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NPEANUCJOBHUE KO BTOPOMY U3JAHNIO

Han moaroroBkoit HOBOrO M3JaHWs ITON KHUTH MHE, K COXKAJIe-
HUIO, IPHUIILIOCH paboTaTs onuomy. Moii coasrop u apyr E.M. Jlud-
mur ckoHvasict B 1985 roxy. Xorss B Teopunm KOHIEHCUPOBAHHOIO
COCTOSIHUSI BEIIECTBA B IOCIEIHHUE TOAbI ObLIM IOJyYEHBI MHOIHE
BasKHbIE PE3YJIbTATHI, S HE CUYeJl HEOOXOAWMBIM IOJBEPraTh KHUTY
CyImecTBeHHON mepepaboTke. B KHUTe M3JI02K€HBI OCHOBBI TEOPUU U
9TO W3JIOXKEHWE, KAK KaXKETCs, BBIJIEPIKAJIO HUCIBITAHUE BPEMEHEM.
Tem He MeHee HEKOTOpPBIE MOTOJHEHWS ¥ W3MEHEHUS OKA3aJIUCh
HEOOXOOUMBIMHU.

Jobasnen maparpad 35*, moce4ieHnbIii Teopun GpasoBoro mepe-
xona Bepesunckoro—Kocrepnuna—Toysecca B CBEPXTEKYUHX ILJICH-
KaX. DTa TEOPUS COCTABJISIET OCHOBY COBPEMEHHBIX MPEICTABJICHUN
0 TIPOIECCaX, MPOUCKOMAIIUX B JBYMEPHBIX CUCTEMAX, U €€ CO3aHme
CYIIEeCTBEHHO ODOTATMJIO HAIIM IIPEICTABJICHUS O TPUPOAE (Pa30BBIX
IEPEXO/IOB.

I'nmaBa VII, nocamennasa MarHeTu3My, IOJBEPIJIACH CYIIECTBEH-
HOil mepepaboTke. B wactHOCTH, mobGasyen §74% B KoTopom pac-
CMaTpUBAaETCd TpUMEHeHuEe MeToja Xourrreiina u [IpumakoBa K
WCCJIEIOBAHUIO CBOMCTB aHTU(MEPPOMATHETUKOB. DTOT METO UT'PAET
BayKHYIO0 POJIb B MUKDPOCKONMYECKONW TEOPHUY MArHeTU3Ma W €ro
BKJIIOYEHNE B KHUTY NPEICTABIISAETCH HEOOXOIUMBIM.

OmuuM ¥3 BaXKHEWIIUX JOCTUKEHUHN MOCIEIHUX JIET B 00JaCTH
busuKM SBUIIOCH OTKPBITHE BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJI-
HIKOB. OHAKO, HECMOTPSI HA OTUPOMHBIE YCHUJIUS IKCIIEPUMEHTATO-
POB M TEOPETUKOB, IPUPOJA ITOTO HHTEPECHOTO SIBJIEHUSI OCTAETCS BO
MHOTOM HemnoHaTHO#. HesicHo narke, kakoe MMEHHO B3aMMO/IEHCTBIE
OTBETCTBEHHO 33 IEPEXO0J] B CBEPXIPOBOsiee cocTosinue. [Ipu Ta-
KOM TIOJIOXKEHUY JIeJI MHE TIPUIILIOCH OTPAHUYIUTHCS JIUIIh KPATKAMHU
3aMEYaHUSMU TI0 3TOMY BOIIPOCY.

Urons 2000 r. JI. II. ITumaesckut



INPEJNCJIOBHUE K ITEPBOMY N3JAHUIO

Eciu kxpaTko oxapakTepu3oBaTh COJAEDPKAHUE IIPEIJIAaraeMoro
gurareno 1X toma «Kypca Teopermueckoit dpusmrm», TO MOKHO
CKa3aTh, YTO OH IIOCBSINEH KBAHTOBON TEOPUU KOHIAEHCUPOBAHHOIO
cocrosiaus BemiecTBa. OH HAYMHAETCS C TOAPOOHOTO WM3JIOKEHUS
TEOpWM KBAHTOBBIX KHUIKOCTEN — 603€BCKOM m (epMmeBCKoOit. ITa
Teopus, cosmannas JI. /. Jlammay Bciien 3a SKCIEPUMEHTAJIBHBIMU
orkpeiTusimu 1. JI. Kanwunbl, mpeacraBiisieT B HACTOSIIEE BPEMS
CaMOCTOATEJNIBHBIN pa3zesl TeopeTudeckoil dbusuku. Ero BaKHOCTH
OTIPEIEJISETC JAXKe HE CTOJBKO TEMU HHTEDECHBIMU SIBJIEHUSIMU,
KOTOPBIE MIPOUCXOAAT B YKUIKUAX M30TOIAX T'eJIdsi, CKOJIBKO TEM, YTO
[IPEJICTABJIEHUsI O KBAHTOBOM! JKUJKOCTH U €€ CIEKTPE SBJIAIOTCH IO
CyIIeCTBY OCHOBO# KBAHTOBOI'O ONMCAHUS MAKPOCKOMUYIECKUX TEJI.

Hampuwmep, ansa rimybokoro moHuMaHust CBOHCTB METAJLIIOB HEOO-
XOJUMO PACCMATPUBATH JIEKTPOHBI B HUX KAK (DEPMU-IKUITKOCTD.
CBoiicTBa JIEKTPOHHOM KUIKOCTHU, OTHAKO, YCJIOKHSIIOTCS HAJININEM
KPUCTAJJINIECKON PEeIIeTKN, W TpeIBapuTebHOE HU3ydeHme OoJiee
IPOCTOrO Cjlly4ad OOHOPOMHON M M3OTPOIHON KUIAKOCTU ABJIACTCA
HEOOXOMWMBIM IIATOM B IOCTpOeHWn Teopuw. TOUHO Tak XKe CBEpX-
TPOBOAMMOCTb METAJIJIOB, KOTOPYIO MOXKHO pACCMaTpPUBATHh KaK
CBEPXTEKYYECTh JIEKTPOHHON YKUIKOCTH, TPYJTHO $ICHO MOHSATH 0€3
pEBAPUTELHOTO 3HAHUS 0OJiee MPOCTON TEOPUM CBEPXTEKYUECTH
603€e-KUITKOCTH.

Heorbemaemyto 4acTh MATEMATHYECKOTO ATIAPATA COBPEMEHHOM
CTATUCTUYECKOM (DUBUKU COCTABJISIET AIMApPAT TPUHOBCKUX (DYHK-
nuit. 9TO CBA3aHO OTHIOAL HE TOJBKO C TEMH BBIYHCIUTEILHBIMU
ynobcTBaMu, KOTOPhIE MPEIOCTABJIAET NUATPAMMHAS TEXHWUKA BbI-
quCjIeHus TPWHOBCKUX (yHKnwmii. Jlego mpexme BCero B TOM, YTO
IPUHOBCKUE (DYHKIWN HEIOCPEACTBEHHO OIPENEJISIOT CIEKTD 3JIe-
MEHTaPHBIX BO30YKIAEHU TEJIa U MOTOMY SIBJISTIOTCS T€M $SI3bIKOM, Ha
KOTOPOM CBOMCTBa 3TUX BO30YKIeHUN Hambojee €CTECTBEHHO OIU-
ceiBaTh. [l0aTOMYy B HACTOSAIIEM TOME METOAWYECKUM BOIPOCAM —
TEOPUHU T'PUHOBCKUX (DYHKIUI MaKPOCKOMUIECKUX TEJ — YJIEJIEHO
3HAYUTEJIPHOE BHUMAHUE. XOTS OCHOBHBIE WJIEVW METOHA OJHU U Te
XKe JJIs BCeX CUCTEeM, KOHKPETHBIN BUJ JUATPAMMHON TEXHUKHU Pa3-
JINYEH B Pa3HbIX ciiydasx. llpeacTaBiisercss eCTECTBEHHBIM B 9TOMN
CBSI3U PA3BUBATH STU METOJbI HA TPUMEPE TEX K€ M30TPOITHBIX KBAH-
TOBBIX JKUJKOCTEH, TJle CYITHOCTb METO/a BBISBJISETCH B YUCTOM
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BuUze, 0€3 yCIOXKHEHU, BHOCUMBIX ITPOCTPAHCTBEHHO} HEOIHOPOJ-
HOCTBIO, HAJIMYMEM HECKOJIbKUX COPTOB YACTHIL U T. II.

ITo aHaJIOTUYHBIM TPUYNHAM MAKPOCKOIUYIECKYIO TEOPUIO CBEPX-
IPOBOJUMOCTU MBI M3JIATAEM HA IIPOCTOH MOJEIU H30TPOITHOTO
depmu-raza co ciiabbIM B3aUMOAEHCTBUEM, OTBJIEKASICH OT YCJIOXK-
HEHUH, CBA3AHHBIX C HAJUYIUEM KPUCTAJUIMYECKON DENIETKUU KYJIO-
HOBCKHUM B3aUMOEHCTBUEM.

B cBs13u ¢ riiaBaMu, TOCBSAIIEHHBIMY JIEKTPOHAM B KPUCTAJIIHYE-
CKO# peIlieTKe M TeOPUM MAarHeTU3Ma, MOIYEPKHEM JIUIITHUN pa3, YTo
mpejjlaraeMasi KHUTA — 9acTh KypCa TEOPETUYECKOH (DU3UKU U HU
B KOeil Mepe He IpH3BaHA 3aMEHUTH CODOH KypC TEOpHUH TBEPIOTO
Tesia. B cooTBeTCTBUU € 3THM 37€CH PACCMATPUBAIOTCS JIUIIIb BOIIPO-
cbl HauboJtee OOIIEro XapaKTepa W HE 3aTPArMBAIOTCS KAK BOIPOCHI,
TpebyIoIye UCIOIb30BAHNS KOHKPETHBIX KCIIEPUMEHTAJIBHBIX JIaH-
HBIX, TAK U T€ U3 PACYETHBIX METOJOB, KOTOPbHIE HE UMEIOT 10, cO00iH
SICHO TeopeTmyeckoii 6a3bl. HamoMuuM Takzke, 9YTO K JAHHOMY TOMY
HE OTHOCSTCH KMHETHYECKHUE CBOMCTBA TBEPIBIX TEJI, KOTOPBIE MBI ITPEI-
[T0JIATAEM PACCMOTPETH B CJIEAYIOIIEM, 3aK/IFOUUTEILHOM TOME KypPCa.

Hakomer;, B 9TOfl KHWIe WU3JIaTalOTCS TAKXKE TEOPUS 3JIEK-
TPOMATHUTHBIX (IIYKTyaluii B MAaTEPUAJIBHBIX CPEIaX W TEOPHs
rugpoguHaMudecknx duykryaruii. IlepBas ux HuX BXoamia paHee
B VIII Ttom. Ee mepenecenwe B HacTOSAImMii TOM BBI3BAHO HEOO-
XOAUMOCTBHIO IIPUMEHEHUsS] TPUHOBCKUX (MOYHKIWH, YTO TO3BOJISET
npuaaTh BCedl Teopuu 0ojiee IPOCTON u yIOOHBIN MJisi IPUMEHEHUS
Bua. Kpome TOro, ecTeCTBEHHO pacCMATPUBATEH JIEKTPOMATHUTHBIE
¥ TUAPOAUHAMUYECKUE (DIYKTYaIluu B OJHOM TOME.

JI. J1. Jlanmay orcyrcTByeT cpemu (HaKTHUUECKHX ABTOPOB 3ITOM
kuuru. Ho untaTesb J€erko 3aMeTHT, CKOJIb YACTO BCTPEUAECTCH €ro
WMsI B TEKCTE€ KHUTHU: €My JINYHO WJIA €My B COTDPYJHHMYECTBE C €ro
YUEHUKAMU TPUHAJICKUT 3HAYUTEJIbHAS IO/ U3JIaraeMbIX 37€eCh
pe3ysapTaToB. MHOrONIEeTHee OOLIEHHE C HUM JaeT HAM OCHOBAHWE
HAIEATHCS, ITO HAM YJAJIOCh BEPHO OTPAa3WUTh €r0 TOYKY 3PEHUS
IO 9TUM BOIPOCAM — PA3yMEETCs, C YIETOM TaKKe M TOrO HOBOTO,
9T0 OBLIO BHECEHO B HUX 3a 15 jieT, mpomeqmux co AHs, KOTJa TaK
TPAarvYecKy IPEPBAJIACH €T0 NEATEIHbHOCTD.

Mpur xoresu 661 mobnarogaputh A. @. Augpeesa, . E. Hzsam0-
muHcKoro u U. M. Jludmmuna 3a mocTtosHHOE 00CyXIAEHUE BOIPO-
COB, PAaCCMOTDEHHBIX B 3TON KHuUTe. MBI U3BJIEKJIU TAKXKE MHOTO
monb3bl U3 m3BecTHoM KuHuru A. A. AbGpukocosa, JI. I1. Toppkosa
u U. E. JI3470MuHCKOrO—O0HOM U3 TEPBLIX KHUT B (DU3WIECKOM JTH-
TepaType, MOCBAIIEHHBIX HOBBIM METOIAM CTATUCTUYECKONH (DUSUKH.
Haxkownern, mbr 6arogapust JI. I1. T'opekosy u FO. JI. KinumonTosuuy,
MPOYUTABIIUM KHUTY B PYKOIIMCU U CAEJIABIINM DSl 3aMEYAHUN.

Amnpens 1977 1. E. M. Jlugpwuy, JI. 1I. ITumaescrud
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HOPMAJIbBHA Y ®EPMHU-2KNJIKOCTb

§ 1. DaemeHTapHBIE BO30YyXK/IeHNS B KBaHTOBO! (hepMH-KAIKOCTH

[Ipu TemmepaTypax HACTOJIBKO HU3KWX, 49TO Je-OpoilieBcKas
JJIMHA, BOJIHBI, OTBEYAIOIIAs TEIJIOBOMY JBUYKEHUIO ATOMOB JKUIKO-
CTH, CTAHOBUTCS CPABHUMOI C MEXKATOMHBIMU PACCTOSTHUASIMU, MAKPO-
CKOIMYECKUE CBOWCTBA JKUIKOCTH ONPEIEJIAIOTCH KBAHTOBBIMHU
s derTamu. Teopus TakWX KBAHTOBBIX KHUJKOCTEH MPEIACTABJISIET
3HAYUTENIBHBIN TPUHITUIHAJIBHBIN WHTEPEC, XOTd B MPHUPOIE CYIIe-
CTBYIOT JIWIIIb IBA OOBEKTA TAKOTO PO, ABJISIONINEC XKUIKOCTSMHU
B OyKBaJIbHOM CMBICJIE 3TOTO CJIOBA; 9TO — XKUJKWAE M3OTOIBI T'eJIus
(3He u “He) npu temmneparypax ~ 1-2 K. Bce apyrue Bemecrsa 3a-
TBEPAEBAIOT 3HAUUTETLHO PAHBIINE, YEM CTAHOBATCS CYIIECTBEHHBIMU
KBaHTOBbIE 3 dekTh! B HUX. HamoMuuM B 9T0#1 CBSA3H, 9TO, COTJIACHO
KJIACCUYECKON MEXaHUKE, BCE TEJIA JOJIKHBI ObLIU ObI OBITH TBEPBI-
mu ipu abcosoTHOM Hyute (cm. V, § 64); resuit xke, 6aronapsi 0coboit
c1aboCTr B3aMMOJIEHCTBYS €T0 ATOMOB, OCTAETCS KUJIKUM BILUIOTH IO
TEMIIEPATYP, KOTJA BCTYHIAIOT B CHJTy KBAHTOBBIE SBJICHUS, TIOCIIE Ue-
T'O 3aTBEPAEBAHUE YK€ IEPECTAET OBITH 003aTEJILHBIM.

Berunciienne TepMOAMHAMAYECKUX BEJIUINH MAKPOCKOITHIECKOTO
Tesia TpebyeT 3HAHUS CIIEKTPa €ro ypOBHEl sHepruu. Pa3ymeercs,
B CJ[yYae CHCTEMbI CHJIbHO B3aWMOJEHCTBYIOIINX YACTHIl, KAKOBO
SIBJISIETCS KBAHTOBAsI YKUITKOCTD, PEUYD JOJYKHA UATA UMEHHO 00 yPOB-
HSIX, COOTBETCTBYIOIUX KBAHTOBOMEXAHUYIECKUM CTAIMOHAPHBIM
COCTOSTHUSIM BCeii KUJIKOCTH B IIE€JIOM, 8 OTHIOJIb HE COCTOSTHUSIM OT-
JeJIbHBIX aTOMOB. [Ipu BBIYUC/IEHNY CTATUCTAYECKON CyMMBI B 00JIa-
CTH JOCTATOYHO HU3KWX TEMIIEPATYP MOJKHBI YUUTHIBATHCH JIWIIb
c1a60 BO30YKIEHHBIE YPOBHU IHEPTUU KUIKOCTU — YPOBHH, PACIIO-
JIOXKEHHBIE HE CJIMIIKOM BBICOKO HAJ[ OCHOBHBIM.

Cnemyromee 06CTOATETHECTBO UMEET (DYHIAMEHTAIBHOE 3HAUCHIE
st Beeit Teopun. Besikoe citabo BO3OYKIEHHOE COCTOSTHME MAaKpO-
CKOITMYECKOTO TEeJIa MOXKHO PAacCMAaTPUWBATh B KBAHTOBON MeXaHUKE
KaK COBOKYIHOCTH OTHEJIbHBIX IAEMEHMAPHHIL 8030Yyostclenuti. DTu
9JIeMeHTapHbIe BO30YXKIEHUS BEAYT ceOs KAK HEKOTODBIE K8a3UYAC-
MuUYbL, TBUKYIIAECH B 3aHMMAEMOM TeJIOM 0Obeme u 0bJiagaroniue
OTNIPEJIC/IEHHBIME SHEPIUSAMU € W WMIyJbcamu p. Bua 3aBucmmoc-
T £(p) (UW1n, KAK TOBOPAT, 3aK0H UCTLEPCUU TIEMEHTAPHBIX BO30Y K-
JICHWI) $IBJISIETCS BAyKHON XApPAKTEPUCTUKON IHEPrETHYCCKOIO
cuekTpa Tejia. llomuepkuem JiamHAR pas, 9TO MOHATHE dJIEMEHTAP-
HBIX BO30YKIEHU# BO3HUKAET KAK CIIOCOO KBAHTOBOMEXAHUIECKOTO
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ONUCAaHMs KOJJIEKTUBHOTO JIBUXKEHUSI ATOMOB TEJIa U KBa3WYACTHUIIBI
OTHIOZb HE MOTYT OBITH OTOXKJECTBJIEHBI C OTIEJbHBIMH ATOMAMU
WJTA MOJIEKYJIAMH.

CyImecTBYIOT pa3/IMYHBbIE TUIBI JHEPIEeTHYECKUX CIEKTPOB,
KOTOPBIMH MOTYT, B HPHHIUIE, 00JIAIaTh KBAHTOBBIE YKUJIKOCTH.
B 3aBucuMOCTH OT THIIA CIIEKTPA XKUJIKOCTH OyJIeT MMETh TaK¥XKe U
COBEPIIIEHHO Pa3JIMYHbIe MAKPOCKONUYECKUE CBOWCTBA. MbI HaUHEM
C U3yYeHusl KUJKOCTH CO CIIEKTPOM THIIA, KOTOPBIA MOXKHO Ha3BaTh
pepmuesckum. Teopmsa Ttakoi epMu-KUIKOCTH OBLIA CO3TAHA
JI. /1. Jlanday (1956-1958 1T.); eMy IPHHAIJIEKAT PE3YJIBTATHI, U3-
Jaraemble B §1-41).

OHEPreTUYeCKUil CIIEKTP KBAHTOBOM KUAKOCTH (DEPMHUEBCKOTO
THIA CTPOUTCH B M3BECTHOM CMBICJIE AHAJOIHYHO CIEKTDPY UICAJIb-
Horo ¢depmu-raza (u3 gacrur co cuuroM 1/2). OcHOBHOE cocTOsIHEE
HOCJIEIHETO COOTBETCTBYET 3aIlOJIHEHUIO YaCTUIAMYU BCEX COCTOSTHUMN
BHYTPH pepmuescroti cdhepv, — cPephbl B UMITYJTHCHOM TPOCTPAHCTBE
C PaJuycoM pp, CBSI3aHHBIM C KOHIeHTpamwmeil raza N/V (uuciom
gacTul B enuHune oobema) Gopmysioi

|4 3(2nh)3  3w2h3

N _g dmpr _ pr (1.1)

(cm. V,§57). Bo30yKkaeHHBIE COCTOSIHUS Ta3a BO3HUKAIOT, KOTA Ya-
CTHIBI IIEPEXOAAT M3 COCTOAHUM 3aIl0JHEHHON cdepbl B Kakue-anbo
COCTOSAHUSI C P > PF.

B xxunkocTu, pasymeercs, He CyIIECTBYET KBAHTOBBIX COCTOSIHUIA
IUist OTAENbHBIX dacTull. OIHAKO MCXOMHBIN MyHKT JJIsi TOCTPOEHUS
cekTpa HEepMU-KUIKOCTH COCTOUT B YTBEPXKICHUH, UTO KJIACCHU-
duranysi ypoBHEH IHEPTUU OCTAETCS HEU3MEHHON IPHU MOCTENEHHOM
«BKJIIOUECHUHN» B3aUMOAECUCTBUA MEXKIY aTOMAMH, T. €. IPHU IIEPEX0-
Jie OT Ta3a K XKUIKOCTU. B 3T0# KJaccuduKanmm pojb 9acTHUIl Ta3a
LIEPEXOAUT K JIEMEHTAPHBIM BO30YKICHUAM (KBa3UYACTHULIAM ), GUC-
JIO KOTOPBIX COBHIAMAET C YUCJIOM ATOMOB U KOTODPBIE IOIUUHSIIOTCS
cratuctuke Pepmu.

Cpazy e OTMETHM, 9TO CHEKTPOM TAaKOTO THIA MOXKET 00Jjia-
[aTh, OYEBUIHO, TOJHKO YKUJIKOCTb W3 YACTHUI] C IOJIYIEJBIM CIIU-
HOM — COCTOsIHUE CHUCTEMbI U3 GO30HOB (9YaCTHUI[ C IEJIBIM CIMHOM )
HE MOXKET OIHUCHIBATHCHA B TEPMUHAX KBA3WUACTUIL, TTOMIUHSIONINX-
ca cratuctuke Pepmu. B To ke BpeMs ciiegyeT MOAYEPKHYTH, UTO
CIIEKTP TOTO TUIA HE MOXKET ObITh YHUBEPCAJIBHBIM CBOWCTBOM BCEX
TAKUX XKUOKOCTEH. THI CIeKTpa 3aBUCUT TAKKE M OT KOHKPETHOTO

!)3aGeras Bmepem, cpasy »Ke yTOUHEM, BO W3BEKAHHE HEJODPA3YMCHHI,
9TO pedb HAET O HECBEPXTeKydeil (miam, Kak roBOPAT, HOPMAAbHOY) (epmu-

xkugkocTy. TakoBoii aBisercs xuakuii uzoron 3He (¢ oroBopkoii, koropas Gymer
cZieJIaHa B IpUMeEYaHuu Ha C. 285.
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XapaKTepa B3aMMOIEHCTBUS Mexay aroMmamu. IIpocToe coobpaxke-
HHE JeJIaeT 3TO 0OCTOATEIbCTBO OYEBUIHBIM: €CIU B3aMMOIEHCTBUE
TaKOBO, UTO B PE3YJIbTATE €r0 aTOMBI CTPEMATCS ACCOIMUPOBATHCS
B HaphI, TO B MIPE/EJie MBI MOy YU ObI MOJEKYISIPHYIO KHUIKOCTD,
COCTOSAIIYI0 M3 9acTUIl (MOJIEKYJ) C LEJBbIM CIMHOM, JJis KOTOpPOii
paccMaTpUBAEMBIHl CIEKTP 3aBEI0MO HEBO3MOXKEH.

Kaxk nast u3 kBazuyacTuil 00J1a1aeT OpeIeJIeHHBIM UMITYJIBCOM P
(MBI eme BepHEMCsl K BOIIPOCY O CIIPABEIJIUBOCTH TOTO YTBEPIKIIE-
uus). Ilycte n(p) ecth byHKIMS pacupenesieHus] KBA3WYACTHUIL IO
MMITYJIbCAM, HODMHUPOBAHHAS YCJIOBAEM

3
/n dr = E, dr = d’p
v (2mh)3

(310 ycioBue OygerT yTOYHEHO HUKe). YIOMSIHYTBINH BbINIE IIPHH-
AT KJIACCU(PUKAINYA COCTOUT B IIPETIOJIOKEHUHN, UTO 3aJaHUE ITOM
GYHKIMM OHO3HAYHO OMPENEJISieT SHEPTUIO F KUIKOCTHA W UTO OC-
HOBHOE COCTOSIHHE COOTBETCTBYET (DYHKITUU PACIPEIEICHUS, B KOTO-
pOit 3aHATHI BCE COCTOSIHUS BHYTPHU hpepMu-chepsl ¢ paguycoM pr,
CBSI3aHHBIM C IJIOTHOCTBIO JKHIAKOCTH TOi ke dopmysoit (1.1), 4ro
¥ B CJIyYae HUIEAJBHOTO Ta3a.

BaxxHo oguepKHyTh, 4TO MOJIHAS dHEeprud Kuakoctu F oTHIONb
HE CBOIUTCH K CyMMe 3Hepruii € kBasudacTtuil. JIpyrumu cioBamu,
E npencrasisisier coboit dpyHKImoOHAJ OT (DyHKIUU pacHpeseieHus,
He cBOIAIuiics K MHTerpaiy [nedr (Kak 3TO UMeeT MECTO JJIsi UJie-
aJIBHOTO Ta3a, I7le KBa3UYACTUIIBI COBIAIAIOT C HCTUHHBIMYU YaCTUIIA-
MU U He B3aUMOJEHCTBYIOT APYT € APYToM). IIOCKOIBKY IepBUYHBIM
MOHSATUEM SABJIsIeTCI MMEHHO F, To Bo3HUKaeT Bompoc 00 ompeerie-
HUU JHEPTUY KBA3UYACTHUI] C YUETOM WX B3aMMOIEHCTBHUS.

g aTOoro paccmoTpuMm usMeHeHwe F 1mpu GECKOHEYHO MAaJioM
n3MeHeHun GyHKIuU pacupenesienus. OHO MOIXKHO, OYEBUIHO, OI-
PeeisiThbCa MHTErPAJIOM OT BBIPAXKEHUs, IMHEHHOTO TT0 BAPUAIAA 0N,
T. €. UMETH BUJ]

57E =/€(p) ondr.

Benuuuna € ecth BapuaimoHHast IPOU3BOAHAs OT dHepruu E mo
dyukimn pacnpenenennsd. OHa COOTBETCTBYET M3MEHEHWIO SHEPTUN
CUCTEMBI TIPU JO0ABJIEHUM OMHON KBA3UYACTHIBI C WMIIYJIbBCOM P,
¥ UMEHHO 3Ta BEJIMYMHA UT'PAET POJIb TAMUJIBTOHOBOM (DYHKITUH KBa-
3UYACTHUIBI B Tojie apyrux dactur,. OHa Toxke ABsgeTCS (DyHKINO-
HaJIOM (DYHKI[MU PACIpenesieHus, T. €. Buf GyHKuun €(p) 3aBUCHUT
OT pacIpeesieHus BCeX YACTUIL B YKUJIKOCTH.

OTMmeTrM B 3TO# CBA3U, YTO IJIEMEHTAPHOE BO30YXKJEHWE B Pac-
CMaTpUBAEMOM THIIE CHEKTPA MOXKHO B U3BECTHOM CMBICJIE TPaK-
TOBATh KAK aTOM B CAMOCOIJIACOBAHHOM ITOJI€ NPYTUX ATOMOB. DTy
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CaMOCOTJIACOBAHHOCTD HEJIb3s1, OJJHAKO, TOHUMATH B OOBIYHOM B KBAH-
TOBOI MexaHmke cmbicie. OHa uMeeT 37ech OGonee TIybOKMit Xapak-
Tep; B TAMUJILTOHNAHE ATOMA, YUUTHIBACTCS BJIMSHUE OKDYZKAIOIIAX
YaCTUI[ HE TOJHKO HA TMOTEHIMAJILHYIO SHEPIUI0, HO MEHSAETCH TaK-
K€ U 3aBHCUMOCTD OIIEPATOPa KMHETHYECKON HEPTHUU OT OIEPATOpPa
HAMITYJIbCA.

Jlo crux mop MBI OTBJIEKAJIUCH OT HAJMYUS y KBA3WYACTHUIL CIIH-
Ha. Tak Kak CIWH ABJISIETCS KBAHTOBOMEXAHUYIECKON BEJIMIUHON, TO
OH HE MOXKET PACCMATPUBATELCH KJIACCHIECKH, BBUIY UETO MBI JOJIHK-
HBI CUMTATH (DYHKITUIO PACIPEIESICHUs] CTATUCTUYECKON MaTpuriei
B OTHOIIIEHUU CIWHA. DHEPTUs YK€ IJIEMEHTAPHOTO BO30YXKICHUS €
B ODIEM Ciiydae siBJISIETCS He TOJBKO (DYHKIMEH OT UMIYJIbCa, HO
¥ OIIepaTOPOM IO OTHOIIEHUIO K CIIMHOBBIM IIEPEMEHHBIM, KOTOPBIM
MOXKHO BBIPA3UTh YEPE3 ONEPATOP CIMHA KBA3W4aCTUILI S. B ommO-
POAHON! M W30TPOIIHON >KUIKOCTHA (He HaXOOAIIENCA B MarHUTHOM
nojie u He (PEPPOMArHUTHO) OHEPaTOpP S MOXKET BXOAUTH B CKAJIAD-
Hy[0 (DYHKIIHIO € TOXKE JIMIIb B BUJE CKAJIAPOB 82 uiu (Sp)2; mepsas
CTENEHb TPOU3BE/IEHNS SP HEIOMyCTUMA, IIOCKOJIbKY B BHUJIY aKCH-

AJIbHOCTU BEKTOPpa CIIMHA OHa ABJAECTCA IICEBIOCKAJIAPOM. KB&,ILP&T

82 = s(s+ 1), a a1a cimna s = 1/2 cBomuTCA K He 3aBHCAIIEH OT §

IOCTOAHHOM TaksKe 1 ckaap (Sp)2 = p?/4. Takum 06pa3oM, B 3TOM
CJIydae 9HepIrus KBa3U9IaCTHUIIbl BOBCE HE 3aBUCUT OT OIEPATOPA, CIIU-
Ha, T. €. BCE YPOBHU SHEPIUU KBA3MYACTHUI] JBYKPATHO BBIPOXKJICHBI.

I[To cymecTBy yTBEPXKIEHNE O HAJUYAYU CIUHA y KBA3UYACTHUIIBI 1
BhIpaXKaeT (GaKT CyIIECTBOBAHMS ITOTO BBHIPOXKICHUS. B 9TOM CMBIC-
Jie MOJKHO YyTBEPKJIATh, YTO CIIUH KBA3UYACTHI] B JJAHHOM THUIIE CIIEK-
Tpa BCETAa PaBeH 1/2; BHE 3aBUCUMOCTH OT BEJIWYUHbI CIIUHA UCTHH-
HBIX YACTHUIL KUAKOCTHU. JIefCTBUTEIBHO, i JI060r0 OTJIUYHOTO OT
1/2 crmna s unenst Buga (Sp)? npusesu 661 K pacmeniennio (254 1)-
KPATHO BBIPOXK/IEHHBIX ypOBHE#H Ha (25 + 1)/2 ypoBHeii ¢ qByKpat-
HBIM BBIpOXKIeHueM. [Ipyrumu cioBamu, nossistores (2s+1)/2 pas-
JIMYHBIX BeTBell dyHKuuM £(P), KaxKas U3 KOTOPBIX COOTBETCTBYET
«KBa3W4YaCTUIIAM CO CIMHOM 1/2».

Kax yke 6BLIO OTMEYEHO, C YIETOM CIHHA KBa3WYIACTUI[ PYHK-
ysl PACIIPEIEJIEHNs] CTAHOBUTCS MATPULIEH WJIU OIIepaTopoM 7i(p) 1o
OTHOIIEHHIO K CIIMHOBBIM TIEPEMEHHBIM. B IBHOM BHJIE 9TOT ONEPATOD
3aIIHCHIBAETCS KAK 9PMUTOBA, CTATHCTUYECKAs MATPHIA Nog(P), TIe
«, 3 — CIMHOBbIE MATPUYHBIE WHIEKCHI, MPOGETAIONINE B 3HATE-
Hus +1/2. lnaroHa/ibHble MATPUYHBIE JIEMEHTHI ONPEIEJIAIOT IUC-
JIa KBa3WYACTHUI] B ONPEJIEEHHBIX CIMHOBBIX COCTOAHUAX. 1103TOMY
yCJIOBEE HOPMUDPOBKH (DYyHKIMU PACIIPEIESICHAs KBA3UIACTHUI] HAJIO
[UCATh TEMEPh B BHJIE

Adr = _N _ _dp
Sp/ndT_/naadT— 7 dr = )’ (1.2)
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(cumBol Sp oO3HAYAET B3ATHE CJIEAA MATPUIBL 10 CIMHOBBIM
uHIEKCaM) ).

OmnepaTopoM — MaTpUIEll MO CIMHOBBIM MEPEMEHHBIM — SIBJIs-
eTcs B ODIIEM CIydae TaK¥Ke M SHEPrusi KBa3W4acTUIbl £. Ee ompe-
JleJIeHWEe HaJ0 3aIUCHIBATH TaK:

* —sp / 2R dr = / Eapdnga dr. (1.3)

Eciu cnmuoBasg 3aBucHMOCTh QYHKIMEM PACIPEICICHUS U dHED-
TUH OTCYTCTBYET, T. €. Nag U €43 CBOAATCA K €IMHUYHON MaTpUIE

Neg = ndaﬁ, Eaf = 55043, (1.4)
To B3gTHe ciega B (1.2), (1.3) cBoguTCst POCTO K yMHOXKEHUIO Ha 2:
2/nd7_ﬁ 67E=2/56nd7-. (1.5)

Jlerko BUAETH, 9TO B CTATUCTUYECKOM PaBHOBeCUU (PYHKITHS PAC-
npejesieHns KBa3UYaCTUIl uMeeT BuJ pacupenesenus Pepmu, pu-
YeM pOJIb SHEPIUU UTPAET OnpeesieHHas coryacto (1.3) Besimunna €.
JeficTBuTeIbHO, B CUJIy COBHAJEHUS KJIACCU(DUKAIIMOHHBIX CBOHCTB
YPOBHEH SHEPTUU XKUJKOCTH U UIICATBLHOTO PepMU-ra3a SHTponus S
KUIKOCTHU OIPEAE/ISeTCs TAKUM YK€ KOMOMHATODHBIM BBIPAXKEHUEM

g —Sp/{ﬁlnﬁ+ (1—7)In(1 — )} dr, (1.6)

Kak U B ciayd4ae rasa (cMm. V,§55). Bappupys 910 BbIpasKeHHE IIpH
JTOTIOJTHUTEIbHBIX YCJAOBUSX TIOCTOSHCTBA, IOJHOTO YUC/I YACTHI U
IOJIHOY dHEpruun

6—N=Sp/5ﬁd7'=0, 6—E=Sp/§5ﬁd7=0,
1% 14

MBI IIOJIy9UM HCKOMOE€ DacCHpelesIeHAe
A= [eE /T 4171 (1.7)

rJe {f — XUMUYECKU TOTEHIMAI KUIKOCTH.
ITpu He 3aBucdAmeil OT COWHA SHEPTUM KBA3UYACTHUI, (POPMYJIa
(1.7) o3Ha4gaeT TAKyIO XK€ CBA3b MEXKJY BEJIMYUHAMU N U E:

n=[eE /T 171, (1.8)

IIpu Temmeparype T' = 0 XuMuYeCKuil MOTEHIINAJ COBIAAAET C TPa-
HUYHOM 3Hepruei Ha moBepxHocTu cdepnbl Pepmu:

plr=o = er = e(pr). (1.9)

1) 31ech U Be3le HUXKE 0 ABaXKbl MOBTOPSIOIIUMCS UHIEKCAM, KaK OOBIYHO,
OAPa3yMeBAETCS CYyMMUDOBAHUE.
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[TomuepkHeM, 9TO HECMOTPS HA (POPMATHHYIO AHAJOTMIO BHIPAYKEHUS
(1.8) ¢ ob6braabIM pacupeesenrneM Pepmu, OHO HE TOXKIECTBEHHO C
HEM: IIOCKOJIbKY € CaMo eCTb (byHKIMOHAJ OT 1, popmyJa (1.8) npex-
cTaBjiger coboit, CTPOTO TOBOPS, CJIOXKHOE HESIBHOE OIMPEIEJICHHE 7.

BepHeMmcst K cesIaHHOMY TIPEATIONIONKEHUIO O TOM, YTO KaXKJIOM
KBa3WUYACTHUIIE MOXKET OBITH MPHUIUCAH ONPEIEJICHHBIN UMITYJIbC.
YcoBue CIpaBeJIMBOCTYA ITOTO TPEIIOJIOXKEHUs TpebyeT, dToOhI
HEOIIPE/IEJIEHHOCTh MMITYJIbCa (CBs3aHHAS ¢ KOHEYHOCTBIO J[JIMHBI CBO-
6oxHOro mpobera KBa3UYACTHUIEI) ObLIa Maja He TOJIBKO IO CpaBHe-
HUIO C BEJIMYUHON CAMOTO UMITYJIbCA, HO U TT0 CPABHEHUIO C TIUPUHON
Ap «0biacTy pasMBITOCTH» PACIpeaeeHns — 0DJIacTh, B KOTOPOH
OHO CYIIECTBEHHO OTJINYAETCS OT «CTYNEH4YaTod» GyHKImu ' ):

o) =6) = { . HSBE (1.10)

Jlerko BuAeTh, YTO 3TO YCJIOBHE COOJIIOJAETCS, €CJIU PacIpesesie-
aue n(p) owmyaercs or (1.10) smmb B Masnoii obsactu BOIM3U 1O-
BepxHOocTHu depmu-cdepsnt. eificTBuTensHo, B cuity mpuniuna llay-
JIM B3aMMHO PACCEMBATHLCA MOTYT TOJBKO KBAa3WYACTHIBI B OOJIACTH
Pa3MBITOCTH PACIPEIE/ICHUs, TPUUEM B PE3yJIbTATE PACCEAHUsT OHU
JIOJI)KHBI TIEPEXOJIUTH B CBODOJHBIE COCTOSIHUS B TON Ke OOJIACTH.
ITosTOMy BEpOATHOCTH CTOJKHOBEHUS MPOMOPIMOHAJIBHA KBAIPATY
nmpuHbI 310# 06s1acTu. CooTBETCTBEHHO Hponopronatbha (Ap)? u
HEOIPEIESIEHHOCTh YHEPTHH, & C HEI0 W HEOIPEIEIEHHOCTh UMITYJIb-
ca kBazmyacTuibl. OTCIOHa FCHO, YTO MPHU JOCTATOYHO MajgoM Ap
HEOIIPEIEJIEHHOCTh UMITYJIbCA OYAeT MaJjia He TOJIBKO II0 CPABHEHUIO
C pF, HO U IIO CPaBHEHHUIO ¢ Ap.

Takum 06pa30oM, W3IATAEMBIf METOJ CIIPABEIJINB TOJBKO IS
TAKUX BO3OYKJIEHHBIX COCTOSTHUHN YKUJIKOCTH, KOTOPHIE ONMUCHIBAIOT-
ca pyHKIMEN pacrnpeaeseHnsa KBA3WIaCTHIl, OTINIAIONIEHCS OT «CTy-
IEHbKW» JIWIIb B Y3Koil obsjactu BOu3u moBepxHocTu Pepmu.
B wactHOCTH, 119 TEPMOAMHAMUYECKN DPABHOBECHBIX PACIIPEIeie-
HUN JOMYCTAMBI JIUINb JTOCTATOYHO HU3KME Temmeparypsbl. [[Inpuna
(mo sHeprum) 06JIACTH PA3MBITOCTH DPABHOBECHOTO DACIIPE/IEJIEHUS
mopsinka 1. KBaHTOBas »Ke HEOMPENEJIEHHOCTh JHEPTUU KBA3WUa-
CTHIBI, CBA3AHHAS CO CTOJIKHOBEHWSIMU, — HOPSIKA BEJIMIUHBL A/ T,
roe 7 — BpeMs cBobomHOro mpobera KBa3mdacTUIbl. lloaTomy

1) OrmeTuMm i JAJIbHERIIEr0, YTO NPOU3BOLHAL

0'(p) = —6(p — pr).

HeiictBuresbHO, 06€ CTOPOHBI ITOrO PAaBEHCTBA MAIOT ONUHAKOBBHIA PE3yJIbTAT
(equHMIYY) IpU MHTErPUPOBAHMHU N0 JIIOGOMY MHTEDPBAJLY D, COAEPKAIEMY TOUKY
P =prF-
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YCJIOBHUE IIPUMEHUMOCTH TEOPHH
h/T < T. (1.11)

IIpu aToM, coryiacHO CKa3aHHOMY BBIIIE, BDEMS T OOPATHO IIPOIIOP-
[MOHAJIBHO KBAJPATy IIMPHUHBI 00JIACTH PA3MBITOCTH, T. €.

roaT™2

tak uto (1.11) 3aBegomo Beimonasiercs npu 1 — 0. s Kuakocry,
B KOTOPO# B3auMOAEHCTBUE MEXK/Ty YACTUIIAMYU HE SBJISETCH CJIabbIM,
BCE SHEPTreTUYECKNE MAPAMETPhI 10 TOPSAKY BEJIMYWHBI COBIIAIAIOT
C TPaHUYHOI 9Heprueil £p; B 9ToM cMbicie yciaosue (1.11) sxBusa-
nentHo yeaosuto T < |ep|?).

s pacnpenesiennii, 6iM3KUX K «CTYIIEHYATOMY» (pacipeiesie-
uue npu T' = 0), MOXKHO, B IIEPBOM NPHUOJIMIKEHNUY, 3aMEHUTH (DYHK-
IIMOHAJI € €r0 3HaueHWeM, BbraucieHHbM s n(p) = 0(p). Torpa €
CTAHOBUTCS OIpeJeJeHHON (PYHKIMEN BEJUINHBI UMITYJIBCA, U POP-
mydsa (1.7) cranoBuTcs 06praHbIM pacupeneneHueM Pepmu.

ITpu sTOM BOsIM3U noBepxHOCTH (hbepMu-cdepsl, rae GyHKIwms £(P)
TOJIBKO W MMEET HEMOCPEICTBEHHBIN (PU3UIECKUI CMBICII, €€ MOXKHO
PA3JIOKUTD MO CTEMEHSIM PA3HOCTH p — pr. VmeeMm

e—ep = vp(p—Dpr), (1.12)
rae
vp= 2 (1.13)
P |p=pp

€CThb «CKOPOCThb» KBAa3W4acTHI Ha (PEPMU-TIOBEPXHOCTH. B muealib-
HOM (epMu-Tase, Te KBa3HMYACTHUIBI TOXKICCTBCHHBI C MCTUHHBIMHA
YaCTUIAME, UMeeM € = p2/2m, Tak 4To vp = pp/m. Ilo anamoruu
MOKHO BBECTH [Jist (P€PMU-KUIKOCTH BEJIMUUHY

m* = pr/vp, (1.14)

Ha3BaB ee afermuenoti maccoli KBA3UUACTHUIIBL; 9T BEJIMIUHA T10-
JIoKuUTEIbHA (CM. KoHer] § 2).

B TepMmHaxX BBEIEHHBIX TaKUM 00Pa30M BEJIWYHWH YCJIOBHE IIPHU-
MEHMMOCTH TEOPHMH MOXKHO 3amucaTh Kak 1T <« vppp, IPUYEM pe-
AJIbHBIM CMBICJIOM 00JIaaI0T JIUIIb KBA3UYACTHUIIBI C UMITYJILCAMU P,
JUIst KOTOPBIX |[p — pp| < pr. Iloguepkuem Jsmmauii pa3 mocsenxee
00CTOATEIHCTBO U OTMETHUM, YTO OHO IPUIAET B OCOOEHHOCTH HETPH-
BHAJIbHBIA XapakTep cooTHomeHuo (1.1) MexXay pp U IIOTHOCTHIO

JKUIKOCTH, TIOCKOJIBKY €ro HarIsAHbI BbIBOL (mis depmu-rasa)

1) Hns xungkoro He, ogaako, 06/1acTh KOJUYECTBEHHOM TPUMEHUMOCTH TEO-
pHUM, KaK MOKA3BIBAET IKCIEPHUMEHT, (PAKTUUECKU OTPAHUYEHA TEMIEPATYDPAMHU
T < 0,1K (Mmexnay TeM Kak |er| = 2,5 K).
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OCHOBaH Ha TPEJCTABJICHUU O YACTUIAX B COCTOSHUSAX, 3AIOTHSIO-
mux BCIO hepMu-cdepy, a He TOIBKO OKPECTHOCTD €€ IOBEPXHOCTH ).

Db dexTHBHAS MaCCa ONPEIEJISeT, B YACTHOCTH, SHTPONHUIO S
u TerioeMKOCcTh C JKUJAKOCTH TpU Hu3KUX Temmeparypax. OHu ma-
10oTCs TOH ke opmysioii, 4To m s mueaspHoro rasa (V,§58),
B KOTOPO# HAJIO TOJBKO 3aMEHUTh MACCY YaCTHUIHI 1 3D PEeKTUBHON
maccoit m*:

* 2/3 % 1/3
S=C=VyT, 5= "o (0)Pm (M) (1.15)

3ns 3 2 \Vv
(BBumy sumueiinoit 3aBucumoctu or T Besmumubl S u C coBmaga-
tor). [efictBuresibHo, Bhipakenue (1.6) suTponuu depes dbyHKIuIO
pacmpeiesieHust OMUHAKOBO JJIs XKUJKOCTH U JIJIsI Ta3a, & MPU BBIYUC-
JIEHUW 3TOTO WHTErPajia CYIIEeCTBEHHA JIUIIL OOJACTb WMITYIHCOB
BOSIM3M pp, B KOTOPOH (DYHKIIMU PACIPEIECHNsT KBA3UIACTHUIL
B JKHMJIKOCTH W YACTHUI[ B Ta3e JAOTCS OJHUM W TEeM YK€ BBIpa-
xenneM (1.8)2).

Ilepen TemM Kak TPOJOJKUTH PA3BUTHE TEOPHUU, CHEJAEM CJie-
JyIOIliee 3aMeYaHue. XOTs W3JIaraeMbiii cmoco0 BBEIEHUS] TOHATHUS
KBa3U4acTull, B (DEPMU-KUIKOCTU B TIOJTHON AHAJOTUHA C YACTUIA-
MU Ta3a Hambojiee ymoOEH MJisi CHCTEMATHYECKOTO MOCTPOEHUS TEO-
puu, CBI3aHHas C HUM (PU3NIeCKas KAPTUHA UMEET TOT HEIOCTATOK,
4910 B Hell purypupyer HenabirroaeMas 3anoyiHenHas gepmu-chepa
KBa3WYaCTUIl. JTOT HEJOCTATOK MOXKHO OBLIO OBl yCTpPaHUTH Op-
MYJUPOBKOM, B KOTOPO# 3jIeMEeHTapHbIE BO30YXKICHUS MOSBJISIOTCS
tosibko Tipu 1" # 0. B Takoit KapTuHe poJib 3JIeMEHTAPHBIX BO3OY XK 1e-
HUN WIPAIOT KBA3WIACTHUIHI BHE (DEPMU-CHEPHI U «IBIPKUS BHYTPH
Hee; TIEPBBIM HAJI0 NPUNKCATH (B IpUO/IMKEHUH, OTBeYaromeM (op-
myse (1.12)) suepruto € = vp(p — pr), @ BTOopeM € = Vp(pF — D).
CraTucTudeckoe pacupefesieHne TeX W IPYTUX JaeTcsd (hOopMyJIoin
pacnpegenenusd OepMu ¢ paBHBIM HYJIF0O XUMUYECKUM TTOTEHIIAAJIOM
(B COOTBETCTBHU C TE€M, UTO YUCJIO IEMEHTAPHBIX BO30YKICHU Mpu
9TOM HE IOCTOSIHHO, a OIPEJEJIsieTCsl TeMIIEPaTypoii?))

n=1[e/T+1]71. (1.16)

1) Moxasarenscrso coorromenust (1.1) TpeGyer npumenenus 6ojiee CIOKHBIX
MaTeMaTH4YeCKUX METOAOB U Oyner maHo Huxke, B § 20.

%) Mnst xuaxoro 3He (npm mymesom masnennn): pr/h=0,8 - 108 cm™; m* =
=3,1m (3He); pr onpenessercs Mo IIOTHOCTH YKUJKOCTH; M — II0 TEIJIOEMKOCTH

%) Hanomuum (cp. V,§63), uto B Takux ycsiopusx umcio xpasuuacTun, Ny
OIIPEEJIAETCA YCIIOBHEM TEPMOIUHAMAIECKOTO PABHOBECUS — MUHHMAJIBHOCTHIO
cBobonHOI sHeprun F' kak dyHKuuu Ngp IPH 33JaHHBIX TEMIEPATYpPE U 00b-
eme: (0F/ONxg)r,v = 0; HO 9Ta NPOU3BOAHAS U €CThb «XMMHYECKHUil MOTEHIUAJ
KBa3UYaCTHUL> (HE CMEIIMBATH €r0 C XUMUYECKMM MOTEHIUAJIOM [ YKUIKOCTH,
OIPeeNIsiEMBIM IPOU3BOAHOM oT F' 1o uucity ucrunHbx vacrum N).
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DjeMeHTapHBIE BO30OYKICHNS B TOW KAPTUHE MOSIBJISIOTCA WU WC-
9€3ai0T JIUIIb MTapaMu, TaK YTO IOJIHBbIE YHCJIA BO30YkKIEHUI C MM-
oyabCaMu P > pr U p < P BCETTA OJMHAKOBBI.

OTMernM TakzKe, 9TO PU TAKOM OIMPEIEICHUN JJIEMEHTAPHBIX BO3-
OyKIeHni UX SHEPTrUs HEIPEMEHHO MOJIOKUTEIbHA: 3TO €CTh IPEBBI-
IIIEHUE HEPTUU BO3OYKAECHHOTO YPOBHS HaJ| d9HEPTUeil HOPMAJILHOTO
YPOBHSI CHCTEMBI. DHEPIUs YKe KBA3UIACTHUI], ONPEIEJICHHAST COTIIAC-

0 (1.3), MoxeT OGBITH KAaK MOJIOKUTENHHON, TAK ¥ OTPULATEILHOM.

Bosee Toro, ans XKupkocTu npu HyJIEBBIX TEMIIEPATyPE W JaB-
JICHUU BCJIMYHUHA £F = [/ 3aBEJOMO OTPHIATEJIPHA, & IIOTOMY OTDH-
MATENbHBI U OJIU3KKE K € 3HAYCHUS €. DTO SICHO M3 TOTO, UTO IPU
T =0u P = 0 BeIuunHa —[4 COBHIAJAET C IOJIOKUTEIBHON BeJIH-
YUHOI — IIpPeAeJIbHBIM 3HaUYEHUEM OTHECEHHON K OHOU JaCTHIlE Tell-
JIOTOH UCIapCHUA KAITKOCTH.

§ 2. BzammozeiicTBre KBa3MIaCTHIL

Arnsasack QYHKIMOHAIOM OT (PYHKIUU PaCIpeIe/ieHrsT KBa3n4da-
CTHIl, WX IJHEPTUsi MEHSETCHd TpPU W3MEHEHUU ITON (DYHKIWHU.
V3MeHeHre SHEPTUM TP MAJIOM OTKJIOHEHWH 071 OT (PYyHKIMH Pac-
npenesienusi o1 «cryneHbkuy» (1.10) mosmkHO MMETH BUJ

55aﬂ /.fa’y,ﬂ& P, P )677'57( )dT (2'1)

uiid, B 60Jiee CUMBOJIMYECKOM BHJIE,
52(p) = Sp' / F(p, p)oA(p') dr',

rae Sp’ osHawaeT B3ATHE clefa MO Mape COMHOBBIX WHIEKCOB, OT-
Beyarommx uMIysabcy p’. OyHKImIO f MOXKHO Ha3BaTb @yHKuuel

s3aumodeticmeus kBasudactuy (B depmu-raze f = 0). ITo cBoemy
OLIPEEJICHUIO 3Ta (DYHKINSA HPEACTABIAET coDOM BTOPYIO BapHalu-
OHHYIO IPOM3BOJAHYIO OT HOJIHOI SHEprum Kuikoctu E u mostomy
CHMMETDHUYHA O IEPEMEHHBIM P, P’ M COOTBETCTBYIOIIMM UM TIapaM
CIIMHOBBIX UHJIEKCOB:

for,85(P, P') = fra,58(P'; P)- (2.2)

C yuerom m3meneHusi (2.1) sHeprusi KBa3W4acTHUI[ BOJIU3U IIO-
BepxHOCTH (hepMu-chepbl JAeTCs CyMMOM

&(p) — er = vrlp — pr) + S0’ [ Flp, )RR T, (23)

B wacTHOCTH, IJIs TEPMOAMHAMUYCCKH PABHOBECHBIX PACIIPEICICHII
BTOpOii wieH B ¢opmyse (2.3) ompemessier 3aBUCHMOCTbH IHEPIUU
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KBa3UYaCTHIBI OT Temmeparypbl. OTK/IOHEHUE 6N’ 3aMETHO OTJIMY-
HO OT HyJi TOJIBKO B Y3KOM CJIo€ 3Ha4eHHil p’' BOIM3W MOBEPXHO-
ctu depmu-chepbl, ¥ B TAKOM K€ CJI0€ HAXOIATCH HUMITYJIBCHI P

~

peasibHBIX KBaswdacTun,. 1losromy dyskuuio f(p, p’) B dopmysmax
(2.1), (2.3) daxkTHUECKH MOXKHO 3aMEHHUTDH €€ 3HAYCHWEM Ha CaMoil

9TO# TOBEPXHOCTH, T. €. MOJIOXKHUTh p = p' = pp, Tak 4to f Oyzder
3aBUCETHh TOJLKO OT HAIIPABJICHHII BEKTOPOB P 1 P'.

CuuHoBas 3aBUCHMOCTH MYHKINHU f CBA33HA KAK C PEJITUBUCT-
ckumu 3dderTamu (CIUH-CIUHOBOE W CIUH-OPOUTAIBHOE B3aUMO-
JeiicTBusi), TaKk M ¢ OOMEHHBIM B3amMmopeiicTBueM. Ilocientee
Hamnbosiee cymectBerHo. C ero yderoM (QyHKIMS B3amMMOIEHCTBUS
KBa3u4acTul] umeer (Ha (hepMU-IIOBEPXHOCTH) BHL

* o~

P flp, ) = F(9) + 00’ G(0), (2.4)
rne o, ' — marpunp [laymnu, neficTByromue Ha COOTBETCTBYIOIIUE
(T. e. oTBeHaOIUE MEPEMEHHBIM P W P’) CIMHOBBIE MHIEKCHI, a F
u G — nee dynkimu yria 9 Mexxay p u p''). Bug sroro Beipaze-
HUSI CBSI3aH C XapaKTEPHBIM CBOWCTBOM OOMEHHOT'O B3aMMOAEHCTBHS:
OHO HE 3aBUCUT OT OPHEHTAIUHU MIOJHOTO MOMEHTA CHCTEMBI B IIPO-
CTPAHCTBE; IOITOMY OIEPATOPHI ABYX CIUHOB MOTYT BXOIUTH B HETO
JIUIIb B BHUE CKAJISIPHOTO npousseneHus. OupenesieHHbIE, COTJIACHO
(2.4), dyukuun F' u G Ge3pa3mepubl. Beenennstit qys 91oit neiau B
J1eBOIi cTOpOHE (2.4) MHOXKUTE/b IPEACTABIAET COOO YUCIO COCTOs-
HUl KBa3UYaCTHUILI HA (PEPMU-IIOBEPXHOCTH, OTHECEHHOE K €IUHUY-
HOMY WMHTEDPBaJIy dHEPIHhi:

2
de le=ep  (27h)® \de/pp
2 *
i vp=Br_ —Prm (2.5)
T2 h3vp T2h3

ITockonbky cien matpur [layim paBen HyJf0, TO TOCIE B3ATHS

crena Sp’ Bropoit wien B (2.4) mcuesaer, Tak uro Sp'f He 3aBuCHT
ye u oT 0. Takas HE3aBUCUMOCTh UMEET MECTO B JIeHICTBUTEILHOCTH
TaK’Ke ¥ TIPA y'eTe CUHH-OPOHTATBHOTO U CHUH-CIMHOBOTO B3aHMO-
neiicteuit. [lesio B TOM, UTO cKajapHad dyHKmua Sp’f Moria 6bI
COZEPKATH OIIEPATOP CIMHA JWIIb B BUJE pou3BeaeHus S[pp’| aByx
AKCHMAJIbHBIX BEKTOPOB S u [pp’| (BblpakeHms ke, KBaJpaTUIHbIE

') B sBHO#t MaTpuuHOi bopme

m*
pFTfav,Bé = Fdapbys + Goopoys. (2.4a)

w2
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IO KOMIIOHEHTaM §, MOXKHO HE PacCMaTpPUBaTh, TAK KaK JJIA CIIH-
Ha 1/2 OHE CBOZATCA K 4iIeHAM, JMHEHHBIM II0 S U HE COZIEPIKAIIUM
S Bosce). Ho aTo npoussenenne He MHBAPUAHTHO IO OTHOIICHUIO K
0o0OpAaIleHnI0 BPEMEHU M TIOTOMY HE MOYKET BOWTH B WHBAPUAHTHYIO
sesrauny Sp'f.

Bsenem ymobnoe gsa gaspHeiiero o603HaveHIe

fan,57(P, P') = apf (D P)), F=3SpSPF. (26
W3 Boipaxenus (2.4) umeem
p:’; F(9) = 2F (). (2.7)

OyHKIINA B3aUMOIEHCTBUA KBA3UUACTHI] YIOBJIETBOPSET OIPeEIe-
JICHHOMY HWHTETr'PaJIbHOMY COOTHOIIICHUIO, CJICAYIOUIEMY U3 IPUHITUIIA
OTHOCHUTECJIBHOCTH FaJII/IJIeH. HPHMBIM CJICOCTBHUEM 3TOI'O IIPDHUHITUIIA
ABJIAETCHA COBIIaICHUE UMITYJIbCa € IUHUIIBI O6’beMa KHIKOCTH C ILJIOT-
HOCTBIO ITOTOKa ee Macchl. CKOPOCTh KBa3W4acTULbL ecTh Ot /0P, Tak
YTO IIOTOK KBa3HWYaCTHUI[ JAaCTCA UHTEI'DAJIOM

Sp/ﬁ% dr.
op

ITockobKy 9mCIIO KBA3UYACTHIIL B 2KUIKOCTH COBIIAIAET C YUCIOM
WCTUHHBIX YACTHI[, TO SICHO, UYTO IIOJIHBI! MEPEHOC MACCHI KBa3WYa-
CTHUIIAMU TOJIYYUTCS YMHOXKEHUEM TIOTOKA UX UUCJIa HA MACCy M UC-
TUHHON JacTunbl. TakuM 06pa3oM, TOIYyUNM CJIEAYIONEe PABEHCTBO:

Sp/pﬁdT = Sp/mg—gﬁ dr. (2.8)
P

Ilonoxus nag = Ndag, €ag = €003, BapbUpPyeM 00€ CTOPOHBI
(2.8). Ucnonb3osas (2.1) u obosuadenue f u3 (2.6), mosmyunm

/P5n dr = m/%dn dr + m/—af(p’ ) nén’ dr dr' =

= 5nd7'—m/fp,

rae n' = n(p’) (Bo Bropom uHTErpase 3aMeHEHO 0603HaquHe epe-
MEHHBIX ¥ [IPOU3BEICHO MHTEIPUPOBAHKE 110 4acTsM). Beumy npous-
BOJIBHOCTH 7 OTCIOZ CJIELYET MCKOMOE COOTHOIIEHUE

R 86 /f 6”(13) dr'. (2.9)

s crynenyaToi d)yHKuI/II/I
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npoussograa On'/Op’ cBoguTea x §-bynKIMN:

96(p) P
— P §(p—pp). 2.10
Bp , 00 —pr) (2.10)
IMoncraBus B (2.9) dyukumo £(p) u3 (1.12), 3amenus 3aTeM Be3ge
UMIYJIbC P = pn 3HAYEHWEM Pp = prn Ha (EepMU-TIOBEPXHOCTH

¥ YMHOXKUB 00€ CTODOHBI PABEHCTBA HA Pr, MOJIYUYUM CJIEIYIOIIEE
COOTHOIIIEHNE MEXKJY MACCOi 1M UCTUHHBIX JACTHUI] U 3PHEKTUBHOMN
MacCcoil KBa3W4aCTHUII:

1 /f )cos¥ do, (2.11)
m 27rﬁ
rae do' — sneMeHT TeJjiecHOrO yTiia B Hampasienuu p’. Ecim mox-
craButh ciona s f(¢) seipaxenue (2.7), TO 3TO PABEHCTBO IPUHU-
Maet BaA T =1+ F(9)cosd, (2.12)
m

rJe 4epra O3HA4YaeT YCPEJHCHWE IO HAIPABJICHUAM (T. €. HHTErpU-
/ .
poBanue 1o do’ /4w = sind di/2).
Beruncsinm emme cxxumaeMocts dbepMu-Kuakoctu (npu abeosrror-
HOM HyJe), T. e. Besmuuny u? = OP/Op'). TLIOTHOCTD KUIKOCTH
=mN/V, Tak 4TO
p / I u2 _ V2 opP

mN 8V’

st BBIMHCIEHUS 3TON IPOU3BOIHOM YA0OHO BBIPA3UTH €€ Yepe3 IPo-
M3BOJHYIO OT XUMHUYECKOTO MOTEHITNAJA. 3aMETUB, UTO MOCTEIHUN
saBucur or N u V Tosmbko B Buze orHomenus N/V | a Takxke, 4ro0

npu T = const = 0 nuddepennman du = VdP/N, nmeem

op _ _Vou_ VPOP
ON N oV N2 v’
TaK 49TO
ut =N (2.13)
m ON

IMockonwbky u = ep npu T = 0, To u3MeHeHUE O 44 TPU U3MEHEHUN
ypcia 9acTull Ha 6N paBHO

o :/f(pp, p')on' dr' + ngF&pp. (2.14)
F

ITepBBiit 4jleH B 9TOM BBIPAXKCHUU — WM3MEHEHUE BEJUYUHBL £(DF)
Osaronapst U3MEHEHUI0 (PYHKIIMU pacrpeeieHus. BTopoit ke djen

1) IIpu T = 0 Takxke u S = 0, Takx YTO HET HEOOXOLUMOCTH PABIUIATH U30-
TEPMUYECKYIO U anuabaTHIeCKyI0 CXKUMAEMOCTH. BenwduHa u onpepnesieHa Kak
HU3BECTHOE BHIPAXKEHHE CKOPOCTHU 3BYKa B kuakoctu. Cieyer, OHAKO, UMETh B
Buay, 4ro dakrudecku npu T = 0 oObIYHBINA 3BYyK BOODIIE HE MOXKET PAaCIPO-
CTPaHATHCHA B HEPMH-KHUAKOCTH — cM. §4.
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CBg3aH C TeM, YTO M3MEHEHUE IIOJIHOTO YMCJIa YacCTHI] MEHAET TaK-
JKe ¥ 3HAYEHWe IIPeJeJIbHOr0 uMiysbca: B cuty (1.1) umeem N =

= Vp%dpp/m2h3. TlockombKy 6n' 3aMETHO OTJIMYHO OT HYJIs JIWTIH

npu p' & pg, TO, 3AMEHUB B UHTerpaJe (PyHKIuIO f ee 3HAYCHUEM
Ha (pepMU-IIOBEPXHOCTH, MOXKEM HAIIUCATH

! —_
/f5nldTl ~ l/fdo'/an'% = LypF N
2 4 2 4V
IToxncrasus s10 BeipaxkeHue B (2.14) u BBenst m* corsacuo Oe g /Opr =

= * 0. _
pr/m*, monyaum ou T ) 2p3

3_N o W me*V'
Haxowen, B3aB 1/m* u3 (2.11) u crosa yurs (1.1), mosydum OKOH-
YaTeJIbHO

(2.15)

" 3m?
C dyuxuueit f(9) u3 (2.7) u ¢ ucnonszosanueMm (2.12) 3To BeIpazke-
HUE MOXKHO IIPHBECTH K BUJLY

u? = 32%(1 + F(9)). (2.17)

w= 2 L (;—Fﬁ)?’/f(ﬁ)u —cos9)dd.  (2.16)

Qynxrus f HONKHA YAOBIETBOPSATH OLPEICJICHHBIM YCJIOBHUSIM,
BO3HMKAIOMUM U3 TPEOOBaHUS yCTONYUBOCTH OCHOBHOIO COCTOSTHUS
)uaxocTu. [locaeaHeMy oTBedaeT 3aloHEHUE BCEX COCTOAHMIT KBa-
3UYACTUL BHYTPU (hepMu-chepB, 1 IHEPIHst ITOTO COCTOSHUS JOJIK-
Ha OBITH MWHHMMAJbHA [0 OTHOIIEHUIO K POU3BOJILHON MaJIoi
nedopmanun cdeper. He mpuBoas Bcex BBIUUCIIEHUHN, YKAXKEM 316Ch
JIMIIb WX OKOHYATEJbHBIH pedysbrar’). Ero ymobuo cdopmynupo-
BaTh, paszioxkuB ¢yurimmu F(J) u G(¥) uz (2.4) no monuaoMaM
JlexkaHapa, T. €. IPEACTABUB UX B BUJEC

F(9)=) (21+1)FP(cosV), G(9)=)_(2+1)GiP(cosV) (2.18)
l l
(mpu TakoM omnpezenennn ko3 dunuentos F; u Gy oHu coBHaAaOT

O cpeHUME 3HaueHUsME Tpoussenenuit F'P; u GP;). Torxa yciosus
YCTOWYHMBOCTH 3alMCHIBAIOTCS B BUJE HEPABEHCTB

F+1>0, (2.19)
G +1>0. (2.20)
Cpasuus yciosue (2.19) mpu | = 1 c Beipaxkenuem (2.12) s

3 HeKTUBHON MACCHI, YOEXKTAEMCs B TIOJIOKUTEJBHOCTH TOCIETHEIH.
Ycnosue xe (2.19) mpu | = 0 obecnednBaeT MOJIOKUTEIBHOCTD Bbl-

paxkenus (2.17).

Y Cm. Homepanwyx H. 8. [/ ZKIT®. 1958. T. 35. C. 524.
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§ 3. MarauTHasdg BOCHPUUMYHBOCTh (PePMU-KHAIKOCTH

KBazuuacTuia ¢ OTJIMYHBIM OT HYJIsSI CIUHOM 00J13/1aeT, BOOOIIIE
rOBODSI, TAKXKe U MArHUTHBIM MoMeHTOM. [l crmua 1/2 omeparop
9TOro MOMeHTa umeeT Buf (0 (z-IPOEKIMs MAarHATHO'O MOMEHTA
pasua +03). [locrosiunas 23/h, onpenensiomas OTHOIIEHNE MATHUT-
HOTO MOMEHTa KBa3WYaCTHUILI K MexaHuueckoMy (#/2), coBuamaer co
3HAYEHUEM TAKOMN Ke MMOCTOSHHOMW JIJIsT UCTUHHBIX YACTHUI]: OUEBUTHO,
9TO BEJIMYWHA ITOTO OTHOIIEHUS HE MEHSETCs TIPU JIFOOM CIocobe
CJIOYKEHUsI CIIMHOB YACTUI] B CIIMH KBAa3UYACTHUIIBL.

Hanuuune y kBasu4acTuir MAaratuTHOTO MOMEHTA TPUBOJIUT, B CBOIO
0oYepeib, K MapaMarHeTu3My YKUIAKOCTH. BBIYUCIIM COOTBETCTBYIO-
II[y}0 MArHUTHYIO BOCIIPUAMYUBOCTb.

s «cBOOOMHON»  KBa3WYACTUIIBI OMEPATOD JOTIOJIHUTETHHOM
sHepruu, npuobperaemoii eo B MarautTaoM mosie H, 6611 661 —GoH.
Ho B depmu-kumkocTr HEOOXOIUMO yUIECTh TOT (PAKT, UTO B CHUJIY
B3aUMOJIEICTBUS KBAa3WYACTHUI[ IHEPTUS KAXKIONW U3 HUX U3MEHUTCH
€eIlle U B pe3yJibTaTe n3MeHEHUs (QYHKIIUU PACIPEIe/IeHUs] B MATHAT-
HOM ToJjie. [1pu Beramc/IeHUY MarHUTHOMW BOCIPUUMYKUBOCTH HAJO TIO-
9TOMY TIHMCATH OMEPATOP M3MEHEHUS SHEPTUU KBA3UYACTHUILI B BUJIE

58 = —BoH + Sp / For! ar'. (3.1)
Uzmenenne xe QYHKIMT PACIPEIETIECHISA CAMO BHIPAXKAETCs depes3 0

cortacHo 0n = (On/0e)dé)'); rakum obpasoM, s 0€ mOIydUaeM
yDaBHEHHE

62(p) = —BoH + S [ f(p, p) sz(®)dr'.  (32)

Ham monanobuTcs HUMXKe peleHne 3TOr0 YpaBHEHUS JIUIIh Ha TI0-
BepxHOcTH (depmu-cdepnl. Umem ero B Bumge

0= —gga'H, (3.3)
rae g — nocrosiHHad. s crynenuaroit dyukimu n(p')=60(p') umeem
dn’ _ —6(e' —er),

de’

1) IIpu BeIUnC/TIEHUY AOOABKY 671, 3ABUCAIIEH OT IIOJIsT, U3MEHEHUE XUMUIECKOTO
MIOTEHIMAJIA MOXKHO HE YUYUTHIBATH. /I3MeHEeHNEe MaKPOCKONMIECKON BEJIMINHEI (4
B M30TPOMHON KUAKOCTH MOXKET OBITH JIAMIb KBaAPATWYIHBIM 00 nomo H (aB-
JISTEOIMMCsI TIPH BBIYUC/IEHUH BOCIPUMMYUBOCTY MAaJION BEJIMYIHMHOM), MEXK/Y TEM
Kak 0 MEePBOro MOPSAKa MAJOCTH 1O moo. OTMETUM TaKKe, YTO BBULY MaJio-
CTHA MAarHUTHON BOCIPUUMYUBOCTH KUIKOCTHU 34€Ch MOXKHO HE JeJaTh Pa3Indusd
MeXKAy HaIPAXKEHHOCTBHIO U MHAYKIIMEH IOJId B HEWl.
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Tak 9TO MHTErpupoBanme no dp' = de¢' /vy cBogmMTCA K B3ATHIO 3HA-
YEeHHs TOJBIHTETPAJBLHOTO BHIPDAYKEHUs Ha (PepME-TIOBEPXHOCTH.

IMoncrasus dbysxkmmo f u3 (2.4) u 3amerus, 4ro 1y Marpur [layum

Spo =0, Sp'(oco’)o’ = %aSp’a"a" = 20,
HaXoauM g = 2 — gw, nm
2
1+G()’
rge depra cHoBa (kak u B (2.12)) o3HaUaeT ycpeHEHHE IO Ha-
IPABJICHUAM.

BocmnpuuMyauBoCcTh Y OIpeAesieTcs U3 BhIPAYKEHUS JJIsd MArHUT-
HOTO MOMEHTA €JUHUIbI 00beMA JKUIKOCTH:

XH=BSp/a’5ﬁdT=ﬂSp/0'5§a—ndT

g= (3.4)

Oe
WK, TIOCJIe MHTETPUPOBAHUSA CO CTYMEHYATON PyHKIHEH n(p):

xH = -3 brm Spode(pr).

272h3
Haxomer, noacrasus croza (3.3), (3.4) u 3amerus, uro Sp (0 H)o=2H,
IIOJIY YUM x = BZprm* _ 352 (3.5)

2iB(14+G) w2(14+G)’

rae 7y — kodbduUIueHT B JMHEHHOM 3akoHe TemioeMkocT (1.15).
Boipaxkenue x = 37(%/72 ecTh BOCHPHUMYHBOCTD BBIPOKICHHOTO
dbepmu-raza u3 gacrun ¢ MarHuTHBIM MoMeHTOM [ (eM. V,(59.5)).
MmuoxuTens xe (1+G) ! Berpaskaer coboit oTsrmame hepMu-3xKumIKoc-
T or depmu-raza’).

OrmernmM, uro yenosue ycroituusoctu (2.20) ¢ | = 0 coBmazaer
¢ ycmoBueM x > 0.

§ 4. Hynesoit 3ByK

Hepasuosecubie cocrosiausi (HhepMU-KUAKOCTH OMUCHIBAIOTCH
GYHKIUSME PACIpeaesieHns KBa3UYACTHIl, 3ABUCIIIUMHU HE TOJIBKO
OT UMIIYJIbCOB, HO TAKXX€ W OT KOOPAWHAT U BpPEMEHU. DTU (DyHK-
uu 7(p, T, t) NOAYUHSAIOTCH KUHETUIECKOMY YDABHEHUIO BUIA

dn

Y Most 3He: G = —2/3.
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rge St — Tak Ha3bIBAEMBIA WHTErPaJI CTOJKHOBEHUIA, OIPEIeIsiio-
Uil U3MEHEHUE YUCJIa KBAa3WYACTUI[ B JAHHOM 3jieMeHTe (Ha30BOro
06beMa, 00yCIIOBJIEHHOE UX CTOJIKHOBEHUSIMU JPYT C APYroM ).

[Mosnasi mpousBoxHasi o BpeMeHu B (4.1) y4uTHIBaEeT Kak sB-
HYTO 3aBUCUMOCTD 7i OT ¢,TaK W HESIBHYIO 3aBUCUMOCTD, CBSI3aHHYIO C
U3MEHEHUEM KOODAWHAT, UMITYJIBECA ¥ CIMHOBBIX ITIEPEMEHHBIX KBA3U-
YaCTUILI COTVIACHO ee ypaBHeHusiM npuKenus. Creruduka dhepmu-
KUJIKOCTU COCTOUT B TOM, UTO IIOCKOJIBKY SHEPIHUsS KBa3WYIACTHUIIHI
SABJIIeTCs (DYHKIIMOHAJIOM OT (DYHKIIUU DPACIpPEeieHus, TO B HEOJ-
HOPOJIHOMN YKUJIKOCTH BMECTE C 75 3aBUCUT OT KOOPJMHAT TAKXKE U &.

st pacupeneneHuil 7, €1ab0 OTIMYAIONIUXCH OT PABHOBEC-
HOTO N, ITUIIEM

A(p, T, t) = no(p) + A(p, 1, t). (4.2)
IIpu 3TOM SHEPrUs KBa3WYACTHUILI € = £g + 0E, T/e €9 — DHEPrus,

OTBEYAOIAsl PABHOBECHOMY DACIPEIECIICHUIO, a 0 JAaeTCs BBIpayKe-
aueMm (2.1), Tak 4ro

=S =sp / F(p, p) 20D gy, (4.3)
r or Or

B orcyrcrBue BHEIIHErO MAarHUTHOTO HOJS €9 U 79 OT CIMHA HE
3aBHCHT.
SIBHAs 3aBUCHMOCTB 7 OT BPEMEHH HaeT B dn/dt wieH

on _ oon

ot ot
3aBUCUMOCTD K€ Yepe3 KOOPAUHATHI U UMITYJIbC JAET YJIEHBI
ons | Onx
Er + %p.
Posnb raMuibTOHOBON (DyHKIMY KBa3WUYACTUIIBI HTPAET €€ SHEPTHUS E.
B cuny ypaBuenuit ['amunsrona nmeem
0 =~ 0E
o P o
[TosToMy MMeeM, C TOYHOCTHIO JI0 YJIEHOB TIEPBOTO TOPSIKA 110 O7:
00n 8o Ong O6€
or op  op or

r=

1) Comep:xanue sToro maparpacda mpeamosaracT 3HAKOMCTBO C TOHATHEM K-
HETHUYIECCKOTO YPABHEHUA U B 3TOM CMBICJIE€ BBINIAJAET U3 l'[pO(bI/IJIH AJaHHOI'O TOMa.
Opnako 6e3 KMHETHYECKOTO ypaBHEHHs (M €ro IPUMEHEHHS B 9TOM M CJIELYIO-
meM naparpadax) dpopmynupoeka Teopun (epMu-kuaKocru 6bu1a 6bI HELOCTA-
TouHo nosiHa. Ham momamoburcs 3mech Juinb ypaBHEeHHE 0€3 MHTErpaja CTOJIK-
HOBEHWIT; BOIPOCHI, CBSI3aHHBIE C KOHKPETHBIM BUIOM MHTErpPaJia CTOJIKHOBEHMUIA,
OyayT pacCMOTPEHBI B APYTOM TOME, MOCBSIIEHHOM (DU3NYIECKON KUHETHUKE.
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Haxkonen, nsmenenne co BpeMeHeM (DYHKIUHU 75 KAK OIIEPATOPA IIO
CIIMHOBBIM IIEPEMEHHBIM JA€TCs, IO OOIIMM IPAaBUJaM KBAHTOBOM
MEXaHUKH, KOMMYTaTOPOM

PPN

OHakO IIpY He 3aBUCHAIINX OT CIMHA Mg U €0 WIEHBI IIEPBOIO MOPAIKA
10 67 B 9TOM KOMMYTATOPE OTCYyTCTBYIOT.
Cobupas HaINCAHHBIE WIEHBI, OJYYUM yDABHEHUE

06 Oco 00 _ 03E omp
ot op Or or Op

Hpem,z[e, YeM IIpUCTYNIUTh K HCIIOJIb30OBAHUIO KUHETUYECKOI'O
YpaBHEHUHd, OCTAHOBUMCH Ha yCJIOBUAX €0 IPUMEHUMOCTHU. I/ICHOJIB—
30BaB KJIACCUYIECKHE (no KOOpIAUHATAM U I/IMl'IyJIBCy) YPaBHEHUS, MBI
TE€M CaMbIM IIDEAIIOJIaraJJid ABU2KCHHE KBAa3UYaCTUI[ KBASUKJIACCHUYIEC-
CKHM; 9TO XK€ IPEAIOJIOXKECHUE JIC2KUT IO CYILIECTBY YK€ B OCHOBE
CaMOro OMUCAHUS KUIKOCTU (DYHKIMEH PaCIpeiesieHns, 3aBUCIIEH
OOAHOBPEMEHHO OT KOOpAWHAT U UMITYJILCOB KBa3UYaCTUII. yC.TIOBI/Ie
KBa3UKJIACCUYHOCTHA COCTOUT B MaJIOCTHU JAe-OpOiIeBCKOM JIJIMHBI BOJI-
HBI KBa3UYaCTUI], ﬁ,/ Ppp IO CPABHEHUIO C XapaKTepHO# miauuoit L, Ha
KOTOPO# CyIIECTBEHHO MCHACTCA d)yHKI_II/IH n. Beensa smecTo L «BoJI-
HOBO! BEKTODP» HEOJHODPOIHOCTH k ~ 1/L, 3ammieM 3TO ycjaoBuUE

1
5 suge’) Bk < pp. (4.6)

YacroTa w n3MeHeHus (QYHKIINY PACIPEIE/ICHNUs, yCTAHABINBAOIIA-
SCsl TIPY 3aJaHHOM K, TIOPSAIKA, BEJIMYUHBL W ~ Upk U aBTOMATHYECKHU

y,I[OB.TIeTBOpHeT yCﬂOBI/IIO
hw < ep. (4.7)

Cootnomenne ke Mexkay hw u Temmeparypoit 1' MOXKeET OBITH JIO-
6piM. Eciu fw > T', TO posib MUPHUHBI 00JIACTH PA3MBITOCTH (DYHK-
WU PACIPEIEJICHNs UrPAeT MMEHHO BesauunHa hw; torma (4.7) ectsb
00s13aTeJIbHOE [IJIsi IPUMEHUMOCTHU BCell TEOPHUH YCJIOBUE, 0DeCIedn-
BAIOIlee MAJIOCTh KBAHTOBOI HEOIPEJEJIEHHOCTH YHEPIUU KBa3Wda-
cTunpl (CBA3aHHON C WX CTOJIKHOBEHWSIMHU) IO CPABHEHUIO C fw.

[IpumenuM Teneph KUHETUUIECKOE YPABHEHWE K HUCCJIETOBAHUIO
KOJIe0ATETLHBIX IBUXKEHUM (DEPMU-KUIKOCTH.

[lpu HU3KWX, HO OTJUYHBIX OT HYJIS TEeMIEparypax B (epmu-
KUJKOCTH TPOUCXOAAT B3aUMHBIE CTOJIKHOBEHUS KBAa3WYACTHII,
mpEdeM BpeMsi UX CBOGomHOro mpobera 7 o T2, Xapakrtep pac-
TPOCTPAHSIONUXCA B YKUIKOCTH BOJIH CyIIECTBEHHO 3aBUCUT OT Be-
JINYWHBI TPOU3BEICHUS WT.

= St (4.5)

1) Corstacuo ompeaesennio (1.1) /i/pr mopsmKa BeTHYUHBI MEKATOMHEIX DAC-
cTosiHui, Tak 4To yciaoBue (4.6) — ouens cuaboe.
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IIpu wr <K 1 (uro axTUUECKH IKBUBAJEHTHO YCJIOBUIO Ma-
JIOCTM JJIMHBI TPOGEra KBA3WYACTHILI | 10 CPABHEHUIO C JJIMHOM
BOJIHBI A) CTOJIKHOBEHHUsI YCIIEBAIOT YCTAHOBUTH TEPMOJUHAMUYIECKOE
paBHOBECHE B KaXKJIOM (MaJIOM II0 CPABHEHHIO C A) aJieMeHTe 00beMa
JKUJAKOCTU. DTO 3HAYUT, YTO MBI UMEEM JI€JI0 C OOBIYHBIMU THIPO-
JTUHAMUYECKAMU 3BYKOBBIME BOJIHAMH, PACIPOCTPAHSAIONUMUCS CO

ckopocThio U = /OP/0p. Tlornomenne 3ByKOBBIX BOJIH P wT &K 1
MaJIo, HO IPH YBEJIWYEHUH WT OHO BO3PACTaeT ¥ mpu wT ~ 1 cra-
HOBUTCS OY€HDb CUJIBHBIM, TAK YTO PACIPOCTPAHEHUE 3BYKOBBIX BOJIH
CTAHOBUTCS HEBO3MOXKHBIM !

[Ipu masjpHeiineM yBeJudeHnn wT, KOTaa yxke wt > 1, B bepmu-
KUJKOCTH CHOBA CTAHOBUTCA BO3MOXKHBIM DACIPOCTPAHEHWE BOJIH,
MMEIONINX, OJHAKO, APyroi dusnydeckuii xapakTep. B aTux Koje-
OaHMSAX CTOJKHOBEHUS KBAa3WYACTHUI[ HE WIDAIOT POJIM W TEPMOIW-
HAMWYECKOE PABHOBECHWE B KaXKJIOM 3JIEMEHTEe 0ObeMa HE YCIIeBaeT
yCTaHABIUBATHCA. [Ipomecc MOXKHO paccMaTpuBaTh KaK IIPOUCXOISI-
ot mpu abCOJIIOTHOM HYJIE TEMIEPATYPBL. DTHU BOJIHBI HA3BIBAIOT
HYAEEBIM 38YKOM.

CorJiacHO CKA3aHHOMY BBIIIIE, IPX WT > 1 B KHHETHIECKOM YPaB-
HEHUY MOKHO OIYCTUTH WHTErPAJI CTOJIKHOBEHUIT; TOTIA

o | 08m _ ono O5E

=0, (4.8)

ot 6r op Or
rae v = Jg/0p — CKOPOCTh KBA3WYACTHUI, BBIYUC/IEHHAS [0 HEBO3-
MYIIEHHON 3HEPTUM € (v = vUpnN, TIe N — E€IWHWUYHBIA BEKTOD B

HanpasjieHuu P); uHgekc 0 y € 3/1eCh U HUKE OIYCKAEM.

IIpu T' = 0 paBHOBecHas DYHKIHS PACIPEIETIEHUS N IPEICTAB-
JsieT coboit crynenuaryo (yHKuo 6(p), oOphIBAIONIYyIOCH Y TIpe-
JIEJIBHOTO UMIIYJIbca p = pp. Fe mpousBomHas

6710
— = —nd(p — pr) = —vié(e —€F).
op

IIpeamonaras, 9TO 3aBUCUMOCTDL 071 B BOJIHE OT BPEMEHU U KOOP-
JuHAT Jaercs MHoxkuresieM expli(kr — wt)], 6ygem uckarh penieHue
KUHETUYECKOTO YPABHEHUS B BUJIE

61 = 8(e — ep)v(n)e! k=t (4.9)
Torpa ypasrenue (4.8) ¢ O0€/0r u3 (4.3) nupuHuMaeT Bux
(w =~ vrnl)p(n) = nk Ph PF _Sp / Fm, )oY do,  (4.10)

1)Hpn wT<1 K03 PULMEHT MOIIOMEHUs 3BYKA fy~w2n/pu3, rae 17 — BSA3-
KOCTb YKMJKOCTH. 110 IOpSZKy BEJIMYUHBL UMEEM U ~ UF, 1/p ~ vpl ~ ’U%—"T, rae
VF — CKOPOCTb KBAa3HYACTHIL (HE 3ABHCAIIAS OT TEMIEPATYPhI), TaK 4To 7) o T2
(H. 4. Momeparuyr, 1950). TIpu stom yu/w ~ wr o w/T?.
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rae n u n' — eIUHWYHBIC BEKTODPHI B HAIIPABJICHUAX P U P’, a MHTe-
IPUPOBaHME TPOU3BOJUTCS 110 HAIpPaBacHHAM n'.

Paccmorpum kosebGanusi (HysieBO# 3BYK), HE 3aTPArWBAIONIAE
CIMHOBBIX XaPAKTEPUCTHUK KUJKOCTU. DTO 3HAUUT, UTO OT CIIMHOBBIX
IIeEPEMEHHBIX HE 33aBUCHUT HE TOJBKO PAaBHOBECHAas (DYHKIUS pacipe-
JIeJICHWsI, HO W €€ «BO3MYyIleHme» On. B Takoil BosHe m3MeHeHUME
dbyHKIMM pacupeesieHnsi TPy KOJIebaHuSX CBOAUTCH K Jedopmanun
rpaHndHON (hepMu-moBepxHOCTH (Chephbl B HEBO3MYIIIEHHOM DACIIpe-
JleJIEHUN), OCTAIOLIEiiCs IPU 9TOM DPE3KOH I'DAHULENH MEXKIy 3aIoll-
HEHHBIMU W HE3ATOJTHEHHBIMU COCTOSHUAME KBazudactuil. OyHKIms
ke v(n) npexacrasisier coboil BeJMUUHY CMEIIeHUs (B €IUHAIAX
SHEPI'WH) STOW MOBEPXHOCTU B 33JaHHOM HAIIPABJICHAW .

ITockonbKy v(n') He 3aBUCUT OT CIIMHOBBIX [IEPEMEHHBIX, TO OIIe-
pamust Sp’ B (4.10) mpumensiercst Tonbko K ymkruu f. Hamucas

nocieauion B Buge (2.4), 6ysem umers Sp'f = (21243 /ppm*) F(9).
Takum obpasoM, OmepaTop @ BBHIIAIAET BOBCE W3 YPABHEHWS, ITPU-
HUMAIOIIETO TEMEPh BUT

(@ — kv)v(n) = kv / P()(a)%. (4.11)

Bribepem nampasienue k B KadecTBe HOJISPHON OCH, U IIyCTh
yIUIbI 6,  ONpENEaIOT HATpaBjeHne N. BBeia Tak»Ke CKOPOCTh Pac-
NPOCTPaHeHUsl BOJMHBL Uy = w/k u 0603HaYeHNe § = Ug/VF, HAUIIEM
OKOHYATEJILHO TIOJIyYEHHOE YPABHEHNE B BUJE

(s — cosO)v(0, ¢) = cos 0/F(19)V(0', go')i—i. (4.12)

OTO WHTErpajbHOE YpPABHEHUE OINPEIESISeT, B IPUHITUIE, CKO-
pocTh pacupocTpaHeHuss BosiH u dyHkmmio v(n') B Hux. Cpasy xke
OTMETHM, YTO JJIs HE3ATYXAIOIUX KojiebaHuii (KOTOPBIE 3/€Ch HAC
TOJIBKO U WHTEPECYIOT) BEJIMYMHA § JOJIKHA INPEBBINIATh 1, T. €.

JOJIZKHO OBITH u > vp (4.13)

[TpoucxoxeHWe ITOr0 HEPABEHCTBA MOXKHO IIOHATH, IEPEIUCAB
(4.12) B BUIE

)
s —cosf 4w

~ v(0, ¢") do

v(0, ) = cosO/F(z?)w —
rJic BMECTO V BBEJIEHA Apyrasi Heu3BecTHas dyHKus U=(s— cosf)v.
IIpu s = w/kvp < 1 moppIHTETpPaJIbHOE BBIPAXKEHHUE UMEET IIOJIIOC
B To4ke cos@ = s, W 1 NPHUJAHUSA MHTETPAJIy CMBICJIA 3TOT MO-
JIFOC JIOJI2KEH OBITH ODOIEH M0 ONMPENESIEHHOMY IIPABWIIY B IJIOCKO-

CTU KOMILJIEKCHOTO ImepeMeHHOro cos f'. 9ToT 06x0 BHOCUT B HHTeE-
rpaJi MEUMYIO YaCTh, B PE3YJIbTATE UETr0 MPUOOPETAET MHUMYIO YaCTh
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TAKKe M 9aCTOTA W (IIPU 33JAHHOM BEIIECTBEHHOM k), 9TO M O3HAUA-
eT 3aTyxaHue BOJHBI. Pu3MdUeCKuUil CMbICI paBeHCTBa cosf = ug/vr
(OTBEYAIOIIETO MOJIFOCY) COCTOMT B TOM, YTO 9TO €CTh yCJIOBUE He-
DEHKOBCKOT'O M3JIyY€HUs] BOJH HYJICBOIO 3BYKa KBAa3WYACTULAMHE ).

Paccmorpum B KadecTBe nmpumepa ciydait, korga gyskmus F(1F)
CBOAUTCS K IOCTOSAHHOM (0603Ha4umM ee Fp). VIHTerpas B npaBoit cTo-
pose ypasaenus (4.12) He 3aBucut mpu 3ToM ot yrios 0, . [Tosromy
uckoMasi (DYHKIUs V UMEET BUJ

v = const - — 20 (4.14)
s —cosf

@epMu-IOBEPXHOCTh MPUOOPETAET, TAKUM 00pa3omM, (hopMy Io-
BEPXHOCTY BPAIIEHUSs, BEITSHYTON BIEPEJ] IO HAIIPABJIEHUIO PACIIPO-
CTPaHEHUs BOJIHBI M CIUIFOCHYTON B OOPATHOM HAIPABJICHUH. DTA
AHU30TPONUs SBJISIETCS MPOSBJICHUEM HEPABHOBECHOCTU COCTOSIHUS
JKUJIKOCTU B KaXKJIOM 3JIEMEHTe ee 00beMa: B PABHOBECHUU BCE CBOM-
CTBA YKUJKOCTHU [IOJIXKHBI OBITh U30TPOIHBIMU U TEM CaMbIM (hepMu-
HOBEPXHOCTh — C(EPUUECKO. YKaxKeM Jyisi CDABHEHUsl, YTO
OOBIYHOM 3BYKOBO#W BOJTHE COOTBETCTBYET cepudecKkasi (hepMu-mo-
BEPXHOCTH KOJIEOJIIOIIETOCs PAIUyca g‘paHHquIﬁ UMITYJIEC Pp KO-
JiebJieTcsi BMECTe C ILUIOTHOCTBIO JKHUJKOCTH), CMEIEHHAs Kak Ife-
Jlas Ha BEJINYWHY, CBA3AHHYIO CO CKOPOCTBIO JIBHXKCHUS KUIKOCTH
B BOJIHE; COOTBETCTBYOINAs (DYHKIMA V UMEET BUJ V = dpp + const -
cosf.

Jluist ompeiesieHnst CKOPOCTH PACIPOCTPAHEHUSI BOJIHBI HYJIEBOTO
3ByKa ug moacrasisieM (4.14) B (4.12) u Haxomum

T
FO/ cosf 2mwsin6dl -1
0

s —cosf 4

IIpousBens mHTErpUpOBaHUE, MOJYYUM ypPABHEHUE, OMPEIEIISIONIEe
B HESIBHOM BHJE CKOPOCTDH Ug IO 33 IaHHOM Bejuuuue Fy:
St =1 (4.15)
2 s—1 Fy
OyHKIWS B JIEBOY CTOpPOHE ypaBHeHUs yObiBaeT oT 0o no 0 mpu u3-
MEHEeHHH S OT 1 JI0 00, OCTaBasACh BCErza IMOJIOXKHUTEIbHOM. OTcroma
CIenyeT, 4TO pacCMaTpuUuBaeMbI€ BO/JIHBI MOTYT CYIIIECTBOBATH TOJIBKO
upu Fy > 0. IlomuepkHeM, 9TO BO3MOXKXHOCTb PACIPOCTPAHEHUA HY-
JIEBOTO 3BYKa 3aBUCHUT, TAKAM ODOPA30M, OT CBOWCTB B3aUMOIEHCTBUS
KBa3U4aCTHIl B (PEPMU-KUIKOCTH.

) Taxoit MexaHH3M 3aTyXaHWs HA3LIBAIOT 3aTyxaHueM Jlanmay; oxo Gyzer mo-
ApobHO m3ydeHO B ToMe X B CBsA3U C KosnebaHusmu miasMmel. 1IpaBusno obxona
HOJIIOCA B MHTETPAJIe YCTAHABIMBAETCS 3aMeHON w Ha w + 0 (T. e. s — s + 10),
CMBICJI KOTOPO COCTOUT B TOM, UTO €10 06ECIeYNBAETC KOHEUHOCTh BO3MY LIICHHS
BO BCE IPEIBIAYIIYE MOMEHTEI BpEMEHH (B TOM uucsie npu t — —o0).
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ITpu Fy — 0 maiigem uz (4.15), uro s crpemurcs K 1 10 3aK0HY

s—1r2e 2e 2P0, (4.16)
Dror ciaydait umeer Gosee obmee 3HadeHue, yeM dopmyna (4.15),
npennosaraomas F' = const = Fjp: OH COOTBETCTBYET HYJIEBOMY

3BYKY B TOYTH WJICAJIBLHOM (DepMU-Ta3e NMpPH MPOU3BOJILHOM BHJIE
dbyukmyun F(9). JeficTBUTEIbHO, TOYTH UAEAJIBHOMY Ta3y COOTBET-
CTByeT MaJjiasd 10 abcosoTHON Besmunue dyuxmus F(J). I3 ypas-
Henus (4.12) BumHO, 9TO mpU dTOM S OymeT GumskuM K 1, a QyHK-
IWsi ¥ — 3aMeTHO OTJIMYHOW OT HyJs JIUIIh IPUA MAaJbIX yrjax 6.
Ha sTom ocHOoBaHwmM, paccMaTpuBas JIHUIIb 00JACTh MAJBIX YIJIOB,
MOXKHO 3aMEHHTb B MHTerpajie B mpaBoii cropore (4.12) dbyukuuro
F(9) ee snagennem npu ¥ = 0 (upu 6 = 0 u §' = 0 taxxke n ¥ = 0).
B pesyabrare mMbl cHOBa BepHeMmcs K ¢opmysam (4.14) u (4.16) c
3ameHoi KoHCcTanTel Fyy Ha F'(0)'). OrMernM, 9TO B c1abo Hemme-
aJIbHOM Ta3e CKOPOCTH HYJIEBOTO 3BYKA MPEBLIMIAET CKOPOCTH OOBIU-
HOI'O 3BYKa B \/§ pa3. eficTBUTEIHLHO, AJId IEPBOI UMEEM Ug = VR,
a Jyisi BTOpoi HaxomuM u3 dopmyet (2.17) (npenebperas B et F' u
nosnoxus m* ~ m), u? ~ p%/3m? = v% /3.

B ofmem ciyuae mpomssosbHON 3aBucumoctu F(6) pemenue
ypaBHenusi (4.12) neommosnauno. OHO, B NPHHIUIE, IOIYCKAET
CYIIECTBOBAHUE DPA3JIMYHBIX THUIOB HYJIEBOTO 3BYKA, OTJIMYAIONINX-
csl IPYT OT IpyTa yIJIOBON 3aBUCHUMOCTHIO MX aMIuUTyabl v(6, ¢) u
PACIPOCTPAHSIONIMXCST € PA3JIMYHBIMU CKOpocTsiMu. [lpm 3ToMm
HApSALY C aKCHAJIbHO-CUMMETPUYHbIMU pemieHusMu v(f) moryr cy-
MECTBOBATh W ACHMMETDPUYHBIE PEIIEHUsI, B KOTOPBIX U COIEPIKUT
A3UMYTaJIbHBIE MHOXKUTEIN ei’m‘/’, rje m — 1ueJible ducia (CM. 3aaa-
qy). OTMeTnM, 9TO Jyid BCeX Takux pemenuii uarerpan [vdo = 0,
T. €. 00bEeM, 3aKJIIOUEHHBIH BHYTPH (PEPMU-TIOBEPXHOCTHU, OCTAELTCH
HEU3MEHHBIM; 9TO 3HAYUT, YTO KOJIeOAHMUS MPOUCXOOAT 6e3 m3MeHe-
HUS TJIOTHOCTHU KUJIKOCTH.

BoaMoxkHOCTE pacmpocTpaHeHusl BOJH B (DEPMU-KUIKOCTU TIPH
abCOIIOTHOM HyJIEe O3HAYAET, YTO €€ SHEPIETHUECKUIl CIIEKTP MOXKET
COZIEP’KATh BETBh, OTBEUYAIOIIYIO 3JIEMEHTAPHBIM BO3OYXKICHUSM C
nMmyiabcoM p = hk u sHeprueit € = Aiw = upp — <«KBAHTBHI HYJIE-
BOrO 3ByKa» . Tor (dakT, 9410 HyJIeBOH 3BYK (C J0ObIM 3amaHHbIM K)
MOXKET MMeTh IIPOU3BOJIbHYIO (MaJIyi0) MHTEHCUBHOCTH, B TEPMUHAX
9JIEMEHTAPHBIX BO30YKACHUN 03HAUAET, ITO ITOCJIETHUE MOTYT 3aII0JI-
HATb CBOM KBAHTOBHIE COCTOSTHUS B JIIOOOM YHCIE; IPYTAMU CIOBAMH,

1)K0J1e6amm, COOTBETCTBYIOIIME HYJIEBOMY 3BYKYy B CIa00 HEHIEAJHHOM
epmu-rase, Obn Brepsbie paccmorpensl fO. JI. Kaumonmosunem u B. II. Cu-
)
aunoim (1952).
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OHU TOIYMHAIOTCS CTaTUCTHKE Bo3e u 06pa3yior, Kak roBOpLAT, 603€e6-
ckyro0 eemesb cuekTpa epmu-kuakoctu. [loguepkaeM, OOHAKO, ITO
B paMKax Teopuu JlaHnay 66110 OBl HETPABUIFHBIM BBOAUTH COOTBET-
CTBYIOIWE 3TON BETBU MONPABKHU B TEPMOAUHAMUYECKUE BEJIMUMHBI
dbepMu-2KUIKOCTH, TIOCKOJIBKY OHU COAEPKAT OoJiee BBHICOKUE CTEIIe-
uu TemnepaType! (T3 B TemIoeMKocTn), 4eM y2Ke MepBbie TOMPABKH
K U3JIOXKEHHO} NPUOIMIKEHHON TEOpUH.

Bompoc o morsiomenun HyJieBOro 3Byka TpebyeT pacCMOTpeHUs
CTOJIKHOBEHMI KBA3WYIACTUIL U HE OTHOCUTCS K COIEPKAHUIO ITOTO TOMA.

S3amaua

Haiitu ckopocTs pacnpocTpaHeHusi aCHMMETPUYHBIX BOJIH HYJIEBOI'O 3BYKa
npu F' = Fy + Ficosd.
Pemenue. Ilpn

F = Fy+ Fi(cosfcos 8’ +sinfsin 8’ cos (¢ — ¢'))

MOTYT CyIIECTBOBATH pelIennus ¢ v o« e=*?, JleiicrBurensro, monoxus v = f(0)e'?,
nozacrasus B (4.12) u npoussens uHTerpuposanue o dy’, mosydum

(s —cosb)f = % cost9sint9/sin2 0'f(6')do'.
0

Orciona .
sinfcosf ;,
v =const - ——————¢'?.
s —cosf
IloncraBus 310 BBIpaskeHMe OOPATHO B ypaBHEHUE, MOJIYIUM COOTHOIIEHUE
kL
.3
sin® @ cos 6 4
———df = —,
s —cosf Fy
0

OIIpeIeJISIONIEE 3aBUCUMOCTE CKOPOCTHU pacnpocTpanenus oT Fi. nrerpaJ B Jte-
BOI CTOPOHE PaBEHCTBA SIBJISIETCS MOHOTOHHO yObiBamomieit dyukmueir s. [Toaro-
My ero HauboJiblllee 3HA4YEHHE AOCTHraeTcs Ipu s = 1. Berauciaus uxTerpas npu
s = 1, HaiigeM, 9TO PaCIHPOCTPAHEHUNE ACHMMETPUYHOM BOJHBI PACCMOTPEHHOIO

Buga BO3MOXKHO Tipu F1 > 61).

§ 5. CuouHoOBBIE BOJIHBI B (DEPMU-KUIKOCTH

Hapsiny ¢ paccMOTpeHHBIMEY B TIPEALIAYINEM maparpade pereHu-
MU VI, He 3aBUCSALIUME OT cinuHa, ypaBHenue (4.10) umeer Takske

W PEIICHU BUIA, U= ou(n), (5.1)

1) st xxunkoro 3He moxwuO Bhrumciautrs Fy u I} 10 U3BECTHBIM 3HAYEHUSIM
m* u u® ¢ momompio dbopmyr (2.12) u (2.17): Fo=10,8, F1=6,3 (npu uysiesom
JIABJICHUN).
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B KOTOPBIX n3MeHeHre (DYHKIMY PACIPENEICHNS KBA3UIACTHILL 3aBUCHT
OT TPOEKITNU UX CIUHA. TaKue BOJIHBI MOXKHO HA3BATH CNUHOBHIMU.

Toxcrasus (5.1) B (4.10), cHosa B3ss bynkmmo f B Buge (2.4) u
zamerus, uto Sp’ 0/ (o0’) = 20, nonyunm (mocste cokpatienus Ha o)

(s —cosO) (8, p) = cos 0/G’ (@, ¢ )47T (5.2)

Takum o6pazom, jis KaxKI0# U3 KOMIIOHEHT BEKTOPA f4 IOy IAETCS
ypaBHeHwme, oramdaomeecd ot (4.12) jmms 3amenoit F na G. IToaro-
MY BCe JaJjibHeNINue BEIYUCIeH s, TPOU3BEeIeHHbIE B § 4, MOTYT OBITH
MPUMEHEHBI ¥ K CITUHOBBIM BOJTHAM

CunHOBBIE BOJHBI APYTOrO TUA MOTYT PACIPOCTPAHATHCA B (bep-
MU-2KUJIKOCTH B IpucyTcTBun Marautaoro nousd (B. I1. Cuaumn, 1958).
Mpsr orpaHuYmMCs 371€Ch paccMoTpenneM Kosiebanuit ¢ k = 0, B Ko-
TOPBIX 071 HE 3aBUCUT OT KOODAMHAT.

IMpu wajgwuum marauTHOrO ToNid H yXKe «HEBO3MYIIEHHBIE» KO-
JIOAHUSAMY YHEPIUsl KBA3UYACTHUI] U (DYHKIIUA WX PACIPEeCHUs
3aBUCAT OT CIUHA. DTU 3aBUCUMOCTH CBA3aHBI APYT C JAPYTOM U BBI-
paxkatorcs opmynamu (cm. §3)

€0 =eo(p) —fioH, p1=pB/(1+G), (5.3)
g = n()(p) — %,BIUH = n()(p) + (5(8 — €F),810'H, (5.4)

rae €0(p) — 9HEPrus B OTCYTCTBHE IOJIs; HHAEKC 0 CHOBA HAIIOMUHA-
€T O TOM, YTO I3THU BBIPDAXKCHUA OTHOCATCA K paBHOBeCHOfI KN IKOCTH.
CHOBa HIEeM MaJIyio NEPEMEHHYIO YacTh (DYHKIUU pPacIpeiesic-
HU4d B BOJIHE B BHUJC
on = (e — ep)op(n)e ™",
COOTBeTCTByIOUJ;ee HU3MCHCHUEC IHCPIUU KBa3UYaACTHUIIBI:

08 = a’/u do -e_i“’t.

B KuHeTHYECKOM ypDaBHEHUM JOJIKEH 6bITb YUYTEH TeIephb UJIeH
(4.4) ¢ kommyTaTopoM {&, N}; s HE 3aBUCAIINX OT KOOPJUHAT Pac-
npenescHul OHO IPUHUMAET BI/I,H

85n ~ ~
{ n} =0. (5.5)
C TOYHOCTBIO O JIMHEHHBIX IO 071 9JICHOB MMECECM

{&, n} = -B1{oH, on} + f10(e — er){0E, cH}.

B xuakom *He sesmumna Go = G(¥) < 0 (cMm. mpumedanue Ha c. 25).
ITosTOoMy pPacIpOCTPAaHEHUE TAKUX BOJH B 9TOH KHJKOCTH HEBO3MOXKHO.

2 E. M. Jludmmun, JI. II. [Tutacscknii
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Crosmue 3/16Ch KOMMYTATOPBI ONPENENAIOTCA (hOPMYJION

{oa, ob} = 2io[ab],
rae a, b — npoussosbbie BekTophl (cM. 111, (55.10)); B pesyisraTe
KWUHETUYECKOE YPABHEHUE TIPUBOJUTCH K BHILY

iwp(n) = 2 [Hp(n)), (5.6)

rae
pn) = u(m) + [ p(@)G() 2. (5.7)

B obmiem ciryuae pemenune ypaBHenusi (5.6) MoxkeT ObITH pasiio-
JKEHO B PsAJI TI0 MApPOBbIM QyHKIUAM Y, (6, ¢) (¢ monsiprO#t ocbio
Bnosb H). Kax bl wieH pa3ioxkeHus IPEACTABIISAET OPeIeJIeHHbIH
THUII KOJIEOAHMI CO CBOEH 9aCTOTOR Wiy,.

Ilepgoit u3 HuUX, Wop, OTBEYAIOT KoJIebaHus C [t = const; Tpu 3TOM

p = u(1 + G) u ypasuerue (5.6) cBomuTCs K
. 2
iwoop = f[Hu];

konebanus momepeunbl K nomio (pu L H). Pacnucas ypasaenume

B KOMIIOHEHTax (B ILUIOCKOCTH, mepreHauky/aspaoit H) u cocrasus
OIIPEJICJIUTEIIb ITOM CHUCTEMBI, HalijeM 4acTOTy

woo = 2BH/A. (5-8)

HanomuuM, 9T0 § — MarHUTHBIH MOMEHT YacTULbI (MCTUHHOM) XKU-
kocTu. Takmm 06pa3oM, 9acTOTa wpg OKA3BIBAETCHA BOBCE HE 3aBU-
camedt oT crnenuduIecKux CBONUCTB KUIAKOCTH. JHAYEHUS YKE BCEX
OCTAJIbHBIX YaCTOT W}y, 3ABUCAT OT KOHKPeTHOro Buga dyukimu G ().

§ 6. BripoxaenHsrit moutn naeaabHbIi depMu-ras ¢
OTTAJIKWBAHNEM MEXKIy J4acTUIaMu

B stom maparpade MbI pacCMOTPUM CBOHCTBA ITOYTHU UIEATHHOTO
BBIPOXKJIEHHOTO (PEPMU-TA3A. JTOT BOMPOC MPEICTABJIAET CYIIECTBEH-
HBIT METOAWYECKUN WHTEPEC, HECMOTPS HA TO, UTO TAKUE Ta3bl HE
CYIIECTBYIOT B MPUPOJE KaK PABHOBECHBIE CHCTEMBI, TOCKOJBKY BCE
ra3pl IpU TEMIEPAType abCOMIOTHOTO HyJIs KOHIEHCUPYIOTCH. Tem
HE MEHee, Pa3PeXKEHHBIN (hepMU-Ta3 MOXKeT ObITh OCYIIECTBJIEH KaK
MEeTACTAOUIBHBIN 00BEKT C JOCTATOYHO OOJIHIITUM BPEMEHEM YKU3HU.
Wsnaraemas HuKe Teopwusi, B KOTOPO# KOHJIEHCAIMS WCKJIIOYEHA Xa-
PaKTEpPOM CHEJIAHHBIX NMPUOJIUKEHWI, TPUTOIHA, JJid OTUCAHUS Ta-
KWX CHCTEM Ha BPEMEHaX, MHOT'O MEHBINNX BPEMEHU YKU3HU.
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YcnoBue cinaboil HEMIEAJbHOCTH Ia3a 3aKJI0YAETCI B MAJIOCTH
paauyca aeifCTBAs MOJEKYJISAPHBIX CUJI Tg IO CDABHEHUIO CO CPETHUM

paccrosameM Mexk iy dactumama | ~ (V/N)Y/3. Buecre ¢ ycrosumem
ro < | GyneT crpaBeyIuBO TaK:Ke U HEPABEHCTBO

pro/h < 1 (6.1)

JJIsI IMITYJIBCOB P YacTull. /leficTBUTEIBHO, A1 BBIPOKIEHHOTO (ep-
MU-Ta3a [PEJEJIbHBI UMIYJIbC P OneHumBaercs mo dopmyie (1.1),

cormacuo xotopoii pp/h ~ (N/V)/3 < 1/rg.

Mpe1 GyieM paccMaTpuBaTh 37€Ch JUIh TAPHOE B3aUMOJIEHCTBHE
MEXKJIy Y9aCTUIAMH, PUYEM JJIsi IPOCTOTHI OyJIeM CYUTATH 3TO B3a-
umozeiicreue U(r) He 3aBuCAIMM OT CIUHOB YacTull. Hama mesb
COCTOWT B BBIYHCJICHUY TEPBBIX YJIEHOB PA3JIOKEHHUS TEPMOIUHAMU-
9YEeCKUX BEJIMYMH IO CTEIEHsAM OTHOIIEHus 7o/l myrem mnpume-
HEHUs KBAHTOBOMEXAHWYECKOIH TEOPMM BO3MYINEHHHA. 3aTpyJHEHUe
3aKJI09AETCA B TOM, YTO, BBUJY OBICTPOTO BO3PACTAHUS IHEPIHH
B3aMMOJIEHCTBHS HA MAJIbIX PACCTOSHUSAX MEXK Ty YACTUIAMHE, TEOPUS
BO3MYyIIeHNH (Tak Ha3bIBaeMOe ODOPHOBCKOE MPUOJIMKEHNUE) K CTOJIK-
HOBEHUSIM YaCTHUI] B J€HCTBATEJLHOCTH HETPUMEHUMA. JTO 3aTPY/I-
HEHUE MOYXKHO, OJTHAKO, 0DOHTHU CJIEIYIONIUM 0Opa30oM.

B mpemenbHOM ciiydae «MeJICHHBIX» (KAKMUMU OHU SIBJISFOTCS
npu yciaosun (6.1)) CTOJKHOBEHUI, aMIUINTYa B3aUMHOIO Paccesi-
HWS YACTHUI] C MACCO# M CTPEMHUTCH K MOCTOSHHOMY TIpeIeIy —a,
KOTOPBIfi B OODHOBCKOM NPHOJUKCHUM JAETCA BBIPAXKCHUEM

(cn. 111, (126.13))

—a=-—"U,, U =/U(r) dz, (6.2)
4dmh?

OpUYeM 3TOT TPEJesl OTBEYAELT $-COCTOSIHUIO Maphl YacTury (Co ciu-

HOM 1/2); MOCTOSIHHYIO BEJIMYMHY @ HA3BIBAIOT 0AuHOl pacceanus’).

ITockospKy 9Ta BeJIMYHMHA MOJIHOCTHIO OIPEIEJISIET CBONCTBA CTOJIK-

HOBEHUM, TO OHa K€ JOJI?KHa OIPEIeJATb U TepMOAUHAMHUYECKUE

CBOHICTBAa rasa.

Orcrona BRITEKAET BO3MOXKHOCTH TPUMEHEHUS CJIEAYIOIETO TIPU-
eMa (ero HasbIBAIOT Neperopmuposroli). PopMabHO 3aMEHSIEM HC-
TuHHYIO SHepruto U(r) apyroit GdyHKImed, ¢ TeM K€ CaMbIM
3HAYCHUEM @, HO IOOIIyCKAIOMEH NPUMCHCHUEC TECOPUU BO3MYIICHUM.
Ho tex mop (T. €. 10 TAKOro NpHOJIVIKEHMsI) IIOKA OKOHYATE/IbHBII

') Boipaxenue (6.2) He yIuUTHIBACT KBAHTOBOMEXAHUYECKOH TOMXKIGCTBEHHOCTH
9acTuL. B mpemenpbHOM Ciiyvae MEIJICHHBIX CTOJKHOBEHWI TOXK/IECTBEHHBIX da-
CTHI, CO cnMHAaMK 1/2 paccesiHMEe IMPOMCXOAUT TOJIBKO IPH AHTHIAPAJIIEIBHBIX
cnmHax, npuieM guddepeHIuAIbHOE CEIEHNE PACCEAHUS B TEJIECHBIN yron do

(B cucreme menrpa mHepruu) ectb do=4a’ do; MOTHOE CEYCHUE MOTYYACTCH WH-
Terpuposarnem do mo monycdepe: o=8ra> (cm. 111, § 137).

2%



36 HOPMAJILHASI @EPMU-KUJIKOCTD [JL I

pe3yJIbTAT BBIYUC/IEHUI COmePKUT U TOJIBKO B BUAE aMIIUTYIbI PaC-
CesTHUS, 9TOT PE3YJILTAT OYJET COBIAAATH C TEM, K KOTOPOMY IIPHUBE-
JIO ObI NCTHHHOE B3aUMOJIEHCTBHE.

Pamunyc meficTBust HCTHHHOTO B3aMMOIEHCTBUS, BOODIINE TOBOPS,
COBIIQIAET IO TIOPSAKY BEJIUYUHBI C AJIMHON paccesuus a. st puk-
TUBHOTO 2Ke moyist U(T), BBEIEHHOIO B KAad4eCTBE BCIOMOTATEILHOTO
TOHATHUS, YCJAOBUE TTPUMEHUMOCTH OOPHOBCKOTO MPUOJIMAKEHUS O3HA~
qaeT, 94T0 a K ro. VICTHHHBIM MaJibIM apaMeTPOM PAa3JIOXKEHUS Te-
OpHU SIBJISIETCsl, KOHEYHO, BeJIM4InHA apF [ fi.

Hwuxe mam monamoburcs cBa3b Mexay Ug U a HE TOJIBKO B TIEp-
BoM (dopmyuna (6.2)), HO U BO BTOPOM GOPHOBCKOM HIPHOJIMZKECHUY.
Jna ee HaXOXKIEHWS BCIOMHUM, 9TO €CJIM BEPOATHOCTH HEKOTOPO-
r'0 MEPEX0Ja CUCTEMBI IO, BJIUSHUEM ITOCTOSHHOTO BO3MYyImeHusi V
OTIPEIEJISIETCS B IEPBOM IIPUOJ/IMKEHUU MATPUYHBIM JIEMEHTOM Vo,
TO BO BTOPOM HpUOJIMKeHUU Voo 3aMEHSETCs Ha

,V'nn
Voo+2:E0 EO
0 — n

IJe CyMMHUDPOBaHHME NPOM3BOAUTCHA HO cocroguusM (n # 0) HEBO3-
mymenHoit cucremsl (cm. II1,§43). B mamnom ciygae peus maer o
CHUCTEME JIByX CTAJIKUBAIOIIUXCS YACTHUIL, 8 BO3MYIIECHUEM SBJISETCS
ux B3aumozeiicteue U(r). MaTpudHble 3/1eMEHTBI BO3MYIIECHUST IS

MEPEXOJIOB ¢ U3MEHEHUEM MMITYJIbCOB 9acTHI] P1, P2 — P}, Py (mpu-
9eM P1 + p2 = P} + Ph) paBHBI

1 ipr
(Pia1, Phas|Ulpra, paas) = - / U(r)e P /hddy, (6.3)

e p = ph — p2 = — (P} — P1); BBULY HE3aBUCHMMOCTH B3aMMO-
JIeCTBUSL OT CIMHOB NPOEKIMM CIWHOB YacTull (yKa3blBaeMble WH-
JIeKCaM# (1, (2) TIPHU CTOJIKHOBEHUH HEe MeHsoTcst. Posb Voo urpaer

MATPUYHBIA 3jIeMEHT mpu HyJieBbix umimyabscax: Up/V. Takum 06-
pa3oM, Jisd IMepexoia OT IMEPBOr0 KO BTOPOMY IPUOJIMAKEHUIO HAJIO0
3amMeHuTh Uy HA

v rm—1
1 pi+p3—p’ —ps
Up+ 23 |2
ot ,
P

/ Ue—ipr/h g3y,

2m

(CymMMUpOBaHUE IPOU3BOIUTCH [P 33JAHHBIX P1, P2 10 P #P1, P2).
Ilockosibky B HaIlIEM CJIyHae UMITYJIBCHI YACTHUIL IIPETIOIATAIOTCA Ma-
JIBIMH, TO BO BCEX CYIIECTBEHHBIX YJIEHAX B CYMME MOXKHO 3aMEHUTH
MaTpUYHBIE 3jIeMeHThl X 3HadeHusivu npu p = 0. Cumenas 3o,
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HOJIyYUM CJIEJIYIOIIee BHIPAYKEHUE JJisl JJIMHBL PACCEsHUs *):

2
™\, + L 2m (6.4)

a = 0 i 1
4mh? 1% = P} +pj — pi? —
1

C TOi1 2Ke TOYHOCTBIO UMEEM OTCIOMA,

Arha 4nha 2m
Up = 1-— Y . (6.5)
m mV. =4 pi+p; —p;° —p;

P
Pacxomrmocts cymmer B (6.4) (mpu Gospmmx pi, P) cBA3aHA € TPO-
M3BEJEHHONW 3aMEHON BCEX MATPUYHBIX 3JIEMEHTOB TMOCTOSHHBIMUA
3HAYCHUSIMU W HECYIIECTBEHHA, TaK KAK TPU JAJbLHENIIEM HUCIIONb-
30BaHWM ITOTO BHIPAYKEHWUS JJIs BHIUUCJICHUS SHEPTUH CHUCTEMBI BCE
PABHO TOJNIYYUTCS CXOJNSINEECs BHIPAXKEHWE, B KOTOPOM OOJbIIHe
HAMITYJIbCHI HE WIPAIOT posn. Mbl MOHMMAeM TOJ @ JJINHY pacces-
HUS MEJJICHHBIX YaCTHWII, HE 3aBUCAILYI0 OT uxX 3Hepruu. Dopmyna
ke (6.4) comep:KUT, HA TEPBBIH B3IV, 3aBUCUMOCTb OT MMILYJIbCOB
P1, P2. B gelicTBuTEIBHOCTH 9Ta 3aBUCUMOCTH 3aKJIIOYCHA JIAIIH B
MHHUMOI 9aCTH aMIIUTYAbl PACCESHUsl, BOZHUKAOUIECH [IPH HAJJIe-
JKaIlleM ompejeeHun cnocodba cymmuposanus (cm. III(130.9)), =a
KOTOPYI0 MOXKHO He OOpaIaTh BHAMAaHUs, IIOCKOJIBKY HaM 3apaHee
M3BECTHO, YTO OKOHYATEJIHHBIA pe3yJbTaT OymeT Bce PaBHO BeIle-
CTBEHHBIM; K 9TOMY BOIPOCY MBI €Iie BepHeMcs B § 21.

B stom maparpade mbl paccMoTpuM MOJENb (PepMU-Ta3a C OT-
TAJIKABATE/IbHBIM XaPAKTEPOM B3aUMOIEHCTBUS MEXKIY JIACTUIAMU;
JUIst Takoro B3aumozeiicTsus a > 0. VImeHHO B 9TOM Citydae ra3 uMe-
€T HEPreTUYECKU CIIEKTD OMUCAHHOTO B § 1,2 (hepMHUEBCKOrO THUIIA.

lamubTOHMaH cucTeMsbl yacTuly (co cnuHoM 1/2) ¢ napHbIM B3au-
MOJIEICTBHEM MEXKIY HUMU 3alWCHLIBAETCA B METOJE BTOPUIHOTO
KBAaHTOBAHUS B BUJE

~ 2
po 2m P¢
1 S,
3 > (pla1, phaa|U|p1au, p2a2>a;'1a1a;éa2ap2a2apla1 (6.6)

(cm. II1, § 64). Bnecw a;a U Gpo — OIEPATOPHI POXKAEHUS U yHHUTO-

KEHUsI CBODOJHON YACTHUIIBI C UMITYJIbCOM P W TIPOEKIHel CIuHA o

')Bo Bcex MpOMEKYTOUHBIX (DOPMYJIAX MBI MHIEM CyMMBI IO JHCKDETHBIM
3HAYEHUSM UMILYJIbCOB YaCTHILl, 3aKJIIOUYEHHBIX B KOHEYHOM obbeme V'; mpu OKOH-
YaTeJIbHOM BBEIYUCJIEHUN CyMMHUDOBAHUE 3aMEHSETCs, IO ODIEMy IpaBUILy, WH-

terpuposarunem o Vdip/(2nh)*.
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(v = £1/2). Tlepsslit wien B (6.6) orBedaeT KMHETHYIECKOH, a BTO-
POt — MOTEHINAJIBHON SHEPIUY YACTUILL; B IIOCACAHEM CyMMUDOBAHUE
HPOU3BOAUTCS IO BCEM 3HAYCHUAM UMIIYJIbCOB ¥ IIPOEKIMEH CIUHOB
C COBIIIO/ICHIEM 3aKOHA COXPAHEHUs MMITYJIbCA [IPU CTOJIKHOBEHUSX.

B cooTBETCTBUU € NpEAIONIOKEHUEM O MAJIOCTH MMILYJIbCOB Ya-
CTHUI] CHOBA 3aMEHsIeM MaTPUYHbIE j1eMeHTHl B (6.6) ux 3HaueHHEM
npu HysneBbix ummyiabcax: (Oai, 0as|U|0ay, 0ag)=Uy/V . dasuee, 3a-
M€dYaeM, 9TO B CUILYy aHTUKOMMY TATHBHOCTH OIIEPATOPOB Gp; a1 5 Gpsas
B craructuke PepMu, ux NPOM3BENEHWE AHTHCHMMETDUYHO IO OT-
HOIIIEHUIO K IIEPECTAHOBKE MHJEKCOB; TO YK€ CAMO€ OTHOCHUTCS K IIPO-

U3BeACHUAM 4., G., . B pe3yibrare B3aMMHO COKDPAIIAIOTCH BCE

Pyo1 P az’
wIeHBl BO BTOpOil cymme B (6.6), comepamme mapbl OJUHAKOBBIX
UHIEKCOB (1, 2 (u3nmueckum 3TO CBH3aHO C YHOMSIHYTBIM y2Ke
0BCTOATENBCTBOM, YTO B IpEeAeJie MEIJICHHBIX CTOJKHOBEHUI
B3aUMHO DAaCCEUBATHCH MOLYT JIMIIb YACTHIBI C IPOTHUBOMIOJIONK-
HBIMU CIVHAMH).

TakuMm 06pa30M, raMUJIBTOHUAH CHCTEMbI IPUHUMAET BU

7 P Sl
H= o poéap(,4+ V Z a1+a2 G201+, (6.7)
pa P1P2p]

rae @14 = Gpy4, 01, = Zip/1+ W T. 1., & UHAEKCHI + U — 37€Ch U HUXKE
croar BMecTo +1/2 u —1/2.

CobGCcTBeHHBIE 3HAUEHMS ITOIO TAMUJIBTOHUAHA BBIYUCIISAIOTCS C
TOMOIIBbI0 OOBIYHON TEOPUU BO3MYINEHWM, TPUYEM BTOPOIl UJIEH B
(6.7) paccMarpuBaeTCcs KaK MaJjasl IHONpaBKa K IIEPBOMY UJICHY.
[ociiennuit y:ke uMeeT IUATOHAJIBHBIA BHUI W €ro COOCTBEHHBIE

3Ha4YCHUA DABHBI
2

E(O) — Z p_npa, (68)

2m
pPa

TE Npo — 9YHUCJIA 3AIO0THCHUSA COCTOAHHR pa H.

[TorpaBka mepBOro MOPSAAKA 1A€TCH AUATOHAJIBHBIMU MATPUIHBI-
MU JIEMEHTaMU SHEPTUU B3aI/IM0;1eI‘/'ICTBI/IH:

EWM = Z ni4na—_, (6.9)
P1P2
IO N4 = Np,4+ U T. 1L

1) IIpeanosarast, 9T0 YaCTHIE! 06JIATAIOT OTPE/IC/ICHHBIMY 3HAYCHUSMU TIPOCK-
oy CIIHa, MBI T€EM CaMBbIM IIpEAIIOJIaracM HpI/IBeAeHHOI/I K ,Z[I/IaI‘OHaJIbHOMy BUAY
TAK’KE€ U CTATUCTUYECKYIO MATpULy Neg(p); dyHKuum xe no(p) ¢ o = +1/2
ABJIAIOTCA IIPU 3TOM €€ AUAaroHaJIbHBIMU KOMIIOHECHTaAMU.
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Ll HAXOXKAEHUSI TMONPABKU BTOPOTO MOPSAKA TIOJIH3YEMCS W3-
BecTHO# (popmyJIoit Teopuu BO3MYIIEHUIT

2) _ N\ _[Vam|?
B = X 5

m

TJie UHOEKCHI N, M HYMEPYIOT COCTOZHUSA HEBO3MYIIICHHON CUCTEMBI.
ITpocroe BBIYMCIEHHE (C WCIOIB30BAHMEM WM3BECTHBIX MATPUYHBIX

3JIEMEHTOB ONEPATOPOB pq, Gy, ) TIPUBOIAT K PE3YJIbTATY

Pa
Ug niyna—(1 —ni ) (1 —nh_) 6

Zo . .10
v? 2 (0 +p} —pi? —pp?)/2m (6.10)

P1P2P}

CTpyKTypa 3TOr0 BBIDAXKEHUS BIIOJIHE TIOHSATHA: KBAJIPAT MATDHH-

HOTO 3JIEMEHTa Iepexoja P1, P2 — P, Ph IPOIOPIMOHAJIEH YUCIAM

3aII0JIHEHUS COCTOSIHUM P1, Py ¥ 9UCIAM CBODOIHBIX MECT B COCTOSI-
/ /

HuSAX P}, Ph.

Bxopsmmit B (6.9), (6.10) unrerpan Uy mosxkeH GBITH BHIPasKeH de-
pe3 peasbHyI0 (PU3NIECKYIO BEJIMIUHY — AMILIATY/Ly PACCEAHUS — d.
B wienax BToporo mopsigka 3T0 MOXKeT ObITh cmesiaHo mo (6.2), a B
YIEHaX IEPBOro Iopsiaka Tpebyercss Gosee TouHas dopmysa (6.5).
[TpousBes 3TU MOACTAHOBKH, MOJIyYUM Jijisl TIOMPABKH MEPBOTO TI0-

PAOKa 1O a:
EM = 5 Z n14+Mo— (6.11)
pP1p2

U OJid IOIIPABKHW BTOPOT'O IIOPAIKA:

B2 — 2mg2 Z n14na— [1—n1+)( ny_) —1]

P} +p} —py? p'2
P1P2P1

(1t KPaTKOCTH BBOJMM B MPOMEXKYTOYHBIX (POPMYJIaX «KOHCTAH-

Ty cBsi3m» wacTmi rasa’l) g = 4wh’a/m). PackpbiBas BhIparkeHue
B UHCJIHUTENE, 3aMeYacM, 9TO WIEHbI C IPOU3BEICHUAMU YETHIPEX 1
B3aMMHO COKDAINAIOTCs, MOCKOJIBKY UX YHCJIUTEIM CUMMETDUYHBL,
a 3HAMEHATEM AHTHCHMMETDHYHBI II0 OTHOIICHUIO K [IEPECTAHOBKE
P1, P2 ¥ P!, Ph; CyMMUpPOBaHUE XK€ IO STUM IIEPEMEHHBIM POHU3-
BOIUTCHA CHUMMETPUYHBIM oOpasoM. Takum oOpa3oM, OKOHYATEIHLHO

) ITocite epPeHOPMHPOBKY aMILIMTY B PACCCAHUS 9T BEJIHINHA yKE OTHIOIb
He coBmajaer ¢ nocrosiHuoi Uy, durypupyromeit B (6.2)!
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nMeeM

E@ — 2mg2 Z n14Na— n1+ + n’2—2) ) (6.12)
, Pi+p—p —ph
P1P2P;

OTa cymMMa (B KOTODOii BCE Npo — 0 IIpu p — 00) yKe CXOAUTCH.

C moMoImpo TONy4eHHBIX (OPMYJI MOXKHO IIPEXKJE BCETO BbI-
YUCAUTH SHEPTUI0 OCHOBHOTO COCTOsfHHUA. Jljisi 9TOro Hajo moJio-
JKUTb BCE Np PABHBIMU €IUHUIE BHYTpU (depMu-cdepsl (p < pp =
= h(372N/V)Y/3) u paBusivu HyTIO BHE ce. 3aMeTnM B 3TO# CBA3M,
YTO XOTs B MCXOJHOM TaMUJIbTOHHAHE COOCTBEHHBIE 3HAYEHUS OIE-
PATOPHBIX TPOU3BEIECHUI ’d;,ra’dpa JAI0T YUC/Ia 3ATOJTHEHUS COCTOsI-
HUI CAMUX YACTHIL ra3a, HO MOC/IE JUATOHAJIM3ANUN TAMUIbTOHUAHA,
C MOMOIIBIO TEOPUM BO3MYIIEHUN MBI y2Ke UMeeM JeJio ¢ pyHKimed
pacrpe/iesieHnst KBa3udacTul] (0603HAYECHHONW HAMU, KAK U B IPEIbI-
Iyumx naparpadax, depes npq).

Bameuas, 910 Y Npt = ». np— = N/2, nomyuum u3 (6.11) mno-
PaBKY MEPBOTO MOPSIKA

B = gN2/4V.

B dopmyse (6.12) 3amensieM cyMMHEPOBaHUE [0 TPEM HMILYJILCAM C
yHYETOM YCJIOBUS P1 + P2 = P} + Py MHTErPUPOBAHUEM TIO

3

v
a0 (P1+ P2 P} — ph) d*p1d®pad®p dph,
TaK 9TO
E(2) 4mg2V/ (p1+p2 — Pz)d3 Bpadipl, dPpl,
(2nfi)® J  p}+p}— ’2 Tpy PP MR

[pUYeM MHTEIPUPOBAHUE MIPOUCXOJUT IO OBJIACTH D1, P2, Pi < DF.
Bebruncienne mHTErpasia’l) NPUBOOUT K CIIELYIONIEMY OKOHYATEJIb-
HOMY DP€3YJIbTaTy IJI SHEPIUU OCHOBHOT'O COCTOSHUL:

3p% 10 pra | 4(11-2In2) (pra?
Ep=N2E |14 Dbre g HL 23 (pra) 6.13
0 10m [ ot 7 2172 AE (6.13)
IJle BEJIMYUHA, CTOSAIIAs MEPE]] CKOOKAMH, — JHEPTHUs HJIEATHLHOTO

depmu-raza (K. Huang, C. N. Yang, 1957).

1) ®akrudeckn mpomie MPOU3BOAUTE BEIYHCIICHHSA B APYTOM IIODSIKE, HAYAB C
BbruncsieHus: pysknuu f (CM. HIXKE).
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XuMu4ecKnil MOTEHIHAN Ta3a Tpu abCOMIOTHOM HYJIE OTIPEIEIIsi-
ercsa Kak mpousBogHas = (§Eg/0N)y; BbIpakeHHBIN 4epe3 mpe-
JIEJIbHBIN MMITYJIbC Pp OH UMEET BUJL

2 _ 2
Pe |y Lpra A0L-2In2) (pra) ] . (619)

r= 2m 3r h 1572 h

CoryacHo 00IIMM TTOJIOXKEHUSAM Teopun JIaHay, CIEKTD SJIeMeH-
TapHBIX BO30yKaeHuil £(p) U QyHKIWS B3aMMOLEHCTBHUS KBa3UYa-
crury foo (P, P') ompenmessitoTcss mEpBOH M BTOPOH BapuAnUAME
noJIHOM Hepruu mo GbyHKIMU pacupeiesennus kpasudacrui ). Ec-
gu mmcath E B BUge AUCKPETHON CYMMBI 10 P M (¢, TO WMEEM, TIO
OTIPEJIEJIEHUIO,

SE = Zaa )6npa + — 7 2 Joa(P, P)Onpadnge  (6.15)

po,p'a’

(mpuaem mocie qudbepeHIMPOBaHNs SHEPIUU HAJL0 3aMEHUTD Npg
enuHUNEl BHYTpH M HyJeM BHe (epmu-cdepsl). B Bbruncienun
TaKUM TIyTeM 3(DPEKTUBHON MACChl KBa3WYACTHIl M, OJHAKO, HET
HEOOXOIMMOCTH, TTOCKOJIbKY OHA MOXKeT OBITh HaliieHa u Oojiee mpo-
CTBIM CIIOCOGOM (CM. HEXKE).

Junst Beraucienus xe byHkmun foo (P, p') (Ha depmu-nosepx-

HocTH ), auddepeHnupyeM ABaxkabl CymMMy Bbipazkernuit (6.11), (6.12),
HOCJIE Yero HaJIo MOJIOKUTEL p = p' = pp. [Ipoussesis 3T0 POCTOE BhI-
YUC/EHWE W Tepeiifst OT CyMMHUPOBAaHUS K WHTEIPUPOBAHMIO,
HOJTY YUM

fi(p, p) = g—ame_ [[ARtEP1y)

(2mh)3 2p% —pi—p3

) —p'— 5(p'+p1—p—

+ (p+p1—p P2)2+ (Zp +p1—p pz)]d3p1d3p2,
2(p2—p3)

fri@,P)=f—(p,P) =
_ 2mg® [§(p+p1—p'—p2)+6(p' +P1—P—P2) BB pyd3ps.
(2nhi)® (p-p3)

WurerpupoBanue B 3Tux (HOPMYyJIax CPABHUTEJHHO IIPOCTO BBULY
MEHBbIIEHl KPATHOCTH UHTEIPAJIOB.

'Y Marpuna foo (P, p') B 3ToM maparpacde — 3TO COBOKYIHOCTE JMATOHAJIb-
HBIX [0 JBYM HapaMm uHAeKCOB (e, B u ¥, §) KOMIOHEHT MAaTPULEL far, g5 (P, P’')-
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OxoHYaTe/IbHBII PE3YJIBTAT JOJIKEH OBITH IPEICTABJIEH B BUJIE
(2.4), He 3aBHUCAIEM OT BBIOOPA OCH KBAHTOBAHWs CIHMHOB. B Takom
BHUJE OH jaercs GopMyJioit

J
14+ sin —
Imak? 9 J
fary, 55 = = 1+ az,zf 2+ Cosﬂh‘ 5 | | Sandyi—
m ™ 2sin — 1—sin —
2 2
J
1+ sin —
_ 1.|_2a1;lF 1—%3111%111—129 OapTys (5 (6.16)
T 1—sin5

rme ¥ — yrom mexnay Bektopamu prp u p'p (A.A. A6puxocos,
.M. Xaramnuxos, 1957)1).

OdbderTuBHAS MaCCa KBAa3WYACTHI TOJYIACTCS OTCIONA WHTE-
rpupoBanueM 1o dopmyie (2.12) u pasHa

m* 8 apr \2

— =14 —("l2-1)(—=—) . 1
m=14 (T2 - 1) (22) (6.17)

®opmyia ke (2.17) mo3BossieT HAWTH CKOPOCTH 3BYKa B rase:

2 2
2 PE 2apr , 8(11—-2In2) [apr

= 1+ ===+ == |. 1

u 3m? + m B + 1572 ( h ) ] (6.18)

Uurerpupys 3atem semuauny u’m/N (Bbipaskennyio gepes N/V
BMeCTO pr) mo dN, HaiineM, coraacuo (2.13), XMMUYeCKHil IOTEHIN-
aJ1 rasa, a elle OJHO MHTEerpupoBanue 1o d N IpuBeJeT K BIPAYKEHUIO
(6.13) 11st SHEPIUU OCHOBHOI'O COCTOSIHHS.

®opmysia (6.13) mpezcraBiser coboil TMEPBbIe YIEHBI PA3JIOXKe-
HUsl 9HEPTUHU Ia3a [0 CTEEHsIM «[IapaMeTpPa ra30BoCcTuy N=pra/h ~

~ a(N/V)'/3. Amanoruanpivm, X0Ts i 3HATUTCIHLHO GOJIEE TPOMO3/I-
KHMMHW BBIYUCJICHUAMHA MOXKHO 6]:)IJIO 6]:)1 TIOJIyYUTh €I1€ U HECKOJIb-
KO CJIEIyIOMUX YJICHOB Da3JIoKeHms. JleJjo B TOM, 9TO B Ciiydae
depMu-Taza TPOHHBIC CTOJIKHOBEHUS BHOCAT BKJIaJ, B 9HEPTUIO JIUIIL
B CPAaBHUTEJIbHO OJAJIECKOM HPH6JII/I}K6HI/II/I s TPEX CTAJKHUBAIOIIUXCA

1) ®ynxnus (6.16) obparmaercs jorapudmuiecku B 66CKOHEIHOCTb IpH ¥ = 7.
DTO 0OCTOATENBCTBO CBA3AHO CO CACIAHHBIMA NpeHeOpekenusimu. Boyee Toanoe
HCCIIEJOBAHUE MOKA3BIBAET, YTO XOTs 3HadYeHuWe ¥ = T JefCTBUTENBHO ABJISETCS
0coboii Toukoil dbyHKIMHU, HO OCIEAHAsA 06pAAeTCs B HEll He B GECKOHEIHOCTD,
a B HyJb (CM. mpuMedaHue Ha c. 285). Henpumenumocts dopmysst (6.16) BOiu3u
¥ = T HeCyLIECTBEHHA JIs NAJbHEHIINX IPUJIOXKEHUH, B KOTOPBIX (PUIyPUPYIOT
MHTETPAJIbl, CXOOAINECS B 9TOH TOUKe.
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9aCTHI] IO KpaitHell Mepe JIBe MMEIOT OJMHAKOBYIO MPOEKIINIO CITUHA;
[PY 3TOM KOODAMHATHAS BOJHOBAasA (DYHKIMS CHCTEMBI TOJKHA OBITH
AHTUCUMMETPUYHON TI0 OTHONIEHUIO K ITHM JBYM YacTHIAM. IJTO
3HAYUT, 9TO OPOUTAIBHBII MOMEHT OTHOCHTEJIBHOTO JIBUKEHUS ITUX
9acTUIl paBeH 1o Kpaiineit Mepe 1 (p-cocrosinue). CooTBeTCTBYOmAS
BOJIHOBas (DYHKIUS COAEPKUT JIUIIHIOK (10 CPABHEHUIO C BOJIHOBOI
dyukiwmeit s-cocrosinust) crenens p/h (em. 111, § 33), u, cienoBaress-
HO, BEPOSTHOCTH TAKOTO CTOJIKHOBEHHS COICPIKUT JIMIIHEE p2, T. €.

ocnabnserca B ~ (pa/h)? ~ 1? pa3 Mo CPaBHEHHUIO C BEPOSTHOCTHIO
«JI060BOrO»  CTOJIKHOBEHUSI YACTUIl, HETOTIMHSIONIMXCSA TPUHITAITY
[Maynu. B pesynbrare TpOWHBIE CTOJIKHOBEHUS AAJyT BKJAJ B SHED-

THUIO JIUIIHb B YJIEHAX, COMEPKAIMMX 00bEM KaK V2v-2/8, Hpyrumu
CJIOBAMU, YePe3 XapaKTEPUCTUKU OJHUX TOJIHLKO MAPHBIX CTOJKHOBE-
HU BBIPAXKAIOTCH BCE UJICHBI PA3JIOXKEHUS SHEPTUU BILJIOTH JO HJIe-
HOB TIOPSIKA

Np—%n5
m

BKJIIOUUTEJILHO (T. €. €Ile TPU <WIEHA, CACAYIOIUX 33 BLIMHCAHHbBI-
mu B (6.13)). OgHako B 4ucje XapaKTEPHCTHUK NMAPHBIX CTOIKHOBE-
Huil GygerT GUIrypupOBaTH He TOIBKO AMIUIUTYJA S-DACCESHUS ISt
Me/JICHHBIX CTOJKHOBeHUI (Kak B (6.13)), HO 1 ee mMPOU3BOAHBIE IIO
SHEPIHUHM, & TAKXKEe aMIUIUTYa P-PACCEsHHS.



F''IABA II

I'PHHOBCKMUE ®YHKIINN ®EPMU-CUCTEMHLI IIPU T = 0

§ 7. ®ynknud ['pyHA MaKpOCKONMYIECKON CHCTEMBI

[Ipumenennsbii B mpeAblAymeM maparpade MeTOHd CTaAHOBUTCH
TPOMO3IKUM U MPAKTUYECKHM HEMPUMEHUMBIM B BBICIINX TPHUOJIHKE-
HUSIX TEOPUHU BO3MYIIEHUI. DTOT HEIOCTATOK TeM DoJjiee CyIeCTBEH,
9TO B peaJIbHBIX (PU3UUECKUX 33Ja9YaX B3aUMOJIEHCTBUE MEXKIY 4a-
CTUIIAMU OTHIOAbh He SBJISIETCH CJAOBIM, TAaK YTO JJisi BBISICHEHUS
Pa3JIMYHBIX OOIMUX CBONWCTB MaKPOCKOIMUYECKUX CHCTEM TpebyeTcs
paccMoTpenne GECKOHEYHBIX COBOKYIIHOCTEH WIEHOB PsAIa TEOpHUH
BO3MyIeHnii. /it mpeononenus momoOHBIX TPYIHOCTEH CYIIEeCTBY-
€T MaTEMATUYIECKas TEXHUKA, MOA0OHAs TOW, KOTOpas IPUMEHSETCS
B KBaHTOBO! TE€OpHUU IOJIA.

Konkpernasa ¢dpopma 3T0Oro MareMaTuvecKoro ammapara CyIecT-
BEHHO 3aBUCHUT OT XapaKTepa MaKPOCKOIUYECKOH CHCTEMBI, K KO-
TOpOIi OHA JO/KHA HpuMeHsAThesd. [locnenyromue nmaparpads 3Toi
IJIaBbI TIOCBSAIIEHBI PA3BUTUIO aNNapaTa JJjisd (pepMu-KUIKOCTH NpH
abcosroTHOM HyJle Temmeparyp ). [Ipu sTom usnoxkeHue mmeer cBo-
eil MeJbI0 HEe TOJIBKO (DAKTUYECKOE MPUMEHEHNE METOA K JAHHOMY
00bEKTY, HO W JEMOHCTPAIAIO TOTO, KAKUM 0OPaszoM BOOOIIE CTPO-
UTCHA TaKO! ammapart.

UcxonupiM MaTepuaaoM B HEM SBJISIIOTCS BTOPHYHO-KBAHTOBAH-
HBIE 1)-0MEepaTOPHI, CBOWCTBA KOTOPBIX U3BECTHHI U3 KBAHTOBOH Me-
xaruku (cm. 111, § 64, 65). Ham ceiiuac monamobsTcst 3T 0mepaTopbl
B Teii3eHOEPTOBCKOM TIPEICTABJIEHNH, B KOTOPOM OHU 3aBUCIT SBHO
ot BpeMmenu. [103TOMy MBI HAUHEM C BHISICHEHUSI HEKOTOPHBIX CBOMCTB
1)-0TIepaTOPOB B 9TOM IPEICTABJICHUU.

M1 GyieM paccMaTpUBaTh CUCTEMBI, COCTABJIEHHBIE U3 YACTHIIL CO
cnuaoM 1/2. CooTBETCTBEHHO TOMY, 1)-OIEpaTopaM JOJKEH ObIThH
TNPUNHCAH UHIEKC, YKA3BIBAIOIINI 3HAYEHNE TPOEKITUU CIIMHA U TPO-
Geratoruii 3HaueHus +1/2; coMHOBBIE UHIEKCHL Gy1eM IIO-TIPEXKHEMY
0003HaYaTh OyKBaMHU T'DEYECKOr0 ajipaBuTa, a MO ABAXKIBI ITOBTO-
PAIOIIUMCS HHIEKCAM HOAPa3yMEBACTCH CyMMUPOBAHHUE.

ITo obmemy mpasuiy (cm. 1I1,§13) oneparop f(t) moboit dusu-
YECKOH BeJIMYMHBI B Te€ii3eHOEPTOBCKOM TPECTABJIEHUN BHIPAYKAETCH

Yepe3 He 3aBHUCAIMH OT BPeMeHM (IIpPEIUHIepOBCKuii) oneparop f

1) CucremaTnyecKoe MOCTPOEHNE ITOrO annapara npuHagiexut B.M. Iaauy-
xomy u A.B. Muedaay (1958).
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TOM K€ BEJIMUUHBI COTVIACHO ! ).

7 iHt 7, —iHt

f(&) = e fe
rae H — raMujIbTOHHAH CUCTEMBI.

31echb, OMHAKO, OyIeT I1es1eco006pa3HO HECKOJIBKO M3MEHHUTH ITO

ompenesienue. J/lejio B TOM, 9YTO B KBAHTOBOH CTATUCTHKE YI00HEE
paccMaTpUBAaTh COCTOSIHWSI CUCTEMBI HE IPH 33JaHHOM UHCIE Ha-
crury N B Hell, a IpU 33JaHHOM XUMUYECKOM moTeHnmaje p. [Ipu
9TOM OCHOBHOE COCTOSIHME CHCTEMBI, B KOTOPOM OHA HAXOIUTCS

npu T'=0, MOXKXHO OIpEeIeIUTh KAK COCTOSHUE C HAWMEHBIINM COO-
CTBEHHBIM 3HAUYEHUEM OIIEPATOPa

H' =H - uN (7.1)

(a me H, xax npu 3aganHoM N). [leficTBUTENBHO, BEPOATHOCTD CH-
CTeMe HaXOMUThCs (IIPU 33JAHHOM 3HAYEHUM (i) B COCTOSIHUU C YHED-
rueit B, m aucnom gacturn N, paBHA

W o exp (—%) = exp (—EF;‘)

(em. V,(35.1)), E], — cobcrBenHbIe 3HAUeHUs oneparopa H'; m Mbt
BumuM, u9ro mpu 1=0 OCTaeTcssi TOJBKO COCTOSIHME C HAH-
menbmuM E ).
Takum obpazoM, ompenennm reif3eHOEPrOBCKUE 1)-0TepaTOPhI
dopmynamu R R
T iH't g, —iH't
Uu(t, r) =€ "¥y(r)e ,
= _ iH"tS —iH't
Ul(t,r)=¢€" T (r)e .
Mzr 6ymem 0603HaYIATH Teii3eHOEPTOBCKHUE 1)-ONEPaTOPhI 3arIaBHOM
O6ykBoit VU, a IIpeAMHIepOBCKUE — CTPOYHON OyKBOiL 1.
IpenuurepoBcKue 1)-0nepaToOphbl YIOBJIETBOPSIOT W3BECTHBIM
MpaBWjIaM KOMMYTAIMu. KOMMYTAaTOPBI K€ Te3eHOEPTOBCKUX OIe-
paToOpOB, B3ATBIX B pa3JUYHBIC MOMEHTHI BpeMeHH t u t', Henb3d
BBIYUCIUTE B 00mem Buge. Opnako npu ¢ = t' ux mpaBusia KOMMY-

Talyuy COBIIaJaI0T C IpaBUJIaMU IJId IIPEOJVUHTEPOBCKUX OIIEPATOPOB.
Tak u3 mpaBuia

Pa(T)F (1) + 9F () ha(r) = Sagd(r — T

(7.2)

1) C neseio ymporrienns 3amucu GbopMysT Mbl 6yIeM MUPOKO TOJb30BATHCS CH-
CTEMOI eIWHWI], B KOTOPOIl KBAaHTOBasl MOCTOsiHHAs i = 1 (TaK 9TO HMILYJIBC

uMeeT Pa3MEPHOCTDH CM_l, a dHeprud — c_l). st mepexona OT 3TO# CUCTEMBI K
OOBIYHBIM €IVHULIAM BCE HMITYJIbCHL P U 3Hepruu E B dopmynax HamO 3aMEHUTH
Ha p/fi u E/h. Takue equHALBI NCIIOIB3YIOTCS, B YACTHOCTH, B 9TOMN [JIABE.

~ ~

2) Mzt 6yaem masbBarh oneparop H', xax u H, raMHIBTOHEAHOM.
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CJIEAYET aHaJIOTUYIHOE IIPAaBUJIO

To(t, )T (¢, ') + T4 (¢, ¥')Va(t, 1) =

Yo
= e (G (0)F5 () + 5 () al(r))e B = bagb(r =), (73)
Takum xe obpazom:
Uo(t, v)Tg(t, ') + Ug(t, v')Uu(t, r) =0,
2

- ~ ~ ’ 7.4
Lt r) 5 (¢ v) + U5 (L £) P (L ) = 0. (74)

Huddepennupys onpenesenue (7.2) mo BpeMeHu, HaligeM, 9TO
reii3eHOePTOBCKUl Y)-0MepaTop yAOBJIETBOPSET YPABHEHUIO

_i%\ia(t, r) = B4t 1) — Uo(t, v)H’ (7.5)

(cm. 111, (13.7)).

[eiizeHbeproBCKOE U MIPEIUHTEPOBCKOE IPEICTABICHUS TOXKIECT-
BEHHBI IS OLIEPATOPa BCSAKOW COXpaHsiommielicss BesuduHbl (T. €.
onepaTopa, KOMMYTAaTUBHOIO C TAMUJIBTOHMAHOM). DTO OTHOCHUTCH,
B YaCTHOCTH, K CAMOMY TaMUJIBTOHUAHY, & TAKXKE K OIEPATOPY YHUCJIA
YaCTHUI[ — TOXKE, PA3yMEETCs, COXPAHSIONIEICs BeIuIuHbl. Bhipaxe-
HUsl 9TUX OIEPATOPOB YePE3 MIPEJUHTEPOBCKUE UIU reiizeHOepros-
CKHE 1P-0mepaTopbl OAUHAKOBBL. TaK, OIepaTop YHMCIa YaCTHI]

W= / B (0)dal(r) e = / Tt 0)0a(t, 1) d2. (7.6)
PaMHJIBTOHHaH 2Ke CUCTEMBL BSaHMO,neﬁCTByIOLuHX HYaCTUIL UMCECT BU
A= O£ 70 7@

7O = —%/\/I};’;(t, r)A\/I\fa(t, r)d3z — uﬁ,
m

PO = / T (1, U (@) Ta(t, r) Pz, (7.7)
V@ = %/\/I}g'(t, )T, £ YU (r — )T t, ') Ts(t, r) dPz d®a’.

~, ~
Bnece H (O — ramuibrorman cucremsr cBoGomubrx gacrum; V) —
OIIepaToOp HX B3aMMOIECHCTBHA C BHEIIHMM mojem U (1)(r); v —
OIlepaTop mapHOro B3auMmopeiicTeust wactu, mpudem U2 (r—r') —
9HEPIHs B3aUMOMAEHCTBUSA JABYX YaCTHUIl; OTYIIEHHbIE YWICHBI — TPOii-
Hble ¥ T. 1. B3aumozeiicrsus (cm. 111, (64.25)). st mpocToTs! Ipea-
oJiaraeM BCEe B3aUMOJEHCTBUSA HE 3aBUCAIIAMYU OT CIIMHOB YACTHIIL.
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KommyTatop H' u ¥, B (7.5) BBIUMC/ISIETCS C TIOMOIIBIO TIPa-
Buit (7.3), (7.4); Bo3HMKarOIWE NPH STOM O-(YHKIUH yCTPAHSIOTCS
UHTErpupoBaHmeM. B pesysbraTe mosyumm «ypasrenue Ilpegunre-

pas mias Uy (¢, r) B Buzme
2% = (-1 &y
iz Ba(t, 1) = (—o-A - p+UOE) Talt, 1)+

+ / Uik, ) U (r - 1) Tg(t, ') dP0 - Tu(t, 1) + ... (7.8)

OCHOBHYIO POJIb B U3JIaTa€MOM METOJIE€ UTPAET TOHATUE GyHk-
yuu I'puna makpockonmdeckoit cucrembl. OHa ompeessieTcs Ciie-
JYIOIIUM BBIPAYKEHUEM

Gop(X1, Xo) = —i(T\Ifa(Xl)\Ifzg(Xg)). (7.9)
3necb u Hmke X 0003HAUYAET, JJIsi KPATKOCTH, COBOKYITHOCTH MO-
MEHTa BPeMEHH | U PaJUyC-BEKTOPa TOYKH r. YTIJIOBBIE CKOOKH (. ..)
O3HAYAIOT YCPEJHEHWE 110 OCHOBHOMY COCTOSIHMIO CHUCTEMBI (BMECTO
6oJiee TPOMO3IKOTO CHMBOJIA TUATOHAJIBHOTO MATPUYHOTO JIEMEHTA
(0[...]10)). CumBon xe T ecTh 3HAK XPOHOJOIHYECKOTO LIPOU3BEIE-
HUd: CJIeAyrInue 3a HUM OIIE€pAaTOPbI JOJI2KHBL 6I)ITB PaCIOJIOZKECHBIL
CIIpaBa HAJIEBO B MOPSJIKE BO3pAacTaHUdA BpeMmeH t1, to. [lpu aTom B
ciry4ae (pepMHOHOB II€PECTAHOBKA Hapbl 1)-0IepaTopoB (0 cpaBHe-
HMUIO C UX PACIIOJIOXKEHUEM B IIEPBOHAYAJIBHON 3AIMCH TPOU3BEICHNYS )
JOJIZKHAQ COIIPOBO2KJATHCA U3MEHECHUEM 3HaKa IIPOU3BEICHUAA. B AB-
HOM BHOE 3TO 3HAYUT, ITO

(‘II (Xl)\Ifﬁ (X2)> t1 > ta,
(U5 (X2)Wa(X1)), b <to.

OrMernM HEKOTOpBIE OYeBHIHBIE cBOMcTBa MyHKImu ['puna. Ec-

Jim cucteMa He (PEpPOMATHUTHA U HE HAXOJAUTCS BO BHEIITHEM IIOJIE,

TO CIIMHOBAas 3aBUCUMOCTHL (YHKIWMH ['puHA CBOAUTCH K €IMHUIHON
MaTpHIIE:

Gaﬂ(Xl, Xo) = (5aﬂG(X1, X2) (7.11)

(Bcsikagt mpyrasi hopMa 3aBUCUMOCTH BBIAEJIsIA Obl M3OPAHHOE Ha-
IpaBJIeHNE B IPOCTPAHCTBE — OCh Z KBAHTOBaHUs CiuHA) ?). B cuity

Gap(X1, Xo) = (7.10)

1) D10 ompee/eHrE aHAIOTHYHO OIPE/IC/ICHHIO TOUHEIX byHKIuit ['puna (mpo-
naraTopoB) B KBaHTOBOH anekrpomuuamuke (cm. IV, §103, 105).

2) D10 yrBepxkAcHue Tpebyer moscHenus. CIHHOBbIC KOMIOHEHTEI ¥, COCTAB-
JISIFOT KOHTPAaBapPUAHTHBIH COMHOD TEPBOrO pamra (m B aTOM CMBICTE GOSTEE npa-
BHJILHEIM 6BLIO 61 0603HAeHKE U* C HHJEKCOM (¢ CBepXy ). KoMmoneHTEI ke \Il+

COCTaBJIAIOT KOBAapHaHTHBIM cruHOp. IlosroMy Gog €CTH CMeNIaHHBI crmHop
BTOPOrO paHra. EAVHUYHEBIM K€ CMEMIAHHBIM CIIKHOPOM BTODOIO DAHIa SIBJIS-
€TCsl IMEHHO 0og.
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OJTHOPOJHOCTH BPEMEHU MOMEHTHI t1 U to BXoadaT B pyHKImIO ['puHa
JIIb B BUAE pasuoctu t = t1 —to. Ecyu, cBepx Toro, cucrema MUKPO-
CKOIIMYECKU OJHOPOAHA B IIPOCTPAHCTBE, TO JIAIIL B BHIEC PA3HOCTH
I = r] — rs BXOOHAT TAaKXXe€ M KOODAMHATHI ABYX Touek. JIpyrumm
CJIOBaMHU, B 3TOM CJIydac

Gop(X1, X3) = 645G(X), X =X; — Xo. (7.12)

TloguepkaeM, 9TO0 MAKpPOCKONMMYECKAA OJHOPOJIHOCTH O3HAYAET, ITO
TEJIO TIPEJIIOJIAraeTCs OJHOPOIHBIM HE TOJIBKO II0 CBOEH cpempeit  (Ma-
KPOCKOIINYECKO#) TUIOTHOCTH, HO U IO IVIOTHOCTU BEPOSITHOCTU Pa3-
JIMYHBIX (MEKPOCKOIMYECKUX) HOJIOXKEHHUI €0 9acTHI[ B IPOCTPAH-
crBe. VIMEHHO TAKOBBI XKUIKOCTH ¥ Ia3bl (HO HE TBEPBIE KPUCTAJLIBL).
B cuny nx wmzorponnu G(t, r) = G(t, —r). B aroii cBs3u momdepk-
HEM JIMIIHU pa3, 9To B TO ke BpeMs dyukuusa G(t, r), mo camomy
CBOEMY OIIPEIEJICHUIO, OTHIOAL HE YeTHA IO mepeMeHHO# {. B aTom
CMBICJIE IOPAAOK t1 U {2 B pa3HOCTHU t = {1 — {2 CYyIIECTBEH.

KoopannaTHas MaTpUIA IJIOTHOCTHA YACTHUITHI B CUCTEME OIIPEIe-
JdeTcsd KaK Cpe/iHee 3HAUEHUE

Pap(rL, 12) = ~ (TS (¢, 12)Ta(t, 1)) (7.13)

3HaHUe 3TOH MATPHUILI MTO3BOJISET ONPEIEIUTH CPEIHEe 3HAUECHUE
JI060# BeJTMYMHBI, OTHOCAINEHiCss K OTAejbHON dactuie. JlelcTBu-

TEJIbHO, ITYCTh FOL,B — HeKOTOprﬁ ((O,HHO'—I&CTI/IIIH])II‘/’I» O1IIepaTop, T. €.
OIICpaTOp BHIOA
A(O)
Oéﬂ = Z aﬂ’ (7.14)

0 . o
rIe f(iﬂ) — oIlepaTop, JEUCTBYIOIINY Ha KOODAWMHATBHI U CIUH JIMIIb

onHO# (a-i1) 9acTHIpBI, & CyMMUPOBAHNE NPOU3BOJUTCS MO BCEM Ha-
CTHIAM B CECTeMe. B anmapaTe BTOPUYHOTO KBAHTOBAHUS TAKOi OTIe-
paTop 3anuChIBaeTCH (B refizeHO6EPrOBCKOM MPEICTABIEHNN) KAk

Fag(t) = / T (¢, 1) Fa, 0o (t, 1) d2 (7.15)

(cm. 111, (64.23)). Orcioma sicHO, 9TO CpeHee 3HAUCHHUE BEJIUIUHBL F
MOZKET OBITh BBIPA’KE€HO B TEPMUHAX MATPHUIbI IJIOTHOCTH B BUJE

(F) = / ﬂpﬂa r1, ©9)lry=r, 1, (7.16)

1 o o
e ﬁ(xﬂ) — omeparop, AefcTByromuii Ha KOOpAMHATHL Iy (moJio-
JKUTh Iy =T] HAIO0 IMOCIE BO3IEHCTBUSA OIEpPATOpa, HO IEpen
MHTETPUPOBAHUEM ).
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Cornacuo (7.10), MaTpuna MJIOTHOCTH MOXKET OBITH BBIpaXkeHa
4epe3 IPUHOBCKYIO (DYHKITHIO

Pap(r1, r2) = _%Gaﬁ(tla ri; t1 40, ra). (7.17)

3zmech (kak u Be3zme HuKe) 06O3HAYCHUE apryMeHTa (DYHKIUYU B BU-
ne t1 + 0 o3HauaeT, 4TO MMeeTCs B BUAY NPEJEs IPH CTPEMJIECHUN
apryMeHTa K 3Ha4eHUio t1 cBepxy. Bastmem sroro mpenena obecme-
YMBAETCs NPABWIbHAS PACCTAHOBKA 1)-OLEPATOPOB, COBIAAIOMIAS C
UX PaCCTaHOBKOi B mpousseneHun (7.13).

sl MEKPOCKOIIMYECKU OZHOPOAHOM CHCTEMBI MATPULA IIJIOTHO-
CTH 3aBUCHUT TOJBKO OT PA3HOCTH I = Iy — I'y, a IPHU HE3aBUCUMOCTH
OT CIIMHOB Pog = 03P, IPUIEM

p(r) = -Gt = -0, 1), (7.18)
rae BMecTo Gog(X1, X2) BBemena dynkuua G(X1 — X2) = G(X),
cormacuo (7.12). Ilpu r; = ry u mocie B3ATHUS CJIeAa [0 CIIUHO-

BBIM [IEPEMEHHBIM IIPOU3BEICHNE 01epaTopos B (7.13) npespamaercs
B Ul W, — omepaTop MJIOTHOCTH YUCJIa YACTHUIL B cucTeMe. [losTomy
CpenHdAd INIOTHOCTD TEJIa
N .

— =2Np(0) = -2iG(t=—-0,r=0) (7.19)
|4
(t crpeMuTCS K HYJIIO CHU3Y ). DTO PABEHCTBO CBA3BIBACT XUMUIECKUIL
norennuas p upu ' = 0 (or koroporo G 3aBHCHT KaK OT IapaMeTpa)
C IWIOTHOCTBIO Yncia dacrun N/V.

@ypre-paznokenne GyHKIMN p(ry, re) OUPEIEIAET pacupesesie-

Y Y )

HE€ YaCTUIL 10 UMITyJIbcaM ')

N(p) = N/P(l‘l, r2)e—ip(r1—r2) d3(:c1 o x2) _

=—i[G(t, )| e P d3z. (7.20)

t=-0

1Y Hanomuuwm (cwm. 111, § 14), 4T0 0AHOYACTHYHAS MATPUIA TUIOTHOCTH €CTh HH-
Terpasn

p(rl’ I‘z) =/\I/*(l‘2, q)\II(rl’ Q) dq)

rae U(r, q) — BosHOBas (PyHKIMS CHCTEMBI B LEJIOM, IpUYeM I 0GO3HAUAET
Paauyc-BEKTOpP OOHOM YaCTHUIBI, & ¢ — COBOKYIHOCTb KOODAMHAT BCEX OCTAJIb-
HBIX YaCTHII; [I0 TOCJIEAHUM IPOU3BOAUTCS UHTErpupoBanue. Pypbe-KOMIOHEHTHI
MaTPUIBI IIJIOTHOCTU COBII3JAIOT C BHIPAXKEHUEM

/ / U(r, q)e® d’z

OTKyZa U CJIEAYET €€ CBA3b C pacHpedesIeHHEM YaCTHI] 10 HMITYIbCaM.

2
dg,
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DTo ectb uncao gacturn (B exuHUIE 00beMa) C ONPEIEJICHHBIM
3HAYCHMEM ITPOCKIINY CIIMHA U C UMITYJIbCaMu B uHTepBase dop/(27)3.
ITogyepkHEM, YTO peYb WJET 316Ch 00 MCTUHHBIX YACTHUIAX, & HE O
KBa3u4acTUIaX (HOCIeAHUE B M3JIaracMOM allapare elle He IOosi-
Buuck!). O6osuadenne N (p) BBemeHO B oTimdme OT (DYHKIMU DPaC-
npenesieHus: Kpasudactui n(p).

B nasbreiiniem Mbt OyieM 06br9HO UMETH A€o ¢ dyukiueit ['pu-
HA B UMILYJIbCHOM TIPEJCTABJIEHNUHN, ONPEIEJIEHHOW KaK KOMIOHEHTa,
dbypre-paziioxenus dyukuuu G(¢, r) mo t u r:

G(t, r) =/G(w, p) elpr—uwt) M, (7.21)
(2m)*
G(w, p) =/G(t, r) e (PTG @3, (7.22)

Pacnpenesienne gacTuil Mo MMITyJIbCAM BBIPAXKAETCS UEPE3 ITY
dyukIHo GOPMYIIOi

o0

R F —iwt d_w
N(p)=—1 thI_lO Gw,p)e o’ (7.23)

—00

nosy4atomieiics moacranoskoit (7.21) B (7.20). Ee mopMuposka BbI-
paxaetca dopmyJioit

EPYERT —iwt dwd®p N
23 thI_lO /G(w, p)e @t v (7.24)

npeacTaBsioneit coboit yeaosue (7.19), BEIpaskeHHOE B HMITYJIECHOM
npexcrasiaennu. Takum obpasom, pacupenesenne N (p) aBTomaTnde-
CKM TIPABWJIBHO HOPMHUPOBAHO:

2 [N(p) 22 =X

(2m)3 |4

=

OrmeTnM, 9TO Tpenes, B KOTOpOM GepyTcss mHTerpasst (7.23),
(7.24), 9KBUBAJICHTEH ONPEIEJICHHOMY NPAaBUIy OOXOZa B IIOCKO-

CTH KOMILICKCHOII epeMenHoi w. Hammune MuoxkuTens et ¢t < 0
HO3BOJISET 3aMKHYTh IIyTh HHTEIPUPOBAHUs (BEIIECTBEHHAS OCh) Gec-
KOHEYHO YIAJIEHHOM TIOJIyOKPY?KHOCTBIO B BEPXHEH TMOJIYTUIOCKOCTH W,
TaK YTO MHTErpaj ompejeisercs BbrueTamu dyakuuu G(w,p) B ee
IIOJIIOCAX, JIEXKAITNX B ITON MOJIYIIJIOCKOCTH.
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§ 8. Omnpenenenne sHEpPreTNUEcKoro cuekTpa mo ¢byukmun I'puHa

JJ1s1 MUKDOCKOTIMYECKY OJHOPO/IHOM CHUCTEMBI JIETKO OMPEIEIUTD
3aBHACHAMOCTBb OT BDEMEHW W KOODAWMHAT MATPUIHBIX JJIEMEHTOB Teii-
3eHOEPrOBCKOTO 1)-0IEpPaTOpPa M0 OTHOIIEHUIO K CTAIMOHAPHBIM CO-
CTOSIHUSIM C OIIPE/IEJICHHBIMY 3HAYEHUSIMHU SHEPIUY U UMITYJIbCA.

3aBHCUMOCTb OT BPEMEHU JIAETCS OOBLITHBIM IKCIIOHEHITHATBHBIM
MHOXKHATEJIEM

(n|Tq(t, T)jm) = e (n|ghe(r)m), (8.1)
HO TTOCKOJIBKY reﬁEeH6ep1"OBCKI/H‘/‘I 1)-omepaTop OmpeesieH ¢ TIOMOIIHIO
ramusibronnana H', To

! !
Wom = B! — B! = Ey, — Ep, — (N — Npy).
CorytacHo obmUM CBOMCTBAM 1)-0meparopoB ornepaTop ¥ yMeHbIa-
er (a U ypesqmumBaer) umcsio wactun B cucreme Ha 1. [losTomy B
MaTpu4dHOM 3jemente (8.1) N, = Ny, — 1, tak 9o

Wnm = En(N) - Em(N + 1) + M, (82)

rJe B BUIE apryYMEHTOB YKA3aHbI YUCJIA YACTHUI] B COOTBETCTBYIOIIUX
COCTOSTHUSAX.

it ompeiesieHnst KOOPAMHATHON 3aBUCUMOCTH 3aMEYaeM, 94TO B
CUJTy OJHOPOJHOCTY CHCTEMbI MATPUYHBIE HJIEMEHTHI €€ 1)-0mepaTo-
POB HE MOTYT U3MEHUTHCsI IPHU CMEIEHUHU Ha JIF0DOE PaCCTOSHUE T
OTHOCHTEJILHO CUCTEMBI. JTO, OJHAKO, HE O3HAYAET, YTO MATPUUHBIE
3JIEMEHTBI BOODIIE HE 3aBUCAT OT KOOPAWHAT. JIe10 B TOM, 94TO OT/IHU-
YHe Y, (T) OT 3HAYCHUS Y, (0) B HEKOTOPOI 334aHHO# Touke I = 0
CBSI3aHO C JByMs TMPUYMHAMH: CO CMEIEHNEM HA PACCTOSIHUE T OT-
HOCHUTEJILHO CAMOM CHCTEMBI U C TIEPEMEINIEHNEM TOYKY HAOJIIOICHUS
B JIPyrOo€ MECTO MPOCTPAHCTBA, UTO TAKYKE MEHsIeT (Da3bl BOJHOBBIX
dysaknmit. YT0OBI UCKIIOYUTH TOC/EIHEE W3MEHEHUE, CMECTUM CH-
CTEMy Ha BEKTOp —TI, T. €. TIPUMEHUM K €€ BOJHOBBIM (DyHKIMSAM
OTIepaTOp MAPAJLIETBHOTO TEPEHOCA

’i‘(—r) — e—irP

(P — onepatrop nossoro nmmysbca cucremst; cM. I1I; (15.13)). B pe-
3yJIbTaTE ITHUX ONEPAIMil TOYKA HAOJIIONCHUS BEPHETCH B HUCXOZHOE
MECTO IIPOCTPAHCTBA, HO OCTAHETCS CMEIICHHON OTHOCHTEJIBHO CH-
CTEMBI Ha BEKTOD r. VIHBApHAHTHOCTH MAaTPUIHBIX JIEMEHTOB IIO OT-
HOIIICHUIO K TAKOMY IIPEOOPA30BAHMIO BHIPA3UTCH PABEHCTBOM

(n[Pa(0)[m) = (n]eP Pa(r)e TP |m). (8.3)
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Ecnu B cocrosinusax n u m cucrema 00JIagaeT OMPEAEJIEHHBIMUA UM-
nynscamu Pp u P, 1O

(Ba(O)m) = ™ o (1) m),
OTKY/Ia
(nlFat, T)jm) = et 1 0)m)
([t Dlm) = (mlFat, D)

(8.4)

roe kpyy = Pn — Py

C noMorIp0 3TuX (HGOPMYJT MOXKHO TOJIYUUThH BAsKHOE PA3JIOKe-
Hue g QYHKIMU ['puHa B MMITYJIECHOM TTPOCTPAHCTBE, MPOSICHSIO-
iee ee PU3UIECKUN CMBICII.

BBuny «paspsiBHOro» omnpeneienust gyuxiuu G(t, r), mpu Bbl-
uuciennn G(w, p) Hamo pa3burs mHTErpad no dt B (7.22) Ha aBa
unTerpasia: or —oo 10 0 u or 0 10 0o. Bo Bropom u3 Hux (T. e. mpu
t = t; — t2 > 0) umeem, packpsiBas onpegeierue (7.10) no npasuiy
YMHOXKEHUS MATPHIL;:

1

Glt, 1) = LGaa = =L S2(01Ta(X1)|m) (] B (X2)]0)

(cyMMupOBaHUe 110 BCeM KBAHTOBBIM COCTOsIHUAM cucreMsbl). ITogcra-
BuB ciofa (8.4) u yurs, 4ro B ocHOBHOM cocrosinuu Py = 0, Haxoxum

=-3 Zl 0[¢hec(0) [m) [P (womt+Pmr), (8.5)

rae wom = Fo(N) — Epn(N + 1) + p.

NurerpupoBanue no mpocrpanctsy B (7.22) (¢ G(t, r) u3 (8.5))
JaeT B KaxKJOM wieHe cyMMbl d-dyukimio 6(p — Py,). Ilpu unre-
rpupoBanuu ke 1o dt (¢t > 0) ayis obecredeHns CXOAMMOCTU HAIO
100aBUTH K W HECKOHETHO MAJIYIO MOJIOXKUTEIBHYI0 MHUMYIO IaCTh,
T. €. 3aMeHuTh w — w +30"). Torma momyunm

i(wt—pr) 43 277) 2 6(p—Pn)
/Gtr @ wdt = Z’m% ml w + wom + 140

') Dra npoueaypa ananoruuna crnocofy Beruucienns byuxmui ['puna B KBaH-
ToBO# AtekTpoguHamuke (cp. IV, §75).
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Amnayormaabiv 06pa30oM BBEIUUCISETCS MHTEPAJI 0 di 0T — o0 110 0.
ITpu t < 0 Bmecto (8.5) umeem

G(t, ) = L Y |mlga(0) ) 2eimot Prr) - (8.6)

rae Wmo = Ep(N — 1) — Eg(N) + p. Boraucius teneps nHTErpas
or —oo 110 0 ¥ cjoKuB 062 UHTErpaJa, MoJLyduM

_ (27)3 Ard(p — Pr)
Bnd(p+ Pm)
w+u+Em(N—1)—E0(N)_iO}’ (8.7)

rae 0603HAYEHO

Am = [(0[$a(0)lm)?,  Bm = [(m|$a(0)[0)*. (8.8)

9TO U €CTh UCKOMOE Pa3JjioxKeHue ).
Beenem obo3uaueHms

Eg) = En(N +1) — Eo(N), 6%) = Eo(N) — En(N —1) (8.9)

JUis 9Hepruii BO30Y>KJEHUsi, ONPEJEJICHHBIX 110 PA3HOCTAM MEXKIY
BO30Y K ICHHBIM YPOBHEM CHCTEMBI C OIPEJEICHHBIM YUCJIOM YaCTHUIL
¥ OCHOBHBIM yPOBHEM CHCTEMBI, COJEPIKAIeil Ha OAHY JacTHUILy 60JIb-
me uian Merbine. Mugekcs! (+) u (—) yKa3blBaIOT, YTO ITU SHEPIUU

e >, el < . (8.10)
HeitcrurensHo, 3amerus, uro Eg(N+1)—Eo(N) ~ 0Ey/ON = pu—

xuMmudeckuit morennuai npu 1 = 0, mojgy4yum, HaIpuUMep,

e =En(N+1)—Ey(N+1)+Ey(N+1)— Ey(N) ~
~ [Em(N + 1) — Eg(N + 1)] + p.

Ho pasHocTb B KBagpaTHBIX CKOOKax (rme obe 3Hepruu OTHOCATCS K
CHCTEMaM C OJJMHAKOBBIM YHCJIOM YACTHIL) TIOJIOKUTEJIbHA IO OTIPE-
JICJICHUIO OCHOBHOTO COCTOSIHWS, OTKYJa U CJeAyeT, 4To i) > p.
K cwmbicity onpenesierns (8.9) Mbl elje BEPHEMCs HIKE.

') Auasioruunoe pas/IOKeHHE B KBAHTOBON TEOPHH TIOJIS HA3BIBAIOT (bOPMYJIOL
Yesnena—Jlemana (cm. IV, §104,111).
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CaBur mosiocoB 9IEHOB CyMMBI (Kak (DYHKIMHA w), BbIpaKaeMblil
cnaraeMbiMu 140 B WX 3HAMEHATEJISX, SKBUBAJIEHTEH IIOSBJIEHUIO
0-PYHKIMOHHBIX MHUMBIX YacTell COrJIACHO MPaBUJIy ')

=Pl xind(x). (8.11)

ITpumenus ero x (8.7), HailijeM BEIIECTBEHHYIO YacTb I'DUHOBCKOIL
dyHKIIIN

ReG(w, p) = 4% 3P [Am5(p ~Pm) | Bud(p+ Pr) (8.12)

w—l—u—sﬁf{) w+u—s§n)

U ee MHUMYIO 4aCTh (37€Ch HaJI0 y9eCTb, 4TO Bee pasHoctu i) —u> 0,
a Bce paznocTu £ —u<0):

ImG(w, p) =
— 4 ZAmé(p —Pp)d(w+pu—eld) mpu w > 0,

- ™ (8.13)
4t ZBmé(p +Pp)é(w+p—¢l)) mpu w < 0.

OTcroma BUIHO, YTO BCEra
signIm G(w, p) = —signw. (8.14)

O1mMeTnM TakXKe aCUMITOTHYECKOE oBeneHne hyHkmu G(w, p)
npu w — o0o. 13 (8.7) umeem

G(w, p) ~ 2T Z[A (P — Pr) + Bud(p + Pry)).

Koaddunuent npu 1/w paseH, Kak JIerKo yOeIuThCsi, KOMIOHEHTE

1) Cm. 11, (43.10). 3uax P o3Hauaer, YTO MPU HHTETPUPOBAHUH BHIPAKEHHT
Buga f(z)/(z+¢0) uarerpasn no/KeH MOHUMATBCS B CMBIC/IE [VIABHOIO 3HAYEHUS

J@ , f(z)
a;:l:zO / dz F in f(0).

— 00

fe o)

Bropoii uien BosHukaer or obxoma momoca r = —i0 (wm z = i0) no moury-
OKPY2KHOCTH CBEPXy (WJIM CHH3Y).
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®ypbe 1O Iy — ra OT
1 ~ o~ ~ -~
5{\110‘(23, rl)\Ilj;(t, I'2) + \I/;(t, I‘Q)‘I’a(t, rl)} = (5(1‘1 — I'2),

T. e. equaUIE. TakuMm 06pasom,
G(w, p) = 1/w npu |w| — co. (8.15)

I'nmaBHoe cBoiicTBo dyHKIu ['puHa B UMIIyJIECHOM IIPEICTABJIE-
HUU COCTOUT B TOM, YTO €€ TIOJIFOCHI MOTYT JIEXKATh TOJBKO B TOYKAX
W = € — 4, TAE €y, — ONIPEIEIICHHBIE YKA3AHHBIM BBIIIIE 00PA30M IUC-
KpETHBIE SHEPTUU BO30YKACHUsI CUCTEMBI. KaxK1asa u3 9TuxX sHepruit
OTBEUAET OMPEICJICHHOMY 3HAYEHWIO MMIIYJIbCca cucTeMbl P,,, 0 dem
CBUIETEILCTBYET HAJUYUE COOTBETCTBYIOMEH §-DYHKIUY B KAXKIOM
TOJIFOCHOM 4jieHe pyHKnu ['puHa.

Hac, omuako, maTepecyer 3mech pyHKIus |’ prHa MaKpOCKOTHYE-
CKOTO Tejia. JTO 3HAYUT, YTO PACCMATPHUBAETCS MPEIEJI, KOraa 00b-
em V u uucsio gactun, N crpeMsaTcs K GeCKOHeYHOCTH (TpU 3a/aH-
HOM KOHEYHOM 3HadeHuu orHomeHus N/V'). B arom mpezmese pac-
CTOSIHUSI MEXKJIy YPOBHAMHU CUCTEMBI CTPEMSATCS K HYJIO, MOJIOCHI
dysxiymy G(w, p) CAUBAIOTCH U MOXKHO YTBEPKJATH JIUIIb, YTO ITA
dYHKIMSA UMEeT MHAMYIO YaCTh MPU 3HAYEHUAX W + (4 B HEMIPEPHIB-
HOW 06JIACTY BO3MOXKHBIX 3HAYEHUH SHEPTUY BO30OYKICHUS CUCTEMBI.
WcknroyeHne COCTABJISIOT, OJHAKO, BO30YXKIEHWS, B KOTOPHIX BECH
HUMITYJIBC P MaKPOCKOITUYECKON CUCTEMBI MOXKET OBITh IPUITUCAH BCE-
IO OZHOIM KBa3WYACTHUIE C ONPEJCJCHHBIM 3aKOHOM Aucrepcuu €(p)
(HATIOMHWMM, YTO B OCHOBHOM COCTOsSiHWMHU cucTeMbl p = 0); Takum
3HAYCHUSIM OTBEYAIOT M30JIMPOBAHHBIE MOMIOCHI byHKIMH | puHa.

Ecm ke mMIyanc p CKIaABIBAETCd M3 MMITYIBCOB HECKOJIBKUX
KBa3WYACTHII, TO SHEPTUS CUCTEMBI YK€ HE OIPEIENIeTCsS OJHO3HAT-
HO 3HAYEHUEM P: 33JaHHBIN UMITYJIHC CUCTEMBI MOXKET CKJIAIBIBATHCS
pPa3IuYHBIM 00Pa30M M3 MMITYJILCOB KBAa3WYACTHUIl, CYMMa, SHEPTUH
KOTOPBIX MPOOEraeT MpU 3TOM HEMPEPHIBHBIN DPsij 3HAYCHUI; WHTE-
IPUPOBAHUE TI0 BCEM TAKUM COCTOSTHUSM YCTPAHSET TIOJIOC.

Takum obpa3zom, ypaBHEHHEM

Glle—p,p)=0 (8.16)

ompeesisieTcs 3aK0H qucnepcuu kazudactutl ( B. JI. Bonu-Bpyesuw,
1955).

[TomuepkueM, 4TO CIIOCOO OMpee/ieHUsT IHEPTUY BO30YKICHUS,
coryiacao (8.9), KaK pa3 COOTBETCTBYeT ONPEIEJICHUIO YHEPIUU KBa-
suuacTul B Teopuu Jlanmay. JleficTBuTesbHO, pa3HOCTD ) ecTh u3-
MEHEHHE HEPIUU CUCTEMbI IIPU JO00ABJIEHUN K HEll OXHOM YaCTHIIHI;
IIPpUIINCaB BCEC 3TO USMCHCHHUC O,HHOfI KBa3U4YaCTUIIC, MBI OIIpeae/ideM
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e B coorBerctBuu ¢ (1.3). Aramormuneivm obpasom, —&l,) ecTb u3-
MEHEHWE SHEPIUH IIPU YJAJICHUH OJHON YaCTHIBI, TaK 9TO £ €CTh
SHEPrUsl YAAJIEHHON KBA3WYACTHUIBL. KCTECTBEHHO MMOITOMY, YTO
el) < p, Tak Kak B Teopuu JlaHJay KBa3sWUACTULA MOXKET OBITH
yJaJIeHa TOJIbKO u3HyTpu dbepmu-cdeps ).

[MockonbKy Bce dburypupytomue B pasjioxenuu (8.7) Bo3OyK aeH-
HBIE COCTOSTHHS TOJIy9alOTCA U3 OCHOBHOTO COCTOSTHHS JTOOABJICHUEM
WJIN yAAJI€HHEeM OLHON dJacTHibl (Co cumHOM 1/2), TO sCHO, 4TO AJIst
cucTeMbl (PePMUOHOB TONIFOCHL (pyHKIMU ['pUHA ONpPERENSIOT JIUIIb
CIIEKTD 3JIEMEHTAPHBIX BO30yXKAeHUil (depMmueBcKoro tuma. Kax
ompeesisieTcss 603eBCKas BETBb, OyIeT moka3aHo Huxke, B § 18.

Omnucanue CrieKTpa MAKPOCKOMUYECKON CUCTEMBI ¢ IOMOIIBIO TI0-
HATHS O KBA3WYACTHUI@AX C OIPEIEJIEHHONW 3aBUCUMOCTBIO € OT P —
npubJIMZKEHHOE ONKCAHWE, TOYHOCTH KOTOPOTO MAJaeT C yBeJude-
HueM |¢ — p|. OTKIIOHEHHE OT KapTUHBI HE3ABUCHUMbIX KBa3WYaCTHIL
IPOSIBJIAETCS B CIBUTE MOJIOCA (DYHKIUK ['PUHA B KOMIUIEKCHYTO 00~
JIacTh: dHeprus £(p) CraHOBUTCH KOMILIEKCHOM. CorsiacHo o0mmm
npaBuiaM KBaHTOBOM Mexanuku (cm. II1,§134), kommekcHOCTH
YDOBHE#l SHEPIUM 03HAYAET KOHEYHOCTh BPEMEHU JKU3HU T BO30Y-
JKJIEHHOTO cocTosinus cucreMmbl (7 ~ 1/|Imel). Cama ke Besm«m-
Ha Im e xapakTepusyer CTENeHb «Pa3MAa3aHHOCTU» 3HAYCHUI IHED-
I'My KBa3W4acTHIp! (upuHa ypoBHsi). Pasymeercs, Takast TpakToB-
K& MMeeT CMBICJI JIUMIb TIPU YCJIOBUU JOCTATOYHOM MAJIOCTH MHUMOIA
gactu: |Ime| < |e — p|. Kak 6p10 06bsiceno B §1, 910 ycaoBue
JIeHCTBUTEIBHO BBIIOJIHSETCS s CJ1a00 BO30OYKIEHHBIX COCTOSHUIA

cucreMbl, ockosbKy |Ime| ~ 1/7 o (p — pp)?, B TO BpeMs Kak
Re (e — p) o« |[p —prl.
Heobxommmbrii 3uak Im e obecrieumBaeTcs OnpeeIeHHOCTHIO 3HA-
Ka MHuMOI yactu dyukuuu ['puna. eficTrBuresnsno, BOJIM3U CBOETO
MOJTFOCA 3Ta (DYHKIMST MMEET BU/T
Z
G(w, p) ® ————
)
w+p—e(p)
mpuYeM TOCTOsiHHasA Z > 0, Kak 3TO CJeayeT U3 MOJOXKUTEJbHOCTH
k03bbunueHToB Ay, B, B pasnoxenuu (8.7); BeamduHy Z 49acro
Ha3bIBAIOT (IO AHAJOTMM C KBAHTOBOH  3JIEKTPOAWHAMUKOIL)
neperopMuposouHoti nocmosarnot. MauMas vacts Gynkuuu ['puna

ImQ ~ 21me
lw+p —el?

(8.17)

1) O6paruM BHEMAHKE HA TO, YTO B ONPEJAC/ICHHE SHEPIUH KBASHIACTHIL &y
BO30Y2KIEHHBIN yPOBEHD CUCTEMBI F,, Bx0omuT co 3HaKoM MuHyc. C 9THM CBSI3aH U
TOT (HAKT, 9TO UMILYJIbC ITUX KBAazudyacTun p = —P,,, kKak BugHO u3 §-byHKumu
4(p + Pm) B COOTBETCTBYIOIUX WieHAX pa3jioxenus (8.7).



§ 9 OYHKIIVSI TPUHA UJEAJIBHOT'O ®EPMU-TA3A 57

BameTuB, 9TO 3TO BBIPAXKCHUE OTHOCUTCS K 3HAUCHUSAM W RS € — [ U
CPaBHUB €ro 3HaK ¢ npasuwioM (8.14), Haiinem, 410

Ime <0 umpu Ree > p,

Ime>0 mpm Ree<p, (8.18)
KaK U JOJDKHO OBITH: Takoil 3HaK Ime B obomx ciyuasx (g4 u el)
B (8.9)) coOTBETCTBYET NPABHU/IBHOM OTPHUIIATE/ILHON MHUMON 106aB-
K€ K 9HEPTuHu BO30YXKIECHHOTO COCTOAHUSA Fyy,.

K aHasmTHUecKuM CBOHCTBAM IPUHOBCKON (DYHKIMYU MBI BEDHEM-
ca B §36, rme aToT BOmpoc OyIeT PacCMOTPeH cpa3y IJjisd OOIIero
CJIy4asi TIPOU3BOJIBHBIX TEMIIEPATYD.

§9. ®yukimdg I'puHa ugeampHoro pepmm-rasa

JlJisi MITIOCTPAIMU PACCMOTPEHHBIX B MPEIBIAYINEM maparpade
obrmux cooTHOMIEHU# BbIYucnM GyHKIno ['puHa uaea bHOTO Ta3a.

[IIpeguurepoBckue -omepaTopbl BCETAa MOXKHO MPEICTABUTH B
BUJIE PA3JIOKEHUS

Da(r) =D Gpetpalr, o) (9.1)
po

IO IOJHOMY Habopy GYHKIWM ¢pa (T, 0) — COIHHOPHBIX BOJHOBBIX
dyHKIMt CBOOOIHOM YACTHUIIBI C UMITYJIBCOM P U IPOEKIINEH CINHA T,
T. €. IO IIJIOCKUM BOJIHAM

Ypa = ua—\/(%)eipr (9.2)

(U — CHIMHOpHAS AMIUINTYAA, HODMUPOBAHHAS YCJIOBUEM UgU), = 1);
Taxoi BeIOOD (byHKIU# 1p, HE HMEET OTHOIIEHHA K PeaslbHOMY B3a-
AMOJIEHICTBUIO YAaCTHI] B CHCTEME.

Ho anisi cucreMbl HEB3aMMOIEHCTBYIONUX HYACTHUI, MOXKET OBITH
3alMCaH B SBHOM BHJIE€ TAKXKe€ W Teii3eHOeproBCKuWii 1)-0mepaTop.
B aToMm ciiyuae mepexos OT MIPEAMHIEPOBCKOTO K Tei3eHOeproBCKO-
MY TIPEICTABJIEHUIO CBOJUTCA K BBEICHUIO B KAXKIBIH WJIEH CyMMBI B
(9.1) cOOTBETCTBYIOMIETO BPEMEHHOTO MHOXKUTEJIS

2m

\Tla(t, r)= Zapazﬁpa(r, o) exp [—i(ﬁ - ,u)t}. (9.3)

B 3Tom sierko ybeauThCsi, 3aMETUB, 9TO MAaTPUYHBIE JIEMEHTHI Teii-
3eHOEPTOBCKOTO OMEPATOPa [Jisi BCAKOTO MEPEX0oaa i — f HOIKHBI
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conmepxath MHOKHUTENH exp [—i(E] — E})t], tne Ej, E} — smep-
MU HAYAJIbHOTO W KOHEYHOTO COCTOSHWH (B JAHHOM CJIydae 3TO —
cobcTBeHHBIe 3HaUeHus ramuibronuana H' = H — uN). [nsa nepe-
XOZIa C YMEHBIIIEHUEM YHUCJIA YACTUI] B COCTOSHUA P & HA 1 pasHOCTH
E;-E}; = p?/2m — p, TaK YTO YKA3AHHOE TPEGOBAHUE BBITIOIHEHO.

OHAKO BMECTO MPSAMOTO BbrMuCJIeHUs (PyHKIMU ['puHA ¢ TIOMO-
mpio (9.3) mo ompenesenuio (7.10), ymobGHee cBecTH CHadaja TO
OIpeJieJIeHne K 3KBUBAJEHTHOMY eMmy audepeHnnaspbHoMy ypas-
menmo. /g aroro npoguddepentupyem bynkmmio Gog(X1 — X2)
mo t1. Ilpm sTOoM Hamo ydecTh, 9TO B TOUYKe {1 = t9 3Ta PyHKIUA
paspsbiBHa. JleficTBuTesbHO, coracHo omnpenesenuto (7.10), ckadok

dyHKITIN

[Gaﬂ] = Gaﬂ|t1=t2+0 - Gaﬂ|t1=t2—0 =
= —’i(‘Ifa(tl, rl)\I/:{(tl, 1‘2) + \Ilg_(tla I‘Q)‘Ifa(tl, 1‘1))

win B cuiy (7.3)1)
[Gaﬁ] = —iéaﬂd(rl — I'z). (9.4)

Hausmune ckauka npuBogut npu auddepeHnrnpoBanny K MOsIBJIEHUIO
aiena [Gopld(t1 — t2). TlosTomy

o ] 0T (X1) .
2 Gag=-i <T$wg(x2)> iBagb(ri-T2)d(ti—ts). (9.5

s cucTeMbl CBOOOIHBIX YaCTHUI] Teii3eHOEPTrOBCKUi 1)-0TIepaTop
YIOBJIETBOPSIET YPABHEHUIO
i oY,
ot

= —LA\/I\IQ — ,u\/I\fa
2m

(cp. ¢ (7.8)). IToncraBus sty mpoussoxHy:o B (9.5) u CHOBa BOCIONIb-
30BaBIIKCH onpenesierneM (7.10), moyunm ypaBaenue st GyHKIUT
I'puna

(z% + 24 1) GO, 1) = 6 8(), (9.6)

1) [TomuepkHeM, 4TO BEJMYMHA ITOTO CKAYKA BOODIIEC HE 3aBUCHT OT B3AUMO-
NEeUCTBHAS JaCTHUIL!
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TJIe YK€ TIOJIOKEHO Ggg = 5a5G(O), a unzgekc (0) y G ykasbiBaer

HA OTCYTCTBHE B3aUMOJEHCTBUS MEXKJY JACTUIAMH.
[Ipeobpasyem 3T0 ypapuenue mo Pypoe:

(w _r +,u> G(O)(w, p) =1.
2m

Omnpefesnisis OTCIOA TPUHOBCKYIO (BYHKITUIO, HAJIO0 J0OABUTDH K w Gec-
KOHEYHO MAaJIyl0 MHEMYIO 9acTh TaKUM OOpa30oM, 9TOOBI MHUMAs
vyacTh G MMeJa IpaBUIbHBINA 3HaK (B coorBercrBum C (8.14)):

2 -1
GO, p) = [w - 21'; +p+40-signw| . (9.7)
m

ITosmoc 9TOro BBIpasKEHUs JEKUT mpu w + u = £(p) = p?/2m B
COOTBETCTBHU C TE€M, 9TO B WJICAJIHHOM ra3e KBa3WIaCTHUIIbI COBIIA A~
0T C PEAJbHBIMYU YACTUIAMU. XUMHUYECKUH TOTEHIUAJ UICATHHOTO
depmu-raza p = p%‘ /2m. Jus cnabo BO30YKAEHHBIX COCTOSHUN P
6JIM3KO K P, TAK YTO MOMKHO 3aMEHUTh p2/2m = u + vp(p — pr)

(rme vp = pp/m) U IS TAKUX COCTOSIHUN IEPenucarh (DyHKIUIO
I'puna B BUZE

GO(w, p) = [w—vr(p—pr) +1i0 - signw] . (98)

IIpu BCSKEX MHTErpupoBaHusx ¢ yuacrueM dyrxmun GO mam-
qre GECKOHEYHO MAJIO MHUMO# 9aCTHU B €€ 3HAMEHATEJIE CYIIEeCTBEH-
HO TOJIKO BOJIM3M IHOJIIOCA, Korja w = vp(p — pr). B aToM cmbIc-
Jie signw B (9.7) MOXKHO 3aMeHuTH Ha sign (p — pr) u marmcars G(0)
B BUJE

(0) p’ o
GV(w, p) = |w— =+ p+i0-sign(p—pr)| (9.9)

Takas 3aMeHa CyIIECTBEHHA B TOM oTHOmernH, 4o B Buze (9.9) G(©)
OKA3bIBAETCH €IMHOM AHAJUTUIECKON BO BCE IJIOCKOCTHU (DYHKITUEH
KOMIUIEKCHOI IEPEMEHHOM W ¥ [JIs BBEIYUCJICHUS HHTETPAJIOB MOXKHO
[OJIB30BATHCS METOJAME TEOPUY AHAIUTUICCKUX (PYHKIWIA.

Tak, Jyisg BerauciaeHus uarerpana (7.23) (pacupezesenue 4acTury
[0 MMITyJIbCaM) IIPU OTJIMYHOM OT HyJisi OTPULATEJILHOM ¢ 3aMbIKa-
€M IIyTh MHTErpPUPOBaHUs (BEIIECTBEHHAs OCh W) OECKOHEYHO yaa-
JIEHHOH TIOJIyOKPY?KHOCTBIO B BEPXHEH MOJIyIIOCKOCTH (IIOCIIe 3TOr0O
MOXKHO 110102kuTh ¢ = 0). VHTerpasn

N(p)= - -
2 ) w—p?/2m+ p+10-sign(p — pr)
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OIIPEEJISIETCH TENEPh BHLIYETOM IOABIHTErPAIBHOTO BBIPAXKEHUS B
IOJIIOCe, HAXOIAMIEMCH B BepxHeil mosymiockocru. Ilpu p > pp Ta-
Koit moutoc orcyrcreyer, Tak uro N(p) = 0. Ecim ke p < pp, 1O
HaxomuMm N(p) = 1 — Kak U JOKHO OBLIO OBITH JJIsi OCHOBHOTO
COCTOSIHUS UIEAJBHOTO (DepMU-Ta3a.

§10. Pacnpenenenmne yacTui pepMu-KUIKOCTA 110 UMITYJIHCAM

['punoBcKast pyHKIHs PEPMU-KUIKOCTHA HE MOXKET OBITH, KOHEY-
HO, BBIYHCJIEHA B ODOIIEM BHIE, KAK 3TO OBLIO COEJIAHO IJjisd pepMu-
ra3za. Ho yrBepxkenne o ToM, 94T0 (DepMU-KUIAKOCTE 00JIATAET CIIEK-
TPOM ONMUCAHHOTO B § 1 Tuma o3Ha4vaeT, 9To ee QyHKIWM ' prHa nMeeT
TTOJTFOC TIPHU

w=¢e(p) —p~vp(p—pr), vr=pr/m" (10.1)

Jpyrumu cjaoBaMu, OHa MOXKET OBITH IIPE/ICTABJIEHA B BUIE

_ Z
G(w, p) = T or P T 0 sgne + g(w, p), (10.2)

rae g(w, p) — dysxus, koueunas B Touke (10.1). Kak yzke 65110
orMmedeHO B cBsa3u ¢ (8.17), koadpdbunuent Z (Bbruer dynkuuu G B
TIOJIIOCE) IIOJIOZKUTEJICH.

U3 Beipaxenus (10.2) MOXKHO CmesiaTh MHTEPECHOE 3aKJIOYCHUE
0 XapakTepe DACIpEIeJICHUs] JaCTUI] KUAKOCTU (He KBA3UUACTHIL!)
0 WMIyJbcaM. VIMEHHO, BBIYUCAMM Pa3HOCTh 3HAYEHWA (DyHKIUH
pacnpezesieaus N (p) (dbaxrtuuecku 3aBucdmeil Jumb 0T abCOIIOT-
HO¥i BeJINYMHBI p) IO 06€ CTOPOHBI HOBEPXHOCTH (depMu-cdepsl, T. €.
npeziesl pasHOCTU

N(pr—q) = N(pr +q)

upu q = +0.

Pacnpenesnenne N(p) Bbipaxkaercs depe3 dynkiuio ['puna us-
terpaJsioM (7.23). Beuny xoneunocru dyuximu g(w, p) 3apanee ode-
BU/IHO, UTO PA3HOCTb WHTEIPAJIOB OT Hee OyAeT CTPEeMUTLCH NpU
q¢ — 0 x mymo. [losToMy HOCTATOYHO PACCMOTPETH JIUIIb PA3HOCTH
MHTErPaJIoB OT HOIIOCHBIX 4iieHOB B (10.2). ITockomnbKy npu uaTErpH-
poBanun 4jieH 10 B 3HAMEHATEJIE CYIIECTBEH TOJBKO BOJIU3U TOJIIOCA,
MOXKHO (Kak y»ke ObLI0 ykasaHo B §9) mucars sign (p — pr) BMecTO
sign w. Torma umeem

N(pF—q)—N(pF+q)=—i/oo{

— o0

Z _ Z d_w
2

w+vrq — 10 w—vrq+ 10
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(BBU/LY CXOIMMOCTH 3TOTO MHTETPAJIA OT PA3HOCTH, MHOKHUTEND e W

¢ t = —0 B HEM MOXKHO OILyCTUTH). 3aMBbIKasi TEIEPb IIyTh UHTETPH-
poBaHUsl GECKOHEYHO yIAJEHHON IOJIyOKPY?KHOCTBIO (BCE DABHO B
KOTOPOI1 U3 MOJIyIIJIOCKOCTEH ), HafijleM, YTO BECh UHTErpaJjl PaBeH Z
7 He 3aBucHUT OT q. Takum obpa3zom, mmeem

N(pr—0)—N(pr+0)=2 (10.3)

(A. B. Muzdan, 1957).
Beimie 6p10 ykazaso, uro Z > 0. ITockonsky N(p) < 1, To u3
(10.3) cnemyert, uro

0<Z«1 (10.4)

(mpuyem 3Hauenme Z = 1 mocruraercs
JIUIIb B TPEAENIBHOM CJIyYIae HIeaIbHO-
o rasa).

Takum 0bpa3oM, pacupeiesieHue da- .
CTHI] IO UMITYJICAM B (DEPMU-?KUIKOCTH 7 D
npu T = 0 uMeeT, Kak U B ra3e, CKA4oOK F
Ha TOBEPXHOCTH (hepMu-chepbl, YMEHb- Puc. 1.

MAgCh B HANPABJICHUU U3HYTPHU ChEpBI

HapyXKy. B omiamume oT ciydas ra3a, BeJIMYMHA CKAUKa, OJHAKO,
MeHbIIe enuHunbl, U GyHkuus N(p) ocTaerTcs OTIMYHON OT HyJist
TaK>kKe U IIpU p > Pr, KaK 3TO IOKA3aHO HA puc. 1 CIJIONIHOI KPUBOit
(ImTpuxoBasi JIMHUS OTBEYAET ra3y).

§11. BrrunciieHne TepMOIMHAMHUYECKUX BEJIAIUAH
no pysknun ['puHa

3HaHWEe TPUHOBCKON (DYHKIUM CHUCTEMBI JIOCTATOYHO JJIsi OTIHACA-
Hug ee TepMoarHamMudeckux cBoiicTB. [Ipu T = 0 3T cBoiicTBa BbI-
ParkalTCd 3aBUCUMOCTBIO SHEPIUU CUCTEMBbI (COBIAJAIONIECH ¢ IHED-
rueit ocHoBHOrO cocrositust Fy) or mnoraoctu N/V.

[Tocse Toro kak pemenueM ypapHenusi (8.16) onpenesieH 3aKOH
JICTIEPCUY KBA3UYACTUIL €(P), 9Ty 3aBUCUMOCTH MOXKHO HaliTh, BOC-
MOJIB30BABIINCH TEM, YTO

e(pr) = p. (11.1)

ITockonbky 3aBucumocts pp or N/V ussectna, corsacHo (1.1),

pr = (3n2)3(N/V)L/3, (11.2)
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pasencrso (11.1) onpenenser dyukimio p(N/V) (xorst u B HessBHOM
BHUJE, TAK KaK U 3aKOH JUCIEPCHU £(p) COmEpPKUT, BOODIE roBOpS,
p xak mapamerp). [Ipu T = 0 (a moromy u S = 0) xummueckuii
norennuan p = (0Eyg/ON)y; uHTerpupys 9T0 PaBEHCTBO, HaiigeM
UCKOMYIO SHEPTHUIO

N
Ey=!u(g)dN' (11.3)

(mpu N = 0, pasymeercs, u Ey = 0).

Jpyroii ctocob onncanus TepMOIUHAMUYECKUX CBOMCTB ipu 1'=0
COCTOUT B BBIYUCJEHHU TePMOAMHAMUYeCKOro moreHmuana 2. Co-
racHo obmeMy oupexmeseHuio (cM. V,§24), sror moTeHImAal
Q=FE-TS—uN = —PV uero qudpdepennmajn df) = —SdI'—N du;

npu T = 0 umeem Takxke u S = 0, ¥ 3TU BbIPAXKEHUS CBOIATCH K

Q=E — uN, (11.4
dQ = —N du.

—
ot
~— —

HanomHuM Tak:ke, 9TO MO CMBICJHY MOTEHIHAJa () OH OMHMCHIBAET
cBolicTBa cucTeMbl pu V = const.

[Ipocreiimuit cocob BeipaszuTs {2 uepes dpyukimio ['puHa cocTo-
uT B ucnoib3oBanuu cessu (7.24) N/V ¢ G. Iloncrasus N u3 (7.24)
B (11.5) u unrerpupys no dy (upu V = const), mosyanm

=2V /du lim /G w, p)e d(;:rc)lf, (11.6)

TOCKOJIBKY, onaTh-Taku, {2 = 0 mpu p = 0.

§12. V-omepaTopsl B Mpe/ICTABJICHNN B3aMMOIEHCTBAS

['puHOBCKYIO (DYHKIMIO CHCTEMBI B3aUMOAEHCTBYIOMUX YACTHUIL
HEJIB35, PAa3yMEETCsl, BBIYUCAUTH B obmmeM Buge. CyimecTByeT, O-
HAKO, MaTeMaTHYECKasl TEXHUKA (IIOZOOHAs AMATDAMMHON TEXHUKE
KBaHTOBOI TEOPHH IOJISI), O3BOJIAIONIAs BEIYUC/IATH €€ B BUJE PAIA
IO CTEMEHSM YHEPTUH B3auMOAeHcTBUSA dacTuil. [Ipm aToM KaxKmbIit
9JIeH psIa BhIparXkaeTcs depe3 pyHKnu ['prHa cuCTEeMbI CBOOOIHBIX
YaCTUIl U OIIEPATOpP B3aMMOIENCTBUA.
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Bsenem, nHapsaay ¢ reit3eHOEProBCKUM, €II€ W IPYTroe IIPEICTAB-
JIEHVE OTIEPATOPOB — IIPEACTABJIEHIE, B KOTOPOM UX 3aBUCHUMOCTH OT
BPEMEHHU OIIPEEJISETCS HE UCTUHHBIM MaMUJIBTOHUAHOM CHCTEMBI

BB O+7 A0 N+ 7

(V' — omeparop B3auMoJefcTBUS), a TAMUJIBTOHUAHOM CBOOOTHBIX
“>1
gacTur, H (0).

To(t, r) = exp (iH Ot) ¢(r) exp (—iH O¢). (12.1)

OmnepaTops! u BOIHOBbIE (DYHKIMU B 9TOM HPEJICTABIECHUU (TAK Ha-
3bIBacMoe npedcmasaenue 63aumodeticmeus) OymeM OTIMYATH UH-

nekcoM 0. Beipasus dyukuuio I'puna gepes oneparopsr ¥ (BMecTo
reiizenbepropckux W), Mbl TEM CaMBIM CIEJIAEM IEPBBIA mar K J0-

CTHIKEHUIO TIOCTABJICHHOMN mesn — Bbipaskernio G wepes GO u V.

O6o3naunM B sToM maparpade Oyksoit ® (mim ¢) BONHOBBIE
(YHKIMH B «IPOCTPAHCTBE YUCEJI 3AIOJIHEHNs > (B OTJIMYUE OT KOOD-
JIMHATHBIX BOJIHOBBIX (yHKImit ¥ wiin ¢)); Ha 9Tu GyHKIUM AeficTBY-
0T BTOPUYHO-KBaHTOBaHHBIE omeparopsl. [lycth ¢ — Takast GyHK-
WSl B IIPEIUHIEPOBCKOM IIPEICTABJICHUN; €€ 3aBUCUMOCTE OT BpEMe-
HY ONIPEJIEJISETCH BOJHOBBIM yPaBHEHUEM

7;?9—‘5 = (H O + V). (12.2)

B reiizeH6eproBcKoM IpeICTABJICHUM, TI€ BCA BPEMEHHAs 3aBUCH-
MOCTBH TIEPEHECEHa Ha OMEepPATOPbhI, BOJHOBas (PyHKIUS cUCTEMBI P
BoobOIIe He 3aBucHAT OT Bpemenu: ¢ = const. B mpencrabienun xe
B3auMOJIefiCTBUS BOJTHOBAs (pyHKIHS P 3aBUCUT OT BpEMEHM, HO 3Ta
3aBUCUMOCTD CBSI3aHA TOJIBKO CO B3aMMOAEHCTBUEM YACTHIL B CHCTE-
M€ U OUpedesIsaeTcs YpaBHEHUEM

i ®o(t) = Vo(t)o(t), (12.3)
rae
Vo = exp (iH Ot)V exp (—iH O¢) (12.4)

— OIepaTop B3AMMOEHCTBUS B TOM K€ TPEJCTABJICHWU (B OIEpa-
topax Buga (7.6), (7.7) mepexom K 3TOMy NPEICTABIEHUIO CBOIUTCS

~

npocro K 3amene ¥ Ha Wg). Ypasuerue (12.3) jerko mosydurs, 3a-
METHUB, YTO IPeobPa30BaHUIO OEPaTOPOB, coriacto (12.1), orBeyaer
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peobpa3oBaHue BOJIHOBBIX DYHKITHUI COTJIACHO
& = exp (iH Ot)p (12.5)

(cm. 1I1,812). Tuddepennupyss 910 BbIpaykeHue ¢ yderom (12.2),
nonyunm (12.3)1).

B cuny (12.3) snadenuss ®o(t) B nBa GeCKOHEYHO GIM3KHX MO-
MEHTa BDEMEHHU CBSI3aHBI APYT C APYIOM PaBEHCTBOM

Bo(t + 6t) = [1 — ibt - Vo(t)] Bo(t) = exp{—idt - Vo(t)} Bo(t).

CoorBercTBeHHO 3HauUeHHE P) B TPOM3BOJILHBIN MOMEHT ¢ MOXKET
OBITH BEIPDAXKEHO Yepe3 3HAUYEHNE B HEKOTOPbIN HAYAJbHBIN MOMEHT t(
(to < t) KakK ~

Po(t) = S(t, to)®o(to), (12.6)
rue . t .
St to) = J[ exp{—idt- Vo(t:)}, (12.7)

ti=to

[IPUYEM COMHOXKHUTE/IU B 9TOM IPOU3BEICHUY PACIIOIOKEHBI, OUEBHUI-
HO, CIIPABa HAJIEBO B MOPsiJIKe BO3PACTAHUSI BPEMEHH t;; IOpa3yMe-
BaeTCs MpeJIesl TPOU3BEIECHNUS TI0 BCeM GECKOHEYHO MAJIbIM UHTEPBa-
agaM 0t mexay to u t. Ecim 661 Vp(t) 66110 00bIuHOM dyHKIWMEH, TO
9TOT MPeJIeJI CBOIUIICH OBI IPOCTO K

¢
exp —i/VO(t) dt
to

Ho Takoe cBenmenme oCcHOBaHO HA KOMMYTATHUBHOCTUA MHOXKUTEJIEH,
B3ATBHIX B PA3JINYHbIE MOMEHTHI BPEMEHH, TOIPA3yMEBAIOIIEHC TPHU
nepexoze oT npousseeHus B (12.7) K CyMMUPOBAaHUIO B IOKA3aTEIE.

Hns oneparopa Vp(t) Takoit KOMMYTaTHBHOCTH HET W CBEICHHE K
OOBIMHOMY MHTETpaJy HEBO3MOXKHO. BMECTO 3TOr0 MOXKHO 3aIHCaTh
(12.7) B cUMBOJIMYECKOM BHUJE

t
S(t, tg) = T exp —i/%(t)dt : (12.8)
to

rae T — CHMMBOJI XPOHOJIOIMYECKOTO PACIOJOXKCHAS MHOXKHUTECH B
TOI 2Ke MOCJIeJ0BaTEeABHOCTH, 4To U B (12.7), T. €. cipaBa HaJIEBO OT
MEHBIIUX BPEMEH K OOJIbIIIM.

1) Ypasnenue (12.3) cosmazmaer ¢ ypasuenuem (72.5)(cm. IV), u cremyromuit
HU2KE TIPOLECC €T0 PEMIeHUs OBTOPSAET u3joxkenue B [V, § 72
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Omneparop S yuurapen (S~1=57) u obnamaer oueBHIHBIME CBOI-
CTBaMU:

~ ~ ~

S(tg, tQ)S(tQ, tl) = S(tg, tl),
S_l(tg, tl)g_l(tg, tQ) = g_l(tg, tl).

st yupoleHus fajbHEAINX PACCyKACHMI caesiaeM (hpopMaJTb-
HOE IIPEIIIOJIOKEHNE (HE OTPAYKAIOIIEECH Ha OKOHYATEIbHBIX PE3YJIb-

(12.9)

TaTax), 910 B3aumozeiicteue Vj(t) aamabaTHuecKu <«BKJIIOUAETCH»
0T t = —00 K KOHEYHBIM BpPEMEHAM U auabaTUYECKU <«BBIKJIIOYA-
ercsy mpu t = +oo. Torma mpu ¢ — —00, 10 BKJIOYEHUS B3aUMO-
neitcrBus, BonHoBas dyukus Po(t) coBnamaer ¢ reii3eH6eproBeKoil
dyukimeit ®. Ionoxus B (12.6) tg = —o0, mosyunm

~

Bo(t) = S(t, —c0)®. (12.10)

YcraHoBUB, TaKuM 00pa30M, CBSA3b MEXKy BOJHOBBIMU (DYHKIUSMU
B 000WX TIPE/ICTABJIEHUSIX, Mbl YCTAHABJIMBAEM TE€M CAMBIM U 3aKOH
npeobpa30BaHus OMEPATOPOB, B TOM YHUCJIE YP-OMEPATOPOB:

U =571t —00) WS (t, —0). (12.11)

B cuny ymmtaprocTH S mO TakoMy XKe 3aKOHY MpeobpasyloTcd u

onepaTopsr U,
Bripasum teneps dyukimo ['puna depes i-omepaTropbl B Ipe-
CTaBJIEHUU B3aUMOJIEACTBUS 1). Ilycts t1 > t9; TOrma

Gap(X1, Xa) = —iTa(t1) T} (t2)) =

Cormacuo (12.9) umeem

S(t1, —00)S (tg, —o0) =
= S(t1, t2)S(ta, —00)S(t2, —00) = S(t1, t2),

S1’\_1(t1a —OO) = g_l(tla _Oo)g_l(ooa t

s
ey

- 8
o~
=

I

1Y Bror BBIBOA MOBTOpsIET paccyxaenus B IV, §103.

3 E. M. Jludbmun, JI. I1. [Tutacsckunii
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[MopcTasisisa B IpeabIIyIiee BHIPAXKEHUE, IOy IUM
Gap(X1, X2) =
= —i(87" (00, —00)8(00, t1)Woq(t1)S(t1, t2) ¥ (t2) S (ta, —00)).

IMouumas omepaTopsl S Kak mpoussezenus (12.7), Mbl BuauM, 4TO
BCEC MHOXKUTEJIM B YCPEOHAEMOM BBIPDAXKCHUU, HAYMHAA CO BTOPOTO,
PacCIONOXKEHbI B XPOHOJIOIMYECKOM IODPSJKe CIpaBa HAaJeBO
oT t=—00 J0 t=00. [loaTOMy MOKHO HamuCaTh

.

Gap(X1, X2) = —i(S 7 T[Toa(t1)) T 5(t2)S)), (12.12)
rae 0003HaYEHO

~

S =5(c0, —00) =T exp { —i [ Vo(t)dtp. (12.13)

Bbraucienus nipu t1 < to OTIMYAIOTCH OT MPOM3BENEHHBIX JIUIIb
0603HAUEHUSIMY, ¥ OKOHUATEJIbHBIA pesyabrar (12.12), (12.13) cupa-
BeJJIUB TIPH JIFOOBIX {1, to.

[TpowssenenHOE IPEOOPA30BAHUE HE 3aBUCHUT OT TOTO, IO KAKOMY
COCTOSIHHIO CHCTEMBI MIOJIpasyMeBaeTcs ycpennenue. Ho ecim ycpes-
HEHVE NPOM3BOIUTCS [0 OCHOBHOMY cocTosiHuio (Kak B (12.12)), To
peobpa3oBaHue MOXKET OBITH IPOABUHYTO eIrfe U maJibire. Jlns sTo-
IO 3aMETHM, 9TO aiuabaTHIeCKOe BKJIIOYEHNUE WU BBIKJIIOUEHUE B3a-
UMOJIEHCTBUS, KAK BCAKOE aauabaTWdeCcKOoe BO3MYIIECHHE, HE MOXKET
BBI3BATH IEPEXOJa C U3MEHEHWEM 3JHEPIMU KBAHTOBOH CHCTEMBI
(cwm. IIT,§ 41). TTosTomy cucTema, HAXOAUBIIAACS B HEBBIPOXKIEHHOM

coCTOSIHUY (KAKOBBIM ¥ SIBJISIETCSl OCHOBHOE COCTOSIHUE), B 9TOM CO-
CTOAHUU ¥ OcTaercd. JIpyrumu cinosamu, AeiicTBue omeparopa S Ha
BOIHOBYIO (yHKImMIO & = P(—00) IOIKHO CBOAUTBHCS K yMHOXKE-
HUIO Ha (HecymeCTBeHHbm JIJIsl COCTOSTHUSA ) dasopit MEOKHTETH —
cpesHee 3Hadenne S B OCHOBHOM cocrosimmm: 9® = (S)®. Touso
Tax e ®*5 1 = (S)~1®*, Takum 06pa3oM, OKOHYATEIHLHO TIOTyda-
eM caenyoomyo dbopMysy aiad ¢pyHKnuu ['prHa, BRIparXKeHHOH depes
OIepaToOphI B Hpe,ILCTaBJIeHI/II/I B3auMOJIeicTBUS *

.

iGag (X1, X2) = 1 (T [Boa(X1) T4 (X2) ). (12.14)

1) OrmeruM HEKOTODYIO yCIOBHOCTH OGo3mauenuit B (12.14): xora cumpom T
B HeM (urypupyer ABaxkApl (B SIBHOM BUJAE ¥ B ompezesieHuu S), B neiicTBH-
TEJIbHOCTHU K€ BCE MHOXKUTE/M B IPOM3BEIECHUU [IOJIXKHBI PACCTABJIATHCA B €M~
HOM XPOHOJIOTMYECKOI IOC/IEA0BATEIBHOCTH.
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ITo cmblcty sTOrO NIpeacTaBieHus ycpennenue B (12.14) npousso-
JIATCS IO OCHOBHOMY COCTOSIHUIO CHCTEMbI CBOOOJHBIX yacTuil. Jleii-

CTBUTEJIBHO, CBOWCTBa omepaTopoB W, COBIAmaiOT CO CBOHCTBaAMH

reii3eHOepTrOBCKUX OmepaTopoB ¥ B OTCYTCTBHE B3aMMOJAEHCTBUM, a
reii3eHOEPTOBCKas BOJHOBasd GyHKIms ¢ OT BpeMEHU HE 3aBUCHT,

TaK YTO COBIAJAET CO CBOMM 3HAYEHWEM TIpu | = —00, KOTJa B3au-
mozeiictBue orcyTcTByeT. [losTomy, B wacTHOCTH,
. ~(0
(TT0a(X1)T5(X2)) = iGN(X1, Xa) (12.15)

ectb dyuknus ['puHa cucTeMbI HEB3AaUMOIEHCTBYIOMNUX YACTHIL,

§13. IuarpaMMHasd TeXHHMKA IJjid (DEePMHU-CACTEM

Cwmpblcs cuMBouuecKux BbIpakenuit Tuna (12.14) cocrour B TOM,
9TO OHH JAlOT BO3MOXKHOCTH JIETKO HAIHCATh IIOCJICIO0BATEJIbHBIC

wWIeHbl pa3joxeHuit mo cremensam V. Tak,

(TW0a(X)Tg5(X")8) =

—Z

/ dt; .. / dtn(TT0a(X) Ti5(X") Vo(t) .. Vo(tn)),
(13.1)

a BBIPaKeHUeE JJIsd (S ) OTJIMYAeTCs OT HAMCAHHOTO JIUIIb OTCY TCTBY-

eM MHOXKHuTeJIei \Iloa\IIOﬂ mox 3nakoM T-mpom3Benenns. Kak yxke

OBLIO YKa3aHO, OIEepPaTOP Vo( ) B IPEICTABJIEHUU B3aUMOAEHCTBUs

nosrygaercd u3 (7.7) 3amenoit Bcex ¥ na Ug. Brraucienue nocsemo-
BATEJIbHBIX WIEHOB pazioxkenus (13.1) cBomurcs, ciemoBaTENbHO, K
BBIYMCJICHUIO CPEIHUX 110 OCHOBHOMY COCTOSIHUIO OT 1 -IIpOU3BEAEHUSA
PAa3JIMYHOTO YHUCJIA 1P-OMEPATOPOB CBOOOIHBIX YACTHII.

OTHU BLIYUCICHNS B 3HAUUTEIHHON CTEIIEHN aBTOMATU3UPYIOTCS C
MTOMOIIIBIO TTPABUI JUAZPAMMHOT METHUKY, KOTOPHIE, OJHAKO, CYIIe-
CTBEHHO 3aBUCAT OT XaPaKTePa UCC/IeayeMoit (pu3ndecKoil CucTeMbl.
N3znaraemass B 3ToM maparpade TEXHMKa OTHOCUTCS K HECBEDXTE-
Ky4duM pepMu-CUCTEMAM, IPUIEM B3aUMOAECHCTBUE YACTHUI] IIPEITIO-
JIATAETCS TAPHBIM U HE 3aBUCAINUM OT ciuHOB. COOTBETCTBYIOIIMIA
onepaTop B3aUMOACHCTBUA:

/\I/ t r1 \Ija_é(t’ 1‘2) U(I‘l - I'Q)@O&(t, rz)‘/I\f()»y(t, rl)d3.’1:1 d3:L‘2,
(13.2)

3*
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rae U(ry — ra) — 9Heprus B3amMONeHCTBUs IBYX 9acTHUL (MHIEK-
col (2) y V u U omyckaem).

CpenHee 3HaYEHME TIPOU3BEACHUN 1)-ONEPATOPOB BBIUUC/IACTCS C
HOMOIIBIO0 Mmeopemb. Buka, KoTopas riacur!):

Cpe,uHee OT IpOW3BEACHUS JIIOOOro (YETHOrO) YHCIIA ONEPATO-

posB Tt PaBHO CyMMe IPOMU3BEACHU BCEX BO3SMOXKHBIX TOMAPHBIX
cpenHux (CBEPTOK) TUX ONMEPATOPOB. B Kaxkoii mape omepaTopsl
CTOSAT B TOM K€ IT0CJIEI0BATEILHOCTH, YTO U B MIEPBOHAYAIBLHOM IIPO-
M3BEIEHUU. SHAK KAXKJIOTO YJIEHA B CyMME OIPEIEIIeTC MHOXKUTE-
nem (—1)F rne P — umciio mepecTaHoBOK 0mepaTopos, KOTOPBIE HAIO
MIPOM3BECTH, YTOOBI IIOCTABUTH PSIIOM BCE YCPEIHSIEMBIE OIIEPATOPHI.

OTnu4HBI OT HyJId JUIMIb CBEPTKY, B KOTOPbIE BXOIUT OJMH OIIe-
paTop T u OVH Tt B AMAroOHAJIbHOM MATPHYHOM 3JIEMEHTE BCE
YaCTHIBL, YHUYTOXKAEMBIE OIEPATOPOM \If, JOJXKHBI OBITH BHOBB
POXKJAEHBI OIIEPATOPOM T+, Slcro IIO3TOMY, YTO CpeJHee OT IIPOU3Be-
JIEHUsI HECKOJBKUX 1)-0IepaToOpoB MOXKET ObITh OTJIMYHO OT HYJIs,
TOJIBKO €C/IM B HEM CONEPZKUTCH OQUHAKOBOE HYHCIO OIEPaTOpOB
Uygwt,

B mnpumenenun K cpemHemy oOT T-IpOM3BENECHUS TEOPEMA
Buka mo3BojisieT BBIPA3UTh €r0 Yepe3 CpeJHUE OT IMOMAPHBIX
T-upousBeneHuit, T. €., cormacHo (12.15), depe3 rpuHOBCKHE
by cBobomubIx dactuil. CreraeM 3TO /st TOTPABKH IIEPBOTO
mopsifka B (pyHKImu ['puHa cuCTEeMbl B3aUMOIEHCTBYIOMNX YACTHII.

[IpenBapuTeIbHO OTMETUM, UTO MPU PACKPHITUH IO Teopeme Bu-
Ka BbIpaXkeHusi B unciauresie dhopmyssl (12.14) Bo3Hukaior, B 4act-
HOCTH, 9JIEHBI BUIA

(T T (X1)Tgs(X2))(8) = iGLY (X1, X2)(S), (13.3)
B KOTODBIX I1apa <«BHEMIHUX» (IO OTHOIICHUIO K §) 1)-0nepaTopoB
CBOpaYMBAaETCH MeXKay coboil; Belpaxkenme ke (S) comepxkur (B
KaKJIOM H9JIeHe €0 Pa3JIOXKEHWsl) JIUIh CBEPTKY «BHYTPEHHUX» OIle-

paTopoB Mexay coboit. MuoxkuTess (S) ImeIMKOM COKpamaercs: co
sHameHaTeseM B (12.14), u, Takum 06pa3oM, BCE 9TH HUIEHBI JAIOT

)

Ocrasus B (13.1) gBa mepBBIX WieHA paSJIO}KeHI/IH, IIOJICTABHUB
(13.2) u nepeobo3HAYUNB IEPEMEHHBIE, TOJLY IUM

iGag(X1, X2) ~ G +iGL),

IIPOCTO «HEBO3MYIIEHHYIO» T'PUHOBCKYIO (DYHKITHIO zG(

1) YTo6n1 HE pa3buBaThH U3JIOXKEHUS, JOKA3ATEIHCTBO ITOH TEOPEMBI OTIOKHUM
Ha KOHeI| maparpada.
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rie
. 1 3 = =
iG{) = — (T 00 (X1) T (X2) x
o0
x / dt /d3x3d3x4\1137(t, r3) U (¢, 1)U (r3—ra) o5 (t, 14)Toy (¢, T3)).

s 6onbineit KOMOAKTHOCTH 3amucy GopMyJi BBegeM 0003HAYEHVE
U(Xl - XQ) = U(r1 - 1‘2)5(t1 - tQ). (13.4)
Tormat)

iGy = -3 / (TT2 T T3 U] T4 Ts)Usa d* Xd' X,

rae d*X = dtd3z. Urobsr ycpemuuts 1o Teopeme Buxa, Bermmmem
OTJ/IEJILHO OMEPATOPHI ¥ M300Pa3uM BCE HYKHBIE BAPUAHTHI CBEPTOK:

[ s ——
(005 O W 0, ) —= 0y O O W, O+ 00 O O O 0+

/—\ —_— T
S AAR ARV ATARE (RVAg AR 4 )
~— ~— \)i)

CoriacHO CKa3aHHOMY BBIIIE OIYIIEHBI UJIEHBI, CONEPHKAIIUE CBEPT-

—_—
+
ky U¥, . [TonapHo cBOpadmBaeMble (COEIUHEHHBIE yTaMU) OIEPa-

TOPBI HAJIO TIEPECTABUTH K COCENCTBY APYT ¢ Apyrom. Tak, mepsbrit
73 HANMCAHHBIX WICHOB O3HAYAET IPOU3BEICHUE

(TO T (TS V) (TT T),
a mocJIieTHUM

—(TO U (TOF U N (TTFT3).
CBepTKu TTPOU3BEIEHUN 1)-0MEPATOPOB PA3JUIHBIX APTYMEHTOB 3a-
MEHAITCA COTJIaAaCHO

O =T ) =G, U U,=-iG  nr o

1) 31ech u HUXKE IS YIPOIIEHUs 3AMUCU OCOOEHHO IPOMO3KUX BBIDAXKEHUIA

ycaoBuMCcs onyckath uHAEKC vy Vo, a uudpoBsiMu uHAekcamu 1, 2, ... 0603HA-
4aTh COBOKYIHOCTH 3HAYEHUN apryMenTa X U CHHHOBOIO MHAEKCA:

\/1;1 E‘/I;a(Xl), \/I;z = \/I;B(Xz),...
G12 = Gap(X1, X2), U2 =U(X1 - X3).
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CrepTKE Ke P-0mepaTopoB OJMHAKOBBIX APTYMEHTOB IPEICTABIIS-
10T co00# MPOCTPAHCTBEHHYIO IJIOTHOCTH YHCJIA YACTHUI[ B UIEAJIb-

HOM ra3e (00O3HAYUM ee uepes n(o)), MMOHUMAEMYI0 KaK (DYyHKIUIO
XUMMUYECKOTO IIOTEHImaa ' ):

(T F) = nO(y) = ) (13.5)

372

Taxum obpazom, moTydnM
’iG(l) — /d4X3d4X4 U34[ G(O)G(O)G(O) Gg(i)GgO)G(O)
+in@a)ay) + in©c ).

OTH YeThIpe WIECHA MOMAPHO PABHBI APYT APYTY — OHU OTIUYAIOTCS
Jmib 0003HAYEHWEM MTEPEMEHHBIX nHTerpupoBanus X3 u Xy4. B pe-
3yJIbTaTe MHOXKWTEJIb 1/2 mcuesaer u, TakuM 0OpaA30M, MOMPABKA
IEPBOTO TOPSAAKa B QYHKIMY ['pUHA COMEPAKUT BCETO ABA WJICHA:

6y = [UainV61)6) - ¢ 6 et XX, (136)

CTpyKTypy 3THX WIEHOB yI00HO M300pa3suTh rpadpUdyecKu C Imo-
MOIIBIO cireayomux duazpamm Petinmana:

Q

! PN X (137)
1 4 2 1 3 4 2

Ha stux mmarpammax cmsomuasi jimausg 4 <— 2 03HAYAET CBEPTKY

—

+ . ~(0
U, 0y (1. e. dyHKIMIO zGé(Q)); uudphl YKa3bIBAIOT HOMEPA IIEPEMEH-
HbIX X4 # X9, OT KOTODPBIX 3aBHUCAT CBEPTHIBAEMBIE OIEPATOPHI, &
HaITpaBJIcHUe CTPEJIKH OTBedaeT HampasieHuio oT ¥ x U B cBepTKe.

T~
Cseprka U0 JBYX OIEPATOPOB, 3aBUCAIINX OT OJHUX U TEX XK€

[EePEMEHHBIX (T. €. IUIOTHOCTh n(O)), n300parXKaAETCA COOTBETCTBEHHO
meTJiell — CIJIONTHON JimHuel, «3aMKHyTOM Ha cebsiy. IllTpuxoBas
auansg 34 o3HayaeT MHOXKUTEb Usg.

ITo BCceM mepeMeHHBIM, ODO3HAYEHHBIM Yy BHYTPEHHUX TOYEK
quarpaMMmbl  (TOYKH —[EpECeYEHHs! JIMHMI), IOAPa3yMeBaeTCs

1) Takue cBepTKHU BCerga MPOHCXOAAT OT 1)-OIEPATOPOB, BXOSAIIUX B COCTAB
OJIHOTO M TOrO ke omepaTopa B3ammozeiicreus V. Ilosromy B Takmx umenax ¥
BCEraa CTOuT cjaesa oT .
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unrerpuposanue. [lepemennnie (X1 u X2), 0003HAUEHHBIE Y «BHEIII-
HUX KOHIIOB» JTMarPaMMbI, OCTAIOTCS CBODOIHBIMHU.

YJteHbl mepBOro mOpsKa, mpoucxonsmue u3 (13.3), uzobpaszu-

JUCh OBl JuarpaMMaM¥, PAacHaJaroNMMUCS HA JBE OTIEIbHBIE da-
. . ~(0

CTH — TIPAMOM OTPE30K (zGig) u burypy ¢ 3aMKHYTBHIME METISME
CILIONIHBIX JIMHUH, HAIIpUMEP,

AT

N—>

BaymaBmucek B cioco6 CBEPTHIBAHUS ONEPATOPOB M CTPYKTYDY CO-
OTBETCTBYIOIUX AUAarPaMM, MOXKHO IOHSTH IIPOUCXOXKICHHUE ODIIEro
IpaBUIa: BO BCEX IOPSAKAX TEOPUU BO3MYIINEHUI POJIb MHOXKUTE-
s (S)~! B (12.14) cBOmETCH K TOMY, YTO JOJKHBI YYHTHIBATHCH
JIMIIb «CBS3HbIC» QUArPAMMBI C ABYMs BHEIIIHMMU KOHIIAMHE, HE CO-
JICPXKAIINE «OTCOCAUHEHHBIX I€Te/Ib 063 BHEIIHUX KOHIOB, HE CBSi-
3aHHBIX C APYIMMU YaCTAMU JUArDAMMBL HU CILIOIIHBIMY, HU IITDPU-
XOBbIMU JIMHUSAMH (CD. AQHAJIOTMYHYIO CHTYaIlMI0 B KBAaHTOBOM
sslekTpoauHamuke — cM. 1V, §100).

Cokpamenne koddpburnmenta 1/2 B (13.6) ecth nposiBieHue
obIero mpapBwia: He HAJNO0 YYUTHIBATH (B WIEHAX N-TO HOPSIKA)
MHOXKUTENB 1/n!, mpoucxongamuii or pasnoxenus (13.1), u MHOXKHU-
Teab 27", BosHmKaromuii or Koaddunumentos 1/2 B (13.2). [eit-
CTBUTEIBHO, TUATPAMMBI 71-TO MOPSAIKA COJEPIKAT IO 7 MTPUXOBBIX
Jmaui i k. Muoxuress 1/n! cokpamaercs oT npuBeIeHUs! YIEHOB,
OTIMYAIOIIUXCA MEPECTAHOBKAMHU TIap YHUCEN %, kK MEXKIy BCEMH N
IITPUXOBBIMU JinHUAMU. MHOXUTEND kKe 27" COKpAaIaeTcd OT Iie-
PECTaHOBOK 4ucCel %, k MEXK/y KOHIIAMU KaXKI0# U3 ITUX JIMHUIA.

OxoHuaTE/IbHBIE TIPABUJIA JUATPAMMHOM TEXHUKU MbI cHhopmy-
JIUpyeM i BBIYMC/IeHUs (DyHKIuM |'pUHA HE B KOODAMHATHBIX, &
Cpa3y B UMITYJILCHOM TIPEJICTABJICHNY, HAMOOJIee BaXKHOM Jyisi (pu3n-
YeCKUX IIPUMEHEHUN.

[Tepexos K UMITYJIbCHOMY TIPEJCTABJICHUIO OCYIIECTBJIAETCS IIy-
TeMm pasinoxkenus Pypoe (7.21), (7.22), koTOpoe 3amuIieM B «9€ThI-
pexMepHOM» Buze ).

G(X) = /G(P)eiPX (‘;ﬂf; G(P) = /G(X)eiPXd‘*X, (13.8)

rae «4-ummynbe» P = (w, p), a PX = wt — pr. Anajoruusbim

1) Wcnonb3ys myis ynobcrsa u3ioxkeHusi 1 0003HAYEHUIT Y€THIPEXMEPHYIO TEP-
MUHOJIOTHIO, TOAYEPKHEM JINIIHUI Pa3, 9TO OHA HE UMEET 3J4eCh HUKAKOIO OTHO-
IeHUs K PEJATUBUCTCKONW MHBapUaHTHOCTH!
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00pa3oM pa3jIoKUM TaKKe U MOTEHIINAJ B3aMMOIEHCTBUS:

U(X) = / U(Q)ei@X ‘;:;, (13.9)

rae Q = (qo, q); upu arom U(Q) coBmagaer ¢ KOMIOHEHTON TPeX-
MEPHOTO Pa3JIOKEHUS

UQ)=U(q) = / U(r)e ta d3z. (13.10)

Beuny wernocru dyuximuu U(r) oueBuano, uro U(—q) = U(q).
[TpoussemeM 3TO Pa3JIOKEHHE JJIs HOIMPABKU MEPBOTO ITOPSIKA
G%) = GS[% (X1 — X2). s sroro ymHOXKaeM pasencrso (13.6) nHa
exp [iP(X1 — X2)] u unrerpupyem ero mo d* (X1 — X»).
B nepsom usene muiem

GP(X1—X3) _ iP(X1—X3) ;iP(X3—X3)

=€

U, 3aMEHUB IIepEMEHHbIe NHTETPUPOBAHUS, IIOJIydaeM

in! / GO(X1 — X3)e P X =%3) g4 (X, — X3) x

/G (X3—Xo)etP(Xs=X2) gt X5 X)) /U (X3—X4) d* (X3—Xy4).

IlepBrie nBa uHHTErpaJjia IAlOT G&J( )G(O)( P), a Tpermii paseH
U(0) = [U(r)d3z — smagenmo U(q) mpu q = 0.

AmnasorngnbiM 06pa30M, BO BTOPOM HUJIEHE MHTIIEM

eiP(X1—X2) iP(Xl—Xg)eiP(Xg—X4)eiP(X4—X2)

=€

7 mocJie mepexofa K uarerpupoBanuio mo X1 — X3, X3— X4, X4 — Xo,
TIOJIy 9aeM

—GO(P / G (x ¢PX dix . G (P).

Ocrapmmiicss WHTErpaJl BBIPAXKAETCH dYepe3 (Pypbe-KOMIIOHEHTHI
dyHKIIIN G( ) 4 U ¢ TOMOIIBIO (DOPMYJIBI JJisd (Pypbe-KOMIIOHEHT
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npousBesieHus AByX QyHKuuii ')

/f(X)g(X)eiPX d'X =/f(P1)g(P - Py) ("41’1

2m)

(13.11)

S

Takum obpa3om, [Jisi IOIPABKYU MEPBOTO MOPSAKA B (DYHKIHUH
I'puna B MMy IbCHOM TIPEICTABJIEHUN OKOHYATEJIHHO HAXOIUM

iGL(P) = in U (0)GLU(P)GS) (P)—

- /Gg?)( P)GO(P)GQ(P)U(p - p1) ("2 LRNEERE)

Kaxnomy u3 nByx wieHoB B (13.12) craBuTCS B COOTBETCTBHE
onpenesieHHas nuarpamva Qefinmana, u Beipaxkenue (13.12) 3amu-
CBIBacTCA B BUIE

(1) H P—P1
Gap(P) = i L T (13.13)
a 6

Touku mepeceydeHus: JUHUN HA3BIBAIOT 6EPUWUHAMY TAATPAMMBL.
Kaxnasi quarpamma nMeer 2n BEPINUH, TAe N — HOPSIOK TEOPHUH
BO3MYyIIIeHni. B Kaxk1o#l BEpIIUHE CXOASTCH ABE CIJIONIHBIE U OJ-
Ha MITPUXOBas JuHuUU. Kak70# CIJIONIHOW JIMHUY TPUNKUCHIBAETCS

1),HJ151 JOKA3aTEIbCTBA 3TOM (DOPMYJIBI HAJO B €€ JIEBYIO YaCTh IOJCTABUTH
camu Gyukuun f(X) u g(X) B Bune dypbe-pasinoxeHuii:

/f(X)g(X)eiPX d*x Z/f(Pl)g(Pz)ei(P—Pl—Pz)X X cl‘l(f;lid;PZ.
T

Unrerpuposanue no d*X ocymecrsisiercs no dpopmyse
/ eFXd'X = (2m)*6W(P),

rae «aeTsipexvepras» O-bynkmus 64 onmpemensercs kak mpomssemenme 6-
byHKIEH OT KOMIIOHEHT «4- BeKTopa» P. Muoxuresb 6(4)(P P, —P) ycranas-

JuBaeTcs uHTErpupoBanueM 1o d'Pp, W MBI B Pe3yJIbTATE NPUXOAUM K TIPABOMH
gactu (13.11).
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CBOM «4-mMmIysibc» P B HaIpaB/IeHUW, YKA3aHHOM CTPEJIKOH (mpwu-
9eM BJOJIb KAXKION HEMPEPBIBHON MOCIEIOBATENHHOCTU CILIONTHBIX
JIMHUY HANPABJIEHUWE CTPEJIOK He MeHsieTcs ). Kaxkmof mTpuxoBoit
JINHUU TPUMHUCHIBACTCA 4-UMOYJIbC (), TPUYEM W JJIs STUX JINHUIA
YCJIOBHO BBIOMPAETCS KAKOE-JInb0 (.HIO60€§) HAIpPaBJIEHUE CTPEJIKH ).
B BepmumHax muarpaMMbl BBITIOJHSIETCS «3aKOH COXpaHeHWs 4-mM-
MyJIbCay: CyMMa 4-MMITyJIbCOB BXOAAIINX JIMHUM PAaBHA CymMMe 4-mM-
MyJIbCOB BBIXOMSAIINX W3 BEPINWH JuHWHA. Beprmmue npunuceiBaeTcs
TaK¥Ke W ONPEJIEICHHbI! CONHOBOM MHAEKC . Kaxkmas gumarpamma
UMeeT JIBE 8HEeWHUE JIUHUY (BXONSIIYIO U BBIXOZSAIILYIO), 4-UMILyJIbC
KOTODBIX €CTh apryMeHT uckoMoii bynkimu I'puna Gog(P); BBIXOAA-
el ¥ BXOJMAITEl JIMHUSAM TPUAMUCHIBAIOTCSA TAKYKE CIIUHOBBIE WHIEK-
col a u ( aroit pyuknuu. OcTajibHbIE JIMHUU JUATPAMMBI HA3BIBAIOT
BHYMPEHHUMUY..

AnanuTryeckas 3amUCh YIEHOB, OTBEYAIONINX KaXKJI0M Auarpam-
Me, TIPOU3BOJUTCA 1O CJIEAYIOIIAM TTPABUIIAM:

1) Kaxxnoit crutomnHo# JIMHUM MeXK Ay BEPIIMHAMYA (¢ U [3 CTABUTCS

. ~(0 , ,
B COOTBETCTBUE MHOXKUTEb ZGEX;(P), KA KJIO¥ IITPUXOBOM JIMHAHN —
muOkuTeNb —iU (Q). 3aMKHYTO! meTsie ¢ OJHOM BEPIIMHOM COMO-

craasiercs muoxurens 10 (u).

2) B kaxmoil BepIInHE BBINOIHAETCS 3aKOH COXPAHEHUsS 4-nM-
mysbca. 1o ocTarormumcs HeOIpeaesIeHHBIMY 4-UMITYJIbCAM BHYTDEH-
HUX JTUHU TPOM3BOMTCA HHTErpHUposanue o di P/ (2m)4. B xaxnoit
BEPIIMHE TPOU3BOAUTCH CYMMHPOBAHHUE TI0 MApPe HEMBIX CIIMHOBBIX
MHJIEKCOB — 10 OIHOMY OT Kax0ro u3 cocemunx G(O)-muoxureseii.

3) O6mmit MHOKUTENb, C KOTOPBIM JUarpaMMa BXoauT B iGqg,
pasen (—1)F, rme L — umciio comepsKamuxcs B Helf 3aMKHYTBIX TTe-
TeJIb CILIOIIHBIX JUHUH ¢ 6ojiee YeM OIHON BEPIITUHOMN.

[Tocnegaee mpaBUIO WMeEET CJEAYIONMIEE TPOUCXOXKICHUE. 3aM-
KHyTas meTyisd ¢ k > 1 BepIuHaMu IPOUCXOJUT OT CBEPTKU )-0Tepa-
TOPOB BHJIA

+/—\ T

31ech BCe CBEPTKH DAaBHBI iG(O) iG(Q a TOCJEeIHSS PaB-

p p 12 9 k Lk, P
(0)
k1

BUJIbHBIN 3HAK YUYUTBHIBAETCHA YK€ BBEACHUEM n©) 1o npasuny 1.

Ha —i(F; . UTo Kacaercd meresib C OJHON BEPIIMHON, TO WX IIPa-

1) «BpemenHbIe» KOMNOHEHTHI 4-BeKTOPOB @ = (go, q), BOOGIIE TOBODS, OT-
JIMUHBL OT Hyuisi, HO dyrkuus U(Q), no onpenenerunto (13.10), or go He 3aBuCHUT.
VYCJI0BHOCTh HANIpAaBJIEHHUS MITPUXOBOH JIMHUM CBA3aHA C YETHOCTBIO (DyHKIMU

U(-Q) =U(Q).
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st mprMepa u300pa3uM COBOKYITHOCTD AUATDAMM, OIIPEIEIISIO-
IIIAX TOMPABKY BTOPOTO Mmopsaka B dbyHKmuu ['puna:

)

(13.14)

kD
O
O

O -
)

A

Hakowner Bepaemcs k Teopeme Buka u magum ee 10Ka3aTeIbCTBO
B IPUMEHEHNHU K «MaKPOCKONUYECKOMY Tpeseiry» (T. e. mpu V — 0o
WM, 9TO TO XK€ IPYU 33JaHHOM IUIOTHOCTH cucreMsl, mpu N — 00),
KOTOPBIN TOJIBKO ¥ CYIIECTBEH B CTATUCTUYECKUX MPUMEHEHUSX.

PaccMmoTprM, Hampumep, cpejaHee OT IIPOU3BEIEHUS YETHIPEX
1)-01IepaToOpoOB THUIA

= = == 1 PP PPN
(W01 PP Udy) = v Z (@p,ap,at,ay) exp(...)  (13.15)
P1...pP4

(1-omeparops! npesacTasseHsl B Bue (9.3); OueBUAHBIE, HO TPOMO3-
KM€ TOKA3aTeJU SKCIIOHEHT He BBIMUCHIBaeM). B aToit cymme oriny-
HBI OT HyJIS JIAIIb 9JIEHBI, B KOTOPBIX COAEPXKUTCSA MO OJUHAKOBOMY
YHCITy ONEPATOPOB Gp W Gp C OJMHAKOBBIMH 3HAYCHUAME WMITYJIb-
coB. Cpeliu HUX €CThb YJICHBI, B KOTOPBIX UMITYJIbCHI PABHBI TOMAPHO,






