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Farasa 1

Bsegenue

§ 1. Kparknii ouepk pa3BHTHSi KHHETHYECKOH TEOPHH MaTepHH
U TePMOAMHAMHKH

1. Vixe 3a uweTeipe Beka A0 Haieil 3pel rpedeckue ¢usocodur [e-
MOKpHT 13 AG/iepbl 4 ero Apyr JIEBKUNT yUUJIH, YTO BCE CyLlee — 3eMIs,
BOJa, BO3JYyX, ONOHb, XKUBOTHBEIE W Haile COOCTBEHHOE TeJO ~— COCTOMT
U3 MeJbuadlIMX, OJMHAKOBBIX, HEH3MEHHBIX YacCTHI, KOTOPble OHH
HaseBaau amomamy (mo-rpedecky atomos — Hedenumsiil). Bce siBie-
HUSI H M3MEHEHHUsI, POUCXO/ISILINEe B OKPYIKAIOeM HAC MHpe, MPHIHCH-
BaJIMCh JABHKEHHUIO HEH3MEHHBIX aTOMOB.

To e camoe yueHHe pasBHBaIH M APYrHe (Quaocopsl APEBHOCTH,
HanpuMep JMHUKYP, KUBIIKHA B ['peluu 3a TpX BeKa [0 Hauied 3psl. Maen
Snukypa ObIM H3JI0XKeHH pHMCKAM 1o3ToM Jlykpenrem Kapom (99—
55 IT. 10 H. 3.) B €ro 3HaMeHHTOl noaMe «O npupoje Beeli».

Jlo TOro Kak CyilecTBOBaHHe aTOMOB OblIO, B Hauaje [BallaToro
BeKa, TOATBEPIKACHO IPSMBIMH ONBITAMH, ATOMHCTHYECKHE IPeNCcTaB-
JICHMSI BBUABATQJIMCH ANOO AS YAOBAETBOpeHUS Qunocodckoil upen —
CBEJEHHS BCEro MHOT000Gpa3usa U H3MEeHUHBOCTH MUPA K BHIKEHHUIO HEKO-
TODBIX HEH3MEHHLIX 3/JIeMeHTOB, JMH60 B KOHCTPYKTHBHBIX LEISAX —
JJIs1 OGBSICHEHHST COBOKYIHOCTH (GAKTOB C eAMHOH TOUKH 3penus. Puio-
cohbl APEBHOCTH PYKOBOACTBOBAIHCE NIPH BELABHKEHHH aTOMUCTHYECKHX
TpPeACTaB/JIeHN B OCHOBHOM (HIOCOPCKHUMH COOOPaXKEHHUSIMH, YTO TIPej-
CTaBJIsieTcs €CTECTBEHHbBIM, TaK KaK B HX PacloOpsAXKeHHH OblIO CAUIIKOM
MaJjio HayuHbIX (hakToB. He ciellyer mosToMy nepeoleHHBaTh LOCTHIKe-
HUH IpeBHUX aTOMHCTOB. J{eMOKDHT, HApUMep, AOBOJIbCTBOBAJICA ClIe-
AYIOUIUM TYMAHHBIM YTBep:kKAeHHeM: «Jlylla cOCTOHT H3 TOHKHX IJaf-
KHX H KPYIVIBIX aTOMOB, NMOJOOHBIX aTOMaM OTHS».

2. Tlo-Bua@MOMY, OAHUM U3 NEPBHIX HAYUHBIX BbICKA3HIBAHHH O KH-
HeTHUeCKOH mpHpoje Temnia ')GOei1a pabora M. B.Jlomonocosa «Pas-
MEIIICHHS O PUYHHE TEIJIOThE U XoJ01ay (1744—1747 rr.), B KOTOpOIi
OH mumer: «XOTs B TMILIX TedaX HepelKo He BUAHO Kakoro-1uto IBHu-
JKEHHsI, OJHaKO MOC/EeIHEe 4acTo IPOSABIsAETCS N0 CBOeMy JAeHCTBUIO...
Henbssa tTakxke OTpHIATb ABMKEHHE TaM, [Je Va3 HUKAKOro He BHAHUT:

1) [peicraBienne, 4TO TEMJOTA €CThb He BEUIECTBO, @ JBHKEHHe MeabyaiuIux
4acTHI, BCTPeYaeTCs B BUJE HAMEKOB yiKe y coBpeMeHHHKa HbioToHa — aHIIMyaHuHa
Po6epta I'yka B ero «Mukporpaduu», U3JaHHOH B 1665 r,
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KTO OYAeT OTPHULATb, YTO IBHXKYTCS JHCThbsl H BETBU JEPEBLEB B JeCy
IIpH CHJILHOM BETpe, XOTsI H31a/IH OH H He 3aMeTHT HUKAKOTO JBHKEHHUS.
Kak 3jech u3-3a OTJAJEHHOCTH, TaK H B TopAYHX TeJax BCJEACTBHE
KpaliHeil HE3HAUNTEJILHOCTH YacTHYEK JBHIKYILErOCs BellecTBa — JBH-
JKeHHe CKPBIBAeTcsi OT B30pa; B OOOMX C1ydasiX yroJl 3peHHs Tak Mal,
YTO HY caMble YacTHUKH, HH HX JIBHXKEeHHE He/Ib3sl yBHJEThY.

B 370 ke BpeMs LuiBeliliapckuil Mexanuk 1 mMatreMatuk Januun Bep-
HyJM, paboraBiinil onHo Bpems B Iletep6ypre, Boimycrui B CrpacGypre
kuury «[ugponunamuxa» (1738 r.), B KOTOpOH OH BbIBes Bbipaxe-
Hye JJIs1 JaBJeHus rasa, paccMaTpyuBasi CTOJIKHOBEHMs €r0 aTOMOB CO
CTeHKaMH cocyja; OH MoKasas, 4TO JaBleHHe rasa PaBHO 2/3 KuHeTH-
4ecKol HEPIHH aTOMOB, 3aKJIIOYEHHBIX B eIHHMUE o0beMa (cM. JaJjee,
ri. 11, §6).

K coxasenuro, janbHefilllee pa3BUTHe KHHeTHYECKasdA TEOPUA MaTe-
puM TIOJIyYHJIA TOJBKO Yepe3 CTO JIeT, T. €. B cepeluHe JeBATHaALaTOro
Beka, B padorax Pygponppa Kmaysuyca, xemca Kiapka Makcseana
u Jlioxsura bosasumana.

B navale AeBSTHAAIATOTO BeKa AaTOMUCTHYECKHE IIPEACTaB/IEHHUS
NOJYYUIM MOIIHYIO MOMAEPIKKY CO CTOPOHBI XHMHH, B pafoTax aHIJIHM-
ckoro xumuka [[»kona [laapToHa !). K 3TOMYy BpeMeHH y:ke ObLJIO ycTa-
HOBJIEHO MOHSITHE XHMHYECKOro 3JeMEHTa U XMMHYECKOrO COeJHHEHHUS.
OrpomHoli 3acaiyroii JlaabToHa SBHJIOCh TO, YTO OH 1I0Ka3aJs, KakK MpoCTo
OOBSICHSIIOTCS 3aKOHBI COXpaHeHHs BellecTBa, MOCTOSHCTBA BECOBOIO
COCTaBa XHMHUECKOTO COEJMHEHHS M IPOCTBIX KPaTHBIX OTHOLIEHHH,
ec/d TPEINONOKUTD, YTO KAXKIBIH XUMHUECKHH 3JeMEHT COCTOHT H3
OJMHAKOBBIX aTOMOB OllpeJieIeHHOro Beca. [IpuMeHeH e aTOMHCTHUECKUX
NpeACTaBJeHuil B XHMHU — THOUYHBIH TNpPHMeP HCIOIb30BAaHHsA HX
B KOHCTPYKTHUBHBIX LeJSX, A/ OOBSICHEHHS COBOKYIIHOCTH Hay4HBIX
(baKTOB ¢ AMHOH TOYKH 3PEHHS.

TmaresbHas pabora XHMHKOB I103BOJIMJIA YCTAHOBHTb OTHOCHTE/b-
Hble Beca aTOMOB 3JIEMEHTOB (aTOMHblE Beca), HO He jaJja KJ/oua K olpe-
Jesternio aGCOMOTHBIX BecoB (Macc) aToMoB. ToT (akT, 4To abCOMIOTHBLE
Beca aToMOB OBbLIH ONpefeeHbl (PH3HKaMU TOJNBKO B HayaJe ABaALaToro
BeKa, T. €. CTO JIET CIIyCTs, CBSI3aH C HEBEPOSTHO MAJIOH Maccoi aroMoB,
nopsiika 10724—10722 z. «B3BelunBaHHe» TAKUX MaJblX KOJIHUYECTB Be-
mecTBa noTpefoBaio NPUMEHEHHS COBEPLIEHHO HOBBIX METOJAOB (huspye-
CKOTO HCCJIE[JOBAHHS.

Masnocth aToMOB, JHHeflHble pa3Mepbl KOTOphIX nopsiika 107% ca,
MOKET OBITb HauboJiee sipKO AEMOHCTPHUpPYeTCS DPUMepoM, NAHHBIM H3-
BECTHbIM AHTJIMHACKMM (Pu3ukoM JopioM KeabBnHbIM. Eciu moMeTHTbH
BCe MOJIEKYJB B cTaKaHe Bojbl,— FoBopUT KesnbBHH,— a 3aTeM paBHO-
MEepHO pa3MellaTh 3Ty BOAY BO BCeX OKeaHax M MOpPSIX 3eMJH, TO CTaKkaH

1) OpguuM u3 upejuecTBeHHHKOB [lanbToHa 6ulad anriudauun Pobepr Bofias,
KoTophll B ONMyGiuKoBaHHOK B 1661 r. xuure «CkenTnueckHHl XMMHK» OMHCAJI C 4TO-
MACTHUECKOH TOUKH 3DEHHSI Te¢ HEMHOTOYHC/ICHHble XMMHUECKHe NDOLECCH, KOTOphIe
ObIIH TOT4a M3BECTHBI.
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«cMecH» OYZIeT COAep2KaTh OKOJIO CTa «MEUeHBIX» MOMEKYJI. Jpyrumu cJo-
BaMH, UHCJIO MOJIEKYJI B CTAKaHe BOJIbI IPUMEPHO B CTO pa3 6oJIbllie yucaa
CTaKaHOB BOJBI Ha Bcell 3emiie.

3. Hosblll 3Tam B pa3BuTHH KUHETHUECKOH TeOPUH MaTePUH HACTY-
MU/ ¢ CePeXHHbl JeBATHAAUATOIO BeKa, Korja pPsjl (pU3MKOB Hayas, He-
CMOTPsT Ha OTCYTCTBHE 3KCIIEPHMEHTAIbHOIO J0Ka3aTelbcTBa CYIIeCTBO-
BaHHsi aTOMOB, CO3JaBaTh KHHETHUECKYIO TEOPHUIO ra30B.

B 1857 r. nosiBuiach 3ameuatesnbHasi pafoTa HEMEHKOTo (hu3HKa
Pynonsda Knaysuyca «O npupone IBHKEHHS, KOTOPOe Mbl Ha3blBaeM
Tensiom». B 3ToH paGoTe BrepBhbie SICHO yTBEP:KAAETCS, UTO TEIIOBAS
9HePTHsA eCTb KHHeTHYecKasi SHeprus ABM:KeHHs MoJekya. B 1859 r.
Knaysuyc B Apyrof crathe BBeJ HOHSTHE O cpenHell A/HHe CBOGOLHOIO
npobera MoJIeKyJ1 B ['a3e ¥ [aJ BepHbI aHa/u3 ABJIEHHSIM TelJIOPOBO/I-
HOCTH W BHYTPEHHErO TPeHHs. IJTO nospoauao ['m66cy B HeKpoJore,
nocsauienHoM Ksoaysnycy, Ha3BaTb €ro «OTLOM CTATHCTHYECKOH MeXxa-
HHKHY.

Pa6oter Knaysuyca BbisBa/du HHTepec K 370H ofnactu GU3HKHU Y Bbi-
Jaromerocs anranickoro ¢pusuka xkemca Knapka Makcsenna. B 1859 r.
MaxcBenn mnpouenr B Jlonnounckom KoposeBckom ofmiectse m0KJIaj
«HamocTpanud K AUHAMHYECKOH TEOPHH Ta30B», B KOTOPOM H3JIOMKHII
NOJMyYeHHBIH UM 3aKOH paclpeleNeHusi MOJEKYJ MO CKOPOCTSIM, HOCH-
i ero umaA (em. 1. 11, §4).

OrpomHbI#l BKJaj B Pa3BUTHE KHHETUYECKOH TeOPUH I'a30B U BOOOIIE
CTaTHCTHYECKOH (M3MKH cJenas BbIJAIOMUNCSH aBCTPUHACKUE (U3NK
JlropBur Bosbiman.

B 1868—187! rr. Boabnman B psge pabor o6o0liaer MaKCBeI0B-
cKoe paclpeleleHye O CKOPOCTSM Ha cayuad, Korja HaeaJbHHIl ras
HaXOAUTCSI BO BHELIHEM ToJe, H BHLIBOAMT 3HAMEHHTOe paclpejieseHHe,
Hocsmee ero uMms (ra. I, §4). TpyaHo mepeolueHHTb 3HAYEHHE 3TOTO
OTKPBITHA A5 (PH3HKH — pacnpenesnenne boabuMaHna HCOIb3YeTCsl IPH
BeIBOjle GapoMmerpuyeckoit (opmyasl (ra. II, §5), B Teopuu opuenra-
LIUOHHOH TOJAPH3ANHU AHNOJBHBEIX Tasos (N1, V, §2), B Teopusix, oc-
HOBaHHBIX Ha MeTofle MoJekyJsipHoro noas (ra. VIII, §6, §7), u Bo
MHOTHX JAPYI'HX Cayyasx.

Jokasannasi BosblMaHOM meopema o0 pasHopacnpedereruu Kiue-
muueckoLl anepeul no cmenersam ceobode: (ra1. V, § 3) celrpana OrpoMHYIO
posib B pa3BUTHH cTaTuctHyeckKod ¢usuku. OHA HE TOJIBKO IO3BOJHJIA
OTIpe/esIUTb TEIJIOEMKOCTH MHOTOATOMHBIX T'a30B, TBEPJOro Tejaa U uep-
HOTO M3J1y4YeHHUs1, HO U, BBHAY HECOBIAJEHHS Pe3Y/IbTAaTOB KJIACCHIECKOH
CTaTHCTHKH C OTIBITOM B 06/1aCTH HU3KHX TeMIePaTyp, IOATOTOBH/A NIOUBY
[V pasBUTHSI KBAaHTOBOH TeOpHH.

B 1872 r. BoJsbuMaH BLIBOAUT ypaBHeHHE 1J18 HePaBHOBECHOH (DyHK-
UMK pacrnpejeseHus 'asa, KOTOpoe HOJNYyYH/JIO Ha3BAHHE KUHEMUHECKo2o
ypasrenus boasymana (ri. X1, § 2). o HacTosiuiero BpeMeHH KHHETH-
yeckoe ypaBHeHHe DosbiiMaHa sBisieTcss HauGoJsiee JeHCTBEHHBIM OpY-
JueM H3YueHHs HDOLECCOB IepeHoca B rasax, Meraaax, NoJyInpoBOA-
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mukax, miasMe. Cam DosblMaH npuMeHslI KHHETHYECKOe yDaBHeHHe
rIaBHBIM 06DasoM JUIA pellieHusl NPHHUMIHAIBHBIX BONpocoB. Tak, OH
noKasaJ, 4TO B PABHOBECHOM CJydae M3 pelleHHs KHHETHYECKOro ypas-
HEHUs CJIeyeT paclpejenedye cKkopocred Makcpesa.

BBejst NOHSTHE O TepMOAMHAMUUYECKOH BeposTHocTH W Kak uucie
MHKPOCOCTOSIHHI, COOTBETCTBYIOMUX 331aHHOMY MaKPOCOCTOARHIO Te/1a,
Bo/bUMaH YCTaHOBHJ NPONOPIHOHATLHOCTD MeKAy SHTponuei Tena S
u sorapudmom BepositHocty W (ra. 1V, §3). XoTs OH caM HHKOIZa
He nucan dopmyasl S=k In W (310 Obl10 BriepBble CLEIAHO [Trankom),
HaJlo IPU3HATh, YTO YCTAHOBJIEHHAS MM 3aBHCHMOCTD MEXKIy SHTpONHeH 1
BEpOSTHOCTBIO ABJISIETCS OJHUM U3 BAKHEHLIMX Pe3y/bTaToB ero Hayd-
HOH JesTeqbHOCTH, MMEIoIUM (yHIaMeHTalbHOe 3HayeHne JJs1 HayKH.

B 1872 r. Boublman, UCIoAb3ysa KHHETHYECKOe ypaBHeHHe, AOKa-
3ai 3HaMenutylo H-teopemy (ra. XI, §3), corsacHo KoTopoii onpefe-
JIEHHBIM 00pasoM CKOHCTPYHDPOBaHHASl BejanuuHa H MOKET MeHATbCs
co BpeMeneM TObKO MoHOTOHHO (dH/dt<0). Tak Kak —H ¢ TOYHOCTBIO
[0 TOCTOSTHHOT'O IIOJIOKHTEJbHOIO MHOMKHTEJNS COBNAJAeT ¢ SHTpOnNHE
HJea/lbHOTO Ta3a, To Bo/bnMaH B IOKa3aHHOM HM TeopeMe BHjea o6oc-
HOBaHHe BTOPOrO Hauajia TePMOAMHAMUKH (3aKOHA BO3PACTAHUH HTPO-
muu). Dra pabora Boabumana Be3Bajia cephesHble BO3PaxKeHHs €O CTo-
pounl paga ¢usukos (M. Jlommuara, 3. Llepmeno), kotoprie yBHAeNd
IPOTUBOpEUHE MEXAYy OOpaTHMBIM XapaKTepoM 3aKOHOB MeXaHHKH H
H-teopemoit. Bosblman BEABHHYM Pl DIYGOKHX (uUSHUECKHX cO00pa-
JKeHHfl A8 pa3bsCHEHHs 3TOrO Napajokca, KOTOpbe, HECMOTPSI Ha
GOJIBLIOE KONMYeCTBO paboT, MOCBAMIGHHHX 3TOMY BONPOCY 33 HCTEK-
lLIHe CTO JIeT, KaxKyTcsl HaM Hanbosee yOeIHTeIbHBIMH U CETOIHA.

Kpurika uaeli Bosbimana yeyrybasiach Tem, uro Gosbliias rpynia
BAMATENbHBIX (DU3HKOB M (H3HKO-XHMHKOB BO IviaBe ¢ J. MaXom n
B. OctBasibzoM BOOOIIE OCMapuBada CaMO CYLIECTBOBAHHE aTOMOB.
OHH CMOTpe/I’ Ha aTOMHbIE NPEeICTaB/JeHHd KAK Ha MOMBITKY HafTH Me-
XQHHUECKYIO MOJIeNb /15t OGbACHEHHS 3aKOHOB TePMOJIMHAMHKH, NO100-
Hble YCTAPeBIIMM U JUCKPEIHTHPOBABIIHM Ce0si NMONBITKAM OGbACHEHHS!
32KOHOB 3JIGKTPOMArHUTHOIO MOJIsE NOCPEACTBOM MEXaHHUECKOH MOJe/n
s¢upa.

OTH HenpephBHEE HalaJKH IpHBeay DosbuMana B IOJaBleHHOE
COCTOsIHHe. B mpeauc/IoBHM KO BTOPOMY TOMY CBOHX «JIeKIHi IO KHHE-
THueckoii Teopuu rasos» (1904 r.) on mucan: «Torna, Korja nedaranachb
neppasi uactb 3Toil kuurn (1897 r.), pykKomuch BTOpOH M NOCIENHEH
yacTu 6bl1a yKe MOUTH TOJHOCTIO 3aKOHUYeHa. .. M Kak pas B 310 BpeMs
HanafK{ Ha KHHEeTHYECKYIO TEOPHIO CTaJIH €llle CHIIbHee.

1 y6exzeH B TOM, YTO HaNaJKM 3TH OCHOBAHB Ha HEJONOHHMAHHH
H YTO 3HAYEeH}e KHHeTHYECKOH TeOpHH JO CHX IIOP MPOCTO HE OCO3HAHO.
[To MoeMy MHeHHIO HayKe OyIeT HaHeceH CHJbHEHMINH yAap, ecid Te,
KTO CTOMT B OININO3HIHH K KHHETHYECKOH TEOpHH B HacTosiulee Bpems,
CyMeIOT npenaTh ee 3a0BeHHIO, NOJOCHOMY TOMY, KaK 3TO IPOHU30IUIO0
¢ BoJIHOBOH Teopuefl cBera Ouarogapsi apToputery Mcaaka Hbiorona.
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$1 Bnosne ornato cebe oruer B GeCCHIMH OJHOTO YesJOBeKa Hepej JIHIOM:
MHEHHA, pasfenseMoro GoapnscTBOM. [L1s Toro utobhi Obljia yBepeH-
HOCTb B TOM, UTO KOT/Ja Y€JIOBEUECTBO BEPHETCS K H3YUEHHIO KHHETHYe-
CKOH TEeOpHH, eMy He NPUIETCS CHOBA I1E€PEOTKPLIBATH yiKe H3BECTHHIE
BelllH, 51 0CTaparch H3JOXKUTb HanboJee TPYAHEIE 1 HEHOHSTHLIE Pas-
JeJIbl TEOPHHM KaK MOXKHO SICHEe».

Cnosa Bosbumana oKasanuch HNPOPOYECKHMH. EJHHCTBEHHOE, YTO
OH IIePeOLeHHJ,— 3TO BPeMsi, KOTOpoe NOTpedoBaloch AIsi TOro, 4ToObl
J0KasaTb clpaBeJIHBOCTh ero uiaed. B 1906 r. Boabuman nokodyusa
¢ coboff, Haxofsach ¢ cembell Ha Kypopre [lynuo BO6siusu Tpuecra, He
IOXKHB TOJIBKO IABYX JIET JO 3KCHEePUMEHTANbHOTO J10Kas3aTeNbCrBa Cy-
IeCTBOBaHKA aTOMOB. B O/lecTsLiuX ONMBITaX HO OPayHOBCKOMY [BHIKE-
o gpannysckoro pusnka YKaxa Ileppena 6bI0 HE TOJMBKO J0Ka3aHO
CylllecTBOBaHUE aTOMOB, HO M M3MepeHBl WX abcosmoTabie Beca. s
ycrexa 3THX ONBITOB HeoOxoduma Oblia TeopHsi OpayHOBCKOTO JBHIKE-
HUA, KoTopas Oblia co3faHa A. DHHIUTEHHOM H NOJbCKHM (DH3HKOM
M. Cmonyxosckum B 1905—1906 rr. (ra1. X, § 3).

4. B nepBoli 10J0OBHHE IEBSTHALLATOIO BEKa, T. €. 32 HECKOJAbLKO
JIeCATKOB JIET JI0 CO3JaHMsT KHHEeTHUECKOH TEeOpHH I'a3oB, Hauajia pasBH-
BaThcs (DeHOMEHOJIOTHUECKast TePpMOIUHAMUKE.

IlepBoe Hauano TepMONHMHAMHKH, yCTaHABAUBAIONlee 3KBHBaAJIEHT-
HOCTb TEIJIOTHl M PafoTel, OBLIO CPOPMYJHPOBAHO HEMEUKHM BPAUOM
PoGeprom Maiiepom (1842 r.), aurduiickum ¢usuxom k. I1. Tkaynem
(1843 r.) ¥ NOJIyunJI0 3aKOHUEHHOE MATEMATHUECKOe BBIPAXKEHHE B TPY-
JlaX H3BECTHOTO HeMmenkoro ¢usuka u dusnosnora 'epMana ['eabmrosnia
(1847 r.). OnHako eife 10 yCTaHOBJIEHHS NEPBOrO Hauasda, B 1824 r.,
MoJsofiolt ppanuysckuil nuxxenep Cagu Kapuo B counHenun «O aBuxKy-
el cHJe OTHS H CPEACTBAX, NOTPeGHBIX AJIST ee TOJYUEHHS» A0KA3aJ
PsILL TIOJIOXKEHHH, NPEeIBOCXMTHBIIHX BakKHefimne 0COOEHHOCTH BTOPOTrO
Hadasna TepmojuHamuky (mukn Kapuo; ra. 1V, § 8). Hassauue paGorsl
Kapno cruIeTeNLCTBYET O CBA3H TePMOAMHAMUKH C TEOpHeH HapOBEHIX
MaIlHH.

B 1850 r. Kmaysuyc M HECKOJIbKO MO3KE M HE3ABHCHMO OT HEro
B. Kennpun chopMyaupoBaiy BTOpPOe HAYal0 TePMOAMHAMHKH. DTH
gcenenopanns Kiaysuyca npuBesiH ero K NOHSITHIO SHTPOIMU CHCTEME,
He MEeHee BAXHOMY IJIfi DAa3BHTHA TePMOJHHAMHUKH, UeM IIpeicTaBJeHHe
O BHYTPEHHeH 3Hepruu.

XoTs BCA (eHOMEHOJIOTHYeCKas TepMOJMHAMUKA MOXKeT ObTb pas-
BHTA U3 I€PBOTO U BTOPOrO HadaJ, HAaC He MOXKeT ceffuac yIOBJIETBOPHTD
TaKOH MoAXoA. Bo-mepBhIX, MOCKOMBKY Mbl cefiyac TBepJO 3HaeM, uTo
BCe TeJsia COCTOSIT U3 aTOMOB U MOJIEKYJI, Mbl XOTesn Obl 0GOCHOBAThH 3a-
KOHBI TEPMOJMHAMHUKH Ha MHKDOCKOIIHUECKOM YPOBHE, TaK, KaK 3TO
Jelaercsa W B APYrHX pasjenax Qu3HKd (HalpuMep, B JIEKTPOAUHAMUKE
cr/IoWHEIX cpel). Takoll MOAXOX He TOMBKO HO3BOJAET TIyGxke npo-
HHKHYTb B (PU3HUECKYIO CyTb (HeHOMEHOJIOTHUECKHX 34KOHOB, HO U
JaeT BO3MOXKHOCTH ONPEeNeNHTh TDaHHUIbl HX IpHUMeHeHHd. B ciyuae
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TeDMOJAMHAMHKH 3TH TPaHUIbl CBA3aHB ¢ (IYKTYyallHsAMH B CHCTEME.
Kpome Toro, cratucrrueckasi (pM3MKa MO3BOJIseT BO MHOTHX CIydasix
paccuuTaTh MapaMeTpHl, OCTAIOHeCs B TePMOJHHAMHKE HEH3BECTHBIMH.

J118 Toro uroGbl CO3JaTh ATOMHCTHUECKHEe OCHOBbI TEDMOJIHHaMHUKH,
HYKHO GBLIO PA3BUTH B CTATHCTHUECKON (PU3HKe METOJ, IPUMEHUMbIH He
TOJILKO K MeanbHOMY a3y (takoil MeToX Obll pasBMT B paborax Knay-
suyca, Makcseqsia u DBosbiiMaHa), HO M K TBEPABIM H XKHIKHUM TejIaM,
9aCTHIBl KOTOPHIX CHJIBHO B3aHMOJEHCTBYIOT APy ¢ ApyroM. Takas
Teopusi Oblla CO3/aHA aMepHKaHCKHM (usukoM Ywuutapiom ['n66eom.
B ocnoBe cosjannoil I'ub6coM CTaTHCTHUECKOH TEODHH JIEXKHT METOX
aHcaMbJel ¥ KaHOHHUecKoe pacrnpezenenne (cM. r1. 11, § 2, § 3). Tu66c
noKasaj, Kak [epBoe W BTOPOe Hauala TePMOJMHAMUKU BBITEKAIOT U3
KaHOHHUeCKOro pacmpefienenus (r1. 1V, §2) M KaK U3 HEro C/eayror
pe3yJsbTaThl KHHETHUECKON TEOpuH rasoB, NoJydeHHble panee (ra. II,
§4; r1. V, §3). Meron 'u66ca, sBAstoliniicss BepLIMHOA CTaTHCTHYe-
CKOl (pu3ukH, ob;1ajiaeT yHHBEPCAAbHOM NPUMEHUMOCTBIO: U3 HETO, C He-
3HAYHTEIbHBIMH HM3MEHEHUSIMH, BBITEKAET KBAHTOBafd CTATHCTHUECKas
¢usiika. [TosToMy B OCHOBY HacTosillefl KHUIH HOJOXKEHO KAHOHHYECKOe
pacupenenenue H ero o6ofuieHue — GOJIbLUIOE KaHOHHYECKOE pacrpe-
pgenenue (rvi. VIII, §1). Tub6cy npuHamiekar TakKe BazkKHbIE HC-
CJeOBaHUS IO TePMOAHHAMHYECKOH TeOpHH (ha3OBBIX DaBHOBeCHH
(ra. VIII, §2).

HecMotpst Ha ¢yHIaMeHTaslbHOE 3HAauYeHHe De3y/bTaToB, HOJydeH-
HeiX ['nG6COM, ero AesiTebHOCTb NpOTeKasa BecbMa He3aMeTHO JJIs Ha-
YUHOTO MHpa. DTOMY CNOCOGCTBOBada 3aMKHYTOCTb M YAHBHTENbHAS
ckpomuocTe ['H66ca, KOTOpPHIH, pafoTas BClo CBOK XKH3Hb B Mesnbckom
yuuBepcurere (CIIA), ny6ankoBas cBOH PabOTHI B €10 MAJIO KOMY H3-
sectubix «Tpynax». Tompko xorma B 1902 r. Bemmia Kuura I'n66ea «Oc-
HOBHBIE TPHHHOUIBl CTATHCTHYECKOH MeXaHHKH, H3JjaraeMbie CO CIey-
a/IbHbIM TIPUMEHEHHEM K PAal{OHa/]bHOMY OGOCHOBAHHIO T€PMOAMHAMH-
KW», HAYYHBIH MHp YBujes, 94TO OH BjajieeT 3aKOHUEHHOH CHCTeMOH cTa-
THCTHYECKOH (DH3HKH.

5. Hauajo mBajnaToro BekKa O3HAMEHOBAJIOCh OTKPLITHEM HOBOH
r/aBel (U3MKH — KBAHTOBOH TEOpHH, KOTOpas INPOHHKJIA B (USHKY
uepe3 CTATHCTHKY.

Kiraccuueckasi CTaTHCTHYeCKasi (PH3MKA CTOJNKHYJAch € Helpeoio-
JIUMBIMH 3aTPYAHEHHSIMH [IPH NIPHMeHEHHH ee K PaBHOBECHOMY 3JIEKTDO-
MATHHTHOMY W3JyueHuto (4epHoMmy Hajayuenmo). 19 oxrtabps 1900 r.
Belawoluiics HeMenkuil ¢usuk Maxc Ilradk, BelcTynas Ha 3acelaHHU
BepJ/iuncKoro (GUaMueckoro oOIecTBa, BLIABHHYJ A5 OGBACHEHHS 3a-
KOHOB YePHOrO M3JIyUYeHHs! COBEPLIEHHO HOBYIO, UyXKAYI0 K/JIaCCHUECKHM
APEJCTABICHHAM THIIOTE3Y O CYIIECTBOBAHHH y aTOMHBIX OCUHMJIATOPOB
JUCKpeTHBIX ypoBHe#l sHeprun (ra. II1, §3). I'mmoresa Ilaanka e
TOJIBKO OOBSICHH/IA 3aKOHbI YePHOTO H3JyUYeHHs, HO H NOBeJeHHe TelIo-
eMKOCTY MHOTOATOMHBIX Ta3oB (1. V, § 4) u teepasix te1 (ra. VI, § 2)
Ipu HH3KHX TeMreparypax.
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OnHAKO MOJVIHHHOe IOHUMAHHE 3aKOHOB KBAHTOBOH TEOPHH IIPHILIO
TOMIbKO B pe3yJIbTaTe CO3/AHNs KBAHTOBOK MexaHuku B 1924—1926 rr.
(ne Bpoiinp, Feiizendepr, UIpesunrep, lupax) u FIYBOKOTO 3MUCTEMOJIO-
rHYeckoro anannsa ee ocHos (Bop, leiisentepr). Takoe Gosee riayGokoe
TIOHMMAaHe KBaHTOBOH TEODHU IPHBENO K HOBOMY Pa3BHTHIO CTaTHCTH-
qeckoll (M3HKH, OCHOBAHHOMY HA TPHHUHIHATBHON HePasJHYUMOCTH
TOXIAECTBEHHbiX YacThU U 3anpere [laynu. CoslarHble Ha 3TOH OCHOBe
KBanTOBble craTucTHkH @Pepmu — Jupaka u bose — Jiinireiina
(r1. 1X, § 2) okasaiauch HeoOXOJIUMBIMU IJIsi PACCMOTDPEHHUS cBOBOHBIX
saexTponos B Meranaax (ra. IX, § 5) u dotonnoro rasa (ra. IX, §4).

MEI OrpaBHYNMCs 3THMH KPaTKUMH CBEIEHHUSIMU 110 HCTOPHH pasBH-
THSI CTATUCTHYECKOH (U3UKU B ABAALATOM BeEKe.

§ 2. On#canne ABIKEHHsI B KJACCHYecKol Mexamuke ')

1. MaxpocKONHMYeCKHe TeJa COCTOSIT W3 OueHb GOJIbLIOTO, HO KOHeu-
HOTO UMC/Ia 4acTHI (ATOMOB, MOJIEKYJ, MOHOB, 3/1eKTPOHOB), IO3TOMY
Hac OyJyT HHTEPECOBATb MEXaHHYECKHE CHCTEMB! C KOHEUHBIM YHCJIOM
cmenetell ¢80600p. S, T. €. TAKHE CHCTeMbl, €OMETPHYECKas KOH(HUIY-
pauusi KOTOPBIX OINpeJesAercd KOHEYHBIM YHCJIOM NapaMeTpoB ¢;
(i=1,2, ..., s), HaspiBaeMBIX obobuennomy Koopounamany. lpn nBuxe-
HHH CHCTEMEI 0B06LIEHHEIE KOOPAHHATH! ABAAIOTCA (PYHKIHAMH BPEMEHH:
q;=q,(1); BeIMUHHDI dg,jdt=q; Ha3BIBAIOTCS 060BUEHHLIL CKOPOCIAMU.

JI151 BCAKOH MeXaHHUECKON CHCTeMbl CYIIECTBYeT TakK HashiBaeMasi
pynryus Jlaepanxca

"g‘(ql’ qZ’ M qS’ q.17 2727 MR ('75’ t)z"? (q7 il’ t) 2)’

3aBHCALIAS OT OOOOMEHHBIX KOOPANHAT H CKOPOCTe#l H BpeMenH, ob/1aaa-
1OlAsl TeM CBOMCTBOM, YTO ypaBHEHHA ABUAKEHUS CHCTEMbI HMEIOT BHJ

1(%‘!):‘1’5 (i=1,2, ..., 5). 2.1
at \ odq; 9q;
T ypaBHEHHs HA3BIBAIOTCH YypasHenuamu Jlazpanxa emopoeo pooa.
Bun ¢ynkuun Jlarpasxka onpeiensiercst IMHaMUYeCKOd CTPYKTYpO#
CHCTEMBI; MacCaMy € YaCTHII, JeACTBYIOIUMH B HeH CH/IaMH, XapaKkTepoM
CyUIECTBYIOUIUX B Hell CBsA3eH.
CootHowlenue (2.1) Hajo paccMaTpHBATh KaK 3aKOH TIPHPOJILI,
BBITEKAIOUIMI M3 omblTa. MOXKHO NOKasaTb, 4To u3 (2.1) BhITeKaoT

1y Tlpennosaraercsi, YTO YMTATeNh 3HAKOM C OCHOBAMH KJIACCHUECKOH MeXaHHKH.
.Cm., nanpumep, JI. 1. JTangay u E. M. Tudwnu, Mexanuka, Pusmarrus,
M., 1958, man I'. Tom pcre it v, Kaaccuueckas Mexaunuka, ['ocrexusaar, M., 1957.
Hacrosmuii naparpad BMeeT /b0 TOAbKO HANOMHHTE O TOM, 4TC RBJNETCS OCOOEHHO
CYIECTBEHHBIM NPH H3YUCHHHM CTATHCTHYECKOH (QH3HKHU.

2) 3xech W B AAMbHENLIEM, eCJIH MEL Y apTYMeHTOB QYHKUME He OyJeM MHCATh uH-
JEKCOB, TO TIPEANOIArderTcs, 4To PyHKUUS 3aBUCHT, BOOOLIE roBopsl, OT epeMeHHBIX CO
BCEeMH HMHJEKCAMH.
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ypaBHEHHUS ABHKEHHUS KJaccHueckoll Mexanuku HbloToHa (Macca X ye-
KOpeHHe = CHJIa).

Cucrema (2.1) mpexacraBnfier co60f cyucTeMy S OOBIKHOBEHHHIX AH(-
(hepeHIMATbHEIX YPaBHEHHUH BTOPOTO NMOPALKA AJIs1 S HEH3BECTHHIX QYHK-
unit g,(?).

B npunnune cucreMa (2.1) MoxeT GBIThL IPOMHTEIPHPOBaHA U JaeT S
3aBHCHMOCTEH

a=q:( 4% ¢) (=12 ...,9), 2.2
rie ¢; 3aBHCAT HE TOJbKO OT BPeMEHH, HO M OT Haya/JbHEIX 3Haue-
HUf 06OGWeHHBIX KOOpAuMHAT ¢%, ¢%, ..., g2 H ckopocTell g%, g3,

., % T. €.0T 25 HOCTOSHHBEIX HMHTErPUPOBAHMUS.

Ecau Gel onpejetenie ¢yHKIuY Jlarpamka AT KaXkIOH KOHKpeT-
HOfl MeXaHHUECKON CHCTEMBI SBJSNOCH KaXIAbIH Pas HOBOH U CJIOXKHOH
3ajaueil, To Kas3ajochb Obl, UTO NMOJb3a OT ypaBHEHHH ABuxenusa (2.1)
nepesnka. Ognako 3170 He Tak. Jlaske IpH yKe H3BeCTHOH (YHKUHH
Jlarpamxka audepennnanpHsle ypapHeHus (2.1) onuceBaoT GeCKOHE-
HOoe MHOTooOpashe JBWJKEHHH CHCTEMBI, COOTBETCTByIollee OGecKoHeu-
HOMY MHOT0OGpasuio ee HavaJbHLIX cocTosnu#. Kpome Toro, mpakru-
YecKH BO BCEX C/IyuasX CYLIECTBYIOT NPOCTblE IIPpaBuJia (Pementhl) coc-
taBienns ¢ynxuufi Jlarpamxka. B vacTHOCTH, A/ BaXKHOTO Ciydas
KOHCEpPBATHBHOHA CHCTeMbl, A/l KOTOPOH CYLIECTBYET NOTeHUHaLbHAas
sueprust U (g), dynkuus Jlarpamxa

Z(q, =%, 9)—% @) 2-3)
rae =3 mu}/2—KHHETHYeCKas SHEPrHS CHCTEMBI (m; n v;—Macca

i

H CKOpOCThb i-f uacTHIbl). 13 MeXanwku WSBECTHO, YTO JJisi KOHCEp-
BATHBHBIX CHCTeM KuHerwdeckass 3sueprus % (g, ¢)— odHOpoAHAas
KBajpaTHuHas (QyHKIUS 0GOGmIEHHBIX CKOpocTell ¢, KO3(QHLUHEHTH
KOTOPOH, BOOGIE TOBOPS, 3aBHCAT OT OOOOGIIEHHBIX KOODAMHAT .

Ipu JBUKEHHH 3apKEHHONH YACTHILI B 3JEKTPOMATHHTHOM IOJe
cuia Jlopenua, JeHCTByOIMas Ha 4YacTHily, B HEPEJATHBHCTCKOM
npubIMKEeHHH PaBHA

F=e <E+-i— [fvﬂ]) : @2.4)

Tie ¢ U ¥=r—3apsajg U ckopocTb wactuusl, E (r, {) u H(r, {)—na-
TIPSAEHHOCTH 3JeKTPHYECKOTO H MarkHTHOTO HOJeH B TOYKE 7' B MO-
MeHT f, c—cKopocTh cBera. Cusa (2.4) 3aBHCUT OT CKOPOCTH o,
T. €. HEMOTeHNMAJIbHA, NOITOMY (yHKIHs Jlarpanika He MOXKET ObITh
Beipaxkena B dopme (2.3). MoxHo nokasath, uyro cuie F (2.4) coor-
BercTByer ¢yrkuua Jlarpamxa

mr?

Z(r, 1, ) ="+ (Ar)—eq, (2.5)
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rje m-—-macca 4acTHUEBI, a BekTop-nioreHumnan A (r, {) u ckanapubtil
notTeHuMaa @ (r, ¢) cJaeaymouuM obpasoM CBA3aHBl C 3JEKTPHYECKHM
H MArHUTHBIM IIOJISIMH:
1 04
E=—grado—— 7, H=rot A. (2.6)
Moxno ckasate, uro ¢yeknus Jlarpamxa (2.5) nopmobpana Tax,
49TO0Bl [1aBaTh YpaBHEHHe MEXaHMKH (Macca X YCKOPeHHe = CHJa),
C NPaBUJLHBIM BblPAXKEeHUEM 115 CHJIbI (2.4), BBITEKAIOIUM H3 3J1eKT Po-
JHMHAMHKH (OHBITA).
2. Mg uenefl cratuctuueckofl Gusuku ygoOHee JApyras, 3KBHBa-
JeHTHast GOPMYJHPOBKA YDaBHEHHH NBHKEHUS MeXaHHKH,
Brons o6obuerHole umnyascol p;, Conpaicernble 0000WERHOIM KOOD-
Ouxamam q,,
£ .
pi=— (i=1,2, ..., 98), 2.7
0q;
onpenennM Qyrkyuo I amuremona:

%(q’ P, f):tgjl quz““g (qv é]? t), (28)

rhpe (‘7{ B HpaBOﬁ YaCTHU BbIPaXKEHBL qepes [ U pk nOOCPENCTBOM YpaB-
wenufi (2.7).
JJs1 KOHCePBATMBHBIX CHCTEM

w

Ay £ e
S 4= 22 q= 3 L g =2, (2.9)
=1 =1 % =1 o

TZie MBl HCNOJIB30BAIH TeopeMy JDfijepa 06 OAHOPOAHBIX (PYHKUMSIX.
M3 (2.8), (2.9) u (2.3) caenyer:

F(q, p)=K(q, P)+U(q). (2.10)

Tarum 00pa3oM, JJI1si KOHCEPBATUBHHIX cHcTeM (Qynkuusa I'amuiapTona
paBHa CcyMMe KHHETHUeCKOH H TIOTeHIMAaJbHOU SHepruf, T. €. paBHa
MOJIHOH SHEPTHH CHUCTEMBl B TEPEMECHHBIX ¢; U p;.

I3 (2.5) u (2.7) cuenyer, 9to 0GOOWIEHHBI MMITYJ/IbC, CONPSI?KEH-
HBI KOODAMHATE X, DaBeH

po="C —mxr A, @.11)
(o

Orcrona 1 ns (2.8) caepyer, uyto' ¢pynknus 'amuaprona 1iag 3aps-
JKEHHOH YacTHIBI B 3/IEKTPOMArHHTHOM IOJie paBHA

H (G P =g (P—5A) +eo. (2.12)
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V3 MeXaHUKH H3BECTHO, YTO YPaBHEHHS JBHXKEHUS B KAHOHUUeE-
CKUX NepeMeHHbIX §; W p; VUMEIOT BHJ

. a, : 0, R
=L, p=—L (=12 .., (2.13)

YpaBrenus (2.13) HOCAT Ha3BaHUE KAHOMUHECKUX YPABHEHUL WIH ypas-
Henutl Famusromona. OHY TIOJHOCTBIO SKBHBAJEHTHB! YpaBHeHUAM Jla-
rpanxa (2.1).

B Teopuu ['amMH/IbTOHA KaHOHHYeCKHEe IeDeMeHHbe §; U p; paccma-
TPHBAIOTCA KaK He3aBHCHMble BEeJHYHHBI, II09TOMY UYHCJIO ypaBHeHHH
(2.13) paBHo 2s (oanaxo guddepeHnuanbible ypaBHEHHsT ABUXKEHHUS Te-
nepb, B NPOTHBONOJOXKHOCTD (2.1), nepsoro mopsjaka).

VI3 MexaHHUKH U3BECTHO, UTO JJIS KOHCEPBATHBHBIX 3aMKHYTHIX CHCTEM
C S CTeNEeHsIMH CBOGOIBI CYLIECTBYIOT 25 — | HE3aBHCHMBIX (YHKLIHMH
nepeMeHHHIX (;, p;, OCTAIOUIUXCA NPH JIBHXKEHHH CHCTeMBI OCTOSHHbI-
MH. JTH (GYHKOMH HAa3BIBAIOTCS UHME2pOIaAMU O8udceHus ).

M3 HeBooOpasuMo 60JbLIOrO yuciaa 28 —1 HHTErpasnoB [BHKEHHUS
MaxpOCKOIHYECKOro Tesa CJICAYIOMIHME CeMb: SHepTUsi, TPH COCTaBJSIO-
IIMX BEKTOPA KOJHYECTBA JIBMIKEHUS U TPH COCTABJSIIOUHX BEKTOPa MO-
MEeHTa KOJIHUEeCTBa JIBHKEHHUS, HI'PAIOT 0CO00 BAXKHYIO POJIb B POPMYJIH-
POBKe 3aKOHOB (DU3HKH. IDTO OOYCJOBJIEHO, IO-BHAUMOMY, TEM, 4TO
CYIIECTBOBAHHE STHX HHTETPAJIOB CBA3aHO C (yHAAMEHTaJbHBIMH CBOKCT-
BaMH [IPOCTPAHCTBA 1 BpeMeHH. M0oXKHO [T0Ka3aTh, 4TO HHTerpaJl SHepruu
CBsi3aH C OJHOPOJHOCTBIO BPEMEHH, a HHTerPasibl KOJHYECTBA ABHKEHHS
U MOMEHTa KOJINUeCTBA JBHKEHHS — C OJHOPOAHOCTBIO H H30TPONHOCTHIO
OPOCTPaHCTBA.

3ameuare bHOR 0COGEHHOCTBIO 3THX CEMH MHTErpPasIoB fBJseETCs TO,
YTO OHH MOTYT OBITh HANHCAHE HA OCHOBAHHH HEKOTOPBIX IPOCTBIX U 06-
HIHX TPABHI.

B crarucriuecko# dusuke oco0yi0 poJb UTPaeT uHmezpas sHepeun:

F (g, p) =& = const. (2.14)

CyuiecTBOBaHHe 3TOrO HHTerpasa AjIs KOHCEPBATHBHOH CHCTEMB He-
[OCPEJICTBEHHO BHITEKAET M3 ypaBHeHHH ABHKeHHdA (2.13):

s S
477 (g, p) __ 0 0 -\ _ 0 0 O 0F > -
dt —21 3g; 90T Gp; Pi “l; 20 9n; ;g ) =0
Ipyrue npocThie MHTETPAbl ABMKEHHSA —KoAudecméa Osuienus u
MOMEHMA KOAUMECBA OBUINCEHIA— UTPAIOT B CTATHCTHYECKOH (H3HKE
MEHBUIYIO POJib (HEKOTODBIE BOMPOCH acTPOPU3UKU M TeODUSHKH).

1) Cum. ITpuaokenue 1.
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BrluncnuM TPOU3BOJAHYK N[O BPeMEHH OT HEKOTOPOH (YHKUHU
o {q, p, {), 3aBuCsIUlefl OT KAHOHHYECKHX MePEeMeHHBIX H BpeMeHH:

dgf ag)t oF - 9 N (OF O OF 0.
2(&, R N

=% 17, 7). (2.15)

Bripaxenne

N (0F 0K 0F 0K\ _
;(%a‘pf‘a—mrﬂ)z[ﬁ%] (2.16)

HaspiBaeTcH cxobrod [lyaccona.

Ecian & (g, p)—unTerpas ABUKEHHUS, SIBHO OT BPEMeHU He 3aBH-
camui, To ckoOku Ilyaccona mmst Hero pasusl Hymo. B camoMm fene,
B 3TOM ciydae coraacuo (2.18) dF/di= (F, H]|=

KaHonuueckHe ypaBHeHUS ABHKeHHA (2.13) MOryT ObiTh 3aMMCaHbl
B BecbMa CHMMETPHYHOM BHJe nocpeicTBoM ckoOok Ilyaccona:

(ii:[qi’%]v pi:[pz" ‘%] (12172’ ...,S). (217)

3. B kauectBe mpumepa NpUMEHEHHS KAHOHHYECKHX yDPAaBHeHHH
paccMOTDHM JIHHEHHEI rapMOHMYecKuil ocuuaisrop. Ilycte vacruna
C Maccol m KoJjeGseTcss BJOJb OCH ¢ TNOJ AeHcTBUEM KBasHyNpPYroH
CHJBL [=-—ng (¥ —KO3(pPULHEHT KeCTKOCTH).

Kunernyeckasg ¥ moTeHlMajbHAs 3HEPrHsl 3TOH CUCTEMBI C OAHOH
CTENEeHbIO CBOBGOABI pAaBHEL

—

H=gmp, U=-rgt 2.18)
OBo0LIeHHBIfl HMITYJIBC
p:%‘z_”zmq. 2.19)
®dynkuus amusabToHa
(9, p)—%°+‘u~ 2+~%q~—<é’ (2.20)
Kanouudeckye ypaBHeHHs IBHIKEHHsI HMEIOT BHJ
g==L, p=—T g 2.21)
Mcxaroyass U3 9TOH CHCTEMBL p HWJH ¢, TOJYYHM
g+eq=0, p+op=0 (0= n/m). (2.22)

Ecau B HaualbHBIH MOMEHT BpeMeHH ¢ =0 KoopauHarta ¢ = ¢° # c606-
IEHHBIH HMIYJAbC p= p° TO ypaBHeHHS (2.22) uMeloT pelleHust

q:-ﬁp(%sin(ut+q"cosmt, p=-—mog"sinwl -+ p® cos w?, (2.23)

rae OblIH MCIOJb30BaHbl cootHomeHus (2.21).
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§ 3. ®a3zoBoe npocrpanctBo. Teopema JimyBuiis

1. B crarucruyeckofl Qusuke AJis1 ONUCAHHUA JBHKEHHA MeXaHuue-
CKUX CHCTeM YCIIEIIHO HCIOJIb3YyeTcsl IOHATHE (ha308020 npoCctpaHcmen.

ITox ¢a3oBbiM OPOCTPAHCTBOM HAH I-MPOCTPAHCTBOM CHCTEMEL C §
cTeneHsiMu CBOGOAB MOHKHMaeTcs aGCTPaKTHOE MPOCTPAHCTBO 25 H3Me-
PeHHil, N0 MPSMOYTOJMbHEIM (Z€KapTOBLIM) OCAM KOTOPOTO OTJOXKEHbl §
CGOOIIEHHBIX KOOPJAUHAT ¢; U S CONPSKEHHBIX MM HMIIYJIbCOB p;.

BesuuuHbl ¢; U p; ¥MMEOT, BOOOHIe TOBOPS, Pa3HYIO pa3MepHOCTD.
3TO He JOJKHO CMYLLATh HAC, €CHAM MBI YCJIOBHUMCHA €IMHHLE JIHHbL 10
OCSIM KOOpJAHHAT B HauleM MHOTOMEPHOM IIPOCTPAHCTBE COMOCTaB/IATh
Kakue-1u00 TMpOU3BOJIbHbE €IHHUIbl U3MEPEHHA BEJUUYHH ¢§; U p;.
B 3ToM clyyae B NpsMOYTOJBHOH (IeKapTOBOH) cuCTeMe KOOpAuHAT
KBaJpaT «pACCTOSIHMSY, CIUTAeMbIH OT Hadasa KOOPAMHAT JI0 KaKoH-/1160
TOYKH HpOCTpaHcTBa (g;, p;), paBeH

= 2 (gt +pi)-

Mexanuueckoe coCTosiNue cUCTeMbl H30Opaxkaercs B (hasoBOM IPO-
CTPAHCTBE HEKOTOPOH TOUKO# (usobpascatowjerl win (pasool mo4xol).
[pu aBukeHuu cucrems! $a3oBasi TOUKA ONHCHIBAET B 2S-MEPHOM IPO-
CTPAHCTBE OIHOMEPHYIO KPHBYIO ((a30Bylo TPaeKTOpHIO), NapameTpH-
ueCKOe ypaBHEeHHe KOTODOH HMeeT BHJ

g=aq:(t¢% p°), pi=pitg,p) (=12, ...,5, 3.1

rae ¢! U p?—HavajbHbIe 3HAYECHHs KOOPAMHAT M MMIIYJbCOB.

EcaM cucTeMa 3aMKHYTa W KOHCEDBaTHBHA, TO Y HEE CYLIECTBYET
udrerpan sueprun (2.14). B aToM ciydae ogHoMepHas ¢pasomasi Tpa-
eKTOPHUS JIEKHUT Ha THIeprcBepxHocti (2s—1)-ro uaMepeHusi, ypas-
HeHue KoTopoil umeer BHA (2.14).

Dnementapunit o6peM I-mpocTpaHcTBa, TOYKM KOTOPOro Jexar
MeXLYy q; p; U ¢;+dg;, p;-+-dp;, T. e. BUYyTpH OECKOHEYHO MaJsoro
napanienenunega 2s usmepenufl ¢ pebpamu dg;, dp;, paseH

dl'=dq,dq,...dq,dp,dp,. . .dp,= Hl dq,dp;=(dq) dp). (3.2)

Coraacuo (2.7) pasMepHOCTb NPOU3BENCHHMSA ¢,p; PaBHA
(sHeprust X Bpemsi) = (zeficreue) = ML*T "%

Orcrofa ciepyer, 9T0 pasMepHocTb I'-mpocTpaHeTBa IS CHCTEMBL C S
cTemeHsiMH CBOGOAB! paBHa (aeficTBHE) .

2. B HeKOTOPBIX C/Iyuyasx, HAPHMEp AJsi HIeaqbHOTO rasa, yAoOHO
BBecTH (a30BOoe NPOCTPAHCTBO, CCOTBETCTBYIOUlee KOODAMHATAM M CO-
NPSKEHHBIM HMITYJIbCaM 00104 MOJIEKYIbI (Ww-npocmparcmso). st onHo-
aTOMHOTO I'a3a, HOJOKEeHHE aTOMOB KOTOPOTO ONpeAeseH0 NPAMOYyToib-
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HBIMH KOOPJHMHATAMH X;, Y;, 2;, W-TIPOCTPAHCTBO OyJeT UIeCTHMEPHEIM
IIPOCTPAHCTBOM C OCAMH X, ¥, Z, Pxs Py, Pr- COCTOSIHIE HIeaTbHOTO rasa
us N MosekyJ u3obparkaercst B i-npocrpanctse N (hasoBbIMH TOUKAMHU.
MHorna yA0GHO (L-IPOCTPAHCTBO MPEACTaBAATh cebe B BHAE ABYX IOJ-
IPOCTPAHCTB: KOOPAMHATHOIO U HMITYJIBbCHOTO.

PaBHOMePHO ABHIKYIIEMYCS aTOMY Iasa COOTBETCTBYET, B ILECTHMEp-
HOM (Da30BOM J-IPOCTPAHCTBE, TPACKTOPHS B BH/E NIPSMOMH, NepreH Ky -
JISSPHOH K OCAM Py, Py U P2

3. JIas 060CHOBAHUSI METOJOB CTATHCTHYECKOH (DH3UKH TPEACTaBJIsI-
eTcsl CyIIECTBEHHBIM PACCMaTPHBAaTh ABHKEHHE COBOKYIIHOCTH GOJILIIOTO
(B mpenese — GECKOHEUHO GoJibiioro) ymcaa N TOXKIECTBEHHHIX (T. e.
¢ TeM ke 7 (g, p)) cucreM. 3T0l COBOKYIHOCTH, Ha3biBaeMoll ancamnbien,
cootsercTByer B I'-nipocrpanctBe N (ha3soBBIX TOUEK.

Ecau crenath N jocratouHo OOJBIIMM, TO MOXKHO BBECTH MOHSATHE
0 naomHOCMU WU Qyrkyuu pacnpedeserus

AN
0 p =77, (3.3)

rae AN —uncn0 ¢asoBEIX TOUEK B MasioM o0beMe (ha30BOro NPOCTpPaH-
ctea AT (B mpegesie N — oo, AT'—0).

OueBupno, yro GyHKuHs pacnpedesneHus o (g, p, {) HOPMHPOBaHa
TaK, 4TO

(o pndr={av=n. (3.4)

Da30Bble TPACKTOPHH H300pAKAOIUX TOYEK aHcaMb/s He MOT'YT Tie-
pecekaThest WK KacaThbesl, Ecau Obl 3TO HMENO MECTO, TO MeXaHuuecKas
CHCTEMA, HaXOAAIlasicsl B ONpeleNeHHOM COCTOSIHMH, MOIrJa Obl jasee
IBHUTAThCS PasJIUYHBIM 06pas’oM, UTO IPOTHBOPEUHT NPHHLUHUIY MeXaHH-
YeCKOM IMPUYIHHHOCTH (T. e. OJHO3HAYHOCTH pelleHuH ypasHenuil I'a-
MUJBTOHa). JIBusKeHHe (a30BEIX TOuYEK aHCaMOJs HONYUHAETCA JOKa3bi-
BaeMoll Huke meopeme Jluysuiisa.

Taxk Kak 14 3aJaHHOT0 aHcaMOaa (MbL 4151 TPOCTOTHL paccMaTPUBAEM
N GonbuinM, HO 3aJaHHLIM) TOUKH He HUCUe3aloT U He POKAAIOTCH, TO B
KOHTHHYaJbHOM IPHOIHKEHHHU TIOTHOCTDL UK GYHKIHSA paclpefe eH s
p(g, p, t) HOMKHA YIOBJETBOPATL COOTBETCTBYIOLIEMY YPAGHEHUIO He-
paspeierocmu 8 1'-npocmparcmee.

B MexaHuKe CILIOINHOH cpelpl 3aKOH COXPaHEHH S BellleCTBA ONHChIBa-
ercst CAEAVIONIMM ypaBHEeHHEeM HepasphiBHOCTH !):

%+ div(pw) = 0. (3.5)

3pecy o (x, y, 2, ) 1 v(x, y, 2, {)—IJIOTHOCTL H CKOPOCTL BEIIECTBA
B TOYKE X, 4, 2 B MOMEHT BpeMeHH ?. Y paBHeHHe (3.5) MOKeT 6bITh

1) B. . Cmup Ho B, Kypc BhiCluell MaTeMaTuKH, M.—J1., 1951, 1. 11, ro1. 1V,
paspen 114.
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3anucado B BHAE
-t vgradp+pdivo=0 (3.6)
HJau
0 .
47 Todive=0, (3.7)

€CJM BBECTH CKOPOCTb M3MEHEHHS ILIOTHOCTH, CBSI3aHHYIO C JABHXKY-
eics YacTHLeH CPefpl, HJM CYOCMAHLUORAALHYIO NPOUSBOOHYIO:

dp _ 9o

E=a—t+vgrad 0. (38)
Ilpu BEIBOZe ypaBHeHHs (3.5) onpelensieTcsi 0aJjaHC BeleCcTBAa BHYTPH
obbema KyOuka Ax-Ay-Az; Npu 3T0M paccMaTpuBaeTCs TIPUXOJ H
yXOJ BeIeCTBa Yepe3 KaxkAylo Napy NapajulesbHbIX rpaHell KyOuxa.
Ecsiu paccMOTPeTb TaKuM Ke o0pasoM ABHIKyliHecs (DasoBbie TOUKH
B 25-MEPHOM INPOCTPAHCTBE, TO aHAJOTHYHO MOKET OBITb IOJYYEHO
ypaBHeHHe:

2P0 1 iy (pV) =0, (3.9)

3nech V—310 25-MepHEIH BEKTOp «CKOPOCTH» € MPSIMOYTOJbHBIMH
COCTABJSIIOUUME Gy, Gy - - -y Gg5 Pys Pas - --» Ps, @ Div — cuMBOJ
2s-MEpHOI [JMBepreHUMH C IPOM3BOAHBIMH 0/0q;, 0/0p;. Bmecro (3.7)
Oy YHM

dp (qgﬁp, D4 o DivV=0, (3.10)

rrne dp/di—cxopoctb H3MEHEHMH IJIOTHOCTH p (g, p, t) BOJM3H 1BH-
xymehcs asopoit Touku. C apyroit croponwl, dp/df ectb mosHas
HOPOM3BOJAHAST TIO BPeMeHH OT 0 (g, p, t), IOSTOMY OHa MOXKET OblTh
pblync/aeHa 1o dopmydae (2. 15)'

dp +[ %], (3.11)

rie 92 (q, p, t)——(byHKLmﬂ lamunbrona cucteMsl. B Hamem cayuae

0q; ap; S 325 28
DivV= 2‘( @Zz 651 >~§ (a%a%f;i—apigii) =0, (3.12)

eclM BOCHOJb30BATLCS YpaBHeHUAMH [BIKeHHA (2.13). VYpaBHeHue
(3.12) osHauaer, yto H300paKaloliHe TOYKH ABHKYTCS B (Pa30BOM IIPO-
CTPAHCTBE KakK Hecwcumaemasn ocudxocms. Ws (3.10) u (3.12) caenyer,
yTO IJIOTHOCTH O (g, p, f) B Haoépax{a}om;eﬁ TOUKe, JBHXKYUIEHCS BJOAb
$ha30BOH TPAeKTOPHHU, OCTAETCHA NOCMOSHHOM. OTCEO}la u u3 (3.3) crenyer,
yro o6bem Al cozep:kamuii 3aJlaHHOe YUCJIO SK3EMIUISPOB aHcaMOJs
AN, upu IBUMXKEHUH HX OCTaeTcs MOCTOSHHBIM, XOTA QopMa ero, Boobute
roBopsi, MeHsieTcsi. JIerko BUAeTh, 4TO NMOC/Ie/Hee yTBEPKACHHE OCTAeTCs
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CNpaBeIJIMBEIM U /I KOHEYHOro obbeMa (hasoBOrO IMPOCTPAHCTBA, CO-
JlepIKallero 3aJaHHoe UYHCIO 3K3eMIUISIPOB aHcamOus.

JlokasaHHble Bblllle 5KBUBAJEHTHBIE YTBEPXKIEHHS: O HECKHMAEMOM
xapakTtepe ABHKeHUsi (pasoBhIX Touek ancambasa (Div V=0), o nocro-
SIHCTBE IIOTHOCTU B M300pakaioleH Touke, ABMKYIIEHCS BJOJb (haso-
BOI TPAeKTOPUU, U O NOCTOsIHCTBe (hasoBoro oovema Al', comepxaiiero
BBIJIE/IEHH YO COBOKYTIHOCTDb ABMKYIIHXCS CHCTEM ancamOuisl, COCTaBIISIOT
cozep:KaHue Tak Ha3blBaeMoH meopemst JIuysurrat).

W3 (3.11) u Teopemsl JInyBUNAS Clefyer:

L — o, 7). (3.13)

Takum o6pasom, ecan ckobka IlyaccoHa oT IJIOTHOCTH P paBHA HyJIO,
TO IVIOTHOCTb CTauuHOHapHa, T. e. dp/0t=0. OTciofa MOXKHO MOMyYHTD
OHO Ba)KHOE JJISI CTAaTUCTHYECKOH (DH3HKH CJICACTBHE: €CAH O 3ABUCUT
OT g; ¥ p; TOJIbKO uepe3 uuTerpansl auxkenns C, (q, p)=const, C, (¢,p)=
=const ¥ T. A., To QpyHKIUS pacupesesneHns P CTalHOHApHA.

B camom nene, ecin p=p{C, (g, p), C,(g, p), . . ., t], TO

N

dp 05 0p 95
o, #]1= 2. (5}%‘%%)2

S
=Y {%(ﬁi&_l 9p 9Cy | >_
a4 \dp; \0C19q; " 9Cy og; " "
JZ&(&L& Op 9Cy )}*
dg; \0Cy dp; * 0C, op; 'a'
90 p
_“56;[01’ %]”I"_a—cz[cm ‘%]+:09

TaKk Kak ckoOku Ilyaccoma OT UHTerpajoB IBHKEHHS PABHBI HYyJIIO
(eM. §2, m. 2). Orcrona u u3 (3.13) caexyer, 4To p CTAMOHAPHO, T. €.
He 3aBHCHT OT BpeMeHH.

3ameTuM, uTO TeopeMa JIMYBHJIIA MMeET MECTO TOJMbKO B (PAa30BOM
IPOCTPAHCTBE MEPEMEHHEBIX §;, p; H He ClpaBejluBa, HanpuMep, B Ipo-
CTpaHcTBe ¢;, §;. Jlanbile BBIACHUTCA CYIIECTBEHHAS POJib TEODPEMbI
JIMyBHAISl B IOCTPOGHUM OCHOB CTATHCTHUCCKON (PHBWKN, OTCIOAA SICHO
yA00CTBO (DOPMYJITHPOBKH yPaBHEHHI] IBHKEHHA B KaHOHHUYECKOH (hopme
(2.13).

4. Tlpousmoctpupyem Teopemy JInyBu/IIA HA IPOCTOM NIPUMeEpe JiH-
HeHOTO I'apMOHHYECKOI'0 OCIHJLIATOPA.

M3 (2.20) BuaHo, uTo (pa3oBast TPAEKTOPHS B 3TOM CJiyyae IPEACTaB-
JsteT coBoil JIIHIIC

I
(Ve&imo2r = (Vamd)

¢ noayocsimu )V 2&/me? u V 2m& (puc. 1).

(3.14)

1) Ilpunoxenne 2.
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PaccMOTpHM COBOKYNHOCTb OJMHAKOBBIX OCHHWJLISTOPOB, (DasoBble
TOYKH KOTOPbIX B MOMeHT {=0 3anoJusior miomaiky abed Ha puc. 1.
ToxaxkeMm, 9T0 MpH JBUKEHHU OCLHUJIIATOPOB U306parKaloliile HX TOUKHU
B MOMeHT {>>0 3anosnaT paBHOBENMKYIO Inowajky a'b’c’d’. Wsobpa-
JKallyue TOUKH, 3anojHAoliue njowanxky abed, meusiiores ot ¢°, p°
10 g, p corjacHo ypasHenusiM (2.23). IlpeoGpasosanune (2.23) MOXKHO

paccMaTpPHBATbL KaK COCTOsLIee U3
. Tpex INoCJaeIOBaTeNbHEIX npeodpa-

4 30BaHHUH:
a7 R 1) mepexej OT KOOpAMHAT §°,
Do f’g p° X KOOpAHHATAM
ol x=¢°, y=pYmw; (3.15)

2) mepexoj OT KOOPAMHAT X, Y
K KCOpJAHHATaM

x' =x cos of+y sin af,

Yy =—xsinoi+ycosot, (3.16)

3) mepexon OT KOOPAMHAT X',
Puc. 1. Yy’ K KOOpJHHATaM

g=x', p=moy. (3.17)

Iia Toro utoBel B 3ToM yGequThes, A0CTaTouHo B (3.17) moacTaBuTh
(3.16) u (3.15). Du TpU npeoGpasOBaH HE MEHSIOT Be/IMYHHBI IIIOIALH,
XoTs B oblieM ciyuae MEHSIOT ee (popMy. B camom Aene, npeoGpasoBanue
(3.16) TOMBKO MOBOpauMBaeT IIOMAAKY B IJICCKOCTH Xy Ha yroa f,
a npeoGpasoBanust (3.15) u (3.17) B3aUMHO KOMIEHCHDYIOTCS, TaK Kak
IepBOe CKUMaeT IJIOWAAKY B HalpaBJeHHH OCH OPAHHAT B m® pas,
a BTOpOE pacTsATHBaeT ee B TOM K€ HAIpPAaBJEHHH Ha Ty e BeJHYHHY.

§ 4. Moustne BeposTHOCTH. CTaTHCTHYECKAs He3aBHCHMOCTH
H KBajpatuunas Qaykryanus

1. B crarucruveckoll (pH3UKe IHPOKO NPUMEHSIETCA MOHATHE 8epo-
AMHOCMU W OCHOBHBIE TMOJIOKEHUs meopuu sepoammocmett. Hayunce
olpejesieHue BepOsiTHOCTH BO3MOXKHO TOJNBKO B TOM CJlydae, KOTJa Ml
UMeeM [0 C MACCosvimi, WIH NoGmopsaouumucs, sipiesusaMu. Bpoca-
HHE HIPaTbHON KOCTH, KOTGPOE Mbl MOXKeM HOBTOPSATH IIPaKTHUECKH He-
OrpaHHuYeHHOE YHCIO Pas, SBJASEeTCs KAaCCHUeCKUM MPUMEePOM MaccoBOI0
sBAEHHsI, K KOTOPOMY IPUMEHHMO TOHSTHE BepOATHOCTH. OrpoMHoe
YUCJIO TOKAECTBEHHBIX MOJIEKY/] MaKPOCKONHUECKOrO Tela ToXKe Mpen-
cTaBjsieT o600 MPHMEP MACCOBOTO SIBJCHHS.

Tlpu Gpocanun urpasbHOH KOCTH MOXKeT OBITb MOCTaBJieH BOMpOC,
ueMy paBHa OMHOCUMEAbHASA YACHOMA BbINajaBls ONpele/eHHON IpaHy
KOCTH, HalpUMep LIeCTepKU, T. €. YeMy PaBHO OTHOLIEHHE YHCAa Cay-
4aeB BbIIaJaHus LecTepKH (Iuci1a «O/IaronpHsaTHEIX Ciyyaesy) K obmeMy
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ypeay 6pocanuii KOCTH (YHCAy «HCIBITaHM#»). OYeBHAHO, YTO 1O TeX
nop, NOKa YHCJIO HCTBLITAHHHA HEBEJHKO, OTBET Ha STOT BONPOC OCTACTCS
HeoIpele/leHHLIM, TAK KaK OTHOCHTE/IbHas 4aCToTa B PA3HEIX CePUAX HC-
OBITAHUE MOXKET 0Ka3aTbCs PasiuyuHOH.

Jlis Teopuy BeDOSITHOCTEH, BO BCAKOM cayuae JUIsl ee NPHMEHeHHs
K @CTECTBO3HAHUIO, COLMOJOTHHE U T. M., OCHOBHBEIM fAIBASACTCH IMIUpUYIe-
CKM YCTAHOBJIEHHbIH# (DAaKT, UTO MPU HCCAELOBAHHH MACCOBBIX ABJEHUH
OTHOCHTE/IbHAS 4acToTa KaKOTG-aMHb0 HpH3HaKa HCIBIThIBAET BCE MEHb-
uwe xosefanna o Mepe yBeJHueHHs gucia ucnbiranuil. Ipyrumu cio-
BaM¥, eCJI¥ BBIYHC/IATH OTHOCHTEIBHYIO YACTOTY ¢ 3aJaHHOH TOYHOCTHIO,
HanpuMep ¢ TpeMs AeCATHYHBIMH 3HAKaMH, TO, HaUyHHas C HEKOTOpOro
JIOCTATOUHO GOJBLIOTO YHCAa HCIHTaHuii N, OTHOCHTe/]bHAsA YacToTa,
BBIYUC/EHHAS ¢ TpeMs AeCATUIHRIMA 3HAKAMH, NIPH JabHeHIeM YBeIU-
YeHWH YHUCJa MCIBITAHUI He MeHsgeTcs. ITOT 3aKOH, KaK U MHOTHe JIpy-
rue ONbLITHLIE 3aKOHLI €CTeCTBO3HAHHA, He fABJsercss abCcOJIOTHBIM, HO
BLINOJIHSIETCSs, BOOOIIE TOBOPS, TeM TouHee, ueM OOJbile npedesbHoz
ducao uenoimanuil N.

Heorpannuensdas [10CAeJ0BaTeIbHOCTD 3HAYEHHH HEKOTOPOro MpHS-
Haka (HanmpHMep, 4xc/a BHNAJaloUX Ha KOCTH OUKOB), VIOBAETBOPSIIO-
wasi cQopMyaHPOBAHHOMY BhIIE SMIHPUYECKOMY 3aKOHY, HA3BIBACTCH
CIAMUCIUMECKILM KOAAEKMUBOM.

[ycre Beqnuuna X AJIs1 HEKOTOPOH MAacCoBOH IOCIeN0BaTENbHOCTH
MOZKET IIPHHHMATh OJHO U3 AUCKPETHHIX SHAUEHHH Xy, Xy, + « -y Xpy -+ o
BeposATHOCTBIO TOTO, YTO NPH JAHHOM HCTBITaHHH X =x;, HasbBAeTCs
BeJMYHHA

n (x;)
w () =", @1
Tie n(x;) —uucao GIATONPHSITHHIX cJydaes, Korjaa X =x;, a N—Jo-
CTaTCUHO G6O0JbIOe (NMpPEele/ibHOE) HHCJO HCHOBITAHHH, YAOBJIETBOPHIO-
WHUX PaccMOTPEHHOMY BBIINE YCJIOBHIO.

U3 onpenenenns (4.1) BEITEKAET yca06Ue HOPMUPOBKL BEPOSMHOCIIL:

Yolr)=1, (4.2)
TaK KaKk 1 (x)=N.

13

Takoe ompeseneHye NMOHATHA BEPOATHOCTH, KaK MpPEJETbHOrO 3Ha-
YeHHS OTHOCHTEAbHO YacToTHl, Ha0M04aeMOH B CTATHCTHYECKOM KOJJIeK-
THBe, NPHHAAIEXKHT HeMeUKoMy MaTeMatuky P. Musecy?). Xorsd pas-
BHTHE TEOPHUH BEPOSATHOCTH HA TOM IIyTH HATAJIKHBAETCS Ha HEKOTOpLIC
MaTteMaTHueCKHe TPYAHOCTH, OHH MOTYT ObiTh, BEPOSATHO, MPEOAOJIEHbI.
C npyro#i CTOpOHHI, pa3BHBaeMasl Bhillie KOHIEMNIHs, CBs3plBaOMasl Be-
POATHOCTb C OTHOCHTEIbHOH YaCTOTOH, SBJASAETCS NPAKTHYECKH €1HH-

1) Cum. R. Mises, Vorlesungen aus derm Gebiete der angewandten Mathema-
tik, Bd. [, Wahrscheinlichkeitsrechnung, u nonyaspHoe usioxensne B kuure: P. M u-
3ec, BepostHocts u cratuctuka, M3, M.— JI., 1930.
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CTBEHHOH, MO3BOJIAOMIEH IPUMEHATh TEOPHIO BEPOATHOCTH K eCTecTBO-
3HAHHIO, COLHOJOTUH H T. II.

JIpyruM npuMepoM CTaTHCTHUECKOrO KOJJIEKTHBA SIBJIAETCH NPaKTH-
YeCKH HeorpaHMYeHHasl COBOKYITHOCTb MOJIEKYJ I'a3d, B KOTOPOH Mbl HH-
TepecyeMmcsl OTHOCUTe/NLHOH 4acTOTOH KaKoro-nu6o npusHaka, HanmpuMep,
Hab/1101aeMOi Y MOJIEKyJIbl BEJTHYHHBL CKOPOCTH, TOUHEe — ee 3HAUEHHUS,
Jexauero Mexxay v M v+dv. Ecau X npuHuMaeT HenpepuiBHblE 3HA-
YEeHHs1 X, TO BEPOATHOCTb TOTO, YTO X JIeKHUT B MHTepBajle MEKAY X
u x--dx, anajoruyso (4.1) paBHa

w (x, x—{—dx)zn—(x’);vﬂ, 4.3)
rae n(x, x-+dx)—uuciIo cayuaeB, Korga X JIEKHT B HHTepBaje
(x, x+dx), a uncsao ucnbiTanuét N JOCTATOUHO BEJHKO.

OueBHgHO, UTO 7 (X, X--dX) NPONOPLUHOHAJIBLHO GECKOHEUHO Ma-
JIOMy MHTepBady dx, IO3TOMY

w (x, x—|~dx)=%[&=w (x) dx, (4.4)

rae w(x) Ha3LIBAETCS HAOMHOCbI) 6ePOSMHOCHY BeJHunHe X HMeTh
3HadeHKe ¥. AHanoruuHo (4.2), yc/oBHEe HOPMHPOBKH JAJIf IJIOTHOCTH
BEPOSITHOCTH UMEET BHJ

gw(x) de=1. (4.5)

KakoBa npakthueckass LEHHOCTb BBEJICHHBIX HaMH TOHATHH Be-
positHocTelt (4.1) u (4.4)? B xauecte mpocrefliiero mpuMepa mnpu-
MeHeHHS BepOATHOCTeH pPacCMOTPUM 3ajayy ONPeleJeHHA CPEeJHEro
apudmernyeckoro ¢yukunu [ (X), xoria X npHHUMaeT 3HAYEHHS
Xyy «e.y Xz ... C BeposTHOCTHIO @ (X;) (4.1).

Ilo ompeneneHuio cpeaHero apupMeTHUECKOTO

W :f(xl)n(x1)+ ce —;f(x[)n(xi)'f” s :Zf(xz) w(x,‘). (4.6)

AHanoruyHO HpH HENpPEepHIBHOM H3MeHeHHH X
F&) =i w@dx. (4.7)

Takum of6pasoM, cpexiiee apudMeTHUECKOe (QYHKIHH ONpPeReNseTCs
HENOCPEICTBEHHO Uepe3 BEPOSTHOCTh (IIOTHOCTb BEPOSTHOCTH) 3Ha-
YeHHHl ee apryMenTa. 3aMeTHM, UTO BBLIYHCJEHHE CPeJHEro apugpme-
TUUECKOTI'C SIBJSIETCS JUHEHHOW onepaiues, T. e.

Cif (X) +Cof y (X) = Cif (X)+Cof, (X), (4.8)

Kak 310 caenyer u3 (4.6) wiu (4.7), ecan Cy u C, NOCTOSTHHBIE.
[TpumeHeHHe TeopuH BeposATHOCTeH GbLIO Obl BecbMa 3aTPy/HEHO,
eC/IH VISl ONpeleieHns BeposATHOCTel W (x;) Hu @ (x) ObLIO Obl HEOD-
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XOJHMO Ha caMoM Jiejie TIPOU3BOLHTL CEPUIO COOTBETCTBYIOLIMX H3Mepe-
Huil JUis OTIpelie/ien st PEeIbHEIX YacToT. B NefCTBUTEIBHOCTH BEPOAT-
HOCTH OTIPeNe/sioTcsl OOLIYHO HE SMIMPHUECKH, a JiG0 Ha OCHOBAHMH
COOBparKeHUil CHMMETPHH, 1060 BBOAATCA & Priori Ha OCHOBAHHH KaKOii-
a1u60 PHMOTe3H!, CIpaBelJUBOCTb KOTOPOH OOOCHOBBIBAETCS BCEMH MO-
JIYUEHHBIMH Teopueli CeICTBUSIMH.

Hanpumep, B clyyae 6pocanns HTPajbHONH KOCTH BePOATHOCTb Bhl-
najanus 3afaHHOH TpaHu nosaraercst paHo# 1/6. 910 cBsizaHo ¢ cuM-
MeTpuedl MpaBUJILHOrO Ky6a, CIeJaHHOTO H3 OJHOPOAHOrO MarepHa’a,
KOTJIa Mbl JIOJIKHBI TIPH3HATD BBIIAJlaHHs BCeX UIECTH rpaHell Ky6a pas-
HoseposiTHEIME. W3 ycsioBust HopMupoBKY (4.2) monyuum: 6-w=1, or-
kyla w=1/6. Ecau cuMMeTpusi Hapyuiena, Hanpumep Marepuasi KyOuxa
HEOJHOPO/EH, TO, BOOOIIE FOBOPS, HeJb3sl CUHTATE BEPOSITHOCTb BbINA-
JaHHs OTpefeneHHOi IpadHu paBHOH 1/6 W OHa nO/KHA ONpeNeNsThCS
{3 ONbITA, 110 W3MEPEHUSM OTHOCHTEJbHOH 4aCTOTHL.

MOKeT 110Ka3aThCsl, YTO Mbl HAXOJUMCS B IOPOUHOM KPYTY, IIOCKOJIb-
Ky 6epOAMHOCTb BbINaJaHHA OMPEIETEHHOA I'PAaHH HIPaNbHO KOCTH
OnpeeNsieTc U4epes PAGHOGEPOAMMOCHG BblaaHus JI000# U3 ee rpa-
uell. OfHAKO MOHATHE pPABHOBEPOSTHOCTH (3KBHBAJIEHTHOCTH) TpaHel
HTPAJILHOA KOCTH HCIOJMb3YeTcs TOJAbKO JUIsl ONpeleleHHs YHCIeHHOro
3HAUEHWs BEPOATHOCTH M3 yCJIOBHSI HOPMHPOBKH (4.2). B To ke Bpems,
17151 TOTO UTOBHI CBSA34TH 3TO 3HaueHHe BEPOSTHOCTH C HAO/M01aeMbIMK Ha
OIbLITE SIBJCHUSAMHU, HEOOXONMMO BO3BPATUTLCA K ONPENEIEHHI0 BEPOST-
Hocty (4.1) KaK OTHOCHUTEJNBHOH YACTOTHI.

PaccMOTpHM Masyl0 dacTHILy, Haxojsdmyiocs BHYTpH obbema V,
NOABEPTAIOLLYIOCS JIEHCTBHIO CAYYalHBIX 110 BeHYMHE U HANPABJIEHHIO
To/ykoB. [1pyu OTCYTCTBHU BHEIIHUX NOJEH, B CHIY OAHOPOAHOCTH HPO-
CTpaHCTBA, BCe €r0 TOUKH 5KBHBAJIEHTHBI; I03TOMY BEPOATHOCTH OCHa-
pyXuTb uacTHiy B obbeme v<_V paBHa

w=0v/V, 4.9)
a BepOATHOCTb OGHAPYKUTh €€ B OCTANbHOH yacTH o6bema
V—u v
W =—; :1——7. (4.10)
Kak u noJsoxeHo,
w-t+w, =1. (4.11)

Ecay uyacTHLA pAcCceWBAaercsi Ha HENOIBIKHOM HEHTPE U BCe
HaNpaBJeHHsl PacCesiHus PABHOBEPOs THHI, TO BEPOSTHOCTL PacCesiThCs
eil B TesecHBlli yroa dQ paBha

dw=CdQ, 4.12)
rjae C—HOpMH posomaﬂ KOHCTaHTa, ol peﬂ,e.}lﬂeMaﬂ U3 YCJIOBI/IH
faw=C{do=C4n=1, (4.13)

T, e, C=1/4m,
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OcHoBHas 3ajlauya TeOPHH BeposiTHOCTell — orpeje/leHHe BepoOsSTHO-
CTH CJIOKHBIX COOBITHIT, KOT/1a H3BECTHL! BEPOSITHOCTH NIPOCTHIX COOLITHH.
Hanpumep, HCXOA H3 alPHOPHOH BEpPOSITHOCTH BHIIANAHHS MPOH3BOMb-
HOH rpaHH UrpadbHOi KOCTH (paBHOH 1/6), MoxeT 6bITh MOCTaB/IEHA
3ajia4a OlpeJieNIeHIsi BEPOSTHOCTH TOTO, UTO B pe3y.abTaTe Tpex Opoca-
Huil Kocti Oyjer HaGpauo B cymume 10 ouxoB. HerpyaHo nokasaTb, uto
3Ta BepOSITHOCTH paBHa 1/8.

Kaxk MBI noKazkeM AaJiblile, Ha OCHOBAHHU HEKOTOPOH IPOCTOH THIIO-
Te3L 00 ANPUOPHLLY 6ePOSMHOCMAX COCTOSHUA Tasa, HAXOASILErocs B
CTATHCTHYECKOM PaBHOBECHH, BEPOSITHOCTb HEKOTODOMY &TOMy STOrO
rasa, OpH HaJUYMH BHEIIHEro NOTEHLHAJbHOIO IOJs, HAaXOJAUTLCA B
obpeme dV B TOuKe r paBHA

w(r)dV = Ce-u T dV, (4.14)

TJie u (7)—TNOoTeHlna pHAA SHEPTHA aTOMa BO BHEIIHEM Hoje B TOU-

Ke r, T —aGcomoTHas TeMneparypa, k2—rnocrosHHas boabimana,

C —HOPMHPOBOUHASI KOHCTAHTA, OmpejedsieMasi H3 ycJaoBHs (4.5).
2. Ecau Beawunmaa X MOXKeT NPHRUMATb 3HAUEHHS Xy, X,,

ey Xjy o oo, @ Y—3HAUCHHUSA Yy, Yy, ... Y p, » - -, TO BEPOSITHOCTD TOIO,
910 X =x; u Y =y,, paBHa
n (%, Yp)
w (% yy)="CEE, (4.15)

rie n(x;, Yp)—uucao OIArONPUATHBIX c/aydaeB, Korja X=x; H
Y =y,, a N—npegenpHoe UHC/JC HCIBITAHHA. YCJIOBHE HOPMHPOBKH

(4.2) aveer BUJ
EL];W(%, Y = 1. (4.16)

Ecan X u Y MeHA0OTCS HeNpepuiBHO, TO aHaJorH4Ho (4.15)
IIJIOTHOCTh BEPOSITHOCTH

w(y, 5 =252, (4.17)

rae n(x, y)dxdy—uncio GAarompusATHEIX cJaydaes, korga X u ¥V
JexxaT B HHTepBatax (¥, x--dx) u (y, y+dy). Aranoruuno (4.16)
YCJIOBKE HOPMHPOBKHM HMEeT BUJ

o, pardy=1. (4.18)

Dopmyasl (4.6) u (4.7) AIA CPeRHHX HENMOCPEACTBEHHO 0600uia-
I0TCS Ha caydall ABYX IepeMeHHBIX:

T V) =23/ (i 9w (5 99 (4.19)
FX =1 wels gdedy. (4.20)

3. Uemy paBHa BEpOSTHOCTb TOrO, YTO BequdnHa X, KOTOpas
MOXKET NPUHHAMATh 3HAYCHHA X;, Xy, ..y Xjp --y Xpy +.., HMECT
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3navenne aubo x;, aubo x,? OdueBHAHO, BEPOATHOCTL 3TOTO
. n (x4 (xg)
WK Xy) =t =w (%) + (%), (4.21)

T. e. paBHA CYMMe COOTBETCTBYIOUMX BEPOATHOCTEH (meopema ¢a0-

HeHUA sepoamHocmert).
AHayioruuHO BEPOSITHOCTH TOTO, 4TO X, H3MEHsIOMAACs Hempe-

PBHIBHO, HMeET 3HAueHHe, JeKallee MeXAy X, H X,, paBHa
x

w (%, xb):Sw(x) dx. (4.22)
Xq

TeopeMa CJIOXKEHHS BepOHTHOCTefI 1103B0OJISIET OTBETUTL Ha BONPOC:

yeMy paBHA BEPOSTHOCTh TOTO, 4To X HMeeT sHaueHHe ¥;, a ¥
npou3Bo/bHO? OUeBHHO, YTO 3Ta BEPOSTHOCTH

w ()= D@ (i Ya)- (4.23)

Auanornuno
w(n)={wl, ydy (4.24)

Hagomel, Mbl MOMKEM BLIUHC/IHTb CpeJHee 3HaueHHe (QyHKIHH
f(X, Y) nns BceBO3MOKHBIX 3HadeHuil VY, Korpa X =f;

i, V)= 3 Lo g0 n U 00 _ B, gy w(x, g) (4.25)
k kR

W TPH HETPEPLIBHOM H3MEHEHHH MepeMeHHBIX
T €
Flx, Y)=\[(x yw(x y)dy. (4.26)

Ecau cobbiThe, CBA3AHHOE ¢ HOsABJeHHeM X =X;, HUKaK He CBA-
3aH0 ¢ COObITHEM IOSIBJIEHHMA Y =1y, TO OHH Ha3HIBAIOTCA crmamu-
cmutecky Hesasucumoimu. TIpoCTEHUINM TPUMEPOM TAKHX COOBITHE
ABJISETCA YWCJO OYKOB, BHIOAJAIOUIUX IIPH NOC/E0BaTe bHOM 6po-
CAHHH WTPANbHOR KOCTH (MJH OJHOBPEMEHHOM GPOCaHHH HECKOJbKHX
KOCTeil).

Ecan npefieibHoe UHCJIO HCTHITaHuil paBHO N, unc/io Cayyaes,
gorza X =x;, pasHO n(x;), 0048 4ucaa cay4aes, KOTia Y = y,, paBHa
n(y,)/N, T0 BeposiTHOCTH TOTO, uTO X ==X; U Y = 1), paBHa

Wt g =g |10 x S| ~w ) w),  (@2)

rze w, (x;)=n(x;)/N—BsepoatHocTs TOrO, UT0 X'=X;, 8 W, (y)=ny)/N
—BEPOSITHOCTB TOTO, YTO Y == ¥, (TeopemMa 00 yMHOxeH U 6epORMHOCHeL
N/ CTATHCTHUECKH He3aBHCHMBIX coOpituii). Ilpu HempepeIBHOM
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uaMenenun X u Y (4.27) umeer BuI
UZ)()C, y):w1 (x)-l% (y)’ (428)

rie @(x, Y), w;(x) H w,(y)— COOTBETCTBYIOUHE MJIOTHOCTH BEDPOAT-
HOCTEH . )

Ecou, Hanpumep, B ofweMe V IBHKYTCS JiBe Hegsaumodeticmsyto-
Wjie YaCTHLEI, TaK YTO HE3aBHCHMbIE BEPOSITHOCTH OOHApPYMKUTh HX
B o6beMe U paBHBl (4.9), TO BepOATHOCTb 00HOBpeMeHHO20 OGHApY-
skeHust o0eux B o0beMe U DaBHA

wzﬁv.%=<%>2, (4.29)

MoKHO cpesaTh W oOpaTHOE 3aKJ/IOUEHMe: €CJIH HMeeT MecTo (4.27)
ud (4.28), T0 COOTBETCTBYIOUIHE COOBITHS CIRAMUCTIUYECK L HESABUCUMDL.

Ecun q)ym{um{ FX, "=F,(X)-f,(Y) u obnapyxenune ompeje-
JeHHbIX 3Hadenuil X W Y CTATUCTHYECKHM HE3aBHCHMBI, TakK 4YTO

BepoOATHOCTh W (x, y) uMeer BHL (4.28), To

X, Y)~f1( TN =00 @) e @ w, @) dedy=
— (0w (dr- (@) w, ) dy=F X)), (4.30)

T. €. CpenHee OT NPOU3BEJACHHS CTATHCTHUCCKH HE3aBHCHMBIX BEJTHYHH

PABHO IPOH3BEJCHUIO HX CpPEIHHX.
4. B cTaTHCTHKE 4YaCTO BO3HHKAET BOIPOC: C KaKOH TOYHOCTBIO

sHauenne f (X)=/] Xapakrtepusyer HaGii0JaeMbie Ha OIbITe 3HAUECHHS
f(X)=1{? OueBngHo, 4TO B OTJE/BHBHIX CJydYasix [ MOKET OueHb

CHAbHO OTKJOHSATHCA OT [, NO3TOMY HAC HHTEDECYET Mepa cpedHezo
omxaonenuss f or f. Cpeisee 3HaueHHe OTKJIOHEHHs [ OT ero cpe-
Hero sHaueHus [ paBHO

Af=f—f=f—f=0,
II03TOMY He MOXKeT ABJSATbCA Mepoﬁ cpem{eli OTKJIOHEHHUA f or

CBOEro cpejnero suayedusi. PaBeHcTBO HymoO Af CBfizaHO, KOHEYHO,
C TeM, YTO OTK/JOHEHHSI [ OT CBOEro CpeJHEro 3HAYCHUSI B OJHY U
APYIYIO CTOPOHY BCTDEYAloTCsl, MPH CJAYYalHBIX OTKJOHEHHSX, OJH-
HaKOBO YacTo.

3a Mepy CpejHero OTKJOHeHus [ oT f BRIOMPAIOT OCBIYHO BeJIMYUHY

BFF = (—P=P~T ", (2:3)

HA3BIBAEMYIO K6QOPQMuuHol aykmyayuell BeJMIUHEI f.
C TOYHOCTBIO 0 MHOMKHTEA MOpsiKa emuHus J (TW COBIIAJIAeT
c |Af|, T. e. co cperHuM 3HaueHHEM alCONIIOTHOH BEJHUMHBL OTKJIO-
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nenns f o f. M3 cooBpakeHuii MaTemMaTHUecKoro ynoGersa mpenarmo-
yHTaIOT MOJb30BaThesi BeinuuHol (4.31), a me |Af].

PaccMOTpuM CHCTeMy, COCTOAILYIO M3 N OJIMHAKOBHIX CTaTHCTH-
yeCKy HE3aBHCHMBIX yacTell, ¥ HEKOTODPYIO BeJMUHHY [, ajUTHBHYIO
JUISL CHCTEMBI, TaK 4TO

f= 2 [ (4.32)

BesanunnHa [ MOXeET OBITh YHMCJIOM YaCTHI, MAcCofl, 3HeprHed u T. 1.
QueBuano, YTO

N
Af = D Af®, (4.33)
k=1
BryucuM AJA TAaKOH CHCTeMBb! KBaJpaTUuHyio GaykTyauuio f:
I/—N—_\“z N N
@apr={ 2 Af""/ =k2 2 (Af®) (AFD). (4.34)
“k=1 =1i=1
B cuay CcrTaTHCTHYECKOH HE3aBUCHMOCTH OTAEJbHBIX HacTell CHCTEMBI

] i 0, xoraa k=£1i;
P =BT BT~ | (i, e e, (439

Takum o6pasom,

N

(A= Z (Af®)2 = N (Af®)2 (4.36)

k=1

BBHJly OIMHAaKOBOCTH OT/eJbHBIX 4acTeil cucrembl. V3 (4.32) cnenyer:
N

f= Z fB=N.f®, (4.37)
E=1

Hns xapakrepuctuxu Oucnepcuu f, T. €. Mepbl CPEIHEr0 OTKJO-

HEHHS [ OT [, BBEJEM OMHOCUMEAbHYIO (AYKMYAUUIO:

s V@D _ 1 V{arep
A T TR TR
Kak 3To caenyeT u3 (4.36) u (4.37).
B cratucruueckoii ¢usnke Hanbosee HHTEpECeH Caydail, Korja
B KauecTBe He3aBUCHMBIX YACTeH CHCTEMBI BBIGHPAOTCS YaACTHIBL (ATOME,
MOJIEKYJIbl), M3 KOTOPHIX COCTOMT cama cuctema. Crporo rosops,
CTATHCTHUECKH HE3aBHCHMBI OHH OYAYT mMOA6KO JJISI HAEaJbHOTO rasa.

B srom cayuae ornomenue J (AF®)/f® nopsanka epunuusl. Hanpu-
mep, ecnn f* —KHHeTHYecKas 3HEPrHst MOJEKYJbl HAeasJbHOro rasa,

TO, K4K Mbl YBHIAMM HWJKe, 3To OTHouleHue paBuo }/2/3. OmHako
U 75 HeHjeasJbHOrO rasa, HalpUMep A/ KHUIKOCTH HJH TBEPAOrO
Tesa, HAIIM pPacCyXXJAEHHS M OLEHKH KauyeCTBEHHO COXpPaHSIOTCH,

(4.38)
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B sToM cayyae otHocHTenbHas (GJYKTyauHs TO TOPAAKY BEJHYHHEL

paBHa
1

6, ~ ik (4.39)

Hns MakpockonnyeckKHx Tesi N oueHb BeJHKO, HALpPHMEp, NOPH-
xa 10%. Tlostomy &, ans TakKuX amIMTHBHBIX BEJIHUHH, KaK JHEPIUs
CHCTeMB! (eC/M MOMECTHTb €€ B TePMOCTAT) MJM YHCJO YacTHi B Hel
(ecnn cucrema GOMEHMBaAETCA UACTHLAMIL C Pe3epByapoM), OUeHb MaJa,
HanpuMep mnopagka (102%)-12=10"11. D10 06CTOATENBCTBO JEKHUT
B OCHOBE TOro, 4YTO B TE€PMOJUHAMHKE MBI OTOXKJAECTBJISEM Ha6JHrO)la-
€MbIC 3HAUYCHHUS MAKPOCKOIMHYECKUX napaMeTpoB ¢ UX CPeIHHMH 3HA-
YEHHSIMH.

5. B KkadecTBe INPOCTOrO INIPHMepPa DPACCMOTPHUM CJEAYIOULYIO 3a-
aauy. Ilycte N HeB3auMOZeHCTBYIONIMX YacTHIl caydafiHo, T.e. C Be-
positHocTbio (4.9), pacmpenenensi B obbeMe V. BepositHocTh TOTO,
uro B cbveme v <V Oyner ofHapyKeHO A HaCTHIl, PaBHA

Wy (n) = m%’_—n), (%) (1-%)”‘”, (4.40)

rae (v/V)"—BepoATHOCTb TOTO, YTO 7 ONpe0eAeHHblxX YacTHLL Haxo-
natcsa B o6beMe v, (1—u/V)N-"—BepoaTHOCTb TOTO, YTO OCTaJbHbIE
(N —n) gactul Haxoaarcs B o6beme V-—uv; MEHOKUTEAb N!/n! (N —n)l,
VUUTHIBAIOWMI BOSMOXKHBIE TePecTaHOBKM Mexny n u (N —n) uactu-
1amy, AOoJKeH GBhITh BBeJEH, TaK KaK HAac HHTePecyeT BepPOSTHOCThb
TOTO, UTO 1 NpOUBEOAbHOLX UACTHL, HMEIOTCSI B o0beMe 0.

Herpyznuo nokasath, uTo BeposATHOCT: (4.40) ynoBaeTBopsieT yc-
JoBUl0 HOpMHDPOBKHM (4.2). Muoxwurenn N!/n!(N—n)! cosnagaer

¢ GuHOMHaJbHHEIM Kosdguituentom Cl 1), mosToMy 1o popMyJe GHHOMA
N N

. v \7” v \N-n v v \N
Ywym=Xci(v) (1=7) "=(F+1-7) =1 @
n=0 n=0

Brlnc/AuM cpefpee uyncjo dacTHH B o6beme v. Ilo dopmyse (4.6)

n= Z nWy (n)=
n=0 N-1

/v - (N—1)! v \v o \(N=1)~-v

=NKV> 2N [(N——l)—v]!(—v—> (1—7> , (4.42)
v=0

rre v=n—1. Tak kKag cymma, Bxopsulast B (4.42), cornacuo (4.41)

paBHA elHHHLE, TO

n=N--. (4.43)

1) Cm., nanpumep, U. H. Bpormreitn, K A Cemenpgaes, Cupa-
BOMHKK IO MaTeMaTuke (1:060e Hafauue), oTAea BTOpoli, 6unom HrioToHa.
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Beoas B (4.40) 1 BMeCTC U, HOMyUUM

PaccMoTpuM BaxkHble IpejieqibHbIE CJAy4YdaH COOTHOMIEHHS (4.44).

1) ITyctb N —> 00 1 V— 0o, HO TaK, YTO =0~ OCTAeTCsl IO-
CTOSIHHEIM.

IMepenuem (4.44) B Buge

WN(n):%(l—ﬁ(1_%)..(1—”;1)(1_%)”'”. (4.45)

YuuTHIBas, UTO

. \N=n —
lim <1_%) —e7 (4.46)

N> w»

nosyunM H3 (4.45) Tak HasbIBaeMylo qbopmyﬂy [yaccona :
174 (n)— llm WN (n)= ~—e—” (4.47)

3ameruM, uro W (n) (4.47) yIOBJETBODSET YCJOBUIO HODMHDOBKH

» @

D W(n)=e"

n=0 n

=1, (4.48)

TaK KakK CyMMa II0 n paBHa €”.
2) Pacemorpum  dopmyany [lyaccoma B cayuae, Korja n, n

u |An}=|n—n|—6oabume uucia, Ho |Anljn<< 1.
Us (4.47) caenyer:
InW (n)y=nln(n)—n—Inn! (4.49)

TlpeoGpasyem sTo BHIpa)KeHHe, BOCIOJb30BABIIMCH AJs Inn! noano#
dopmyJioit Crupaunra t):

lnn!:<n—|——;—> lnn—n+[7ln2n+0(;lz—> (4.50)

1) Cm. B. . CM n p 1o B, Kypc seicuefi matematnky, M., 1953, 1. 111, 4. 2,
ra. I, pasnen 75. Henosnast dopmysia CTHPJAMHTA, KOTOPOi Mbl GyAeM 4acTo 0J1b30-
BaTbCsA, MOKET ObITh BbiBegeHa cosceM npocto. Jast n3> 1 umeem

n n
Innl=1In(1.2:3...n)= 2 s (nxds=sinz—s|'—nin(m—n. (.50
= 1
= i
Boipaxkenue (4.50) nepexonur B (4.50a), ecau npeneGpeub B npasoil yaerd (4.50)
A\

1 1 1 —— 1
caraeMbIM - In n—1—7 In2n +0<7> =In} 2t 0 (7)
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U TOJOXHUM n=ﬁ+An, TOT A
InWn) =—[n+an+L M)
nW (n) <n+ n—f—2>ln<1—]‘—ﬁ +
+An—n (2&2)—{—0(%). (4.51)

PasjioxkuM B psiji, yhep:KuBasi ABA NEPBEIX wJeHA:

<1+ ) an_@n) (4.52)

n n?

Tloncrasnas (4.52) B (4.51), ynmepuM B TpoM3BeJeHHH JBa HaH-

An)?
6OJIBILKX CJaraeMblX: — An—(g—_) , Torjaa
n

W (1) =— 42 L1y 2an). (4.53)
2n 2
B pesyabrare nojyunm
_(n~n)?
W(n)—=-——e o (4.54)
2mnn

— Tak HaselBaeMoe pacnpedeacHue [ aycea.

Jlerko BujeTh (ecsu BocnoabsoBatbes Gopmynoit (I13.1) Ilpuso-
XKeHus 3), 4TO
®  _{n=np

\ e i dn=1, (4.55)

-

m 1
E W (n)dn= Vo

KaK U CJefyer H3 YCJOBHsS HOPMHUPOBKH (4.5).
BriuscsuM ere KBajpaTHUHY (IyKTYaIHIO:
= (An)?

5 (An)*e 2% d(An)=n (4.56)

@ = [ (An)W () dn=

VQﬂn

(cMm. dopmyay (I13.2)).
BHIYHCJIHM TaKXke OTHOCHTENbHYIO (PIyRTyauMio:

l/(ArL)2 1
O n Va’ ( )

yro corJacyercst ¢ (4.39).



Tarasa 11

Pacnpejenenuss B KJIacCCHYECKOH CTaTHCTHKE

§ 1. TepvonunamuuecKoe (CTaTHCTHYECKOE) PaBHOBECHE CHCTEMbI.
BuewrdHe W BHYTPeHHHE Mapamerpbl

1. Besikoe duanueckoe TeJo (cuCTeMa), MOCTaBJIeHHOe B ONpe/e/IeH-
Hble BHeHIHMe YC/JIOBHUSI, PAHO WJ/IM NO3JHO NPUXOAHT B COCTOSTHHE miep-
MoOuHaMUUeCKo20 (CIAMUCMUYEckoe0) pasHosecus. IT0 yTBEpKIeHHe,
KOTOpPOE Mbl HHXKE YTOUHHM, MOKHO DacCMaTPHBATH KK OJHH U3 OCHOB-
HBIX MOCTYJIATOB CTATUCTHYECKOH (H3UKH.

Heo6X0IUMO YTOUHHTH, YTO Mbl IHOHHMAEM MOJ «ONpPE/eIEHHBIMY
BHEIIHHMH YCJIOBHSMH» U «COCTOSTHHEM TePMOAHHAMUUYECKOTO (CTATHCTH-
YeCKOI'0) PaBHOBECHUSY.

B moHATHE ONpejejeHHbX BHEHHX YCJAOBUA BXOJHUT, BO-IEPBBIX,
3ajlaHde TOJIOXKEeHHH (KOOpAHMHAT) BHEIUHHX [0 OTHOLIEHHIO K CHCTeMe
TeJI, ONpeAeIAIONIHX CHJILL, JeHCTBYIOMHE Ha YACTHLbI CHCTEMBI. JTH KO-
opiuHATH ([OJOKEHHUST) BHEUIHUX TeT Ha3hIBAIOTCS SHEUHUMU napame-
mpamu cucmemst. K 4ucay MX OTHOCATCS KOODJAMHATHEL CTEHOK COCYAQ,
BHYTPH KOTOPOTO 3aK/II0YeHa CHCTeMa, KOOPAUHATHl MarHuTOB, Onpese-
JISTIOIIUX B KX A0 TOUKE BHYTPU CHCTEMBI BEKTOD HANPS2KEHHOCTH BHeLl-
HEro MarHUTHOTO IOJIsi, KOOPAHHATHI 3JeKTPUYECKH 3apsKEeHHBIX Ted,
OMpeneNAIOMUX BHYTPH CHCTEMbI 3JEKTPHUECKOe [10JIe, NOI0KeHHe Mac-
CHBHBIX TeJ, CO3JAlOLMX B CHCTeMe TpaBUTALMOHHOe Ioje, H T. X.
B cirydae ofHOPOAHOH H30TPONHOM CHCTEMB! BMECTO 3a/aHusl KOOPAHHAT
CTEHOK COCYyJa MOXKHO B KayecTBe BHEIUHEro rapameTpa BBECTH IPOCTO
o6bem cucteMul V. B Tex cayuasix, KOTr/ia BHEIUHHE Tesla CO3JaloT B CUC-
TeMe IPOTSIKEHHbiE MOJIsi — MAarHWTHblE, 3JEKTPHUECKHE, TpDaBUTallu-
OHHBle,— B KaueCTBe BHEIIHMX [1apaMeTPOB BEIGHPAIOTCS HaNpsiKeH-
HOCTH CaMHX 1oJIel, KOTOpble, KOHeYHO, (DYyHKIHOHAJbHO CBSA3AHBI C 11O~
JIOKEHHEM CO3JAloNIUX HX BHEMHUX TeJ.

Bo-Broprix, NpH OnpefeNeHnH BHEIUHHX YCIOBHA HEeOOX0AMMO yuH-
THIBATH crenHdUUIECK MOJIEKY s pHOe BO3EACTBHE BHEIIHUX Te/l Ha CHC-
Temy. Ec/iu yBeJHUUTh CPEIHIO KHHETHUECKYIO SHEPTHIO MOJICKYJI cpe-
1B, OKPYy2Karolied Tes1o (T. e. IOBBICUTDL ee TeMIepaTypy 1)), T0 B pesyJib-
TaTe UX B3auMOJEHCTBUs ¢ 0GOJOYKOR 3TO MOBLILIEHHE CPELHEH SHepIHH
Gyzer TepeiaBaThCs YACTHIAM CHCTeMbl. B mpenejbHOM cayuae, Koria
3TOT npouecc 6yJeT HACTONLKO 3aTpyiHeH (U3-3a IIOXOH TENIONpOBOX-
HOCTH OBOJIOUKH), 4TO HM MOXKHO mpeHeOpeub, 060/J0UKA Ha3blBAETCs

1) Huxe, B § 3, GyaeT Aaro CTPOroe onpejeieHHe TeMiepaTyphl.
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aduabamuyeckoii. Taxum obpasom, npu HeajguabaTHyecKol 060J0UKe
CHCTeMBI K YHCJY 3aJaHHBIX BHEIIHUX YCJIOBHH Hajo N0GaBHTh TeMIepa-
TYpy BHellHell cpelbl (TepMocTara). B cocTosiHUM TepMOIHHAMHYECKOTO
paBHOBECHS TeMIleparypa cpelbl (TepMOCTaTa) COBMIAJAeT ¢ TeMiepary-
PO CHCTEMEL, ONIpe/eisisl ee SHePTHIO, II03TOMY TeMIIepaTypy He OTHOCHT
K UHCJIY BHEIIHHX I1apaMeTpoB.

Hapsiny ¢ BHEIIHUMH IapaMeTpaMy Mel Oy 1eM pas/nyaTh 6HYMmpenHie
napamempsl, — BeJTUUUHBI, XapaKTePU3YIOUIHE CBONCTBA CaMOll CHCTEMEL.
K uX 4ucay OTHOCHTCS, HAIPUMED, JTaBJieHue, KOTopoe VIS OQHOPOAHO#
¥ W30TPOIHOM CHCTEMBl NPH OTCYTCTBHH BHEIUHHX MOJieH 3aBHCHT OT
o0beMa ¥ TeMIepaTypbl (WM 3HEPrHH) cucrembl. Booblue, BHyTpeHHHE
mapaMeTpbl 3aBUCSAT OT BHEUIHUX [IapaMeTPOB M TeMIlepaTyphl (HJ1H 3Hep-
rHM) CHCTeMB. BeKTOp HOJSpH3aluu AH3/1€KTPUKA U BEKTOpP HaMarHH-
YeHUs] MarHETHKA TOXKe SIBJISIIOTCS BHYTPEHHHMH NIapaMeTpaMu CHCTeMb,
TaK KaK OHH 3aBHCAT OT ofbeMa (IIJIOTHOCTH) CHCTEMBI, ee TeMIeparyphl
¥ OT HANpPSIKEHHOCTH BHEIIHHX 3JeKTPHYECKOTO HJH MarHHTHOTO
i10J1e.

K unca1y BHYTpPEeHHHX 2Ke TapaMeTpPOB IIpHHaJIe:KUT, HallpuMep, cTe-
NeHb JHCCONMAMH MOJEKYJ/ISIPHOTO rasa, 3aBHCAILAsA OT ero IVIOTHOCTH
(oGbema) U TeMmepaTypHL.

C MOJIeKYJISIPHOH TOUKH 3DEeHHs, BHYTDEHHHE INapaMeTpPhl CHCTEMb
(naBJeHHe, BEKTOP 3JEKTPHYECKOH HIIH MArHHTHOM IOJIAPHU3ALHH | T. 11.)
ONpeNeAIoTCsT Kak COOTBETCTBYIOIINM 00pa30M yCpeHeHHbIe 1) (pyHKIHHU
OT KOOPAHHAT W MMIY/IbCOB YacTuil. Hanpumep, BeKTOp MarHHTHOI IIO-
JSIpU3ALMU PABEH CPeJHEMY 3HAUCHHIO F€OMETPUUYECKOH CyMMbl MarHUT-
HBIX MOMEHTOB MOJIEKYJ eIAMHHIBl ofbeMa; 3Ta CyMMa ONpele/sieTcs
0600LICHHBIMH KOOPAHHATAMH LEHTPa TSKECTH U OPUEHTALHEeH MOJIEKY .
QueBHAHO, YTO BHYTPEHHHE TAPAMETPEL, T. €. CPeJHHEe 3HAaUeHHs1 OT COOT-
BEeTCTBYIOWIUX (PYHKIHI KOOPAUHAT M HMIYJbCOB YacTHI, 3aBUCST OT
BHCIIHKMX NapaMeTpoB (B PEABIIYIIEM NpuMepe — OT o0bema | BHellHe-
IO MarHUTHOTO MOJIst) H OT TeMHepaTyphl (SHEPIHH) CHCTEMBI.

B coCTOsIHHM TepMOAHHAMHIECKOTO PABHOBECHST CHCTEMBI €e BHYTPEH-
HHe napaMeTphLl UMeIOT, IIPU 3alaHHbIX BHEUIHHX MapaMeTpax H Temre-
parype (3Hepriu), OupejieNeHHbIe YHCIeHHbIe 3HaUeHHUsI (C TOYHOCTDIO 10
MaJIBIX (AYKTyauuii, 00yCIOBICHHBIX MOMEKYJASPHOR CTPYKTYPOH cHe-
TEMBT).

MozkeT GBITh CTOUT OTMETHTD, UTO OJ[HA M Ta ¥Ke BeJH4HHa, B 3aBUCH-
MOCTH OT YCJOBHH, B KOTOPhIX HaXOAHTCA CHCTEMA, MOXKET UrpaTh poab
KaK BHEIIHEro, TaK M BHYTPEHHEro mapamerpa.

B npHBeleHHOM BhIlle NIpHMepe, Korja (QMKCHPOBAHO IOJOKeHHe
CTeHOK cocyza, o6bem V aBifeTcs BHEWIHHM NMapaMeTpoM, a JaB/eHHe
P (g, p), 3aBuCsIee OT KOOPAHHAT U HMIY/TbCOB YACTHLL,— BHYTPEHHHM
mapamerpoM. Ecau, ofHako, OrpanuuuTh CHCTEMY B COCYNE MOJABHKHBIM
TOpIIHEM MO NIOCTOSIHHON HATPY3KOIl, TO jAaBienne P OyieT BHEUIHHM

1y Mpupona 3TOTO ycpejHeHus OyjeT paccMoTpeHa B ClefyiolleM naparpade.
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nmapametpoM, a o6veM V(g, p), 3aBHCALIMA OT KOOPAHHAT H HMITYJIbCOB
qacTHl,— BHYTPEHHHM I1apaMeTpOM.

Ec/i OAHOPOAHYIO CHCTEMY, HAXOASAMLYIOCA B COCTOSTHUH TePMOJHHA-
MUUECKOrO paBHOBecHs, PA3JeNUTh Ha # PABHLIX 1O 00beMy yacTedt, TO
o6bem V, Macca M, sHeprusi &, sHTponHsi S KaXkA0H yactu Oyjer B n
pas Membllie, UeM Jisl Beefl cHCTEMbl B IIEJIOM; TAKHE BEIHUHHBI Ha3bl-
BAIOTCS 3KCMeHCcusHoimu. B To xe BpeMst Temneparypa T, nasaenue P,
IIOTHOCTD =M /V, XuMHUeCKu# noTeHHasa | OyIyT A/ KaXKA0H 9aCTH
CHCTeMBI TAKHMH 2Ke, KaK H JJisl BCeH CHCTeMbl; TaKHe BeJHYHHBI Has3bi-
BArOTCS  UHMEHCUBHOLMUL.

2. EcIn cucTeMa NOCTaBJeHA B ONpe/e/eHHble BHEIIHHe YC/I0BUSA
(T. e. 3a/laHbl e BHeIIHHE N1apaMeTphl), HO OHA HAXOJMTCs B HEPaBHOBEC-
HOM COCTOSIHUY (T. €. eée BHYTpeHHHEe 1apaMeTphl He UMeIOT PaBHOBECHBIX
3HaueHuii), TO CHCTeMa H3MEHSIETCsl BO BPeMEeHH, NpPHOIHXKAasACh K CBO-
eMy PaBHOBECHOMY COCTOSHHIO. Bompoc o ToM, KaK MaKpOCKOIHYECKHe
Tesla MepexonAT K COCTOSHHMIO CTATHCTHYECKOTO PaBHOBECHS,— OJIMH H3
CTIOKHEHIIHX B CTATHCTHYECKOH (DH3HKe, He peLIeHHLIH MOJHOCTBIO J0
HACTOSNIEro BpeMeru. MBI paccMOTPHM ero 1ojipobHee B Ioc/eHed riia-
Be KHHIH.

Hepenxo ObiBaer Tak, 4TO CKOPOCTh H3MEHEHHsS BHYTDEHHEro mapa-
merpa P (f) mponopuuoHalbHa €ro OTK/JIOHEHHIO OT PABHOBECHOrO 3Ha-

yeHusi P; B 3TOM ciyuyae

d (P—P) P—P
= (1.1
IJle T— NOCTOSIHHBIH MHOXKHTEJNbL, HA3BIBAEMBIH 8peMerem peraxcayui.

Wurerpupys (1.1}, momyunm
P—P=(Py—P)e-tr. (1.2)

31ech P,— HepaBHOBeCHOE 3HAYeHHEe MapaMeTpa P B Haua/lbHBIA MOMEHT
BpeMenu (=0.

Us (1.2) Bumso, 4TO T — BpeMsl, B TeyeHHe KOTOPOro OTKJIOHEHHE
napaMeTpa OT ero paBHOBECHOrO 3HAueHHst ymMeHbluaercst B e=2,71 pasa.
Bpems pesakcaiiy T 3aBHCHT He TOJbKO OT MPHPOJIEL BHYTPEHHETO Ma-
pamerpa P, HO u OT XapakTepa HapyUIEHUs €r0 PABHOBECHOTO 3HAUEHHS.
Hanpumep, ecin P — jaBleHue B QaHHOH TOUKe BHYTPU Trasa, TO T,
CBsI3aHHOE C HapVIUeHHeM DaBHOBECHOH KOHIEHTpAIWH MOJIEKYJ] rasa,
GyJeT 01HO, a T, CBA34HHOE C HapyHIeHHeM DaBHOBECHOTO pacmpeese-
HUST MOJIEKYJl O CKOPOCTSM,— IPYToe.

B cuay storo 3aBucuMOCTb P — P or BpeMeHu MozeT ObiTb GoJee
caoxHOH, ueM B (1.2); Tak, nanpumep, P — P MOKeT PaBHATBCSA CyMMe
SKCMOHEHIHAAbHLIX UE€HOB C PA3HBIMH BpeMeHaMHt PeTaKCallH Ty, Ta,...
BosmoxkeH W Takoil cjaydai, Korja 3aBHCHMMOCTb P — P or BpemeHH
MMeeT xapakTep 3aTyXalollHX KoJieOaHuH.
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BenuunHa BpeMeHH peslakCallHH MOXKET MEHSATbCS B OYeHb IMPOKHX
npejenax.

[Tpu Hapymenun paBHOBECHOTO paclpefeseHHsT MOJeKYJ rasa I0
CKOPOCTH BpeMsl PeJaKCaluH /s JABJIEHHS HMeeT MOPSAOK CPelHero
BPEMEHH MeXIy ABYMS MOC/I€I0BaTeTbHbIMH CTOJKHOBEHHSIMH MOJIEKY.T;
JJIst Ta3a, HaXOASLIErocsi IpH HOpMaJabHbIX yenoBusix (0° Llenbcust u a1-
MocepHoe aBierne), 310 Bpems ~ 10710 cex. C 1pyro#i cToponbl, 06kIY-
HOe OKOHHOE CTeKJIO IIpeJicTaBsieT co6oit aMop(Hoe Teslo, He HaxoAsAlle-
€Csl B COCTOSITHHM TEPMOJHMHAMUYECKOTro paBHOBecHsi. V3BecTHO, uTO B Te-
ueHHe JJIUTENbHBIX TPOMEXKYTKOB BPEMEHH, H3MEPSIeMbIX TOJaMH U JlaxkKe
JecsATKaMH JeT, aMopdHoe CTeK/O NePeXOJUT B PaBHOBECHOE KPUCTAJI-
JINYECKOE COCTOsTHHE. B 3TOM cayuae T NMOpsIAKa JeCATKOB JIET, T. €.
npuMepHo B 10'° pa3 Goabille, yeM B HpeablaylieM ciydae. B ciayuae
CTEKJIa MMeeT MecTo cBoeoOpa3Hasi CHTyallHs, KOTJa B CHCTeMe OCylie-
CTBJISIETCS] CTATHCTHYECKOE PaBHOBeCHE MOJIEKYJl MO CKOPOCTSM, HO He
MMeeT MeCTa paBHOBECHE IO IIOJOXKEHHAM MOJIEKYJ] B NPOCTPAHCTBE.

Boo6liie, ecnn B cucreMe peasiu3yercss TepMOJIMHAMHUYECKOE PABHO-
BeCHe TOJIbKO B OTHOLIGHMH YacTH NEePEeMEHHBbIX (KBaHTOBBIX UHCE),
OINHCBLIBAIOLIHX CHCTEMY, TO FOBOPAT O MENOAHOM MEPMOOUHAMUHECKOM
pasHosecuy,. BaHbIA pUMeD HEMOJHOrOo TePMOLMHAMHYECKOTO PaBHO-
Bechst ObI paccMoTpeH A. DHHIUTEHHOM NpPH H3YUEHHH MNOIJIOLICHMS
3ByKa B MHOIO4TOMHOM Tase, KOIjJa YYHThiBa/iach HepaBHOBEeCHas JMC-
COLMalHUsl Ta3a B I0Je 3BYKOBOH BOJIHEL.

§ 2. MuKpoKaHOHHUYECKOe pacnpejeseHue

1. OcHOBHasi 3ajaya CTAaTHCTHYECKOH (HM3HKU — BHIUUCJEHHE, Ha
OCHOBE MOJIEKYJISIPHBIX TpeNCTaBJIeHHH, CPEAHUX 3HAYEHHH Da3JHIHBIX
BEJTUYHH (ZaBJeHHs, SHEPIHH, MarHUTHOrO MOMEHTA H Ip.) Lid MakKpo-

CKOTMHYECKHUX TeJl B COCTOSIHHH
plt) CTaTHCTHYECKOTO PaBHOBECHUS,
a Takxe QIyKTyauu# COOTBET-
CTBYIOIIMX BeJHYHH, OTHOCH-
IMUXCA K MaJsbIM 4acTsiM CH-
CTEMBL.

Ec/u B HauaJbHBIH MOMEHT
Bpemernu {=0 cucreMa Haxomu-
Jlachb B HEpABHOBECHOM COCTOS-
HUM, TIpHYeM BHYTPEHHUH ma-
pamerp P=P,, TO COIVIaCHO oC-
HOBHOMY MOCTYJIaTy CTaTHCTH-
_ueckod ¢usuku P(f) Oyuer
CTPEMHUThCS K PaBHOBECHOMY 3HaYeHHIO P, KaK 3TO MOKa3aHO Ha puc. 2.
Hemonortonneft («3y6uaTeiiiy) xapakrep Kpuso# P (f) usobpaxaer (me
B Macuitabe) GaykTyanun napamerpa P, oGyc/OBJEHHbIE MOJEKYJIsIp-
HOH CTPYKTYPOH CHCTEMBL.
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B KJI4CCHYECKOH CTAaTHCTHKe BHYTPEHHHI rapameTp P paccMaTpu-
BaeTcss Kak (QyHKIMs OOOOLIEHHBIX KOOPIAHHAT H HMIIYJIbCOB HacCTHIL
cuctemsl, T. €. P=P(g,p). B cocTOsIHHU CTATHCTHYECKOTO DABHOBECHS

HaOJI0JaeMble 3HAYeHHST P MOTryT OLITH OTOXKJECTBJIEHBL CO CpeJHHM I10
BpeMeHH 3Ha4YeHUeM

lim -+ (P q(t), p(]dt, @1)
T+ w

Oy

rle i BHIYMCJAEHHs HHTerpaja B IPaBOH 4acTH HeOOXOJHMO 3HATh
g,(t) u p;(f), T. €. 3aBUCHMOCT OT BpeMeHH 0GOOLIEHHbIX KOOPAHHAT H
HMITYJIbCOB uyacTl cucTeMsl. Ha camom jene jpocrarouno, 4toGbi T
B (2.1) Gbl10 MHOTO GoJiblle BCeX BpeMeH PeaKCalHH B CHCTeMe.

SlcHO, 4TO (paKTHUECKOe BhlUHCJEHHe MHTerpaja B (2.1) aBasercs
HACTOJIbKO CJI0KHLIM M HEPA3PEeIIMMbIM IPH HCIO/Nb30BAHHH JIIOOBIX CYer-
HbIX MAlIWH, YTO BO3HMKAWON[Ke 3/leCb TPYAHOCTH HAJO CUNTATH NMPHH-
[UITHATbHBIMH.

Kak yxe OTMeYa/Joch Bbillle, PaBHOBECHbIE 3HAYEHHS BHYTPEHHHX
lapaMeTpoB CHCTEMbI 3aBHCAT OT BHELIHMX MapamerTpoB (KOTOPBIE Mb
cyuTaeM B (2.1) MOCTOSIHHBIME) U OT SHEPruM cucreMbl. TakuM o6pasom,
xors pelennst ypaBHenuil [amuipTona g,=qf) u p;=p,(f) 3aBuCAT
oT (28 — 1) HHTErpasIoB ABHKEHH ST, TEPMOJHHAMUYECKHUE CHCTEMBI yCTPO-
eHbI TaK, YTO MHTErpaJ (2.1) 3aBHCHT TOILKO OT OJHOTO MHTErpaja JBH-
JKEHHS — SHeprud. MexaHHYeCKHe CHCTEMBI, yIOBJIETBODAIOIHE 3TOMY
YCJIOBHIO, HOMYYHIH HasBaHHe 3p200uUtecKux.

Tak Kaxk uHTerpasibl ABHKEHHUs] MOT'YT OBITh BLIPAXKEHE! Yepe3 Hauya/b-
Hble KOOPJMHATHI U UMIYJbCHL ¢f M p?, TO 3prOJUYHOCTb MAKPOCKOIH-
4ecKHX cHcTeM, OG/IaJalolliX HEHMOBEPHO OGOJIbLIMM YHC/IOM CTeleHed
CBOGOIBI, KAaK-TO CBsS3aHA C UpPE3BBIYAHHO CJAOXKHBIM XapakKTepoM HX
IBHXKeHUsI. B pesyJbTare TaKOro ABHKeHUS OHH IIOUYTH NOJHOCTBIO «3a-
GBIBAIOT» CBOE HAya/IbHOE COCTOSIHHE, COXPAHSIS TOJbKO «BOCIIOMHHAHUEY
o cBoel nosHoi 3Heprud. KoHeuHo, Takoe aHTponoMopGhHOe ONMHCaHHE
9PrOJMYHOCTH He JAeT ee HayuHOI'o OODbSCHEeHHs, KOTOPOe OCTaercsi He
TIOJHOCTHIO BLIFICHEHHBIM J{0 HACTOSILIETO BpeMeHH (CM. II. 3 HacTOAIIEero
naparpada).

Heo6xoauMo TakKe OTMETHTb, YTO €CJHM paBHOBeCHasi 3aMKHYTad
CHCTeMa JABHXKETCS] MTOCTYNATENbHO 1 PABHOMEPHO HJIH PaBHOMEPHO Bpa-
maercss OTHOCHUTEIbHO HaOJIofaTe]si, TO pPaBHOBECHble 3HAYEHHS ee
BHYTPEHHHX IaPAMETPOB 3aBHCAT He TOJIBKO OT 3HEPIHH CHCTEMBI, HO B
OT ee NOJIHOTO MMITYJ/IbCa W BpauiaTelbHOro uMnyabca. Takas curyauus
BCTpEYdeTcsl NMPH PACCMOTPEHUH acTPO(MH3HUECKUX H reopH3HYeCKHX
npo6aeM U B 9TOH KHHIe MBI C Hell CTAlKHBaTbCA He OyneM.

KoHCTPYKTHBHBI NOAXON /ISl BHIYUC/AECHHS! CPEIHIX 3HAUEHHH BHYT-
PeHHHX NapaMeTpoB sl MaKPOCKONHYECKHX CHCTeM OBl HaMeueH
Bo/sbuManoM M 3ateM pasBHUT B MOCJAENOBaTe bHYIO TeopHio ['nb66Gcom.

Vigesi sakJiouaercst B TOM, 4To HalJioflaeMoe B paBHOBecuu P onpeje-
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JSIOT HE KaK CpeJHee 110 BPeMEHH, a KaK CpejiHee 10 COOTBETCTBEHHO
BBIOpAHHOMY CTATHCTHYECKOMY aHCaMO/II0 CHCTEM.
Tak xak, coraacuo (I; 3.3),

dN =p(q, p, t)dg,dq, ... dgsdp,dp, ... dp;

— YHCJO CHCTEM!), y KOTODBIX KOODJAHMHATEI §; M HMIYJBCEL p; Je-
KaT B MHTepBanax (¢; ¢;-+dg;) u (p;, p;+dp;), 1O

dN . p, t
A 292D dg) (dp) =w(q, p, 1)dT, 2.2)

rie w= (p/N)dl'—eepoamuocme TOrO, 4TO AJS CAY4aliHO BbIGPAaHHOH
CHCTEMBI €€ KOODAHHATHI M HMIYJbCHl Jexar BHYTPH oObeMa dI' =

== (dg) (dp).
Hs (I; 3.4) caenyer:

Sw(g, p, tyar=1, (2.3)

YTO COBIAJAeT C YCJOBHEM HOPMHPOBKH BEPOATHOCTH.
Uz (I; 4.20) crenyer, 4TO 45t JAHHOTO CTAaTHCTHUECKOrO aHcaMOis
¢ ¢ynxuuen pacnpepenaenus o (q, p)=Nw(q, p) cpeinee 3HaueHHe

P (g, p) pasro
P={P(q.p)w(g, p)(dq) (dp). (2.4)

[TpoGiema, TakuM 06pasoM, 3aKJIouaeTcs B TOM, uToOhl BLIOpaTh cTa-
THCTHYECKUH aHcaMO/b Tak, uToObl CpefHHe IO HeMy COBHajaJd ¢
OTIBITOM.

2. Mul BBegeM JIUisi 3aMKHYTOH CHCTeMbl, HaXOJsmeHcs B COCTOSHUH
CTaTHCTHYECKOIO paBHOBecus, (DyHKIHIO pacupenetenus p(g, p) no-
crmyaamugro, 0G0CHOBLIBAS HAII BBIOOD TeM, 4TO BCE MOJYYECHHBIE K3
Hee Pe3y/bTaThl OJecTslle COBIajaioT ¢ omblToM ?). IIpuuem 1o coBna-
JieHHe HMEeT MECTO He TOJIBKO J/Isi BLIUUC/ASIEMBIX CPeHUX 3HAUeHUH Be-
JIMUHH, HO U AJIS MaJblX OTK/JIOHEHHH OT cpelHuX, HaG/II0faeMbIX B CHC-
Temax {(Qaykryanut).

Taxo#i OAXOM ABJAsETCS NPUHSITHIM M B APYTHX pasjiesiax TeOpeTH-
yeckoll (DU3UKH. YpaBHeHHs KjaccHueckod Mexanuku Heiorona wnim
ypaBHEHHsI 3JeKTPOMArHUTHOTO mnojst MakcBejia He BBIBOIATCS M3
BoJiee MPOCTHIX NPHUHIHUIIOB, a IOCTYJUPYIOTCA KaK 3aKOHBI HPHPOASI,
CTPaBeJHBOCTb KOTOPBIX MOATBEPKAACTCS OTPOMHBIM UHCIOM NOJTyUeH-
HBIX M3 HHX CJEJICTBHI.

BBegeM NOCTYy/NATHBHO AJTsI 3aMKHYTOH CHCTEMBI, HaxoAslliedcs B
CTATHCTHUECKOM PABHOBECHH, TaK HasbiBAEMOE MUKPOKAHOHUHECKoe pac-
npedeagrue, Iy KOTOPOTO IVIOTHOCTD O HOCTOSHHA BJOJb TUNEPIOBEPX-

1) Mbl 711 KparkocTH Gy/ieM TOBODPHTD «HHC/JO CHCTEM» BMECTO (UHCJIO (HasoBHIX

TOUEK CHCTEM».
2) B ofnacTe MpUMEHHMOCTH KJACCHUECKOH CTATMCTHKHM, OCHOBAHHOH Ha kiacc-

YeCKOH MEeXaHHKe.
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HOCTH TIOCTOSIHHOM 3HepTrun 77 (g, p)=d& . 3aMeTHM, UTo ec/IH cucTeMa 06-
Jajaer ouyeHb GOJIBIIMM UYHC/IOM CTeleHeH cBOGOABL §, KaK 3TO HMeeT
MECTO JI/isl MAKPOCKOIIMUECKOTO Tesa, TO YHCI0 H3MepeHHH THIIepnoBepX-
noctn (g, p)=¢&, paBHoe 2s—1, «IIOYTH COBMAZAET» C YUC/IOM H3Me-
penuit 2s caMoro ¢a3oBoro npocTPaHCTBa.

MoxHo nokasarb (cM. [Ipusioxkenue 5), 4To [J5 NPOCTPAHCTBA OYEHD
GOJIBIIIOTO YHCAa U3MEepPeHHH 06beM, OrpaHHueHHbIH HeKOTOPOH 3aMKHY-
TOH MOBEPXHOCTBIO, MPAKTHYECKH BeCh COCPENOTOUEH B OUYeHb TOHKOM
cJioe BOIM3H 3TOH NOBEPXHOCTH. DTO 0OCTOSATENbCTBO JISXKHT B OCHOBE
TaK Ha3biBaeMOH «HeUyBCTBUTENbHOCTH» (opMyJbl DoJbumana aisi 3H-
TponuM, paccMoTpenHodl B § 3 ra. IV.

MuKpPOKaHOHHUECKOE pacrpeeseHie MOXKET ObIThb NPEACTABJICHO B
BHJIE

w=const B cioe &< I (g, p) < &-+-AS, } ©.5)

w=0 BHE ?3TOr'O CJIOd;

IIPH 3TOM NPeJII0JIaraeTcs BhillOJHEHHBIM 1 PejlesibHbiH epexos A —0.

M3 (2.5) BuaHO, uTo @ (UM p) ONpPENEJEHO, €CJH H3BECTHO 3Ha-
uenue F(q, p), T. e. QyHKuUUA pacnpeneseHus p=p (#). Us teo-
peMbl JINYBUJIS MBI 3HaeM, YTO B 3TOM CJydae paclpeieseHue CTaru-
OHapHO, T. €. 0p/0t = (. IT0 BO BCAKOM CJyyae HeOOXOAUMO JJist TOTO,
9yTOObI aHCcaMOJb OIHCHIBAJ CTATHCTHUYECKH PABHOBECHOE COCTOSHUE,

MUKpOKaHOHHYECKOe paclpejesieHHe MOXKHO TPEJACTABHTh B BHJE

w(q, p)=C8(E—I (g, p))s (2.6)

rie C—HOpMHPOBoUHAs KOHCTaHTa, O-— aenbra-¢pyuxuus Hupaka?l),
Ecnu sHeprus cucreMbl & 3ajaHa M cucreMma GUHUTHA, T. €. €€ KOOP-
JHHATHL §; MOI'YT M3MEHSITBCS TOJILKO B KOHEUHBIX Ipejesax, TO TH-
MePHOBePXHOCTE F7 (g, p) =& 3aMKHyTa U OrPAHHYHBAET KOHEYHBIH
2s-MepHBIl 00beM (Da30BOrO NPOCTPAHCTBA, DaBHLI

@)= \...\ dgdg, .. dgdp.dp,...dp.  (2.7)

HAg. p<E

O6bem cos T-mpocTpancrBa, 3aKAKYEHHBIH MEXAY MHOBEPXHOCTAMH

FA(q, p)=& v F(q, p)=&+d&, pasen

‘%‘?d@ — g (8)d&, (2.8)

rie Beauunna g (&) =dl (§)/dé& HasLIBaeTCs cMamucmuuecKum 6ecom
CHCTEMBI.
Honcrasassa (2.6) B (2.3) 4 MHTerpupys IO CA0AM d&’, HOIYydHM

cls(&—6)g(&)dé ~1 (2.9)

1) JI. I u ¢ ¢, Ksantomas mexanmka, HJI, M., 1959, usx. Bropoe, § 11,
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HJIH
Cg(§)=1, 1. e C=1/g(&). (2.10)

MuKpPOKaHOHHUECKOMY pacrpejeserno (2.5) uin (2.6) cooTBeTcTBYyeT
THIIOTE3a O PAaBHOBEPOSITHOCTH PABHOBEIHKHX 00/acTell (pasoBoro mpo-
CTpaHCTBa, JOCTYNHLIX CHCTeMe, T. €. IIPEANOJIOKEHHEe, YTO BEPOSTHOCTD
HEKOTOPOr0 COCTOSIHHMSA IIPOMOPIHOHAAbHA COOTBETCTBYIOIIEMY OObeMy
(a30BoOro NPOCTPaAHCTBA. B camMoM Jie/e, eC/H COCTOSTHHIO CHCTEMbI COOT-
BETCTBYeT KOHEUHBIH 00beM (azoBoro mpocrpadctsa dI', TO cOOTBeT-
CTBYIOILAsi 3TOMY COCTOSIHHIO BEpOSITHOCTb

war = § wdl = w { dI = const - AT, (2.11)
AT AT
TaK Kaxk w=const.

MiuKkpokaHOHHYeCKOe paclpellefeHHe MOKeT ObiTh HATJSAAHO COIO-
cTraBjeHo ¢ TeopeMod JIumyBuass. B camom nene, nycTh HEKOTOPOMY
Ha4yaJbHOMY COCTOSTHHIO CHCTeMBI COOTBETCTBYET 0GbeM (pasoBOro mpo-
crpanctBa AI', koneunomy cocrosnuio — odvem AI”. Tlo Teopeme Jluy-
Buanss AI'=AT, Ho Torja, Kak cjeiyeT H3 MHKPOKAHOHHYECKOTO
pacnpeneseHusi, BePOSTHOCTH OOOMX COCTOSIHMH OJMHAaKOBH. Takum
00pa3oM, Mbl OPUXOJHM K NPABUJILHOMY BBIBOAY, UTO MeXaHHUECKH
JleTePMHHUPOBAHHOMY (T. €. C BepOATHOCTbIO, PABHOH eIHHHUILE) TIepexo-
Jly CHCTeMBl U3 Ha4a/IbHOTO COCTOSIHHUS B KOHEYHOE COOTBETCTBYET OfHHA-
KOBasl BePOSITHOCTb OOOHX COCTOSIHHH.

Briio 661 HeNpaBHJABHO AyMaTh, YTO TAKHE PACCYXKAEHUS JOKA3bIBAIOT
CTpaBeJIiBOCTh MHKPOKAHOHHYECKOI'O paclpejeneHus, Tak Kak B 00-
IeM cJyuae Mbl He 3HaeM, Kak (a30Basi TPAEKTOPUS CHCTEMBI IPOXOAUT
B JIOCTYNHO# eil o6iacTu ($a3oBOro NpoCTPaHCTBA.

Boo6uie, BBefieHUe HEKOTODHIX ANPUOPHbIX 8eposmHocmeli B CTaTH-
CTHYECKYIO (DH3UKY ABJseTCs, MO-BUAHMOMY, HeOGXONUMBIM IS CTa-
THCTHYECKOTO paccMoTpeHust Bonpoca. C 5TOH TOUKH 3pEHHS IONBITKH
00OCHOBaHMS CTATHCTHUECKOTO pacnpesiesienss o (¢, p) Ha OCHOBe JeTep-
MHHHPOBAHHOIO IIOBEJIEHUS] MeXaHHYeCKHX CHCTeM BOOOIe NpeacTaB/Isi-
I0TCSi HeOGOCHOBAHHBIMU. B KOHEYHOM HTOTe 3TO SIBJSIETCS CJIEACTBHEM
TOTO, YTO BCSIKOE CTATHCTHYECKOE (BEPOSTHOCTHOE) OIHCAHHE CHCTEMbI
ABJSIETCST MeHee TOJIHBEIM, YeM ee JeTepMHHHPOBAHHOe MeXaHHYecKoe
TNI0BeAEHUE.

3. B ucropnueckoMm acrnekTe OTMETHM, 4TO DoJjibliMaH H ero noc/ieno-
BaTe/qu NBITaNuCh 00OCHOBaTb BbIOOD MHKPOKAHOHHUECKOTO pacnpeje-
JIEHH$ MOCPEeACTBOM CPaBHEHHs MOJYYEHHBIX C €ro MOMOUIbIO CPEIHHUX CO
cpeanuMHu no BpeMmenu (2.1). B cBsisu ¢ 37uM BosblmaH BBIABHHYJ Tak
Ha3biBaeMYIo apeoduteckyio eunomesy '), COTJIACHO KOTOPOH IBHIKeHHe
3aMKHYTOH MeXaHHUeCKOH cHcTeMbl (€ =const) ¢ GOJIBIINM UHCJIOM CTe-

1) Or rpeueckoro gpyov — pabora (HCNOJAb3YeTCs 31eCh B CMBICAE SHEPTHH)
4 0000 — NYTb.
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reHell CBOBOABI CTOJMb «3alyTaHO», YTO IPH HeOTpaHUUEHHOM BO3pacTa-
HHM BpeMenu (asoBasi TPAEKTOPHS CHCTeMbI MPOXOJHUT yepe3 6ce TOUKH
sHepreTuyeckoil noeepxuoctu F (g, p) =&. Cam bBoabuman chopmy-
JIMPOBAJ 3PrOAMYECKYIO THIIOTe3y B CEAYIOMHX cloBax: «boablias He-
PeryJsipHOCTb TENVIOBOTO ABWXKEHHST H H3MEHYHBOCTb BHEIIHMX CHII,
JEHCTBYIOUMX Ha TeJao, AeJaeT BechbMa
BEPOSTHBIM, UTO aTOMbl IIPH TeNJIOBOM
JBHKEHUH MOTYT 3aHMMaTb BCE II0/I0Ke- x=E
HHS ¥ CKOPOCTH, COBMECTHEIE C 3aJaHHEM ar g4y
BHYTpeHHEeH 3HepruM Teja...»'). ar

XoTs1  BIOC/AEACTBHH [OCPEACTBOM
UCIIOJb30BAHHSI TEODHH MHOXKeCTB Obl-
JIO JIOKAa3aHO, 4TO 3projuveckas TIH-
notesa wHenpaBuabHa (A. PoseHTaib,
M. Ilnanuepens, 1913 r.), nocMoTpuM, K KakHM CIeJICTBHAM OHa
npuBoaut. [lpu crpaBefMBOCTH 3PTOAMYECKOH THIOTE3bl CYIECTBYET
TOJIBKO 00HQ 3aMKHYTasl (a3oBas TPAeKTOPHS Ha NMOBEPXHOCTH MOCTOSIH-
Ho#t sHeprun F7 (g, p)=@&. D10 ClaefyeT U3 TOro, uto GasoBasi TPAEKTO-
pHUsi, ¢ ONHOH CTOPOHBI, JO/IXKHA NPOXOJUTh Yepe3 6ce TOUKH SHEpPreTH-
YeCKOH MOBEPXHOCTH, C JPYrofl — uyepe3 KaKAylo TOYKY MOXKeT Mpo-
XOAHTb TOJILKO 00H@ (pasoBasd TpaekTopus. IlosTomy asosble TOUKH
H309HEPTeTHUeCKOro aHcaMbas &=const TO/KHBI GbITb PacroOMkKeHb!
BJIOJIb O6IIeH (pazoBOi TPAEKTOPHH, T. €. MOTYT OTJIHYAThCS TOJBKO IIO-
crosinno#l C,; B Boipaxkenun ([11.7) (cm. Tlpuoxkenue 1).

[TokaxeM, Kak M3 SPrOJIHYECKOH THIIOTE3bl CJIEAyeT, UTO CpejHee

no Bpemenu P (g, p) (2.1) coBnamaer co cpeanum P (g, p) (2.4) no
MHKDOKAHOHHYECKOMY aHcaMOJIIo.

[L1s1 3TOro BBejieM IIOBEPXHOCTHYIO IVIOTHOCTb G (g, p) MHKPOKAHO-
HHYeckoro ancam6/s. Ha puc. 3 nzobpaxkeHb! gBe 6/1H3KHe H303Hepre-
THYECKHe MOBePXHOCTU: =& U H =&+ A&. Ecin An — paccrosinue
MEXJy 3JeMeHTaMH 3THX IOBepxHOcTell dZ, To

H=E+AE

Puc. 3.

\Grad #|An=Ag&, (2.12)
H CJ1eJ0BaTe/iLHO
___A&
An-di= 5O d2, (2.13)

rae

lGradf%f[:{(i <?%>2+<%?f>ﬂ}m

U=l

— rpaguent ot 7 (q, p) B 2s-mepHoM I'-npocrpaHcTse,

HL. Boltzmann, Akad. Wien Sitz. 63, 679 (1871).
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M3 (2.13) BugHO, YTO J/Isi MHKPOKAHOHHYECKOIO DPacIpefe/eHHs
NOBEPXHOCTHAA IJIOTHOCTH )

1
a (g, P)wm—%j. (2.14)
dnemeHT ($a30Boi TpaeKTOpHH B I'-mpocTpaHCTBEe paBeH
2s 1/2
di = {E [(dqi)“r(dp,-)‘z]} : (2.15)

" CJIe,I[OBaTeJIbHO

dl )
“—12 [q} +pz}}

t—l

1/2 1/2

i“aﬁ (aql”} = [Grad 7],
- (2.16)

€CqM  HCIOJIb30BaTh ypaBHeHHs ABHxeHns [amuibrona (I; 2.13).
Cpentee 1o BpeMeHH

fa

dl

Pq, ) e
b= “ Plq(t), p(t)]dt SS 'd?rad%l

| Grad §71
VP po@ pa
Sc(q, p)dl

Mgu Bocmosib3oBasMch 3mech gopmynamu (2.16), (2.14) u sameHuIn
HHTEr pUPOBaHUE NO GECKOHEUHOMY MPOMEXKYTKY BPEMEHH HHTErPUpPO-
BaHHEM IO Bcell 3aMKHYTOH 2proimdeckoil Tpaektropuu. Tak Kak
P (g, p) v o(g, p) MOXKHO CUNTATh NIOCTOSIHHBIMH Ha 3JEeMEHTEe MOBEpX-
HOCTH dZX, MOXKHO 3aMCHHUTb HHTeIPHPOBaHHE 110 [ MHTErpPHPOBAHHEM
mo X; Torjaa

L (2.17)

~ KP(q,p)O(q,de —
J = Pn, (2.18)
(o nax

roe P™—cpenHee 10 MHXPOKaHOHHYECKOMY paclpe/lesieHHI0, DaBHOe
IO ONpeJeJIeHHI0 OTHOILUEHHIO MHTerpaJoB B (2.18).

Kak yxke GBbUIO OTMEYEHO, Iprojuueckas IHIOTe3a HeNpaBM/bHA,
nostomy I1. u T. DpekdecTsl B CBOEM H3BECTHOM 0030pe MO CTATHCTH-
yeckoii mexannke («Enzyklopddie der mathematischen Wissenschafteny,
1912, Bd. IV, Art. 32) BbIABHHYJHM MeHEe XKeCTKVIO K6a3uspao0uteckyio
2unomesy, CONJIACHO KOTOPO# (ha3oBasi TPAEKTOPHS CHCTEMbI 4epe3

1) MoxHo, HanpuMep, NOMHOKHTL 06e yactH (2.13) Ha p=const, Tora U3 npasok
_pAE
“[Grad 7 |

4acTH BHJHO, 4TO , OTKyZAa caepyet (2.14) (pA&=-const).



§ 3] KAHOHHYECKOE PACIPEJLEJEHUE 45

70CTAaTOUHO GOJIBILON NPOMEKYTOK BPEMEHH TIPOXOJHUT CKOJb YIORHO
6IM3KO K JI000fi TOYKe 3HepreTHUeCKOH MoBepXHOCTH 7 (q,p)=4&.
XoTs KBa3u3projdueckas rUnoTe3a clpasenBa AJsi LIHPOKOTO KJacca
MEXAHHUYECKHX CHCTEM M TakKe 1103BoJisieT o6ocHoBath (2.18), Mui He 6Y-
eM 3aHMMAThCS €€ H3YyYeHHeM, TaK KaK OHa, NO-BHAMMOMY, HE HMeeT
OTHOLIEHHS K cTaTHCTHYecKol dusike. Kak Ml yBuauM B 1. X1, Bpewms,
B TeueHMe KOTOPOTro (hba3oBasi TOUKa CHCTeMbl TPOXOAHUT, € Pa3yMHOH TOu-
HOCTBIO, BOJIHM3H BCEX TOUEK MOBEPXHOCTH ITOCTOTHHOH SHEPTHH CHCTEMBI,
CTOJIb BEJIMKO, 4TO HHKAKOIO OTHOIEHUSI K BPeMeHH ee PelaKcaluH ne
MMeeT, 103ToMy nepexojsl T—-oo B (2.1) u (2.17) ortHocsaTes K cyuiect-
BEHHO DA3HbIM [POMeKYTKaM BpeMeHH. Takum o0pasom, o00CHOBaHHE
cootHomenust (2.18) mnocpencTBOM KBasHIPIOAMUYECKOH THIIOTE3bI JIH-
IIEeHO OCHOBAHHA ).

§ 3. Kanonuweckoe pacnpejiejieHue

1. MEKpOKaHOHHUECKOe paclipelesneHie, paccMOTpeHHOe B Mpepl-
AyileM maparpade, 10CTaTOYHO /I HCCAENOBAHHA BCeX BOIPOCOB KJac-
cHuecKoll crartucriyeckoil ¢usuku. OpHaKO NPaKTHYECKOE HCIOAb30-
BaHue MHKPOKAHOHMYECKOTO PAClpe/e/e sl HaTaJKHBACTCH Ha Cephes-
HBIE MATeMaTHUECKHE TPYAHOCTH, CBA3AHHEIe € TeM, 4TO MPU BbIYHCAEHHH
CpenuuxX 3HaueHHH (QYHKUHH, 3aBHCAHIMX OT KOOPIAHHAT H HMMYJb-
COB YaCTHI{ CHCTEMbI, UHTErPHPOBaHHE N0 (pa30BOMY HPOCTPAHCTBY HA/l0
BECTH [0 MHOTOMEDHO# moBepxHocTH F7 (g, p)=4&.

ATHUM HeJ0CTAaTKOM He 06J1aaeT ipyras gopMa CTaTHCTHYECKOTO pac-
npejesienys, npeaiokennas ['nO66coM, TaK Ha3plBaeMOe KAHOHUHYECKOe
pacnpedeseriue. B 5TOM cyyae SHepris CHCTEMBI § HE HMEET CTPOTO BHK-
CHPOBAHHOTO 3HAYEHHS, HO BEPOATHOCTb PA3JIHUHBIX 3HAYEHHH SHEPTHH
HMeeT OCTPhI MaKCHMyM BOJIM3U cpelHero 3HadeHHs &. Ecad oTHocH-
Te/lbHAsi IHPHHA 3TOTO OCTPOrO MakcuMyMa A/@ Hopsijika OTHOCHTE/b-

HOH (PIYKTyalHH SHEPrHHU CHCTEMbI, A/§~1/V'N, rne N — uncno ua-
CTHI[ B CHCTEME, TO PEe3YJ/bTaThi, NOMyUeHHBle C TAKHM DACTIpefe/eHHeM,
COBIAZAIOT, C TOYHOCTBIO 110 1/} N, ¢ pe3ybTaTaMu, oMy YeHHBIMH IPH
NpPUMEHEHHH MHKPOKAHOHHYECKOTO paciipeieseHus.

[TycTsb, Hampumep, BEPOSTHOCTb TOTO, YTO CHCTEMA HMeET IHEPTHIO,
JIeXKaILylo B MHTEpBaie 0T & 10 & 1 d&, OnpesesieTcs raycCoBCKHM pac-

npeneseHHeM
g~& \*

dz&:ce'< A )dé’, (3.1)

rie & — naubosee BepoATHOe (cpejHee) 3HAUEHHE IHEPTHH, A — 3d-
GdexTHBHAs IMHPHHA MakKcHMymMa # C — HOPMHPOBOUYHAsI KOHCTaHTa,

1) Ha rtakoit xe touke spenus crost P. Toamsn («The principles of Statistical
Mechanics», Oxford, 1938, p. 69) u P. ®aysep («Statistical Mechanics», Cambridge,
1936, § 1.4).
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onpeneasaeMas U3 yCJIOBUSA

(do=cC °§ e"<g+g>zd§:m1/}:1, (3.2)

—-®

Tl /s BBIUNCIEHHA HHTerpaja Mbl BOCHO/b30BasHch dopmy.tof (I13.1)
[lpunoxenus 3.

Bripaxkenue (3.1), nake npu cOOTBETCTBYIOLIEM BhIGOpe A, He MOKET
HAC MOJHOCTBIO YIOBJETBOPHTb. B camom nese, Jyist BHIUMCIEHHS Cpe-
HUX 3HaueHuii oT QyHKuuH P (g, p), 3aBUCALHX OT KOOPAHHAT U UMITYJIb-
COB, HEOOXOAMMO, COTVIacHO (2.4), UMeThb BBIpaXKEHHE IJIOTHOCTH BEpO-
sTHOCTH W(q, p).

Jl1st Toro uTo6hI nepeiitu oT dw (3.1) K NIOTHOCTH BEPOSITHOCTH, HC-
1o/Ib3yeM IIOCTyJNaT O MHKPOKAHOHHYECKOM paclipelesieHHH, COIVIaCHO
KOTOPOMY JUISl CHCTEMBI C 3aJlaHHOM 3Hepruefl BepoATHOCTb COCTOSIHHA B
HeKoTopo# o6/1acTH (Pa3s0BOTO NMPOCTPAHCTBA IPONOPLHOHAIbHA ee 00be-
My.
Tak xak (azoBbli 00beM OECKOHEYHO TOHKOI'O SHEPreTHYecKOoro
cios (&, &-+dé&) pasen g(&)dé (2.8), TO BEPOATHOCTb TOTO, UTO
cucTeMa C sHepruefl ¢ HMeeT KOOPAMHATH H HMIOYJbCHI, Jexalliue
B uHTepBanax (q;, ¢;+dq) u (p;, p;+dp;), Xak 310 Ccjaeiyer H3
(3.1) u (3.2), paBHa

' e_( 0 >2dI‘, (3.3)

dw 1
Te(&)dé (dq)(dp) = VYV nAg (&)

rae dl'=(dg) (dp) u 6 =5 (q, p).

ECJII/I JUIst HpOCTOTbI paCCManHBaTb OJJHOATOMHOE BeNIeCTBO H OIU-
ChIBaThk COCTOAHHE N ero aToMOB HpﬂMoyFOJ'IbeIMH KOOpIU/IHaTaMI/I
a HMHyJIL(:aMI/I, TO

N N
ar = H dxi dyL le- dpix dp[y dp:'z = H d}l/l',
i=1

i=1

rre dw;=dx;dy;dz;dp;.dp;,dp;,—i-s siueiika (asoBOro p-mpoct-
paHCTBa.

Bripaxenue (3.3) ompenessier BepOATHOCTb TOro, 4to N omnpege-
JIeHHBIX («MapKHPOBAHHBIX») AaTOMOB 3aHUMatoT N OnpeJeJeHHBIX
siueek I-mipocTpaHcTBa (HanmpuMmep, i-f 4YacTHUA HaXoAuTCA B ([-H
siyelike dy;).

CraTHcTHyecKasi (PH3HKA MPHMEHSIETCS K CHCTEMaM, COCTOAIIHM H3
GOJIBLIOrO YHCJ/IA OLHHAKOBLIX YACTHIL: aTOMOB, MOJIEKYJ, 3JEKTPOHOB.
[TosToMy HapsLy ¢ BEPOATHOCTBIO (3.3) MOXKHO BBECTH «O0E3/IHUEHH YIO»
BEPOSITHOCTh, COOTBETCTBYIOILYIO BCEM BO3MOXHBIM paclpeie/eHHsM
OJHHAKOBHIX uacTHL N 10 3ajaHHbIM suefikam dp,. Tak xak nos-
HO€ YHCJIO TEepPecTaHoBOK dacTHL paBHO NI, TO «o6e3/1nueHHAs»
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BEPOSITHOCTb, IO TeopeMe O CJOXEHHH BEPOATHOCTEH, paBHA
£—7

dw= N!dw' = [lfv-?—é'(é?)A}—le_< . >adF, (3.4)

rJe Mbl 3amucaji NpPeJKCIOHeHINANbHEIH MHOXKHTEIb B BHJE KBajl-
paTHOH CKOGKH B MHHYC NEPBOH CTeNeHH.

Hajgo NOMHHUTB, YTO MOCKOJBKY Mbl HODMHPOBAJH Ha eIHHHUILY
BeposiTHOCTb dw (3.2), a coaefoBaTesbHO M dw', BEpOATHOCTH dw HOP-
MHpOBaHa TakK:

{ do= N1 { do = N (3.5)

Tak Kak jaJsbiue Mbel OyleM OMepHpoBaTh ¢ JiorapudMoM BeIpa-
JKEHHS, CTOSAUIETO B KBAJpAaTHLIX CKOOKax B (3.4), a OHO HMeer pas-
MepHOcTh pasosoro I-npocrpanctsa, TO A/ TOTO, YTOOH! Cle1aTh ero
Ge3pasMepHBIM, PasjiesluM ero (pasjae/us OJHOBPEMEHHO MHOXUTe b dT')
Ha K, rie h—HeKOTOpas NOCTOsHHAS, HMelast PasMepHOCTh ACHCT-
BHsl (3HEprusl X BpeMsa), a S—UHCJO CTeleHedl CBOOOJbl CHCTEMBI.
Torpna ) i

§—F

dw:e_( A )2[%&(‘%&]—1% (3.4a)

B kJaccuueckoil CTaTHCTHKE NOCTOSHHAs A MOXKET HMeTh I1poH3-
BOJIbHOE 3HAUEHHE, OTHAKO MbI TOJNONKHM A= 6,63- 10727 ape-cex, T. e.
nocrosigHoit Ilanka. Dto npumaer Beipa)keHuto dl'/hS 3navenue uucaa
KBaHTOBBIX COCTOsIEHI cHCTeMbl B ofbeMe (ha3oBoro mpocrpancrsa dl’
B KBa3HKJ/aCCHUeCKOM npubsmkenud. [Tonpobree Mbl OCTAHOBHMCS HA
3TOM TPH H3J0XKEHUH KBAHTOBOH cTaTHCTUKM B ra. [II.

J1s1 MAaKpPOCKOIMHUYECKMX CHCTEM, COCTOSIIUX H3 OuYeHb GOJBILIOIO
upcsa yactil (N ~ 10%), g (&) =dI (&)/dé —6bicTpo Bospacralomas
¢dyuruus suepruy &. [IpounaocTpupyeM 310 yTBepAeHHe HA IPHUMepe
¥JeaJpbHOro OJHOATOMHOrO I'asa, OHHChIBaeMoro gynkuuell I'amnibrona

N

1 1

=2 { g (Aot Pl ) v g 2) [ =6, (3
i=1

TIE P Piy» Py~ IPSIMOYLOJBHBIE COCTABJIAIONIME HMIyJbCa i-i

YACTHLBI, & U (X}, Y;, 2;)—ee NOTeHLHANbHAasA SHEPTHUs B3aHMOIeHCTBUS

CO CTeHKaM{ cocyla, paBHas HYyJIO BHYTPH HEro H Bo3pacrawias

J0 GEeCKOHEYHOCTH Ha €ro IpaHHLax.
Coraacuo (II; 2.7)

T(&)=\...\ dudyde,.. .deydp, dpy...dpy,,  (3.7)

< &

rie J pasHO (3.6).
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HurterpupoBanie M0 KOODAMHATAM Ka)KAOTO ATOMAa OrPAHHYEHO
obbeMoM cocyaa V, 103TOMY MHTETPHpPOBaHKe o KoopAnHaTaM Beex N
aTOMOB jaer MHOxuTenb VA, MHTerpupoBaHHe IO MPOCTPAHCTBY HM-
NyJbCOB CBOAMUTCSI K BBIYHC/ICHHIO 0ObeMa 3N-MepHOro Iapa pajuyca
R =V2mé, xax HemocpeicTBenHO cienyer H3 (3.6). Tak Kak pas-
MepHOCTE 3N-MEPHOr0O IPOCTPAHCTBA HMIIYJNLCOB paBHA (HMIYJBC)Y,
a o6beM Hapa OnpefeideTCA €ro PagHycoM, TO HHTEDECylomMi Hac

ofrbeM mapa paauyca R=V 2mé papen
CARW =C p(2mé)* ™2, (3.7a)

rae Cp—0e3pa3MepHblil MHOXKHTeIb, 3aBHcAmui or N1).
Takuym o6pasoM, T (&) =VVC,y(2mé)*"'*, a

g(é’):é%é@:VNCN(Qm)aN/z%éa(sN/z)ﬂ %BNgsN/z’ (3.8)

TJle MBl 3aMEHWJIH ToKasarenab crenend (3N/2)—1 nva 3N/2, uro
IPAKTHUECKH HE H3MEHHJIO 3aBUCHMOCTH g (&) or &; Bpy— MHOXKH-
Tesib, OT & He 3aBHCAIME. YuHTbiBasi, uto 3N/2 ~ 10%°, Mbl BHAUM,
uyTo g (&) AefCTBUTEJBHO fBJAETCA YPe3BLIYAHHO GBLICTPO BO3PACTAIo-
mell dyakuuefi &. KauecTBeHHO 3TO 3aKJ/OYEHHE OCTAETCs BEPHLIM
He TOJILKO JJIsi MAEaJbHOTO rasa, HO M JUI JIIo00ro MaKpocKoIHYec-
KOTFO TeJa, MNOCKOJBKY OHO TIPaKTHUECKH CBfI3aHO TOJBKO C OUeHb
GOJIBIIUM UHCJOM CTereHeH CBOGOABLI CHCTEMBI.

Hpeo6pasyeM (3.4a) x Gosee ynoGHOMY s (DHSHIECKHX IIPHUJIO-
wenuit Bugy. IlOCKOMBKY HasIHYHe IIepBOrO MHOXKHTeAs B (3.4a)

exp {~<LZ6—J> } [I03BOJISIET HaM OPPAHHYHMBATBCS MaJbIMH 3Haue-
HUSIME & — &, PasnoXKHM BTOPOH MHOMKHTE/b

6@&)=| LT ke@)a) (3.9

B psj mo creneHsM (& —d). OnHako HemocpeiCTBEHHOE Pa3J/OkKeHHe

G (&) B psa no crenedsM (€ —&) HEBOSMOXKHO H3-3a UPE3BBIYAHHO
6ricTporo usmenenus g (&) =dl'/dé ¢ &, nostoMy pasjoxum B psij

lnG(é)zlnG@)—{_ld—glnG() _(E—&)+
+9[ G(@“]” —&)r. (3.10)

BBegeMm o0o3HaueHHs: [dlnG(é)/dé’] _F =dInG(&)/d& u 1. 1. B
samennm B (3.4a) [G(&)] *=exp[— nG(é’] pasaoxkenneM (3.10);

1) Ilpraoxkenne 4.
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TOr Aa
E—8&Y 5 dlnG (&) ye
dw:exp[——( X )—InG(é)———p@—(@?—@?)—
1&@mG(E), 0 Byl dl
U b SCELY

JOasi Toro uToOBl TJIOTHOCTH BEPOSITHOCTH w(g, p), CIeAYyIOmadA
U3 pacnpele/eHus No sHeprusM (3.1), Oblia 3KBHBaJEHTHA MHKPO-
KaHOHWYECKOMY paclpejeseHnio, HeoOXOAUMO, YTOOBl MIHPHHA MaKCH-
myma A B (3.1) Obia oueHb Mana, Hampumep, oTHolleHHe A/& GbLIO
6Bl MopsiaKa oTHocuTenbHON daykryamuu 1/} N (I; 4.39). [Las Makpo-
CKOIHYecKol cucreMbl N ~ 1022, cjejoBaresibHO, OTHOCHTENbHASI He-
TOUHOCTb (PHKCHPOBAHUS 3HEPrHH B 3TCM caydae mopsigka 107,

Mp1 nosioxum

I 1 @G

F e Ay (3.12)

TOTJid NepBOe M IIOCJeHee cjaraeMbie B KBajpartHON ckobke B (3.11)
cokpamaotcs. [us onenkn A/E u3 (3.12) paccMOTpHM HaeadbHbIH
OJHOATOMHEI Ta3, A KoToporo u3 (3.8) u (3.9) cienyer: InG (&) =
= (3N/2)In & const, rae const or SHEPTrHU & ue sasucur. IToxcras-
asis 310 3navenue InG (&) B (3.12), aerko yGemursest, uto AJE
nopsizka 1/)/'N.

Beenem caenyromivie BeJHYHHBI, XapPaKTEPU3YHILHE paccMaTpHBa-
€MYIO CHCTEMY: dHmponuro')

z;mc@:m[‘fﬁ %g(@)A], (3.13)
MOOYAb KAHOHUUECKO20 pacnpedeerus Ul abCoAOmHYyo memnepamypy 0
142 _dnG(&) (3.14)
0 4§ 48
U CB0O00HYIO 3Hepeuro -
F =& —02. (3.15)

[Moncrasasisa (3.12)—(3.15) B (3.11), nonyuum dw = wdl'/A°, rae nioT-
HOCTb BEPOATHOCTH
F—& F —#(q. )
w=e ° =e 0 ’ (3.16)

1) Hac He ZOJKHO cMywiaTb TO, 4TO Qi3KyecKasi BeJHUHHA ¥ onpeneasieTcs yepes
3Hepra0 A, KoTopasi MOXKeT GHITb NPOU3BOJLHO BhIOpaHa B WHPOKHX Tpelenax. Kax
MBI yBUAEM B § 3 ru1. [V, H3MepsieMble Ha OMLiTe 3HAUCHUS SHTPONHY X HeYyBCTBHTE/ib-

HEL K BBIGODY A, MHOXKHTesell Buga V'@ u T. m,
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3jeck 3HEPTHsl CHCTeMBl & BhIpa)KeHa uepes GyHKUMIO [aMHABLTOHA
F(q, py=3&. Cratucruueckoe pacmpegesenne (3.16) HaswBaeTCs
KanoHudeckum pacnpedeseruem (I'nb6ca); OHO, Tak Ke Kak H MHKpPO-
KaHOHMYECKOe pacipejiejieHde, I03BOJISET ONpPEAeJUTb BepOSITHOCTD
TOFO, YTO JJ/151 HEKOTOPOH CHCTEMBI CTATHCTHYECKOro aHcambsi Koop-
IMHATH ¥ UMIOYJbCHI Je3KaT BHYTPH sqeMeHTa dl' = (dg) (dp) *). Onnako
B TO BpeMs Kak [/ MHKPOKaHOHHUECKOI'O paclpejeseHHst (pUKCHPO-
BaHa 3HeprHs cucreMbl J7 (g, p)=d& =const, B KaHOHMYECKOM
pacrnpenenenun (3.16) oHa MoxeTr HMETh B IPHHLUIE Ji06Oe 3HAUYCHHE.
[locaennee o6cToATENHCTBO NpPEACTABJASAET GOJbIINE METOAHYECKHE
U MaTeMaTHYeCKHe NPeHMYINeCTBa, XOTs Pe3yJbTaTsl, MoJydaeMble pH
NPUMEHEHUH OOOMX pacClpe/ieseHHl, OIHHAKOBL.

Hcrnosib3yst mioTHOCTb BeposiTHOCTH (3.16), MOMKHO HANHCaTh BBI-
paxeHue 1/ BEPOATHOCTH TOTO, YTO CHCTeMa HMeeT SHEPTHIO B HH-
TepBane (&, &+ dd): iy

do=e ° g(&)dé, (3.17)

rie g(&)dé —obrvem (pazoBOro npocTpaHcTBa, OrpaHUYeHHbIH HOBepX-
HOCTsIMH & = const ¥ & + dé& = const. D10 BEIpaxeHUe MpakTHUECKH
He oTauyaercsi oT (3.1). Ecim ucnmosnb3oBaTh yCJA0BHE HOPMHPOBKH
IJis BeposiTHOCTH dw’, To u3 (3.5) u (3.16) caenyer:

¢ 7 (4, p)
L1 F/0 1 \ -—F"—dr

Orciona cBoGoiHast 3HEpPrus
F=—0InZ, (3.19)

rae cmamucmuseckul UHmezpar Win uUHmeecpar COCMOAHULL

7 (4, p)
1| -—F—adr
Ucnoapsys (3.19), MoXKHO 3anucaTh KaHOHHYECKOE paclpeleseHHe

B BUJE
_ (4. p)

w(q, p)=%e 8, (3.21)

rae 1/Z—wHopMupoBoYHAasE KOHCTAHTa, omnpeje/seMas BbpaxKeHHeM
(3.20).

Hs (3.18) BuaHO, uTO ecsay MOJb30BaThCsl IPH pacyerax MJOT-
HOCTBIO BepoaTHOCTH w (3.16) mam (3.21), TO HOpMHMPOBaHHAsl Ha
eIURHUIY BEPOSITHOCTb TOTO, YTO KOODAMHATBI M MMIYJbChl CHCTEMBI
Jgexar BHyTpH obbeMa dl', paBua wdl'/NIA°.

1) II;st Toro 4To6bl HOPMHPOBATH BepOSITHOCTD (3.16) HA efuHHILLY, HAJO BOCIO/b-
soBatbes (3.5), yto Mut ¥ feaaeMm B (3.18).
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Surponus (3.13) u ceobonnas sueprus (3.19) ompenensiores Jo-
rapudMoM HeKOTOporo Beipaxkenns. Kax Mbl yBuiuM B rut. IV, B tep-
MOJHMHAMHKE SHTPOINHIO MOXKHO ONPEREJNHTb (H3MEPHTh) TOAbKO C TOY-
HOCTBIO IO HOCTOSIHHOI'O (A5 JaHHOI cHcTeMbl) caaraemoro. I[Tostomy,
ec/IH Mbl PRCCMATPHBAEM CHCTEMY ¢ (PHKCHPOBAHHBIM YHCJIOM YacTuil N
1 He HHTEPECYeMCsi COOTBETCTBHEM pe3yJ/bTaTOB KBAHTOBOH M KJAcCH-
yeCKOll CTaTHCTHK, TO B seipawenusix (3.13) u (3.20) mMoryt GbITh
onyuleHs!l MHOKUTeqH N! u A (a rakxe, koneuno, } m).

Ourponust (3.13) MOXkeT 6bITh TOTAa 3alicaHa B BHJE

S=1In[g(&)A]=InAT, (3.22)

rae AT =g (&) A—obnactb $asoBoro npocTpaHcTBa, B KOTOPOH Npak-
THYECKH C JOCTOBEPHOCTbIO Haxomurcs cHcTema. CraTHCTHYeCKHH
HHTErpaj B 3TOM CJyyae

AR
Z= ge 0 dr. (3.23)

®opmyant (3.14)—(3.17), (3.19) u (3.21) ocrarorcsi 6e3 H3MEHEHHS.
B cuity roro, yro mnpoussenente w (&) g (S) HMeeT OUEHb OCTPbIi

MaKCHMyM BOMH3H 3HaueHHsi & =&, H3 YCJAOBHS HOPMHDOBKH IJIOT-
HOCTH BEPOSITHOCTH @ (&) cJefyer:

(0@ e6)d6=0w@ e d=w@AT=1.

Orciofia MOyYuM [Jis1 SHTPOIHH:

sl 1

S=InAT=In—==—Inw(s).
@ (&) (©)
B cuay JuneiiHo# 3aBucuMocTH Inw (&) or & mMeeM
S=—Inw@)=—TIw@=—{wlhod, (3.24)

TAe CpelHee B3ATO MO KAHOHHUECKOMY pacrnpejenenyto (3.21).
HMcnosbsysa BeIpakeHHe Ui IJIOTHOCTH BeposiTHOCTH (3.21) 1 dop-
myay (I; 4.7), MOXHO ONpeJeJHTb CpejHee, MO0 KAHOHHYECKOMY aH-
cambamo, MOG0H BEJMUMHBI, 3aBHCALICH OT KOOPAMHAT M HMITYJIbCOB
CHCTEMBI.
Hanpumep, cpegHee 3HaueHHe 3HEPTHH CHCTEMEI

¥ (4, p)

- 1 dr 1 ~——p—dr
@°=mS%(q, p)w (g, p)h—s=7m5%’<q,p)e b =
—e?nZ (3.5

ecau yuecThb, uto 0(InZ)/08 = (1/Z)(0Z/00) u npoauddepeHunpoBaTe
unrerpas (3.20) no mapamerpy 0.
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N3 (3.15), (3.19) u (3.25) crenyer, uro

0] Z
S 7T =092 L inz=2(01n2). (3.26)

M3 (3.19), (3.26) u (3.25) BuAHO, YTO CpeiHSAs IHEPTHH, CBOGOAHAsE
SHEPrHsS M SHTPONHUS CHCTEMBI MOI'YT GhITh BBIUMCJEHBI, €CJH H3BECTEH
cTaTucTHUecKuH uHrerpas Z (3.20).

2. Uz (3.13) u (3.14) BuAHO, uTO suTpomms X OGespasMepHa,
a abcoJoTHAs TeMnepaTtypa 0 uMeer pasMepHOCTb 3HEpTHEH. MBI MoKeM
onpeaeauTp O pas uneadbhoro rasa. Ms (3.13), (3.9) u (3.8) cue-
Iyer, 4to

S=InG($) = %\/_ In &+ const,

rge const me 3aBucnt or . Orcwoga u us (3.14) caepyer, uro ab-
COMIIOTHASI TEMIeparypa

é
6— 2 ¢, (3.27)

T. €. paBHa 2/3 cpefgell KHUHeTHYECKOH SHEPTHH aTOMa HAeabHOTO OJIHO-
aTOMHOTO rasa. Ilo nopsajaKy BeJHYHHE! 3T0 Oy A€T CIPABELIHBO He TOJAbKO
JJI WjleasIbHOTO rasa, Ho U 1A JI060To APYroro reja ((KMAKOCTH, TBEP-
JIOTO Tena). ATo ciejyeT XoTs Ol U3 TOrO, YTO MO TeopeMe BHpHAJIA AJd
3aMKHYTbIX CHCTEM CPeAHstsi OTeHIHaJbHas 3Heprud NO NOPANKY BesIu-
YUHBl PaBHA CpelHeH KUHeTHUeCKOH.

Ecuu mpl 6yieM U3MepATh aGCOMIOTHYIO TeMilepaTypy O B Tex e efu-
HHUIAX, YTO W SHEPTHIO CHCTeMBI & (HAaIpHMep, B 3prax), To B Gopmysnax
CTATUCTHUECKOH (PUBUKU NOSIBATCS OIPOMHLIE UHCIa N, KOTOpLIE MOKHO
ONIpeleNuTh TONbKO B pe3ysbTaTe CJAOXKHBIX 3KCIepHMeHTOB. B To XKe
BpeMsl HeKOTOphle (hOpMYJIbl CTATUCTHUECKOH (DH3MKH (TOuHee, TePMOJH-
HAMHKH) MOT'YT ObITh HamuCaHBl 0e3 3HAHMS BelUYuHH N, eciu 1O0Jb-
30BaTbCs APYTo# efwHUNEH NI H3MepeHus Temmeparypel. B KauecTse
TAaKOH eNHHHULB! NOJIB3YIOTCS abCoTIOTHEIM rpaaycoM (rpanycoM Ilesns-
cust), paeaeiM 1/100 paswoctd Temmeparyp KHIsLIeH BOABI IIPH aTMO-
cepHoM jaBsenuu (760 mm pT.cT.) U Tawollero Jabjaa. s uaMepeHus
TeMnepaTypel B Tpajycax NPHMeHSIOTCS NPUOOphLI, HasbiBaeMble mep-
MOMempami, B HUX HCHOJb3yeTcsi H3MeHeHHe KaKOro-nnbo cBOHCTBa
BelectBa (00beMa, 3/IeKTPHUECKOTO CONPOTHBAEHHS H T. I.), KOTOpoe
MeHSIeTCsl B IIHPOKOM HHTepBasie TeMmiepaTtyp MOHOTOHHO. B ra. IV
(n. 5 §5) 6yzer nokasano, Kak COIOCTaBJATh NOKA3aHHs TAKOro Tep-
mMoMmeTpa ¢ abcoqnoTHOll TemmepaTypoit T.

DKCIIePUMEHTh], 1POBe/IeHHbIE HA MOJIEKYJ/ISPHOM YPOBHE, II03BO/IHIH
YCTaHOBUTb, YTO

l rpagyc=1°=1,3804-107¢ spra. (3.28)

Eciu Mbl B OJHOM U TOM K€ yYpaBHEHUU XOTHM BhIpaxKaTb TeMIEpPaTypPhl
B rpajycax, a 3Hepruo CUCTEMBI, CBOGO}lHy}O aHeprum W T. II.— B aprax,
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TO HaJ0 MNOAOKUTH

0=RT, (3.29)
rne T — memnepamypa, usmepeHHas 6 epadycax, a
k=1,3804-10"1¢ gpe/epad (3.30)

— Ge3pasMepHbIil KO3(hUIKHEHT, HasblBaeMeill nocmoarmol boavyma-
Hal).

VIHoraa mpennouuTaioT roBopuTh, uTo T obaanaer cobemeennod pas-
MepHOCIbIO meMnepamypol; Torja nocrosnuas Boabumana k obaanaer
pasMepHOCTBIO (3HepTHA)/(TeMnepaTypa). IJTa TOUKa 3pEHHs ABJIAEICS
Gosiee TPAAMUMOHKEOH u Gosiee IPUBLIYHON NPK ONPENEJICHAN TAKUX Be-
JWYMH, KaK TEJIOEMKOCTb WJH TENJIONPOBOIHOCTD.

[Tpu u3MepeHWH TeMIepaTyphl B IPajycax SHTPONUIO CHCTeMbl S
onpetestiorT TaK:

S=kE=FEInG () =kIn AT -+ const, (3.31)
YTO OTJIMYAETCs TOJBKO MHOxHTeNeM R or (3.13) u (3.22).

Buipamenust (3.14), (3.15), (3.19), (3.25) um (3.26) npuobpe-
TAIOT BHJ

L_ 48

T=5 (3.32)

F=&—TS, (3.33)

F=—tTInz, (3.34)

= ,0InZ

& =kT* 555, (3.35)
0

S=k=x(TnZ). (3.36)

SuaMenaresp 0 B 1oKasartese 3SKCIOHEHTH! KAHOHHYECKOTO pac-
upenenenus (3.16) u (3.21) samensercs Ha RT, Tak 4r0

F -7 (¢, D) | - Xlen
w(g, py=e T =—e (3.37)

Besnuuna Z B (3.37) ompenessercs, KOHEUHO, TeM XKe BhIDarKeHHeM
(3.20) uwim (3.23), npuyeM B NepBOM cJiydae Mbi JOJDKHBI NPU Bbi-
UHCJCHAH CPeIHHX yMHOXKHTL @ (g, p) Ha dI'/NIAS.

1) Mbl u3Gekanu coG/IasHa U3MepsATb BCE SHEPTHH B OAHHX A TEX e eJUHULAX,
4TO TI03BOJINJO Gbl HAM BOOOLIE He BBOAUTH MOCTOSIHHYIO BosnbiMana k (Tak MOCTymuII,
nanpumep, E. M. Jludumu npu nosom usnanuu «Crartuctiueckoit pusuxu» JI. 1. Jlan-
nay ¥ E. M. Jludwuna, M., 1969 r.). Mer cunTa/in HeOOXONMMBIM COXPAHUTD B KHUTe
nocTosiuHYIo BoJbliMaa He TOABKO U3 COOOpaKeHuil TPAJULAN, HO U KaK 3BEHO, CBsl-
3pBalONIee (PEHOMEHOJIOTHUECKOE ONHCaHke ¢ MUKPOCKONUYECKHM,
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CootHoweHne (3.27) MoxkeT GBITb 3alHCAHO B BHJE
- 3
& = NkT, (3.38)

H3 KOTOPOTO BHJHO, YTO CPEAHSSI SHEPrusi, NPUXOASAILAACS Ha OAHY
YacTHIy H/IeaJbHOI0 OJHOATOMHOrO rasa, paBHa (3/2)kT.

B kauectse mpuMepa npHMeHeHHs BhipaxkeHuit (3.20) u (3.34)—
(3.36) BBHIYHCJIHM CTATUCTHYECKHH HHTerpaJ, CcBOGOJHYIO 3HEPTHIO,
SHEPTUI0 H SHTPONHIO HJeabHOTO OJHOATOMHOI'O rasa.

Uz (3.20) u (3.6) umeem

N

3
1
Z= g { exp {—{Z o (P58 H PR) 4 (51 Y z,-)]/k'rj X

C X(d%) (dy) (d2) (dp,) (dp,) (dp,).  (3.39)

Kaxpomy c/araeMoMy B [OKasaTese SKCHOHEHTHI COOTBETCTBYET MHO-
JKHTeJb, 3aBHCSIIMH OT ONHOH MepeMeHHOH HHTerpHpoBaHus. Takum
o6pasoM, 6N-kpatHbifi uuterpan B (3.39) mpespaiiaercs B NpPOH3-
BefleHHe 6N HE3aBHCHMBIX MHTerpajoB. Tak xax u(x; y; 2Z;) PaBHO
HyJi0 BHYTpH oO0beMa V H CTaHOBMTCS DABHBIM GECKOHEYHOCTH Ha
ero TpaHHUaX, HHTETPHPOBAHHE IO KOOPAMHATAM OJHOTO aToMa JAeT
MHOXKHUTEJb V H, CJeA0Bare/IbHO, HHTErpHPOBAHME IO KOOpAHHATAM
Bcex N aroMoB—MHOxHuTeb V. VIHTerpupoBaHHio IO COCTaBJAI-
UM HMIyJbCca aTOMOB COOTBETCTBYET HHTErpas BHAA
@® p2
{ 72T dp = (2umkT)'/s (3.40)

-

(em. (T13.1)). Takum o6pasom,
1
Z=WVN(2nka)3N/2 (3.41)
H, CJEeLOBaTelbHO,
InZ=N1nV+2 1n(@amkT)—In N\—NInk*.  (3.42)
Hcnonbsysa aas InN! dopmyay Crupaunra
InN!=NInN—N (3.43)
(cm. mpuMmeuaHme Ha cTp. 33), MONYYHM

InZ=N Ing + 2 In @umkT)—NInk*+N.  (3.44)

Sro BLIpaxenue A In Z mpornopiuoHanbHo N, B pesysbrare yero
sHTponus S u cBoGonHAas 5HePrHs ¢ , BhIYMC/IEHHbE HHXKE, OKasbiBa-
IOTCS1 3KCTEHCHBHLIMH BeJIHYMHAMH, T. €. NPOINOPLUHOHAIbHBIMH pa3Me-
pam cucreMel, C/lelyeT OTMETUTb, YTO €C/I| Obl Mbl BBIUUCISAAK Z 1O (op-
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myae (3.23), He cozpepxame#t Mroxureast N!, To nepBoe ciaraemoe B

(3.44) umesto 661 Bua N In V u ne 6610 Gbl TPONOPLUHOHANBHO pasMepam

cHCTeMB! (117 OJHOPONHOH cHcTeMbl V mpornopiuonanbho N); B 3ToMm

cayuae F H S He Gbimu Gbl SKCTEHCHBHBIMH BEJINUHHAMH, XOTSl 3aBHCH-

MOCTB 3HTPOIHH S ot 06beMa V n Temneparypel T ocTanach Gbl pexHeil.
Us (3.44), (3.34) — (3.36) caenyer:

F = —N&T In () — NET In (2amk) + N&T Inh*— NAT =
= —NKT lnV—3 NET InT—NAT [In E52P2 11]5 (3.45)
& =3 NeT; (3.46)

S=NkIn (%) +2 Nk In 2umkT) +2 Ne— Nk Inh? =

— NEInV-+3NeIn T + Nk [In @—“g-ﬁ-ﬁi’i+§] (3.47)

Jlerko BusieTh, uto (3.45) — (3.47) y0BJeTBOPSIOT COOTHOLIEHHIO (3.33).

3aBHCHMOCTb SHTPOIHU OT o6bema V u Temnepatypel 7" faercs mpa-
Bol uacThio paBeHcTBa (3.47); KOHCTaHTa, (PUIYpHPYyrOUlasa 3Jech, 3a-
BHCHT ToIbKO OoT N, m, k u h. B cooTBeTcTBHH ¢ (3.33) KOHCTaHTa B npa-
BOJ UacTH BhIpaxkeHus1 JVist cCBOOONHOM sHepruk (3.45) nponopnuoHasbHa
Temneparype 7.

Crenyer OTMETHTb, 4YTO 3HAYEHHE KOHCTAHTHl B BLIPAXKEHHH 15
suTponuy (3.47) CBSI3aHO ¢ ONpe/eNeHHON HOPMHPOBKOH, KOTJa SHTPO-
nust npu abcomorHom HyJe (T=0) monaraercss paBHOH HymO (cM.
ri. VIII 1)), Opnako nsst 60JIBILIMHCTBA TEPMOAMHAMUUYECKHX NpHMeHe-
HHH 3HaueHHe 5TOH KOHCTAHTHI HeCyLleCTBEHHO.

3. Kanonuueckoe pacnpenenenue (3.16) uau (3.37) 6bl10 Hamu Tno-
Jy4eHO KaK MaTeMaTHYeCKH 3KBHBAleHTHOC MMKDPOKAaHOHHUECKOMY
(2.6), Ho Gosee ymoGuoe st pacueToB. [lostoMy GeccMBICIEBHO 06-
CYHKIATh BOMPOC O TOM, KaKOe H3 3TUX pacupe/e/’eHull Jydile COOTBETCT-
ByeT peasibHOH (pu3nueckoil curyauuu. s MaKpPOCKOIHYECKHX Tel,
COCTOSIKX M3 OTPOMHOTO UHCJa yacTHU N, aucnepcusi 3Heprud B KaHO-
HHYecKoM pacnpenejenun A/&a N~z Tak Mana, 4TO Pe3yJabTaTHi, 110-
JIyYeHHBIE [P PUMEHEHHH 000UX pachpejeleHull, COBNajaoT NpPH JIO-
6Olt TOYHOCTH H3MEPEHHH.

Mgl moKarkeM, 4TO KaHOHMUECKOE paclpeleneHHe NPUMEHHMO K CHC-
Teme, KOTOpasi MOKeT o6JajaTh H MaJbiM UHCJIOM CcTeneHed cBOGONBI,
€CJIM OHA NOrpyKeHa B GOJBLIOH pe3epByap (TepMOCTAT) M HaXOAHTCS C
HHM B COCTOSTHUH TePMOJMHAMHYECKOI'0 paBHOBecHd. HeoOXOAMMO TOIb-

1) Henbss, xoueuyno, B (3.47) monarath, HemocpeicTseHHo T — 0 Tak Kak 370
BhipaXKeHHe OCHOBAHO HA K/JIA4CCHUECKOH CTATHCTHKe, He CNIpaBe/UIMBON NMDH HH3KMX
TeMmepaTypax.
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KO, 9TOGBI 3Heprisi B3aUMOJAEHCTBUSI CHCTEMBI C T€PMOCTATOM OblIa HC-
yesaiollle Majia [0 CPaBHEHHIO C SHepruell camoli cucTeMsl. B kavecrse
TaKOll CHCTeMbl MOXKET OBITh, HanpHMep, B3siTa MOJEKYyJa HAeaJbHOTO
rasa, JJIsl KOTOpOH OCTa/IbHbie MOJIEKYJIbl Ta3a sBJAAIOTCS TeDPMOCTATOM.
Koneuro, B 3ToM ciyuae pucrepcus sueprun A/ He Gyjer Majia.

Ecin npeneSpeub sHepruefl B3aUMOJEHCTBHS CHCTEMBI C TEPMOCTa-
TOM, TO HX TIOJHAs IHEPTHs

I=8E+6,, (3.48)
rie & — JHEpTHs CHCTEMBI, a &, — IHepTHs TepMOCTaTa.

B srom npubamxkenuy Gynkuusa 'amMuapTona CHCTeMbl B T€PMOCTaTa
paBHa

J (g, p, Q P)=3(q, p)+7.(Q, P), (3.49)

rie ¢;, p; i Q, P;— XoOpIMHATHL H HMIYJbCH HYaCcTHIL CHCTE-
MBI M TepmocTaTa, umelomux ¢(yHKupn [amuasrona (g, p) ¢
% .(Q, P). Ecan moanas sHeprust 9 MOCTOsIHHA, TO COBOKYIHAA
cucTeMa pacnpejeiera o ¢ase MHKPOKAHOHHYECKH C IJIOTHOCTBIO
BeposiTHOCTH (2.6):

W (g, p, Q, P)=A8[3—T (g, p)—7:(Q, P)], (3.50)

rae A-—HopMuposouHas Koucranta # §[ |—gaeabra-pyHKuUHUs.

T110THOCTD BePOATHOCTH W (¢, p) AJIA PAacCMATPUBAEMOH CHCTEMBI
MOZKHO TIOJIyYHTb, €CJM npouHTerpuposart (3.50) mo KoopauHa-
TaM Q; # uMmmyJabcam P; Tepmocrara:

w(g, p)=\ A8[9—3 (4, p)—F:(Q, P)](dQ)(dP). (351)
Ilepexona B uHTEerpajse K HHTETPHPOBAHHIO 10 SHEPTHH &, TONyUUM

w(g, p)=A [ 8[9—6—&,]1¢ (6 dS, (3.52)

rae g (&,)—CraTHCTHUCCKUE Bec JUIST TepMocTara.

Jlosi yhpouleHns BHIBONA BeiGePeM B KayecTBe TepPMOCTaTa HAealb-
HBIHl OJIHOATOMHBII Tas, 4TO, OUYEBHAHO, He MOXeT HMeTh NPHHIH-
NHaJbHOIO 3HAYEHHS; TOTAd

g (&) =Byé"?, (3.53)

xak 310 caenyer u3 (3.8). Iloxcrasasa (3.53) B (3.52) ¥ wucmoss-

3ys OCHOBHOE CBOHCTBO O-(yHKIUH, IOJy4HM

©(q, p)=ABy(9—8)"* = 4By (1-§ )" =Cy(1-5)",
(3.54)

rie M=23N/2,
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ByjeM Temeph yBeanMuMBaTH DasMephl TepMocrata, ycrpemiss M
K «pu3HyecKoil» GeCKOHEYHOCTH, HO TaK, 4YTOOb! OTHOIIEHHE

5 29 28 (3.55)

MT3NTIN T

0CTaBaJOCh MOCTOSIHHBIM (I ~ &,). Beanuuna 0, Kak BUAHO H3 CpPaB-
Henus ¢ (3.27), ects abcosorHas TeMmmeparypa TEpMOCTata M CHCTe-
mpl. [Ipu TakoMm mpefeibHOM MNepexojie

lim ( —%3)’”: lim (1—€2\ == (3.56)

M-o» M->» N\ /

u pacnpenesenne (3.54) npuodperaer BHA

w(g, p)=ge=¥0 =L~ 2, (3.57)

rae 1/Z — HOPMHPOBOYHAS KOHCTAHTA.

Mbl BHOBb MOJYYWJIM KaHOHUYECKoe pacmpenenenvie (3.21), onHako
ero (pH3HYECKUH CMBICJI TEIeph HHOM: OHO ONpPEeAeNIsIeT peaabHoe pacipe-
JeJIeHMe CHCTEM, HAXOASIUXCA B PAaBHOBECHH ¢ OOJbIIHM TEPMOCTATOM
npu TeMieparype 0.

JLsi Toro 4ToObl ONpPENeJHTh Tpeiesitl IPUMEHUMOCTH 1POAEIaHHOTO
HaMy BbiBojia, 3amuueM (3.54) B Buie

w(q,p):cMexp{Mln@—%@)} CMexp{ —$_ 2%2} (3.58)

rje sorapudM B IIOKasaTese SKCHOHEHTH Pas3JiokeH B psj mo &/M6.
Just Toro yto6si (3.58) conadio ¢ (3.57), HeoGXOAMMO, 4TOGE! BTOPOE CJia-
raemMoe B IOKasaTesie KCIOHEHTHI N1paBofl yacTu (3.58) ObLI0 Mado 1o
CpaBHEHHIO ¢ eIHHHLEH (a HE C TIepBBIM CAaraeMblM, KaK HHOTJA IpeAtio-
Jlaraior); T. e.
2 n?ed 2

NN a3t (3.59)
rjie Mbl 10 MOPSAAKY BeAMIHHBI NOJMOKIIE &~nl (n — 4uCAO YacTHI B
paccMaTpHBaeMoil CHCTEME).

Jlerko Buzers, uto ecau n=10%*? u, corsacuo (3.59), N>>10%, T0
JIMHEHHEIE pasMepbl TepMOCTaTa J0/KHBL IPeBbaTh COTHH KHJIOMETPOB.
B Tex caywasx, xorja Mbl IpHMeHseM KaHOHHUECKOEe paclpeseleHne K
MaKpOCKOMUYECKHM CHCTeMaM, Mbl HUKOTJa He 3a00THMCS O peaJbHOM
BBINOJIHEHHH 3TOTO YCJIOBHSI. B 3TOM ciyuae KaHOHHYECKOe pacrlpefe-
JeHue nMeeT (hOpMAJTbHEI CMBICI, H3/I0KEHHBIH B IpebllyIlieM pasjese.

C 1pyroii CTOPOHEI, eC/IH paccMaTpuBaeMas CHCTeMa MOXKET paccMa-
TPUBAThCA KAaK CHCTEMa B TepMmocTarte, VIOBJAETBOPSIOUIEM YCJIOBUIO
(3.59), To KaHOHHMYECKOE paclpeleNeHHe HUMeeT 1Js Hee He TOJbKO
(hopMaJIbHBII CMBICT 1 MOXKET, HallpUuMep, HCHONb30BATHCH AJIf BRUMCIe-
HUs (QUIyKTyauui ee 3HEPTHHU.
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4. B sakiouenue 310ro naparpada NOKaxeM, 4To caelyeT U3 KaHo-
HUYECKOTO pacrnpesie/JeHHs, eCJIH CUCTeMa COCTOHT M3 [ KBa3WHEe3aBHCH-
MBIX 9acTeil (MOACHCTEM), T. €. TAKUX YacTel, SHeprHell B3aHMO/IefiCTBHA
KOTODBIX MOXKHO IpeHeOpeub (MOJIEKYJIbI HIea bHOrO Ira3a, MaKpOCKOIIH-
YyecKye 4acTH Tesla H T. 1.).

Qynxuua [aMuabrona Ass Takol CucTeMbl paBHa

L
H = 2}1 H (3.60)

rae F7;—¢yuruua [aMunpTOHA i-# MOJCHCTEMBI, 3aBHCAMIAS TOJBKO
OT ee KOOpAHMHAT M HMIYJIHCOB.
Kanonuyeckoe pacnpesesnenue (3.21) IJI% BCel CHCTeMBI MMEeT BUJ

=7exp! (Z;f ‘r ILI =il (3.61)

i=1 / ) =

Mbr BUJHM, YTO IVIOTHOCTE BEPOATHOCTH B 3TOM CJydae paclnazaercs Ha
IIpoHu3BeIeHHuE COMHOXKHTeJIeH, KaxKJblH K3 KOTOPBIX 3aBHCHUT OT KOOp-
JAVHAT U HMIIYJbCOB TOJBKO Oﬂ,HOﬁ 494aCTH CHCTEMDI. KaK cjieayer us
§ 4 ra. I, B 3TOM Ci1yYae COCTOSIHHST YacTeHl CTAaTHCTHYECKH HE3aBHCHMBI
U TIJIOTHOCTE BEPOATHOCTH IJIA KaxJ0H M3 HHUX OINMCHIBAETCSI KAHOHH-
YeCKHM pacnpeneienyeM. st i-H yacTy CHCTeMbl CTaTHCTHYECKOE pac-
npejesieHue

@, =g, (3.62)

12
rje

z;= (e " ar,. (3.63)

3nece  dI';—oyieMenT (pasoBOro MpoCTPAHCTBA -4 yactu. 3aMeTHM,
uro sjgeMedT (asoBoro obbema Bcell cucTeMbl dl' = HdI‘,, H03TOMY

i
CTAaTHCTHYECKHI HHTerpasj s Bcedl CHCTEeMb

2= " ar — (exp {-(2}5 // }Hdr -
zﬂg “LO g, = IIZ,, (3.64)

rje Z;— CTaTHCTHYecKHH HHTerpan i-ii mopcucrembl. Ecan Bee moacue-
TeMbl OJHHAKOBH (Hanpumep, L TOXKAECTBEHHBIX MOJEKYJ HACANbHOFO
rasa), ToO

zZ=2k (3.65)

rie Z,— CTaTHCTHYECKHH MHTErpaJ, OTHOCAUIHHCA K OLHOH NOACHCTEMe
(MoJtexyJe).
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§ 4. Pacnpenenenne Makcpeana — Boabumana aist HieanabHOro
0JlHOATOMHOTO Ta3a

1. OnxuM U3 npocTeHlnX ¥ BaxKHeHHX 00beKTOB MPUMEHeHH s CTa-
THCTHUECKOH (DH3MKH sIBJsieTcss ueaibHbldl ras. Bolopox, KHCJIOPOZ,
a30T, TeJHil, aproH, HEOH MpPH HOPMAJbHBIX YCJHOBHAX (atmocdepHoe
nasnenue, 0 °C) MOTYT € JOBOJBHO GOJIBLIOH CTEleHbIO NPUOJIHMKEHHs
paccMaTpuBaThea KaK HI€aibHble rasbl.

Tox ujeanbHbIM Fa30M OHHMAETCs CHCTeMa, B KOTOPOH MOXKHO Tipe-
He6peub HEpTHel B3aHMOJACHCTBHA YacTUIL (4TOMOB, MOJIEKY.T) 110 CPaB-
HeHHIO C MX KMHETHUYeCKOH 3uepruefi. B Takoil cucreMe yacTHIbl B OC-
HOBHOM JABHMKYTCS NDPSIMOJMHEHHO M DPABHOMEPHO, HCIbITbIBAS KOPOT-
Kye CTOJIKHOBEHHS JPVYT C JPYTOM U CO CTEHKaMmH COCyJa, B KOTOPOM a3
3aKJIIOUeH.

CreflyeT OTMETHTB, YTO XOTS Mbl H IpeHefperaem B HIeajbHOM rase
SHeprued B3aMMOAEHCTBHA YACTHIL NIPH HX CTOJNKHOBEHH:AX, NOC/IELHHE
SBJISIIOTCSI OTBETCTBEHHBIMH 33 YCTAaHOBJIEHHE CTATHCTHYECKOTO PaBHOBE-
CHsl B CHCTEMe.

B o6liem cnyuae B HeaJbHOM Fase IOMHMO KHHETHUYECKOH 3HEPTHH
YaCTULL YYMTHIBAETCS HX TOTEHLHAbHAS 3HEPrus BO BHeWHem noje. Ee
XapaKTepHON OCOGEHHOCTbIO SBJSIETC TO, YTO OHA COCTOUT W3 CYMMbL
c/laraeMblx, Kaxjoe M3 KOTODPbIX 3aBUCHT OT KOODAHHAT TOJLKO OLHOH
YaCTHLEL.

B srom naparpacge Mbl pacCMOTPHM 00HOQMOMHbLE HAEATbHBIH a3,
YacTHIBI KOTOPOrO COCTOSIT K3 aTOMOB OJHOIO copTa (redui, aprod,
HEOH, TIaphl METaJLIOB M IP.).

®yuxuusa [aMunbTOHA A/ HAealbHOIO OJHOATOMHOIO rasa H3 aro-
MOB OJIHOTO COpTa, €CJAM aTOMbl PAcCMAaTPHBAIOTCS KaK MarepuasbHble
TOYKH C MacCoH m, UMeeT BHJ,

N
# =X g Ghet Pt pt) b v 2)f - @D
=
3mecs  p;,—IpOeKLHsi HMOyJbca p==mo {-T0 atoMa Ha OCb X,
u(x; Y; 2;)-—TOTEHIHAJbHAs 3Heprust {-ro aToMa BO BHELIHEM IoJe
(BrJtouasi moJe, AEHCTBYIOUIEE CO CTOPOHBI CTEHOK COCYZA).
BeposiTHocTs  TOrO, 4TO HMMIOYJALCH H KOOpAXHATH Bcex N aro-
MOB JlekaT BHYTPH 3aJaHHOrO 3temeHTa G6N-MepHoro ¢asoBoro mpo-
crpancrsa dI' = (dx) (dy) (dz) (dp.) (dp,) (dp,), coraacHo (3.21) paBHa

wdl = !

|

N
exp _Z] {%(p?x%—p?y"{"ptgz)'{_u(xu yiv Z[)} /kT:' X
X (dx) (dy) (d2) (dp.) (dp,) (dp,) =

N
1 _ phkplytrE u(x vi 2)
=~Z—¢I:]; {exp I: = 2m;zyT — kay Z dxidy[ dzi dpix dpiy dpz'z} ’
(4.2)
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rie
N
z—{exp | =X {55 (et st Rl iy 2) )BT |
i=1
X (dx) (dy) (dz) (dpy) (dp,) (dp,), (4.3)

Kak 310 caepyet u3 (3.23).

Uemy paBHa BepOSITHOCTb, YTO COCTABJISIIONINE MMITYJIbCa H KOOPAH-
HaThl HEKOTOPOI'O MPOU3BOJBLHOIO ATOMA JIeXKAT B HHTEPBANAX (PP xt
+dpy), (py.pytdpy),. . ., (2,2+dz2), nau, KaK MBI 1J5 KpaTKOCTH Oy-
JieM TOBOPHTDb, BHYTPH HHTepBaJoB dp, dp, dp, dx dy dz? Ias Toro
9TOGBI ONPEAEINTb 3TO, Halo, KaK ObLIO pasbscHeHo B § 4 rui. I, mpo-
HHTETPUPOBATh BEPOSATHOCTDL (4.2) mo MMOyJabcaM H KOOpJAHHATaM BCeX
ocranphbix (VN — 1) atomoB. Ilpu sToM Heo6xomumo yuecTb, uto N
cnaraeMbix B (4.1) mpespamatorcst B N 3KCIOHEHIHANBHBIX MHOKHUTe/IeH
B (4.2), KaxJblil H3 KOTOPBIX 3aBUCHT OT UMIYJALCOB H KOODPAMHAT TOJLKO
oamoro atoma. [losTomy B pesy/abTaTe HHTerpupoBanus (4.2) 1o M-
myJbcaM U KoopiuHataM (N — 1) aToMOB 3TH HHTerpaJibl COKPallaTesl
¢ TakuMu xe (N — 1) unrerpanamu B Z; B pe3yJbrare

w(p, r)dp,dp,dp,dxdydz=

p?ﬁ-”;*”% _u(x Y, 2)
2mkT T
_ e e dp.dpy dp, e k dx dy dz (4.4)
® ﬂ;i+p;i+p§ ® u(x Y2

SSSQ_ 2mkT dp.dpy dp, ggge kT dx dy dez

—® -

YuuTeiBas, 4TO MHTErpajpl MO p,, p, H p, OJMHAKOBBL W COBINA-
narT ¢ TabnuyHblM uuTerpajdoM (I13.1), u obosnauas

4 _ulx g, 2) 1
SSS@ M dxdydz =4, (4.5)
-»
HOJIYYHM JJid ILJIOTHOCTH BEPOATHOCTH!
i B pj’ﬁpfﬁp% _u(x g, 2
w (ﬁ, ’,):We 2mk7 . Ce kT . (4.6}

ITo coofpaxeHwsiM, H3JOXKEHHBIM B NOCAENHEM NYHKTE NPEIbIAVIILEro
naparpada, ciexyer, u4To (4.6) MOKHO paccMaTpHBATh He TOJNBKO Kak
IJICTHOCTH BEPOSTHOCTH B aHcaMmOje MakKpOCKONIYeCKHX CHCTEM, HO H
KaK BepOSITHOCTb TOTO, UTO B JJaHHCH CHCTeMe POU3BO/IbHbIE aToM obJa-
JaeT COOTBETCTBYIOUIHMH 3HAUEHHMSIMH MMIYJ/bCA U KOOPAMHAT').

1) ﬂo;( BEPOATHOCTbID HEKOTOPBIX 3HaveHu HMITYJIbCA U KOOPAUHAT Mbl IIOHUMaeM
COOTBETCTBYIOUIHE IJIOTHOCTU BEPOSATHOCTH.
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MBI BHIMM, UTO BepOSITHOCTL W (p, r) pacnajiach Ha NpPOH3BeJe-
HHMEe ABYX MHOXHTEJ/EH, W3 KOTOPBIX OJHH,

1 ~p2/2mkT
Wp = QamkT) ' (4.7)
1aeT BEPOATHOCTH ONPEIE/]EHHBIX 3HAUeHHIl MMIyJbca p, a IPYTOii,

w, = Ce™* % 4 /RT (4.8)

— BepOATHOCTL ONPEAEJNeHHLIX 3HaueHHH KOOPIWHAT X, ¢, 2.

To, 4To BEPOSITHOCTL @ (p, ¥) pacnajach Ha MPOU3BEAECHHE ABYX
MHOXKHTENEH Wy -Wy, HOKA3bIBAET, UTO BEPOSTHOCTH ONPEAE/EHHBIX
3HAUEHHH MMIYJbCA W KOOPHHAT —CTATHCTHYECKH HE3aBHCHMBIE CO-
GbiTHs. PacnpejeseHde MO HMIyJbcaM (ckopocTsam) (4.7) 6el1o o1-
kpeito Makcesensmom (1860 r.). dopmysa (4.8) 6biia ofocHoBaHa
Boabumanom B 1868 r. Pacnpenesenwe (4.6) HOCUT HasBawue pac-
npederenits Marceerra— Borvymana.

3ameTnM, UTO MAKCBEJIJIOBCKOe paclpeje/leHue Mo CKOPOCTAM HMeeT
MECTO He TOJIbKO /I aTOMOB HJeaJbHOI0 Ta3a, HO U U151 aTOMOB TBEPOTO
W KHJKOro Teaa. B camom gesne, dyHkuus [amunbrona (4.1) copepkut
B 3TOM C/iyuae JOMOJHHTEJIbHOE C/1araeMoe, YYHTBbIBAlolee B3aHMOJeH-
cTBHe aToMOB. B pesyabrare w (g, p) (4.2) ne MoxeT ObITh NPeCTaBIEHO
B BHje NPOHM3BEJEHHs 3SKCIOHEHIHAAbHBIX MHOMKHTEICH, KaXKIBIA H3
KOTOPBIX 3aBHCHT OT KOOPAHHAT TOJBKO OJHOTO 4TOMa, T. €. He HMeeT
mecto pacnpenesenue BoabuMana (4.8). OgHaKO KHHETHYECKAS SHEPTUs
aTOMOB TBEpIOr0 U KUIKOTO TeJa HMeeT TOT sKe BHA, uTo U B (4.1),
[O3TOMY TI0C/E HHTEIPHPOBaHusA w (g, p) N0 KOoopjiuHaTaM Bcex N arc-
MOB H umnyJabcam (N — 1) aToMOB MbL OPHAEM K pacnpefenenuo Mak-
cpesia (4.7).

Tax Kag HMIyJbC p=m@, I'Jle ¥—BEKTOD CKOPOCTH, H, CJIeJ0-
BaTeqbHo, dp,=mdu, ¥ T. ]I, TO BePOSTHOCTb 3aJaHHLIX 3HAYeHUH
CKOpOCTH corJvacHo (4.7) paBHa

m(els v'y%, v2) o2

m \s/2 ——— A E m \s/2 -2 49
Wy = <2nkT> € weo= < anr) e T )
Jasa toro uyrobel ONPENesHTh YHCJIO aTOMOB, V KOTOPHIX HMEIOTCH
3a/dHHbIE 3HAYeHHs] HMIYJbCOB HJH KOOPAMHAT!), Hano N mOMHO-
JKUTh HA COOTBETCTBYIOUIHE BEPOATHOCTH @Wp HWJIH W, .

[lyoTHOCTE BEPOSITHOCTH W, COJafaeT B p-POCTPaHCTBE cdhepH-
YeCKOH CHMMETPHeH, T. €. 3aBUCHT TOJbKO OT aGCOJIIOTHOH BeJNHUHHLL
BeKTOpa p. BeposiTHOCTH TOTO, 9TO HMMIYJLC aTOMa P HalPaBJEH TOJ
TO/SIpHBIM  yriioM ¥ M a3MMyTa/bHBIM YIVIOM ¢ K HEKOTOpOH OcCH,
TOUHee — PacloJio¥KeH BHYTpPH TejecHoro yraa sinddd dp, a mo

1) B pacyere Ha eIMHKYHblE HHTEPBAJIB HMIY./1bCA HJIH KOOPAWHATHL.
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abCoJIIOTHOI BeJMuYMHe JIeXHT B HHTepBaste (p, p--dp), paBHa

dw(p, ¥, @)=wpp*dpsinddd do=

p?
p? ST ;
=———¢ 2T dpsin ¥ ddde. 4.10
(2rmkT) ¥ P ¢ (4.10)
[TosToMy BepoOSITHOCTL TOTO, YTO aTOM 00JajaeT HMIYAbLCOM, JexKa-
UM MeXAy p U p-+dp, HE3aBUCUMO OT €ro HampaBJeHHsI, paBHa
Belpaxenuo (4.10), npounTerpupoBanHoMy mo yraam & u @, HJH
00beMy LIapoBoro cjos 4mp®dp, TMOMHOXKEHHOMY HA Wp, T. €.

'2— 1 R .._ﬁ.z__
w,dp=4np*dpwy = l/a—m ple kT dp, (4.11)

IJie 1v,— COOTBETCTBYIOMAs IJIOTHOCTh BepostHocTH. Ha puc. 4 mpexn-
CTAB/ICHA 3aBHCHMOCTb Wp H W, or p. Kpusas w, obragaer makcy-
MyMOM, TaK K&K OIpeJe/sercss NpOU3BejeHHEeM JIBYX MHOKHTENEH:
BO3PACTAIOLIET0 IPONOPIHOHAIBHO p? (CBSI3aHHOIO € 0GBheMOM IIapo-
BOTO CJI051) M 3KCIIOHEHI(HAIbHO YOBIBAIOIIETO (CBS3aHHOTO C IIJIOTHOCTHIO
BeposSITHOCTH wp). Hanbosee BeposTHOe 3HaUeHHe HMIYJbCA p,, COOT-
BETCTBYEeT MaKCHMyMy KpPHBOH 10,. M3 dw,/dp =0 nonyunm

pw =V 2mkT. (4.12)

2. OnpeflenM CpefHHe 3HAUEHHs pPAas3AUYHBIX BEJHUUYMH, CBSA3AH-
HBIX C MAakCBeJJIOBCKUM pacnpenenenuem (4.7). Ilpu stoM cpegnee
MBI OmpefesisieM, NOJb3yACh Bhlparke-
uueM (I; 4.7). Cpepaufi HMITyJbC atoMa
(cm. (I13.5))

Yp

?zSpw,,dp=

wp —
— ) LS VIREmET  (4.13)

P Hemuoro Gosbme Hau6oJiee BePOSITHOTO
Puc. 4, uMIyJbca (4.12), uTO CBsi3aHO € acHM-
Metpuell KpuBOH W, (puc. 4).
OueBumHO, uTO p, =0, HO MOXKHO ONIPEJIEIHTL CPejee 3HaYeHHe
TIOJIOXKHTE/IbHON BeJHMUYHHBL COCTaB/ALIeH HMIYyJbca, T. €.

P w0

Px(>0)= § dpx” dp, dp, {p.awp} = 1/;[: =7p (414
Q -»

3peck Gblam ucnoabsoBanbl dopmydst (I13.1) u (I13.4).
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Cpennee 3nauenue sHepruu e= p*/2m pasno (cm. (I13.3))

— 2 ) 3
e=\L-w,dp=5rT. (4.15)

2

o —y8

10T pe3y/bTaT MpeacTaB/deT co00H YacTHBIA Cly4all TEOPEMbl K/IaCCH-
4eCKOH CTATHCTHKH O PABHOpPACIIpe/lesieHUH SHePTUH 110 CTereHaM cBodo-
apl (em. ra. 'V, §3).

Bripaxenne (4.15) MoxKeT ObITb BHIUKCICHO C/IETKA OT/IMIHBIM CHOCO-
Gom. OmpenenuM BEpOSITHOCTL TOTO, YTO 3HEPTUS aTOMa JIeKHT B UH-
TepBaJjie OT £ 10 &-de; A 3TOTO Hajo B BhlpaxeHuH(4.11) nepefitn oT
nepemMeHHoll p K TepemenHolt e==p?*/2m. Jlerko Buaets, uto p dp=

=mde u p:l/'2 me, MO3TOMY COOTBETCTBYIOILAS BEPOSITHOCTb paBHA
2 1 -

w, de = —— ———o Se—e/des_ 4.16

¢ Va (kT)%2 V ( )

Vcnosib3ysi 3TO BhIpaKeHHE, NMOJTYyYHM

3]

® @®

- 2 1 - 2

8=§swsd€= .—————gﬁme T e = kT §x3/2e“xdx,
0 0

Vi (kT)3/2,0 i

(4.17)

rae x=¢/RT. Coraacno dopmynam ([13.7) u (113.12) unrerpan pasen
['(5/2)=3) /4, nostomy (4.17) cosnagaer c (4.15).

BrluncaiuM [OTOK aTOMOB, Nafalomux B 1 cex Ha miowagky B 1 cu?.
Ha puc. 5 npeacrapnena nnomanka B 1 cu?, nepneHauKyJ/IspHAS K OCH X
U K IJIOCKOCTH PHCYHKA, U HUJIHHAD, ONHPAIOMUii- v dt
cs Ha 3Ty NJOWAnKy, BbicoTofl v.df. Bce atomsl z
BHYTPH UHJAKHAPA, o0Jajaioliie CKOPOCTbIO U,
3a BpeMsl df CTOJIKHYTCS C IJIOWAAKOH, TaK Kak
OHHU BCe CMeCTATCS B HAIPABJEHHU X HA BEJHUYHHY z
v,dt. Hucjao aTOMOB C COCTaBJSIOUMIUMU CKOPOCTH !

Uy, U, U U, '), MAJAI0ONKX 32 BpeMs df Ha IVIOMALKY, |
paBHO

dj-dt=n(v,dt x 1 cn®)w, dv,dv,du,, (4.18) Prc. 5.

rae n=N/V—uncio aromoB B 1 cm?, (v,df X1 cm?)—oGbeM LHIHH-
Apa U w,—BepoATHOCTh (4.9); orciona

dj = nv,w, du, dv, dv,. (4.19)
Mokl moTok aTOMOB, OGJaJAIOUIMX BCEMH CKOPOCTAMH M NafaroliHX

1) Baech ¥ Jasbite Mbl 4acTo GyeM /1% KPATKOCTH FOBOPUTH: «ATOM CO CKOPOCTbIO
Ux» BMECTO «ATOM CO CKOPOCTbIO, JIeXalledl B HHTepBae (Uy, Uyt du,)».
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HA ILIOWAKY 33 CeKYHJy, DaBeH

w

f=.§ dvxs (dvydvz {nvw, b =n T gl :% nv, (4.20)
ST

2am m
- &%

rle cpeaHsis CKopocTb U= p/m. [1py BbYuCIeHUH (4.20) 6Ly HCTOAD-
soBanwl Ilpusoxenne 3 u dopmysaa (4.14).

BBlUHCIUM Cpe/IHIO 3HEPIHI0 YACTHI, B NOTOKE, T. €. CPEIHION
SHEPTHIO YaCTHL, Majalouux Ha 1 cm:

— 1 . 1 )
em:TSad] :75—21(u3+v§,+v§) no,w, du, du, do, = 2T, (4.21)

rae no u, uHTerpupyercsg or 0 Jo co. 3pech GBLIO HCNOJAL30BAHC
Beipaxkenue (4.9) mna w, u dopmyast (113.2) u (113.5). OtmeTnm, uro
CpenHsisl SHePTHsi aToMOB B oObeMe (4.15) oTamwaercst ot HX cpeaHeil
SHEPTHH B MOTOKE. IDTO CBA3aHO C BBIGOPOM PA3HBIX KOJJIEKTHBOB
JUis yCpeIHEHHs (B TIOTOKE B SHEPTHI0 BHOCAT OOJbIIOH BKJIaj Obl-
CTPHIE YACTULLEL).

BrluuciuM B 3aKJ04eHHE 3TOr0 naparpada OTHOCUTeNbHYIO PayK-
Tyawuio sHeprun €. ITo onpenenenuio oHa paBHa

Vaer =1/(8f5)2 ACEY (4.22)
& & &
Hanee,
ry ( 2, 2_2___1__? 5/2p—&/kT __:_3_ 2“’ /2p=%
9,:.(3 w, de v G e’/2e de e (RT) jx«” e~ dx,

(4.23)

o 7 154 =
riae x=g/kT. Croamuii 3nech uHTerpas pasen I’ <?> :§l/n {cm.

(I13.7) u (113.12)); Takum o6pasom, e*=(15/4) (kT)2. Hcnonpsys sro

3HaueHHe, a Takxke & (4.15), noayunm ans (4.22) seamunny | 2/3,
T. €. nopsijika eAunuubl. Takoll mMpoKHE pasbépoc (nucnepcus) sHa-
YeHUH € CBI3aH C T€M, YTO B JaHHOM Cjiyuyae paccMarpHBaeMas CcH-
cTeMa COCTOHT H3 OJHOH YaCTHIBL.

§ 5. Tlpumepn! mpumeHeHus pacnpefeneHusi boabumana

PaccMoTpuM HeKOTOPBIE IPOCThIE TPHMEPB! TPUMEHEHNs paclpelee.
Hus bBoJubimMana.

1. Tlycre wmpeadpHBIH Ta3, aTtoMbl KOTOpOro o6/1alaloT Maccoil m,
HaXOJMTCSl B DaBHOBECHH B OjIHOPOJHOM HOJE CHJBL TSXKECTH. DTOMY
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YCJIOBHIO NPHOJIMKEHHO YJOBJIETBOPsIeT 3eMHas1 atmocgepa ), noka pac-
CMAaTpUBaeMbie BHICOTBL MaJjbl IO CPAaBHEHHIO ¢ pajuycoM 3emian (OfHO-
pOJiHOE MOJIe) M BLINOJHSIOTCS YCJAOBHSI M30TEPMUYHOCTH (MOCTOSIHHAS
Temneparypa). HanpaBum ock 2 BepTHKaNbHO BBEPX, TOTAA NOTEHIHA/b-
Hasl 3HEPTHsA aToMa paBHa

u(x, y, 2)y=mgz, (5.1)

rie g=980 cm/cex? — yCKOpeHHE CHUJIBI THAZKECTH.
Pacnpenenenne Bosbumana (4.8) umeer Bup

n(2) = Ce-mgz/kT, (5.2)

3necb n(z)—4UCJIO aTOMOB B | c#® Ha BhICOTE 2, PONOPUHOHAILHOE
BEPOATHOCTH w@,, a C—HopMHpOBOYHasi KoHcTanta. [Ipocrefiuinii
croco onpenenenus C 3ak/I04aeTCsi B 3alJaHHH KOHUEHTPAUUM 1 (2)
ua yposue 3eman npu z==0. Ecau n(0)=n, 10 83 (6.2) C=n, u

n(2) = nqe-mez/kT (5.3)

Popmyna (5.3) HOCHT HasBaHHe 6apomempuueckolt gopmyaot. VI Hee
CielyeT, YTO KOHIEHTPalMs rasa ymeHbluaercss B e=2,71 pas Ha BhI-
core h=~kT/mg. Ans mosexysipHoro asora npu T=300° A=9 xum (pac-
YeT HOCHT MOJeNbHbIH XapaKTep, TAK KaK Ha CaMOM jieJie TeMreparypa
arMocepbl M3MEHSIETCS C BBICOTOH).

Hocrosnnas C MoxeT ObITh onpejeseHa u Apyrum cnocoGoum. ITycrs
B IOJHOM crosi6e aTMochepsl cedeHueM B 1 cm?, mpoCTHPAIOLIEMCS JI0
OeckoHeyHocTu, umeercad N, aTOMOB; TOrja

@

{n(z)dz=c §e-meent gz = N, (5.4)
0 0

orkyna C=Mg/kT, rne M,=mN,— macca cronba atmocheprl. Oue-
BHJHO, KOHIEeHTpauusi ny=Myg/kT, T. e. 06paTHO NIPONOPUHOHAIbHA
TemIeparype.

B nawem pacyeTe MBI CUMTANH TIOJI€ CUJBI TS2KECTH OJHOPOJIHEBIM,
T. €. He YUHTBHIBAJIH €ro U3MeHEHHS! NPH YAAJeHHH OT LEHTpa 3eMJIH.
MoxxH0 nokasaTh, YTO B LEHTPAJBHOM IOJI€ CHJI TATOTEHUs, YOBIBAIOLIEM
00paTHO NPONOPUHOHANLHO KBAaAPaTy PACCTOSIHUS JO LEHTpa, ra3 He
MOKET HAXOAUTbCSA B COCTOSIHMH CTATHCTHUECKOTO PABHOBECHSI.

B camowm jsene, B 5TOM ciyyae NMoTeHUHAIbHAS SHEPTUS aTOMa C Mac-
COH i paBHa

wi=—yL  (R<r< o), (5.5)

1) To 06cTOATENIBCTBO, UTO 3eMHAs aTMOC(epa COCTOHT B OCHOBHOM U3 O8yXamon-
Hblx MOJIEKYJ a30Ta M KHCJAOPOJa, He CYIIECTBEHHO, TAK KaK HX MOTEHLHAJbHAsK 3Hep-
THS B TIOJIE CHJIBI TSKECTH 3aBHCHT, KaK M JJIsi OJHOATOMHOIO rasa, OT KOODAHHAT
HEHTPa TAKECTH YacTHL.
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rge vy=6,67-107% CI'C — rpaBuraunonnas nocrosiuuas, M — macca
chepuyeckoro Tesa (1/1aHeTsl) paanyca R ¥ r — paccTosinue 10 LeHTpa
nJjadgeTel. Pacnpenesenue boabumMana (4.8) 10a:KHO 610 Gbl MMETb BUJ,

ymM
n(r)=_Ce*T, (5.6)
rae C—-HopMHPOBOUHAR KOHCTaHTa, ONpejelisieMasi H3 yCJAOBHS
o0 @«
-
5 n(r)dnr?dr =4nC g e¥r r2dr = N,. (6.7)
R R

Tak xak a=ymM/kRT>0, To uuterpan B (5.7) pacxOLUTCs Ha BepXHEM
npejese, 4TO CBHAETENbLCTBYET O TOM, 4TO B Hoge (5.5) He MOXKeET ocy-
IIECTBJSITLCA CTATHCTHYECKOE paBHOBECHe Tasa.

C 3THM OGCTOATENBCTBOM CBsi3aHa INOCTENeHHas MoTeps NJaHeTaMH
ux armocepr. Ha Jlyne stoT mponecc, Ho-BHAHMOMY, NOJHOCTBIO 3a-
KOHUHJICS .

2. PaccMOTpHM CTATHCTHYECKYIO COBOKYHMHOCTE JIMHEHHBIX TapMOHU-
YECKUX OCLUJISATOPOB C MOTEHLUHAJbHEIMU SHEPTUAMH

u(q) =5 #g?, (5.8)

rie » — kospuuyenT KBasuyrnpyroi cuasl (em. (I;2.18)), a ¢ — koop-
JIHHATA OTKJIOHEHHS OT IOJOKEHHS PaBHOBeCUs IV KayKIOTrO OCLUJLIA-
Topa.

Pacnpenenenne BonbriMana jiisi HUX HMeET BHI

w (g) = Ce="d*/2tT (5.9)

HOpMHpOBO‘JHaH KoHcTaHTa C oInpeneJiseTca 43 yCJOBHSA

@*

C § emnorraet dg—1, (5.10)

—®L

orgypa C=(»/2nkT)Y/2, ecqau BocmosbsoBathes Gopmydaon (I13.1).
Cpepusisi TOTEHUHAJbHAasi SHEPrHs OCHMJIATOPA B COCTOAHHH
CTATHCTHYECKOT'O PABHOBECHS

o= | u(@)w(q)dg =5k, (5.11)

IJie MBI BOCIOJIb30BaiCh Brpaxenusivu (5.8), (5.9) u dopmyitoi (113.2).
TTocKo/IbKY CKOPOCTH OCUHJLISITOPOB pacpefesedsl no Makcsemay, HX
cpeiHssl KHHETHUeCKasl SHepTUa BBIUUC/IAETCS COBEPUIEHHO aHAJOTHYHO
(4.15), gro paer

T = KT (5.12)



§ 5] [PHMEPhI ITPUMEHEHHS PACNPEIEJNEHHS BOJBLMAHA 67

Tagkum o6pasoM, 1Js JHHEHHOr0 TapMOHMYECKOTO  OCHM/JSTOpA
gkngpot:(l/z)kT 4, CJejloBaTe/bHO, CPEeAHAa I[OoJHash 3SHEeprHsi

&= g, + €0t = KT (5.13)

3. dusnueckue CBOWCTBA MONYNPOBOAHUKOB CYIIECTBEHHO 3aBHCAT
OT NPUCYTCTBHA B HUX NPHMECHBIX aTOMOB. B ompelle/eHHbIX yCI0BHSAX,
B COCTOSIHHM CTATHCTHUYECKOrO paBHOBeCHs, 3TH aTOMBI OTJAAIOT CBOH Ba-
JIEHTHbIE 3JIEKTPOHBEL B 30HY IIDOBOJMMOCTH IOJIYNPOBOJHNKA, NpeBpa-
masch B IIPUMECHLIE NOJIOXKHTENbHEIE HOHBI.

PaccMOTPHM 3/1eKTPHYECKOe T0JIe OKOJIO TAKOrO NPHMECHOTO HOHA,
OKpY2KEHHOTO 0GIaKOM CBOGOJHBIX, AMCCOLHHPOBABIIHX B 30HY IMPOBO-
JIMOCTH, 3JIEKTPOHOB. [TycTh 1 — cpefHsas (paBHOMepHas) KOHIEHTpa-
st CBOOGOIHLIX 3JEKTPOHOB B MOJYNPOBOJAHUKE, My (f) — MX KOHIEH-
TpalHs B I0/1€ 1PHMECHOTO HOHA (r—paccTosHue 10 noHa). Eciu ¢ (r) —
[IOTEHIHA/ 3JIEKTPHYECKOrO MO, CO3/1aBaeMbld TOUEYHBIM MONOKUTEIb-
HBIM 3apsI0M HOHA (+-€) ¥ H3OBITOUHEIM OTPULLATE/IBHBIM 3apPALOM JIeK-
TpoHOB —e€ (11— 1), TO ypaBHenne Ilyaccona umeer BHJ

Vi =" [n, (r)—nl, (5.14)

rle %— AM3JAEKTpHUecKas IIOCTOSTHHasi; KpoMe TOro, HOTEHLHasa ¢
YIOBJIETBOPSIET TPAHUYHOMY YCJIOBHIO

. 4

| =

lim @ (r) =37 (5.15)
ecJq MOH C 3apsjioM (--e) NOMelleH B Hayale KOOpAMHAT.

Byjem pelaTh 3ajauy KaK CaMOC02AQCO6AHHYr0, T. €. OyIeM CuH-
TaTh, YTO HOTEHIHAJ ¢ ONpeje/seTcst NoCpeacTBoM ypaBreHud (5.14),
KyZa BXOZMT KOHLEHTpAIHsi 3/IeKTPOHOB 1, (r), ONpejessioniascs
pacnpezenenveM Bosbumana (4.8), B KOTOpoe BXOAHMT NOTEHLHasd ¢,

TakK 4ToO
ny (r) = ne®v/* T, (5.16)

rae (—e@)— noTeHnHaAbHas JHEPrHsl 3JEKTPOHA B II0JIE [IOTEHNHANA .
Coraacro (5.14) u (5.15) noTeHmMas ¢ ONpeAe/isieTCst OTCTYIJIEHUEM
n, OT pPaBHOMEPHOH KOHUEHTPALMH f, a4 TaK¥ke [OJeM TOYEeYHOro
sapsifa uona. Iloacraeass (5.16) B (5.14) u yunThiBas, 4TO 3ajaya
obnafaer chepHyecKOfl CHMMETpHEeH, MOJTYYHM

1 d/ ,de dmen . ,

—_ ST ) = (/T

2 <r %) =22 (¢ 1). (5.17)
Eciu eq/kT <€ 1 (B pealbHBIX YCJIOBHAX 3TO BBINOJHSAETCS PEIKO),
MOXKHO 3KCTOHeHTy B npaBofi yactn (5.17) pasnoxuth B psji; Toria

1 d , d 9
T (rz d_;E> = g%p, (5.18)
rae ¢ =4ne*n/nkT.
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Jlerko yGeauTbCsl TpsMOE NOACTAHOBKOH, 4TO ypaBHenme (5.18)
HMeeT pelleHHe
e -
Q= e 7, (5.19)
KOTOpPOe YHOBJETBOPAET IPaHHYHOMY YcjaoBHiO (5.15).
DKCHOHEHIMAMbHOE CIajlaHHe IMOTEeHLMaJjsa MPOUCXOAUT Ha Xapak-
TepHOH JJINHE

L SaRT
rD_H_ ‘/ 4netn? (5.20)

HaspiBaeMoll paduycom sKparuposarus ebas.

§ 6. YparHeHHe COCTOSIHMSI MJI€aJbHOIO ra3a W ypaBHeHUE
Ban-pep-BaaJjbca

1. OnpeneauM 3aBHCHMOCTb MexKjay jaBjieHneM P, ofbemoM V u
temnepaTypoil T AJs HAeasbHOTO rasa.

C aTOMHOH TOUKH 3peHHs! JAABJeHHE Trasa OGYCJOBJEHO HUMIYJb-

caMy, nepefaBaeMbIMM aTOMAMM CTEHKAM COCyJa IPU HX OTpParKeHUH.

W3 OCHOBHOrO ypaBHEHHsI MEXaHUKH H3BeCT-

4 HO, UTO H3MeHEHHe CYMMAapHOTO HMIIYJ/bCa

cHCTeMbI 33 BpeMsi Af paBHO HMIIY/IbCY BHeNI-

HHUX CHJI gFi-At, T. €.
————— R 7 AZpi=BFp AL 6.1)

U I}'g
Ha puc. 6 mnpexacraBieH aToM CO CKO-
/ POCTBIO ¥ (V,, Uy, U,); OCb X TEPIEHAUKYIsP-

z Ha K credke cocyna. [Ipu sepkajabHOM OT-

Up=-uj PAXKEHHH aTOMa COCTAaBJSIONAs CKOPOCTH U,

wl v y, = yj MEHSET CBOH 3HAK, a v, M U, OCTAlOTCs Ges
u, = v] HSMCHCHUA (U, = —0y v, =10, U,=10,). Us-

MeHEeHHe MMIlyJ/1bCa aToMd PaBHO 2p, = 2mu,.

w7 Ecau Bei6pats B (6.1) Af =1 cex u niowans

. CTEeHKH paBHOU | cM?, TO mpaBast yacTb ypaB-

Puc. 6. Henus (6.1) umcieHHo paBHa JlaBjeHHIO P.

B sieByio wacte ypaBHenus (6.1) nHazo mnop-
CTaBUThb CYMMY H3MEHEHHWs MMIyJbCOB BCEX aTOMOB, [aJalolluX
HAa 1 cm® B 1 cex.
Taxum ob6pasom,
P—{2mo_dj, (6.2)
rae di pasuo (4.19); unrerpupopanue nc v, Hajgo BectH oT 0 Jo oo,

amnov, H U,—O0T — 00 JI0 -+ 0.
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Hcnose3ys unTerpasst [Ipuioxennsa 3, JN€rKO NOJYUHM

P =nkT, (6.3)
YyTO MOXKET OBITh repenncano B BHUJE
PV = NET, (6.4)

TaK KakK KOHUeHTpauus aToMoB n=~N/V.

Ypasuenue (6.3) nnu (6.4) Ha3bIBAETCH YPagHeHUeM COCMOAHUA
udearvroeo easa (ypasHenuem Kaaneiipona)'). Oro BKJOuaeT B cebs
sakoHbel DBoiiaa— Mapuorra: PV =const (npn mocTosiHHON Temmepa-
type) u Teii-/lioccaka: PV =const-T.

Tak Kak cpejHsisi KUHeTHYeCKasl SHePTHs ABHMKEHHS aToMa paBHA

é—:%kT (cm. (4.15)), 10 ypaBHeHHe (6.4) MOXHO mNpeobpasoBaTh K

BUIY )
PV =<8, (6.5)

rae & = Ne= N (3/2) kT —sneprus rasa.

U3 onpegesenns rpaMM-aToMa cjefyeT, 4TO T'DaMM-aToM JioGoro
BEIeCTBA COJEPKUT OJIHHAKOBOE YHCJIO aToMOB N 4, HasplBaeMoe 4uc-
aom Asoeadpo. MHoroduc/ieHHbHlE M Da3HOOGDA3HbIC OMNBITHI, BBINOJI-
uenHple B XX B., mokasanu, 4To uucno Amoragpo N, =6,026-10%,
Ecau mnoaoxkutb B (6.4) N=N,, To aisa oaHoro MoJjs Ji06oro
rasa

PV=RT, (6.6)

rie YHHBEpCATbHAs 230648 NOCMOAHHASL
R =N ,k=8,314-107 ape/epad

MoKeT GBITh JIETKO OMpejeseHa Ha OIbITe; OTClofa NMoCcTosiHHas Bossu-

MaHa
k=R/N ,=1,380-1071 spe/epad,

Kak On10 ykasauo B (3.30).

3amMeTuM, YTO CaM HJeaJbHBIH Ta3 MOXKET CJAYXKHUTb TepMOMETPOM
J715 M3MepeHHs TeMIlepaTypel, Tak Kak P (npu V=const) wiu V (upu
P=const) usMeHAIOTCA NIPONOPIHOHANLHO Temaeparype. ONBITH, IIPO-
BeJleHHble Haj Pa3peXKeHHbIME I'a3aMH (KOTOPhle MOXHO C JOCTAaTOUHBLIM
npuGAMKEHHEM PaccMaTpPHBaTh KaK HIeabHbIE), NMOKa3anH, YTo

(PV),— (PV)y _ R(T,—Ty _ 100 __
o =~ _T1_0,36608.

1y Kak Mb yBuAuM B T, V, WlealbHblil MHOTOATOMHBI ra3 NOLURHACTCA TOMY XKe
ypaBHeHHIO cocToABMsA (6.4).
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3nech nuaeKcs 1 1 2 OTHOCSTCS K TeMIepaTypam Tatollero JbAa U KUIs-
el Bojbl pH aTMocepHOM JaB/ieHuH. Mbl BUAUM, UTO B CTOIPafyCHOM
mgane (Ty— T;=100°) Mbl JO/IKHBI TIOJOXKHTH aOCOMIOTHYIO TeM-
nepatypy Taoulero Jbja IpH aTMoc(epHOM JAaBJeHHH PaBHOMH
T.,=100/0,36608=273,16°, T. e. CUUTaTb, UTO AOCONIOTHOMY HYJIIO COOT-
BETCTBYeT TeMneparypa — 273,16° Lleabcus.

2. TlpencraBnenne o6 HIeaJbHOM rase OIHCHIBAET COCTOSIHUE Peasib-
HOTO ra3a TeM JIy4llle, 4eM MeHbIle ero IJIOTHOCTh n=N/V, T. e. uem
6oJibllie 0ObEM, 3aHUMaeMbIH ra3oM. Y UeT B3auUMOJIEHCTBHS YaCTHIL Ta3a
HpefCTaB/sieT coboil oueHb CAOKHYIO 3a7auy (B 0COGEHHOCTH mpu 6OJIb-
IIHX TJIOTHOCTAX Tas3a), KOTOpYio Mbl paccMoTpuMm B 1. VII.

B 1873 r. roanasncku#t ¢usuk BaH-mep-Baanbc B cBoell quccepTa-
uun «HemnpepblBHOCTD ra3000pasHbIX U XKUJAKUX COCTOSHUHY NPEN/IOKHII
HEKOTOpOe BHJOM3MeHeHHEe ypaBHeHHs cocTosiHusa (6.6), KoTopoe yuu-
ThIBA€T HE TOJIBKO B3aUMOJIEHCTBHE aTOMOB r'asa, HO M Ka4eCTBEHHO ONH-
ChIBAET SIBJIEHHE CXKHMKEHHS TasoB.

¥ pasuerue Bawn-Oep-Baaabca A OZHOTO MOJIS T'a3a MMeeT BUJ

(P +%) (V—b)=RT, (6.7)

rie @ u b — nocrosinHbie, He saBucsmue or P,V wu T.IlompaBka
kK obbeMy V, T. e. BeimuuHa b, y4yuTHIBaeT KOHeuHblHl 00beM, 3aHH-
MaeMblHl BCEMH aTOMaMH, T. €. OTTaJKHBaHHE NPU HX TeCHOM cO/H-
KEHUH.

TMonpaBka K pnaBinendio P , T. e. Beauuuna a/V?, yuuTbIBaer
Bo3pacTanue JaBJeHus, CBA3aHHOE CO B3AUMHBIM NPUTAKEHHEM ATOMOB.
B camom jejie, QeACTBHE CHJI aTOMHOTO HPUTSXKEHHs NPOCTHpaeTcs Ha
MaJible PACCTOSIHMS, TO3TOMY Ha I'PaHHIIE I'a3a MOKHO BHIAGIHTh TOHKHUH
CJ10H1, KOTOPHIE MPHTSTHBAETCS K APYroMy TOHKOMY CJIOIO Iasa, JiexKalne-
My TIOJ HHM. ITO JONOJHUTENbHOE JaBjeHHe OyleT NPOIOPIHOHANBHO
YHCJAY YacTHIL B 00OMX CJOSIX, T. e. 6yJeT IPONOpIHOHaNbHO KBaJApaTy
KOHIeHTpalku rasa n®*= N%*/V?, uiu obpaTHO MPOINOPLUOHANb-
HO V2.

Koneuno, takoe «oGocHOoBaHue» ypaBHeHus (6.7) BecbMa mnpoGuie-
MaTHuHO. B nepByio ouepenb, HHueM He OOOCHOBAH y4yeT ORHOHM 4YacTH
KPHBO#A B3aUMOJENCTBHsI aTOMOB (CHJI OTTaJKHBaHus) B obbeme V, a
LIpYyroil uacTH (CHJ TPUTSKeHHUs) — B JasieHun P. Dbosee Toro, B
ra. VIII Gynmer nokasano, uto ypaBHeHHe Ban-nep-Baanbca (6.7)
NPOTUBOPEYUT OGLIUM BBIBOAAM, CIENYIOMHM U3 TepMOAuHaMUKH. OnHa-
KO B <NOMNPABJEHHOM» BHJIE OHO OKa3aloChb HCKJIOYHTENbHO ILIO-
JOTBOPHBIM JUIst HOJIYKOJHUECTBEHHOTO OIHCAHUA sABJEHHH KOHJEH-
CalHH.

Pewasi (6.7) orHocutenbuo P, moJayuum

RT a

P=2"—0, (6.8)
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T.e. KaXKA0My O00beMy  TeMiepaType COOTBETCTBYeT OJHO OnpeseseHHoe
IaBJIeHHe.
[IpeoGpasyem (6.7) X BuAY
3 RT : a ab
V—<7+b> patv—% o (6.9)
Mel noyuH/IM ypaBHeHHe TpeTbell cTelleHH OTHOCHTeIbHO o0beMa V.
AHasu3 3Toro ypaBHeHHSI IIOKa3blBaeT, UTO JyIf JOCTaTOUHO BBICOKHX
TeMIIepaTyp OHO HMeeT 00uH BelleCTBeHHbIH KOPeHb (ABa KOPHA KOMIIJIeK-
cuel). Ecin Temmeparypa HHaKe HEKOTOPOH KDPUTHYECKOH, ypaBHeHHe
(6.9) mMeer TpH BellleCTBEHHbIX KOpHsi. B 3To#l obmacTu ypaBHeHHE
Ban-zep-Baasnbca onucsiBaeT cxkmkeHue ra3oB. ITOT Bonpoc 6yaer nox-
pobHee uccienosad B ru. VIII.
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Pacnpejenenns B KBAaHTOBOWl CTAaTHCTHKE

§ 1. KBaHTOBBIe COCTOAHHS HEKOTOPBIX MPOCTHIX CUCTEM 1)

1. B XBaHTOBOH MeXaHUKe, B HEPeJSTUBUCTCKOM IPUOJMKEHUH,
cucTeMa ONMHChIBaeTCs1 BOJIHOBOM ¢yHkumenn W (g, f), 3aBucsieil o
KOODJMHAT CHCTeMBl H BpeMeHU. BosHoBas VHKUHA YIOBJIETBOPSET
ypasHenuto lllpennnrepa

ih 251y, (1.1)

rae i=) —1—wmnnmas emuunua, f — /25 (h—noctosiuuas [lnanka)
O\

U F7 —TaMUJbTOHHAH CHCTEMBI, MoJydaeMbiii #3 Gyukuwn [ aMunb-
TOHA TIPH 3aMeHe B Hell OOOOLIEHHBIX HMIYJBCOB p; ONEPATOPaMH

~ ) >
Pi= 55 Ecau FZ oT BpeMeHH sIBHO He 3aBHCHT, TO CHCTEMa MOXKET
z

HaXOJIUTbCS B CTALLMOHAPHOM (He 3aBHUCHIIEM OT BPEeMEHH) COCTOSIHHH.
INonaras B stom cuayuae

Vi, =v@e * (1.2)
rie e=const, noayunm nocse rnoxpcranoBku (1.2) B (1.1):
Fp(9) = b (9), (1.3)

OTKYJa BUJHO, YTO &€—COOCTBEHHOE 3HAUEHHE SHEPTHH.

Hanaras na co6erBennyio QyHKUHIO P (g) YyC/IOBHE KOHEUHOCTH 2)
U OJIHO3HAYHOCTH, MO YUHM JUIsI IPOCTPAHCTBEHHO OrPaHHYEHHBIX CUCTEM
P AMCKPETHBIX COOCTBEHHLIX 3HAUEHHUH SHEPTHU €i, €y, . . ., €4, . . .
U COOTBETCTBYIOUIMX HM COGCTBEHHBIX PYHKUHH Py, Pay « . .y Ppuy + . .

PaccMoTpuM HeKOTOpBIE NIPOCThIE, BaxKHBIE JUTsl JaibHeHIero, KBau-
TOBBIE CHCTEMBI.

2. Yacmuya 8 npamoyzosvrom sujuke. PaccMOTPUM YacTHIY C MAcCoOR
m BRYTPH Kyba o6bemoM V=L?*, Ha KOTOPYIO He JefCTBYeT Kakoe-Jn6o

1) ror naparpad) UMeeT LesIbIO TONLKO HATOMHHTb YHTATEIO, KAK OMUCHLIBAIOTCS
B KBAHTOBOIl MeXdHMKE HEKOTOpble IPOCTbiE CHCTEMbl, BAXKHbIE JJIsl CTATHCTHYECKOf
dusuku. st Gonee MoApoGHOro 03HAKOMJEHHS cM., Hanpumep: JI. Ul u ¢ ¢, Ksan-
toBast Mexanuka, WJI, M., 1959, §§ 9, 13, 14.

%) Tounee, KOHeueH AOJKeH ObiTh MHTerpad [[P|2dT, B3sThI N0 BeceMy KoH(HTY-
PAIHOHHOMY INPOCTPAHCTBY CHCTeME! (dT — 3jieMeHT ofbeMa 3TOr0 IPOCTPAHCTBA).
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noJie, KpoMe GeCKOHEUHBIX CKauKOB ITOTeHUHATBbHOH 3HEPIHM Ha rpa-
HsAX KyOa. BosHoBas QyHKIHS 4acTHIBl BHe Ky0a, OYeBH/JHO, paBHA
ny/mo. CraulOHapHble COCTOSIHUA YacTHIBI BHYTPU Ky0a OMUCHIBAIOTCS
ypaBHeHueMm Buga (1.3):

A
T (x, y, 2)=eP(x, y, 2) (1.4)
C raMHJibTOHHaHOM
Gr 1 = oy o3 A2 2

~ hoo y
3neck p, =<3, 4 T4, y*—oneparop Jlannaca.

Ecan HanpaBHTh KOOpDAMHATHBIE OCH X, Y ¥ z 1o pebpam xyba,
TO pelleHHe ypaBHeHHsa (1.4) yno6HO HcKaTb B BHJE

Y (X5 Y5 2) =Py (%), (9) -5 (2) (1.6)

[MoxcraBaas (1.6) B (1.4) u nens ofe wactu ypaBHeHust Ha (X, y, 2),
TI0JIy UM

1 d*Py REAY 1 a ‘Pa_ 2m
Py dx? Py dy? T Py dz? 72 & (1.7)

Mgbl BHIUM, YTO CyMMa TpeX cJaraemblx, KaxKJaoe M3 KOTOPBIX 3aBH-
CHT TOJbLKO OT OJHOU U3 NEPEMEHHBIX X, Y WJAH Z, PaBHA NOCTOSH-
HOH, a 3TO BO3MOXKHO TOJIbKO B TOM cjy4yae, Korja Kaxjaoe cJjara-
€MO€e TIOCTOSIHHO, T. €.

2 2 2
ek L6 S 0
Nz (1.8) u (1.7) caenyer, uto
— I gy = (1.9
u
P, (x) = A sin (k. x) -+ B cos (kx). (1.10)

Ananornaso pas g, (y) u P, (2). Beauuunn £, ky, n k, moxno pac-
CMaTpHBaTh KaK INPSIMOYTOJbHBIE COCTABJISIONHE BO.THOBOTO BeKTOpa
R (BP=ki+ ki1 EY).

Tax xax BosnoBas (yHKLMA YacTHIbl BHe KyGa paBHa Hymo, TO
M3 YCJIOBHS €€ HENpPEepPBLIBHOCTH CJelyeT, 4To ee 3HadeHwe (1.6) mpu
¥=0 u x=L Toxe JOMKHO paBHAThCS Hyjwo, toria us (1.10)
cJIe/yer:

B=0, Asin(k,L)=0, (1.11)
OTKYZa
R (1.12)
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rie f1,— OPOU3BOJbHOE MOJOXKHTEAbHOE!) 1esoe uncio. AHAJOrHdHO

L Ll (1.13)

[MoacraBass stu suauenust B (1.6) 1 (1.9), monyunm nist BOJIHOBOH
hYHKINH ¥ 3HEPTHH BLIpaXKEHHS

P (%, ¥, @)= Asin (n}‘m>sin(niw>sin(nim> ,  (1.14)

272
e=grr (R4 ni+nd), (1.15)

Tje fy, My H 7,— KBaHTOBbIE UNCJId, ONpeJe/sIIOUIHe SHePTHIO H COCTOs-
HHE YaCTHULIHI.

OnpenennM no MOPAAKY BETHYHHBl PACCTOAHHE MEKAY COCEAHUMH
YPOBHSIMH SHEPTHH B cjlyyae OOJbIIMX KBAHTOBBIX HUCeI. Ecau ny, g
U 7, MHOTO 60JIblie eIMHHLBI H OJHHAKOBbl 10 NOPAAKY BETHHYHHbI, TO
OTHOCHTE/IHHOE PACCTOSTHHE MEXKAY COCCAHHMH yDOBHAME IHEPTHH

1 de 21, [ (1.16)

R - NP .
e0ny  piiniiad ny’
YTO MHOTO MEHbIe eIMHHILI. TakuMm o6pasoMm, B of6aacTu GOJbUIMX
KBAHTOBBIX UHCEJ YPOBHH HEPTHH PACIHOJIOXKEHH! 0UeHb T'ycTo. [l Ma-
KPOCKOIIHYECKOr0 00beMa MOXKHO HOJMOKHTh L=1 cm, Torna paxe Jyisi
3JIEKTPOHOB, Y KOTOPHIX Macca B HECKOJIBKO THICAY Pa3 MEHbIe MacChl
aTOMOB, MHOXKMTETb B Bblpaxenuu (1.15)
n2h?

2ml?

~ 10727 spe &~ 107 rpapyca, (1.17)

T. €. O4eHb Maj. JT0 03HAYAeT, UTO Jaxe MPU OueHb HHM3KHX TeMmiepa-
Typax B cucreMe OyayT BO3OYXKJIEHBI BBICOKHE KBAHTOBbIE YPOBHH fI;
H, CJIeNOBaTeNbHO, HEPreTHUeCKUH CIIEKTP MOXKHO PaccMarpuBaTh Kak
KBasunenpepsisHsil. TakuM 006pasoM, KBAaHTOBAHME 3HEPIHH JJIS I0-
CTYNaTeNbHOTO JBHMKEHHS YAaCTHI B MaKPOCKOTMHYECKHX CHCTEMAX He-
CYILLECTBEHHO.

Crenyer, OIHAKO, HMETb B BHAY, YTO B 3TOM Cjly4ae MOLYT IpPOsiB-
JAATbCA OCOBEHHOCTH, CBSI3aHHble C IPUHIANNAIbHON HEPA3THUHMOCTbIO
KBaHTOBHIX ®acTull (eMm. ria. 1X).

[Tpu GosbLIMX 3HAYEHUSIX KBAHTOBBIX UuCes] BhIpAaXKeHHe LI JHep-
run (1.15) MOXHO paccMaTpUBaTh KaK HENPepbIBHYIO (QYHKUHIO OT fj,
n, u n,. OupeesuM B 3TOM cayyae YUCJI0 KBAHTOBBIX COCTOSHHEA wac-
THLE! B HHTEpBaje ee Hepruu (e, e-+de).

BBenem BeIHUHHY

R*— 4t 4n2, (1.18)

1) Uamenenne 3HaKa 7; NPHBOXMT K H3MEHEHWI0 3HAKA y BOJHOBOW (yHKUHH,
T. €. COOTBETCTBYET TOMY € COCTOSHHIO YacTHILbL.
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Torjga 3Heprus
= -—-2 * R2 1 19)
2mlL2 : ( '

Ha pnc. 7 npeacrasienst y3isl K yGrnuecKolf pelIeTKH, COOTBETCTBYO-
{I€ IIeTbIM [TOMOKUTEAbHBIM 3HAUSHUSIM /1, A, 1 Ny JLJ1s Toro uTo6sl He
VCJIOXKHATDL PUCYHKA, Ha HEM MpeACTaBJeHbl Yy3J/bl TOJBKO B IJOC-
KOCTH (1, n,). KaxkpoMy yany peuleTKu COOTBETCTBYET Olpeje/]eHHoe
suauenue sueprun (1.15) m xBauToBoe cocroanue (1.14).

OnpenenuM 4YMCJIO KBaHTOBBIX COCTOSIHMII Ha HHTepBaj 3HEPrHH
(e, e1-de), KOTla KBAHTOBBIE YKCIa /g
Besnku. M3 (1.18) u (1.19) caeny-
eT, 9TO 3TO YHCJIO COCTOSIHUHN paB- =
1O YHCJY Y3JI0B B [1aPOBOM CJIO€
(R, R-+dR) KoOpAMHATHOTO OK-
ranta. [lockoabky ofbeM KyOH-
4eCKOH siyeHKHM paBeH eJMHHILE,
3TO HHCJO Y3/10B NPOCTO PAaBHO
ob6peMy 1wapoBoro caosi. Takum
06pa3oM, YHCJIO KBAHTOBLIX CO-
CTOSIHHI Ha UHTepBaJ 3Hepruu (e,
£ -4-de) pasHo

g(e)de = _.-*4”"2‘”? -

,7
b

—1

1]

anEsE
an
a8 as

MHH
1
"‘"‘:F"

g

n

4V3 am'y - !
:_Z__?;_m~_|/gde. (1.20) Pue. 7.

DTOT pe3yJbTaT MOXKeT OBITbh 060CHOBaH MHBIM croco6oM. CoOTHO-
meHue HeonpefenenHocTe I'efisenbepra A/l KOOPAHHATHL U CONPAKEH-
HOTO ef HMIy/bca HMeeT BH/[

Ax-Ap,~h, Ay-Ap,~h, Az-Ap,~h. (1.21)

HeonpenenennocTb 3afanus NoJozKeHHsl (pasoBOH TOUKH B H-TIPOCTpaH-
CTBE OIpejensercss syelKol obbeMa

Ax Ay Az Ap, Ap, Ap, =~ h*. (1.22)

Kaxnoit ayefike o6bema h® COOTBETCTBYET OJHO KBAHTOBOE COCTOSIHHE.
J1/151 TOro 4TO0bI ONpeIeNHTh YACA0 KBAHTOBLIX COCTOSIHMA Ha HHTEPBaJI
sHepru (g, e-+de), HeOGXOMUMO OIIpeslesIuTh 06beM (pasoBOro IPOCTPaH-
CTBA YacTHUBI, Haxojsmedcss B obbeme V, 3aK/JIIOUCHHBIA MEXIy Mo-
BEPXHOCTSIMH MOCTOSIHHOH 3HEPrHH & U e-de; TNocjaeqHHll paBeH

Vidnprdp=4V 2aVm':V ede, (1.23)

TJe Mbl BOCIIOJIL30BA/JHCh TeM, 4TO &= p*/2m.
Juis onpegesnenusi 4ucja KBaHTOBHIX COCTOSIHHUE g (&) de HeoGxo-
mimo (1.23) pasmenuth Ha A%, 4YTO JacT BbIpaXKeHHe, COBMAJalollee
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c (1.20). Benuuuna g(e) (1.20), Ha3piBaeMass CMQmUCmu4ecKum 6ecom,
C TOUHOCTBIO IO MHOXKHTeJst h® (HeCYLIeCTBEHHOTO JJs KJaCCHYECKOH
CTaTHCTHKH) coBnajaer ¢ onpefeneHueM (II;2.8) xnst p-rpocrpancTsa
HeaJbHOrO OJIHOATOMHOTO I'asa.

3. Jlunetinoui eapmoruteckutl ocyuarsimop. PaccMOTpUM 4acTHLLY
C Maccoél m, KoTopast IBHKeTCs BIOJb OCH ¢, IPHUTSITUBASACH K HAYaJy
KOODJIMHAT KBa3sHYNDYTo# CunoH f= —uxq= —mae?q, The %*—KO0ad-
duIMEeHT KBAsHyNpyrodl Cuiasl, © =} u/m—IHUKJIMYECKAsE YacTOTA
kKonebanuii (1;2.22).

YpaBHeHHe 111 COOCTBEHHBIX 3HAYEHHH HEPIHH HMEET BHI

TP (q) =ep (q) (1.24)

C raMHJbLTOHHAHOM
%—_££+mezz 1.25
- 2m dg? 2 a. ( . )

CoGerBennbie GyHKUMKM ypaBHeHus (1.24) umeioT BUJ
mw

_ [ me 4 1 —E2/2
B O =(5) s @ (1.26)

—
rJe E:q]/ mw/h— Geapasmepnas Koopaunata, a H, (§)— moauHoM
Apmura, CobersenubiM yHKimAM (1.26) cOOTBETCTBYIOT COOCTBEHHbIE
3HAUEHHUsST SHEPTHH OCILHJIIATOpA

e, = ho <n+%>, (1.27)

rie KeauroBoe yucao n=0, 1, 2,
OCHOBHOE COCTOSIHHE OCHHAAsITOpa ¢ 71 = () ONMHUCHIBaeTcsi COBCTBEH-
HOH yHKUHeH

o (&) = <%‘{—>l“e-a2/2 (1.28)
H sHeprueH
80:%(” , (1.29)

KOTOpasi HA3bIBAETCS HYJEBOH.

4. Pomamop. PaccMOTPHM 4YacTHIy C MaccoH fm, JBHTAIOILYIOCH
no mnosepxHocTH cdepsl pajdyca r (potatop). MomenT uHepuuu
gyactuiiel [ = mr?. I3 MeXaHUKHM H3BECTHO, YTO TaMHJ/bTOHHAH TaKOH
CHCTeMbl paBeH

G _ M 1.3
gt (1.30)

rae M—onepaTop MOMEHTa KOJIM4eCcTBa JABUKE€HUS UYaCTHObBI, T.€.
M= —RQ, (1.31)



§ 2] YHCTHE M CMELIAHHBIE COCTOSIHMSI B KBAHTOBOH MEXAHHKE 77

rie
A 1 a . 0 1 02
=55 39 <Smﬁ ’aﬁ)Jr——smmw (1.32)
— yrioBasi uyactb omepartopa Jlamiaca (O B Q—TmOJAPHBIA W a3M-
MYTaJbHbIA YIJIBI).
Co6eTBEHHEIMM  QYHKLIUMAMEA —onepatopa $2 ABAAIOTCA  LIAPOBbE

yHKUUHN _
Yo (9, @) =N, P (cos §) e, (1.33)

3pecb N,,—HOPMHPOBOYHAsl KOHCTaHTa, [—Aas3uMyTajbHOE KBAHTO-
BOE UMCJIO, PABHOE HYJIO HJH LEJIOMY NOJOKHTEJbHOMY YHCIY, Mar-
HUTHOE KBAHTOBOE UYHCJIO /1 MOXKET NPHHHMATh JoOble Lelble 3Ha-
yeHus B HHTepBase — (< m< /. Ilpu 3ajannoM [ MarHuUTHOE YHC/IO
m MoxeT npunumath (2/-4 1) 3HaueHuit. PyHKUUS

Il im
Pimi(E) = (1 —§2) 2 WPAE], E=cos ¥, (1.34)
rae P, (E) —rtax nHaspipaeMblfl nojuHoM Jlemanapa.

CofcTBEHHBIE 3HAUEHHS MOMEHTA KOJIMYECTBA IBHKEHHS, COOTBET-
cTBytompe cobeTBeHHON dyukuun (1.33), paBHLI

M, =RV T{IF1), (1.35)

a TIPOEKIHH MOMEHTA KOJIHYECTBA ABIKEHHN HA BHIJACAEHHOE Halpas-
JeHHe 2
M, = mbh. (1.35)

Us (1.30) u (1.35) crenyer, uto coOCTBeHHBIE 3HAYEHHSI SHEPTHH,
cootBercTBYIOIHE coberBenHol ¢yrKuun (1.33), paBHEI
(11
g =22011) (1.37)
n sBasores (2/41)-KpaTHO BHIPOXKAEHHLIMH.

§ 2. YUnctole M cMellaHHble COCTOSIHHS B KBaHTOBOH MeXaHMKe.
Martpuua nioTHoCTH 1)

1. MaxkcuMmaJjibHble CBEIEHHSI, KOTOPble MOTYT ObITh JaHHL O CHCTeME
B KJACCHUECKOH MeXaHMKe,— 3TO 3ajaHpe, B HEKOTOPBIH MOMEHT Bpe-
MeHH, Bcex ee OBOOILEHHBIX KOOpPAMHAT M MMMYJbcoB. Ha ocHoBaHHU
ypasuenuii ['amuibrona (I; 2.13) aBHKeHMe CHCTEMbl B 3TOM c/lyyae
ornpenensieTcsi OJHO3HAuHO. B KBaHTOBOH MeXaHUKe Takoe olpejesie-
HHUe COCTOSIHHS CHCTEMbBI, KaK H3BeCTHO, HeBO3MOKHO. M3 coommuowerus
neonpedenernrocmeli I'etisenbepea cieryeT, yTO NPHHIHIHAJIbHbIE HETOY-

HIH. V. Buaoxwurnes, OCHOBb KBAHTOBO MeXaHHKH, M3]. uyeTBepToe, M.,
1963, § 14, ra. VII.
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HOCTH 3aJlaHusl KOOPAHMHATHI §; U COUPSKEHHOTO efi HMIyJbca p; VIOB-
JIETBODSIOT YCJOBHIO

Ag; Ap;=h, (2.1)

rae A — nocrosinnasi [lnauka.

OnHako M B KBAHTOBOH MeXaHUKE CYIIECTBYET MOHSATHE O MAKCUMANL-
HO NOAHOM ONMCAHWM COCTOSIHMSI CHCTeMbl. I1of 3THM nonumaercs 3aja-
HYe JJIs1 KBAHTOBOH CHCTEMbl 8Cex BeJIHYHH, KOTOPbIE MOI'YT ObITh OJIHO-
BPEMEHHO H3MepeHbl. B 5TOM COCTOSIHHH UM COOTBETCTBYIOT KOMMYTHPY-
I0LHe MeXAy COBOf Omepatophl, UMEIOIHEe OfHU U Te Ke COGCTBEHHbIe
ysKIHH. YHCIO0 TaKUX BeTHUYHH JU1sl KBAHTOBOH CHCTEMBL PABHO UHCIY
ee cTeneHell CBOOOMBL, T. €. BABOE MEHBIIE, YeM L/ KJIaCCHUECKOH CcHe-
TEMBI.

Hanpuwmep, aisa cBoGOAHON YacTHIBI MOT'YT GBITb OJHOBPEMEHHO 3a-
JAHBl TPH COCTaBJSIOLLNE €€ HMIYJAbCA Py, py H p,. Hasa anexkrpona B
IIeHTPaJbHOM MOJIe MOTYT ObITh OAHOBPEMEHHO 3a/laHbl €ro 3Heprusd,
abCoMOTHAS BEJIMUMHA MOMEHTA KOJIMUECTBA [BHIKEHHS U €r0 MpPOeKIHs
HA HEKOTOpoe BhiOpaHHOe HampaBieHnue. Takue COCTOSIHHS B KBaH-
TOBOH MeXaHHKe Ha3bIBAIOTCS 4UCHIbIMLL.

[IpencraBuM ceGe Tenepb aHcaMOb OAUHAKOBHIX CHCTEM, [l KOTO-
DEIX HEKOTOpas BeJUYHHA, HMEIOU[asi B YHCTOM COCTOSIHHH OIpeleseH-
HOe 3HaueHWe, NPHHHMAeT B aHcamOJe pas/juuHble (JIOMYyCTHMbIE) 3HA-
YeHHS ¢ PaBHON BePOATHOCTbIO. Takue cOCTOSHUS KBAaHTOBBIX CHCTEM
HAa3BIBAIOTCA CMewanHbiMy,. Boablile Bcero Hac GyieT HHTepecoBaTb CJIy-
yafl, KOrja B KBaHTOBOH CHCTeMe He (PUKCHpOBaHA SHEPTHS.

PaccmorpuM ancam6ib 3 N CHCTEM C OJHHM H TeM e TaMHJb-

Tonnanom F7. Tlycrb ¥ (g, £) —HOPMHPOBAHHAS BOAHOBAs (GyHKIHS
k-fi cucTeMBl Takoro ancamGisi, yaopjeTBopsiomas ypassentio pe-
JHHTepa

ih 22— Fryw, 2.2)

BBejfleM NOJHYIO CHCTEMY OPTOHOPMHPOBAHHBIX (PYHRUME ¢, (9)1)

Kakoro-nubo oneparopa (L¢,=2x,p,) B KOHPHUIYypPAaUUOHHOM IIPOCT-
paHCTBE CHUCTEMBl M DA3JIOXKHM [0 HHM BOJHOBBIE QyHKIHH PP (g, £):

VO (9, =0 (1) s (9), 2.3
OTKYyJa
a® (1) = on (9 p* (9, 1) dr, (2.4)

rae o (¢) —OyHKINSA, KOMILIEKCHO CONpsiKeHHas ¢ @, (9), u dt—
3/1eMeHT 00beMa KOH(HIYDPALHOHHOIO MPOCTPAHCTBA CHCTEMBI, OIHCHI-
BaeMoll 0GOOmEHHBIME KoopauHaTaMu q; (i==1, 2, ..., s).

1) Yro6el He yCHOKHSITh AaJbHEHIIET0 H3JIOKEHHs , MBI PEANIONATaeM COCTOS HUsL
1 HEBLIPOKJAEHHHIMH W He YYMTHIBAEM HENPEPBIBHOTO CHEKTpa.
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Ioacrasnasa (2.3) B (2.2), moayuum

Lﬁaﬁf‘) = 2 ‘%nm CZ,(,,}?, (2 .5)
TIe
H = § 0T v (2.6)

— MaTPUYHBIH 5JEeMEeHT raMHJIbTOHHAHA J7 Ha (PYHKUHIX ¢,.

Ypapuenue (2.5) MOxHO paccmaTpHBaTh Kak ypasHenue Ulpemun-
repa (2.2) B ADYroM TNpeICTAaBJCHHH, NPHUIEM COBOKYIHOCTb BCEX
a P (t) skBHUBaJeHTHa BOJIHOBOH (yHKIMH PP (g, 1).

Ecan ¢, —cobcrBennble GyHKRUMA omepatopa 2, T0

H rm=§ 016 0 0= & 1S 1 @.7)
rae
5, — [1mopu n=m
"\ 0npy n=Em
— cuMBosl KpoHekepa. ¥ paBuenne (2.5) B 3TOM ciyyae MMeeT BHJ

tfm(k) Zéﬁ a;,’;”é wéb a(k) (2.9)

(2.8)

OTKY/Ja, MHTETPUPYSH, MONYYUM
; £n —t
aP e h e=ionf e o,=@&,/h. (2.10)

s xBanToBOH MEXaHHKH M3BECTHO, YTO BEJHUYHHA {a,({” |* npexncras-
JsieT co0oil BepOATHOCTb TOTO, YTO B COCTOSTHHH Y¥, T. e. st k-H
cHCTeMbl aHcam0iis1, BeJuuHHa L, KOTOPOH COOTBETCTBYET ONepaTop
L, sveer smauenue A,. B yacrHOCTH, eciu (,—coBGCTBEHHBIE (YHK-
uuH omeparopa 57, 10 |a{ [2—BepoSITHOCTb TOrO, YTO k-5i CHCTEMA
ancam0G/1sl HMeeT 3Hepruio &,.

Ecsm $® HOpMHPOBAHO HA €JHHHLY, TO

ZlaPp=1, @.11)

KaK 3TO HENOCPeACTBeHHO BhiTeKaeT M3 (2.3). TakuM o06pasoM, BeposiT-
HOCTH |af |*, KaK 5TO M JO/IKHO ObITb, HOPMHPOBAHL Ha CIMHHIY.

BLIUAC/IHM CpejHee 3HaYeHHE 0 aHCAMOJIO HEKOTOPO#  (pusugec-
Kofi BequuHrbpl (i, KOTOPOH COOTBETCTBYeT B KOODIHHATHOM IIpen-

craBjenun oneparop G. Vmeem

N
<G> = gS«pm* P dr. ©2.12)
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XapaktepHo#i OCOGEHHOCTBIO OIpeJeJeHdsi CPeJHUX 3HayeHHH
B KBAaHTOBOH CTAaTHCTHKe $BJSETCS [BOHHOE yCDPeJHEeHHe. KBAHTOBO-
MexaHuueckoe (oGo3Hauaemoe 3HaKOM < »), CBSI3aHHOe C HHTErpPHpo-
BaHueM Mo drt, u no ancam6mio (o6o3HayaeMoe 4epTOH CBEPXy), CBs-

3aHHOE C CYMMHpOBaHHeM Mo k=1, 2, ... U JeneHueMm Ha N.
[Noacrasass (2.3) B (2.12), noaydum
N
KG>= € Z Za(ma;k)*(;nm’ (2.13)
k=1n
rje
G = g @G, dr. 2.14)
BeepeM mampuyy naomeocmi
1 N
W = 3 AP, (2.15)
k=1

torga (2.13) MOXKHO 3amKcaTh B BHJE

rje w-—omnepaTtop MaTpPHUBl OJOTHOCTH.

B nmpencraBnennn 6asucHBIX (QYHKUIME ¢, omepaTtop w ompeze-
JISIETCS. CBOUMM MaTPUUHBIMU 3/IeMEHTaMU

Jlerko mokasaTh, yto cpendee (2.16) me 3aBuCHT oT BeIGOpa mpen-
CTaBJEHHS MaTpUIbLl IJIOTHOCTH, T. €. He 3aBHCHUT OT BblOopa Gasuc-
nbIX QyHkumit @,. B camom jese, B HOBOM IIPeICTaB/IEHHH ONepaTop
MaTpUIbI [JIOTHOCTH W H onepatop G paBHbI

@ =U-wU, G =U"GU, (2.18)

rae U —omnepaTtop yHHTapHOro mpeoBpasosanus. Hesapucumoctb <G
OT npeicTaBJeHus caenyer H3 (2.16), ecan yyecTb, 4TO

Sp (@' G') =Sp(U—UUGU) = Sp (U~ %G U) = Sp (@G).

Mpl BoCHOJMb30BadHCh TeM, 4To UU~'=]-—ejlHHUHOMY OMEpaTopy,
J HE3aBHCHMOCTBIO WIIIYypa OT IOPsiika ONepaTopoB NPH HX LHKJHU-
YyecKOH IepecTaHOBKE.

®opmyna (2.16) aasi BHIUMCJIEHHA CPeHero BejuunHE G anao-
ruuda Beipaxennio (II; 2.4) B Kiaccu4yecko# CTATHCTHKE,H, CJIeI0Ba-
TeJbHO, MATpUIa IIOTHOCTH W,,, AHAJOTHYHA TJIOTHOCTH BEPOSITHO-
cti w(q, p). Tlokaxem eme, urto anasornuno (II; 2.3) wmarpuna
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NJIOTHOCTH HOPMHpPOBAHA Ha elll/IHI/IL[yZ

N
:Zwmmzz‘_“}_‘;a(k)[ “"'1N— —‘I:I, (219)
m m

k=

—_

rge OblIo Mcnosb3oBaHo (2.11).

2. BuiBeneM ypaBHeHHe JABHMKEHHS IS MAaTPHIB! IJIOTHOCTH @.
Huddepenuupys no Bpemenu (2.15) u ucnoassys (2.5), moayaum
N
w

1 “ k) -k by il
o =3 @00+ @) =
k=1
N
1 I e £y - ¢
=7V } (T o —a® FaP~). (2.20)
k=1 1

B cuny spmutoBoCTH ortepatopa F7 umeem J = ,,, TO3TOMY

iﬁ/@mn ::lZ(%mlwln—wml'%ln)’ (221)
rae GbUIO HCHOJb30BAHO onpesesente (2.15).
BBoxs kommyTtatop omepatopos A u B
(A, B]— AB—BA4,
sanuimeM (2.21) B Buje

ih,, = [H, @] (2.22)
HJIH

iﬁé—af:[%, w]. (2.23)

YpaBHeHHe [BHKeHMS I MaTPHUB OJIOTHOCTH (2.23) MoX-
HO pacCMarpuBaTh KaK KBaHTOBBIH aHamor teopeMbl JIHyBu/Is
(I; 3.13); oHo ompefesser He camy MaTpHLy ILIOTHOCTH W@, 4 €€ 3BO-
JIOLHI0 BO BpeMeHH. B wacrHocrtu, ecau MarpHua nnomocm—nexo-
Topasi GyHKIUS TAMHJBTOHMAHA F7, T. €. @ =w (7), To [, w]

H, crefoBatesbio, 0w/df=0. TakuM 06pasoM, aHAJIOTHYHO KJACCH-
4eCKOMY CJy4aro, KOrja paclipeiefeHHe 3aBHCHT OT HHTErPaJioB [BHU-
x)erus (ra. I, § 3, m. 3), Marpuua nJOTHOCTH CTALKMOHAPHA.

Onpejennm, KakoMy YCJIOBHIO YAOBJETBOPSIT MATPHUIA HJOTHOCTH
JJISi YHCTOTO COCTOSHHA. B 3TOM c/yuae Bce cucTeMBl ancamGis
HaXOAATCsS B OJHOM M TOM JKe KBAHTOBOM COCTOSIHMH, T4K 4TO JIS
Bcex cHcTeM P'® —=1p. Bce sesmunubl HE 3aBUCAT OT HOMEpA CHCTEMBI
k, M03TOMYy MaTpHIla NJOTHOCTH

. 1 w #
W =7 D Ul = Ay,
k=

=

—_
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a KBajpat ee
2)  — 2
(w )mn = ZZ Wy Wy, = Z amalalan = aman Z { a, \ =a an = Wy

TaxuM o6pasoM, B cayuae YHCTOTO COCTOSIHHS
W =w, (2.24)

T. €. KBajpaT MaTpHIBl MJIOTHOCTH paBeH elf caMoii.
Bee ocofenHo ympoinaercs B cJAydae, KOrjga  ,—COGCTBEHHbIC

(PYHKUHH Onepatopa SHePruH H (He,=E,9,) ¥ MaTpHLa NIOT-
HOCTH W=w (F), T. e. 0w/t =0. B s1oM ciyuae us (2.2 u (2.7)

ihwmn =0= lz (‘%mlwln wwml‘%lrz) =
Y
= % é:‘m(smlwln _wml(gl‘sln) = (éam_ éan) Winns
OTKYyJa é)m = 6”. nOCKOJIbe KBAHTOBbBIE COCTOAAHUSA M W /1 HEBLI-

POXKACHBI, 3TO 3HAYUT, YTO OHHU COBIAJAIOT H, CJAENOBATEJBHO, MaTpHU-
ma IJIOTHOCTH JAuaroHaJjibHa, T. €.

W,y =W, 0, (2.25)
JluaronajibHble KOMITOHEHTBI MaTpulbl [JIOTHOCTH
L X
W, =Wy, == a2, © (2.26)

k=1

T. €. paBHH CpejHell Mo aHcamGii0 BEPOSITHOCTH TOTO, UYTO CHCTEMa
HAXOQHMTCS B 7-M KBAHTOBOM COCTOStHMH. JLpyruMH cjcoBamu, @, —
BEpPOSITHOCT TOT'O, 49TO CAYxalino BbOpaHHas CHcTeMa aHcam6as
HaXOOUTCS B A-M COCTOSTHHH.

QOueBUIHO, YTO

0w, <1, v (2.27)
Tak Kak JJs Bcex &
0o P <1 (2.28)

Ycnosue w,=1 nMeer Mecro, ecau g Bcex &

lag p=1.
B sTOM cayyae Bce CHCTeMBl aHCaMmOJsi C JIOCTOBEPHOCTBIO HAXOAATCSH
B 7-M COCTOSIHMH, T. €. HMeeT MeCTO YMCThIH cJy4ai.

Ecan w,=1, To wj=1 u, ciregoBarenpHo, w® = w, 4TO COBMa&-
naer c (2.24).
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§ 3. CrarucTuyeckoe pacnpenelieHHe AJst KBAHTOBBIX CHCTEM

1. JIns KBaHTOBBIX CHCTEM KaHOHHMUECKOe Daclipele/IeHHe IToJgy-
gaercas u3 (II; 3.21) nyTtem ecTecTBeHHOrO o6o6meHHﬂ-—3aMeH5p

Gyuxupu [avuibrona 57 (g, p) omeparopoM F = ‘%< i @aq>1)

i
Tagum o6pasoMm, MaTpuila IVIOTHOCTH [J/Is1 KBAHTOBBIX CHCTEM B CO-
CTOSTHHHM CTATHCTHYECKOTO DaBHOBECHA
~ 1 =
W= e~ %0, 3.1)
A
31ech HOPMUPOBOYHASE KoHCTanTa [/Z ¥ MOAY/b KAHOHHUYECKOrO pac-

npeneqaenus (abcomorHas Temmeparypa ) SBIASIOTCHA C-4ACIaMH.
s (3.1) u ycnoBusi nopMupoBrE (2.19) caexyer, uro

Z—=Sp{e”#/0}. , (3.2

Marpuna naotHocTH (3.1) 3aBHCHT TOJBKO OT 57, m03TOMYy, KaK 6bLJI0
OTMEUEHO NPH OOCYXKIEHHU ypaBHeHUs ABHKeHHs (2.23), w oT Bpe-
MEHH He 3aBHCHT, T. €. pachpeje/ieHHe CTallHOHapHO.

Onpefie/iuM B 3HEPreTHUeCKOM MPEeICTaBJeHHH JAHaroHaJbHBle (OT-
JIMYHEIE OF HYJs) 4IeHBl MaTpHiel maotHoctH (3.1). M3 (2.17) u (3.1)
cJIelyer, yTo

W =, = | 0107 g, dr, (3.3)

rie % 9,=&,0,. Tak Kax

g

e-yffewan(—l)f  H =Y (1) g, = g,
. =0 v =0
Compadi= g, par=1,
TO
wnz%e—gn/e. (3.4)

Marpuny w (3.1) B sHepreTHueckoM mnpeicrasieHnu (3.4) wacro
Ha3bIBAIOT CIMAMUCIMUYECKOL Mampuyel.

Y¢noBue HOPMHUPOBKH (3.2) B 3HEPreTHYECKOM IIPEICTaBICHHH
(3.4) umeer BUJ

Z :Egne—(fn/e, (35)

1) IIpu ofcyxaenur (2.16) Oblio OTMEYeHO, YTO MATPULA IJIOTHOCTH w—KBaH-
TOBBIHl AHAJOr IJOTHOCTH BepOATHOCTH w (4,p).
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Ilie g,—KDPaTHOCTb BBIPOXKJEHHsI YPOBHS 1, HasblBaeMasi Cruamucmu-
YecKuMm 6ecom (aHAJIOTHUHO BeJHYHHE g (&€) MMF KJIACCHUECKHX CHCTEM).
Besquynna Z (3.5) HaswiBaeTcs cmamucmudeckoli cymmoil (cmamcym-
moid) Mam cymmoti cocmoanuti. CpefHsIsT SHEPrHsl CHCTEMBI

& =Sp (@i} = 3. g6, =6 LnL (3.6)

gto coBnanaer ¢ (II; 3.25).
O6o01as onpenenenns csoGoaroil sepruu (11; 3.19) u snTponuu
(I1; 3.24) Ha KBaHTOBBIE CHCTEMBI, MOJIOXKHM

§=-—0InZ, (3.7)
= —Sp{wlnw}, {3.8)

IJle W-—MaTpPHIA [IOTHOCTH (3.1) n Z—crarucruyeckas cymma (3.2).
Uz (3.8), (3.1) u (3.7) crenyer:

T —Sp {wé"“e%} .

Hcnonesysa (3.2) u (3.6), moayuum

&g _ 9
Z=2g =5

01n2), (3.8a)

yro cosnajgaer ¢ (1I; 3.26).
Ucnoawsys (3.7), MoxHo sanucath pacnpefenenue (3.1) B BHze

o —e” T (3.9)

Mojy/ib KAaHOHHYECKOI'O pacrpene/ieHHs O onpefesiuM aHAJOrMYHO BHI-
paxkeruo (II; 3.14), T. e.
=2, (3.10)
d&
rje 2 ué pasHu (3.8) u (3.6).

B caenyiomelt riase 6y1eT NOKA3aHO, YTO BBeJeHHbIE HAMMU JUI KBaH-
TOBBIX cHcTeM cBoGoaHasi sneprus (3.7), sutpomnud (3.8) ¥ MOAYJIb KaHO-
Huyeckoro pacnpeneienus (3.10) obnagarT OObIYHLIME TEPMOIHHAMH-
JeCKUMH CBOHCTBAMH.

Ec/in u3sMmepsATh aBGCOJIIOTHYIO TeMIepaTypy B Tpajiycax, To Heo0xo-
numo, anagorununo (II; 3.29), nosoxure 6=FET, rie R — nocrosiHHas
Bosbumana, u suTponuw S=kKZ.

Cpennee 3HaueHue BeJuynHbl G J1JIS KBAaHTOBOH CHCTEMBI B COCTOS-
HHH CTATHCTHUYECKOTO paBHOBecusl corzacho (2.16) pasHo

G>=Sp {%e‘“‘?/@(;}:LZZGme'gﬂ’e. (3.11)
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3nech G,,—MaTpHuHBIH 3jeMeHT onepatopa G B 3HEPreTHYECKOM
IpeJCTaB/ICHUH, T. €.

G =\ 4G ¢, dr, (3.12)

rae ¢, —CcoOcTBeHHble (QYHKUHH Oniepatopa sHeprum F7.

Ecsy KBAHTOBAas CHUCTEMA COCTOHT M3 OTHAENLHBEIX KBA3MHE3aBUCHMBIX
yacrell (Hanpumep, HEB32aMMOJEHCTBYIOUINX YACTHI), TO CONJIACHO CIY-
a0, paccmorpernomy B 1.3 §3 na. Il (crp. 55—57), Kk Heil moxer
GbiTb IpHMEHEHO pacipejesnenne (3.1) u B TOM CJIyvae, KODJa YACIIO CTe-
nenell cBOGOAbI TAKOHM HACTH MaJo.

2. B KkauecTBe NpHMepa PacCMOTPHM CTATHCTHYECKHE CBOHCTBA
KBAHTOBOTO OCLUHUJIISITOPAa M POTATODA.

CofOcTBeHHble 3HAUEHHs 3SHEPTHH JIMHEHHOro rapMOHHYECKOrG OC-
nuasitopa paseel (1.27), mostomy cratcymma ais Hero (g, =1)

7 = 2 e—en/8 — p—hw/20 2 e—(ho/)n_ (3.13)
n=0 n=0

Tpumensis K crofliel 3aech cymme (opmyJy ads GeCKOHEYHOH reo-
MEeTPHYeCKOl yObIBaoLlell IPOTPECCHH CO SHAMEHATEJEM eXp (—hw/),

IO YYUM
e—hm/29

Z:T__Fw_/e_‘ (3.14)
N3 dopmya (3.6) u (3.14) noayuum paia cpepHed 3BePruH OCLMJIA-
TOpa:

e=0 =1 - (3.15)

Cnaraevoe ho/2, He saBHCsWEe OT TeMIepaTyphl M COXPAHSIOLIEECH
B & npu 0-—0, HaspBaeTCs Hyaeeoll sHepeuetl.

Jlist BHICOKHX Temmepatyp, Koraa 0> fo, exp (ﬁm/e) MOXKHO pa3-
JOKHTb B CrefleHHOH psaf mo Aw/0. Toraa

e:ﬁf‘_’_{_ _ ho ‘ =9{1+i<ﬁ_‘°>1, (3.16)

2 Y he 1 [ho\: 1 (ko 5 PN

(o)t (7)o

T. €. C TOYHOCTBIO JI0 WIEHOB NOpAAKA (hiw/0)? cpegnsas sHeprus oc-
nuaasTopa &=0=4T, uTO COBNaJaeT C pPe3y/JbTATOM KJACCHUECKOH
cratuctuku (I11; 5.13).

Ilpu Hu3Kux TemmepaTypax, Korjia 9<ﬁm, exp (ﬁm/6)>1 U U3
(3.15) caenyer:

& (14 2ehon), (3.17)

ecsIH IpeHe6peyb UJEHOM IOPAIKa exp(——Qﬁm/E)).
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Ha puc. 8 mpexcraB/ieHa 3aBHCHMOCTb CPefHEH 3HEPIMH OCLIHJI-
JIATOPa OT TeMnepaTypbl © 1O KBaHTOBOH (CH/IOUIHAsl KPHBas) M KJjac-
CHYECKOl (IYHKTHUD) TEOPHUSIM.

Ha puc. 9 npeacraBieHa 3aBHCHMOCTB ﬁm/{exp(%‘f>—- ]or

HaCTOTHl @ AJs JABYX DasHbIX 3HayeHui Temnepartypwt 0. HauGosee
CYLIECTBEHHBIM JJ1si KBAHTOBOH TEOPHH TEIVIOEMKOCTH MHOTOATOMHBIX

&

@

Puc. 8. Puc. 9.

ra3oB {ABJAdEeTCd TO, YTO 3Ta 4YacCTb CpE‘I[Hefi SHEPrux OCHHJIJIATOPA
(SaBI/ICﬂHLaH OoT TeMl'IepaTypr) CTPEMUTCA K HYJIIO IpH YBEJIHUYEHHH
JacToOThl .
CTaTHCTH‘IeCKaﬂ cyMMa AJist KBAaHTOBOI'O pOTaTOpa
® h2l (14 1)
Z=3% @l+De 70, (3.18)

Tak KakK coOctBeHHBle (2/- 1)-KpaTHO BHIPOXK/IEHHBIE 3HAUEHHUS SHEP-
THH POTaTOpa &; onpejensorTcs: BuipaxedueM (1.37).

B ofmem cayyae cymma (3.18) MoxeT OBITh OIpeiesieHa TOJIbKO
NyTeM YHCJEHHBIX PacyeToB, MO3TOMY DACCMOTPHM JBAa BaxHBIX Ipe-
JEJNbHBIX CJy4Yasi.

BBefeM XapaKTepPHCTHUeCKYIO TeMmepatypy 6, = h2/2/, paBHy1o,
[0 MOPSAKY BeJMUHHBI, PACCTOSHHIO MEXKAY MePBBIMH YPOBHAMH pO-
Tatopa ¢;. [Ipu BhICOKHX Temmepartypax, koraa 030, cymma (3.18)
MOKeT ObITb 3aMeHeHa HHTerpasoM, T. e.

Or
-5 I(+1)

z=\@+1e dl.

S 8

Tlonarasi [ (I+1)=x, noayuum

@ 0,
_(, o, _ 6
z_§e de=g- . (3.19)
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Orciopa ¥ U3 Gopmyasl (3.6) moayyuMm AJds CpenHeHd 3HePruH pora-
Topa:

- dinZ

=02 = =8, (3.20)

ATOT pesysabTaT, Kak Mbl YBHAMM Jajblie, BRITEKAET H H3 KJ/accHdue-
CKOH CTaTHCTHKH.
ITpu uuskux rtemmeparypax 0<<€0,, exp(—0,/0) <1, mnosromy
B cyMMe (3.18) MOKHO OIpPAaHHUUTLCH MEPBLIMH JABYMs UJjeHaMHu;
TOT A2
8, 0,

1nZ=1n<1+3e'2T>z3e'2?, (3.21)

eC/IM PasjokKUTL JOrapudM H ydecTb TOJNBKO YJEH MepBOro Mopsjka
magocty. M3 (3.6) u (3.21) nmonyuum ana cpejHeil sHepruu:
0,
— -2 =
e=00,e 9 (3.22)

OTKYJa MBI BHAMM, UTO & mnpu YOBIBAHHH TeMIepaTypbl CTPEMUTCS
K HyJIO TI0 3KCITOHEHLHAJbHOMY 3aKOHY (3TO K€ HMEeeT MeCcTo A

pasHoctH (e—hw/2) B (3.17)).



Tarasa 1V

OcHOBbI TEPMOJAMHAMUKHA M KaJOpUYECKHE
CBOICTBa BeilleCTBa

§ 1. OGpaTumble (KBA3MCTATHUYECKHE) M HeOOpaTHMble H3MeHeHHs
cucrembl. PaGora, coBepinaemMas HajJl CHCTEMOM

1. Bouue Geuto otmevero (ra. I, § 1, n. 1), uto BHyTpeHHMe napa-
METPBI CHCTEMBI, ONpPeleNsIonlie ee COCTOsAHHE, 3aBHCAT OT BHEIIHHX
napaMeTpoB U TemrepaTypol. [TosTomy npu n3MeHeHHH BHEWIHHMX Hapa-
MeTpoB OyayT, BooGlle TOBOPS, H3MEHATbCS M BHYTPEHHHE NapaMeTpEL.

OTH u3MeHEHHs] MOT'YT MPOHCXOMUTb ABOSAKHM 06PasoM.

B nepBsoM ciiyuae BHELIHNE TapaMeTPhl 4, U TeMIIepaTypa TepMocTara
0 W3MEHAIOTCsT HACTOJABKO MeJLJIEHHO, UTO B KaKAblll MOMEHT BPeMeHH CO-
CTOSIHME CHCTEMBI MOXKHO paccMaTpPHBATb KaK DaBHOBECHOE, COOTBETCT-
ByIOllee MIHOBEHHBIM 3HAYeHHUsIM a, H 0. Takue u3sMeHeHHs COCTOSHHSA
cucTeMbl (MPOLECCH]) HA3BIBAIOTCS 00PAMUMOLMY WA KEQSUCMAMUHECKLL-
nmu. Tpouece HaspiBaeTcss 0OPATUMBIM, TAK KaK eCJlH BHEIIHHE apaMeTphl
WM TeMIepPaTypa TEPMOCTaTa NPOXOAST Te Ke 3HAYEHUS B IPOTHBOIMO-
JIOXXHOM HallpaBJeHHH, TO CHCTeMa INPUHUMaeT Te jKe PaBHOBECHbIE COC-
TOSIHUSL B 0OpaTHOM IODSIKe.

Ecnu T, — BpeMs pelaKcalHH CHCTeMbl IO OTHOLIEHHIO K TOMY Ha-
DYIIEHHMIO PABHOBECHS, KOTOpOE CBSI3aHO C H3MeHeHHeM BHEIIHero mna-
paMerpa a,, TO A TOTO, YTOOLl IPOUECC MOXKHO OhIIO paccMaTpPUBaTh
K4K KBa3nCTaTHUeCKHH, HeoOX0AUMO, 4ToObl 32 BpeMsi, paBHOe BpeMeHU
pesakcalu T,, u3MeHeRMHe @, OblJIO OYeHb MaJIO 10 CPABHEHHIO C gy, T. e.

AT

G g1, (1.1)
Ec/iu 3T0 yC/I0Bre He BBIOIHSAETCH, TO H3MEHEHHS B CHCTEME SBJISIOTCS
Heobpamumbimi, T. €. IPH U3MEHEHHH a;, B 06PaTHOM HanpaBJeHHH CHC-
TeMa He MPOXOLHUT Yepe3 Te XKe COCTOSTHHUS.

PaccMoTpiM HEKOTOpPBIE TPOCTBIE MPHMEpPHL.

TpencraBum cebe ra3 B LUIHHAPHUECKOM COCYJE ¢ aauabaTHYeCKHMHU
CTeHKaMH, 3aKPbITHIH TOABHKHBIM MOpIIHeM. Ecu MBI 6yieM MelJIeHHO
BJBHIaTh WJH BBIABUI'aTh MOPIIEHb, TO KAXKIOMY IOJOXKEHUIO NOPLUHS
(o6bemy rasa) OyJeT COOTBETCTBOBATL CBOE PABHOBECHOE COCTOSIHME rasa.
[Tpu 3TOM MOCAEN0BATENBHOCTL COCTOSIHUE I'a3a IPH BLIABHXKEHHUH MOPIII-
Hs1 GYLeT B TOYHOCTH COBITAJaTh C COCTOSHUSAMH, KOTOpBIE OH OYyIeT IIpH-
HHUMATb MPH BABHKEHUU NopiiHsA. [Tpouecc u3merenus rasa 6y1eT HOCHTh
oOpaTHMBIE Xapakrep.
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Haob6opor, npu ObicTpoM H3MeHEHUH IOJIOXKEHHS TOPLUIHS COCTOs-
HUe ra3a B IepBblii MOMEHT He OyJeT paBHOBecHHIM. B camom nene, npu
GBICTPOM BbIJBHXKEHHH IOPIIHA NOJ HUM GyJleT o6pa3oBLIBATLCSI MeCT-
HOe Pa3peKeHHe rasa, NPUBOAAILEE K MECTHOMY NOHMKEHHIO TEMIIEPATY -
pbl. OueBHHO, YTO C/IH C TaKOH 2Ke CKOPOCTBIO BABUIATh MOPIUEHb, TO
noj HUM oOpasyercst CryIleHHe rasa, CBI3aHHOe C JJOKAJbHBIM HaTrPEBOM.
OueBuAHO, YTO B 3TOM Cjlydae M3MEHEHHS CHCTeMbl OYIyT HEKBa3uCTa-
' THYECKHMH, HeoOpaTUMBIMH.

[Tpencrasum ceGe Temephb, 4TO MBI OLICTPO NOBBICH/IH TeMIEpATypy
TEPMOCTaTa Ha KOHEUHYIO BeIHUnHY. B 5ToM cilyyae B ciicTeMe BOSHHKHYT
KOHEUHbIe TPajueHThl TeMIePaTyphbl, CBS3aHHblE C HPUTOKOM TemJa ')
OT TepMocTata K cucrteMe. OUeBUAHO, UYTO NPU OBICTPOM IOHUNKEHUH
TEMNEePaTyphl TepMOCTaTa B CHCTeMe BO3HUKHYT IPOTHBOMOJOXKHO Ha-
NpaBJieHHble TPajieHTbl TeMIepaTypsl. TakuM o06pasoM, Takue GhiCTpbie
M3MeHeHUs! B cHcTeMe OyAyT HeoOpaTuMbIMU. [Lj1si TOro 4TOoObI Mepenaua
TeIlla HOCHJIA KBa3HCTaTHYecKUH (oBpaTuMeiil) Xxapakrep, HeoOXOIUMO,
4TO0B!I TeMmepaTypa TepMocTaTa GecKOHEUHO MaJso OTJIHYaJach OT TeM-
mepaTypsl cucteMbl. [1pu 3ToM nmepefaua Tensa GyAer NpOUCXOIUTh Gec-
KOHEUHO Me/JIeHHO. B peanbHOil QH3HUECKOH CUTYaAlMK MOXKHO TOBOPHUTD
00 oueHb MeJVIeHHOH Nepejaue Telja, NPH OYEHb MAJIOM IMepenaje Tem-
neparyp.

2. PaccMotpuM Bompoc 0 pafoTe, COBEpILAeMON Haj CHCTEMOH Npu
U3MEeHeHHH ee BHEIUHMX IapaMeTpoB.

KoHcepBaTHBHBIE CHCTEMBI, pACCMATPHBAEMbIE B CTATHCTHYECKOH (-
3MKe, XapakrTepuayworcs (ynkiueli ['aMuabToHA

F(q, p, )=% (g, p)+U(q, a), (1.2)

rie K (g, p) —KHHeTHUeCcKas 3HEpPrud, 3aBHCHIAs OT 0GOOUIEHHBIX

KOODAMHAT MW HMIYJbCOB CHCTeMBI, a U (g, @) —HoTeHLalbHast dHep-

THsA, 3aBHCsIlas OT KOOPJHHAT H BHEIUHHX MapaMerpoB a, (o0bema,

HANpSIKEHHOCTH 3JIEKTPUYECKOrO HJIM MATHUTHOTO IOJA M T. A.).
Ilpn xBazuCTaTHYECKOM M3MEHEHHHM NapaMeTpoB 4,

e T Fi
4,7 (q. p, a) = Z%dak - X2 2da,, (1.3)
k k

rIe, Kak clelyeT M3 oNpelesieHHs KBasHCTATHUECKOro mpollecca, 3Hak
4ePTHl YKa3blBaeT Ha yCPeJHEHHe [0 PABHOBECHOMY CTaTHCTHYECKOMY
aHcambsmo. [TonpoGuee.

4,7 (¢, p, @) =\ d,7 (g, p, @)w (g, p)dT, (1.4)
rie w(q, p)—KaHOHHHECKOE pacnpeje/eHne. Beauunny
7
Rk = (%; (1 5)

1y Crporoe ompejie/ieHne KOJHYECTBA Telia Gy/eT A4HO B CJefiyiomeM naparpade.
P
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Ha3oBeM 0006werHol mepmoduramuteckol cuaol, coomeememeyrouer
napamempy a,.
ITo onpepenenuto

—_—— L
AA=d,7(q, p. @)= 25 -day=— 2 Ryday  (1.6)
k k

— 3JleMeHTapHas pafora, coBeplliaeMas Haj CUCTeMOH IpH KBa3HCTa-
THYECKOM H3MeHEHHY ee BHEUIHHX NapameTpoB dj.

PacemoTpum HeKoTOpble BaKHBIE CJIy4an paGoTHl, COBepillaeMoil Haj
cueTeMoii.

a) OnpezenuMm 3jeMeHTapHylo paboTy, COBepiIaeMyio Haj TeJoM
(>KMAKOCTBIO MJIM Ta30M) NMPH U3MeHEHHH ero obbema V moj nefdcTBHEM
paBHOMEpPHOTO JaBienus P.

Jlerko mokasartb, 4To B 3TOM C/lyuae

dA=—R da=—P dV, (1.7)

T. e. 0000LIEHHAs TepMOJUHAMUUECKasi CHJla, COOTBETCTBYIONas 00beMy
V, ectb naBaenue P. B camom nene, Ha puc. 10 npeacrassena yacTb Io-
BePXHOCTH CHCTEMBI, K 3JeMeHTy KOTOpOH dS mpu/ioxkeHa HOpMaJbHASA
cusna P dS, nanpaBieHHas BHYTPb CUCTeMBI. [Ipu mepemeleHuyu 3TOTO
3/1eMeHTa ITOBEPXHOCTH B HAIpaBJIeHHH HapyKHOH HOpPMa/iy Ha BeJH-
auHy An pabora, coBepillaeMasi CHJIOH, paBHa
— PdS - An, tak Kak HanpabJeHHe CHJbI IPOTH-
BOIIOJIOXKHO HalpaBieHuio nepememenus. Ilo-
CKOJIBKY B DaBHOBECHH JaB/jeHHe P OAHHAKOBO
JJisl BCEX TOYEK TOBEPXHOCTH, INIPH CMEIIEHHH
BCell TMOBEPXHOCTH, OTPAHUUIMBAIOLIEH CHCTEMY,
pabora paBHa

—$ PdS-An=—P § dS-An=—PaV.

Puc. 10,

OueBujHO, NpH paclIipeHud ras3a B BakyyM pafora, copeplliaeMast Haj
CUCTEMOH, paBHA HyJIO, TAK KakK JaBjieHHe CO CTOPOHBl BaKyyMa Ha
CHCTEMY PaBHO HY.JIIO.

6) edopmaiys ynpyroro TBEpAOro Tesia !) olpeleasercs CHMME-
TPHUYHBIM TEH30POM BTOPOT'O PAHTA, HA3LIBAEMBIM MEH30pOM Dedopmayuu:

1 "Oul— auk 1 8
Uin =5\, T ax; ) (1.8)
e X; B Xp— JeKapToBBl KOOPJAHHATH TOUKH Teld (X,=X, X,=},
xszz), a u; u uk—HpOeKHHH Ha HPHMOerﬂbeIe OCH MaJoro BEK-

TOpa CMEIEHHS ¥ (X,, X,, X;). ECJH BEKTOp 3/1eMEHTapHOH NIOMAaNK) 48
B HEKOTOPOH TOYKe TeJa HMeeT k-10 NPSIMOYTOJbHYIO COCTABJISIOULYIO

HJL O Jdaugay u E.M. Jindwun, Teopua ynpyroctd, Pusmarrus,
M., 1965, §§ 1, 2.
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dS,, TO i- UPSAMOYIrOMbHAs COCTAB/SIOMAS CHJbl HAMPsIKEHHs (BO3-
HUKIIEA B pesyabrate gedopMmanuu), NPUIOKEHHOH K dS, paBHa

3
k§ 0, dS, = 0,,dS,, (1.9)

TAe 0, (%,, X, X,)— CHMMETPHUUHBIA TEH30p BTODOro pamnra, HasbiBa-
eMblil men3opom nanpssiceius (B npasoil wact (1.9), xak u B nocire-
LYIOIMX BLIDAXKEHUsIX, MPeATIONaraeTcs BbIIOJHEHHbIM CYMMUPOBaHHE
or 1 5o 3 no ABaxKALl MOBTOPSIOMEMYyCst HHAEKCY R). Ilpu nanwunu
BHEILHUX 06TeMHolX CHJI, JEHCTBYIOIIUX Ha TeJo (IpaBHTAllMOHHBIX,
3JIEKTPHYECKHX), i-f COCTABJSIONIAA BHELIHEH CHJBI, NpPUJIOKEHHAs
K obwemy dV =dx, dx,dx,, paBua F;dV.
MOXHO ToKasaTh, YTO NMPH MEXaHHYECKOM PaBHOBECHH TeJjia

_ 9%
F =T, (1.10)
rje B NpaBoil 4aCTH BHINOJHEHO CyMMHpoBanme mo k=1, 2, 3.

BrruncauM paGoTy, NPOU3BEAEHHYIO HaJ TEJOM CHJaMHU Hampsizke-
HHS, TPUIOKEHHEIMM K €ro IIOBEPXHOCTH, KOrJa TOYKH IIOBEPXHOCTH
HCMLITAAH 3JeMEHTapHble CMellieHHst dui, IJie i — CMelieHus, o0yCJoB-
JIEHHbIE paBHOBecHOH Jeopmanuef.

Hcnoapsyst Boipaxkenne (1.9) njsi cocTaBasioulefl Cu/bl Hanpsixke-
HUSl, TPUJIOXKEHHOH K Mowajgke 4§, MOAYYHM JJist paboTsl, cosep-
IDEHHO# Haj TeJoM, BbipaxKeHHe

§ 0,,dS, bu,,

rje MHTerpHpoBaHue BejeTcs MO 3aMKHYTOH TOBEPXHOCTH Teja (3se-

MEeHTapHOe CMelleHde Mbl 0Go3Haunau yepes Ou;, A TOro 4TOOH

u36eKaTh CMelleHHs ¢ AubdEepeHIHasoM HHTeIrPHPOBAaHHs dSy).
[Mpumensis Teopemy laycca, nosydnm

§ 0u;0,,dS, = { dixk (61,0;) AV =
v
EXSGM é'i‘k (6ui)dv+§6ui<%> av. (L1

[lpu oTCyTCTBHH OOBEMHBIX CHJl BTOpPOH MHTErpas NpaBOH 4acTH
paBed HyJI0, Kak 370 caeayer u3 (1.10). YuuThiBas, 4T0 Oy == Op; U

7} ou; o
e du=2=6 (ax_l> , TIOJAY4YUM [/ IIEPBOIO HHTErPaja NMpaBOH 4YacTH pa-
£ ]

BedctBa (1.11):

§ 05 (34 ay :§ 00 |5 (G452 )| av = cunduy av,

<
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€C/JTM BOCNOJIb30BATLCS  ONpejieieHueM TeH3opa fedopMmanun (1.8).
Orciona u u3 (1.11) crenyer, uto paGora, COBeplleHHAs HaJl eAHHHY-
HBEIM 00heMoM JedopMHPOBAHHOTO Tesa, paBHa
dA v="0p duik =0y dun + O du?z Oy duss +

420, du,,+20,,du, +20,,du,,. (1.12)

Ilpy paBHOMEPHOM BCECTOPOHHEM CXKATHH TEH30P HaNpPsiKeHUH

0;,=— P8;,, rne P—pnaBnenne, a §8,,—cumsos Kponekepa. Ilox-
cTaBasisg 3TO 3HaueHue B (1.12), nomyuum
dAy=—Pd(uy, + ty +ty)=—PdVy, (1.13)

TaK Kak 2u; PaBHA OTHOCHTEJbHOMY H3MEHEHHIO oObeMa Tesa INpH
negopmarmu., Dopmysa (1.13) coBnagaer ¢ (1.7) mnsd emHHUYHOrO
o6peMa.

B) PaccMoTpHM paGoTy, COBepllaeMylo CHJIaMH, OPHJIOKEHHBIMH
K TeJy, MOMELUIEHHOMY B 3/IeKTPHYECKOe HJH MarHUTHoe moJje. s
ONpeJeeHHOCTH PAaCCMOTPHMM BHauase TBEPIBIl JUIEKTPHUK B 3JIEK-
TPUUECKOM TIOJIE.

Cuja, neficTBYIOILAsh CO CTOPOHBI HEOJHOPOAHOTO 3JIEKTPHUYECKOTO
nonst E(r) Ha 3JeKTPHYECKUH AUIOJNbL C MOMEHTOM p = edr (3apsiibl
~—¢ U -e noMelleHb! B TOYKaX 7 H r+6r), paBHa

—¢[E (r+-6r)—E (r)] :e[ (r+%E 6x+0—6 +_az—E(r)] -
o0E

= eox 28 4 ety I8 +e(‘5 T—an—;-FPyﬁ*i‘ p.5e —(perad,) E (7).

(1.14)

PaccmorpuM Teneps s NPOCTOTHL ¢/1a00 I0J1APHU30BaHHBIN H30-

TPOIIHBIA JH3JEKTPHK. B 3TOM ciydae BeKTOpP [OJsIPU3ALMU B JAHHOH
TOUKE JAH3IJIEKTPHKA ')

®—1
P=oFE= e E, (1.15)
TAe o — NOJITPU3YEMOCTD IUVIEKTPHKAE, K — IHIJIEKTPUUECKasl MOCTOAH-
Hasg U E-—cpejHee 3JleKTpuueckKoe noJe. Kaxabiii 3/71eMeHT oObeMa
qusexrtpika dV obnanaer ajeKTpHYeCKHM MomeHTOM PdV.

ITycte O-—HekoTOpasl TOuKa, CBSI3aHHAsI C AHUBJIEKTPUKOM, IMOJO-
JKeHHe KOTOPOH OTHOCHTe/bHO HENOJBHKHOIO HauaJja kxoopauHat O,
onpejensiercsi painycoM-Bektopom R. Ecau mosoxkeHnne sJeMeHTa
obbema auanekTpuka dV orHocutesnbHo O onpenensercs pagnycoM-
BEKTOPOM F, TO TEOMETPHYECKast CyMMa CHJ, AeHCTBYIOMMX Ha BECh
JIU3JIEKTPUK, paBHa

F={ (P(r)grad,) E(R-+r)dV. (1.16)

HHU.E. Tawmwm, OcHosul Teopun anexTpuyecrsa, M., 1956, § 20 u aanee.
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Mgl GyneMm mpenrnofarath, uTO 3JEKTPHYECKOE IOJe 3aJaHO B HENO.-
BuxHOH cucreme O,, nosromy E = E (R--r). Uarerpuposanue B (1.16)
MOXKHO BeCTH 1O OObeMy, 3aHATOMY [H3JEKTDHKOM, TaK KakK BHe
9TOr0 06beMa moJaspusauus P=0.

M3 MeXaHMKM H3BECTHO, UTO CHJBI, TNPHJIOKEHHBIE K TBEDIOMY
TeJy, SKBUBAJEHTHEl PAaBHONEHCTBYIOUIEH, PHJ/IOMKEHHON K HEKOTOPOH
Touke O, W mape CHJ, 3aBHCsulell oT BeIGopa Touku O. Oas Toro
yTOGh! JH3JEKTPUK HAXOAMJCS B PAaBHOBECHH B 3JEKTPUYECKOM IOJE,
Heo0XoAuMO, YTOGBl K HEMY CO CTOPOHBI YIEPXKHUBAIOLHX €ro Mexa-
HHYeCKHX CBsizell Oblia npu/okeHa cusa —F H ypaBHOBEIIHBAOMAs
napa cua. [Ipu nocrynatesbHOM cMelleHHH Ju3JekTpuka Ha OR
VPABHOBEILHBA0ILAS €r0 Tapa cHJ pabfoTel He coBepiuaer, a pabora
cuabnl —F parHal)

dA=—F8R=— XF,6R;=—X06R,; \ (Pgrad,) E,av =

, d OE;
:—ZéR[SZPf%dV ==Y 3 or,( P tav, (1.17)
i i i

i
TAe [ W j mpoferaroT 3HaAYEHHMs X, Y, 2 H Mbl BOCNOJB30BaJUCh IO-
TEHLHAJbHBIM XapaKTEPOM 2JIEeKTPOCTAaTHUECKOI'O MOJS, MONOXKHB
0E,/0x;= OE ;/0x; (rot E=0).
ToxaxeM, yro (1.17) paBHO
E(R+r) \
—6{§dv { PdEj, (1.18)
{ 0

rae 8{ } paBHa pasHoCcTH (UIYpHHIX CKOOOK AJs 3Hauenuil R+ O6R
u R, a P siBasercs wusBectHo#t ¢yukiueir E (1.15). Taxk kak or R
3aBHCHT TOJBKO BEPXHHI Npejesi BHYTPEHHEro HHTeTpasa, To

E (R+1) OE;
5 P(E)dE:—P(E)(SRVr)E(R+f):—ZZ‘SRiP/(%j’
(¢} £ i

(1.19)

€CJIM BOCMOJIB30BaThCs (popMysol nuddspeHIHpPOBaHUST HHTErpaJsa 1o
napamerpy ?). Tlocie wuuterpuposanus (1.19) no dV wmel nmoayunm
(1.17), otkysa cnenyer, uTo yjleabHas pabora, B pacyeTe Ha eju-
HHly ofbeMa AM3JIEKTPHKA, paBHa

dAy=—P(E)(8RV,)E(R+r)=—P(E)dE, (1.20)

1) AHAJOTHYHO 3TOMY, IIPH H3MEHEHHH 0GBCMA OJHOPOJHOTO Tesa JEMeHTapHast
pafoTa, coBepiiaemMas Haj HuM, papna —PdV, rge —P — jpaB/enue, MPUIOKEHHOE
K Tejy CO CTOPOHblI OTPAHHUYHBAIOUIMX €TO CTEHOK.

2)B. 1. CvMu p 1oB, Kypc Bslcmeii matematuky, 7. 11, M.— J1., 1951, § 80.
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e dE—u3MeHeHne CpejHero INoJs B JAHHOH TOYKe IU3JICKTPHKA
npu ero cMeulennu Ha OR.

Pa6ora (1.20) yuuTeiBaeT He TOJBKO U3MEHEHHE 3HEPTHU IH3JIeK-
TpHKa B pe3yJbTare erc TNOJsPU3ALMH, HO U €ro IMOTEHLHANbHYIO
SHEPTHI0 B 3MEKTPHYECKOM MoJjie. 3Ta INOTeHUHaJbHas 3HEPrusi, Mpu
¢uxcupoBaHHON Tonapusauun P=P;, B pacueTe Ha eJHHHIY OObe-
Ma paBHa?)

—P,E,=—P\E,, (1.21)

rae E,-—»1eKTpHyecKoe ToJe, BhHI3bIBAIONICE B JAHHON TOUKE [M3JIEK-
TpHKA nogsApHsanmio P;.

BhluTeM H3 NOJHON paboTh, 3arTpadeHHOf Ha cosjanne (B 1 cm?®)
nonsipusauud P, noreHnuanpuyo suepruto (1.21). Menombays (1.20),
TOJTy 4 UM

Ey E, Py
—{ P(EYdE—(— P,E)=—{ P(E)dE + P.E,~ {EPap, (1.22)
0 0 0

©CJTH MHTerpas B JIEBOH uUacTH PaBEHCTBA B3ATb MO YaCTHAM.
TaxkuMm 06pasoM, sJemeHTapHasi pafoTa Haj eAuHHIEH obneMa
IW3JEKTPHKA, He YYWTBIBAIOAs €ro 3HepruH BO BHELIHEM IIoJie, paBHa

dAy = E (P) dP. (1.23)

Mul MOXKeM TOJIOHTH K ONpeje’eHHio 3ToH paGoTel ¢ ApYro#
touks spenus. IlpescraBuM cebe, 4TO 3JeKTPUYECKOE TIOJ€, B KOTO-
poe IOMELIEH IM3/IEKTPHK, CO3/aeTCsi 3apsKEHHBIMH NPOBOJHHKAMH.
[IpeAnonoKHM /I NPOCTOTH, 4TO HMEETCs OJHH NPOBOAHHK C 3apsi-
JOM e U TioTeHuuasoM ¢. PaGora, KOTOpyw Haio 3aTpaThThb, YTOOHI
yBeJHUHTb 3apsifi MPOBOAHKKa HA Oe, paBHa

54 = ¢ e, (1.24)

7aK KaK TOTEHIHaJ ¢ UHCJEHHO paBeH paboTe, KOTOPYIO HAJ0 CO-
BepIIHTH, YTOCH CTWHHUHBIA 3apsii EpeHeCTH U3 GeCKOHEUHOCTH Ha
MOBEPXHOCTb NPOBOJAHHKA.

IIpeoGpasyem 8A K BuLy, COfepKalleMy BEJMYUHBL, XAPAKTEDH-
3yloupe Noje BOKPYT MPOBOAHHKA. FI3BECTHO, WTO NOBEPXHOCTHAS’
NJIOTHOCTh 3apsjia Ha I1POBOJHHKE 0=-—D,/4n, rae D,—mnHopMa/b-
Hasi COCTaBJsOUIas BeKTopa 3JekTpuueckoii mHaykuuu D. Tarum
o6pasoM,

i
ezsﬁods-.——ﬁflfDﬂds, (1.25)
rae dS— 3JeMeHT 3aMKHYTOH IIOBEDXHOCTH NPOBOJHHKA, IIO3TOMY

aA:cpée=—4‘—n55<p60ndsz—ﬁ§div(cpan)dv, (1.26)

1 M. E. T am u, OCHOBEL TEOPHH 3JEKTPHUECTBA, M., 1956, § 15,
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ecJiM ydecTb, uTo (= const Ha IIOBEPXHOCTH NPOBOAHHKA, H BOCHOJb-
3oBaThesi Teopemoii I'ayccal). Hurerpupopanue no obvemy B (1.26)
BejieTCsi 10 BeeMy GeckoredHoMy mpocTpanctsy. Kmeem

div (¢ 8D) = ¢ div (6D) + 8D grad ¢ = — E 8D,
Tak Kak B o6beMe, Tjie HeT cBoGomHbIX 3apsinoB, div(6D)=0 (rax
xe xak divD=0), a (— grad )= E—HanpsKEHHOCTH 3JIEKTpHYE-
CKOTO TOJS.
Takum o6pasom, H3 (1.26) crenyer:

5A:§””dv, (1.27)

45
OTKyJa yaesabHas pabora B eluunuue o0beMa paBHA

dAy =4~ EdD. (1.28)

Bekrop 3MeKTPHUIECKOH HHAYKIHH D=E+4nP, rae P—Bekrop
nossipusauuy ausiekrpuka. Ioxcrapass D B (1.28), mosyunm

” 1
dA} = 4 E (dE+4dP) = - EdE - E dP =
E2 E? ,
:d<~—8ﬂ>+EdP=d<—8ﬂ )+dAV. (1.29)

TTepBoe caaraemoe, d (E?/8m), onpejessier H3MeHeHNe SHePIHY CaMOr o
5JIeKTPHYECcKOro moJsi (BooGlle FoBopsi, 3aBUCAUIETO OT NH3JIEKTPHKA),
sropoe, EdP, cBs3aHO C H3MeHEHHeM MOJSPH3AUNH AUIIEKTPHKA

u cosmagaer ¢ (1.23).
Ecau D=«E, rthoe w—au3jekTpudeckas IOCTOsSIHHAsd, TO H3

(1.28) caenyer:
” ] E? E
dAV:TﬂEd(%E):d@T):d (37?) (1.30)

Takum ofpasom, pabore (1.28) cooTBercTByeT H3BECTHOE HS 3JIEKTDO-
IMHAMHKH BHIpaXKEHHE JJ/IF TIIOTHOCTH 3HEPrHH %)
ED
=g, (1.31)

H3MEeHeHHue KOTOpOH cBsizaHo ¢ paGoroit dAy (1.29).

J1J1s1 pacyeToB B CTATHCTHUECKOH TePMOAHHAMUKE HCIIOJb3yercsd Kak
pa6ora dA, (1.20), Tak u Bepaxenue (1.23) paa dAy.

[TostyueHHBle HAMH BbIpaxeHHs AJsi paGoThl HE yYHTHIBAIOT 3¢ibex-
TOB CHJILHOH MOJISIPH3AlHH (HACBHIIEHHE, CETHETOIEKTPHUeCKHe sBJIe-
HHUs1), H3MeHeHus o6beMa (/IeKTPOCTPUKIHNS) U PakTOopa Jeno/sapHaa-
IIHH, OGYCJOBJIEHHOTO (POPMOH AUSJICKTPHKA.

O

yB.W. Cwmupuos, KypcBbicmeil matematuku, 1. I1, M.— JI., 1951, § 109.
JUE. T

H. aM M, OcHOBl Teopuu sJjekTpuuectsa, M., 1956, dopmyaa (30.5).
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MaruutHoe none H (r) BHe CBOHX HCTOYHHKOB (TOKOB, MOCTOSIH-
HbIX MATHUTOB) BejeT cebsf NONOGHO 3JIEKTPOCTATHUECKOMY, TO3ITOMY
s paboTel HAN eAMHHUEH o0BbeMa M30TPONHOIO MarHeTHKa MOTYT
6LITb HallcaHbl BbIpakeHus, anajoruysble (1.20), (1.23) u (1.29):

dAy=— M(H)dH, (1.32)
dAy = H(M)dM, (1.33)
dAy =2 i

V=1 HdB=d (-S?J + HdM. (1.34)

3pecs M (H)—BexT0p HaMarHUUYEHHs, 3aBHCAME OT MarHuTHOTO
nonss H= B—4nM, rie B—BeKTop MarHMUTHON HHIYKLHH, DaBHHIH
cpejiHeMY 3HAUEHHIO HANPFAMKEHHOCTH MHKPOCKOIHYECKOTO MarHHTHOrO
nosid B MarHeTHKe ').

Bripaxenus (1.32)—(1.34) He yuuThIBAIOT H3MeHEHHs OObeMa
MarseTHka M (pakTOpa JenosipH3aL UM, 00YCIOBJICHHOIO ero (GopMOH;
OHH HENPUMEHHMbl K (peppoMarHeTukam.

§ 2. Tleproe W BTOpOE Hayaja TepPMOAMHAMHKH

1. PaccMoTpuM H3MeHEeHHe 3HeprHH MaKDOCKONHMYEeCKOro Tesa IpH
KBA3HUCTATHYECKOM (00paTHMOM) U3MeHEHHH ero TeMnepaTypsl O U BHeII-
HUX TapaMeTPOB @, ONpEJeIsAONIHX ero PaBHOBECHOe cocTosiHue. Mbi
GyieM SHepPrHI0 MaKPOCKONUYECKOro Tesa (CHCTeMbl) B COCTOSIHHH CTa-
THCTHYECKOTO PABHOBECHS OTOXKIECTBJATb CO CpejHed 3Hepruedl 1o
KAHOHIIECKOMY aHCaMOJIi0. DTO MPE/ICTaBIIAeTCs eCTeCTBeHHBIM /15 MaK-
DOCKOTMUECKOTO Te/la BBH/Y UPE3BBIYAHHON MAajoOCTH OTHOCHTE/NbHOM
(IYKTyalun SKCTEHCHUBHBIX BEJIMYUH, PABHOH N0 MOPSJAKY BeTHYHHEL
N-"2, rne N — uucyio vacruy tena (I; 4.39).

Mbl 6yieM HCXOAUTb U3 YCJIOBHS HOPDMHDOBKH KaHOHHYECKOTO pac-
npenenenns I'u66ea (II; 3.16):

F 0,0 _ .
fwar—c 0 (7 7 (@dpEp=1. @.1)

[MpoauddeperunpyeM 5T0 PABEHCTBO, CUHTag, YTO TeMImeparypa H
BHENIHME HapaMeTPBl HCMBITaJH KBa3HCTaTHYeCKHe GECKOHEUHO Masbie
npupamenus 80 u 8a, (Mbl ynorpeGasem 3Hak O, wist TOro YToGHI
OTJIMUMTL 5TH TIpHpalleHHss OT 3Haka JudepeHurasa B HHTE-
rpane (2.1)):

e7/98 (%) Se_”/edl‘—eg/e S‘e—%/e X

X [—é—)k_ %‘% Sa, - TS (%)J dr=0. (2.2)

1. E. T ammM, OcHOBH TeopuH 3jJeKkTpuuecTsa, M., 1956, § 62.
) p
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YuuteBast yCJOBUE HOPMHDOBKU (2.1}, momydqum

d (3>”%;%7fidak~%d(%>:o, ©.3)

0

rie # =& —cpenas 3Heprus Teda (CHCTEMB]) N0 KAHOHHYECKOMY
pacnpeiefieRHl0 ¢ TJIOTHOCTBIO BePOATHOCTH W= exp [(F —77)/0],
a cyMMa BO BTOpOM cJsiaraemoM, corjacuo (1.6),— paGora dA, cosep-
[IeHHAs Haj CHCTeMOH IIPH KBa3UCTATHUECKOM H3MEHEHHH BHELIHHX
napaMeTpoB a.

Takum o6pasoMm,

ed(
Tak kax
0d () —06d()—dé—0d (€58 —dé—odz,

N

@]Q#

>—eé’d<%> —dA. 2.4)

rie X = (& —&)/0—surponns cucremst (I[; 3.15), 10
dé=0dx+dA (2.5)

uJiu
d& =T dS+dA 2.6)

O©=kT u S=kZ).

Mel BUYM, UTO B OOIIEM CIyUuae SHEPTUsI CHCTEMBI ¢ MOXKET MEHSAThCS
He TOJIbKO 3a cyeT pabotsl dA, coBepliaeMoit HaJl CHCTeMOH NIPH H3MeHe-
HUY BHEIIHHUX [apaMeTPOB ¢y, HO U 33 CUeT BEJTHUHMHBI

dQ=0 dS =T ds, 2.7)

HA3LIBAEMOH menaomoti (koauuecmeom menaq), NepelaHHOH CHCTEME.
TloHsATHE TeN/OTEl CBSI3aHO C TeM H3MeHeHHeM SHEPTHH CHCTEeMbI, KO-
TOpoe 06YC/IOB/IEHO CrelMbHIeCKHM MOJEKYISIPHBIM MEXaHH3MOM B3aH-
MOJEHCTBHsI CHCTeMbI C OKpYyzKatwoueil ee cpenofi (tepmocratom). Takoe
B3aUMOJEHCTBHe, KaK Obulo oTMeveno B ra. 11 (§ 1, 1. 1) npu obeyxae-
HUHM VYCJIOBHH TEepPMOAMHAMMUECKOIO pPaBHOBECHH, OCYLIECTBJACTCA,
TOMILKO €C/IM CHCTEMA 3aKJ/IoueHa B Headuabamuueckyto 00OJIOUKY.

[Tpu He3aBUCUMOM OINpene/eHit TEIOTE H3 KaJOPHMETPHYECKHX
ONLITOB (KaK 3T JieJaercss B (heHOMEHOJIOTHYECKOH TepMOJAHHAMHKE)
COOTHOLIIEHHE

d§ —dQ +dA 2.8)

TOCTYJIUPYETCST KAaK HEeKOTOPbIH OCHOBHOH 3aKOH IPHPOJbI, IOATBEP-
JKJaeMblil BCEMH OMBITHBIMH (paKTamMu, KOTODBle H3 HEro BLITEKAOT.
Y nac Boipaxenne (2.8) caexyer us (2.6) u (2.7). CooTHomenue
(2.8) HaswiBaeTCsl nepsoIM HAHANOM MEPMOOUHAMUKLL.
Aueprua & (T, a) u surponus S (T, a), kax sro BuAHO H3 (II; 3.35)
u (II; 3.36), asastorcs dynxuuaMu temMpeparypsl 7 H BHEWHHX Ma-
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pameTpoB a, (Hanpumep, obwvema V), mostomy dé u dS, BXomsuue

B (2.6),~— moJsHble gudpepeHUHaNbl HEKOTOPHIX PyHKYull COCMOaHUA

cucmemel. B 10 ke Bpems GeckoHewHO Manas pa6ora dA=— D R, da,
R

(1.6) He gaBasercsa, BooOme rosopsi, Au(HEPEHNHANOM HEKOTOPOH
(yHKLUHH COCTOSIHHMSI CHCTEMBI'); OYeBHIHO, YTO 3JeMEeHTAPHOe KOJH-
gecTBo Temaa dQ =dé—dA Toke He sABAseTcs, B oflWeM caydae,
JugdepeHnasoM HEKOTOPOH (YHKIMU COCTOSIHHS.

M3 (2.7) cnenyer, 4to audpepeHLHAT SHTPONHH

d
s =% (2.9)

Taxum o6pasom, obpatHast Temneparypa (1/T) siBjsiercsi HHTErpHUpPYIO-
IUM MHOXKHTeJeM JjIs1 0eCKOHEUHO MaJIoro KOJMUeCTBa Tellja, nepe-
JaBaeMoro cHcreMe OOpAaTHMBIM (KBa3uCTATHYECKHM) 00pa3oM.

CootHoltenue (2.9), KoTopoe MOxkKeT GbITh BLIBEIEHO H B (PeHOMEHO-
JIOTHYeCKOH TepMOJAHHAMUKe, HAa3bIBAeTCH GMopblM HAAA0M Mmepmodu-
HAMUKU 045 K8ABUCMAMUHECKUX NPOUECccos ).

2. PaBencrso (2.6), BeIpazkaromiee IepBoe U BTOPOe Hayasa TepMOJIn-
HAMHKH, MOXKeT OBITb, aHAJOTHYHO TOMY KaK 5TO CJeJaHO BHIIE, BHIBE-
J€HO M JyisT KBAHTOBHEIX cucTeM. [Ipu 5TOM MOKHO UCXOAMTb H3 YCJIOBHUSA
HOpMHPOBKU Matpuusl maotHoctu (I11; 3.1):

. FO, 0 __#a)
Sp{w}=e © Sp{e 6 }:1. (2.10)

3nech 57 (@) —TaMHIBLTOHHAH CHCTeMBI, 3aBHCANMI OT BHEIIHUX Ta-
pamMerpoB a,, ¥ o (0, a)—cBoGonHas 3HepTHUs.

HuddepeHupys 3TO BEIpaxKeHHe 110 TemnepaType 0 1 BHelIHHM Napa-
MeTpaM a,, TaK e, KaK 3TO CeJaHO Bbillle, BHOBb IPHIEM K BblPaKeHHIO
(2.6). Ilpu sToM cpeiHHe 1O KBAHTOBOMY KaHOHHMUYECKOMY aHCaMOIi0
SHaYeHHs] SHEPIHH CHCTeMBl M pabOTBl, COBepIUEHHOH Haj CHCTeMOH,
onpenesiroress no gopmyae (I11; 3.11). Takum o6pasoM, Bce coobpa-
JKeHHsI, TIpUBeJeHHbIE BbIILE, OTHOCATCH B PaBHOH Mepe KaK K KJAcCH-
YeCKHM, TaK M K KBAHTOBBIM CHCTEMAM.

3. Kax msI yxe ynomusamu B 1. 1 (§ 1, 1. 4), 3210110 10 HHTEHCHB-
HOTO pa3BUTHSI KHHETHYECKOH Teopuu MaTepuu Obl1a cO3JaHa TEPMOAH-
HaMHKa, OCHOBaHHast Ha nepsoM (2.8) u BTopom (2.9) Havanax. Ilpu de-
HOMEHOJIOTHYECKOM DAasBUTHH TepMOAHHAMHKH IepBOe Hadalo nocmiy-
Aupyem IJIA CUCTEMBI CYLIECTBOBAHHE HEKOTOPOH (PYHKIHH COCTOSHUS

1) M3 anasiusa M3BECTHO, UTO AJs TOTO 4yToOH Beipawenue A (x, y) dx+B (x, y) dy
SIBJSINOCH MOAHBIM AMddepeHLrasom HekoTopoi Gyakuun F (X, y), HeoGXOIUMO, YTOOH
Gyurumy A (v, y) 1 B (x, y) YI0BIETBOPAJIA HEKOTOPHIM yCaoBHAM (cM. Huxe, §4).

%) Huxe, B §7, Mbl O3HAKOMHUMCS € (yHAAMEHTAIbHBIM 3AKOHOM NPHPOIBI —
32KOHOM BO3PACTaHHS SHTPOMHH, KOTOPbIH TOKe HA3blBaeTCsl BTOPHIM HAYAJIOM TePMO-
AMHAMHKH.
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& (T, a), HasbBaeMOl sHympenHerl sHepeuetl, KOTOpas MOXKET MEHATbCS
Kak 3a cuer paGoTst dA, coBepriaeMoli Hajl CHCTEMOH, TaK U 3a CUET Tell-
JoTel dQ, nepenaBaeMoii cucTeMe. DTO NPEANOJOKEHHe TPHUBOIHT K
TIpe/CTaB/IeHUI0 00 9KBUBAJEHTHOCTH TEIJIOTH M paboThl. Bropoe Ha-
yaJI0 3aKJI0YaeTCA B 3TOM CJAyyae B yTBEPIKASHUH, U4TO Il 6eCKOHEUHO
MaJIOT'o KOJIMYecTBa TemnoThl d Q, mepelaHHOTO cHcTeMe 00paTHMBIM 00-
pasoM, CYWECTBYeT HHTErpHpYIOmHi MHOxuTeb 1/T, Taxofi, uto
dQ/T ectv auddepenuuan dS(T, a) HeKOTOpOH (YHKIHH COCTOAHHS
CHCTEMBI (3HTPOMHH). DTOT MOCTYJI4T MOKHO 3aMEHHTh GoJlee HAr/IsIHbIM,
HanpuMep, YTBep:KJIeHHeM, YTO Bee leaibHble HUKAb Kapno (ra. IV,
§ 8), paboraoiiye mpu OLHOH M TOH K€ TeMreparType Harpesartesast U
XOJIOAMIbHEKA, 00/1aJai0T OJMHAKOBBIMH KO3(DpHIHEHTaMH MOJIE3HOrO
JeHCTBUS.

Bo BecsikoM ciiyyae npu (heHOMEHOJOTHYECKOM HOCTPOEHHH TepMO-
JMHAMHUKH MepBOe W BTOpOe Hawaja paccMaTPHBAIOTCS KaK MOCTYJ/IaTH,
copMy/IHPOBAHHBIE B pe3yJbTaTe 00OCLIeHHs LIHPOKOTO ONbITA H Ha-
OJTIOJIeH 1.

ITpenMyLiecTBO HAIIETO CTAaTHCTHYECKOTO NOAXOJA 3aK/I04aercs e
TOJILKO B TOM, UTO Mbi M3 €IHHOFO IPHHIHIA (MUKDOKAHOHHUYECKOIO
pacmpesiesieHnst) BHIBOJAUM BCIO CTaTHCTHYeCKYIO (DU3HKY M TEPMOAHHA-
MHKY, HO U B TOM, YTO ITPH TaKOM NOJAXOJE TePMOJHNHAMHUYECKHE ITOHSATHS
U 3aKOHBI IIpHOGpeTaoT 6oJee HATJISAHBIH CMBIC/, a4 TaKXkKe yCTaHaBJIH-
BArOTCs! TPAHHIBI TTIPUMEHHMOCTH (PEHOMEHOJIOTMUECKOH TePMOAMHAMUKH.

B ¢eHoMeHOI0THUECKOl TepMOAHHAMHKE S3KBUBANEHTHOCTL TeIJIOTH
1 pabothi, cieaywomas u3 (2.8), npeacTaBisercs HeOOLACHHMON.
C MOJIEKy/ISIPHON TOYKM 3PEHUST BO3MOKHOCTb M3MEHEHHsl SHEePTHH CHC-
TEMBI JIBYMST PAs3JAHUYHBIMU CIOCO0aMH — IOCPEACTBOM paboThl, coBeplia-
€MO# HaJ CHCTEMOR, M MOCPEACTBOM 06MeHa TEILIOM C OKPY:KalolleH cpe-
JOH — sIBJIsIeTC BecbMa HarJIsIAHOH.

PaccmMoTpuM [IsT KOHKPETHOCTH HJealbHbIfl a3, 3aKJI0YeHHLIH B
UHJANHAPUYECKHH cocya ¢ ajguabatuueckumu cTerkamu (1. II, §1,
n. 1) u nopBuXKHBIM mnopiuHeM. [Ipy BABUXKEHUH IOPIUHS B IHIMHAP
HaJ Ta30M COBepLIdeTCst IOJIOKUTeNbHAs pabora; NMPH 3TOM HaJjeTaro-
H{de Ha TI0pLIeHb MOJEKYJbl OTpaKaloTcs OT Hero ¢ GOJIBIUMMH CKOPO-
CTAMH (IIpPH yUPYLOM OTpaxKeHUH), B pe3y/bTaTe 4ero CpejHss KMHeTH-
yecKas HEPTUSA MOJIEKY.T ra3a BO3pacTaer, T. €. 3HEePTHs CHCTEMb yBe-
JINUHBAETCH.

[pencraBum cebe Teneph, UTO CTEHKH LIVIHHAPA He 06/1afaloT CBOH-
CTBOM afuabaTuuHoCTH. B 3TOM cjIydvae NpH yBeJHYEHHH TemilepaTyphl
cpeipl, OKpYyKalollefl HUJIMHAP, MOJEKYJbl cpeibl OyAyT IeperaBaThb
CBOI0 M3OLITOUHYIO 3HEpPTHIO CKBO3b CTEHKH COCyAa MOJEKyJaM rasa.
B pesysbraTe Takoro nporecca, KOTOPHIH Mbl ONHChIBaeM Kak nepejpady
TenJja rasy, ero 3Heprusi TOXKe BO3pacTeT.

He caenyer nymaTh, 4TO TOIVIOMIEHHE TelJa CHCTEMOH BO3MOXKHO
TOJILKO NpH NOBBIIIEHHH TeMIepaTyphl cpeist (TepmocraTa). Tak Kak
SHTPOMUST 3aBHCHT HE TOJbKO OT TeMHepPaTyphl, HO H OT BHELIHHX
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napamMeTpoB, TO COTVIACHO (2.7) 3JieMeHTapHOe KOJIMYeCTBO Tera

dQ =T dS— T(Z§,> AT 4T (gf,) av, (2.11)
ecsid B KauecTBe BHelLUHero mapaMerpa BbuiOpaH o6bem V. [lias upe-
aJbHOro rasa Bropoe cJjaraemoe B (2.11), corsacro (II; 3.47) m
(II; 6.4), paBnO

oS Nk
T<57>TdV*T7dePdV, (2.12)
rae P — naBnenue.

Tax kak —PdV, cornacho (1.7), sTo pabora, coBepinaemas Hax
cucremoit, To P dV — paGora, coBepiaeMasi CHCTEMOH HaJ, OKpYyKaiw-
ILUME ee Tejamu. Ecin nojiep:xuBarh TemnepaTypy rasa NOCTOSHHOH
(dT=0), to mepBoe craraemoe B (2.11) paBHO HyJdI0 H, C/eLOBa-
TeJbHO, BTOpPOE cjiaraeMoe, paBHoe (2.12), ompezensieT TO KOJHUYECTBO
TellJla, KOTOPOe Ta3 IoJydaeT OT TepMocTaTa, Jyisi TOTO 4TOOBI COoBep-
mute padory PdV.

§ 3. Jurponus ¥ BepoOSATHOCTH

1. B ra. II (dopmyna (3.22), crp. 51) MBI onpeneansin sHTPOIMHIO

CHCTeMBI Kak JoTapudM (pazosoro ofbema AT =g (§)A, B KoTOpoM npak-
THYECKH C JOCTOBEDHOCTbIO HAXOMMTCA CHCTEMA, paclipeleseHHas 110
thase KaHOHHUECKHU; TouHee, 3HTpOnud (3.13)

S:kln{ N g(é’)Ah-?N} 3.1

3aech N-—4HCI0 TOXAECTBEHHBIX WYaCTHI, CHCTEMBI (UHCJIO CTeneHei
cBobosiel $=3N), mHOXKHTenb N!, Kak Mbl BHAeJu, ofecmeuusaer
9KCTEHCHBHOCTL HTPOIMH, T. €. NPONOPLUHOHAJIBHOCTE €e YHCJy da-
ctull N; cTaTHCTHUECKHUH Bec

& dl ()
3.2
g&="72, (32)
rae I' (&) —o6vem dhasoBoro mpocTpancTsa, OrpaHHYCHHBIA 3aMKHYTOI

NOBEPXHOCTbIO SHEPTHH F£ (q, p)= & AucrepcHs WK [IHPHHA Das-
MBITHSl MaKCHMyMa paclipelesieHHs

A=~&NN. (3.3)

Kak 6b110 0TMeYeHO BrepBble DOJBIIMAHOM, ONpeleseHHe HTPOIIHH
(3.1) obmanaer cBoeOOpPa3HON «HEYYBCTBUTEIbHOCTBIO». DTA HEYYBCTBU-
TeJbHOCTb CBOJMTCS K TOMY, UTO 3HTPONHUST MOMXKET GhITb Ollpeie/ieHa

He TOJIbKO Kak Jorapudm dasosoro ofwema AT=g (&) A, Ho u Kak Jio-
rapupm g (&) nl (&). C «reoMeTpHuecKoi» TOUKH 3pPEHHS 3TO 06CTOS -
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TEJIbCTBO CBS3AHO C TeM, UTO B IIPOCTPAHCTBE O4YeHb GOJIBLIOrO YHC/Ia
u3MepeHHii 06beM, OrpaHHYeHHbIH 3aMKHYTOl I0BEPXHOCTBIO, MPAKTH-
UeCKH COBNAjaeT ¢ 06BEMOM OYEHb TOHKOTO €051 BOIU3Y 3TOH MOBEpX-
noctu ([Ipunoxkenne 5).

Tax Kaxk HeYyBCTBHTEJbHOCTb BBIPAKeHMs Jid 3HTPONMH CBsA3aHa,
0 CyTH jeNa, TOMbKO ¢ OYeHb OOJBIIMM YHC/IOM cTereHell cBOOOIL! Ma-
KPOCKOITHYECKOI'O Tesa, TO Mbl HPOUJIOCTPUPYEM ee Ha TpUMepe Huie-
aqbHOTO OJHOATOMHOIO Tasa.

B atom cayuae (cM. (bOpMyJIbI (11; 3.7—3.7a))

(g) (Qm)SN_/Zg3N/2 , (34)
g(&)= df CN<2m>3N“@63"”2%:?@-%’ (3:5)

rie Mbl B (3.5) B moxasatesne CTENeHH MOJOKHIN (3N/2)—1 ~ 3N/2.
Uz (3.3), (3.4) u (3.5) caenyer, uro InAl' orymmuyaerca or

Ing (&) na seanuuny In E_%ln N, a ng(@ or InT(&)—na
In (3N/2). Orciofa caenyer, 410
InAT =Ing(&)=InT (&) (3.6)

¢ TOYHOCTBIO JIO CJaraeMelx nopsiika InN, B To BpeMsi Kak caMu
pesnundbl  (3.6)—rmopsaka N (TakuM 006pas3oM, OTHOCHTeJbHast
omubKa OT HpHpaBHHUBaHHS BeanmuuH (3.6) mpu N = [0?* umeer nops-
q0K In N/N=107%).

M3 (3.6) u (II; 3.22) caenyer, 410 SHTPONHS CHCTEMBI MOXKET
ObITb MpeJCTaBJgeHa OJHHM H3 CJEAYIOIEX 3KBHBAJEHTHBIX BBIpa-
KeHuil:

S=kInAT=kIng(&)=FkInT (&), (3.7)

T/le ONYIIEHBl KOHCTAHTHI, 3aBHCALIME OT YHUC/I4 YaCTHH, HX MacChl
u 1. n. CoorHonrenns (3.7) ONUCHIBAIOT TaK HAa3bBIBAEMYI) HEUYBCTBH-
TeIbHOCTh 3HTponHu no bBosabuMany.

2. BriBenem sHamenuTylo ¢opmyay BoubliMana, yeTaHnaBauBaoyo
CBsI3b MEXKJY SHTPOIMEH HAeaJbHOrO Tasa M €ro Tak HashkiBaeMol
mepMOOUHAMULECKOL 8ePOSMHOCITIBIO.

Ilepenuiiem dopmyay mias sntponun (II; 3.24) B Buzme

S=—k JwlhwArl, (3.8)
)

rae AI'—dusnueckn OeckonHedHo wMmaJsbii ofwem I-mpocrpancrsal).
Oas  ujgeasbHOTO — rasa IJIOTHOCTh  BEPOSITHOCTH @, 3aBHCS-
masi OT KOOpAHHAT W HMIYJBCOB Bcex N MoJjekyJ, pasbuBaercss Ha

1) He crenyer cmenmubath Al=(Ag) (Ap) ¢ A—F:g(é—u)A.
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Npox3BeJeHHE Bepo;xmocref/’l IJIS1 OTHEJILHBIX. MOJIERYJI:
w(l, 2, L N=w(Hw(?2)...w(i)...w(N), (3.9)

IJie 1eJIOYHC/IEHHbIe apI'yMeHTHl i 0603HAYaI0T COBOKYIIHOCTH KOOPJH-
HaT U MMIYJbCOB i-i MOJeERY.Je. /IS OIMHAKOBHIX MOJIEKYJ] BCE
BhIDa)KeHHs1 il BeposiTHOCTeH w(f), crosmue cmpaBa B (3.9),
HMEIOT OJMHAKOBBIE BHA. [-mPoCTPaHCTBO MOXKHO NIpeNCTaBHTL cebe
B BHJE INPOH3BEIEHUS W-IPOCTPAHCTB, OTHOCSIIHXCS K OTHE/IbHBIM
MOJIEKYJIaM, TaK 4YTO

AT =Ap (D) Ap (2). .. A (i). .. Ap (N), (3.10)
rje, HampuMmep, 1Jis HIEaJbHOI'O OJHOATOMHOT'O rasa
Ap ()= Api Apyy Api, Ax; Ay, Az, (3.11)
BepositHoctH w (i) HOpMI/IpOBaHI:I TaK 4TO
Sw(i) =1, (3.12)

w
[oncrasasia (3.9) u (3.10) B (3.8), nonyuum

S=——k%[w(l)...w(i)...w(N)] [lnw()+...+Inw@)+...
+Inw(N)]Ap (1).. . Ap (). . .Au(N).  (3.13)

Has caaraemoro, cojepxkailero Inw (i), noayuum

%[w(l)...w(i)...w(N)] Inw (@) Ap (1)...Ap (i). . .Ap (N) =

Z i)lnw (@) Ap (i), (3.14)
[

rie Mbl ucnoabsoBaau (3.12).

IMocse cymmupoBanus B (3.14) mo (W), T. €. HHTEIrPUPOBAHUS IO
KOOpJMHATAM H HMIy/bCaM [-H MOJIEKYJBI, De3yJbTaT OT HHUX 3aBH-
ceTh He OyJIeT, IMO3TOMY KaXJOe cJjaraeMoe, cojepxkaliee Jorapupm
B (3.13), Kaer oIMH H TOT XKe pesy.bTar.

Takum o6pasoM,

S=—kN dwlnwAp=—kN Zw Inw, (An)

(w)
rje o —HOMep sueliKH W-NPOCTPaHCTBa € pasMepaMH Ap =
= Ap,Ap, Ap, Ax Ay Az. Obosnaunm depes N, = Nw,(Au), cpernee
YHCJO MOJIeKyJ1, (asoBble TOYKH KOTODEIX J1exKaT BHYTDH O.-A4eHKH
W-TIPOCTPAHCTBA; TOMJ4A C TOYHOCTbIO [0 KOHCTAHTHI, He 3aBHcsmeff
ot N

(3.15)

o

a?

S=—k X N,InN,, (3.16)

ec/IH MBI MpefnoJiaraeM, 4To Bece siyeliku (Au), HMEIOT OJAHHAKOBYIO
BeJ/IMYHHY.
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paCCManI/IBaH IJ1s1 TPOCTPAHCTBEHHO OAHOPOAHOrO rasa BeJUUUHY

1 1
H:ngvalnzva:—ﬁs, (3.17)

Bospuman B 1872 r. nmokasaJ, 4To B C/ydae HePaBHOBECHOT'O COCTOS-
HUA, Korja N, 3aBHCAT OT BpPeMeHH [, CTOJIKHOBEHHS MEXKJIy MoJie-
KyJaMH H7ea]bHOTO Iasa BeAyT K TOMYy, 410

dH
<0 (3.18)

(H-reopema Boabumana).

Aro o6cTosiTebeTBO MOOyAHMO DosblMaHa TPAKTOBaTbh (GYHKIHIO
—kHV xak autponuio raza S (cM. (3.17)) He TOIBKO A5l paBHOBECHOTO,
HO U /ISl HEPABHOBECHOTO COCTOSTHMH, a HepaBeHCTBO (3.18) — Kak cra-
THCTHYECKOe 000CHOBAHHE 3aKOHA BO3PACTAHHUSI SHTPONHHU (BTOPOrO Ha-
Yaja TepMOJMHAMUKH).

ITpobGieMa okasanach, OJHAKO, 3HAUUTENbHO GOJlee CIOKHOH, H MhI
KOCHeMCA ee B Noc/TefHel IjlaBe KHHIH.

PaccMOTpHM 3HTPOIHIO PABHOBECHBIX M HePABHOBECHBIX COCTOSHHI
rasa ¢ KOMOHHATOPHOH TOUKH 3peHHS.

OueBHaHO, 9TO BCSKOe 3aJaHHOE pachpeieleHHe (DasOBBIX TOUYeK
MOJIeKyJI Ta3a no sigefikam (Aw),, T. €. umcsaa sanojHenus N, xapak-
TEPH3YIOT OIpeleNeHHOe MaKpocKonnyeckoe cocrosinne. Eciu aBe onu-
HAKOBBle MOJEKYJ/bl, Haxojdlinecs B pas3HbIX (a3oBbIX syeliKax, Io-
MEHSIOTCSI MECTaMH, T. €. KOOPAMHATaMH M CKOPOCTSIMH (HMMYJbCAMH),
TO MaKPOCKOITHUYECKOe COCTOsIHUe Tasda He usMeHuTcsl. OHAKO €ClU MO-
JIEKYJIBl IIepeHyMepOoBaHbl (MapKHPOBAHEI), TO TAKOMY OOMEHY MOJEKYJI
COOTBETCTBYET, C MOJIEKYJISAPHOH TOUKH 3pEHHSsI, IPYroe COCTOsHUE Ta3a,
KOTOpoe Mbl Oy/JeM HasblBaThb HOBBIM MUKPOCOCIOAHUEM.

Uncsno MUKPOCOCTOSTHUT (KOMAAeKCLl), COOTBETCTBYIOUUX 3aJaHHOMY
MAaKpPOCOCTOSIHHIO, T. €. 3aaHHBIM 4YHucIaM N, Ha3bIBAETCS mepModuHa-
MUHECKOLL 6epOAMHOCITIbIO COCTOSHUS .

B npoTHBONOIOKHOCTE OOLIYHON BepOSTHOCTH, KOTOPAs! BCErla MEHb-
ule eIMHMIBI, TepPMOAMHAMUUeckasl BepOSITHOCTb — GOJBIIOE  IeJIoe
HOJIOKHTEIbHOE YHCJIO0, PaBHOE IO ONpeLeseHHI0

W M M
TNINL NI
(o4

(3.19)

B camoMm esie, TIOMHOE YHCJIO BOSMOXKHBIX [€DECTAHOBOK MOJEKY.I
paBHo N!. M3 storo uucia HeoGXOAMMO HCKJIOYHTH [EPECTAHOBKH
MOJIEKYJ BHYTPH OJHOK (a3oBoii suedkyn (Apn),, Tak Kak BCe HamIM
pacCyKIEHHs OCHOBLIBAIOTCA HAa TOM, YTO MBI He pasJiMdaJjd COCTOS-
HHS B IpejeJax OfHON s4yeHKH.

Pacecmorpum, npn Xakux ycjaoBHAX 4YHCJA 3anodaHenus N, > 1.
O6nbeM (ha3oBOro p-IPOCTPAHCTBA, 3AHSNTHIH MOJIEKY/aMH HJea/bHOro
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rasa, mo MOPSKY BelMuMHbl paBeH Vp', TAe p-—cpegHee sHadeHHe

HMIyJ/1bCa MOJICKYJI. OLIGBI/ILLHO, 4YTO 110 HOPAIAKY BE€JAHYUHBI YHCJa
3

sanonHenus N, =~ N-Ap/Vp'.

Yenopue IPHMEHHMOCTH K rasy KJ/1aCCHYECKOH MeXaHHKHU (CTaTH-
cruku) uveer Bup A’ <€ V/N, rne A=h/p—cpennsas ne-Gpoiinesckas
JJIHHA BOJIHBI MOJIeKYJbl, a V/N-—o6aactk ee aBuxeHus. KomGuuu-
pyst nmocJejHee HepPaBeHCTBO C BeIpaxeHuem Jisg N, Tmoaydum
N, <L Au/k®, oTKyaa BujpHO, 4TO AJas Toro, utobel N, >>1, neobxo-
IMMO, YTOObl Ap 3> hi.

[Tpepnonoxum, yto uHcjaa 3anojHeHuss N, IOCTATOYHO BeJIHKH,
utoGR K HHM MOXKHO GBLJIO NPHMeHsTh dopMmyay CrupauHra:

InN{=N,InN,—N,. (3.20)
Hs (3.19) u (3.20) caenyer:
InW= nN’~21nN | =
=NInN—-N— 2 mv+2N — 2N, In N, +-const, (3.21)

(¢4

rpe const=NInN, 1. e. or N, He 3aBucur.
M3 (3.16) u (3.21) BHAHO, YTO C TOYHOCTBIO IO AAJMTHBHOI KOH-
CTAHTHL

S=khnW, (3.22)

T. €. HTPOMHS HJACAJbHOIO rasa MPONOPHUOHANBHA JOrapuMy ero
TEPMOJHEaMHUECKOH BePOATHOCTH.
Hs (3.8), (3.16) u (3.21) crenyer, uTO

Tnw=wlwAl'= 21\/ In N, +const=—In W - const,  (3.23)

(T)

T. €. CpejHee 3HaueHue JorapuMa NJIOTHOCTH BepOATHOCTH KaHOHH-
YeCKOTO PACIpeNeeH st PABHO JorapugMy TepMOJHHAMUUeCKOH BEPOsT-
HOCTH ¢ o6paTHbIM 3HaKoM. [locseHee 0GCTOATENBCTBO CBA3AHO C TeM,
YTO IIJIOTHOCTb BEPOSITHOCTH @ MPONOPHUOHANbHA UHCJAAM 3aNOJHEHHA
N,, B TO BpeMd Kak TepMoJMHaMuyeckas BepositHocTs W, 10 onpefese-
HHIO, 06paTHO NponopiHoHaTbHa uncaam N !

B §2 ra. X MBl ycTaHOBUM aHaJOTHYHYIO CBsi3b, KOTOpas CyIIeCT-
BYeT MeXJly SHTPONuel npou3BOJbHOA CHCTEMBI H JIOTapU(MOM BEDOSIT-
HOCTH 3HaAueHHsl HeKOTOPOrO NapamMerpa, XapaKTepH3YIOLLETO ee COCTOo-
AHHe. DUHINTeH, KOTOPBIH B CBOHUX CTATHCTHHECKHX HCCIENOBAHUAX
YacTo MOJIbL30BAJCS 3THM COOTHOIIEHHEM, Ha3biBaeT €0 NPUHUUNLOM
borvymana.

@opmyaa (3.22), cA3bIBaOmAS 3HTPOIMIO C TEPMOAMHAMHUECKOH
BepoATHOCTbIO W, siBJ€TCS ONHHM H3 HAMBBICIIHX JOCTHIKEHWH B HC-
cefoBaHHsAX DouabnMaHa mo KUHETHYECKOH Teopud. DBricedennas Ha
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naMsiTHEKe DoJbIMaHy Ha ero MOTHJe Ha BEHCKOM KJ/aibullle, OHa Bbl-
paskaer jJaHp IVTyGOKOrO YBaKEHHSI K HEMY CO CTOPOHBL MOTOMCTBA. Cam
BosabnMan HUKoOrZa He MHCAI 3TOH (opMyJiel (OHA Oblia BepBhble HAlK-
cana M. Tlnanxom, xoTopomy NpHHALIEKUT U BBelleHHe TOCTOSAHHOMH
k=1,38-1071% ape/epad) — OH TOJABKO I'OBOPHJ O IPOMOPIIUOHATLHOCTH
MeKAy HTPONNel U JIOTapH(pMOM BEPOSTHOCTH COCTOSTHHSI.

3. PaccmoTpuM mpocTofl M BaKHBIA TNpHMEP NPHMEHEHHsI COOTHO-
uwrenust (3.22) K BbIBOLY pacnpenenenuss MaxcBenna — Boabivasa.
Mpl GyneM wuCXOZMTH INPH 3TOM H3 YCJOBHS MaKCHMyMa 3HTPOINHUH
A7 3aMKHYTOH CHCTEMBI B COCTOSIHMH TePMOJHHAMHYECKOTO PaBHOBE-
cust (em. § 7).

PaccMoTpUM  3aMKHYTYIO CHCTeMY HJlealbHOTO rasa, CojepiKa-
uyro N MOJeRy.1 M o6Jalaomyio sHeprueii &; B 5TOM cjydae

SN, =N, eN,=6, (3.24)

rle e,—3Heprus MOJIeKy/abl B suelike o. ITpu GeckoHeuHO Ma/oM
H3MCHEHHH YHCeJ 3arlojiHeHHst N, OTCiofia CJefyer:

2dN,=0, e, dN,=0. (3.25)

M3 ycaoBusi MakcuMyMma 3HTPONMH S HO OTHOMIEHHIO K YMC/IaM 3a-
nonredus N, us (3.22) u (3.21) cregyer:

dS=kdInW =—k 2 InN,dN,—k 2ydN, =0.  (3.26)

Ilnst Toro yro6bi yuecTh yesaoBHA (3.25), MOMHOMKUM HX Ha HEONpEfe-
JIeHHbIe MHOXHTeJIH JlarpaHxa A u § o Bourem ux H3 (3.26):

D(InN,4+1+%-4PBe,)dN,=0.

o

3}1er y2Ke BCe de MOZKHO CUUTATh HE34aBHCHMBIMH, TOrja IJadA
BCexX a

INN,-+1-+h+pe, =0

nJian
N, = CeBea, (3.27)

rie HopMHposoyHas KoucraHta C=exp [—(1 M)

Boipaxenune (3.27) ecth pacnpejesnenne Makcenia— BoJbiiMaHa
aas ujeanpnoro rasa. Koncrautel C u B onpeneasiorcs H3 ycJo-
Buit (3.24). Jna nx ucnonb3oBaHHs HeoOXoAUMO B (3.24) nepefiti
OT CYMMHPOBaHHS K HETETPHPOBAHHIO.

Onpenesiv C u B Ha mpHMepe HIEaJLHOTO OJHOATOMHOIO rasa
IPH OTCYTCTBHM BHeWHHX mogell, B sTom cayuae B (3.24) mpeano-
Jlaraercst MHTErpHpoBaHue 1o dp,dp,dp,dxdydz=d’pd°’r. Sneprus



106 OCHOBBI TEPMOJMHAMUKH [rn.
aroma g,= p®/2m, rge m—ero Macca. Ilocrosiunas C mpomopio-
HaabHa d’pdir, 1. e. C= Ad®p d®r, nostomy us (3.24)
b _ﬁ _EZ. i 2 _ﬂ p_z
Age 2m4np2dpgd3r:N, Agf—e 2m Amp® dp (d‘“’fzé’,
5 v J 2m ¢

rje Mbl TNOJOXKHIH d®p=4np*dp. Murerpaa mno d®r paBeH oGbemy
rasa V, a uHrterpanel no dp BeluHC/IsioTcs nmo dopmylsam [Tpumoxe-
HHa 3. B pesysbrare noayuum

av(ERt N, av et

B T
Orcrona
%:-ﬁ-%: kT, (3.28)
_lv_ L 3/2 — NV
A=y <2ﬂm> (2umkT)>'? (3:29)

rje /sl BBeJieHusl TeMnepatypbl 7 OblI0 UCIOJNH30BAHO COOTHOLIEHHE
(IT; 3.38), koropoe B JaHHOM cJydae HAJ0 paccMaTpuBaTbh Kak
onpedeaskue TEMIIepaTyphl.

V3 mosyyeHHBIX COOTHOLIEHHH HENOCPENCTBEHHO BLITEKaeT BhIpa-
JKeHWe JJIsi MJIOTHOCTH BepositHOcTH wp (I1; 4.7).

BeposTHOCTE TOrO, 4TO EMIYJAbC aTOMa JEXKHT B HHTepBase dp,
HE3aBUCHMO OT IIOJIOKeHHsI atomMa B 00beMe, paBHA

N, Ce=Bew AV -BL
wpd3p=27=2—————]\, - =tge mdip.
W) )

Iopcrasnassa Bmecto B u A ux 3HaveHua us (3.28) u (3.29), noay-
MM AAA @, Bbeipaxenue (II; 4.7).

§ 4. XapakrepucTuyeckKHe (QYHKLHH M OCHOBHbIE
TepMOJHHAMHYECKHE COOTHOLIEHUSI

1. Ecin onHOpoaHOe H30TPONHOE TeJO NPH OTCYTCTBHHM BHELIHHX
noJsefl HaXOMUTCsI B COCTOSTHHH TePMOAHHAMHYECKOIO PaBHOBECHsd, TO
zaBJjeHue P ectb ¢yHKuus Temnepatypsl 7 u ob6bema V, Tak uTo

P=P(T, V). (4.1)

Cootnotienne (4.1) Ha3bBaeTCHd YypasHeHueM COCIMOSHUS.

Kak 6yjer nokasaHo HHXKe, ypaBHEHHe COCTOSIHHS, B INPHHIHUIE,
MOKeT OBbITh MOJYUYEHO, €CJIH BBIYHCJAUTH CTATHCTHYECKHH HHTErpal
(cratcymmy) cuctems! (II; 3.20). IlpakTuyeckn npu Ha/IHYHHM CHJIBHOTO
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B3aHMOJEHCTBUS MEXKAY MOJIEKYJaMH BbIYHC/IeHHe CTATHCTHYECKOTO HH-
TerpaJjia HaTaJKMBaeTCs Ha HernPeoJoTHMble MATEMATHYECKHE TPYAHOCTH.
B HeKOTOpBHIX C/lydasX ypaBHEHHe COCTOSHHSA MOXKeT ObiTb [OJyYeHO
SMIHPHYECKH € HCIO/b30BAHHEM OMBITHBIX AaHHbiX. Ilpumepamu (4.1)
ABJIAIOTCSI YPABHEHHA COCTOSIHUSL HI€alb- p
noro rasa (I1I; 6.6) u ypaBHenve Ban-nep-
Baansca (I1; 6.7). B TepMoiHBaMuKe LiH-
POKO HCIOJbL3YeTCss METOL I'paduyeckoro
MpENCTABIEHUsT 3aBHCHMOCTH TepPMOJMHA-
MHYECKHX BEJIMYMH APYT OT JApyra (TepMo-
JHHAMHUECKHE Ouazpammot).

Tak, nanpumep, ypaBHeHue (4.1) mos- T
BOJISIET TIOCTPOUTH Ha IIJIOCKOCTH 3aBHCH- T
MocTb P ot V npu T=const (usomepmot), 7
unu Vot T npu P=const (u306apet), nin 4
P or T npu V=counst (usoxoper). Ha puc. [1 Puc. 11.
npecTaB/eHsl, coryacHo ypasHenmio (I11;

6.6}, wsoTepMbl NI MIeaJbHOro rasa, umetomue BHZ runepbos. Hso-
TepMBI JUIsi BaH-Aep-BaasscoBekoro rasa (1I; 6.7) uMeror snauuTeqbHO
GoJiee CHOMKHBIR BUA U Mbl UX oOcyaum B 1. VIIIL

Iluist TOr0 yTOGK rpaduuecky MpeJCcTaBUTh 3aBHCHMOCTD AaB/eHHsa P
ot ofeux nepeMeHHsix 7 u V, HAlO HOCTPOHTb NOBEPXHOCTh, OTKJAMKI-
Bass T uV moocam x u y, a P=P(T, V) — no ocur z. M3orepmam coOT-
BETCTBYIOT CEUEHHS STOH MOBEPXHOCTH IockKocTsimMil T =const, mapasn-
JeJbHBIME TJI0CKOCTH VP,

s KBasucTaTHYeCKHX (0OpaTHMBIX) HPOHEccOB ypasHeHue (4.1)
OCTAETCst CIIpPaBeVIMBLIM U NP H3MeHeHuH Beauyud P, V u T, mostomy
B 3TOM caydae u3 (4.1) cienyer:

7; <T2<7:3

dpP — (g—i)vdT+(§§)T av, 4.2)

rae dP — nuddepenuunan dyakuun P (T, V).

OnHako, KaK XOpOILIO H3BECTHO U3 MaTeMaTHKH, He BCAKOE Bhipaike-
Hye Buja A (x, y) dx+B (x,y) dy saBaserca juddepeHnasoMm HeKOTOpo
¢yukuuu F(x, y). JL1g TOoro ytodsl

A(x, y) dx+ B (x,y) dy=dF (x,y), (4.3)
HeoOXOJHMO M JOCTATOYHO, UYTOOEHI

0A (x, y) _ 0B (%, y)
oy ~  Ox ’

(4.4)

Tak Kak B 3ToM ciaydae A (x,y)=0F (x,y)/0x n B (x,y)=0F (x,4)/dy.
Ecau xe (4.4) He BplNOJIHAETCS, TO JeBas 4acTh (4.3) ecTh GeCKOHEYHO
MaJjiasi BeHuuHa, KOTOPYIO MOMKHO 0003HAuuTh uepe3 dF, HO oHa He
ecth dF (x, y), T. e. anddepennyual HeKOTOPOH QYHKUHH OT X U Y.
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Ycnosue (4.4) MoxeT GbITh BBIPaXKEHO M B APYroM Bujae. Bosbmem
KPHMBOJIMHEAHBIH HHTerpaJs oT JeBoi 4yacTH (4.3) no HEKOTOPOMY HYTH B
MJIOCKOCTH Xy OT Touku [1] ¢ Koopaunaramu x,, y, 1o Touku [2] ¢ Koop-
JUHATAMH X, Y,. VIHTerpan

(%2, y2)

[A(x, y)dx+ B (x, y) dy] (4.5)

(X1, Y1)

B oflieM ciydae 3aBUCHT OT GOPMbI IyTH, coeluHsiomero Touxu [1] u
[2]; Ho ectu BrImoOJIHEHO yeoBHE (4.4), TAaK Y4TO MOJUHTErPaSbHOE BhIpa-
JKeHue paBHO dF (x, y), TO HHTerpaT He 3aBUCUT OT (DOPMEL IYTH U PaBeH
F(xs, yo) — F(xy, y)=F,— F;. OueBuano, 410 B MNOCJEIHEM CIyuae
HHTerpaJs Mo 3aMKHYTOMY IIYTH paBeH HYJ, T. €.

1A, ) de+ B (x, y)dy]=0. (4.6)

D10 yca0Bue 5KBHBAJIEHTHO YCAOBHIO (4.4).

Ha puc. 12 npeacraBiena P—V juarpamMMa nepexoja Tela H3
cocrosinust Py, V, (rouka [1]) B cocrostnue Py, V, (touka [2]) mo nyTn a
1 ofparnoro nepexona us [2] B [1] no nyru b. HecoBnagenue nyrefi a
U b Bcerja BO3MOXKHO, TdK Kak P 3aBucHT He ToJbKo oT V, HO u oT T.
Tako# nporecc, NPOUCXOAALIMH € TE€IOM 1O 3aMKHYTOMY NyTH, Ha3blBa-
eTcsl B TEPMOJMHAMUKE Kpyeosbim Apo-
Yeccom WU KPyeosuls UUKAOM.

dneMenTapaas pabora, coBepiiaeMast
TeJIOM HaJl OKpyiKaloleH cpeloll, paBHa

dA=—dA=PaV,

rie dA — pabora, coBepmiaemas Had
TeJIOM.
Boiupcnum  paGoTy, coBepiiaeMylo
y TeJIOM TpH KDPYTOBOM LHKJIE:

$dA—¢Pav. (4.7)

Wurerpan nmo mnyTd o paseH IJIoOlla-
21, OTPaHHYEHHOH OTPE3KOM aBCLHCCHI
V4 V,, oprunaramu P, u P, ¥ KpUBOH @; HHTErpaJs 0 IyTH b paBeH coOT-
BETCTBYIOUIEH MJOIaNHM CO 3HAKOM MHHYyC. B pesy/abraTe HHTerpais
(4.7) paBen mnomany, 3alITPUXOBAHHOH Ha pHC. 12, T. e. OTJIHUEH OT

uyas. Orcioga cienyet, uto dA (1 dA) ne siBasiercss noqHbM Auddeped-
IHanIoM HekoTopo# ¢yHkuuu cocrosnug A (V, T). dro caexyer u us
TOTO, YTO eCJH NOAOKHTb V=x u P=y, 10 u3 cpasnerns (4.7) ¢ (4.5)
BHHO, 4T0 B 3ToM caydae A (x, y)=y, a B(x, y)=0, rax uro (4.4) He
BhIOJIHsIeTCs, OQUEBHHO, YTO 3/1eMEHTAPHOe KOJIHYECTBO TEmIOTh d @
TOXKe He sBJasercsl IudepeHUHaToM (QYHKIUH COCTOSHUS CHCTEMBL

‘
NS [T
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Q(V, P). Bot nouemy HeJsb3sl TOBOPHTL, Y4TO B TeJl€ COJACPIKUTCH HEKO-
TOpOE KOJIMYECTBO TEeMJIOTHl MM palOoThl.

IMpounterpupyeM ofe wacTd BoipaxeHds (2.8) 10 HEKOTOPOMY
NyTH OT COCTOAHHs cHcTeMbl [1] no cocrosnus [2]:

[2] [2] [2]
§de=\ aQ+§ a4, (4.8)
1] {13 [1]

HJIH

@?2—(‘91: Q12+A12' (4-9)

3nect &, u &, —sueprun cucrempl B cocrosinusax [1] u [2], a @,
H A,,—KOJHYECTBO TEIUIOTHI, NepejaHHoe CHcTeme, W pabora, coBep-
ImenHast Hajg Hefi npu mnepexone [1]— [2]. B saBucuMocTH OT myTH
nepexoja (xapakTepa mporecca, nepeBojsiuiero cucremy us (1] B [2])
CooTHOIIleHHE MeXaAy @, U A, MOXKET MeHATbCs, HO CyMMa HX
BCerja JIO/UKHA paBHSTbCS PA3HOCTH &,—¢&,. B HacrHocTH, OJs
KpPYyroBoro mnpoiecca

ﬁdg:(), (4.10)

IOCKO/BKY d& —noanslit auddepenunan QyHKUHME COCTOSHUS CH-
cTeMBl (3Hepruu &).
[Tpumensia (4.9) K KPyroBomy [pOilecCy, NOJYYHM

Q-+ A4,=Q,—4,=0, (4.11)

rae Q, u A,—Tenso, nepejaHHoe cucreMe, H paboTa, COBEpPLICHHAs
cHCTeMOl (MalUMHOM) B TeYeHHE KPYTrOBOTO IHKJA.

Taxum o6pasoM, TpPH KPYroBoM mpouecce (/s NePUOJUYECKH
ReACTBYIOLIEH MaNIHHL)

A,=Q,, (4.11a)

T. e. coBepulaeMmasl CHCTeMOH (MamiMHOlN) paora paBHA MOJYYeHHOH
€10 TEILIOTE.

Tak kak surponus S Toxke sBJIAercs QYHKUHEH COCTOAHHA CH-
CTEMBI, TO AJIsi 06ParuMOro KPyroBOoro LHKJA

Fas=F%L—o, (4.12)

Kak chaeayer u3 (2.9). Bripamenue (4.12) uasbiBaercsl paseHcineéom
Kaaysuyca.

2. PacemorpuM cayuail, koraa patora dA = — PdV; BolpaeHue 1/1a
Iubdeperunana sHeprud cucremnl (2.8) 3anumercss B BHJE

d§=dQ +dA=TdS—PdV. (4.13)
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Cuutasi B ofHOM cayuyae S moctosHHbM (dS==0), B apyrom—V mo-
croaHHbIM (dV =0), mosyunm

[0S - 0&
T-(%), P——(%), (4.14)
Orciofa caenyer:
ar\ & _ [oP
(W)S“asav “—(58_,‘/' (4.15)

B (4.13) nuddepenunan suepruu dé ompenensiercst uepes Iud-
depentinann dS u dV, orcioa caenyer, 4yto sueprust & ecTb GyHKLHUS
HesaBHCHMEIX nepeMeHHBXx S u V, 1. e. &(S, V).

Vckiouast u3 ypaBHenuit (4.14) surponumio S (npaBbie 4acTH ypas-
HEeHHH ToXe 3aBHCAT OT S u V), MONyYHM COOTHOIIEHHE, CBSI3BIBAIO-
mee BeanuyuHsl P, T u V, 1. e. ypaBueswe cocrosHus (4.1). Takum
o6pasoM, eciu 3Heprusi & BBIpa)keHa B mepeMeHHHIX S U V, TO MH
MOXKeM OCIIPpEeAeJHTh BCE TEPMOJAHHAMHYECKUE CBOHCTBA CHCTEMBI, [0-
9TOMY TAaKHE€ NEPEMEHHBLIE HA3bIBAIOTCH ECmeCctmseHHolMU.

Ecau 6p1 MBI 3ajanu sHepruio & xak Qyukuuio T u V (kakoit
oHa, HampuMep, nosyyaercst B (II; 3.25)), To MBI HE cMorau 6Bl OI-
pele/luTh BCE TEePMOJAMHAMHUYECKHE CBOMCTBa CHCTEME. B camoM jene,
B 3TOM cJydae MOKHG OnpenenTb csobonuyio suepriw o (T, V) (cm.
auxe) us (4.21):

F(T, V)= TgéJ T ar 17wy, (4.16)

rne ¢ (V)—Heonpenenennas (yHKuus ofbeMa, HOJydYeHHAs MPH HH-
terpupoBannu (4.21). Ecnm wmbr temeps moxcrasum (4.16) B (4.19)
(cM. pamee), TO NOJYUMM JJ/IF JiaBJEHHS:
.V (T V) dp (V)
P=T2 U dT] rée . (4.17)

Takum 06pasoM, NMOCKONbKY Ham He usBectHa ¢yHkuus ¢ (V), Mbl He
MOKEM ONpesieTUTh AaBjenne P kak ¢ynkuuio 7' u V, T. e. He MOxeM
OlIpefe/uTh YPaBHEHUS COCTOARMA. [J03TOMY 110 OTHOLIEHHIO K 3HEPTHH
He3aBHCuMble NiepeMenHble T H V' He HAa3LIBAIOTCH €CTECTBEHHBIMH.

MoxHO, OJIHAKO, TTOCTPOUTL TaKHe QYHKIUH COCTOSHHUSA, YTOOLI /s
HUX «eCTECTBEHHbIMU» TepPeMeHHBIMU OblTH KakHe-1100 ABa H3 Tpex Jerko
usMepumbix napamerpos 7', V u P. Dtu OyHKUHM COCTOSAHMS HasbBa-
IOTCS  MepMOQURAMUMECKUMIL  NOMEHYUAAGMU HIK  XAPpaKmepucmiuse-
cKkuMu pynkyuamy. B HepBylo odepels K HHUM OTHOCHTCS CBOOOAHAS
SHEpTHs.

Hs (II; 3.33) crenyer:

df =d&—TdS—SdT,

4TC IOC/e MOACTAHOBKH (4.13) pmaer:

df =—8dTIr—PdV. 4.18)
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Orcroza, anagsoruuso (4.14) u (4.15), caenyer:

= (D), =), aw

(gj')r: (%"))V- (4.20)

Mkt BHUJUM, UTO AJI CBOﬁO,ILHOFI SHEPrin eCTECTBEHHBIMH ITI€PEMEHHBIMH

apaswores T u V.
M3 BerpaxeHus A1 cBOGONHON sHepruu ujeasnphoro rasa (I1; 3.45)

u (4.19) notyaum

P=17,
T. €. ypaBHEHHe COCTOSHHA uieaspHOro rasa. Orciona, KCTatH, BHAHO,
YTO ypPABHEHHE COCTOSIHUSI WJIeaJbHOTO rasa He 3aBMCHT OT IIPEAIIO-
JIOKEHHH O MeXaHH3Me B3aHMOJAECTBHS MOJEKYJ CO CTEHKOH cocyna
(4TO He OueBHAHO NpPM BBIBOJE, NpoBefeHHoM B ra. II, § 6, mw. 1).
TloacraBnss Buipaxmenue fasa S (4.19) B (II; 3.33), noayunm

£:3+TS:3-_T<§;£>V=—T2 [5‘; (%)]V (4.21)

- TaK HasbiBaeMoe ypasHerue [ ubbca— Ieabmzorvya.

Toncrasass B (4.21) BhIpaxkenwe o s wmieanpHoro rasa (II;
3.45), noayuum ero sHepruto (II; 3.46).

[lupokoe mprMeHEHHE B TepPMOJIMHAMHKE, HapsAy Co CBoGOAHOH
sHepruefi & , mojayyu/ia XapakrepHcTHuyecKast (pyHKIUs

O=F +PV=E—-TS+PV, (4.22)

HA3LIBAEMAs MePMOOUHAMULECKUM NOMEHYUualom (B Y3KOM CMBIC]e
cioBa). duddepennupys (4.22) n noacrasiss d u3 (4.18), moayyum
d® = — SdT+V dP, (4.23)

OTKYyJda BHJIHO, 4YTO A TEPMOJAMHAMHUECKOro IOTEHIHaJ/a () eCTeCT-

BeHHBIMH [EPEMEHHBIMH fBJSIOTCS MHTEHCHBHbBIE BeJHYHHBI T u P.
U3 (4.23) cnepyer:

S=— <%>P’ V= <‘%3>T (4.24)
H
)=, =

TepMonuEaMuuecKiii OTeHIHAJ YIOGHO HCIIOAb30BATh TOT/A, KOT/d
3a1an0 jAaBjenue P, T. e. JaBJjeHue siBJIseTcs BHELIHHM I1apaMerpoM
(cM. cTp. 36).

[TpeoGpasyem (4.13) k BHAY

dW =T dS-+VdP, (4.26)
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TJe XapakTepuctuuecKkas QyHKIHsS
WV=&4+PV (4.27)

HA3bIBACTCS SH/MAAbNUEIL, MenA0CO0epHaHeM NN MenAogol QyHkyuel,
M3 (4.26) caenyer:

H
)~ (), =

OTKYJa BHJHO, YTO €CTECTBEHHLIMH INEPEMEHHBIMH [Jsi SHTAJbIIHH
apyadorcs S U P.

Bocemb pasencts (4.15), (4.20), (4.25) u (4.29) waswiBaworcs co-
omuowenuanu Maxcserra.

Vcxoas us onpesesenus csoboanoii sueprun  (I1; 3.33) u Tepmo-
JuHaMuueckoro noreHnuana @ (4.22), jerko nokasarth, uro

‘FN_ & P O W LV
d(T =—pmdl —7dV, d{+ = — gz dT +5dP, (4.30)
rie &—osueprust U W —sHraapnusi. Tag Kak CTosiue B IPaBBLIX
qacTAX PABEHCTB BBIPAXKEHHS SABJSIOTCS MOJHBIMH JudhepeHiinanamu,
TO «HAKPECT B3sIThIE IPOU3BOJAHEICY OT MHOKHTeNeH npu dT u dV (uiu
npu dT u dP) paBHBI, T. €.

B3 Fl-rGE), e

Orciofa, B 4acTHOCTH, CJeAyeT, YTO JJA HIeaJbHOTO rasa, MOIYHHS-
[olerocss ypaBueHHi0 cocrosnusi PV = NkT,

oo e e

T. €. 3Heprusi & He 3aBUCHT OT o0Bema, a sHTaJbius W —oT jaBJe-
uust. TaknMm o6pasoM, [Js1 HAeaJbHOrO rasa

E=&(T), W=W(), (4.33)

T. @. 3HEPrUsl U SHTAJIbIUS 3aBHCAT TOJIBLKO OT TEMIEparyphi.
Broipaxenus (4.13)—(4.31), mosyueHHBIe BBILE JIISI YACTHOIO
cayuast, Korja padora dA = —P dV, nerko o6o6uialorcs Ha o6muli cay-
qaii BbIpaxkeHust s paborsl dA = — ¥ R, da;, rae R,;— oGobuennbie
A

TEPMOJIMHAMHYECKHE CHJIBI, COOTBETCTBYIOUHE BHEIIHUM I1apaMeTpamM a;.
B sroMm cayuae, manmpumep, BMecTo (4.18) umeeM

dF = — SdT— 3R, da,, (4.34)
i
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OTKY/a

S—— ("5> R,=— (g-;‘i) . (4.35)

or T, ak¢i

AHanornuno 060GIIATCA U Ipyrue BhIpaxkeHUs. TepMoAnHAMUUECKHI]
HOTeHLHA

O=F + Y Ra;=E—TS+ X R, (4.36)

3. B § I (crp. 92) MbI paccmorpesn pasHble BHJLI PaboThHl, KOTO-
pbie MOTryT COBepLIATbCA HaJ Te€JaMH, IIOMEUICHHBIMU B 3JICKTPHUYECKOE
Hau MaruuTHoe ToJse. IIpH 3TOM B 3aBHCHMOCTH OT TOTO, YUYHUTHIBAJN
MBI IOTEHIIUANBHYIO 3HEPIHIO MOJISPH30BAHHOTO JU3JICKTPHKA B JICKT-
pHYeCKOM MOJe WM HeT, MBI TOJYUYW/IH CJAeJYIOUHe BhIDAKEHHA NI
sJieMeHTapHoll pPaboThl HaJ eIMHHYHBIM OOBEMOM AH3IJEKTPHKA (CM.
(1.20) u (1.23)):

dAy=— P (E)dE, (a)
dAy = E{(P)dP. (6)

Ecan Mpl He yunThIBaeM HHKakKoH HHOH PaGOThl HAl JH3JEKTPUKOM,
TO 3/1I@MEeHTaPHOE U3MEHEeHHe BHyTPeHHel 3Hepruu u cBoOOLHON sHepruu
B cayvyasx (a) u (6) paBHO:

46 —dQ-+ dAy — T dS— P (E) dE, (4.37a)
{dé" — — SdT—P(E)dE, (4.382)
[d6' =T dS'+E(P)dP, (4.376)

) \dF’' = — ' dT -+ E (P)dP. (4.386)

Hcnonpsysa cesisb Mexkay P u E (1.15), monyunM Hpu H30TepMHye-
ckoM npouecce (dT =0) us (4.38a) n (4.386):

E E
F (T, E)=& (T, 0)_SP(E)dE=3(T, 0)_0,55[152
0 0
=& (T, 0)—aF?, (4.39%)

F' (T, P)y=&" (T, 0)+ (E(p)dp F'(T, 0)L - §PdP—

=g (T 0)+ 5 P2=7 (T, O)TgaEz. (4.396)
Mupt cuuraeM, uto & (T, 0)=& ' (T, 0) = coGomHol suepruu 1 ca?
JH3JIGKTPHKA, He HOMEIIEHHOTO B 3/JIeKTPUUECKOE MO.Te,
N3 (4.39 a, 6) noayuum

F(T, Ey—&' (T, P)=— aE?=— PE, (4.40)



114 OCHOBHI TEPMOJHMHAMHKU [ra. v

T. €. cBOOOJHBIE 3HEPTHH B caydasx (a) u (6) or/IMyatoTcs Ha Be-
JUUYUHY IIOTEHIHAJbHOH 3HEPrHH eIUHHIB ofbeMa IOJisiPU30BAHHOIO
JM3JIEKTPHKA B 3JEKTPHYECKOM [OJIe.

M3 (4.382) n (4.3806) nosyuum

. oFN _ dgF (T, 0) | do . 1 do
s;w(ﬁ> = T L p (T, 0) 4 S E, (441a)
N A g?’(T 0, | dapy 1 da
§== <6T> togar P2 =S8(T, 0+ gr £ (4.410)

TJle Mbl HCMOJL30Ba/IH BhIpaxkeHHus: (4.39a, 6).
W3 (4.41a, 6) caexyer, 4TO

S(T, E)y=S'(T, P), (4.42)
4TO IPEeACTaBJ/ACTCS €CTECTBEHHBIM, TNOCKOJbKY 3HTPOIIHA CBSI3aHa co

CTATHCTHYECKHM BECOM COCTOSIHHS.
Taxk xax

E=F+TS u &=F +TS =F"+TS,
TO PA3HOCTH BHYTPEHHUX 3SHEpPruil
&S, Ey—&' (S, P\=F —F'=—PE (4.43)

Takas JKe, Kak W s CBOOOJHBIX 3Hepruil (4.40).
Moxno IPOBECTH COBELPUICHHO aHaJOrH4yHOoe paCCMOTPEHI/Ie NS
MarHeTHKOB B MArHUTHOM IOGJIe.
3 (4.38a) caenyer, uTO BEKTOD IOJSPH3ALUH
OF
= A4
j < M) (4.44)
3pecy (T, E)—cBofonHas 3Heprus eInHuIn ofbeMa Ius/IeKTpaKa,

VUUTHIBAKOIASA €r0 SHEPIHio B 3JeKTpuyeckoM mose E.
Ws (III; 3.7) caepyer, utO

F(T, Ey=—#kT InZ, (4.45)
rJe CTaTHCTHYECKas CyMMma
Z =g, e EnOT (4.46)

3neck &, (E)—sHeprus n-ro ypoBHs JHIJIEKTPHKA, 3aBHCAIMIAsh OT
HaNpAKEeHHOCTH 3JAeKTPHUECKOTo Toasd E, g,-—KpPaTHOCTh BHIPOXKJR-
HHSl 1-TO YDPOBHS.

W3 (4.44) u (4.45) crenyer, uTO

(4.47)

rae Z Bbluuc/siercs no dopMmyse (4.46).
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AHa/JoruyHo, s Mar{eTHka B MarHUTHOM TII0JI€ € HarlpsiKEeHHO-

¢1hi0 H HaMardu4eHHOCTh
M=— (g%)T —kT 2InZ, (4.48)

rje craTHCTHUeCKas cyMMa Z anajornusa (4.46) c yposusmu &, (f),
3aBHCAIIHUMH OT Haﬂpﬂ)KeHHOCTH MarHuTHOro T110J1sA li

4. B saxJioyenne atoro naparpada jafuM KpaTkyio KiaccHhuKaumo
KBasHCTATHYECKHX (0GPATHMBIX) IPOLECCOB, IPOUCXOASAUIHX B CHCTEMAX.

Jlerko mpencTaBuTh cede, UTO IPH HEKOTOPBIX Mpoleccax TENIo Ie-
penaercs Tesly CTOJMb MeNJIEHHO, YTO CHCTEMY MOXKHO CUHTATh TeN/IOH30-
JHPOBAHHOH. B 3TOM ciyyae, KaK OblI0 OTMeUeHO Bbillie, 000/10UKa Te/1a
HasweBaercs  aduabamuueckoti. Tak kak dQ=T dS=0, to S=const,
TIOTOMY TaKUe MPOLECCH HA3BIBAIOTCH a0uabamuuecKumu WK U30IHMPO-
nuMecKumiL.

Ilpu apuabaTuueckoMm mnporecce paoTa, COBepIIaeMass TeJIoM,

dA=—dA=—dé, (4.49)

T. €. fIBJAAETCA TOJHBIM nH(depernyanoM QYHKLHH COCTOSIHHA (3Hep-
run). Jaa KoHeYHBbIX H3MeHeHHI B cHCTeMe

£2]
Au:”—\gdgz‘gl_(gz' (4.50)
L1
Takum obpasom, paGoTa, coBepiliaeMass cHCTemolH, paBHa yOpLIH ee
SHEPTHH; 3TOT CJAydail paccMaTpuUBaeTcs:i B MeXaHHKe.
Ec/i npotnecc npoTexaeT npu NocTosiHHON TeMepatype T (Hanpumep,
32 CYET KOHTAKTA CHMCTEMBI C TEPMOCTATOM), TO OH HA3BIBAETCS U30Mmep-
muteckum. B 9TOM ciydae sjeMeHTapHas pafoTa, CoBepllaeMast CHucTe-
MOH, corsacHo (4.34)

~
dA=—d&, (4.51)
OHa TOXKE fABJdeTCH MOJHBIM AudgepeHnua oM (0T cBOGONHOH 3HEp-
run). Torpa
A,=F ,—F,, (4.52)
T. €. pabora, coBepiaemasi CHCTEMON B H30TEPMHUECKHX YCJIOBHX,

paBHa YMEHBIICHHIO CBOOONHON SHEPIHE CHCTEMBI.
Hust maeasnbrHoro rasa, Hanpumep, corgacho (II; 3.45)

A=, —F,= NT In 2. (4.53)
1

ITpouecc HA3HIBAETCS WU30XOPHHIM, €CJH OH NPOTEKaer NPH 110CTO-
SHHOM o0BeMe CHCTeMBl, Tak uto pabora dA=—PdV=0. B srom
CJIy4ae Tejao MOXKeT TOJbKO II0JydYaTth HJIH OTHaBaTh TEIJIO, MO3TOMY
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H3MEHeHne IHEpruu
d& =dQ — T dS. (4.54)

Ecan mnpoiece nporekaer npy MOCTOSHHOM JaBieHuH P, oH Ha-
spiBaeTCA u3obapHoim. B s1OM cayuae sseMentapHas pafora

dA =P dV=-d(PV), (4.55)

T. €. siBasiercst meJHbiM audibepentmasnom ¢ynkunn PV. PaGora, co-
Bepuiaemas cucremoil mpu nepexoge u3 cocrosimua [1] B [2] B
n3006apHBIX YCJOBHAX, paBHa

A,=PV,—V). (4.56)

§ 5. Kanopuueckne ceoiicTBa BemlecTsa

1. JIast TepMOJAMHAMHYECKOH CHCTEMBI, OIUCHIBAEMOH NaBJEHHEM
P, oGbemom V u Temneparypoft T, MOKHO BBECTH NPOCTO H3MepseMble
KO3(pUTIHEeHTH:

. 1
KOS(QPUIMEHT TENIOBOTO PaCUIMPEHHS O = {7 (%/P; (5.1)
KO3hDUIHEHT TEPMHUECKOrO AaBJICHHS —L(or ; 5.2
P \oT Jy

1 /oV
KOSPUIHEHT H30TEPMHUECKOTO CKATHA %p = — 37 (797)1-‘ (5.3)
Bee stH KOoahhHLHEHTH OnpelefeHbl Tak, 4TO B OOBIYHBIX YCJIO-
BUSX OHH HOJIOXKHTE/bHBI.
JIerko yCTaHOBHTB 3aBHUCHMOCTDb, CYMIECTBYIOMIYIO MEXKIYy HHMH.
Ona sBJserca MaTeMaTHYeCKWM CJeJCTBHEM YDAaBHEHHS COCTOSIHHSA
(4.1), xoropoe MBI 3aIluIieM B BHJE

[P, V, T)=0, (5.4)

T. e. B (opMe HesiBHOH (yHKuUHH OT mepemennsix P, V u T. U3 (5.4)
caenyer, uro P ects ¢Qynkuug V n T (om. (4.1)), V—oyrkuua P
u T, T—dyskuus P u V. Vcnonb3ys npaBuia onpejeseHuss 4act-
HBIX NPOU3BOJAHBIX HEABHLIX (DYHKLHM'), moaydum

of of of
/0P> v 0V> T (9B _ T
(= (Fh——a (T

0P v 9P

Kaxpaas u3 NpPOU3BOJHBIX, CTOSIIUX B JIEBBIX 44CTAX 3THX PABEHCTB,
yhnoeaerBopsier yciaoBuio Buja: (0P/oT),=1:(0T/0P),, Tak Kak,
ecau ojiMd mapamerp mocrosiHer (V = const), To MPOM3BOAHYIO MOXKHO
paccMaTpuBaTh Kak NOJHYO. Mcrmoabsys 9TO W HamHCaHHBIE BhILIE

1) B. U. Cmupuos, Kypc Becmeii Maremarnks, M.—JI., 1951, 1. I, § 157.
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BblpaKeHus A5 4aCTHBIX IIPOH3BOJHEBIX, MMOJYYIUM

[ OP v\ oT
(7’7,)1 <W)P (W)V:_l' (5-5)
Hs (5.5) u onpepenennd (5.1)—(5.3) caeayer:

— COOTHOLLIEHHE, KOTOPOe MOXKeT ObITh HCINOJIB30BAHO /IS OHpelele-
HHS 0HOrO U3 K03h(HMLUUEHTOB, €CAH HM3BECTHBI [BA IPYTHX.

Jlas wuneanbRoro rasa, H3 ero ypasHenus cocroamua (II; 6.4)
u u3 (5.1)—(5.3), noayunM

1 1
a=Pp=7, Kr =5, (5.7)
4TO, KOHEUHO, Y/OBJETBOPsieT cooTHOomeHHo (5.6).
Il Bam-Jep-BaafibcoBckoro rasa, Juddepenmupya (II; 6.8) u
noaaras dP =0, nonyuum
R RT 2a oV
0= vw—((V—biF—v?) (o), ©-8)
OTKYyJa
1/ oy _ I —(&/V)
L) 6o
RT &

Pasnarasg mpaBylo uacth B paAx 1o 1/V m orpaduyMBasich 4/ieHOM
[EPBOro MOPSIKA, nomyqum

[1+ (,ﬁ‘; bﬂ (5.10)

Jlist GoJBLIMHCTBA rasoB NpH KoMHATHOH Temmeparype (2a/RT)—
—b >0, no3ToMy ISl HUX KO3GQUUHEHT o GOJble, YeM s Hjeaib-
HOTO Tas3a. BoJopol W HHEPTHBIE Tasbl MPeCTaB/AIT HUCKIIOUEHHE
(b >2a/RT), AN HHX <«OTTAJKUBaHUE» MEXKIy MOJEKYJaMH IIPeBbI-
IIAET «IPUTSZKEHUEY.

2. BriBefied TAK HasLIBaeMOE KAAOPUHECKOe YPasHerue, CBsI3bIBa-
jomee ypasnenne coctosiuusi P=P (V, T) ¢ sneprueit §=¢& (V, T).
Jns 3Toro HCXOAHMM M3 BBIpaskeHHs Ajs AuddepeHunasna 3HTPOMNUHU
(4.13): )

a5 = ELPY L (26 ar e | (55), 4P|V, 6.11)

Yeaosue, uro dS—rmoJHbli am‘p(pepeHuHan, corsacHo (4.4) paer

T E SR EERTATC T  [ME

OTKYyJa CJIe,/:LyeT HCKOMOE ypaBHEHHE!:
a / 0P
( é’) fP= T\0T> (5.13)
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IlpuvenuM 3To ypaBHeHHe K HjeasbHOMY rasy. Kaxk craexyer us
ypaBaenust coctoauus (II; 6.6), T (0P/0T), = P, nosromy

<%§L=m, (5.14)

T. €. HEPrHA HAEAJBHOrO ras3a He 3aBHUCHT OT oGbeMa, 4TO COBMA-
naer ¢ (II; 3.38).

[Tpumenum (5.13) x BaH-zep-BaabCOBCKOMY rasdy. OnpegesnM us
(II; 6.8) (dP/9T)y u nopcraBum B (5.13); mosyunm

(%«5_)f_;g, e &=—1+f(T) (5.15)

3aece —(a/V) — 3Heprua, oOyCJAOBJEHHAS! INPHTSAAKEHHEM MOJEKY.JI,
a [(T) — ue onpeneaseMas orciofa QyHKIUA OAHOH TeMilepaTyphl.

YpasHenue (5.13) HO3BOMAET OUEHD H3ALLHO MOJYUHTb 3aKOH M3J1Y-
yenusi yepHoro Tena (Bosbuman, 1884 r.). IloxpoGuee paBHOBecHOE
(uepHOe) H3TyueHHE B NOJOCTH Oyaer paccmorpeHo B ri. [X. Ius mo-
JIVUEHUS MHTEPECYIOWIEr0 Hac pe3yJ/praTa JOCTATOYHO HPEIONOKUTh,
uTO SHeprusl paBHOBECHOTO H3Jy4yeHHSA B mosaocTH ofwvema V ¢ Temmnepa-
Typo#l creHOK T paBHa

SV, T)=V-e(T), (5.16)

rae & (7T)—IUIOTHOCTL 3HEPTUM H3jayuenus (sHeprus B 1 cm?), 3aBu-
cslas ToJbKO OT TeMmnepaTypel T. M3 s3/1eKTpofHHAMUKH H3BeCTHO!),
YTO JaBJleHHe H30TPONHOTO H3Jy4YeHUus

1
P=e(T). (5.17)
[oxcrapass (5.16) u (5.17) B (5.13), moayunm
TE 4. (5.18)

dro auddepenunanbHoe ypaBHEHHe JIEMKO HHTEIDHDPYeTCA pasjele-
HHEM TIEPEMEHHDBIX, yTO AaeT.

e(T)=aT*, (5.19)

rje a — TocTosiHHas uHTerpupoBaunusi. CooTHowenue (5.19) waswiBa-
ercst saxonom Cmeghara — boavymana. T'. A. JlopeHTI B peun, MmOCBS-
menHo# mamsité BosbliMaHa, Ha3Bad TepMOAMHAMHUYECKHH BBIBOJ COOT-
nowenns (5.19) «MCTHHHBIM TIEPJOM TEOPETHUECKOH (DH3HKUY».

3. Beemem opHy 13 BaKHEHUIMX KaJOPHUECKHX XapaKTepUCTHK
TeJla—€ero TelJI0eMKOCTh:

C= <g—%> sag. yeu. =T (%)3&1. yea.” (5'20)

) P. Bexrkep, Teopus anexrpuuecrsa, T. II, Daexrponnas teopust, Iocrex-
usnat, 1941, crp. 42.
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T. €. TeMJOEMKOCTb — 3TO KOJIMYeCTBO TEIJIOTH, 06paTHMO NepeiaHHoe
TeJqy NpH 3aJaHHLIX YCJAOBHSX, B pacdere Ha | rpaayc U3MeHeHHs] ero
TemnepaTypbl. Mbl OylieM pasiudath yoeabHyrw MmMenioemkocms 1 Mo-
AAPHYIO MEeNnA0eMKOCML, B 3aBHCHMOCTH OT TOTO, paBHa Jii Macca Tela
OJHOMY TpaMMy MWJIH OXHOH TIpaMM-MOJIEKY.JIE.

Tennora nMeeT pasMepHOCTL 3HEPIHH, IOSTOMY MBI €€ H3MEPAJIH,
HanpuMep, B 3prax. Onpejenenue tenoemxoct (5.20) naer BosMoix-
HOCTb BBeJEHHMsI HOBOW €IMHMUb! S5HEeprHHu, yAOOHOH A/ H3MEPEHHUsT KO-
JIMYeCTBa TeMJIOTHl. B KauecTBe TaKoH eMHHUIBI BEIGHPAIOT KAAOPUIO —
KOJINYeCTBO TeIJIOTHI, 3aTpayHBaeMoe Ha INOBBHIIIEHHE TeMIeparypol 1 2
BOJbI IPH aTMocgepHoM AaBaenun oT 14,5 1o 15,5 °C. Boaswas karopus
pasHa 1000 xamopuii. M3 (4.9) cienyer, uto, usmepsisi B agunaGaTude-
cKHX yeaoBuax (Q1.==0) KosuyecTBO BBIAEJSEMOro Tella (HocpeicT-
BOM M3MepeHHs MOBLILIEHHA TeMIlepaTypsl Teaa) u paboTy, cosepiuae-
MYIO HaJ TeJIOM, MOXHO OTIPEIeTHTh, YTO

1 kar=4,185-107 spe. (5.21)
Orciona caenyer, uro rasopast nocrossiuuas (1I; 6.6)
R=28,314-107 ape/epad=1,987 xaalepad, (5.22)

T. e. IPH pacyerax, He TPeOYIOIUX OYeHb GOJBLIOH TOYHOCTH, MOMKHO
cunutath R=2Kas/epad.

OObIYHO TeIIOeMKOCTE H3MepseTcs B kaa/epad. B coorBercTBHU
HanucavubM B I/ 11 (§ 3, 1. 2), TennoeMKOCTb MOXKHO paccMaTpHBaTh
Kax GespasMepHyo BeIHUMHY, B KOTOPOIl 2HEPTHsl B YHCIHUTENE U 3HEP-
THSA B 3HAMEHATEe/Ie H3MEPAIOTCA B PasHBIX €ANHHIAX (HanpHMep, B KaJo-
PHUSX U Tpajfycax), WIH Ke KaK BeJHUHHY C Pa3MEPHOCTBIO anepeus/epad.

Ocoboe 3HaueHHe HMEIOT TEeNJIOEMKOCTH IIPH HOCMOSAHHOM 06BeMe
U IPU NOCMOAHHOM O0QBAEHUL.

Hcnonbsys (4.13), (4.19), (4.26) n (4.24), monyunm usz (5.20):

_ [4Q _(9EN _ (0S8N _ >F
Cr = (G o= (57, =T (37), == 7 (55),» 629
[ dQ L AN E AN *0
Co= <d7>1’=const* < oT >P—T (797)11__ T(aTz >p' (5:24)
Jns MOMSIpHBIX Tem/OeMKOCTeHl OJHOATOMHOIO rasa, HCMOJAb3ys
Boipakenne Aaa surponud (II; 3.47) (mna onpepenenus C, uckiwo-
yaem V mocpenctBoM ypabHeHus cocrosivust (I1; 6.4)), moayuunm
3 5 _Cp_ 5
CV——Q“R, Cp—gR, *CV*“E, (525)
T. e. Cy =& 3 kaafepad, Cp = 5 karfepad.
B reopernueckux HccjefoBaHUAX YA0OHEe M0Jb30BATHCS BeJIHYH-
noit Cy;, B TO BpeMst KaK Ha ompiTe (BO BCSKOM C/ydae AJs TBepIblX

U XKUJKHX Tes) obbluHo H3MepsitoT TemoeMKoctb Cp. ITostomy mpen-
CTaBJISIETCS CYLIECTBEHHBIM BBMHC/IHTL pasHocTh Cp—C .
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s (4.13)

(55), a7+ | (56),+ Plav. (5.26)

Hens va dT npu P =const u ncmossbays (5.23) u (5.24), moayynm
ov
et (%), 4] (%), e

Mer BumuM, uto Cp mpepocxomut C, Ha BeJHYHHY, COCTOSILYIO H3
v )
aT )p’

4 o
PHEPrud INpHU H3MEHCHUH O6’b€Ma, BTOpOE, P T ,—¢C paéOTOH
P

0,
ABYX CJiaraeMbIX: IIEpBoe, (%\ . < CBsI3aHO C H3MEHEHHEM
/T

JaBJeHHS NPH PacCHIHPeHHH Teda. st KOHAEHCHPOBAHHBIX TeJ Iep-
Boe ciaraeMoe mpuMepno B 10% pas Gosbie BTOPOTO.

Ioacrasaga B (5.27) Beipamenue (5.13) u ucnodnssya (5.5), no-
JyquM 1)

Co—Cy=T (57 () ——T<0P>V 5.28
P \or )\ T )= /ap>' (5.28)
v

Tak kak (OP/dV); <0, To Cp > C,,. Hcnob3yst ypaBHEHHE COCTOA-
nus upeanproro rasa (II; 6.6), moayuim

Cp—C,=R, (5.29)

YTO CNPaBeMJHBO H I MHOIOaTOMHOTO rasa (Kak Mbl [OKaXKeM B
CTeyIoNed rJase).

Briyucsaum  pasuocts  (5.28) ass BaH-Aep-BaasibCOBCKOTO rasa.
Hudcdepenuupyst P B (II; 6.8) oxun pas no T, sropoii mo V, mo-
JayunM, nogcraBisst B (5.28):

R 2a
C—Com—mr v ~ Rt gy)s 630
RT V3

rJie BBIMOJHEeHO pasnoxenue 1o 1/V, ananornuxoe (5.10). Ilpu a —0
(5.30) mepexomut B (5.29).

4. Paccvorpum anuabathueckHe (M30ZHTPONHUYECKHE) H3MEHEHHS
cocrosiHust BemectBa. [lpupaBruBasi B (5.26) dQ =0, nojacrasass
B HEro KBaJpaTHVIO CKOOKY HU3 (5 27) HOJ1y4HM

AT+~ oV dvV =0. (5.31)
T Jp

1) It yCTAaMOBJEHHA CBASH MEXKAY TEPMOIHHAMHUECKHMH IIPOU3BOIHBIMH U
B 4ACTHOCTH A/1s1 BEIBOKA (5.28) MOXKeT 6pITh HCIOL30BAH MeTOA YHKIMOHANBHAIX Oli-
penenutedneil (axko6uanos); cM. [Ipunoxenue 6.
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Dro ypaBHeHME CBA3bIBAaeT H3MeHeHHe Temneparypel dT ¢ H3MeHe-
HpueM obpeMa dV B ajmabaThueckux Inpouieccax. Tak xak y > 1
u obbiuao (0V/9T)p >0, 1o u3 (5.31) caexyer, 4ro Ipu yBeauue-
Hun obwvema (dV > 0) remmepatypa yMmenbimaerca (d7 <0) u Ha-
060poT.

st upeanpuoro rasa (0V/oT)p,=V/T, p
mostomy u3 (5.31) caenyer:

dT dv
St —1D)5-=0.  (5.32)

HuTerpupys, mnojyuum
TV~ = const (5.33)
— TaK HasbiBaeMyio aduabamy [lyaccona.

Hcnoapsyss ypaBHeHHE COCTOSHHS JJIst
ujeaJbHOro rasa, nosayuum us (5.33): v

PVi=const, T'"/P'™*—=const. (5.34) Puc. 13.

M3 (5.34) crenyer, yto Ha auarpamMe P—V aguaGara crmajgaer Kpyue,
YeM HM30TepMa, KakK 3TO IIOKas3aHo Ha puc. 13.
Omnpenennm kosgpuyuenm aduabamudeckoeo cowamus

1 v
”s~—7\ﬁ>s (5.35)

W CPaBHHM €ro ¢ Ko3@QpuuHeHTOM H30TepMHuuecKoro cxkartus (5.3).
Hs ypasuenus cocrosnus T =T (P, V) caenyer:

oT /0T °

dT = (a‘p“)V dp - (WLW, (5.36)
4TO 110Cje MOACTaHOBKH B (5.31) paer:

oT %

(‘aﬂvdpﬂa_vfar_»‘ dv —0. (5.37)
3aece dP w dV cBsizasel ycsoBueM aanadatudsoctd. Hemosbsys
(5.5), momyuum

av oV
(5 ). =7 () (:39)
HJIH
Ny = PHg. (5.39)

Tak kak y> 1, To orcioga ciexyer, 4to
%ng < %, (5.40)

4TO TIPeJCTABJSIETCS BeCbMa €CTeCTBEHHBIM (amuabarHueckoe cxartue
CBSI3aHO C HarpeBaHueM, 4TO IPENATCTBYeT YMEHBIICHHIO 00beMa).

5. A6comiorHas Temnepatypa 6 (miau T) Gblia onpejeseHa HamHu Io-
cpeactBoM BuipaxkeHus (I11; 3.14) u takum o6pasoM BolllIa B KaHOHHUeE-
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ckoe pacnpepenenue (II; 3.16). EcrecrBenno, uro aGcomornas temiepa-
Typa 0Kasasiach CBA3aHHOM C Pa3/MMYHBIMU CBOHCTBAMH TeJT, HAXOAALIHX-
Cs1 B COCTOSIHMM CTAaTHCTHYECKOro paBHOBecusi. Hanpumep, okasasnoch,
UTO CpEAHSsIsl KHHETHYECKan 3SHepTHs YacTHI HAealbHOIC OJHOaTOM-
HOTO rasa e=3/,0=%/, RT. Onnako uu Beipaxenue (II; 3.14), Hu 3Ha-
UeHHe & He JAoT BO3MOXKHOCTH IPOCTOTO H3MepeHHst abCOTIOTHOH TeM-
nepaTypsl. Ha mepBeift B3ruisin, A/ 9TOTO MOXKHO UCIHOJAb30BaTbh ypas-
Henie cocToanust uaeaabnoro rasa (11; 6.6). Oanaxko, crporo roBops, B
OPHPOJE HE CYLIeCTBYeT HJeasbHBIX TasoB 1),

Bosuukaer Bompoc, Kak CBA3aTh NOKA3aHHs [POU3BOJLHOIO Tep-
momMerpa ¢ abcoioTHOH Temmeparypof 7. Tlod NMpOU3BOJIBLHBIM TEPMO-
METPOM MbI ITOHHMaeM KaKoe-Inbo CBOHCTBO Tesa (00beM, JEKTPHUECKOe
COMPOTHBJICHHE), 3aBHCALLEE OT TeMIEpPaTypbl, KOTOPOe MOXKeT ObTh HC-
NOJIb30BAaHO NIl NOCTPOEHMsT HEKOTOPOH TeMrnepaTypHOH IMIKaJbl T.

s cpaBHeHHsI MPOM3BOJIBLHOM WKael T ¢ T MOKeT GbITb HCIOMb30-
Bau oOpartuMbill ajnuabaTuyecKHil mnpouecc, pacCMOTPEHHLIH BBILIE.

[Monaras B (5.26) dQ=0 u ucnoassys (5.13) u (5.23), nonydum

C,dT +T (g;)vd{/:o. (5.41)

Hcnoabsys reMmeparypHyio LIKady T, HMeeM

CV:('%"(Q)V:(%)V%:CV;_;’ (g_)l/:(%%)vad%’ (642)

rie 5V: (08/07) . — TenIoeMKOCTb IPH IOCTOSIHHOM 0ObeMe IO TeM-
neparypuoli wkane t. Iloxcrasasa (5.42) B (5.41), noaydum
I _ QPO (9V)
T g, \dot )4

31ech BHIPaXKeHHe, CTOsIlee ClpaBa,— HeKoTopasd PyHKUUS T, KOTO-
pasi MoxeT Gbl1p onpenesnena u3 oneita. Muterpupys (5.43), moaydum

(5.43)

T
T—T,exp —S@—P@—“X(ﬂ) du ). (5.44)
Cy It /s
To
3nech T,— TPOU3BOJNBLHO BHIOpaHHCe 3HaueHUe aOGCOJIOTHOH TeMIepa-
TYpBl I/ HEKOTOPOTO OMpeieeHHOIO COCTOAHHS TeNa, To— H3MEepeH-
HOe Ha OINbiTe 3HAUeHHe T A 9TOro coctosiHusA. Met Bugean (crp.69—
70), uro B crorpanycHoli mwkajge T, MU TEMIEPATyPhl TAIOLIETO JbAa
(npu armochepHOM JaBieHu#) paBHO 273,16°.
Tak Kak NoguHTerpasbHOe BhIpaxkeHHe — H3BecTHast (OmpejpeiuMas
Ha ombiTe) GYHKOUS T, TO KaXKAOMYy 3HAUeHHIO BEDXHErO IIpellesa MH-
Terpaja T COOTBETCTBYeT ompenencuuoe suauende T, T. e. T=T (7).

1) KoHeuno, BCAKKI JOCTATOUHO pa3pexeHHbIH ras MoKeT ObiTb HCIONb30BAH AJIs
npubauscessozo onpejeienns a6CoMOTHON TeMIlepaTyph.
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6. M3 (I1; 3.34—3.36) cienyer, uTo JJIsi ONpejleneHUs CBOGOAHON
3HepTHH, BHYTpeHHel SHEPTHH ¥ SHTPONHYM CHCTEMbI JOCTATOUHO 3HATDH
ee CTaTHCTHUeCKHH unTerpas (cymmy). OnHaKo Takoil crnocol onpejesne-
HHS XapakTepHCTHUeCKHX (DYHKLMI NPAaKTHYeCKH BO3MOMKEH TOJIBLKO
IUIST IPOCTEHIINX CHCTEM: HeaJbHOTO Tas3a, TBepJoro Teia u 7. 1. B oob-
IeM Caydae TakoH crnoco0 HATaJIKHBAETCS Ha HeNpeoJOJHMbie MaTeMma-
THYECKHE TPYAHOCTH. MBI PACCMOTPHM [O3TOMY METOJ ONpPEENeHHsT 0C-
HOBHBIX XapaKTePHCTHYECKUX (DYHKIHH 10 SMIHPHICCKUM JAaHHEIM, Ha-
npuMep, 10 TEVIOEMKOCTH H YPaBHEHHIO COCTOSIHUSA.

PaccMaTpuBasi 9HEPrHIO CHCTEMBl KaK (YHKLHIO mepeMeHHBIX T
u V, noayyum
dé (T, V):(Zf) dT + ( @'3) 4V =Ne,dT +T° ((ﬁ?) 4V, (5.45)
rie Mbl HCHoJb3oBagu (5.23) u (4.31); smecs N —4HCJIO MOJEKYyI,
¢, (T, v) n v=V/N —TenioeMKoCcTb NpPU NOCTOSHHOM OOBEME H YIe/h-
HEIH 00BeM B pacuere Ha OHY MOJIEKYJY.

Wcnonb3ysi Te ke TepeMeHHBIe, NOJy4uM Jjs jauddeperinasa
SHTPONUH:

ds (T, V)= (g—ﬁ-) dT+< ) V=N dT+( ) 4y,  (5.46)
TAe Mbl HcnosbaoBanau (5.23) u (4.20).

Tak kak d& (T, V) u dS(T, V)—noauple nuddeperuuans, 10
UHTETrpas OT HUX Mexay cocrosmusamu T, V, u T, V ue saBucur
or nyTH. Hanpumep, uHterpupys BHauase no orpesky 71,7 (upu
V,=const), a sarem mo orpesky V,V (npu T = const), nosyunm

r 1%
(T, Vy—& (T, Vo):Ngcp(T', vo)dTurS‘Tzar; [Pa/ T’]dV'
- " (5.47)

6P (V T)

T
S(T, V)—=S(T,, V=N [l ar Jav'. (5.48)
Tﬂ

Vo

Breibupasi B KkauecTBe NepeMeHHBIX TeMmmnepatypy T u jaBjenHe
P, moxxHO coBeplueHHO aHasoruduo (5.46) u (5 48) MOAYUHTD:

S(T, Py=S(T,, PO)—NSEP—MdT' §Mdp' (5.49)

0pu 3TOM OBLIM HCIOJB30BAHEl COOTHOILIEHHS (5.24) u (4.25).

Ecan Ham H3BecTHA SHEPIHA & H HTPONUS S CHCTEMBI, TO CBO-
6oiHas 3IHEpPrua o MOXKeT OBITb OIpefeNeHa U3 COOTHOLICHHS
F =&—TS
) .
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Tlpumennm (5.47)—(5.49) K HIeanbHOMY OJHOATOMHOMY Trasy,
JUISL KOTOPOTO TEIVIOEMKOCTH U yPABHEHHE COCTOSHHSI HMEIOT BUJ

3 5
Co=7k, Cp=7k, PV = NET. (5.50)
ITosmyuam:
3
é?(T):?Nk(T—TO)+é°(TO). (5.51)

S(T, V)= Nt 1n%+Nkln(f’—o+S(T0, V,) =

=2 NRINT - Nklno- Ns(Ty, 0,)—o NkInT,—Nklno,, (5.52)
S(T, P)=-> Nk 1n%_Nk1n§0_+3(T0, P)—

— 5 NRInT —NkIn P4 Ns(T,, P)—2 NklnT,—NkInP,. (5.53)

Mpl Bocmosp3oBaguck tem, 4ro V/V, =vfuv, u nosoxuau S(T,, V)=
=Ns(Ty, v) u S(Ty, P))=Ns(T,, P,), NOCKOJbKY SHTDOIHs ~—
HKCTEHCHBHAS BEJHYHHA.

BriGepeM B KauecTBe HCXOMHOH TeMIepaTypsl aGCOMOTHBIA HYJb,
1. e. nosoxkum T,=0. Ecau orcuursiBath or yposus & (T, =0)==0,
10 u3 (5.51) moayuyum

& (T) == NKT, (5.54)

ro] co

yto cosmagaer ¢ (II; 3.46).

Onnako Beipaxenus (5.52) u (5.53) npu T,=0 u3-3a Hanuuus
uieHa o NkInT, npuBoisaT K OGeCKOHEUHOH 3HTPONUHU, uTO (H3H-
YECKOTO CMBIC/IA HE HMeEeT. DTO CBSI3aHO € TeM, 4TO IpPH JOCTaTOYHO
HH3KOH Temmepatype ras He Bejer cebsi Kak KJacCHYecKHit, NOpUH-
Hawomuiica cratucruke Makcpessia— BosbliMana, T. e. COOTHOLIe-
nusM (5.50) (em. ra. X). Ecau, oaHaxo, B coctosnun T, V (uau
T, P) ras senetr cebsa Kak Kaaccuueckui, To (5.52) n (5.53) pator mpa-
BUJBLHYIO 3aBHCHMOCTb SHTPOMHH HjeanbHoro rasa or T u V (awmu T
u P). Takum o6pasoM, BHGHpasi HCXOAHOe cocTosHMe rasa ¢ T,=0,
MBI MOXEM HallHCaThb:

ST, Vy=+ NkInT + Nklnv- No, (5.55)

o tof o

S(T, P):7 NkInT —NEInP+4- No', (5.56)
rae 6 u o —aumponuiinee nocmosarrvie. Bemuunnel No u No' ne

PaBHBI, KOHEYHO, SHTPONHU HJeaJbHOTO rasa NpH TemIepaType abco-
JIOTHOTO HVJA.
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Ecnu cpaBuute (5.55) ¢ (II; 3.47) ¥ BOCIIONB30BATLCA TEM, YTO
Pu=~T, TO Nerko ycraHoBHTb, YTO

2umk)*’® 5
o:k[ln %—+7} : (5.57)
3/2 1,5/2
c’:k[ln Bamyk +%] (5.58)

OTH XKe 3HAYEHUS VIS SHTPONUHAHBIX [IOCTOSHHBIX MO YUAIOTCS H3 OBIIHX
BBEIDAXKEHHUIT Vst SHTPOIMH HIEATbHOIO KBAHTOBOTO (hepMH- H 603e-rasa
(ra. IX, § 3) npu nepexone k cocroaunio 7, V (wiu T, P), B KoTOpoM
ras BeleT ceBs KIacCHYECKH.

BosHukaeT Bonmpoc, He IPOTHBOpeYAT JIM ONpe/eTeHHbIE 3HAYEHHsI
SHTPONHHHBIX IIOCTOAHHBIX (5.57), (5.58) Tomy, uto, corsmacuo (5.48)
wiad (5.49), BO3MOKHO oOIpeleneHHe TOMLKO PA3HOCTH IHTPONHH AJIs
JBYX COCTOSIHHI CHCTeMBI. Dosee MOAPOOHO MBI PACCMOTPUM STOT BO-
npoc B cs3u ¢ npunuunom Heprera (ra. VIII, § 10). Cefivac ke T04abKO0
OTMETHM, YTO SHTPONHHHBEIE IIOCTOSIHHBIE HUMeloT 3HadeHusi (5.57) u
(5.58), ec/in MOJIOXKHMTH 3HTPOMHIO KBAHTOBOIO rasa NPH TeMIepaType
abco/oTHOro HyJ/Is1 paBHOf Hy/o (1X; 3.20, 3.31) (uto, BooGiue roBops,
He 00s3aTeabHO). B 3TOM cMbIC/Ie SHTPONHAHbBIE KOHCTAHTLI CAMH OIIpe-
JEJIAI0TCA € TOYHOCTBIO JO MOCTOSHHBIX CJIaraeMbiX.

§ 6. Mpouecc Jxoyasi — ToMCOHA WU CHKHKEHHE Ia30B.
MarHuTHbIl MeTOl OXJaMKAEHHS!

1. Jlns onpefenenus Toro, B KakOH Mepe peasibHbie Tas3hl OMUCHBA-
I0TCSL CBOHCTBaMu ujeanbubix, Burbam Tomcon (nopa KeanBun) npen-
JIOXKHJI M OCYIIECTBUJ COBMeCTHO ¢ [lkoyjeM ciexyomnii onmr. Ha
puc. 14 wu3obparkeHa TeNJIOHeMpOHULAeMast
TpyOKa (B onbite [:koy./si — Tomcona oHa i
Obl1a CAeNaHa U3 CAMIUMTA) C ABYMSI CKOJIb3S- L/__
umMy nopmHamMu A 1 B u npobkoii u3 mpec- V2, Pz
cosannoii Batsl C. [lepemeluast HOPIIHH, MOXK- I F——;z
HO OCYLIeCTBHTb MeEJJIeHHOEe CTalHOHApHOe
NpoTeKaHue rasa CKBO3b MPOBGKY, TaK UTOGBI Puc. 14.
caeBa (I) cyImecTBOBAIO NOCTOSIHHOE JABJEHHE
P, a cnpasa (I1) — paBnenne P,. Pafora, coBepimaemast Ipu mupo-
JIaBJMBaHUH CKBO3b NPOOKY Onpee]eHHOH MacChl (HanpHMep, MoJs)
rasa, paBHa

RN

A=~ {Pav— ( pav—Py,—Py, (6.1)

(1) (1n

eCIM 3TO KOJHYECTBO rasa 3aHHMaJO IpH jasjeHun P, oGwem V,,
a npu paBiesuHn P,—o6bem V,. Mpl mpeneGperaeM KHHETHYECKOM
SHEPrUed MaKpPOCKOIUYECKOTO TEUeHHS I'asa, UTO OMPAaB/bIBAETCS €ro

MeJJIEHHbIM [IpocayuBaHHEM CKBO3b HpOﬁKy.



126 OCHOBHI TEPMOJMHAMUKH [ra. v

Hs nepporo Hauana (4.9) B cuay aamaGaTHYHOCTH IIpolLecca
(Q,=0)
’ éfz“”ﬁgl = 1)1‘/1“—'132L,2 (6-2)
HJH
& +PV,=6,+ PV, (6.3)

T. e. npoyecc [owoyri— TomcoHa XapakTepHU3YETCS] IOCTOSHCTBOM
sHraJbnuu W =& - PV.

OnbIT 3aK/I0YaeTCsl B H3MEPEHHH MaJIOro H3MEHEHHs] TeMIeparyphl
rasa npu NPOJABJIMBAHUH €ro ckBo3b Npobry C. Ecau temmeparypa
rasa npm 5ToM He MeHsercs, To PV, =PV, (3akou DBoiis—Ma-
PHOTTA) H CJEJ0BaTEJbHO & =&,, T. €. SHEPrUsA rasa OT ofbeMa He
saBucuT. dKoyab u ToMCOH oOHapysKMJM Ha OIbITe, TIPH IPOTEKa-
HHM Ta30B, MaJjple H3MEHEeHHs TeMiepaTyphl, 4T0 [O3BOJHJIO UM
clleiaTh 3aKJoueHue, yto ycjoBue (5.14)

(;’_553)1 -0 (6.4)

JIOCTaTOUHO XOPOIIO ONPAaBABIBAETCS /IS peajJbHBIX [a30B MpH HOPMaJb-
HEIX JaBJeHHAX U TeMieparypax. OHH OOHapyKHJH TAKXKe, UTO B 3THX
YCJIOBHAX NIPU NPOTEKAHHHU BO3JyXa eI'o TeMIepaTypa HeEMHOI'O MOHHKa-
€TCsl, a BOJAOPOJA — IOBBIIIAETCH.

Cnenyer nopuepkHyTb, uTo mnpouecc Jlxoyns — Tomcona siB/as-
ercss HeoOpaTHMbLIM, UTO BBEITEKAeT, B YaCTHOCTH, M3 TOTO, UTO Jyls HEro
SIBJISIETCA CYIIECTBEHHBIM BA3KOe (C TPEHHeM) NPOTeKaHHe rasa CKBO3b
BaTHyI0 1pobKy. Tosromy, xors npouecc xoysns — Tomcona axuaba-
THYeCKHUI, 1151 Hero dS =& 0,7.e. 3HTPONHUS IPH TeUeHHH He COXpaHsercs.

CrieyeT OTMETHTB, UTO CX€Ma OlbITA Ha puc. 14 He UMeeT MpPMHIH-
NHaJbHOrO 3HaueHus U npoiece xxoyiaa — TomcoHa MOXKET OCYILeCT-
BAATbCS IS OTAEMbHLIX TPYOOK TOKa IpPH CTAlMOHAPHOM CTPYHHOM
anuabaTHYeCKOM TedyeHHH rasal).

2. Pacemorpum nugpepennuansubiil nponece [xoynas — TomcoHa,
s koroporo P,— P,=dP. Coraacuo (4.26), mis puddepenuunana
SHTA/NbIIHU HMeeM

dW =T dS+VdP. (6.5)

Bpuncnnm dS B nepemenuslx T u P:
(38 a8 _Cp v
ds = <W>PdT+ (ﬁ)rdp_ <2 4T — <5T-)Pdp, (6.6)

rae OblIM MCHoJb3oBaHbl BblpaxeHnus (5.24) u (4.25).
MUz (6.5) nu (6.6) mas npouecca [Txoynasi— Tomcona (dW =0)
CJeAyerT:
cpdr+[v——T<§7‘,i>P]dP:o, (6.7)

WM. A JleouroBuu Bsegeune B TepMmoxunamuky, [ocrexusaar, 1951,
cTp. 43.
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OTKYJa
/dT 1 / oV 1 VT 1
(@) =ar |7 7)o V]=grle—7].  ©
rae oo — Koshduuuent TemioBoro pacwupenns (5.1). Ilasa upeanbHoro
raza a=1/T u (dT/dP),=0, KaK OblJI0 OTMEHEHO BLILIE.

I peanbHBIX ra3oB oo MOXKeT ObITb Kak 0oJblle, TaK W MeHbIle
1/T. B nepeom ciayuae (dT/dP)y, mop0XKHTeNbHO, BO BTOPOM OTpHIA-
TeJbHO. B nepBoM cIydae, IPH NPOAABIMBAHKMH ras3a OT GoJIBINEro NaB-
JeHuss K wmenbiueMy (dP<<C0), om oxaaxkpaercs (d7<<0); Bo BTOpOM
ciyuae on npu stoMm (dP<C0) narpesaerca (d7=0).

JUIst TeXHUKU CKHKeHHS (KOHAEHCaluu) ra30B HHTEPeceH IepBbli
cnyyaii. Tloaromy mpencraBisieT HHTepec HCC/IEI0BATh Ha JUarpamme
P — T pasi peajbHOTO rasa Tak HasbBAEMYIO KpusYl0 uHeepCuu

a(P, T)=1/T, (6.9)

OTHENSIOLLYIO NoAoKcUmensHyto obnacts, rae (dT'/dP),=>0, ot ompuya-
meavroli, tae (dT/dP)y,<<0.

3. Jlas Toro yto6bl MOJYUYMTb HpefcTaBieHue 06 0COGEHHOCTSAX OX-
JIaXKIEHUST WM HArpeBaHus HenjlealbHOro rasa B nponecce JKoyas —
Tomcona, paccMoTpuM ero AJsl BaH-Aep-BaaJbCOBCKOTO rasa. [Lis aToro
noxcraBuM B (6.8) @ us (5.9). Jlerko BuzeThb, 4TO 4Jis NOJIOKUTENLHOH
obnacry ((dT/dP)y=>0) HO/IKHO BBINOMHATHCHS HEPABEHCTBO

%’;(Vﬂ;é)Bb (6.10)

umn npubmkernso (b<€V)
2
?“T > b. (6.10a)

[Ipu HOpMasbHOK TeMmmepaType s BO3AyXa ¥ GOABUIMHCTBA APYTUX
rasoB BhlOJHsIeTCs HepaseHcrBo (6.10a), ass Bogopojga — HPOTHUBO-
HOJIOKHOE HePaBeHCTBO.

[pu momomyu psia mMOCAENOBATENHLHO MPOBEIEHHBIX HPOLECCOB pac-
IIMPEHNUS TeMIepaTypa BO34YyXa MOKET GBITh HACTOJILKO NOHUIKEHA, UTO
OH CKOHJAEHCHPYeTCS — IepeffieT B KUAKOe COCTOsiHME. B MammHax
JIMHIEe 1St CUKEHHs Ta30B HCIOMb3YIOTCS BMECTO BATHOH HPOGKH Clie-
NMasbHblE NOHHXKAWILINE AaBieHHe BeHTUIH; 3PeKTHBHOCTL pouecca
NOBEILIEHA 38 CUeT OXJIaXAEHHsT PACIUMPSIIOIUXCS MOPIHMIT rasa BCTpey-
HBIM YK€ OXJa)JeHHBIM MOTOKOM.

Hcerenyem KpuByrO HHBEPCHH LJIst ['a3a, MOAUHHSIONEr0OCs ypaBHe-
uuo Ban-fep-Baanbca. AHAZOPMYHO TOMY, KaK MBI ONPEIE/ISIN [10J0-
KuTeabHy0 o6nacth (6.10), wa kpusoit musepcuu, rae (d7/dP),,=0,
JOJKHO BBINONHATBCH PaBEHCTBO

%(V_;_b‘)z:b, (6.11)
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KOTOpOe faeT cBsiab Mexay V u 7. D10 ypaBHeHHe COBMECTHO C ypaBHe-
HueMm Bau-gep-Baamwca (II; 6.7) nossossier, B NpuHLHIE, HCK/JIOUYHThH
V u nonyuurh Ha auarpamme P — T xpusyio unsepcun P=P; (T).
Ha puc. 15 cxemaTuyeckn H300paykeHa KpHBas HMHBEPCHH, IIPHYEM 3a-
[ITPUXOBAHHAS YaCTh COOTBETCTBYET IOJOXKHTeJdbHOH ofmactn. Mak-
cumanbHas temneparypa T,=2a/Rb coorserctByer V—-oco. [l BO3-
ayxa T,=900 °K, a1 Bomopoma T,=200 °K, mosromy BOZOPOA HPH
p HopMasbHOH TeMneparype B npomecce Jkoy-
as — ToMcona Bcerpa Harpesaercd. [lis
NOJTYUeHHsT KUJKOTO BOJIOPOJA €ro Heo0Xo-
JIUMO BHAuasle OXJAAUTh (HaupuMep, Hocpel-
CTBOM JKHJKOrO BO3AyXa) A0 TeMIlepaTyphl
Huxke 200 °K.

Pesyaprupymolee oxaaxaeHle B Ipouecce
JDxoynst — Tomcona npH yMeHbIIEHHH JaBJjie-
Hug ot Py g0 P, paBHO

Py
oT
. ATETI_TQ:__“W)WP, (6.12)
Vi By
Puc. 15, rge Ty u T,— Hava/JbHAsA W KOHEUHAd TeM-

neparypol.

Hasinenue P, obpiuno pasHo armocepnomy. Temmeparypa T, on-
penensieTcsl  YCJIOBHSIMH TNPEIBAPHTENBHOrO OXJaxieHnsa rasa. Ilpu
CKHKEHHU Bo3jayxa Ty o6bluHo OJH3KO K KOMHATHOH TemIleparype. Bo-
ZOPOA oxJaxaaior 1o Temueparypsl T;=70 °K (Temmeparypa KHIeHHS
a30Ta IpH HOHMKEHHOM JaBJIEHHH).

TIpo#3BosibHEIM B HEKOTOPO# Mepe ocraercs fasienue Py, xoTopoe
MBI BEIOEPEM H3 YCIOBHSI MaKCHMaJlBHOCTH oxJaxaenus AT, 1. e.

0 oT
B—E(AT):(a—ﬁ>W:o npu P=P, uT=T, (6.13)

rae mbl npoauddepeHurpoBail IO HIXKHEMY Mpeleny HHTerpas B
(6.12). Ycaosue (6.13) nokassiBaer, uTo 1aB/ieHHe Py JOKHO ObITb BbI-
Gpano Ha KpHUBOH uHBepcHu mpu Temmepartype T=T,. Iasa Bojopoza
npu T,=70 °K nasienne P,=140 amn.

B 3axJ/oueHre OTMETUM, UTO, KaK y2Ke YKa3blBajIoch B CBS3HU C ypas-
nenueM (5.31), obpamumoe aduabamudecKoe paciliipenye Tejda BCerjaa
COIPOBOXKJIAETCS €ro OXJayKAeHHeM. B 3ToM saxioyaercsl DPUHIHIH-
anbHOE (Mbl HE KAacaeMcs TeXHHUECKOH CTOPOHHI jiesa) IPenMyllecTBO
OCHOBAHHOH Ha 3TOM Malluubl, ckoucTpyupopansoil [1. JI. Kanuuei.

Korna Kafiere BriepBele NOJYUHI KHAKHI BO3AYX (B KOHIE CeMH-
TeCSITEIX TOAOB NPOLLIOro Beka), Temnepartyps! ot 50° no 90 °K cuura-
Juch ouenb Huskumu. Celluac TeMIeparypa JKHUIKOro Boxopoja (14° —
20 °K) He HasbiBaercst HU3Koil. TloA pusHKOll HH3KHX TeMIepaTyp IIOHHU-
MaloT cefiuac siBJIeHUs, IpoTekamoliue IIPH TeMIepaTypax KHAKOIo
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oYY UM
1 g 2 5 T _ 2
V2 dy = —— y 4.3
= ety =2 ey, (4.33)
re
- —VAf
z2=Ylr=x, Y va(l_e) (4.34)

Ve (i—e 5y’

Kax 370 cienyer u3 (4.32). Buipakenne (4.33) Moxer ObITh mepemnu-

CaHO B BHJIE
z

2 2 2
e Vdy== 3
0
€CJU yuectb, UTO
0
(cm. IMpunoxkenune 3). M3 (4.35) crexyer, uto?)
2=0,68. (4.36)
Pemasi (4.34) otHOocuTenbHO Af, HOJYYHM
1 140,92 (B/x0)? -

IJ€ HCHOJ/Ib30BaHO 3HaueHue 2z (4.36).

Hs sroro BeipaxkeHHs ciefyeT, 4yTo dem MeHblle (E/xy)%, T. e.
yeM OoJiee «aHOMaspHO» HAvaJLHOE HEPABHOBECHOE COCTOSIHME CH-
CTeMBl, TEM MeHbllle «BpeMs pesakcanuu» Af. Pasnaras Jorapugpm
B (4.37) B paj, NOJy4YuM

1,85/ E\2
At=——<;;> , (4.38)
OTKyJa BMIHO, Kak u3MeHsercs Af IpH JROCTATOYHO MaJhlX 3Haye-
HEAX (§/x,)%.
ITepenuceiBasi (4.25) B BHAE

= E L (k2 —E2) e, (4.39)

BHJMM, 4TO NpPH x3 > E? BeJqHYMHA X* CO BpEMEHEM yMeHblUaercs H

crpemutcs K E%, a mpu x3 < §? BejMuuwHa X®  yBeJMUHBaercs 10
sHavenus §2. To ecth BO Bcex ciaywasix BHODATOp CTPEMHTCH K

1) Cu. moGrle TabauIE! HETErpaaa BepoaTHOCTed, HanpuMep: E. I n ke, @. D m-
ne u @. Jlew, Crenuanbaele pynknun, Fsg. «Hayka», 1968.
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inf-—Inf,, muoxureas |v,—v|0 (¥, u) ocraerca 6e3 H3MeHEHHH,
TaK Kak |0, —v|=|v—9v,|, HakoHeu, dvdv, Toxke ocraercsi Ges
H3MeHeHHSI.

[Tpu BropoM npeoOpa3oBaHHU KBajgpaTHas CKOOKa MeHSeT 3Hak,
Inf—Inf, |o,—v|{o(¥, u) ocraercid Ge3 wu3MeHeHusi, TaK Kak
u=u''), u dodv,=dv dv, B cuay rteopemsl Jluysmasas (cM. pac-
CyxJeHHus, caeaywomye 3a (2.38)).

Hakoneu, npu TperbeM npeoGpa3oBaHHU, KOTOpOE sIBJsSETCS KOM-
OuHaiuel 1BYX NepBBIX, KBaJparTHasi CKOOKa MeHseT 3Hak, Inf-—In f;,
|v,—v| 0o (¥, u) ocraercs Ges usmenenus u dv dv, =dv, dv’.

Ecau mul cnoxuM (3.16) ¢ Tpemss ypaBHEHHSIMH, NOJyYeHHBIMH
B pe3yJbTaTe OMHCAHHBIX BHIUIE NPeo6pa3oBaHuil, TO NOJLYIHM

=1 =P E in () —1n (")} jm—2] 0 (8, u) dQ dw do,.

(3.17)

IlpousBenenne kBagpaTHod CKOGKM Ha (UIYpHYIO NOA 3HAKOM HH-
Terpana umeer BHX [x—y] {Inx—Iny}; 510 nmpousBexeHHe, B CHIY
MOHOTOHHOCTH JIorapu¢pMuyeckoll QyHKIHH, He MOxeT GbITh OTpHIA-
TeJbHbIM, T. €. oHO Bceria > 0. Tak kak |9,—v|o (¥, u) >0, 10

OTCIOa CJaeAVyer, 4To
dH

- <0 (3.18)
3HaKy paBeHCTBA B TOM BBIDAXKEHHH COOTBETCTBYeT x==y wiu (3.1),
a B 9TOM CJyuae, KaK Mbl BHZENH, Ta3 HAXOAUTCSI B PaBHOBECHOM COCTO-
AHUH H ero GyHKIUA pacrnpejeledns — MakcBeatobckas (3.9). Ta-
KHM 06pa3oM, ecsd ra3 HaxOAUTCS B HEPaBHOBECHOM (IO CKOPOCTSIM)
COCTOSIHHU, TO B pe3yJbTaTe CTOJNKHOBEHUEH MOJeKy.a dyHKuus H (f)
(3.13) ¢ nojaBAsOlIEeH BepOATHOCTHIO MOHOTOHHO yOBIBaeT, AOCTUrasi
HalMeHbLIero 3Ha4YeHusi B paBHOBecHu. OTciofa CiefyeT, 4TO ycC/IoOBHe
(3.1) siBnseTCA He TONBKO docmamoursim, HO W HEobXxo0umbin ISl TOTO,
yToOBl COCTOSIHHE rasa ObljIO CTalHOHApPHBIM.

B rsi. IV Mel BeIBeH BelIpaxeHHe AJISI SHTPOIHH HJAEaJbHOTO rasa
(IV; 3.16), BEIpa3uB ee yepe3 YuCJIa 3aNOJHEHHS S4YeeK W-IPOCTPaHCTBa
N,. Taum xe Mbl OoT™MeTU/IH, 4TO DosibumMaH, paccMaTpuBas BelHUHHY
H (1V; 3.17), xoTopasi oTuvaercs oT SHTponux S MHOxuTEREM —RV,
1oKasaj, YyTo B cjlyuae HepaBHOBECHOTO COCTOSIHUSA I'a3a CTOJNKHOBEHHS
MEXAY MOJEKyJaMH BcerJa BeXyT K yMeHbIIeHHIO QyHKuHH H, T. e.
K yBesqudeHHIO sHTponuH S. [TokaxkeM, uro BenuunHa 1, onpelenenHasn
nocpeacrsom (3.13), coBmanaer (¢ TOUYHOCTBIO IO HECYIIECTBEHHOTO CJa-
raemoro) ¢ Beipaxenuem (IV; 3.17).

1y Taxas 3aMeHa HAUaNbHLIX CKOPOCTEH D M ¥; KOHEUHLIMHA D H Dy MOXET GLITb HH-
TepNpeTHpPOBaHa Kak o0paTHOE ABHIKEHWe CHCTeM:l Bo BpeMen#. B cuay ofpartumocty
MeXaHHUYECKHX ypaBHeHHH ABHXKeHMS BO BPeMeHH OHa JO/KHA NPUBOAHTL K TOMY Xe
CEYEHHRIO PacCesHAR.
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