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OCHOBHbIE MTOHATUSI KBAHTOBOW MEXaHMUKH (TaKue, KaK: «BOJIHBI
MaTepumn» ne bpoiins, «npuHmun HeompexaeneHHocTw» I'elizenOepra,
OTCYTCTBHME pPa3MEpPOB U TPACKTOPHUH IBHUKECHHS y DJIEMEHTAPHBIX 4Ya-
CTHL], YHUBEPCAIBHOCTb MNOCTOSHHOW IInmaHka, a Taxke ypaBHEHHE
Hlpenunrepa), 10 cCUX MOpP HE JOCTATOYHO JIOTMUECKH OOOCHOBAHBI.
WHTepec K UCTOKaM KBAHTOBOM MEXaHHMKH OOYCJIOBJIEH €Ile TeM, YTO
nepeoBble pyOekHu HAyKH B 00JACTH M3YUYEHMsI CTPYKTYPHOM OpraHu-

3allMd MaTE€pPHUH - CTPYHHbIE TE€OPHH, 0a3UpyIOIIKecs Ha KBAHTOBOM Me-

XaHUKEe, HATOJIKHYJIMCh Ha OOJBIINE TPYTHOCTH. DTO 3aCTaBIIET BEp-
HYTBCS K TICPEOCMBICIICHUIO OCHOB KBAaHTOBOW (DU3HKH.

B HWKEH3II0)KSHHOM TJIaBe MPEUI0KEHa MOJICITh Xa0THUECKH OJTy’KIaroliell MaTepruaibHOM Ya-
CTHUIlBI (00J1aIatoIIe pa3MepoOM U TPACKTOPHEH JBMKEHHUS ), HA OCHOBAHUHM KOTOPOU YIa10Ch:

- BBIPA3UTh MOCTOSHHYIO [11aHKa 4 yepe3 OCHOBHbIC XapaKTEPHUCTUKU CTAIHOHAPHOTO CIIy4aifHOTO
nporecca;

- 000CHOBATh MEPEX0/ OT KOOPAMHATHOTO MPEACTABICHHS COCTOSIHHS YaCTHUIIBI K €€ UMITYJIbCHOMY
IPE/ICTABICHNI0 0€3 MPUBJICYCHUS HMICH O CYIICCTBOBAHMHM «BOJH Marepuu» jae bpoiins u
«IIPUHIIMIIA HeonpeaeaeHHOCTHY [ eii3enbepra.

- BbIBecTH ypaBHeHue lllpeauHrepa Ha OCHOBaHWHU TPHUHIIMIIA KCTPEMYMa YCPEIHCHHOTO CH-
CTBHSI XaOTHYCCKHU OJTY»KTAIOIICH YaCTHUIIBI;

[Tpu 3TOM BBISBIICHBI YCIIOBHS U TPaHUIIBI TPUMEHEHHsT 00001énHoro ypapaenus [llpennnre-
pa K OMUCAHUIO SIBJICHNH, KAK MUKPOMHUPA, TaK K MAaKPOMHUPA.

[TpoMexXyTOUHBIN PE3YIbTAT KonpedeieHue niIOMHOCMU PACIPEOeleHUst 6ePOSIMHOCU NPOU3-
B00HOLL N-20 NOPOKA ONsl N pa3 oughghepenyupyemo2o, CiyyaiHoeo, CMmayuoHapHo20 NPoyecca» Mo-
KeT ObITh MPUMEHUM BO MHOTHX 00JIACTSIX TEOPUHU BEPOSITHOCTH M CTATHCTUYECKOM (DU3HKH.

[Tpu BeIBOsIE 0000IIeHHOTO ypaBHeHus [Ipeaunrepa ObUIM MPUMEHEHBI METO/IbI TCOPHH BEPO-
STHOCTH, TEOPHH CITyYaiHBIX MPOIECCOB, TEOPUH OOOOIIEHHBIX (YHKIHIA U BapHAIHOHHOTO HUCYHC-

nenus. Takxke yauTsiBajcs (popMann3m KBAaHTOBONH MEXaHHUKH.



3.1 Kparkas ucropusi BOSHUKHOBeHus1 ypaBHeHnus IlIpennnrepa
OnHOM M3 OCHOBHBIX 3araJloOK KBaHTOBOM MEXAaHUKH H, CJIEIOBATEIIBHO, BCEX COBPEMEHHBIX
IIPOJOJDKEHUM TaHHOM TEOpPUH, OCTAaeTCs TaliHa nosiBieHus ypaBHeHus Lllpenunrepa. OrcyTcTBHE JI0-
THYECKH 0OOCHOBAHHOTO BBIBOJIA JJAHHOTO MCXOJHOTO YPaBHEHHUS OTPULATEIHLHO BIMSAET HA Pa3BUTHE
HalIMX IPEICTaBICHUN O CTPYKTYPHOU OpraHU3allui MaTEPHUH.

VYpasuenue lllpenunrepa nmeer Bua

2
Y G, Uy 3.1)
2m

rne ¥ = v (x,),z,f) — BOJIHOBas (PyHKIUS, XapaKTepPU3YIOLIasi COCTOSHUE 3JEMEHTapHOW YacTHUIIbI;
U — noteHunanpHas 3HEpPIrUs JIEMEHTapHON 4acTULbI; /i — MOCTOsiHHAA Jlupaka, CBsi3aHHas € IOCTO-
ssuHo# [1nanka coorHomenneM #i = h/2 z; m — Macca 4aCTHIIBL.

Cunraetcs, yTo 3TO0 ypaBHeHHEe ObUI0 momyueHo DpBuHoM llpeaunrepom (1887 — 1961) na
OCHOBAaHUHU WHAYKTHBHBIX U JEAYKTHUBHBIX MPEANOCHUIOK, CIOXKUBIIMXCA K 1926 rony B pesynbrare
9KCIIEPUMEHTAIBHBIX UCCIEA0BAHUN CBOMCTB 2JICMEHTAPHBIX YaCTHULL.

Ocoboe 3HaueHue B To BpeMs uMena unaes Jlyu ne bpoiins (1892 — 1987) o Bo3MOkHOCTH CY-
LIECTBOBAHUS BOJIHOBBIX CBOWCTB y JABUXKYILEHCS MaTepUaJIbHOU YacTULlbl. B cBOEH NOKTOPCKOM IHC-
ceprauueit «VccnenoBanust no Teopun kBaHTtoB» (1924 r.) JIyn ne bpoiine conocraBui npsiMoauHei-
HYIO TPAaeKTOPHUIO BUKEHUS CBOOOIHOHN YacTUIBI C IPSAMBIM JIy4OM CBETa, M MPULIEN K BBIBOJY, YTO
OHU ONMCHIBAIOTCS OJHUM U TEM K€ ypaBHEHHEM SIKoOu, BBITEKAIOUIMM U3 (PYHIAMEHTAILHOTO MPHH-
Una «dKcrpemyma aenctBus». Oka3aioch, YTO TPACKTOPHs JBMKEHUS CBOOOJHOM YaCTHUIBI U JIyd
CBETa SIBIIIIOTCS AKCTPEMAIISIMU IPAKTUIECKH OJHOTO M TOTO ke (pyHKIMoHana neiictus. JlanHoe 00-
CTOSITENICTBO HATOJIKHYJIO Jlyn e Bpoiisis Ha MBICIHb, UTO €CIIM BOJIHE, ONTMCHIBAEMON ypaBHEHUEM

w = expli(wt —Kr)}, (3.2)
(rme @ — uukiIn4eckas 4actota; kK — BOJIHOBOW BEKTOp; ¢ — BpEMS; I — IPOCTPAHCTBEHHBIA BEKTOP),
IIPUCYILM HEKOTOPbIE CBOWCTBA YaCTHULIbI, TO BIIOJIHE BO3MOKHO OOPAaTHOE YTBEPXkKAECHUE, UTO JBHKY-
LIEHCsl MaTepUaJIbHOM YaCTHUIIE MOXKET COOTBETCTBOBATh HEKAsl TUIOCKAsl BOJIHA
w = exp{i(Et — pr)/h}, (3.3)
rae E — knHeTudecKasi SQHEprus JBUKYLIECICS YaCTULBL; P = MV — €€ UMILYJIbC.

Kpowme Ttoro, Jlyn ne Bpoiinb ObuT 3HAKOM € pe3yibTaTaMu SKCIEPUMEHTOB cTapliero Opara
Mopuca nie bpoiins, cBs3aHHBIMU ¢ (U3UKON PEHTI€HOBCKOIO M3JIy4EeHUs, U C MMOHEPCKUMH paboTa-
mu M. [lnanka u A. DiiHIITEHA O KBAHTOBOM MPUPOIE U3JIYUEHHUS U MOIJIOIIECHHS CBETa. DTO U M03-
BoTwIIO eMy B 1923 — 1924 rr. npeAnonaoxuTh, 4TO ABUXKYILIEHCA YaCTHIIE MOYXHO MOCTAaBUTh B COOT-

BETCTBHE HEKOE KOJeOaTeILHOE BO3MYIICHUC ¥/ C 4acTOTOM



o= E/h 34
Y JUTMHOW BOJIHEI
A = 27/p|. (3.5)

Ota unes Obuta moazaepskana I1. JlamxkeBeHoM n A. DUHIITEHHOM, HO OOJBITUHCTBO (hu3ndUe-
CKOTr'0 cOo00IIecTBa OTHECHACh K Hell ckentndyecku. OxHako B 1927 — 1930 rr. cpa3zy HECKOIBKO TPy
skcniepumenTaropoB (K. I3Buccon u JI. Lxepmep, O. lltepn u W. Dcrepman u 11p.) MoKaszaiau, 4To
ujesl CyLlecTBOBaHUS BOJIH MaTepuu, npepioxenHas JI. ne bpoinem, npumMeHuMa uisi ONUCaHUS SIB-
JeHUs AU(PaKIUK JIEKTPOHOB U aTOMOB Ha KPUCTAILIAX.

B oxHoit u3 pannux pabdot 1925 — 1926 rr. Opsun lllpeaunrep, KpUTHUECKH OTHOCSCH K CTa-
tuctuke bosze — Diinmreiina, 3anancs Bonpocom: — «Ilouemy OBl He Ha4aTh C BOJTHOBOTO IpeCTaBIe-
HUS YacTHUIl ra3a, a 3aTEM HAJOKUTh Ha TAKUE «BOJIHBD) YCIIOBUS KBAaHTOBaHUs «a-Js yciosue [le-
6as»? [locne uero cineayer KitoYeBask MbICHb: — «9TO 03HAYAET HE UTO MHOE, KaK HE0OXOIMMOCTh Ce-
pPbE3HO OTHECTUCHh K mpemioxeHHou JI. ne Bpoitiem n A. DUHIITEHHOM BOJHOBOW TEOPUH JIBHXKY-
LIMXCS YACTULD).

JlanHast naes nociyxuia oqHoW n3 npuuuH noiayuyeHuss Llpenunrepom ypaBHenus (3.1), ko-
TOpPO€ MPUBEJIO UHTEHCHBHOMY Pa3BUTHIO KBAHTOBOM MEXaHUKH, HApSAIAY C BEJIUKUMH pabotamMu Mak-
ca [1nanka, Anp6epra DitHmreitna, Hunbca bopa u Bepuepa ['etizenoepra.

JoBonel, npuBeneHHsle lllpenunrepom npu BbIBoAe ypaBHeHHs (3.1), BHociaeaCTBUM ObLTH
IIPU3HAHBI CIIEHUAINCTaMU HEBEPHBIMU, OJHAKO CaMO YpaBHEHHE OKa3aJoCh BEPHBIM. JTO HE €JUH-
CTBEHHBIU cily4ail B Hayke. Hampumep, oCHOBHBIE ypaBHEHUS 3JIEKTPOAMHAMMUKH TaKKe ObLIN MOJY-
yeHbl JxeliMcom Knepkom MakcBeioM M3 HEBEPHBIX MPEANOI0KEHNA 0 MEXaHMYECKUX CBOMCTBAX
a¢upa.

3a eBSAHOCTO JET, npoweamux ¢ 1926 rona MHOrue MccienoBaTeNN NpeIarald pa3indHble
cnocoObl BbIBO/Ia ypaBHeHUH [llpenunrepa, onupasch Ha aKCHOMBI MHOXKECTBA Pa3JIMYHBIX UHTEPIIpE-
TalUi KBAaHTOBOM MeXaHMKU. HO HeyIOBIETBOPEHHOCTh B TOHMMAHHUH JIOTHYECKUX OCHOB KBAaHTOBOU
¢u3uku ocraercs A0 cux nop. Cutyanus HaCTOJIBKO CIIOXHAas, 4To 3B MepMUH Npeanokuil ocTa-
BUTh «HE HY>KHBIE CIIOPB» U MPOCTO: - «3aTKHYThcs U cuuTath!» («Shut up and calculatey).

Tem He mMeHee, B 3T0il paboTe npeanaraercs CeNaTh elle OJHy MONBITKY CHaJyajla moayMaTh, a
notoM BbauciATh - «Think and calculatey.

PaccmoTpeHHast B JaHHOM IJlaBe BEPOSTHOCTHAS MOJEIb XAaOTHYECKU OJTy>KJarolied 4acTHUIIbI
(obnamaromieit 00beMOM U HEMPEPHIBHON TPAEKTOPUEH ABMKEHHS), SBHO MPOTHUBOPEUYHUT MPAKTUUECKU
BCEM COBPEMEHHBIM MHTEPIIPETALUAM KBAaHTOBOI MEXaHUKH, HO JJaHHAs MOJEJNb IPUBOAUT K BBIBOY

ypaBHenus lllpeannrepa, B 4eM HUXKe BaM U Mpeasaraercsi yoeauTbes.



3.2 Moaeasb 0Jyxaaomenl 4acTUIbI

PaccmoTpuMm gactuiy, o0nagaromiyto HeOOJIbIIMM
00BEMOM TI0 CPABHEHHUIO C OOJACTBIO OKPYKAIOLIETO €e
npoctpanctBa (puc. 3.1). YcinoBHo OyneM Ha3bpIBaTh JaH-
HYIO YaCTHUILy «TOYKOM.

JlonmycTUM, YTO JIaHHasl «TOYKa» MOCTOSIHHO Xao-
THUYECKU ONyKJIaeT B OKPECTHOCTSAX YCIOBHOTO «ILIEHTpPa»
(COBMEIIIEHHOTO C HAa4yajloM CUCTEMBI KoopauHat X Y Z)
MO/ JEHCTBUEM MHOXECTBA HE CBSI3aHHBIX MEXJy COOOM

CHJIOBBIX (haKTOPOB.

[IpumepaMu MOCTOSIHHO OMyXJaloLed «TOYKU»

MOTYT IMOCITY’KHUTb: KoJIEOaHHs aTOMa B KpUCTAINIMICCKOU Puc. 3.1. Yactuna («TOYKa»), XaOTHYECKH

Osyxnaromasi B OKPECTHOCTH YCIIOBHOTO

IMICTKE, II Thl MYXH B HK KAaHHUC 4, BHYTPH
pe CTKE, HOTC y 6a S Hpo a © )Ipa y p «UCHTpa» TaKUM 06pa30M, 4YTO €€ IIOJIHaA

OMOJIOTMUECKON KJIETKH, IeBeJIeHne SMOpHoHa B yTpoOe MexaHudeckas SHeprus £ Beerna ocraercs
mocTostHHOM (£ = const)

MaTtepu, OJyXJIaHus KOHYMKA BETKHU TOJ MOPHIBAMH BET-
pawuT. I

[Ipeanonoxum, 4TO TakOe XAOTUYECKOE IBMIKEHHUE «TOUYKH», MPOJIOJDKAETCS «BEUHO», IO-
CKOJIbKY €€ IIOJIHasi MEXaHW4YecKasi SJHeprus £ Bceraa 0CTaeTcs MOCTOSTHHOU

E=Txyzt) + U(x)yzt) = const, (3.6)
rae 7(x,y,z,t) — KHHETUYECKOW SHEPTHUS TOUKI», 00YCIIOBICHHAS CKOPOCTHIO €€ IBIKEHUS;
U(x,y,z,t) — mOTEHUIUATIbHAS SHEPTHS «TOYKW», CBS3aHHAS C CHUJIOW, CTPEMSIICICS BEPHYTh «TOY-

Ky» B YCJIOBHBIHN «IEHTP» (HaIlpuUMep, C CUJION yIPYTOCTH).

Takum o0pa3oM, B paccMaTpuBaeMoil MoAenu Kaxnaas u3 sHepruit 7(x,y,z,t) u U(x,y,z,t) «T04-
KW» SIBIISETCS CIy4yailHOM (yHKIMEH BpEeMEHM M MecTa €€ IOJIOKEHUS OTHOCUTEIBHO «IIEHTPa».
Ho >t 3Hepruu niaaBHO nmepeTeKaroT APYyT B ApyTra TAKUM 00pa3oM, 4TO UX cyMMa (T. €. TIOJTHAs MeXa-
HUYecKasi S3Heprus £) Bcerja 0CTaeTcsl IOCTOSHHOM.

Ecnu ckopocTh XaoTHYecKoro ONyKIaHUs «TOUKH» B OKPECTHOCTH YCIOBHOTO «IIEHTPa»
(puc. 3.1) HeBenuKa, TO COTIACHO HEPETSTUBUCTCKON MEXaHUKE, OHAa 00JIaaeT KMHETUYECKON dHEep-

rueu

P, p,z0)+ pr(x,y,2,0)+ p (x,,2,t)

T(x,y,z,t)= .
(x.3,2.0) S (3.7)
Jliisa cokpateHus 3anuceit BMecto (3.7) Oyaem nucath
2 2 2
PO+ p, () +p; (1)
T(1)= 2ym , (3.8)



rae px(t), py(t), p-(f) — MTHOBEHHBIE 3HAYEHUSI KOMIIOHEHT UMITyJIbca Oy KAalomel «TOUKI»,

|b|=\pi+p,+p7 , (3.9)

dx;

i '
pi=my;=m—==m-X;
dt

(3.10)
Bun norenumansHoi sHeprun «toukn» U (X,),z,t) HE KOHKPETH3UPYETCS.
JlelicTBue paccMaTpuBaeMOM «TOUYKH» S B HEPEISITUBUCTCKOM MEXaHUKE OMPEACIICHO CIETyIO0-

M obpasom [56]

S(t)zJ%[T(px,t)—U(x,l)]dt+Et. (3.11)

L
Jlnst ynpomeHus: BBIKIAJOK 3€Chb PACCMOTPEH OJHOMEPHBIN Cllydail, HE OIpPaHUYMBAIOIIUI
OOLIHOCTH 3aKitoueHuil. B ciyyae Tpex u3mepeHuil yBelInuuBaeTcsl TOJIbKO YHCIIO UHTETPUPOBAHUM.
N3-3a cI0XKHOCTH IBHXKEHHs ONyXKIarolled «TOYKW» Hac OyJIeT MHTepecoBaTh HE CaMO JEH-

ctBue (3.11), a ero ycpenHeHnue no BpeMeHH (WM 10 peaTn3aIiisam)

— N 2 e
§ = lim %Z& ()= [[T(po)~U w0 + Et. (3.12)
—o P .

Hanomuum, umo 0ns 9peoouueckozo CryyatiHozo
npoyecca umeem Mecmo pPAGeHCME0 Mexcdy YCpeOHeHUeM
N0 8peMeHU U YCpeOHeHUueM No peanu3ayusim.

Ycepeanenue (3.12) ocymecTBisieTcsl o peain3aliu-
SIM, B3TBIM 32 OJTUH U TOT )K€ MPOMEKYTOK BPEMECHHU

At=t— 1.

VYcpeaHeHHYI0 KMHETHYECKYI0 SHEprHio Oy KIaro-

e «TOYKW» MPEICTaBUM B BUJE

- 1 «2
T(pest) =7~ jp(px)pidpx, (3.13)

Puc. 3.2. B cpenem chepuuecku
CHMETpUYHOE 00pa30BaHKe, BHYTPH

rae p(px) — IIOTHOCTh pacnpeaeneHus BepositHoctu (I1PB) KOTOPOTro MOCTOAHHO Xa0THICCKH
OvKIaeT yacTuia («TouKa)

COCTABJISIOLIEH UMITYJIbCA px MATEPUATBHON «TOUKH.

YcpenHeHHy0 MOTEeHIMATBHYI0 SHEPTUIO «TOYKU» MPEJCTaBUM B BUJIE

U(xt) = [ p)U(x)dx, (3.14)



rae p(x) — [IPB mecta HaxokaeHHs] MPOCKIUU HA OCh X «TOYKW», OMyXKIaromeld B OKPECTHOCTH
YCIIOBHOTO «1eHTpa» (puc. 3.1 u 3.2).

[Moncrasnss (3.13) u (3.14) B yepennennoe neictue (3.12), momyunm
_ t, l © 5 o) o
S = j — j p(p)pldp, — j p(x)U (x)dx \dt + Et. (3.15)
4 zm —00 —0

Jlia nanpHeiiero BeiBoAa ypaBHeHus llpennHrepa HUKe NpUBEIEHBI JBa BCIIOMOIaTEIbHBIX
nmyHkTa. [lepBblil MyHKT, gaBisomuiics pazpadoTkoit aBropa [20], HOCBSILIEH ONPEEIICHUIO MJIOTHOCTH
pacrpesielieHusl BEpOSITHOCTU MPOU3BOAHON n-ro mopsiika n pas auddepeHunpyemoro, ciaydaiHoro
CTallMOHapHOro mpouecca. Bropoit mynkT «KoopanHaTHoe npezcTaBieHne YCPeIHEHHOIO UMITYJIbca
qacTUIbDy mo3anuMcTBoBaH u3 kuuru J[.M. broxunnesa [13], mockonbKy JaHHBIN IMyHKT UMEET OOJIb-

110€ 3HAYCHUE JIJIs1 11U, TIOCTABIICHHON B ATOM padore.

3.3 Onpenenenne NJIOTHOCTH pacnpeae/ieHHsi BEPOSITHOCTH MPOU3BOIHOI 1n-T0
nopsiaka n pa3 AudpgepeHIUPyeMoro, CIy4aifHOro, CTAIIMOHAPHOTO TPoIecca

Onpenenenne crnoco0a HaXOXICHUS TUIOTHOCTH pacnupeneneHus BepostHoctd (ITPB) mpowus-
BOJITHOM CTallMOHApPHOI'O B Y3KOM CMBICJIE CIly4alHOro mporecca npu ussectHou IIPB camoro storo
rpoiiecca sIBJISETCs KII0YOM K MOHUMAHUIO KBAHTOBOW MEXaHUKU U TPAaHUI] €€ TpuMeHeHus1. Pemenue
JAHHOW 3a7]a4d TI03BOJISIET 00OOCHOBATh KBAHTOBO-MEXaHWUYECKYIO MPOIEIYpPy Mepexoaa OT KOOpIu-
HATHOTO MPECTABIICHUS K UMITYJIbCHOMY MPECTAaBICHUIO, U HA000pOT, 0€3 MPUBJICUYECHUS TUIIOTE3bI O
CYyILIECTBOBaHUM BOJIH MaTtepuu A€ bpoilsid. 9TO CTaHOBUTCS BO3MOKHBIM B CUJIY TOTO, YTO MMITYJIbC
YacCTHUIbI (MAaTEpUATBHON «TOUYKWY) TIMHEWHO CBSA3aH C MPOU3BOJIHON OT €€ KOOPAUHATHI

Px=m Ox/0t = mx".

Kpowme Toro, nmpobiema onpenencaus onanomeproii I[1PB p[£"(£)] — mpou3BoIHO# n-TO mOpsiaka
n pa3 auddepeHIupyeMoro CIyd4aiiHOro CTaI[MOHAPHOTO mporecca &(f), MpU U3BECTHOM TOJBKO €ro
onnomepHoii [1PB p[£(7)], Bo3HUKaeT B psiae ApYyTrux 3aaad paauodu3UKi U CTATUCTHUECKONH MeXaHU-
KH.

OTtMeTM BHauaje OOIIKME CBOMCTBA MEPBOM MPOU3ZBOJAHON CIYyYaHHOTO CTAllMOHAPHOTO IPO-

necca &(). ns atoro paccmotpum M ero peanuzanmii (puc. 3.3).
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Puc. 3.3. M peanuzauuii quddepeHunpyeMoro ciay4aiiHoro cTaluoHapHoro npouecca (7).
IToxa3zaHo, uto BenuumHa &(#) = £ B CEUCHMH f; U MPOM3BOHAS CTAIIMOHAPHOIO CIy4YaiHOTO
nporecca B ToM € ceueHue ¢/ () = &’ SIBISIOTCS HE3aBUCUMBIMU CITYYaiHBIMU BETMUYUHAMHU

W3 puc. 3.3 BUIHO, YTO 3HAUCHUE CITyYaHHOU BEIUYUHBI &(fk) B CEUCHUU fx U 3HAUCHHUE MPOU3-

o ’ _ aé:(l‘k)
BOJIHOI 9TOrO0 TIponecca ¢ (¢,) = v IPU TOM JK€ 3HAYEHHH apryMEHTa fk SIBJSIOTCS HE3aBUCHMBI-
t

MH, a CJIEIOBaTeIbHO, U HEKOPPEIUPOBAHHBIMH, CIy4yallHBIMU BelWYMHaMH. [[aHHOE yTBepKIeHHE

MO>KET OBITh BBIPAKEHO aHAIUTUYECKH [45]
, d 1 1 d
< é:(tk )é: (tk > = <E?[§(tk)]2 > :?d_t< [f(’fk)]2 > =0, (3.16)

rze <> 03HayaeT yCpeAHEHHUE M0 pealn3alusM. 31ech YUTEHO, YTO onepanun auddepeHIupoBaHus U
YCPEIHEHHMsI B JaHHOM CJIy4ae SIBJIAFOTCS KOMMYTAaTUBHBIMHU, U YTO BCE YCPEIHEHHBIC XapaKTEPUCTUKU

CTallMOHAPHOTO B y3KOM CMBICIIE NIPOLIECCA SABJIAIOTCS IMOCTOSHHBIMU BEJIMYMHAMH, B TOM YHCJIE €TO
nucriepens He 3asucut ot Bpemenn < [£(¢, )f > = const .

Peanuzayuu cmayuonapnoeo cnyuaiinozo npoyecca (t), noxazanuvie na puc. 3.3, MONCHO UH-

mepnpemuposanib, KaAK USMEHEHUS CO 6pEeMEHEM NPOEKYUU Mecma HAXO0MHCOCHUS 6]1)19/0()61}01/(4611 «mou-

Ku» Ha ocv X (puc. 3.2 u 3.3), m.e. x(t) = &(¢).



OpHaKo Jaxe MPU CTATHCTUICCKOW HE3aBUCUMOCTH CITyYalHbIX BenuduH &(t) = &k u E(t) = &7
Hekas cBsa3b Mexay [IPB p(&) u [IPB p(&”) cymecTByeT. DTO BBITEKaeT U3 U3BECTHOH MPOLETypHI
nostyuyenus: [IPB npousBonnoit p(S%) npu usBectHoi aByxmepHoii IIPB ciyuaiiHoro cranmoHapHOro
nporuecca (cMotpute puc. 3.3) [45, 46]
plé. & )=ple.t:é.1,). (3.17)

Jnst aToro B BeipaxkeHuu (3.17) He0OX0IUMO c/ienaTh 3aMeHy epEMEHHBIX

T oo T o T T
é:i:gk_agk; é/:‘fk"'ggk; ti:tk_z; tj:tk+57 (3.18)
rue
t,—t,
T=t,—t; t, = ’2
¢ sikobuanom npeobpazosanus [J] = 7. B pesynbrare u3 [1PB (3.17) nomyuum
' . T . T T T
p2(§k9§k) = 111_1}37/32(51{ _Efka I _E; S +E§k’ I +Ej (3.19)

Jlanee, MHTErpUpys MOJlyueHHOE BbIpaXkeHHe MO &k, Hainem uckomytro I1PB npousBoaHoit uc-

XOJIHOT'O TIpoliecca B CeUeHuH tk [45, 46]:

pED = [ P&, & dE,. (3.20)

®opmanpHas nporuenypa (3.17) — (3.20) mo3Bossier pemutsb 3aaaudy onpeaenenus [1PB pi(&7)
nipu u3BectHOM nByxmepHoi [IPB (3.17). Ognako nByxmepnsie [IPB onpenenens! ais oueHs orpanu-
YEHHOI0 KJlacca CIIy4alHbIX mporeccoB. [loaTomy HEoOX0IMMO paccMOTpPETh BO3MOKHOCTH MOJTyYe-
nus [1PB p(&”) npu uzBectHol onnomepHoit [TPB p(&).

Jlyia pelieHus: MOCTaBJICHHOM 3a/J1aud BOCIIOJIb3YEeMCS CIEIYIOIIMMH CBOMCTBAMH CIy4ailHBIX
IIPOLIECCOB:

1. IByxmepuas [1PB mro6oro ciydaiiHoro mporecca MOXeT OBITh IpecTaBlieHa B Buze [45, 46]

PlE 138t )= P&t )ple it 160, ). (3.21)
rae p(&, ¢ /&, ti) — ycnoHas I1PB.

2. JInst cTarimoHapHOTO B Y3KOM CMBICIIE CITy4ailHOTO TIpoIiecca CIpaBeIiIuBO TOXKIECTBO [45, 46]

p(&.t)=pl&.t,). (3.22)
3. YcnosHas [IPB cinyuaiiHOro cranmoHapHOro Ipouecca IpH # — ¢ BBIPOXKIAeTCs B AEJbTa-
¢bynxkumio [46]

limpl&,.1,/ €,.1;)=0(& - &,). (3.23)



Ha ocHoBaHuu BhIIENEPEUUCICHHBIX CBOMCTB PACCMOTPUM CIIYyYalHBIM MPOLECC HA Y4YaCTKE
| ti=ti—1/2; ti= tx + 7/2 [ npu T — 0 mocpeacTBoM cieayromiei GpopmanbHoil npouenypsl. PyHKIUU
IUIOTHOCTH pactipenienienus BepositHoctu p(&i) = p(&, t) n p(&) = pi(&, tj) Bceraa MOXKHO MPEICTAaBUTh

B BUJIC IPOU3BEACHUS IBYX (QYHKIIUN

AE)=AdE)AE)=0(8), (3.24)
pls;) = W(ijfj): (/72(5,-) )

riae ¢(&i) — IIOTHOCTh aMILTUTY 1kl BeposiTHOCTH (ITAB) ciyuaiiHol BenuuuHbl &; B CEUEHUM fi.

JU71s cTannoHapHOTO CIyYaifHOTO MpOoIiecca CIPaBEIINBO TOKIESCTBO
o(&)=0l¢,), (3.25)
B YEM JIETKO YOeauThCsl, B35B KBaJApaTHBIM KOpeHb 0T 00eunx yacten Toxaectsa (3.22). Torna, cormnac-

HO (3.24), momyuum (3.25). OrmeruMm, 4TOo TOXAECTBO (3.25) mMpUOIMKEHHO CHPaBEIJIUBO U IS

6OJ'IB]_HI/IHCTBa HeCTaI_[I/IOHapHLIX CﬂyqaﬁHBIX HpOHeCCOB HpI/I T— 0, T. €.
o(&.t)=limo(¢,. 1, =1, - 7). (3.26)

[Tpu BemonHeHnn ycnosus (3.25) Boipaxkenue (3.21) MoxeT ObITh MPEACTABICHO B CUMMET-

pI/IqHOM BHUJIC
ple.&,)=0(E)ole, 1) 0le,), (3.27)

rne p(& /&) — yenosnas [1PB, unu B pazBepHyTOM BUzie

. . . . (3.28)
=0 éi’tj :tk_z 'y ‘fjatj :tk+5 /&t Ztk_E P St :tk+5 .

Yerpemum B (3.28) 7 K HyNIO, HO TakKUM 00pa3oM, 4TOOBI MHTEPBAJI T PABHOMEPHO ClieBa U

T T
P{égwti =1 _EQGZPZ' =1 +E:| =

CIpaBa CTATHBAJICSI B MOMEHT BpeMeHU = (¢ — t;)/2, Toraa ¢ yuerom (3.23) u3 (3.27) noayuum
lim p(&,&)) = lim{@(E)p(E; 1 E)0(E)|= p(&)(E — &0, (B.29)

rae ik — pe3ysbTaT CTPeMJICHHS CIydailHOH BenuuuHBl £(f;) K cilydailHOW BenuumHe &(fk) CieBa;
&k — pe3yNIbTaT CTPEMIICHHSI CITy4aiiHOW BeTMYUHEI &(¢)) K ciydaiiHo# BenuuuHe &(f) cipasa.

[Tpounrterpuposas 06e yactu BeipaskeHus (3.29) o ik u ik, MOTyInM

1 10(E)8E, ~E00(E,)dE,dE, =1, (3.30)

Boipaxxenue (3.30) sBnsercs QopMalibHBIM MaTEeMaTHMYECKUM TOXJIECTBOM U3 TEOPHUH

00001ICHHBIX (PYHKITUH, YIUTHIBAIOIIUM CBOMCTBA HenbTa-GyHKIUU (J-GpyHKIMU). s Toro, yToos!



HaroMHUTh BbIpakeHue (3.30) ¢usnueckum comepkaHueM, HEOOXOIUMO 3a/laThb KOHKPETHBIA BH/I
O-hyHKIIUY.

Onpenenum Buj J-QyHKIMH JJ11 MApPKOBCKOTO CIIy4aifHOTO Ipoliecca.

PaccmoTpuM HeEnpepbIBHBIN Cly4alHbId MapKOBCKHMM IPOLECC, Uil KOTOPOrO CIPaBEIIUBO
ypaBHeHUE DitHmTelHa - Dokkepa [15, 46]

Op(&; /&) _ 07 p(E;14)
o o0& 7

(3.31)

rae B — koadpdurueHT nuddysun.
Ot1o nuddepeHnranTbHOe ypaBHEHHE MapadOINIECKOr0 THITA UMEET TPH PEIICHUSI, OJTHO U3 KO-

TOPBIX MOKET OBITh MPEACTaBIEHO B BUE [ 15, 46]
1 < . 2
p(é:ja tj / é:ia ti): E J.exp{lq(é:j - 5J:z) —-q B(tj - ti)}dqa (332)

rae ¢ — 0000IICHHBIN MapaMeTp.

Ipu t; — t: = 7 — 0 u3 (3.32) moxyYUM OJHO U3 OMpPEeIICHUN J-QyHKITUN
. 1T
lim p(&;/;) =2 [explig & ~ &i)3da = 8(&; ~ &), (3.33)

Ilockonvky Oannvlii pe3yromam nonyuen 0 npedenvho2o caydasu T — 0, mo He uckiroueno,
umo o-gyukyus (3.33) modcem coomeemcmeosams He MOJIbKO MAPKOBCKOMY CIYYALUHOMY Npoyeccy,
HO U MHO2UM OpY2UM CIAYUOHAPHBIM CIYYAUHBIM NPOYECCAM.

[ToxcraBuB nosrydueHHyto o-GpyHKIwio (3.33) B Beipaskenue (3.30), moryanm

[ Jeco [i [explia(¢, —&)idg }o@jk )dg, d&,, =1 (3.34)

—00 —00 —00

[Tomenss B (3.34) mops10K HHTETPUPOBAHUS, UMEEM
o0 1 0 . 1 o0 .
| {ﬁ oG expi-igs, 1de, T [o(& ) expligs,)dé, }dq =1. (333

VYutem, urto, cornacHo (3.25), s CTAIlMOHAPHOTO CIYyYalHOTO IMPOIecca BBIMOIHAETCS yCIIO-
Bue ¢(&it) = (&), a Tak ke U3 CBOUCTB d-PpyHKumu npu 7 = 0 cneayet, uto ik = &k = & . [loaTomMy BbI-

paxxenue (3.35) npuHUMAET BUJ

jco(q)co*(q)dq =1, (3.36)

—0o0
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rae olg)= ﬁ jco(é’k)exp {-ig&}d&,, (3.37)

*

o'la)== [ot&)exptiag1de, (339)

IoxbiHTerpansHoe Boipaxkerne @(q)@ (¢) B unterpaie (3.36) oTBeuaeT BceM TPEOOBAHMSM

I1PB p(g) cny4daiinoil BeMUYUHBI g:

P(@)=0(@)¢" (@) =|p(q)] . (3.39)

BbsicHuM Temnepb, YTO npenacTaBiseT co0oi ciyuaiiHas BennuuHa g. s 3TOro BepHEMcs K
paccMoTpeHHto BbipaxkeHus (3.32). Pe3ynabpTar MHTErpUpOBaHMsl B IPAaBOM 4aCTU 3TOTO BBIPAKEHUS HE
3aBHCHUT OT BEJIMYHMHEI ¢. [103TOMY ee MOXKHO paccMaTpuBaTh Kak HEKyI0 0000meHHyto yactoty. On-
Hako (u3nyeckas MOCTAaHOBKA 3aJaud W (OpMaIM3M MaTEeMaTHYECKOW 3amucu BbIpakeHHs (3.32)
HaKJIaJbpIBalOT HA BEJIMYUHY ¢ CIEYIOLINE OTPAHUYCHUS:

1) g nomkHa OBITH CITy4aitHON BETUYUHOM.

2) BeIMUYMHA ¢ JOJKHA XapaKTepU30BaTh CIyYalHBIM MPOLECC B HCCIEIyEMOM HHTEpBaje
|ti=tx—1; t; = tx + 7] (cMoTpUTE puc. 3.3) npu t— 0;

3) BenMUYMHA ¢, COTJIACHO MaTeMaTUYECKOW 3allMCu MpaBoil yacTH BbIpakeHus (3.32), nomkHa
MIPUHAIEKATh MHOXKECTBY JEHCTBUTENBHBIX uucel (¢ € R'), uMeroleMy MOIIHOCTh KOHTHHYYMa,
T. €. ¢ 10JKHA UMETh BO3MOKHOCTh PUHUMATH JIF000€ 3HAUE€HUE U3 Juarna3oHa |— oo, oof;

Bcem Tpem TpeGoBaHMAM YIOBJIETBOPSAIOT JII00ask U3 CIEAYIOMINX CIyYalHBIX BEJIWYMH, CBA-

3aHHBIX CO CJ'Iy‘IﬁfIHI:IM MMpouecCcCOM Ha UCCICAYCMOM BPpECMCHHOM MHTCPBAJIC T:

a;’:ai "_ azgk 5(”) — anéi
e e T or"

(3.40)
OpnHako 3TH Cily4yailHble BEJIMYMHBI XapaKTEPU3YIOT MPOLECC HE B paBHOW creneHu. Paccmor-

pUM OJIHY U3 peanusauuii uccienyemoro mpouecca. Oynkuus ¢(7) (puc. 3.3) B uHTEpBane =7, —,

npu T < Txop (TJ€ Txop — MHTEPBAJ KOPPEJSALUHU CIyYaHOT0 MpOIecca) MOKET OBITh pa3iokeHa B psil

Tennopa-Maxkiopena

&) r’ +...+i

)
f(tj)zgf(ti)+§’(ti)r+ 5 - "+ (3.41)

3anuiem Beipaxenue (3.41) B cienyromemM Buae

g. _5' " (n)Tn—l
=== fl.'+ér+...+§—
T 2! n!

T (3.42)

e £(t)=¢,, f(f‘,-): S
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Tak ke kak B (3.33), ycTpeMuM 7 K HyJIt0, TIpH 3TOM (3.42) CBOIUTCS K TOXKACCTBY

lim % — &l (3.43)

7—0 T

rae &, = (f(tk) (cmotpure puc. 3.3).

Taxkum 00pa3oM, eTMHCTBEHHON CIy4YailHOI BETMUMHOM, YIOBIETBOPSIONICH BCEM BhIIIENIEpe-
YHUCIICHHBIM TPEOOBaHUSAM Ha WCCIICAYEeMOM BPEMEHHOM WHTEpBale [ti = tx — 7/2; t; = tt+ /2], nipm
7 — 0, ABysIETCS TIepBasi MPOU3BOIHASI HCXOIHOTO CIy4aitHOTro mporecca ¢’k B ceueHuu t . CiemoBa-
TEJbHO, OCTAETCS MOJIOKUTh, YTO CIy4ailHas BenuuuHa ¢ B BeIpaxkeHusx (3.32) — (3.39) nuneiiHo cBs-

3aHa TOJBKO ¢ &k, T. €.
q ===, (3.44)

rae 1/n — ko3¢ pumeHT nponopuruoHaIbHOCTH.

[Toacrasmnss (3.44) B (3.36) — (3.39), mostyyum clIeayIOUIYyI0 UICKOMYIO TIPOLIETYPY MOTYyUCHUS
[TPB npou3zBoHoi#t p(¢ %) cydaifHOTO CTAIMOHAPHOTO MAPKOBCKOTO (803MOXMCHO U Opy2020) Tpolecca
&(f) B ceuennn t ipu u3BecTHOM ogHOMepHOH [1PB p(&) B TOM ke CeUCHHH:

1. 3agannas ogHoMepHas [1PB p(¢) npencraBnsercs B BUE MPOU3BEACHUS JABYX IUIOTHOCTEH

amruuty 1 BepositHocTH (ITAB) ¢(&):

p(E)=o(E)o(e). (3.45)

2. OcymecTBIsIOTCS 1Ba peodpazoBanus Dypbe
o&) == [o@repiiceinac, (3.46
p* (&) =ﬁ [o@expi-iccimyae (3.47)

3. OKOHYATENbHO AJIs IMPOU3BOJIBHOIO CEYEHHUS CIy4YallHOrO CTAallMOHAPHOTO MAapKOBCKOTO

nporecca noiay4yum uckomyro 11PB npounsBonnoin

pE) =&’ (€)=lpl'). (3.48)
Ewe paz ommemum, umo npoyedypa (3.45) — (3.48) mooxcem 6vimv npumenuma, He MoabKoO K
CMAYUOHAPHBIM MAPKOBCKUM NPOYECCAM, HO U KO MHOSUM OpY2UM CMAYUOHAPHBIM CIYHAUHBIM NPO-
yeccam, onsa komopwix npu T — 0 o-¢pynxyus 6 (3.30) npunumaem 6uo (3.33).
Jlnist BeISICHEHUS] (PU3UYECKOr0 cMbIciia Kod(h(dUIMeHTa MPONOPIMOHATBLHOCTH 1/ BOCTIONB3Y-

€MCsl CpaBHEHHEM C U3BECTHBIMH pe3yibTraTtamu. JJaHHbBIN moaxoa HeOe3ynpedeH ¢ TOUKH 3PeHUs Ma-
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TEMAaTU4YECKON CTPOrOCTH, HO MO3BOJISAET JOCTATOYHO IPPEKTUBHO NOIYUUTh KOHKPETHBIN, IPaKTHYE-
CKHM Ba)KHBIH pe3ysbTar.
PaccMoTpuM cTanMoHapHbIN IayCCOBCKUI cilydaiHblil npouecc &(7). [Ipu 3Tom B KaxkaoM ce-

YEHUH ITOTO Ipoliecca CilydaiiHas BelruuuHa ¢ pacipe/iesieHa 1o rayCcCoOBOMY 3aKOHY:

P& =———expl- (6 -ap) 202, (3.49)
2o

rae o2¢u a: — AUCIepcUs ¥ MaTeMaTUYecKoe 0)KUaHue JAHHOTO mpolecca &(7).
Ocymectsisist ¢ 11IPB (3.49) nocnenoBarensHocTh onepanuil (3.45) — (3.48), nomyunm I1PB

MPOU3BOIHOM PacCMaTPUBAEMOTrO CITyYaifHOTO Mpolecca:

5/2

" — 1 _

C npyro# CTOpOHBI, C MOMOIIBIO U3BECTHOH Tpoteaypsl (17) — (20) ams aHATOTMYHOTO CITydast

nonyuunm [45, 46]

A 1 !
(&) =———expl-£7 1202, (3.51)
270
T€ 0¢ = 0¢/Tkop, Txop— MHTEPBAI KOPPENSAIIMUA UCXOTHOTO, CIIy9aifHOTO TIporiecca &(7).
CpasnuBas Bbipaxenus (3.50) u (3.51), HaxonuM, 4TO NMpU
20 g
n= . (3.52)

Kop
3t [IPB nmomHOCTREIO cOBIIagaror.
Buipaoicenue (3.52) nonyueno ons eayccosckoz2o cayuatino2o npoyecca, Ho cpeonekeaopamuye-
CcKOe OMKJIOHeHUe O¢ U UHMepP8al KOPPEIAYUU T kop - IMO OCHOBHbIE XAPAKMEPUCMUKU 100020 cmayu-
OHAPHO20 CIYUAliHO20 npoyecca. Bce ocmanvhbie HauanbHble U YeHMpPaibHble MOMEHMbL 8 Cyuae He-
2ayccogeo pacnpeoeiienus Cry4yauHol eeauyunsl £(t) 0adym manvlil (He3HauumenvHolll) K1a0 6 8blpa-
arcenue (3.52); nosmomy ¢ 8blCOKOU CMeneHvbio 00CMOBEPHOCIIU MOJICHO YMBEPHCOAMb, YMO 8blpa-
arcenue (3.52) npumenumo 0711 6OALULIO2O KIACCA CMAYUOHAPHBIX CLYYAUHBIX NPOYECCO8.
Heo0XxomuMo OTMETHTh, YTO B CTATUCTUYECKON (DU3HMKE M KBAHTOBOM MEXaHUKE VIS IMepexoia
OT KOOPJMHATHOTO NPEJCTaBICHUS (DYHKIUU COCTOSHHS JIEMEHTAPHOM YACTHIIBI K €€ UMITYJIbCHOMY
MIPEJICTABICHHUIO MPUMEHSETCS (opMabHAS MPOLIEAYpa, MPAKTUICCKU MMOTHOCTHIO aHAIIOTHYHAS TIPO-
uenype (3.45) — (3.48). Paznuuue 3akimtodaeTcs TOJIBKO B onpeeneHuu KoddduimeHTa mpormopmo-

HanbHOCTH 1/77.
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B kxBanTOBOM MeXaHHKE XOpomo U3BECTHO, UTO €CJIM MPOCKUNA HAa OCh X IMOJIOXKCHUA CBO60,I[-

HOM 3JIEMEHTAapHOH YacTULbI (HapuMep, TEKTPOHA) OMMCHIBACTCS TayCCOBBIM pacnpezeneHueM [35]

2
20}

1 2
p(0) =l (x) = —26"10{— x—} , (3.53)
2no;

IJ€ 0x — CPEAHEKBAIPATUYHOE OTKIOHEHUE MPOCKIIUH MTOJOKEHUS 3JIEMEHTAPHON YaCTHUIIBI HA OCh X B
OKPECTHOCTH CPEIHET0 3HAYCHHUS (T.€. KIIEHTPa» CUCTEMBI), TO B PE3yJIbTaTe ONEpaluii, aHaJTOTUYHBIX
omeparusam (3.45) — (3.48), momygaercs, uro [IPB cocraBnsiomnieit ummynbca px 3JIeMEHTapHOU Ya-

CTHUIIBI TOXKE TayccoBa [35]

2 1 i
p(p)=ly (p.) = ——=expi- Px (3.54)
27Z'pr Zapx
(6]0] CpeI[HeKBa,HpaTI/IIIHLIM OTKJIIOHCHHCM
_n
Tp = (3.55)

rae i =1,055-10 JIx/Ty — pemyrmpoBaHHas nocTosHHAs Ilnanka (umu mocrosHHas Jupaka), Ko-
Topasi cBs3aHa ¢ moctosiuHoi [1nanka h = 6,62607015- 1073* Ixx/T'y cooTHOMmEHUEM Fi = h/2 .

Ecnu Tenepb y4ecTs, UTO COCTABIISIFOIIAS UMITYJIbCA DJIEMEHTAPHOMN YaCTHIIBI (HAapUMED, dJICK-
TPOHA) px paBHA

dx ,
Dy :mezzmex ) (356)

/1€ Me — Macca MoKos 31eKTpoHa, To I1PB (3.54) ¢ yuetrom (3.55) npunumaet Bua

1 xi2
px) = expq — . 3.57
V2z[nim 20 )F { 2[ni(m,20,)f } (37

CpaBuuBas (3.50) u (3.57) ¢ yuerom (3.52), '=x"u o¢ = 0x , OOHapy>KuUBaeMm, 4TO JJIs pac-

CMaTpPUBAEMOTO CITy4dast

202 h
p=""2x="1 (3.58)
Tex me
rie
2 2 . . -30
Z'ex — meO'x — 2 0,91 10_34 ~Uf — 1’73 .10405 (3.59)
’ fi 1,055 -10
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— MHTEpBaJ KOPPEJSLUN CTALMOHAPHOIO CIIy4alHOro Mpolecca, KOTOPBIA SIBISETCS Pe3yabTaToOM
NPOCKIMH XaOTUYECKOI'O JIBUKEHUS «TOYKW» (JJIEKTpOHA) HA OCh X BO3JIE YCIOBHOIO
HETMOABUKHOTO «ILIEHTPa» CUCTEMBI (cMOTpUTe puc. 3.1 u 3.2).

N3 Beipaxenus (3.58) cnemyer, uto moctostHHasi [lnanka 3To He Hekas (yHAaMeHTalbHas
KOHCTaHTa, a BEJIMYMHA, BbIpakaeMasl 4yepe3 OCHOBHBIE YCPEJIHEHHbIE MapaMeTpbl CTalMOHAPHOIO
cllyyaifHOro mpolecca

202 m

h=""wT (3.60)
T

ux
r7e B O0IIeM cityJae:
Oux — CPEIHEKBAPATUYHOE OTKIOHEHUE MPOCKIMU XaO0TUUECKH JIBIKYIIEHCS YacTULbI («TOYKW») Ha
OChb X B OKPECTHOCTHU CPEAHETO 3HaYEHUS (T.€. KLEHTPA» CUCTEMBbI);
Tux — WHTEPBAJ KOPPEJSAIUN JAHHOTO CTAI[MOHAPHOTO CIYyYailHOTO MPOIIecca;
m — Macca YaCTHUIIBI («TOYKN).
Jlis MHOTHX TpHIOKEHUH Oosee BaxxHO HE caMo BbIpakeHue (3.60), a cBsi3aHHOE C HHUM

cooTHoteHue (3.52), koTopoe B 0011eM ciaydas y100HO MPEICTaBUTh B CIESAYIOIIEM BUIE

20 h
- L = — | ¢ pasMepHOCTBIO (M%/C). (3.61)
m

.,
r

ux

OTMeTuM creayromme NpoMexXyTOUHbIE BbIBOIbI:

1. KBaHTOBO-ME€XaHUYECKHI MEpPeXoJ OT KOOPAMHATHOTO MPEACTABICHUS K HMITYJIbLCHOMY
MPUMEHUM HE TOJIBKO K MPOIecCCaM MUpPa AJIEMEHTAPHBIX YaCTHIL, a K JIIOOBIM CIIy4ailHbIM CTaI[HOHApP-
HBIM MapKOBCKUM (M BO3MOKHO MHOTHUM JIPYTHM) MPOIeccaM, Kak B MUKPOMHUPE, TaK U B MAaKpPOMHDE.
Hampumep, BeTka nepeBa, MOCTOSHHO XAaOTHYECKH KOJICONIOIIAACS BO3JIE CPEIHErO IMOJIOKCHHUS
(YCIOBHOTO «IIEHTPa») MO ACHCTBHEM OBICTPO MEHSIONINX HAMPaBJICHUI MOPHIBOB BETPa, BEACT ceOs
AQHAJIOTUYHO TMOBEJICHUIO 3JIEMEHTAPHOW YaCTHUIIBI B «IOTEHIIMAIBHON siMey. KonmebaHusi BETKH Takxke
MMEET JUCKPETHBIN (KBAHTOBBIN) HAOOpP YCPEIHEHHBIX COCTOSIHHI B 3aBUCHUMOCTH OT WHTEHCHBHOCTHU
nopeIBoB BeTpa. [Ipu cnadbix MOphIBax BeTpa BETKa B OCHOBHOM KOJIEOJETCS BO3JIE YCIOBHOTO «IIEH-
Tpay», P 3TOM MOJIOKEHHE €€ KOHIIAa MOXET OBITh OMKMCAHO TayCCOBBIM pactpenenenueM. [Ipu 6omee
WHTEHCHUBHBIX TOPHIBAX BETpa KOHEI] BETKH B CPEIHEM BPAIAETCs MO KPYTY; MPH €1le OOJbIINX MO-
pBIBaxX BETpa €€ KOHEIl B OCHOBHOM ONMCBHIBAET BOCBMEPKY, U T.JI. B 3aBUCUMOCTH OT CUJIBI BETPA KO-
HEIl BETKH MOXKET B CPEIHEM ONMHUCHIBATh JAUCKPETHBIM Habop ¢uryp Jluccaxy. Jpyrumu cioBamu,
KBaHTOBO-MEXaHUYECKHI (popManu3M He SIBISETCA IKCKIIO3MBHOW OCOOCHHOCTHIO MHKPOMHUpPA, OH

TAKXKC IPUMCHUM U K CTATUCTUYCCKOMY OIMUMCAHUIO MHOTUX XaOTHYCCKUX ITPOLICCCOB MaKpOMUpaA.
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2. Anroputm (3.45) — (3.48) nmepexona ot koopauHaTHOTO Tipeactasienus (T.e. ot [IPB p(&)) k
nMmityiascHOMY (T.€. K [IPB p(m¢")) m oOpaTHO momyuaercs mpu KOHKpETHOM Buie J-GpyHkuuu (3.33).
HHTepecHo npoaHamu3upoBaTh, YTO MOTYUUTCS MPU APYTUX BUAAX O-PYHKIHH?

3. Ha ocHOBaHWU BBIIEU3NI0KEHHOTO MOXKHO mony4uth [IPB p(&") BTOpoit mpon3BoaHOMN uc-
XOIHOTO0, TI0 KpaifHel Mepe IBaxbl nuddhepeHuupyemMoro, ciydaitHoro npomecca. s 3Toro B kaye-
CTBE CIIy4aiHOTO IpoIiecca ClIeAyeT pacCMaTpUBaTh HE caM IMpouecc &(f), a ero NepByo MPOU3BOAHYIO
&E1t) = 0&(t)/o0t. Torna pacnpesenenre BTOPOd MPOU3BOTHON MOKHO OTPEACIUThH TOCPEACTBOM TOM XKe
npouenypsi (3.45) — (3.48), Tonbko mpu 3ToM BMecTO p(&) B (3.45) — (3.48) HEoOX0aUMO MOJCTABUTH
yxe p(<).

AHanorugno mMoxet ObITh nomaydena IIPB p(&") mo6oii nmponssoaHoii n pa3 auddepeHuupy-

€MOT'0 CITyJaifHOTO CTAIMOHAPHOTO MPOIEcca ¢ IOMOIIBIO CIISIYIOIIEH PEKypPEHTHON POy PHI:

H(ED) = ¢(§(n—1))¢(§(n—l)); (3.62)
(n) £(n-1)
ole™) J_ j¢(§(” Dyexp]- oo lge0- b (3.63)
(n) £(n-1)
* (n-1) é: g (n— 1)
j P& exp az 3.64
( J_ (3.64)
p(E™) = peM (™),
rac
20‘5(7, D
=, (3.65)
Kopf("fl)
c ;(n—l) 5 T op £-1) — AHCIICPCHS M MHTEPBAN KOppemsuuu n — 1 pa3 nuddepeHunpyemMoro ciry4aitHoro

CTaLlMOHAPHOT0 MpolLecca.

4. Ilpouenypa (3.45) — (3.48) MONHOCTHIO aHAJIOTMYHAs KBAaHTOBO-MEXAHUUYECKOM IpoLEaype
repexosa OT KOOPAMHATHOTO IMPEACTABICHUS KBAHTOBOM CHCTEMBbI K €€ MMITYJbCHOMY IpE/ICTaBIIe-
HUIO, MOJIyY€Ha 371€Ch HA OCHOBAHUM MCCIIEJOBAHUS pealu3aluil OOBIYHOIO CIy4yailHOro CTalMoHap-
HOTO Tpoliecca, T.e. 6e3 npuBieYeHUs! (PEeHOMEHOIOTHUYECKUX MPUHIUIIOB KOPITYCKYJISIPHO-BOJHOBOTO
Ty alu3Ma.

Taxxe HET He0OXOIMMOCTH HUCII0JIb30BATh TUIOTE3Y 1€ bpoiiis 0 cyliecTBOBaHMM BOJIH MaTe-
puu U1 omucaHus TudpakIuy aTOMOB M JICKTPOHOB Ha Kpuctauie. OTcbuiaem, Hampumep, K 1. 2.9.6
B 3e7ieHOU yacTu Anredpsl curHatyp [20], rae monydeHa gpopmyna ams pacyéra 00beMHOM quarpaMmsl

(MHIUKATPUCHI) paCCESHUS YaCTUIl HA MHOTOCIIOWHOM MEePUOUIECKON MOBEPXHOCTH KPUCTAIIIA:
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v,/ 8,7) =ik, sinllen 12— k(@ +6°)/¢” 12] | dasky, ~dl )+, ba, ~al,)

[(zm ) 1@ +52)/ T ‘ 22 ,  (3.66)
rae
a=cosvcos®+cosdcosy, b=cosvsinw+cosdsiny, c=sinv+sing, a, =-sinvcosw,
b, =-sinvsinw, c, =cosv, a, =-—cosvsinw, b, =cosvcos®

yrisl 9, ¥, @ ¥ v IoKa3aHbl Ha puc. 3.4

ke = reop 1%/ (0,066 11),

3/1eCh:
/1 — ToNIIMHA OJTHOTO CJIOSI, T. €. OAHOM CHHYCOHMIAIbHOM SKBUIIOTEHIIMAILHON ITOBEPXHOCTH;
11— YUCIIO0 CII0eB, 3((HEKTUBHO YUACTBYIONIMX B PACCESTHUU YACTHIL;
Fxop — YCPEAHEHHBIA PANyC KPUBU3HBI OJHOM CHUHYCOWJAIBHOM SKBUIOTEHIIMAIBHOW MOBEPXHOCTH.
JlJis MOHOKpHCTaIA Y BCEX CHHYCOUAANBHBIX IKBUMOTCHIIMATBHBIX TTIOBEPXHOCTEH 7xop OJIMH U TOT K€
U TI0 CYTH 03HadaeT 3(h(HEeKTUBHOE CEUEHUE pacCcessHUs aTOMaMU KPHCTaIa 3JIEKTPOHOB.

PesynbraT pacuéra mo dopmyne (3.66) npu yrie mageHus 4acTUI] Ha MOBEPXHOCTh KpHUCTAILIA
9 = 45° u asumyTansHOM yriie ¥ = 0°, a Takke HpHU rwop = 0,0000000001 = 1071% cm, /1 = 107 cm,

n1= 1940 (cnoes), nmokaszan Ha puc. 3.4

Puc. 3.4. [luarpamma (MHAMKATPIICA) paccessHAUS YacTHIl (3JeKTPOoHOB) Ha 1940 ciosix CHHYCOMIab-
HBIX SKBHITOTCHIMAJBHBIX TTOBEPXHOCTEH KpHUCTalIa, pacCUuTaHHas 1o dopmyie (3.66) ¢ MOMOIIBI0
nporpammuoro odecrneuerust MathCad [10, 20]
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3.4 KoopanHaTHOe NpeacTaBJIeHue YCPeIHEHHOr0 HMITYJIbCAa YaCTHLbI
Cooeporcanue 0aHHO20 NYHKMA XOPOULO U3BECTNHO CREYUATUCMAM 8 00IACMU KAHMOBOU MexXa-
HUKU, OOHAKO 68U0Y YOOOCMBA CCHLIOK U BANCHOCMU NOCIEOYIOUWUX 8bl80008, NPUBLOCHHbLE HUICE Gbl-
KIaO0Ku Npakmuyecku noIHOCmblo nepenucanvl us [13].
HamoMuum cHadana o cBoiicTBax uHTerpana Jlupuxie, Gurypupyromniero B TCOpUH HHTETPaIoB

®@ypre u Teopun 0000meHHBIX QyHKIMIA [13]:

sinkt 0, ecru a,b>0 umw a,b<0,
1 dr = dr = 3.67
1m I #(7) £ J‘(D(T)é‘(r) = {(0(0), ecmu a<0, b>0. ( )
TaK Kak
lim 30K _ () (3.68)
k—o g1 T

— 3TO OJ{HA U3 PA3HOBUIHOCTEH J-(PYHKITHH.
PaccmoTpuM miist coKpaIieHus: BBIKJIQAOK CIy4aid OJHOTO M3MEPEHHS U JOKaXKEM CIIPaBEIIH-

BOCTb paBeHCTBa [13]

P —jp(p»p dp, = I v(p)Plw(p)dp, = | w(x)(—zh ; j p(x)dx, (3.69)

rae n — Ienas, MOJIOKHUTENbHAsE CTENCHb;, P, — YCPEAHEHHE 10 BpeMeHH (MM 10 peau3ailisiM)
BO3BEJICHHOU B CTEIICHb 77 KOMITOHEHTHI UMITYJIbCa

P = (m-0x/0t)" = (mx')"; (3.70)
z//(x) u y(p,) — mioTHocTH ammuuTyael BepostHocTH (IIAB), xoropslie BBOmsATCA Kak (3.24)

[y/(x): go(x) ] u (3.48) [l//(px)=(p(px)=(p(mx')], u cornacHo (3.46) u (3.47) cBsa3aHBl MeXIy cO0OM

(TIpH yCIIOBHH CTAaIIMOHAPHOCTH CIy4alHOTO IMpoliecca) npeodpazoBanuamMu Oypbe

1ﬁ iPx
h
w(p, =mx')= ft//( )( v It//( )(2727*1)“2 (3.71)
_,ﬁ ﬁﬂ
v*(p, = fl//(X) 2 I V) o ﬂh)m (3.72)
rzie mapameTp #« OIpeeNeH cooTHomenneM (3.61)
2
n,= 29w _ E (3.73)
T, m

Jlns nokaszarenbcTBa yTBepkaeHHs (3.69), moactaBuM B HEro BMecTO w(px) W w*(px) ux

BeIpakeHus yepe3 unaTerpaisl (3.71) u (3.72) [13]
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Pxx, DX

—i i

TT'/’( )(Zﬂh)m ,prv/( )(272%;”2 X, |dp,. (3.74)

HemnocpenctBenHO# MpoBepKOi JETKO YOSAUTHCS, UTO

[prxj a " ipxxj
ple " = —iha— e ", (3.75)
X
[Moacrasnss (3.75) B (3.74) nonyuum
17=L+w f w(x,)e Vs, +fl//(x )L_’hi]neip‘;jdx' P (3.76)
X Jj X B
27h = ox;

[IpounTerpupyeM BTOPOM HMHTErpajd B IOABIHTEIPAIBHOM BBIPDAXKEHMM 7 Pa3 IO 4YacTsM,
npudyemM OyjaeMm TMpearnojaraTb, 4To W(X) W €€ MPOM3BOAHBIC OOpaIlaroTCsd B HYJb HAa TpaHMIAX

WHTETPUPOBAHUS X = + c0. BINoaHsAA JaHHbIE 1eUCTBUS, Hailaem [13]

_ +00| 400 _iPxNi +o0 sz "
p" :ﬁ jz//(x )e h dx je h L— zh%] w(x,)dx; |dp, (3.77)

—o0| —00 —00

[lepemenuM MOpsAI0K UHTETPUPOBAHUS, U OyJIeM CHauaaa MHTErpupoBath 1o px [13]

+oo Py (x;—x)

p_x j w(x,)dx, f [—iha%] p(x))dx; [e " dp,. (3.78)

J

—00 —0

Beenem mepemenssie ¢ = px /A, T = xj — xi. Bemonuss B mocnenneM uHTerpane B (3.78)
WHTETPUPOBAaHKE IO ¢ B KOHEUHBIX Mpeeiax oT — k 10 + k, a 3aTeM, mepexos K npeaeny k — oo,

JTAHHOE BBIpAayKEHUE MPUBOAUTCS K BUy [13]

Fg:ﬂ[-m(jj t//(x):ldx lim jy/(x+ )SmIT” 7=

ilj(— in— )nt//(x)}u’ Tt//(er 7)0(r)dr.

Ha ocHoBanum cBoiictB nunterpana dupuxie (3.67), npu a = —o0, b =+ u w(z) = y*(x+z) umeem [13]

(3.79)

pl= J'H—iha%j t//(x)},y(x)dxz jw w(x)(—iha—axj y(x)dx , (3.80)

—00)

TakuM o0pa3oM, Beipakenue (3.69) nokazano [13].

Jlerko npoBepuTh, uTO BhIpaxkeHue (3.80) MoxkeT ObITh IPEICTABICHO B BUIE

pl= T% (x)(— ih ijn v, (x)dx, (3.81)
i ox
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rjae v, (x) = @(x)exp {iut}, v, (x) = p(x) exp{— iut} (3.82)
371€Ch 1 — MPOU3BOJILHOE JICHCTBUTEIBHOE YHCIIO.

C nomorpio (3.70) u (3.73) aHAIOTUYHO MOKHO MOTYYHUTh

X" = (f{x) Jy/t(x)(—znq ; ] v, (x)dx . (3.83)

O06001eHre Ha TpU U3MEPEHUS CBOAUTCS K YBEIUYCHHUIO YKMCIIa UHTerpupoBanuid [ 13].

3.5 BoiBoja ypaBHenus llIpequnrepa
BepHemcsi Kk pacCMOTPEHUIO YCPETHEHHOTO NEHCTBUS XAOTHYECKU Oy KIAIOMIEH YaCTHUIIBI

(«roukm») (3.15)
5=| { j PpIPip. ~ | p(x)U(x)dx}dHEz (3.84)

[IpencraBum aeiictue (3.84) B KOOpAMHATHOM BHE. [l 3TOTO BBIIIOJIHUM CIIEAYIOLIUE Olle-
panuu:
1. 3amumem IIPB p(x) B BHJIC€ NMPOU3BEICHUS [IBYX IUIOTHOCTEH aMIUIUTYAbl BEPOATHOCTH
(TTAB) y(x):
p(x) =y (x)y(x). (3.85)
2. Bocnosib3yemcsi KOOPJIMHATHBIM TPEACTaBICHUEM YCPEIHEHHOTO UMITYJIbCa, BO3BEIACHHOTO

B n-10 crernensb (3.80). B wactHocTH nipu n = 2, umeeM

+00 P 2
= [ p(p)pldp, = j w(x)(— ih— ] v (x)dx. (3.86)
3. HUcnonp3ys (3.86), npelcTaBUM YCPEIHEHHYK0 KMHETHUYECKYIO PHEPruro «roukw» (3.13) B
BHUJIE
Z_ 1= 17 2 0’ V/(X)
I'=—np. =— dp. = dx. 3.87
> P Zm_[op(px)px p. = I (N)—5— (3.87)

4. YcpenHeHHas oTeHIUabHas SHEprus «Toukm» (3.14) ¢ yuérom (3.85) npuHUMaeT BUj
U= [y@U@y (. (3.88)

5. [IpoBepkoii ieTko yOeaAUThCS B TOM, YTO
—iEt/h

E=E= '[ih w(x)e™" %}C = const . (3.89)
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6. IMoacrasmss Beipaxenus (3.87), (3.88) u (3.89) B (3.84), moiayuuMm 3amuch yCPEAHEHHOTO
JICHCTBUS XAaOTUYECKH OJTYKIAFOIIEH «TOYKH» B KOOPIUHATHOM BHUJIC

j { j (x )a "”( ) g j w (U (2w (x)dx + Tihz//(x)ef”h%jmdx}dz,

HIJIN

S = ;H;[;—m v (x) % —y (DU (xX)y (x) +ihy (x)e™'" —a‘”(xgte jdxdt. (3.90)

Eciu ipenoioxkuTh, 9TO aMILIATY1a BEPOSATHOCTH (T.€. BOJIHOBasK (QYHKITUS) w(X) MEHSIETCS CO
BpEMEHEM [T.e. w(x,?)], HO TakuM 00pa3oM, YTO B KaKJI0€ MIHOBEHHE OHA OIMKMCHIBAET CTAIMOHAPHOE

COCTOSIHUE CITy4YaiHOro npouecca, To BelpaskeHue (3.90) MOKHO MPeICTaBUTh B BUJIE:

t, ©

= j j( w(x z)J—y/(x,z)zU(x)+ihw(x,z)%+w(x,z)2jdxdz, (3.91)
Nniin

—ﬁ( y(x.1) ""( )+l//(xt) [£-U(x)]+ihy(x,1) Wé:t)]d dt. (3.92)

t —©o

VYcnoBrue 3KCTpeMallbHOCTH ycpenHeHHoro neifictus (3.92) tpeOyer oOpalieHusi B HOJb €ro
nepBoi Bapuanuu [51]
N = 5[ j ( w(x t)J+y/(x,t)z[E—U(x)]+ihw(x,t)%}dxdt=O. (3.93)
t) —o
Haiinem skctpemains ¢ynkiuonana (3.92), 1. e. pyHKIMO W (X,f), IpU KOTOPOH YCpPEIHEHHOE
neiictue (3.92) mpuHUMAaET YKCTpeMaabHOE 3HaYCHHE.

CHauajya HaOMHUM, YTO dKCTpeMaib (pyHKIIMOHAIA BUIA

0z 0z 0’z 0’z 0’z
S=\|L| xt,z,—,—, s s xdt, toe z = 1), 3.94
J ( S o o ar étaxjd e z =y () (3:34)

omnpenensercs ypaBHeHueM Ditniepa — [lyaccona [51]
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LS e e e S e -0, (3.95)

G ot ox* ot’ OxOt
rae  L:—npousBojHas narpamxuana L no z =y (x,1); (3.96)
Lp —ipousBogHas L o p = (o = y(xt) ;
ox ox
0z  Owy(x,t)
Le —mpom3BogHast Lmo g =—=———"=;
¢ 1P £ or
0’z 0'w(x,1)
L, —pousBogHas L 1o r = = >~
P ox’ o’
0’z 0’w(x,1)
L: —opousBonHas L 1o ¢t = = >~
P or’ or’
2 2
Ls—npousBojHas L o s = 0z _0yxy,
otox otox
IIPU 3TOM
0 0z op og
—\L, =L, +L_ —+L —+L — 3.97
ax{ p} e ox s Pox P ox (357)
— TIOJTHAs YacTHAs MPOU3BOJIHAS 10 X;
0 0z op og
—\L, =L, +L,_—+L, —+L —
ot { g} “TFo o %o
— TIOJTHAs YacTHas MPOU3BOHAS IO £;
0’ 0°L 0z op og
—L = 4+ L +L + L
ox® { r} ox® Toxt Toxt  *ox?
— TIOJTHAs BTOpas YacTHAs MPOU3BO/IHAS 10 X;
0’ o°L, 0z op og
P e

— TOJIHAs BTOpasi yacTHasi MPOU3BOAHAS 10 f;

2 2
0 (L, :aLS+LSZ ¢ +L, 2 +L, 2
Otox Otox otox T otox ¥ otox

— MOJIHAsl CMELIaHHAsl YacTHAast MPOU3BOIHAS 110 U X.
Jliia onpesiesieHns ciaraeMblx, BXOASIIUX B ypaBHeHHe Ditnepa — [lyaccona (3.95) ucnonszyem

MOABIHTETPAIBHOE BRIPAXKECHHE U3 YCPETHEHHOTO AcicTBusA (3.92)

L= TV e LE—U o1+ it () 2D (3.98)
2m ox ot
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B pesynbprare moacranoBku narpanxuana (3.98) B Beipakenus (3.96) u (3.97), nmomydum

R y(xn oy (x,1) 0>
L +2 D[E-U +ih - L ¢=0;
A I S ()] +ih—— atz{ }
0 0>
E{L”}_O’ 6x6t{L =0
0 .. 0w (x,t) 0’ h* 0w (x,1)
2L b= 2in e Z fp = 2T
at{g} AP axZ{’} om ox’

(3.99)
[Toncrasnss Beipaxkenus (3.99) B ypaBHeHue Oitnepa — [Iyaccona (3.95), nomyuum nckomoe

ypaBHEHHUE JJIs OTPEIeNICHUs IKCTpeManu w(x,f) QyHKIHOHANA yecpeqHEHHOTO AeicTBus (3.92)

L Ov(xD) 30 Qy(nn
= e ARV () (3.100)

OO0o0menne Ha TpU U3MEPEHHS, CBOAATCS K YBEJIWYCHHUIO YHCIa WHTETPUPOBAHUM, IPU 3TOM
BMecTo ypaBHeHus (3.100), momxyunm

ay/(x nat) 3 [uxyz, t) O’ w(x,y,z, t) &’ w(x, v,z,1)
ot Zm{ o’ 8)/2 P } 2[E-U(x,y,2)]w(x,y,z,t) (3.101)

HNJIKM B KOMIIAKTHOM BHUJEC

in VD 30 Gy iy 1 0B — UG 0w (ot) (3.102)
ot 2m

IJIE T — PaJMyC-BEKTOP C HAYaJIOM B «IIEHTPE» MCCleayeMoro oobekTa (72 = x> + y* + z°) (puc. 3.1)
o> o &
+—+
o> oyt oz’

— onepatop Jlamaca.

BriBennennoe B 310il pabote ypaBHeHue (3.102) HECKOIBKO OTIMYACTCS OT MPHUBBIYHOTO BHJA
ypaBHenus Llpeaunrepa (3.1)

= 2
n VD G UGG (3.103)
ot 2m

Ho B cnyuae, xorja BomHOBast pyHKIMS HE 3aBUCUT OT BPEMEHH [T.€. Koraa w(x,t) = y(x)]
ypaBHenue (3.102) npuHUMaeT B

_%f—v w(F)+ UF) w(F) =Eyw(7) (3.104)

KOTOPBIN MPAKTUYECKH MOJHOCTBIO (C TOUHOCTBIO 10 Koadduuuenta 3/2 = 1,5) coBnaaaer ¢ ypaBHe-

HUEM ]_Hpe;[I/IHrepa JId aHAJIOTUYHOIO Cliy4das

—;’—v w(r)+ UF) w(7)=E w(7) (3.105)

Kpowme toro, ¢ yaerom Beipaskenus (3.6) ypaBaenue (3.102) MOXHO TpeCTaBUTh B BUJIE
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— 2
in D Gy 4 2T F ) w7 (3.106)
ot 2m

3OT0 ypaBHEeHHeE emie Ooee cornacyercs ¢ ypaBaenueMm lllpeaunrepa, HO B JaHHOM cllydae T10-

TeHIMaIbHas SHEeprus yacTuibl U(r,f) 3aMeHeHa Ha €€ YJIBOEHHYI0 KMHETHUECKYI0 SHepruio 1(r,f).

Takum 00pazom, B JaHHOH pabOTe HA OCHOBAHHMHU JIETAIBHOIO aHAIN3a XaOTUYECKOTO MOBEIe-

HUSI YaCTHILIBI («TOYKMW» ), OTy>KIAOIIEH TakK, 4TO ee MoJIHAs MeXaHu4YecKas SHeprus £ Bcerna ocraercs

nioctostHHOM (E = const), BeiBeneHbl ypaBHeHH (3.102) u (3.104), KoTOpbIe MPAKTHYECKU MOTHOCTHIO

COBIIAAAOT C COOTBCTCTBYIOIIUMHA YPABHCHUSIMHU H_IpeI[HHrepa.

Tenepb MMOoACIIUM IMOJIHYHO MECXaHUYCCKYIO QHCPIUIO Eu MOTCHIUAJIbHYTO QHCPIUIO U(I', I) qa-

CTHIIBI («TOUKM») HA €€ Maccy m:

rac

e=E/m (3.107)
- HA30BEM 3Ty 0€3MaCCOBYIO BETHUUHY «IHEPTCTUIHOCTDY);
v(r,t) = U(x,f)/m (3.108)
- HA30BEM 3Ty 0€3MacCOBYIO BEIMYHHY «IOTECHIIMATHHOCTHY.
C yuetom (3.107) u (3.108) ypaBaenwus (3.102) u (3.104) MOXKXHO MpeICTAaBUTH B BUIE

— 2
ih 61//;: ) __ 32h Vo (7,0 + 2mle —v(F, O] (F,1) (3.109)
m

3n°

m

V() + mle—v(E)y(F) =0

[Tonenum o6e yacTu 3TUX ypaBHEHU Ha /i

iéwg, ) =__23”; Vi (7,0 + 2;’;1-[3—1/(;7,;)](//(17,1‘) (3.110)
Moy o om.
———Vy()+ —[e-v()]y(F)=0 (3.111)
4m )

Teneps yutem, uto cornacHo (3.61)

L (3.112)

m

ITpu aTom ypaBaenus (3.110) u (3.111) M0OKHO IpeACTaBUTH B BUJIE

D 2 VGt e v 0lp (3.113)
3 2 — 1 o ”
=SV e —v()y () =0 (3.114)
20’ h
g =20 1 (3.115)
T m
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3aBHCHT TOJIBKO OT YCPEIHEHHBIX XapaKTePUCTUK MCCIEAYEMOT0 CTAllMOHAPHOTO CIIy4aifHOTO mpolec-

ca:

ur

1 2 2 2
- oivor ot (3.116)

— CpeHEeKBaIpaTUYHOE OTKJIOHEHHE XAOTHYECKH JBIKYIIENUCS YacTHUIbI («TOYKH») OT yCIOBHOTO

«uentpa» (puc. 3.1);
r = %(r tr, 7. ) (3.117)

— YCpEIHEHHBIH HWHTEpBAl KOPpESALMH (TOUYHEE aBTOKOPPENALMH) PacCMaTpUBAEMOIO

CJIy4aitHOTO Ipo1ecca.

YcpeaHeHHbIe BETMYUHBI Our M Tyr HOCST T€OMETPUYIECKHIA XapaKTep W BIIOJHE TTOAAI0TCS AIMITH-
pHYECKOH OIEHKE, B OTIMYHE OT MACChl YAaCTUIBI («TOUYKH») 71, KOTOPYIO BO MHOTHX CITydastx BooOIIe
HEBO3MOYKHO M3MEPUTb.

VpaBuenus (3.113) u (3.114) Oynem Ha3piBaTh 0000mEHHBIME YpaBHeHueM Llpenunrepa, T.K.
OHU TIPUTOJHBI JUIsI ONIMCAaHUsI HanboJiee BEPOSTHBIX COCTOSHHUIM TOYEYHBIX 0OBEKTOB KaK MUKPOMHUPA,
TaK ¥ MaKpOMHPA MPH YCJIOBHU CTAIMOHAPHOCTH PACCMAaTPUBAEMOTO CIyYailHOTO MPOLECcca U IMOCTO-

STHCTBE €r'0 IMOJTHOM MEXaHHYECKOH OHCPIUU.

3.6 3akua0oueHHe U BLIBOJIBI

B 3TOil rmaBe paccMOTpEH CTAallMOHAPHBIA CIIyYaWHbBIA MPOLECC, CBSA3AHHBIA C XaOTUYECKUM
JBUKEHHEM YaCTHIIBI B OKPECTHOCTH YCJIOBHO BBIJICJICHHOTO IIEHTPA JaHHON CTOXAaCTUYECKOM CUCTe-
™Mbl (puc. 3.1). Ha ocHOBaHMU ETaTbHOTO PACCMOTPEHUs JAHHOTO IpOoIecca MOIYYeHO ypaBHEHHE
(3.104) [unum (3.114)] s sKCTpeMan yCPeIHEHHOTO (PYHKIIMOHANIA ACHCTBUS XaOTHUUECKH OJTyKJia-
OLLEH YacTHIIbl, KOTOPOE MPAKTUYECKH COBIAIO C BpeMeHe-He3aBUCUMbIM ypaBHeHUeM Lllpeaunrepa
(3.105).

VpaBuenune (3.114) ogMHAKOBO XOpOIIO OMHMCHIBACT IUCKPETHBIE HAOOPHI yCPEIHEHHOTO
MOBEJICHHSI DJIEKTPOHA B TOTCHIMAIBHOHN sIME, si7pa B IUTOIUIA3ME OMOJIOTHYECKON KIIETKH, IICHTpPa
SMOpPHOHANIBHOM Macchl B yTpoOe MatepH, siipa B HeJpax IUIaHeThl, MyXH B OaHke U T. 1. Bce atu cra-
OWIIbHBIEC CITyYaiHbIE MPOoIecChl 00J1a1al0T BOZMOKHOCTBIO TIEpeXo/ia U3 OJHOTO CTAllMOHAPHOTO CTO-
SIHUSL B APYTOE C MOIVIOUIEHUEM WJIM BBIECIEHUEM KOHKPETHOM MOPLUH MTOJHOM MEXaHUYECKOW «IHEP-
THTUYHOCTHY». Takum 00pa3zom, BMeCTe ¢ BBIBOJOM 0000mEnHOT0 ypaBHeHus Llpenunrepa (3.114) mb
MPUXOJUM K OCO3HAHHIO TOTO, YTO KBAaHTOBbIE MEPEXOJIbl NPUCYIIH HE TOJHKO OOBEKTaM aTOMHOTO

MacmTa6a, HO U IIPOABIISIFOTCA HAa BCEX YPOBHAX OpraHrU3allun OBITHS.
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[IpennoxeHHbIN B 1aHHOM paboTe MOAX0/1 MO3BOJIUI BEIBECTH OCHOBHOE YPaBHEHUE HEPEIATHU-
BUCTCKOI KBaHTOBOH (usuku (3.114), ucxoas U3 NPUHIMIIOB B KOPHE OTIUYAIOIIUXCS OT HACHHBIX
YCTOEB KOTICHrareHCKOW MHTEPIPUTAIIMU KBAHTOBOM MEXaHUKHU (HAMpUMep, B 3TOH paboTe ucciemye-
Masi Oy’)KIaromias 4acTUIla UMEET XaOTHUECKYI0 TPACKTOPHUIO JBIDKEHHS W KOHKPETHBIE pa3Mephl).
Opnako mMaTeMaTHYeCKUil anmapaT KBaHTOBOM MEXaHUKH MPU 3TOM MPAKTUYECKH HE M3MEHMJICS, HO
€ro JIOTUYECKHEe OCHOBAHUS CTaJIM 3HAYUTENLHO 00Jiee SICHBIMU.

[Tono6ubIM 00pa3oM MOTYT OBITH MOJTYYEHBI BCE OCHOBHBIE YPAaBHEHUSI KBAHTOBOW TEOPUU TO-
nsi: ypaBHenue Knena-I'opnona, ypaBaenus J{upaka, ypaBHeHuss MakcBeia v T. I. AJTOPUTM HUX BbI-
BOJIa aHAJIOTMYEH MOIXOAY, PUBEIEHHOMY B JJAaHHOU padore:

1) 3anuchIBaeTCS AETEPMHUHUCTCKOE JICCTBUE CUCTEMBI,

2) naHHOE AeWCTBUE yCpeaHsIeT S,

3) Bce yCpeOHEHHBIE CaraeMbie B MOJBIHTEIPATHHOM BBIPAKEHUU YCPEAHEHHOTO ACHCTBUS
MIPEJICTABIISAIOTCS Yepe3 TUIOTHOCTU PACTIPEACIICHUS BEPOSTHOCTH p(X) U/ uiu p(px);

4) mpou3BOIUTCS MEPEBOJ BCEX ClaraéMbIX JIarpaH)KuaHa yCpEeIHEHHOTo JeHCTBUS B KOOPIU-
HATHOE MPEJICTABICHHE UM B UMITYJIbCHOE MPE/ICTaBICHUE;

5) ompenensercst ypaBHEHHE Ul SKCTPEMalld MOIy4MBLIerocs (PyHKIMOHANA YCPEIHEHHOTO
JEHCTBUS OCPEICTBOM METO0B BapHAIIMOHHOTO HCUUCIICHHUS.

3HAYMMOCTh MPHUBEICHHOTO 3/1e€Ch BhIBOJAa 0000mEHHBIX ypaBHeHu# [peaunrepa (3.113) u
(3.114) 3axnrouaercs B CJICIYIOIMIEM:

- CTAaHOBUTCS TIOHSTHBIM, K KaKUM SIBIICHUSM MHUKPO- U MaKpOMHpa JaHHOE YPAaBHEHHUE OTHO-
CHUTCs1, KAKOBBI TPAHUIIBI U YCJIOBHS €r0 IPUMEHEHUSI.

- oTmajga HeoOXOIMMOCTh B NPUBJIICUYECHUU «IIPUHIMIIA HeompenenéHHocTuy ['elizenOepra u
MIPEJICTAaBJICHU O «BOJHAX MaTepuu» Je bpoiins, mockonbKy npu BbiBoAe ypaBHeHHM (3.113) u
(3.114) monmyuena nponenypa (3.45) — (3.48) MOMHOCTHIO aHAJIOTUYHAS MIEPEXOAY OT KOOPIUHATHOTO
MIpe/ICTaBICHHS] K UMITYyJIbCHOMY, U Ha00OpOT, ONMUPAasICh TOJIBKO Ha aHAJIU3 CBOWCTB CTAlHOHAPHOTO
CIIy4aifHOTO MmpoIiecca.

- OTHOIIEHUE /i/m («peayupoBaHHas mocTosiHHas [lnanka» geneHHas Ha Maccy) OnpeaesieTcs
yepe3 JUCHEPCUI0 M MHTEPBal KOPPEISALUH HUCCIEAYEMOro CTAalMOHAPHOIO CIIy4allHOro mpolecca
(3.115). IToatomy 0600meHHbIe ypaBHeHUs Llpenunrepa (3.113) u (3.114) He comepKUT «mMaccy» 4a-
CTHIIBI 71, ¥ U3-32 KOTOPOU MPUXOJUTHCS BBOJUTH JOMOJIHUTEIBHYIO Pa3MEPHYIO KOHCTAHTY — MOCTO-
saunyto [Inanka h. «Maccay aBnsercs (no mHeHuro aémopa) OJHOW U3 CaMbIX «TEMHBIX» Pa3MEPHBIX
BEJIMYMH cOoBpeMeHHOH ¢u3ukn (cM. 1. 1.7.10 B [19] u ri. 7 B [20]). HecomHeHHO, 4TO B OKOHYATEb-

HO TCOPHUU IMOHATHE «MaccCa» MOJDKHO OTCYTCTBOBATb, W JaHHas pa60Ta — 3TO OJWH H3 IIaroB B
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HaIpaBJICHUU UCKOPEHEHHUs TOrO MOHATHUS U3 Hay4yHBIX NpecTaBieHUil 00 okpyskatomel PeanbHo-
CTH.

- BO3BPAILAIOTCS K PACCMOTPEHHIO 00bEM U TpaeKTopHs OnykIaromiel yactuipl. Bmecte ¢ Hu-
MU (HU3UKa MUKPOMHPA BHOBB MPHOOPETAET MPUBBIYHYIO JJOTHUECKYIO «IIOYBY IO HOTAaMM.

BcnoMHMM ciioBa OCHOBAaTeNe KOMEHTareHCKOW MHTEPIPETAllii KBAHTOBOM MeXaHUKU Husb-
ca bopa [58]: «MpblI Bce coriacHsl ¢ TeM, YTO Ballla Teopus 6e3ymHa. Borpoc, koTopslit paznenser Hac,
COCTOUT B TOM, JIOCTaTOYHO JM OHa Oe3yMHa, 4TOObl MMETh IIAHC ObITh BepHOW. Moe coOcTBEHHOE
OLIYILIEHHE, YTO OHAa He JI0CTaTOYHO OezymHa»; u Bepuepa I'eiizendepra [57]: «Heyxenu Bo3MOXKHO,
4yTOOBI IPHUpPO/Ia OblIa TaKOM O€3YMHO 3aIly TaHHOM ?»

OnHako Mbl HajieeMcs, 4T0, €CIM 3Ta paboTa OyeT TIATEeIbHO IPOAHAIN3UPOBAaHA U IIPUHSATA
Hay4YHBIM COOOLIECTBOM, TO 3TO MO3BOJIUT HE TOJBKO BBIUYHCIATH BEPOSATHOCTHBIE UCXOJbI CIOMKHBIX
Xa0TUYECKHUX MPOLIECCOB KAK MUKPOMHUPA, TaK U MAKPOMHUPA, HO U 33yMbIBAaThCSl HaJl BHYTPEHHEH Cy-
TBIO ATUX IpoLeccoB. To ecTh TeNepb Mbl CMOXKEM «JlyMaTh U BHIYUCIISATEY.

Cepneuno Oyarogapro amepukaHCKOro MaTteMartvka /[pBuna Puma 3a ero TBopyeckuii mepeBoj
9TOH I'JIaBbl HA AHIVIMHCKUI A3bIK U IUIOAOTBOPHbBIE AMCKYCHM. Tak ke BbIpakaro 0JaroJapHOCTh K.(-
M.H B.A. JIykbpsiHOBY 3a LieHHbIE 3aMe€UYaHusl, BbICKa3aHHbIE UM IIPU IIOATOTOBKE JAHHOM IJIaBBI.

OcHOBHbIE T€3UCHI JaHHOW pabOThl ObUIM BIIEPBbIE YACTUYHO OMYOJIMKOBAaHBI B MOpSIKE 00-
cyxnaeaust B 1990 r. B [9, 10], 6maromapss moum HacTaBHUKam: A.T.H. A. A. Ky3uenoBy u a.¢p-M.H
A. U. Koznosy. Takxe oronarogapio a.¢-m.H. A. A. Pyxanze u n.¢p-m.H. A. M. UrnaroBa 3a ux peiue-
HUE OnyOJIMKOBaTh OJMH U3 BapUAHTOB JAaHHOW pa®oThl B >kypHaie «MmkeHepHas ¢usuka» Ne 3 3a
2016 r. Henb3s He ynomMsiHyTh amMepuUKaHCKoro marematuka /[pBuaa Puna, koTopselil npu nepeBoje

JTAaHHOM CTaThHW Ha aHTJIMHUCKHUH SI3BIK, BEICKA3a MHOT'O ITOJIC3HBIX 3aMEeYaHUH.
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