE TAKOTO IOAXOAA H YCTaHABIHBAIOT
npezessl €ro NPHMEHHMOCTH.
- * *
%

B OCHOBY KHHI'H HOJIOXKEHBI UKJIb JIEKIUH, YUTABIIKXCS ABTOPOM
B 1960 u 1961 rr. ana cotpyaHHkoB (DH3HYECKOTO HHCTHTYTA
uM. I1. H. Jle6enesa AH CCCP u ®u3HKO-3HEPreTHYECKOr0 HHCTHTYTa
l'ocynapcrBennoro xomutera Cosera MuuuctpoB CCCP no ucnodb-
30BAHHIO ATOMHOM SHEPTHH. B CBSA3H C 9THM KHHTA SIBJISIETCS HE MOHO-
rpaduet, namomedl Gojee HJIH MeHee 3aKOHYEHHOE TMpeACTaBJeHHe
O COBPEMEHHOM YDOBHE Da3BHTHSI IIOJIEBOH TEOPHH MHOTHX YACTHIL
1 ee MHOTOYHCJIEHHBIX INPHJIOKEHHAX, d CKOpee HOCSIIMM BBOJHBIN
XapaxTep pyKOBOJCTBOM, KOTOPO€ DACCYHTAHO HA YHTATeNsl, He 3Ha-
KOMOTO C KBAHTOBOH TeOpHeH MOJIST H HCHBITHIBAIOIIETC [I03TOMY 3a-
TPYJAHEHHUs] DU OCBOEHHU NOJIEBHIX METOJOB.

OrpanvueHHBHIl XapaKTep 3ajaud, KOTOPYIO CTaBHJ niepel coGoil
aBTOD IIPH HANHMCAHHM KHHUTH, HE MOT He CKa3aThCsl HAa OXBAaTe HMEo-
merocs B JuTeparype Mmarepuana. CTpemyieHue K BO3MOXKHO OoJee
HOZpOGHOMY H3JIOXKEHHIO MaTepHaja 3acTaBHJO CY3HTb Kpyr pac-
CMATpUBAEMBIX B KHHI€ BOIIPOCOB *.

He wu3jararotcsi, B 4acTHOCTH, (peHOMEHOJIOIHYECKHE ACHeKTHl IO-
JIeBOH TEOPHH MHOTHX uyacTyl |8, 89], peJATUBUCTCKAsi TEOPUS CHCTEM
MHOTHX uactuy [11], moneBast Teopusi KHHETHUECKHX sBaeHHiH [22].
Mbl  orpaHHyYHBaeMcsi pacCcMOTpeHHeM Haubojee BaxKHOTO CJjydas
cHcTeM (pepMH-YACTHIl, OXBATHIBAIOUIEIO MHOTO3JEKTPOHHbIE H MHOIO-
HYKJOHHBIE CHCTeMbl. He HamaraioTcs TaxkxkKe TeCHO CBSI3aHHEIE
¢ Teopuell G6ose-cucreM [19—21] Bompochl TeopuH CBepXTeKy4ero
(cBepxnpoBofsuero) cocroanus [7—9, 301].

Jns uamocTpanyu H3naraeMoro B KHHI€ TEOPETHUYECKOro mare-
pHana O0TO6pAHO CpPAaBHUTENbHO HeOGOJIbHIOE YHCJIO INpPAKTHYECKHX
3a1a4, OTHOCAIIMXCA K TEODUH ATOMHOTO $ipa, IIasMbl, TBEPJOrO
Tena U aToMa:

Fnaa I comepxuT BcrnoMoraresNbHBII MaTepHas, BRJOYAIOLIAH
HeOOXONHMBIE ISl JAJbHeHmero CBeJeHHs] M3 KBAHTOBOH MeXaHHKH
H OTYAaCTH H3 TEOPHH aToOMHOro siipa [23—28]. Masoxkena takxe Teo-
pHA ICeBJONOTEHLHAd, NPSIMO H HArJSIAHO Belymasl K BHIPAXKEHHIO
3¢¢deKTHBHOrO NOTEHLHAJIA B3aUMOJEHCTBHS Yyepe3a MIIUTYAY paccesd-
HHSI YaCTHIl CHCTeMsI ApYT Ha Apyre. Kpowme roro, B ru..I npuBogures
obmas kJjaccupuKauusi CHCTEM MHOTHX YacTHI[ MO CHJjie B3auMOpei-
CTBHS MEXJYy HHMH U CTeNeHH CIKATOCTH CHCTeMBl. JTa KJacchdu-
Kanus ofjerdaer ynpoleHHe anmapara TeopHH MHOTHX wactan. Oco-
Goe BHMMaHHe B IjI. | ylensieTcsi METOAY BTOPHYHOTO KBaHTOBAHHS,

* UyraTesb, O3HAKOMHMBLIMACH IO 3TOH KHHIe C OCHOBAMH IOJIeBOH TEOPHH
MHOTHX HaCTHIl, MOXKeT HaiTH HHTEDeCYIOUMH ero maTepuas B paborax [6—22];
TaM Xe Hmeercsa oOwMpHas OuGaHorpadus.
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ABJSIOWEMYCSI, KaK 3TO yMKe IOAYEpPKHBANOCH, OCHOBOH IO/IeBbIX
METOJIOB.

TTocTpoenue TeOpHH MHOTHX YacTHI[, KaK H BCAKOH npuGITHKEH-
HOH TeOpHHM, CJeiyeT HAauyMHATh C BHOOpA IOJAXOASIETO HYJIEBOrO
npubsinkeHHs. B KayecTse TaKOBOTO B KHHI€ BLIGpaHO TpUOJHIKEHHE
Xaptpu — Doka, jaouiee Hauyyuiee OMMCAHHE CHCTEMbI, COBMECTH:
MOe C IOHATHEeM 00 HHAHBHAYAJbHBIX - COCTOSTHHAX 4YaCTHIL. Taxo#
BLIGOP TIO3BOJISIET YYecTb 3HAUUTENbHYIO 4acTb B3aUMOJIefCTBHST yXKe
HA [IePBOM 3Talle BBUKCIEHHH, YTO IPUBOIUT K 3aMETHOMY YIPOLICHHIO
NOC/IeAyOMUX BHK/IAM0K. B mepByio ouepeihb 5T0 OTHOCHTCH K CxKa-
ThiM cucTeMaM. OGHIUHBL BEIGOD B KauecTBe HYJIEBOTO NpPHOJIHIKEHHS
MOJEH HICAJBLHOTO Tasa B paAle 3ajad OKas3pBAETCA HENOMyCTHMO
rpy6biM, HanmpuMep B dTOMHBIX 3ajadax, TAe 5(heKT SKpaAHUPOBKH
KYJIOHOBCKOTO [0JIsi AP HIPaeT CYIECTBEHHYIO POJb, OCTABAACH
BHE PacCMOTpEHHA B MOIEJNH HIEajbHOro rasa. [amMunbTOHHAH BO3-
MYIIeHH s, OMHCHLIBAIOIMI TaK Ha3bIBaE€MbIe 5(ppeKTE CHIOBOKI KOppe-
JSLEH, MOXKeT OblThb I[pENCTaBjeH B BHJe MNPOCTOr0 HOPMAJIbHOIO
MpOM3BeNeHHs] OIepaTopos, 6Jarojaps 4HeMy SHAUHTEILHO COKpa-
[maeTcs UMCJIO TOLNEKAIMX PACCMOTPEHHIO AHArpamMM TEOPHH BO3-
MYIIEHHH. ,

VI3/10KEHHI0 TEOPHH MHOTHX YacTHIL B TPHOIMIKEHHH XapTpu —
®oka mnocsmena ra. 1. B OCHOBY I10jI03eH BecbMa YIOGHBIA ome-
paTopublit MoAxox. C ero MoMOIpio OCYNIECTBJEH MEPEeXONl K KBA3H-
KJACCHUECKOMY  IPE/EJbHOMY CIydaio MpHUOIIHKEeHUs Xaptpu —
doka — npubnuxenmio Tomaca — Pepmu. B kauectse TIPUJIOKEHH I
JAHB HEKOTOPBIE BONPOCHI TEOPHUH CHJBHO CXKATOTO BEINECTBA H TEO-
puH SiIepHOTO BemiecTBa. PaccmoTpenne nocaefiHedl NPOAOJKEHO
. ra. 1T u IV.

B ra. 111 ctpoutcst o6muit noseBoil anmapar TeopuH BO3MYUIEHU I,
OCHOBAHHBIH HA TEOPHH S-MATPHIL H BKJIOYalomui B ceGs B Kade-
CTBE BAKHEHIIEro 3JeMeHTa IHarpaMMHyIo TexHuKy. IIpusenena ¢op-
MyJHpoBKa npasus PefiHMaHa [/ TOCTPOEHHS SeMenTd S-Marpuib
J06oro nopsjka. JlaHbl COOTHOLICHH S, NO3BOJSIONIHE HAUTH MaTpPHLY
MJIOTHOCTH M SHEPTHI0 OCHOBHOTO COCTOSIHHS CHCTEMBI B J1000M T10-
psike Teopuu Bosmymenui. OcoGoe BHMMAHME B FaBE YASIAETCH
CBSI3M MKy KjaccHpuKamued CHCTEM H oT6OpOM TeX AuarpamM Teo-
pHM BO3MYIIEHHH, KOTOpbe WIDAIOT B PaCCMATPHBACMBIX YyCJOBHAX
OCHOBHYIO POJIb.

B KayecTBe mpHJIOXKEHH JAAIOTCSL TEOPUS ABYX3/IEKTPOHHBIX aTO-
MOB H TEOpHsi sIEpHOTO BEIeCTBA C YYeTOM KOpPpPEeJIsAUHOHHBIX ah-
(exToB. '

B rat. I1 u I1I paccvarpuBaetcst NOUTH HCK/OUATENLHO OCHOBHOE
COCTOSIHME CHCTEMHI. ,

B . IV OmuchBaloTCst CBOMCTBA OJHO- M JBYXYaCTHYHOH QYHK-
muu [prHA K CIIOCOOL M3BJICUEHHUS 3aKJI0UeHHOH B HUX (DH3MUECKOH
uHbOpMaALHH O paccMaTpHBaeMOil CHCTEMe. ChopMyJIMpOBAHBL ypaB-
HeHHsl Juisi ompenenenus (yHKnui I'puHa. Togpo6HO paccMOTpeHa
3a7aua O HAXOKAEHHH XapaKTEDUCTHK BO3CYMJEHHBIX COCTOAHH
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cucteMsl. JlaH BBIBOJ| CIIEKTpa/bHBIX NpeAcTaBjeHuit pynkuui [puna,
Ha OCHOBe KOTODBIX BBOJUTCS IOHSATHE O KBA3HYaCTHHAX W YCTAHAB-
JHBAETCA CBA3b XapaKTePUCTHK KBAa3MYACTHL, C aHAJHTHYECKHMH
cpoficrBaMu pyukuuil I'puna.

Jajee B rJyaBe uajaraercsi o0Inasi TeOpHsl paspeKeHHBIX CHCTEM
MHOTHX 4YacTui. Jns HHX BBIBOASATCS PasJioxKeHHsl GUBHYECKHX BeJd-
YygH B Psf [0 OTHOIMIEHHIO AMIJIMTYJB PAacCesiHUs K CpejHeMy pac-
CTOSIHMIO MeXAy uactuuamu. Mccrenyrorcs CBOHCTBA (pepMHEBCKOro
CleKTpa BO30YXKAeHHH Pa3peKeHHBIX CHCTEM.

[Moxpo6HO paccMaTpUBAIOTCA CHKATHIE CHCTEMbBl MHOTHX HAaCTHI
KaK C KYJOHOBCKHMH, TaK H C KOPOTKOAeHCTBYomuMy cusiamu. Vecne-
ayetcst Go3eBCKas BETBb BO3OYXKAEHHH (ITa3MOH, HYJNeBOH B3BYK).
PaccmoTpenbl npuMeHeHHsa K mnpoGJeMe INJa3MEeHHBIX KoseGaHui
B OJHOPOJHOM 3JIEKTPOHHOM r'a3e C KOMIEHCHDYIOIHM (OHOM H aToMe.
O6CyKIAI0TCST TAKKE HEKOTOPHIE NIPUJIOKEHHS K TEOPHH sApa.

B ra. I—IV onucampe jpaercs AJsi TEeMIeparypbl, DaBHOM
HY/JIIO. ‘

HccnenoBanuio moBeJeHysi CHCTEMBI MHOTMX 4acTHI[ B TepMOCTaTe
¥ NOCTPOEHUIO IOJIEBOTO annapaTa KBAHTOBOH CTATHCTHKH NOCBALICHA
nocnexssis, V raasa xuuru. PaccmorpeHo nmpubaukenne XapTpu —
doka gaa «ropsuei» CHCTEMBI, KOTOpOe IIPHMEHSETCS K BHIBOLY YpaB-
HEHHS COCTOSIHHSI TaKOHl CHCTEMBI.

JlaHo M3JIOKEeHHe KaKk TeXHMKM Marny6apa, NpelHasHaYeHHOH
JJIA  TOJyYeHHsI TEpMOJMHAMHYECKHX XapaKTepHCTHK CHCTEMBI, TakK

W anmnapara TeMHepaTypHO-BPEMEHH};IX ¢yekuuid [puna, ompejesnsio-
LHIEro crnekTp BO30YKACHHH «rOpAYel» CHCTEME. :

PaccMoTpeHbl HeKOTOpblE CJay4YaH NPHMEHEHHsI 3TOro amnnapara
K TEOpHH IJIa3Mbl H KOJJIEKTHBHBIX KOJeOaHHH.

Kuura cofepHT Takxke HECKOJIbKO IIPHJOXKEHHH, B KOTODLIE
BHIHECEH BCIIOMOTaTeJbHBI MaTeMaTHUecKHH MaTepuan. B mpumoxe-
HUM A TOMeleHbl NPaBHJa BHIYMC/IEHHMS] CPEJHHX 3HAYEHHH BCEBO3-
MOKHBIX ONEpPATOPOB (U3MUECKHX BesuuuH. [Ipuioxkenue b noces-
LIlEHO H3JIOKEHHI0O OCHOBHBIX IIPAaBUJ H COOTHOIIEHHH OmMepaTopHOTro
ucuncgaenus. Ilofpo6HO paccMOTpeHBl OmepaTopHble (QYHKOHH OT
CYMMBI HEKOMMYTHDVIOIIHX apryMeHToB. IIpusoxeHue B cONepKHT
OCHOBHEIE CBefieHHs 06 HHTEerpajax OT CHHTYJAPHBIX QyHKUHH H npa-
BHJIAX UX BBIYHC/EHUS.

B xHHre OpUHATH CJIEAYIONHE OCHOBHBIE 0603HAYEHHUS.

IocrosirHas [lnanka # npuHATa PaBHOH eJHHHIE.

Onepatopel 0603HAYAIOTCS MOJYKHPHBIM IIPHGTOM, BEKTOpHEIE
BEJHMYUHEl CHAOKeHBl CBEpXY CTPEJKOH.

>

Koopaunara ¢ o03Hayaer COBOKYNHOCTb IIPOCTPAHCTBEHHOH X,
CIIMHOBOH ¢ M M30TONMYECKOH T KOODJAMHAT; KOODJAMHATA X OOBELH-
HgeT ¢ u Bpems f{. COOTBETCTBEHHO

[dg=[dx ¥, [d=(dq{dt.
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®dynkuud 8 (9 — ¢') u 64 (x — x") o3navarT:
> >
6 (q — q’) == 6 (x - x,).agg’ar-;',
8 (x —x) = 8 (g —q') 8 (t —1).
Yacro ucrnoabayercss nugppoBoe 0603HAYEHHE KOODJMHAT M Bpe-

MEHH:
(1) = (g1, t), ‘S'dl - jd‘lxu 3 (1 —2) =08 (x; — xy).
TpexmepHEl JudxpepeHLHaN HMOYJAbCA HMeET CJEAYIOWMHA BHI:
d*p = (2n)~%dp, dp, dp,.
dyphe-06pa3 GyHKIHH ONpeAesnsieTCss COOTHOMIEHH MU

> > > >
5 = [ dxf (xyexp (—ip »)
3 >
x) = [ d®pf> exp (ip x).
P
BBOJATCS TaKxke YeThlpeXMepHBIE HMIYJbCH p = (5, g):

> >
(px) = px—et,
dip = d3p ds

éwm=6www>
UetsipexMepHulil  ¢ypbe-06pa3  onpefiesed COIMVIACHO  YCJIOBHIO

f(p) = [ d'xf (x) exp [—i (px)],
f(x) = [ d*pf (p) exp [i (px)].

KomMmyTaTopel M aHTHKOMMYTATOpPH ONMEPAaTOpPOB OGO3HAYAIOTCH
COOTBETCTBEHHO NPSIMBIMH H (UT'YPHBIMH CKOOKaMH.

@, b] = ab—ba, {a, b}=ab + ba.

% *®
*

Astop ray6oko npusnartesen M. E. Tammy u B. JI. I'musGypry,
N0 MHHIHATHBE H IIPU MOJJIEPIKKEe KOTOPHIX GBLIO NPEANPHHATO HATH-
canue 3T0H xuuru, E. JI. Peiinbepry, npocMoTpeBIIEMY pPYKOMHUCH
H BBICKa3aBIUEMY psJ LEeHHbIX 3aMeuaHuit u coBetoB, u A. C. JlaBul-
JOBY, O3HAKOMHBIIEMYCSI C NEpBBIM BapHaHTOM pykomucu. Pa6otas
HaJ, KHATOM, aBTOp yyesa 3aMeYaHHS H COBETH! OOJIbILIOrO YHCJA JIHIL.
Bcem uM, B ocoGernoctu B. H. Aasmosckomy, I'. M. Barpagosy,
JI. B. Kengeiny, E. C. ®pankuny u B. B. LUMI/I}ITy, 4BTOpP NPHHOCHT
ray6okyio 61arogapHoOCTb.



I'JIABA I
HEOBXOJUMBIE CBEJEHHSI W3 KBAHTOBOW MEXAHHKH

§ 1. YPABHEHHE WPEJMHIEPA W' KJIACCH®HUKALIMS CHCTEM
MHOI'MX YACTHL

1. 1. [ToneBrie MeTOABl KBAHTOBOH TEOPHH MHOTHX 4YacTui, 6asu-
pyiOTCS B KOHEYHOM cueTe Ha o6GbiYHOM ypaBHeHuH Illpenunrepa:

(i—(%—H)‘I’(Q, #) = 0. (1. 1)

3neck Q = {¢1, ..., gy} — COBOKYIHOCTb KOODIMHAT CHCTeMbl N
->

YacTHL; NMOJ ¢; NIOHUMAIOTCS KaK MPOCTPAHCTBEHHBIE X;, TAK H JUCKDET-
Hble (CIHHOBHIE O;, H30TONHYECKHE T;) KOOPAHHATH i-H 4YaCTHUHL.
Famuabronnan H cuntaerca 3ajaHHOH (pyHKuHell KOOpAMHAT, Orepa-

>
TOPOB HMIyJbCa p = —iV u MaTpHul, AeHCTBYIOHINX HA AMCKDETHbIE
KOODJHHATHI.

B panbueiimiem 6yJeM npeanosaraTb, YTO FaMHJIbTOHHAH HE 33aBH-
CHT SIBHO OT BpPEMEHH. JTO HO3BOJISIeT BBECTH MOHSITHE O CTAHOHAp-
HBIX COCTOSIHHX CHCTeMbl, OTBeYaluUuX SHepruH E, 4

¥ (Q. 1) = exp (~EH ¥ (Q) .2

(H—E)¥ (@Q = G
CocrosiHHe ¢ HAUMEHBIUINM 3HAaYeHHEM SHepTHH HOCHT Ha3BaHHE OCHOB-
Horo. B pannueiimeM peub 6yJAeT HATH MOYTH MCK/IOUHTENBLHO O CTa-
uHOHaprIx COCTOSIHUSIX CHCTEMHI.

- BostHOBast GYHKIMSL CHCTEMbl TOXKECTBEHHLIX (PEPMHOHOB JO/IKHA
ObITb aHTHCHMMETPHUYHOH (yHKUHeH HX KoopaunHar. OnpeneneHHBIM
BHJION3MEHEHHEM annapaTta TeOPHH MOXKHO JOOHTbCH pacipocTpane-
HHSl TOTO CBOHCTBA M HA CHCTEMBI Da3/IMUHBIX N[O CBOEH IPHpPOJE
4acTuIl, €CJAH OrpaHHYHThCS npnénnmennem B KOTOPOM HX Xapakre-
PHCTHKH (Macchl, 3aKOHBI B3aUMOJAEHCTBHSA W T. 11.) COBNajamoT. Bax-
HEHLTHM IPHMEPOM TaKOTro POJa ABJSIETCS CHCTEMA TPOTOHOB H HEHTPO-
HOB B NpeHeOpeXKEHUH HX 3JIEKTPOMATHUTHHIMH B3aMMOJEHCTBHAMH.
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AHTHCHMMETPHS BOJHOBOH (yHKUHH JOCTHTAeTCsi TIPH 3TOM BBeje-
HueM JOMOJIHUTENBHOH H30TONMUYECKOH CTelleHH CBOGOJbl YACTHIIHI,
T03BOJISIIOLIEH TPAKTOBATb NPOTOH M HEHTPOH KaK Pa3HBIE COCTOSTHHS
€IHHON YaCTHLUB — HYKJOHA *.

1. 2. TaMHJIbTOHHAH CHCTEMBI MOXET ObITh NPEICTABJEH B BHIE
CyMMbl NByX caaraemblx H = H, -4 H,. CpoGojaubii ramMuibTO-
HuaH H; npejcraBister co6Goil CyMMy ONEpaToOpoOB KHHETHUYECKOH
3HEPTHH YacTHI[ U SHEPTHH WX B3AHMOAEHCTBHUS C BHEITHUM noJem U:

N
H == Ti,
F El (1. 3)
T = p*2M + U (g).

[aMunbTOHMAH B3auMojedcTBusi H, COZEpKHUT UTEHB, OTBEYAO-
He NApHOMY, TPOHHOMY H T. 4. B3aHMOJAEHCTBHIO MEK/JY YACTHIIAMH.
Hame Bcero NPHXOAHTCH HMETb JeJ0 C NMAPHBIM B3aHMOJEHCTBHEM

I N
H=5¥Y"Vv, ‘ (1. 4)
i, j=1
(WTPHX Yy CyMMBI O3HAYaeT MpPOMYCK CaraeMoro ¢ i = j).

B Teopunm MHOrHX uYacTWu MNOTeHHMAaJ B3amMojeicTBusi V cuu-
TaeTcs 3aJaHHoH (yHKLHEH KOOpAHHAT YACTHI[, HX CMIUHOB, HMIYJb-
COB M T. m.**. Buj 310# GyHKuNHN BHIGHpPAETCst JHGO U3 TEOPETHUECKH X
cooGpaxeHuit (3JIeKTPOMarHUTHbE B3auMOJEHCTBHsS), JH60 3aMM-
CTBYETCS HEMOCPEACTBEHHO M3 OMNMITA. '

B HekoTOpHIX ciydasix OKas3kiBaeTcsi MOJIE3HBIM BBeleHHE 3(dex-
TUBHOTO NOTEHLHAJa B3aHMOJEHCTBUs, HAXOkKJEHHE KOTOpPOro Tpe-
OyeT yike ClenHaJbHBIX BbUHCIeHHH. Tak O6CTOMT, HANPUMED, HEJ0
NpH PAcCMOTPEHHH CHCTEMBI HaCTUI[ ABYX COPTOB (Il ONpENEJEHHO-
CTH a ¥ b), ecsiM YacTHIBL @ HHTEPECYIOT HAC He caMu mo cefe, a JHIIb
C TOYKH 3peHHA UX BIHSIHUSA HA JBUMKEHHUE YACTHIL b. YUeT 5TOro BJIUS-
HHS, CBONAIUHACA K HCKJIOUEHHIO JHHAMHUYECKHX IIepeMeHHBIX 4Ya-
CTHI| @, TIpUBOAUT K 3(pheKTHBHOMY H3MEHEHHIO MOTEHIIHAJa B3aHMO-
JeHCTBUST MeXAY 4acTHLAMH b.

C nono6GHoil cuTyainuell NMPUXONMTCS CTaNKUBaTbCsl B mpobJeme
CBEpXIIPOBOAUMOCTH METAJJIOB, TJe OOBEKTOM PACCMOTPEHUS SIBJISETCS
CHCTEMa 3JIeKTPOHOB H ATOMOB peNIeTKH. J(PMEKTHBHBIH MOTEHIHAN
B3aMMOJEHCTBUST MEXKAY 3JIEKTPOHAMH, VYUHTHIBAIOIIUN KoJeOaHHs
PEIIeTKH, MOXKET pAaAHKaJbHBEIM 06pa3oM OTJHYATBCSI OT HCXOJHOTO
KYJIOHOBCKOIO MOTEHI[HaJa. IJTO OOGCTOATENbCTBO JIEXKHT B OCHOBE
CYIIECTBYIOEl TEOPHU CBEpXMPOBOJUMOCTH [9, 301.

* TlogpoGuee cM. B padore [28]. Tam xke MOXKHO HAHTH HEOGXOAUMBIE AJISI NaJb-
Hefilero cBefieHHst 06 amEapare M30TOIHYECKOIO CIHHA.

** B nanbuefilieM, HMess B BHAY HEPeJATUBHCTCKHH XapakTep ABHKeHHS YACTHI,
Mbl Gyjlem npeHeGperath SJeKTPOMATHHTHBIM 3aMa3/bIBAHHEM WX B3aHMOJEHCTEUSA.
TIpu HeoGXOAMMOCTH yueTa 3amasAbiBAHUS B HH3UIEM NCPAAKe mo 1/c? MOXHO-ROJE-
30BaThcA motennManom Bpefita [29], oTHoCAIEMCS K KJaaccy B3aMMOLeHCTBHH, 3aBH-
CALWMX OT HMITYJIbCA. o
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1. 3. B npocrefimux cayiasx NOTEHIHA] B3aHMOJEHCTBUS Ipex-
cTaBjasieT co60# (PYHKUHIO TONBKO KOOpAMHAT uyactuu. I[lpumepom
MOJKeT CJYMTb KyJOHOBCKOE B3aHMOJeHcTBHE (¢ — 3apsj YaCTHIb;

> >
ri = X — x;)
a2

[ToTeHuHan B3aHMOAEHCTBHSI MOKET 3aBUCETb TAK¥XKe OT OIIepaTopoB
uMnyabca, cnuia 4 T. A. C GU3MuecKO# TOUKM 3PEHHs 3TO O3HAUaeT,
YTO caMblii ‘XapakTep B3aUMOJEHCTBHS MeXKIY UacTHUAMHK (BeJMYHHA
B3aHMOJEHCTBH A, €ro 3HaK) 3aBHCHT OT TOTO COCTOSIHHS, B KOTOPOM OHH
HaxonsaTcsa. TakuMH CBOHCTBAMH 00JafaI0T B3aUMOJECHCTBUA MEXKIY
CJIOKHBIMH UYACTHIAMH — ATOMaMH, MOJIEKYJaMH, siipaMmu, a TaKxe
B3aUMOJIGHCTBHA MexAy HYKjJoHaMu. MIMeHHO 3STOT moCaeqnHuit cny-
yai Mbl OyZeM HMEeTb B BHAY B 3TOM H CJIEAYIOWIEM pasjesnax.

[MoTeHu#an B3auMOAEHCTBUSI BKAWOYaeT B cebs NpH 3TOM P
THIHYHBIX KOMOuHaIMi omeparopoB. K X 4uMCIy OTHOCATCH npem{Le

(x) 0)
13

BCEro OIepaTophl OGMeHa MpOCTDPaHCTBEHHBIX ¢'f;, CNUHOBHIX & if

¥ u30TONHUECKUX & {1 Koop IMHAT, MEHSIOUE MECTAMU TIPH JEHCTBHH
Ha BOJHOBYIO (DYHKIHIO COOTBETCTBYIOIIHE KOOPIMHATHL i-# W j-i
yactui. B sBHON ¢opMe MOkHO Hanucatb [23]
1 > > o > >
I = LEHA | G~ T (1. 6)
-> >

rie ¢ 1 T — marpuuel [layau, AefiCTByIOIHE HA COOTBETCTBYIOIIHE
KoopauHaTE. UTo e Kacaercsi onepatopa ¢/ ), To OH BBIpaxkAaeTCs
SIBHBIM 00PA30M uepe3 Ofepartop HMIIYJbCa 4acTHL. B npeneGpekeHuu
3J1eKTpOMarHHTHEIMH 3ddpextamu oneparop & () ceogutes K — (O (.
ATo 06CTOATENBCTBO CBA3HO € AHTHCHMMETpHEH BOJHOBOH (pyHKIUH

FY¥ =FOFOFOF = ¥,

O6iiee BhIpakKeHHE AT NOTEHIHANa OGMEHHBIX CHJ1 MOXKeT ObITb
3aMHcaHo B BHJe

V=Vy()+ V() FO + V() FO—Vy(r) FOFSO, (1.7)

rje OTje/]bHbIE YJeHbl HOCAT HAa3BaHHE COOTBETCTBeHHO Cus Buruepa,
Baprtaera, Ieiisentepra u Majiopana. Oco6o BrigensioT cuabl Cepbepa,
coflepalHe XapaKTepHYI0 KOMOUHALMIO,

S—Lrgw-—ta—gogm. (18

ITH CHJIBI OTJMYHBL OT HYJS JIHUb B COCTOSAHUSAX C YETHBIM 3HAUYEHHEM
Oop6HUTANLHOTO MOMEHTA OTHOCHTENLHOrO [BHXKEHHS YAaCTHIL.

Hapsay ¢ cOGCTBEHHO SAEPHBIMA CHJIAMH, HE 3aBHCSIUIMMH OT POAA
B3aHMOJEHCTBYIOIHX HYKJIOHOB, HEOOXOAHMO YYNUTHIBATH KYJIOHOBCKOE
B3aHWMOfelicTBHe, MPUCYyllee TOJbKO npoToHaM. YToOsl OTPasuTh
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3TO 0GCTOSITENCTBO, CJIEyeT BBECTH ONEPATOPHL §(p) U §(n)» BHIAESIO-
mHe COOTBETCTBEHHO NPOTOHHOE W HEHTPOHHOE COCTOSTHHSA:

Em= 1+ Em— o (—1), (1.9)

TIe T3 — COOTBeTCTByIO[LlaH matpuna Ilaynn. ITorenuuan KyJIOHOB-
CKOT'O B3aHMOJEHCTBHS MeXJY HYKJOHAMH MMEET CJEAYIOWHUH BHA:
2

Vieyii = 8inyi Sy 7;- (1. 10)

Kpome TOro, noteHuuas HyKJOHHOTO B3aUMONEHCTBUS COAEDIKHUT
YJIEHBl, OTBEYAIOUIHE TEH30PHBIM U CIMHH-OPOHTANbHLEIM CHJIAM H 34BH-
Csilllie OT ONepaTOpPOB CIHMHA H OTHOCHTEJNLHOIO MOMEHTa KOJHUYECTBA
JBHKeHusI. SIBHBIE Bpra)KeHI/IH MOTEHUHAJIOB STHX CHJ B JajbHEHIIeM
He TOoHano6ATCA.

1. 4. ToBopss O mOTeHIMAJe B3aUMOJEHCTBUS MEXAY YacTHIAMH

MHOTOHYKJIOHHOH CHCTEeMBI, CJefyeT HUMeTb B BHAY, YTO KaKue-jaH60
TpsiMble JaHHBIE, KAacaloUlHecs 3TOTO MOTEeHUHana, II0 CYUIeCTBY
OTCYTeTBYIOT. C OJHOH CTODOHBI, TEOPETHYECKOE pelIeHHe BONpoca
'O B3aHMOJEHCTBHAX B MHOTOHYKJOHHOH cucTeMe MOIJIO G6bl OHITh
NOJIy4eHO JIHIIb HA OCHOBE ME30HHOH TEOPHH TakhXx CHCTeM. [1oj0G-
HOil TEOpHH, OXHAKO, IO HACTOSIIErO BpeMeny He cymecryeT. C apy-
TOi CTOpPOHBI, ONbITHBIE JAHHBIE 10 B3aHMOJIEHCTBHIO HYKJIOHOB, KOTO-
PBIMH - pacriosiaraeT siiepHas (H3MKA, OTHOCATCA MOYTH HCKJIOUH-
TeJIbHO K JIape H30JHPOBAHHEIX YaCTHI| (paccemme HYKJIOHOB Ha
HYKJIOHAX, JeHTpOH H T. 11)

BBHLY CDAaBHWTENLHON MAJOCTH DACCTOSIHHS MEXAy YaCTHIAMH
B peajibHbIX MHOTOHYKJIOHHBIX CHCTEMaX TPENIOJIOKEHHE O COBIIaje-
HUH IOTEHIHAJOB B3aMMOIEHCTBHSI MeXJy H30JHPOBAHHBLIMH HYKJO-
HAMH H HYKJOHAMH, BXOJSUIHMH B COCTaB CHCTEMbI, NPEACTABJSAETCS
ANPUOPH MaJoBepOsATHBIM. C 3TOH TOYKH 3peHHs BO3MOXKHO MOsBJe-
HH€ MHOTOYACTHYHBIX — TPOHHBIX, YETBEPHBIX W T. II. — CHJI B3aH-
MOJEHCTBHS MeX]JY HYKJIOHAMH.

Cioenyer, ofHaKO, OTMETHTb, YTO KaKHe-qu60 yOeIuTeJNbHLIE KO-
JIMYECTBEHHbIE OLEHKH pOJII MHOTOYACTHYHHIX CHJ JO HACTOSIHIETO
BpEMeHH OTCYTCTBYIOT U B L(€JIOM OOCYy>KJaeMEIil BOIIPOC OCTaeTCA MOKa
OTKPBITHIM.

B cBasu ¢ 3THM B TeopuM siApa HapsAly € (peHOMEHOJOrHYECKHM
CyumecTByeT H Jpyroe HanpasJieHHe, OCHOBAaHHOE Ha IPeANOJIOKEHHH
O MaJIOCTH MHOTOYACTHYHBIX CHJ. DJjiarofaps 3TOMy NpeiloNiOXKeHHUIO
JJI1 BBHIYMCJICHHS] XapAKTEPHUCTHK MHOTOHYKJOHHOH CHCTEMBI MOXKHO
HCIOJb30BaTh SMIOHPHYECKUHA IOTEHLHAA B3aHMOJEHCTBHSI MEXAY
M30JMpOBaHHbBIME vacTHiaMu. CpaBHMBAs BBHIYHCACHHBIE TAaKUM o6pa-
30M BEJIMYHHEL C Pe3yJIbTaTAMH ONBITA, MOXKHO B NIDHHIUIE HAfTH npe-
JieJIbl NPHMEHHMOCTH YKa3aHHOTO NpEeNTIOJIOKEHH .

Taxoe cpaBHeHHe, NpOBeJeHHOE K HACTOSILIEMY BPEMEHH YXKe IJs
IIeJIOr0 psifia XapaKTepUCTHK AaTOMHOrO s7pa, He IIPHBENIO IOoKa
K CKOJIbKO-HHGY/Ib 3aMETHHIM MPOTHBOPEYHsIM. ITO I03BOJSAET JyMaTh,
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YTO MHKDOCKONHYECKAsl TEOPHsl ATOMHOTO f1pa, OCHOBAHHAS HA HC-
MOJL30BAHHH 3MIMPHYECKOr0 MapHOro NOTEHIHa a B3aMMOJEHCTBHS,
MOKeT NpeTeHJ0BaTh (Mo KpafiHell Mepe B 0G/JIACTH HEBBLICOKHX 3HEp-
ruil) Ha BO3MOXKHOCTb KayeCTBEHHOIO, a B NEJOM psjie OTHOLICHH’
¥ KOJHYECTBEHHOro OIHCAHMA fAJpa. :

[MostoMy B JajibHeiinieM NPH DPAaCCMOTPEHHH MHOTOHYKJIOHHOH
cucTeMsl GyieT HCIOJMb30BaH SMIIHPHYECKHH NapHbIH NOTEHU KA B3aU-
MOflelicTBHSI. B mensix ynpoumeHHsl BHIKAAJOK 3TOT MOTEHIMA BHIOH-
paercs B caefytomei npubnuxennoi gopme * [311]:

V= V(a) -+ V(c) -+ V(k). (1. 11)

3mecb V(g — ruaBHAs 4YacTh B3aUMOJEHCTBHS, OO0eCIeunBaomias
NpUTAXEHHEe Mexay Hyk/aoHamn. Ona umeeT xapaktep cua CepGepa:

Vi = Vig (r) S.

DyHKUHIO V(g () MOXKHO anmpOKCHMHPOBATH MPSMOYTOJbHO! IOTEH-
LHAJbHON SIMOH: .

Va(ry=—=V, (c<r<a), Vig(r) =0 (r<lc, r>a).
YHCIeHHO MOMXKHO NOPHHSATh

Vym o a2
" = Tia—oF 8 Moe,

a =~ 2,3 ¢pepmu, ¢ ~ 0,4 pepnu.

Ha Mmanbix paccTosiHusiXx IeHCTBYIOT HHTCHCHBHBIE CHJIBI OTTaJKH-

BaHHS BHTHEPOBCKOTO Tuna («TBepaasi cepiiueBuHa») [35]:
Vig(r)=o (r<<c); Vi(r)=0 (r>o0).

Hakouen, V(x) — KYJOHOBCKOE B3aHMOJEHCTBHE MexJ]y IPOTOHAMH

[em. Bmpaxenue (1. 10)1.

[puBenenHoe Bopaxenne Aisi V He oTpaxaeT psja ocoGeHHOCTE#
peaNbHBIX SJIEPHbIX CUJI: HEKOTOPOTO Pa3jIMuHsl BO B3aUMOJAEHCTBHH
B CHHIVIETHOM M TpHIJIETHOM CIIHHOBBIX COCTOSIHHSIX (Il CHCTEMBE
IIPOTOH — HEHTPOH NpPH YETHBIX 3HAUYEHHSX OPGHTAIBLHOIO MOMeHTa [),
OTJIHYHS OT HYJA JaJbHOIEHCTBYIOUIETO MOTEHIHAaNa INpH Heder-
HBIX [, 3aMETHOH DOJIH TEH3ODHBIX H CNHH-OPOUTAJNBHHIX CHJI H T. A.

Cnenyer, BrnpoueM, 3aMeTHTb, YTO pOJIb NEPEUHCTCHHHIX 3(dek-
TOB 3aMETHA B OCHOBHOM JIMIIIb C TOYKH 3PEHHS 33jauu JBYX TeJs.
[lpn paccMOTpeHHM HHTETPANbHBIX XapaKTEPUCTHK MHOTOHYKJIOH:
HOHM CHCTEeMBHI BKJIAJL 5THX 3(Q(heKToB 3a CUeT yCpefHeHHs OKa3blBaeTcs
B 3HAUMTEJLHOH CTENEHH NOoAaBJeHHBIM. [ToaTomy notenuman (1. 11),
6yIyuyd JNOCTATOYHO INPOCTHIM M YAOOHBIM JAJIs PacyeToB, OTpaxKaer
HEKOTOpHE yCpeJHeHHble CBOHCTBA GAEPHHIX CHJI, YTO JejaeT ero
HPHTOJHBIM JJIsi PACCMOTPEHHS psifa 3ajad TEOPHH $sJepHOro Belle-
CTBa. YueT nepeuucjaeHHbIX 3h¢deKTOB B paMKax H3JaraeMelXx HHKe
METOAOB HE BBI3LIBAET HHKAKHX TNPUHIMNHAJIBHHIX 3aTpyAHEHHH.

* TToppoGunie cBefenus 06 obuiell CTPYKTYPe SAePHbIX CHJI MOXHO HalTH B pa6o-
Tax [28, 32]. CBoska mosysMOMPHYECKHX BhIpaxeHH# Ans V cogmepxkuTcs Bpaco-
Tax [33] # B cratbe Xioarena [34]. :
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~1.'5. bBoapmuM ¢opmansHeIM HeyaoGcTBOM Bhipaxenus (1. 11)
SIBJISIeTCS] HaJHuue sIBHOH GeCKOHeUHOCTH B moTeHiuane V. Xors
HHKaKHX TPYAHOCTeH pU3MYECKOTo NMOpsjAKa IPU 3TOM He BO3HHKAET
{1en0 CBOZHTCSL NPOCTO K HEBO3MOXKHOCTH COJHMKEHHSI HYKJIOHOB
JIO DACCTOSIHHH, MEHBUIHX C), IPOBElCHHE COOTBETCTBYIOIIN X BBHIK/JIAA0K
KpafiHe ycjnoxHseTrcss. EcaH OTHOCHTEeNBHBIE HMOYJbC £ CTAJKH-
BAWIUXCH HYKJIOHOB HMeeT JOCTATOYHO Majyi0 BeJIHYHHY

ke £ 1, (1. 12)

TO OKAashBaeTCcss BO3MOXKHBIM 3aMEHUTb nNoTeHuUan Vi, HEKOTOPLIM
JpYrUM 3KBHBAJIEHTHBHIM €My TMOTEHLHAJIOM, He COJEpIKALIHM yKe
ABHEIX Geckoneunocreit (36, 371.

C 3To# 1esbld PacCMOTPUM HECKOJABKO OGojiee ofumiyr 3axauvy
O pacCestHUM Mapbl H30JMPOBAHHBIX YACTHIL C MOTEHIMAJOM B3aHMO-
JeficTBust MexAy HHMH V (r), OTMUYHBIM OT HYJs JHUIIb B 00JaCTH
r < ¢; B 4aCTHOCTH, TOT NMOTEHIMAJ MOKET COBHajaTh ¢ V(. ¥Ypas-
Henue [llpenunrepa B cHCTeMe I1eHTpa MacC MoxeT OBITb 3aNHCAHO
B Buje (M — macca yacTHIBI)

(A+ R (r) =MV (1) (r). (1. 13)
Ero peuwenne B objactd r > ¢ yJ0BJeTBOpsieT CBOGOJHOMY ypaBHe-
uuto Ulpeaunrepa u umeer Buj

B (7) = exp (k1) + [a, (k) + ay (B) L5

3necy q; (k) — napuMaspHas aMIJIMTyJa paccessHus C MOMEHTOM [;
MBI OTPAHHYHJIHCL PACCMOTPEHUEM S- U p-BOJIH, HIPAICIIUX NPH BHIMOJ-
HeHuHd ycaoBus (1. 12) onpenensiionyio poJs. .

B o6mactu r < ¢ pemenue ypaBuenus (1. 13), pasymeercs, He
nMeeT Huuero obuiero c¢ Buipaxennem (1. 14). OnHako npH BHINOJ-
tenun ycaoBus (1. 12) neranu nosefeHus! BOJIHOBOH (DyHKLHH BHYTPH
CpaBHUTE/bHO Y3KOH ofs1acTd AEHCTBHS CHJ HE JOJIKHBI HIPATh Cyle-
CTBeHHOH posu. 3-3a cOoOTHOWIEHHS HeonpejeneHHOCTeH 3bhheKTHB-
HOe pacCTOsiHHE MeXIy uacTHuamud nopsiika 1/k > c. Ilostomy uya-
CTHIBI B YKa3aHHOK 06,aCTH MPOBOIAT CPABHUTENLHO MAJIO€ BpeMs.
MOXHO NO3TOMY CUHTATh, UTO Bhlpaxenue (1. 14) cpaBelJHBO He
TOJILKO TIpH 7 > ¢, HO ¥ npH 7 < ¢. COOTBETCTBEHHO MOXKHO MOCTa-
BUTb BONPOC O HAXOXKJEHMH TAKOTO MNOTEHIWaka B3aWMOJEHCT-
Busi Vg4, KOTOprH IPUBOANT K Bhipaxenuio (1. 14), cnpaBegnuBomMy
MpH BCEX 7.

JleficTBy st OIIepaTOpOM A -+ k? na ¢yukuuo (1. 14) u yuuTeBas

cootnomenue Al/r = —4mnd (;), MOXKHO HANHCaTb JAJsl JEeBOH dYacTH
ypaBaenus (1. 13) .
> —;ZV >
(A -+ k) (r) :—4n(a0¢a1m+ - .><°>(r)- (1. 15)
CpaBHuBasi 3TO BhIpa)keHMe C mpaBoii 4acThio ypasHenus (1. 13),
MOKHO HaHTH BHJ MCKOMOTO moTeHuuansa V,yq.
16
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PaccmoTpum cnavana s-paccesinue, HIrpaiollee OCHOBHYIO POJE.
Hcxops M3 Jierko npoBepsieMOro COOTHOMIEHH ST

8 (r) — (rp (1)) = (1 + ikay) 8 (7).

N\

H CpaBHHBAas npasble yactd ypaBHeHu#d (1. 15) u (1. 13), uerpyauo
NPUATH K CJELYyOLEeMy BHIPAXKEHHIO JJISi HCKOMOTO MOTeHLHAaja:

> 4 > X a
Vsm(r):—ﬁ-tgﬁo(k)ﬁ(r)<l+ry), (1.16)
rae 8, (k) — dasa s-paccesnuns

1 .
@y = 57 [exp (2idy) — 1].

Hns norennmana V() dasa 8, (k) = —kc 1 B HH3WeEM nopsjke
TIO NMapaMeTpy k¢ MOXKHO HAImHCaThb OKOHYATENbHO

Vigs (7) :“/Wﬂa(?)'@ +r%>. (. 17)

Tlorenmuan (1. 17), Hocslui Ha3BaHHE HCEBAONOTEHIMANA, Hecpas-
HEHHO GoJiee yA00eH ANS BRIUMC/ICHHH, YeM HCXOAHEIH noTeHnnan V.

o - 5} "
Bxoxsmuit B Hero oneparop 1 + r 57 CBOIHMTCA K €[HHHIUE NpH Hei-

CTBHH HA PETYJsIPHYIO B Touke 7 = O GYHKUHIO ¥ JIaeT HYJb NPH Jei-
CTBHM Ha QYHKIMIO, MMeoulylo OCO6eHHOCTb THna 1/r. Baaromaps

5}
HaJHuHiO onepartopa 1 + r - ncepjonotreHuuan (1. 17) moxer 6uTh

MCIONb3OBAH [I/Is PacuyeToB B BBICIIMX NPUGIHIKEHHSAX TEOPHH BO3-
MyLeHH#A. B 3TOM OTHOLIEHHH OH CYIECTBEHHO OTJIMYAETCS OT CEBO-
noteHunana Pepmu [32], KOTOPHII NPUrOJeH NHMb JJA pPacueToOB
B nepBOM GOPHOBCKOM NpUGIHKEHUH. ‘

CaepyeT nmonxuepKHyTh, YTO NpH BhBOJe Bhipaxenus (1. 16) 6buro
MCIIO/Ib30BAHO TOJBKO ycaoBue (1. 12), o3Havaromee ManocTh paguyca
JAEACTBUSL CHJI TIO0 CPABHEHHIO C JJIMHOH BOJIHHI OTHOCHTEJILHOTO JBH-
KeHHusa YacTuil 1/k. ManocTb aMIIATYABl pAacCesiHus IO CPABHEHHIO
¢ 1/k npu sToM He ucnop3oBaiacs. [lostoMy Boipaxkenue (1. 16) npu-
rOHO, BOOOWIE TOBOPS, H JJs ONHCAHHS PE30OHAHCHOH CHTyanuH,
Korga 0, ~ m/2.

ITepefinem Kk HaxOxAeHHIO MONMPABOK K nceBgonorenunuany (1. 17),
MMEIOIU X OTHOCHTEJIbHBIH NOPSIAOK (kc)? (MMHEeHHRBIEe YjleHEl, KaK OKa-
3BIBAETCS, NIPH 3TOM OTCYTCTBYIOT). IIpexjie Bcero Heo6XoquMo yuecTsb
CJACAYIOUWHH YieH pasJoxeHus mo kc BenuuuHbl tg 8, (k) B Bhpaxe-
HuA (1. 16). OcraBasicb B paMKax TpPHHSATOrO NPHOIHMKEHHsS, MOKHO
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MPOU3BECTH, COTJIACHO YypABHEHHIO (1 . 15), 3aMeHy k% — ———A, a Takxe
) S
ONyCTUTL OIEPATOpP 1 4+ f—ar *. J10 jpaer

> 4otc3 .
8Vigp (r) = — 33 8 (N A (1. 18)
31echs H HHXKE
. (V;.—V?')
V=t L

[Momumo 3TOrO, MOMpaBOYHLIE WJIEHHI PACCMATPHBAEMOIO MODAAKaA
MOJYYalOTCA 34 cyeT p-paccestnusi. IloacraBasis B ypasuenue (1. 15)
COOTHOLIEHHE

(V)8 (F) = — i S Vq [8(7) Vaexp (ik 1) =

=i [V () Va+ 8N AIS()

M YUMTHIBAsi, YTO /s NOTeHuHana Vi) a, (k) = —k%c®, 6ynem uMers
-> Amcs > >
8,V (Nagp = — 1 |2 Vad () Ve +8() Al (119

B 3akJioueHHe KOCHEMCS BOIPOCA O MOTPEIIHOCTH, CBSI3aHHOH CO-
CIEJAHHBIM BbilIE MPEJNOJIOKEHHEM O BO3MOXKHOCTH 3aMEHBI TOUHOH
BOJIHOBOM (yHKIMHK BoipaxkenueM (1. 14). OueBuaHO, 4TO 3Ta NOTpeml-
HOCTb GYJiET CKa3bIBATLCH JIMIIb HA YJI€HAX BBICUIEro NOpsjiKa 1o napa-
Metpy kc. Anaiaua nokassiBaer [38], yTo COOTBETCTBYIOIMH OTHOCH-
TeNbHBI BKJIAJ OKa3biBAeTCs MO KpaiiHeil Mepe nopsjxa (kc)® u Moxer
MO5TOMY HE YUYHTHIBATHCH.

1. 6. U3 Bxogsamux B ypaBHeHue llIpeanHrepa BeJHYMH MOXKHO
COCTAaBHTb B 0OmeM CJyyae [Ba HE3aBHCHMBIX Oe3pasMepHBIX Iapa-
metpa. OIHH H3 HHX — NapaMeTp B3aHMOJEHCTBHS G — ONpene-
JsieTcs OTHOMIEHHEM CpefHell HeprHH B3aMMOJEHCTBHS Maphl YacCTHIL
K HX cpefHeil KHHeTHYeCKOH 3Hepruu. Jlpyroil — napamerp cxa-
TOCTH 1) — pABEH OTHOLIEHHIO 3p(PEKTHBHOrO pajuyca JAeHCTBHS CHJL
K CpeJHEMY PACCTOSHHIO MEX]Y YaCTHUAMH.

COOTBETCTBEHHO BeJHYMHE 3THX NaPaMETPOB MOXKHO KJIACCH(MIH-
pOBaTh CHCTEMBbl MHOI'MX YACTHI[ [0 JBYM NPH3HAKAM: IO CHJIE B3au-
MOJEHCTBHSI MEXAy YacTHLAMH H IO CTENeHH CKATOCTH CHCTEMBI.
B3auMoNelicTBHE B CHCTEME CUHTAeTCs GOJIbIIMM HJIM M2JbLIM B 3aBH-
CHMOCTH OT TOTO, BeJHK HJIA Maj MO CPABHEHHIO C eMHMIEH mapa-
MeTp o. AHAJOrHYHO CHCTEMAa OTHOCHTCA K KJIACCy CXKAaThiX HJM pas-

* B panbuefimeM gopmyaa (1. 18) Gyxer HCIOABb3OBAHA JHIbL B IEPBOM GOPHOB-
CKOM NPUOIHIKEHHH. Tl 3TOT onepatop AeficTsyeT Ha peryJapHYI0 B Touke r = &
QYHKUHIO. i .
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PEXEHHBIX B COOTBETCTBHM C TeM, BEJHK WJIH MaJ napameTp 1. Takas
K/IaCCH(PUKALHSI OKA3bIBaeTCs BeCbMa IIOjI€3HOH IS BHIGOpA MOJXO-
JSIIET0o NPHGIHKEHHOTO METO/la ONIUCAHHUS CHCTEMH (cM. § 16).

BaxHo noJuepKHyTb, YTO MaJOCTb NApaMeTpa o B CKATHIX
CHCTEMAX OTHIOJb HE O3HAuaeT MajoCTH 3(peKTOB B3aHUMOJEHCTBHUSA
B LeJOM II0 chcTeMe. [leno B TOM, YTO B CKATBIX CHCTEMAax BHY-
TPH pazuyca JAeHCTBHS CHJI HAXOJUTCSI MHOIO YacTHI, MO3TOMY
TIOJIHASl SHEPTHS] B3aHMOJECHCTBHS MOMKeT JOCTUTATh NPH 3TOM 3aMeT-
HOH BeJHYHHBI H JaKe NPEBLIIATE 3HAYEHHE NOJHOH KHHETHUECKOH
3HepPTHUH.

IlepefineM K KOHKPETHOMY PAaCCMOTPEHHIO BBEJEHHBIX MapaMeTpOB.
CHCTeMBI ¢ KYJIOHOBCKHMH H KODOTKOLEHCTBYIOIMMH CHJIAMH TPEOYIOT
Pa3JeJbHOTO HCCJIe0BAHUSA. ‘

CucremMa yacTHi, CBSI3AHHBIX KOPOTKONEHCTBYIOIIMMH CHJIAMH,
XapakTepusyeTcs CJeAYIOUMMH BeJIHYHHAMH: Maccofi vactuy M,
cpefiHell BEJMYMHOH NOTeHIMana B3auMojeHcTBus V,* u paauycom
ZeidctBus cun R. Ciona ciepyer eume J06GaBUTh CPEIHION NJIOTHOCTb

YUCJaa 4YacTHI Q HJM CBSI3aHHOE C HHM cpe,zmee pacCToOAHUE MEXAY

3 \Ys
yacTunamy d = [—— . Ecau cucrema Haxoaurcsi B rasonono6-

4m

HOM (HeCBSI3aHHOM) QCOCTOHHPIPI HJIM TOJIBEPTHYTA NPHHYLHTENbHOMY
CXKaTHIO, TO BeJMYHHA d JOJMKHA 324aBaThCsl HE3aBHCHMO, HANpuUMep
uepe3 TpaHHYHbIE YCIOBHS 3ajaud. Ecau ke cHcTeMa HaxXOAUTCs
B CBSI3aHHOM COCTOSIHUM (HaINpHMep, aTOMHOE sIApO), TO BejuuyuHa d
MOKeT OLITh B IpHHIMIE BEIpaxeHna uepes M, V,u R. ‘

ChcreMa C KYJIOHOBCKHM B3aHMOJEHCTBHEM XapaKTepU3yeTcs
MEHBIUHM YHCJIOM napamerpoB: M, d u e (3apan wactun). [loHsTue
pajuyca IeHCTBHS JJs1 KYJOHOBCKHX CHJ OTCYTCTByeT. 3aMeTuM,
BIIPOYEM, UYTO HMEETCS BO3MOXKHOCTb BBECTH NOHsTHe 06 3(¢eKTHB-
HOM pajuyce JeHCTBHS CHJI, POJIb KOTOPOrO HIrpaeTr panuyc jae6aeB-
CKOro skpanupoBanus [4, 39] (ecm. § 16 u 27):

o
Ry~ =, (1. 20)
43‘[:362 Y2
TAE Uy — XapaKTepHaH BeJIHUHHa CKOPOCTH YaCTHILHL, W, = —

M
YacToTa NJA3MEHHEIX KoJieGaHui. :

[lpu paccMOTpeHHH CHCTEM C KODOTKOAEHCTBYIOUMMH CHJIAMH
peub GyNeT MATH HCKJIIOUHTEJIHHO O Cydyae HYJEeBOH TemmepaTyphl **.
Jlaist cucteM ¢ KYJMOHOBCKMMH CHJIAMH 3HAYHTENbHBLIH HHTEpeC Npef-
CTaBJIsIET TaKXE H NPOTHBOMOJIOKHBIH NpeNeNbHBlH Clyd4all BRICOKHX
TeMneparyp. : :

* Cryualh noteHnuasga «rsepfoil cepAleBHHB 0coObi. OH 6Gyner paccMoTper
HHXKe.
© ** «[opstune» CHCTEMBI TAKOIO POAA HE NPEACTABISIOT GOJBIIOTO HHTEPECA, TaK
KaK POJib TeIIOBOH 3HePTHH Y HUX Masa. Tak, Hanpumep, Bo36yKAEHHOMY aTOMHOMY
SIAPY MOXeT GHITh NPHIHCAHA TEMIlepaTypa BCEro JMiub nopsjaka 1 Mas.
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1. 7. PaccMoTpuM CHAuana CHCTeMY C KODOTKOJEHCTBYIOIMMH
cusnamu. Kak yxe roBopujoCh, MapaMeTp CXKATOCTH ] ONpeAe/sdaercs
OTHOLIIEHHEM :

n=-=. (1. 21)

Ecau noTeHUMaJ] B3auMOJIECHCTBHSI CONEPIKHT JABa pajuyca JNeHCTBHS
CHJI, TO CHCTEMA MOKeT OBITh CKATOH IO OTHOIIEHHIO K OJJHOMY H3 pa-
JMYCOB M PAa3PEKEHHOH MO OTHOWIEHHIO K APYyromy. JTO XapaKTepHo,
HAMpHMep, JJs NOTeHUuana sfepHbix cui (cM. paszen 1. 4). B atom
caydae CHAbl NPUTSKEHHS HMEIOT pamuyc a = 2,3 ¢hepmu, CHIbL
OTTaNKHUBAHHA — ¢ =~ 0,4 (pepmu, cpeiHee DPACCTOSIHME MEXIY 4Ya-
CTHLAMH sifpa paBHO mpumepHo 1,3 gepmu. Tlostomy aTomMHOE AApO
SIBJISI€TCSl CPABHUTENIbHO CIKATOH CHCTeMOH IO OTHOIIEHHIO K CHJ1aM
NPUTAKEHHS © CPABHHTEILHO PA3PEXEHHOH MO OTHOLICHHIO K CHJIaM
OTTaJKHBAHHUS.

OnpenenuM BhIpaxKeHHe JJs I[apaMeTpa B3auMOJEHCTBHA 0.
B cxkaThiX cHCTeMax CpENHsIsl SHeprHsl B3aUMOJEHCTBUs Mapbl Ya-
ctun nopsxka V,, HMX CpeIHsAs KHHeTHYecKasi 9Heprus mnopaiaka
p%/M ~ (Md?®~1, rae py ~ 1/d — xapakTepHOe 3Ha4eHHE HMIIYJIbCA.
Orciona

a ~ MVyd2. (1. 22)

B paspexeHHBIX CHCTeMaX OLEHKA KHHETHYECKOH SHEPTUH OCTaeTcs
npexHell, HO 3pQEKTHBHAS 3SHEPrus B3aUMOJEHCTBHsS OKa3biBaeTCs
B (d/R)? pas MeHblue, UeM IJis C:KATHIX CHCTEM; 3TO CBsI3aHO C TeM, 4TO
yacTUIB TPOBOAAT B 06J1aCTH JEHCTBHS CHJ JIHUIbL Majayio JOJIO Bpe-
Menu. [Jostomy : :

@~ MV R3%d1. (1. 23)

Cy1eCTBEHHYIO POJb IIPH PACCMOTPEHHHU Pa3pPeKEeHHbIX CHCTEM HTPAeT
TaKkKe TnapaMerp :

@ ~ MV, R? ~ a/n, (1. 24)

DOSIBJIAIONMIACSA NIPH ONMCAHUM DPACCEeAHMS H3O0JHPOBAHHBIX YACTHIL
W OMpeNessIoNHi IPUMEHHMOCTL GOPHOBCKOTO MPUOJIHKEHHS ‘124 1.

Ecau napameTp o’ He MaJ 0 CPABHEHHIO C eIUHHUEH, TO MOXKHO
NPHBECTH APYTYI0 GOPMYJay IJIsi Mapamerpa o, MO3BOJAIOMIYIO BKJIO-
YUTh B PACCMOTDEHHE IIOTEHLHAN «TBEPHOH CepALeBHHB» H MNepexo-
Asmyo npu @' — 0 B cootHomenne (1. 23). 3amucas V,R® B Buje

Cdrv (7) ¥ TOZCTABHB - BHIPAXKEHHE JJIs1 NICEBJONOTeHnHana * [cM. BbI-
paxenue (1. 16)], noayuum
a~ l/d, (1.23")

* YcuoBde PpasperenHOCTH (DAKTUUECKH coBnajaer ¢ HepaserctBoM (1. 12),
TaK Kak k ~ 1/d, nostomy mepexoj K NCeBJONOTEHIMAJy B JaHHOM CJIydae ONMpPAaBLaH.
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tg d (k)
——=

rae | = — IJMHA paccessHusi. [l NMOTeHuHasna «TBep-

JIO¥ CcepaneBHHB [ == ¢ H
a~n<l (1. 25)

[pu pe3oHaHCHOM paccesiHud 8 ~ ®/2 [ > d, u Mbl ostyuaem a >> 1;
B3aMMOJIEHCTBHE MEX/y YacTHIaM{ HTpaeT NPH TOM 3AMETHYIO POJib,
HECMOTpS Ha pa3pexeHHOCTb CHCTEMHI.

[TpoananusupyeM, UCXOASl H3 NPHBEIEHHBIX COOTHOMIEHHH, NOTEH-
Ma SAEPHBIX cuJl. JLIsT CHJI IPHTSIKEHHST MEXKAY HYKJIOHAMH B aTOM-
HOM siipe cooTHomleHHe (1. 22) naer 3HayeHue o, YHUCJIEHHO GJH3KOE
K eJHHHIE. DTH CHUJB HYXKHO, TaKuM 06pa3oM, OTHECTH K B3aHMOJIEH-
CTBHAM MNPOMENRYTOYHOH WHTEHCHBHOCTH. [IpHHYIHTENBHO CKATYH:
CHCTEMY HYKJOHOB, PacCMaTpHUBaeMyl0 B acTPOPHU3UKE, MOKHO OTHE-
CTH y3e K CHCTeMaM CO cJalbM B3auMojeicTBHeM. Tak, /i CHCTEME,
umeromel naoTHocTh 1014 ¢/cm®, napameTp o okaswiBaercs nopsaka 1/2.

[ToTeHuuan «TBepAOH CepANEBHHBI» B sI/ipe TAKKe OTHOCHTCS K Pas-
pany cnabuix B3awmogeictBuilt [cM. Beipaxenne (1. 25)], onmako
INPH CXKATHH CHCTEMBI COOTBETCTBVIOMIHH TapaMeTp « CTPeMHTCS
K €JUHHIE. .

Oco6uift  cayyaft mNpeiCTaBASIOT COOOH CHJIBHO = paspekeHHble
MHOTOHYKJIOHHEIE CHCTEMBI, CpejHee pacCTOSIHHE MEXKAy 4YacTHILAMH
KOTOPHIX TpPEBHIIAeT PajHyC LEHCTBHSI CHA NPHTSXKeHHA. Bsauwmo-
JleHCTBUE B TAKMUX CHCTEMaX HOCHT PE30HAHCHBIN XapaKTep: HajHuHe
ypoBHs1 (PeanbHOTO WJH BHPTYaJbHOTO) MajoH SHEPTHH MPUBOLUT
K 6osblol Bequuuue AnuHBl paccesuust ([ ~ 20 gepmu). CooTser-
CTBYIOUIMI TapaMeTp « OKaspiBaeTrcss OosbmuM. EcCTh oCHOBaHMS
IyMaTh, YTO MOAOOHAsS CHUTYaLHsl MOMKET NpEeJICTAaBaATbL HHTEpEC s
npoGseMsl HelTporHO# MaTtepun [40] (cm. § 7 n 27).

1. 8. PaccMoTpuM cHCTEMY C KYJIOHOBCKHM B3aHMOJEHCTBHEM
B CJyYae HYJEBOH TeMIepaTyphl. .

YIo6HO C caMoro Hauyaja BBeCTH BeJIMUHHY @, = (Me?)~! —
paguyc GOpOBCKOi OpOWTH. YuuTHBasi, 4t0 p, ~ Moy, ~ 1/d, us
cootHouenus (1. 20) noayduMm cjefyiollee BEIpakeHue Ans He6aes-
CKOTO paguyca: '

Ro~ (agd)'’> , (1. 26)
OTKY/ia NapaMerp CKATOCTH :

1N~ (a,/d)'/s . (1. 27)
CucreMa, TakeM 00pa3oM, CUHTAETCS CKATOH MAH DPAa3spe:keHHOH
B 3aBHCHMOCTH OT COOTHOUIEHHS CPELHEr0o PAaCCTOSIHHSI MEXKAY YacTH-
HaMH H paauyca GOpPOBCKOH OpGHTHL )

Bripaxenue Ajisi napaMmeTpa B3aUMOJEHCTBHS G B CJyyae CKAaThIX
KYJIOHOBCKHX CHCTEM MOXKHO MOJYYHTH M3 cooTHomenus (1. 22),
nojcraBiasis BMecTo V, BenuuuHy e2/d — KyJIOHOBCKYIO 3HEPTHIO,
OTHECEHHYIO K CpefHeMY pAacCTOSIHHIO MeXJAy dYacTHIAMH. JTO JAaet

2
@~ e Z (). (1. 28)
) Uo
Bripaxkenue a ~ e%/v, uacTo ucrnosb3zyercss B JHTEpaType.
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PaspexeHHbIX KYJOHOBCKHX CHCTEM, Yy KOTOpPHX d 3> @y, MB He
OyJleM KacaTbesd. Bonpliasi BeinunHA KyJIOHOBCKOTO B3aHMOZEHCTBHSA
B TAKHX CHCTEMAaX MPHUBOAMT K HX HEPEXOAY B KOHJEHCHPOBAHHOE
cocrosinne [41, 42]. Ouauyecku 5TO CBS3AHO C TEM, YTO B Fa30BOM
COCTOAHHH HE MOXKeT OhITh BBIIOJIHEHA TeopeMa BHpHAJNA H3-3a MAaJIo-
«TH KHHETHUeCKOH 3HEepruH II0 CPaBHEHMIO C KYJIOHOBCKo#. O6paso-
BaHHe KOHJEHCAaTa BOCCTAHABJHMBAET OANaHC 3HEPTHH, IOCKOJBLKY
KoJIe6aHHU S 4acCTHL OKOJIO NOJIOXKEHHH DPaBHOBECUS] NPUBOAAT K JOJIXK-
HOMY YBEeJIHUEHHIO HX KHHeTHYeckoH sHeprud. [losToMy yBeauueHne
PACCTOSIHHSA MEXKIY YaCTHIIAMH He TOJBKO He NpensiTCTByeT, a, HaoGo-
POT, CHOCOOCTBYET NOSIBJIEHUIO B CHCTeMe GJIHMKHEro Mop sjiKa.

OneHuM BeJMYHHY napaMeTpa o JJs HEKOTOPHIX peajibHbIX CH-
cTeM. ATOMHOe SIZPO, HANpPUMEp, OKA3BIBAETCA CHCTEMOH €O CJaGbIM
KYJOHOBCKHM B3aumojeiicteueM. B camom xese, BequunHa d Aas
‘TaKOH CHCTEMBI paBHa NpuMepHO | ¢hepmu, a GOPOBCKHI pajuyc Hpo-
ToHa — 30 ¢epmu. [lns 3JMEKTPOHOB NPOBORMMOCTH ME€TajJa Inapa-
MeTp o MMeeT NOPSAJOK eAMHHIL. B atoMme ¢ 4uCIOM 3J€KTPOHOB Z
napamerp o ~ Z—*/s ¥ npu Gosbmux Z mana (cM. § 5).

Kak BHIHO H3 M3JI0KEHHOTO, NMapaMeTphl ¢ H 7| B KYJOHOBCKOMH
CHCTEME HE HE3aBHCHMBI: CXKATasl CHCTEMAa, HANPHMeEp, OJHOBPEMEHHO
AABJISIETCS CHCTEMOH cO cjalbiM B3aHMOJEHCTBHEM.

Taxxe OOGCTOMT Jeso W B CJydae BHICOKHX TeMmnepatyp. [IpH aToM
POJIb KHHETUYECKOH 3Hepruu urpaetr besquunHa kT, COOTBETCTBEHHO
vy ~ (RT/M)'>, otkyna

R°~<k€g3>l/2' "N(k:zdf/', a~(—§,§7—). (1. 29)

OrmMetuM, uTO (KakK cjaefyeT H3 BbIpaxKeHHsd AJs 1)) C yBeJHUYEeHHEM
paccTOsIHHS MeXJY YacTHIAMH CHCTEMA CTAaHOBHTCS MO IPUHATOMY
OINpeJieJIeHHI0 He pa3pexeHHOH, a, HanpoTuB, Gosee CxKaToH. ITOT
HECKOJIbKO TapajioKCcabHBIA BBLIBOJ CBSI3aH C TEM, YTO BEJHUUHHA Jie-
6aeBCcKOro paauyca GEICTPO PaCTeT ¢ YBeJHYEHHEM paCCTOHHHH MexAay
YACTHLAMH.

§ 2. OCHOBHbIE CBEAEHHMSI M3 TEOPHUM NPEJCTABJIEHHA

2. 1. Kpome cnoco6a, n3a0:eHHOTO B § 1, BO3MOXKHEI H Jpyrue
€nocoObl ONHMCAHHS KBAHTOBOH CHCTEMBI — JDYTHe MPEACTABJICHHUA.
[Ipu nepexojie K HOBOMY INpeJCTaBJeHHIO HaOJ04aeMble BEIHYHHB —
coGCTBEHHBEIE 3HAYEHUs ONepaTopoB, HX CpejHHE 3HAYEHHs, BEpOsT-
HOCTH IIEpeXOfO0B H T. A. — JOJIKHBEI, Pa3yMeeTcs, OCTaBaTbCs HEH3-
MEHHEIMH.

ITepexon OT ofHOro mpejAcTaBjeHHA K JPYTOMY OCYIIECTBJSETCS
€ TIOMOIIBIO YHHTapHOTro omeparopa mepexoia U. CootBeTcTBypolee
V3MCHEHHE BOJIHOBOH (PYHKIHUH HAeTCS COOTHOIUIEHHEM

v = UY, @.1)
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a u3MeHeHHe omnepaTopa ¢U3HYECKOH BeJHYHHH @ COOTHOIIEHHEM
a' = UalU™ (2. 2)

ITpuxoM cHabxkeHb npeo6pa3oBaHHbE BeJHYHHHL.
Jlerko BHJETb, YTO MaTpPHYHbIE 3JEMEHTH ONepaTtopa IpH Inepe-
Xofle K HOBOMY MNpeJCTaBJeHHI0 BooOIie He MEHSIOTCA:

(¥ e’ | W) = (¥, |a|¥,). (2. 3)

Baarosaps 3ToMy ocTaiorcsi HEH3MEHHBIMH H NepeYHC/EHHBIe BHILIe
Hab/onaeMble BEJIHUHHEL. -

2. 2. TlepexoxoM K HOBOMY TPEACTABJEHHK) MOXHO JOOHTBHCA
npeskae BCErO M3MEHEeHHS XapakTepa 3aBHCHMOCTH BOJIHOBOH (pYyHK-
IIMH W ONEepaTopoB OT BpeMmeHH. lIMeeTcss BO3MOKHOCTb IOJHOCTbIO
HJIH Y9acCTHYHO «NepeHecTH» 3Ty 3aBHCHMOCTb € BOJHOBOH (YHKUHH
Ha omeparopsl.

B ucxopHom ypasuenun (1. 1) OT BpeMeHU 3aBHCHUT JIMIIb BOJHOBAS
GyHKIHUsI, a He omnepaTopsl (U3HYECKHX BenuuyuH. Takoll crnoco6
onucanHsl oTBeuaer npeactasnenuio llpexunrepa.

IlpencraBnenne xe l'efizenGepra xapakTepu3yeTcss TeM, YTO OT
BpeMEHH 3aBHCHT He BOJHOBasl ¢yHKuus, a omepaTtopel. CHabaum
BeJIHYMHBI, OTHOCSINMECS K 3TOMY INPeACTABJEHHIO, HHAEKCOM «I».
IlpupaBuuBast Hymo npoussopuyw ¥, = UY mo BpemeHH M YUHTHI-
Bast ypaBHeHHe (1. 1), moayuum

ioU/ot = —UH.

Tpebysi, uro6bl mpu £ =0 BesuuuHsl B OGOHX paccMaTPHBAEMBIX
npeicTaBJeHHAX coBnajanu, Haidzem U = exp ({Hf), otkyna
Y. =exp(iH) Y,
o, = exp (iHf) aexp (— iHt).

Ecian noiacTaBHTh BO BTOpOe COOTHOWIeHHe o = H, To nmojayuum
H.=H. [JuddepeHuupoBanneM COOTHOUIEHUS AJSI @, JErKO HAHTH
ypaBHeHHe JBHUXKEHHS IJIs OnepaTtopa B mpelcTaBieHuu [eifisenGepra:

, oa. y

L'd_t'f = [a, Hr] = [a, H]' (2° 4)
Orciopa caenyer, uto 0H,/0t = 0, nostomy onepatop H,. MOXHO
OTHOCUTh K JIIOGOMY MOMEHTY BpEMEHH.

[Tpumensis omepatop U K BONHOBOH (YHKIMH CTAUHOHAPHOTO
COCTOSIHU S, JIETKO BHJETh, YTO B 3TOM cayuae V. mpocro coBmajaer
¢ He 3aBHCSAMIEH OT BpeMeHHM 4acTbio BosHOBOH ¢yHkuun ¥ (Q) [cm.
ypaBuenue (1. 2)].

B panpueiiinem mam nonanobutcsi obiiee BHIpaKEHHE JJIs MATPHU-
HOTO 3JIEMEHTa ONepaTopa, OTHOCAILIErocss K CTAUHOHAPHEIM COCTOSI-
HHSM CHCTeMBl. Peub HIeT 0 BeJHYHHE

Mmny = (¥rimy [ 0| ¥rm),
rie ¥, ) — cobctBennass ¢yHKuus ramuabtonnaHa HV ., =
= En) ¥ (n). MoxHo 6Ge3 Tpyla HaHTH SIBHYIO 3aBHCHMOCTb BeJIH-
23



qUHE Mmny OT BpeMmeHH. C 3To# neJbio npopuddepennupyeMm M,a
mo f ¢ yyetroMm ypaBHemus (2. 4):

oM
(;QM) = (qf”m)’ la, H)|¥Y () = (Ey — E(my) Mimny -

{KOHYaTeJbHO HMEeM
Vom0 V) = (Yrm| e ¥rm) X
X exp [ —i(Ew — Em) ] (2. 5)

3xech @ — onepartop B npexactasgaenud [Ipeanurepa.

2. 3. YacTuuHoe riepeHeceHre 3aBHCHMOCTH OT BDEMEHH C BOJIHO-
BO#l QYHKIHH HA ONMEpaTOPH! NPHBOJUT HAC K IIPEACTABJIECHHIO B3aUMO-
JeiicTBusi. Beipasum ramusbroHnan H B Buge cymmnl H, + H';
H, MOKHO OTOXJIECTBUTb CO CBOGOJHBIM raMunbToHHAaHOM Hp, a H' —
¢ TaMHJbTOHHAHOM B3aumonedctsust My ( B ra. 111 ncnonbs3yercss nuHoe
pasnoxenue H wa Hyu H').

BymeM Tpe6oBaTh, 4T0OB 3aBHCHMOCTh BOJIHOBOH (DyHKIHH OT Bpe-
MeHH Ompejensiiace oneparopom H’, a 3BOJIIOLHS ONEPaToOpOB BO Bpe-
‘MEHH INPOWCXOAHJIa Gb 3a cueT omnepatopa H,. Takoe mpefcraBieHue
'MOXKHO CUMTATh, K4K TOKA3LIBAIOT COOTBETCTBYIOUME (OpMYJbl, Tei-
:3eHOEPrOBCKHM 110 OTHOMIEHMIO K Hy ¥ IIPEJHHrepOBCKHM IO OTHO-
wennto K H’'. Tlpn oTCyTCTBHH B3aMMOJEHCTBMA Mbl BO3BpaLlaeMcs,
OYEeBHJHO, K NpeLCTaBJeHHI0 ['efizenbepra.

CHa6xas BEJIMYHHB B MPEACTaBJEHHH B3dUMOJAEHCTBUSI HHJIEK-
COM «B», MOXKHO 3anucarth ypabHeHue lllpequnrepa B clelyOILeM BHIE:

2 HLY (2. 6)

YunteBas Boipamenus (2. 1) u (2. 2) u ucnosnbays ypasHenue (1. 1),
Hakaem

ou

- — —UH,

OTKYyAa
U == exp (iHy).
Takum o6pasoM,
¥, =exp(iH) Y,

a, = exp ((H,f) a exp (—iH,t), 2.7)
L |
o [aB’ HO]

HaiigeM sanee siBHY® 3aBHCHMOCTb OT BPEMEHH MaTPHYHOTO 3Je-
MEHTa:

(Yoim |0y | Yo 1
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IToBTOpsif paccyKAEHHs, KOTOPEIE NPHBEJIH HAC K COOTHOWEHHIO (2. 5),
NOJIYYUM

(Yoim | @y | Toqmy ) =
= (Woum || Yo ) exp [—i(Eom) — Eom)tl, . (2.8)
rae ¥y, ABASIETCS peUICHHEeM YPaBHEHHUs
Hy¥o(n) = Lo (Vo

HerpyziHo Ha#iTH U onepaTop Mepexoja OT NPeJCTaBIeHHs B3auMO-
JelicTBuS K npeactabaecHuio [eitsen6epra. Cosepiuasi IpoMeKy TOUHBIH
nepexof B npejcraBiexue lpeannrepa, nonyunm *

U = exp (iHt) exp (—iH ). (2.9

Jlpyroe BhlpakeHue JJisi 5TOrO omepaTopa jaercsi S-marTpHued (cM.
. I1I).

[pu nepexofie oT npeicrasnenus lpennnrepa K NpecTaBICHUAM
IefisenGepra ¥ B3aHMOJEHCTBHS MOJIE3HO HMETh B BHAY, 4YTO ipeoGpa-
30BaHHOE NPOHM3BEJEHHE ONEPaTOPOB PAaBHO NPOU3BEIEHHIO Mpeodpa-
30BAHHEIX COMHOIKHTEJCH

Uab ... zU'==UaUTUBU" ...,
591871
(@b ... 2) =a'b’ ... 2. (2.10)

B uacTHOCTH, NpeoGpasyst COOTHOMIEHHE THMNA (@, b == ¢, TAe ¢ He
ornepatop, a O6bIYHOe YHCNO — C-UHCJIO, JIETKO YOENUThCst, YTO

la' ), o) =U@cUity*=c, @.11)

rie npeoGpas3oBaHHBIC ONEPaTOPEl OTHECEHB! K OJHOMY M TOMY K€ MO-
MeHTy BpeMeHH. TakuM c6pa3oM, COOTHOLIEHHE PACCMOTPEHHOrO THNA
(ero HasBIBAIOT MEPECTAHOBOUHBIM COOTHOLIEHHEM) COXPAHSET CBOH
BHJ BO BCEX NPEACTABJEHHSIX, €CJAH OTHOCHTL BXOJSILNE B HEro ome-
paTopbl K €1MHOMY MOMEHTY BPEMEHH.

© 2.4, Jlpyras BO3MOXKHOCTb H3MEHECHHs crocofa OnucaHus CH-
CTEMBl CBSI3aHA C MEePexX00M OT KOOpAHHAT () K HOBHIM JAHHAMHYECKHUM
nepemeHHbM A. Ilyers @, (Q) — mojHas OpTOHOPMHPOBAHHAS CH-
cTeMa (QYHKUHH, OTBEUAOMHUX ONpPEleSeHHBLIM 3HAUEHHSIM 3THX nepe-
MEHHBIX .

PazsnoxuM BoJiHOBYIO ¢yrkuuio ¥ (Q, f) no sto# cucteme:

WQﬂzgwmn@@y (2.12)

Ko3¢hHiiHeHT 9TOro passioxeHus

¥ (A, 1) = [dQDL(Q) ¥ (Q, ?) (2.13)

* OGpepuHenHe nokasarefiell B 310H (QOPMyJe HeJONYyCTHMO, TaK Kax OMeparTopsl
Hyu H ue KOMMYTHPYIOT APYT C APYTOM. :
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HrpaeT posb BOJHOBOH (GyHKIHH B HOBOM MpEJCTaBIeHHH. B uacTHo-
CTH, KBaJpaT ero MOAyJisi JaeT BEPOATHOCTb OGHAPYKUThL JaHHOE 3Ha-
gense A HOBOW AMHaMuuecKo# nepemenHod. CumBoa | dQ osHauaer
HHTErpHPOBaHHE 110 BCEM NPOCTPAHCTBEHHEIM H CYMMHPOBAHHE TI0 BCEM
JHUCKPETHLIM KQOpJAHHATAM.

s conocrasnenns BeipameHH# (2. 13) u (2. 1) MOXHO OBLIO
Obl HaWTH SIBHBIH BHJ COOTBETCTBYIOLIETO Omeparopa nepexoja U.
IlocTpoenne npeoGpa3oBaHHOro ONEpaTopa o He COCTABHJIO Gbl TOTJA
TpyAa. Ilpome, oxHako, HCXOAMTH HENOCPEACTBEHHO H3 paBeH-
<TBa (2. 3), KOTOpoe JaeT BHIPAXKEHHE s MATPHYHOTO B3JEMEHTa
1peo6pa3oBaHHOTO omepaTopa:

(M a'[A) = [dQD], (Q)a®, (Q). - 2.19)

2. 5. B KkauecTBe HOBHIX JAHHAMHUYECKHX [EPEMEHHBIX MOMKHO
BbIOpaTh BEJNMUYHMHBI, SABJIAIOUIMECS] XAPAKTEDHCTHKAMH WYaCTHI, CH-
CTeMBl — HX KOODAHHATHI, HMIYJIbCEl, SHEPTUH U T. 1. IIpH 3TOM MBI
HMeeM JIeJIo C TaK Ha3biBAEMbIM KOHQHIYPAIHOHHBLIM MpPeACTaBJEHHEM
(B IIMPOKOM CMBICJIE 3TOTO TEPMHHA).

Pynruuio @, (Q) B 3T0M clyyae MOKHO NMPEACTaBHTH B BUJAE IpPO-
M3BE[ICHUs] OJHOYACTHYHBIX GYHKUMA Y, (g), KaXnas H3 KOTOPHIX
OTHOCHTCSI K OJ\HOH H3 YaCTHIL CHCTEMbI (A, — 3HAUYEHHE COOTBETCTBYIO-
e AMHAMHYEeCKOH nepeMeHHOH i-# wvacTumwl). B uwacTHocTH, eciau
[epeMEHHEIE A 03HAYAIOT KOOPAHHATHI YACTHI(LL, TO QY HKILUS A, (9) =
= 0 (9, — ¢,;) ABNAETCS BOJHOBOH (yHKIHEH COCTOSHHUS C onpege-
JICHHBIM 3HAYEHHEM KOODJAMHATLI, PABHBIM §,. B HMIyJbcHOM mpex-

->

CTaBJIeHHH, rie A, = p; *,

-> 1 >
X;;i (xi) ~va exp (lpzxi)-
ITpu stom npeoGpaszoBannasi BonHOBast QyHKuus ¥ (;1 .o ;_))N, t)

npefcTasiser co6od ¢ypoe-o6pas ¢pynkuuu ¥ (Q, 7).

Jpyras Bo3MOXHOCTb BbIGOpA JAHHAMHUECKHX NEPEMEHHBIX MpH-
BOJIUT K Ba)KHEHLIEMY /st JaJIbHEHMIEro NpeJCTaBAeHUI0 YHCE 3aMo-
HEeHUs1 (MJIH NPE/ICTABJICHHIO BTOPHYHOFO KBAHTOBAHUSA), KOTOpOE GyAeT
noJIPpoGHO PAaCCMOTPEHO B CJAEAYIOWEM maparpade.

Has mepexofa K 3TOMYy NpeiCTaBJEHHIO HEOGXOJHMO 3aJaThCs
TMPOU3BOJNILHOA IIOJHOH COBOKYHHOCTBIO (6a3HCOM) ONHOYACTHYHEIX
BOMHOBBIX (YHKUHE %5 (9), - - -, X, (9) ..., TAe YHCIOBOH HH-
JieKC YKasplBaeT HOMEp COCTOSIHHSI B 9TOH COBOKYIHOCTH, a HMHJIEKC A,
KaK H BbILIE, [0OKA3LIBAET, COOCTBEHHBIMH (QYHKIUAMHE KaKOTO onepa-
TOpa SIBJAAIOTCSA QYyHKIHUH ). [{HHAMHYECKO! NEePEeMEHHON cJeAyeT npH
ITOM CUHTATH HE BENHYHHBI A, a WHCJIO YACTHIL CHCTEMBI, HAXOAANUXCSA
B KaXJOM M3 COCTOAHUH BplOpaHHOTO 0asuca. ITocKOJbKY 4acTHIsl

- * 3Jech AJs IPOCTOTH ONYLIEHH AMCKPETHLE KOOPAHHATH. §2 — HOPMHDOBOY-
HBEIt O6BbeM.

26



CHCTEMbl CYHMTAIOTCSt TOMACCTBEHHBIMH, TaKOH IOAXOJ JaeT MOJHOE
ee OmHcaHue.

M3 Bcero ckasaHHOTO cieflyerT, 4TO H3MEHEHHe croco6a ONHCAHUST
CHCTEMBI IPH NEepexojie K HOBOMY MpeJCTaBJIeHHIO 3aTPATHBAET Pa3HEIe:
CTOPOHBI 3TOro omnucaHua. CioAa OTHOCHTCS INpexkJe BCEro BO3MONK-
HOCTb HM3MEHEHHs XapaKTepa 3aBHCHMMOCTH BXOJAIIMX B anmapaT
TEOPHH BeNHYMH OT BpeMeHH. COOTBETCTBEHHO 3TOMY pas/HyaioTcs.
npexacrasienus: Ilpenunrepa, TefizenGepra W npeicTaBjeHHE B3aH-
MOJEHCTBHA.

Hmerores, lanee, pas/inyHble BO3MOXKHOCTH CICLHANH3ALHH OGILEro:
Xapakrepa JMHAMHYECKHX mnepeMeHHbX. [ KOHGUTYpPaLHOHHOTO
NPEACTABJEHUS] — 3TO BEJIUUYHHBI, SABJAAIONNECT XapaKTePUCTHKAMH.
YaCTHI, CHCTEMB!, JJisi TPEACTAaBJCHHS YHCEJ 3alOJHEHHS — YHC/A
3amoJiHeHHs Ga3uca. :

Hakonen, MoxHO mo-pasHOMy BHIGPATb Ty XapaKTePHCTHKY ua-
CTHLBI (BBIILIE MBI €€ 0603HaUaIH 4epe3 A), KOTopasi OnpeiesieT cocTos-
HHE CHCTeMbl (B KOH(HUIypallMOHHOM IPEJCTABNEHHH) WJIH 6asuc
COCTOSIHHH (B TNpEeJACTaBJEHHH YHCEN 3anoJHEHHs). B 3ToM cMbicse
pasnnyaTcs KOOPJAMHATHOE, HMIYJbCHOE, 3HEPreTHYECKoe H JApyrue
npejcTaBJeHHA.

Onucanne KBaHTOBOrO O6BEKTa CJIEAYeT, TAKHMM 0OpasoM, HauH-
HaTb C BbI6Opa ONpe/esieHHOi KOMOHHAIMH NIPEACTABAEHU Tpex mepe-
YHCJIEHHBIX THNoB. B § 1, Hanpumep, Hcnonb3oBaHa KOMGHMHALLHS
KOODAMHATHOTO M KOH(HUIYpAIMOHHOTO NpEJCTaBJEHHA H TpeJcTaB-
Jenusi Ulpenunrepa; B ra. Il Gyner wupoko npuMeHsTbest KOMGH-
Hallpss HMIYJbCHOTO MNPEACTABJCHHS! H MpeACTaBJIEHHH B3auMOAEH-~
CTBHS M YHCEJ 3amlOJIHEeHHS.

§ 3. l'l.PElICTABJIEHHE YHUCEJT 3AMNOJIHEHU S

3. 1. B paccmaTpuBaeMOM NpeACTaBAEHHH JHHAMHUYECKHMH nepe-
MEHHLIMH fIBJAIOTCS YHCJA 3aMOJIHEHHS N, *, OnpelensieMble YHCAOM
YACTHI, HAXOASIIMXCS B KaXJOM COCTOSIHHH %, BbIGpaHHOro Gaswuca.
Hocnennuii 3afgaercss BLIGOPOM NMPOH3BOJBLHOH MOMHOM OPTOHOPMHPO-
BAHHOH CHCTEMBl OJHOYACTHYHBLIX GyHKUME %, (¢) (v=1, 2.. 2.
B kauecTse Y, MOMXKHO, B 4aCTHOCTH, B3ATb CHCTEMY COBCTBEHHBIX
¢yskuuit oneparopa T [cm. Boipaxkenue (1. 3)] ¢ co6CTBEHHBIME 3Ha-
YeHHUSIMH &, ‘

, Ty, = ey)y- 3.1)

Taxoit BbI6Op OTBEUaET, OUEBHIHO, IHEPTETHIECKOMY NPEACTABIIEHHIO.
Tlepexof K HOBOMY NpE/ICTABICHHIO CJEAYeT HAYaTh C MOCTPOCHHS
cucreMsl GyHKRUHA @, (Q) (n = ny, n,...), OTBEYAIOWHX HAXONK-~
ACHMIO 11 YACTHI B COCTOSIHHH 1, Ny YACTHL, — B COCTOSTHHH Yo H T. .
INepe6upass BceBO3MOXKHEIE KOMOMHALMH LEJNbIX UYHCEN n,, yIOBJe-
TBOPSIOMMX yCNOBHAM (pedb HAET o ¢epMu-uactuuax) n;, = 0, 1,

* COOTBETCTBEHHO STOMY MHI NHIUEM HHXKe @, (Q) Bmecto Oy, (Q);
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Z n,= N, MOXHO IPHATH K caefytomell NONHOA OPTOHOPMHPOBAHHOM
o~

cHucTeMe QyHKIHHA:
!

0, (Q = (M) S (@) o Xey ) (3-2)

T€ CPeH HHJEKCOB V; < Vo < V4 . . . HMECTCSl 1, PaBHHIX |, n, pas-
#Hoix 2 u T. A. CumMBoa S 03HayaeT aHTHCHMMETDH3ALHIO N0 KOODHH-
HaTaMm ¢.

B uwactHocTH, gasa N = 2

(DQOO...:?(DOQO...:Oy

Do, . = ﬁ[x. (91) %2 (G2) — i (92) A2 (q))]

U T. [
3. 2. Ucnonways obmyio dpopmyay (2. 13), Jerko noJay4uTs Bhipa-
JKEHUE JJIs BOJAHOBOH (DYHKIHMH B HOBOM INpeJCTaBJICHHUH:

¥ (n, t) = [dQDL(Q) ¥ (Q, 1), (3.3)

WIpaloUledl pOJib AMIIMTYABl BEPOSITHOCTH OGHADYKEHMs 1, YaCTHIL
B COCTOSIHMH Yy, 1, YACTHIl — B COCTOSIHHH Y, U T. A. B wacTHocTn,
ecnd B 3Tod opmyse B KauectBe ¥ (Q, f) Bo3pMeM caMy GYHKUHIO
D,, (Q) (ng = noi, Moz . . .), TO MBIl IPHAEM K BOJHOBOH  GYHKIHH
‘COCTOSIHMSI C ONpEJeJeHHbIMH 3HAYCHHSIMH YHCEJ 3arOJHEHWs, paB-
HBIMH 11 ’

Wa, (1) = [dQD, (Q) @p, (Q) = b4, n,. (3.4)

-Peanbnyio BosnoBylo ¢ynknmio (3. 3) Bcerfia MOXKHO MpPEJCTABHTH
B BHJle CynepnosuuuH QynKUHH (3. 4) ¢ 3aBHCANMMH . OT BpEMEHH
Kos(pdpunreHTamMu:

Y(n, t) = ;C(no, ¥, (n),

TIe
C (ng, t) =Y (n,, 1.

Ocofyio poJib B TEOPHM MIpaeT COCTOSIHHE «BAKYYyMa», OTBe-
Yyaiolee IMOJHOMY OTCYTCTBHIO dacTHil. BosaHoBas (yHKUHA 3TOro
COCTOSIHUS, JJIA KOTOPOTO Mgy = Mgy = +++ = 0, o6o3Hauaercs
uepes ¥, (n). Kak u apyrue dysxuuu (3. 4), oTBeqaromue GpUKCU-
POBAHHLIM YHCJIaM 3aIIOJHEHHS, OHA HOPMHPOBaHa HA eJUHUILY.

- 3. 3. Ilpexae yem ¢opmyaHpoBaTh NpPABHJIA TOCTPOEHHS ONEpa-
‘TOPOB B HOBOM NPEJACTABJECHHH (3TH ONEPATOPbl AOJKHBI AEHCTBOBATHL
Ha QYHKIHM YHCeJ 3aMOJHEHHs), HEOGX0LHMO BBECTH TaK HA3BIBAEMbIE
©ONEePaTOpPLl yHHYTOXeHHs U poxaenus A, n AY. Pesynbrar ux neii-
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CTBHSl Ha MPOU3BOJIbHYIO (YHKIMIO UHCEN 3aNOJHEHHS Olpejessercs
cAefyomuM 06pasoM:

AY(..., 1y o)==V 1T 4n, ¥(.., n,+1, ..,

AW (.., n, . )=(=V2—nV(.., n,—1, 4.9

Uucsa 3amnoJgHeHHs] 1, ¢ A == v BOOOILe He MEHSAIOTCS; NOKa3aTesb a
v—I
B
paBeH >, 1.

M3 npuBefeHHOro onpejesieHus ciaeayer, uto onepatop A, urpaer

pOJIb Omepatopa yHuuTOXKeHusi, a Ay — onepaTopa pOKACHHs Ha-
CTULEL B COCTOSIHHH Y,. B pesynapTaTe IeHCTBHS 3THX ONEpaTtopoB
Ha BogHOBYW ¢yukuuio ¥, (n) nonyyarorcs BblpasKeHMsi, NPOIOP-
[{HOHaJbHEIE COOTBETCTBEHHO *

coe Ot ng =000y On a1

nys oy o1 v oy

6n . on o8y 4n . =0n a ...0

1 ox v oy 1 o1 v v

Taxum o6paszom,
Avlynm,, N l/noV‘I’
Aj;q’rn NV1 "ﬂoylp‘nﬂl, nw—}—l,

B uacThoCTH, NpH AeHCTBHH HA BAKYYM ONEpaTop YHHUYTOXKEHHS JaeT
HYJIb!

n

+1

. nOV_l’ )

AvqfsaK = O, lP;aKA-\t. =0, (3 6)

Bropoe paBEHCTBO MOJYYAETCH CONPSIXKEHHEM IMEPBOTO.
U3 coorHomenus (3. 5) HETPYAHO MOJYUYUTH CJEAYIOUUE NpaBUJa
KoMMyTanuu onepatopoB 4 u A*:

lA A+} - uv» '
N [ (3.7)
{4, 4,) = (A}, AY} =o.
W3 coorHowenua (3. 7) nonyuaem
P=(Af) =0
C nomomplo BBEeIEHHBLIX ONEpaTOPOB JIETKO CBA3aTh BOJHOBYIO
¢ynkumio ¥, (n) ¢ Bakyymom:
W, () = (A1) (AT )% . W (3.8
Otclofa ¢ yyeToM MpeAbIAYIINX PABEHCTB JIETKO NPUATH K HepaBeH-
CTBY n,, < |, Brnipaxatomemy npunuun [layau:

* OG6uIuHO onepatTopst A 1 A* onpeleNiOTCs 10 HX e CTBUIO He Ha AMHAMHYECKY 10
TIepeMeHHYIO 72, 4 HA HHJEKC COCTOSIHHUS ng. ITosToMy ompepenenue (3. 5), ormuasich
‘0T 0GeIYHOrO, npefCTaBisercs GOleé NMOCAENOBATENLHEM C TOUKH 3DEHHS ofmero
MOHATHA 06 onepaTope B KBAHTOBOH TEOpHH.-
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IlpakTHuecKH HHKOrAAa He MPUXOLHTCS IMOJb30BATHCS OMNpEHese-
Huem oneparopoB A, At. Jleno cBogurcsi 0GHIMHO K HEOOXOAMMOCTH
BLIYHCJIEHUS] MATPUYHOTO 3JIEMEHTa MPOU3BeJeHHs] TaKHX OlepaTopOB,
4TO BHINMOJIHAETCH 63 TpyAa ¢ HOMOIbI0 cooTHoeHHH (3. 6)—(3. 8)
H YCJIOBMSL HOPMHDOBKH BakyyMa. Tak, Hampumep,

( 1FB:IK ’AVA:*L- l \P'sax >|: < quaK.! 6 A;L'_Aa J IP‘BaK> = 6;},1}
3TO OTHOCHTCS H K ONEPATOPHLIM q)yHKuHﬂM (cM. pasjgen 3. 4).

3. 4. Tlomumo omepatopoB A, i AT, OTBeUAOWHX YHHYTOKEHHIO
M DOXKAEHHUIO YACTHIL B COCTOSIHMH Vv, GOJLUIYIO POJib B ammapare
TEOPUH HTPAIOT OnepaTopHble QYHKUHUH (MU omepaTopnl mods) ¢ (g)
1 Pt (g), ONUCHIBAIOIME YHHUTOKEHHE U POKJACHHE YACTHILL B TOUKE §.
ITH QyHKUMHA ONpeAe/IsioTCs CJELY IOUUM oépaSOM

P (g) = ;A-vxv (@), b () = va (g)- (3.9

[Tokaxem, yTo B pesyJbTare AeficTBHs omepaTtopa P+ (g,) HaA Ba-
KYYM JIeHCTBUTEJbHO IOJYyYaeTcsl COCTOSHHE JIOKaJH30BaHHOM
B TOYKE ¢, 4acTHUbl. [meem :

TP+ <q0) ‘psax = g%:(qo) anl. 0 -« 6nv, 1 ooy

rie elMHHIA OTBeYaeT 3aHATOMY V-My cocTosiHHIO. Ilepexofss B KOH-
¢urypaunonHoe mpeicrasieHue [cM. Boipaxenue (2. 12)] M yuuTh-
Bas, 4TO JJsi OJAHOYACTAYHOro cocTosinus ¢yukunsa @, (Q) pasna
IpocTo Y, (9), C MOMOIBIO YCIAOBHS TOJHOTHI CHCTEMEI (pyﬂxuym %v (9)
Hafijem *

¥ (Q) = ; %v (@) % (@) = 8 (q — qo),

OTKYJa ¥ cJeiyeT BLICKa3aHHOE YyTBEpKICHHUE.

ITonbaysick TeMm ke yc/IOBHEM NOJHOTHI, HETPYJHO HAaHTH NpaBHJIa
KOMMYTAallHH paccMaTpUBaeMblx omnepatopoB. Ha ocHoBe npaBua
KOMMYTanuu (3. 7) nojayuum

(¥ (), $+(@)} =8(@—47),

{%, b} = {p+, $F} =0.
ITono6Ho BHIpaxeHuio (3. 6) MOXKHO HamucaTb

¥ (9) Vuax = 0, Yaax$™ (@) = 0. @311

3. 5. Tlonbaysch BoipameHdsiMi (3. 5), HETPYJIHO NMOKasaTh, YTO
onepaTop

(3.10)

v = A;I'-Av , ' 4 (3.12)

YAOBJIETBOPSIET COOTHOLICHHIO
nv‘an = nm,‘[',,o

* 3peck B HUXKe 8 (¢ — o) O3HauaeT NPOU3BeAeHHe O-QYHKIMH IIPOCTPAHCTBEH=-
HHIX KOOPAHMHAT ¥ §-CHMBOJIOB RHCKPETHBIX KOOPJHHAT.

30



H MOXeT OhlTb NO3TOMY Ha3BaH ONEPAaTOPOM WYHCEN 3aNOJHEHHH.
Onepatopsl 7, KOMMYTHPYIOT APYT C APYTOM.
Onepatop nosHoro uucna yactuy, N = Xn, yIOBJIETBOpsieT He
v

TONIbKO cooTHomeHHI0 NY,, = NV, , HO 1 6Gosiee KECTKOMY YCJIOBHIO
NVY¥ (n, t) = NY¥(n, 1), . (3.13)

KOTOpOE CBfI3aHO € COXPaHEHHEM IMOJHOIO YHCJA YACTHI[ CHCTEMBI.
HupiMu cnoBamu, omepatop N KOMMYTHPYET ¢ MOJHBIM [aMHJBLTO-
HUAHOM CHCTEMBI.

Oneparop N MOXHO BHIPa3HTb U Yepe3 ONepaTopsl HOJ:

N = {dgp* (9) ¥ (9). (3.14)

[Tonpaysicb mepecTaHoBOYWHBIMM cooTHouleHusimu (3. 10), HerpyjHO
HOJYYHUTDb MOJIE3HOE COOTHOIIEHHE

Ny (g) =% (@ N—1) (3.15)

3. 6. Chopmynupyem npaBuja MOCTPOEHHsI ONEPATOPA NPOU3BOJIb-

HOH (PM3HYECKOH BEJIMYMHEL ¢ B NPEJCTABJEHHH YMCE] 3anOJHEHHs.

HckoMmbiil onepatop BbIpaxaercsi 4epes onepaTopsl POXKAECHHS U YHUY-
TOXKEHUS H UMEET CJeAYIOMHUA NPOCTOA BUJ:

o = 47 [dQU*(gn) ... BF (@) ap(@) ... Y@y (3.16)

Ins nokasaTesbCTBa 3TOrO JOCTATOYHO, HCIIOJB3OBAB BhIpaXKe-
Hue (2. 14), y6efuTbcAd B BLINOJIHEHUH PABEHCTBA

Y, " N = {dQDd*. 0))
(Yo 1671, > = [ Q0L (Q e @, (Q),
KOTOpOE B CBOIO OYEPE/lb BLITEKAET H3 COOTHOLICHHUsI
1
Vo Y(G) - o Y)Y, =Dy, (Q V.

Tlocniennee cooTHolleHHe yxe HeTPYAHO JOKasaTb. B camom jene,
IPOU3BEJIEHHE ONEPATOPOB P YHUYTOXKAET BCE YACTHIHI, TIPUCYTCTBYIO-
mue B ¥, U NEPEBONHT 3TY PYHKUUIO B BaKyyM. Kamublii akT YHH-
YTOKEHMs CONMPOBOXKJACTCS, COMJIACHO ompefenenuio (3. 9), mosie-
HHEM OYHKUHH Y, (g), TpUUEM NOJYYHBILEECS MNPOM3BEJEHHE STHX
dynxuui 6yAeT, Kax 1 HCXONHOE POH3BEJEHHE ONEPATOPOB, AHTHCHM-
MeTpHUHBIM. OcTaercsi yOeAUTbCH B MPABHIBHOCTH YHCJIEHHOIO K03(-
(puyenTa.

Huopma MPaBOH YaCTH MOCJEAHEro COOTHOWIEHHUS DAaBHA eJHHHIE,
JIEBOH YacTH — BRIPAXKEHHIO

(VY7 [dQ (Wa, | ¥+ (gn)T- - T (@) 9 (@) -~ B (qu)| T, ).
Ecau BblAennTh oneparop N ={dg¥* (g1 ¥ (g9.) u nepenecrn ero

HanpaBo C y4eroMm Bulpaxkenus (3. 15), 3ateM mnoBTOpPUTL Ty XKe
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opouenypy ¢ N = j dg, Pt (gs) $ (ga) ¥ T. A, TO B pesysbTaTe MNpH-
JIeM K PaBHOMY eAHHHI@ BHIPAKEHHIO: _

Ny (W IN(N—1) ... | ¥y, ).
Ecau oneparop o MWMeeT n-4acTHYHYIO CTPYKTYPY
N
1 ’ :
o, = —r 2 @i iy (3.17)
il RN inzzl

rJle WTPUX O3HA4YaeT MPOMYCK BCEX C/IaraeMblX, Y KOTOPEIX XOTS Obl
ollHa napa HHAEKCOB coBmajaeT, To oluyio dopmyay (3. 16) moxuo
yupoctuth. st 3Toro HyXKHO o6pasoBaTb omepatopsl NN, OTHOCH-
muecs K apryMenTaMm, He BXOAAIMM B 4; ... ;, H IEPCHECTH HX
Hanpapo, y4uThiBasi cooTHowenus (3. 15) u (3: 13). B pesynprate
MoJiyyaeTcsi M3BECTHOE BBIPAXKEHHME:

o= [ dgy .. dg,bt(g) - W (9) @b ()% () (3.18)

B KOTOPOM V3Ke HeT CyMMHPOBAHHs II0 YacTHIaM.

3. 7. Ha ocHoBe cdopMyJHPOBAHHBIX INpPaBUJ HETPYAHO MO-
CTPOHTH TAMUJLTOHHAH CHETEMBI C NAPHBIM B3aUMOJCHCTBHEM B TIPE]-
CTaBJCHHHN uHcea 3anojHeHusi. Hcxopss u3 coortHoweHuid (1. 3),
(1. 4) u yuutpiBas Boipaxenus (3. 17) u (3. 18), nonyuum

H = [ dgw* (@) T (9) -+ [ dgdg b (@)%
X9+ (q) Vg, ¢)¥ (@)Y (@)- (3. 19)

Camo ypasnenue Illpenunrepa B paccMaTpMBaeMOM NPEACTABJIEHHH
HMeeT BHJ

. 0
<L—§7»H>‘F(n, f) = 0.

TamuapTonnaH (3. 19) MOXKHO BEIPA3UTH 4 HEMOCPEJCTBEHHO Yepes
onmepatopet A, A+. TIloxcraBuB B Bhipaxkenue (3. 19) coorHoue-
aus (3. 9) u BBe)m 0603HaUeHHUSA

(viT|w) = [dqx, (@) Tx, (9,
(vu|V]oh) = [dqdq'y;(q) %,(q) VX, (3 %, (),
MONy4UM v
1
H="(v|TIp) A4, + N (vu|V|oh) ATATALA,. (3.20p
uv uvio

Ecnau 6asuc mpeicTaBieHHs ¥, (¢) YIOBJIETBOPSET ypaBHe-
uuo (3. 1), To nepsoe ciaraemoe Bupaxenus (3. 20) MOXKHO 3amicaTh

B BHIE _ »
Hp = D&y, - (3.21)
. -V .
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3. 8. o cux nop peub uLla O CHCTEME TOXKAECTBEHHBLIX YACTHIL.
OnrxcaHue cucTeMbl IPOTOHOB H HEHTPOHOB B NpeHeOpERKEHNH HX 3JIEK-
TPOMAarHUTHBIMH B3aUMOJEHCTBUSMU TAKXKE OCYIIECTBJASETCS € T0-
MOUIbIO MPHBEJEHHLIX BhLIIE COOTHOIIEHHMH, €CJIH NOJ ¢ NOHUMATH
NPOCTPAHCTBEHHBIE, CIHHHOBYIO M H30TONHYECKYIO KOODAMUHATHI, MOX
V — COOTBETCTBYIOLIHE HHACKCH COCTOsIHHsI. B yacTHocTH, B v JOJKHA
ObITb BKJIIOYEHA NPOEKLHUs H30TONMHUYECKOIro CHHHA [; 3HayeHusa ! =
= +1, u t = —!/, OTBEYAIOT COOTBETCTBEHHO MPOTOHHOMY H HEM-
TPOHHOMY COCTOSTHHSIM.

Oneparop noJsiss P (¢), yAOBACTBOPSIOWIUI TiepeCTAHOBGUHBIM COOT-
HowienusaiMm (3. 10), MOXHO BBHIPA3HTb Y€pe3 OMNepaToOpbl MPOTOHHOIO

~ >
" HeﬁTpOHHoro nosiel (qzx, 0):

b (@)= 2 AN (9) = B (a) 02, v - by (4) 82, 1 (3.22)

V

Onepatopsl Py, wﬁ,‘,), Kak H P, 1]3&), YIOBJETBOPHAIOT MpaBUJIaM
kommyTanuu (3. 10). Uro ke Kacaercss OnepaTOpPOB MOJsSI DPa3HBEIX
4acTHUL, TO OHH AHTHKOMMYTHPYIOT APYT C APYroM. ITo 06CTOSTEN b-
CTBO HE HAXOJMTCSI B NPOTHBOPEUHH C HE3ABUCHMOCTHLIO 3THX YACTHI]
(B cMpicsie oTCcyTCTBUA 3anpera [laynu), nockosibKy onepatops! pusu-
YECKUX BEeJIHMYHMH, OMIMHEHHbE OTHOCHTEJIBHO § U P+, KOMMYTHPYIOT
IIPH 9TOM JPYyT C JApYyroM.

laMHAbTOHHAH CHCTEMBl IPOTOHOB H HEHTPOHOB B MpPeACTABJACHHM
4uces 3amoJIHEHUs IO-NPEKHEMYy 3anucoiBaeTcs B Buje (3. 19), rae
nof ¥ (g)- Hy:XKHO NOHMMATL Buipaxenue (3. 22), a noxg V — noren-
uuan (1. 11) (6es xkynonosckoro unena) *. Tloacrasisis B H passo-
X)eHue (3. 22), MOXKHO Hanucatb :

H ‘j dq {‘P(i) (‘7) Ty (57) + Py (5) T (5)} -+

- f dqdy’ {WB) (5) P (5) Viorr i (5) Vi) (5) -

=i (7) 9 (7) Ve e (@) we (7) +

—+ Q‘P(p) (Q/ 1IJ(n) (‘7 V(pn) ‘P(n)( )‘p(p)( )
+21P<4;>( )119( (\ ) V(pnﬂb(p)( )‘lﬂm)( )} (3.23)

OcTanbHble Yjensbl, conepmaume HEYETHOE YHCJIO HHAEKCOB (p)
H (n), ucuesawr B CHJTY COOTHOLLICHHSI

s‘ét 1/2 T, — o O.

* OO0 yuere KYJIOHOBCKOTO B3aHMOAEHCTBUS B aTOMHOM aape cM. B § 7.
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TloreHnuasnnt B3auMoJeHCcTBUSA MEXKAY OLAWHAKOBBIMH YacCTHUAMH
HUMEKT BU]L ’ .

1+ gPt9)
Viey = Viany = Vi + V(a)(ﬁg—"—- (3.24)

UYro ke Kacaercs MOTEHIMA/la B3aHMOJEHCTBHS MeXIy MPOTOHAMHU
{ HefiTPOHAMH, TO OH COCTOHMT U3 ABYX uacreil. [lepsas

v
Vo = Vie + = (3. 25)

HE MeHseT BHUla B3aI/IMOllelu1CTBy}OH_U/IX YyacTuy, BTOpas

@ F© ,
Viom =—Via—3 (3.25°)

NPUBOAUT K NPEBPALIEHHIO IPOTOHA B HEATPOH M 0GpATHO.

Taxkum o6pasoMm, B jajpHeHIeM B KauecTBe aMHJbTOHHAHA CH-
cTeMbl Oy/I€T HCIIOJIb30BAaHO OOIee Buipakenue (3. 19), npuropxoe Ajs
OTIUCAHUS KAaK MHOTO3JIEKTPOHHBIX, TdK W MHOTIOHYKJIOHHBIX CHCTEM.

3. 9. CucreMbl MHOTMX 4YacTHL, B 3TOM naparpade A0 CHX MOp
paccMatpHBaich B npefctasnennu lllpexunrepa. B nanpuefineM Ham
[IOHAJ00ATCsT yPAaBHEHHS] ABHIKEHHs JJid ONEPaToOpoOB 1oJst B Npel-
cTaBjeHMH [@efisenbepra. Hnas HX InoJydeHdst CJeLyeT BOCIOJIb30O-
BaThcs OOMIUM COOTHOUIEHHeM (2. 4), NOHMMAsA MOA 6, BEIHYHHY P,
Hau 1|>2L u noi H — ramuastonran (3. 19). 3amerum, uto BMecto H
yloGHee B3siTb omnepatop H,, OTHECEHHbIH K TOMy XK€ MOMEHTY Bpe-
MEHH f, 4TO H paccMaTpHuBaembie oneparopnl noJs. [lons3ysice Bbipa-
xenuem (2. 10), MOXKHO HaAnucaTh

H,(6) = [ dawt (4, ) Th: (0.0 +

J“%f dgdq ¥ (g, 5y $F (¢, O Vb (q', H¥e(q, H. (3.26)

Tlpy BBIUHCJIEHUH KOMMYTaTOpa, BXOASUIEro B COOTHOIICHHE 2. 4),
NPUXOAUTCS CTAJKHBAThCA, TAKUM 00pasoM, TOJBKO C Oneparopamu,
OTHECEHHBIMH K OJHOMY M TOMY K€ MOMeHTy BpeMeHH. COOTBETCTBYIO-
miMe npaBuja KOMMYTAllMH COBNAJAI0T C aHAJOrHYHBIMH MpaBHIAMH
Jsist omepaTopos B mpejcrasaennu [peaunrepa (3. 10) [em. coortHo-
menue (2. 11)1:

{[9.(q, O, i (¢, t)) =8(g—q),

($.(q, £), b (g, D)} = (W (@, ), ¥ (¢, 9} =0.  (3.27)
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Tlpu HecoBmaj@OUIUX BPEMEHAX NpaBUIa KOMMYTAlUH HMEIOT BeChMa
CJOXKHBIA BUI.
Henonb3ysa Jajiee IpocThie TOXKIECTBA

la, bc] = |b, a)c—b{c, a),
la, bede] = (b, a}cde —b {c, a}de -} bc {d, a}e—bcd (e, a),

rie a, b, ¢, d, e —pou3BOJILHEIE ONEPATOPH], IOJIYYAEM OKOHYATENHHO
cleflyloiliee ypaBHeHHe B mpejicTabieHuu [efisenGepra:

(i9-—T) (0, 0= [dgwt @ D VO:(a, D%elg. ). (3.28)

Ananoruunoe ypasHenne Ans Py (g, f) nosyuaeres orcioia S3pMHUTO-
BBIM COTIPs2KEHHEM. .



FTABA 11

CUCTEMbI MHOI'HX YACTHL
B NMPUBJH)KEHHHU XAPTPH — ®O0KA

§ 4. MPUBJIN)KEHUE XAPTPU — ®OKA

4, 1. Maremaruueckue TpPYAHOCTH, MPHCYHIHE ~TEODHH MHOTHX
B3aUMOJIEACTBYIOIMX YacTHL, NO0Y¥XKAalOT HadaTb IOCTPOEHHE 3TOH
TEOpHH ¢ BbI6OPA MOAXOAAUIErO HYJEBOTO (MCXOMHOTO) MPHOIHKEHHUS.
31oT BLI6OP A0JKEH ObITh NOJUHHEH CIENYIOMHMM ABYM TpeOOBAHUSM.
C oaHOil CTOPOHBI, HEOOXOAHMO, 4TOOB! yKa3aHHOoe NPHOIHKEHHE OBLIO
JOCTAaTOYHO TPOCTBIM B MaTeMaTHyecKoM oTHoiweHud. C Apyro#t cro-
POHBI, XeJaTelbHO, YTOGH OHO KaK MOXHO TOJIHEe OTpa)ajo CBOH-
CTBa peaJbHOH CHCTEMBI MHOTHX YacTHIL.

Kak y»e oTMe4ajoch BO BBEIEHHH, OCHOBHbIE MaTeMaTHHeCKHe
TPYAHOCTH TEOPHH MHOTHX B3aHMONE{ICTBYIOUIMX WYaCTHI[ CBs3aHbI
¢ TeM, 4TO NOHsSTHE HHAHWBHUAYAJNbHBIX COCTOSHHH UACTHI[ CHCTEMBI
(B OTJinuMe OT IOHSITHS COCTOSIHMS CHCTEMBI B LEJIOM) TepsieT CBOH
TOYHBI{l CMBICJI M MOXKET PacCMaTPHBATHCS B JYy4lIeM cydae Kak Goee
UM MeHee yjayHoe npubinKeHue K AelicTButenpHocTH. EcTecTBenHO
MO3TOMY MOTpeGoBaTh, YTOOLI HYJeBOe NPHONHKEHHE TEOPHHM MHOTHX
YyacTHI, OLJIO COBMECTHMO C IOHATHEM HHIUBHAYAJbHBIX COCTOSHHM
yactyl. [ KparkocTd npubJHKEHUS TaKoro poja Mbl OyJeM Hasbl
BaTh OJHOYACTHYHBLIMH. ,

Yro6bl Y AOBJETBOPHTL BTOPOMY U3 TNPHBENEHHBLIX TPeGOBaHHIl,
MBI JIOJKHBL OTLICKATh HAUMY diiee ¥ U3 0JHOYAaCTHYHBIX HPHOIMKEHNH.
Takoe npubaKeHHe HOCHT HasBaHue mupubaMkenus XapTpu —
doka (4ad NPUONHKEHHs CAMOCOTJIACOBAHHOTO TM0JdA); OHO H BbIOH-
paercst B KayecTBe HYJIEBOTO NPHOJMIKEHHsSI NPH MOCTPOCHUH TEOPHH
MHOTHX YacTHIL. :

Aro npubaUKeHUE B psifie ClydaeB caMO Jaer JOCTaTOYHO TOYHOE
omycadpe cHcTeMbl B3aMMOIECHCTBYIOIIKX YACTHI.

Bo Bceii raaBe ucnosipayercs npejcrapiernue Illpenunrepa.

4. 2. 3ajaua 0 INOCTPOEHUM HYJEBOTO NPHOJHKEHHsi CBOAHTCA
K HAXOXKJECHHUIO MpUGJIHKEHHOI0 raMMJbToHMaHa H,, 3aMEHHAIOMNIEro

* Ho I0BOAY TOYHOIO CMBICJIA TepMI/IHa «HaWJyudilee ﬂpHéJI}'I)KEHHe» CM. pas-
aen 4. 6. .
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TouHblii ramunapToHuan H. HauGonee ofmee soipaxkenuwe s H,,
oTBeyarouee OJHOYACTHYHOMY NPHUOIHIKEHHIO, MOXKET ObITb 3aIlHCAHO
B Buje *

H, = {dq¥* (9)(T + W) $ (q) + C, 4. 1)
e C — HekoTopas Koucranta, W — Heu3BecTHsIH 110Ka omepaTop.

Oneparop T -+~ W urpaer poab 3dQ¢peKTHBHOro ramMuJabTOHHAaHA
YacTHILI B pAacCMaTpHUBAEeMOM TNPHOAHXKEHHH. Peilenue ypasHeHus

(T4 W) %v(9) = 3%y (9) (4.2)
JaeT BOJIHOBble (YHKIMM H 3HEPIHH HHAMBUAYANLHBIX COCTOSIHHME
yactyl cuctemsl. 11pn oTeyTeTBHH B3auMoelictBua onepatop W o6pa-
uaercs B HyJib, a ypaBHenue (4. 2) mepexofut B (3. 1). 9BHbI Buj
oneparopa W u koncrautsl C Gyjier HaiiieH HHXKe.
Cucremy ¢yHKiUE ¥, yA0OHO BHIOpaTh B KadecTBe asuca mpej-
CTaBl€HHUs 4ucen sanosinenns. Ilpu stom Beipaxenue (4. 1) MoxHO
nepenucatb B BHIe (cM. pasaen 3. 7)

H, =Y emn,+C, - (4.3)

rAe 1, -— ONepaTophl YHCEJ 3aNOJHEHHSA. YUHUTbIBas To'oécmmeilb-
CTBO, 4YTO 3TH ONEPATOPHl KOMMYTHPYIOT APYT € APYTOM, MOXKHO NPHUHATH
K COOTHOLICHHIO .

(H,, n,—=0. (4.4
VHpiMH  cJI0BaMH, 4HC/a 3aTONHEHHS HHAHBHAYAJbHHIX YPOBHEH
SIBJISIIOTCA MHTErpajaMu IBHXKEHHS. JTOT (aKT, OYEBHAHO, SIBJSIETCS

" BHIpaXKEHWEM OJHOYACTHYHOTO XapakTepa paccMaTpMBaeMOro IpH-
ONMKEHHS . v

BBozas BosnoByio ¢yskuuio ¥, oneparopa H, _
HY,=EY¥, (4.5)

MOXHO MN€penuncaTb COOTHOWEHHe (4. 4) B ciieflylomeM Buje:
’ n¥, = n,¥,. "(4.6)

TakuM o6Gpasom,. BonHOBasi (YHKUHA CTAHOHAPHOLO COCTOSHHS
CHCTEMB! B OJHOYACTHYHOM NPHOJIHIKEHHH OTHOCHTCS K Kaaccy ¢(yHK-
LUH C ONpeNeNeHHbIM 3aMOJHEHUEM Yy pPOBHeH.

4. 3. PaccMoTpeHHe CHCTEMbl MHOTHX YacTHI B OJHOYACTHUHOM.
NPUOIHAKEHHH 3HAYUTEJbHO o6jeryaercss BBEICHHEM B annapar Tteo-
PHH TaKUX BEJHYHH, KaK MAaTPHIA MJIOTHOCTH, ONEPATOP 3aNOJHEHHS,
GyHKUHs pacnpefenenus. DTH BEJHYMHB HENOCDEJCTBEHHO CBA3AHbI
¢ QU3MYECKHMH XAPAKTEPUCTHKAMHU CHCTEMBI.

OnmnouacTyuHas MaTpuia MJIOTHOCTH paccMaTpUBaeMOTO COCTOS-
HHsA cuctembr ¥, onpesenaercs cOOTHOUIEHHEM

R(g, ¢) = (T 19" (4) % (9] ¥0) = X nys (d) 4 (@) (4.7)

v

* CyuwiectyioT u Gosee cloKHbIE ($OPMBI OHOUACTHUHOIO TAMHUNbTORMAHA. OnH,
OAHAKO, CBA3AHELI ¢ BhpamenHeM (4. 1) KaHOHHYECKHM npeo6pasoBanyueM,
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(cM. npunoxenne A). OHa aeT ucUepNLIBAKILY 0 HHPOpMAIUIO 06 Of-
HOYACTHYHBIX XaPAaKTEPHCTHKAX CHCTEMbi: CPEIHHX 3HAUEHHsiX OJHO-
YacTHYHBIX ONEPaToOpoB *, paclpefie/leHHH IJOTHOCTH COOTBETCTBYIO-
IUX BEJHYHH U T. A. B yacTHOCTH, pacnpefie/ieHne IJIOTHOCTH YHCJIa
YACTHLL JaeTcss PaBeHCTBOM

g(;) = Spg. R (;, o, T; ;c, o, 1’), (4.8)

rie Sp,, — UINYP IO JHUCKPETHBIM HepeMeHHBIM.

AnajnoryyHeIM 06pa3OM MOXKHO BBECTH M MAaTpHIibl NJIOTHOCTH
BLICIUETO MOPSAJIKA, ONUCLIBAIONIHE ABYXYACTHUHbIC U T. . XapaKkTepu-
CTHKH CHCTeMHL. B 0flHOYaCTHYHOM NpPHONMIKEHHH 3TH MATPHILL MOJI-
HOCTBIO CBOAATCS K R (g, ¢’) (cM. mpujoxerue A).

Marpuny nuaotHoctd R (¢, ¢') MOXHO CuUMTaTh MATPHUYHBIM 3Je-
MEHTOM HEKOTOporo omeparopa @ (omepatopa 3amloJiHeHus). ITor
MATPUUHBEIA 3JIEMEHT BBIYHCJISIETCSI C MOMOLLBIO BOJIHOBBIX (DYHKILHH
d (9 — g,), oTBEYAIOUINX ONPEAEICHHOMY 3HAUECHHIO KOOPAUHATLL g **:

R, q)=1(qle|q9) =[dg 8 —9wdG—q)=

=e,0@—7). (4.9)

Pasnaras 6-pyHkuMio B 3TOM BbIpaKeHHH N0 cHcTeMe (GYHKIHUH .,
C YYETOM YCJIOBHSl IOJIHOTHI

Ny (@)%, (@) = 8(@—q")

H CPaBHUBAS TOJYYEHHOE BLIPAXKEHHE C COOTHOWEHHEM (4. 7), HaXOAUM
Q% (q) = NyXy (Q) (4 91)

Oneparop @, umess B KauecTBe COGCTBEHHBIX 3HAUCHHH WHUCJd 3aT0J-
HEHH{sl CHUCTEMbI, 3aBHCHUT, TaKHM 00pa3oM, OT pacCMATPHBAEMOTO
COCTOAHMA cHcTeMbl. BBULY paBeHCTBa rL2V =n (nV = 0,1) omnepa-

TOp @ YAOBJIETBOPSIET YCJOBHIO
‘ 0’ = g. (4. 10)

SIBHBIA BUJL omepaTopa @ MOXeT GbITb HaWAEH CJELYIONHUM nyTem.
Hucsia 3anonHenus n, 3aBHCSAT OT SHEPTHM COCTOSIHHS €, M APYTHX
BeJIMYMH (MPOEKLUHH CNIHHA, MOMEHTa KOJHYeCTBA ABHKEHHsI H T. A.),
AAIOIIUX BMECTE C SHEeprHel MOoJIHOE OMHCAaHHEe COCTOSTHHS Y,. Orpa-

v

* Hox opmouacTHuHBIM Mbl TOHMMaeM omeparop tuna | dgg* () a. ¥ (),
N

HMeomu A B KOHQHIYPALHOHHOM NIPEACTABAEHHH BUA 3)@;. AHAIOTHUHO ABY X4ACTHY-
i=]

" HbA Omeparop OTHOCHTCA K THITY % j‘ dgdg' g+ (¢) $* (¢Yap ()¢ (¢) u T. .
(cMm. § 3).

** MujleKc y onepaTopa O3sHAuaeT nepeMeHHYIO, Ha KOTOPYIO ONepaTop AelCTByer.
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HUYHMCS PACCMOTPEHHEM TaKHMX CHCTEM, Y KOTOPHIX XapaKTep 3aroJ-
HEeHHs yPOBHEH ompejiesisercsi TONbKO 3HeprHell. JIpyrumu cjosamy,
NPEANOJIOKHM, YTO BCE NOACOCTOSAHUS, OTBEYAIOIIHe JaHHOMY YDOBHIO
sHeprud (BooOule TOBOPs, BEIPOXKAEHHOMY), JHOO ONHOBPEMEHHO
3aMoJHEHbl, JHOO OJHOBpPEMEHHO CBOGOIHLI. Takue CHCTEMEl OOLIYHO
Ha3bIBAIOTCS CHCTEMAMU C 3arOJHEHHBIMM o6os0ukaMu (cm. § 9).
Mrak, npeamnosoxuM, 4to n, = n (¢,). YUHTHIBAsI ypaBHEHHe
(4. 2), MOoXHO Hanucate* n,x, = n (&) %y = n (T + W) %, 0TKyaa

fe=n(T+ W) (4. 11)

Taxum o6pasoM, omepaTtop @ MNOJydaeTcs NpH (GopMajbHOH 3aMeHe
B BBIPAXKEHHUH JJIsl YUCE/ 3aNOJHEHHS SHCPTHH YPOBHs &, FAMUJIBLTO-
muagom T -+ W. Oneparop @, ouesBusno, kKommyrtupyer ¢ T+ W,
YTO' OTBEYAEeT CTALMOHAPHOCTH pAacCIpefe/ieHHsT W HaXOAHTCA B COOT-
BETCTBUHU C BblpameHueMm (4. 4).

4. 4. C noMompio omepatopa @ Jerko BHIUHCJHUTH CpejHee 3Ha-
yeHHe OJHOYACTHYHOIO OIeparopa o, = jdq vt (g) ¥ (@) ’

(Woloy|Wy) = Sp(a;0)- (4. 12)
AHanoruyHo AJs JABYX4YacTHYHOTO Omeparopa
1 * , ’ ’
@, = | dgdg'$* (9) b* (¢) @ (¢) ¥ (9)
MeeM

(Yolop|¥y) =5 Splay (1 — F)enen). (4. 13)

3neck & 1, — omeparop nmepecTaHoBKM KOODAMHAT (CM. pasjies 1. 3);
Sp — wnyp no BceM NepeMeHHbIM. B 4acTHOCTH, YCJIOBHE HODMH-
POBKH HMeEeT BHJ

Sp (@) = N, 4. 14)

rae N — NoMHOe 4YHCJIO YacTHI, B cHcTeMe. BHIBOJ COOTHOMIEHHH
(4. 12), (4. 13) cm. B npunoxenun A. Tam ke JaHbl NpaBH/Ia BEUHCIE-
HYUA mypa.

Hns BoluMc/eHHsI TUIOTHOCTHBIX BEJIMUUH YAOGHO BBECTH TaK

> > i
HasbplBaeMyio (QYHKLUHIO paclpeieneHus f(x, p), NOJIy4aIoILy 10Cs
npu ¢ypee-npeobpasosanu R (¢, ¢’) M0 PasHOCTH TPOCTPAHCTBEH-
> -
HBIX KOODJAMHAT X — X't

? > o > /> ER

R(g,q) = S cf‘_*gf (x, p)exp [ip (x—x’)J. 4.15)
{2n#

* ®ynxuEsa or oneparopa HMeer 00ILyI0 C HHM CHCTeMy COGCTBEHHBIX (yHKUMI,

A HX COGCTBEHHEIE 3HAUEHHS CBS3AHb TeM K€ COOTHOLIEHHEM, YTO M CAMH ONePaTopH
(eM.  mpunoxenne B).
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> >
Beanuuna f(x, p), SIBJASIOIAACH MaTpulieil Mo AUCKPETHBIM nepe-
MeHHbIM, OYAy4YH MPOMHTErpHPOBAaHA MO UMIIyJibcaM, AaeT pacmpeie-
JIEHHEe BEePOSITHOCTH KOOPAHHAT

ol ) = Spoc | i (%, p). (4. 16)

AHa_.HOI‘I/ILIHO pacnpeneseHne BepOﬂTHOCTeﬁ HMIIYJIBCOB JaeTcs COOT-
HOLICHHUEM

o(p) = Sper | dxf(x. p). (4. 17)

DYHKLHIO pacnpefieieHUs HeTPYAHO CBA3aTh C BBEICHHBIM BbILIC
orneparopoMm @. IlofcTap/isist B JIEBYIO YacTh BBIPAKCHUSA (4. 15) coor-

Homenve (4. 9) W pasnaras BXOJfIHIYIO B IIOC/JEAHEE COOTHOMICHHE

>
7

dyHku O (\;Ax } B uuTerpan Pypne, HaxOLUM
F% p) = (e)s (4. 18)

‘rae BBeJeHo ofoszHaueHue *

/ > > g :
(a);zexp(— ipx)aexp(ip x). (4. 19)
4. 5. IlpocrefitiuM K3 ONHOYACTHYHBIX NpUOJIHIKEHUN SABJSETCSE
npuG/aHKeHHe HAeaJbHOIO rasa, B KOTOPOM B3aUMOJEHCTBHE MEXAY
yacTHIlAMH HMTHOPHPYETCst MOJHOCTBbIO. B 9TOM ciydae oneparop H,
COBIIaJaeT CO CBOGOAHBIM TAMHJILTOHHAHOM [, a BCJVYHUHBL WuC
paBHBL HYJIO.
WHuauBuAyanbHbie BOJHOBHE (YHKIUHUH ), HASAJHHOrO rasa ompe-
JensawoTcs ypasHeduem (3. 1). B mpocrefiieM cjyyae OTCYTCTBHSA
BHEIIHETO MOJis PelleHHe 3TOr0 YPaBHEHHS MOXKHO BuIGpaTbh B BHAE

Yo (@) = Q7 8gds exp (ip %) (4. 20)

YTO COOTBETCTBYET COCTOSIHHIO YACTHILBI C ONpEJeNeHHbIM 3HAYCHHEM
HMIY/1bca, MPOEKIUH OObIYHOTO CIHMHA S H M30TOMHYECKOro CIHHA t.

SDueprus cucreMbl E, mnosydaercss UPH YCPEIHEHHM TaMHJIBTO-
auana (3. 21) no cocrosHuo ¥, U nmeer BHA

E, = E Eylly,
v

rhe €, — IHEPrH¥ HMHIMBHAYANbHBIX YPOBHEH. Hcxona wu3 3TOrO
COOTHOIIEHHS, HETPYAHO HafTH XapaKTePUCTHKH OCHOBHOIO COCTOSA-
HUA cHcTeMsl. MHHHMasnbHOe 3HaueHue E, OyJer, OYeBUAHO, HMETb
MECTO NpH

n, =0 (ep — &), @421

* Bpiupas B KauecTBe OOKJNAJOK B 3TOM COOTHOMIEHHH co6cTBeHHble DYHKUMH
>

He ONepaTopa UMIYJAbCA P, a JIOBOTo APYroro oneparopa, MOKHO TpUATH K GYHKUHK
pacrpexesieHtsi COOTBETCTBYIOILEH - BeJIMUHHEbL [431.
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rjle BeJIMYMHA €, HOCsLIAs HasBaHWe >Hepruv Pepmy, onpefenser
BEPXHIOIO IPaHMILy 3aMOJHEHHOH 4acTH cneKTpa U HaXOAUTCH H3 yCJIO-
Busi HOpMHPOBKH. DYHKIUHs O (¥) onmpefensiercs caefyomum o6pasom:

( 1 x>0
0(x) = | 0 x < 0.
BosiHOBasi (PYHKILMS OCHOBHOIO COCTOSIHHMsl CHCTEMbl MOXeT ObIThb
3anucaHa B BHle
Wy = (HAT) Yo , (4. 22)

ey < ep

rie GUTYpPHUPYIOT ONepaToOpbl POXKAECHHS, OTHOCALLMECS KO BCEM 3aMoJ-
HEHHbIM YpOBHAM. Ilepexol B 3TOM BhIpAKEHHHM K KOH(UTY PaILHOH-
HOMY TIpPEe[CTABJEHHIO AaeT OOLIYHBIK ACTePMHHAHT Cnefirepa — Poka.
Oneparop 3anoJIHEHHSI B paccMaTPHBaeMOM CJ/ydae, COIJIaCHO Bbipa-
- xkeHuo (4. 11), moxer ObITb 3amucaH B dopme

0=0(p—T) (4.23)

B OTCyTCTBHE BHELIHEro I0Jisi OCHOBHOE COCTOSIHHE CHCTeMbI
XapaKTepU3yeTCsi PPAHHUHBIM HMMILyJLCOM P, ONpelesisieMbM COOT-
HowenueM &, = p%2M. Orciopa ¢ yuerom roro, 4ro T = DpY2M,

NOJYyYHM
¢ = 0 (p:—p?),
¥ QYHKUHS pacnpeleserus npumer BHL *

> ) o 5 . n
[lx, p) =0 (p;—p). (4. 24)
JTa BeJHUYHHA HE 3aBUCUT B JIaHHOM cJjyd4ae OT KOOp,H,I/lHaT;.

C nomoiiblo cooTHomenus (4. 16) HeTpyAHO HAATH IJOTHOCTH
YuCca YACTHIL, KOTOpas onpelesisieT TPaHMdHLIH HMIYJIbC:

3
8Py
Q == Bnt - (4 25)
31ech g = Spg, (1) — dbakTOp BHIPOXKIAEHHA, pAaBHBII YHCAY TOA-
COCTOAHHUHA € pAa3JHUYHBIMU TPOEKHHSMH [IHCKDPETHBIX MepPEMEHHbIX;
JJis 3JIEKTPOHOB g = 2, Jjd HYKJOHOB g = 4.

Hcnoanays Bripaxenue (4. 12), HeTpyJHO HaHTH 3HEPrHIO OCHOB-
HOIO COCTOSIHMSl B OTCYTCTBHE BHELIHETO MOJsi (CM. IpHJOXKEeHHe A,
pazmen A. 2):

gl N § . \ ng5‘
— Sp( — cd3n . P 2 g2y N\, o0
E, = Sp(Te) - Spy, | dxd p\\ oM o (pO P )/,, T (20m2M) T
p

) . > .
* Onepatop uMIy/bca P B NpeAsiayliedl popMyJie npu AeHcTBHH HA exp(i;;
. ! >
B BhIpaxenud (4. 19) nmpespatiaercss mpocto B 4YHCJIO p.
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CBouM MpOMCXOXKJEHHEM 5Ta BeJMYHHA LENHUKOM 00si3aHA MPUHIUITY
- Tlayan.
Benuuuna E, nponopuHoHajibHa NOJAHOMY YHCTy gacTui, N = Qo

3 P OF,
% o37 V- OrMernm, 4T0 mMpoH3BOAHAS <7\T>g’ pas-

Hass XHMHYECKOMY IMOTEHIHAJJy CHCTEMbl |, COBIAAaeT ¢ T'PaHHYHOH
sHeprueil Pepmu:

1 paBHa E, =

P

OTO COOTHOLICHHE HOCHT JOBOJBLHO oOmwuil xapakrep (cM. § 23).

4. 6. Hapsiny ¢ npuGiuKeHHeM HIEaJbHOTO Tasa CYIECTBYeT
MHOXECTBO APYTHX OJHOYACTHYHBIX NMPUOJIHKEHUH, B KOTOPBIX B3aHMO-
JelicTBHE MEXKAY YaCTHIAMH TeM HJIH HHbIM c1nocoB6oM y2XKe NPHHATO
BO BHHMaHWe.

[TocTaBuM BONpoc 0 HAXOMKAECHUH HAUJIYULIErO H3 TAKHX IPHUOGIH-
KEHHUH, COOTBETCTBYIOIIEe PACCMOTPEHHE MNpPUBEIET HAC K NPHOJIH-
xenuto Xaprpun — Poka. amuabroHuan H, 3TOro npuOAMKEHHs
CJIelyeT UCKaTh H3 yCJOBUA MaKCHMaJbHOH 6nu3ocTH onepatopor H,
u H, Koropoe Tpe6yeT MHHMMYMa HOpPMBI Pa3HOCTH 3THX ONEPATOPOB
I = (¥o|(H—Hy)}V¥,. 3aece ¥, — BonHOBass (DYHKIIHS MHTe-
PECYIOilero HacC COCTOSIHUA CHCTEMBl B OJHOUACTHYHOM MPHOJHKEHHH.

®opmanbHo Bapeupyst / no H,, noayuyum

ol = (¥, |{H,—H, dH,} |V, ), =0,
rie 0H, = [ dgpt (9) SW (g9) + 8C. Tlpnpasnusas nymo Koag-
¢unnent npu 6C, nomyuaem
<‘}J'o|(H() H)|qf =

OTKYyJa C [OMOILbIO cooTHoutenuit (4. 12) u (4. 13) Haxoaum

C=—Sp(Wo) + 5 SIV(I—Fr)esenl  (4.27)

IpupaBnusas Hymo wacts 0/, cogmepxkamywo OW, u ucnonnsys
Boipaxenue (4. 27) u pesysabTarsl npujoxeHusi A (cMm. pasgen A. 5),
MOXKHO HAMHNCATh '

{1V, —Spa, (V (g1, ) (1 — F1) @g )1
X(Qq, — Qq,)° ijéwq } = 0.

Orciofia nosiyuaeTca HCKOMOE BhIpaXKeHHe JJsi oneparopa W:

W,=Spy V(g q) (1 — F ) el (4. 28)

IlogcraBasisi 3T0 BhIpakeHHe B CooTHouwieHue (4. 27), HaXOAMM
1 ’ ’
C=— 5 SpIV@ ) (1 — Fap) 000 (4. 28"
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IDTUM ¥ HcYepObIBaeTCS perleHye 33aJaud O HAXOXKIACHHH TaMUJbLTO-
nuana H,. »

B nanpHefnieM HaMm noHaJoOUTCHA BhIpaxKeHHe Ajs oneparopa H,
yepe3 MaTpHIY HJIOTHOCTH. [loficTaBisisi mOC/ICIHKE JBAa COOTHOMICHHS
B BhipaxeHnue (4. 1) m Hcnonb3ys pe3ysabTaThl NpHJoKeHHs A (cM.
pasfeant A. 2, A.3), Halijem *

Hy = [ dgw+ () T (9) -
+ | dqdg v @V )1 —F ) RG, )9 () —

§">q’

—-5 | dqdgVg, ¢)(1 —Fe)R@. HR@, 4.

9">q
q7>q

Ecau norenuuan V mpejcrapisier co6ofl NpocTo QyHKIHIO KOOp-
JLUHAT, TO IPHUBEJCHHOE BHIpaXKEHHUE YIIPOULAeTCS M NPHHHMAET BHA

Hy=[dq$t(q) T (9) +
+ (dqdg'V (g, @) (R, q) 9T (@) ¥ (@ —R(g ¢) VT (@ (q)—

— 3 [R(@. OR@, ¢)—R@¢) R, |- (429

4. 7. Tlepexogum K npeo6pa3soBaHHUIO BhIpaXKeHUss Jisi ornepa-
topa W. O6biuHO ero samuchizaior B Buie pasHocty W = B — A,
rie B = Sp, LV (g, ¢') 0] — onepaTop mpsamoro, a A =
= Spy [V (¢, ¢') F4,0,,] — OOMEHHOTO CAMOCOIJIACOBAHHOTO B3aH-
MOJeHCTBHS.

Hcnoansys dopmyay (A. 20) npuoxenus A, MOXHO Hanmucarh **

B =Sp,.. [ d¥ dp'V [Tc_} _ %(i;’ + Vx,>] f(}, i _;_Z;>. (4.30)

Takum o6pasom, B ofmeM ciydae oneparop B spasercs ¢QyHKUHEH
oneparopa HMIly/bca.
Ecau V ne saBucur or omneparopa HMIYyJbca, To [44]

B —Sp,. |dvaw v ¢)f(x. p). (4.30")

Haxkonen, ecnin V saBasiercs npocto ¢pyHKIHEH KOOPAMHAT, TO C yue-
TOM Bhipaxenus (4. 16) moayuaercs uspecTHas Qopmyna

B(x)= | dvv(x—¥)el¥). (4. 30")

Onepatop B B 3TOM cJjlyyae TpeACTaBJsieT coO0H MPOCTO (yHKIHIO
KOOpJHHAT, :

* B npuogumoil gopmyJsie HAAO CHAYasla NOJeHCTBOBATH ONEParOpaMH HA Ma

TPHILy MJIOTHOCTH, & 3aTeM NepelTH K npepeay ¢” - ¢ u T. L.
>

Y 21
. ** 3nech V.—_Vlix——-x, T(VX—VXI)} .
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Yro xacaercs onepatopa A, To cooTHourenue (A. 20) naer

A-—Sp__, jd;’ d3p’ exp [l; (?-— jc’) oo eV {x— X,

Tt

(i P ) w.sn

3nece V, geficTByer Ha QyHKIMIO pacnpefenenus. Ecau V He conep-
XKHT oneparopa HMIyJabca, TO, BBOAA (ypbe-o0pa3 mnoTeHuHana
N0 pa3sHOCTH NPOCTPAHCTBEHHBIX KOODAHMHAT,

Vig, q) = ‘5 dipv ( )exp [L;(\} — jc')] , (4.32)

rie v -— Mmarpuia no AUCKPETHBIM NePEMEHHBIM, NOJYYHM
— @0Sp,., (a3 (0)F (% 0+ D) oy F o (4.33)
Haxoweun, ecan V npefcrasasier cofoil npocTo GYHKLHIO KOOPAHHAT, TO
=@p | dv(p)F(x P4+ p) (4.33)

H 00s53aTesbHO 3aBHCHT OT oOmepartopa HUMNYJbca.

[lo moBofly moJy4eHHBIX B 3TOM pasfeje COOTHOLIEHHHA HYXKHO
clleaaTh JBa 3aMeuyaHus. Bo-nepBrix, omepatop HMIYJbCa, BXOASANIH
B (DyHKUHIO pacnpefie/icHHsi, HY>KHO IOHHMAaTh B TOM CMbICJE, YTO

> >
npH JeHCTBUH HA IUIOCKYIO BOJIHY €Xxp \ipx/

TN )

Hanee, npu noayuenuu coorHoureHu#t (4. 30”) u (4. 33') Guia ak-

> >
THYECKH HCIIOTH30BaHA AHATOHAJIBHOCTH f(x, p) OTHOCHTEJbHO JUC-
KPETHBIX ITepeMEHHBIX. JT0, KAK OKa3biBaeTcsi, CBOHCTBEHHO CHCTEMaM
¢ 3aNOJHEGHHBIMH 00O0JIOYKAMH.

O6paruMcs X ypaBHeHHIO (4. 2), ONHCHIBAIOHIEMY HHAHBHAYAaJb-
Hele cocTosHusi uactui. llopcraBasis Tyha cooTHoureHHe (4. 28)
M BHIUHCJAA WINYD MO cHCTeMe GYHKHHH 7,, HAHAEM C YUETOM BbIpa-
xkenusa (A. 19)

(T +W)x,(q) = [T+ S, {da'y, @) Vx, @))%, @ —
u i
—¥n, [da'x, (@) Vx, @)1, @) = &, @)
w
DTH ypaBHEHHS NpPeICTaBJsiOT COO0H He YTO HHOE, KAK H3BEeCTHEIC
ypaBHenHs Xaprpu — Poka [45] *.

* Kak BHJAHO H3 3THX ypaBHemm yJleH «CaMOJAeHCTBHI» YACTHILH, OTBe‘{alolllHH
B = Vv, aBTOMaTHYE€CKH H3 HMX Bbllajgaer.
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Onepatop W, uMerominit CMpIC/ oneparopa 3¢xpeKTHBHOrO B3aHMO-
JefiCTBUSI MEXJAY YacTHUIIAMH, HAMOMHHAET MO CBOeMy BHAY TNOTEH-
1LMaJji BHEUIHero IoJjsi, HO 3aBHCHT OT pacCMaTpUBAEMOIO COCTOAHHS
cuctembl *. O6 3TOM B3aMMOJEHCTBUH TOBOPAT KakK O CaMoCOrJaco-
BAHHOM, HMesl B BHAy, uTo onepatop W 3aBHCHT OT TeX BOJIHOBBIX
(YHKIMi, KOTOpBIE OH caM ke onpexensier. [lo cBoemy pusuueckomy
cmbicly W oTseuaer ycpefHeHHOMY MNOTEHUHANY, ACHCTBYIOLIEMY
Ha NaHHYIO YAaCTHILYy CO CTOPOHBI OCTAJbHBIX YaCTHI CHCTEMBI.

4. 8. Jlng HaxOXIEHHS BhipaxKeHUA AJa QYyHKIKHU pacrpeleseHus
y06GHO HCMOMb30BATH ONePaTOPHOE coOTHOWEHHE (4. 18) [43, 46, 471.
YuursiBasi Boipaxenus (4. 11) n (4. 28), nmeem

Fx )= (n(T+ W), (4.34)

COBOKYIHOCTh cOOTHOUIeHHsT (4. 34) M omnpejenennuii oneparo-
pos T, W B Buipaxkenusx (1. 3), (4. 30) — (4. 33) MOMHOCTBIO SKBH-
pasieHTHa ypaBHeHusM Xaprpn — Poxa H mnpepcTaBaser co6od HX
onepatopHyto ¢gopmy. Heo6xonumo noJ4epKHyThb, UTO MPOCTOTA STHX
COOTHONIEHUIT Mimo30pHa. [eno B ToM, 4to Boipaxkenne (4. 34)
CONEpKHUT GYHKIHIO OT CyMMbl HEKOMMYTHPYIOWHX ONEpaTopoB.

B camom feje, M3 NIpaBHJ KOMMYTAanHH

e > . >

V2 F(x)l = —IVF (x)
caepyer, uto oneparopel 7, A U B nonapHo HEKOMMYTAaTHBHbIL. Ilpa-
BHJIa OGpPAlleHHs C TAKUMH QYHKILUAMH B JOCTATOUHON Mepe CIOKHbI
(cM. npusoxenue Bb). Takum 06pasoM, Nepexof K onepaTtopHoi popme
MPUBOAUT JIHUIb K CMEMIEHHIO IEeHTPA TSAXKECTH DAacyeroB: BMECTO
peuwtenns ypasHenus Illpeaunrepa mnpuxonnTCs 3aHUMATbhCs  «pac:
WHGPOBKOM» (YHKUHH HEKOMMYTHPYIOLUIHX apryMeHTOB.

B o6mem caydae obe 3TH 3aJa4d B OJHHAKOBOW CTENEHH CJIOXKHBI.
OfHaKo B NpHUMEHEHWM K paccMaTpHBaeMoMy B § O KBasHKJacCH-
YeCKOMY CJy4aio, a Takke NPH HCCAEeJOBaHHH HEKOTOPHIX OOLIMX
BOTPOCOB ONEPATOPHBIH MOAXOA HMeeT HeCOMHEHHbIE NPEHMYLIeCTBA.

4. 9. TlepexofyM K HaXOXKACHHIO SHEPTHH CHCTEMbl B pacCMaTpH-
BaemoM npuGauxenun. CornacHo BuipaxKeHHIo (4. 5) MOXHO HANMHCATh

E,= (WOIHOIIPO>'
YuurpiBasi cooTHoweHne (4. 3) W TPUBEJEHHbE B MPUIOKEHHH A
coornouwrenuns (A. 14), (A. 15), umeem
\
E, = Z svnv—-%—Znunv(p,vl V(—) uv).
v uv
C nOMOMBbI0 3TOr0 BbipaMeHHUs MOKHO ONpelefiuTb XapakTtep
3aM0JIHEHHs] yPOBHEH B OCHOBHOM COCTOSIHMM CHCTeMbl. B GoapuinH-

* HecmoTpst Ha 3Ty 3aBHCHMOCTb, ramusbTounan T -+ W ABISeTCs eJUMHBIM
AJIE BCEX COCTOSIHHH Y. I109TOMY OCHOBHBIE KBAHTOBO-MEXaHHYECKHE HOJOXKEHHS,
OTHOCsMecst, B UY4ACTHOCTH, K BOINPOCaM IOJNHOTH H OPTOrOHANBHOCTH CHCTEMBI
by nKkmit Xv, COXPaHSIOT B JAHHOM CJlyuae CBOIO CHJIY.
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CTBE C/1y4aeB 3TOMY COCTOSIHHIO OTBEYAeT TO e 3alOJHEHHE YPOBHEH,
UTO M B HJeajbHOM rase *. [Ipu atom cooTHowenus (4. 21), (4. 22)
MOJIHOCTBIO COXPAHSAIOT CBOIO CHJY; pasyMeeTcsi, peub Tenepb HAET
O COCTOSIHHSIX, onpelensieMblx ypaBHenueM (4. 2), a ue (3. 1). Bripa-
xKeHue (4. 34) npuHUMaeT NpPH 3TOM BHJ

Flx )= (8, — T —W)). (4.34)

ITpusesnennoe BelpakeHue Adst £, Majio yjao0HO ¢ npaKTHYecKof
TOYKM 3penusi. Hcnonbsys seipaxenus (4. 12), (4. 13), (4. 28) wu
(4. 28’), MoxkHO Hanucarh

L, = Sp(ev), (4. 35)

rie v = T + W/2. Hcnoaepsyst Isisi BbHUHC/EHHS IINypa COOTHO-
uwenre (A. 16') u o6o3Hauass yepes § IHEPrHIO, NPUXOISILYIOCS Ha
€uHULY o0vema & = E /2, umeeMm

§ = Spo: [dp (0(ep —T — W)t ). (4. 36)

- e d
I/le 4epTa 03HAaYaeT ycpeAHEHHe o obbvemy a = Q! dxa.
[Ipencrasum omeparop T B CJAEAYIOIEM BHJE:

T = Ty + Ty

1
Ty =5 (T + ¢p),
= (T+ W —ep).

Uactb oHEpruu, oTBevamoInas T,, MOXKET ObiTh C YYeTOM BhIpaxKe-
nus (4. 16) nepenucana B Bufe (U — BHemHee nosne)

&1 (84 + 00 + QD)

rie &, — NPUXOAAINAsACA Ha eAMHHULY o0beMa CpelHAs KHHeTHYe-
cKasi 9SHeprHs:

2 _(,_> _,)
¢ I ot ~2M 7 :
SHep 1551 (092 HMEeT BUJ

1 : ‘
Ey = *Tspcr j @p (0 (er— T—W)(er—T— w) );.

4

* D10 yTBepXJAEHHE HOCHJIO Obl aGCOMOTHBIM XapakTep NIPH OTCYTCTBHH BTOPOTO
‘ynena B E. Oxuako B NPHHLHIE HeMb3sl UCK/IOYHTL H TAKYI0 BO3MOXKHOCTb, KOT'AA
HaWHU3IIEeMy 3HAYEHHIO £, OTBeuaer 3amojiHeHHe He CAMbIX HU3KHX YDOBHeR &y,
[nsi sT0ro HeoGXomUMO, YTOOH COOTBETCTBYIONlee yBeNHueHHe ITePBOTO UJeHa pac-
€MAaTPHUBaeMOro BHIDAXKEHHS GbJIO CKOMIEHCHPOBAHO OGPATHHIM H3MEHEHHEM BTOPOTO
uJIeHa. ‘
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®opMaibHO AUQPEPEHILUPY st 3TO BEIDAXKEHHE 110 &x ¥ C YUETOM PABEHCTB

06 (x) .
i 6(x) n x6(x)=0,

HaAaXOJHM
‘ 08, 1

e, 29

VuutoiBasi, jajee, uTo &, IpPU &p — —oo JAOIKHO 00paiarbes
B HyJb (JACTHLBI MPH STOM BOOGWIE OTCYTCTBYIOT), HAXOAHM OKOH-
yateapHo [43]
i
1

é =5 @k_[ d5F§+3'F'é+aU . (4.37)

Jlast onpefiesienus MoJHOH 3HEPTHH HEOGXOAMMO, TakHM 00pasoMm,
HAUTH KUHETHYECKYIO SHEPIHI0 M IUIOTHOCTh KakK $IBHYW (YHKLHIO
sHepruu ®epmu. BrinonneHHoe npeodpasoBaKue NO3BONsIET H3GEKATH
BBLIUMC/IEHHUST CAOXKHBIX LIMYyPOB, cojlepiamux oneparop A.

Ecau obMeHHbil moTennuan A MOXKHO BooOIie He YYHUTHIBATh,
TO pacCMOTpeHHasi NpoleAypa N03BoJAET M30ABUTBCS H OT BbIYUC/IE-
uua &,. B camom jese, cpaBHUM Bblpaxenye (4. 37) ¢ COOTHOLICHUEM,
BeITeKatomum u3 (4. 36) npu 4 = O:

—_— 1 e
Wckniouas orciofa §,, Hafiaem

N - - —_
Ep=— | derg+ee— (U + B),
e ) i L 4. 38)
& = S de s + €rQ _‘TQB'

|
|

§ 5. MPUBJHIXEHHE TOMACA — $EPMH

5. 1. PaccmoTpenue peanbHbIX CHCTeM B NpHONUKeHHH XapTpu —
®oka B GOJIBILMHCTBE CJAYYaeB CONPSIKECHO C JOBOJLHO TPYHAOEMKHMH
UNCJEHHBIMH pacueramu. K TOMy Xe COOTBETCTBYIOIIHE YpPaBHEHHSI
B 3HAYMTEJBHOH Mepe JIHMIEHH CBOHCTBA YHHUBEDCAJbHOCTH; Tak,
Hanpumep, NMOCTAHOBKA OJHOTHNHOH 3ajauM JAJs JBYX pAa3HBIX aTo-
MOB TpebyeT npoBe[eHHsi ABYX CaMOCTOSITEJLHBIX PacyeToB.

* Tuddepennupopanre CoBeplIaeTcs JHUb 110 TOMY &PTYMEHTY €, OT KOTOPOTO
NO/ILIHTErPa/IbHOE BbipajKeHHe 3aBUCHT SIBHHIM 06pa3oM (KpOMe TOro, HMeeTCs U HesiB-
Has 3apucumocte W ot €p). To 3Ke OTHOCHTCA K MHTETPHPOBAHMIO IO € B IOCAERYIO-
uHx gopmyanax.
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TlonoxeHue 3HAYHTENBHO YIPOWLAETCH, €CNM JBUXKEHHME YaCTHIL
IOJ JICHCTBMEM CaMOCOIJIACOBAHHOIO MoTeHNnHasa W MoKeT CYuTaThes
no KpaHHeit Mepe B mpeoGaajaiomiell 4acTH NPOCTPAHCTBA KBa3H-
KnaccuuecknMm. KBasukjaccHyeckoe NpHOIMKEHHE K ypPaBHEHHAM
Xaptpu — Poka HOocHT HasBaHue npuGauxenus Tomaca — Pepwmi
(B IIMPOKOM cMbicjie 3TOro. TepMmuHa) [48, 49].

YcnoBueM KBa3HKJ/IACCHYHOCTH [BUKEHHSl 4YacTHUbLl SIBASETCS,
KaK H3BEeCTHO, HEpPaBeHCTBO '

TIPS 6.1

Tle A (x) — KBasHKJacCHYeCKast JJIMHA BOJHLI Je Bpofiisi yacTHibl.
Dra BelMuYMHA onpefessieTcs caefywomuM obpasom. Ilposesem B ore-
patope T -+ W ¢opmasnbHyio 3amMeHy omeparopa MMIYyJbca HEKOTO-
poit ¢ynkumeli p (x) (KBa3HKJIACCHYECKHM HMIYJILCOM), KOTOpast
ONPENEJNAeTCs COOTHOIIEHHEM

(T+ W)|

p>piny = ©

Ve

HJsvHa BOIHBI cBSI3aHa ¢ p (x) cooTHowenuem A (x) = Yp (x). B wacr-
HOCTH, paccMaTpUBAsd OCHOBHOE COCTOsIHME CHCTEeMbl M TIoJaras
€y, = €g, MPHUXOAUM K COOTHOLICHHIO

(T+W)|p s pyw = 5 (-2)

onpejensieMasl UM BeJIMUHHA P, (X) MOXKET ObIThb B MOJHON AHAJOIHH
CO C/lyYaeM OJHOPGAHOTO HJEeaNbHOTO ras3a Ha3BaHA T'PAHHYHBEIM
HMIYJIbCOM KBAa3uKJiacCMYECKOH cHcTeMbl. ONHAKO B OTJIHYHE OT CJy-
4asi ONHOPOAHOIO HJeaNbHOTO Ta3a 5Ta BeJIHUMHA OKAa3biBaeTCsl (yHK-
1ueit koopaunat. Ecnu W we 3aBucHT OT ummyJbca, TO

Po (1) = [2M (25— U — W)]¥.

®usyuecku ycnoBue (5. 1) o3Hauaer, 4TO AJMHA BOJIHBI AOJKHA
ObITb MaJja MO CPAaBHEHHMIO C XapaKTePHbIMH HEOXHOPOXHOCTAMH
3ajilaud. Vnaue roBopsi, MOCKOJbKY NMPaKTHYECKH A ~ Y/p,, rpaHuu-
HBIH UMIYJbC, 4 BMecTe ¢ HUM M 3bQeKTHBHbHA NOTEHIHAN HOJKHLI
ObITb C/A0OMEHSIOMUMHCS - GYHKILHAMH KOOPJAHHAT.

5. 2. Ecau napamerp £ HOCTATOYHO MaJj, TO B HYJEBOM TpPHOJH-
JKEHHH MOXKHO BOOOIe npeHe6pedb BCeMH I'PaJHEHTAMH [PAHHYHOIrO
uMnynnbca M noteHunana. OjHOBpeMeHHO o0pawiaioTcsi B HYJb Bce
KOMMYTATOpbl cjaraeMbix ramuibToHHana T +W. B pesyabrate
Buipaxkenus (4. 34) u (4. 34") npeBpamwaiorcst B oObiuHble (YHKIHH;
BXOJASAIIMA B HHX Oneparop HMOYJbca JeilCTBYeT Temepb TOJIBKO

->->

Ha (YHKLHIO €xp (ipx) [cm. Boipaxkenne (4. 19)1 # MoxkeT GuiTh

7/

>
3aMeHeH NPOCTO YHCAOM p. Takum o6pa3oM, Mbl IPUXOAHM K CJIEAYIO-
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Ui€MY BBIDAXKECHUIO AJis KBAa3HKJACCHUECKOH Q)YHKLLHI/I pacnpeneneﬂus
OCHOBHOTO COCTOSIHHSI CHCTEMBI *:

f(x, 7)) =0ler—er ()], (5. 3)

rge s (x) = (T + W)’» » — KBa3HKJACCHYECKOe 3HAauUE€HHE 3HHEp-
P p>p
N
THH YacTHUBl, o0JMafaomel HMIyJabcOM p.

B stom u cnepyomem naparpadax Mol GyJeM paccMaTpUBATh
CHCTEMY TOJIbKO C KYJIOHOBCKHM B3anMopelicTBHeM. KOHKpeTHO peun
OyleT HATH O CHCTEME 3JIEKTPOHOB, CJeNOBATebHO, H30TONHYECKHE
wieHsl OyAyT onymeHsl. Mcenoasays coorHouenus (4. 30”) u (4. 33'),
OyJleM MMeTb

> (" d—>' * (>

! 2 d 34 ’
U(-’?i",‘*?@j > >, 5dpf(X,/)”)—

[ x—x

e X) =
3 oM

— (2n)34ne2S FE f(x v +p) 5.4

©OO6bIYHO (QYHKUMA &> MOHOTOHHO BO3DAacTaeT C YBeJUYEHHEM

HMIyNIbCA; MPH ITOM ypaBHEeHHE (5. 2) UMEET TOJNbKO OAMH KODEHb.
Hcnonesysi oueBuaHble CBOACTBA (QYHKIHM 0, MOXKHO HamHCaTh

F(x p) =0 [p ) —p?. (6.3)

B 3ToM BbipaxKeHHH OTYETAHBO MNPOSIBJSIOTCH KBA3HKJIACCHUECKHE
cBoWcTBa JABHKeHMA dyacTull. [leficTBUTenbHO, (yHKUUs pacnpeie-
JeHus (ymHOoxKeHHas Ha cakrop 2/(2m)®) npepcrasasier co6oH mo
CBOEMY CMBIC/JY IJIOTHOCTb YHCJA YACTHIL B (a30BOM (KOOPAMHATHO-
HMIyJIbCHOM) mnpocTpancTse. Kak BHAHO U3 mocjienHed opMmyJibi,
Kax/as Kjerka ¢a3oBoro npocTpaHcTBa o6beMoM (21)%, OTHOCAMIASCS
K o6nactu p? < p2 (x) **, 3aHsTa AByMs 4acTHUaMH. XOPOILO H3BECTHO,
4TO 5TO X4PAKTEPHO HMEHHO IJIs KBa3HKJACCHYECKOH CHCTEMbl.

C nowmorubio NOJIYYEHHOTO BEIpaXKeHHst Al GYHKIHH pacmpefesie-
HHSl HETPYJHO HAWTH BBIDAXKEHHs JJs TJIOTHOCTH M 3HEPTHH KBa3H-
KJlaccHYecKOH cHctembl. Mcnonesyst cootHowenns (4. 16) u (4. 38),
NOJNy4uM

Py (¥

o) = 8 (5.5)
=

Py (x) .

Sk = Tommnt ° (56)

* J10 BbipaKewHe OKA3blBAETCA HENPUIOJHBIM B Y3KOH OKDPECTHOCTH IpAaHULbI
Pepmu, OTHOCHTENbHAA umpm;a KOTOpOH MOpsiAka §/2 [50].

** B oGnactu p >p0 (x) uactun, Her BooGwe. 3aMeTHM, YTO He 3aNMOJHeHa
HacTunaMi takxke o6/1acTb $Ha3oBoro NMpPOCTPAHCTBA C pg (x) < 0, Kak 3T0 Hemocpej-
CTBEHHO BHAHO M3 Beipaxenus (5. 3).
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17 BLIYHCJIEHHS MOJHOW SHEPTHHM MOXKHO MPUMEHHTh CHOCO0, H3J0-
JKeHHBIH B pasfiesie 4. 9. Mcxona u3 COOTHOIIEHHS

€

Foo- .
§ depQ =2 | d®pb (8,:—8’.;) (8[,-48;)

u chonbsyﬂ Boipaxenue (5. 4), MOMXHO HamUCaTb
& —&,=qaU +—@B Db (5.7)

rje noreHinuan B jAaercs coorHouieHueM (4. 307). Tpu caaraemmbix
B npaBofl yacTu BoipaxkeHus (5. 7) COOTBETCTBYIOT HO cBoeMy (H3H-
YeCKOMY CMBICJY SHEPTHH BO BHEIIHEM I0Jie, SHePTHH MPSAMOro H 00-
MEHHOTO B3aUMOJEHCTBHS.

B npuBeleHHbIE COOTHOLICHMsI BXOJUT HEH3BECTHas NOKa (yHK-
HHA po {¥). Ee BUX MOXKeT ObITh MOJYUYEH € MOMOLLbIO COOTBETCTBYIO-
mem npoiey phl camocorsiacoBauns. loicrasasist cooTHoerue (5. 3")

B (5. 2) 1 HCno/Nb3ysi KOHKPeTHble BelpaxkeHust ans T u W, npuxoxnm
K ypaBhenuio Tomaca — PepmMM B HHTETpaJbHOH Qopme:
po( )

+ U+ lef—j},—]pg<x'>~%pofx>;sp. 5.8)

Oueprus PepMu BXOAUT B 3TO ypaBHEHHe KaK NapaMeTp U JAOJKHA

~ ->
HAXOJUThCS M3 YCJOBHS HOPMHPOBKH | d¥o (x) =

5. 3. [lpocreliniuM NpHUMEPOM KBA3HKJACCHUCCKOH CHCTEMBI $B-
JiAeTcs1 OJHOPOAHAsI CHCTEMa, XaPaKTepHCTHKH KOTOPOH (B YWacTHOCTH,
rpaHUYHBLIl HMOYJbC) HE 3aBHUCAT OT KOOpAHHAT. YCJOBHE KBa3H-
KaaccuuHocTd (5. 1) BuIIOJAHSIETCS] NMPH TOM TPUBHAJALHBIM o6pasowm,
Tak Kak £ = 0. Takum o6pasom, B cjyuae OJHOPOAHBIX CHCTEM HUKa-
KOTO pasJ/uyusi MexAy npubsamxenusamu Xaprpy — Poxa u Tomaca —
depMH HE CYHECTBYET.

OnHOpOfHEE CHCTEMB! PeajiH3yloTcs B TeX cJydadx, KOrAa BHe-
dee mosie U (x) He co3faeT BhlJie/leHHLIX B IpOCTpaHcTBe Todek. s
OAHOPOJHBIX CHCTeM OJHOHMEHHO 3apfKEHHBIX YacTuli C KYJOHOB-
CKHM B3anMoJieiicTBHeM BesiduuHa {/ (x) JO/MXKHA UMeThb BIIOJIHE Olpe-
JeJEHHBd BHUA M, B YaCTHOCTH, OHA He MOXKeT OBITb paBHa HYJIO.

B camoMm jene, noactasasis p, = const B cooTHourenus (5. 4),
(5.7) u (5. 8) u nonarass U = 0, MBI CTaJKuBaeMCsl C IOSIBJIEHHEM

>
dx
PACXOASIIMXCA HHTErpajoB IO -IPOCTPAHCTBY 5'7 Dto  obcTos-

TeJILCTBO OTPaxKaeT HEBOZMOXKHOCTb DPABHOBECHOTO CYIIECTBOBAHHA
OHOPOAHOH (M, cieloBaTelbHO, OGe3rpaHHYHON B MPOCTPAHCTBE)
CHCTEMBl OJJHOHMEHHO 3apsiKEHHBIX 4YacTHL. [las npujaaHusa pac-
cMaTpuBaeMoll 3ajave (PH3UYECKOTO CMBICJIA HEOGXOAUMO noba-
BHTh OXHOPOJAHBIH  BHEHWIHWUH , (JOH INPOTHBOMNOJIOXKHOIO  3HAKa
3apsiia, HeHTpanu3yOWMH NOJHBIH 3apaj cucTembl. IloTenuman

50



-> —-> ->
U(x)= —e%[dx'/|x—x"| (0 — NJIOTHOCTb UHC/IA YACTHI[ CHCTEMBI),
co3aBaeMblii 3TUM (OHOM, caM OeCKOHeueH, HO C €ro MOMOIIbIO MOJ-
HOCTBIO YCTPaHSIOTCS! PACXOAMMOCTH B BolpaweHusx (5. 4) u (5. 8).
[Ipu 3TOM nocjeaHee paBeHCTBO NPEBPAINAETCs IPOCTO B COOTHOIIEHHE
MeX1y KOHCTaHTAMH £z U P!

oM a0

p(2) €py
P (5.9)
UTto xe kacaercs cootHourenus (5. 4), TO OHO NPUHUMAET BHJ

2 2
R e*py Po—pP P -+ po ;
5 TRM T Ta {1 + g, 10 | P— Py !} (6. 10)

Or1ciofia BHAHO, YTO 3aKOH JUCIEPCHH YaCTHIBI, T. €. 3aBHCHMOCTb
MEXKJY ee SHepTHEeH W MMIYJbCOM, 3a CUET B3aUMOJIEHCTBUS] MEHSETCS.
DTo H3MEHeHHe TeM MeHblle, YeM OGoJblle HMMYJbC YACTHLbI, YTO
COOTBETCTBYeT yMEHbLICHHIO BJHSHHS B3aHMOLEHCTBHS HA JBUIKEHHE
ObICTpOll yacTHUBEl. B 00paTHOM c/iyyae MasiblX HMITYJILCOB 3aKOH JHC-
MEePCHH TAKKe CTAHOBUTCHA KBAaApaTHUHbIM. OJHAKO MCTHHHAS Macca
yacTunbl M 3aMeHsieTCsi IIPH 3TOM HEKOTOpoH 3¢hdexTHBHONH Maccol
M, + M, B uyeM MOXHO yO€IMTbCS, pAa3JIOXKHB COOTHOILICHHE
(5. 10) B psag no p. OTMeueHHble KaueCTBEHHBIE OCOGEHHOCTH 3aKOHA
JHUCIIepCHH HOCST 06U XapakTep.

UTo6bl MOJYYHTh KOHEUHOE BBIPAXKEHHE [ 3HEPruu, HeolXo-
JUMO J063aBUTb K BBIpameHUi0 (5. 7) He TOJBKO IHEPTHIO B3aHMOJIei-
CTBUsI YaCTHL C (DOHOM, HO U SHEPTHIO B3aNMOAEHCTBHS (POHA C CAMHM
co000f. ITO NMPUBOIUT K CAEAVIOLIEMY IPOCTOMY BBHIDPAXKEHHIO:

P i
nZM 4n
Bropoii ujneH 3TOro BhIpameHUs HOCUT OOMEHHBIl XapakTep *.

CoBeplLIeHHO O0YeBHAHO, UYTO HEOOXOAUMOCTH JAOGABJNEHUS KOM-
neHcupymoumero ¢oHa (He 00s3aTelbHO OIHOPOAHOrO) K GeCKOHEUHO
NPOTS:KEHHBIM CHCTEMaM C KYJOHOBCKHM B3aHMOJEHCTBHEM CyIIe-
CTByeT M B HeOJHOpOZHOM ciayyae. IIpakTHuecKu, ecjau peub HJET,
Hanpumep, 06 3JEKTpOHAX TBEPAOTO Teja, POJib KOMIIEHCHD YIOUIEro
3apsiga UrpamoT HOHH peuietkd (cM. § 6).

OrpanuueHHble B MPOCTPAHCTBE JefiCTBHEM CHJI HHOH IPUPOJEI
OIHOHMEHHO 3apsKEHHBIE CHCTEMbl MOT'YT HAXOXHTHCH B PABHOBECHH

* M3 npuBeleHHLIX B 3TOM pasjiefe COOTHOLIEHHH BHJHO, YTO NpUGJHKEHHE
Xaptpu — Doka AN OZHOPOAHBIX CHCTEM OTBEYAET YUeTY UIeHOB TOJIbKO HYJEBOTO
4 TIEPBOrO NMOPSLKOB IO NapamMeTpy B3anMoJeHcTBUSA (ayp,)~t. B To e Bpems paccmo-
TPEHHE HEOJHOPOJAHOH CHCTeMBl, HaNpUMeD aTOMd, B 3TOM NPHOIMIKEHHHM IPHBOLUT
K BeJIMUMHAM, YUHTHIBAIOIMM BCe CTelleHH yKasaHHOro napamerpa. leno B ToM, 4TO
B TOCTe[HeM CJydae CAOKHOR dyuKuuell BeqMUYHHB (@op,)™' #BJsercsS BOJHOBAS
$ynruust y, (¢) HHAMBHAYAJIBHOTO COCTOSIHHSI UYACTHLBI. B ONHODOAHOM XKe cillyyae
BBHJY Ha/JUYMsl TPAHCASUHOHHOH CHMMETDHH B KadecTBe QDYHKUMH ¥, (g) MOTYT OHITH
BbIGPAHBI, KAK H JJIS HJEANBbHOrO rasa, IJIOCKHE BOJHBL.
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¥ IpPH OTCYTCTBHM KOMIIEHCHpYVrouiero 3apsaja. IlpumepoM moxer
CNYKHUTL aTOMHOE sJPO. -

5. 4. IlepefizeM K pacCMOTpPEHHI0O HEOJIHOPOIHBIX CHCTEM C KYJIO-
HOBCKHM B3aMMOJIE/CTBHEM, OIMCHIBAEMBIX YpaBHeHHeM Tomaca —
®epmu (5. 8). Ouennm poJb mochaefHero (OGMEHHOTO) ujeHa JeBOH
YACTH 3TOTO ypaBHEHHsi. ETo OTHOIEHHE K NMEepBOMY UMEET CJEAYIO-
Ml IOpsoK BesuuuHbl: e*M/p, ~ (agp,)~ !, T. €. coBnajaer ¢ napa-
merpom BaauMojefictus (cm. § 1). :

Kak 6yzmer nokazaHo HHxke (CM. pasfen 5. 5), BKAajy Mo KpadHei
Mepe TOro e MOpsifKa BEJHYHHBI BHOCSIT INONPABKH K YpaBHEHHIO
Tomaca — DepMu, OTPaXKAWOUIME HETOYHOCTh KBA3HKJ/ACCHUECKOTO
npubanxKenus: (A1 KPaTKOCTH 3TH MONpaBKu OyIyT HUMEHOBATHCS
B JajbHefmeM KBauTOBbiMM). [loaTOMy, HE YUHTHIBAs MOCJEJHHX,
CJeLyeT ONMYCTHTb M OOMEHHBill UJeH, 4TO HPHBOJAUT K COOCTBEHHO
vpaBHenuto Tomaca — Pepmu *:

Py () 2 & s
"o :ep—wx)—gizf =S 612)

| x—x"]

JleiicTByss Ha o6e 4acTH 3TOrO ypaBHeHHs omepaTtopom Jlamaaca,
JIerKo MoJiyunTh ypaBHerue Tomaca — Pepmu B RuddepesunanbLHON
dopme: ‘

2 8 :
Apy (x) = = [@ (¥) — o ()], (5. 13)

5T
gy

rae o (x) — MJOTHOCTbL 4McJa yacTul cucteMsl (5. 5); 6 = AU/4n —
NJIOTHOCTb 3apAJa MCTOUHMKOB BHENIHEro ojis (feJqennas Ha e).
5. 5. OueHHM OTHOCHTEJNbHYIO pOJib OOMEHHBIX H KBAHTOBBIX
NONpaBoK. BKaaj mnocaefHux ompefensiercss mapamerpom E? (mpu
PAa3JIOKEeHHH (PU3NYECKHX BEIUYHH B pAJ MO § UJIEHBH HEYETHOrO
nopsiika TORIeCTBeHHO wncuesapoT [4]). OOGMenHble u KBaHTOBBIC
MONMPaBKH HMEIOT OJHHAKOBBLIH NOPAJOK BEJHYHHBI B TOM HauboJjiee
BAXKHOM CJyd4ae, KOria oG6/acTb, HEMOCPEJCTBEHHO MpHJeraroias
K TOYEYHOMY MCTOYHHKY BHEINHEro 1ojs (SApYy), He Hrpaer ompeje-
asomed poqy. CpaBHUBAsI NOPSIIKM BEJHYHH JIEBOH YacTH M NMEpBOTO
yneHa npaBoii yacTH BeipaxeHnus (5. 13), MPHXOXUM K OlEHKE

Apb ~ pb] X5 ~ P/ ao,
OTKYJa

(xopo) ™% ~ (aepo) ™ (5. 14)
31ech x, — XapakTepHBI NapaMeTp pa3MepHOCTH MAJUHBI, Ompeje-
JISIIOINUE PACCTOSHUS, HA KOTODBIX NPOHCXOAMT 3aMeTHOE H3MeHe-
Hue p,. JleBas uacth Bwipamenust (5. 14), Kak sICHO M3 COOTHOILe-

* CoxpaHeHHe O6MEHHBIX WIEHOB B KBa3HKJACCHYECKOM YDaBHeHHH (D. 8) (ono
HOCHT CIIEIHAJbHOe HasBaHHe ypaBHenusi Tomaca — Pepmu — Jlupaka) o3Hadano Gbi
yueT TOJBKO YaCTH WIEHOB M3 YHC/IAa HMEIOWHMX OIUH H TOT e NMOPAJIOK BEJIHYMHBL.
BoJlee nocie0BaTEIbHLIM ABISAETCS PACCMOTPEHHe OOMEHHEIX H KBAHTOBBIX MONPABOK
Ha paBHRX Hauasjax [51].
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gus (5. 1), coBnajaer ¢ napaMeTpoM §%, 4TO ¥ JOKa3blBaeT yTBEpKie-
HHE O COBMAJIEHHH MOPSAKOB BEJHUYMH KBAHTOBOH H OOMEHHOH IO-
npaBoK.

U3 cootnommenust (5. 14) cmenyer, 4To C yBeJHYEHHEM MNJIOTHOCTH
CHCTEMBI BKJaj KBAHTOBHIX (M OOMEHHHIX) HONPABOK YMEHBLINAETCS.
B caMmoMm Jiesie, MOACTABJISASI B 9TO COOTHOIIEHHE JIOTHOCTh M3 BHIp axe-
uus (5. 5), noayuum ‘

£~ (a0'®)h (5. 147)

Ecnu obnacte BOAH3M siipa fABJAETCS MO KAKMUM-JiHGO NMpHIHHAM
BBIJIEJIEHHON, TO NPUBEJEHHBIE OLEHKH OKA43bIBAIOTCA HEMPUTOLHLIME.

B stofi obaactn
Ze? 2 27
U(ry~— "=, pox)~—,

r Qgr

rpje r — paccrossHue OT sjpa. OTC}OILa

()
g | p/ |

or Zr’

(@)~ (g )

Takum obpasom, B obaactu r < a,/Z KBAHTOBBHIE TIONPABKH BEJIHKH,
B TO BpeMs Kak OOMeHHEBIE JaI0T MaJjblil BKJAJ.

5. 6. Masocts mapamerpa (5. 14) o3nauaer, 4TO B3auMOJelCTBHE
KaxA0H Mapbl YaCTHI MAaJO 110 CPABHEHHIO C UX KHHETHUeCKOH 3Hep-
riteit. OIHAKO OTCIOJIA HeJIb35T 3aKJIIOUHTh, YTO [IOJIHAs SHEPTHs] B3aHMO-
JNEeACTBUS] UaCTHI| CHCTEMhl Majia MO CPABHEHHIO C TNOJIHOH KHHEeTHYe-
cKoll 3Heprueill (cMm. pasgen 1. 6).

Jisi BRIICHEHHS] 3TOTO BOMPOCA OIEHHM BeJHYHHY INOTeHIHasa
U + B. KaxJnasa 13 4acTHil CHCTEMbl B3aWMOJEHCTBYET He CO BCEMH
OCTaJbHBIMH YaCTHLAMH, a JHIIb C YacTHIAMH, PAaCHOJI0XKEHHBIMH
OT Hee He JiaJiee HEKOTOPOTO PAacCTOsIHUS x4. J/151 OrpaHNYeHHBIX B IPO-
CTPAHCTBe cucreMm (aToMa, siipa) 3TO PacCTOsiHUE TPOCTO COBMajgaer
C pasMepaMu cucTeMsl. Ecju e paccMaTphBaercsi GECKOHEUHO MpO-
TAKEHHAs] CHCTEMa, TO IOSIBJASETCS 3KPaHHPOBKA paccMaTpHBaeMoi
4acTHLBI, OGYCJIOBJIEHHAsT SJAEKTPOCTATHYECKHM NOTEHIHAJOM KOM-
NeHcHpyoulero ¢oHa; x,. SBJAAETCS paJuycoM 3KPaHHPOBAHHOM
ob6nactu. [ljisi TBepjoro Teja, Hampumep, X, MNpeAcTaBisieT cofoit
BeJMYHHY NOPSIJIKA PACCTOSIHHSI MEXAY aToMamu peireTku. M3 ckasan-
HOTO SICHO, YTO OLEHKY MOTEHIHAAa MOXKHO NOJYYHTL, TMOACTABJAN
B €ro BbIpa)KeHue JJIUHY X: '

U+ B~é'pyi.

OrTHollleHHe 3TOH BEeJHUMHBI K KHHETHUYECKOH HEPrHHA OKasbi-

BaeTcst PaBHBIM poxi/as ~ (pox1)” (@opo) ™. DToT mapametp, KOTOpHIit
H JIaeT OTHOIUEHHE IIOJHBIX IHEPrHil B3aHMOAEHCTBUSI U KHHETHUECKOH
SHEPTHH, MOXKeT 3HAUHTEJbHO MPEBOCXOIHThH (a,p,) '. Tak, B cuy-
Yae CKATOrO TBEPJAOTO Tena x, ~ Z'i/py u (poxy)? ~ Z%/s; s
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atoMa  po ~ Z'/slay, xy ~ xo ~ @7y, (@opo) Tt ~E2 ~Z—"s [49]
¥ paccMaTpHBaeMOe OTHOILIEHHE OKAa3bIBAETCS BOOOHIE BeJHUHHON
NopsifiKa €IWHHUILHL.

B omHOpoaHOM Ciiyyae NpHUBEIEHHbIE OUEHKH TEPSIOT CHJY H3-3a
TOro, 4T0 X, —> oo H ypasHeHHe (5. 13) mnpeBpamaercs B TOXK-
nectBo 0 = 0. BBuAy MOJHOH KOMMEHCAauuH noTeHuuanoB U u B
napamerp X, Ha060pOT, CTPEMHTCSI B 3TOM C/1yuae K HYJIO *. B pesy.ib-
TaTe OCTaeTcsl TOJbKO OJHH NapaMeTp, XapaKTepH3VIOWUH B3aMMO-
NelCcTBHE MEXAY YaCTHIAMH, HMEHHO (a,p,) .

Takum 06pasoMm, KYJOHOBCKOE B3aHMOJEHCTBHE MEXIYy YacCTH-
UAMH HEOJHODOJHOH CHCTEMBI MOXKET HIDaTh CYIIECTBEHHYIO POJb,
Jaxke ecju napamerp (@ p,) ' Mak IO CPaBHEHHIO C efuHHLeH. 1O
CBSI33aHO C JAJbHOJEHCTBYIOMHMM XapaKTePOM KYJOHOBCKHX CHJ, 6Ja-
rogaps 4emy INpPH JOCTAaTOUYHO OGOJIBIIMX 3HAYEHHUSX HapameTpa
(Pox1)® ¢ maHHOM yacTHIeH B3aMMOJEHCTBYeT GOJIbIIOE YHCJAO APYTHX
gacTHil.

5. 7. Jlnsa BLHISICHEHHA MNpeleJOB NPHMEHUMOCTH ypaBHeHnus To-
Maca — (PEpMH, a TakkKe JJIg HAXOXKJIEHHS COOTBETCTBYIONIMX TIOMpPa-
BOK K 3TOMY YPaBHEHHIO, HeOOXOAHUMO yUecTb B ypaBHEHH X XapTpU—
Poxa umennl nopspka &2 ~ (a,p,)”!. B sTOoM npubnuxkenuu KBaH-
TOBble U OOMeHHble 3(h(EKTbhl MOXHO pacCMaTpHBATh HE3aBHCHMO
Apyr ot apyra. Haunem ¢ oOMeHHHIX 3(peKTOB.

HelictByst Ha oGe yacru ypasHenus (5. 8) omeparopom Jlamsaca,
OyleM HMeTh

3
2 8x Py - 2
0 ——— | 55— 0] =— Ap,.
Apo % <3n2 0'> - 2P
3jech B npaBoil YacTH CTOMT OOMEHHBIH UJieH, KOTOPHI ClIefyeT CyuH-
2
TaTb MajbiM. COOTBETCTBEHHO BEIAEIMM H3 p; 4acTb, OTBEUANOULYIO

2 2
ypasuenuio (5. 12), u o6Menuylo nompasky ps — pe + 8,P8. C yue-
TOM MaJIOCTH NMOCJeLHell MOXKHO HalHCaTb

4 9 2
A— =—— Ap,. 5.15
( way Po) 01P0 = —o= Apy (6. 15)
Peinenne sToro ypaBHeHHMs JOJIKHO ObITh BHIOPAaHO B COOTBET-
CTBHH C YCJIOBUEM HOPMHPOBKH. [IpyruMu CJOBaMH, JOJKHO BBIIOJ-
HATBCA pPaBEHCTBO

| —
&0 = jn—zpoélpg = 0. (5. 16)

O6meHHass mompaBKa K IIOJHOH 3SHEPTHH MOJY4YaeTcsl 3aMeHOH

Po — po + 8,p5 B BLpaxkenuu (5. 6) U B MEPBHIX JABYX WJIEHAX COOT-
Howenus (5. 7). INocaenuu#t dmen coorHomenus (5. 7), o603HAYeH-

* DTOT BLIBOJA CHOpPAaBelJIUB JHIIbL B IpeneSpexeHHH Koppensuusamu. [ocrennue
TNPHBOASAT K TAK HA3LIBAEMOMY [1e6aeBCKOMY 3KPaHHPOBAHHIO.
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HBIH yepes &, UMeeT YHCTO OOMEHHYIO HPHPOAY H JIO/KEH IEeJHKOM
BXOJUTh B oOcCyxJaemoe Bhipaxenue. TakuM o6pazom,

8,6 = =z o0y + (U + B 60 + &, (5. 17)

YuureiBast ypaBuenue (5. 12) m yciOBHE HOPMHPOBKH, HAXOIUM
OKOHYaTeJLHO

e 3

88 = &, — — 1o Pl (5. 18)

5. 8. Tlepexoaum K onpejenennio KBAaHTOBLIX HOMPABOK K NPHGIH-
xenuro Tomaca — PepMu, 06yCAOBJIEHHBIX HETOYHOCTLI) KBA3HKJAC-
cuueckoro npubmmkenusi- [43, 46]. [lousiTe O 3amoaHEHUH syeeK
(pa3oBOro NMPOCTPAHCTBA, Jexkallee N0 CYHIECTBY B OCHOBE MpEbIAY-
HIEr0 PacCMOTPEHHMs, SIBJASETCS CYry60 NpHOGAHKEHHBIM, IOCKOJLKY
NpY 3TOM B BHAYHTETLHOH Mepe HTHODHUPYETCS KBAHTOBO-MEXAHH-
YeCKHH MPUHIHKI HeolpeneseHHocTH. DOpMaIbHbIM HCTOUHUKOM KBaH-
TOBBEIX 3(Q(EKTOB sBJAETCS, TAKHM 0O6pa3oM, HEKOMMYyTalus OIe-
PaToOpOB KOOPJMHATEL H HMHIYJbLCA.

Paccyxaenns, ¢ moMomer KOTOPBIX GHLIO TMOJYUEHO ypaBHEHHE
Tomaca — ®epmu (5. 8), OCHOBBIBAIHCL HA BHIPAKEHHN IJS (DYHK-
nuu pacnpefenenrust (5. 3). OZHAKO 3TO BHIpAKEHHE HETOYHO, IIO-
CKOJIBKY IIPH €ro BLIBOJE HE YUHTHIBAIACh HEKOMMYyTaumusl Onepa-
TOPOB, BXOASIMX B TOUHOE BhipaxkeHue (4. 34'). Oneparopuyio GpyHK-
IMIO B Bblpaxkenun (4. 34') sanuiem B Bugeo (@ - b), raea = —p2 =
= A; b = pj (x); oGMeHHble YieHbI OIyIIEHE.

daxTuueckn BhipaxeHue (5. 3) mpexcraBaserT co6oii HyJeBOi
YJIeH pasJIoKeHHd (YHKIOUH pacnpefefeHus B psifg 10 & Yuenn
BBEICIIMX  MOPSIAKOB BEAyT CBOE IPOHCXOXKJEHHEe OT KOMMYTaTOpOB
ONepaTopoB @ H b, npuyeM CTemeHb § MPH KAXKIOM YJEHe 3TOTO PasJo-
XKEHHS ONpeNessieTCss YHCAOM U CTPYKTYPOil BXOXSIIMX B HETO KOMMY-
TaTopoB.

OrpanuunBasich YneHaMH BTOPOrO MOpsjKa MO E, CeAyeT ydyecTh
TOJIbKO T€ KOMMYTATOPHL K X IPOU3BELECHHUS, Ille COAEPKUTCA He Gostee
ABYX olepauuii KOMMYTHPOBaHHSA. [IefiCTBHTEJNbHO, INpPH Mepexofe
K KOMMyTaTopaM 0oJiee CJOXKHOTO THIA Kaxk1as HOBas onepanus
KOMMYTHPOBAHUS TPHBOJUT K MOSIBJIEHHIO MHHUMYM OJHOTO JOMNOJI-

HUTEJILHOTO JuddepenuupoBannst GyHKILHH pg (¥), T. €. MHHHMYM
OJHOJ JIMIIHEH creneHH E.

B npunoxennn b noayuena oGuiast GpopMmysa A8 PasJOKeHHs
IIPOU3BOJILHON (DyHKLHUHK [ (@ + B) B psAL HO KOMMYTAaTOpaM € HYKHOM
HaMm TouyHocThiO [cM. (B. 17)1:

f@a+b)=fa+b)—4F(a+b)b al+
T __é_f @+ b){{b1b, all — [a b, al]} +

F -V @+ b)b, @+ - - - (5. 19)
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3aech npeanonaraercs, uto omneparop f (@ - b) nAeficTByeT Ha coG-
CTBEHHYIO GYHKIMIO OnepaTopa @ ¢ cOGCTBEHHbIM 3HaUeHHeM a. B pac-
CMaTpHBaeMOM cjyuae HaOJIofaeTcsi HMEHHO Takas CHTyauus —

dyukiua 6 [p2 (x) — p?] neiictyer Ha exp (i;;;); nox a + b B npe-
IbILyinel GopMyse caelyeT MOHHMATh, Takum oGpasoM, pi (x) — p2.

Brmuncienne ¢urypupymomux B Bbpaxenud (5. 19) xommyTa-
TOpOB jaeT ¢ TpeGyeMOH TOYHOCTHIO

b, a] = — Apg —2 (Vpg) V,
615, @] = 2 (Vo)

|2 [0, a)] = — 4 (V,Vip5) ViV,

16, @) = 4 (V;p3) (Vp?) ViVs.

Hcnoapays cootHouwienue (4. 34’), npuXoIuM K CJaeAyOWIEMY Bbipa-
2KeHHI0 151 QYHKUMH paclpefieleHHs C KBAHTOBBIMH TIONPABKAMH:

1 e ,
f(x, py = 6 (p3— p?) - 5 (AP} - 2ipVpg) 6" (0§ — p*) +

5 [(VR — 2 (VPR (P — )

"V S . Lo
_NLP_JZ‘L)_(*, (P2 — %) . (5. 20)

5. 9. TlogcTaHoBKa MOJIy4eHHOrO BBIpAXKEHHA B COOTHOLIEHHE
(4. 16) naer ucrnpasjeHHOEe BBIpa:KEHHE JJS MJOTHOCTH YHCJ]A YACTHILL
[46, 47, 51531

o
Q= 55 + Qo

Iy 9 A s
serigg (VPO 475 A7)

(5. 21)

Qe —

‘Bripaxkenue /51 KHHETUYECKOH SHEPIHU YyAOOHO HCKATh HA OCHOBE
MeToa, onucanuoro B § 4. JlocTaToyHO 3aMeTUTb, YTO, COIJIACHO
2 2 2
BbIP 22KEHHIO (5. 12), or &, 3aBucuT Jqumb p2 (Ho He Vp2, Api u T. 1),
npuueM JUHEeHHBIM 06pa3oM. [losToMy MHTErpupoBaHue MO € BhIpa-
xenus (5. 21) coBepmaeTcst 3sieMeHTapHbBIM TnyTeM. [IpuMenenne
cooTHomenusA (4. 38) NMPUBOAMT K CJAEAYIOUIEMY BHIPAXKEHHIO IJIsi
KWHETHYECKOH 3HEepruu:
ey
Po :
8= oy + i
10n2M + Pk
(5. 22)

1 .
2 = — Togmrmipe 10 (VPR - 45 APG] -



Tlepexos B 3TOM BBID&KEHHH K API'yMEHTY @ C MOMOIIBIO COOTHO--

‘menua (5. 21) I'[pI/IBOI[PIT K ¢opmyJe

2 _—
8= 1o (3 7 Fﬁ‘ﬁ(wﬁ) —6AQ>. (5. 23)
BTopoii uJeH 3TOr0 BEIpaXKEHUsI COBNAajAdeT Nno ¢opMe C H3BECTHOI
nonpaBkoit Befinzekkepa [54 |, HO uMeeT B JeBsATb Pa3 MEHbIIHH KO30-
¢unment [46, 511].

AHaNOrHUHEIM, XOTst M GoJjiée IPOMO3AKHM, 00pa3oM MOTryT OBITb
HallleHbl ¥ [ONPAaBOUYHLIE YJeHEl YeTBEPTOro nopsiika no . Omyckas -
[IPOMEXYTOUHBE BHKJAaAKH [43, 55], mpuBeneM OKOHUYATEIbHbBIE
BBIpAKEHH:

1

0 = " 50720070 5 {— 64p) Apf + 80pg (Ap})® -
= 192pVpIVApS -+ 64p3 (V,V, p5)? — 200 Ap (Vp3)? —
—-240p2V,V ,p2V p2V p2 + 175 (Vp%)‘*}. (5. 24)

CooTBeTCTBYIOILEe BHIpAMKEHHE i &p, OTAUYAETCH OT COOTHOLE-
uust (5. 24) mumHEM MHOXHTesneM p2/6M n 3ameHol Koa(pduuHEHTOB
B UIypHBEIX CKOOKax COOTBETCTBeHHO Ha 576, 400, 960, 320, —840,
—1008, 675. ‘

[IpuBeneHHblE BLIpAMKEHHS AJS NONPABOYHBIX YJEHOB CBUIETENbL-
CTBYIOT O BecbMa ORICTpOM YOBIBAHHH YHCJEHHHIX KO3(bHIIHEHTOB
B pasJIoXKeHWH (PU3HYeCKHX BEJHYHH B Psii MO napaMeTpy E.

5. 10. Bxogsimasi B mpHBeJeHHblE BHIIIE COOTHOLIEHUS] BeJHUYHHA
p2 (x) He coBnajaeT CcoO CBOUM KBA3MKIACCHUECKMM BBIDAXKEHHEM,
4 caMa COJEP:KUT KBAHTOBHIE MONPAaBKH. IJs HX HAXOKAEHHS TOACTA-
BuM cooTHourenue (5. 21) B obmiee Buipaxenue (5. 13), 3aMensist npu
aToM p2 - p2 + d,p

4 ;
(8 iy ) 0 = — 5 [ (VP — 403 M.
Hcnoapsysa toxaecTso

(Ve)?  2ap3
) pg Po

M NpOHM3BOAs 3ameHy Ap?—

dm p3 *, HETPYAHO YGEmuTbCS B TOM,

YTO MeX]y KBaHTOBOH O,p u OGMeHHO 8 p2 (cM. pasaen 5. 7) nonpas-
KaMH K p2 CYHIECTBYET MpOCTasi CBA3b!

[
9may

2
52[’3 =3 51,0(2) - Po- (5. 25)

* 3mech onylied wieH —8%0, MOCKOABKY OH BXOJHT JIHIUL B KOMOMHALMH C po_I

Ecnn, kak 310 npeanosaraercs, paccMaTpUBAIOTCS JIMIUG TOYeUHble HCTOYHHKH BHeIN-
. Hero moJist, 3ra KOMOMHAUMsA O6PaaeTcss B HYJIb.
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KBanToBasg mnompaBKa K IJIOTHOCTH C Yy4eTOM BbipaxeHust (5. 21)
HMeeT CJeNYIOIHN BHI: '

1
0,0 = 5 Podopt + @2 =

1 1
= oz PP} -+ g AP0

Orciofia caenyeT, 4TO, IIOCKOJIbKY HMHTErpaj OT NOCJAELHEro 4JeHa
ucyesaeT, BhINOJHEHHe ycjaoBus (5. 16) rapaHTupyeT NpaBUJIbHYIO
HODMHPOBKY U KBAHTOBLIX IIONPaBOK K p2.

Takum o6pasoM, oOMeHHblE M KBAHTOBHIE NMONPABKM HMEIOT OjH-
HAKOBLIH MOPSAJOK BeJHUHHEI, GoJiee TOrO, X 3aBHCHMOCTb OT KOOP-
JuHAT OmpelessieTcss OJHOH U TOH Ke (pyHKIHeH.

B sakmouenue HaliileM KBAHTOBYIO NONPABKY K SHEPTHH CHCTEMBI.
CnenaeM BBIKJAJIKH, aHAJOTHUYHbIE IPOM3BENIEHHBIM B pasgene 5. 7:
3ameHuM B BblpaxeHuu (5. 17) mmujgekcsl | Ha 2, nomumas mnoja &,
BeTMUMHY &y H3 cOOTHOWweHHs (5. 22). YuuThiBasi ypaBHEHHE
Tomaca — PepMH ¥ yCJOBHE HOPMHPOBKH, HaXOIUM

8,6 = &, — p3/2M,

OTKYZa

P —

2\2
8,8 = — ot ( (Veo)” | 4Apgpo]. (5. 26)

9672 M 7o

§ 6. MPWJIO)KEHUAA K TEOPHHM CHJIBHOC)KATOr0 BEIECTBA

6. 1. PaccmoTpeHHBIH B MpeRuAVIIMX naparpadax ammapar MOMKeT
OLITb € YCIIeXOM HCIIOJIb3OBaH IJIs1 OMHCAHHS Psijla CBOHCTB CHJIBLHO-
cxkaroro BemectBa. CHUNBHOCKATHIM MBI OyIeM HA3LIBATHL BeIECTBO,
HAXOJsIIIeeCsd IMOJ JeHCTBHEM CTOJIb BBICOKHX BHEIIHWX JaBjedHud P,
JUIST KOTOPHIX YJOBJIETBOpSIeTCSl YCJOBHE

P> &, (6.1)

rie &, — BeJHYHHA MOpPSAKAa I[JIOTHOCTH 3HEPIHMH B HECKATOM
BeulecTse. BeqnunHy &, MOXKHO HCTOJKOBAaTb TaKiKe KAaK «BHYTpEH-
Hee» JlaBjleHHe 3JeKTPOHHOTO Tas3a B  BellecTBe, OO0YCAOBJEHHOe
KHHETHUECKOH 3Hepruef »JeKTpPOHOB. B HecxkaroM BellecTBe 3TO
JaBJjleHHe KOMITEHCHPYeTCS KYJIOHOBCKHMH CHJIAMH,

BemectBo, Haxonsimeecss moJ JAeHCTBHEM HEBLICOKHX MAABJEHUH,
OTJHYaeTCsl KpalHUM pasHooOpasueM CBOMX CBOHCTB. Beguuunwbl,
XapaKTepU3yollHe 3TH CBOUCTBA, OGHAPYKUBAIOT Upe3BLIYAHHO pe3-
KYI0 ¥ HEMOHOTOHHYIO 3aBHCHMOCThL OT XHMHUYECKOTO COCTaBa Belle-
crBa. [1pu cxxaTuu BeulecTBa HPOSBJASIETCS SIPKO BHIpAXKEHHAs! TEHJEH-
IS «CIVI2XKHUBAHKS» €ro CBOHCTB, & NpH AABJEHUX, YAOBJETBOPSIO-
mux ycjaoBuioo (6. 1), »Ta 3aBUCHMOCTb CTAHOBHUTCH CPaBHUTEJILHO
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NJaBHOH M MOHOTOHHOH *. DTO OOCTOSITEJNLCTBO CYIIECTBEHHO O6Jer-
yaeT TEOPETHUYECKOE PaCCMOTPEHHE.

B cayuae TtemmepaTypel, pPaBHOH HYJIIO, MOXKHO CYHTATh, 4YTO
BEIIECTBO HAXONUTCA B TBEpIAOM (KPHCTANJIHYECKOM) COCTOSSHHH
[42, 56] (cormacuo BbiBojgaM paGothi [42] 510 yTBepxkienue nmas
CHJIbHOC}KATOTO BEINECTBA MOMKET OKa3aTbCs CHPABEJJIMBLIM BIJIOThH
JIO Upe3BLIUAHO BLICOKHX TeMNepaTyp Iopsika 3Be3AHHIX **). Orme-
TUM B 3TOH CBSI3M, UTO KHJKHH resHil 3aTBepieBaer yke NPH JaBie-
HHSIX TOpSAKA JeCsITKOB atMocdep.

6. 2. Bequunny &, Bxojgmyw B BepaxeHnue (6. 1), HeTpyjaHO
OLEHHTb M3 CaeAylmux coobpaxkenui. O6o3Hauasi SHEPTHIO 3J€K-
TPOHA Yepe3 &, YHCJIO YacTHIl yepe3 N U xapaxTepHYIO LJIUHY yepes L,
MOXKHO TOJIOXHTh & o ~ Ne/L2.

Jlys IpoCcTOTHl OrpaHMYUMCS PACCMOTPEHHEM BeIecTBa, HOCTPOEH-
HOTO M3 OJHOTHUIIHBIX aTOMOB C 3apsifioM sjpa Z > 1. Ilpu stoMm
cienyer pasJjud4aTh TPH XapakTepHBIX Macitaba &,.

B nepudepuiinoit obmactu artoMa & ~ e*a,, N ~1, L ~ a,,
OTKYZJa COOTBeTCTBYIOIAS BeJHUMHA BHYTPEHHET® NABJICHHS

B uenTpansHO# 06JaCTH aToMa YHCJO JEKTPOHOB MOPSAAKA MOJHOTO
uypcna vactun N ~ Z, macwrra6 JJIHHB L ~ @oZ~'* u sHeprus

YaCTHIIEI & ~ pﬁ/M ~ e¥ayZ's (cm. paspen 5. 5). Orciona

o) 107, €2
&6 ~Z " —.
)

Haxoneu, Bo BHyTpenHeil o61acTi aToMa, pasMephl KOTOpO# Nopsiaka
paguyca K-o6omouku, uMeeM L ~ a,Z71, & ~ Z%%a, u N ~ 1.
[TosTomy

B kauectBe BxoAsumeit B Bhpaxkenue (6. 1) Benuuunl §, caenyer
B35ITh HAMMEHBUIHH M3 PACCMOTPEHHBIX MAPAMETPOB, HMEHHO &Y.

* Tlpy BbIMOJHeHHH ycToBHs (6. 1) HapyKible 3MeKTPOHHbIE OGOJOUKH ATOMOB
BEIECTBA, NPUBOAAIINE K OTMEUEHHOH HEMOHOTOHHOCTH, NEPECTAIOT CyLIeCTBOBATE,
TaKk KaK BXOJISIIHE B HX COCTAB 3JEKTPOHBHI OTPLIBAIOTCS OT ATOMOB.

#* Kak noxaseiBaet npoBejieHHbH B pa6ore [42] aHanus, IMIaBieHHEe XOMOIHOTO

BElecTsa, OCYCJIOBJEHHOE BO3PACTAHHEM AMILIHTYAB KodeGauuii simep A ~ @y X
: .

X (R/ay)’/+ ¢ yBesuuennem mIOTHOCTH, MOTJIO Gl HMETH MECTO mpu A ~ R,rae R —

Cpednee paccTosHHe MeXLy siApamH; a, = (MZZ%?)~ — Goposckuit pagmyc simep.

Coorpercrayioiie c:KATHS CTOIb BRICOKH, UTO €llle IIPH MEHbIINX JIABJCHHSAX LOJIKEH

Ha‘laTbCSI[ niapexon BellleCTBA B HeHTPOHHOE COCTOSIHME 3a CYeT 3axXBaTta 3JSKTPOHOS
Snpamu [4].

59



Takum o6pa3oM, HUKHeH panulieil 06/1acTH CHJABHOCKATOI'O BEIECTBA
clieflyeT CuUMTaTh JaBJeHus nopsaka e¥af ~ 10% amm *.

O6nacTh CHIBHOCKATOTO BelljecTBa YA0OHO pa3OHTh HA TPH YaCTH:
(& <P<<&l, P <P <8, s <P

B oGaactu | BHewnee jaBsieHHe crnoco6HO OTOpBATh OT aTOMa JHUIb
HapYKHbIE 3JeKTPOHB. BHYTpeHHHe 3JeKTPOHHEIE O0OJOYKH YILIOT-
HEHEBl, H pacrpefieserue NJOTHOCTH 3JIEKTPOHOB B HHX CPaBHHTEJNbLHO
MeJJIEHHO MeHsieTcsi B mpoctpanctse. B o6nactu Il otopBano yxke
NOJABJSIONIEE UHC/AO 3JEeKTPOHOB, KOTOphHie B Ipeofaajaomed 4yacTy
MPOCTPAHCTBA JBHXKYTCS Kak CBOOOJHBIE, 00pasysl HPaKTHYECKH
olHOpoaHOe pacnpejensenue. Hakoner, B o6iactu 111 Bce snekTponbt
TepPSIIOT CBOI0 CBA3b C sfpaMu. BemiecTBo B 3T0H 06,1aCTH NpPEACTaB-
JsieT co60li NOCTPOEHHYIO U3 SIAEp pelIeTKy, OKPYXKEHHYIO TPaKTH-
YeCKH MJealbHbIM SJEKTPOHHBIM raszom **,

6. 3. Baxneilnlei XapakTEPHCTHKOH CHJILHOCKATOrO BELIECTBA
AIBJISIETCSI €r0 ypaBHEHHE COCTOSIHHA, T. €. 3aBHCHMOCTL MEXKIY €ro
JIOTHOCTHIO H BeJHUMHON BHelIHero paBjenus. J[lasi NOJydYeHHS
3TOH 3aBHCHMOCTH MOXHO BOCIIOJIb30BaThCS -H3BECTHOH (GOPMYJIOH

P () .

rie £ — nonnasi sueprust cucreMe; Q — ee o0wvem; N — noanoe

YuCa0 3J1€KTPOHOB. CpeiHssl IVIOTHOCTh IOC/JENHHX HMeeT BHA @ =
= N/Q.

BBHjly MaJgocTH OTHOUIEHHSI MacCel 3J€KTPOHA K Macce siipa
KOH(QUTypauusi pEUeTKH MOXKeT CuMTathcs 3anaHHoii. CooTBer-
CTBEHHO TMOJie, cOo37jaBaeMoe sifipaMu, OyJeT pacCMaTpPHBATBCS Kak

BHeEIIHEeEe!:
I
U= —Zezz‘:,——‘j-:
| x—xn]

rjie CYMMHPOBaHHE BeJeTCs [0 Y3JIaM peIIeTKH. YueT KoJjebaHuii
nocjeiHeli M B3AaUMOJEHCTBHSI 3JIEKTPOHOB C 3THMHM KoJieGaHHSMH
B paccMmaTpuBaeMoil oOJACTH AABJEHHH CPaBHHTEJNbHO MAaJI0 MEHseT
ypaBHEHHE COCTOAHHS.

* K nacrosiulemy BpeMeHH B JIaGOPAaTOPHEIX YCJOBHSIX JOCTHTHYTHI JaBJIEHHS
nopsajgka 107 ammu. B npupose CHIbHOCKATOE BEUIECTBO BCTPeYdeTcs B HeJpaX MHOTHX
nebecunix Ted. OcobenHo GogbmuX fAaBjaenuil (mopgpka 1017 — 1030 amm) MoxHO
OXKHJAThb B 3Be3JaX, HA3BIBaeMBIX «Oelible KapJIMKHy.

** B nanbpuefiieM 6ygem paccMaTpuUBath 0GJAACTH JaBJeHHH, I e ABHKEHHE 3JIeK-
TPOHOB MOMKHO CUHTATH HEPEJISTHBUCTCKHM. IJTO NMPHBOJUT K orpanuienuio P
< 10" amm. :
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Tlonnyro sHepruio cucreMsl yAOOHO 3anucaTh B BUAE

/W\jdqw(q) wq)]\v

E_Ek:/wudqwq) U (g) +

+e2j qu_dq w*(q)\bﬂq)\iﬂ(q)wq\w 6. 3)
7202 ’ 1
+ - Y .
’ ;n | X~ X |

Ilocnennuil ujeH B BoIpaxeHUH Mg £ — E, YudTLIBA€T B3aHMOJEii-
CTBHE sAJlep APyl € APYTroM (3a BBIYETOM HX CAMOJAEHCTBUS).
Ilepetiiem B BoIpaxkeHHH (6. 3) K HOBLIM Ge3pasMepHBIM TiepeMeH-

s g >
upM ¥ = Q7 *x. Tlpu 3ToM H3 yCJOBHS HOPMHDOBKH ¥ (x) =
1y [~ > . vy

“p (‘x’); orepatop HMOyabca p = —iV, = —iQ V.

Orcioga BHIHO, 4TO E, ABAsETCH OJHOPOLHOM dynkuuein Q cre-
nenn — %,, E — E, — crenenn — '/,. Ilpumensis Teopemy Dilnepa

A1 OLHOPOJHBIX GYHKIUHE x (35; = nf, (n—crenedb OXHOPOIHO-
CTH), HaxXOAHUM OKOHUATENbHO

i 1 : .

P==5QE,+E—E) =—5(6 + & 6. 4)

Jro BecbMa yNOOHOE COOTHOLIEHHE IMO3BOJISET HAXOAHTH ypaBHEHHE
COCTOAAHUS HENOCPEJACTBEHHO H3 BBHIPAXKEHHH MM KHHETHYeCKOH
U MOJIHOH 3HEepTUH BelecTBa.

6. 4. Kak Oyzer mokaszaHo B 1. IV, Aas onucaHusi CHALHO-
CXaToro BelecTBa ¢ JOCTATOUHOH TOYHOCTBIO NPHUMEHUMO HPUOIH-
xenne Xaprpu — Poka. Dosee Toro, okaswiBaercs, 4TO BLIMOJHE-
HUe ycaoBHus (6. 1) rapaHTHpPYeT Tak:Ke MaJjOoCTh KBAaHTOBHIX (a cJe-
JIOBaTeNbHO, H OOMeHHBIX) NONpaBoK. YToOw yGeiuTbCS B 3ITOM,
JOCTaTO4HO OIEHHUTh napamerp £2 [cM. Beipaxenue (5. 14)]. Ilmor-
HOCTb 3JIEKTPOHOB Q IIPH BHIIOJHEHHH ycJoBUs (6. 1) BO BCSIKOM cay-
4ae IpeBhbillaeT BeJUYHHY a;° (cM. pasien 6. 2), uTo M TPUBOAHMT

X cooTtHomenuwo E? 1. Bax&uo B 3TOH CBSI3M NOAYEPKHYTH, UTO
o0nacTe BGJM3H s1pa, KOTOpas TPeGyeT CIelHalbHOTO paccMOTpe-
HHs, BHOCHT BKJaJ B YPaBHEHHe COCTOSHHS JIHMIIb IPH CaMbIX BBICO-
KHX cxatisix. OneHke B 3THX YCJOBHsX BKJaJa KBaHTOBHIX 3¢dex-
TOB, KOTOPHIH OKasblBaeTcsl KpalHe HE3HAYHTENbHLIM, MOCBALIEH
pazjen 6. 7

Takum ofpasom, st BbIBOJA YypPaBHEHHS COCTOSIHUSL CHJIBHO-
CXKAaToro BeleCTBA MOXKHO MHCNOJb30BaTh npuOanxKenue Tomaca —
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®epmu. TToxcrasass B cootnowenue (6. 4) Bepaxenus (5. 6) u (5. 7)
(nocefnee 6e3 OGMEHHOrO YJEHA), NOJYUHM

S5 _
_ P Ze? o (%) e — Z2e* ’ 1
P=samr — 3 N o7t B+ ¥ » (6:9)

>
X — Xp xn—me

n, "‘Ll

rae @ u B naworcs cooTHomernusiMu (5. 5) u (4. 30”). Uto6wl onpene-
anTth P, HeoGXxoAuMo peuruTs ypaBHeHne Tomaca — Pepmu (5. 12)
A p? (x) ¢ COOTBETCTBYIOUIMMH TIDAHHYHBIMH YCJOBHAMH.

6. 5. OcoGerHo MpocToe pemieHue UMeeT ypapHeHHe (5. 12) B o6ua-

4
0

YK€ OTMEUaJioCh Bhille, 3JeKTPOHbI IPH 3TOM MOXXHO CUHUTATh B OCHOB-
HOM CBOGOJAHLIMH, a pacipejejeHue HX TMJIOTHOCTH — HPAKTHUECKH
OJLHOPOJHLIM.

Bynem uckarp peureHue ypasHeHHs (5. 12) B Buue

po (x) = (32°Q)/* - a (),

Iie TepBhiil 4WIEH ONHUCHIBAeT OJHOPOJHOE pacmpefiesieHue, a BTOPOH
ABJsiIETCS MAaJoil TOMNpaBKoil Ha HeoiHopoAHOCTb. IloAcTaHoBKa
9TOTO BHIpa)KeHHs] B ypaBHenue (5. 12) maer

a(x) = 2M [dep — U (x) — B (x)],

2
crax II u 11, 1. e. npu BLImOJIHEHUH ycjaoBua P > 7" % Kax
p y u

— o 2)2/3
rae B (x) = ezgjw—rd—x_,l— H Oep = SF—%)— . W3 ycaoBusa
x—x
HOPMUPOBKH Jierko Haiitu de, = U -+ B. Bsegem, nanee, Gespas-
MepHYIO nepemennyno y — (@/Z)'* x, paBHyo OTHOMEHHIO X K Cpei-
HeMy pACCTOSIHMIO MeXKLy siAipamu. OKOHYATeJbHO HMeeM

i = 6= 1 -2 L lew—all, 6.9

(3n2)2/3 ) aoél/a

rhe
dy 1
Yy
Q) = f —ﬁ'—l - Z |_>—;*
ly—7 n J—
Bropoii usen B ckoGke B Bhipakenuu (6. 6) npejcrasisier coboi
2 s
[ONPABKY HA HEOJAHOPOAHOCTb H BHOCHT BKJiaA mopsaka Z/*/(a,e”*)-
HaiiieM ypaBHEHHe COCTOSIHHSI BElECTBA C TOH XKe TOUYHOCThIO. Ilof-
craHoBKa Boipaxenusi (6. 6) B mepBeifi ujeH cooTHomeHus (6. 5)
—_— 2 2 -5
PUBOAKMT MPOCTO K BenuuuHe (5M) '(3n?)"/* o, monpaBku Ha mHe-
OHOPOJIHOCTb HET H3-3a YCJIOBHA HODMHMPOBKH. HUTO Ke Kacaercst
ocTaJibHBIX YJ€HOB P, TO MX BeJW4YHHAa, KakK 3To OyJeT BHAHO H3 pe-
3yJLTATOB, y3Ke HAXOAUTCS HA [PaHULE IPHHATOH TOYHOCTH. 1losTOoMy
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AN HX BBIYHCJCHHSl MOXKHO HCHOJB30BAThb COOTHOIIEHHE p3 (x) =
—\2
= (3n%0)/*, uTo naeT mocjie mepexofa K NEPEMEHHBIM Y

e 5/s 1/s d; d;/ | d;/ I 1
sa < 5T — 2 NE AR ==
|74 | m |7 — %l r—— | G — |

BenyunHa B KBaJpaTHEIX CKOGKAaX MPOMOPHHOHANLHA MOJHOMY YHCAY

6N
yactul, u Oyjer o6o3HAayeHa uyepes — —— 0.

B pesyabrate mnosyuaercst cjefyiollee ypaBHEHHE COCTOSHHUS:
i . 2/ —b —4 2
P = gy (37) 2@ — 07227 (6.7)

Kosddunuenr § spisercsa GespasMepHOil BeJHYHHOH mopsaxa efu-
HULBI, BBIUHCJEHHE ero TpefyeT KOHKPETHOI'O 3JIEKTPOCTATHUECKOIO
pacuera pemerkd. Ilo cBoemy usHuecKOMy CMBICAY OH OJH3OK
K mocTosiHHOM Manenysra uonHoil pemtetku [57].

6. 6. Bo3aMOKHOCTH NpakKTHYECKOIO perieHus ypaBHenus Tomaca—
@epMu B 00J1aCTH MEHbBILUHUX JaBJAeHHH CHABHO OIpPaHHWYEHA CJIOKHOM
reoMeTpHeld 3aJa4H, 4To CBSI3aHO C HaJHYHeM GOJbILOrO YHCJAa HCTOU-
HHKOB BHEILHETo MoJas (ajfep peulerku). Hepeako 1mo3ToMy HCIOML-
3YIOT YIPOIIEHHYI0 MONe/ib siueek [49, 58] *.

B 3T0#l Mojenu BemecTBo pasfuBaeTcss Ha HeHTpajbHble cdepu-
YEeCKH-CHMMETDHUUYHBIE SYEHKH, Kak[as H3 KOTOPHIX COMNEPIKHT OJHO
sippo. Ha rpanune siyeiiku craButca ycsaosue dp2 (x)/0x = 0, oGec-
NeyHuBarllee €e HeHTpadbHOCTh. B Takoll mojenu syefiky He OKasbl-
BalOT APyl Ha JApyra 3JeKTPOCTATHYECKHMX BO3AEHCTBHH, W 3ajaya
CBOIMTCH K PAaCCMOTPEHHIO ONHOH H30JMPOBAHHOH sUeHKH.

B mopenn sideex He cocTaBisieT TPYAA BHIUUCIUTD BEJHUHHE Q 1 0.

Panuyc nefitpanpuoit siuelixu R onpepensiercss u3 ycaoBus 4nR3g/3 =

3 \Y
= Z; B Ge3pa3MepHbX €IHHMIAX €My OTBEYaeT BeJHYUHA (H) :,

HecsioxHble BbluncaeHHS JAaT

Q=R (F) a6

€ Yy — paccTOsIHHE OT nenTpa ssuefiku. Koncranra 0 umeer BeJIVYUHY,

PaBHY10
3 4 \ s
0 — o (”3‘) . (6. 9)

* Pacuetnl ¢ Gosee peanMCcTHYeCKUMH MOJEASIMH, CripaBe]J/uBbie B 061aCTH Cpas-
HUTEJILHO MAbIX NaBienuit, 6bUIH MpPOBeJeHb B paje pabor [59, 60].

B NPHHATON Hamm MofesM HeT BO3MOXKHOCTH OMHCATh pasHoro poja (basoBue
tepexojisl, HaGMORaAIOmHecs NpH CXKATHH BelecTsa. '
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IlpuBejieHHbIE pe3yJbTaThl OTHOCHAMCH K obmactsam Il u IIL
Jlis BHIBOJA yDaBHEHMsI COCTOsiHWsI BemecTBa B ob6nactd I mpuxo-
JHMTCA IPOBOJHTH YHUCJHEHHOE MHTErpHPOBaHHE ypaBHeHus Tomaca —
depmu. B Mojenu siueek 3TO ypaBHEHHE HMEET BUJ

8
2 — 3
Ap? (x) = Tnan p3 (%)
¢ TPAHUYHBIMH YCJOBHSIMHU

y -
2z ap; (x)
2
) =, ——| =0.
PO( ) 0 ag ’ ox |p
Takue BbiuHc/AeHHs GbliM nposefennt Jlerrepom [61]. CooTsercrByro-
Me pe3yJbTaThl JJs JKejesa MpUBeJeHsl Ha puc. 1 (kpusas /).
6. 7. Tlepexoaum K BbIYHCJEHHIO OOMEHHBIX H KBAHTOBBIX TONpa-
BOK K JaBJeHHIO, 3HAaHWE KOTOPBIX JMAaeT BO3MOXHOCTb BbHISIBHTD

npefesb NPHMEHHMOCTH KBa-

gP 3UKJIACCUYECKOTO  ypPaBHEHHSH
COCTOSIHHSI BewecTna *. -
Haynem ¢  BbIUHCJEHHS
14 KBaHTOoBO# mompaBku. He-
M0J1b3ys TOXAECTBO
Y 2)2
1 (Vo) _ 2 b A
13 3// 5 e = 2P ARG 3 Ap}
— g .
"; / : u ypaBuenue (5. 13), MOXHO
172 # NPHUBECTH cOOTHOLIeHHe (5. 26)
// K CJEAYIOnEeMy BHAY:
8,6 = — o ph A+ A
11 20 — — ‘lgn—s 0 1T e,
0,5 0 0,5 19(p/po-1) 6. 10)
Puc. 1
rae
e — A 1 A——a
Ay = g OP0; Asie = gy AP0

AN (> >
[TofcTaBasisi BLIpakeHUe AJist 0 = Z€ 4y O kx — x,,,), npuserem A,

): 0

Ze?
Ay = 6nQ Epo
n

K BHAY (6 = ch—?cn »
(Y [ o).

850  6m

* B JMTeparype HAKOIJIeH OGUIMPHLI WC/MeHHbifl Marepuas 10 KBAsSHKJACCH-
4eCKOMY YPaBHEHHIO COCTOSIHHS BElleCTBA B UIMPOKOH o6nactd AaBieHHA [61, 62].
OHAKO 3HAUHTEJbHAS YacTh 3THX AAHHBIX OGeCIEeHHBAETCH TEM, YTO B HHX He yHHTH -
BAIOTCH KBAHTOBHIE (KT, BKJIAJ KOTOPHIX BECbMa 3HAYHTEJIEH.
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2Z
3/lech HCMOABL30BAH TOT (akT, 4To BOIH3U n-ro fipa p; (x) = RS -+
- i

-+ KoHeuHnle ujieHbl. Ilpumensis Teopemy laycca, HeTpyjaHo yo6e-
nuThcH, 9To A, oTaHYaercs OoT A, Juilb YUCACHHBIM KO3(QPUILHEHTOM.

Takum o6GpasoM, KBaHTOBas IONpAaBKa K 3SHEPTHH, HMEOWAs
HM3IIHH NOPsAOK 1o §, ofpamaercs B GECKOHEYHOCThb. IJTO 00CTOA-
TeJBCTBO OyJAET paccMaTpuBaThest B pasjiene 6. 8.

[TockosibKy 3Ta GECKOHEYHOCTb OOYCJIOBJ€HA JHIb 006/1aCThIO
MPOCTPAHCTBA, HEMOCPEACTBEHHO MpHJErawied X sapaM, a aTa
06JacTh MPU HE CJAUIIKOM BBICOKHX JABJEHHSAX C TOUKH 3pEHHs YpaB-
HeHHUS] COCTOAHUS He WrpaeT POJIH, KBAHTOBAsl NONPABKa K JaBJAEHHIO
MOXKeT OKa3aThCsl KOHEYHOil BelHMYHHOH. B TOM, UTO 3TO TaK; MOXKHO
y6elUThCS, ecl 3aMeTHTh, 4To BKAajd A, , B JaBjieHue, paBHbIH,

d (AxQ)
corjacHo Bblpaxenuio (6.2), — <T>N’ TOXJIECTBEHHO 00pa-
mwaerca B HYJb (0Q = N). ‘ )
' Takum 00pasoM, KBaHTOBas NONPAaBKa K JABJCHHIO MOXKET ObITh
3amncaHa B BUJE

e o(ne)

o a0 6. 11)

8,P =

O6MeHHYI0 MOMPABKY K AaBJCHHIO HETPYJHO 3alUCATh aHAJOTHYHBIM
o6pa3oM, HCHONb3Ysl Belpaxenue (5. 18):
2 0 (péQ)

&P = Ans 0Q

370 NPUBOJMT HAC K BHIBOAY O TOM, YTO OTHOLICHHE KBAHTOBOH W 06-
MEHHOIl HONpPAaBOK K JABJEHHIO NMOCTOSIHHO M paBHO ¥/, [63]

5,P 2
5P T 9 (6. 12)

[Tonb3ysich 3THMH pe3ysabTaTaM¥, HETPYAHO HAHTH KBAHTOBYIO
H oOMEHHYH MonpaBKH K Aasjenuto B obnactu II, nojicraBasis

BMecTO p, Benwauny (3m’g):

8,P = — -~ (3x)""g", 6. 13)
8P == — o (3n?) Q. (6. 14)

CpaBHuBasi 3T BblpaxkeHHs ¢ cOOTHouleHHeM (6. 7), Jerko yBHIETb,
YTO OHH OTJIHYAIOTCS OT IONPAaBKH Ha HEOZHOPOAHOCTb JIMHIHHM
MannM dakTopom Z—/s,

6. 8. Onpesenenne o6MEHHOH H KBAHTOBOH MOMNpPaBOK K JaBJjie-
HIO B 00JlacTH MeHbIUMX JaBjeHuil (B obmactu I) ynoOHee mpomns-
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36 2
BoauTh mo Qopmyae (6. 4). Hcnonpayst Bolpaxenus 8,8, = Po%1P

4n2M
u (5. 18), maimem
1 p
o,p = WP3<5;P3— ﬂ;’o)- (6. 15)
KBaHTOBYI0 TNOMPABKY MOXKHO OIpeJeJHTh C MOMOMBIO COOTHOIIE-

Hus (6. 12).

CooTBeTcTBYIOLUIHE BBIYHCJACHHS OBIJIM NPOBEfeHb MO MOJesH
siueek [63, 64] *. PesynbraTel npuBefeHsl Ha puc. 1, 3aHMCTBOBaH-
HOoM U3 paboThl [64]. KpuBasi / oTBeuaeT KBasHKJaCCHIECKOMY YpaB-
HEHUI0 cocTosHusA; 2 — mojenun Tomaca — Pepmu — [lupaxka,
8 — ypaBHEHHUIO ¢ KBAHTOBHIMY ¥ OOMeHHbIMHU nonpaekamu. Kpusas 4
1oCTpOEHA MO pe3ysabTaTaM 3KcnepuMenTta [65]. Bce paHHble OTHO-
cArcs K xejesy (Z = 26) **.

VI3 pucyHka BHAHO, 4YTO oOuiasi TEHACHIUSA K COJHIKEHHIO pacyer-
HbIX M HMOMPHYECKHX KPHBBIX BblpaxKeHa JOCTaTOYHO YeTKo. B wacr-
HOCTH, OTpHILATeJbHbIH BKJajJ OOMEHHHIX H KBaHTOBBLIX IONPABOK
K JIaBJEHHIO HAXOAUTCH B NPSIMOM COOTBETCTBHH C OMBITOM. '

BMmecTe ¢ TeM NOJYYEeHHBIE ‘IO HACTOSIIIEr0 BPEMEHH JAaBJICHHUS
elle HeJOCTaTOYHO BeJIHKH JJ51 TOTO, 4TOOBI BEIIeCTBO MOXKHO OBLIO
CUUTATh CHJIbHOCKATHIM B YKAa3aHHOM B pasjiese 6. 1 cmpicie ciaosa.
Tlpu makcHMaJbHBIX JaBJEHHSIX, JAOCTHPHYTHIX celiyac, KBaHTOBas
H o6MeHHas NMONPABKH OKAa3bIBAIOTCS ellle IMOpsiiKa caMOro JaBJIeHHs.

6. 9. Ocraercss HafiTH KBAaHTOBBIe M OOMEHHBIE MONPAaBKU K JaBJe-

HuIO B obaactu 111, koTopoit orBeuaer jaBnenune P > Z5ez/a3 H IIJIOT-

HOCTb 0 > Z3/a:3. OG6MeHHasl nonpaBKka B 3TOH 00JACTH INO-NPEKHEMY
onpenensiercsi cootHoueHuem (6. 13). Uro ke KacaeTcsi KBaHTOBOH
HONpPAaBKH, TO ee BhlYHCJeHHe TpeOyeT CheluaJbHOTO pPacCMOTDeHHS.

B pasgene 5. 5 oTMeuanoch, 4TO B OKPECTHOCTH $iJiep POJNb KBAHTO-
BBIX 3()QEKTOB CTAaHOBUTCS 3HauuTeJspHOH. B 3Tofl ofaactu cymie-
CTBEHHBI KBAHTOBLIE MONpPAaBKH BCeX MOPSAAKOB MO Mnapamerpy E,
OoTpakeHHeM 4ero sBJjsiercss 6eCKOHEUHOCTb HH3LIEH [ONpPaBKH K 3Hep-
THH, ¢ KOTOPO# MBI CTOJIKHYJIHCH B pasjene 6. 7 ***,

3anumeM BblpaxKeHue /i p2 B OKPECTHOCTH siipa B BHJE

27
pg ()C) = 2M8F+ ’ao_é'y

rie 0 — paccrosHue A0 OauKaimero sjapa; NOTEHIHUAJ] OCTaJbHBIX
sJlep ¥ 9JEeKTPOHOB omyiueH. ['paHuuHAasi SHEPTHs &, paBHA C JocTa-

* (DakTHUeCKH B 9THX DPab0oTax HCIOJB30BaJCH HECKOJNbKO HHOH MeTOJ, IIOJ-

HOCTBIO SKBHBAJIEHTHBI# H3JI0KEHHOMY 3]eCh.

** 3aBHCHMOCTb KBa3WKJACCHYECKOTO AaBJeHHs OT Z IAeTcsl COOTHOIeHHeM P =

10
= 7"sf (Q/Zz) 3aBUCHMOCTb KBAHTOBOH M OGMeHHOH TIONPABOK OT Z — cooTHollIe-

]

wuem 8P = Z'/s ¢ (o/7%).

**¥ B paccmanuBaeMOH 06/IACTH SHEPTHA SIBJSETCS HeaHAMHTHUECKOH (pyHKuneu
mapaMeTpa £, 4To ¥ NpPENATCTBYET ee Pas/IOMeHHIO B psix no §.
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TOYHOH TOYHOCTBHIO (37 Q) /’/2M CpaBHHBasi 06a BLINHCAHHBIX

yJieHa P Mbl BUAUM, 4TO HE 3aTPOHYTAsi BHEUIHUM JaBJeHHeM o61acTh
aTomMa, TJle BTOPOH usleH mnpeobaajaer, OTBEYAeT PACCTOAHHAM

6y = P

C zapyroil CTOpOHBI, HETPYAHO HAHTH pa3mepnl o6GsacTH aToma,
rjie CyLUeCTBEHHbl KBAHTOBLIE IONPABKH BCEX NOPAAKOB, T. €. £ = 1.
e 1 dp
Hcxoass u3 omnpefeneHus & = p—g'T

(2]
aoé

HenocpeacTBeHHO BUAHO, uTo B obsactu II1
!
Sla) <"
3 aOQ

TakuMm o6pas3oM, B 5ToH 06JIACTH CYIECTBEHHBIH BKJaj B JaBJje-
HUe BHOCUT BHYTDPEHHfl YacTh aTOMa, TIAe HeJb3sl OIPaHHUUHTLCS
paccMOTpPEHHEM TOJBKO KBAHTOBHIX TMONPABOK HH3IIETO MNOPSAKA.
IT0 O06CTOSATENBCTBO JeJaeT HEBO3MOMKHBIM MCIIOJb30BAHHE pA3BH-
TOrO BHIIE METOJA HCCJEeNOBaHHS KBAHTOBHIX 5¢XpeKTOB.

CyiiecTByeT TeM He MeHee NPOCTOH crocoG omnpefesneHus KBaH-
TOBLIX TonpaBok B o6Gnactu [ll, ocHOBaHHBIE HA TOM, YTO.B 3TOH
o6/1acTH B3aUMOJEHCTBHE 3JACKTPOHOB APYT C IPYIOM U C ALpaMH MaJio
IO CPaBHEHHIO C MX KHMHETHYeCKOH 3HeprHeld. DTO YCIOBHE BLINOJI-
HeHo B o6sactu 1] gaxke B mpumeHeHHH K HauGojee CHILHO CBsI3aH-
HbIM BHYTDEHHHM 3JIEKTPOHaM aTOMOB.

[TosToMy MOXKHO BOCHOJIB30BATHCSI TeOpHell BO3MYyLIEHHH, pac-
cmarpuBag E — E, B Bolpaxenuu (6. 3) Kak Majaylo MNONpaBKYy.
Vimesi B BUAY pacyeTsl ¢ TOYHOCTHIO A0 (@op,) !, OrpaHHYHMCs HHU3-
IUAM NOPSAJKOM TeopuH Bo3MymeHuil. C 3ToH nenbio 3aMEHHM B BHIpa-
XeHuu (6. 3) obknagku ¥ na ¥, — BONMHOBYIO GYHKIUIO HAEATHLHOTO
rasa 3neKTpoHOB. [loBTOpfs BEIKJIAAKH, aHAJOTHYHBIE NPOAeNaHHLIM
B § 4, nonyuaem

§ — &, = —30e% 72" —
(331 )2/3 /s

Ilepexons k napsenuio, HaXOAMM, 4TO C TOYHOCTHIO JO (@ Opo)’l
OHO caaraercss us Boipaxkenuil (6. 7) u (6. 13). Unen, orseuaromuit
KBAaHTOBOH nompaBke, B paccMaTpUBAEMOM npnénmxeﬂﬂn BoOOGIIE

OTCYTCTByeT .
8,P = 0, ' (6. 16)

lITOE‘OTBe“IaeT KOMIICHCAIlUH KBAHTOBLIX JIONPABOK DPA3HOTO NOpsAKa
no g.

, HAXOAMM pajuyc 3Toi

obJiacTi

2)‘/36‘/3

€ = 10/\/1
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Takum 06pasoM, MOJHAas (KBaHTOBasi M OOMEHHas) MONPaBKa
K JaBleHHIo cocTaBasier B obnactsix I u IT ¥/,6,P u B o6nactu 111
6,P. Tlocnesnsis BenMuMHA ONpejessiercs cooTHouennem (6. 15).

§ 7. MPUJIO)KEHUSL K TEOPUH ATOMHOroO SsAPA

7. 1. B sToM maparpade 6yAyT PacCMOTPEHBI HEKOTOpBIE IPHJIO-
JKeHMsl PA3BUTHIX BEILIE METOJIOB K TEOPHUH MHOTOHYKJ/IOHHBIX CHCTEM —
ATOMHOTO sifipa W HEATPOHHOH MaTepuu. B oTiuune OT CUIBHOCKA-
Toro BemectBa npubmuxkennem XapTpu — Poka B JIaHHOM cayudae
OTPAHMYHTBCS] HEJIb3s, MO03TOMY TMOJYYEHHble 3JeCh Pe3YJbTaThl
6y1yT HCIOJb30BAHBl B IOCJAEAYIOUIMX TIJlaBax B KayecTBe HYJIEBOTO
npubauxkennsi. OJIHAKO HEKOTOPBHIE XaPaKTEPHCTHKH MHOTOHYKJIOH-
HBIX CHCTEM MOKHO BBIYHCJATH H B pamKax NpHOJIKeHds: XapTpu —
doxa.

B KauecTBe NOTEHIHAJa B3aUMOJCHCTBHA MEXKAY HYKJOHAMH
6yaem wucnonn3osaTh Beipaxenue (1. 11). Tlpu atom B Tex caydasx,
KOIjla TPaHUYHBI HMMIYJBC YaCTHIL p, YAOBJAETBOPSET YCJOBHIO

poc £ 1, (7. 1)
OJIHOBPEMEHHO BBINOJHsIETCS M ycioBue (1. 12); aTo mosposiseT 3ame-
HUTb noTeHnuan V(y B Beipaxkenum (l. 11) mceBponoTeHIHAIOM.

> >

OYHKIUA pACHpE/ie/IeHHs] MHOTOHYKJIOHHOH CHCTeMbl f kx, p)

ABJIsieTC MAaTpHIled OTHOCHTEJIbHO H30TOIIMYECKMX KOOpAWHAT, UTO

CBSI3aHO C ACHMMeTpHell CHCTeMbl B OTHOIICHMH TIPOTOHOB M HEHTpO-
HoB. Ee Bcerza MOXHO NpPEJCTABUTb B BHAE

(-) —>‘) (—> —>) (—> —>)
f\x, p! =Fplx p)Ce + fm \%, P) Sy, (7.2)
rae & n) — MaTpHilbl, BLIIENSIONIHE MPOTOHHOE H HefITpoHHOe COo-

> >
croanus (cM. pasgen 1. 3); fp, o) (x,. p) — (YHKUHH pacHpeeeHHs
COOTBETCTBYIOIIHX YacCTHIL.
TloxcraBasis 5To BeipazkeHue B cooTHomernns (4. 30) u (4. 33)
1 ucnoabays cootHomenune (1. 11) (6e3 KyJIOHOBCKOTO U/eHa), MOXKHO
6e3 Tpyjla TOJNYUUTh CJeAylomiee BbipaxeHHe Aisf TaMHJIbTOHHAHA

JacTHUBIL
T+W=T+Wgpipn + Wmnbm, (7.9)

W=B—A,
By =2 j.d;'d%' {(V(c) + % V(a)> foy +
o+ (V(w + V(a)) f(n)}»
B =.2 Id;'dap' {(Vm + % V(a)) fior +
+ (V(c) + —i— V(a)> f(n)}

rje

(7. 4)




Ay = [ap'] V(c)‘—%wa) for — Vel | »
J (7. 5)

P 1
Aw = | & Vel + (V(c) ““‘T'V(a)> f(n)}- ]

B coorHomenusix (7. 4) apryMeHTOM NOTEHIHAJOB SIBJAsETCS pas-
-»> -> ->

N

HOCTb X — x', aprymentramu ¢ yHKUHE pacnpefieneHus — x', p’;

B cooTHOWEHHAX (7. 5) v — dypbe-06pa3 COOTBETCTBYIOMIETO MOTEH-
N :

nuana Kak GyHKuus p’; apryMmeHTaMu GYHKIHH pacnpefeseHus
> > > .

apasiiores x, p’ -+ p.
Camo Boipaxenue M1s GYyHKIHHE pacrpejfeseHuss MOXKHO I0aY-
ydTh C TOMoMblo obuleil dopmyan (4. 18) *

oy 1% 7) = (e (7. 6)

rae @, = 0 (gp,, — T — W, H &r — 2Heprus QPepmu npo-
TOHHOTO M HEHTPOHHOTO pacmpefieieHHil, KOTOpPHIE MOXHO HaiiTH
U3 COOTBETCTBYIOIIUX YCJIOBHH HOPMHPOBKH.

DHEPTHIO CHCTEMbl MOMKHO ONpPEJEJHTh C MOMOLILIO COOTHOIICHHUH,
npuBefieHHbIX B pasfene 4. 9. BBoAA IJIOTHOCTb KHHETHYECKOH
SHEPTUH NIPOTOHOB H HeHTPOHOB

Eruy =2 .[ a*pf (;, ;) p*2M,

NOJYyYMM COOTHOLIEHHs, aHajoruyHule (4. 38) (BEewHee nomse U
CUUTAeTCS OTCYTCTBYIOUIUM):

é - 6(p)+ é(n)y

, | R (i)
Eony="516r— [ A8 € (> (7.7)

—- 00

FAg NJOTHOCThL UHUCJIA COOTBETCTBYIOINHX HYACTHL

= —>\
Coy =2 5 dplw |3, p). (7. 8)
Ocraetcs eme yuecTh KyJOHOBCKOE B3aHMOJEHCTBHE MEXKAY IIPO-
ToHamu. COOTBETCTBYIOINI MapaMerp B3aUMOAEHCTBUA (Ao o)~ L~/y,
(cM. paspen 1. 8). Otciona cieyer, 9To HYXKHO YUHTHIBATH JIHIIE
TpsiMOe KYJIOHOBCKOE B3aMMOJEHCTBHE, KOTOPOE MOXKHO 3anucaTb
B BUJe

>
dx'd3p (—>’ —))
E—lf(p) x', p).

> 3
‘x—~x

Byyn = 2e®

_—
* .
. Bl(er H HHXe HHAEKC { O3Hayaer pun-n.
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CoOTBETCTBYIOINI BKJaJ B 3HEPTHIO

] ———
gxy.n =9 Qp) Bxyn'

" TlosyueHHbie COOTHOIIEHHs ~MOJHOCTHIO IKBHBAJEHTHHI YpaBHE-
HusM Xaptpu — Poka s MHOTOHYKJIOHHOH cucrembl. IlpnGauxe-
Hue XapTpu — PoKa J0BOJBHO WIKPOKO, XOTS H B CHJIBLHO YIPOILEH-
HOIl opMe, IPHMEHsIeTCs B TEOPHH Afipa, COCTaBJIASA OCHOBY Mojenei,
HCXONSIHMX B TOH WM WHOH ¢dopMe H3 OAHOYACTHYHOTO ONHCAHMSA
cucTeMbl HYKJoHoB [28, 34, 66]. IloTenunan B — A 1ipu 3TOoM onpe-
JieisieTcsi He ¢ [OMOILBI0 NpOIEAypbl CaMOCOIJIacoBaHus, a MOAGH-
paercsi MONY3MIHMPUYECKHM CIIOCOGOM.

7. 2. JIns ONHCcaHHsi TPOCTPAHCTBEHHO-OJHOPOAHOrO paclpesie-
JIEHHS HYKJIOHOB, a TAKXKe JI0CTATOYHO THAKEJNBIX fA€P MOKHO HCIO/IDL-
soBath mpubnuxenne Tomaca — Pepmu. IlpeneGperas HekoMMyTa-
THBHOCTBIO ONEPATOPOB, BXOASIMX B Bhipaxenue (7. 6), umeeM

f(i) (;’ ;) =0 [8F(i)— 8;;(1.) (;)],

rie
P (T+ W) l;—)—;.
DyHKIUIO pacnpeie/ieHusi MOXKHO Nepenucatsh 1 B 6osiee yro6HOM
BUJE: '

W A =opm,0—r) @9

rfle TpaHHuHblE HMIYJbCH MPOTOHHOrO M HEHTPOHHOrQ ‘pacmpejeses
HHUH OnpefessioTCs yPaBHEHUSAMHU

2

Mo . p A
2M () 0]

(7. 10)

> = Ep ..
P>Pogyy F(i)

Ve/ioBHE KBAa3HKJACCHUHOCTH TPeGyeT JOCTATOYHOH TIiafikoCcTH 06GeHx
Gynxuui pg,. '

Ws soipaxkenusi (7. 7) HETPYAHO HAHUTH INIOTHOCTb UHCJIA YaCTHIL
H KWHETHYEeCKOH IHEprHH:

__pg“) 7.11
Q) = 32 (7. 11)
5
Po;
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TlosnHast HEPTHsi CHUCTEMHI ompejesercs no gopmyné

é—é‘k(}z)‘é‘k(n)_(glf(yn =
1

1 1
=5 Qp <B(c) » 7 Baw + Beoym + 5 B(a)(n)) +

I ] ' i
+ 5 Qm (B(c>(n) + 5 Baow + Bow + B(a)(,,)> +
. , - 1
+ | d*pdip {— forfim <V(c> — 5 V(a)) —

—fwfn (V(c) — 5 V(a)) + 2f<p)f(n)V<a)}', (7. 13)

rjae

B, oy = jd;'@(i) (x)Via, o (;—;’>~ (7. 14)

Aprymentamu GyHKuMH pacnpefeseHnss B BoipaxkeHuu (7. 13) sB-
-> - -> ->

JIAI0TCA COOTBETCTBEHHO p H p’, QYHKUHA v — pasHOCTh p — p’.

IlpuBefennbie B 3TOM pasfiesie COOTHOMEHHS NS ORHOPONHBIX
CHCTEM SIBJISIIOTCS] NIPSIMBIM CJICICTBHEM ypaBHeHHI XapTpu — Poka.
Jliist aTOMHBIX fAZep STH COOTHOLUEHHs TAK:Ke BLITEKAIOT H3 ypaBHe-
Huit XapTpu — PoKa, HO TONBKO NIPHU YCJIOBHH, YTO MACCOBOE YHCO A
JOCTaTOYHO BEJIHKO. :

B camoM nene, pacnpeliesieHne MJIOTHOCTH HYKJIOHOB B TAXKEJNOM
Ape MOXKHO aNnmpOKCHMHPOBATH cjelylomuMm obpasom [67]. B uenr-
pasibHOM yacTu sipa paguyca ~A's ¢hepmu TMAOTHOCTb NPAKTHUECKH
NIOCTOAAHHA M HMeeT NOpANoK l/gpepmu®. B cpaBHHUTENBHO Y3KOM
NOBEPXHOCTHOM CJIO€ IUIMPHHOH mopsagka 1 ¢epmu nnotHOCTD

o 1 a 2
cnajaer Ao Hyqas. [lostomy KBaHTOBHIA mnapamerp E2 ~ ——;(%) ~
Po

do \2 o
~ Qs (i—) GH30K K HYJIO B IEHTPAJbHOI YacTH sApa U NOPsAKA

€MMHHNEl B NOBEPXHOCTHOM cjoe. Herpyano Bupers, uro adekTHB-
HOE 3HaueHue %, ycpelHEeHHOe 0 o6beMy $/pa, OKasbiBAeTCs IO-
paaka A—'/». Orciofia cileiyer, 4To, KaKk H B CJAydae aToMd, TOYHOCTb
KBa3HKJIACCHYCCKOTO NPUOMMIKEHHSI C POCTOM UYHCJA YACTHI, yBEJH-
4YMBaeTCH.,

B orinuue or paccmorpensbix B mpemsiiyumem naparpade cucrem
€ KYJIOHOBCKHM B3aMMOJEHCTBHEM MaJOCTb KBaHTOBLIX 3((eKToB
B paccmartpuBaeMoM ciiydae OTHIOAb HE TapaHTHPYeT MaJoOCTH OGMeH-
HBIX 3¢pekToB. OlLEHHM OTHOLICHHE OTAENbHBIX UJEHOB B BhIpaKe-
HHUM (7. 5) K KMHETHUEeCKO# SHeprHu (~p§/M). s 4neHa, oTBeuao-
IMEro mnorexnuany V. TDOly4aeMm BeNHuUHHY mOpsSIAKA MV, ips.
Takum o6pasom, xak u ans KYJIOHOBCKHX CHCTEM, 5TO. QTHOLICHHe
ONpelesisieTcsi mapaMeTpoM B3aHMOAEHCTBHS « (cm. § 1) u noromy
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Hemasno. AHanorvyHOe OTHOIIEHHE JJisi TNoTeHnuana V) oOKasbl-
Baercsl BEJUUMHOH MOPSIJIKA ¢p,; BKJAAA TOTO Xe MOPsiKa AAeT COOT-
BETCTBYIOMMH MOTeHIMAJ] NpsIMOTO B3auMojelictBus B. s ckasau-
HOTO CJIefyeT, 4To npeHeOperaTb OOMEHHBIMH YJi€HAMH B NPHBEJCHHBIX
YPaBHEHUSAX HETb3d. ITO OOGCTOATENLCTBO CHJILHO OCJIOKHSIET pele-
HUe COOTBETCTBYIOUIUX YpaBHEHHI. :

C yBennyeHHeM MJIOTHOCTH OTHOCHTENLHAS POJib OOMEHHOTO MOTEH-
LMana [0 CPABHEHHIO C IOTEHIHAJOM INPSMOTO B3aUMOJAEHCTBHS
najaer (Aas noteHnuana Vi, COOTBETCTBYIOIEE OTHOIIEHHE MOpsifiKa
(@po)~?). Dro CBsI3aHO C TeM, YTO TOJBKO YJIeH MPSMOro B3aUMOJEH-
CTBHUSl YHHUTHIBaeT 3(PeKT yBEJHUEHHS UYHCJA YACTHI, HaXOAANLHXCS
B o6jactd JelcTBUsS AAHHOHM YaCTHUBL.

7. 3. JlanpHefinlee HCNIOJAbL30OBaHWE MOJYYEHHBIX COOTHOMIEHHH

> >
OCJIOXKHSETCS TeM, YTO B HUX BXOXAT BeJIHUYKHBI s dxV (x) H Vi (p) ,
obpamarouiyecst AJsi MOTEHIHANA «TBEpPAOil CepALEBHHB» B GeCKOHe-
HocTh. [lpsiMoll mepexofl K mpubauxennio Xaptpun — Doka AJsi 1o-
JOGHBIX TOTEHIHANOB OKa3bIBAeTCsl, TaKUM 00pa3oM, HEBO3MOMKHBIM.

Ecau 61 Kpome moTeHnuansa Vi, HHBIX B3aUMOJAEHCTBUI MEXKAY
YaCTHILAMHU He ObLIO0, TO [IPH YCJOBHU BHIIOJHEHNUS HepaBeHcTBa (7. 1) *
yKasaHHas TPyAHOCTb Oblia Obl Jerko npeofonuma. Ciefosano Obi
NPOCTO 3aMeHHTb moTrednuan V, TNCEBIONOTEHI(HANOM, ONpejesse-
MbiM BoipamenusiMut (1. 17)—(1. 19); Toraa mnocneiyromui nepexos
K npubauxenuro Xaprpu — Poka He BeTpeTHics Obl HH C KAKUMH
TPYAHOCTSMH. :

B paccmarpuBaeMoMm cjiyyae, OfHAKO, MOMHMMO CHJI OTTa/JKHBaHHs
HMEIOTCS TaKXKe CHMJILl NPUTSIKEHHsi, ONHCbIBaeMble MOTeHIHanoM V)
(KYJIOHOBCKHE CHJIBI C HHTEepecyIolleldl Hac 3ieCh TOUKHM 3DEHUst Hecy-
HmiecTBeHHb). BosHHKaeT Ba)KHBLIA BOAPOC O B3aHMHOM BJIHSHHH,
MHTEp(epeHuH B3auMOAeicTBUH V() H V). Wanaraempiii Hixe
NOAXOJ NMO3BOJIAET YUecTh IJIABHYIO UacCThb 9TOH HHTepdepeHUHU eme
B pamkax npubaumxenus Xaprtpu — Poxa.

ChenaeM cHayana nepexof K 3TOMY NPHOIHXEHHIO B OTHOIIEHUH
TONILKO MoTeHnuana V. Toria Bo3HHKaeT HEKOTOpoe ofuiee BHe-
Hee noje — ofuias NoTeHIHanbHasd fMa, NpUYEM, KaK 3TO yXke IOA-
YepKHUBaJIOCh B § B, yacTHibl B 3TOH siMe OYAyT ABUraThCsl C H3MEHEH-

’
HEIM, HEKBAJPATHUHLIM 3aKOHOM Jucnepcun ep/p? = const. Ilpu stom
yacTHILl BeAyT ceOs KakK TBepAble IIaphl, HCOBITHIBAs NPH CONpH-
KOCHOBEHHH OECKOHEUHO CHJIbHOe oTTankuBanue. HapucoBannas
3fiech (pU3nUYECcKas KapTHHA JOCTATOUHO TOYHA: NMEPeXOi K Mmpulb/auxKe-
uuio Xaprpu — Poka Ans norerunana V) He CBsI3aH C 3aMETHBIMH
omwn6kamMu (cm. . [V). ’

Ipu BLIBOJE BhIpaXKeHHUs! /IS TCeBJONOTeHnHuana B § 1 npeanona-
rajoch, 4TO 3aKOH AMCIEPCHH YACTHUI KBajpaTHueH. XapaKTepUcTHKa

* JlJist IAepPHOTO BEleCTBA TApaMeTp poc ~ 0,5, T. e. He OueHb MaJl IO CPABHEHHIO
¢ ennuuuefi. OJHAKO COOTBETCTBYIOIMA psA OGHApYXHBaeT AOCTATOYHO OBICTPYIO
CXOJIMMOCTD. *
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5TOrO 3aKOHa — Macca M — siBHbIM 00pasoM BXOJWJA B BhIDAXEHHE
Jiisi TICEBJOMOTeHIMANA. [losTomy oOHO JJist HamHX IHejed OGosee
{e MOAXOAHT. BbipasuM MCEBAONMOTEHIHAN B BHJE

> 9
Va¢¢:“5(f)<1+r7 + ﬁr>, (7.15)
rjge a 4 [3 —- HEKOTOphIC HEU3BECTHHIC 110OKaA BEJINYHNHEL.

B ofuieM cjaydae, KOrja 3aKOH AHCIEPCHH &> SIBJISIETCA NPOH3-
p
BoJIbHBIM, ypaBHeHue Illpenvnrepa B cHCTeME LEHTPA MacC NMPHHU-

MaeT BHL .
(3 (o) o{ 1)

o= E i) e (7) =V (7)u (7).

> -> S ' -> > >
rie P = py + p, — cymmapHuifi, a k& = (p; — p,)/2 — nepeianae-
Mbll HMIyJbC. Pemenne 3Toro ypaBHeHHs, 3aMEHSIOEro CcoGok
cootHomenue (1. 13), Takoso *:

0 (7) = exp (i#7) — 18 (i) — 817 (7 ) (7).

rie Ae (—i%/) COOTBETCTBYET BHIPAKEHHMIO B KBajpaTHBIX CKOOKax
B NpeisiylieM COOTHOLICHHH.
[loxcrasum ciofla BMecto V mcesponortenunuan (7. 15) u o603Haunm

d
yepes y 3HAUCHHE BeJNHYHMHEI (1 -+ rw—l— ﬁr) P npu r = 0. Orpanu-
uUBasiCh PACCMOTPEHUEM S-COCTOSIHHS, MOMKHO HamucaTb™*

sin kr "~ d3psinpr
LY (f) = TEk oy .
pr |

ae (p) — i8]

N -1 . -
Beinesiny, nanee, u3 [Ae(p) — ié] BeauuuHy M (p2 — k% — ié‘))

(umnyabc k 6yjer onpejeseH Huxe). Toraa BXOAAMIME B NOC/ELHION
dopmMyny MHTErpas MOXKeT ObITh 3alHCAH NPH Maljbix 7 B BHJC!

4Ar/[1r (1 + i%r) + 1,

1

rie

1 M
I = ‘d3p( ~ — - .
Ae (p)—ié p?— k% —id

* Bripaxenus THHa (a = i8) -} HCCTeAYIOTCA B NpuJoxenun B.
** D10 ppIpaxenue Mosiyuaercs: passioxendeM O-gpynkuuu (7. 15) B HHTerpan
->

>
Pyphe u BhIIeTeHHEM HYJeBOH cepuueckoll TapMOHHKH B SKCIIOHEHTax exp (ikr),
> :
exp (ipr).
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) 2
Cxomumocts [ ofecmeyena Tem, 4TO OpH p — co, s_,—>2’;—w.
p

IMapamerp B yno6HO BHIGPATb paBHBIM —jwi I. Torpa, Beluucass

BEJIUYHHY (1 +r 7367 + ﬁr) Y npd r= 0, noayuum COOTHOLIEHHE

Y = (1 —#ay%—ﬁl)—l .

Jlo cux mop paccMOTpeHHe BeJioch B CaMOM OOLIEM BHAE M ClElu-
¢uKa HCXOIHOro moTeHHHasa V HHKAK He Obl1a HCIOJb3OBaHA.
IoTpeGyeM Tenepnb, 4To6bl B ToUKe r = ¢ GpyHKUMs P (r) obpamanach
B HYJIb; 9TO COOTBETCTBYET GECKOHEYHOMY OTTaJKHBAHUIO B YKAa3aHHOI
Touke. Torpa mis napamerpa o MONYYHTCS CJAEAYIONIEE BhIpAKEHHE:

-1 ke J- d3p sin pc Mik

~ sin ke

pe [ae () — is] dn
BriGepem Besmuuuny P cienyoomuM obpasom:

Mik _ imke f & si; e 6[ Ae:(;)].

4m sin (kc)

Torna, ucnonpsys obuiee cooTrouwerue (@ — id)~! = Pa~! -+ ind (a),
Haijiem

ke J‘ d3p sin pc
: ’
sin ke peAe (;)

rae cumBon P | d®p osmauaer 'HHTErpan B CMbICJIE IJIaBHOTO 3Ha-
YeHHsa (cM. npujoxenue B).

Iosnyyennbie pe3yabTaTel MOXHO CYMMHPOBATh CJAEAYIOMIHM 06pa-
30M. B ciiyuae HeKBaApaTHYHOIO 3aKOHA AMCHEPCHH (CTPEMSAULErocs,
O/IHAKO, K KBajpaTHYHOMY MPH BBICOKHX HMIYJAbCaxX) MCEBJONOTEH-
nuan onpejensercs BoipaxeHueMm (ke « 1)

al =

4nec > . a
V3¢¢:m6(r)(l+r7’_—+ﬁf>, (7.16)
rae *
N dasp .sinpc
Moy = 4P | P ()
i 1 M
SN L — .

> > ’
* Beanuuna Mygg ovenb cia6o sasucur o P u k [38], HO 3ameTHniM aGpasom
MEHSIeTCA NPH H3MEHEHHH P . .
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OueBupHo, uTo npu &.(p) = p*/2M wMbl BO3BpaumiaeMcs K pesyJjpTa-
‘raM, TIONY4YeHHbIM B § 1. B uacTHoCTH, pH 3ToM o = 4ne/M, f = O,

k= k. ,
3aMeTHM, YTO B TO BpeMsi Kak NpH & = p%/2M uMeso MecTo paBeH-

ctBO *
(2 J d3p sinpr
6(f)<‘+’w>9f7'——p2_kz =0,
B ofmeM ciaydae

8(r) (1 +r§+ﬁr)de;f"-Zi:g) —0

DruM Mbl BocnoandyeMcs B § 18.

C ofiHOI CTOPOHDI, DY HKIHSA € (p) IPH p > P, CTPEMUTCA K p?/2M —
3aKOHY Aucnepcuu cBoOOAHOH yacTuibl. C Jpyroil CTOPOHBI, CTONKHO-
BEHHIO LIAPOB OTBEYAIOT MaJible PAcCTOAHUSA ¢ ~ C H, CJAeJ0BaTEJIbHO,

GoJIbILIHE UMITYJBCH P ~ % > po- [losToMy pasHuna MexAy My,

U M sBiseTcsl BeJHUMHON Boiculiero (mepBOro) MOpsifika MaJjoCTH IO
napamerpy poc. CnefoBaTesibHO, HEKBAJPATHYHOCTBIO 33aKOHA JHC-
nepcHy HYKJOHOB NPH PAacCMOTPEHHHM p-paccesiHusi U JPYTHX YIECHOB
BLICLIIEr0 MOPAAKA MOXHO NpeHebpedb.

Jlanee, Mbl OyjfeM omycKaTb dJeHbl Topsika (cp,)®, KoTopbie
6yayt -paccmorpeHnl B § 18 mapsny ¢ KOppessiiHOHHBIMH 4/l€HAMH.

7. 4. B 3T0OM pasjiesie MBI PACCMOTPUM HEKOTODbIE CBOHCTBA OJHO-
POAHBIX MOJEJell sAEPHOro BeiecTBa TaK Ha3bBaeMBIX SAEPHOU
H HEHUTPOHHOH MaTepHii.

SinepHoii MaTepuel Ha3plBaeTcs OECKOHEUHAs OJHOPOJHAs CHCTEMA
NPOTOHOB M HEHTPOHOB, MPEACTABJEHHBIX C OJMHAKOBOH MJIOTHOCTBIO.
KysoHoBckue cusibl NP 3TOM MO HEOOXOAMMOCTH CHUHTAIOTCS OTCYT-
CTByIOIUME (cM. pasfies 5. 3). B »Tofl mMojenu He YYUTHIBAKTCA
ciefylomye OCOGEHHOCTH peaNbHbIX sAep: KYJOHOBCKOE B3aHMOJEH-
CTBHE, IIOBePXHOCTHbiC 3({EeKTh, HEPABEHCTBO YHCeJ IPOTOHOB
H HEHTPOHOB.
- Mopgearb sjepHoil MaTtepuH B HEKOTOPOHA CTEMEHU MPHIOAHA A
ONHCaHWs BellecTBa B CEpJIeBHHE TsiKeJAblX aTOMHbIX sjep. Paccma-
TpHUBaemasi MOJie/lb, HECMOTPSi Ha CBOIO TpyGocTb, HrpaeT GOJbLIYIO
POJIb B MHKDPOCKOMHMYECKOH TeOpHH sAApa, GYAYYH COCTABHOH 4aCThIO
H NPOGHBLIM KaMHEM PAa3JIMYHbIX BADHAHTOB TEOPHU *¥.

lonaraa B npuBeseHHbIX BHILE COOTHOMIEHUSX  Er, = €y

H COOTBETCTBEHHO foy = fnyy HETPYAHO MOJYYHTH 3aKOH AUCHEP-

: QurypHpyomuil 31ech HHTErpajg NPONOPLUHOHAJEH cos kr/kr.
CoBpeMennuii 0630p TeopWH silepHONl MaTepHu cojepxMrTea B paGore [68].
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CHH &> W SHEPTHIO ANEPHON MaTepuu. IIpexae Bcero ¢ momompio
Bupameﬂuu (7. 3)— (7 5) HMeeM

&> = 7+ 5w 3n2 j'd§ <2V(c) V(a)) —
(" ’ ’ 3
——J d*p'f (x, ) ) <v(c) _TV(‘”) , (7.17)
rﬂeé =% — .50 BhIpaXKeHHe YA0OHO NPeACTaBHTL B BHJE
P
[ __dpp .
o= itV o, (7.18)
| Oe> 1l
rie M, (p) = [7- a; ] — addekTHBHAA Macca.
Hecnoxuele Beruncienus jgaior *
M 3n a?
et g e P,
‘ 1 [/} sin x . 1 sin (x - )
P ) =5 () sy —— [R50 — L )
_sinx—y) ]
x—y 1’
QCpg

V(po) = — mapria—gr [¥* + 951 (1) — 9siny] +
TAe X = ap; Yy = ap,.

gy (7-20)

X
. . sin ¢
3[ech M HHMKE BXOAHT HHTErpaibHuIil cuHyc Si (x) = j' — dt.
0
[lepsuiit unen Belpamenus (7. 18), npeicrapjeHHBI Ha pHC 2,
yAOOHO aNNnpoKCHMHPOBATH cnenyromnM obpasom:

2—M 1 p<Apo
M 2M P
o) sar M > Ay,

‘ dpp p*

rie A (po) M W (p,) MOAGHpAIOTCS METOLOM HAMMEHBIIHX KBaJpa-
toB [38]. [lna peanbHoro sHaueHus p, = 1,4 epmu~' umeem p =
= 0,75, A = 1,3, ij"" = 0,7. Takum 06pasom, AJsi HYKJIOHOB,

JeXaluxX HHXKe rpanunsl Pepmu, sdpekTUBHAST Macca OKasblBaercs

paBHO#H M, ~ 0,07M. Uz nonyaManqucxnx coobpaxeHull 06BIYHO
BeIGHpawT M, = 0,6M.

* Bwmecro V(c) NoACTaB/isieM BhIpaxKeHHe (7. 16) B nusimeM nopsiaxe no ¢. B pac-
0 "
CMATPUBAEMOM HpPHOAHXKEHHH onepartop 1 - r E_i— Br MOXKHO 3aMeHHTL eXMHMILEH.
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DHeprHs AJEPHON MaTepUH MOXKeT ObITh BHUYUCJCHA C NOMOLUIBIO
soipaxenuit (7. 12)— (7. 14) (nanoMuHaeM, 4TO B paccMaTpHBaeMOM
cayuae [, = fy Qp) = Quy e? = 0); OHA OKasblBaeTcs MPOMOp-
LHOHAJbHOH MaccoBoMmy uucay A *:

3 %, 0 M
E:WWA{IJF—?WMSWCP””
5 2 Y
—d—g (ai‘c)z Py (y)}, ‘ (7.22)
9 .. 9 . _
(Pl(y):y+751(2y)—2—y—3(3—c052y)Jr()(y4)_

€5 -Vip,)-p*/2M

Puc. 2

Ipi BLIBOAE 5TOTO BLIPAKEHUs! HCMOJDB3OBAH NCEBAONOTEHIMA,
BCJICTBHE Yero OHO HENPUTOJHO NP He CJMIIKOM MajpiX  3Haue-
HHSAX CPy.

B nocJiefiHee BpeMs MOSIBHIICS HHTEPEC K APYToi MOJeNU SAEPHOro
BElIECTBA — TAK HA3bIBAEMOH HEHATPOHHOH MaTepuu, MPEACTaBAI0-
meli coBoif OGecKOHEUHYIO OJAHOPOJAHYIO COBOKYIHOCTDH HEHTPOHOB
{40, 691. _

IlojcraBisisi B COOTHOWEHHs1 pasfenos 7.1, 7.2 ep,, = —o,
f(p) =0, Qp = 0, HalijieM JJif 3aKOHa JNHCHEPCHH HEefITpOHOB cJie-

AyIomiee BbIpaXKEHHE!

&> = 2’):4 + 3PE2 _"dg <V<c) + —Llr V(a)) —
— I a?p'f (3)6, ?’) (Wo) *‘%‘Wa)) .

* Upcrenno npH po = 1,4 epmu y = 3,22 ¥ @, (y) = 4,20.



CpaBHPIBaH»STO BbIpAXKE€HHE C aHAJOTHYHBIM BbIpAXKECHHEM JJisd Apep-

. ) M
HOH MaTepHH, HETPYJHO 3aMETHTh, YTO BEJHYMHEL - — 1 1 Vpy)
B 0

1 HEHTPOHHO MaTepHM BTPOE MEHbLIE, 4eM AJIsi sIAEpPHOM.
OHEPTHIO HEHTPOHHOH MATEPHH MOXKHO HAHTH H3 BHIPaXKCHUH
(7. 12)—(7. 14):

3 P (. 10 M
E=g5m V{1 + oz 35 P —
%14 2 )
108 : (aic)2 % (y) }7 (7 23)

rae N — nosHoe yHciO HefATpoHOB. Bxaan IBYX TOCJEJHUX UJIEHOB
UTYpHOil CKOOKH, OTBETCTBEHHBIX 33 B3aHMOJEHCTBHE, B YACTHOCTH
3a NPHUTAXKEHUC MEXIY HYKJIOHAMH, TaKXKe BTPOE MEHbIIe, UeM B aHa-
JIOTHYHOM BhIpaxKeHUH (7. 22). 310 06CTOATENBCTBO J€JAET OCOGEHHO
OCTPBIM ISl HEHTPOHHOH MaTepUH BOIPOC O BO3MOKHOCTH €€ CYIECTBO-
BAHHUA B CBSI3AHHOM (XKHIKOM) COCTOSHHH.

7. 5. Pewenne ypasuenuss Tomaca — PepMH  AJAsd  PeasbHOTO
HEOAHOPOAHOTO A/ipa OKasLIBAeTCs OYeHb TPYJAHBIM H3-33a HEOOGXOLH-
MOCTH yuyera oOMeHHbIX ujeHoB [44]. Ilostomy esiecoobpassHo npu-
MEHUTb NPAMOH BapHaUMOHHBLIH Merod. C 3Tl IEbi0 HEO6XOAUMO
3a/laThCsl HEKOTOPO# NPOGHOH QyHKUHEH Qp, ny (¥), COmEpIKALEH psil
BapHAUHOHHBEIX MAPaMeTPOB, MOJACTABHTb 3Ty (YHKIHIO B BLIPAXKCHHE
AJIsl IONTHOH SHEPTUH CHCTEMBI H NIPOBECTH BAPbHPOBAHHE €r0 MO 3THM
napamerpaMm. llo BpIMHCJEHHBIM 3HAYEHHAM BapHALHOHHDBIX napa-
METPOB, OOCCNEUMBAIONIUM MHHAMYM SHEPTHH, MOKHO HAiTH Kak
PacnpeleJICHHe YacTHL, TaK M CcaMmy BEJIUYHHY SHEPTHH CHCTEMBI
[70, 711.

B kauecTBe nmpoGHBIX YHKIUH BO3bMEM CJIelyIoNiee BhIPAXKEHHeE:

1 x<R—%
d
Qo m@=0Q | Rt —~ d 4 (7.24)
’ ’ d R—5 <s<R++
0 x>R-.

Takoe Tpanenuesuanoe pacnpefiesienne NIOTHOCTH HAXONMTCS B Guid3-
KOM COOTBETCTBHH C ONBLITOM *. JIJ151 IPOCTOTSI IOJIOKEHO, YTO CPEAHHMH
paauyc pacrnpefiesiendss R M IIMPHHA [NOBEPXHOCTHOTO cJost d OfHHa-
KOBbl  UIsi TIPOTOHHOrO M HEHTPOHHOro pacmpefeneHuil. IlocTosiH-
Hble Q{Y ny HETPYJHO HAUTH H3 yCJOBHS HOPMHUDPOBKH

)~ w140 (%)) e =242 [1+0 ()]

* Tago#t BHI6Op MOXKeT naTh, €CTeCTBEHHO, JIMIIh OTHOCHTEJIbHBIH MHHHMYM
sueprud. B pabore [72], koTopoit mbi CJeAyeM, TIPHBEJIeHb apryMeHTH B IIOJb3y
BEIODAHHOTO pacupejeseddsi. IJIOTHOCTH.
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Boi6panHas mpo6Hasi GyHKWHsI COJEPKHT NpH 3ajanHoM A Tpu
BAPMAIMOHHBIX Napamerpa. Bo-nepBhix, 3T0 3apsal sApa Z, KOTOPbIi
CPaBHUTEJIbHO Masio oT/nyaercs ot A/2. BejieM Manbiit napaMerp ¢ =
= (A — 2Z)/A, onpejensiomuil OTHOCHTE/bHBIH H3OBITOK HEHTPOHOB
B siipe, W GyJleM B JanbHefleM pasnaraThb HEPTHIO A0 UJIEHOB ¢*
BKJIIOUHTEJIBHO. ,

BTopbiM BapHALHOHHBIM NapaMETPOM fABJSETCH LIHMPHHA TOBEPX-
HOCTHOTO cJ1ost d. DTa BeJIMUMHA He 3aBHCHT OT A M MOXKET CYMTAThCH
MaJsioil o cpaBHeHHIO ¢ R ~ A's (HO He ¢ pajuycoM AEACTBHUs sAep-
HBIX cua). B JajphefiieM OTPaHAYHMMCH Y4eTOM HYJIEHOB He BBHIIIE
nepBoro nopsiaka no d/R. OnHoBpemeHHO OyleM npeneGperaTs nepe-
KPeCTHLIMH uJieHaMu THna od/R, ¢?d/R u T. .. ,

Haxonen, TperbuM BapHAllMOHHBIM IIapDaMETPOM SIBJISIETCS caM
painyc pacnpefeneHns R (MM OJHO3HAYHO CBsI3aHHLIA ¢ HHM rpa-
HHUHBI MMIYJABC Po). B npubmuxenun Xaptpu — Poka 3Heprus
KaK ¢yHKuus R He umeeT MuHHMyMa (cM. paspen 7. 7). Ilostomy
3nech MBI He OyJieM cuhTaTh R BapHALHOHHHIM IIapamMeTpoM, a MoACTa-
BUM €r0 SMIHpHUECKoe 3HayeHHe R ~ 1,1AYs ghepmu (COOTBETCTBYIO-
mee 3Hauenue p, = 1,4 epmu?). Iloacranoska seipaxenus (7. 24)
B coortHomenus (7. 12)—(7. 14) ¢ yuyeroM mNepeYnuc/CHHBIX BHIIE
ycJoBHE MalocTH ¢ M d/R NMPHUBOJMT K CleAymuleMy ofweMy Bbipa-
KEHUIO JJisl SHepTHUH:

(7.25)

2 N A_ 2
E:CIA+627Z,/T—|—63A /4 C, <——“’£)

A

AHanornuHbill BHJ HMeeT mosiysMnupuueckas dQopmysna Beiiusex-
kepa [73, 741 Ges yueTa ueTHO-HEYeTHHIX aHOManud. B HeHl mepBeii
yieH — oGbeMHasi 4acTh sHeprud. B npubamxkenun Xaprtpu — Poka
oHa Jnaercsi cooTHomweHueM (7. 22). DMmHpHUECKOE 3HAYEHHE KO3(-
¢dunmenra C, ~ —15 Mas.

Btopoii useH — KyJOHOBCKAsl 3HEPrHs OTTAJIKHBAHUSI NPOTOHOB.
[Ipene6peras MajbMH OOMEHHOH M TNOBEDPXHOCTHOH KYJIOHOBCKOH
SHEpPrUsiMH, HETPYAHO HANTH

_ 6 €2py
C2*—5— Om)'/s

Ya06HO BBECTH BEJIHUHHY

ZZ

C,=4C, 75 = Cy(1 — 20 + o¥). (7.26)

., v . Al
Torna Bropo# uien Bupaxenus (7. 25) npumer Bui C, ——. Haau-
une B C) JMHEHAHOro Mo ¢ WieHa SBJIACTCS HCTOYHHKOM aCHMMETpHH

MEXJy NpPOTOHAMH M HEATpOHaMH. OJMIHPHUECKOE 3HAYCHHE KO3(¢-
dunuenra C, = 0,7 Mss; To ke 3HaYeHHE JaeT U NpHBEJEHHAs (op-
Myaa. .
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Tperuit uien — nosepxHocTHasi sHeprus. Hecnoxuoe, xoTs u rpo-
MO3JKO€, BBIYHCJIEHHE JaeT

Cy=B, 2 + B2, (7.27)
b= 4VO(9n)l/3nM(a—c)2 v
By = W!JS [—1 *%%WC’UOJ‘—Z_J;%@—Z%(!J)} ,
() = g+ o by S 2 1812 +ow),

TAE y = ap,. OMnupuueckoe snauenue C; ~ 18 Mas.

Hakonen, nocnepnuit unen soipaxenus (7. 25) oTBedaer Tak
HasblBaeMOil SHEPTHH CHMMETDHH, CBS3aHHOH C HEPABEHCTBOM UYHCEJ
npoToHOB M HelTponos *. Koaddunuenr C,, sMnupuueckoe sHauenue
KOTOPOIo paBHO =~24 Mass, nmeer BUJ,

oy 2p M T a® 1
Co= 51 [1—-n—°- Mgy T 12 a—op W, (7.28)

9
—sm 7

6 3
W)=y +— + 5

HyceHHO /1 IPHHATOrO 3HAYeHHUsA Py @4 (y) = 3,70; 95 (y) = 5,09;
orcofia HeTpyAHo HalTH C, =~ 30 Mas.

7. 6. [lepefiteM X HaxoX[JEHMIO DaBHOBeCHbIX 3HA4YeHHH mnapa-
MeTpoB d U ¢, AJIs YEro mposejeM BapbHPOBaHHUE Boipamenus (7. 25)
10 3THM HapameTpam.

Haunem c aneprum cummerpun. Yactes Buipaxenns (7. 25), cojep-
}Kamas napaMmerp ¢, HMeeT, corJiacHo cooTHouieHuwo (7. 26), Buj

— e ano i (Coa+ C#’) o.

Broprim uneHoM B Kosdduinuente npu o* MoXHO npeHeGpeyn BBHAY
ero majocti. BapeHpyst 3TO BrlpaxeHue no ¢, HalijieM

O A 0,0064%. (7. 29)
4

DTa BeJMUMHA UMEET 51PKO BLIPAKEHHOE KYJOHOBCKO® IIPOHCXOKACHHE.
Ee poct ¢ A o6bAcHAETCS HEOOXOAHMOCTBIO KOMIEHCANHH YBEJHUH-
BAIOLIMXCSI ¢ POCTOM A KYJOHOBCKHX cuii. IToiyueHHasi 3aBHCHMOCTh
B CPEJAHEM HEMNJO0XO COIJIaCYeTCs C ONBITOM.

* Tlosip.1enue anepmu CHMMETDUH CBsI38HO, B YaCTHOCTH, ¢ npHHUMNom [laymn:
3aMena BCeX HYKJIOHOB IIDOTOHAMH (IHGO HeHTPOHAMH) CONPOBOXKAAETCS YBeJIHYEHHEM
SHEPTHH CHCTEeMBl H3-32 BO3PACTAHHS OGMEHHOTO OTTAJNKHBAHHS.
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Or napamerpa d 3aBHCUT TOJIBKO KO3(pHIUEHT Cs. Bapbupys
Bbipaxenue (7. 27) no stomy napamerpy, Haiijiem

1
d— (%) " ax25 gepmu. (7. 30)
Ora BeNMYMHA TaKKe HEIIOXO COTJIAcyeTcsl ¢ onbiToM. s paccrosi-
HHsl, HA KOTOpOM IJIOTHOCTh cnajaer ¢ 0,9 no 0,1 cBoero makcumasnp-
HOTO 3HAY€HHWs, ONBIT AACT BeJIUYHHY OKoJio 2,4 ¢hepmu. PacuerHoe
3HAYEHHE JLJIsi ITOTO PACCTOSHHUS, MOJYYEHHOE U3 COOTHOILEHHH (7. 24)
H (7. 30), cocrabnser 2,0 gepmu *. Takum oGpasom, paccmarpuBaeMas
TeOpHst OOBSICHSET HE TONLKO HEBABHCHMOCTb d OT MACCOBOTO UHC/A, HO
H BEJMYMHY 3TOTO Napamerpa.

lloncranoska Beipaxenusi (7. 30) B (7. 27) nosBosasier OInpelesiuThb
3HayeHue KOHCTaHTHl Cj;. DTO 3HAUEHHE OKA3LIBACTCS 3aMETHO 3aBbl-
IIEHHBIM 10 CPABHEHUIO C OMNBITOM, YTO OOBACHAETCH CUJALHBIM BJIHf-
HHEM HE YYTeHHBIX 3(PPEeKTOB NHHAMHYECKOIl KOppEsIHIL.

B nosepxHocTHO# o6sacTH sifpa pPONb KBAHTOBBIX a¢hdexTon
B IpHHIHNE MOrJa Onl ObITh 3HAYUTENBHOH, OLHAKO B YHCJAECHHOM
OTHOLICHUH BKJAaZL 3THX 3QDeKToB oKasmiBaercss MainM. OueHHBas
(7¢) [

Q
cooTHomenue (5. 23)] *#, HeTpyAHO BHJETH, YTO BKJ4J KBAHTOBO
nonpaBkd B Cj3 COCTaBJsieT BCEro oKoao | Mag, aHANOTHYHO Majo
MeHseTcs M BeJuYuHa d.

Takum o6pasom, uennii pag XapakTePUCTHK aTOMHOTO sifpa
MOKeT GbITb [OJIyueH yKe B NpuOAHKeHuu Xaptpu — Poka. Opuako
Ajisi APYTHX XapaKTEPUCTHK 3(G(EKTh CHUIO0BOH KOPPENALMH HMEIT
onpejeJsioiiee 3Hauendve (cm. § 18).

7. 7. TlombiTka paccMaTpHBaTh pajHyc sipa R Kak BapHaiuoH-
HbIl napamerp B npubinmkenun XapTpu — Doka K yCIIeXy He Mpu-
BoAuT. JleiicTBHTENbHO, NpH Manbix R (WM GOJLIIUX p,) BHIpaxKe-
Hue (7. 22) umeer BuA

1 ->
C NOMOWBIO Bbipaxenus (7. 24) BesuuuHy Yo _f dx cM.

E~—pi~—R

H HEOTDAHUUYEHHO pacTeT MO a0CO/IOTHOH BEJTHYHUHE C YMEHbLIEHUEM R

Takum o6pasom, cucrema HYKJOHOB B paccMaTpuBaeMoM NpubaHxKe-
HUA CTPEMHTCSI K CAMOMPOU3BOJIBHOMY CxkaTHIO. [TockOnbKY npu 3TOM
B 06/nacTb [JEHCTBHA SAEPHBIX CHJ IOMAfaeT BCe GOJbIIEe WHCIO
HYKJIOHOB, 3SHEPTHSl B3aHMOACHCTBUS CTAHOBHTCH IPONOPLUHOHAJb-
HO# A2 M CBOHCTBO HACHIIEHHS SIAGPHBIX CHJI TEpsieTcs.

. Ilpupona sroit TpysHocTH cocrour B yBeJHYeHHH 4Mcaa sddek-
THBHO B3aMMOJICHCTBYIOIMX YaCTHL MpPH BO3PACTAHMH IJIOTHOCTH.
Kowneuno, nanuuue orrankusanus Ha masmix PacCTOSIHUSAX yCTpaHseT

* Koppensuuonusie 5eKTE HECKOMBLKO YBENTHUHBAIOT 5T0 3HAYCHHE (cm. § 18).

** Bropoil wneH eoipaxenus (5. 23) oGpamaercst B uyJb mo Teopeme [aycca.
Crporo TOBOPsl, cooTHOleHHeM (5. 23) NMOJIb30BATBCS HENbaf BBHAY CYLIECTBEHHOM
PO o6MenHEIX agbpexToB. TeM He MeHee MOMHO AyMaTb, UTO 3TO HE H3MEHHT 3aMeT-
HHIM 00pa3oM NpUBEAEHHBIX OLEHOK. S
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3Ty TpyAHOCTb. OJHAKO CKOMbKO-HHOYb TOUHBIH Y4eT COOTBETCTBYIO-
mero sdpdekta B mnpuGimkeHuH XapTpu — PoKa HEBO3MOMKEH.
YKe B 3TOM NpUOJIMMKEHHH MOMKHO HaHTH JIOCTATOUHBIA KpHTEpHUH
TOro, 4TO TaKoe caTHe JeHCTBUTENbHO OyJeT HMeTb MecTo (HHKe
B ra. IV Gyjier nokasaHo, YTO 3TOT KPHTEPUH ABJASAETCH OJHOBPEMEHHO
H Heo6X0AuMbIM). JIOCTATOYHO YUecTb TO, 4TO SHEPTUsA B MPHOJIHKeE-
Hun XapTtpu — Poka BCeria Bbille HCTHHHOIO 3HAYEHHs SHEPTUH.
AroT (aKT mpouie BCEro yCMOTPETb, O6pamiasch K BbHIBOAY YypaBHe-
Hust XapTpu — Poka ¢ MOMOUIbIO BapHAIHOHHOrO npuHnHna. [lo-
9TOMY, €CJIH Mbl HallieM KPUTepHil, NPH BLINOJHEHHH KOTOPOro 3Hep-
THS CTPEMHTCSl K —oo yXe B npubmuxennu Xaprpu — Poka, 1O
TO 3Ke 3aBefioMO GyJleT HMETh MECTO NpPH TOYHOM PACCMOTPEHHH Npol-
Jdembl. TakuMm 06pa3oM, HMCKOMbIH KDUTEPHA MOXKET ObiTh MOJYYeH
M3 HCC/ICflOBAHHSA INOBEJIEHHS SHEPTHU B NpUONHKeHuH XapTpu —
doka npy GONbIINX 3HAYCHUSIX Do U BLIACHEHHS YCJIOBHH oGpauieHus
ee B —.

Jlnst 3TOrO JIOCTATOUHO PACCMOTPeTh OAHOPOAHOE pacnpejenenue
HYKJIOHOB H TMOJOXHTb [(p) = f(n). OOMEHHbIE UjieHBl B 3HEPTHH
UTpaioT, IpU GONBIIOM p, Manyl pOJib HO CPABHEHHIO C UIEHAMH
npAMOro BsauMojeHcTBHsl yacTuil. IlosTomy ofuiee BbipaxkeHue AJs
SHEpPrHH MOXHO 3anucaTh B BHJE

8 ::Sporfcﬁpﬁ(pg——pﬂ(7£%-+—%}),

3
Po
3n?

B = [ﬁV@.

BasB Boipaxenue Ads V B HauGosee obmem Bupe (1. 7), HETPYAHO
NpUiTH K CJEAYIOUeMy BHIDAXKEHHIO Aist &:

5
— 2 6 _t Po ’
8 = g ®PY + A (7.31)

rjae .
%= [ & { Vg ® + 5 V5 (8) +Vu (8] — 5 Vau(®)

Tlpu GonblkxX p, AOMHHHDYET NEpBhiil WIEH, a ycaoBueM & — —oo
siBjsieTcs HepaseHCTBO [75]
| % < 0. (7. 32)

W3 sToro KpuTepHsi BHAHO, YTO KakK, BUTHEPOBCKHE, TaK M CepGepoB-
CKHE CMJIbl TNPHUTSKEHHSI HEH30EXKHO NPHBOAST K CKATHIO A/EPHOrO
BelecTa. BBefleHHE «TBEPOi CEpAUEBHHEI» MPHBOAUT K % > oo *
| TeM CaMbiM yCTpaHseT YKasaHHbie TPYAHOCTH, YTO C/IeAyeT U U3 Mpo-
CTBIX (PU3HUECKUX COOOPaKEHHH.

Ycaosue (7. 30) HaeT KOJUYECTBEHHOE YTOUHEHHE H3BECTHBIX
BLIBOJIOB O 3HAKONEPEMEHHOCTH MOTEHIMaja B IpolsieMe HaCHIEHHs
anepHbix cua [28].

* B o6aacTh GOJBIIHX p, BBeJieHHe NCeBAONOTEHUHANA HEJAONYyCTHMO, TaK Kak
Hapywmaercs yciopke (1. 12). :



FTITABA III
TEOPHUS BO3SMYIIEHHH U JIHATPAMMHAS TEXHHKA
§ 8. ABIPOUHBIA $OPMAJIU3M

8. 1. ITlepexon k mputnuxenuio Xaprpu — Poka NpousBOAHICH
MyTeM 3aMeHbl TOYHOro raMmujpToHHaHa H (3. 19) ramunsToHHa-
Hom H, (4. 29). PaccmoTpum pasHocTh

H' = H—H, =
— [ 4949’V @, ¢) (¥+ (@ ¥H (@) ¥ (¢) ¥ (@) —

—2R (@, )Y T @V () +2R (g, ¢') ¢t () $(q) +
+R@qRG.9)—R@4.q¢)R(G, ). (8. 1)

Jast npocTOTH NpeinoaoKMM, 4TO NOTeHIHan V siBiAsieTcss 3Jech
NPOCTO (PYyHKUMEH KOODAMHAT, a HE OMEPATOPOM. '

Pamunbrondan H' HOCHT Ha3BaHHe FaMUJLTOHMAHA KOPPEJAIHOH-
HOTO B3aHMOJEHCTBHSI M ONHCHIBAET Te 3dhEKTbI, KOTOPHIE CBS3AHHL
C OTCYTCTBHEM ONDENEJEHHBIX HMHAUBUAYAJNBHLIX COCTOSIHHI 4YaCTHIL
CHCTeMbl. JTH 3MEKTH MPOSIBJSIOTCS, B YaCTHOCTH, B TOM, YTO MTHO-
BEHHbIC XapAKTEPUCTUKH PA3HBIX WYACTHL CHCTEMBbl OKa3LIBAIOTCS
B3aUMHO cBsi3aHHbIMH. Hanpumep, BeposiTHOCTb 0GHAPYKHUTH YaCTHILY
B JIAHHOH TOYKE NPOCTPAHCTBA 3aBHUCHT OT PACHOJOXKEHHS OCTalbHBIX
YacTHIl B TOT XK€ MOMEHT BpeMEHH.

llogoGHas xoppensuus XapakTePUCTHK 4YacTH, OGYC/IOBJICHHAS
B3aMMOJICAICTBHEM MEXJYy HHMH, Ha3bBaeTcsi OGHIYHO CHJIOBOM (MHMHa-
Muyeckoi) koppesasnuei *. IIpocreiiuieli BO3MOXKHOCTBIO yuera 3¢-
$eKTOB CHJIOBOH KOppensiudd sBASieTCA (QOPMA/bHOE pasJIOMKEHHE
$usnyecKux BeJMYHH B psif 110 H’, T. €. OCTPOEHHE COOTBETCTBYIOLIEi
TCOPHH BO3MYIICHHH. B HacTosmedl rnase cTpourcst Takas Teopus
BO3MYIIIEHHH B mosieBoli gopme, npHAAHHON efi (IO AHAJOTHU C KBaH-
TOBOW Teopuel mojsi) B paGorax [76—79].

* TloMHMO IMHAaMHUYECKOH HMEeTCS ellle CTATHCTHYECKAS (o6MenHasT) KOppeJIsLHS,
CBAzansas ¢ npuHuunom ITaymu. Ona yuntsiBaercs M B NpHGMHMEHWH XAPTPH —
Oka, rje e COOTBETCTBYIOT BHIPAXEHHS, COJepIKallie OGMeHHEIt omeparop &F.
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[loneBast ¢opMa TeopHH BO3MYILIEHHH Mpoile, KOMIAKTHEE H Ha-
rasiiHee OGBIYHON WIpeAHHrepoBCKoil Teopy BosMymeHu#. C sToit
TOUKHM 3pEHUs CYIECTBEHHYIO DOJib HTpaeT BBeJeHHEe AHATPAMMHOI
TEeXHHKH M (opMy/nupoBKa npasun (QefiHMaHa, NO3BONFWIHX Ge3
TpyJia MOCTPOHTH rpaduueckKuii o0pas M aHaJHTHUECKOE BblpdKeHHE
Jo6oro ujneHa pasnoxkenus no H'.

Posb Teopiu BO3MYWIEHHH HE HCUEPNBIBAETCS TEMH 3ajlauaMu, e
KOppensiHoHHbie 3hheKThi (PAKTHUECKH Majbl M TA€ MOXHO OTpaHH-
YHTHCH HECKOJBKHMH TE€PBBIMH UJEHAMH YKa3dHHOTO pAa3JOXKEeHHS.
TeopHs BOSMYILICHHII OKa3bIBAET CYIECTBEHHYIO MOMOILb NPH (opmy-
JMPOBKE TOUHLIX yPABHEHHIl TEOPHH H, UTO Tropasfo OoJjee BaxHO
¢ NpPAKTHYECKOH TOUKH 3DEHHsi, IPH MOCTPOEHHH NPUOIHKEHHBIX
BBHIPAXKEHHI, COJEpMKALIMX  HEKOTOpYI  GECKOHeUHYI0  MOJICOBO-
KYIHOCTh UJEHOB psjfa TEOPHM BO3MYIIeHWH. AHAIH3 pasiny-
HbIX JAMarpaMM TeOpHH BO3MYILEHHil MO3BOJIsieT oTOOparTh HauGo-
Jee BaKHLIE U3 HUX W TpOH3BECTH 3(PPEeKTHBHOE HMX CYMMHPO-
BaHHe. ’

8. 2. [lpexae yeM MEPEXOAUTDH 'K INOCTPOCHHIO TEOPHH BO3MY-
MeHHH, HeoOXOAMMO HEeCKOJLKO BHJOHU3MEHHWTL WHTEpPOpeTamMio omne-
paTopoB B NpEICTABJEHHH WYHcesn 3amonuenus. [las 3Toro BaeieM
NOHATHE O JAbIPKAX.

Jliist mOCTPOEHUsl BOJHOBON (HYHKIIMH JIOGOTO COCTOSTHHS CHCTEMBI
Heo6XOAUMO NOAEHCTBOBATL Ha BOJHOBYIO (YHKIHI BaKyyMHOTO
COCTOSIHMSI OnepaTopaMH pOXJIEeHHs dacTHl. B sTod mpoueaype
BAKYyMHOE€ COCTOsIHHE BBICTyIaeT KaK CBOero pojia Hadajo OTCuera,
MO3TOMY B BbIPaKEHHH JJisi BOJHOBOH (QYHKIHH HHTEPECYIOUEro
Hac COCTOAHHSI (QUIYPHPYIOT ONEPATOPbl POXKACHHA BCEX YaCTHIY
CHCTeMBHI.

Takoi#l NOAXOM, OAHAKO, SBJAAETCS MO PasHbBIM NPUYHHAM HEyH06-
HeiM. T'opasio nenecoofpasHee BHIOpaTh B KauecTBE Hayaja OTCUeTa
BOJIHOBYIO (DYHKIHIO CaMOfi paccMaTpUBaeMOH CHCTEMbI W, B npubau-
xennu Xaprpun — Poxka. Toraa onucaHue HHTEpECYIOUEro Hac
COCTOSIHUSI CHCTEMBI CBEJETCS K YCTAHOBJEHHIO OTJHUYHS €ro OT COo-
crosinusi ¥,; 9TO OTJHYHE COCTOMT B IEPEPACHPEACJ]EHMH YaCTHIL
0 YPOBHSM: SamOJHSIOTCS HEKOTOpHIE MNpexJe CBOOOJHBIE H OCBO-
60K AAIOTCS1 HEKOTOpHIE TPEXKIE 3aHATHE YPOBHH.

IlpenMymecTBa TaKoro IMOAXOAA COCTOAT B cieiyiomeM. Ilpexne
BCEro, HOBOE HduaJso oTcuera — coctosiHne ¥, — umeeT HeCpaBHEHHO
GO bIIHI HU3UUECKH T CMBICH, €M BAKYYMHOE COCTOSTHHE; B YaCTHOCTH,
OHO OTBedaeT TOMY K€ UHCJIY YAaCTHIl, YTO ¥ peajbHOe COCTOsIHHE
cucTeMsl. Jlajiee, HEpEKH cJyuaH, KOTa peajibHoe COCTOAHHE CHCTEMbI
ornuyaercs oT ¥, cpaBHHTENBHO HE3HAUHTEJILHBIM Iepepacnpesiene-
HYeM yacTHi. B 5ToM ciydae o6CyKAaeMbid MOAXOA sIBJsETCS MEHee
IPOMOBJKHM U CJOXKHBIM..

Kpome Toro, ycTpaHSIIOTCS HEKOTOpbie (opMasbHbIe HeyAo0cTBa
CTapoOro MOAXOAA, H anmapar TeOPHM MHOTHX UaCTHIL emie B Oosbilei
CTeneHH cOMUKACTCS C aNNapaToM PeJIITHBHCTCKOH KBAHTOBOH T€OPHH
noisa (cMm. paspen 8. 4). :
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8. 3. Tlepexonum K nepecTpoiike anmapata npeicTaBAEHHS YHCEJT
sanoJiHeHusi. [{HHAMHYECKMMH NEepPEeMEHHbIMH Tenepb GYAYT CAyKHTb
YHC/1a 4acTHuil n{?) Ha YPOBHSX, KOTOpPbIE B COCTOSHHH ¥, GbLIH CBO-
OOAHBI, M 4HCIa CBOCONHBIX MeCT — ApIpoK — n{) Ha ypoBHsX,

Koropuie B cocrosannu ¥, 6biiu 3aHatel. Camo cocrosinme ¥, oue-

BAJIHO, OTBEYACT PABHBIM HYJIO YHCJAM 3aMNOJHEHHs YACTHI U ABIPOK.
‘ Heo6xoaumMo MpUBECTH B COOTBETCTBHE C HOBLIM ONMHCAHHEM CAMO
BhIpaxkeHHe JJs1 oneparopa nodas. llepenumem pasnoxkenue (3. 9)
B CJAEAYIOLIEM BHAE:

big) =X [(1—V1ny) Ay +V 1y 4] 214 (@), (8.2)

rie n, — 4Ydcia 3anonHenus B cocrosHuu ¥V, Pacemorpum ocHosHOE
cocrosinne cuctemul. Ilepsoe cmaraemoe cooTHomenus (8. 2) oTJIUYHO
OT HYJs JIMIIL JJIsi He3AHATBIX COCTOAHHH (g, > &z), rae n, = 0,
M MOXKET IO-NPEKHEMY HHTEPNPETHPOBATBCS KaK ONepaTop yHHUTO-
KEeHHUsl YacTull. Bropoe ciaraemoe OTVIMYHO OT HyJisi JHIDb AJIS 3aHS-
THIX COCTOSIHHH (1, = 1). Ero MOKHO HHTepPIIPETHPOBATD KAK ONMEpaTop
YHHUYTOXKCHHUSI YACTHIL B 3aHATHIX COCTOSIHUSIX, MJIH, YTO TO K€, KaK
onepartop poxKJeHHs ALPOK. AHanorHuHO onepatop Ay, AefiCTBY LK
HUKe rpaHuubl Pepmu, NPUBOJUT K POMKJCHHIO YACTHLL (K YHAUTO-
JKEHUIO JABIPKH).

Paznoxenus (3. 9) MoXKHO, c/elOBaTeNbHO, NEpenucaTb B BHIE

P (@) = Ay (@),
+ E + (8.3)
P (g) = 3 Afx, (@),
v
rie
Av =a, (ev>8F)’ Av = b—v‘_ (8v<81“)’ } 8.4
At =at (e, >¢ep), AT =0b, (e, <¢p).
3necs @, a* u b, b* — oneparopbl YHUYTOXKEHUS H POKACHHS 4aCTHIL
U JBIPOK COOTBETCTBEHHO.
Hcnonb3ys onpejenenne AbPOYHEIX ONEpPaTOpPOB U OOIIME paBuia
KoMMyTanuu (3. 7), MOXKHO HanucaTb
(bF, b)) =8, (o a,) =3, | ©9
(b, 0.} = (0 05} = (@, a,] = (a}, a3] =0.

u’
OnepaTopsl vacTHi, M JABIPOK AHTHKOMMYTHPYIOT JpPYr C APYTroM,
IOCKOJIbKY OmepaTopsl @ u B Bcerja OTHOCATCS K PasjiMYHBLIM CO-
CTOSIHUSIM.

Oneparopel ‘@, @a* U b, b NeACTBYIOT COOTBETCTBEHHO Ha 4YMCJa
3amosiHeHus YacTl n) u Apipok n{M cornacHo cootHomenusM (3. 5).
IMockonbky BoJHOBass (yHKIHs ¥, OTBeyaer paBHLIM HYJIO 4HCJaM
3anosnigenus nP u n{’, UMEIOT MECTO pPaBEHCTBA
a,Vo=0b,%,=0, ®.6)
Yigt = Yot — 0 .
Voatr = Yol =0. |
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Uro e Kacaercsi OnepaTOpoB YHCeJ 3aMOJHEHHS YacTHI U JBbIPOK,
TO OHH, OYEBHIHO, UMEIOT BHJ
n? —ata, i =0blb,. (8.7)

[Tepexof K JplpOYHOMY ONHCAHHIO HE CBfI3aH C KAKHM-JAU00 Cylle-
CTBEHHLIM H3MEHEHHEM amnmnapaTta, a CBOAMTCA JHIIb K HHOH HHTEp-
npeTanuyl BXOASIIUX B HErO BeJIHUYHMH.

8. 4. [lepexon Kk AsipouHoMy (GOPMaNU3My NPHBOJHT K JajibHed-
meMy COMHKEHHIO TEOPHHM MHOTHX YaCTHI[ C TEOPHEH pesIITHBHUCT-
CKOTO KBAHTOBAHHOTO (PEPMH-TOJsI, OINHCHIBAOUIEH HE TOJBKO €O6-
CTBEHHO YACTHI{h, HO M aHTHYACTHIbl, KOTOPBIE MOXHO B H3BECTHOM
CMBIC/IE WMHTEPNPETHPOBATH Kak JALIpKH B HeHaOmoflaeMoM Qone
YACTHL, OTPUIATEJHHOH 3HEPrHH.

JIbipKH B TEOPHM MHOTHX YacTHI[ M aHTHYACTHILl B TEOPHH MOJIs
HMEIOT MHOTO 00ImuXx 4epT. Paj npoieccoB B TEOPHH MHOTHX 4YaCTHIL
MOMKET HHTEpPHPETHPOBATHLCS HA $3bIKE, NPUHATOM B TEOPHHM NOJS.
Hanpumep, riepexofl cucTeMbl W3 OCHOBHOTO COCTOSIHHSI B BO3OYKJEH-
HOE 3aKJI0Yaercss B mpocTeiuleM caydae B TOM, 4TO OJlHA M3 YACTHI
CHCTEMBI TIEPEXOAUT M3 3anojiHeHust PepMH B COCTOAHHE C SHEPTHEHN,
6ospimell sneprud Pepmu. Ha ApIpoYHOM sI3bIKE 3TO O3HAYAET, UTO
pOXKIaeTCsl nmapa — YacTHLa U AbIpKa (IIOCTe[Hssi OTBEUAET OCBOGO-
JuBIIEMycsl YpoBHIO). BossparineHnue Bo36YyKIACHHOH CHCTEMBI B OCHOB-
HOE COCTOSIHME OTBEYaeT B3aMMHOMY YHHUTOXKEHHIO (aHHHUTHJIALNH)
YacTHUbl U ALIPKH. DTH MPOIECCH aHAJOTHYHLL IpoUeccaM POXKACHHSA
U AHHUTUJISIIIHM YACTHIEI M AHTHYACTUILI B KBAHTOBOH TEOPUH MOJI.
Tloo6HOTO pojia HHTEpTIpeTallHsl, 3AUMCTBOBAHHAS M3 PeJIATHBUCTCKON
KBAHTOBO{l ~TEOPUH [MOJisl, OKasblBaeTcsi BecbMa IIOLOTBOPHOH
U yJoOHOH.

OfiHaKO 3Ta aHAJOTHsI He MoJiHasl. B pensaTHBHCTCKOH TeOpHH
[OJisT UMEeTcss MOJHAs CHMMETPHs MeKAy 4YacTHLLAMH M JABIPKaMH,
OTBEualoiasi BLIPOXKJEHUI0 YPOBHEH PHEPTHHM YacTHIL [0 ee 3HAKY.
Srta cuMMeTpHs (€€ HAa3bIBAIOT 3aPs1l0BOI) HMEeT bl PAJ CAeACTBHA,
K YHCJy KOTOpPBIX OTHOCHTCS, Hanpumep, Teopema Pappu (cM. § 13).

B TeOpHM MHOTHMX YacTHIl MEXKIy YacTHIAMH W AbIpKaMH HeT
CHMMeTpHH. ITO MOKHO BUAETh XOTsi Gbl H3 TOTO, YTO 06JIACTH CIIEKTPA,
OTBEUaIoIe€ YaCTHUaM H AblpKaM, CYUIeCTBEHHLIM 00pasoM pasfH-
yalTes: OfHA M3 HUX MPOCTHpaeTcsi JO GECKOHEUHBIX 3HAUEHHWU Hep-
rait (oo > e, > &), JApyras oOrpaHHYeHa HHU3UIMMH YPOBHAMH
(0 << e, < ep). YkaszaHHasi CHMMeTpHS OOHADYXHBAaeTCsl JIULb B OT-
IEeJbHBEIX CJay4asix, KOTAa ONpeAessioNyi0 POJb MrpalT 4YacTHUIB
¥ JABIPKH, PACHOJOXKEeHHbIe B HEMOCPEJCTBEHHON 6JIH30CTH OT I'PaHHILBL
Pepmu. A

8. 5. Tlepexon kK ApipouHOMy ¢opManu3My NPHBOAUT K TOMY, YTO
omnepaTopnl moJs pa3GUBAOTCS HA CYMMYy pOXJAIOMEH d yHUYTO-
Kamolleil yacrteil, KaxAasi U3 KOTOPHIX COAEPKHUT TOJBKO ONMEPaTOphi
pOXKIeHUss W yHUUTOXeHUs (cM. pasgen 8. 3):

Y (@) =@+ + @
Y =%t (@) + P (@)o-
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3pech HHAEKCH (+) H (—) OTHOCATCS COOTBETCTBEHHO K POKAAIOMEit
H YHUUTOXaOWeH yacTsiM. OTMETHM, UTO IIPH CONPSIKEHHHU (+) = (—),
B 4acTHOCTH Y7 (¢)py =" 1 () IT.

Hcxona us npaBua KommyTanuu (8. 5), BUAHO, YTO €IHHCTBEHHBI®
OT/IMYHbIE OT HYJs AHTHKOMMYTATOPHI ONEPATOPOB Y .\ H Pt HMEIOT

. (x)
CefYIOWHUI BUJI:

(@D, @) =0 @)%, @),

v
(P @, @) =NA—n) @), @.[ &8
v

3mech wucmosbaosano coorsomenne (1 — 1V'n,) =1 —n,, Buite-
Kajomee u3 paseHcTsa 1, = 0,1. BepxHu#i anTHKOMMYyTaTOp coBnajaeT
nmpocro ¢ MaTpuued miaotHoctd R (g, g') [cM. Beipaxkenne (4. 7)1,
HIXKHHH B CHJIY YCJOBHSA TOJHOTH paseH 8 (¢ — ¢') — R (¢, ¢').

BBejleM BakHOe NMOHATHE HOPMAJBHOTO MPOU3BeNeHHs (N-Npoua-
BeJleHHs1) onepatopos noss. UToGk nepeiiTn oT 06LIYHOrO MPOH3Be/e-
HHSI OMNepaTopoB K HOPMAa/JbHOMY, HEOOXOAMMO pasGuThb KaxKIblil
U3 OHEPATOPOB HA CyMMY poxjammeH ¥ yHHYTOXKAWWEHR uacTeit
M TIepPecTaBuUTb 3TH YaCTH TAaKUM 0OGPa3oM, 4TOGHl Bce OMEPaTOPHI
POXJEHHA CTOAJIH CJeBa OT ONMEPATOPOB yHHUTOXKeHHsA. [Ipu 3TOM
KaxJas TNEPecTaHOBKA MECTAMH Mapbl CTOAWIMX PsilOM ONEpaToOpOB
JOJIKHA CONPOBOXKAATECS H3MEHEHHEM 3HAKA.

ITpusesem npocrefimme npumeps: N-npouspefeHuii:

N =1 N[, vE)] = b_,bE,
N =1 N[b,, v = vy, vy
N =%t No i) = —vE, vy
PacemoTpum Gosiee ciOxXHBIR NpuUMep:
NPT @%@ =¥%"@+ ¥ @) + % @ @) +

P @D (@) — P (@) (@
STo BbIpakKeHHE JIMIIL CBOMM IOCJHEHHM YJICHOM OTIHYACTCSH OT NPCe
CTOTO NPOH3BEJICHHs! ONEPATOPOB, Iie STOT usieH paBeH P(q)(—y (g’ )(1)-
IlosTomy pasHOCTH MeXJy IPOCTHIM M HOPMAJbHBEIM TPOH3BEACHUSIMH

paccMaTpHBaeMBIX ONEPATOPOB CBOAHTCS K COOTBETCTBYIOIIEMY AHTH-
KommyTatopy. Hcnoapsys BeipameHnns (8. 8), momyuum

NIYtH (@)@l =% @) (@ —R (9 q). (8.9)
AHanorMyHBIM, HO GOJIee TPOMOSAKHM CMOCOGOM MOMHO MOJYYHTDH
COOTBETCTBYIOLEE COOTHOLIEHHE JJifl IPOHM3BEJEHHsl UEThIPEX Omepa-
TOPOB HOJIS: '

NpT@$T @)Y @) (@l =9+ @ vt @)$ @) (g —
—R@ P @)P @) —R @G ¢)d @) v (9) +
+R@G VT @Y@)+RG,P$t (@) (g +

+R@.9R@G.9)—R@, q)R(, 9). (8.10)
: 87



HopMmaJ/ibHbie TPOM3BEACHUS OMEpPaToOpoB MoJs O6MafaloT ABYMs
BaXKHBIMH cBoiicTBamu. [lpexkje Bcero, MOJ 3HAKOM HOPMaJIbHOTO
TIPOU3BEEHNs] MOXKHO NPOH3BOJAMTH JIOOYI0 MEPECTAHOBKY OMEparo-
POB, MEHssi IIPH 5TOM COOTBETCTBYIOIIEE YHMCIO pas OOWHHA 3HAK
npousBefleHHss. B caMoM Jene, ec/id 3Ta IepecTaHOBKA He MeHserT
OTHOCUTEJNBHOIO MNOpPsJKA ONEpPaTOpPOB POXKACHHA H YHHYTOXKEHHS,
TO MpPHBELEHHOE YTBEPXKIEHHE OUYEBHJHO, MOCKOJIbKY NpPU 5TOM aHTH-
KOMMYTaTop MepecTaB/isgeMbIX ONepaTopoB paBeH HyJwo. [1ycTe Tenepsb
TIePECTaHOBKE IOjIBEPraioTCca OmepaTopel pasHoro THmna. Takas mepe-
CTaHOBKA (NpH BHIMOJIHEHHH YCJOBHSI O 3HAKAX) TAKXKE HE MEHsieT
pe3yabTata, TaK KaK OINepaTophbl B KOHEUHOM CueTe BCe PaBHO pac-
TOJIATAI0TCsl B COOTBETCTBUH ¢ omnpefedeHueM N-NpOU3BELEHUS.

Ipyroe cpoiicTBo Beskoro N-npomssenenus [kpome N (1) = 1]
COCTOUT B TOM, 4TO €ro cpejHee no coctosiHuio ¥, paBHO HyJ10:

(Vo N (..)] W) =0. (8. 11)

D10 BaxXHOE pAaBEHCTBO SIBJISIETCS HEMOCPEICTBEHHBIM CJIEACTBHEM
cooTHoueHu# (8. 6).

8. 6. BrejeHne moHATHS HOPMAJIbHOTO TPOHM3BEAEHHUSI TO3BOJSET
CYLIECTBEHHBIM 00pa3oM YIPOCTHTL BbIPAXKEHUs [Jisi IaMHJIBTOHHA-
Hos Hy u H'.

Hcnonbays cootHowenue (8. 9), sanumem Boipaxenue (4. 1) B Bue

Ho= [ dq(T+ W), %+ (@)@ +C=

= [dg(T+ W), (N %+ @)@ +R@ ¢)) +C.
Ilocaeane IBa YNeHa 3TOrO BLIPAXKEHHsI MOMKHO 3aMucaTh B BUAe [cM.
npunoxenre A u coorHourenue (4. 27)]

Sp(Te) + %Sp (V@ q) (1 — T gq) @eQy) = SP[(T +—2W—> Q] :

CorgacHo BeipaxeHuo (4. 35), 3Ta BeJMYHHA paBHA dHEPIHU B NpH-
énuxennn Xaprpu — Poxa. Orciona

Hy = Eq+ [dqN [+ (@) (T + W) ¥ (q)]. (8.12)
Takum o6pasoM, ecsiM 3a HauaJo OTCUETA SHEPIHMU NPHHSTH SHEp-
THIO HYJIEBOTO TPHOJIKEHHS!, TO TaMHJIbTOHUAH H, CBOAHTCS K HOp-
MaJIbHOMY NpPOHM3BEJEHUI0. AHANOrMYHLIM O0pasoM omepaTop Yucia
yacruil N (cM. § 3) MOXKHO Npe[CcTaBUTh B BUJE

N =N + [dgN [%+ (9) ¥ (@)- (8.13)
Bxopsauuil B IpaBylo 4acTb TOTO BLIPAMKEHHUs ONEPaTop IOCHE MOA-
CTAaHOBKH B HEro pasjoxeHus (8. 3) IPHBOAMTICH € y4yeToM BBIPa-

xenu#t (8.-7) K BUAY
S () —n),
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T. €. ONHUCHLIBAET PA3HOCTh YHCJA YACTHIL U ABIPOK. IJTOT ONeparop,
KaKk # N, KOMMYTHpYeT, OUYEBHJHO, C IIOJIHBIM T'aMHUJIBTOHHAHOM
CHCTEMHI.

TlepexoayM K YOpPOUIEHHIO TaMUIbTOHHAHA B3aumojercTeusi. Cpas-
HHBasl BhIpaxkeHHe B (PUIypHHIX cKoOKax cooTHomeHus (8. 1) ¢ Bolpa-
xernueM (8. 10), monyuum

H' =——§dqqu(q, )N %+ (@) b+ (q) ¥ (q) b (9)]-

MoxHo Ge3 Tpyaa mokasaTb, 4TO AJisl NOTeHNHaAa V, SBJISIONIErocs
ONepaTopoM, 3TO BbipaxKeHHE IIPHMET BHJ

H = — {dgdg N 1%+ (@ %+ (@) V@ )% @) b @ (8 14)

Bo03MOXHOCTD Npe[CTaBleHUS TaMMJIBTOHHAHA B3aHMOACHCTBHSA
B BHJE HOPMAJbHOTO TIPOU3BENeHHs O0O0ycCJO0BJICHA HCKJIIOUHTEIbHO
TeM (aKTOM, YTO B KauecTBe HYJIEBOTO NPHOJIHKEHHSA BLIODAHO NMPH-
6anuxenve Xaprpu — Poka, ITO CyUIECTBEHHO YHNPOIAET MOCJAEAYO-
ee paccMOTpeHHe. '

§ 9. MATPHLA PACCESAHHA

9. 1. Tlepeitnem kK nNoOCTpOEHHIO anmnapara TeOpHH BO3MYLIEHHH,
[IO3BOJISIIONIEIO TIPOU3BOAUTD pasJjiokKeHle PU3NUeCKHX BeJUYHUH B PAJ,
no H'.

[lepeBefilem B npejcraBjeHHe B3aHMOJCHCTBUS ONEpaTOpnl MOJSA
¥ (g), T (q) o6o3Hauass GYKBOH X COBOKYNHOCTb KOOPJAMHATHL ¢
u Bpemend f. CornacHo obuieit popmyne (2. 7),

P, (X) = exp ((H) ¥ (q) exp (—iH,),

rie B KauectBe H, Mbl BhifepeM TaMHJIbTOHHAH Npubamxenus Xap-
Tpu — Poxa (4. 1). CooTBETCTBEHHO 3aBHCHMOCTE OT BpEMeHH BOJI-
HOBOH (yHKUOHH cHUCTeMBl OyJeT OIpelejsTbest KOppessiUOHHBIM
ramMMabToHHaHoM H'.

UcnonbayeM [as BHUHCAEHHS P, (x¥) oOllee COOTHOMIEHHE (CM.
npuaoxenue b)

exp (a) bexp (—a) 2—1* lala...|a, b]...]],

n

rie @ U D — mpou3BOJIbHKEIE ONepaTOpbl. Y UHTHIBAS NpaBH/a KOM-
mytanus (3. 10), 6ynem nmern

[Hy, ¥ (q)] = — (T + W) ¥ (),
OrKyna
(Hy- . [Hy, % (@)1= (=1)"(T + W)y (9)
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Py (x) = exp [—it (T + W)l (). - ©.1)
Juddeperunpyst 3T0 COOTHOMIEHHE IO BPEMEHH, MOXHO HAHTH ypas-
HEHHe JBHXKEHHs AJs omeparopa. P, (X):

i 0 (T W), (). (9.2)

IToacrasasis B Beipaxenue (9. 1) pasnoxenue (8. 3) U yuuTeiBast
COOTHOILEHHE (4. 2), HaXOJUM OKOHYaTelbHOe BRIpAXEHUE A/ One-
paTopoB IoJst:

P, (%) =2 Ay (9) exp (—ieyt),

9.3
i (v S‘Avxuq)exp(wt) 5-3)

Kak BHAHO U3 3TOr0 COOTHOLUEHHSI, PacCMOTpeHHOe NpeobpasoBaHue

CBeJIOCh K 3aMeHe He 3aBHCsIell OT BpeMeHH 4acTH BOJHOBOMH (yHKIHH

YacTHU Y, (g) noaHOU BosHOBOH GyHKIUeH Y, (g) exp (—ig,t).
YCTaHOBHM NpaBujia KOMMYTALMH OMNEPaTopoB P, (x), P (x).

YuureiBasi cootHourenusi (8. 5) u (9. 3), uMeem
(% () T ()] = D av (@) (@) exp [—iey (E— )] . (9.4)

OctanbHble aHTHKOMMYTaTOphl paBHB Hymao. Ilpu f = {’ mpasas
yacTs Beipakenus (9. 4) nepexoautr B & (9 — ¢'), 4TO, OUEBHIHO,
HAaXOAWUTCs B COOTBETCTBHH ¢ cooTHomeHueM (2. 11).

IlepereseM nanee B mpeACTABJICHHE B3aHMOAEHCTBHSI TaMHJIBTO-
nuan H’'. Tlpunumas Bo BHuMaHue coorHomenue (2. 10), MoxHO

HarmucaTte

Ho(t) = X

x § dgdg'N [ () Wi (v) Vi, () b (9] (©.5)
37ech
x= (g, 1) ¥ = (¢, D).
9. 2. 3aKOH H3MeHeHHs CO BpPeMEHEeM BOJHOBOH (PYHKIIHH CHCTEMBI |

B MNpeACTaBJCHUH B3auMOJeiicTBUA omnpefensiercsi oOMHM ypaBHe-
nuem (2. 6)°

; 9% ()
ot

—H. ()%, .
Beegnem oneparop (S-matpuuy /M MaTpHiy paccesinusi) 8 (£, fo),
CBSI3LIBAIOIIMH 3HAYEH ST BOJHOBO (YHKIHH B MOMEHTHI BPEMEHHU £ H £

W, (1) = 8 (¢, to) Vs (2o). (9. 6)
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S-MaTpHIa J0JKHA YAOBJIETBOPATH HEKOTOPEIM yCa0BHAM. Bo-nep-
BbIX, OHA JOJIKHA ObiTh YHHTAPHOH MaTpHLEMH

§§t =818 =1;
3TO CBOHCTBO ofecneyHBaeT COXpaHeHUe HOPMBI BOJHOBOH (GYHKIIHH.

Bo-BTOpBIX, S-MaTpHIa JOMXKHA 00/aJaTh CAEAYIOMUMH OYeBHAHLIMH
cBodcTBaMu *:
S(tli t3) = S(tl’ tZ)S(tZ’ t.i)’ } (9 7)
S(tl» Z(2) = S+ (t2’ tl) ’
Bropoe 13 3THX COOTHOIIEHH# BLITEKaeT M3 YC/AOBHS yHUTAPHOCTH
H ycjoBHS
S (t,, to) = 1. 9. 8)
Haligem ypaBHeHHe, KOTOpOMY yJAoBJeTBopsieT S-marpuua. Ilog-
craBisdsl Boipaxenwe (9. 6) B ypasHenue Ilpennnrepa, HETpYAHO
HOJY4UTh

LR (AGRIAN) (9.9)

HauanpHBIM yc/0BHEM JJis pelieHHs 5TOro YpaBHEHHUsl sIBJsIeTCs
cooTHolenue (9. 8).
PaccmoTpuM mponeiypy pasJoxeHUs S-mMaTpuusl B paj no H.:

St ty) =1+ X S,(t 1,). (9. 10)
n==1

3nech S, conepxUT NnpousBeieHHe n onepatopos H'; HysneBo# uJseH
passioxkeHHs BLIOpaH DaBHBIM €IMHHIE, TaK Kak B OoTcyTcTBUe H)

HUKakoil sBosionun ¥, He IPOHCXOAHT.
IlpuBenem ypasrenue (9. 9) K unHrerpanpHoil dopme, HHTErpHpPYS
ofe ero uactd no f ¢ yueroMm ycuaosusi (9. 8):

t
St 1) = 1—i [ dvHz (v) S (v, 1,).
1o

IoactanoBka B 3T0 ypaBHeHue pasjoxkeHus (9. 10) jgaer pekyppenr-
HYIO CBSI3b:

t
Sat, 1) = —i | dvHL (¥) S,y (1, 1),
o

HCIIOJIL3YysA KOTODPYIO MOXKHO HanucaTb

Ty -1

Ydrz...trj

o to

dv,Hy (1)) ... Ha(t,). (9. 11)

4
S, (1) = (—i) Sdrl
to

* DBOJIOIMIO CHCTEMBI OT f3 JI0 £; MOXHO PAacCMATPHBATh KAK Pe3yJbTar IOC/Ie-
JAOBaTe/IbHOH BOJIIOLUH CHAUaNa OT {g RO I, H 3aTeM OT £, JO I4.
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Onepatopnl H, B 3TOM BbIpa’keHHH PACMO/IOKEHb B XPOHOJOTHYECKOM
nopsigke (Ty > T, ... >T,), T. € HX BpPeMEHHOH apryMeHT MOHO-
TOHHO BO3DAacTaeT cnpaBa HAaJeBo.

9. 3. CnoXHble TmpeJlesbl HHTEIPHPOBAHHSI JEJAIOT BHIPAXKEHHe
(9. 11) HeymOGHLIM. DTOT HENOCTATOK MOXKHO VCTPAaHHTh, €CJH BBe-
CcTH ToHATHe 0 T-mpou3BefieHUH (XPOHOJIOIHYECKOM MPOU3IBEIEHHH)
OTIePaToOPOB.

Yrobsl noayuuth T-mpousBelieHHe H3 OOBUHOIO NPOH3BEJEHHS
oneparopoB 10Jsi, HEOGXOAUMO MEPECTABHUTL NOC/JAELHUE TAKUM 0o6pa-
30M, 4TOOHl MX BPEMEHHble apryMeHTHl BO3pacTasiy CIpaBa HaJjego.
O6wuii 3HaK BHIOHpaeTcss B 3aBUCHMOCTH OT TOTO, YETHYIO MJIH Heyer-
HYIO [IePecTaHOBKY ONepaTOPOB MPUXOAUTCS NPH STOM AenaTh.B gact-
HocTH, T-mpousBefcHHe JABYX omnepaTopoB moast Fy (xy), F, (x,)
pasHO *

F (x;) Fy (x5) >4t

TR R =\ ey F ) <t

(9. 12)

HIHU
T [F (x;) Fy (x5)] = 0 (¢, — t,) FiF, — 0 (¢, — 1)) FyFy. ((9.127)

. XPpOHOJIOrHYECKOe YNOpPSJOUEHHE HMEeT CMBICA B NpPHMEHEHHH
HE TOJLKO K OIlepaTopaMm IoJist, HO H K HX KOMOHHAUHSAM, COAEPIKAII M
TIDOH3BEJICHHE OTHECCHHLIX K OJHOMY MOMEHTY BpPEeMeHH OIlepaTopoB
nosA. Vmeercs B BUAY, B YacTHOCTH, T-NpOH3BEJEHHE TaMMJILTO-
HuaHoB H:

T [Hao(v) ... Ha(t,)],

KOTOpPOEC mpelrnosaraer, Kak U Bblll€, DACHOJNOXKEHHE OIIepaTopOB HB’

B IOpaAJKE BO3pacTaHHUsd T cipaBa HaJEBO. B nanHom cjayuae, OJHAakKo,
IIpH NEPECTAHOBKE ONEPATOPOB H; HU3MEHCHHA 3HAaKa HE€ IPOHUCXOJHT,

NOCKOJIbKY H COAEPIKUT NPOU3BEJICHHE YETHOTO HYHCJA ONepaTopoB
noas. Ilostomy

T [He (v) Ha (v5)] = 6(v, — 1) Hy (1) Ha (1) -+
+ 0 (1, — 7,) Ha (vy) Ha (1) (9.12)
T—ynopﬂﬂoquHe He 3anarHBaeT B3dHMHOTIO paCHOJIO}KEHI/IH QOTHE-

CEHHBIX K OJHOMY BPEMEHH ONEpPATOpOB MoJs, BxoAamux B H; 370

PACTIOJIOKEHHE OCTAeTCsl HeM3MEeHHbIM. [103TOMYy yTBEpKIEHHE O BO3-
MOXHOCTH [IePeCTAHOBKH ONEepaToOpOB IOJ 3HAKOM T -NpOM3BEJEHUS
OTHOCHTCS JIMIIb K ofeparopaM A B 1leJ0M, HO HE K HX COCTABHBIM

HacTAaM.

* Tlox snakoM T-npousBenenus (kaxk H N-NpoU3BeleHUs) MOXKHO MEHSITb OPSIAOK
OMepaTopos, . BHIOHpasA IPH 3TOM COOTBETCTBYIOMMI ofmui 3Hak. Kak H B ciyuae
N-npousBefienusi, onmepaToprl, B KOHILE KOHUOB, GYAYT DACHOJOKEHH B HYZKHOM
(B IaHHOM CJIyyae XPGHOJNOTHMUECKOM) MOPsJIKE.
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Tenepnb B BuipameHuu (9. 11) MOXHO clesaTh 3aMEHY:
Hy(t) ... Hy(t)—> T [Ho(v) ... Hy(z,)]-
Ecsu npousBecTH pacuiupeHHe NpefesioB HHTEIDHPOBAHHS A0 HaH-
BBICIIIETO 3HAYEHHUA f, TO MOJYYEHHBIH HHTErpaJ MOXHO HpPEACTaBHTb
B BHJe CyMMH n! (O YHCJIY TEpPecTaHOBOK T, ... T,) HHTErpajioB

tuna (9. 11), oxasbiBaomuxcs paBHBIMH APYT APYTY. DTO MO3BOJSET
HamnucaTb

t t
Sttty = Vae, (o, [Hu(v) .. Hi ()]
to to

JJist uitocTpanuu paCCMOTpHM yneH ¢ n = 2:

S, = — 3 {jl dv, S‘ dv,H, 71) H, () +

o to

' ¢
s + 5‘ dr, 5 deﬂf; (ty) H, (T1)

RS —

31ech Mbl yunin coomomeHHe 9. 127. MeHHH BO BTOPOM HHTETrpaJje
3 Ts
NOPSALOK HHTETPHPOBAHUA Sdrl 50!12 Yd'c2 jdrl U Jenas 3a-
to Ty to

MeHy T, T, yGexmaemcs, 4To cJjaraeMmsle 82 paBHBI YT APYTY;
5TJ BO3BpallaeT Hac K npexHeMy BolpaxeHuwo (9. 11) ¢ n =

9. 4. B panpneiiiiem Hac 6yJeT MHTepecoBaTb S-MaTpuna, y Koro-
poii ofHa (uau o6e) 3 Besuuul ¢, {, 6eckoHeyHa. Peub HAET B IEPBYIO
ouyepens o coberBeHHO S-matpuie § (oo, -—cc). IloAcraBasia moay-
YeHHOE Bhille Bhipaxenue Ajas S, B Bbpaxkedue (9. 10), MoxHO
Hanucarp *

S — V ‘“” jdr duT|Ho(x) ... Ha(ry)] =
n«O
=Texp|—i | dwH, (v |. (9. 13)

— o0

[Nosenenue H’ () KaKk GyHKUUH T HOCUT B OOLIEM OCLH/IATOPHBIH
xapakrtep. [TosToMy HecoGCTBEHHBIE MHTErpasibl B Belpaxkenuu (9. 13)
He HMEIOT OIPEEIEHHOTO Npejlesia IpH CTPeMJIeHHH £ K oo B fy K —0O.
Jas upHjaHus >THM HHTerpasjaM OIIpele/IeHHOTO CMBIC/Ia CJlIeAyeT
BBECTH B IOJABIHTEIpaJIbHOE BHIPAXKCHHE B [I0KasaTe/le 3KCIOHEHTH

* S-marpuna § (00, —o0) 06o3HAYAETCH NPOCTO Yepes S,
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dakTtop exp (—&|t|) npu 6 —-+0. Mupimu cnosamu, cieflyer ciaenarsb
3aMeny

H, (t) > Ha (v)exp (—3 | T s (9. 14)

KoTopas B JajbHelimeMm Gyjer moapasymesatbcsi. IloguepkHeM, d4TO
HM OJHA M3 (M3HUECKH HAG/IONAaeMblX BENMUHH HE CONEPXKUT B Tpe-
gene & - 0 HHUKaKHX HeONpeJeJeHHOCTEH.

Hcnoapays BeipaxeHue (9. 14), MOXHO HamHCaTb OKOHYATEJbHO:

S =Texp {—%§d4xld4x2exp(—6]tll) X

XN [api () i (5) V (3, 52) b, (5 e ()] | (9-15)

3nech dix =dgdt;, V (x1, Xs) = V (g1, ¢2) 0 (f;—1,) (3anaspviBa-
HHMe He yuHuThBaercs). VIHTerpHpoBaHue MNPOU3BOAUTCA IO BCEMY
YeTHIPEXMEPHOMY IPOCTPAHCTBY. :

[Tomumo omnepatopa § (oo, —o0) HaM NPHUAETCS HMEThb JeN0 TaKKe
¢ oneparopoM 8 (0, —o0). CoOTBETCTBYIOWIEE BRIPAKEHHUE CONCPIKHUT,
OUEBM/HO, HHTETPHPOBAHME IO BPEMeHH B mpejenax or —oo jo 0.

9. 5. Hafinem cooTHoOlIeHHEe, BbIpaxkalollee 3aKOH COXpaHEHHs
SHEpruM Ha si3blke S-MaTpHibl. ¥YOeAnMcs Ipexjie BCero B TOM, 4TO
S ({, —oo) MoOXKeT OuITh NpeicTaBleHa B BHJE

t
S(t,—) =1+ | dvexp(Hym o x

- x exp (—iHyv)exp(—06|t]), (9. 16)

i ¢ — HeKOTOpHIl He 3aBHCsUil OT T oneparop. [ist JokasaTesb-
CTBA CPAaBHUM BeJHYHHBL

i %tg_ = iexp (iHt) o exp (—iH )

H.S = exp (iH ) H' exp (—iHt) X
H
X { S dvexp (iHyv) o exp (iH,v— 08 [T]) + 1}.

Jlesasi B NOCJENHEM BbIPAXKEHHH 3aMeHy T — ! - X, mojyuaem
exp (iHyt) H' X

0
X y dxexp (iH,x) o exp (—iHyx — 8|t 4 x|) + l}exp (—iH0).

B ripefene 8 — 0 3fiech MOXHO 3ameHuThb 8¢ -+ x| Ha 3 |x|; saTyxaio-
m¥il MHOMMTENb AAeT BKJAJ TOJbKO BOMM3H GECKOHEUHBIX MpENEJOB
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HHTErpHpOBaHus. Mul y6exJaeMmcs, 4TO oneparop ¢ AeHCTBHTEIBHO
HE SABHMCHUT OT BPEMEHH, NOCKOJIbKY OHO BbINAJaeT M3 CPABHHBAEMBIX
BLIpaXKEeHHH.

Paccmorpum mMatpuunbtit 3eMedT (Wo ()| S — 1| Wo(ny), re ¥o (n) —
cobcTBeHHast PyHKUUs onepaTopa F, ¢ coGCTBEHHLIM 3HAYeHHEM £y (s).
Hcnoabsys .Boipaxenue (9.16) ¢ # - oo ¥ COOTHOLIEHHS

exp (—iH ) ¥y = exp (—iE ) ¥,,
Woexp (iH,t) = Woexp (iE,1),

JIETKO TIPOBEpsieMbleé DPAsJIOXCHHEM B psJl, HETPYAHO BHAETb, HTO
MHTEPECYIOIHI HAC MATPHUYHBIH 3JE€MEHT IPONOPLHOHAJNEH BeJUUYHHE

0

‘S‘ exp [i(Eo(m)—Eo(n))t—altHdt =

— 208 (Eo gy — Eo o). (9. 16")
Takum oGpasowm, :
(Yo m|8§—1]¥o () =
b= 278 (Eo (m) — Eo () (Yo (my | 6| ¥o (ny)- (9. 17)

3aKOH COXPaHEHHMs 3HePrHH IMpOSIBJASETCS, TaKUM 06pasom,
B paBeHCTBE HYJII0O MaTpu4HOro ajiementa (9. 17) npu Ej (m) + Eo(n).
HupiMu  cnoBamu, cucTeMa B INpoOLiecCe CBOEH MOJHOH 3BOJIONHH
us cocrosinug Yo,y MOXKeT nepefiTy TONbLKO B COCTOSHHE TOH 3Ke
S5HepPrHH. DTOT BBIBOJ OTHOCHTCSI TOJIBKO K MpOIECCY TOJHOH 3BOJIO-
IHH CHCTeMBl OT —0 0 co. B camoM Jlesie, npu HaNMHYHH KOHEUHBIX
NpeiesioB MHTErPUPOBAHMsA B BoipaxeHuHu (9. 16’) Mol mosyyaem He
6-dbynknuo, a QyHKIHUIO, OTIHYHYIO OT HYJIs NPH JI0OBIX 3HAYEHHAX
pasHocTdH  Ey(my — Eo(n)-

Crenaem Ttenepb MHpeanoJoKeHre o ToM, 4to cocrosiune W,
SIBJISIETCS] HEBBLIPOKAEHHDBIM, T. €. 4TO APYTHe COCTOSIHHS TOH ke Hep-
THH OTCYTCTBYIOT. DTO NPEANONOKEHHE CIPABEIIHBO, BOOGIIE TOBOPS,
JJisi  OCHOBHOTO COCTOSIHHMSI CHCTeMBl (IO MOBOAY BO3GYXKIEHHBIX
cocrosinuit cm. § 21, 22). Ilpu sToM HEOGXOAMMO OTPAHMUHTLCH PAC-
CMOTPEHHEM CHCTEM C 3aNOJHEHHBIMH 00oJ04KamMu (cM. pasjaea 4. 3),
IJIsi KOTOPHIX YHCJa 3al0JHEHHMs 3aBHUCSIT JIHIIb OT SHEPI'HU yPOBHS.
Ecnu cpaBHHTB COCTOSIHUSI TAKOI CHCTEMBI, OTBEYAIONIHE OLHON U TOM e
3HepPruM, TO OKAaXercs, YTO OHM OTJIMYAIOTCS camoe GoJbiiee nepe-
CTaHOBKO# wacTull. Ilo cymecTBy e Mbl HMeeM JeJ0 C OJHHM COCTOS-
HueM. Munaue o6cront feno nis HesamosiHeHHBIX o6osiouek. IlycTs,
HanpuMep, CBEPX 3aMoJHEHHLIX O00/JOUeK HMeeTcsl OIHH 3aHSTLIH
ypoBeHb. MeHsis HanmpaB/ieHHe CIHHA COOTBETCTBYIOMIEH YaCTHIbI,
Mbl NPHXOJIMM K JIPYTOMY COCTOSIHHIO TOH K€ 5Hepruu (s IPOCTOTHE
CUHTAEM, 4TO CUJbl HE 3aBHCSAT OT CIIHMHA). :

Ilpennonaras sjfech U B JanbHelIeM HEBBPOXKIAEHHOCTH OCHOBHOTO
COCTOSIHHMSA CHCTEMbI, Mbl BHAHM, YTO M3 BCEX MATPHUHEIX 3JIE€MEHTOB
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(9. 17) ot/MuHBIM OT HYJs SBJIAETCA JIMIIb AMATOHAJILHBIA 3JIEMEHT
(Wom| S| WYo(n). YuurniBas oOuiee COOTHOLICHHE

S¥o (ny = ; (Yo (my | S1 %o (my) Yo (my,

MPUXOAYM K COOTHOLIEHHIO ,
SY,=(¥,|S|¥, ¥, (9.18)
YuuTeiBasi paBeHCTBO
— — 2
(Wo | TS| W) = 1= [ (¥, | S| ¥o) [%
HaxoJuM :
. # . —1I\p* ’
(SV)* = ¥ St = (¥, |S|¥,) ¥, (9. 189
[TonyyeHHble COOTHOIICHHS BBIPAKAIOT YCJIOBHE «YCTOHYMBOCTH»
OCHOBHOTO COCTOsiHMst cucTeMbl: QyHKIHA SYW,, ABdomanca HTOrom
TIO/THOM 9BOJIIOLLUH CHCTEMbI, COBMAJALT (C TOYHOCTHIO 10 HECYUIeCTBEH-
HOTO MHOXKHUTEJs1) ¢ ucxoaHo# pyuxuueit ¥,. PaccmaTpuBaemoe coctosi-
HHEe He MeHsercd, TakuM o0pa3oM, B INPOIECCE IBOJIOLUHU CHCTEMBL
9. 6. B nanbHelieM BO3HUKHET HEOOXOJUMOCTE [IEPEXO/a OT Mpea-

cTaBJIeHUs B3aNMOJEHCTBHUSA K mpeAcTaBaeHHIo [elizenGepra u o6paTHo.
CootsercTByIonMi onepatop mnepexoia U (em. § 2)

IIfr = UIFB’ '\IJF(X) = Uq)B (.Xf) v
HEIOCPEJCTBEHHO CBSI3aH C S-MaTpHLeH:
U=8(0,7)=87(0). (9.19)
Jna [oKasaTenbeTBa JOCTATOYHO BCIIOMHHUTD, UTO NpH ¢ = 0 BEJTMYHHLI
B 060MX paccMaTpUBaeMbiX TpeJACTaBJeHHsIX coBnajfamT. Ilostomy
¥, =¥, (0)=S0,0¥,0)
Coornowenue (9. 19) MOXKHO BbIBECTH M HHBIM CHOCOOOM, YUHTHIBas
cooTHonlenne (2. 9):
U = exp (iHt) exp (—iH,).
Jndpdepenuupys ero no £, HeTpyAHO ybenuThes, uro U yioBierBopsier '
TOMY e ypasHenuto, uto u § (0, ). Bmecrec reMm npu £ = 0 U = 1,

T. €. moJHocThio coBnanaer ¢ § (0, £). AHaJorH4HEIM 06PA30M MOMKHO
Jl0Ka3aTh ¥ 00Ilee COOTHOLIEHHE

S (¢, t,) = exp (iH ) exp [—iH (t — t)l exp (—iH); (9. 20)
OHO, OJHAKO, fiBJsercsi HeyRoGHBIM BBUAY HaANH4Y{sA B [OKasaTene

9KCHOHEHTH CYMMbl HEKOMMYTHpYylouinx omepatopos Hy u H'.
TaxuM o06pa3om, MOXKHO HaNHCaTh

Y. =80, )V, (), 9. () =80,)%,(x) 87 ©0,2). (9.21)
B uvactHocTH, noJgaras { — —o0, NOJAYYHUM :
Y. =80, —) ¥, (—oo).
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Beanyuna ¥, coBmajaer ¢ He 3aBHCsEH OT BpPeMeHH 4YacTblO
TOYHOH LIPEJAHHTePOBCKOH BOJHOBOH (QYHKUMM cHcTeMbl. [lostomy
MOXXHO. HamucarThb

(Ho+ H' — E) 8 (0, —c0) ¥, (—0) =0, (9. 22)

rae H' = H (0) — raMuIbTOHHAH B3aHMOJEHACTBHSA B NMpEJCTABJIEHHUH

[Ipeaunrepa; £ — HCTHHHAS SHEPTUs COCTOSIHHS.

Jast HaxoXJeHUs1 TOYHOH BOJIHOBOH (QyHKUUU cHcTeMbl ¥ Hcfo-
CTATOYHO 3HAHHUSL S-MaTpHIBL; HYXKHO €Ile PAclojaraTb BhIPasKeHHEM
nis BosaHoBol dynknuu ¥, (—oo). Bee nocaenyromee paccMorpenue
B 3TOM maparpade OyJeT MOcBSIIEHO 3TOH GYHKILHH.

Hcxons u3 cooTHonieHus (9. 14), MOXKHO 3aKNIOYUTE, 4TO ¥, (—o0)
JOJIXKHA COBNAJATH ¢ BOJIHOBOY (y HKIHEH HYyjieBoro npubamxenns ¥,
B camom Jene, npu ! > —oco ramuabpToHHaH (9. 14) sddexktusnO
CTPEMHTCA K HYJI0, H KODPENSLMOHHOE B3aUMOAEHCTBHE MexKIy
JACTHILAMH CHCTEMBI OKashlBaeTcsl BHIKJIOUeHHbM. [lo mepe Bospacra-
Huss ¢ 3T0 B3aHMOJelicTBHe O6eCKOHEYHO MeJIJICHHO, ajHabaTHuecKu
(mpu & — 0) BKJIOYaeTcsl, H Mbl NPUXOJAHM K PeaNbHOMY COCTOSTHUIO
cucteMul. Ilpu ¢ -> oo B3aMMoOJelicTBHE TaKiKe MEJJIEHHO BBIKJIIO-
YaeTCsl; MO 3TOH NPUYHHE JOJKHLI COBNAAAThL TakXKe GyHKIHH ¥, (4 o)
u ¥,. Bce aTu coo6pakeHHst COCTABJISIOT COlepKaHNe TaK HAa3bIBAEMOil
agvabaTUyecKoOHd THIIOTE3LI.

Cyu1iecTBEHHBIM ABJSIETCA BONPOC O TOM, KAKOE HMEHHO cocTosiHue ¥,
COOTBETCTBYET Ipu f — —co JJ@aHHOMY, B 4YaCTHOCTH OCHOBHOMY
cocrosinuio ¥,. MoxHO mpHBeCTH HEKOTOphble JOBOJHEI B I0JIb3Y TOTO,
yro ¥, omucpiBaeT TakkKe OCHOBHOE COCTOSIHME CHCTeMbl, HO IpH
BHIKJIIOYEHHOM KOPPeJSiHOHHOM B3aHUMOJEHCTBUH.

C srtoit wmennio oTmeTHM, uTO dakrop exp (—O|f), Bxopsmmil
BO B3aHUMOJCHCTBHE, HAapyuaeT CTAILHOHAPHOCTL COCTOSIHHH CHCTEMBI.
Onnako npu 6 — 0 MOXKHO TOBOPHTb O «IIOUTH CTAllHOHAPHBIX® CO-
CTOAHMAX, XapaKTePHCTHKH KOTOPHIX OECKOHeYHO ¢j1aGo 3aBHCAT
OT BpeMeHH. B uacTHOCTH, SHEPTHUSi COCTOSIHHS TaKKe 3aBHCHT OT Bpe-
MEHH, KaK OT mapamerpa. JTa 3aBHCHMOCTb, Pa3yMeeTcsi, OTCYTCTBYeT
NPH PAacCMOTPEHHH KOHEYHBIX HMHTEpPBAaJIOB BPEMEHH, HO CTAHOBMTCSH
CYILIECTBEHHOH NpH { —» *occ.

CymecTByeT o6uasi KBaHTOBOMEXaHHYeCKasi TeOpeMa 06 OTCyT-
CTBHH Te€pEeceYeHns] YPOBHEH IHEPTHM, 3aBUCSAMIMX OT OXHOTO mapa-
MeTpa M OTBeYaloluX OANHAKOBOH cummeTpud [24 1. UubiMu cioBamu,
NPH BHITIOJIHEHHH YKa3aHHBIX YCJOBHH YPOBEHb, KOTOphIHl ObLT Hau-
HUBINMM NpPHU OJHOM 3HAYEHHUH MNapamerpa, OcTaHeTcs TaKOBbIM MpPHU
JI060M JpyroM 3HaueHUH 3TOro napamerpa. CoBepUIEHHO SICHO, YTO 5Ta
TeopeMa JaeT OOOCHOBAaHHE BHICKA3aHHOMY BHINE YTBEPKAEHHIO:
OCHOBHOH npu ! = 0 ypoBeHb OCTaHETCS OCHOBHBLIM W NIPH [ — —co.

Yro xe KacaeTcsi CHMMETPHH pPacCMaTPHBAaEMBIX COCTOSIHHH,
- TC Ias peuleHHs 3TOTO BONPOCAa MOXKHO HCIOJNb30BATh CJEAylomee
o6cTonTenbeTBO. Kak NMpaBu/o, OCHOBHOE COCTOSIHHE CHCTEMBI HMEET
MaKCUMa/IbHYI0 COBMECTHMYIO C JaHHBIMH BHEWIHHMH YCJIOBHSIMH
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cummerpuio. [ToaTOMy paccMaTpUBATh BONPOC O NEpEceYeHHH ypOBHeH
YMEeT CMbICJ JIMIIb B CJydae HX OAMHAKOBOW, WMEHHO MaKCHMaJbHOH
CUMMETPHH.

9. 7. llpuBesieHHBIE B INPeJbIAYIIEM paslene cooOpaKeHUs Hy-
MIAITC B JONOJNHHTEIbHOM O0GOCHOBaHUH. Kcmosnb3ysi pasioxenue
S-Marpuibl B psiji TEOPUH BO3MYLIEHHIl, MOXKHO NPOBECTH GoJjiee CTPO-
roe paccMorpeHue. I103TOMy JUIst JIOKa3aTe/bCTBa COBHAACHHS yHK-
nuit ¥, (£o) u ¥, Heo6X0UMO, 4TOOH pPa3soXeHHe COOTBETCTBYIO-
[IMX BeJUYMH B GECKOHEYHBIA pAlL MO H’' xauyecTBeHHO HE MEHAJO
cuTyanuu *.

Mp mokaxkem, 4to ¢yukuusi W, (—oo) YROBICTBOPAET CJELYIO-
LIeMy YPAaBHEHHIO (€ro BbIBOA CM. B pasfene 9. 8):

_ 0 o
{%(H0 - STHS) + 5 S 1—2%~E}‘I’B(—oo):0. 9. 23)

Bxoasimil ciofia napaMerp A MMeeT CJEAYIOmHA CMBICA: HYXHO
3aMeHHTb raMuabToHuan K’ Ha AH’, BejeicTBHe uero S-Marpuia
craner pyukuuedl A. ITocse npoBeleHHsT BceX BHIKJIANIOK CJEAYET TOJIO-
JKUTb A = 1; BesinunHa O 3Jech ¥ HUXKE CTPEMHTCSA K HYJIO.

V6eanmcs Tenepb B ToM, uTo gynkuus ¥, Takxke yAOBJACTBOPSET
ypasrenuio (9. 23). Bocnosbayemesi ¢ 3T0fl LeJNpi0 YCJIOBHEM yCTOH-
yusoctd ¥, (9. 18) u ypasuenuem H, ¥, = E,¥y:

-1 . —1QY o
SH SV, = E,S$7'8Y, = E¥,.
Jasee, nockoibky ¥, HE 3aBHCHT OT A, MOXHO HanucaTb

- as 4 0 0
§7 (B w, = §71 5 (SY) = 5 I (F, [V,

. -1 dS§
UpesBeIuaiiHO CYLECTBEHHO, YTO omepatop § Id_x CBOJUTCA MU

nericteuu va ¥, K c-uncay, T. €. Y, apjasercs co6CTBeHHON hyHKIHEH
3Toro oneparopa. B pesynpTare mojiyuaeM ycJoBHe, NPpH BHITOJHEHHH
xotoporo ¥, yaoBieTBopsierT ypasHeruo (9. 23):

6 0
E—E,=—"5—-In(¥,|S|¥). (9. 24)

DTO COOTHOIIEHHE MOXKET caMo no cebe CAYXKHTb AJIsl ONpelesIeHHs]
KOpDPEeNsAMOHHOH sHepruu cHcremsl [78]. B jpanbmeifimem Gyner
nokasano, uto (¥,|S|¥,) MAeHcTBATEJbHO HMEET IpH Majbix O
Bug exp [Ly/d], tme L, (M) Hexkoropas, He 3aBHcsmas oT O BesH-
yyna. Takum o6pasoM, pasHocTs E — E, umeer B mpefene 6 — 0
BIOJIHE ONpEleJIeHHYI0, HE PaBHYIO HYJI0 BEJHUYHHY.

DTo NPHUBOAMUT HAC K BhIBOAY, uTo ¥y u ¥, (—oo) oTBeyaror ogHomMy
¥ TOMY K€, 10 YCJIOBUIO HEBLIPOXK/JCHHOMY YPOBHIO SHEpTu#, T. €.

* OCTOPOXKHOCTb B 3TOM CMEIC/IE CJleLyeT COO/MIONATh MPH HAJHYHMH CBA3AHHOIO
COCTOSIHMS, XAPAKTEPUCTHKH KOTOPOro 3aBHCAT OT H’' HeaHaJUTHUECKHM OGpasoM. -
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[pPOCTO COBNAJAIOT APYT C APYTOM C TOYHOCTBIO JO HECYLIECTBEHHOIrO
($as0BOr0 MHOXKHTeJS.

OxoHYaTeNbHO BBIPAXEHHE JJIsi BOMHOBOH (YHKHHMH CHCTEMBI
MOXKHO 3anHcaTb B BHJE

Y. = 8§(0, —) V¥, (9. 25)

rae ¥, — BonHOBast pYHKIHSI OCHOBHOIO COCTOSIHUSI CHCTEMBI B NpH-
6auxenun Xaprpu — Poxka. Eme pas nopuepkueM ¢Gu3HUeCKHil
CMBICJI 3TOTO COOTHOWEHHA. IIpn { = —oo KOppensiiHoHHOe B3aHMO-
JAeHCTBHME OTCYTCTBYET, CHCTeMa HaxoAutcs B coctosHuu W, ¢ cob-
cTBeHHLIM 3HadeHueM E,. [lpu Bospacranuu ! B3aumoneficTBHe Mej-
JIEHHO BKJIIoYaerca u X Momenty ¢ = O ¥, nepexoaur 8 ¥, — tounyio
BOJIHOBYI0 (DYHKLHIO CHCTEMBI C COGCTBEHHBIM 3Hauenuem E.

AHasornyHoe COOTHOILICHHE CYHIECTBYET M Al MOMEHTOB f = ()
ut= oo

W, = 8+ (0, 0) ¥, = 8 (0, @) ¥, (9. 26)

JokasniBaercst oHO TeM ke crnoco6oM. B oGoux coorHomenusax (9. 25),
(9. 26) umerorcs eute (pas/iuuHbie) GpasoBie MHOKHUTENH. OHH BBIIAAAIOT
U3 OKOHYATEJBHLIX pPE3yabTATOB, HMEIOIIHX MNpaAMOH dusndecKuit
CMBICI.

9. 8. Ilpusejiem B 3aK/I04eHHE JOKA3aTeNbCTBO ypaBHenus (9. 23),
OCHOBBIBAsiCh Ha COOTHOILIEHWsiX, AaHHBIX B pabote [80]:

[H,, $(0, — )] = —H'S(0, — o) | i§ 350 =)

(9.27)

[H,, $ (o0, 0)] =8 (c0, O H — i 22520

(BLIBOJ 5THX ypaBHEHHH OyJeT AaH HuXe). ¥ MHOXKas ypasHeHue (9. 23)
cineBa Ha § (0, —oo) 1 pasbuBasg S-MaTpHILy COMNIACHO COOTHOIIIE-
nHo (9. 7) Ha comHOXKHTeNMN § (00, 0) U § (0, —o0), HETpyAHO C yue-
TOM BbipaxkeHHs (9. 27) cBecTu ypaBHeHHe (9. 23) K pacCMOTPEHHOMY
BhlilIe ypaBHeHH1O (9. 22).

Jlokaxem Tenepnb nepsoe cooTHoinenue (9. 27) (BTopoe BeIBOJHTCS
aHanoruyHeiM obpasom). PaccmoTpuM ¢ 3ToH He/Nbl0 KOMMYTaTop
[Hy, 8§ (0, —)1, nojicrapisis B HEro passoxkeHue S-MaTpHUIBL:

o

0
]
[H,S 0, —o)] = > 0 {an, . ar,
n=1\ —o0

X exp (6 21,-) K. (9. 28)

I

rape

K, =T [Hy, Hy(v) ... H, (v,)].
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Tockonbky H, He 3aBHCHT OT BPEMEHH, €ro MOXHO BHECTH NOJ| 3HaK
T-npoH3BeJCHHA. :

lamunbToHHad H, mpU KOMMYyTaluH c JIIOObHIM ONEPATOpoOM B npel-
CTaBJIeHNH B3aHMOAEHCTBYUS NPHBOAKT K AuddepeHUHPOBAHHIO 3TOTO
oneparopa mno BpeMeHH. IlosToMy MOXKHO HamHcaTb

K, — —in a% T [Hi(v). .. Hi(ty)]-

31ech HCNOJAb30BaHA, BO-NEPBLIX, CHMMETPHs NOABIHTETPaALHOTO
BoipaxeHust (9. 28) OTHOCHUTENBHO IEPECTAHOBKH TOYEK Ty ... T,
H, BO-BTOPHIX, BO3MOXKHOCTb NEPEMEHb MECTAMH CHMBOJIOB 0/0T u T
B cAydae NpPOM3BENEHUS] OJHHAKOBLIX COMHOXKHTeJeH. ITy BO3MOXK-
HOCTb TpOILE BCETO YCMOTpeTb B mpocTefimeM caywae n = 2. dug-
" a0 (i .X)
¢depenuupys Beipaxkenue (9. 12") v yunThIBas COOTHOIIEHHE ————— =

Ox
= =+ (x), HaxoaUM

(52T =T o) Hu(v) Hu(v) = 8 (1, — 1) [Ha (), Ha(x)] = 0.

31ech MCIOAB30BAHO TO, YTO H3-3a Hajnuuyus O-QYHKIMH BO3HHKaeT
KOMMYTAaTOp IBYX PaBHBIX ONEpaTOpOB; 3TO, CCTECTBEHHO, MPUBOAMT
K HYJIEBOMY pe€3yJbTaTy.

Unterpupys Boipaxenue (9. 28) mo nepeMeHHOH T, MO YaCTAM,
MOXHO HamucaTh cjefymomee Boipaxkenue ais [H,, 8 (0, —oo)l:

] n

0
_ anl ,

CT 0| dvy. . du,exp |8 X 7 | AHL (0) X
=] —o0

n—1)! -

0
% T [Hy(w) ... Hy(t)]—8 | dv,...dv, x

n

Xexp |8 X v | AT [Hy(vy) ... Hy(t,)] .
1

TlepBoiil uieH atoro Bolpaenust coBmagaer ¢ —AH, (0)§ (0, —oo).
a8 (0, —o0)

OA :
BeTcTBYolee AudbdepennrpoBande ofecrneynBaeT NPaBHUIAbHBIA UHC-
JIEHHBIH Koa(puilieHT, [06aBjsiss B YHCAUTENE HEOOXOAMMLIN MHO-
KHTENb N.

Bropo#i uneH MoxKeT ObiTh 3anucaH B BHAe iOA Coor-

§ 10. CBEPTKH ONEPATOPOB

10. 1. Tlpexze yem nepexoiuTh K JajibHefieMy npeo6pasoBaHUIO
BHIDAXKEHHS sl S-MaTpHUIlBl, HEOOXONMMO pAacCMOTpeTh TaK Hasbl-
BaeMble CBEPTKH ONEpPaTOPOR B IPEACTABJIEHHH B3aUMOJEHCTBH,
ofpelessieMble COOTHOLIECHHEM

F\F, =T (F\F;) — N (F\F), (10. 1)
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rae F,, . — oneparopsl mnosia Y uaH Pt *. YuHThBas COOTHOLLIE-
gue (9. 12) # Bbipaxkenue s N-npousselieHHs JABYX ONEpaTOpOB,
MOXHO HaIHCaTb

F v(xl) Fy(xy) =
. (Fi (), Fy(¥%)qy) L, > 1, 1
— Fi (%), Folxg) o)) 6 <<ty J

T

—
Orcrofia BHAHO, YTO CBEPTKH ONepatopoB P H P+ TOXAECTBEHHO
paBHBl HYJIIO (CM. pasjes 8.5), a cBepTKa omepaTopoB ¢ U P+ mpej-
craBjgeT coboi c-4ucsio. ITo nocsefHee CBOHCTBO NMO3BOJAET 3aUCATD
¢ yueToM BhipaxeHus: (8. 11)

Y () $F(xg) = (Vo | T [ (%) $F ()] | ¥y ). (10.3)
Ilpu mepemeHe MecTaMH CBEPTHIBAEMBIX ONEPATOPOB CBEPTKA MEHSET
3HAK!

(10.9)

Ty (10 4)

[IpuBenem siBHoe BblpaxeHue st cBepTku (10. 3). TloacTraBasis
B cooTHowenue (10. 2) Berpaxkenus (8. 8), moayuyum

P (;1-)\113+ (xy) = 2 X: (92) %v (q1) €Xp [—ie, ({, — 15)] X

{Iﬁnvt1>t2 (10.5)

—ny, b <t

[lpu ¢, —t, — —0 cBepTka coBmajaer ¢ OAHOYACTHYHOI MATpHILEH
MJIOTHOCTH CHCTEMBbI.
Haiizem ypaBHeHue, KOTOPOMY MOAUYHMHSIETCSl CBEPTKA. 3amuiliem
¢ 3ToH menwto Bolpaxenue (10. 3) B siBHOM BHpe:
Y (X)) Pt (xg) = 0 (8 — 1) (Vo [T | ¥, ) —
' _6(12_t1)<1}f0l1p+1p[11f0>,

YunuteiBass ypasHeHue (9. 2) aas P, cooTHomenue 90 (=1)/0f =
= #*0 () u cooTHOweHHs: KoMMyTa KU (9. 4) IpH OAUHAKOBBLIX Bpe-
MEHaxX, MOJYYUM

(it T W) % ()t (v) =i (,—x),  (10.6)

rae 8% (x) = 8 (1) 8(x). Bemmumna Go (xy, x5) = —itp (3) P+ (¥o)
SIBJISieTCsI, TAKHM 06pasoM, dynkuueil I'puna ypasmenus (9. 2) mas
oneparopa P (x). Ee naspiBaroT cBoGoaHO# ¢ynkuueid [puHa.

—_——
* B § 10—14 peur Gymer MATH MCKMIOUHTENLHO O MpeACTABAEHHH B3aHMONeH-
CTBUSI, I03TOMY HHAEKC «B» Y COOTBETCTBYIOLIHX BeIHYHH GYJeT ONylieH.
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dyuxkumo I'puna, orBevaromyio yeiosusM (10. 5), yaoGHo noa-
BeprHYTH (ypbe-NpeodpPasoBaHHIO N0 PasHOCTH.t; — ¢, = T *. Tlony-
yaeMasi IPH 5TOM BeJHYHHA

L

Go(qy, g2.8)= | dvG, (xy, Xy) exp (ier)

—o0

JIETKO BLIYHCAAETCH C YUETOM COOTHOIIEHH, NMPHUBEJCHHBIX B MPHJO-

Kennu B:
j' exp (iat — 01)dt = ﬁ
3 ‘

0
j‘ exp (fut + 8t)dt =

——o0

.,
a—1id °

B pesyabrare umeem
Gy (91, o 8):2 X: (92) %v (q1) X
v

e  —ny Ny
. e — &y —i0 |

4
| e—gy 08

JIJIS OCHOBHOTO COCTOSIHHSi CHCTEMBI, Tle n, = 0 (8, — &), MOXHO
HanucaTp **

Yo (02) Xy (91)
Go(g192 &) = Z & ey - i0sign (ey — €7) " (10.7)

Hunst onHopogHo# cucteMsl Gg (¢, ¢, &) 3aBUCUT IMIIb OT PA3HOCTH
npocrpaHcTBeHHBIX Koopawuar. Cosepuiasg Qypbe-npeobpasoBaHue
> -> >

N0 X; — Xy == §, HMeeM
Go(Pr €)oo, vers = § dEG, (g1, ur ) exp (—ip E).

HoxacraBasia B coornouienne (10. 7) Boipaxkenue (4. 20), nonydum

Gy (p. ¢) =— ITALRS . (10. 8)
e — ep -+ idsign (p‘2 — p%) ‘

* Ilpn OTCYTCTBHH NEPEMEHHOrO BO BpeMeHH BHeLIHero mojs ¢yHKuus I'puna
3aBHCHT TOJbKO OT 3TOH DPA3HOCTH, HO He OT {4 H [, MOPO3Hb. ’
** 3nech sign (x) — 3mak  BesMuHHE  x: sign (x) = 1 (x>> 0), sign (x) =

= —1(x< 0).
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Bo BceX TMNPHUBEACHHHIX 3[€Ch BHIPAXKEHHAX O — MOJOXHTENAbHAS
GeCKOHEUHO MaJjiasi BeJH4YHHaE.

10. 2. ®yuxuus 'puHA MMeeT CPaBHHTENLHO NMPOCTOH BUJ TaKiKe
B CJlyYyae Me/JIEHHO MEHSIONErocss B NPOCTPAHCTBE CAMOCOIJIACOBAH-
Horo moJs. Peub WIeT o mNocTpoeHHM BbpakeHHs LISt GYHKIHH
I'puna B npubnmxenud Tomaca — ®epmu (cm. § 5).

3anuiueM npeasapuTeNbHo Boipaxkenue (10. 7) B cUMBOJHYECKOM
onepaTopHoil ¢opme. Ilonaras

(T + W) v (q) = Ey)v (Q),
HMEEM

Gy (g1, G &) = {e—(T+ W), + 16 x
X sign [(T + W)y, —e,]}710 (g, — qs)- (10.9)

[loyueHHOE coOTHOIIEHHE AaeT cBOGOAHYIO ¢yukuuo I'puna B npu-
6muxennn Xaprpu — Poxa; kKak M B ciyyae MaTPHILBl TJIOTHOCTH,
€r0 NPOCTOTA ABJACTCH HIUIIO30PHOH BBUAY HEKOMMYTAIHH BXOSIINX
B 3HaMEHaTeJb ONepaTopOB.
Ecii BHITIONHEHEI yCI0BHS IPUMEHUMOCTH NpHGamKenHs Tomaca—
Depmu, TO 3TOM HEKOMMYyTallMell MOXKHO npenebpeun. Ilepexons
-> >

K (Qypne-o6pasy no pasHOCTH X; — X,, HaiileMm

olczérlrg

& — &, (x1) + I8 sign [8_, (%) — SF] :
p p

Gol T, re) = 0 (10. 10)

N
3lecb x; MrpaeT poJas mapamerpa, oT KOTOPOro ¢1a6o 3aBUCHT (hYHK-
uusg G,.

Ecin ofHOBpeMeHHO MOKHO NpeHeGpeyb 1 06MeHHbIMH adpexTamu,
TO TIONyYCHHLIE COOTHOUICHHS €Ie YNPOCTSATCS. BBOAS rpaHHUHBL
UMIYJabC p3 (x), CBSIBAHHBIA C & (¥) coorHomeHneM

2 2
P — py ()
8—; (x) = T SF,
Haxoium
C > > >
d3p exp [z’p(x — X, )]6 8
Gy (q1) 42 &)= 277 010 T, . (10. 11)

7 32
e ep——[—p# ~+ 0 sign [pQ—Pg(Xl)]

B rtom xe mpuGnuxenun s TIOALIHTErpaJbHOM Bripaxkenuu (10. 11)
MOXHO cllesaTh 3aMeHy pg (x1) - p2 (x,):

d3p exp [L; (;1 —}2)] 6010'26171172 (16 [2)
- p2_p2 . N .
e — SF_~[«2+(X2)] + 0 sign [Pz*fp(?, (xz){

GO (qI’ q27 8) =
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> ->
B camoMm zenie, 3(eKTHBHOE 3HAUEHHE PASHOCTH Xy — Xy ~ Vp ~
~ 1/po. Tlpy BbHIMONHEHHH YCJOBHsi KBa3HKJIACCHYHOCTH

pg (%9) — p(QJ (%) ~ l }1 - }2 ‘ Vpg (%)) ~ EP(QJ (x) & pg (xy)-

Buipaxkenusmu (10. 11) u (10. 12) ynoGHo monnsoBaThes sl pac-
yera KOPPeNALHOHHBIX 3(Q}EKTOB B CJ1a60HEONHOPOMHBIX CHCTEMAX.
OnHako, Kak 6yjieT nokasaHo B § 15, mpHBeICHHBIE BLIPAXKEHUS MOXKHO
HCIONB30BaTh Ml KOPPEJNsLMOHHBIX pACUETOB IPH  BLINOJHEHHU
He TOJILKO OOLIYHOTO YCJIOBUS KBA3HUKJACCHYHOCTH, HO H €ll€ OAHOTO
ycioBHsl, B psAle caydaeB Gosiee KecTKOro.

10. 3. Hccaenyem H3HUECKHH CMBICJ CBEPTKM ONEPATOPOB.

3anuieM BhlpameHHe Aas QyHKUMH [puna B BHIE

Gy (X1 Xg) = — i <1F0[‘l?(x1)¢+(x2)iq;o)f1>l‘2,
oW n X2l =T gt () () [ W ) £y <t

PaccMOTPHM cHauasa BEPXHIOW cTpouky. OnepaTop Pt (x,), AeHCTBY A
Ha W, IPMBOJUT K POMKIEHHIO YACTHILbl B TOYKE §5 B MOMEHT t, (yHuu-
TOKAIOWAS YACTH HTOTO OepaTopa He AaeT BKJaja). B nocnenyromuit
MOMEHT £, 5Ta 4acTHL@ YHHYTOMKAETCsl B TOUKE gy, H CHCTEMA BO3Bpa-
laeTcs B HCXOAHOE COCTOsiHMe. Bo BTOpOi CTPOUKE B MOMEHT ty
B TOYKe ¢, POKJAaeTcsi ApIpKa, KOTOpas 3aTeM (B MOMeHT [,) YHHYTO-
XKaercs B TOYKE g

Takum 06pasoM, MOXKHO CKa3aTb, YTO (YHKIIUA ['puHa onuchIBaeT
TPOLECCH PACTIPOCTPAHEHHS: YACTHUBL M3 TOUKH X, B Xy W JIbIPKH.
B 06patHOM HamnpasieHuu. I1osToMy QYHKIHIO I'puHa HepeLKO Ha3hbl-
BalOT (YHKIMEHl pacnpocTpaHeHHsi. IJTO PacnpoCTPAaHCHHE HOCHT
NpPUYMHHBEL XapaKTep: DOXKJEHHE BCErja MpeeCTBYeT yHHUUTOXKE-
1Hi0. Eciiu 661 BMecTo T-TIpOHSBEJeHHs CTOsIIO OObIYHOE TPOUSBEACHHE
OmepaTopoB, 3TO BaKHEHIlee CBOMCTBO 0KasanoCh 6K yTpadeHHBIM.

HeTpyaHo BUAETH, 4TO QyHKUHsA ['puHa paBHA C TOYHOCTHIO A0 MHO-
KUTeJlsi MaTPUUHOMY 9JIEMEHTY MepPEXOfia, OTBEUAIOIEro pacnpocTpa-
HeHHMI0 B YKasaHHOM Bolute cmbiciie. JIefiCTBHTEJNBHO, BOJHOBAS
YHKIMs CUCTEMBI C YACTHLEH B TOUKE ¢ B MOMCHT {, paBHa, OYEBUIHO,
¥ (xy) = PT (x5) ¥o. MaTpuunpiii 1€MeHT nepexoia

(F* (x) ¥ (o)) £ > 1o

W ecTb, OueBHMAHO, GyHKuUMs I'pHHa.

Pacnpoctpanenye yXoGHO H306paxarh rpaduuecku. Coorser-
CTBYIOIME [MpaBuia BXONAT COCTABHOH 4YacTblo B AHArpaMMHYIO
TeXHHKY, KoTopasi OyJer TOAPOGHO- H3JaraTpCsl HUIKE. IIpocrpan-
CTBEHHO-BPEMEHHyI0 Touky X GyJeM u300paxaTb Toukol Ha rpaduke
(puc. 3, @), Tie MO FOPU3OHTANH CJIeBA HANPaBO MPOBELEHA OCh Bpe-
MeHH. PacnpocTpaneHHe YacTHilbl, ONHUCHIBAEMOE G,, 6ynem H306pa-
’aThb HaTnpaB/IeHHOH JHHHKEH, COeNHMHAIOWEH TOUKH Xy H Xy (£2 < fy).
AHaNOTHYHO PacNpPOCTPAHEHHE JAbIPKH OMHCHIBACTCSA JaupHedl, uAymen
OT X; K X, (t > t;). O6e 3T AHHMHM HUMEIOT ofulee HampasJieHHe
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¢ OCbIO BpPEMEHH, YTO COOTBETCTBYET MPUUHHHOMY XapakTepy pac-
[pOCTPAHEHHS.

BoAbIIMM HEYNOGCTBOM TAKOro H306pakeHHsi (QYHKIHMH pacmpo-
CTpaHEHHs FBJIAIETCS 3aABMCHMOCTH HANPaBJEHHSA JHHIH (0T X5 K X3
HaA¥ HA060pPOT) OT COOTHOLICHHSI MEXAY BPEMEHAMH TOYCK Xy H X,.
310 HEyNOOGCTBO JIETKO NpPeojiosieTb, NMPHHHMAsA YCJIOBHO, HTO JAbIpKa
pACNPOCTPAHSETCA OT TOYKH CBOCTO YHHUTOKEHHS K TOUKE POMACHUA,
4 HANPABJSAS COOTBETCTBEHHO NHHHMIO ALIPKH (pHC. 3, 6) OT TOUKH X,
K X;. TeM caMbiM JOCTHraercsi BbIOOp €IHHOrO HamnpaBJCHH:A JHHHH
GYHKIIHM PacrmpoCTpaHeHHs JJis o6onx cayuaeB f, < t; U ty, >1,

ty<t, X N2>ty
a
ZZ X2

> 1

/, XN 5
L) X2

t

Puc. 3

COBMNAJAIOIIEr0 C Hanpab/ieHHeM pacnpocTPaHeHHs dYacTHlbl. XoTd
IIpH 3TOM Hamnpas/eHHe PacHPOCTPaHEHHs ALIPKH OKa3biBaercs Hpo-
THBOTIOJIOXKHBIM HaTPABJICHUIO OCH BPEMEHM, HM O KaKOM IPOTHBO-
PeurH# ¢ MPHHIHIOM NPHYMHHOCTH TOBOPHTH, Pa3YMEETCs, HENb3sd,
TaK Kak NPUHSTOE YCJOBHE HMMeeT YUCTO (POPMajIbHBIA CMBICA. ITO
ycioBUe, Kak OyJieT BUAHO M3 JajbHeHIero, o6ecneuyHBaeT KOMIAKT-
HOCTb rpadMuecKoro amnmnapara TEOPHH. ,

10. 4. B 3akJioueHde OTMETUM, UYTO IIHPOKO INpHUMEHsBIIHECH
B NpelbiAylUieM pas3jiesie TEDMHHBL «POKACHHE B TOUKE», K(YHHUTOKEHHE
B TOUKE», «PACMPOCTPAHEHHE OT TOYKHM K TOUKE» He CJIEAyeT MOHUMATD
CJIIMIIKOM OYKBAaJbLHO.

uOnepaTop P+ (q,), HefictBys Ha BakyyMmHyio ¢yHkiuno W,
HelCTBHTENLHO JAaeT COCTOsIHHE, OTBeualonee JiOKaJiH30BaHHOHN
B TOUKe ¢, yacTHie. DTOro, OJHAKO, HeJb3s cKasaTe 00 omeparope,
AelictByiomem Ha ¥, — BOJHOBYIO (PyHKIHIO CHCTEMHI.

TloBTrOpsist paccyxkaenus, npusefeHHbIE B pasjene 3. 4, HO HCMOJb-
3ya BhipaxKeHHe JJis1 oneparopa B BHJe (8. 3), NpPHXOAHM K BhIBOLY,
4TO BOJiHOBas (PYHKLHMS B KOHODHIYPAIHOHHOM IIpEJCTaBJEHHH OKa-

3blBaeTCs1 pPaBHOH 2(1—’%) xv(G0) %v (§). DTO BHIpameHHE YiKe
b4
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He paBHO O (¢ — ¢,). MoxHo ckaszaTh, uTo 8-06pasHBIi BOJHOBOM-

naKeT HeH30eXHO AoJkeH Oplil Obl BKJAKUATL B ce6st COCTOSHHA,
KoTopele B ¥ yiKe 3anosHeHs! YaCTHIIAMH, YTO, OUEBUIHO, HEBO3MOXKHO
u3-3a npuHnuna [layau.

C ¢usuyeckoil TOUKH 3pEHHS ITO O3HAYAET, UTO MONBLITKA JOKAJH-
30BaTh YACTHIY TIpUBefieT K Takoll Goabuiofi HeonpeleeHHOCTH
B UMITyJIbCE, YTO COOTBETCTBYIOiILeHl 9HEPIHH XBATHT HA POXKJIEHHE OXHOM
(unu MHOrux) nap. BosHHKamlee TpH 3TOM COCTOSIHUE HE HMeeT
HUYero OOILEro ¢ HHTEPECYIOIHM HAC COCTOSIHMEM OAHOU JIOKAaJIH30-
BAHHON YACTHIILL.

Takum 06pa30M, cTporad JokKajau3dainus 4YacTHIbl B TEOPDHUH MHOTHUX -~

JACTHUIL B0061U,€ HeBO3MOKHa. Ho 3To HH B Kakoi Mepe He JeJaeT Henpu-
TOJAHBIMHA TNPEALIAYIME pPaCCYZKIACHHS. ILHH MMOCTPOEHHUSA II0JCBOTO
anilapaTta BHIOJHE JOCTATCUHO TPAKTOBATH IPOLECC pacnpoOCTpaHEHHSsT
B TOM YCJIOBHOM CMBICJIE€ M C TCMU OTOBOPKAMH, KOTOPbIC OblH clesianbt
BbILIE.

§ 11. TPAGUYECKOE MNPEACTABJIEHUE 3JIEMEHTOB
MATPHLILI PACCESIHM A

11. 1. Bepremcsa x S-maTpuue H pacCMOTPUM IOJYYEHHOE B pas-
Iejie 9. 3 ee BblpaxkKeHHe B BHAe CyMMbl 7-NpPOH3BEJEeHHH. JTO BhIpa-
KeHue HeyJoOHO Mo cJefyolWell NpHYHHe.

Kaxnoe ua T-npousBeJeHUIl CONEPKUT BCEBO3MOMKHBIC ONEPATOPHI
POXKJEGHHST ¥ YHHUYTOXKEHHS, DAaCIOJOKEHHbE B CaMOM DasJIHYHOM

MOpsJIKE OTHOCHTENBHO APYT Apyra. [losToMy Npu 3BOMIOLHUE BOJHO- .
BOH (DYHKIIMH cHCTEMLI BO BpeMeHH -S-MmaTpuiua, AefctBysa Ha W (f,), -

He TOJIBKO YHHYTOXKAeT Te YaCTHilbi, KOTOPHE UMENHCh B COCTOSHHH
W (ty), U poXKJaeT Te YaCTHIIBI, KOTOpHIE [OJIKHBI MPUCYTCTBOBATH

B ¥ (), HO ¥ HPHBOAUT K POMKACHUIO U NOCAEAYIOUIEMY YHHUTOKEHUIO

JPYTHX YacTHI, HE UMEWINNX HUKakoro otHomeHus K ¥ (£o) u ¥ (f).
Hanpumep, npoieccy nepexofa U3 Ha4aJbHOI'O COCTOSIHHS, Tie GbLIO
JBe YACTHILHI, B KOHEUHOE, IJie TAKKe HMEIOTCs [Be YacTHILLI, OTBeYaer
He TOJIbKO WjieH S-MaTPUlibi, CONEpKAaIHii

+ ot
YW P P

HO U 4/I€H, CKaxeM, THIa

+ +-
BiH WP bo vt -

37ech MocieHHe iBa OMepartopa NPHBOAST K POXKACHHIO U NMOCJENYIo-
[IEMY VHHYTOXKEHUIO HEKOTOPOH «JIUIIHEeH» YACTHILHL.

O1H "WJINIIHHE» YacTHIb! [¥MX HA3bIBAIOT BHPTYAJbHBIMH B OTJIHYHE
OT peajibHBbIX uacTul, npucytersyrowux B ¥ (£,) wau ¥ ()] urpaior

CYIIECTBEHHYIO POJIL B HHTEpPNPETAIMH BBRICIIKX YJICHOB psAla TCOpHH

BO3MYIEHHH H He MOryT ObITh YCTPAHEHBl M3 ammapara TEOpud.
OnHakKo cnoco6 uX onucaHus B TepMHHAX T-NpoM3BEIeHHs HeyHoOeH,
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[eno B TOM, 4YTO NpPH TAKOM ONHCAHHH peajbHble M BUPTYyasbHbIE
yacTHIIBEl BLICTYNAIOT COBEpLIEHHO paBHonpasHO. [loaTomy, Hanmpumep,
3ajiaya 00 OTBICKaHUM TOIl yacTH S-MaTpHIB!, KOTopasi OTBeyaeT AaH-
HOMY TPOLECCY INepexofa peaNbHbIX YacTull *, CTaHOBUTCH KpaliHe
CJI0XKHOU BBHIY HaJH4Ms B BhIpAXKEHMHU Jjisl S-MaTpULLI ONepaTopoB
KaK peajbHbIX, TaK H BHPTYaJibHbIX YaCTHIL.

OxasbiBaeTcsi BO3MOXKHLIM IpHBeleHHe S-MaTpHIbl K Takol gopme,
rie GUrypHUpYIOT ONEpaTopbl POKAEHHS H YHHUTOKEHUS TOJBKO peasn-
HpIX uacTuil. UTo xe Kacaercs BUPTYaJ bHBIX YACTHL, TO UX POXIEHUE
H IOCJeAyolee YHHUYTOXKEHHE ONUCHIBAIOTCS NPH 3TOM C-UHCJIaMH
(BBeJeHHBIMH BblIIE CBepTKaMH omnepatopos). CBAsaHHOE ¢ 3TUM
yIpOILEHHE amnnapara OuYeBHAHO, B YaCTHOCTH, BLIOOP 3JeMeHTa
S-MaTpHIlL, OTBeYalomero XaHHOMY TMpoIeccy, NPOH3BOJAUTCS Heno-
CPeACTBEHHO MO BHAY BXOMSIIUX B 3Ty MAaTpHIy ONEPATOPOB.

JLiist BUPTYaJIbHBIX YACTHIL (BUPTYaJbHBIX JBIPOK) XapakTepHO TO,
4TO ONepaTop HX POXIeHH:A 00g3aTesbHO CTOUT CIIpaBa OT COOTBET-
CTBYIOLIETO OMNeparopa YHWYTOXKEHHs. B NpOTHBHOM cayyae Takast
yacTHia 06s3aTeJbHO A0MKHA Obla Gbl NPHCYTCTBOBATH B HAYaJbHOM
H KOHEUHOM cocTOsIHHsAX. HopwmasbHoe mnpoussejeHHe ONEPaTOPOB
(cM. § 8) xapakrepmsyercs Kax pas oOpaTHBIM HX PAaCHOJOKEHHEM.
[losTomy wuHTepecyioumee Hac npeo6pa3oBaHne S-MATPHLBLL CBS3AHO
¢ BO3MOXKHOCTBIO MNpejcTaBleHHs 7T-nmpou3BeleHHs B BHAE CYMMB
HOPMAJILHBIX TPOU3BEACHHH OmepaToOpOB.

11. 2. Tlokaxem, uyTo npHBefeHHe T-NPOU3BEJEHHSI ONEPaTOPOB
K CyMMe HOpMAJIbHBIX NPOU3BENEHUH BCErAd BO3MOXKHO M BLINOJHSETCA
C MOMOUIBI0 HPOCTHIX NPABHII.

JIias mapet onepaToOpOB MBI YK€ HMEJIH COOTHOILEHHE KE€JaeMOoro
Bujga [cm. Beipaxkenue (10. 1)1

T (FFy) = N (FF,) - FyFyN (1), N (1) =1. (11. 1y

IlpaBusa nOCTPOEHHs! aHAJOTHYHBIX COOTHOILEHHH B obuleM ciyuae
JaioTes CAeAYIOMHMY ABYMs TeopemaMmu Buka.

1. T-npousBeJieHHe ONEpPaTOPOB IMOJs MOXKHO NPEJCTaBUTb B BHJE
CYMMBl HOPMAaJIbHBIX INIPOH3BeJleHHH, BLINOJIHAS CBEPTHIBAHHE BCE-
BO3MOXHBIX map omepaTopoB. OOmUH 3HAK KakAOTO U3 TAKUX cJa-
TaeMplX ONpeJeJsieTcsl UMCJIOM IepPecTaHOBOK OIEepaTOpoB, HeoGXxo-
IHMBIX JAJsl TOro, 4TOOBl CBEPTHIBAEMbIE ONEPATOPBl CTOSJIU PSAOM:

~
T(FF, ... F)=N(F.F, ... F,) + F,FoN(F; ... F,)—
—~~ o~ L~
—F,F;N(Fy ... F)+ -+ + F,FoF,F,N(Fy ... F)+--- (11.2)

S~
3necy F,F, — ceeptka onepaTopoB Fy u F,.

* S-MaTpuIa ONMCLIBAET BCEBO3MOKHBIE IPOIeCchl Mepexoa. Hacts S-MaTpuusl,
OTBeqaromas JaHHOMY TpPOLECCY, HAa3bIBAETCS 5JeMeHTOM S-MaTpHUB Tpolecca.
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PaccMOTpHM COOTBETCTBYIOILHE NpHMEp *:
T ()P P @)Y (DI =NIp* (1) $*(2) ¥ (3) b (4] +
H GG, DN (2) % (D] —iGo (4, DN [$* (2} (3)] —
—iGo(3, 2)N[$* (1) b ()] +iGo (4, 2) N [$* (1) b )] -+
+ Gy, 1)Gy(4,2)— G,y (3, 2)G,y(4, 1).
3Jech HCIIOJB30OBaHH oOnpefeneHds ¢yHKUuH I'puna:

P - - -
Y ()Pt (2) = —Pp* (2 (1) = iGy (1, 2). (11. 3)
CeepTKH OCTaJbHLIX Nap ONepaTopoB PaBHHI HYJIIO.

C caMoro HauaJjia noji 3HaKkoM T-TpoU3BeleHUs MOTYT CTOSATbH HOp-
MaJibHblE TPOH3BEACHHUS. _

2. Jlaa takux cMemianubix 7-Npou3BeleHHl Npebiayllas Teopema
ocTaercs B CHJIe; OJHAKO HYXKHO OIYCTUTb CBEPTKH T€X OMNEPaTopoB,
KOTOpHIE ¢ €aMOT'0 Hayaja CTOAJH IIOJ 3HAaKOM OLHOrO H TOro XKe
N-npoussejeHus.

B uwacTHoCTH,

TIN$T(MYQINMW B D) =
=N ()P 2T @B) Y (4] —iGy (4, YN[ (2) $* (3] +
+iGy (2, N[ (1) b (D] + G4 (4, 1) Gy (2, 3).

11. 3. llepeiiiem K JoKasaTeJbCTBY TeopeM Buka, ucnosn3ys
METOJL UHAYKIHHU.

[lepBasi Teopema clpaBefiiuBa /sl JBYyX OIepaToposB. IIpenmnogao-
UM, UTO OHA HMeeT CHJy JIJIsi TPOU3BEJEHHs A ONepaTopoB, H pac- |
cmorpum T (Fy . .. F,F,,;). bes orpannuenus OOGIHOCTH MOXKHO

CuHTaTh, YTO BpeMsi onepartopa F,,; NpEALIECTBYET BPEMEHH OCTa/b-
HBIX OmepaTopoB **, 4TO N03BOJISIET NEPENnHCcaTh HHTEPECYIOINY0 Hac

peanuuny B Buge T (Fy ... F))F, 1.
[Mpumensis Kk T (F, ... F,) Teopemy Buka, MOXKHO -IPHBECTH

T (Fy...F,)F,,; K cyMMe UJ€HOB, KaXJblii H3 KOTOPLIX COACPKHT
npoussefenne oneparopos tuna N (.. .) F,,,. Paccmorpum xapax-
TepHbIl uned Takoro tuna N (Fy ... Fy) F,., (B < n) 1 moxaxeu,
4TO HMEET MeCTO PaBEeHCTBO ;

N(F, ... F))F,,,—N(F, ... F,F,,,))=2, (11. 4)
rie

_—~ L

S=FF, NF ... Fk—l):Fk—1Fn+1N(F1

oo FyoF) 4+ oo (= DERF, N (Fp ... Fy).
Sro yTBepKAeHHEe PaBHOCHIbHO Teopeme Buka pasa T (FyFy . .. Fuo -

* 3nech ¥ HHXKe OU(PPOBOIH apryMeHT 3aMeHseT cOG0H COOTBETCTBYIOMYIO MPO-
CTPAHCTBEHHO-BPeMeHHY0 TouKy: (1) == xq, (2) == x, H T. L.

** B § 9 yxe YIOMHHAJIOCH O BO3MOXKHOCTH [EPECTAHOBKH OMEPATOPOB MOA 3HA-
koM T-TIPOHSBENEHH C COOTBETCTBYIOHIAM H3MeHeHHeM 3Haka. I1osToMy AO/KHON
TIePeCTAHOBKON H NepeofO3HAYEHHEM ONEPATOpPOB BCErjfia MOKHO NPHBECTH T-mpowa-
BejieHHe K BHAY, HCIOJIb3YEMOMY B TEKCTE. -
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Jlns goxasartesibcTBa pasobbeM F, ., Ha POXKJAAIOULYI0O H YHHYTO-
JAIOUYI0 YacTH H TNpeJCTaBUM JIeByI0O 4YacTb Bolpaxenus (11.4)
B BHIE )

N(Fy ... FyFopiopy— (DN (Fapip Fy - F). (11.9)
YHHUTOXKAWIIAA Y4acTh onepatopa F, ., Kak JIerKo BHJIETh H3 Olpe-
neneHnst N-npoussefeHHsi, BooOlle Bhinajaer H3 Bupaxenus (11.5).
Byzem Terepb nmepecTapJsTbh HampaBo onepatop Fpyi(y) BO BTOPOM
ujene Boipaxenust (11.5) amsa Toro, 4roObl MPHBECTH €r0 K BHAY
nepBoro useHa. IIpu 3TOM HyXHO YYMTHIBATH MpaBHJA NEPECTAHOBKH

{Fop1 (o Fy) = {Fati (4 Fi (o) = FiFnq,

BoiTekaomue u3 Boipamenuil (10. 2), (10. 4) u ycaoBua £, < f;.
[1pou3BOAsi MEPecTAHOBKY HYIKHOE YHMCJO Pas, MOMXKHO JOOHUThHCs
KOMIIEHCALMH TIEPBOTO ujena Buipaxenus (11. 5); ocraBmuecs YjeHH
0Ka3LIBAIOTCH B TOUHOCTH PABHBIMH X. ITHM U HCUEpHBIBAETCA JOKa-
3aTeNILCTBO MepBoil TeopeMsl Buxa.
Jns MJUIIOCTpanuM paccMOTpuM T-npoHsBefleHHe Tpex omnepa-
topoB T (F,F,)F;, KoTopoe pasfuBaercst Ha CyMMY Y/IEHOB:

N(Fle)F3+F1F2F3:N(Fle)Fa‘i“FleN(Fz)-
Hmeem
N (F\Fy) Fy — N (F\FoF5) = N (FyFy) Fs oy — N (Fs () FLFy).
Tocneauuil yjeH npaBOd YacTH MOMXKHO NPENCTaBUTb B BUAE
—F1F3N(F2) +F2F3N(F1)_N(F1F2)F3(+)-
. Tagum oépasoM, OKOHYATEJbHO MOXKHO HANHCATb
T (F,FyF;) = FUF,N (Fy) — FiF3N (Fy) + FoF'sN (Fy) = N (FUFLFy),
4yTo, OYEBUJAHO, HaAXOJAHUTCA B IIOJHOM COOTBETCTBHMH C BbIpaxe-

nuem (11. 2).

Bropas Teopema chpaBeijuBa Juis  T-IpOM3BeJeHHH  THNA
T[N (F)) Fy...F,]l. Byiem cuuraTb €e HME[OWEH CUIy JUIsl IPO-
usepenuit T [N (F, ... F) F,s, ... F,] n paccMoTpuM BeJHYUHY

TIN(Fy...Foi{)Fpss...F,l Ilpumenss nepsyio Teopemy Buxa
K BXOJAIIEMY ciofia N-TpOM3BeJeHHIO, T. €. 3anuchiBas €ro B BHJIe

T (Fy...F,,;) — X', npeicTaBuM 3Ty BeJIMUHHY B BHJE

TIT(Fy ... Fo,)Fppg ... Fl—T QX Fpyp ... Fy), (11. 6)
rie %’ — cyMMa BCEBO3MOXKHBIX NPOHM3BEJCHHH CBEPTOK ONEpaTo-
poB F,...F,,, Ha cooTBeTcTBylomHe N-Npou3BelicHUs, MNPUYEM

YHCJIO COMHOKHTEeH B NOCJEHIX He npeBbiaer k. 1o 3Toi npuunHe
KO BTOpPOMY ujieHy BbipaxkeHuss (l11. 6) MOXKHO NPHMEHHTb JOKa3bl-
BaEMYIO T€OpeMy, YTO NO3BOJIMT BHIPA3UTH €ro B BH/E CyMMbl IPOU3-
BeJleHHIl BCEBO3MOMHEIX CBEPTOK omepatopoB Fi... F,,, Mexi1y
Co60ii, CBEPTOK 3THX ONEPATOPOB C OCTaJAbHBHIMH omeparopamu u N-
NpoU3BeleHHil OCTABUIMXCS ONEpPaTOpoB. PaccmMaTpuBaeMblil 4JeH
. COJIePIKHT BCEBO3MOXKHBIE CBEPTKH onepaTopoB F; . .. F,.,, npHueM
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KaxJoe €ro cjaraeMoe BKJAIOYaeT 1O KpaiiHell Mepe OJHY TaKyio
CBEPTKY. '

UTto xacaercs nepsoro uinena Boipaxenusi (11. 6), to cumBoa T
BHYTpH T-TmpoM3BeJeHHs MOXKHO ONYCTHTb ¥, M IO MEPBOI TeopeMme
Buka npuileMm X COBOKYIHOCTH YJIEHOB, COJEPIKALIUX BCEBO3ZMOXKHLIE
CBEPTKH BCeX 6e3 HCKJ/OUeHHs omnepaTopoB. BTopoil usien Boipaxe-
nus (11. 6) ckoMmeHcHpyeT Te YJjeHBEl 3TOH COBOKYIHOCTH, KOTOpbIE
cojlepaT XoTa Obl OAHY CBepTKy onepaTtopoB Fy... F,., JIpyr
¢ ApyroM. TakuMm ob6pa3oM, K3 pacCMaTPHUBAEMOTO BBIpaxKEHUA JAeH-
CTBHTEJbHO BLIMAJA0T CBEPTKH ONEPATOPOB, CTOSIIUX IOJ 3HAKOM
N-npousBesenus.

PaccmorpumM B KawecTBe  WJIOCTpauuu  T-mpouU3BefeHHe
T [N (F,F,)F;]. 3anuuem ero B Buje

T (F\FyFy) — FiFyF,
U IPHMEHHM K NepBoMy 4ieHy Teopemy Buka. [Ipu sTom uneH co cBepr-

Ko# F,F, mosHOCTBbIO BHIMAJAeT U3 Pe3yJsibTaTa.

11. 4. [Ipumensis Teopemy Buka K pasioKeHHIO S-MaTpHULH
no T-npousBefileHUsAM **, MOXKHO NPEACTABUTb IOCJAEJHIO B BHIE
CYMMBI YJIEHOB, KaXKJAbll U3 KOTOPBIX COAEPKUT onpejesieHHoe N-1po-
UBBEJIEHHE omepaTopoB noJas P u Pp*. Kaxisl# U3 3THx onepatopos
B CBOK OuYepejib SIBJAETCS CYMMOH COOTBETCTBYIOIIHMX ONEpaTopoB
POXKJCHHUS H YHHYTOKEHHS. YUMTHIBas 3TO, MOXKHO IpPEACTaBHTb
S-MaTpuLly B BHAE CyMMbl UYJIEHOB, cojepkauux N-mpousBepeHue
ONepaTOPOB DOXKIEHHUST H YHHUITONREHHST P(+), ll)?;). IDTIM uJjieHaM,
KOTOpHie OBLJIM Ha3BaHBL BLIIlE 3JeMEHTaMH S-MaTpHIEl, YAOOHO
TIOCTaBUTb B COOTBETCTBHE OIpefeJeHHEIM 00pa3oM IIOCTPOEHHbIE
JuarpamMmel (rpadukH), OIHCLIBAIONIHE COOTBETCTBYIOIMIH MpOLecC
nepexoja.

Copmyaupyem ofinue npaBuia NOCTPOSHHST AHATPAMMbL. DJICMEHT
S-MaTpPHUBl CONEPIKHUT CJAEAYIONHE CTPYKTYpPHbIC YacTH: oneparopsl

10Jifl, OTHECEHHEIE K COOTBETCTBYIOMIMM MPOCTPAHCTBEHHO-BPEMEHHBIM
ToukaM ***, cpepTKH (W14 cBOGOJHLIE GYHKIKH ["pHHA) U NOTEHIHAJBL

* BuyTtpenunit cumposi T M3JUIIEKMI, TAK KaK H 6€3 TOrO NPOH3BEJEHHE Oneparo-
POB GyJeT PACHONOXKEHO B XPOHOJIOTHUECKOM MOPSJKe.
** B S-matpuuy sxoast T-1pOU3BeAeHHS He OIePaTopoB M0/, 4 'aMHJILTOHAAHOB

B3aHMOJel CTBHA HB’ CoJlepxKamKXx IPOH3BEJEHUE ONEPaTOPOB IOJA, OTHECEHHBIX

K ORHOMY MOMeHTy BpemenH. IIpumenenne Teopem Buka x takomy T-npou3sBeleHHIO
He NPHBOJAHT B oflleM cIyuae K ONpefieNeHHOMY Pe3yJbTaTy, TAK KaK CBePTKa BXO-

,

Asmux B M, onepatopos HeGNHO3HAUHA NPHU COBNAJAIIMMUX BpeMenax. B paccmarpu-

BaeMOH cXeMe, OAHAKO; HET HUKAKHX TPYIHOCTeH, IIOCKOJIbLKY, C ONHOH CTOPOHHI,
.

Bbiop H' B Buge (8. 1) nossossier sanucath f, B BHJE HOPMAIBHOIO IPOM3BELEHHS

onepatopos [cM. BuipaxenHe (9. 5)]; ¢ Apyroft CTOPOHH!, COrJIACHO BTOPOH Teopeme
Buka, cpepToiparh omepatopsl BHYTPH N-IpOM3BeieHHs le ciefyeT. STO JOMO0JIHU-
TEJbHBIH apryMenT B 0JIb3Y BoiGOpa npubaukenus: XapTpu — PoKa B Ka4ecTse HyJe-
BOTO TNPHOJHXKEHHS TEeOPHH.

*** DTH onepaToOpbl HA3LIBAIOTCS ONEPATOPAMH CBOOOAHEIX KOHLOB AMATDAaMMbI.
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B3aUMOJEHCTBHS. DTHM BEJIMUYMHAM CTABATCS B COOTBETCTBUE Ipaduue-
ckue o6pasnt (puc. 4).

Kaxkplii NpOoCTPAaHCTBEHHO-BPEMEHHOH apryMeHT X;, BXOJAIIMH
B ONEpATOPbl MOJs, CBEPTKH H MOTEHLHAJbl, H300pakaercsi HAa rpa-
duxe Toukoir (ysnom). Kaxiomy oneparopy mosst Yy (X;), Py (1)
CTABUTCSI B COOTBETCTBYE CTJIOLIHAS JHHUS (JIMHHS CBOGOIHOTO KOHILA),
ynupaouiascs oJHHM KOHIOM B TOUKY X; M APYTHM yxofjsmas B Gec-
KoHeyHOCTb. Kawjoit ceeprke iG, (X;, X;) COOTBETCTBYET CIIOUIHAS
AMHMs (BUPTyasbHast JIMHHSY), COCAUHSIOMIAs TOUKH x; U x;. Haxorer,
KaxkJoMy TOTeHuyany BaaumopeiicTeusa V (x;, X;) CTaBHTCH B COOTBET-
CTBHE TYHKTHPHAS JIMHHsSL (IHHUA B3aHMOJSHCTBHSI), COELMHSIONLAs
TOUYKH X; U X,

{ X/
- o o

R -
) Qf:){lﬂ, %_:)(l’k) t GD(XL’XJ) V(Iiil_/)

A X; z, X

Puc. 4

CresaeM HeCKOJIbKO OOIIMX 3aMeyaHH#, Kacalomiuxcs CTPYKTYpPbI
auarpaMmel. To, 4TO TOJHOE YHCJIO YacTHIl CHCTEMBI B IMpoliecce
B3aUMOJEHCTBHUsI He MEHsieTCsl U, CJiellOBAaTe/NbHO, OCTaeTrcs HeH3MeH-
HOIl pPa3HOCTh MEXK/Y UHCJIOM YACTHL M ABIPOK, OOYCJOBAUBAET OTCYT-
CTBHE KOHIOB Yy CIVIOWIHBIX JIHHHH JAuarpaMMsl. JTH JHHHH JHOO
YXOIAT B GECKOHEUHOCTh, JHOO 06pasyioT 3aMKHyTsle neTaun. OO6puB
CIJIOIIHOM JIMHMM B KaKOM-JHGO yaje o03Hauaj Obl POXKIACHHE HIIH
YHHUTOMKEHHE YACTHILI (IBIPKH) B HTOM y3Jje, 4TO IPOTUBOPEUUIO Obl
YHOMSAHYTOMY BBIIIIE 3aKOHY COXPAaHEHUA.

PaccMartpuBas n-i yseH passioKEHHs S-MaTpHIBEl B DSl TEOPUH
BO3MYIIEHH, HETPYJHO BHJIETb, UTO YHCJO Y3JIOB B COOTBETCTBYIOMUX
AHarpaMMax paBHO 271, a YHCJ/IO JHHHH B3aUMOACHCTBHSI — A Yucao
JIMHHUH cBOGONHBIX KOHIOB F (06513aTeJIbHO YETHOE), KaK ¥ YHCJIO BHP-
TyaJbHBIX JuHHHA V, MOXKET GbIThL pasiMYHBIM AJd PasHbIX MPOLECCOB.
Oznako Mexnay F, V u n umeercs mpocras CBsi3b!

2V - F = 4n.

11. 5. B cdopMy/siupoBaHHBIX BHILIE NpaBUJax yeTbIpeM pasJHy-

HBIM OTIepaTOpaM CBOGOAHKIX KOHIIOB P4 (X) U TP(+¢) (x) 6Bl MOCTaBJIEH
B COOTBETCTBHe OJMH rpaduueckuil obpas — JHHUS, COEAHHSIOMAS
TOUKY X ¢ GECKOHEUHO yJajeHHOH ToukoH. [IJisi mojydeHusi B3aHMHO
OJIHO3HAYHOTO COOTBETCTBHS MEKJAY MPOIECCOM Inepexofia H JIHa-
rpaMMoOfl 3TH npaBujia HEOOXOAHMMO JOMNOJHHTb, 4TO JOCTHraercs
BBEJICHHEM TOHSTHA HANPABJEHHsT W OPUEHTAILHH CIIOMHON JIHHUH
rpaguka.

Kak 6puio npuusito B pasfene 10. 3, pacnpocTpaHeHvue YacTHIbI
u3obpaxaercsl JHHUEH, HANpaBJCHHOH OT TOUKM POMKJEHUS YACTHILBL
K TOUKe ee YHUUTOMKEHHU s, 9TO HaNpaBJeHHe COBNA/IaeT C HANlpaBJIeHHEeM
ocH BpemeHH. PacrnpocTpanenue AbIpKHU cjeflyeT uaobpaxkaTh JIMHHUEH,
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HaNpaB/CHHOH OT TOYKM YHHUTOXKEHHS ABIPKH K TOYKE ee POXKIeHHH,
4TO MPHBOJUT K HANPABJEHHIO, IPOTHBONONOXKHOMY OCH BPEMEHH.

Bri6epeM pas H HaBcerja Hanpas/ieHHe OCH BPEMEHH CJieBa HANPABO
U BOpEAb Ha JuarpaMme usobpaxkaro ee He OyjaeM. Hanpasienue
3BEHLEB CIJIOMHOH JHHHUHM O6yleM o603HayaTh cTpejikamu. Pacmnpo-
CcTpaHds H3JOXKEHHble B MNpeApayunieM absane npaBHJaa Ha JHHHH
CcBOOOJHBIX KOHIOB, MOXHO Ha JMarpaMMe BHJETb, C YacTHHEeHd HJH
AprKogl) MBIl HMEEM Jie/I0 M O POXK/JICHHH WJH YHUYTOXKEHHUH HJET pedb
(puc. 9).

X X X X

-—

Y-, Y )y Y70 Y72
Piuc. b

JIMHHUst cBOGOJHOTO KOHIA, OTBEYAIOWASl YHHUUYTOKEHHIO UYACTTHILbE
(omepatop ¢ (x)(.)), HOMXKHA MMeThb HampabjeHue, obmee C OChLIO
BpEMEHH, U JOJKHA KOHYAaThCsl B TOYKE YHHUTOXKeHusi Xx. JIunug,
OTBEYAIONIAsl POXKJEHHIO YAcTHLLl (omepaTop ' (¥)4)), HMEA TO XKe
Hanpas/ieHHe, JOJKHA HAUYHHATHCA B TOYKE DOXJAeHUsA X. JIHHHu#,
OTBEYaIomasi YHHYTOKEHHIO ABIPKH (onepaTop $ *(x)—)), Ao/KHA HMETh
HanpasJeHHe, MPOTHBOMOJOXKHOE OCH BPEMEHH, H HAYHHATBHCA B TOUKE

Puc. 6

yuudtoxeHus: x. HakoHen, JMHHS, OTBEYaOIas POXKAEHHIO ABIPKH
(omepatop ¥ (¥)(r)), HMes TO Ke HanpaBjIeHHEe, LOJIXKHAa KOHUYATLCHA
B TOouKe poxJeHHs x. Tak pewaerca sajaya O MOJYYEHHH B3aWMHO
OJHO3HAYHOI'O COOTBETCTBHS MEXAY 3JIeMEHTOM S-MaTpHIBl U JAHa-
TpaMMOH. ,

HanpagJenue BUpTYanbHOM JHHUH JHarpaMMel BBIGHPAETCsA B COOT-
BeTCTBHHM C NpaBHJaMH, chOPMYJHDPOBAHHLIMH B pasfgene 10. 3.
OTH npasusia NPUBOJASAT K €IHHOMY HANpPaBJIEHHIO 3BEHbEB CILJIOMIHOM
JIMHHH; UHBEIMH CJOBAaMH, HUKAKas Napa COCCIHHX 3BEHLEB HE MOXKET
HUMeTE BCTPeYHHIX HampasJseHHH *. Ecau Mpl HMeeM JieJIo ¢ He3aMKHY-
TOM CIJIOWIHOH JiMHWeH, TO 3TO €JAHHOE HalpaBJ/ieHHE ONpejessiercs
HanpaeJeHHsIME CBOGOAHBIX KOHLOB, T. €. THIOM mpouecca. Ecan xe
CIJIOIIHAS] JIMHHSI 3aMKHYTa, TO BO3MOXKHLI JBa NPOTHBOIOJOXKHBIX

* B COOTBETCTBHH C 33KOHOM COXDaHEHHA DA3HOCTH YHCIA YACTHI, 4 HBIPOK
YHHUTOXEHYE 4YaCTHUH B Yy3Jie 00s3aTe/bHO CONPOBOXKJAETCA POXKJAEHHEM YacCTHLH
HWJIA YHUYTOXKEHHEM LHIPKH B TOM e y3je, M B Tom H B pyroM ciyyae HanpasJieHue
BJIOJIb CIJIOLUHOM JIHHHH OcTaeTcss eXHHBM (puc, 6).
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HanpasJieHHs ee o6xona. OkasbiBaeTcsi, 4TO BO BceX cjydasix dJe-
MEHTBl S-MaTPHILB COJlep3KaT Naphl YICHOB, OTBEYAIONIUX AHATPAMMAM
¢ JABYMs MNPOTHBONOJOXHBIMA HANpaBJACHHAMH O00XOJa 3aMKHYTHIX
nerejb. TakuM o6pasoM, U B 3TOM CJyduae HHKAKOH HEOJHO3HAUHOCTH
B NPHMEHEHHH OOCYXAaeMblX NMPABHJ HE BO3HHKAET.

['oBOpsi 0 BHPTya/ibHHIX JIMHHSAX AHATPAMMbI, HEOOXOAHMO 3ame-
THTB, UTO BBUAY HHTETPHPOBAHHS 110 KOOPAHHATAM U BpEMEHH KaKIOro
y3Jla COOTHOLIEHHME MEXKJAY BPEMEHAMH, BXOASIUMU B (YHKIHIO
pacnpocTpaHeHHMsi, MOXKeT ObITb NPOH3BOAbLHLEIM. COOTBETCTBEHHO
MOXET OBITb Pa3/iMUHON M OpHEHTAUUsl BUPTYaJabHOH JMHHM OTHO-
CUTEJILHO ocH Bpemenu * (puc. 7). IlpunsATto, onHako, H306paxaTh
Ha Trpaduke Haubosee NPOCTYI0, HEU3JOMAHHYI KOHGUTYPAILHIIO
auHn#. Tlocnenyiomee HHTErpHPOBAHHE MO KOOPAMHATAM H BPEMEHH
NpUBEieT K aBTOMATHYECKOMY Y4YeTy Bcex
BO3MOXKHOCTeHl TaKOro poja (moipobuee boot
oM. §192). , L ¢

12

I, >ty

Puc. 7

B 3akaoueHve OTMETHM, YTO JIHHUIO B3aUMOJEHCTBHS, KOHIIBI
KOTOpOH OTBEUalOT paBHbLIM BpEeMEHaM, €eCTEeCTBEHHO HaNpaBJsiTh
NepHeHAUKyJJASPHO OCH BpeMeHH. B cielyiouieM mnaparpage Mol
NoAipo6HO pacCMOTPHUM IPHMEPHl, HJJIIOCTPUPYIOULNE H3JOKCHHbIE
npaBHJa.

§ 12. NPOLLECCHl HHUBLIET0 MNOPSAAKA

12. 1. [lepexofiuM X CHCTEMATHYECKOMY H3Y4YEHHIO 3JIEMEHTOB
S-MaTpuubl HU3IIEro NOpsifka. DyJdeM MoKa MJIsi MPOCTOTH CYHTATh,
410 V sIB/ASIeTCSl HE OMepaTopoM, a C-YHCJIOM.

Haynem ¢ npoueccos nepsoro nopsinka no H' (n = 1). Corsacho
Bolpaxkenuio (9. 15):

8§ = — [d1d2exp (—3814,)V (1,2,
(12. 1)

T = TN [$* (1) $* (2) ¥ (2) (D).
3nece cumBoa dl o3Hauaer d*x; = dg,dt,. CornacHo BTOpOH TeopeMe
Buka, 310 T-mpousBefieHHe MOXHO 3aMeHUTb N-NpoH3BeIeHHEM

COOTBETCTBYIOIHX ONEpaTopoB noss. Pasjaras mocielnee Ha CyMMy
YIieHOB, KaxK/[blii H3 KOTODLIX fIBJISIETCS [POH3BEIEHHEM OINepaTopoB

* Hso6paxeHHnii Ha pHC. 7, @ NPOLECC CONEPKHUT BUPTYAJbHYIO YaCTHLY,
Ha puc. 7, 6 — BHPTYAJBHYIO JAHPKY (B TOYKe X, POXKAAercs Mapa, 4acTHUA YXOAHT
B GyRyliee, ABIPKa aHHHTHJIHDYET C NMEPBOHAYATIbHOH uacTuueil).
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POMKJIEHHST ¥ YHHUTOKEHHs!, IPHXOLUM K COBOKYMHOCTH 2¢ = 16 une-
HoB. COOTBETCTBYIOIIHE JUarpaMMel YIOOHO pasjesinTh Ha CAeAyomlue
TPU KJjacca.

1. Tlpouecch paccestHHsi, OTBEYAIOUME JBYM ONEPATOPAM pONKJE-
HHsl ¥ JBYM YHHYTOXKEHUSA:

a) Y+ (D v Qe ¥ @ ¥ (D
6) b (D $ 2 T (2o ¥+ (D

B) — b+ (D ¥ @ ¥ () ¥ (s
) — Q¥ Dep ¥ (Do $ (2
B P (Ve ¥ Dep P (2o ¥ @)y
) ¥ (2 P i ¥ (Do b (-

JluarpaMma Ha puc. 8, @ ONNCHIBAET MPOIECC DACCESHHA UACTHIEL
Ha wacThue, HA pHC. 8, 6 — JABIPKH Ha AMPKA. Uersipe CJELYIOMIHX

| | |
| | |

6 e

1 <
|
|

<

P Puc. 8

Yo

AMarpamMmel (cM. puc. 8, ¢ — ) OTBEYaioT PacCesiHHIO YaCTHIDBL Ha
apipxe. [pu ToM AMarpaMMel Ha puc. 8, 6, 2 OTBEYaioT NPOCTOMY
paccesiHHIO, KOIla JacTHUa M AbIPKa, YHMYTOXKAsiCh B COOTBETCTBYIO-
[eM Y3Jie, «BO3POXKJAANTCS» Kaxkjas B TOM Xe ysJe. O6a 3jeMeHTa
S-MaTpHUIE!, COOTBETCTBYIOMME 3THM AHArpaMMaM, OUEBMHO, OLHHA-
KOBEI, TaK KaK OTJIHYAIOTCS JIHLIb 3aMEHOH NepeMeHHbIX MHTErpHpo-
panusi. JluarpaMmel Ha puc. 8, d, e OTBEYAIOT TAK HA3hIBACMOMY aHHH-
FHJIAIOHHOMY DAcCestHHIO YaCTHIBl Ha JAbIpKe: paccenBacMasi mapa
CHavYaja aHHUTHJIMPYET B OJHOM yaJjie, MOTOM «BO3POMKIACTCA» B Ipy-
rom. O6e 5TH AHarpaMMBI TAKIKe BHOCAT ORMHAKOBBIH BKJAX. ‘
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2. TIpomecchl ¢ yyacTHeM OZHOH Napel, OTBEYAlOU[He TPeM omepa-
TOPaM DOXKJEHHS M OJHOMY MoOrJoeHus (1 HaoGopor). Takux aua-
rpaMM BOCEMb, Mbl PAaCCMOTPHM THUNHYHBIE (pHuc. 9):

a) Y (D v+ (2 $ @)y ¥ (1)-y;
6) %+ (1) b (2 b (22 ¥ (1
HuarpaMma Ha puc. 9, a orBeuaer pOXKJCHHIO NMapel YacTHIEH,
T. €. BO30YKAEHHUIO CUCTEMSI 34 CUET B3aUMOJAEHCTBHSA ¢ 3TOH YacTHIeH;
Ha pUC. 9, 6 COOTBETCTBYeT AaHHHUTHJSIMH Maphl 3a CYeT B3aHMOJEL-
cTBUA ¢ vactuue#i. OcrtaapHele 6 nua-
rpaMM 3TOTO KJjacca OIHCHIBAIOT aHa- 2T< >T
_ JIOTHYHBIE TIPOILLECCH! C YYaCTHEM ABIPKH, |
a Takxke BKJIUaIOT B ceba AyOJaHpYIO-
uHe JuarpamMmel ¢ 3ameHofl 1 2. I
3. Ilpomeccwl ¢ poxpennem wuju |
AHHMTHJIALUEHR IBYX nap (4eThipe orme- |

paTopa DOXKJICHHS MIH YHUYTOKEHHSA):. bl /J\
a) Y (D $ () $ i ¥ (D a 0
6) T (1) ¥ (2= b (2= ¥ (1)(—)- Puc. 9

Juarpamma Ha puc. 10, a orBeuaer caMOBO3OYKAEHHIO CHCTEMEI,
IpH KOTOPOM pOXKAAIOTCA JABe mapwl; Auarpamma Ha puc. 10, 6 —
AHHUTUAALUY ABYX map *.

|
I
l
l

o —————

Puc. 10

12. 2. S-marpuma BO BTOPOM NOPSiKE TEOPHH BO3MYIIEHHH
HMEeT BHJ: '

Sy = — | d1d2d3ddexp[—8(14,| +14])] x

X V(1,2)V (3, 4) 7, (12. 2)
=T {N[$* () $*(2) b (2) P (1)] X
X N [ (3) $* (4) ¢ (4) v (3)]}.

* Ec/iH 6hl B KayecTBe TAMUJIBTOHHAHA BOSMYIIEHHS Mbl BHIOPAMH He BEIpAKeHHe
8. 1), a nosmmit raMubTORMAH B3auMoJielcTeUsA My, TO HaM MpHILIOCh OBl paccma-
TPHBATD elle uarpaMMel, THIA 306 AKEHHLIX Ha PHC. 10, 6. To XKe 3aMeuanne OTHO-
. CHTCH M K suAarpaMmam BHICIIErQ HOpsAAKA.
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Tpumenssi TeopeMbl Buka K 3ToMy T-npOH3BEICHHIO, TIOJYYHM CYMMY
YJIeHOB, COJIePKAINX pasiuyHoe yucjo cBepToK (0T 0 xo 4). OGuiee
YHCJIO 3JEMEHTOB MATpPHIbL S, HOCTHraer GoAbIIOH BenMYuHbl. Pac-
CMOTPUM JiHilb Haubosee THIHUHBIE. :

1. JOnarpammel 6e3 cBepToK. MiM otBevaer unen 1, = N [ (1) X
X (Pt Q@@ @) (@) v@], srmouaomnit  2° =
= 956 3/IeMEHTOB. DTH J[AUHarpaMmbl ONHUCHIBAIOT JiBa HE3aBHCHMBIX
npouecca nepporo nopsiika (puc. 11). )

9. JlmarpaMMbl ¢ OJHOIl CBEPTKOH. DTy CBEpPTKY MOXKHO BhIGpaTh
BoceMbio criocobamu. C TIOMOMIBIO 3aMeH mnepeMeHHbIX 1 2, 3 74
1 OJHOBpeMEeHHOH 3ameHnl 1 >3, 2. 4 ybexnaemcs, 4To BCE 3TH
BOCEMb CJiaraeMbiX AAloT OJMHAKOBHIH BKJIal B 8, CooTBercTByIOWAS
yacTp T-npOM3BENEHUs] MPHBOAUTCS TE€M CaMblM K BUIY

T = 8iG, 3, DN [$* @) p (Hp* ) v Q)p* (H v @] (12.3)
| I

] |

| !

| |

AL P A

Puc. 11 Puc. 12

d1o N-mpoussefenue pasbusaercsi Ha 2° = 64 oTAe/bHBIX YJCHA..
Tunuuubiil B3 HUX OTBEYaeT pacCestHHIO TPEX dacTull ApPYr Ha ApyTe.
(puc. 12). Kpome ToOro, ciofa BXOAUT pOXKJAEHHE Napel NPH pacCesiHUH
JABYX UYaCTHIl, pOXKJeHHe ABYX nap yacTHued u# T. A

3. JlmarpaMMsl € JBYMsl CBEPTKAMM. YUMTLIBAsi BCEBO3MOXKHbIE
CBEPTKH M NpPHMEHssl YKA3aHHYIO Bbille 3aMEHY NEPEMEHHBIX, HaiieM

1, = 4iG, (3, 1) iGo (4, 2N [$* 3) p (D™ (4) ¥ (2)] +
- 8iGy (2, 3)iGo (3, 1) N [9*(2) % (1) ¥* (4) ¥ (4)] +
+4iGy (2, 4 iG, (3, HN [$* (2) p (4 ™ (3) p ()] —
—4iG, (2, 3)iG, (3, 2) N [¥* (1) b (1) b* (4) ¥ (4)]- (12. 4)
Hapsify ¢ ApYruMM IIpoleccaMM CIOfia BKJIIOUEHBI NMPOLECCHl pacces-
HUS YaCTHIEl HAa 4acTHIlE BO BTOPOM MOPSAKE TEOPHHM BO3MYILUEHHI.
Paccmorpum ux mnojpobHee (puc. 13).

[lepBoe cnaraemMoe BeipaxeHusi (12. 4) oTBeyaeT npsiIMOMYy pac-
ceguHo. O6Ge paccenBaeMble YacTHIBl JHGO CHadaja TMOTJIOWAITCH,
3ateM Mcnyckaiworcs (npu ty < t3, puc. 13, a), nubo cHavana ucmy-
cKaroTes, MOTOM norsomartes (npu ¢5 < ¢y, cM. puc. 13, d). CorsacHo
MPUHATOMY Bhbil€ YCJIOBHIO, Ha TpaduKe H306paxaercs JULIb MPOCTeH-
[las cuTyamnus, T. €. guarpamma puc. 13, 0 orépachiBaercs.

IIpoecchl, OTBEUAIOMME BTOPOMY M TPETHEMY CJaraeMbIM BhIpa-
xkenus (12. 4) (cm. puc. 13, 6 ¥ ), HHTepIPeTUPYIOTCS 6OJEe CIOKHBIM
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o6pasoM. B MomeHnr ¢, = £, poxaaercs: napa, npHYeM yacTHla yXo-
JHT B KayecTBe KOHEUHOIO NPOJYKTa PeaKliit, a AbpKa aHHUTHIHPYeT
C OJIHOM W3 NepBOHauyaJbHLIX yYacTHU. Jlpyras HauajbHas YacTHIA
HCIBITHIBAET npocroe paccesHue. Hakownel, nocnefHu#l uneH Buipa-

YI !
a

6

N
!

| |

| [
v KA N
) a

ALK

|

|

|
Prec. 13

kenus (12. 4) onuceiBaer mpouecc, NMOJOGHBIA NpPOHECCY DPaCCEsHHS
NepBOro INOPs/IKa, HO COMEPIKMUT OJHY BUPTYaJAbHYI napy (CM.
puc. 13, o).

4. JlvarpaMmbl ¢ TpeMs cBepTKaMu. IHecsoxHble BLIYHCIEHHSA
JamoT

Ty, = —8iG, (2, 4)iG, (4, 2) iGo (3, YN [$* () ¥ (1)] -+
1+ 8iG, (2, 3) iG, (3, 1) iGo (4, 2N [%* (A ¢ ()] (12. 5)

CoorgercTBylomHe AHATpaM-
Mbl H300paxeHnl Ha puc. 14. 2 4
OrBevaromie UM INpOLLECCH | |

COCTOSIT B TOM, YTO YaCTHIla | |

(nnu npIpKa) pacnpoctpa- | '
HsleTCsl, B3aMMOJEHCTBYS C _ '
YacTHIAMH CHUCTeMBl. MMeH- H
HO, OHa BO30YXKJIaeT CH-

cTeMy, poxJlasi mapy, Ko- Pue. 14
Topasi 3aTeM aHHUTHIHpPYeET,

nocie 4Yero ocraercs OnsThb OAHA 4YacTHIA.
5. JluarpamMma ¢ 4YeThIpbMsI CBEPTKAMH:

Ty = 2iG, (1, 3) iG, (3, 1) iG, (2, 4) iG, (4, 2) —

—2iG, (1, 3)iG, (2, 4)iG, (4, 1)iG, (3, 2). (12. 6)
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JlnarpaMmel, OTBEYAIOIME ITHM BblpaXKeHUSIM, U300paKeHHl Ha puc. 15.
JT0 TaK HaspiBacMble BaKYYMHBLIE NMEPeXOlibl: POXKIAIOTCS JBE Haphl,
KOTOpBIE 3aTeM aHHUTHJHPYIOT.

12. 3. [locTpoeHHEIe BLILLE BLIPAXKEHHS JJisl 9JIEMEHTOB S-MaTpPHILLL
OblLIH  3amHcaHbl B KOODAMHATHOM HpEACTABJEHHH: Y4YacTBYIOIIHE
B COOTBETCTBYIOLIEM IIpOlleCCEe YACTHILLI YHUUTOXKAMUCE U 3aTeM poxK/a-
JUCL B ONpEleJeHHLIX IPOCTPAaHCTBEHHO-BPEMEHHLIX Toukax 1, 2,
3, 4. dra dopma S-marpubl yA06HA I pacCMOTPeHHUH 06mero xapak-
Tepa; OMHAKO JAJs TNpPaKTHYECKHX MpPHJIOKEHHH 1esecoofpasHee
nepefTH K YHEPreTHYeCKOMY IPeACTABJEHUI0, OTBEUAIOIEMY TaKOMY
ONMCaHHIO Mpollecca, MPH KOTOPOM YacTHIbl HAXOAATCS B COCTOSHHSIX
¢ ompejeJeHHON sHepruedl |[ux BoJsHOBast QYHKUHSA paBHA ¥, (9)].

JLJs1 3TOro HCNOJb3YEM BhipaMKEeHH JJisl ONEePATOPOB NOJs H Py HK-

uuy I'puna:
ZOI*' P (x) = E Ayxy (q) exp (—isyt)
| | v

I | -
I I de .
O ' | 001, 2) = [ G exp l—ie(t—
7 3
a 6 —1)] X D%y (G2) Xv (1) Gov (8),
Puc. 15 Py
rjpe
a, (8v> 8[:) . B 1
Av: { bj(6v<8F), GOV(S) ey | i0sign (ey — &) (12 7)

Kpome Toro, HaMm MOHaXOOGUTCs BbIpaKeHHe LIk MATPUIHOTO 9/1eMEHTa
NOTeHIHaMa B3auMojeficTBus (cM. pasgen 3. 7):

(oM V[vp) = [dgdq's; @ %, @) V4 )0 @) %@  (12.8)

[loficTaBUM 5TH BLIpAXKEHHUs B 2jeMeHT S-marpuisl 8. MHTerpu-
poBaHue no t,, t, jaer ¢ yuerom V (1, 2) = Vo (t; — t,) GYyHK-
uuo 218 (ey, + &y, — €y, — €v,), OOECNEYHBAOULYIO COXPAHEHHE
3HEPTHH B paccMaTpuBaeMoM npoiecce. KHTerpupoBanue no mnpo-
CTpaHCTBEHHHIM KOOPAHHATAM MNPHBOAUT K MATPHUHOMY 3JIEMEHTY
(12. 8). B pesyJabrarte mnojiyuaem

S, = _%(Qn) 2 (Vivg| V[ vgvy) 0 (ev, +
ViVeV3Vy
+ By, — &y, — ev,) N (A;I;AWA;I’-«AV?) (12.9)

3710 BHIPaXEHHE ONMHCHIBACT IEJBIH Psi/i NPOLECCOB: paccesnue
YACTHILH HA YACTHILE, YACTHILL! HA JbIPKE M T. J., KOTOPLIM TaK¥Ke MOXKHO
IOCTaBHTh B COOTBETCTBHE Auarpammsl (puc. 16). Mx eauHcTBeHHOE
OTJIMYME OT pacCMOTPEHHBIX AHArpaMM COCTOHT B OTCYTCTBHH IIPO-.
chaHCTBeHHO-BpeMeHHI;IX TOYeK; BMECTO 3TOTO JIMHHH CBOGOJHEIX
KOHIIOB MpPHOGPETAIOT HHACKCH COOTBETCTBYIOMMX COCTOSIHHH.
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Ilepexoanm x mpoueccaMm BTOPoOro mopsaka. IIoBTOpsiSi HECKONBKO
Gosiee CJIOXKHBIE, HO BIIOJIHE AHAJOTHYHLIE NPOU3BEJEHHBIM BEILIE
BbIKJIAJ(KH, TIOJIydHUM CJICAYIONIEE BLIPAXKEeHHUE JJIst S1eMEeHTa S-MaTpHUIibl
[POLECCOB, PACCMOTPEHHbIX B pasfene 12, 2:

1 . . 7] Y
S, = — 8 2 E J‘dgl deyiGop, (8,) iGop, (82) X ? ’
ViVaVsVy Ryl

|
X Kywpvav N (AY,4,,45,4,,),  (12. 10) }
]

rae
K:46 (8\)1 “:‘ 8\72—81”"82)6(81 ‘% 82‘8\;3—8\;4)/\( /VI/\V

5 Ve J
X A(vive [ V] mgty ) (pgpy | V | Vavy ) -+ Puc. 16

+ 8 (&y, + &g — &y, —8) 0 (8, - &y, — 8, — Ey,) X

KA vile | VIpgvy ) (uyvy | V] gy, )
+ 40 (ey, + 85—y, — ) (e + &y, — &y -—Ey,) X

XA vilg | Vg vy ) (ot [ V[ pyvy ) —
— 40 (e, & — &y, — £5) B (85 By, —&; — £y,) X
X (Vi [ Vv ) (pav |V  pgvy ). (12.11)
JluarpamMmpl, OTBEYAIOLUIHE STHM YETHIPEM MpoileccaM (puc. 17), Brosue

aHAOTHYHbl AMArpaMMam puc. 13. 3aMeTuM, uTO W &, U W, Npef-
CTaBJIAIOT COGO¥ HHIEKCH! COCTOSTHUSI H 9HEPTUH BHPTYaJNbHBIX YaCTHIL

¥, v
V W ks v
| Y2 | [ I
l ! | ¢ :
| | I =
Y Milq ) Y v

Puc. 17

PaccMorpum eme mpouecc pacnpocTpaneHusi yacTuunl (puc. 18),

Si= gy N 3 | dendesdeyiGoy, (e1) iGop, (o) X
Viva Habizlla
X iGoy, (85) (—8) 8 (8y, -+ &5 — &, — &5) 8 (g, + (12.12)
T8 g —ey,) X { (Vi | Vpte ) (Bifta | V|vopg ) —
—(vilg | Vs ) (pibe | Vpgvy ) } N (A;EAVI)'
U3 nocnennux ABYX COOTHOWIEHHE BHAHO, YTO M 3JeCh dhaxkTHIECKH

Copepkarcs HEOOGXOJUMbBIE 3aKOHBI COXPaHEeHUuss HEPTHH, cobJioAa0-
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mecs Ha KamuoH JIMHHM B3anMOAeficTBHA Auarpammbl. B orinune
OT «cTapoil» TEOPHH BO3MYLIEHHH 3aKOH COXPaHEHHs SHEPTHU 3[eCh
BHIOJIHSAETCSl KAK JJist PEaJbHBIX, TaK H JJIs BHPTYAJbHBIX YACTHL.
D10 JoCTHraeTcd 3a cyeT HApYIUIEHHs ©KEeCTKOH» CBSI3M MEXKAY 3Hep-
ruell BUPTYaJbHON YacTHiBl &, BXOAsdmeH B ¢pyHkuuio 'pHHA Gy, (8),
¥ BEJHYMHOM &, (B IPOCTPAHCTBEHHO-OJIHOPOZIHOM cliyuae & + p?/2M).
VKasaHHOE O6GCTOSITENLCTBO sIBAsieTcsi OJAHHM 13 (akTopos, obecre-
YMBAIOIMX NPOCTYIO CTPYKTYDPY UJCHOB PAJia NOJEBOH TEOPHH BO3-
MyIieHHIl.

12. 4. TloayyeHnHsle pe3yJibTaThl HE 3ABHCAT OT CKOPOCTH BKJIIO-
uenHst B3auMojeiictBua & B mpepesne § — 0; 370 CBOHCTBO mpHCyLle
BCeM JHarpaMMaM, MMerIuM cBoGoaHbe KoHubl. MHage oGctout neno

i | %2
{

uy | M2 !
| | '
! ] | | | Yz
7, A BEEAN Y M1 My Ay,
a 4 é

Puc. 18

ZJIs JHArpaMM BaKYyMHBIX NepPeXof0B, K pAcCMOTPEHHIO KOTOPBIX MBI
nepexofuM.

MoxcraBasis B Buipamenns (12.2) u (12. 6) pasnoxkenue ans
dynkuun G,, MOXKHO NOJIYYHTh BbIpaxeHHe JJIs COOTBETCTBYIOLLEro
3JeMeHTa S-MaTpHIB B SHEPreTHYECKOM INpeicTaBjieHuH. Mul orpa-
HUUYKMCSI PACCMOTPEHHEM BXOASIUMX TYAa MHTErpajos Io f.

[Mepsuiit unen Bepaxenns (12.6), OTBEUAIOUIUH JHAarpaMme
puc. 15, @, coAepKUT HHTErpajbl BAAA

[ = fdtlexp [—8 |ty | —it;(e;—ey+83—8g) ] X

x | dtyexp [—8 |ty —its(es+ 64 —e1—83)].

HecJio:kHOe BhIUHCJIEeHHe (CM. npHujoxeHue B) jpaer

28 2
= [52+(81*‘82+83—64)2] )

B npenene 8 — 0 3ak/oueHHoe B KBaJpaTHbIE CKOOKH BBIpaXKEHHE
CTPEMHTCA C TOYHOCTBIO JO MHOXHTenst K 8 (8, — €5 + 85 — &)
INosTomy Benuuuna / B mpepene & — O cTpeMuTcss K 0. AKKypaTHO
BHIJENsAS YKA3aHHYI0 OCOGEHHOCTb, HMeeM '

[~ 8yt 8 — ey —5). (12. 13)
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AHanornuHo BTopoil useH Bhipaxkenus (12. 6) naer

T~ 8 (ey + &0 + & + £4). (12. 14)

Ocratomwasicss O0-QyHKIHS yCTpaHseTcsl HPH TNOCJENYIOUEM HHTErpH-
pPOBaHHU IO €.

[TonydyeHnble pe3ynbTaTel HOCAT BecbMa ofuuil xapaxTtep. Ilycts
paccMaTpuBaercss AuMarpamMma n-ro nopsijka, HuMewplas cBoGoAHble
KOHIEl. Torza n — 1 BXOASIIMX B COOTBETCTBYIOUIUH 3j1eMEHT S-MaT-
puiel O-GYHKIMH, BHIPAKAKOIMUX 3AKOH COXPAHEHUS] 3HEPTHH, YCTpa-
HSIOTCSL TNpPH MOCJHEAYIoOmEeM WHTerpupoBanud no &. Ocramomasics
O-pyHKIHSA BbIpakaeT 3aKOH COXPAHEHHS! IHEPTHH MAJst CBOGOAHBIX
KOHIOB (/11 AHATPAMMBI B IIEJIOM).

Jlio6as puarpamMma, He uMeoWast CBOGOJHBIX KOHIOB, MOXKET
OLITH NMOJIyYeHa U3 COOTBETCTBYIONICH AHArPaMMBl CO CBOGOIHBLIMHA KOH-
IIAMH 3aMBbIKAHMEM IOCJEJHHX APYT HA ApYrd, T. €. OTOXKAECTBJIEHUEM
SHepruil BHIXOASIIHX U BXoAsimuX auHui. [Ipu sToM 3akoH coxpane-
HUSI 3HEpPTHH JJs CBOOOAHBIX KOHIIOB BBLITIOJIHSIETCSI TOMXJECTBEHHO
U CcoOTBeTCTByWOIIAs O-0pyHKuusA OyJeT ¥MeTb HYJeBOH apryMeHT *.
DBonee ctporoe paccMoTpeHue mpuBeleT K ocobeHHOCTH ~1/0.

Takum obpasom, Jiobasi juarpaMma BaKyyMHOTO Iepexoja HMeeT
0COGeHHOCTL THMA 1/8. IT0 OOGCTOSITEILCTBO CYIIECTBEHHO C TOYKH
3peHusl ONHO3HAYHOCTH BeJHYHHE! (9. 24).

§ 13. NPABUJIA ®EMHMAHA

13. 1. PaccmoTpennble puMeph! NO3BOJISIIOT CHOPMYJIHPOBATH 06-
IHe NpPaBUJa NOCTPOEHHS 3JeMeHTa S-MaTpHiIbl, OTBEYAIOLIero JAaH-
HOMY Ipomeccy.

DneMeHT S-MaTPHUIEI 7-TO IOPSIKA COAEPKHUT CJeAyIOLIHE COCTaB-
HBle YacTH: HOpMaJbHOE NPOH3BEJeHHE ONepaTopoB MoJs, n-KpaTHoe
NpOU3BefeHHe NMOTEeHIMANO0B B3auMojeHcTBus V, Ipou3BeJeHHe CBep-
TOK onepaTtopoB iG, H HEKOTOPHLIH YHCJIEHHBIH KO3(pHIHENT.

HopMmaabHoe npousBeleHHe ONEPATOPOB DOXKAECHHA M yHHUTONKE-
HusA GyfeM 6paTh ¢ TeM 3HAKOM, C KOTOPHIM OHO BXOAHT B BhIpaXKE€HHE

NbFe b, . . . ),

I'e HHJEKChl «@» OTHOCSTCS K CBOOOJHBIM KOHIlAM OJQHOH H3 CHJIOIIHBIX
JuHuH, «b» — apyroii 1 T. A. OTHOCHTEbHOE pAacloJOXKeHHe IPYII
\p;hpa, ‘P{,"\Pb He Urpaert, O4eBHJHO, POJIH. ‘
Heo6xoauMo NpUHATL BO BHHMaHHE ONEpPATOPHbLIE CBOACTBA NOTEH-
uuana vV ¢ yespbio NpaBUJABHOIO €ro PAacloJIOKEeHHs B BLIPAXKEHUH JJIs
ajemeHTa S-maTpuusl. Bo Bcex mnpuMepax, KOTOpble HaM INPHAETCA

* Hanpumep, paccMOoTpeHHasi Bhllle AuarpamMMa Ge3 CBOGOJHBIX KOHIOB MOXeT
GbiTb MOJydYeHa M3 JAHArpaMMel paccesiHds BTOPOrO NOPSAKA NIPHPABHUBAHHEM €,

He, e, HE, (cMm. puc. 17). Tlpu 3ToM, Kak cieayer H3 Beipaxenus (12. 10),

Boguukaer 8 (e, + e, —e, —e,)=0(0).
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paccMaTpUBaTh, MOXKHO CUHMTATh, YTO NOTEHIHAJ HE COAEPIKUT omepa-
TOPOB MMINYJbCA. EXMHCTBEHHBIH M3 YHCJA PACCMATPHBAEMBIX B KHHTE
cay4dail, TAe NPUXOAUTCS UMETh AeJ0 C 3aBHCAIIHM OT HMIlyJbCa IO-
TEHLMAJOM, 3TO IICEBAONOTEHINAN OTTAJKHUBAHHMS B SIICDHBLIX CUJAX.
OHaKo COOTBETCTBYIOLME YJjieHbl HMMEIOT BHICIIMH MOPSJIOK MAaJOCTH
H HX JOCTaTOYHO Y4YeCTh Juib B npuOamxkenud XapTpu — Poka;
K S-MarpHue OHM He MUMEIT OTHOILEHHS.

[Tosromy B panbHefinieM Mbl OyJAeM CYHTATh, YTO ITOTEHLHAJ \'
ABAsieTcsl caMoe GoJbliee MAaTpUIEH OTHOCHTEJIbHO JAHCKPETHBIX Iepe-
MEHHBIX. JTa MaTpula «3auemsercs» JHO0 ¢ OonepaTropamu CBOGOL-

HBIX KOHLOB ., %1, anbo ¢ dynknmamu [puna, 3aBUCAIUME
OT COOTBETCTBYIOUIHX apTyMEHTOB.

HafizeM BeJWYUHY YHCJIEHHOTO KO3(pdHLIHEHTa B 3JEMEHTE S-Mmar-
="
2" nt

B yjeHe n-ro nopsajaka. Jlasee, KaKk BHJHO H3 PE3YJbTATOB, MOJYYEH-
HBIX B § 12, BO3HHKAeT elle OJUH IEJOUHC/EHHBIH KoahpuuHEeHT X, .
CBSA3aHHBIH C T€M, YTO MOXKET NOSIBUTbCH COBOKYNHOCThH YJIEHOB, OTJIH-
YAIOIM XCST TOJILKO 0603HAUEHHeM NepeMEeHHBIX HHTerpupoBanus. Onpe-
JIeJIUM BEJHUHHY 3TOro Kosdbunuenta [781. ‘
PaceMoTtpum Kakyw-a1ubo guarpaMmy obiiero BHAa 1 HaUAeM KOJIH-
4ecTBO Crnoco6oB 0603HayeHus ee y3j0B. IIpexje Bcero, MOXHO nepe-
CTaBHTb MECTAMH apr'yMEeHTHl, CTOSIIME IO KPasiM KaxJIOH U3 7 JIMHHH
B3aHMOJEHCTBHA. DTO jaer 27 Bo3MoxKHocTed. Jlanmee, MOXKHO OJHOBpe-
MEHHO [OMEHSITh MECTAMH apryMEHTHl PA3HbIX JHHHH B3aHMOJEHCTBUH,
YTO MOXKHO cjejathk #! cnocob6amu. Mtoro Mul uMeeM 2%71! pasjiMyHBLIX |
€1noco60B 0GO3HAYEHHSI APTryMEHTOB 3/1€MEHTOB S-MaTpHIbL. ’
OnHaKo NpH HEKOTOPHIX 3aMEHAX IlepeMeHHBIX MOXKET 0KasaThCsl,
YTO CaMO MOJBIHTErpaJbHOe BLIpaxKeHHE HEe MeHsSeTcs. IJTO MOKEeT
NPOUCXOAUTL TNPH HAJUYHH OIPEEeNeHHOH CHMMETDPHH JMarpamMEl.
O6o3Hauast 4yepes % YHCJO TaKHX 3SKBHBAJEHTHHIX CIoco0oB 06o-
3HAYEHWH H y4YuTBIBAs, YTO TpH (PAKTHYECKOM BBIYHCJIEHHH 3Je-
MEHTOB  S-MaTpuubl UYJEHbl C OJWHAKOBBIMH IOJABIHTErDaJIbHBIMH
BBIpAKEHHSIMH BOOOIIE HE MOSABMASIOTCS, HAXOUM k == 27n!/x.
BequunHy % MOKHO ONpENesHTb HEIOCPEJCTBeHHO M3 PaccMoTpe-
HHSt AuarpaMMel. O6GpaTHMCs K PaCCMOTPEHHBIM B § 12 KOHKpPETHLIM
npoueccam. [lpun = 1 k = 2/%. Jluarpammsl puc. 8, a u 6 u puc. 10, a
U 6 B TOYUHOCTH IIepeXoJsAT camu B ceOs npu 3amene | = 2. Ilostomy
Adsg HUX % = 2 u k& = 1. Jlag ocTajbHLIX AuarpaMM IIepBOro Io-
pfAIKa BUJ X IpH 3aMeHe | > 2 MeHsieTcsi: fuarpamma «g» Ha puc. 8
IEPEXOJUT B «2», «0» — B «e». [losToMy B 3THX caydasix » = 1 u

puubl. U3 obuero Bripamenus (9. 13) BO3HHKAET MHOXKHTENb

Ilepeiifem x GoJiee CJIOXKHOMY CIY4ai0 IIPOHECCOB BTOPOTO NOPSIKA,
rie k = 8/x. Jlna puarpamMer puc. 12 He cymecTByeT npeo6pasoBa-
HHUA, OCTaBJaSIOLEero ee HendMeHHod. lostomy #» =1 u & = 8. Onsa.
LuarpamMel «g» pHuc. 13 Takas 3amMeHa CymeCTBYeT — 3T0 OJ{HOBpe-
Mennas samena | 72 2, 3> 4, otkyaa x = 2 u k= 4. Jaa nua-
rpammbl «6» * = 1 u k = 8. Jlas amarpammel «6» 3amena 172 4,
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272 3 ocraBnsieT ee HeWsMeHHOH, OTKyla % = 2 ' k = 4. Hako-
HeIl, 3aMeHa 2 > 3 TaKke He MeHseT JUATPAMMBl «2», ¥ B 3TOM
crydae x = 2. Bce 370, OUEBHIHO, HAXOJUTCH B IOJHOM COOTBETCT-
BHH C BhIpakeHueM (12. 4).

Has nuarpamm puc. 14 x = 1 u £ = 8. las nuarpamMm puc. 15
HMEETCs] JIB€ 3aMEHBl, OCTaBJfIOLIME IHarpamMMy HEH3MEeHHO[. STo
123, 2241220324 Iosromy x =4 u £k = 2.

B sakmouenne ocranoBuMcst Ha Bompoce 0 3Hake paccmaTtpuBae-
MOro 4ucneHroro kosdpduuuenta. Kak Bumzo us pesymbratos § 12,
JIOTIOJIHUTeIBHBIA 3HAK (—) MOsIBJsieTCa B S TOrNA, KOTJAA HMEEeTCs
HEUETHOE YHCJIO 3AMKHYTBIX NIeTeJIb. ITO He JOJIKHO BHI3HIBATEL YJIHBJIE-
HHf, TAK KaK B 3aMKHYTOM €T/ Mbl HMEeM JIeJIO CO CBEpPTKAMH TPO-
THBOIIGJIOXKHOIO  HANpPABJCHHSI, HAaNpUMep B NpoOCTefimeM caydae

AT TN

Y (1)t (2) n PH(2) (1), a ux npoussenenne pasHo —(iG,) (iGy).
Takum o6pasoM, OKOHUATeNLHOE BEIpANKEHHE IS UHC/CHHOTO

KospuuHeHTa B 3/1eMeHTe S-MAaTPHIBI HMEET BUJ|

(Ml)n m
-

TJle M — YHCJO 3aAMKHYTHIX IIE€Teb.

13. 2. Tenepb MoxHO copMyJIMPOBATL MPABUJIA MOCTPOEHHS Bbl-
PAMEHHUS JUIS1 SJIEMEHTA S-MaTPHILL. DTH NPABH/A BEPBhIC YCTAHOBU
QefinMan AN KBAHTOBOH 3JEKTPOAHHAMHUKH.

L7151 MOCTpOeHHs! BBIpAKEHHS 3JeMeHTa S-MaTpUIBl HEOGXOMUMO:

1. I'paduueckn H306pasuTh Bce BO3MOXKHBIE TOMOJOIHUECKH pas-
JHYHBIE JUarpaMMbl HHTEPECYIONIErO HAC Ilipoiecca *.

Bripaxkenne ana sgementa S-maTpuus! OPEeICTaBUTCSI B BHJIE
CYMMEI WJICHOB, Kaxblii H3 KOTOPEIX OTBEYAeT OJ[HOH M3 YKA3aHHBIX
Auarpamm. B panbreiimeM peusb mpeT o6 oTaeqbHOI JHarpamme.

2. OnpenenuTs YHCNO % 3aMEH apryMEHTOB, He H3MEHSIOMM X BHAA

AuarpamMMbl. UuC/IeHHBI KO3(QMHIHEHT HCKOMOTO BBIDAXKEHHST HMEEeT
BHJ

(_[)n m
T (* 1) ’

TA€ m — UHC/I0 3aMKHYTHIX NeTesib HA JuarpaMme.

3. CBOGOAHEIM KOHIAM AMArPAMMEL [IOCTABHTHL B COOTBETCTBHE Olie-
Paropst ¢ (x)_, (yHHUTOKEHHE YACTHULI B TOUKE x), ¢t (x)4y (po-
KJCHHE YaCTALB! B TOYKe X), P (X)4) (pOkKLeHHE ILIDKH B TOUKE x),
Y+ (x)) (yHHUTOXeHHe JBIPKH B TOuKe x).

HCKOMOE BblpaxkeHHe GyJeT BXOJAHTh HOPMAJbHOE NPOH3BEJCHHE

N(‘l’?i)a‘l’(i)a‘l’&)b‘l’(i)b- c )

—

* Peub ufleT O cymecTBeHHO PasNMYHBIX AMArpamMMmax, He NEepeBOAUMBIX JApYT
B Apyra samenolf 0Go3nauenull, HempephBHO Iedpopmanueidi rpajuka u 1. n. Tak,
AHATDaMMEI «a» — «2» puc. 13 ABASIOTCH TOMOMOTHYECKH PAa3IMYHBIMH, & «@» U «0» —

OAHHAKOBEIMH. - TONOMOTHYECKH COBNIAJIAIOT TAKXKE AMArpaMMbl «8» H «2», «0» H «e»
PHc. 8, a takke «a» u «o» puc. 18.
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T'lle ONHHAKOBLIMH HHIEKCAMH «a», «b» ¥ T. 1. 0603HAYEHbl ONEPATOPHI,
OTHOCSIIHECS K OJHOH M TOH 3Ke CIJIOMHOH JIHHHH.

4. KaxJol BAPTyaJbHOH JIMHHH AMArpaMMbl, HAYIEH OT TOYKH X
K TOUKe x’, MOCTaBHTb B COOTBeTCTBHe cBepTKy (G, (x', x) *.

5. Kaxiol JUHHYM B3aHMOJEHCTBHs, COEIMHSIOUIEH TOUKH X U X,
IOCTaBHTh B COOTBeTCTBHE omeparop V (x, x’), AeACTBYIOIIHI HA BXO-
JslMe B paccMaTpHBaeMOe BBHIDAXKEHHE BeJHYHHbI

P (1), $(x), Go(x, x;), Go(x, x).

6. KaxjoMmy y3ny B3auMOJeHCTBHS X IIOCTABHTb B COOTBETCTBHE
UHTErpamuio [dsx = { dq at.

B pensTHBACTCKOH TEOPHH MOJA CHOAA NPHGAB/ISIOCH elle OJHO
npasuso (teopema Pappu): AuarpamMmmbl ¢ 3aMKHYTHIMH NETJSMH, CO-
ZlepIKAIUMH HeueTHOe YHCJIO 3BEHLEB, YUMThIBATH He HYKHO. B nan-
HOM CJlydae, OJ(HaKO, 3Ta TeopeMa He HMeeT MeCcTa BBHAY OTCYTCTBHS
CBOHCTBa 3apsAfOBOH CHMMETpHH, Ha KOTOPOM OCHOBAH €€ BBIBOJ
(cm. § 9).

CcopMynupOBaHHBIE TPABHJ/Ia BeCbMa YAOGHbHI IPH NMOCTPOGHUH BbI-
paskeHHs JJIs 3JeMeHTa S-MaTpuibl JIGOro nopaaka.

13. 3. TlpuBesennele npaBuna DeidHMana OTHOCATCS K KOOPHH-
HATHOMY NPEACTaBJEHHIO. PaccMOTpuM Terepb COOTBETCTBYIOMIME Npa-
BUJIA B SHEPTETHUECKOM IIPEACTABJICHHH.

1. Ocraercs B cuse. Heo6xouM0 TOJIBKO PACCTaBHTh HA AHATPaMMe
MHJIEKCHl COCTOSIHUS M 3HEPTHH CBOOOAHBIX KOHIIOB Vv, &, H BHPTyalb-
HBIX JHHEE p, & Hanpasienne JHHHH CBOGOJHBIX KOHIOB BbIOH-
paeTcsi B COOTBETCTBHH C THIIOM Tporiecca ([OT/IOUIeHHe HIH HCyCKa-
HHe) ¥ THTOM OOBeKTa (uacTmma wauM Asipka). Hampasiaenue BHD-
TyasbHOH JIMHHH JOJ/IKHO O0ecreunBaTh eJHHOE HaNpaBJeHHE BROJb
CIJIOWIHOH JIMHHH.

2. QOcraetcs B CHJE.

3. Ocraercsi B cuJje, HO ONEPaToOphl MNOJsI 3aAMEHSIOTCA COOTBET-
CTBYIOIMMH OIEPATOPAMH A POXKIEHHS HJH YHHUYTOXEHHS, TNpPHUEM
onepatop vacTHubl Gepercss NMpH &, > €p, ABIPKH -— IPH &y < &p.

4. Kaxpoft BUPTya/sbHON JUHHH, HMEIOWEH MHJCKCH W H €, CTa-
BUTCS B COOTBETCTBHE

i i
on Gop (8) = om [e — ey, + i0sign (g, — ep)]

ITo p NpoM3BOAMTCS CyMMHpPOBaHMe, MO & — MHTErpUpOBaHHE.

5. Kaxgo#i JHHHH B3aHMOJEHCTBHSA, K KOTOpPOH MNOAXOJASAT IHHHHU
C MHIEKCAMH COCTOSIHHSA «a» M «b» U OT KOTOPO# OTXOAAT JHHHH C HH-
JeKCAMH COCTOSIHMSL «C» M «d», CTaBHTCS B COOTBETCTBHE MaTpHUUHBIH
3JIEMEHT '

(ab|V|cd) = {dgdq'x; (@) x;@) Vi, (@) %, (@)-

* TTopsfoK cilefioBands aprymedToB Gynxkuui G, MPOTHBOTIOJIONKEH HanpasJe-
HHIO BHDPTYQJbHOH JIHHHH. :
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Ilpy sTOM HHEEKCH «a», «» H «b», «d» OTBEYalOT MOMAPHO OLHOMH
M TOH Xe CIJIOWHOHA JHHHH. Kpome TOro, KaKZOW JIHHHH B3aHMO-
JeHCTBHSI CTABHTCS B COOTBETCTBHE

2nd (e, - &, — £, — &).

13. 4. Oco6o cienyer OCTaHOBHTBCS HA C/yyae MPOCTPAHCTBEHHO-

OJIHOPOJHOH CHCTEMEI, JJISI KOTODOH HHJAEKCH W H vV CBOLATCA K HM-
->

IyJbCy p M JHCKPETHBIM HHJEKCaM, 0603HAa4aeMEBIM uepe3 Q. JHep-
THA &2 3aBHCUT TOJILKO OT HMIYJbCA.

IlpaBuno 4 npeapiaymero pasgesa MoxeT ObTh nepedOpMyJIHpPO-
BAHO CHNEAYIOWUM 00pasoM: KaxAOH BHPTYAJbHO JHHUM OTBEYaeT

. 1

[ 2 f d*p . .
e —e> -1 i0sign(e»> —¢
p g 1 iosign (e> —eF)

3/ech Mbl epelIH OT CyMMHPOBAHHSI 110 UMITYJIbCAM K MHTETPHPOBA-

HUIO, a 3TO IPHUBENIO K NOABJEHHIO JUuUIHEro ¢akropa (27)~ 3.
BonnoBeie (yHKIHH Y, HMEIOT B pacCMaTpuBAEMOM CJydae BHJ

MJIOCKHX BOJH. IlofcTaHOBKa HX B MATPHMYHBIH 37eMeHT V paer

>

(ab|V]cd) = (2038 (9, -+ Py~ Po— pa) X
X { Qalp | V?pc = P00y )-

>
3nece v (p) — dypre-o6pas norenuuana (cM. § 4); MaTpHUUHBLA 3.€-
MeHT Gepercs MO JUCKPETHBIM HHAeKcaM. Takum o6pasoM, oO6mmil
BKJIaJ, JIHHUH B33aUMOJAEHCTBHA B BLIDAXKEHHH JJIsI MaTPHUHOTO 3Je-
MEHTa JAaeTcsl BhIParKEeHHEM

(21)*0* (D + Pp— Pe — Pa) ( ©uQs | V (Pe— Pu) | 004 )s
rjae

84 (p) = & (p) 8 ().

B ocranbHOM cpopmMynHpOBaHHBIE B NpeibIAyineM pasjene Ipa-
BHJIA OCTAIOTCS 6€3 H3MeHEeHHUH.

BrinosiHenne 3aKOHOB COXpAHEHHS SHEPTHH M UMITYJIbCA B KaKAOM
y3Jie iuarpamMMsel MO3BOJIsIET NepeliTh K Gostee yao6HOH dopme u306pa-
JKEHUS JUarpaMMbl, HCIOJIL3YIOMEH 9TH 3aKOHH B ABHOM Buje. C 3Tol

IIeAbI0 CaeNyeT BBECTH I/IlI,YIILI/Iﬁ BJOJIb JIHHUHU BSaHMO}IeﬁCTBHH nepe-
>

> ->

JlaBaeMblil UMIYJIbC B = p, — p, (nepefaBaeMasi SHeprusi PaBHA HYJIO,
TaK KaK 3alas/blBAHHE HE yUYHTHIBAETCS H V HE 3aBUCHT OT SHEPIHH).
Ilpn 5TOM 3aKOHBI COXpAHEHHS BHINOJHSIOTCS B KaXIOM y3Je JHa-
rpammel (puc. 19). :

Hepenko, oco6eHHo npu npoBegeHuu oOLIEro aHaju3a, HeT Heol-
XOJIUMOCTH Pa3JeNbHO PACCMATPHBATL 3/IEMEHTH S-MaTPHIUEI, OTBe-
4alommue COOTBETCTBEHHO NMOTJIOMEHHIO YACTHIB! U HCIYCKAHHIO JABIPKH
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(MCIYCKAHHIO YACTHIIE! M TOTJIOMEHHIO AbIPKH). BEIpaxenne fis sie-
MeHTa S-MaTpuIibl, OOBENUHSIOIEro BCe BO3MOXKHOCTH TaKOTO pOAa,
nosyyaercsi no npasusnaM QPefiHMaHa ¢ €JUHCTBEHHBIM OTJIHYHEM, Ka-
CAIOIMUMCS MYHKTa 3 3THX NMPABHJI: B BEIPAXKEHHeE JJIs dJIeMeHTa S-Mart-
puuB Oyner Temepb BXOAMTL N-npoussefenne N (Pa Pas Po. . .),
rae YT, P — nosHBIE ONepaTophl NoJs. AHAJOrHYHO B 3HEpreTHue-
CKOM TIpelcTaBjeHHH OyleT (HI'ypHpOBaTh BenuuuHa N (ArA,..)
6e3 orpaHdueHHil Ha OTHOCHTENLHYIO BEJIHUYHHY €,, €, ... H Ep.
B COOTBETCTBYIOIIHX AHarpaMmax, KOTopnie Mbl OyJleM HasbBaTbh He-

— e ol —— —t—

Py Py Pg Pg+ K
: [
— e |
1] %~ Fa il
' |
T P a Pg =K
Puc. 19

OpPHEHTHPOBAHHBIMH, JOCTATOYHO YKAa3aThb JIMLIb. OJHY H3 BO3MOMKHBIX
OpMEHTANHHA KaxJOro H3 CBOGOAHBIX KOHIIOB.

HekoToprle npuMepsl Ha HCMONb30Banue npaBus definmana 6yayT
NpUBeJIeHH B CieAyomeM naparpade.

§ 14. OBLUIASE CTPYKTYPA MATPHIbI PACCESIHUS

14. 1. Tloassysch npasuaamu PefiHMaHa, MOXKHO NEpeHTH K aHA-
JH3y CTPYKTYPH S-MATPHUBI B II€JIOM, He CBA3bIBasi CeGsl HHU3LINMH
NOpsiAKaMH TeOPHH BO3MYILUEHHH *.

Pasnaras S-matpuiny cHauyaja no T-IpOU3BEEHHAM, a 3aTeM MO
HOpMa/JbHBIM [POHU3BEJEHHSIM, YBHJAHM, UYTO KaxJ0e HOpMa/bHOe
TpOM3BEJIEHHEe MOXKET NOSIBUThCS B JI0OOM MOpPsifiKe TEOPHH BO3MYyIIe-
HMii; B BBICIIMX MOPAJKAX OHO GyJET COMPOBOXKAATHCHA COOTBETCTBEHHO
GOMBIIMM YHCJAOM CBEpTOK omepaTtopoB. MHBIMH CjOBaMH, BKJIaR
B 57€MEHT S-MaTpHIEl, OTBEUAIOWHH JJAHHOMY MpouecCy, AAl0T YJICHbI
BCeX NOPSIIKOB TEOPHH BO3MYLIEHHH.

CyMmupyst Ko3(HIHEHTH IPH JAHHOM N-NPOM3BENCHHH BO BCEX
NOPSIAKAX TEOpHH BO3MYULEHHH, JIETKO NPHHTH K CJelyoleMy o6-
meMy IPeACTABIEHHIO S-MaTPHIbl B BHJIE CYMMbl HOPMAIbHBIX MPOU3-
BeJIeHHH:

0

S— 3 S (14.1)

n=0

* Uyeso uactull N B cUCTeMe npearniosaraercst Go/piikM. BosMoxHEIe HAPYINIEHAS
NPUBOJMMEIX COOTHOLUIEHHHl KAacalOTCA BBHICIIMX U/MEHOB PAAA TEOPHH BO3MYIIEHHH
M J@0T OTHOCHTeNbHBIA BRJIax nopsajgka 1/N. :
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rae
Sey=1Jdl. . .dndl'. . dw'K,(1. . .n, I'. . .0)x
XNH1) . . ot (m)yp(n) . . . p ()]

PacemoTpuM HECKONIBKO MepBEIX UJIEHOB 3TOTO passoxennsi. Kak
GyZeT BHIHO M3 JNajbHEHIIEro, COOTBETCTBYIOLIHE KO3(MMHIMEHTHbIE
¢yHKuMH K WrpaoT BaxHYyIO poJb B H3JaraeMoMm afnmapare.

14. 2. Haunem c wyneBoro ujena Beipaxenus (14. 1):

Sy =Ko = (V| S| ¥,). (14. 2)

DTa BeNMYMHA HE SIBJSETCS ONEPaTOPOM M MOXKET ObiTh NOJy4eHa
ycpenHenueM Boipaxenus (14. 1) mo cocrosimuio ¥, [cM. cooTHOme-
nust (8. 6)]. Ona onuchiBaeT BHyTpeHHHE (BaKyyMHBIE) MEpeXOLbI

0

—
—

0.0

-0 0

-Q.00Q
0

-0

Puc. 20

chcTeMbl 63 yuacTHs KaKHX-JMGO BHEMUHUX YACTHIL HJIH ABIPOK. I1pu-
Mephbl IHArpaMM TaKHX TepexojoB OBLIM NpPUBEIEHB HA PHC. 15.

YKa3aHHbIE Mepexoibl He OTBEYAT KAKUM-THO0 peanbHBIM I1po-
eccaM, MPOUCXOJISIIMM B CHCTEME, TI03TOMY HX MOXKHO BOOGIIE HCKJIIO-
YHTh H3 PACCMOTPEHHSI.

Pas6epem Gosee moapo6ro cTpyktypy Beqnuunnl K,. [Ipensapu-
TeNbHO BBEJEM IOHATHE O CBA3HHIX AuarpamMmax. JlHarpamMma Hashbl-
BAETCst CBSI3HOM, €CJIM ee HeJb3sl pacceyb JIHHHEH, HE IepeceKarnel
HH OJHOH M3 JIMHUHA Juarpammsl.

B Bennunny K, BHOCSIT BKJaJ Kak cBssubie (puc. 20, a u 6), Tak
4 HecBsizuble (puc. 20, ¢ u 2) Auarpammsl. O6o3Haunm uepes L cymmy
BCEX CBSASHBEIX AHArpamM, Aalomux BkJal B K,. Torga sennuuny K,
MOXKHO TpEJCTaBHTb B BHje

(Vo S[W)=1+L+ 2 4L —expl).  (14.3)

3aech yuten BkJag Beex (CBAI3HBIX M HECBSI3HBIX) JAHATPaMM.
IlepBhifi ujeH 5TOro pasMoOXeHHS CBA3AaH C HYJEBHIM UJEHOM
"MaTpuupl. BTOpodl onuchiBaer Bce cBs3Hble AuarpamMmel. Tperil
BKMoyaeT B ce6st CyMMy BKJAJO0B (MM TIPOCTO CYMMy) BCEX HECBSI3HBIX
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JHArpaMM, Kaxjasd U3 KOTOPHIX COCTABJeHa H3 NBYX CBA3HBIX. Yer-
BepTHIl OTBeYaeT HECBSI3HBIM JHArpaMMaM, COCTAaBJIEHHBIM H3 Tpex
CBA3HBIX H T. I. '

[TosicHMM CTPYKTYPY STHX YJIEHOB, OCHOBBHIBAsICb Ha MpaBHJAX
definmana. [lpexae Bcero, 3JeMeHT S-MAaTPHIbI HECBS3HOH Jua-
rpamMMel pacrnajaercs Ha NMPOH3BEJleHHE HE3aBHCHMBIX 3JIEMEHTOB, OT-
BeYaIoUIMX CBSI3HHIM JAHArpaMMaM. B 3ToM cMbicje MosiBjeHHE CTele-
Heft L2, L3 u T. 1. sBJsIETCS COBEPIIEHHO €CTECTBEHHBIM.

YTo e KacaeTcsi YHCJAEHHBIX KO3(p(DUIHEHTOB, TO MOSBJEHHE paK-
topos 1/2!, 1/3! u 1. A. oGbsicHsieTcs caepyomum obpasom. Paccma-
TpuBas JJs NPOCTOTHl TpeTHil wreH Bepaxenus (14. 3), mpexcra-
BuM L B BHJe CyMMbl X L, AHarpaMM pasHoro mopsifika TEOpHH BO3-

n

Myuienuii. CKOHCTpYyHpYeM Tenepb BCEBO3MOXKHLIE HECBSI3HbIE Jua-
rpaMMbl, COCTABJIEHHblE H3 Naphbl CBs3HHIX. Heo6xoammo pasauyaTh
ABa cayuasi: mapbl OfMHAKOBEIX (cM. puc. 20, 6) M maphl pasaHYHBIX
(cM. puc. 20, ) cBsi3HBIX Auarpamd. B nmepBoM ciaydae npaBHJIO
(_i)2n (_1)2m
Keym ’
rje n ¥ m — NOPSJOK H YHCJO NeTelb B KaxJOH M3 CBsI3HBIX AHa-
rpamm. UHCIO %, MpeACTaBJsiomee co6ofi 4uCa0 0603HAYEHHH
apryMeHTOB, He MEHSIIOUUX BbIPAMXKEHHS JJIS 3JEMEHTOB S-MaTpHIb,
paBHO 2x2, rlle ® — aHAJOTHYHOE YHCJIO IJIs1 KamJOH H3 CBSI3HBIX
auarpamm. JIMmHas JBOfiKa oTpaxaer TOT (akT, YTo AJsl pacCMaTpu-
BaeMOfl HECBSI3HOM JuarpaMMel B UYHCJIO HepeoGo3HAaYeHHH BXOIMT
B3aHMHBIA OOMeH KOopauHAT 0Oeux (OJMHAKOBLIX) CBSI3HBIX YaCTeH.
Taxum 06pasoM, Ta YacTb TPETHEro 4YseHa Bhipaxenus (14. 3), KoTo:

QefinMada 2 npuBefeT K YHCJIEHHOMY MHOXKHTEJIO

1
pas CBf3aHa C MApaMH OJWHAKOBLIX JHarpaMm, HMeeT BUJ| —Q—ELf,
n

Yro xe Kacaercs nap HEOJHHAKOBBIX JuarpamM, To Tam dakrtop 2
OTCYTCTBYET, TaK KaK YKa3aHHAs IIepecTAHOBKA apPTYMEHTOB HEBO3-
moxHa. COOTBETCTBYIOIIME BKJAJ B TpeTHil wieH Bhpaxenus (14. 3)
paBen npocro X L,L,. Cymmupys o6a NpHUBEAEHHBIX BHIDAXKEHHS,

n+m

NPUXOAUM K HYXHOMY BHIY pPAacCMaTpPHBAeMOro ujeHa. AHAJOTHYHO
0GOCHOBLIBA€TCST BHJ, OCTaJIbHBIX UJIEHOB Bhipamenus (14. 3). ,

Kak yxe ykaswbiBajoch B § 12, mpu cTpemyiennu napamerpa o,
ONpEJEsIONETO CKOPOCTh BKJIIOYEHHS] B3AHMOJEHCTBHS, K HYJIO Be-
auunna L Bospacraer kak 1/0. IlostoMy MOXHO HamHcCaTb

(¥o|S|¥,) =exp(Lyd),

rae L = L /6.

.BakyyMHble nepexofnl Bcerja CONpoBOKAAIOT PeajibHLIH Mpolecc;
HHBIMH CJIOBAMH, PACCMATPUBAasi 3JIEMEHT S-MATPHIDBI, CIEAYeT Yud-
THLIBATH U HECBsI3HbIE AUATPAMMEI, COJlepKAIHE BAKYYMHLIE I€PEXOABL.
Paccyxenusi, aHajJOTHYHLIE TPHBEJEHHBIM BbIE, MOKA3bIBAIOT, UTO
B paccMaTpHBAEMOM CJIyuae BAKYyMHbIE Nlepexo/ibl BHIJEJAIOTCS B BUAE
MHOXKHTEN Sl

S = (¥, |S|¥) Speame » - (149
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r€ Speaswn ~— JIEMEHT S-MaTPHIbI CAMOTO HHTEPECYIOUIETO HAC Mpo-
necea. ;
Takum 06pasoM, 06HADYKHBAETCS MOJIHAS HE3ABHCHMOCTb BAKYYM-
HBIX ¥ P€aJIbHbIX NPOIECCOB (IPOU3BENEHHE BEPOSITHOCTEN), YTO MO3BO-
JseT COBEPIIEHHO OTBJEUbCS OT BAKYYMHBIX Nepexolon

14. 3. Paccmotpum cienyomuii uien passaoxenust (14, 1):

Sy = | d1d2K, (1, 2) N [%+ (1) % (2)]. (14. 5)
Boiensist u3 Ky 4jieH, oTBeyaomui BaKyyMHBIM I€PEX0aM, TOJYUHM
Kl(lv 2) = i<lPI0|S|\p0> 2 (1) 2\/;

rie 3 HOCHT Ha3BaHHE COOCTBEHHO 3HepI‘ETI/I‘{eCKOﬁ 4acTd. ITC Ha3Ba-
HHE 3AMMCTBOBAHO H3 KBaHTOBOH TE€OpHH II0Jid, Tl€ aHaJOoruyHas Be-
JUUHMHE ONUCHIBAET B3AUMOJEHCTBHE YACTHIIH C ee COOCTBEHHEBIM noJgeM,

a
7 2

3 4 J__2

| | | | | |

d i 1 li l 4 & & 4
7 2 1 4+

4 4 2 : Jd

Puc. 21

B Teopuu muorumx uactuu Sy ONMHCEIBaET NPOLECCH Hepexoia
YacTHILl U3 TOYKH | B TOUKY 2 HJIM ABIPKH B OGpaTHOM HaNpaBJCHHH,
T. €. NpoLecCHl HX pPaclpoCTPaHEeHHs € yYeTOM B3aMMOJEHCTBHS C ua-
CTHNAMH CHCTeMEl. [IpuMephl TakHX IepexojoB JaHbl Ha pHC. 14.

CoOCTBeHHO 3HEpreTHYECKOH YaCTH TaKKe CTaBUTCSI B COOTBET-
CTBd€ HEKOTOpBHIH rpaduyeckuit obpas (puc. 21, a). Ha amarpam-
MHOM fI3BIK€ 3} ITpe[CcTaBJjisieT coGOd CyMMY LHarpamm, MMELMX APa
cBOOOAHBIX KOHUA. COOTBETCTBYIOUIME HpPHMEpPH [MpHBENEHL H&
puc. 21, 6—0. ; »

Kak Oyger sbisicHeHO B cieAywoumeM naparpagde, yepes Befu-
YHHY 3 HeNOCPEACTBeHHO BLIPAXKAlOTCS BakHeHuiMe QH3VJecKue Xxa-
PAKTEPHCTHKHU CHCTEMB YACTHIL. ‘ '

Bpruncapm ¢ nomomipio npaBua Pefinmana Beauumdy X (1, 2)
B HU3uIeM (BTOPOM) NOpsifiKe TeOPHH BO3MyIleHui (cM. puc. 21, 6 u ).
Ot6pacbiBast paBHBIA eJMHHLIE B 3TOM MpUCIHKEHHH (BaKTOp
(¥o]S|¥,), MOCTPOHM COOTBETCTBYIOMIUI S/1€MEHT S-MATPUIIbI, HME-
IOIIHA BUA .

S—=i[dld23(1,2) N+ (1) p (2] (14. 6)

[IpousBomumble HHKe omepaiuu OyjieM HyMepoBaTh TeMH XKe IH}-
Pamu, uto u cooTBeTcTByIOWMe npaBusna Pefiumana B pasgene 13. 2.

1. ExpHcTBeHHBIE JiBe TONONOTMYECKH pAa3/MYHBIE JHATPAMMBI
npouecca usobpaxenH Ha puc. 21, 6 u 6. ' -
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2. IMopcuer daktopa % OblI NpOH3BeNeH B pasjene 13. 1, rae
6uut0 HaifineHo ® = 1 st o6eux puarpamm. [ljisi mepBO# AHAarpaMMbl
m = 1, aas Bropoit m = 0. Orciona YMCJEHHBI MHOXHTEJAb NPH
5JeMeHTe S-MaTpHIl paBeH cooTsercTBeHHO -+1 H —I1 (n = 2).

3. PaccmatpuBasi OJIHOBDEMEHHO BCe BO3MOXHBIE IPOIECCH pac-
NpOCTpaHeHHsl, OTBEUAIOUME HAIUMM JMarpaMmam, CJeiyeT B3STh
N-npousseienue B Buie N b+ () (2) ]

4. Jlia mepBOH JAMAarpaMmMel BHPTYaJbHbIE JIHHMH OMUCHIBAIOTCS

KoMmbuuanuel )
iGy (2, 1) iG, (3, 4) iG, (4, 3),

iGy (4, 1) iG, (3, 4) iG, (2, 3).

5. B 060uX CaAy4asX JUHHAM B3AUMOJEHCTBHS OTBEYAIOT MHOMH-
TeJIH v

JJIsT BTOPOH—

V(1,3)V(2,4).
6. B o6oux caydasXx BXOJST HHTerpasbl
{dld2 d3 d4.

Ucnonbays Buipaxkenue (14. 6), nonyuum
$ (1,2 = —[ d3d4V (1,3) V (2, 4) [Go (2, 1) G, (3, 4) Gy (4, 3) —
' — Gy (4,1) Gy (3,4) Gy (2, 3)). (14.7)

To ke TOJYYHTCS M3 CONOCTAaBJIEHHs BoipaxeHui (12. 5) n (12. 2)

c (14: 5).
14. 4. TlocTpoum COGCTBEHHO 3HEPreTHYECKYIO 4aCTb B SHEPTETH- .

yeckoM NPEJCTABJEHHHM, PACCMATPUBAs MEPEXOX {L —> V M Tepenu:
chiBasi- cooTHoulenue (14. 6) B Buje

S,y = 20 [ de B,y () N (ATA,) 8 (e —2,) 6 (e — &),

Onpenenennasi TAKHM -06pa3oM BENTUUMHA Xy (e) ynmoBaeTBOpfAeT
COOTHOLICHHIO
. . . .
S (1, 2) = | ge-exp[—ie (b — )] Txu@) 1y (g) T (@), (14.8)
T. e. siBAsieTCs KO3((UILMEHTOM Pa3JIOKEHHSA MO CHCTEME Y, H dbypoe-

o6pasoM 10 t; — t, QyHKUMH 2 (1, 2).
Hcnoabayem pnajnee npasuna PeifHMaHa, USJIOXKEHHBIE B pas-

neqe 13. 3.
1. TonoJOTHYECKH pa3/IHYHbIe S3HEPTeTHYECKHE IHarp aMMbl usobpa-

xKenbl Ha puc. 18, a u 6.
2. To ke, uto B pasgene 14. 3.
3. Tlossasercss N (ATA,)..
4. TlosBasercss KoMOHHAUMA

- 3 -
(o) B dedeydesGoy, (2:) Gon, (22 Gon, (&)

2n MHilzUs .
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5. MatpuuHele 3JIEMEHTHI, BXOAsME - B TNEPBYIO AHATPAMMY,
HMEIOT BHJ

(B, p3| VIipg e ) (Ros Ba| V]V, ns),
BO BTOple—- ]
(w3 Vipg Ba) (R, Be| Vi ps, v) =
= (W, Bs | V] Py o) (Be, Bo| VT [V, pa),

‘rae J — onepatop o6MeHa KOOpAHHAT (HJM, 4TO TO e, OOMEeHa
HHIEKCOB COCTOSIHHSA) *. .

Kpome TOTO, BXOZAT O-QYHKUHH
(20)? 8 (e - 83 — €1 — €5) 8 (61 + B2 — &5 — &,).
OKOHUaTeqbHO TIONy4aeM
1
v (e) = @ 2 Idaldszd%(l“”al Vipp,)

Ualhalts
(e | V(1 — )| vps) Gy, (2)) Gy u, (€2) G(m, (gg) X

X0 (e 4 85— &, — &,).

HHTerpupoBanue Mo 3HEPrHsIM MOMKHO IPOU3BECTH B KOHEYHOM BHIe,
HCIO/Ib3ys pe3yabTaTel Npujoxkenuss B. Dro paer

Sav(®) = 0 (Bl Vipge) (pipt | V(I — F) [ vpts ) X

R1ltalhs
% (1 - nu;) (1 B nl’«z ”us ,}« ”ulnuz (1 - ”ua) (14 9)
af,—s“a——su‘wsuzqtié ety —ey —¢&, —id [’ )

[lepBuifi useH B (QUI'YypHBIX CKOOKAX OTBeYaeT COGCTBEHHO AuarpaM-
MaMm, H300paxeHHbIM Ha puc. 18, @ H 6: COCTOSIHUS Py H W, NPUCYILH
4acTHIAM M BHOCSIT BKJaj B cooTHomeHue (14. 9) auwb Boime chepst
Gepmu, COCTOSIHUE W3 — ABIPOUHOE M 3(DGDEKTHBHO JIHIIL HUKE CHEPHI
®epmu. Bropoit uneH B (QHI'YPHBIX CKOOKax OTBeYaeT AMArpamMmam,’
TONOJIOTHYECKH SKBHBAJEHTHHIM PaCCMOTPEHHBIM BhIIEe (CM. puc. 18, 6).
3ech COCTOSIHUSL Py, W, OTBEUAIOT ABIPKAM, L3 — YacTHIE. ITO KaK OBl
BHIBepHYTas Hau3HAHKY JuarpamMMa puc. 18, a.

PaccmoTpuM COGCTBEHHO 3IHEPIeTHUECKYIO YACTh B WMAYJALCHOM
NpejCcTaBJeHHH [i/1s1 IIPOCTPAHCTBEHHO-OHOPONHOM CHCTeMbl. HMcxomns
U3 pasaoxenusi Pypne :

3 (x) = jd4p 2(;, a) exp. [i (;—;c— st”

7

—_—

* JlmarpaMmbi, KOTOPHIM OTBedaeT omepartop o6Mena &, GyleM Ha3BIBATb OGMeH-
HEIMH KODpeJISIIHOHHLIME JHATPAMMAMH.
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¥ ucnonb3ys npaeuna PefiHMana Jis auarpamm puc. 22, HaiigeM
(0 — Aucxpemme HHJEKCHI):

S 1. © §d3 d3k2l<91@;H ,‘2\@293)——

*‘(Qlei"* (klv(b —q——’;)‘Q;;Qg)]X

(lﬁn,_’:) (1-—'n_,_’,e)nq n4;n»+(1—nq)
X , p— 9+ . p—k gtk - , (14 10)
e-l-gg—8s > —8, 5 00 a—#sq—s_,_,—e_,_,—té
p—Fk gtk p—Fk g+t

rue

- Puc. 22

Jl;ist NOTeHuMana, SIBJASIIOMErocsi NPocTo (yHKIMeHd KOOpAHHAT,
BLIpaxkeHue B KBAJIPATHHIX CKOOKax INpuoOpeTaeT BHA

doses (v () — v () (p— =),

rie g — daxtop BulpoxieHHs (cM. § 4).
14. 5. Tpetuii uned pasnoxenns (l14. 1) umeer BUA

Sy = [d1d2d3d4K,(1, 2, 3, HN [$* () $* Q) () v ). (14 11)
Boijlessia IpOLECCH BAKYYMHOTO THIIA, HMEEM
K, = (¥,|S|¥,) T (1,2,3,4),

rae I' — HOTEHuHaJI 3(peKTHBHOTO BBaI/IMOﬂ,eI/ICTBI/IH HJIX BepIIHHHOM
YacTH.

Dnement S OMHUCHIBAET BCEBO3MOMXKHBIE POIECCHI, AHArPAMMBI KO-
TOPHIX COJiep:KaT ueThipe CBOGOAHBIX Konua. Crofia OTHOCATCA Npo-
I1eCCHl PACCesHHs] YACTHIHI HA YaCTHILE, JBIPKH HA ABIPKE, YaCTHILBI
Ha. JBIPKe ¢ YUeTOM HX KOpPPEeISIHOHHOIO B3aHMOJEHCTBHS C CHCTe-
moit yacTull. IIpuMeps TaKMX AUarpamMm, pacCMaTPUBABIINXCS U BbILIE,
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npuBelleHbl Ha puc. 23, rje BUAHO, YTO JEACTBUTENEHO BepIIHHHAS
9acTb, KOTOPYIO rpaduyecKu NPEACTABJISAIOT CHMBOJIOM, H300parKeH:
HBIM Ha pHUC. 23, @, B ONpEJeJIEHHOM CMBICJIE ONHCHIBAET MOJAUGDHIAPO-
BAaHHBIH 3aKOH B3aHMOJLEHCTBHSI, IIOKA3blBas, KaK MEHSETCS JHHHS
B3aHMOJICHCTBHS IIPH ydeTe KOPPENSIIHOHHOTO B3aHMOJCHCTBHS.

B mu3mem nopsiake TeopHH BO3MyIeHHS, KAK BUAHO H3 CPABHEHH S
poipaxenuit (14. 11) u (12. 1) *,

T(1,2 34 =—=V(1,28(1—382—4). (1412

Y

>

7 Y < Y
e T e A

| |
X
o

d - e
Puc. 23

Co6CTBEHHO 5HepreTHYecKasi H BEPUIMHHAS YACTH, ONUCHIBAS BJIHSA-
HH€ KOPPEJALHOHHEIX 3(P(eKTOB Ha JIMHHIO YaCTHIL ¥ JHHHIO B3aHMO-
JeHCTBHUS, ABJSIOTCA BaXKHEHIUUMH CTPYKTYPHBIMH 3/J1€MEHTAMH, U3 KO-
TOPHIX MOXHO TOCTPOMTH JHArpaMMy JmwoGoro” mpouecca (noapoGHee
cMm. § 20, 25). . : : :

§ 15. MATPUMIIA PACCESIHUSI U SU3UYECKHUE BEJUUHHBI

15. 1. Pacnonaras Belpa)keHHeM JJisi COGCTBEHHO SHEPTETHUECKOH
YacTu S-MATPHIB, MOMKHO MOJYYHTb PA3HOCTOPOHHIOW (H3MUECKYIO
HHQOPMALMIO O pacCMaTpHBAeMO# CHCTEME MHOTHX YaCTHIL.

HaiizeM npesxjie Bcero BhIpaxKeHHE JJs1 OJHOYACTHYHOH MATPHIBI
TJIOTHOCTH CHCTEMBl € YYETOM KODPPEeNSIHOHHOIO B3aHMOJEHCTBHSA
MexJy uactunamu. C NMOMOMIBIO 3TOH BeNHYMHBI MOXKHO IOJYYaThb
CBEJIEHHS O TeX Ke XapaKTepHCTHKAX CHCTEMBI, UTO ¥ € NOMOHILIO
MaTpHUB NJIOTHOCTH B mpulbauxkeHun Xaptpu — Poka, KOTOPYIO M
31ecs 0603HAYUM uepe3 R,

Ro(q1, g2} = (Yol %™ (g2) ¥ (1) | ¥o).

* YunteiBast auTHCHMMeTpHIO I' OTHOCHTeNbHO TepecTanoBok 1552 uin 3724,
B coornowenun (14. 12) cnenosasno Gul crenats sameny:

8(1—382—4) =2 [8(1—3)82—4)— (1 —452—3).



Bxurouenue KOppenssiHOHHOIO B3aUMOJEHCTBHSA OTPA3HTCA, OYEBHIIHO,
TOJILKO Ha BOJHOBBIX pyHKuUAX ¥, KOTOpHIE cieflyeT 3aMeHHThL TOY-
HeIME  BoJiHOBHIMEM ¢(yHKiuaMu ¥ *. Urto ke kacaercs omepaTopos
noasA, 1o B npencrasienuu lllpenunrepa ux Buz BooGuie He MeHseTCS
OT B3auMofeicTBusi. Takum oO6pasoM, TOYHAS MATPHilA TIOTHOCTH

HMEET BHJA -
R (91, q2) = (¥ ]9 *(g2) ¥ (q0) ¥). (15. 1)
UpesBhluafino YHOGHO ClejaTh 3aMeHy ‘
¥ (@) ¥ (@) = lim T[$7 2 ()] (15.2)
11, 10

31ech BeTHUHHA f,, KaK M Iy, CTpPeMHTCA K HYJIO, HO OCTaercs
Goabwe £,. [Ipu 3TOM, BO-NepBHIX, cobmonaeTcss TpeGyeMulil MOpAN0K
OIepaTopoB M, BO-BTOPHIX, KaX/blfl M3 HMX COBMAJAeT C ONepaTopoM
B npejacrassenun [llpenunrepa. B pesyasTate nosydaem
R(@ g)= 1im (VIT[$F@eO]¥). (5.9
: 2=t
PaccmaTpuBaeMoe cpejHee 3HAYEHHE 3aBHCAT (AKTHYECKH TOJBKO
OT Pa3sHOCTH BpeMeH [, — f,.
IlepeitneM B 3TOM BHIpaXKeHHH OT npeacTaBieHus [eiizenGepra
K MPEICTaBJIEHHI0 B3aUMONEHCTBH S, IOMIB3YsICh cooTHOmEHuAMH (9. 21)
u (9. 26): :
wr (1) = S(Oy tl) lpB(l)S(tli 0)9
b (1) =S80, &) ¥ (1)S (K, 0),
¥ =80, —x) ¥,
¥* = ¥ 8§ (—oo, 0).
Cpennee 3Hauenue, BXojsilee B Bupaxenue (15. 3), mpuHuMaer npu
t, > £, crnenyomui BHI:
(W] S (=0, )93 (2) S (ta, 1) $u (1) S (6, — ) | Fy)-
37ech HCMOJABL30BAHO TPYINOBOE CBOHCTBO S-MaTpuusl (9. 7). 3amuce-
Bas 8§ (—oo, t,) uepes 8§71 (o0, —o0) § (0, £,), yuTeM CBOHCTBO
YCTOHYHBOCTH OCHOBHOTO cocrtosiHus (9. 18"). PaccmaTtpuBaeMoe cpex-
Hee 3HAUEHHE MOXKHO, TAKHM 006pas3oMm, Nepemnucatb B BHJE
Wo| S (0 ty) Wi @S (ty 1) V(DS (4, —o0) [ ¥y
(W | S[¥o)
W3 3Toro BhipaxkeHus BUJHO, YTO ONEPaATOPHl, BXOASINHE NOX 3HAK
CpellHero, pacmoJOXKEHH TOYHO B XPOHOJIOHYECKOM mopsjike **: cna-

* B manbHeilmeM AJsi ynpouieHust GopmyJ GyAeM OOyCKaTe HHJeKe «r»y Wi.

** TIpepcraBiienne S-MarpHLLl B BHAE XPOHOJOTHYECKOTO IPOH3BEJEHHS JAOIY-
CKaeT CJIEAYIOUYI0 HATJIAAHYIO HHTeprperanuio. Pazobbem § (0o, —o0) HA MPOH3-.
BOJNbHOE UHCJO COMHOMHTENeH, MOab3ysch cBoiicTBoM S-matpuubl (9. 7): 8 (oo, ”
—o0)=8 (0, t)) S (t1, ty) ... 8 (ty, —oo). 3pecy f;>ty.. > 1y Xpono-.
JIOTH3aUUs NpeACTAeT TYyT B SIBHOM BHJE: KAXKJAbI M3 COMHOXKHTENEH COAEPHKHT
BpemeHa GoJlee NIO3]IHHE, UEM Y TIPABOTO, H Gojtee pPAHHME, YEM Y JIEBOTO coCeja.
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yaja MJEeT 4YacTbh S-MaTpHIbl, COAepKallasg BpeMeHa, 60JbiHe f,;
3aTEM OMEpaTOp B MOMEHT f,; Jajiee 4acTb S-MaTpPHIbI, OTBEYalolias
BpeMeHaM, GOJbIMM f;, HO MeHbUIEM f,, M T. A. OObenunss pac-
CMaTpHUBaeMOEe BHIPAXKEHHE C. AHAJOTMUHBIM BBIDAXKEHHEM, OTHOCH-
UMCcsl K cayuawoo £y > !y, MOXKHO HalHCaTh OKOHYATEJbHO

(YT (%5 @ . ()] ¥)=

CF, | T [ @ %, (1)S] ¥y (15. 4)
(¥o|S|¥o) :
S1o BaxKHEHIIee COOTHOLIEHHE, KOTOpoe Oy[eT HIHPOKO HCIOJbL30-
BaThCsl B JaJjbHeHmieM. .

Bripaxenue (15. 3) serko HemocpeJCTBeHHO BHIPA3HTh yepes cob-
CTBEHHO 3SHEpPreTHuecKyw dactb S-maTpuunl. IlojgcraBiss B 4ucC/IH-
Teqb cooTHomeHusa (15. 4) pasnoxkenue S-marpunsl (14. 1), yBuauM,
YTO MOXKHO OTPAaHHYUTHCS PACCMOTPEHHEM JHIIb NEPBBIX JABYX uJje-
HOB 3TOr0 DPasJ/ioXKeHHA

§— (W, S|, {1 +ifdld2S (1, 2N b (1) 9] + .-}
B caMom jesie, npuMeHsisi TeopeMbl BHKa, HeTpYAHO yOeAuThCs, 4TO
yjieHb! 60Jee BHICOKOTO MOpSAKA MPHUBEAYT K NOSIBJIEHHIO MOJ 3HAKOM
CpelHero HOPMAJbHBIX Npou3BeleHuil, oTuuHbIX oT N (1). Ilocne-
Aylomee ycpejHeHHe [ACT, O4eBHIHO, HYJEBOH pe3ynabTar.

[TepBBiil YjieH pasJyoxkeHHsA § NPHBOJNUT MPOCTO K BeJHUYHHE

(W, | T[T (2 %, (1)] ]| ¥).
Yrto ke Kacaercsi BTOPOTo, TO JE€J0 CBOJHTCA K BBIYMCJIEHHIO
CpefiHero

(U LT (9 @ wa (N [93 (3) 9. ]} W)
[pumensist Teopemy Buka Jjsl cMemanHbX T-TIPOU3BEJEHHH, J€rKo
BHJETb, YTO €JHHCTBEHHBIM OTJIHYHBLIM OT HYJA OyleT ujeH

iGy (1,3) (—i) Gy (4, 2),
rae G, — cBoGopnas ¢yukuusi I'puna (cm. § 10).
Takum ob6pasom, : ‘
(7T [wF @ . (W] ¥) = (¥ [ T[93 @ v (][ ¥o) +
+ i {d3d4G, (1, 3) X (3, 4G, (4, 2). (15. 5)

BosBpamiasice k Mmarpuue mmotHocTd (15. 1), nmeem

R (91, 92) = Ro (g1, q2) +
-+ lim i {d3d4G,(1,3) 2 (3,4)G,(4, 2). (15. 6)
to,—t,>+0
IlepBoe cnaraemoe 3TOro BBHIPAXKEHHs OTBeYaer npUGIHKEHHIO
Xaptpu — Poka, BTOpOE ONHUCHIBAET KOPpEJSIHOHHbIE MONPABKH
K MaTpHle MJOTHOCTH.
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15. 2. U3 cootnomweHus (15. 6) HeTpyAHO HAHTH BHIpAXKEHHE JJIs
NJOTHOCTH YHCJIA YAaCTHULL CHCTEMBI

' Q (;1) = SpgR (;1» 01, Ty; ;1, 02, 72), (15.7)
OTKy/a

e () —e (%) = sppi | 3 atG,01,9)2 3, 96,4, 9

tz>tl
(Qo — muoTHOCTL B npuGauxkenun Xaptpu — Poka). ITO COOTHOMIE-
HHE ONHCHIBAET MEepepaclpe/ieleHHe YacTHIl B MPOCTPAHCTBE NOA Jeii-
CTBHEM KODDEISIIHOHHOTO B3anMOZeH-
¢ crBHdA. B cayuae npocrpaHcTBeHHO-
@ OJIHOPOJHOH CHCTeMbl TaKOTO nepepac-
npejesesds Booblle HeT.

Jluist IpocTpaHCTBEHHO-OXHOPOIHBIX
CHCTeM TpeJCTaBJASAET HHTEpPeC BOIIPOC
O IlepepacnpefesicHMd YacTHI IO HM-

Pue. 24 : nyascaMm. I[lepexonst oT -Bnlpa)keHwust

(15. 6) kK ¢yHKUHH pacupereseHus

(cM. § 4), xoTopast B paccMaTpuBaeMoM Cyuae AaeT IPOCTO pachpesie-
> >

JIEHHE TI0 MMIYJbCaM, HaAJeM, BBHIUHCISAS (Gypbe-o6pas Mo x; — x,:

o(p)—e(p) = tim if%ﬁ—exp[ie(tz—rmx

t;—i>+0

e
& — e, - idsign (e, —e,

X
p p .

OT0 BbIpaXKEHHE Lenecoo6pasHo mpuBecTH K MHOMY Buay. IIpo-
JOJIKHM NOJBIHTErPA/IbHOE BEIpaXKeHHe B NOCTELHEM HHTErpajie B KOM-
IJIEKCHYIO IIOCKOCTh €. YUYUTHIBAsl, YTO 3TO BHIPAXKEHHE NOCTATOUHO
GLICTPO 3aTyXaeT C POCTOM € M UTO B BepXHell MOJYIIOCKOCTH & MOKa-
3aTeJIb SKCIOHEHTH ie (f, — f,) UMEEeT OTPUIATENbHYIO NeHCTBHTENb-
HYIO 4aCTb, T. €. 9KCMNOHEHTA TAKXKe 3aTyXaeT C pocToM Ime, MoOxkKHO,
corjacHo teopeMe Komm, 3ameHdTh MHTErpupOBaHHE MO € MO Jefi-
CTBHT@JIHOH OCH MHTETPHPOBAHHEM MO 3aMKHyTOMy KOHTypy C,
BKJIIOYAIOIIEMY IIOJOBHHY GOJIBIIIOTO KPYra B BepXHell MOYIJIOCKOCTH
(puc. 24). VnTterpas no sToMy momyKpyry BHOCHT NpEHESDEKHMBbLL
BKJIA]I.

Tenepr yxe moxkuo mepeiitu k npeneay f, — £, — 0; NpuBejeH-
HBIil HHJKE€ MHTErpaj CBOAHTCA K CyMMe BHLIUETOB B MOJIOCAX (yHK-
it ¥ u (e — s;) -+ 10 sign (a; — &p) |2, Texkamux B Bep XHEH MOJY-

IIJIOCKOCTH :

> =) ? de . gz(;, 8) .
e (p) — (p) = lcsw =)+ % s (5 =) (15.8)
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15. 3. IlepexomuM X BHIpa)KeHHIO 4Yepe3 X BaxKHeHIeH xapakrTe-
PHCTHKH OCHOBHOTO COCTOSIHMS CHCTEMbl — €ro 3Hepruu E. 3a oCHOBY
npuMeM OObIYHOE BhIpaxenuwe Aasa E

E=(Y|H|Y), (15.9)

rjle raMuJbTOHHaH B npejicTaBienuu lllpenannrepa 3anumem B nepBo-
HauajbHOM BHAe (3. 29):

H = [dgy* (@) Th @)+ + [ dadq " (9) ¥* (4) V(@) % (9)

BhipasuM 3T0 COOTHOLUEHNE Yepe3 relizeH6eproBCKHe ONepaTopsl P,
B MoMeHT { = (. YuuTbiBasi YpaBHEHHE [BHIKEHHUS JJs 3TUX oOmnepa-
TOpoB (cM. pasgen 3.9), MOXKHO HanHCaThb

H = lim - { dg,wF (1) (i o+ T) % (1) =

I . . 0
=5 [dautim (i 55—+ T) % @) %, (1).
t1>0
Beogs ¢, >> f; v nojcTaBassa B Bepawxende (15. 9), MoxkHO HanucaThb
1 . . 0
E— de‘h lim (1—074— T) (VT [ @) . (1)] W)
251 1
ty—t1>+0

Ilanee MOXHO ucnosb3oBaTh coortHoiuenue (15. 5). IlepBoifi usnen
ero npasofl yacTu oTBedaeT npubamkenuio Xaptpu — Poka u npu
NoJCcTaHOBKe B E Jjaer

E,=Sp (T + W/2)el].

Ocrawomascsa 4acTb 3HePTHH OTBeYaeT KOPpeaALHOHHOMY . B3aHMO el -
CTBHIO H HMeeT BHJ ‘

1 — . 0 v
E—E, :JQ_qul lim (i 5+ T)S 43 d4Gy (1, 3)x
to—ty >0 , A

% 2(3, 4)G, (4, 2). (15. 10

Yrto6bi BHSACHATL (PU3HUECKHH CMBICJ 3TOTO BEIp@XEHHUs, NPEACTABHM
€ro B HECKOJbKO HHOM BHJE. YUHTHIBAs ypaBHeHHE ;

(i a%—r~ W> G, (1, 2) =8 (1 —9),

HMeemMm :
E—E,= jd‘h qli_fl,} (T + TW) [R (91, ¢2) — Ro (91, 921 +
+ L j‘dql lim  d33(1, 3)G,(3, 2). (15. 11)
AN

3Jlech  MCNOJIL30BAHO COOTHOIICHHE (15 6). HepBbm YjIeH Bhlpaxe-
nusi (15. 11) omHCHBaeT u3MeHeHHe KHHETHYECKOH S5HEepruud YacTHI
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H HX CaMOCOIJIACOBAHHOTO B3aMMOJEHCTBUS 3a CYeT 06YCJOBJEHHOTO
KOpPPEJNAIHOHHBIME 5(hpeKTAMH HX nepepacrnpefejeHHst IO COCTOsi-
nusaM. UTo ke KacaeTcs BTOPOro ujieHa, TO OH OTBeYaeT H3MEHEHHIO
€caMoro xapakrtepa B3aHMOJIEHCTBHST MeXIYy YacTULAMH, T. €. YUHTHI-
BaeT COGCTBEHHO KOPDEJSILUOHHBIE 3(pEKTHI.

15. 4. Brlpaxenue JAJs1 SHEPTrHH CHCTEMbl MOXKHO IPEACTABHTb
B MHOH (popMe, eC/IH BOCIOJIb30BAThLCS MPHEMOM, YKe IPHMEHSABUIHMCS
B § 9. 3aMeHHM raMuJIbTOHHAH KOPPEJsIHOHHOTrO B3aumojeictaus H’
sequunHoli AH’, rme A — HekoTOpbi mapaMerp, KOTOpBIH ImoOCsTIE
NpOBENEHHs BBHIKNAJOK OYJET MOJIOXKEH PaBHBIM e/:mﬂnue Ilpu stom
BCe BEJIMUMHEI, GHIYypHpYIOIILE B pacueTe: P, xpr, S, 2 uT o
6yayT QYHKUMAMH A.

Hcnosbsyem o6myio KBaHTOBOMEXAHHUECKYIo TeopeMy [24]

OE/Oh = (V| OH /oM | W), (15.12)

s JI0Ka3aTeNbCTBa KOTOPOH JOCTATOYHO TNponuddepeHIHpoOBaTh
no A ypasuenue (H — E) ¥ = 0, yMHOXHTb pe3yJbTarT cjieBa Ha W+
H yuecTb 3pMHTOB xapaktep H. B paccmatpuBaemom caydae 0H/OAh =
= H’ 1 MBI IpUXONUM K Bpra}KEHPIIO

E—E, =§dx<1P]H"11P>.. (15.13)

3Jech ydTeHO, 4To npu A = (0 MBI BO3BpamaeMcs K NPHOJIHKEHHIO
Xaptpu — ®oka.
Onepatop H’ BHpamxaercs B (bopMe

’ 1
H =—-—(H—H,),
rae oneparopy H MoxkeT ObTb NpHAAH BHI

H= j.dfhib+ @)IT+1—2 Wil (q)+
+ 5 [ day das* (@) ¥* (@) Vb (9) % (@) + (1 —A) C.

3rece C=—— qu (¥ | %" (@ Wy (9) ¥, ). CnpaBennuBocTb Bbli-

paxeHUus s H JIEFKO NPOBEPHTb, COOHpasi 4jieHbl, NPONOPLHOHAJb-
HbIE A, KOTOphIe B TOYHOCTH JAl0T N-NpousBeleHne TpeGyeMOro BHAA. -
FIOBTopﬂﬂ pacCyKNeHus NpejbyLIero. pasjena, HaXxo[dM

H= [ dg () [i o=+ T+0—1)W] 9. (1) + (1 —4)C.
t, >0

Boiuutas otciona

o= dg7 () +C,
Ho= | dapd (1)(T+W) (1) +C

ITOJIYYHM .
H = jdqlwr W [igm—T— A+ HW ] (1) —C
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OKOanTeJIbHd C YyYeToM ypaBHEHHH (ia%——T—W) P (l) =
= () MOXHO HamucaTb : '

) o . . d 1
(YIH'|¥) = - |dg lim [za—tl—T—(l%—}»)WJx
ty—ty1 >0
¥ [OF @] ¥ —( Yol T [9d @) v (]| o)}

Hakonen, nojctaBass 310 Bupaxenue B (15. 13) u HCnosb3ys COOT-
gomenus (15. 5) u (10. 6), HaAxXOAUM

j dA p
E—EO:‘Tnydql lim yds{zu, 3)G, (3, 2)—
t;

—ty>+40
~AW5'd4G(,(1, 3) 3(3,4) G, (4, 2)}. (15. 14)
B cayyae MpOCTpaHCTBEHHO-OJHOPOJHON CHCTEMBI
’ 1
' ‘ Q dh
E—Ey=5Spo [ 5-[dp %

X {2 (p) Go () — 2 (&2 —Opz/zﬂf) G (I (@) (15.14)

37ech OT A 3aBHCHT BeJWYHHA X , OyAy4d COGCTBEHHO YHEPreTHYeCKOH
YacTbi0 S-MaTpHIBl, OTBeYawled CaMHJIbTOHHAHY AH'.
Pa3snoxeHHe - MOJyYEHHOTO BLIPAXKEHHA B PsiJi TEOPHM BO3MYIle-
Huit no H’ npoume Bcero NpoBOJUTb, pasjaras NOAbHTErpanbHOE
BHIpaXKeHHe B psiJ 1O A. B yacTHOCTH, B Hu3IIEM (BTOPOM) Nopsijike
TEODUH BO3MYLIEHHH HMeeM : :
1

E--E,= %S%Lj‘dql lim 3,1, 3)G,(3, 2.  (15.15)
) L2 ko
3pech 2, — COGCTBEHHO 3HEPreTHYecKasl -YacTb HHU3MIEro nopsika
(cM. § 14); 3Ta BeqMUMHA TPONOPLUHOHANbHA A%
[lepexofssi B SHepreTHYeckoe INPEACTaBJeHHe M BBOJA BENMUHHY
3 v (8), moayuaem
i de Sowv (&)
E— EO b (K%Y

1 n [e — &y - idsign (ey— €F)? ~
4 v

IMoncranoBKa Buipaxenus (14. 8) u npoBeJeHHEe HECTIOXKHOTO UHTETPH-
poBanusi no & (cM. mpujoxenue B) jpawoor *
1
E—Ey=g Y st (1 =) (1= )

Hilbzllslhy
w L [ V(L= ) [pabta) 2 (15. 16)
Sul + Suz - 8“3 o Su‘

* HeTpyAHO MpOBEPHTb DABEHCTBO

FCaba | V(I — ) [apta ) [P == 2 Cpapta | V[ papty) Cpsity | V(Iff).ll‘-luz) .
139



3TO BbIpaXKEHHE OYeHb HANOMHHAET HUBMIHE UjleH Pa3/IOKEHHs B OObIY-
HBIH' Psill: LIDEIHHTePOBCKOH TeOpPHHM BO3MYIIEHHH, OTBEYAIOWHH Tra-
MHJIbTOHHAHY Bo3MmylieHus My (cM. § 1). Ornnuue cocTouT B TOM, YTO
B BhIpaxeHuH (15. 16) 06a MpOMeKyTOUHEIX COCTOSHHUS g B [, JIOMKHEI
MOPO3Hb OTJIMYATLCS OT HAYAIBLHEIX COCTOSIHHIL; B TO K€ BpeMst B OGbIU-
HOH TeOpHH BO3MYIIEHHH HEBO3MOMKHO JIHIIL OJHOBPEMEHHOE COBIIa-
ACHHE COCTOSIHHH M3, Uy, € W4, W, (mOgpoGHee cM. § 17).

15. 5. PaccMOTpHM KOPPENSUHOHHYIO SHEPTHIO CHCTEMEL, pacnpe-
A€JIeHHe IMJIOTHOCTH B KOTOPOH OJH3KO K ofHoponHomy. Tounee ro-
BOpH, NMPEANOJAraercs, 4TO JBHKEHHE YACTHI[ B CAMOCOTJACOBAHHOM
noJie sIBJSETCS KBA3HKJIACCHYECKHM, IPH 3TOM

£ = didx ~ dlxy & 1. (15. 17)

3Jech x, — XapakTepHas JJIHHA HEOAHODOJHOCTH, T. €. PACCTOSHHE,
Ha KOTODOM 33METHO MEHSIOTCS XapaKTePUCTHKH CAMOCOIJIACOBAH-
Horo noJist; d ~ 1/p, — cpejnee paccTosnue MeXAy YaCTHLAMH.

B ripubmmxennn Xaptpu — Qoka BeqHuHHA d SBASETCA EIUH-
CTBEHHBIM XapaKTEePHBIM NapaMeTpoOM pasMepPHOCTH MJIHHBL. PDakTu-

YECKH CaMOCOI/IaCOBAHHOE TI0JI€ BXOAUT JIHIb B BEAHUHHY pj (X) ~
~ d (x)”?% rae d(x) — cpemHee pacCTOsHHE MEXKAYy YAaCTHIAMH
B OKDECTHOCTH JAHHOM TOYKHu. [lostoMy BemosHenue yeaosus (15. 17)
B 3TOM Cj1y4ae JaeT BO3MOXKHOCTb CYHTAThL CHCTEMY B KAKJIOM SJEMEHTE
o0beMa OJHODOJHON M HCNONB30BATH s BHIYUCACHHS JIOKAIbHBIX
XapaKTepUCTHK CHCTEMBI (POPMYJIBI, CIpaBeHBEE JJs OJHOPOJHOTO
C1y4yass, HO OTHECEHHBIE K COOTBETCTBYIOIEMY 3HAYEHHIO MJIOTHOCTH.
[Ipn nepexome x APyromy sneMenTy o6beMa 3HAYEHHE IJIOTHOCTH
MEHSETCS, HO (OPMYJIBl MO-TIPEIKHEMY COXPAHSIOT CBOIO cH1y. CHeTeMa
NpH 3TOM HMeEeT, KaK rOBOPST, «KBA3HOJAHOPOAHBIN» XapakTep; BeJH-
YHHBI, ONHCBHIBAIOIIKE JIOKAJbHLIE €€ CBOHCTBA, 3aBHUCST OT KOOPJH-
HaTel X, KaK OT napamerpa. llHTerpanbHble BeIHUMHB, HMEIOIHE A

N
OJHOPOAHOM CHCTeMBI BIA C2f (Q) 3aMEHSIIOTCS NIPH 3TOM Ha j dxf [g (x)].
TouHocTh Takol 3aMeHbl Omnpenensercs BeJUUHHON KBAHTOBBLIX 3¢-
(eKTOB, ManbIX NPH BHIIOJHeHHHM ycaosBusa (15. 17). : ’
Ilpu BeiXOme 3a pamku npuGmuxenusi XapTpu — PoKa OKashl-
BAETCS HENOCTATOYHBIM BBIMOJIHATEL ycaoBHe (15. 17), yTo6bl cucremy
MOKHO ObLIO bl pacCMaTpUBaTh KaK KBasHOAHOPOAHYIO. Jleso B TOM,
YTO BEJHYHHBI, ONHMCHIBAIOIIHME KOPPEISIUHOHHBIE 3((pEKTH, 06s13a-
TENLHO COJIPIKAT NOMHMO d €mle OJHY XapaKTepHYI BEIHYMHY pas- .
MEDPHOCTH JJIMHBlL — pajuyc AeHCTBHA cHJI R. '
[lostoMy cucTeMa MOXKET CUHTATBHCS KBA3HOJHODOAHON TOJBKO
B TOM Ciy4ae, ecjiu Hapsajpy ¢ ycaoBueM (15. 17) BHIIOSTHEHO TaKke
ycJaoBHE

Rixy & 1. . (15. 18)

B paspexennoii cucreme, rae R < d, ycnosue (15. 18) OKa3blBaercs
u3nmumHEM. OfHaKo B CxKAaToil cucTeMe, rae R > d, onpefensiomum
siBisiercss yesaoBue (15. 18), HEBRIMOJIHEHHE KOTOPOFO BJIEYET 3a COGO-
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MORBJICHHE B COOTBETCTBYIOIUX BHIpaAKEHHAX CJIOXKHOH HEJOKaJbHOH
3aBHCHMOCTH OT KOOpJHHAT. : ,

XapakTepHBIM IPHMEDPOM sIBJISIETCS TSKENBIH HECKATEIH aTOM, A5
Kotoporo ycjaoBse (15. 17) BHIOIHEHO (€ ~ Z—'/s). Onnako ycJo-
e (15. 18) oKa3blBaeTCsl HAPYIIEHHBIM, TOCKOBKY R ~ (ay/p o)/ ~
~ @gZ= s xg ~ Aol

OTo CyMECTBEHHO OCJIOKHSET HCC/IeJOBAaHHe KODPeIsSLUOHHBIX
3()peKTOB B HEOJHOPOJHBIX CHCTEMAX.

15. 6. ECTeCTBEHHBIi NyTh TOCTPOEHHs 3JEMEHTOB S-MaTPHIbL
caGOHEOHOPONHON CHCTEME, A/ KOTOPOH BHINOJHEHB 0062 yCJ0-
Bust (15. 17), (15. 18), COCTOMT B HANHCAHMM COOTBETCTBYIOIHX BEJIH-
YHH B KOOPJHHATHOM NPEJCTABJICHHH M WCIOAb30BAHUA TMPHOJHIKEH-
HBIX BRHIpaxeHui Anst ¢pyskumn I'puma (10. 11).

Ozxzako Temephb - HAC MHTepecyeT KOppensHOHHAA TonpaBKa
K SHepTHH HHU3IIEro NOpsiiKa, IO3TOMY Mbl H30epeM GoJee o6uiuil nyTh,
KOTOPHIfl JIaCT BO3MOKHOCTb IIPOHJITIOCTPUPOBATE YTBEPXKACHUSA TIPE-
IblAymero pasjiena. Ilpu 3ToM GyJeT HCIOJb30BAHO YK€ TOTOBOE
Bhipaxenne 1is1 E — E, B 3HepreTHYeCKOM NpeACTABJIeHHH (15. 16),
KOTOpOe MBI IepenuuieM B BHIE

E —E,— [dq,dq.dq;dq,V (g1, 4) V (g3, qa) X
n, n, (1—n 1—n
X E e () Gu”‘) Yo 00) %, (@) Ao (G2) X

€, &, ~— &, —
Lilialigm, Mt M e

X Yo (@) Kare @) X (00) (1 — F 40) %y, (@) %y, (G0)-

SASCI) MBIl $IBHO pacCKpbUIM BBIpa:KEeHHsd IJs MaTpHYHBIX 3JIEMEHTOB
> ->

M CuMTaeM JJsi MPOCTOTHl NMOTeHnuaa V QyHKuueir TOJBKO X3 — Xo.
V106HO TpeACcTaBHTh SHEPTETHUECKHH 3HAMEHaTesb B BUJE (cm.
npuaoxenue B) * ‘

P(ey, + 8y, —&p,— &) = —21; f dt sign (¢) exp [if (e, +

+ &, — g, — Ep))
[Tpu 3ToM HaM mpujeTcs MMeTb [e]0 C BeJUYHHAMH THNA

0 (@1 Gor 1) = D% (G2) % (@) 1y €XP (itey),
w
6’ (q1; G, 1) = Z X:, (92) M (1) (- nu.) eXp (— ité‘,"),
[N

'qepes KOTOpbBI€ HCKOMas BEJHUYHHA BhIpAXKaeTCs CJIEAYIOIHM 06p330M2
1 e . !
E—E,=; [ dtsign (¢) [ dg,dg,dg;dq,V (. 02V (@ 45) X

X 0" (g3, G1s 1) 0" (as 92> 1) (1 — S 400.) 0 (1, G35 1) 0 (4o, 9> 1) (15.19)

* Beuny Hajmuns B supaxennu s E — E, daxropos ny , (—ny)yunr A
€OOTBETCTBYIOIMI 3HAMEHATeNb He o6paliaerc B HYJb M TOTOMY €r0 MOXHO paccma-
TPHBATh B CMBICJ/IE IVIABHOTO 3HAUEHMS.
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Hcnonbayem fanee npueM, COCTOSILUE B epexofie K SABHOH onepa-
TOpHOH opMyupoBKe 3ajaud [81]. C 3Tofi mesblo 3aMeHHM BeJH-
YHHEBL €, 1, COOTBETCTBEHHO Ha

T+W, 0[e;—(T+ W).

Besnunnel 0 1 0° MOXKHO TOrja NPeJCTaBHTL B CJEAyIOLIEM OTepa-
TOPHOM BHJIE:

0 (g1, G, t) = O [ — (T + W)l exp [it (T + W),,18 (g, — qv),
o’ (4, gs, H =0T+ W)ql —egplexp [—it (T + W)th] d (‘h — ().

IlpeneGperas nexoMmyTauueit onepatopoB T n W H oGMEHHBIMH
s(peKTaMH, HAXOLHUM ' :

0 (qyr Goy 1) = Sd3p9 [pg (x) _pz] >
22 S
X exp [it <%ﬁ) _ eF) +ip (£, — %, J Soro
T @ 4o ) = [ 400 [p*— (]

(Pt =5 () > '
X exp [—“‘ (TA/(I)L "SF) +ip (xl_x2)} Ste.00)-

(15. 20)

Takoe npencrasnenne oTBeyaer, OUeBHAHO, BHOOPY ¢ynkuuit ['puHa
B BujJe Bhipaxenuil (10. 11), (10. 12) ;
IIpu noacTanOBKe NOJTYYEHHBIX BHIpaXeHHil B cooTHOMeHHe (15. 19)
-> >
NOABASETCS QYyHKUHUSA p3 OT ABYX PAa3HBIX apI'yMEeHTOB X, H x,. Paccrosi-

HHE MeXkJy TOYKaMH X; U X, He NpeBHIUIaeT pajuyca AeHcTBHA cua R,
O 4eM CBHJETENLCTBYET HanuHude MHoxuTeast V (g, q,) *. Tloatomy
BbinosHeHHe ycnoBus (15. 18) naet Bo3sMOXHOCTL npeneGpeyb B p2 pas-

JIMUHEM B BeJIUUYUHE 3THX apTryMEHTOB. Bumnoauss jajiee HeCJIOXKHOe,
~ HO TpOMO3JIKO€ HHTETPDHUPOBAHHE, TIPHXOJHM K COOTHOUIEHHIO

E— Ey = —2M (20" [ di § dp,dipyaied |53 2) — ]
[ —r ol + 8 22wl o[ —~3' — 2wl [, A
(;14’7’)2—{—(;2—72)2—'17;2*!7% [g [V( )' .
—gv* () v (pa— 1y — )], (15.21)

>

Tle g — (aKTop - BHIPOXJEHHS; V ( k) — (ypbe-o6pa3 noTeHuHaJa.
INonyyennoe BbipaxeHHe LEHCTBUTEJNbHO MMeeT KBA3HONHODOAHBI -
xapakTep. [lnsg nepexoia K YMCTO OAHOPOINHOMY CJIYy4aio AOCTATOYHO.

0
X

* B ciyyae KyJOHOBCKONH CHCTeMbl HEOGXOJHMMO YYHTHLIBATH TAKKE AHATPAMMEL
BBICIIEro NMOPSIAKA, YTO MPHBOAMT K JAe6aeBCKOMY 5KDaHUpOBaHHIO (cM. § 16).
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>
sameHuTh p? (x) Ha p2 u | dx Ha Q [mpu 3TOM MOXHO HCIOJB30BATDH
0 0 X B

peipaxkenne (15.21) m B caydae NPOM3BOJLHOTO 33KOHA JHCMeEp-

CH.H 8;’)] .

d3p,dpydhkn, n,, (l — n;‘_ﬁz) (l — nl_},z”,;)

: (;1 "{‘_’;)2 -+ (;2 *—’;)2 — P% - Pg

E - Ey=—2MQ (2::)35

g >\ 12 = > -> >
><|g2lv(k)l—gv*(k)v(pz_p,_h)]. (15. 22)
15. 7. Hesbinosnnenue ycaoBusi (15. 18) nmpuBOAMT K MOABJIEHHIO
B Boipaxenun (15. 21) AByX FpaHUYHBIX HMIYJbCOB pe (x1), D3 (x2),
6narojapsi yeMy 3TO BHIpAXeHHE TepsieT CBOH JIOKAJNbHBIH XapaKTep.
Ozuako 6oJiee CyMECTBEHHBIM SIBJISIETCS BONPOC O CMPaBENJIHBOCTH
caMHX KBasHKJacchueckux Beipaxenuit tmma (10. 11), (15. 20) mpu
HeBbInoJHeHnH ycaoBust (15. 18). Jleno cBOAUTCS K BbISICHEHHIO POJH
KBAHTOBHIX 3((EKTOB B COOTBETCTBYIOMIUX BbIPAXKEHUSX.
Hcnoib3yeM onepaTopHble BHIPANKEHHS JJIsl QYHKUHH O M o’
npuBelleHHble B NpefbiAylmieM pasfene. Pasnaras 8-GyHKuud B HH-
terpan Pypbe, MId XapaKTepHOH KOMGHHAILMH, BXOAALEH B COOTHO-
uierne (15. 19) *, MOXKHO HamuCaTh CJEAYIOLIee BHIpAKEHHE!

=

6 (qy, g3, 1) 6" (35 G1s 1) = os04 5 d®p,d®p, exp [i (pl —‘pz) X
5 (¥ — %5)] (0 (&5 — T— W)exp [it (T + W) )y, X
X (O(T + W —ep) exp [—it (T + W)l )y, (15. 23)
(o6o3Hauenue ( . .. ), BBeJeHO B § 4). '

[TpeneGpexem Lj1s TPOCTOTH OOMEHHBIMH 3(QEKTaMH, HE MeHsIo-
UMMM KAauyeCTBEHHO CHTYaldH; 3TO TO3BOJISIET 3aMEHHTDb T+ W

2
p?— pg (%) .
S 0T 4 e, Pasnoxesne QyHKuMi 6 NO KOMMYTATOpaM

onepatopoB p? u p? (x) HBJTHIIHIM 06pa3soM YCJOXKHHJO 6Bl IocJe-
0\

Ayioliee pACCMOTpeHHe, He HM3MeHHB KauecTBEHHO OGIEro BBIEOAA.
TTosToMy Jist ynpolueHHsl BBHIK/JIAJOK 3aMEHHM (DYHKIHMH § HMX KBa3H-
> ->

K/JIACCHYECKHMH BHIPAXKEHHSIMH H TpeHeOpexkeM pasHOCTbIO Xy — X3
B ux aprymentax (cm. § 10). Drto pact

00" = 8,0, 5‘ d3p,d®p, exp [i (;1 ‘“;2) (;1 — —’:3)] X

X 8 96 () — pi] 0 [p2 — P (1) E,
rje

.t > [
E = exp |57 [P — A ]| D, Coxp { g [ — Pi9] | -

* Bropoit wies B kBaapaTHO ckoGke (15.19), oTpevalomuii 0OMEHHBIM KOpDe-
AUHORHEIM (kpeKTaM, BHOCHT IJl CXATHIX CACTeM MaJblil BKJaj.
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ITporos pasnoxenue SKCIOHEHT B psifi 10 KOMMYTAaTOPaM (CM. IIpH-
JIOXEeHHe B) ¥ OrpaHHuHMBasCh UYsJeHaMH MepBOro NopsjiKa, HaijgeMm

E —exp { o |9} — 03 -+ 1 (v)— (xl)]} X

X {1*—7,;—,%2—[Ap§+2i (;] ‘ng) Vp%] +}

> ->
Pasnaras nokasarensn MOCJIe/[HEH 3KCHOHEHTH B pPasxX no x; — x3

-> ->
H Jiesasi 3aMeHy p, — p, — tVpZ/2M, nonydum nocse passioxeHus
B psax no Vpk

00" = Bg,q, f d®py d®pyexp [i (pl —pa) (% — xa)] X
) [ it (p? — p?
< 0 lsbes) — 10— el exp [ L
1 72 N - )
X {I—W[Ap§+2t (pln—"p2) Vp%} e }
Ouennm BKJaj BTOPOro (KBaHTOBOrO) UJ€HA B (UTypPHOI cKobKe.
-> > -> >
PasHocTb p; — p, 1O NOPSIAKY BEJAMYHHBI paBHA lx]_—X3 ’“1 ~ 1/R;

CaMH BeJIHYHHEL Py, P, OPSIAKA py > 1/R. Tlostomy pi — p3 ~ po/R,
M 2~ p2/yv2
Otciofna ¢ yuetom Ap?~ p?/x2

a BeJIMUUHE [~ -
| —r

Vp§ ~ p¥/x,, momyuum

- Py

=

. - > o
ey g (i) VR g

— 9% , —— 2
M xg » M X,

Taxum oGpasoM, BKJaJ KBAHTOBEIX 3(eKTOB ONpejessieTcss uJe-
HaMH, UMelonuMH nopagok (R/xy)% m R/x, cootBercTBenro. Tem ca-
MBIM MBI NIPHXOJHM K BBIBOAY O TOM, UTO HCHO/Jb30OBAHHE KBAa3WKJac-
cuuecKux ¢yHkuui Ipuma (10. 11), (10. 12) BO3MOKHO JHUIL NpH
BBINOJIHEHHH yeJoBuit (15. 17) u (15. 18). IIpu sToM cucrema o6aagaet
CBOHCTBOM KBa3HOJHOPOJHOCTH, TO NO3BOJISET PACCMATPUBATh ee KaK

OJHOPOJIHYI0 C mnocaenymoowesi 3amenoit Qf (o) Ha _S‘dff lo (x)].
PH3UYECKH ITY CHTYALHIO MOKHO MHTEPHPETHPOBATH CJICAYIOLIUM

006pasoM. B CxaThiX cHCTeMax OCHOBHYIO pOJib HIPaeT 06JacTb HM-
NyJIbCHOTO NPOCTPAHCTBA, HEMOCPEACTBEHHO NpPHJIEraonas K rpaHuie

Qepmu: sddekTHBHAS wHPUHA 3TOR obmactH p; — p3 (p3>>pa > pl)

COCTaBJIf €T N0 NOPSIAKY BENMUHHH po/R ~ dpy/R. OpHako MMeHHO
BOJH3H rpaHuusl (PepMH BO3pacTaeT poOJib HEOAHODOZHOCTH CH-
ctembl [50]. PopmajbHO 3TO CBsI3aHO ¢ TeM, YTO BKJAaj HEOZHOPOJ:
HOCTH OIpEJEe/IsieTcs] OTHOIEHHEM CpEeJHero 3HaueHHsl KOMMYTAaTOpOB -
THNA [pz, pg] ~ Ap? K cooTBeTCTBYIOIIEH CTENEHH BEJHUHHBI p? — P, -

B JIaHHOM cJiyyae 2— p2)2. ScHO, YTO 3TO OTHOIIEHHE BOJIH3H
1y 0 J
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rpanunsl Pepmu Besquko Aaxke npu Magablx E. Takum o6paszoM, B cxka-
THIX CHCTEMAX pPOJIb HEOJHOPOJHOCTH CYIIeCTBEHHee, YeM B paspe-
KEHHBIX. : '

Pesiomupysi, MOXHO CKasaTb, YTO MNPH PACCMOTPEHHH KOppes-
HHOHHBLIX 3((EKTOB B CJIa60HEOJHOPOJHBIX CHKATHIX CHCTEMAX BLINOJ-
HeHMe OOBIYHOrO YCJIOBHSA KBasuKjaaccuuHocTH (15. 17) He ynpowmaer
CYIIECTBEHHbIM 00pa3oM 3afaun. [ToMHMO BO3HUKAWOUIEH HOpPH 3TOM
HEJIOKaJbHOCTH BLIpAXKEHHH HHTETPaJbHOTO THNA (B YACTHOCTH, BHEP-
FHH) NOSBJISETCS HeOGXOAHMOCTb YYUTHIBATHL KBAHTOBBIE ((PeKTHI *.
3ajaua ynpomiaeTcs JHIIb NpH BHIOJHEHHH ycjoBusa (15. 18).

§ 16. OTBOP TJIABHBIX JIWATI'PAMM

16. 1. Kak yxe HEOJHOKPATHO MOJYEPKHBAJIOCH, TOYHOE peleHHe
3a1aYd MHOTHX YaCTHIl B NIOJABJSAIOILEM OOJbIIHHCTBE CJYYaeB OKa3bl-
BaeTCsl HEBO3MOXKHBIM. [109TOMY ycmex npHMeHEHHS TEOpHM MHOTHX
YaCTHI| K ONHCAHUIO KAKOr0-u00 00BEKTa B 3HAYUTENLHON MeEpe 3aBH-
CHT OT BO3MOXKHOCTH BBHISIBJIEHHSI CBOHCTBEHHHIX 3ajaye MaJblX mapa-
METPOB M HX HCIOJIb30BAHHSI B LENAX €€ YHPOIEHHS.

liMenno ¢ 3Toii TOYKH 3peHHs] OKa3bIBAIOTCH YAOOHBIMH HOJIEBbIE
MeTOJbl, IMO3BOJISIIOIME HauboJee KOPOTKHM H HPOCTBIM IyTeM Iie-
peiiTH OT HamHCaHUs TaMUJILTOHHAHA, COJEPIKAILEr0 MaJble napa-
MEeTpPbI, K OKOHYATeJIbHbIM HDH3HYECKHM pe3ysbTaTaM. M neno npu stom
He CBOJUTCS INPOCTO K DPA3JIOKEHHIO B DSl TEOPUH BO3MYINEHHH
C OCTaBJIEHHEM WYWJIEHOB HH3IWEro mnopsaxa. Hepenko okasbiBaercs
HEOGXOJHMBIM YUHTHIBATH HEKOTOPYIO GECKOHEUHYIO MOACOBOKYITHOCTh
4JIEHOB pSJla TEOPUKH BO3MYLIEHHH; HMEHHO B 3TOH CHTYALHH NOJEBLIE
METOJLI HaHGosee YAOOHBI H ONpAaBAAHBI. '

Takum oGpasom, mepej Hamu CTOMT 3aja4a: yCTAHOBHTb Ty (KO-
HEUHYIO UM GECKOHEUHYI0) COBOKYIHOCTh AMArpamM, KOTOpHIE C yde-
TOM MaJjIOCTH COOTBETCTBYIOUIMX IapaMeTPOB HI'paiOT HaHOojee BaxK-
HYIO pOJb. I :

Peup nomxna uATH 0 Ge3pasMepHBIX napaMerTpax, COCTABJEHHBIX
M3 BEJHYHH, XapaKTePH3YIOIHUX CHCTeMY dacTul. K ux gucay npexie
BCErO OTHOCHTCH NMapaMeTp B3aUMOJEHCTBHUS «, PaBHHIH [0 NOPSAKY
BeJIMYHHBI OTHOINEHHIO CPEJHEH SHePTMH B3aHMMOJEHCTBUSI Haphl 4a-
CTHI{ K MX KMHETHYeCKOH SHEepruH, M MapaMeTp CXKATOCTH 1), Onpele-
JsieMblil OTHOIWIEeHHeM 3(deKTHBHOrO pajuyca JeHCTBHS CHJI K Cpel-
HeMy pacCTOsiHHIO MexJAy dacTHuamu. KpoMe Toro, B HEKOTOPHIX
CiydasiX HaJo YYHTHBATh 3(pdeKTHBHOE YHCJAO0 YACTHL, MapaMeTpH,
XapaxkTepH3ylolHe BHEIIHHE MO0Jf1, OTHOCHUTEJIbHYIO KOHIEHTPAIHIO
YACTHIL (IJIs1 CHCTEMbl YaCTHI[ PA3HBIX COPTOB) H T. A.

* B paGore [81], rae 6w cHeNaH 3TOT BHIBOJA, KOJHYECTBEHHOE paccMoTpeHne
OpOBefieHO HEKOPPEKTHHM 0oGpasoM. Tem He Menee, o6mMil KAueCTBEHHHBIH BHIBOJ
O CymecTBeHHOl POJIH HEONHOPOJHOCTH B CJyuae, KOTAa OTHOWeHHe R/x, He Maso
TO CpaBrenuio C eIMHHLEH, NONHOCTBIO COXPAHSET CBOIO CHJAY (CM. § 27).
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Jlna peileHus MOCTaBJEHHON 3aJauyH CjaelyeT BHIGpaTh HEKOTOPYIO
BeJIMYHHY, XapPaKTepH3YIOWYI0O PacCMAaTPHBAEMYIO CHCTEMY, H IIpO-
aHA/JM3HPOBATh OTHOCHTEJBHBIN - -BKJAJ PAa3JUYHBIX HHarpamM, co-
CTaBJSIIOMMX 3Ty BeNTMUHHY. B KauecTBe TaKOH BEJMYHMHBI YAOGHO
BLIGPATh SHEPTHIO CHCTEMBI; KOTOpAsl ABJAETCS B 3HAUHTEJbHOH Mepe
THIHYHOM XapaKTEPUCTHKOH CHCTEMBI: IJIaBHBIE C TOUKH 3DEHHSI SHep-
THH JparpamMbl BHOCAT ONpeJeNSIOMHH BKAAL ¥ B APYTHe BEJHYHHBI,
xapakTepusyomue cucteMy. Ilo 3ToMy NOBOAY HEOGXOXHMO CHesaTh
JHWb CcJefylonee 3amedanre. Eciu paccMOTpPeTb BhIpaXEHHe IS
SHeprHM B HMIYJbCHOM [PEJCTAaBIEHHH, TO HETPYIHO YOeAUuTHCs
B TOM, 4TO B HEro BHOCSIT OCHOBHO{l BKJIaZ 3HAYEHHsS SHEPTHH H HM-
nyJibca MOPsiiKa COOTBETCTBEHHO 3Hepruu (PepMu- W TI'PaHHYHOTO
uMnyJabca. [103ToMy HaMeyeHHasi Mporpamma He NpHBENET K yCIexy
B TeX (OTHOCHTE/NBHO PeJKHX) CAy4asX, KOTJA HAC CNELHANbHO HHTe-
PECYIOT BhiJie/leHHble 3HAYEHHs! SHEPTHH &' M UMMYJbca p’, OTIHYHbIE
OT & H py. B 3TOM ciyyae HeoOXOAuMM CIEUHAJbHBIA AHAJIH3, OMH-
paloIEiCa HA YyeT AONONHUTENbHBIX NapaMeTpoB &/ex H p'/p,.

Jlasi MCC/IeNOBaHUS KOPPENSIIHOHHON 3HEPIHH HH3LIEro MOpsijKa
Hcnosib3yeM cootHoueHue (15. 22). Ananus AuarpaMmm BBHICIUEro IO-
psiKa cleiyeT BeCTH, HCIONb3Ysl COGCTBEHHO SHEPreTHYeCKyio 4acThb

N
S (p, €): raBHOH C TOYKH 3PEHHS JHEPIUM sIBJISETCs Ta COBOKYII-
HOCTb JMArpaMM, KOTOpas BHOCHT ONpele]siomMil BKJIaX B BesH-
uHny 3 (po, €p)-

BmecTo camoit 3Hepruu yHOOHee HMeTb Jea0 ¢ 6e3pasmepHOi
BeJIHYHHOA

B = ME/Np2 ~ ME/QpS. (16, 1)

pu >sTOM Aasd KOpPEJIALMOHHON HYACTH 5HEPIHHM  IapameTp
MZ(p, €
ﬂ~——(p—°—F)— UTO JIeTKO BblBeCTH H3 cooTHomenus (15. 147).

I

P
16. 2. llesnecoo6pa3Ho HawaTh C OLEHKH napamerpa B mas camo-
COTJIACOBAHHOTO B3auMojeicTBusi. [IpH 3TOM Mbl YACTHYHO BOCIIPOH3-
BelieM pe3yJbTaThl, TNOJydyeHHble B § 5—7. :

Sa . MB
B xauectBe napametpa f cieayer BEHOpaTh oTHOmeHHe B, ~ —5—
Py
ans npsmMoro u P ~ MA/p] ana oOGMeHHOro B3aHMONCHCTBHS.
>
" Mp)dEV
W3 Beipaxenust (4. 30") umeem ﬂnp/v—%o—g—. Orciona  anst

KOPOTKOJEHCTBYIOIIAX CHJI B CJIyyae CXKaToi CHCTEMbl MOXKHO HaMHCaTh
Bup ~ an’®. (16. 2)

Jra BeIHUHHA MOXKET OKAa3aThCsl 3HAYHTENBHOHM IJIsl CHKATBIX CHCTEM -
Jaxe B cayuae majoro o. COOTBETCTBYIOWAs PHYHHA yxkKe 00CyXKAa-
dgace B § 1 u 5. [{nsa paspexeHHOH CHCTEMbl HMeEM IpPOCTO :

Brp ~ 0. (16. 2
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B cayyae OZHODOAHOH CHCTEMBI C KYJOHOBCKHM B3auMOJIEHCTBHEM
Bup =0 (16. 3)
BCJICJICTBHE NOJTHOH KOMIIEHCALHU 3apsAJI0B CHCTEeMbl U ¢oxa (cMm. § 5).

>
Ecau e cHCTeMa HEOLHOPOJAHA, TO jdgV «ofpe3aeTcsi» Ha PaccTosi-

HHH TOpSAAKa X, H
2

B ~x—]~a(x‘/d)2
np dao 1 .

OtHouleHue x,/d HMeeT CMBIC YHCJIA YaCTHI, IPHUXOAAIMXCSA HA JJIHHY
XapaKkTepHOH HEeOAHOPOAHOCTH 3aJayH. OOGLIYHO 3TO OTHOLIEHHE MO-
psaka Z's, oTKyHa
o Bap~o0Zfs (16. 4)
U B sTOM cnyuae P, MOxeT GbITh MHOrO GoJbLIE O.
Ilepexoaum x oueHke poju 06MEHHOTO CaAMOCOTJIACOBAHHOTO _Baan-

MogeiictBusi. Hcxons ua cootnomenus (4. 33°), umeem A ~ S dpfv ~

—~ degV exp [i (p,8)]. B paspexennbix cuctreMax (pok) « 1, u M,
BO3BPAINAEMCS K TOH JKe OLEHKe, 4TO W Aas P,

ﬁoﬁ"’ ﬁnp' (]6 5)

- B cxkaThix cucTeMax 3KCINOHEHTA exp (ip &) CHJABHO OCHHJJIHPYET
W pe3yJbTaT OmpejessieTcss NMOBeJeHHeM IOTEeHUHala NMPH Majbix E.
Ecan npn stoM V (§) ~ Vo E/R)* (n > —3), 10 A ~ V, (d/R)*

Bos ~ a/m™ (16. 6)
B uacTHOCTH, AJs OpSAIMOYrOJNbHOH siMbl, rie n = 0,
Bos ~ a. (16. 7
Jlns1 KyJIOHOBCKHMX cucreM, rie n = —1, BejguunHa A ~ e%d u aua-
JIOTHYHO _
Bos ~ a. (16. 8)

16. 3. OueHuM BkJIaJ WIEHOB psJla TEOPHH Bo3MylieHHH. Haunem
C paccMOTpeHHs uJeHa Hu3mero nopsjaxka. Hcnonbays Bripaxke-
Hus (15. 22) u (16. 1), umeem :

Il —n l—n
() ()

(Pl + k)z -+ (;2 _73) - P? - p%

Has npocroTsl cyutaeMm V (byHKuuen TOJILKO KOODJMHAT H' 0T6pacu-
.BaeM OoOGMeHHBIH KOPpEJSIIHOHHBIN UYJIeH, CoAepKauui omepatop o .
Kpome Toro, 3akoH QMCNIEpCHH YaCTHIL BblﬁpaH kBagpatuunbiM. Cre-
JMIaHHble VIpPOINEHHS HE MEHSIOT IOPAJAKA BEJHUUHBE pe3yJbTata.
PaccmoTpuM cHayasna paspekeHHBIE CHCTEMBI C KOPOTKOAEHCTBYIO-
UWHMU CHIAMH. Y CJIOBHE Pa3peXKEeHHOCTH O3HA4aeT, UTO XapaKTepHBLf
nlepenaBaembli uMnyasc k2~ 1/R > p,, 1. e kipg~n~1> 1.
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[TosTomy npesebperass BeJHUHHOH p, , MO CPABHEHHIO C K, Ha-

XOJLHUM -
B~ szojdk] v (%) |2~i”l‘;]vﬁ..

: . o
31ech yuTE€HO, UTO V ~ 5' dgV ~ V, R3. HaxkoHen, BCIOMHHB oOIpe-
JeJIeHHe napaMerpa ¢, IOJIy4YaeM OKOHYaTeNbHO

B ~a®n. ~(16. 10y

16. 4. IlepexoayM K paccCMOTpPEHHIO CKAThIX ciucTeM. [Ipoanannan-
pyeMm cHauaja 0651acTh HHTETPUPOBAaHUs B BuipaxeHuu (16. 9); yuuter-
Basi, YTO B CHJIY YCJOBUS CKATOCTH £ K p,. [Ipu 3TOM OjHOBpeMeHHOe

-> >

BBHIIIOJIHEHHE YCIOBHH Py, o <C po 3 |p1 - k’ > p, BO3MOXKHO, Oue-
BHIHO, TOJbKO JJisi 3HAYEHHH Py 4, MAJA0 OTIHYAIOMUXCS OT P,
Honaraﬁ P12 = Po (1 — @; 5), MOXHO HamucaTh (X—KOCHHYC yriia

Me>1<11y p " k)

kxy/po=> 0, >0 x1>0»} (16. 11)

—kx,/po >0, >0 x,<0.

Cokpamenve 3¢dekKTHBHON 06aaCTM HHTETPHPOBAHUA NPHBOIMT
K YMEHbIIEHHIO BEJHUYHHBI BKJANa KOpPPENsIHOHHBIX 3(dpeKTos, Npu-
ueM TO KacaeTcsl He TOJbKO UYJE€HA HHU3LIEr0 NOpAJKa, HO U BCeX
OCTaJIbHBIX YJIEHOB psifia Teopun Bo3MmylleHuil. [Tostomy, ueMm cusbHee
cKaTa cucTeMa, TeM OoJiee TOYHBIM OKAa3bIBAETCsS NPHOJIHKEHHE
Xaptpu — Poka.

310T 20(eKT «MOJABJEHUSY KOPPEIALMU SIBJASETCS] NPSMBIM CJel-
crtBueM npunuuna [laymau [75, 82]. Kaxnast napa B3auMoJeiCTBYIO-
MUX YaCTHM, HUMIYJbCHl KOTOPHIX INE€PBOHAYAILHO JIEXKANH BHYTPH
ceprt DepMu, B pesyabTaTe B3aHMOJEHCTBHS 00S3aTENbHO HOJIKHA
HOKHHYTh Npefentl chepsl, TAK KaK BCe COCTOSIHHSI BHYTPH Hee yxe
3aHATH. $ICHO BMecTe ¢ TeM, YTO, IIOCKOJbKY B CXKATHIX CHCTEMax
9aCTHLEl MOTYT NepelaBaTh APYT APYTY JIHIIbL MAJBIi HMIYJIbC, CIIO-
COGHBIMH K B3aHMOXEHCTBHIO OKAXKYTCHA TOJLKO Te HACTHILHI, I/IMHYJII:CI:I
KOTOPHIX HEMOCPEACTBEHHO IpuJeraioT K cpepe Pepmu.

ITepexonum Kk ouenke uHTerpana (16.9) mma cxkartoit cuCTeMBL.
YuyuthBas ycaoBus (16. 11), moxHO Hanucartb

S R e e e e

1 T 0 0
~n Sd ‘S S : 5‘ day [k (x; — x5)] 7" ~ kp}.
0 0 -1 —kxz/pa
Orciona , v
| B = ”‘% Sdkk3 v (&)[". (16. 12)

BepxHuuit npenen caepyer HOJIO}KHTb O NOPSAKY PABHBIM P .
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. Ilpu 3nauennsix k> 1/R Benmunna |v(k)|*> obbiuHO Beger ceGst
Kak 1/k% Tak obcrout jeno B HauGosee HHTEPECHHX CJAyYaaAx: IS
npsIMOYroJbHOR MBI, AJs noteHuuana lOkaBa *. Touxee rosops,
MBbl JIOJXKHBL Hamucate v? (k) ~ VIR?*/k*. Orciona, yuuThiBas, 4TO

B uHTerpase (16. 12) cymecTBenHbl 3HaueHnst & ~ po > /R, NOJTy9HuM
f ~ a®n?inn. (16. 13)

Jas 3TOro BLIpaXeHHsT XapakTepHO HaJH4Y{e JIOTapU(MHUECKOro
YjeHa.

OcoGeHHO SIPKO NPOSBJSETCS 3TO CBOMCTBO B CXKATHIX CHCTEeMAx
C KYJIOHOBCKHM B3aHMO/IefICTBHEM. HO,ILCTaBJlHH B Buipaxenue (16. 12)
v (k) ~ e% k%, HaxomauMm

ﬁN"‘zfd_k’ B {2 £

T. €. BeJIUUUHY, JOrapu(pMuuecku o6palnaiouycs B 6eCKOHEYHOCTb.
3ta TpyLHOCTL HMEeT MEeCTO JIMIb B HH3IIEM NMOPSAKe TEOPHH BO3MY-
meHHi (TouHble peineHust ypaBHeHus lllpenuHrepa Hukakux pacxo-
IMMOCTell COepKaTh HE MOT'YT); B JajbHelneM GyJeT BbISICHEHO, UTO
3a cyeT IepepacnpejiesieHHsi 9acTUI NOJ| BJHSHHEM KOppeJsIHOHHBIX
BO3JIHCTBHH KYJIOHOBCKHH TMOTeHUHAaN ¢aKTHUECKH SKpaHUpYyeTcs
Ha paccTosHHU paguyca [ebas, u apdeKkTUBHAS BEJTHILHA V (k) yTpa-
yuBaeT 0COOEHHOCTb B TOUKe k2 = (), T. €. CHJIBI TepsioT CBO# JaJbHO-
JelcTBYIOIUA XapaxTep.

[TpexacTaBisieT HHTEpEC BONPOC O TOM, KaK BJIHSIET HEOLHOPOAHOCTb
B pacmpelieJleHHH YaCTHIL HA XapaKTep CXOIMMOCTH HHTerpaja B COOT-
Homenuu (16. 14). $lcHo, yT0 3Ta TpyAHOCTH B O6LIeM OyneT CMST-
4aTbCsl, TOCKOJBbKY YAacTHIB, pacCeuBasiCb Ha HEOAHOPOXHOCTAX,
OOMEHMBAIOTCH C HHMH HMIYJbCOM, 4TO, I'pyGO TOBOpS, BHIBOLHT
YacTHOEl M3 OOJACTH MaJblX Iepejady HUMNyJbCoB. Pacuer feficTBH-
TEJbHO MOJATBepKAaeT 3TH coobpaxenus {81]. Ecau amuua, Ha KoTO-
poit 3aMeTHBIM 00pa3oM MEeHSIeTCs paclipejesieHHe YacTyull, CTAHOBHTCS
MeHbile paguyca Jle6as, TO pacXoguMocTb Bhipaxenus (16. 14)
ucyesaer. Eme spue 370 06CTOSITEECTBO HPOSIBJSETCS HA IpHMepe
OrpaHMYEHHBIX B INPOCTPAHCTBE CHCTeM. B 3TOM ciyuae HMITYJBCHI
HMEIOT HHXKHIOI Tpanuny, u uuterpan (16. 14) «oGpesaercsi» aBTO-
MaTH4eCcKd Npu &k ~ l/r, rae r — paguyc CHCTEMSI.

16. 5. IlepefiieM Temepb K OLEHKE POJIM JAHArpamMM BHICIIETO IO-
psinka. PaccMOTpUM JuarpaMMbl COOCTBEHHO 3HEPTeTHUeCKOH HacTH
TpeTbero nopsiaka (puc. 25). [Ipu 5ToM 10 cpaBHEHHIO ¢ AHArpaMMol 3
BTOpOro nopsifika JN0GaBJSIIOTCA OXHA JIMHHA B3aNMOJEHCTBHS U JBe
JIMHHH YacTHL MJIH YacTHULI U JBIPKH.

ITokaxkeM, 4TO AJsi pa3peKEHHBIX CHCTEM OCHOBHYIO DOJIb HIpaeT
Anarpamma, usoOpaxenHnas Ha puc. 25, a. DTo yTBepXKIEHHE ClEAyeT

* 270 CBOHCTBO, €CTECTBEHHO, He ABJIETCA OOIWHM; AJS TIOTeHIHANA eXp (—pr),
Hanpumep, v? (k) ~ 1/k8. I'Ionpodﬂee cM. § 27,
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H3 TOrO (haKTa, YTO paccMaTpHBaeMasi AHATPAMMa HMeeT MHHUMAJbHOEe
(paBHOe efUHHIIE) YHCJIO ABIPOK. ITOCKONBKY MO MMNOYJbCaM ALIPKH

—

g. .
T 2 IO '<I> <
— ! b Ly R ==
AR 't"l 1/(,,«/(2 I . l [ !
| 172 | i 1 2
L_._L___l Ll i & 1 L 1
P-%, P-Ki-fp
a 0 5 2
Puc. 25 .

UHTErpHpOBaHHEe BeAeTCs JO MaNol (CPAaBHUTEJNLHO C k) BEJHUHHH P,
SICHO, YTO OCTaJIbHBbIE JUArpaMMbl JaAyT Majblil (IpH MaJjoM 1) BKJaf.

- <P S
—d r—:ii-"—iLI + l||'+..a\
—!—.IEI -+ |E' + ':lil: + o oo
. Puc. 26

Ecnu paccmaTpuBaTh Juarpammel  6oJiee  BHICOKOTO NOPSIKa,
TO M TaM MO aHAJOTUYHLIM NPHYHHAM HauHGOJEe CYLUIECTBEHHYIO POJIb
6yAyT Hrpath AMArpaMMEl, B KOTOPBIX COJEPXKHTCA MHHHMaJbHOE
yycao Jblpok. Takum o6pasoMm, B pas-

2 _8_2 . peXeHHbIX CHCTEMax JOCTaTOuHO Y4ecTh
-.z_} Ay JHIL  CAEAYIOMYI0 OeCKOHEYHYIO0 COBO-
7= E_';.;l;;_-; KYITHOCTb JIMarpaMM COOCTBEHHO 3Hepre-

] ! 2 tuyeckoir uwacth I (puc. 26). OOmiee

| CBOMCTBO 3THX AHarpaMM COCTOHT B TOM,

i i — 4YTO BCE JIHHHH B3aHMOJEHCTBHA COEIHHHA-
‘E 'E I3 0T OAHY M Ty ¥Ke Napy JIMHHH YacTull. -
Jas OLieHKH BKJaja KamJIOH H3 3THX

Pue. 27 , JHarpaMM MOXKHO HCIOJb30BaTh NMpaBHJia

deitnmana. IIpu mepexofie OT AHarpaMmel
n-ro nopsagka K juarpamme (n + 1)-ro mopsinka pnoGaBisiercs
JIMIIHee 3BeHO, u300paxkeHHoe Ha puc. 27. CornacHo mnpaBuHJaM
(deiinmana, B BbipaxeHHe Lisi X HYXKHO BBECTH JONOJHHTENLHO
CJIEJYIOILYI0 KOMOHHAIMIO: ‘

o 1484 . . (* +,)
Q, ~fd P d*p8* (py + pa— P — Py) ViPL— ) X
-> -> \ .
X G, (_pl) 81) G, 'p;, &).
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Hurerpupys no & u &,, HaXoauM
. 4 >,
d®p; dpyv | pr— py )
—~ ,,(l—n')(lfrz ) X
Pi+pP—p —Py 71 P2

Q1~M

X 8 (py+ pa— P} — })- (16. 15)

>
[lepexoast nanee K nepeMeHHodl k& = p, — p; M YuUHTHBasg R 3 p.
HaXOAUM

Q~M [d% v (k)

e ~a,
Po
~
<
! ~+ l -+ :
= 1 ! '
- —‘—1— —_— 4 4
Puc. 28
rie o — napamerp GopHOBCKOro pasJioxkenusi. Taxum obpasom,
BKJAaJ HHTEPECYIOIIHX HAac JHArpaMMm HMEeT BHJ
B~a > C, @), (16. 16)
n=l1

rae C, — HekoTopble uYucaeHHBle Koshdumuent. Uto xe Kacaercs
BKJaja OTOPOIIEHHBIX JHArpaMM, TO OH OKAashIBAeTC B KaxJOM
NopsiiIKe TEOpHH. -BO3MYIIEHHH B M~ ! pas MeHbIne.

OctanoBuMcst Ha (pU3HYECKOH HHTEpNpeTalHH MOJYYEHHHIX pe-
3yabTaToB. M3 puec. 26 BuAHO, YTO (DAKTHYECKH CJeAyeT YYHUTHIBATH
KOpPeJISIHMIO NepeMeHHbIX JHIb KaXKJAOH M3 1ap YacTdl, IIOCKOJbKY
BCE JHHHH B3aHMOJEHCTBHSI CBS3LIBAIOT JHHHH TOJBKO JBYX HacTHL.
B Takux cayuasix FOBOPST O NAPHO# KOpPeTsiiHH YacTHLl. ITo 06CTos -
_TeJIbCTBO HMEET COBEDPIUIEHHO SCHBIA (pu3nyeckuit cMpica. Jleao B ToM,
4TO K3-3a MaJOCTH Hapamerpa 1 OXHOBDEMEHHOE MONajdaHHe Tpex
1 GoJsiee yacTUIl B chepy AeHCTBHS CHJ (A 3TO sIBJsIeTCs HeOOXOAMMBIM
YCJIOBHEM MOSIBJEHHS] TPOHHBIX U GOJiee CJOKHBIX KOppenamui) Maso-
BEPOSITHO. \ '

16. 6. HauGoJiee BaxkHyi0 poJib B CKATHIX CHCTEMax HIpaioT AHa-
TpaMMbl THIIA, H3Q006paxKeHHOH HA pHC. 25, e. AHANOTHYHO H3 YHCJIA
JMarpamMM BHICILETO IIOpsiiKa HAamOOJBINHH BKJAJ JAlOT AHArpaMMbl,
u3o6paxenHsle Ha puc. 28. O6uell wepTol 3THX AUarpaMm siBJIseTcs
HaJMYHe MAaKCHMAJbHOTO YHCJA 3aMKHYTHIX MNeTesb, Gaarofaps 4yemy
BCe mnepejaBaeMble HMNYJbCHl OKa3bIBAIOTCS DPAaBHBIMH JAPYT APYTY.

- Buigenenublii xapakTep 3THX JuarpamMM OOBACHSETCS TeM, 4YTO
B CKaTHIX CHCTEMAaxX MepeiaBaeMblii HMHYJbC £ Majl O CPaBHEHHIO
€ TPaHHYHBLIM MMIYJALCOM p,. Pypbe-o6pas noteHuuana v (k) najgaer
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C yBejiHueHueM k, MpuHUeM 3TO NafieHHe HMeeT xapakrtep v (k) ~ k=2
apu £ 3> /R ¥, B 4aCTHOCTH, NpH 2 ~ p, (cM. pasznen 16. 4). Takum
o6pa3oM, HaubosbUIMH BKJaJ JAOT AMATPAMMBI C HAaHMEHBIIUM 3Ha-
geHyeM HMNyabca nepefayd. TakuM CBOHCTBOM u 06/aJalT jaua-
rpaMMbl puC. 28, y KOTOPHIX BCe HMIYJbCH IepeNadd OJHHAKOBBI
u paBHb k. B To xe Bpems jguarpamma, CKaxem, puc. 25, 6 HmeeT
OIMH M3 HMIYJbCOB Tepejaud (CpeAHuil) mopsigka p, > k.
[TpoBeseM KOJIHUECTBEHHOe CPaBHEHME BKJA3fja NHarpamm pHc. 28.
[1pu nepexone ot n-it ¥ (n + 1)-#i guarpamMme 106GaB/SETCS AOMOJIHH-
Te/pHOE 3BeHO, H3o0paxkeHHoe Ha puc. 29. CoOTBETCTBYKOLIEE €My
BLIpa)keHHe Noc/e HHTerPAalUU NO 3HEPTHsM IPHHHMAET BUJ

(2 2,
v(p —pg) n (l ——np.)
 ym 1 2,
Q2~M d3p1d3p2 2 E TE
I3 P+ Py —r5—p

-3

X 6(;31+5;—pa—7)1). (16. 17) -

- - >,
Brops nepemennyio B = p, — p, == p; — p, U TpPOBOJA OLEHKH,
AHAJIOTHYHbIE BHINOJNHEHHBIM B pasfiene 16.4, c yueroMm & & p,

— HNOJMYYHM
P2 &2 Qs ~ Mpyv (k).
‘ CyMMa JmarpaMM paccMaTpUBaEMOTO
TUna jaer, TaKuM o0pas3oM, CAeLyIOLHH
—;’"6' ! BKJaj
. ’ 7 l —.=-;7__.2’- M2 Po
/\ B~ j dkR® | v (B) [ F LMpov (),
0 .
. 737 7; 0
£ ‘) . (16. 18)
Puc. 99 rae fx) = 3 Cuxt C,, --- HEKOTODHIE

n=0
: Ko3dhHUMeHTE; SIBHOe BbIpaxkeHue [(x)
Oyzner mpuBeieno B ry. IV. 3aleras Bmnepen, 3aMeTHM, 4YTO NpH
x> f(x)—>x"' rpu x— 0 f(x)— const.
BBeseM BeJHUHHY k. ONpeJe/sieMyi0 PaBEeHCTBOM

M2p2 | v (ko) |2 ~ 1. (16. 19)

3lech HYKHO pas/HuaTh HECKOJBKO CJTy4YaeB. (I)ymmnﬂ [v (B)|2
B o0wieM najaer ¢ ypequuennem k. [lostomy ecan M2p0| ( )l L1,

To paBeHCTBO (16. 19) BooOIe He MOXKeT GbITh BHIIOMHEHO, H PACCMATpH-
BaeMoe HepaBeHCTBO OCTAeTCs CpaBeJIuBEIM BCerja. HpH 3TOM cyMMa
B BHIpaXeHHH A5 f (x) (akTHUeCKH CBOAMTCA K CBOeMy nepBomy
aneny. Takum 06pasoM, rpu

an? < 1
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JIOCTAaTOYHO Yy4YecTb JIUUIb IepBYI0 KOpPPEJSIHOHHYIO INONPABKY, 4TO
NPHBEJIET K pesyJbTataM pasfena 16. 4

Bropoil, HauGosiee Baxkublil cjay4yali, COOTBETCTBYeT TOMY, 4TO
ompenensieMasi Belpaxkenuem (16. 19) BenmuuuHa k£, 3akJioueHa Me-
KAy 1/R u p, VYuuthBas cooTHowienue v2 (k) ~ VIR*/k%, umeem

ko ~ (MVpoR)> ~ (@n)'’s py. (16. 20)

YcnoBue 1/R & ky € p, UIpHUHUMAET BHJ
an*> 1, an< L
OueHuM BeIMUHHY B IS 3TOrO cJaydasl, y4dTbiBas, 4TO0 B 06JACTH
0<<k<TIR v (k)~ VR Mpyw ~an® > 1, f ~ 1/(an®); B 06-
aactu /R < k< ko v (k) ~ Vo RIR:, Mpoyw ~ kYR, [~ k¥R,
B o6aactu ko< k< po Mpov ~ kY k? f~1. Bkaans mnerpa.n (16. 18)
nepBou o6nactd  COCTaBJseT ~a/n, BTOpOH ~a?n® u TpeThel
~a?n? 1n (an). HauGonee BaxeH, OYEBHAHO, BKJAJ ob6JactH kg <
< k< po, KOTOPHEI paBeH :
B ~ a2 ln (om) : {16. 21)
DT1a BeJIMUMHA Maja MO CPABHEHHUIO C eIHHHUIEH.
B npuHnune BO3MOXKEH TaKxke ciayuai

ko > po, an > 1. (16. 22)

Onuaxko BCe MpHBEJEHHBIE BhIIe COOOpaXeHHs, OCHOBAHHBIE HA MAaJoO-
cTH 3¢p}eKTHBHOTO 3HAUYEHHsI k IO CPABHEHHIO C pg,, TEPSIOT B 3TOM
cjyuyae CBOIO CHJAY. B uacTHOCTH, NHOJJiexar yueTy BCe AuarpaMMbl
Teopud BoaMmyieHuii. Pusnuecku 3To o3Havaer (cMm. § 27), 4to 3Kpa-
HUPOBAHHBIH 32 CUET KOpPPESIHOHHBIX B3auMoJeficTBuil notennuan V
nepectas ObITh NAJTbHOZEHCTBYIOMUM (IO CPABHEHHIO C PACCTOSHHEM
MexJy uactauaMi d). JIpyruMu cjoBaMH, paccMaTpuBaeMas CHCTEMA
IpH BHIIOJHEHHH HepaBeHcTBa (16. 22) mo cymecTBy He OTHOCHTCSH
K paspsiy CxKaTblX CHCTEM.

16. 7. PaccMoTpuM KyJIOHOBCKHE CKATble CHCTeMBI. [ HHX HpH
BCeX 3HaueHusix k& v (k) ~ e*k% u Mp, ~ p/(a,k?). Pasbusas
uuterpaa (16. 18) wa aBe o6Gnactn k < ke m & > k,, T'le COryiacHo
Boipaxkenuio (16. 19)

o ~ (pulag) s, (16. 23)
uMeeM B nepBo#i obaactu Mp v ~ RYR? > 1, f~ k¥ k2w

B1~ (@po)™ 2 ~ al.

Mul. BuHM, 4TO PaAcXoJMMOCTh TIPH MaJsblX k2 AeHCTBUTEJbHO yCTpa-
HsleTCo. - -
Bo Bropoit obmactu Mpyv L 1 u f~ 1, oTkyza

Po~ a®In (Po/ko)
TaKHM 06pa3oM, OCHOBHOJ BKJaj jaeT obmacts k, < k <p, "
B ~ a?ln (1/a). (16. 24)
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CuTyauus, KaK Mbl BU1UM, BO MHOTOM HAallOMHHaeT PaCCMOTPEHHYIO
B npefsiAyIneM pasfene. Ho 3To He yAHBHTeNIBHO; BeIb CXKATas CUCTEMA
C KOpOTKOJEHCTBYIOIIMMH CHJIAMH HMeeT OOJbIIOH pajuyc JelicTBUS
3THX CHJ (CPaBHHTEJNBHO C pPACCTOSIHHEM MEXKIY 4YacTHIAMH), 4YTO
cOMHKaeT ee ¢ KyJOHOBCKOH CHCTEMOH.

Benuuuna k%, HasbiBaercss uMnyabcoMm [le6Gas, oGpatHas el Be-
JIMYMHA

Ry~ (ay/po)* o (16. 25)
Ha3bIBAETCSI PaguycoM JAeGaeBCKOTO 3KPAHHPOBAHHSI.
BosBpatumcs Tenepb K cooTHoiuenuio (16. 18) u passnoxum dop-

MaJbpHO GYHKUHUIO f B psif no ee aprymenTy. UseH pasnoxenus n-ro no-
psiiKa JaeT BKJAA

Py dk "
~ ~ —~ -2
Br ant? S g2t a3+2k§g¢ v Bo~ (a0pe) 2 10 (po/ Ryg)-

31echb  Rypp — 30OOEKTUBHBIA HHXKHMA Npefes HHTEFpalMH No K.
Jra BeJIMUHHA, OYEBHJHO, COBNAnaeT ¢ AeGaeBCKUM HMIIYJbCOM kg
ko ~ (po/a,)'/e. TloacraHoBKa 3TOTO BhIpaxeHus B P, MOKasbIBaer,
YTO BCe YjieHH! pas/oxeHus f§ BHOCAT ONHHAKOBBIA BKJAaJ. JT0 00CTOS-
TeJLCTBO HEOGXOAUMO JAJis1 B3AHMHOHN KOMIIEHCAUHH pacxoiumocreii B,
M NosiBjeHHs1 3hheKTHBHOTO «o6pe3aHus» mHTerpajna (16. 18).

BosMoxHEI ciiyuaun, KOrJa 3TOT HHTErpaJ pakTHYECKH «06pe3aeTcs»
no ApyruM npuynsaMm. Tak oOCTOHT Ae/0, HANpHMep, B OrPAHHYEHHOH
B mpoctpadctBe cucteme. Umnynwewl nepepaun & < 1/r (r — pasmep
CHCTeMBbl) OKa3bIBAaIOTCSl NO/IaBJEHHBIMH; BEJTHUYHHA K,44 CTAHOBUTCH,
TakuM 06pasoMm, paBHOH HaubGousbiuefl U3 BeluuuH 1/r U ky. Ecan pas-
MepHl. CHCTEMBl MeHbllle pajuyca JAe6aeBCKOTO 3KpaHHpOBaHHS R,
T. e 1/r > kg, 10 B, ~ a? (£,R)*® u OCHOBHYIO pPOJIb HTpaeT YJjeH
¢ n = 0. TakuM 0o6pa3oM, NpH BLINOJHEHHH YCIOBUS

N~ (a,/d)"* > N, (16. 26)

rie N — uucno wactun B cucreme (r ~ dN'/s), OCHOBHYIO pOJb
urpaer guarpamMma HW3UIero MNOpsJKa, -Jamoumas BKJaaj

B ~ a®ln N. (16. 27)

Bkuoiag pauarpammel n-ro nopsiaka B, ~ a2 (N'/s/m)™. _

B orauumne oT pa3peeHHLIX CHCTEM, Ile OCHOBHYIO POJIb MTpaiOT
TIApHble KOPPEeISUHH MeXIYy HacTHIAMH, B DACCM4TPHBAEMOM cjydae
JOMHHHP yIOT MHOTOUACTHYHBIE, KOJIJIEKTHBHbIE KOPPEISAIHH. ITO BULHO
y¥ke H3 JuarpaMmel puc. 28: B KaKJOM HOpPsJKE TEODHH BO3MYIIEHHH
CBSI32HO B3aUMOJIEACTBHEM MAaKCHMAJbHO BO3MOXKHOE YHCJIO YaCTHL.
O6mbacusiercs 3T0 GOJbIIOH BeJJUUHHON pafuyca AeHCTBHS CUJI 10 CPaB-
HEHHIO C PACCTOSTHHEM MeXKJAY YaCTHLAMH. o

16. 8. BosBpaTuMcs K paspexeHHBIM cucTemMaM. B pasgene 16. 5
OBLIO BLISICHEHO, KaKhHe JuarpaMMbl B TaKHX CHCTeMax SBJSIOTCA
IJIaBHBIMH M KaKOH NOpPAJ0K BEeAHYHHB HMEOT KOppensiHOHHbIE
3¢pQeKTHL.
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[IpakTHuecku yJJ,06Ho WITH APYTHM MyTEM: yXKe Ha NIepBOM STane
3aMEHHTb HCTHHHBIA TOTEHIMA/] B3aHMOJIEHCTBHS BBEJEHHLHIM B § 1
ACeBJIONIOTEHIHAJIOM *

Vago () = 2500(7) (1 + ) (16. 28)

H [IPOH3BECTH OTOOp IVIABHBIX JUArpaMM, OTBEUAIONIHX TOMY ICEBAO-
notennyany. Takoi nogxos NOMEMO GOJIBIIOH SKOHOMHHM TPYJa MO3BO-
JIAT BHISIBUTH CJIy4ad, KOrjla NPOBeXeHHBIH B pasjene 16. 5 ananus
OKa3bIBAeTCS] HEKOPPEKTHHIM.

[Tapamerp B3ammogeiicTBHs o Jis norteHuuana (16. 28), corsacHo
pesysabratam § 1, paBen

@~ l/d ~ Ip,. (16. 29)

[TapameTp cKaTOCTH B JAHHOM cjyyae BoOOlle paBeH HYJIO, H CH-
CTEMA ONKCLIBAETCS! €NUHCTBEHHBIM MapamMeTpoM o.

INepexons K oneHkam guarpaMm, OTBeYamlux noteHnuany (16. 28),
BOCIIOJIb3YeMCsi TOTOBHIMH (opmysamu (16. 9), (16. 15) u (16. 17).
Ilpu 3TOM, OmHAaKO, WpHAETCST COGMIONATh H3BECTHYIO OCTOPOXKHOCTB.

3anumem dopmyay (16. 9) B caenywoueM Buje:

M2 > > > >\
p~ 5 5 d®py d2pynip,np, 5‘ drydrsVsen (1) Vg (r2) 1 ("1 — ’2) )
0
riue
—n, L\ (l—n, .
(1 n!71+ k) ( npz—k)
(pl -+ k) (;2 -‘73)2— p% - P§

3z1ech Mbl 3aMeHHJH (hyphe-06pa3 caMuM MOTEHIHANOM. PaccMoTpuM
HHTerpast

!(_;) = \ d3 exp (— Lkr)

Iy > — d3kex;;(~i—l;—;)
") (48 + (P~ B — P2 — 12

B o61acT- Manblx r. HecslloXXHblil aHAMN3 NOKA3biBaeT, yTo [, COCTOHT
H3 JIByX HEHCUE3aoHUX NpH r — O u/JEHOB, OJHH U3 KOTOPLIX HMeeT

oco6erHocTh 1/r, a Apyroit MponopuHOHaMEH G2 7 p2) 4

Ecau Teneps B Bhipaxenue a5 f Bmecto / IIO}ICTaBI/IM Besnunny [,
TO MOJIYYHM HYJIEBOH pPe3yJbTaT. DTO CBSI3AHO C KOHKPETHHIM BHAOM

* 3zech [ — ANMHA paccesHHs, CBA3AHHAA C AMILIHTYZOH PACCeSiHHS COOTHOIIe-
HHEM
a= —I/ (1 + ikl).

CYMMPIPOBaHHe BBIJIJIEHHBIX B pasfene 16, 5 guarpamMM Kak pas NPUBOAUT K (GaKTH-
;lecxou 3aM§ge HCTHHHOTO NMOTeHUHaJaa nceBAOHOTEHuHaJIOM (16. 28). 310 Gyner moka-.
-3aH0 B §
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nortennuana V,;,, KOTOpHIH, KaK yxke OoTMeuanoch B § 1, ycrpauser

YjIeHbl NOPSAKa ?/r Uro ke KacaeTcs BTOPOTo ujeHa /,, TO OH HCYe-

3aeT B pe3yJbTaTe yCpeAHeHUus 10 yraaMm. [Tostomy MBI MOKeM npocTo

samenuts [ na I — I,. Ho 3Ta passocTh sIBisieTCs yiKe pery/aspHoi
>

-
‘¢bynKIHed —r, l, YTO TO3BOJIAET ONMYCTHTL oneparop 1 -+ r (0/0r)
B BhIpaeHHH 18 V45 OKOHUATENBHO MMEEM

", P—n, l—n_) s>y —1
Ni dop. dp. ok P1 P2 H_} px-'r-_f) (_) ‘ pz—k) . ]
SR R AR R A

B 3ToM HHTerpaje XapakTepHLie 3HAUEHHS p; , H R NOpsSAKA p,,
MO3TOMY OKOHUYATeJHLHO B HU3IIEM [OpsAJKe TEOPHH BO3MYLIEHHH
MBI MMeeM

B~ [2p2 ~ a2 (16. 30)
Ouenum unterpan (16. 15), KOTOpBIA MOXKHO NPHBECTH K BHLY

d k { ."")

| Q, ~MJ‘ v (k) ~ Idrlé( )(1 +r—§r—> —5 €Xp (—Lkr .

Po

Bxonsmuii ciofia vHTErpas no 2 Hpu Majulx r uMeeT BUA 1/r — —i— Po+
-+ O (r). YuuteiBas cBoiicTBa oneparopa 1 -+ r%—, HaXoJUM
Q1 ~ pol ~ a. (16.31)

Ananoruunyio ouenky umeet uurerpan (16. 17). B o6nactu & < p,,
KOTOpasi sBJsIeTCSl T'JIaBHOW,

Qy ~ Mpov ~ pl ~ a (16. 32)

(mpu k> py .Qu~0 (P%/kz)-

Taxum 06pasoM, MBl HPHUXOAMM K BBIBOAY, UTO ICEBJAONIOTEHLHAJ
He co37aeT BHIEJEHHBIX AuarpamMd. Bce JmarpaMMbl JaHHOTO IO-
pPSiAKa TEOPUH BO3MYIIEHHI BHOCSIT OJMHAKOBHIH (MO KpafiHeidl Mepe
GYKBEHHO) BKJal. DTOT pe3yJabTaT HeYIHBHTeJeH, IIOCKOJIbKY uMeeTcs
Jumb ofuH Ge3apasMepHBII mapaMeTp ao. ‘

Mbl BUANM, Jajee, 4TO NpPH YCJOBUH

a << 1’
KOTJa JIMHA ¥ aMIIUTYAA PACCeSTHUS MaJbl 110 CPABHEHHIO C PacCros-
HHEM MEXJIy YacTHUIAMH, MOKHO OTPaHHYUTLCS YYETOM JHINb JAHAa-
rpaMMbl HH3UIETO TOPSAKA. JTO NPHBOZUT K TEM JKe pe3yJibTaTtaM,
KOTOPHIE IIOJYYaIOTCsi NMPH CYMMHDOBAHMH JMAarpaMM, BbiENEHHbIX
B pasjene 16. 5.
Cutyauus qpestmauHo yCIOXKHSETC Npu o = 1, Koraa

diR L 1, IR =
156 -



‘HWENHIORh AYINOW SHHKOLOOEd @amk¥edo — p

(NALOBh OLDUR — p) s) N oo - L=
BWALOHD BBHHIhHHRA IO >:,_: > N ULD | D75 OHd | 5N Ds/N o/ N 2P m s
15 (=3
(edrs wsdee — 7) ¢/, 7 . e LAY B
BWS1OHD ‘BHHTOdOHTOR DUl e K 86 Hd /L ¢/.Z0 . 1> P 1< 7\ % m g
W _ oy ewasond senrodont, DU : . - BN M
i 0 10 D Uy go 8¢ OHd I Y 8 g
- _ - v g g-u-W gl 1< o -
0<4) w~W)A M 2ol =
(ko) up X ) 1> bo : p =¥ |9
<) o=Wa Wojupn | Xalign | 88 28 | el | o [ pogy | 1< 1502
(>4 A~u b [ CRN I
¥ >4 % )4 Turo Lol »'gg ong | eul o > eun m_
=
BHHE30ORd BHHMIY — ) -— — _ Jog | I o) _ <o G
A\htlv e =)y _ ‘ i IR
[ Afv ey _ 0 <0 cxd.mm.u:m_ [ D # [ >0 mm. m
: ‘ : > (5|5
AW ~ W/ /o l/z0 9g "oud ol v I~ d. 58| 2
¥ <) o0=W4 : _ h m P |2
Q> A~WUa /o W/;p |onwvzgg oud _ i » ; > - sl AW 2 .I
= O oW S xoxn | wmewomo| ™H=OwW 20 om— - B
SE R A R
BAHERSWHA(] Wmm Z3% MMMW vaumm P < SZE U mioorews | o | @8
: § 53 CEE: s=2¢ |2 gEzd| EE88g aE SRS drowedeyy g |82
SR OB ge RTNEE CHE) 2 | F A
© T ' 30 -4 v
by
lm|§lm| ~d | uanamAweos uudoas e¥sd doMarn Verng

[.enurge |



2TOT cayuail OTBeyaeT Pe3OHAHCHOM CHTYallMH, PaCCMOTpeHHOMH B § 1.
31ech CYIIECTBEHHBH BCe JAHAarpaMMbl TEODHH BO3MYINEHHH, a 3To
CHJILHO YCJIOXKHSET DElIeHHe 3ajauu *.

[Tonryuennsie B 3ToM mnaparpage pesynpraThl (Tabi. 1) Baxubl
NpH pelleHHH KOHKPETHBIX 3aJad TEOPHH MHOTMX 4acTul M GyayT
HCIIONIL30BaHbLl B JajibHelieM JJis BHIBOJA OPHOJHIKEHHBIX KOJIHYE-
CTBEHHBLIX COOTHOWIEHMH. B Tex cjaydasx, KOrja MaJocTb XapaKTepH-
3YIONIMX CHCTEMY ApaMeTPOB BhLISIBJIEHA HEJOCTATOUHO YETKO, YYeTOM
COOTBETCTBYIOIMX HM TJIaBHBIX JHAarpaMM OIPaHHYMTBCS HEJb3s.
O/iHaKo CyMMHDOBaHHE 3THX JHArpaMM JaeT yA0OHOe HCXOJHOEe IpH-
6aMMKeHye, ONMpasCh Ha KOTOpPOe MOXKHO IIPOBECTH JajbHedmiee
yayumeHde pesysbrata. Ha craenyroomem 3Tane MOXHO OTpaHHYHTHCS
YUETOM ONSATh-TAKH He BCEX, a JIMIIb ONpPEeAEJEHHOH MOJACOBOKYIHOCTH
auarpamm. Tak, B ciyyae pa3pexeHHOH CHCTeMBI peub HJET O JAHA-
rpamMmax, COJAEpKaIlHX ONHY JIMIIHIOK JHHHIO IBPKH; JJIs CHKATBIX
CHCTeM 3TO OYyAyT AMarpaMMbl, B KOTOPBIX OfHA M3 JHHHH B3aUMOZAEN-
CTBHS MMEET HUMIYJbC Nepelayd NOpsAKA p,.

CrenuasbHOro aHann3a TpeGYIOT YCTOHYHBBIE CHCTEMB C CHJIAMH.
MPUTSKEHHS, [Ae INPOHCXOJUT INepecTpoHKa OCHOBHOIO COCTOSIHHA
cHcreMbl BOau3u rpanunst Pepmu 3a cder 06pasoBaHUS KYMEPOBCKHX
nap. Jto 06CTOSATENbCTBO, MaJO CKAa3pBAsiCh HA SHEPTHUH CHCTEMB,
CYILIECTBEHHO ]Il OGBSICHEHHS SIBJEHHs cBepXmposogumoctu [7—9].

§ 17. MIPHJIO)KEHHS K TEOPHH JABYX3JIEKTPOHHBIX
ATOMOB

17. 1. PaccmMoTpuM npoCTefIyro CHCTEMY MHOTHX YACTHI[ — JABYX- .
sneKTpOoHHbIA aToM uau Hon (He, Li*, Be**, B*** u 1. n.). [Ipu cpas-
HEHHH ONBITHHIX JAHHBIX IO 3HEPTHSM 3JEKTPOHHOH OGONOYKH 3THX
aTOMOB € PE3YJbTATAMH COOTBETCTBYIOIHX BLIYHCJIEHHA B NpPHOIH-
xenun Xaptpu — Poka OOHApYyKHBAETCA HEKOTOpas pa3HHUA, KO-
TOpas OOBACHSIETCS, OYEBUJHO, KOPPENANHOHHHIMH S(QhEKTaMu.

Mbl He GyzeM KacaTbCsli NPHHATHIX B CNEKTPOCKONHHM METOMOB
BLIYHCJICHHA 3TOH Pa3HHIBl (HMEIOTCS, B YACTHOCTH, B BHAY METOJHL
CMelIeHHs! KOH(QHIYDAlMil M HENOJHOTO DPasJieleHHs IepeMeHHBIX),
a NOKaxKeM, KaK HCIOJb30BaTh JJIs 3TOH IE€JH PA3BHTYIO B mpelbify-
mMHX naparpagax Teopuio BoaMyueHuit [83].

PaccmatpuBasi o6muil 4jieH MHTEPECYIOMEro Hac H303/IeKTPOHHOIO
pana (uucao saekTpoHOB N = 2, 3apsj aipa Z), OUEHHM BEJUYHHY.
1apaMeTPOB CKATOCTH H B3aHMOJleHCTBHA. CpejiHee pacCTOsIHIE MEeXKAY
yacTHuaMu d NO MOPSAKY BENMUHHBl PABHO a/Z W H3 BBIPaXKEHHH
(1.25) u (1. 28) '

N~Z7%, a~Z71. (17. 1y

* HenpuMeHUMOCTb B JAHHOM CJIyuae aHANH3a, NPOBEJEHHOrO B pasjene 16. 5,
CBSi3aH2 TIO CYNIECTBY C PACXOJHMOCTHIO (HJH ILIOXOH CXOAMMOCTBIO) PSJIOB, Mpel-
CTABIAOIMMX €060 CYMMH BKJaJOB DAasJHYHBIX AWArpaMM TeODHH BO3MYILEHHW,
OTBeuaolieil HCTHHHOMY NOTEHUHANy B3aHMOJEHCTBHSA.
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Takum o6pasoM, njf GoabuwMx Z paccMaTpuBaeMasi CHCTeMa IpH-
HaJJEXHT K KJAaCCy CKATbIX CHCTEM CO CJaObIM B3aHMOJCHCTBHEM.
OO6muM CBOACTBOM TaKHX CHCTEM, KaK yxKe ToBopHJock B § 16,
ABAsIeTCS MaJsbll BKJIaJ KOppPeasiLHOHHHIX 3(h¢dekToB. PaxkTHuecKu
3TOT BBIBOJ, OTHOCHTCS M K Ciiydaio Z = 2, UTO 0OBsICHAETCS, BULHMO,
61arONpHATHONR BEJHYMHOR COOTBETCTBYIOUMX YHCJIEHHBIX KO3(pu-
IIHEHTOB.

PaccmaTpuBaemasi cucTeMa OTHOCHTCS K Pas3psily OTpaHMYEHHBIX
cHCTeM, 171 KOTODHIX HpH OOJbIIHX Z BhINOJIHEHO ycaoBue (16. 26):
dlag ~ Z=' & N~*s. Tlo3TOMy MOMKHO OrPaHHYHTLCS AUArpPaMMOM
HU3IIEro NopsjKa; BKJaj AHArpaMM A-TO MOPAAKA COCTABJSIET BEJH-
gy ~Z~ ", ,

17. 2. Byaem ucxozute u3 BoipaxeHus1 (15. 16). Orpannunmcs
pPaccMOTpEHHEM aToOMa B OCHOBHOM COCTOSIHHMH, JAJISI KOTOPOTO. Yy, =

> (>
= 8, 1/, %o (r), Y. = O6, —17,%o0 (r) O6MeHHbIe YjeHBl NPU 3TOM
TOKIECTBEHHO MCYEe3aI0T, NMOCKOJBKY YACTHUBl HAXOAATCS B COCTOS-
HHUAX C NIPOTHBOIOJOKHBIMH CIIHHAMH. B pesyabrate nosyuaem

E—E,=-—Y e oerimnl (17.2)

€m + €n — 28

n,m
n+0, m=0

ruae
> -
dxdx’

<i’ fi€2/flm, fl) = ¢? ﬁ X: (X) X; (x,) Xm (X) Xn (x()'

CymMy, B KOTOpo#i nponyueHsl oba cocrosiHusg n =0 u m = 0,
MOXXHO 3amucaTk B BHIe
154 Al '
DI N S
n

n+0 m, n
m0 m=90 n

4

H

| 3

0

rjie IITPHX O3HAYaeT NPONYCK TOJbKO COCTOsAHHA ¢ m = n = 0.
Torna . ‘
(17.3)

E— EO = El(y.n — 2Ecaw
Tie
N\ 10,0 e¥r|m, n)|*
EKY“ - e+ &g — 28
n, m

NONpaBKa K 3HEPrHU 32 CYeT YHUCTO KYJOHOBCKOTO B3aUMOJEHCTBHs
10 O6GBLIYHOH TEOPHH BO3MYIIEHUI;

EcaM:_}:M_ (17. 4)

€n— &g
n+0
ﬂonpaBKa K 3HEepruu 3a cuer CAMOCOrJIaCOBAHHOI'O NoTeéHuuaJsga
. : d__)’ :

9 X "2

B(r):e T > IXO(x)I
x—x' )
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Hs HpHBe,II,EHHbIX COOTHOIIEHH i CJCAYET, ll‘l‘a"
Exy.n<0’ EcaM<0; Exyn<E_E0<O’ (175)

4TO MOATBEPXKAAeT M3BECTHBIA M3 BapHAUMOHHOrO NMPHHUMIIA BEIBOA
06 OTpHIATEJIPHOM 3HAKE KOPPENSHHOHHOH SHEpPTHH. , :

17. 3. C IOCTAaTOYHOH TOYHOCTbIO BMECTC BOJHOBHIX (YHKIHH
npubnuxkenyst XapTpH MOMHO HCNOJB30BAaTh (QYHKIHMH TaK Ha3bBae-
MOTO BOJOpPOJONOJ0GHOTO NPUOIHIKEHUSI, B KOTODOM CaMOCOIJIacOBaH-
HOe B3aHMOJEHCTBHE MEXIy 3/JICKTPOHAMH 3aMEHSETCS CIEeHUalbHO
NIOJOGPaHHOK SKPAaHUPOBKOH SApa. OTH BOJHOBLIE GYHKIHH SIBJSIOTCS
COGCTBEHHBIMH (DYHKIMSIMH OLHO3JEKTPOHHOH 3alaud B IoJje sipa
c sapsagoM Z* = Z —5/16 [29]. Ilpu 3tom

- 1 * 7 3 * — (Z *)2 2
2o (1) == —= (Z*/ay)*/2exp (— Z *rlay) &, = — —5— €*/a,.
Va 2 :
Uto e KacaeTcsi BO3GYkJEHHBIX COCTOSHHM, TO AJsT HHX
Un (1) = (Z *lag)' 2 [o (Z *riay), e, ~(Z¥)%¢/ay,
rie f, — HekoTopasi W3BecTHas GyHKUHS. Dojee TOYHBIE BLIPAKEHHS:
HaM He NMOoHajfobsaTCs.

Jlenast 3amMeny r — r/Z*, jerKo yG6eIuTbCs, YTO MATPHUHBIH Je-
MeHT (i, j | e%/r|m, n) NpONMOPLHOHANEH BemuYuHe Z*, a 3SHepreTH-
yeckHil 3HaMenatenh — BenuunHe (Z*)2. Iloatomy Besmuuunl E — E,
E a1 E,, He3aBHCAT OT Z*, a CJIeJIOBATENIbHO, U OT Z. Takum o6pa-
30M, KOppe/slMOHHAs IMONpaBKa K 3HEPTHH OJMHAKOBA AJs BCEX
UJIEHOB H303J1eKTPOHHOrO psja. DToT (akT ObUl YCTAHOBJIEH IOJY-
sMrupuueckuM myTem [84].

Jlanee, u3 nesaBucuMocTu E, ., OT Z* CaefyeT, 4TO 3Ta BEJMYHHA
paBHA TONpaBKe Ha KYJOHOBCKOE B3aHUMOJEHCTBHE JBYX 3JIEKTPOHOB,
HaXOJIAIMXCS TOJAbKO B T0JI€ sIAPA, T. €. UMEIONMX BOJHOBYIO QYHKIHIO

HYJeBOro HpUO/MKEHU st —I/I_JT (Z/ay)'! exp <—§—:> .. JTa mompaska

6bua BoluncaeHa Xusepaacom [851 u okasanace paBHO#
Eyn = —0,1574¢%ay. (17.6)
17. 4. Tlpexae ueM pacCuHTHIBATE BEJUUHHY E,,, TPHBEEM DAL
BaXKHBIX COOTHOIIEHHH. '
[IpeAnosoKUM, YTO HAC MHTEpECyeT MOMNpaBKa BTOPOro MOpsiiKa
K SHePTHHM U MepBOro MOPsJKA K BOJHOBONH QYHKLMH B 3a[aYe TeOpHH
BO3MyLIEHHH, Te BoaMymaomas dyukuus V (r) umeer panuajbHbii
xapakrep: : - .
[ ARM V() -V (1) Elx (7] =o0.
Bronsa ¢, (;) = [1 + % (r)] %o (r), TAE Yo — pEUICHHE HEBO3MYIIEH-
HOTO ypaBHeHusi ¢ 3Hepruei £, (v & 1), nonyyum :
o 2(xolye + Ur)w =2 MV (n— (V)

N
rie BBeged cuMBoa (. . . ) E,j"dr (...)x (r). B uacTHOCTH,
M3 YCMOBUE HOPMUPOBKH (%) = 0.
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INonyueHHOE ypaBHEHHE JIETKO PEelIaeTcsi M JAaeT

x()=[0ED @] 4D0) [® QD @,

E— Ey=—— [ dr®?(r) D (),
0

(17.7)
rune

D (r)=2M [dED )1V (§) — (V)

M paguanbHast naoTHocte D (r) = 4mr2y, (r)2.

Takum oépaaoM ecJId BO3MyIawmas (yHKIHS HMeeT pajuajib-
HBIH XapakTep *, TO BOJHOBast GYHKIMS U 3HEPTHs HAXOIATCH C no-
MOILBIO HECJOXHBIX KBajpatyp [83, 861

IlpumMeHUM TONyYEeHHBIE COOTHOIIEHMS K HaxoxjeHuio £,
Bo3MmymenueM npu 3ToM 6y11eT cny;xmb BeJIHUUHA

Vi) = B(r) = (1 —exp(—20) (1 + 0],

Z*r «
rie § =——. ®ynkuna O oxaspiBaercs paBHOM
(]

22 exp (—20) 1102 — 67 — 3 + exp (—20) (82 + 12¢ + 3)]
H
96 4 243 In (%) ] 2
EcaM - 1798 (4 /ao = —0,05558 /ao. (17 8)

17. 5. Hcnonways Beipaxenus (17.3), (17.6) u (17. 8), aerko
HOJYYHTb CJAEAVIOMYIO OLEHKY KOppeNsUHOHHOH 3Hepru# JAByX-
3JIEKTPOHHOrO AaTOMA:

E — E, = —0,046 e¥a,. (17.9)

JTa BeJIHUHHA, He 3aBHCALIAA OT Z, HAXOAUTCS B yJOBJIETBOPHTEIbHOM
COTJIACHH C Pe3yJbTATAMH CONOCTABJIEHHS pacueTHbX (B mpHO/MKe-
HUM XapTpH) U ONBITHEIX XaHHBIX. COOTBeTCTBYIOIAS Pa3HHIA Me-
nsietcst ot —0,042 no —0,054 e/a, npu usmenennu Z or 2 10 6 [871].
Ocrarouieecss pacxoxkjeHue oGBSICHSETCS YaCTHYHO HETOYHOCTBIO BO-
1OpPOJONOROGHOTO NPUG/IHKEHH ST, YACTHYHO POJIbIO JHATPAMM BHICILIETO
nopsiiKa.

3acayxuBaeT CHelHaJbHOrO OOCYXKAEHHS IpHMeyaTesbHBIH (hakT
MaJIOCTH KOPPE/SUHOHHOA NONPaBKA. KuHeTHUeCKasi SHEpTHsl JJeK-
TporoB T (a Takxke SHeprusi B noje sapa U) B JBYX3/EKTPOHHOM
aToMe B Cpe/lHeM IMopsiakKa Z2, caMOCOIjiacOBaHHAs IHEPrusi B3aHMO-
nefiCTBUS ~Z, KOpPEeNSIIHOHHAs, KaK 3TO YCTAHOBJICHO BhHILIE, BOOOIIE

* DaKTHYECKH NPUBEJEHHLIE PE3YJbTaThl MPHMEHHMbI K OCHOBHOMY COCTOSIHHIO
CHCTEME!, TIOCKOJILKY MBI IDEATNIONONKUAN, UTO Xy = Yo H UTO ¥ HE 3ABUCHT OT YIJIOB.
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ne 3aBHCHT oT Z. [TosTOMy /s aTOMOB ¢ GOJIbIINM Z YKa3aHHBIH (akT
SABJISIeTCS BIIOJIHE €CTECTBEHHBIM M OOBSCHSIETCA MPOCTO CXKATOCTHIO
cucteMbl. ['opasjo Gosiee YAUBHTENHLHO TO OGCTOSITENLCTBO, YTO Ma-
JIOCTb KOPPEJISAUHOHHOH SHEPTHH HUMEeT MecTo H Aas reausi (Z = 2).

B stom cayuae BeqwunHa T + U cocraBnsier —4 e%*a,, camocoraa-
¢OBaHHAs UACThb 3HEPTrHH OKojo 1 e%/a, (mosoxuTenbHBI 3HAK
STOH BEJMUMHEI CBSI3aH C OTTAJKHBaHUEM 3JEKTPOHOB), B TO BpeMs
Kak KoppeJsunuHoHHast sHeprus paBua —0,046 e%/a,. Takxum oGpasom,
NpH OTCYTCTBHH KaKHX-JH60 BHAUMBIX MaJbiX IIapaMETPOB KOppeJs-
HUOHHAS M CaMOCOIJIaCOBAHHAsS YacTH 3HEPTHH Pa3jHYaloTCsl IOYTH
Ha J[Ba NOpsAKa.

17. 6. Oco6eHHOCTbIO pACCMOTPEHHOrO NpHuMepa sIBJAsieTC TO, 4YTo
NoJ NefCTBHEM CUJIbHOI'O BHEIMHEro IoJf fAApa CHCTEMA 3JIeKTPOHOB
0Ka3ajach CHJIBHO CKATOH N0 TaKUX Da3MepoB, UTO HEe TOJbKO pac-
CTOSIHHE MEeXKIYy YaCTHLAMH, HO M OOLIMH pasMep CHCTEMB! OKa3aJHCh
MEHbLIE pajguyca Ae6aeBCKOro 3KpaHupoBaHus. VIMenno srtor ¢akr
I0 CYUIECTBY H HpHBeJ K BO3MOXKHOCTH OTPaHHYHTBCS paccmmpe-
' HHEM JIHI0b JHarpaMMbl HUBIIEro IopfiKa. ,

JIpyruM INpHMEpPOM TaKOro poja sBJSIeTCss MHOTO3JIEKTPOHHbIH
atoMm (N > 1), cKaThlii 10 COOTBETCTBYIONIHX PA3MEPOB BHEIIHUMH
cusiamMu, WaH HOH ¢ N & Z, cxaTblif KYJOHOBCKHM IOJEM sfpa.

B mepsom ciyyae, Korja N = Z > 1, ycnoBue (16. 26) Hajaraer
c/aefyiole OrpaHuueHusl Ha pajuyc atoma r ~ dZ'/s:

r& ay/Zs, (17.10)

Q>>Z2‘/113 o (17.11) .
COOTBeTCTBymume JlaBJIeHH s’ OTBEYAI0T, “0ueBuH0, obaactam I1 u III:
(cM.. § 6). KoppeJmumHHaﬂ SHEPTHsI TAKOTO aTOMa MMEeT BeJHYHHY
nop;w,Ka :

Ha MJOTHOCTHL —

E — Ey~ZInZ e¥a, | (17.12)

He 32BHCAIYI0 OT MJIOTHOCTH CHCTEMB.

OnHaxKo B 3TOM CJydae HeJib3s HCIOJIb30BAThH AJs pacyera Koppe-
JISIHOHHOI'O BKJIaJia B JIaBJIEHHE MOJIesIb fUeeK, TAK KaK BBHAY R, > r
(r — pamuyc siuedKH) B MOAEH OKaXYyTCsi HeYuTeHHBIMH KOppeys-
IMOHHBIE CBSI3H JIEKTPOHOB JaHHOH sAdeliku C cocefnumiu. [losTomy
CKaTHIA H30AMPOBAHHBIA akT B o6sactsix 11, 111 otHions He H’anpyeT
CKATOrO peasbHOro BelecTBa.

Jlpyro# mpumep oTBeuaer cxaTomy HoHy. Ycjosue (16. 26) naer

Z-—N >N, (17. 13)
3jiech NPHHATO BO BHEMAHHE TO, UTO Pa3Mep HOHA r MOPSIKA Za—"N)
(Z — N — s(ppexTHBHBI} 3apsf siipa: Ha nepupepuu uona). Koppe-
ASUHOHHAS! SHEPTHSI HOHA OKA3LIBACTCS BEJIMYHHOM MOPsAAKA
E—E, ~NInN—— (17.14)

Oua. He SE{BHCHT.OT sap;ma aapa Z.
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§ 18. NPHJIO)KEHHSI K TEOPUHU ATOMHOIO }l}]PA

18. 1. B § 7, rne sinepHoe BewecTBO paccMaTpPHBaIOCh B npné.zm—
mennd XapTpu — Poka, 0TMeyasoch, 4TO B PAMKAX 3TOr0 NpHGJIH-
KEHHS] HeJNb3s1 MOJYYHTb YCTOHYHBOIO COCTOSIHHS #A1pa B 06jacTH
peanbHBIX 3HAYEHHH MJIOTHOCTH. DTO CBSI3aHO HO CYIIECTBY C HELOCTA-
TOYHO IOJIHBIM YYETOM CHJI OTTAJKHBAHHUS MEXAY HYKJIOHAMU: (haKTH-
YeCKH HYKJIOHHI, B3aHMO}1€I/ICTByIOHLHe KakK TBepJple IIaphi, He MOTYT
COJIM3UTLCS IO PACCTOSTHHI, MEHBIMX JAHAMeTpa 3THX mapoB. OKasbl-
BAETCsI, UTO JOCTATOYHO MOJHBIH y4eT 3TOro 3h(exkTa MOKHO NPOHU3-
BECTH B PAMKAaX TEOPHH BO3MYILEHHH, OrpPAHHYMBASCH MAJLIM YHCJIOM
COOTBETCTBYIOIIMX YJIEHOB PA3JIOMKEHHS.

Kax yxe ykasmBajsoch B § 7, silepHOE BEIECTBO € JOCTAaTOYHOH
TOYHOCTbI0 MOXKHO ONHCHIBAThL CJAEAVIOMEH MOJENbIO; HYKJIOHBI, HMEIO-
i€ U3MEHEHHBIH 3aKOH JHUCIEPCHH 32 CUeT AANbHUX CHJ MPHTAKEHHS,
YUTEHHBIX B npuOauxennn XapTpu — Poka, CBSI3aHEI TOJAbKO CHJIAMH
OTTANKHBAHHUS THIA «TBEPAOH CEpAUEBHHDBD. O6ocHoBaHue 3TOlH Mo-
Aesv C TOUKM 3PEHHs NoTeHuHana B3auMmoJedcTsus (1. 11) 6yner nano
B cjaejyomed riase,

[aMUIbTOHHAH CHCTEMBI, OTBEYAIOUIMI paCCMATPUBAEMOH MOJENH,
MOJKHO 3aMHCaTh B BHJE

H = [ dqw* (g) (T + W) ¥ (9) + C+
1 (18. 1)
+5 [ dadgv* (@) 9* @) Vo w @) ¥ (@),

rie mnoj T+ W nyxHo _IOHHMaTL BbIpamenue (7. 18) ¢ 3amenoit

HMITyJIbCa p Ha omepartop p H 33 BBIYETOM IIOC/IEIHETO YjeHa, BXOAs-
uero B cootHomenne (7. 20). CHMBOJMYECKH MOXHO HANHCATh

)4
. c d . . .
T+W = j M:’(’;)_ 12M(a“_0)2 [4®+9Siy—9siny], (18.2)
-0

rie M, naercs cootnomennem (7. 19); y = ap,. Brtopoi unen npa-
BO# yacTu Beipaxenusi (18. 2) urpaer napsigy ¢ C poJp noTenuuasa
BHEUIHETO I0JIsT; 3T0 o0uiast NOTeHLIHAJbHAS 5IMA NPHUTSKEHHSA, B KO-
TOpPOH HAXOJSITCS HYKJOHHL.

[Torenuman V() MOXKHO 3aMEHHTb HCEBIOTIOTEHLHAJIOM, KOTOPHIH,
corsacuo BuipaxkenusaMm (1. 17) — (1. 19) u (7. 16), npeacrasusercs
B BHJIe CYMMEHI JIByX caaraembix. [lepBoe, umeromee nopxaox ¢, npuo6-
peTtaer BUJ

Vs¢b=/;:;¢6(;))<l+r%+ﬁr>. (18. 3)

Bropoe ciaraercss w3 oTBewaiomell p-paccesTHUI0 BEJHYHHBL

[; Vod (7)Va+6(?)A] (18. 4)
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W ujieHa NOpsAAKa ¢, BeLyIero CBOe MPOMUCXOKJEHHE OT pasjoxke-
nus (7. 16) B paf no c: :

3 >
8Vape 0 = —‘%5(f) A. (18.5)

B mocieaHux JABYX BBIpAXKEHUSIX MBI 3aMEHHJIH M;d,q, Ha M BBHAY
M
TOTrO, YTO = 1 4+ O (cpy)-
El .
[Tepexozsi B paccMaTpuBaeMoil 3ajaye K npubauxKeHHio XapTpu —

doka, Mbl BepHeMCs K pesyabrataMm § 7. IIpu 3TOM IICEBJONOTEH-
wuan (18. 3) wms3-3a cBoero 0-o6pasHOro xapaxTepa HE H3MEHSET
->

33aKOHA JMCIEPCHH HYKJIOHOB: €ro ¢ypbe-o6pas He 3aBHCHT OT p.
[TosTomMy BeauuHHa ) e MeHSeTCsl NpH Nepexofie K NpHOJmxKe-
0 ;

Huio Xaptpu — Poka jansa motennuana Vi); H3MEHEHHE MpeTepre-
Baer JHMWb NOCTOSHHOE caraemoe omeparopa (18. 2).

18. 2. B § 7 Mbl He YUHTHIBAJIH BKJaJla NICEBIONOTEHIMAIOB (18. 4)
u (18.5) (MX cienyerT yuyHTBIBaTb JHIIb B HPUOG/IHKEHHH XapTpu —
doka). JTH BeJHUHHBl 3ABUCAT OT ONEPAaTopa MMIYJbCA, MO3TOMY
HYIKHO MCIOJIb30BaTh obuue cootHomenus (4. 30) u (4. 31). Ocrano-
BHMCS IOipOGHee HA BLIYHC/IECHHH BKJIAJa MOTEHUHMAA (18. 4) B Beyu-
yuny W u 3HepPruio CHCTEMBI.

[ToxcraBasis B cooTHOomeHus (4. 30) m (4. 31) BeIpameHus

G rap —olw—(an)],

> >

i/[x—x’, iA%(iE’ijx'” o 4:/:;3 [i %vé(?}_

>
’
P

(nucdbepenuupoBarnne GyHKUHH [ B KBa3HKJACCHYECKOM npuGiuxKe-
HUM W3JMIIHE), HAXOAMM [0CJe HEeCJOXKHOTO MHTErPHPOBAHHS

1 s 5
— B, Wt (i), (18.6)

B paccMaTpuBaeMoM MpHMepe He TOMbKO A, HO U B 3aBUCAT OT onepa-
TOpa HMIYJbCA.
CooTBETCTBYIOUM A BKJaJ B SHEPTHIO HETPYAHO HAHTH 1O OOmed.

dopmyae (4. 36)
86 = 2§ d*pb (ps— p") W (p),
OTKYJa
c3pg
88 = ~@weany -
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3n24
3
0

TIMpencraBasia o6beM cHCTeMbl B Buie A/29 = , Tie A — mac-

COBO€ YHCJO, MMEeM
c3pg’A

OF — 2nM -

(18.7)

AnajiornuHo BHIUHCAAETCA M BKJjal mnoreHuuana (18. 5).

18. 3. IloacraBum ncesronorennyan (18. 3) B raMHJIbTOHHAH B3au-
mozefictBus . (18. 1). CooTBercTBylOUIAas BesuyuHA Tapamerpa p,l
(cm.- pasgen 16. 8) paBHa pyc < 1. [10o3TOMy MOMKHO OrpaHHUYHTHCS
yY4eTOM AMarpaMMm puc. 26 Hu3Liero mopsjka.

PaccmotpuM AuarpaMMel BToporo nopsiika. CoOTBETCTBYIONIEE BhI-
paKeHue AJas SHepruH Jaercs cootHoureHuem (15. 22). Opnako Tpe-
6yeTcss HEKOTOpPAss OCTOPOXKHOCTb IpPH MOACTAHOBKE B 3Ty GopMyay
¢ypre-ob6pasa noteruyuana v (k).

[TokakeM, yTo B BhHpaxenuu (15. 22) MoxKHO HOJIO)KHTb v (k) =

/\jn;¢ (KaK Obl10 OBl TPH OTCYTCTBHU omepatopa | 4 r ~—r +Ppr,
3
OJHOBPEMEHHO 3aMeHsAsT  KOMOWHAIHIO (l —n, )'1—~ n, L)
. p1+k pe—k
Ha (1 —n, 4\)(1 —n, ») — 1. Cxomnyio 3ameHy cjenyer Je-
Pit+k/ pPa—k

JlaThb U B BBHICIUKX NOpfAJKax TEOPHH BO3MYILHEHUH.

JelcTBUTE/IBHO, YKa3aHHBIH OMepaTtop NPH ACHCTBHH HA Pery.isp-
Hy10 B Touke r = 0 (YHKHHIO CBOIHTCSl K eIMHHLE (HMEeTCs B BHJY
JanpHelee yMHOXKeHHe HA §-QyHKIHIO), a IpH AeHCTBUU. HA BHIpaKe-

N

HHE Pfim ofpamaer ero B HyJb. B unrterpan (15. 18)
prie (p) .

BXOJHUT IIpOH3BeJeHHe ABYX ¢yHKUHH v. [loAcTaHOBKA B OJlHY M3 HHX

ncepfonotenuuana (7. 16) tpebyer yuera oneparopa | + r% + pr;

4TO e Kacaercs APYrod, TO TaM MCEBAONOTEHIMAN JeHCTBYeT yiKe
Ha PeryJaspHyi0 QYHKIHIO — HA NpaByio OOKJIAJKY MATPHUHOTO 3Je-
MeHTa. [109TOMY MBI MOKEM Cpasy MOJIOXKHTb B OJHOM H3 COMHOMKH-
Teneit v = 4me/M,pq. ITo pact

4-/ 2 B
E—E,—=— ( M:;q)) 3 (2m)° y d3p, d3p,d3k X

Px pz(l—nz+2) (lﬁnm;k) S‘d 6

€, H» &, o
Ptk pe--k

a \/
1+r7+ﬁr> X

X exp | — kr).

. -> R -> -> ->
BBuiy toro uro cocrosiHus P12 JieXar HuUXe, a p; + k U p,— k&
' ->

Bhllne cepnl PepMu, HHTErpasn no- 2 MOXKHO (PAKTHHECKH TOHHMAThb
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B CMBHICJIE TJiaBHOro 3Hauenusi. [lostomy B E — E, durypupyer
HHTerpasn

(l_ﬂ—> —>) (l—na >
) Ptk p2—k
> >
Ae ()
Ha KOTOprﬁ ﬂeﬁCTByeT ICceBAONOTEHIIHAJ. ITOT HHTETpAJ MpPH 3aMeHe

(1 — n) (1 — n) va 1 paer HyseBol BkJad. [losTomy, Aenast 3aMeHy
(1—n{d—n)—(1-—n)(l —n)—1, MH HE MeHseM De3yJb-

tata. OJHAKO MHTErpaj 1O R CTAHOBHTCA DEryJaspHOH QyHKuueH r
->

B Touke r = 0, NOCKOJbLKY B o6jacTH GOJbIIKX R MOJBIHTErpajbHOe
BhIpaKEHHe Terepb paBHO HYyJ0. DTO MO3BOJsIET OTOPOCHTbL Onepa-

d .
T0p 1 +r 5 + Pr u mpuUHTH K OKOHYATEJbHOMY BbIPAKEHHIO

Pf dkexp (ikr

E—E,— —3(2n)° (ﬂ)z [[dpy d*py vk x

Msggp
l—n, ) (l—ns 5)— I
pyMtps [( npl_‘_k) ( npz—k ] (18. 8)

€5, 5 T &85 »—8, —&
p1t+k pa—k P pe

BriunC/eHHe 3TOr0 HMHTerpana IpeicTaBiseT COo0OH HeJerkyio
3afauy, KOTOPYIO CJexyer ynpoCTHTb. (PaKTHYeCKH HHTErpHpOBAHHE
3/leCh COBEpUIAeTCS B CPABHHUTENBHO Y3KOH 0OGJACTH OKOJO TPAHMIBI
depmu. [lo3TOMy BeJHYHHA HWHTErpajna W3MEHUTCA JIMUIL HE3HAUH-

TEeJbHO, €CJIH 3aMeHuTh &> Ha p2%/2M,, rie M, OTHECEHO K rpaHuue
®epmu. Ucnosbayst peayabTaTel § 7, noydnM (y = ap,):

M 3 V,Ma® sin%  2sin’y >
W, T <I T Ty v )
[MoacTaBasisi 5T0 BhIpaxenue B cooTHouenue (18. 8), mosyunm
3 2/ M O\ M,
E—Eo—*m‘*/ﬂmam) b (18.9)
rae '
. 1 — 1 > >
§ (e 2) (L g) e

1= \ &, dopy ¥k =22 .

T (> 2y 2 2

hd (p1+k) +(p2—k) — Py — P2 '

Bruucsenne | moppo6Ho onucano B paore [37]. OxonuaTenbpHOe

BEIDAXKEHHE Ui KOPPEJSIHOHHOM IONPaBKH HHU3LIEro TOpsiKa
HMeeT BHJ,

6 (11 —21n2) c2pg M \% [ M, _
E—Ey= ——ge <M3M)<7M—>A. (18. 10)

18. 4. KoppessMOHHYI0 NONPAaBKYy TPEThero nopsiika Io mnapa-
METpPY ¢p, BHIUAC/STD He OyjleMm. B suteparype HMEOTCs JAHHBIE {3t1,
Kacaiolyecss CyMMapHOi#l BeJMYHHBI 3TOM MONPABKK M BKJala NCEBIO-
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noteHuuana (18.5) B ciayyae KBaapaTHYHOrO 3aKOHa JUCIIepCHH.
CoOTBETCTBYIOIAS] BEIHUYHHA HMEeT BHJ

0,13¢3p3
——A. (18.11)

Y4eT HeKBaJ|pAaTHYHOCTH 3aKOHA AMCMEPCHH CKa3ajcs Gbl HA NMOSBJIE-
HUH JOTIONHHTEJBHOrO  (aktopa (M/M,py)® (M /M)?, cBsizannoro
C HaJUYHEM B BBIDAXKEHHH /s NONPABKH TPETbErO NOPSAKA ABYX
SHEPTETHIECKHX 3HAMEHATeJIeHl U TPeX TICeBJOHOTEHIHAJIOB. JTOT (haK-
TOP, OJHAKO, GJHM30K K €IMHHUE, M MBl MOXKEM OCTAaBHTb BHIpAKe-
e (18. 11).

Taxum 06pasom, nosHasi SHEPTHsL SIAEPHON MATEPHH C YUYeTOM KOp-
peNANMi 32 CYET CUJ OTTAJIKMBAHHS MOXKET GbiTh 3alHCAHA B BHJE

E—E,=

6 (11 —21n2) c2p M \2 M
n L 70
E=EA 35EM (Mad,q)) w A+
. 0,I3c3pg c3pg )
- A “sar A (18.12)

rae E, naercs Beipaxenuem (7. 22).

Bennunna E B otanuue oT E o yiKe HMeET MUHHHMYM IIpH Pa3yMHBLX
3HAYEHHSX p,. JTO CBA3AHO C GBICTPHIM POCTOM KOPPEJNSILHOHHBIX
YJIEHOB NpH p,—> oo. [lpuBefieM OKOHUATENBHBIH pe3yabTAT JWIsI
paBHOBeCHbIX 3Hauenuii p, u# E [38]. '

Po~~ 1,4 hepmu=1,
E/A ~ —11 M.

OtzieqpHble ClaraemMble SHEPTHH HMEIOT CIEAYIOHLYI0 BETHYHHY: KHHe-
THYECKas SHeprus — 25 Mss, sneprus nputskenns — 68 Mss, snep-
THsl OTTaNKUBaHHsI — 32 Mase. Tlpu 3TOM nocsenssist Benuyuua cja-
TaeTcs U3 YeThlpeX YHCEN, PABHBIX COOTBETCTBEHHO 21; 67 2,5 u 2.5 Mos.
IlepBrie TPH OTBEYAIOT CAMOCOTIACOBAHHOH 4YacTH M JBYM NeEpBHIM
KOpPEJISINMOHHBIM NONpPABKaM, ONHCBHIBAIOIIUM S-paccesHre. BHIHO,
4TO COOTBETCTBYIOIHUH PsJ CXOMUTCS AOCTATOUHO GhicTpo. [Tocmennuii
4jleH ONMCHIBAET BKJIAJ pP-paCCesiHUS.

CpaBuenue namubix (18. 13) ¢ SMNDMpHYECKHMH JAHHBIMH CBHe-
TeJILCTBYET 00 YAOBNETBOPHTEJILHOM COIJacuH. Bejnunna p, OKasbl-
Baercs npaBu/bHOH, a E/A 6musko X koadouuuenty C, B dopmyie
Befinsekkepa (cM. § 7), paBmOmMy —15 Mass.

18. 5. Jlnsi noJyyeHus BETMYHHBI OCTAJbHBIX KOID(UIMEHTOB
¢$opmyabl Beiinzekkepa HeO6X0MMO B OTIONIHEHHE K BHIpAXKEHUSIM § 7
IPHHATL BO BHHMAHHE KODPEJISALMOHHBIE YJIeHBl, BLIUHCJIEHHBE C yye-
TOM HEpaBEHCTBA YHCJA NPOTOHOB H HEHTPOHOB, a TAKKE C YYETOM
KOHEUHOCTH siiipa. HepaBeHCTBO uHC/1a MPOTOHOB M HEHTPOHOB YUYHTHI-
Baercs BBeJIeHHEM B COOTBETCTBYIOmHE (POPMYJB! PASHBIX TPAHHUHBIX
MMIYIBCOB: Do (p) 5 Po(n)- HEONHOPOAHOCTL B pacnpefieleHHH YacTHIL
MOKHO MpHHATL BO BHHMAHHE, OTHOCS BCE B&JIHUHHBI B IOBEP XHOCTHOM
CJI0e K 3HAYEHHIO pP,, BIBOE MEHbIIEMY, YeM B CepjueBHHE sjpa.
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[ToapoGHOCTH COOTBETCTBYIOWMX DAacyeToB NPHBENEHH B pa-
G6ote [72]. OkasmiBaercsi, 4To KOppeJsilHOHHEE 3(dexTl Haubosee
CHJIBHO CKAa3BIBAIOTCH (IMOMHMO OOBEMHOJ YacTH SHEPTHH) HA NOBEpX-
HOCTHOM UaCTH SHEPTHH, 3AMETHO yMeHbas ee BeqnunHy. OCTasbHbe
BEJIMYMHB MEHSIOTCS] HE3HAUUTENbHO (Taba. 2).

Ta6awma 2

Cpasneﬂue pacHeTHbLIX H 3MNHUPHYECKHX XapakTepUCTHK aTOMHOro sapa

PacuerHasi OMNHpHUECKas
XapakTepHCTHKA 4TOMHOrO sifpa BeJHYHHA BeJHYMHA
FPaauyc spapa R/AYs . .. 1,1 gpepmu 1,1 pepmu
IlnpHEa [OBEPXHOCTHOTO caost d . . . . . . 3 gepmu 2,4 pepmu
O6bemuas sueprug Cy . - . - o 7. o . —Il  Mass —15 Mae
Kynousosckast smeprust Co . . . . . . . - - 0,7 Mas 0,7 Mass
Sueprus cmmmerppru Cg . . . . . o o - .1 33 Moss 24 Mas
[Tosepxnoctras sueprusg Cyq . . . . - . - - 23 Mss 18 Moas

TakuM o6pasoMm, HaJHIO Gosiee WJIM MeHee Xopollee corJacue
¢ ombiToM *. 10T PAKT CBHJIETEJbCTBYET O TOM, YTO TPEXYACTHUHBIC
CUJbl B ATOMHOM sijpe B OOlIeM HIpaiT, NMO-BHAUMOMY, MEHBIIYIO
pOJb, 4EM MOXKHO ObuIO OBl 3aKIOYHTb H3 o6muX COO6paxKeHu i

(ecm. § 1). .

* Tlo noBoAy pacxoxjenHus B BeuynHe Cg HYXKHO SAMETHTH CIEAyIOLLEe. B omn-
CAHHOM pacyere NOJHOCTBIO MpeHeGperanoch HHTephepeHinell TOBEPXHOCTHHIX SPdeK-
108 ¥ 3((eKTOB CHMMeTpHH. B TO e Bpems B COBDEMEHHOM BApuaHTe TIOJTY SMITHPH=
yeckoill opmyJibl Befingekkepa [74], rae 312 HHTepdepeHUKs TPHHATA BO BHUMAHHE,
noayuaiorcsi anavenns Cy =~ 30 Mg, C, =~ 21 M3s, Haxopsmyecs B GIH3KOM COTVIACHH
¢ MOJyueHHHIMH B pacuere. T109TOMY OKOHU@TeJbHbIE BRBOLb MOXKHO 6ynet clenath
JHIIb 10CAE MPOBEAEHHS PACYeTa YKA3AHHOA MHTepQepeHiuH.



TTABA IV ' o
METO]L, <DYHKlllrll7] rPUHA B KBAHTOBOH ME_XAHHKE

§ 19. ONHOYACTMUHAS ®YHKUMSI TPHHA

19. 1. B nacrosuneii rjaBe NpoBeAEHO PacCMOTpEHHE 3aJaYd MHO-
THX YacTHIl, B OCHOBE KOTOPOTO He JIEXKHT PasJioKeHHe B PAJN TEOPHH
BO3MYIIEHHH. :
~ Heo6X01uMOCTb BHIXOJA 33 PAMKH TEOPHH BOSMYLICHHH AUKTYETCS
TpeXje BCEro JKeNaHHeM ONHMCATh CHCTEMbI, B KOTOPHIX B3aUMoJieit-
CTBHE MeXKJAY YACTHIAMH HE MOXeT CUMTaThcs caabpiM. Pemennue
COOTBETCTBYIOUMX «TOYHBIX» IOJIEBBIX YPABHEHHH CTOJb ke TPYJAHO,
Kak M pelueHHe ToyHoro ypasHenusi lllpenuHrepa. HaunGoabmu i
HHTEpEC, OIHAKO, INpeJCTaBjseT NoApOOHO paccMOTpeHHas B § 16
cHTyanusi, KOTJa OCHOBHYIO DOJib HIpAeT HEKOTopas BHIACJICHHAA
GecKoHeuHasi MOJCOBOKYIHOCTb UYJIEHOB Dsd TEODHH BO3MYILEHHI.
ToJieBble MeTO[bI NO3BOISAIOT CYMMHPOBATh YJI€HbL 3TOH COBOKYNHOCTH
NpPOCTHIM H KOMIAKTHEIM CHOCOGOM.

BaxkneiHmas 3ajiaya TeOpUM MHOTHX YACTHIL, CBSI3aHHASA C HAXOXK]EC-
HYEM CIIeKTpa BO30YKIEHHBIX COCTOAHMH CHCTEMBI, TaKXKe Tpebyer
BEIXOJA 32 PAMKH TeODHH BO3MYIEHHH. DTa 33jiaua He MOXKeT GhiTb
JlaKe MOCTABJEHA B IOJIHOM OGBhEMe, €CJH OrpPaHMYMThCA paccMOTpe-
HHEM psijJia TeOpHH BoaMyuleHHH. IIpH passoxeHHUH COOTBETCTBYIOIIHX
BeJIMYMH B PsiJl TEOPHH BO3MYUIEHHH JOMOJHHUTENbHbIE BETBH CNEKTPA
BO36GYx/AeHUH, OOYCIOBJIECHHBE B3aHMOJEHCTBHEM MEXJy 4YacTHLAMH,
MOJIHOCTBIO HCYE3AI0T. ‘ 7
' BakHeHIHM 3J1€MEHTOM NPOBOJZMMOrO HHMKe DPacCMOTPEHHA sB-
JSHOTCS TaK HasblBaeMmble GyHKuuH [puHA; npocTeiliuasi M3 HAX Mpen-
cTaBssieT coGOH HenocpeACTBeHHOe O00OOUIEHHE CBEPTKH ONEpaTopoB.
B ¢yHkmuax [puHa CcOCpEIOTOYEHA MHOTOCTOPOHHSIS (pu3MuecKas
nudopMmanus. Pacronarasi BbIpaxKeHUsIMH JJIsl OHOYACTHYHOM M nap-
HOM ¢pyHKuu# I'pHHA, MOXKHO OTBETHTH NMPAKTHYECKH HA BCE BONPOCHI,
- CBI3aHHBIE C ONHCAHHEM CHCTEMHI YACTHIL.

Paccmorpennsie B § 15 acnekThl OMMCaHusi, OTHOCSIIKECS K pac-
TNIpefieIeHHI0 OJIHOYACTHYHEIX XapaKTePHCTHK CHCTEMbl (MATPHIA MJIOT-
HOCTH) M SHEPrHHM CHCTeMbl, MOTYT GHITb IIOJyueHbl M3 COOCTBEHHO
SHePreTHYECKOH YacTH S-MaTpHIbl ¥ . JTa BeJHYHHA HENMOCPeACTBEHHO
CBsi3aHa ¢ oflHouacTuuHoil dyHknuen ['puna.
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ViMest B CBOEM pacHOpSKEHHH AByXuacTHUHyi0 ¢yHKumio I'puna,
MOXKHO IOJYYHTb H 6oJiee AeTaNbHble ABYXYaCTHUHbIE XapaKTEPHCTHKH
CHCTEMEI, K KOTOpPOH OTHOCATCA KOPPEJSLHOHHBIE XapaKTepHCTHKH
CHCTEMbI, €e KHHeTHYeCKHe KOS(DHIUEHTH, ONUCHIBAOIMIME DPEAKIHIO
CHCTEMEI Ha BHEIIHHE BO3MYIIEHHS, H MHOTOE JIpyroe.

Hakonen, ¢yskuun I'puHa Aai0T BO3MOXKHOCTE MOJAOHTH K peme-
HHI0 3aJa4d O CHeKTpe Bo30yxAeHHH CHCTEMB. XapaKTepHCTHKH
3JIEMEHTapHHIX BO30yKAeHuii (KBa3HUaCTHIL) MOKHO NOJIYYaTh U3 PYHK-

2 7 2 1 + 2 4 3 1
Puc. 30

0741 Tpmia yTeM CPABHHTENLHO HECJOKHBIX MATEMATHYECKHX MAaHH-
NyJAsiLuH.

19. 2. B npeaplAymel rJaBe. MHOTOKDATHO. HCIOJb30BANach
CBEpTKA ONEpaTopoB :

~~
P (D)7 2) = (o T [ (1) $* ()] | o) =Gy (1, 2),
npeacTaBssiiomasl co60l BaXKHYIO COCTABHYIO 4YacTh JHArDaMMHOH
TexHHKH. CBEPTKA ONEPATOPOB ONKCEHIBACT PACHPOCTPAHEHHE YACTHILH,
He KOPpPEJHPOBAHHOH C JAPYTrHMH YacTHUAMH CHCTEMBKI.
JLas BHIXOAA 33 PAMKU TEOPHH BO3MYIIEHHH HEOGXOLMMO 06061IATE
NOHATHE CBEPTKH ONEeparopoB, pacCMaTpHBas pAaclpoCTpaHeHHe 4Ya-

=— + O +

0-4——*—0 e o o

|
+ O+ <+
o—#——*—*——*—o .—l———-—l—a o o o
‘Puc. 31

CTHIBI C YYETOM BCEBO3MOIKHBIX €€ KOppPeNsHOHHBIX B3aUMOIEHCTBH
C OCTaJbHBHIMM YACTHIAMH CHCTEMBl. IDTH KOPPEJNSIUMH CBOASTCS
K TOMYy, YTO YacTHIA BCEMH BO3MOXHBIMH cnocofamu Bo30yxIaer
CHCTEMY, T. €. NPDUBOAHT K I€PexXoAy TOTO MJIM MHOTO HHCJ3 YACTHE,
uyepe3 rpaduny Pepmu, a 3ateMm 3710 BO30yK/EHUE CHHMAETCH.

Ha rpaguyeckoM si3nike paccmatpHBaeMasi QYHKIHS paclipocTpa-
HEHHA JOJKHA OOLEIUHATH BCEe JHATPAMMEI, COENUHSIOWME [Be 3a-
JanHple ToukH. M3obpaxkas o0Go6IIeHHYIO (YHKIHMIO pacrnpocTpaHe-
HHSI KHPHOH JHHHEH, MOXKHO HANHCATh JAHArPAMMHOE PaBEHCTBO
(puc. 30), o3Hauawlilee, YTO PACOPOCTPAHEHHE HACTHIH C YUETOM
B3aHMOJEHCTBUS CBOAUTCS K PAaCIHpOCTPAHEHHI0 CBOGOJHOH HACTHIBI
MJII0C PacNpocTpaHeHHe YACTHIEl CO BCEBO3MOKHBIMH - COGCTBEHHO
SHepreTHYeCKHMH BcTaBkamu. Ha puc. 31 H306paxeHBH HEKOTOPHIE
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JMarpaMMbl, ¥3 KOTOPBIX cjaraercsi o6oCuieHHas (QYHKUHS pacnpo-
CTpaHeHus. )

[lpoctyo GYHKUMIO PACTPOCTPAaHEHHs] Mbl 0GO3HAYanu Uepes
iG, (1, 2), rae G, — cBoGofHass PYHKUHUS puna. Axanorugso o606-
LIEHHYI0 DYHKIMIO PAaclpOCTPAHEHHs Mbl OGO3HAYMM Yepes iG (1, 2),
rie G — TouHasi ofHouacTuuHass ¢yHxuus ['pusa. HMcnonbsyst mpa-
puna PelilHMaHa M ONYCKas MHOXKHTEIb £, JHArpaMMHOE PaBEHCTBO
puc. 30 MOXKHO 3anucaTb B Buje

G(1,2) =G,y(1,2) + [d3d4G, (1, 3) (3, 4 G, (4,2). (19.1)
IMokaxewm, uto ¢yukiuio I'puHa G MOXHO 3anucaTb B BHJe Cpel-
HEro 3HAYeHHUs

R T [ () ¥ @S] ¥
G(l,2)=—Ii SAKES

(19. 2)

rae T — mpou3sBefileHHe ONepaTopoB, BKJIIOYAIOMHKX S-marpuny, cie-
JIyeT NMOHUMATb B CMEIC/E

S (o, 1) P, (1) 8, t2) \IJ;'" (2) § (t3, —»)

npu f, > {, U aHAJOTMYHO B OOpATHOM Ciyuae. '

Jlnsi IOKA3aTebCTBA JOCTATOYHO TOJCTABHTH B Bhipaxenue (19. 2)
pasnoxenne S-martpuusl (14. 1). OTauusbid OT HyJas BKJIaj AaayT
JUIIb IIepBLe JBa YjeHa 3TOr0 Da3jokKeHHs. PaccMoTpenue, INOJ-
HOCTBIO AHAJOTMUHOE MPOBEJEHHOMY B pasfene 15. 2, HeMeLJIEHHO
NpHBOJUT Hac K pasenctsy (19. 1), a cootHomenue (15. 5) nosBoJser
BHIPA3UTb (QyHKIHI [pHHA Yyepe3 omepartophl B NpeicTaBaeHud Ieii-
3eH6epra:

G(1,2) = —i(¥|T [ (1) ¥F ()] | ). (19.3)

D10 cooTHOLIEHHE OTJMYaercs oT Buipaxkenus (19. 2) Gomee mpo-
CTOli CTPYKTYypoO#l, M NOTOMy YJOGHO IJsi HCCIefoBaHui OOwero
xapaktepa. OIHaKO B Hero BXOAST rel3eHOeproBCKHE ONEPATOPEI
M BOJIHOBble (pYHKLHHM, Tpe6yiomue AJas CBOEr0 HAXOXKJIEHHS PelIeHHs
3aJayd O B3aHMOJEHCTBHH.

19. 3. Coornowenue (19. 1), cBsasuBaoniee ¢pynxuuio ['puna c cob-
CTBEHHO 3SHEPTeTHUECKOH YacTblo X, MOXKeT ObTh 3aMeHeHO GoJsee
YAOOHBIM COOTHOLIEHHEM, HasbiBaeMbIM ypaBHeHueM [lajicoHa.
~ TlpeaBapuTenbHO NPOBEJEM aHAMH3 COGCTBEHHO 3SHEPTETHYECKOMH
gyacTd 3 C TOYKH 3peHHs] TeX IHArpaMM, H3 KOTOPBIX OHa COCTOHT.
Kax Buzano u3 puc. 21, HapsaAy C TaK HA3LIBaeMBIMH KOMIAKTHBLIMH
IMarpaMMaMH, KOTODHIE HeNb3si pacceub JHHHel, NepeceKanolleit
TOJILKO OJHY JIMHMIO Auarpammel (cM. pue. 21, 6, 6, 2), B X BXOZAT
TaKkKe HEKOMIIAKTHbIE AMAarpaMMEL, He 0GJajjalollne 3THM CBOHCTBOM,
(cMm. puc. 21, 0). OkasbiBaeTcss BO3MOKHBIM CBECTH X K CyMMe JIHIIb
KOMIIAaKTHBIX JHArpaMM, Kotopas oGosnauaercst uepes M (1, 2) u Ho-
CHUT Ha3BaHHe MaccoBoro onepatopa. Ero rpaguueckoe m3ob6paxeHHe
npuBefieHo Ha puc. 32. . - Co
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Jlnst HaXoXKAeHUs CBA3H MeXJy BejuuuHaMH X u M JgocraToyno
NpOBECTH CJelyiolllee HeCJOXHoe paccyxieHune. CymMa Bcex Jua-
rpaMM (KOMIIAKTHBIX H HEKOMNAKTHBIX), O6pasyiomux X, MOXKeT
ObITh NOJTyYeHa, eC/IH B3SATh CHAyajla CyMMY KOMNAKTHBIX JHACPaMM,
3aTeM CYMMY HEKOMIIAKTHHIX, OGpDa30BaHHBIX H3 MaphH KOMIAKTHHIX,
3aTe€M CYMMY HEKOMIAKTHBIX — H3 TpeX KOMMNAKTHHIX H T. I. (puc. 33).

Ipu ucnonb3oBanuu npasus PefiHMaHa LIS NOJNYYEHHS COOTBET-
CTBYIOLETO AHAJMTHYECKOFC COOTHOLIEHHSI HYXHO VYHTHIBATh, YTO

- I
+ O |

]
I
I [
i 1 1

+

p— — —
e ——
e — -
R

Puc. 32

B OTJINYHe OT BaKYyMHBIX nepexofoB (cM. § 14) 3aech He nosaBaseTcs
HHKaKUX JIOTIOJIHATENbHbIX UHCJIEHHBIX MHOMKHTeJell. 3JTo CBS3aHO
C HaJIMYHEeM BBIEJIEHHOTO HaMpaBJIeHUs PACIPOCTPAHEHHUS, UTO AejaeT
HEBO3MOXKHO! JOTOJHHUTENBHYIO 3aMeHY NepeMeHHBIX, COXPAaHSIUIYIO
BHJ, paccMatpuBaeMoro 3jemeHTa. [lo3ToMy MBI NosyyaeM npocroe
COOTHOLIEHHE

S (1,2) = M(1,2) + [d3d4M (1, 3)G,(3,4) M (4, 2) -

+ [d3d4d5d6M (1, 3) Gy (3, 9 M (4, 5) G, (5,6) M (6, 2) - ... (19. 4)
D -R+ R+ B,
Puc. 33

DTOT 6eCKOHEUHHIH DA MOXHO CUHTATh pELICHHEM CJIENYIOUEro HH-
TerpajbHOr0 ypaBHEHHS:

(1,2 =M(1, 2) -+ [d3ddM (1, 3)Gy (3, 4) 2 (4, 2). (19.5)

B camom jese, nocsiel0BaTe/IbHO UTEPUPYS ITO YPABHEHHE, T. €. MOJ-
CTaBJsisi B MPABYIO YacTb BMeCTO I CHavyasa M, 3aTeM MOJyYHBLICECS
MCIIPABJIEHHOE BHIDAXKEHHE A X M T. 1., Mbl BEDHEMCS K BHIpaxke-,
Hmio (19. 4). 310 uHTErpanbHOE ypaBHEHHE H306DaKEHO IpapUUECKH
HA puc. 34.

PacemoTpuM aanee KOMOHHALUIO

, [d33(1,3)Gy (3, 2) =
= [d3M (1, 3) [G, (3, 2) + [d4d5G,(3,4) 2 (4,5) G, (5, 2)]. (19.6)

Cornacro Bripaxenuio (19. 1) B npaByio yacTb MOKHO BBECTH DYHKIHIO
I'puna G, uto gact (puc. 35) . ,

{d33(1,3) G, 3, 2) = [d3M(1,3)G(3, 2). - (19.69
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BJiarosaps 3TOH CBsI3H MOXKHO IEPEHTH OT BhIpAKEHHS (19. 1) x uE-
TerpajbHOMy ypaBHenuto [laiicona (puc. 36):

G(1,2) =Gy (1,2) + [d3d4G, (1, M B, HG (4, 2). (19.7)

Ecnu nofefictBoBaTh Ha ypaBHenne JlaiicoHa cieBa onepaTopoM

i—(;—:—— — T —W, 10 ¢ yuetom cootrouenns (10. 6) moayuum ypas-
HeHHe , '
(i O T—w)a(,2)— [dM(1,3)G (3,2 =8(1-2). (19.8)
1
0+ KR =40 4=

Puc. 34 Puc. 35

Taxkum o6pasoM, u TouHas ¢yHKuMs [puna spasercs ¢yHKuuel
['puHa HEKOTOPOTO ypaBHEHHs, KOTOPOE ONMHUCHIBAaeT pacmpoCTpaHeHne
yactunpl. B npubnnxkenun XapTpu — Poka 3T0 ypaBHEHHE COBMA-
Jlao MpOCTO C HHIMBHAyanbHbIM ypaBHenuem llIpefunrepa YaCTHIIBL.
B paccMaTpuBaeMOM e Clyuae Crofa -1o0aBisiercs elie MacCOBHIf
onepatop, KOTOPbIfi ONHCHIBAET H3MEHEHHE XapaKTepa JABHKEHHS
yacTHIBl NOJ JefCTBHEM KOPPEJISIIIMOHHOTO B32aHMOJAEHCTBHS. :

— = R

2 1 2 7
Puc. 36

19. 4. TlepeiizieM Tenepb K 3HEPTETHYECKOMY NpPEACTABJIEHHIO, 3a-
nuceiBasi GyHKumio I'puna B BUAE

61,2 = Y[ fe-expi—ie (6 — 11, @) Xo (@) Gy (2).  (19.9)
ey ' :

BBojist aHaJOrHYHOE NPEACTABJEHHE W JJIsi MaccoBOro omneparopa,
MOXKHO nepenucaTh ypapHenue (19.8) B Buge

(3 - Ev) Guv (8) - E Muq (8) Gav (8) == ép',v- (19' 10);

a

Eiue npouie BHIISAAT NOJYYEHHbIE COOTHOLIEHH A Uil IPOCTPAHCTBEH -
HO-OJJHOPOJHOH CHCTEMBHI. Ilonaras v

G (1,2) = [dipG (p, &) exp [ip (¥ — %) —ie (, —1)] (19-11)

¥ HCIONb3YS AHAJOTHYHOE MpejcTaBienne ais M, BMECTO BhIpaxe-
nusa (19. 7) nonyuum '

(5 o) = a5, e) 1+ M, e) 6 (5, o)) ~



waH, puMensis Bupaxenne (10. 8) ans G, (;, e),
67, 8) = [e—e;—M(;, o). (19.12)

>
IIpaBusia o6xoja COOTBETCTBYIOMIMX OcoGeHHOcTel G (p, e) 6ynyT
paccMoTpenst B § 23.

Yuer B3aUMOJEHCTBHSI MEXKAY 4YaCTUIAMH B [PHOJHKEHHH
Xaptpu — PoKa NPUBEN K M3MEHEHHIO MX 3aKOHA JHCIEPCHH (BesH-
yuHa p%2M 3aMeHusiach Ha a;). Yuer - KOppessilHOHHOIO B3aHMO-

JeficTBUSI NPUBONUT, Kak MokasbpiBaeT Beipamenue (19. 12), K nanb-
HeHINHM H3MEHEHHSIM B 3TOM HarpabjeHHH. PaKTHYECKH MOCJeJHUE
H3MeHeHHs] HOCAT Oosiee TyIYGOKMU XapaxTep.

19. 5. Uepes ¢yuxuuo [puna MOKHO BHIPA3UTh PAaCCMOTPeHHLIe
B §15 (¢usuueckHe BeJHUYHHBI — MATPHIY INJIOTHOCTH H 3HEPTHIO
OCHOBHOTO COCTOSIHHSI CHCTEMHBI.

Haunem c¢ opnovacTHyHOH MaTpuubl njotHoctH. Kax caelyer
M3 Bhpaxenus (15.3), sTa BeqUUHHA HeNOCPEJCTBEHHO CBS3daHA
.¢c ¢oyHkuueii I'puna:

R(q, g,) = —i lim G(l,2). (19.13)

to—ty> 40
YuureiBasi, 4T0 G 3aBHCHT TOJbKC OT KOMOWHauuu f; — f,, a He OT
BpeMeH #; H !, nOpO3Hb, U pasnaarass G B uHTerpag Pypbe no 5Toi
pasHOCTH '

G, 2) = [ $expl—ie(t;— 1)1 G @y, 95 ©),
HMeeM AaHaJOrHyHO pesynabrataM § 15

Rigy ) =—if 3G (g g ©) (19. 14)
C

(kouTyp C u306pakeH Ha puc. 24),
Tenepr HeTpy/JHO HailTH BhIpaweHde /IS TOYHOH QYHKUHHM pac-’
> >

HpeeeHnsT f(x, p) pasnaras G (q;, ¢,, &) B uHTerpal Pypbe
[0 PASHOCTH X1 — X, ‘

G (9 4 ©) = §d®pG (x1 ., e)exp lip (x,— x,)].
Orcona 4
Fx p) =—i[52G (% b, e). (19.15)°
C

Has npOCTpaHCTBeHHo OJTHOPORHOH CHCTEMEI G(x, p, £) He 3aBH-
CHT OT x 1 SIBI€TCA MPOCTO ¢dypbe- oépasom G (x1 ~— X3y, &) 1O pas-
HOCTH xl — x2 IIpu 3TOM BenH4YMHA
-> : e :
e(p)=—i[3G(p, e (19. 16)
i C :
A2eT pacrpejiefieHHe YACTHI[ IO HMITYJIbCaM.
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[NepeiifeM Tenepb K BLIPAKEHUIO A5t SHePrHHu cHcTeMmbl. M3 pesyurb-
TATOB, NOJYYEeHHHIX B pasiene 15. 4, caeayer : ’

. f. 0 ’
—— 5 [da lim (igz+T)60 2. (19.17)

fa—t3> -0

- A mpocTpaHCTBEHHO-OZHOPOAHOH CHCTEMH

E=—2sp [dip(e+pt2M)Gp, 6).  (19.18)

Ucnonbsys ypaBHeHue (19. 8), MOXHO TakXKe Hamucarhb

E:—fiqui lim {(T7L )G, D+

2->1
t,—14>0
) —}——;—[dBM(l, 3)G (3, 2)}. (19. 19)
Has HpOCTpaHCTBeHHO-O,IlHOpOlIHOfI7CHCTeMbI HMeeM ‘
. 0 > >
E = — -3 Spg. [ dip [es -+ p*2M + M(p, €)]G (p, ¢). (19.20)
: ,

10 BbLIpaXKeHHe OTJHYAETCSl OT NPHBEJEHHOro, Hampumep, B padore

[88]1 ammb no dopme: GUrypHpYIOLHA 3Jech MaccOBHIH omeparop

He BKJIOYaeT B ce6sl caMOCOTJIACOBAHHOM 4YacTH, PaBHOH &> — p*/2M.
4

Jlpyrasi ¢opMa BbIpaXeHHs [/ SHePrHH MOXeT ObiTh NMOJYUYeHa,
ecay BBecTd napamerp A (cMm. § 15). ITpuBeseM BuipaxkeHue AJs1 KOP-
PeJISIIMOHHOH 3SHepruu:

1
i o drpdg lim
PRy [T

x{fd3M(1, 3)G (3, 2)— AW G (1,2 —Gy(l, 21}. (19.21)

Jlas mpocTpaHCTBEHHO-OLHOPOJHOH CHCTEMBI

l,.
E—E(,=i2gE ‘Spﬂj%jd‘-‘px
‘ 0 C
X [1——?»(8;—p2/2M)GO (P a)]M(E, e)G (p, &) (19.22)

§ 20. MAPHAS ¢YHKLHS TPHHA

20. 1. Hapany ¢ oasouactuunoll ¢yHkuuelt 'puna, onmuchiBamo-
Hiefl pacmpocTpaHeHHe OJHOH UYACTHIBI C YUeTOM ee KOPPeasAlHOHHBIX
cBsizelf ¢ CHCTEMO, MOXHO BBECTH NMOHsITHe O GyHKUHAX I'pHHA Bble-
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HIeTO TOpsika. Baxmuedmwell M3 HHX saBiasieTcs napuas (Wiau ABYX-
yactHynas)) ¢pyHkuus I'pHHa, anpelensieMast COOTHOLIEHHEM

G(l,2, 1, 2) =

(o |7 [ (1) a2 ¥F @) 0 (1) 8] | ¥y)
(¥ [S]%)

(20. 1)

Ilepexonst k npeacrasienuio TefizenGepra, MOXHO HanmucaTb
G(1,2 1, 2) = (—ip(¥|T [$, (1) ¥, @ ¥F &) ¥t (1] | ¥). (20.2)

[Tapnas ¢yuxknua Ipuna onucwiBaer pacnpocTpaHeHHe IBYX
qyactHr (ABYX AbIPOK HJIH YaCTHUbI H JABIPKH) C Y4eToM HX KOppeus-
LHOHHOrQ B3aUMOJEHCTBHSL APYr € JAPYroM M C OCTAaJbHBIMH YacTH-
uamu cucremel. Oyukuus I'puHa, 3anucannas B gopme (20. 2), onu-

. 2! 2 2 2 ‘2', ﬂ, 2 } 7,' » 2
>— ———
X X = v
7 77 7 T 7 ? 1
a ) 6
Puc. 37

ChIBAeT paclpocTpaHeHHe ABYX 4acTHU M3 Touek 1, 2 B TOukHm 1, 2.
Ecau nepenucats Boipaxkenne (20.2) B ¢opMe ’ ’

G (1,2, 1", 2) = (¥| T [, (1) ¥ @), @) o ()] [ ¥), (20.2)

TO BHJHO, UTO OXHOBPEMEHHO ONHCHIBAETCHA PACTIPOCTPAHEHHE YACTHIEL
H JBIPKH M3 ToueK 1’, 2 B ToukH 1, 2. AHaJOrHYHBIM 0GPA3OM MOXKHO
y6eluTBCS B TOM, 4YTO ‘TapHas q)yHKun;{ I'puna cofepkHT TaKxKe
pacnpocTpaHende AByX AbIpok (k3 1, 2 B 1, 2'). I'paduueckuil o6pas
napuoii ¢yHKuuM I'puHa npeicrasied Ha puc, 37, a.

Hapunasi - ¢ynkuus [puHa o6snagaer cjaefyIOIHMH CBOHCTBAMH
CHMMETpHHU:

G(,21,2)=—G2,1,1,2)=—-G(1, 2, 2, l').

B npubnmxenun Xaprpu—®Poka (8§ = 1) napuasa ¢yHruus
I'puna pacnajaercsi Ha aHTHCHMMeETPH3OBAaHHOe NMPOU3BeAeHHE OJHO-
YaCTHUHBIX (yHKIHH, HpI/IMeHHH K BoipaxenHio (20. 1) Tteopemy
- Buxa, Haxomum

Go(l, 2, ', 2) = Gy (1, 1) Gy (2, 2) — Go (1, 2) G, (2, 1').  (20.3)

B 3ToM cayuyae MBI HMeeM 1eJO C HEKOPDPEeJHPOBAHHBIM DPaclpocTpa-
HeHHeM JBYX 4acTHI, BKJ/IOYAIOUMM JIUIUb OGMEHHLE KOPpeJsiHu
(eM. puc. 37, 6). JIByMs1 6ojiee TOHKHMH JIHHHAMH C KPeCTOM oGo3Ha-
yeHa (pymmml G, (1, 2, 1, 29).
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20. 2. TloxcraBum B Buipaxenne (20. 1) pasjoxeHnue S-MaTpHIbi
(14. 1). TiepBsiil YJeH 3TOro pasjoKeHHsl AAeT NMPOCTO MapHYyIO (yHK-
uuio B npubamxkennu Xaprpui—®oka G, (1, 2, 1’, 2’). Bropoi unen
pasJoXKeHHsl MocJe NMPHMeHeHHsT TeopeM BHKa NPHBOAMT K BhIpaxe-
HHUIO

[d3d4% (3, 49) (Go(1,3)G, (2,4, 2, 1) + G, (2,3) Gy (1,4, 1, 2')}. (20.4)

Hakownel, U3 TpeTbero y/eHa pasiokKeHHsl, COAEPKAILEero BEPUIHHHYIO
4acTb, HaxOJHM

[d3 d4 d5 d6G, (1, 2, 3, 4 T (3, 4, 5, 6)G, (5, 6, 1, 2). (20.5)
z 2

:Z: - :X: + -—X—Z—'

7 1 : 7’ 7 7’ 4 J 7

z ‘ 2 2. ‘ 2

7 7 ' 7 i

Puc. 38

OcrajbHble 4jeHbl pasjoxeHus (14. 1) He BHocsAT BKJaja B pac-
CMAaTpHBaeMoe BuipaxeHnue. [ paduuecky nonyyeHHoe PaBeHCTBO Npej-
craBjieHo Ha puc. 38. IlepBoifl ero u/eH OmHCHBaeT PacHpoOCTPaHeHHe
HEKOPPEeJHUPOBAHHLIX YACTHII, BTOPOH M TPETHH — KOPpeJSILHIO 4Ya-
CTHI[ C CUCTeMOH (HO He JApYr C APYTLOM) H MOCJAELHHH — KOPpPeaslHio
YacTHI APYT ¢ APYyroM (a Takxe,

KaK Mbl YBHAMM, H C CHCTEMOH). O

‘JlanbHelimee paccMoTpeHHe Gy- I
JeT CBSI3aHO C BhIABJIEHUEM HEKO- | I ] -
TOPHIX OEOﬁeHHOCTeﬁ CTPYKTYPBl plo |, 2 ¢
BEepPIIMHHOH YacTH, KoTopasi mnpej-
craBJjisier cOO0H CYMMY BCEBO3MOXK- 4 3
HpIX JHArpaMM, HMeIOIIHX YeThipe ,I - — L
cBoGoaHbIX KOHma. Cpeid HHX | | 1 3

0653aTe/IbHO HaWAYTCA JAMArpaMMbl O
HECBSI3HOTO  XapakTepa, KOTOpble
MOXHO pacceyb JIHHHeH, He Hepe- a
CeKaloled HH OIHOH M3 JHHUH
AZuarpammsl (puc. 39, a@). Cymma He-

CBA3HBIX JHArpaMM MoxKeT ObITh BbIPakKeHa uepes coécmeﬂuo -3Hepre-
THYeCKYIO 4YacTb X (cM. pHuc. 39, 6) *:

Theca (1, 2, 3, 4) :—;—2(1, 3) 3 (2, 4). (20.6)

Puc. 39

* Bupaxenue JAAA [yecp NPHBEIGHO B HEAHTHCHMMETDH3OBAHHOK (opMme.
12 1. A. Kupxuug 1717



Kosdpuunent 1/2 cBsi3an ¢ BOSMOKHOCTBIO 3aMeHBl TepeMeHHbIX
o6enx HeCBS3HBIX uacTed. ’

[ToactaBasii T, B BoipaxenHe (20. 5) ¥ ckJaipBass MOJyyeH-
HOe BhipaxeHne ¢ cooTHourenuamu (20. 4) u (20. 3), HeTpyAHO yGe-
JIUTbCA ¢ TMOMOIBI0 ypaBHeHus (19. 1) B ToM,
K /] uto Mbl nosyuaem Bhipaxenue (20. 3), B Ko-

TOPOM HYKHO 3aMeHHTb CBOGOJHBIE OJIHO-
a §  uactuuHble ¢pyHkun# IpuHa G, TOUHBIMH G,
p T. e. JO’KHA NpPOH30HTH 3aMeHa -CBOOONHOM

uc. 40 . o

napHokt gynkiuu [ pusa BenuunHo# (puc. 40, a)

G(1,2,12)=G(1,1)G(2,2)—G(1,2)G(21). (20.7)

TaknuM 06pasoM, IOJY4YeHHOe ypaBHeHHe NJs MAapHOH (yHKIHH
T'puHa MOXHO 3aIHCATh B BHAC

G(,21,2)=0G(,2 1, 2)+
+ [d3d4d5d6G, (1, 2, 3, HTe (3, 4, 5, 6) G, (5,6, 1/, 2).  (20.8)

X - X + XHEX

Puc. 41

3jech IepBhle [Ba WieHA ONHMCHIBAIOT HE3aBACHMOe APYr OT JApyra
(HO KOppe/MpPOBAHHOE C CHCTeMOM) JBHXKeHHe Maphbl YacTHI; IOCJel-
HHH uwieH YYHTHIBAeT TaKXKe HX B3aWMHble KOPPEJSUHOHHbIE CBSI3H
(T, — cBA3Has BepUIMHHAs uacTb, cM. puc. 40, 6). I'papnuecku
ypasHenue (20. 8) uso6pakeHo Ha puc. 41.
20. 3. YpasHenue (20. 8) B u3BeCTHOM CMBbICJe aHAJOTHYHO ypas-
nenuio (19. 1) ans oxrouacTuunoif ¢pyHknuu I'puna. Ob6a ypaBHeHHA
2 4 CBA3BLIBAIOT TOuHyIO ¢yHKuMI0 [puna
— 1" co cBoGoxuo#, npuueM CcBOGOAHYIO

2?‘ ':4 o | ¢yuknuio B ypasHenun (20. 8) okasbi-

1
i 1 < | Baercd BO3MOXHBHIM 33aMEHHTh (QYHK-
] W so—4——L_3 nueit G, ecau mpoBecTH HanbHelmee
a '] npeoGpas3oBaHHe BePUIMHHOH YacTH.
Puc. 42 C stoff 1enplo Oo6paTHM BHUMaHHe

HAa TO, UTO CBsI3HAsl BepLIMHHAA
vyactb I'y, (1, 2, 3, 4)° MOxeT COCTOSTH M3 JAMarpaMMm JBYX THIOB.
K mepBOMY THIIYy OTHOCSITCS AHArPaMMbl, B KOTOPBIX KaxJasi H3 BbIXOA-
HbIX Touek 1, 2, 3, 4 coelHHeHa ¢ KaKOH-JH60 APYroH BEIXOAHOH
Toukoii (puc. 42, a).

K BepmIMHHBIM UYacTsIM JHarpaMM BTOPOro THNA OTHOCATCS AHA-
rpamMMbl, B KOTOPbIX XOTs Gbl OJHA H3 BHIXOJHBLIX TOYeK He COelMHeHa
¢ KaKoH-1HG0 H3 OCTAJbHBIX BBHIXOAHBIX TOUeK (cM. puc. 42, 6). O603-
Hauas CyMMy BceX JAMarpamM mepBoro TtHma uyepes A (puc. 43, a),
MOXKHO HAIHMCATh - AHArPAMMHOE DPaBeHCTBO, cBsspiBaiomee Iy, H
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(cm.. puc. 43, 6). 37ech TOUKHM OTBEYAIOT AHAJOTHYHLIM rpadpuxam,
COJEPKAIAM BCEBO3MOXKHEIE I1€DECTAHOBKH BepuidH. COOTBETCTBYIO-
Ll€e AHANUTUYECKOE PABEHCTBO, JIErKO MOJyuaeMoe U3 mpaBHs Pelin-
MaHa, Mbl He NPHBOJUM BBHAY €r0 IPOMO3LKOCTH.

g a-a+"ag-+..- 2g-
SA%: ... 22

)
Puc. 43

MoxHO Ges TpyJa mokasath, YTO COYETAHHE BXOASIIHX B ypaBHe-
Hue (20. 8) cBoGOAHBIX MapHbIX GyHKUHE ['pHHA ¢ cOBCTBeHHO IHepre-
THYECKUMH YacTAMH (cM. puc. 43, 6) NIPHBOLUT K 3aMeHe B 5TOM ypas-

HeHHH QYHKuMA THHA G, (1, 2, 3, 4) na G (1, 2, 3, 4). las storo
B NOCJelHee BhIpaXKeHHe HA/0 IMOACTABHTH COOTHOmeHHe (19. 1)
M IOCTPOHTH COOTBETCTBYIOIHe rpadukH. TakuMm o6pasoM, MOXKHO
Hanucatb (puc. 44, a)

G(1,2,1,2)=G(1,2,U, 2) + [d3d4d5d6 G (1, 2, 3,4) X
x A(3,4,5,6) G (5,6, 1,2). (20. 9)

X =X + XX
X - X + XU
X - X + T

Prc. 44
10 BHIpAXKEHHE MOXKHO HECKOJIBKO YIPOCTHT, eCaH yuecTb caeaylo-
liee CBOHCTBO CHMMeETPHH BCeX BBOJHMMbBIX (YHKIMH BepUIHHHOM
4acTu (cM. pasgmen 14. 5):

(1,234 =—T(@21,34 =—TI(0,243). (2. 10)
Takum o6pasom (cm. puc. 44, 6):
G(1,2,12)=G(1,2,1,2) +
+ 2 fd3d4d5d6 G(1,3) G(2, 4)A (3, 4, 5,6) G (5, 6, 1/, 2).
(20. 11)
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AHAJOTHYHYIO MpOLELYPy MOXKHO Npojiesars H ¢ npaBoil ¢yHK-
umei Tpuna, uto Aaer (cM. puc. 44, 6)

G(1,2,1,2) =G (1,2 1,2) +4[d3d4d5d6 G(1,3) X
%G (2,4 A (3,4,5,6) G(5,1)G 6 2). (20. 12)

Cpexs AuarpaMM BepUIMHHOH 4YacTH A wuMeloTCS TaK HasblBaeMble
HeKOMMAKTHble AMArPaMMbl, KOTOPbieé MOXHO paccedb JIUHUeH, nepe-
cekaromefl JHIb J(Be CIJOIIHBIX JIMHHH JAarpaMMbl. B npuHnune
MOKHO GBLIO Gbl MyTeM 3aMeHbl sApa A B IpelblAylUleM ypaBHeHHH
Ha KOMIIAKTHOE sIPO MPHBECTH ypPaBHeHHe K HHTerpajbHOMY, fBJAIO-
IWEeMycsi aHaJoOroM ypaBHEHH: Tlaiicona A/l ONHOYACTMYHON (YHK-
nuu I'puna

G(,212)="G (1,2, 1,2) + [d3d4d5d6 x
<K (1,2,1,2;:8,4,5,6) G(3,4,5,6), (20. 13)

rge aapo K Moxer ObITb BbIpaxeHO 4depes KOMIAKTHYIO uactb A,
a G’ uepes dpynxuuo I'puna G (1, 2) u T. L. OnHAKO YCTAHOBHTh 3TY
CBSI3b — HeJlerkas 3ajaua.

Ypasuenue (20. 12), cBsizpBaiomee MapHylo ¢yukumo ['puna
¢ BepIIMHHOH uacThio A, HrpaeT BaxHYIO poJb B noJ1ypeHOMeHO 0~
FHYeCKOll TeOpHH (epMH-KHAKOCTH Jlannay [89]. Cama BesnunHa A
OKa3bIBAETCS TECHO CBSI3aHHOM € MPOLeCCOM paccessHHst KBasH4aCTHIL
APYyr Ha Jpyre H NpPH ONpeleJeHHbIX YC/IOBHAX COBNajaer ¢ €ooT-
BETCTBYIOLIeH aMILIUTYAOH paccesHus. '

20."4. CyuiecTBYIOT COOTHOLIEHHS, CBS3BIBAIOLIME MEXIy coboji
OJHOUACTHUHYIO ¥ napHyio ¢yHKuuH ['puna. KBEBOLY OAHOrO H3 HAX
MBI TePEeXOJHUM. '

o . 0 '
[ToneficTByeM OnepaTopoM ¢ —.- — T,, Ha Bolpaxenue A QyHK-
1 :

unn Tpuna (19.3). Hcnonpsys ypaBHeHHe JABHMEHHA JUIA Onepa-
Topa mons B mpeicTaBaeHud [ efizenGepra (3. 28), coorHOmeEHHE
(9. 12') u npaBAna KOMMYTallM¥ ONeEPAaTOPOB MHPH COBNANAIOUIHMX
BpeMeHax (3. 27), mOy4HM . . I

(ig—T)62=0(1-2—

LB | T (@) V(L3 9,B), () b ] ). 0. 1)

[puBefeM cpejlHee 3HAueHHe ONMeparopoB’ K BHIY napHo# ¢yHKIHH
I'puna. Tak Kak BpeMeHa f; M f3 COBMAAAIOT, COOTBETCTBYIOILHE Olle-
paTopB! MOJ 3HAKOM T-IpOH3BEJeHHS MeHsITh Helb3sl. B § 9 Bo3aMOXK-
HOCTh TAaKoro ofMeHa MOTHBHpOBajach TeM, UYTO YNOpsAOUEHHE
10 BPeMeHH BCe PABHO PACCTAaBHT ONepaTOpbl B HYXKHOM NOpSJKE.
- SICHO, UTO ecjiM TH ONepaTopbl OTHeCEHH! K COBIA/AlOUM BpeMeHaM,
TO CKas3aHHOe TepsdeT CBOIO CHJY. '

JLJIs IpHBeJleHHA YeTHPEXYacTHYHOTO CPEAHEro 3HaueHHs K BULY
napHoil ¢yHxu#H ['DHHA HaM NpHAETCH BPEMEHHO BBECTH Y mepBHIX
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TPeX ONepaTopOB 3TOTO CPedHero 3Ha‘-IeH-PIﬂ HepaBHble BpeMeHa.
Torza MOXHO 3an{cathb
(F|T [0 3) %, B 0. () oF@]|¥) = 1imG, 1,4,2). (20.15)
1,038, Lyl

I1pu 3TOM OmepaTopHl AeficTBHTENBLHO NIPHOOPETAIOT HYKHBIH NOPSAAOK.
TakuMm o6Gpa3oM, HCKOMOe ypaBHeHHe MOXHO 3alHCaTb B BHIe

(i%-«T)G(I, 9)+i[d3V (1, 3) lim G(3,1,4,2)=8(1—2).
1 . 4->3
|72 PO PR T 3 21

(20. 16)

Ecau 6bl B JIeBOH YacTH 3TOr0 yPAaBHEHHs CTOSJI He ONepaTop

i % — T, ai —gt— — T — W, 10 jens Ha Hero o6e 4acTH Bhbipaxe-
nust (20. 16), Mbl cmorau 6b BHpasuth G (1, 2) uepes G, U napHywo
¢yHkuuio I'puna. Tlpusectu ypasuedse (20. 16) K Takomy BHIY

MOXHO, €CJIM Y4YeCTb COOTHOIIEHHE
W, G(1,2) = [d3V (1, 3)[R (g5 45) G (1, 2) —
—R (q3v ql) G (qu tlr 2)1,
BbiTEKaollee M3 onpefeneHns omneparopa W (cM. § 4). Beoas ciona

BMeCcTO MartpHubl mjaoTHocTH ¢GyHkuuio I'pura G, ¥ BbUHTas NOJY-
ueHHOe M3 Bhipamxenus (20. 16), Halifem

(i%—-— T—W)G(l, 9) ‘;ﬁ-iydav(l, 3) %
wlim {G(3, 1,4, 2)—G,(3, 4G (1, 2) -

ta>ta>1, i1

G, HG (3, 2 =81 —2).

B 6Go./1ee KoMnakTHOM BHJle 3TO Y paBHEHHE MOXHO 3aMHiCcaTh CIeRYIOI UM
ofpasoM:
G(l, 2 —G,(1, 2) = —i{d3daG,(1,3)V (3, 4) x
xlim {G4,3,5,2)—Gy(4,5)G(3,2) + Gy (3,5 G(4,2)}. (20.17)
te>tnts
ty>1ts

[IpoBeputh NPaBHALHOCTH 3TOTO COOTHONIEHHS NpoOule BCero, Jefi-
CTBYs1 Ha 06e ero 4acTH OIepaTropoM i% — T — W n yuureBas

) 1

ypaBuenue (10.6); npu stom (20. 17) cBoaMTCA K NpelbAyIEMY
YPaBHeHHIO,

COOTHOLIEHHS] MHOTO THIIA, BoIpa)kaeMble TAK HA3biBaeMOH Teope-
Mot Yopna, 6ynyt paccMmorpensl B pasieie 20. 8.

. . 0 .
AnanoruuneiM 06pasom, AeHCTBY S OmepaTopoM i —; — T na nap-

Hy10 ¢pyukuuio I'puna, MOXKHO GblIO GBI HAHTH CBS3b MEXKAy NapHOH
H TpexuacrtuyHOH pyHKumusmH ['puna u 1. A. Takas COBOKYIHOCTb
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GeCKOHeUHOTO YHCJAa YDaBHEHHH, KadJoe H3 KOTOPBIX CBSI3bIBAeT
JIBe COCEIHHMX 110 MOpsiAKy ¢GyHKuMH ['puna, Morsa Onbl B NpHHIIKIE
CJAYKHTb JJISI MX HaxoxJeHusi. SICHO, OJIHaKo, 4TO pelleHHe 3TOH
CHCTEMBI  «3aLeNAIIMHXCA» ypaBHemm Tpe6yeT ee YIPOUIEHHS.
B nanbueifiimeM Mb He GyJeM 3TOH CHCTEMOH IOJB30BATHCS.

20. 5. Comnocrasass cootHomenus (20. 17) u (19. 7), MOXHO Bhipa-
3UTh yepe3 NMapHy!o ¢yHKIHMIO ['pHHA, a 3areM H uYepe3 BepIIHHHYIO
yacTh MaccoBblH omepatop M. D710 BhIpaxKeHHe OyJeT UCHOJL30BAHO
IJ51 MOJy4eHus OLHOYacTHUHOH ¢yHxuuM I'puna. Boiuuras U3 ypae-
uwenust (19. 7) coornomenue (20. 17) u gefictByd cjaeBa Ha 3Ty pas-

-

. 0
HOCTh onepatopoM i —- — T — W, noayunm

{dam (1, 4)0(4 ) = —i|dav (1, 4) lim x

s>t4>t1
ty>1ty

S (G4 1,5, 2)— Gy (4, 5)G (1, 2) -Gy (1, 5)G (4, 2)).

TloxcTaB/sst B IIPaBYIO 4acTh 5TOrO paBeHcTBAa Beipaxenue (20. 12),
IpHBeNeM ee K BHAY

—ifdav (1, 4{1G@, 5)—G,(4, 5)1G (1, 2) —
—1IG(1, 5)—G,(1, 5)] G (4, 2) -4 [d6d7d8d9G (4, 6) X
x G(1,7)A (6, 7, 8, 9)G(8,5)G (9, 2)].

Mensst COOTBETCTBYIOIUM 0GpasoM OOO3HAUeHHs, MOKHO IOGHTbCS
TOro, 4YTO 3TO BhIpaxKeHHe OyJeT colepXkarh CHpaBa  (yHKIHIO
G (4, 2). BolleauM BLIpaXkKeHHe JUIsl CaMOTO MAacCOBOTO Oleparopa:

M1, 2) = M, (1, 2) + M,(1, 2)—
—4i[d3d4d5d6 lim V (1, 3)G (3, 4G (1, 5)A(4,5,6,2)G 6, 7,

7>3
ti>ty>ty

(20. 18)
rie '
My (1, 2)=—i8 (1—2) [ 3V (1,3) Lim [G (3, )—Go (3, 4),

t4>t3>tl
My (1, 2) =i (d3V (1, 3) lim (G (1, 9—Gy(1, 9. (20.19)
f4>t;>t,

Ha puc. 45 npuBefieHa Auarpamma, oTBedalollast TpeTbeMy UJeHy
Boipaxkenus (20. 18). Tunuunsle auarpamMmbl My, 1 M, H300pakeHbl
Ha puc. 46, a 1 6 cooTBercTBeHHO. B paccMaTpUBaeMbIX HMKe KOH-
KPeTHbIX 3ajlauax BKJaal M; H M, B MaccOBhIA OmepaTop HMeeT mpe-
HeOpeXKHUMO MaNyl0 BeJHYHHY.

20. 6. TloMuMO y:Ke paccMOTPeHHOH HHQoopmaupm napuas ¢yHK-
U I'pHHA cofepXKHT Takke clenHpHUeCKHe CBeJeHH:A O CHCTeMe,
KOTOpBIe HeJb3sl MOJyYHTh H3 OJHOYaCTHUYHOH (yHKIHH G.
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Ciona oTHOCATCS MpexIe BCEro KOPPENsSIHOHHbBE XapaKTePHCTHK
CHCTEMBI, I103BO/IAIONIHE OTPAa3UTh BJHSHHE JABYX Y4CTHI, CHCTEMBE
Apyr Ha jppyra. EcrecTBeHHON MepoHl KOppPeJNSUHOHHOIrO BO3JeHCTBHS
napol YacTHI, MOXET CJYXHUTb PasHOCThb

K(1,2,3,49=G(1,2,3,49—G(1,2,3,4). (20.20)

Ora BeJMYMHA ONHCHIBAET TOJbLKO JHHAMHYECKHE KOPDEJSIHHE
H B npubamxenun Xaptpu—®Poka obpamaercss B Hyab. U3 cooTHo-
weHusi (20. 20) MOXHO NOJYYHTH BCEBO3MOXKHBIE KOPPeEJISIHOHHbIE
XapaKTEePUCTHKH CHCTeMbl. PaccMOTPHM MOAPOGHO KOPpessIHIo KOOp-
JHHAT.

%

* Puc. 45 Puc. 46

b
—

BBesleM oneparop miOTHOCTH uyHcsIa yacTHL R (g) = P* (9) ¥ (¢)
(eM.  § 3). CpemHee 3HaueHHe TPOHM3BeleHHS  ONePATOPOB
Y nr(g)n(gy)|¥) MOXKHO mpefcTaBHTL B BUje

lim G(1, 2,3, 4);
3>1, 42
Fa>t. >8> 1y, Eg>t,
OHO OyJierT OT/IHYAThCA OT IPOHM3BEJleHHS] CPEHHX 3HAueHWil omepa-
TOPOB 72 (g), KaxJoe H3 KOTOPHIX MOXKET GbIThb 3alHCAHO B (hopMe

(Win(q)|¥) =i lim G (1, 2) :y_l;r;R(ql’ q)-
t2>t1 2 1

CooTBercTBYIOIAsT Pa3HOCTH H CJYXKHT OOBIYHO MepOoil KOppesilluk
KOODAWHAT YACTHIL; OHA BaNWCLIBaeTCsl B BHIe

(V[n(g)r(g) | V) — (¥ |n(q) | ¥)(¥|n(q)|¥) =
= (¥[r(q)[¥)(¥Y|n(q)| V) (4 9, (20. 21)

Tle pyHKIHS [ OTpakaeT BePOSITHOCTb HAXOXAEHHS YaCTHIbI B KOOp-
->

AHHATHOM COCTOSIHHH gy (T. €. B TOUKE X; C OHmpejeseHHbLIM 3HaueHHeM
AHCKpETHBIX KOODJHMHAT) NpPH 3aJaHHOM IOJIOXKEHHM APYrofl 4acTHILbL
B TOuKe ¢5. [10 COCTOSIHUSAM OCTATBbHBIX YACTHL CHCTEMBI IIPOM3BOAMTCS

IpH 3T0M ycpelHeHHe. ‘ .
IlpaByio wacte cooromennus (20. 21) HeTPYZHO BHIPAa3HTh uepes
Mapyyio pyukuuio I'pura. Henonesys Bripaxenue (20. 20), HaxOZuM
lim K(1, 2, 3, 9 — R (41, g2) R (45 4y)- (20. 22)

3>1, 452
>8> 1,, tg> 1,
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Hemeﬁ yjeH 3TOr0 BbIpaKeHHsl ONHCbIBaeT JHHAMHYeCKylO, BTO-
poil — OGMEHHYIO YacTb KOpPpeJsIsIHi. -

B npu6auxennn Xaprpu—®Poka ocraercs TOJbKO BTOpasi 4acTb.
BHIUHCIUM COOTBETCTBYIOlLlee BhIpaxeHHe JJsi QyHKUHMH f, OrpaHH-
YHBAsCh PACCMOTPEHHEM ORHOPOJAHOH CHCTeMbl

Ry(q,, ) =98, o, §d%p0 (p2— p?) exp [ip (¥, — x,)| =

3
Py 1 9 (sing
——5‘{[_2 -—g——_—ag <T> 6QIQZ’

gpo
(V)] V) = 5
rie g — ¢daxrop Bblpd}xnenua; £t = po |x1 — x2| A pyHKuun f
OTCI0J|a TOJyUYaeTcsl BhIpaXKeHHe -

FO) = — g (it —EcosD oo (20, 23)

Jrta BeauyMHa OLICTPO HafaerT ¢ yBeauuyeHdeM §, YTO COOTBeT-
CTByeT 0CJalJIeHHIO CTAaTHCTHYECKOro BJIMSHHSl YacTHI C UX yJaje-
HHeM Apyr ot apyra. Hanpotus, npu £ < 1, T. e. HA paccTOAHHUAX,
MEHBIIHX CpeJHeH JJIMHBI BOJIHBl YaCTHL, BeJHMuHHA [ OiH3Ka K —I
U CTPEMHTCH K 3TOMY 3HAUeHHIO C yMeHbIeHHeM §, a cpelHee 3Haue-
uue (¥ |n(g) n(g,) |¥) crpemuress K Hy/io. 310 06CTOATENLCTBO
COOTBETCTBYET HEBO3MOXHOCTH HaXOXJeHHS JBYX (pepMH-YAcTHI
B ofHO# ToyKe. CKa3aHHOe OTHOCHTCH JIMIIb K YACTHIAM, ¥ KOTOPbIX
COBNA/AOT 3HAYeHHs AHCKPETHBIX KOOPAMHAT. JT0, OUEBHIHO, HAXO-
JUTCS B MOJTHOM COOTBETCTBHM ¢ MpuHHuunoM Ilaynau.

20. 7. Eule ofna BaKHas BeJHUYHHA, CBeJeHHS O KOTOPOH JAaloTes
napHo#l ¢pyHkuHe#l I'pHHA, OnuCHIBaeT H3MeHeHHe COCTOSTHUS CHCTEMb
noj AeHcTBHEM cJa0biX BHEIIHHX areHTOB (B YaCTHOCTH, BHEIIHHX
CHJIOBHIX IOJefl).

[TycTe raMunbTOHHAH B3aUMOJAEHCTBHS CHCTEMbl € YKA3aHHBIMH
BHELIHUMH areHTaMu HMeeT BHJ ’

9
[dav* @ U (a). (20.24)
T. €. HOCHT XapakTep ofHouacTHYHOro oneparopa. Oneparop OU uMeer
CMBICJI TIJIOTHOCTH 3HEPTHH COOTBETCTBYIOILErO BsaHMOILeHCTBHH
Hanpumep, e/ HMeeTCs B BHAY BHelIHee MArHHTHOe moJe H
T0 0U = ———ED?H, TZe Em ~— HaMarHUYeHHe CHCTEMBL.
ITonpofyem HalTH H3MeHeHHe OJHOYAacTHYHOH ¢yHkuuu I puHa
3a cuer 0H, cuurasa ero MasuniM. ByjeM nexoautbh U3 ofuLero BhIpaxKe-
HUA A yHKuMH ['pHHa B mnpeicTaB/eHUH BaauMojelcTaBus *:

(Fo| T [, () $F () S| | ¥,)
SAED

* Crporo ropopsi, 3TC BHPAXKEHHE, ONHPAIOLIeecs HA YCIOBHE YCTORYHBOCTH ‘I’o,
CnpaBejJIHBO TOJNBKO AJsl He 3aBHCALIMX OT BpeMenH OU. ;
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3pech S-MaTpHua Onpeje/siercsi ypaBHeHHeM

i S —(H,+8H)S (20. 26)

H OMHMCHIBAeT 3BOJIOIMIO CHCTeMbl MNOX JeHCTBHEM KaK TIaMHJbTO-
HHAaHA B3aWMOZeHCTBMS MexJy uacTHuaMH H’, Tak H raMHJIbTO-
Huana 0 H.

Ecau o6osHauuTh uepes S8, peineHHe ypasHenHs (20.26) npu
80H = 0, To, nosaaras § = 8§, + 88, moayunM ypaBHeHHe

. 088 ,
l T = HB(SS -+ 6HBSO'
Ero pelienue, KaK JErKoO HpOBepHTb HOI[CTaHOBKOI/[ UMeeT BHJ

38 (t, 4oo)~——z Ydrso(t ©)0H, (V) S, (T, — ) =

SE, j" dt T [0H,, (1) S, (t,— )] (20. 27)

3anucwiBas monpasky K G (1, 2) 3a CcueT BHEIIHEro BO3LEHCTBUS
B BHle 0G (1, 2), moayuum

8G(1, 2) = § dt(¥y]S,| ¥y X

X i (W, | T [6H, (1) S, | Wo) G (1, 2) —
— (%, | T [, (1) W (2) 8H, (2) S, | ¥y))-
Bcenomunas onpefieedust GpyHKuud I'puHA, MOXHO Hamucarb
8G (1, 2) = §d36U(3)11m (G(1, 2)G3, 9—G(l, 3, 2, 4)}. (20. 28’
Hcnoabsys ypaBrenue (20. 12), MOXKHO TaKxe Bblpasinb 6G (1, 2)
yepe3 BepUIHHHYIO yacTb A:
3G (1, 2) = [d3[G (1, 3)8U(3)G (3,2) +
+ 4 [d4ad5d6d7G (1, 48U (3)G (3, 5)x
A4, 5,6, 1)G(6, 2)G(7, 3)I. (20. 29)

BBeleM jajfee TAaK HaspBaeMylo o6partHyio ¢yHKuuo [puna
G~ (1, 2), KoTopas onpeflejsercs yCJOBHEM

{d2G(1,2)G (2, 3) = [d2G (1, 2)G™* (2, 3) == 8 (1L —3).
OueBHIHO, YTO B HMMIYJbCHOM MPENCTaBJIeHHH
. -> -> —1
G (5, ) =[G (p, o))
O6patHas ¢yHKuus ['pHHA TeCHO CBsf3aHA C MAacCOBBIM ONEPATOPOM:

G671, 2) =Gy (1, 2) -+ M(1, 2).
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B camoM gene, K 3TOMy COOTHOMIEHHIO MOXHO NPHHATH, YMHOXKas
ypaBuenne [laiicona cnea na Gj' (3, 1) u cnpaBa ma G—! (2, 4)
u uHTerpupys no 2 u 3. M3 onpesenenns ob6partHoii ¢pyHkuux I'puna
BBITEKA€T COOTHOIIEHHE

L 8G(1, 2) = — [ d3d4G1(1, 3)8G (3, 4) G (4, 2).

YMHOXKUM Tellepp ypaBHendue (20.29) caeBa wa G~!' (... 1)
¥ copaBa Ha G~' (2, ...) u npouHterpupyem no 1 u 2,
Torna

8G™1(1, 2) = 0G5 (1, 2) + dM (1, 2) = — dU (1) 8 (1 —2) —
— 4 [d3d4d56U (3)G (3, 4 A(l, 4, 2, 5)G (5, 3). {20.30)

DakTHUeCKH 3Jechb COAEPXKHUTCH JBA HEe3aBACHMBLIX COOTHOLUEHHS,
NOCKOJIbKY H3MeHeHHe (™! B TOYUHOCTH DABHO IePBOMY CJ1araeMoMy
npaBoit uactdH Beipaxenus (20.30). Ilostomy MoxkHO Hamucarb
TIPOCTO

8M (1,2) = —4 [d3d4d58U(3) G (3, 4) A (1, 4, 2, 5) G (5, 3).

20. 8. IlomuMO BaXKHOH M/l KMHETHKH 33Jaud 06 H3MeHeHHH
¢yHKuHM I'puHA nOJ BJHSHHEM 3aJaHHOTO BO3MYIIEHHS IOJYYeH-
Hple ypaBHeHHs! YJ00HO NPUMEHSITh TAKXKe /IS HaXOXKIeHHS HEeKOTO-
PHIX cooTHOUeHHH oblero xapakrepa. C 5Toil uennio caefyeT BHOPATh
Takoi omnepatop OU, jagas Kortoporo H3MeHeHHe (yHKuuHM I pHHA
3apaHee M3BeCTHO.

Bri6epeM, B-uactHocTH, 8U = o = const; npu sTom oneparop 8 H
paseH alN, rie N — onepaTop HOJHOrO YHCJA YaCTHI[, KOMMYTHPYIO-
LA C [OJIHBIM TaMUJIbTOHHAHOM cHcTeMbl. 10 5Toi mpuuuHe TOYHAs
BOJIHOBasi pyHKUHs cucteMbl ¥ BooClie He H3MeHSIeTCs] NPH NPHGAB-
JieHHH 8 H (C TOYHOCTBIO [10 HeCyIleCTBEHHOFO (ha30BOro MHOKHTeENS),
a- onepartop 1, (1) npuobperaer MHOKHTeNb exp (—iaty). B stom
MOXKHO yOeluThbCs, YUHTHIBAasi, YTO YpaBHeHHe JJs1 BO3MYLIEHHOrO
oneparopa 1, HMeeT BHJ ’

(iﬁ—tl_ T—a) P (1) = J’d2xpr+(2) v, 2 wr(z) P (1)

TakuM o06pasoM, MOAHOe H3MeHeHMe ¢yHKuH I'puma (19. 3)
PaBHO ‘

0G (1,2) = —ia (t — ty) G (1, 2).
COOTBETCTBEHHO
8G~1(1,2) = —ia(ty— ¢,) G721 (1, 2).
IToncranoBka 3toro BeIpakeHHs1 B cooTHoOweHue (20. 30) naer
(th— 1) G1(1,2) = —id (1 —2) — :
—4i [d3d4d5G (3, 4) A (1,4, 2, 5) G (5, 3). (20. 31)
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DTO COOTHOLIIEHHE, BHIPAXKAIOIIEE ellle OAHY CBSA3b MEXIY OJHOYACTHY-
HOH W mapHoil GYHKUHSAMH ['pHHA, JaeT B HMIYJbCHOM IpeJACTaBJe-
HHH ¥ OJHO K3 TaK HAa3piBaeMBIX paBeHCTB Yopaa. Ero orinuume
ot cootHoureHdst (20. 17) COCTOMT B TOM, UTO OHO COJAEPKHT TOJBKO
s¢gpexTHBHOE B3aHMoZelicTBHe A, B To Bpemsi Kak (20. 17) Bkmouaer
B ce6s1 M HCTHHHBIH TNOTeHUMA  BzauMmojeiictBus V. -
AHaJIorHuHOe pAaBeHCTBO YopJAa MOXKHO HanucaTh M JJIsl BeJH-

-»> ->
quHB (X3 — X,) G~1 [90].

20. 9. B Jsutepatrype nNpUBOAZMTCA M JAPYrce BhIpaKeHHe AJs
8G (1,2) [88]. Ing ero BbiBoJa HCIOJIb3yeM TpHeM, NO3BOJSIOMHH
n36exkaTh IMPENNONOKEeHHsT O He3aBUCHMOCTH OT BpeMeHH omnepa-
Topa 8U.

Hrak, nycTh ramMmsibTOHMAH BHEINHErO0 BO3MYIEHHSI HMeeT BHJ,
Boipaxkenus (20. 24) ¢ dU, saBucsamuM oT BpeMeHH. [IpH 31OM BHIpa-
xkenue (20. 25) mo/mKHO ORITH 3aMeHeHO GoJjiee OGLIMM BhIpaKeHHEM

G(l, 2) = —i (¥, | S+T [, (1) ¥F () S] | ¥y)-

Bbiuncsiende MONpaBKH K S-MaTpPHIlE IIO-NPEKHEMY MOMKET I[1POBO-
JuThCA 110 gopmyae (20. 27). [lns nonpaBku K GyHKuMM I'pHHA noJy-
qaeTcsl cJaelylollee BhpaKeHHeE:

8G (1, 2) = | dv((¥,] 8§ (1, — o0) 8H (1) S§ (w0, )X

0

X T [, (1) F©2)S] | ¥ —
— (¥, | T [, (1) ¥ (2) 8H (1) S,] | ¥y))-

MoxHo mnepedTH K npejcraBaeHnio [‘efizenfepra ¢ HOMOUIBIO
o0LIHX COOTHOWIeHHH, npuBefieHHbIX B ra. III. 3ro naer

8G (1, 2) = | dv|(W|8H, (1) T[%, (1) i ()] |¥) —
— (T[T [, (1) ¥+ () 8H, (9] | ¥))- (20.32)

N3 sTOro BripaxeHHs BHIHO, UTO OGJACTh HHTErPUPOBAHHUSA IO T
oT £ 10 oo (npu {1 > £,) Wik oT £y Jo oo (npu ¢y < ;) aBTOMATH-
YeCKH BBINMAAaer.

* TIpu nepexoje K MMIYJBCHOMY MPEJCTABJIEHHIO HEOOXOAHMA HEKOTOpas OCTC.
POKHOCTD, CBS34HHAA C HEOXHO3HAUHOCTBIO TIOALIHTErpaibHOTO Bhlpawenus [89, 907,
B umMnysibcuoM mpejcraBiennu Jesast yactb cooTHomenus (20. 31) umeer BHI

_i;—e G (;, e).
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PaccMOTpUM H3MeHeHMe MATpHibl MJIOTHOCTH IIOK JelcTBHEM
pHemHero Bo36yaurensi. Ilosarag B COOTHOLIEHHH (20. 32) t, —
— t; - + 0, nMeem

t OR (q1) G, 1) =
=i [ de(¥| [BH, (D), bt (@ 1) ¥ (4 1)] | F)-

DTOT KOMMYTAaTOp, KOHEUHO, He/ib3sl BBIYKC/IUTH B IBHOM BHJE, IO-
CKOJIbKY ONepaTtopbl OTHeCeHbl K Pa3HbIM MOMEHTAM BpEMEHH.

CpelleM NOJyueHHOe BhIPAKEHHe K NapHOH (YHKLHH I'puna.
CpeaHee 3HaueHHe NepeNHUIEM NpexJie BCEro B dopme

—A (g1, g2) + A% (g5, g1,
rie
A(q g) =¥ [ (92 4) b, (qy 1) 0H (D) | F).
DTy NOCIEHIO BeJIHUMHY yXe HeTpyAHO 3amucath B BHIe
j'dqgf),Uq3 (t5) hr;l G(l, 3, 2, 4).

ta> 1> 1>,
t,> 1y

Taxkum 06pasoM, OKOHYATEJILHO HMeeM

b
xlim [G(1,3,4,2) —G* 1, 3,4, 2]. (20. 33)
n G

4->
ta>ly >t >ts, E2> 1y
3uanue mapHoit ¢yHKuMM ['puHa HeBO3MYIleHHOH CHCTeMbl AAeT
BO3MOJKHOCTb BBLIUHCJIHTb OJHOYACTHYHbIE XaPAKTEpHCTHKH cJ1a6o-
BO3MyIIeHHOH cucteMbl. [TonyueHHOe COOTHOLIEHHE ONPEACTACT paa
KHHETHUECKHX XaPAKTEPUCTHK CHCTeMbl, B UACTHOCTH BeJIHUMHY npo-
BOJUMOCTH.

§ 21. BO3BY)KAEHHDBIE COCTOSIHUSA CHCTEMDbI
(NMPUBJIV)KEHUE XAPTPH — ®O0KA)

21. 1. B npeapAywux naparpagax peub Mi1a MHOUTH UCKJIIOUH-
TeJbHO OO OCHOBHOM COCTOSIHHM CHCTeMbl. BaXHYIO pOJib B TCOPHH
MHOTHX UacTHIl HrpaloT TakxKe BONPOCH, CBfI3aHHBIE C BO36YK/1eH-
HBIMH COCTOSIHMSIMHM CHCTEMbi, SHEPTHsl KOTODbIX OTJIHYHA OT MHHH-
MaJsIbHOH.

Hapsay c BO3GYXKAeHHBHIMH COCTOSIHUAMH CHCTEMB, cofleprKatiei
TO e uHcsao yacTui, (N), 4TO H B OCHOBHOM COCTOSIHHH, 3HAHTE/b-
HBI HHTepeC NPeJCTABIAIOT TAKKe BO3OYKeHHbe COCTOSHHUS CHCTEMbI
¢ HHBIM UHCJOM uactHil *. B mepBylo odepeib HUMelOTCA B BHAY BO3-

* B panbHefimeM Me Gy/eM YKa3piBaTb YMC/IO YacTWIL B aprymeHnTe BOJIHOBO#H
dyukund. ‘Bo36yxaeHHbE COCTOSHUSA CHCTEMB N uacTHi GyLyT HA3RIBATLCA NapHBIMH,
cucteMnl N = 1 yactum — OAHOYACTHYHBIMH (OHOABIPOUHBIMH). :
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6y IeHHbIE COCTOSHHS CHCTEMbl C OJHOH JIMIUIHEH 4acTHIled HJIH Jbip-
KOH, T. e. coiepxamue N = 1 uacruny.

Baxuplfl KJjgacc 3ajay TEOPUH MHOTUX YAaCTHI, CBOAMTCS K HCCJe-
JIOBAHHIO B3aMMOJEHCTBHSI HEKOTODOH BHeIIHed YacTHUBl € CHCTe-
MOIl uacTHI TOro e copra. [lonagas B TaKyl0 CHCTeMy, YacTuila
MOXEeT OTJAaTh el 3HAYHTEJbHYIO HOJIO CBOed 3HepruH, BO3OyAHTDH
CHCTEMY U «3aCTPSTh» B Hell Ha 6oJlee HJIH MeHee AJHTENbHOE BpeMs.
BO3HHKIIee COCTOSIHME CHCTeMbl NPHHAJJIEXKHT, OUeBHIHO, K 06cCy-
KAAEMOMY KJaccy.

21. 2. PaccMorpeHHe BO3GYXKIEHHBIX COCTOSHHH CHCTeMBI, Kak
W OCHOBHOTO COCTOSIHHS, IeJecoo6pasHO HayaThb ¢ HPHOJIHKeHHS
Xaprpu—®oka. O6oznauas uepes ¥, u E,, COOTBETCTBEHHO BOJHO-
BYIO (DYHKIHIO H 3HEPrHI0 BO30YXKAEHHOTO COCTOSIHHS, MOXKHO HaIlH-
carb

HOIPOn = Eonlyonv (21 . 1)
rjle NMPHHSATO, YTO FAMHJbTOHHAH HyJseBoro npubamxenus H, cona-
naer ¢ BhpaxkenueM (4. 29). Ilpu TakoM BeIGOpe H, camocorsacoBa-
HHe NIPOBOJIUTCS JIMIIb B PAMKax KOH(MIYPauMH, OTBEYaloNled OCHOB-
HOMY COCTOSIHHIO cHcTeMbl. COOTBETCTBEHHO TOJBKO 3TO IIOCJelHee
COCTOsIHHe OMMChIBaeTcs HawayudiiuM obpasom (cM. § 4). B npunuume
MOXKHO 6BLIO 6Ll CTPOMTh JIJisl KaxJOro COCTOSIHHS CBOM IaMHJIBbTO-
HHAH HyJeBoro npuOamKkenus, Ttpefys MHHUMyMa BeJHUHHBI
(¥ou|(H— Hy)?| ¥, . Ho Takas mocraHOBKa 3ajaui NpHBe.a Obl
K HeONpaBIaHHOMY yCJOXKHeHHIO amnapara. [TostoMy raMHJIbTOHHAH
npubauxenus Xaprpu—®Poka sfiecb U B ja/bHefileM BbIGpaH equ-
HBIM JJIsi BCeX KOH(Urypauuil; OH JaeT Haujydllee ONMHCaHHe OCHOB-
HOTO COCTOSIHMS cHcTeMbl. B cJaenyiouiefl raBe, OCBSIIEHHOH KBaHTO-
BOfl CTaTHCTHKe, ramusibronHan H, BoiGupaercs u3 ycjosus ((H—
— Hy)? )y =min, rtHe cumBox ( ... ), O3HAaYaeT CTATHCTHUECKOe
ycpentende no ascambiio I'm66ca. OH jJaer Haujyuilee OMHCAHHe
CHCTEMBI B CPELHEM. ’

Tenepn A/1s1 onucaHusi BO30YKAEHHBIX COCTOSHUHA CHCTEMBI MOXKHO
COXPAHHUTh Bechb PasBUTHIA Bhillie annapar. B UYacTHOCTH, COXPAHFIOT
CBOHl BHJ. BOJIHOBble (YHKUHH 6as3uca Y., BbIpaxeHHs NS onepa-
TopoB moad. UMetorcsi, ojHaKo, ABa 0OCTOATENbLCTBA, KOTODbIe MpH-
BOJSIT K HeKOTOPHIM OCOGEHHOCTSIM OMHCAHHS BO30YXKIEHHBIX COCTOS-
Huil cucremsl. [TepBoe cocTOUT B TOM, 4TO cpefiHee 1m0 cocrosinuio ¥y,
oT N-npousBelieHHsT OMEPaTOPOB MOJA OKasbiBaeTcd OTJIHYHLIM
OT HyJasi. BTopoe 06CTOATENLCTBO CBSI3aHO C BBHIPOXKJEHHEM BO30Y-
XKJIEHHBIX YDOBHeH 3SHEprHH.

21. 3. PaccMOTpHM HeKOTOpble CBOHCTBA pelieHHil ypaBHeHHS
(21. 1), KOTOpPOMY YHOBJETBOPSIOT BOJHOBblE (YHKIHH COCTOSHHH
¢ GHKCHPOBAHHBLIMH YHC/JIaMH 3anoHeHHsl. UacTHoe pelieHne ypaBHe-
Husg (21, 1) Ans mapHOro BO36GYKAEHHOTrO COCTOSIHHS MOXKHO BCeria
BbIGpaTh B Buie

k . .
Y.V = 1 acj.bj{]_wo. , (21.2)
i, j=I1
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QOHO OTBeyaeT HAJHUYHIO K Nap C YacTHIlAMH; HAXONSIIUMHUCS B COCTOS-
HHIX V; H JIbIPKaMH B COCTOSIHHAX W; MPH 3TOM &, >> €,
ey, < &p. AHBajorduyo /s OJHOYACTHUHOrO BO36YKIEHHOrO CO-
CTOSIHHSl CHCTeMbl MOXHO Hamucarb

Lk
Y.V + 1) =af N aibl¥, : (21.3)
- i, j=I1
Uncso k£ B 060MX CAy4asix HUYeM He PHKCHDPOBAHO, HO JOIKHO ObITh
MeHblIe NOJHOr0o 4YHcJaa yacTHi N.

YT106b HemocpeACTBeHHO YOeIHTbCA B TOM, UTO BbIpaXKeHHUS
(21. 2) u (21. 3) HefiCTBHTEJbHO YIOBAETBOPSIOT ypaBHenuio (21. 1),
U BBLIUMCJIUTL COOTBETCTBYIOULYIO 3Hepriio £, DaccCMOTPUM KOMMY-
TATOPBIL:

[Hor a;‘_] = Sva;’i-’ [Hov bl—ﬂ = euba—.

3lech HCIOJAB30BAHO coOTHOmeHHe (4.3) M paBeHCTBO ATA, =

= bybt (e, < &p) (cM. § 8). TakuMm 06pasoM, MOC/IeI0BATENLHO
nepeHocss omeparop H, uepes omepatopel @*, b* B BbIpaXKEHHSX
aast ¥, Mbl JeficTBHTENbHO yOGexjaeMcs B TOM, YTO |NOC/JelRHe
NpelCTaBasAOT coGoll co6eTBeHHble (yHKIUH onepatopa Hy. Hrto xe
Kacaercsi MX COOCTBEHHBLIX 3HAUeHHH, TO Ta XKe Ipolelypa JAaer

Eon=Eo+§8vH§8m

rle CyMMHDOBaHHe IIPOM3BOAMTCS MO BCEeM 3aHATBIM COCTOSHHAM
YACTHIL H JIbIPOK; BesJuuyuMHa Ey— 5Heprus OCHOBHOTO COCTOSIHMS
(cM. § 4). Muaue roBopsi, MOXKHO 3anmuCaTh CJelylollee BbIpAXKeHHEe
I/l 5HEPrHH BO3GYKJIEHHOTrO COCTOSIHHS CHCTEMBL:

Epp—Ey = 2 &y (0 —n{?), (21.4)
N

h
rae ﬂ(\f)—‘H/ICJIO 3aN0JIHEHHUA YacTHIL; I’I,(v)-— YUCJIO 34alOJHeHHudA

JBIPOK B PaccMaTpMBaeMOM COCTOSIHHH.

Pasnocts E,, — E, HOCHT clenHajbHOe Ha3BaHHe SHEPTUH BO3-
GyxaeHus M- obosHayaercst uepes AE,,. Jlas OLHOYAaCTHYHOrO BO3-
Oy:KIEHHOrO COCTOAHHA 3Ty BeJHUHHY MOXHO NPEICTaBHTL B He-
CKO/IbKO HHOM BHie, moJsiarag N JOCTATOYHO GOJBINOH BeJHUMHQH.
3anumem AE,, A1 pacCMaTPHBAEMOro cjyyas, SBHO yKasbiBas
YHCJIO YaCTHI:

AE,, = E,, (N 4 1) —E, (N).

[Ipu6aB/isiss M BbHIUHTAs 3SHEPTHI0 OCHOBHOTO COCTOSIHHSI CHCTeMbl
N - 1 gactun E, (N -+ 1), 6yiem umerb ’ '
AE,, = NE,, + p, o (21.5)

rae A'Ey, = Ey, (N + 1) — Eo (N - 1) — sHeprusi BO3GYXJeHHA
Co6CTBeHHO cHeTeMbl N - 1 wacthm (MJIH, 4TO TO XKe NMpH GosbmoM NV,
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cucteMbl N yacTHL); P = %N Ey (N 4 1) — Ey (N) — xu-
MHYECKHH IIOTeHuHa s cHcreMbl. /1S OQHOABLIPOYHOrO COCTOSIHHS
B BblpaxKeHHH (21.5) cienyer M3MeHHTb 3HaK y M. ,

21. 4. YpoBHH 3HepruM, OTBeualoliHe ypasHenmio (21.1), sB-
JSIOTCH,  KaK I[PaBUJIO, BHIPOXKAEHHBIMH *. 3a/JaHHOMY 3HAYEHHIO
9HEPrUH BO3GYyxJeHHst AE,, OTBeuaer 1eJOe MHOXKECTBO PasJHUHbBIX
BO3OYXK/IEHHBIX COCTOSHHH CHCTEMBI, KOTOPBIE MOTYT pPasH4YaTbCs
KaK 4HCJOM nap, Tak MU COCTOSHHUSIMM YaCTHI[ M JBIPOK, BXOMAIIHMX
B COCTaB 3THX nap.

HauHeM c¢ paccMOTpeHHsT napHBIX BO3GYK/EHHbIX COCTOSTHHI.
IIpocreiiuee cocTosiHAe TAKOrO PoJa OTBeUaeT HAJIHYHMIO OAHOH Maphl;
COOTBETCTBEHHO ero 3Heprusi Bo3GYKJeHHs 3alHCbIBaeTcsi B BHJeE
€y — &y, [Je V — COCTOSIHHE YacTHLEl, [ — COCTOSIHHe JIbIPKH.
CoBepIleHHO SICHO, YTO ecJH COOTHOIIEHHE '

AE,, =¢&,—z¢,

(AE,, — 3ananHas sHeprusi BO3OYXKIeHHS) MOMKET GHITb BBHIIOJHEHO
JUISL PASHBIX COCTOSAHHA' W H v, TO (aKT BHIPOMIEHHS paccMaTpHBae-
MOTO YDPOBHA NpPOsIB/AsieTcs HenocpeACTBEHHLIM ofpasoM. Yaie Bcero
CIIEKTP ONHOYACTHYHBLIX COCTOSIHMH CHCTEMBI HOCHUT HellpephIBHBIH
(1M mOuTH HenpepbIBHLIA) xapakTep. IIpH 3TOM O6CYKZaeMOe COOT-
HOLIEHHe HMeeT MHOXKeCTBO pemieHHid. OOWHUA BUA BOJTHOBOH (yHKIIHH
COCTOIHHS C OJHOH Mapofl, HMEIOIero 5SHeprui0 Bo3byxienus AE,,
HMeeT XapakTep cJelyloumel cyneprno3UIlHH:

Vor ) = 3 Cusd (e 0 — AE,) aibfYe,  (21.6)

rie C,y, — COOTBETCTBYIOLIHE UMC/EHHble KOS(QMHIUHEHTE, a 8-pyHK-
IHsl 0GecreurBaeT IOCTOSIHCTBO 3SHEPrHH BO3OYXKJeHHS.

Hast oxHOYacTHYHOrO BO3GYMKAEHHOTO COCTOSIHHS HpOCTeifiieit
BOJIHOBOH (GyHKIMeH sB/sieTcs BLIpaKeHHe '

Yo (N + 1) = E CH (8, — AE,,) ai¥,. (21.7)
3aeck napel BooGlie OTCYTCTBYIOT, M BBIPOXKJEHHE CBSI3AHO ¢ BO3MOXK-
HOCTBLIO M3MeHEHHSI COCTOSIHMS OJHOH YacTHUBI.MPH COXPaHeHHH BeJH-
UMHBI SHEPTHHM; MMeeTcs B BHJy, B UAaCTHOCTH, M3MeHeHHe HAMpPaBJle-
HHSl CIIMHA, HMIIYJbca H T. II. o

Hpyras npuuuHa BHIPOXKIEHHS] COCTOMT B BO3MOMKHOCTH BHIGOpa
Pasnoro yncaa map k. O6liee BBIpaKeHHe MJsI BOJHOBOH (yHKIIHH
COCTOAHMA C 3HepTHel Bo3Gyxaenns AE, uMeer, CJel0BaTeNbHO, BHI

q,r(m’ (V) = E 0 C"i' Bj #9 (E v, ——2 SM,'_AEon) X
v, U, .
X M af i v, , 21.8)
aHasnoruyno u aaa ¥, (N + 1).

—_—

... * Mu u36exanu BEIPOXKIEHHS OCHOBHOTO COCTOSIHHS CHCTeMH, OrpaHHYHBIIACH
PaccMoTpenreM cHCTEM € 3aMOJIHEHHHIMH OG0JQUKAMH.
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21. 5. TIpuBe/leHHble PA3/IOKEHHS] BOJHOBOH (bYHKIMH BO36GYXKAEH-
HOTO COCTOSIHHSI CHCTEMbl MOXKHO IPEJCTaBHTb H B Gosiee yAOGHOI

tpopme:
¥y (V) = { [ dg,dasPon (@, 02 N [97 (@) ® (@2)] +
+ quly dag,, dqsv dq, Do (91, G2s Gs> Ga) X ,
X N [0 (@) $* (@) % @) ® @]+ ] Yo (21.9)
Wou (N + 1) = { qulq)on (91 ‘w (g0 + qul dq, dq; X
X @, (@1, Gar G3) N [$7(g1) $* () ¥ (qz)).‘i“ ceel ¥Y,. (21.10)

3ech BBeleHbl HOPMajibHble TIPOH3BejleHHs OnepaTopoB MAJsi TOro,
4ToGbl OCTANHCH JIHLIb POXKIAIONMHKe uacTH omepatopoB. [losiBienue
XOTsl 6B OJHOrO OnepaTopa YHHUTOMKEHHS YacTHLbl HJIH JbIPKH  He-
MeJlJIeHHO NPHBOAHT K HYJIEBOMY pe3yJbTary.

®yukuuu O, onperessionue Bec, C KOTOPLIM BXOIHT B Yo
sajaHHAas KOHQMIypauMs HacTHI H JbIPOK, JOJIKHBI yIOBJIETBOPATH

HeCKOJIbKHM yCJAOBHSAM. Mbl O003HAYMJ/IH Bhbllle 4epes 1, 3,... T1e
aprymentsl @, KOTOpHIM OTBeYalOT OMepaTopbl POXKIEHHs YACTHIL,
u uepes 2, 4,...— omnepartopel PpOxJeHHT AbIPOK. Pasaaras @,,

10 cHCTeMe BYHKUHE ), T. €. IePeXOis B SHepTeTHUecKoe NPeiCcTaB-
JleHHe, HETPYAHO BHIETb, YTO COOTBETCTBYIOUIHE KO3@HIIHEHTEl pas-
JIOXKEHHS MOXHO BHIGDATh OTJIHUHBIMH OT HyJIs JHWb B 06JacTH
Bbile rpaHuns ®epMu Asst KoopauHar 1, 3,. .., ¥ HHME TPAHUILL
depMu — 1451 KoopauHar 2, 4,. . . [Ipouue 06/1aCTH CIIEKTPa aBTOMa-
THUeCKH BHIMAaloT u3 pasioxenni (21.9), (21.10). .
[lomumo storo, dyHkmuu @, AOMKHB ObITb TaKHMH, yTOOMI
B paccMaTpHBaeMble CYIEPHO3HIUH BXOAWIA TOJMBKO COCTOSHHA,
OTBeUalOLIHe OJHON M TOH Ke 3HePrHH BO30YKIeHHA AE,,. Haa
5TOr0 HEOGXOJHMO, uTO6bl KO3(HIHeHTH pasioxkeHHst Dy, no cH-

cTeMe ), COAepKAaTH GYHKIHIO O (&y, 4 &v, + ... — By, — By, —
—...—AE,,), rie co 3HakoM () BXOAAT SHEPruM, OTBEHAIOLIHE
KOOpAHWHATAM 4YacTHL ¢1, {s,. . ., CO 3HAKOM (—) — oTBeyarwIKe
KOODJMHATAM IbIPOK o, 3. . - D UACTHOCTH,

q)on (ql) = E av(l - nv) d (Sv - AEon) A (ql)’

v

Dy (1, G) = § oy (1 — 1) 8(ey — &, — DEoa X (4) Xy (@),
v |

re o — HeKOTOpble YHUCJIeHHble KO3(dHILHEHTHI.
Ykasauubie ocoGenHocTH GyHKUHE Do, NPUBOIAAT K BaXKHBIM
COOTHOLIEHHSIM. Y UMTLIBasi Pa3J/oxKeHHe MarpHilbl NJIOTHOCTH

R, (g1, G5) = E an:- (92) %y (@1)s

Haxoaum

.S‘ dqsR, (G1r G2) Por () = 0- , (21-11)
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Ilono6HbIe COOTHOLIEHHS MOXHO HamnucaTbh M IS yHKIHH
Dy, (91, 92):

j'dquo (91> 92) Por (2, q1) = 0,

21.12
jdq2R0 (G1 92) Don (925 §1) = Py (91, G1)- ] ( )

C noMOUIbIO NOJMyYeHHBIX COOTHOWIEHHH H passioxenuii (21.9),
(21. 10) HerpyaHO y6ennThcs B TOM, uTO BecoBble dpynkuun @, Moryr
GbITb TPEACTAB/IEHbl B BHJe MAaTPHUHBIX 3/TEMEHTOB CJelyIOUlero BHA:

Dy (q1) = (Yo [ ¥ (q) | Yo V + 1)),

21.13
O 00 = (Yo 9 0 @) o ). | 21D
21. 6. [Tone3HO BBeCTH 3aBHCsLIME OT BPeMeHH BeCOBble (DYHKIIHH

By (1) = (¥ | s (1) Tou (V +- 1)), } -
D, (1,2) = (V| T [9F @ e ()] | W00y | CL 19

u 1. X. OHH nepexoAsT B GyHKuHH (21. 13) npu 4, > 0 U £y, {5 - O
COOTBeTCTBeHHO. (PaKTHYeCKH CHMBOJ T-NPOH3BEJeHHS B IIOCJeLHeM
paBeHCTBe Mbl IIMIIEM JIMIIb AJs yAOOCTBA MOCAEAYIOUIUX BHIKJIAJOK.
Pasnoctb Mexxay T (P*¢) 1 Pp¥p CBOZUTCS K c-UHCIY U C YUETOM OPTO-
roHajspHOcTH cocroanuii Wy u Wy, BooOIle HHKAK He MpPOSIBJSETCS.
YuuThiBasi ypaBHeHHUS! IBMKEHHUS 1JIs1 Oeparopa B NpeACTaBaeHHU
B3aUMOJEHCTBHSA, JIErKO MOJYYHThH CJelyIollHe ypPaBHEHHS:

(i?’at—l—T~W) @, (1) = 0, s
(i;f—l~T—W)CDO,,(1,2):O 2119

H cOonpsXeHHOe yDaBHeHHe JJIS NPOHM3BOJHOH 1O 7,.
He cocrasister Tpyja HalTH BHYIO 3aBHCHMOCTb IIPHUBEIEHHDLIX
BeJIMUHH OT BpeMmeHH. Mcrosbays cooTHomenue (2. 8), noayuum

Don (1) = Py (1) €Xp (— IAE 1) (21. 16)
AHaJIOI‘I/I‘{HO MOXKHO IIOKasatb, 4YTO
Dy, (1, 2) = Dy, (g, 0; gy, Vexp (—iAEyt).  (21.16)

3pecs T = ¢, — t;. TakuM o6paszom, paccMaTpuBaeMble MAaTPHUHEBIE
3JIeMEHTBl B OTJIHUHE OT CPeJHHX 3HAYeHUH 3aBHCAT He TOJNBKO OT pas-
HOCTH BpPeMeH, HO H OT a0COJIOTHBIX HX 3HAUEHHH. '

Hasa saBucamux or BpeMeHH (pyHkuuii D,, MOKHO TaKkKe HANH-
cate psiJl cooTHOmeHHW#, mogobHeix (21.11) u (21. 12). Tlpumem
BO BHHMaHHe pasJjiokeHHe cBoGOAHOH ¢yHkuun [puna (10. 5)

—ny, t1<t2 .
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¥ 3aBHCHMOCTb OT BpeMenH (21. 16), (21. 16”). Toraa ¢ yueroM pasJo-
wenuit pyukuuit @, (g1) H T. 1. AMeeM

[ dgyGo (1, 2) Do (@) = —i8 (t, — 1) Do (1)- (21 17)
AHaJIOI‘I/I‘-IHO MOKHO MOKasartb, 4TO

[ dgaGo(1,2) Bor 2,3) =0 1 <1,
{ dg,®,, (3,2 G, (2,1) =0 t, < 1y, 21, 18)

{ dgy dgy G, (1,2) Py, (2,1) = 0.
BripasuM jajee BOJHOBYIO (YHKIHIO BO30YKAEHHOTO COCTOSTHHS
CHCTEMBbl Yepe3 3aBHCSINKE OT BPeMeHH (GyHKUHH ®,, (1) u 1. m

W, (V) = | dgudgs®on (LD N [T (1) s )] Yo + -+ (21.19)
Wy, (V1) = [ dg,@ou () 3 (V¥ -+ (21.20)

Bee ceoaurcst K 3amere Dy, (g1) Ha Dy, (1) u 1. m., a TakKe onepa-
Topos B mpefcrasienuy lpenunrepa oneparopamu B npeiCcTaBIeHHH
B3aUMOJeACTBHS.

Ur06bl yOeNUTHCS B CIPABENIHBOCTH 3TOrO yTBEPKICHH, MOJACTA-
BuM B coorHomenue (21.20) Buipaxenue (21.14) ® pas/OXeHHs

onepatopoB nojsi. JTO JacT
Wop (N 4 1) = [ dan 24 (o] @y Won) X

. *
X a?x:Xv (9) An (@) exp [—i(ey— ey) 1] Y.

Hcnonbayst OPTOrOHAJIBHOCTb (QYHKLHH ¥y, HETPYAHO y6eauThCS
B TOM, Y4TO BpeMsl f; H3 3TOrO BbIPaKEHHs IOJHOCTBIO BbINAZAET,
T. e. MBI BO3BpaliaeMcs K BbIpAKEHHIO (21. 10). AHaJIOrM4HO J0Ka3bl-
Baercs M coorHourenue (21.19). ’

21. 7. BpisicHEM (PH3HYECKUH CMBIC/ BEJTHIHH @,,. Bpmure yxe
OTMeuaJoch, YTO 3TH BEJHUHHBI ONpEASIIOT BK/IAL, KOTOPbll BHOCHT
B BOJHOBYIO (DYHKI[HIO BO3GYXkKIEHHOrO COCTOSIHHS 3alaHHad KOH(H-
rypanHs uacTHl M JAbpoK. ViMeercs GoJiee HemocpeCTBeHHast hH3H-
yeckas MHTEpIPETAlHs 3THX BeJuuuH. Kak BHIAHO M3 HX DaSJIOHcC-
.HHEii 10 cHcTeMe Y., GyHkuus Dy, (q1) npeacTasiser co60H mpocTo
BOJIHOBYIO (YHKLHIO «IHIIHefd» YaCTHUbI, MHPHUCYTCTBHE KOTOpOH
06yc/oBJAKBaeT OTJMYHE PacCMaTpHBAEMOTO COCTOSIHHSI  CHCTeMbl
¥,. (N + 1) OT OCHOBHOrO COCTOSIHHA. N

Ananorsyno ¢pyHrumo O, (g1, gs) MOXKHO TPAKTOBATH KakK BOJIHO-
BYIO (YHKIHIO Iaphl, BO3HHKILell «Ha OoHe» OCHOBHOTO COCTOAHHA.
Ilpu s3TOM Yy (1) MpEACTABJSET co60ii BOJHOBYIO Oy HKIIHIO GACTHITHL,
a . (g) — BOTHOBYIO ¢yHKumio AppkH. [To 5TOMY NOBOLY HYXKHO
3aMeTHTb, YTO JbIPKAa AOJ/DKHA ONMHUCHIBATHCA HMEHHO cOnpsiKeHHOH
BOJIHOBOH (yHKIKed. DTO cJelyeT H3 CONOCTABJICHHS yacTed omepa-
TOPOB MOJISA, OTBEYAIOLIHX POXKAEHHIO (MM YHHUYTOXKEHMIO) YaCTHIL
¥ Appok [cum. Bupaxenue (8.4)1. o '
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ITono6HEIM Ke 00pasoM HHTEPHPeTHPYIOTCS H GoJiee CJIOKHLBIe
¢yHkuuu @y,. B nenom Moxuno ckasare, uto @y, sBiAsieTcs BOJHO-’
BOH (pyHKIHeH TOrO KOMILIeKCa YacTHIL H IbIPOK, NPHCYTCTBHIO KOTO-
poro o6si3aHo orauune GpyHRuHH ¥y, 0 ¥,

HeckoabKO €/10B 0 HODMHPOBKE BOJIHOBBIX (DYHKIHHA. Y uYHThIBas
B3aUMHYIO OPTOTOHAJLHOCTb cJjaraeMblx passoxkenuil (21.9), (21. 10)
(oHa cyieyer M3 TOrO, YTO COOTBETCTBYIOIee CKaJNPHOE [1POU3BeleHHe
COJIePKHT CPeJilHee 3HAYeHHe OT HePaBHOI'O YHUCJIA ONEPaToOpOB POXKe-
HES H YHHUTOXEHHSA H NOTOMY obpaiaercst B HyJ/b), HETPYAHO BUJETD,
yto ycaosue (¥,,¥,,) =1 naer

ydql[qjon (q)|*=+--- =1,

§ dadgy| Pon (g1, G2 |2+ - -+ = 1.

3xech Mpl BHITHCAIM JIHIIb NePBblE YJeHBl COOTBETCTBYIOUHX pPasJio-
KeHUH. B JanbHeiem GyAyT NMpHBeNeHbl Pe3YJbTAThl, OTHOCSIIUECS
K TOMY XK€ OrpaHHueHHIO; 00o0LieHHe HA cayuall yuera I10OCAeLYIOMINX
usieHOB pasnoxenui (21.9), (21. 10) npoHU3BOAHUTCS OUEBHIHBIM 00pa-
30M.

PaccMoTpuM HekoTOpble pU3HUECKHe XapAKTEPHCTHKH BO36YXKeH-
HOrO COCTOSIHHSL M NIPeKJie BCero ero MaTpHLy MJOTHOCTH, KOTOpas
onpejensiercsl COOTHOIEHHEM

Ron (91 g2) = (Yon | B, (92) ¥, (91) | Yon)- (21.22)

IloacraBass cona pasnoxenus (21.9), (21. 10), nafizeM AJas ofHO-
JaCTHYHOrO0 BO3OYXKIEHHOrO COCTOSIHHSI CHCTEMBI

Rin (G1s §2) = .5‘ dqsdq,Pon (9s) (D;n (92 X
X (¥, ] P, (g, 1p5+ (@2 ¥, (@) ‘PB+ (@) | ¥y).

Bhoinosnsis ycpeAHeHHe N0 (pOPMYJiaM MPHJIOKEHHS A M HCIOJB3Y s
cootnomenus (21. 11) u (21. 17), nosyuum

*
Ron (g1, 42) = Ry (g1, 2) + Pon () Pon (40)- (21.23)
DTO COOTHOLIEHHE BhHIPAXKAET MATPHUIY NJOTHOCTH BO36YXKIeHHOTO
COCTOSIHHSI KaK CYMMY MAaTpHL IWIOTHOCTH OCHOBHOTO COCTOSIHHS
H KOMIJeKca, BOJMIHOBOH ¢yHkuMelr koroporo sasasgercs @g,.
Jlnst mapHOro BO30YXKIEHHOrO COCTOSIHHSI CHUCTeMBl B pesyJ/bTaTe
FPOMOBJKHX, HO HECJOXHBIX BBIKJAIOK HOJIydyaeM

Ry (41: 92) = Ro (41, 92) +
+ J dgy [©6n (Gas 45) Pon (61, 45) — Pon (45, 41) Pon @, 49)]. (21.24)

3nech mepBuI uieH B KBaAPaTHOH CKOGKe — MaTpHi(d MJIOTHOCTH
YacTHIB!I, BTOPOH — MaTpHua NJAOTHOCTH ABIPKH; 3HAK (—) oTpaxaer
OTCYTCTBHE YaCTHIB B JaHHOM COCTOSIHHH.

BaxHo#l XxapakTepHCTHKOH Bos6y>K11eHHoro COCTOSIHHA cHcTeMbl NV
YaCTHI HBNAETCS TaKXKe CJAeAYIOmMHEA MATPDHUHBIA 3JIEMEHT:

Mon = <lP.o[A l q’on)»

(21. 21)
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rie A — HeKOTOpHIA omeparop, ONMMCHIBAIOIUH BHEWHHA BO36Y M-
TeJb, CIIOCOGHbIA IPHBECTH K BO3OYXKJEHHIO CHCTEMBI. Bennuuna Mg,
[HO3BOJISIeT BBLIUMCJHTh BEePOSITHOCTb BO30YXJEHHS CHCTEMB. Yame
Bcero oneparop A HOCHT OJHOYACTHYHBIH XapakTep. [Ipun 3TOM

Mon = | dgy (%o | 9* (@) Ag, % (92) | Won) =
= 5 dg, lim A, ®,, (41, G2)- (21 25)

qz>qy

PaccmarpuBaeMasi BeJHUMHA HEIOCPE]CTBEHHO CBf3aHd, TaKHM
oGpasoM, ¢ BecoBOH (yHKLHeH Dy,

§ 22. BO3BY)KAEHHBIE COCTOSIHU S CHUCTEMBI
(YYET KOPPEJSALMOHHOIO B3AMMOJENCTBH )

22. 1. Jlo cux nop BO30Y»KAeHHbIE COCTOSHHA CHCTEMBI pacCMaTpH-
pajuch B npubmwkenun Xaprpu—®oka. IIpuMem Teneph BO BHH-
MaHHe KOpPeIsSiHOHHOe B3aUMOJieHCTBHE MeXK/ly HaCTHLAMH U CBsKEM
TOYHYIO BOJHOBYIO (yHKIHIO BO3GY K I@HHOrO COCTOAHHA ¥, c BBeleH-
Holi Bemre BenuunHoil Wy, 3anuimieMm 3Ty BeJUUHHY B COKpaleHHOH

¢opme:
1FOn = E CG\F(O%)y
a

rae ¥(® — BoJHOBble (YHKUHH BO3GYK/IeHHbIX COCTOSIHMIA C OJ{HOM
H TOH JKe DHepruell BO3OYKAeHHA H C (PUKCHPOBAHHBLIMH HHCJIAMH
3aII0JI HEHHUA . .
[ToBTopuM paccyxenus § 9, Kacarompecs cBiasH Y u ¥, yuuts-
Basi BbIPOJKAEHHBIA XapakTep pPaccMaTpMBAaeMOro COCTOSHUA CHCTEMB.
D70 06CTOSITENLCTBO Jle1aeT HeNPUIroJHBM COOTHOIIEHHE 9. 18),
KOTOpOe JOJKHO OBITh Telepb 3aMeHEeHO OOIIMM COOTHOLICHHEM *

Sy = X, Cola|S[B) V- (22.1)
o, B .

CyMMupOBanHe 3jiech, KaK U B Npeibilyiiell ¢opMyJie, BeleTcs mno co-
CTOSIHHSIM OJHOH ¥ TOH Ke 3HepTHH.

Ypabuenne (9. 23), KOTOPOMY YHOBJIETBOPSIET BOJHOBASA (hYHK-
uHsB 'mpeicTaBiennd BaauMomeiictBui ¥, (—o), NO-TIPEKHEMY
ocTaeTcsi B CHJe, TOCKOJBKY NMpPH €ro BblBOJe OTCYyTCTBHE BHIPOXKIIe-
HUSI HUKAK He HCHNOJAb30Bagoch. OcraeTcs BLISICHHTH, IIPH KaKHX

yeaopuax dyHkuusi W, yHAOBIETBOPSAET TOMY 2Ke ypaBHEHHIO.

* 3nech BBejJieHO O0O3HAUEHHE
(a]S|B) = ¥R [S|TE).
Samemm, 910 -

ST =3 (alsT' B ¥
2 ‘
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YuutsiBas Bolpaxenne (21.8) u ypasuenne H WY = E,, ¥,
yb6exaeMcsi B TOM, 4TO

ST'H'SY,,, = E ;. Won.
Janee

(0 «_, 08 (B)
5 ) l‘ﬁ ‘Pon = j‘_“; Caﬁaﬁlpoﬁ y

rae

id _, 08
0up =3 (o S5 |B).

Taxum o6pasom, noncranoBka ¥,, B ypaBHenue (9.23) naer
CHCTEeMy ypaBHeHHH

,BS_] Cp [(Egn — E) Ogg + gl = 0. (22.2)

Pemub 3Ty cHcTeMy, MOXKHO ONpefle/IHTh, BO-NEPBLIX, KOPpPeJsiiHOH-

Hbl BKJaJA B 3Hepruio Boabyxuenus AE, = E,— E H, BO-BTOpHIX,

Te 3HAYEHHSI CYNepPIIO3HIHOHHBLIX KO0a(hduuuenToB C,, AJS KOTOPBHIX

dynkuua ¥y, = X2 C, ¥4 yIOBIETBOPSET TOMY JKe ypaBHEHHMIO,
a

yto ¥ ¥, (—o). Hcnoabays 1oBojsl, NpHBeleHHbe B pasiene 9. 7,
MOXKHO 3akKJyouuts, 4yto coctosituus W,, (—oo) n ¥, umelor onu-
HaxkoByI0 3Heprmio. OQHAKO M3-3a BHIPOKAEHHOrO XxapakTepa pac-
CMATPHBAEMOrO CJyuasi elile HeJb3sl CHesarh BLIBOA O COBIIAJCHHH
Beauuyud W, (—oo) u ¥,,. IlosTomMy JjanbHefinHe paccyKJeHHS
OyJlyT OTJIHYATBCS OT paccyxJeHuH pasgena 9. 7.

Pewenne ypasHenuit (22. 2) He elMHCTBEHHO: HMeeTcsl # (IO UHCJIY
NoJicOCTOANHMI) Ha6opos uncen CY (i = 1-+r), MJast KOTOPBIX dhyHK-
IHA :

Wi = 2-C” Vo

a

YIOBJETBOPSIET TOMY e ypaBHeHHIO, 4yt0 H V¥,,(—o0). MoxHo
BBECTH r (PpYHKIHE yié) (—o0), KaKIass U3 KOTOPHIX pAaBHa \I’(()‘,Z;
370 yTBep:KJeHHe He NPOTHBOPEUHT BHIPOKAEHHOCTH paccMaTpuBae-
MOr0o YPOBHsI M CBOAMTCS K BbIGOPY oiipefesieHHOro (asuca, o KOTO-
pOMy MOKeT ObITb pas3JioKeHO MPOH3BOJIbHOe cocTosiane W, (—oo).
Teneps MOXHO Hamucarth

Y — §(Q, —o) ¥ . (22. 3)

TaxuM 06pa3oM, BHIPOXKJEHHbIH B OTCYTCTBHE KOPPeJSIIIHOHHOrO
B34aUMOJeHCTBHSI YpPOBeHb NPH BKJ/IOUEHHH B3aHMOJEHCTBHA OIHCHI-
BaeTcs COBOKYNHOCTBIO 7 TOUHBIX BOJIHOBHIX (YHKIUHA. Cpein HHX
MoryT ObiThb (YHKIHH, OTBeualollHe OJIHHAKOBOMY 3HAYEHHIO 3Hep-
THHM, YTO CBHAETEJbCTBYET O HENOJHOM CHSITHH BHIDOXK/EHHS KOppe-
JISIIHOHHEIM .B3aHMOJefCTBHEM.,
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22. 2. M3 noayueHHbIX pe3yJ/bTaTOB CJaeAyeT, UTO KaxkKhas H3
TOUHLIX BOJHOBLIX (GYHKUHH BO30YXKAEHHOTO COCTOSIHHS - CHCTEME
cBsizaHa S-MaTpHiedl ¢ BHOJHe ONpelefeHHOH, a OTHIOJAb HE NPOH3-
BOJILHOM cyTieprio3uiHel Gy HKIHIA W | VIHbIMH CJIOBAMH, IPH BHIKJIO-
YeHHH B3aHMOJIeHCTBHS (Y HKIUS V) nepexofuT B BOMHOBYIO (YyHK-
IIMI0O HYJeBOro NpPHOJIKeHHs, MMy BIOJHE Onpele/ieHHble
3HAUeHHs1 KO3hpHIHEHTOB pasjoxeHus C,, HaXOXJeHHe KOTOPbIX
TpeSyeT peuleHHs! ypaBHeHHH (22.2). -

Takas cuTyal s THIIHYHA JJIsl 3a[a4H C BHIPOXKEHHBIMH Y POBHAMH
sueprud. Kak M3BeCTHO M3 Kypca KBAaHTOBOH MeXaHHKH, CPefH BCex
BO3MOJKHBIX CYMEPHOSHIHHA COCTOAHMI OIHHAKOBOH SHEPIHH HMEIOTCH
EbIfe/IeHHble, «YCTOAYHBBHIEY CYNeprNO3HIHH, XapakTepHusylolHecs
TEM, UYTO NpPH HAJOKEHHH MaJjoro BO3MYIIAKOUIEro NOTeHIHala OHH
MeHSIOTCS TOXKe MaJo. [IpH BHIKJIIOUEHHH B3aUMOJEHCTBHS BOJIHOBASH
(YHKIHs CTALHOHAPHOIO CCCTOSIHHMS CHCTEMBI NIEPEXOAHT B yCTOHUH-
BYIO BOJIHOBYIO (YHKLHIO HYJeBOrO NpPHOJIKEHHS.

PaccmorpuM ypaBrenust (22. 2), onpefensiomue kosgduunestst Cg,
cuuTas ramMuabroHHaH H’' MajLM U OrpaHUYHBAasCh YIEHAMH IepPBOro
nop saka. Mcrnonbsysi pasioxenye S-MaTpHIb!

S—1—ih{ dtexp(—8[t])Ho(®)+ -+,
6yAiM HMeTh ' ‘
8 , .
Oup =5 | dt exp (—8][¢]){a| Ha(t]P).

Ho
(o] Hy|B) = (a|exp (iHyt) H' exp(—iHt)|B) = (a|H' | )

M3-3a OJMHAKOBOrO 3HAUeHHs 3Hepruil cocrossHuil a U . Buluucass
3JIeMeHTapHbIH HHTerpaJ mo f, HaidgeMm

. Gaﬁ::(alH,lﬁ)
W ypaBHeHHS (22. 2) IpUMYT BHJ
3, Co (B — £n)ug - (0| H'[B)] =0 (22:4)

DTH ypaBHeHHS MOJHOCTBIO COBMAJAIOT € AaHAJOTHYHBIMH ypaB;{'e-
HHUSIMH JJI0 OTpejleleHHss KO3(ppHIHEHTOB YCTOHYHBOrO COCTOSIHHS
B HH3IIeM NOpPsiiKe OGBIYHOA TeOPHH BO3MYLIeHHH [24].
JleTepMHHAHT cHCTeMbl ypaBHeHu# (22. 2), NpUpaBHEHHbIH HYJIO,
MOXET HMeTb He paBHBIe APYT APYTrYy KopHH E, — E,. 9TO 03Hauaer,
YTO MOJ JeHCTBHEM KOPPeJIsiiiHOHHOTO B3aUMOJeACTBHS NIePBOHAYAIbHO
BBIPOXK/IeHHBIH yPOBeHb 9Hepruu paciendsercs. OTCIOAa c/elyer, 4To
POH3BOJLHEIM 06pa30M BHIGDAHHAS CYNEPO3HIHsS BOJHOBhIX (YyHK-
uui npubanxenus: X aprpu-Poka nepeiger npH BKIIOYEHHH KOppeJsi-
LUOHHOrO B3aHMOJEHCTBHS B HeCTallHOHAPHOE COCTOAHHE CHCTEMEI.
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B caMoM JeJle, yKa3aHHYIO CYIIEPIIO3HIMIO BCeria MOXHO nepepas-
JIOKHTb 1O YCTOHYHUBLIM BOJIHOBBIM (yHKLUHMAM, KaxJasd U3 KOTOPHIX,
3BOJIIOLUOHUDPY S BO BpeMeHH B COOTBETCTBHH C COOTHOLIeHHeM (22. 3),
ApHBeleT K CTALHOHAPHOMY COCTOSTHHIO CHCTEMBI CO CBOMM 3HAaUueHHEM

“sHeprun. TaknuM o6pasoM, pesy bTaT SBOJIOIHH [TPOH3BOJILHO BLIGPaH-
HOTO COCTOSIHHSI CHCTEMBI NPEACTABASIET COO0H CYyNepIo3HIHO CTaIHO-
HapHBIX COCTOSIHHH ¢ pas3/MYHBIMH 3HaYeHHsIMH 3Hepruu, Taxkoe cocto-
siHhe, OUeBMJHO, He ABJAETCH CTalHOHAPDHBIM, H €ro 3Heprus npej-
cTaBaser coGof HeonpejeneHHYIO0 BeauuuHy. CooTBercTByOWHEA pas-
6poc 3HeprHu onpejenseTcst SHEPrHAMH BXOASIIMX B CYTEPIO3UIHIO
COCTOSTHUH.

FoBopd 06 yCTOHUYHMBOCTH BO30YXKIEHHOTO COCTOSIHHS CHCTEMB,
K03((pHUIHEHTHl Pa3JiczKeHUsd BOJHOBOH (YyHKIIHH KOTOPOrO YAOBJET-
BODSIOT YPaBHEeHHIO (22. 2), MBI IO CYIECTBY MOXKeM yIOTPeGIATs 3TOT
TePMHH B TOM e CMbicJie, UTO H B § 9 B npUMeHeHHH K OCHOBHOMY
COCTOSIHHIO CHCTEMBI. ﬂpyrnMH CJIOBaMHU, €eCJIH ‘FO,, SIBJISIETCS TAKOTO
pona cyneprnogunuef, To

S¥on = (Yor | §{¥on) Yons }
Y 0n St = (¥on | S| 0n>—llpgn,

HeficTBUTeNbHO, pellieHHe cucTeMbl (22. 2) O3Hayaer OXHOBPEMEHHO
HpUBEAeHAE MATPHIB! Uuﬂ K auarox—xanbﬂoﬁ dopme. Orciona

_, OS _
12w, = (v, s v, y,,

(22. 5)

YTO 3KBUBAJEHTHO COOTHOWEHHsM (22. 5).

B. 3ak/moueHHe MOXHO CKa3arhb, YTO pPaccMOTpeHHe BO3GYK/JeHHBIX
COCTOSIHHH CHCTEMbl B CHJY HX BBIPOXKAEHHOTO Xapakrepa NPHBOAHT
K HeoOXOZHMOCTH NPOBOLNTL JONOJTHUTEJbHLIH THHAMHUECKHH pacuer,
'CBOJAIIMACA K HAaXOXKAEHHIO YCTOHYHBHIX BOJIHOBBIX ¢YHKLUHH HyJle-
Boro npubamKeHHs. HenocpelcrBeHHOe peleHHe 3TOH 3afaud JAO-
BOJILHO TPYJHO. B nanbHefilieM Gy 1y T H3JI0XKeHbl HEKOTOPBIe 06X O/lHbIE
MeTojbl ee pelieHus.

22. 3. Tlpu yuere KODPEeSILIHOHHOrO B3aHUMOJEHCTBHS MeXKAY
YacTHLAMH BBIPAXKeHHs A5 MaTpHuHbiX snementoB @, npuMyT BHA *

@ () = (Y] (q) [V V + 1)), }
Dp, (1, 92) = (Y[ 9T (92 ¥ (91) | ¥, (W) )

u 1. A. Kak u Brhime, 31ech yJ06HO BBeCTH BpeMeHHbie KOODJUHATHI,
paccMatpuBasi BhpaxKeHHS! GoJiee OOIero BHAA:

@, (1,2) = (C| T [%F () ¥, (D] | ¥,).

* DTH COOTHOLUEHHS, KAK ¥ NOCTEAYIOUHe, JOMKHL GHTb 3aMHCAHM A1 KA A0H
H3 QpyHxkuui ‘If(n‘), Mupexc i 119 npocToThl OMycKaeM.

(22. 6)

(22:7)
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O6paTHbiit Tepexoll K Gy HKIMM (22. 6) OCyIecTBJAETCs CJAeAYIOMHM
o6pasom. e \ ' ,

@, (g,) = lim @, (1),
ty->0
q)n (ql’ q2) = lim (Dn (l’ 2)

1, £2>0
B ofiiem BHAe JerKo HalTH 3aBHCHMOCTb MATPHYHBIX 3JIEMEHTOB
(22.7) or Bpemenu. Mcnombays obuiee coOTHOmeHHe (2. 5), uMeeM
@, (1) = D, (g,) exp (—iAE ), (22.9)
rae AE, — TouHas 3HeprHst Bo3Gyxkaenus. UTo ke Kacaercs QpyHKIUH
@, (1, 2), 10 114 Hee B TIOJHOH aHAJIOrHH C BbIPANKEHHEM (21. 16"
noJryuaeM
D, (1,2) = @, (9,0; g, v) exp (—IAELL), (22.9)
I‘}le T = tl - 12. ’
MoXHO Takxe Hanucarb ‘
lim®, (1, 2) = @, (qy, g2) exp (—IAE ). (22. 10)
-0 , :
Bripaxenuss (22. 7) aHAJOrMuHO pesyjmaram § 15 MOXHO 3amu-
carh M B NpeJCTABJIEHHH B3aHMOJEHCTBUS:
(W T (1) S]|Won (N 4 1))
Dn (1) = SR
C¥o | T [ (2) s (D) S] [ Fon (V)
(| S| ¥o)

(22. 1)

D, (1,2)=

3/ech Mbl HCIOJB30BAIH cOOTHOmeHHe (22.3) M yCJOBHe YCTOHYH-
BOCTH OCHOBHOTO COCTOSIHHSI.

AHaJOrHYHbIM 06pPa3OM MOXKHO BBECTH M MATpPHUHBIE 3JI@MEHTH
THIA o

@, (1) = (¥|pF ()| ¥,V —1)), (22. 12)

KOTOpble OTBEYAIOT COCTOSHHIO C OHOH HeJlocTawmell uacTHied, HIH,
4TO TO e, C OAHOH JHIIHeH ABIPKOH. \

22. 4. TIpu yueTe KOPPESIHOHHOIO B3aUMOAEHCTBHSA B Boséy&
JIeHHbIX COCTOSHMSX CHCTEMbl IOsIBJAseTcs HeOOGXOAHMOCTh HMET
KaKHe-TO CBeJeHHS 06 ycTOHYMBOf BOJHOBOH (DYyHKUHH HYJEBOTO
npubmmkenus ¥, IIpsMoe pelienue ypaBHeHHH (22. 2) upexcra-
BasieT coGofl HeJlerkylo, XOTsl B NMPHHI(HNE U BBINOJHHMMYIO IIpH HAIK-
4YHH MaJblX [apaMeTpPOB 334auy. _

OJHAKO HMeeTcsl NPOCTOM Ny Th, 103BOJISIOIMA H30eKaTh pelileHHst
5TO# 3a]laUH B IOJHOM oGbeMe ¥ IIPHBOASILHIA B Psilie CAyyaeB K yCIexy:
NlesaloTesl HeKOTOphie IpOCTelilnne NPEATIONOoKeHHs T 0 BHje YCTOHYH-
Boii ¢yukuun V¥, nocsenyiomasi mpoBepKa JO/DKHA MOKas3aTb,
HACKOJNILKO 3TH MpPEeINOJOXKeHHsI BepHb; B C/lydae OTPHIATENbHOrO
HCXOJla NPOBEPKH cJefyer BHOpaTh Gojiee CIOXKHOe Bhlpaxenue A4
¥, AT A ' '
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ITpocreiiutee mpennosioxKenne COCTOHT B TOM, 410 pasJoXKeHHe
cpyﬂ[(m/m W, HCUEPTIHIBACTCA OJIHHM €€ TIEPBLIM 4JIeHOM

Yo, (N + 1) = [ dg, @y, (1) $F 1) ¥,
: ¥ (22. 13)
/ W, (N) = [ dg, dg, @y, (1, 2N [T (2) ¥, (1)] P,

[Ipu BKJIOUEHHH KOPPeJSIHOHHOTO B3aHMOJeC1BHs MBI He NpHieM
K CTAllMOHAPHOMY COCTOSTHHIO cucTeMbl, OJlHAKO MOXKET OKAa3aThCs, UTO
Mepa COOTBeTCTBYIOUleH HeCTaHMOHAPHOCTH GyJeT CPABHHTEJLHO He-
BeJIMKa (TOYHOe Ompefe/ieHHe 3TOH Mephl Oyler AaHo HHKe), Takum
00pa3oM, Mbl HPHAEM K NPHOJIHAKEHHOMY ONHCAHHIO BO3GYKIEHHOrO
COCTOSIHHSI CHCTEMBbl, MPHYeM TeM Gosiee TOUHOMY, 4YeM MeHblle Mepa
HECTAIMOHAPHOCTH,

PaccmoTpuM ¢ yKa3aHHOH TOYKH 3PeHHsI CHAYaJa OfHOYACTHYHOE
BO30y K/IeHHOe cocTOssHHe cHcTeMbl. [loncraBasis BoipaxeHue (22. 13)
B coortHomenHe (22. 11), nafinem

(Wo| T [Ws (1) ST (2) | ¥o>
D, (1) =] g0y, (2) d VSTV o (22.14)

DTO BhIpaKeHHe MOKHO CBECTH K TOYHOH (yHKuMH I'puHa, ecad
BOCIIOJIB30BATBCS  CJAEAYIOUHM YIOOHBIM NpPHEMOM, KOTOphI Gyjer
NPUMEHSITLCS M Jajbiie. Y uTeM, 4TO, KaK YXKe yKasblBajoch B § 2’1,
BOJIHOBBIE QYHKUHH (22. 13) pakTHUeCKH He 3aBHCAT OT BpeMeHHHIX
aprymenToB. [losaraa nostomy B nosydyenHoM Bolpaxkenus fast @, (1)
BeJIMUUHY f, PABHOH —oo, NPHJIEM K BLIPAXKEHUIO AJs YCPeAHAEMOro
oneparopa

T [, (1) S1 93 (2) =T [, (1) ¥ (2) S
Orcioga uMeeM ‘
@, (1) = Ljd%tlim G (1,2 D, (2). (22. 15)

2> —o0

ITosmyueHHOE COOTHOMIEHHE HMEET CHJY JIMUIb NPH HCHOJb30BAHHH

NPUONHKEHHOro BhIpaxkeHus (22. 13); yuer cjefyIOMHX UNeHOB pas-

Jgoxenus (21.10) mpuBes Gbl K IIOSIBJIEHHIO B BhIpakeHuu (22. 15)
¢yHKuuA ['pUHA BHICIIEro mMOpsiAKa. '

Ecau npuuaTte BO BHEMaHHe ofllee ypaBHeHHe MJISl (yHKIUH

I'puna (19. 8), nogeiictBoBarh Ha BoipaxeHHe (22. 14) ceBa oneparo-

poM ia% — T — W u yyecTb, 4TO IIPH BCeX KOHEUHBHIX 74
S'dqzlimé(l —2)D,,(2) =0,
B fp-¥»~—oco

HalfileM

v(i%— T—W)®,()—[d2M(1,2)®,(2) =0. (22.16)

DPyuxnus G (1, 2) HB:JIHeTCH, TakuM o6pasoMm, ¢yHkuueil I'puna
YpaBuenust Aga Beauunnsl (¥ [, (1) | ¥,).
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-Ecan 661 py s @, (1) npencrasiasiia co6oi B AefiCTBHTENbHOCTH
TOYHOe BhHIpaXKeHHe NJs YKa3aHHOTO MATPHUYHOro 3JEéMeHTa, TO ee
3aBHCHMOCTh OT BpeMeHH JAaBaJjiach 6Bl COOTHOlIeHHeMm (22.8). Pasaa-
rasi MaccoBblif oneparop M B uuTerpasn dypbe Mo BpeMeHH

M(L 2) = -‘-%CXP [— ie (tl—tz)] M(qh qa 8)'

MBI ¢MOTJIH Obl 3anucaTh BuipaxkeHue (22. 16) B Buie
(AE, —T—W)®,(q,) =

= j‘dsz (1 G20 AE,) D, (q,)- (22.17)

Pemrenne 370ro ypaBHeHHsS! ¢ COOTBETCTBYIOHHMH TPAHHYHBIMH Y CJI0-
- BHSIMH TNIPHBOJMT K 3ajjade O COOCTBEHHBIX 3HAYEHUSIX JJISl SHEPTHH
B030yxkAeHUsI AE,. Oco6GeHHO SICHO 3TO BHIHO HA NpHMepe MPOCTpaH-
CTBEHHO-OJHOPOJAHON cHCTeMbl, AJs KOTOPOH YKa3aHHOe ypaBHeHHe
IIDHHUMAET BHA

AE, — 25 — M(p, AEn) —0. (22. 18)

OTOMY yDaBHEHHIO JIOAKHEI YAOBJIETBOPSITh BCE JONYCTHMbiC 3HAYEHU
AE,, ofHOCfmHecss KakK K JHCKPETHOMY, Tak H K HereprBHOMy
CIeKTpy .

Heo6xonuMo o6paTuTh BHMMaHHEe HA TO, YTO HCKOMble 3HAUEHHH
AE, ob6pamaior B GeCKOHeUHOCTb ¢ypbe-o6pas ¢yHkuuu IpuHa

G (5, 8): :
G (p, AE,) = 0. (22. 19)

Mkl cnenManbpHO OocTaHOBHMCSL Ha 3TOM daxrte B § 23 u 24,

Tak mpocTo OGCTOHT Aesi0, B HACTHCCTH, NIPH MIOJHOM OTCYTCTBHH
KOPPeJISHOHHOrO B3aUMOJIEACTBUSA; (Y HKIHS (22. 13) sBastercst ToY-
HOJt BOJIHOBOH (Dy HKIIM el CTALLHOHAPHOIO COCTOSIHUS CHCTeMbl. [lonaras,
B ypaBHemm (22. 18) M = 0, nojyumm :

AEon = 8;,

4TO, OYEBHJHO, HAXOJUTCSI B TOJHOM COOTBETCTBHU C Pe3yJ IbTaTaMu
pasjena 21. 2. Be.;mqnﬁa AE, (kak u AE,) 3aBHCHT OT MMITyTbCa

«JTUITHEH» YJACTHILbI p, T. €. MbI HaulJIi He OOHH ypOBeHb BOSéY)KILeH‘

HOTO COCTOSIHHSI CHCTeMBI, a IleJyl0 BeTBb. 3aBucumoctb AE, or p
(M oT JApyrux XapakTepHCTHK COCTOSIHMsI) HOCHT HA3BaHHE CIEKTpa
BO36YKJeHHH B Y3KOM CMBICJIE TOr0 CJOBA.

ManoxeHHas mpocTas CHTyalHsl HMeeT MeCTO JHIIb B HCKJIOYH-
TeJIbHBIX CIy4asiX, KOrAa ypaBHeHus (22. 17) uwiu (22. 18) uMmelor ugcro
JedCTBUTEe/NbHOE penleHHe. Kak npaBujio, MaccoBHI OniepaTop HMeer
OTJHUHYI0 OT HYJS MHHMYIO uacth, H BejquunHa AE, okasbiBaercs
KOMIJIEKCHOH. DTO Hrpaer BaXKHYIO POJib NPH BHIACHEHHH MPELE/OB
NPUMEHHUMOCTH CJIeJaHHOTO MPEeNIIONOKEHUsI 0 CTPYKTYype ¢y HKIHUR
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¥ ,,. Hanuune omMuHON OT HyJ/ISi MHHMOH 4YacTH SHepTHH BO3GYKJe-
HHS CBHIETEJBbCTBYeT O HeCTalMOHAPHOM Xapakrtepe [IOJYy4YeHHOro
B pe3yJbTaTe yueTa KOPPesHH COCTOSAHHsA (CTAMOHAPHOMY COCTOSI-
HHIO OTBeYAeT YHCTO OCHHJJISTOPHOE IMOBejleHHe BOJHOBOH (YHKIMH
cucreMbl). OTHOCHTe/bHAas BeJqHuMHa MHEMOH uactd AE,, TouHee

roBOpsi, OTHOLIEHHE | ABJsieTcs MepOH HeCTallHOHAPHOCTH

PacCMaTPHUBAEMOrO COCTOSHHA. :

IMpexne ueM 060cHOBaTH yTBePXKJAeHHe O TOM, UTO MaJOCThb YKa-
3aHHOTO OTHONIEHHS TapaHTHPyeT HPaBHJIbHOCTb HAHNEHHLIX 3HaUe-
auii AE, u @, (¢;), oTMeTHM cJjeayiomee o6cToATeNbCTBO. Pemenue
ypaeuenus: (22. 17) mo cyuecTBy JAaeT He TObKO 3HaueHuss AE,
u @, 1O U OTBET Ha BONPOC O CTPYKType yCTOMUUBOH BOJNHOBOH Py HK-
WK HYJeBOro npubmamxkenusa. Eciu 3ajaThcsi NPOU3BONLHOA (Y HK-
uueit @y, (¢;) B ypaBHennu (22, 15), To onpefessieMast UM pyHKIHS
@, (1) 6yger mPOM3BOJLHO 3aBHCETb OT BpeMeHH. B uacTHocTH, 3Ta
(YHKIHS He COBNALaer ¢ pelleHHsIMH ypaBHenus (22. 17), onuceiBaio-
Ler0 CPABHHTENBHO Y3KHH KJacC «KBa3HCTAal{HOHAPHBIX» COCTOSHHH
CHCTEMEI, BOJIHOBAas (DYHKIIHSI KOTODHIX SKCHOHEHUHMAJbHO 3aBHCHT
oT BpeMeHH. KaxJoMy H3 3THX COCTOSIHMEH OTBeuaeT BIOJHEe onmpeje-
JenHasi pyHkuus @y, (¢1), KOTOpas MOXKeT ObITh IOy YeHA U3 PelleHHs
ypasHenust (22. 17) nyTeM BBIK/IIOUeHHs B3aumofelictBus. [losydeH-
Has TakuMm o6paszoM pyHKuuA @4, (g1) Moc/ae NOACTAHOBKH B BHIP LKe-
Hue (22:13) maer «wan6ojiee YCTOHUMBYIO» BOJHOBYIO (YHKIHIO H3
KJaacca ¢GyHKIHH, colepKamyxX OJHY JIMIIHIOI YacTHUY CBepX CCHOB-
HOTO COCTOAHHS. - :

‘BepHeMcsa Temepb K cpOPMYJIHPOBAHHOMY BHIIIE YTBEpPXKJEHHIO.
Ecau 651 Muumas yacte AE, TOYHO paBHsIACh HYJIO, TO Cynepro-
3HIUSA YCTONYMBLIX BOJHOBHLIX (YHKIHUH, COCTABAMIOM(AS (Y HKIHIO
D, (g1), cocrosiia Gbl UM U3 OXHOTO COCTOSHHUS, HJIH H3 CCCTOSIHMIH,
OCTAIOUIHUXCS . BHIPOXKAEHHBIMH K TIPH BKJIIOUEHHH KOPPeJsIHOHHOro
B3auMofeficTBHsI. B nocsenHeM cayuae ypaBHeHHs (22. 2) UM2I0T OfHH
KpaTHbIl KOpeHb, a MaTpPHIA 0oy MPOMOPIHOHAIbHA eJHHHYHOM.
U B TOM M ApyroM cayuae Boi6paHHas ¢byHkuus ¥, no cyuiectsy
siBJisercs ycToiuuBoil. [Tostomy manocts IMAE,, sBasieTca rapantuei
6auszoct BuGpanHol ¢pyHKuuU ¥, K yeTolunBOi GyHKIHH HYJIE€BOTO
NPUONIKEHUS. : .

22. 5. AHajoruuHbeIM 06pa3oM MOKeT ObIThb PACCMOTpPeHa H BesH-
uypHa @, (1, 2), nosyyeHHas B NpellOJOXKEHHH, UTO BOJHOBAA (yHK-
ILUs HYJIEBOrO MPUOIMKeHHs faeTcs: cooTHouteHHeM (22. 13). IMoxacra-
HOBKa B coorHomeHHe (22. 11) Buipaxkenus (22. 13), B KOTOpOM MOJIO-
XKeHo 7y, fy, —> —o0, jAaer

®,(1,2) = j‘dq‘3dq4t ltim @,, (3, 4) x

3, lg>—o

(Fo| T [¥F @ ¥ (1) S] N [WF (3) ¥ 9] | ¥
(T IST¥,) :
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YuHThBaA onpefeiende cBeptku (§ 9), uMeem

N [ (3) %, (4)] = T [i (3)%(4)] +iG, (4, 3)
OTKyJa
(Dﬁ(l,2)=jdq3dq4t lim ®@,,(3,4) x

X [G,(4,3)G(1,2) — G (1,4,2,3)].
Hemonsayst cootHomienust (21.18), uUMeeM OKOHUAaTeJNbHO
®,(1,2) :—5dq3dq4 lim G(1,4,2,30,,3,4). (22.20)

3, 4—) [
Pasencrsa (22. 15) u (22. 20) oueHb HArIAAHbLI, OHH ONpENEIAIOT
spoaormio Beauuud @, (1), @, (1, 2) or GecKOHEYHOro MPOILIOro, Tie
KOppeasiisl MeXAy 4YacTHIaMH OTCYTCTBOBa/la, K HHTEPeCcylOmeMy
Hac MoMeHTYy. @yHRUUU G NIPH 3TOM NPOSIBJSIOT B IIOJTHOH Mepe CBOM-
crBa, npucymue dyHKuusM [puHa.

Hast pynkuan @, (1, 2), xak u qast ©, (1), MOKXHO COCTaBHTH

HEKOTOpOe HHTerpa/jbHOe ypaBHenHe. [loJCTaB/isisi COOTHOMIEHHE
(20. 12) B paBenctBo (22. 20), HAXOXHM

®,(1,92) = —j’ dgydg, lim |G (1,4,2,3) +

tg, t;—)—oo

+4 [d5d647 d8G (1,5) G (4,6)A(5,6,7,8) x
X G (7,2) G (8,3)| D, (3, 4). (22.21)

Hns ynpomenHs 3TOro ypaBHeHHst 3aMeTHM, 4YTO KOMOHHAILHIO

jdq3dq4G (4, 3) @, (3, 4) MOXKHO NOJOXKHTL PABHOH HYJIO B Npelete
t3, ty - —oo. [lpu atoM G (4, 3) - G, (4, 3), u cootHomenue (21. 18)
JlaeT HyJIeBOH pe3yJibTar.

BBeneM nanee ¢yHKIHIO

Do (1,2) = [dgydg, lim G (1,3)G (4,2) @y, (3,4), (22.22)
ty, ty>—o0 .
KOTOpasi OIHCHIBAET KOPPEeJSHMH YACTHI M JBIPKH C CHCTEMOH,
HO He Apyr ¢ ApyroM. Toraa ypaBHeHHe (22. 21) npHHUMaeT BHJ,

@,(1,2) = ®,(,2) -+
14 [ d3d4d5d6G (1,3)G (5,2)A(3,4,5,6) D, 6,4). (@22 21)

970 ypaBHeHHe MOXKHO CBECTH K MHTErpajbHOMY Y PaBHEHHMIO IS by HK-
nud @,, KOTOpPOe MOXKeT CJAYKHTb JJs HaxOXJeHHS CreKTpa. Haa
3TOrO CJIe/[0BaIO Obl TPOM3BECTH BhIAeJSeHHEe KOMIIAKTHOH BepLIMHHOM
4acTH, IOJOGHO TOMY, KaK 3TO GbLIO cle]aHO B MPHMeHeHHH K NapHOH
¢yukuuu I'puna B § 20. Mbl npoBeleM KOHKpPEeTHOE PacCMOTPeHHe
3THX BONPOCOB B § 25; 3Hech Ke 3aMeTHM, YTO COOTBETCTBYIOIHee
ypaBHeHHe /11 onpelenenus AE, TaKKe B o6IIeM cavyae HMEEeT KOMII-
JIeCKHBIe KOpHH, : .
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22, 6. B ABYX npelbAyliMX pasfenax Mbl paccMOTpesn 3ajauy
006 OIpe/iesIeHHH CIeKTpa BO30YKJeHHBIX COCTOSIHHH cHCTeMBb! B Npel-
TOJIOXKEHHH O TOM, YTO YCTOHUHBBIE BOJHOBbe QYHKIHH HYJIEBOTO
NPHOJMKEHHS OIMMCHIBAIOTCS NI€PBBIMH WJIeHAMH pasnoxenui (21.9),
(21. 10). I1pu 3TOM BBICHHJIOCDH, YTO BEJHUYHHA SHEPTHH BO30YKIeHUs
AE, w matpuuHbiii ajeMeHT @, onpeleisioTcs ypaBHEHHSMH, COLep-
JKAIUMH COOTBETCTBEHHO MACCOBHIA OmepaTop W BEpPIIHHHYIO HAaCTh.
[MosIBISIOMASACA NPH PElleHHH STHX YpaBHeHHH MHHMag 4acTb 3Hep-
FHH — 3aTyXaHHe — HMeeT IIPH YKa3aHHOH NOCTAHOBKE 3a/1a4l YHCTO
¢bOpMasbHBEIH CMBICT M HrPaeT POJb Mepbl TOYHOCTH MPHHATOrO Mpel-
[OJIOKEHHS O BHJle YCTOHUMBOH BOJIHOBOH ¢yHKUHH. Ecqiu BeJiHUKHA
3aTyxaHHs moJyuaercsi cpaBHUMOH ¢ AE,, TO 5TO CBUIET&JLCTBYET
0 Tpy6OCTH NPeAnoJokKeHus. Bribupas TOrja B KauecTse yCTOHUMBOHN
dyuruun ¥,,, cxkaxeM, mepBble JABa ujeHa passoxkennii (21.9),
(21, 10), MBI NpUXOXUM K 0oJiee CJI0KHbIM yPABHEHHAM 1151 by HKI UK
@, CONEPIKAIIUM JOTONHATENHHO BEPIIHHHYIO YacTb (/151 OIHOUACTHY-
HOT'0) ¥ INECTHIOMIOCHHK (Il TapHOro BO36YKIeHus). PeleHne 3THX
ypaBHeHHMH NpHBejieT K MeHbureMy saTyxasuio. lipu Heo6X OIUMOCTH
3Ty TPOLELYPY MOXKHO NPOJOJIKHTD.

PaccmMoTpeHHast IIOCTAHOBKA 3a3jauH, I1efb KOTOPOH HAHTH
CTalMOHApHble BO30YKJieHHBIE COCTOSIHHSL CHCTeMbl CaMM IO cebe,
ABJsIeTCS JAJeKO He eIMHCTBEHHO BO3MOXHOH. BaxHbifl kjacc 3aiad
TEOPHH MHOTHMX YacTHl TpefyeT OTBeTa Ha BOIIPOC O pe3yJ/IbTaTax nepe-
X0Jla CHCTeMbl B BO3OYXKJE€HHOe COCTOsIHMe 3a Cyer OnpejeseHHOro
MexaHH3Ma BO3GYKJeHHsi. JIDyTHMH cJOBaMM, Tpebyercs HaHTH pe-
3yJbTAT BOJIONMH BO BPeMeHH ONpelesieHHHIM 00pasoM CO3JaHHOro
BO36Y K IEHHOTO COCTOsIHUs cHcTeMbl. Ciofia xKe MPHMBIKAeT 3alaua 06
OIMCAHHH TIePeX0fia CHCTEMBl B HeBO3GyxjeHHOe coctosiue. MMeercs
B BHJY, B YaCTHOCTH, TPOLECC Pacnaja OJHOYACTHYHOrO BO3OYK/eH-
HOTO COCTOSIHHMS ¢ HCIlyCKaHMeM OJHOH uacThubl. Kak GyJer BEISICHEHO
HHXKe, TMPH 5TOM IO-TIPeXKHEMY MOXHO TOJb30OBATHCS HaHJeHHBIMH
Bbille yDAaBHEHHSMH, OJHAKO HX CMBIC/ OKA3bIBAeTCS COBEPLICHHO
HHbLIM. B YAcTHOCTH, MHMMAas 4acTh KODHsl 9THX ypaBHeHHH HMeeT
npsMO (H3UUECKOH CMBICJ, XapaKTepU3ys CKOPOCTb «HCUe3HOBECHHs»
NepBOHAYAJILHOTO COCTOSIHHSI, TOUHee rOBOPS, CKOPOCTh YGbIBaHUs
€O BpeMeHeM BepOSITHOCTH OOHAPYHTb 3TO COCTOSHHE.

X apakrepHas 0COGEHHOCTb PacCMaTpHBaeMOH MOCTAHOBKH 3ajavu
COCTOMT B TOM, YTO BHJ BOJHOBOH ¢yHKuun ¥, ,(—c0) B JaHHOM
clyuyae HaBs3aH GU3HUECKHMH yCJIOBHsMH 3afaun. CyllecTBEHHO, YTO
pennunna ¥, (—cc) He coBNajaer c ycTOMUHBOM BOSTHOBOH (y HKIMeH
HyJeBoro npub/uwxkenus. [10sToMy TOuHas BOJHOBas GYHKUHS BO3-
6YKIEHHOrO COCTOSIHHSL CHCTEMBbI PeJicTaBJsieT cO00i CyneprnosHILHIO
BOJIHOBBLIX by HKIMIl C PA3THUYHBIMH (HO GIH3KUMH) 3HAUEHHSAMHU 5Hep-
ru, CHcTeMa HaXOIHMTCS IPH 3TOM B KBA3HCTAIlHOHADHOM COCTOSIHHH,
a COOTBETCTBYIOUME YpPOBeHb SHePrHHM MMeeT KOHeUHYIO IIMPHHY.

22. 7. B KauecTBe IpHUMepa pacCMOTPHM BO30YXKJeHHEe CHCTEMbI
(B uaCTHOCTH, aTOMHOTO sifipa) HaJeTawollell yacTHieidl TOro xe copra,
Y10 M uyacTHIbl cHcTeMbl. CuHTaercs, 4TO CHCTeMa [epPBOHAYANLHO
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HAXOJU/ach B OCHOBHOM COCTOSIHMH. B JaHHOM ciayuae HaM H3BecTHA
BOJTHOBAsl (pyHKUHSA CHCTEMB! IPH [ — — o0, COBNAajaiouias no cTpyk-
Type C MepBbIM uieHOM pasnoxenusa (21. 10):

¥y o (—0) = [ dgy lim D (2) b ) ¥, (22. 23)
rie @ (2) — vekoTopas GyHKUHS. J[OMONHHTENbHBIE NAPHL 110 YCJIO-
BHIO OTCYTCTBYIOT. '

IToncraBuM npHBeleHHOe Bhipaxenue aas ¥, , (—oo) B cooTHOLIE-
HHUe (22, 7), KOTOpPOe 3anHIIEM B BHJIE
(Wo T [P (1) 81| ¥sn{—0))
o = 0
n () (WS ¥,)

IloBTOpsasi paccyxAeHHs, NPHUBeIIIMe Hac K COOTHomeHHIO (22, 15),
y6exaeMcsl B TOM, YTO OHO Tellepb MMeeT COBEPIIEHHO TOUHBI Xapak--
tep. [IpH sTOM sABAsieTcsl TOMHBIM K ypaBHeHHe (22. 16):

(18— T— W)@, 1) — [ d2M (1,20, 2) = 0, (22.29)

KOTOpOe MOXKHO TpPakToBaTh Kak 3hdektuBHoe ypaBHeHHe Hlpenun-
repa, ONMHCHIBAKOIlee COCTOSHME IMONaBlIed B CHCTeMy BHelIHe#H yac-
tunbl. Jenas nopcranoeky @, (1) = @, (¢) exp (—IAE 1), npu-
XOJHM K YpaBHeHHIO, aHajoruunHomy (22. 17): :

(AE,— T— W) D, (q) —
— J dgsM (g1, G5 AE) @y (g5) = O, (22. 25)

KOTOpOEe HENoCPeJICTBEHHO OTBeudeT MOHATHIO 06 ONTHYECKOM HOTEeH-
[ HaJje, IMHUPOKO NPHUMEHSIEMOMY B TEOPHH sifiepHBIX peakuui. Onrtu-
yeckuil moreHunas U, paBHBI

UD,(q,) = WD, (q)) + § dg.M (q,, 4 AE) D, (q),  (22. 26)

COCTOHMT M3 JBYX 4acTell: CaMOCOrJIacOBaHHOro notennuana W, szasu-
CAULer0 OT HMIYJbCA H ONpPeAe/sioulero oOmylo MNOTeHHHAIBHYIO
SIMy, B KOTOPOH JIBHXeTCSl YACTHLA, a TaKXKe MaccOBOrO Omepatopa,
KOTOPHIH MMeeT HeJOKAaJbHYIO €TPYKTYPY, 3aBHCHT OT 3HEPrHH - BO3-
Oy JeHHs H COAEPKHUT MHHUMYIO 4acTb, OTBEYAOILYIO nomomeﬂmo
YACTHILBI.

IlpuBeseM BoipakeHHe JJis1 MHEMOH (2aHTHIPMHTOBOH) 4acTH onm-"
YeCKOro NOTeHNHana B HH3IIeM HOPSJKe TEOPHH BO3MYIIEHHH, HCIIOJb-
3ys BblpaKeHHe JJIsl cOGCTBEHHO 3HepreTHUeckod yacTd 3, coBHajamw-
et B sToM npubamxenun ¢ M (cMm. § 14). Coornomenue (14.9) paer:

ImZ,, (&) = =1 X (upg| V[ pypa) (Babte| V(I — &) vy, -

Rilialts .
[(1 - n’l‘«x) (1 - nl‘-z) n’us _'»nlhnug (1 T nl‘-s)] X

X 0 (8+ By — Bux - 8”:)7
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OTKYy/a .
Im M (g4, g5 AE) = Dpv % (G2) %v (@) Im 2y (AE).  (22.27)

PaccMoTpeHHte ONTHYECKOrO MOTEHIHAJA B TSAXKEJIOM fJipe B paMKax
MOJleJIH, OTBEeUaloNiel moTeHiHany B3anmogeiictsus (1. 11), nposeseHo
B paGote [91]. [Ipn 3TOM 1n0JIy4eHO XOPOMIee COrVIaCHe C OMBITOM B, OG-
JacTH Majwix sHepruit. [Tonsitue 06 ONTHYECKOM IOTEHLHA/E H BBIIH-
caHHBIe BBIIIe N0JIeBbie YPaBHEHHs AJSl ero onpejeeHds MOryT OKa-
3aThCS MOJE3HLIMH U B IPHMEHEHHH K pobJeMe paccesiHAs 3JeKTPOHOB
Ha aToMe, rjle yKa3aHHbIM 06pa30M MOKeT ObITh ONHCAHA, B YaCTHOCTH,
MOMSPU3ALHS BHYTPEHHHX 0OOJIOUEK BHEIIHHM 3JIEKTPOHOM.

CootHomenre (22. 15) naeT BO3MOXKHOCTb NPSAMO BLIDA3HTb Ccede-
HHe pacCesiHHst YACTHIBI HA CHCTeMe 4Yepe3 OHOYACTHUHYIO QYHKIHIO
['puHa ocHOBHOrO coctosinust cucteMbl. C 310t menbio Dy, (2) HyxKHO
TPAKTOBATh KaK COCTOsIHMe Najatomeit yactunel, a @, (1) npu 4 — +
+ 0o — KaK COCTOSIHHE paccesiHHON YacTHIBI H IIOCTYNaTh OOBLIYHBIM
B TeOpHH paccesinusi crnocobom [92, 93].

22. 8. Oco6eHHO HATJISJHO NMPOABJAETCS MHHMAasi 4acTh 3HEPrHH
BO36Y:K/IeHHs B 3ajlaue O pacnajie Bo30yXK/JeHHOrd COCTOSIHHS CHCTEMbI
N -1 wyactun ¢ Hcnyckan#eM OJHOH dYacTHIL H BO3BpalleHHeM
OCTaJLHOH CHCTEMLI B OCHOBHOE COCTOsHHMe. B jaHHOM cjiydae HaM
H3BEeCTHA BOJIHOBasl QYHKIUA CHCTEMBl IpH f — - 00, TakXKe COBIA-
Jlalolasi Mo CTPYKTYpe C NepBbIM 4/1eHOM pasJoxenus (21. 10):

Vy(9) = [ dgslim© (@) b ) ¥,
Yno6uee sfech paccmatpusarh He ¢pyHkuuio O, (1), a et conps-
KEHHYIO :
Dp (1) = (¥, [0 (1) [¥).
[TogcraBassi croga COOTHOLIEHHE
¥, = ¥, . (0) S (0, 0),

‘HaiifeM *

*

(1) = [ da lim (W, [T [, @) Wi () S]] ¥y) =

= ij“dqz lim @®*(2) G (2, 1).

t,>4 o

[lanpHefiimee paccMorpeHHe mNOTpebyeT INpOBeleHHs] HEKOTOPBIX
NpelBapUTeJbHBIX BHIKJAAAOK. [lokaxkeM, npexje Bcero, 4to HMeeT
MeCTO ypaBHeHHe: '

. d
(——L—(E—qu——W%) Go(1,2) =8(1 —2).

* 3gech onyuies HecyllecTBeHHBH (asoeil MHokHTEND ( Wo| S| ¥, ) -
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JL7isi 3TOro HYXKHO yuecTb ypaBHeHHe
. 0
(=i — T —Wa) b @ =0

M IPOBECTH Te XKe PACCYyXkAeHHdA, 4To U B § 10, yuursiBas paBeHCTBO
W+ = W.

Hamell nenbio sBisercs NOJyuYeHHe aHAJIOIMYHOTO YpPAaBHEHHS
A5 ToyHoH pyHKuuH I'puna. I1yctb oHO uMeer BN

<_iait2_x) G(1,2)=5(1-2),

rie X — HeusBectHmi omepatop. C yyeToM ypaBHeHHs ﬂaﬁc&na
10Ny UHM «

(_i_af;_x> Go(1,2) + [d3G,(1,3) M (3,2) =8 (1 —2).

CpasnuBasi 370 ypaBHenHe JJsi G, C NPHUBEJEHHBIM Bbillie, HaXOIHM

X[(2)=(Tq, + Wg,) [ (2 + [d3f(3) M (3,2).

Taxknm 06pasoM, OKOHYATeJBLHO

(—igr—T—W)G(1,2—[d3G (1,3 M@3,2)=8(1—2). -

Bosspauasich k nosyueHHoMy Bbiuie ypasHenuto 1isi D, Hafizem

(-—i—a%— T— W)@, ()— [ a20; @M@ 1)=0

WJIM, compsras 3TO ypaBHeHHe,

(iaitl—T~W)c1>n(1)-_§d2M+(1,2)ch(2) —0.

3nece Mbl oGo3Hauuau yepes M* (1, 2) Beaumuuny M* (2, D).
OrtbickuBas penieHne 3TOro ypaeHeHus B Buie @, (1) = @, (¢,) X
X exp (—iAE,t,), nonyunm

AL, — T—W)®, (q) — [dgs M* (g1, ga, DE,) D, (ge) = 0. (22. 28)

ATo ypaBHEHHE, MMellee KOMIJIEKCHbIe DeIleHHUs, JAaeT CIEeKTP pac-
najammedica cdcremsl, a MHUMas uyactb AFE, — MHPHHY YPOBHA.
Cama BequuuHa D, (q;) = (V|P (¢,)|¥,) HMEET CMBICA AMIUIHTYJBI
BEPOSITHOCTH OOHAPYKHTb B BO3OyXKJAeHHOM cocTosHuu ¥, uactumy
B TOYKE §; U OCTABUIYIOCS CHCTEMY B OCHOBHOM COCTOSIHMH. JIpyrumu
caosamu, @, (q,) npexcraBasier coboll aMnAUTYAy nepexojga H3 CO--
croaunst ¥, B cocrosinue P* (q,) V.

Jlo cux 1mop Mbl paccMaTpuBaJiid MPHUMepH!, OTHOCcsAUiHecs: K OLHO-
YacTHYHOMY BO30YKAEHHOMY COCTOSIHHIO CHCTeMbi. AHaJOTHYHBIM O6-
pasoM OOCTOHMT NeJIo M AJIsi mapHuiX Bo3Oyxaenndt. M B sTom ciyuae
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MHHMAasi 4acTh YHEPTHH MMeeT NpsiMoH GH3HYEeCKUH CMBICJ, OMHCHIBARA
3aTyxaHue (pacrnaj) Bo3OyXKAeHHOTO cocTOsiHUs cucTembl. OcTaBisast
KOHKPETHOE pPacCMOTpPEeHHE OTHOCAIIMXCH Cclofa BompocoB jo § 28,
OTMETHM 3JeChb JHlib ciaepyouiee. OnpesesnTb, HMeeM JH Mbl JAJO0
¢ KBasHCTAMOHADHBLIM WJH HCTHHHO CTAllHOHADHBLIM COCTOSTHHEM
CHCTEMHI, TIPOIIE BCEro, MBICJEHHO BLIKJOUAs KOPPEAsNHOHHOE B3aH-
MojeficTBHE MekKAY yacTHLaMu. Eciiu Bo3HHKaomee PH 3TOM COCTOS -
HHE OTVIHYAeTCs OT YCTOHYMBOTO COCTOSIHHSI HYJIEBOTO NPUOJIHKEHUS,
TO MBI 3aBEOMO MMeeM JeJO C KBa3HCTAllHOHADHBIM COCTOSHHEM.
ViMenno Tak OnlBaeT, HampuMep, NPH 3JEKTPOMAardHTHOM BO30yKje-
HHUM CHCTEMBI C KYJIOHOBCKHM B3aumogpeiicteuem. I[locse BbKjodeHHs
KOPPeJIsSILiHOHHOTO B3aUMOJEHCTBAS MBI [I0JIy4aeM COCTOsIHUE, KOTOpoe
ABJIAETCH CYNMEPIO3UINEeH COCTOSIHUE ¢ OfHOM, ABYMA U T. J. NapaMu.
BkJsaJ COCTOSIHMH ¢ 7 napaMmu Ompefensiercss BeauuuHol (e*/fic)".
MaJiocTs e?/fic mo3BoJIAET CUNTATh, YTO NPAKTHYECKH HMMEETCst JHIUb
COCTOSIHME ¢ OJHOH mapoii, KOTopoe He COBNajaeT ¢ YCTOHYHMBLIM CO-
crogHueM. B mocsefHeM BKJAL COCTOSIHHH ¢ 1 napaMu OnpefieisieTcs
He (e¥fic)*, a COOTBETCTBYIOIEH cTeneHblo 3(PPEKTHBHOH KOHCTAHTHI
B3aUMOJENCTBUST MeXAy YacTHIAMH CHCTEMBI.

.22, 9. O6patuMcss Telepb K BHIUUCIAEHHIO -BOJHOBOH (YHKIIHH
BO30Yy XKJIEHHOTO cocTosinMsi cucTeMs! ¥,. B mpunmnune sty BendduHy
MOXKHO CBSI3aTh C BOJIHOBOH (GYHKIIMEH HYJIeBOro NpHOJIMKEHHs onepa-
Topom § (0, —co). OfHaKO NpaKTHUECKOE NPOBEJEHHE COOTBETCTBYIO-
MMX PacueToB NpeicTaBJsieT cofoil Becbma HeJerkyio safauy. Kpome
Toro, Bcedi WHGOpMAIlWH, 3aKjaoueHHON B ¢yHKnuu ¥,, vame Bcero
He TpebyeTcs. HaubGonapmnii HHTepec NpeCcTaB/sIET MATpULa MJOT-
HOCTH BO30YXKIEHHOTO COCTOsIHHst cHCTeMbl R, (41, ¢.), Aaiomas
pacnpeesieHHe OJHOYACTHUHBIX XaDaKTEPHUCTHK B 3TOM COCTOSTHHH

W cBsisaHHasi OGblUHEIM o6paszoM [R, (¢;, q.) = —i lim G, (1, 2)]
ty—t;>-+0

¢ opHouacTHyHO!i ¢yHKuued ['puHa BO3OYIKIEHHOTO COCTOSIHHA CH-
CTeMbl :

Gn(l, 2) = —i (o | T [ (1) ¥ (1] ). (22. 29)
B 5T0it cBSI3M BO3HHMKAeT BONPOC: Bhipaxaercs iy BenauyuHa G, (1, 2)
yepes pacCMOTPEHHbIE BHILE MaTpUuHble 3jeMeHTel D, unu ee onpe-
Jenenue TpebyeT pelmeHns KaKHX-T0 HOBbIX ypaBHeHuil. Pynkuus @,
6yLydd MaTpMUHLIM 3JeMEHTOM, cBsidpBamomum ¢ysknun ¥, n ¥,
colepuT B cebe HekoTopyio HHGopMmaiuio, otHocdmylocs X V.
Bonpoc cOCTOUT B TOM, AOCTaTOUHA JH 3Ta MHPOpMANHA JJIs OmMHCca-
HHSi OJIHOYACTHMUYHBLIX XapaKTepucTHK cocTosiHus ¥,.

AroT BONPOC MOXKHO MEPEBECTH U B APYryio miockocTs. B § 21
MBI BUAENH, uTo BeauuumHn D, (1), D,, (1, 2) MOXKHO TpakKTOBaTh
KaK BOJIHOBbie (PYHKIMH TOTO KOMILJIEKCA YacTHI, M JBIPOK, DOsiBJie-
HHEe KOTOPOTO NMPHBOAHMT K BO30YyiKJeHMIO cHcTeMbl. Ilpu BKJIOYEHHH
KOpPeAMOHHOr0 B3anMofielcTBHsl BeJMYUHEE D, (1) u Dy, (1,2)
nepexoast coorsercTBeHHO B @, (1) u @, (1, 2). Ecau 66 0Kasajocs,
410 (XOTsi OBl B YKasaHHBIX BHILIE NPEANOJNOXKEHHSX O BHJAE YCTOH-
yuBoi ¢pyHkuuu ¥,,) Besnunne @, (1) u O, (1, 2) MoxHO NO-TIpEXK-
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HeMy TPAaKTOBATb KaK BOJHOBbIE QYHKLHH HEKOTOPOro, XOTs M Gosee
CJIOXKHOTO, KOMILJIEKCa, TO PelleHHe BONpoca He COCTaBAsIO Ovl Tpyaa.
IIpu sTom uMean Obl cHy cooTHowenust (21. 23), (21. 24), a Takxke
(21. 21), B KOTOpHIX cJieloBajo Obl 3aMeHHTh QyHKUHH Do, HA Dy

R,(q1, 95) — R (91, ¢) = (D; () @, (q1), . (22, 30)
R, (g1 42) — R (@1, 42) = [ 445 (D7 @2y ) Pu(@rr G5) —
—(D:z (95> 91) Dp (g5, )]s (22. 31)

Jdg | @, (@) P=1  [dgydg,|Dp(q; @) P = 1. (22.32)
IlepeiiieM K paccMOTPEHHIO MOCTABJEHHOI'O BOIPOCA. qumyaﬂ

COOTHOLIEHUA )
IP.n = S(O’ ’—OO) 1P‘On’ Sqfon = <Ip.on I S ! WOn) IPnnv

nepenuuieM, Buipaxenne (22. 29) B Buie

<1F0n I T [‘ps (1) lpj (2) S] l WOE)

G, 9 = — TS T (22. 33)

Iogcrapasia ciofa Buipaxenns s ¥y, ¢ ;> —oo u Wop ¢ £ -
> 00, MOJKHO PUBECTH 3TO COOTHOILEHHE K GyHKIHUAM I'pHHA OCHOB-
HOT'O COCTOSTHUS 'CHCTEMBbI:

G, (l, 2) = i {dgydg, g, (9 G (3, 1, 3, 2) Dy, (3)
: o 'j dq, dg, @, {4) G (4, 3) @, (3)
rae {3 - —oo, t, > +oo. Cpasy ke MOXKHO 3aMETHTh, UTO 3HAMEHa-

Tenb aKTHUECKH paBeH efMHHUIle. B camoMm jiene, HCMONb3Ysl BbIpaxe-
Hue (22. 15), nepenumeM ero B BHAE :

{dg, lim @, (4) D, (4).
t

4> ®

ki

Ho npu ¢, - o dynkuus O, nepexonut B D, (BCaeACTBHE BbIK/IOYE-

HHsl B3aNMOJCHCTBHS). YuuThBast ycJaoBue HOpMupoBKH (21. 21),
IPUXOAMM K HCKOMOMY pe3yJsbTaty. '

B uucautene Beipaxenus mas G, (1, 2) samenum ¢pyskuuio ['puna

ee npejicTaBeHyeM uepes BepMHHYI0 4acTb (20. 12). Ilpu aTom MoxHO

- u36aBuThes OT hyHKIui D, 3ameHsis ux gynknuamu D,. [lnsa storo

MOXKHO HCIIOJIb30BaTh -cOOTHOIEHHe (22. 15), a Takxke COOTHOLIeHHE

@, (1) = —i[dg, lim G2, 1)D.(2),
f, >

KOTOPOE MOXKHO BBIBECTH TeM e criocobom, uTo u (22. 15). B pesyisb-
FaTe NPHUXONUM K CJE[YIONIeMY OCHOBHOMY COOTHOLIEHHIO: :

G.(1, 2 —G (1, 2) = —i®, (2 D, (1) —
— 4i[d3d4d5d6 D, (3) G (1, 4 G (6, 2)A(3, 4, 5, 6)D, (5). (22..34)
Ilepexonss K MaTpHIE HJIOTHOCTH, noayuaem (£, — £, — +4-0)

Ry(@y 92 — R (@1, G2) = @ (@) Dy (q0) +
+4 [d3d4d5d6®,(3)G (1, 4G (6, 2A(3, 4, 5, 6)D,( 5). (£2.35
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BTopoit uneH npaBoil yactu BrIpaeHHda (22. 35) HapyuiaeT COOTHO-
wenue (22. 30). 310 06CTOATEILCTBO HMEET I1POCTOH CMBICJ, TOCKOJIBKY,
KaK yxe ykKasbiBanoch B § 20, yKasaHHBIH 4JIeH ONHCHIBaeT paccesi-
HHe KOMIJIEKCOB ApPYT Ha JApyre, NpPensTCTBYIOIEE BO3MOKHOCTH HX
He3aBHCHMOTO CYLLECTBOBAHHUs. B oblem ciyuae 5To paccestHie UrpaeT
CYLIECTBEHHYIO POJb;, OJHAKO B pa3peXKEHHLIX (HePe3OHAHCHBIX)
¥ CKATHIX CUCTEMAX 3TO paccestHie BHOCHT CPABHUTEABHO MaJiblfl BKAAT.
TloaToMy AJisi TaKHX CHCTEM TMOHSITHE O BOJIHOBOH (YHKIHH OJHOYA-
CTHYHOTO BO30YXKAEHUS MOXKeT (C COOTBETCTBYIOUIEH TOYHOCTBIO)
0Ka3aThCs ONpaBIaHHbLIM.

22. 10. Cnoxnee OOCTOMT J€JO C NAPHBIMH BO30YyKIEHHSIMH.
TloacraBnsis B oburyro dopmysny (22. 33) Breipaxkenus aas ¥, ¢ 4,

fy > —oo U s W, ¢ ty, ty - oo, HAXOAUM
{5 dgs dgy dgs dgs g, (5, 6) (W, | T [ (5) ¥, (1) X }
X P, (49 BT (6) ¥ (2) b (3) S]| W) Dyy(3, 4)
{j’ dgs dq, dqs dgs Dy, (5,6) (¥ | T [, (5) ¥, (4) ¥ (3) x|
X YT (6) S| | ¥,) Dy, (3, 4)

rae t,, g - oo, ts, f, - —oco. BRoAs B 3HaMeHaTese NapHyo QyHK-
uHo I'puHa u yuutnisas ypasHenue (22. 20) u ycJoBHe HODMHDPOBKH
(21. 21), merpynno yGenuthcst B TOM, UTO 3HAMEHaTesb PaBeH elH-
HHIE.

Bsons -Tpexuacruunyio ¢ynxknuio I'puna

G(l, 2, 3, 4,5, 6) =

(i (¥o| T [, () 9,2 %, Q) ¥ (6) W 5) v (4) S| | W)
= (=1 (T, 1S ¥y>
MOXKHO HanucatTb
Gy (1, 2) = —i [ dg,dq,dq, dgs Dos (5, 6) X
X G5, 1, 4, 3, 2, 6)D,,(3, 4). [(22. 38)

Ecau noncraBuTe B Bolpaxenue (22. 37). pasnoxeHue S-maTpHIb
0 HOPMAJibHBIM TMPOU3BEAEHUSM, TO NOHALOOHTCS NOMOJNHHUTENLHBIH
YjeH 3TOTO pas3jioXeHWs, COAepXKaluil N-pousBefeHHe IIECTH
onepatopoB. CooTBeTcTBYIOIAST (QYHKIHS — LIECTHNOJNIOCHAK — MO-
MHMO HECBSI3HOl 4aCTH COAEPKHT TaKKe H CBA3HYIO YacTh, ONHCHIBAIO-
LIYI0 B3aUMHBIE KODPPEJSILUM TpeX uvacTull. MajocTs CBA3HOH yacTu
LIECTUIIOMIOCHUKA sIBJAsIETCS] HEOOXONLUMBIM YCJOBHEM CYIIECTBOBAHMUSA
BOJIHOBOH (PYHKLMM napel. DTO YCJAOBHE BO BCAKOM CJyuae BBINOJ-
HEHO B paspeiKeHHOH cHcTeMe, Te cjaelyeT YUHMTHIBATh JHIIh NApPHbIE
KOppeNsl MU YacTHI{. B cKAaTHIX cucTeMax TPOHHBIE KOPPeJIsAHH CTOMb
€ CYIIEeCTBEHHBI, UTO ¥ NApHBE, H UMK MOXKHO npeHefpedn TONLKO
TOorja, Koria BOOGHE KOppensiiHd HeBeJUKH.

Haxe B npeneOpexeHrHd TPOHHLIMH KOPPENALUSIMH COOTHONIEHHE .
(22. 38) mHe cmoautcs K Beipaxenuw (22. 31). IlocsenHee MOXHO
OblJIO0 OBl MOJNYYHTD JHIUL PH YCJIOBHH, YTO TpexXyacTHyHasi GpyHKILHs
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T'puHa B npeHeGpeKeHuH CBsI3HbIM LIECTHNONIOCHHKOM N1PeCTABIACTCA
CyMMOH WHTErpajoB THna

(d7G 5, 1, 6, )G(7, 3, 2, 4).

IIpu stom cootHomrenue (22. 20) (4 aHANOrHYHOE COOTHOLICHHE IS

®,) 1no3BONUJO Obl 3aMEHUTb B BHIPAKEHHH (22. 36) dyskuun @,
Ha ®, W noxyunTh cooTHomrenue (22.31). Onmmako Bce 06CTOHT
ropasio cjoxHee *.

I[TpuBeneM pesy bTaThl, OTHOCSULUECS K CHABHOCKATOMY SJIEKTPOH-
Homy rasy [94]. B aToM cayuae TouHas BOJHOBas QyHKIUA B0O30Y-
KIEHHOTO COCTOSIHHMSI CHCTEMBI MOXKeT ObiTh MpEJCTaB/jeHa B BHE [951

¥, (N) = jldql dq, @, (@ GBI N V" ()P @I Y,
rie @, — nekoropas dynxmusi, csasasHas ¢ @, cooTHomeHHeM **

@, (40, ga) = | dq5 [Dn(G1, G2) R (G G2) — R (@1; 95) Pn (G5, G2)]-

MaTpuua TJIOTHOCTH H YCJOBHE HOPMHPOBKH BbipaXaioTcs 4depes
o6e dyurunu O, u @, ‘

R, (4y ) — R Gy 92 = [ da; (@7 (g, ) Dn (@1 G,) —
_(D; (q3: ql) cD;l (qs, 42)]»
dg,dq, Dn(qy, qe) (D; (g1, G2) = 1.

Takum 06pasoM, B JIaHHOM CJiy4ae MOHATHE BOJHOBOK (QYHKIHH KOM-
[eKca oTcyTcTByer. MOMKHO NokasaTh, YTO NPHMEHEHHe COOTHOLLe-
Hus (22. 31) Ans onucaHMs OAHOPOJHOTO 3JIEKTPOHHOTO rasa IMpHBO-
AHT K TpyObiM HapymleHHsiM OOLIMX TeopeM THIa TeopeMbl BHpHAJa.
OTCyTCTBHE NOHATHS BOJHOBOH (QYHKUHMHU Napsl OOBACHSETCS TP 9TOM
CHJIbHOM ToNsipu3anuesl cpefs!, UTO JiesaeT HEBO3MOKHBEIM ONHCaHHe
BO36GYXIEHHOTO COCTOSIHHSI CHCTEMbl C TOMOLIBIO OJHOH (YHKHHH
ABYX KoopmuHar. Ecau Obl monsipusanusi BaKyyma B KBaHTOBOH
3JIeKTPOlMHaMuKe Gblia 3HAaYHTeNbHOM, TO 0 TOH e NPHYHHE TOoTe-
psaJo Obl CMBIC/ MOHSATHE O BOJHOBOH (YHKIUHH NMO3HTPOHHMSA.

B 3aKJ/0ueHHe MOXHO CKasaTh, YTO BOIPOC O BHYTPEHHEH CTPYK-
Type paccMaTpUBaeMOro KOMIJIEKca — O pacnpeie/ieHuH KOOpAMHAT,
HMOYJBCOB M T. . BHYTPH Hero — NpeicTaB/sieT coGoil 3ajauy
Gonee CIOXKHYIO, UEM 3a/iada O HAXOXKJACHHH CIEeKTpa BO30YXKJACHHI.
[eppas 3anaua TpeGyer paccmoTpenusi ¢dyukunit I'puna Gosee Bbico-
KOro Topsiika, yeM BTOpas.

* B cllyyae 0AHOYACTHYHOTO BO3GYXKIEHHS WHCJIO apryMeHToB (QyHKuuu Ipuna
B unciuTede G, (1, 2) POBHO BABOE NPEBHINANO YHCAO APryMeHToB Qynkunu [pHua
B cootHomenun (22. 15). [Toatomy G, (1, 2) BHpaxasoch B BHJe NPOH3BeJEHHS NBYX
¢yuxunit Op,. 10 YHCTO apudMeTHUECKOE OGCTOATEIIBCTBO M OTJIHYAET OJHOMACTHIHBIE
H mapHbie BO36YXAeHHs.

** [IpH BHKJIOMEHHH KODPeIsUHOHHOIO B3aHMOAEHCTBUS (QyHKUHMA (D;; COBMa-

naer ¢ ¢yukuueii Oy,.
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Tem Gosiee CIOXKHBIM SIBJISIETCS BONPOC O BO3MOXHOCTH BBEIEHHUS
BOJIHOBOH (DYHKIMM yKa3aHHOTO Kommjekca:. Vmeromuecs B JuTepa-
Type YTBEPKAEHHsI O TOM, YTO BOJNHOBOH ¢ynkuuell asaserca @, *
[80], BpsiA AW MOMKHO CUMTATh UPABHUALHBIMH BO BCEX CJyyasiX.

/§ 23. CMEKTPAJIbHBIE NPEACTABJIEHHS ®YHKUHUH TFPHHA

23. 1. B stom .naparpade Oyler NaH BHIBOJ BaxKHEHNIEr0 COOTHO-
[weHus Merofia QyHKUME I'prHA — UX CNEKTPaJbHOro (WIH mapaMer-
pHUECKOro) npepcrasienus [88, 961 **.

310 npeicTaB/ieHWe B annapaTe TEOPHUH HIPAET ABOSIKYIO POJIb.
C OlHOH CTOPOHBI, OHO NO3BOJISIET PEIIHTH [0 KOHIA 3a/iauy O Haxoxk/e-
HuM camux QyHkuuit ['puna. Jlaxe ecau peulena s3ajadya 0 Haxoxje-
HUHM MaccoBoro omepaTtopa M, ¢yHKOus I'puHa He onpefesieHa eule
opHosHauHo (cM. § 19). Tpebyerca jononHuTelbHas HHPOPMAIHS
0 TOM, Kak nNoHHMATh GYHKLOMIO ( B TouKax, IJie €e 3HaMeHATe/ib.
oGpamiaercs B HyJ1b. CeKTpajabHOe MPEeJCTaB/IeHHe JaeT COOTBETCTBYIO-
myio MHhOPMaNHIo, WK, KaK TOBOPAT, ONpele/ienre npasuaa o0xona
nojiocoB GyHKIuK I'puHa.

C npyroit cCTOpOHbI, CIEKTpajbHOE MpeJCTaBJeHHe JaeT BO3MOXK-
HOCTb €cTecTBeHHbIM 0GpPasoM BBECTH M HMHTEPIPETHPOBATh BaxKHeEi-
{Iee TIOHATHE COBPEMEHHOH TEOPHH MHOIHMX B3aMMOJEHCTBYIOLINX
YaCTHI{ — TOHATHE KBAa3HUACTHIbI WY 3JeMEeHTapHOTO BO30yKAEHHUs,
a TaKxKe. HAHTH €ro OCHOBHbE XapaKTePHCTHKH: 3aKOH [HCHEPCHH
M 3aTyXxaHue.

[IpH BLIBOJE CNEKTPAJbHOIO MpecTaBaeHHsl QaKTHYECKH He Jie-
JaeTcd HHKAaKHX MPEANoJoKeHHH O XapakKTepe CHCTEMbI U 3aKOHaX
BsaumojeiicTeus ee yacTuil. HecmoTps Ha Takyio OOWHOCTb NOAXOJA,.
MOXHO CIeIHaJu3upOBaTh 3aBHCUMOCTb QyHKUUH ['prHa OT ofHO#
M3 MePEeMEHHBIX — SHEPTHH. DTa CrellHaiu3anys 1 1aeTcs CneKTpanb-
HBIM [IpeJCTaBJEHUEM. .

23. 2. Tlepexosnm K BbIBOAY CHNEKTPaJbHOIO NPEACTaBJCHHS OJHO~
yactuyHO# GyHKiuu [puHa G. 3anumeM ee B BHJE

(Flo (DT 6> 4
— (P 9T @ ()Y) H <t

WUcnonbsyeM NpaBHIO YMHOXEHHS MAaTpPHIL
(Y;lab|¥,) ZZ(WL_]a[IPI)(IFZIbPFk),
7

CrpaBeJiMBOe B CJIyuae MOJHOTH cHcTeMbl GyHKIHI ¥); COOTBETCTBYO-
ee ycJIOBHE ¥IMeeT BHJL :

S (@) Vi) = bop

G(l, 2) = —i (23. 1y

* Qynxuns O, n0-npeRHEMY OlIpee/eT MATPHUHBIN 37IeMEHT NePeXo/la CHCTEeMbE
B BO36YXKAEHHOE COCTOSHME IPH HAJHYNH KOPPENSNHOHHOIO B3aHMOAEHCTBUA.
*¥ B nagbHefimeM M ClleflyeM B OCHOBHOM pabore [88].
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rie o H  — sHaueHusa nepeMeHHbIX, OT KoTophiXx 3aBucuT ¥, Ilop-
XOJl, OCHOBAaHHBLIH HA HCIIOJNb30BAHHH NPOMEKYTOUHOH CHCTEMBI PYHK-
1w, 661 BBeeH B TeopHio moas Yennenom u Jlemanom [97 1.
~ B paccmaTpuBaemom ciyuae B KayecTBe NMPOMEXYTOYHOH CHCTEME
YI06HO HCNOJNL30BaTh TOYHBIE COGCTBEHHblE (YHKIHH IIOJIHOTO - ra-
MHJbTOHHAHA
(H—E,)v,

‘Peub nper o cobCTBEHHBIX (QYHKIHMAX BCEX COCTOSHHH (OCHOBHOrO
# BO30ymxJeHHbiX). CreiyeT BBeCTH B pacCcMOTpeHHEe COGCTBeHHEie
ApYHKILHH, OTBeyamomue JoO00My YHCAY YacTHIL B CHCTeME (a He 06s-
'3aTebHO N), aumb Obl 5TH QYHKIHU GBIIH COOCTBEHHBIME (DY HKIHSIMH
-onepatopa H. Taknm 06pasoM, cyelyeT HCOJb30BATh BCE BOZMOKHEBIE
-cobcTBenHble GyHKIuM F. [lonHoTa 3TOf CHCTeMBI OTHOCHTCS K TIpej-
NOJIOKEHHUAM, JEeXKAIIHM B OCHOBE BCSKOTO KBAaHTOBOMEXAHHYECKOTO
pPacCMOTpEHUs.

Paccmorpum cHauana BepXHIOIO CTPOYKY BolpameHusi (23. 1)
‘Ee moxHO 3anmucaTh B BUIE

_lzmw () (¥ | (2| ).

‘B 3T0 pasjioxkeHHe [aloT BKJAaJ TOJBKO OJHOYACTHUHBLIE NPOMEXKY-
TouHble cocTosHus ¥,. B camoM jese, yuuthiBas cBssb 1, (1) =

=8(, 09 (g)S (0 1), MBI BHAUM, 4To omepatop ¢, (1) ymeHn-
1IaeT YUCJO YaCTHIl HAa €JHHHUILY, TOCKOJBbKY S-MaTpHLUa COACPMKHT
paBHOE YHCJIO ONMEPATOPOB POXKIEHHS M YHUUTOXKEHHS H HE MEHseT
YHCAa YACTHL.

He cocrasiser Tpysna BeipasuTb QyHKnuio I'puHa yepes (pyHKan
D, (1) (em. § 22). Yimenno, nopu £, > ¢,

G, 2):_i‘5‘®' (2) @, (1).

YuuThiBas 3aBHCHMOCTD BXOlIHIIJ,PIX croza BeJII/I'-[I/IH OT BpPEMCHH,
HMeEeM

G (I, m::-—iZ;qn<qu%<qoexp[—+iAta(a——t»L

- ApanornyHpM o6pa3oM OOCTOHT fAeno W npu ty < f,. OjHako
B 3TOM CJIy4ae NPOMEXYTOUHBIE COCTOSIHUS UMEIOT Ha €JHHHMIY MeHb-
IIee 4HCJIO YacTHIL (MJIH JHIIHIOW ABIPKY). BBOAA MaTpUUHLIA 2/1eMeHT
CD (1) = (¥ (1)|¥, (N — 1)), 3aBucuMocTb KOTOPOTO OT Bpe-
MeHH onpenensiercs GopmyJioi

D, (1) = D, (q,) exp (i AE, —iy),
rie
AE, = E,(N —1)— E (N),
‘MOXKeM HaritiucaTh OKOHUaTeJbLHO

n - CD (‘71) CD (qz) exp [l AEn (f ty)] t, <dt,.

2
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- Kak u B § 22, Benuuunnt AE, u AE, MOXKHO BHIDAa3HTh YEPE3 SHEPTHUIO

_ B036YXJI€HHS CHUCTEMBl TOro ke (N) YHcsa yacTHl, KOTOpPOe HMeercs

" B OCHOBHOM cocToaHiH. O603Hauas yepes P TOUHbLH X UMUYECKHil TOTEH -
[HAJ CHCTEMBI, HMEeM :

AE, = AE, -

s e i } 23. 3)

AL, = AE, — p.

Uneno yactui, NV npeanosaraercs npd 3T0M OOJBILIAM.
Ilepexoasi k ¢ypoe-06pasy 1o mnepeMeHHOH ¢, — f,, Halgem

C Y4eTOM COOTHOIUEHHI mNpujoxkeHus B , .

J ‘I)ﬁ(qz) q)n(ql) @, (ql)ch (‘72)

le—AE, —ntid " e+ AE,—p—id

G (qlv q2’ 8) = E
n
23. 3. IlpoananusupyeM mosyueHHOe cooTHomeHue. IlpefacraBum
cebe, 4TO CyMMHDPOBaHHe MO /1 MPOXOAHUT B. iBA 3Tala: BO-NMEPBLIX,
MO BceM 3HayeHUAM SHepruu BozbyxAeHust AE,, BO-BTOPHIX, 10 BceM
NOACOCTOSIHUSAM, OTBEUYAlOIMM AaHHOMY 3HaueHuio AE,. Ilpaxrtu-
uecKd yao6Ho paboTaThb TakuM oOpasoM, Kak GYATO CIIEKTp HEpriH
HenpepuiBeH. - Ecau ¢akTuyecku B CHCTEME HMEIOTCH JUCKPETHBIE
YPOBHH, TO 3TO aBTOMATHYECKH OTpa)KaeTcs MOsiBJeHueM O-pyHKIUU
OT 3HEPTHH B TOALIHTErPAJbHOM BHIDAXKEHHH.
PaccmaTtpuBas mostomy OeCKOHEYHO MaJibli HHTEpBaJ 3HEPTHE
BO36YKACHUS

}. (23. 4)

E < AE, <E -+ dE, (23. 5)

Mbl MOXKeM BBecTH HOBhle ¢yHKUuH A (§1, §., E) u B(qy, ¢», E),
onpefiesisieMble COOTHOLICHUSIMH

Ay, Goy E)AE = 3 @4 () D, (),

, Do~ ~ 23. 6)
B(gy ¢ E)dE = 3,8} (g,) B, (g0), (23.6)

Il CyMMHPOBAHHE B TMPAaBLIX YACTAX BeJeTCA MO COCTOSHHMAM, A0~
BJETBOpSAOMHUM ycnoBuo (23. 5). Pyekuuu A u B onpeneasior,
TakuM 00pasoM, TJAOTHOCTb YPOBHeHA cucTeMbl. X MOXHO 3amucath.
Takxe B BHJE. :

A(@r, G E) = X 8(E—AE, + 1) Dn (42) D, (41),

B(@, 4o E) = 28 (E—AE, —p) @p(g) D, (4s). (3.6

Tenepb MOXKHO MepelTH OT CyMMHPOBaHHA IO f K MHTErpHpOBa-
HUIO 1o E, ucmonp3ys ofiee cOOTHOieHUEe, BHITEKAWIIEe H3 COOT-
Homenu#it (23. 5) n (23. 6):

20, (4:) D, (9:) X (AEn) = [dE A gy, g0, E) X (E).
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3necs X — mpoussBoabHas QYHKIHA. AHaAJOTHYHOE COOTHOIUEHHE
numercs U Ans ¢yHkuuu B. Taxum o6pasom, cooTHomeHue (23. 4)
MOXKHO Nepenucath B Bufe *

GGy g 0 = [ dE [P0+ 8+g_;_,.6]. (23.7)
; _

TlonyuyenHoe coOTHOLIEHHE M HOCHT Ha3BaHHE CNEKTPAJLHOIO Npej-
cTaBjenust pyHkuuu [puna.
OTMeTHM MoJiesHoe COOTHOIICHHE

[dE 1A (g1, 4 B) + B@y 90 D) =8 @ —3q)-  (23.8)
Ero JIEBYI0 4aCTh MOXHO NPEACTAaBHTb B BHJE

@23 @ (@) + @n (@) D (40)] =

(W () | V) (P [ (90) ) ¥)1.
BXOJIHU.[Y}O croja CyMMy MOXKHO BBLIUHUCAHTE:

(P {0 (q1), $F (@)} YY) =8(q—v)-

CootHowenue (23. 8) BmpaxaeT ycJoBUe NoJHOTH cucteMsl ¥, B ero
YUCTOM BHJE.

Paccmotpum Bonpoc 06 acumnTtotike gyHKuuu I'puna npu 6odsb-
IINX 3HAYeHHAX &. YMHOXKAs crekTpanbHywo dopmyay (23.7) Ha &
W nojarasi &€ — oo, HaljaeM

eG (g1, G, &)~ 8(q1— Ga)- ’ 23.9

3lech Mbl HcnoabsoBadau coortHomueHue (23. 8). K tomy xe npejeny
cTpemMutcest U cBoGonnast dyukuus [puna G, (¢4, ¢4, €), 4TO JIETKO BH-
JieTh u3 ee BoipaxeHuil (cMm. § 10). 10 06CTOATENBCTBO HMEET BLOJIHE
SICHBIH PU3MUECKHH CMBICJ: 4acTHIIA OOJIbIIONH SHEPTHHU JIMLIb B MaJOi
CTENEeHH pearupyer Ha CHJbl, JACHCTBYIOUIHE €O CTOPOHBI JAPYTHX
YACTHUL.

BecoBrle ¢yHRuME A U B HETPYAHO CBs3aThb C MaTpHIEH nJI0T-
HOCTH OCHOBHOTO COCTOSIHHA cHcTeMbl. IHa ocHOBe Tex ke cooépa)xe-
HUi, KOTOpHIE NpUBeNU Hac K ¢opmyse (23. 8), Haxonum

R (1, 45 = X dE B (g1, g2, E). (23.10)

‘Hurerpan j dE A (qy, 45, E) Tnaer coOOTBETCTBYIOILYIO — MATpHILY
MJIOTHOCTH, ONHCHIBAONULYIO pacTpefie/eHHe JbPOK.

* Bemuunna E = AE’ , BCErZa MOJOKUTENbHA, NOCKOJbKY SHEPTH OCHOBHOTGC
COCTOSIHHSl OTBeuaeT HAWHH3ILIeMy YPOBHIO CIeKTpa.
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23. 4. B npocTpaHCTBEHHO-OJJHOPOAHON CHCTEME NPHBEIEHHBIE CO-
OTHOIIEHHS] HECKOJIbKO ympollawoTcs. B 3TOM ciiyyae B UHCIO HHIEK-~

>
COB COCTOSIHHSI N B COOTHOUIEHHsiX (23. 6) BXOAUT HMNYJbc p BO30y-
XKACHHOTO COCTOSIHHSI CHCTEMBI (B OCHOBHOM COCTOSIHUH HMMIYJIbC

>-> .
CUMTaeTcsl paBHBIM HyJ0), npuuem @D, (q;) = a - exp (ipx,), rae:
np
>
@ - — HEeKOTOphil 3aBucswmui OT p KO3pdHUUUEHT. AHAJOrHYHO:
n'p

~ ~ >
@, (q,) = a »exp (—ipx,). TlogcraBisis 3TH BbIpaxKEHHs B COOTHO-
n'p

weHus (23. 6) u (23. 7) u BiuMCasisi Pypbe-006pas 10 pasHOCTH ;1 — }2,,

HahjgeM

- Alp, E) B (, E)
G (p, s)u_!dE[s_E;”+[6+ 8+E_M_[é}, 23. 11)

-> >

rae koadpduiment A (p, E) upomopuuoHanes 2 |a »|%, B (p, E)
. . n’ n'p

NPOIOPIHOHAJEH 2|a »]2; CYMMUPOBaHH€ NPOU3BOAHTCA B HHTEp-

ane (23. 5) npu (I)I/IKCI/IpOBaHHOM p Otciofa caefyeT NOJIOXKUTENb-
HoCThb BenuyuH A u B:
A>0, B>O0.

Buipaxenue s csoGopHoit ¢yHruuu I'puna (cm. § 10)
G(p, &) = (e — e + idsign (e5 —ep)] (2819

nonayuaetrcss u3 obuwei cnektpanpHoil dopmyant (23. 11) npu BeGOpE
A(p, E)=8(E +p—ey),

>
B(p, £)=0(E —p+e2)
3aech MBI MOJOXKMIM B = &g *

(23. 13),

~* DTO paBEHCTBO He OTPAHHYEHO CIYYAEM HJEANBHOrO rasa (cM. § 4). Bepuemcs
K HEOJAHOPOJHOH CHCTeMe M yuTeM, 4To B npubmmkenun Xaprtpu —— Poka @, (q) =

= %, (9), AE, = ¢,, (I)n (9) = xv(q), AE, = —¢,,. TloarOoMy, COrIACHO COOTHO-
weHHo (23. 6'):} :
A1, g B) =3 8 (E—ey,+p)xy (99) %y (1),
v

B (‘71; 99, E) :E 0 (E"”Bv_”) X:; (ql) Xv (q2)'
v
Toxctapasia 3TH BLIPAKEHHS B COOTHOMIeHHe (23. 7), HAXOAMM
Go (91, 920 ) = Xy (92) 1 (91) [o = ey 0 sign (o —p)| -

CpaBHHBaﬂ nosyuenHoe cooTHowmenHe ¢ BupaxkenneM (10. 7), yOexpaeMcsi B BbiloOJ-
HEHHH paBEHCTBA XMMHYECKOro NOTeHUMana K 3Heprud PepmH B NpUOTHKEHHH
Xaprpu ~— Poxka.
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CpaBuuBas coorHomeHus (23. 11) n (23. 12), MoXHO ckasarTs,
YTO CIEKTPajbHOe MpeACcTaBIeHue TouHOH ¢yHKI MU I pHuHa nosBoaser
MHTEPNIPETHPOBATh €€ KaK (YyHKIHMIO COBMECTHOTO PAacnpOCTPaHEHHs
CBOGOJHBIX YacTHI, (COOTBETCTBEHHO JBLIPOK), HMEIOIIHX 3SHEPTHIO
E 4+ p (coorBerctBeHHO —FE -+ W) M TpeACTaBJEHHBIX C BecoM A
(cootrercTBeHHO B). ToT 006BEKT, pacrnpocTpaHeHHE KOTOPOrO ONHCH-
paetr QyHKuus G, npejicTaBasieT cobod, TakUM 00pPasoM, CJOXKHYIO
CYNEPIO3HIMI0 YaCTHL U AbIpoK. Ilpu oTCyTCTBHM B3auMOAEHCTBHSA
(TouHee roBOpsi, KOPPEJNALHH) 3Ta CYNEPIO3UIUs CBOAUTCA B COOT-
. BeTCTBHH ¢ cooTHomeHHeM (23. 13) K ogHOMY 4JieHY.

23. 5. Buile yxe yIOMHHAJIOCH O TOM, YTO CIIEKTpanbHas GopmyJa
JaeT BO3MOXKHOCTL YCTAHOBHTH MNpaBu/ia o00xoja ocoOeHHOCTel
¢yHxuuu ['piHa H TeM caMbIM NPHAATh 3TOH BENHYHHE MOJHYIO OJHO-
‘8HAYHOCTh., IJTO JOCTHraeTCsl YCTAHOBJIEHHEM CBSI3N MEXAY JeHCTBH-
TeJbHOH M MHUMOH yactamu ¢yHkuuu [puHa.

C 370 10 pacCMOTPUM CHMMETPHUHYIO H AHTHCHMMETPHYHYIO
OTHOCHTEJILHO TEPEecTaHOBKHU ¢, U ¢, uactd G, A u B, ob6o3Hauas stu
4acTH COOTBETCTBEHHO HHJEKcaM «» U «a». OTMETHM cpasy’ xe, uTo
BenuunHnl A, u B, nefictBurenbHn, a A, W B, — 4HCTO MHHMBHI.
‘B camoM Hesie, yuunTeiBas onpejeseHus (23. 6), numeem

* *

Im (@, (9) @ (64) + D (G) Dy (92)] == 0,

Re [@n () D, (91) — Pn (91) Do (92)] = 0
¥ ananoruyHo ;s ¢yHkunu B. IlosTomy MHYMMast yacTe CHMMETPH30-
BaHHoit ¢yukuuu I'puna G, (¢, ¢,, &) 00si3aHAa CBOUM IOSIBJICHHEM
ToNbKO (aktopam +id B 3HameHatene. Ilogo6Hoe yTBepkAcHHE
OTHOCHTCA K JeHcTBUTeNbHOH uacTH G, (¢4, G4, €). YUUTLIBASL COOTHO-
IeHNe

Im (a + i8)™! = Find (a),

HAXOLUM:

Im G =] dE | — Ac(E)8 (E — &+ 1) + Bo(B) S (E + & — w),

ReG, = i [ dE [ — Aq(E)S(E — o+ )+ Bu(E)O(E + ¢ — ).

Tlpu & > p B 06/1aCTH MHTErPUPOBAHUS 0OPAILAETCS B HYJIb aPTYMEHT

TIEPBBLIX cJiaTaeMbiX B (UTYpHBIX CcKoOKax; npu & < 1 3(deKTHBHO

BTOpOE cJjaraemoe. _
B pesyabTraTe HaxojuM:

Acle—p) = — o Im G (e)
Ao —p) = LReGe) | T

| ) 23. 14)
Bi(—e+1) = - ImG, (o) |
Bo(—e+w)=——LReGe) |
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| HJAHW HHaye -

A(E) = = Im Go (u + E),
Aa(E) = - Re Gy (b + ),
| (23. 14"y
B.(E) = n Im G, (p — E),

B, (E) == — = Re G, (p — E).

[NoncTaBisisi 3TH COOTHOIIGHHS! B CHNEKTPANbHYIO QOPMYJY, HAXOMHUM::

gl MG B ImGep—E) |
G (e) = m ydE{s—E—p.—i—i(S et E—p—idf’
. 0 o

i ReGa(n--E)  ReGa(u—E) |
Ga(s)_?! dE{e-—E«p.%—i(’)_e»}E——p»iél'

OTH COOTHOLUCHHS MOMKHO 3amnucaTh B 6ojiee KOMIAKTHOH dopme,
€CJIM B IIEPBOM CJ1araeMoM pous3BecTH 3ameHy p -+ E — E, BO BTO~
poM caaraemoM p — E — E:

| aE

— 00

sign (E — n) Im G, (E)
e —E - idsign(E—np) "’

Gole) = —

L
44

(23. 15)

e —E 4 idsign(E—up) ’

Go(e) = L [ dE _SENE—WRe Gy ()
14

Boijeasia geficTBHTENBHYIO ‘M MHHUMYlO yacTH ypasHeHuit (23. 15)
M Y4HMTBIBAasl COOTHOHIEHHE

Refa £ id]"' =P l/a,
HalleM OKOHYATENbHO

Re G, (e) :ﬁn_lp f dESigH(E—:)_InEch(E) ’

— 00

(23. 16}
Re Gg (E)
z .

ImG,(e) =— P | dE S8E—W

—00

Ucnonpsys coothomenne (23. 11) u ¢akT AeiicTBUTEJbHOCTH A.
H B, HaiifieM, 4To B NMpPOCTPaHCTBEHHO-OJHOPONHON CHCTEME

Re G,(;’ &)= ——P [ ap S0 —mImG® B (93.17)

— 00
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He cocraBisier TpyZLa HaiiTh 1 0OpaTHOE COOTHOLIEHHE, BhIPAXKA0-
illee MHHAMYIO 4acTb uepes jeficTBuTesnpHyio. C 3TOH 11e/1bI0 NOKAKEM
‘COOTHOILEHHE '

oo

- de
P e=hme=m =

— 8 —E).  (23.18)

Tlpu E < E’ npsivoe BbiYHCJeHHMe NaeT HYJIEBOH pe3ysbTaT, NpH
E = E’ nepast yacTb cooTHomeHus (23. 18) obpamaercs B 6ecKoHed-
HocTh. /st HAXOXKIAEHUA YHCJIEHHOTO Koacp(pnuﬂema npu O-QyHKIHH
‘BO3bMEM HHTerpaj oT JjieBo# uactu no E — E’ :

AV

lim P a’; [das(aJrC);llmP

N>oo N->oo

i]nlm

Jenas samedy & -~ Ne, TPUXOAHM K HHTErpasy

oo } 0.
Pfgin\]“’
3 I —&

YTO W AOKasblBaeT cootHomenue (23. 18).

:—J‘[z,

HHTErPHPY S

1
YmHOxast o0e uacTu cooTHomenus (23. 17) Ha —,

MO & M y4YuTHiBas cooTHoiueHue (23. 18), HaH}leM

ImG (p, &) = —sign(e— pP | aEFTEEL (93 1)

— 00

[okaxkeM, KaK BOCCTAHABJMBAIOTCS MpaBHa 06XOfa C NMOMOMIBIO
‘3THX COOTHOWIEHHI Ha mpuMepe cBobopHoil ¢dyHkuum I'puna. Ilycrs
HaM M3BECTHA AelicTBHUTeJbHAsi 4yacTb QyHKUMH I'puHa

-1
ReG, (p, ) = Pr——
]
TloacTtaBnssa 310 BhipameHnue B (23. 19), nafizem
ImG,(p, &) = —md (e — s;) sign (a; — 1.
“Takum 06pa3om, Mbl BepHeMCsi K NPaBHJILHOMY BbIPaXKEHHIO:
G, (7), s) = [e— e -+ id sign (8—) — aF)]‘l,

€CJIM YYTEM, YTO XUMHUECKHH MOTEHIHA] | COBNANAET C Ep.
CootHomeHust (23. 14) AAst NPOCTPAHCTBEHHO-OJHOPOAHOH CH-
CTEMBI MOHO 3alHcarb B BHAE

—A(p, e —p) e>p

ImG(p, ) =m| -
B(p,p—e) ep.
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dyuxuun A 1 B He TOJIbKO AEHCTBHTeNbHBI, HO H MNOJOXHTENbHBI.
[losTomy MHHMast yacTb GyHKuuH [pHHA MEHsIET 3HaK B TOUKE & = [!

ImG(p, e)<<0 e>p,
ImG (p, &)>0 &<p.

B uacTHOCTH, B caMOil 3TOH TOYKe, MpejnoJaras HenpepLIBHOCTbL pac-
cMatpuBaemMoit QYHKIMH, Mbl JOJIXKHBL MOJIOKHTH

Im G (p, p) = O. (23. 21)

23. 6. CxonHbM 00pa3oM NMPOBOAUTCS HCCJEJ0BAHHE MAPHON QYyHK-
uun Tpuna (20. 1):

G(1,2,3 4 = — (|7 [%:- (1) $- @ ¥F 4 w7 @)1V
lIJIH Hamux ueneﬁ JOCTAaTOYHO paCCMOTpeTb npez[en

G(, 2)=1imG(, 2,3, 4),

(23. 20)

451, 32,
t,—t,—->+0,
t,—t,— +0,

paBHLIA
(FIT[9F (D) e (1), %@ w:@]] ).

[Mocaeayomue BLKAAAKH NOA0OGHE! TPOBEJEHHBIM B Hadaje 3TOro
naparpacda; pasHuLA COCTOMT B 3aMeHe orepatopo W (1), ¥t (2)
na xomOunaunu P (1) (1) n $i (2) . (2). Beenewm, Kax W BhllLe,
NOJIHYIO CUCTeMy IPOMEXYTOuHpix cocTosHui W,; Temepn, oanako,
3TH COCTOSIHHS OYyT OTBEUATb TOMY K€ UHCJY 9acTUll N, 4TO H OCHOB-
HOe cocTosiHue cucTeMbl. BBoAsi QyHKIHIO

D, (41, G ) = Pp (g1, G2) €Xp (—i AED),
MOKeM Hanwucartb *
Ga, 2= E { D, (g2, @) ©r (g1, @) exp [—i AEL(t; —1,)] 81 >t
D (g1, @) P (g2, o) exp [i AE, (1 — 1) 6 < to.

Beojs ¢ypbe-obpas G no t, — t4, GyleM uMeTh
~ Y[, (95 92) P, (9,0 ¢
G (@ Gar ®) = 2[ o 0 i) _

n

o @, (a1, q,) ®, (92, 95)
e AL, —id :

n

* B npupoauMoil GopMyJie CTOMT 3HaK () Iepes BTOPOH CTPOYKOH, MOCKOJbRY
NlepectaBaAOTCA 1apbl ONepaTopos.
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Tlepexoxsi OT CYMMHpOBAaHHS K HHTETPHUPOBAHHIO, HailleM

= Y N Y Coor
G4y, G &) = “ dE [ P (ilgqi S e (iZEq,I_ ié)] »  (23.22)
0

rupe
A (ql’ q2’ E) = E 6 (E _ AEn) ®ﬂ (qZ, q2) q)n (qu QI)- (23~ 23)

B cayuae _NIpOCTPaHCTBENHO- onnoponuoit cucremst D, (q;, q;) =
= a > exp (prl) rje p — CyMMapHblii HMIYJbC BO3CYKACHHOTO
COCTOHHI/IH n’ — mpoune MHAEKchH coctosnus. Tornxa

Dr (g2, 42) Pn (g1, q1) = |an,; " exp [ip (xl — xz)J,
D, (ql, ql) D, (42, 02) = la 7 f2 exp [—570 (;1 _;2)]-

*
MoxHo noxasats, 4T0 @ > = @ > H, CIELOBATENBHO, [an 5 | P =
n'p —p

= ian »[ JleficTBHTEIBHO, B' paccmMaTpHBaeMOM cJyyae B MaT-
puuHbi sanemedt @, AaeT BKJIAJ JIMILIDb 4acTh onepatopa $* (¢)¥(q1),
0TBEYANass HMIYAbCY p, UMEHHO | dx1 exp (—l_;)—);l) Yt (g) ¢ (fh)

= 0.> BBujy spMHTOBOro Xxapakrtepa onepartopa V"¢ nmeem 0» =

-O », OTKYAa M cJefyeT Halle yTBepxIeHne. Takum o6pasoM
-—p

G(p, &) = ( dEz—ﬂ”J—’— (23. 24)

2 214§
0

rie A (p, E) — neificTBuTeNbHAA IIOJIO)KI/ITEJIbHaH BeJUYHHA.
HenocpeAcTBEHHO BHJAHO, 4TO0 A = —~#—ImG Orcroja

(23( 24')

1 de2ImG(p E)
Re G (p, &) = —?P[ .
0

23. 7. Jo cux nop nepemeHHbIe € H £ OblIH lIeHCTBHTeJIbeIMH BeJIH-
yunamu. JLJIsi BISIBJEHHsI aHaJMTHYeCKHX cBoHcTB QyHKuuu Ipuna
B. I0JIHOM 00DbeMe HeOOXOAMMO PaccMOTPETh H KOMILJIEKCHBIE 3HAUEHHUS
9TUX BEJHYHH, T. €. AHAJHUTHYECKH NPOAOAXKHTL (GyHKuuio I'puna
B KOMILJIEKCHYIO NJOCKOCTb 9HEPIHH.

Tpeo6pasyem ¢opmyay (23. 11): jenas BO BTOPOM CJlaraeMom
samedy E — —E u BBOAsi 00O3HayeHue
o B) A(p,E) E>0

P, = >
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2
NOJY4HM

oo

G (p, €) = [ aE Fp £) . (23. 25)

e—u—E - idsign(k)

BBejleM HOBYIO KOMILICKCHYIO MepEeMEHHYIO
{ = E—i6sign(E).
Mpu £E >0 =E —id, npu E<<0L = E 4 id.
B KOMIIJIEKCHOH NJIOCKOCTH { KOHTYP MHTerPHPOBaHHS C, oTreualo-

Uit IeACTBHTENBHOH OCH Jisl lepeMeHHoH E, mpHMeT BuJl, H300pakeH-
Hpll Ha puc. 47. JJjs nosicCHEHHUsST 3aMeTHM, UYTO TPH ReC E>0

(B mpaBOH MOJYIIOCKOCTH) Mbl JOJIKHBI B3sITh § = E—ib, T e.
CMECTHUTh. BHH3 JA€HCTBHTEJBHYK OCb MHTEIPUPOBAHHSI HA OTpe3oK O.
Tak xe OOCTOMT JeJI0 U B JIEBOH MOJYIJIOCKOCTH.
¢

- M 1@
0

a1

T @
Puc. 47

Tomumo KOMIlJIEKCHOfi nepeMeHHOl HHTErpUPOBAaHUsA BBEAEM TaKKe
W KOMIJIEKCHbIE 3HAYEHHS BEJMUMHBLI € — W, KOTOpbie O0G03HAYHM
yeped z. OOmasi KOMIJIEKCHasi MJIOCKOCTh BeJHYHH [ ¥ -z uzobpa-
KeHa Ha puc. 47. TloacraBasis B cooTHouleHue (23. 25) BBeAeHHbIE"

HOBHIe nepemeHHble M 00O3Hauasi yepes F (¢) Benuunny * F [{ -+
-+ id sign (Rel) ], npuxoaum K ocHOBHO# dopmyJe:

~ >

> \ ,

G (p, 2) = [%. (23. 26)
: :

TlosiyueHHoe COOTHOLIEHHE HUMEET BHJ, XOpPOLIO H3BECTHOrO HHTE-
rpana tuna Komu [98], onpenensiomiero ise pasanuHbIX aAHAJUTH-
yeckHX GYHKHHMH Mo o6e cTopoHsl KoHTypa. O6ozHauum uepes f; (2)
¥ fy (2) GyHKIME COOTBETCTBEHHO B BEepXHEH W HIDKHEH NOJYILIO-
cKocTsx (cM. puc. 47). Ha caMOoM KOHType HHTErpHUPOBaHUS BO3MOXKHEL
0COGEHHOCTH, B TOM UHCJE TOYKH BeTBJIEHMS.

BrisicHuM CBsI3b  (YHKIIME KOMILJIEKCHOTO iiepeMmeHHoro @ (2)
¢ dynxkpueir I'pura G (e). Ilockosbky ny4 & > U JIEXKUT Bblle,
anyy e < B — HUXKE KOHTYpA HHTErPUPOBAHHsI, Mbl MOXKEM HANUCATh

fI (Z) ,z—w —u>0

f11(2) 25> e—p<o-

G (e )— (23.27)

* Ha KoHType HHTErpUPOBaHHS BeJIHYHHA F (§) neficTBuTeNbHA H HOJIOKHTE/IbHA.
3amernm, uto Rel = E u noromy
E= ¢+ idsign E= {1 idsign (Re ).
223



B camoii Touke & = p GyHKUus G (¢) MOXKeT (M JOJKHA) UMETH OCO-
6eHHOCTh. _ o

Pasnuuve QyHkuuil fi u fy; npossaserca B TOM, 4TO NPH CTpemJie-
HHH HX apTyMeHTOB K KaKOHU-Jnu00 Toyke KOHTypa IOJy4aioTcs 3Ha-
YeHHs, KOMIIEKCHO CONpsiXKEHHble ApPYT ¢ ApyroMm. PaccMoTpuM, Ha-

npuMep, ABE TOUKH 2, = —a, 2, = —a + 2id (puc. 48). Vmeem
o £ (E) 7 F ()
G(z) = J dE Tw—E 75 G (z) = j‘dE “a—EJid

c* 2L29%
s

Mel ¢

6 z, 4
G*
Puc. 48

YuutpBas aeiicTBUTeNbHOCT OGyHKuMH F (E), nonyuaem G (z,) =
= G* (2,) Wau : ) ~

lim fy, (z) = f1 ().

22—)21

TakuM o6pasoM, eciu Bos3bMeM dyHKuuo I'puna G () npu &€ > p
M aHaJUTHYECKH NMPOJOJKHM €e B BEPXHIOI NOJYIJIOCKOCTh, TO MPH-
feM K dynkuun f; (2). Ecau, nanee, nogoiitu Kk KouTypy C B obaactu

g < p cBepxy, To moayuutcs pynxnua G* (e). ObpaTtHO, ecau npo-
JomkHTh G (¢) npu & < | B HUKHIOK NOJYNJOCKOCTG H IOJXOHTH
K KOHTypy C CHH3y @pH & >> W, TO TaKxke nomyuutcs G* (g).

Ecau e npogonxuth ¢ynkuuio I'puna G () npu & >> B B HUX-
HIOIO0 MOJYIJIOCKOCTh, TO MOJYYHUTCH (PYHKIHs, HE uUMEIOlasi HUYero
obmero ¢ f; (€) M, B 4aCTHOCTH, He aHAJHTHYeCKas B 3TOH OGIACTH.
Ona 06s3aTeqbHO JOJKHA HMETh OCOOGEHHOCTH, NMOCKOJBLKY He cyie-
CTBYeT BCIOAY aHAJMTHYECKOH PYHKIHHK, OTJIHYHOH OT Hy/s K yOmBaKO- -
mel Ha GecKOHeYHOCTH *. AHAJIOTHYHO AHAJUTHYECKOE MPOMOJIKEHHE
dyukiuuu G (¢) npu & < P B BEPXHIOIO NIOJYVIOCKOCTb TaKXKE MPUBO-
IuT K dyHKnuH, obaanawmeil ocobentoctsiMu. U Te, u apyrue ocoGeH-
HOCTH MMEIOT NPsiMOA (puaHuecKuil cMblcd. '

Jlns OTHICKAHHMA 3THX OcoOeHHOCTeH MOXKHO aHaJHTHYECKH Mpo-
JOJ/KATh KaK QyHKuHo G, 1aK ' ImG (1. e. npu ¢ > p — Benuuuny 4,
npu & < b — BeJHUHHY B). DT0 CBA3aHO C TeM, YTO IIPOJAOJIKEHHE
GyHKuEd G* B yKasaHHBE 00J1aCTH NPUBOAHT K AHANNTHYECKOH (yHK--

* TTociiefHee CBOMCTBO BHITEKAeT M3 aCHMIITOTHUECKHX ycaoshit (23. 9). -
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: G — G*
uun (f; u fy). Tloatomy dyukuuu G u ImG = —5;— HMEIT B 3THX
00y1acTAX OAMHAKOBLIE OCOOEHHOCTH. '

Takum o6pasoMm, B Kaxjo# no.nyrmocxocm KOMIUIEKCHOH mepe-

MEHHOH z UMeeTCs [Be PasJIMUHbIX PYHKIHH G (p, z) Onna noayuyaercs

aHaJMUTHYECKHUM NpOAcKeHneM ¢yHKunu G (p, ), Apyrasi omnpeje-
JISIETCA HENMOCPEJCTBEHHO CleKTpaJsibHo# dopmyJioi. :

Brionne aHanoruyHpie BbICKa3biBaHHSI MOXXHO CHE€14aTh H B OTHO-
IIeHHH napHoil ¢dysxunuun I'punHa. EnuncTBeHHOe OTAHYHE COCTOMT
B TOM, 4TO NpPH 3TOM XHMHYECKMH MOTEHIHAJ [ CJEAYeT NOJOKHUThL
paBHBLIM HYJ1O (B BBIKJIAAKaX QUTYPHPYIOT TOJNBLKO COCTOSHUS C OfU-
HAKOBBIM YHCJIOM YaCTHI).

23. 8. Bepruemca X mnpeicraBienuio (23. 11) u mogpobuo pac-
CMOTPHUM TepBOE ero cJaraemoe, OTBet{a}omee pacnpocTpaHeHHKr ua-
CTHILH,

5 o
> . Ap, E) Son
k,G(p,e)fjdE——————g_HMEJrié. (23. 28)
0
Kaxk yxe oTMeuanoch, NPH OTCYTCTBHM KOPPEIAUMOHHOIO B3aHMO-
JeficTBust dyHKuust A NpHHUMAeT BHJ

A B)=8(E+p—ey),

T. €. U3 BCEH CYNEPNO3ULMHU Bbijie/isieTcs JHLIb OfAHH uneH. [Ipu yuere
KOPPeJISIIIIOHHOTO B3aWMOJACHCTBHs BeiuuuHa A He cBoguTcss K O-
GyHKIUM, OHA OT/IMYHA OT HYJsl MPH Bcex 3HaueHnsux E. Opnako

>

MOXeT OKasaThcst, uTo ¢yHkuusi A (p, E) umeer Gojee unu meinee

Pe3KHH MAaKCHMYM OKo0Ji0 ToukKH £ = E»> — p ¢ mmpusoit I'> < Eo».
p p p

C dopManbHo#l - TOUKM 3peHUs HalWuHe y KakKoH-nnbo QpyHKHuH
PC3OHAHCHOIO TOBEJCHHs] O3HAYAT, YTO AHANHTHIECKOE NMPOAOJIKE-
Hue 5TOM (QYHKIHH B KOMIJIEKCHYIO IIOCKOCTb €€ apryMeHTa BhifiB-
JIeT MOJIIoc, Jeaumui OJu3KO K JIeHCTBHTEIbHON OCH.

B stoM MoxkHO y6eauThbcsi .HemocpeicTBeHHo. Ilyeth aHanuTHye-

. ->
ckoe mnpojosikenue dysruuu G (p, E) B HUKHIOW MOJYNJIOCKOCTL
NPUBOANT K MOABJEHHUIO NoJwoca B Touke £ — p — il's. Torga B ok-

P p

PECTHOCTH I10JII0CA MOXKHO HOJIOXHUTH

Zs
. 14

G CE—E,+4pn+iT,

p 2]

H .
’ ’ Z, T, -
> - :
A(p, E)~1mG (p, E) ~ ———




rae Z_> — HEKOTOpas He 3aBHCsUas OT £ BeJHYHHE. ITO BhlpameHHe

cnpase;muso npH Maapix I' ¥ Ha camoil AeACTBHTENLHON OCH.

PaccmoTpuM jasiee, Kakoi 3aBucHMocTH ¢yHKuuM I'puHa oT pas-
HOCTH BpemeH f; — f, COOTBETCTBYeT PaccMOTpEHHasl CHTyaIlHs.
HyxHo, OYeBHIHO, MCCAENOBATH BLIPAXKEHHE

C(pv)= [5G, e exp(—ier) —

—i[ dEA(p, Eyexp (—i(n - E—id)t],  (23.30)
0 .

tae T = (f; — ty) > 0.
3nech Mbl 3aMKHYJIM KOHTYp B HHXKHEH NOJIYIJIOCKOCTH (CM. MpPH-

Joxenue B).
[MoxctaBnss cioa BrIpameHue Ias A, oTBeyaroliee OTCYTCTBHIO

KOppensliuy, nojydaeM
G (p, t) ~exp (—is;r), (23. 31)

4 4yTO OTBeyaeT cMEICNY G Kak am-

. AJUTYJbl  TIepexoja  CHCTeMb

1 N -+'1 wyacTun, #3 COCTOSIHHA

V B MOMEHT {43 B COCTOSIHUE B MO-
3l MmeHt f; (cMm. § 10).

PaccmatpuBas oOmuit cinyyas,

) OPEANOSOXKHM Uil  NPOCTOTHI,

2 2 YTO Mbl HMEEM JIeJIO JIMIIb C OAHAM

OJIIOCOM, HCMECTUM KOHTY P HHTe-

rpupoBaHHsa cnocoboMm, yKasaH-

Puc. 49 HeM Ha puc. 49. Hurerpansl mo

yyactkaM 3 H 3’ B3aMMHO KOMIIEH-

CHPYIOTCS (0COGEHHOCTD  SIBJSETCHA MOJIIOCOM), HHTErpaj BOKpPYF I10-
Jlioca Jlaet nocJsie MOACTAHOBKM BelpaxeHus (24. 29) Bkaan

G,(p, T) = Z; exp (— iE;r — I‘;r). (~23.> 32)

Ocraercsi OLEHHTL BKJalu yyacTKoB 2, 2' u 1. UHTerpan no JIHHUH
2,2’, kotopoél otBeuaer £ = E' — (2, The z — PacCTOSIHHE MEXKAY
IAeHCTBUTENILHOH OCBI0O M paccMaTpuBaemol JMHMEH, MOXKeT OblTh
3anucaH B BUJE :

Gy, o (p, V) = | dE’ exp|—i (p L E)t—2z1]A (EE"). |

o3

Buibopom JOCTAaTOYHO GO/IBIIOTO 3HAUEHHS Z STOT nmerpa.u MOJKeT
ObITh ClleIaH CKOJIb YIOAHO MaJibIM.
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Uto xe Kacaercsi yyactka 1, 10 tam E'= ix (x meHsercs oT 0
J0 ——o0), MO3TOMY MOXKHO HaIHCaTh
. N - |
. ) r;
G, (. 7) jd (—iut + x7) z
1)~ xexp(—ipv + x1)- .
1 .
’ v (tx—E»+u)2+I‘i
’ P p-

—00

Hawnbosiee BaxkHpH BKJAj B TOT HHTErpaj JaloT 3HadeHws x, yIOBJje-
TBOPSIOLLHE HEePABEHCTBY

2] =< Ez—p.

Orcoia
r, 2
> 1
s}
Gl(p! T)N ;Ea_u l"_);r .
X p p

Ara BeJMUHHA NPH He CJAMIUKOM Manbx exp (—I'»T) mana no cpashe-
P

5
HHIO c BelpaxeHueM (23. 32), 4To mospoJsieT nonoxuth G (p, 1) =

.
= Gy (p ’,,T)'
Takoil peayJ/ibTAT MOXKeT ObITb HCTOJNKOBaH cJellytouuM o6pasom.

B ->
B npunaTeix npepnonoxenuax ¢ysruus A (p, E) umeer yskuil
MakcuMyM. JTo O3HauaeT, 4To onHchiBaemoe QyHKumeid I'puna pac-
NpoCTpaHeHHe YacTHLBI C Y4YETOM €€ B3auMOJLeHCTBHH C cucTeMOoit
MOKeT OBITL 3aMEHEHO pacHpocTpaHeHKEM BOJHOBOIO [axera, CcoCTan-
JIEHHOTO H3 CBOGOJHBIX YaCTHI[, MpUYeM BecoBasd (YHKIIHsS, Ompene-
>

asiollas BKJAaj Kaxnoil us wactun, pasHa A (p, E). Takoi BonHOBOH
[aKeT ABMKeTcs Mo HeoOXOAHMOCTH HeCTallHOHAaPHLIM 06pasoM i 3aTy-
XaeT BO BpPeMeHH, NpHYEM TeM CHJbHee, yem Gosiblue MpUCYIHH eMy
pa3bpoc 3HEpPruH.

23. 9. CnexkTpaJibHble NPEACTABICHUA MOXHO HanHucaTb HE TOJLKO
aas Gyskuud [puHa, HO M AAA JAPYTHX CBSI3AHHBIX C Hell BeJHUMH,
B YaCTHOCTH /I MaccoBoro onepatopa [991].

Bylem MCXOAMTh H3 COOTHOIIEHHS

G (p, &) = e —e; —M(p, ¢).

Ilepexonsi B KOMMJEKCHYI IJIOCKOCTE 2 = & — W, PaccMOTpuM
dyHnkuHIO .

G (p, ) =2— (63 — W)—M (, 2+ ),

pPaBHYyIO

I 1
Ty M iy Bewe H Huxe KOHTYpa C COOTBETCTBEHHO
(cM. puc. 47). BbisscHHM aHaJHTHYecKue cpofictBa QyHKuMH Gl
[pexne Bcero HecoMHeHHO, yTo dyHKuuN G u G umelOT obuiue oco-

GeHHOCTH, pacnojioxeHHble Ha KOHType C; BHE 3TOTO KOHTypa yHK-
" .

uust G (p, 2) ocobeHHOCTeH He MMeeT M yOBaeT 10 Mepe yJlajeHHs
OT Hauyajia KOOpAHHAT Kak " |[z|7L. -

227



BoiscHuM, MoxeT Jad PyHKuuA G o6jajaTh HYJsMH B 3TOH 06-

5
JacTd, T. €. HMewTcsa Jd TaMm nosioca ynkuun G (p, 2). das storo
paccMOTpMM CNEKTpajbHOe npefcTaBieHue (23. 25), rie QyHKiHs

N
F (p, E) neiicteutennHa M nojoxkutedbHa. [Ipojonkas ero B Kowm-
NJIEKCHYIO MJIOCKOCTb, MOMKEM Hanucarh , -

Fp. ) -
G(p' f dk 7 L idsignE
B KOMIJIEKCHOH NJOCKOCTH 2 pu 2 = a - ib MHUMas yacTb G (;), 2),
paBHas :
> Fip, E
ImG(p, Z)*Ab [dE—G:'—gjjﬁzﬁ*,

— 00

: >
ornnyna ot Hyas. [lostomy sicHo, uto dynkuus G (p, 2) He uMeer
ocofeHHOCTe BHE KOHTYpa C He 6yner umetn oc06eHHOCTeH TaKxKe

H MaccoBeiil ornepatop M (p z - p).

[pu Goablunx 3HAYEHHAX & MAacCOBBIH onepaTop 'MOKeT BBbIYH-
CJASIThCH B HHU3LIEM MNOPSiKe TeOpHH BO3MYLIEHHMH, H, Kak -BHAHO
W3 peayabTatoB § 14, OH cTpeMuTCA K HYJIO NPH € — OO KaK & .

PaccMoTpum HHTErpan

M(p,E%—H) o ' dgM(” €+ + idsignRel)

/= “ dE e —p— E + i8 sign (E) -& z—

~— 00

3ampIkas ero no GoapwioH Ayre B BepxHeil (Ipu & > p) Hiu B HUXKHEH
(npu & < p) MOJNYNIOCKOCTH, 4TO BO3MOXHO BBHAY yOwiBaHus M,
U YYHUTHIBAs AHAJHTHYHOCTb IIOABLIHTETPAJIBHOTO BHIPAXKEHHs, TPHU-
XOIUM K cjaefylomyM pesysabrataMm. llojyuennsiéi KOHTYPHBIH HH-
TerpaJ CBOAUTCS K BHUeTy B-Touke E = & — p - id (npu & > p) uau
E=8—p—1id (mpu e < ) e

[ — — onisign (e — p) M (p, €).

CpaBHUBasi MHUMbIE 4aCTH 06OMX BbIpaxkeHud pas /, nonyqaeM OKOH-
YaTeJbHO

Re M (p, ) = — S M) p J’ dE ‘mM(’gE’ . (23.33)
Bé.nnqnﬁé ImM=ImG? = IIGITE MeHsieT 3HaK B TOYKe & = [L.

Ecni BBECTH 3HAKOMOCTOSHHYIO (MOJIOXKHTENBHYIO) Bennqnﬂy

Im M (p, &) — sign (e — p) Im M (5, £),
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> -+ -

rae M (p, €) = sign(e —p) M (p, &), To cooTHomenue (23. 33)
NPHUMET TOT XKe BHJ, UTO H CleKTpaJbHOe NpPEeACTaBJeHHe caMoi QyHK-
nuu [puna

ReM (p, €) = — P [ap deE—WINREE) (93 34

—00

B psiie cnyuaes HCnonb3oBaHUE 3TOTO COOTHOWIEHHST OUEHD YAOGHO.
OObIYHO cAie1aTh NPSAMOE BLUUC/IEHHE MHHMOH 4acTH MacCoBOTO Onepa-
TOpa mpoile, 4eM JeHCTBHTENbHOH, NMOCKOJABKY O-OYyHKIHS, cTOALAS
B Im M, coxpawaer unc/o nepeMeHHEIX MHTErPUPOBAHHUS. A 1O u3-
BECTHOH MHUMOW YacTd C NOMOWbIO Bhipaykenus (23. 34) ‘HerpyaHo
BOCCTAHOBHMTL H JiefICTBHTEJbHYIO. :

§ 24. KBASHYACTHLLbI

24. 1. B npefuiiymiux mnaparpadax 3To# IJiaBbl yXe HEpeaKo
YHOMHHAJIOCh O KOMIJIEKCAX, NOSIBJGHHE KOTODHIX MPHUBOAUT K BO3-
Oy XK/JEHHIO CHCTEMBI, O BOJIHOBBIX MaKeTax, MMHTHPYIOIHX DPacrpo-
CTpPaHeHHe YacTHIbl, KOPPEJHPOBAHHOH € cHcTeMOH, M T. I. B 3ToM
naparpage OyJer BpejeHa HexoTopas ofmasi TOYKa 3pEHHs Ha 3TOT
KPYT BONPOCOB, CBSI3aHHAs C TOHSITHEM KBa3HYACTHIH (B MIMPOKOM
CMBIC/IE 3TOTO TEpPMUHA). : E o

Haunem c paccmoTperust cnekTpanbHOH OpMyJBl AJs OfHOYA-
cTiuHOi QyHKunu Ipuna. JlomycTHM, 4TO aHaJHTHYECKOE MMPOAOJ-
xeHue ¢yskuuu [puHa B HHXHIOI NONYNOCKOCTh NPH & >> 1 TNpH-
BEJIO K I0JIIOCY B TOUKE E; —il > ([s1s1 TPOCTOTHI MBI PaccMaTpHBaeM

cyuail IpoCTPaHCTBEHHO-0MHOPOAHOI cHeTemsl.) Toraa TOUHYO (PyHK-
d .
uvio I'puHa G (p, €) MOKHO MPEACTABHTL B BHJE
> Z, >
G(p, &) = 'g:‘ﬁﬁ: =+ fP(l),?), (24. 1)
P p

[[e MBI BBIIEJHIH B ABHOH (opme ocobeHHOCTE 3TOH PyHKIHH. 31ech
Z-> — HEKOTOphIl HOPMHPOBOUHBIH MHOXHUTENb, ¢ (;, &) — QyHKUHS,
ngyﬂHpHaﬂ B TOUKE & = E; — i]‘;.

Mkir BuAMM, TaKuM 06pasoM, 4TO B 06J1acTH 3HaueHHil €, GAH3KHX
K E;, H B 00J1acTH 3Haqeﬂﬂ_ﬁ ;_;, IJIsT KOTOPBIX 1"; & E;, TOYHOE BHIpa-

>

xenyue A Gynxuuu I'puna G (p, &) cBOAUTCA K NEPBOMY UJIEHY BHIpa-

KeHust (24. 1) ¥ ¢ TOYHOCTBIO IO MHOXKHTeNst Z> MOXKET ObiThb mpef-
P .

CTaBJICHO B BHJE
G (p, &)co (e —E» + iC>)™" (24. 2)
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310 cOOTIOLIEHHE M03BOJIAET 3aKJIOYHTb, YTO B paccMaTpHBae-
MOi1 06JIaCTH CHCTeMAa B3aHMOJEHCTBYIOIIHX HYACTHI[, KOppeJsUpOBaH-
HBIX JAPYT C JPYTOM NpPOHM3BOJLHBIM 00pa3oM, B H3BECTHOM CMbic/ie
5KBHBaJIeHTHa CHCTeME HEKOTOPBIX APYTrHX OOBEKTOB, 3aKOH JucCnep-
CHH KOTOPBIX E; OTJHYaeTcs OT 3aKOHA JHCNEPCHM HMCTUHHBLIX Ya-

CTHUIL &> H KOPpeasUaA MeXIy KOTOPBIMH OTCYTCTBYET. Ilpyrmm CJ10-
P .

BaMH, NpH BLIMOJHEHWH BCEX TMEPEUHC/EHHBIX YCJIOBHH CHCTeMY
B3aHMOJIEHCTBYIOMMX YACTHL, MOXKHO 3aMEHHTb CHCTEMOH, KOTOpPYIO
JONMYCTUMO PAcCMATPHBATh OJHOYACTHUHBIM OGpasoM.

B camoMm pene, ecau I's AeficTBuTeNbHO Majo, TO MpaBas 4acTb

P
cooTHomenus (24. 2) He oTiM4aeTcs OT BBIPaXKEHHs Aasi QYHKUHH
I'puHa cuctems B npuamxkenuu Xaptpu -— Poka [cM. Bepaxkenue
(10. 8)]. Dra QyHKUHA CcOJepKUT GECKOHEYHO Mayl0 MHHMYIO. 10-
6aBKy B 3HaMmeHaTese; NO3TOMY MaJOCTh BEJHYHHBI I‘; ABAAETCS

YCJIOBHEM CIPABEIJIHBOCTH OOCYXNAEMOT0 3aKIIOYEHUS *,
CpapnuBas Buipaxenus (24. 2) u (10. 8), Mbl BHAHM, YTO BeJH-
yuna E.» 3aMeHsieT co60il €> — 3aKOH JHUCTEPCHH YACTULL B NpubaH-

4 p
wennn Xaptpu — Poka. I[lostomy E-> MOXKHO HHTEPNPETHPOBATH
p

KaK 3aKOH JHCNepPCHH TOro o0beKTa, BBEJEHHE KOTOPOTO MO3BOJISAET
U36aBHTHCS OT PACCMOTPEHHsT KOPPesllHOHHBIX B3aUMOAEHCTBH.
Dror 06BEKT U HOCUT Ha3BAHHE KBA3MYAaCTHNBEI B Y3KOM CMEIC/]e
3TOrO CJoBa. [IpuBefeHHOe BHILE 3aKJIOUeHHEe MOXKHO mepedopmynn-
POBaTh TeNepb TAKUM_06Pa30M: CHCTEMY MHOTHX B3aHMOJEHCTBYIOIIMX
yacTHIL MOXKHO 3aMEHHTh HJEaJibHBIM Fa3oM KBasuuacTui **. Jra
3aMeHa BO3MOXKHAa JaJIeKO He Bcerja: oHa OrpaHHYeHa MaJjiocTbio Fl—;

1 6au30cThIO € K E»>. CnefioBaTesibHO, NPH HaPYIIEHUH 3THX YCJOBUI
P

TepsieT CBOM CMBICJ H MOHATHE KBA3HYACTHIH.

[TpuBefeM NpHMep CHCTEMBbI, JJisi KOTOPOHl NMOHATHE O KBa3u4a-
CTHLIE OYEeHb HATVIAAHO. PacCMOTPMM OOLIYHBIA KJIACCHYECKHH pas-
PeKeHHHIl Ta3, COCTOSIMIA H3 HeHTpajbHbiX aTomoB. Harra cucrema
COCTOMT B KOHEUHOM cyeTe H3 siiep U 3JEeKTPOHOB, B3AHMOJEHCTBHE
(1 Koppeasuus) MeXIy KOTODHIMH BecbMa BeIWKO. B jaHHOM Cayuae
Ype3BHIYAHHO MPOCTO HAHTH TOT OGDHEKT (kBa3uuaCTHILY), MEPEXONOM
K KOTOpOMY OGecreyHBaeTCsi BO3MOXHOCTH PacCMATpHBATL CHCTEMY
KakK uJeanbHH ras. KBasudacruied 3/ech sIBJSETCH MPOCTO OTAEIb-
HBIH aToOM. :

. B paccmoTpeHHOM npHMepe KBa3uyacTHIA MpPEACTaBJsieT coboit
KOMILJIEKC, OGpa30BAHHBIH M3 MAaJoro 4HC/Aa ONpPEJeJEHHBIX YacTHIL

- * Bequunna i sign (e, — &) B BHpaxenuu (10. 8) mensier 3HaK Ha TPanHle
v P : :
®epmu. AnanorutnniM cBoficteoM obnagaer u I, (cM. pasjen 24. 3).

** Pagpuna Mexjy HAeaJbHBIM I'a3oM M CHCTeMOH, I'ie KOppeslHs He y4HTh-
paercs, 3jiech HecymecTeenna. OTMETHM, YTO [NpPH BBHIKJAIOYEHHHA KOPPENSUHOHHOrO
B3AHMOIEHCTBHA KBA3HYACTHL TIEePEXOAHT B OOBLIUHYIO YaCTHILY. ‘
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CHCTEMHl. JTOT KOMIUIEKC B NpOILECCe 3BOJIOLMH CHCTEMbI HE paspy-
maercs. B o6uieM ciyyae KBa3MYACTHIE HeNb3s [OCTABHTL B COOT-
BETCTBHE KaKue-1nubo onpejieleHHbBIe YaCTHIB CHCTeMBl. KBazuyacTuna
KOMIIJIEKTYETCH H3 BCeX YaCTHI[ CHCTEMBI; Aaxe eCaH B aHHLIH MOMEHT
B €e COCTaB BXOAHT TOJNLKO YacTb YAacCTHI[, B CJEAYIOLHE MOMEHTHI
OHH 3aMEHSIOTCS JADYIHMH YacTHUAMH cucreMbl. KBasuuacrtuma, Kax
rOBODSIT, NpeACTaB/seT co60H KO/MeKTHBHOE 06pasoBaHHe.

Cpezénune cHCTEMBl K rasy KBasu4acTHIl MO3BOJISET YPe3BHUAHHO
YIPOCTHTbL €€ pacCMOTpeHHe. Mbl nosyyaeM BO3MOXKHOCTb I'OBOPHTb
HAa IPHBHIYHOM (DH3HUECKOM fI3bIKE W HCHOJb30BATL Te NOHATHSN
U TpEACTABJIEHHs, KOTOpbE paHee MOMKHO ObIO MPHMEHSTH TOJBKO
K cucTeMaMm co cjaalbiM B3aumojefictBueM. B cymmoctu rosops,
fepexoJ K NPEACTABAEHHIO O KBAa3HYaCTHUAX O3HAvYaeT JajbHeiilee
pasBHTHE TOH OOLIEH NMHKH, KOTOPOH MBI C/I€J0BATH B NIePBLIX IJ1aBax
KHUTH M KOTOpAasi COCTOMT B CTPEMJIEHHH 11O BO3MOXKHOCTH COXPAaHHTh
ONIHOYACTHYHBIA XapaKTep CHCTEMBbI INyTeM NOAXOAsmero moxbopa
xapaktepucTHK vactun. Ilepexon K npubauikenuio Xaptpu — Poka
OBbLa TEPBBIM LIATOM B 3TOM HalpPaBJEHHH: H3MEHHB 3aKOH AHCIEPCHH
YACTHIL ¥ BBEAS [ONOJHHTEJbHOE BHEIHEe I[OJe, Mbl HCKIOUHIH
M3 PacCMOTPEHHsI CaMOCOIJVIACOBAHHYIO 4aCTh B3aHMOJCHCTBHS MEXAY
YyacTHIAaMH. BBeleHHe NOHATHS KBAa3MYACTHUBI O3HAUAET CJEAYIOUWIMI
mar B TOM e HanpabjgeHHH. OJHAKO HCKJYHTH KODpPeNsIHOHHOE
B3aUMOJIICTBYE MOXKHO TOJBKO NPH BLINOJHEHAW BECbMa KECTKHX
ycaoBui, o6eCneudBaiOUIuX MaJOCTh 3aTyXAHHS.

Ilpu BapyumieHnu 3THX YCJIOBHI NMOHSITHE O KBAa3WYACTHIAX MOXHO
HCMOJb30BaTh JAJd MOCTPOEHHSI YHOGHOTO HYJEBOIO INMpPHGIHKEHHS.
B caenyomux npubauKeHHAX HYXHO BBECTH B3aHMOAEHCTBHE MEXKIY
KBa3HYaCTHIAMH, KOTOpOe 3aBeJOMO MeHbIl€ B3aHMOAEHCTBHS MEXIY
HCTHHHBIMH YaCTHIIAMH.

24. 2. YUpesBbMaHHO CYIIECTBEHHO, YTO H BO36YKIEHHHIE COCTOS -
HHsl CHCTeMBl MOXKHO IIpH OIpefle/ileHHbIX YCJIOBHSX TPAKTOBATh
HA s3bIKE€ KBAa3HYyacTHL. MOXHO TOBODHTb, YTO IIepeXOJi CHCTEMb
B BO30y>xJleHHOe COCTOSIHHE NpOoHu3olies 6/1arofapsi NOSBJAEHHIO B HEH
JIONIOTHUTEILHBIX He B3aHMOJEACTBYIOIUMX APYL C APYroM KBasu-
YyaCTHL. OTH KBa3HYaCTHUH MOTYT COBMafaTh MO CBOeH MpHpoje
C TeMH, U3 KOTOPHIX «NOCTPOEHa» Cama CHCTeMA, HO MOTYT ¥ OTJIH-
YaThCsd OT HHUX.

- BO3MOXHOCTD HCNONB30BaHHS TAKOH KapTUHHE HATaJKUBAETCS
Ha Te JKe OrpaHHYeHHS, 4TO OblIH ONHCAHBLI B MpEIbIAYIIEM pasjelie.
OTH yCJIOBHSA BHIIOJHEHB MPH PAaCCMOTPEHHH CHCTEMbl, SHEpI'Hsi BO3-
OyXIeHUs] KOTOPOH Maja. ' : :

PaccmarpuBag Aaf NpPOCTOTH BO3OYXKAEHHHIE COCTOSIHMSI CH-
creMel N + 1 wacTHm, Mbl BHAHM, 4YTO IPH BHITOJIHEHHH YKa3aHHBIX

>
ycuoBHi pyHKuna A (p, E) HMeeT pPe3KHH MaKCHMYM OKOJIO TOYKH

: -
E; — n. Bmecre ¢ Tem ¢pyukuusa A (p’, E) urpaer posb NJIOTHOCTH
YPOBHeH cHcTeMH B OkpecTHocTH ToukM E = A'E, = AE, — p.
Takum o6pasoM, 3Heprusi BO3GYKIAEHHS CHCTEMB! JeHCTBHTENbLHO
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coBnajiaer ¢ BeauyuHoi E;, T. e. caMo BO30YKIAEHHE CHCTEMbI 06s-
38HO DOXKJEHHIO OJHOH KBa3WUaCTHIL. : :

Apanoruunasi cuTyauus HaGmiofaercs m B cucTeMe N yacTHi.
OnHAKO B 3TOM C/Jyyae MMeeTCsl JBOSIKAsi BO3MOXKHOCTb BO30YIKIEHHUsT
CHCTEMbl H, CJeJOBATENbHO, [BA PasjHYHBIX THIA CHEKTPa 'Bo36y-
x,paeHuii [4]. CymecTByIOT KBa3HYaCTHUBI, KOTOPLI€ CIOCOGHHI pO-
KIATHCS N00JKMHOUKe. TaKue KBAa3HUACTHIBl 10 HEOOXOAHMOCTH HUMEIOT
HEJOUHCAEHHBH MOMEHT KOJHYeCTBA JBHMKEHHA H JOJKHBI CUHTATHCS
Goze-yacTutiamu. MM COOTBETCTBYET CHEKTP BO3OYXKAeHHI GO3€BCKOTO
tuna. [lpumepaMy TakKuX BO3GYKICHHH MOIYT CHAYKHTH (POHOHBHI,
3KCUTONBI, TJa3MOHBI, KBAHTH CIHHOBBLIX BosH [39, 100-—1021].

BosMoeH TakiKe ciayuail, KOIJia- BO3GYXKIEHUS POKAAIOTCA 00s-
34TEJLHO TIONApHO, NMPHYEM MMIYJIbC OJHOTO K3 HHUX BEHIIE, APYTrOTO
HHKE HEKOTOpOH BeJuuuHbl po — dbdexTuBHOH rpanunn Pepmu
kBasiuacrul. OTBevalomWui UM (epMHEBCKHH CIEKTp BO30YKAECHUI
B KaYeCTBEHHOM OTHOIIEHHH HATIOMHHAET CIEKTP BO3OYKIeHHH Haeanb-
HOTO Ta3a, a caMu BO3BYXKJEHHsI COBIANAIOT C KBA3HYACTHIIEH U «KBa-
3UJBIPKOL» *, TOSIBJEHHE KOTOPHIX NPHBOAHT K BO3OYXKJAECHUIO CH-
creMbl N + 1 uactun. C 3T0# TOUKY 3peHHs] 603€BCKHE BO3OYKIAEHUST
MOYKHO TPAKTOBATh KaK CBSI3aHHBIE COCTOSIHUS KBA3HUACTHIBL U KBA3U-
IOBIPKH. ‘ ‘

CriekTp BO3OYK/IEHHI peayibHOM CHCTeMbl MHOTHX YacTHIl B O0L1eM
caydae COIEPKUT KAK (hePMHEBCKYIO, TaK H G03€BCKYIO BETBH, MIPHUEM
NOCJIe/IHSIsT MOKET CaMa COCTOsITb M3 HECKOJbKHX BeTBef (poHOoHHas,
SKCHTOHHAS M JPyTHE BETBH TBEPJOro TeJa). =

24. 3. MajocTh (B ONpeleJEHHBIX Mpelesax) KOppPesinHOHHOro
B3aHMOZEHCTBHS My KBa3WYaCTHHAMH M03BOJSIET TOCTAaBUTh BOIPOC
06 MHAMBHAYAJbHBIX XapaKTepHCTHKAX KBasHYaCTHLUH U B IIEPBYIO
ouepelh O ee SHepruH. DyJeM AJsl ONpe/leJIeHHOCTH TOBOPHTL O €O6-
CTBEHHO KBAa3MYACTHIE — OJHOUACTHYHOM 3JIEMEHTAPHOM BO3OYMKIe-
HUH CHCTEMBI.

B asyx npeRpiiymux naparpadax Mbl yxe 10 CYIIeCTBY NOAOULIA
K OTBETy Ha BOTPOC 06 SHepTHH KBa3MuYaCTHIbl C ABYX PA3HBIX TOUEK
aperds. B § 22 Ob10 BBIAACHEHO, UTO B NPEANOJIOKEHHH O Ma/JI0CTH
3aTyXaHHs 3HEprul0 Bo3OyxaeHus cucTembl AE, MOXHO HCKaTb
U3 ypaBHEHHs]

(> S
AE, —e7 — Mlp, AE,) 0. (94.3)

PeueHne 5TOr0 ypaBHEHUs HMEET MHHMYIO 4acTb, YTO COOTBETCTBYET
3aryxawoueMy nopefieHno ¢yskuuu D,

®, ~exp [—i (EF —iT7) £, (24. 4)

* «KBasuimpxkofi» Mbl Ha3biBdeM OGDBEKT, XaPAKTEPUCTHKH KOTOPOro Ompee-
JILOTCA TOMocoM dyukiun Iprna npu € < W M KOTOPHIH TIPH BBIKMOUEHHH KOpeJLIs-
LMOHHONQ B3aHMOJIEHCTEHA TIEPEXOJMT B OOBIUHYIO ABIPKY. K (hepMHEBCKOMY ~THITY
OTHOCHTCA BJEKTPOHHBIL ChekTp B Meranaax [[03], moasipomswit CHEKTp HOHHOTO

gpucranad . [104] woaps . - oo : e
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rie Eg — iT7 = AE, — kopenb ypaBhenus (24. 3). I[losBraenue
OTJIHYHOTO OT HYJSl 3aTyXaHusi OOBACHAETCS TEM, UTO MBI HAMUCAJH
npubnrxkeHHoe ypaBHeHHe Ajsi ¢pyHKnuH @O, CIejaB onpeje/neHHLe
[pPEAINOJIOKEHHS O BHAE YCTOHYMBOH BOJHOBOH (PYyHKIMH HYJIEBOTO
npubnukenusi. Ha camom jpene BbiOpaHHas BOJHOBAsl (GYHKHUA
He BIOJIHE YCTOHYHMBA, a $BJETCS CYHEPNO3HIHeld HeCKOJIbKHX
YCTOHUMBLIX GYHKIMH, Kaxklass H3 KOTOpPHIX NIpHOOperaeT 3a cuer
KOpPEJSINOHHOTO B3aHMOJEHCTBHSI CBOe 3HAYEHHE 3HEPTHH;, 3TO
H TPHUBOAUT K MNOSBJEHHIO BHAMMOI HECTALHOHAPHOCTH COCTOSTHHSA
cucteMbl. Eciiu peanibHBEIM YCIOBHAM COOTBETCTBYET MMEHHO HEYCTOM-
uypBas BOJIHOBAs (YHKIMS, TO BhIpaxeHnue (24. 4) onuceiBaeT peasb-
HOe 3aTyXaHHe JaHHOTO HadyalbHOFO COCTOSIHHSI CHCTEMBI.

Tenepp MOXKHO OTBETHTb HA 4acTO BO3HHKAWOUMEA BOIPOC O TOM,
nouemy Matpuunblil snement D, mNosyueHHBIl pelieHHEM ypaB-
Henus (24. 3), 3aTyxaer BO BpeMeHH, B TO BpeMsl Kak IPH BHIBOJE
CIEeKTpaJbHOH GOPMYJIBL HCNOJb3yeTcs BripaxeHnue s @O, He coxep-
JKallee HHUKAKOTO 3aTyxaHus. [leo B TOM, YTO B NOCJAEIHEM CJy4ae
HCMNOJIb3YeTCsl TOYHOE BeipaxeHue Aasa @D,, oTBedawuee UCTHHHOMY
CTAIlMOHAPHOMY COCTOSIHMIO CHCTEMEI; YpaBHeHHe ke Aasd pyrkuun O,
CoJlepKaliee TOJbKO MAcCOBBIH ONepaTop, OTBedaeT 3aBelOMO HecTa-
IUOHAPHOMY COCTOSIHHIO.

Paccmorpenne 3POJIIONMH  KBZ3HYECTHIBI  TpeGyeT BEEJEHHA
HMEHHO HeYCTOHUYMBOH BOMHOBOH (DYHKIHU. ¥ paBueHus (24. 3), (24. 4),
BbIBEJIEHHbIE B IPEANOJIOKEeHHH O ToM, uto ¢yuKuua Y¥,,(—0)
OTBeyaeT HaJMYul0 OJHOH YacTHIl Ha (OHE OCHOBHOTO COCTOSI-
HMA CHCTEMBI, OIHCBHIBAIOT IIOBeJjeHHe 3TOH YaCTHIBl [PH BKJIO-
YEHNHU KODPEJASILIMOHHOrO B3aMMOZEeHCTBUSI. BO3HUKAIOMWUHA NPU 3ITOM
BKJIIOUeHHN OOBEKT M fABJseTcqd Kpasuuactuiledl. CorepilleHHO aHa-
JIOTHYHBIM O06DP230M NpPH BBHIKJIIOUEHHH KOPPEJSIIMOHHOIO B3aHMO-
JIEHCTBHS KBA3WYaCTHIA JOJKHA TEPEeXOJHTh B OOBIUHYI YACTHLY.
[lostoMy npuusitoe npepnojoxkedue o Buie ¢yakuun ¥, (— o)
ofs3atenbHo. EciM ke paccMaTpuBaTh MCTHHHOE CTalHOHApHOE
COCTOSIHHE CHCTEMBI, TO TIPH BBIKJIOUEHUH KOPPEISIIIMOHHOTO B3a-
HMOJIEHCTBUS Mbl HpHJAEM K COCTOSIHHIO, COJepikKalleMy, HOMHMO
YaCTHLBI, €llle HeKOTOpoe YHCJAO Hap. IJTO COCTOsSHHE, KOHEUHO,
cojlepKUT BoJsiee OflHOH KBazuuacTuus! *. M3 Bujaa BoaHoBOH DyHKUKH,
onpejeaseMoli cooTHolleHHeM (24.4), HeNOCPeJCTREHHO CJeXYeT, YTO
BejJHUHHA E;, OUYeBHAHO, COBMAAAeT C 3HEPruefl KBA3HUACTHIIHL.
Buano, uto ypaBHenHe (24. 3) B TOUHOCTH OTBEYAeT MOJIOCY DYHKITUH
Ipuna. [Ipu OTHICKAHHH KOPHEH 3TOr0 ypaBHEHUs HEOGXOIUMO TOJIbKO
CJEeUTh, 4YTOOB WX MHHMasl 4acTb — BeauunHa —I'; -— GblIa OTpH-
UATeJLHOH, T. €. YTOObl NPOHCXOAUJIO HMEHHO 3aTyXaHHeE.

K sTum e pe3synbTataM NPUBOAST DPACCYKICHHUS, OCHOBAHHLIE
Ha CHEeKTpaJbHOH dopmyne ans ¢yHkuuu I'puna. Kak 6blio Beisic-
HeHO B § 23, ecqM aHaJTHTHYECKOe MpOJoJkeHHe pyHkuuu ['puna

*B CTaHHOHapHOM COCTOSIHHH He HMEEeT CMBICJIA FTOBOPHTH O TOYHOM YHCJ/Ie KRa3H-
YacTul, TaK KakK nocjiejHee He SBJAseTCH HHTErpajioM JBUKEHHUS.
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B HUKHIOIO NOJIYIVIOCKOCTh UMeeT nouoc B Touke E; — i I'y, T0 B Bo3-

GyX/JEHHOM COCTOSIHHH CHCTEMBbI NPHUCYTCTBYeT Y3KHH NaKeT CTauuo-

HapHBIX COCTOSIHHH LIMPHHOH nopsaka ['y, npuueM 3BOJIONUS CHCTEMEI

OPOHCXOAHT 1O 32KOHY (23. 4). TouHee roBopsi, ecyim CYHTATL, YTO
->

IJIOTHOCTh YypoBHell A (p,'E) CBOJIMTCS K CBOEMY TOJIIOCHOMY YJIeHY
(23. 29), 1. e. yTo BO3Gy¥XKJAEHHOE COCTOSIHHE OTJIHYAETCS OT OCHOB-
HOrO TOJLKO NMPHCYTCTBHEM BOJIHOBOTO [12KeT2, TO 3TOT NMakeT (KBa3H-
YACTHIIA). HMEET JHEeprHIo E; u 3aryxanue I's.

P

Takum o6pa3oM, 3HepTHs (3AKOH AHUCIEPCHH) H 3aTyXaHHE KBa3H-
YACTHIE HEMOCPEACTBEHHO CBSI3aHBI C OJHOYACTHUHOH ¢yHKIHEH
I'pura. B onHoposHOM ciyuae o6e 3TH BeJIHYHHBI ONpPEAEAIOTCS
NpoOCTO JAEHCTBHTENbHOH M MHUMOH YacTblO [OJIOCA aHAJNUTHYECKOro
npofoJsikenust ¢yppe-obpasa ¢ysHKmuM I'pHHA B HHXKHIOI TOJY-
NJOCKOCTh *. B ofimeM ciaydae Jjisi HX HAXOXKAEHUS HYXKHO PEIMTL
ypaBHeHHe, nojyyamouieecss W3 BeipaxeHus (22. 16) moiacTaHoBxoi
O ~exp(—iEg—Ty), 1. €.

(En—iT,— T — W)D,(q) — | dgsM (g1, G5, E;—iT,) @, (g2), (24.5)

rae M (g1, ¢, &) — ¢ypbe-o6pa3 MaccoBoro omneparopa.
Paccemotpum nojpo6Hee ¢ 3TOH TOYKH 3PEHHS OJHOPOJIHBIN Cayda.
Hmeem

>

[Monaras I's « E> ¥ OTAensis MHUMYIO H JCHCTBHTEJbHYKO YacCTH
p p .
OpUXOJAUM K CHCTEME YpaBHEHUH, Jawolied Ccrefyoline peneHns :

N
E; =& + Re M (p, E;;)’

1m M (p, E;)

2 = (24.7)
o JdRe M (E '
1— =)
oE .,
p
Muumas gacth gyHxuuy 'prHa MoKeT GbITb BHIPAXKEHA B BUIE
Im M ' ’

Takum o6pasom, BeauuuHa I' u Im G ofpamarorcssi B HyJb OJHO-
Bpemenno. Kak Mbl Bujenn B § 23, BenuunHa Im G MeHser 3Hak
B TOUKE & = [ H B NpPEeANOJNOXKEHUH ee HenpeperBHOCTH ofpauiaercs
B 3TOH TOuke B HYJb. IIpu 3ToM 3HaK I' nosjoxurenen mpu € > |
H oTpuuaTeneH npu & < WU.

* D10 OTHOCHTCH K CJAy4al € > . l'Ipﬁ & < L aHAJMTHYECKOE MPOJOJIKEHHE
G (;, €) B BEPXHIOI0 NOJYIIOCKOCTb JaeT XapPaKTePHCTHKH KBa3UALIPKH, KoTopas
ONHCHBAETCS BeJTHYHHOH E)n (1), sasHcsLIel OT BpeMeHH 110 3AKOHY €XP (iEt,—T#y).
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. PaccMotpuM ¢yHKuMIO [prHA B OKPECTHOCTH TOUKH € = W. Ilpen-
[IOJIOXKHM JJIl TIPOCTOTH, UTO B CHCTEMEe He MOTyT 0Gpa3oBLIBATLCH
KOppENHpPOBAHHBE TNapbl, MPHBOAAINME K CBEPXNMPOBOAMMOCTH *.
Torza MaccOBHII ONMepaTop He HMeeT OCOGEHHOCTH BOJM3H TOYKH
€ = |. OTO N03BOJISET Pa3/JOoXKHTh Bhipaxenune Anst G+

>

G“(p, s) =& — e;——ReM (;, e)—iImM(;, a)

B psi/l OKOJIO TOYKH & = |4 H p = p, TJe po — KOPEHb yPaBHEHUA
p=er| 4 M(p, p)= Es).- (24. 8)

Hcnonb3yst Bhlpaxenue (24.7), Haxonum
—1 (7 —1 :
= L-> —— —_— - - -> 2 N
G (p, s) Zp [s w—v(p—py) lZp Im MJ, (24. 9)

rre 25! = 1 — 2ReM e p)
p &

0E~»

a v = Z—»—a—p

14 P _|pe .

Benuunna Z-Im M nponopuuonanbua (e — p)?sign (e —w), T. e

B6/IU3H I‘paH’;[HbI depmu 570 GECKOHEYHO Masiast BeJMYHHA BHICLIETO
nopsjaka [105]. D10 o06CTOATENHLCTBO MO3BOJAET 3aK/MOYATH, HTO
B OKpeCTHOCTH rpaHuubsl @Pepmu INpeicTaBieHHE O KBasH4aCTHLAX
MOKeT CUMTATHCA ONpaBJAHHBIM. VIMEHHO MNO 3TO NPHYKHE MNOHS-
THEM KBa3HUACTHIl MOXKHO I0JIb30BATbCA JHIb A5l CNaB0BO30YKACH-
HBIX COCTOSIHMH CHCTEMBI.

24. 4. ConocraByiss Boipaxenue (24. 1) ¢ BhlpameHHeM Aas CBO-
601H0# (pyHKIMH ' puHA, MBI BUIHM, YTO B OKPECTHOCTA TOUKH & == [t
Tounas yHkuus ['puna BnojiHe NOAOGHA CBOOOAHOR PYHKIHH ['puna.
VlcXofs W3 CMBIC/AA BeNWUHHbL € B cooTHowmenuu (10. 7), onpenensio-
el TpaHuLy 3alOJHeHHs YacTul, BHAHO, 4YTO XHMHUYECKHH TIOTEH-
UHaJ W HTpaeT poJb SHEPIHH, ONpeleJsiolmedl IPaHHIly 3amOJHeHHs
KBasHuacTHl. Takum o6pa3oM, MOXKHO CKa3dTb, 4TO XapakrTep 3amoJ-
HeHHs YpOBHeH . KBa3MyaCTHI[ CHCTEMBl B OCHOBHOM COCTOSIHHH
Takoif e, Kak B WjeajbHOM rase. Eciu BBecTH 4uC/Ia 3aTOJHEHHS -

KBasp4acTul n, TO

— BBelleHHBIl ~ Bblle  (pakTop’
g=u

— CKOpPOCTb KBa3uyacTHubl Ha rpanuie Pepwm.

n:e(p——Ea). (24. 10)
p
3T0 COOTHOIEHME CIPaBeNIHBO TOJbKO NpPH YCJIOBHM MAJOCTH I,
P
T. €. NpH HeGOMBIIMX 3HAaUeHHAX E> — p.
p

* CBepXnpOBOASiel CHTyalLHH OTBeYaeT MOJIOC dyHKUUH M B6AM3H TpaHHLBL
®epmu [105]. B orcyTCTBHE CBEPXIPOBOAMMOCTH PasliOXeHHe MACCOBOFO Oneparopa

HMeeT BHA:
> ! >
M(p, &) = M, (p, ) + ia (e — p)? sign (e —p) +

+ﬁ(e~u)='ln(——”;‘” )+ ce

rae M, — peryaspuas B ToUKe p QyHKUMA.



- Benuuuny p,, sABnslomlylocs kopHeM ypaBHenus (24. 8), ecre-
CTBEHHO CUHTATb I'P2HHYHBIM HMNYJbCOM KBasmuacTui. OHa coBma-
JaeT C BEJIHYHHOH po, BBElCHHOM B pasjene 24. 2. B ycaosuax npu-
MEHHMMOCTH TE€ODHH BO3MYIUEHHH (B YACTHOCTH, B OTCYTCTBHH 5(peKTOB
CBEPXNPOBOJUMOCTH) BEJIUUHHA P, TA K€, YTO H A/ HIeaJbHOTO rasa,

T. e
62 /s
o= (2)", (24.11)
. &
e @ — MJIOTHOCTb YHCJaa yacTyi cucteMbl [7, 106]. Toynee MoxHO
ckaszaTb [107], uto ecnn ypaBuemwe E, = | HMeeT BeimeCTBEeHHbIH
KOpeHb (2 B Ciryuae CBepXIPOBOAAIIEH CHTYaLUMH 3TO He tak [108]),
TO OH COBMAJAeT ¢ BblpaxeHueMm (24. 11). :
Taxum ofpasoM, pacnpefeseHHe KBasHYaCTHL, MO HMIYJbCAM

NpeACTaBJsieT CO60H CTYMeHYaTyIo0 (PyHKLUHIO U MOMKET ObITh 3alHCAHO
B BHUJe

J 0 (;) = 0(ps — p). ' '(24. 12)'

VIHTepecHo oTMeTHTb, 4TO H B pacnpeieIeHuH M0 HMIYJAbCAM MCTHH-
HBIX YacTHIl, KOTOPOEe COBITajiaeT ¢ BhipaxeHHeM (24. 12) aumb npH
OTCYTCTBHH KOPPEJSIHOHHOTO B3aUMOJEHCTBHS, TAKKE COXpaHsercs,
XOTsl H YaCTHYHO, CTynenyaToli xapaktep [109]. das mokasarenncrsa

paCCMOTpHM ofliee BhIpa)KeHue LIS Q (;)
olp) i 4G o)

IloacTaBass ciona BepaxeHue Iist GyHKuuu [puma (24. 1) u yun-
TbIBAsl, 4TO 3aryxaHue I'» MeHsieT 3HAK NpH Mepexoje TOUKH € = U
p

HJIH, 4TO TO Xe, p = p,, 3aKJio4aeM, 4TO NpH p < p, NOJIOC BYHK-
uuu ['puHA JIeXHT BHYTPH KOHTYpa C, a IPH p > p, BLIXOJHUT H3 HETO.
YuuTBIBas, YTO BBIYET B 3TOM MOJIOCE paBeH Zp,, HAXOJUM

2Py —0) —e(po+0) = Z,. (24. 13)

Tak kak BennuuHa @ (p) 3aK/MIOYEHA MEXAY HyJeM H eJUHHIEH, TpH-
XOLHM K HEpaBEeHCTBY -

IZ+]<1,
p

T. €. CKa40K B pacnpelleIeHMH MeHblie, YeM B Cjyyae HeaJbHOro
rasa. Ilpumepnblii KauecTBeHHBIH XOA @ (p) u306paxkeH Ha puc. 50.
OrMeTnM mojie3sHOe COOTHOLIEHHE, CBS3bIBAIONIEE TPAHUUHYIO SHEp-
THIO KBAa3WYaCTHI[ W cO cpepHeil swepruedi E/N, npuxopsimeics
Ha OJHY YaCTHIY B OCHOBHOM COCTOSIHHH, :

_E/N = . (24. 14)

9to cooTHowenne, BBefenHoe [yremronbuem u Ban-Xosom [106],
CnpaBelJHBO B NPHMEHEHHH K CaMOCKATBIM ONHOPOAHBIM CHCTEMaM,
KOTOpHI€ HAXOAATCS B PABHOBECHH, €CJIH HEeT BHElrHero JaBJIEHHS
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(amepnas marepusi)*. Jlast 10Ka3aTeqbCTBA MOMHO BOCMONb30OBATHLCS
cootnomenussiMu E = Nf (¢), 0E/ON = p, (0E/0Q)y = —o? % X
x (E/N) = —P, rpe P — BHemHee JaBjenue. JT0 J2eT

oTKyla npu P = 0 u ciexyer cooTHowmeHue (24. 14), yno6Hoe s
MPOBEPKHU COrJIACOBAHHOCTH Pe3YJIbTATOB BBHIUHCJIEHHS OJHOYACTHUHOH
sHepruu E» u nosHodl sueprum cuctemsr [106].

-3 ,

PP

K

L — | P o

Puc. 50

24. 5. VYxaxeM (QU3UYeCKHH CMBICA BeJUUMHB Z»>. Bnipaxe-
P

Huo (24. 1) nns pyuruuu [puna oTBeuaer caefyriomuil Bm6op BeCo-
BoIX ¢yHkuuii A u B coorHomenusx (23. 11) u (23. 13):.

4(p, E) :z;a(E+p-—E;) o

Blp E) =2, 0 (E—p+ Ex) ..

npuyeM E»> cuuTaercs OJM3KHM K W, YTO HEOOXOJAHMO C TOYKH 3pe”

P L

HHUst MajgocTH I'>. B ImpuBelleHHbIX BRIpAXKEHHSX ONYIIEHHl Cjarae-,
p : 2

Mbl€, MMEIOLIHE PEryJspHOoe INOBelleHHe H OTBETCTBEHHBIE 32 HENo-
JIGCHO# usien B BhipaxeHun (24. 1).
®dyukuuun A W B ¥MeOT MOJOXKHTENbHBIH 3HAK, 3HAYAT Z»> > 0
P

U OKOHYaTE/IbHOEC HEPaBEHCTBO HJH Zs uMeer BUA
P

0<Zr<l. © (24 15)

Takum o6pasoM, cKauok ¢yHKuu#u @ (p) BYTO‘IKe P = P, nponcxonm;
B CTOPOHY YMEHbIUEHHS Q NPH YBEIHYEHHH p (cM. pue. 50).

* D70 03HAUAET, UTO FHEPHs HMEeT MEHUMYM IIDH JAHHOM 3Hauenun o (OE/dg=0).-
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Hanee, nepenucoiBasi Beipaxenue (23. 6°) B Bujie

. (> 2
Al ) =|aloE +n—Ep),

noyunM Z» = a,,f,’,l*. Ho BennunHy a,7; MOXHO 3amlHCaTb B BHJe
p

an’;:<lpl a;lqrn>’

rlle @> — ONepaTop YHUUTOMNKEHHS] YACTHIBl B COCTOSHHH C HMITYJb-
P

!

CcOM p. 3HAUHT, a,7, NpPEICTaB/IsieT co60f aMIIUTYAy BepOSITHOCTH,

a Z-> — 1poCTO BEepOSITHOCTh OGHAPYKHTb OJHY KBa3HYACTHIY B CO-
P

cTositiuu @t ¥, rie uMeercs OjiHAa OGBIYHAS YACTHUA CBEPX OCHOB-
P

HOro coctositiusi. HamomuuM, uto cocrosiuue V¥, COAEPKHT KBasu-
YacTHLY Ha ()oHe OCHOBHOTO COCTOSIHHSI. AHAJOTHYHBIE PACCYXIEHHS

>
MOXHO TIpoBecTH ¢ dhyHKuHel B (p, E); IIPH 3TOM BBISICHUTCH, YTO Z>
p

OLHOBPEMEHHO SIBJITETCSl BepOSITHOCTbIO OOHAPYKHTh KBasHIBIPKY
B COCTOSIHHM C OJHOH JBIDKOH.
Bennuuna, awasnoruysast Z», B PeNATHBHCTCKOH TEOPHH NoJA
]

HasLIBaeTcsl KOHCTaHTOH mnepeHopmupoBku. Ilpouenypa mnepeHopmu-
POBKH (PH3HUECKHX BENHYMH-—XapaKTEPHCTHK YacTHIl (Macchl) H UX
B3aMMOJeHCTBHS (KOHCTAHTHI CBSI3U), XOTS M ACCOLHHPYeTCs OOGBIYHO
C pacxoJUMOCTAMH. TEOPHH 10JIsI, HE MMeeT MO CYUIECTBY K HHM IIps-
MOro OTHOWeHHs. lleapb mMepeHOPMUPOBKH COCTOMT B ~TOM, HTCOBI
NIPHBECTH B INpaBUJLHOE COOTBETCTBHE BEJHYHHBI, (QUTYpHpYIOIHE
B TEOpHH, C HaO/MIOJaeMBIMH HA ONbITE -BeJHYMHAMH. B uacTHOCTH,
Macca CBOGOAHOMH YACTHUB! B PENATHBHCTCKON TEOPHHU NOJS SIBJISIETCS
HeHal0/0laeMol  BeJHUHHOMN, MOCKOJBKY HE CYIIECTBYeT YCJOBHH,
IIPH KOTOPHIX 4acTuua Oblia GBI M30JHPOBAHA OT CBOero COGCTBeH-
Horo noss. [Tostomy ¢ HaGaogaemoii Maccol, KoTopasi JoJixkHa (ury-
pPHPOBATh B BHIKJIAJKAX, CJEAYET OTOXKAECTBUTL HE Maccy CBOGOJHOMH
YaCTHUHI, a BeJHYHHY, [TOJYUEHHYIO C YUeTOM BceX a(hpeKTOB B3anMo-
JeHCTBUST YaCTHIRI C ee COGCTBEHHBIM NoJjieM. B 3TOM U COCTOHT IIpo-
LeAypa NepeHOPMHPOBKH, KOTOpAsi B HEKOTOPBIX YaCTHBIX MOJENAX
NPHBOJUT OJHOBPEMEHHO K yCTPAHEHHIO PAacXOIHMOCTEH.

B .cBoGoiHOH OT pacxouuMOCTeu HEepPeNsITHBHCTCKOH npod.neme
MHOTHX YA4CTHII HEeT HHKaKOH HeoOXOZWMOCTH INPOBOJUTL NE€pPeHop-
MHPOBKY *.' B JaHHOM cJy4ae MacChl H 3apsjbl CBOGOJHBIX (H30JM-
POBaHHBLIX OT CHCTEMBI) YACTHI fBJSIOTCS HENOCPENCTBEHHO HabJio-
JaeMbIMH BejquuHHaMu. Dojiee Toro, 3ajjaua MUKPOCKONHYECKOH Teo-

* CKaszaHHOe He OTHOCHTCS K TeM HaCTHLAM, KOTOPLE CBOHM CYLIECTBOBaZHHEM
06513aHbl B3AaHMOAEHCTBHIO MEXY YACTHLAMH CHCTEMBI — - GOHOHAM, SKCHTOHAM H T, Ii.
Jas TakMX 4acTHll NEPEHOPMHPOBKA MPH onpeJxeneHHou NOCTAHOBKE 3a/1a4H -MOXKeT
crath obsizarensyoi {110—112].
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pHH B TOM H COCTOHMT, YTOOHl BbIPA3UTb MHTEDECYIOLIHE HAC XapaKTe-
PHCTHKH CHCTEMbl HMEHHO 4epe3 XapaKTePUCTHKH CBOGOJHBIX HaCTHLL.

Cnenyer, KOHEUHO, HMETb B BHIY, YTO NPH YY€Te B3aMMOJAEHCTBHS
MEXIY YaCTHIIAMM HX XapaKTEPUCTHKH MeHSIOTCA. MeHsercs 3aKoH
JHCIEPCHM 4YacTHI, B YaCTHOCTH, HX Macca. MeHsiercs Takke
H 3aKOH B3aMMOJEHCTBHs Mex1y dYactuuaMu (cm. § 26, 27). Moxer
0Ka3aThCsl YAOGHHIM BCE PacCykJieHHs BECTH Ha s3biKe 3THX H3Me-
HEHHBIX XApAaKTEPHCTHK YaCTHI[, YTO B H3BECTHOM CMBIC/ie 3KBHBa-
JIEHTHO TIPOBEJIEHUK) MepeHOPpMHPOBKH. OJHAKO ‘B MHKPOCKOIHYeE-
CKOH TEOpPHH B KOHIE KOHIIOB ITOHAJOOHTCS BLIPA3HTh 3TH H3MEHEHHBIE
XapaKTePUCTHKH 4Yepe3 XapaKTepHCTHKHM H3OJHPOBAHHBIX 4YaCTHIL.
Uro xe kacaercsi (eHOMEHOJOTHUECKOH TEOpHH, TO TaM MEePEeHOpMH-
POBOYHBIA MOAXOML HEOGXOLNM.

24. 6. PaccMOTpUM 3HEpPrul0 OCHOBHOTO COCTOSIHHSI CHCTEMB
Ha s3bike kBasuyacTui. IloacraBasist B dopmyny (19. 20) cnekrpasn-
Hoe cooTtHouenne (23. 11) u npuMeHsist TeOpeMy O BBIUETAX, MOJYYHM

— 2 SPor [df*pTdEB (G, EN(n—E+). (24.16)
0

Bennunna deB (p, E) onpenenser pacnpefeseHHe MO HMIYJbCaM

B OCHOBHOM cocmmmn cucremsl (cM. § 23), a cama (QyHKIHS B (p, E)
JlaeT TJIOTHOCTb YPOBHEH BO3GYKAEHHBIX COCTOSIHHH cucTeMbl N — 1

yacTui BOJH3H TOYKHU E = AE, + p. ®yuxuuio B (p, E,) MOKHO

npexcTaBuTs B Bule — Im G (p, p— E) [MoaTomy

Ezfd”’p f%ImG(;, x)<x+ ;;)

Ipogonxkasi Im G (uau npocro () B BepXHIOW MOJYIJIOCKOCTb, NPH-
XOJMM K OCOGeHHOCTH, Haxojsuweiica B touke E» + il *,
P . p

6(p o) — B '
P, &) =%5_"E,—ir, "
: p p

IToacraBasiss 3TO BHIpa)KeHHE B NpeBIAYINYI0 GOPMYyJay U BHIOJIHsS
HeCcJIO}KHOe HHTerpHpoBaHue, MoJayyuM npH Manawx I

1
E = 5 Spgc [ @0 (1 — E2) Z3 (E; + p/2M).  (24.17)

* Benuuyunnt Z_,, E, ¥ ', oTan4aioTcsi OT BBEJEHHBIX BhIllle, NIOCKOJIBKY aHAJH-

THYECKOE NPOJOIKEHHE JeslaeTcsi B JAPYIoR oGJAacTH H B EPYTYIO NOJYNIAQCKOCTb.
Onnako B6au3H rpanunsl Pepmu, rae ', MaJo, 9TOM pa3HHIEeH MOXKHO npeﬂe6peqb

p
310 cBsaHO ¢ CHMMeTpHell MeXJYy YacTHIlAMH M JBIPKaMH, HMelomeld MeCTO B6IH3K
rpasuus PepmH. L
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DT0 COOTHOUIEHHE CTAHOBHTCS SICHBIM, €CJH OOPATHTBCS K DPE3yJib-
Tatam § 4. B npubnmxenun Xaptpu — Poxa SHEPTHS OJIHOPOJHOI
CHCTEMbl MOXKeT 6bITb 3anucaHa B BUJE

Ey= - SPor [ d%eB(er— e2) (&2 + p*/2M).

Ona npexcrasisier co60il CyMMy 3Hepruil YacTHil &> MHHYC N0JIOBHHA

SHEPTHH B3aUMOJEHCTBHS MEXKAY HHUMH. «
BKsaj KBa3W4aCTHL B TOYHOE BbIpaxKeHHe N5 SHEPTHH MOJy-
qaercsl 3aMeHO &> Ha E> u BBejieHHeM BepOSITHOCTH OOHAPYKEHHUS
p

KBa3HYaCTH b Z» TakuMm of6pasomM, M ¢ 3HepreTHUecKOH TOYKH

3peHus BOSMO)KHO OJIHOYACTHYHOE ONUCAHHE cHCTeMbl. OJHAKO TNpH
3TOM HY¥KHO BKJIOUHTH B pACCMOTpPEHHEe CaMOCOIJIACOBAHHOE B3anMO-
JeHCTBHE MeXAY KBA3HYACTHHIAMH.

§ 25. YPABHEHUSI JJIS1 ®YHKUMH TPHHA

25. 1. IlepefileM K pelIeHMIO 3372yl O BHIUHCJEHHH OJIHOYACTHY-
HOU W napHod ¢yrkumn I'pHHA NO 3a7aHHOMY MOTEHLHANY B3aHMO-
JefCTBUS MEeXKJY YAaCTHIIaMH.

Jta 3ajava, xora u Oojee mpocTas, yeM 3aJauya TOUHOIO peliie-
HMA ypaBHenusa Ilpenunrepa *, ocraercss Ype3BHIYAHHO - CJIOXKHOM.
IloHATH, B Y€M COCTOHUT 3TA CJOKHOCTb, MOMKHO C TOMOHIBIO CJie-
AYIOWUX paccyXIeHHui.

CorJiacHo pesyabtataM § 20, napuas u ofHOUACTHYHAS (PYHKIHH
I'puHa NOJHOCTBIO ONpPERENsIIOTCS, eC/IH H3BECTHA BEPUIMHHAS YacTh A.
IlosTomMy paccmatpHBaemasi 3ajaua IeMKOM CBOLHTCS K oOnpelese-
HUIO BEeJUYUHBI A. )

Jlaxke camblii MOBepXHOCTHBIH aHA/JIH3 AHATPAMM TEOPUM BO3MY-
UIeHHH, BHOCAIUMX BKJaL B A, NOKA3LIBAET, UTO IPU YBEJTHYCHHU 7 —
NopsiKa TeOPUH BO3MYILEHHH — OYeHb Pe3KO BO3pacTaeT CJIOKHOCTb
TONOJIOTHYECKOH CTPYKTYpBl 3THX JAHArpaMM. IJTo Ba)kHOe 00CTOs-
TEJIbCTBO HEMEJJICHHO OTpa)KaeTCcsi Ha MaTeMaTHYeCKOH CTPYyKType
TeOpUHU. ¥YpaBHEeHHs, onpedensitouine GbyHKiud ['puHa (MM BepuUIMH-
HYI0 4acTb), He MOTYT GHITh 3alHMCaHBl B BHJE KOHEUHOH CHCTEMBI
HHTErpajbHbEIX ypaBHeHHH. [lpuxomutcs umerp jesno Jau6o ¢ Gecko-
HEeYHOH COBOKYIHOCTBIO 3AHENIAIOIHXCS HHTErpaJbHEIX ypaBHeHHH;
KaxJoe H3 KOTOpBbIX CBfI3biBaeT (byHKUMH [pHHA cocelHero mnopsaka
{cm. § 20), 6o ¢ KOHEYHOH CHCTeMOH ypaBHEHHH B (PYHKIHOHAJb-
HBIX npousBozubiX [6, 11]. TlocmeAnue ypaBHeHH s, UMEIONHE BHELIHE
BeCbMa KOMNAKTHBIH BHA, B MaTeMaTHYeCKOM OTHOIIEHUH IpeiCcTaB-
JA5110T c060# 06bEKT, HECPABHEHHO GOJI€E CJOKHBIH, YeM HHTerpaJjbHbe

* Pemenune ypaBuenus [llpeausrepa naer Hu$opMaLHIo, COAEPKAILYIOCT BO BCEX
¢yukuuax ['puHA; MMeOTCS B BHAY, B YAaCTHOCTH, TPeXYaCTHUHHIe XaPAKTEPHCTHKH
CHCTeMbl, KOTOPHI€ HE MOTYT OhiTh OMHCaHBI C TIOMOLIbIO OJHOYACTHYHOH M TNapHOH
¢yukunh I'puna.
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ypaBeenusa. Hanoxenne ¢(yHKUHOHANBHBIX METOJAOB TEOPHH NOJIS
BBIXOJIUT 38 PAMKH 3TOH KHHTH.

Mgt usbepem B JanbHefimeM 6oJsiee MPOCTOH NYTh NPSIMOTO aHAAU3A
AHarpaMM BEPINMHHOH YacTH. ITOT NYTh OKa3blBAETCH BO3MOXKHBIM
6siarogaps TOMy, YTO Mbl CO3HATEJIbHO OTPAHHYHBAEMCS PAaCCMOTpe-
HUEM Y3KOIrO KJ/acca 3ajad: TeOpHSIMH pPa3PeXeHHbiX U CHKATHIX
cucTeM. Taxkue CHCTeMB XapaKTepu3ylOTCs TeM, YTO H3 BCEro MHO-
JKEeCTBA QHAarpaMm BepIIHHHOH YacTH MOXKHO OTOOPAaTh CPaBHUTENBHO
NPOCTYI0 HX MOJACOBOKYIHOCTb.

25. 2. Hrak, o6paTuMcst K HCC/EJOBAHUIO AMATPAMM, BXOASILIUX
B BequyuHy A, Dra BelHuHHa 0OBeLUHseT BCe JHArpaMMbl BEPLIHHHON
YacTH, B KOTOPBHIX BBIXOAHBIE TOUKH COEJHHEHbl JPYr C JAPVIOM.
Tomnosioruueckas CTpyKTypa TAKHX JHarpaMM BecbMa CJOMKHA,

Y Y N—v ™
S
AN AN A AN

BBesem nonsiTne 0 KOMOAKTHBIX AHarpammax A,, BXOAAWHX B A.
JTH JuarpaMMbl Heslb3si pacceyb JUHHEH, NepeceKaiomei TOJbKO JBe
CIJIOIIHbIE JUHHUM Fpaduka. TIpumepel KOMMAaKTHBIX AMATpaMM IIpH-
BelleHnl Ha pHC. 51, a, HEKOMOAKTHLIX — Ha puc. 51, 6.

KomOuHupyst JApyr ¢ ApYyroM KOMMAKTHBEIE AHATPAMMBI, MOKHO
NMOJy4uTb BCe JuarpamMbl, Bxogsmue B A. B npunmune MoxHO
Opi0 Obl OKHAATH, YTO TOMOJOTHYECKAs CJIOXKHOCTL Auarpamm A
OOBSCHACTCSL CJIOKHOCTBIO JHarpaMm, BXOAAIKX B KOMIAKTHYIO
gacte A,. B To xe BpeMms cBsi3b MexAy A M A, Morsa 6l OKasaThCs
CpaBHHTEJNbHO InpocTol. MMeHHO Tak o0OcToMT Jea0 ¢ cOOCTBEHHO
3HEpPreTHYECKOH YacTbl0 S-MaTpHULE!, TAe HMeeTcsl NPOCTOe COOTHO-
meHne MexAay (QYHKUMAMH X W M, H BCe KayeCTBEHHOe MHOroob-
pasue AuarpaMm », BBI3bIBAETCs] KOMMAaKTHOH yacTtbio M. Ecau Obl
aHaJoOrHYHAasl CUTyalust HaOMo[anac B OTHOUIEHHMH BepIUMHHOH
4acTH, TO C CAMOTO HA4yaJa HMeJso Obl CMBICT UCKJIIOYHTbL H3 PACCMOT-
PEHHsI HEKOMMAKTHYIO BEPLIMHHYIO YacTh A, 3aMenuB ee GoJiee Tpo-
CTOHl KOMIAKTHOH 4acTbio A,.

OpHako feso O6CTOHT HHAYe. OKaSBIBaETCH, CBSI3b MeXKAY GYHK-
uaAMd A H A, cama no ceGe Ype3BHYAHHO CJOXKHASI, H CJIOXKHOCTD
TOIOJIOTHYECKOH CTPYKTYpHl JuarpaMM A B 3HaYHTeNbHOH Mepe
o6ycJoBJieHa - xapaktepom 5ToH cBsi3u. [Ipm 3ToM Henp3sl 3aGHIBATh
U TO, YTO CAMH AHArpaMmbl A, TaKxe HMEIOT BeCbMa CJIOXHYIO CTPYK-
Typy.

Jas WAHOCTpamHH PAacCMOTPHM HECKOJIBKO NpOCTefmHMX KOMOH-
Hauuii KOMHAKTHuIX uacred A, (puc. 52, a). MHorooGpasue mnoay-
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YaKLMXCS NPH 3TOM TEOMETPHYECKHX CTPYKTYyp (cM. puc. 52, 6)
CBSI3aHO C HaJWyHeM y JuarpamMm A, deTnipex CBOGOJHBEIX KOHIOB,
KOTOpPBIE MOTYT «3alEMISATLCA» CO CBOGOAHBIMH KOHUAMH JPYTHX
auarpamMM A, GOJIbINAM YHCJIOM CNOCO6OB. 11 AHAarpaMM coOGCTBEHHO
SHEepPreTHYeCcKOH YacTH, HMEIOMX JIHIIbL JBa CBOGOAHBIX KOHIA,
CyIeCTBYeT TOJBKO OIHH cnoco6 3anensieHusi. B 3ToM M coctouT
CYIIECTBEHHOE OT/JMYHE NHArpaMM BepIIHHHOH H COGCTBEHHO 3HEepre-
THYeCKOH dacTe.

/// - + +ooc

4 o
+ | |+ + -+
AN
4
Pue. 52

Taxum o6pa3oMm, nepexol K KOMIAKTHOH BepIIMHHOH uacTH
B ofmieM caydae eJBa JIM MOMKeT CYMTATbCs BO3MOXKHBIM. B Tex cay-
yasx, KOTJAA U3 COBOKYNHOCTH JHArpaMM pHC. 52 MOXKHO BHIGpaTh
HEKOTOPYIO HPOCTYI0 TOACOBOKYIIHOCTh, HauboJee ue.necooépaaﬂo
COCTaBJISITh NPUOG/IHKEHHDBIE YPABHEHUs! JJI51 HEKOMITAKTHOM BEPLUHHHOM
yactu A. /

25. 3. PdccmorpuM ¢ 3TOH TOYKM 3pEeHUs paspexeHHble (Hepe3o-
HAHCHbIE) CHCTEMbl MHOTHX YacTHI. [JaBHBLIMH I/l TaKHX CHCTeM
SBJSIIOTCA JHArpaMMbl, COAEpiKalipe MHHMMaJbHOE YHCJO JHHHH
Jeipok. [lpoBgnennblft B § 16 ananu3 OTHOCHJCS HENOCPEACTBEHHO
JMIIL K COBCTBEHHO >HEPreTHYECKOH 9YacTd, ONHAKO INOJyYeHHpe
Tam pe3yAbTaTHl OTHOCATCA M K BepluuHHOH wactu. [lopmexauiue
yueTy pumarpammbl A uszobpaxkensl Ha puc. 53. B sauHHH yacTHu,
BXOJAIINE B 5TH JHATPaMMBI, MOXKHO He BKJIOYaTb COOCTBEHHO 2Hep-
FeTHYECKHX BCTABOK, NMOCKOJBKY OHH 00f3aTE€JbHO CO/AEPKAT ABIPOY-
Hble JIMHHH. A

Ilpu cpaBHeHuH puc. 53 u pHC. 52 BHJHO, YTO M3 BCEX JHArpaMm
pHC. 52 KOCTAaTOYHO OCTABHTbL AHArpaMMBl C «TOPH3OHTAJbHBIM» 3aleln-
senneM A, (puc. 54, a). I1pu 3TOoM O6MeHHBIE JHATPAMMEI MOJYYaTCH,
ecJii BMECTO NpocToro npousmenenust ¢ynxkuuii I'puna G, (1, 3),
G, (2, 4) BBectu mapuyio ¢yukumio I'puna G, (1, 2, 3, 4). CoBokyn-
HOCTb JUarpaMM puc. 54, @ MOXKHO 3aMeHHTb JHArpaMMoil puc. 54, 6.
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Tlocnenne#t auarpamMMe MOXKHO ¢ noMoubio npaBua Deiinmana mocra-
BHTb B COOTBETCTBHE CJeAylolllee HHTErpajJbHOe YpaBHEHHE:

A(1,2,8,4) = A, (1,2, 3,4) +
+ [d5d6d7d8 A, (1, 2,5, 6) G, (5, 6, 7, 8) A (7, 8, 3, 4).

4 2 42 4 2 4

T i +.“
J 2 3 2
Puc. 53

KOMI’IaKTHle BEPIIUHHYI0O YacTb B pacCMaTpHBaeMoOM cayuae

MOXHO 3aMEHHTb €€ BbIPAXKEHHEM B HM3ILEM IOpsJKe TeOPHH BO3MY-
eHui

A(l,2,3,4) = — LV (1,2)[8(1—3)8 (2—4)—3(1—4) § 2—3)I.

2= X+ IR +

N

Puc. 54

Torzaa mosnyunm ciepyiouee ypabHeHue:
AL, 2,34 =—V(, 2){% 18 (1—3) 8 (2—4)—3 (1—4) x

X8(2—3)] + [d7d8G,(1,2,7,8)A(7, 8,3,4)].  (25.1)

B nannoM caydyae mMoxHO 6e3 TpyAa HamucaTh AJs HapHOH GYyHK-
pun ['pHHA HHTerpasbHOe ypaBHEHHe, SIBJSIOLIEECS aHAJIOTOM yPaB-

Henusa Jaficona nns onaHovactHuHoil ¢yHkuuu I'puna. PaccMoTpum
C 3TOH LEeJbI0 KOMOHHAIHIO

{d3da A(1,2,3,4)G,(3,4,1,2) =

={d3da A, (1,2, 3,4) [G, (3,4, 1", 2) +
+ {d5 d6 d7 d8G, (3,4, 7,8) A (7, 8,5, 6) G, (5, 6, 1", 2) 1.
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BenuuynHa B KBaJpaTHBIX CKOGKax COBMNAajaeT C NAapHOM GYHKIMER
I'puna G (3,4, 1’,2"), MOCKOJbKY pasHuued MexAy (yHKIHAMH

G (1,2, 341G, (1,2 3, 4) B cryuae pa3pexeHHON CHCTEMBI MOXKHO
npene6peus. Takum ob6pasom,

[A(1,2,8,4)G, (3,4, 1',2")d3 d4 = ,
—{d3da A, (1,2,3,4)G(3,4,1,2). (25. 2)

X = . X

G

Puc. 55

[lozcTaBiisist MOJyYeHHOE COOTHOLIeH e (pHC. 55) B ypaBHenue (20. 11),
NPUXOAUM K HCKOMOMY HHTErpajbHOMY YPaBHEHHIO JJsi [apHOH
¢yukuun I'puna

G(,2,1,2)=G,(1,2,1,2) -+
+ 2 d3d4 d5d6G, (1, 3) G, (2, 4) A, (3,4,5,6) G (5,6, 1", 2);
NoAcTaBjsiss Iisi A, ero BhIpa)KeHHe, IMOJYYHUM
G(1,2,1,2) =G, (1,2, 1, 2) —
—i{d3d4Gy(1,3)Gy (2,4 V (3,4 G(3,4,1",2). (25.3)

[pajuuecku 310 ypaBHEHHe ﬁéaﬁ"ﬁaixeﬂo Ha puc. 56.
X .= X /\ X .

Puc. 536

25. 4. Ucxonsa wus ypaBHeHnﬂ/(QS. 1), HerpynaHo HaiiTu BwIpa-
JKeHue JAasi ofdoyactHuHoil ¢yHkauu [puna. JocratoyHo orpanu-
YUTbLCS ONpeJeNeHHeM MaccoBorO omepaTtopa. OO6pamasck K COOT-
Howenuio (20. 18), yunThBas; yTO AMATpaMMbl, OTBedatomue M u M,,
JAl0T TpeHeGpeKMMBbIH BKJAaZ (BK/ouas [ONOJHUTENbHOE YHCJIO
IBIPOK), W 3aMeHsst GyHKuuM G Ha G,, MOJy4HUM

M(1, 2) = —4i[{d3d4d5d61imV (1, 3)x
t7>7;:3>t1 ’
X G, (3, 4)G, (1, 5)A (4, 5, 6, 2) G, (6, 7). (25. 4)
C yueroM ypaBHeHHS (25. 1) BequumHa
—iV(1,3){d4d5G, (3, 4) G, (1,5) A (4,5,6,2)
MOeT GbiTbh IpeICTaBjeHa B BHIE )
A3, 1,6,2) -+ 4V (1,3)[8(3—6)8(1—2) —8(3—2)8 (1—6)].
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Takum o6pasom, )
M(l,2) =4)d3d4 lim{A@3, 1, 4, 2) +
152-;33>t1

F V1L, 3)[8(3—4)0 (1—2) — 8 (3—2) b (1—4)]}00 (4, 5). (25.5)

JTO BEIpayKE€HHE COOTBETCTBYET 3aMBIKAHHUIO JBYX «XBOCTOB» BEPIIHHHOH
yacti. Brtopoit usen B ¢uryphoii ckobke (25.5) KomreHcHpYeT
HU3IIMH 4jeH pasyoxeHuss A B psj TEOPUH BO3MYLIEHH.
[lepefiteM K BBIYMCJEHUIO JHEPTHH pa3peKEHHOH CHCTEMBI.
ns 31Ol menn ynoOHee BCero BOCIHOJK30BaThCS OOMHM ypaBHe-

aueM (19. 19), B Kotopoe ciefyeT NOACTAaBUThL ypaBHeHnue Jlalcona.
10 jacr

E—FEy= —— [dqlhm j d3M (1, 3) G, (3, 2).
\( v Y
! O
A = Ot T .
A A A

Puc. 57

B nociefHeM COMHOXKHTeJNE Mbl TpeHeGperJid pasHOCTbI0 MEXKAY
. 0 . d

G n Gy u samennan i{—-+ T Ha i -+ T+ W (pasuuua mexay

TUMH BeIpaxkenusaMu Mana). [ToxcTaBasis Beipaxkenue (25. 5), noayuum

E—E,—= —2i{dg,lim {d3d4d5x

2>1 64
12>ty
x{A(4,1,5, 3) + V(1 4)[8(4—5)8 (1—3) — & (4— 3)6(1——5)]}
X G, (5, 6) G, (3, 2). (25. 6)

HcenenoBanue NOJYYEHHBIX COOTHOIIEHHE GyAeT MPOBEJEHO B Ciie-
AywoueM naparpadge.

25. 5. B cxkaTbelx cucTeMax MHOTHX dYacTui, HauGoJiee CyliecT-
BEHHYIO pOJIb HTpPAaOT AUarpaMmel, COJAep:Kalulle MaKCHMaJbHO BO3-
MOXKHOE€ YHCJI0 3aMKHYTHIX meTejb. COOTBETCTBYIOIIME JHarpaMMbl
BeplIMHHOHA yacTH A H3o0pawxeHnl Ha puc. 57. Co6CTBEHHO 3Hepre-
THYECKHE BCTABKH B CILIOMIHBIE JIMHHH AMArpaMM MOXKHO HE YUYHTHI-
BaTh. KpoMme Toro, MoxHO OTODOCHTb OOMEHHBbI€ JHArPAMMBI.

[Tpu comocTtaBneHnu puc. 52 W 57 BuUAHO, YTO B 3TOM cCJydae
CYMIECTBEHHBl JHArpaMMbl C BePTHKAJbHLIM 3auerngeHueM (puc. H8),
IpuYyeM B KayecTBe KOMIAKTHOH 4acTH A, MOXKHO Takxe BhIOpPaTb
€ro BbIpa)KEHHE B HHU3IIEM MNOpsiAKe TeOPHHM BO3MYILEHHH, T. €.

A(1,2,3,4) = — 2V (1,2) [0 (1—3) 8 (2—4) — 8 (1—4)3 2—3)].
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OKa3bBaeTcsl, 4TO B CHKATHIX CHCTEMAaX BEMHUHHY A MOXKHO MCKaTb
B TAKOM Xe BuJe

A(1,2, 3,4) = ———v(1, 2)[8(1—3)8(2—4) — 8(1—4) 5(2—3I). (25.7)

7 ]z[+§+§+...

/4=]z[+///

Puc. b8

CnpaBe/IHBO CJelyioliee MHTErpajbHOe ypaBHeHHe A Y [7{8]:

y(1,2) = V (1,2) — i [ d3d4V (1,3) G, (3, 4) Gy (4, 3) Y (4, 2). (25.8)
BBojs rpagpuueckuii 06pas a¢g¢peKTHBHOTO NOTeHNHAAa Y (puc. 59,a),

9TO ypaBHEHHE MOXKHO HArJIsSJHO WHTePNpeTHpoBaTh (cM. puc. 59, 6)°
Z 2
Y Y Y
b = '
| l

— 4+ 3'O{".
A

1 I

~—
)
Puc. 59.

He cocrapjsieT TpyJAa BHIPasuTb depe3 Yy NMapHYIO GYHKIHIO I'puna.
TlogcranoBka Buipaxenus (25.7) B (20. 11) naer

G(a,2,1,2)—G(1,2,1,2) =

— [ d3d4G, (1, 3) Gy (2, 4) v (3,4) Go 3, 4,1, 2).  (25.9)
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31ech Mbl OCTaBJIieM B JIEBOH 4acTH BeqHUHHY G, B KOTOpPOH yuTeHa
KOppeJsiuus 4acTdl ¢ cucremoil. Puc. 60 H/moCTpHpyeT pasHHUY
MexK]y paspexeHHoi (@) u cxaroil (6) cuctemamMu. Buano, uto B cxka-
TOH CHCTEMe BKJIOYEHHE COOCTBEHHO SHEPreTHYeCKOidl BCTaBKH B CBO-
6oaublil yneH ypaBHeHHs (25. 9) maer AuarpaMMbl TOrO Xe Xapak-
Tepa, YTO H y4eT KOppeasdlHH MexJy OOeHMH paccMaTpPHBAeMBIMH
YACTHIIAMH.

YpaBuenue (25. 9) Tak:ke MOKHO CBeCTH K MHTerpasbtHomy [1131].
OHO npHHUMAaeT JOBOJbHO TPOMO3IKHI BHJ

G(1,2,1,2)—G(1,2,1,2) =
=+ [d3daV (3, 4) [A(11'22'34) +
1OA(22 11'34) — A(12°21'34) — A (21'12'34)],  (25. 10)
rjge
A (11722 34) =1G (1,3,1, 3) — G (1, 1) Go (3,3)] Gy (2,4) G, (4,2)).

————b—b— ———e—
I | |
——— et
| - -

Puc. 60

[lonyyenHoe ypaBHenue, Kak u ypaBHenue (25.3) jgas paspe-
JKEHHOH CHCTEMBI, OTHOCHTCA K OOlIeMy THIY, O KOTODOM TOBODH-
Jock B pasgene 20. 3. OfHAaKo M0Jb30BATbCA 3THMH YPABHEHHSIMH
HEyJOoOHO; Tropasfio uesecoo0pa3Hee PELIMTL YpaBHeHUs JJs Bep-
WHHHOH yactu (25. 1) unu (25. 8), a 3aTeM HCIONB30BATH COOTHO-
IIeHH s MexKy napHo# ¢pyuknueit ['puna u BepumHHON yacToio (20. 9)—
(20. 12).

25. 6. OmnpenenuM opnowacTuuHyio ¢yukuuio [puHa cxkatoit
cucrembl. O6uiee Bripamenwe (20. 18) mas maccoBoro omnepartopa,
B KOTOpOM MOXKHO npeHeOpeub ujeHamu M, u M,, nocae nojicra-
HOBKH BheIpaxkeHus (25.7) B (25. 4) npuoGperaer caepylouinii BHA:

M(,2) = ——jd3d4éimV(1,3) X
>4

XGo(3, 4Gy (1, 2) v (4, 2)G, (4, 5).
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C yuerom ypasheHus (25. 8) Bbpaxende AJas M 3HAYMTENBHO YIPO-
maercs

M(1,2) = —ily(1,2) —V{,2]G,(1,2). (25 11)

W 3pece HU3mWMME uYMeH pAa3/IOKEHUS Y B Psf TEOPHH BO3MYIIEHUH
aBTOMAaTHYeCKH BhinajaeT. Brlpaxkenue (25. 11) nerko uHTepnpeTu-
poBaTh, KaK pe3yJabTAaT 3aMLIKAHHS JABYX CBOGOJHBIX KOHIOB Bep-
IIHHHOH YacCTH.

JL1s1 BLIYMC/IEHNS] SHEPTHU CXKATOH CUCTEMBbl yo6Hee BCEro UCIOJb-
3oBath BRipamenuwe (19. 21). Heo6xoxumo toqbKo 3amenuts V (1, 2)

&, <
C=C+ D Dyt

; < <

Puc. 61

B cooTHoureHusx (25. 8) u (25. 11) wa AV (1, 2). B Buipaxkenuu (19. 21)
MOXKHO NpeHeGpeub I[OCJAEJHUM UYJEHOM, cOZepiKamum onepartop  W-.
3amensia ¢yskuuo G Ha G,, noJyuaem

.

. [dql ]’d3[y(1, 3) — AV (1, 3)] ¥

1
E—Ey=- |
J

%Gy (1, 3) Gy (3, 1). (25.12)

CyIiecTBeHHBl HHTEpeC MPeACTaBjAsieT M[OJydeHHe HHTerpasb-
HOro YypaBHeHus JMasi marpuunoro saementa ®, (1, 2) B cxkatoi
cucreme. B pasgene 22. 5 mbt npumau K ypaBhenuw (G =~ Gg) -

®,(1,2) =@, (1, 2) + 4 [ d3d4d5d6 G, (1, 3) G, (5, 2) x
X A3, 4, 5, 6) D, (6, 4). (25. 13)

[Tocse MOACTaHOBKH B 3TO ypaBHEHHE BHIpaxeHus Ijast A u3 cooT-
HOwIeHHs (25. 7) MHTerpan B NpaBOH YacTH MPHUMET BHJ

—i{d3d4G, (1, 3) G, (3, 2) v (3, 4) D, (4, 4).
CootHowenne “
" fday(3.4)D, (4,4) = [d4 V(3,9 D, (4, 4) (25.14)
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AHAJIOTHYHO MO CMBICAY COOTHOWIEHHIO (25. 2) M MoxeT OblTh JOKa-
3aHo rpaduueckn. BBogs rpadpuueckue obpasel $yskuui- @

(puc. 61,a) u @ (cm. puc. 61, 6), MOXHO BHAETb, YTO B CXKATOH
CHCTEME OnpeesTIOLMMH IBJITIOT-

est nuarpammel @, (em. puc. 61, 8), °

KOTOPBHIE COOTBETCTBYIOT MAaKCH- Q = ®
MaJbHO BO3MOKHOMY YHCY 3aMK- |

HYTHhIX netesab. [3obpaxkenHoe

Ha puc. 62 cootHowenue (25. 14) lj *3
mpoBepsieTcss  TOrZa  Helocpej- Puc. 62

cTBeHHO. Mcnoab3ys 310 COOTHO-

LIEHHEe, MOXKHO TepenucaTs Brelpaxenue (2b. 13) B Bule CaelyIOMEro
HHTETPaTHHOrO Y ABHEHHA:

//ﬁﬁ2 ¢02J4j£MG03) EQVGQQ(@Q(%J&

DT0 ypaBHEHHE HIPACT BAKHYIO POJIb TIPH OMNpEENeHHH KONJICKTUB-
HBIX BO30YXKAEHHBIX COCTOSIHHH CHCTEMH.

§ 26. TEOPUS PA3PE)XEHHbBIX CUCTEM
MHOrux 4YACTHUL

26. 1. lcnosn3yem pasBuTble Bbllle METOAL! JJs TOTO, YTOOKI
JaTh KOJMUECTBEHHOE ONUCAHHE PA3PEKEHHBIX CHCTEM MHOTHX YaCTHIL,
JUIST KOTOPBIX Pajuyc AEHCTBUSI CHJA R Maj MO CPABHEHHIO CO Cpef-
HUM pacCcTOSIHHMEeM Mex1y dacTHuamHu d,

= Rld L 1. (26. 1)

IIpu BrimosHenuu ycaoBust (26. 1) MCTHHHBIA NOTEHUMAJ B3aHMO-
JEACTBHS MeXRJY YACTHIAMH MOXKHO 3aMEHHTb IICEBAONOTEeHLHANIOM
(cMm. § 1), uTO IO3BOJISIET ONKCHLIBATE B3aMMOJEHCTBHE MEX]Y YaCTH-
AMH CHCTEeMbl B TEpMHHAX AaMIJIUTYAbl PACCTOSHUA YACTHI[ JAPYyT
Ha Jipyra. D10 006CTOSITEIHCTBO HE MOXKET BBI3LIBAThH YAHBJEHHS, TaK
KaK B pa3peKeHHBIX CHCTeMaX NPOLeCC B3aUMOJCHCTBHS MEXAY YaCTH-
UAMH MOXHO TPaKTOBaTh KaK IOC/EI0BATEJbHOCTh AKTOB paCCesHUS
yacTHL JApYyr Ha JApyra.

B stom maparpage 6yIeT AaH BBIBOJ IICEBIONOTEHLHANA B pAMKAX
oflell moJjeBOi cxeMbl W OyAYT TOATBEPKJIEHLI PE3YJAbTAThI, NMOJY-
yegupie B § 1, 7, 18; meronom cdyukuuil I'puna O6yAyT HalijileHBl pas-
JMUHbIE XapAKTEDPHCTHKH PA3PEKEHHON cHeTeMbl yactuu [77 1. Itu pe-
3yJIbTATHI MPEACTAB/SAIOT COBOH Pa3J/IOKEHHsT (DU3HYECKHX BEJHUHH
B psil IO AMILIHTY/E PACCesHUs @, KOTOpasi, KaK H paguyc JedcTBUST
cun R, cudTraercs Masof 110 CPABHEHHIO- CO CPEAHHM paCCTOHHI/IeM
MexJy 4YacTHUoaMy *, i .
a/d<<1. (26.2)

5 * Ciyuail, Korja 3To OTHOWIEHHE He MaI0 (pesoﬂaﬂcnbm myqan) qacmqﬂo ocae-
wanea B § 1 u 16.
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Pasjoxenue 1o 3TOMy napaMeTpy (emMy OTBedaeT TaK Ha3blBaemoe
rasoBoe npuGNHKEHHE) B REPBHIX JBYX NOPSJKAX OMHCHIBAET TOJBKO
NapHele KOppemsiuMd MexJy vacTuuamH. Hauwnas c ujeHoB mo-
psanka (a/d)®, Heo6XOJUMO YYHTHIBATL TaKxKe BKJAJ TPEXYaCTHYHBIX
1 GoJsee CIOXKHEIX Koppeasuuil. OueHKu nokaswBaoT {31], uTo BKAajg
TPEXYaCTHYHBIX KOppEJSUHH B SHEPrHIO OCHOBHOTO COCTOSIHHS pas-
PEKEHHOH CHCTEMBI OMNpefensieTcss COOTHOLICHHEM

E 0,1 (ap,)? % N. (26.3)

B TeopuH siilepHOro BeliecTBa B NOCJEJHHE TOjbl MOJYYUJ LIMPO-
KO€ pacnpocTpaHeHHe Tak HasbiBaeMulil metof Bpakuepa [2]. B cBoeit
OCHOBE 3TOT METOX COCTOHT B TOYHOM Yy4eTe INAapHbIX KOppeasuui
MeX/Jy YacTHIIAMH IIPH IIOJHOM IIpeHeOpEKeHHH TPeXYaCTHUHBIMH
n GoJiee CJIOXKHBIMH KOppeJasiusIMH. B To BpeMss KakK B NPHOJHIKECHHH
Xaptpu — Poka onuceiBaeTCs JBHKEHHE OTAEILHOH YaCTHIBI B CaMo-
COTJVIACOBAHHOM IOJIe OCTaJbHBIX YacTHH, B MeTofle Bpaknepa naercs
TOUHOE ONKHCaHHe B3aHMOJEHCTBUS KaxJOH Napbl YacTHI, JABHXKY-
MHUXCH B CAMOCOTVIACOBAHHOM IIOJIe OCTAaNbHBIX YACTHIL.

Metozx Bpakuepa Bpsif JIH MOMKET CUHTATbCS YAOBAECTBODHTENbHEIM.
B camom pese, ecaiy napamerp a/d He MaJ MO CPABHEHHIO C €JMHHIEH,
To merol, DpakHepa He yUHTHIBAeT CJOXKHBIX KOppeJaduuil, HauuHasd
¢ TpPex4yacTHUYHbIX, KOTOpble BHOCAT CYILIECTBeHHBIH BKaax. Eciaum xe
yKa3aHHBIfi mapameTp Mas, TO B paMKax 3TOT0 MeTOo/la M3JIHIIHE YYH-
THIBAIOTCA BCE CTENEeHH napamerpa a/d. MoXKHO CKa3aTth, YTo B 06/1aCTH
CBOEH NPHMEHHMOCTH, KOTJa MOXKHO NpeHe6peub TpexXuacTHYHBIMH
KOppessinusiMH, MeTos, bpakHepa no cymiecTBy COBNajaeT C ra3oBbl
MpUOTHKEHHEM. .

[Tonyuennoe DpaknepoMm xopouiee corsacie C ONLITOM B OTHO-
IIEHHH I[€JIOT0 psiid XapaKTepHCTHK $JEepHOro BeUleCTBa Ccjiefyer
OTHECTH 3a cueT (pakTHUecKol MajoctH napamerpa a/d. baaromaps
3TOMY MOKHO H30exaTb TOH I'POMO3JKOCTH amnmnapara, KoTopas IpH-
cyma metony Bpaksepa *, 4To mojATBepkiaercs pesyabTaTamu § 7, 18,
MOJYYEHHEIMH B PaMKaX Ia30BOTO HPHOJMIKEHHS C YYeTOM TIepBbIX
YJIEHOB pasJioxkeHusi mo napameTrpy a/d. Meron bpaknepa Moxer
0Ka3aTbCsl OMpPAaBAAHHBIM JHWIb B TeX CIy4YasX, KOrja IO KaKHM-
au60 TpHYHHAM NapHHE KOPPeJISLHH MEXAY YacTHUAMH SIBJSIOTCA
BBIJIEJIEHHBIMH, HanpuMep TIPH ONHCAHUH CBEPXTEKYUECTH SJEPHOrO
BEIIECTBA. ' )

26. 2. IlepexoiuM K peuieHuio ypaBHeHHH Ana QyHkuuid I'puna
PaspexeHHOH CHCTeMbl MHOIMX dYacTdi. Ilockoabky Mbl TpeGyeM
JIHIOb BHIOJHEHHs ycaoBus (26. 2), napaMeTp 60pHOBCKOrO NMpHOJH-
xeuusi &’ ~ MV, R? moxeT GbITb H He MaJI 110 CPABHEHHIO C €JUHHUEH.

* Bpaknep # I'amMen [2] yxasnlBaloT, 4TO HM NPHILIOCH NMPOBECTH YHCJIEHHOE
HHTErpHPOBAaHHE HECKOJbKHX COT ThicAY (yHKIHA I'pHna COOTBeTCTBYIOIErO ypas-
HeHMS.
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ByseM HCXOMUTH M3 OCHOBHOrO JAJISl paccMaTpuBaeMOW 3afayu
ypaBHeHHs

A(l, 2,3, 4) = —-2—/;({(, 2) {—Q— [6(1—3) 8 (2—4) —

—5(1—4) 8 (2—3) +-2] 5 d6G, (1, 5) Gy (2, 6) A (5, 6, 3, 4)} . (26. 4)

KOTOpOe JIerKO MOJYYHTb U3 ypaBHeHust (25. 1).

OrpanuYuBasch PacCMOTPEHHEM NPOCTPAHCTBEHHO-OXHOPOJHBIX
cucTeM, TepeBefileM ypaBHeHue (26. 4) B MMIyJbCHOE NPOCTPAHCTBO,
noJsiarast

A(1, 2,3, 4) = [d*pid*pud*pudpiA (py, @15 P @5 Ps Q53 Pas Q4) X

X8 (py+ pa— ps— pg) exp [ (p1 1) + (P2 2) — i (p33) — L (ps D]-
[Tocne mepexoja K CHCTeME IEHTPA MAacc ‘H BBEJeHHsST CYyMMAapHOro

uMmnyasca P = p; 4+ p, = p3 + Py H OTHOCHTEJbHHX HMIYJbCOB
b= (p; — pa)2, B = (p3 — p,)/2 noayuum cienymwluiee ypaBHeHHE *:

AP, by k)= — @y [v(E— &) —v (E+ )]+
+i | diqv(E—7) Gy (P12 + ) Gy (PI2—g) A(P, g, k), (26.5)

AP, b, k) =A(P/2+k, PI2—Fk, P2k, PI2—F).

Tax kaxk Her 3anasjbiBanusi, pypbe-o0pa3 MOTEHHHAJNA V 3aBHCUT
JUIIb OT [POCTPAHCTBEHHEIX KOMIIOHEHT BEKTOpA Iepe/aBaeMoro
uMiysabca. [IpeAnosioxHM, YTO TaKHM K€ CBOHCTBOM 06JlallaeT Be.zm-

rje

upna A (P, k, k), T. e. uTO HapsAAy ¢ P oHa 3aBHCHT JHUIb OT hu k.
Jto mpeanosoxenue GyAeT HeMEJJEHHO ONPAaBJAHO; OHO IO3BOJAET
NPOBECTH B NPaBOil YaCTH ypaBHeHHs (26. 5) HHTErpHpOBaHUe MO BEJIH-
ypHe [ — 4eTBepTOH KOMIIOHEHTe BekKTOopa ¢. COOTBeTCTBYIOLLMI
HHTErpas

¢ d
=[G, (P12 + )Gy (P12—g)

JIETKO BBIUHCJIWTL [0 NpPABUJIAM, H3JOXKEHHbBIM B INPHJOKEHHH B,

e 5 4-e 5> —E4i8
> P > P
ity 4Ty
n S n >
> P > 23
it Iy
e > +& » —E—is |,
ity iy

* 310 ypaBHeHHe aHAJOTHYHO OCHOBHOMY YypaBHeHHIO MeTtoja Dpakuepa.
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rie E — cymmapHasi SHepIrusi. 4acTHI (YeTBepTasi KOMIIOHEHTa BeK-
Topa P). Beoisa BeNHUMHY ’

N(g=1—n, A G-
1]+’2— q——2“
MOXXHO HanucaThb ‘ .
. N(q)
I =1 = . .
S a—— T (26.6)
> P > P
It 4Ty

Taxkum 06pa3oM, UHTerpajbHoe ypasHenue (26. 5) npuHuMaer BUj,

AP T ) =— @ [v(k—F) —v (F+3)]—
3 -> >
4 & 2 ‘:S(k_z)quq)w i8N () A (P’ 9 kl) . (26.7)
R

W3 ypaBuenus (26. 7) BUAHO, BO-MEPBBIX, YTO MNPEANOJIONKEHHE
0 HE3aBHCHMOCTH A OT UeTBEepTbIX KOMIIOHEHT BEKTOPOB &, k' He npH-
B€JIO HH K KaKHM IpOoTHBOpeunsiM. PU3HYECKH 3TO O3HAUAeT, YTO yUeT
KOPPEeJNALMY MEXAY YaCTHLAMH Da3peXEeHHOH CHUCTeMbl He NPHBOJUT
K TOSIBJEHHIO 3anasjibiBaHust HX 3((peKTHBHOTO B3aMMOJEHCTBHS.
Bo-BTOpHIX, OTYETJIHBO BHJHA 3aBUCHMOCTb (peKTUBHOrO B3aHMO-
IeficTBHSt A OT CyMMAapHOrO HMIIYJbCa Iapbl. JTO CBUAETENBCTBYET
O HApYUIEHHH B PACCMATPHBAEMBIX YCJOBHSX NPHHIHIA OTHOCHTENb-
wocti Lamuies. OJHAKO 3TOT NPHHLMI H He JOJKEH COO/IOAAThCS,
MOCKOJIbKY YACTHIH B3aUMOJAEHCTBYIOT B Cpele H IIOCKOJNBKY CYLIECT:
BYeT IpUBUJIETHPOBAHHASI CHCTEMA OTCYETa, B KOTOPOH Cpejla IOKOUTCs
KakK leJoe. , :

3aMeTuM jJajee, 4TO Mbl HE BBHINHCHLIBAJIH ABHO JIUCKPETHBIX MHIACK-
coB, nonaras, 4To ¢ynkuus ['puna G, 1 v TPONOPUHOHANBHBL O .

> >
[locsennee 3aMeyaHne Kacaercsi CBOHCTB CHMMeTpHH A (P, k, k').
U3 ycnoBust antucummeTpuu A (py; pa; Ps; p4) OTHOCHTEJIbHO Hepe-

>
CTAHOBKHU Py, Py, @ TAKKE P, Py CJAELYET AHTHCHMMETPHUSA A (P, k, k’)

-> > > >
OTHOCHTeNLHO 3aMeHHl 2 — —k u k' — —k’. Dylem uckatb pemie-
uue ypaBHenusi (26. 7) B BHIe

AP R =L u(p 2 b)—ulp bR (259
Torpa anst U nonyuyaercss ypaBHEHHe
U(P k) = — - @aw(k—F)—
d%q V(’j 1"2” b ule 24 /fs/)v = (26.9)
> P > P
g+ 5 935
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Kax sierko npoBepHTb HTEPALHAMH, peHIEH),e/ 3TOro ypaBHeHus oljsa-
JaeT CBOWCTBOM

u(p, —h )= (e h—¥)

TlostoMy Buipaxkenne (26. 8) Jaer - BeqHuHHY, 06/1ajaloOUIyI0 BCEMH
TpeGyeMBIMH ~ CBOWCTBAMH CHMMETDHH.

26. 3. Ilpsimoe pemieHue ypaBHeHus (26. 9) mpeacrasasier coGoil
ype3BbMANHO CJOXKHYIO 3ajiady. JTO ypaBHEHHE ONMHCHIBACT pacces-
HHe Tapbl YacTHIL JApYT Ha Jpyre B Cpeie, T. €. NPH y4yeTe NpHHUMNA
Taynu. B cayuae paspexeHnHoli chcTeMbl 3(eKTbl Cpellbl Hrpaior
CPABHUTENbHO MAJYI DOJb, MOITOMY .MPEJCTABISACTCS BO3MOKHBIM
BHIpasuTh Benuunny U (a BMecTe ¢ Helt ¥ 5(deKTHBHbIA noTeHnHan A)
yepes XapaKTEPHCTHKH DPACCestHHSt I[1apbl H30JMPOBAHHBIX HACTHIL.
Bo MHOTHX C/ydyasix MMEHHO 3TH XapPaKTePUCTHKH (Hampumep, ¢asbl
paccesins) HeNnoCpPeJCTBEHHO M3BECTHBI W3 5KCMEPHMEHTa, a MOTeH-
[Haj B3aNMOAEHCTBHS NpeACTaBjsieT co00i NMPOU3BOAHYIO BEJHUHHY,
TOrJla paccMaTpHBaeMblil MyTh HMEET HENOCPEJCTBEHHYIO (H3HYECKYIO
11IeHHOCTb.

Jlisi TpOCTOTHl OrpPaHHYMMCH CJlydaeM KBaJpaTHYHOrO 3aKoHa
Jucrmepend wacTHL (o6uuil ciayuai yioGHee paccMarpHBaTh B PaMKax
TeopUH mceBfionoTennuana). VsmeHenne sakoHa JAHCICPCHH 32 CHeT
C4MOCOTJIACOBAHHOTO KOPOTKOJEHCTBYIOIEro B3aMMOAEHCTBUSI HE3Ha-
YHTEeJbHO TPH BbLINOJHEHHH ycaoBus (26. 2). [lostomy, umest B BUAY
IPOBEJIEHHE PACUETOB C TOYHOCTHIO JIO (a/R)? BKIOUUTEJIBHO, MBI MOXKEM
CUMTATH 3aKOH JAMCIEPCHH KBaApaTHUYHLIM (cM. pasgen 26. 5).

Paccmorpum ypaBeenue Illpennnrepa, omuchbiBaioulee paccesiHue
napbl gacTHil B mycroTe. IlojiyueHHbie Pe3ysnTaThl SBJASIOTCH 0606-
uesuem pesyabtatos § 1. Mcxoinoe ypaBHenHe HMeeT BHA

A+, (7) = MV(?)% (7),

a B I/IMHyJIbCHOM npOCTpaHCTBe —

(pQ—k‘z)\Pz(p) :—MfdsqV(p—q)w.k,(q)‘
EFO peI_UeHI/Ie MOXHO Bblpa3HTb B cJjeAyromeMm BUIEC (CM. HpI/IJIO}Ke'
Hie B):

v, (7) = @028 (p—#) — =gz | v (P — 3w, (4]
k

rle mepBbiil 4JeH OMUCHIBAeT MaAaloUyl0 BOJHY, BTOpOIi — pacxo-

JsiLyocs.
BenauuuHa

a(p k)= —gr [d%v (E—E)mpz () (26. 10)

MoOXeT GblTh HA3BaHA AMILIMTYJOH paccesHHsi. TouHee roBopsi, OHA
siBJIsieTcss 0600ImEeHHeM OObIYHOTO OTPeesieHHsT aMIVIUTY Il PaCCeAHHU S
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Ha ciydail, KOrja Hac MHTepecyeT He TOJbKO aCHMNTOTHKA BOJHOBOH
S ->
GyHKUMHE Ha OGOJBIIMX pPAacCTOAHHAX, HO M BCs QyHKUUsA P, (r) .
k

Yro6u B 5TOM YGeHThCS, MEpEBEleM ypaBHEeHHE
> f-> B 2 4n -> —»k
v, (p) = @08 (p—E) + gz a(p ) @6.1)
B KOOpAWHATHOe mnpefcTasjenue. IIpy 3TOM mosiyyaercsi BblpakeHue
> > ) >
s\r)=explikr —iV, k ikr)/
v, (7) = exp (7) -+ a1, B exp oy

AchnTomqecxn npHu 60J1bumx r MOXHO 3aMeHUTb —iV Ha kn

rjae n— eAUHUYHBIH BEKTOD r H Mbl IEHCTBUTENILHO BepHEMCs K 06blu-
HOMY OTpe[eSeHHI0 aMIVIHTYJAbl PacCesiHHs.

Hamei nocneﬂ,y}omeﬁ 3ajayell OyJieT MOJHOe HCKJIIOUEHHE U3 T0NY-
YeHHLIX YPAaBHEHHI MOTeHIHana B3aUMOAEHCTBHS Vv, KOTOPBIH MOXKET
poofille He CYIIecTBOBATh («TBEpAAs cepﬂ,ueBHHa») U 3aMeHa ero
AMIUTUTYROH paccesiHHda a.

PaccmotpuM ¢ 3Tofi menbio paseHctBo (26. 10). YmHoxas ero
>

Ha P (;’), MHTETPHPYSi TO £ H YYHMTHIBASA YCJIOBHE MOJHOTHI
* N . > > ' > >
s (0w, (p) = @08 (p— 7).
HaljeMm
W) = — 2 [aka(p, ) w3 (7).

IMogcraBisisa cioaa BuipaxkeHue (26. 11), HaxomnM OKOHYATeJbHOE
COOTHOIUEHHE MeXAY aMIUIMTYJOH paccesHus M MNOTEHLHAioM

Vr— )= = alp, ;,)_(4/3\14)2&d:ika*pgzp'_./;lil%, o 1)

Yno6Ho U36aBUTLCSI OT BXOASIMHX B NPABYIO YACTb 3TOTO ypaBHeHuﬂ
MHAMBIX BeqHYHH. [lns aToro clenaeMm sameHy

> > n kb
alp k) - ——L2l (k) __ | (26. 13)
1kt (% F)
Beauuuna [ sBasercs o6obuieHHeM [JiHHbL paccesiHus (cm. § 1 u 16)
M npelcTaBiseT coGoil JeicTBUTENbHYIO (yHKIHMIO. OrpaHuu#Mcs
> >
HauGojiee BaXKHBIM C/ydaeM S-paccesiHHsi, KOTJa BeJHYHHA ! (p,k)
He 3aBHCHT OT YTJIOB.
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IloncTanopka Boipaxkenus (26. 13) B (26. 12) npuBoauT X che-
AYloWeMy ypaBHeHHIO:
4n L(p, D)
'V —_— ——— e ————
p p) M 14?2, p)
(4n) L(p', &)L (p, k
P \ 43k 2 (', ) ‘(P ) .
— k) [1 - R22 (K, k)]
Ilpn BLINONHEHHH YCAOBUSA (26. 2) lI/d € 1.
OrpaHuuuBasicb B MOJYYEHHOM YPAaBHEHHH YJIEHAMH BTOPOro
nopsjka no I/, HaXOAMM OKOHYATEJLHO

2Ty A N0 sy, LN R L(p, k)
v(p—p')="X1(p, p) 2P| a Sy E (26.14)

26. 4. YpaBHeHue (26. 14) no3BoJisieT UCKJIOYHTH U3 BCEX BBIKJA-
JOK UCTHHHBIN NOTEHI[Ha/ B3aHMOJEHCTBUS V M 3aMEHHThL €ro JJIHHO
paccessHad [.

IloncraBum ypaBHeHue (26. 14) B (26. 9), B3saAB ¢ (p) = p¥/2M.
OrpanunuMBasich uneHaMu nopsiika (//d)?, JOCTATOYHO BBHINOJHHTH
OfIHy HTepauuio. B pesyJsbTaTte moayuum

ulpk k)= —-g—(2n)4%{l(k, k) —

—da | Lk, g)L(k, q) )
g% + -4——ME — 0N (9)

1

Ilpu Boinonnenuu yciaobusi (26. 1) sddeKTHBHbIE 3HAYEHUs mepe-
JaBaeMOro HMOyJAbca MaJjbl MO CPABHEHHUIO C HMIYJAbCAMH YACTHIIL.
ITosTomy BenauunHa ! dakTHYeCKH He 3aBHCHT OT &, k’. Onpegenss

= -
3¢bPeKTHBHBLIH MOTEHIHaJ B3aHMOIEHCTBHS Vv k — k'] u3 ycaoBus
. . EL

U (P, k), E’) = "%(2“)4"3@4) (72 —_l;’),
GyZiem HMETb B HHSleM MOpsAKe Mo I
4
Vogd = 41 s

oTKyJa 3¢peKTHBHBIH nmemma.n
ﬂ >
Takum o6pasom, Mbi BO3BpamjaeMcsi K BBEACHHOMY BBLi€ MCEBJO-

noteHuuany *. B § 1 ncepionoTeHuHan BBOAHICH B paMKax npoGieMsl

. .0 ;
* Oneparop 1 4- r—5; B HHSIIEM NOPSKE Pa3NOKEHHS 110 { neappextnBeH.
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ABYX TeJ W OMUCHIBAJT pACCEsiHHE Maphbl YacTHU B nycTote. DPderTsl,
CBA3aHHLIE C MPHCYTCTBHEM JAPYTHX YaCTHIL CHCTEMbI, MOIJIH ObIThb
NpH 3TOM NOJYUYEHbl JMIUb HA CJeJYIOLEM 3Tane BLIKNALOK (OpH 1o-
CTpoeHHH TeopHH Bo3MyuleHui). UTo ke Kacaercsi 3(pdeKTHBHOTO
rioTeHiHaga (26. 15), To OH yiKe BKJIOYAeT B ceOsi yKa3aHHble 3(hQPeKTh
(BTopoe cmaraemoe). OTMETHM HEKOTOpDBIE KauyeCTBEHHbIE CBOHCTBA
3peKTHBHOTO NOTEHILMAIa BO BTOPOM nopsike no /. 3ameuss [ KoH-
CTaHTOIl BO BTOpOM uJjeHe ypasHeHust (26. 15) M  yuuThBas
TOXJECTBO :

j'd3q<p qz: —p ! >Eo, 26.17)

k’z qz — (l2
rie a — aiboe JAeficTBUTENLHOE YHCJIO0, HETPYAHO BHIETH, YTO BEJH-

> >0 .
ynHa U (P, k; ‘k") H BO BTODOM TODSIAKE MO [ 3aBUCHT JHIIL OT CyM-
Mapsoro umnyjbca P. Takum o6pasoM, MOXHO HamucaTh
. = > . '
Va7 ) = 1(P)8(7), (26. 18)
rae f (P) — ¢ynkuug P, KOTOPYIO MOXHO BhIYHUCJIUTH B SBHOM BHZE"
26. 5. 3aMeHUThL UCTUHHBIHA TOTEHILMAJ] B3aHMOJLEHCTBUA 4Yepes l

cnellyeT W B BHIPAXKEHHSX, OTBEYAIOUMX MNpUOIHKeHHI0 XapTpu -—
®oxka. [Iasa 3Toro noHago6uTCs BbipaxKeHHe /s S9HEPIHH 9acTHIH &, .

Bennuuna e, onpejensercss cooTHomeHueMm (cM. ri. )
P

3 > >
es = pY2M -+ () — a0 (ph—p?) v (r—7)

[3necp Mbl 3aMeHHJIH jdé’v na v (0)]. Bmecto v HYXHO TOACTA-
BHTHL BbipaxeHue (26. 14). Corsiacuo ToxfectBy (26. 17), BeauunHa

/> > >
v (p — p') He 3aBHcHT oT p u p’ (npu [ = const): IlosTomy MOXHO
HamnucaThb

@—"1np s vk
(1P [ ), (26.19)

2
8; == 2/2M Jr 3
e @ — MpON3BOJbHOE uHCaO. Mpl BHIAMM, UTO 3aKOH AHCNEPCHH
WACTHI, OCTAETCsl KBaAPaTHUHBIM (C TOYHOCTHIO JO MOCTOSTHHOTO CJid-
raemMoro).

Buipaxenue (26. 19) comepxut pacxofsmuiicss HHTerpan mo k.
OfHAKO OKOHUATEJbHOE BbIPAXKEHHME, BKJIIOYAIOLIEE KOPPEIALHOHHEE
5(pheKTH, HUKAKMX DPACXOAUMOCTEH YXKe He CONCPIKUT. ) .

[lepexofuM K BLIYMCJIEHHIO MAaccoBOTO Oneparopa. C 3Toll 1eJbIo
nepepesieM Bhipaxenne (25. 5) B MMIYJIBCHOE NPEACTABJCHHE

SO > > 7'*'__; .
M) = s 3 ) diac, (q){A<q + ot ),T

es C

e @[y = (0 )]} Soedeedes

256



CornacHo cooTHoweHusm (26. 8),-(26. 14) u (26 15), sty Bemltmﬂy
MOXHO 3anucaTh B BHJE

M(p) =

Cc
e _ N l
xjd‘l I S P |
R = Ry VRS B )

rae {, & — ueTBepThle KOMIOHEHTH ¢', p. BHINOJHSAS HeCJA0XHOE
HHTETPUPOBAHUE 110 {, MOJYYHM

32(3*—1)1 2 “dcqu (q) X

32(g— 1 e
M(p) = My (p) — =L 1 [ asq oy’
N(g)—142n (;+3)2
X {N q)——""= [(4’)2 + = — M —

2

~—%—f—i6(l—an—N(q’)]_l—-anFi—dg—}, (26. 20)
rje V
M, (p) = ——@—I%Wfli—
B TOYHOCTH KOMHEHCI/IpyeTCﬂ paCXOﬂHH.U/IMCH YyJJeHOM Bblpa}KeHI/IH

(26. 19).

[Tpoussoas uHTerpupoBaHHe MO ¢ M ¢, MOXKHO NpPHHATH K cJje-
AYIOIEMY BHIpaXKeHHIO Aag QyHKnuu ['puxa:

0o = o g — O (o)~ o)
(BenmunHa M — M, GyleT npuBeleHa HUKE).

BoluncnuM cHauana 9HepTHIO M 3aTyXaHHe KBAa3HYACTHI, NPHUPAB-
HHBasi NMpefblAyliee BeIpaxenHe HyJo. OrpaHHYUBAsACh yYeTOM uJie-
>

HOB nopsiika /%, MOXKHO BMECTO & NOJACTaBUTL B M (p, s) BEJHUMHY
p¥/2M. IDro pact (npu g = 2)

2
By = i+ goag PO+ g pol” (11 — 210 2) —
8
— 15 p312(71n2-—1)(p~p0)+... (26. 21)

Broipaxenue (26. 21) crnpaBefyiuBo BO/IH3H p = p,. Beauunna saty-
XaHHusi B 3ToH obJsactu uMeeT BH/,

I = P (p — po)sign (p — py). (26. 22)

OTo BRIpaiKeHHE KAaUYECTBEHHO COTJIACYeTcsl ¢ OGIHMH TpeGoBaHHsIMH,
KOTOpLIM JO/IKHO yJOBJIETBOPsATh 3aTyxaHue. OHO JeHCTBHTENbHO
OKa3LIBAETCS BEJIMTHHOH BLICIIErO NOPSIKA MaIOCTH BOJIH3H rpaHHubl
Depmu.
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OnpenenuM XHMHUYECKHH NMOTEHIMA/] CHCTEMBI, NMOJAb3YACH o6muM
ypasHenueM p = E,,. M3 cOOTHOMICHHS ,
2
Po 4 4 272
p=ar [1 + o Pol + gz (11—2 In2) pol ] (26. 23)
MOMKHO HEMOCPEJCTBEHHO BEIYHC/HMTb SHEPTHIO CHCTEMbl, HMCHOJB3YA
w = (@E/ON)q. Jina 39TOro NpPOMHTErPHUPYEM BhIpaXEHUE (26. 23)
no N, yuutwBas, uro p¥3n? = N/Q. B pesyspraTe nosyyum

3 P 10 4
EIN =5 5F [1 + g Dol + gz (11—21n 2)Vp312] . (26.24)
K aHaJlorduHOMY BBIPaXKEHHIO MPUBOAHMT oOlasi MeTOJMKa, OCHOBAH-
Has Ha ncesionoreniuane (§ 18) *.

B faHHOM ciyuae Teopema O paBeHcTse U M E/N He BRINOMHSCTCS,
TaK KaK Mbl PacCMaTpHBaeM ras, He HaxXOMAILIMHCH B «CaMoCKaTOM»
cocTosiuny. Buuuciasia P = — (0E/0Q)y, nerko y6expaemcs, uto 37a
BeJUuYMHA He paBHA HYJIO. »

B 3akJjiouedHe BLIYHCJAHM BeJMYHHY CKayka B pAaClNpe/esieHHH
yacTHlLL 0 uMnyJbcam Z,. [l 3Tod UesH HaMm noHajpo6uTca pasJo-

KeHHe (QYHKIHH FpHHapséJmsn TOYEK p = po U & = [. B 310
obmnacTi BeauunHa M — M, HMeeT cjeAymouui BUL:
42
1 P2 8 7
M—My= =51 [ (11-21n2) — 35 (7 In2—1) (H“
—l)—4amn2:5t,
) > J

0

oTKyJa

4
pzl_ e

Z (In 2) pil’. (26. 25)

Ora BeJHYMHA OJM3KA K eJUHHIE, TaK YTO pacipeieeHne o (p)
61U3KO K (PepMHEBCKOMY.

[TonBoisi o6mue HTOrH TPOBENEHHOTO PACCMOTpEHHs, OTMETHM
4TO K TeM e pesyapTataMm, HO Oojiee KOPOTKUM MyTeM, MPHBOAHT
HCMOJIb30OBAHHE MNCeBonoTeHHana. Eciu ¢ caMoro Hayaja 3aMeHHThb
HCTHHHBIH NOTEHIMaJa V ICeBIONOTEHIMANOM, TO MOJYYCHHBIE 3M€Ch
pesyJbTaThl COJePHATCs B COOCTBEHHO SHEpreTHYecKOH 4acTH BTOPOro
nopsaka. Mbl CrelManbHO OCTAHOBUJICH HAa MCTOJ:KE, OCHOBAHHOHU
Ha CyMMHPOBaHMH AHArpaMM TEOpHH BO3MYIIEHH, 4TOOLI NPOHJLIIO-
CTPUPOBATH OJHMH H3 3(PPEeKTHBHBIX METOJOB MOJIEBOH TEOpHUH.

§ 27. TEOPMS COKATbHIX CHCTEM MHOIHX YACTHI

27. 1. TlepexofiuM K KOJMUYECTBEHHOMY ONHCAHHIO CHKATHIX CHCTEM
MHOTHX WYaCTHL[, JAJsi KOTOPHIX BHINOJHEHO YCJIOBHE MAaJsIOCTH Cpel-
HEro pacCTOsiHUsI MEXKJY JacTULlAMH d o cpaBHeHHIO C 3(PeKTHBHLIM
paauycoM JAeficTBus cua R '

n=R/d> L

* “VMeeTcst JUIIp HEKOTOPOE OTJMUHE B WHCIEHHBIX KO3pPHIHEHTAX, CBS3aHHO

C pPAasHbLIMH 3HayeHUsAMH (l)aKTOpa BHIPOXKACHHS g. ’
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Cucrempl ¢ KYJOHOBCKHM B3aHMOJEHCTBUEM OTHOCATCH K paspsaay
CXAaThlX NPH BHINOJHEHHH YCJIOBHS

a/d > 1,

rle a, — GOpOBCKHil pajuyc 4YacTHIL.
ByJneMm cuuTaTh, YTO BeJIHYHHA NapaMeTpa B3aHMOJAEHCTBHS

a ~ MV0d2
nt>a>n"3

YIOBJIETBOPSET YCJIOBHIO

BopHosckuit napamerp
o ~ MV4R? ~ an?

MOXKET UMETb NpPH 3TOM M GOJibIIyI0 BelHuuHy. [Lsi cHCTEM ¢ KYyJio-
HOBCKMM B3aMMOJEHCTBHEM OO0JbIIAs BEJWYMHA 1| NPUBOAHT OJLHO-
BPEMEHHO K MaJjlofl BeJMUMHE napaMerpa B3auMojeiicTBusi. OcHoOBHOE
YpaBHEHHE TEOPHH CXKAThIX CHCTEM, BbIBEJIGHHOE MO pe3yJabTaTaM
§ 16 u 25, nMeer BHJ .

V(1,2 =V(l,2) —i{d3d4V (1, 3)G, (3, 4)G,(4,3)y (4, 2). (27.1)

27. 2. Tlepexoaum X pemenHio ypaBHenus (27. 1), onpefensiouiero
5(¢QeKTHBHBLIN NOTEHIMAA B3auMOJeHCTBUS MexAy dacTuiamu. Ilycrs
JJisi NPOCTOTHI MNOTeHHHaJ aBjsercd (yHKIHEHd TOJbKO KOOpJAHHAT.
OrpaHuyuBasiCb pAacCMOTPEHHEM OJHODOJIHBIX CHCTEM, MNepeBeleM
ypaBHeHHe (27. 1) B HMIyJbCHOE NpeACTaB/eHHe

v(k) = (&) [1 — ig | d*pGy (p -+ £) Gy () ¥ (£)]

(g — dakTop BLIPOXKACHHS, IOABJAIONIHACA TNPH CYMMHPOBaHHH
[0 JUCKPETHBHIM IepeMeHHBIM). :
B sapHoll ¢opMe MOXKHO HalHCATh

v(8) = (k) [1+ig[ G, (0 + B Gy ) (B)]". 27.2)

Boiunciienye BXOASINEro Ciofa HHTerpajia IO NpaBujaM, H3Jo-
JKeHHBIM B NPHJOXKEHMH B, naer

I (k) = —ig [ d*Cy (p + ) Gy () = — g [ &

np(l—n, ny »(1—np)
% pt+k + p+k
— w4 e, 5-—&,—i o+e,—e, ,—i0[’
r 14 r pt+k

rle ® — yeTBepTasl KOMIOHEHTA BeKtopa k. SIBHas 3aBHCHMOCTH
5(h(eKTHBHOrO TOTEHIHAAA Y OT 3TOH BEJMYMHBI NMPHBOJUT K MOSB-
JeHH10 3QPeKTOB 3anaspBaHUs1, 06YCIOBAEHHbIX KOPpeased MeXAY
YacTHLAMH. ‘
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> >

) ->
Jlenast BO BTOPOM HHTErpajie opMy il 3aMeRy p —> p — k U 3aTeM
> ,

>
p —> —p, TPUXOJUM K OKOHUATENBbHON (HOpMyJie A/ BEJUUHHDL II (%),
HOCSIIIeM HasBaHHe MNOJSPHU3AILMOHHOTO OINeparopa:

I (%) :g5d3pn_’>)+z (l —n;)x

L 1 \ 1
x(% — w5 »_8++m+[6>. 27.3)
Ptk p pt+k p

SIBHOE BLIMHCJEHHE 3TOTC BHIpAMKEHUS MOKHO IPOBECTH, YUYHTLIBAA,
yTo 3dheKTHBHAR BEJMYMHA £ Maja II0 CPaBHEHHIO ¢ po. Kpowme Toro,
MOJKHO CUHMTaTh 3aKOH JUHCIIEPCHH KBaJpPAaTHYHBIM, OCKOJbKY OOMeH-
Huie 3¢dekTsl npubaikenns XapTpun — Poka UrparoT Magnylo pPoJb.

Yenosue k  p, TPHUBOAMT K Yy30cTH 3(dexTuBHOH o06aacTu
MHTErpUpOBaHus B Bripaxenun (27. 3). [Nonaras, uto p = p, (1 + a),

rie o > 0, ¥ yUHTbIBasg ycJ/a0BUE (; -+ 7@)2 < p?, HaijeM
 kx

a<l— " u x<0,
Po

-> >
Ifle X — KOCHHYC YrIJa Mex/y Bektopamu p u k. Vmrerpan (27. 3)
OpHHUMAET TOrja BHJ

1 (k) = — 2P0} (13, (27.4)
rae
1 - o
HE) = [ €E%E~. (27.5)
0
B saBuoi dopme
FE) =1 —5 |25 | —mlg o —iz). @76

Ora dpynruus naaaer ot 1 o —oo npu usmenennn L2 or 0 1o 1 u pacrer

upu (2> 1, umes mpu (P — oo acuMmrotuky f (L%) ~ —1/(3%3).

Munmas uacts f ({2) oTauuna or Hyas aumb npu £F < L.
ITpenenbHble 3HAUEHHs TO/IsIPH3ALMORHOTO OliepaTopa C/eAyIomue:
npu § — 0

(k) = — 2005 @7.7)
npu { - o
. ok? :
(k) = 57 (27.8)

rie @ — IJIOTHOCTh YHCJA YacTHIl CHCTEMBI.
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27. 3. CyuiecTBeHHOH OCOGCHHOCTBIO BhIpaxKeHusi s vy (k)
->
v (%)
S AN.7 N
1 —11 k) v (%)
IBJISI€TCS BO3MOMKHOCTb OOpAleHHsl €ro 3HaMeHaTeJss B HyJb TpH

Y (k) = (27. 9)

5
JEeHCTBUTENbHBIX 3HAYEHHUSIX ® H 2. ITO OOCTOSATENBCTBO OTparaer
(aKT BO3HHKHOBEHHS HOBOH (KOJJIEKTHBHOH) BeTBH BO30YXKAEHUM
(cooTBeTcTByIOIME BONpPOCH OYAYT paccMmoTpeHnt B § 28).

31ecbe Heo0XxoAuMO OGpaTHThL  BHUMAHUWE HA TO, 4TO mnoJmoc v (k)
sIBJsIeTCst (hOPMaNbHBIM INPENsiTCTBUEM HA MYTH M3BJCYEHHs AajbHed-
el uHboOpMaLMH Hu3 TeopuHM. B camoM jese, nogayueHue Boipake-
HMH, HanpuMep, JJs MaccOBOIO oOrepaTopa HJH 1Jisi SHEPTHH Npei-

>

riofaraeT NpPOBeAEHHE MHTETPHUPOBAHHS N0 O U A BeJHYUH, BRKJIKOUAIO-
mux B cebs y (k). Ilostomy HeoO0X0AMMO HMETh AOMOJHUTENBHLIE
CBeJEHHsI O MNpaBHJax 00Xx0Ja BO3HHKAWOUIETro MmoJjioca. Takue cse-
JeHHA JaloTCsi CHEKTPAaJbHbIM MpeiCTaBJIEHUEM,

[IpexJe ueM nepexoiuTb K PacCMOTPEHHIO 3TOTO. Boupoca, Heob-
XOJIMMO HCCJIe[oBaTh, NPH KAaKHMX YCJOBHSX U [Jie BOSHHKaeT MOJIOC.

5
Ucxomss u3 coornowenus 1 = II (k) v (k), rje v JAeHCTBUTENbHO,

HETPYAHO BHJETH, YTO peajbHble KOPHH 3TOTO YPABHEHHUS UMEIOTCS
TOJIBKO NMpPY YCJIOBUHM JedicTBuTenabHOCTH 1T (2). D10 B CBOIO OUepenn
TpedyeT, 4TOOBI

L= Ma/pk>1. - ' (27. 10)
O6o3nauas uepeés , (k) nmosioc BoipaxeHnus (27.9) (0OH JeKHT

B CHMMETPHUYHBIX TOYKax *w, (k), UMeeM clelyIollee TaK HasbiBae-
MOe JIUCIIEPCHOHHOE ypaBHEeHHe:

1= — 8100y (R)f (D), 27. 11)

rae Lo = Moy/pik. Tlockonsky B obmactu (27. 10) dyuxnus f (£%)
OTPHIATE/IbHA, YPABHEHHE (27. 11) umeer pemieHHA TOJBKO NPH

'V( )>0 T. €. IpH HaJMUYUU OTTAJKHBAHHA MEXKJIY YacTHIAMH.

Jror dakT MOxer ObTb HHTEPINPETHPOBAH (UIMUECKH CJELYIOMHM:
obpasoM. Kak OyJeT BeisicHeHo B § 28, Bo3Oy:kjieHye, OTBEUaIOLILe
paccMaTPHUBAEMOMY . IIOJIOCY, MOXKHO HCTOJIKOBATL KaK CBfI3aHHOE
COCTOSIHYME YACTHIBI . [JbIPKH. IJTO COCTOSHHE MOXKET BO3HHKHYTh
JHIb OPH HAJHYUH CHJ NPUTAXKEHHS MEXKAY YacTHIEH M JIBIPKOH.
IockosbKy yacTuna ¥ JblpKa MMEOT NPOTHBOMOJOXKHEIA 3HAK COOT-
BETCTBYIOUIEH KOHCTAHTH B3aHUMOJEHCTBHSI, ISt 00pa30oBaHUs CBS3aH-
HOT'O COCTOSIHHSA Heoéxolmmo, 4TOOBl YaCTHIEI OTTANKHBAIHCDH )1pyr
OT Jpyra.

PaccmorpuM cHauagna Kopomo;mucmyromue CHJIBL. B npe,ue.ne

k0w ( k) CTpeMuTes K KoHeuHoit Bestnunue v (0) ~ V,R¥. Tlostomy
Koatddunuent npu f (L)) B ypaBHeHHH (27. 11) 6yzner no mopslkRy
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BeJMUMHBL pasen an® > 1 u coorserctenHo f (£2) « 1. Tlocnepuee
HEPABeHCTBO YKasbiBaeT Ha TO, 4TO BenuyuHa (2 menmka. Ilostomy

Mbl MPHXOAMM K ypaBHeHHi0 1 = QM(%;O), OTKYyJa
0
v (0 ;
w0 (k) = 20 e (27:12)

IJToMy peIleHHI0 OTBeYaeT TaK Ha3LBaeMbiil HyJeBo 3ByK [89, 1141.
B cucreMe ¢ KyJIOHOBCKHM B3aHMOJEHCTBHEM, Tae v (k) = 4me?/ k2,
ypasHerue (27. 11) npu k2 -—- 0 paer

o 4mge? : . p
0l == T (27.12%)

T/e ©p — 4aCToTa MJa3MEHHBIX KOJeGaHMH, WM JISHIMIOPOBCKAS .
yacrora. CyllecTBeHHO, YTO ®; HE 3aBHCHT OT kK B 06/acTH Majbix k
(ontnueckuit cnektp). C pocrom k B ypaBHenun (27. 11) HaumHaer
HIPaTh POJNb WIEH, NPONOPUUOHANbHBIE pok’/M’. Tlpu Gonbuinx %
- ypaBuenwe (27. 11) naer w, = p,k/M. Opnako camMo ypaBHeHHE
HMeeT CHUJY JHIb JJAS Majibix k.

[lepefizeM K ycTaHOBJIeHHIO MpaBusl 00Xofa ocoGeHHOCTEH (yHK-
uuH y (k), npeanonaras, uro ypaBHenue (27. 11) vimeer neHcTBUTEND-
Hoe peiieHde. Bocnosib3yemcs cieKTpasbHBEIM MPeACTaBICHHEM apHO
¢yaxaun T'puna, Tounee, pynkuuu G (1,2) = G (1, 2, 1, 2). 3ro
npejicTapieHEe uMeeT BHJ (cM. pasiea 23. 6)

o .

G(p &)= ;tymmg_),

E2 18
; b
~ >
Jlna Hac CYLIECTBEHHO JHIUb TO, 4To G (p, e) 3aBHCHT OT € TOJIBKO
B KoMmOuHanuu e? - 6.

CasixeM Tenephb 5bQeKTHBHBLI MOTEHIHAN Y C (yHKIHEH G. Ilpu-
paBrUBasi ApYr Apyry apryments 1, 1’ u 2, 2’ B ypaBuenunu (25. 9),
HzHeM -

G(1,2)—G(1,)G2,2)+G(1,2G@ 1) =
= —i{d3daG, (1, 3)G,(2, 4y (3, 4) G,(3, 4, 1, 2).
Ilepexois B HMNYJIBCHOE HpPEACTABJECHHE, MOJYIHM

G (p) — Gy (p) = iy (p) TL (— p) TI (p). (27. 13)
3lech MH ONYCTHJH WICHH, COAEpIKAIIHEe HHTETPAJL! OT Y, B KOTOPIX
:-)qxpeKTHBHoe 3HaYeHHe apTyMeHTa y NOPSAKA p, U BEJHKO. G0 (p)

sHauenne G (p) B OTCYTCTBHE KOpPpeJSIILHH.
W3 ypaerenus (27. 13) cnepyer, uro BejawuuHa vy (p) ILOJI}KHa
(akTHYECKH 3aBHCETb OT KomGHHal KK €® + 6. PaccmoTpum ¢ yueTom
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3TOro o6CTosITENbCTBA QYHKIHIO Y (k) BOAH3H ee nomwca. Hcnonnsys
ypaBHenne (27. 9) M (akT 4ETHOCTH Y (k) OTHOCHTEJLHO ®, HMEeM

k)~ — . 1 .
V(o) | <%>mg [0 — o2 (3)

CoBepliieHHO SICHO, 4TO JJisi ONpele/ieHHs NpaBuja ob6xoja Heo6Xo-
JUMO 3ameHHTh ®? Ha ? 4 8. Torza Touka nomioca cmemaercs
¢ JeHCTBUTEJBHON OCH ©F > ©F — if, [Toaromy npu o, < 0 nosioc
CMeIAeTCcsl B BEPXHIO MOJYIIOCKOCTb, MPH @y > 0 — B HMIKHIOW.
Tem campiM nocsiefyioniye BEIKAAJKH NPHOGPETAIOT HONKHYIO CTENEHb
OJIHO3HAYHOCTH.

27. 4. Hccrenyem a¢h¢deKTHBHBIH IOTEHLHAJ] B3aUMOJEHCTBHA
MeXJAy YacTHIaMH

v (1, 2) = | dy (k) exp (i [k (1 —2)]).
JtorT moTeHuMas o6JjajaeT CBOACTBOM 3anasbBAHUS- M XapaKTepH-

3yeTCsl 3aBUCUMOCTBIO OT ) — ¢,, OTAHYHON OT 8-06pasHOM.
MoXHO BBECTH HEKOTODHIH yCpeiHEHHBIH 3((EeKTHBHBIH NOTEH-

HAtER VSM,( )6 (¢4 — t,), KOTOpHIl He coflepKUT 3deKTOB 3anasbi-

BaHHA M B CPEJHEM IO BpeMeHH coBnajaeT c¢ y. [IpupaBHuBas mHTe-
rpanipl MOTEHUHANOB Yy U Vy44 8 (T) mo v = {; — f,, noayunm

Vaoo (7) = [ vy (1, 2) = { asey (R, 0)exp (ik7). (7. 14)

S
HJIH BBIACHEHHS CMbICJia BEJUYHHEI V9d)¢( ) paCCMOTpI/IM NOTEH-
HuaJ, CO3)laBaeMbII/I HeKOTOprM CTaTHUECKHUM Saﬂ.aHHbIM pacnpe;[e-

JICHHEM YacTHL (BHEIIHHH HCTOYHUK) C IJIOTHOCTBIO Q 7). Bea yueTa
KOppeaalHy 3TOT HOTeHIlHaJ HMEeT BUJ

B(1) = Jav(152)e @),
rae V (1, 2) — HCTHHHBLIH NOTEHNHAs B3aUMOAEHCTBHS MEXLy YaCTH-

uamu. [Ipu yuere Koppensinuu TpeGyercss samena V — y. Yuurtosas
HE3aBHCHUMOCTb @ OT BDEMEHH, HAXOIHUM.

-> > > -> ->
B (xl) = jdxzvad,(b (xl ——x2) ) (x2).
Takum o6pasom, V,y, OmpefiensieT MNOTEHLHAJ .CTATUUECKHX HCTOYU-
HUKOB.
TloacraBnsiga B Bblpa}KeHI/Ie (27. 14) snauenwue no.nﬂpnsaumHHoro
onepartopa npu { — 0, naiigem

> (%) exp (i 7)
Vagg (7) = | dok 2 2Lex0 Rk 1) (27. 15)
| EPM _8poM v (‘1;)
252
M3 3TOro COOTHOUICHHS BHITEKAIOT BaKHble (H3HUECKHE CJIENCTBHSL.
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PaccMoTpuM cHCTEeMB ¢ KOPOTKOAeHcTBYlOmHMH cHaamu. [lycrs
paccTosiHMA r — MeHbIlle pajuyca JeHcTBus cun R, T. €. B Bhipa-
wenuu (27. 15) & > 1/R. Torja, xak ykaseiBanocb B § 16, B psze

. >

HHTEepPEeCHBIX CJIy4aeB HOTEHLHAJ Vv (k) MOXeT OhITh 3anHcaH B QopMe
R ‘
v (&) ~ VR
CootHotueHue (27. 15) npuHUMaeT BHI

exp (— kg
Vopo (1) ~VoR — (27. 16)
rjie

ky == (V RpyM)'* ~ (an®)*R™". (©27.17)

Tlockoabky an® > 1, mnosiBAsieTcsl 3KpaHHPOBAHHE HCXONHOTO
noTeHnuana B3aumogedicTBusi. Cu/bl B3aUMOJSHCTBUS MeEXIy YacTH-
1aMi CTaHOBATCA GoJiee KOPOTKOAEHCTBYIOWIUMH H MEHSIOT pajuyc
JelicTBuA oTr R [0 3HaueHUs

—1
R4y~ (@n®) "R, (27. 18)
Oco6GeHHO SIPKO TIPOSABJSETCS 3Ta OCOOCHHOCTb CXKATHIX CHCTEM
p p o
B Ciiyuae KYJOHOBCKHX cHuja. Ilpu 3stom v = —Zf— "
exp (— & ) -
Vo= @S2 k) (27. 19)

e *
ko= 2 (po/nao)l/z'

B 3toM ciayuae dusuueckas HHTeprperanus addexra Ae6GaeBCKOro
9KpaHUPOBAHUs OCOOGHHO HarjsjAHa. PaccmaTpuBas AJsi NPOCTOTHL
MOJiesib OJIHOPOJHOIO 3JIeKTPOHHOTO ra3a ¢ KOMIEHCHDPYIOMUM (OHOM,
HETPY/IHO 3aKJI0UHUTh, YTO KaXKAbIH U3 3/1€KTPOHOB OTTAJKHUBAET OT cebs
Apyrue anekTpoHsl. [TosToMy BO/IM3H 3/J€KTpOHA 06pasyercst U36LITOK
NOJIOKUTENBHOIO 3apsAja, KOTOPHIH M 3KpaHHPYeT 3apsill 2JeKTPOHA.
B peayanTare KyJOHOBCKHE CHJILL CTAHOBATCS KOPOTKOACHCTBY IOLLUMH.

Ecjin BepHyThCS K II€pPBOHAYAJIBHOMY BbipaxkeHHo (27. 9) u 3anu-

caTb ero B BHJE
4re?
VS(I)Q) (k) = > >
k2 [1_ e (7, m)}

k2

TO BeJHYHHY

a(m,?a)sl—f:—fiﬂ(%, m)

* CymecTByer Hekotopast ofmas dopmyJa JIs pajHyca Ae6aeBCKOTO SKPaHHPO-
BaHUA, OCHOBAHHAsl HAa NPHUMEHEHHH TeopeMbl YOpJa M HE CBA3aHHAA €O CACJAHHBIMA
3jech orpanyuyenusamu [11].
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MOXKHO Ha3BaTb 3((EKTHBHOH (MPOAOJBLHOH) JIHIJEKTPHYECKOH IO-
CTOSIHHOI cpejpl. JTa BEJIMUMHA 3aBHCHUT HE TOJBKO OT 4acTOThl o,

>
HO H OT BOJIHOBOTO BEKTOpA 2, YTO CBHAETEJIBCTBYET O HAJIHYHH B cpefie
KaK 4acTOTHOH, TaK W NPOCTPAHCTBEHHON JUCIEPCHH JH3JIEKTpHYE-

he
ckoil nocrosiHHOH. Uepes & (m, k) MOXKHO HENOCDPEJCTBEHHO BHIPA3HUTDL

neJbli psifi QU3HUECKHX XapaKTePHCTHK CHCTEMBI H IIPOLECCOB €€ B3aH-
MOJEHCTBUS ¢ BHEIIHUMH areHTamu. [loflo6Hast «AH3JEKTPHUECKAsI»
$OpPMyJIHpOBKA TEOPHH MHOTHX YacTHI aKTHBHO paspabarbiBaeTcs
B mocaegHue roasl [39, 1151 _

27. 5. Tlpu BbIUHC/ACHMH TaKHX BEJHYHMH, KaK MAcCOBHIH omepa-
TOp, HEpPTHsi U T. 0I., NPHUXOJHTCH CTANKHBaTbhCs € 0OcCoGOH Mare-
MAaTHYECKOH CTPYKTYpPOH COOTBETCTBYIOUIMX BhlpAeHHH, KOTOPYIO
OOLIYHO HA3bLIBAIOT JIOTapHUPMHUIECKOH.

IMycTh 3ajlaH HEKOTOPHIH 3aBElOMO CXOAAMIMHCA MHTErpaj, 3aBU-
CAIMA OT MaJoro napaMmerpa a

I (a) == dexf (x, a).

IlycTh jasee 3TOT HMHTErpasj CTAHOBUTCS JIOTAPU(DMHUYECKH DACXOMsi-
muMcsi (Ha HHXKHEM Tpejlesie), eciH B MOABIHTErPajibHOM BhIpaXKeHHH
N0JM0KUTb o = 0; APyrMMH cjoBamu, mnpu Maneix xf (x, 0) ~ 1/x.
Torpa npu ¢ — O Bennuuna [ (o) siBasercs JorapudMUUecKod GyHK-
Hyei, NpUYeM NpH BHIMOJHEHMH HepaBeHcTsa In (1/a) 3> 1 Boiumcie-
gue [ (o) CyUleCTBEHHO YIPOLIAETCsI.

B camom fiesie, HONMYCTHM, YTO NPH 3HAYEHHSX X, MEHLIIHX HEKO-
TOpOH “He 3aBUCAWEH OT « BENMYHHH X,, GynKuua f(x, @) mpuob-
petaeTr BHJ

Fx, o)~ 2@
rie GYHKLHsI ¢ KOHEUHA NPH HYJEBOM 3HAUCHHH CBOEro0 aprymMeHTa
(umaue wuuterpan [ (0) He Oyjer JorapudMHUYECKH PaCXOAUTLCH)
¥ CTpeMHTCs K HYJIO, KOUAa apryMeHT CTpeMHMTCs K OeCKOHEeYHOCTH
(uHaue [ (o) He Oymer cxoiuTbcsi). Pazo6eem [ (a) HA cymMMy JABYX
uHTerpanos. IlepBbl#, B3ATHIA MO 061acTH OT X, O 00, CTPEMHTCS
npu o - 0 K NOCTOSTHHOMY Hpefeny

{dxf (x, 0).
Xo
Bropoii nHTerpan

s

2 d
== g (o/%)

L= N—"

nocJge noACTaHOBKH X = (lg NPpUHUMAET BUJ

Xo
a

[0
0
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B 3TOM cxofismemca MHTerpane npu yObIBaHHM G CYIIECTBEHHA JIHIID
00/1aCTh BOJIM3H BEPXHEro npejiesa. BuiHocs B 3TOH 06JacTH H3-MOR
3HaKa HHTerpaja BEJIHYHMHY ¢ (a/X,) ~ ¢ (0), HalileM OKOHYATEeBLHO

I (@) = @ (0) In (xy/a) + O'(a%). (27. 20)

Tak Mbl mosiyuaeM npocToil OTBET, CIpaBeVIHBLIL ¢ norapndmnqec&oﬁ
TOYHOCThIO.

27. 6. OnpefleiuM MaccoBLIIl onepaTop CxKaToit cHereMsl. M3 coot-
HoweHust (25. 11) Haxoaum

M(p) = —i [ ik [y (&) — v (%) Gy (0 — #) =

I (%) v2 ()

— —i | d%G,(p — k) LBV k)
1T (k) v (%)

Orpannunmca Haubosee BaXHBIM CJAy4YaeM KYJOHOBCKOH CHCTEMHI,
Torga, BBOAA .

M > >
L= k=pa, p = ppx ‘
U
s
T
NOJIYU UM
Loy — g; € (* d% (% d 1%
M (p) = 8i —~ 7 W—H—kg'—z X
arrrtly

< {y—2qt—(x—q )+ wdsign[(r—q)— 1]} @7.21)

IIpoananusupyem ocoGeHHOCTH MOJBIHTErPAJILHOIO BhIPAXKEHHS
B KOMILIEKCHOH myockocTH {. [Ipexkze Bcero, mpuiercss uMeThb [eJIO
¢ nomocoM pyHrRuHE I'puHa G4, pacnoJOXeHHHIM B TOUKe

L, = L:(gq;M_ +i8sign [(x—q)'— 1.

Jlanee HYXKHO yuecTh mosioca BeJHuuHbl y (k). OHH . pacnoJioxeHsl
B TOUKax

M'ﬁ)()‘ ——ié
[y = Pok Mo,
2 . M| a,| —l—i6 Pok

Pok



~ Haxonen, nMeer ocoGeHHOCTH U CaMa BEJHIHHA f (£3). Kak BugnO
3 ee ompeneaenus [cM. Boipaxenus (27.5) u (27. 6)], umerotcs

TOuKM BeTBieHHs {3 - 0 =1, T. e
I —id
G =11 4is.

TpoBojsi JHHMH paspesa, NPUXOAUM K H300paeHHOH Ha pHC. 63
KapTuHe.

BBujly A0CTATOYHO OLICTPOTO YOLIBAHUSI MOJBIHTErPANBLHOIO BbIpa-
XKeHHs1 B cooTHomenuu (27. 21) ¢ poctoM { KOHTYp HHTETpUPOBAHHS
MOXHO CMeCTHTb Ha MHH-
My ock. Ilpu 3TOM 1mpH-
JleTCsl UMeTb JIeJI0 ¢ BhlveTa-
MH moJoca Gy, €cl¥ OH Jie-
JKUT B MEPBOM HJIM TPEThEM
KBajipaHre, T. €. €CJH BHI-

IIOJIHEHLl YCJ0BHS
(> 2 1) I3
y>(r—q)>1
HJau
| r—q)
1> (g >0 G

Hurerpan no 3aMKHYTOMY
KoHTypy C paBeH BbueTy
B IIEpBOM KBajpaHTe C IO-
JIOXKHUTEJTLHEIM 3HAKOM HJIH
B TperbeM KBajpaHTe C
OTPUILATENbHBIM  3HAKOM.
Takum obpa3oM, BKJaJ BHI- Pyue. 63
4eTOB B HHTerpas 1o B Bbi-

paxenun (27. 21) paseH

> »>\2
X > \2 > >\2 442
o fo— (=3 o[ — (a1 -
A P
Tlpu y — x% > k¢/p, apTYMEHT QYHKIHH [ Benaunk, u camMa QyHK-
HUs npomnopuHoHaabHa ¢°. IloaToMy JiorapHdMuuecKas CHTyauus

OTCYTCTBYeT, ‘M BKJaj, BLUETOB MOXKeT He y4HThBaTbesi. B npyrom
npefiesbHOM caydae (y A~ 1) BKJaj BbIYETOB TaKkKe KpaiHe Mas u3-3a
e

y30CTH OGJACTH MHTErpHpPOBaHHUS MO (.
Onyckasi IO3TOMY BBIYETH, MBI MOXEM 3aMEHHTb HCXOAHBIH HHTe-

rpa’ MHTETpPajioM MO MHHMOH OCH, T.e€. CHenarh saMeHy  — if.
®Oyukuus [ ({%) npuHHMaer NpH 3TOM BHA

f(—t* =1 — garctg (/D).
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Takum obpasom, Bxoaamuii B cooTHowenue (27. 21) murterpan mo
MOXHO MPEACTABUTb B BHJE
. o0

. dg, I —Carctg (1/) .
I=i | 5= 7 X
I+ =55 [ —{arctg (1/0)]
o 29°p;

* . > >\2]—1

X [y—21q§—(x—q)] .
Paccmotpum cyualt y — x2 > ko/p,. MannM napamerpom sjech
ABJIACTCS BeJIHYHHA ko/p,. Ecam e npeneGpeub, T0 npu g — 0

I > const u umeer MecTo THNMYHAS JOrapudMHUeCKas CHTYaIHs.
CorntacHo cootHomennio (27. 19), npu 3Tom

M (p) = —

nti) (y—x)71 —g—% [1 —garc tg (1/0)} In (py/k,)

—o0

WJ/IH, BBIUHUCIAAA HHTErpaJd U Mnepexoist K OOBIUHBLIM OGOSHaquI/IﬂM,

s , :
. 1 € Po In (po/ko) 1
M(p)—_W'a_o'W'm' (27. 22)

Mol ne GyleM OCTaHaBJIMBATHCA HA JajJbHEHIIEM HCCJHELOBAHHH
MaccoBoro omeparopa *. OTMETHM JIHiIb, YTO B CXKATHIX CHCTEMax
OTJIMYHE KBa3HYaCTHILI OT MCTHHHOH YacTHIL B IEeJOM HE3Hauu-
TEJIbHO.

27. 7. BulyucanMm 3Hepruio ckatoil cucrembl. Ilepesoas  Ajs
3TOr0 COOTHOWEHHe (25. 12) B MMIYJbCHOE NpejcTaBjieHMe, HalijfeM

1
E—Ey = Q£ [ 1y (k) — Av ()] [ d*Gy (p + k) Go ().
0

Benomunas onpenenenue oneparopa II(k), MoxHO HamucaTh
1

_ Qg [ di [Av (k) 11 (k)] :
E—Ey=—SE [ [ 1200 - @.23)
O |

34ech Mbl BCIOAY 3aMEHHJIH V Ha AV.

3amenus [1 (k) ero BbipaxenneM n3 coorHowenus (27. 5), nepe-
BE/ieM MHTErpamHio Ha MHUMYIO ocb. IIpu 3TOM B oTsIMuHE OT paccmo-
TPEHHOrO B pasieje 27. 6 npumepa, HHKAKOro BONPOCA O BHIUETAX .
HE BO3HHMKAET, H Mbl IOJYyYaeM

: Q oy , !
E—Ey==fbe [d%k | 451Q—In(1 +Q), (27. 23
rje o ’ . .
: Mpqov (k |
Q= a1 —tareg ()]
* HccaeioBasie MaccoBoro omeparopa mposofutes B paGorax [116, 117].
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DTO COOTHOLIEHHE JJIi YACTHOrO CJiydasi KYJIOHOBBIX CHJ GbLIO Brep-
Boie nosydeHo ['enn—Mannom u bBpakunepom [118]. v
Paccmotpum ero B stom wactHoM ciyuyae, nojaras g = 2 H

> 402
v (k) — 2. Beanunna Q OpPHUMET BHJ

kz
£
Q:W[l*garctg(l/g)]. (27. 24)
OyHKLIUSA lenT(jJrQ) coBmajfaer ¢ ¢ynkuueil f(x), o koropoi mua

peub B § 16. Tlpu maneix Q QYHKUHA CTPEeMHUTCS K KOHCTAHTE, MPH
6oabuinx — K QL.

[ogcranoBka Boipakenus (27. 24) B (27. 23’) npUBOAMT K THNHY-
HOM JIorapudMHUECKOli CHTYaUHH: TPU CTPeMJACHUH kj K HYJIO BOS-

. dk :
HHKaeT JorapudMudecKuil HHTErpaJ J —;—- [lpumenenue cooTHo-
wenusi (27. 20) paer * '

E-—Ey=—N

eZ
an (1—1n2) In (a,p,), (27. 25)
rie N — gucno wacrumn.

HeobxoauMo cnennaibHO NORYEPKHYTHL AHOMANBHYIO MajoCcTh
YHCJEHHOTO Ko3(duuueHTa B 3TOH ¢opMmyJe, PaBHOIO BCEro TpeM
COTBHIM. DTO OGCTOSITENILCTBO MO3BOJISET AYyMaTb, UTO MAajoOCTh KOppe-
JALHOHHBIX 3(QQeKTOB mnpeicTaBaser co6oil CBOHCTBO U He CHJILHO
CXKATHIX CHCTEM, Y KOTODHIX IapaMeTp 1 He3HaYyHTeJbHO MpeBplilaer
eNUHHUIY.

B cayuae oIHOpDOAHBIX KYJOHOBCKHX CHCTEM MOKHO HalTH He-
Jorapu@MHUecKHil ujeH B BolpaxeHuu aas £ — E,. O6was dop-
mysaa umeer Bui [118]

E_Q=~NMMnmeﬁ+mmﬂ%. (27. 26)

OrpunarennbHeifl 3HaK KOPPEeNsIMOHHON NONPAaBKH K SHEPTHH HAXO-
JUTCH B COOTBETCTBHHM C BapUAIlMOHHBLIM NpUHUHUNOM (cM. § 7).

B nwrepatype HEOJHOKPATHO Npejsiarajuch pas/jUuHLIE HHTEp-
HOJANHOHHBIE GopMyasl Aaa E — E,, 103BOJdIONME OXBaTHTL
mwHpokui uuTepBan cxaruil [119]). OrnpaBro#i Touko#l GonpuwMHCTBA
3THX paccMOTpeHMii Owpulo HccaefoBanue Burmepa [41], xacaro-
meecsi paspexeHHOro 3JeKTPOHHOro rasa (cMm. § 6).

Haiiiem npefensl NPUMEHHMOCTH MOJYYEHHBIX COOTHOUIEHHH.
Brime yxe ropopuioch 06 OrpaHHYEHHSX HA CTeNeHb CXKATOCTH
cHCTeMBl. PaccMoTpuM JpYryio CTOpPOHY 3TOTO BOIpOCaA.

oo

1 2
* Belunc/ienne IOSBJSIONIEroCs HHTErpasa y dg {I—Carctg (——C—)] npoie
BCEro C;IpOBO}lHTb, HCNOJMIb3Y S napame'rpnqecxy}o_(bopmyny (27. 5) ¢ samenon {2
ma —{2%. - . _
269



IMosiyuenHnbie pesyJbTaTbl OTHOCATCS JIHUIb K HA€AJM3MPOBaHHOM
OJIHODOJHO! MOJEIH, OTBeuawulell 6eCKOHEYHOMY OJXHOPOJHOMY pac-
NpeJiesieHHI0  3JEKTPOHHOIO Tra3a M KOMIHCHPYIOLIero 3apsja.
B npupoge Takux cucrem He cyuiecTByer *. ITo3ToOMy BaXKHO BBISICHHTD,
B KaKO# cTeneHd HEOAHOPOJHOCTb B DAaCIpEleeHHH YacTHIL MOMKET
NOBJHATbL Ha MOJYYeHHbIE pesysbTarsi. Mcexomss us npoaeneuﬂjg\ro
B § 16 paccmMoTpeHHsl, MOXHO CKa3aTb, YTO HEOGXOLHUMBIM YCJIOBHEM
NPUMEHHMOCTH COOTHOWEHHs (27. 25) ABAsieTCsT HEPABEHCTBO

Xoko > 1, 27. 27)

Tle X, — XapakTepHas JJIMHA HEONLHOPOLHOCTH; Ry — HUMIYJBC
Hebast.

Jro ycJoBHE Hapyulaercsi, HampuMep, B NPUMEHEHHH K HecxKa-
TOMy artoMmy (cM. § 16), masa Kotoporo x, ~ aoZ='s u ko ~ a.Z'/s.
MuTepecHo paccMOTpeTb € 3TOH TOYKH 3PEHHsS CIKATOE BEEeCTBO.
C yBesnHYeHHEM CXKATHsI pacnpeleseHHe YacTHI, CTAHOBUTCS Bce GoJjiee
OIHOPOJAHLIM M MOXKHO OXKHJATb, 4TO NpPH JOCTATOUHBIX CIKATHAX
ycaosue (27. 27) okaxeTcs BHINOJHEHHBIM. PeaysntaThl § 6 mokasml-
Batot, yto B obsacTax JAasaenus II n III pacnpenenenne rpanuu-
HOTO UMIYJbCa P, (X) Jaercsi COOTHOLUEHHEM

g 1/, Zz/s /le/s
Po (%) ~ @ [1 +mf( Zl/.>+"']'

Orciona
Xo~ po/Vpo~aZ™ "> ki

Oanako B €XKAaTOM BeILECTBE HMEETCsl elle OJHa XapaKTepHas
AJIMHA HEOJHODOJHOCTH X,, ONpejesisieMasi JanjacHaHOM IPaHHYHOIO
umnyJaeca. CorjacHo cooTHoweHno (5.14) Aas 3TOH  E€JHYHHBL
NIDOU3BENEHHE X R, NOPSAAKA eAHHHLB, H ycaosue (27.27) Hapy-
IaeTcs NpPH JIOBIX CKOJIb YroJHO GOJbIIHX CKaTHsiX. TeM He MeHee,
YUHTbIBasl OBICTPOE yMeHbIIEHHE YHCJ/EHHBIX KO)(pHIHEHTOB MpH
KBAHTOBEIX HonpaBKax (cM. § ), MOXKHO JJsl OHEHKU HCHCJih30BATh
«KBa3HOJNHOPOAHOE» BbIpaXKeHUe ’

o2 - : i, (7 ,
E—Ey=———(1—In2)[dio(x)In|ae”(x)]. (@7.25)

n2a,

CyuiecTBeHHbIH MHTEpeC MNpeACTaB/seT KOPPEJIALHOHHBIH BKJIaj

B Jasjenue. HuddepeHuupys cootHowernre (27. 25) mo 2 mpu mo-

crosiuioM N {py ~ (N/Q)'/s], nmaxomaum [120]:

l—In2 e?
3n? ay

P—Py=— (27. 28)
OTa BeJUYHMHA MaJa Jlaxe 10 CPABHEHHIO C KBAHTOBBLIMH H OOMEHHLIMH
IonpaBKaMu K JaBJICHHIO. 0

* B nnasMme, Tlie OCYIIECTBJAETCS OJHODOJHOE pacimpele/ieHHe, BeChbMa CyIUe-
CTBEHHBI KOPPEJSLHH TSXKeJBX WYaCTHIL.
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27. 8. IlpumeHuM BhlpaxKeHHe Uil KOPPEJisiIlMOHHON SHEPTHH CKa-
Tolt cucTeMbl (27. 23) K cuHcTeMaM ¢ KOPOTKOAEHCTBYIOIMMH CH-
aamu [75]. YuuroiBas Heo6XOJHMOCTh BKJIIOYHWTH B pAacCMOTpEHHE
CHJIBI, 3aBHCSIIME OT CIOHHA M H30TONHYECKOrO CIHHA, clieflyeT He-
CKOJIbKO BMIOM3MEHHTb 3TO BoipaxeHue. BosBpamasch X Bblpaxe-
uusim (27. 1), (27. 2) u yuuThiBass, 4TO B C/Iydae 3anoJIHEHHBIX 0COs0-
ueK MoJsIPU3ANHOHHEIN onepaTop AWaroHajieH OTHOCUTENBHO AHCKDET-
HBIX MHIEKCOB, MBI MOXEM CUHTATbH MAaTPHUHYIO CTPYKTYPY HCTHHHOIO
H 3(ppEKTHBHOrO MNOTEHIMAJOB B3aUMOJAEHCTBHA OJHHAKOBOH. 3ro
OTHOCHTCSI K HMHTEpEeCyIoleMy Hac cayuaio cepGepoBcKHX cHa. B ca-

MOM Jenie, onepatop § = % (1 — J°s,) obnagaer cBoicT-

BoM 82 = §. Tlostomy, 3amensia y — vS, V — VS, Ml npuxoium
K COOTHOWeHHIo Thna (27. 2), B KOTOPOM onepaTopsl & CTOAT JHlb
B JIEBOH ero 4acTH H B UHCJAHTeJe NPaBOH; H3 3HaMeHaress onepa-
Top § wucKOuaercs. 3T0 O6GCTOATENBCTBO, CH/ABHO ympoulaiomiee
BHIKJIaJIKH, IPUBOAKT K TOMY, UTO BesiiyuHa Q B Bulpaxenuu (27. 23')
coxpaHnsierT CBOfl BHJ (BeAMYMHA g JJIsl sI/IEPHOTO BellecTBa JONKHA
6LiTh paBHa 4). lsmeneHue kochercs Jumb o6mero KosdpuuuerTa
Bpipaxkenusi st E — E,, B KOTOpOM BMECTO g HYKHO NOJCTaBHTb
BeJHUMHY Spg. (8%) = 3/2.

Takum o6pasoM, ofliee BhIpaxKeHHe JUls KOPPEJSALMOHHOH SHEep-
THU C3KATOH CHCTeMBbI YaCTHIL JBYX COPTOB, CBsi3aHHBIX KOPOTKOJEH-
CTBYIOIIMMH CHJAMH (sAePHOH MaTepuM), UMeeT BUJ

EEym 2% [k [ 4L 1Q—1n(1 + Q)
e (27. 29)
Q=M (k) [1 — garctg ()] -

TlpoananusupyeM BKJaJ, B HHTErpajl mno k pasiauyHeix obnacredt
H3MEHeHHMst IepeMeHHON £k, npeanosnaras  BbLIMOJHEHHBIM  YCJIO-
Bue an < 1. Beegem umnyanc Jleb6asi paccMaTpHBaeMOM CHCTEMBI,
onpejesieMblil BaipaxenueM (27. 17) :

ko~ (VoRpolw)‘l/2 & Po- R
B o6nacty HHTErpHPOBaHUs N0 R OT Hyas Jo 1/R v(k)NVOR“

u BeanunHa Q ~ o < 1. IlosTomy BkJaj 3Tol 06jacTH B 3HEPTHIO

Q
Nno MOpPAAKY BeJUUYUH OTHOCUTENBHO MaJl H paBeH Mf{?‘ .

B obnactu k > 1/R dypbe-o6pa3 noteHiuana umeer B Haubosee
HHTEPECHBIX CAyYasX CJAEAYIOmUH BHJI:

vk =S, C~V,R.

%

Tlpuseniem snauenus C st HauGojee BaXKHHIX NOTeHNUa0B. IloTen-
—y, SRR T} o VR
uuany IOxasa V(r)=V, TR OTBEYaeT v (k) = T &RE

271



u C=4nV,R. Jins noTeHuHanbHOH AMuL V (?) =—V, (r<<R),
V(r)=0 (>R) nueen

v(%) . 4n;/l%R3 ﬁ@‘( sink(ZR) >

3 Cos (kR)

Ilpu Gonbumiux kR v mnepexogut B 4mnV R dra BeJHYHHA

(kR)*
He uMeeT Tpe6yeMoro BHJa, OJHAKO ee KBajpaT * MOMKeT GbiTh Mmpej-
. 8n?V2R?
crtaBjeH B Buie v® (k) = —%i - JJeCb HCNOJIb30BAHO COOTHO-

meHue cos? x — 1/2 npu x —> 0o, KOTOPOE HYKHO MOHUMATDb B CMBIC/IE
0000IeHHEIX (pYHKRIHHA., Takum 06pa30M MOXKHO IOJOXKUTh C =
2]/2nV0R B obmactu 1/R <k < ky BenuunHa Q MMeEET OUEHKY
Mp.c
0
Q~—— —kT > 1. Jlorapudmom B Brpaxkednnu (27. 29) MoXHO
npeHeépeqb, U Mbl IPHJEM K oLeHKe BKaaja £ — E, B 3Tofl o6macTu:
Q poky
E — EO o~ T
ITOT BKJAJ TaKikKe OKAasblBaeTCsi € JorapupMHYECKOH TOYHOCTDLIO
MaJibIM.
Hakoneu, B o6nactu &k, < & <p, (3HaueHus k, GOablwHe p,,
paccmarTpuBaTh He cne)lyeT) nMeem

Q ~k0/k2 & 1.

Dyuximo Q@ — In (1 + Q) MOXHO PasoXHTb B psif o Q, OTpaHu-
Y¥BasiCh NEPBHIM 4ieHOoM Q%2, U MBI NMOJAYYUM BHIpaXKEHHE

Po oo
3 py 2M°0% (Par [ ar 1 \72
E—Ey=— = | 5 | o [1—Larcte ()]
: Bo oo ‘

BhiNOJHAST HHTErPHPOBAHHE, HAXOAUM

3(1—1n2)
E——Ea—N——l%—r—Clen( R). (27. 30)

Jna moTeHIHAJAbHOH SIMBI

E—Ey=—N o (1 — 1n2)MVoRln<MVR> (27.31)

27. 9. llepeiineM K 060OCHOBaHHIO TOH MOJENH SIAGPHOTO BEILCCTBA,
KoTopas paccmatpupanack B §7 u 18 {38]**. Hanomnum, uto B paM-

* U3 coorHomenus (27. 29) BHIHO, 4TO CYIECTBEHHHl TOJLKQ UETHHE CTENEHU V
H HMEHHO — BTOpasl.
** BJnskue BONPOCH HCCJENOBAJIHCH Takxke B padore [117].

272



Kax 3TOH MOJIeJH HYKJIOHbl HCIEITHIBAIOT HEMOCPEACTBEHHYIO KOppe-
JISIUIO JIMIIb 33 CYET KOPOTKOAEHCTBYIOMMX CHJ1 OTTAJKHBAHUS V(g.
JanbHOJAEHCTBYI0IINE CHJIBI NMPHUTSIKEHHA V(y MNPOSBISAIOTCA TONBKO
B BuJie o0uledl NOTeHUHaNbHOH AIMBI ¥ H3MEHEHHOTO 3aKOHA JHCIEPCHH
HYKJIOHOB.

Ilepexoass Ha #3LIK OIEPAaTOPOB, MOMKHO CKasaTb, YTO LEJbIO
IIPOBOJUMOrO PACCMOTDPEHHS sIBJsieTcsl OGOCHOBAaHHE 3aMeHbl TOYHOTO
raMHMJbTOHHAHA CHCTEMbI

H=Hy+ H+ H,
(H(a, ¢y — raMHNbTOHMAHEI, OTBEYAIOLIHE COOTBETCTBEHHO cCHJaM Vg

g V() npubiauxeHHbIM
H=H,+Hy,

rie Hyqy — raMuiabTOHHAH npubauxkeHns XapTpu—Poka, y4HTH-
BAIOWIMA TOJBKO CHJIBI NPHTSKEHHUS.

IIpy oTcyTcTBMM raMHJbTOHMaHA OTTankuBanusg Hy) BO3MOXK-
HOCTh YKa3aHHOMH BHIIE 3aMEHBl MOXKHO IIPOBEDHTDH HENOCpPeACTBEHHO.
B aTom cayuae Jeno cBOAUTCS K NPOBEPKe MaJOCTH KOPPeJsLHOHHBIX
3¢hdexToB, 0O0YCIOBICHHBIX TONBKO cujaMu npurskeHus. [loacra-
HOBKa B BolpakeHnue (27. 31) nmpuHATHIX 3HaYeHHH napameTpoB V,
R u py (cm. § 1) npusomuT K chaenyrouiedl onenke *:

LEe < 1M, (27. 32)
Ora BeqMUMHA MaJja Jlaxe [0 CPaBHEHHIO C PHeprueil CBsi3U siiepHOM
MaTepuH.

Teneppr Heo6xoAMMO NOKa3aTb, YTO NPUCYTCTBHE CHJ KOPOTKO-
JdedicTeust H() He NpenATcTByeT 3aMeHe raMuiabTOHHana FHy -+ H,
Ha Hy. 3anaua cBOAMTCA K yueTy HHTepdepeHLMH Koppenasiiui,
o0yc/oBaeHHbIX cuaaMi Vi) B V). Dr1a uHTepdepeHnHus He MOMKeT
ObiTb 3HAuHTENBHOH. B camoM jene, KoppessiiHOHHble 3(QeKThl,
OOyCJIOBJIEHHLIE TeMH H ADPYTHMH CHJIAMH, IO OTACIBHOCTH MaJlbl.
JAna cun Vi, cymecrtsenHo Biausinpe npusiuna Ilayawm (eMm. § 16),
xapakTepusyemoe OO/bIIOH BEJHYHHOH m[apaMerpa CXKaToCcTH 1.
ManocTe KoppensuHoHHbiX 3hHEKTOB CUJI OTTANKHBaHUS 00YC/IOBIEHA
Masnoi BeJMYUHOA JJIMHBEI PACCEsIHUS ¢ [0 CPABHEHHIO C DACCTOSHHEM
MexJy wacTtuuaMmu. MuTepdepeHUHOHHBIH 3(deKT NojaxkeH B 3HAUH-
TeJBHON CTereHd ONpefeNsiTbCs INPOU3BEJCHUEM YyKasaHHbIX Iapa-
MeTpoB MajocTH. Pacuer mnoxrsepxpaer 3T coobGpawxkenus [39]
U JlaeT MONpaBKy K Hepruu nopsiika — 1 Mas.

Takum o06pasoM, paccMOTpeHHasi MOJENb SAEPHOTO BellecTBa
CNpaBe/JiuBa (B 9HEPTETHYECKOM CMEIC/IE) C TOUHOCTBIO A0 HECKONBKHUX
MHJIJTHOHOB 3JIEKTPOHBOJIBT. DPPeKThl HEYUTeHHBIX TPEXYaCTHUHBIX
Koppessinuit [cM. Boipaxkenue (26. 3)] JalOT BEJHUYHHY TOFO Ke
Nopsiika, HO 00paTHOro 3HaKa.

* B paccMalpHBaeMoM CJyyae mapamerp GY HE MaJl 110 CPaBHEHHIO C efHHHLEH.
Onuako 3To 06CTOATENLCTBO HE MEHSIET MOPSAKA TPHBEJECHHOH OLEHKH.
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BepHeMcx K ofmeil mpobiemMe YCTOHYHBOCTH SIACPHBIX KOHQHMIY-
pauuit (cM. § 7). PaccMoTpuM ypaBHEHHE COCTOSIHHS CHJABHO CIKATOTO
JIepHOTO BelecTBa, Mpejnosaras cHayaja, 4To CHJbl THNA «TBEpAOH
CepJLeBHHbI>» OTCYTCTBYIOT. JHeprusi TaKOH CHCTEMBbI ONpeiensercs,
BO-TIEpPBLIX, BbpaxeHueM (7. 31), oOTBeyalOmMHM TNPHOINKEHHIO
Xaprtpu-PoKa, ¥, BO-BTOPHIX, KODpPeNsIHOHHBIM wieHom (27. 31),
BKJIaJ{ KOTOPOTO B JaBJIeHHE COBEPHIEHHO HHMYTOXEH.

[Tonyuennsie B § 7 pe3ynbTaThl BHIXOAST 38 PAMKH NPHUOIHKEHHS
Xaptpu-Poka H JalOT He TOJAbKO AOCTATOUHbIH, HO M HEOOXOAUMbIA
KpUTepUH, HeyCTOHYHBOCTH SJilepHOTO BellecTBa. BLIBOA O TOM, 4YTO
B CHJIBHO CXKATOM $IIEDHOM BEIeCTBE pPOJb KHHETHYeCKOH 3IHEepTHH
OTHOCHTENILHO Mana, NOJHOCTBIO MOATBepKAaercs. B Jaurteparype
HEPE/IKO MPUBOAMTCS NPOTHBOIONOKHOE YTBEPKJCHHE, MNOAKpeNse-
MO€ CCHIIKO#l Ha CHCTEMBI € KYJIOHOBCKUM B3aMMOJeHCTBHEM. JTa aHa-
JOrysi, OAHAKO, HENPAaBOMOYHA, IIOCKOJbLKY H3-33 3JIEKTPUUYECKOH
HeATPAJbHOCTH B 1L€JIOM B KYJIOHOBCKHX CHCTEMaX TIPOHCXONUT TONHOE
BhHINaJIeHHe OCHOBHOH YacTH 3HEpPTrHH, OTBEYaloued caMoCOINacoBaH-
HOMY B3aHMOJeHACTBHIO.

TloTeHuHan «TBEPAOH CepALEBUHE PaAMKANbLHO MEHsAET pobsemy
YCTOWYMBOCTH. Y pPaBHEHHE COCTOAHUA fANAEPHOrO BEIIECTBA C YYETOM
3TOTO MOTEHIHaJa B 00J1aCTH BBLICOKMX CXKaTHH HCCJENO0BaNOCh B He-
cKONbKHX paborax [69, 121]. Opnako npaBWIbHOCTb €aMOro Mpea-
cTaBJieHHs O HENPOHHIIAEMbIX IIapaX OrpaHHueHA paMKaMHU He CJIHII-
KOM BBICOKHX CXKaTHH.

IT0 OTHOCHUTCSA KO BCEM BONpOCaM, KACAKOMHMCHA CHALHO CXAaroro
sfiepHoro BemiecTBa. IHe Bhi3plBaeT COMHEHMsl, YTO IpPH JAOCTATOMHO
BLICOKHX CKATHSIX B UIPY BCTYNAT 3HAYHTE/IbHBIE 110 BEJHUYHHE MHOTO~
YACTHUHbBIE CHJIb, 3aBHCSLIHE K TOMY e OT COCTOSIHMS B3aHMOJeH-
CTBYIOILMX HYKJOHOB. JTO 0O6CTOSITENbLCTBO KpaiHe 3aTpyRHsier
HcesieJoOBAHHE COOTBETCTBYIOIIETO KPYTa BOIPOCOB.

§ 28. MPUWJIO)KEHUSE K TEOPHH KOJIJIEKTUBHBIX
KOJNEBAHUHA

28. 1. PaccMOTpHM npuUMep, HAMIOCTPUPYIOUWIHH HpHMEHEHHE Me-
tToaa ¢yHkuuil I'pvHa K npobseme onucaHus BO30OYMKICHHBIX COCTOS-
HUIl CHCTEMSI. )

BosbMmeM cucTeMy 4acTull ¢ KYJOHOBCKHM B3aUMOJeHCTBHEM H
NpPEANONOKUM, UYTO OHa cxKara. (CKaTas CHCTeMa C KYJIOHOBCKHM
B3aHMOJIEHCTBHEM XapaKTepH3yeTcs MaJoH BEeMHYHUHOH ITOr0 B3aUMO-
aeictBis (o ~ n~%). IlosToMy mnpu BO3GYXKACHHH TaKOH CHCTEMbI
6e3 H3MEHEHHsd YHUCJAA YacTHil B Hell Bcerja BO3MOMXKEH IMepexoj CH-
creMbl B Takoe BO3GYKAEHHOE COCTOSHHE, KOTOpOe OTBeyaeT HMPOCTO
POXJEHHIO Naphl — YAaCTHUbL M JBIPKH -— C HECYIIECTBEHHBIM B3a-
HMOJEHUCTBHEM MEXKAY HHMH.

Oco6eHHOCTh TAKHX BO30YKACHHBIX COCTOSHHUH COCTOHT B TOM
4yTO BO30YK/EHHE 3aTparkBaeT MaJloe 4HC/A0 YaCTHI{ CHCTEMB!, B AaHHOM
caydae ToNbKo OAHY. IlosaTomMy Mel OyAeM HasbiBaTh 3TH COCTOSIHHSI
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HHAUBUAYaibHbIMH. CHeKTp MHAMBHAYyaslbHbIX BO30YXJEHHBIX CO-
CTOSIHMH CHCTEMBI MOXKeT ObiTh HaHJeH cJiefylomuM ofpasom. Ha
OCHOBE pe3yJsibTaToB § 21 MOKHO NMOJIOXKHTH

AE,=e,—¢,.

31ech uyacTHila, TpHOGperasi SHEPTHIO, NONajaeT B COCTOAHHE &,

0CBOGOXK/Jasi NPH 5TOM MeCTO B COCTOSIHUM €,. B NpOCTpaHCTBEHHO-

OJHOPOJAHOH CHCTEME COCTOSIHHSI XapPaKTepHU3YIOTCA HMOYJbCOM Ya-
-

- >
crun. Ecau p 4 2 — vMnysbc cOCcTOSHHS Vv, p -— COCTOSHHA W, TO

AE,— |ptk) —p
2M ’

: . )
Benuuuna k£ orpeyaer HMOYJAbLCY, KOTOpHIH mnpuobperaer cucreMa
npu Bo3Oyxzenuu. IlockonbKy BeuunHa p%/2M orpaHuyera cBepxy
o 2
sueprueil ®epmu  py/2M,
o0acTb CHeKTpa UHAUBUAY- AF,
a7bHBIX BO30YXKAEHUH HMe-

€T BEPXHIOI H HI/I}KHIOXO '
rﬂfxp —_—

Pok
rpaHyIbl —+ 2 i
Pok k2
-+ o COOTBETCT- W,

BEHHO. Ha puc. 64 sta 06-
J1acTh 3alUTPHXOBAHA.

DHepreTHYecKUi CIeKTp

CHUCTEMBl €O caa6hiM B3aUMO-
JefcTBHEM OTHIOJb He orpa-
HHYHBAETCS YPOBHSIMH, OT- Puc. 64
BEUAIOUWIUMH HMHIHBUAYAJb-
HOMY BO30yXIeHHI0 cHCcTeMHbl. VIMeloTces ele Tak HasblBaeMble KOJLIEK-
TUBHBIE ypoBHY. COOTBETCTBYyIOLlee UM COCTOSIHHE CHCTEMBl XapakTe-
pU3yeTcsi COBMECTHBIM Bo30yXXJeHHEM O6OJIbILIOTO YHCJAA  YacTHIL
cucteMsl. B KjaccHyeckoi 06JacTH KOJJIEKTHBHBIE BO30YKAeHHs
IPOSIBJSIIOTCS. KAK HEKHE BOJIHBEI, paclipocTpaHsomMecs M0 CHCTEME;
II03TOMY, IOBOPS 00 3THX COCTOSHHUAX, YNOTPe6/sA0T TEPMUH KOJLJIEK-
THBHBIC KOJeOaHHS.

KonnektuBHbie BO30yXKIEHHBIE COCTOSIHHSI CHCTEMBl IIHDPOKO
UCCNIeOBANHCh B CBS3H ¢ mnpobjeMaMH NPOROJAbLHBIX KojeGaHui
1J1a3MBI, JAHCKPETHLIX NOTEPb ¥ PEHTIEHOBCKOrO NOIVIOMEHUS B Me-
Tajjiax, HYJeBOro 3BYKa B KOHJEHCHDOBAHHBIX CHCTE€MaX, THTAHT-
CKOro pe3oHaHca B (OTOSIIEPHBEIX peakumuax H Ap.

KoanexkTusHas BETBb B036y}KILeHHH npeacTaB/iseT co0oH «IOoMoJ-
HHUTEJbHYI0» BETBb, KOTOPOH JIMIIEH CIEKTP HAeanbHoro rasa. Mimenno
B3auMOJleficTBHE, TOUHEE TOBOps, KOppeJSIHs MEXIy 4YacTHLaMH,
AIBJIsIETC TOH NpPUYHMHONA, KOTOopas JesaeT BO3MOXKHBIM IOfBJIEHHE
KOJIIEKTHBHLIX, COIJIACOBAHHBIX JBHKEHHH vacTul cHcTembl. Ilpu
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BLIKJIIOUEHWH B3aMMOJAEHCTBHS KOJIJIGKTHBHOE BO3OYXKIEHHOE COCTOSA-
HUe MepeXoiuT B MHAMBHAyasibHOE (MEXaHHM3M 3TOro mepexozia Gyzner
paccMoTpeH HHXe). :

28. 2. Tlepexon cucTeMbl B KOJUJIEKTHBHOE BO30YKJEHHOE COCTOf-
HHE MOXXHO MHTEPIPeTHPOBATh KaK DOXJAEHHE KBa3HYACTHILBI, Npe-
cTaBasionell co6oil cBA3aHHOE COCTOSIHME YAaCcTHUL H AbBPKH *. Bos-
HOBasl (PYHKIMs TAKOTO COCTOSIHMSE MOXKET ObiTh NpEACTaBjieHa B BHJE
CYNEPNO3HILHK BOJHOBHIX (DYHKIMI, OTBEYAIOWUX HHAHBUYAJbHBIM
BO30YXK/ACHUAM pPAa3NMUHBIX YacCTHIL CHCTEMbl. ITO OOCTOSITENLCTBO
H CJAYXHT OTpameHHeM KOJUIEKTHBHOINO Xapakrepa paccMmarpHBae-
MOTO COCTOSIHHS **.

KoJlleKTHBHEIE YPOBHH SHEPTHM CYLIECTBYIOT JaJI€KO HE BO BCEX
cucteMax. K uucny YC/IOBHH, BHINOJHEHHE KOTOPHIX HEOOXOAMMO
AJIs1 TIOSIBJIGHHUS TAKUX YPOBHEH, OTHOCHTCS Mpexje Bcero Tpebopanue
0 npeobaajaHMH CHJI OTTAJKHBAHASA MEXAY YacTHUAMH CHCTEMEL.
BBIIOIHEHHE STOTO YCJAOBHUSI TapaHTHPYeT CYMIECTBOBAHHE CHJI IIPH-
TSIKEHUsl MexJy YacTHued U JAbIpKOH. '

Jlanee, B paspemeHHOA CHCTEME CHJbl B3aUMOJCHCTBHS MEXAY
YACTHIIAMH He MOI'YT NPHBECTH K TOSBJEHHIO COIVIACOBAHHBIX JBHKE-
HHil GOJIBIIOTO YHC/AA YACTHIL (B TAKHX CHCTEMAaX CYUICCTBEHHBI JIMLIb
napHble KOppeJsiHH MexAy yacTumamu). M jaxke ecsin JABUIKeHHe
TAKOTO pojJa B KakoH-TO MOMEHT HCKYCCTBEHHO CO3JiaHO, CIyCTS
KODOTKOE BpeMsl OHO NepelifieT B COBOKYIHOCTh He CBA3AHHBIX MEXY
co00il MHAMBHAyalbHbIX ABHKeHHH. TakuMm o6pa3oM, BTODbIM YCJO-
BUEM CYINECTBOBAHHS KOJJIEKTHBHBIX YPOBHEH fBJIs€TCS CHKaTOCTh
cUCTEMBbl, T. €. HaJHuYHe CPaBHUTEJNbLHO OOJBILOTO HYHCIA YACTHIL
B cepe IeHCTBHS KaxkKJOH M3 HHUX.

BonHoBasi (QyHKUMS KOJJIEKTHBHOTO BO30YXKIEHHOTO COCTOSIHHSA
CHCTEMBl MMEET BUA CJeAYIOWEH CYNepnosHIUU:

¥ (N) = 2 [a_, sat bt --a, b, 9aé]\I’, (28.1)
S

p, B ptk p p, kB ptk p

: p
rae a, o/ — Hekoropsie Kosddumumentsr [95]. Ecnu Temepp pac-
> .
CMOTPeTb 3aBHCHMOCTb 3THX KO3QdHIMEHTOB OT A — CyMMapHOro
->

UMIyJibCa KBA3HWYACTHIBl, TO OKAXKETCs, 4TO C POCTOM k OTHOCHTEJNB-
Hass BeJHYHHA OJHOroO H3 KOE)(I)Q)I/ILU/IGHTOB o> e YBEJHYHNBAETCA
p,

34 C4eT OCTaJBbHbIX. HpI/I HEKOTODPOM ONpPEACIECHHOM 3HA4YCHHUU kZ
= Ry, (cM. puc. 64) ocraercsa TOJbKO 3TOT KOI(QMUIHUEHT, H KBa3u-
JyacTyua, KakK roBopdr, «pasieBacTcay, npeppamasch B HHIHWBUAYAJb-
Hoe Bo36yxKaeHNe. 3HAYUT, HEOOXOAUMO PAaCcCMaTPUBATh JIHILIL CPABHH-
TeJbHO AJHUHHOBOJIHOBLIE B036Y)KIL6HI/IH, AN KOTOpPBIX
k< by (28.2)
* ToyHee, HY’KHO TOBOPHTb O COCTOSIHMH CHCTEMHl YacTHIA — IBIPKA € AHCKDET-
HBIM yDOBHEM SHEpTHH. ,
** 37ech W HHXKE peub GYIET HATH O KOJJIEKTHBHEIX BO3OYXKAECHHUAX, OTBEYAIOUHX
onHO# cBsi3auHOM Mape. B mpHHIMNeE BO3MOXKHO 0GpasoBaHHe H GoJiee CJIOKHBIX KOM-
TJIEKCOB.
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B HeopHOpOAHO! cHCTeMe cama BeJMUHHA Kk He fBIsieTC ompe-
JeJIeHHOU BBHUJY OOMEHa HMIyJbCOM MEXJAy KBasHyacTHIeH H He-
OJHODPOJHOCTSAMU cHCTeMBl. Mepofi BEJHYHHBI 3TOTO OOMEHa MOXKET
CIYKHTb OOpaTHasi AJIHHAa HEOAHOPOAHOCTH 1/x,, rie x, — paccTosi-
HHE, Ha KOTODOM XapaKTeDUCTUKH CHCTEMBI MEHSIIOTCH 3aMETHBIM
o6pasoM. Iloatomy npu HapylleHUH YCHOBHsA

by — k> 1/x, (28. 3)

MMEeTCsi KOHEUHasi BEePOATHOCTh Nepexofa KBa3WYaCTHILI B HHJH-
BullyanpHoe Bo3OykieHue. EcTb u Apyrue npuunnbl, mo koropuim
paccMaTpuBaeMasl KBa3H4aCTHILA MOXKET OKa3aTbCsi HEyCTOHYHBBLIM
obpasoBanuem. Heo6xomumo, YToGbl COOTBETCTBYIOIEE 3aTyXaHHe
ObUIO Maao MO CPaBHEHHIO ¢ caMoil BequuuHoil AE,*.

28. 3. IlepexonuM K KOJHMYECTBCHHOMY OMHCAHHIO KOJJEKTHBHBIX
xoneGauuit. [lockonbky KpasmuacThia oGpasoBaHa W3 mapsl ua-
CTHIA -— JABIPKA, CJELyeT PACCMOTPETh BEJIHYHHY

O, (1, 2) = (¥ [T (¥, (1) F 2)|V,),
KOTOpas B C/ydae CKaToll CHCTeMsl onpefienisercs ypasHeruem (25. 15)
D,(1,2) = D, (1, 2) —
—i§d3d4G,(1, 3) G,(3,2)V(3,4)D, (4, 4. (28.4)

®ynknust @, (1, 2) onucelBaeT pacHpocTpaHeHHe HE KOPPeNHpOBaH-
HBIX APYT C IPYroM YACTHIbl H JBLIPKH U HE MMEET OTHOMIEHHS K HX
CBA3aHHOMY cOCTOstHHIO. [l03TOMY MBI MOXEM OTrpaHHYHTBCH paccMo-
TPEHHEM OJIHODOAHOI0 HMHTCIPANBLHOIO ypaBHEHHS.

Pyuxuus @, (1, 2) xapakTepusyercsi cjaeAyIOmell 3aBHCHMOCTBIO
OT BPEMEHH: '

q)n (19 2) Ifz—tr*O: exp (* iAEntl) ch (ql’ q2)

IloacraHoBKa 5Toro BhipaxkeHHst B ypaBHeHue (28. 4) NpHBOAHT
¢ yuetoM V (3,4) = V (g3, q4) 8 ({5 — t,) K caenyiomemy HHTe-
TpajIbHOMY ypaBHeHMI0 ana ¢ysxkuun @, (¢,, ¢,):

. rd
O, (g1, ) = —i [ dgy dg, [ 5o Go (@1, 4o, ©) Gy (G5, 4o, & — AE,) x

XV 93 42 Dn(qa, Gs)- (28.5)
Ecinu nonoxuts ¢, = ¢,, To nonyduTcs ypaBHeHHe

. d ’
D (@1, q1) = —i [ 44, dq.V (42, 90) [ 5 Go (gr, 43, ©) X

X Go(qgs ¢y, e—ALE)D,(q,, q,), (28.6)

KOTOpO€ NPH HaJIOKEHHH ONpPEJeIeHHBIX IPAHHYHBIX YCAOBHH MOKET
CLyXHUTh /ISl HAXOXKJCHUsl CEKTpa BO30OyKieHui AE,.

* ToBops 0 3aTyXaHHH, MBI HM€eM B BHAY HE HCTHHHO CTAIlMOHAPHOEe COCTOSHHE
CHCTEMBI, & TO COCTOSIHME, KOTOPOE BO3HHKAET IIPH ONpeJie/leHHOM MeXaHH3Me BO3-
OyKJ€HHsI CHCTEMEI, NPUBOASLIEM K POXAECHHIO OLHOH KBA3HUACTHIBI {cm. § 22, 24).
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[lonyueHHble ypaBHEHHSI CHJAbHO YINpPOMIAIOTCS B cjydyae Ipo-
CTpPaHCTBEHHO-OJHOPOAHOH cHcTeMbl. DyJieM paccMaTpuBaTh (PyHK-
uuio O, (¢4, ¢g.) BHAA *

@, (g1 0 = [ @po(p, &) exp i |[(p+ %) 2y —pa} 8, (28.7)

-> -> > ->
3nech p + k — uMMnyJabCc YacTHIBl, p — HMIYJABC IBIPKH; kB — CyM-
MapHBIA HMnyJbc KBasuuacTuuel. IloficraHoBKa BelpaxeHHsi (28..7)
B (28. 5) paer

o(p &) = —2iv (%) [ 22 Gy (p, e)Gy(p+F, &+ AE,) x

‘ 3 ’ _>I > .
X[dpcp(p, k). (28. 8)
N .
Huterpupys ofe yacTu 3TOro ypaBHeHHs 1O p M yYHTHIBAsl Onpejese-
HHE TOJISIPU3ALHOHHOIO Omeparopa, HOJYYHM

(111 (%, AE,) v (%)) { aspe (p, %) =o0. (28.9)
Takum obpasom, HCKOMOe 3HayeHHE DHEPTHH B0o30yKAeHHUs sSBJsETCS
OJIHOBPEMEHHO MOJIOCOM S(PEKTHBHOrO IOTEHIHaJa H IIOJICOM

napHo#l ¢yskuuu I'puna.
Kopuu ypaBmenuss 1= Ilv ObuiM HcciefoBaHbl B IHpeiplAyLieM
>

naparpade, rie BeauunHa AE, o6Go3Hausamach uyepes , (k

Ha puc. 64 npeacrasned xof 3asucumoctd AL, ot k. B oGnactu %,
O6NN3KUX K R, Mbl HCIOJNb30BaNH 00Jiee TOYHOE BHIPAXKEHHE JiJisl
TIONIsIPH3AIHOHHOTO omepaTopa, B KOTOPOM COXpaHeHbl 4jeHnl k%/2M.
3ro BhipaxeHHe umeer ciaepyromuil Bug [951:

(£, o) = 2 {AIAzln%—}— AA, Ini—j — %&} (28. 10)

An2k3
rae :
__kp k2
A2 =0 F T — 57
kp k2
Ay g=0+ =2+ o0

Ilonoxenue KpUTHYECKOH TouxkM £k, oOnpelensiercs rnepeceye-
HueM KpuBoii AE,, orsevalome#i ypaBhenuio (28.9), W KpHBOii,
COOTBETCTBYIOIIEH BepxHeH TIpaHHe 30HH HHANBUAYaJbHBIX BO30Y-
xaenuil. Ilpy sToM BOBHHKAIOT cjefyiomiue ypaBHEHHS:

() = 5o [(2 52 m 1+ 22) 2],

ALyp - ( 3na,p, )‘/z kyp k12€p
= 4 + .

oL Po Qp%

* To 06cTOSTENBCTBO, YTO CNHUHE YaCTHIH! H JBIDKH OAHHAKOBEI, CBHAETEJNbLCTBYET
O pPaBEeHCTBE HYJIO MOJHOro CIHHA KBasvdacTHIHL.
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[TpuBeneHHsle COOTHOIICHHS CHPABEMJIHBbLI, €CJAH R, a BMecTe
C HEM M A MaJo 1O CPaBHEHHIO C 'PAHHYHBIM HMITYJibCOM po. C po-
CTOM p, BeJHMYHHA K., pacTer, HO cJjabee, 4eM p,; IPH He CIHUIKOM
BBICOKHX CXKaTHsiX K, mopsjika umnysbca [eGas.

Bennunna AE,, B ofmeM He3HAYHTEJbHO NPEBHILACT JIHIMIO-
POBCKyIO uacToTy ®;. Ilo3TOMy KOJJIEKTHBHOMY YDOBHIO OTBeuaer
CpPaBHHTEJNbHO y3Kas 006/1acTh CIEKTpa.

B paccMOTpeHHOM YacTHOM C/1ydae OJHOPOJIHOU CHCTEMbI 3aTyXxa-
HHE OKasblBaeTcsi TOYHO paBHbIM Hyqo *. Ilostomy ¢akTHUecKn
penieHa 3ajiaua He TOJbKO O TOBEJEHMH KBa3H4YACTHIbl, HO M O HAXO-
KJEeHHH MCTHHHOTO BO36YXK-
JCHHOTO YPOBHA JHEPTHU. Af,

[Ipu BBIKJIOUEHHH B3aH- /
MOJCHCTBUSA  KOJJEKTUBHOE
BO30yXKJIeHHEe INEePEeXOIuT B
oaHoyacTuuHoe. YHTepecHO
POC/AENUTh MEXAHU3M 3TOTO
nepexona. O6paTumcs ¢ 9TOH !
enpld kK puc. 65 u pac- I
CMOTPUM KBasH4acTHIly C :
onpejieJleHHbIM HMIYJIBCOM R ?
(rouka 7). Ilpn Mbic/ieHHOM |
YMEHbILIEHHH 3apsaja 3JeK- |
TPOHOB e BCS KOJJEKTHB-

Hasi BETBb ONyCKAaeTca BHU3,
KaK 3TO JieTKO BHAETh U3 Puc. 65

BHIpaXKeHH#t Jnd ©, H : :

AE,,; COOTBETCTBEHHO YMEHBLIAETCS H SHepPrusi KBa3HYACTHIBL.
[Tpu HekoTOpOM ONpeJle/leHHOM 3HAYEHMH ¢ KOJJIEKTHBHASl KpHUBAst
NpoHJET uepes TOUKY 2, JEXKAIYI Ha BEPXHEH rpaHuue HHIUBHAY-
ajibHOi 30HbLI. [lpn 3TOM HHKAKOH PasHUUB MEXKAY KOJNNEKTHBHBIM
H HHAMBHAyaJbHbBIM Bo36GyxjeHHeM HeT. IIpH eme MeHbIIHX 3Haue-
HHSIX e ocTaercs JiMllb MHAHBHAYaJbHOEe BO36yxKAeHHe. AHAJOTHYHO,
HO B OOpaTHOM MNOPSAKE INPOMCXOAUT OOpPA30BAHHE KBa3HYACTHIbE
NpH BKJIOYEHHH B3aHMOJAEHCTBHS.

28. 4. B ciayuae KOJJEKTHBHBIX KOJI€GaHHH HEOJHOPOAHBIX CH-
cTeM cJjeoBaso Obl HCXOAUTh M3 ODIMX ypaBHeHHuit (28. 5) u (28. 6).
Onnako 3T0 mpuBesio Obl K BecbMa TPOMO3NKHM BblKnagkam [78].
MbI OrpaHHUHMCA PACCMOTPEHHEM CJIAaGOHEOJHOPOAHBIX cucrem [94].

Ecau BbinonHeHO ycJoBHE

kaO >> 1;
rie X, — XapakTepHas [JIMHZ HEoJHOPOJHOCTH, TO BOSMOXKHA «KBa-
3MOJHOPOAHASl» (POPMYJIMPOBKA 3aHaud, T. €. MOXKHO MpeHeGpeyb
rpajlieHTaMH BEJHYMH, XapaKTepHU3YIOUWMUX pacnpeiesieHuss Mo CH-
cTeme.

L4 X

* DTOT BHIBOJ CIPABEAJNHE C TOUHOCTBIO JIO MaJbIX (B CJAydae CXaTof CHCTEeMb)
YJIEHOB, ONHCHIBAIOIMX PACHA/] KBA3HYACTHUb HA ABA HHAMBHAYAJbHAX BO3GYKAEHUS.
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Paccmorpum ¢ 2T10# TOukH 3peHus ypasneHue (28. 6). [Toncrasass
B HEro BhlpaxkeHHs MJsi QyHKUMH [pHHA B KBa3HKJIACCHYECKOM MPH-
OJIMKCHUH, MOXKHO HAIHCATh

@, (%) = [ atev (k) 11[ %, AE,, p, ()] | dd,(%,) exp (— ik }),
rie @, (}1) = @, (q1, q1)» ;: ;1_‘;2-
3)1er MBI ABHO BLIAECJUJIU B HOJIHPHESaU,EOHHOM OﬂepaTOpe 34aBUCH-

MOCTb I'DAHHYHOIO HMINYJbCa OT TOUYKHU X,.

HerpyaHo npoBepHThb, 4YTO 3TO YpaBHEHHe 3KBMBAJIEHTHO CJle-
pyomeMy:

O, (%) = v(—IV)IL(—iV,, AE,, po(x) . (%), (28.11)

>

rie Mbl QOPMaJbHO 3aMEHUJM k£ Ha onepatop —iy;, KOTOpHIl jefi-
>

CTByeT TOoJbKO Ha (yHknuio O, (

C yueroMm cjaboro u3MeHeHUs (pyHKupm Po (X) monyuennoe ypas-
HeHHEe MOXKHO 3aMEHHTh CJeJYOUiHM:;

[A 4 k2 (x)] @, (x) = 0, (©28.12)

rJle BeJHYHHA £ (X), HMEIOmAs CMBICJ NEPEMEHHOTO B NPOCTPAHCTBE
BOJIHOBOT'O BEKTOPA KBAa3HYACTHIEI, MOJYYaeTCsl U3 YpPaBHEHHUS

1= vk @] I{k(x), AE,, po ()] (28.13)

¥ 3aBHCHT OT 3Hepruu Bo3OyxjeHusi AL,, Koropas onpejessietcs
ypasHeHHeM (28. 12) ¢ COOTBETCTBYIOWUMH TI'DAHHYHLIMH YCJOBHAMH.

Hnsi foxkasaTennbcTBa cJefyeT VUeCTh, UYTO MOJSIPH3ALHOHHEBIN
ornepaTop sBJseTcd YeTHOH (yHKIHeHd R, T. e. 3aBUCUT (paKTHYECKU
aumb oT k2. [losToMy moAcTaHOBKA B ypaBHenue (28. 11) smecto @,
peurerusi ypaBHeHus (28. 12) npuUBOAMT C y4eTOM COOTHOLIEHHS
(28. 13) kK ToxKHecTBY.

YpasHenue (28. 12) wurpaer poabp cBoeoGpPA3HOrO ypPAaBHEHHS
Illpeaunrepa Ajs KBasudacTHuwl *. [ljsi €ro peileHHs] MOXKHO NPH-
MEHSATh U3BECTHBIE METONbl KBAHTOBOH MexaHukH. DyHKuus k2 (x),
KakK H p, (¥}, cnabo MeHserca B mnpocTpaHctee. [loatomy MmomxHO
HCKaTb pelleHHe ypaBHeHHd (28. 12) B kBasukiaccuueckom mpubiu-
JKeHud. B dacTHOCTH, AJs S-BOJHBI M IEHTPaJbHOCHMMETpHY-
HOTO Py (X)

@, (x) = exp [i § dxk (x)], (28. 14) '

1
VEk®

* Opnako dynkuus @D, He SABAAETCA BOJHOBOH (QYHKIHKEH KBA3HYACTHILLL.
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AJlsi HAXOXKJICHHS CNIEKTPA MOXKHO HCIO/Ib30BATh DABEHCTBO
Sk (x)dx =2n(n - 1/2).

28. 5. PaccMoTpuMm 3ajauy O KOJUIEKTHBHBIX KOJ€GAHHSAX TsiiKe-
Jgoro atoma [94]1, xoropas ofcyxpanace B JHTEpATYpPE B CBA3H
C BONPOCAMH O IOTePsIX SHEPIHU OLICTPLIMH YACTHUAMH M 06 yuyeTe
IJIa3MEHHBIX KOJieGaHUI HOHHOTO OCTATKa B MeTasqaax [122].

X apakTepHbIM OTJIHYHEM aTOMa OT NMPOTSKEHHOH CPelsl SIBISETCS
€ro OrpaHHYCHHOCTb B NPOCTPAHCTBE H, KaK CJeJCTBHE, KBAHTOBAH-
HOCTb BOJIHOBOTO 4ucsia k. O6GnacTh aToMa, IZie BBINOJHEHO YCJIOBHE
CKaTOCTH, HMEET pajuyc nopsjka Z—‘saq,. MeHHO B sTofi o6saacTH
NEPBOHAYAJNBHO BO3HHUKaeT Bo3bOykJenne. Haumenninee suauenue £
OKasplBaercsl nopsiika Z'/+/a,. 1loaToMy IJIMHHOBOJIHOBOH mHpefesb-
HBI Cjiydali B aToMe, Kak W BO BCAKOH OrpaHWYeHHOMH CHCTEME, He
OCYUILCTBJASIETCS.

OTO 06CTOATENLCTBO OUEHb CEPHE3HO OTPAHHYHBAET BOSMOMKHOCTE
CYIIECTBOBAHAA KOJJIEKTHBHBIX YypOBHe#H [uMeeTcss B BuAy ycJo-
Bue (28. 2)1.

Mot me GyjaeM HHTepecOBaTbCH BENMUMHON 3aTyXaHHsI KBasH-
YacTulibl M MOTOMY CMOXKEM OTBETHThb JHUIb HA BONPOC O TOM, KaKHe
KOJJIEKTUBHLIE YDOBHH MOIJIM OBl CYHIECTBOBATH C TOYKM 3PEHHUSA
ycnoBus (28. 2). IJTO yC/NOBHE OKasbiBaeTCs BechbMa IKECTKHUM, H
MOTIJIO Obl CJIYYHTBCS, YTO KOJJIEKTHBHLIX YPOBHEH HeT BooGLle.

TpynnocTs HccMefOBaHHSI HECKATOTO aToMa COCTOHT B TOM, UTO
B HEM YCJIOBHE Xk, > 1 He Bhimoausiercs. [109ToMy Mbl paceMOTpHM
NPOCTYI0 MOJeNb, 3aMEHss MCTHHHOE paclipelefenne IIOTHOCTH
B aroMe NpsMOYTOJbHBIM H MOAGHpasi paauyc 3TOrO pacnpejede-
HHS 7o U3 YCJOBUsS MHHHMyMa SHEpPTHH. ITO jaer

0,82/
a,

.

re R 2,5aOZ‘“‘/a H Py~

B ypaBnenun (28. 12), kotopoe B Takoit mojenn cnpaselJJuBoO
BHYTPH aTOMa, CJeyeT nojoxutb k* (x) = const. Toraa ero peumenne
MOXKHO IIPeACTAaBHTL B BHJE

1
D, (x) ~ ﬁ iy, (kr) Yim (0, P),

rae J u Y — GecceneBa u cdepuueckas (yHKLUHH. Beanuuny #k
MOXHO Ha#iTH W3 IpaHUYHBIX YCJOBUH. B HanGosee HHTEPECHOM CJY-
Yae JIOKaNM30BAHHO!N B aTOME KBA3MYACTHIE IIOTOK BEIIECTBA 4epes
NOBEPXHOCTL aTOMa JIOJIXKEH OTCYTCTBOBATH. DTO YCJOBHE, KaK MOKa-
3an0 B pa6ore [94], MoxHO 3amucaTh B BHIE

(2 — ) @ulry ) mrrr, = 0.

CoBMecTHOE paccMOTpeHHE 3TOTO COOTHOLICHHS H JIHUCIIEPCHOHHOTO
ypaBHEHHUsA, KaK QyHKUHE 2 U AE,, NIPUBOJHT K CJIEAYIONHUM Pe3yb-
TaTaM.
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Bo Bcex cayuaax, HCKJwouas [ = 1, 3Hauenne AE, Jjexur
soiite AE,,, T. €. Bce COOTBETCTBYIOUHE YPOBHH fBJAIOTCA MO Cyule-
CTBY MHAWBHAyanbHeIMH. Jlumb jaa [ = 1 noayyaercst OfHO Jiomy-
CTHMOE peleHde *:

AE, = 1,410, =~ 20Z 3s.

Takum o6pasoM, €CJIH KOJJIEKTHBHbIE KoJeOaHHs aroMa M cyue-
CTBYIOT, TO BEpOSITHEE BCEro OXKHJaThb IMOSIBICHHS JIHIIL OJHOro
YPOBHA.

[lpu  HamoxeHuH  O6oJjiee  KECTKOro TI'DAHHYHOTO  yCJOBHSA
@,(n},_,, =0, TBeplas CTEHKA) HE CYIIECTBYET HH OJHOTO pelle-
Hus, Jna koroporo AE, Gbuto 6bl MeHbiie AE,.

Hagauuue KOJJEKTHBHOTO YDPOBHSI MOXeT DaAUKaJbHO H3MEHHUThb
KapTHHY AaTOMHBIX peakIHi B 0O6JacTH 3Hepruil nopsiika CoTeH
3JeKTPOHBOJILT, CO/IHKAsA ee C GOPOECKOH KapTHHOH sIepHBIX pe-
aKHi. Pe30HAaHCHBI! - 3/JIEKTPOH (PEHTTeHOBCKHI KBAHT) MOXKET Iie-
PellaTh CBOK IHEPTHIO CPa3y MHOTUM 3J/IEKTPOHAM aTOMa, MEepeEois
NOCJeNHHI B CPaBHUTEJBHO JOJrOXKHBYIee BO30YXKICHHOE COCTO-
sAHhe (<KOMIayHA-aToM»). Pacnag 3TOro COCTOSIHMSL MOXKET HJATH
1O pasJMuHBIM — YIPYTHM HJIM HEYNPYruM — KaHnasaM. B yacrrocty,
BO3MOXKHO BHIOpaChIBAHHE «CT'yCTKa», COCTOSIIEr0 H3 HECKOJbKHX
3JIEeKTPOHOB.

HMetomecss 3KCIEepPHMEHTaJbHble JaHHbe 110 MHOTOKPAaTHOM
HOHHU3aNMH aTOMOB GJarOpoOAHBIX T'a30B KauyeCTBEHHO COOTBETCTBYIOT
sroii kaptune. CeyeHHe HOHH3AMMHM MMEET NONOJHHTENbHBIH, K TOMY
JKe AHOMAaJIbHO BBICOKHE (A/ist creneHefi uoHH3auuH k = 2+ 6)
makcuMyM. C pocToM Z ceueHHe IpH IOCTOSIHHOM k De3KO pacrer,
YTO OJHO3HAYHO CBHJIETEJbCTBYET O KOJIJEKTHBHOH MNpHpOJE Ipo-
necca. HakoHel, OTHOIIEHHE COOTBETCTBYIOIMX CeYeHHH /s pas-
HLIX 4TOMOB OBICTPO YBEJHUHBAETCS C POCTOM R, UTO YKasblBaeT
Ha NpeAnouTHTebHOe BhIGpAchBaHHE GOJIBIIMX «CTyCTKOB» [123].

* BrlnesneHHbI XapakTep p-BOJIHBL CBS3aH €O CeuuHKodl rPaHUYHOTO YC/IOBHSA.



FrTABA V
METO, ®YHKLUMI TPHHA B KBAHTOBOW CTATHCTHUKE

§ 29. OBHIME COOTHOWIEHHS

29. 1. B 3Toii ry1aBe pacCMOTPHM HEKOTOPHIE BONPOCH KBaHTOBOI
TEOPHH CHCTEMbl MHOTHX YaCTHI, 3aKJIOUEHHOH B TepMoCTaT ¢ OTJHY-
HOH OT HyJs Temneparypoil T ¥ Haxoismiefics B CTaTHCTHUECKOM
paBHoBecnu. Takas mocTaHOBKa 3ajlayy NPEAINOJATAET, YTO paccMa-
TpHUBaeMas CHCTEMa COCTOMT U3 JOCTATOYHO GOJBLIOrO YHCJAa YACTHIL.
Ilpu 3Tom yci0BHH JONYCTHMO CUMTATH, YTO MOJHOE YHCJO UACTHIL
CHCTEMBI HE CTPOTrO (PUKCHPOBAHO, a MOXKET HCHBITHIBATH TEPMOJAMHA-
MHYECKHE (IYKTyaluH, CBsI3aHHble C OOGMEHOM YaCTHIAMH MeXKALy
cucremMoit M ee okpyxenneMm. Takoil moaxon, NpUBOAAUA K (UKca-
UMM YHCJA YacTHIl JIMIIb B CPeAHEM, BecbMa yJA00eH AJisi ONHCAHUS
CTATHCTHYECKHX CBOHCTB CHCTEMBI, COCTOANIEH M3 6OJBLHIOTO YHCJIa
vactun, [4].

B pamkax 3Toro moaxoja ocHOBHOe yTBepiKjJeHHe KBaHTOBOMH
CTaTHCTHKH COCTOHT B cJjejyiomieM. PaBHOBecHas CHCTeEMa MHOTIHX
yacTi, oOaajaiomasi TtemMneparypoii T, HaXOJAMTCH He B YHCTOM
COCTOSIHHU, XAapakTepH3YIOleMCsl ONpeJeJeHHOH BOJHOBOH (yHK-
LHefl, & B CMEIUaHHOM COCTOSIHHH, BECOBbIE MHOMKHTENH KOTOPOTO
Raorest  dopmynoli 'mG66ca u 3aBHCAT OT Temmeparyphl. TouHee
TOBOpsl, COCTOSIHHE CHCTEMbI B TepMOCTaTe OIHUCHIBAeTCS MaTpulefi

INJIOTHOCTH
; an:rﬂ (Q,) ‘Fn (Q)r

rle CyMMHDOBaHHKE BeJIeTCsl 10 BCEMY MOJHOMY HaGopy CTanHOHAPHbBIX

cocrosannit ¥,, a BecoBble MHOKHTENH ONpPEAENSIOTCS COOTHOLICHHEM

P, =exp[B(Q+ pN,— E)l. (29. 1)

3pecy P = 1/kT (k — nocrosnnas Bosbnmana), Q — TepMoiuHa-

'MHYECKHH TIOTEHIHAJ CHCTEMBI, W — €€ XUMHUeCKHH IOTeHIHaJ,
E, — sHeprua cocrosiHusi ¢ uMcaoM yacTHn N,.

Ilpu crpemaenuu TemmepaTypsl K HyJio (B — co) 3 Bcell CyMMBI

MO 7 OCTaeTCs JIMIIb OAHH YJ€H, OTBeYAOUIMil HauHHU3LIeMy 3Haue-

HHIO E; NpH 3TOM MBI BO3BPAlaéMCsi K PACCMOTPEHHOMY B IPe/bIAY-
MHX [J1aBaX OCHOBHOMY COCTOSIHHIO CHCTEMBHI *.

* CkasaHHOe CrIpaBejIMBO JIMIIL PH YCJOBHH, 4TO 5TO COCTOSIHHE HEBBIPONKIEHO.
B nporuBHOM ciyuae monywaercs cymMa (C DABHBLIMH BecaMH) BHIDAMEHHH, KaXiIoe
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C 1iOMOIBI0 BBEACHHBLIX Bhlille BEJHYHH MOXKHO 3amucaTb Cpef-
Hee 3HaueHHe JI000H BEJNHYHMHBI, OTHOCAIIEHCA K paccMaTpHBaeMON
cHUCTeME M XapaKTepH3ylomiedcs HEKOTOPbIM ONepaTtopoM o

(@) = 3 P, [dQY¥(Q) oW, (Q).

Vcpennenne 3jech NOHMMAeTCsl B JABOSKOM (KBaHTOBOMEXaHHYECKOM
U cTaTHCTHYecKoM) cMmbicsie. Ecau BBectH omepatopel ['amuabrona H
W mosiHoro uxcaa yactui, N, A KOTOPHIX MMEKT MECTO OueBHAHBIC
COOTHOIICHHS
(H—E) ¥, =0, (N—N,)¥,=0,
TO BEIpaXKeHHe Ans () MOMKHO nepenucathb B Gosiee yA06HOH dopme
(@) = Sp {exp [B (2 —uN — H)] a}, (29. 2)

oT/inyanlnefics cBoefi MHBAaPUAHTHOCTHIO OTHOCHTEJNBLHO BmIOOpA Tpen-
craBienusi. (O cBoficTBax mmypa M crnoco0ax ero BbYUC/ACHHA
cMm. npunoxernue A.)

TepMoiMHAMUYECKHH TMOTeHI KA  MOXeT ObiThb HaHJCH M3 yCJO-
BUS HOPMHMQOBKH, JJIfl TOJy4e€HHs KOTOPOro AOCTATOUYHO MOACTABUTDH
B BbIpaxenue (29. 2) eAHHHILY BMECTO omeparopa ¢. 10 AacT

Q:—%&ﬁmmmmN~ML (29. 3)
Y0610 BBECTH OnepaTop
§ = exp [ (uN — H)], (29.4)
HOCSLIMI HAa3BaHHE CTATHCTHYECKOTO OmepaTopa, U BEJUYMHY
Z=5)@®, (29.5)

HasbLIBAEMYIO CTaTHCTHuecKod cymmoit. Toraa cooTHomenus (29. 2)
¥ (29. 3) nepenumyrcd B BUIE

<
(o) = 28, (29. 6)
Q:—“%mz. - (29.7)

TlocaenHee COOTHOIIEHHE MO3BOJISIET OHNPENENIHThL BCE TepMOJHHa-
MHUYECKHE XAaPaKTCPUCTHKU CHCTEMBI *

PzﬂmmS:_Q@);
20 o Ju (29. 8)

N:M(WQKWE:Q+MWT&

U3 KOTOPEIX OTHOCHTCS K OXHOMY U3 ToficocTosinuii. 1o oToft npHuKie HeJb3si CUHTATh,
UTO KBAHTOBAS CTATHCTHKA BKJIOUAET B ceGsl KBAHTOBYIO MEXaHHKY KaK TpPeNesbHEI
cayyai. .

* CoornomeHne (29. 7) naer Q Kak GyHKuuo oObema V, Temepatypsl 7 1 XHMH-
4ecKOro HoTeHUHana M. [locenHuil BolpaKaercs uepes cpejiuee YACO yactuu N, TuVv
¢ nOMOMIBIO TpeThero cootHowerust (29. 8). B aToil riase o6beM 0603HANACTCA HEPe3 V.
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rie P, S, N, E — cpefHue 3HayeHHUs NaBJIEHUS, HTPONHH, YHCIA
YACTHI M 3HEPTHH CHCTEeMBbI COOTBETCTBEHHO [4].

29. 2. TlomMnMo OGMMX TEPMOAHHAMHUECKHX XapAKTEPUCTHK CH-
CTEMbl 3HAYUTEbHLIH HHTEPEC MPEACTABJSIOT TaKkKe U GoJiee JAeTaslb-
Hple €€ XapaKTePHCTHKH: BCEBO3MOXKHEIE pacHpeleseHHs CpefHHX
3HAYCHHKH, CIIEKTD M 3aTyXaHHe KBasHuacTui u T. I. Kak u B caygae
PaBHOH HYJIO TeMmrepaTtyphl, COOTBETCTBYMOIIAs HHMOPMAIHS COAEp-
XKATCA B QyHKuuaAx [puHa. B nocieayrouux paspenax 3Toro napa-
rpaga Mel noJpo6HO paccMOTPHM cBoiicTBa GyHKUHHA ['puHA B KBaHTO-
BOH CTATHCTHKE.

B pane cnywaes anst BbluHcAeHHst pacnpefeseHHil AMHAMHYECKHX
NEePEMEHHBbIX, T. €. BEPOATHOCTEH OOHAPYMKEHUs ONpEACAEeHHBIX HX
3HAYeHHH, OKa3biBaeTcs YNOOHBIM HCIIOIB30BATH CACAYIOMME NPAMO
HyTh.

[ycts nHac uHTEpecyerT BepOSITHOCTL OGHAPYIKEHHS 3HAUEHUS «
BEJIHUMHBL, ONMUCHIBAIOMIEHCSA ONeparopoM . ITa BEPOSTHOCTb JAAeTcs
BLIpaXeHHeM

Sp [§d (a —
W (o) — J%L” (29. 9)

Yro6p y6ennThest B €ro mpaBHILHOCTH, BO3bMEM INNYD MO CHCTEME
QYHKIUH, SBAAIOMUXCA COOCTBEHHEIMH GYHKUUSMH ONepaTopa .
Torza

Z (n]l|n) 8(a—ap)

W (a) = SRTIRLT . (29. 10)

Cpennee sHauenue Kako#-1u60 QYHKUHH o NPH 3TOM ONpeAesHTCS
¢ OJiHOH CTOpOHBI GOPMYJIOk

(f (@) = [ daf (@) W (q),

¢ ApYro#i cTopoHbl (GopMyJoit

2 (nllln)y flay)
(f((l)> :Sp[gf(“)] . n

Sp®) T ¥ (ajgny

CoBnajenne 06OMX BoIpaXKeHHA TNPH HCHONB3OBAHHH pAaBEHCTBA
(29. 10) moaTBepxkpaer npaBUARHOCTb Bhipaxkenus (29. 9). Herpyamo
TakXKe yOGeIUTHCs, uTO pacnpefenenue (29. 9) wmeer HYKHYIO HOp-
MHPOBKY. »

Bmecro Bbipamenus (29. 9) ymo6HO paccmaTpuBaTh $ypbe-o6pas
¢yukunu W (o), KoTopmili Mel oGosHaunm uepes A (g):

A(g) = | daexp (— igo) W (a) —

1

_ Splfexp(—iquy o
= S0 ) o (29. 11)
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Ecau Tenepp BHIYHCAHTL NPOH3BOAHYIO

olnA( _ _ ;5Sp [ exp (—iga) @]
oq Sp [§ exp (— iqa)} ’

TO BHIHO, 4TO OHA C TOYHOCTBHIO O MHOXKHTEJISl COBIAJAET CO CPEHUM
3HaueHHeM OnepaTopa ¢ MO COCTOSHHSM (HKTHBHOH CHCTEMBI, CTa-
THCTHUECKHUM OIIEPaTOPOM KOTOPOH siBAsieTcs BeJHYHHA § exp (—iga).
Takoro poia CpefHHe O0GO3HAUMM CHMBOJIOM (. . .)q. YuuThBas
ycnosue A (0) = 1, naxomum [124]

q
At 29. 12
A(q):eXp{—tgdqmn}- (29.12)
B kauecTBe NmpuUMepa PAcCMOTPHUM pAaClpeieseHHe 4ucjaa YacTHIL
cucreMbl. IIpu 3TOM BbISICHAITCA YCJOBHS BO3MOMKHOCTH npeHe6pe-
WeHus daykryaumueil umcna vactuin. [losnaras a = N U yduTBIBafd
KoMMyTai o onepatopoB N u H, MOXHO HanucaTh

Lexp (—iga) = exp {IS [( ——%)N—— HI }
Taxum o6pasoM, COOTHOUIEHHE (29. 3) maet

W (N) = - [ dgexp {in»—«ﬁ [Q(u _ ‘—g—> —Q (| } (29. 13)

Bee CBOAMTCS K BbIYHCJACHHIO TEPMOJMHAMHUECKOTO MOTEHLHANa NpH
KOMIJIEKCHBIX 3HAUEHUSX apryMeHTa, WJH, YTO TO e, K aHaJuTH-
yecKOMY MPOJO/IKEHHIO & B KOMIUIEKCHYIO IUIOCKOCTB W [124].

. I
YUHTBIBAH MAJOCTh — ~ —= N0 CPABHEHHIO C [ M paszaras
p N

BHIpaKEHHE B KBAJPATHbIX CKOOKAX M3 COOTHOLICHHS (29. 13) B pan

4
no Y, nomyunm

ﬁ’
___.__l. —_— ———_i_— _i__..(_N_)_ * o &

ITozcTaBisisf 3T0 pasjoxenue B (29. 13), monydnm rayccoBo pacmpe-
Jiesienye

W (V) = (21 (AN)*)*exp {—_‘N—Q——(%)—z—}, (29. 14)

rie
i 1 g (N)
AN = o+ ———
(AN) B o

cpelHexkBajpaThyHas GYKTyaluHs YHC/AA YacTHIL B CHCTEME. Sra
BEJHUHHA TPONOPLHOHANbHA MOJHOMY YHCJY 4YacTHL, OTKyja clie-
JyeT, 4YTO ¢ YBeJHUYEHHMEM MOCJHEAHEro OTHOCHTE/bHAS ¢paykrya-
nuss N nagaer. :
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AnanornyHeIM 00pa3soM MOXHO PaccMOTPETb H (MIYKTYaluio 1oJi-
HOH 3Hepruy cucTeMbl. Jlisi 3TOro Hcnosb3yeM cooTHolleHue (29. 12),
y4HUTHIBAf, YTO

—igH) = — 9
Zexp( qu)—exp{ﬁ[pN (1 + B )H]}

Orcrozia

(H)p=E (BB +ig, p—>pt).
[lpu maneix g

i 9KEY | p 8(E) ]

(H)e = (Ey—iq (— 240 4 42450,

Takum ob6pasom,

W (E) = |20 (RE)’] ™" exp [_ _‘E_—:<E>_)2_] (29. 15)

2 (AE)?
rmne
Ezzi.d (E) o d (E)
(AE) p o ap

B sToM M npeipaymeM pacuetax AuddepeHINPOBAHHE COBEpIIAETCS
NpH I[OCTOSIHHBIX 3HaYeHHsX OCTAJbHLIX aPryMEHTOB.

29. 3. PaccmoTpuM 0oJHOUACTHUHY10 QyHKIHIO ['pHA B KBAHTOBOH
CTaTHCTHKE.

Jra BeJiMYNHA NO-MPEKHEMY ONMpEeAe/sieTcs] KaK cpellHee 3HAUCHUe
XPOHOJIOTHYECKH YHNOPAJA0YEHHOrO NPOH3BEJ€HUsA ONepaToOpoB, OJHAKO
YCpeAHeHHe Tenephb CJeJyeT MPOH3BOJAHTbL HE MO OCHOBHOMY COCTOsI-
HUIO CHCTEMBI, a IO cmmcmqecxomy aHcam6m10:

se ([T (v ¥F @)}
Sp (8
Onepatopsl mosisi GepyTcsi B reiiseHOEPrOBCKOM IIPEACTABJCHUU.
Kakx u B ciayuae HyJeBoH TeMmmneparypbl, AJs cpyHKuHH ['puna

MOKHO MOJIYUHTb CIIEKTpajibHoe mpeactaBiaenue [125]. C atofi LebI0
nepenuieM cooTHowenue (29. 16) B Buie

G(1,2) =—idexp[p(Q—pN,— E)IX

G(l,2) = — (29. 16)

X (¥, | T [ (1) wF©@)] | Wa )

W BBeJeM I[IOJIHYIO MNpPOMeXyTouHyio cucremy ¢ynruni W, Ilpu
9TOM HaM MNpHUAETCS HMETh A0 ¢ MaTPHUYHBIMH 3JIeMEHTaMH omnepa-
topoB mojs tunma (V|9 |¥,.), <‘Pm’¢j‘l‘I’n>. SIsHO BHIeNsAA
3aBHCHMOCTb OT BPEMEHH M YYUTHIBAasi CBOHCTBA ONEpaTopoB Y.
# PF, MOXHO HanucaTb

<1Fn“pl(l)llym> :<‘Fnlq’(ql)l‘pm>exp[“‘i(Em_Eﬁ)tlla

(Yol o ()Y = (V| b* (40 | ¥a)exp [i (En— E) 1],
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fpHYeM YHCIA YacTHI, B cocTosinuax ¥, H ¥, Lasi KOTOpHIX IOJY-
yaeTcsi OTJMYHOE OT HYJis 3HAYEHHE MATPUYHOrO 3JIEMEHTA, CBSA3aHbI
cootHomwenveM N, = N, + L.

[lpu ¢, > ¢,

G (17 2) = I'ZI exp [ﬁ (Q -t ”Nn__En)] €xp {—l’ (Em——En) (tl — t2)] X
X | B (@) | ) (¥ | 7 (@) [ W) 5

npu £y < t,
G (1, 2) = izexp [ﬁ (Q -+ P‘Nn - En)] exp [" (Em—En) (tl _‘tz)] X

s (Wb (@) | ) (B ()] ).

B nociaefHeM COOTHOLIEHHM VAOGHO 3aMEHUTh HHIEKCH 1 = m.
C yuerom cBsizu Mexay N, u N, 370 JHaer

G(l,2)=i2 exp[B(Q+ uN,—Ep)lexp[—i(Ey,—Ey) (L —H)IX
n,m
X AW (q) [ Vo) (Wal 07 (G2) | W) X
14, >4,
—€Xp [[3 (En_'Em ”‘\’“ “’)] t1<t2'
Ilepexoas Kk ¢ypne-o6pasy mno f, — f, M 3aMEHsAs CyMMHpOBaHHE
no n, m wuterpanuedl mo pasmocru E, — E, = E u cymmuposa-

HHEM 110 OCTAJbLHBIM TEPEMEHHBIM, TPUXOAUM K OKOHUATEJIbHOH CIeK-
TpanbHOA (opmye:

(29. 17)

-]

G (91, G», &) = _jﬂ dEA (qy, g, E) ¥

1 ,_exp[—PBE—W)]
X{S—E~+-ia T e E—® } (29.18)

B cayyae mpocTpaHCTBEHHO-OJHODOJHOH CHCTEMBI MMeEM IIPOCTO

G(p, )= i dEa (p, E)

o 1 exp [— B(E — )]

rje a (;, E) > 0.
Brijesnum u3 a (;), E) muoxutens {1 + exp [B (w—E)]}™ u mpu-
MeM BO BHHMAHKE TOXKJIECTBO
e* 1
I+ (+e)’
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Torna Beipaxenne (29. 19) mMoxkHO nepenucarb B cnénylomeM BHJE:
Glpe)= [ dEa (p, E)x

\ /

N 1
SN ET® T T eap[—PE W]

I
P E T T e e (29- 20)
K3 3TOro cOOTHOLIEHHST OuY€Hb HATJVISAHO BHAHO, KaK MPOUCXOJMT
npeAeSbHbId epexof npu P -» oo K cayuao HyJeBOH TeMmepaTyphl.
Hanee, coorHomenune (29. 20) nossossieT AaTh NPOCTYI0 (PU3H-
YecKylo HHTepnperanHio QyHKUHH ['pHHA Kak (YHKIHH COBMECTHOIO
pacmpocTpaHenus CBOCOJHLIX YaCTHIL M JABIPOK C PAas3/UYHBIMH 3Hep-
ruamu E. B oriunune or cayuas 7 = O 3jlech COOTBETCTBYIOUIHE
OYHKIUH pPacIpOCTPAHCHHS HMEIOT JONOJHHTEJIbHbIE (PAKTODPH

no=={1-exp[B (E-—w)]I}™%, l—n={1+4+exp[—B(E—wIi},

KOTOpBIE NPEACTABJSAIOT cO00H M3BECTHhHIC CpeJHHe YHUCJAa 3amoJiHe-
HUS YACTHIL U ABIPOK B pacupefesennn Pepmu. OTanuue 3THX YHCEN
OT HyJAsA H €IHHHIEBl $§IBJAsSETCS] XapaKTepPHLIM CBOHCTBOM cJjiyuasi
OTJIMYHOH OT HYJd TeMIepaTypnl. Takum oOpasoM, Beca, ¢ KOTOPHIMH
npeicTaBiensl B GYHKUHH ['pHHA YacTHIBl H ABIPKH, ONpefessiioTes

5
He TOJBKO JUHAMHKOH CHCTEMEI ((paKTop a’ (p, E)), HO H YHCJaMHu
3aM0JIHEHUsT CBOOOAHBIX YACTHIL U JALIPOK C TOH ke sHepruel E.

29. 4. PasGepeM HEKOTOpble CJAEICTBUS CHEKTPANbHOH (POPMYJIBL.
Ilpexpe Bcero, YCTaHOBHM COOTHOUIEHHE MEXKAY JeHCTBHTENLHOH
H MHUMOH yacTaM¥ GyHKLUM ['pHHA NpU AeHCTBHTENLHBIX 3HAYEHHTX
SHepruu e.

W3 coorHowernus (29. 19) HeTpyaHO HaflTH, uTO

&

Re G (;7, 8) =P

Im G (p, ¢) ——aa(p, e) (1 —exp [—B (e — w)}.

>
Hocneﬂ.Hee COOTHOMLICHHE ITOKa3bIBAeT, UTO 3HAK ImG(p, 8) IpOTUBO-

NOJIOXKEH 3HAKY & — W ¥ UTO 00e 5TH BeJHYHHHE OJHOBPEMEHHO IpO-
XOIsT yepe3 HyJdb. HMcnoawnadyst gasnee mpoctyio dopMyay

Cth%: exp (x) + 1

exp (x) — 1’

NPHXOAHM K HCKOMOMY cooTHoueHuio [125]
> 1 [ dE E— > .
ReG (p, &) = — =P [ =% cth[ BE—1 ]ImG(p, E), (29. 21

—o2
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KOTOpOS TMO3BOJAET ONpEJeNUTh MpaBHaa 06Xola OCOGEHHOCTEH
B Qynkuuu 'puna. [l 3Toil 1eNH OHO IPUMEHAJIOCH B TEOPUH CBEPX-
nposogumoctH [108].

Ilpu T + 0 ¢yskuus I'puHa B KOMILIEKCHON 061acTH YiKe He
ofnafaer TeMH aHAJUTHYECKUMH CBOUCTBAMH, KOTOpblE MNPHCYILH
¢ysxuun I'puHa B KBaHTOBOH MexaHuke (cM. § 23). Dro cBsizaHo
C HEBO3MOXKHOCTBIO IpejcTaBjieHUsi ¢yHKIud [puHa B BuUAE HHTe-
rpana tuna Koww. Has wuamoctpauuu npeacraBuM G = Re G -
+ i Im G ¢ noMompio cooTHoweHus (29. 21) B caefyouieM BHJE:

G (p, e) = Lnjo dE1mG (p, E) x

x{—eth BEZW L pind (o — B)).
Ilpu T =+ 0 (P 5 <o) caaraemele ¢purypHoll cKOOKH Hesb3sl 00benH-

HUTb B BHJE XapakTepHOro sijpa uHTerpasa Komu. Takoe obwenu-
HeHHe BO3MOXKHO JJA (yHKIHU

G’( ) ----- ReG(p, )»«icthﬁ( “)ImG(p, ),

KoTopas o6Jajaer TeMM Ke AaHaJUTHYeCKMMH CBOHCTBAMH, 4YTO H
¢ysxknus I'puna B kBaHTOBOHM MexaHuke. MHmMH cioBamu, ee aHa-
JIMTHYECKO® [POXOJIKEHHEe B BEePXHIOI (IPH & > ) H HUXHIOW
(npu e < W) MOAYIJIOCKOCTH KOMIIJIEKCHOH NepeMeHHOH & NpHBOAUT
K aHaJUTHYECKUM (YHKIUAM, He nmeromuM ocobensHocreil. OnHako

>
aHaJWTHYeCKOE rmpojoskeHue G’ (p, 8) B HHXKHIOIO (IpU & > W)

1 BepxHOW (Opu & < ) TMONYIJIOCKOCTH HEH36eXKHO NpPHBOAHUT
K (yHKUHAM ¢ ocobeHHOCTAMH. C TOYKM 3peHHS MECTONOJNOXKEeHHS
3TUX OCOGEHHOCTEH M BHIUETOB B HUX, 0e3pas/jU4yHO, HPOAOJXKATh JH

¢dysxuuio G uan Im G'= — cth B =W 1 G, Ocobennoctn mo-
h Ble—un)
2

u Im G’, HaxojsATCa B TOUKAX &€ = P —+ 2%7i, TAe n — LeJ0e YUCJO.
K npo6aeéMe OTLICKAHHSA XAapaKTepUCTHK KBA3M4aCTHL, 3TH OCoOeH-
HOCTH He HMET OTHOUIEHHs, OTBeYaf «HYJEBOH» 3HEPTHH KBa3H-
gactuusl. [TostoMy pasuuua mexay ¢dyHknusamu G u G no cymiecTsy
"'OTCYTCTBYET.

Pasputhie B § 23 coobpaxenuss o GU3HUECKOM CMHICJ]E ocoGeHHo-
cTeil aHAJUTHYECKOTO TNPOAOJKeHHst QyHKuun G MoOryT ObITh NOJ-
HOCTbIO MOBTOPEHH B NpuUMeHeHNH K (QyHKUMH G'. MecTomonoxeHnue
NoJCca aHAJIMTHYECKOTo rnpofgonxkenus G’ (unu G) onpefiesisieT 3aKOH
JMCTIEPCHH W 3aTyXaHHsl KBa3HUaCTHIGI (unu 3nEeMEHTapHOTO BO36Y-
XKACHHA) NPH OTIHYHOA OT HyJsi Temmepartype. CooTBercTBYiomast
¢dusnueckas uHPopMaIHa 0 CHCTEME IO CYIIECTBY Ta Xe, YTO H B CJY-
yae gyseBodl TemnepaTypol. Heo6X0I¥MMO TONBKO MOAYEPKHYTH, YTO

260
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HaliJleHHLIE ONHCAHHBLIM 006pasoM XapakKTEPHCTHKH KBa3HYACTHIIEL
G6ynyT HeH306eKHO B3aBHCEThb OT TeMIepaTyphl, NOCKO/NbKY TaKas
>

3aBHCHMOCTb CBOMCTBeHHA BecoBofl ¢QyHKuuun alp, E ) [TosTomy
YUCTO MEXaHHUecKasi MHTepnpeTalHs KBa3HYyacTHll, CBA3aHHAsA ¢ pac-
CMOTPEHHEM 3HEPreTHYeCKOro CrneKTpa IMOJHOro TaMHJIbTOHHAHA CH-
CTEMbl, OKa3nBaeTCsl HEBO3MOXKHOW. Peyn JONKHA HATH O HEKOTOPOM
5(ppeKTHBHOM, CTATHCTHYECKOM YCPEIHEHHOM CHEKTpe BO30YKIEeHHUI,
OMHCHBAIONIEM ¢J1a00 3aTyxatomue (IPH MajaoH BeJIHUHHE JleKpemenTa
3aTyXaHHs) ABHKCHHs B CHCTEMe.

B KBaHTOBO#H CTaTHCTHKE YACTO HCNOJBL3YIOT TaKiKe TaK HaswiBae-
MbIE «OIEPEKAIOUIHED U «3anasapiBaomue» dpyrkunun [puna (6, 126,
127], K yHcAy KOTOpPHIX OTHOCSTCS, HAanpUMep, BEJHYHHEBL

p (&%, (). ¥ @]
Sp (€) ’
Sp [ (%, (1, ¥ @)}]
Sp ()
Aru GYHKIHH B oT/IHYHe oT ( HMEIOT Te 3Ke aHAJHTHYeCKHe CBOMCTBA;

uTo U GyHKUUA ['pHHA B KBAHTOBOH MEXaHHMKE, H TECHO CBH3aHHI
¢ ¢ysguueir G’.

G,(1,2) = i0 (t,— 1)

G,(1,2) — —iB(t, —t,)

§ 30. MPUBNH)KEHHE XAPTPH — ®OKA
B KBAHTOBOW CTATHCTHKE

30. 1. IlpakTuyeckoe HCIOJL30BAHHE NPHBEICHHBIX B MpEbILY-
meM naparpade o6mHX COOTHOLIEHHH MNpeAroJiaraer peiieHHe AHHA-
MHYECKOH 3ajaud C y4yeroM B3aHMOJAEHCTBUA MeXKAY YacTHILAMH.
Dra 3ajavya (UCKJIo4as cJy4ya#l oueHb BEICOKMX TEMIIepaTyp) He Jierge,
ueM B KBaHTOBOi MexaHuke. [lostoMy, Kak u B ciydae paBHO# HYJIO
TeMmnepaTypsl, cJelyeT HauaTb C Bb6Opa HYJIEBOro NpHOJHKECHHS,
B KadecTBe KOTOporo yAo6HO B3siTh npubinmxkeHune Xaptpi—®doxa.

Tlepexon x sToMy NpPHOAHIKEHHIO OCYUIECTBJSIETCA HyTeM OTLICKA-
HHsl HAHJYy4UIero M3 OJHOYACTHUHBIX NPHOJIHIKEHHH, T. e. Tpefyercs,
uTO6H HOPMA PA3HOCTH TOYHOTO H ORHOYACTHUHOIO FaMHJALTOHHAHOB,
ycpeAHEHHAs II0 HHTEpPEecylOleMy Hac COCTOSTHHIO CHCTEMBl, HMena
MHHHUMAJIBHYIO BeJHYHHY. B KBAaHTOBOH CTATHCTHKE Q)Hrypnpyer
He OfiHO, a (PAKTHUECKM BCE COCTOAIHMS cHcTeMel. Ilostomy BcTaer
BONPOC O CMbICJIe, KOTOPBIH CJIeAyeT BJOKHTH B MOHSTHE cHanmyHIee
npubINKeHHe.

B npuHnHme MoKHO ObLIO OBl TpeGoBaTh HAWJYUILErO OMHCAHHS
KaxJ0ro M3 COCTOSIHHA, QUIYPHDPYIOUHX B CTATHCTHYECKHX (PopMmy-
nax (cm. paspen 29. 1.). KaxkaoMy H3 3THX COCTOsAHUM Torjaa COOTBET-
CTBOBaJsiO Obl CBoe camocorsacoBanHoe nose. OnHako Takofl moAxon
npuBest Obl K HAPYLIEHHIO MYJIBTHIUIMKATHBHOCTH MATPHIL MJIOTHOCTH
BHICIIETO NMOPsiKa (cM. mpH/oxkeHHe A) M okasaics Obl B NPOTHRO-
PEUHH C NPEABLABJIAEMbIM K HYJIEBOMY INPHOJIHKEHHIO HENpPEeMEHHBHIM
TpeGoBaHHEM MaTeMaTHYECKOH NPOCTOTHL
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Ilostomy nof rnpuGauxexnem Xaprpu—®Poka B KBaHTOBOI cra-
THCTHKE OOBLIYHO TIOHHMaloT Gosiee rpy6oe NpUOMHKEHHE, CBOAS-
meecss K BBEACHUIO €IHHOTO AJis Bcex KoHdurypauuit ¥, craructi-
YECKH YCPeIHEHHOTO €aMOCOTJIACOBAHHOIO IIOJIsA. TaKOMy TOAXONY
oTBeuaer TpeGOBaHHE MHUHHMYMa CTaTHCTHUECKOTO CPELHEro OT HOPMbI
PasHOCTH TOYHOrO raMuJbTOHHaHAa H M ofHo4acTHUHOrO H !

((H— Hy)*), = min, | (30.1)

rae cumBoa (...), O3HayaeT YCpelHEHHe B OJIHOUACTHYHOM TIpH-
OJMKEHHU : ;

< > — Spl&o (.. )]
Tore Sp&y (30. 2
§o = exp [P (uN — Hy)l.

Kak u B ra. lI, BuGepem H, B Buje
Ho = [dqw* @ (T+W) ¥ (@ +C
Torga onepaTop §, MOXKHO 3anucarb B Gopme

& —exp{—BC 4P I (n— o) ATA,

rae Sv — SHepI‘I/IH OJHOYACTUYHOTO COCTOAHHSA
(T + W) %y (9) = &y (9)-

371ech MBl [OKA HE NEpPexofMM K ALIPOYHOMY ONHCAHHIO.
BriBesem npaBHna yCpelHeHHs] C TIOMOULbl0 omnepartopa §o.
Vmeem

} ’

(A Ay = 8,y (AVA), =
a ,
By [‘ag Sp (Qo)]

P s (%)
rae )
8o = g, exp (BC).
AmnaJjioruuto
(AATAAL), =
32 ,
[ oy & (@)

1
= (6\705”1 - 6’\’1:6110') _ﬁT Sp ({;')
0

i T. A. Bce CBOAMTCA K BBLIUHC/CHHIO CTATHCTHYECKOH CyMMBl Zo =
= Sp (§,). 3anuceiBag ee B BHJE

ZO - ; exp [ﬁ (“Nn_ En)]
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u nonaras N,=3n,, E,=Ye,n,+ C, rae n, — uucio sanos-
v v

HEeHUsa ypOBHﬂ v, HMEEM ’
Z, = exp (—BC) bl {exp [B(n — &)} =

= exp(—BOT (1 +expB(p—e)]).  (30.3)

3lech MBI HCIOJB30BAAH TO OGCTOSATENBCTBO, 4TO, M3MEHSAs MPOHU3-

BOJIbHBIM 00pa3oM Ha Kaxk[OM YpOBHE UHCJO 3aMOJHEHUs fn,, T. €.

nosarast mocsaenHee paBHeM 0 M 1, MoXHO mnepeGpaTh Bce COCTOSI-
HHSA n.

Takum 06pasoM, Mbl IPUXOAHM K BbParKeHHSIM
(AIL!_A‘V>O = 5uvnv’
<A;L*-A-‘V}-AGA‘|7>0 = (6\70'6;” — 8y:0,0) Nty
H T. ., TAE¢ BBEJIEHO cpejnee 4uCJIO 3anoJIHCHUSA COCTOAHHA
ny = {1+ exp [ (e, — Wi}~ (30. 4)
CpaBHuBasi TONYYEHHbIE BHIPAXKEHHS C pPeSYJILTATAMH NPHJIONKe-

U A u § 4, MBl BHIUM, YTO eCJIM B CTATHCTHKE BBECTH OMNEPATOP
3aM0JIHEHUST @

exy(g) = ﬁ'vxv (@),
rle B SIBHOM BHJE

o= {l-Fexp[B(T+W—p)}, (30. 5)

TO BCE NpaBHJa yCPeAHeHHs, cHOpMyJHPOBaHHbEIE B KBAHTOBOH Mexa-
HHKe, ocraiorcss B cuie (pakrtop exp (BC) npu ycpeiHeHMH cOKpa-
maercsa). B vacTHocTH, ANs OJHOYACTHYHOTO H JABYXYAaCTHYHOIO OIe-
pPaTopoB WMeeM

(@1)0 = Sp (a;0),
(@Yo = 55D [@5 (1 — F13) €104].
Bapbuposanue Bblpémeﬂnﬂ (30. 1) no H, npHUBOANT K COOTHOIIEHHAM
| W =Spy [V(g, ¢) (1 — Feq) @0, (30. 6)
Co IV )1 —F ) eeer),  (30.7)

KOTOPBIMHU I'aMHJIbTOHHAHR NPHOAMKeHHst XapTpu— Doka onpefensiercs
NOJHOCThI0. MaTpHYHLIE 3JIEMEHTHl OMEpPaTopa @ TNO-NpEeXHEeMy AT
MaTpHUy IJIOTHOCTH cHCTeMbl (B npubsu:keHuu XapTpu — Doka)

Ry(q, ¢) = x5 (@) %, @) (30. 8)

O6uiyHBIM  CrIOCO6OM MOXKHO NepeHTH K (QYHKUHH pacnpefe/eHus

f()_c),;) {m. § 4). Coornomenusi (4. 29)—(4. 34) ra. II rakxke
19 H. A, Knp:_xﬂnu ' 293



NIOJIHOCTBLIO COXPaHSIOT CBOIO CHJY, €CJH NPOH3BECTH B HHX COOTBET-
CTBYIOILYIO 3aMEHy oOleparopa 3anoJHeHHs. :

He cocraBasier Tpyja samucaTh BblpaxeHue Mis pyHxkudu I'puna
B npubauxenun Xaprpu -— Poka. Ha/lo npocTo 3aMeHHTDH B COOTHOLLIE-
Husix § 10 Benuuvny n, Ha {exp [P (e, —p)l-+1}7%. B wuacr-
HOCTH, JJisi OJHOPOAHOH CHCTEMB :

, 1—n, n,

G, (p, 8)28—6,—ii6+8—8p . (30. 9)
p .

5 — (0
p

3jiech ny — CpeNHEE UHCAO SATIONHEHNA YDOBHS, PaBHOC
o[pes ]
XVMHYECKHI NOTEHIHANA |\ HAXOAMTCS U3 YCJIOBHS HOPMHDOBKH
g dipn> = e.

Herpynno Buperb, uto coorHoueHue (30. 9) HaxoauTCsi B TOJHOM
COOTBETCTBHHU C ofmell crekrpanbHoil dopmyoil (29. 21) u oTBeuaer
BLIOODY

imG (7, o) ;n(zn;* 1)8 (e —ez)-

BosBpaTuMcs K BHIpaXKEHHIO I CpPeAHEro 4YHc/ia 3anoJHeHHs.
Sra BeaMuMHA 3aBUCHT TOJIBKO OT 3HEPrHH, M BCe MOJACOCTOSHMS,
OTBEYaloUiie JaHHOMY 3HAUEHHIO SHEPTHH, 3aMONHEHbl B OAMHAKOBOH
creneHH. IT0 OGCTOATENBCTBO CONMIKAET CTATHCTHYECKYIO CHCTEMY
¢ cHcTeMoli mpu a6coMIOTHOM HyJle, o6iajaoliell 3anoJHEHHBIMH 060-
JloukaMHd. DJjaroiiapsi 5ToMy NpH MOCAEAYIOHIEM MOCTPOCHUH TEOPHH
BO3MYIIEHWH He BO3HHKAeT YCJOXKHEHHH, CBSI3aHHBIX C BLIPOXKAE-
HYeM YpOBHeH HyJeBOro npHOJHKeHHs.

30. 2. Ocoboro BHuMaHUs TpebyeT BONPOC O BHUHCJICHUH 3HEPTHH
H JPYTHX TEPMOAHHAMHYECKHX BEJMYHH B NpHOAMmeHHH XdpTpH—
®oka. Cpeansisi SHEPrusi CHCTEMbl MOXET ObITb OIpejiesieHa, BO-TEp-
BbIX, KaK CpejlHee 3HaueHHe raMuibToHHaHa H (iMHamuyeckoe onpe-
JlelleHHe 3HepruH) ’

Eo = <Ho>0

u, BO'BTOPHX, YUCTO TepMOJIPIHaMI/I‘{eCKI/I
0 a
Ey= (1455 —tgr) %

B npu6nuxennn Xaprpu—®Poka 5TH onpesiesieH s He COBNAJAIT.
CBs13aHO 3TO C TeM, YTO 3¢xpeKTHBHEIH raMHILTOHHAH NpubanKenus Ho
B OTJIHYHE OT TOYHOrO raMuJIbTOHHaHa H caMm 3aBHCHT OT P ¥ .
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paCCMOTpHM TepMO,IlHHaMPI‘XECKoe ONpPEAEJICHHE IHEPTHUH, HoACTa-

Bl BMeCTO £, BeJIHUHHY ———ﬁ~ln Sp {exp [B (uN — H,)]}. Hecnox-
HbIl pacueT Jaer R
e B, 99 N
Eo = exp (BH) (- - = a5) &0 (—BH) >

Ecau 661 ramusnbTonuan M, He 3aBHcen oT f H [, TO Mbl BEpHYJIHCH GBI
K JHHamuueckomy omnpefenenuo. OIHAKO B paccMaTpPHBaeMOM CJly-
yae HeoGXOAMMO JONOJHHTeNbHO Audrpepenunposars Hy no f u p.

Pacxoxjienue B JIByX ONpeJeNEHUsIX 3HEPTHH OGDbCHSETCH YIPO-
IIEHHBIM TIPOBEJEHHEM IPOIEAYpPhl camocorjacoBanusi. Ecan 6bl aTa
npoueaypa npoBojuiach s Kax[aoh us Koupurypanuit ¥,, 1o a¢-
(eKTHBHBIA raMUIbTOHMAH [, (PasHbIil AJs PA3HBIX KOHQHIYpAaLHil)
He cojep:xas Obl HUKaKOH 3aBHCHMOCTH OT P u J.

ITo Tem xe NpHYHHAM B NPUOTHKEHHU XaprH—-Qoxa Tepser
CBOIO CHJIY LeJblH Psifi TePMOJAMHAMHYECKHX COOTHOIIEHH{, B 4acT-
HOCTH, Au(ddepeHnHaNbHble cooTHOmeHUs (29, 8). paCCMOTpHM, Ha-
NpuMep, TNPOU3BOAHYIO ‘

oQ 1 d ’

(5 )r = N — - exp BH) 5 exp (—BH,)
3aBucumoctb M OT U MPHBOAHT K OTJHYHOH OT HYJs BEIHYHMHE BTO-
poro ujieHa npaBoll 4actd storo paseHcTsa *. [losTomMy B pacematpu-
BaeMOM TpHOJNMIKEHHH TepMOAHHAMHMUECKHE onpejejeHus Qusuue-
CKHX BEJHYHH, OCHOBaHHLIE HA COOTHOIICHHAX THNa (29. 8), Hcnoas-
30BaTh HeJb3s. CielyeT nu6o onupathCs Ha AMHAMHYECKHE Orpe-
JieJieHHsi, B YaCTHOCTH

Ey,=(Hy)y 1 N = (N)y,

aub0 HCroJIb30BaTh TEPMOJLMHAMHYECKHE COOTHOLIEHHS, (OpMaTbHO
nosaras npu sTom Bejauuuast W u C He 3aBucsamumd ot @ u B. [ocaen-
' Hee O3HayaeT, 4To HeoGxoJHMble AH(xpepeHIlHPOBAHHA MO P U P enes
AyeT MPOBOJAMTL JO NPOLEAYPH CaMOCOIJIACOBAHHs, MPUBOSILEH
K mosaBJeHHI0 3aBucuMocTd W u C ot p u B.

PaccmoTpuMm ¢ 3Toll TOUKHM 3peHHsi AaBjenue P. DTy BeiMUHHY
MOXHO OIIPeJeJIMTh YHCTO JAHHAMHUYECKHM 06pasoM, Kak AeficTByIO-
IYI0O HAa CHCTEMY CHJy, OTHECEHHYIO K €JHHHIle MOBepXHOCTH; TAKOH
noaxof Obl NMPHHSAT, B YyacTHOCTH, B paGore [63]. [pyras Bo3MOX-
HOCTb COCTOHT B HCIIOJIb30BAHHH YHCTO Tepmonnnamuqecxoro COOTHO-
IIeHHs

JUig BLIBOJA KOTOPOTO HeoﬁXOD.HMO cuMTaTb BeJnuuHel W n C He 3aBH-
CSAWHMH OT p U f.

* Tlo 51O/l e NMpHYMHE B KBEHTOBOW MeXanuke Hapymiaercs p;m odmux €OOTHO-
LIeHHH THMA aP/ap.— 0.
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I'Ipsnvtoe BLIYHCJIEHHe TEPMOJAMHAMKYECKOTO TOTeHnuana €2, npu-
BO):LPIT K COOTHOIIIEHHIO *

w

i
Qy=— | duSp(e)+C, (30. 10)
JJs1 MOJYyYeHUss KOTOPOro AOCTATOYHO yuecTh PaBEHCTBO

b
In{l +exp[B(n—eyl} =P | dun,.

Bennyuny C = ~—% Sp (V@) moxHO, KaKk U B § 4, mpeiacTaBuTh

B GoJiee IPOCTOM BUJE, HCKJIOUMB U3 Hee oOMeHHbIH onepatop A [431].

30. 3. Annapatr TeopuH CJaGOHEOZHOPOAHLIX CHCTEM MOXHO
YOPOCTHTh NYTEM MNepexoia K KBA3UKJACCHIECKOMY TMPHOIMKEHHIO.
Kak ¥ B ciyyae HyseBoil TeMmepaTrypsl, Bce CBOAMTCA K TpeHe6pe-
KEHMIO KOMMYTaTOpaMH CJiaraeMpiX raMHJbTOHMAHA yacTHiL T + W.

Ilpoananusupyem Bompoc o mpeaenax NpHMEHHMOCTH KBa3HKJAC-
cHueckoro mnpubnukenusi. B 1ejoM MOXHO cKasarb, 49T0 OTJiHUHUE
TeMIEPaTypel OT HyJist NPHUBOAMT K Jyyulefi MPUMEHHUMOCTH KBa3u-
KnaccukH. Jlesio B TOM, 4TO B «HArpeTof» cpeie KMHeTHYECKas SHep-
‘TUsl M CPeJHHMH HMOYJbC YACTHL, BBIIE (IPH NPOYHX  PABHHIX YCI0-
BHSX), Hexenu B xonofHo#l. COOTBETCTBEHHO MEHbBUIYIO BEJIUYHHY
UMeeT JJIMHA BOJHH A¢ DBpoins yacTHUHL.

CootsetctBytomyuit napamerp £ (cM. § 5) umeeT pasHbie Bolpaxe-
H¥sl B 00J1acTH BEIpOXKJAeHHOTo rasa (fo’/+/M >> 1) u B 06/1aCTH BRICO-
kux rtemneparyp (Bo*+/M & 1), rie ocyulecTBiseTcsi CTATHCTHKA
bBonpumana. B nepsom c.nyqae cnpase;mnsbl npusejeHHsle B § 5

OLEHKHU
52,\,9—‘/:, (30. 11)

BO BTOpoMm [63] — 5 B (30. 12)
—~ Q . )

IlosToMy 3aBHCHMOCTH KBaHTOBOTO mapamerpa &2 OT MJIOTHOCTH B NPO-
THBONIOJIOXKHOCTb 3aBHCHMOCTH OT TeMOeparypbl HEMOHOTOHHA: INpH
MaJIo# NJIOTHOCTH, OTBedalouiefi GoJibiiMaHOBCKOMY ciyuaro, E? pacrer
C yBeJIMYEHHEM IUIOTHOCTH, JOCTHras MakCHMyMa HAa TpaHHLE BbIPO-
KIAeHud, a sareM najgaer. Ilpumepunifi BuJ JUHHE HOCTOSHHON BeJH-
yuHK £ B KoopauHarax (7, @) moxasad Ha puc. 66.

OrtHocHuTenbHAS POb OGMEHHBIX 3(PEKTOB A CHCTEM C KYJOHOB-
CKHM B3auMoOJeHCTBYEM ONpeENALTCs apaMerTpoM

2MA’.p0~e29/p0, (30. 13)

rjle no-mpexHemy ** ,
=2M (w— B —U). (30. 14)

* HuTerpupoBaHue NPOU3BOXMTCA NPH (HKCHPOBaHHMX W u C.

** B jaHHOM Cchyuae pj He MOXKET WHTeDHPETHPOBATHCA KaK KBAJpAar FPaHRYHOTO
HMMIYABCa, & UIPAeT PoJb NPOCTO HEKOTOPOH XapaKTepHOR BeJHuHHEL COOTBETCTBYI0-
mefi pasMepHOCTH.,
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YKasaHHHIE napaMeTp Bo Bcell o6aacTH u3MeHeHHsi 0 B T coBnajaer
N0 NOpsiAKY BeduuuHnl ¢ E2. [losToMy W B ciyyae OTJIMYHOH OT Hyas
Temneparypsl npuMeHeHue wmerofa Tomaca — ®epmu — Iupaka He
MOXkeT OLITh ONpaBJAaHO: KBAHTOBbIE H OOMEHHHIE 3(QEKTH cJefyer
paccMaTpHBaTh HAa PaBHLIX HadaJjax.

B npene6pexenud OGMEHHBIMH 3(dexTamu ypaBHeHHe XapTpH
MOXHO ' 3anucaTh B chaefywouieii onepaTopHoil ¢dopme (A = B/2M):

15 7)o [ o2 ) 117,

N A (30. 15)
of%) =g fawr (% )

A= - le () — o (1.

5,‘52453

§s

g
5, \

Puc. 66

Ecan napamerp -£? jgocraTouHo Mazi, TO, npeHefperasg HEKOMMYTa-
THBHOCTBIO ONepaTopoB p? U p2 (X), HAXOAUM Clieflyioliee BblpaxKeHHe

IAAsi QpYHKIHU paclpeeseHus:

Tz p)=[exp[M (P —R®)]+1)7. (30 16)
IlnotHOCTD, KaK QyHKUHA pj, IPUHHMAET BH
o= (27°2")7'1n,, (Ap}) - ~(30. 17)

3nece W Huxke BBojATcH (yHkuun Pepmu—Oupaka [128]

Q.

_ " dy g

YAOBJIETBOPSIONIME COOTHOLIEHHIO L
' In=nlp " . : (30.19)
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¥ HMeollye -aCHMIITOTHKY NpH X —> o© .
S - - . :
I, (x) = T T + 5 x4 (30. 20)

M OpH X — —0 ' ‘

I,(x) =T+ e~ (30..21)
OcTaHOBMMCS Ha BONPOCE O TOM, KAaK MPOUCXOAUT NPEAEabHBIN

nepexof B Bhipaxkenud (30. 17) npu p > oo u p -~ 0. B neprom cay-

4ae B > &, Ap2 - 00, H Mbl HEMEAJIEHHO C NOMOIIBIO COOTHOLIe-

uus (30. 20) Bo3BpamiaeMcst K 06bIYHOMY BbipaxkeHuio Aas Q. Crox-
Hee obcTouT Jesio npu P - 0. B aTom cayyae XMMHYECKHH MOTEH-
HUan [ OKashiBaercs CHJIbHO MeHsmwomefics d¢ynknuen p. Ilpen-
nosioxum, 4ro npu P - 0 senmuumna Apl -~ Ap - —oo. Toraa

coorHomenne (30. 17)- npuHHMaeT BHA
QNA,—S/EBLH;

OTKyJla BUJAHO, 4TO npu A —> 0 JefACTBUTENBHO AW — —cO H, CJEN0-
BaTeJbHO, W - —oo. [losToMy B mnpefiene BLICOKOH TeMIepaTyphl
cjeflyer moab3oBatbcs acumnrotukoit (30. 21), mpusopsmed kK ¢op-
MmyJe BosbimMaHa Anst pacnpefiesieHHs] MJIOTHOCTH.

30. 4. PaccmoTpuM ypaBHEHHe COCTOSIHUSI CHJIbHO CIKATOTO «ropsi-
Yyero» BellecTBa, OTpaHUHuuBasich 00JACTbIO, THe pacrnpelieseHue
9JIEKTPOHOB = MOXKHO CYHMTATb NPAKTHYECKH OZHOPOAHLIM (OOmHH
caydailt paccmorTpeH B pabore [63], Kotopofi Mbl 3ech CiellyeM).
Pacrnipefiesienne MOXeT CUMTAThCS OJHOPOJAHBIM JAMOO B Cjiydae BBICO-
KHX CXKaTHil, 1u60 npH BHICOKOH Temmeparype. KayecTBeHHO rpaHula
006J1aCTH OJHOPOJHOCTH COBHNAajaeT ¢ KpuBHIMH puc. 66. B obnacTu
ONHOPOAHOCTH BKJaJl B3aHMOJEHCTBHSI B yPAaBHEHHE COCTOSIHHUS "He-
Beauk. V3 pesynbratos paspena 30. 2 ciefyer, uro B mpeHeOpexe-
HUU ujeHoM C

u —
Ucnonrsys sBepaxkerus (30. 17) u (30. 19), nonydaem ,
P =2 8= (6nma) 'y, (A5).  (30.29)

DTo cooTHOWIEHHE B COBOKyMHOCTH ¢ Boipaxkenuem (30. 17) naer
napamerpuueckoe npejicrasienue sasucumoctu P (g, T). [lpu fp - oo
Mbl BO3Bpamaemcs K cootHoiuenusm § 6, npu f — 0 noayuaem oGuiu-
Hoe .ypaBHenue Knanefipona P = @kT. OueHKa NOTPEMIHOCTH, CBH-
3aHHOH C HEOJHOPOJLHOCTHIO pAacNpefie/IeHHs, NPHUBOAUT K pe3yJib-
TaTy

8P ~0Z"",

THe xoadpduuuent 0 onpesenes B § 6. Ilomuepkuem, yto OP sBHO
He 34BHCHT OT TEMIEpaTypH. ‘
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TIpuBeleM HEKOTOpHIE pesysbTaThl, Kacaloihecs BKJala B AaBie-
HHe OOMEHHBIX M KBAHTOBHIX 3((eKTOB. OxaspiBaeTcsi, 4To BO BCeH
o6JlacTH TeMnepaTyp U IJIOTHOCTeH KBaHTOBas H OOMEHHasl HOMpaBKH
K JaBJIeHHIO OTpPHLATeNbHbi, NPHYEM HX OTHOUIEHHE He TpeBhI-
maer 1/3. B o6aacTd BHIPOXKISHHOIO rasa 3TO OTHOLIGHHE coCTa-
Basier 2/9 (cMm. § 6), B o6aacTH BBICOKHX TeMmnepaTryp AOCTHraeT Ma-
KCHMaJIbHOH BeJIHYMHBI 1/3.

Uto e KacaeTCsi caMux BhlpameHHi [/ KBAHTOBOH W OOMEHHOW
IIONIPABOK, TO Mbl OTPaHHYHMCS! 06JIACTBIO, THE pacrpejieieHue MoXeT
CYNTATHCSE OXHOPOAHLIM. B 3TOoH o6jacTH JJis OTHOMICHHS NONPABKU
K caMoMy JaBjeHHIO HMeeM (i = 1, 2):

;P . 1 <e2[5 )‘/2_‘_1?/2()() %
P 2 V-§ Qo Tl:la/z (x) 1;/2 (%)

x

[ Wimax

e\ ") (30. 23)

3necs x = Ap? ompenensercs us cootHomenns (30. 17); ¥y =

= I.,I%, + (I, ¥, =6([:,)"; ungexc 1 oTHOCHTCH K KBaH-
TOBO#l, 2 — K OOMeHHOH momnpaBKe. B 06/14acTH HH3KHX TEMIEpPATYp

8P ’ 5
P 187 (3n%) /3 g"/s )
4YTO COOTBETCTBYeT pesynnrataM § 6. B ofnacTh Ke BHICOKHX TeM-
neparyp o
&P e2f
P = _—TQ( ao) 0-

CooTtBeTcTBYIOIHE OGMEHHbIE MONPABKH MOJYYaAIOTCs OTCIOAA NPOCTHIM
nepecyeToM.

IMonyuyeHHple pe3yJbTaThl MOT'YT ObIThb HCIIO/b30BaHHB JJisi BhISIC-
HeHUsi 00JacTH NPUMEHHMOCTH KBa3HKJIACCHYECKOTO YpPaBHEHHsS CO-
CTOSTHHUS BemeCTBa.

§; 31. TEPMOIMHAMMYECKASI TEOPHSI BO3MYILEHHH

31. 1. Orpanuunrecs npubnauxenneMm Xaprpu -— Poka npu peute-
HHH CTaTHCTHYECKOH 3aJay¥ MOXKHO JajeKO He BO BCEX CaydYasx.
ITosToMy, KaK 4 B KBAHTOBOH MexaHHKe, HeOOXOAUMO PEIIHTh BONPOC
o crocobax ydera Koppenﬂuﬂomioro B3aUMOJEUCTBHSL MEXAY 4acTH-
LLaMH.

PaccmaTpuBas BelpaxeHue 11.1151 ¢yukuumn I'puna (29. 16), verpyano
BHJETD, UTO B3aHMOJEACTBHE MEXK]Y YaCTHIaMH BXOLHUT B 3TO BEIpa-
KeHHe JBOSKHM o6pasoM. C ofHO# CTOpPOHBI, B3aUMOJEHCTBHE CKA3hI-
BaeTCA_HA oneparopax ¥, Y, ¢ APYrodl cropomsl, OT HEro cyiue-
CTBEHHO 3aBHCHT ONepaTop §, OCYWECTBASIOWMN CTaTHCTHYECKOE
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ycpenuende. B janbHeiiiem Gyzer chOpMyJaHPOBAH €AHHBIH MeTox
yueTa B3aHMOJCHCTBHSI B OGOMX €ro NMpOsIBJAEHUSAX.

B sToM naparpage Mbl pacCMOTPHM TOJIbKO CTaTHCTHYECKHUil One-
patop §. IlomMuMO H3NOXKeHHS MeTOAMYECKHX NDPHEMOB, Pa3BHThIX
prepseie Matiy6apa [129], et NOJYIHM BO3MOXKHOCTB MOCTPOHTD
TepMOJAUHAMHUKY CHCTEMbI B3aHMOJEHCTBYIOMMX YaCTHIL.

PaccmoTpuM BbipaxkeHHe AJs CTATHCTHYECKOTrO omeparopa

§ = exp [—B (H—pN)], - @BLY

rae oneparopsl H B N B3ATH B NpeACTaBJEHHAX BTOPHYHOTO KBaH-
ToBaHus U llpeannrepa ¥ uMeOT BUJA, COBNAJAIOMHMH C NpPHBEJEH-
HpiM B § 3. B omepatopax moast ¥ (g) u P* (¢) B cTaTHCTUKE YAOGHO
NPOM3BECTH pa3bMeHye Ha pOXKIAOULYI0 H YHHUYTOXKAIOMYIO YacTH
MHBIM 06pasoM, 4em 3To Obuio cienano B § 8. VIMeHHO, mosioxum

v@) =@ —V ' ng)a, +V ny by,

) B o @31.2)
zng(q)[(l—an)atJrl/nvbv], ’

rae n, = [exp [p (e, —p) + 1)~'. Oneparoprt @, af u b, b}
6y jieM Ha3plBaTh ONEpPAaTOPAMM YACTHIL X JBIPOK B CJIEAYIOIEM CMEICJIE,
Tlpy paccMOTPEHHH OCHOBHOTO COCTOSIHHSI CUCTEMBI, pacrhpejeseHue
YaCTHIL [10 YPOBHAM KOTOPOTO AaBanoch GOpMyJIOH ny = 0 (e — &),
AbIpKOH cuMTajcd CBOOOAHBHIH ypoBeHb HuxKe rpanuupl Pepmu, ua-
cruie#l — Buime rpanunel Pepmu. IIpH OTIHYHON OT HYJIsS TeMmmnepa-
Type cpejHee 3aMOJIHEHHE YaCTHIL OMHMCHIBAETCA HPHUBEJACHHHIM BhLIIIE
BbIpaxkeHneM Aas n, (§). B sToM ciyyae yke HET 4eTKOTO pasfiesieHUs
obJjacTel, e MOTYT HAXOJUThCH YaCTHUH M ABIpKH. B npunnune
Ha KaXJIOM YPOBHE MMeeTCsi BEpOSTHOCTH 06HAPYXKHUTb KaK YacTHILY,
Tak u ApIpKy. DakTopsl V n,u 1 — ]/nv OTpPaXamwT 3T0 06CTOATENb~
CTBO, nepexofis npH f§ — oo B O (8 — &) H O (8, —ep)*.~

byneM rosopuTh 0 HOpMaJibHOM NPOU3BEJCHHH ONEPAaTOPOB MOJs
B TOM K€ CMbICJI€, UTO. U BblIe, IIPHHUMAsl HOBOE pas3OHeHue omeparo-
pPOB Ha DOXJAOUIYI0 H YHUYTOXKAIOMYIO 4acTH. Jlerko BHAETb, YTO

PH@)P (@) =N @)@+ R 9)

rie R (¢,¢') — marpuua nuotHoctH (30. 8). Amanoruuno 0606-
uiaercsi cooTHowteHue (8. 10) maa N — npousseleHust 4eThipex ore-
patopoB moJsd. TeMm camblM onpasjniBaeTcst BeIGOp KO3(DpHILHEHTOB

Vn, ul ——an B Bhpaxennu (31. 2).

* Heo6XonHMOETh BBeJEHHS KODHS H3 1, CBSA33HA C TeM, UTO omeparop 22y npéa-
" cTaBaseT co6olf GHAMHEHHYI0 KOMGHHauUMio P u P+.
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HOJIy‘leHHbIe COOTHOIIIEHHsI TIIO3BOJISAAIOT MOJYYHTH BbLIDAXKEHHS
IJs raMuJbTOHHAHA H Orneparopa 4YHC/Ia 4YacTHL

H=H,+H, (31. 3)
Hy=E,+[dgN [9* @ (T-+-W)¥ (g, (3.4
& [dgdg N 19* @ BT @)V @) b @, (31.5)

N =N 4 [dgN [$* (9) ¥ (@) (31.6)

3xecy E, — cpeinssi sHeprust B mnpuOnuxenun Xaptpu — Poka;
N — cpepnnee uyciio yactul, B cucreMe. IIpHBefieHHBIC COOTHOIIEHUS
Jai0T pa30HeHHe MOJHOTO TaMU/IbTOHHAHA CUCTEMbl Ha raMHJbLTOHHAH
Hynesoro npubauxenuss H, u ramujabroHnaH BosmyuleHnsi H'.

[lepenumem Boipaxkenue (31. 1) B Buze

L =-exp[—p(H,—pN+ H'). @11

Eciu no Benuuune P, KOTOpywo Mbl cUMTaeM NepeMeHHOH, GopMaibHO
npoavddepeHnpoBaTh o6e yacTH BolpaxkeHus (31. 17), To Mel nosyunm
TaK HasblBaeMoe ypaBHeHHe Baoxa
5 = (Hy—uN+H)E, (31.7)
KoTopoe auajsoruysHo ypasHenuio Ilpepunrepa c samenoit it — f.
W3 3roit ananoruu u ucxoiaua Maruybapa.

31. 2. Ilenp mocHeAyIOIEro H3JI0XKEHHsI COCTOMT B HOCTPOEHHH
CBOEOGPA3HOTO «NPEACTABJIEHUs] B3aUMOJEHCTBHSA MO TeMIepaTtype»,
4TO TMO3BOJUT BBECTH CTaHJAPTHYI0 JHATDAMMHYIO TEXHHUKY JAJs

BBHIUMCJCHHS IIMypa oneparopa §.
B npeneOpexeHHH KOPDEJSIHOHHBIM B3aHMOJEACTBHEM 3TOT Ole-

paTop MMeer BHA .
, &o (B) = exp [— B (H, — pN)]. (31.8)
Ilpencrasum & (B) B BHAC ‘ '
EP@) =5 (B S®B), (31.9)

rie S (B) — HekoTophifi HeudBecTHBIH onepaTtop. Toraa Ans § moay-
yaeTcsi ypaBHeHHe *

—BO _ s e). L0
rae .
' H () = &5'(B) H'E, (B). ' RRCINTY

37ech OTYETNIMBO BHJHA aHAJOTHS C NEpPExofioM B 0O6bYHOE NpefcTa-
BJIeHHE B3aHMOJIEHCTBHSI B KBaHTOBOK Mexauuke: § (B) siBasercs
aHanoroM S-maTpuubl, &, (B) — aHajmorom omepatopa nepexoja
exp (— iHt). ‘

* Jlmpq)epenunposan HY¥KHO TOJIBKO 110 TIADAMETPY B CTOSAEMY B SKCIIOHEHTE.
Kpowme toro, Ho u H’ 3aBHCAT OT peaibHOl OGPATHOH TeMIepaTyphl CHCTEME p, xoro-
pylo B AajbHefimeM Mbi GyfieM oGo3Hauath uepes fi,. .
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YuuTHIBas . O4eBHJIHOE T'PAHHYHOE YCJOBHE
£(0) =8 ©0) =1,

S0) =1. - (31. 12)

MoxHO, TakuM 06pas3oM, cKasaTb, 4T0 § (f) omHCHIBaeT «3BOMIOLHIO
CHCTeMbI 110 Temreparype» oT ToukH f = 0, rje B3auMOLEHCTBHE HHKA:
KoM posiu He Urpaer*, no sHaueHus P.

-®opMaJsibHasi TOXKAECTBEHHOCTb (C TOUHOCTBIO A0 3aMeHbl if — )
ypasnenus (31. 10) u ypaBHeHHs /s OOBIYHONH S-MaTPHIEI O3BOJISIET
cpasy HanucaTb npeicrasiaenve § (B) B Buge cymmnl T-npoussefeHu

ﬂo
S (Bg) = Texp {—g 4t ) (31.13)

HMEeEM

Hau

o . Bo .
S@) = ¥ [ dby ... BT IH B) - . H (B

n=1

31ech XPOHOJOrH3AIHI0 HYXKHO NOHHMAaTbh B CMBIC/JE YMOPSIAOYEHHS
no napameTpy P: Bce COMHOXKHTENHM NOJ 3HAKOM T-npOoHM3Be[ieHHs
JIOJTKHBI OLITh PACTIOJIOXKEHB B TTOpsiAKe Bo3pacTaHus f§ cnpasa HaseBo.
3uags 8§ (B,), MOXKHO MOJYYHUTH TOJHYIO TEPMOAHHAMHYECKYIO
undopManu o paccMarpuBaemoil cucteme. OGo3Hauas uepes Z, =
= Sp (§o) CTATUCTHYECKYIO CYMMY CHCTEMB! B IPHOIHKEHHH XapTpH—
®okKa, MOKHO HamnucaTb .
Z _Sp®) _ ¢
5= s = (S (B - @L 14
3necr cuMBOJ (. ..), O3HAaYaeT YCpPEAHEHHE IO CTATHCTHYECKOMY
oneparopy npubnuxenus Xaptpu — Poxa.

Takum o6pasom, JUsi HAXOXK/JEHHsI CTATHCTEYECKOH CYMMbI, a cJie-
JOBATeNbHO, H OCTAJbHBIX TEPMOJMHAMHYECKHX BeJIHYMH, HEOOXOAHMO
3HaTh cpefHee 3Hauenue S-matpuunl § (Bo). Buipaxenne (31.13)
CJyKHT HCXOAHBIM NMYHKTOM MOCJEAYIOMUX NOCTPOEHHH.

31. 3. Tenepp Halo HCKJIIOUHTb «BUPTYyasIbHBIE» ONEPATOPHI U CBe-
ctd T-nmpousBefleHuss K N-NPOH3BEJECHUAM. _

3anumem onepaTopbi Mojsi B NPEACTaBJIEHHH B3aUMOJEHCTBHS 1O
Temnepatype B siBHOH dopme

CP@E B =5 @
=2 [ay (1 —V ny) + bY V nylexp [— B (ev — B,

- ) S [ (115
LAKCAED) [a¥ (1 = V) + bV 1y] exp [B (ev — W)l

* TIpH GecKOHEUHO BHICOKOl TemmepaType BCAKas CHCTEMAa MHOTHX 4acTdil (pac-
CMATpHBAaeMasi HEpe/IATHBHCTCKMM 06Pa3oM). IpeBpallaeTcs B HIEaJbHHA ras. 3to
OBGCTOATENBCTBO, NOMHOCTBIO COOTEETCTBYET BHIK/IOUEHHIO B3aHMOREACTBUS npu f=
== = 00 B KBAHTOBOJ MeXaHUKeE H SIB/ISETCS MeHee POPMAJILHEM, UeM ajiHabaTHyecKas
FHIIOTE3a. : .
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3/ech MCONb30BaHLI NMpaBU/ia MEPECTAHOBKH
[Ho, av] —e.a [HO, aj;] =e at

vow?

u 1. &. Oneparopel $* (¢, B) 1 P (g, B) yXe He ABAAOTCA 5PMHTOBO
CONpsiXKEHHbIMH 110 OTHOWIEHHIO APYT K JApyry. OpHako 3To 06CTOS-
TEJICTBO, CBsI3aHHOE C HEYHHTApHBIM XapaKTepoM oneparopa &,
HeCyLEeCTBEHHO. o

Has onepatopos P (g, B), $* (¢, B) MoxHo BBecTH noHsTHE 00 HX
HOPMaJ/IbHOM TIPOM3BELEHUH, KOTOPOE ONPENEJISETCS TEM XKe CocoGoM,
4TO W Bhlmle. ['aMunbpTOHHaH BoamymieHus ' (B), BXoasdmuid B coor-
HOIICHHH TpEeABIAYILEro pasfiesia, MOXKHO TOTJA 3aNHCaTh B BHIE

H' (B) = [dgdg N 1" (4. B)%* (4", B) Vb (4", B) (@ B)I. (31.16)

U specs Tekymuit HapaMETp p ornnuaercs or peasnbHOH TeMIeparyphl
CHCTEMBl, BXOAsALIEH B #,

BamHbIM  SIBJISETCS Bonpoc 0 cpelHEeM 3HAaYeHHH HOPMAaJbLHOTO
npousseficHUsi. B KBaHTOBOH MexaHHMKe 3Ta BeJHYHHA oOpalnajach
B HyJb IPH YCPEJHEHHH [0 OCHOBHOMY COCTOSIHHIO CHCTEMbl, 4TO
4Ype3sBbYaHHO o6Jeryano BhiKJAaAKd. B Hawem ciayuae feno o6CTOHT
CJIOXHee BBUJAY TOIO, YTO YCPeJHEHHE OXBaThiBA€T BCE COCTOSIHHS,
B TOM YHCJI€ H COCTOSIHHS C OTJIHYHBIM OT HYJIs1 YHCIAOM YaCTHIL H AbIPOK.
Tem He MeHee MOXKHO NOJIOKHUTH

(V% (D)9 (D) .. 1) =0, (31.17)
Tl PHMCKHMH LHudpaMu 3Jech U Jajee oG03HAYEHA COBOKYITHOCTb
KOOpJAMHAT ¢ U o6paTHOH TemnepaTypsl P.

‘Paccmorpum crHauana N- -IIPOM3BEJICHHE TapEl ONepaTopoB. Ilo-
CKOJIbKY NPH YCPeJHEHUH 110 KaxAoH u3 Kondurypauui ¥,, obkaasku
C/IeBa W CNpaBa OJIMHAKOBLI, JOCTATOYHO PACCMOTDETh JHWIb BhIPAKe-
nue (N [$* (I) $ (II)]),, npuuem no6 TOH Ke mpHYHHE B HEM
CYIIeCTBEHHBI JIMIUb [Ba uJeHa

(1™ (D $ 1Dy —p (ID) ) B (I)]o-
MoncraBasis ciofa pasnoxenus (31. 15), Haitgem

(N[ (D) (I = 3 %y, (@1) %y (9a) X

X exp [(B; — Bs) (8y — W)] [<a+av>o (1 — V;Z:)2“‘—
— (B3 by)g na). - (31.18)

Beaunuuna n, npeficrapiser coboi cpeliHee 3HaueHHe onepaTopa AtA,
(cm. § 3) HJIH nocJjie mepexoAa K ALIPOYHOMY OMHCAHHIO,

ny = (AvAv> =(1— Vﬂv) (ay Ay)o + Ny <bvbv Jo-
Orciopa, yuutbiBas (bb*}, = 1 — (b*b),, umeem
(1 —Vny)*(@¥ay)e = ny (53by)s,
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4TO M JOKasniBaerT paBeHCTBO Hysio BeipaxenHs (31. 18). Mcxons
U3 3TOr0, MOXKHO HamnHcaTh

(N (A+A )y =0, - (31.17%)

T. e. TeopeMa (31. 17) cmpaBeinuBa 4 JJjs OTACJNbHBIX CJaraemblx,
OTBEYAIOILAX OTpeJe e HHOMY COCTOSIHHIO V.
PasjioxkuM B 06iieM BhIpaXKeHUHU

(N Mp D) .. )

KaxKJplil oneparop no cocTossHUAM v. [Tonyuum cymMmy 4IeHOB; JajibHed-
lee paccMOTpeHHe OTHOCHTCH K Jio6omy Hu3 Hux. Eciu B ofHOM u3
YJICHOB MMeeTcst IO KpaifHe Mepe napa OJAHHAKOBHIX onepartopos 4,4,
uin AFAT, To OH TOXJAECTBEHHO OOpaTUTCs B HYJb H3-3a CBOHCTB
[IepeCTaHOBKH 3THX OHEpaTOpoB. BaxeH, TakuM oOpasoM, ciayuai,
KOrja onepaTopbl BXOJST NMapaMu, OTHOCAMIUMHUCS K Pa3HbIM COCTOS-
HHUSM.

(N(ATAALA, . e

Ho crarucruueckoe ycpeinenue B npubauxkenun Xaprpu — Poxa
NPOHUCXOJAUT HE3aBUCHMO 10 pa3HbIM cocTosiHusiM. [losToMy nocaejnnee
BbIpaxKeHHe, B KOTOPOM M3-3a V < V' BO3MOXKHO NpPOU3BOJIbHOE pac-
NOJIOXKEHHEe ONEepaTOpOB pPAa3HLIX Map APyl OTHOCHTENIBHO APYra,
ceonuTcss K npoussenenuo (N (ATA)))o (N (ATA,))0s - -, T. &
B cuay paseHctBa (31. 17°) MBI mpHXofUM K HYJEBOMY pe3yJib-
taTy. Teopemy, TaKHM 006pasoM, MOXKHO CUHTATb JAOKA3AHHOM.

31. 4. [anee cieayer BBECTH NOHSTHE O TEMIepaTypHOH CBEPTKE
OMEepaToOPOB OIS B HPEACTABJIEHHH B3aumofedcrBusn. Ounpepennm ee
o6bl4HbBIM 06pasoM (T — cHMBOJ yrnopsfoueHHs mo P)

b (1) p* () =T ($9*) — N ($9*) = (T ($$"))o- ~ (31.19)

3nech Mbl HCNOAL30BAJM JlOKa3aHHYIO Buie Teopemy. OCHOBHBIE
CBOICTBA CBEPTKM, OTMeueHHbe B § 10, coxpaHsIOT B JaHHOM cjydae
cBow cuay. llpsimoe BhiumC/eHHE JaeT

YDA = X % @)1, @) ¥

v.

[—n, B>8,.
—ny B <<Be.

OTO BhIpaXKEHHE MOKET ObITh MOJAYYEHO H3 cOOTHOomeHus (10. 5) 3ame-
HOH ity o > P1,o & > &8, — p*.

X exp [— (&, — 1) (B; — B2)] { (31.20)

* Bce cBesloch GBI IPOCTO K 3aMeHe ify,5 = B,y €CAH GBl MBL ONpPElENHIIH Olle-
paTopel B MpeACTaBJeHHH B3aMMOJICHCTBHsI C IOMOUIbIO omeparopa nepexoja U =
= exp [i (Hy — WN) ], XKaK 3T0 UacTo B CTATHCTHKE H Jlesaetcd. AHAJMOTHUHO, RIS
nepexoaa B reH3eH6eproBCKOe NpEICTABJICHHE MOXKET CIYXKHTh onepatop U=
== exp [i (H — puN) t]. OrmeruM, 910 B (pU3HUECKHE BEJMYHMHBEI OOBHIYHO BXOASAT pas-
HOCTH 3HEPIHH, TaK YTO YKa3aHHOe PasJHYyHe HECYIeCTBEHHO.

304 . ] —



IlpaBuna Buka, orpaxaiomue obumue ajre6panyeckHe CBOHCTBa
ONepaTopoB, OCTAIOTCS B CHJE H B KBAaHTOBOH cTaTHCTHKE. TaKum
06pa3oM, MOKHO HCKJIOUHTL BHPTyaJibHBEIE Oeparopsl, cBels T-mpo-
H3BeJleHHs1 B pasjioxkeHuH § (B) X HOpMaNbHEIM NPOH3BEJEHHSM.

B TemnepaTypHO# TeOpHH MOMKHO B NOJHOH Mepe€ HCIOJB3OBATH
JHATPaMMHYIO TeXHUKY; 3TO SBJAETCS BaXKHEHIIHM IPEUMYIIECTBOM
TIOJICBOrO TOJAXO0JAa MO CPaBHEHHIO CO CTapod TepMOAMHAMHYECKOH
Teopueil BosmymeHU#. IlpaBuna QellHMana B KOODAHHATHOM mpej-
CTaBJIEHUH HCIOBITHIBAIOT JIUIIL CAEAYIOUINe H3MEHEHHS:

a) dakrtop (— i)* samensercs Ha (— 1)7;

6) MHTErpPHDOBAHHE 110 BPEMEHH OT —o0 JIO oo 32MEHsETCS HHTe-
rpuposanueM no f ot 0 fo Py;

B) OObIYHBIE CBEPTKH ONEPATOPOB 3aMEHAIOTCS TEeMOEpaTypHLIMH.

IlpaBuna Qeiinmana B HMIYJABCHOM MpejCcTaBJeHHH, HauboJee
yAoOHBIE JJIsl NMPaKTHYCCKHX TNPHIOXKEHHH K OIHMCAaHHIO NPOCTpaH-
CTBEHHO-OJHOPOJHBIX cHCTeM, OyAyT paccMOTpeHbl B CleLyIomeM
paspesne.

BepHemcst K 3ajaue 0 BbIYHCJICHUH CTATUCTHYECKOH CYMMHI M pac-
CMOTPUM BbIpaXKeHHue:

VA
—Z—o = <S(60)>0-

M3 TeopeMbl 0 paBeHCTBe HYJIO CpeJiHero 3HayeHHsi BcsiKoro N-mpo-
usBefeHus: (kpome, pasymeercsi, N (1) = 1), BugHo, uTO0 H3 BCEX
JyarpaMM TeOpHM BO3MYIeHHH B Z AaAyT BKJaJ TOJBKO AHAIDAMMBI
BaKyyYMHBLIX NepexofoB. Takue JuarpaMMsl MOXKHO 3aMHCaTh B BHJE
3KCTOHeHTh! (cMm. § 14).

+ =exp (L),

o

rie L — cymMMa Bcex CBSI3HBIX JHAIpPaMM BAKYYMHBIX IM€Pexo/oB.
Tax MOXHO OpHUTH K NPOCTOMY BBHIPAKEHHIO NI TepMOJUHAMHYe-
CKOro moTeHIHajna £

Q=Q,— L, (31. 21)

1

p
rie Q, — TepMOAMHAMHYECKH NOTEHI A/ B TPUOIHKEeHHH XapTpH—
®oxa.

31. 5. OcHOBHOE OT/JIMYHE JHATPAMMHOH TEXHHKH B HUMMYJBCHOM
npeacrapiaenun npu T == 0 OT TeXHUKH, paccMoTpeHHO# B § 13,
3aKJ0YaeTcsl B HAJMYHM KOHEYHLIX NpeJiesioB MHTerpupoBaHus no P.
B ocTasbHBIX OTHOMIEHHSIX COOTBETCTBYIOMME IIpaBHJia dDenHMaHa
COXPAHSIOT CBOIO CHJY.

PaccmorpuM cBOGOAHYIO TeMnepaTy pHyio (pyHKumo I'puna

G, (1, 11)=_up(1)¢ an. (31.22)

Jra BeJIMUMHA 3aBUCHT JIHIIh OT pasrxocm p= [31 — 62 H Kak (byHKupm
5To#l PA3HOCTH ONpejesieHa B MHTEpBAJE OT — P, 10
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[lenecoo6pa3Ho NMEpPHOAHYECKH MPOAOKHTL G, NO nepemeHHoi f
no Beeit ock . Toraa Gy (g1, ¢z, P) MOXKHO pasnoXuth B psifi Pypoe
no nepemeHHoH P ’ :

Go(Gus Gor B) = - 3 Go (@ur o &) €xP (—ieef),  (31.23)

rpe
Bo

Go (G Gor €)= 5 | @BGo (@1, G B exp (ie,B).  (31.24)
"—BO

JIJist HaxXOXKJAEeHHs JOMYCTHMBIX 3HAUEHHH €, MOXKHO BOCIIOJIb30BAThHCS
paBEHCTBOM

Go (91) G20 B) = — Go (91, 92, B + Bo)- (31. 25)
[TofcTaHOBKA B 3TO PaBEHCTBO pasjoxernus (31. 23) Aaer

200(q1s Gor &) lexp (— ieao) - D] exp (—ie.f) =0,

oTKyla exp (—igfo) = — 1 H
gy =2t DE (31.26)
Po

dakTHUECKH 5TO YC/IOBHE CIPABEAJIMBO H s TouHOH GyHkumnd I'puna.

Ilis nokasaTeabcTBa pasencTsa (31. 25) Bocro/bayemcsi COOTHO-
wenusimu  (31. 15). Tlpn P, > P, MOxHO HamucaTb (3HameHareJb
Sp (§,) moApasymeBaercs)

G, (a1 T B) = SP [, (Bo) &5 (B1) ¥ (4,) & (B)) &' (Bo) ™ (42) & (By)],
WY, YYUTBIBasl BO3MOXKHOCTb nepecTaHoBKH ONMEpPAaTopoB oJi 3HaKOM
mrnypa U OUeBHUJHBIC COOTHOWIEHHS

go (ﬁl) go (62) = go (‘51 + 52), go (ﬁ) go (—‘ ﬁ) =1,
Gy (a1 4 B) = P [& (Bo) 857 (B) ¥ (4) & (B) ™ (2)]-

3gece p = P, — P.. IlepecraBass mnocmaenHue JBa COMHOXKHTEJs
HAJEeBO, HaiijeMm

Gy (01 B) = SP [8 (Bo) &7 (— B - By) %7 (42) T (—B -+ Bo) W (4]
Ipu B, <P
Gy G B) =—SP [5(Bo) &5 (—B) ¥7 (4) & (—B) ¥ (@1]]-
Orciopa npu p << O ' .
Gy (g1, g2, B) = — Go (915 G2 B + Bo)-

YcnoBHe IHKJIHYECKOTO MPOAOJIKEHUS [ieiaeT 3T0 COOTHOLICHHE cnpa-
BeAJIUBLIM TNpH JHOGBIX f.
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IlepexoA B MmMmyJibCHOE NpeACTaBJEHHE B BbIPAXKEHHH Jisi (byHK-
nun I'puna paer

GO (ql' g3 €p) = E M (31. 27)

len+p—gy

Hanee, Bce nuTerpast no fi, BXOASLINE B BRIDAXKEHUS I MATPHY-
HBIX 3JIEMEHTOB, MOXHO pacnpocTpaHuTe oT —fB, fo B,, BBOAs (ak-
T0p '/,. Kpome Toro, oxasbiBaercsi, uto 8-OYHKUHS OT CyMMHl SHEp-
THH B KaXKIOM ysjie JuarpaMMbl 3aMEHsSleTCsi Ha KPOHEKepOBCKHI
CHMBOJI O, x¢ , KOTOPLIA OTJIHYAETCS OT HYJs JIHWb B TOM - CAyuae,

€CJIH CYyMMa 4acTOT, OTBEYAIOIHX CXOASIIIHMCS B 5TOM y3Jje JHHHSAM,
paBHa Hymo [14].
B sakaioueHHe MOXKHO CKa3aTb, YTO BLIpaMKEHHE s MATPHYHOIO
snementa § (B) nonydaercs u3 aHAJNOrHUHOrO Bhipawenus npu T = 0
. Lof 2n -+ 1) s
3aMCHOl BCeX 4aCTOT & Ha [e, |, = (——T—)—J—J 1 TIePeX0A0M OT HH-

Bo

Terpauuy 1o 4acToTaM K CYMMHPOBaHHIO HO 7

[y
— n

IIpaBusia BoluMC/IEHHS COOTBETCTBYIOWMX CYMM W3JIOXeHH B pa-
Gore [11]. B ocHOBe 3THX NMPABH JIEKHUT TO COOGPAKEHHE, UTO CYMMH-
poBaHHE 1O YacTOTAM MOXKHO 3aMEHHTb BbIYHUC/JCHHEM HEKOTOPOro

KOHTYDHOTO HHTerpaja, B KOTOpblH BBeJeHa GyHKUMA ig ( mﬁ").

2
HMEomas nojarca B HYXKHBIX TOUKaX. B stom CIydyae UCKomMmad cyMma
noJjyyaercsd, KakK CcyMMa BbIYETOB NOJBLIHTErPAJNILHOTO BbIDAXKEHHUS.

§ 32. METOX ®YHKUHMHA T'PUHA B KBAHTOBOMH
CTATUCTUKE

32. 1. TepmoinHamuueckasi TeOpHSI BOSMYLIEHWH HEAOCTATOYHA
A pelIeHUst BCEX THIOB 3ajay, C KOTODHIMH NPHXOAUTCS HMETh
Jle10 B KBAHTOBOH CTaTHCTHKE.

C oaiHO# cTOPOHBI, Pa3BHTHII BEIIE aNMapaT cnocobeH AaTh uHop-
MallHIo JIMIIbL O YHCTO TePMOAMHAMHYECKHX XapakTEePHCTHKAX CHCTe-
Mbl — TEPMOANHAMUYECKHX MOTEHIHaJaX, HX NPOH3BOAHLIX H T. II.
Taxkue uHTerpasibHble XapakTepUCTUKH, XOTA W UTPAOT BaXHYIO
POJIb, JIaJICKO HE HCUEPNLIBAIOT TeX CBEAEHHH O CHCTEME, KOTOPHIMH
XKejarebHo pacnojarats. Mwmerorcs B BHAY, BO-NepBbIX, XapaKTepH-
CTUKH JIOK2JIbHOTO THNA (pacnpejiesieHe CpeHUX 3HAYCHUI AHHAMH-
UECKHX TEPEMEHHBIX, KOPPeNsliMOHHBle (YHKIMH, KHHETHYECKHe
KO3(pHUHKEHTE H T. II.), BO-BTOPHIX, XaPaKTePHCTHKH CrieKkTpa Bo3Oy-
KIEHUH CHCTEMBI.

C npyrof cTOpOHBI, iaKe €CH OrPAHHUHTHCH YHCTO TePMOAHHAMHU-
HECKHMH XapaKTePHCTHKAMH, Y4YeT HECKOJbKHX MEPBLIX JHATPAMM
TEOPHH BOMYIIEHHH MOXET OKasaTbCsi HEJOCTATOYHHIM. B KBaHTOBOM
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CTAaTHCTHKE MOXKeT OHITb NPOBEAEH TaKO# ke aHaNH3 OTHOCHTEeJILHOH

posnd AHarpaMM TeOpHH BO3MYWIEHHH, Kakoi Obul BhlinosHeH B § 16

IJisi cayvasi HyJeBol TeMmnepaTypul. IIpu BLINOJHEHHH YCJOBHS
692/3
M Eand b4

rjie @ — CPeJHss IJIOTHOCTh BEIeCTBa, yKa3aHHbI! aHAIHU3 COXpaHseT

CBOIO cuay. B ciyuae npefiebHO BLICOKHX TeMIEpaTyp

2/3
fo
M > 1
B mapaMeTpe B3aUMOJEHCTBHs CiellyeT cfieaTh 3aMeny po — (M/B)'/2
JIi51 nosicHeHHWs 3aMEeTHM, YTO KHHeTHYecKasl SHepPrHs UacTHILI Ompe-
Jensiercs HauGosbluedl U3 Benuuud p/M u 1/p.

[Ipu oTaUYHOH OT HyJsl TeMmepaType MOMKET BO3HHKHYTb Takas
cUTyauusi, NpH KOTOpoi Tpebyercs 3(derTHBHOE CYMMHPOBAHHE
HEKOTOPOU GeCKOHEUHOH MOCJEAOBATENLHOCTH AUATPAMM TEOPHH BO3-
MYLIeHHH.

Jins peimieHHsi MOCTABJIEHHBIX BOIPOCOB BBOAATCS TEMNEPAaTypHbIE
H TeMmiepaTypHO-BpeMeHHble ¢dyHKuuH ['puna.

32. 2. TemneparypHass ¢GyHKUMA I'puHa BBOAMTCA IyT€M HEMNo-
CPEACTBEHHOr0 OGOCLIEHHA TOHATHA TEMNEPATypPHONl CBePTKH oOIle-
paTopoB (Tounee, CBOGOAHOH TemmeparypHoi#t dynkuum Ipuna) c
yUYETOM KOPPEJAIHOHHOTO B3aHMOJEHCTBHsI 4aCTHIL

Sp (67 [, (1) wF (D]
Sp (§)
37ech BBeJeHbl «refi3eHOeproBCKHE [0 TEMIEpAType» ONepaTophl

P, (I) = exp [P, (H — uN)] ¥ (q,) exp [—B, (H —uN)],

5BOJIIOIMS KOTOPHIX MpPH M3MeHeHHHU P ompenensiercss He H oy, Kak 3To

6bi10 Aaisi onepatopa Y (I), a MoJHLIM ramuibToHHaHoM H*.
YuutmBas onpefenenre (31.9), mocje HECTOXKHBIX BbIKJIANLOK

HaXOJAUM -

G 1I) — —i (32. 1)

AT AD S Bl Yo '
G(I, 11) = —i ST : (32.2)

3nech § (B,) — nmonHas S-maTpuia, B3srtas B HHTepBase or 0 1o o —
peasbHOil OGpaTHOH TeMneparypbl CHCTEMb. AHAJOrHUHBIM OGpasoM
BBOAUTCS W TapHas ¢yHKuusa ['puna

a (1, 1, 111, 1v) = — (TP DD ED ¥ EH o (39.3)
0

* (O6pamiaeM BHUMAaKHE Ha aHAJIOTHIO NOCJE/IHErC COOTHOUEHHS C OGIHMH COOT-
HoweHusiMi~ § 2. JlUMIHME TO CPABHEHMIO C IPEKHHM ONpejeseHHeM MHOKHTEA
exp (= WPN) NPHBOAAT K TOABJEHHIO JIONONHHTEJLHOTO (paxTopa exp [ — P, —
— Bo) ] (cm. pasgen 32. 3.)
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Ecnu ¢dyurnuu ['pHHA H3BECTHLI, TO H3BJI€Ub H3 HAX MH(OPMAILHIO,
Kacammylocst — paclpelle/leHHH  BepOATHOCTeH,  KOppeJsiHOHHBIX
CBOMCTB H T. 1., MOXKHO OOBIYHEIM crroco60oM. B wacTHOCTH, OfAHOUACTHY-
Hasl MaTpHilad IJIOTHOCTHM CHCTEMbI MMEET BHJ

R (91, g2) = — i lim G (I, II). (32. 4)
Bs—B:~> 40

Heckonpko Gosiee COOXKHBIM MyTeM IoJsyuyaeTcss HHbopManus
0 cnexkrpe Bo30yxkaeHnii cucremel. Ml sToro Halo pacmosararh
o6elyHOi BpeMenuO#l ¢QysHkuue#n I'puna (cm. § 29). OxaswiBaercs,
4TO 3HaueHue TemueparTypHo#l dynknum I'punHa nossosisieT Hemocpen-
CTBEHHO TMOCTPOUTH BpeMeHHYI (GyHKUWIO ['pHHA. DTO JOCTHraeTcs
ananutiyeckuM npoxosxkenuem G (I, II) nmo nepemennoit P, — P,
B KOMILJICKCHYIO TJOCKOCTB.

ComnocTaBUM BHIpaXKEeHUs JJisi TEMIIEPAaTypHOH H BpPeMeHHOH (yHK-

uufl I'puna
GB dys ‘311 ds, ﬁz) =

{Sp {éT IeXp (H—uN)Bi] ¥ (q1) exp [ — (H — uN)x}
X (Br — Ba)] ¥ (gs) exp [ — (H — puN) fy]) (32 5)
Sp (©) ’
G (q]J 1 CI,21 2) -
p (&7 fexp (iH1ty) P (g1) exp [ — iH (¢ — )] $* (g2) exp (— Lth)]}
Sp (£)

e

(32. 6)

TJie BBEJieHb AJis yAo6cTBa HHAeKehl P 1 {. I1peobpasyem nanee Bripaxe-
Hue anas (,, UCNOMB3YHA COOTHOILEHHS

exp (— ipNE)  (g) exp (ipNt) = P (q) exp (ipt), } (32.7)
exp (— ipNt) P (g) exp (inNt) = ™ (g) exp (— ipd), '

JUisi Jl0KasaTeJqbCTBA KOTOPHIX ydTeM MpaBH/ia KoMMyTamuH (3. 15)
(cM. TakKe mpusnoxenue bB)

o

exp (— 1) W (g) exp (iuNty = 310" 4 (q).

n!
n=0

Torna
G, (G1s ty Qo Ta) =
{ Sp (ET {exp [i (H—uN) £1] ¥ (q1) exp [— £ (H — pN)X }
X (¢ — E)] W* (¢5) exp [— i (H —pN) 45]})
Sp (8)

W3 npuBefeHHBIX COOTHOMIEHHH CJ/eAyeT, YTO aHANHTHUECKOoe
npoposxenne pyukuun Gy (I, I1) na MEumMy0 ock By — ify, By — ify
paer upu £, > P, (byﬂxumo G, (1, 2) exp (ip (1 — L)) ¢ 1 > 1y,
a npu By < P, dynkumo G, (1, 2)exp (ip (f, — ty) ¢ £y < f,.
Tak #HaxoasiT BpeMeHHy10 ¢pyHKUHIO I puHA 1O TeMnepaTypHOil B Koop-
JUHATHOM NpeJCTaBJCHHH.

= —i
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PaccMOTpUM Temepb COOTBETCTBYIOWIHA MEPEXOA JJsi hUMIOHEHT
dypbe oberx paccMaTpuBaeMbiX (QyHKIHHA * .
B

Gy 9y, G ) = 5 | d(Br— B2 Gy (1, 1) exp lie, (B, — B,
—fo
(G, (1, 2yexp [ip (&, — L)1) == G, (G1s Gar & 4 W),

rae G, (g1, Gs, €) — Gypbe-o6pas dysxmun I'puna G, (1, 2). Ilpu-
BeJICHHLIE COOTHOIUEHHs HeNOCPEeACTBEHHO HEMPHIOAHBL JUISl AHAJHTH-
yeckoro npoposikenus. st sToro yAoOHO HCIOMb30BATh CHEKTPa/b-
Hble TpPeACTaBJeHHS.

32. 3. Tloayuny mNpeBapHTENLHO CIEKTPATBLHYIO dopmyny Aas
TemnepatypHoil dynkuun Ipuna. BBois noiHyio MpPOMEXYTOUHYIO
cucremy (QYHKIMH B cooTHouleHHe (32. 1), HalaeMm

GB(I’ II)—_‘L Eexp ﬁo(p+ MN n)‘J‘( 'Em + M)><

X (By— Bl (1| ¥ (qy) [m) (m | 7 (g2) | 1) X
{ 1 [
— exp ”30 (En_ Em - P')] 51 < 62'
Tlepexoas k umrerpauun no E = E,, — E, u BBoasa f = f, — P,
MOXKHO HalHCaTh

Gy G 02, B) = | dEA (4, ga E)X

o { exp [—P(E—u)]  Bp>Pp>0
| —exp [— (B4 Bo) (E— w1 0>p>—B,.
3amensns P wa it (f = ¢, — £,), NoAyu4UM BbIPAXKeHHE JJisi Bpe-
menuo# ¢ysruun I'puna-
. G, (91, Gar 1) exp (ipt) =
f dEA (qy, qp. E) { exp {—il (E—ﬂl)] £>0
: —exp [— (it I Bo) (E — p)] £<0.
CrnexTpajbHbe IUIOTHOCTH B cOOTHOMEHHsX And Gg H G, OAHHAKOBBI.

[lepeiinem x ¢ypne-o6pazam 3Tux ¢Qynkuuid. HecsoxHele pacuerbt
Ja0T

o0 A , .’E _ EA —1"
Gg (91, Go, 1) = f dE A g )i{(egp—[p)fii(sn wl - ’

Gt (ql’ . 8) = Y dEA (qu gy, E)>\

1 exp[—ﬁ (£ —w]
{e—E+t6+ £~b0—16 }

(2n+ l)n
B

* 3pech MO-TIPEKHEMY €, =
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N3 conocTaBieHns 3THX COOTHOLIEHHHA BHAHO, UTO OCOGCHHOCTH
aHaNUTHYeCKOTo mnpojosikeHus JyHKRuun G, (g1, ¢4, €), Hawomue
XapaKTepUCTHKY KBA3HYaCTHI|, ONPEILIAIOTCSH OCOGCHHOCTAMH aHaJIH-
THYECKOTO npouonx(emm TeMnepaTypHon dyukuun Gy (g4, Ga, €,)
IO MepeMeHHOH g,

B camom Jlesie, B KOMILIEKCHOH IJJOCKOCTH & MOHO ONYCTHTh
JobGaBku =id B nocaepHeii GopMmyne M HanHucarthb CHMBOJIHYECKO®
PAaBeHCTBO

G (91, Gor &) = —iGg(qy, Gar £a) e i (u—s), (32.8)

KOTOpO€ O3H4uaer, 4To JJaf [oJy4YeHHs ¢Qypbe-o6pasa BpeMeHHOH
$yuxuuy I'pyUHa JOCTATOUHO AHAJUTHYECKHU TIPOJONIKHUTL Qypbe-06pas
TeMnepaTypHo#d @yHknuu I'puHa B Touky e, = i (4 — &). Bosmoxk-
HOCTb M OJHO3HAYHOCTb TAKOrO NPOJOJIKEHHS TapaHTHPYIOTCH HajiH-
ypeM GeCKOHEYHOH MOcC/ie0BaTeIbHOCTH Touek onpefesenus Gy (g,),
uMelonell TouKy crymieHis Ha Geckoneunoctu. Ilosioca anaanTHue-
cKoro npofosikeHus GyHkuui G (g,) Aaw0T OJHOBPEMEHHO M MOJIIOCA
¢yuruuu G (g). Taxum o6pasoM, B TemmepaTypHHX pyHKuuaX I'puHa
COZlepXKHUTCA BCA HeoOxoAumas HHDopMaluHsg O PaBHOBECHOH cucreme
MHOTHX YacCTHIL.

32. 4. OcraHoBHMCA Ha BOTNPOCE O TPEACTABJCHUU TEPMOAHHAMU-
YecKOoro moTesnuana {2 c MOMOLIbIO TeMnepaTypHBIX ¢yHKuui ['puna.
Takoe npejcraB/jenye jaeT BO3MOXKHOCTb IIPOBECTH 3(DpeKTHBHOE CyM-
MHPOBaHHE HOJAJCKANINX YUYeTy JHATPAMM TEOPUH BO3MYUIEHHI.

IMpoBoxyiMoe fajiee pacCMOTPEHHE COBNANAET B OCHOBHBIX YepTax
¢ pacuerami, cofepxauumucst B § 15 u 19. 3amMeHuM raMHILTOHHAH
B3aumogeficteust A’ Ha A’ n npopuddeperunupyem 1o A cooTHoIIE-
HHe

Q= Qy— 3= In (S,

yuYuTHBasg, yto $, ¥ oOKJajAxy omneparopa S He 3aBHCAT OT A. DTO
naet

a7 PBo (Se

Q (0S/OM ¥, (32.9)

Jaunee, 8
%; Fdx T {exp [~ A é agH’ (B)]} =

By

&

= g dp T [H (B) S (Bo)}-

QOueBH/JIHO, YTO IPOBEJCHHE NONOJHHTEJBLHOH XPOHOJOTH3AUUU HOJ
3HakKoM T-Npou3BeJileHUsT He MeHsieT pesyJjbTaTa. TakuM o0pasoM,
¢ yuyeToM Q|j—o= €, MOXKHO HaNHCaTb

1 Bo
o L (T[H B)S Bo)])o (32. 10)
Q=9+ fdxof dp LBt
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OGo3Hauass TOJLIHTErpaJbHOE BBLIPAXKEHHE B 3STOM COOTHOIIEHUH
uepe3 Q ¥ IpUMeHsIs METOJ, NPHBeAHIl K ypaBHEHHUIO (32. 2), noaydyum

Q) — Sp[&H, B)]
Sp(®

JanpHefimue pacCyXJeHHs TakKHe 3Ke, uyTo H B pasjerne 15. 3.

EjpuncTBeHHOE OTIIHYHE COCTOHT B 3aMCHe Oneparopa [ -5- Ha

d
J— ﬁ —_— H,
ypaBHeHHsI ABHKeHHs oneparopa P, (I)

(_‘E_ ¥, () = [H —pN, ¥, (D]

BO3MOXKHOCTb KOTOpOﬁ BBITECKACT H3 COINOCTABJICHHS

niun (ﬁé = f,) ‘
(g5 T R) 0 = 2 dg, V@, g) %7 AN, (1D ¥, (1)

¢ ypaBuenueMm (3. 28). Tlosromy BesuuuHy ( MOXKHO BRIDASHTb TOJBKO
gyepes OlIHO‘{aCTH‘{HYIO PYHKILHIO FpHHa

Q) =—-; | da lim laﬁw T—(1+ 2 W]x

X 1G (I, 1I) — G, (I, 1I)].

Jlanee, Xak ¥ NpH KBAHTOBOMEXAHNYECKOM pacCMOTpEHHH, pas-
garaem S (f) mo HopMaabHLIM npoussefeHusiM (§ 14), nomacraensem
9TO pasJjoxeHue B ypaBHeHue (32.2) u BBOAHM TeMmepaTypHBIK
maccoBbiii onepatop M (I, Il), KoTopelll OnHCHIBAETCSI AHATPaMMaMK
TOTO K€ THHa, 4To M aHajoruupasi sejuuwna opu 7 = 0 (§ 19).
B pesyabrare OpUXOAHM K TeMIepaTypHOMY aHajor'y ypaBHEHHUA
Haficona, umetoniero B AudpepeHnnasbHol ¢Gopme cJEAYIOMHHA BHI,

(dﬁ+u+r+w>0(1 11) = [d 11 M (1, 1) G (111, 11), (32. 11)

rle BBeleHO 0GO3HAYEHHE 5dI = \ dq]j dp,. HWcnonssys ~mnoay-

YeHHOE ypaBHEHWE, HMeeM OKOH‘{aTeJIbHO 127, 1301
1

Q= 9,,+% J%”- {Jd 1d 11 M (1,11)G (II, I)—
0

41 lim AW G, I)—G,(I, ID)l.  (32.12)
T BoByst J

§ 33. NPUJIO)KEHMSI K TEOPHHU MJIA3MbI

33. 1. PaccmoTpuM HEKOTOpbie BONPOCH AMHAMMYECKOH TEOpHH
n/1a3Mel (MOJHOCTBIO HOHHW30BAHHOIO I'a3a, COCTOAMIETO H3 3JIEKTPOHOB
d, JJisi ONpeleIeHHOCTH, TpPOTOHOB). IlepeBectd OCBIYHBIA BOLOPOA
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B TaKO€ COCTOSHHE MOMNHO Das3/HYHBIMH CIOCOGAMH, NMOABEpras ero
160 CHJIBLHOMY HAarpeBaHHIO, JHOO CHJIBHOMY CXKaTHIO (§ 6). Mu
OCTaHOBMMCS Ha ciydae I‘Oupﬂ‘{eﬁ njasMel. Ilpu sTom TeMnepaTypa
NJasMel JIOJKHA 1O KpaiiHed Mepe COBNAJaTh IO MOPSJAKY BeJHYHHBL
C HOHM3AUHOHHBIM MNOTEHIHAJOM BOZOPOAA

kT ~ e¥a,. (33. 1}
OrpaHH4HBasich cilyd4aeM cJa6oro B3aMMOJACHCTBHS, MOJOXKHM (§ 1)
. o

CiieloBaTenbHO, MBI PACCMATPHBAEM CXKATYIO CHCTEMY C KYJIOHOBCKHM
B3anMoziedcTBreM. B § | yke mojuepkuBasoch, YTO TaKasi CHCTEMA
B OOLIYHOM CMBIC/IE CJIOBA SIBASIETCS Pa3pereHHOI.
2/3
U3 ycnosuit (33:. 1) u (33. 2) caenyer, uto napamerp MQk_T’
NPeACTaBSIONHH OO0 OTHOIIEHHE IPAaHHYHON SHEPrUH 3JEKTPOHOB
K HX TEILUIOBOI SHEpPrHH, MaJ 10 CPABHEHHIO ¢ efuHHLel, T. e.

2/3 )

0¥ - agkT e? \2 <1

MET e? dkT :
OT0 HepaBeHCTBO TeM GoJee CNpPaBELNMBO AJs MPOTOHHOIO rasa.
ITosToMy ¢akTHUECKH MBI MMEEM Je]I0 C CHCTeMOH, MOAYHHSIOmENHCs:

GOJIBIIMAHOBCKO#H CTATHCTHKE, T. €. YHC/A 3aTIOJHEHHs yDOBHEH ciie-
AyeT CYHTAThb MaJbLIMH N[O CPAaBHEHHIO C €XMHHIEeH

n, = exp [ﬁ (P«'— Ev)] & 1, ) (33 3)

a XHMHYeCKHMH MOTEHUMAJ] P — GOJBIIAM N0 aGCOMIOTHOH BeJHYHHE
H OTpHUATELHBIM.

BBHAY OZHOPOAHOCTH H 3JIEKTPOHEATPANBHOCTH (B 11€JIOM) MJIA3MbL
4JIEH NIPSAMOTO CaMOCOI/IaCOBAHHOrO B3aUMOJEHCTBHS B NMpPHOIHKEHUH
XapTpn — ®oka moJiHOCTBIO Bhimagaer. YUTo ke Kacaercs Majioro
OOMEHHOTO CaMOCOTJIaCOBAHHOTO YJ€Ha, TO €r0 HETPYAHO MOJYYHTh.
u3 coorHouwienus (30. 10), ecau ¢ yuerom BoipaxkeHus (33. 3) MOJOKHTL

¢ = exp [P (n — p?/2M)].

Orciona
1 2
C =— 5 Sp(We) =V g5z [ M2, exp (2By,) +
-+ M exp (2Bu,) |

—_ %[y g 2<; J_>]

Qy = 1 e vV 33.4
0 B [ 8 ﬁ Q M(p)+M(e) ‘a ( )
TAE W, o) — XUMHYECKHE MOTeHIHann; My, o — Maccel; Q) =
== Q(¢y — IJVIOTHOCTH COOTBETCTBEHHO NPOTOHOB U 3JIEKTPOHOB. 3JeCh
NPHHATO BO BHHMaHHE TO OGCTOATENBCTBO, 4YTO OGMEHHBIE 3(PHEKTHE
HY>KHO YYHUTBIBAThb B OTAEJNBHOCTH [J/1fi 3J€KTPOHHOTO U NPOTOHHOIO
pacnpejiesieHHi.
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JyHaMuueckass TeOpPHst MJa3Mbl cO cJabblM KYJOHOBCKHM B3aH-
MOJEfiCTBUEM, YUUTHIBAIOMIAS KOP PeslilMOHHOE B3aNMOJACHCTBHE MEXKAY
yacTHIAMH, CTPOWJAach paHee c nomouipio Merofa Jle6as — Xiok-
kesst [4]. Dror meron BkawouaeT B cefda NpoLEAypy CaMocorjaco-
BaHHs, HMEIONYIO HesCHY10 objacTe npumeHuMocTH. Jlonesas teopus
nJasMbl pa3BuTa B pa6Gore [131]. ®usnueckue BeJHYHHBI, B YaCTHOCTH
TePMOJMHAMHYECKHH MOTEHLIHAJ, NpPeACTaBJsIOTCS B 3TOH TEOpHH
B BHJI€ PA3JIOKEHHH, KOTOPBIE CXOASTCS TEM Jiyullle, YeM MEeHbILE Imapa-
merp o. IIpH 3TOM IVIaBHBIH 4/iCH Da3JIOKEHHH COBIIaaeT C Bbipake-
HHeM, HOJYUYeHHLIM 1o MeTony Jlebas — Xiokkeass. Takum oGpasom,
[0J1eBAsT TEOPUS TJ1a3Mbl OOOCHOBLIBAET, YTOUHSIET H YKa3bIBaeT rpa-
HMIbl TPUMEHHMOCTH MPEXHHUX DEe3yJabTaToB.

=
e
I l:

0

<>

Puc. 67

33. 2. BoiuMCaAMM IJIaBHBIE WiIEH KOPPEJAIMOHHON YacTH TEPMO-
JAMHAMHUYECKOTo MoTeHunHana. VICXOfHBIM NYHKTOM CJYXKHT TOT (akr,
4TO MJja3Ma co cJalblM B3aUMOJEHCTBHEM MEXKAY YacTHILAMH Npel-
cTaBaser coboil cxkarylo cucTemy. IloaToMy aHanus TemiepaTrypHBIX
JMarpaMM TEPMOJAMHAMHYECKOH TEOpHH BOSMYIIEHUH, aHAJOTHYHbIN
B OCHOBHLIX U€pTaX aHa/H3y, NpOBeJeHHOMY B § 16, IpHBOAUT K TeM
e pesyJbTaTaM: Kak U BO BCAKOH CXKaTOW CHcTeMe, B NJjiasMe Hau-
6oJiee CYILECTBEHHB! JHArpaMMbl, COJEpIKallie MaKCHMaJibHOE YHCJIO
3aMKHYTBHIX TNeETejib M HMElouiHe eAWHBI Majblil nepefaBaeMblii HM-
nyansc. Ilopsexamue yueTy 3aMKHYTblE JHArpamMMbl BaKyyMHbBIX
MepexoioB, OTBEYAIoHe TEPMOAHHAMHUECKOMY MOTeHHHaLy £ (cMm.
§ 31), usoOpaxkensl Ha pHc. 67. Takue AnarpaMmbl Hy:XHO paccMat-
pUBaTh B OTAGNBLHOCTH J1s1 3JIEKTPOHOB M INIPOTOHOB.

Hanbuefinee paccMOTpeHHEe IOBTOPsSET BHIKJAJKH, NPOBEIECHHLIE
B § 25 u 27. BBomum 3(pPeKTHBHBIH MOTEHIHAN B3aUMOJEeHCTBHS
v (I, II), cBA3aHHBI ¢ HCTHHHBIM KYJIOHOBCKHM IIOTEHILHA/IOM YypaBHe-'
HUEM ,

. e2 . 2
V(I 1) = =8B, —By) + [d1IdIV

r

X0 (B, — B,) TT(IIT, IV)y (IV, II), - (33.5)
rJe HOJIHpHS&IlHOHHbIﬁ onepaTop I1 onpeﬂenﬂe"rc;l COOTHOHICHHQM
I (I, [I) = iG, (I, 11) G, (11, T). (33. 6)
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MaccoBuifl onepaTop CXKaToH CHCTeMbI CBsi3aH ¢ 3(QMEKTHBHHIM NOTEH-
ILHaJIOM Y MPOCTHIM COOTHOLIEHHeM (cM. § 25).

M, T =i [y, II)~f—;6(ﬁl —Ba)| Go(L, 1), 33.7)

IloacranoBka 3Toro cooTHoWen sl B Bhipaxkenue (32. 12) u yuer coot-
HOleHHst (33. ) Jaer caefyiomee BblpaKeHHe IJs TEPMOIHHAMUYE-
CKOTO TIOTEHI[MaJa: :

1
1 dx r 2 ’
Q— Q=4 S-jdran V(LI —-=8(8,—By)| x
4]
< T (I, 11). (33.8)
I_Iepeonﬂ B HUMIIYJbCHOC npeacraBJeHue ¢ YUETOM H3J0XKEHHEBIX

B § 31 u 32 npasus, nonyunm
1

Q—0,—£L [ [ W[y (b o) —
) 0 n

— 2111 (R, ). (33.9)

3necy I1 = I(p) + I,y (MHAGKC p OTHOCHTCS K NpPOTOHAM, € —
K 3JICKTPOHAM), ‘
33. 3. Bpbiunc/iuM MoJsiPH3AIMOHHBIA omepaTop

H(Ea wn) = __B—ogj dsp 'EGO (;9 Sn) GO (; +—]%’ €, ’w[_ mn) *

IloacraBasist ciona Bhipaxenue (31. 27), Ges TpyAa HAXOAHM HHTErpaj
M0 TPEXMEPHOMY HMIyJbcy. UTo e Kacaercss CYMMHPOBaHHA IO

yacToTaM, paccMarpHUBaeMyl0 CyMMY YJIOOHO CBECTH K KOHTYDHOMY

HHTerpanay, BBOAst dyHKuHIO tg <Q)Tﬁ°), UMEIYI0 IOJICAa B Tex

TOYKax, MO KOTOPBIM NPOBOAMTCS CyMMHpoBaHHe (puc. 68). Torza
MOXKHO Hanucartb (&; — nogioca GpyHKUuH )

o (o) = — 5 Ywef (e) o tg S0

i

HecnoxHoe BLiyMcJaeHHE AaeT CJaelyrouee BhipaxKeHue JJis NoJsApu-
3aHOHHOTO omneparopa:

> >
-> | 2 __ k)2

T (k, o) = — 5 | d*pry— ”(9 "’j)g . (33.10)
. [_P_—_2/i’i__] +o?

315



>
ITpu |Majbix 3HaYeHHAX Kk U w/k — 0 nmeem

I (0) = I (0) 4~ ) (0) = — B [Q¢e) + Qi) (33.11)

B coorBercTBHH C pe3yJbTaTaMH § 27 3TO NPHBOAMT K Jie6aeBCKOMY
3KpaHUPOBAHHIO KYJOHOBCKOro InoreHnnana. CoOOTBETCTBYIOMHUE pa-
auyc R, mpocTo CBs3aH C MOJMSPHU3ANHOHHBIM ONEPATOPOM

W=~ 4meII(0). (33. 12)
Ry
Ipexncrasasst cooTHomweHue (33. 5) B Buje
> 4me? 4102 > W1 —1
Y (kv mn) - %[1 - %H (k’ wnJJ ’

Puc. 68

HaxoJAuM, 4TO B TOUYKe

of = 4 [ﬂ 4 &] & (k- 0) (33. 13)
My~ M

3(EKTUBHDIN [OTEHIIHAJ Y HMeeT IoJioc. ITO CBHJIETEJIbCTBYET O Ha-

JUYHHM HOBOH BEeTBH CIHEKTPA BO3GYXKACHUH MAapHOro THNA — MJia3MeH-

HbIX BOJH (cM. § 27 u 28). :

[epexonsi K BHIUMCICHHIO KOPPEJALMOHHOH YacTH TepMOAHHAMH-
YeCKOro MOTEHIHaaa, HOACTABMM B cooTHouleHHe (33. 9) BeIpaXeHHs!
(33. 10). HecnoxxHoe BblY¥C/ICHHE, aHAJOTHYHOE IPOBEJIEHHOMY BhIIIE,
Jaer

, e
Q— Q= — =/ e (e + Q) (33. 14)

310 BeIpaKEHHE IO YUAETCS | ¢ ToMollbIo MeTofia JleGasi— X toKKeJIst.
OTHOCHTeNbHBIH BKJaJ KOPPENSHOHHOrO ujleHa B {2 uUMeeT HOpsiloK
%2, HeaHanuTHuecKMil XapakTep 3TOH BeJHYHHBEI, KaK (QYHKUHH O,
JiesaeT HEeBO3MOMKHBIM HCIOJIB30BAHHE B JaHHOM CJy4Yae HECKOJbKHX
IEpPBLIX UJIEHOB psAia TeOpHH BoaMyiuenuid. CyMMHDOBaHHE UeNOH
TIOC/IEIOBATENBHOCTH TAKHX UJICHOB 00513aTeJIbHO.
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B pa6ore [131] 6bl1M BbYHCIAEHBI H NOCJAEAYIOUHE YJEHBI pas-
JIOXeHHua 2, umeouire nopsaaok af Iln a. Mbl orpaHHYHMCs mpHBee-
HHEM COOTBETCTBYIOIIUX Bhipaxenuii npu kT < e¥/a,

2 —_—
Q—Q) = — = V nped (Z2q + 0@)*? +

4+ 2B (Zw — 0w)* In (1/BeRy) + 0 (a?)  (33.15)
nonpn AT > Z%%a,
- FFy=— =V ABeS [Z(Z + 1)J¥2g" +
7 ml/2 A
+ -5 232 — 1) p%’@In <[3]/—2x) + 0 (a?). (33. 16)

3pech © u F — TepMojMHAMHUECKHH mMOTeHnuaa U cBOGOJHAS 3HEp-
THsl COOTBETCTBEHHO, Q) — IVIOTHOCTH HOHOB, Q) — ILUIOTHOCTH
3JIEKTPOHOB.



NPUJIO)KEHM A
A. BbIYHCJEHHE CPEJHUX 3HAYEHWH OMNEPATOPOB

A. 1. B npeicTaBieHHH YKCEN 3aNOJHEHUS CHJIbHO O6JeryaeTcs 3a1ada BeYHCIIE-
HHSA CPeJIHUX 3HAYeHHI OMepaTopoB No cocTostHuo ¥y, OTBEYAIOUIEMY OAHOUACTHUHOMY
apubIHKeHni0. B oramune o kORGHIYPaUKOHHOFO NPEACTABIEHHS, TAE AJS pPelleHus
3TOH 3ajayd [PHILAOCH Obl IPOBOAMTH I'POMO3JKHE BHIUHC/IEHHS ¢ JETEPMMHAHTAMH
Crefitepa — Poka, B npeiCTaBIeHHH YHCEJN 3aNOJHEHHS BCE CBOJAHTCH K HCIIOJIb30-
BAHHIO MPOCTbIX MpPABHJ IEPECTAHOBKH ONEPATOPOB POXKJAEHHS U YHUUTOMKEHHMS.

Haurem ¢ paccMOTpeHUsl n-4aCcTHUHONA MATPHILL IIOTHOCTH, ONpEAeTaeMOol COOT-

HOUIEHHUEM

R(gr- - qn gy 9p) = (W] 97 () - .. 9(q7) X

XY ) - ¥ @) o). (A D
Tloacrasnss cioja pasjoxenss (3. 9), noayunm
* N - * ’
R:Z Xy (‘7!)' c e Xun (qn) Xv, (9. .. Xvn (9n) Am S . 7
uw, v
rae
— -+ +
A g ve v, = (Yol AT AMAVI...AV”)‘P”. (A.2)
Ilpu Beiuncaenyn A, CTeyeT KMeTh B BUAY, UTO BCJAEACTBUHE COBIAZEHHS 11PaBoil
U JeBoH OCKJIAA0K STOTO BLIPAXKEHHMH COCTOSIHMA VHHUTOXKAEMBIX 4aCTHIL (V4. . . V)

JOJI3KHBI COBIAZaTh B COBOKYIHOCTH C COCTOSTHUSAIMH POXKAAIOMMUXCSH HACTHI (Uq. . & fp).
Kpome Toro, mockoiabky cocrosiaHe ¥, oTBeuaeT OAHOYACTHYHOMY MPHOJIHKEHHIO
H YAOBJETBOPSET YCJAOBHIO (4.6), BO3HHKAWN{He NOJ 3HAKOM CPeXHEro ONepaTopbi
YHCeJl 3alI0/JHEHHS M, MOXKHO 3aMEHHTb HX COGCTBEHHBIMH 3HAUEHHSIMH M., ’
BbiuncanM HeCKOMBKO npoctedmux dyukuuit Ay,. Tpu n = 1 nmeem

Ay = (Wol 1y [ ¥o ) Sy = npbuye

Ilpn n = 2, yyutelBasi ABe BO3MOKHOCTH ({ly == Vi, by = Vo H Mg == V,, [y = Vy)
U TepecraBasis B KakK/JOM cayyae oneparopel A # A+ Takum 06pasom, 4TOOk BOZHAKJIK
COOTBETCTBYIOIIME ONepaTopbl UHCEJ 3aloJIHeHUs, Haijem

(A. 3y

Al_huz, V1V = ﬂ\hn\’z (6111\’16“2\72 - 6”1\’2 5Mz\’l)~
B o6iuem cayuae, Kak MOKHO MOKA3aTh O HHAYKLHH, HMeeT MeCTO COOTHOLIeHHe

A_u, N A I iy, . ”vn det l 6uivk l , (A. D
rae det — aerepmmuant, nocrpoenunii u3 §-cumsosoB (i, k=1, 2...n).

Bo3Bp awmasch K BRIPAXKEHHIO AN MATPULEI IJIOTHOCTH, MOXKHO C MIOMOUIbLIO BhIpa-
weudst (A. 2) sanHcats gaa n = | . ’

R (a5 q1) = 2 nyxv (91) 2y (90), (A.5)
v
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s n== 2
R (a1 92 10 92) =R (90 1) R (920 9:) — R (41, 93) R (4. 7). (A 6)

B ofmem caydae n-vacTHYHAs MATPULA NJOTHOCTH NPEACTAB/AETCS B BHRE JAETEPMH-
aHTta, NOCTPOEHHOTO U3 OJHOYACTHUHBIX MATPHIL, '

R(qy - o a1 - - 0,) = det| R{q;, q3)]. (A.7)

Bo3sMokHOCTL CBeAéHHS MATPHIE! IVIOTHOCTH BEICLIETO MOPAAKA K OJHOMACTHYHBIM
LeJHKOM 00yc/oBjeHa BhiGOPOM OJHOMACTHUHOTO NPHOIHKEHHS,

Beipaxkenne 275 MATPHLB! TIOTHOCTH BRICUIErO [OPSKA MOKHO MIPHBECTH K BHAY
TIPOCTOrO MPOM3BEJEHUST OJAHOYACTHYHKIX MATPHUI MJIOTHOCTH ITyTeM BBEIEHHS Omepa-
TOPOB MNEPeCTaHOBKH Koopauuat ¢ (cm. § 1). i ABYXYaCTHHHON MATPHIBI [L10T-
HOCTH T0JYy4YaeTcs BhIpaXKeHHe

R(q1, 99 41 @) = (1 — 51, 5) R (a1 91) R (a2 42). (A. 8)

“ne Muziekcr y onepatopa ¢ 0603HaUAIOT MepECTABIEMELE KOODAHHATH (7 nmefictyer
Tojbko Ha KoOpAMHAThl Oe3 wWTpuxoB). s n = 3 Herpyano nafit

H

R (‘71» qs 93, ‘/1" qé' ‘73) ==
=(1 = ) (1=F1, 35—, 3) R (a1 91) R (92 03) R (95 03). (A. 9)

AHaJIOTHYHHM 06Pa30M MOXKHO IPEACTABUTL MATPHLBI IUIOTHOCTH BHICUIErO NOPSIAKA.

A. 2. Tlepexopum K 3anaue O BLIYHC/IEHWH CPEJHHX SHAUEHHI ONMEpPAaTOPOB IO
cocroanmio ¥,. Cpejnee 3HaueHHe N-YAaCTHYHOIO ONEPATOPA O, B IIPEACTABICHHH
4HCeJ 34rOJHEHHS HMeeT BHA

1 .
(¥ola,| ¥y ‘—“:—n!“jd[h codgy (Yol %t (gn) ... Pt (gy) X

Ih...qnlp(ql)---"p(qn)[‘yo>,

Tje HHAEKCH y oIepartopa @ 00603HAYAIOT NepeMeHHble, Ha KOTOPHiE OH JeHCIBYer.
OTOT ONEepaTop MOKHO BLIHECTH H3-TIOJ| 3HAKA CPEQHEr0 H CBECTH TeM CAMbIM DAac-
CMaTPHBa€MOE BhIpAXKeHHe K MaTpulle IVIOTHOCTH. /IS 9TOro MCMoJb3yeM TOMXAECTBO

bigy. .. ‘7n)aq1 Cgy =
Ej'dqi dq;lé(ql——q;) . 6(qn——q;l)aq, . qnb(q;... q;),

TNO3BOJISAIONIEE TIOMEHSATh MECTAMH ONEPATOPH! IIOJS H @. OTCIO}Ia

X a

1 » ’ ,
(¥olan| ¥ :Fjdql ... dg,dg ... dg, X

X8(q—a)...8(s,—q,) @, .an(ql ey 4y G,) (A10)
B YAaCTHOCTH, MOXKHO HANHUCAThL
(Wolay|¥y) = [ dg; dq;6 (9, —q;) @, R (9, 47) =
=[dg lim a, R (g, ). (A. 11)
979

HMHbIMK CIOBAMH, CIElyeT CHAYANA TOAEACTBOBATE ONEPATOPOM Ha MATPHIY IJIOTHOCTH
H JIHLIb TOTOM IOJIOKHTB ¢, = ¢). Jl1a AByX4acTHYHOrO Oneparopa HMeeM

1 .
(¥olag| ¥o) :Tj.dlhdf/z . lim a4, %
. 9, 979, 2
X (1 =) R (95, 97) R (95 93)- (A. 111
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Baenem OIepAaTOp 3aHOJNHEHHS Q, OnpelessieMblil yCI0BHEM

R(q.9)=1e¢d (9 —9").

Toraa seipaxenue (A. 11) moxno nepenucaTh B sHIe ,
(Wola | ¥y) = j.d‘h d‘hé (‘11 —‘71) aquqlé (41 — ql)-

Ho 6 (‘71 — ‘71) NpeACTaBAAeT COOOH BOJHOBYIO (YHKLHIO B KOODJMHATHOM Npej-
CTABJIEHHH COCTOSIHMA C OTpPEJENEHHBIM 3HaYeHHeM KOODAHHATH, paBHbiM g;. [TosTomy
BEIpaKEHHE ydqlé (‘71 — ql) agd (g, — q;) SIBJSETCS JAHATOHAJbHBIM MATPHUHBIM
3JIeMEHTOM Oleparopa ag, a Nocielylollee HHTETPHPOBAHHE IO q; J4eT CYMMY TaKHX
MaTpPHUHHEIX 3JE€MEHTOB, T. e. nyp * oneparopa ag

(Wo|eay | ¥y = Sp (ag). (A 12}

1.
(Wolas|¥o) =5 Spag, (! — 1 2) Q4,241 (A. 13)

Anajornuso

H T. A. :
A. 3. Hcnonb3ys CBOACTBO HE3ABHCHMOCTH LiNypa OT Bbiopa CHCTeMbl GyHKLMI,
npuBefem Bupaxends (A. 12) u (A. 13) kK BUAY, yIOGHOMY ISl IPHAOKEHHH.

BrifepeM B KauecTBe CHCTeMB! (QGYHKHMH HHIAHBHAYaJbHblE BOJHOBBIE ()YHKUHH
gactui. Ha ocnose cootHowenus: (4. 9) 1 onpejieieHNst MAaTPHYHBIX 3JIEMEHTOB MOXKHO
HaNACaTh

(Wolay [ Wo) =D ny (v]a|vy, (A. 14)
v

1

(¥olog| Wo) =— D) nuny (Wl (L=, o) [wv) (A 15)
uv

H T. A.; y'{HTbIBaH, qyT0o HepECTaHOBKa APTYMEHTOB B oéx.nazu(ax nocJeJHero MaTpu4-

HOI'0 3JIeMeHTa paBHOCHJIbHa HEpECTaHOBKe HHJAEKCOB COCTOAHHA, HMEEM

(pviay (1 —F)pv) = (pviag[pv) — (pvja|[v) .
JIpyras BO3MOXKHOCTh HANHCAHHS CPEJHHX 3HAUEHHH CBA3aHA C HCMOJb30BAHHEM
cHCTeMBl IIOCKUX BOAH [cum. BoIpamenne (4. 20) . TIpu stom

. s
(Wolay[¥o) =Spgr ) dx [ dip (@)=, ©(A.16)
rpe wnyp Gepercst mO AMCKPETHBIM HHJEKCAM, & CHMBOJ (... ) > O3HAYAET
> > >
[ G );:exp(-—ipx)(...)exp (sz .

Eciu @, He 33aBHCHT OT ONepaTOpa MMIYJbCa, TO C YYeTOM BhipameHus (4. 18)
MOXKHO HAMHCATh
> -(—) >
(Wola|¥o) = ipcrj dx 5 d3payf \x, P)~
B ‘ofmem cayude, mojaras @&; == @; \x, V), HMeeM

<019>;=exp(—i; ; al(;, Vx)eXp(iZ;)f(;, Z),

oTKyzZa ** -
o> > > > >

(¥olay| ¥y) = Sparj dx ) d*pa, (X' Vi ip) f(X, p), (A. 16%)

* HamoMHHM OCHOBHBIE CBOHCTBA LINYPa Onepatopos. Bo-nepsoix, €ro BeJHYHHA
He 3aBHCHT OT BBI6OpA CHCTeMbl (YHKUHM, HCHOMb3yeMhIX IPH €ro BbIYHC/IEHHH.
Bo-BTOpHIX, [0J 3HAKOM LINYPa JONYCTHMA LHKIHUECKAs NepecTaHOBKAa ONEepaTopoB-
COMHOKHUTeNeH.
*# 3nech M (JAKTHUECKH BOCTOJIb3OBaJHCh TeopeMoli JleliGunua o mupdepen-
UUPOBAHUE IIPOK3BEiEHHA
[ (V)a (@) b(x)=f(Va-+ Vo) a(x)b(x)

rae Vg, p HeliCTByeT COOTBETCTBEHHO HA & (X) M b (x).
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rie Vx JefiCTBYeT Ha QYHKUHIO pacupejeeHHs. Ecm{ B qacrﬂocrn @, He 3aBHCH

orT x TO B 3TOM COOTHOLIEHHH MOXKHO 3aMEHHMTb Vy - Lp Ha lp (310 JMerko mposepuTh
HHTErPHPOBAHHEM IO YACTAIM).

CootpeTcTBYIOlEE BHIpAXKeHHe NJIs ABYXYACTHUHOTO CPEAHETO Ml NMPUBEIEM JIA
Cayuast, KOrjla ONepaTop @, 3aBHCHT OT HMITYJbLCOB JIMINL B KOMGHHALHH (Vy,—

- sz)/Q'
1
(Yolay|¥o) = 2 SPo,1y, 0ata X

X ‘j dxl dxy 5 d3p, d®p, exp [“‘ (Pl Xy -+ szz)] a:0, ¢, x
. f(@)f(f) exp [l (ﬁlxg -+ ;2;:” }

X { exp [i ;1 ;1 "r;;;z”
HJH

1
(Wol0y|¥o) =—5SPo,v, 0,0, dF) day § d9py d9py
{ f(a)ﬂa(r)eXP[ (PL*Z%) (;1 *—;2)]} X
' i (py — vV, —V
o R A R N A T e

. L >
Ecau a, asasierca npocto GyHkuued x4, xy, TO

I .
(Yolaa| o) = 5 deydvy | dop, a3p, %

X {gz‘*g exp [i (;1 ”‘7’2) (;1 —‘;2)“ X

> o> > > > >
X Qs (xlr xz) 7 (xb Pl) f (x2, Pz)v (A.17%)
rjie g = Spgrg (1) — dakrop BHIpOKIEHHS.
Hakoren, ecti B KauecTse cHcTeMbl (PYHKUHA BO3bMeM (DYHKIHH C O pEeeHHbIM
3HaueHHeM KOOpAHHATH O (¢ — ¢’), Mbl BepHemcs K coorHolrenusim (A. 11), (A. 117).
TIpHXOAHTCA CTANKHBATBCA TaKXKe CO LHNYPOM JBYX4aCTHYHOrO oleparopa,
KOTOpLI Gepercs JHIIb TO OJHOMY M3 HAGOpPOB NepeMeHHBIX

S=Spg,[@:(1 - e,]=

= [ dgydgpd (95— 92) @ (1 — &1, ) R (420 93)- (A. 18)
Hicnonbayst smipakense (A. 5), MOXKHO Hamucarth

S= Z ”vjdqz Xy (92) @ (1 — & 9) Xy (92)-
v
Peayanrar feficTeust 37010 oneparopa Ha GYHKIMIO X, HMeET BHJ
| Stu (@) = 2 1y [ a5y (39) X|
v

Qs X {Xy (§2) %y (92) — Xw (1) X (92)}. (A. 19)

3anuimem omepatop § uwtpes (YHKUHIO pacmpefielieHHs, COXPAHAS NpeXHHE
APEANOJNOKEHHA O CTPYKTYPe OIepatopa @,. IToCKoJMbKY § MOXKeT 3aBHCETb OT Ome-

> >
paTopa HMIYJbCa, PACCMOTPHM Pe3yJbTar ero JeHCTBHS Ha exp (Ipixy):
> >

Sexp (i;1;1) = Spg, <, 5‘ d;2 f d%py exp ( — ip2x2) X
> > 1

x d2 (11—, 9) e, exp [ (plxl + P2X2)
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HpOBOlISI TaKHe Ke BBLIKJAAJAKH, KAK U IPH BbIYHCJEHHH CpeJlHero, HaxoJaum

Sexp (i;r—;l) = Spy, 1, Jld;.z J'd3p2 X
- ’
X {‘12 [ Zl' ;2’ _7 (sz + l—:l;‘l)] f (-;)27 ,;: +‘;2) - ﬂ?(c)f(r) Ded

[;) > > )J > > 1 > > > > > >
X €xp [Ipg (xl Xyl Oe| Xy, Xe, (Vx, + ’PZ) f(xl, P1 +p2) exp (lplxl)-

) > >
OxoRY4TeNbHO B CHMBOJHMuECKOH (hOPMe, 3aMenas p, Ha OUEpaTop HMIyJbca p,
MOZKHO 3andcarthb

] 1
§= Spo'z'rz j‘ d_;zj d%p, {az [;lv ;m Y (sz + [F)’z) ] 7 (;2’ ;2 +;) -

AR U A PN FAR S U] Ve

(A. 20)

A. 4. Heckombko GoJee clioxnyI0 3a1auy NpeACTaBAseT COG0N BHIUHCAEHHE cpen-
HETO 3HAYEHHS IIPOH3BENEHUS ONepaTopoB. PaccMoTpuM mpocrefiluie NpHMeEpLl TAKOTO
pona.

Ilpoussesenue omepatopoB aff Bcerja MOXKHO NPENCTABHTb B BHe IOJYCYMMBI
ux kommyratopa [«, f] n anmtukommyratopa {@, P}. Haunem ¢ Bolumc/enus -cpej-
HErO 3HAUYEHMs KOMMYTaTopa. KoMMYTaTOp ABYX OJHOYACTHUHBIX OIEPATOPOB G U P,
K3K HEeTPYJAHO IIPOBEPHTb C NOMOLIBIO NpapuJ kommyTauuu (3. 10), npeacrasaser
coBoif Takxe OJHOUACTHUHBIA oNepartop

; (o1, Bi] = [ dg $*(q)a. B] ¥ (g).
Orcioaa ¢ nmomoupio Beipakenus (A. 12) naxognm
(¥ollon, Bil! ¥o) = Sp(la, b]e). (A.21)

Hemose3yst BOBMOMHOCTD LHKJIMMECKON MEPECTAHOBKA COMHOMKUTE/eH MOJ 3HAKOM
LImypa, MOXKHO IlepenHcaTs HX B BHle abg — agb= a [@, b]. Ilosromy, ecnn opuu
H3 OIIepaTOPOB KOMMYTHPYET € @, T. €. CJIH OTBEeYaKoL[asi eMy BEeJHUHHA ABJSETCS HHTe-
TPalOM JXBHXKEHHs, TO COOTBETCTBYIOUlee CpejlHee 3HAueHMe OGpAIAEeTCs] B HYJb.

AuanorduHo KOMMYTATOP OJHO- M JABYXUYACTHYHOLO ONEPATOPOB INpejCTaBjser .
Co00H JIBYX4aCTHYHEIA ONEPaTop CJAEAVIOUIEro BHAA: :

lo1, Bo] == | dg1dga (9) $* 9,y [@,, by,q,]1 % (@) ¥ (90),
(Wolles, Bol [ ¥o) =Sp {[ag,, by o] (1 =1, 2) €0} (A-22)

A. 5. TlepexofuM K HaXOMAEHUIO CPEAHETO 3IHAUEHHST AHTHKOMMYTATOPA JABYX
oneparopos. PaccmMoTpuM CHaYana aHTHKOMMYTATODP ABYX OXHOUACTHYHBIX ONEPATOPOB

(Wol{ay, P} [¥o) == [dgrdgy (ol {W*(g1) @P (q1)5%* (92) DY (92)) [[¥o ).
Broast §-byHKIMH, TPUBOAMM 5TO BHIPAKEHHE K BHAY
Vg, dg, dqy dgd (9, —a7) 8 (95 —45) (@5,b4, + 4,b,,) X
X (Yol ¥+ (41) ¥ () ¥* (92) ¥ (95) | ¥o).-

durypHpyioliee 3eCb CpeJHee 3HaueHHe MOXKeT GbITb CBeJJeHO K MaTpPHLaM ILIOT-
HOCTH. JIJ1s1 3TOro nomeHsieM MeCTaMM BTOPOH H TPeTHH Omeparophl, HCMOJB3YS Ipa-
BHJIa TepecTanoBKH (3. 10). B pesyJ/ibrarte cpepnee 3nauenne mpHoGperaer BHJ

R(q1, 9 91> 92) + 8 (91— a5) R (g1, 93) =
=[(1 =1, 2) 0,0, + 15 ¢,] 0 (91 —41) 8 (9, —9)-

OTKyAa
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Bo BTOpOM ciaraeMoM KBajipaTHOH CKOOKH BBeJeH ONeparop TepecTaHoBKM, C IO-
MOLLBIO KOTOPOro 8-GyHKIHH NPHOOPETAOT TOT Xe BHJ, YTO W B NpeJblylleM Bbpa-
weHnH. Kpome TOTO, HCNO/Ib3OBAHO COOTHOIIEHHE Q* = Q.

Paccyjas Jajee TaK Xe, KaK B pasfene A. 2, HAXOJHM NOC€ COOTBETCTRY OLLel

CHMMETDPH3AIHU 10 (1, (o
(¥, (01, B} | o) = 25p (a@) Sp (6@) -+ Sp [@4,0,, (8, — €4,)* T, 2] (A 23)

B 3akJ/ioueHHe BBIYHC/IHM Cpeliee OT aHTHKOMMYTaTopa OJHO- H JBY X4aCTHHUHOTO
oneparopos. HMmeem

I : . ’ ’ ’
Wy {0, Br} [ Wo ) = [ g, dy dg; dg; dgydgzd (9, — 1) X

X0 ((12 o q;) o (q3 o qé) aqxqzbqa(sl + SZ)
Bxojsuee coofd shipamenue
Si= (¥ |+ (g2) W (1) ¥ (1) ¥ (92) ¥+ (95) ¥ (93) | ¥o)
1yTeM IePeCcTaHOBKH oneparopa P+ (q3) HAJeBO MOMeT ObiTb CBEJICHO K MATpUIaM

[JIOTHOCTH ) . o
Sy = [$2,36 (‘73“‘13) + 30 (‘73—‘73)] R (ql‘ 93, qy» [/2) +

+ R (91 92 93 90 92 93)-
Ananoruuno
Sp= (Wo| ¥+ (g5) ¥ (95) W+ (92) ¥ (a1) ¥ (9,) ¥ (92) | ¥o) =
= [#4,58 (45— 95) R (91, 43 41, 95) + F5,10 (41— a1) R (4, 930 9. 93)] +
+ R (91 4 92 91> 92 93)-
[epexons K wnypy, moJdydaem
CWol (@, By ) [ W) :-;—Sp (a,,, b, [2((0— 1,0 (1 —Fo,5)—F15) ¥
X 0,00,8, (Fo 3+ T 3) (1 — F1 5) €0, + T2 5(1—F1 ) X
X €0, -+ &1 5 (1, 5) 5,0, |-

3aMeHAs B MOCJAEJHHX ABYX CJIaraeMblX
Fy3(l—=F15) > (1 =F1 ) Ty 5 Fp (1l —Fo,8) > (1 —=F1,9) F1 s
Oy MM OKOHUATENBHO
(Wol{og, Bl [¥o) = Sp [az (1 — & 5)Q,,Q,,]50 (@) —+
+Sp [aqlqzbqa (- °731,2) Q. (¢, — Q43)2 ‘7,1,3]' (A.29)

Kax Buano M3 coorsoumenuii (A. 21) — (A. 24), cpeiHee OT NPOH3BeJIEHUsI ONEPATOPOR
OTHIOb HE DPABHO COOTBETCTBYIOLUlEMY I[IPOHU3BejeHUI0 CPexHHX. JlomojnuTesbHble
YJleHbl OTBEYAIOT HAJNHYKIO TAK HA3LIBAEMOH OGMeHHOH (MJIM CTATHCTHUECKOH) Koppe-
JSIUMH  MEXKJy YacTHLaMH, OGYCJIOBJIeHHOH aHTHCHMMETpPHEeH BOJHOBBIX byukuui,
T. e. npuHuunom Ilaydu.

B. OCHOBHbIE ®OPMYJlbl ONEPATOPHOIO HMCYHHUCJIEHWSA

~ B. 1. Ha Bcem npoTsi:KeHnu pa3BUTHS KBAHTOBOH TEOPHH IPOsBIANACH TEHACHUHA
K SIBHOMY ONePATOPHOMY NIpeJCTABJEHHIO- BEJIHUMH, BXOASAMKX B amnapar TEOPHH.
B kauectBe npHMEpOB MOXKHO Ha3BaTh oOlIHe HCC/EA0BaHHS CTATHCTHUECKOA CYMMBbi
8 KBauTOBOI Ccratnctuke [132], Teopuio pacceanns Jlunnmana — llsunrepa [133],
TeopHIo S-MarpHubl [134], CTaTHCTHUECKYO TEOPHIO MHOTHX YaCTHIL.
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ITpuunnoil nepexojia k onepaToprol GOpMyIHPOBKe ABJIAETCH, C OAHONH CTOPOHDI,
CTpeMJIeHHe K IIPOCTOTe H KOMIIAKTHOCTH, KOTOPBIMM OTJHYAIOTCS ONEPATOPHEIE BhIpa-
xennst. C APYroit CTOPOHBI, 3TH BHIPAXKEHHS ONHCHIRAIOT COOTBETCTBYIONUIYIO (DH3H-
4eCKYIO BeJIHUHHY B HaH6oJ/lee <IHCTOM», HHBAPHAHTHOM OTHOCHTEJIbHO H3AMEHEHHS THIa
npejcras/enns Buje. Hakonel, onepatopnas ¢popMyJaHPOBKA SBHEM 06pa3oM OTpa-
JKaeT TOT (AKT, UTO OCHOBHLIM DAa3JIHUHEM MEXAY KJIACCHYECKHM M KBAHTOBBIM CHO-
cofamu onucanusi 0GbeKTa sBJAETCS ONepPATOPHLIl XapakTep KBaHTOBOTO MOLXOAA.
Ornepatopras GOpMyJIMPOBKA HArJIAAHO OTPAXKAET COOTHOLIEHHS HeONpeAeeHHOCTel;
npoGaema Mepexoia K KAacCHKe (MM KBa3HKJIACCHKe) IIPH 3TOM 3aMETHO YTIPOLIAETCS
H ee pelleHHe CBOJAHTCS K NpeHeOpeKeHHIo KOMMYTATOPAMH COOTBETCTBYIONMX Olepa-
TOPOB.

Ilpocrora onepatoproli (HOPMYJHPOBKH B 3HAYMTENLHOH CTEMEHH KOMIIEHCH-
pyercst TeM, YTO ONEPATOPHBIE BhIPAXKEHHST OTHOCHATCSI K KJAcCy BeJMUHH MATEMATH-
uecKH GoJlee CJIOMHOH IPUPOJIEL, YeM OGbIYHbIe BeTHYHHB. Kak HpaBu/Io, onepatopubie
BBIPAJKEHHA TIPEACTABISIOT COO0A (DYHKIMHM HECKONBKHX HEKOMMYTHDYIOIHX JPYT
¢ Apyrom aprymentos. Ilpapusia o6paiienus ¢ TAKHMH QYHKUHAMH BeChbMa CJOMKHEI.
Onu GynyT paccMOTpennl B atoM naparpade. Mul GyfeM ciaesosarsb NpocToMy H (HU3H-
4eCKH JIerKO HHTEPIPEeTHPYEMOMY MeTOAy, NpeiJoKeHHOMY B paGore Baoxa [135].
Yro e Kacaercst APYTHX MeTOJOB ONePaTOPHOIO HCYHCIEHHS, TO HX KPATKHi 0630p
u 6ubmuorpadusa cofepxarca B paote [43]. .

B. 2. B panbuefimem GyneM paceMaTpuBate GYHKHHH T CYMMbl OIepPartopos.

Ilycts mana nekoropas ¢yHkUMs f (a 4 b) OT CyMMbl ABYX HEKOMMYTHPYIOLIHX
apryMentoB a H b. Ilo onpegesnennio, aBa onepatopa A u B cuuTaiotes GyHKIHOHAIBHO
ceasaHHbIMA [A = f (B)], ec/ii MX co6CTBeHHBle QYHKIHH COBNAZAOT, @ COGCTBEH-
Hble 3HAUYEeHHS HMEIOT Ty e (PYyHKIHOHAJbHYIO CBf3b, UTO H ONEPATOpPLI

Blpn = Bn‘Pm Alpn = f(Bn) ¢’n~

@OyHKIHSA HEKOMMYTHDPYIOLIHX APTYMEHTOB SBJISIETCS IOpasfo 6oJee CAOKHBIM
MaTeMaTHUeCKHM 00pasoBanMeM, YeM OOBIYHAS (GYHKLUHSA. DTO NPOSIBASETCS B TOM,
YTO NMPU BHMHC/IEHHAX, TAe QHIYyPHPYIOT MOAOGHBIE DYHKIHMH, 3JeMEHTAPHBIE MATeMa-
THYEeCKHE NPABHJIA OKA3HIBAIOTCS COBEPIUEHHO HenpurofuwiMi. Tak, Hanmpumep (a -
-t b)? u exp (a -} b) ornioxE He paBHE! cooTBeTcTBeHHO a2+ 2ab-- b? u exp (a) exp (b),
4 3aBHCAT M BeCbMA CJOXKHBIM 06Pa30M OT KOMMYTAaTOPOB Oliepatoposau b, -~

IMosToMy Lenblo ONepaToOPHOTO HCUHCHAEHHS SsBJsSeTcd NepehOpPMYJIHPOBAHHE
YKA3aHHBIX IPaBUJI, CBOAALIEECS K BHISIBISHHIO COOTBETCTBYIONIEH 3aBHCHMOCTH OT KOM-
MYTaTOPOB.

IIpu  nocTaTOYHO WIMPOKHX NMPEANOJOKEHHSIX O BHAE QYHKLUHH MOXKHO CUHTATH
BO3MOXKHBIM €e pasjioeHHe B HHTerpaid ®ypbe (M Jlannmaca)

f(a+b)= [ drfrexp[r(a+ b, (B. 1)

rje T — MHHMBI HJIH JefCTBHTeNbHEIH Napamerp. DTO MO3BOJSIET OFPAHHUYHTHCS
paccMOTpeHHEM TOJbKO SKCIOHEHIHANLHOH (yHKIHH .

E (v) =exp[v(a-|b).

Ecau 6b1 onepatopnl a B b KoMMyTHpOBaJH, TO MBl HMeaH Gl npocto E (t) =
= exp (tb) exp (ta). JONOJHHTENbHYIO 3aBHCHMOCTh OT KOMMYTATOPOB MOXHO OTpa-
3HTb, BBeld B 3TY (GopMyJsy A0GaBouHblii COMHOXHTENb K

E (v) = exp (tb) K (1) exp (12). (B.2)

Kax mpaBuso, B IpPOH3BEJEHUH ONEPATOPOB KaAXKAHII M3 COMHOXKHTeTell JelicTBYeT
Ha BCE BeJIHUHHBI, CTOSILIHE CHPaBa OT Hero.

Hopsagok comuoxkureneit B Bhipamenun (B. 2) Moker GbiTb HPOH3BOJIBHEIM
(xoHeuHO, npH pasHoM BhGOpe GYAYT MOJy4YaThess H pasuele Bolpamenns aasa K).
Ilpunatoe nanucanne oKa3bIBAETCST YAOGHBEIM B TOM cJlydae, KOTAa 0GbeKToM AeflCTBHS
f (@ b) aBnsercs P, — co6erBeHHast (GYHKUUA ONEpParopa a ¢ COOCTBEHHBIM 3HA-
uenneM a. Ilpu atom

E (v) ba = exp (vb) K (v) exp (va) Y = exp [ (¢ +- b)] K (¥) Y.
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Teneps B Nokasarese SKCIOHEHTH CTOST KOMMYTHPYiOllHe BeJIHUHHH H BCE OTVIHUMe
OT OGLIUHOH 3KCIIOHEHTHI COCpefoToueHo B MHOXKHTele K. B panbrelimeM ajst xpat-
KOCTH He GyjeM nHcaTb GDYHKUMH g, HA KOTOPYIO JeHCTBYeT paccMaTpHBAeMEIH ome-
parop.
Tlepeitnem k otickanmio ypasuenust 11 K (v). Juddepenunpys seipaxenne (5. 2)
o T, MOJYYHM
dK

ot

OrMmeTHM, 4TO KOMOMHAUHSA

= exp (— tb) a exp (1b) K — Ka. (5. 3)

n
e aa—

exp (— tb) aexp (tb) = EJ_;_'T)Z [b[b. ..[b, a].. .]]
'n=0 )

BHIPAXKAETCA TOJNBKO Yepe3 KOMMYTATOPH @ H b, uTO JIerko NPOBEPHTL Pa3JOKeHHEM
B psij MO T. '

Tlosaraa B Bupaxenud (B. 2) v == 0, NPUHXOAUM K Haua/JbHOMY YCJOBHIO
aa k(1) -

K (0) = 1.

B. 3. Ecan onepartophl @ ¥ b TaKOBEI, 4TO GOJBIIKHCTBO HX KOMMYTaTOPOB PaBHO:
nymo, To ypasuente (B. 3) Moxer HMerb NMPOCTHIE pellIeHHs.

1. Tycts, nampamep, xommyTatop [a, b] sArmderca c-uuciaoM; 510 OyAer eluH-
CTBeHHBI OTJIHUHBIH OT myJss KomMyTaTop. Torza

’ exp (—th) aexp (th) = a—1[b, a],

H Mbl nOJyuaeM H3secTHyio popmyay [aayGepa [136]

E (%) = exp [t (a + b)] exp {—’72 [b, a]}. (B. 4)

BoJlee CAOKHOMY CJIydaio, KOTJA C-UHCAAMH SIBJSIOTCS KOMMYTATOpPHI [bIb, a]] =
[[b, a) a], orBevaer QopmyJa

‘I.’2
E (1) = exp [t (a + b)] exp {— 5 [b, a]} X

xexp (2 {[b [b, a]] -+ [b, a] a]}) .

Togo6ubM e 06pa3oM u3 E (T) MOryT ObITb BbijieJleHbl COMHOKHTENH, OTBEYAOIHe
KOMMYTATOpPaM BBICLIETO MOPSAKA.
' 2. TIyCTb OT/IMYHBL OT HYJS TOJbKO KOMMYTATOpH THIA [b[b...[b,a]...]],
T. e, OHH BCe KOMMYTHDYIOT ADYF ¢ ApyroM H ¢ a. Ilpu stom K TakKe KOMMYTHDYeT
c a u ypassense g K Jerko pemaercs

T
E (1) = exp (thb) exp {‘f dt exp (— tb) aexp (tb)} ) (B. 5
0

J .
Hanpumep, ecan a = F (x) 4 b = =, TO, yUHTBIBasA CBOHCTBA OliepaTopa cMmelie-
. ox

HHA ¥, TMOJy4YHM

exp{r {—(%—F F (x)]}zexp(r%) exp[ ET ) dg} :,

“x+T N
—_—exp[ [ Fe dg]exp (r%). (B. 6)

* OnepaTopoM CMeIleHHsl siBJsfercst BeJuunna exp (a\/)

exp (67) @ () = @ (x + a.
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Hpyro#t yacruei#fl cayyait orseuaer KOMMY TALLHOHHBIM COOTHOLIEHH SIM

[b, a] = Aa,
rje A — ¢-4ucio.
Ilpn atoM
E (1) = exp (1b) exp [—l;exi(;ﬁ”) aJ . (B.7)
3. Bouiee croxen cyuadt, KOTJa OTVIMUHE! OT HYJs (1 KOMMYTHDYIOT ADYT C ApY-
TOM) KommyTaTopel THna lafa... [a, b]... 11
Torna

%.—_[a, K] -t [a, b] K.

Tlonaras K = exp (at) L exp (— at), naiinen

T
L = exp { | dt texp (—at)[a, blexp (at)} )
0

B uacrnocru, mpu [ab] = Ab mnoayuaem
L:exp{ l—exp(-itr)(l + A1) b}.

YuuTHBas cootHowenne exp (at) f (b) exp {(—at) = f (exp (AT) b), Jerko nposepse-
MO€ pasJIOKeHueM B pAj 1o b, HAXOAMM OKOHYATEJBHO

E (1:') = exp [_exp_(}\';)_—l

B. 4. [laxe ec/d OTIMYHBL OT HYJIS BCE KOMMYTATOPbI, €CTh CIyuail, JIOITy CKaI0-
UIHH JIPOCTOE pelleHHe.

KoMMyTHDOBaHHE MOKHO PACCMATPHBATH KAaK ONEpaLHIo, JIeACTBYIOYI0 HA MHO-
KECTBE, B KOTOPOE BXOJAT ONEPAaToOphl @ U b M Bce UX KOMMyTatoph. EcJH 3T0 MHO-
JKECTBO (PAKTHUECCKH OKAXKeTCs KOHEUHHIM, TO NPH I10C/eJ0BATENbHOM KOMMYTHPO-
BaHHH Mbl GyjeM BOSBPAIIATBCH K YK€ HMEIOLHMCS 3JeMentaM. PaccMaTpuBaemast
onepanus OyleT HMeTb UHKJHYECKHH XapakTep.

EcrecTBeRHO, 4T0 IPH 3TOM MOKHO PA3IOKHTL HCKOMYIO (Y HKIIHIO 10 3/IEMEHTaM
MHOXKECTBA H 3a/1d4a CBEJETCS K HAXOXK/EHWIO KOHEWHOrO YHCJId COOTBETCTBYIOMUX
K03(h(pUUHEHTOB pasaoxkenus [43, 137].

IlycTe, HanmpHMep, HMEIOT MeCTO COOTHOLUeHHS *

[a, b =¢, [a,c]=-—Aa, [b, ¢]= Ab.

Hamre muoxkectso cocronr H3 TpeX 3JIEMEHTOB: a, b u c¢. CoorBercTBeHHO 3TOMY HUIEM
pelieHie B BUHJAE -

bJ exp (ta). (B. 8)

E (v) = exp [a (7) b} exp [B (v) ¢] exp [y (v) a], (B.9)

THe @, B K y — HeH3BecTHbie (QYHKUUH T. Huddepenpys 310 BoipaxkeHue no T,
TOJIYUHM

a-F-b=a'(t)b -+ B’ (1) exp (ab)c exp (— ab) +
+ ¥’ (v) exp (ab) exp (Bc) a exp (— Be) exp (— ab),
Hcenonbsys panee KOMMYTaUHOHHBIE COOTHOWIEHHS H CPABHUBAA KOIDMHIUHEHTH! NPH
OJIMHAKOBHIX ONepaTtopax, Haipem
Yy () = exp (—AB), B’ (v) = a, o’ (1) = | — ha?/2.

* Ilonapuble KOMMYTaTOpbl TPEX ONEPaTOPOB HeJb3d 3a4aBarth 1€3a BHCHMO,
TaK KaK HeoOGXOJHMMO BBINOJHHMTL TOMKAECTBO $1KOGH

[fa, b}, ]+ [[b, <], a] + [[c, a], b] = 0.
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Pelennsi 3THX ypaBHenHH, o6palialomuecs B HY/Ib NpH T = 0, HMeIOT BHA

0y = ]/%th(]/:gi r), ﬁ:—%mch(]/rgr). (B. 10)

Coornomennst (B. 9) u (G. 10) peaioT nocTaB/lIeHHy0 3aaddy.
PaccMOTpeHHHH IpUMep OTBeuaeT KBAHTOBOMEXAHWUECKOH 3ajaue 00 oCUuI-
asitope. [ eficTBHTENbHO, B 3TOM Cayuae
p2 Mm2x2 ﬁ2®2

_ — — d . 9f2 2
a#TM—’b* 2 y €= (l—%?x—a;>, A =220

BbIUHCAHM, MOJIb3YACh NOJNYHIeHHBIMH (OPMYJIAMH, CHelYIOHyIo BeTHYHHY:

p? Mw2x2 .
—_— () ==
exp [17 < o ! 5 >] exp ({px)

th (AwT) p? Mo\ :
—‘n'of—< +———>Jx (B. 11)

= [ch ('Fi(o‘l:)]_l/2 exp [ 5 5

ipx i
x»exp[ ch (iwT) J

C ee NOMOIIBIO MOXKET ObITh pelleH HeJblil psij 3a/ia4, OTHOCAMKMXCS K OCUHINATOPY -

Tlpu Buumcienud Boipaxenns (B. 11) HaM HpHILIOCH MMeTb A&N0 C dyHxuHeR

OT TPOK3BEJIEHHA OTepaTopos exp kXEc)' Pa3puTelil Bollle annapat B NPHHLHIE

IIpUMEHHM H B 3ToM cTyuae, OiHaKo mpoue HCNo/b30BaTh CJIeIYIOWAH HCKY CCTBEHHBIH

npuem. Vcnosp3yst HOBYIO NIEPEeMEHHYIO 1N X, TIPUBOAHM ONEPATOp K BHAY OOBIYHOTO:
oneparopa CMelleHHs

exp (kxi [ (x) == exp {k -——a——-l flexp (In x)] = [ [exp (k) x]. (b. 12y

ox o d(Inx) |

%)
Taxnm o6pasom, onepaTop exp (kxa HIPaeT poJib ONepaTopa H3MeHeH s Macrada.

B. 5. B ofueM ciyuae Bce KOMMYTATOphl & M b OTJHYHBI OT HYJA H o6pasytor
GEeCKOHEUHOe MHOMKECTBO. PellleHHe 3ajjaul TIPH 3TOM CTAHOBHTCH KPailHe COMHBIM.
Mosoxenne ynpomaercs, ecid 3ajauad COJLEPRKHT Majble MapaMerphl.

[lycte Hanpumep, POJb KOMMYTATOPOB BBICHIErO MOPAJIKA yMEHBUIAETCA C yBE-~
JnuenteM MX CI0KBoCTH. TOTZAa MOXHO HCKATb DasJioXKeHHe HCKOMOH (yHKIMK
B PAA MO KOMMYTATOPAM BO3pacraiomieil CJOXKHOCTH.

Kaxabii ujed 9TOro psja mpejctas/sier coGofl B ofuieM ciyuae NPOH3BE/CHHE
OTHENBHEIX KoMMyTaTopoB. Ilopsiakom uieHa psaa GyAeM HaspBaTb MOJHOE HUCIO
KOMMYTalfi, COfepKAIUXCS B 3TOM usere. Taxk, [b, [b, a]ju [b, a]?umeioT NOPANOK,
paBHBIH ABYM.

m .
OGo3nauas uepes Qn koMMyTatop {(n -+ m)-ro nopsiika

QT:{a[a...[a[b... [b, a]...]]...]]

m n

1 uepes K, — COBOKYMHOCTb BCeX WIEHOB 71-TO NOPsIAKA B ofjepaTope K, MOXKHO noJy -
upth B3 Beipaxenusi (B. 3) caefyioliee peKypeHTHOE COOTHOLIEHHE:
n

(—)*

{a, Kn-1]+ E—k,- Q(/);,K,,__.k,
k=1

K,
ot

Hecnoxuoe seuncaenne ¢ yuerom Ko = 1 naer [46]
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K, = — T Q% (B. 13)

. 3 4 ‘
Kz:%‘(Qg—Q}) + 5 (@)% (B. 14)
g .
Ks = — 57 (0§ — @} -+ QF) + 1 (3Q? +
+ 7000} - 1003 — 6Q%0?) — 1= (@})* (B. 15)

Ky = 155 (63— @} — @} + 0f) -+ -5 [ 30300 + 10 (Q))* +
+ 12080} — 40!} — 9afal — 60200 — 16Q3Q;} +
50108 -+ 10 (Q9)* + 10050} | -+ 5 [15Q0 (@)*-—-
— 11Qfeja) — 19 (@))%} + 8 (@))%} +
+ 120005} — 50} (@)?] + o (@0)* (B. 16)

H T. J.

UroGbl mepedTH K passioMeHHIO B Psj N0 KoMMyTtatopam ¢ysxuux f(a - b),
JOCTATOYHO 3aMETHTH, YTO, corjacHo soipaxenHio (B. 1), mapamerp t urpaer poJn
omeparopa pudpdepenuupopaHus GyHkuME f o ee aprymenty. [lostoMy, orpasHuuH-
BasiCh JJIST NPOCTOTHl WieHaMH BTOPOTO MOpsiAka, OyleM HMeTb

T+ b =@+b)- 5 @+bb a+

7 @b (b all— [alb, all o 1Y @B AP L (517

31ech, KaK H Bblllle, YHC/IO @ B apryMenTe GYHKUHH f U ee IPOHBBOAHBIX NPEACTa-
BJSET COGOH COGCTBEHHOE 3HAUECHHE onepampa a, otgevamolee QYHKIMHA, HA KOTOPYIO
Jxeucmye'r f (a1 b).

. 6. Ecau oaun u3 apryMentos Haieil GyHKUHE MaJl MO CPABHEHHIO C APYFHM,

TO MbI NPHXOJHM K 3ajiaue, SpJstioLieficst onepaToOPHEIM AHAJIOIOM TEOPHH BO3MYIIEHHH
H COCTOAIEH B pasioxenuH f (a -+ b) B psax nmo manomy aprymenty. Iosayuaomascs
npM 310M opmyna oTauyaercs oT pafa Teffaopa uienamy, 3aBUCAIKMMHE OT KOMMYTa-
‘TOPOB.

Cragana paccMOTpHM passioxende no b. Ilomaras

E (1) = L () exp (7a),

I udpepeHUHPYSA 3TO COOTHOUIEHHE IO T H ofo3Hauas yepes L, ujeH n-ro nopsiaka
no b, noayuum

oL,
av

YuuteiBag, uto Ly =1, uafinem [134]}

: T
= Lp_,exp(ta) bexp (—ta), L,= j' dtL,_, exp ({a) b exp (— fa).
0

T
E (t) = exp (1a) —{—j'dt exp(fa)bexp[(t—¢fjal 4 ... (b. 18
0
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310 BhpaKende MOXeT GbIThb PERCTABJEHO H B APYroM Bhje

E(r) 1—}—Tb—}—2 " +l)| [a[a .la, b]. ]] exp(fa),

n=I

Vi3 npHBeJIeHHBIX COOTHOWEHHH MOTYT GbiTb HalleHbl M U/IEHBl BBICUICrO MOPAAKA.
ARaNoTHUHO MOXKeT OblTh MOJYYEHO W pasJiokKeHue 10 a

T
E (v) =exp (vb) + | df exp [(v—1t)blaexp (tb) + . .. (B. 18)
0
Hss o6parHoi QYHKIHHE MOXHO HCIONR30BATE NPOCTYIO dopuyay
@-+b)yt=(-4alb)ral= 3 (1" @D’al (5.19)
n=0

Pacemorpum temepn audxpepeHunpoBanue (pyﬂxunn Ej (1) = exp [v (a -+ Ab)]
no napamerpy A. Mcxoaum n3 onpejlesenus )

JE e
"ak;v_(r")“ = 57 [Eaton (%) — Ey (V)]

¥ pasJjaraem 9KCrionesty B psij no Oh. B peaysbrare mojyuaem

9Ey (1)

T
Ty :J dtEy, (t) bEj, (v — t). (B. 20
0

VunthiBas aazee, uto Ep (vt — f) = Ex (—t) Ep(v) n

W [ & }
Ep (1) bEp (— 1) = — la-fAb{a-tAb.. {a-+2b b]...1J, naxoany
n=0 ’ ’
aE(;,;\'(‘c) i

n

L [ ] _
-+ W a-+Abfa--2b...[a-+Ab, b]... 1] Ex(v);. (B.2])

D10 TaK HasHiBaeMasl Jepas IpousBofaas. 3amensist B Bupaxennu (B. 20) { > ¢ 1+ T,
onpejeNuM ¥ NPaByil0 NPOH3BOAHYIO

0E; (1)

T Ej (t) § tb—

bt n
AE—(——T%——«[a+kb’[a+kb...[a+kb,b],..]] . (B.22)

Bosiee CJIOKHBIe TpaBHJA, OTHOCAIHMECS K DEAATHBUCTCKHM 33JlauaM, MOXKHO
HaiitH B pabore [43].
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B. HHTETPAJIbI OT CHHTYJISAPHBIX ®YHKLHHA

B. 1. B TeopHH MHOrHX 4acTHI| HePeJKO NPHUXOJHTCS CTAIKHBATbCH 'C UHTErpa-
JIaMH OT CHHTYJISPHHIX (yHKUMA, o6palIalomuXcs B 6eCKOHEUHOCTh B OGMACTH HHTE"
rpupoBanus. TakHe HHTerpajnl yJA0OHO NpEICTAaBHTb B BHJE

o

1= ax £ (B. 1)
J P (x)
—_—0
rae F (x) — perynsipnass B 0GnacTd MHTETPUPOBaHHS (YHKLHA, a @ (x;) = 0( =
= 1,92...). Touxu x; NpeACTaBASIOT COGOH TOUKU CHHTYNSPHOCTH paccmarpuBaeMok
(bynkuuy.

Takoro poja WHTErpamsl He SIBJAIOTCA ONpPEfeJeHHHMH BEJIHHHHAMH; Heo0Xo-
JAMMBl CTelHAJbHEE JOTMOJHUTENbHEE YCJOBHS, YKasbiBaLiHe, B KAKOM CMbIC/e
clefyeT NMOHUMATB COOTBETCTBYIOHM[HE NOJIOCA (HJH, KaK TFOBOPAT, KAKOBBI IpABHIA
nx obxona).

HeonpeenerHOCTb HETETPANOB OT CHHTYJIAPHBIX QYHKUKE ABACTCS CAEACTBHEM

¢ (x)

HeHue (I)YHKILHH MIOJHOCTBIO HEOJHO3HAYHO. MOXHO MNOJOKUTHL
I
1 l —_— X 5k X
¢ (x)

CP(X):l A; x=x

rae A[ —— HEKOTOpbie COBEPIIEHHO IPOH3BOJbHLIE BETHUYHHEL. 3ro BbIpaxKeHHue MOXKHO
NPEACTaBHTh B BHJE CyMMBbI TaK Ha3bIBAEMOTO I'JIaBHOTO 3HAYEHHS CHHFYJIHpHOﬁ Q)YHK-
IHH

Heolpesie/IeHHOCTH CaMoH CHHTYJISpHON (yHKIMH

B TOYKAaX X;, B KOTOPBIX 3Ha-

1
p_l__lgm ¥T (B.2)
¢ ) 0 x=ux
M (QyHKIHH .
i 0 X 7= X

IR (B.3)
P () A; x=ux.

CHHTYJApHYIO (DYHKUHIO Clejyer pacCMarpHBaTh Kak 0600U1eHHy0, T. €. Hac
HHTEpECYIoT He 3HaueHHsl 5TOH (QYHKLHH, a pe3y/bTaT HHTEPHPOBAHUS €e C IIPOK3-
BOJLHBIMM BeCOBBIMH (YHKUUAMH F (x). TlosTomy, €CIH BENHUHHBI A; KOHEUYHHI, TO

BKJaA yHKIMH D Y B HHTErpaj paBeH HyJ o, H (PaKTHYECKH CHHTYJAPHAS (yHKUHSA

He OTJIHYAETCst OT CBOEro NJABHOIO 3HaueHUs. PeajbHblil HHTEpeC NpPeACTaBAAeT CJIy-
yail, KOrza BeTHUHHbl A; GecKOHEeUHbl, IPHUEM COOTBETCTBYIOUWHI HHTErpas no MaJsiof
OKPEeCTHOCTY TOYKH ¥; BHOCHT KOHEUHBIH BKJaj. »

Broas 8-pynxmalo 8 (x — x;), KOTOpas paBHa HYJIO NPH X == X; W HHTETpast ot
KOTOpOH TIo JioGof Majolf OKPecTHOCTH TOUKH X; PaBeH eJHHHUE, MOKHO Hamucarh
clefylomee Bepakenne Aas dyukuuu (B. 3):

1
D——-—::Za-é X — X (B. 4
509 = X aid =) )
L
rA€ @; — MO-MPeKHEMY TNPOU3BOJIbHbIE BEJIHUHHBL *.

Yayte BCero CHETyJspHas (QYHKIHS HMeeT MOJI0Ca NepBOro nopsika, T. e.
@’ (x;) #= 0. Torpa mocsennee COOTHOIIEHHe MOXKHO MEpeNHcaTe B BHAC

1
D G A {x) S ¢ (0],

* XoT# Ha TepBbil B3rasj B cooTHolienue (B. 4) MOXHO BBECTH eule Npo-
u3BojHbie O-QyHKIMHM, Ha camoM Jene AuddepeHlIHPOBAHHE MOXKHO nepe6pocuThL
Ha ¢yukumio F.
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rie A — npoussoabHasd (QYHKUHM, He UMEOAs HyJed H NOJMIOCOB B TOYKAX X;.
B camom neue, )

A (x;)
Ax)d X :2-—,——‘—~6x—xq
H
A .
OTOXKIECTRJSAS m ¢ a;, MBI BO3Bpauiaemcsi K COOTHOWIeHHIO (B. 4).
1
Hrak, oxonuarenpuniii nauGosee OGHMUE BHA CHHTYJSPHOH (QYHKUHH W
MOXHO HOJIYYHTb, MOJaras

L—P# - A (x) 8 [ (x)] (B.5
IE R YE B )

Ecau paccmarpuBaemass QyHKUHS HE HMEET INOJIOCOB BOOGILE, TO IOJY4aeTcs TOXJe-
crBO 1/ = 1/¢p.

1
B. 2. ®ynkuun P 3 # O (@) MOXKHO 3aNHCATh B SIBHOM BH/E, HCMOJb3Y S HEKOTO-

PHIA IpejesibHBIN npoLece

1 . [ .

IR AR (B.6)
. 1 o]

(g =lim— s - (B.7)

Jl1s nokasaresbcTBa pacCMOTPHM 3HAUeHHs O0eHX uacTell STHX COOTHOLIEHUH cHayaJa
1
B TOYKAX X =% x;. [1pu s1oM @ == O u B npegese Beauunna (B. 6) naer Y a BeJIMYHMHA

(B. 7) — Hysb, 4TO HAXOZHTCS B COOTBETCTBHH C ONPENENEHHSIMH PacCMarpHBAEMBIX
¢yukuuii. Uto ke kacaercs To4ek x;, rae ¢ = 0, TO B COIVIACHH C BhlpaxkenueM (B. 2)

P— = 3 = I *
7% 0, a 8[g (x)} P pH 3TOM HHTErpal
xt.-Hi xi‘i"B
[ axdfou] = — [ ax—2O
j ¢l = — .‘ T (x) -+ o°
xi—a xi~a .
OKasblBAaeTCSl PABHBIM, KaK 3TO H JORKHO ObiTb, W, B UeM JIerko yOeUThCs
i
noaarast @ (x) == @’ {x;) (x — x;) ¥ genasm 3aMeHy X = x; - _ b
, ' ’ CU e
CoraacHo coorHoutenusm (B. 6), (B. 7), P — spaserca HeyeTHO#, O (@) — uer-

noll pyHKuHel ¢. B npruaLMne MOXKHO GblJIO Obl HAPYLINTb 5TH CBOHCTBA B OKPECTHOCTH
TOYEK X;, COXPaHds B Npejele NPaBHJbHblE CBOMCTBA PACCMATPHBAEMBIX BEJIMYHH.
Tlpu sTOM pesyJ ibraTsl BBIUHC/EHHS COOTBETCTBYIOMMX HHTErPAJOB GbliIH Gbl HHBIMH.

1 .
ITosroMy oOObMHO TpebyioT, uToOH Gyukuus P —(Eébma pejesioM HeUeTHOH, a

O (@) — YyeTHOM (GYHKUNH @Q; HHBIMH CIOBAMH, STHMH CBOACTBAMH COOTBETCTBYIOUIHE Bbl-
paxKeHus HO/IKHEL 0G/1a/1aTh elle JO NePeXoia K NPeeny.

* MHTepBaJ HHTErPUPOBAHHS BHIGPAH TAKHM OG6PA30M, UTOGH B HErO HOMAJ JIHIIb
OJHH INOJIOC X;.
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Pasnaras coorsowenus (B. 6) u (B. 7) B unrerpan ®ypsbe 00 ¢, MOMHO HMHCATDH
MHTErpaJbibie TPEACTABICHHS PacCMATPHBAEMbIX (YHKIHH

p % = %éﬂj dt sign (2) exp (itp — 8| £]), (B.8)
6(q>)=Llim oj:,dz‘exp(it(p~é‘>|t|). (B.9)
27§50 '

MOXHO NIOKa3aTh, uro HuTerpai tina (B. 1), B3sToll A/ OonpejeleHHOCTH OKOJIO
OZLHOH M3 TOYEK X;, HME€ET BIIOJIHE ONpeje/eHHYI0 BeJIHUHHY NPH TIOACTAHOBKE BMECTO
1/@ Bupaxenusi (B. 5). B camom llesie, B OKPECTHOCTH TOYKH X; MOKHO C/€NATh 3AMEHY,
aHaJorMUHYIO NPOU3BENEHHOf Bhlle. DTO JACT C y4eToM BelpaxeHnit (B. 6) u (B. 7)

F) _ Flx) _
[ ar gy = gy B+ A 0).

[ospaenye JgorapidmMa XapakTepHo AJsl HHTErpana OT rJIaBHOTO 3HAUYEHHHA QYHKIHH,
TakuM 06pasoM, HHTErpaJ, cOJepX aimuil Kak TJaBHOe 3HaueHnHe CUHTYJISIPHOK
GynKu#u *, Tak ¥ O-QyHKUMIO, MMeEET BIOJIHE ONPEeJEJNCHHYIO BEIHUMHY.
B. 3. Oco6ylo posis B anmapare TeOPUH MHOIHX HACTHL HTPaloT CjaefyromHe

JNHHeHHbIe KOMOHHAIMK GyHKUMH P —(Iﬁ u o (9):
——I—*PL-G-iné(cp) (B. 10)
Pis) ? - '

O6uzee Buipaxente (B. 5) npeacrasisiercss yepes HEX TaKHM 00pasoM
1 1 A 1 1 (A I
IR Y PR L R U AT
¢ 2 T/ Ry 2N T

HETPYAHO BHIPA3HThL C NOMOINBIO TmpejesibHOrO npoiiecca

PyHxuun

(1)

b lim (B.12)

Pxy 6209 F 0"

B 5TOM MOXHO YOeIUTHCH, IEPEHOCST MHHMBIH 4eH B YHCIHTENb H HCNOJAb3YS BRIpAKe-
s (B.6) u (B. 7).
C OOMOWBIO HHTErpasbHbiX npejcrabiennii (B. 8) u (B. 9), MOXHO BHIPA3NTH

B MHTErpanbHoOi ¢opMme M GbYHKIHH

Pix)
1 — =+ -“ dt_l_—;s_zl_g_n_(ll.exp(it(p—éltl) (B. 13)
Prx) e

* On HOCHT HasBaHHe HHTErpajia B CMuICJE IVIABHOTO 3HAYEHHs M 0G03HAuaAeTCH
gepes

jde%F:PJ.dx%.
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HAN

1 . .
Y ~t_fdtexx>(tl‘q>—é|tl). (B. 14y
‘ 0

1

0
Pyt [ atexpito— o)1y, (B. 15)

B. 4. [Ipy BLIMHCAEHHH HHTErpajos OT CHHIyJspHBIX ¢yukuuit tuma (B. 1y
BeCbMa y0OHO HCHNO/b30BAaTh METOABl TeOPHH (QYHKUHH KOMIIEKCHOTO NMEPEMEHHOrO,

. F .
AHAJIMTHYECKH TNPOJOJNKAA —— B KOMIWIEKCHYIO IJIOCKOCTb TEPEMEHHOH X.
IIpaktHueckH OGBIYHO NMPUXOAMHTCT HMETh €O CO CJAydaeM, KOrla aHaluTHYe-

F
CKO€ npoJoJIKeHHe (byHKLll/IH —— B BEPXHIOIO UJH B HHKHIOIO NOJIVIVIOCKOCTH JdeT’
¢

Puc. 69

(YHKIHIO, YOBIETBOPSAIOILYIO C/IeYIOIHM JIBY M CBOHCTBaM Bo-nepBoix, 37a QyHKIHS
yGBIBACT IOCTATOYHO GuICTPO HA Jyre GOJMBUIOTO KPYTa * H, BO-BTOPHIX, He HMEeT B pac-
CMATPHBAEMOH MOJIYIIOCKOCTH HHBIX OCOOEHHOCTEH, KPOMe NoJiocoB. CHabXKas HHACK--
CoM * HHTErpai, AJIsl KOTOPOTO 5TH CBOMCTBA BHIIOJNHEHE! COOTBETCTBENHO B BepxHe#
H HHXKHeH NOJYMIJIOCKOCTH, MOXKHO 3aMKHYTbh KOHTYD HMHTErDHPOBaHHS Ha OGOJBIIOH
Ayre
F (x)
= ¢’

Cx
(konTypei C . H300pakKeHDl HA PHC. 69). Mcnob3y st TeOpeMy BBIYETOB, MOXKHO HANHCATh.

cemBw(E) ew

rie cyMma Gepercsi IO BCEM NOJIOCAN OALIHATErPAJIbHOTO BEIPAXKEHH BHYTPH KOHTY Pa.
HHTErPHPOBAHHS.
Yacte 3THX IIOJIOCOB CBSI3aHA HENOCPEJCTBEHHO € TOUKaMHu x;. M3 coorHomie-

1 —.‘. dx

I

s (B. 11) BHAHO, 41O JOCTATOYHO HCCIAEJOBATH MOJIOCA JHIIb (YHKUHH

(£)
3TH noJoca PacnoJoxXeHbl BOJIM3H TOUEK Xi, HO HAXOAATCA B KOMIJIEKCHOH TIJIOCKOCTH ..

TTontarasi, 4TO TOYKA MOJOCA X;, B KOTOPO# ¢ (x;) = & = 0, MOXKeT GHITb Mpe/ICTaBJIeHa.
B BHAE x; = x; + Ox; (Ox; L x;), uMeeM @' (x;) Ox; = i§ = 0, orkyaa

X = x; i—é—
T e ()

F . . .
* l'Ipe}mo.naraeTcn, YTO HHTErpaJ ot ~—q)— 110 3TOH AYyre AaeT HCUe3arluiud BKJAN..
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JIEXKHT B HUMKHEH

Tagum oGpa3om, paccMaTpHBaeMbill IOMOC (GyHKIUH
‘ Pt :
(npH @’ < 0) uaH BepxHeft (mpu @' >>0) NMOJYNJIOCKOCTH; AJA (YHKLHH .
~ (—)
na6umojiaercst o6parHoe nojioxkenne (puc. 70). Hro ke Kacaercs BblUeTa B 3TOM MOJKOCE,
Fx) 1 A( X;)
7 -1 F
9 (x) 2 n
<J1araemMoro B Bhipa:xkenuu (B. ll).
Taxum o6pasom, BKAaJ B [ | OT MOJMIOCOB X; MOJKHO 3aIHCATh B BHJE

2”"”( T = ) - B

. Kpome Toro, HyXHO yuecrtb

“TO OH HMEET BHJ] ) COOTBETCTBEHHO AJA NEPBOro H BTOPOro

1
rje cymma fepercs 1o BceM MO0JI0caM (byHKIHMH e
X

F 1
BBIYETHl (Y HKIHH r He CBs34HHBIE C MOJIOCAMH — ,

PaccMOTpHM HEKOTOPHIE BaKHble 4yacTHee cayydad. Ilycrb B NmOABIHTErpasbHOM
BbIPaXKEHHH HMEIOTCH TOJBKO T€ IOJIOCA, KOTOPHE CBA3aHH C TOuKaMH x;. Torpa /.

.coBnajier ¢ Butpaxenunem (B. 17). ITonarast A (x) = —i%, MOKHO HAMHCATDb
R 1 NV _F () ( 9 (x) )
I, = VdxF () ————= — 7 1 . . (B. 18
o ( ? 9y e | 9" (1) | T T )] (_ )

1
YHbIMH CJIOBAME, B 3TOT HHTErpaJs AAIOT BKJAAJ JHIIb Te M0JI0CA ———, JIJI51 KOTOPbIX
, ¢ (%)
NpOM3BOAHAA @' (x;) OTpHHATEeNbHA (MAM NOJNOKHTENbHA). AHAJOrA4YHQ, MoJaras
A (x) = in, HalifeMm

. Fix;) P’ (xp)
~ J'd\f(x) (x)(+) = X T G (h: fcp’(m)l)‘ (B.19)

JLNst moJlyueHusl COOTBETCTBYIOLLETO HHTErPajia B CMBIC/IE MVIABHOTO 3HAYEHHMs [0CTa-
“TOYHO B3AThb MoJycymmy Bhipaxkeruil (B. 18) u (B. 19). Dro aacr

T X F )
I =P = 4= | B. 20y
+ j‘ dx 70 + JUE o () !

[

Ecan ¥mMeercst JHIIb OJHH TOMIOC C MOJOXKHTEIbHOI MPOH3BOAHO#H, TO

- 1 0
x F —_ = F(x)
—J dx F (x) ¢, {—— 25 Y ((ti) s
0‘:‘ e ) {23_” F((;L)
X X)) ————— == N
1 ( )(P(X)H—) 0 ) ) (B. 211
oo ' F(\'L)
P r dx E (x) —— = (P (i)
. ‘P“’ | Fi
] v e
9 (x)
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rje BepXHee 3HaYeHHe OTBeYaeT 3aMbIKAHHIO HHTErpaja B BepXHeH, HHKHee — B HHX-
Heil moaynaockoctd. Coornowenns (B. 21) namocrpupyioresa puc. 71, a, 6, rae yka-
3aHBl TOJIOCA MOJBIHTEIPANBHOTO BHIPAXKEHHS [EPBBHIX ABYX HHTerpasos. Hyuxesbie
3HAYeHHS 3THX HHTErpasoB COOTBETCTBYIOT TeopeMe KomM, Tak Kak NPH YKAasaHHBIX
YCJIOBHSIX BHYTPH KOHTYPa HHTErpHPOBAHUSA IOJIOCOB BOOOIIE HET.

UYrto ke KacaeTcs HHTerpaja B CMbIC/e IVIABHOrO 3HAUEHHs, TO OH Oepercst Mo
06/1acTH, YKa3aHHo! Ha puc. 71, ¢ xupuoll npauelt. I1pn 3aMEIKaH#H KOHTYpa MO 60/b~

1/50(') : .wd? 7//“7(—) .Wi’g
.50()0 .W‘o
Puc. 70

Wo# Ayre BUAHO, YTO HTOT WHTErpal paBeH MHTerpany mo maaomy kostypy C;, T. €.
TOJIY BBIYETY MOJALIHTErPAJBHOrO BHIPAXKEHHA B TOUKE X;.
B. 5. ®akT HCue3HOBAaHHMS HEKOTOPHIX HHTErpasiioB B cooTHolienusix (B. 21)
AMEeT OTHOLIEHHE K BOMPOCY IPUUHHHOCTH. PacecMOTpHMM HuTerpas o €, BXOAAIMA
- B dyukunio pacrnpocrpanenus (cM. § 10): -

N de exp (—ret) .
I= J‘ In & — ey i0sign (ey — &F) (B. 22

— 00

Puc. 71

rie T = f, — t,. Ilpn e, < gp clona BXoAUT dyHKUHS —1, NpH &y > EF —
(&~ &v)y,
1

Py .. BBojs uncaa sanonnenns n,= 0 (ef — &), MOKHO HANTHCATH

dyHKUHSE —

de n l—n
I = I —— exp (— ieT v A2 .
zw P (o0 { ey, | E—ea }
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B03MOKHOCTL 3aMBIKAHHSI HHTErpaja B BepXHell WJIH HHXKHEH NOJYIIOCKOCTH
"TECHO CBSI3aHa CO 3HAKOM PA3HOCTH BpeMeH T. 3anuCchiBasi KOMIIEKCHOE € B BHAe o - ifS,
‘HMeeM

exp (— iet) = exp (— iat) exp (Br).
-C yjasneuneMm oT JefiCTBHTeIbHOH ocH, T. €. korja | | — oo, dbakrop exp (Bt) Heorpa-
HHYeHHo pacter npu Pt > 0 u nagaer npu Prv < (. 3ameiKanne BO3MOXKHO JHIlb
B nocjiefinem cayyae. [Ipn v > 0 3ambikath caenyer B nuxkaeit (B < 0) noaynaockocery,
apu 1< 0-— B Bepxueit (§ > 0).
HenocpeacreeHHO HCNOMB3YA cooTHOWEHK:A (B. 21), 6yem uMetn

/ {— i(l —ny)exp(—igyr) >0
[y exp (— ieyT) T < 0.
Takum o6pasom, Bnepes no Bpement (T > 0) pacnpoCcTpaHsIOTCs! TOJABKO YaCTHIE,
'uaszag no Bpement (T < 0) ~— TOJBKO ABIPKH. DTO H SIBJSETCH OTPAMKEHHEM NPHYHH-
‘goctu. CooTeercTByloiuil 06xox nomoca [pyukuus id sign (e, — €F) B 3Hamenaresne |
HA3LIBAETCA NPHYUHHBIM (HJIH 06X00M 1o DelinMany).
B. 6. BrluncauM HeKOTOpble KOHKPETHble MHTerpaJsiel [0 SHEPTHH € OT NPOoH3Be-
.JAeHHs HeckoJbkuX dynxkuumit I'puaa Gy (e).
PaccmoTpHM CHaya/ia npousBefieHde ABYX ¢yHkuui I'puna

o0

r o de LS s
I = j -ﬁ{[eua”ﬂ—z&&gn(au;— ep)] X

— 0

(B.22")

X [&— euz—;L £d sign (auz— aF)]}*l (B. 23)

B panHoM ciyuae KOHTYP MOXKHO 3dMBIKATb KaK CBEPXY, TaK U CHA3Y . M3 pacnosoxke-
_HHS TIOJIIOCOB NOJBLIHTETPAIbHOIO BbIPAMKEHH s
e — 0 € >e
By, e Uy, 0 F

BLe=) g s
i

’

e < e
By, 2 By, o ~°F

BUAHO, YTO €CJIH 3HEPTHH € HaxoaaATCA 1Mo OAHY CTOPOHY OT pAHHILBL (I)epmu, TO

By,
HHTErpajs TOXKIECTBEHHO paBeH HyJ 0. IIpu sTtoM ofa momoca HaxXOAATCA MO OLHY
~CTOPOHY OT AeHCTBHTebHOM OcH. TIpH 3aMbIKaHHH KOHTYDa B IIPOTHBOIIOJIOXKHOH IOy -
MJIOCKOCTH, coryiacHo Teopeme Koun, nosyuaercss HyJeBok pesdyasrar. Takum o6pa-
-30M, HYIKHO PaCCMOTPETb XBA CIYYAA: &, >epHU ey, < sF“; & <epH &y, >ep.

Jusia onpeaenentoctd 6yieM 3aMbIKaTh KOHTYD B BepXHeH NoJaymJaockoct. B mep-
"BOM CJydYae BHYTPH KOHTYDA MHTETPHDOBAHHS COJEPKHTCH ROMOC €= g, - - 1d.
Bhiuer B HeM pased * (z»:u — &y, -+ i(“))—l, 3HAYUT, .
= T

By, — By, 0

Bo BTOpOM Ciyuae HYXKHO IPOCTO clelarh 3aMeHy Hujekcos 1 T 2. Cymmupysd
(MOJIYYEHHKE Pe3yJbTAaThl H BBOJS UMCJIA 3alOJIHEHHS, MOXHO HamucaTb

[ — i (l_n.lll) nliz (l_nuz)nl‘«l

N | (B. 24)
8M2H 8!»'-1+ i 8”1* 8H2+l6

Tlepeitnem K HHTErpajsy oT NpousBejeHHs Tpex ¢pyHkuui I'puna

de, de,

o e oy e, sEn e )] X

X [€2— &y, -+ id sign (e, —ep)] X
X [e1+ ex—e,, + idsign (e, —ep)]} L _ (B. 25_)
* Huxkakoil pasuuipl Mexay 2i6 u id npu 8 — 0, KOHeuHO, Her.
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[Tpoussenem cHauana HHTErpauAio Nno &,. COOTBETCTBYIOMME MHTETPas CBOLHUTCS

K Boipaxenuio (B. 18), ecnu caenars 3ameny &,,> &, — &. B pesyabrare moayuum
3

BBHIpAXKEHHE .

(1 B "ua) nl‘-z (1 _ nuz) n.ua

e te L4 e e, g
€y, By, E1 1) By, By~ 1 00

Iosropunifl HHTerpan pacnajaercd Ha JHHEHHYIO KOMOHHANUIO ABYX HHTErpajos
I, = ﬁfa—s +idsign (e, — & g, +e, —eg, +id])1
+ o e Wy (ep, F)l [E1 8y, = &y, * I

B unrerpane / + yA06HO MPOM3BECTH 3aMBIKAHHE B BEPXHEH [OJYIUIOCKOCTH. Eann-
CTBEHHBIA TOJMIOC, KOTOPHIH HYXKHO YYHTHBATb IPH 8, < E€p, PACHOJONKEH B TOUKC
g, + id. Hpu g, >>&p BCe NOJIOCA HAXOJATCA NO OAHY CTOPOHY AefiCTBUTENbHOR
OCH ¥ BHOCAT HYJeBofi BkAai. Takum o6pasom,

in

[+: : a1 ; .

~ ey, By, B, T 00
AHaANOrHyHO

;o —‘(]—nu.)
B guﬁ' 8”2% 8”3~—16
OKoHYATENALHO .
1____(1 _nlh)(l —_n.u-z)nl-kaﬁ nm”uz (1_nua) (B 26)\
- . to. . .
8H1+ Euz_ 8.‘-‘13 —id 8H1+ Suzﬁ Sus —rlé

B HeKOTOPBIX CTy4asX NPUXONHTCA HMeThb JeJI0 'C KpaTHHMM nosocamu. Pac-
CMOTDHM, HAaNpHMep, HHTerpan

— de F (g)
[ = [ 9n . [e— ey + i6sign (ey — ep)E (B. 27y

rie ¢pyuxuus F (€) He uMeer ocoGeHHOCTell B BepXHeH (MM HHKHeH) NOJYIJIOCKOCTH
¥ OFpaHHYeHA Ha AyTe 60JbIIOro KPyra. 3aMblKash KOHTYP B COOTBETCTBYMOULEH MOJY-
IUVIOCKOCTH M BbIYUCJSS BhHUET B KPATHOM I0OMi0ce, GYAEM HMEThb

I_=i(l —ny) F' (ey). (B. 28)
Amnanorsuso ‘

I, = —inyF' (ey). (B. 29)
3peck /. WHTerpajibl, OTBEHAMIHE 3AMBIKAHHIO B BepxHell (MJIM HHXKHe#) MOJYILIO-

CKOCTH.

B. 7. XapakTepupll npuMep HHTErpaia OT CHHIYJADHOH (YHKUMH BO3HHKAaeT
TIpH PacCMOTPEHHH KBAHTOBOMEXAHMYeCKON 3ajauu paccesinusi. ¥ pasnenne LIpeguu-
repa B CHCTeMe LEHTPa Macc HMeeT BHJ T

> >
@A+ (7) = mvy (7).
Ecan mepefiTH B HMIIYJIbCHOE NpPeXCTABJAEHHE H PA3feNHTh Ofe HacTH yPABHEHHS
Ha k* — p?, 10 momyuHMm

(VTP);
‘P; =M

370 BHIPAKEHHE SIBJAETCS HEONPEJENEHHEIM 0 TeX TIOP, MOKA He NPHHSATH BO BHAMA-~
HHe clelyiomye TpeGOBaHHs, BHTEKAlOmMUe M3 (DH3HUECKOH KaPTHHHL PaCCessHus:
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pemex—me JAO/KHO CoJepxkatb B KayecCTBe CJaraeMmoro l'IJIOCKle najRaminyo BOJIHy

P & = § (p — k); BTOpOE C/1araemoe Y., JOJIKHO ONHCHIBATH PACXOASLIYIOCH BOJIHY,
P
ume}omy}o B KOODJAHHATHOM IIPeACTABJEHHH NpPH 7~ co ACHMNTOTHYECKHH BHJ
exp (ikr)
- .

O6a 311 yCJI0BHS IIOJHOCTBIO ONPEAENAIOT CHHIYASAPHYI0 QyHKLHIO (k2 — p2)-1;
1 {

P = Cb (k? — p?) + [ (B. 30)
rie C (V). = 431_/1\/15 Bripaxkenne (B. 30) coorBercTByeT OGIEMY COOTHOLIEHHIO
14

(B. b), rae nyxHo nooxuth A = C — im.
ITepsoe cnaraemoe el CTBHTENBHO AAeT HYXKHEIA BKJaJ, B UeM JIEFKO yOeAUTHCH,
YUUTHIBAsT COOTHOUIEHHE

8 (k2 — p?) == —-—é(k2;p) ,
rie £ >0 u p > 0. Hro XKe KacaeTcsi BTOPOrO, TO €ro BKJaJ B ., Aaercs BHpame-
M) g
HHEM EZ‘——/)—L}I—LL'S' B KOODAMHATHOM NpPEJCTABJEHUH 3TO BhipPaXKEHHE HMEeT BHI

> >
d3p (V)5 exp (ip r)
p

o kT —p?+ 10
TIpu GosbluX r cyHiecTBeHHb Masble 3HaYeHHs p. IloJarast CUJIBL KOPOTKOAEHCTBYIO-
IIUMH H KOHEYHBIMH [0 BeJHYHHE, HalieM

M

MV, snripdp MW, 0 T cos(pdp
r B2 —p2 48 r or ‘k2~p2+i6'
0 0

Bxoasmu#i cloja nuTerpas MOXKHO 3aMHCATL B BHJIE
[~2]
1 _dpexp (ipr) (Lp )
~ exp (ikr).
—_—
34eCh Mbl 3aMKHYJIH KOHTYPH B BepXHel Moy IocKocTH (r > 0) 4 HCHOJIb30Ba/IH COOT-
HOLIEHHs, NpUBeJeHHEEe B pasjiese B. 4. Takum 06pasom, Mul JeACTBATENbHO NOJNY-
yaeM pacxoismylocst BosiHy. IIpH M3MeHeHHH 3HAka (0 NOJyunaach Obl CXOASIIAsICS
BOJIHA., :

* JIJg mpOCTOTHI PACCMATPHBAETCs JIHUIbL S-paccestHHE.
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