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1. OCHOBBI KBAHTOBOU CTATUCTUYECKON
OUSUNKU

1. Beagenne

JIo cux 1op MbI pacCMaTpPUBAJIA KJIACCHIECKYIO CTATUCTUICCKYIO (DU3HUKY,
B KOTOPO# COCTOAHUE CUCTEMbI C MUKPOCKOIMYECKON TOYKHU 3PEHUA OIUCHI-
Basioch 6N KAaHOHWYECKUMU TIePEMEHHBIMU (P, ¢), T.€. ONPEJEeJIAIOCh TOYKOf
B 6 N-MepHOM (ha30BOM IIPOCTPAHCTBE, a IBOJIOIUS COCTOSHUS BO BPEMEHH -
ypaBHeHusiMu ['aMUJIbTOHA:

. oH
b= 8%‘7
o0H
4 = 7 i=1,2,3....,3N.
Opi

JwraMudeckne niepeMeHHbie, HanmpuMmep dHeprus H, MOJHBII UMITYJIbC CH-
CTEeMBbI 15, SIBJISLJIACH (DYHKITUSIMUA KOOPJIMHAT ¢; W UMITYJIbCOB P; BCEX JACTHI]
CHUCTEMBI.

KpanToBas cratuctundeckas (pU3MKa MCXOMAUT U3 OCHOBHBIX IPEJICTABJIE-
HUI KBAHTOBOW MEXaHUKU, B KOTOPOI, COIVIaCHO COOTHOIIIEHUIO HEOIIPeIeJIeH-
Hocreii [aitzenbepra, HEBO3MOXKHO OJJHOBPEMEHHO OIPEJIEINTh U, COOTBET-
CTBEHHO, 3aJ1aTh KOOPJAUHATHI U UMIIYJIbChl YaCTHIIbI. B KBAHTOBOI MeXaHUKe
¢ MUKPOCKOITMYIECKON TOUKW 3PEHUsT COCTOSTHUE CUCTEMbBI MOJHOCTHIO OTUChHI-
Baercs BOJHOBON (dyukuumei Wy (77, 01575, 09; ... ; Py, on; t), KOTOpas 3aBu-
CUT OT BPEMEHH t, MPOCTPAHCTBEHHO 7; ¥ CIMHOBOH ¢; KOOPJAMHAT YaCTHII,
BXOJIANINAX B CUCTEMY, WJIM OT JIPYIOil CHCTEMBI OJIHOBPEMEHHO M3MEPUMbIX
BEJININH.

OBOJIIONHST COCTOSIHUST CUCTEMBI BO BPEMEHW OIPEJIEJISIeTCs YPaBHEHUEM

Ipenunrepa
oV N -
th = HUy, 1
KOTOpOE JIJIsI CTAIlMOHAPHOI'0 COCTOsIHKSA Ipeobpasyercs: B ypaBHEHUE
H ’@bn = En'ébn) (2)

rie H - oneparop Tamusisrona, Wy = exp(—iE,/h)Y(x) - BosHOBast DyHK-
1usi, h - nocrosguuas [lnanka, F), - cobcrBeHHOE 3HAUEHNE SHEPTUHN CUCTEMBbI.
Bommosas dyuxnusa Uy (x;t) B ypapuenun (1) u Bosmosas Gyukims ¢ () B
ypaBHeHUH (2) 3aBUCIT OT KOOPJMHAT BCEX YACTHI] CHCTEMBbI:

Un(z;t) = Yy(z, 20, -, TN; 1),

¢($) - @D(xlﬂ?% U ,QJN)-



x; 0003HaYaeT COBOKYITHOCTH INPOCTPAHCTBEHHOW M CIIMHOBOW KOOPJIMHATHI
gactunel, r; = {75, 0;}. Hanaras Ha cobcTBeHHYIO BOJHOBYIO (DYHKIHIO 1)
YCJIOBUE KBIPATUIHON WHTETPUPYEMOCTH W OJTHOZHAUHOCTU, TMOJIYIUM IS
IIPOCTPAHCTBEHHO OTPAHUYEHHBIX CUCTEM PsiJl JIMCKPETHBIX COOCTBEHHBIX 3HA~
yeHuit aneprun Fy, Fo, ... ¥ COOTBETCTBYIONIUX UM COOCTBEHHBIX (DYHKIIM
@ﬁl(x), ¢2(x), ces

Kak m B ciaydae ojiHO# YacTHIIbI, BOJHOBas (DYHKIIUSI CUCTEMbl YACTHI]
nMeeT (PU3NIECKUN CMbIC/T aMILJIUTY/Ibl BEPOSITHOCTH, T.€.

(U N (215 295+ -+ sy ) Pdwy, dag, - - - doy = dw(wy; T9;- -+ 50N 1)

peJICTaBJIsIeT BEPOSATHOCTH OOHAPYXKEHUsT OJHON JaCTHUIILI B dJieMeHTe 00h-
eMa dr) BOJIM3M KOOPJMHATEL 7] U C IPOEKIHell CIHUHA S, 1, BTOPO#l 9aCTHIIbI
B aJyieMeHTe oObeMa die BOJIM3U KOOPJAMHATEI T W C MPOEKIHEell CIuHa S, o U
)
T.JL.
Yeji0oBre HOPMUPOBKY BOJIHOBO#M (DYHKIIMKM MMEET BH/I

/quv(x,t)mN(x,t)dx U s 1, 3)

1€ TOJI T TIOIpa3yMeBaeTCs COBOKYITHOCTh KOOPAWHAT Bcex N 9acTuIl Cucre-
MBI, a II0JI HHTEIPUPOBAHKUEM II0 X; - UHTEIPUPOBAHKE 110 BCEM 3HAUCHUSIM
IPOCTPAHCTBEHHON KOOPIUHATEI 7; U CYMMHUPOBAHUE 110 CIIKHOBOH 0.

Ecnn paccmarpuBaercst cucrteMa TOXKIECTBEHHBIX YaCTHIl, HAPUMED CH-
cremMa JIEKTPOHOB, cucreMma (poToHOB, cucreMa (POHOHOB B TBEPJIOM TeJie U
T.J., TO B KBAHTOBO# MeXaHMKe IPUHUMAETCsI, UYTO COCTOSIHUSI B TAKOU CUCTe-
Me, OTJIUYAIOITIECS TOJIHKO IIePeCTaHOBKOM YacTHll, Hepa3jauduMbl. JleiicTBu-
TeJIbHO, orepaTop ['aMuIbTOHA CHCTEMBI TIPU TIEPECTAHOBKE - ¢ OIMHAKOBOI
¢ Hew J-# yacTuneit He U3MEHsIeTCs:

PZ,][:I - ﬁpi,j)

rje P ; - onepaTop nepecTanoBKH.

CaenoBarenbno, BoHoBble DYHKINU 1y, U P 1, ABIAIOTCA COOCTBEHHDI-
Mi (pyHKIUsIMEU oniepaTopa H v npuHaJIeKaT OJJHOMY ¥ TOMY Ke 3HAYeHUIO
E,. Ecrecrsenno npejnooxuth, yro P ;W nponopunonansua W, Yuurol-
Bas yCJIOBHE HOPMUPOBKU BOJIHOBBLIX dyuknuit P ;¥ u W, noayaum:

P VN = xVy,

T.e. dyakiusg ¥y aubo cuMMeTprdHa, JUO0 aHTUCUMMETPUUIHA, OTHOCUTEIhb-
HO MIEPECTAHOBKHU KOOPJIMHAT JBYX YaCTHI]. JACTHUIBI, BOJTHOBbIE (DYHKIIUU KO-
TOPBIX CUMMETPUIHBI, HA3BIBAIOTCSI DO30HAMM, BOJIHOBbBIE (DYHKIIUH KOTOPHIX



aHTUCUMMETPUUHbI, - (pepMuoHamu. [layyim ObLIO MOKa3aHO, YTO YACTHUIIHI C
IeJIbIM CIUHOM (B euHUNax i) J0KHbL ObITh Oo30HaMY (HOTOHBI, (HOHOHBI,
MJIA3MOHBI ), & YACTHUIIBI C MOJYIEIbIM CIMHOM - (pepMuoHAMHU (3JIEKTPOHBI,
IPOTOHBI, HEATPUHO). DTH PE3YJIBTATHI HAXOASITCS B CONIACHHU € IKCIIEPUMEH-
TAJHHBIMHU JTAHHBIMU.

AHTHCUMMETPUIHOCTD BOJIHOBOU (DYHKIUN (HEPMUOHOB IPUBOJIUT K BECH-
Ma BaxkHOMY cJjiejicTBuio. IIpu paBencTse 00BIX JBYX KOODJAUHAT T;j = T
BOJIHOBasT (DYHKITUS CUCTEMbI OOPAIIAETCS B HYJIb:

DTO 3HAYUUT, UTO BEPOITHOCTL OOHAPYKEHHUSI CHCTEMbI, B KOTOPOIi /IBa, TOXK 16~
CTBEHHBIX (PEPMUOHA, ¢ OMHAKOBLIMY IIPOEKITUSIMHI CIINHA, HAXOAATCSA B OTHOI
TOYKE TTPOCTPAHCTBA, paBHA HYJIIO. B cujIy HENMpephIBHOCTH BOJTHOBOM (hyHK-
IIUU CJIEJIyeT CAUTATh, 9TO BOKPYT KaK10T0 (pepMuoHa MMeeTcst 00J1aCTh TTPO-
crpancTsa - "npipa @epuu', KoTopast HEJOCTYIIHA JIPYTUM TOXKIECTBEHHLIM
JaCTHUIIAM.

OTOT BBIBOJ HUKAK HE CBSI3aH C YIE€TOM OTTAJKWBAHUST MEXK, 1y (hbepMuona-
MU, TaK KaK OH He BbITE€KaeT M3 pelleHus ypaBHenus Ilpemgunrepa, a ABJisi-
eTCsI CJAeJCTBAEM TOJIBKO TOXKIECTBEHHOCTH dacTull. Vuade roBops, "IbIpbl
Qepmu'" cymecTBoBa M ObI M B OTCYTCTBHE B3aNMOIEHCTBUsT (DEPMUOHOB.

Jlobast HabsoaeMast MexaHHYecKast BeJudrHa (IHEPTHUsi, UMITYJIhC, MO-
MEHT UMIYJbCa U T.JI.) B KBAHTOBOW MeXaHUKe He eCTh (DYHKIUS MUKPO-
COCTOSTHWST CUCTEMBbI, a TPEJICTABIISETCS JTUHEHHBIM CAMOCOIPSIKEHHBIM OTTe-
paTopoM, JEHCTBYIONIMM B TPOCTPAHCTBE BOJHOBBIX (yHKIMiA. x crexTp
oIIpeiesisieT BO3MOXKHbIe Ha0JII0/laeMble 3HaUeHns (pusndeckux Begundut. [lo-
9TOMY 3aJlaHie COCTOSIHUSI CHCTEMBI, T.e. BOJHOBON dyukuuu Uy (z;t), eme
He O3HadJaeT 3aJaHusi TOUYHOTO 3HAYEHUST BCEX JUHAMUIECKUX MEPEMEHHBIX.
BosHoBast GpyHKIMS MO3BOJISIET BRIYUCINTE JIMIIH CPEJiHee 3HAYEHUE JTF000
pusnIecKoil BeJMINHbBI (,HHHaMquCKOﬁ HepeMeHHoﬁ), IpeJICTaBJIAEMOI OTIe-
patopom L B cocrostiun ¥ N(x;t):

L=< Uy|L|Ty >, (4)

IJle CKOOKHM 03HA4YaloT CKaJIsipHOEe pousBejieHne (PyHKIME B r'ujibbepTOBOM
MPOCTPAHCTBE

< UN|L|Ty >= /w;v(x;t)ﬁxpN(x;t)dxldx2.-.de. (5)

Dopmyiia (4) JIaeT TOJIbKO BEPOSITHOCTHBIE TPEJICTaBICHUsT O HAOJIIO/a-
e€MbIX 3HAUEHMSAX JIIOOBIX (pU3MUecKuX BeauduH. JIub B dacTHOM ciydae,
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korga Yy (x) ecrb coberBennasi dbynkius orneparopa L, dopmyna (4) naer
TOUHOE 3HaUYeHne BeJnunabl L B cocrosuun Wy (z;1).

Yucrtble 1 CMeIIaHHbIE aHCAMOJIN

B xBaHTOBOII MeXaHUKe CYIIECTBYET MOHATHE O MAKCUMAaJIbHO MOJTHOM
OIMCAHUN COCTOsIHUSI crucTeMbl. [lo aTrM 1oHnMaeTcst 3ajianue JIJisi KBAHTO-
BOIl CHCTEMbI BCEX BEJIMUWH, KOTOPbIE MOI'YT ObITh OJJHOBPEMEHHO H3Mepe-
Hbl. B 9TOM COCTOSIHMM UM COOTBETCTBYIOT KOMMYTHPYIOIIHE MEXKIy co0oii
oIlepaTopbl, UMEIOININE OJHU U Te »Ke COOCTBEHHbIE (PYHKIHMH. UUCI0 TaKUX
BEJIMUMH JIJIsi KBAHTOBON CHCTEMbI PABHO YHUCJIy €e cTereHeil ¢Bo0OJIbI, KO-
TOpOE BJIBO€ MEHBINE, YeM JIJId KJIACCUYECKOW CHCTEeMbl. Takume COCTOSHUS
B KBAaHTOBOI MeXaHHUKe Ha3bIBAIOTCA YUCTBIMHU. COOTBETCTBYIONINN CTATHU-
CTHYECKN aHcaMObJib, T.€. COBOKYITHOCTh OOJIBIIION0 YMCJIa HEB3AMMOICHCTRY-
IOIINX MUKPOCOCTOSIHMI JIAHHOW CHUCTEMbI, HA3bIBAETCS UUCTBIM aHcaMOJieM.
YucToe cocTosiHre OOBIYHO HA3BIBAIOT MPOCTO KBAHTOBOMEXAHUUYECKUM CO-
crosgHreM. Besd KkBaHTOBass MeXaHUKa, 38 UCKJIIOUYEHNEM HEKOTOPBIX BOIIPOCOB
TEOpUH M3MEpPEHMsI, OCHOBaHA Ha IMPUMEHEHUN YMCTHIX aHcamOJIei.

KpanroBasi craructunieckasi pu3nka MCIHOJIb3YeT CTATUCTUIECKU
aHcaMOJib OoJiee OOINEro Tuila, a UMEHHO CMEIIaHHBI aHcaMOJIb, KOTO-
pbIil OCHOBaH Ha HEIOJHOM Habope JaHHbIX 0 cucreme. OTcyTcTBHE MOJ-
HO#t mHpOpPMaIUK O MaKPOCKOIMYIECKOH cucreMe B CTATUCTUIECKONR (u3u-
Ke OIIPeJIesISIeTCsI TeM, UTO Mbl UMEEM JIeJI0 ¢ OUeHb OOJIbIIMMHU CHCTEMaMH,
coJleprKalluMKU OOJIBIIIOE YUCIO YACTUIl, U C CUCTEMaMH, HAXOJSIUMUICIT BO
B3aMMO/IEICTBUM C BHEIIHEH cpejioii. Halie Bcero B CTaTuCTHIECKOH (pusnke
IIpeJICTaB/IsieT HTEPEC Caydail, Korjga KBaAaHTOBasl CUCTEMa HaXOUTCS B KOH-
TaKTe ¢ TEPMOCTATOM, B Heil He (PUKCUPOBAHO MIHOBEHHOE 3HAUEHUE SHEPIHUH,
a M3BECTHA JIUIIL CcpeaHss dHeprud. [[oJHOCThI0 M30JMPOBAHHON CHCTEMOI
MOXKHO CYUTATH IIPU 9TOM YCJIOBHHU HAIIY CUCTEMY ILJIIOC BCIO OKPY>KAIOILYIO
cpeny (trepmocrar), u ypasaerue [lpenunrepa st Takoit GOJIBIION CHCTEMBbI
umMeer Bu (2).

Tamuisronnan Hy cucrempl 3 N UacTuil u3-3a B3anMOJICHCTEUS ¢ OKPYy-
»KaroIeit cpejioit OyneT 3aBUceTh KaK OT KOOPJAMHAT STUX YACTHIL L1, Lo, L3, * * *
TN, TaK U OT KOOPJAWHAT YACTHUI] BHEIITHEH CPeJIbl a1, a9, - - - 1 Bpemenu t. Co-
CTOSTHUE CHCTEeMBI ompejiessiercs u3 ypasuenus [penunrepa (1), rie BosHO-
Bast Gynakimst Wy (x;a;t) 3aBUCHT Kak OT KOOPJMHAT YACTHUI] CHCTEMbI, TaK
1 OT KOOPJIMHAT YaCTHUI OKPYKAOIIEeil cpeJibl 1 BpEMeHH.

MoKHO IPeAnoN0KUTh, UTO B TeUeHUE HEKOTOPOTO BPEMEHU T, YHEPIHUs
CHUCTEMbl CYIIECTBEHHO HE MEHSETCsI, T.e. NPAKTUYEeCKH He 3aBUCUT OT Bpe-
MeH! ([:] ,=H ), ¥ COCTOSIHUE CUCTEMbI ONUChIBaeTCst ypasHenueM (2). Eciun



HA0OD 1, ABJIAETCs TOJIHBIM HAOOPOM OPTOHOPMHMPOBAHHBIX CTAIIMOHAPHBIX
BOJIHOBBIX (DYHKIINI paccMaTpUBAEMOi CUCTEeMbI, TO Wy MOXKHO IIPE/ICTABUTD
B BHUJIE psJia

Un(r,a,t) =Y Cyla,t)(x), (6)

npuaeM C,(a,t) - dyHKIUS KOOPIUHAT YACTHI] BHEIITHEH CPeJibl 1 BPEMEHH.
[Tyctb F' ecTh HEKOTOPBIH OrepaTop, COOTBETCTBYIONINI HAOJIOaeMO Be-
JuuanHe JUist Janaoil cucrembl. CorsiacHO mpaBuaM KBaHTOBOW MeXaHWKH,
CpeJiHnii pe3ysbTaT OOJIBIIOrO YHCJa U3MEpeHMit 3Toi HabJio1aeMoil Besu-

YUHDbI B KaXKJIbli MOMEHT BPEMEHU J1aeTCd BbIpazKeHueM

§ A

R Y CHC < | F |y, >
< \IJN|F“11N > n,m
< \IIN‘\I/N > Z C;;Cn
n

F= (7)

Buamenaresib Boipaxkenust (7), Koropbiit pasen < Wy |Wy >, He 3aBucuT OT
BPEMEHH, TTOCKOJILKY HOPMHUPOBKA BOJIHOBOW (DYHKIIMU HE 3aBUCUT OT BpEMe-
Hu. B craructuueckoit (pusuke Mbl EMeEM JIeJI0 He ¢ OJIHOI CHCTeMoii, a ¢
OOJIBIIION COBOKYIIHOCTBIO 00PA30B 3TO# CUCTEMBbI, 00PA3YIONIUX CTATHCTUIE-
ckuit ancambsib. [Toaromy HaM HEOOXOJMMO YCPEJIHUTD TI0JIYUEHHOE BhIPaske-
rue (7) mo sToMy ancamoIIio:

_ C*C,. < i, |Fl,, >
< \I’N’\IJN > ZC;;Cn .

gl

Ha npaxTuke npu uamepeHnn HEKOTOPOil HAOJII0/1aeMOii BeJIMUMHBI Mbl M3Me-
psieM He MIHOBEHHOE el 3HaueHue, a JIUIIbL CPEJIHee 110 BPEeMEH! N3MEPEHMSI.
Taxum 0Opas3oM, HEIMOCPEJICTBEHHO U3MEPsIeMOil BEJIMINHON SIBJISETCS BEJIu-

YUHaA o
> > < CulCyy > < @, |F| Dy, >
I B < \I/’F|\If > _nm (9)
Habn T T g > S < C,|C, > ’
rie
] T
< Cp|Cpy > = T/ < Cy|Cyy > dt

0
U WHTEpBaJ ycpeJHeHus 1 MaJj o CpaBHEHHWIO ¢ BpeMEeHEeM pa3pelnieHus u3-
MEPHUTEJILHOIO MaKPOCKOIUYECKOr0 TPUOOpa, HO BEJUK 110 CPABHEHUIO C MO-
JIEKYJIIPHBIME BpeMeHaMmu (Harmpumep, BpeMeHeM ¢BOOOIHOIO 1mpobera).



B kBanTOBOIl cTaTHCTHYECKON (DU3MKE, KaK U B KJIACCUYECKON (pu3ukKe,
MPUHUMAETCS COBIAJIEHUE CPEJIHUX 110 BPEMEHU 3HAYCHUU CO CPEJTHUMU T10
aHcaMOJIsIM, T.e.

<Cn|Cm>:<m>.

BBG,ZLGM B pacCMOTpeHrNEe MaTpPpUIly IIJIOTHOCTH

< Cpl|Cp >

mn — y 10
Prm, > < CylCy > (10)

TOoraa Ha6JIIO,I[aeMOe 3HaYeHue BeJIUdInHbl [ OIIPpEICJINTCA M3 BbIPpazKEHM A

FHa6JI - Z pn,mFm,n - Z(ﬁ ’ F)n,n = Sp(ﬁp),

n

rie A= {A,n}, A- marpuna n oneparop Besndauibl A.
B npejyicrapiiennu 6as3ucHbix PyHKINA 1), ONEpaTop P ONpPEIessieTcs CBO-
VMM MATPUIHBIMU 3JIEMEHTAMMU:

D = / 6 (@) o () .

Jlerko nokaszarh, 4T0 HADJII0JIaEMOE 3HaUYEHUE JII000H (PU3NIECKON BeJIMIUHbBI
HE 3aBUCHUT OT BbIOOpA TPECTaBICHNsT MATPUIIBI TIJIOTHOCTH, T.€. HE 3aBUCHT
0T BbIOOpa 0a3MCHBIX PYHKIMHA 1),. OdeBUIHO, ITO

> < GlCy >
S n) = nn — n = 1.
p(p) zﬂ:p, S G0 S
l

ypaBHeHI/Ie ABN2KEHUA JJId MATPHUIbl IIJIOTHOCTH

[Tpopuddepennnpyem 1o Bpemenu Bbipaxkenue (10) u ydarem npu 3mom
ypasuenue [penunrepa (1), u3 KoToporo cieyer

. 0C,
ih ot = ZHs,n,mCm

m

Opm.n B 1
ot - Z < CZ‘CZ >
l

[< Con|Cr >+ < C|Cr >] =

B 1 1
N Z < Ol|Cl >1h
l

D [Homp< CylCr > = < CoilCp >H, ] =
p
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T ih 2 :[Hsvmmpp,n — PmpHs pnl-
P

Bsojst onsitre kBaHTOBBIX CKOOOK [lyaccona:

N 1
p
MOXKEM 3allUCaTh p
pm,n 3 ~
ot - [H&p]m,m (12)
I B OIlepaToOpHOil phopMme
0 p s

YpaBHeHUsT IBUZKEHUsI JIJTst MATPHITG! TI0THOCTH (12) u (13) MoxkHO paccmar-
pUBATh KaK KBAHTOBLII aHAJIOr TeOpeMbl JIMyBUJLIST, OHO OIIPEJIesIAeT HE CaMy
MaTPUILY IIJIOTHOCTH, & ee IBOJIIONUIO BO BpeMenn. B gacrnocTn, ecan maTpu-
13 TUIOTHOCTH €CTh HeKoTopas ByHKIMs raMunbronnana H, .e. p = p(H),
TO [IEI ,p] = 0, cremoBaresbHO, Takoe cocTostHUE cTanuonapuoe dp/ot = 0.
Takum 06pa30M, aHAJOIMYHO KJIACCUYECKOi CTaTUCTUYeCKOi (DU3KNKE B KBAH-
TOBOIl CTATHCTNYECKOi (PUBKMKe, KOIJla MATPUIA MJIOTHOCTH 3aBUCUT TOJILKO
OT UHTErpAaJIOB JIBUKEHUS, MATPUIA IJIOTHOCTH CTAIMOHAPHA.

2. OcHOBBI KBaHTOBOI CTaTHUCTUYeCKOil (pmu3uKknm
PABHOBECHBIX COCTOSHUM

Marpuiia 1maoTHOCTH JIJIsi PABHOBECHBIX COCTOsIHWIT BhIOMPAETCsi HAa OCHO-
BaHUU TIOCTYJIATOB, TIEPBLIE TPU TOCTYJAaTa COBIAIAIOT ¢ COOTBETCTBYIOIIH-
MU TIOCTYJIATAMK KJIACCUUIECKON CTAaTUCTUYECKON (DUBUKHU, CTATUCTUYECKUE
aHcaMOJIM KBaHTOBOW CTaTUCTUYECKOW (DUBMKM OTJIMYAIOTCA OT aHcambiiei
KJACCUIECKOI CTaTPU3NKU, TTOITOMY TpebyeTcss UX JI0ONpe/Ie/ieHue.

MukpokaHOHUYECKU aHCcaM0JTh

PaccMoTpuM MaKpOCKONMYECKYIO CUCTEMY, KOTOpasi, He Oyydu IOJIHO-
CTHIO U30JIMPOBAHHOI, TeM HEe MeHee CTOJIb CJiabo B3aMMOJICHCTBYET ¢ BHEIII-
HUM MHUPOM, YTO €€ SHEPIUui0 MOXKHO MPUOJMKEHHO CUYUTATH TTOCTOSHHOIMA.
[Iycth 3amano umcao dactun, N B cucrteMe u o0beM V' CHUCTEMBbl, dHEPTHs
3akJjioueHa B unreppasic K u E + dE.

[TycTnb H ecTb raMUJIBTOHEAH CHCTEMBI 63 ydeTa B3auMO/ICHCTBUSA C OKPY-
»Karomeit cpeoit. [l Takoit cucTeMbl BO3bMEM TOJTHYIO CUCTEMY OPTOHOPMU-
POBaHHBIX COOCTBEHHBIX BOJHOBBIX yHKinii {P, } oneparTopa H, onpesesi-
IOIIMX cocTosinne cucrembl u3 N dacrtuil B oobeme V. Bosnosyto dynkiuo W
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CUCTEMBI TP yUeTe cJadoro B3auMOoJIeHCTBUs ¢ OKPYXKAIOIIEH ¢pejioit MOXKHO
IpeJCTaBUTL B BUJIC:
U=>"C,®,.
n

B crarucruueckoit pusuke nocTyaupyercs, 9To mMeeT MeCTO

1. IloctynaT paBHOII aIpHOPHON BEPOATHOCTH

I'"Y(E,AE) upn E < E,<FE+ AF;

0 B OCTaJIbHBIX CJIy4YadX.

< C,|Cp > = (14)

2. Tlocrynar ciaydgaiiabix a3

< Cp|Cpy >=0 mupn n#m. (15)

ODTOT MOCTYJIAT YTBEPKJIAET, UTO COCTOSHHUSI CHUCTEMBbI, HAXOMISIIHECsS B CO-
CTOSTHUH CTATHCTHIECKOIO PABHOBECHSI, MOXKHO PAaCCMaTPUBATHL KaK HEKOTIe-
peHTHBIE. COBOKYITHOCTh TAKUX COCTOSTHUI CHCTEMbI HA3bIBAETCST MUKPOKa-
HOHUYECKUM aHcamOJIeM.

Marpuia mI0THOCTH MUKPOKAHOHMIECKOI0 aHCAMOJIS B 9HEPreTHIeCKOM
[PEJICTABJICEHUN €CTh

Pnm = |Cn‘2 : 5n,m7 (16)
re

I'Y(E,AE) upn E<E,<E+AE;
0 B OCTAJIbHBIX CIyYasix.

Cn2 =< CllC, > =

[TockonbKy TIyp MATPHUILI MJIOTHOCTA PaBeH eUHUIEe, TO, CJIeI0BATENHHO,
I' paBHa "unCIy COCTOSHUI CUCTEMBI, SHEPTHUS KOTOPBIX JIEXKUT B TIpejiesax F

n K+ AF.
I(E,AE)= > L (17)

E<E,<E+AFE
IIpn AE < E MOXHO 3ammcaTh

['(E,AE) = Q(E) AE,

riae Q(F) - WIOTHOCTh KBAHTOBBIX COCTOsIHUN ¢ 9Heprueil £. CBs3b Mex-
JIy MUKPOKAQHOHMYECKUM aHcaMbJieM U TePMOJIMHAMUKON Takas »Ke, KaK U B
KJIACCUYECKOI CTaTHCTUUIECKON (DU3UKE:

S(E,V,N)=kInT(E,AE,V,N),

rjie S - SHTPOIUsI CUCTEeMBI, a k - mocTostHHas BosbiiMaHa.
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Kanoaunueckuit ancam0J1b

[Ipu BBOJIE B paccMOTpeHME KAHOHHUYECKOrO aHcaMOJisi B KJIaCCUUECKOi
CTATUCTUIECKOI (PU3UKE MBI IPAKTUIECKU HE 00pallauch HEIIOCPEICTBEHHO
K KJIACCHYIECKOH MexXaHUKe, KpoMe CJydas BBejeHusi PYHKIUU pacipejierie-
HUsI, TIO9TOMY KMCIIOJIb30BAaHHbBIN MOJIX0/] IPUMEHUM U B KBAHTOBO#W CTATHCTH-
yeckoii (pusmKe, 3a UCKJIIOUYEHHEM TOr'0 TPUBUAJILHOIO OOCTOSITE/ILCTBA, UTO
paTerpuposanue 1o dazosomy mpoctpanctsy dpd>Y [k nomxmo 6nITD
3aMEHEHO CYyMMMPOBAHUEM 110 BCEM COCTOsSTHUSIM crucTeMbl. CrenoBaTesbHo,
KBAHTOBBI KAHOHUYIECKIIT aHCcaMOJIb B SHEPreTUIECKOM IIPEICTaBICHUN OlIpe-
JleJisieTCsl MaTpUIeil MIOTHOCTH

1
Pnm = 5n,m56_ﬁEna <18)

rie 0= 1/kT. Vnu B oneparophoii (hopme

1 ~
N = — _ﬁH
P=z°

Crarucrnaeckast cymma Z jraetcst (popmyJioit

Zy(V,T) =Y e P = Sp(e 1), (19)

n

e IIIyp J0JKEeH ObITh B3sIT 110 BCEM COCTOSIHMSIM CUCTeMbl u3 [N dacTull B
obbeme V', a He 110 COOCTBEHHBIM 3HAUEHUSIM SHEPIUU.
CBs3b ¢ TEPMOJMHAMUKOI Ta, Ke, UTO U B KJIACCUIECKOH CTaTUCTUICCKON
Jusnke
F=—-kTlnZy(V,T),

rie F' - cBoOOjiHASI SHEPIUs CUCTEMBbI, a k - ocTossHHAasA BosbliMaHa.
Cpejee 110 KaHOHUIECKOMY aHcaM0J1i0 0T oneparopa (G onpeaessieTcs mo

dopwmyJie

G = (20)
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Boapiioit kanoHnyeckuit ancamMmOJib

Jl1s1 6OIBIIOT0 KAHOHUYIECKOrO aHcaMOJIsl OepaTop MaTPHUIILI ILJIOTHOCTH

P ﬂeﬁCTByeT B IIPOCTPaHCTBE C IIEPEMEHHDBIM YUCJIOM YaCTUI] N u umeer BUJL
~ L sy-m

p = =€ .

—
—

N B marpuunoii ¢popme B SHEPTETUUECKOM IIPECTABICHUN

l 6(/’4Nn_En)

Pnm = 5n,m,—\ )
=

[u—

rjie n - Habop KBAHTOBBIX YUCEJI, XapaKTEPU3YIOIINX COCTOSTHUE CUCTEMBI,

{4 - XUMUYeCKni noTennuas. ducyo dactur NV, u sueprud Bceii cuctemnl I, B
KBAHTOBOM COCTOSIHUU 1 OIIPEJIeJISIeTCsI U3 PEeIleHus ypaBHEeHN Ha cOOCTBEH-
HbIe 3HAYCHUS:

N®, = N,®,;

®,,(x) - coberBennast yHKIms ramuibToHraHa. CBs3bh ¢ TEPMOJIUHAMUKOI
Takas ¥Ke, KaKas B KJaCCUUeCKOi cTarucTudeckoii dpusuke. Bosibinoii kano-
HUYECKUi ToTeHnuas {2 cBsI3aH O CTATUCTUYECKONH CyMMO# = COOTHOIIICHUEM

Q= —kTIn(Z),

MPUYEM CTATUCTUIECKAsT CYMMa = OINPEJEssIeTcss U3 yCJIOBUs HOPMHUPOBKH
ManI/IHbI ITJIOTHOCTU
== Sp(eﬁ(”N_H)).

A

Cpenee 3nauenne ji060ro omneparopa GG 1o OOJIBITOMY KAaHOHUIECKOMY aH-
caMm0bJ1t0 ompe/iessieTcst (popMyJIoit

G = Sp(GelrnN=H)y, (21)
3. N neajbHBIE KBAHTOBBIC r'a3bl

[IpocTeiimeii KBAaHTOBOM CUCTEMOI ABJIsgeTcA cucTeMa u3 N HeB3auMoIeii-
CTBYIOIINX KBAHTOBBIX TOXKJICCTBEHHBIX YaCTUIl. [aMUJIbTOHNAH TaKOi CHCTe-
MbI MOYKET OBbITh IIPEJICTABJIEH B BHU/IE:

N
A=3h, (22
=1
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rjie h; - oneparop MOJHON SHEPIUu 1-if YaCTUIIBI

N 232

h = Y + v(7), (23)
P - OmepaTop BEKTOpa MMITYJIbCa YacTUIlbl, v(T) - MOTEHIMAJbHAS JHEPIHs]
B3aUMOJICHCTBHSI YaCTUIIbI C BHEIIHUMU TIOJISIMHU.

[aMuIbTOHMAH CUCTEMBI HE 3aBUCHUT OT II€PEeCTaHOBKHU TOXKIECTBEHHBIX Ua-
cruil, Mecramu. Kak y»ke yrnoMuHaJioch paHee, B IPUPOJIE CYIIECTBYIOT JIBa
THUIIA CUCTEM TOXKJIECTBEHHBIX YaCTHIl. CHCTeMBI bo3e u cucrembr @epmu.
B nomnonnenue K 3TUM JBYM CHCTEMaM BBEJIEM ellle OJHY CUCTEMY - CHCTEe-
my Boabrnmana. Ona onpejensiercss Kak CUCTEMa, 9acTUIl, COOCTBEHHBIMU
JYHKIMSIMU KOTOPOU sIBJISIFOTCS BCe cOOCTBEHHBIE (DYHKITMU OTIepaTopa H , HO
oJicueT Bcex (PYHKITHiA (COCTOHHI/Iﬁ) MIPOU3BOJIUTCA COTJIACHO KJIACCUYCCKOM
MexXaHUKe. DTOT HabOpP BOJIHOBBIX (DYHKIUI BKJIIOUaeT B cebsi COOCTBEHHBIE
dyukinuu Boze u Pepmu u elne JONOJTHUTEBLHBIE cCOOCTBeHHbIE (PyHKIMN. B
IPUPOJIE HE CYINECTBYET CUCTEM HTOIO THIla, HO MAaTEMaTUYECKHE BhIParke-
HUs JIJIsI Hee TIOJTy Yaf0TCsI IIPOCTBIMU, II03TOMY cucTeMa boJsibliMana saBJIsieTcs
MOJIC3HOW MOJICJIBIO.

Paccmorpum cravasia TepMOJMHAMUKY 9THX TPEX CUCTEM Ha OCHOBE (DOP-
MaJu3Ma MUKPOKAHOHUYIECKOro aHcamOJis. Pajiu mpocToThl B JlajbHeRIeM
TaKue CUCTEMbl HEB3aUMO/JIEHCTBYIONUX KBAHTOBBIX TOXKIECTBEHHBIX YaCTHI]
OyJieM Ha3bIBATh KBAaHTOBBIMU HJleajibHbIME Tazamu boze, Pepmu u BouibIr-
MaHa COOTBETCTBEHHO.

MukKpoKaHOHUYECKNiT aHCcaM0bJIb

Haiiziem 11 Kask10ro U3 TpeX CJIydaeB duCI0 KBAHTOBLIX COCTOSHUI CH-
crempl I'(E) co snauenusvu suepruu, gexkamnmn mexay U u U + AU.

Besikoe coberBenHoe 3HaUEHNE IHEPTUU WJIeaJIbHON CUCTEMbl TIPU OTCYT-
CTBUM BHEITHErO T10JIsi PABHO

2
E=Y 1
— 2m

=1

rjie P; - COOCTBEHHOE 3HAUYCHKE OllEpaTOPa UMITYJIhca ¢-il dacTuilbl. Bean ra3
3aKJI0UEH B 00beM KOHEUYHOI'o paszmepa V', To MPOeKIMU UMITYIhCa KBAHTY-
FOTCS

h
Pai = znaia a=2,Y,z.

371ech 17; - BEKTOP, KOMIIOHEHTHI KOTOPOT'O PaBHbI JJIOOOMY MOJIOKUATEILHOMY,
OTPpUIIATEJILHOMY YHUCIY WM HYyJH0, a L - KyOumdeckuit KopeHb u3 o0biMa
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CHUCTEMbI

L=V

B repmommnavMmdeckom nipejiesie Vo — 00 BO3MOXKHBIE 3HAYEHUS NMITYJIHCA
P M KHHETHUIeCKoi sneprun F obpasyor KOHTHHUYM. B aTOM ciydae cymmu-
pOBaHME TI0 P MOXKET ObITh 3aMEHEHO WHTEIPUPOBAHNEM

Z...H///...d?’p_ (24)

Pasznennm Bce KBaHTOBBIE COCTOSIHUSI CHCTEMBI IO SHEPIUsIM Ha TPYIIIIbI
TakK, 4TOObl B KaxKJIOH I'pyIle YPOBHU SHEPIHH OTJIMYAJUCH JPYTr OT JIpy-
ra He 6osiee vem Ha A. Ecim TosibKO A MHOTO MEHBINE CPEHErO 3HAUEHUSI
SHEPIUM YaCTUYEK B IPYIIE, TO MOYKHO CUATATH, YTO BCE YACTHUIIHI B T'PYIIIIE
HUMEIOT OJIMHAKOBYIO SHepruio. IIponymepyem Bce STu I'pyIIIbI, pajud HalJIsI-
HOCTH T'PYIIILY COCTOSHUI OyeM Ha3bIBaTh SIIUKOM, 8 KBAHTOBOE COCTOSIHIE -
siueiikoit. B i-m simmke umeercs g; siueek, COJIEPXKUTCs n; YaCTUI C SHEPrueit
ei(p). B mepmopmraMuteckoM mpejiesie Bee g; U n; — O9€Hb OOJIBIIHIE THUCIIA.

[Iycts W{n;} ectb 4mcsio cocTosiHmii CHCTEMBI, COOTBETCTBYIOIEE KOH-
KPETHOMY PacIpeJIe/IeHAI0 JacTHIeK 110 ANMKaM, IPA COXPAHEHUN IHEPIUN
U Bceit cucrembl n aucja dactui] [V

ZEiNi = U,
> Ni=N.

OudeBuIHO, YTO TOJIHOE YUCJIO KBaHTOBbIX cocrosiiuii cucrembr ['(U, N)

PaBHO
L(U,N) =) W{n},
{ni}

rJie CyMMHUPOBaHKE PACIIPOCTPAHAETCS 110 BCEM TaKUM HADOPaM IEJIbIX THCET

Yrobwr vaiitn W{n;}, nocrarouno Haiitn ducsio crnocoboB, KOTOPbIMU 7;
JACTUI] MOTYT OBITH PasMEIeHbl B i-M sIIIIUKE. TIOCKOJIBKY MepecTaHOBKa ta-
CTUI[ B OJTHOM SIIIIKE He BJIMACT HA PACIOJOXKEHUE JaCTHIl B IPYTUX AHKAX,

[TojgcunTaem w; 1Jist STUX TPEX Ia30B.
TI'a3 Bozse

TO
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Kaxxas stueiika MmoxkeT ObIThH 3aHsATa JIOOBIM YUCJIOM YacTuIll. Paccmor-
PUM AITUK, COMEPXKAIuil g; d9eeK U N; JaCTHIl.
* SHok 030 % k| k k

Pacnpenenenune n; gactui 1o ¢; saeifikaM MOXKHO TPAKTOBATH KaK BCEBO3-
MOXKHBIE IIepEeMeIUBaHus CUCTEMb] U3 ¢; — 1 IePeropojoK 1 n; YacTUll Ipu
YCJIOBUHU, YTO BCE IEPErOPOJIKUA TOXKIECTBEHHBI JIPYT JPYI'y U BCE YACTHUIDI
TaKXKe TOXKJIECTBEHHBI APYT APYTY. DTO OyAeT YUCI0 codeTanuit u3 g; — 1 +n;
00BHEKTOB 110 1 :

(gi — 1+ mny)!

Ww; =

I'az ®epmn

B raze @epmu sejictByer npunnun 3anpera (npunimn [laysum), Tpebyro-
IUil, 9TOOBI B KarkJI0# stueiike HAXOIUJI0Ch He 0oJiee OJHOW JaCcTHIbl. 3a-
HSITYIO STYEfiKy MOXKHO PacCMaTpHUBATh KaK YEPHYIO, MYCTYI0 — KaK Oesyio.
Pacnpenenenne n; gactui mo g; sdeiikaM MOXKHO TPaKTOBATh KaK BCEBO3-
MOXKHBIE TIepEMEeNINBaHNsA ¢; — N; OCJIBIX STUeeK ¢ N,; YePHbIMU sSUeiiKaMu [IpK
YCJIOBUAM, 9TO BCe Oejible s9eifiKyu TOXKIeCTBEHHBI JIPYT JIPYr'y U BCe UipHBIE

AYCHKN TaKyKe TOXKJECTBEHHBI JIDYT JPYTY.
* x| % * *

Yucsio Takux nepemMeninBanuit Oyjier paBHO YUCJY COUYETAHWUI U3 g; 110 N;:

gi!

w, = ——/————.

TI'az Boabipvana

[Iycth nmeetcs i-#t AmuK ¢ g; d9eiiKaMu, B KOTOPDLI HY»KHO TMOMECTUTH
n; dactutl. [lepByto qacTuily MOXKHO MOMECTHUTDL B ¢; svU€eK AIUKA ¢; CIOCO-
bamu. Bropasi u Bce 1ocJjie/IyIolme 4acTuiibl Tak>Ke MOTYT 3aHUMAaTh A9eiKu
siKa g; crocobamu. CiieoBaTeIbHO, NMEETCsT BCEro g;” €11ocoboB, KOTOPbI-
MU N; YACTUI] MOTYT 3aHUMATD ¢; T9eeK. Keam yuaecTs et TOXKIeCTBEHHOCTD

JACTHUI[, TO TIOJyIaeM
n;
9i
Ww; — —.

DTO0 ompejiesieHre COOTBETCTBYeT 'MpaBuIbHOMY OOJBIIMAHOBCKOMY MOACYITY "
COCTOSTHUIT M He OTparkaeT HUKAKOrO peajhbHOro (DU3MUecKOro CBOWCTBA, CH-
CTEMBbI JACTHII.

Yrobbl HafiTH HamboJiee BEpOATHOE pacIlpejiesieHue, Mbl JOJKHBI HaWTH

MaKCHUMYM 9HTPOIINHN:

S =kIn[(U,N).
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Host eraucaienus (U, N) neobxogumo nipocymmuposars W{n;} no sece-
BO3MOXKHBIM HabopaMm n;. B obmmem ciydae 3To 3a7a49a KOJOCCATBHON CII0XK-
HOCTH, OHA BBLIIOJHUMA TOJBLKO JIJIs raza BosbiMana. Pazymuo mpeamnosio-
KUTh, OJIHAKO, 9TO B XOpotieM npubsmxkernn sejuanny 1'(U, N') MOXKHO can-
rarh pasuoit W{m; }, riae {m;} - nabop uuces 3anossenust, CoOoTBeTCTBY O
makcumymy W{n;}, Torna

S = ]{IIHW{ﬁZ},
U= Zgiﬁ%
N = Zm

Hailinem sBHBIe BBIpaxKeHus g n;. ag 3TOro BOCHOIL3yeMCsl METOJIOM
HeolpeieJIeHHbIX MHOXKUTe el JIarpanrka. PaccMoTpuM 1o ipoOHO BBIBOJI J1JIsT
raza bosze, Jj1s1 ocTaJbHBIX M'a30B PE3yJ/bTaThl IPUBEIEeM 0e3 BbIBO/IA.

z+ 2_1
®=kln iz gn—l —BZEZNML&Z?%

~ Z{k(ﬁZ—ng—l) ln(ﬁZ—I—gZ—l)—kﬁZ lnﬁl—k(gz—l) ln(gz—l)—ﬁelﬁl—kaﬁz,
i
riae a u (3 - MEOXKHUTen Jlarpam:xa.
[IpupaBHUBas HYJIIO IPOU3BO/IHBIE OT BeTUIuHbl @ o ny, rme A = 1,2, 3, ..,
TTOJTy UMM
0P n —1
— kn (—”A 9
8m (5N

)—ﬁs,\Jroz:O.

OTCIO,H& II0JIyda€M BbIpaK€HHE JIJIsd Hanbosee BEPOATHOTI'O YHMCJla YaCTUIL B

1-M dIHIKe
m; = e—a+g—;—1 (25)
u
N= Z T (26)
U= Z e a+;§; -1’ (27)
S = k’Zg@ a%z — —In(1- e ). (28)
Anajornanbie pacdersl Jai0T s Taza Pepmn
= — (20)

e_a+,6€i + 17



N = Ze a—f—ﬁsl_{_l

€i4;
U= Z e —a+pe; +1

=k Zgl a—|—6€ +1 + ln(l + ea—ﬁsi)].

Jlna raza BonbiiMvana
a—0O¢;

n; = gie )

N = Z giea_ﬁgia
1
U=> eigie"™™,
v
S = ngmﬁ& - Oé)ea_ﬁgi.
)

CB3b C TePMOJIUMHAMMKOI

CoryiacHO TepMOJMHAMUKE

1 i
—_— — - —_ N
dsS dU dN,

17

(30)

(31)

(37)

rie U - BuyTpennss sneprus, 1 - TeMmneparypa, (- XAMAYECKAN TTOTEHTTHA.

W3 npuseieHHbIX Bbile (DOPMYJI 1Oy daeM
ON ON
N pr—
o= (G) o (55)
oU oU
= (%) (2,
oS oS
ds = (%> da + ( 5) dg.
0S e—othe
o k;gi(ﬁgi —a) (e-othe — 1)2

—a+ﬂsl

ZQZ Z e—atfei _ 1)

31ech g raza boze
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_a+ﬁ€z

Zgz 6 —a+fBe; 1)

]

s raza @epmn

—a+fe;

85 ¢
a—a = k;gz(ﬁgz — Oé) (eiaJrﬁgi + 1)27
—Ck"‘ﬂgz
= 29 1
—oﬁ-ﬁ&

Z gz e—a+fei 4 )

s raza Bosibimana

a—S—ngzﬁez—a—wﬁfl

W3 cpaBHeHus 110JIyYeHHBIX BbIPAXKEHUN CJIejIyeT

05 ou ON

Ba "Poa T
Ananornano e ou IN

— = kf— — ka—.

o5~ o5 ~ a5
OKoHYATEJILHO

dS = kBdU — kadN.

CpaBHeHI/Ie C OCHOBHbLIM ypaBHEHHEM TEPMOIAMHAMMUKH ITIO3BOJIACT 3aKJIIO-

9UTh, YTO
1
= — 38
L
= . 39
o= (39)

Bripaxkenus (38), (39) nosossttor HaliTh TepMojMHAMIIecKre GyHKIN.
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B kauecTBe npumepa npoBejieM BbIYUCJICHUS Ui Ta3a bDosbiMana. U3
(33) umeewm:

N = z:m—z:(‘LE)//%T:(QSJrli At ep/kapo—(23+1)

h3 A3
ps- 0
rje BeejieHo oboznavenue z = exp(u/kT), BemuuHy z 4acTO HA3BIBAIOT
AKTUBHOCTBIO,
2rh 40
=\ T (40)

TeIJIoBas JIJIMHA BOJIHBI jie Dpoityist, Tak Kak 10 MOPsiJKY BEJUYUHbI OHA
paBHa JJIMHe BOJIHBI Jie Dpoiins JacTurpl, uMeromneit Maccy m u 3Hepruio

kT
Ob6osnavast V/N qepes v, nojydaem:

)\3
= — (41)
(2s+1)v
Anajornano
_ () /KT _ ad 4 p2jomkT
U—Zs(p) Zs (23+1)2mh3/47rpe P dp =
1 p,Sz 0
3
= —NkKT.
2
OHTPOIHUST CUCTEMbI
5= 10— Ny = kN — kN (2 (42)
T P =3 "\ )

910 BhIpakeHnne HocuT HasBanme ypasuenusi Cakypa - Terpoje. Heobxo-
JINMO OTMETHTh, UTO TIOJy9IeHHOE BhIPAYKEHWE HE YIOBJIETBOPSAET TPEThEMY
Havuajy TepMojuHaMuKu. Ho 5To He J0JIKHO BBI3bIBATH OECIIOKOMCTBA, TaK
Kak ra3 BojbliMana He siBJIsieTcsI peaJibHO# (pU3MIecKoil cucTeMoit, a mpej-
craBJiieT co0Oil JIMIb MOJIe/ b, 00J1a/Ial0IIYI0 TIPeIe/IbHBIMU CBOWCTBAMU T'a-
308 @epmu u Boze 1npu BHICOKKUX TeMIepaTypax.

N neanbHble ra3pl. BosbInoii KaHOHMYECKUii aHcaM0OJIb
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[TockosbKy Tipu BBIBOJIE (DYHKITMU pacripejieserust f jisi KBAaHTOBBIX T'a-
30B JIeJIAJINCH YAaCTO He BCErja OUYEeBUJIHBIE IPEJIIIOIOXKEHHSI, TO €CTECTBEHHO
BO3HUKAET BOIIPOC, HE IMOJYYUM JIM Mbl JIDYIH€ BbIparkKeHUsI JJisd (PYHKINK
pacupejiesieHusi U IHTPONUK MPUA M3YUEHUH CBONCTB MJI€AJIHHBIX KBAHTOBBIX
ra3oB C JIPYIUX MO3UINHA, HAIpUMED, TIPU UCIOJIH30BAHUN KBAHTOBOI'O KAaHO-
HUYECKOTO U OOJILIIOr0 KAHOHUYECKOI'0 aHcaMOJIeil.

CraTucrtrdeckast CyMMa JiJisl UJ1eaJbHBIX I'a30B UMEET BU]I;

Zx(V,T) =Y g{naye Plral/kT,
{na}

rjae

E{na} = Z Ealla,

a JIMCJIa 3aI0JIHEHHUS YIOBJIETBOPSIOT YCIOBUIO
g ng = N.
(6%

Jlnsa raza @epmu n, = 0, 1, 114 raza boze n raza boasnmanan, = 0,1,2,3, .. ..
Crernenb BBIPOXKJIEHHU (THCI0 KBAHTOBBIX COCTOsHUI) g{n,}, coorBeTcTBY-
forree onpejiesieHHoMy Habopy dactul {n, }, ecrb

1 (Boze n @epmn),

g{na} = ﬁ (Bosbrman).

[e3%

[IpuBesem BbrauceHnsT CHavYaJ I JIjIst Ta3a bojbimaHa

Z e—EonQ/k’T e—slnl/k‘T 6—52n2/kT
N f— Z . . « o0 —
n()! Tll! 7”L2!
Nnog, N1, ...
> ng=N
1 N
- —60/kT —El/k‘T L.
N1 (e +e + ) .

OTO PaBEHCTBO €CTh MYJILTUIIOJMHOMUAIbHAS TeopeMa, sBJISTIoIasics 0600~
menueMm ounoma Hororona.
B npenene V' — oo MOXKHO 3anucarh

2mmkT 3/2
h? '

—

4 I P
> e M= (25 4 1);77:: /P2€de =@2s+ 1)V
0
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CurenoBaresbHoO,
VN (2rmkT\ N/
IV, T)=(2s+1) i < 73 ) ,
(2s + )V [2amkT\*?
F=—-kTInZN(V,T)=—kTN In N 73 :
4 3/2
o —8—F:kNln (2s + 1)V [ 2mmkT SkN7
aor N h? 2
npejicrapisiionee ypasaenne Cakypa-Terpone, n
oF kTN
p= =

ov V
s raza @epvu n Bose craTucTrdeckyio cyMMy JIOBOJIBHO TPYJIHO BbI-
JUCTUTh. BMECTO CTaTHCTHYIECKON CyMMBbI JIJIsT KAHOHUYIECKOTO aHCAMOJIST MbI

PACCMOTPUM OOJTBITYIO CTATUCTUYECKYIO CYMMY:
(0. 9]
N
k

2 - —Ea)Na /KT
==Y Z,WV. e =Y Y G redne M
N=0 N=0  {n.}

> ng=N

— i Z H(Ze_sa/kT)n”‘.
N=0 {na} «a

> ng=N

Cremyer oTMeTnTh, 9TO JBOWHOE CyMMHWPOBaHHWE B 3TOH (OpMmyJie SKBUBa-

JIBHTHO CYMMHUPOBAHHIO 10 KaXKJOMY N, HE3aBUCUMO. TOOBI J0Ka3aTh 3TO,
HaJI0 MMOKa3aTh, YTO KaXKJIblii UJE€H B IEPBOM CIIOCOOE CYMMUPOBaHUs pa3 H
TOJILKO Pa3 TOsIBJISIETCS BO BTOPOM cliocobe cyMMupoBaHusi, u Haobopor. Ha
9TOM OCHOBAHWN MOXKHO 3aIucaTh

=TI (=it (43)

a Mg
raie CyMMUPOBaHUE TPOU3IBOAUTCA IIO0 BO3MOXKHOMY YHCJIY YaCTUIL B KBAHTO-

[1]

BOM COCTOSTHUU (v, TIPUA 9TOM N, IIpoderatoT 3nHavenus n, = 0,1,2,3, ... mis
raza boze u n, = 0,1 mua raza Qepmu.
B pesynbrare nmomydaercs:
—TI(1 — ze=ea/FT)~1 (Bose),

[0

[T(1 + ze—a/*T) (Pepmn).

(07

(1]
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YpaBHEHKE COCTOSTHUS:

— > In(1 — ze~=e/kT) (Boze),

pv .
e B o (44)
Yucao gacTuir:
= o Bose)
OlnZz= Z 2z~ 1lega /KT _q ( )
N = kT — a 45
O > Wl/kipﬂ (Oepmn). (45)
CaemoBaTesbHo,
_ { o (Bose),
Ny = ]
oy (Pepwmnm).

O BbIpazKe€eHndA COBIIaJalOT C BbIPpaKE€HUAMU, TMOJYYEHHBIMHM B PaMKaX
MHUKPOKaHOHNYECKOI'O ancamoOJId.

4. IlIpocreiimmmue cucTeMbl CBOOOITHBIX (PEPMU-IACTHILL
CB0OOHBIN 3JIEKTPOHHBINA ra3 B MeTaJlJIaX

Asnenns mepenoca n TemoduU3NUECKne CBOMCTBA METAJJIOB JOCTATOYHO
XOPOIO OOBSICHAIOTCA B paMKax MOJIEJW CBOOOJHOTO 3JIEKTPOHHOTO ra3a ¢
MIPOCTBIM 3aKOHOM JUCIIEPCUN SHEPTUAU

p2

E(p) =5 (46)
IJIe M - Macca IOKOsI 3JIEKTPOHA. DJIEKTPOHBI JBUMKYTCA B IIOJIE OTHOPOI-
HO pacrpeielIHHOTO TOJOKUTEIHLHONO 3apsijia, BeJIudrHa KOTOPOTO BhiOpaHa
TaK, 9TOOBI yIOBJIETBOPSIIOCH YCIOBHE 3JIEKTPOHEHTPAILHOCTH. Y KazaHHOe
"pasmaspiBanue ' 3apsiia MOHOB peIeTKN B OJIHOPOJIHLIN (DOH BEJIT K BeChbMa
CYIIECTBEHHBLIM YIPOIIEHUSIM, XOTSI [IPU 3TOM TepsieTCsl 30HHasl CTPYKTYypa
Bpuuniosna, cToib BaxkHast JIJist 00bsICHEHUSI MHOI'MX CBOMCTB METaJLIOB.

Cornacro (44) u (40), cocrosinne JeKTPOHHOIO Ta3a B METaslie WMeer

BU/JI;
Vv 2
i—T - Z In(1 + ze P*/2mkTY), (47)
DSz
YHUCJIO IJIEKTPOHOB
1
N = Z Z—1€p2/2ka + 1’ <48)

N
b5z
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BHYTPEHHAA IHEPTUA JICKTPOHHOTO ra3a

p?/2m
U= Z o Lep?/2mkT | 1

DSz

DO |

rie 2 = exp(), [t - XUMUUCCKUIl IOTEHIMAT, 5, = F5 - CIIMHOBOE KBAHTOBOC
TUCIIO0.

PaccmoTpuM Tenephb mpesiesibHbIi epexo Vo — 00, Torja CIeKTp JIeK-
TPOHOB OyieT CIUIONTHBIM. [TOCKOJIbKY 9HEPIHsl 3JEKTPOHA 3aBUCHT TOJHKO
OT MOJIYJIST UMITYJTbCA, TO MBI MOYKEM CJIEJIATD MEPEXOl OT CyMMUPOBAHHS TIO

BEKTOPY HMIIYJbCa ﬁK WHTEIr'pUpOBaHUIO 11O MOJYJIIO UMITYJIbCA:

S ) — 4”V/f Wrdp + £(0)

B srom ciiyuae Mbl 1ojiydaem:

o0

pV &7V 2\ 9
= [ (1 ze )Py + In(1 + )

0
STV 2d 1
N= / e
h ! Z—le%{iﬁ_‘_l z +1

8rV [ pt/2
v="" / pem

3 p?
h , 2 lezmit + 1

Tax Kax mocjejHue 4jaeHbl KOHEYHBbI, TO IpH V — 00 UMU MOXKHO IIpeHe-
Opedb.
2 _ 2
Caenaem 3ameny niepementbix p°/2mkT = x=, torja

P 1

T A

a3

/ln (1+ ze *)a?dz,
0

S
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riae A = h/v2rmkT- rennoBast JyvHa BoJiHbI jie Bpoitsist.
Ecnu yuects, 910

7T

4 00
f5/2 /h’l + ze —a QdZU =
0

= —111(1 +ze )2

3V

> N 8 / xidx B
o 3Wm) zle 41

3f/e”32—|—z

TO BUJAHO, 9TO IJIsI HEPEJIATUBUCTCKOI'O IJICKTPOHHOI'O I'a3a

9
vV =ZU
PV =3

Bsejiem obo3nauenne

/ T f3/2(2)a (49)

7r 2 le?® 1

4 (0.}
ﬁ/ln(l + ze ) 2de = f5/2(2). (50)
0
Mexty sTumMu (DyHKIUAME UMEETCs CBA3D:

f3/2(2) = Zdizf5/2(z)a (51)

npuieM f3/9(z) > 0 u f5/9(2) > 0 mpm z > 0.

d 1
%fwz(z) = ;f3/2(2) > 0,
d 4 r e w2dx
& _ 0
dsz/Q(Z) NLZZ / (z71er” +1)2 -
0

1.e. f3/9(2), f5/2(%) ABAAIOTCA MOHOTOHHO BO3PACTAIONMMHI (DYHKIIHAMHE.
Ucrionb3yst 3T 0003HaUYeHUST, MOYKHO 3alUCATh:

2
k% = ﬁf5/2(2), (52)
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% = %fsm(z)- (53)
B obmem ciydae dynkiun f3/o(2z) 1 fs/2(2) ne BoIpaxalorcs yepes s/ieMen-
TapHble QYHKIMU, HO B JIBYX NPeJEJbHbIX ciaydasx a) z < 1 u 6) z >> 1 ux
MOKHO OIleHUTh. [Ipn 2z < 1 umeem

1 2 — > l — 2
— 7 _1 n —TT\n _ 1 n+1 n
i 7;()(26) Z;() (ze7")",
T.C.
- n+1 n 4 —nax? . - n+1 z"
fs2(2) 72 < /x e " dr = 2(—1) B2
3J1eCh YUTEHO, UTO
r 2T,
4 —nx _ —nx _
/:1: e dr = w/e dr =
0 0
(1 [m\ 37
dn2 \ 2\ n 8n5/2
Orcrona
B d B Bt nal 2"
fapa(2) = 2 f5pa(2) = ;( D™ g
OuesBniHO,

f5/2(0) =0, f5/2(1) = 0,86720,
f32(0) =0, f3/2(1) = 0,765147.

Paccmorpum renepns nosegenue dbynximit f5/9(2) 1 f3/9(2) npu Goabmmx 2,

3/2dy

3\/_/ _1€x2—|—1 3\/_/ z7lev + 1

f5/2(2)

Brejiem 3ameny rnepeMeHHbIX:
y=t+1Inz, t=y—1Inz,

TOrJ1a

0 o0

4 / (t+1nz)¥%dt 8 / (t + 1In 2)>2etdt
3T el +1 157 (et+1)2

—Inz —Inz

f5/2(3) =
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QyHKIHS t ,
€
olt) = (el +1)2 - (et +1)(et+1)

CUMMETPHUYHA, OTHOCUTEJIbHO HadaJja KOOPArHAT, €] rpaduK nMeeT KOJIOKOJI0-

obpas3uyo (GopMy, BETBH 3KCIOHEHIINAJILHO CIaJal0T 110 0be croponbl. Han-
OOJIBINETO 3HAYEHUS JIOCTUTAET B HadaJe KOOPJAWHAT, MAKCUMaJbHOE 3HaUe-
Hue pasuo 0,25. TlosioBuHy MakcMMaJbHOIO 3HAUYCHUsT (PYHKIMS TPUHUMAET
B TOYKax t1 u lg, OPE/ICJIAEMbIX U3 YPaBHCHUSI:

e* —6e' +1=0,
T.C.
e'l,,=3+2v2 e =1,
ti+t=0, t;=1,762148,  t,=—t.

Ha sToM ocHoBaHuM MOXKHO yTBepXKJaTh, UYTO OCHOBHOI BKJIAJ] B MHTEI'DAJI
najtyT obacTy BOJIM3M Havasa KoopauHat. Pasnoxuwm (¢ + In 2)5/ 2 g cremeH-
HO¥t psij BOM3M Toukn t = (:

1
(t+1n2)*? = (In2)"? + g(ln 2)3%t 4 g(ln 2)V22 4 %(ln 2) M

5
— " (Inz) 34
gtz
Torna
s f 5 15
i®) = e [ GO+ Sn 2+ ina) e+
—Inz
5 —1/243 D —-3/2,44
(I 2) 2 = oo (in2) ¥t -t

Ydarem, 4To
—Inz

]O o)t dt = ]O p(t)t"dt — / H(t)t"dt.

—Inz

[Tockosbky Inz >> 1 u ¢(t) SKCIOHEHIUATBHO CHATACT IO Mepe y/IaJeHuUs
flnz)

OT Havaja KOOPJMHAT, TO BTOPOi MHTerpas ecTh Majas Bejnauna 0(e )

a 1epBblil nHTErpaJ 0003HaInM depes [,

oo

/ o)t dt = I,,.

—00
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B sTom cayuae

Tsp2(2) = (In2)*21 + 5(1nz)3/21 + 85(1nz)1/21+

LA
15/r
5 5
“ (1 -1/27
tene) s — o

U3 onpenenenus I, ciejpyer, 4To npu HEYETHBIX n = 2m + 1:

—(Inz) 320+ -}

Iyt =0,

npu n =0, [y = 1, a npu 4eTHbIX N = 2M:
s 2m .t 2m
t*"e 2t
[m:2 ——dt = —
2 /kd+n2 e +1|,

0
[ee]
t2m—1
= 4m/ dt,
et +1

0

o0 2m1

+4m

HO

t?m—l Lom

/ St = (2m — 1}(1 = 22 (2m),
0

re ¢(2m) -nzera-dynkiust Pumana (Auke E., Dvue ©., JTim ®@. Crnenpnasin-

upie Gynknmu. M.: Hayka, 1977. C.91):

’7T2 7T4 7T6
((2) = R ((4) = 90’ ¢(6) = oI5
[Toaromy
2 4
forae) ~ o)+ 2ot — S PR ) Y
z zi In z)3/2 7T—2lnz —1/2 7—7T41nz 2y 99
Fale) ® gl 4+ ) 2 e R ()

[Ipu Temmeparype T' = 300K TemyioBas JIMHA BOJHBI e Bpoiiisd miasd 3/1ek-
Tpona pasHa A = 4,303 - 10~ "cm u orHomenue \*/v y MeTa/IoB NOpsIKa
THICSYM WM GoJsiee, HanpuMmep, y amomuunsa 1,44 - 10* meam - 6,77 - 103, na-
tpust - 2,00 - 10, nosromy Mbl uMeeM jiedio ¢ Gogbiumu z >> 1. Cormacho
(53) u (55) B 9TOM CIIyUae

)\3 8 72 Tt

N 1 3/2 1 1 -2
——(Inz) {+8(nz) —|—1920

- 3\/_ (Inz)™*+---}. (56)
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OrpanuuuBasiCh EPBLIM WIEHOM PA3JIOKEHUS W yUUTHIBast ONPEJCICHuE \ 1
z (z = exp(u/kT)), mosyuaem BbIpaykeHUe JJIs [

B (3n2\Y?
M= om < v ) '
OTa BeJMYMHA HEe 3aBUCAT OT TEMIEPaTypPbl ¥ I€OMETPUUECKHX Pa3MepPOB
MeTaJJIMIeCKOro obpasiia, 1 HOCUT Has3BaHue ypoBHs mjn dHeprun Pepmu,
JyacTo obosHauaeTcs depes Ey. Oueprua Pepmu y narpuga pasna 3,12 3B, y
men - 7,04 3B, cepedbpa u 3051018 - 5,51 3B.

Yrobwl HafiTu TepMmoguHamMudeckue Besuannbl U, C), p, onpenesuam TeM-
nepaTypHyIO 3aBUCUMOCTH XUMu4Ieckoro norennnaga (4 = k7T In z. Cornacuo

(56)
2/3
Lo f ooyt oy 7
no By 8 \ i 1920 \ p B

R PO A N LA
- E; 12 \ p 1440 \ ‘

[Ipumensist MmeTo uTepaluii, moJyInm

L_ 1) T 2+117r4 KT 4+
n Ef 12 \ E; 1440 \ E; ‘

Orcrona ciejyer, 94To

_ g 2 (kT\? = [(kT\" n B
o= 12\E;) 144 \ E; -
2 /(T\* = /T\*
—F. 1= == - | = ce
f{ 12 (Tf> 144 (Tf> i !

rie Ty = Ey/k nasviaercs temneparypoit @epmu. Ouesnpno, mpu T <

Ty OyayT cylecTBeHHBI KBaHTOBbIC 3(DMEKTHI, 3JEKTPOHHBINA Ta3 BeJiT ce-
Os1 TOUTH KaK IpK abCOJIIOTHOM HyJie TeMIepaTypbl. Takoil ra3 Ha3bIBaeTCs
BHIpOXKIeHHBIM. Temmeparypa ®epmu y narpns pasua 37 - 103K, mean -
82 - 103K, cepebpa u 3osota - 64 - 103K. DT TeMmepaTypbl 3HAUATEILHO
BBIIIIE TeMIIEpPATyp OIbITA U ILJIABJEHUS METaJJIOB, IIO3TOMY MOXKHO yTBEp-
YKJIATh, ITO AJIEKTPOHHBII a3 B MeTaJlJIaX BCET/Ia BHIPOXK/IIH, C TIOBBIITICHUEM
TeMIepaTypPhl XUMUIECKN TIOTEHIINAJ TTOHUYKAETCS .
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Orcroa TermjI0iMKOCTh TIPU TIOCTOSTHHOM 00biMe
oU  mNkT
or 2 Ty

CUSJI —

[TockoJibky KOMHaTHasi Temieparypa OObIYHO BbIlie TeMmieparypbl Jlebas
T > Tp (cM. HUXKE), TO TEMIOTMKOCTh KPUCTAJIINYECKON DEIiTKY, CBsi3aH-
Hag ¢ KojebanuaMu atoMos, pasHa Cypemr = 3kN (3axon Hiononra-IlTu),
OTCIOJIA

Cvgﬂ 7'('2 T

Cupemt 6 Ty
[Ipn xKoMHATHBIX Temmeparypax ornomterne 1'/Ty nopsiaxa 1072, mosromy
TEMJIOTMKOCTD 9JIEKTPOHHOTO T'a3a He TPEBBINTAET HECKOJIHKUX MTPOIIEHTOB TET-
JIOEMKOCTH KPUCTAJINICCKON PENeTKH.

[Ipu muskux temneparypax (T << Tp) TEMJIOIMKOCTb DEIITKH, CBA3aH-

Hasl ¢ KOJIeOAHUSIMHU aTOMOB,

3

o 127%kN (T

vpelr — )

P 5 \Tp
T. €. yObIBAET IIPU MOHMXKEHUY TEMIIEPATYPbl ObICTPEE, YeM IJICKTPOHHAS TEll-
JoiMKocTb. [Ipu HekoTopoit Temmneparype 17 0be TENIOIMKOCTH CTAHOBATCS
paBHbIMHU, & TIPU OoJsiee HU3KUX Temieparypax 1 < T TernjioiMKOCTb 3JIeK-
TPOHHOT'O T'a3a CTAHOBUTCs OOJIbINIE TEIJIOIMKOCTHU pelieTku. Takue 1mpejcka-
3bIBAEMbIE TeOpHeil 0COOEHHOCTHU TEIJIOIMKOCTH Y METAJIJIOB HAOTIOIAIOTCS Ha

OIIbITE.

CB0DOOAHBIN 3JIEKTPOHHBIN ra3 B MArHUTHOM TI0JIE.
DddexkT ne I'aaza - Ban Aabdena

B 1930 roay romnmanpckme dpusuku jge ['aa3z u Ban Annden obHapyKu-
JIM, 9TO MarHUTHAs BOCIPUUMYNBOCTH BUCMYyTa X HE OCTAETCs MOCTOSTHHOIM,
a MEHSIeTCsI B 3aBUCUMOCTH OT HAIPSPKEHHOCTH MAarHUTHOIO MOJISI. DTa 3aBHU-
CUMOCTDb HOCHUT XapakTep ocimranuit. B atom ke romxy JI./. Jlangay moka-
3aJ1, YTO 3TOT 3PPEKT MOXKET ObITH OODbSICHIH, €CJI IPUHATHL BO BHUMAHUE
KBaHTOBaHME SHEPIUN CBOOOHBIX 9JIEKTPOHOB MeTaJjljla B MATHUTHOM IIOJIE.

Pacemorpum ujeasibHBII 9JIEKTPOHHBIN ra3 MeTaJJITIecKOro obpasiia, Ha-
XOJISIIIEr0Cs B OJTHOPOJIHOM IIOCTOSIHHOM MAarHUTHOM I10JI€ HAIPSI>KeHHOCTBHIO
H. TTockoabKy mpejnosgaraeTcs, YTo JIEKTPOHBI HE B3AMMOJIEHCTBYIOT MEXK-
J1y €000, TO TAMUJIBTOHUAH JIJIsT OJIHOIO 9JIEKTPOHA MOXKET ObITH 3aIUCAH:

A 1 e -\ 2 eh -
(7)== (=ihV = SA) + L -7
() om thv c + ome 7
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puyem

H = rotA.
3iech m, € - Macca MOKOs ¥ abCOJIIOTHAST BEJIMYNHA 3aPsiJa JIEKTPOHA, C -
CKOpPOCTD ¢BeTa, A - BEKTOP-IIOTEHIAJ MATHUTHOTO T0JIsI, 0 - OIEpaTop CIIU-

Ha 9JIEKTpOHA, i = h/2m - nocrostunas upaxa.
Pemenue ypasuenust [Ipegunrepa:

H(P) () = Wip(F)

aalT
2
Wi(p.,n,s) =upH@2n+1)+2upHs, + 2;07’;, (57)
rnien =0,1,2,3,--+, s, = 4+1/2,—1/2 - cniuHOBOE KBAHTOBOE YHUCJIO, [ip =
eh/(2me) - marneron Bopa, p. = hl/V'/3 - npojonbubiii KBaHTOBAHHLI
uMmnyibsc, [ = 0,£1, £2,+3,---, V - 06biM Mmetasia. [Ipu V' — oo kBaHTO-

BaHUEM WMITYJIhCa MOXKHO TPEHeOPedh.

Buarogapst kBanToBanuio "morepeunoit” wacTM KMHETWYECKOW SHEPIUU
SHEPTHS SJICKTPOHA, OKA3bIBACTCS 3aBUCAIIEH OT HAIPSIYKEHHOCTH MarHUTHO-
ro nojd. B jBymMepHOM NpPOCTPAHCTBE Py, P, dHEPreTUYecKHue MOBEPXHOCTH
PEJICTABIISIOT COOON OKPYKHOCTU PaJInyca

R, = \/2mugH(2n + 1),

CJIeJIOBATEIILHO, HA OJJHO KBAHTOBOE COCTOSTHUE TI0 T TIPUXOJUTCS JIBY MEPHbIii
dasospiit "o6bim": AS = 7(R2., — R2) u, COOTBETCTBEHHO, THCIO KBAHTO-
BBIX COCTOSTHUIT (CTeeHb BBIPOXKICHNUS)

VIBAS  aVPmugH  V*3eH
hr h? - he

3-3a Haamaust HeKBaHTOBAHHON wacTn P2/2m ypoBHM 9HEpPruu oOpasyroT

CILJIOIITHOM dHEPTeTUUIECKUl CIIeKTP, UYMCJIO COCTOSIHMI ¢ (PUKCUPOBAHHBIM N
1 1IPOJIOJIbHBIM UMITYJIbCOM, JIEXKAIIIUM B MHTEPBAJIE P, P, + dp,, paBHO

VeH
dp, = ——dp..
pap h2c p

Orcrona
o0

H
Q= kS S L (14 e T g (58)

MCXO,ZLH N3 OCHOBHOI'O ypaBHEHUA TEPMOJNHAMHWKNA

dQ = —SdT — VJdH — Ndp,
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J - HAMarHW4eHHOCTH CUCTEMbI, [N - YKCJIO SJIEKTPOHOB, MOYKEM 3alliCaTh:

1 /00 o2
pp— (_)  N—- <_> | (59)
V \oOH T ou HT

[TockoJIbKY HHTErpAJIBI U CyMMBbI, BXOjIsIIHeE B (58), B 00IIEM CJIyUae He BbIpa-
JKAI0TCs depes dJIeMeHTapHble (PYHKITUU, TO Mbl PACCMOTPUM JIBa, TPEJIETbHBIX
cIydast:

1) 0bJsiacTh BBICOKUX TeMIepaTyp,

2) 06J1aCTh HU3KKUX TEMIIEpaTyp.

Ob6sacTh BBICOKUX TeMOEpPaTyp

[Tos BBICOKMMU TeMIiepaTypaMu Mbl OYJIeM TOHUMAThH PUOJINKEHNE

2= W « 1.

B stom ciyuae
ln(l + Ze—W/kT) ~ Ze—W/kT

Q(z,H,T)z—kTveH ZZ/ W gp, =

s, n=0_"

_ _k:TVeH [euBH/kT 4 e—uBH/kT} [Z euBH(2n+1)/kT] / o~ P2/2mkT dp..

2
h*c n=0
HO .
/ 6—293/2kade = V2mmkT,
i p—hpHn+1) /KT _ 1
e 2sh(upH/KT)
Orcrona
VeHET
Q=~— ehz 2V2mmkTetg(upH/KT).
c
CurenoBaresbHo,

of) Q
N=—|— -
<3M>HT KT

100\ 9 Qup
J— V(aH) =T ek KTl /KT~

N (KT N[, 2ugH/KT
— v\ sl sh(2upgH/JKT) |
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Bseivm obo3navenns

Torna

Paccmorpum dyrKImo

J(@) = é [1 N shz(;x)] '

Ona Beeraa mONOKATeNbHA, Ipn & — o0 f(z) — 1, npu z < 1 f(z) =~ 2z/3
¥ MPUHAMAET MAKCHMAJbHOE 3HAUCHWE B TOUKE T = XT(, ONPEJesieMOil U3
yDaBHEHuUsI:

v [eth(2x0) 1
Jlw) = [sh91:1:0) B 4a;g] ’
T.€.

ch*(2xg) — (2x0)*ch(2zy) — 1 =0,

ch(2x0) = 225 + \/4ad + 1.

Kopens sToro ypasuenns xy ~ 1, 337.

CaesoBaresibho, ipu & < xg dbyHKIiws f(x) Bo3pacraer mpu yBeJInIeHun
x. Ha ocnoBanum 3TOro MOXKHO yTBEPXKJIATh, YTO B CJIy4ae, KOTJA SHEPre-
THYECKOe pacCTosiHe Mexkjry yposHsimu Jlangay 2upH MeHbIIE TemioBoii
sueprun k7T HaMArHUYEHHOCTH 3JIEKTPOHHOIO Ta3a B MeTaJjjle eCTh BO3Pac-
Taonasn PyHKINs HANPSAXKCHHOCTY MAarHUTHOrO 110Js H:

Jo  3ET
O6J1acTh HU3KUX TEMIIEPATYP

PaccmoTpuMm moBejienne 3/IeKTPOHHOTO Ta3a Mpu abCOJTIOTHOM HYJIe TeM-
nepaTypbl. B aTom ciyuae

Q= -3 325 [ O W) - Wd,

—00

s, n=0

rje
1 mpu x >0,
0 mpu z < 0.

O(z) = {
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[Tocsie BbITIOJTHEHUST CYMMUPOBAHUS 110 S, 1OJIyYaeM

V2mp

VeH
A=-——3 / (1t — p2/2m)dp.+
c
—/2mpu
2m(p—2ppHn)
+2Y 00 - 2untn) [ = 2t - 2wy |
=l —~/2m(p—2pupHn)
HO
2 3/2
2(2m
/ (1~ 2 f2m)dp, = 2B
—/2my
CurenoBaresbHoO,

2VeH 3/2 - 3/2
Q= {[Qmu] +2) [2m(u — 2pupHn)*O (1 — 2upHn) 5 .

n=1

Bsejiem B paccmorpenune QpyHKINIO

Ry (z) = az® ' + 2a Z(az —2n)*'O(x — 2n),
n=1
rie v = u/pupH.
Torma
4VeH®/? 2/
U= - —(2mpus) PRy o(x),
AVeH?3/? ,
N = W(2m)3/2(MB)1/2(R5/2($))1;7
J  2eHY: ., 2 :
X = T~ 12em (2m) / (35/2(@ - g$(35/2($))x)-
OueBwuHO,
dRa(.%') a—2 - a—2
S =ala— 1" +2 ;(gg —2n)* 20 (z — 2n)]+

+2a Z(CE —2n)""1§(z — 2n),

n=1
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rie d(x) - geabra-dynkims Hupaka. OTciona BUJHO, 9TO Mpw JHOObIX @ > 1
u x # 21, e [ - 1esoe moJoKUTENLHOE TUCI0, UMEET MECTO

dR,(x)
dr = aRafl(x)a

Ho mpu a < 1 npousBojnast byuknun R,(x) obpaimaercs B 66CKOHETHOCTD
B Toukax © = 2[, a cama R,(Z) UCIOBITBIBAET B ITUX TOUYKAX CKAIKU - KO-
Heunble pu @ > 1 u Geckoneunnle nipu a < 1. Ha arom ocnosanum MOXKHO
OXKHUJATD, 9T0 DyHKIMH Rj/9(x) 1 Ry)s(r), BXOAdANMe B Bhpaskenus A [N
1 X, OyJIyT OCIMJIMPYIONIMMHI, [IO9TOMY 3aBUCUMOCTL Y 0T H Oyner Takxke
VMETh OCHUJIIMPYIONIUiT XapakTep.

Teopus 381371 "6eabIX KapJIMKOB”

Actponomus siBisieTcst HaOJOaTeIbHON Haykoii. [lokosennst acTpomHo-
MOB KPOIOT/JIMBO COOUPAJIM OI'POMHBIN MaTepuaJl, Kacaloluics caMbiX pas-
HOOOPAa3HbIX XapaKTEePUCTUK 3Bi3jl. V3-3a TOro, 4ro 3BI3jbI HAXOJATCH OT
HAC OYeHb JIAJIeKO, OHU, 33 OYeHb PEJKUM HMCKJIIOUYeHUEM, HAOJIOTAI0TCI KaK
"toueunpie" ncTOUHMKHN M3IyUenus. BeeacTBre 9TOro acTpOHOMDI ONPAHN-
YEHbI B KOJIMUECTBE HADJII0JIaEMbIX 11apaMeTpOB, XapaKTepU3yIOlnX 3BE3/1Y.

OiHO#t M3 TaKMX XapaKTEePUCTUK SIBJISIETCST TIOTOK M3JIydeHusi I oT 3Be3 bl
B BUJINMOM yYacTKe creKTpa. Mepoil BeTnInHbl TOTOKA ABJSETCS BUIUMAS
3BI3/IHAST BEJIMIWHA M. 3HAsT PA3HOCTH 3BI3IHBIX BEJTUIUH JABYX 3BI3]1, MOXKHO
HaWTH OTHOINEHWE MOTOKOB OT HUX [F}/Fh, eciim BOCIONB30BATHCS MPOCTOM
dopmy.oii:

my —my = 2,5lg(F1/Fy).
CosHile mMeeT BU3YaJbHYIO 3BE3JIHYIO BEJIMUUHY M = —20,73, a MOTOK
nznydenusa or CosrHIla

Fo =1,37-10%pr/cu - cex.

[Torox wm3aydeHusi (COOTBETCTBEHHO, 3BE3/IHAS BEJIMUNHA) 3ABHCHT KAK OT
CBETUMOCTHU 3BE3JIbI, TAK U OT PACCTOSHUS JIO Hel, IO3TOMY, UTOObI CpaBHU-
BaTh 3BI3/IbI MEXK/y C000i, HEOOXOIMMO MOCTaBUTH MX Ha OJMHAKOBOE pac-
crostare. B acTpoOHOMMYM BBOUTCS TOHSATHE A0COIOTHON 3BI3/IHON BEJIMIMHEI.
OTO Ta BeJUUMHA, KOTOPYIO UMeJia Obl MHTEpecyolasa Hac 3Be3/a, eCau Obl
paccTosinue Jio Hel ObLIo Obl paBHO CTaHJApPTHOMY 3HaueHHi0 10 mapcex

(1 napcex = 3,0856 - 1018 cm).

W ckmounTeibHO OOraTyio HHMOPMAIIUIO JAIT U3yUeHHe CIIeKTPOB 3BI3/] 1
pacrpejieieHne U3Jay9IaeMoii SHepruu 1o JiuHaM BoJiH (1o wacrore). Pac-
peJie/ieHne M3JIy9aeMOil SHePIrun ONpe IieisieT BUIUMbI I[BET 3Be3/Ibl U TeM-
epaTypy BePXHUX CJ0eB 3Be3jibl. CHeKTPhI MOJaBJISIONEr0 OOJILIMTHHCTBA
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3BI3J1 pasjesieHbl Ha Kjacchl, oboznadaembie OykBamu O, B, A, F, G, K,
M. Topsiune 3BI3JbI ClIeKTpaJbHBIX KaaccoB O u B uMeT rojiyooil nBeT u
remnepaTypy ot 45000 K o 15000 K; 3Be3mnl, cxojaubie ¢ HamuM CoJiHieM
(ksace G), MPEJCTABIAIOTCSA KeJThiMU U uMetoT Temreparypy 6000 - 5700
K; 3Bi3/p1 ke criekrpasibibix kiaaccoB K u M - xpacubie (5200 - 2500 K).

B mauaJie Hamero crosieTusi BBIJAIOIMIMECS aCTPOHOMBI JaTdaHuH lepir-
MITIPYHT W amMepuKaHer Peccesl yCTaHOBUJIM 3aBUCHMOCTH MEXK]Iy CBETHMO-
CTBIO 3Be3/IbI (aOCOTIOTHO 3BE3/IHO BEJIMUNHOMN) W CTIEKTPATHHBIM KJIACCOM
3Be3ib! (€1 1BeroM). Eciin HanecTn qantble HAOIIOMCHNUI HA THATDAMMY, Y KO-
TOPOI TI0 OCH aDCIMCC OTIIOKEHbI CHIEKTPBI 3BI3/1 (MJIM COOTBETCTBYIOIINE UM
IBeTa 3Be3J] OT rojiyboro K KpacHOMY), a MO OCH OPJIMHAT - UX CBETUMOCTH
(nm abCoONOTHDBIE 3BI3HBIC BEJIMYUHBI), TO GOJBITHHCTBO 3Bi3JI MOMAJET B
HEKOTOPYIO MOJIOCY, NMEHYEMYIO NIABHOH MOC/IeI0BATeIbHOCTHIO (JinarpaMma
Peprmmnpynra-Peccena). CyiectBytor, ofiHaKo, 3BI3/Ibl, HEe MONAIA0IINE HA
IJIaBHYIO TI0CJIE/I0BATE/IbHOCTD. VIMEI0TCs TaK Ha3bIBaeMble KPACHBIE TUTAHTBI
- AHOMAJILHO SIPKHUE JIJIST CBOEIr0 KJIACCa; NMEIOTCS TaKxKe "Oesble KapJnKu',
HEHOPMAaJILHO TYCKJIbIE JIJisi ¢cBoero Oesioro npera. Kak ObLIO yCTaHOBJIEHO B
pesyJibTare 0co00 TOYHBIX U3MEPEHUI, HeJOCTATOUHAA IPKOCTh 00bICHSIETCSI
X MAJILIMU JIMHEHHLIMH pas3MepaMu: HO-BAIAMOMY, "Oesible KapjJuKd Hau-
MEHbIINE U3 U3BECTHBLIX HaM 3Be31. x auamerpnl uamepsitorces ot 50 000 kM
(ciyrruk Cupmyca ) 10
1400 k™ (3Be3a Byubd 457) npu macce, 6iuskoii kK macce Coutaia. Cpejiaue
IUIOTHOCTH 9THUX 3BI3][ 3aK/0UeHbl B npejenax 4 - 104 —7-10% ¢ / cm®. Pazy-
MEETCsT, TJIOTHOCTH B IEHTPE 3BE3/Ibl rOPa3 0 O0JIbINe U MOTYT JIOCTUTAThH
10 r/em?. Hamomunm, aro macca Comnma - 1,989 - 103 r, cpexnss mior-
nocthb 1,409r/cm?, a cpennnit paguyc 3emn coctapisger 6 370 KM,

Ananms crekTpa 9TUX 3Be3J1 YKa3bIBAET, UTO Y HUX 3alac BOIOpo/a (TiaBs-
HOTO UCTOYHUKA SHEPIUH 3BI3]1), y2Ke UCUEePIaH, U OHU B OCHOBHOM COCTOSIT U3
resinsi. CBeTUMOCTH ODYC/IOBIEHA TPABUTAIIMOHHON SHEPTHEH, 0CBODOXK a0
eficst Ipu MeJIJIEHHOM CyKaTUH 3Be3J1bl. 110-BUIMMOMY, 9TH 3BI3/bI JOCTHUIIIN
KOHEUHOI'O 9Talla SBOJIIOINUH 3BI3/IL.

Buepsnbie noBejienre Takux 3Bi3/1 u3ydaJs acrpodusnk HaHapacekap.

Pacemorpum njeanmsnpoBannyo MOes b HeBpalaonerocs 'oesoro kapyinka"
Ha OCHOBE CJIEJIYIOIINX XapaKTePUCTHUK:

- COCTaB: B OCHOBHOM T€JINI;

- moTHOCTE: & 107r/em® ~ 107 pg;

- Macca: ~ 10331 ~ 1M;

- BHYTpeHHsAA TeMueparypa: ~ 10°K ~ Tp,
rjie CUMBOJI (O 00O3HAYaeT BeJUUINHDLI, OTHOCsIecss K CoJrHILy.
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Hunarpamma 'epmmmpynra-Peccena s 3Bi3/1 ¢ M3BECTHBIMU PACCTOTHUAMU

Bimsinwe Bpalenust 3Be31bI Ha €1 yCTOWINBOCTH PACCMOTPEHO B paboTax
Yangpacekapa (Yangpacekap C. Duuunconsaibibie GUrypbl paBHOBECHS.
M.: Mup, 1973).

Taxum obpaszom, "Gempiit kKapauk" mpegcTaBsier cOOO rennit, HAXOs-
Huiicst TpU Ype3BbIYaiiHO BLICOKOI TeMIiepaType 1 orpoMHOM jiaBjennu. [To-
9TOMY 3JIEKTPOHHBIE ODOJIOUKHU TIOJHOCTBIO CMSIThI U JIEKTPOHBI STBJISTIOT-
¢Sl KOJIJIEKTUBHBIMU. VIHBIMU CJIOBaMHU, JEKTPOHBI B 3Be3/1e M3-3a OOJIBIION
IJIOTHOCTU 00Pa3yoT ujeasibHbIil (pepMu-ra3 ¢ mja0THOCThIO

N, 6-10% 1
=107 —— ~1,25-10%—
V 4 ’ cm?
n ummnyiabcom Pepmn
AN

pr =h v %3,51-10_7F-CM/C,
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KOTOPBIl HA HECKOJILKO TTOPSIJIKOB ITPEBOCXOAUT UMITYJIHC KOMITTOHA J1J1s1 9J1€K-
TpoHa pp = mc ~ 2,7 - 10711 - cu /c. Ha 9TOM OCHOBaHUY MOXKHO CUUTATH
JIEKTPOHHDIN T'a3 peJITUBUCTCKUAM M MMPOBOJIUTDL BCE pacdeThl Ha OCHOBAHUM
peJIITUBUCTCKON MexaHuku. Temneparypa Pepmu

Tr = c(y/m2c2 + p% — me) [k = 7- 10K

3HAYUTEJILHO BBLITIE TeMIepaTypbl 3BE3]IbI (1O7K ), MO3ITOMY, HECMOTDsI Ha
BBICOKYIO TeMIIEPaTypy 3Be3/Ibl, JIEKTPOHHDBIA a3 B HEil B BLICOKOI CTEleHN
BBIPOXKJIEH U BeJIT ceOs1 KaK OOBbIKHOBEHHDIN 3JIEKTPOHHBII ra3 npu abCOJII0T-
HOM HYyJIe TeMTepaTyphl.

[Tonnast sHeprus 3JeKTPOHHOI'O ra3a MOXKeT ObITh 3alliCcaHa

3SM M,

U= Z m2ct + p2c? — )

p<pr

rie M, = mN - macca sjekrponsoro raza, M = M, + myg.N/2 - macca
3Bes/inl, R - pajuyc 3Bessipl, N - 4ncio sjaexTponos, V = 41 R3/3 - 06bim
3BE3/Ibl, Mg, - MACCA ATOMa, T'eJINs.

[IepeiigiM oT cyMMHUPOBaHUS IO UMITYJIHCAM K MHTEIPUPOBAHHIO

8tV 3]\4]\7,e
A ™ / m2c4+p02p2dp s 5

OJIEKTPOHHBII ra3 B 3Be3jie Oy/IeT HAXOJUThCs B PABHOBECUU, €CJIM SHEPIUs
ero OyJieT MUHUMAJIbHA, T.€.

ou
oV

Orcioa mocje HeCJ0XKHBIX, HO TPOMO3JIKAX MaTeMaTHYeCKuX Ipeodpas3oBa-

= 0.

HUN IOy YUM

23,
/\/1+x2 \/1+JJF+AN2/3£U =0, (60)

rie
Opr _ lpr ORT_ 1 1
oV 3V’ oV 3pA 92/35F

1 BBEJICHO 00O3HAYEHNE

T P T _Pr A= 3 M
me T F T me’ 5-22/37 hc
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Samernm, 9TO WHTErpaJ paBeH

TR
1

/\/1+a:2 $2d£13:%(21‘%4—1)\/1+$%+§1D(\/1+$%—I'F),

0

B 9TOM CJIy4da€ 1IOoJIy4daeM

2 1
%(1 - gm%‘)\/l—}_ﬂ:%—}_gln(\/l + 2% — xp) + AN?Bz} = 0,

OTO ypaBHEHHUE I03BOJISIET HAMTU IIPU PABHOBECUU CBA3bL MexXy Tp 1 N, T.e.
Mexk 1y oobiMoMm V' u maccoit M 3Be3Jibl, eciu IepernucaTh 3T0 ypaBHEHUE B

1 2 1
@(1—gx%)\/l‘Fl'%—f—gln(\/l—i—x%—ZL’F)+A/M2/3:O,
F

F

BUJIE

3J1eCh Macca 1 00bIM 3Be3/Ibl BhIpaXKeHbl B IUHAIIAX Macchl 1 00bima CorH-

1a,
A/ _ A . 2M®

mpge
zp = B(M/V)'?,

B o h 67'(-2M® 1/3
 mec \myVs '

[Ipoanayin3upoBarh peleHue JaHHOIO YpaBHEHHsI B O0IIEeM ciydae J0BOJILHO
CJIOXKHO, TIO9TOMY PACCMOTPUM TOJIHKO JIBa TpeJeJbHbIX caydas: rp < 1 n

rp > 1.
1 2 1
—8:1:%(1 — gx%)\/1+x%+ ey In(y/14 2% —ap) =

F

1
) Rt mpn rp <K 1,
= 1 —2
—5(1—2,"+---) mpu xp>1.
I. Hepensitusucrckuit ciydait xp < 1.
[TockoJIbKY Tp MaJio, TO MOXKHO 3alucaTh

zp ~ 15A M3,

nJjn
M?3 1

(VM3 ~ (15471,
. B( ) (15A°)

Orcrona
MYV = const.
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CrefoBaresibHO, TIPU YBEJIUIEHNN MaCChl 3Be3bl €1 00bIM YMEHbITAeTCs.
II. ¥YnpTpapendaruBucTckuii caydai rp > 1.
B sTom ciyuae MOXKHO 3amnucaTh

1 — a2~ 124 M3,

~3/2

orcioyia BuHO, uro tipu M = My = (12A) BEJIMUNHA Tp 00pallaercs B

OECKOHEYHOCTh, YTO BO3MOXKHO TOJILKO 11pu V' = 0.
I[Ipu M < My nmeem

v~ MBY [1 - (M) v

13 niostyuernoro Buiparkenns ciaejyer, ato npu M = M o0bim 3Be3 1161 00pa-
1aeTcst B HyJib, a 1pu ooJibiux M cucrema yxe Oyjer neycroitunba. Pusu-
yecKas IIPUINHA 9TOr0 COCTOUT B TOM, YTO €CJIM MACCa IIPEBOCXOIUT HEKOTO-
PYIO BEJIMUNHY, TO yKe HEJOCTATOUHO JIaBJIEHNUsI, BO3HUKAIOIIETO BCJIEICTBUE
npuniuna [layau, 9To0h TPOTUBOCTOSTH TPABUTAITMOHHBIM CHUJIAM CXKATHSI.

Taxum oOpasoM, 3Be3/1a MOXKET CTaTh '"OeJbIM KapJuKoM' TOJHKO B TOM
cliydae, ecau el Macca He npepocxogut maccy My ~ 1,4 M, n3BecTHyIO 110
Ha3BaHUEM TIpejiesia JaHapocekapa. DTOT BBIBOJ, MOJATBEPKIAETCS aCTPOHO-
MUYECKUMU HAOJIOICHUSIMU.

4. IIpocreiiinme cucTeMbl CBOOOTHBIX 003€-9aCTHI]

Kaxk 6b1710 TOKa3aHo panee, YaCTUIIBI C TIEJIBIM CITMHOM MOTIMHAIOTCA CTa-
TucTuke boze, T.e. K 003e-4acTuIaM JIOJXKHBI OTHOCUTHCS: POTOHBI, (POHOHDI,
POTOHBI B YKHJIKOM TeJIMH W caMy aToMbl *H e, eciii TOIbKO Tperebpednb B3a-
UMOJIEHCTBUEM MEXKTY HUMHU.

DOoTOHBI

Pacemorpum paBHOBECHOE COCTOSIHME 3JIEKTPOMATHATHOIO U3JIyY€HHsI, 38~
KJIIOYEHHOI'O B HEKOTOPYIO 10JI0CTh 00 bemom V' nipu temneparype 1. Takyio
CHCTeMY WHOTJA HA3BIBAIOT "abCOIOTHO YepHbIM TeaoM'. [IpakTuuecku Ta-
KOI cHCTeMOit MOXKeT ObITh IOJIOCTh B HATPETOM JI0 HEKOTOPO#l TeMIIepaTyphbl
Tejie. ATOMBI CTEHOK TIOJIOCTH TTOCTOSTHHO TTOTJIOIIAIOT W UCITYCKAIOT 3JIEKTPO-
MarHUTHOE MU3JIyUeHUe, TaK YTO B COCTOSIHUN PABHOBECHSI B MOJIOCTH JIOJXKHO
OBITH HEKOTOPOE KOJIMIECTBO 3JEKTPOMATHUTHOI'O U3JIyUeHus U OoJiee HUUe-
ro. Ecin mosiocth 10cTaTouHO BEJINKa, TO TePMOJIMHAMIIECKUEe CBOHCTBA N3~
JIyUeHHsl B TIOJIOCTH HE JIOJIKHBI 3aBUCETH OT MPUPOJIbI ¢CTeHOK. Kak n3pecTHo
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N3 JJICKTPOJWMHAMMWKU, II0JIC M3JIYyI€HHsA B BaKyyMe€ OIIMCbBIBACTCA BOJTHOBBLIM
YpaBHEHHUEM BHIA

~  10°E
V2E — — 5 = 0
2 0%t
3nech C' - cKOPOCTH CBeTa B BaKyyMe, F - HANPsI)KEHHOCTh 3JIEKTPHUIECKOTO
II0JISI B 3JIEKTPOMATHUTHOM BOJIHE.
Paznarasa nmone E B pan Oypbe, TOTyInM, UTO 9TO yYpaBHEHUE CBOIUTCS
K YPaBHEHUIO MPOCTOTO MAPMOHUYECKOTO OCHUJLIATOPA. dacTora KoJiebaHuii

OCIMJLJIAATOPA paBHA

—

rjie k - BOJHOBOII BEKTOD.
Taxum obpazoM, 1oJjie U3JaydeHnsl MOXKHO IPEJICTaBUThL HAOOPOM IIPOCTHIX
rapMOHUYECKNAX OCHUJLISTOPOB C JUCKPETHBIM CIEKTPOM YaCTOT.
B kBaHTOBOI MexXaHMKE KaXKbIil OCHUJLISITOD C YaCTOTON W MOXKET UMETh
TOJIBKO Cjtefiytornue 3uadenus suepruu w(n + 1/2), tnen =0,1,2,3, .. ..
OTO NPUBOJUT K IIPEJCTaBICHUI0 0 (POTOHAX KAK O KBAHTAX 3JIEKTPOMAr-
HUTHOTO T0JIs1. UHCI0 N MOXKHO pacCMaTpUBaTh Kak 9rCI0 (DOTOHOB JIaHHOM
JACTOTHI.
Taxum obpazoMm, GpoToH 00J1a/1aeT CJIeIYIONIUMEI CBOCTBaAMU:
Oueprus F = hw,
UMITYJIBC P = ﬁ]g,
BekTOp nosstpusamn &, | &= 1, (k&) = 0,
3akoH jucnepenn B = c | p|,

Macca oKosi pOoTOHA paBHA HYJI0 Mgy = 0.

BenencrBue TOro 4Tto aToMbl CTEHOK MOTYT IIOLJIONMIATH U UCIYCKATb (PO-
TOHBI, YUCJI0 (POTOHOB B MOJIOCTH HE sIBJsSIeTCsT MOCTOAHHBIM. Cucrema, Oyier
HaXOJIUThCsI B TEPMOIMHAMIYECKOM paBHOBECHH, €CJIH ITOTeHIra ) ['nbbca Oy-
JleT MUHUMAaJIeH, T.e.

oG
on "
Orciofa ancio (pOTOHOB € UMITYIBCOM P HE3aBUCUMO OT TIOJISTPU3AINN 3a-
Jlaercst (hopmyJIoit

= 0.

1

”(@:Wa
erwr — 1

rie k - nocrosinnasi bBosibnimana, 1" - TemnepaTypa.
CymMmapHas sHeprus 3Tux (pOTOHOB

() — 2

e r — 1
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BoipexkeMm B cTeHKe OTBepcTHe eauHu4HO# 1ioma . [lockosbky (hoToHbBI
JIBU2KYTCSI CO CKOPOCTBIO CBETA, ¢, TO SHEPTHUsl, IePEHOCUMAast STUMHU (POTOHAMMU
B OJIHY CEKYHJIy depe3 OTBePCThe eIUHUYIHON TJI0Ma 1, PaBHa

_ 2chw(p)n(p)
% .

[TosHas sHEprus, BbITEKaONMasd B OJHY CEKYHIY C €IUHUIHON ILJIOMIAIKH,

W(p)

onpejieurcst cymmupoaruem W (p) no ummysibcam (hOTOHOB

W=> W(p).

[Tepexojisi OT cyMMUPOBaHUS K MHTEIPUPOBAHUIO 110 UMITYJIbCAM, TOJIYYUM

87Tc/ hepdp h / w3dw
W = hc = hw °
h3 et —1 wr) e —1
0 0
WNuaTerpat
/ r3dx B 2
et —1 15

0
IIO3TOMY

W 7r2(k:T)4.

15h3¢2

91O BhIpaXKeHne u3BecTHo Kak 3akon Credana - Bosibiimana.
DopMysTy MOXKHO 3aITUCATH B BUJIE

W:/p(w,T)dw,
0

rie
h w?

hw °
w2 et — 1

p =
910 n3pectHas ¢popmyia [lnanka, garoinas pacipe/eseHie 31y YaeMoi SHep-
I'UU 110 9acToTaM w Tpu Temieparype 1.

DOHOHBI

DOHOHBI MPEJICTABJIAIOT COOON KBAHTHI TTOJIsI KOJICOAHW aTOMOB, MOJIEKY.T,
ATOMHBIX OCTATKOB 3BYKOBBIX BOJTH B TBEPJILIX TeJaX W XKUIKOCTIX. TeopeTn-
yecku (POHOHBI BBOJISITCsI COBEPITIEHHO TaK »Ke, KaK (DOTOHbBI 11PU KBAHTOBAHUK
JIEKTPOMATHUTHOTO TOJIA.
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Pajiu npocroThl paccMoTpuM KoJsiebaHust TBEpJOro TeJsa. Kro cocrosinue,
COOTBETCTBYIOIIEE HAJUIUIO OJTHOTO (POHOHA, COOTBETCTBYET TJIOCKON BOJIHE
nedpopMaliy, 3aIMCcaHHol B BUJIE

A’e—i(wt—ﬁf&).
31ech w n k - qacToTa M BOJHOBOI BEKTOD BOJIHBI, A - e aMIummMTyaa, t -
BpEMsI, T - PAJINyC-BEKTOD PACCMATPUBAEMON TOUYKH TTPOCTPAHCTBA.

Cornacuo runorese jie Bpoiiist, Kaxk0i MI0CKOI BOJIHE MOXKHO ITOCTABATH
B COOTBETCTBHE YACTHUILY C dHEPrueil € = Aw 1 UMIYJILCOM P = hk. B JAHHOM
caydae TaKoi JacTurei saBisgercs (pOHOH.

CymectByeT nBa Bujia (POHOHOB: aKyCTUUECKHE U OINTUIYECKHE. Y aKyCTH-
yeckux (POHOHOB YaCTOTa W OOpaIIAeTCs B HYJIb 1IPU k= 0, onu OTBETCTBEH-
HBI 38 PaCpoCTpaHeHne 3ByKa B Tejie, y ONTHIecKrX GOHOHOB - w # 0 npn
k= 0, oHM OTBETCTBEHHDI 3a MU3JyUeHHe U TOIJIONEeHUe CBeTa TBIPALIM Te-
JioM. [TockoJibKy 9HEprun onTUIeCKuX (POHOHOB OOJIBIINE, TO STHX (POHOHOB
B TBEPJIOM TeJe HEMHOrO, OHM JAI0T HUYTOXKHO MaJiblii BKJI&J B TEIJIOBbIC
CBOICTBA TBEPJIOTO TeJia 110 CPABHEHUIO C BKJAJOM OT aKyCTHUECKHX (POHO-
HOB. B cBo10 ouepenb, ecnu paccMaTpuBaeMOe TBIPAOE TEJIO U30TPOIHO, TO
CpeJii aKyCTUIeCKUX (POHOHOB MOXKHO BBIJICJUTH BETBb MPOJIOJIbHBIX KOJieha-
nuit A | kn JIBE CJIMBIIINECS BETBU TOIEPEYHbIX KOJiebaHmii A L k. Honmas
SHEPI'Usl TEIJIOBBIX KOJeOaHui TBIP/IOro Tejia CKJaIbiBaeTCsd U3 CYMMBI SHEP-
Uil TPOJIOJILHBIX U HOIEPEIHBbIX (POHOHOB:

U= Z - 22 - (61)

_,ekT—l -»ekT—l

371ech yUTEHO, 9TO (POHOHBI SBJIAIOTCS OO30HAMM, UX UUCJIO €CTh BEJIUUNHA
nepeMeHHasi, TTO9TOMY XUMUYECKUil TTOTEHINA [ PABEH HYJIIO.

B obmem ciiydae 3aBUCUMOCTb YaCTOTHI MPOJOJBHBIX W; ¥ IONEPEUHBIX
KOJIeOaHW W; OT BOJTHOBOT'O BEKTOPA k HOCUT CIOYKHDIT XapakTrep, HO eCJn
yUIeCTh, UYTO NPKA HE OUEHb BBICOKMX TeMIleparypax BO30y»K1ai0Tcsi (POHOHDI
¢ MAJIBIMHU SHEPTUSIMHU, TO MOXKEM IPUHATH HPOCTYIO 3aBUCUMOCTD:

wl(lg) = Wk,

wi(k) = wr,

CIIPABE/INBYIO BILIOTH JI0 HEKOTOPOTO 3HAYEHUS TACTOT Wiyq, (TPUOIIHIKEHTE
Hebast). u; v uy - HEKOTOPbIE MOCTOSIHHBIE, OTIpe/ieJsitoline (hasoByt0 CKOPOCTh
IIPOJIOJIbHBIX U MONEPEUHBIX KOJIeDaHui, K - MOJIYJ/Ib BeKTOpa k.
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[Tepexosist or cymmupoBanust 1o k K wHTerpupoBanuto B (61), mosydaem

Rimax Rtmax

47V / hukdk 8V / huikdk

l] = UK _F
(2m) ) e -1 (27)°

huyk
et — 1

Biiech Ky, K¢ - IpejieJibHbIe 3HAYEHKsT BOJHOBOIO BEKTODA JIJIsi TIPOJIOJIbHBIX
v nonepedrbix Kosebanuii. CjenaB 3aMeHy NepeMEHHBbIX B MHTErpajax t =
huk /kT w BBesis oboznauenue 1/ul +2/uf = 3/u* u hwyar/k = Tp, Moxkem
3aIUCATh

U:

Tp/T
3rV (kT)! / t3dt

223 h3 et —1°
0

Beeaivm dyuKImMIO

T

3 13dt
m@—;/é_r
0

KOoTOpas B objiacTi MajbliX & << 1 1 OoJbIIuX & >> 1 MOXKeT OBbITH Ipe/I-

CTaBJICHa B BUJIE:

1——:15—!— x + - r<<l1,
5x3 +0(e ) r>> 1.

G(x) = {

Orcrona
. V(KTp)* T G(TD V(KIp)* T | 1 -3 +- T >> Tp,
2 Ip T 272 Ip | S+ T <<Tp
TernoiMKOCTh TIPU MOCTOSIHHOM O0'bIMe
o U _ V(KTp) 1— A’y T>>Ty,
Y 8T 27T2ﬂ3h3 %%34_... T << TD-

[Ipu T' — oo mosyuenHHoe 3HAYEHKE JOJKHO COBIAJATH CO 3HAUYCHHUEM, II0-
JydaeMbIM B paMKax KJaccudeckoii cratucruku (¢ 3akonom osmonra-ITtn)
C, = 3Nk, orciona ciemyer, 9To
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OKCIepUMEHTAIbHBbIE 3HAUEHNUs] TEIJIOIMKOCTH JIJIsi OOJIBITUHCTBA TBEPIBLIX
TeJT XOPOIIIO JIOKATCS Ha Teoperndeckyto 3apucumocts C, = C,(T), ogHaKo
MIOCKOJIBKY TIOTHOCTH N/V' ¥ CKOPOCTH 3BYKa U; W U 3ABUCAT OT TeMIIepa-
Typhi, TO Temueparypa Hebast Tp ciiabo, HO MeHsieTCsI ¢ TeMIepaTypoi.

PorTonnbl

B 1941 rony JI.[. Jlangay oObsicHII HEOOBIMHBIE CBOWCTBA CBEPXTEKYYET0
TeJTusT BUJIOM €r0 9HEPreTU4IecKoro crnekrpa. OCHOBBIBasCh Ha TOM OOCTOSsI-
TeJBCTBE, UTO cBepxTeKyunit reqmit (Hell) Heqb3st cauTaTh ra30oM W B TO
JKe BpeMsl €ro TelJIOEMKOCTDb TP HU3KUX TeMIepaTypax MpOmopINOHaIbHA,
T3, Jlanay BbicKa3aJl npenooxKenne o cymecrsopanny B Hell GponoHHBIX
BO30OYyX)eHuit. DOHOHHAS YACTh CIEKTPa ONPEJIEsIeTCS BhIpayKeHUeM

e(p) =cp, npu p << po,

rj7ie ¢ - CKOpoCTh 3ByKa. IIpm OoJiee BBICOKMX TeMIlepaTypax B CBEPXTEKY-
YeM IeJIMA MOI'YT CYIeCTBOBAThH BUXPEBBIE JIBUXKEHUsT HEOOJIBIINX CKOILICHUI
aToOMOB Tesius. Jlanjiay paccmaTpuBall Takue JIBUYKEHUS KaK dJieMEHTapHbIe
BO30Y>K/IEHUs - POTOHBI ¥ BBEJI JIJIsi HUX SHEPIreTUUYECKUi CIIeKTD, 10/I00HbI
CIIEKTPY CBOOOJIHBIX TACTHIIL;

(= po)*

e(p) =A+ Gy

s P~ Po-

Poron noxork Ha Kjaaccmueckoe KOJIbIO JbiMa. MMmeercs, ogHako, ogHO OT-

151 *
** xox *
* **
H10L * K g B
Eﬁ
5 SL
O /
T /
CD 0/ N

| | | |
05 10 1,5 20

Nmnyane, A~1

ncnepcronnas 3aBUCUMOCTD

Jimare. JIbIMOBOE KOJIBIIO CXKMMAETCsI, a POTOH MOKOUTCHA. PoroHHast u ¢o-
HOHHAsl YaCTU SHEPreTUIYECKOI'O CIEKTPA OKA3bIBAIOTCS CBA3AHHBIMU MEXKJIY
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coboit. Ha pucynke npuBejieH sHEepreTuiecknii ClieKTp BO30YKJIEHUST CBEPX-
TEKy4ero rejivs, OnpeeJIIHHBIN 10 pe3yJabTaTaM HUCCIeJ0BaHU HEYIPYyroro
paccedauud HEUTPOHOB.

st Tpex nmapamMeTpoB HailJIleHbl CJIeAYIOINe 3HAYCHUsT

P (1,924+0,01)A7",

— = (8.65%0,04)K,

m* = (0,16 £ 0,01)m ..

V3-3a B3anMOmeicTBIsST MeXKLy POTOHAMMY IUPHUHA I A 3aBUCHT OT TE€M-
nepaTyphbl

A

- = (8,65 —0,0084 - TN K,

HOSTOMy POTOHHAasI BETBDL cymeCTByeT TOJIBKO B O6JIaCTI/I HU3KUX TeMHepaTyp.
[TockoJIbKYy 4KCJIO POTOHOB MEPEMEHHOE M 3aBUCUT OT TEMIEPaTypPhl, TO

xumuueckuit morennuana p = 0. CpeHee YnCI0 POTOHOB PaBHO

(0.¢]

1) s Tty
Nrot = 13 eprT ppo))_lN B3 p P~

* 1/2,.2
(2m)32h?
3nech yureno, auto A >> kT u py >> (Qm*kT)l/ 2 mpefesbl HHTETPUPOBa-

HHUsI PACIPOCTPAHEHBI JI0 OECKOHEUHOCTH.
Poronnblit BKJIa1 B TEIJIOEMKOCTh T'€JIMsl SKCIOHEHIINAJIHHO MaJ ¥ PaBeH

A A,
+ o7+ G

DTOT pe3yJibTaT COIVIaCy€TCA C IKCIEPHUMEHTOM.

CVrot ~ kNrot[
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Konnencamusa Bbo3ze-Diinmireiina

PaccmoTpuM Tenepb miaeabHbIN 003e-ra3, YacTUIIBI KOTOPOTO UMEIOT OT-
JIMYHYIO OT HYJIA MaCCy MOKOs 1My, HYJEBOI CIIUH U TIPOCTOI 3aKOH JUCTIEPCUN

2

E(p) = Z—mo

B sroM ciyuae ypaBHEHHE COCTOSIHUSI I'a3a MOXKET ObITh IPEeJICTaBIeHO B Ia-
pameTrpuueckoii (popme:

i o
rje 2 = e, 4 - XUMUYECKUH TTOTeHIraI.
Crenaem mpejienbHbI mepexon V' — 00, KOrja CIeKTP SHeprum Oyjer
CILIONIHBIM, TOT/Ia MOXKHO IEePEeiTH OT CYMMHUPOBAHUS IO P K UHTEIPHPOBA-
HUIO TI0 P:

P AT [ e ey, (- 2)
T = T3 /p In(l— ze )dp T
0

o

Ly T
V h3 P

[Ipn z — 0 nocjejgHue YjaeHbl CTPEMATCH K OECKOHEYHOCTH, TTOITOMY MU
HeJb3s TpeHeOperaTh. B nHTerpasax ciaenaeM 3aMeHy IepeMeHHbBIX

2

L
Qmol{?T
1 0003HAYNM .
4 2
—ﬁ/x%n(l —ze " )dr = g59(2), (62)
0

2
2 ler® — 1

/ T = 93/2(2)7 (63)

Sy =

TOTJIA TIOJTydaeM
1 In(l—2)

T ﬁ%/z(z) I VN (64)
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N 1 1 1

v = e Ty Ty
rie A = h/v/2mmokT - rerioBas jyinaa BosiHbl jie Bpoiiis. Mex iy ¢yHk-
UAME g5/9(2) 1 g3/2(2) umeercs cBA3b

(65)

0
93/2(Z) = Z%(Z),

obe (byHKIUE ABIAIOTCA MOHOTOHHO BO3PACTAIONUME OT HYJA JIO gs5/o(1)
g3/2(1) coorBercTBenHo.

IIpn z < 1
0 Zl
95/2(2) = Zm,
=1
S
z
g3/2(2) = Z 132

=1

1

Bripaxenue (271 — 1)71 = Ny npejicrasisger coboio 9UCI0 YaCTHIL B COCTO-

SAHNUN C HYJIEBBIM MMITYJILCOM, ITO3TOMY

No N 1
v = v ngs/z(z)- (66)
JleBast yacTh Beerja moJioXKuTeabHa U pu V' — o0 Oy/IeT ocTaBaThCsi KOHEY-
HOWM, eCJin
AN
v > g3/2(1). (67)

DTO 3HAYNT, 9TO KOHEUHAsT J0JIsI BCEX YaCcTHIl 3aHUMaeT ypoBeHb ¢ p = 0. D10
sIBJICHIE M3BECTHO TI0J Ha3BaHWeM KOHeHcaluun bose - Ditnmmreiina. Ycio-
Bre (67) onpejesisieT MOAPOCTPAHCTBO B TepMouHaMuieckoM p — 1 /v — T-
IPOCTPAHCTBE MJIeaJbHOrO H03e-Ta3a, COOTBETCTBYIONIEE TEePEeXOaHOM 0bJia-
CTH, B KOTOPO# IPOUCXONUT KOoHjeHcalnns Bose - Diinmreiina. 31ech v =
V/N - yneabublit 00bIM.

B s7oit obstacTu cucreMy MOXKHO pacCcMaTpuBaTh KakK CMECh JIBYX TEPMO-
JUHAMAYIECKUX (a3, u3 KOTOPBIX OJHA COCTOUT U3 YacTull B cocrostann p = 0,
a Jipyrasi U3 Bcex ocTasbHbix dactur ¢ p # 0. Bynem wassiBars obsacts (67)
obnacthio KoHgencanun. OHa oTgessieTcst 0T oCTaJbHOi wactu p — v — T-
TPOCTPAHCTBA, JIBYMEPHO# MOBEPXHOCTHIO

3
2 = (1), (63)
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Eciyiv 3aj1aTh yjiesibHbI 00'bIM I'ejiisi v, TO 9TO YpaBHEHHE ONPEICJUT KPU-
TUIECKyto Temiepatypy 1;:

21 h?
mk[vg3/2(1)]2/3 .

T, =

Eciin ke 3ajiath Temnepatypy skcrepuMmenTa I, TO NpuBeJIIHHOE YpaBHEHUE
OTIPEJIEJIUT KPUTHIECKUN 00DbIM:

)\3
Ve = .
93/2(1)

Takum obpazom, 0baCTh KOHJEHCALIMKA Olpejessiercs: ycaoBusimu 1 < T,
UV < V.

Yro0bl HalTH 2z KakK GyHKIUIO 1 U v, pelmM ypaBHEHUE I'papUUuecKu.
[Ipu GOJBIITOM, HO KOHEYHOM 3HAYEHNW TOJHOTO 0bbiMa V. >> A3 dynkimsa
N3 /[V (271 —1)] ormuna or Hyss TonbKo B Magoil obnactu Bommsn z = 1. B
npejebHOM ciydae V' — 0o nMmeeM

1 npu 1T <T,,
KOpeHb ypaBHenus ¢s/o(z) = o npu 1T > T..
3 onpenenenust Ny u (66) caemyer
N() ()
N - 1 - ﬁg3/2(3)7
oTCIOzA,
3/2
no _ ) 11— (%) npu 1T <T,, (70)
N 0 npu 1> T,
YpaBrenue cocrosiaust mosydaercs nz (64)
i :{ %95/2(2) npu T > T, (71)
kT %gwg(l) npu 1T <T,.

en V1In(1 —2) B (64) npu V — 0 pasen nyso. Uz (71) sujno, uro npu
T < T. (v < v.) naBjenue p He 3aBucuT oT 00biMa v. Kak n npu KoHJIeH-
caly ra3a B XKHUJKOCTh, MOYKHO CUUTATh, YTO 3TOT YYACTOK COOTBETCTBYET
nepexojy rejivs u3 ojiHoil ¢aswl B Jipyryto. lasienue npu 3rom (azoBom

repexojie paBHO:
kT1
Po = ?95/2(1)-
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Juddepennupys 310 ypaBHeHue, MOJIyIUM
dpo _ D kgs2(1)
dar 2 A3

_ B kgp(l) 1 5kT 95/2(1)
2vc932(1)  Teve |27 “g3a(1)

Cornacuo ypasuenuto Kianeiipona - Kiaysuyca st (pa3oBbIX IIepexojioB

Opo _ Q
(9T T(UQ — U1)7

3J1ech () - Tero, morjonaemMoe cucreMoit, T' - Temneparypa (pa3oBoro nepe-

(72)

IIEPBOTO POJIA

X0Jla, U1 U Uy - yAeJabHble 00bIMbl HauaIbHOW M KOoHedHOH aswl. B Harrem
cJiydae IpoIece repexojia B KOHJIEHCUPOBAHHOE COCTOsIHWE 110 OCU U Havu-
HAeTCsI OT HYJIsI JI0 U = U, IIOTOMY MOYKHO CUUTATDH YJEJIbHBIM 00bIM Tesus
B KOHJIEHCHPOBAHHOM COCTOSTHUM PaBHBIM HYJIIO, T.. v9 = 0 n v; = v.. Ha
OCHOBaHUM 9TOTO u3 (72) HAXOMUM TEIIO, BbIIEJsIeMOe TPU KOHJICHCAIIN:

Q= §I<;Tg5/2( )

)
2 g32(1)
cileJloBaTeIbHO, KoHjleHcals Boze - Jitnmreiina ecth ¢asoBblil lepexo/
[IEPBOT'o poJia.

6. ITapacraructuka

OOBIYHO TI0]T KBAHTOBOI CTATUCTUKON II0Jpa3yMeBaeTcs JUOO CTaTUCTHKA,
Bosze, mbo crarucruka @epmu. OgHAKO MOYKHO PACCMOTPETH U JIPYTYIO, 10
HEKOTOPOI CTEIeHn MCKYCCTBEHHYIO CTATUCTHUKY, KOTOpasi SIBJISIETCS THOpH-
oM cratucTuK bose n @epmu. B pamkax 9Toil TaK Ha3bIBaeMOIl MapacTaTu-
CTUKK B KaXXJIOM dHEPIeTUIEeCKOM COCTOSHUHM MOYKET HAXOJIUThCS HEKOTOPOe
KOHEUHOE 4MCJIo, cKaxkeM, p dactull. [Ipu p = 1 umeem crarucruky Pepmu -
Jwupaka; eci ke p — 00, TIOJy9aeM CTaTUCTUKY DBose - Ditamreiina.

OYHKIUIO pacpeieseHus] JIjIsI YacTUIl, HOTIHHSIIONUXCs TTapacTaTUCTHKE,
MO>KHO BBIBECTH T10 aHAJIOTHWH C BHIBOJOM KBAHTOBBIX (DYHKITHI pacrpejesie-
HU{i, HATIpUMED, ¢ UCIOJIb30BaHKeM HopmyJibl (43).

1 — e(h—ea)(p+1)/kT

= H 1 — cliea)iT (73)

Orcrona
1 p+1

1 — eln—ea)+))/KT 1 _ glp—ea)/kT"

(74)

Ng —
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D10 pacrpejiesienne 00a1aeT CJIeIyIONNMI CBOCTBAMM:
1. ITpu €, = p pynkIua pacnpejesenns He oOpaIaeTcs B 0ECKOHETHOCTD,
a OCTaeTCsa KOHEYHOM

I D
imn = =.
E— 9
2. IIpu T' — 0 umeem
lim n(e) = pompn e <,
T-0 0 mpm € > pu.

CBs13b MeXKJly HMapacTATUCTUKON M CIUHOM aHAJOTMIHA TAKOH K€ CBSA3U B
OOBLITHBIX CTATHCTUKaX. B 3aBucuMoCTH OT chnmHa uMeeM JinOo mapabOo30HbI
uiin napadepmuonbl. [lapadepMuonb p-1o nmopsijika MOryT ObITh CUMMETPHU -
HBIMI TIPU [I€PECTaHOBKE He 0oJjiee 4eM p JacTUIl, AHAJOTHIHO HaPabO30HbI
MOTYT ObITh AaHTUCUMMETPUIHBIME IIPH IIEPECTaHOBKE He DoJiee YeM p JacTHll.

1I. TEOPUS OJIVKTYALINI

1. Beagenne

Muorue cBoiicTBa MaKPOCKOIMMYIECKON CHCTEMBI, HaXOJIAIIEHCs B COCTOsI-
HUHM CTATUCTUIECKOTO PABHOBECHSI, OO'bSICHSIIOTCST TEM, UTO PA3JIMIHbBIE N3Me-
psieMble XapaKTePUCTUKU TOW CHCTEMbl MCIIBITHIBAIOT Kosiebatust ((iykTy-
anuu) BOJM3M CBOUX CPEJIHUX 3HaUYeHWH. KOHEUHO, 9TO HE OTHOCUTCS K TeM
XapaKTepPUCTUKAM, KOTOPbIE B YCJIOBUAX PABHOBECHUS CTPOTO MOCTOSHHBI, Ha-
IpUMEP, IHEPIUsi N30JMPOBAHHON CHCTEMbI, YNCI0 YACTHI[ B 3aKPHITOH CH-
creme u T.71. CyIlecTBoBanue TakKuxX (hJIYKTyaluii Hen30€KHO BBITEKAET U3
ATOMHOTO CTPOEHHS BEIECTBA, a BOBMOXKHOCTb WX KOJMYECTBEHHOW OIEHKU
- U3 Xa0TUIeCKOro (6ecropsijioueHHOr0) JIBUXKEHNST YACTHIL.

KommgecTBennoit xapakTeprcTuKON (DIyKTYaIuu SABISIeTCS KOPPETIHOH-
HBIIl MOMEHT, KOTOPBIH JIJI 1 PA3IMIHBIX (DPUBUIECKUX BeJTUIUH Fj B 00IIeM
caydae uMeeT BUJT:

(i~ F)n (B~ B (B, — By
Cymma
T S

Ha3bIBACTCA MOPSAJKOM KOPPEJIAIMOHHOTO MOMEHTA.

B psajne ciydaes, Korja siBjienne omnpejiesisieTcsi BpeMeHHOH 3aBUCUMOCTHIO
QIIyKTyalMOHHBIX OTKJIOHEHUH, JIJIsi KOJIMUECTBEHHON XapaKTepUCTUKU (DJIyK-
Tyaluii UCIOJb3YIOTCA BPEMEHHbIE KOPPEJIAIMOHHBIE MOMEHTHI:

(Fy(t) — By () (Fo(t) — Fo(6) -~ (Fult) — Fu(t).
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Ha npaxkrtuke B OoJibIIMHCTBE ciiydaeB (DJIYKTyallMOHHBIE SIBJICHUSI MOTYT
OBITDH OIIEHEHBI OIIpe/IeJIeHIEeM KOPPEJISIIHOHHBIX MOMEHTOB BTOPOI'O IO IKAa,
KOTOPbIE€ YaCTO HA3bIBAIOTCA KBAJIPATUIHBIMU KOPPEJAIUAMMU:

(Fy — Fy)(Fy — Fy) = Mp, 5,

(F—F)*=(DF)’,
6 i i DF)?
13 KOTOPBLIX HamboJjiee BaXKHON BEJUUNHON SIBJIAETCS JIUCIIEPCHUs , TS
KPaTKOCTH WHOT A HasbiBaeMmas "duiykryamnmeir”, a takxke "oTHOCHTEIbHAS

dbaykryarnms":
DF

T

Bajaueit Teopun HIYKTyallnii SIBJISETCS BHIUUCICHUE KOPPEISIIMOHHBIX MO-

OF =

MEHTOB U B IEPBYIO O4Yepejib - KBAJIPATUUHBIX KOPPEJISIIUIL.

s paziimaHoro pojia pusnuecKnx BEJUYUH OHA PEIIaeTcs M0-pa3HOMY.
Jlns ciydasi, Korjia cucteMa HaxOJUTCs B COCTOSIHUM TEPMOJIMHAMUYECKOTO
pPaBHOBECH, KOPPEISIIMOHHBIE MOMEHTBI BBIUUCIISIOTCS OOBIYHBIM CIIOCOOOM
¢ npuBjiedeHueM crarucrudeckoit ¢puszuku ['mboca. st cucrem, He Hax0/Isi-
IUXCS B COCTOSTHUU TEPMOJIMHAMUYECKOTO PABHOBECHS, 3a/1a9a BbIUNCJICHUS
KOPPENATTMOHHBIX MOMEHTOB W JINCIIEPCUN TIOIAC CBOJINTCA K 3aJlatde OThIC-
KaHUsI HEPaBHOBECHON (DYHKITUH PACIPEICJICHUsT WX MATPHUIIHI JIOTHOCTH.
K nacrosiiemy BpemMeHU CyIIECTBYET HECKOJIBLKO TMOJIX0JIOB K PEIIEeHU0 3TOM
3a/1a4u1, HO CTPOrOil TEOPUN OTHICKAHUS KOPPEJSAIMOHHBIX MOMEHTOB TIPU OT-
CYTCTBUM PaBHOBECHS B HACTOSAIIEE BpeMs HE CyIIeCTBYeT.

2. Boluncaenue KBaJApaTUIHBIX (DIIyKTyammii
mo metoxy I'mb6ca

[Tokarkem Ha psijie TPUMEPOB, KAK BHIYUCIAIOTCS (PIIYKTYAINN PA3JIUIHBIX
BEJINUMH B CUCTEME, HAXOAIIEHCS B TEPMOMHAMUYECKOM PABHOBECHH.

Oaykryanusa (DL)? moboii Benaunbl L MoxkeT ObITh BhIpaXKeHa uepes
L2 u L:

(DL?= (L-T) =12 — (L),
Paccmorpum daykryanum smeprum, oobiMa M UUCIa YaCTHUIl MAJIOH TOJCH-
CTEMbI, HAXOSAIENHCs B TEPMOCTATE.

1. ITycth y Hac umeercst cucrema, B KOTOPO# 00bIM U YUCJIO YaCTUIL (DUK-
CUPOBAHHBI, CUCTEMA TIOI'PY2KEHA B TEPMOCTAT C (PUKCUPOBAHHON TeMIIepaTy-
pOii:

V = const, N = const, T = const.
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Paccmorpum durykryarumio snepruu

(DE)* = B2 — (E)*,

HO
1 10
_ - 8B, _ _ =9
E=— ZEe Z(%Z,
— 1 1 02
2 — 2,-PE, _ — ~ 7 _
= ;EZ e Z@ﬂ2Z
L1020 ) pe OF
ZoB | Z op op
Orcrona o
(DE)? = —g—g = kTQg—g = kT?Cy

CrietoBaTesibHO, B Cilydae:
a) MIeaTbHOTO Ta3a

E=U~= gk:NT, Cy = %kN,

(DE)? = gNkQTQ.

3J1ech v - YNCJI0 cTeneHeit cBoOOIbl Y MOJIEKYJ/IbI Ta3a.
Orrocurenbras QIyKTyarus
DE 2
5E = — = _—
U vN
HE 3aBUCUT OT TeMIepaTypbl U npu N — 00 CTPEMUTCI K HYJIIO;
6) TBIPJIOrO TeJia NPU HUBKUX TeMIepaTypax B J1eOaeBCKOM T1PUOJIMKEHIHN

B 127Nk

3riNE
C — _
Y568

T3 U=
’ 56,

T4

(DE)2 _ 127T4N]€2T5
563,

3jech Op - Tremneparypa [ebast.
OrrocuTenbHasg QIyKTyaIus

5, — 20 (00} 1
PN\ T) »JN
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[Ipr ouenb HUBKUX TeMIEpaTypax 0g MOYKET CTaTh 3aMEeTHOH JIsT MAaKPOCKO-
nmIeckoro obpasna Teipgoro Tesa. Hanpumep, npu T = 102K u 0p = 200K
7711 0Opasia ¢ JuHeinbIME pasMepamu ~ 107 Ivm (N ~ 5 - 101%) 65 ~ 2%.
DTO yKa3bIBaeT HA HEOOXOAMMOCTD yUITa HYJIEBLIX KOJIEOAHWI KpUCTaJIAIe-
CKOM peliTKu.

2. IlycTb y Hac mMeeTcs cucTeMa, B KOTOPOIi IOJJIEPKUBAIOTCS ITOCTOSH-
HBIMU TeMIIepaTypa, 00biM U XUMUUIECKUN TOTEHIINAJ:

V' = const, W = const, T = const.

Paccmorpum duiyKTyaruo SHeprun U 9ucsa YacTull:

(DE)? = E? - (E)®>, (DN)*>=N2—(N)%

Tormna
— 1 1 0
E==) Eeithi=___ —%
EZ c Xiop
— 1 1 0
N = — N, aNi—fE;, _ _~ ~ =
E; c | Xida
— 1 1 0°
2 _ 2 aN;—fpE; __ — = _
BEL R
— OF
= (E)* — —.
B -5
— 1 1 02
N2 ==Y NZNPE — - 7 =
EXZ: i © = a2
—, ON
= (V)2 - =—.
(N)™ = 5
3/1ech TPUHSITO
1 7
=W CTar
Orcrona
OF kTQg—g
DE)* = kT?— 6p = 4——
( ) aTJ E E Y
ON
ON kT %~
(DN? = k72, sy =%
ou N
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ﬂﬂﬂ nacaJibHOI'oO OJJHOATOMHOI'O KJIaCCUYECKOI'O I'a3a:

—  (2mmkT)*? .
N:(Wm ) Vert,

h3

o gmr

x|

CurenoBaresbHo,

(DN =N, y=

5 20
- B 5_ 2
(DE) = GKT = B, o5 = V3 M

N3 MOJIYYE€HHOTI'O BbIpa2K€Hnd BUJIHO, 9TO OHO MMEET CMBICJI TOJILKO B CJIy4dae

5)
kT >
2 /‘L7

T.€. IPUBEJICHHBIC BbIPaXKCHUA JIJId MACAJIHBHOIO KJIACCUYECKOT'0 ra3a MMeroT
CMBICJT TOJIBKO TIPU BBITIOJTHEHUN 3TOT'O HEPABEHCTBA.

3. Ilycth y Hac umeeTcs cucrema, B KOTOPOW TOJJIEPKUBAIOTCS TTOCTOSTH-
HBIMU TeMIlepaTypa, YMCJ0 YaCTUIL U JIaBJICHUE:

T = const, N = const, p = const.

PaccmoTpuM dbayKTyaruio sHepruu u 00biMa, 3aHUIMAaeMOro STUME YaCTHITa-
MH.
Crarncrudeckas cymma

r |
Z(T Y e WHEW) -y = p g
0 1

Cpenasisi 9HEPTHS U CPEIHNN 00BIM PABHBI:

_ 0 — 0
55 2), 5 2);
Jlucnepcusi sHeprun U 00biMa MOTYT OBITH BBIYHCJIEHBI 110 pa300paHHON BbIIIIE
METOJINKE
(DE)? = kTC,, (DV)>=—kT =) .
op )

YdariMm, 4To

oT a(T,p) d(T,V)

(gg)p _(U,p) AT, V) (aV)T (U, p)



(), 1), v), - (&), (@), ) -

- (), - (), somomm -+ (), (7)),

MbI 3HaeM U3 TEPMOJMHAMUKH, YTO
oU dp
) = T (22
(av), =+ (&),
oV op
.~ (5r), (-7 (1))
or), or ),

oU B 2 2
<W>T_O, orcioga  (DE)” = kT=C,.

cJieJloBaTesIbHO,

(DE)? = kT?

s uieaJibHOTO Ta3a

[Tonb3ysich popmyoit st GuyKTyaruu ob6biMa, JIErKO MOJYyIUTh (POPMYITY
nuist barykTyanuu miotTHocT p = m/V:

4V
dp = ——dV = —p—,
V vV

OTCIO/A

(Do) = £ (DY
Vv
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Teopusa romyboro nsera Heba

PaccmoTpuM B KauecTBe MILTIOCTPUPYIOIIETO TPUMEpPa TEOPUIO PACCEsTHUsT
cBera (pJIyKTyalnsiMiA TJIOTHOCTH B aTMocdepe, U3BECTHYIO 10 Ha3BaHUEM
"Teopust rosryboro npera neba Peses".

[IpejicraBum cebe napaJijiesibHbIN TyUOK CBETOBBIX JIyUei, 1Ma Iafolux Ha
BelecTBo. Ecim Obl BerecTBo ObLIO COBEPINEHHO OJHOPOIHBIM - UMEJIO Obl BO
BCEX TOYKAX OJIMHAKOBYIO TJIOTHOCTH, TO TOKA3aTEb IPEJOMJICHHUST BENECTBa
TaK>Ke ObLIT OBl OJJMHAKOB BO BCEX TOUKAX W PACCENBAHKE CBETOBOIO MyUKa OT-
cyTcTBOBaJIO. B 9TOM citydae cpejia, depe3 KOTOPYIO pacipOCTPaHSIeTCsi CBET,
Oblta Obl HeBujMMOl. Ilepenocsi 9mu paccyxkjienusi Ha aTMocdepy, MOXKHO
ObLIO OBl OXKUIATH, YTO, HAXOAAChL Ha IIOBEPXHOCTH 3eMJIH, MbI 'Bugean"
on1 abcositorro dipnoe "webo" wm ocnenurenvHo sipkoe Cosnne. Ha camowm
)Ke jiesie by1arogapst XaoTHIeCKOMY JIBUKEHUIO MOJIEKYJT B aTMocdepe mpownc-
XOMAT (DAYKTYAIUN IJIOTHOCTH W B OTJEIBHBIX MaJbIX 00bIMax BO3HUKAIOT
CTYCTKH U pa3psiKeHus MoJieKysa. BenegcTsue sToro GhJiyKTynpyeT mokasa-
TeJIb TPEJIOMJICHUST ¥ BO3HUKAET XaOTUIHOE TPEJOMJIEHNE BCeX JIydeil cBeTa
B armocdepe. [lepponadaJibHO TapaJsIe/IbHBIN MyYOK JIydeil CTAaHOBUTCS Pac-
XOJIATIUMCS - IPOUCXOJIUT paccestare cBeta. Temepb Mbl BUJIUM B PACCesSTHHBIX
JIydax Cpejy, depe3 KOTOPYIO MPOXOJAUT CBET U CHEKTPAJbHBII COCTaB pacce-
STHHOT'O CBETa, OIPEIesISIeT 1IBET 3TON CPEJIb.

3 s71eKTpouHAMUKE U3BECTHO, UTO BEKTOP MOJIAPUBAINN CPEJIbI

e—1=

P= E,
4

—

rje [/ - HanpsKeHHOCTDb 3JIEKTPUIECKOTO MOJIsI B 3JIEKTPOMArHUTHON BOJIHE,
£ - IM3JIEKTPUIecKas MPOHUIIAeMOCTh CPEJIhI.
Orcrona dayKTyarust BEKTOpa, TOJIsIPU3aInn

— D —
DP = ==F,

4

YUTIM, YTO B 3JIEKTPOMAIHUTHON BOJIHE
S —i(wt—k7)
E = Eo@ s
a JUIJIEKTPpHUYECKasA IMPOHNITAEMOCTh I'a30B

e =14+4rap,

—

rae Fy, w, k - aMIIuTy 1a HalIpsi>KeHHOCTH, YacTOTa U BOJHOBOI BEKTOD 3JIEK-
TPUYECKOrO TI0JIA B JIEKTPOMArHUTHOW BOJIHE, (v, p - MOJIEKyJadpHas T0JIs-
pU3yeMOCTh U TIJIOTHOCTH CPEJIbl.
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Orcrona )
Oe
D 2 _ D 21 Y=
(De)” = (Dp) )
0
pa—€:47rozp:5—1%n2—1%—2(1—n),
P

37IECh N - TIOKA3aTeN b TPEJIOMJIEHUS CBETA.
Bnarogaps ¢gpuykryanun BeKTOpa MOJAPU3AIME dJeMeHT o0biMa V' mpu-
obperaeT JIONMOJHUTEIbHbBIN JINTIOJIbHBII MOMEHT, paBublii p = V D P:

1 - i
p = —— DV Epe 57,
2m

QHeprusi, u3aydaeMasi 3TUM 3JIEMEHTOM 00biMa B €JMHUIYY BPEMEHHU depes
eJINHUIHYIO IJIOMIAJIKY Ha PACCTOSIHUU T, OIPeJIeJisdeTcst (POPMYJI0ii:
S 12 g2 2 4712
st (© n—1)°w*E
AW:‘p‘ ( ):( ) O(DV) sin (@),

Amedr? 1673372

rjie © - yrosi Mex 1y majaioiieil u paccesiHHoi BOJHAMU.
[Torok snepruu B najatonieit BojaHe pape 1notoky lloitnrunra:

Eox il |- YR,

Wy = 47r 47
Orcrona B
AW (n—1)2WkTV Bsin?(0O)
W, 4m2ctr? /e '
31ech -
-1
g=-V o "

Haubosiee xapakrepnoit uepToii 3Toit (popmysibl Pejies siiisieTcs cuibHast 3a-
BHCHMOCTH WHTEHCHBHOCTH DPACCESHHOTO CBETA OT YACTOTHI (JJIMHBI BOJIHBI
A). Kak Bujino u3 dopmysibl, Hanbosiee cuabHO (B BUJAMMON YacTH CIIEKTPa)
paccenBaroTCs (PUOJIETOBLIE JIyUH, 3aT€M - CUHHE, 3eJieHble, »Kejrble. Puo-
JIETOBBIE JIYUHM CHUJIBLHO IOTJIOIIAIOTCA B aTMocdepe, MO3TOMY J0 HaOJIIoa-
TeJIsi OHM TIOUTH HE JIOXOJISIT, JIO HAOJIO[ATE s JOXOAAT PAaCCesiHHbIE CHHNE
(ocsiabsientble W3-3a MONJIONICHUST), 3eJeHbIe U YKeJIThIe, 4TO U OIpPejesisieT
XapaKTEepHYI0 OKPAcKy Heba.
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DayKTyaliusa MOKa3aHUil MPY>KWHHBIX BECOB

[TokaskeMm Ha IPOCTOM MPUMepe NPYKUHHBIX BECOB, 9T0 (DIIyKTyallui HPUH-
[UIUAIBLHO OTPAHMYUBAIOT TOYHOCTD OTJEJLHOIO U3MEPEHNUS, T.€. CTABAT eCTe-
CTBEHHDIII TIpeIesT 9yBCTBUTEILHOCTH TPHOODA.

[Iycrh Ax - OTKJIOHEHHe NMOKa3aHuil NPYKUHHLIX BECOB OT MOJIOXKCHHS
paBHOBecus: To. Pas3jiokum noreHnuaibHyio suepruto Becos U(x) B psij| 110
CTENeHsIM MaJIOro OTKJIOHeHusa A:

oU 1 (02U ,
U(A:U)_U(O)"'_ % OA$+§ W O(AZIZ) + -

[Monoxkum U(0) = 0 u yurim, 970 B paBHOBECHH (%—g)o = 0.

Byzem Tenepb paccMaTpuBaTh BEChI KaK IOJICUCTEMY, HAXOISIIIYIOCs B TE€P-
MOJMHAMUYECKOM PaBHOBECHH ¢ OKpy:Katomeil cpemoit. Torma mo Teopeme o

BUpHaJie
oU
—— = kT
o ox
rnojy4yaeM, 4To
1 /0*U 1
(=) (Az)? = kT
2\ a2 ), B0 =3
1 KBaJpaTudHast PJIyKTyarus
S 0*U
2 _ _

OueBuiHO, UTO HPOU3BOJUTL OTJEJbHBIE OTCYITHI HA Becax € TOYHOCTHIO,
npeBblaoIeil D, HeBO3MOXKHO.
[TorennuaabHOM 3HEPrUKM COOTBETCTBYET yIIPyTrasi CHJIA

ou 0*U

=T \a ),

r = —Ax,

MO3TOMY Tpy3 Maccoil M BBIZBIBAET OTKJIOHEHUE
Mg
=

rJie ¢ - YCKOpeHue CUJIbl Tsi2KecTu. JJist Toro 4Tobbl MOYKHO OBLIO IPOU3BECTH

X

OTCYIT TOKa3aHWs BECOB, HEOOXOMMO, 9To0bl > Dx. Orciona cienyer, 9To
1peJIeJIbHO MaJioe M3MEHEHHE MAaCChl, KOTOPOE MOXKeT ObIThb M3MEPEHO Ipu
OTJICJIbHOM B3BEITMBAHUU, PABHO

Am = VAKT/g.
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OTCIO,ZL& OTHOCHUTEJIbHaA TOYHOCTDb OT/JCJIbHOI'O B3BCIHINBAHWA

Am  VAET

M gM

YaTiM, 9TO cOOCTBEHHAs YacTOTa HAI'PYKEHHBIX BECOB

2 A
=T =Var
rjie T - HeproJ] KojeOaHuii.
CurenoBaresbHo,
Am kT
ST w M

Ecm 7= 27 - 10¢, T = 300K u M = 10731, To

A_m — 10! o

M g:M

~ 107°,

YTO B OOBITHBIX YCJOBUSX TPEBBINIACT YYBCTBUTEIHLHOCTH, OOYCJIOBJIEHHYTO
JIPYTUMU TIPUHUHAMMU.

3. KBazurepmoannamMmudeckasa Teopus (pJayKTyalimii

Crarncrudeckne ancambsin ['mb6ca 1a10T BO3MOXKHOCTH BHITUCIATE (DJIYK-
Tyalun JIFo00H JTMHAMUYECKON 11ePEMEHHON B COCTOSIHMU TEPMOJIMHAMUIECKO-
ro pasuoBecus. [Ipw 3TOM Kak BbIUHCIEHUEe CPeIHUX 3HAUEHNN, TaK W BbI-
YUCJIEHUE CPEJTHUX OT KBaPATOB MOYXKET MPEJCTABIATEH OOJIbINNE TPYIHOCTH.
B cBsi3u ¢ 3TUM 11€/16c000pa3HO OrpaHuvnTh 3ajady. MOXHO WHTEPecoBaTH-
Csl paclpe/jie/IeHneM BEePOsiTHOCTH OTKJIOHEHUS PACCMaTPUBAEMON BEJIMUUHbI
OT el cpeJiiero 3HaveHus, MPenoaras U3BECTHBIMI UX CPeJTHue 3HaYeHUs
U CYUTasg OTKJIOHEHWs MaJIbIMU. TaK CTaBUTCA 3ajada B KBa3UTEpPMOJINHA-
MUYECKOMW Teopuu (PJIYKTyallun, K U3JI0XKEHUI0 KOTOPOW MbI nepexojaum. Ha
npuMepe JBYX CHCTEM TOKaXKeM, KaK BBOJUTCA BEPOATHOCTH (hJIYKTYAIUH
TEPMOIMHAMUIECKOH BeJIMINHBI A.

NzoaupoBanHaga cucreMa

JI1s1 m30/IMpOBaHHOM crCTeMBbI SHTpOIUs S paBHA

S=knl,
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rie k - nocrosinHasi BosbiMana, I’ - 9uC/I0 MEUKPOCKOIIMYECKUX COCTOSIHUIA
CHCTEMDBI, 3aKJIOUEeHHbIX B dHeprerudecknii unrepsag U u U + AU. Yuc-
JIO TAKUX COCTOSIHHI MOXKeT 3aBHCETh OT 3HAUEHMsI BHEIIHEro mapaMerpa A.
Oboznaanm yepe3 Al 9ucI0 MEKPOCKOTTMIECKUX COCTOSTHUI B 9TOM SHEpre-
THYIECKOM MHTEPBAJIE C JAHHBIM 3HAUeHHEM napaMeTrpa A, Toraa BeposTHOCTD
HajitTu cucremy B nnrepsaJie suepruit U, U + AU u 3HavueHneM BHEITHETO Ia-
pameTpa A omnpenenntces 1o (popMyIIe:

AT’
w(A) = == er

rie AS = S(A) — Spazs Smaz 1 S(A) - 3HaUYEHWS] SHTPOIUU CHCTEMBI B
JIAHHOM 9HEPreTUIeCKOM MHTEpBaJe ¢ JIIOOBIMUA BO3MOXKHBIMI 3HaUeHUAMEA A
1 ¢ (DUKCHPOBAHHBIM 3HaUeHeM A.

Ecnn napamerp A npunnmaer psij auckpeTHbix 3Hadennit Ay, As, As, ...,

Zw(AZ) :Zem’(fm =1

i

TO

Ecnn napamerp A m3mensieTcst HEIIPEPHIBHO, TO B 3TOM CJIyUae BBEJIEM I1JIOT-
HOCTH BEPOSATHOCTHU (DIIYKTyaIuu

AS(A)

p(A) =ce *,

rje C - HOCTOsdAHHadA, olpeaecideMad N3 YCJIOBUA HOPMUPOBKH!

AS(A)
pdA=c [ e * dA=1.

Ecnn orcawrhiBath 3nadenne A OT el cpeiHero paBHOBECHOT'O 3HAUEHUS U

Y4eCThb, 9TO NMpu PIYKTYAIUAX OHA MaJia, a SHTPOINUS IIPH PABHOBECUU JIO-
CTUTAeT MaKCUMAJBHOTO 3HadeHus1, TO Beqnanay AS(A) MOXKHO pasioKuTh
B PsiJI TIO cTeneHsiM A u OrpaHnInThCs YjeHaMKi BTOPOTO TTOPSIIKA MAJOCTH:

A? 1 9%S
AsA) =l Fa=llaa),
Orcrona
c / e 27dA = c\/2r0 = 1,

CpeJiHsisi KBajipaTuiHas pJyKTyarus

/ A2e 52 dA = o2,

—0o0

1

(DA)? = N
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Taxkum obpazom, BeposiTHOCTH uIyKTyamnun BeJnanubl A ompejessiercs: pac-
npejiesienueM [aycca.

3aMKHyTasg cucTeMa

Haiigim BeposiTHOCTD (DIIyKTyaIuun TepMOJIMHAMUIECKIX BEJININH, XapaK-
TEPU3YIOMINX MAIYIO 3aMKHYTYIO CUCTEMY, TOI'PYKEHHYIO B TepmocTar. [Iycrn
Vi,Up n S - 00biM, SHeprusi u SHTpoIus MaJjioit cucrembl, Vo, Us u Sy - Te
’Ke BEJIMUMHBI JIJIsT TEPMOCTATA.

[TockoJIbKY TepMOCTaT U paccMaTpuBaeMasi MaJjas CUCTeMa 00Pa3yoT U30-
JINPOBAHHYIO CUCTEMY, TO CyMMAapHBIN 00bIM U 3HEPTHs OYIYT MOCTOSIHHBL:

Vi+ Vo =V = const,
Ui+ Uy = U = const.
CyMMapHasi SHTPOINS

S(‘/h ‘/27 U17 U2) = Sl(‘/b Ul) + UQ(%) UQ)

n3MeHsieTcs Ipu u3aMenennn Beanani Vi u Uy, KOTOpbIe B CBOIO OUepeh H3Me-
HSIIOTCSI U3-38 OTKJIOHEHHSI OT PaBHOBECHOI'O 3HAYEHMS MAaKPOCKOIHIECKOTO
napaMerpa cucremol A.

BoraucanM n3Menenne moJiHoi SHTPONNNA CHCTEMBI IpU QPJIyKTyannusax V)
u Uy. O6oszuaunm yepes AU; u AV; orkjionenne sueprun u oObiMa OT pas-
HosecHbix sHadenuit U u V:

AUy = — AU,

A‘/2 — _A‘/h
S(Vi, Vo, Up, Us) = S(V, U, Vy, U3)+

051 051 055 05,

A — ] A — 1 A — ] A
+<8Ul> Uit (8%)0 V1+<8U2>0 U2+<8V2>0 v
1 %S, 025, %9,

— (A 249 AV A AU, )?
; ( ) A (6%6%)0 " Uﬁ(avf)o( )+

AU)2+2 55, AVLAU, + 0% (AUy)? b+
8U2 ? VU, ), 7 2 \auz ), T

qulM,qTo
051y _p 05\ _ P2
o), Tv oV ), Ty

+
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95y _ 1 9%y _ 1
8U1 O_T1’ (9U2 O_TQ'

[Tpu paBHOBecun

n ydrem, 4To

%8 0%5; 85, Di
(m?>JAW%%mew)ﬁﬂ%_A<ﬁw>_”A<i>’

a TaK>XKe
1 Di
(ﬂ) Vit (ﬂ) v
Ap,AV; AT, 1
-1 —fﬁ(Aw+mA%%gﬁm@Aw—A&Aﬂ)
Torna

AS = S(Vy, Vo, Uy, Uy) — S(V2,UD, V2 US) =

1
= S (ApIAVI — ASATY) (ApsAVa — AS,AT).

1
* 2T
HOCJIG,ZLHI/II/UI YJIEH B 9TOM BbIPpazKE€HUN 110 CPaBHEHUIO C IEPBbLIM YJIEHOM J0JI-
KEeH ObIThL MAaJIbIM IopAaaKa OTHOIIEHH:A YHCJIa YaCTHUIl B MaJIOli cucreMe K

YUCJIy YaCTHUIl B TEPMOCTATE, HOITOMY Mbl MO>XKEM 3allNCaTh:

1

AS =~
SZT

(AplAVi - ASlATl)

[TockobKy Ternepb Bce mapaMerpbl OTHOCSTCS TOJBKO K pacCMaTPUBaeMOi
cucremMe, TO HUXKHHME WHJEKChI B JlaJbHEHIeM MOXKHO OnycTuTh. [ljist Be-
POSITHOCTH (DJIYKTYaAIlnd, KOTJa IapaMmeTp A NpUHUMAET psiji JUCKPETHDLIX
3HAYCHUI, MOXKHO 3aIMCATh:

w(Az) — eﬁ[AP(Ai)AV(Az‘)—AS(Ai)AT(Ai)]

9

€CJIN ITapaMeTP A nzmensiercst HEMIPEPLIBHO
dw(A) = p(A)dA = cenTAPAAV(A)-ASAATA) g 4

Ota dhopMmyIa O9eHb yI00HA JJIsi BHIUNCIeHns (DIYKTyaI[nii.
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IIpumep. Ilycrb duiykryupyommumMmn BeJUUUHAMUA SBJIAIOTCH 00bIM 1
TeMmIeparypa. Torja

[ Op dp
Ap = (av) AV + (8T> AT,
0S 0S
AS = (W)TAV + (a—T>VAT,

(@), =7

CaenoBaTesbHO,

HO

Cy — TemIoIMKOCTh CUCTEMbI,

(2),-(3). o

D(AV, AT) = cemrl(58)(AV? -1

4} YCJIOBHA HOPDMHUPOBKH IIOJIyYda€M:

c= QWkT/\/

(AV)2 = 7dAV ]OCZAT(AV)2 = —kT (?;)

Orcrona

7 , kT
AVE= [ aav [ daT(aT)?p = 2
Cy
AVAT = 0.

4. BbpoyHOBCKOe JIBHU>KEHUE

O 10 n3 HanboJiee HEIOCPEICTBEHHBIX TPOABICHU (DJIyKTYAITMOHHBIX S1B-
JICHUIT - XaOTUIHOE JBUXKEHUE OYeHb MEJIKUX YACTHUIl, B3BEIIEHHBIX B XKUJKO-
CTH WK B Ta3e. DTO siBJICHUE BIIEpBbIe HABJIIOIAN O/ MUKPOCKOIIOM aHTJIHii-
ckuit 6orarnnk Robert Brown (1828 r.) Ha nbuiblie pacrenuii, B3BereHHoi B
Bozie. OHO NOIYYMIIO Ha3BaHKE OPOYHOBCKOTO JIBUXKCHUS.
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Cawmo cy1ecTBoBaHne OPOYHOBCKOTO JIBVXKEHUS SIBJISIETCsT HEITOCPEICTBEeH-
HBIM CJIEJICTBUEM TeOpPEMbl O PABHOMEPHOM paclpeesIeHNU KUHETUIeCKOI
SHEPI'UHU 110 CTEIEeHSIM CBOOOJIbI:

1 kT

S =
2" T g

Teopusi OPOYHOBCKOrO JIBUYKEHUSI TECHO CBsI3aHa, C IIPOIECCOM CJIyUaifHbIX
OJIy2KTaHnii, KOTOPBI B CBOIO OUYepe/ib CBA3aH ¢ Teopueit nuddys3un, Teopu-
eit pas30BBIX MMEPEXOJI0B, TeopHueil mojnMepoB. Paju yrnpoIeHust BbIKJIa 0K
MBI PACCMOTPUM TEOPHUIO OPOYHOBCKOI'O JBUXKEHUsI Ha, OCHOBE KCIIOJIb30Ba-
HUsl ypaBHeHMs JlaH:KeBeHa U (POPMYJIbI DMHINTEHHA JJIsI BSI3KOI'O TPEHUS.
DKCIIEPUMEHTAJIBLHO YCTAHOBJIEHO, YTO BHIHY XK JICHHOE BHEIITHUMHU BO31eiCTBH-
SIMI JIBUYKEHIE YaCTHUIbI B YKUJIKOCTH COIPOBOXKIAETCS 3aTyXaHUeM, TPUIeM
ypaBHEHNE OJJHOMEPHOIO JBUXKEHUST UMEeT BU/I:

mi = f(t) —mni,

riae mey - koaddurment 3aryxanus, f(t) - BbIHYXKIAONAS CHJIA, M - MAcca
JaCTUIILI. DTO yPaBHEHNE HA3LIBACTCS ypaBHEHUeM JIaHkeBena.

Ydarem, 9TO
. 1 d2 ) N2
rxr = ——=(z°) — ()~
S () — (3)
Orcro/ia BeITEKaeT ypaBHEHUE JIJIT SHEPTUU TACTHUIIbL:
d? [ ma? d (myz?

i\ ) T g () T,

MHTErpUPOBaHUE KOTOPOT'O 1O BpeMEHU JIalT:

t

t

d (ma? , myx?

25 |6—/m(37)24t+ — \f):/ﬂff(t)dt'
0

Ydarem, 4To
t

%/x'z(t)dt =<az’>
0

- cpejiHee 110 BpeMeHu HabJIro/IeHNsT 3HaUeHne KBaJipaTa CKOPOCTH YaCTUILbI.

[Tocnemanit naTerpad

t
1

E/x(t)f(wdt —caf >
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- KOppeﬂHHI/IOHHbH/UI MOMEHT BTOPOT'O IIOPsAJKa ME2KAY OTKJIOHEHNEM YaCTUIIbI
OT IIOJIOZKEHHA PpaBHOBECHA N 3HaAYCHUEM CﬂyqaﬁHOﬁ CHUJIBI. HOCKOJIbe MbI
Ha6JHO,HaeM 3a JBU2KEHUEM MHOT'UX 6pOYHOBCKI/IX YaCTHUIl, TO Hallll BbIpazKe-
HWA HGO6XO,ZLI/IMO YCPEJHNUTDH 110 YaCTUllaM, T.€. 3allMCaThb:

d [ ma? ———— [ mya? -
— | —|h=tm< (@)?2>+ | —— ||, =t<af >

dt 2 2

Ecsin 1pusTh, 4TO CpejiHee o BpeMeHu COBIAJIAeT CO CPEJIHUM 10 aHCAMOJTIO
¥ CIIPABEJIJINBA TEOPEMa 0 PABHOMEDHOM paCIpe/IeJIeHII KUHETHIeCKOl IHep-
TUM IO CTENEHsIM CBOOOIbI, TO

m< @2 > = mi2 = kT.

[TockoJibKy OTKJIOHEHUE YaCTHUIIbI OT TIOJIOXKEHUSI PABHOBECUsI T U 3HAUYCHUE
CIyJaiiHOM CUJIBI f ABJIAIOTCA HE3aBUCUMBIMEU U CJYyJYallHBIMU, TO KOPPEJIs-
IIMOHHBIA MOMEHT PaBeH HYJIIO.

<zf>=zf=0.

N3-3a oTcyTCTBUSA KOPPEJAINT MEXKTY TOJOXKEHHEM YACTUIIBI X U €1 CKOPO-
CTBIO X TIEPBBII WIeH
d (mz?\ , oy
— | — | lf=2m<zi > |
dt 2
paBeH HYJIIO.
Ecin ydectb, uro nipu t = 0 yacTui@a Haxojujgach B Hadaje KOOpJMHAT

x =0, 10
Y
21 = 2r2(¢
z?| x2(t)

ecTb (DIAYKTyalnsi OTKJIOHEHUsS TaCTHUIIhI OT MOJIOKEHHS PaBHOBECHSI.
CurenoBaresbHo,

(D) = 2L,
mry
T.e. KBaJpaT CMEIIeHUs JIMHEeEH 110 BpEMEeH! t.
Ecmu vactuiia umeer dhopmy mapuka pajanyca R, To coryiacHo (popmyiie
QitHireiina,

mry = 6mnR,
rjie 1) - KO3 PUIUEeHT BA3ZKOCTU XKUJIKOCTH,
M OKOHYATEJHHO MOJIydaeM
5 kT

= ——1.
3tnR

(D)
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ABToKOppeasainoHHasa (pyHKIIUA

West o coBnaJieHnn cpeiHero Mo BpeMeHn O CPEJIHUM 10 aHCaMOJIIO, UC-
1oJib3yeMasi B Teopur OpOYHOBCKOI'O JIBUKEHHsI, MOXKeT ObITh 0000IIeHa 1
MIOJIOYKEHA, B OCHOBY MHOI'MX CJIYYailHBIX ITPOIECCOB.

Paccmorpum durykryupytoriyio Besmunny y(t) (HanpuMep, OTKJIOHEHHE
[IOJIBEIIIEHHOTO 3€PKAJIbIIa MaJIbBAHOMETPA, UCIILITBIBAIOIIEI0 OPOYHOBCKUE KO-
JlebaHns, KOMIIOHEHTBI CKOPOCTH UM DYHIUPYIONIUX YACTUI[ B KUJIKOCTH
WJIM TBEPJIOM Tejie, 3HAYEHHE SJICKTPUUECKOrO TOKA B IIENU U T.JI.) CO CTaTH-
CTUYECKMMU CBOMCTBaMM, HE 3aBUCSIIIIMMHI OT BpeMeHn. byiem npenoararh,
YTO CPeJIHUE 110 BpEMEHU U CPEJIHKE 110 aHCAMOJIIO PABHbI.

[Tosmaras

Ay(t) =y(t) -7,

rie J - cpefree 3Hadenue Guykryupyomnei Besuanabl. Ax(t)Ax(t + 7) Ha-

30BeM aBTOKOppessinnonnoit dynkimeit 1, (7). U3 onpejenenns cieipytor
CBOICTBA aBTOKOPPEJISITMOHHON (DYHKITHH:

1y (0) = (Dy)*;
by(=7) = ¢y (7);
lim ¢, (1) = 0.

T—00
Bynem cuuraTh, 9TO CYIECTBYET TAKOE BPEMSI T, UTO TPH |T| > T, KOppeJisi-
nuonnast GyHKIms 1, (T) CTAaHOBUTCS IPEHEOPEIKNMO MaJIoil BeJIMHHHOIL.

[Tokakem, uro ipu ¢ >> T, cpeJIHEKBAIPATHIHAS cbﬂyKTyauHﬂ BEJINYMUHBI
y

f t)dt oTHOCHTEIBHO €] CpejiHero 3HaUYeHUs paBHA 2t f WPy (T)dT.
0
JleiicTBUTE/IBHO, YUUTHIBas COBIAJICHHE CPEIHErO 110 BpeMeHI/I U CpPeJIHEero

1o ancamOJI10, nMeeM

t t

/ y(F)dt = t% / y(#)dt' = 17,

0 0

/ y(#)dt - m = j [y(t') —gldt’ = / Ay(t')dt

0

OTCIOJIa

OueBunIHO TaKXKe

t

4
/ (¢")dt! / dt’ / dt" Ay (") Ay(t").
0

0 0
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Crentaem 3aMeHy mepeMeHHbIX

r=t"—t, t'=t,

t—t’ t t—t’

t t
/Ay (¢")dt’ :/dt’ dr Ayt Ay(t' + 1) :/d /dnpy
0 0

—t/ 0 -t

[TockonbKy t >> 7., Oyjem noJjarath, 9To Kak t', Tak u ¢t — t’ Gonbie T,
5TO NpPeJIIoJIOKeHne CIPaBe/IMBO Beerjia, KpoMe IpeHedpeKuMo MaJibix 00-
gacreit 0 < t/ < 7. mt— 7. <t <t Torma MOXHO pacHIUpPUTL 0OJACTD
MHTEIPUPOBAHUS 110 T OT —00 JI0 00, He U3MEHUB 3HaueHUsl MOCJIeJHEro Bbl-
parkeHusl.

Takum obpazoMm,

' 2 t 00

/ (tde'| = / dt’ 4 Uy (T)dr =t 4 Yy (T)dr = 2t 0/ Yy ()dr.

0 0

[Ipepmnonaraercs, 4To aBTOKOppessiuonHast MyHKImst Y, (T) [Jis 10JI0Ku-
TeJbHBIX T IIPONOPIHOHAJBHA MAKPOCKOIIMIECKOMY, T.e. 0e3 yuita (hJyKTya-
i, 3aKOHY 3aTyXaHWs HAYAJIbHOTO HEHYJIEBOro 3HaueHusa Ay 10 HyJIs.
IIpumepsnr
1. Eciin MakpoCKOIMYeCKOe JIBUXKEHUE UMEeT BUJ JBUXKEHUS YaCTUIbI C
TpeHueM
MUy = —MYVy,

perenue UMeeT BUL:
i
V(t) = voge” ",

OTCIO/A

YauTsiBas, 4TO

— KT
wvw( ) = i% = )
MOJIyIaeM BBIPparKeHue JJIsi aBTOKOPPEJISIITHOHHON (DYHKITHH:
kT
Uy, (1) = —e 7",
m

Orcrona noydaem popMysay DUHIITEHHA JI7IsT OPOYHOBCKOTO JIBUXKCHUST:

2]{:Tt
my

(Az)? =
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2. PaccMoTpuM 3aMKHYTYIO 9JIEKTPUIECKYIO IEIh, COAEPXKAILYIO WHIYK-
tuBHOCTH L, iMKocTh C' 1 conporuBiienne R. Cornacao Kupxrody, moxem
3allcaTh ypaBHeHHUe s 3apsiaa (Q:

¢Q  ,dQ  Q
Loy + Ror+ 5 =0,

Ero pemenne:
Q(t) = e [Agisinwt + Agacoswt],

J(t) = e P Ay (weoswt — Bsinwt) — Apa(Beoswt + wsinwt)],

Fﬂeﬁ:L/2RHw:\/%—ﬁ2.

Ecin npundars, uto 32°LC < 1 n

_ 0? KT — 2 LJZ.  2kT
2 =9(C 20— 2= (—)= ——
@ (20> ¢ 2’ J L( 2 ) L 2’
CJIeJI0BATEILHO,
kT
V(1) = Te_ﬁt Yo(r) = kT Ce Pt

Teopema Bunepa - XuHunHa

B HekoTOpBIX cllydasx BasKHO 3HATHL CIIEKTPAJLHYIO IJIOTHOCTL (DIIYKTY-
MPYIOMIeH BEJTMUNHBI U CBA3b CIEKTPAILHO TJIOTHOCTH ¢ AaBTOKOPPEIAIUOH-
HO# (DyHKITHEH.

O6oznaunm gepes Ys(w) dbypoe-obpas Ay(t), tak aro

1 (o]
(1) = — Yi(w “"tdw.
y \/ 2 /

U3 semecrrennoctn Ay(t) caemyer
/Yg(w)eiwtdw = /YS*(w)e_mdw, Y (w) = Ys(—w).

Bynem canrars, uro Ay(t) OTIHIHO OT HyJIsl B UHTEpBaJIe 3HAYCHUIT ¢ JITTUHOT
S ¥ paBHO HYJIIO BCIOy BHe ero. Torga mpu OOJBINNUX S

(e.¢]

/ Ays () Ag(t + 7)dt = SO AGE T 7] = sty (7).

—00




HO C JIPyTOii CTOPOHDI

o0 0. o0

—00

= /Ys(w)dw/Y;(w’)ei“175(w+w’)dw’= /K:(w)m(—w)e—wdw,

Ydarem, 4To

Yi(-w) = Y{(w),

TOrJ1a

Yy (1) = lim — / | Yi(w) |© e “"dw.

§—00 8§

Benuuuny

lim > | Y(w) ’= Gy (w)

§—00 §

1 | T y
/ Ays(8)Ays(t +7)dt = o / dt / Yy (w)e™ dw / Yi(w)e ) du
T
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O0OBIYHO HA3bIBAIOT CIEKTPAJbHON MJIOTHOCTHIO (PJIYKTYUPYIOMIEH BEJIMIUHBI

y(t). Orcrona

1 (0.9] (0.9]
Py(1) = 5 / Gy (w)e ™ dw /Gy cos(wt)dw.
—00 0

Gy(w) = %/wy(T)cos(wT)dT.

0

Taxum oOpaszoM, aBTOKOPPEJIAITMOHHAsS (PYHKITUS SIBJIsIETCs] KOCUHYC-00pa3oM

Oyphe CBoEit MIOTHOCTH. DTOT Pe3ysabTaT HOCUT Ha3BaHWe TeopeMbl Burepa

- XUHYMHA, & JIBa MOCJIeJHIE BhIPaXKeHHs - COOTHOIeHnA Buaepa - XuH4nHna.

PaCCMOTpHM ABa CJICJICTBHS, BBITEKAIOINE N3 9TUX COOTHOIIIEHUIA.

1. Ecin aBTOKOppesinonHas (pyHKIU odpalnaeTcs B HyJb IPUA T > T,

TO CIIEKTpaJibHasd IIJIOTHOCTD 6y,HGT HOCTOAHHOI BIJIOTH J0 9aCTOT ITOPAJIKa

1/7.. Beamawna 7, Ha3bIBAETCS BPEMEHEM KOPPEJISIIH.

Gy(w) = %/1& (1T)cos(wt)d /¢y cos(wT)dT.
0
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Ecin w < 1/7,, To 3HaveHne apryMenTa y Kocuuyca Oyjier MeHbIIe Jjist BceX
7 B uHTepBase OoT 0 10 T., TaK 9TO COS(WT) MOXKHO 3aMEHUTDH €UHUIICH.
[Tosromy mpu w < 1/7,

2 f
Gylw) % = [ w,(r)ar,
0

T.€. CHeKTPpajbHas IJIOTHOCTH HE 3aBUCUT OT YaCTOThI.

2. PaccmorpuM JiBuzKeHre HEKOTOPOii yactuibl. Koopunara 4acTUIbl B
momenT Bpemenn X (t), npudem x(t) ecTh HenpepbiBHAsT (DYHKIMST BPEMEHH,
Meer pousBoHyo &. [lycth ¢(w) u §(w) - Pyphe-KOMIIOHEHTBI KOO AMHATHI
1 CKOPOCTH, IPUYEM

((w) = iwg(w),
a Gz(w) u Gz(w) - criekTpalibHbIE [JIOTHOCTH KOOPJIMHATHI U CKOPOCTH, COOT-
BercTBeHHO. Torja 9Tu crekTpaibHbie MIOTHOCTH CBS3AHBI COOTHOIICHUEM:

Gi(w) = WG (w).

Corsacuo coornomenunio Bunepa - Xunanna,

V(1) = /OOGg'c(w)cos(wT)dw = ]OwQGx(w)cos(wT)dw —
0 0

@ 2
=73 Gz(w)cos(wT)dw = )
0

(7).

Ananorudyno MoxKHO IIOKa3aThb, 9YTO KOppGJIHHHOHHbeI MOMEHT KOOP/JMHATBHI
N CKOPOCTH YaCTHUIIbl UMEET BH/I:

Az(t)Az(t) = /wa(w)sin(wT)dw = %wm(ﬂ
0

Orcroma BUIHO, 9TO KOPPEJSIIUOHHBIA MOMeHT npu 7 = ( obpamaercs B
HYJIb.
DOyHKIIUA OTKJIUKA

[IycTh curnanm ma BXOJie B CUCTEMY 3aBUCUT OT BPEMEHW IO TapMOHWIE-
CKOMY 3aKOHY

z(t) = Alw)e ™,
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a Ha BBIXOJE HOﬂyqaeM CUT'HaJI BHJIa
_ —wt
y(t) = Bw)e ™"

Besmnmunna B(w)/A(w) = C(w) HasbiBaeTcst DyHKIWEH OTKINKA, OHA CBsI3a-
Ha CO CNEKTPAJLHBIMU IJIOTHOCTSMEU BXOAHOTO Go(Ww) M BBIXOJHOTO CUTHAJIA
G1 (w)

O6o3naunm Gypne-06pa3 yeceueHHoro BXOIHOrO Curuata depes Yos(w), a
dbypbe-00pas BbIxoHOIO curnajia - Yis(w), Torjua

2
Go(w) = lim — | Ys(w) |2,

S§—00 8§

2
Gi(w) = lim = | Yi,(w) .

§—00 §

Ydarem, 4To

Yis(w) = C(w)Yos(w),

TOTJIa,

Gi(w) =| C(w) |* Go(w).

BasxknocTb nonsitust (PyHKIMU OTKJIMKA B 3HAYUTEIHHONW Mepe OIpejIeIsieTcst
IPOCTOTON CBA3M MEXKJy CIEKTPAJbHBIMU MJIOTHOCTAMU BXOJHOTO U BBIXOJI-
HOT'O CUTHAJIOB, TIOSTOMY TIPYM 3HAHUU (PYHKIUU OTKJIUKA JIETKO ONPEJIETUTh
ABTOKOPPEJATNMOHHYIO (DYHKIMIO BBIXOTHOTO CUTHAJIA!

Yy (1) = / | C(w) |* Go(w)cos(wT)dw.

Konkperubiit B (pyHKIIMN OTKJIMKA OJHO3HATHO OIIPEJIEJISIeTCs] CBOWCTBA-
MU paccMaTpUBaeMoil cucreMbl. B KadecTBe mpuMmepa pacCMOTPUM OTKJIMK
npocroii RLC-nienu na BHemuuii curtaj. OTKIMK TaKOil Ieln Ha BHEIIHee
BO3/IeIiICTBHUE JIMHEEH. Y PaBHEHUE JIBUXKEHUSI UMeeT B

Lc’j+RcJ+%=f(t>,

31ech L - MHJYKTUBHOCTD, IR - aKTMBHOE CONPOTHUBJICHHE, C - IMKOCTD ICIIN.
Ecmu f(t) = foexp(—wt), 10 pernienne nmeer Bu/L:

foe—wt

L[w} — w? —iyw]’

q(t) =

Bnech w =1/Le, v = R/L.



72

DyHKIMST OTKJINKA UMEeT BUJI;:

/) P—

L[w} —w? —iyw]

MbI BBesn DYHKIMIO OTKJIMKA JIJIsl CyUasi, KOIJia BXOJHON M BBIXOJLHOM CHI-
HaJIbl MEHSAIOTCSA 110 TaPMOHMYECKOMY 3aKOHY, HO 3TOT PE3y/IbTaT MOXKHO
0000IHTHL U Ha OoJiee CJIOXKHBIE CIYJau.

PaccmoTpuM cucteMy, B KOTOPOH BXOJIHON CHIHAJ MOXKHO IPEJCTABUTD
B Bujie O-pyHkuuu (1), BBIXOJHON CHTHAJ MPEJCTABISIET TaK¥Ke JeJIbTa-
dbyHkIHIO CO CBUHYTHIM aprymentom Bi(t — 7).

Oypbe-06pasbl BXOIHOIO ¥ BBIXOJHOIO CHTHAJIOB:

1 , 1
1 |
}/1( )ZB?/CSt—T —zwtdt_ \/_7—sz

Orcrona GyHKIMA OTKINKA Y TAKOH CHUCTEMBbI:

C(w) = Be ™7
111 SJIEMEHTEI ®UBNYECKON KNHETUKN

Ha npakrtuke Mbl 4acTo CTAJIKUBAEMCS C MPOIECCAMU, MTPOTEKAIIINMU C
KOHEUHBIMU CKOpocTsiMu. [Ipu TeopeTnyieckoM M3ydeHUr TaKuX HEPABHOBEC-
HBIX TTPOIECCOB BO3MOXKHBI JIBA MPUHITUITHAJIBHO Pa3HBIX MOAX0/1a: (heHoMe-
HOJIOTUYICCKUN 1 MUKPOCKOINYICCKUI.

B nepBoM ciydae 3ajiava 3aKJII09aeTCs B YCTAHOBJIEHWM CBS3€H MeK-
Jly MaKpPOCKOTMYECKUMU TapaMeTpaMu 0e3 MCIHOJIb30BaHUS B sIBHOM BH/IE
ATOMHO-MOJIEKYJIAPHBIX TPEJICTABICHUN. YCTAHOBJIEHNE ITUX CBA3EH U CO-
CTaBJIsieT coJiepyKaHre TaK Ha3bIBAEMOU TEPMOJIMHAMUKY HEOOPATUMBbIX PO~
1IECCOB.

Bropoit mogxom mpemmnosiaraeT gajbHeilliee pa3BUTHE OCHOBHBIX TTPEJT-
CTaBJIEHUI CTATUCTUYCCKON (PUBUKH.

1. TepmoauHaMuka HEOOpPATUMBIX ITPOIECCOB

TepMouHamMuka HEOOPATHUMBIX IPOIECCOB SIBJISIETCS CPABHUTEILHO MOJIO-
JIBIM 1 OBICTPO Pa3BUBAIOIIMMCS Pa3JIeJIOM TEOPETUUIECKON (DU3UKHU, UMEIO-
UM MHOIOYKCJIEHHBIE TTPUJIOXKEHUsT B 00JIACTH TeIIOPU3UIECKIX, JJIEKTPO-
GU3NIECKUX, XUMUIECKUX ¥ OMOJIOTUICCKIUX sIBJICHUIA.
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Paspaborka TepmojimHaMUK HEOOPATUMBbIX MPOIECCOB, KOTOpas JlaBaJa
OBl MHpOPMATIMIO O MPOTEKAHUU TPOIECCOB BO BPEMEHU, TOKa €Il jJajieKa
oT 3aBepienusd. Jlaxke He sicHO, OyIeT JU cO3/aHa KaKas-TO o0Iast Teopus,
TaK KaK HEW3BECTHO, BCErJIa JIM MapaMeTpbl, HEOOXOJUMbIE JIJIsi ONUCAHUS
IIPOIIECCOB, OIPEJIE/ISAIOTCA TOJHKO MaKPOCKOIMYECKUMHU XapaKTePUCTUKAMK
CUCTEMBI.

BayKHbIM 3TanioM pa3BUTUs TEPMOJUHAMUKI HEOOPATHUMBIX MTPOIIECCOB SIBU-
JINCh TIOUCKU BapuUalMOHHOW (POPMYJIUPOBKU (DEHOMEHOJIOINYECKOH TeOPUH.
HauboJsibiie ycriexu B 9TOM HallpaBJIEHUU JIOCTUTHYTHI Ha OCHOBE aHaJIO-
Iuil ¢ BApUAIMOHHLIMU TPUHIIATIAMA TEOPETHIECKON MEXaHUKN B JlarpatxKe-
BOI WJIM TaMUJIBTOHOBBIX (popMax. VckitounresbHast OOIIHOCTD MOC/IEIHIX
1 BO3MOXKHOCTH PaCIPOCTPAHEHUs UX HA HEeMexaHudecKue obsiacT pusnku
CHITPAJI OCHOBOIIOJATAIONIYIO POJIb B CO3JIAHUY BAPUAIMOHHBIX MPUHITATIOB
B TepMOJMHAMUKE HEOOPATUMBIX MPOTIecCOB. [l TMHeiiHON TepMOIMHAMIKY
nepBbhie BapUaIMOHHBIE TIPUHIIATIBI ObLIN chopMyInpoBanbl B paborax OH3a-
repa, [Ipuroxuna, Iurnepa, buo u Ibsapmaru. B 1iejiom K HacrosiimeMy Bpe-
MEHU JIMHEiHAsT TepMOMHAMIKA HEOOPATUMBIX MPOIECCOB JIOCTUTJIA CBOETO
JIOPUYECKOT'O 3aBEPIIECHEHNUS.

JlaJyibHeitiee pa3BuTue T€OPUK CBA3aHO € ITPOOJIEMOTT TOCTPOEHUST TEPMO-
JINHAMUKYU HEJTMHEHHBIX HeOOPATUMBIX MPOTEccOB. B 9TOM HampaB/ieHUN 3a-
JIadd U MOJIXOJIbI K UX PEIIEHUI0 B TEPMOJIMHAMUKE CMBIKAIOTCA € 3a/ladaMi
U TI0JIXOJIaMU K PEIeHUIO 3a/1ad B CUHEPIeTHKE.

OO61mme moJio>KeHnsl TEPMOANHAMUKN HEOOPaTUMBIX IIPOIIECCOB

st onmcanust CUCTEMbl B HEPABHOBECHOM COCTOSIHUM TPeOyeTcsi BBOJIUTH
O6BIIIee YUCTIO TTAPAMETPOB, YeM JIJIsT ONMUCAHUsS CUCTEMbI, HAXOIIIecs B
paBHoBecun. Hampumep, TepMutdeckn OHOPOIHAS CUCTEMA B COCTOSTHUN PaB-
HOBECHsT NMEET OJIHY TEMITEPATYPY BO BCEX CBOMX YACTSIX. DTa YKE CUCTEMA, JI0
YCTAHOBJICHUS PABHOBECUs MOLJIA ONPECJIATHLCA PA3HbIMU TeMIlepaTypaMu B
Pa3HbIX YaCTAX.

B naJibHeitemM orpaHuauMcst CACTEMaMU, COCTOSAIIMMU U3 TIOJICUCTEM, KO-
TOPbIE MOXKHO OIWCHIBATH KaK OJIM3KHE K PABHOBECHUIO. IDTH TOJCUCTEMBI,
XOTA U ABJIAIOTCA MaJbIMU C MAaKPOCKOIIMYECKON TOYKM 3pEHHUs, HO COJep-
)KaT enr 0oJibIioe Yncyio MuKpodacTuil. CoxpaHeHue yCJIOBUs PaBHOBECHUS B
MaJIbIX 0ObiMax MpH Mepexojie CUCTEMbI BO BCIM MaciiTabe 0T paBHOBECHOTO
COCTOAHNA K HEPABHOBECHOMY COCTaBJIACT OCHOBY IIPUHIIMIIA JIOKAJIBLHO-
ro paBHoBecud. Pazymeercs, He Besgkas HepaBHOBECHAS CUCTEMa, JIOKAJIHHO
paBHOBECHA, HO MOXKHO YTBEPXKJATh, YTO B JIOKAJbHOM PaBHOBECHU HAXO-
JIATCA Te HEPABHOBECHBIE CUCTEMbl, OTKJOHEHUE OT PaBHOBECHS B KOTOPbIX
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nepesinko. CKOpOCTh U3MEHEHMsI MaKPOCKOIMYECKOTO COCTOSHUA 3HAUUTE/ b
HO MEHBIIE CKOPOCTHU 3JIEMEHTAPHOTO IIPOIECCa, OMPEEISIONIEro Iepexo ] Ch-
CTEMBI B COCTOSIHHE PABHOBECHs. B 9acTHOCTH, JJIs IPOIECCOB TEILIOIPOBO/I-
HOCTH 3TO 00IIee yTBep K JIeHUe COOTBETCTBYET YCIOBHIO, YTO CKOPOCThH MaK-
POCKOIMHECKoro uamenenns remneparypol | 1 |< T/, rae T - cpenusis
TeMIIEpaTypa, T - BpeMsl peslakcaluu (YCTaHOBJICHUS PABHOBECHUST TI0 TEMIIe-
parype). AHaJOrMIHOE YCJIOBUE MOXKHO 3alUCATH U JIJI IPAJMEHTa TeMIle-
parypbl B cucreme | gradl |< T/\, tge \ - jpjuna ¢BoOOJHOTO mpobera
4aCTUIb (KBA3MYACTHILHI), OTBETCTBEHHOI 38 YCTAHOBJIEHME B CUCTEME Tell-
JIOBOTO PABHOBECHS.

TepmoHaMUKa HEOOPATUMbIX IPOIECCOB 0000IaeT MOHATUS KacCuye-
CKO#1 TepMOJIMHAMUKY U TIPEJIIOJIAraeT IPUMEHUMOCTD K JIOKAJIbHO PaBHOBEC-
HBIM YaCTAM CHCTEMbI OCHOBHOTO YPABHEHUST TEPMOJMHAMUKY JIJIsT KBA3KCTA-
TUYECKHUX IPOIECCOB:

n
Td;s = dyu — pdyv — Z trdicy, (75)
k=1
a BMECTe ¢ HAM U BCEX COOTHOIICHUIl W BEJUYHMH KJIACCUYCCKON TepMOJINHA-
MUKH. 37eCh d; - onepaTop HOJHOI TPOM3BOAHON 110 BPeMeHH t; S, U, U, Cj
- yJesibHble (Ha eJIMHUILY MACChl) 3HAUEHWsI SHTPOIIUU, BHYTPEHHEH SHepruy,
00'biMa U YHCJIa YACTUIL COOTBETCTBEHHO

s = AS/m, u="U/m, v=AV/m=1/p, ck = my/m,

™M - Macca BbIJICJICHHOW YaCTu CUCTEMbI.
Ypasuenue (75) MOXKHO PACCMATPUBATEH KaK YpaBHEHUE JIJisi OTIPE/ICJICHIsT
VJICJIBHOU SHTPOINH S:

S = QO(U(Fp t)> U(ﬁ t)a Ck(Fa t)a :uk(f: t))a

TJIe U, V, Ck, b ABJIAIOTCA (DYHKIUSMUA KOOPJIMHAT U BPEMEHH.

AS = sm = sp/Av ecTb TOJHAS SHTPOIUS BbIJIEJeHHOrO 00bima. [lo-
CKOJIbKY TIPOIIECC BCEH CUCTEMBI CBSI3aH C EPEX0/IOM TOJICUCTEM B KBA3UPaB-
HOBECHOE COCTOSTHWE, TO COTJIACHO BTOPOMY HAYaJy TEPMOJMHAMUKUA IHTPO-
st AS omKHA BospacTarh, T.e. AS > 0.

Coryacto (75) 1 HAIITUM JIOTYTIEHUSIM TEPMOIUHAMUKY HEOOPATHMBIX PO~
[IECCOB MOXKHO PacCMaTPUBATh KaK MOJIEBYIO TEOPHUIO U (DOPMYTUPOBATH JIJIsT
Hel 3akoHBbI coxpaHeHus. [Ipu 3ToMm 11e/1€C000PA3HO BBIJICIUTH JBA KJIACCA,
TEPMOJIMHAMUIECKUX CHCTEM: TOMOT€HHBIE U TeTepOreHHbIe. B roMOoreHHbIX
CHCTEMaX BCE MEePEMEHHbBIE, OTPEJICIISIIONINE UX COCTOSTHUE, SIBJISTIOTCST HEIpe-
PBHIBHBIMU (DYHKIMSIMU TIPOCTPAHCTBEHHBIX KOOPJUHAT U BpeMeHu. Bropoii
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KJIACC BKJIFOYAET CHUCTEMbI, COCTOsAIINE U3 JIBYX WJK OoJjiee TMOJICUCTEM, pas-
JIEJIIHABIX €CTeCTBEHHON WM UCKYCCTBEeHHON rpanuteit. [TapameTpnt BayTpu
Ka K10l TOJICUCTEMBI MEHAIOTCA HEMPEPLIBHO OT TOYKU K TOUKE, a MPH Tepe-
XOJ/Ie OT OJIHOU MOJICUCTEMBI K JIPYTOil MEHSAIOTCA CKaAYKOM.

Jlj1st HeNpepPbIBHBIX TOJICUCTEM 3aKOHbI COXPAHEHWsI UMEIOT BUJI OaJiaHC-
HBIX ypaBHEHNN THIPOAUHAMUIECKOTO TUTIA JIJI MACCHI, 9JIEKTPUIECKOTO 3a-
psjia, IMITYJIbCa, BHYTPEHHEH SHepruu U T.J1. [Ipu 3ToM HEOOXOMMO yUINTHI-
BaTh, YTO BCE BEJIMYMHBI B (75) OTHECEHBI HA €JMHMUILY MACChl, & YPaBHEHMUsI
DaJiaHca 3alTMCHIBAIOTCH KaK yPaBHEHUs JIJIs [JIOTHOCTEH COOTBETCTBYIOIIMX
BeJIMINH (Ha euHuIly oObiMa). PaceMorpuM mpocroit ciydail, Korga cucre-
Ma HaXOJIUTCs BO BHEITHEM 3JIEKTPUUYECKOM T10JI€ C HAIPSXKEHHOCTHIO Eu
nMeerTcsi rpajiueHT Temreparypbl 1. YpaBHeHnue OajiaHca Jijisi SHTPOINUU 3a-
MUTIETCS:

dps Lo
pdys = = + divJs = oy, (76)
rjie J, - IIOTHOCTD TIOTOKA SHTPOIHH, Ty - NPOU3BO/CTEO SHTPOIMU Ha €/H-
HUILy 00'bIMA.

YpaBHenue OaJjiaHca i BHYTPEHHEH SHEPIUU UMeeT BUJL:

pdyu = —dz’v(j@) + .- E,

—

rjie je - IJIOTHOCTB JIEKTPUYECKOTO TOKa, Jg - MJIOTHOCTH MOTOKA TEIIA.
Ecnu cumrarh, 4TO B JTaHHOM TpOIEcce HE MPOUCXOIUT U3MEHEeHHe oObiMa,
TO

pdiv = 0.

Ecnm mpu 9TOM He MPOMCXOINT HUKAKUX XUMHYECKHX PEaKIINii, TO BCe
dtCk =0.

[ToncraBnsss nosydeHnbie Boipaskenns B (75), momyanm

pdys = —=div(Jp) + Te E
I . .
. JQ JQ 1 - —
pds = —dw(?) + ﬁgradT + Tle E.
DopmasibHOE COTIOCTABIICHIE STOTO ypaBHeHust ¢ (76) MO3BOISIET 3aKIIOIUTD:
Js =
T

—

JQ 1—) —
05 = ﬁgradT + Te E.
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Benmwaunbr gradl v E MOXKHO TpakTOBaTh KaK BHEIIHUE CUJIbI, T€HEPUPYIO-

J, 2
I[1e TIPOU3BOJICTBO SHTPOINH, T—% " % Je - COOTBETCTBYIOIIME UM 0D0DIIEH-
HbIE TIOTOKH SHTPOINN.
B npejcrapiennn 0o6001eHHBIX TOTOKOB J; 1 0000meHHbIX cuil X ; dhop-
MYJIy JIJIsl TIPOM3BOJICTBA SHTPOIMHU MOXKHO 3alliCaTh B OMJIMHEHHON (dhopMme:

Os = zm: Jj()XJ > 0, <77)

rJe m - 9UCJI0 CWJI, JEeHCTBYIONMX B cucTeMe, (+) - g-KpaTHasi CBIpTKa, ¢ -
paHr TeH30PHON BEJIMYUHDI.

JImuaeitHas TepmoguHamMuka OH3arepa

B yciioBusix TepMojinHaMUYECKOTO PABHOBECHS BCE CUJIbI M TIOTOKHU, 8 BMe-
CTe€ C HUMU ¥ MPOU3BOJICTBO SHTPOINNUKU obOpalaloTcs B HyJsib. [osaTomy mpu
MaJIOM YJIaJICHUU OT PABHOBECU BIIOJHE €CTECTBEHHO MPEJIOJI0KUTH JTUHEH-
HYIO CBA3b MEXKJly HUMM:

Je =Y Li(-)X;,
j=1

riae Ji, Xj - 0000IeHHbIe TOTOKH U CHJIBI JIFOOOH TeH30pHOH BaJIEHTHOCTH,
Ly; - mensop, JileKapTOBbl KOMIIOHEHTBI KOTOPOI'O UMEHYIOTCA KHHETHUeCKU-
My KodpuImeHTaMu. DTO COOTHOIEHNE HA3bIBACTCS JIMHEHHBIM 3aKOHOM
Omnszarepa.

V3 mpuHImna MakpoCKOIMYeCKO# 00paTUMOCTH, BhIPasKalomero nHBapu-
aHnTHOCTH ypaBHenuit Heiorona u IlIpenunrepa ornocuresibuo orepaiuu 00-
palenus 3HaKa BpeMenn ¢ — —t, BBITEKAIOT BaxKHbIe cBoiicTBa Ly;. Ecim
BBECTH B PACCMOTDPEHHUE JIBA TUTA CUJI: IITHBIX (Q-THIM) ¥ HETITHBIX ([-TH)
OTHOCUTEJIbHO U3MEHEHUST 3HAKA BPEMEHHU, TO TIPW OTCYTCTBUY BHEIITHEr'O Mar-
HUTHOTO 110Jis1 1 cu1 KapuoJsinca

[Tpu wagwarn mMarauTHOro nosist B nim cun Kaprosmca @:
Liyj(B) = Lj(=B)ese;,
Lyij(&0) = Lj(=d)ere;,

3716Ch
1, mpu Xj, X;€a,

€k, E; =
R —1, mpn X, X; € S.
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OTH COOTHOIIEHNST HOCAT Ha3BaHue coorHomennit Ouzarepa - Kazemupa. Co-
BOKYIITHOCTDL 3aKOHOB COXpaHEHMS SHEPIUH, MACChl, IMIIYILCA 1 Oajianca 3H-
TPOIUY BMECTE C JIMHEHHBIMU ypaBHEHUsIMHY (75) ¥ COOTHOIIEHUSIME B3ANMHO-
cru (78) siBJIsieTCst MOJTHOM 1 TO3BOJISIET COCTABUTH cucreMy jinddepeHinalib-
HBIX YDABHEHHUH JIs1 TEPEMEHHbIX, XapaKTePU3YIONUX COCTOSHUE CHCTEMbL.

J, 2> 5
B pacemorpennom srimne npumepe J; = 75, Xy = gradT’, % Jje E, orciona:

T B,
T—g = LllgradT + L12E,
% = LngradT + LQQE.

N3 coornomenns: Ouzarepa - Kazemupa umeem Lis = Loy, B ciayuae, korjia
JIEICTBYET TOJBKO 3JIEKTPUIECKOE 10J1€ UJIN [Iepera i TeMIepaTyphbl 13 3aKOHA,
Owma u Oypne, numeem

fe = UE, j@ = —AgradT’,

rjie 0 - yjiejibHasi TPOBOAMMOCTD BEIIeCTBa, A - KOI(DDUIIMEHT TeIIonpoBO/I-
nocru. Orcrona
L22 = TO', L11 = —TQ)\.

[Ipy HaMYUK SJEKTPUUECKOTO TOJIsT U TPAJIUEHTa TEMIIEPATY]
fQ = —Agradl + TQngﬁ,

]: =T Liogradl + UE,

T.€. IOTOK TEeILJ1a BbI3bIBAETCS HE TOJILKO IEPeIaloM TeMIIepaTyphl, HO U JJIeK-
TPUYECKUM TOJIEM, & JIEKTPUUECKUN TOK BO3HUKACT HE TOJILKO U3-3a HAJIU-
YK JIEKTPUIECKOTO IO, HO U 3a CUIT I'paJIMeHTa TeMIepaTyp.

2. Mukpockonuieckass Teopuss HepaBHOBECHBIX
ITPOIIECCOB

OCHOBHBIMH 3aJladaMi MUKPOCKOIIMYECKON TEeOpHH HEPaBHOBECHBIX IPO-
IIECCOB ABJIAIOTCH, BO-IIEPBBIX, HAXOXKJIEHUE YPaBHEHU, ONPEJIeTdONnX U3-
Menenne GYHKIMU pacipejiesieHusi (MaTpHilbl JIOTHOCTH) B MPOCTPAHCTBE
U BO BPEMEHHU, U, BO-BTOPBIX, YCTAHOBJIEHUE CBA3EH MEXKJy MUKPO- U MaK-
poBenmunHaMu. Haxoxienne (pyHKIIMK pacipeieseHus JIJisd HepaBHOBECHBIX
COCTOSIHUI TIpeJicTaBjsieT co00# Oojiee CJIOXKHYIO 3ajady, YeM HaXOXKJeHUe
dyHKIMU pacripejiesieHsi B pABHOBECHOM COCTOSIHUU.
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O6osnaunm depes f(7, p,t) GyHKIUIO pacipeieseHus: YacTuly 110 KOOP -
HATaM ¥ UMIyJbcaM. B ciydyae HepaBHOBECHON CHCTEMBI f 3aBHCHUT KaK OT
KOODJINHAT 7° U UMIIYJILCOB P, TaK U OT Bpemenu t. OObrano f HOpMHUPYIOT Ha
MOJIHOE YHCJI0 YacTuIl B cucreme N

//f@ﬁwmﬁzN

OTCIO/Ia TPOCTPAHCTBEHHASI TJIOTHOCTD dncsia dactutt n(7,t)

Mﬁw=/fm@wm

Suanne YHKIUU pacipejeeHus I03BoJIAeT JerKo HallTH Bce MaKpPOCKOIIU-
YeCKHe BeJNYUHbI

S @, pt)dpdi
(t) = ~

() = ff(ﬁm)];ﬁ(ﬁﬁt)dﬁ.

B knaccumueckoit KMHETHKE METOJ PACCMOTPEHMS HEPaBHOBECHBIX IIPOIEC-

¥

n X IJIOTHOCTH

COB CYHIECTBEHHO 3aBUCUT OT TOT'O, SABJIAETCA JIU paccMaTrpuBaeMasd cpeja
"mrornoit" wmim "paspexennoit". M1 Oynem paccMaTpuBaTh CHCTEMbI, CO-
CTOAINE U3 HEHTPAJbHBIX MOJEKYJ. B 3ToM ciydae MexXIy MOJEKYyJIaMH
JIeCTBYIOT KOPOTKO/EHCTBYOIMME CUIbl. Pannyc neiicTBus MOCIEIHIX 000-
3HAYUM 4Yepe3 g U ONPEJIeJUM €ro KaK TO PACCTOAHUE MEXKJY MOJIEKYJIaMu,
Ha KOTOPOM MOTEHIUAJIbHAA IHEPIUsd UX B3aUMOJICHCTBUA CTAHOBUTCH O]I-
HOTO TOpsAKa C UX CpelHeil KHNHETUYECKON dHeprueil TerjgoBOTrO JIBUKEHUA
(1o ~ (1077 +1078) cm).

Ecsin miiornocts wactun n > ry 3

, TO TAKyI0 CHCTEMY OOBIYHO HA3BIBAIOT
"mioTHO#", B 9TOM cilydae YacTHIBI BCI BpeMs B3aUMOJICHCTBYIOT MEXKIY
c0o0Oii.

Ecim n < ry 3. To cucreMa HazpiBaeTcs: paspexkennoit”, B 9TOM ciydae
MOYKHO CUUTATH, 9TO OGJIBIINYIO YacTh BPEMEHN YaCTHIbI BEIYT ce0s1 KakK CBO-
OO/IHBIE ¥ B3aMMO/JICHCTBYIOT JIUIIL OUeHL KOPOTKOe BpeMs. Ha aTom ocrnosa-
HUU B3aWMOJECTBIE MOYKHO PACCMaTPUBATL KaK CTOJKHOBEHHE.

Pacemorpum cnagana "maorabie"  cucreMsl.

YpaBuenune CvmoiryxoBcKoro. IIpuHImn meTajbHOTO paBHOBECUS

B mioTHbIX cucTemMax Karkjiasi 4acTulla B3auMOJeHCTByeT cpa3y ¢ O4YeHb
OOJIBIITUM THCJIOM cocejieii. 3agada 0 HaXO0XKIeHNN (DYHKITMH PACTIPE/Ie/IeHusT
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YaCTUIl, CBOJIUTCA K 3ajiade O JIBU?KCHWU OJIHON 4YaCTHIIbl B T0JIe, CO3/aBae-
MOM BCEMU OCTaJbHBIMHU YaCTUIIAMHU, TO3ITOMY ONUCAHUE BO3MOXKHO TOJILKO
BEPOATHOCTHO. /11 TaKMX CJIydailHBIX HPOIECCOB MOXKHO BBECTH IOHSITHE
BEPOSITHOCTHU TIEPEX0/ia U3 TOYKU X (Pa30BOr0O MPOCTPAHCTBA B 3JEMEHT 00b-
iMa dy BOJIM3W TOYKM Y STOrO MPOCTPAHCTBA 3a BPEMS T, €CJIU HadaJbHBII
MOMEHT BpeMeHU Iepexoia paBeH t:

dw = W (y,x|r,t)dy.

Ouesnano, uro W (y, z|T,t) obmagaer coiicTBamu

/dyW(y,xh‘, t)=1, (79)

/ Wy, olr6) (o, Dde = .t + 7). (80)

Paccmorpum nocsietoBaTesibHbI epexo/] YacTUIlbl U3 T B Y 9€Pe3 TOUKY 2 33
BPEMs Ty + To, TJIe T1 €CTh BPEMST TIEPEX0Jia U3 & B 2, & Ty - BPEMST TIE€PEX0JIa
3 z B y. Bynem cumrars, uro W (y,z|r,t) 3aBucur Jummb 0T HAYATHHOTO
1 KOHEYHOTO COCTOSTHUS, HO HE 3aBUCHUT OT MPEJBICTOPHUHU, TAKHUE TPOTIECCHI
HazbiBatoTcs nensmu Mapkosa. Torja noJiyuaem

Wy, x|m + 1o, t) = /de(z,x\Tl,t)W(y,z\Tg,t—I—Tl). (81)

OTO COOTHOIIEHNE HA3BIBAIOT ypaBHEeHHEM CMOJIYXOBCKOTO.

Ypasuenue Hurorona u ypasuenue IIpenunrepa cuMMeTpuyHbl 110 OTHO-
IIEHWIO K M3MEHEHWIO 3HAaKa BpeMeHH, T.e. 3aMeHe t Ha —t. OTciojia ciejyer,
YTO BEPOSITHOCTU MPSMOTO W OOPATHOTO Tepexojia T — Y U Y — T JOJIPKHBI
OBITH OJMHAKOBHIMU, T.€.

Wy, x|, t) = W(x,y|T,t).

1o yTBEpP2KACHNUE HA3bIBaCTCA IMIPUHIIAIIOM J€TAaJIbHOI'O PpaBHOBECHUA.
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YpaBuenune Pokkepa - [lnanka

Bo muornx dpusndeckux 3aj1auax npejacTapisgeT HHTePeC epexo/i B paBHO-
BECHOE COCTOsIHAE CUCTEMbI TsI?KEJIbIX YaCTUIl B pe3yJibTaTe UX COyIapeHuil ¢
OoJiee JIITKUMU YaCTUIIAMU, YK€ JJOCTUTIIUME PABHOBECHOTO pacIIpeeeHus.
[Ty10THOCTD TSXKEJBIX YaCTUIL CUUTACTCS CTOJIb MaJIOH, YTO UX CTOJIKHOBEHMSI-
MU JIPYT C JIPYIOM MOXKHO TpeHebpeub. JacTHbIM CiydaeM M0 00HbIX CUCTEM
SIBJISIETCSI CUCTeMa OPOYHOBCKUX YACTHII.

BoJibiiasi Macca Tskesioif 4acTUIbl MPUBOJUT K CBOETO poja cjabocTu
€l B3auMOJIeiCTBUS C JIITKUMU YaCTUIIAMU: OTHOCUTE/IbHOE U3MEHEHUE SHEP-
TUU TSKEJON JacTUIbl TPU OJJHOM COYJIAPEHUHU C JITKONW YacTurieil oKas3bl-
BAETCsI MAJIBIM. DTO IO3BOJIsIeT Ipeobpas3oBaTh ypaBHeHne CMOJIYXOBCKOIO
B JiuHeitHOe Jiud dhepeHinalbHOe ypaBHEHNE C yJiepyKaHueM TPOU3BOIHBIX 110
CKOPOCTH JIMIIB JIO BTOPOT'O MOPsijiKa BKJIOUNTEebHO. [losyuarorieecs: Kune-
THYECKOe YpaBHEHME Ha3bIBACTCS MOHOMOJIEKY/ISIPHBIM KUHETUUIECKUM ypaB-
HenneM, uan ypapaenneMm Qokkepa - Ilmanka.

Mur BoiBesiem ypashenue Pokkepa - [linanka meTojoM, 1pejioyKeHHbIM
[ToHTpATHHBIM.

Beenem dyukiuio g(x), uarerpupyemyto B (pa3soBOM IPOCTPAHCTBE U Y10
BJIETBOPSIOIILYI0 TPAHUIHBIM YCJIOBUSIM: (DYHKIMs ¢(T) U BCe €1 TPOU3BO/HbIE
JII06OTrO MOPsiJIKa 00paIaloTcst B HyJIb 1pH | o |— 00

99 o, P9
(9:131- ’ &Ul&vj

Yuuoxum ypasaenre Cumosyxoscekoro (81) wa ¢g(y)dy u mpounTerpupyem mo

g(x) =0, 0,

BCEM 3HaAYCHUAM Y:

/W(y,xIﬂJrTz,t)g(y)dy: //W(z,fclﬁ,t)W(y,ZITz,t+71)9(y)d2dy-

B mpaBoit wactu sToro ypasHenusi pasiokum ¢(y) B psaj Teitiopa BOm3u
TOYKHU Z:

9(y) = g(z) + ag—ij)(yi —z) + %%;2(% — zi)(yr — 25) +

3JleCh IPUHSATO BO BHUMaHWE YCJIOBUE PABHOMEPHOW HEIPEPbIBHOCTH (PYHK-

i g(y)
"g(y)\ _ 9"9(2)
oyr ozl

y=z i

Torna

[ Waln+ mtigtdy = [ [ WGealn Wiy, sl + m)lg(a)+
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99(2) 10 ( )
nJIn
T2 ag(z)
{[W(ya $|7'1+’7'2, t)_W(y7 $|T1, t)]g(y) — 724, (y7 71 +t)W(y7 Z|7—17 t) Oz +
1 T2 829(2)
+§TQbi,k(yv7_1 + )W (y, x|, 1) 92,02, + -ty =0,

rie
] 1

a*(y, 7 +1t) = . /(zZ — Yy )W (z,y|m, t + 11)dz,
p

] 1
o+ = = [ (= ) = )W eyt + e
u yareno (79)
/W(z,y|72,71 +t)dz = 1.

[lectumeptbiit BekTOp af (y,t) €cTh CpejiHsist CKOPOCTh U300pakatomeil To4-
K1 B (PA30BOM NPOCTPAHCTBE 38 BPEMd T B TOUKE i ¥ B MOMEHT BDEMEHH {.
[ectumepnpiii Tensop b7 ;. (y,t) npejcrasiser coboit GyHKINIO KOppeanun
MexKLy i-it 1 k-if mpoeKIuaMu cMenenns n300paskaroeil Touky 3a Bpemst T,
OTHECIHHYIO K €JIMHUIEC BPEMEHH.

[Tepexojist k nipejiesty 7o — 0 u 3aMeHsist 7| Ha T, [OJIyYUM

oW (y, z|7,t) | g
/{ 5 9(y) — ai(y, )W (y, x|, 1) 8%&

2

0°g(2)
oo bdy =
(9z182k + } J 0’

1
+§bz,k(y7 T+ t)W(ya .T’T, t)
rie
a;(y, T +t) = hm a*(y, T+ 1),
bir(y,7+1) = hm0 bin(y, T +1).

YAaTiM, 9TO

0
/ il + OW (gl )y = / aily, T+ OW (g, 2l £)g () dy)|=

_/g(y)a[az(va+g)yW(yax|T7 t)]dy

[IepBoe ciiaraemoe B mpaBoii YacTH B COOTBETCTBHUU ¢ TeopeMoii ['aycca mpej-

=00

craBJjisier coboit nHTEerpaJl 1o 6ECKOHEUHO Y/IaJIHHON ATUMEPHON TTOBEPXHO-
cTH, 1 u3-3a CBOWCTB (pyHKIWMU ¢(Y) OHO 3aHYJISETCS.
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AnaJjiornaso

0%g(2)
> [ bt + oWl 55 ay -

=—00

Z/gyg bik(y, 7+ OW (y, x|, t)]dy; |5 =

—E:/

> / 00 50 a7+ OW (gl D)y =

i (y, T+ OW (y, |7, 1)) dy; | ="+

ik
Orcrona
ow ,:1:7'25
o= oy + OW (3.2l 0)
IS T e+ OW (el D) + - Yy = 0
2 aykaz Zk y77_ y? T y

[Tockouibky g(y) NPOU3BOJILHO, TO

oW ( y,x]T t) Z

0y;

" bix(y, 7+ )W (y, x|, t)] = 0. (82)

[Tonyuennoe ypapuenue HasbiBaercst ypaBHenuem QDokkepa - Ilnanka jis
BepositHocTu tiepexoja W (y, z|7,t). YMHOXKasl 110Jlyd4eHHOe ypABHEHUE Ha
f(x,t) u unrerpupyst o x ¢ yaerom (80), nomyuaem ypasuenne Dokkepa
- [Tnanka s dyukmun pacupegenenust f(y,t —+ 7):

A S ot )7 o)

m bix(y, T+ 1) f(y,t+7)] = 0. (83)
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[TockosibKy HauaJbHBI MOMEHT Tepexoja t mpousBosieH, 10 B (82) u (83)
MOYKHO TIOJIOXKUTH t = ().

[Tocsieinee ypaBHeHNEe MOXKHO Hepenucarh B popMe ypaBHeHUs HellpephblB-
HOCTH B (Da30BOM IIPOCTPAHCTHRE:

(9f y7 Zg;z _ ’ (84)

I'1€¢ KOMIIOHEHTHI IHeCTI/IMepHOI‘O BeKTOpa IIJIOTHOCTHU TOKa paBHbI
ji = ai(y,T)f(y,tau -5 Z a zk y7 )f(yaT)]

Taxkast 3anuck ypauenust Qokkepa - [lnanka oTKpbiBaeT 1myTh K HEKOTOPHIM
00001eHusiM. Bynem narunckumu OykBamu x, v, 2, ... 0003HaAYATh HE KOOP/IU-
HaTHI B (pa30BOM IIPOCTPAHCTBE, & KOOPJIUHATHI TPIXMEPHOI'O IIPOCTPAHCTBA.
Paccyxnenuns, npupejinme nac Kk ypapaenunio Qoxkkepa - [1nanka, coxpansior
CUJIy ¥ B 9TOM CJIy4ae, U Mbl 110Jly4aeM ypaBHEHUE B TPIXMEPHOM MPOCTPaH-

of (y, t +7)
orT

CTBeE:
+ divj =0, (85)
e

7 — @ 7) (7, tau)] — %dz’v[E(ﬁ N7,

(7, T) npejcrasiser coboil OOLIMHYIO CKOPOCTh YacTHIl, a Ternsop b(7,T) -
DYHKIMIO KOppEJsUN CMEIIEeHUs YaCTUIl B HAIPABJICHUAX KOOPINHATHBIX
OCeld.

PaccMoTprM HEKOTOpBIE YaCTHBIE CJydan KCIOJL30BAHKU 9TOr0 ypaBHe-
HUS.

A. JIBu>keHue MacCCUBHOI OpPOYHOBCKOII YaCTUIILI B OTCYTCTBUE
BHEIITHETrO I10JI. B 3ToM ciiyuae BeseJcTBIe OJHOPOJIHOCTH IIPOCTPAHCTBA,
U BPEMEHHU IJIOTHOCTL BEPOSTHOCTH IEPEXo/a OPOYHOBCKONH YaCTHUIILI MOXKET
3aBUCETH TOJLKO OT PACCTOSIHUS MEXK/Ly TOUKAMU 1 He JOJKHA 3aBUCETH OT
BbIOOpa HAYAJHLHOI'O BPEMEHU:

W(Fl,F2|T,t) :W(‘ 771—7?2 |,T>.

[TosTomy mmeem

1
(7)) = lim =~ | W(|F— 7|, 7)(F — 7)dF = 0

7—0 T
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B CUJIy HEYITHOCTU TOJIBIHTEIPAJILHON (DyHKIINKU 1
. .1 L. .
bz’,k(r) = l{%; W(|7“ - 7“1|; T)(xz — $1z)($k — xlk)dr = b5z‘,k,
rjie

1
b= lin%) — [ W(|F], 7)z*dF = const.
T—U T

Ypasuenne Gokkepa - [lanka npuHuMaeT ToOrjaa BUI:

of 1

— = bV,
ot 2 /

KOTOpPOE C TOYHOCTBHIO JI0 0003HAUEHUI COBIIAIaeT ¢ ypaBHeHHEM Iuddy3un
of
— = DV*f. 86
T~ pvy (56)

Otciofia BbITEKAET COOTHOIIEHUE DUHINTEHHa MeXaAy KoddduimeHToMm b u
kKoapdunuentom muddysuu D:

b=2D.

Ecsm B Moment Bpemenu ¢t = () 4acTHIA HAXOJUTCSA B TOUKE 7, TO PEICHUE
ypaBHenus (86) nmeer Bu:

L L2
|*—70|

f(7F,7) = (4r D7)~ Y2~ 00

Orcrona
(Az)? = /(m — 20)*f(7,7)dF = 6Dr,

T.e. CpeJIHMI KBaJIpaT CMelleHus OPOYHOBCKOW YaCTHUIbl TPOIOPIMOHAJICH
BPEMEHH.

B. PaBHOBecHOe paciipejiejieHne Bo BHeNTHeM moJie. Ecyi 6poyHoB-
CKasl JaCTUIA HAXOAUTCS BO BHEIIHEM II0JIe, TO CKOpOCTh dacTuiibl @ # 0.
[Tpenebperasi 3aBrcuMocTbiO KO3 uIieHTa b 0T KOOpJIMHAT, UTO CTPOIO
CIIPpABEJJINBO JIJIsi OJIHOPOJIHBIX T10Jieil M NPHUOJIMXKEHHO CIPaBEIJINBO JIJIsI
HEOTHOPOJTHBIX T0JIell Ha HeOOJIBIMX OTpe3KaX, MOJYIUM BbIpaXkeHue s
TOKa j

- 1

B papnoBecun 3 = (0 um pacnpejiejieHre UaCTHIl ONKUCHIBaeTCsa (POPMYJIOii

Boabnmana:
)

[ = foe .
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HO,ZLCT&BJIHH 9TO BbIPDAKEHHWE B BbIparK€HHE JIJIs1 TOKa, IHHOJYINUM

- U(7)

F= @+ U @) for = 0.

2kT
Orcrona
. b D . -
a= —ﬁVU(F) = —k—TVU(T) = qF,
rjae ¢ = D/kT- nojBuKHOCTb 9aCTHIBI, F = —VU - cuna.

Mur osryaman 3axkoH CTOKCa, JIJIsT CONPOTUBIICHNST BSI3KON YKUJIKOCTH J[BH-
KEHUIO YaCTUIbI, COTJIACHO KOTOPOMY CHJIa CONPOTUBJICHUS TIPOIOPIUOHAIIb-
Ha MEePBOI CTEeHU CKOPOCTH.

YpaBHeHNE KTHETUYECKOro baJsiaHca

YcTaHoBJIeHWE TEPMOJIMHAMUYECKM PAaBHOBECHOI'O COCTOSIHWSI B CHUCTEME
OCYHIECTBAACTCA 4Yepe3 psAJl JEMEHTAPHBIX MPOIECCOB, CKOPOCTH KOTOPBIX
MOT'YT CYIIECTBEHHO Pa3JIndaThCA.

Pajin npocToThl PacCMOTPUM YCTAHOBJICHUE PABHOBECHSI B CHUCTEME dYa-
CTHUII, B KOTOPO# OTCYTCTBYIOT NPOIECCHI TeHepallui U r'mbesiu 9acTull B Ma-
soM azoBoM 0b6biMe. Ha 3ToM 0CHOBaHUT MOYKHO CUNTATD, YTO BEPOATHOCTH
nepexojia 4acTuilbl U3 (pasoBoil TOYKU T B TOUYKY Y 3a BpeMs T C MOMEHTA
BpeMeHu t onpejiessiercsi (popmyJioit:

Wy, x|, t) = A(y,t)0(y — x) + TP(y, x, ).

Brecy P(y,x,t) - BEPOATHOCTD MEpexojia U3 TOYKH & B TOUKY Y B MOMEHT
BpeMenn ¢ 3a equnnity Bpemenn, A(y,t)0(y — ) - BEposiTHOCTH ""MIHOBEHHO-
ro''mepexojia U3 TOYKU T B TOUKY ¥, O-DYHKIUS yIUTHIBAET, UTO 3a HYJIEBOIf
POMEXKYTOK BPEMEHHU YACTUIA HE MOXKET MOKUHYTh TOUKY .

U3 ycnoBust HopmupoBku (79) HAXOAUM, UTO

Az, t) =1— T/P(y,a:,t)dy.

Takum obpazom,

Wy, x|r,t) =[1 — T/P(y,x,t)dy](S(y —x)+ 7Py, x,t). (87)

Yuarim, aro dyukiws pacnpejenenns f(x,t 4+ T) B TOUYKe T U B MOMEHT
BpeMenn t + T cBsizana ¢ gynknmedi f(y,t) B TOUKe y U B MOMEHT BPEMEHU
t coornomenuem (80). Orcroga u u3 (79) umeem:

fla,t+7) = fl,t) = /{W(fc, ylm, ) f(y,t) = Wy, z|7, 1) f(, 1) }dy.
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[Topcrasstisi (87) B nostyueHHOE BbIpaXKeHue U mepexojis K npejeiay 7 — 0,
IOJIyYMM TI0CJIE TIPOCTHIX BBLIKJIAJIOK CJIEIYIOINee ypaBHeHue:

% _ / {P(x,y.)f(y,0) — Ply,w,t) f(z,t)}dy.  (88)

HOJIyLIeHHOG YpaBHEHHUE HOCHUT Ha3BaHUE YpaBHEHHUA KHMHETHUYIECKOI'O baan-
Ca M JIETKO IIE€PEHOCUTCA Ha KBAHTOBbLIEC CUCTEMbI 3aMeHOI WHTETrpupoOBaHuAd
110 (baSOBOMy IIPOCTPAaHCTBY CYMMMPOBaHUEM II0 KBAHTOBOMEXaHUIECCKUM CO-

W) = S (R t) ~ Plt)oi(0)) (89)

CTOAHUNAM:

Bamernm, uto B 00lIeM ciy4ae BeposiTHOCTH Tiepexonos Py, x,t), P; ;(t) ss-
asiiorest pyHKusiMu pacupejesenus f(x,t) win auciaa dacrur p;(t) B i-Tom
COCTOSTHUH, TIO9TOMY BHEIIHsAsT MPpOCTOTa ypasHenus (88) wian (89) sBisiercs
KaKyIencst. Th ypaBHEHUST TPEICTAB/IIOT co00it B 0ODIEeM ciydae Hesu-
HeftHbie nHTerpoand epeHnraabHble YPaBHEHNs, TOTHOE PEIeHNe KOTOPhIX
BO3MOXKHO JIMIITh B HEKOTOPBIX MPOCTEHAIINX CIyUIasiX.

PaccmoTrpuMm B KauecTBe mpuMepa CHCTEMY aTOMOB, HAXOSIINXCS B paB-
HOBECHW C JIEKTPOMATHUTHBIM M3JIydeHneM. Idta 3ajaqda B 1916 romy Oblia
paccmorpera A. DWHIITEHOM, KOTOPBIi J1aJl KHHETHIECKOe JT0KA3aTeILCTBO
dopmynnr [lnanka s SHEPIUN TETIOBOTO U3JIYIEHUS .

Pajin mpocToTh! Oy/eM cunTaTh, YTO aTOMBI MOTYT HAXOIUTHCS JIMIIL HA
JIBYX YPOBHSIX C 9HEPTUSIMU €; U €, (£; > €f), UUCIO ATOMOB HA ITUX YPOB-
HAX cOOTBeTCTBeHHO paBHO IV; 1 Ni. IlockonbKy €; > €, To mepexojnbl k — 1
MIPOUCXOJISAT C MOTJIONEHNEM U3JIYUEHUsI, & MePexXojibl ¢ — k - ¢ U3JIydeHreM
9JEKTPOMArHUTHBIX BOJTH. OUEBHIHO, 9TO MEPEXObl ¢ MOTJIOMEHUEM J0JIXK-
HbI ObITh TPONOPIUOHAJLHBI TJIOTHOCTH ¢BeTOBOM 3Hepruun p(v,T) ¢ yacro-
TOlt hv = &; — €

Bkﬂ'Nkp(Z/, T)

Ob6paTHble Tepexo/ibl MOI'YT TPOMCXOUThH KAK CAMOIPOU3BOJIBHO (CHOHTAH-
HO), TOTJIa CKOPOCTbH Tepexoia Oyer

A; 1 N;,

TaK U CTUMYJIMPOBAHO (MHJIYTIMPOBAHO) U3JIYIC€HHEM, KOTOPOE JOJAKHO OBITH
nporioprronasbuo p(v, T):

BixNip(v,T).
OueBuHO, TPW PaBHOBECUU

By iNpp(v,T) = A; ;N; + B ; Nip(v, T)
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nJjim

Air /[Ny Big
T) = 2 / Sk ik
plv,T) Bi [Ni Bk,i]

[Ipu TepMommHAMIYIECKOM PaBHOBECUN

Nk _ Gk (imen)/iT
Ni g ’

IJie g U g; - CTEIIeHU BbIPOXKJIeHUS k-T0 U ¢-I'0 yPOBHEIA.
JloJKeH uMeTh MeCTO MPUHINIT JIETaJIbHOIO PABHOBECHS:

Bi 1.9 = By.igk,

TOrJIa C YYITOM, UTO &; — £} = AV, NOJYIUM
Ai ki hy
p(v,T) = 7/ [ekT — 1} :
B; 1.gx

B cuny 3akona Buna

v
T)=v"f(=
p(V? ) v f(T)
nMeeM A
Likdi _ AV,
B; 1.gx
Tormna

p(v,T) = AV?’/ [e% — 1} .
[Ipn hv < kT mosyueHHOE BbIpayKeHUE JIOJXKHO HMEPEXOIUTH B (POPMYILY
Penest - JIxxkunca:

8 9
p(v, T) = ngV :

1 Mbl IoJiy4daem usBectHyio popmyay Ilianka:

8rhy? 1
p(”? T) = hv

e —1

(90)

Kwunernygeckoe ypaBHeHune boJsbiimana

[IepeitiM K M3yUEHUIO BTOPOIO MPEJIEJILHOIO CIydas B TEOPUH KUHETHIe-
CKUX sIBJICHUII - CJIyuasl pa3perKeHHbIX ra30B. BHOBL BBEIEM B PACCMOTPEHHE
GYHKIHIO pacipejie/ieHnsl pa3peKeHHbIX Ta30B. B paMKax KjaccuiecKoit me-
XaHUKN (QPYHKIUS PACIpeIeICHIsT 3aBUCUT OT KAHOHUIECKUX TePEMEHHBIX T
u p gactuil. CocTosiHAe JacTUIIbl Ta3a B IMeCTUMEPHOM (ha30BOM MPOCTPAH-
CTBE OIpEJIeJIsieTCsT OJIHOM TOYKOM, a M3MEHEHME COCTOSIHUsT STOH JaCTHIIhI,
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el JIBMKEeHre MOXKET TPAKTOBAThCS KaK JBUXKEHUE OTOOParkalolneil TOYKU B
[IECTUMEPHOM ITPOCTPAHCTBE II0 HEKOTOPO TPAEKTOPHUH, IIPUIIM TPACKTOPUH
TOUYEK He JIOJKHBI IIepeceKaThcs. B mpoTuBHOM cirydae 3To Obl 03HAYaJI0, ITO
[IPU OJIHUX CHJIAX M HAYAJILHBIX YCJIOBUSIX BO3MOXKHBI 110 KpaiiHeil Mepe JiBa
PA3HBIX IMYyTH PA3BUTHS CUCTEMbBI, & 9TO MPOTUBOPEUNT 3aKOHAM KJIACCHUIE-
ckoit Mexanuku. Taxkum obpazom, (popMabHOE JBHXKEHHE H300DParKaroImux
TOYEK MOXKHO PaCcCMATPUBATL KaK TeUeHHe HeKOTOPOi 'HecKmMaeMoil »Ku/I-
KocTr' .

Ecin Obl CTOJIKHOBEHUSI 9aCTHIL 'a3a MEXK Iy CO0OM U ¢ KAKUMU-TO JIPYTH-
MU JaCTUIAME OTCYTCTBOBAJIU, TO TJIOTHOCTH H300pazKkamux To4Yek ((hyHK-
IMs1 pACIIPEJIesIeHusi) OT BpEMeH! He 3aBucesia Obl:

df  Of =~ 9, .., 0 .
p7iuler +;[3—%(f%) + 8—pz<f -pi)] = 0. (91)

CToJIKHOBEHUsT MOJIEKYJI MEXKJ1y cO00i U ¢ JPYyrUMHU MOJIEKYJIaMU [TPUBOJIAT
K CKaIKOOOPa3HOMY M3MEHEHWIO MMITYJILCOB U, CJIeJIOBATEHHO, K CKaIKOO0-
pPasHOMY IepeMelleHrio n300paxkaomneil Touku B ($a30BOM IPOCTPAHCTBE.
B sTom mpubmmkenunn msobpakaromye TOYKH "THOHYT' B OJHMX YacTsX
dazosoro npocrpancTBa u "poxkjgaiorcs' B Apyrux Todkax hazoBOro Mmpo-
CTpaHCTBA. DTO 3HAYUT, YTO YUIT MIHOBEHHBIX CTOJIKHOBEHUH BBIHYKJAET
HAC BBECTH B IPaBOil YACTU ypaBHEHUs HempepbiBHOCTH (91) MCTOUHWKE U
CTOKHU.

—

Taxum obpaszom, ypasuenue jiist f(p,7,t) IpUHUMAECT BUJI:

Of ~= 0 .. .. 0 .
n +Zz_;[3_%(fml) + 8_]91(f - Pi)] = quer — ger,

rl1e quer M ger - 9ACI0 JACTUI] B €IUHUIHOM 3jieMeHTe (ha30BOT0O MPOCTpaH-
CTBa, POXKIAIOIIMXCS U MCUE3AIOINX B €IMHUIY BPEMEHH.

[Iyctes W (P, p1)dp) - BEepOATHOCTD 3a €JMHUILY BPEMEHU PACCEsThCS Ua-
CTHIIE C UMITYJILCOM, JIEXKAIIMM B HHTEPBaJe 0T P1 JI0 P1 + dp1, 1 npuobpecTu
uMIysibe p. B mpunnune sepositHocts W (P, p1) Moxker 3aBucers ot 1 u t.
Ecnn gacruipr nogunusiorcs cratuctike QepMi, TO TOJTHOE YHCI0 ITHX da-
CTHIL ¢ UMIIYJbCOM P, HAPOXKIAIONINXCSA 38 €IUHUIYY BPEMEHH B pe3ysbTaTe
CTOJIKHOBEHWA, ONPEJEJINTCS U3 BhIPAXKEHHUSI:

A / W (5 f (0, 7, ) (1 — (5.7 )d,

rJle MHTErPUPOBAHNE BEJITCS 110 BCEM 3HAYEHUsIM MMITYJIHCA P COCTOSIHUIA,
13 KOTOPBIX MOXKET TepeiTh 4aCTuIa B Pe3yJIbTaTe CTOJKHOBEHHUSI.
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C Apyroit CTOPOHBI, YUCI0 YACTUIL C UMITYJIBCOM P, YXOJSANINX B COCTOSHMS
¢ UMITYJILCOM, JIEXKAIUM B HHTEpBaJe OT Py 0 pi + dpj, B €IUHAIY BpEeMeHH
3a CUIT paccesHus, paBHO

qor — / W (5, ) (7.7 1) (1 — F(71, 7)),

IJie MHTErPUPOBAHIE TAKKE BEITCs 10 BCeM 3HAUCHUSAM MMITYJIhCa P COCTO-
SIHUM, B KOTOPbIE MOXET TepeiiTu JyacTuiia B pe3y/ibraTe CTOJKHOBEHMUS.
B utore mbI osiydaem

6

= =Yl ) + B

=1

+ [V @R GO F G5 0) W DI (51,7, 0)
I B BEKTOPHOI (popme

Y e V)~ (F- V)t

/{W 5. [ 7L — f( 7 )~
W (5 )G 8L — (1) Y (92)

D10 ypaBHEeHUE Ha3bIBACTCS KMHETUYECKUM ypaBHeHueM Bosbivana. B o6-
meM cirydae Bepositioct nepexojia W (plpy) saBucst or HensBecTHO QyHK-
nunu f(p, 7, t), nosromy Kuuerudeckoe ypasuenue Bosbiimana (92) sipisiercst
HesimHeHbIM nHTerpoauddepenmaibLubIM ypasaenneM. st ero peniennst
HEOOXOIMMO 3HATH CHILy F' 1 BepOATHOCTH Nepexojia W (plp1).

Ecin gacTunnl HecyT 3JeKTPUUYECKUi 3apsiyl ¢ U Ha HUX JIHCTBYIOT OJIHO-
POJIHbIE TIOCTOAHHDIE 3eKTpudeckoe E 1 MaraurHoe H 1o, To cuia

F = qFE + <[t x H],

IJIe ¢ - CKOPOCTD CBETA.

Bripakenue st BepositHocTu niepexoja W (plp) onpejiesisiercst pacemart-
pUBaEMOI CHUCTEMOI M MCCTIEIyeMbIM MTPOIECCOM.

Tak Ha3wpIBaEMBIN TOJEBOH UJICH

or . B}
(%) =)= (9,0
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ompeJieJisieT CKOPOCTh M3MeHeHusi (DYHKIIMKU PacIpe/ieIeHnst f B pesyJibrare
HEIIPEPLIBHOIO JIBUXKEHNS YACTUILI B (a30BOM IPOCTPAHCTBE, a UJIeH CTOJIK-
HOBEHUI

0
o - / (WG 5 F(@, 7 81— F(5, 7))

- W(ﬁhﬁ)f(ﬁ; F: t)(l - f(ﬁla F? t))}} dﬁl
oTIpeiesIsieT CKOPOCTh M3MeHeHus1 f B pe3y/brare CTOJKHOBEHWI TacTHIl.
CoryacHo MPUHITUITY JETAJLHOTO PABHOBECHs TTPU PABHOBECUU YHCJIO Ja-
CTUII, TPUXOJANIAX B COCTOSTHAE C UMITYJbCOM P M3 COCTOSIHUST ¢ UMITYIHCOM
D1, PABHO YUCJIY YXOISIIUX U3 COCTOSTHUS C MMITYJIbCOM P B COCTOSIHUE C WM-
yJI6COM P71

W (g, p1) fo(P1, ) (1 — fo(p, 7)) = W(P1, D) fo (D, P)(L — fo(p1, 7))

Ucrionb3yst siBHbIi BUJI j1j1st paBHOBECHOI (byHKIMN pactipejesenns Pepmu -
Jupaxa:
o (57— -1
fO(pv T) - |:€ M+ 1} )

MoJIy YaeM

WEp) (2T — (7

W(p1, p) kT
Orciona Buano, aro npu £(py, ) > e(p,7) nmeem W (p, p1) > W(p1,p), re.
paccesinge p — pj C YBEJUUEHHEM SHEPIUU MeHee BEPOATHO, UeM ¢ yMEeHb-

menueM el. MenbIag BepOATHOCTL yXOJa YaCTHI] W3 COCTOSHUN € MaJioi
SHEPrueil B cOCTOsHUs ¢ OOJIbINel dHeprueil KoMIieHcupyercs: 00JibIeil ux
3aCeJITHHOCTBIO, YTO 0DecrednBaeT jieTaabHoe paBHOBECHE.

B Teopum TBip/10TO TEsIa TACTO UMEEM JIESIO ¢ YIPYTUM paccesiiueM, T.e.

e(p1,7) = e(p, 1)

W (plp1) = Wo(p, 0)d(p — p1),

rjae 0(p — p1) YUUTBIBAET, UTO MPU PACCESHUU aDCOJTIOTHAS BEJUINHA WM-
IyJILCA COXPAHAETCS P = p1, 6 - yroa MexKjly HallpaBJIEHUSIME UMIIYJILCOB [
n ﬁl-

MOKHO OXKUJIATH, UTO MPU MAJBIX OTKJIOHEHUSX OT PABHOBECHs (KOTJIa
umeer mecto yeaosue | f — fo [< fy) BepositHOCTh Tepexona WoogHa n Ta
K€ KaK B PABHOBECHOM, TaK U B HEPABHOBECHOM COCTOSTHUM M HE 3aBUCUT OT
BHEITHMX NOJICH W TPaJIMeHTa TeMIepaTypbl. B aToM ciydae
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of B ~
Y e V)~ (F- VD)t
2n / (Wolp, O)(F (. 7. ) — F(7,7.))psin(0)db. (93)
0

Perenne kunernaeckoro ypaprensi (93) jijist CTalmOHAPHOTO CJIy dasi MOXK-
HO IPEJCTABATDL B BUJIE

f:f0+f17

rie fo = fo(e(p, 7)) - paBuoBecHas dyuknus, a fi(p) - HepaBHOBeCHAsT J10-
GaBKka, ToJIeXKaIIas onpeaesennio. [10CKOIbKY MHTErpabl 110 BCEM 3HaUe-
HUSAM MMIYJILCOB OT [ m oT Fjy J0JKHBI coBnasarh, a fo - ditHas QyHKIMA
o uMIyJsscy, To f1(p) nomkHa ObITh HedlTHON dyHKIWeil p. Kpome Toro,
f1(p) momxHa OBITH TPOMOPIUOHATBHA HJIEKTPUIECKOMY TOJIO U TPAJIUEHTY
TeMIIEpPaTyPbl, TAK KaK 3TH CUJIbI IPUBOJAAT K OTKJIOHEHUIO OT PABHOBECHOI'O
pacipejieJieHusl YacTUll B P-IPOCTPAHCTEE.
[Toncrasnss Beipaxkenne jasa f B (93), moayanm

(7 Vo f) + (F-Vyf) = = [i(B)/7(p), (94)

rJIe BBeJICHO 000O3HAUCHUE:

1 f ) 2
(p) B QWO/WO(p’ 0)[1 — fi(p1)/ f1(p)]p~do.

Besmanna 7(p) HOCUT HA3BAHUE 6PEMEHU PEAGKCAUL, CMBICT KOTOPOTO MOXK-
HO BBISCHUTH CJEAYIOMUM obpaszoM. [omycTum, 9TO OTCYTCTBYET BHEIIHEe
noste F' = 0 u ner rpajinerTa Temieparypbl V, ' = 0. Eciu cucrema gacruiy
BbIBEJIEHA M3 TIOJIOXKEHUST PaBHOBECHST M ¢ MOMeHTa Bpemenn t = 0 mpemo-
craBeHa caMa cebe, To corstacHo (93) oHa OyJeT mepexonuTh B PABHOBECHOE
cOCTOsTHVE, HepaBHOBecHas (DyHKIWMS f OyJIeT CTPEeMUThCsT K PABHOBECHOI fj)

of | fit) = folp) _
ot i 7(p) =0

Perienue sroro ypapuenus jialT 3aKOH U3MEHEHUs] HEPABHOBECHOW (DYHKIINN:

(f = fo) = (f = fo)e=oexp(—t/T).

Orciona ciemyer, UTo BpeMs pejaKCaluiu T COBIAJAeT CO BpEMEHeM, IIPU KO-

110 3aKOHY:

TOPOM OTKJIOHEHWE HePaBHOBECHOW (DYHKIIMU OT PABHOBECHON yMEHBbINACTCS
B € pags.
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Takum obpasom, BBeIeHNEM TIOHSITHS BPEMEHW PEIaKCAllny HeJUHEeHOe
unrerpouddepenimanbioe ypapuenue (92) ¢hopMasbHO CBOJUTCS K JIHHEH-
HoMmy juddepenipanbHoMy ypashenuto (94) s HepaBHOBECHOH (hyHKINN
pacnpegenennsi. OHAKO B OOIIEM CJIydae 9TO KaXKyIeecs yIpoIieHne, B aefi-
CTBUTEJHLHOCTH B MPABYIO YaCTh IM0JI 3HAKOM HHTErpaJia BXOIUT OTHOIIEHUE
JIBYX 3HaUeHuit HemsBecTHON (pynknuu fi. [loaromy Ha camom jese ypaBHe-
HUE OCTalTCA JUHEHHbIM UHTEerpoaud pepeHInaIbHbIM, JTOIYCKAIOITUM YIIPO-
IMEeHUst B TOM citydae, Koria otHorenue fi(p1)/ fi1(p) ve 3aBucut HE OT THIIA,
HU OT BEJTUMIUHBI BO3MYIIEHUST, BHI3HIBAIOIIETO OTKJIOHEHNE (DYHKIUU PACIIpe-
JleJIeHnd OT PaBHOBECHOA.
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