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INPEJNCJIOBUE PEJAKTOPA K YETBEPTOMY
N3JAHNEO

[Ipu momroroBke k medaru mpegmaraemoro mi3manust «CraTwm-
cTrdeckoii u3ukmuy OBLIN WCIPABJIEHBI 3aMEUYEHHBIE ONMEYATKA U
BHECEHBI HEKOTOPBIE YTOYHEHUsI. SJHAUUTE/IbHASI YACTh STUX UCIPAB-
JIEHUIT y2Ke ydTeHa B IOCAEJHEM aHIVIMIHCKOM wu3gaHuu Kauru. 21
TakzKe cdesl HeobxoaumbiM jiobaBuTh B Kouie §133 u §145 kpar-
Kre 3aMevanus 0 Hecom3mepmMmbix dazax. Orkpeitue Takux ¢a3
CYIIIECTBEHHO MPOSCHUIO CMBICT ycranoBiaerunoro E. M. JIudmmem
KPUTEPHUsT BO3MOYXKHOCTH (Ha30BOTO MMEpexo/1a BTOPOro poaa. B cea3u
¢ UM jobasieHa Takxke 3aja4da K § 150 Ha uccnenopanue hazoBoro
nepexojia B Hecomsmepumyto dazy. HakoHel, HECKOIBKO PACIIUPEHO
00Cy2KJIeHUEe BOMPOCA O MOBEPXHOCTHOM HATSKEHUU KPUCTAJLIOB.
9 wckpenne Omarogapen A.®.Awngpeeny, . E.IzsiomuHcKoMy,
I. 4. Jlrobapckomy, JI. A. Makcumosy, C.B.Memxosy n B.JI. [Tok-
pPOBCKOMY 3a 00Cy’KIeHMe psifia BOTPOCOB, CBI3aHHBIX C paboToit
Ha/l, KHUI'OM.

Hosi6pn 1989 JI. 1. TIlutaeBcknmit

INNPEJINCJIOBUE K TPETBEMY N3JAHNIO

JL71s1 HACTOSIIIETO M3AaHMS KHUTA, ObIIa 3aMETHO JIOTIOIHEHA, U TIe-
pepaboTtana; Bcs 3Ta paboTa TIPOM3BEIEHa MHOIW COBMECTHO C
JI.II. TIutaeBck M.

BaHoBO j100aB/eHbl TAparpadbl O MAIHUTHBIX CBOHCTBAX Ia30B,
0 TEePMOJMHAMUKE BBIPOZK/IEHHON ILJIA3Mbl, O KUJIKUX KPUCTAJLIAX,
0 daykTyannoHuoit teopun (azoBbIX IEPEXOJ0B BTOPOIO POa U
kpuTnvdeckux spjennii. CyIIecTBEHHO [TOTOMHEHBI TJIABBI O TBEp-
IBIX TeJIaX W 0 CUMMETPUWM KPUCTAIIOB, B 9acTHOCTH — OoJiee mmo-
JPOOHBIM M3JI0YKEHNEM TEOPUW HENPUBOANMBIX TTPEICTABICHUIN TTPO-
CTPAHCTBEHHBIX I'PYIII B HPUMEHEHUN K (DU3UKE KPUCTAIUIECKOrO
cocrosinusi. [lepepaboranbl u j10m0/1HeHbI Taparpadbl, OCBIIIEHHBIE
ULy KTyalnnoOHHO- IUCCUITAIIMOHHOM TeopeMe.

B 10 ke Bpemsi m3 9TOil KHUTW WCKIIOYEHO HECKOJIHKO Tapa-
rpadoB, MOCBAIIEHHBIX TEOPUN KBAHTOBBIX YKUIKOCTEH W CBI3aH-
HOM ¢ Heil Teopnn c1abo HeMIealbHBIX BBIPOXKIEHHBIX Ta30B. Du-



10 ITPEJNCJ/IOBUE

3WKa KBAHTOBBIX YKUJIKOCTeH, OCHOBAHHAA W B 3HAYUTETHHON CTe-
IEHW PA3BUTAA B MHUOHEPCKUX IKCIMEPUMEHTATBHBIX WCICIOBAHUIX
II. JI. Kanuupsr u teoperndeckux — camoro JI. [1. Jlangay, B nacrosi-
1I[e€ BPEMsl [IPEBPATU/IACH B OOIIUPHYIO 00J1aCTh, 3HAYEHUE KOTOPOit
BBIXOJIUT JIAJIEKO 33 IIPE/IE/Ibl €€ MePBOHAYAJIBLHOTO O0bEKTa KU/
KWX W30TONOB rejmsd. V3jokeHne Teopun KBAHTOBBIX KHUIKOCTEH
JIOJI7KHO 3aHATH TEMeph Mom00aroee MeCTo W B OOIIEM Kypce Te-
opeTnydeckoit (bu3nKM, a MOCBAIMICHHBIE €if B MPEIbIIYIIINX U3TAHUTX
9TOI KHUTYM HECKOJIBKO maparpadoB CTaHOBATCH HEJOCTATOYHBIMU.

B 3nauuTesibHO pacuiupeHHOM BuU/le OHUM BOWIYT B JAPYyroil TOM
9TOro Kypca, pabora HaJ KOTOPHIM B HACTOSIIEE BPEMs BEJIETCS
JL.II. [TutaeBckum m muO#. B TOM ke TOome Oymer maHo JeTaabHOE
W3/I0KEHNE MEeTOd TPUHOBCKUX (DYHKINN W JUATPAMMHONW TEXHU-
KW, B 3HAYUTETHLHON CTETNeHN OTPEIeTUBITNX pPa3BUTHE CTATUCTH-
4eckoit (pu3MKM 3a MOCAEJHUE JIBA JlecaTujeTus. Boiiesenue 31ux
(a TakKe psaga APYrux) BOOPOCOB B OT/AEJbHBIA TOM JUKTYETCS HE
TOJBKO TEM, YTO BKJIIOYEHHE WX B JIAHHYIO KHULY IIPUBEJIO Obl K
CTUTITKOM OOJIBIIIOMY YBEIUYEHWIO ee 00beMa W K 3HAYUTETHHOMY
W3MEHEHWIO BCETO ee xapakTepa. Jlemo erme m B TOM, 9TO MO POIY
9TUX BOMPOCOB OHW CYIIECTBEHHO CBA3aHBI TaKyKe W C THAPOIUHA-
MUKOIl M MAKPOCKONMYECKOH 3JIeKTPOJAMHAMUKON (HAnIpuMep, npu
U3JI0KEHUN MUKPOCKOIMYECKON TEOPUU CBEPXIIPOBOIUMOCTH L€JIe-
CcO0OPA3HO ONUPATHCH HA YK€ M3BECTHYIO MAKPOCKOIUYECKYIO TE€O-
puio 3Toro sipjierws). [1o 9Toit npuvrHe HOBasi KHWTA JOJKHA ObITH
PaCIIoIoKeHa B 00IIEM psiy TOMOB TOT0 KYpPCa MOC/TIEe MEXAHUKW 1
SIEKTPOTUHAMUKY CIIIONTHBIX CPEJT.

[lepsbiii BapuanT HacTosmel Kuuru (COAEPKABIIMN B TO Bpe-
MsI W3JI0YKEHWe JINIIb KJIACCHYECKON CTATUCTUKHU) BHIMIET B CBET
B 1938 romy. CoBpemMeHHOMY YHTATEII0 MOXKET MOKA3ATHCA VIIU-
BUTEILHBIM, UTO WCIOIB30BaHMe 0b0mero meroma ['mbbca B craTu-
crudeckoit dusure eme B 30-x romax TpeboBasiO apryMeHTALNN,
110/100HOM TOH, KOTOPast COAEPKUTCI B BOCIIPOUIBOIUMbBIX 3/1€CH BbI-
JIepKKaX U3 MPEeJUuc/oBus K TOU KHure. BO3MOXKHO, 9TO UMEHHO B
pa3paboTKe M3JI0KEHUsT OOIIMX TTPUHIIUIIOB W MHOTOYHUC/IEHHBIX TTPHU-
MeHEeHW CTATHCTUKW B HAMOOIBITENl Mepe TPOsIBUIach CBOWCTBEH-
Has Jlanmay mopaszwTenbHas IMUPOTA OXBATA BCETO TMPEIMETa, €ro
OPa3uTe/IbHAsT CIIOCOOHOCTD yrajaTh CAMbIH HPAMOil U camblit -
dEKTUBHBIN IIyTh K IOy YEHUIO BCEX PE3YJILTATOB TEOPUH, OOJIBbIITNX
U MaJIbIX.

Haxomer, ot mmenn JI.I1. [InTaeBckoro m cBOETO s XOTET OBI
nckpenne nobsarogaputs U. K. Jzsmormmuackoro, U. M. Jludmmma u
B. JI. IlokpoBCKOTO 32 MHOTOYHC/IEHHBIE 00CY K IEHUs BOITPOCOB, CBI-
B3aHHBIX C MTEPEPabOTKOMN 9TOM KHUTH.

Mocksa, mait 1975 E. M. JIudrruig



13 OPEAVNCJIOBUN K OPEJBLAYIIIAM
N3TAHUSAM

Cpenut (hU3MKOB JI0BOJIBHO MIKPOKO PACHPOCTPAHEHO 3a0J1y 2K j1e-
HUE, YTO CTATUCTHIECKAsi (DUBMKA sIBJISETCsl HauMeHee 0DOCHOBAH-
ot obsiacTpio Teoperndeckoit dpusuku. [Ipu 3roM 00bIYHO CChLIA-
IOTCA HA TO, UTO HEKOTOPHIE BBIBOILI CTATUCTUKH TOKAZBIBAIOTCS
HE CTPOTO MATEeMATHUYeCKu, W 3a0BIBAIOT, 9TO W BCE JApyrue 00Ja-
CTH TEOPEeTWYECKOil (DU3MKM COAEpKAT CTOJb K€ HEeCTPOrue JTOKa-
3aTe/IbCTBA, 9T0, OJHAKO, HE PACCMATPUBAETCS KAK PU3HAK HEJ0-
CTATOYHONH ODOCHOBAHHOCTHU 3TUX OTJIEJIOB.

Mexkay Tem paboramm ['mbbca cratmcrudeckast pusmka, OCHO-
Bannasa Kiaysmycom, Makcsennom m Bonbiivanowm, ObLia mpeBpa-
[IeHA B JIOTUYECKN CBI3AHHYIO W CTPOHYO cuctemy. ['uboc mar 0b-
Ui MEeTO/I, TPUMEHUMBIN MPUHIINITAAIBHO KO BCEM 3aJadaM, KOTO-
pble MOryT ObITh IIOCTABJIEHBI IE€PeJl CTaTucTu4deckoin dusukoit. K
cozkasiennto, meron ['mbOca He mOoJydmsi J0JKHOIO PACIPOCTPaHE-
Husi. OCHOBHO HEJIOCTATOK DOJIBITUHCTBA UMEIOMIUXCST KHUD 110 CTa-
TUCTUYIECKO (PU3WKE W 3AKII0TALTCS KAK Pa3 B TOM, 9TO UX aBTOPHI,
BMECTO TOTO UTOOBI MOJOKUTH B OCHOBY 3TOT OOIIHUiT METO, TTPUBO-
JIAT €r0 TOJTBKO MEXKIY TTPOYUNM.

Crarucruka U TEpMOJIMHAMUKA, 00PA3YIOT BMECTE EJIUMHOE LEJI0E.
Bcee nonsitust v BesiduHbl TEPMOJIMHAMUKI HAUOOJIEE ECTECTBEHHO,
[POCTO W CTPOrO BBITEKAIOT W3 MOHATUN cratuctuku. U ecjiu jpaxe
o011re MoI0YKEeHNsT TEPMOUHAMUKN U MOTYT OBITH (DOPMYTHPOBAHEI
0e3 CTAaTUCTUKY, TO UX MPUIOKEHNE K KOHKPETHBIM CIydasM Tpedy-
€T, BO BCSIKOM CJIy9ae, MPUMEHEHUs CTATUCTUKMA.

MbI cTpeMU/INCh JIaTh B [PEJIATAEMOT KHUI'E CHUCTEMATHIECKOe
UBJI0KEHUE CTATUCTUYECKON (DU3MKKM BMECTe ¢ TepMOJMHAMUKON. B
ocHoBy mojioxkeHn wmeroxn ['mbbca. Bece komkpernbie 3ajadum craru-
CTUKU UCCIEJI0OBAHBL ¢ HOMOIIBI0 00X MerogoB. Ilpu jgokazaresib-
CTBAX MBI CTPEMUJINCH HE K MaTEeMAaTHIECKONH CTPOTOCTH, KOTOpast
BOODIIIE TIIOXO JOCTHXKUMa, B TEOPETHIecKoi (hbn3nKe, a TIaBHBIM 00-
pa3oM K TOMY, YTOOBI MOJUYEPKHYTH B3AUMHYIO CBSI3b PA3TUIHBIX
bUBUIECKUX YTBEPK ICHUI.

[Ipu uznokeHun 0OOCHOBAHUN KJAACCUYECKON CTATHUCTUKHU Mbl
paccMaTpUBaeM € CaMOr0 Hadajia CTATUCTUYECKOE DPACHPEe/IeHne
JUIST MAJIBIX dacTeil cucreM (TOJCUCTEM), a He JIJIst 3aMKHYTBHIX CH-
crem B 1esioM. Takoit MeTom Kak pa3 COOTBETCTBYET OCHOBHBIM 3a-
JTadgaM U IeasiM (PU3NIecKoil CTATUCTUKW W TO3BOJISIET TOJTHOCTHIO
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000TTI BOTIPOC 00 IPTOAMIECKON WM AHAJOTHIHBIX THUMTOTE3aX, B
JefiCTBUTEIbHOCTA He CYILIeCTBEHHBIN J/Id 3TUX L.

W peanbubliit raz paccMaTpuBaeTCd € TOYKM 3PEHUsi OOIIMX Me-
TOJOB KaK 4acrHblii ciaydaii. IToaromy Mbl M He M3jiaraiu MeToja
Bosbumana kak takoBoro. 9Tor Meros He MOKeT OblTh 060CHOBAH
cam 1o cebe; B 9aCTHOCTHU, TPYAHO ODOCHOBATH BBEMIEHWE AIPUOP-
HBIX BEPOSITHOCTEH. BObIIMaHOBCKOE YK€ BhIPAYKEHUE JJIsi SHTPOTTHN
MIeaILHOTO Ta3a BBIBOJAUTCS U3 00mmx opmyst meroaa ['nboca.

1937-1939 1. JI. JTarnay, E. JIudmmur



FIABA I

OCHOBHBIE ITPUHIINIIBI CTATUCTUKN

§ 1. Crarucruyeckoe paciipeaeieHue

[Ipeamver cmamucmuveckol @uauku, WM, KaK TOBOPSIT JIJist
KPATKOCTHU, MPOCTO CIMAMUCMUKY, COCTABISET U3ydIeHHe 0CO0O0T0
THUTA 3aKOHOMEPHOCTEM, KOTOPHIM TOIINHSIIOTCS TOBEIEHNE W CBOT-
CTBA TeJI MaKPOCKOTUYECKUX, T.€. TeJI, COCTOAIINX U3 KOJIOCCATh-
HOIO KOJIMYECTBA OTJE/IbHBIX YACTHUL, ATOMOB u MoJjeky/. O0umumii
XapakTep dTUX 3aKOHOMEPHOCTEHl B 3HAYUTEJbHON CTeleHn He 3aBu-
CUT OT TOIO, KAKO! MEXaHUKOI ONUCHIBAETCH JBUNKEHUE OT/I€/IbHBIX
YACTHUI TeJIAa — KJIACCUIECKO W KBAaHTOBOM. VX obocHoBamme, o1-
HaKO, TpeOyeT B 3TUX JABYX CAyUYasdX PA3AUIHBIX PACCYIKJICHUIA; s
yI00CTBa M3JI0KEHNsT MBI Oy/IeM CHAYa Ia MTPOBOIUTH BCE PACCY 7K Ie-
HUsl, IPENOAras, 9T0 CIPABEJINBA KJIACCUYECKAs MEXAHUKA.

CocraBiisisi ypaBHEHUS JIBUKEHUS] MEXAHUIECKON CUCTEMbI B YUC-
Jie, PABHOM YHUC/Iy CTereHeil cBOOObI, U MHTEIPUPYS WX, Mbl [IPUH-
ATMATBHO MOYKEM TO/NYUUTh UCUEPIBIBAIOININE CBEIEHUS O TBUKE-
Hun cuctembl. OHAKO €C/IM HAM TPUXOAWTCA WMETH JI€JI0 C CUCTe-
MO, XOTA W TOAYNHAIONIEHCA 3aKOHAM KJIACCWYECKOW MEeXaHWKWH,
HO 00J/1a/1a10111ell KOJIOCCAJIbHBIM HYUCJ0M CTereHelr cBo0O0/Ibl, TO Ipu
IPAKTUIECKOM [IPUMEHEHUM METOJ0B MEXAHUKM Mbl CTAJIKUBAEMCS
¢ HEeOOXOMMOCTBIO COCTABUTH U PEHIUTH TaKoe ke 4ucio jaudde-
PEHIIMAMBHBIX YPABHEHUI, UTO MPEICTABJIAETCS, BOOOIIE TOBOPH,
MPAKTUIECKU HeOoCyImecTBUMbIM. CreyeT MOgYepKHYTh, UTO €CIu
OBl Jayke W MOYKHO OBLIO TPOMHTErPUPOBATHL B ODIIEM BUIE 3THU
ypaBHEHUs, TO COBEPIIEHHO HEBO3MOXKHO ObLIO Obl OICTABUTL B
ol1ee pereHne HavYaJIbHbIE yCJ0BUs Jjisd CKOPOCTEH W KOOPIMHAT
BCEX YaCTHUII.

Ha nepsbiii B3ryig orcioma MOXKHO ObLI0 Obl 3aKJIIOYUTH, 9TO
C yBeJWYEHWEM YHUCJIa FaCTUIl JOJIKHBI HEBOOOPA3MMO BO3PACTATH
CJIO?KHOCTB U 3aIIyTAHHOCTb CBOMCTB MEXaHUYECKON CUCTEMBI U 4YTO B
MOBEIEHNN MAKPOCKOIIMIECKOTO TEIA MBI HE CMOYKEM HANTH U CIeI0B
KakKOii-1b0 3akoHoMmeprocTu. OJIHAKO 9TO HE TAaK, U Mbl YBUJIUM B
JlaJIbHeIeM, 9T0 IPU BeCbMa OOJIbIIOM YUC/Ie 9aCTHL] HOIBJIAIOTC
HOBbIE CBOEOOPA3HbBIE 3AKOHOMEPHOCTH.

DT — TaK HA3BIBAEMBIE CIMGIMUCTIUYECKUE — 3AKOHOMEPHOCTH,
00yC/TOBJIEHHBIE WMEHHO HAJIAYWEeM OOJIBIIOT0 YHC/IA COCTABJISIO-
[IAX TE0 YaCTWIl, HM B KAKOW CTENeHW He MOTYT OBITH CBEICHBI
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K YNCTO MEXaHWYIECKUM 3aKOoHOMepHOCTdM. Ux crnennduaaocTs
POSBJISIETCST B TOM, 9TO OHU TEPSIOT BCIKOE COJEpKAHUE MpU TIe-
pexojie K MEXaHUYIECKUM CUCTeMaM C HeDOJIbIIUM YUCIOM CTerneHeit
cBoOOMBI. TakmM 00pPa3oM, XOTS JIBUXKEHUE CHCTEM C OTPOMHBIM IHC-
JIOM crerneHeii cBoOO/bl HMOJUYUHAETCA TEM K€ 3aKOHAM MEXAHWKH,
9TO W ABUKEHWE CUCTEM W3 HEDOIBINOTO YNCId YACTHUIL, HATHINE
OOJIBIIOTO YNCIA CTerneHeil cBOOOIBI TMPUBOANT K KAIECTBEHHO HO-
BBIM 3aKOHOMEDHOCTSIM.

SHAYEHNE CTATUCTUIECKON (DUBUKU B Psijly JIPYIUX PA3JIEI0B Te-
opernydeckoil (pu3uKM ONPEE/IIeTCsd TeM, 9TO B IPUPOJE Mbl IIOCTO-
SIHHO BCTPEYAEMCd C MAKPOCKOINUYECKUMU TEJAMU, [MOBE/IEHNE KO-
TOPBIX 10 YKA3AHHBIM MPUINHAM HE MOYKET OBITH MCUEPIHIBAIOIIE
OTIMCAHO YHCTO MEXAHWYECKUMHU METOJAMU U KOTOPBIE TTOMINHSIIOT-
Cs CTATUCTUIECKUM 3aKOHOMEDHOCTSIM.

[Tepexomst Kk popMyIUPOBAHUIO OCHOBHOM 3a/a4u KJIACCUIECKON
CTATUCTUKY, Mbl JIOJIZKHBI, [IPEXKJIE BCErO, BBECTU HOHTHE (1306020
NPOCMPaHCMBEaG, KOTOPHIM HAM MPUJAETCH B JAJIbHENIIEM TOCTOSHHO
TOJTH30BATHCSI.

[Iycts paccmaTpruBaemasi MAKPOCKOTTMIECKAS MEXAHWUIECKAST CHU-
cTeMa MMeeT § CTereneit cBoOOabl. JIpyrumu coBamu, MOJIOKEHUE
TOYEK 9TOH CUCTEMbL B IIPOCTPAHCTBE XaPAKTEPU3YETCs S KOOPAU-
HaTaMM, KOTOPbIe MBI Oy/eM 0003Ha4daTh OYKBAMU (j, /1€ UHIEKC 1
Hpo6eraeT saadennsa 1,2,...,s. Torga cocrossHre 3TOM CHCTEMBI B
JIAHHBI MOMEHT OyJ/IeT OMpeesaThCad 3HAUECHUSIMU B ITOT YK€ MO-
MEHT S§ KOODIWHAT ¢; W S COOTBETCTBYIOIIMX WM CKOpocTeit ¢;. B
CTATUCTUKE MPUHSITO TMOJIH30BATHCI 1T XaPAKTEPUCTUKN CHUCTEMBI
ee KOODJAMHATAMU U WMIYJIbCAMHU Pj, & HE CKOPOCTAMHU, TAK KaK
9TO JIaeT Psij BECbMa CYIIECTBEHHBIX HPEuMyIecTB. Pazjumanbie
COCTOSIHUST CHCTEMbl MOYKHO MATEMATHYECKU [IPEJICTABUTH TOYKA-
MU B TaK Ha3biBaeMOM (ha30BOM MPOCTPAHCTBE (SIBJISIONIEMCS, KO-
HEYHO, YUCTO MATEMATHIECKUM TOHSATHEM ); Ha KOODIMHATHBIX OCSX
9TOr0 MPOCTPAHCTBA OTKJIAIBIBAIOTCA 3HAYEHWS KOODAWHAT U WM-
yJIbCOB JlanHoi cucrembl. [Ipu 3T1OM KaxKjas cucrema umMeer CBOE
cobcrBennoe (hazoBOe MPOCTPAHCTBO, UYUCIO0 H3MEPEHUNl KOTOPOro
PaBHO yJBOEHHOMY 4YHCIY ee crereneit cBobombl. Beskas Touka da-
30BOT'O IIPOCTPAHCTBA, COOTBETCTBYS OIPEIe/IeHHBIM 3HAYEHUIM KO-
OPJIMHAT CUCTEMBI (¢; W €e UMITYILCOB p;, m300paskaeT coboil ompete-
JIEHHOEe cocTosgHue 3Toit cucrembl. C TedeHmeM BPEMEHU COCTOSTHUE
CHUCTEMBbI M3MEHSIeTCsI, W, COOTBETCTBEHHO, M300PAKAIOIIAsi COCTOsI-
HUE CUCTeMbl TOUYKA (ha30BOro npocrpaHcrTsa (Mbl OygeM HUZKE IO-
BOPUTH IIPOCTO «(Da30Basg TOUKA CUCTEMBI» ) Oy/1eT ONUCHIBATL B HEM
HEKOTOPYIO JIMHUIO, HA3bIBAEMYI0 (Da30BOil TpaeKTOpuUeil.

Paccmorpum Temeps Kakoe-mmb0 MaKPOCKOTHYIECKOE TeI0 WJIN
cucremy Tesi. Ilpeamonoxknm, 9To cucreMa 3aMKHYTa, T.€. HE B3au-
MOJECTBYeT HU C KAKUMU JIPYTUMU TeJaMu. BbIIeTuM MBICIEHHO
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"3 3TOI CUCTEMBbI HEKOTOPYIO 9acCTh, BECHMA MAJIYIO 10 CPABHEHUIO
CO BCeil cuCTeMoil, HO B TO K€ BpeM:d MaKPOCKOIMNYECKYIO; ACHO,
YTO IPU JOCTATOYHO OOJIBIIIOM YHUC/Ie YACTHULL BO BCEHl CUCTEME YHC/I0
JaCTUL B €e MaJIOM 4acTh MOXKeTr emle OblThb O4YeHb OojiblumMm. Ta-
KU€e OTHOCUTEJbHO MaJible, HO MAKPOCKOIMYECKUE H9aCTU Mbl Oygem
Ha3BIBATHL nodcucmemamu. llomcncrema ecTh OMATH MEXaHUUIECKAS
cHuCTeMa, HO YK€ OTHIONbh He 3aMKHYTas, &, HAIPOTHB, WCIBITHI-
BAIOIIasi BCEBO3MOYKHBIE BO3IEHCTBUSA CO CTOPOHBI OCTAJIHHBIX da-
creit cucrembl. Bjiaromaps OrpoMHOMY 9HC/IY CTeleHeil CBOOObI
9TUX OCTAJIbHBIX 4YaCTell, 3Tu B3auUMO/eNCcTBusd Oy/yT UMETh BECh-
Ma CJI0KHBIM u 3amyTaHubiii xapakrep. [losromy u cocrosuue pac-
CMaTpUBAEMOI TOICUCTEMBI OyJIeT MEHSTHhCA CO BPEMEHEM BeChMa
CJIOYKHBIM ¥ 3aIyTaHHBIM 00PA30M.

Touroe pererne 3a7a4n O MOBEJIEHUHU TMOACUCTEMBI BO3MOXKHO
TOJILKO IIyTEM PEelIeHus 33/a91 MEXaHUKU Jjisd BCell 3aMKHYTOU Cu-
CTEeMbI, T.€. IIyTeM COCTaB/ieHus U peuienus Bcex nuddepeHiuaib-
HbIX YPABHEHUI JBUKEHUs [IPU JTAHHBIX HAYAJIBHBIX YCIOBUSIX, 9TO,
KaK YK€ 0TMEeYAJIOCh, MPEICTAB/ISIeT CO00M HEBBITIOMHUMYIO 3a1aTy.
Ho, k¥ cuacThio, "MEHHO TOT UPE3BBIYANHO CI0YKHBIN X0 W3MEHEHUS
COCTOSIHUST TIOJCUCTEM, KOTOPBIH 1e/TaeT HEIMPUMEHUMBIMUA MEeTOIbI
MEXaHUKM, JIA€T BO3MOXKHOCTH HOJOMTH K PElIeHuio 33a4u C JIpy-
ro¥i CTOPOHBI.

OCHOBOI J1jIs1 3TOrO MOJX0/IA ABJSETCsE TO 0DCTOSATETBCTBO, YTO,
B CUJIy YPE3BBIYANHON CI0KHOCTU W 3AITyTAHHOCTU BHEITHUX BO3-
JIeficTBIIT CO CTOPOHBI OCTAJIBLHBIX YACTEeH, 3a JOCTATOTHO OO0Ih-
0¥ MPOMEXKYTOK BPEMEHU BBIJEIEHHAS HAMU TOACHUCTEMA MOObI-
BaeT JOCTATOYHO MHOI'O Pa3 BO BCEX BO3MOXKHBIX CBOUX COCTOS-
nusx. Tounee 310 0OCTOATEHLCTBO HAJLO CHOPMYJIUPOBATH CJIETYIO-
M obpazom. Oboznadum vepes Ap Ag HEKOTOPBII MaJiblil y4acTOK
«0bbeMay (a30BOro MPOCTPAHCTBA MOJACUCTEMBI, COOTBETCTBY IOIIIHI
3HAYEHUAM €€ KOODIWHAT (; W UMIYJIbCOB P, JEKAIUMHU B HEKO-
TOpBIX Maabix wHTEpBanmax Ag; u Ap;. MoXHO yTBEpX)IAaTh, UTO
B Te€4YEHUE J0CTATOYHO OOJIBIIOrO MPOMEXKYTKa BpemeHu 1’ ape3Bbl-
yaitno 3anmyrannas azoBas TPAEKTOPUs MHOIO Pa3 MPOieT uepel3
BCsKMIT Takoil y4acrok (azoporo npocrpancrsa. Ilycrs At ecrb 1a
4acTb MOJHOIO Bpemenu 1, B TedeHue KOTOPOH MmojcucreMa «HAXO-
JIUIachy B JaHHOM ydactke dazoBoro npocrpanctsa Ap Ag') . Tlpu
HEOTDAHNIEHHOM yBeJNIeHnn MoaHoro Bpemenn 1" orromenne At/T
OyIeT CTPEMUTHCST K HEKOTOPOMY Hpeﬂ?ﬂy

w= lim = (1.1)
T—oo T

1) 715t KpaTKOCTU MBI Oy/ieM OOBIYHO TOBOPHUTH, KAK 3TO MPUHATO, O TOM, UTO
cucrema «Haxoaures B yaacrke Ap Aq da3oBoro npocrpaHcTBay, noApasyMeBas
IIPHU 3TOM, UTO CHCTEMA HAXOIUTCS B COCTOSTHUAX, M300paKAIOMUXCs (HAa30BBIMEI
TOYKAMM B 3TOM y4aCTKe.
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DTy BEJIMIUHY MOYKHO, OUEBUIHO, PACCMATPUBATH KaK BEPOATHOCTH
TOTO, 9TO Tpu HAOJIIONEHWH TOJCUCTEMBI B HEKOTOPBIH MTPOU3BOJIH-
HbIfl MOMEHT BPEMEHU Mbl OOHAPYXKUM €€ HAXOJAMIEHCs B JIAHHOM
yuacrke Ap Aq $HazoBoOro npocTpaHcTBa.

[Tepexoast kK HeCKOHEYHO MaIOMY j1emenTy (hazosoro obbema ')

dgdp = dqidgs . .. dgsdpidps . . . dps, (1.2)

MBI MOYKEM BBECTH BEPOSTHOCTH dw COCTOsTHWIT, M300parKaroninx-
Cd TOYKAMHU B 9TOM 3JIEMEHTE, T.€. BEPOSITHOCTH KOOPAMHATAM ¢; U
UMILYJIbCAM P; UMETHh 3HAYEHUS, JIEXKAIME B 33/ IaHHbIX OECKOHEYHO
MaJIbIX MHTEPBAJIAX MEXKJY Gi, Pi U ¢; + dq;, p; + dp;. DTy Beposit-
HOCTH dw MOYKHO HAMWUCATH B BUJIE

d“‘):p(pla"'apsaql---aqs)dpdqa (13)

e p(Ply---yPssql---5qs) €CThb (DYHKIUS BCEX KOODJAMHAT M HM-
nya6coB (MBI OyieM 00BIYHO THCATH COKPAIIEHHO p(p,q) WIn Jaxe
npocto p). PyHKIUIO p, UIPATOLLYIO POJIb «IJIOTHOCTHY» PACIPeie/ie-
HUST BEPOATHOCTH B (Da30BOM TPOCTPAHCTRE, HA3BIBAIOT GyHKuyuet
cmamucmuueckozo pacnpedeaerus (Mam mpocto GyHKImE pacnpe-
Jiesiennst) JaHHoro Tesia. QyHKIus pacupeie/ieHus 10JZKHA, OUeBHI-
HO, YIOBJIETBOPATE YCAOGUIO HOPMUPOSKU

/pdpdqzl (1.4)

(naTerpas Gepercst o Becemy (ha30BOMY MPOCTPAHCTBY ), BhIparKaio-
meMy coboit mpocTo TOT (haKT, 9TO CyMMa BEPOSTHOCTEH BCEX BO3-
MOYKHBIX COCTOSTHUI JTOJIZKHA OBITH PABHA €INHUTIE.

YUpesBbluailHO CyIIECTBEHHBIM /Il CTATUCTUKHU SBJISIETCS CJie-
ayoiiee obcrogreibereo. CTaTuCTUUecKoe pPACHpe/leieHre JaHHOM
[IO/ICUCTEMBI HE 3aBUCUT OT HAYAJIbHOI'O COCTOSHUS KAKOH-/mmb0 1py-
roit MaJjioi yacTtu TOI »Ke CUCTEMBbI, TaK KakK BJ/IUAHUE STOr0 Ha-
9aJBHOTO COCTOAHWS OYIeT B TeUeHWe JIOCTATOIHO OOJIBIIOTO TTPO-
MEXKyTKa BPEMEHN COBEPIIEHHO BBITECHEHO BJNSHUEM OCTAJBHBIX,
ropasjio 6ojiee obmupHbIX Yacrei cucrembl. OHO HE 3ABUCUT TAK¥Ke
OT HA4aJIbHOI'O COCTOAHMA CaMOW BbIAECJEHHON HaMU MaJOl 4acTu,
IIOCKOJIBKY OHa € TEYEeHUEM BPEMEHU HPOXOJUT 4Yepe3 BCe BO3ZMOZK-
HBIE COCTOSIHUS W KAXKJI0€ M3 HUX MOYKET OBITh BHIOPAHO B KAUECTBE
HadabHOTO. [loaTOMYy cTraTmcTrdeckoe pacrpejiesleHue st MaJThIx
gacTeil CMCTeMbl MOXKHO HAWTH, He perrasd 3aJa9d MEeXaHWUKW JIs
9TOI CUCTeMbl ¢ Yy4€TOM Hada/lbHbIX YC/A0BUIL.

B mamsmreiimem mpr 6yaem Beerga yeaosro obosnadarh depes dp w dq mpows-
Begenus auddepeHnuaioB COOTBETCTBEHHO BCEX UMITYILCOB U BCEX KOOPAMHAT
CUCTEMBI.
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Haxoxkmenne cTraTrucTuvieckoro pacupeaeseHus s 000 mo-
CHUCTEMBI W SIBJISIETCS OCHOBHOM 3a/1aveit cratnctuku. ['oBops o «Ma-
JIBIX HaCTAX» 3aMKHYTON CUCTeMbl, CleJyeT UMeTb B BHUJY, 4TO Ma-
KPOCKOIIMYECKUEe Tesa, ¢ KOTOPbIMM HaM HPUXOJAUTCA UMeThb JeJo,
00BIYHO y2K€ caMu 110 cebe sB/IAIOTCS TAKUMU «MAJIbIMU 9ACTIAMUI»
OOIBINION 3aMKHYTOW CHCTEMBI, COCTOSINENl M3 ITUX Te/l BMECTE C
BHEIIIHEH Cpesioii, B KOTOPYIO OHU IOTPYZKEHBI.

Ecmm ykazannag 3aj1avua perena m CTAaTUCTUYECKOe pacrpeesie-
HUE JJAHHOM II0JCUCTEeMbl U3BECTHO, TO MOXKHO BBIYUC/IUTH BEPOATHO-
CTU PA3/IMYHBIX 3HAYEHUN JIFOOBIX (DUBUUECKUX BEJIMIUH, 3ABUCIIIUX
OT COCTOSIHUSL ITOH MOACUCTEMBI (T. €. OT 3HAYEHUH ee KOOPAMHAT ¢
U UMITYJIBCOB P). MbI MOXKEM TaKKe BBIYUCINTH CPeJHee 3HAUYeHNe
060i Takoi BemunHbl f(p, q), TOIydaoneecs: myTeM yMHOKEHWs
€e BO3MOXKHBIX 3HQUEHUN Ha COOTBETCTBYIOIINE BEPOATHOCTU U WH-
TerpupoBanms 1Mo BceM coctogausM. Obo3navast ycpeanenne 4epToit
Haj OyKBO, MOXKHO HANUCATHL (POPMYyJIy

fz/f(p, q)p(p, q)dp dq, (1.5)

M0 KOTOPOi BBIYUCISIOTCS CPEIHNE 3HAUYEHWsT PA3INIHBIX BEJININH
¢ OMOIIBIO (DYHKIMU CTATHCTHYECKOTO pacipeeienus ') .

Yepeanenue ¢ nOMONILIO (DyHKIUKM pacupejenenus (uam, Kak ro-
BODAT, CIMAMUCUYECKoe Yycpeduenue) OCBODOXKTaeT HaC OT HeOOXO-
JIUMOCTH CJIEUTH 38 U3MEHEHUEM UCTUHHOIO 3HavYeHusi (PU3nIecKoi
Besimaubbl f(p,q) CO BPEMEHEM C LE/bI0 OUPEJeIeHUs] €€ CPEJHEro
3HaveHus. B TO ke BpeMsi 0YEBU/HO, 4TO B CUJIy CAMOIO OIpeje-
JIEHUsI TIOHATHSI BepOsiTHOCTH, coryiacHo dopwmyse (1.1), crarmncru-
YeCKOe yCpeIHEHWe TOJHOCTHIO 3KBUBAJIEHTHO YCPEJIHEHUIO TI0 BPe-
mvenn. [locaemgree o3nadano Obl, 9TO, ClIedst 3a XOJAOM W3MEHEHWsT
BEJIMYMHBI CO BPEMEHEM, Mbl JIOJIZKHbI ObLu Obl OCTPOUTH (DYHK-
nuio f = f(t), mocne 4ero uCKOMOe CpejiHee 3HaYeHUe ONPEeIEINI0Ch
OBl Kak

T
- . 1
= lim —/f(t) dt.
T—o0 T
0

I/I3 N3JI02ZKEHHOI'O ﬂCHO7 4YTO BbIBO/IbI 1 Hpeﬂ;CKaSaHI/IH O I1oB€/1e-
HUN MaKpOCKOHI/IquKI/IX Te.H, KOTOpLIe TTO3BOJIAECT OJe/JIaTh CTaTUCTU-
Ka, UMEIOT BEPOATHOCTHBIN XapakTep. JTUM CTATUCTUKA, OTINYAET-
Csl OT MEXaHWKN (K/IACCHYECKOiT), BBIBOIBI KOTOPOH MMEIOT BIIOJIHE

1) B sroit krmre MbI 6yeM 0603HAMATD yCpeIHEHNE TepPTOil HA 6YKBOI MM yT-
JIoBbIMU CKOOKamm: f mm (f), pyKOBOACTBYSICH TPU 3TOM MCKJIIOYUTEIBHO Y100~
cTBOM 3amucu (GOpMyIT; BTOPOi Cr10co0 MpearnodTUTeNbHee /171 3AIMUCH CPeIHUX
3HAYEHNI TPOMO3IKUX BbhIPAKeHMIA.
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o/IHO3HAYHBIN XapakTep. Cremayer, 0qHAKO, TIOIIEPKHYTh, 9TO BepO-
SITHOCTHBIN XapaKkTep pe3yIbTaTOB KJIACCUIECKON CTATUCTUKY CAM 10
cebe OTHIO/b He JIEZKUT B CAMOI IPUPOJIE PACCMATPUBAEMBIX €10 00b-
€KTOB, a CBA3AH JIUIIb C TEM, YTO 9TU PE3YJIbTATHI MOy Iat0TCS HA
OCHOBAHWMM IOPA3/0 MEHBIIErO KOJUYECTBA JAHHBIX, Y€M 9TO HYK-
HO OBLIO GBI JIJIsT TTOJTHOTO MEXaHWIeCKOro Onucanus (He TpeOyroTcst
HAYAJILHBIE 3HAYEHUS BCEX KOODJMHAT M MMILYJIbCOB).
[IpakTuuecku, OJHAKO, IPU PUMEHEHUU CTATUCTUKA K MAKPO-
CKOIUYECKUM TEJIAM €€ BEPOSTHOCTHBIN XapakTep OObIYHO COBep-
[IEHHO He MposiBJsgercd. /leo B Tom, 9TO eciw HADIIOIATH JTI0O0E
MaKPOCKOIMTIUIECKOe TeI0 (HAXOSIIeecss B CTAlMOHAPHBIX, T. €. He 3a-
BUCSIIMX OT BPEMEHM, BHENIHUX YCJIOBUSX) B TE€UEHHE JIOCTATOUHO
0OJIBIIIOTO TPOMEXKYTKA BPEMEHU, TO OKAYKETCsI, UTO BCE XapPaKTEPH-
ByIOIINe 9TO TeJI0 (HDUBUIECKNE BEJIUIUHBI SIBISIOTCS TPAKTHICCKHT
MOCTOSTHHBIMU (PABHBIMY CBOMM CDEJIHUM 3HAYEHWSIM) W JIUIIH CPaB-
HUTEJIbHO OYEHBb PEJIKO UCIBITHIBAIOT CKOJIbKO-HUOY/Ib 3aMETHBIE OT-
KJIOHEHUsI; [IPU ITOM PA3yMeercsi, pedb WJET O MAKPOCKONUYECKUT
BEJIMUMHAX, XaPAKTEPUIYOMIUX TEJIO B LEJIOM WU ero OT/e/bHbIe
MaKPOCKOITMYECKNEe Ke YaCTh, HO He OTAeIbHBbIE YaCTHIBI'). DTO
OCHOBHOE [IJII CTATUCTUKU OOCTOSTEHLCTBO CJIEIYeT W3 BEChMa 00-
X COOOparkeHnii (M3JI0KEHHBIX B CJIEyIOIeM naparpade) u rem
GoJiee CIPABEIMBO, YeM CJIOKHEE U DOJIBbIIE PACCMATPUBAEMOE TEJI0.
B TepMuHax craTUCTHUECKOTO PACIPEEIeHUs] MOXKHO CKAa3aTh, 9TO
ecam ¢ omopio byHkuuu p(p, q) nocTpouTh (DYHKIUIO PACIIPEIe-
JIEHWsT BEPOSITHOCTEN pa3/InIHbIX 3HaYeHnii Besnannbl f(p, q), TO 912

dyHKMs OyeT UMeTh YPe3BbIYaiiHO pe3Kuil makcumym upu f = f,
Oy Iy4n CKOJIBKO-HUOYIb 3aMETHO OTJIUTHON OT HYJIsl JINIITh B CAMOI
HEMOCPECTBEHHOM O/IM30CTH K TOYKE MAKCUMYMA.

Taxknm 06pazom, mgaBast BO3MOXKHOCTH BBIUMCISTH CPEIHNe 3Ha-
qeHns BEJINYNH, XapaKTepW3yIoNINX MaKPOCKOTTMYeCcKne Tesa, CTa-
TUCTUKA TEM CaMbIM IO3BOJIIET Ae/aTh HPEICKA3AHUSA, OIMPaBIbI-
BAIOMIMECS C BeCbMa OOJILIION TOYHOCTLIO JIJis IOJAaBJLIONIEH da-
cru 0000 ITPOMEXKYTKA BPEMEHHM  HACTOJIBKO OOJIBIIOrO, YTO-
OBl TTOTHOCTHIO CTVIAJAMIOCH BIANSTHUE HAYATHLHOTO COCTOSTHWS Tesa.
B sTom cmbicTe mpenckazaHust CTATHCTUKW TPUOOpPETaloT TPaKTH-
YEeCKW OTpEJIe/IEHHbII, a He BepOSTHOCTHBI xapakTep. (VMes Bce

1) IIpuBeem mpumep, HAT/ISIHO TTOKA3BIBAIONIUN, ¢ KAKONH OTPOMHONM TOYHO-
CTHIO BBITTOJIHSAETCS 9TO IPaBuJI0. Ecm BblgemTh B KaKOM-/1n00 ra3e y4acTok, Co-
nmepzamuii, ckazxem, Beero 1/100 TpaMM-MOIEKYTbI, TO OKA3BIBAETCS, ITO CPEI-
HEe OTHOCUTEJ/IbHOE OTKJIOHEHUE, NCIThIThIBAEMOe 3Hepr1/1e171 9TOr0 KOJIn4IeCTBa Be-

IeCTBA, OT CBOETO CPeIHero 3HAYeHHs cocTapigeT Bcero ~ 107!, Bepostrocts

ke Haifitm (MpM 0JHOKPATHOM HABJIIOAEHNN) OTHOCUTEIBHOE OTKJIOHEHWE, CKa-
_ _a2.1015

sxem, ropsizka 107° ) m3obparxaercs wya0BUIHO MaIhM “mcaom, ~ 107310
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9TO B BUJLY, MBI B TaJbHEHTIIEM Tpu yIoTpeb/IeHnr CpeTHIX 3HATEHM T
MaKPOCKOMNYIECKUX BeJTMINH TIOYTH HUKOTIA He OYIeM MUCATH 9ePTh
nas1 OyKBOIi. )

Eciu 3aMgHyTas MakpoCKONMYeCKas CUCTEMa HAXOIWTCH B Ta-
KOM COCTOSIHWM, B KOTOPOM [ijisi JIODOI ee 4dacTu, gaBJjdriomieiics ca-
MOit 110 cebe MaKpPOCKOTMYEeCKNUM TeJIOM, MaKPOCKOMnYecKne (pu3nde-
CKU€ BeJTMIUHBI C OOIBINON OTHOCUTEIHHON TOTHOCTHIO PABHBI CBOMM
CPeIHUM 3HAUYEHWAM, TO TOBOPSIT, UTO CUCTEMA HAXOAWTCA B COCTO-
SHUM CMAMUCTMUYECK020 PA8HOGECUA (0 HEM TOBOPIT TAKIKE KaK O
MePMOOUHAMUYECKOM WIN MENAO060M PaBHOBecun). V3 mpeabiiy-
[IEr0 BUJIHO, UTO €C/AN 3aMKHYTash MaKpPOCKOTUYIECKAsT CUCTeMa, Ha-
O/II0aeTCs B TEYEHWE TOCTATOYHO OOJIBIIIOr0 MPOMEXKYTKA, BpeMe-
HU, TO MOJABJLIONLYI0O YaCTh TOr0 MPOMEXKYTKA OHA IPOBOJUT B
COCTOSIHUM CTATUCTUYIECKOro pasHoBecus. Eciu B Kakoi-uuby/ b Ha-
YaJIbHBI MOMEHT BPEMEHU 3aMKHYTas MAaKPOCKOIUYECKAas CUCTEMA
He HaXOJM/JaCh B COCTOSTHUM CTATHCTHYECKOTO PaBHOBECHsl (HAIPW-
Mep, OblIa MCKYCCTBEHHO BBIBEIEHA W3 TAKOTO COCTOSHUS BHEITHU-
MU BO3ZIENCTBUSIMU, TTOCJIE Yero Oblia BHOBH MPEJOCTaBIEHa CaMOoii
cebe, T.e. BHOBb CTaja 3aMKHYTO# cucremoii), T0 B jajbHeiimem
ona obs3aTe/IbHO Hepeiier B cocTosinve paBHoBecusd. [IpomexxyTok
BPEMEHU, B T€YEHHE KOTOPOTO JIOJI2KEH 00d3aTe/IbHO POU30UTH Iie-
PEXONl K CTaTHCTUYECKOMY DAaBHOBECHIO, HA3BIBAIOT GpPEMEHEM pe-
Aakcayuy. TOBOpS BBITIE 0 «IOCTATOYHO OOMBIIUX» MPOMEXKYTKAX
BPEMEHHU, MBI TI0 CYIIECTBY WME/IW B BUIY BpPEMEHA, OOJIBININE I10
CPABHEHUIO CO BPEMEHEM DPEJIAKCALN.

Teoputo npormeccoB, CBA3aHHBIX C HEPEXOJOM B COCTOSHUE PAB-
HOBECHUsl, HA3BIBAIOT KUHEMUKOU; OHA HE PACCMATPUBAETCH COOCT-
BEHHO CTATWCTUKOW, M3yUAIOMEHl CUCTeMbl, HaXOJAIINEeCsT B CTATHU-
CTUYIECKOM PaBHOBECUN.

§ 2. Crarucruyeckasi HE3aBUCUMOCTbD

IMojacucrempl, 0 KOTOPBLIX HLia pedb B §1, He sBAMIOTCH caMu
10 cebe 3aMKHYThiMU. HanpoTus, OHU 10JABEPIraloTCs HEIPEPbIBHO-
MYy BOBJEHCTBUIO CO CTOPOHBI mpoumx 4acreit cucrembl. Ho 6saro-
Japsi TOMy, 9TO 9TH YaCTH, MaJjble 10 CPABHEHHUIO CO BCeil 00b-
0¥ CUCTEMOil, ABJASIOTCS camMu 1m0 cebe ToyKe MaKPOCKOTUIECKUMI
TeJaMu, MBI MOYKEM BCE JKe CUUTATh, 9TO B TEUEHUE HE CIUIIKOM
OOIBIINX TTPOMEYKYTKOB BPEMEHU OHU BEAyT Cebs TMpudIN3UTETHHO
KaK 3aMKHYTBIE CHCTEMBI. B caMoM Jiesie, BO B3aUMOIEHCTBUN TTO/-
CUCTEMbI C OKPYKAIOIMMU YaCTAMU Y4aCTBYIOT LHPEUMYIIECTBEHHO
Te YaCTHIbI, KOTOPhIE HAXOAATCa BOMM3M ee moBepxHoctu. Ho ot-
HOCHUTE/IHHOE YUUCI0 TUX YACTHI] 110 CPABHEHWIO C TOJHBIM YUHUCIOM
YaCTUI[ B TMOJACHCTEME OBICTPO TMAJAET MPHU YBEJIUUECHUU PA3MEPOB
MOC/Ie/IHEel, W TIPU JTOCTATOYHON BEJMIUHE TOJCUCTEMBI IHEPTUS €€
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B3aNMOEHCTBUS C OKPYKAIOMINMI JaCTIAMU Oy/IeT MaJia o CpaBHE-
HUIO C ee BHyTpeHHeil sueprueii. Takum 06pa3omM, MOXKHO CKa3aTh,
UTO MOJCUCTEMBI SIBJISIFOTCS K8a3Uu3amrHnymuvimu. Ilopaepkuem Jui-
HUll pa3, 9T0 KBA3UZAMKHYTOCTH [OJCUCTEM UMEET MECTO JIUIlh Ha
[POTSKEHUU HE CJIUIIKOM JIJINTEJIbHBIX [IPOMEXKYTKOB BpeMmenu. B
TeJYeHne K€ JOCTATOYHO OOJIBINOTO MPOMEXKYTKA BPEMEHU BJIUSTHUE
B3aMMOIEeHCTBIST TTOACHCTEM — CKOJIh ORI OHO HI OBIIO C1abbIM — BCe
PaBHO TPOSBUTCSI. BOJbINE TOTO, MMEHHO 3TO CPABHUTEIHHO CIaboe
B3aUMO/JIEHICTBAE U PUBOJMT B KOHIIE KOHI[OB K YCTAHOBJIEHUIO CTa-
TUCTUYECKOTO PABHOBECHSI.

Tor dakr, aro pazjuydHbIe MOJCUCTEMbI MOYXKHO CYUTATH C1a00
B3aNMOIEHCTBYIOMNMI JAPYT C JAPYTOM, TMPUBOIUT K TOMY, 9TO UX
MOYKHO CYUTATh HE3ABUCUMBIMHU TaKYKe U B CTATUCTHIECCKOM CMBbI-
cie. Cmamucmuyeckas HE3G6UCUMOCTMb® 03HAYAET, 9TO COCTOSTHIE,
B KOTOPOM HAXOJUTCS OJHA U3 MOJCUCTEM, HUKAK HE BJIUSIET HA
BEPOSITHOCTU PA3JIMYHBIX COCTOSIHUI JPYTUX HOJCUCTEM.

Paccmorpum kakme-mmbo 7BE TOACUCTEMBI, W IIYCTh dpMdg™)
n dpPdg? — snementer o6bema nx daszoBbix mpocTpancTs. Ecim
paccMaTpuBaTh COBOKYIHOCTH ODEMX MOJCUCTEM KAK OJIHY COCTAB-
HYIO I[OJICUCTEMY, TO ¢ MATEMATUYECKON TOYKM 3PEHUS CTATUCTH-
HecKas HEe3aBUCUMOCTH IMOJICUCTEM O3HAYAET, YTO BEPOSTHOCTH CO-
CTaBHOI TIOICWCTEME HAaXOANTHCS B d7eMeHTe ee (ha3oBOTO 0Obhema
dp12dq"?) = dpMdg™ . dpPdg? pasbusaercs na upousseserue
BEPOSITHOCTEH HAXOXKJIEHUs] KAXKJIOH U3 MOJCUCTEM COOTBETCTBEHHO
B dpWdgV u dpPdg@, npudem kakgas m3 sTux BeposTHOCTEH
3aBUCUAT TOJBKO OT KOOPJIWHAT W WMITY/THCOB TaHHOM TOICUCTEMBI.
Taknm obpazom, MOYKHO HATTHCATH:

p12dp1? dg"?) = prdpMdq) - pydp® g,

nJIn
P12 = p1p2, (2.1)

rae pi2 CTaATUCTUYECCKOE pPaclpeaeaeHnue COCTaBHONM MOJACUCTEMBI,
a p1, p2  GbyHKIUM pACHPEJEIeHUus] OTJAEJbHBIX IOJCUCTEM; AHa-
JIOTUYHOE COOTHOIIIEHNE MOYKHO HANMUCATh M 9 COBOKYITHOCTH He-
CKOJIBKUX TIOJICUCTEM ' ) .

MoKHO, O9EeBUIHO, YTBEPKIATH U 00PATHOE: €C/IN pacipeese-
HUE BEPOATHOCTEN JiJIsi HEKOTOPOM CJIO2KHOU CUCTEeMbl pacliajlaer-
C4d Ha IIPOU3BEACHUE MHOXKUTEJEH, KaxKAbli M3 KOTOPbIX 3aBUCHUT
TOJIBKO OT BEJIMYMUH, OIMCBIBAIOIINUX OJHY W3 4YaCTed Cucrembl, TO
9TO 3HAYUT, YTO STU YACTU CTATUCTUYIECKN HE3ABUCUMBI, IIPUYEM

1) IIpu ycnoBum, KoHEYUHO, YTOOBI COBOKYITHOCTD 3TUX IOJCHUCTEM BCE €IIe CO-
CTaBJIAJIa MAJIYIO 9aCTh BCeU 3aMKHYTOU CUCTEMBI.
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KazKJIbI 13 MHOXKHUTEJIEH MPOMOPIIMOHAIEH BEPOATHOCTU COCTOAHWIA
COOTBETCTBYIOLIEH JacTu.

Eciu f1u fo  aBe dusuyeckue BeMurHbl, OTHOCALIMECH K JBYM
pasjuuHbIM nojcucremam, 10 u3 (2.1) u onpeaesenus CpejHuX 3Ha-
gyennii coracHo (1.5) HEMOCPeACTBEHHO ClIeJyer, YTO CpejiHee 3Ha-
yeHue npoussegerus f1fo paBHO HPOUBBEJEHUIO CPEAHUX 3HAYEHUIT
KazKJI0f u3 Bejuuun f1 U fo B OTAEJIbHOCTH:

fife = fife. (2.2)

Paccmorpum Kakyo-1ub0 BeqmduHy f, OTHOCAILYIOCSA K HEKOTO-
POMY MAKPOCKOIMMYECKOMY TeJly WU ero oraeabHoi dactu. C reve-
HUEM BDEMEHW 3Ta BEJUYNHA MEHSETCsl, KOJeO/IsICh BOKPYT CBOETO
cpejiHero 3Havenus. BBegem BeMuMHy, XapaKTepu3yIoNulylo B Cpel-
HeM IMWPWHY WHTEpBAIa 3TOTO M3MEeHeHns. B KadecTre Takoii Xxapak-
TEPUCTUKN HeJIb3s1 B3Th cpelHee 3Hadenne pasuoctn Af = f — f,
TaK KaK BEJNYNMHA [ OTKJIOHSIETCS OT CBOEr0 CPEJHero 3HavYeHust
KaK B Ty, TAK U B JAPYIYI0 CTOPOHY, W CPEJHee 3HAYEHUE Pa3HO-
ctm f — f, MONEpeMEHHO TO TOIOKUTENLHO, TO OTPUIATETHHOI,
OKazKeTCsl PABHBIM HYJIIO HE3aBUCUMO OT TOTO, HACKOJIBKO 4acTo f
UCIBITHIBAJIA 3HAYUTE/BHBIE OTKJIOHEHUs OT CPeJHero 3HaveHus. B
Ka4eCTBEe MCKOMOW XapaKTEePUCTUKKU YJ0OHO B3dTh CPEJHEe 3Hade-
Hue Kpajpara 31oil pasHocru. Tax kax semmunna (Af)? scerma
HOJIOKUTENbHA, TO €€ CPEJAHEe 3HAYEHHE CTPEMUTCS K HYJIHO JIHIIb
€C/IM OHA CaMa CTPEMUTCST K HYJII0; APYTUMH CIOBaMU, OHO OKarKeT-
Csl MAJIBIM TOJILKO TOIJIA, KOIJIa 3HAYMTE/]bHble OTKIOHeHus [ or f

oGmamaior Masoil BepositHocThio. Bemmunmy ((Af)?)Y/? mazwisaior
cpedneti keadpamuunoti payxmyayued seraunnl f. Packpeip KBaj-

par (f — f)?, maitzem, uro

(Af)?) = 12— 17, (2.3)
T. €. CPeAHsAs KBaJApaTnaHas (pIyKTyalus ONPeaeasaercs PasHOCTIO
MeXK/y CpPeIHUM KBAaAPATOM BEJINYWHBI W KBAAPATOM €€ CPEIHEro
SHAYEHNS. -

Orromenne ((Af)2)1/?/f wazwBaor omuocumenvrotd diykmy-
ayuetdi Bejuuubbl f. Yem 510 OTHOLIEHWE MeHbIIe, TeM 0ojiee Hu-
YTOXKHYIO 4aCTh BPEMEHHU TEI0 NMPOBOAUT B TaKUX COCTOSHHUAX, B
KOTOPBIX OTKJIOHEHUE BEJUMYMHBLI f OT €€ CPEJIHEro 3HA4YeHUs COCTa-
BJISIET 3aMETHYIO YaCTh 9TOTO MOC/IEHEero.

[Tokaxkem, 910 oTHOCUTENbHAA (DAYKTyanns (GU3NIECKAX BEJN-
9rH OBICTPO YMEHBIIAETCS NMPU YBEJIWYEHUW pPa3MepoB (dmcna Ja-
cTHI) Tea, K KOTOPbIM OHU OTHOCATCA. JIjist 9TOr0 3amerum mpej-
BAPUTEIBHO, UTO OOJBIMTUHCTBO BEJWYWH, TPEACTABISIOMNX (DU3n-
YeCKWiT WHTEpeC, ABIAIOTCA aIJAWTHBHBIMW; 3TO 00CTOATENIHCTBO —
CIIICTBHE KBA3W3aMKHYTOCTH OTIENBHBIX YacTell Teaa W COCTOUT B
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TOM, YTO 3HQUEHUE TAKON BEJIUYMHBI [jId BCEro TeJla PaBHO CyM-
Me 3HAYeHWil ITOW BEJUIWHBI JJIS OTJEIBLHBIX ero (MaKpOCKOmnJe-
ckux) vacreil. [leficTBUTE/NIbHO, TTOCKOJIBbKY, HAPUMED, BHYTPEHHWE
SHEPIruu 3TUX YacTeil, COrJIaCcHO CKa3aHHOMY BBIIIE, BEJIMKU 110 CPpaB-
HEHUIO C SHEPTUSAMU WX B3aWMMOJECHCTBUSA, TO SHEPTUIO BCErO TeJja
MOZKHO C JOCTATOYHON TOYHOCTBIO CUMTATH PABHOW CyMMe dHepruit
€ro 4dacreii.

[ycrs f  rTakas ajjuruBHas BejmduHa. Pa3obbem MbICIEHHO
paccmarpuBaeMoe Tesio Ha 60sibinoe Yucio N IpuMepHO OIMHAKOBBIX

Magbix gacreii. Torma
N
f= E Jis
i=1

r7Ie BEeJUYUHBI f; OTHOCSITCS K OTASIBHBIM YaCTAM TeIa.

fcro, uTo ¢ yBenmmueHmeM paszmMepoB Tena [ pacTer MpUMEpHO
nporoprmora ko N. Jlasee, onpegenM CpegHIO KBAIPATHIHYIO
dayrryanno eanunnabl f. Vveem

N 2
(Af)?) = ZAfz'

Ho B cuty cratncTndeckoit HE3aBUCUMOCTH PA3JIUIHBIX dacTell Tesa
CpeJIHre 3HAYCeHUA TTPON3BEICHNI

Afilfr=Afi-Afx =0 (i #F)
(nockobky xaxcaoe Af; = 0). Cieposaresbo,

N

(A7) =D ((Af)?). (2.4)

i=1

Orciona cieayer, uro npu ysesudenun N cpeauuit kpagpar ((Af)?2)
Toke Oyster pacru nponopiuonaabHo N. OTHOCUTEeIbHAST XKe DIy K-

ryarus Oyzer, Takum obpazom, obparHo npomnopruonaibua vV N:

9\1/2
@y 1 (2.5)

f VN’

C Apyroii cropoHbl, €U YCJIOBUTbCS Pa3iesdTh OJHOPOJHOE Te-
JIO Ha y4aCTKU OLPEIEJeHHON MaJIoil BeJIMYUHbI, TO ACHO, YTO 4KUC-
JIO TAKUX 4Yacreil Oy/er HPOHOPUUOHAJILHO [IOJHOMY HYKUCIY YaCTULL
(Momekyst) B Tesie. T103TOMY MOTYUEHHBIH pe3yIbTaT MOXKHO ChHOp-
MYJIUPOBATH TAKXKE, CKA3aB, 9TO OTHOCUTE/IbHAA (DIYKTyaIlns BCsi-
KO IITUTUBHON BeJIMIUHBI [ yOBIBAET 0OPATHO MPOMOPIINOHAIHHO
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KBQJIPATHOMY KODPHIO W3 YHNCJIa YaCTUAIL] MAaKPOCKOMUYECKOrO Tena,
a MOTOMY TIpW JIOCTATOTIHO OOJBIIIOM WX YHC/Ie caMmas Beanynna, f
MOZKeT CHMTATbhCs NMPAKTUYECKNU IOCTOSHHON BO BPEMEHM M PaBHOM
CBOEMY CPEJIHEMY BHAYEHUIO. DTOT BBIBOJL ObLI yXKE UCIOJIb30BAH B

npeablayIneM maparpade.

§ 3. Teopema JInyBniis

Bepremcst K jrasbHeiiieMy u3ydeHuo CBORCTB (DYyHKIUU CTATH-
CTUYECKOTO PACIIPE/IEICHUS.

[Ipeamomoxum, 9T0 MBI HADIIOJAEM B T€UEHUE BECHMA JIJITUTE/Tb-
HOTO TPOMEXKYTKAa BPEMEHN HEKOTOPYIO mojacucreMy. Pazmennw
9TOT MPOMEXKYTOK BPEMEHM Ha OdYeHb Oo/bInoe (B mpejene — Hec-
KOHEYHOE) KOJIMYECTBO OJIMHAKOBBIX MAJIbIX MHTEPBAJIOB, DA3J1e/IeH-
HBIX MOMEHTaMU BpeMeHU ti, t9,... B Kaxkaplil n3 9TUX MOMEH-
TOB paccMaTpuBaeMast TOACHCTeMa W300pa3nTcst B ee (pa30BOM MPO-
cTpaHcTBe TOYKOi (Hazosem 3tm Toukm Aq, Ag, As,...). CoBokyr-
HOCTH TOJIy9EHHBIX TOYEK PACHPEJeUTCs B (Pa30BOM IPOCTPAHCTBE
¢ IJIOTHOCTBIO, B IIPEJIE/Ie TPOMOPIUOHABHON B KAXK/IOM JAHHOM Me-
cre 3nauennio byHKUMKU pacupejgenenus p(p, ), 10 CAMOMY CMbBICLY
MOCAEHEH, KaK ONPEeIesdaioneil BepOATHOCTA PA3INYHBIX COCTOA-
HU TTOACVUCTEMBI.

Bwmecto Toro urober paccMarpuBaTh TOYKHU, W300parkaronine Co-
CTOsIHUSI OJIHOW [OJCUCTEMbl B PA3/IMUHbIE MOMEHTHl BpPEMEHU
t1,12,..., MOKHO (OpMaIbHBIM 00PA30M BBECTU B PACCMOTPEHUE
OJIHOBPEMEHHO O4YeHb Oosiblioe (B mpejese  OECKOHEYHOE) HUCIIO
COBEPIIEHHO OJMHAKOBBIM 00PA30M YCTPOEHHBIX HOACHCTEM '), Ha-
XOJSIIIUXCST B HEKOTOPBI MOMeHT Bpemenu (ckaxkem, t = () B co-
CTOSTHUSIX, M300parkarommxcst Toukamu A, Ag,

Bynem teneps ciennTsh 3a manbHEHINM mepeaBuKenreM (Hazo-
BBIX TOYEK, U300PAKAIIIUX COCTOSIHUSI ITUX IMOJCUCTEM, B TEYe-
HUE HE CJIUIIKOM OOJIBIIOrO MPOMEXKYTKA BPEMEHU — TAKOIO, 4TO0bI
KBAa3U3aMKHYTYIO HOJCUCTEMY MOXKHO OBLIO C JJOCTATOYHON TOYHO-
CTHIO paccMaTpUBaTh Kak 3aMKHYTYIO. [lepenpukenine (ha3oBbIX TO-
geK OyIeT MPOUCXOANTH TOTA COTJIACHO YPaBHEHUSIM MEXaHUKHU, CO-
JIepKAIINM KOOPAWHATHI U UMITYJIBCHI TOJIBKO YACTHIL TTOJICHCTEMBI.

fcHo, 9T0 B KaXK/blii MOMEHT BpEMEHU f C TeM Ke IIPABOM,
quro u B MomeHT t = (), Bce 3Tu TOUYKM Oy/yT pPACIPE/E/IeHbl B
dazoBOM HPOCTPAHCTBE COIJIACHO TOW 2Ke (PYHKIMU pacipejiesie-
s p(p,q). dpyrumu cioBavu, nepeBurasich ¢ T€YeHHEM BpeMe-
HI, aA30BBIe TOUYKU OCTAIOTCST PACTPEIEIeHHBIMI ¢ HEM3MEHHON B

1) Takyio BooBpazkaeMyi0 COBOKYITHOCTh OIHHAKOBLIX CHCTEM OGBITHO HA3BIBA-
0T CMAMUCTIUYECKUM AGHCAMbOAEM.
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KayKJOM JIAHHOM MeCTe TJIOTHOCTBIO, MPOTOPINOHAIBHON COOTBET-
CTBYIOIIEMY 3HAYEHWIO .

Yucro dhopmasibHbiM 00pa3oM 3TO 1epeBuzkernne (pa3oBbIX TO-
YEK MOXKHO PACCMATPUBATH KAK CTAIMOHAPHOE TEYEHUE <«Ia3ay B
2s-mepHOM (a30BOM NPOCTPAHCTBE M IPUMEHUTH K HEMY W3BECT-
HOE ypaBHEHIE HEMPEPhIBHOCTH, BhIPAKalollee coDO HEM3MEHHOCTh
001I1ero uncia «9acTuiy (B TaHHOM Cydae — (Da3oBbIX TOYEK) rasa.
O6bIuHOE ypaBHEHHUE HEMPEPBIBHOCTA WMEET BU]

% o) —
pria div(pv) =0

(p —TIOTHOCTH, V — CKOPOCTH Ta3a), & Jisi CTAIMOHAPHOTO TEYEeHWSs
div(pv) = 0.

O06001IEeHNE TTOCIEIHEIO COOTHOIIEHUS HA CIydail 28-MEPHOrO Mpo-

CTPAHCTBA
2s

0
v;) = 0.
E oz, —(pv;) =
1=
B mamnom ciydae «KoopamHATAMUY» & ABJISIIOTCA KOOPIUHATHI ¢ U

UMTTYJIBCHI P, & «CKOPOCTAMUY ©U; = &; — ITPOU3BOIHBIE TI0 BDEMEHW ¢
u P, ompejiesigeMble ypaBHeHUuIMU Mexauuku. Takum o0paszom, numeem

zs: [ ai (pdi) + Zi (ppz)] =0.

i=1

PackpbiBasg npousBoHbie, MUIIEM

s
. Jq; ap

EI[QZ_i +pz ]+p,§1|:3q1+_3pii| =0. (3.1)

1= 1=

Hanwucas ypasuenuns mexannku B popme lamuabrona
oH . H
?pi’ T — 31]1
rne H=H(p,q) dyuxkuus Famunbrona paccmarpusaemoii nojcu-
CTEMBbI, Mbl BHJIUM, YTO
d¢;  O°H _ Opi
dqi - dqi Opi - Opi
[Mosromy Bropoii winen B (3.1) TOkKgAECTBEHHO 0OPAIIACTCS B HYJIb.
[TepBbIit 2Ke 4IeH eCTh He YTO MHOE, KaK I0JHAs POU3BOJHAS OT

dyHKIIMN pacupegeseHus mo BpeMenn. TakuMm obpa3om, mmeem

dp _ Z(ap i + _pz) ~0. (32)

dt dqi

qi =

=1
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MBI IPUXOANM, CIEZOBATEIRHO, K CYHMIECTBEHHOMY BBIBOAY, UTO
dyHKIMSA pacnpegesenns MOCTOAHHA BIOIL (Da30BBIX TPAEKTOPMit
nojacucrembl (Tak HasbiBaeMas meopema JIuyeuasn); HAIOMHUM,
YTO MOCKOJIBKY Mbl TOBOPHM O KBa3U3aMKHYTBIX IOJCUCTEMAX, TO
HOJIYYeHHBIH Pe3y/IbTaT CHPABEJIMB JHIIb JIJIs HE CIUIIKOM 00JIb-
MWUX TPOMEKYTKOB BPEMEHW, B TEYeHWE KOTOPHIX TOACUCTEMA C
JIOCTATOYHOM TOYHOCTHIO BeJET ce0s KaK 3aMKHYyTas.

§ 4. Poab 3Heprun

U3 reopembt JInyBuJjiist HEIIOCPEACTBEHHO CJIE/LyeT, 9TO (DyHKIIHS
pacnpejiesieHust JI0JI2KHA BbIPAXKATHCS JIUIIb Y€Pe3 TaKue KOMOUHA-
[N TIEPEMEHHBIX P, ¢, KOTOPbIE [PU JIBUKEHUU [OJCUCTEMbI KAK
3aMKHYTO OCTAIOTCS MOCTOAHHBIMU. DTO — TaK HA3BIBAEMBIE MeXa-
HUYECKWe WHBAPUAHTHI MWW UHIMEZPanbl 08UINCEHUA, STBIISIOIINECS,
KaK W3BECTHO, MEPBBIMY WHTErpaJaMi ypaBHEHUI JABuKeHus. MoxK-
HO, CJIEJIOBATE/IbHO, CKA3aTh, 4TO (DYHKIUsI PACHPEIE/IEHUs], SIBJIsISICh
dyHKIMEH MEXAaHUYECKUX WHBAPUAHTOB, CaMa €CTh WHTErPaJl JIBU-
JKEHUS.

OKa3pIBaeTCST BO3MOYKHBIM UPE3BBITANHO CY3UTH YUC/IO WHTETPa-
JIOB JIBUYKEHUsI, OT KOTOPBIX MOXKET 3aBUCETh (DYHKIWS PaCIpejie-
siennsi. st 3TOro HaJ0 y4ecTh, YTO PACHpEeNeHne pio s CO-
BOKYITHOCTU JIBYX HOJCUCTEM PABHO MPOU3BEIEHUI0 (DYHKIUI pac-
HpeJIe/IeHrst P U P2 ITUX MOACUCTEM B OTJEJBHOCTU: P12 = P1P2-
ITosTomy
Inp12 = Inp1 + Inps, (4.1)
1. e. jgorapudm QYHKIUU PACHPEIEIEHU eCTh BeJIMIUHA, A/ IUTUB-
Hast. Mbl IPUXOUM, CIEJI0BATEIBHO, K 3aKJIFOUEHUTO, 9TO Jorapudm
dyHKIMK pacipeiesieHust JOIKeH ObITh HE IPOCTO UHTErPAJIOM JIBU-
JKeHWsT, HO W aJIINTUBHBIM WHTETDAJIOM JIBUYKEHUSI.

Kax w3BecTHO m3 MeXaHWKW, CYIIECTBYET BCErO CEMb HE3aBU-
CUMBIX JIUTUBHBIX WHTETPAJIOB JIBUKEHWST: 3HEPIHUs, TPU KOMIIO-
HEHTbl BEKTOPA HUMIIYJIbCA U TPU KOMIIOHEHTHI BEKTOPA MOMEHTA
umnyabca. OB03HAYMM 3T BEJMUMHBL 1 a-H 1mOjcuCTeMbl (Kak
byHKIMM KOOPAMHAT M UMITYJIbCOB €€ YaCTHUI[) COOTBETCTBEHHO dYe-
pe3s Ey(p,q), Pa(p,q), Mu(p,q). Enuncreennas ajjurusnas xe
KOMOWHAINS ITUX BEJINYNH €CTh JNHEHHasT KOMOUHAINS BUIA

Inp, = aq + BE.(p,q) +YPa(p, q) + dM,(p, q) (4.2)

C TIOCTOSTHHBIMU KO3 DUIHEHTAMY g, [3, 7Y, &, iputeMm 3, 7, § JOTK-
HbI ObITH OJIMHAKOBBIMHU I BCEX NOACUCTEM JAHHONW 3aMKHYTOH Cu-
CTEMBI.

K noapobuomy uzyuenuto pacupejgesenusi (4.2) Mbl BepHEMCs B
nansredimem (. 1T). 3mech ke j1jist HAC CYIIECTBEHHO JINIITH CIeTy-
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rotiee obcrosreheTro. KoaddnuimenT «, ecth mpocTo HOpMUPOBOY-
Hasl [OCTOsIHHAsL, ONPEAEJIAIOMAsCS ycaosueM [ padp(“)dq(“) = 1.
[Mocrostaubie ke (3, 7y, & — BCErO CeMb HE3ABUCUMBIX BEJIUIUH —
MOTYT, OUY€BHUIHO, OBITH OMPEIETEHBI TI0 CEMU K€ TIOCTOSTHHBIM 3Ha-
YEeHUAM A/JIUTUBHBIX WHTEI'PAJIOB JIBUYKEHUS BCell 3aMKHYTOI
CUCTEMBI.

Taxum 06pazom, Mbl IPUXOUM K BarKHEUMIEMY JIjIsi CTATUCTUKN
BBIBOMLY. SHAYUEHUsT QTUTUBHBIX WHTEIPAJIOB JIBUKEHUSI — SHEPTHH,
AMIIYJIbCA W MOMEHTA, — IMOJHOCTHIO OIPEIEJIAI0T CTATUCTHICCKUE
CBOMCTBA 3aMKHYTOIl CHCTEMBI, T. €. CTATUCTUYIECKUE PACIIPEIeTICHUS
JIIOOBIX ee IOJCHCTEM, & C HUMU U CPEJIHUE 3HAYEHUs JIOObIX UX
GUBMIECKUX BEJIMYUH. DTU CeMb AJJIMTUBHBIX UHTEIDAJIOB J[BUXKE-
HUsl 3aMEHSIIOT COOOH TO HEBOOOPA3MMOE MHOXKECTBO JAHHBIX (Ha-
YaIbHBIX YCIOBHiT), KOTOpoe TpeboBasoch Obl MPU MEXaHUIECKOM
[IOJIXO/IE.

N3znoxkentbie coobpazKenus: HEITOCPEJACTBEHHO TO3BOJIAIOT COCTa-
BUTDH JijIsi 3AMKHYTON CUCTEMbI IPOCTYIO0 (DYHKIUIO PACIIPE/IEe/ICHIS,
TPUTOMHYIO JIJIsT OTMCAHUS €€ CTATUCTUIeCKnX CBOWCTB. [lockombKy,
KaK MBI Termephb 3HAEM, 3HAUEHUs] HEAIIUTHBHBIX WHTETPAJIOB JIBU-
JKEHUsT He OKA3BIBAIOT BJIMSHUS HA 3TU CBOWCTBA, TO [JI OMUCAHUS
[IOCJIEIHUX MOYKHO BOCIIO/Ib30BATHC JI0001 hyHKIME p, 3aBucsdieit
TOJBKO OT 3HAYEHUU AJUTUBHBIX WHTEIPAJIOB JIBUXKEHUSI CUCTE-
Mbl U yJoBJeTBOpsioieit reopeme JluyBuiuig. [Ipocreimeit takoit
dyukmeit apiagerca YHKINsA, paBHAs p = const I BCEX TOUYEK
$daz0BOTO TPOCTPAHCTBA, COOTBETCTBYIOIINX 3 JAHHBIM TTOCTOSTHHBIM
suauenusiv sueprun (Fy), nmnyansca (Pg) n momenta (My) cucre-
MBI (BHE 3aBHCHMOCTH OT 3HAYEHWUil HEAJIUTUBHBIX WHTErPaJoB),
n p = 0 gaad Bcex MpoYMx TodeK. ZlcHO, YTO omnpejeneHHas Ta-
KM 00pa3oM (QYHKIUS BO BCSIKOM CIy9ae OCTAETCA TOCTOSTHHO
B0J1b (PA30BOIT TPAEKTOPUU CUCTEMBI, T. €. yJIOBJIETBOPIET TEOPEME
JInyBus.

Hannas popmymmpoBKa, BIPOYEM, He BIIOHE TOUHA. [lesio B ToM,
9TO TOYUKW, OMPEJIE/IsIeMble YPABHEHUSIMU

E(p7 q) = E07 P(pa Q) = P07 M(pa Q) = MOa (43)
06pa3yroT HEKOTOpoe MHOrooOpasme Bcero 2s — 7 m3Mepenuii (a we
2s uzmepennuii, kak dazosbiii 00bem). [loaromy, st TOro urobbl un-
rerpast [ p dp dg Gbun ormuven or myns, dynxuus p(p, ) AoaKHA

obpaIaThCst B 9TUX TOYKAX B OECKOHETHOCTH. lIpapBminHast 3ammch
byHKIINN pacupegeseHnst 3aMKHYTON CUCTEMBI TJIACHT:

p = const - §(E — Eo)3(P — Pg)d(M — My). (4.4)

Hasmane §-dynkumii ') obecriednBaer obpaiienne p B HYJib BO BCEX

1 Onpegmenerme u croiicrsa §-bymxmmii — cu., marmpuvep, 11T, § 5.
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TovYkax (ra30BOr0 MPOCTPAHCTBA, B KOTOPHIX XOTs ObI OJIHA N3 BEJIN-
ana F, P, M ne paBna croemy 3ajannomy 3radennio Fy, Py, My.
WNuarerpan xe or p 1o Bcakomy dazoBoMy 00beMy, 3aKJII0YAIOLIE-
My B cebe XoTs Obl 9aCTh YKA3aHHOTO BBIIIE MHOTOOOPa3usi TOUYEK,
koHeueH. Pacupejenenue (4.4) Ha3blBACTCH MUKPOKAHOHUYECKUM ") .

Nmnyasc m MOMEHT 3aMKHYTOH CHCTEMBI CBA3AHBI C €€ TBUYKe-
HUEM KaK I1eJI0r0 — PABHOMEPHBIM TOCTYIATEIbHBIM JIBUYKEHUEM U
paBHOMepHBIM Bparieruem. [losTomMy MOXKHO CKa3aTh, 9TO CTATH-
CTUYECKOE COCTOSIHUE CUCTEMbl, COBEPIIAIOIIEH 3a/IaHHOE JIBUKEHUE,
3ABUCHT TOJIBKO OT €e SHepruu. Bjrarogaps 3ToMy 3Heprusi npuodpe-
TAET B CTATUCTUKE COBEPIIEHHO UCKJIIOUUTEIBHYTO POJib.

st Toro 9TobhI B JabHETIIEM COBCEM MCKJIIOYUTH M3 PACCMOT-
peHrus MOMEHT ¥ HUMITYJIbC, MOXKHO MPUMEHUTH CAEIYIOUINi Tpu-
eM: Oy/ieM TpPEJCTaBIAThH cebe CHCTeMy 3aKJIIOUEHHOW B TBEPIbIit
«SIIUK» U [10JIb30BATHCST CUCTEMOM KOOPJUHAT, B KOTOPO «SAIIUK»
HOKOUTCs. B Takux ycjoBUsiX MOMEHT W MMILYJIbC BOODIIE He OyayT
YK€ UHTErpajiaMu JIBUKEHUSI, ¥ €JIMHCTBEHHBIM a/JIUTUBHBIM WUHTE-
rpajiOM JIBUYKEHUsI OCTAHETCS JHEPTUs; B TO YKe BpeMsl Ha CTATUCTHU-
YeCKMX CBOMCTBAX MaJjibIX YacTell CHCTeMbl (MOJCUCTEM) HATUINe
«SIIAKA», OYEBUIHO, BOOOIIE He cKaxKkercs. [losromy mas smorapud-
MOB (byHKUMil pacnpegenenus nojcucrem Oygaem umers BMecto (4.2)
ere 6ojiee IPOCThIE BBIPAXKEHUSI:

Inp, = aq + BE.(p, q)- (4.5)

MukpoKaHOHUYECKOe 2Ke pacipejiejieHue i BCeil CUCTeMbl HAllu-
IeTCs B BUJE

p = const - 6(E — Ey). (4.6)

o cux mop MBI Tpeosarajgu, 9To BCsl 3aMKHyTasl CHCTeMa
HAXOJWTCSI B CTATHCTUYECKOM paBHOBeCHH. JIpyrumu cjoBaMu, Mbl
paccMaTpUBaM €e B T€UEHHE BPEMEH, GOJIBIINX [0 CDABHEHHIO C ee
BpeMeHeM pesiakcauuu. Ha npakrtuke, 0HAKO, 00bIYHO BO3HUKAET
HEOOXOMMOCTh PACCMATPUBATH CHCTEMY B TEYEHHE BPEMEH, CPAB-
HUMBIX WJIM JIA2KE MAJIbIX 110 CPABHEHUIO CO BPEMEHEM DEeJIAKCALUY.
st GONBIMX CHCTEM 3TO OKa3bIBAETCS BO3MOXKHBIM Osiaromapst
CYIIECTBOBAHUIO HAPSIAY C TMOJHBIM CTATUCTUYECKUM DABHOBECHEM
BCeil 3aMKHYTOIl CHCTEMbl TaK Ha3bIBAEMBIX HENOJHBIX (WJn da-
CTUYHBIX) PABHOBECHIA.

1 TMopuepkHenm munmii pas, 4T0 910 PACHPee/eHIe OTHIOb HE SIBSETCS NC-
THHHBIM CTATUCTUIECKAM PACIIPEIETICHUEM 3aMKHYTON cuctembl. [Ipu3nanue ero
MCTUHHBIM 3KBUBAJIEHTHO YTBEPKIAEHUIO, 9TO (HA30BasT TPAEKTOPUS 3aMKHYTOMN
CHCTEMBI B TEYEHUE MOCTATOYHO JTUTENTHHOrO BPEMEHU MPOHIET CKOMb YTOITHO
6sm3K0 K J1I060i TOUKe MHOrooGpasus, onpenesasieMoro ypasneansivmu (4.3). Ho
TAKOE yTBEpKAeHWUE (M3BECTHOE TIOJ HAZBAHUEM 3pz0duteckoli zunomesn,) B 00-
LIEM CJIyHdae 3aBEeJI0MO HENPABHUJILHO.
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Heso B TOM, 9TO BpeMs pejaKCallii PACTET C yBeJTUYEHNEM pa3-
MepOB cHuCTeMBbI. B cmiy 9Toro 06CcTodaTe/IhbcTBA OTAE/IHHBIE MaJIble
4acTU CUCTEMbI caMu 110 cebe NPUXOJdAT B PABHOBECHOE COCTOSHUE
BHAYUTEIBHO OBICTPEE, YEM IPOUCXOUT YCTAHOBJIECHUE PABHOBECHUS
MEK/ly PA3JIUYHBIMU MAJBIMU YACTSIMU. DTO 3HAYUT, 9TO KAZKJAsI
MaJjiasg 9acTh CUCTEMBbI OMMCHIBAETCS CBOeil (pyHKImMe# pacmpeese-
Hus Bujga (4.2), HO 3HAYEHWs mapaMeTpoB pacnpeesnenus (3, v, &
pPa3IWIHBI M1 pa3HbIX dacTeil. B TakoMm ciydae roBOpAT, 9TO CH-
creMa HaXOJIUTCsE B Henoanom pasHosecuu. C rTedeHueM BpeMeHu
HEIIOJIHOE PAaBHOBECUE IIOCTENEHHO MePeXOJUT B IIOJIHOEe, IIPUYeM Ia-
pamerpbl B, vy, 0 Jjis KaxKJI0H MaJIoi 4acTu, MEJJIEHHO U3MEHsIsiCh
CO BPEMEHEM, B KOHIIE KOHIIOB CTAHOBATCSA OJWHAKOBBIMH BJOJb BCEit
3aMKHYTOU CUCTEMBI.

YacTo mpUXOAUTCA WMETh JIeJ0 € HETOJHBIMU PABHOBECUSMU
TAKZKe U JIPYroro poja. DT0  HENOJHbIE PABHOBECHS, IIPOUCXOK -
HUE KOTOPBIX CBA3aHO HE € OO/bmIOf pa3Huueil B JIMTEJIbHOCTH
BpeMeH pejlakcauuu JJjisd BCe CuCreMbl U ee MaJlblX 4acreil, a ¢
pa3HuIeil B CKOPOCTAX BCEBO3MOXKHBIX MPOIECCOB, UIYIINX BO BCEit
crucreMe. HaraganasiM TpUMEpOM MOXKET SIBUTHCS HEMOJTHOEe PaBHO-
BeCHE B CMECH HECKOJBKHWX BelIeCTB, MeXKJy KOTOPBIMU HJIET XU-
MUYECKas peakiiusd. BJarogaps CpaBHUTEJIbHON MeIJIEHHOCTH Tede-
HUA XUMUYCCKUX PeaKUUi, paBHOBECHUE 110 OTHOIICHUIO K JIBUKECHUIO
MOJIEKYJI yCTAHABJIUBAETCs, BOOOIIE IOBOPs, 3HAYUTEIBHO ObICTEE,
9eM PaBHOBECHE MO OTHOIIEHNIO KO B3AUMHBIM IMPEBPAIICHUAM MOJIe-
KYyJI, T. €. TI0 OTHOIIIEHUIO K COCTABY CMECH. DTO 0OCTOSITETHCTBO Ja-
€T BO3MOYKHOCTH PACCMaTPUBATHL HEMOJHBbIE DABHOBECHUS CMECH KakK
PABHOBECUs NPU 3aJaHHOM (B JI€fICTBUTEJILHOCTH HEPABHOBECHOM )
€€ XUMUYCCKOM COCTaBe.

Hajnuaue wmenosinbix paBHOBeCHi MO3BOJIIET BBECTH I[MOHSTHE O
MAKPOCKONUYECKUT COCMOARUAT cUCTeMBl. VIMeHHO, B OTINYMe OT
MEeXaHWYeCKOr0 MHUKPOCKOTIMYECKOTO onucanusi (T.e. 3aJaHus KO-
OPJIMHAT W WMITYJIbCOB BCEX YACTHUI] CHCTEMBI), MaKPOCKOTIMIECKUM
HA3bIBAETC OIMCAHME CUCTEMbI 33/[AHUEM CPeJHUX 3HadeHuit pu-
3UYCCKUX BEJIMYMH, ONPeJeadionuX TO WM MHOe €€ HEeIOJHOe PaB-
nosecue. Hanpumep, 310 MOryT ObITH Cpe/iHUE 3HAYEHUS BEJIUYNH,
XapaKTEePU3YIOMUX OT/Ae/IbHbIC JOCTATOYHO MaJjlble, HO MaKPOCKO-
MUYECKNe YaCTH CUCTEMBI, KarKAYI0 M3 KOTOPBIX MOYKHO CUYNUTATH
HaXOIAIIeCcsa B HEKOTOPOM CBOEM YaCTHOM DABHOBECHW.

§ 5. CraTucTuyeckasi MaTpuiia
[Tepexomst k' BoOmpocy 00 OCODEHHOCTSIX KBAHTOBOW CTATHCTH-

KW, OTMETNM, TIpEXKJEe BCEro, 49TO YMCTO MEeXaHWYeCKWil MOAXO0[ K
3asiade 00 ONpejesieHnn TTOBEJIEHNS MaKPOCKOTTMYECKOTO Tejia B
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KBAHTOBOII MEXaHUKe, Pa3yMeeTcs, CTOIb Ke Oe3HAeKeH, KaK u
B Kjaaccmueckoit mexammke. [lpm Takom momxome TpeboBaIoCh ORI
pemars ypasaenue [llpeaunrepa jijisi cucTeMbl, COCTOAIIEH U3 BCeX
YACTHL Teja, 3a/ada, eCJIu MOXKHO TAK BbIPA3UTHCs, ele dojee
OesHajierKHASL, YeM UHTEIPUPOBAHUE KJIACCUIECKUX YPABHEHUI JIBU-
xenusi. Ho maxke eciam Ob1 0Ka3a0Ch BOBMOXKHBIM B TOM WJIH WHOM
caydae nHaiitm obimee perrenne ypasuenus l[llpenwnrrepa, 66110 661
abCOTIOTHO HEBO3MOXKHBIM BBIOPATH W 3AMNUCATH YI0BIETBOPSIOIIEE
JIAHHBIM KOHKPETHBIM YCIOBUSM 33Ja9d YaCTHOE PEIIeHre, XapaK-
TEPUBYTIOIIEECs ONPEJIC/IEHHBIMU 3HAYEHUSIMU ['PAHIUO3HOTO YHC/IA
PA3JIMUHBIX KBAHTOBBIX 4ucejl. Bojiblie TOro, Mbl YBUJIUM HUXKE,
9TO [T MAKPOCKOMMYECKOTO Teja, TOHATHE O CTAHIIMOHAPHBIX CO-
CTOSHUSX BOOOIIE CTAHOBUTCS B M3BECTHOM CMBIC/IE YCIOBHBIM, — 00-
CTOATEIHCTBO, MMEIOIIEE CYIIeCTBEHHOE, TPUHIINTTHATHHOE 3HAYCHHE.

BeisicHuM nipesiBapuTesibHO HEKOTOPbIE O0COOEHHOCTH, KOTOPbIE
XapaKTepU3yT ¢ YUCTO KBAHTOBOMEXAHUYECKONH TOUKU 3PEHUS Ma-
KPOCKOIUYECKUE TEeJIa 110 CPABHEHUIO ¢ CUCTEMAMU, COCTOSIIUME 13
CPaBHUTEIHLHO MAJIOTO YNC/I TACTHUII.

DT 0CODEHHOCTW CBOAATCS K HEOOBIYAiiHOi TycTOoTe pacrpe-
JleJIeHVs YPOBHEH B CIEKTpe COOCTBEHHBIX 3HAYEHUI SHEPIUU Ma-
KPOCKONUYECKOro reja. [lpuauny Takoit rycToThl JIEMKO [OHSTH,
€CJIM 3aMeTUTh, 9T0 OJIArojapst KOJIOCCAIbHOMY UGy YACTULL B Te-
Jie BCSIKasl SHEPTHUsl MOXKET ObITh, IPpy00 TOBOpsi, «PaCHpeesieHa
0 PA3INIHBIM YACTHUIAM OECUNCIEHHBIM YncaioM crocoboB. CBaA3b
9TOro 00CTOATENHCTBA C TYCTOTOH YpOBHEH CTAHOBUTCS B OCODEH-
HOCTHU $ICHOM, €CJIM pacCMOTPEeTh I MpUMepa MaKpPOCKOMIIECKOe
TEJ0, TPEeJCTABIsonee coboit «razy m3 N COBEPIIEHHO HEB3AMMO-
JIEHCTBYIOIIMX YaCTULl, 3aKJIFOYEHHBIX B HEKOTOPOM O0beme. Y POBHU
SHEPIUK TAKOW CUCTEMbI MPEJCTABISAIOT COOOI POCTO CyMMBbI SHEP-
Uil OTIE/NBHBIX YACTHI], TPUYEM SHEPTus KaKI0i dacTuiisl mpobe-
raetT OGEeCKOHEYHBI Psiji JMCKPETHBIX 3HadeHwii'). $lcHo, WTO, BHI-
Oupasi BCeMU pa3INYHBIMEU CrocobaMu 3HaueHus N WJIEHOB TOi
CYMMBbI, MbI [OJIy9UM BO BCSIKOM CKOJIbKO-HUOY/Ib 3aMETHOM KOHEY-
HOM YyYaCTKe CIEKTPa OIPOMHOE YUC/I0 BOBMOXKHBIX 3HAYEHUN SHEP-
U CUCTEMBI, KOTOPbBIE, CJIEJOBATEIBHO, OYIYT PACIIOJI0KEHbI OY€Hb
O/IM3KO JIPYT K JAPYTY.

Moo mokazars (cm. (7.18)), BoobIe, 9T0 9HCI0 YPOBHEH B 3a-
JTAHHOM KOHEYHOM WHTEpPBAJe SHEPTeTUIEeCKOrO CIIEKTPA MAKPOCKO-
MUYECKOTO TeJia BO3PACTAET C YBEJIUUECHUEM UNCIa COMAEPIKAIINXCA B
HEM YaCTHUIL 10 SKCIOHEHIIUAIBHOMY 3aKOHY, & PACCTOSIHUST MEXKJLy

I)I/IHTepBaJ'IbI MEKy COCEeJHUMW YPOBHAMHU 3SHEPIrUM OTHAEJILHOW YacTuIibl
00paTHO MPOMOPIIMOHAIBHBI KBAJIPATy JUHEHHBIX pa3dmMepoB L obdbema, B KO-

Topom oma 3axmouena (~ h’/mL?, rme m  Macca wacTmmel, i KBaHTOBas
MTOCTOSTHHAS ).
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YPOBHSIMW BBIPAXKAIOTCST YNCIAMW BUA 107N, rme N — umncio mo-
PSIKA BEJTMYIUHBI YNCIA JACTHUI] B Tese, 0€3pa3mIHo, B KAKUX €11~
HUIAX, TaK KaK Pa3HUIA MEXKJy Pa3/IMYHbIMU €IMHULAMU JHEPIUU
COBEPIIEHHO HE CYIIECTBEHHA /I TAKOI'O YyJOBUIIHO MAaJIONO YUC-
aal).

BenencTere 9pe3BBIUAitHON TYCTOTHEI YPOBHEN MaKpPOCKOTHTe-
CKO€ TeJ0 HUKOTAA He MOKeT (DaKTUIeCKNW HAXOJUTHCST B CTPOTO
cTalmoHapHoOM cocTogHnm. [Ipexie Bcero scHo, 9TO 3HAYEHWE IHEP-
[UU CUCTEMbI BO BCSKOM Cjiydae Oyger «Pa3sMbITbIM» HA BEJUIUHY
MOPS/IKA SHEPIMU B3aUMOJEHCTBUS CUCTEMbI C OKPYKAIOIIUMU Te-
samu. Ho mocjte/insiss Hem3MepuMo BeJIMKA 110 CPABHEHUIO C PACCTO-
SHUAMW MeXKJy YPOBHAMU, TTPUYEM He TOJHKO I «KBa3M3aMKHY-
TBIX» TIOJICUCTEM, HO W JIJIA TaKUX CUCTEM, KOTOPBIE MBI CO BCAKOM
WHON TOYKW 3peHWs MOT/IN Obl CIYUTATH CTPOTO 3AMKHYTHIME. B
[IPUPOJE, pa3dyMeeTcsd, HeT IMOJHOCTbIO 3aMKHYTBIX CUCTEM, B3au-
MOzefICTBUE KOTOPBIX C JIOOBIM JIPYIUM TEJIOM PABHO B TOYHOCTHU
HYJIIO; BCAKOE ke (PaKTUIECKU OCTAIOIEeCsd B3AMMOJIeHCTBUE, KOTO-
poe MO¥KeT OBITH [Tayke HACTOJIBKO MAJIBIM, 9TO HE OTPAYKAETCI HU
Ha, KAKUX JIPYTUX CBONCTBAX CHUCTEMBI, DyIeT BCe ele Ipe3Bbluaii-
HO BEJIWKO TI0 CPABHEHWIO C MCYE3AIOIIe MAJbIMW WHTEPBAJIAMU €e
SHEPIEeTUYECKOrO CIEKTPA.

Ho u momumo sToro cymecrsyer apyras riybokas IpUyYuHA, B
CHJly KOTOPO#l MAaKpPOCKOIMYECKOe TEJI0 He MOYKeT (PaKTUIECKU Ha-
XOIUTHCA B CTAIIMOHAPHOM COCTOSTHUHN. Kak M3BECTHO W3 KBaHTOBOM
MeXaHWKW, COCTOSHUE CUCTEMBI, OTMHUCHIBAIOIIEECS HEKOTOPOW BOJ-
HOBOU (yHKIMEll, BOBHUKAET B PE3Y/IbTATE HEKOTOPOTO TTPOIECCa
B3aUMOJAECHCTBUA 3TOM CUCTEMbI C APYIOM CHUCTEMOH, KOTOpad C J0-
CTATOYHONW TOYHOCTHIO MOJIUHSIETCsl KAACCHIeckoin mexanuke. Oco-
ObiMu cBOfiCTBaMM 00JIa/1a€T IIPU STOM BO3ZHUKHOBEHUE CTAIMOHAD-
HOTO COCTOSIHWSA. 3/1€Ch HEODXOIMMO Pa3/JnvaTh 3HAUEHWE IHEPTUU
cucremMbl 0 B3amMomeiicteus F w sweprmo B’ cocrosiaus, BO3HM-
KaoIero B pesyiabrare Bianmojeiicreus. Kak wssectro (cm. 111,
§44), nerounoctu AE u AE' gemuun E u E' ceazaubl ¢ npogo-
JKUTEJIBHOCTHIO Al POIecca B3auMOJeHCTBIS COOTHOIIEHIEM

IAE — AE|~ .
At

1Y Cureryer oroBoputh, 4TO MBJI0KEHHBIE PACCYHIEHNUS HEIIPUMEHUMbIL K Ca-
MOMY HAYATHPHOMY yYIACTKY SHEPTEeTHIECKOTO CIIEKTPA; PACCTOSHUS MEXKIY Tep-
BBIMM YPOBHSIMU YHEPIUM MAKPOCKOIIMHYECKOr0 TEJIa MOIYT JIayKe OKa3aThCs He
3aBuCAIAMEU OT pa3mepos tena. (Hampumep, B 97€KTPOHHOM CIIEKTpPE JTUITIEK-
rpruka— cM. IX.) D10 06CTOATENHCTBO, OHAKO, COBEPHIEHHO HE CYIECTBEHHO 115
MATBHEANX BBIBOIOB: OYIyYIM OTHECEHBI K OTHOM YaCTUIlE, PACCTOSHUS MEKITY
IIEPBBIMU YPOBHAMMU JJId MAKPOCKOIIMYECKOTI0 TeJjla HUYITOXKHO MaJIbl, U yKa3aH-
Hasl B TEKCTE T'yCTOTA YPOBHEl JOCTUTAETCS yiKe IMPU COBEPIIEHHO HE3HAUUTETh-
HBIX, OTHECEHHBIX K OJHON JacTuile, SHEPTruax.
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O6e norpemuoctu, AE nu AE', Boobuie roBops, OJMHAKOBOI'O
MOPSTKA BEJIWYWHBI, W aHAJIN3 TTOKA3BIBAET, UTO HEIb3s J0OUTHCH,
4yrobbl Obl10 AE' < AE. TlosroMy MOXKHO yTBEP:KJaTh, 4TO U
AE' ~ h/At. Ho ayist Toro 4rofbl COCTOAHME MOXKHO OBLIO PAaccMa-
TpUBATh KaK CralMOHapHOe, HeTouHocTh AFE' j10/2KHA BO BCAKOM
caydae ObITh MaJIoOil 10 CPaBHEHWIO C PACCTOSTHUSAMU JI0 COCETHUX
ypoBHeit. B cuny 4pesBbIvaiiHOW MaJI0OCTH TOCAETHUX MBI BUINM,
9TO I MPUBEIEHNUS MAKPOCKOMIMIECKOTO TeJa, B KaKoe-1nbo ompe-
JIEJIEHHOE CTAIIMOHAPHOE COCTOSHME MOTPEHOBAIOCH Dbl HEUZMEPUMO
Gosnbmioe Bpems At ~ i/ AE'. JIpyrumu ¢ioBaMu, Mbl CHOBA IPUXO-
JIUM K BBIBOJY O HEBO3MOYKHOCTH OCYIIECTBJIEHUSI CTPOIO CTALMO-
HAPHBIX COCTOTHUI MaKpPOCKOTHUYIECKOTO TeIa.

Boobiie omnmcanme coCTOSTHUS MaKpPOCKOMUYECKOTO Teaa C I0-
MOIIHIO BOJTHOBOW (DYHKIIMHM HEOCYIECTBUMO, N00 (haKTUIECKU BO3-
MOXKHBII 3al1aC JIAHHBIX O COCTOSIHUM TAKOIO TejIa JAJIEKO HE COOT-
BETCTBYET HOJTHOMY HabOOpY JAHHBIX, HEOOXOAUMOMY JIJisi TIOCTPOE-
Husi ero BojiHOBOM (byrKimu. [lojoxkenne 3/1ecb B U3BECTHOM CMbIC-
Jie QHAJIOTMIHO TOMY, KOTOPOE MMEET MEeCTO B KJIACCUYECKO CTa-
TUCTUKE, T/I€ HEBO3MOXKHOCTH yUeTa HAYAJTBHBIX YCIOBUI IIsT BCEX
YACTUI[ TeJa MPUBOAAT K HEBO3MOYKHOCTA TOYHOTO MEXAHHUIECKO-
IO ONUCAHWUS €r0 [OBEJICHUs; AHAJOIUS, BIPOYEM, HENOJIHAs], TaK
KAK HEBO3MOYKHOCTH IOJTHOIO KBAHTOBOMEXAHUYECKOTO OHUCAHUS U
OTCYTCTBHE BOJHOBOW (DYHKIMU, ONUCHIBAIOIICH MAKPOCKOIMMIECKOE
TEI0, MOTYT, KaK Mbl BUIEIN, NUMETh rOpa3io bosee T1y0OKWe OCHO-
BaHUSI.

KsanToBOoMexaHmveckoe OMHUCAHWE, OCHOBAHHOE HA HEMOJTHOM
HAa0Ope JIAHHBIX O CHUCTEME, OCYIIECTBJIAETCs, KAK H3BECTHO, I10-
CPEJICTBOM TaK HasblBaeMOu mampuuyb, naomuocmu (cm. 111 §14).
SHaHUe MaTpUIbl IJIOTHOCTU I[O3BOJISIET BBIYUC/IATH CPEJIHEE 3Ha-
geHre J11000# BeJIMYNHBI, XapaKTEePU3YIOIeil CUCTeMY, a TaK¥XKe Be-
POATHOCTH PA3JMYHBIX 3HAYEHUil 3TWX BeqndwH. Hermomwora omu-
CaHWS 3aKJAI0YAETCS TPU 3TOM B TOM, UTO PE3YJIbTaThl pPa3IUI-
HOIO POJA U3MEPEHU, KOTOPbIe MOXKHO IPEJICKA3aTh Ha OCHOBA-
HUU 3HAHUSI MATPUIbI IJIOTHOCTH ¢ HEKOTOPOI J10J16ii BEPOSITHOCTH,
Mo Obl, BO3MOXKHO, OBITH IPEJCKA3aHbI C OOJbIIEHl mjin Jazxe
[OJIHOM  JIOCTOBEPHOCTBIO HA OCHOBAHWM [OJHONO Habopa CBeje-
HUT O CUCTeMe, JIOCTATOTHOTO JIIsi TIOCTPOEHUsT ee BOJTHOBOM (DyHK-
U

MpbI He cTaHeM BBIMUCHIBATEH 3/16Ch W3BECTHBIX U3 KBAHTOBOM Me-
XaHUKHU (POPMYJI, OTHOCAIIUXCS K MATPULE [JIOTHOCTH B KOODIH-
HATHOM MPEJCTABJICHUN, TAK KAK 3TO MPEJCTAB/IEHUE (DAKTUIECKU
HEe TpUMEHdAeTCss B craTtucTuke. [lokarkem, OJHAKO, KakuMm obOpa-
30M MOYKHO HEMOCPEJICTBEHHO BBECTH MATPHUILY IJIOTHOCTH B SHEpTre-
TUYECKOM TPEICTABIEHNN, HEOOXOIUMOM ISl CTATUCTUIECKUX TIPHU-
MEHEeHUI.
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PaccmorpuM HEKOTOPYIO TOACHUCTEMY ¥ BBEIEM TOHATHE O ee
«CTAIIMOHAPHBIX COCTOSTHUSIX» KaK O COCTOSTHWSIX, TTOJIYIafOIIIXCST
[pU [OJIHOM [PEHEOPEKEHUU BCEMU B3AUMOJIEHCTBUSIMU  JIAHHOMN
[OJICUCTEMbBL € OKPYXKAMIUMU  YACTSIMU  3AMKHYTON  CHCTEMBbI.
IMycrs ,(q) GyayT HOPMUPOBAHHBIE BOJHOBBIE (DYHKIMU THX CO-
crosinuii (6€3 BPEMEHHOrO MHOXKUTEJs), TJe ¢ yCIOBHO 0003HAUaeT
COBOKYITHOCTH BCEX KOOPJMHAT IOJCUCTEMbI, & WHJEKC 7. COBO-
KYIHOCTH BCEX KBAHTOBbBIX YUCE], OTJIMIAIONUX PA3JIUIHbBIE CTAIUO-
HapHBIE COCTOSIHUSI; SHEPTUU 3TUX COCTOSTHUI OyjeM 0003HAYATE Ue-
pe3 E,,.

[Ipeamosioskum, 9TO B JaHHBIT MOMEHT BPEMEHU TOJCUCTEMA
HaXOJUTCS B HEKOTOPOM TOJHO OIMMCAHHOM COCTOSTHUU C BOJIHO-
Boit dyukiumeit 1. Ilocieqniorn MOKHO Pa3/I0KUTDh 110 00PA3YIOIIUM
nosiHyio cucremy dynkumsam P, (q). Hanummem sro pasznoxkenue B
BUJIE

P = Zcrﬂ/)n (5.1)

Cpeamee 3uavenne 000 BeTUINHBI [ B TaHHOM COCTOSHUU MOYKET
OBIThH, KaK M3BECTHO, BRIYUCIEHO TT0 KO3MMUIMEHTAM ¢;, C TTOMOIIHIO

dopmyibt
f = Zczcmfnma (5.2)
nm

rae

Fom — / ¥ Fbmda (5.3)

~

mMaTpuuHbe dneMeHThl Besmuubbl f (f  coorBercTByrommii eit
oneparop).

[Tepexos Oor TOMHOTNO K HEMOJHOMY KBAHTOBOMEXAHUYECKOMY
OIMCAHUIO TOJACUCTEMbI MOXKHO PACCMATPUBATH B HEKOTOPOM CMbl-
cle KaK YCPEeJIHEeHWe 110 €€ PAa3/IUYHbIM 1)-cocTogHusgM. B pesyiib-
TaTe TAKOTO YCPETHEHWsI MPOUBBEICHUST CCp MAAYT JIBOWHOM (110
JIBYM MHJIEKCaM) Ha0OD HEKOTOPBIX BEJUYMH, KOTOPbIE Mbl 0003HA-
UUM 9€pPEe3 Wy U KOTOPBIE HE MOLYT yKe ObITh BbIDAXKEHBI B BUJIE
[POU3BEJICHUIT KAKUX-/IN00 BeJIMIUH, O0PA3YIONIUX OPJIUHAPHBIN Ha-
6op. Cperee 3HaUEHNE BEIUYNHBI [ BBIPA3UTCA Teephb (hOPMYJIOit
BUIA

COBOKYIHOCTH BEJIMYUH W,y (BOOOWE rosopsi, dyHnkuumii Bpeme-
HW) W TIPEJCTaBsieT coO0i MaTpHIly TJIOTHOCTH B SHEPTeTHYECKOM
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MpPEJCTABIEHNN; B CTATUCTHKE €e Ha3bIBAIOT CMAmucmuseckot
mampuyed') .

Eciu  paccmarpuBarb Wy, KAK ~ MATPUYHBIE — JIEMEH-
Thl HEKOTOPOIO CMAMUCTNUNECKO20 onepamopa W, TO CyMMa

> Win fom OyJeT AMArOHAJBHBIM MATPUYHBIM 3JIEMEHTOM IPOU3-
n

BEJICHNs OTIEPaToOpoOB W[, a Cpeanee 3HaYeHWE [ HATWINETCA B BUIE
ciea (CyMMBbI IHArOHATIBLHBIX 3JIEMEHTOR) 3TOTO ONepaTopa

F=> (@f)un = Sp(@f). (5.5)

Takas dopma 3anucu 006/1a/1a€T TEM IPEUMYIIECTBOM, 9TO JaeT BO3-
MOXKHOCTBH [POU3BO/JUTH BBIYUC/ECHUS] C [TOMOIIBIO [IPOU3BOJIBHOIO
MoJIHOTO Habopa B3aWMMHO OPTOTOHAJIBHBIX W HOPMWPOBAHHBIX BOJI-
HOBBIX (DYHKIMT: Cej; orieparopa He 3aBUCHT OT BhIOOpA CHCTEMBI
bYHKIN, MO0 OTHOIIEHUIO K KOTOPBIM OMPEAEISIIOTCA MaTPUIHBIE
snementsl (cm. 11 §12).

AnajorudsbiM 00pA30M BUIIOU3MEHSAIOTCH U JPYTHUE KBAHTOBO-
MEXaHUYECKUE BBIPAXKEHUSI, B KOTOPbIE BXOJIAT BEJIMYUHBI Cp,  BCs-
KUil pa3 NPOU3BEJEHUSI C}, Cyp JTOJIZKHBI 3AMEHSIThCSI Ha «YCDeJHEHHbIE
BHAYEHUSY Wy

CrCm = Wi
Tak, BEPOSTHOCTD MOJACUCTEME HAXOJUTHCSI B 1-M COCTOSIHUU Oyj1eT
pPaBHA COOTBETCTBYIOIIEMY [IUATOHAJBHOMY 3JIEMEHTY Wy, MATPU-
Bl TIJIOTHOCTH (BMECTO KBaIpaTa MOIYJIS ¢ cy). OUeBnano, 910 311
9JIEMEHTRI, KOTOPhIe MBI OyneM 0603HaYaTh HUYKE Yepe3 Wy, BCerja
MTOJIOYKUTETHHBI

Wn = Wan > 0 (5.6)
W YJIOBJIETBOPSIOT YCIOBUIO HOPMHUPOBKH
Spﬁ}:anzl (5.7)
n

(COOTBeTCTBonmeMy yeroruio Y. e |2 = 1).
n

1) Msbr roBopuMm 00 SHEPreTUYECKOM IIPE/ICTABJIEHUM, TAK KAK WMMEHHO OHO
00BIYHO TIpUMeHsieTcs B cratuctuke. OTHAKO 10 CHX MODP MBI €€ HHTJe He
BOCIIOJIL30BAJINCH HEMOCPEACTBEHHO TEM, YTO 1y, — BOJHOBBbIE (DYHKIMHU CTALMO-
HApPHBIX COCTOSHUI. $ICHO MO3TOMY, 9TO TeM K€ CAMBIM CIIOCOOOM MOYKHO OIIpe-
AEJINTH ManI/IHy IIJIOTHOCTHA 110 OTHONIEHUIO K JIIO60ﬁ HOHHOﬁ cucreMe BOJIHOBBIX
byHKIHH.

Vkaxkem TakkKe, 4TO 0ObIYHAA KOODAUHATHAA MaTpula mwiotaoctu p(q, q') (cm.
II1, § 14) BRIpaykaeTCst Yepe3 MATPHUILY Wiy, GOpMy10i

p(0:4) =D wnnthn(q )bm(q)-

2 JI. 1. JTannay, E. M. JIucdmun, rom V
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Heobxomnmo MOmUepKHYTH, YTO YCpPeSHEHWe 10 PasIndHbIM
1)-COCTOSTHUSIM, KOTOPBIE MBI BBEJW C IEJbI0 CIeIaTh HATJISIIHBIM
[ePexXo/l OT MOJHOTO KBAHTOBOMEXAHUYECKOI'O OIMCAHUS K HEIoJ-
HOMY, UMEeT JIAIb BeChbMa YCJIOBHbBIN CMBICI. B ugacrHOCTH, OBLIO
Obl COBEPIIEHHO HENPABUJILHBIM CUUTATH, UTO OIMUCAHUE C IIOMO-
[0 MATPUIHI TJIOTHOCTH COOTBETCTBYET TOMY, UTO TOICUCTEMA
MOYKET C Pa3JIUIHBIMU BEPOSATHOCTSIMU HAXOAUTHCST B PABIUIHBIX
1)-COCTOSTHUSIX, a TIPOU3BOANMOE YCpPEIHEHUE eCTh YCPEIHEHUE 10
9TUM BEPOSITHOCTSIM; TAKOE YTBEPXKJIEHUE BOOOIIE MPOTUBOPEUUIIO
Obl OCHOBHBIM IPUHIUIIAM KBAHTOBON MEXAHUKHU.

CocrosiHusi KBAaHTOBOW CUCTEMBbI, OMUCHIBAIOMIMECS BOJHOBBIMEU
GYHKIUSIMY, THOTIa, HA3BIBAIOT YUCTbLMU COCTNOAHUAMY B OTJINYINE
OT CMEWAHHBIL COCNOAHUT, OTTNCHIBAIOIINXCST MATPUIIEH TJIOTHOCTH.
Cirenyer, 0IHAKO, TIPEJIOCTEPETH OT HETPABUILHOTO MTOHUMAHWS 110~
CJIEJIHUX B YKA3aHHOM BBIIIE CMBICIE.

VepejiHeHue ¢ MOMOMIBI0 CTATUCTUYECKON MaTPUIIbI, ONPEejIeisi-
emoe opmysioit (5.4), umeer aBoskyio npupomy. OO BKIO4aer
B cebsT KaK yCpeJHeHue, CBA3aHHOE C BePOSITHOCTHBIM XapaKTepOM
KBaHTOBOTO OTHMCAHUS — Jake Hanbojee MOJTHOTO — CaMOTO IO Ce-
Oe, Tak W CTATHCTUYECKOE YCPEIHEHNEe, HeOOXOANMOCThH B KOTOPOM
BOZHUKAET B PE3yJIBTATE HENOJHOTHI HAIIUX CBEJIEHU O pPacCMa-
TpUBAEMOM OObekTe. B cilydae 4ucToro COCTOsIHUSI OCTAETCS JIAIIb
[IEPBOE YCPEJIHEHUE, B CTATUCTUUIECKUX K€ CJIydasiX BCErja IPUCYT-
CTBYIOT 00a 3j1eMeHTa ycpeanenus. HeoOxoammo, oJHaKO, WMeTh B
BUJIYy, 9TO 3TU 3JIEMEHTHI OTHIOAL HE MOTYT OBITH OTIEIEHBI JIPYT
OT JpyTa; BCe YCpegHeHwe TMPOU3BOANTCS €IWHBIM 00pa3oM, W ero
HEBO3MOXKHO HPEJACTABUTH KAK PE3YJbTaT HOCIEJI0BATETBHO IPOU3-
BOJIMMbBIX 9UCTO KBAHTOBOMEXAHUYECKOTO U UUCTO CTATUCTUUECKOTO
yCpEeHEeHU.

Crarncrraeckast MaTpHUIla 3aMeHsieT B KBAHTOBOW CTaTHCTHKE
GYHKINIO pacripeneeHust KIaCCHIecKoil crarucrnkn. Bee ckazan-
HOE B TIPeJbIIyIINX Taparpadax MPUMEHUTEJbHO K KJIACCUYECKO
CTATUCTHUKE 110 TOBOJY MPAKTUYECKH ONPEJEJEHHOIO XapakTepa, Je-
JIAEMBIX €10 TPEJICKABAHUN [TOJIHOCTBIO OTHOCUTCS U K KBAHTOBOI
crarucruke. W3ji0xeHHoe B §2 J0KA3ATEJIBCTBO CTPEMJICHUS K Hy-
Ji0 (IIpM yBEJMYEHNM YMCJIA YACTHIL) OTHOCHTEIbHBIX (DIyKTyaluii
QIINTUBHBIX (DUBUIECKUX BEJIMIWH BOOOIIE He NCIMOIb30BAI0 KAKIX-
b0 0cobeHHOCTEl, CTEMMMPUIECKUX T KIACCHIECKON MEeXaHmKH,
U TTIOTOMY TIOJIHOCTHIO OTHOCWTCST W K KBAHTOBOMY CIydaro. Mbl MO-
JKEeM, CJIEJI0BATE/IBHO, TIO-IIPEKHEMY YTBEPXK/IATh, 4TO MAKPOCKOIIH-
YECKHUE BEJIMYUHBbI OCTAIOTCS MPAKTUYECKU PABHBIMU CBOUM CDEJI-
HUM 3HAYEHUSIM.

B kiaccuueckoii crarucruke byHKIus pacnpeesnenvs p(p, q)
HEMOCPEJCTBEHHO JIaeT PachpeeseHne BEePOSITHOCTEH DPa3InIHBIX
BHAUEHUI KOOPIAWHAT W WUMITYJIHLCOB YaCTHI] Teja. B KBaHTOBOI Ke
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CTAaTUCTUKE 3STO HE TaK: BEJIWYWHBI W, [JAIOT JIANL BEPOATHOCTH
HAaiTH TEJO0 B TOM WM WHOM KBAHTOBOM COCTOSTHWH, 0€3 BCSIKOTO
HEIIOCPE/ICTBEHHOI0 yKa3aHUs Ha 3HAYCHUA KOOPJAUHAT UJIA UMILYJ1b-
COB 4aCTull.

B cuty camoit npuposbl KBAHTOBON MEXaHUKU, B OCHOBAHHON HA
Hell CTATUCTUKE pPedb MOXKeT WATH JINIIbL O HAXOXKJIEHWUN paclpese-
JIEHUs BEPOATHOCTEN N1 KOOPAWHAT WJINW MMITYJbCOB B OTIEJIBHO-
CTH, a HE TeX W APYTUX BMECTE, MOCKOJABKY KOOPJWUHATHI U NMITYJIb-
Chl 9aCTHIbI BOOOIIE HE MOI'YT OJHOBPEMEHHO UMETh OIPEEIeHHbIX
suadenunii. VIckomble pacupejiesienns BEPOATHOCTEN HOIYKHBI Y IUThI-
BaTbhb KaK CTATUCTUYECKYIO HEOIIPE/IeJeHHOCTh, TaK U HEeOIlpe/le/IeH-
HOCTh, MPUCYIIYI0 KBAHTOBOMEXAHWYECKOMY OMHUCAHUIO CaMOMY IO
cebe. [yt HAXOXK/IEHNST ITUX pACIpPE/IeTeHUiI CHOBA BOCMOIb3yeMCst
MPUMEHEHHBIM BBITIEe CrIoco0oM paccykaennii. [lpenmonoxknum cra-
JaJjla, 4TO TeJ0 HAXOJUTCHA B YMCTOM KBAHTOBOM COCTOSAHUU C BOJIHO-
Boit dyuxuueit (5.1). Pacupenenenune BeposiTHOCTEl 1191 KOOPAMHAT
OLIPEe/IeJIAeTCd IIPU 3TOM KBaJIPATOM MOJLYJId:

912 =D chemtntm,

TaK YTO BEPOATHOCTH KOOPAMHATAM MMETh 3HAYEHUs B JAHHOM MH-
tepsasie dq = dqidgs . .. dqs pasna dw, = ||*dg. Tlepexon x cme-
MIAHHOMY COCTOSTHWIO TTPOW3BOAUTCS TIYyTEM 3aMeHBl MPOW3BEICHWUIT
€l Cpy NIEMEHTAMU Wy, CTATHCTUYECKOW MATPWIBI, B DE3yJbrare

wero |1|2 mepexomut B Cymmy
*
wmnwnwm-
n m
Ho 1o onpezjenennio MaTpuyHbIX 3/1€MEHTOB MOXKHO HAIUCATD:

ITosTomy
DN Wnntntbm = Y by Wi

Taknm o6pazom, HAXONM CJEIYIONIYI0 (OPMYJTY st PACIpeie-
JIEHUsT BEPOSITHOCTEN TI0 KOOPIMHATAM:

dwyg =Y niy - dg. (5.8)

B wmanmcannom B Takoit hopme BBIDAKEHNN MOYKHO TT0JIH30BATHCS
B KadecTBe (DyHKINIT 1, JTIOO0I MOJHON CrCTEMOI HOPMUPOBAHHBIX
BOJTHOBBIX (DYHKITHI.

2*



36 OCHOBHBIE ITPUHIUIIBI CTATUCTUKN JI. 1

Jasee, onpeennM pacrpe/iesiene BEPOSTHOCTEH JIJIsd NMITYTh-
coB. KBaHTOBBIE COCTOSTHMS, B KOTOPBIX BCE UMITYJIHCHI UMEIOT OIpe-
JIeJIEHHbIE 3HAYEHUs, COOTBETCTBYIOT CBODOHOMY JIBUZKEHHUIO BCEX
gacruy,. O603Ha4MM BOJIHOBbIE (DYHKIMM FTUX COCTOSHUI depes3 1y (q),
[JIe UHJIEKC P YCJIOBHO 0D03HAYAET COBOKYIIHOCTH 3HAYEHUIT BCEX M-
nya6coB. Kak MbI 3HAEM, IMArOHAIBHBIE 9JIEMEHTHI MATPUIIHI TLI0T-
HOCTH TIPEJCTABJSIOT CODOI BEPOATHOCTU HAXOMXKIEHUST CHUCTEMBI B
COOTBETCTBYIOIINX KBAHTOBBIX COCTOAHUSAX. l[losTomy, ompesmenus
MaTpuly IJIOTHOCTH IO OTHOIIEHMIO K cucTeMe (DyHKIMi 1), Mbl
[OJIy9MM UCKOMOE PACIIPE/Ie/IeHIe BEPOATHOCTEN Ik UMILYJILCOB 110

dopmyse?)
dw, = wy, dp = dp -/1[12{51,[)1, dq, (5.9)

rie dp = dp1dps . . . dps.
JIt060TBITHO, 9TO 00a pacmpeme/eHnst — M0 KOOpAWHaTaM M 110
UMILYJIBCAM ~ MOI'YT OBbITH IIOJIyY€Hbl MHTEIPUPOBAHUEM OHOM U TOT

Ke PyHKIUN
I(q,p) = ¥, (q)Wehp(q). (5.10)

IIpounTerpuposas ee 1o dq, Mbl MOJIYyYUM PACIPEIE/JEHUE 110 UM-
nysabcam (5.9). Uurerpuposanue xe 1o dp paer

du, = da- [ ;@36 (a) dp (5.11)

B comtacuu ¢ obwmm oupegesernueM (5.8). Ormerum rakzxke, 410
dyurmus (5.10) Moxker OGbITH BhIpasKeHa Yepe3 KOOPJAWHATHYIO MaT-
puny miornocru p(q,q') cornacno

1(q.p) = :(q) / o0, 4 () dd- (5.12)

ITogwaepkHeM, OmHAKO, ITO CKa3aHHOE OTHIOAL HE O3HATAET, UTO
dyurmmuio 1(q, p) MOXKHO pacCMaTPUBATH KakK pacrpeiesieHne BeposiT-
HOCTEN I KOODJAMHAT U HUMIIYJIbCOB OJHOBPEMEHHO; HE I'OBOPS
yzKe O TOM, 4TO Takasg TOYKA 3PeHus BOOOIIe mpoTuBOpednia Obl
OCHOBHBIM IIPUHIIUIIAM KBAHTOBOI Mexanukwu, sbipazenue (5.10)
KOMTLJIEKCHO ! ) .

D @yuxman 1, (g)  TI0CKEE BOMHBL B KOHGMUIYPAITMOHHOM TPOCTPAHCTBE CH-
CTEMbBI; OHW TIPEJINOIATAIOTCS HOPMUPOBAHHBIMA Ha 0-(DYHKIMY BCEX MMITYJIbCOB.
B Beuay orcyrersus y I(q, p) mpsivoro hr3anHaeckoro CMBICIA CTECTBEHHO, T
ompenesieane GpyHKImM, 061ATAI0MEH YKa3aHHBIMEA CBORCTBAME, HEOJHOZHAMHO.
Tak, pacnpenesnenust 110 ¢ U MO p MOryT OBITH IOJIy9YEHBI TEM K€ CIIOCOO0M m3
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§ 6. Crarucruydeckoe pacripeejeHmne
B KBAHTOBOI CTATUCTUKE

B kBaHTOBOI MEXaHUKE MOXKHO JIOKA3ATH TEOPEMY, AHAJIOTUIHY O
reopeme JInyBuiwist, OyueHHON B § 3 HA OCHOBAHUM KJIACCHIECKOT
MEXaHWKH.

st 3TOr0 BBHIBEJEM TPEJIBAPUTEIHLHO 00IIee KBAHTOBOMEXAHW-
YecKOoe ypaBHEHWe, OTPeJe/IsoNniee MPON3BOIHYI0 110 BPEMEHW OT
CTATUCTUYECKON MaTpulpbl Jr000# (3aMkHyToi) cucrembl ). Cuenyst
MEeTOJY, TPUMEHEHHOMY B HPEJbIYIIEM maparpade, mpenoaioKum
CHAYaJIa, YTO CUCTEMa HAXOJUTCS B YUCTOM COCTOSIHUU C BOJIHOBOM
dbyuxkmeii, npeacrapiennoii B Buje psaga (5.1). Beugy samkayTOoCTH
CUCTEMBI, ee BOJIHOBast (DYHKIMS Oy/JeT MMETh Takoil »Ke BUJ U BO
BCE TIOC/IeAYIONINEe MOMEHTHI BPEMEHU, TPUYeM TOJILKO KO3hduIm-
EHTBI ¢, OyyT Tenepb (PYHKIUIMUA BPEMEHHU, HPONOPIUOHAIBHBIMI
muoxkuTesAM exp(—iE,t/h). [losromy umeem

(8/08)cem = (i/1)(En — Ep)ctcm.

Ilepexosn K crarucrudeckoit marpuile B 00meM Ciiydae CMeIlaH-
HBIX COCTOSIHUN MTPOUZBOJUTCS TEIEPh [yTeM 3aMeHbl TPOU3BEICHUTT
¢} Cn, HA Wy . Takum oOpazoM, momydaeM HCKOMOe ypDaBHEHHE

mn = (i)5) (En — Eum)wmn. (6.1)

DT0 ypaBHEHUE MOYKHO IEPENnucaTh B 00IIEM OLIEPATOPHOM BUJIE,
3aMeTnB, YTO

(En - Em)'wmn = Z(wmlHln - Hmlwln)a
l

byHKIMN
Iw(q,p) = / p <q+ £q- é) ¥y <q+ é) Uy (q - é) dg, (5.10a)
2 2 2 2
rme £ 0003HAYAET COBOKYIHOCTH BCIIOMOTATETHHBIX TepeMeHHBIX &1,..., s, a

d¢ = d&i . ..dEs (E. Wigner, 1932). JleficTBUTENIBHO, TTOCKOIBKY

/11); (Q+§>¢p (q*§>dp=5<q+g*q+g) =3(8)

unterpan [ Iwdp = p(q.q'). Unrerpan xe [ Iwdg nocme 3aMeHBl mepeMeH-
neix ¢ +&/2 = q, ¢ — £/2 — ¢' cosnamaer ¢ warerpasom [ I dg. B oramune
or I(q,p), bynkuma Iw (g, p) BemecTBenHa (B 9eM J€rkK0 yOEIUTHCA € y9IETOM
SpMHUTOBOCTH MaTpuibl p(g,q'), HO, BOOOLIE rOBODS, HE BE3/e MOJTOKUTEIbHA.

1) B mpensiaymem maparpade Mbl TOBOPHUIN O MAaTPHIlE JIOTHOCTH MMOJACUCTE-
MbI, UMEesi B BHJly €€ OCHOBHBIE CTATUCTUYECKUE NIpuMeHenus. Pasymeercst, mar-
pulleil IIOTHOCTA MOXKeT OIUCHIBATHCA M 3aMKHyTad CHCTeMa, HaXOAAMadacCd B
CMEITAHHOM COCTOSTHUM.
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rne H,,, — 3/71eMeHThl MaTpuilbl ramMuiabTonnana H cucrembr, gua-
TOHAJILHOM B TIPUHSATOM HAMW SHEPTETUYECKOM mpejcTaBjaennu. [1o-
3TOMY

W = %(@f[ — Hb). (6.2)

(ObpaTnm BHUMaHWE HA TO, YTO 9TO BHIPAYKEHNE OTIIMYAETCS 3HAKOM
0T 0DOLIYHOIO KBaHTOBOMEXAHUYECKOIO BbIPAXKEHUsl JljIsi OlIEparopa
NPOM3BOAHON OT BEJIMYMHBI 110 BDEMEHHU. )

Mbl BujuM, 4T0 Jijisi OOpalleHust B HYJlb POUM3BOAHOMN 110 Bpeme-
HU OT CTATUCTUIECKON MaTPUIIBI, ONEPaTOp W AOJKEH OBITH KOMMY-
TATUBEH C TAMUJIBTOHUAHOM CHCTEMbBI. DTOT Pe3yJIbTaT W MPEICTAB-
Jister cob0if KBAaHTOBOMEXaHWUECKWIT aHAJIOr Teopembl JInmyBuiiis:
B KJIACCMYECKOH MexaHuKe TPeDOBaHME CTAalMOHAPHOCTU (DYHKIMKU
pacupeje/ieHus IPUBOAUT K TOMY, YTO W OKA3bIBAETCA MHTEIPAIOM
JIBUZKEHUs!; KOMMYTATUBHOCTH K€ Olleparopa Kakoi-jiubo Bejimdn-
HBI C TAMUJIBTOHUAHOM KaK Pa3 M ABJISETCH KBAHTOBOMEXaHUYECKNM
BBIPAYKEHNEM COXPAHAEMOCTH 3TOI BEJIUYNHDI.

B wHTepecyroneM Hac 3HEPreTHIeCKOM MPEICTABIEHUN YCIOBUE
CTAlMOHAPHOCTU (POPMYJIUPYETCst B 0OCOOEHHOCTU HIPOCTO: KAK BU/I-
HO u3 (6.1), MaTPULA Wy, AOKHA OBITH JAMATOHAJIBHON,  ONATh-
TaKU B COOTBETCTBUU C OOBbIYHBLIM MATPUYHBIM BbIPAKEHUMEM KBaH-
TOBOMEXaHUYECKO COXPAHAEMOCTH BEIMUNHBI (MATPHUIIA COXPAHSTIO-
[IEHiCsT BEJIMIUHBI NPUBOAUTCA K JUATOHAJIBLHOMY BUIY OJHOBPE-
MEHHO C TAMUJIBTOHUAHOM ).

[Toso6HO TOMY Kak 3T0 OBLIO CIAEJAHO B §3, MbI MOXKEM Te-
[1€pb IPUMEHUTH 1I0JIYyYEHHbIE PE3Y/IbTaThl K KBA3U3aAMKHY ThIM 110/1-
cucTeMaM, pacCMarpuBasi IPOMEXKYTKH BPEMEHU, B TeYeHUe KOTO-
PBIX OHU BeayT cebsi C JOCTATOYHONW TOYHOCTHIO KaK BaMKHYTHIE.
IToCKOMBKY CTATUCTHYECKHE pPaclpejienennst (3/1ech — CTaTHCTHYe-
CKHE MATPHIbI) HOACUCTEM JOJIZKHBI ObITh 110 CAMOMY OIPeJIee-
HUIO CTATUCTUYECKOIO PABHOBECHUH CTALMOHAPHBIMU, TO Mbl, IIpe-
JKJIE BCEro, 3aKJII0YAEM, UTO MATPUIIBI W,, BCEX TOICACTEM JAa-
rorasbHbl ') . Bajada 06 OnpeesieHur CTATHCTUYECKOTO pPacipe-
JICJIEHUST CBOJINUTCS, CJIEJIOBATE/IHHO, K BBIUUCAECHUIO BEPOATHOCTE
Wy = Wpp, KOTOPbIE U HPEACTABJAAIOT C000#l «(hyHKIMIO pacipe-
Jesiennsty B KBaHTOBOM craructuke. Popmyna (5.4) mns cpegnero
BHAYEHUH KAKON-1MO0 BejmuuHbl f yUPOIAETCS U 1JIACUT:

f: anfnn; (6-3)

1) ITockosbky 3T0 yTBEp)KIAEHNE CBA3AHO B M3BECTHOM CMBICJIE C IIDeHEOPeKe-
HHAEeM B3anMOIeUCTBUAME MOACUCTEM APYT C APYTOM, TO TOYHEe MOXKHO CKa3aTh,
9TO0 HEeJUATrOHAJIBHbIE 3JIEMEHTDHI Wy CTPEMATCA K HYJIIO 110 ME€pe YyMEHbIIeHUA
OTHOCHUTEJIbHON POH 3TUX B3aUMOIEUCTBUI, a CIeJOBATEIbHO, IO Mepe yBeu-
YgYeHud 9ducjia 9aCTul B IIogCUcCTeMax.
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B Hee BXOIAT TeMepb TOJHKO INAarOHAJbHBIE MATPUUHBIE DIEMEH-
T frp-

Hasiee, yaurbiBasi, 4TO W JOJZKHO ObITh KBAHTOBOMEXAHUIECKUM
UHTEIPAJIOM JIBUYKEHUS W KCIOJb3ysd KBA3WHE3ABUCUMOCTD I10JICHU-
CTeM, aHAJOru4HO BbIBOAY (hopmysbl (4.5) maiizem, uro sorapudm
bYHKINN pacupeeseHus MOJACUCTeM 0JIKEH UMETh BT

Inw!® = al® + gE° (6.4)

(MHZIEKC @ OT/IMYaeT pa3audHble TOACHCTeMbI). Takuv 00pa3oM, Be-
POSATHOCTH W, MOTYT OBITh BBIPAYKEHBI B BUAE (PYHKIIUU TOJIHBKO OT
BEJIMYNHBI YPOBHsI 3Hepruw: wy, = w( kK,

Hakoser, mosiHOCTBIO COXPAHSAIOT CBOIO CUJIy BCE W3JI02KEHHbBIE
B §4 coobpaxkeHuss 0 POM AJJIMTUBHBIX HHTEIDAJIOB JIBUYKEHUSI,
B OCODEHHOCTH HEPIWH, KAK OINPEIe/ISAONMX BCE CTATUCTUIECKUE
CBOJICTBA BAMKHYTON CHCTEMBI. DTO CHOBA [Ia€T BO3MOYKHOCTH CO-
CTABWUTH JIJIS 3AMKHYTON CHCTEMBI TTPOCTYIO (DYHKITUIO PACIpe/iee-
HUsI, TTPUTOIHYIO JIjIsI ONMUCAHUsI €€ CTATUCTUIECKUX CBOMCTB, XOTsI
OTHIOJIb ¥ HEe SABJSIONLYIOCs (KAK M B KJIACCUYECKOM CJ1y4ae) UCTHUH-
Hoit (pynkumeit pacupeesienus.

s maremarudeckoit (hOPMYJIMPOBKU 3TOIO «KBAHTOBOI'O MU-
KPOKAHOHWYECKOT0 PACIPE/IENEHNsT» HAJJA0 MPUMEHNTh CAeYIOMnii
npueMm. Vmest B BUIY <«IOYTH HENPEPBIBHOCTH» IHEPTETUIECKOTO
CHEKTPa MaKPOCKOMMYECKWX TeJ, BBEJEeM MOHATHE O YNCJe KBaH-
TOBBIX COCTOSHUN 3aMKHYTOW CHUCTEMBbI, «IPUXO/AIIUXCSA» HA Olpe-
JIeJIEHHBIN DECKOHEYHO MaJiblii MHTEpBaJ 3HadeHuil ee suepruu’).
O6o3HaunM 310 aucio depes dl'; OHO wrpaer 37ech pOJib, AHAJIO-
TUYHYI0 posu 3aeMenTa pa3oBoro obdbema dp dg B KIACCHUECKOM
ciydae.

Ecnn paccmarprBarTh 3aMKHYTYIO CHCTEMY KaK COCTOSIIIYIO W3
nozicucTeM, npernedperas npu 3TOM B3aUMOAEHCTBUEM [TOCIETHUX, TO
KAaK/I0€ COCTOSHUE CUCTEMBI B I[€JI0M MOYXKHO XapaKTepu30BaTh 3a-
JIAaHUeM COCTOsIHWII BCEX OTAE/bHBIX MOACUCTEM, u 4uciao dl' mnpej-
CTABUTCSI B BUJE TTPOM3BEICHUST

dr =[] dr, (6.5)

grces dI', KBaHTOBBIX COCTOSIHWI MOJACHCTEM (TaKWX, 4TOOBI CyM-
Ma HEPruil BCex MOJCUCTEM JIeXKajaa KaK Pa3 B PACCMAaTPUBAEMOM
MHEPBAJIe 3HAYEHUIT SHEPrUKM BCell 3aMKHYTOH CuCTEMBI).

Mpbr moxkem Tenepb chOpMyIUpOBATH MUKPOKAHOHUYECKOE pac-
npejie/ieHre B BUE, AHAJOTHIHOM KJIACCHIECKOMY BBIPAYKEHUIO

'Y Hanommmy, 910 Mbr yemosummch (§4) MOMHOCTBIO HCKTIOYATH U3 PACCMO-
TPpeHusd MMIIYJIbC 1 MOMEHT CHUCTEMbI KaK LeJIoro, Jjd Yero JoCTaTO4YHO IIpei-
CTAB/IATH Cebe CHCTeMY 3aKTIOFMEHHON B TBEPABIH <«ANMK», DACCMATPUBACMBIN B
cucTeMe KOODJUHAT, B KOTOPOH OH HOKOUTCS.
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(4.6), manmcas /ISt BEPOATHOCTH dw HAXOXKIEHWUsI CHCTEMBI B KAKOM-
b0 n3 dI' cocrosHMil cemayomiee BhIpaXKeHnme:

dw = const - §(F — Ey) H dr,. (6.6)

§ 7. DuTponust

Bynem pacemaTpmBaTh 3aMKHYTYIO CHCTEMY B TEUEHNE BPEMEHT,
GOTBITOTO TTO CPABHEHWIO C €€ BPEMEHEM DEeTaKCAINN; TeM CAMBIM
TMOIPABYMEBALTCSI, UTO CHCTEMA HAXOIUTCS B TOJTHOM CTATHCTHIE-
CKOM PABHOBECHH.

[Tposenem HuzKecsIEYIOIIME PACCY K IEHUSA CHAYAA JIF KBAHTO-
BOI craructuxku. Pazjenus cucremy Ha OOJIBIIOE YKUCIO0 MAKPOCKO-
NUYecKuX vacreil (mojcucrem), OyIeM pacCMaTpUBATh KaKyiO-Tr00
omuy m3 Hux. Ilycth w, ecTh GyHKUMS pacmpeenenns 3TOH mMomi-
CHCTeMbI; Jijisi ynpotnerusi hopMyst OyemM Mmoka omyckarh y wy, (u
JIPYTUX BEJINYWH) WHIEKC, OTarndaronmii nojgcucrembl. C MOMOIIBIO
GyHKIMM W, MOYKHO, B YACTHOCTH, BHIUYUCIUTH PACIPeIe/IeHINe Be-
POSITHOCTEI JIJIsT pa3/IMdHbIX 3HAUYEHWil 3Heprum [ Mmomcucremsol.
Mpbr Bugesn, 910 W, MOXKET ObITb HANUCAHO KAK (DYHKIHUA TO/Ib-
Ko or suepruu wy, = w(E,). Jaga toro 4robbl nosyunTh BEpOST-
Hocte W (E)dE mnoacucreme nMerh SHEPIHUIO B WHTEpBase Mexiay F
u E + dE, vano ymuoxkurs w(E) Ha 4uceI0 KBaHTOBBIX COCTOSI-
HU ¢ SHEPTUSIMU, JIEYKAIIUMI B 3TOM WHTEPBAJIE; MBI MOIb3yeMCst
37IeCh TeM JKe TPEJICTABICHIEM O «PAa3MA3aHHOM» IHEPTETHIEeCKOM
CTIeKTPe, KOTOPOe OBLIO BBEIEHO B KOHIIE MPEIBIIYIIErO Maparpa-
da. O603naunm uepes ['(E) 4ucio KBAHTOBBIX COCTOSHUIT ¢ HEP-
UAMM, MEHBIIMMU W PaBHbIMEM F; TOrjga MHTEPECYIolee HAC 4uC-
JIO cocTosinuit ¢ sueprueit mexay E u E + dE moxHO Hanmmcarb
B BUjIE Ir ()

dFE
a pacrpeiesienne BepOSTHOCTel o SHEPTUH OyIeT

W(E) = dfi(j)w(E). (7.1)

dE,

VejioBrue HOPMUPOBKH

/W(E)dE =1

O3HAYaeT TEOMETPUYECKH, UTO TIIOIIA/Th, 3aKJTIOUeHHAd 10T KPUBOI
W = W (FE), paBHa eJuHUIIE.

B coorrercTrum ¢ o0mmuMu yTBEPKAEHUAME, CAeTaHHbIMA B § 1,
dyurnng W (E) nmeer upesBbryaiino peskuii Makcumywm npu B = F|
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Oyayan CKOJBKO-HMOYIH 3aMETHO OTJWYHON OT HYyJIs JWIIH B HEMO-
CpeACTBeHHOM 6ym30CcTH OT 3T0i Touku. Bmemem «mmpuny» AL
kpusoit W = W(FE), onpejeus ee Kak HIMPUHY NPAMOYTOJbHUKA,
BBICOTA KOTOPOro paBHa 3Havdennio dyukiun W(FE) B TOYke Makx-
cUMyMa, a TJIOMAIh PaBHA €INHWIIE:

W(E)AE = 1. (7.2)

[Tpunumas Bo BHuMaHue Bbipazkenue (7.1), MOXKHO mepenucarb
9TO OIpeJIeJIeHne B BU/IE

w(E)AT = 1, (7.3)

rie _
AT = PO A g (7.4)

dE

€CTh YHUCJIO KBAHTOBBIX COCTOSIHUIN, COOTBETCTBYIOIIEE HHTEPBAJY
AFE 3nauenunit sneprun. O6 onpejiesieHHON TaKuM 00PA30M BeJju-
qnHe Al MOKHO CKa3aTh, 9T0 OHA XAPAKTEPU3YET «CTEIeHb Pa3Ma-
3aHHOCTH» MaKPOCKOMUYIECKOTO COCTOSHWS TOJCUCTEMBI 110 €€ MU-
KPOCKOMUYECKUM COCTOsTHUsIM. UT0 ke Kacaercss mHTeppaja A,
TO TIO0 TIOPSIIKY BEJWYWHBI OH COBIQJIAET CO cpeiHeil (paykryarueit
SHEPIUK [TOJICUCTEMBI.

CrestaHHbIe ONPeIe/IeHrs] HEIOCPEICTBEHHO TIEPEHOCAT ST B KJIaC-
CHYECKYIO CTATUCTUKY, HO TOJIbKO BMecTo dyukuun w(F) Hamo ro-
BOPHUTH 0 KJIACCUYIECKON (DYHKIMU pacrpeeaenns p, a BMecto Al' —
06 obbeme yuacTka hazoBOTO MPOCTPAHCTBA, ONpemenseMoMm (op-

MYJIOi —

p(E)Ap Ag = 1. (7.5)
Ddazorwiit 06bem Ap Ag amagornuno Al xapakTepusyer pasmepsl
Toit obmactr (HazoBOTO TPOCTPAHCTBA, B KOTOPOW JaHHast MOICH-
cTeMa MPOBOJANUT TIOUTH BCE BPEMSI.

He npejcrasisier tpyja yecranoButhb ¢Bsizb Mexy Al u Ap Agq
pU NPeJeJbHOM MEPEX0/e 0T KBAHTOBOW TEOPUU K KJIACCUYECKOI.
Kak uzsecrno (cum. III, §48), B KBA3UKIACCMUECKOM CJ1y4ae MOXKHO
YCTAHOBUTH OTPEJEIEHHOE COOTBETCTBUE MEYKIY 00heMOM KaKOii-
b0 obsactr (pazoBOTO MPOCTPAHCTRA M «TTPUXOASIIINMCSy Ha HETO
YUCIOM KBAHTOBBIX COCTOSIHUI; WMEHHO, MOYKHO CKa3aTh, 9TO Ha
KazKJI0€ KBAHTOBOE COCTOSHME NPUXOAMTC B (DA30BOM NPOCTPaH-
crBe Kjerka ¢ oobemom (27h)* (s uumcio creneneil ¢Boboubl cu-
crembl). [To3ToMy sICHO, 9TO B KBa3WKJIACCHYECKOM CJIydae YHCII0
cocrostamii AT' MOKHO HAnMcaTh B BujIE

_ ApAgq

(27h)®’

r7e s — 9uCI0 CTerneHeil cBo00mbl TaHHOM moAcucTeMbl. DTa hOpMyIa
" yCcTaHaBIUBaeT ucKomoe coorBercrBie Mexay Al' u Ap Ag.

(7.6)
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Bemmuanmy Al HazurBaoT cmamucmuyeckum 6eCoM MaKPOCKO-
MUIECKOTO COCTOSTHUST TTOICUCTEMBI, a ee JIoTapudm

S =InAl (7.7)
HA3bIBAIOT AHMPONnUet; MOJACUCTEMBL. B KIACCMYECKOM Clydae 9H-
TPOLUS OIPEEIAETCsI, COOTBETCTBEHHO, BbIPAKEHUEM
S=1In w.
(2mh)®
Ornpenesierrast TaKUM 00Pa30M SHTPOTHS, KAK W CAMBIi CTATHCTH-
Jeckuii Bec, ectb Oe3paszmepHas BesmaunHa. [[0CKoIbKY 4ucio cocro-
stiuit A" BO BCSIKOM CJlydae He MEHbIe eJUHUIbI, TO SHTPOIUA He
MOxkeT ObITh orpunareibHoil. [loHsgTre SHTPONUU  OJHO U3 BaXK-
HENUIINX B CTATUCTUKE.

VMeCTHO OTMETHTh, YTO €C/IW OCTABATHCS I[IEJIMKOM Ha TIO3U-
[USTX KJIACCUYIECKON CTaTUCTUKM, TO HUKAKOTO MOHSATHS O <«UUCIIE
MUKPOCKOTIMIECKUX COCTOSTHUIT» BOODIIE HEJIb3sT BBECTH, W MbI ObI-
Jit Obl IPUHYKJIEHBI ONPEJIEUTh CTATUCTUYECKUI BEC MPOCTO KAK
Besimunny Ap Aq. Ho 9ra BejinunHa, Kak u Beskuit 00bem (hazoBoro
[POCTPAHCTBA, MMEET PA3MEPHOCTH POUBBEJECHUS] § UMILYJIbCOB U
CTOJIBKUX YKe KOODIWHAT, T.e. Pa3MEepPHOCTh S$-ii CTeNneHu JeiCTBUS:
(3pr-c)®. Durponus, onpesenernas Kak InAp Ag, nmena Ob1 mpu
9TOM CBO€OOpa3HYyI0 pa3sMepHOCThH Jjorapudma AeficTBug. DTO 3HA-
YUT, 9TO UPU M3MEHEHUU eJUHUL JIEHCTBUS SHTPOIUS U3MEHUIAChH
Obl HA AJIMTUBHYIO I[MOCTOSIHHYTO: €CJIM WM3MEHUTHb eJUHUILY Jefi-
crBust B a pas, 1o Ap Aq unepeiiner B a*Ap Aq, a InAp Aq B
InAp Ag 4 slna. [losromy B 94rCTO KIACCUIECKONH CTATHCTUKE IH-
TPOMUSI MPEJICTABISET COOO BEJTUIMHY, ONPEIEIEHHYO JIUIIH C TOU-
HOCTHIO 70 aIIWTWBHON TTOCTOSTHHOMN, 3aBUCSINE oT BHIOOpa eman-
Hutl. OJIHO3HAYHBIMU BEJIMYUHAMU, HE 3ABUCSIIUMEU OT BbIOODA €11~
HULL, SIBJISFOTCS [IPU 9TOM JIUIb PA3HOCTU SHTPOIINI, T. €. U3MEHEHUsI
SHTPOIUK IIPU TOM UM UHOM IPOLIECCE.

C stuM 00CTOSITETHCTBOM W CBSI3QHO TMOSBIEHNE KBAHTOBOW IMO-
cTostHHOW Fi B ompeesiernu (7.8) SHTpOMMN JJIst KJIACCHIECKOI CTa~
TUCTUKH. JIWIIb TOHSATHE O YHUC/Ie JUCKPETHBIX KBAHTOBBIX COCTO-
sAHnil, Hen30eKHO CBABAHHOE C OTIMYHON OT HyJisi KBAHTOBOM I10-
CTOSTHHO, [I03BOJIsieT BBeCTH Oe3pa3MEepHbINl CTATUCTUYECKUil BeC u
TEM CAMbBIM OHPEJE/IUTh SHTPOIUIO KAK BIIOJHE OJIHOZHAYHYIO BEJIH-
THHY.

Harnurmiem omnpefiesiennie SHTpOTUU B APYTOM BHJIE, BHIDA3WB €e
HernoCpeCTBeHHO Yepe3 (yukimio pacnpenesnenus. Coracuo (6.4)
Jiorapudm (DYHKIUU PACHPEIEIEHUs TOJCUCTEMbI UMEET BU/L

nw(E,) =a+ pE,.
BBujay smneitnoctn 9roro Beipaxkenus 10 Ey,, Beanduna

Inw(E) =a+ BE

(7.8)
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MOXkeT ObITh Hammcawa u Kak cpegree 3uadenne (Inw(FE,)). Ilo-

(En
sromy snrpounio S = InAIl' = —Inw(E) (cormacuo (7.3)) moxHO
HAMMCATh B BUJIE

S =—(lnw(E,)), (7.9)

T. €. MOKHO OTpeaeJIMTH IHTPOMNIO KaK (BB?ITOQ C O6paTHbIM 3Ha-

KOM) cpejanee 3uadenue jorapudma HyHKIUEM PACIPEETCHUS 0/1-
cucrembl. [To cMmbicity cpejinero 3nadeHus uMeeM

S:—anlnwn; (7.10)

9TO BbIPAXKEHWE MOYKHO HAIKUCATH B ODIIEM ONEPATOPHOM BHU/IE, HE
3aBUCAIIEM OT BbIOOPA CUCTEMBI BOJHOBBIX (DYHKIWIT, C IOMOIIBIO
KOTOPBIX OTPEIE/ISTIOTCS 3JIEMEHThI CTATUCTUIECKOH MATPHUIIHI ') :

S = —Sp(wInw). (7.11)

AHajiorudHbiM 06pa30M B KJIACCUYECKON CTATHCTUKE OMPEJIe/ie-
HUEe SHTPOIUKU MOYKET OBbITh HAIKUCAHO B BU/IE

S = —(In[(27h)°p]) = — /pln[(Zﬂ'ﬁ)Sp] dp dq. (7.12)

Bepuewmcst Teneps K 3aMKHYTOI crucTeMe B IeoM, n mycth Al'y,
Alg, ... —craTucTuveckue Beca ee pas3JIMIHbIX moacucTeM. Eeim Ka-
JKJlash M3 HOJACUCTEM MOXKeT HaxoauThed B oanoM u3 Al', kBau-
TOBBIX COCTOAHUI, TO ITOMY, OYEBUIHO, COOTBETCTBYET

AT =[] AT, (7.13)

PA3JIMUHBIX COCTOSIHUI CUCTEMBI B [I€JIOM. DTa BEJIMIUHA HAZBIBACTCSI
CTATUCTUYECKUM BECOM, & ee JjiorapudM  SHTpONmer S 3aMKHYTON

cucTeMbl. flcHO, 9TO
S = Z S, (7.14)
a

T.e. OMpejeeHHas TaKNM 00pa3oM SHTPOTIUST SIBISIETCST BETUUNHOMN
AJJUTUBHON: SHTPONUA C/IO’KHON CHUCTEMBbl paBHA CyMMe 3HTPONUN
ee yacren.

JLtst sSICHOTO TIOHUMAHUST CIIOCOo0a, ONpeeIeHsT SHTPOITIN BAYKHO
UMETb B BUJLY CIEYIOLIee 00CTOATEAbCTBO. DHTPOLUIO 3aMKHYTO

1Y Oneparop In i B cooTBercTBHE ¢ OBIMUME IPABUIAME HAJO0 HOHAMATH KAK
oeparTop, COOCTBEHHBIE 3HAYEHUsSI KOTOPOrO PaBHBI jorapudmam COOCTBEHHBIX
3HAYEHUH omepaTopa w, a COOCTBeHHBIE (DYHKIUH COBINAIAIOT ¢ COOCTBEHHBIMU
byHKIUAMA TI0CIEIHErO.
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crcreMbl (TIOIHYIO 9HEPTUIO KOTOPO# obo3HaunM Kak Fjy), HaXosi-
Ieifics B TIOJTHOM CTaTUCTUYIECKOM PaBHOBECUW, MOYKHO OTPEIETUTh
U HENOCPEICTBEHHO, He npuberas K pa3jieJIeHui0 CUCTeMbl HA TOJCH-
crembl. g sroro npejacraBum cebe, 4TO pacCMaTPUBAEMAsi CUCTE-
Ma 4BJAeTCd B AefCTBUTE/IbHOCTUA JIMIIb MaJIOM 4aCTbi0 HEKOTOPOI
BOOOparkaeMoii odeHb OONIBINOil cncreMbl (0 KOTOPOit B 9TOi CBs-
31 TOBOPAT Kak O mepmocmame). TepMmocTar mpemosaraercs Ha-
XOJSTINMCST B TTOJTHOM PABHOBECUU, TTPUIEM TAKOM, UTOOBI CPEIHSIs
9HEPrusl Halel CUCTeMbl (ABAAIOIIECS Tenepb He3aMKHYTOH 1101
CHCTEMON TEPMOCTATA) KAK Pa3 COBIAJANA ¢ MCTUHHBIM 3HAYEHUEM
sueprun Fy. Torma moxkuo GoOpMa/ibHO HpUNKUCATH HAIIEH CUCTe-
Me DYHKIUIO pacipeeseHns TOTO YKe BUIA, 9TO U JJIsi BCIKOH ee
MOJICUCTEMBI, W C TOMOIIBIO ITOTO PACIPEIEIEHNS OMPEIEINTh €€
crarucrudecknii Bec Al') a ¢ HUM ¥ 3HTPONUIO, HEMOCPEICTBEHHO
no rem ke dopmynam (7.3) (7.12), KOTOPbIME MbI HOJB30BAIUCH
JIST TIOJICUCTeM. ZIcHO, 9TO Ha/mdme TepMOocTaTa BOOOIE HE CKa-
3BIBAETCsI HA CTATUCTUYECKUX CBOMCTBAX OTIEJbHBIX MAJIBbIX YaCTei
(mojcucTem) Halel CUCTeMbBI, KOTOphle W 6€3 TOr0 He3aMKHYTHI W
HaXOJATCA B PABHOBECUHU C OCTAJBHBIMU YACTAMU CuCTeMbl. [lo3To-
My HaJIUYIHE TEepMOCTaTa HE W3MEHUT CTaTucTuiecknx Becor Al
9TUX YACTEH, U ONPEJEJEHHBI TOJBKO YTO YKA3AHHBIM CIOCOOOM
CTATUCTUYECKU BeC OyeT COBIAJATh C IPEXKHUM ONPEJe/eHINeM B
Buyie npoussejenus (7.13).

Jlo cux mop MBI TPeAToIarajn, 9TO 3aMKHyTas CHCTeMa Ha-
XOANTCS B TIOJIHOM CTATUCTUYIECKOM paBHOBeCHU. lemepb ciemy-
er 0000IMNThH COeTaHHbIe ONpPeIeTeHnsT Ha CUCTEMBI, HaXOISIIIN-
eCsl B IMPOM3BOJIBHBIX MAKPOCKOINUYECKUX COCTOAHUAX (HEIOJTHbIX
PABHOBECHSIX ).

Wrak, npeinosoKum, 4T0 CUCTEMa HAXOAUTCA B HEKOTOPOM He-
TOJTHOM PABHOBECUU W OyJeM pacCMaTpuUBaTh €€ B TEUYEHWE IPO-
MeKyTKOB BpeMeHu Atf, MajblX M0 CPaBHEHUIO CO BPEMEHEM pe-
JIAKCAIINW TIOJTHOTO paBHOBecws. Torma st ompeeieHnst SHTPOTHN
HaJI0 [OCTYIUTH CJEIyIommM obpazom. PazjeiuMm MbICIEHHO Ccu-
CTEeMYy HA YaCTH, HACTOJBKO MaJble, 4TO UX COOCTBEHHbBIE BPEMEHA
pPeJIAKCALUU OKA3a/IMCh Obl MAJIBIMU [0 CPABHEHUIO C MIPOMEXKYT-
kamu Bpemenu At (HANOMHUM, YTO BPEMEHA PeJIaKCcaluu, BOOOIe
rOBODPSI, YMEHBINAIOTCS C yMeHBIIIeHHeM pa3MepoB cucrembl). Ta-
KWe TIOICUCTEMBI MOYKHO CUWTATHh HAXOISIINMUCSI B TEUYEHUE Bpe-
Menn At B HEKOTOPBIX CBOWX YaCTHBIX PABHOBECHSIX, OMUCHIBAIO-
LIUXCsL ONpeJie/ieHHbIME  (DYHKIUAMEU pacipejesenus. [losromy K
HUM MOXKHO HPUMEHUTDH [IPEXKHEE ONPEJIEJIeHIe CTATUCTUICCKUX Be-
cop Al'y u, Takum ob6pazom, BbrYuc/nTh ux HTpOnuu S,. Craru-
cruyeckuit Bec Al Bceil cucreMbl ONpelensercsa 3aTeM KakK I1po-
nuspegenve (7.13) u, COOTBETCTBEHHO, SHTPONHs S — KakK CymMMma
SHTpONMit Sy, .
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[Moguepkuem, omHAKO, ITO IHTPOIUST HEPABHOBECHOW CHCTEMBI,
ompejie/IeHHasd TakKuM 00pa30M KakK CyMMa SHTPONWit ee dvacTeit
(y/10BJIETBOPSAIONIMX TIOCTABJIEHHOMY BBIIIE YCJIOBHIO), HE MOZKET
OBITH TEIEePh BBIYUCIEHA C MOMOIIBIO TPEJICTABICHUS O TEPMOCTATE
0e3 pasjesienns CUCTEMbl HA YacTU. B TO ke BpeMs dTO Onpejesie-
HUEe BIIOJTHE OJHO3HAYHO B TOM CMBICIE, UTO JaJIbHEee pasiese-
HIEe TIOJCUCTEeM Ha eie 0o/iee MeIKWe YacTh He M3MEHUT 3HAUCHUS
SHTPOINH, TIOCKOABKY KaXKIash MOJACUCTEMA YKe HAXOAWTCA CaMa 110
cebe B CBOEM <IIOJTHOM» DPABHOBECHUMU.

Caejyer B 0COOEHHOCTH 0OPATUTh BHUMAHUE HA POJIb BPEMEHU B
OLPEJELACHUN SHTPOLKMU. DHTPOIUA €CTh BeJUMYUHA, XapPaKTepUu3yio-
mas CpeJHue CBOMCTBA Tesla 33 HEKOTOPBIN OTJIMYHBIA OT HYJId IIPO-
MexkyTOK Bpemeru At. 3amas At, MBI JOJKHBI JJIsI ONpejeiennst S
MBICJIEHHO Pa3eIuTh TEJI0 HA YACTH, HACTOJHKO MAJble, YTOOBI UX
CcOOCTBEHHbIE BpEMEHA PesiakCalyuy ObLIM MaJibl 110 CpaBHeHuio ¢ Af.
ITockonbKy B TO 2Ke BpeMs 9TU YaCTH W CAMU JOJKHBI OBITH MaKpO-
CKOIMYECKUMU, TO SICHO, YTO JIJId CJAMIIKOM MaJlblX MHTEpBaIoB Al
MOHSATHE SHTPOIUHU BOOOIIE TEPSIET CMBICT; B YaCTHOCTH, HEIb3sI TO-
BOPUTH O MTHOBEHHOM €€ 3HAYeHWH.

Jlas, TakuM 0Opazom, TOIHOE OTIpesiesIeHne SHTPOMIH, 00paTIM-
Cd Telepb K BbIACHEHUIO BaXKHEHIINX CBOMCTB U OCHOBHOIO (bu3mye-
CKOTO CMBICJIA 9TOHW BeJWduHbL. I 3TOTO HAZIO TPUBJIEYh MHUKPO-
KAHOHWYIECKOE PACIPEJIe/IeHNe, COTJIACHO KOTOPOMY JIJIg OTMUCAHUSA
CTAaTUCTUIECKUX CBOWCTB 3aMKHYTOW CHCTEMBI MOYKHO TIOJIH30BATH-
cst bynkimeit pacnpeenenns suga (6.6)

dw = const - §(E — Ey) H dr,.
a

Baech dI'y moxnO nonnmars Kak auddepennnan dyuxuun 'y (E),

i

MPEACTABIATONIEH CODOM UMC/I0 KBAHTOBBIX COCTOSTHUN TOICACTEMBI
C SHEPIUSIMU, MEHBINMHI WK PaBHBIMU F,; nepernuiem dw B BUe

dw = coust - 6(E — Ey) [[ A dE,. (7.15)
dE,
a

Crarucruaecknit Bec Al'y 0 caMOMy CBOEMY OIMpPEJIEIEHI0 eCTh
dbyukims or cpejneil speprun F, M0JCHCTEMbI; TO K€ OTHOCHTCSH
u K S, = Su(E,). Bysem reneps dopmaibio pacemarpusarh Al
n S, Kak GyHKINW UCTUHHOTO 3Ha4YeHus sHeprun K, (re ke dyHK-
MM, KOTOPbIMU OHM B JIefiCTBUTENLHOCTH aBigiorcs o1 B,). Torma
Mbl MOkeM 3ameHuTb B (7.15) npoussogubie dI'y(E,)/dE, orho-

menusiviu Al'y /AE,, tne Al'y— nornmaemasi B yKa3aHHOM CMBI-
cie gyukuust or F,, a AFE,— coorBercrByitommii Al', mHTEepBaJI
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sHauennii sneprun (Toxe dbynkums or F,). Hakonern, 3amenns Al

Sa(Eq)

Ha € , TTOJLy YnM

dw = const - §(E — Ey)e® H

dE,
E 7

N (7.16)

rae S = Y. S,(F,) —saTpomnus Bceil 3aMKHYTOI CHCTEMBI, TIOHNMa-
eMas Kak (QYHKIIUsT TOYHBIX 3HAUEHWI SHEpruil ee vacreit. MHOKNI-
Tesb €, B 9KCIOHEHTE KOTOPOTO CTONT A/ [MTHBHAS BEJIMYHHA, CTh
OYeHb OBICTPO MeHsiforagcss GyHknus suepruit F,. I[lo cpaBreruio
¢ 910it dyHkumei 3aBucuMocTb OT Hepruil Bequunnbl | [ AE, co-
BEPIIIEHHO HECYIIECTBEHHA, U TIOITOMY C OY€Hb OOJIBIION TOUTHOCTHIO
MOXKHO 3aMeHUTh (7.16) BhIpaskeHmem

dw = const - §(E — Eo)e® | [ dE,. (7.17)

Ho dw, Beipaxkennoe B Bujie, TPOMOPINOHAILHOM TTPOU3BEICHUTO
mnddepennnanos Bcex dF,, ecTh He UTO WHOE, KaK BEPOSTHOCTH
BCEM MOJICUCTEMAM WMETh DHEPTUW, JIEYKAINE B 3aAHHBIX WHTED-
Bastax Mmexay B, n FE, + dE,. Takum o0pa3om, Mbl BHINM, UTO
9Ta BEPOSITHOCTD OIPEJIE/ISeTCsl SHTPOIUEH CUCTeMbl KaK (DyHKIHU-
eii suepruii nogcucrem; muozkurens 0(E — Ey) obecneunsaer paBen-
cTBO cymmbl B = ) E, 3aJaHHOMY 3HAYEHNIO Ky SHEPTUN CHCTEMBI.
DTO CBONWCTBO 9HTPOIUHU, KAK Mbl YBUJUM B JAJIbHERIEM, JIEXKUT B
OCHOBE €€ CTATUCTUIECKUX [TPUMEHEHUI.

Mbr 3naem, uro Haunbosiee BEPOATHBIMU 3HAUEHUsIMU dHepruit F,

SABISIOTCA WX Cpeanme 3uadennsa F,. 910 snaant, 910 (QyHKIUA
S(E1, Es,...) nomkHa numers nipu B, = FE, MakCUMajIbHO BO3MOXK-

Hoe (mpu 3a1aHHOM 3Hadenuun cymmbl Y | B, = Ey) 3uauenune. Ho E,
€CTh KaK pa3 Te 3HAYEHWS IHEPTUil TOACHCTEM, KOTOPhIE COOTBET-
CTBYIOT TIOJTHOMY CTATUCTUYECKOMY PaBHOBECHIO CHUCTEMBI. Takum
006pa3oM, MBI TPUXOINM K CAEAYIOMEMY BasKHEHIIEMY BHIBOJLY: SH-
TPOIMs 3AMKHYTONW CUCTEMbBI B COCTOSHUU TIOJIHOTO CTATUCTUIECKOTO
pPABHOBECHs UMeeT HAMOOJIbIIee BO3ZMOKHOE (NpU 3aJaHHOl SHeprum
CHUCTEMBbI) 3HAYECHHE.

Hakowern, ykakem ere 0JIHO MHTEPECHOE HMCTOJKOBAaHUE (DyHK-
muu S = S(F) sHrponuu Kakoh-jubo 1MOJCUCTEMbl UM 3AMKHY-
TOW cuCTeMbl (B MOCIEIHEM CiIydae MpernoaaraeTcsi, YTo CUCTeMa
HAXOAWTCA B TIOJTHOM PABHOBECWH, B PE3YJIBTATE HUErO €€ 3HTPOTMs
MOKeT ObIThb BbIpasKeHa Kak (PyHKIMA OT OJHOW JIMIIL €€ MOJHOM

sueprum). Crarucruueckuit sec Al = e3(F) 1o camomy cBoemy
OTIPENIEJIEHUIO €CTh YUCJIO YPOBHEH SHEPTUH, TTPUXOIAINXCS HA WH-
repasl AFE, onpeneneHHBIM 00pa30M XapaKTEPUIYIOMIN TTHPUHY
pacnpejenenus BepoaTHocTeil no sueprun. Pasnenmms AFE na Al
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MBI TIOJIyYUM CpeJIHee DPaCCTOsTHUE MeXKIy COCEIHWMW YDOBHSIMU B
JTaHHOM ydJacTke (y9acTok BOaM3M 3Hauenwsi F) sHepreTndeckoro
crekrpa paccMmarpupaemoii cucrembl. OBO3HAYUB 9TO PACCTOSIHUE
kak D(FE), MOKeM HANUCATH:

D(E) = AE - ¢ 5(F), (7.18)

Takum obpaszom, dyrkuus S(E) onpenensier rycrory ypoBHeil
SHEPTETUYECKOT0 CMEKTPa MaKPOCKOTMYECKOH cucTeMbl. BBumy ai-
JUTUBHOCTH SHTPOINUU MOXKHO CKA3aTh, 4TO CPEIHUE PACCTOSHUS
MEXK/ly YPOBHSMHU MAaKPOCKOIMUIECKOTO TEeJIA IKCIOHEHIIUAJIBHO YObI-
BAIOT C YBEJMYEHUEM €ro Pa3MepoB (T.e. uuc/ia JacTull B HeM).

§ 8. 3akou BO3pacTraHusi IHTPONUN

Eciu 3amnayTasg cucrema He HAXOAUTCH B COCTOSHUU CTATUCTH-
YeCKOT0 PABHOBECHUsI, TO C TEUYEHUEM BPEMEHH €€ MaKPOCKOTHIe-
CKO€ COCTOsIHUE OyIeT M3MEHSITHCs, TOKa CHUCTeMa B KOHIIE KOHIIOB
HE TIPUJET B COCTOSIHWE IMOJHOTO PABHOBECHS. XapPaKTEPU3ys KaK-
J10€ MaKPOCKOIIUYIECKOE COCTOSITHUE CHCTEMBI PACIPE/IeIeHIeM dHEp-
UM MEXK/Iy Pa3/IMYHBbIMU IIOJCUCTEMAMM, Mbl MOXKEM CKa3aTh, YTO
P/l [IOC/Ie0BATEIBbHO MIPOXOJAUMBIX CUCTEMOM COCTOSHUN COOTBET-
cTByeT Bce 00jiee BEPOSITHOMY PACIPEIEJICHUI0 IHEPIUU. DTO BO3-
pacTtaHue BepOSITHOCTH, BOODIIE TOBOPS, UPE3BLIYAIHO BEJIUKO B CHU-
JIY BBISICHEHHOTO B MPEIbIAyINeM maparpade 3KCIOHEHITHATHLHOTO ee
xapakTepa. VIMeHHO, MBI BUIE/IN, 9TO BEPOATHOCTH OTPEIEISIeTCS
BBIPAZKEHHEM €°, B SKCIOHEHTE KOTOPOI'0 CTOMT a/INTHBHAS BE/IU-
YUHA ~ SHTPOHHUS cuCTeMbl. Mbl MOXKEM [MO9TOMY CKAa3aTh, YTO [PO-
LECChl, MPOTEKAIOIINE B HEPABHOBECHON 3aMKHYTOW CHUCTEME, UJyT
TaKUM 00pa30M, UTO CHUCTEMa HEMPEPBIBHO MEPEXOINUT W3 COCTOs-
HIIT ¢ MEHBITE B COCTOSTHNST ¢ DOIBITIE SHTPOTINEl, TTOKA, HAKOHEII,
SHTPONWS HE JIOCTUTHET HAWOO/BIIEro BO3MOYKHOTO 3HAYUEHUs, CO-
OTBETCTBYIOIIErO [MOJHOMY CTATUCTUIECKOMY PaBHOBECHIO.

Takum 06pazom, ecjiv 3aMKHYyTasi CUCTEMA B HEKOTOPBI MOMEHT
BPEMEHU HAXOJUTCsI B HEPABHOBECHOM MAKPOCKOIMUYECKOM COCTOSI-
HIAW, TO HANOOJIEe BEPOSITHBIM CAEACTBUEM B IMOC/IEIYIONINE MOMEH-
ThI BpeMeH: OyJ1eT MOHOTOHHOE BO3PACTAHUE SHTPOIUN CUCTEMBI.
OTO — TaK HA3BIBAEMBIN 3GKOH G03PACTMAHUL IHMPONUU WU GITO-
poti 3axorn mepmodunamuru. On 611 orkperr Kinaysuycom (R. Clau-
sius, 1865), a ero crarucrudeckoe 060CHOBaHME ObIIO HaHO BosbIl-
manowm (L. Boltzmann, 1870-e roupi).

ToBopsi 0 «maubosiee BepOATHOM» CJAEJACTBUU, HAJO0 UMETH B
BUIY, 9TO B JAEHCTBUTETHHOCTH BEPOSITHOCTH I€PEX0Ja B COCTO-
STHUST ¢ OOJBITEil SHTPOTMeil HaCTOIRKO MOJABISIONIE BEJIWKa TI0
CPaBHEHUIO C BEPOATHOCTHIO CKOJIBKO-HUOYIh 3aMETHOTO €€ YMEHb-
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[IEeHUsI, ITO TOCaeaHee BOOOIIe (DaKTUIEeCKW HUKOTIA HE MOXKET
nabsrronarhea B mpupoge. OTBIEKAsSCh OT yMEHBIIEHWH SHTPOINMN,
CBSIBAHHBIX C COBEPIIEHHO HUYTOKHBIMU (DJIYKTYALUSAME, Mbl MOXKEM
no3ToMy COPMYJIMPOBATH 3aKOH BO3PACTAHUS SHTPOIUU CJIEYIO-
UM 00pa30M: €CJIi B HEKOTODPBI MOMEHT BPEMEHU IHTPOIUS 3aM-
KHYTOW CHUCTEMBI OTJINYHA OT MAaKCHUMAJLHON, TO B TOCTIEIYIOIINE
MOMEHTBI SHTPOMUS HE yOBIBAET — YBEIUUNBACTCA WU B TIPEIe/Th-
HOM CJIy4ae OCTaeTCs IMOCTOAHHOM.

B oM, uro ussioxkeHHbIE TIPOCTBIE (DOPMYJIUPOBKU COOTBETCTBY-
0T PeabHOM JIeHCTBUTEIBHOCTH,  HET HUKAKOIO COMHEHUsl; OHU
HOJITBEPKJIAIOTCS BCEMHU HAIIMMU  €2KETHEBHBIMU  HADJIFOICHUSIMU.
Opmaxko mpu Oojlee BHUMATEILHOM PACCMOTPEHUN BOMPOCa O hu-
3UYECKON TIPUPOIE W TPOUCXOKICHUU STUX 3AKOHOMEpPHOCTEi
00HaPYKNBAIOTCSA CYIIECTBEHHBIE 3ATPYIHEHWS, B U3BECTHOW Mepe
JIO HACTOSIIIErO BPEMEHU €IIe HE MIPEOJI0ICHHbIE.

[Ipezxjie Bcero, €cim Mbl HONBITAEMCST TPUMEHUTH CTATUCTUKY K
MUDY KAK [EJIOMY, PACCMATPUBAEMOMY KAK €JIUHAs 3AMKHYTAsl CH-
CTeMa, TO MBI CPa3y YK€ CTOTKHEMCS C PAa3UTEIbHBIM TTPOTHBOPEIHN-
eM MexIy Teopueil m ombiToM. COrIacHO pe3y/abraTaM CTATUCTUKHT
BCeJIEHHAsT JO/IZKHA ObLTa ObI HAXOAUTHCS B COCTOSHUHU TIOTHOTO CTa-
TUCTUYECKOTO paBHoBecus. Tounee, nosnkHa ObL1a Obl HAXOIUTHCH B
paBHOBecuu Jit0bas CKOJIb yroHO 00/IbIIast, HO KOHEYHAs ee 00J1aCTh,
BPEMsI PEJIAKCALIMU KOTOPO BO BCSIKOM CJIydae KoHedHO. Mex iy Tem
€JKeHEBHBIN OMBIT yOEXkKJaeT HAC B TOM, UTO CBOWCTBA MPUPOIHI
HE WMEIOT HUYero oOIIero CO CBOWCTBaAMW PABHOBECHOI CHCTEMBI,
a aCTPOHOMHUYECKUE TaHHBIE MOKA3BIBAIOT, UTO TO YK€ CAMOE OTHO-
CUTCs U KO BCell JOCTYIHOW Haiemy HaOJIIOJEHUI0 KOJIOCCAJILHOM
00J1acTH BCEJIEHHOM.

Broixos u3 cozgaromierocs takum 00pa3oM MPOTUBOPEUUs Cjie-
JIyeT WCKaTh B ODIIeil Teopun oTHOCHTEIbHOCTH. /lesmo B Tom, uTO
Ipyu PACCMOTPEHUN OOMbIUX 00/1acTeil BCEIEHHON BAYXKHYIO POJIH
HAUYMHAIOT WIPATHh CYIIECTBYIONINE B HUX TPABUTAIIMOHHBIE TTOJIS.
Kak wusBectno, nociennue mpeacTaB/isgior co00il HE 9TO UMHOE, KAK
U3MEHEHHUE TPOCTPAHCTBEHHO-BPEMeHHON merpuku. [lpu uzydenun
CTATUCTUYECKUX CBOMCTE TeJl METPUUYECKHE CBOWCTBA ITPOCTPAHCTBA-
BPEMEHU MOXKHO B M3BECTHOM CMBIC/IE PACCMATPUBATH KAK «BHEIII-
HUEe YCIOBUS», B KOTOPBIX 9TU Tejga Haxomarcs. Ho yrBepxkaenne o
TOM, UTO 3AMKHYTasl CHCTEMa, JIOJI?KHA B TEUYEHUE JIOCTATOTHO I~
TeJTLHOTO BPEMEHU TEPEHTH B COCTOSHUE PABHOBECHUsI, Pa3yMeeTcsd,
OTHOCUTCSI JIMIIb K CACTEME, HAXOALAMIEHC B CTAIMOHAPHBIX BHEII-
Hux ycaopusx. Mexjy rtem o0imee KOCMOJIOIMYECKOe PaCIIupeHue
BCEJIEHHOW O3HAYAeT, YTO €€ METPUKA CYIIECTBEHHO 3aBUCUT OT BPE-
MEHW, TaK 9TO «BHEIHUE YCIOBUSI» OTHIOIb HE SABJISIOTCA B JTAHHOM
caydae crarmumonapHbiMu. [Ipw 3TOM CyImecTBeHHO, UTO TpaBUTAIN-
OHHOE TIOJIe HE MOYKeT OBITh CaMO BKJIIOYEHO B COCTAB 3aMKHYTOI
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CUCTEMBI BBWIY TOTO, YTO TPW STOM OOPATHINCH OBl B TOXKJIECTBO
3aKOHBI COXPAHEHWA, ABIAIONINECA, KaK MBI BAJE/JIW, OCHOBOW CTa-
TUCTUKK. BJiarogaps 3Tomy B 001Ieil Te0pur OTHOCUTETbHOCTA MUP
KaK leJj0e JIOJI2KeH PacCMaTrpuBaTbCd He KaK 3aMKHyTad CUCTeMa,
a Kak cucrema, HaXOJdIascd B IIePEeMEHHOM I'DaBUTAIlMOHHOM I10-
JIe; B CBA3M C 3TUM TIPHMEHEHNEe 33aKOHA BO3PACTAHWA SHTPONNHA HE
MPUBOJNT K BBIBOJIY O HEOOXOAMMOCTH CTATHCTUYECKOTO PABHOBECHS.

Taxknm oOpazom, B N3/107KEHHON YaCTH BOTTPOCA 0 MUDE KaK IEJI0M
SICHBI (PU3UIECKUE KOPHU KaxKyuxcst nporupopednii. CymiecrBytor,
OJIHAKO, €Ie W JIPyIue TPYAHOCTU B MOHUMAHUU (PUBUIECKON Ipu-
PO/Ibl 3aKOHA BO3PACTAHUSA IHTPOIUH.

Kak w3BecTHO, KJlacchyeckast MeXaHnWKa cama 1o cebe T0JIHO-
CTHIO CHMMETPUYHA 10 OTHOIIEHWIO K 0DOMM HAIMpaBIEHWSIM Bpe-
MeHW. YpaBHEHWSI MeXaHNKN OCTAIOTCS] HeM3MeHHBIMN TIPU 3aMeHe
BpeMeHu f Ha —1, II03TOMY, €C/IM 3TU YPaBHEHUHA JIOIIYCKAIOT KaKoe-
Jinb0 JIBUKEHWME, TO OHU K€ JOIYCKAIOT U IPAMO IIPOTUBOIIOIOZK-
HOe, IPU KOTOPOM MeXaHu4decKad CUCTeMa MPOXOIUT Yepes Te XKe ca-
Mble KoHdUrypamnnn B obpaTrHom mnopsijike. EcrecTBenno, 4To Takas
CAMMETpPHA JOMKHA COXPAHUTHCA W B OCHOBAHHOI Ha KJIACCUYECKOM
MexaHunKe crarucruke. [loaromy, ecin Bo3MOKeH KaKoi-1mbO TMpo-
ece, COIPOBOKIAAIOMINIICA BO3pPACTAHUEM SHTPOIIMKA 3aMKHYTON Ma-
KPOCKOIIUYECKOM CUCTEMBbI, TO JIOJI2KEH ObITH BO3MOYKEH U 0OpaTHBII
[POLIECC, IPU KOTOPOM SHTPONuUs cucreMbl yobiBaer. [Ipusenennas
BBITIIE POPMYJIMPOBKA 3aKOHA BO3PACTAHMs SHTPOIUHU cama 1o cebe
€Ie He TTPOTUBOPEYUT 3TOW CMMMETpHN, Tak KaK B Heil maer pedb
JINTITH 0 HAanbosIee BEPOSATHOM CJIeICTBUN MAKPOCKOTTMYECKN OTTMCaH-
HOTO cocTosinms. Ipyrumu cjioBaMu, €CJiM JaHO HEKOTOPOE HepaB-
HOBECHOE MAaKPOCKOIIMYECKOEe COCTOAHMUE, TO 3aKOH BO3PACTAHUS IH-
TPONUU yTBEP2KJaeT JIUILIb, YTO U3 BCeX MUKPOCKOIIMYECCKUX COCTOL-
HUIT, YZOBJETBOPAIOIINX JAHHOMY MaKPOCKOMMYECKOMY OMNCAHUIO,
MOJIABJISIOIIEee DOIBITMHCTBO MPUBEIET B CAEAYIOIINe MOMEHTHI Bpe-
MEHN K BO3PACTAHWIO SHTPONNNA.

[IporuBopetune Bo3HUKAET, OAHAKO, €cjin 00pAaTUTh BHUMAHUE HA
JIPYTyI0 CTOPOHY 3TOro Bompoca. Popmysupysi 3aKOH BO3PACTAHUS
SHTPOIKK, Mbl FOBOPU/IN O HAubO/Ie€ BEPOSITHOM CJIEJCTBUU 33JIAH-
HOI'O B HEKOTOPBIA MOMEHT BPEMEHU MaKPOCKOIINYECKOI0 COCTOAHN.
Ho 370 cocrostame camo /10/1KHO OBLIIO BOBHUKHYTH W3 KAKUX-TO JPY-
TUX COCTOAHWIT B PE3yJbTaTe MPONUCXOIAININX B IPUPOJE TPOIECCOB.
CumMmeTpnrsi 110 OTHOIEHWIO K 000WM HANPaBJIEHNsIM BPEMEHN 03Ha-
4aeT, 9T0 BO BCAKOM IIPOU3BOJILHO BHIOPAHHOM B HEKOTOPBII MOMEHT
BpeMeHu ¢ = tj MAKPOCKOIUYECKOM COCTOAHUM 3aMKHYTOHW CUCTEMbL
MOXKHO YTBEP2K/JaTh HE TOJbKO, YTO IIOJABJILIONIE BEPOATHBIM €ro
claefCcTBUEM TpU t > tg Oyaer yBeaWdeHwe SHTPONWN, HO U UTO TIO-
JIABJISIIONIE BEPOSITHO, YTO OHO CAMO BO3HUKJIO W3 COCTOSHNI C HO0JIb-
el SHTPONUell; IPYIUMHU CI0BaMU, I10IABJIAIOIIE BEPOATHO JJOIZKHO
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OBITH HAINYNE MUHUMYMA y SHTPOTHUHN KaK (DYHKIINKA BPEMEHU B MO-
MeHT t = tj, B KOTOPBII MaKpPOCKOMMNYIECKOE COCTOSTHUE BHIOMpPAETCs
HAMU [IPOU3BOJIBHO ) .
s Ho rakoe yrBepxjieHue, pasymeer-
Cs, HU B KAKOW CTEIeHU HE SKBUBAJICHT-
HO 3aKOHY BO3PACTaHWsi SHTPOIWH, CO-
JIACHO KOTOPOMY BO BCEX peaIbHO OCy-
MIECTBIISIIONINXCSA B MPUPOJIE 3AMKHY THIX
CUCTEMAX IHTPOIUS] HUKOLIA HE YObIBa-
er (OTBJIEKASICH OT COBEPIIEHHO HUYTOZK-
t  wbix duykryanuit). Mexmay rem umen-
HO 9Ta obmas (GOPMYINpPOBKA 3aKOHA
Puc. 1 BO3PACTAHNS JHTPOIUHU TTOTHOCTHIO MO/~
TBEPYK/IAETCS BCEMU MTPOUCXOISIINMA B
npupojie sibjienusivmu. Tlouepkaem, 4To OHa OTHIO/Ib HE SKBUBAJIEHT-
Ha GpopMyIMPOBKE, JAHHONE B HAa4Ya/ e 3TOr0 naparpada, Kak 310 Mor-
J10 ObI ToKazarbed. g Toro 4rodbr moiyunTh 0Hy (GOPMYJIUPOBKY
n3 Jpyroif, Hy»KHO ObIJIO OBl BBECTW TOHsITHE O HabJro/aTese, mc-
KYCCTBEHHO <«M3TOTOBUBIIIEM» B HEKOTODBII MOMEHT BPEMEHU 3aM-
KHYTYIO CHCTEMY, TaK, 9TOOBI BOMPOC O €€ TPEIbIIYIIEM TTOBEIeHIH
BOODIIE OTHAJIAJ; TAKOE CBsI3bIBaHUE (DU3MIECKUX 3AKOHOB CO CBO¥i-
cTBaMu HAOJIIOJATEIs, PA3YMEETC s, COBEPIIEHHO HEJIOIYCTUMO.
Bpsg sin chopmysupoBantbiit Takum 00pazoM 3aKOH BO3pac-
TAHWS SHTPOMUN BOODIIE MOYKET OBITh BHIBEJIEH HA OCHOBE KJIAC-
cudeckoit Mexanuku. K Tomy Ke, BBUIY WHBAPWUAHTHOCTU ypaBHE-
HUM KJIACCUYECKON MEXaHWKW IO OTHOIIEHWIO K W3MEHEHWIO 3Ha-
Ka BPEMEHM, pedb MODja Obl WJTH JIUIIb O BBIBOJE MOHOTOHHOI'O
u3MeHeHus SHTponuu. Jjisi Toro 9robbl HOJYYUTh 3aKOH €€ MO-
HOTOHHOI'O BO3PACTAHUsI, Mbl JIOJI2KHBI ObLM Obl OIPENE/JUTh Ha-
MpaBJ/IeHNe BPEMEHNW KaK TO, B KOTOPOM IPOUCXOAWT BO3PACTAHUE
surpormu. [lpm 3ToM BO3HUKIA OBl erme mpob/eMa JOKA3ATE b
CTBA TOYKIECTBEHHOCTH TAKOTO TEPMOIUHAMUYIECKOTO OIPEIeIeHUS
C KBAHTOBOMEXAHUYECKUM (CM. HUZKE).
B kBaHTOBOI MEXaHUKE MMOJIOZKEHUE CYIIECTBEHHO MeHsieTcst. Kak
U3BECTHO, OCHOBHOE YyDABHEHWE KBAHTOBOW MEXAHUKU  ypDaBHE-
aune [pegmarepa camo 1o cebe CUMMETPUIHO IO OTHOIEHWIO K

Smax
Y

1) J1st mydiero ysiCHeHUs 3TOH CHUMMETPUH N300pa3uM CXeMATUIECKH KPUBYIO
M3MEHEeHNs SHTPOINN CUCTEMbI, 3aMKHYTOW B TedeHue IPoMaIHOTO ITPOMErKyT-
ka Bpemern (puc. 1). IlycTs B Takoii cucreme HAGIIONAETCA MAKPOCKOIMIECKOE
cocrosinue ¢ suTpornein S = 571 < Smax, BO3BHUKIIEE B PE3yJibTaTe HEKOTOPOI
(kpaitne manosepoaTHOit) Gompmoil daykTyamum. Torma MOXKHO yTBEPKIATH,
9TO ¢ MOJABIAOMIEN BEPOATHOCTHIO 3TO Oyaer Touka tuna 1 (B KOTOPOit SHTPO-
nug y e JOCTUTIa MAHUMYMa), & He THMa 2, 33 KOTOPO SHTponwms eme Oyaer
IPOJOJIKATE yOBIBATE.
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M3MEHEeHNIO 3HaKa BpeMeHu (MpH YCJIOBUU OJHOBPEMEHHOI 3aMeHHbl,
BOTHOBOM dyrkimn W na WU*). D10 3HAYUT, 9TO €CIM B HEKOTOPHIi
MOMEHT Bpemenu ¢ = 1 BosHOBast (byHKuus 3ajgana, ¥ = W(t),
u, corsiacHo ypasaenuto Ilpejunrepa, B apyroit MOMEHT BpeMeHuU
t = t9 ona joskHa crars pasHoit ¥(f), o nepexog or W(t1) xk U(ta)
obparTnm; IpyruMu CI0BAMU, €CIIN B HAYATHHBIN MOMEHT ¢ = ¢ OBLIO
661 U = U*(t9), To B MOMeHT ¢ = ty Oymer W = W*(¢;). Hecmorps,
O/IHAKO, Ha 3Ty CHMMETPHUIO, KBAHTOBAas MEXAaHWKA B JICHCTBUTE/IH-
HOCTH CYIIECTBEHHBIM 0DPA30M COLEPKUT HEIKBUBAJEHTHOCTH 00O0-
UX HAIPABJICHUI BPEMEHU. DTA HEIKBUBAJEHTHOCTH IPOSIBIAETCSI
B CBSI3M C OCHOBHBIM JIJIsi KBAHTOBON MEXaHUKHU IPOIECCOM B3a-
UMOJEHCTBUS KBAHTOBOMEXAHUIECKOTO O0BEKTa C CHUCTEMOIi, MO
YUHAIOMIENHCA C JTOCTATOYHOW CTENeHbI0 TOYHOCTW KJAACCUIECKON
MexaHnke. VIMeHHO, ecim ¢ JTaHHBIM KBAHTOBBIM OOBLEKTOM TMOC/IE-
JIOBATEJIBHO TIPOUCXOAT JIBA NMPOLECCa B3auMmomelicTtsus (HazoBem
ux A u B), TO yTBep:KJEHHe, 4TO BEPOSATHOCTH TOTO WJIU HUHOTO
pesyJibrata mporecca B onpejessiercs pesyabTaroMm nporecca A,
MOXKET OBITH CIPABEIJINBO JIUITH B TOM CAydYae, ecan mporecc A
MMesT MecTo panbIre mporecca B (em. takxe 11, §7).

Taknm o6paszom, B KBAHTOBOW MexXaHWKe MMeeTCs (PU3nTecKast
HEIKBUBAJEHTHOCTH ODOMX HAINPABJIEHUIT BPEMEHU, U B [PUHIINAIE
3aKOH BO3pPACTaHUS SHTPOIUU MOT Obl OBITH €€ MAKPOCKOIUYECKUM
BhIpazkeHueM. B TakoMm ciydae 10/2KHO ObLIo Obl CyIIecTBOBATH CO-
JleprKaliee KBaHTOBYIO TMOCTOSTHHYIO fi HEPABEHCTBO, ObecrevYnBaro-
Iee CIPaBEJINBOCTH STOTO 3aKOHA W BBIMOIHSIONIEECS B PEAJIb-
mom mupe. OIHAKO 10 HACTOSINEr0 BPEMEHW HUKOMY HE YIaJI0Ch
CKOJIBKO-HUOY /b yOeuTe/ IbHbIM 00pa30M [POC/IEIUTh TAKYIO CBA3b
U TOKA3aTh, 9YTO OHA JEHCTBUTEIBHO UMEET MECTO.

Bonpoc o ¢husznyeckux 0CHOBAHUSIX 3aKOHA MOHOTOHHOT'O BO3PAC-
TAHWS SHTPOMUN OCTAETCsdA, TAKUM 00pa3oM, OTKPHITHIM. He mmeer
JIN €r0 TPOMCXOYKIEHNE KOCMOJOTUYIECKONW MPUPOILI W HE CBI3aHO
JIn OHO C obmeit mpobsieMoil HavaIbLHBIX YCJIOBHH B KOCMOJIOTHNT
Urpaer jsu, u Kakyio, pojib B 3TOM BOIPOCE HAPYIIEHUE BPEMEH-
HOIl cuUMMeTpUM B HEKOTOPBIX IPOIECCax CaadbIX B3aMMOIelCTBuil
MEXKJIy dJIEMEHTApHBbIME dacTuiaMu? Bo3MOXKHO, 4T0 Ha 1000HbIE
BOIIPOCHI OyJLyT MOJy4YeHbl OTBETHI JIUIIL B IIPOLECCE A/ IbHERIIEro
cunTe3a HUUIECKUX TEOPHIl.

Peztomupys, eme pa3 moBTopuM 00MIyI0 (DOPMYIUPOBKY 3aKO-
Ha BO3PACTAHUS SHTPOMWHM: BO BCEX OCYIIECTBIISIIOMINXCA B MTPUPO-
Jle 3aMKHYTBIX CHCTEMAX SHTPOIUsl HUKOTJA He yDObiBaeT  OHa
YBEJUYUBACTCH WJIA, B HPEJEJIBHOM CAydae, OCTAETCH [MOCTOSH-
HOMt. COOTBETCTBEHHO 3TUM JIBYM BO3MOXKHOCTSIM BCE MPOUCXOIs-
e ¢ MaKpPOCKOMMYECKUMHU TEeJIAMHU MPOIECChl TPUHATO IEIUTH
Ha Heobpamumvie W obpamumsie. 1log mepBbIMK TT0Ipa3yMeBaOT-
Cs1 TIPOIIECCHI, COMPOBOXKIAIONINECS BO3PACTAHWEM SHTPOIMUN BCei
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BaMKHYTON CHCTEMBI; TPOIECCh, KOTOPBIE OBl SIBISINCH WX MOBTO-
pEeHUAMHU B OOPATHOM TOPSIIKE, HE MOTYT MPOUCXOANTH, TaK KaK
[pU 9TOM SHTPOIMS JIO/KHA Oblia Obl yMeHbIIUTHCsi. OOpaTuMbl-
MU K€ HA3BIBAIOTCSI MPOIECChI, TPU KOTOPBIX IHTPOIUST 3aMKHY TOM
CHCTEMBI OCTAETCS MOCTOSIHHON ') M KOTOPBIE, CJIEJI0BATENBLHO, MO-
TyT TPOUCXOANTHL W B oOparHoM Hampasjgennu. CTporo obparmmbrit
MIPOIIECC TIPECTABsIET CODON pa3yMeeTcs, nIeaabHbBI TpeaeTbHbIi
CIydait; peagbHO TPOUCXOISIINE B MPUPOJIE MPOIECCH MOTYT OBIThH
00paTUMBbIMU JIUIIE C OOJIbIIEN WM MEHbIIEH CTeIeHbI0 TOYHOCTH.

1) IlomuepkHEeM, YTO SHTPOIIUH OTIE/THHBIX YaCTel CUCTeMBI IIPU 3TOM OTHIOIb
HE JIOJIZKHBI TOXKE OCTABATHCS MOCTOSHHBIMU.



FJIABA 1II

TEPMOANHAMMNWYECKUWE BEJINYNHBI

§ 9. TemnepaTypa

QusnuecKkne BEJUUNHBI, XapAKTEPUIYIONINE MAKPOCKOITHICCKIE
COCTOSIHUS T€JI, HA3BIBAIOT mepmodunamuseckumu. Cpean 3Tux Be-
JWYWH €eCTh TaKWe, KOTOpble HapdAdy € TepMOJIWHAMWUYECKUM WMe-
IOT TaKyKe W YUCTO MeXaHW4YeCKUit CMBIC/I; TaKOBbI, HAINPUMED,
sHeprusi 1 obbem. CylecrByior, OQHAKO, U JAPyroro poja Bejiu-
YUHbI, [OABJAAIOIIMECd MMEHHO KaK pe3yJblal 4YUCTO CTaTUuCTu-
YEeCKUX 3aKOHOMEPHOCTEHl M BOOOIIE HE MMEIONHe CMBICIA B IPHU-
MEHEeHWN K HEMAaKPOCKOMMYECKUM CHUCTEMaM; TaKoBa, HAINPUMED,
SHTPOTIHS.

B nanwreitem MBI BBeIEM TIEIBIN P COOTHOTIIEHN MEYK Ty Tep-
MOJIMHAMUYECKUMU BEJUUYUHAMU, KOTOPblEe UMEIT MEeCTO He3aBUCU-
MO OT TOI'O, K KaKMM MMEHHO KOHKPETHbIM TejlaM 3TU BeJIMYUHbI
oTHOCATCs. Takme COOTHOIIEHNST HA3BIBAIOT TEPMOJUHAMUIECKAMMU.

[Tpn wcmonp30BaHNT TEPMOANHAMUIECKUX BEININH OOBITHO He
MPE/ICTABIAIOT HUKAKOTO WHTEPECA Te HUYTOYXKHBIE (DIYKTyallnw,
KOTOpbIe OHM WCHBITHIBAIOT. COOTBETCTBEHHO 3TOMY MBI W Oymem
MMOJTHOCTBIO TpeHedperarh 3TUMHU  (PIYKTYAIUsIMHU, pPacCMaTpPUBasd
TePMOJMHAMUYECKUE BeJIMYMHbl KaK MEHAIIUecd JUlllb [IPU U3Me-
HEHUM MAKPOCKOIMYECKOrO COCTOAHUsS Tesal).

Paccmorpum 1Ba Testa, HaXOMSIIMECs B TEMJIOBOM pPaBHOBECUN
IpyT € Apyrowm, mpudeM o0b0a Teja BMeCTe COCTABISIOT 3aMKHYTYIO
cucremy. Torga saTporus S 3T0i cucTeMbl mMeeT HANOOJIbIIEE BO3-
mozkHOe (npu jgannoi sueprun E cucrembl) 3navenue. dueprus E
ectb cymma sHepruit By n Eo xkaxknoro u3 ten: B = E; + Eo. To
JKE CaMOe KaCaerCs IHTPOLUU S CUCTEeMbl, PUYEM SHTPOLULA Ka-
JKJIOIO U3 TeJl dBJidercs (DyHKHMed 3Hepruu 3Toro ke reja: S =
= S1(E1) 4 S2(Es). Tockonbky Ey = E — Fy, tne E— nocrosinHas,
10 S ecTh B AeHCTBUTETHLHOCTH (DYHKITUS OIHON HE3ABUCUMOI Tie-
PEMEHHOM, 1 He0OXOAMMOe yCIOBUE MAKCUMYMa MOYKHO HAIHUCATH B
BU/IE

ds _ dS: dS, dE, dS: dSs

= = == =90
dE: dE,  dE, dE; dE,  dE» ’

1) QyKTyannn e TepMOIMHAMUIECKUX BEJTUYINH OYyIyT paCCMOTPEHBI B CITe-
LUAJIBHO TTOCBAIIEHHON 3ToMy 1. XII.
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OTKy/Ia

dS:  dS>

dE\  dBE>’
DTOT BBIBOZ 6€3 Tpyma 0000IaeTcst Ha CIydail Jo00ro unciaa Te,
HAXOJAIIUXCA B PABHOBECUU JIPYT C JAPYTOM.

Takum obpazom, eciu cucTeMa HAXOJAUTCs B COCTOSIHUM TEPMO-
JMHAMUYECKOI'O0 PABHOBECHS, TO IIPOU3BO/HAS SHTPOIUU 10 dHEP-
UM J7IsT BCEX ee YacTeil OJWHAKOBa, T. €. TOCTOSHHA BJOJb BCEil
cuctembl. Bennanny, 06paTHYIO MTPOU3BOIHON SHTPONWH Teaa S 1Mo
ero sHepruu F, HA3BIBAIOT €ro abcoatommoti memnepamypot, Wi
pocTo remieparypoit 1':

s 1 (9.1)
dE T
Temieparypbt TeJ, HAXOAANIUXCS B PABHOBECUH JIPYT C JIPYTOM, CJie-
JoBaTENIbHO, OAMHAKOBBI: T = Th.

Kak wm suTpomnus, temmeparypa SB/ISETCs, OYEBUIHO, BEJIMIHU-
HOM 9MCTO CTATUCTUIECKOTO XaPaKTePa, MMEIOIIEH CMBIC NCKJTIOUN-
TEJIbHO JIjId MAKPOCKOIMIECKUX TeJI.

Paccmorpum, nasee, gaBa Tesa, COCTABILAIONIMX BMECTE 3aMKHY-
TYIO CHUCTEMY, HO He HAXOJSIIUXCs B PABHOBECHH JIPYD C JIPyIOM.
Ux remmeparypsr 17 u Ty pazauunbl. C TeueHneM BPEMEHW MEXK-
Iy TejaMu OylIeT YCTAHABIMBATHCA PABHOBECHE, TPUYEM WX TEM-
mepaTypsbl OYIyT TMOCTEEHHO BHIPABHUBATHCA. VX 0obIas sHTpOTs
S = 51 + S9 J0/KHA TIPU 9TOM BO3PACTATH, T.€. €6 HPU3BOJHAS 110
BpemeHu Oy1er MOJ0KUTEeTbHOII:

dS _ dS, | dS, _ dS,dE, _ dS, dB,
dt ~— dt dt ~ dE, dt dE> dt

dE, dE>
TTockonbKy TOTHASA IHEPTUA COXPAHAETCS, TO U + e 0, Tax
970
95 _ (48 _dsyan_ (1 1y,
dt  \dE, dBE,) dt \T1 T»/) dt '

[Iycrh remiepaTypa BTOPOTO Tejia BBIIIE TEMIEPATYPbI ep-
Boro (T > Ti). C yderoMm TOJOKHUTETLHOCTH TEMIIEpaTyphl (CM.
caenytomuii naparpad) umeem torga dEp/dt > 0 (coorsercrsen-
HO dEy/dt < 0). Jpyruvu coBamu, SHEPTHsT BTOPOTO TeJia yMEHb-
MTAETCS, & IHEPTHST TIEPBOTO YBEJNTNBAETCA. ITO CBOWCTBO TEMTIe-
paTypbl MOXKHO C(OPMYJIUPOBATH TAK: SHEPrUsi HEPEXOJUT OT TEJI C
6oJjiee BBICOKOH K Tejiam ¢ 0ojiee HUBKOW TeMIepaTrypoil.

Durponust S ectb Oe3pasMepras pejmauHa. [loaToMmy uz omnpe-
nesenust (9.1) ciemyer, 9To TeMIeparypa UMeeT pazMepHOCTh SHEpP-
PUU U TIOTOMY MOYKET U3MEPSIThCST B €IMHUIAX SHEPTUU, HApPUMEp
B 9prax. OJHAKO 3PT OKABBIBAETCST B OOBITHBIX YCIOBUIX CIUTITKOM
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OOIBINTON BeTMYINHON U HA MPAKTUKE MPUHATO M3MEPATH TeMIIepa-
TYpy B OCOOBIX €JMHUIAX, HA3bIBAEMBIX zpadycamu Keaveuna nin
upocro zpadycamu. IlepeBognoit Ko3(MduUUUEHT MeXKJy Spramud u
rpajycamu, T.e. 9UCJIO 3PIroB HA I'PAJIYC, HAZBIBACTCA NOCMOAHHOU
Boavymara u obozuauaerca o6brano Oyksoit k, ona pasna')

E=1,38-10 %s5pr/rpaz.

Mg ycmoBuMcs B maJibHEieM BO Bcex hopMyJiax ToapasyMe-
BATh TEMIIEPATYPY, U3MEPEHHOU B dHEprernydeckux ejumuuiax. JLis
[epexo/ia Py YUC/IEHHBIX pacderax K TeMIeparype, U3MEPEeHHON B
rpajycax, J0CTaToqHO mpocto 3aMmernThb 1" Ha k1. TlocTtossHHOE XKe
UCIIO/IF30BAHME MHOXKUTEIA k, INHCTBEHHOE HA3HAYEHNE KOTOPOTO
COCTOWT B HATIOMWHAHWH 00 YCIOBHBIX €IMHUIIAX U3MEDPEHWS TeMIIe-
paTypshl, JIAIIH 3arPOMOYKIATI0 ObI (POPMYJIBL.

Eciu nonb3oBarbes TeMmieparypoii B rpajycax, To BO u3bexkanue
[OsIBJIEHUS] [TOCTOSAHHON Kk B O0IIUX TEPMOAMHAMUYECKUX COOTHOLIIE-
HUSX [PUHATO BBOJAUTH 3TOT MHOXKHUTE/Ib TAKXKE U B OIPEECHUE
SHTPOINY, HAMICAB

S = kIn AT (9.2)

Bmecto (7.7). Torma dbopmysa (9.1) onpenenennsi TeMnepaTyphbl, a ¢
HEI0 1 BCe O0Ire TepMOIANHAMUYECKWE COOTHOIIEHUS, MOJIyJaeMble
HUYKE B 9TOH IJIaBe, He U3MEHSITCS [IPU [EPEX0JIe K IPajyCaM.

Takum obpazom, nmpaBu/o mepexoja K rpajycaM COCTOUT B 3a-
Mere B hopmysiax s

T — kT, S — e (9.3)

§ 10. MakpoCKOIIn4ieckKoe [BUXKEHNE

B ormnimame o MEUKPOCKOTIMYECKOTO JIBUKEHUST MOJIEKYJI, MaKpPO-
CKOIMYECKUM HA3bIBAIOT JIBUKEHUE, B KOTOPOM Y4aCTBYIOT Kak Lie-
JIOE OTJEJbHBIE MAaKPOCKONMUIECKHE YacTh Tejaa. PaccMOTpuM BO-
MPOC O BOBMOXKHOCTH MaKPOCKOIUYECKOTO [IBUYKEHUSI B COCTOTHUHU
TEePMOINHAMUIECKOTO PABHOBECHSI.

Paznennmv Teno Ha GOIBINIOE YUCTO MajbiX (HO MaKpOCKOTHYe-
ckux) uacreit, u nycrs My, E,, P, obo3nauaior maccy, SHEPruio u
UMTITYJIBC G-# 9acTu. DHTPOTHUs S, KaXKI0W JaCTh eCTh (DYHKINA ee
BHYTPEHHE SHEPIuu, T. e. PA3HOCTU MEXKJy ee TONHOI SHeprueii K,

1) VKaxkeM /1T CIIPABOK elle TePeBOIHON KoM dUMMeHT MexK Iy rpagycamMu u
3JIEK TPOHBOJITAMU:

13B = 11 606 rpa.
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W KUHeTHIecKoit sneprueit P2/2M, ee MaKpOCKOTIMHECKOTO JTBUKe-
aust!) . ITo9ToMy HOJIHYIO SHTPOIUIO Tesla MOXKHO HALMCATH B BHJE

S = za:sa (Ea . ;;i). (10.1)

Bynem mpeamonarath Tego 3aMKHYTHIM. Torjga Hapsamay ¢ dHep-
rueil COXpaHdrTCd IIOJHbIIA UMILYJIbC U IHOJIHBIA MOMEHT UMILYJILCA

e Z P, = const, Z[raPa] = const (10.2)
a

a

(r, — pajmychl-BeKTOphl dYacreii Teia). B cocrosHum paBHOBeCHs
moJTHast SHTponwa S Tera Kak QYHKIUsS UMy 16coB P, mveer mak-
cumyM™ npu gonosnureababix yeaosusx (10.2). Coepyst uzsectnomy
MEeTO/ly Heompeje/eHubix Muoxkureseil Jlarpanxa, naitjgem neobxo-
JIMMBbIE YCIOBUS MAKCUMyMa, IIPUPABHAB HYJIIO IPOU3Bo/iHbIe 110 P,

OT CYyMMBI
> {Sa.+aP, + b[r,P,]}, (10.3)

rie a, b—nocrostunbie BekTopbl. dnddepentmporanne S, mo P, ?)
JIACT B CHJLY OIPEJIEJIEHUs] TEMIIEPATY PbI:

P2 P, .
2 (B — ) = v
oP, 2M,

M T

(ve = Py /M, — cropocts a-it wactn tesa). [losromy, muddepenmmn-
pys (10.3), naiinem: —v, /T + a+ [br,] = 0, wiuwu

v, = u+ [Qrg], (10.4)

rae u = Ta, 2 = Tb —noCTOTHHBIE BEKTOPHI.

[Tonygenusiit pesysibrar umeer npocToit huzudeckuii cmbici. Ec-
JIM CKOPOCTH BCex vacreil tesia onpeaensiorcs dhopmysoit (10.4) ¢
OJIMHAKOBBIMU JI/Ist Bcex dacreil u u {2, TO 310 3HAYUT, YTO Mbl UMe-
€M JIeJIO C TIOCTYTATeThHBIM JIBUYKEHWEM Tejla KaK IeJ0r0 C TTOCTO-
SIHHOM CKOPOCTBHIO U ¥ €r0 BPAIEHWEeM KaK Ie0TO C TTOCTOSHHO
yTI0BO# cKOpocThio 2. Takmm 0O6pa3omM, MbI IPUXOIUM K CYIIIECTBEH-
HOMY DPE3YJIbTATY: B TEPMOJMHAMUYECKOM DABHOBECUU 3AMKHYTAsI
CUCTEMA MOXKET COBEpINaTh JIUIb PABHOMEDHOE MOCTYIATE/IbHOE U

Y Tor daxr, aro surporms Tera ecth GYHKINS TOIBKO OT €r0 BHYTPEHHeH
SHEpTuH, CIeyeT HeIOCPEICTBeHHO M3 IPHUHINIA OTHOCHUTenbHOcTH [amumes;
YMCI0 KBAHTOBBIX COCTOSTHWIA, a MOTOMY M CTaTuCTHYecKuil Bec (sorapudmy Ko-
TOPOrO PABHA SHTPONH) JOJKHBI OBITH OJIMHAKOBBIMI BO BCEX WHEPIUATHHBIX
CHCTEMAX OTCYeTa, B YACTHOCTH U B TOU, B KOTOPOH TEJIO MOKOUTCH.

2) TIpom3BOAHYIO 10 BEKTOPY HAI0 TOHMMATH KaK BEKTOD, COCTABISIONIAE KO-
TOPOTr0 PAaBHBI IIPOU3BOIHBIM II0 COCTABIAONINM BEKTODPA, II0 KOTOPOMY IIDOU3-
Bogurcs nuddepennuposanue.
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BpaIaTe/IbHOE JBUKEHUE KaK I16/10€; HUKAKNE BHYTPEHHUE MAaKpPO-
CKOTTUYECKWe JIBUYKEHNsI B COCTOSTHUY PABHOBECHS] HEBO3MOYKHBI ') .

B nanbueiiniem mbl Oygem 00bIYHO PACCMATPUBATH HEMOIBUZK-
HbIE TeJia; COOTBETCTBEHHO, dHeprusd F Oyaer npejacraBigarb coboit
BHYTPEHHIOIO HEPIUIO TEJIA.

Jlo cux mop MCIOMB30BATIOCH JIUIITH HEOOXOIUMOE YCI0BIUE MAKCH-
MaJIbHOCTH SHTPONNN KaK (PYHKIIUN UMITYIHCOB, HO HE TOCTATOYHOE
yC/IOBUE, HAJIAaraeMoe Ha ee BTOpbIe MPOW3BOJHbIE. JIerko BuUIETH,
YTO MOCIE/IHEEe TPUBOJIUT K BEChbMA BAXKHOMY BaKJIFOYEHUIO O TOM,
4TO TeMIepaTypa MOXKEeT ObITh TOABKO MOa0KuTeabHOi: T > 07).
st sroro Her jgazke HeOOXOAUMOCTU (PAKTUUIECKU BBIYUC/IATH BTO-
phle TTPOM3BOJIHBIE, & JOCTATOYHO TPOM3BECTH CJIEJIYIONIEE PACCY-
JKJIEHTE.

Paccmorpum HemomBmikHOE Kak Ie10€ 3aMKHYTOE Teno. Ko Ob
TeMiieparypa Obljla OTPULIATEBHOM, TO SHTPOINUsS BO3PACTAIA Obl
[PU YMEHBIIEHUU CBOErO apryMenTa. BBujly crpemjieHus 3HTPONUn
K BO3PACTAHUIO, TEJIO CTPEMUJIOCH Dbl CAMOIIPOU3BOJIBHO PACHACTHCS
Ha passerarommecs (¢ cyMMapHBIM uMmyascom » P, = 0) uwactn
TaKk, 4rToObl aprymenT kaxaoit uz S, B cymme (10.1) npunss mo
BOBMO2KHOCTH Masioe 3Hadenue. Ipyrumu ciosamu, upu 1 < 0 66110
Ob1 BOODIIIE HEBOBMOXKHO CYIIECTBOBAHNE PABHOBECHBIX TEJI.

OTMmernm, OJHAKO, YK€ 3/1eCh CAeAyIoIee 00CTOATeNbCTBO. X0-
Tsl TEMIIEpATypa Teaa WU KAKOW-MO0 ero OTae/bHOM JacTu HUKO-
I8 HE MOYKeT OBITh OTPHUIATE/THHOM, MOTYT OKA3aThCA BO3MOXKHBI-
MU TAKHUE HEIOJHBbIE PABHOBECHS, IIPU KOTOPBIX OTPULATE/IBHA TEM-
neparypa, COOTBETCTBYIOIIAs ONPEJEJEHHON YaCTh CTerneHeil CBO-
6oubl Tesa (nogpobuee 06 srom M. §73).

§ 11. Agmabaruueckuii rmpomecc

Cpenut pazindHOro Pojja BHEIIHUX BO3JIEHCTBUIT, HCHBITHIBAE-
MBIX TEJIOM, OCOOYIO I'DYIIILY COCTABIAIOT BO3/IEHCTBUS, CBOILAIINEC
K W3MEHEHWIO BHENIHWX YCJIOBUII, B KOTOPBIX 3TO TEJI0 HAXOIUT-
cd. Ilog BHEMTHWMYT YCIOBUSIMU MBI TIOHUMAeM B TITUPOKOM CMBICIIE
pasuunble BHerrHUE moasd. llpakTtnaeckm wamnbosiee 9acTto Posib

YBo wusbexanue HegopasyMeHuii 0TMETHM CyLIECTBYIOLIEE MCK/IOYEHUE W3
9TOrO MPaBU/IA; CBEPXTEKYYNI KUIKUN renii He MOXKET BPAI[aThCd Kak IEeJI0e.
D10 siBsienue Oyaer paccmorpeno B rome IX 91oro Kypcea; 3/1€Ch yKaykeMm JIMIb,
9TO [POBEJEHHOE JI0KA3aTEJIbCTBO B TOM CIydae HEINPHUIOJHO, TaK KaK pac-
npejesieHre CKOPOCTeH MOIIMHACTCS JTOTMOJTHUTEHLHOMY YCIOBUIO (MOTEHIMAh-
HOCTH CBEPXTEKYYEro JBMXKEHW ), TIPU KOTOPOM H JIOJZKEH OTBICKHBATHCA MAK-
CUMYM SHTPONNN.

%) Temueparypa T = 0 (abcomornbii Hyas) pasHa 10 mkaje Lleiabcust
—273,15°C.
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BHEITHUX YCIOBUIl WrpaeT BHEITHE 3aaHHbIl 0b0beM Tena. B ms-
BECTHOM CMBIC/IE 9TOT CIydail TOXKE MOXKHO PACCMATPUBATH KaK
0cobOro pojla BHEIIHEe I[0Jie, TAK KAK OrPAHUYUBAIONINE O0beM
CTeHKHM SKBUBAJEHTHBI 110 CBOEMY JIeMCTBUIO MMOTEHIMAJILHOMY Oa-
pbepy, IPEengTCTBYIONIEMY BbIXOILY MOJIEKYJI TeIa HAPYKY.

Ecnu Teno me momBepraeTcst HUKAKUM JIPYTUM BO3IEHCTBUIM,
KpOMe M3MEHEHWsI BHEITHUX YCJIOBUil, TO TOBOPST, ITO TEJIO MeENA0-
usoauposaro. lloguepkuem, 910 XOTsl TEIUIOU30/JIUPOBAHHOE TEJIO U
HE B3aMMOJIeICTBYET HEIOCPEICTBEHHO C KAKUMU-JIU00 JIPYyTUMU Te-
JlaMu, OHO, BOODIIIE TOBOPS, HE SBJISETCs 3AMKHYTBIM, U €10 SHEPIUs
MOYKET CO BPEMEHEM MEHAThCSI.

C 9MCTO MEXaHWIECKOH TOYKHW 3PEHWs TEeTJION30JINPOBAHHOE Te-
JIO OTJIMYAETCA OT 3aMKHYTOrO JIMIIb TeM, 4TO OJ1arojaps HAJIUIHo
[EePEMEHHOr0 BHEIHero 1nos ero dbynkiuusa Famuabrona (sneprus)
3aBucuT ABHO OT Bpemenu: F = FE(p,q,t). Ecin 6b1 Teno B3aumo-
JIefiCTBOBAJIO TaKyKe W HEMOCPEACTBEHHO C JPYTUMW TeJIaM¥, TO OHO
camo 1o cebe BoBce He mMmeao Obl dyHKIUN [aMuabTOHA, TaK Kak
B3aMMOJIEHCTBIE 3aBUCEN0 OBl HE TOJIBKO OT KOOPIMHAT MOJEKY.JT
JIAHHOTO TeJIa, HO M OT KOOPAWHAT MOJIEKYJI JAPYTHUX TEJ.

D10 0OCTOATEBLCTBO MPUBOAUT K TOMY, UTO 3aKOH BO3pacTa-
HUSI SHTPOIMN OKA3bIBAETCs CIIPABE/JIMBBIM HE TOJIBKO JIJIsSI 3aMKHY-
TBIX CHCTEM, HO W JIJIsl TETJIOW30INPOBAHHBIX Tes. JlelicTBuTehHO,
MBI PACCMAaTPUBAEM 3/€Ch BHEITHEE TMOJIe KaK TOJMHOCTBIO 3aJaH-
Hy10 (DYHKIINIO KOODJAWHAT W BpPEMEHW, mpeHebperas, B 9acTHOCTH,
obparHbIM jeficTBHEM caMOoro teja Ha nosie. lpyrumvu cioBavu, moJjie
SBJISETCS 3/1€Ch 9MCTO MEXAHUYIECKUM, & HE CTATUCTUIECKUM OObEeK-
TOM, U B 3TOM CMBbICJ€ MOXKHO CKa3aTb, UTO €r0 SHTPOINNUS PaBHA
ay0. OTCI0/Ia ¥ BBITEKAET CAEJAHHOE BBITIE YTBEPKICHNUE.

[IpemmomoxmM, ITO TEIO TEIJION30TUPOBAHO U UTO BHEIITHUE YC-
JIOBUS, B KOTOPBIX HAXOIUTCS TEJI0, MEHSIOTCH JIOCTATOYHO M€/IJIeH-
Ho. Takoii npouecc Hocur Haspanue aduabamuueckozo. Tlokarkem,
410 1pu aauabaTUvecKOM IIPOIECCe SHTPOIUS TEId OCTAETCI HEU3-
MEHHOIt, T. e. TTpoIecc obpaTIM.

Bynem xapakTepuzoBaTh BHEITHWE YCIOBUS HEKOTOPHIMHU Tapa-
MeTpaMu, SBJISIIONUMUCH 3alaHHbIME (DYHKIMMEU Bpemenun. [lycrb,
HAIPUMED, MMEETCS BCEro OJWH TaKOW mapamMerp, KOTOPBIH 000-
suauum Oyksoit A. Ipoussoguas surponuu no spemenu dS/dt Gy-
JIeT KaK-TO 3aBUCETh OT CKOPOCTH dA/dt W3MeHeHWsT mapamerpa A.
[MTockonbky dA/dt mamno, MOXKHO pasznoxknuth dS/dt B psg 1o cre-
nensm d\/dt. Hynesoit wnen 310ro pasjioxkenus, He COAepzKaniuii
d\/dt, ucuesaer, rak kak npu d\/dt = 0 ponxuno 6brrs u dS/dt = 0,
MTOCKOJTBKY DHTPOINSA 3aMKHYTON CHUCTEMBI, HAXOIAIIEHCS B TEPMO-
JUHAMUYIECKOM PABHOBECUHU, TIPU TTOCTOSTHHBIX BHENTHUX YCIOBUSIX
JIOJI7KHA OCTAaBaThCs Hem3Menunoit. Ho m wien mepBoro mopsiiaka,
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MPOTOPINOHATBHBIH d\/dt, momken obpam@arses B Hyab. B camom
JleJIe, 9TOT YjIeH MEHsIeT CBOW 3HAK npu u3MeHeHuu 3Haka d\/dt,
MEXKJy TeM Kak, COIJIACHO 3aKOHY BO3pacTanwsi sHTporuu, dS/dt
Beera nosoknuTeabro. Orciona ciemyer, 9To pasnoxenne dS/dt va-
YMHAETCS C 4JI€HA BTOPOrO MOPsiJKa, T.e. npu Maabix d\/dt nmeem

2
LRV
dt dt
OTKY/1a
d
48 _ 4,
dA dt

Canenosarenbno, korga dA/di crpemurcss K Hys0, obpamaercs B
Hynb n dS/d)\, 910 gOKa3BIBAET 0OPATHMOCTH aanabaTHIecKOro
porecca.

ITogaepkuaem, aTo XO0TsT agmabaTuaeckuii mporece odbparum, OT-
HIO/Ib HE BCIKUU 0OpartuMblil mpouecc ajuadarudeH. YcjioBue odpa-
TUMOCTHU TPOIecca TpedyeT JIWITh TOCTOSTHCTBA TOJHOW SHTPOITHH
BCell 3aMKHYTOI CUCTEMBI, & SHTPOIUU €€ OTAe/IbHBbIX YacTeil MOryT
KaK BO3paCTaTh, TaK 1 yoOuIBaTh. [Ipu agnabarnaeckom e mporecce
BBINOJIHsAETCs 00Jiee CUIbHOE YCJIOBUE — OCTAETCH MOCTOSTHHON TaKZKe
U SHTPOIHUS JJAHHOI'O TeJa, KOTOPOE CaMo 10 ceDe COCTABJ/ISET JIUIIb
4aCTh 3aMKHYTOU CUCTEMBI.

Bormmie mbr onpeieninin agnabarudecknii mporece Kak J0CTaToqd-
HO MejieHHbIl. TouHee, BHEITHUE YCIOBUS IOJIKHBI MEHSITHCA Ha-
CTOTBKO MEJIJIEHHO, 9TOOBI B KAXKIbIII MOMEHT BPEMEHU MOYKHO ObI-
JIO CHYUTATH TEJ0 HAXOJAIIUMCH B COCTOSAHUU PABHOBECHS, COOTBET-
CTBYIOIIEr0 MMEIOIIUMCH B 9TOT MOMEHT BHEIIHUM yciaoBusgm. py-
CUMHU CJIOBAMU, HMPOLECC JI0JIKEH ObITh MEJIEHHBIM 10 CPABHEHUIO C
NpOTeCCaMy yCTAHOBJIEHUST PABHOBECHS B JIAHHOM Tejie ) .

Boisenem dopmyity, KoTOpas MO3BOJSIET BBIYUCIATH UUCTO TEP-
MOJAUHAMUYIECKUM TIyTEeM pPa3JIUUHbIe CcpeaHne 3Havdenus. [ 3Toro
MPE/IMOIOXKNM, UTO TEJIO COBEPINaeT aanabdaTwIecKuil Mporecc, u

1) q’aKTI/I‘-IeCKI/I 9TO YyCJA0BUE MOXKET OKa3aThCd O4Y€Hb C.]'Ia6bIM7 TaK 9TO «Me-
JICHHBI» aanabaTUaecKuil IPOIecC MOYKET MPAKTUYIECKH OBITH JOBOIBHO <«OBbI-
crphiMy». Tak, HaTpUMep, Npu pacmupennn ra3a (CKakeM, B IUJIMHJIPE ¢ BbIABU-
TalOMmUMCs TOPITHEM ) CKOPOCTH TMOPITHS TOMKHA OBITh MAJION JIUIH 10 CPABHE-
HUIO CO CKOPOCTHIO 3BYyKa B Ia3e, T. €. IPAKTUYECKN MOXKET ObITh OYeHb DOJILINON.

B 06mumx kypcax dbusukm agmaburuaeckoe pacmupenue (WIm CKaTue) IacTo
ONPeNensieTcss Kak <«I0CTATOYHO ObicTpoe». [lpm 3TOM umeercss B Buiay apyras
CTOPOHA BOIPOCA  TPOIECC JOMKEH MPOW30HTH HACTOIHKO OBICTPO, UTOOBI 32
9TO BPEMsi TEJI0 HE YCIEeJI0 BCTYIUTh B TeI1000MeH ¢ OKpy»kartowei cpenoit. Ta-
KAM 00pa3oM, MMeeTCsl B BUY yCJIOBHE, KOTOPOE JOMKHO MPAKTUIECKH 00ec-
[I€YNTh TEIJIOU30JIMPOBAHHOCTD TEJIA, & YCJIOBUE MEIJIEHHOCTH 110 CPABHEHUIO C
IIPOIIECCAMY YCTAHOBJICHNS PABHOBECHS MOTIAIUBO MTOAPA3yMEBAETCS BBITIOTHEH-
HBIM.
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ompeies M Tpon3Boanyo dFE/dt ot ero sueprum no Bpemenu. [lo

OUPEJIeJIEHNIO  TepMoauHaMudeckas sueprus E = FE(p,q; A), tae
E(p,q;\) dyuxkuusa Tamuabrona rtesa, 3aBucsinas 0T A KAk OT
napamerpa. Kak m3pectno n3 mexanuku (cm. I, §40), moawas mpo-
M3BOIHAA MO Bpemenu oT (byHkmmun [aMuIbTOHa paBHa ee JacTHOM
IIPOU3BO/JHON 110 BpEMEHU:
dE(p,¢;A) _ 0E(p,q; )
a o
B pannom caywae F(p,q; \) 3aBUCAT SIBHO OT BPEMEHU TTOCPEICTBOM
A(t), 109TOMY MOXKHO HAIMCAT:
dE(p,¢;\) _ OE(p,q;A) d\
a9x dt’
[TockonbKy omepanus yCpeIHeHUs 10 CTATUCTHYECKOMY pactpee-
Jernio n onepamns auddGepenpoBaRns M0 BPEMEHW MOTYT, Oue-
BUJIHO, IPOM3BOAUTHCA B IIPOU3BOIBHOM MOPSJIKE, UMEeM
dE _ dE(p,q;\) _ OE(p,q; \) dX
e dt 9\ dt
(mpomsBomnast d\/dt— ects 3amannHast GYHKINUST BPEMEHN W MOXKET
ObITH BBIHECEHA W3-110]] 3HAKA CPEJIHEr0).
OueHb CyHIECTBEHHO, YTO OJ1arogapst ajnabaTuaHOCTH TPOLecca

OE(p,q; A
crosimee B (11.1) cpesnee 3nadeHne npoU3BOAHOL % MOZKeT

(11.1)

MOHMMATHCST KaK CpejHee M0 CTATUCTHIECKOMY PaCIpeleeHnio, CO-
OTBETCTBYIOIIEMY PABHOBECHIO TIPU JTaHHOM 3HAUEHUN TapaMeTpa A,
T. €. IPU UMEIOLIMUXCH B JAHHBI MOMEHT BPEMEHU BHELIHUX YCIOBU-
AX.

[Mpoussopnyio dE/dt MOxKHO HANMCATH M B JPYIOM BUJE, PAC-
cMaTpuBast TEPMOIMHAMUYIECKYIO BEIUINHY F Kak (DYHKIIHIO OT 9H-
Tpornuu Tejga S w BHeNmHWX mapamMerpoB A. [lockoiasky mipu ajana-
OaTUIECKOM TIPOIIECCE SHTPOTNS S OCTAETCsT TTOCTOSTHHOW, TO MMeeM

1 _ (9E) A
dt X/ s dt’
e OyKBa 10/ CKOOKAME MTOKABBIBAET, ITO TPOU3BOIHAT OEPETCs TP

nocTostHHOM S
CpasrmBas (11.1) ¢ (11.2), maxommm

OE(p,a;\) _ (9OE
N <6A>s' (11.3)

9710 mn ecTh uckomasi hopmysaa. OHa MO3BONAET BHIUUCIITH TEPMO-

JIMHAMWYECKUM TIyTeM CpejiHne (M0 PaBHOBECHOMY CTATHCTHYECKO-

OE(p,q; )
oA

(11.2)

My DACIPE/E/ICHUT0) 3HAUYCHUs] BEJUIUH BUJIA . C makumu
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BEJIMIWHAMMW CTIJIONTH W PSI/IOM TTPUXOANTCS MMETH JIe/I0 TP M3yde-
HUW CBOWCTB MaKPOCKOMMYECKNUX T, B CBsA3M ¢ yeM dopmysra (11.3)
UIPAET B CTATUCTUKE BEChbMa BAXKHYIO POJib. CIOfa OTHOCUTCS BbI-
YUCIEHUE PA3IMYHBIX CUJI, JAeHCTBYIOMMX HA Tea0 (mpudueM napa-
MeTpaMu A gBJIAIOTCH KOOPAMHATHI TON WJIM WHOW 4acTu TeJja; CM. B
crejyromem naparpade o JaBjaeHnn), BHIYUCIeHHe MAarHUTHOTO WIN
9JIEKTPUYECKOT0 MOMEHTA Teji (HpudeM mapamerpaMu A gBJjsiiOTCs
HANPSIYKEHHOCTH MArHUTHOTO WJIM 3JIEKTPUIECKOr0 TOJIst) W T. 1.
Bcee paccyxaenns, KoTopble MBI MPOBEIN 37eCh I Kaaccude-
CKOIf MeXaHWKU, IOJHOCTBIO IEPEHOCATCS M B KBAHTOBYIO TEOPUIO,
TOIBKO BMeCTO sueprun F(p, ¢; A) Hag0 Be3ie roBoputh 0 raMusIbTo-

nnane H. ®opmyna(11.3) npumer npu 3rom Bu

oH OF
—=(=), (11.4)
O\ ox/s

rae qepTa O3HaAYaEeT TI0JIHOE CTAaTUCTUYEeCKOe pre,Z[HeHI/Ie, aBTOMaATHU-
YeCKUN BKJIIOYAIOIIICE B ce69{ KBaHTOBOMEXaHUYECKOE pre,ﬂ;HeHI/Ie.

§ 12. /laBaienue

Oueprus resa F, Kak TepMoAMHAMUYECKasi BeJINYMHA, 00sana-
er CBOMCTBOM aZINTUBHOCTH: SHEPIHsi TeJia PaBHA CyMMe SHepruii
orzesbHBIX (Makpockonuueckux) ero dacreii’) . Tem ke coiicrBom
obsiazaer u Apyras OCHOBHAS T€PMOJAMHAMUYECKAS BEJMYMHA  DH-
TPONUS.

AIMTUBHOCTH SHEPIMM W SHTPOMWU MPUBOANT K CJIEIYIOMIEMY
BaKHOMY pe3ysbrarTy. Ecin Teso HaXoguTcsi B TENJIOBOM pPaBHO-
BECHH, TO MOYKHO yTBEP’KJATh, YTO €ro SHTPOIWs MPU 3aJaHHOM
3HAYEHUM FHEpruu (MM SHEPIrUs P 33JAHHON SHTPOIUK) 3ABUCUT
TOJMBKO OT 0bsema Tena, HO He or ero ¢opwmb®). [leiicTBuTennb-
HO, M3MeHeHne (bOpMBI TeJd MOXKHO TIPEJCTABUTh KaK MepecTaHOB-
Ky OTJEJIbHBIX ero 4acreii, OT4ero SHTPONWsl W 3HEeprus, Oypyun

1) ITocronbky, mockoabKy MbI npeHebperaeM 3HePrueil B3anMoAeifCTBUS 3TUX
9acTeil; 9TOr0 HeIb3s IeaTh, €CU HAC MHTEPECYIOT KaK Pa3 Te SBJIEHUS, KOTO-
pbie CBgA3aHbl C HAJIMYUEM HOBerHOCTeﬁ pasagesjia MeXK1y pPa3/JIMYHbIMU TeJ/IaMW
(u3ydenunio srux sBaeHuil nocBsmena ra. XV).

%) Dru yrBepxkaenus GaKTUUECKH MPHIMEHHMbI K KHIKOCTSM H Ta3aM, HO He
K TBepabiM Tenam. 3menenne dhopmbr (medopmupoBanme) TBEPAOro Tesga Tpe-
OyeT 3aTpaThl HEKOTOPOIl pabOTHI, T.€. SHEPTHUs Teja MPU STOM MEHSeTCS. DTO
00CTOATEILCTBO CBA3aHO € TeM, 910 Ae(OPMUPOBAHHOE COCTOSTHUE TBEPJIOrO Te-
JIa SIBIAETCS, CTPOTO TOBOPSA, HETIOJHBIM T€PMOJIUHAMAYIECKAM PABHOBECHEM (HO
BPEMsI PEJIAKCALMU JJ1s YCTAHOBJIEHUs! TIOJIHOI'O PABHOBECHSI HACTOJIBKO BEJIMKO,
‘{TO)BO MHOTUX OTHOMIEHUAX 1eOpMUPOBAHHOE TEJIO BeJeT ceOsi KaK PaBHOBEC-
HOE).
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BEJTMYMHAMA IIUTUBHBIMU, He u3MeHdgtoTcd. [Ipm 3Tom, Konedno,
TTPeJIoIaraeTcst, 9TO TeJa0 He HaXOAWTCS BO BHEITHEM CHJIOBOM TTO-
Jle, TaK 4YTO IlepeEMeIeHNe JacTell Tejia B IPOCTPAHCTBE HE CBA3aHO
C U3MEHEHUEM UX JHEePIuu.

Takum 0O6pazomM, MAKPOCKOIMMIECKOE COCTOSTHUE HAXOISIIErOCS
B PaBHOBECWW HETOJBWXKHOTO TeJa TTOTHOCTHIO OTIPEeTTeTCsT BCETO
JIByMsI BEJIMIMHAME, HATPUMEp 00beMoM 1 sueprueii. Bee octaibibie
TEePMOINHAMUIECKIE BEJIMIUHBI MOTYT OBITH BBHIPAYKEHBI KaK (DYyHK-
umu ATUX AByX. Pazymeercs, B cusy Takoil B3aMMHON 3aBUCUMOCTH
Paz/IMYHBIX TEPMOJIMHAMUYECKNX BEJIMYNH B KaueCTBe He3aBUCUMbIX
[IEPEMEHHBIX MOYKHO TI0JIb30BATHCA U JIFOOOM JAPyroit ux mapoii.

Haitnem Temeph cuiy, ¢ KOTOpPOil Teo JIEMCTBYeT Ha, TPAHWILY
cBoero obbvema. CoracHO M3BECTHBIM (OPMY/IAM MEXaHWKHW CUJIA,
JIeICTBYIOIIAsT HA HEKOTOPBI 3/IEMEHT TTOBEPXHOCTHU dS, PABHA

E .
F__2 (p,q,r)’
Or

rne E(p,q;r)—sHeprus mejia Kak (YHKIWsT KOOPAUHAT W WMITYJIb-
COB €r0 4YacTull, a TAKXKE PAJUYCa-BEKTOPA JIAHHOTO DJIEMEHTA I10-
BEPXHOCTU, UIPAIOIIEr0 B JAHHOM CJIydae POJib BHEIIHErO Iapa-
MeTpa. YCpeiHss 9TO PABEHCTBO M BOCIIOJIB30BABIIUCH (DOPMYJIOit
(11.3), momy<mm

Fo_98mar) _ _<3_E> _ _(‘9_E> v
Jr ar / § ovV/)s or’
rae V —obwem. Tak kak m3Mernenne obhema pasBHO ds dr, roe ds —
9/IeMeHT noBepxHocTH, T0 AV /Jr = ds n noromy

= 0F
Po (%) s
ov/s
OTcioga BUIHO, 9TO CPeJHSIS CHUJIa, JeHCTBYIONIAs HA DJIEMEHT I0-
BEPXHOCTW, HATTPABJIEHA TTO0 HOPMAJINW K 3TOMY 3JIeMeHTY W TPOTIOp-

nuoHaIbHa ero miomwau (3axon Ilackasn). ABcomornas BesmanHa
CUJIbl, JeHCTBYIOeN Ha eJUHUILy [LI0IA/U [IOBEPXHOCTY, PABHA

P= *@75)5‘ (12.1)

DTa BeMUMHA HA3BBIBAETCA Ja6AECHUEM.

[Tpu onpegenennn remneparypbl opmysoit (9.1) peus nwia no
CYHIECTBY O TeJe, HEMOCPEACTBEHHO HE CONPUKACAIOIIEM S HU C Ka-
KUMM JAPYIMMH T€JIaMH M, B YaCTHOCTH, HE OKPY?KEHHOM HUKAKOM
BHEITHel cpenoii. B aTux yCeIoBusax MOKHO OBLIO TOBOPHUTH 00 W3-
MEHEHWW SHEPTUW W SHTPOMWW Teja, He YTOIHAs XapaKTepa Tpo-
necca. B obmewm ke ciydae Tesna, HaXOAAMErocst BO BHENTHEN cpeje
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(nam OKpyKEHHOTO cTeHKamu cocyaa), popmyra (9.1) momkHa OBITH
yrounena. /leficTBUTENBHO, €C/IM B XOJ€ MPOIECCA MEHSIETCs 00beM
JIAHHOIO TeJjia, TO 9TO HEM3DeXKHO OTPA3UTCH U HA COCTOSHUH CO-
[PUKACATONIUXCS ¢ HUM TeJI, U JIJIsd OLPeJe/IeHUsT TeMIIePATyPbl HaJ10
Ob110 ObI PACCMATPUBATH OJHOBPEMEHHO BCE CONPHKACAIOIINECH Te-
7a (HampuMep, TeI0 BMECTe C COCYZOM, B KOTOPBIiT OHO 3aK/IIOUEHO).
Ecan ke MBI XOTHM OTPEIEINTh TEMIIEPATYPy MO TepMOJANHAMUTIe-
CKMM BEJMYNHAM OJHOTO TOJBKO JIAHHOTO TejIa, TO HaJ0 CUYNTATh
06beM 3TOro Teja HemsMeHnubiM. JIpyrumm ciioBamu, remmeparypa
OLPEJENUTC KAK [IPOM3BOAHAS OT SHEPIUU TeJa [0 ero SHTPOINH,
B3siTasi IPU [IOCTOSHHOM O0beMe

T = (‘;—’j)v. (12.2)

Parencrea (12.1), (12.2) moryT OBITH 3amnCcaHbl BMECTE B BUJIE
CIeAYTIOMIEr0 COOTHOIIEeHUsT Mex 1y auddepeniuaiamu:

dE =T dS — P dV. (12.3)

DT0 — OJIHO M3 BAKHENWINX TEPMOJANHAMUIECKUX COOTHOITEHUI.

JlaBjienusi HAXOSIIUXCS JIPYD C JIPYTOM B PABHOBECUU TEJI PaB-
HbI JIpYT JIPYyry. DTO CJAEJAYET y2Ke HEelOCPEeJCTBEHHO W3 TOr0, 9To
TEIJIOBOE PABHOBECUE BO BCAKOM CJIy4Yae MPEJIOIAraeT HAJIMIUE Me-
XaHUYIECKOTO PABHOBECHST; WHAYE TOBOPS, CHUJIbI, C KOTOPBIMU JI€ii-
CTBYIOT JIpDYT Ha JIpyra JiloOble JBa M3 3TUX Tea (10 TOBEpXHOCTH
UX CONPUKOCHOBEHUS), JIOJIZKHBI B3AMMHO KOMIIEHCUPOBATHCS, T. €.
ObITh PAaBHBIME 110 aOCOMIOTHON BEJUYUHE U [POTUBOMOJIOYKHBIMUI
0 HATPABJIEHHUIO.

ParerncTBo maBjieHnii mpu paBHOBECHN MOXKHO BBIBECTH TaKKe W
U3 YCJIOBUSI MAKCUMYyMa SHTPONUN, TOJ00HO TOMY KaK Mbl JOKA3aJIN
B §9 papencrBo remuneparyp. st 3roro pacemorpum JiBe compu-
KACAIOIIMECsT YaCTH HAXOAAIIEHCS B PABHOBECMU 3aMKHYTOW cucre-
Mbl. OJHUM U3 HEOOXOIUMBIX YCIOBUI MAaKCUMAJBHOCTH IHTPOINUAN
SIBJISIETCSI YCJIOBWE MAKCUMAJIBHOCTH TIO0 OTHOIIEHUIO K W3MEHEHUIO
oobemoB Vi u Vo amux ABYX wacTeil MpW HEM3MEHHBIX COCTOSTHWSIX
OCTATBLHBIX TACTEHl; MOCIeIHee 03HATALT, B TJACTHOCTH, ITO OCTAETCST
HeuzmenHoit u cymma Vi+Va. Ecin S1, S9 surponuun obenx yacreit,
TO UMEEeM

95 08 0S5, 0Va _ 0S1 98

= = — =0
ovi ovi oVa 0Vi oy 0V

Ho u3 coornomenusi(12.3), nepenucansoro B Buje
1 P
dS = —dE + =d
S pAE+ V,

suzano, aro 05/0V = P/T, taxk uro Py /T) = P, /T,. Tak xak tem-
neparypsl 17 u Ty Tpw PaBHOBECHN OJWHAKOBBI, TO MBI TIOJIyYaeM
OTCIOJIa, NICKOMOE PABEHCTRO JaBjenuii: P = Ps.
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Crnemyer WMeTh B BUJLy, 9TO NMPHU yCTAHOBJIEHUW TETLJIOBOTO DAB-
HOBECHST PABEHCTBO JABJIEHWH (T.€. MEXaHWYECKOEe PABHOBECHE) yC-
TAHAB/IMBACTCS TOPA310 ObICTPEE, YeM DABEHCTBO TeMIepaTyp; I110-
9TOMY YACTO BCTPEYAIOTCS CJlydad, KOTJA JIABJIEHHE BJIOJIb Teja
HOCTOSIHHO, XOTsl TeMIIeparypa U He HocTosgHHa. Jleo B ToM, 410
HEMOCTOSTHCTBO JIABJIEHUST CBA3AHO C HAJUIMEM HEKOMITEHCUPOBAH-
HBIX CHJI, TIPUBOJSAIINX K TIOSTBJIEHWI0 MAKPOCKOMMYECKOTO JIBUIKE-
HVsI, BRIDABHUBAIOIIETO JABJIEHUE TOPA3/0 OBICTPEe, WeM MpPOMCXO-
JIUT BBIDABHUBAHUE TEMIIEPATYD, KOTOPOE HE CBA3AHO C MaKPOCKO-
[UYECKUM JIBUKEHUEM.

JIerko BUJIETb, YTO BO BCSKOM DPABHOBECHOM COCTOSIHUU JIAB-
JIEHUE Teja JIOMKHO OBIThH MOJIOKUTETBHBIM. JleficTRurensio, mpu
P > 0 wveem (0S/0V), > 0, w suTpornmst Moryia Obl yBeJINIUTHCS
JIVITITH TIPW PACIIUPEHUN TeJIa, 9eMy, OJHAKO, METAIOT OKPY KAIOIINe
ero resa. Hanporus, npu P < 0 610 661 (0S/0V), < 0, u Te-
JIO CTPEMUJIOCH OBl CAMONPOU3BOJIBHO CXKUMATHCS, MOCKOJIBKY 3TO
COMPOBOKIAI0CH Obl BO3PACTAHMEM SHTPOIIUH.

Nwmeercst, 0iHAKO, CYIIECTBEHHOE PA3/IUYUe MEXKIy TPeOOBaHW-
SIMU TIOJIOPKUTENHHOCTH TEMIEPATYDPhl W TOJOKUTETHHOCTH JTABJIE-
aust. Tesma ¢ oTpunaTebHON TeMnepaTypoit GBI ObI COBEPIIEHHO
HEeYCTORYMBBI U BOOOIIE HE MOIYT CYHIECTBOBaTH B pupoje. Cocros-
Hust 2Ke (HEPABHOBECHDBIE) ¢ OTPULIATE/bHBIM JABJIEHUEM MOLYT OCy-
HWIECTBIATLC B NPUPOJE, 00J1a1ast OrpaHUuYeHHON yCTORUYUBOCTBIO.
Jles10 B TOM, UTO CAaMOTIPOU3BOIBLHOE CXKATHE TEJIA CBA3AHO C €T0 «OT-
PBIBOM» OT CTEHOK COCY/a WM C 0Opa30BaHWeM TOJOCTEH BHYTpH
HEro, T. e. ¢ 00pa30BaHNEM HOBOI MOBEPXHOCTH; 3TO OOCTOATENTHCTEO
U IPUBOJUT K BO3MOXKHOCTH OCYIIECTBJIEHUS OTPULATEIbHBIX JIAB-
JIEHUH B TAK HA3BIBAEMbIX METACTAOUJILHBIX COCTOSHUAX ') .

§ 13. Pabora u KO/Im4ecTBO Teria

[IpuioxkeHHbIE K Tely BHEMIHUE CHJIbl MOIYT HPOU3BOJMTH HAJI
HUM pabomy, KOTOPas OIPee/sdercsd M0 ODIUM [IpABUIaM MeXaHU-
KU [POU3BEJICHUAMI 9TUX CUJI HA BbI3bIBAEMbIE UMU [TEDEMEIIEHUSI.
Dra paboTa MOXKET TPATUTHCS HA [PUBEJIEHUE TeJia B COCTOSIHUE
MaKPOCKOITMYECKOr0 JIBUKeHusT (BOOOINe Ha M3MEHEeHWe ero KuHe-
TUYECKOIl SHEPruu), Ha NepeMelleHne Tejaa BO BHeHIHeM 1oje (Ha-
npuMep, Ha TOJAHsSTHEe ero B mosie Tsikectn). Hac, omHako, Gymer
OoJIbIIIe BCEIO MHTEPECOBATH CJIydail, KOIJa B Pe3yJbrare [pOU3Be-
JIEHHOT Ha1 Te1oM PabOThl MeHsIeTCs ero 00'beM (T. €. BHENIHUE CHJIbI
MPOM3BOJISIT CXKATHE TeJIa, OCTABJIsIS €r0 KaK Ie10€ HETOIBUKHBIM ).

1 06 ompenenermy MeTacTABMIBHBIX COCTOAHMI CM. §21; 06 OTpPUIATE/THHBIX
JABJIEHUAX CM. TAK)Ke BTOpoe npumed. Ha . 299.
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VYcnoBumMmcest Be3jie B JajibHEHINIEM CUYUTATH TOJ0KUTEJIHLHON pa-
6oty R, MpOM3BOAMMYIO BHENTHUMU CHJIAMHU HAJl JaHHBIM TEJIOM.
Orpunaresnbruas ke pabora, R < 0, OyZer COOTBETCTBEHHO O3HA-
4aTh, YTO JAHHOE TEJIO CaMo npousBoauT pabory (pashyio |R|) nan
KaKNMU-TH00 BHEITHUMHU 00heKTaMu (HAIpUMep, P CBOeM PaCIT-
peHun).

WNwnest B BULY, 9TO cujIa, JeHCTBYOMAS Ha, €UHUILY TIIOMIAIN 1T0-
BEPXHOCTH TeJjia, eCTh JABJIEHNE U 9TO MPOW3BeIeHNe TIIOMAIN 316~
MEHTa TIOBEPXHOCTH Ha €ro TepeMelleHne eCTh OMUCHIBAEMbIi 3THM
d7eMEHTOM 00beM, HaliieMm, 4TO paboTa, IPOU3BEIEHHAS HAJ TEJIOM
npu u3MeHeHun ero oobema (OTHECEeHHAs K eJIMHUIE BPEMEHN), eCTh

@ pd” (13.1)

dt dt
(mpu cxxarnm tena dV/dt < 0, Tak aro dR/dt > (). Dra dopmyra
MpUMEHNMa KakK K 00paTuMbIM, TaK U K HEOOpATUMBIM TPOLECCaM;
pu 3TOM TpedyeTcst cobJII0IeHNe JIUITH OJHOTO YCIOBUS — B TeUYEHWe
BCEr0 MPOLECCa TeJI0 JOIKHO HAXOAUTHCS B COCTOSTHUU MEXAHUIECKO-
IO PABHOBECHsI, T.€. B KAXKJIbli MOMEHT BPEMEHU JIABJIEHUE JIOJIZKHO
ObITH OCTOSHHBIM BJIOJIb BCEIO TEJIA.

Ecau mejo menaon3oampoBaHo, TO BCe M3MEHEHWE ero SHeprun
CBSI3aHO C TPOW3BOAMMON HaJ HUM paboroit. B obiem ke ciywae
HETEINI0N30MPOBAHHOTO TeJIa, TOMUMO PAbOTHI, TEI0 MoayJYaeT (Hin
OTJAEeT) SHEPIHi0 W MyTeM HEMOCPEJCTBEHHON mepegadn OT JPYrux
COTIPUKACAOIINXCS ¢ HUM Tejl. DTa 9acTh W3MEHEHUs] SHePTruu Ha-
3BIBAETCS KOJIMYECTBOM TOJIY9IEHHOTO (MJIM OTJAHHOTO) TEJIOM men-
sa Q. Takum 06paszom, uzmeHenue sHepruu Tea (B eJMHUILY BPeMe-
HM) MOXKHO HAIKMCATH B BUJE

dE _ dR  dQ

dt  dt  dt’
[Togobmo paboTe, yCI0BUMCS CUNTATH TOJOKHUTEIBHBIM TETLIO0, TO-
JIydaeMoe TeJIOM OT MOCTOPOHHUX MCTOUYHUKOB.

[Tox sueprueit E B (13.2) nano, BoobwIe roBopsi, MOHUMATH 110J1-
HYTO 9HEPrUio Tejia, BKJIFOYAIONY 0 KUHETHIECKY SHEPIUI0 MAKpPO-
CKOTIMIECKOTO ABMKeHusi. MbI, 0gHAKO, OygeM OOBIYHO paccMaTpH-
BaTh paboTy, CBSI3aHHYIO C U3MEHEHeM 00hbeMa HETIOABUYKHOTO TeIa;
B TAKOM CJIydYae 3HEPIHUsl CBOAUTCS K BHYTPEHHEH SHEepTUn Teja.

B ycnorusix, korpa pabora onpejensiercst hopmysioii (13.1), mwve-
eM JIjisl KOJIMIeCTBa TEILIa

iQ _ dE av

=0 + P e (13.3)

ITpeamomoxkumM, 9TO B TeUeHWE BCETO TPOIECCA TeJI0 MOXKHO CYH-
TaTh HAXOJAMINMCS B KaXKIBI JAHHBIN MOMEHT BPEMEHW B COCTOSI-
HWW TETJIOBOTO PABHOBECHS, COOTBETCTRBYIOIIEM 3HAYUEHWSIM SHEPTUN

(13.2)

3 JI. 1. JTannay, E. M. Jludmun, tom V
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n obbemMa Teja B 3TOT MOMEHT (MOJYepKHEM, YTO 3TO He O3Hava-
€T, ITO TPOIECC 00s3aTEILHO JTO/KEH OBITH O0PATUMBIM, TaK KaK
TEJ0 MOXKET He HAXOAUTHCS B PABHOBECHM C OKPYZKAIOUMMU TeJla-
mu). Torga MOKHO Hanucarb Ha OCHOBaHMU COOTHOIeHus (12.3),
onpenesorniero juddepentnan dbyakuun F(S, V) —sueprum rena
B PABHOBECHOM COCTOSIHMM:

dE d d
4B _ dS  pdv
dt dt dt
Cpasuusas ¢ (13.3), HAXOAUM /I KOJIMYECTBA TeILIa
4Q _ i

P - (13.4)

Pabora dR u konudectBo Tema d@), mojydaembie TEJIOM I[IPU
OEeCKOHEYHO MaJIOM W3MEHEHWW ero COCTOSTHUS, He TTPEJICTABJSIOT
coboit mostHBIX i depeHnnanos Kakux-anbo seanans ') . Tosb-
k0o cymma d@) + dR, T.e. w3vmenenue suepruu dF, ecth mOSHBII
muddepennuan. [losromy MoxKHO roBOpUThH 00 HEPIUU B JIAHHOM
COCTOSIHUM, HO HEJIb3sl NOBOPUTH, HAIPUMED, O KOJUYECTBE TEILIA,
KOTOPBIM 00JIaJIAeT B JIJAHHOM COCTOsiHUM Tej10. pyrumu ciosamu,
SHEPTHIO TeJa HeJIh3st JeUTh Ha TEeTJIOBYIO 1 Mexanndeckyto. Takoe
JleJIeHTe BO3MOYKHO JIUIITH KOT/A Pedhb uieT 00 M3MEHEHWH SHEPTHUMN.
W3menenne sHeprum TpW MEPEXOe Teaa W3 OJHOTO COCTOSIHUS B
JIPYroe MOXKHO Pa3/IeJInTh HA KOJMYECTBO TeILIa, MOJLydYeHHoe (miu
OTJAHHOE) TeJIOM, ¥ paboTy, TPOM3BEJIEHHYI0 HaJ HUM (WU TIpO-
M3BEJIEHHYTO UM CAMUM HaJI APYTUME TeaaMu). DTO Pa3je/ieHue He
OIIPEJIEJISIETCS OJJHO3HAYHO HAYAbHBIM U KOHEYHBIM COCTOSIHUSIMU
Tesia, a 3aBUCUT OT XapaKTepa camoro mpoiecca. dpyrumn ciosa-
Mu, paboTa W KOJUYECTBO TEILIa ABISIOTCA (DYHKIIWSAMEI TTPOIECCa,
MTPOVCXOMISAIIETO C TEJIOM, a He TOAbKO HAYaJbHOI0 W KOHEWYHOTO
COCTOSIHMIT Tejia. DTO O0COOEHHO HAIJISIIHO HPOSIBJISIETCS. B CJIydae,
KOIJIA C TEJIOM HMPOUCXOJUT KPYTOBOW HPOLECC, HAYUHATOMIMIACS u
KOHYAIOIMIMICS B OJIHOM U TOM 2Ke COcTosinuu. JleficTBuresibHO, npu
9TOM M3MEHEHWEe SHEPTWH PABHO HYJIO, B TO BPEMs KaK TeJI0 MO-
JKeT TIOMYYIUTh (WM OTJATh) HEKOTOPOE KOIMYeCTBO Teruia (mim
paborel). MaremMarniecku 3T0 BbIPAZKAETCA B TOM, U4TO UHTErPAJL 110
BaMKHYTOMY KOHTYPY OT nojinoro mpuddepennuana dE paBen HyJiio,
a maTerpasn ot dQ) wim dR, He aBagommxcsa noaabivMu nuddepen-
IUaIaMU, OTJIUYIEH OT HYJIA.

Koauwectro Temia, mpu MOIyYeHNN KOTOPOTO TEMIIEpATypa Te-
JIa, MOBBIIIAETCS HA €JIMHUILY TEMIIEPATYPbI, HOCUT HA3BAHUE MENA0-
emrxocmu. OUeBUIHO, 9TO TEIJIOEMKOCTH Tejla 3aBUCUT OT TOrO, B

B srom cmpicte ofosnadenus dR u d() me BIIOTHE TOWHDLI, ¥ HOITOMY MBI
n30eraeM MMU 10JIb30BATHCH.
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KaKMX YCIOBUSIX TPOUCXOAUT ero Harpepanwe. OOBIIHO Pa3/IndaioT
TenioeMKocTh O, TP TIOCTOAHHOM 00hbeMe U TerioeMKocTh Cp mpu
HOCTOAHHOM JjiaBjeruu. OYeBuIHO, 4T0

C, = T(Z—;)V, (13.5)
C, = T(Z—;)P. (13.6)

OcranoBumcst Ha Tex ciydasax, koraa gopmysna (13.4) musa ko-
JINYIECTBA TET/Ia HEMPUMEHNMa W B TO K€ BPEMST OKa3hIBACTCS BO3-
MOKHBIM YCTAHOBUTH I 3TOI BEJIWUNHBI HEKOTOPHIE HEPABEHCTRA.
CyImecTByIOT MPOIECChl, TPH KOTOPBIX TEJIO0 HE HAXOANUTCA B TETLIO-
BOM DABHOBECUM, XOTsl TeMIeparypa (1 JaB/jaeHue) moCTOSHHA B0/Ib
resa. TaKOBBI, HAIIPUMED, XUMUYECKHUE PEAKIIMU B OJHOPOAHOM CMe-
CH pearmpyomyx Jpyr ¢ JPyroM BeIIECTB. Bjarogaps Haauduio
B CAMOM Tejie HeoOPAaTHMOro npouecca (XMMUIecKoil peaxkium) H-
TPOTHS TEJIa BO3PACTAET TAKKE W HE3ABUCHMO OT TOJTy9IaeMOr0 MM
TerIa, TaK 9TO MOYKHO YTBEpKIaTh, 9TO OyJeT CnpaBeaanBo Hepa-
BEHCTRO

<T—. (13.7)

Jpyroit caydait, Korga MOXKeT OBITh HAMMCAHO aHAJOTUIHOE He-
PaBEHCTBO, MPEICTAB/ISIET HEOOPATUMBII TIPOTECC, B pe3yabTaTe KO-
TOPOTO TeJI0 MEePeXOANUT W3 OJHOTO PABHOBECHOTO COCTOSIHUS B JIPY-
roe PABHOBECHOE K€ COCTOdgHNE, OJIMBKOE K UCXOIHOMY, HO B T€UEHUE
npouecca Tejao He HaxoaurTcea B pasHosecun ') . Torga mexy Kosu-
4eCTBOM Teria 0(), MOJIydeHHOrO TEJIOM B TEYEHHE ITOr0 MPOIECCa,
" U3MEHEHWeM ero SHTPOTHH 0.5 MMeeTcst HEPABEHCTRO

5Q < T$S. (13.8)

§ 14. TertoBasi pyHKIMA

Ecau npu npornecce ocraercst nocTossHHbIM 00beM Tejia, 10 d) =
= dF, 1. e. KOIUYECTBO TIOJIy9a€MOT0 TEJIOM Terjia PABHO W3MEHEHUIO
ero sHeprun. Kcemm ke mpoIrece mpoucXoAnT TTPHU MTOCTOAHHOM TaB/Ie-
HIW, TO KOJTUIECTBO TEIIa MOXKET OBITH OTPEJIEIeHO BHIPAYKEHWEM B
Buje guddepennmasia

dQ = d(E + PV) =dW (14.1)
HEKOTOPOU BeI1UYUHbl

W = E + PV, (14.2)

1) IIpumepowm siBnsiercs Tak HaspiBaemsbiii mporece xoyms Tomcona (cwm. § 18)
C HEﬁO.HbIJ.[I/IM MN3MEHEHUEM [JaBJICHWA.

3*
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KOTOpasi HOCUT HasBaHWe menaosoli pynkyuu tena'). Vzvenenne
TeTI0BO (DYHKITNN TTPU TIPOTIECCAX, TTPOUCKOISIITUX TTPHU TTOCTOTHHOM
JIABJIEHUU, PABHO, CJIEJOBATEbHO, KOJUYECTBY TEILIA, IOy Y€HHOTO
STUM TEJIOM.

Jlerko wmaiitu, dwemy paBeH mnoJinblil guddepennmas TEI0BOM
dbyukmun. [loacrasnaa dE = TdS — PdV s dW + P dV + V dP,
HaXOIIM

dW =T dS +V dP. (14.3)

Orcrojia BeITEKAET, 9TO

e (), ve(), o

Ecau reso rension3osmpoBaHo (HAOMHHM, YTO 9TO BOBCE He
O3HAYAeT, 4TO OHO 3aMKHYTO), T0 dQ = 0, u u3 (14.1) cregyer, uro
npK NPOLECCax, MPOUCXOAAINX ¢ TEIION30JIUPOBAHHBIM TEJI0M IIPU
HOCTOSIHHOM JIABJICHUH,

W = const, (14.5)

T. €. COXPAHSIETCS €ro TerIoBast (OyHKIHSI.
Temnnoemkocrs C) MOXKHO HA OCHOBAHMM COOTHOWIeHUs dF =
=1T1dS — P dV manucarb B Buje

oF
C, = (8—T)V. (14.6)
s rernoemkoctu C) uMeeM aHATONHTYHO
ow
C, = (8—T)P. (14.7)

Mbl Bujm, 9TO IPU IOCTOSHHOM JIABJIEHUM TEILIOBAas (DyHKIIMS
obJiajlaer cBOfiCTBAMY, AHAJIOIMIHBIMY T€M, KOTOPbIE UMEeT SHEPIUs
[IPU TIOCTOSTHHOM OO'beMe.

§ 15. CBoboagHasi sHeprus
U TEPMOIMHAMUYECKUN MOTEHINAJT

Pabory, npousBegennyio najJi TeJIOM HPU OECKOHEYHO MAJIOM
M30TEPMUIECKOM OOPATUMOM W3MEHEHUN €r0 COCTOSIHUST, MOYKHO
HanucaTh B Bumge auddeperinaia HeKOTOPOi BeTMImHEI

dR —dQ — T'dS = d(E — TS)

nJjin

dR = dF, (15.1)

1) Ee nasbisaior makike snmaasnuet, nim menaocodepicanuem.
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rje

F=FE-TS (15.2)
ecTh HOBasi (PYHKIIUsI COCTOSIHUSI TEJIa, HazblBaeMasi ero c60000Hotl
anepeueti. Taknm obpazom, pabora, TPOM3BOANMAsT HAI TEJIOM TIPH
00paTUMOM M30TEPMUYECKOM TPOIECCe, PaBHA W3MEHEHWIO €ro CBO-
00HOI IHEPTHH.

Haitnem muddepentman cBoboanoit sneprun. [ogcrapnss dE =
=TdS —PdV 8 dF —TdS — SdT, nonyaunm

dF = —SdT — PdV. (15.3)
OTcroga caemyroT OYeBUIRBIE PABEHCTRA!
S:—(B—F) , Pz—(a—F> . (15.4)
or /v ov/r

[Mons3ysick coornommennem K = F +T'S, MOXKHO BBIpA3UThH SHEPTHUIO
gepe3 CBOOOTHYIO SHEPTHUIO B BUIE

E:F7T<6—F) :—TQ(QE) . (15.5)
aT /v orrT/v

@opmyasr (12.1), (12.2), (14.4), (15.4) nokaseiBatoT, 410, 3HAS
Kakyt0-1160 n3 sesmann F, W nin F' (kak DyHKIMIO COOTBETCTBYO-
WX JIBYX TMEPEMEHHBIX) M COCTABJIsis €€ YaCTHBbIe MPOW3BOIHBIE,
MOXKHO OTIPEJIEJINTh BCE OCTAJIBHBIE TEPMOJINHAMUYECKIE BeJININHBI.
ITo sroit mpuunne Benmwauusl £, W, F Ha3sBaioT BOOOIIE mepmo-
QUHAMUBECKUMU NOMeRUuaAamy (MO AHATIOTHN C MEXaHUIECKUM MO~
TEHIIMAJIOM ) WJIM XapaKTepUCTHIeCKUMU (DYHKIMAMUI: SHepruto F —
0 OTHOIIEHWIO K mepemeHHbIM S, V., TemmoByo dyuknmio W —
mo otHorenuio Kk S, P, cBobomnyio sHepruio F — 10 OTHOIIEHWIO
Kk V,T.

VY Hac He XBATAET €Ie TEPMOJAMHAMUYECKOIO MOTEHIINAJIA, 110 OT-
womrenunto K nepemenubiM P, T'. Jljng ero mojiydeHus: 1mo/CTaB/isieM
B (15.3) PdV = d(PV) —V dP u, nepenocst d(PV') B jileBy10 4acTh
paBeHcTBa, Mmojyyvaem

d® = —SdT +V dP, (15.6)
T1€ BBEICHA HOBad BEJINYMNHA
®=E—TS+PV=F+PV=W-TS, (15.7)

Ha3bIBAEMAST MEPMOOUNAMUYECKUM NOMEHGUAAOM (B Y3KOM CMBICTIE
ciaosa)l) .

1) B unocrpannoii mmreparype Benuausbl F' u @ 9acTo HA3BIBAIOT TAKXKe COOT-
BETCTBEHHO CBODOAHOMN sHeprueil [esibmrosbia n ¢Boboanoi sueprueit ['mbbca.
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13 (15.6) nmeem oueBHIHBIE DABEHCTBA

N C

TertoBasg dpyuxnus Boipaxkaercs depes ® anajgorudno tomy, kak F
BBhIparkaeTcd dyepe3 F':

W:@—T(a—‘b) —TQ(i?) . (15.9)
aT /) p orrT/)p

Ecnu mommnmo obbema, CymiecTBYIOT eIne u e TapaMeTpbl
)
i, OTIPEZIETISTIONINE COCTOSTHIME CUCTEMBI, TO BhIpaskenne st andde-
peHImaia SHEPTUU JOJIKHO OBITH JOMOJTHEHO WIEHAMY, TTPOTIOPIINO-
HajbabiMu Juddepentmaniam d;:

dE =TdS —PdV + ) Aid\, (15.10)

rae A;  Hekoropble (yHKUMKM COCTOsHUs Teja. [TockoabKy npe-
obpasoBaHMe K JPYyIUM IOTEHIHAJAM HEe 3aTParnBaeT IepPeMeH-
HBIX A;, TO SICHO, 9TO TaKWe »Ke WJIeHbl J00aBATCcs B auddepen-
mrasax F, &, W:

dF = —SdT — PdV + Y A;d);
7

u T. 1. [Mostomy Bemmumunl A; MoykHO momyunTh auddepenmpo-
BaHWEM 10 A; JIFOOOr0 M3 TOTEHIMAIOB (TPU 9TOM HAJO MOMHUTH,
KaKue Jpyrue IepeMeHHble CYuTaiorcs npu auddepenumupoBannm
nocrostuabiMu). Benomunas takzke dhopmyay (11.3), MoxkuO Hanm-
caTh AHAJOIMYHOE COOTHOIIECHNE

Eead) _ (95 (15.11)
oA ox/1v

BBhIpazkamllee CpeHee 3HAavYeHWe TMPW3BOJHON OT TaMWJIBTOHOBOW

dyHKIUK Teaa 110 KAKOMY-/1u00 mapamMerpy depes MpOu3BOJHYIO 110

TOMY K€ napaMerpy or CBOOOAHON 3Heprum (AHAJOIMYHO — uepes

npon3BoIHbIe 0T ® nan W).

Ormernm caemgyiomtee 06CcTogTeTHCTBO. Eean 3nadenus mapame-
TPOB \; HEMHOIO u3MengaTcs, T0 Bejudunbl F, F, W & rmakxe wuc-
IIbITAIOT He60.HleI/Ie N3MEHEHU . O“IeBI/I'Z[HO, HTO UX UBMEHEHUA 6y-
JYyT PaBHBI APYr APYLY, €CIn KaxKJ0e M3 HUX paccMarpuBarh IIPU
COOTBETCTBYIOIIEI TTape TMTOCTOAHHBIX BEJIWYNH:

(BE)sy = (0F)ry = (6W)sp = (6®)7.p. (15.12)

DTO yTBEpKIEHNE, KOTOPOE HAZOBEM TMeopemoti 0 Maivs 006a6-
xax, Oy/IeT B JajbHENeM HEOJHOKPATHO MCIOIBL30BAHO.
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CBobojiHast SHEPTUST W TEPMOANHAMUYECKWH moTeHnas obiaga-
10T BayKHBIM CBOTICTBOM, OINPEIESIIONINM HAMPABIEHUS UX M3MeHe-
HUsI LIPU Pa3aM4HbIX HeoOparuMbix npoueccax. Vexopum uz mepa-
sercrsa (13.7); noacrasiss B vero d@/dt n3 (13.3), nosyuum

dE/dt + P dV/dt < T dS/dt. (15.13)

ITpeamnomoxkum, 9T0 TIPOIECC MPOUCXOAUT U30TEPMUUIECKU U TIPU TO-
crosinHoM obbeme (T = const, V' = const). Torga 310 HEpaBeHCTBO
MO?KHO HaIlUCaTh B BHUJIC

d(E —TS)/dt/dt < 0. (15.14)

Taknm obpazom, HEOOpATUMBIE TTPOIECCHI, TTPOWCXOIAIINE TIPU TT0-
CTOSTHHBIX TEMIIEPATYPE U 00beMe, CONPOBOKIAAIOTCA YMEHbIIEHUEM
cBODOHOI dHEPIUU TE/IA.

Ananoruuno npu P = const u 7' = const uepasencrso (15.13)

npuobpeTraeT BUJ dd/dt < 0, (15.15)

T. €. HEOOPATUMbBIE MPOIECCHI, TPOUCXO/SIIUE IPU TOCTOSTHHBIX TEeM-
eparype u JaBjeHnr, COMNPOBOXKJAIOTCS YMEHbIIIEHUEM TEPMOJINHA-
MWYECKOTO TOTEeHIrana ') .

CoOTBETCTBEHHO B COCTOSTHUN TETLIOBOTO PABHOBECHsT CBODOTHAST
SHEpPrus W TePpMOANHAMWYIECKUN TOTEHTINAT Tela MUHUMATHHB —
[epBast 110 OTHOIIEHUIO KO BCEM M3MEHEHUsIM COCTOsIHUSI TIPU TTOCTO-
sitiHbIX 1" 1 V| a BrOpoil 110 OTHOILIEHUIO K U3MEHEHUSIM COCTOSHUS
npu moctogHubIX T 1 P.

B3amgauga

Kaknm 06pa3zoM MOXKHO BBIYHUCIUTH CPEIHIOD KUHETHYIECKYIO SHEPTHUIO Ua-
crun Tesa, 3Hasds GopMyJ1y Ajs ero ¢cBOOOAHON SHeprum?

Pemenune Oyaknma ['amunbrona (mnm oneparop lamunbrona B KBaH-
TOBOM Ciiyuae) moxker Obirh Hanucana B suzne E(p,q) = U(q) + K (p), rae U(q) —
MOTEHNMATbLHASA SHEPrusd B3amMOAeHCcTBuA wactun tena, K(p) wx xuaeTmde-
ckast sneprust. [locaennsist ecrb KBagparuydHas GYHKIUS UMITYJIbCOB, 00paTHO
MPONOPIMOHATBHAS MACCE 1M FaCTHUI (g Tena, COCTOANIEr0 M3 OIMHAKOBBIX
wacrun). T103TOMy MOKHO HAIUCATH, PACCMATPUBASA M KAK MapaMeTp:

E(p,¢;m) 1
BT K(p).
. — (p)

Takmum 06pazom, mpuvensas Gopmyy (15.11), momyanm cpegHIO KHHETHIECKYTO
SHEPTHIO

K= K(p) = —m(aF/am)Tqv.

'Y Hanommmy, 910 B 060MX CIyYasx pedsb MAeT O MpOIeccax (HampuMep, Xu-
MUYECKUX peaKHI/IﬂX), HpPI KOTOprX TEJI0 HE HAXOIUTCAd B paBHOBeCI/II/I, TaK 4TO
€ro COCTOSHHWE He ONMpEeeNsaeTcda OJHO3HAYHO TEMIEepaTypoil m obbemom (mam
JTABJIEHUEM ).
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§ 16. CooTHOIIEHUST ME>K/ Ty ITPOU3BOIHBIMU
TEPMOAMHAMUYECKUX BEJINYUH

Hawubomee ynorpeburenbabl U yaI00HBI Ha, TPAKTUKE TAPHI TEP-
MouHamudeckux nepemenusix 1, V ul') P. B cBg3u ¢ 91uM BO3HU-
Kaer HeoOXOJUMMOCTh B NIPE0OPA3OBAHUN PA3JUYHBIX TPOU3BOLHBIX
TEPMOJMHAMUYECKUX BEJMYUH JAPYT 10 JAPYrY K JAPYIMM I1€PEMEH-
HBIM — KaK 3aBUCUMBIM, TaK W HE3ABUCUMBIM.

Ecan B kavecTBe HE3AaBUCHMBIX TIEPEMEHHBIX WCIOJB3YIOTCsT V
u T, TO pe3yabTaThl Tpeodpa3oBaHns yA00HO BHIPAXKATH depes3 JaB-
aeune P u rennoemkocrs C (kax dynkuun V' ou T'). Ypasuenue,
CBA3BIBAIONIEE JlaBJeHne, O0beM M TeMIepaTypy, Ha3bIBAIOT YpPaG-
HeHUEM COCMOANUA NAHHOrO Teja. Takum ob6pazom, POPMYJIbI, O
KOTOPBIX 3/I€Ch MJIET PEYb, JIOJZKHBI J1aTh BO3MOXKHOCTH BbIYNC/IATH
pas/IndHbIe TPOU3BOIHBIE TEPMOIUHAMWIECKUX BEJIUIUH 110 yPaB-
HEHUIO COCTOsTHUsT U TerioeMkocT (.

Awnanoruano, ipu Bei6ope P n T B KavuecTBE OCHOBHBIX MEPEMEH-
HBIX Pe3yJILTATHI IPeodpa3oBanus ciepyer Bbipazkars depes V u C)
(kax dbymkumn P u T).

Cnenmyer mpm 3TOM WMETH B BUIY, 9TO 3aBucumocth C, ot V
wm Cp, or P (HO He OT TemmepaTyphl) camMa MOXKET OBITh OTpese-
JIEHA 110 yPABHEHUIO COCTOAHMA. JIeHCTBUTENIBHO, JIErKO BUJIETH, 4TO
npoussognas (0C, /OV )y moxer ObITh npeobpazoBaHa K BULY, B KO-
TopoM oHa onpeenntcsa 1o dyukun P(V,T). Bocmoas30BaBmmch
rem, aro S = —(0F /0Ty, nmeem

2 3 2
<acv) _p 'S 7T6F2:7T69<67F)’
ov /)T Tevar <~ aver ar*\ov )

u, nockosbky (OF/0V)p = — P, nonyunm uckomyio dhopmyity

(@) :T(a‘f) . (16.1)
ov/r or-/Jv
AnajioruunbiM 06pazoM Haiigem (hopmysLy
2
(%) —T(a >) (16.2)
oP /)T or+/p

(mpu npeobpazoBanuu HAJ0 BOCHOAL30BaTLCst hopmyamu (15.8)).
[Tokarkem, KakuM 00pPa3OM MOXKHO MPEO0OPA30BATH HEKOTOPHIE
u3 Hambojiee YaCTO BCTPEYANOMIUXCS TEPMOJUHAMUIECKUX [IPOU3-
BOJIHBIX.
[IpoussogHble OT SHTPOTUHU TO O0OBEMY WM JABJIEHUIO MOTYT
OBITH BRIYUCIEHBI 10 YPABHEHNUIO COCTOSTHUSI C TIOMOIIIBIO CJIETY FOIIIX
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dopMyII, SIBISIOMINXCST HEMTOCPEICTREHHBIM CIEICTBUEM BBIDaYKeHUIt
st anbepeHInaaoB TEPMOINHAMITIECKITX BEJINTNH.

Nmeem
(3_5) _fi@_F) _fi@_F)
aov/)r  oav\ear/v  oar\av/y'

(ov )= (or)y (163

AnajiornyabiM 0b6pazom
(@) __i<5_‘1’) __i<3_‘1’)
oP)T oP\or /) p ar \opP/) T’
(@) :_(3_‘/) _ (16.4)
oPJ)T or/p

OE
HpOI/ISBOILHaH (ﬁ BbBIYUC/IAETCA Ha OCHOBAHUU PaBEHCTBA
T

dE =T dS — P dV xax
(7). (),
oav/rT ov/r

wsn, noacrasiss (16.3)

njamn

nJjin

Y

(8E) —T(aP)T—P. (16.5)

ov/)r  ~\or

AHaoruaHBIM 00pa30M MOYXKHO HAlTH clemyromnme (hopMyJIb:

(%)T - 7T<%)P B P(%)f (16.6)
(%)T: T(%)V—F V(ZTI:)T’ (ZLI‘?/)T: V- T(%)P’ (16.7)

(%)P:CP_P<Z_¥>P7 (%—V;f)V=Cv+V(Z—§)V. (16.8)

Haxower, mokakem, KaKuM 00pPa3oM MOYKHO BBIYUCIUTH TEILIO-
emxocTh O, mo temyoemkocTn C), M ypaBHEHUIO COCTOAHMWS, TIOJh-
3ysdChb B KadecrBe OCHOBHbIX mepemenubivu 1 u P. Ilockosibky

c, = T(‘ls
oT

oS
(87) K JPyI'UM HE3aBUCHUMBbIM IepeMeHHbIM. Takoro poja mpe-
v

)V, TO pedb WAET O MIPeodPA30BAHUU TPOU3IBOIHOMN
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obpa3oBaHme MpOIIE BCETO OCYIIECTB/ISETCS C MOMOIIBIO STKOOMA-
HOB') .
ITumenm:

B s, vy
Co = T(aT) Ta(T,V) o
8(5,V)/0(T, P) 1,(05/0T) p(9V/OP)r — (9S/0P)7(dV/0T)p _

~ow o, p) (0V/0P)z
— Cp — (95/0P)r(0V/0T)p
- (0V/OP)r
IMoacrasasist ciona (16.4), momyanm uckomyio (hopmy.ry
o = VD)
Cop = Co=-T o op)e: (16.9)

Ananormansiv obpasom, mpeobpasys C) = T(g—i) K TIepeMeH-
P

woiM ') V| MOkHO mIO/IyunTh (DOPMYILY

¢, — ¢, — —7OPIODy. (16.10)
(OP/OV)r
1 SIxo6mamom 8Eu, v) HA3BIBAIOT OTIPEICTTATETH
T,y
ou ou
A(u,v) | 0z Oy (1)
Ox,y) | Qv Qv p
dr Oy

O oby1amaeT CIeayomUMA O9eBUIHBIMIA CBOHCTBAM:
O(w,u) _ 9(u,v)
Ax,y)  O(x,y)
o(u,v) _ (@) .
Az, y) Ox/y

(1)

(I11)

Janee IMEIOT MECTO CJTeIyIomye COOTHONIECHN:
0(u,v) O(u,v) O(t,s)
a(z,y) O(t,5) O(z,y)’

du dv
d[‘)(u,v)a(dt ) 6( dt)

Ea(z,y) Az, y) Az,y)

Iv)

(V)
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[Tpowssonnast (OP/OV)r Bcerga orpumarenbHa— IIPH H30TEP-
MMYECKOM PACIIMPEHUU TeJa ero jasjenue scerga nagaer (B §21
9T0 06CTOATENLCTBO Oyer qokasano crporo). M3 dopmyasr (16.10)
CJIEJIYET TI03TOMY, 4TO JJIsd BCEX TeJl

Cp > C,. (16.11)

[Ipu agmabaruueckoM pacmupenun (MaM CKATUM) Teaa 0CTa-
ercs HeM3MeHHOM ero surponusi. [1oaToMy CBsI3b MeKJLy Temiiepar
TYpOit, 06 bEMOM U JIABJICHUEM TeJja [pH a1uabaTuvaecKOM MPOLEcce
OTIPEIEISIETCST PA3INTHBIMU TPOU3BOIHBIMU, B3ATHIMU MTPU TTOCTOSTH-
HOI sHTponmu. BeiBegem hoOpMyIIbl, TTO3BOJISIIONINE BHIYUCIUTE STH
MPOU3BOIHBIE TI0 YPABHEHUIO COCTOAHUS TEA W €0 TEIJIOEMKOCTH.

Jl1st TpOM3BOIHOI OT TeMIIEpaTyPhl TI0 00bEMY MMeeM, TTepexXOst
K He3aBUCUMbIM nepementbiv V1"

(8_T> _AT,S) AT, S)/A(V,T)  (dS/aV)r _l(@)
av)s  a(v,S)  a(v,S)/o(Vv,T)  (8S/9T)vy  C,\ov /)7’
wyn, nojacrasisia (16.3):

(55) =- (%), (16.12)

ov/s C, \oT /v
Anajoruasbiv 0bpazoM Haiijem hopmyJty

oT T (0V
(or)s = &, (or) » (16.13)

U3 s1ux dpopmyst BugHO, 910 eciu KOIMPUIUEHT TEIIOBOIO pac-
mmpennst (OV/0T) p nonoxuresnen (oTpuraTesien), To mpu agnada-
TUYECKOM PACIIMPEHUU TeMIeparypa Tejaa najgaer (Bozpacraer)’).

Hasiee, Boraucinm aimadarndecKyio CzkumMaemMocts resia. [lumrem:

(0_V) AV, 8) d(V,8)/d(V,T) d(V,T) _ (dS/dT)v <8_V>
oP)s — o(P,8)d(P,S)/d(P,T)d(P,T)  (9S/dT)» \OP /)1’

(a—v) :@@—V) . (16.14)
oP /s Cp, \OP/T

Beugy mepasencrsa Cp, > (), orciofa cieayer, 9To aanadaTuyaecKas
CKUMAEMOCTH 110 abCOJIOTHON BeJIMYMHE BCErja MEHbINe N30TepMU-
YEeCKON C2KMMaeMOCTH.

Ucnonbzys dopmyant (16.9), (16.10), moxkuo noayuurs u3 (16.14)

COOTHOILIEHU A
2
(o= Grlr a5 o
oP/s orP/)rT C,\oT/p
) oP T (OP\?
(ov)s=G)nt e () (16.16)

1B §21 6yzer gokazaro crporo, ato seerma C, > 0, a noromy n C, > 0.

njamn
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§ 17. TepmoanHaMUYECKasl MIKAJIA TEMIIEPATY PbI

[Torazkem, KaKuM 00PA30M MOXKHO, TIO KpaifHelt Mepe B IPUHII-
e, MOCTPOUTH TEPMOJAMHAMUIECKYTO MIKAJLY TEMIEPATYPbI, UCIOJIb-
3ysl JIJIg TOrO MIPOU3BOJILHOE TEJI0, YPABHEHUE COCTOsIHUS KOTOPOIO
3apanee He MPEJIoaaraeTcss n3BecTaHbiM. Ipyruvu cioBamu, 3a/1a4a
COCTOUT B TOM, 4TOOBI C TTOMOIIIHIO STOTO TeJa YCTAHOBUTH 3ABUCH-
vocth T = T(7) mexay abcomoTHOi mKaaoii Temneparypbt T u
HEKOTOPOM 4uCTO yC/JOBHOM LIKAJION T, OlLpe/e/ideMOil 11POU3BOIbHO
I'PAJLYUPOBAHHBIM «TEPMOMETPOM>.

1t 9T0r0 MCXOAUM M3 CIeYTOMero COOTHOIEHNs (BCe BeJnn-
HBI OTHOCATCS K JIAHHOMY TeJTy):

(), =(3),= (2

OP/)T oP/)T or/p

(mbr ucnosbzoBaaun (16.4)). IMockonbky 7 u 1" cBg3aHbl APYT € APY-
rOM B3aWMHO OJHO3HAYHO, TO 0E3pa3IWTHO — MUCATH JIW TTPON3BOJI-

Hyto nipu nioctogaaoMm T wian 7. [IponsBoanyo xKe (8_T> repenn-
P

(57),=(5) 5
oT/)p \or/)pdl’

(39), --r(%), %
orP/)+ ar ) pdr’
dnT _ (9V/dr)p

dr (0Q/dP), "

B npapoii 4acTu paBeHCTBA CTOSAT BEJIMYUHBI, KOTOPBIE MO-
I'yT ObITh HEIIOCPEJICTBEHHO M3MEPEHbl KaK (DyHKIUMKM YCJIOBHONH TeM-
neparypsl 7: (0Q/0P); onpenensieTcss KOJIWIECTBOM TEIIa, KOTO-
poe OKHO OBITH COOOINEHO Tedy /I TOrO, UTOOBI TPHU PACIIN-
pPEeHUM TIOJIepyKaTh €ro TeMIepaTypy MOCTOSHHON, a MPOu3BOJI-
nas (OV/01)p oupenensiercs namenenuem o0bema Tejia [IPU HADe-
Bannu. Takum obpaszom, dopmysa (17.1) permaer nmocTaBjIeHHYO 3a-
Jlady, MO3BOJIsis OIPEIEUTh UCKOMYTO 3aBucumocts 10 = T'(7).

[Tpu 3TOM HAJO MMETh B BHJY, YTO MHTEIPUPOBAHHUE COOTHO-
urennst (17.1) onpegensier InT ¢ TOYHOCTBIO 10 AJAUTUBHO 11OCTO-
aunoi. Orcioga cama Temneparypa 1 ONpesesnTcs ¢ TOYHOCTBHIO
JI0 TIPOU3BOILHOTO TIOCTOSTHHOTO MHOXKHUTENs. Pasymeercsi, Tak u
JIOJIZKHO OBITH — BBIOOD EIWHWI] W3MepeHus abCOTIOTHONW TeMIepa-
TYPBI OCTAETCSA TIPOM3BOJIBHBIM, YTO SKBUBAIEHTHO HAJIWYIUIO TTPO-
U3BOJIBHOIO MHOXKUTEs B 3aBucumoctu T = T'(7).

CblIBa€eM B BH/IE

Torga numeem

nJjamn

(17.1)
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§ 18. IIponecc /Ixoynsi—Tomcona

Pacemorpum nponece, 3akatouaiomuiics B Tom, uto ra3 (uin
JKUJIKOCTh ), HAXOSIIUTICS 1011 1aBjieHreM Pj, craroHapHbiM 00pa-
30M TIEPEBOIWTCSA B COCYJ, TIe ero jamjenHne ectb Py. Crammonap-
HOCTB MPOIIECCA 03HAYALT, UTO B MPOJIOIKEHIE BCErO MPOIECCa TaB-
geaust P; m P, ocraiorcs mOCTOSHHBIMU. Takoi TpOIece MOXKHO
CXeMATUIEeCKU MPEJCTABUTH KAK Iie-
pexoj| raza 4depe3 MOPUCTYIO IIepPero-
posky (a Ha puc. 2), MIpUYEM MOCTO-  —> —>
SHCTBO fgaBienwii mo obe cropomm | b |af Pr{l/——
MEPErOPOJIKN  TIOJAEPKUBACTCS  CO-
OTBETCTBEHHO BJIBUTAIONIUMCS U BbI-
JBUrAOMUMCs nopiuagmu. Ecau ot-
BEPCTHS B MEPErOPOIKE TOCTATOTHO Puc. 2
MaJIbl, TO CKOPOCTH MaKPOCKOTHIe-

CKOT'O TEYeHWs ra3a MOYKHO CUMTATH PaBHON Hy/0. Bymem Takike
MPE/INOIaraTh, 9TO ra3 TEIION30UPOBAH OT BHEIHENH CPEeIb.

Onucannplii npouecc HasbiBaeTcs npoueccom Jocoyas Tomco-
na. Ilogaepkaem, 910 3TOT MPOIECC HEOOPATHUM, UTO BUIHO yIKe W3
HAJIUYUs TTEPEropoaKn C MAJEHBKUMHU OTBEPCTUSIMU, KOTOpas CO3-
maet DOJIBIIOe TPEHWe, YHUITOXKAIIIee CKOPOCTh ra3a.

IIycrs HEKOTOpPOE KOJIMYECTBO ra3a, 3aHUMABIIEE DU JABJIE-
wun Py obbwem Vi, mepexoauT (Tension307MpoBaHHO) B obbeMm Vo,
pUYeM JaBJIeHNe CTAHOBUTCA PaBHBIM Py, I3menenne sneprum Foy —
—F; sroro raza Oymer paBHO paboTe, MPOU3BEIEHHON HAJ Ta30M
JUIse TOrO, 4To0bl BBITECHUTH ero u3 obbema Vi (31a pabora pas-
Ha PyVp), Munyc Ta pabora, KOTOpasi TPOM3BOIUTCS CAMUM Ta30M
s TOro, urobbl 3aHaTh 00bem Vo npu gasnenun P (3ma pabora
pasHa P,V;). Takum obpazom, nveem: Fy — By = PiVi — PyVo, m.e.
Ei + PVy = Ey + PoVo uiu

Wy, = Wa. (18.1)
Taxum obpaszom, mpu nporecce /xoyna—Tomcona coxpansiercs Te-
wioBasg pyHKIU ra3a.

U3menenne temmeparypbl IpU MajOM WM3MEHEHUU JIABJIEHUS B
pesynbrare nponecca Jxoyns Tomcona omnpeessiercss mpou3Boj-
Hoit 0T /0P, B3siT0it pw mocTosiHHOI TeroBoi dynkmn. [Ipeobpa-
3yeM 3Ty TPOM3BOIHYIO, TIEPEX0/Isd K HE3aBUCUMBIM MepeMeHHbIM P,
T. Nnmeem

(aT) AT, W) _ (T, W)/d(P,T) _  (0W/OP)r
oP/w

- A(P,W)  A(P,W)/dP,T)  (OW/OT)p’
oTkyza ¢ momorbsio dhopmy (14.7) u (16.7) moxysaem

(g_va)W - ci [T@—Z)P -v]. (18.2)
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V3menenne SHTPOMUN ONpenessieTcss pon3BogHoii (0S/0P)wy .
W3 coornomrenns dW = T'dS + V dP, nanucanuoro B Buge dS =
=dW/T —V dP/T, nvmeem

(52) =-%. (18.3)
oP/w T
OTa BeJMYMHA BCEJA OTPULATE/bHA, KAK U JOJXKHO ObLIO ObITb:
epPEexO0/] Ta3a K MEHBIEMY JTaBJIEHNIO TTyTeM HeoOpaTUuMOro mPOoIecca
Jxoynsg—ToMmcora COTPOBOXK/IAETCA yBETUUYEHUEM SHTPOTTIH.
Ckaxkem HeCKOJIbKO CJIOB O TIPOIECCe, 3aK/II0YAIONIEMCS B TOM,
qTO Ta3, MePBOHAYAIBLHO HAXOJUBIIWUIICH B OJHOM U3 JIBYyX CO00-
HIAFOIIUXCST COCYJIOB, PACIIUPSIETCS BO BTOPOI COCYJL; 3TOT MPOLECC,
pa3ymeercs, He CTAlMOHAPEH, W JaBjeHus B 000UX COCyJ ax MeHs-
IOTCS, TIOKa He CPaBHAIOTCS JAPYT ¢ ApyroM. IIpm Takom pacmmpe-
HUHW Ta3a B MYCTOTY COXPAHACTCA €T0 SHEPTUA E. ECJII/I B pe3yJib-
TaTe pPACIIPEHust OOIImit 0O0heM MeHsIeTCsT JNIh He3HATNTEIhHO,
TO W3MEHEHUe TeMIleparypbl Olpejesasdercd IIPOU3BOJHON (g—‘T/)E
Ilepexomst B 91011 1pOM3BOAHON K HE3aBUCUMBIM 1iepemerabim V1
nostyaum hopMyJLy

()e=alr -7, ) 5.4

Z];.HH N3MEHCHWA SHTPOTNN NMMEeeM

(‘95) _ L (18.5)

awv/)leg T

Kax n cimetoBasio oyknaTh, SHTPOTNAS BO3PACTAET TTPU PACTTHPEHNN.

§ 19. Makcumasibuasi pabora

PaccvoTpuM TErIon30MpoBaHHYy 0 CHCTEMY, COCTOSIILYIO N3 He-
CKOJIBKUX TeJ, He HAXOMIIIUXCS JIPYT C APYTOM B TEIJIOBOM paB-
HoBecnun. B Teuenme mporecca yCTAHOB/IEHWS PABHOBECUST CHCTEMA
MOZKeT COBepiiarh pabory (Haj kKakumu-anbo BHEHIHUMU O0BLEKTa-
mu). Tlepexoj; B paBHOBECHE MOYKET, OJHAKO, COBEPINATHCS PA3JIN-
HBIM 00pa3oM, TpudeM OyIyT pa3audHBIMU W OKOHYATEThLHBIE PaB-
HOBECHBIE COCTOSTHUSI CUCTEMBI; B YACTHOCTH, OyIYT PA3TUIHBIMU €€
SHEPIUs U SHTPOIIUS.

CooTBeTCTBEHHO 3TOMY TOJHAsT paboTa, KOTOPYH MOXKHO I10-
JIYYUTHb OT HEPABHOBECHOI cucrembl, OyJer 3aBuceTrb OT Crocobda
YCTAHOB/IEHWST PABHOBECHUsI, M MOYKHO MTOCTABUTH BOMPOC O TOM, Ka-
KM 00pa3oM JI0JI7KeH TPOM30HTH TIEPeXo/l B PABHOBECHOE COCTOsI-
HUe, JIJIT TOTO YTODBI CHCTeMa MTPON3BEIa HANOOIBITYI0 BO3MOXKHYIO
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pabory. Ilpm sTOM MBI WHTEpECyeMCs WMEHHO TOW PaboToii, KOTO-
past TPOU3BOANTCS 3& CUET HEPABHOBECHOCTU CUCTEMBI; 3TO 3HAUNT,
9TO HAJI0 UCKJIIOYUTH PaboTy, KOTOpas MOrJia Obl ObITH IPOU3BEIEHA
3a cyer 00IIero pacimpeHus CUCTEMbl, Takasd pabora mMorsa Obl
MIPOM3BOUTRHC W CHCTEMOM, HaXOAsIeics camoit mo cebe B pas-
noBecnu. COOTBETCTBEHHO STOMY Oyaem Mpenoaaratb, 9T0 B pe-
3y/IbTaTE MPOIECCa OOIIMil 00beM CHCTEMBI OCTAETCA HEU3MEHHBIM
(XOTS1 M MOYKET MEHSIThCSI B TEUEHUE MPOIEeCca).

[Iycrs nepBonavajibHast 9HEprusi cucreMbl ectb Fg, a sHeprust
B COCTOSIHUM PABHOBECHS KaK (DYHKIMS OT SHTPOINUU CUCTEMbI B
sroM cocrosiiun E(S). Besepcrsue remion3onnpoBaHHOCTH CUCTE-
MBI TTPOU3BE/IEHHAs €10 paboTa paBHA MPOCTO M3MEHEHWIO SHEPTHUN:

|R| = Ey — E(S)

(mb1 TMTiTem | R/, Tak Kak mo mpuHATOMY Hamwu yciaosuioo R < 0, ecan
paboTa npOU3BOAUTCS CAMOI CHCTEMOI).
Hunddepenmupyst |R| nmo surpormwm S KOHEYHOTO COCTOSIHUS,

nmMeeM oIR
o _ a8y _ _q,
oS oS /v

rme T — TemrepaTypa KOHEYHOTO COCTOSIHUS; TTPOU3BOIHASA Oeper-
Csl 1IPU 3aJIAHHOM 3HAYEHUH O0bEeMa CUCTEMbl B KOHEYHOM COCTOSI-
Hun (COBHAJAIOIIEM C €ro HAa4a/bHON BesmuuHoii). Mbl Bugum, uro
9Ta TPOM3BOJHAS OTPWIATENTbHA, T.e. |R| ymeHbImaercs ¢ yBenn-
gennem S. Ho sHTponms Temaon301upOBAHHON CUCTEMBI HE MOXKET
yobiBarh. [Toaromy naunbosnbmee Bozmoxkuoe |R| Gyaer pocTuruyTo,
ecyi S OCTAHETCsl B TEYEHUE BCErO MPOLECCa HEM3MEHHOT.

Takum 00pazoM, Mbl HPUXOJUM K BBIBOJY, U4TO CUCTEMA, [IPOU3-
BOAUT MAKCHMAJbHYIO PabOTy B TOM CJIydae, KOTja €€ SHTPOTHUS
OCTAEeTCs TIOCTOSTHHOM, T.e. TMepexojl B PABHOBECHOE COCTOSIHUE CO-
BepIIaeTcst 00PaTUMBIM 00PA30OM.

Onpejiesium MakCuMaibHYI0 paboTy, KOTOpasi MOXKET OBbITh MPO-
u3BeJleHa 1pu 00OMEHEe MaJjibIM KOJUYECTBOM IHEPIUU MEXKJIy JIBY-
Msl TeJaMu ¢ pazjudHbiMu remueparypamu 17 u Th; nycrs Ty >
> Ty. [lpexge Bcero moguepkHeM, 9TO ecind Obl mepegada SHEePrun
MPOUCXO/INIA HEMOCPEJICTBEHHO MPU COMPUKOCHOBEHUN 000WX Te,
TO HWKaKOW paboThl BoobOIIEe He OBIIO OBl Tpom3semeno. Ilpomecc
ObL1 Gb1 HEOOpaTuMbIM (3HTPONMs OGOMX TEJl yBeaMuuIach Obl HA
JE(1)Ty — 1/Ty), rne JE — nepeneceHHOE KOIMYECTBO IHEPIWN).

[lostomy mmrst TOro, 9TOOBI OCYHMIECTBATH OOpPATUMBIN TIEPEHOC
SHEPIUK U, COOTBETCTBEHHO, MOJIYUYUTh MAKCUMAJIBHYIO PAabOTy, He-
00X0JMMO BBECTH B CHCTEMY eIe OJHO BCIIOMOIaTebHoe Teno (pa-
bouee me/w), COBEPITIAOIIEE OTpeIeIeHHBI 00paTUMBIil KPYyTOBOit
nporiecc. Ilporecc 3TOT [0/MKEH OCYIIECTBISITHCA TaKUM 00pa3oM,
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9TOOBI TejIa, MeXKJIy KOTOPHIMHU MPOUCXOINT HEOCPeJICTBEHHBIH 00-
MeH 3HEeprueil, HaXOAUINCh TIPY OJUHAKOBOI Temmeparype. menno,
pabouee Tejio npu remueparype Th NpUBOIUTCS B CONPUKOCHOBEHUE
¢ TEJIOM ¢ TeMieparypoil 15 U W30TepMUYECKU MOIYy9aeT OT HEro
OIIPEJIEJIEHHYTO SHEPIUI0. 3aTeM OHO a uabaTUdecKu OXJIAXK1aeTcst
10 TemriepaTypbl T, OTZaeT TPU 9TOIW TeMreparype SHEpruio Te-
JIy ¢ Temmeparypoit 17 u, nHakower, aanabaTudecku BO3BPAIIAET-
Cs1 B TIEpBOHAYAJIbLHOE cocTosiHue. [Ipu pacimmpennsix, CBI3aHHBIX C
STUM poreccoMm, pabodee Teso npousBour paboTy HAJL BHEIIHU-
Mu oObekTaMu. OnucaHHblilt KPyroBO# MPOLECC HABBIBACTCS UUKAOM
Kapro.

[Tepexo/ist K BBITUCIEHWIO TIOTY YAOIIEICsT MAKCUMAJILHOM pabo-
TBI, 3aMeYaeM, 9TO pabouee TeI0 MOXKHO TPU ITOM HE PACCMATPHU-
BaTh, MOCKOJIBKY OHO BO3BPAIAETCA B PE3y/IbTaTe TMPOIECCa B WC-
xojHoe cocrosinue. Ilycrs Gojiee HArpeToe BTOpPOE TEJI0 TepsieT KO-
JmaectBo sHeprun —0Fs = —T50S9, a nepBoe nojiydaer mnpu 3Tom
sHepruto 0] = T10S57. Beujy obparuMoctu mnponecca cymMma 9H-
Tponuii 000MX TEJI OCTAETCA TTOCTOAHHOM, T.e. 057 = —3S5y. [Ipons-
BegeHHas paboTa paBHA YMEHBINEHUIO MOJTHONW SHeprunm 000mX Te,
T. €.

|5R|max = —5E1 — (SEQ = —T1551 — TQ(SSQ = —(TQ — T1)552,
nan
T
T,
OTHotrenrie COBEPIIEHHOW pabOTHI K KOJWIECTBY 3aTPAUICHHO
SHEPIUN HA3BIBAIOT koaddunuenmom nosesnozo deticmeus 1. Mak-

cuMasIbHbIH KO3(MMUIUEHT TOJIE3HOI0 JeHCTBUS IPU IIEPEX0/E dHED-
run or Gojiee HAIPETOrO K MEHEE HAI'PeTOMY Tejy PaBeH, COIJIac-

Ho (19.1),

10 Rl 0Es|. (19.1)

Tlmax =

T, - T,

T,
Bosiee y100HOI BeMUUHON SIBJISIETCH  KOAPPUUUEHM, UCTLOADI06G-
HUA T, OLUPEE/IsieMblil KAK OTHOIIEHUE ITPOU3BEIEHHON PAbOThI K

MaKCUMaJIbHOI pabore, KOTOpasg MOXKET ObIThb MMOJIyYeHA B JAHHBIX
yenoBusx. QUeBUIHO, ITO 11 = 1)/Nmax-

(19.2)

§ 20. MakcumanbHas pabora, TPOU3BOANMAST TEJIOM,
HAXOOLAIUMCSI BO BHeIHell cpejie

PaccvoTpum Temneph BOMpOC 0 MaKCMMaJIbHOW paboTe B Jpy-
roit moctanoBke. IlycTh Tes10 HaAXOAUTCA BO BHEINTHEN cpefie, MpuyieM
Temriepatypa Tp n gapaenne Py cpeabl OTIUYHBI OT TeMmepaTypbl T'
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n masnenus P rtema. Temo moxker coeprmath paboTy Ha HEKO-
TOPBIM O0BEKTOM, KOTOPBIH MPEANOIaraeTCst TeIION30INPOBAHHBIM
KaK OT CpeJibl, Tak u oT jaHHoro reja. Cpema BMecTe ¢ HAXO/s-
HUMUCH B Hell TejoM u 00beKTOM paboTbl 00pasyer 3aMKHYTYIO
cucremy. Cpesta 06J1aaeT HACTOIBKO OOJIBIIUMEU OOBEMOM U SHEP-
rueit, 9T0 W3MEHEHWe TUX BEJUYNH B PE3Y/IbTaTe MPOUCXOISIITIX
C TEJIOM TIPOIECCOB HE TPUBOIUT K CKOJBKO-HUOYIH 3aMETHOMY W3-
MEHEHWIO TEeMTIEPATYPhl W JABJEHUsI CPEIbl, KOTOPBIE MOYKHO, CJle-
JIOBATEJIBHO, CUUTATH MOCTOAHHBIMU.

Eciiu 6b1 cpenpt me 66110, TO pabora, TPOU3BEJEHHAS TEJIOM HAJL
TEIJIOU30JIMPOBAHHBIM 00'BEKTOM TPU 33JIJAHHOM U3MEHEHUU COCTOSI-
HYs Tesia (T. e. 3a/[aHHBIX HAYaIbHOM ¥ KOHEYHOM COCTOSTHUSX ), ObLIa
OBl BIIOJTHE OTPEEIEHHON BeJTUYINHON, paBHON M3MEHEHUIO SHEPTUH
tena. Hammame ke cpenpl, TOXKe ydacTBYIOIIE B TpoIecce, IeaaeT
Pe3yJIbTAT HEOJHOBHAYHBIM, U BOZHUKAET BOIPOC O TOM, KAKOBA MaK-
cuMajibHasi paboTa, KOTOPYIO MOXKET [MPOU3BECTU TEJIO [MPU JTAHHOM
U3MEHEHUU €0 COCTOSTHUS.

Ecnn mpu mepexome m3 0OIHOTO COCTOAHWS B JIPYTO€ TEJIO MPO-
U3BOAUT PADOOTy HAJ BHENTHUM OOBLEKTOM, TO MPHU OOpPATHOM IIe-
pexosie M3 BTOPOTO COCTOSTHWST B TIEPBOE KaKOW-IMO0 BHEITHMI mC-
TOYHUK PabOThl JIOJ2KEH NPOU3BOAUTHL pabory uaj rtejnom. [Ips-
MOMY IEPEXOJLY, COMPOBOXKJIAIOIIEMYCsI COBEPIIEHUEM TEJIOM MAKCH-
MabHOH paboThl |R|max, COOTBETCTBYET OOpATHBIN 11EPEXOJ, OCYy-
[IECTBJIEHNE KOTOPOTO TPedyeT 3aTpaThl BHEITHUM MCTOYHUKOM MU-
HIUMAIBHOM paboThl Ryin. Ouerngno, aro paboTsl |R|max 1 Rmin
COBIAJAIOT APYT C JAPYyrOM, TaK YTO 337a49u 00 WX BBITUC/ICHUN
[OJIHOCTBIO SKBUBAJEHTHbBI, W HUXKE Mbl TOBOPUM O pabore, mpous-
BOJIMMOMN HAJ| TEJOM TEIJIOU30/IUPOBAHHBIM BHEITHUM UCTOYHUKOM
paboTHI.

B Teuenme mporecca Tero MoxKeT 0OMEHWBATHCST TETLIOM 1 pabo-
TOit co cpemoii. Pabora, mpom3Begennast HaJ TEIOM CPEIOi, TOIK-
Ha OBIThH, KOHEYHO, BBIJIE/IE€HA W3 TOTHONW MPOU3BEIEHHON HAJ TETIOM
paboTbl, TAK KAK HAC MHTEPECyeT Jullb Ta padora, KOTOpas mpous-
BOJIMTCSL JIAHHBIM BHEIIHUM MCTOYHUKOM. Takum 00pazom, mojiHoe
usmenenue suepruu rena AE npu mekoropom (He 00sg3aTENbHO Ma-
JIOM) M3MEHEHWM ero COCTOSHWS CKJIAJIhIBAeTCs W3 TPEX dacreil: u3
[IPOU3BEJIEHHOT HaJi TejioM paboThl BHEIIHEr0 UCTOYHUKA R, 13 pa-
60T, TPOUZBEIEHHON CPEJIOi, 1 U3 MOJYyYEeHHOIO OT CPeJbl TEeILIA.
Kak yxke 0b110 ykazano, O/1arogaps OoJibIiuM pa3MepaMm CpPeibl ee
TEeMIEPATypy W JABJICHUE MOYKHO CUUTATH MMOCTOAHHBIMU; MTOITOMY
npousBesieHHas e Haj rejaom pabora ecth PyAVy, a ornanHoe e€xo
Ko/maecTBo Teria pasHo —TyASy (ByKBBI ¢ MHIEKCOM HYJIh OTHO-
cATCs K cpefie, a 0e3 wHIekca— K Teny). Takum obpasom, mmeem

AE = R+ PyAVy — TyAS,.



82 TEPMOJVNHAMNYECKNE BEJIMYNHBI JI. 11

TTockoabKy 00HEM Cpesbl BMECTE C TEJIOM OCTAETCA HEM3MEHHBIM,
o AVy = —AV. [anee, B cuiy 3akKoHa BO3pACTAHUSI SHTPOMUN
umeem: AS +ASy > 0 (3HTPONMS TENI0M30JIMPOBAHHOIO UCTOYHUKA
paborel BoOOIIE He Mensiercst), Tak 4Tto ASy > —AS. Tlosromy u3
R=AF — PyAVy + ToAS + 0 naxogum

R > AE —TyAS + PyAV. (20.1)

3HaK PaBEHCTBA JIOCTUTAETCS TTPU 00paTuMoM mporecce. Takum
00pa3oM, MBI CHOBA TIPUXOINM K BBIBOY, UTO TIEPEXOJ] COBEPITALTCS
C MUHUMAIBHON 3arparoil paborsl (K, COOTBETCTBEHHO, OOpATHbI
Mepexoj — C MaKCUMaJIbHBIM TIPOU3BOJACTBOM PabOTh), €CJIN OH TIPO-
UCXOAUT 0OpaTnMo. BenmmdanHa MUHNMATBHON PabOTHI OTIPEeIeIIeTC s
dopmyJioit
Ryin = A(E — TS + P()V) (20.2)
(Ty m Py Kak MOCTOSIHHBIE BEJMYUHBI MOTYT OBITH BHECEHBI 0] 3HAK
A), T.e. ara pabora pasHa uamenenuio sequuunbl E — TS + PyV.
st MmakcumMa ibHON paboTbl hopMysia T0KHA ObITh, OU€BUHO, HA-
mcana ¢ 0OpaTHBIM 3HAKOM:

|R|max = —A(E —TyS + PyV), (20.3)

TaK KaK HadaIbHOE M KOHEYHOE COCTOSHUSA MEHSIOTCS MEeCTaMMu.

FEcnn B Tedenne mpoiiecca TeJI0 HAXOAWTCS B KayKAbI JTaHHBIN
MOMEHT B DABHOBECHOM COCTOSIHWM (HO, KOHEYHO, HE B pPaBHOBe-
CUM CO Cpeioii), TO Jjijisi GECKOHEYHO MAaJIoro W3MEeHEHWs] COCTOsI-
nust popmysy (20.2) MOXKHO HaIUCATH B APYTOM BHJIE; HOJCTABUB

dE=TdS — PdV B dRmin — Ty dS + Py dV, naxoaum
dRpyin = (T — Tp) dS — (P — Py) dV. (20.4)

OrMernM JBa BasKHbBIX 4YaCTHBIX Ciaydad. Ecim obbem m rem-
neparypa Tejaa OCTaloTCs HEM3MEHHBIMU, IPUYEM NOCJIEHAA PABHA
remrieparype cpebl, To u3 (20.2) mveem: Ry, = A(E —T'S), nm

Rmin - AF; (205)

T.e. MUHUMaJbHAsT paboTa paBHA M3MEHEHUIO CBOOOIHON SHEPTHU
resa. Ko Ke MOCTOAHHBI TeMIeparypa # JlaBjeHue Teja, IpU-
qem 1' =Ty, P = Py, T0 nmeem

Rmin = A(I), (206)

T. €. paboTa, MPOU3BEIeHHAST BHEITHUM HCTOYHUKOM, PABHA W3MEHe-
HUIO TEPMOJAMHAMNUYECKOI'O IMOTEHINaJIa TeJjia.

[Toguepkuem, 410 B 000MX TUX YACTHBIX CJAydasdX PEUb JIOJIK-
Ha WATW O Tejle, KOTOpOe He HaXOAWTCS B PABHOBECUW, W TTOITOMY
ero COCTOsIHMe He ompejessiercss ogaumu toiapko T n V. (mmm P);
B MTPOTUBHOM C/Iy9a€ TTOCTOAHCTBO 3TUX BEJIUYNH O3HAYAJIO 6]31, 9TO
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HUKAKOTO TIPOIEcca BOOOIIE HE TMPOUCXOANT. Peuh MOXKET maTw, Ha-
MpuMep, 0 XUMWYIECKOH PEaKIINM B CMECH PEarnpylommx IpyT C Apy-
rOM BEHIECTB, O MPOLECCe PACTBOPEHUS M T. II.

[peanonoxkum Teneps, 4To HAXOAAIIEECS BO BHEIIHEH cpeje Te-
JIO IPEJOCTABAEHO CAMOMY CeDe M HaJl HUM HE NPOU3BOJUTCA HUKA-
Koit paborel. B 3Tom Tesme OyayT MpOWCXOAWTH CAMOMPON3BOIBHBIE
HeoOpaTUMBIE TTPOLECCHI, MPUBOASAININE €r0 B paBHOBecme. B mepa-
sercree (20.1) Hago reneps mojoxkuTh R = 0, mosromy Oyer

A(E — TyS + PyV) < 0. (20.7)

DTO 3HAYNT, YTO B PE3yJIbTATE TTPOUCXOJSIINX C TEIOM TTPOIECCOB
Besinunna B — 1pS + FPyV Gyner yboieaTh, Tak 9TO B PaBHOBECHN
OHA JIOCTUTHET MUHUMYMA.

B wacraocru, npu camonpousBOIbHBIX IPOMECCAX C OCTOSHHBI-
mu Temieparypoit 1T' = 1y u nasiennem P = Py ybpiBaer Tepmoju-
HaMWYecKnii norennuan Tega P, a mpu mporeccax € MOCTOSTHHBIMT
temmneparypoit T = Ty n obbemoMm Teaa yOBIBAET ero CBOOOIHAS
sHeprus F. DTn pe3yabTarhl ObLIN yKe MOJIyYeHbl C JAPYTroil TOYKN
spenus B § 15. OrMernm, 94T0 IPOU3BEIEHHBIH 3/1€Ch BBIBO/L 110 CYIIE-
CTBY HE NPEJNOJAraeT, 4TO Temueparypa u oobem (ujim jaBjenue)
Teja OCTAIOTCH IMOCTOAHHBIMU B TEYEHHE BCErO IMPOIECCa: MOYKHO
YyTBEPKJIaTh, YTO TEPMOJAMHAMUYECKWH TMoTeHnmag (Wim CBOOOJI-
HAsl SHEPIUs) Tejad YMEHbIIUTCH B PE3yJbTaTe BCAKOO MPOLECcCa,
B Havajle W KOHIE KOTOPOrO TemrepaTrypa u jasienne (uim obbem)
O/IMHAKOBbI (M PABHBI TEMIEPATYPE U JABJIECHUIO CPE/Ibl), J1AZKe eC/Iu
OHW B TeYeHWe TPOIECCA MEHSINCH.

MunnmaabHOit paboTe MOXKHO TPUMHUCATH €Ie W JAPYroit Tep-
MopmHamudecknit cmbica. [lycrs Sy ecTh monmmas SHTpOnus Tesa
BMeCTe CO CPeJIoil; ec/ii TeJI0 HaXO/INT-

Cd B PABHOBECHU CO CPeJION, TO Sy eCcTb g A
dyHKIMA 0T UX MOJHON sueprun F:

SH:SH(EH). —A S,
[Iycts Tenmo we waxommTess B paBHO- | e f____!
BECUW CO CPEIOii; TOrma uX CyMMap- Rimin
Hasi HTPONUSA OTIAMYALTCA OT 3HAUE-
uust Sy (Fy) (upu ToM 2Ke 3HaUeHUM
X CyMMapHoOil sHepruu Fy) Ha HEKO-
Topyio semmanny AS, < 0. Ha puc. 3
CILIOIIHAs JiMHUs u300parkaer (QyHK- E,
uuio Sy(FEyL), a BeprukaabHbBIE OTpe-
30k ab  Bequuumny —AS,. Topusos- Puc. 3
TATBHBIN YK€ OTPe30K bc ecTh m3MeHe-
HUe TIOMHOW SHEPTHH TPHU OOPATMMOM Mepexoje Teaa M3 COCTOs-
HUST PABHOBECHST CO CPEJIOi B COCTOSTHIE, COOTBETCTRYIOIIEE TOUKE b.
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Apyruvu cioBamMu, 3TOT OTPE30K W300paykaeT MUHUMAaIhHYIO pPa-
00Ty, KOTOPYIO JO’KEH 3aTPATUTH HEKOTOPBIN BHENTHWIT MCTOTHUK
JJIs IIPUBEJICHU Tesla U3 COCTOAHMUSA PAaBHOBECUS CO Cpejoil B JaH-
HOE; COCTOSIHUE PABHOBECHsi, O KOTOPOM DK TOM WJET Pedb (T04-
Ka ¢ Ha PUC. 3), pa3yMeercs, He COBMaJaerT ¢ COCTOSTHUEM DaBHOBe-
CHsi, COOTBETCTBYIOIMM JIAHHOMY 3Hadenuio Fy (Touka a).

[TockosbKy Teso mpejcTansieT coboit BeChMa, Majyio YacTh BCeil
CHCTEMBI, TO MTPONCXOAAIINE C HAM MPOIECCHl TPUBOJAT JUIIL K OT-
HOCUTEJIBHO HIYTOXKHBIM U3MEHEHUAM TTOJIHBIX SHEPTUN U SHTPONNH.
U3 rpaduka na puc. 3 ciegyer modToMy, 9TO

A, = 25
dE,

min-

Ho npoussognas dE,; /dS,, ecrb paBHOBeCHAst TEMIIEPATYDA CUCTEMBI,
T. e. Temneparypa cpeabl Ty, Takum o6pazom,

AS, = Fme L AR TyAS + PAY). (20.8)

1
To To
OTa dhopMysIa OTPeIessieT, HACKOJIbKO OTINIAeTCS SHTPOTIHS 3aMK-
HYTOIT cucrembl (Tes10 + cpeja) 0T CBoero HaubOoJIbIIEr0 BO3MOKHOIO
BHAYEHUSI, €CJM TEJIO HE HAXOJAUTCA B PABHOBECUM CO CPejoil; npm
srom AE, AS u AV passocTu Mex]ly SHEprueii, SHTpOnuei u
00'beMOM Tejla W WX 3HAYEHUSIMHU B COCTOSIHUU TIOJTHOTO PABHOBECHSI.

§ 21. TepmoanHaMUYeCKHEe HEPaBEHCTBA

ITostyuast ycsioBust TeIJIOBOIO PABHOBECUS M3 YCJIOBUS MaKCH-
MaJBbHOCTH SHTPOMHUHM, MBI O CUX TOP PACCMATPUBAIN JINIIH ee
nepBbie Tpon3BojHbie. Tpebysi obpatiennsi B HyJIb MPOW3BOIHBIX
no sHeprum u obbemy, Mbl moayunan (§9, 12) B KauecTBe yCaoBumit
PaBHOBECUs YC/IOBUS PABEHCTBA TEMIIEPATYD W JIABJIEHUH BO BCEX
qacTax Tesga. OQHAKO PABEHCTBO HYJIIO TIEPBBIX MTPOU3BOIHBIX SIBJISI-
€Tcs JIMIb HEODOXOAMMBIM YCJIOBUEM IKCTPEMyMa U He oDeciiednBaer
TOr0O, 4TOOBI SHTPOIMUS MWMeJa WMEHHO MakcuMmyM. Brrsgchnenmne ke
JIOCTATOYHBIX YCJIOBUI MaKCUMyMa Tpebyer, Kak W3BECTHO, MCCIIe-
JmoBaHus BTOporo muddepennnana QyHKINN.

DTO UCCIEIOBAHTE, OTHAKO, YI00HEe TTPOM3BECTH, UCXO/Is HE He-
[IOCPEJICTBEHHO U3 YCJIOBUS MAKCUMAJIbHOCTH SHTPOIUU 3aAMKHYTON
CHCTEMBI, & U3 APYTOro, SKBUBAJEHTHOrO eMy ycjioBusi ') . Boiaeaum

1) Yro Kacaercs 3aBUCUMOCTH IHTPOINUUA OT HMIIYJIbCOB MAKPOCKOIUYECKOTO
JIBUKEHUsI, TO JJIsI Hee HAMHU yrKe OBILIM HMCCIeJOBAHBI YCIOBUs, HAjIaraeMble
KaK Ha TepBble, Tak W Ha BTopbie nmpon3Boanbie (§10), B pesysnprare vero Gbuim
HaiieHbl TPeOOBAHNS OTCYTCTBUS BHY TPEHHUX MAKPOCKOINYIECKUX ABUKEHUN B
Tese u TPeOOBAHME MTOJIOKUTEJIHHOCTH TEMIIEPATYPBL.
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M3 PAaCcCCMATPUBAEMOTO TeJd HEKOTOPYI0 MAaIylo (HO MAKpPOCKOTM-
4eckyio) vacrb. [To orHOmEHMIO K 9T0i YacTu ocrajbHble 00/acTH
Teja MOXKHO pacCMaTPHUBAaTh KaK BHEITHIOIO cpeny. Torma, Kak Mbl
BUJIeTM B IpeablayIeM naparpade, MOXKHO YTBEPXKIATH, YTO B PaB-
HOBECUU MMeeT MUHUMYM BeJTHINHA

E—TyS + PV,

rne E, S, V —sueprus, surponusg u 00beM MTaHHON dYacTw Tesa,
a Ty, Py— remmeparypa u JaBJeHHE CPEIbI, T. €. OCTAJbHBIX JacTeil
tena. Ty nu Py ABISIOTCSA, O9EBUIHO, B TO YK€ BpPeMsl TeMIepaTypoit
1 JIABJIEHWEM PACCMATPUBAEMON JacTH B COCTOSHUN PABHOBECHSI.

Takum 06pazoM, MpU BCAKOM MAJIOM OTKJIOHEHUNW OT PABHOBECHSI
uamenenue Bejudunbl B — TS + PyV 10/2KHO ObITb 10JI02KUTE/IBHO,
T. e.

SE — TydS + PydV > 0. (21.1)

Jpyrumu cioBamMu, MOYXKHO CKa3aTh, UTO MUHUMAaJbHAsS paboTa, KO-
TOPYIO HAJIO 3aTPATUTE JJIsi TOTO, YTOOBI TIEPEBECTH TaHHYIO YaCTh
TeJjla U3 COCTOsIHUST PABHOBECHUSI B JIIODOE JAPYyroe O/In3KOe COCTOSHIE,
JIOJIZKHA, OBITH [10JIOZKUTEJIBHA.

B aanbueiimiem Bo Becex KoaddunmenTax, CTOAMMX TPU OTKJIOHE-
HUSIX TEPMOIAMHAMUYECKUX BEJIUYUH OT WX PABHOBECHBIX 3HAUEHWIA,
OyayT Tompa3yMeBaThCA pPABHOBECHBIE 3HAYEHUsI, COOTBETCTBEHHO
YeMy WHJIEKCHI HYJIb OYIyT OMyCKATHCS.

Paznaras 0F B paa (paccmarpusas E kak dynkumio S u V),
HOJIquM ¢ TOYHOCTBIO JI0 YJIEHOB BTOpOFO HOpH,D;Ka

oL oL 2 O°E o0
0B = 9268 + 220V + (&yas +2 0oV,

Ho 8E/85’ =T, BE/BV = — P, Tak 4TO 4/IeHbl NEPBOrO MOPAIKA
3nech paubl 1T'0S — P 6V u upu noxacranoske 0F B (21.2) cokpa-
A0 TCS. TaKI/IM obpaszom, HOJIyqaeM yCJ‘IOBI/Ie

ﬂﬁ

oS BSB
Kak wm3BecTHO, 11st TOro 9T00BI TAKOE HEPABEHCTBO WMEI0 MEC-
TO TpW TPOU3BOALHBIX 0S5 u OV, HeoOXommMo CcoOJIIOJeHre IBYX
yCIoBmii )

> 0. (21.2)

d’E
21.
652 >07 ( 3)
8’E 0°E 0’E \?2
— . 214
8% av? (asav) >0 (21.4)

1Y OcoBerit cnywait, korga B (21.4) cTOMT 3HAK PaBEHCTBA, OyJET PACCMOTPEH B
nanbueiimem, B §152.
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ITockombKy )
e_(ony _1
s \as/v ¢’
To ycnosue (21.3) mpuobperaer sug T'/C, > 0 win

C, >0, (21.5)

T. €. TEIJIOEMKOCTH 1IPU TOCTOSTHHOM 00'beMe BCErjla MOJI0KUTE/IbHA.
Venosue (21.4) MOXKHO HammcaTh B BUje AKOOHaHA

Ol(OE/dS)v, (0E/0V)s] _  O(T,P) -0
(S, V) (S, V) :

Ilepexons k nepemennnbim 1" u V' umeem
oT,P) _ o(T,P)/O(T,V) _ (9P/0V)r _ 1(67P) < 0.
as,v)  a(s,v)/a(T,v)  (8S/9T)v  C,\dV /T
[Mockosbky C) > 0, 370 PABHOCUJIBHO YCJIOBUTO

(25 <o, (21.6)
ov/r

T. €. yBesimueHue 00beMa NP MOCTOSIHHON Temneparype Beerja Co-
NPOBOZKIAETCsl YMEHbIIEHUEM JIABJICHUSI.

Venopust (21.5) u (21.6) HA3BIBAIOTCS MEPMOOUHAMUHECKUMU HE-
pasercmeamu. COCTOSTHWUS, B KOTOPBIX 9TH YCJIOBUST HE BBITIOJHEHHI,
HEyCTOWYNBbBI U B MPUPOJIE CYIIECTBOBATH HE MOTYT.

B §16 6bu10 yxke ormeueno, 4ro B cuiy Hepasencrsa (21.6) u
dbopmyner (16.10) sBcerga C, > C,. Beugy (21.5) moxHO mosTOMYy
3aKJIIOYUTh, 9TO BCETIA W

Cp, > 0. (21.7)

[Monoxkurensuocrs €y, n C), o3Ha4Yaer, 4TO SHEPIUs €Crb MO-
HOTOHHO BO3pacTaomast (byHKIHs TeMIepaTyphl TPH MOCTOSTHHOM
obbeme, a Tensoas (GYHKINsI — Takas ke QYHKIUSA TeMIIepaTyphl,
HO NPWU MOCTOSTHHOM [JaBJIEHUW. DHTPOIWs YK€ MOHOTOHHO BO3pac-
TAET C TeMIeparypoil KakK I[PU HOCTOSHHOM OObeMe, Tak U I1Ipu
HOCTOSHHOM JIABJICHUU.

Yenosus (21.5), (21.6), BbiBegeHHble Jyist JIFO00H MaJioif dacTu
Tesia, CPaBeJINBhI, KOHEYHO, W JIJIsi BCETO Tejia B LEJ0M, TaK Kak
B DaBHOBECHW TeMIIEpaTyphbl W JABJEHWsI BCEX 4YacTeil PaBHBI JIPYT
apyry. Ilpu 9TOM TIpenonaraercsi, 9To Tej0 OJHOPOAHO (TOJHKO
TakWe Tejaa Mbl MOKa W paccMarpusaem). [lomyepkHem, 4WTO BbI-
nossenue ycaosuit (21.5), (21.6) cBsi3aHO UMEHHO € OJHOPOJHOCTHIO
resia. MOKHO, HaupuMep, PacCMOTPeTb TeJI0, YaCTUIbl KOTOPOIro
VAEPKUBAIOTCS BMECTE IPABUTALIMOHHBIMU CUJIAMU; TAKOE TeJ10 Oy-
JIeT, OYEBHIHO, HEOJHOPOIHBIM, — OHO OyJeT YIJIOTHEHO 10 Harpa-
BJIEHWIO K 1eHTpy. [las Takoro mena B IEJOM TENJIOEMKOCTH MO-
JKeT OBbITh W MEHbIIIe HyJisl, T.€. TeI0 MOYKEeT HarpeBaThCsl 110 Mepe
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YMEHBIIEHUST SHEPTUU. 3aMETHM, UTO 3TO HE MPOTUBOPEUUT TOMY,
9TO TEIJIOEMKOCTh MOJIO?KWUTENBbHA /I KaKJI0W MaJsoil 9acTtm Tena,
TaK KAK SHEPIHUsl BCErO TejJa B TAKUX YCIOBHAX HE PaBHA CyMMe
SHEPTHUil ero Jacreil  CyMeCTBYeT eIne JOTOJHUTEIbHAs SHEPrus
I'PABUTALMOHHOIO B3aUMOIEHCTBUSA MEXKJY STUMU YACTAMMU.

Boisenennnie HaMu HEPABEHCTBA SIBJIAIOTCS YCIOBUSIMHU PABHOBE-
cnst. VIX BRITIONIHEHME, OJHAKO, €Ile HeJOCTATOYHO IJIST TOTO, YTOOR!
paBHOBeCHE OBLIO MOJTHOCTHIO YCTONINBBIM.

Vmenno, Moryr CyuecrBoBaTb TaKue COCTOsIHKS, 1PU DECKOHeY-
HO MaJjiOM OTKJOHEHWHW OT KOTOPBIX SHTPOMHUsS YMEHBIIAETCS, TaK
9TO TEJ0 BCAEJ 3a 9TUM BO3BPAIIAETCS B MCXOJHOE COCTOSHUE, B
TO BpeMsT KaK PN HEKOTOPOM KOHETHOM OTKJIOHEHWH SHTPOTIUST MO-
JKeT OKazaThCst OOMBINel, ueM B MCXOAHOM cocTosann. [Ipm Takowm
KOHETHOM OTKJIOHEHWW TEJIO He BEPHETCsT B MCXOIHOE COCTOSTHWIE, a
HAa0bopOT, Oyler CTPEMUTHCHA LEPEHTH B HEKOTOPOE JIPYroe COCTOs-
HIE PABHOBECHSI, COOTBETCTBYIOIIEE MAKCUMYMY SHTPOIHUU, OOJIbIIIE-
My, 4€M MAKCUMYM SHTPOIUU B lEPBOHAYabLHOM cocrosinuu. Coor-
BETCTBEHHO 3TOI BO3MOXKHOCTH CPEIN COCTOSTHUI pPaBHOBECHST HAJI0
pazandaTh TaK Ha3bIBAEMBIE MEMacmabusvHvie T CmMabuibHbIE CO-
crostanst. Ecam Temo HaxoanTes B MeTacTabMIhHOM COCTOSTHWH, TO
IPU  JIOCTATOYHOM OTKJOHEHWM OT HEro TEJO MOYKET He BEPHYTh-
Csl B MCXOJHOE COCTOdgHMEe. XOTd MeTacTabujabHOe COCTOSAHUE B U3-
BECTHBIX IMpeJeax yCTONINBO, HO PaHO WM TO3HO TEI0 BCE PaB-
HO TiepeiijieT m3 HEro B npyroe, crabuibHoe coctosinme. [locmemmnee
COOTBETCTBYET HAMOOJBIIIEMY U3 BCEX BO3MOXKHBIX MAKCUMYMOB DH-
TPOTINM; BBIBEAEHHOE W3 TAKOTO COCTOSTHWST TEJIO PAHO WIN TIO3THO
BEPHETCS B HEr0 0OpaTHO.

§ 22. Ilpunuun Jle-Illareane

PaccMoTpuM 3aMKHYTYIO CHCTEMY, COCTOSIIIYIO W3 CPEIbl W I10-
Ipy2KEHHOTO B Hee Tejia. [lycrs S ecTb mosHasi SHTPOIKS CUCTEMBbI,
a Y HEKOTOpasl BeJMYMHA, OTHOCSIIASICA K Tejy, HPUIeM TaKasi,
4TO yCjaoBue Makcumyma S 10 OTHOmeHuio K Heil, T.e. 5/0y = 0,
O3HaUaeT, 9TO TEJ0 caMo Mo cebe HAXOAWTCS B PABHOBECUM, HE Ha-
XOASICh TPU 3TOM 00s13aTeIbHO B paBHOBecHu co cpemoit. [lycts,
Jajiee, £ eCTh JIpyrasi TEpMOJIMHAMUYECKAsT BEJIMINHA, OTHOCSIIASICS
K TOMY K€ Tejly, IIPUYeM Takasi, 4T0 ecau, Hapsay ¢ 05/0y = 0,
nveer Mecto Takke m 0S/0x = 0, TO 9TO O3HAUTAET, UTO TEJIO Ha-
XOAUTCS He TOJBKO B CBOEM BHYTDEHHEM DaBHOBECHW, HO TaKiKe
U B PABHOBECUU CO CPEION.

Bgsenem oboznavenus

x_ 908 y_ 98

22, 22.1
o 3 (22.1)
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ITpu mostHOM TEpMOAMHAMUTECKOM PABHOBECHH SHTPONWSA S TOTKHA
OBITH MakcuMasbHa. [t 9TOTO, Kpome yCIoBumit

X =0, Y =0, (22.2)
,B;O.H)KH])I BBITIOJTHATHCA TaK2>Ke HepaBeHCTBa
X Yy
9%) S, (7) 0, 99.3
npuieM
8X> (8Y> (3}()2
— — ) —(=—) >0. 22.4

[IpeamonokuM Terneppb, 9To MyTeM KaKOrO-an00 HEe3HATUTETHHO-
IO BHEIITHETO BO3IEHCTBUsT HAPYIITAETCsT PABHOBECHE Teja CO CPeIoif,
npudeM HECKOJIbKO W3MEHSIeTCS BeIWYWHA & W HAPYIIAeTCS YCI0-
Bue X = (; o BeqwumHe Ke Yy MPEANOJaraeM, 9TO OHA, JAHHBIM
BO3/ECTBIEM HEMOCPEICTBEeHHO He 3arparuBaercs. [lycrs Az ects
W3MEHEHWE BEJINYIUHBI T, TOT/IA U3MEHEHNe BeJINIUHBI X B MOMEHT
BO3seiicTBUSA Oyer

0X
(AX), = (7 Az
3z Yy
U3Mmenenne x TpW TOCTOAHHOM ¢ TIPWBOJWT, KOHEYHO, K Hapy-
IMeHnio TakxKe n ycaoBud Y = (), T.e. BHYTpPEHHErO paBHOBECH

resia. [lociie Toro Kak 3TO paBHOBECHE CHOBa BOCCTAHOBUTCS, BEJIW-
unna X = AX Oyjer umerb 3HaYEHUE

0X
(AX)y—=(27) Az,
or / y=0
rjle TPOW3BOHAsT OEPeTCs TPYW TTOCTOSTIHHOM, PaBHOM HYJIIO, 3HAUe-
Hum Y.
Cpasaum 06a 3nauerus AX . [Tosip3ysick cBOMCTBAME SIKOOUAHOB,
umMeeM

(X,Y) 0(X,Y)/0(x,y) (0X/0y):
(67X) 0(X,Y)o(X,Y)/0(x,y (E)fX)yi 0X /0y

or )y—o  0(x,Y) 0(x,Y)/0(z,y)  \ Oz (OY/0y).

3HamMenaTes s BTOPOTO YjeHa B 3TOM BBIPDAYKEHWUN TTOMOKUTEIEH CO-
[JIACHO YCJIOBWIO (22.3); yunuThIiBasi TakKe HepaBeHCTRBO (22.4), Haxo-

JIAM, 4TO
0X 0X
(E)y - (E)Y:O >0, (225)

[(AX)y| > [(AX)y =0l (22.6)

nJjin
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Hepagrencrsa (22.5) win (22.6), COCTaBISIOT COEpyKaHNe TaK Ha-
3pIBaeMoro npunyuna Jle-Illamenve.

Bynem paccmarpuBarh msMeHneHune Az BeJMYUHBI T KAK Me-
py BHemiHero pozjeiictBust Ha Teo, a AX  Kak Mepy u3MeHe-
HUsl CBOHCTB Teja 10 BJMsHUEM 3TOr0 Bo3xelicrBus. Hepasen-
ctBo (22.6) mokasbIBaeT, YTO TPH BOCCTAHOBIEHWW BHYTPEHHETO
paBHOBECHsI Teja TIOC/Ie BHEITHEr0 BO3MIEWCTBUSA, BBIBOJISIIETO €r0
n3 9TOT0 paHoBecws, 3uadenne AX ymennrmaercs. [losromy mpun-
nuit Jle-Illarenbe MoxHO cHOpMyIUPOBATH TAK:

Bueminee BozzeiicTBre, BbIBOMMIIEE TEJIO U3 PABHOBECUS, CTUMY-
JIUPYET B HEM IIPOIECCHI, CTPEMSIINECH 0CJa0UTh Pe3ysbTaTbl 3TOTO
BO3IENICTRAA.

[TosicanM ckazaHHOe TTPUMEpPaAMU.

[Ipex e Bcero ymobHO HECKONIBKO BUIOW3MEHUTH OIpEIe/ICHTe
pesmana X wm Y, Bocnosb3osasBmuch opmysoit (20.8), corsac-
HO KOTOPO#l M3MeHeHWe SHTPOIUU CUCTEMBI CPEJa -+ TeJ0 PABHO
—Rumin/To, tne Ty remneparypa cpeabl, a Ry, MUHUMAaJbHAS
pabota, HeobxoaMMast /I MPUBEIEHUS TeIA W3 COCTOSIHWUS PABHO-
Becus cO cpejoit B mammoe. [loaTomy MOXKHO HAMMCATH:

X — iaRmin Y — iaRmin
To 0$ ’ To 8y '
st GECKOHEYHO MAJIOro M3MeHEeHWsl COCTOSIHUS Tejaa uMeeM (CM.

(20.4))

(22.7)

dRuin = (T — Ty)dS — (P — Py)dV;
BCE BeJIWYWHBI (€3 WHIEKCa 37eCh W HUXKe OTHOCATCS K Tesly, a C
nrgekcom ) —k cpeje.
[Tycrs © ectb surponns reaa S. Torpa X = (T'—Ty)/Ty. Yeaosue
pasuoBecusi X = 0 gaer 7' = 1}, T. €. PABEHCTBO TEMIIEPATYD TeIa U
cpeabl. Hepasencrsa (22.5) u (22.6) nupunumaror Bujy

aT oT
(55), > (G )y >® (228)

|(AT),| > [(AT)y—o|- (22.9)
CMBIC/I 9TUX HEPABEHCTB 3aKJII0YAETCs B CedyiomeM. 3vene-
HUe BEJWYWHBI & — SHTPONNHM Teja — 03HAYAeT, YTO Tejy CoobIma-
ercst (MM OT Tejla OTHUMAETCs) HEeKOTOpPOe KOJWYeCTBO Terjia. B
pe3yJibTaTe HapyllaeTcsi paBHOBECHE CaMOro Teja W, B 9aCTHOCTH,
u3MeHsiercss ero rtemneparypa (ma semuunny (AT),). Boccrano-
BJIEHME DABHOBECHS B TEJE NPUBOJUT K TOMY, YTO M3MEHEHUE €ro
TeMIEPATypbl 10 ABCOMIOTHON BEJMYMHE YMEHbIIUTCH (CTAHET PaB-
ueim (AT)y—g), T.e. kKak Obl 0Cn1a0/AeTCsl PE3yIbTAT BO3AeHCTBUS,
BBIBOJSIIErO TE10 U3 paBHOBeCus. MOXKHO CKa3aTh, 4T0 HArDEBAHUE
(oxJ1axK/ieHre) Teja CTUMYJMPYET B HEM [POLECCHI, CTPEMSLINeCcs
MOHMU3WUTH (MOBBICUTH) €r0 TEMIIEPATYPY.
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[Tycrs Temeps z ecth 00bem Tena V. Torma X = —(P — Fy)/Ty.
B pasuosecun X = 0, r.e. P = Py. Hepasencrsa (22.5) u (22.6)

JAIOT
oP oP
(o), < (v )y_y <0 (22.10)

[(AP)y| > [(AP)y=ol- (22.11)

Ecinm Teno BBIBOAMTCA M3 PABHOBECHS IyTeM HM3MEHEHHs €ro
obbema (MpW HeM3MeHHOI Temreparype), TO MeHsIeTCsl, B 9aCcTHO-
CTH, €ro JaBJIEHNe; BOCCTAHOBJIEHNE DABHOBECHS B TeJie TIPUBOIUT K
YMEHBIIEHNIO abCOMIOTHON BEMYUHBI M3MEHeHWs JaBjenns. Vves
B BHJy, YTO yMEHbIIEHHE 00bEMA TeIa YBEJIUIUBAET €r0 JIABJICHHUE
(1 HAOGOPOT), MOKHO CKA3aTh, 4TO yMeHblIeHue (yBeaudenue) o0b-
eMa TeJla CTUMYJIUPYET B HEM HMPOLECCHl, CTPEMSIIUECs yMEeHbIIUTh
(yBEsIMUnTH) €ro JaBeHue.

B manbreiniemM Mbl BCTPETHMCS C HEIBIM PAOM PA3JINIHBIX TPU-
MEHEHUil 3TUX Pe3yIbTaToB (K pacTBOpPaM, XUMWYECKUM DEAKIIUSM
u T IL).

Ormerum ewie, 4ro eciau B HepaseHcrBax (22.8) B kauecrse Be-
JIMYUHBI Y B34TH 00beM Tejia, TO Oy/1eM UMETb

(5_T) _ (5_T) _T (5_T) _ (3_3”) _r

S/ y as/v  C,’ S/ y=0 as/p G,
TTOCKOJIBKY yeaoBre Y = () o3nadaer B 3ToMm ciaydae P = Py, T.e.
MMOCTOSTHCTBO aBJjiennd. Takwmm 0O6pa3om, MBI CHOBA, TOIyYaeM W3-
BecTHBIC yyKe HaMm HepasencTsa C), > C, > 0.

Awnanorununo, ecim B (22.10) B KauecTBe Y B3ATh SHTPOIUIO TE-
jta, To ycioBue Y = () Oyger o3HAYATH MOCTOSTHCTBO TEMIIEPATYPbI

=Ty, u MBI HaligeM
oP ) ([‘)P )
e < |\ <0
(8V S ov/r
— TOKe M3BECTHBIN yXKe HaM Pe3yIbTarT.

§ 23. Teopema Hepsucra

Tor daxT, uro Temnoemrocts O, TMOTOKATEILHA, 03HATALT, ITO
SHEpPrUsi €CTh MOHOTOHHO BO3pacTaioias (DYHKIIWSA TEeMIepaTyph.
Hanporus, npu najienuun remueparypbl SHEPrUsi MOHOTOHHO YMEHb-
maercd, u, C¢1eJ0BaTe/lbHO, IPU HauMeHblleil BO3MOXKXHOI Temiepa-
TYpe, T.€. upu abCOJIOTHOM HYyJIe, TE€JIO JIOJ2KHO HAXOIUTHCA B CO-
CTOSTHUW C HAMMEHbIIel BO3MOYKHOI sHeprueit. Eciu paccmarpuBarh
SHEPIUIO TeJ1a KaK CyMMY 9Hepruil yacreil, Ha KOTOpble MOYKHO MBbIC-
JICHHO €ro pas3JenTb, TO MOXKHO yTBEPXKJATh, YTO M KaxKJas U3
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9TUX dYacTeit OyIeT HAXOAWTHCS B COCTOSHWH C HAWUMEHBINEH SHep-
rueit; $ICHO, 9T0 MUHUMAJIHHOMY 3HAUEHWIO CYMMBI JTOJYKHBI COOT-
BETCTBOBATH U MUHUMAJ/IbHBIE 3HAYEHUsI BCEX €€ CJIArAeMbIX.

Takum obpazom, npu abCcojgOTHOM HyJie JI0Das YacTb Teja
JIOJIZKHA, HAXOJUTHCSI B OJIHOM OIPEJIEJIEHHOM — OCHOBHOM — KBaH-
TOBOM COCTOsiHWW. JIpyrumu CjioBamMu, CTATUCTHIECKUE BECA ITUX
JacTeil paBHBI €IMHUIE, & TTOTOMY PABHO €IWHUIE W UX MPOU3BEIE-
HUE, T.€. CTATUCTUYECKNN BEC MAKPOCKOMMIECKOTO COCTOSIHUST TejIa
B [€JIOM. DHTPOIUS Ke Teja  Jorapudm ero craTucTUudecKoro Be-
ca paBHA, CJIEI0BATEbHO, HYJIIO.

[Tosromy MBI IPUXOAUM K CJEIYIOMIEMY BAYXKHOMY 3aK/IFOUEHUTO:
SHTPOINSA BCIKOTO Teja 00paIlaeTcs B HY/Ib Tpu abCOTIOTHOM HYJIE
remreparyphbl ') (Tak HazpiBaemasi meopema Heprcema (W. Nernst,
1906).

[MojaepkreM, 9T0 14 TEOpeMa sBISETCsl CJEJCTBUEM KBAHTO-
BOI CTaTUCTUKU, B KOTOPOil CYIIIECTBEHHYIO POJIb WTPAET TOHATHE
0 JWCKPETHBIX KBAHTOBBIX COCTOsiHWAX. OHA HE MOXKET OBITH J0-
Ka3aHa B YHUCTO KJIACCUYECKON CTATUCTUKE, B KOTOPOH 3SHTPONUA
BOOOIIE OINPE/Ie/IsieTCs JIUIb C TOYHOCTHIO J0 ITPOU3BOJILHON a/i1u-
TUBHOI 10CTOSHHON (M. § 7).

Teopema Heprcra mo3sosisier cje1arh 3aK/II0YEHUsT U O IOBEe-
HAW HEKOTOPBIX JIPYIUX TepMOAWHAMWYECKuX Benwdud npu 1T — (.
Tax, nerko BumeTh, ato nipu 1 = () oOpamanTcsa B HY/Ib TEII0EM-
koctu — Kak Cp, Tak u Cy:

Cp,=Cy=0 upu T =0. (23.1)
D10 ciejyer HelmoCPeJCTBEHHO U3 OLPE/IE/IeHNs] TEeIJIOEMKOCTH, 3a-
[IUCAHHOIO B BUJIE 95 95
C=T_—-= .
or OlnT

[pu T" — 0 umeem: In7T — —o00, a HOCKOJIBKY S CTPEMUTCH K I10-
CTOSTHHOMY npejiesty (K HyJi0), siCHO, YTO HANMCAHHAS IPOU3BOIHAS
CTPEMUTCST K HYJIIO.

Janee, obpamaercs B HyJab KO3(MMUIMEHT TEmJI0BOr0 PaCIIn-
peHust oV

(—) =0 upn T =0. (23.2)
oT /) p

HeficTBuTe/ibHO, 9Ta NPOU3BOAHAS paBHa NPou3BoAHON —(0S/OP)p
(cm. (16.4)), obpamatormeiicss mpu T = 0 B HyJIb, TOCKOIBKY S = 0
npu T' = 0 m TPON3BOILHOM JIABJIEHWH.

1) Bo nzbexannn HegopasyMeHnil mog9epKHEM, UTO PEYb HAET O CTPEMJIEHUHN
TEeMIIEPATypPhl K HYJII0 TIPH KAKUX-TUO0 B OCTATBHOM HEM3MEHHBIX YCJIOBUSIX
CKarKeM, IIPU [IOCTOSHHOM 00'beMe MM IIOCTOSTHHOM JaBjeHun. Eciu ke, Hanpu-
Mep, CTPeMHTh K HYJII0 TeMIepaTypy ra3a OJHOBPEMEHHO € HeOrDaHWYEHHBIM
YMEHBIIEHHEM €0 IIJIOTHOCTH, TO SHTPOIHS MOXKET U He O0PATUTHCS B HYJIb.
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Ananoruano ybeskaaeMcst B TOM, 9TO U
(22) =0 mpn T=0. (23.3)
oT /v

O06b1unO 3HTpONUs Obpataercs upu 1 — 0 B HyJIb 110 CTEIEeH-
HOMY 3akoHy, T.e. Kak S = aT™, rjae a— DyHKIWS JaBAeHUS WIN
obbema. OUeBMTHO, UTO B ITOM CIydae TEIJIOEMKOCTH W BEJIUUN-
uel (OV/OT)p, (0P/OT)y obpammaiorcest B HYJIb 10 TOMY Ke 3aKOHY
(c Tem ke n).

Haxkonen, mox#uo BUgeTh, uTo paznocth C) — (), obpamaerca B
HYJIb OBICTpEe, YeM CaMble TEIIOEMKOCTH, T. €.

(Cp,—=0Cy)/C, =0 mpn T =0. (23.4)
HeticTBuTenbHo, ycTh pu T' — () SHTpONISA CTPEMUTCA K HYJTIO TTO
3akony S ~ T". U3 dopmyast (16.9) suawno, aro torga Cp — C, ~
~ 1?1 rak aro (Cp — C,)/Cp ~ T (cneayer uvers B Bumy,
aro crnmaemocts (OV/OP)r ocraercs mpn T' = (), BoobIie roBops,
OTJIMYHO OT HyJIsl KOHEYHOH BEJIMYUHOI).

Eciu uspecrHa TENJIOEMKOCTH Tea BO BCEM JIMAIA30HE U3Me-
HEHUsI TeMTIepaTyphbl, TO SHTPOIUST MOYKeT OBIThH BBHIUHC/IEHA MyTeM
WHTErpUPOBaHUsI, TpuueM Teopema HepHCTa MO3BOISIET YCTAHOBUTH
3HAUYEHWe TIOCTOSTHHOW WHTerpupoBaHus. Tak, 3aBUCHMOCTH SHTPO-
UK OT TEMIEPATYPhI [PU 3aJAHHOM 3HAYEHUU JJABJICHUS OLPEJe-
JmTcd 110 hopMmyJie

T
S = / % ar. (23.5)
T
0
st TerioBoit byHKIMU aHAJIOTHYHAA (DOPMYJIa [JIACUT:
T
W =Wy + /Cp dr’, (23.6)
0

rne Wy 3nagenue rensioBoit dyukiuu npu 1 = 0. g repmosu-
HaMuueckoro norennuajia ® = W —1T'S coorBercrBenHo uMeem
T T

<I>:W0+/C’pdT—T/%dT. (23.7)
0 0

§ 24. 3aBUCUMOCTH TEPMOANHAMUYIECKUX BEJIUINH
OT YMCJa YACTUI]

Hapsmay ¢ smeprumeit u suTponmeil CBONCTBOM aUTHBHOCTHA 00-
JIQJTAIOT TaKyKe W TaKue TepMOJIMHAMWYecKWe BeJTUdWHBI, Kak F|
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O, W (kak 9TO CJIeyeT HeNmoCpeJCTBEeHHO W3 WX ONpEJeIeHus , ec-
JIN y9eCTh, UTO JABIEHUE W TEMIEPATypPa MOCTOAHHBI BIOIH HAXO-
JSIIErocss B PABHOBECHU TeJsa). DTO CBOHCTBO NO3BOJIAET CIENATH
OLPEJEAEHHDBIE 3aKJ/IIOYEHUs] O XapaKTepe 3aBUCUMOCTH BCEX 3TUX
BEJIMYMH OT 4ucja dacTull B rese. Mbl OyjeM paccMarpuBarTh 3/€Ch
Tejta, COCTOSIIINE W3 OJMHAKOBBIX YACTHUI (MOJIEKYJI); BCE Pe3y/IbTa-
TBI MOTYT OBITH HEITOCPEICTBEHHO 0DODIIEHBI HA Tesa, COCTOSIINE U3
Pa3IMIHBIX 9acTi]— cMech (cM. §85).

AJJIMTUBHOCTD BEJIMYUMHbBL O3HAYAET, YTO [PU U3MEHEHUU KOJIK-
yecrBa BewecTBa (a ¢ HUM U uncaa dacruy, N) B HEKOTOPOE YUCI0
pa3 3Ta BeJMYMHA MEHHAEeTCd BO CTOJAbKO 2Ke pasd. Apyrumu ciosa-
MW, MOYKHO CKa3aTh, 9TO aIUTUBHAST TEPMOINHAMUYIECKAST BEJTUIN-
Ha J0/KHA OBITH OHOPOIHON (DYHKIIMEH MepBOro MOPsIIKAa OTHOCH-
TETHHO INTUBHBIX TIEPEMEHHBIX.

Broipazum suepruio Tesia B Buje MyHKIUM IHTPOIUU U 00bEMA, &
TakeKe dynciaa yacrul,. Tak kak S u V' camu 110 cebe Toxke ajiuTuBHbI,
9ra PYHKUMs JOJZKHA UMETh BUJL

S Vv
E=Nf(2.%). (24.1)
9TO SBJIAETCA Hambosee OOIIMM BUIOM OJHOPOIHONW (DYHKIINW Tep-
Boro mopsinka ot N, S m V. Coboanas sueprust F' ecth pyHKIUS
or N, T n V. IlockonbKy TeMmepaTypa TMOCTOsTHHA BJIIOIL TeJla, a
00bEM QIINTUBEH, TO U3 TeX 2Ke COOOPAKEHWI MOKHO HANNCATH

F= Nf(%,T). (24.2)

CoBepIIEHHO AHAJIOTUYHO JiJist TerioBoit (pyHkiuun W Beipakes-
HO¥t B Buje pyukuuu ot N, S u gaBjienus: P, nojydum

W = Nf(%,P). (24.3)

Haxower, m1s1 TepMOIMHAMUYIECKOTO MOTEHIINAIA KaK (DYHKIIAN
or N, P, T nmeem
o =Nf(P,T). (24.4)

B upegpiayiem u3jioxkeHun Mbl 10 CyHIECTBY PacCMaTpPUBA/IA
YUCI0 YACTUI] KAK TapaMeTp, MEIOIIH i 718 KarKI0T0 TeIa 3aJaHH0e
MOCTOsTHHOE 3HAdYeHne. Byaem temeps hopmasibHo paccMaTpuBaTh N
KaK eIlle OIHYy HE3aBUCUMYIO MepeMenHyo. 1orma B BeIpaKeHUsT st
JuddepeHnnaIOB TEPMOIMHAMAIECKUX TOTEHIINAIOB JOJIXKHBI OBITH
nobassienbl wiienbl, npornopruonaibubie dN. Hanpumep, st mosHo-
ro nudpdepennuana suepruu Oy/1eM MUCATh:

dE =T dS — PdV + pdN, (24.5)
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rje OyKBOi p MBI 0003HAYMIN YACTHYIO TTPON3BOIHYIO

m= (%)S,v' (24.6)

Bennmunna M HA3BIBACTCA TUMUHECKUM TOTMEHUUAAOM TEJIA. Amnauno-
I'MYHO mMeeM Tellepb

dW =TdS +V dP + dN, (24.7)
dF = —-SdT'"— PdV + pdN, (24.8)
d® = -SdT'+V dP + pdN (24.9)
¢ TeM xke fi. VI3 atux popmys ciepyer, 9To
ow OF 0P
1= (on)op = (on)ry = (o) 2410

T. €. XUMUYECKUI MOTEHIMA MOXKHO [osyuuTh auddepennupona-
arem J1t000it n3 Beauunna K, W, F| ® mo 4uc/y 9acTuil, OJHAKO TPHU
9TOM OH OKAYKETCSI BBIPAYKEHHBIM Uepe3 PA3TUIHbIE TIePEeMEHHBIE.

Huddepennnpys @, nanucannoe B Buje (24.4), Haiigem, 9to p =
=0®/ON = f(P,T), 1.e.

= Ny. (24.11)

Takum 06pa3oM, xuMuaecKuii norennua reaa (CoCTosmero u3 oau-
HAKOBBIX YACTHUI[) €CTh HE YTO WHOE, KaK ero TepMOIMHAMUIECKUil
MOTEHINAJI, OTHECEHHBIN K OJHOW MOJeKyJe. Bymaydu BbIpaykeH B
dbyukiuu or P u l', xumudeckuit norennuas ue 3asucut ot N. g
muddepennuaia XuMUIeCKOro MOTEHIMA/IA MOKHO, CJIEI0BATEIBHO,
Cpa3y HAIUCATDH CJIEYIOIIee BbIPAKEeHUe:

dp = —sdl'+vdP, (24.12)

e $ ¥ v SHTPOnUdA U 00beM, OTHECEHHbIE K OJHON MOJIeKYJIe.

Ecau pacemarpusarh (Kak Mbl 0 ¢ux 100p OOBIMHO Jie/1aJin)
OIIPEJIESIEHHOE KOJIMYECTBO BEIIECTBA, TO YUCJI0 YACTHIL B HEM €CTh
3a/IaHHAs TIOCTOSTHHAST BEJWYUHA, & €ro OOheM — BeJWYUHA Tepe-
MeHRHasd. Beigeamv Temeps BHYTPW Te1a HEKOTOPBI OMpeIeeHHbIi
obbeM m OyZieM pacCMaTpUBATL TO BEMIECTBO, KOTOPOE 3aK/II0Ue-
HO B 3TOM 00'bEME; NPU 3TOM NEPEMEHHON BearmunHOi Oymer 4ucao
gactun, N, a odbem V Oyzaer nocrogaabiM. Torga, Hanpumep, pa-
BeHcrBo (24.8) ceepercs K

dF = —SdT + pdN.

3J1eCh HE3aBUCUMBIMU [€pEeMeHHbIMU siBjigtorcs 1" u N; BBejeM Ta-
KO# TepMOAuHAMUYECKUI HOTeHuualsl, Jjad KOTOporo Bropoil nesasu-
cuMoit iepementoit 66110 661 HE N, a p. g sToro mozgcTtaBiisiem
uwdN = d(uN) — N du, n noxydaem

d(F — uN)=—=SdT — N dpu.
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Ho uN = ®, a F — ® = —PV. Takum ob6pa3om, HOBBIl TEPMOIHU-
HAMUYeCKUil moTeHImas (KOToOpkIii Mbl 0603HaunM OyKBoii () paBeH
IPOCTO

Q=-PV, (24.13)
npuydem

dQ = —SdT — N dy. (24.14)

Yucsio wacrun nojgydaercs guddepernupoBanuem ) 10 XUMUIECKO-
My TOTEHIIWAY TIPU MOCTOSTHHBIX TEMIIEPATYpe U 00beme:

N= 7<@)T,V - V<8£>T,V' (24.15)

o ou

[TogobmHo TOMY, Kak OBLIO JOKA3aHO PABEHCTBO MEXKIY CODOi
Hebonbmux u3Menennit K, W, F u ® (npu mMOCTOSTHHBIX COOTBETCT-
BYIOIINX Mapax BEJINYNH) JIETKO MOKa3aTk, 9To n3menenne ()1, v
npu octosauubx 1) u, V' obmagaer tem ke cBoiictBoM. UubIME C10-
BaMM,

(0E)sy,N = (0F)rvn = (0®)rpn = (0W)spn = (0Q)71,v,4.
(24.16)

OTr PaBEHCTBA YTOUYHSIIOT W PACIIUPSIIOT TEOPEMY O MAJIBIX J00aB-
kax (15.12).

Haxower, amasioruano ToMy, Kak 310 06110 caenano B §15 u 20
JUUtst CBODOJTHOM SHEPrun U TEPMOJUHAMUIECKOTO MOTEHIIUAA, MOXK-
HO MOKAa3aTh, 9YTO paboTa npu 00PATUMOM HPOLECCE, TPOUCXOMIAIIEM
npu nocrosiHabix 1, Vou p, paBaa uzmenenuto norennuaja 2. B
COCTOSIHUW K€ TEIJIOBOTO paBHOBeCWs TMOTeHmuaa ) mvmeer MUHU-
MaJIbHOE 3HAYEHWE 10 OTHOIIEHWIO KO BCSIKOMY M3MEHEHWIO COCTOSI-
Husg ipu moctosuuwbix 1, V', .

3amgauga

TMonyunrs Beipaxenue st renjoemkocru Cy B nepemennnix T p, V.
P e w e u u e. IIpeoGpasyem npoussonuywo C, = T'(05/0T)v,n x nepemen-
weim T, V', p, nnst wero numem (paccmarpuBast Vo Bce BpeMsi KaK TOCTOSTHHYTO):

(@) _O(S,N) _ d(S,N)/d(T, 1) (as) (0S/0p)1 (ON/OT),,
or d(T,N)  d(T,N)/d(T, p) or (ON/0p)r

(50), =aran = (57),
Ho | — = = ; IO9TOMY
o/ 8T6u

oN
T
{ _ (ON/OT)2 }

(ON/Op)r



96 TEPMOJVNHAMNYECKNE BEJIMYNHBI JI. 11

§ 25. PaBHOBecue Tesia BO BHEIIHEM II0JI€

Pacemorpum reno, Haxojsiimeecss B HOCTOSHHOM (BO BPEMEHH)
BHEIIHEM 110j1e. Pazimanbie 4acTu Tejia HAXO[AATCsd IPU 9TOM B pas-
JIMYHBIX YCJAOBUAX, [IOITOMY TeJIO Oyjaer HeoaHOpoaHbiM. O HuM U3
YCJIOBUIT PABHOBECHSI TAKOTO TEJIa SIBJISIETCS TIO-TIPEYKHEMY TTOCTOSTH-
CTBO TEMTIEPATYPHI BIAOTH TEIA; JaBaeHNe e OyaeT Terepb Pa3and-
HO B Pa3JINYHBIX €r0 TOUYKAX.

JList BBIBOJIA BTOPOIO YCJIOBHUSI PABHOBECHS BBIJIEJUM W3 TeJja
JIBA OIPEJIEJIEHHBIX COMPUKACAIOMIMXC 00beMa U 1MOTpedyeM Mak-
cUMaJIbHOCTU UX SHTpouu S = S7 + S9 IPU HEM3MEHHOM COCTOSHUU
ocTaibHBIX vacTeil Tena. OJHO W3 HEOOXOAMMBIX YCAOBHUIT MaKCH-
MyMa 3aKJI09YaeTCs B paBeHCTBe Hyso mpon3soanoit 9.S/IN;. Ilo-
CKOBKY obrtee wmcyio gactui] N1 + Ny B IBYX JTaHHBIX JACTAX TEIa
PACCMaTPUBAETCS KAK HMOCTOSHHOE, MMEEeM

9S _ 98 , 050N, _ 0S1 98 _
ONi  ON1 9N, ON1  ON1  ON ’
Ho u3 pasencrsa dE =T dS + p dN, Hanmucanuaoro B BUe

as =€ _rgN,
T T
MBI BUJIUM, 9T0 mpowsBognas 0S/IN (mpm mocrosimabix F u V)
pasua —pu/T. Takum obpaszom, umeem: py /Ty = po/Ts. Ho upu pas-
HoBecun T = Ty, Tak 9TO W (1 = . MBI TPUXOINM, CIIE€IOBATETH-
HO, K pe3yJIbTaTy, 9TO TIPW PABHOBECWH BO BHENTHEM TIOJIE, KPOME
MOCTOSTHCTRA TEMTIEPATYPHI, JTOMKHO COBIIONATHCA YCI0BAE

W = const, (25.1)

T. €. XUMUIECKHE TTOTEHIINAJIBI BCEX dacTeil Tesra JOIKHBI ObITh PaB-
HBI ApYyT Apyry. IIpm 3TOM XUMHYIECKU# MOTEHIMAT KaXKJI0H JacTh
ecTh (DYHKINST €€ TeMIepaTypPhl U JABIEHUs, a TAKXKe MapaMeTposB,
OTIPENIEIAIONINX BHEINTHee Tojie. Kean mose oTcyTcTBYeT, TO W3 TO-
CTOSTHCTBA 4 W T aBTOMATUYECKU CJIeTyeT W TTOCTOSTHCTBO JTABJIEHUS.

B moste Tsirorerusi moTeHIMAIBHAT SHEPTUsT MOJEKYJbl U €CTh
dyHKIMS TOJIBLKO KOOpAMHAT X, Y, Z €e LeHTpa Tsxecru (u He
3aBUCHT OT PACIOJIOKEHUsI aTOMOB BHYTPH MOJEKYJbI). B 31oMm
Cc/lydae W3MEHEHUE TepPMOJAMHAMUYECKUX BEJIUYUH Tejla CBOJLUTCA
K J00aBJIEHUIO K €ro SHEPIrUHU MOTEHINAJBHONR SHEPIUU MOJIEKYJI
B noje. B wacrnocTu, xumuueckuii norenumasn (TepMojmHaAMUYe-
CKWI TOTEHIINaJ, OTHECEHHBII K OJIHON MOJIeKyJIe) IpuUMeT BUJ
w = po + u(z,y,z), vae po(P,T) ecTh XUMUYECKWUiT TIOTEHIHAT B
OTCyTCTBUE TIOJIs. TakuM 00pa3oM, yC/IOBUE PABHOBECHUS B TIOJIE Tsi-
TOTEHWdA MOXKHO HANNWCATH B BUJIE

wo(P,T) + u(x,y, z) = const. (25.2)
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B wacTHOCTH, B OJHOPOJHOM TIOJIE TSKECTH U = Mgz (m — macca
MOJIEKY/IbI, g — YCKOPEHWE CHJIBI TSKECTH, Z — BEPTUKAIbHAS KOOP-
aunara). JTuddepenuupys pasencrso (25.2) 1o KoopauHare z npu
HNOCTOSIHHOM TeMnepaType, MmoJiyYum

vdP = —mgdz,

rae v = (Oug/OP)r — yaensusiit o0bem. Ilpn HEGOIBIIMX M3MeEHe-
HUSX JAB/JEHUH U MOKHO CUMTATh LOCTOAHHBLIM. BBOJS ILI0THOCTD
p = m/v U uHTErpUPyH, MOy IUM

P = const — pgz,

T. €. 00BITHYIO POPMYJTY JJIsT THAPOCTATHIECKOTO JTABICHUS B HECKU-
MaeMOM 2KMJIKOCTU.

§ 26. Bpamaroinuecs: Tesia

B cocTostHum TENmI0BOTO PABHOBECHS BO3MOKHO, KAK MBI BUIE-
jgu B §10, qums paBHOMEPHOE NOCTYNATENBHOE JBUKEHUE U PAB-
HOMEPHOE BpAIlEHUE TeJja KaK 1ej0r0. PaBHOMEPHOE MOCTyNaTe / b-
HOE JIBUXKEHWE HUKAKOrO 0CODOTO PACCMOTpPeHHsl He Tpebyer, Tak
KaK COMVIACHO TPWHINIY OTHOCUTEIRHOCTH [anniaes OHO HUKAaK He
CKA3bIBAETCA HA MEXaHWYECKWX, a MOTOMY W TEPMOIMHAMUYECKUX
CBOWCTRBAX TE€aa, W €ro TEPMOAMHAMWYECKNE BEJIWHUNHBI MEHSTIOTCS
JIMIIb B TOM CMBICIE, YTO K IHEPrum JI00ABIAETCA KUHETUIEeCKas
SHEprus TeJia.

Paccmorpum Tei0, paBHOMEPHO BpAIIAIOMIEECS BOKPYT HENO/I-
BUKHOI ocu ¢ yroBoil ckopocthio Q. Ilyers E(p, q) ecth sueprusi
Tesla B HEMOJBWMIKHOM cucteme Koopamuar, a B’ (p, q¢) — sueprus B cuc-
TemMe KoopjamMHAT, Bpamaiomeiics smecre ¢ renom. Kak ussectno uns
MEXAHUKH, 3TU BEJUYHMHBI CBA3AHBI APYT C APYTOM COOTHOIIEHUEM

E'(p.q) = E(p,q) — Q@M(p,q), (26.1)

rae M(p,q) momenT mmmysbca Tena’l) .
Takum obpasowm, sueprus F'(p,q) 3aBucuT, Kak OT mapamerpa,
oT yrJjioBOit ckopoctu €2, npuyem

OE' (p.q) _
90 - M(pa Q)

B Cwm. T, §39. Xors upoussegennniii tam ooy dopmyas (39.13) ocHosan
HA KJ/IACCHYIECKON MEXaHWKe, HO B KBAHTOBOH TEOPUHM B TOYHOCTH TE KE COOT-
HOINEHUsI CIIPABE/JIMBBI [1JIsi OTIEPATOPOB COOTBETCTBYOMINX BeJn4auH. [1oaTomy
BCE BBIBOJUMBIE HUKE TEDPMOJUHAMUYECKHAE COOTHONICHWS HE 3aBUCAT OT TOTO,
KaKOW MEXaHWKON ONMCHhIBAETCS JIBUYKEHUE 9aCTUIl TeJa.

4 JI. 1. JTannay, E. M. Jludmun, rom V
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YcpeHsist 9TO PABEHCTBO TI0 CTATHCTUYECKOMY DACTPeeIeHnIo
M BOCTIOIB30BaBINCh hopmysnoit (11.3), momxyuanm

(Z—g)s — M, (26.2)

rne E' = E'(p,q), M = M(p,q) cpeanue (TepmoguHaMuyecKue)
SHEPIUsl U MOMEHT MMILYJ/IbCa TeJla.

Ha ocroBammm 3TOTO COOTHOITEHWST MBI MOYKEM HATNCATH In(d-
depeHIman SHEPTUN BPAIIAIONIETOCS Tela MTPU 33 IaHHOM 00heme B

BUIE dE' =T dS — M dSQ. (26.3)

Hna ceobomnoit sneprun F' = E' — T'S (Bo Bpamaiomeiics cucreme
KOOp,ZLI/IHaT) COOTBETCTBEHHO UMeEeM

dF' = —SdT — M dQ. (26.4)
Yepennsist paBeHcTBO (26.1), Moy
E' = E — M. (26.5)

Huddepennupyst 910 pasencrso u noxacrasassa (26.3), moaydum
auddepennyan SHEPrun B HEIOABUKHOM CUCTeMe KOOPAUHAT

dE =TdS + Q2 dM. (26.6)
Jtst ceobommoit smeprim F' = K — T'S COOTBETCTBEHHO MMEeM
dF = —=5dT + Q dM. (26.7)

Taknm 06pazoM, B 3TUX COOTHOIIEHUSIX HE3ABUCHMON MTepPEMEHHOM
SIBJISIETCST He YIJIOBas CKOPOCTH, & MOMEHT UMITYJIbCa, TTPUIeM

Q= (a—E) - (8—F) . (26.8)
oM/ s oM/ T

Kak uzBecTHO M3 MEXaHUKU, PABHOMEDHOE BPAIEHNE B U3BECT-
HOM CMBbIC/I€ SKBUBAJIEHTHO MOSBJIEHUIO JIBYX CUJIOBBIX IOJIEH: T10JIs
HEeHTPOOEXKHBIX CUJI U 110JIsi KOPUOUCcOoBbIX cuii. [lenTpobexubie cu-
JIBI TIPOTIOPIMOHAIBLHBI pa3MepaM Tejia (OHW COJIEPIKAT PACCTOsTHWE
JI0 OCH Bpallenus); cuibl ke Kopuosmca or pasmepos Teja He 3a-
BUCAT BOBCe. Bijiarogapsi 3Tomy 00CTOATE/ILCTBY BJIUSHUE TIOCIE/]-
HUX Ha TEPMOJUHAMUYECKUE CBOWCTBA BPAIIAIOIIEIOCS MAKPOCKO-
MUYECKOTO TeJIa COBEPIIEHHO HUYTOXKHO 110 CPABHEHWIO C BINSTHUEM
MEepPBBIX, ¥ UMI OOBIYHO MOYXKHO TIOJHOCTHIO mpenebpeun ') . ITosro-
My YCJIOBWE TETJIOBOTO PABHOBECHST BPAIIAIOIIETOCS T TTOLY IUTCs

1) MozkHO HMOKA3aTh, 9TO B KMACCHUECKOIl CTATHCTUKE KOPHOIHCOBBI CILTHI BO-
o011e He BJIMSIOT HA CTATUCTUYECKUE CBOWCTBA Tesia— cM. § 34.
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MPOCTO TIOJCTAHOBKON B (25.2) B KavecTBe u(x,y, z) NEHTPOOEIKHOI
SHEPTUM JACTHUIL:

po(P,T) — mQ%?/2 = const, (26.9)
e (o  XUMUYECKUR 110TeHnuall IIOKOMUIerocd rejia, m  Macca Mo-
JIEKYJIbI, T paccrosinue 0 ocu Bpaimenud. [lo 1ol ke npuaune
HOJIHyIO SHepFI/IIO BpaH_[aIOH_[eFOCH TeJIa E MOXKHO HaIlluCaTh B BU-
Je CyMMBbI €ro BHYTPEHHE! 3Hepruu (KOTopyfo MBI 0003HAYNM 371€ChH
gepe3 EBH) U KUHETUYECKON IHepruu BpallleHUd:

E = Euy + M?)21, (26.10)

e I MOMEHT MHEpUMM Tejia OTHOCUTE/IbHO ocu BpalueHus. Hajo
UMETb B BUJLY, YTO BpallleHue, BOODIE rOBOPs, MEHSET PaCIpe/le/ie-
HIE MacC B Tejie, MO3TOMY MOMEHT WHEPIIUU W BHYTPEHHSIST SHEPTHSsT
Testa camu, Boobie roopst, 3asucar ot ) (wam or M). Jlumb npn
JIOCTATOYHO MEJJIEHHOM BPAIeHWN 3TH BeJWIWHBI MOXKHO CUUTATH
LOCTOSHHBIMU, HE 3aBUCAILIUMU OT §2.

Paccmorpum uzoamMpoBaHHOe PaBHOMEDPHO BPAILAIOLIEECH TBEP-
JIO€ TEeJIO C 3aJlaHHbIM pacupejenedueM Mace B HeM. [TocKobKy 3H-
TPOMHsI TejIa eCTh (DYHKIWS ero BHYTPEHHEH SHEPTHUN, TO B JaHHOM
ciydae

S = S(E — M?)2I).

BesegcrBue 3aMKHYTOCTH Teja €ro HOJIHAd IHEPrusd U MOMEHT Bpa-
[EHWST COXPAHSIOTCS, a IHTPONUsT JIOJKHA, UMETh MAaKCUMATIBHOE
3Hadenne, BO3MOXKHOe mpu Janubix M n E. [TosaTomy MBI Tpuxoanm
K BBIBOJY, YTO PABHOBECHOE BpaIlleHWe Teja MPOUCXOINT BOKPYT
0CH, OTHOCUTEJIbHO KOTOPOH MOMEHT MHEPLUU MMeeT Haubosbliee
BO3MOXKHOE 3HadeHue. Tem caMblM aBTOMATUYECKU [1OAPA3YMEBACT-
Csd, 4TO OCbh BpallleHUsl BO BCAKOM CJlydae siBISeTCs OChbI0 MHEPLUU
resa. [locmearee 06CTOATEIHLCTRO, BIPOYEM, 3apaHee OUEBHIHO: €C-
JIV TEJIO BPAIAeTCsl BOKPYT OCH, HE SIBJISTONIENCST OChI0 WHEPIINN, TO,
KaK M3BECTHO M3 MEXaHUKH, OCh BpAIeHWsl caMa OymeT CMearThest
(npeneccupoBaTh) B NPOCTPAHCTBE, T. €. BPAIlleHUE OyJeT HEPABHO-
MEPHbBIM, & II0TOMY U HEPABHOBECHBIM.

§ 27. TepmoagunHaMuYeckKmne COOTHOINEHUS
B PEJIITUBUCTCKOI obJiacTu

PengruBucrckasgs MexaHuka NPUBOAUT K Psi/ly WU3MEHEHUil B
OOBIYHBIX TEPMOAMHAMUYECKUX COOTHOIIeHUAX. Mbl paccmorpum
3/I€Ch T€ U3 ITUX U3MEHEHUl, KOTOPbIe MPEJACTABJIAIOT HANOO bt
WHTEpeC.

Ecmm Mukpockonmmyaeckoe IBUXKEHWE JaCTHI], COCTABIAIONINX Te-
JIO, CTAHOBUTCS PEJIATUBUCTCKUM, TO OOIINE TEePMOIMHAMUIECKUE

4*
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COOTHOIIIEHNS HE U3MEHSIOTCH, HO BOZHUKAET BayKHOE HEPABEHCTBO
MEXKJy JaBJICHUEM U SHepruei resa

P < E/3V, (27.1)

e K —osHeprus Tesa, BKIIOYAIONIAsT B ce0sT SHEPTUIO TOKOST BXOIsI-
HIMX B €r0 COCTAB 4acTuil’) .

[IpuHuunraabHbIii MHTEPEC LPEACTABIMIOT U3MEHEHUS, BHOCHU-
Mbl€ O0IIell Teopueil OTHOCUTE/JILHOCTH B YCIOBUS TEILI0BOIO paB-
HOBECHUsI TIPU ydYeTe CO3/IaBaAeMOTO CAMUM TEIOM T'PABUTAIMOHHOTO
moJist. PaccMoTpuM HEMOABMKHOE MaKPOCKOTUIECKOE TEJ0; ero Tpa-
BUTAIIMOHHOE TI0JI€ OYIeT, pa3yMeeTcCsi, MOCTOSTHHBIM. B mocTogHHOM
I'PABUTALMOHHOM 110J1€ Ha/10 OT/IMYaTh COXPAHLATOLLYTOCH dHepruio Fy
KaKO-/in00 MaJioit yacTu tesia oT sueprun F, udmepennoit nabJroga-
TeJeM, HAXOJUAIIUMCH B JAHHOM MECTE; 9TU JIBE BEJMYUHbI CBA3aHbI
JPYT C APYTOM COOTHOIIIEHUEM

Eo = E,/8;

re gyy — BPEMEHHasi KOMIIOHEHTa MeTpudeckoro texsopa (cm. II,
§ 88; dbopmy.a (88.9) cv = 0, me? = E). Ho no caMomMy CMbICILY IpU-
BEJIEHHOTO B §9 JI0Ka3aTe/IbCTBA [MOCTOSHCTBA TEMIIEPATYPbl BJOJIb
HAXOJAIIEroCss B PABHOBECUU TeJjIa $CHO, YTO JO0JYKHA ObITh IOCTO-
SIHHA, BEJIMYNHA, TOJIydaronasaca auddepenmpoBaHeM SHTPOTTHN
o coxpansoreiica sneprun Fy. Tevmeparypa ke T', namepennas
HabJrrotaTesieM, HAXOMAIINMCS B JAHHOW TOYKE MPOCTPAHCTBA, TO-
sgiydaercsd puddepenuupoBanueM SHTPoONUK 110 dueprun F u, ciejo-
BaTebHO, Oy/eT pa3/iudHa B PA3HBIX TOYKAX TeJIa.

liisi BBIBO/1a, KOJIMYECTBEHHOI'O COOTHOIIEHUS 3aMEe9YaeM, 9TO JH-
TPOTWS 0 CYIIECTBY CBOETO OMPee/IeHNs 3aBUCUT NCKJIIOUNTETHHO
OT BHYTPEHHETO COCTOSHWS Tejla W TMOTOMY He W3MEHSeTCsd TPU TI0-
SIBJIEHUW TDABUTAIIMOHHOTO MOJIs (B TOW Mepe, B KakKOil 9TO T0Je He
BJIMSET HA BHYTPEHHUE CBOUCTBA Teja, yCJIOBHE, KOTOpoe (hakTu-
YEeCKM BCErJia BbIIOIHEHO). [103ToMy NpPOM3BOHAS 1O SHTPOIMUU OT
coxpansioueiics sueprun Ey Oyuner pasna T'\/gy, u, Takum obpa-

30M, OJIHO M3 YCJOBUIl TEII0BOIO PAaBHOBECUS TPeOyeT MOCTOSHCTBA
BJIOJIb TEJIA BEJUYUHbBI )

T\/goy = const. (27.2)

1Y Cu. 11, §35. HamomumM, oHAKO, 9TO OGIIEro IOKA3ATETHCTBA STOr0 HEPa-
BEHCTBA, TPUTOHOTO /IS BCEX CYIIECTBYIOMMX B MPUPOe (HE TOIHKO SJIEKTPO-
MATHATHBIX ) TUIIOB B3aUMOJEACTBAS MEXK Iy IaCTAIAME, B HACTOAIIECE BpEMs HE
CYIIECTBYeT.

) Ypasuenue (27.2) TepsieT CMBICI B TOYKaxX, LIe g,, OOpamaercs B Hyab. Ta-
Kasl CUTyalust IMEET MECTO B OKPDECTHOCTSX TaK HA3BIBAEMBIX 4ephbir dvip (cm. 11,

. JKIEHUE TePMOJUHAMUYIECKUX CBOMCTB 3TUX OOBEKTOB MOXKHO HANTH

102). O6¢ €HHe TepMO, a ec CBOMCTB 3 00BEKTOB MOYKHO Ha

B cbopauke crareit: Yepune apipel. —M.: Mup, 1978. (ITpumen. ped.)
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AnanoruaasiM 00pa3oM BHUIOU3MEHSIETCS] BTOPOE YCIOBUE PaB-
HOBECHUA — TIOCTOAHCTBO XMMHWYECKOTO MOTCEHIIHAJIA. XI/IMI/I‘IGCKI/Iﬁ
noTreHuuasl OIpegesideTcd KaK IIPOU3BOJHAdA OT SHEPrumM 110 4Iucjly
gacrtui. [TockobKy 4ucio gacTull, pazyMeercs, I'DABUTANMOHHBIM
IIOJIEM HE U3MEHACTCd, TO JAJid XUMHUYIECKOr'o IOTeHInaJIa, M3MEePEeH-
HOI'O B KaxK/IOM JaHHOI TOYKe, MOJydaeM TaKOoe »Ke COOTHOIICHUE,
KaK " JIJIgd TEMIIEPpaTyPhI:

/8o = const. (27.3)

Bamernm, uro coorHomenust (27.2), (27.3) MoKHO HammcaTh B

BH/IE
0 0

T = const - di, i = const - di, (27.4)
ds ds
HNO3BOJIAIOIIEM PACCMATPUBATH TEJI0 HE TOJBKO B TOH CHCTEMEe OT-
cuera, B KOTOPOi OHO HENOIBWIKHO, HO W B TAKWX, B KOTOPBIX OHO
aBuzKercs (Bpamaerca kak nesoe). Ipu srom npoussoanas dz’/ds
IOKHA OpaThCs TI0 MUPOBOM JIMHWUW, OTMMCHIBAEMO TAaHHOW TOUKO
Tea.

B cinabom (HBIOTOHOBCKOM) TPABUTALMOHHOM TOJE gy = 1 +
+2¢/c?, rae ¢ rpasuranmonnbii norenmuan (cm. 11, §87). Tloa-
CTaBJIsIsT 9TO BhIpaykenne B (27.2) u n3BjIeKast KOPEHb, HANIEM B TOM
JKe npub/InyKeHnn

T = const - (1 - %) (27.5)
C
Nwmest B Buay, uro ¢ < 0, HAXOAMM, 4TO NPHU PABHOBECHM TEMIIe-
parypa BbIIE B TEX MECTaX Teja, B KOTOPBIX || Oosbuie, T.e. B
riay6une Tena. [lpu npegensHoM nepexone K HEPeTSaTUBUCTCKON Me-
xaunke (¢ — 00) (27.5) mepexoanT, Kak n ciegoraso, B T = const.

Ananoruunbiv 00pazomMm MOxkHO npeobpasosarh yciaosue (27.3),
NpUYeM HaJ0 MMETb B BH/Ly, YTO PEAATHBUCTCKHUNA XMMHUYECKUI 110-
TEHIMAJ TIPU TIPEJIETHHOM MEPEX0/e K KJIACCUIECKON MeXaHuKe Tie-
PEXOUT HE HETIOCPEICTEEHHO B OOBIYHOE (HEPETSTUBUCTCKOE) BhIpa-
JKEHME JIJIst XUMUYECKOTO MOTEHNINAIa B OTCYTCTBUE TIOJsSA, KOTOPOe
MBI 0603HAUNM 371eCh CHMBOJIOM [ig, & B fig +mc?, Tie mc? — sueprus
NOKOsi OT/IEAbHOM "acTuipl Testa. [loaromy uMeem

/B~ (o +me) (14 %) & o+ me? + mep,

Tak 9T0 ycaosne (27.3) mepexoanuT B
o + me = const,

9TO COBMAJAET, KaK M cegoBaso, ¢ (25.2).
Haxower, ykaeMm T07€3HOE COOTHOIIEHWE, SIBJISIONIEECS HETO-
CPEJICTBEHHBIM CJIe/cTBreM ycaosuit (27.2) n (27.3). Pazgenns oxmo
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Ha Apyroe, Haiigem, ato u/T = const, oTkyga ciaemyer: du/p =
= dT/T. C apyroii croponsl, corsacHo (24.12), npu 10CTOAHHOM
(paBHOM euHUIE) OObeMe nMeeM

dP = SdT + N dp,

rae S, N SHTPOLMs ¥ YUCJIO YaCTULl eauHulbl obbeMa resa. [loj-
craisist cioga d1' = (T'/p)dp n 3ameqast, aro uN + ST = &+ ST =
= ¢ + P (e— 9Heprusi, oTHeCEHHAs K eJWHUIE OObeMa), Haiigem
MCKOMOE COOTHOUIeHue ")

(27.6)

1) B mepessiTuBHCTCKOM CIyvae, MOJIOXKUB Y] mcz7 ER pc2 > P (pf J10T-
HOCTD), moxyanm dy = vdP (v =m/p 06beM, OTHECEHHBIH K OJHON JacTHIE),
KaK ¥ JIOJIZKHO ObL10 ObiTh 11pu T' = const.



FJIABA III

PACIIPEJAEJIEHUE I'MBBCA

§ 28. Pacnpenesenue I'nb66ca

Ilepeiimem Teneph K mocTaB/ieHHON B . | 3amade o HaXOXKe-
Hun (DYHKIWHW PACTIPEIEIEHNS sl JII000T0 MAaKPOCKOTTHIECKOTO Te-
Jia, SIBJIAIONIEr0CS MaJjioif 9acThio KaKOi-100 OOIBITON 3aMKHYTOM
cucrembl (mogcucremoii). Hanbosee ympo0ubIit u obmmit cnocob moj-
X04a K PEUIeHuI0 3TOW 3aJa4u OCHOBAH HA IIPUMEHEHUU KO BCei
CUCTEME MUKPOKAHOHUYECKOIO PACIIPEJIE/ICHUS.

Boigesnm u3 3aMKHYTOR crCTeMbl MHTEPECYIOIIEE HAC TEJIO |
OyaeM paccMaTpWBaThH CHCTEMY KaK COCTaBJIEHHYIO W3 JIBYX YaCTeil:
13 JAHHOTO TEeJa W BCEH OCTAILHOI ee 0b/1acT, KOTOPYIO MBI Oymem
Ha3BIBATH IO OTHOIIEHWIO K TEIY «CPEeI0ii».

Mukpokanonuueckoe pacnpegenenue (6.6) nanumercs B Buje

dw = const - §(E + E' — E©)dr dr’, (28.1)

rae E, dU' u E', dI ornocsarcs cOOTBETCTBEHHO K Tejly U Cpeje,

a E(©)  3ajannoe 3HaueHue SHEPIUM 3AMKHYTOH CHCTEMBI; ITOMY
3HAYeHNIo JOJKHA OBITH paBHa cymva K+ E' sneprwii Tema n cpep.

Harmeit 1enmio ABISETCA HAXOXKIEHWE BEPOSATHOCTH W, TAKOTO
COCTOSTHWST BCEH CUCTEMBI, TTPW KOTOPOM JAHHOE TEJI0 HAXOAUTCA B
HEKOTOPOM OIIPEJIEJIEHHOM KBAHTOBOM COCTOsinuu (¢ sneprueii Ey,),
T.€. B COCTOSIHWH, OIMUCAHHOM MHUKPOCKONUYIecKuMm obOpazom. Mu-
KPOCKOIIMYECKUM K€ COCTOSTHUEM CPEJbl Mbl IPU 3TOM HE HHTE-
pecyemcsa, T.e. OymeM CUMTAThH, 9TO OHA HAXOAWTCA B HEKOTOPOM
MaKPOCKOMWYECKN Ommcannom cocrosann. [lyers ATV ectwn crarn-
CTUYECKUIT BEC MaKpPOCKOTTMYECKOTO COCTOAHWS CPEeAbl; 0003HAYMM
Tak:ke depes AE' unrepsas 3HaueHMil SHEPIMM CPeJlbl, COOTBET-
creytomuiit unrepsaisy ALY KBaHTOBBIX COCTOAHUIT B yKazaHHOM
B § 7 cmbICIe.

VckoMyt0 BEPOATHOCTH w;, MbI Haiigem, 3amenus B (28.1) dI" exn-
nuueit, nonoxus E = E, u npounrerpuposas 1o dI':

w,, = const - /(5(En + E' — EO)dr'.

[Tycrs IV(E') — nosHoe 9mncio KBAaHTOBBIX COCTOSTHUHN CpeJIbl C SHEep-
rueit, Membmmeit wam pasroit B’ TlockoapKy TOABIHTErpaahbHOe
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BBIDA’KEHUE 3aBUCUT TOJLKO OT K’ MOXKHO mnepeiiTu K WHTErpu-

posanuio 1o dE', nanucas:

dr' (B’
dFE'

ar’ — AE) i

[poussoanyio dI'/dE' 3amensiem (cp. § 7) oTHOMmIEHHEM

ar’ eS'(F)

dE  AE
rae S'(E')  surponus cpeipl kak dynkius ee sueprun (dyHkim-
eit B’ asnsiercs, koneuno, takxke n AFE'). Takum o6pazowm,

S/
wy, = const - / AGE’ (E' + E, — E©)dE'.

Baarogapst Haamaunio J-pyHKIUH WHTEIPUPOBAHNE CBOAWTCS K 3a-
vene B wa E©) — B, u nonyuaem
’
€S
wy, = const - | —; .
AE'" ) p'=g0© g,
YdareMm Temephb, 9TO BCAEICTBUE MAJOCTH Teja ero sueprust F,
vasa 10 cpasuennio ¢ B Benuuuna AE' orHOCHTENBHO OYeHD
MaJjI0 MEHSeTCsl [IPY He3HAYMTeIbHOM u3MeHenun F'; nostomy B Heit
MOYKHO TIPOCTO TONOKUTL E' = E(O), TTOC/Ie Yero OHa TTPeBpaTHT-
Cd B HE 3ABUCAIIYIO OT F, mOCTOdHHYIO. B 3KCIOHEHIMAILHOM ¥Ke
MHOKHTERe € Hano pasnoxuts S'(E (E 0 — E,) no crenensim E,,
COXPAHUB TaKKe U JIMHEHHbIN d/IeH:

(28.2)

ds' (B©)

0 _ 0
SI(E( ) — En) - SI(E( )) - E, dE©

Ho npowmssognas or surponmn S’ 1m0 3HEpruu €cTb HE YTO MHOE,
kak 1/T, rme T — TemmnepaTrypa CHCTEMBI (TeMIepaTypa Tejra U Cpe-
JIbl OJINHAKOBA, TAK KaK CHCTEMa TPE/IIoIaraeTcss HaXosIeiics B
PaBHOBECHN).

Takum obpazom, mojgydaeMm OKOHYATEIBHO i Wy CIeAYIOIee

BbIpazKeHune: E
= Aexp(—?"), (28.3)

rne A He 3aBucsasg or F, HOpPMUPOBOYHAsA [OCTOAHHAS. DTO

OJHAa M3 BaKHeHmux (OPMyJ CTATUCTUKU; OHA OIPEJe/deT CTa-
THCTHUYECKOE PaCIpeeIeHne JI000ro MaKPOCKOIUYECKOTO TeJla,
STBJISTIOTIIETOCST CPABHUTENIRHO MAJION TacThI0 HEKOTOPOit OOIBIION
3aMKHYTO# cucrembl. Pacnipenenenne (28.3) wasbiBaercst pacnpede-
aenuem ['ubbca WANM KaHOHUMECKUM pacnpedeseruem; OHO OBLIO
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orkpeito ['m66com (J. W. Gibbs) mist kjaccuaeckoil  cTaTUCTHKT
B 1901 .

Hopmuposounas nocrosinnas A onpesensercs ycaoBueM » | wy, =
=1, orkysa 1 BT
1= D e Bt (28.4)
n

Cpemmee 3navenne 1000t pu3maeckoit BemInHbl [, XapakTepu3yio-
et TaHHoe Tea0, MOYKeT OBITh BBIUYUCIEHO C MOMOIIBIO PACIPEIe-
snenns ['mbbca mo dopwmyite

-~ EfnneiE"/T
f= anfnn = W- (28.5)

B ksraccuueckoil cTaTucTuKe BBIPAXKEHHE, B TOYHOCTH COOTBET-
crByitomee dopmysie (28.3), nonyuaercsa s pyHKIUM pacipeesie-
HUS B PA30BOM TPOCTPAHCTBE:

p(p,q) = Ae P/, (28.6)

rae E(p,q) »sueprug rena kak GyHKIMs €10 KOOPAUMHAT U UMILYJIb-
cos') . Hopmuporounas mocrosinHast A onpejiessiercst yeaoBueM

/pdp dg = A/eE(p’Q)/po dg = 1. (28.7)

Ha npakrtuke 4acTto nNpuxoguTcss UMETh JIeJI0 CO CAydasiMu, KO-
rjla KBA3WK/IACCHIECKUM SIBJISIETCS HE BCE MUKPOCKOTHUYECKOE JIBU-
JKeHVe YaCTHll, a JWIb JIBUYKEHNEe, COOTBETCTBYIOIIEE UYaCTH CTe-
neHeit ¢cBOOOJBI, B TO BpeMsT KaK MO OCTAIbHBIM CTENEHsSIM CBODO-
JIbl JIBUZKEHUE SBJISIETCS KBAHTOBBIM (TaK, HAIIPUMED, MOXKET ObITb
KBAa3UKJ/JIACCUIECKUM HOCTYIATEBHOE JIBUYKEHUE MOJIEKYJI IPU KBAH-
TOBOM XapaKTEPEe BHYTPUMOJIEKYISPHOIO JBUKEHUs ATOMOB). B Ta-
KOM CJIyYae YPOBHU SHEPTHUN TeJIa MOYKHO HAMNUCATh B BUAe (DYHKIIWI
OT KBa3WK/JIACCUYECKUX KOOPIWHAT W MMIyabcoB: K, = E,(p,q),
rje n 0003HAYAET COBOKYITHOCTH KBAHTOBBIX UHCE]I, OTPEIEISTIOIIIX
«KBAHTOBYTIO YaCTh» JIBUKEHUsI, JIJIsi KOTOPOIO 3HAYEHUS P U ¢ UTPaA-
10T posib napamerpos. Popmysia pacupeesienus ['nddca nanumercs
TOr/Ia B BUJIE

dw, (p,q) = Ae” PP/ ap, dg,,, (28.8)

1Y Bo usbexanme memopasyMenwmil JHITHII Pa3 HATIOMHHM, 9TO W, (ATH p)
ABJIIAIOTCA MOHOTOHHBIMW (byHKHI/IﬂMI/I aHepFI/II/I n OTHIOAb HE JOJI?>KHBI MMETh
vmakcumyma npu E = E. Octpseiit makcumym npu E = E uveer GyHKIus pac-
HIpesesIeHnst 10 SHEPIun, NOJLy YaloWasiCsl yMHOXKeHneM wy, ua dl'(E)/dE.
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e dpxndgx; — mponsBenenne andOEpPeHINaIoB «KBa3UKIACCHTe-
CKUX» KOOPIUHAT U UMITYJIHCOB.

Haxkoner, HEOOX0AMMO cleaTh CJIeAyIONee 3aMedaHne 10 I0-
BOJLYy KPyra BOIPOCOB, JJisl PELIEHUsT KOTOPBIX MOXKHO IIPUMEHSATH
pacupejenenue ['u66ca. Mbl Bce Bpemsi roBOpU/I O HOCIEIHEM KAK
0 CTATUCTUIECKOM PACIPEIETeHUN I TOJCUCTEMbI, KAKOBBIM OHO
B JIECTBUTEILHOCTH W SIBJISIeTCA. BecbhbMa BayKHO, OJHAKO, 9TO ITO
JK€ PACIpeIe/IeHne MOYKHO C TIOJHBIM yCIIEXOM TPUMEHSITh U JIJIs
OIIPEJIe/IEHUs] OCHOBHBIX CTATUCTUYECKUX CBOWCTB 3aMKHYTBIX TeJl.
HeificTBuTe/ibHO, TakWe CBOUCTBA Teja, KAK 3HAYEHUS] €r0 TepMO-
JIMHAMUYECKUX BEJIMUUH WJIU PACIPEJIE/ICHUs] BEPOSITHOCTEN JIjist KO-
OPJIMHAT ¥ CKOPOCTEHl OTAEIbHBIX €ro YaCTHIl, OYEBUIHO, He 3a-
BUCAT OT TOTO, PAaCCMATPUBAEM JIU MBI TEIO0 KAK 3aMKHYTOE WU
KaK TIOMelleHHoe B BooOpaykaemblii Tepmocrar (§7). B mociemnem
CJLy4ae, OQHAKO, TEJIO CTAaHOBUTCS «IIOACUCTEMOY , U paclpeseaeHue
I'u66ca npumenumo K Hemy OyKBajibHO. OTMdre 3aMKHYTOTO TeJIa
OT HE3AMKHYTOIO MPOSBJISIETCS [PU [PUMEHEHUU PACHPEeJIeHUs]
I'mGbca mo cyrecTBy Jniih TpU PACCMOTPEHNN CPABHUTEIHHO MAJIO
WHTEPECHOTO BOTPOCa O (IYKTyalusix MOMHON dHepruu Tena. Pac-
npenenenne ['nbbca maer myisa cpeameit (hayKTyamun 3Toi BeJTMIHHBI
OTJIMIHOE OT HyJisl 3HAYEHHUE, KOTOPOE sl TeJjia, HAXOJSIIErocs B
cpejie, UMEeT peasibHbIl CMbICH, & Jijisd 3aMKHYTOTO Tejia  COBEep-
IEHHO (PUKTUBHO, TAK KAK JHEPIUsl TAKOIO TEJIa [0 OIPEIEICHUT0
MMOCTOSTHHA, U HE (DIyKTyUpPyeT.

BosmoxkHOCTH TpuMenerusi (B yKa3aHHOM CMBICIE) pacrpejie-
sneansa ['mb6Oca K 3aMKHYTBIM TeJlaM BUIHA TAKYKE W W3 TOTO, UTO
OHO M0 CYIIECTBY OYeHb CJ1aD0 OTJIUYAETCsE OT MUKDPOKAHOHUYECKO-
ro (M B TO K€ BpeMsl HECDABHEHHO y/00HEe Jijis NPOBEJECHUs KOH-
KPETHBIX pacdyeron). /leficTBUTeIbHO, MUKPOKAHOHUYECKOE PacIpe-
JleJIeHVe SKBUBAJIEHTHO, IpybO TOBOPs, TPU3HAHUIO PaBHOBEPOSIT-
HBIMU BCEX MUKPOCOCTOSIHUIT TeJia, OTBEYAIONINX 3aJAHHOMY 3HAUYe-
HUIO ero sHeprun. KaHOHWYEeCKoe Ke PACHPEeSIEHIE «PA3ZMA3aHO»
[0 HEKOTOPOMY WMHTEPBAJY 3HAYEHWUI SHEPIUM, MUPUHA KOTOPOIO
(mopsiika BeJIMYMHBI CpejHeli (hIyKTyalun SHEpruu), OJHAKO, s
MaKpPOCKOIINIECKOTO TeTa HUITOKHO MAJIa.

§ 29. Pacupenenenne MakcBesia

Aueprus E(p,q) B dopmyne pacnpenenenns I'nbbca Kiaccuye-
CKOIl CTATUCTUKHW BCETIa MOYKeT OBITh TPEICTABICHA KaK CyMMa
JBYX 4YacTell — KWHeTUIecKOil W TOTeHTnaabHoM Heprmit. 13 Anx
nepBasi €CTb KBaJApPATU4IHass (DYHKIUS OT MMILYJIbCOB ATOMOB'),

1) IIpeamosraraercst, 910 MBI TOIB3yEMCS [I€KAPTOBBIMI KOODIMHATAMU.
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a BTOpasi — PYHKIMS OT UX KOOPIAWHAT, MpUIeM BUI ITOH (DyHK-
OV 3aBUCUT OT 3aKOHA BSaHMOrHeﬁCTBHH YaCTUI] BHYTpHN TEeJIad (I/I
OT BHENTHETO TI0JId, €CJIN TaKoe I/IMeeTCH). EC.TH/I KI/IHeTI/IquKyIO %1
HOTEHIMA/ILHYIO 3Heprun 0003HAauYnTh COOTBeTCTBeHHO Kak K (p)
n U(q), o E(p,q) = K(p) + U(q), n sepoarrocts dw = p(p, q)dp dq
HAMUIIIETCA B BHUJC

dw = Aexp(fM — M)dpdq,
T T
T.e. pa3dWBaETCS HA TTPOM3BEIEHUE JIBYX MHOXKWUTEEH, M3 KOTOPHIX
O/INH 3ABUCUT TOJHKO OT KOOPAWHAT, & JAPYyroil — TOJHKO OT HWM-
MyJI6COB. DTO O3HATAET, 9TO BEPOSITHOCTH [IJI MMIIYJIHCOB W KOOP-
JIMHAT HE3aBUCUMBI JIPDYD OT JAPyTa B TOM CMBICJIE, 9TO ONPEJIEIeH-
HbIE 3HAYEHUS MMILYJIbCOB HUKAK HE BJIUSIOT HA BEPOSITHOCTU TEX
WM MHBIX 3HaYeHuil koopauuar, u obparno. Takum obpazom, Bepo-
SITHOCTH PA3IUIHBIX 3HAUECHUN MMITY/IHCOB MOYXKET OBITh HAMMCAHA B

A dw, = ae~ K@/ gp, (29.1)
a pacrpejesieHne BepOSTHOCTH JIjIsi KOODIMHAT
dw, VDT dq. (29.2)

Tax xKax cymMMma BEpOSTHOCTEH BCEX BO3MOXKHBIX 3HAUEHUN WM-
NyJa6COB (M TO Ke camoe JIjisi KOOPJWHAT) JIOKHA ObITh paBHA €i-
HUIE, TO KaxKJas W3 BepoaTHOCTe# dw, n dwg J0MKHa OBITH HOP-
MHUPOBaHAa, T.€. UX WHTErPAJbl MO BCEM BO3MOXKHBIM JIJISI JTAHHOTO
TeJa 3HAYEHUSM WUMILYJIbCOB WM KOOPAWHAT JOJI2KHBI OBITh PABHBI
enqmaUIE. U3 9TUX yeaoBUil MOXKHO ONPEIE/IUTh TMOCTOSHHBIE @ 1 b
B (29.1) u (29.2).

SBaiiveMmcst uU3ydeHHeM PACIpPeIeIeHusT BEPOSITHOCTEH I MM-
MyJI6COB, ellle pa3 MOAYEPKHYB MpU ITOM BeChbMa CyIIECTBEHHBIHI
daxT, 9T0 B KJACCUUECKON CTATHCTHKE TAKOE PaCIpeeeHne HUc-
KOJIBKO HE 3aBUCHAT OT PO/ B3aMMOJEHCTBAS YACTUI, BHYTPUA CHCTE-
MBI WM OT POJA BHEIIHErO TOJI W MOTOMY PACHPEeIeeHue MOYKET
ObITH BBIDAYKEHO B BUJIE, MPUTOIHOM JIJIsi JIIOOBIX Tes') .

Kunernaeckast aneprus BCEro Teja paBHA CyMMe KHHETHUIECKUX
SHEpPTHit KayXKJOTO W3 BXOASAIINX B HETO aTOMOB, W BEPOSTHOCTH
ONSITh pPasOUBAETCS Ha MPOU3BEAEHUE MHOXKHUTEeH, M3 KOTOPBIX
KaK/Iblii 3aBUCUT OT MMIIYJbCOB TOJbKO OJHOIO U3 ATOMOB. DTO
BHOBb 03HAYAET, 9TO BEPOATHOCTU MMITYJIHCOB PA3JTUIHBIX ATOMOB
HE 3ABUCAT APYT OT JAPYyra, T.e. UMIY/JIbC OJHOTO M3 HUX HUKAK HE
BJIUSIET HA BEPOATHOCTU WMITYJILCOB BCex apyrux. [losromy mMoxKHO

1) B kBaHTOBOi1 cTaTHCTHKE 3TO yTBEp:K/EHWE, BOOOIIE TOBOps, HE CIPaBeI-
JINBO.
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MUCaTh PACIpPeAe/IeHIe BEPOATHOCTEN /I NUMITYIbCOB KazK/0r0 aTo-
Ma B OTACJIBbHOCTH.
2 2 2
. pz+py+p2
Itst aroma ¢ Maccoit m KuHeTuIecKas SHEPIus PABHA ~om
m
TI€ Py, Py, Pz — ACKAPTOBBI COCTABJIAIOIINE €r0 UMITYJIbCa, & pacnpe-

JIeJIEHNEe BEPOATHOCTEN MMeeT BUJ
1
dw, = aexp [*M(pf; +p,, +p§)} dpydpydp..

Ilocrogunas a oupejessiercs ycaoBueM HOpMupoBku. WHTErpupo-
BaHUA 10 dpy, dpy, dp, Pa3gensioTca n TPOU3BOAATCS C TIOMOIIHIO
n3BeCTHOH (hOpMyJIbI

—+00

/ e gy = \/;
(87

— 00
B pesysawrare naxomum a = (2rmT )’3/ 2 ¥ MBI TIOTyUaeM OKOHYa-
TeTbHOE PACITpe/iesIeHre BEPOSITHOCTEHN J7IsT MMITYJIhCOB B BI/IE

2 2 2
dw, = fw} dpgdpydp. . (29.3)

1
5 €X
(2remT)>/? P [ 2mT

[Tepexosst OT UMILYJIBCOB K CKOPOCTSAM (P = MV), MOKHO HAIMCATDH
AHAJIOTUTHOE PACTIPEJIEIEHNE JIIsT CKOPOCTEli:

3/2 2 2 2
dwy = <mT> exp [m(vz oyt )

o T dvgdvydv,. (29.4)

910 — Tak HaswiBaeMoe pacnpedesenue Makceeana (J. C. Max-
well, 1860). 3amerum, 4T0 OHO CHOBA PACHAAETCS HA IPOU3BEICHUE
Tpex He3aBUCHUMbBIX MHOYKHUTEIEN:

m _ 2
I emmoz /2T gy,

- . (29.5)

dw,, =

KAXK/JIbIil U3 KOTOPbIX OIPeJIe/isieT Paciipe/lejieHle BEPOTHOCTEN JiJist
OTJIEJIbHON KOMIIOHEHThI CKOPOCTH.

Ecau teso cocrour uz mosexyn (Hampumep, MHOMOATOMHbBII
raz), To HapsLy C pacnpejesienneM MakcBesia Jjist OTAeIBHBIX aTo-
MOB TaKO€ YK€ PACIPE/Ie/IeHUe UMEeT MECTO U Jijid HOCTYIATEbHOIO
JIBU2KEHUsT MOJIEKYJT KaK Mebix. JeficTBuTeIbHO, 13 KMHETHIECKOM
SHEPI'UU MOJIEKYJIbl MOXKHO BbIJIEJIUTH B BUJIE CJIArAEMOI'0 SHEPIUIO
MTOCTYTATE/IFHOTO JIBUXKEHWS, B Pe3y/IbTaTe Yero MCKOMOe pacipe-
JleJIeHVe BBIJIETTUTCS B BUJe Bbipakenusi (29.4), B KOTOpOM MO m
Ha 10 OyJIeT HOHNMATh TOIHYIO MACCy MOJIEKYJIbI, & O Uy, Uy, Uz —
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KOMIIOHEHTBI CKOPOCTH €€ MeHTpa nHeprmu. [loguepkaem, 9o pac-
npesenenne Makcgemrna st NOCTYATELHOTO JBUKEHUST MOJIEKY.T
MOXKET MMerb MEeCTO BHE 3aBUCUMOCTM OT XapaKTepa BHYTPUMO-
JIEKYJIIPHOTO JIBUZKEHUsI ATOMOB (M BPAIEHUS MOJIEKYJIbl), B TOM
YUCIEe W B CIydae, KOrja IOCAEeIHee JOIZKHO ONMUChIBATHCA KBAHTO-
BBIM 0OpaszoMm ') .

Boipakenue (29.4) Hanmcano B JEKAPTOBBIX KOODAMHATAX B
«IPOCTPAHCTBE CKOPOCTeity. Ecam 0T 1eKapTOBbIX KOODAMHAT I1€-
peiitn K chepuaecKuM, TO MOy YUTCS

3/2 ;

dwy = (ﬂ) / e 22 6in g - df dy dv, (29.6)
27T

rjie v — abCcoIoTHAs BEINYNHA CKOPOCTH, a 6 W ¢ — MosipHbIil yroJ

7 a3NMYT, OMpeJIeISTONINe HalpaBaeHne cKOpocTn. VHTerpmpys mo

yrjiaM, HaiijleM pacupejeseHue BeposiTHOCTel g abCcosIoTHON Be-

JIMYUHBI CKOPOCTHU

3/2 2
_ —mv? /2T 2
dw 47r<2wT> vodv. (29.7)

WNuorpa ObiBaeT ya00HO MOMB30BATHCA MUJIUHIPUIECKIMEA KOOP-
JMHATAMU B pocTpaHcrBe ckopocreii. Toraa

dwy = (2”%) i exp [—W} vpdv.dv,dep, (29.8)

rJie ¥, KOMIIOHEHTAa CKOPOCTHU 110 OCU 2, Uy  IIePHEeHIMKYJIIpHas K
OCH z KOMIIOHEHTa CKOPOCTHU, & ¢ — yI'0Jl, OIPeIe/Ia0IInil Hanpas/ie-
HUE TTOCTETHEN.

BrramcnmMm  cpejsinee 3Havenwe KUHETHYECKOW SHEPTUW aTOMA.
Cory1acHO ONpPeJIe/IEHUTIO CPEJHUX 3HAYEHUI 1 1101b3ysach (29.5), Ha-
XOIAUM JIJIsI JIF00Oit ,B;QK&pTOBOI?’I KOMITOHEHTHI CKOpOCTI/IQ)

=] / e /2 gy — (29.9)
27T

1) Pacnipesenienine Maxcse/ia CripaBejinBo, OUeBUIHO, U /ISt TAK HA3BIBACMO-
r0 OPOYHOBCKOI'O JBUYKEHUS B3BEIIEHHBIX B YKMIKOCTH YACTHII.

2) IIpuBeem myist cipaBOK 3HAYEHUS YACTO BCTPEYUAIOIMUXCS TIPU IPUMEHEHUAX
pacupeznenenns MakcBesjia MHTEIPAJIOB BUIA

2
I, = /e'” z"dx.

0

[Moxcranoska oz’ = =y Jaer

n+tl n—1 ntl
I, = la*T /efnydy = la*Tr <n—|— 1) ,
2 2
0
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ITosTomy cpemnee 3HaveHre KWHETUYECKOW SHEPTUU aTOMa PABHO
3T /2. MoxHO, Ce0BaTe/IbHO, CKa3aTh, YTO CPEIHSIST KMHETHIeCKAst
SHEPTHsI BCEX YACTHUIL TeJIa B KJAACCHIECCKON CTATHCTHKE BCErIa PaB-
na 3NT/2, rne N 110/1HOE 4MC/I0 YACTHUIL.

Bagaum
1. Haiitu cpennee 3navuenue n-it crenernn abCOIIOTHON BEJIMYNHBL CKOPOCTH.
P e m e 1 u e. ITomb3ysics (29.7), naxonum

3/2 P /2
(") = 4 (1) /e—mﬂmvmdv 2 <2T> F(n—I—S).
2T VT \m 2
0

B wactrocTH, ecnim i @erHOE "m0 (n = 2r), TO

W’y = (%) (2r + 1)

Ecmm ke n =2r + 1, To
2r41

(ﬁ”“):% (%) S+ 1)

2. Haittu cpenuuit kBagpar QyKTyamun CKOPOCTH.
P e m e 1 u e. [lonp3yack pesynbraTom 3azaum 1 nnga n = 1 u n = 2, Haxo-

s
(Av)?y = 72 — v% (3 _ §) .

iy

3. Haiitu cpeHioo SHEPTrUio, CpeIHUI KBaAPAaT SHEPTUA U CPETHUN KBAIPAT
diyKTyauum KWHETUYECKOW SHEPIUU aTOMA.
P e m e 1 u e. [lonp3yack pesyabratamu 3a1a4uu 1, HAXOIUM
_ m— 3T — 15 2 4 3 2
E=—v2=—"—, 2=—=T" ((Ae)")==T".
2 2 4 2
4. Haiitu pacnpenenerre BepOITHOCTEN /I KHHETUIECKON SHEPTUU aTOMA.
Pemenwue.

2 —e/T
dwe. = ——e Ve de.
VT3

rae I'(x) — ramma-dyakuus. B wacrrnocrn, ecnmm n = 2r, r > 0, T0

_(2r—-1)N ™
27‘+1 a27‘+1’

127‘

rae (2r—1)'=1-3-5...(2r —1). Ecu r =0, 1o

1 |«
Io=—,/—.
2\ «
Ecim xxe n =2r 4+ 1, to
r!
Iorp1 = MT_H

Tor ke mHTErpas B mpegenax oT —oo JI0 +00 paBeH B MOC/IeHEM CIydae HyJIIO,
a B IEPBBIX JBYX — yJABOEHHOMY uHTerpasy or () 10 oco.



§ 30 PACTIPEJIEJIEHWE BEPOSITHOCTEN JIJISi OCLWJIJISTOPA 111

5. Haittu pacupesnesnenne BepogTHOCTEN J1j1s yIJIOBBIX CKOPOCTEH BpalleHUs
MOJIEKYJI.

P enreHmue. 1_[0 TEM K€ IIPpUYIMHAM, Y9TO 1 [AJid [MOCTYIATEe/IbHOI'O JIBUXKE-
HUSA, MOXKHO TIACATH (B KIACCUIECKON CTATUCTUKE) PACTIPEIEIEHUE BEPOATHOCTEH
JJId Bpaluenund Ka)K,HOﬁ MOJIEKYJIBI B OTAE/JIbHOCTH. KI/IHeTI/IquKaﬂ dHEPrud Bpa-
MEHns] MOJIEKY/IbI, PACCMATPUBAEMOil KaK TBEPZOE TeNO (YTO BO3ZMOXKHO B CHILY
MaJIOCTH BHY TPUMOJIEKYJ/ISPHBIX KOJIEOAHNH aTOMOB), PaBHA

M M3 M§)
—t+—+—,
I I, I
rae I, I>, Is— ruasabie momentol unepuun, 1, Qo 23 — npoexkuun yryioBoit
CKOPOCTH Ha ryiaBHbIE ocu uHeptun, a My = 111, My = 1,8, M3 = 1303
KOMIIOHEHTHI MOMEHTA BPAlll€eHUd, UT'PDAIOIINe POJIb 0606meHHbIX MMITYJIBCOB JIJId

ckopocteit §21, Q2, 3. HopMupoBanHoe pacrpeaesieHune BeposaiTHOCTEH /171 KOM-
IIOHEHT MOMEHTa e€CTh

1 : : o 1
Epp = E(IIQ% + 1O + I3Q§)§ (

2 2 2
dwm = (20T) %> (I, I, Is) " "/? exp [—% (%Il + M %)}dMldMQdMg,

I 1, I3
a JUIs yTIJI0BOM CKOPOCTH

b

dwg = (2aT) ¥ *(1,1,15)"/* exp[ T(zlﬂf + 1,903 + 1393)] A dQ2dQs.

6. Haiitu cpennme kBagparsl abCOIIOTHON BEIMYMHBI YyIJIOBOM CKOPOCTH U
MOMEHTa BpalleHudA MOJIeKYJIBI.
P e menue CnoMombio HAlIEHHBIX PACIPEAEJIEHNU [TOJLY 9UM

1 1 1
(@) =T <7+ L 7), (M) = T(L + I + Iy).
1 2 3

§ 30. Pacnpenesienne BepOATHOCTEH [Jisi OCIIAJIIISITOPA

PaccmorpnM  Teso, aToMBI KOTOPOTO COBEPIIAIOT MaJjble KO-
Jiebanms OTHOCUTE/IHLHO HEKOTOPBIX IOJIOXKEHWi paBHOBecus. Pedn
MOXKET UITU O KOJeOAHWsSIX aTOMOB KPUCTAJIA WIN O KOIeOaHmsIX
ATOMOB B MOJIEKYJIaX Ta3a (B HOCAEJHEM CIydae JIBUKEHUE MOJjie-
KyJibl KAaK IIeJIOr0 HE BJMgeT Ha KojebaHusi arOMOB B Hell u He
CKA3bIBAETCS HA PE3Y/IbTATax).

Kak m3BectHO n3 Mexanuku, (dyHKIusi [amMuabToHa (3HEPrus)
CHUCTEMbl, COCTOSAIIENH U3 IPOM3BOJIBHOIO YMC/Ia YaCTHll, COBEPIIAO-
UX MaJible KOjieOaHus, MOKET ObITh IPEJCTABAECHA B BUJIE CyMMbI

1
E(p,q) = ) (P4 +wida),

[0}

IJle (o — TaK Ha3bIBaeMble HOPMaJbHBIE KOOPAWHATHI Koaebanwii (B
TouKax pasHoBecus o = 0), po = §o  COOTBeTCTBYIOIIME UM 0000~
[IEHHBIE WMIYJIBCHI, a W, — 9acTOThl Kojaebanuit. JIpyruvu crosa-
mu, F(p,q) pacnagaercs Ha CyMMy HE3aBUCHMBIX YJIEHOB, KayKIbIil
U3 KOTOPBIX COOTBETCTBYET OT/ETHHOMY HOPMAIBLHOMY KOJI€0AHUIO
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(nM, KaK TOBOPSIT, OCHULIATOPY). B KBaHTOBON MexaHWKe TO Ke
caMoe MMeeT MeCTO JJIsI oTmepaTropa l'aMmIbTOHA CHUCTEMBI, TaK TTO
KarK/Iblil OCHMUJLIATOP KBAHTYETCsS HE3aBUCUMO, M YPOBHU SHEPIUU
CHCTEeMBbI IIPeJCTABIAIOTCA CyMMaMu

Z fwq (na + %)

(g — 1esBIe YncIa).

B cuny stux obcrosrenncTs pacupenenenue ['mbbca s cucte-
MBI B II€JIOM PACIATAETCT Ha MPON3BEIeHNe HE3ABUCUMBIX MHOKWUTE-
JIel, KaXKJbIi M3 KOTOPBIX OTPEeIeIseT CTATUCTUYIECKOEe pacIpe/ie-
JIEHME JIjIsi OTJAE/AbHOIr0 oCcuu/LIssTopa. Ha 9roM 0CHOBaHUM Mbl pac-
CMaTPUBAEM HUZKE OTJIeJIbHbIA OCHUJLIATOD.

Oupejeium pacupeeeHne BePOsiTHOCTeH Jijist KOOPJAUHATbLL ¢
ocrasTopa’) (MHIEKC @, yKa3bIBAIOUIM HOMED OCIULISTOPA, B
JaJIbHENIneM Be3e OHyCKaeM). B kiaccugeckoil crarucruke 3TOT
BOLIPOC pemajics Obl COBCEM IIPOCTO: IOCKOJIbKY IHOTEHIUAIbHASL
sueprus ocumiaropa ectb (1/2)w?q?, 1o pacupejeenue BeposT-
Hocreit sueprus Jgaerca HopmyJioit
2

dw, = Ae @’ 12T qq,

wiu, onpejiesis A u3 ycjaoBusi HODMUPOBKH,

w 2,2
dw, = ——e "0/ gq (30.1)
27T
(uaTerpupoBanue 10 dg MOXKHO IIPOU3BOJUTH BBUJY OBICTPOI CXO-
JIMMOCTH WHTErpasia B Mpejeaax 0T —oo J0 +00).
ObparuMest K PEIIeHrTO TOCTABJICHHON 331491 B KBAHTOBOM CJIy-
vae. Ilycrs 9,(¢) BosHOBbIE (DYHKIMM CTAMOHAPHBIX COCTOSHMIA
OCIIUJLISITOPA, COOTBETCTBYIOIINE YPOBHAM SHEPIUM

En :ﬁw<n+%).

FEcnn ocumiisgtop HaxXoaWTCd B 7-M COCTOSTHUHM, TO KBAaHTOBO-
MeXaHWYecKoe pacrpejie/leHne BEPOATHOCTEN i ero KOOPUHATHI

OTIpeJIeISIeTCS KBaIPaTOM 1/)721 (B manHOM ciydae byHKIUHU 1), Be-
IECTBEHHbI, ¥ HO3TOMY Mbl IHMIIEM HPOCTO 12 BMeCTo KBaJpara
moaysst |y |?). Yckomoe crarucruueckoe pacupejie/ieHue BepostT-

HOCTEH TIOIyYNTCA, €CIN YMHOXKHUTH 1/)% Ha BEPOATHOCTH W, HANTH
OCHMJLIAATOD B 7i-M COCTOSIHWM, @ 3aT€M CyMMHUPOBATHL MO BCEM BO3-
MOZKHBIM COCTOSHULAM.

1) Hopmanpmast koopammaTa ¢ WveeT pasMepHOCTh CM - ri/2,
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Cornmacro pacmpenenennio ['mbbca w, nmeer BUI

wy, = ae T

re a — nocTosHHast. TakuM 0bpasom, moaydaem (hopMyTy

oo
dw, = a dq Z e /Ty, (30.2)
n=0
KOTOpast HAXOJNTCS, PA3yMeeTCs, B MOJTHOM COOTBETCTBHU C OOIIEd
dopmynoii (5.8).
st BbIUucIeHUs CTOSIIEH 3/1€Ch CyMMbl MOXKHO IIPUMEHHUTD CJIe-

aytomwmit npuem. Beogum obosnavenne dwg = pedq m cocrapisgem
MIPOM3BOIHY IO
[e.e]
dpq —& /T dd)n
— = 2a e " .
dq Z ¥ dq
n=0
Beegst oneparop mmmyasca p = —ifid/dq w TOMHS, 9TO WMITYJIbC

OCIMLAATOPA UMEET OTAWIHBIE OT HyJIst MATPUIHBIE 3I€MEHTHI JIATITH
s nepexopos ¢ n — n £ 1 (em. 11, § 23), numewm:

dipn,
dq

= %ﬁwn = %(pnfl,nwnfl +pn+1,n¢n+1) =

= %(anl,nd)nfl - Qn+1,n¢n+1)

(I/ICHO.H])3OB&H])I COOTHOIIIEHUA
Pn—1n = —WW4n—-1,n, Pn+in = 1WAn+1,n

MEZKJIy MATPUYHBIMU 3JIEMEHTAMY UMILYJIbCA U KOOPAMHATHI). Takum
obpazom, mmeem

[ee] [ee]

d 2 _ _

e aw{E Gn—1,nPnPn—1€ en/T E Gn+1,nPnPnr1e En/T}-
n n=0

d h
q -0

B mneppoit cymme mensgem 0003HAUEHHE WHIEKCA CYMMHUPOBAHUSA
(n — n+ 1) u, npuHUMAs BO BHUMAHUE COOTHOLICHUSI

En+1 = En + ﬁwu dn+1,n = 4n,n+1; qg-1,0 = 07

HAXOIUM
oo
d 2aw —hw/T —e,/T
dpqq = - A (1*6 us/ ) § Qn,n+1¢n7/)n+le en/ .
n=0

AHajiorugHbIM 00pA30M HailjleM PaBEHCTBO

o0
apq = a(l + eihw/T) Z qﬂ,n+1¢n¢n+1€76"/T-

n=0
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CpapauB 06a paBeHCTBa, TOIYYUM ypaBHEHNE

dpq <2w ﬁw)
Pa _ (2 4h =
dq n o ar )P

OTKY/1a
hw
= t- et th 7) .
pq = cons exp( ¢, tho

Oupegensiss MOCTOSHHYIO M3 YCIOBUST HOPMHUPOBKH, IOJIYYUM
OKOHUATEJIbHO ciepyiontyto dopmyny (F. Block, 1932):

1/2
dw, = (% th %) exp (—qz% th Z—;)dq. (30.3)
TaknM 06pa3oM, W B KBAHTOBOM CJIydae BEPOATHOCTH Pa3IAIHBIX
3HAYEHMH KOOPAMHATHI OCHULISTOPA PACHPEEJEHBI 110 3aKOHY BH-
na exp(—aq?), HO ¢ JPYIUM 110 CDABHEHHMIO C KJIACCHYECKON CTaTH-
crukoit 3nadenuem Koddpdunmenta a. B npegesbuom ciyuae hw <K
& T, koryia KBanToBaHue yzxe He urpaer poau, popmyaa (30.3), kax
u ciegosaiio, nepexoaut B (30.1).

B ob6parnom npejgensHoMm ciydae hw > T dhopwmyna (30.3) nepe-

XOINT B
2
dw, = 1/—w e Tw/hg
q h q,

T.€. B YUCTO KBAaHTOBOE DpAaCLpeje/leHre BepPOsTHOCTel KOOp/IuHA-
THl B HOPMAJIbHOM COCTOSTHUW OCHHJLISITOPA'). DTO COOTBETCTBYET
ToMmy, uTo npum 1T <K fw KomebaHUsl OCHUIISATOPA MPAKTHIECKN
He BO30YIK/IEHBI.

Pacupejiesienue BepogTHOCTEHR J1J1sl UMILY/IbCA OCLHUILIATOPA MOXK-
HO Haumcarb 10 aHasoruu ¢ (30.3), He HPOBO/s BHIYMCJIEHUN 3aHO-
Bo. [lej1o B TOM, 4TO 3aja4a O KBAaHTOBAaHUM OCLUJLISTODPA IIOJIHO-
CTHIO CHUMMETPUYHA B OTHOIIEHNN KOODJAWHATHI W UMITYJIbCA, U BOJI-
HOBBle (DYHKIINN OCHUJIISITOPA B P-IIPEJICTABIEHUH COBIAJAIOT C €ro
OOBITHBIMU KOODINHATHBIMY BOJHOBBIMH (DYHKIUSMHU (C 3aMEHOi ¢
Ha p/w; cm. 11, §23, 3amaqga 1). [losTomy mckomoe pacmpeseneHue

ecTh "
1 hw P> hw
du, = (- th*) (-2 th 2 )dp. 30.4
= Ghw ar) PP\ e )P (30-4)
B wmaccnveckom mpegensaoMm caydae (hw < T) OHO TepexoauT B
obwraroe pacrpezesnenne Makcresia

dw, = (27T)/?e ?"/*T dp. (30.5)

1) OTO eCTh KBAAPAT MOY/I BOTHOBON (DYHKIINM HOPMATHHOTO COCTOSTHUS OC-
LU TOPA.
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3B3amauga

Onpegenurs KOOPAMHATHYIO MAaTPULY [JIOTHOCTU TAPMOHUYECKOrO OCLIMJI-
adTopa.

P e m e 1 u e. KoopmuaaTHag MaTpuIa mIOTHOCTHA OCHUJLIATOPA, OTBEYATO-
mas CTaTUCTUIeCKOMY paBHOBeCI/IIO oupenensercss hopmyJIoit

qq)—azeﬁ"/T (q")¢n(q)

(cp. mpumes. ma ¢. 33). Homoxum ¢ =1 + 8, ¢ = r — 5§ U BEIYUCIUM TPOU3BOJI-
myo (0p/ds),. Ilomo6GHO aHATOrTYIHOMY BBIYUCICHUIO B TEKCTE, IOy TUM

9 _0p Op _ aw
0s 0O0q 0Oq h

(1 -+ eiﬁw/T) Z dn,n+1 [1/)H+I(Q)¢n(ql)7

n=0
= Y (@) ¥nt1 (q,)]'
Burancans takum ke obpazom sesmunny sp = (q—q')p/2 n cpasans ¢ naitaennoi
IIPOU3BOIHON, IOy IUM
(@) — X
0s/, h 2T’
oTKyAa
, ﬁw)
.q) = A(r)exp [ —s* = Y eth ¥
p(q,q') = A(r) exp ( L ot o

@Oyuxmua A(r) onpegensiercs Tpebosanmem, aTodbt ipu § = 0, T.e. ipu ¢ = ¢’ =
= 1, «IMATOHAJIBHBIE 3/IEMEHTBI» MATPUIIBI IIOTHOCTH p(q, q) coBmamamu ¢ (30.3).
OKOHYATEIFHO UMEEM

hw wig+q¢) | hw wlg—q)? hw}
N= (Y tn gt g) g e Wl g)” g e L
P(a,q) (m 2T) eXP{ m oT an har

§ 31. CBoboanasi aHeprusi B pacupegesennn I'nboca

Cornacho dopmy.ie (7.9) snrponust Tesia MoxKer ObITh BbIUYUC/IEHA
KaK cpejiHee 3HadeHue jorapudma ero pyHKIUU PaCIPe/e/leHus:

S = —(lnwy).

[MoxcraBus croga pacupenesnenne T'ub6ca (28.3),

i

IMOJIyIrM
E
S =—-1nA + ?,

orkysa InA = (E — TS)/T. Ho cpeausiss snepruss E ecrb kak
pa3 To, YTO TMOHUMAETCs IO/l dHEpPrueil B TepMOANHAMWKE, TTO3TO-
My F—TS = FulnA = F/T, 1.e. HOpMAPOBOYHAsT TTOCTOSTHHAS
pacripeiesienust HEmoCPeJICTBEHHO CBs3aHa CO CBOOOMIHOI sHEpTHeit
Tesa.
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Taxnwm obpazom, pactpegenenne ['nbbca MOKHO HAMMCATH B BUIE

Wy, :exp%, (31.1)

B KOTOPOM OHO Haumbojiee 4acto u npumensiercsi. Tem ke criocobom
MOJIYYMM B KJIACCHYECKOM CIydae ¢ omorbio (7.12) Beiparkenne

p = (2wh) ®exp %ﬁmq) . (31.2)
Yenosue HOpMUPOBKU s pacupegenenus (31.1) riacur:
an = 6F/T267E”/T =1,
n n
i
F=-Th) e/ (31.3)
n

OTa popMyIa SIBIASIETCI OCHOBOI [IJIT TEPMOINHAMUYIECKUX TTPU-
MeHennit pacrnpegenenns ['mboca. Owa gaeT B TPUHINTIE BO3MOXK-
HOCTb BbIYUC/IUTL TEPMOJAMHAMUYECKUE (DYyHKIMK JIFOOOI0 Tesa, ecau
U3BECTEH €0 3HEPreTUYeCKUil CIeKTp.

Crosauyio B (31.3) nox 3uakom jiorapudma cymMmmy 0ObIMHO HA3bI-
BAIOT cmamucmuyeckol cymmotd. Ona npeacrabser coboit He UTO

nHOe, Kak ciex omeparopa exp(—H/), tme H — raMmabTOHWAH
JAHHOIO Tesia’) :

2= e Pl = gpe ). (31.4)

Takas dpopma 3anmcu 001a7aeT TEM TPEUMYIIIECTBOM, UTO IS BbI-
IUMCIEHNsT C/IeIa MOYKHO TTOIB30BATHCS JIFOD0H TTOIHONH CHCTEMO BOJI-
HOBBIX (DYHKIIHIA.

Ananoruanasi Gopmysia B KJIACCHIECKON CTATUCTUKE ITOJIYYaeT-
Cs1 M3 yCI0BUsi HOPMUPOBKU it pacupenesenns (31.2). Tpeasapu-
TEJIBHO, OJHAKO, HEOOXOJUMO y4ecTb CIeJyIOIiee 0b6CTOATEbCTBO,
KOTOpO€e OBLIO HECYIIECTBEHHO 10 TeX IMOP, MOKa Mbl WHTEPECOBa-
Jmch QYHKIMEH paciupeIeeHnsl KAK TAKOBOW M He CBA3BIBAJIN HOP-
MUPOBOYHBIN KOI(DDUIIMEHT C OMpPeaeIeHHON KOTUIECTBEeHHON Xa-
PaKTepUCTUKON Teja  ero cBobojHoi sneprueit. Ecau, nanpumep,
[IEPEMEHUTHh MECTAMU JIBA OJMHAKOBBIX ATOMa, TO IOCJIE TAKOW Ie-
PECTAHOBKM MHUKPOCOCTOsiHME Tejga Oyjaer u300parkarbCs JIpyroi

T ~
) B coorsercrBun ¢ o6wumu npasutamu nox exp(—H /) nonumaercs onepa-
TOp, COOCTBEeHHBIE (DYHKITUU KOTOPOTO COBIAIAIOT C COOCTBEHHBIMU (DYHKITASIMU

oneparopa H, a cobcrsennnie 3nauenus pasubl exp(—E, /T).
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daz0B0it TOUKOI, MOTyUAONIENiCsT U3 TTEPBOHAYAIBHON 3aMEHOH KO-
OpAMHAT W WMITYJILCOB OJIHOTO aTOMa KOOPJAWHATAMW W WMITYJIhCa-
mu Jgpyroro. C Japyroit cTopoHbl, BBUJY OJMHAKOBOCTH IEPECTAB-
JIZEMBIX aTOMOB 00a cocrogHus Tesa (PU3UIECKU TOXKJECTBEHHbI.
Takum 006pazoM, OJHOMY M TOMY 2Ke (DUBHTIECKOMY MHUKPOCOCTO-
SHUI0 Tesa B (PAa30BOM MPOCTPAHCTBE COOTBETCTBYET IEJIBIH P
Touek. Mexky Tem, NpW WHTEerpupoBaHuu pacnpepenenns (31.2)
KaxKJI0€e COCTOSTHWE JIOJIPKHO, Pa3yMeeTCs, YIUThIBAThCA JIUITH OTHO-
kparuo'). JIpyrumu cjaoBamu, Mbl JOJZKHBI MHTEIPUPOBATH JIUIIIb
o Tem obsiactsaM (azoBOro HPOCTPAHCTBA, KOTOPBHIE COOTBETCIBY-
10T PUBUYECKU PABIUIHBIM COCTOAHUSM T€j1a; Mbl Oy/IeM 0TMe4YaThb
9TO 00CTOATEIHCTBO IMITPUXOM y 3HAKA WHTErpPaa.
Taxknm obpazom, moayanm HopMyLy

!
F = —Tln/ e Ewa)/Tgp, (31.5)

3/IECh W BE3Jle B aHAJOTHYHBIX CAydasix HUXKe cuMBosoM dl' 06o-
3HAYAETCS 37eMeHT 00bema (ha30BOTO MPOCTPAHCTBA, /IEJIEHHBI Ha
(27h)*:

dp dq
(2rh)*”
Taknm obpazom, craTucTrdeckas CyMMma KBaHTOBON (OpPMYyJIbI
(31.3) 3amensierca cmamucmuueckum unmezpanom. Kak yxe yka-
3BIBAJIOCH B § 29, Kytaccuyeckast sueprust F(p, q) Bcerma Moxer ObITh
NpeJICTaBIeHA B BUJE CyMMbl KuHerndeckoit K(p) u norenuunasb-
Hoit U(q) suepruii. Kunerwdeckast Heprusi ecrh KBajpaTHIHAs]
GYHKIMST UMITYJIBCOB, U UHTEIPUPOBAHUE 110 HUM MOXKET OBbITh [1PO-
uzBejieHo B 00mem euje. [losromy 3ajada O BBIYUCIEHUU CTATH-
CTUYECKOIO MHTerpajia B JIEHCTBUTEIbHOCTH CBOJUTCS K 3ajade 00
narerpupoannn byuknnn exp|—U(q)/T| mo koopanaaram.

[Ipu daxTuueckoM BBIYUCICHUN CTATUCTUYECKOTO WHTErpasa
00bI9HO OBbIBaET yAOOHBIM pPACIIMPUTH 00JACTH WHTETPUPOBAHUSI,
BBOJIsI [IPU 9TOM COOTBETCTBYIOMIUN [MOMPABOYHBIA MHOXKUTE .
IIycTh, Hampumep, pedb uiaer o raze, cocrosimem u3 N OanHAKO-

dr = (31.6)

1) D10 06CTOATEJILCTBO CTAHOBUTCS B OCOOEHHOCTH OYEBUJIHBIM, €CJIM PacCMa-
TPUBAThb KJIACCUYECKUH CTAaTUCTUYECKUM MHTerpas Kak Ipefe/ KBaHTOBOI CcTa-
TUCTUYECKOH cymmbl. B mocienneil cyMMupoBaHne mpOU3BOANTCS [0 BCEM Da3-
JITYHBIM KBAHTOBBIM COCTOSIHHSIM, M HHKAKOIO BOIIPOCA BOOOIIE HE BO3HUKAET
(HanoMHMM, YTO B CMJIy KBAaHTOBOMEXAHMYECKOIO MPUHIMINA CUMMETPHUH BOJI-
HOBBIX (DYHKIINH KBAHTOBOE COCTOsIHWE BOOOIIE HE MEHSETCS OT IepeCcTAHOBOK
OJIMHAKOBBIX YACTHIL).

C umcTo KIacCHYecKOil TOUYKHM 3peHnsl HeOOXOAMMOCTbH TAKOIO MTOHHMAaHUS
CTaTUCTUHYECKOTO MHTErpUpOBaHWsA CBA3aHa C TeM, YTO B IPOTUBHOM Ciydae
HApYUINIACh Obl MY/JIbTHUILTHKATUBHOCTH CTATHCTHUYECKOrO BECa, a C HUM W aJ-
AWTABHOCTH SHTPONNM U JPYTUX TEPMOANHAMWYICCKUX BEJINYINH.
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BBIX aTOMOB. Torma MOXKHO MTPOW3BOJANTH WHTETPUPOBAHUE TTO KOOP-
JAWHATAM KarkKJOT0 aTOMa HEe3aBUCUMO, PACIPOCTPAHWB WHTEIPUPO-
BaHHUE IO BCEMY 3aHUMAEMOMY Ta30M O0bEMY; PE3yJIbTAT, OIHAKO,
HaJI0 OyIeT pas3e/nTh Ha IUCI0 BO3MOXKHBIX MEPecTaHOBOK N aTo-

/
MoB, T.e. na NI Ipyrumu ciosamu, uarerpan [ MOXKHO 3aMEHUTH
neneHHbIM Ha N wHTErpaoM 1mo Bcemy (ha3oBOMY MPOCTPAHCTRY:

!
/...drzl ..d. (31.7)
N!

Ananoruaabiv 00pa3oM ya00HO paciupuTh 06JIaCTh WHTETPU-
poBaHWs I Ta3a, cocTosiiero m3 N OJMHAKOBBIX MOJIEKYJI: M0
KOODJIMHATAM MOJIEKYJl KaK MeJblX (M0 KOOpJAWHATAM WX [EeHTPOB
MHEPIUKY) UHTErPUPYEM HE3aBUCHMO 110 BCeMy 00beMy, a 10 BHYTPU-
MOJIEKYJISIPHBIM KOODJIWHATAM aTOMOB — B KayKJ0il MOJIEKYJIE TI0 ee
cobeTBeHHOMY «00bemMy» (T.e. 1o HebOIbINoi 001acTi, B KOTOPOii
MOTYT ellle C 3aMeTHOI BEPOSITHOCTHIO HAXOAWTHCS COCTABJISIOININE
MOJIEKYJLy ATOMBI); MOCJIE ITOrO0 MHTErPaj CHOBA JIOJIZKEH ObITh 10-
nenen na N

Bamgaum

1. TTorenumaibHast SHEPTUs B3aMMOAECHCTBUS YACTULL TEJIa €CTh OJHOPOIHAS
GbYHKINS N-TO MOPAIKa OT WX KOOPAWHAT. BOCIOIB30BABIINCH COOOPAKEHUSIMA
110/100M 1, ONPEAEINTh, KAKOW BUJL JIOJI>KHA UMETh CBODO/IHAs SHEPT U TAKOTO TeJia
B KJIACCHYIECKOI CTAaTUCTHUKE.

P e m e 1 u e. B crarncruueckom unrerpaJe

7= [ ey (- EOED)

samenum Bee g na Ag n Bce p na A\*/2p (rme A— mpomsBobHAS TOCTOSTHHAS).
Ecmm ommoBpemenno 3amenuth 1 Ha AT, TO IOABIHTErPAJBHOE BBIParKeHHE
OCTaHETCS HEM3MEeHHBIM. VI3MeHATC s, OQHAKO, IIPee/ bl THTEIPUPOBAHUS 110 KO-
OpAMHATAM  JIUHEHHBIE pa3Mepbl O0JACTH WHTErPUPOBAHWA W3MEHATCA B 1/

pas, uTo CBOAMTCS K NOAOGHOMY m3MeHneHnio o0bema B A~ > pas; must Toro arobst
OCTABHUTD IIPEJIEIbl NHTErPUPOBAHNS HEN3MEHHBIME, HA0, C/IeI0BATEIHHO, OJHO-
Bpemenno 3amennts V oua A2V, Tlocie Beex 9TUX 3aMeH MHTEIPAJ yMHOXKUTCSE
eme ma ANV o1 mpeobpazosanms mepemeHHbIX B dl (s = 3N xoopam-
HAT M CTOJIBKO K€ MMITYJIbCOB; N — 9ncio gactun B tese). Takum 06pa3oM, Mbl
TPUXOAMM K BBIBOY, YTO ITPU 3aMeHe

=P T = A\"T

CTATUCTUIECKUI WHTEerpaJa

3N (1+ E)
Z = A 2/ Z.
HawnGonee 06mmii Bug bynkuum Z(V, T'), obiamaoomei 3Tum CBORCTBOM, eCcTh

7= T3N(é+i)f(VT7%),

rae f — npousBosibHast GYHKUMST OAHON 1IEPEMEHHOI.
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Orcioga Haxoaum /111 CBOOOIHON SHEPIUU BHIPAXKEHNE BHUJIA

—3/n
F=-3 <l+l) NTInT + NTy <&), (1)
2 n N

B KOTOPOE BXOJHUT BCEr0 O/JHA Hem3BeCTHas (QYHKOUSA OT OIHON mHepeMeHHOMI
(amcmo N BBemeno Bo BTOpoii wien B (1) Takmm obpazom, aTober F obmamgamno
JIOJIZKHBIM CBOWCTBOM @JINTUBHOCTH).

2.BeiBecTH TEOpeMy BHpHAIA [IIg MAaKPOCKOMMHYECKOTO TeJd, y KOTOPOro
HoTeHrajibHasd 3HEPrusd B38J/IMO,£[€I‘/'ICTBI/IH YgacTul eCTb OAHOPOJAHAA (l)yHKHI/Iﬂ
N-TO TOPAAKA OT X KOOPIUHAT.

P e m e n n e. Cirenyst MmeTo1y BRIBOJA TEOPEMBI BUpHasa B Mexannke (cum. 1,
§10), BBIYMCIsIEM TPOM3BOJHYIO MO BPEMEHHM OT CYMMBI » .I'P, TJ€ I U P
PaaMyChl-BEKTOPBL U MMILY/IbChL HacTull Tea. Vmes B Buny, aro i = 0K (p)/0p n
aro K(p) ectb omroponuaa byHKIUA BTOPOTO MOPAIKA OT UMITYIHCOB, HAXOIUM

% Zp +er—2K —I—er

YHacTtumsl Tesa COBEPIIAIOT ;[BI/DKeHI/Ie B KOHEYHOW O00/IACTH IIPOCTPAHCTBA CO
CKOPOCTAMH, HE 0OpAMAIMUMACT B GECKOHEIHOCTD. [lo3TOMYy Bemuumua Y, rp
OrpaHMYeHa, W CPeJHee 3HAYUEHNE €€ MPOU3BOJHON 1O BpeMeHnm 00palnaercs B

Hyﬂb, TaK 49TO
2K + <er> -0

(rne K = (K(p))). TIponssoaabie p onpesensiioTcs cuaamu, J1eficTBYIOnuMn Ha,
9acTUNpBl Teta. llpm cyMMMpoBaHWM MO BCEM YACTUIAM HAIO y9eCTh HAPALY C
CUJIAMW B3aMMOJIEHCTBHUS 3TUX YaCTHIL APYT C IPYTOM TaK¥Ke W CUJIbL, AeHCTBYIO-
mue Ha Teno (Mo ero MOBEPXHOCTH) CO CTOPOHBI OKPYKAIOIIUX TeJI:

<er> — —<Zrag—3’)> —P?Srdf: —nU — 3PV

(wHTErpas M0 MOBEPXHOCTH NMPEOOPa3yeM B MHTErPAJ 110 00bEMY W 3aMevaeM,

aro divr = 3). Takum obpaszom, monyamm 2K — nU — 3PV = 0 wmm, BBOAS
nonuyio suepruio E =U + K|

(n+2)K =nE + 3PV. (2)

D10 u ecrb nckomasi reopema. OHa cripaBeIMBa HE TOJBKO B KJIACCUYECKOTT,

HO M B KBAHTOBO# Teopuu. B K/1acCHUeCKOM cilydae CpeiHsst KHHETUIeCKas SHep-
russ K = 3NT/2 u coornomenne (2) naor

3 1 1
E+—PV=3(—+—>NT. (3)
n 2 n
Oty dbopmynry MoxkHO GbLTO OBl BBIBECTH W U3 Bbipaxkenus (1) mma cBobommOi
SHEPruu, MOJIyYeHHOro B 3ajadve 1.
B cnyuae B3anmopeiicTeusa gacTu o 3akory Kymona (n = —1) mveem u3 (2)
K =—-FE +3PV.

DTO COOTHONIEHUE SABJIAETCH OpeaenbHbIM CIy4YaeM PeNATUBUCTCKOTO COOTHOIIE-
HUA

B KOTOPOM SHEprud E Bkiao4aer B cebsa TakxKe n SHEPTrUuiO MOKOd IaCTHIL TeJIa

(cm. II, §35).
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§ 32. TepmouHaMUYvecKasi TEOPUs BO3MYIIIEHUN

[Ipr KOHKDETHOM BBIUUCEHUN TEPMOJUHAMUYIECKUX BEJIUUUH
ObiBator ciyuam, korga sueprus F(p,q) rena copepxur OTHOCH-
TEJIbHO MAJIble YJIeHbl, KOTOPBIMEU MOYKHO B MUCXOJIHOM HPUOJIMKEHUN
mperebpeth. Posh TakmX MasIbIX WI€HOB MOYKET WTPaTh, HATIPUMED,
MOTEHIMATBHAST SHEPIHsT YACTHUIL TeJIa BO BHeNTHeM mojie (06 yCIoBu-
X, NO3BOJISAIONIMX CUUTATH KAKUe-Jnb0 “JIeHbI MAJIbIMK, CM. HUZKE).

B s1ux ciyuasix JloimycrtuMa ¢Boero pojia Teopusi BO3MYIIIEHU
JIUIST BBIYHUCIEHNsT TepMoAnHamuaecknx Beanan (R. Peierls, 1932).
ITokarkem cHavasia, Kak 3TO JOMKHO OBITH CHIEJAHO B CIyvae TpH-
MEHNMOCTH KJIACCHIeCKOTo pacnpegenenns ['ubbca.

Hanumewm suepruto E(p,q) B Buge

E(p,q) = Eo(p,q) + V(p, q), (32.1)

rae V m3obpaskaeT coboit Masbie wienbl. st Beranciennst cBoboI-
HOM QHEPTUN TeJjla TTUIITEeM!:

1 _Folp.g) +Vip,9) ' v
o FIT _ / . T dl ~ / e*EO/T(l -+ —2)d1“,
T 2T

(32.2)
MpUYeM B PA3JI0YKEHWH TI0 CTermeHdaM V' 37ech W HUKe MBI OTDaHU-
9UBaEMCsT WJIEeHAMW BTOPOTO TIOPS/TKA, MMesT B BUY BBIYUCINTE TO-
MPaBKY JIUIIH TEPBOTO W BTOPOTO mpubmKennii. Jlorapudmupysa u
CHOBa pazJjiaras B psJl, ¢ TOH Ke TOYHOCTHIO UMeeM

, ,. Fo—Eo(p.q) . ' Fo — Eo(p, q) 2
F:FO/(V;/—T>6 T dI‘-l-ﬁ[/Ve T dl“],

e Fy 0003HAaTaeT «HEBO3MYIIEHHYI0» CBOOOIHYIO SHEPTHUIO, BHIYU-
cnennyto ipn V= 0.

[MonyuuBmmmecs: nHTErpaIbl TPEACTABISIOT COOOI CpeaHure 3Ha-
YeHWsT COOTBETCTBYIOIINX BEIUYNH, BBIUUCIEHHBIE C TIOMOIIBIO «HE-
BOBMYIIEHHOIO» pacupejesienus ['mbbca. [lonnmas ycpeanenue B

T -
9TOM cMbiciie u 3amedas, uto V2 — V' = ((V — V)?), numem okon-

Y9aTeJIbHO!: 1

2T
Takum o6pazom, momnpaBka MIEPBOr0 HpuOJIMKEHUs: K CBODOHOI
SHEPIMKM PABHA IIPOCTO CPEIHEMY 3HAYEHWIO BO3MYIIAOIIEH SHEep-
run V. TlonpaBka ke BTOPOro npubJinKeHus BCEra OTPUIATE b
Ha, W OTMPEIEJIsIeTCs] CPeIHNM KBAJIPATOM OTKJIOHEHWS V OT CBOEro
cpemmHero 3nadennsi. B wactHocTn, ecan cpeanee 3uadenme V' obpa-
[AETCA B HYJIb, TO B PE3yJIbTATE BO3MYIIEHUS CBOOOIHAS JHEPTHUS
YMEHBIITAETCS.

F=Fy+V - —((V-V)%. (32.3)
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CpaBHenmue WjieHa BTOPOrO TOPSIKA C YJEHOM TIEPBOT0 MOPSIIKA
B (32.3) mo3BOMISIET BBISICHUTH YCJIOBUE TPUMEHUMOCTH W3JI03KEHHO-
ro Meroga sosmymiennit. Ilpu srom majgo nmers B Bymy 4TO KAk
cpeanee 3navenue V, tak u cpegnnii kpaapar (V. — V)?) oba, rpy-
60 TOBOpSI, TPOTIOPIMOHATBHBI YUCIY 9acTull (CM. CKa3aHHOe B § 2
0 CPEIHWX KBAIPATUIHBIX (DIYKTYAIUAX TEPMOJUHAMUYIECKUX Be-
JIMYUH Makpockonuueckux rei). [losromy moxuo cdopmyamuposars
HCKOMOE yC/I0BHE KakK TpeboBaHMEe MaJIOCTU OTHECEHHOW K OJHOit
YACTULE IHEPIUU BO3MYIIEHUs 110 cpaBHenuto ¢ T'') .

[Tpouseeiem Terneph aHAJIOTUYHBIE BHIYUCIEHWST JIJIsT KBAHTOBOTO
ciaydasi. Bmecro (32.1) 371ech HaZ0 MHCATH AHAJIOTMYHOE BhIPAXKEHNE
JUIS TAMUJTBTOHMAHA

H=Hy+V.
Coracio kBaHTOBO# Teopuu Bo3mymienuit (cm. 111, §38) yposHu
SHEPTUU BO3MYIIEHHON CUCTEMBI, C TOYHOCTHIO JI0 TIOTIPABOK BTOPOTO
NpUbJIMKEHNS, OIPEJIEJISIOTC BhIPAZKEHUEeM

0 " Vaml?
En:ET(l)-f'Vnn'f‘%:E?(lo)

L (32.4)

0
rje E( ) HEBO3MYIIEHHbIE yDPOBHU 3Hepruu (10 [PEeIoi0zxKe-
HWO — HEBBIPOKJIEHHBIE); TITPUX Y 3HAKA CyMMBI 03HAYAET, YTO JOJI-
2K€H ObITh OILYILEH YjeH C 1M = M. DTO BbIParKEHUe HAJI0 HO04CTABUTH

B bopmyy
e /T _ Z e En/T

n

U TIPOM3BECTH TAKOE YK€ PA3JIOKEHWe, KaKoe ObLIO TTPOU3BEIEHO BbI-
me. [Ipocroe BbluncieHne NpuBOAUT K CJIEAYIOMIEMY PE3YJ/IbTaTy:

F=F+ Z Vinwn + Z Z ;‘(/OT;m| ;U(T:))

1 2
— =S V2wt — (Z Vinwa) . (32.5)

rie w, = exp{(Fy — Eéo)/T)}—HeBOBMymeHHoe pacrpeeaeHne
I'uboca.

1) TIpwm pasmosxkennyr MOAMHTErpaIhHOTO BhIpaykenus B (32.2) MBI, CTPOTO TOBO-
p4, pasmaramm no senuaune V/1, IponopruoHATBHON YUCTYy 9aCTUI] U TIOTOMY
oraIOAL He Masoit. Oarako norapndMUpoOBaHNe M OBTOPHOE PA3JI0KEHUE TTPHU-
BOIAT KO B3AMMHOMY COKPAIIEHUIO GONBHIMX €/IC€HOB, B PE3y/IbTATE HUETO TOJLY-
YAeTCs PAJL 110 CTENEHAM MAJION BEJIMIUHbIL.
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JunaronaabHbI MaTpUYHBIN 3j1eMeHT V,,,, ecTh He 4TO WHOe, KaK
CpejlHee 3HAUEHWE BO3MYIIAomeii sneprur V' B JaHHOM (n-M) KBaH-
TOBOM cocTogaun. [Toaromy cymma

€CTh NOJIHOCTBIO YCPEJAHEHHOE 3HadeHue V' yCPeJHEHHOe KaK 10
KBAHTOBOMY COCTOSIHMIO T€1a, TaK U 10 (HEeBO3MYUIEHHOMY) CTATH-
CTUYECKOMY PACTIPEAEIEHNIO TI0 Pa3IWIHBIM KBAHTOBBIM COCTOSTHH-
AM. DTUM 3HAYECHWEM OTPEIeISeTCa MOMpaBKa TMepBOro MpubInyKe-
HUS K CBOOOIHON 3HEPTHW — pe3yabTaT, (hOpMAaIhHO COBMAIAOIINIT
C HOJIYYEHHBIM BBIIIE KJIACCUYECKUM.

@opmyaty (32.5) MOKHO mEpenucaTh B BUJE

— v Vo |* (Wi — wn) 72
F = Fo+Von— *ZZ O Ve Vo)) (326)

Bcee gsenbr BToporo mopsijika B 9TOM BBIPAXKEHUM OTPUILATEIbHBI

(LLOCKO/IBKY Wy, — Wy, UMEET TOT 7K€ 3HAK, Y4TO U B - Eﬁ,g)). Taxkum
00pa3oM, MOIpaBKa BTOPOro HpubJ/IMKeHus K CBOOOJHON dHEPruun
oTpuIaTeIhHA W B KBAHTOBOM CJIydae.

Kak m B KJIACCHYECKOM CIydae, yCJAOBHE TPUMEHUMOCTH 3TOTO
MeTOJIa 3aK/II0YAeTCsT B MAJIOCTH SHEPTUU BO3MYIIEHUs! (OTHECEHHO
K OJHO¥ uacTune) no cpasuenuto ¢ 1. Mexay rem ycioBue mpu-
MEHNMOCTH OOBIYHOI KBAHTOBOMEXaHWYECKOI TEOpUN BO3MYIIIEHU
(matorreit Boipakenne (32.4) st E,) 3ak1t049aercsi, Kak W3BECTHO, B
MAJIOCTH MaTPUYHBIX 3JIEMEHTOB BO3MYIIEHHUS TI0 CDABHEHUIO C Pa3-
HOCTSIMM COOTBETCTBYIOIIMX YPOBHE( 3Hepruun; rpybo roBopst, Hep-
st BOBMYIIEHUs JJOJIZKHA ObITh MaJjia 10 CPABHEHUIO C PA3HOCTSIMU
TEX yPOBHEIl SHEPrum, MexK/ly KOTOPbIMU B OCHOBHOM BO3MOXKHbBI
nepexob ') .

D1y IBa YCIOBUS OTHIOAL HE COBMAJIAIOT JIPYT C JAPYTOM — TeM-
neparypa He UMeeT HUKaKOrO OTHOIIEHWsS K YPOBHSIM SHEPIUU TeJIa.
Mozker oKa3aThCs, 4TO IHEPrusi BO3MYIIEHUS MaJIa 110 CDABHEHUIO
¢ T, HO B TO K€ BpeMsl HE MaJjia WU JJAXKe BEeJIMKA 110 CDABHEHUIO
C CYIIECTBEHHBIMU PA3HOCTSMU yPOBHEH sHepruu. B makux ciyda-
SIX «TEOPHsi BO3MYIIEHUIT» JIjIsi TEPMOJIUHAMWYECKUX BeJIUYIUH (T. €.
dopmyna (32.6)) Gyaer npumennma, MexK/y TEM KaK TEOPUS BO3-
MYIIEHWH JyTst caMuX yposHeit sneprun (T.e. dopmyna (32.4)) oxa-
3BIBAETCS HEMPUMEHUMOIT; JIDYTUMU CJIOBAMU, MPEJIEhI CXOIANMOCTH
pazJIoKenus, npejacrasisieMoro (opmysioit (32.6), MoryT okazarbcs

1) 9T0, BOOOIIE TOBOPs, MEPEXOIbI, IIPA KOTOPBHIX MEHSIOTCS COCTOSHUS JIUIID
HEOOJIBIIIOTO YUC/IA YACTHULL TEeJIA.
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mupe, YeM TIpeje/Ibl CXOANMOCTH pas3joxkenns (32.4), u3 KOTOpPOro
OHO OBIJIO BHIBEIEHO.

Bosmoxknbl, KOHEYHO, W o0parHble Caydau (Ipu JI0CTATOUHO
HU3KUX TeMIepaTypax).

@opmyna (32.6) 3HAUUTENBHO YHNPOLIAETCs, €CJU HE TOJbKO
SHEpPrus BO3MYLIEHUS, HO W PA3ZHOCTU yPOBHEH SHEPruu Majibl 110
cpasrennio ¢ T. Paszmarast pasuocts w,, — w, B (32.6) 1m0 cremne-

HSAM (E,(zo) — E,(,?))/T, HaifleM B 5TOM Cay4ae

1

F=Fot Van e {5 Vo) + (Vo V) .

HO 10 HpaBI/I.T[y yMHO}KeHI/IH ManI/IH nMeemM
/
Z |Vnm|2 + Vn2n - Z |Vnm|2 - Z Vnmvmn = (V2)nna
m m m

M MBI TIOJYy9aeM BRIpayKeHne, (bOPMaTbHO MOMTHOCTHIO COBTAIAIOIIEEe
¢ dopmyoit (32.3). Takum 06pazom, B 3TOM CjIydae KBAHTOBOMeXa-
Huueckast hopmysia hOPMAIBLHO NEPEXOAUT B KJIACCUIECKYTO ') .

§ 33. Pazsuiokenue no crenensam f

(I)opleyﬂa (31.5) npeacrasasier cobO# 110 CyHIECTBY IEPBbIii,
OCHOBHOM 4J/IEH pas/iokeHus KBAHTOBOMEXaHHYECKOTO BbIPAKEHMs]
(31.3) mast cBODOJHOI IHEPrWM TO CTEMeHsIM /i B KBa3WK/IACCHYE-
ckom ciayuae. IIpeacraBiasier CyNIeCTBEHHBI MHTEPEC BLIYUCIEHWE
TaK’Ke W CIEYIOIEr0 HEMCYE3aA0IIero HIeHa 3TOr0 Pa3/I0KeHWs
(E. Wigner, G. E. Uhlenbeck, L. Cropper, 1932).

Baja4a 0 BBIYMCAEHUU CBODOJHON SHEPruM CBOAUTCA K BbIUM-
CJICHMIO CTATUCTHYECKOH cymmbl. JIjist 9TOM 1eam BOCIONb3yeMes

TeM, YTO NOCAeiHss NpescTaB/iser coboil ciex omneparopa e A
(cm. (31.4)); BBogum obozuavenue = 1/T nist yupouieHus 3anucu
IPOMO3JIKWX BhIparkeHnii. Buraucienne e ciesia oreparopa MOKeT
MTPOM3BOINTRCS € TIOMOIIIHIO JTI000# TTOTHOW CHCTEMBI OPTOTOHAIHHBIX
U HOPMUPOBAHHBIX BOJTHOBBIX (byHKIUi. B KavecTBe TakKOBBIX y100-
HO BBIOpATh BOJHOBbIE (DYHKIUU CBOOOIHOIO JIBUKEHUSI CUCTEMbI
u3 N HeB3auMOJEHCTBYIOMIMX YaCTHULl, HAXOJSIIUXCA B HEKOTOPOM
Gosibiom (HO KoHEUHOM) OObeme V.

1) Bosee mommbie MeTompl TAK HA3HIBACMOI AMATPAMMHAOT TEXHIKH, TO3BOISIO-
e pacCMAaTpPUBATH BECh PsJ] TEOPUH BO3MYIIEHUN /Il TePMOJMHAMUIECKUX
BesmdnH, OyayT n3snoxensl B Tome IX sroro kypca.
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O1n HYHKIINNT UMEIOT BU]T
1 7
V= s eXP(g ZPiQi)a (33.1)
2

e ¢; JIeKapTOBbI KOOPAMHATHI YaCTHL], & P; COOTBETCTBYIOIIUE
UM HMILYJIbCBI; Mbl HyMEPYyeM HUX HHJIEKCOM, HPOOeralommum 3Haqe-
g ¢ = 1,2,...,8, tme s = 3N  uwucio cremneneit cBoOO/bI cucre-
Mbl N 9acTHIl.

JlapHeiinre BBIYUCIEHNST OTHOCSTCS B PABHOW CTENEHW K CH-
cTeMaM, COMEpIKAINM KaK OJMHAKOBBIE, TaK W PA3JIUIHBIE TACTU-
upt (aromer). diasg Toro urobbl yuects B 00mEM BUjE BO3ZMOXKHOE
pa3jiuune YacTull, NPUIUIIEM MAaCCe YaCTUIbl MHJEKC, yKa3bIBAIO-
wmit Homep crenenu cBOGOABL: M, (padyMeercs, 3HAYEeHUs] TPEX My,
COOTBETCTBYIOIINX OJHON U TOIl »Ke 4aCTulle, BO BCAKOM CJIydae OJu-
HAKOBHI).

Hannawne ogmHAKOBBIX YaCTWIl B Te€ MPUBOAUT B KBAHTOBOIA
TEOPUN K HEOOXOMMMOCTH YUEeCTh TAaK Ha3bIBaeMble OOMEHHBIE (-
dexrbl. D10 3HAUMT, HPeKIE BCEro, 4To BogHOBbIE dyHKnuu (33.1)
JOJIZKHBI ObLIN OBl OBITH CUMMETPU30BAHBI WJIN aHTUCHAMMETPU30-
BAHBI TI0 KOOPAWHATAM YACTHUI[— CMOTPsI TI0 TOMY, KaKO#l CTaTu-
CTHUKE TTOMIUHSIIOTCA JacTUIhl. (OKa3bIBAETCsI, OHAKO, ITO ITOT -
deKT TPUBOAUT K TOSIBJIEHWIO B CBOOOIHOW SHEPTHHU JIUIIH IKCIIO-
HEHIMAJIBHO MAJIbIX YJEHOB U IIOTOMY HE IPEJCTABJISET HUKAKOIO
unrepeca. Kpome Toro, KBaHTOBOMEXaHUYECKAs] TOXKIECTBEHHOCTD
YaCTHUIl CKA3bIBAETCsl HA CIIOCO0E, KOTOPLIM JIOJIZKHO [POU3BOIUTH-
Cs CyMMWPOBAHWE TI0 PA3JIAIHBIM 3HAYEHUSM HMITYIHCOB TaCTHUI]—
C 9TUM HAM TPUJETCS CTOJKHYTHCS B JIAJbHEHTIeM, HATpUMEp TTPU
BBIYUC/IEHUH CTATUCTUYECKUX CyMM /I KBAHTOBOTO WEATHHOTO
raza. 1ot 3¢pdEKT TPUBOJUT K HOSBICHUIO B CBOOOIHON SHEpruu
4JIeHA TPEThEro 1opsaaka 1o A (CM. HUKE) M [IOTOMY TOXKE HE CKa-
3BIBACTCS HA 4/IEHAX 10Ps/Ka h2, KOTOpble OyoyT HAME 31eCh Bbl-
gucjienbl. Takum 00pa3oM, NP BBIYUCJIEHUTX Mbl MOXKEM BOBCE HE
YIUTHIBATH HUKAKUX 0OMEHHBIX 3(DEKTOB.

B kaxoit 3 BOHOBBIX (yHKIWA (33.1) UMIYIBCH p; UMEIOT
OTIPeJIe/IEHHBIE TOCTOSTHHBIE 3HAYeHUs. Bce BO3MOMKHBIE 3HATEHUS
KaxXkJOro u3 p; 00pasyioT TYCTOi JMCKPETHBI psiji (paccTosHust
MEXK/Iy COCEJHUMU 3HAYEHUAMU OOPATHO MPOIMOPIUOHAIBHBI JIUHEN-
HBIM Pa3MepPaM 3aHMMAEMOro cucremoii oobema). Ilosromy cymmu-

poBanme MATPHYHEIX daementos (e A1 )pp 110 BCEM BO3MOXKHBIM 3HA-
YEHUSIM UMILYJIbCOB MOXKHO 3aMEHUTh WHTErpUpOBaHueM 10 dp =
= dpidps ...dps, yars upum 3TOM, YTO UYUCIO0 KBAHTOBBIX COCTOS-
Hit, «mpuxomsmmxcst> na oomem VVdp dazosoro mpocrpancrsa
(Bce 3HAUEHWs] KOODJAMHAT KayKJIOW YacTuIlbl B oObeme V u 3Haue-
HUST IMTTYTRCOB B dp), pasno V Ndp/(27H)5.
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Bregem oboznatenmne

1= exp(——szq,) exp(— ﬁH eXp( ZPz%) (33.2)

I/IHTepeconu_me HaC MaTPUYIHBIE SJIEMEHTHI TTO/IYIat0TCA MHTETPUPO-
BaHWEM 110 BCEM KOOPAWHATAM!:

(M) = o / I dg. (33.3)

Uckomas ke craructudecKkas CyMMa MOy YuTCd OTCIOAa WHTEIPUPO-
BAHWEM €Ille U 0 WMITYJIHCAM.

Bcero mbr momkHBI, C1ea0BaTeIbHO, MPOWHTErPUPOBATH [ MO
dazoBOMy TPOCTPAHCTBY, TOYHEe, 1O TEM ero 00JiacTsaM, KOTOphIe
COOTBETCTBYIOT (PU3MYECKU PABIUYHBIM COCTOAHUAM TEjId, KAK TO
66110 00bsicHeHO B §31; KAK M TaM, 0OTMEYaeM 3TO OOCTOATETBCTBO
ITPUXOM y 3HAKA HHTErpaJia:

!
Z=Y e PP = / Idr. (33.4)

Haunem ¢ Burumciienuss BenanHbl [, MPUMEHUB I 3TOTO CJie-
aytomuit npuem. O6paszyemM npous3BOIHY O

o1 '
98 *eXP(**szqz)Hexp(éZpiqi)I
(oneparop H pefictByer Ha BCe PACHOJIOKEHHBIE CHPAaBa OT HEro

MHOXKUTEN). Packpoem mpaByi0 4YacTh PAaBEHCTBA, BOCIOIL30BAB-
MMACH SIBHBIM BBIPpAYKEHWEM JIId TaMWILTOHWAHA Tejla:

= p? BN 10
H= L 4uy=-2NN"—214vU 33.5
— 2m; * 2 £~ m,; 0¢? +U ( )
7 2
rne U = U(q1,92,.-.,9s) NOTEHIMAJbHASL SHEPrUsi B3auMOjeii-

crBus Beex dactull B teje. C nomorpio (33.5) moaydnm mocie mpo-
CTOTO BBIYUC/IEHUs CJIeylolee ypasnenue st I:

B: (20 oI @ 9%I
O _ B(p,q)I ( —.)
8,8 (e, )T + Z 7Piow T o2)

rje

2
_ Pi
E(p,q) = +U (33.6)
— 2m;
7
— O6LI‘IHO€ KJIaCCUYIECKOe BhIDaKeHune JIjId SHEPTUn TeJjla.
DTO ypaBHEHHE JOJRKHO ObITh PEIIEHO [PU OYEBHJHOM YCJIO-

Bun: [ =1 nupu = 0. [ojgcranoskoit
[ = e PEPDy (33.7)
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OHO TTPUBOAUTCA K BUIY

fLX_Z h [Jiﬁpiaﬂ 2ipi Ox

dﬁ 2m¢ ﬁ qu h qu
oU Jdx oU (")2)(]
—2 —5 33.8
<8Q1) 63%‘ 0qi + oq; ( )

¢ rpaHugHbIM yesioBuem Y = 1 npu S = 0.
Nwmest B BULY TOMYYUTH PA3/I0KEHWE IO CTEneHsM fi, perraem
ypastenue (33.8) METOIOM MOCTIEI0BATEHLHBIX TTPUOITKEHNIT:

x=14hx1 +xa+ ..., (33.9)

rme x1 = 0, xo = 0,... mpu 8 = 0. [logcraBisgsa 310 pas3jokKeHwe
B ypasHenue (33.8) u orje/ss WIEHBI ¢ PA3JIMYHBIMU CTeNneHsMu i,
[OJIyYUM yPaBHEHU A

0 i
=T

Iz _ 1 [ ox1  R0U Q(BU)Q]
= e a2 -5 T8 (D)) ).
)

3 nepBoro ypaBHeHus ONpENeIdeTcs X1, & 3aTEM U3 BTOPOTO  X2.
B pesyabraTe mpocTOro BEIYUCIEHNS TOTYdaeM

- lﬂ Z:;f)ql
1 e P
(Zf%a—qz) %ZZ%&—-U

my 0qiOqy

2 2
+Z Zmz<3ql) % i iag- (33.10)

m; 0q;

Uckomas crarucruveckas cymma (33.4) pasna unrerpasy

!/
7 = / (14 fixy + li2xo)e PE@OD. (33.11)

JIerko BUIeTh, 4T0 4JI€H NePBOro NOPAIKA 10 fi B 9TOM MHTErPaJIe
ucuesaer. JIeficTBUTEIbHO, B 3TOM Y/IEHE MOABIHTErPAJIbHOE BhIPaZKe-
HuUe ecTb HeverHas (pyHkuus umnyabcos (F(p,q) kBagparuuna 1o
nMIyaIscaM, a x1 coracuo (33.10) ects mx qwneiHast GyHKINST) 1
HOTOMY IIPYM MHTEIPUPOBAHMU 110 MMILYJIbCAM OOpAIAETCS B HyJIb.
Takum 06pazom, nepenucbisaem (33.11) B Buge

/
2= (148 c)) [ e 0P,
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rje Mbl BBeIW 3HaueHue (x2), YCPEJHEHHOE C MOMOIIBIO K/IACCHYe-
CcKOro pacrpeaenrenns ['nbbca:

< ) B f’x2675E(P,Q)d1’*
X2) = f’ e BEM®.9) g

[TogcTaBasist 3TO BRIparKEeHNE I CTATHCTUIECKONH CyMMBI B (hopMy-
ay (31.3), nomyuaem st cBOGOIHOI SHEprUN

F=F, — %ln(l + 12 (x,)),

uJ C TOR 2kKe TOYHOCTHIO
2
F:FKJI_%<X2>7 (3312)
riae Fyp — cBOOO/IHAsST SHEPTUs B KJAacCHUeckoil craructuke ((hop-
mysia (31.5)).

Taknm obpazom, caegyomnii Mocjie KIacCHYecKoro 4JjeH B pa3-
JIOXKEHWH CBOOOJHON SHEPTHH OKA3BIBAETCS BTOPOTO TIOPSIKA MO fi.
D10 0bcTosITETHLCTBO He ciaydaiino. B ypasuenwe (33.8), KoTopoe
Mbl PEIIaeM MEeTO/OM I0CJIEI0BATE/bHBIX NPUOJINKEHNT, KBAHTO-
Basl NOCTOSHHAS BXOJUT TOJBKO B BHUJE 1f; [OITOMY H IOJIy4aio-
[IEECs PA3JIOKEHME eCTh paszjiozxKenue 10 cremnensm if. B ceobommyto
7K€ YHEPIUI0, KOTOPAsi €CTh BeJIMYMHA BEIIeCTBEHHAs, MOTYT BOWTH
TOJBKO BemiecTBenubie crermenn 4. [losromy mpomspomnmoe 371eCh
pasJioykeHne CBOOOHOI Heprun (He y9uThIBafoIee 0OMEeHHBIX -
bexTOB) ecTh pazIoKeHHe 110 YeTHBIM CTerneHsaAM fi.

Hawm ocraercst Borumcauth cpeguee 3uavenue (x2). Mbl Bugesn
B §29, uTo B KJACCUYECKON CTATUCTUKE DPACIIPEIE/ICHUs] BEPOSITHO-
creil Jijig KOOPAMHAT U UMILYJIbCOB He3aBucuMbl. [losromy ycpejme-
HUsT TIO WUMITYJIbCAM U 10 KOOpPAMWHATAM MOYKHO TPOU3BOIUTH Pas-
JIESTHHO.

Cpemmee 3HavUeHNe MPOU3BEICHUS IBYX PA3IUIHBIX WUMITYTHCOB
paBHo, overmaHo, Hymio. Cpejiree ke 3HaYeHMe KBagpaTa pr paB-
Ho m;/[3. [losTomy MOKHO HammCaTh:

(pipk) = %511@,

e 0 = 1 upu 2 = k u 0 upu 7 # k. OcylmiecrBuB ¢ HOMOIIBIO 3TOM
dOpMYyJIbl YyCPEHEHUE 10 UMILYJIbCAM, HOJIY UM

S SEN(L) S SERT R

O6a wiena 3/1e€Cb MOI'YT ObITh O0bEJIMHEHbl B OJMH, TaK KaK BXO/ls-
LIMe CIOJa CPeJHME 3HAYEHUS CBIA3aHbl COOTHOLIEHUEM

<?;qg> :5<(ZZ)2>- (33.14)
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B cripaBeyimBoCcTH 3TOTO paBEHCTBA JIETKO YOEIUTHCS, 3aMEYast, ITO

*U _gu oU _gu dUN2 sy

IlepBorit wien B mpaBoil YacT JacT BbhIPayKeHUE, MPEJICTABIIAIONIee
c000i1 TTOBepPXHOCTHBIN 3D DEKT; BBUILY MAKPOCKOTIUIHOCTHA TEIA UM
MOKHO IIOJIHOCTHIO IpeHebpedb 110 CPABHEHWIO CO BTOPBIM YJIEHOM,
JAOInM 00beMHBIH 3D deKT.

[MoscraBus nostyvennoe takum 00pa3oM BbIpazkenue s (x2) B
dopmyny (33.12) u zamenus [ wa 1/T, waiieM OKOHIATENIHHO [T
CBODOJTHOM SHEPIUN

K2 1 //8U\2
F=Fat o Z E<<<’Tgi) > (33.15)
1

Mgl BuAUM, 9TO TIOTPABKA K KJIACCHIECKOMY 3HAUYEHWIO OKA3HIBACT-
Cd BEJIMYMHON BCerJa MOJIOXKUTEJIbHON, OlpeAe/ doneiica cpeJHuMn
KB/IPATAMU JEHCTBYIONINX HA YACTHUIHI CUJI. DTa MOMPABKA yOBIBAET
¢ YBEJIMYEHUEM MACChl YACTUIL U C BOZPACTAHUEM TEMIIEPATYPhI.

CorytacHO CKa3aHHOMY BBIIIE CJIEJYIOMIMI 9IeH [TPOU3BOIUMO-
1o 3J1eCh pasJjioKeHust ObL1 Obl Y4ETBEPTOrO HOPSIKA. DTO 00CTO-
SITETHCTBO JIA€T BO3MOYKHOCTH COBEPIIEHHO HE3ABUCUMBIM 00Pa30M
BBIYUC/IUTH WICH HOPsika /5, BOSHUKAIOMUI B CBOGOIHON SHEprum
O1aromapst 0COOEHHOCTSIM CYMMUPOBAHUST MO WMITYIHCAM, CBSI3aH-
HBIM C KBAHTOBOMEXQHUYECKOW TOXKIECTBEHHOCTHIO YACTUIL. ITOT
wien (hOPMAIBLHO COBIAJAET C TOMPABOYHBIM UJIEHOM, BO3HUKAIO-
UM DU AHAJIOTMYIHOM BBIUUCCHUN JIJIs UJIEAJIBHOIO ra3a, U Olpe-
neqsiercs hopmyioit (56.14):

32 N2p3
3 — iTg7VT1/2m3/2 (33.16)
(st Tesa, cocrosiero n3 N OJIMHAKOBBIX YacTHIL). Bepxuuii 3nax
orHocuTCst K crarucruke Pepmu, a HUKHWUIE K CraTuctuke Bo-
3e; g €CTh MOJHAST KPATHOCTb BBIPOXKJIEHUs] 110 HAIIPABJICHUSIM MO-
MEHTOB  KaK 3JIEKTPOHHOI'O, TaK U $JIEPHOTO.

[Tonyuenunbie hOpMyIBI TO3BOIAIOT TAKYKE TOIYIUTH TTOTPABOY-
HBIE 9IEHBI B (DYHKIWAX PACTpPeIeseHusT BEPOATHOCTEH KOOPIWHAT
U WMITyJI6COB aToMOB Teja. CorylacHo O0IMM pe3y/ibraTaM, MOJTy-
YEHHBIM B § 5, pacupejiesienue BepoaTHOCTEH UMILYJIbCOB [TOJIY YaeTCsi
unrerpupoBaruem I no dq (cm. (5.10)):

dw, = const - dp/[ dq.

Ynen yie PEWPA) g T comepxur mOTHYI0 MPON3BOAHYIO 1O KOOPAIN-
HaTaM W TPU WHTEIPUPOBAHWN TI0 HUM JlaeT BEJUUNHY, KOTOpast
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MpeICTAB/IsAeT CODOI MOBEPXHOCTHBIN IPMEKT U MOXKeT OBITH OIy-
mena. Takum obpazom, mmeem

dw, = const - exp(—ﬂz )dp/(l + ﬁQXQ)e*’Bqu.

Tpernit w verBepThIil uaeHbl B Bhipaxkennu (33.10) mast xo B pe-
3y/IbTaTe WHTETPUPOBAHUST TI0 KOOPAUHATAM TaIyT MaJIy0 TTOCTOSH-
HyI0 (HE COJepzKAallyi0 UMILYJIbCOB) BEJMUMHY, KOTOPO B TOM 2Ke
npubsinzkennn MOxKHO npeHebpedb. BbiHOCH Tak»Ke B MOCTOSIHHBIHN

ko3 durment vuoknTEH [ e PUdq, momyamm
2 4
; ] ou oU
dw, = const - ex (7 p—’) [1fﬁ2ﬂ— Pibk <——>
P p(F Z 21mn; 8 zk: mimy \0gi Oqx *
i i,
3 ) 2
_l_ﬁﬂiz PiDk < o°u >]d
6 < mimy \0qiOqx
i,k
Bxogsitie crojia cpejiHue 3HAUEHUs CBSI3aHbl COOTHOIIEHU MK

() =G ur)
0qi0qy dq; Oqy

(anasiormanbivu (33.14)). [Tosromy umeem

2 2 n4
_ Pi h'g pipr /OU U
dwp o ConSt ’ eXp (_ﬁ Z 2mi) |:1 N 24 m;mpg <8ql 8qk >i| dp
i -

s

pi
2m,—

(33.17)
DTO BBIpAYKEHNE YI00HO TEPEeNucaTh OKOHYATE/THHO B CJIEIYIOMEM
BU/IE:

2 2
dwp:const-exp{fl[ pi_h BZ Pibk <6—U6—U>}}dp,
T L4 2m; 24T7 £~ m;my, \ Oqi Oqy,
% i,k
(33.18)
3aMEHUB C TOW JKe TOYHOCTHIO KBajpaTHblie cKOOKkU B (33.17) coor-
BETCTRYIOIINM 3KCTIOHEHINAILHBIM BBIPASKEHNEM.

Takum 06pasoM, MBI BHIWNM, 9TO TIOTPABKA K KJIACCHYECKO
dyHKIMKM pacupeje/edus Jijld UMIY/IbCOB CBOJUTCH K TOMY, 4TO
B 9KCIOHEHTEe K KUHETUYECKOH 3Hepruu upubabidercd KBajparuu-
HOE 110 UMIlyJibcaM Bblpazkenue ¢ KodduuuenraMu, 3aBUCSIIAMU
OT 3aKOHA B3aNMOJEHCTBUSA YaCTUIL B TEJIE.

Ecmm Mb1 XoTnM HANTH pacnpesenenne BepoATHOCTEH 111 KaKO-
ro-imbo OJHOrO M3 WMITYJICOB P, HAJIO0 TpouHTerpupoBarh (33.17)
110 BCEM OCTa/JbHLIM MMILy/ibcaM. IIpu 3T0M Bce 4jleHbl ¢ KBajpa-
Tamu pr, k # i, JajayT TakWe MOCTOSHHBIE BEJIMUMHBI, KOTOPBIMH

5 JI. 1. JTannay, E. M. Jludmun, rom V
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MOXKHO TpeHebpedb 10 CpaBHEHWIO ¢ 1, a WIEHBI C MPOW3BEICHUSI-
MU Pa3JIMIHBIX UMITYJIHCOB BOOOIIE 00paTsaTcs B HY/1b. B pe3yabrare
Haii/leM, CHOBA IePexo/is K SKCIOHEHIIMAJIHLHOMY BULY,

: K U2
dw,; = const - exp{fQ:;'T [1 o7 <<£> >] }dpi. (33.19)

Mpbl BujuM, 9TO IOJYyYaeTCsi PACHPEJIe/IeHre, OTJINYAIONIeecs OT
MAaKCBEJLJIOBCKOT'O JIMIIThL 3aMeHO#l ucTuHHOI Temueparypbl 1’ Ha
HEKOTOPYIO 60J1ee BBICOKYIO «3(MD@DEKTUBHYIO TEMIIEPATYPY

I AN
Top =T+ 12miT2<(8_qi) >

AHaJIOrMYHBIM TIyTEM MOXKHO BBIYUCJIATH UCIPABICHHYIO (DyHK-
W0 pacrpeaenenns g koopauwHat. OHa MoIydaeTcs WHTErPUpPO-
BaHWeM [ TTO0 MMITYJIHCAM:

dwg = const - dq/I dp.

Te xe BBIYUCIIEHNA, C TIOMOIIHIO KOTOPHIX 6]31.]10 TTOJIYy9€HO BBIDaZKe-
ure (33.13), npuBeIyT K CIIEIYIONIEMY DE3yJIbTaTy:

1 h? 1 (8U\?2
R (R
Z_ 1 7

+ 3 iagU] }dq. (33.20)

12T m; 0q?

)

§ 34. Pacupenesienune I'mb66ca aJjisi Bpamiaoommxcs TeJ1

Bompoc o repmommHaMUYECKUX COOTHOIIEHUSIX JIjIsi BPAIIAIO-
[IUXCS TeJT PACCMATPUBAJICS yKe B § 26. BblsicHUM Tenepb, KakuMm
obpazoM JO/KHO ObITb CPOPMYJIUPOBAHO [IJIsi BPAIIAIOMIMXCI TEJ
pacopeaenenne ['nb6ca; stum OygeT MOTHOCTHIO MUCUEPIIAH BOIIPOC
006 WX CTATHCTUIECKWX CcBoficTBax. UTo KacaeTcss paBHOMEPHOTO
TMOCTYTTATE/JIBHOTO JIBUZKEHUA, TO B CUJIYy TIPUHIIUIIA OTHOCUTE/IHHO-
cru Tajmiess OHO, KAk y2Ke YKa3blBajoCh B §20, Bjusger Ha CTa-
TUCTUYECKHUE CBOWCTBA JIUIIb TPUBUAJIBHBIM 00Pa30M U IIOTOMY HE
HY2KJIA€TCs B 0COO0OM PACCMOTPEHUMN.

B cucreme koopauHaT, BpaIIAOIIEicss BMECTe C TEJIOM, CIIPaBe]l-
JMBO OOBITHOE pacmpemenerne ['mbbca; B KIaCCUTIeCKO CTaTUCTHKE

- Epg) (34.1)

_ —S
p = (2nh)""exp —— 7,
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rae E'(p,q) — sueprus tema B 3TOi cucreme Kak (DyHKIMS KOODIH-
HAT M UMILYJIbCOB ero dactuil, a F'  cBoGojHas sHeprus B 31O ke
cucreme (OTHIOAb HE COBIAJIAIOIIASL, OJIHAKO, CO CBODOAHOT 3Hepruei

nokogmerocss tenal). ueprus E'(p,q) ceazana ¢ sueprueit E(p, q)
B HETOIBWYKHO CUCTEME COOTHOIIEHUEM

E'(p,q) = E(p,q) — QM(p, q), (34.2)

rae Q@ yruoBas ckopocTh Bpatenusi, a M(p,q)  MOMeHT umiysibca
resa (em. §26). Iogcrasussa (34.2) B (34.1), naiigem pacupeypesenne
I'ub6ca ny1s Bpamalomerocs Tejia B BUie '
_ F' - FE QM
p= (271_5) s exp[ (pa Q?T'i' (p7Q)
B wmaccuueckoit cratnctnke pacrpegenenne ['nbbca mast Bpa-
MIAFOMIETOCA Te1a MOYKHO TPEJACTABAThH W B ApyTroMm Buze. s sro-

'O BOCIOJIB3YEMCS CJIEJIYIOIIUM BbIPAXKEHUEM JIjisi SHEPIUU Tejia BO
BpAILAIOIENCsE CUCTEME KOOP/IMHAT:

N mv'’ 1 2
=> S > m[Qr]? + U, (34.4)

rjge v/ CKOpOCTH 4acTull, OTHOCUTE]bHO BPALIAIOMENRCs CUCTeMbl,
ar wux paauycbl-BekTopbl (cm. I, §39). O603Han/IB CUMBOJIOM

Ey(v',r) va +U (34.5)

(34.3)

He 3aBUCAIIYI0 OT () 9aCTh SHEPTUHU, TOIYyIUM pacrpeenerue ['nu6o-
ca B BHJIE

p = (2wh) " ® exp{% [F' — Ey(v',r) + % Z m[ﬂr]ﬂ }

@yHKIUS p OTPEJIEIseT BePOsSTHOCTh, OTHECEHHYIO K JJIEMEHTY
da30BOro MPOCTPAHCTBA dxldyldzl...dp’lxdp’lydp’lz..., rie p =
=mv' + m[Qr] wumnyascsr vactuy reaa (em. I, §39). TTockonbky
npyu HaxoXKaeHnn 1 depeHInansos nMITyIbCOB KOOPANHATHI 0K~
HBI CYUTATHCS TTOCTOSTHHBIMY, TO dp’ = mdv', n Mbl MOXKeM Hamnm-
carh pacrnpee/enne BeposiTHOCTEH, BhIPAsKeHHOe Yepe3 KOOPIMHATHI
M CKOPOCTH YaCTHLI;

dw = exp{%l - %[Eg(v',r) - Z %[Qr]z} }x

X dzidyidz . . . dvy,dvy,dvy, ..., (34.6)

1) Pacnpenenenue (34.3), xkak u obpramoe pacmpegenenne I'ub6ca, HaxoquTes B
[I0JIHOM COOTBETCTBUU C PE3yJIbTATOM, [0JIlyYeHHbIM euie B § 4 ¢ nomMouisio reope-
mbt JImysunra (bopmyna (4.2)): norapudm dbyHKIMEM pacnpeenennsa aBaIgeTCa
suHeitHol dbyHKIuell sHeprun 1 MOMEHTA TeJIa.

5*
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rie OykBoit C' MBI 0603HAYMIN JIJIsT KPATKOCTH MHOXKWUTEND (27h)™*
BMeCTe C TMpPOW3BEJEHNEeM MacC YacTHI], BO3ZHUKAIOIIMM TPHU Tepe-
xoje or auddepennnasioB uUMIyJIbCOB K auddepeniuaiam CKo-
pocreii.

Jljisi HENTOIBUZKHOIO T/ Mbl UMesu Obl

F — Ej

dw = Cexp % dzidyidz; ... dvigdorydo, ... (34.7)

¢ TeM ke cambIM BeIpakenuneM (34.5) mmst Ey(v,r)— Teneps kak
GYHKIUI OT CKOPOCTEN B HEMOABUXKHOM cucreme Koopauaar. Takum
obpazoM, Mbl BujiuM, 910 pacipejesienne ['ubbdca mo koopauHaram u
CKOPOCTSIM JIJTsi BPAIIAIOMIETOCS TEIA OTIMIAETCS OT PACTIPE/IETCHUST
JUTST HETOJBUKHOTO TeIA TOMBKO JOMOTHUTETHHON TOTEeHIMATHLHON

3Heprueit, paBHoO
7% Z m[Qr]?

Hpyrmmu cmoBaMu, st CTATHCTUYECKWUX CBOWCTB Tejla BpallleHue
OKa3hIBAETCST SKBWBAJEHTHBIM TIOSIBJIEHNIO HEKOTOPOTO BHEINTHETO
10JIsT, COOTBETCTBYIOIIETO IIEHTPOOEKHBIM cuiaM. KOproImcoBb! ke
CHUJIbl HE BJMAIOT Ha 9TU CBOMCTBA.

Heobxoumo, oHAKO, MOJYEPKHYTH, 9TO MOCIESHUN PE3yJIbTaT
OTHOCHUTCS TOJIbKO K KJIaCCHIecKoil craructuxe. B kBanToBoM cirydae
J71sT BPAIIAOIIETOoCcsT Tesla CITPaBeJINBO BhIPAYKEHTE

F' — H+ QM

- (34.8)

W = exp

JUIST CTATHCTUYECKOTO OTIepaTopa, aHAJIOMMYHOE BhipaxkeHnio (34.3).
PopmaabHO MOYKHO TTPUBECTH ITOT OTePATOP K BHUJLY, COOTBETCTRYIO-
memy (34.6), npuaem ckopoctm v/ 3ameHsATCs omeparopaMu Vo=
= p'/m — [Qr]. OaHaKO KOMIOHEHTBI TOr0 BEKTOPHOIO OLEPATOPA
ye He OyyT KOMMYTHPOBATH JIPYT C APYTOM, KaK 9TO NMEET MeCTO
JIIST OTlepaTopa vV CKOPOCTH B HEMOJBWIKHOIW CHCTEME; TIO3TOMY CTa-
TUCTUYECKHE OTIepaTOPhI, COOTBETCTBYIOIIME BhIpaykeHusim (34.6)
u (34.7), 6yayr, BOOOILIE rOBOPsi, CyIIECTBEHHO OTJMYATLCS APYT OT
Jipyra, Jayke TOMUMO MPUCYTCTBUS B OJHOM W3 HUX HEHTPOOEKHO
SHEPTUN.

§ 35. Pacnpenenenune 'nb6ca ¢ nepeMeHHBIM YUCJIOM
YaCTHIL

,ZLO CUX TIOp MBI BCETJa MOJTYaJIUBO TIOJAPA3yMeEBaJIN, YTO YHC-
JIO 9aCTHUI] B TeJIe €CTh HEKOTOPasd 3aJaHHadA TTOCTOAHHAA BEJINYMHA.
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[Ipu 3TOM MBI CO3HATENHHO OCTAB/ISIN B CTOPOHE TOT (PaKT, ITO B
JECTBUTEIHHOCTH MEYKIY PA3IUIHBIMHU TOICUCTEMAME MOYKET TPO-
ucxonuTh obmen yacrunamu. JIpyrumu cioBamu, duciao dactun, N B
nogcucreme nensdbexkno Oyzer GIyKTyupoBaTh, KOae06JIsiCh BOKPYT
CBOEro cpejHero 3uadenusd. d1obbl TOYHO CHOPMYJIUPOBATH, UYTO
MBI TTOJIPA3yMEBAEM 3EeCh TIOJl IUCTOM YACTHUIl, HA30BEM TOICUCTE-
MOIl 3aKJIIOYEHHYIO B OMPEIETEHHOM 00beMe YaCTh CUCTEMBI; TOTIA
mox N Mbl OyjieM MOHWUMATH YUUCI0 YACTHI], HAXOMAIIUXCS B ITOM
obbeme!) .

Taxum obpazom, BozHukaer Borpoc 06 obobuienun pacupesese-
nus ['ub6ca na Tesa ¢ nepemenubiM uucjiom dacrtuil. Mol Oyem -
caTh 371ech GOPMYJIBI JIJI TEJI, COCTOANINX W3 OJUHAKOBBIX TaCTHII;
JankHeitTee 0000IIIene Ha CUCTEMBI, COAEpIKAIllie Pa3JINIHbIe Ta-
crutel, odesnaHo (§85).

OyHKIMS paCHpee/ieHUs] 3aBUCUT Telepb HE TOJIBKO OT JHEP-
MU KBAHTOBOI'O COCTOsIHUSI, HO U OT 4ucja dactur, N B Teje, npu-
4eM, KOHEYHO, CaMble YPOBHU 3Hepruu F,ny TOXKe PazjIudHbl [pu
pasubix N (310 06cTOATENHCTBO OTMeueHO nHjekcoMm N ). Beposit-
HOCTH TeJIy COofepKarh [N 9acTul] W HAXOAUTHCS MPU STOM B 71-M
COCTOSTHUT 0003HAUNM UEPE3 Wy, N -

Byt 910it (hyHKIMU MOKHO ONPEJEUTH B TOUHOCTH TEM XK€ CII0-
coboM, KakuM ObLaa nojydeHa B §28 dyHruus w,. Paznuna 3a-
KJIFOUAETCsl JIMIIb B TOM, UTO 3HTPOIUs Cpejbl OyIeT Ternepb (DyHK-
1ueil He TOJILKO OT ee sHepruu F', Ho u or yuciaa yactuy, N' B Heii:

S' = S'"(E',N'). Hanmcas E' = EO — E,y u N' = NO — N
(N —uncio uwacrur B tene, N(®) —3agannoe nommoe uncio gacrui
BO BCell 3aMKHyTO# cucreme, Gosbuioe no cpapuennio ¢ N), Gyaem
UMETh, COIIAcHO (28.2)

wpy = const - exp{S"(E) — E,n, N© — N)}

(Bemmunny AFE') kak u B § 28, paccMarpuBaeM Kak MOCTOSTHHYTO).

Hanee, paznaraem S’ no crenensam F,y u N, CHOBa OrpaHuYu-
BasiCh JuHeHHbIMU uineHamu. U3 pasencrsa (24.5), manucanHoro B
BUJIE

ds =2+ Py — Egn,
T T T

(@) _1 (ﬁ) _ K
OE/v,N T’ ON/Eyv T

1) Vike mipu BBIBOZIE pacupesmenenus: ['mb6ca B § 28 MBI 110 CymecTBy paccMart-
PHUBAJIN TTOJICUCTEMbBI UMEHHO B 3TOM CMBIC/IE; TpU niepexomae oT dhopmysbt (28.2)

K (28.3) mb1 muddepernmpoBanm SHETPONHUIO, NOApPasyMeBas obbeM Tena (a mo-
TOMY W CPE/IbI) TOCTOSTHHBIM.

CTemyeT, ITO
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ITosromy

S(E® — E,n,NO — N) ~ §"(E©® NO)

npudyeM XUMUYECKuil noreHnuan p (Kak u TeMneparypa) s Tesa
U CPeJibl COBIAIAIOT B CUJIy YCIOBUI PABHOBECHS.

Takum obpazom, Mbl mojydaem /it (PYHKIUU PACIPE/Ie/IeHUs
CJIeIyIOIEee BhIparKeHue:

. (35.1)

wpy = Aexp
Hopmuposounasi nocrosiniast A mMoxkeT OblTh BbIPazKeHa depes
TEePMOJIMHAMUYECKIE BEJIMYUHDI TIOJ00HO TOMY, KaK 3T0 ObLIO ciesia-

Ho B § 31. Brruncisiem SHTPOTIWIO Teja:

S=—(lnw,y)=—InA—

ﬂ\z\
S|

_l’_

OTKY 12 - -
TmA=E—-TS— uN.

Ho E — TS = F, a paszuocts F — N ecTh TepMOANHAMIUECKUit
norenruaa 2. Takum obpazom, T'In A = Q, u MOXKHO TepenucaTh
(35.1) B BUE

Q+uN — E,n
— 7

OTO M ecTh OKOHYATEIbHAsT (opMmya pacmpeaenerust ['mboca c
[EPEMEHHBIM YUCJIOM YaCTHIL' ) .

YesioBre HOPMUPOBKY st pacnpejenenns (35.2) rtpebyer pa-
BEHCTBA €IMHUIE PE3Y/IbTATa CYMMUPOBAHUSA Wy, N CHAYAJIA IO BCEM
KBAHTOBBIM COCTOsTHUsIM (Tipu jtanHoM N) W 3aTeM 10 BCeM 3Hade-
HusM IN:

Zzw N =T Z euN/T Z nN/T -1

Otrcroja nosydaem Jijisi TEPMOAMHAMUYECKOIO HoTeHnuasa  cie-
AyIOoIIee BbIPaKeHNeE:

Q——Tlnz “N/TZ Ean /T, (35.3)

Dra dhopmysia HAPsLY C (bopMyJIOI‘/'I (31.3) moxker CryKuThb s
BBIYHMCICHUS] TEPMOJAMHAMUIECKNX BEIWUNH KOHKPETHBIX Tea. Dop-
myaa (31.3) maer crobogmyio sHepruio Tena Kak dyukmmo T, N u
V,a (35.3) mnorenuman Q kax dynkuuio T, pu V.

wpN = Aexp (35.2)

1Y Dro pacrpesenenie WHOTAA HABBIBAIOT GOALUIUM KAHOHULECKUM.
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B kjaccmdeckoit cTaTHCTHKE THITIEM pacipejiesieAne BepOSATHO-
CTEeil B BUJIE N N
dwy = pydp™dg™),

rje

Q+puN — Ex(p,q)

T .
[Tepemennyio N wmbl nuiem B Bujie uniekca y yHKIUU pacipe/ieie-
HU$T; TAKOW YK€ WHIIEKC MBI MPUMHICHIBAEM 371eMeHTY (ha30BOTO 00b-
eMa, TOAIEePKUBasd ITUM, UTO KaXKIOMY 3HaIeHUI0 N COOTBETCTBYET
croe ha3oBoe MPOCTPAHCTBO (CO CBOMM YUCIOM u3Mepenwii 2s). Pop-
MyJsia st £ HAIAIIETCS COOTBETCTBEHHO B BUJIE

!
Q= Tl ZeﬂN/T/ e EnEa/Tgp 4. (35.5)
N

pn = (2mh) % exp (35.4)

Hakonen, ckaxKem HECKOIBKO CJIOB O CBA3U MEXKJYy BbIBEIECHHbBIM
3zech pacnpegenennem ['nb6ca ¢ nepementbiv ancaom dacrut (35.2)
u npexnum pacnpegenenuem (31.1). TIpexae Bcero sicuo, 4To npu
ONPEJIEIEHUH BCEX CTATUCTHYECKUX CBOWCTB Teja, KPOME TOJbKO
daykTyanuit moaHOroO YMCIa 4aCcTULl B HEM, 00a 9TU PaCIpeIeeHnst
MOJHOCTHIO SKBUBAJEHTHBLI. [Ipm mpenebperxernn hayKTyannsmm
guciaa N Mol nonyuaem Q+puN = F| u pacnpenesnenne (35.2) Boobrie
conagaer ¢ (31.1). Ceuasb mexay pacupesesnenusivu (31.1) u (35.2)
B M3BECTHOM CMbBICJIE AHAJOTMYHA CBSA3M MEXKJY MHKPOKAHOHUYE-
CKMUM ¥ KaHOHUYECKWM pacrpejenennsivu. Onucanne mojcucTeMbl ¢
MOMOIIBIO MUKPOKAHOHUIECKOTO PACIPE/IeIeHNsT SKBUBAIEHTHO Mpe-
HeOpeXKeHno (DIyKTYalnsIMu ee TOJTHOM SHEPTUN; KAHOHUYIECKOe JKe
pacnpejenenue B ero 06bunoit popme (31.1) yunreiBaer sru diyk-
Tyanuu. B 10 2Ke Bpems nocaennee He yaurbipaer (puyKTyanuit ducaa
YACTUIL, MOXKHO CKA3aTh, YTO OHO SBJSAETCS «MUKDPOKAHOHMYECKUM
o amncay dactuiy. Pacnpenenenne xe (35.2) siBisiercst «KaHOHWIe-
CKMM» KaK [0 3HEPIU¥, TaK U 10 YUCITY YaCTHIL.

Takum 06pazoM, BCe TPU pacipejieeHns — MIKPOKaAHOHNIECKOe
u obe ¢dopmbl pacnpenesienns ['mbbca NPUHIUIIMAIBHO HPUTOLHBI
JUIS ONPEJIENCHNsT TEePMOJMHAMMYECKUX CBOHMCTB Tesa. Pasuuua,
C 9TOH TOYKM 3DPEHMs, 3aK/JII0YAeTCs JIUIIb B CTENEHU MaTeMaTH-
4eckoro yaobcra. PakTHUECKH MUKPOKAHOHUYECKOE paclipejesie-
HYe $IBJISIETCS] CAMBIM HeyJI00HBIM W HUKOTJA JIJIsi YKAa3aHHO 1en
He mpuMensiercsa. Hanbosee ke ya00HBIM 00BITHO OKA3BIBAETCS PaC-
npegesienre I'nbbca ¢ nmepeMeHHbIM YKUCI0M YACTHIL.

§ 36. BeiBo TepMOAMHAMUYECKUX COOTHOIIIEHU I
n3 pacnpegesenus I'mo6ca

Pacnpenenenne ['mb6ca nrpaer OCHOBHYIO pOJib BO BCEil CTaTH-
CTHKE, TTO3TOMY W3JIOKUM 3JIeCh €€ OJMH CII0COo0 ero 000CHOBAHUSI.
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D70 pacnpesenerue ObII0 IO CYIECTBY BbIBEIeHO HaMmu ere B §4 u 6
HEMOCPEJACTBEHHO u3 Teopembl JIuysuaas. Mol Bugean, 9to mpuMe-
Henue Teopembl JInyBusuis (BMecTe ¢ COOOPAaKEHUAMEI O MYJIbTUILIH-
KaTUBHOCTH (DYHKINI pacrpeesieHus MoJCUCTEM) TIO3BOJISIET Clie-
JIATh 3aK/II0YEHUe O TOM, 9TO Joraprdm (DYHKINN PACIpPeTeTeHus
[IOJICUCTEMBI JIOJKEeH ObITh juHeiinoit dpyukimeil ee suepruum:

Inw, = a+ fE,, (36.1)
nprdem KodpdunmerTs! § OIUHAKOBBI JIJId BCEX MOJACUCTEM JTAHHOM
3aMKHYTOI crucTeMbl (cM. (6.4), a B KIACCHIECKOM CIIydae — aHaI0-
ruanoe coornomenne (4.5)). Orcioma

wy, = exp(a + BE,);
ecim BBectu opmasibubiM  00paszom o6o3nauvenus [ = —1/T,
« = F/T, 10 910 BBIpayKeHWEe COBMAAET M0 (hopMe ¢ PACIPEIeTeH -
em T'u66ca (31.1). Ocraercst nokazarh, 4T0 U3 CAMOrO PaCIpeje/ie-
anst ['mbbca, T.e. IMCTO CTATUCTUIECKIM 00Pa30M, MOYKHO BBIBECTH
OCHOBHBIE TEPMOIUHAMUIECKNE COOTHOIITEHMSA.

Mpgr y2ke Bumenn, 9To BemauHa (3, a moromy u 1, 101KHA OBITH
OJIMHAKOBOM /14 BCEX 4aCTed HaXOAAIeHCda B PABHOBECUU CUCTEMBI.
Hajtee, odeBuHO, 910 JOJKHO ObiTh S < 0, T.e. T > 0; B upo-
TUBHOM CJIy4ae HOPDMUPOBOUYHAsI CyMMa » | Wy, Hen30eKHO paszoiimer-
cst (MOCKOJIbKY BJ1Aroaps HAJIMYKMIO KHHETUYECKON SHEPIuu 4acTuil
sHeprusi F;, MOXKeT NpUHUMATH CKOJIh yYTOJHO OOJIBINNE 3HAYEHWS).
Bce a1 croiicTBa COBITAAAIOT C OCHOBHBIMU CBOMCTBAMY TEPMOINHA~
MWYECKON TeMIepaTyphl.

JLnst BBIBOJA K€ KOJUYECTBEHHOIO COOTHOIIEHUsI WCXOIUM U3

YCJIOBUS HOPMUPOBKHU
2 :ex F-E. _y
p T .

n
IIpoanddepentmpyem 5T0 paBeHCTBO, PACCMATPHUBAS €r0 JIEBYIO
JacTh Kak (GyHKOUIO T ¥ HEKOTOPBIX BEJIUYUNH A1, A9, ..., Xapak-
TePU3YIOIINX BHEITHNE YCIOBUsS, B KOTOPBIX HAXOIUTCI PACCMATPU-
BaeMO€ TeJIO; 9TU BEJTUINHBI MOT'Y'T, HAIIPUMED, ONPEAEIsITh (hopMy 1
pa3Mepbl 3aHUMAEeMOT0 Teji0M obbema. Y posuu suepruu F, 3aBucar
OT BHAYEHUN A1, A9, ..., KAK OT IMapaMeTPOB.
[TponzBoast andppepertmpoBanme, TIIITEM:

3 ﬂ[dF _9En gy ﬂdT] —0
n

T oA T

(11 KPATKOCTH PACCMATPUBAEM 3/1€Ch BCErO OJIMH BHENIHUil mapa-
merp A). Orcioga

szn:wn :d,\zn:wn"’;;" —|—Cg<F—zn:wnEn).
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B neBoit wactn pasencrsa »  wy = 1, a B mpasoit

= 0FE, 0F,
Zw"E":E’ an ax  ox’
n n

YuurbiBas takxke, uro F'— E = =TS u uro?)
98, _ 98 (36.2)
oA oA

MoTy9aeM OKOHYATE/THHO
0H

dF = —-5dI'+ ——dX\.
Sdl'+ oA

D10 u cerb 00wt B auddepennpnana cBOOOAHON SHEPIUU.

Takum xe 00pazoM MOkKeT ObITb MOJYyYEHO U PACIPE/Ie/IeHne
I'ub6ca ¢ nepemenubiM dncaoM gactull. Ecau paccMarpuBaTh 9muc/io
YACTUIl KAK JUHAMUYIECKYIO TIEPEeMEHHYIO0, TO ICHO, ITO OHO TOXKe 0y-
et (J1st 3aMKHYTO# CHCTEMBI) «MHTErPAJIOM JBUKEHUsT» W K TOMY
ke aaauTuBHBIM. [losTomy Hamo Oyaer mucaTh:

Inw,ny =a+ BE, + N, (36.3)

DJIe 7Y, KaK U 3, JO/2KHO ObITh OJIMHAKOBBIM JIJIsl BCEX dacTeil paBHO-
BecHO# cucremsbl. [Tonoxkus

Q
o= —,
T

ﬁ - 1

T7 7 T7
nojlyuum pacupejenenune suaa (35.2), nocie 4ero rem e crocobom,
KaK M BBINE, MOXKHO TIOAYYUTh BhIpaskenwe mas anddepennmana
norennuaa 2.

1) Ecim ranbmuronnan H (a ¢ auM m ero cobcreennbie 3uavenns F,,) 3aBucur
OT HEKOTOPOro mapaMerpa A, TO

or. _ (o
ax  \ aa

(em. II1, (11, 16)), OTKya TIOCJIE CTATUCTUEECKOTO yCPeIHEeHs oLy daercs Gop-
myna (36.2).



FIABA IV

NJIEAJIBHBIN T'A3

§ 37. Pacupenenenune Bosbiimana

O iHUM 13 BaKHEHIINX OOBEKTOB U3y YeHUsT CTATUCTUIECKON (-
BUKW SBJISIETCSI TaK HA3BIBAEMBIN udeasvruiti zas. 1log sTum mHazBa-
HUEM TOJ[pa3yMeBaioT ra3, B3anMoOJeHCTBIHe MeXK Iy dacTuiiaMu (Mo-
JIEKYJIAME) KOTOPOIO HACTOJIBKO (1aD0, YTO UM MOXKHO IpeHeOpedb.
Ou3uIeckn JIOMYCTUMOCTh TAKOTO TpEeHeOpeKeHus MOKeT ObITh
obecrevera, MO0 MAJIOCTHIO B3aWMOIEHCTBUST TACTHUI] TP JIFOOBIX
PACCTOSTHUAX MEXKJy HUMH, JUOO0 JOCTATOTHON pa3PEKEeHHOCTHIO
raza. B mocnemmem, mambosiee BayKHOM CIIydae, Pa3perkKeHHOCTH Ta-
3a HPUBOJMUT K TOMY, YTO €0 MOJIEKYJIbl MOYTU BCErJIA HAXOIATCS
Ha 3HAYUTE/IbHBIX PACCTOSHUSAX JPYD OT JIPyra, Ha KOTOPBIX CHJIbI
B3aUMO/JIEHCTBUSL y2Ke JJOCTATOUHO MAJIbI.

OTcyTcrBre B3aWMOIEHCTBUST MEXKIYy MOJIEKY/JIaMU TTO3BOJISET
CBECTH KBAHTOBOMEXAHWIECKYIO 3a/[ady 00 OINpeIe/IeHnu ypPOBHE
sueprum F,, Bcero rasa B IEJOM K 3ajade 00 ONpe/e/IeHNH YPOB-
HEll SHEPIUuU OTJAEIbHON MOJIEKY/Ibl. DTU YPOBHU MbI OyjieM 0003HA-
4aTh CUMBOJIOM €, Ijie WHJEKC k mnpejcranjisier coDO COBOKYII-
HOCTb KBAHTOBBIX YHCEJ, OUPEJE/ISIONINX COCTOSHUE MOJIEKYJIbI.
Oueprun F,, BBIPA3SITCsS TOTIa B BUIE CYMM JHEPIUil KayK0# 3
MOJIEKY.T.

Hazmo, ogmako, mMers B By, 9TO Jake TPU OTCYTCTBUU He-
[OCPEJICTBEHHOI'O CUJIOBOIO B3aMMOJEHCTBUsI B KBAHTOBOW MEXaHU-
Ke MMeeT MEeCTO CBOeODPA3HOE B3aUMHOE BJIMSIHUE YACTULL, HAXO-
JAIUXCA B OJIMHAKOBOM KBAHTOBOM COCTOSIHMM (TAK HA3bIBAEMbIE
obmenrbie 3ddexTsl). Tak, ecm 4acTUIBl TOIUNHAIOTCS CTATHCTH-
ke Pepmu, TO ITO BIWIHUE TPOSIBISIETCS B TOM, UTO B KayKIOM
KBAHTOBOM COCTOSTHUHU MOYKET HAXOIUTHCSA OJHOBPEMEHHO He 0ojee
OJIHON 4ACTULBI') ; AHAJIOTUYHOE BJIMSHUE, POSBJISIIONEECS MHBIM
00pazoM, UMEET MECTO U Jijis YACTHUIl, MOJNUUHSTONIUXCS CTATHCTUKE
Boze.

1 IMoggepxmem, wro, TOBOPS 0 KBAHTOBOM COCTOSIHIY OTIETHHOM TACTHIIBI, MBI
Bcera Oy/1eM MMeTh B BU/Yy COCTOSIHUS, IOJTHOCTHIO OIIPeJIeHHbIe HADOPOM 3HA-
9YeHMii BCeX KBAHTOBBIX WHCE/ (B TOM HWHC/IE HATPABIEHUEM MOMEHTA TACTHIIbI,
ecsim OHa 00J1a12eT TaKOBbIM). VIX HE CJIefyeT CMEemmBaTh ¢ KBAHTOBBIMA yPOB-
HSMHU SHEPIMH  OJHOMY M TOMY K€ yPOBHIO HEPTUU MOXKET COOTBETCTBOBATH
DAL PA3JIMYHBIX KBAHTOBBIX COCTOsTHMI (€C/IM yPOBEHD BBIPOKIEH ).
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O6o3HauMM CUMBOJIOM 1) UNWCIO YACTWI[ B Ta3e, HAXOISATIIIX-
¢t B k-M KBAHTOBOM COCTOSTHWUW; YHUC/IA 7 HA3BIBAIOT YUCAAMU 30-
NOAHEHUA PA3JIUYHBIX KBAHTOBbIX cocroduuii. [TocraBum zagauy o
BbIYUC/IEHUM CPEAHUX 3HAYEHUIN Tig 9TUX YUCE]l, HpUYeM 00paTuMCcs
K HOJAPOOHOMY M3YYEHHUIO YPE3BLIYANHO BAXKHOI'O Clydas, KOI/a BCe

qucjaa
n < 1. (37.1)

Qusudeckn TOT CAydail COOTBETCTBYET JIOCTATOYHO PA3PEKEHHO-
My razy. B mambmeiimmem Oymer ycTaHOBJIEH KpuTepwuii, obecredn-
BAIOIIUIl BBIMIOJIHEHUE ITOr0 YCJI0BULA, HO y2Ke Ceifidyac yKazkKeM, 4TO
daKTUIeCKN OHO BBIMTOJIHACTCA I BCEX OOBIYHBIX MOJIEKYITPHBIX
WK ATOMHBIX TA30B. DTO YCJIOBUE HAPYIIUIOCH Obl JIUIIE IPU TAKUX
BOJIBIIUX [JIOTHOCTSIX, DU KOTOPBIX BEHIECTBO (DAKTUIECKU YIKEe HU
B KAKOI Mepe Hejib3si ObLI0 Obl PACCMATPUBATD KAK UJCAJIbHBIN Ia3.

Venosue ny, K 1 1 cpegHUX ducesI 3a0JTHEHUsT O3HAYAELT, 9TO B
KaK/IbIii MOMEHT BPEMEHW B KayKJIOM KBAHTOBOM COCTOSTHUW (DAKTHU-
9eCKU HAXOJUTCs He 0osiee 0HOM vacTuibl. B ¢Ba3m ¢ 9TUM MOYXKHO
npeHedperaTb HE TOJBKO HENOCPEICTBEHHBIM CHJIOBBIM B3aMMOJEH-
CTBUEM YaCTUIl, HO M UX KOCBEHHBIM KBAHTOBOMEXAHUYECKUM B3a-
UMHBIM BJIMSTHUEM, YIIOMSIHYThIM BbIIIE. DTO 06CTOATEBCTBO B CBOIO
odYepeh MO3BOJIAET MPUMEHUTh K OTIEJIbHBIM MOJIEKyaaM (hopMyTy
pactipegenenns ['nbbca.

eticteurensho, pacnpenenenne ['mbbca OBLIO BBIBEIEHO HAMMU
JUIsL TeJI, SIBJISIFOLIUXCS. OTHOCUTEBHO MAJIbIMU, HO B TO K€ Bpe-
Msi MAKPOCKOIIUYECKUMU 9ACTIMU KAKUX-JIMO0 OOJIBIINX 3aMKHY ThIX
cucreM. MakKpOCKOIUYHOCTh TeJ1 JABAJAa BO3MOXKHOCTH CUATATH WX
KBA3W3aMKHYTBIMU, T.€. B M3BECTHOM CMBIC/IE TTpeHebpedsh nX B3au-
MOJIEICTBUEM C IPYTUMW YacTIMU CHUCTEMBI. B paccmarpmBaemom
CAydae KBa3M3AMKHYTBIMU SIBISIIOTCSI OTAEIbHBIE MOJIEKYJ/IhI Ta3a,
XOTsl OHU OTHIO/Ib HE MPEJCTABJISAIOT CODO MAKPOCKOIMYECKUX TEJI.

[Ipumenur K mosekysiam raza gpopmy.y pacupejesenus: ['uboca,
Mbl MOYXKEM YTBEPXKJIATh, 9TO BEPOSTHOCTH MOJIEKYJIE HAXOUTHCSI
B k-M cOCTOSHUU, a TIOTOMY ¥ CpPeJHee 9HUC/IO 7ip MOJIEKYJ B 3TOM
COCTOSTHIY, TPOTIOPIMOHATBHBI exp(—eg/T):

e T (37.2)
Tae a— TMOCTOAHHAdA, OTMPEIETAI0NIasACAd YCIIOBUEM HOPDMUPDOBKN

Y =mp=N (37.3)
k

(N — nosiHOe 9ucea0 JacTul] B raze). Pacrnpenesenne MOJIEKy/T Wjie-
AJIHOTO Ta3a 110 PA3JIMYHbIM COCTOSIHUSAM, OmpejesisieMoe (popmy-
aoit (37.2), naseiBaercsa pacnpedeaenuem Boavuymana; ono ObLIO OT-

kpbiTo Bomsivanom (L. Boltzmann) mis kaaccuaeckoii craTneTnkn
B 1877 r.
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[Mocrostanbiit koaddurment B (37.2) MoXKeT OBITH BHIDAYKEH Ue-
pe3 TepMOoIMHAMUYECKWe BeIWIWHBI Tasa. /[ljas sToro magmm ere
OJIUH BBIBOJL 9T0i (POPMYJIbl, OCHOBAHHBII HA [PUMEHEHUU PACIPe-
genennsg ['mbOca K COBOKYIHOCTH BCEX TACTHUIL rasa, HAXOISIITIAXCS
B JIAHHOM KBAaHTOBOM COCTOsiHMM. Mbl MMEEM [PABO CIEIATH 3TO
(maxke ecim 9YmCIa Ny HE MaJibl), TIOCKOJIbKY HEIIOCPEJICTBEHHOTO CH-
JIOBOTO B3AMMOJIEHCTBUS MEYKIY STUMHU U OCTAJIHHBIMU TACTHIIAMU
(KaK ¥ MeXKJy BCeMH BOOOIIEe YacTHIAMW HIeaJbHOTO Ta3a) Her,
a KBaHTOBOMexaHu4deckue obMeHHble 3(DMEKTh UMEI0T MECTO JIUIIb
JIJIST YaCTUL, HAXOJSIIMXCSL B OJJHOM M TOM 2Ke cocrostauu. [Toytaras B
obureit popmyJie pacupeaeienus ['nbbca ¢ mepeMeHHbIM YUCI0M da-
crut (35.2) B = ngeg, N = ny v npunuckiBas nHjekc k eananne ),
MOJIYYUM paclpeesieHne BepOATHOCTe! pa3/InYHbIX 3HAYEeHUN N B
BUIE

Wy, = (37.4)

B uacrnocru, wg = exp(g/T) ecrb BEPOSITHOCTH HOJHONO OT-
CyTCTBHSL YACTUIL B JAHHOM COCTOSIHMU. B MHTEPECyIOIemM HAC 3/1eCh
ciaydae, Korja mg < 1, BEposiTHOCTD wo OJIN3KA K €IMHULIE; 109TOMY
B BBIDAJKEHUW w1 [JIsi BEPOSITHOCTH HAJIWYUS OJHONW YacTHIBl B k-M
COCTOSTHUM MOYKHO TIOJIOXKUTH, OMYCKasi YIeHbI BBICIIIErO MOPSIIKa Ma-
noctn, exp(Q;/T) = 1. Torga

wy = exp A=

Yo ke KacaeTcst BepodATHOCTEH 3Havuenunit ng > 1, To OHU B TOM XKe
NpUOIMIKEHNN JTOIZKHBI OBITH TTOJIOYKEeHBI PaBHBIMU HYI0. [losTomy

ng = E Wy, Mg = w1 - 1,
ng

U Mbl HOJiydaeM pacupejesenue Bosbivana B Buje

— — €k
Ty = exp —% (37.5)
T
Takum 06pazom, koaddunuent B dopmye (37.2) okazbiBaeTcst Bbl-
PasKeHHBIM Yepe3 XUMUIEeCKWi TTOTEHIINA Ta3a.

§ 38. Pacupenenenne BosibliMatna B KJIaCCUYECKOM
CTATUCTUKE

Ecan 661 1Bukenne Moyekys rasza (M aTOMOB B HWX) TOITHHS-
JIOCh KJIACCUYIECKON MeXaHWKe, Mbl MOIVIH ObI BBECTH BMECTO DPac-
TIPEeJeICHNs TI0 KBAHTOBBIM COCTOSAHWSAM DPaCHpEeeeHne MOJICKY.JI
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mo Ha30BOMY TPOCTPAHCTBY, T.€. MO WMIYJIBCAM W KOOPINHATAM.
[Iycts dIN — cpemrHee 9uCI0 MOJIEKY/I, «3aK/IIOUEHHBIX» B 3JIEMEHTE
obbema (paz0BOro MPOCTPAHCTBA MOJIEKYJIbI

dpdq =dp;...dp,dq; ...dg,

(r  uwmcno creneneit cBoboabl MosieKyJibl). Hanumewm ero B Buje

N =n(p,q)dr,  dr =%

= oy (38.1)

u Oymem HasbiBaTh n(p,q) TIOTHOCTHIO B (ha30BOM TPOCTPAHCTBE
(xorst d7 ommuaercs MuoxkureseMm (27h)7" or anemenrta oObema
dazosoro npocrpancTea). Ml moyanm Terneph BMecto (37.5)

n(p,q) = exp =200 (38.2)
re €(p, q) —3Heprusi MOJIEKYJIbl Kak (DYHKIMsS KOOPAWHAT W WMITYJIb-
COB €€ aTOMOB.

OO0BIYHO, OJHAKO, KBA3WK/IACCHUIHBIM OKa3bIBAETCSI HE BCE JIBW-
JKEHME MOJIEKYJIbl, & JIUIIb JBUXKEHUE, COOTBETCTBYIOIIEE YaCTH ee
creneneit cBobospl. B uacTHOCTH, B Ta3e, HE HAXOJSIIEMCs BO BHEIII-
HEM TI0JIe, BCerJIa KBA3UKJIACCUYHO MOCTYIATEJBHOE JBUKEHUE MO-
jtekyst. [lpu 9TOM KUHETHYIECKast SHEPIUsl TOCTYMATeILHOTO JBUYKE-
HUST BXOJWT B 3HEPTHIO £ MOJMEKYJIBI KaK HE3ABUCHMOE ClaraeMoe, a
OCTATbHAS FaCTh YHEPTHH BOBCE HE COJEPYKUT KOOPAWHAT X, Y, 2
U MMILYJILCOB Dy, Py, P, LUEHTPA HHEPLIUM MOJIEKYJbl. DTO 00CTO-
SITE/IbCTBO TIO3BOJISIET BBLJAEUTH U3 0011l (hopMyJibl pacipejiesie-
Husi BosibliMana MHOXKUTE/Ib, ONPEIEISONUI pACIPEIeIEHUe MOJIe-
KyJI Ta3a 10 yKa3aHHbIM MepeMeHHbiM. Pacrpesenenne MOIEKYT 0
3aHUMAEMOMY Ta30M 00beMmy OyaeT, O9eBUIHO, MTPOCTO OHOPOIHBIM,
a IS 9UCIa MOJIEKYJT, TIPUXOJATIINXCS HA eINHUILY 00hema W IMero-
HIMX MMILYJIbChI (IIOCTYIATEIBHOIO JIBUZKEHUSI) B 3aJaHHBIX UHTEP-
Banax dpg, dpy, dp,, noayaum dopmy.iy pacupejenenus Makcseia

N pi +p, + 02
e =V armry T exp| P dp dpy dp. (38.3)

3/2 2 2 2
de:g<l> exp[fm(vm_kvy_'—%)
2nT 2T

& ]dvz dvydv,  (38.4)

(m —wmacca MoseKy bl ), HopMupoBaHHyio Ha N/V gacrur B eqnanme
obbema.

Paccmorpum pasiee ra3, HAXOAANMACA BO BHEIIHEM I10JI€, B KO-
TOPOM TIOTEHUMAIbHASA IHEPrUst MOJIEKYJbl €CTh (DYHKIHsS TOJbKO
OT KOOpAMHAT ee 1eHTpa uHepuuu: u = u(Z,y,z) (TAaKoBO, HAIPU-
Mep, TpaBUTAIMOHHOE T0/1e). Kemm, Kak 3T0 MpakTWYecKW BCeraa
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WMeeT MeCcTO, TIOCTyTaTenhHOe IBWKEeHWe B 3TOM T0Jie KBAa3WKJIAC-
CUYHO, TO (Z,Y, Z) BXOJUT B SHEPTUIO MOJIEKYJIbI B KAUeCTBE HE3aBM-
cuMoro cjiaraeMoro. MakCBesjIoBCKOe PACIIPeie/ieHre 10 CKOPOCTAM
MOJIEKYJI OCTAETCH, pAa3yMeeTcsd, HEM3MEHHbBIM, & PACIpe/lejieHne 110
KOODJMHATAM I[EHTPA MHEPIUU OpesesuTcs popMysioi

ANy = noe “@v2/T gy, (38.5)

DTa dopMyIa JAeT INCI0 MOTEKYJ B JIEMEHTE TTPOCTPAHCTBEHHOTO
obvema dV = dx dy dz; Benmauna xe

n(r) = nge "=¥2)/T (38.6)

npeacTaBasger coboi MI0THOCTL Ynucaa Yactul,. [locTosHHasA ng eCTh
JIOTHOCTL B Toukax, rjae u = 0. @opmyna (38.6) nasbiaercsa gop-
myroti Boavumana.

B wacTtHOCTH, B OZHOPOZHOM TIOJE TSKECTH, HAMPABICHHOM

BJOJIb OCH 2z, 4 = Mgz, W paclpejesenne MJIOTHOCTH ra3a Orpe-
JIeJISIETCST TaK HAa3bIBaeMOi bapomempuueckoti gopmyaot
n(z) = noe ™8/ (38.7)

rje ng IWJIOTHOCTHh HA ypoBHe z = ().

Ha 6osibiinx paccrosHusgx 0T 3eM/id ee TPABUTAIMOHHOE I10JIe
JIOJIZKHO OTHCHIBATHCST TOYHBIM HBIOTOHOBCKUM BBIPAYKEHUEM, TTPHU-
JeM TIOTeHIMAIhHas SHEPTHsT 4 o0palmaercs Ha O0eCKOHETHOCTH B
Hyb. Coracuo dbopwmyste (38.6) miorHOCTH rasa JI0KHA OblIa ObI
UMETh [IPU 3TOM Ha, OECKOHEUYHOCTH OTJIMYHOE OT HYJIs KOHEUYHOE 3HaA-
venue. OJIHAKO KOHEYHOE KOJIMYECTBO ra3a He MOXKeT ObITh pacipe-
JIeJIEHO 10 DECKOHEIHOMY 00beMy ¢ HHUIJEe He HCUe3aronei IIoT-
HOCTBIO. DTO 3HAYUT, YTO B I'PABUTAIMOHHOM Toje Ta3 (armocde-
pa) He MOXKET HAXOAUThCS B PABHOBECUM U JIOJIZKEH HEIPEPBbIBHO
paccenBaTbCsi B IPOCTPAHCTBO.

Bagaum

1. Haiiru myiornocTs raza B uujneApe ¢ pagauycoMm R v ajmHoi [, Bpamaro-
MEeMCa BOKPYT OCH € YIJIOBOH CKOPOCTBIO €2 (Bcero B mmmmaape N MOTEKy).
P e ur e n ue. B§346bu10 ykazano, 9To BpallleHHUE TE/a KAK HEJI0r0 SKBUBA-

1 5
JIEBHTHO BHEITHEMY TIOJTIO C TOTEHITUATBHON SHeprueii EmQZr2 (r paccroanme
110 ocm Bpamenwus). [109ToMy TIOTHOCTD ra3a ecThb
0272 /2T
n(r)™ 2T

Hopwmuposka maer

NmQ2em92r2/2T
n(r) = 02R2 /2T ’
2xTl(e™ —1)

2. Haittu pacnpenenenue 4acTUIL II0 UMITYIbCAM /I PEISTUBUCTCKOTO UIe-
AJILHOT'O Ta3a.
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P e m e nue Dueprusi peisiTUBUCTCKON HaCTULbI BbIPAXKAETCS H€pe3 ee

nMnysbe uepes £ = cy/m?c® +p? (¢c— ckopocrh cBera). Hopmmposannoe
pacCOpesieIeHne 110 UMITYJIbCAM €CTh

( e/m2e + p2>
exp| ——V————
N — N P T dp. dp, dp.
anp = v T\’ mc? T mc®\  4m(me)®
2 5| Kil — )+ —Ko|——
mc T mc T

rae Ko, K1 — dynkuun Maknonansaa (bynkuun Farkess 0T MHUMOTO apryMeH-
ta). [Ipu BEMMUCIEHIA HOPMUPOBOYHOTO MHTETPAIA UCTIOIH30BAHBI (DOPMY.JIBL:

[o%e}

/efZChtshztdt = 1Kl(z),
z

0

Ki(2) = —%Kl(z) — Ko(2).

§ 39. CrosiKHOBEHUSI MOJIEKY.I

MovtekyJjibl ra3a, 3aKJIOYEHHOIO B COCY/E, CTAJKUBAIOTCH IIPU
CBOEM JIBUYKEHUU C €r0 CTeHKAMU. BbluuciuM CpejHee 9ucjio yiaa-
POB MOJIeKyJl Ta3a 00 €JUHUIlY [MOBEPXHOCTU CTEHKHU 3a eIUMHUILY
BPEMEHT.

Bribepem kakoii-HuOyIb 2JIEMEHT MMOBEPXHOCTH CTEHKHU COCYIa
U BBEIEM CHCTEMY KOOPJWHAT C OChIO 2z, HAPABJIECHHON MepIeHIn-
KYJISIPHO K 3TOMY 9JIEMEHTY TOBEPXHOCTH (KOTODBIN MOYKHO Tereph
Hanvcarh B BU dr dy). VI3 MOJIeKyJI Ta3a B eJIMHWUILY BPEMEHU JI0JIe-
TAT 10 CTEHKW COCYZa, T. €. CTOJKHYTCSA C Hell, TOJIHKO T€, KOOPIHU-
HATBI z KOTOPBIX HE OO0J/BINE, €M KOMIIOHEHTa U, WX CKOPOCTH IO
9TO¥ ocu (KOTOpAst, KOHEYHO, JOJIZKHA K TOMY 2Ke ObITh HAlPAB/IEHA
K CTEHKe, a He B MPOTHUBOTNOIOKHYIO CTOPOHY ).

YHucno dyvy cTONKHOBEHUIT MOJIEKYJl B eAuHuIly Bpemenu (OTHe-
CeHHOE K eJIMHWIIe TLIOIIANM TIOBEPXHOCTH CTEHKM), MPH KOTOPBIX
KOMIIOHEHTBI CKOPOCTH JIeXKAT B 3a/laHHbIX HHTepBatax dvg, dvy, dv,,
MOJIYYUTCsI, CIeJJOBATELHO, YMHOKeHneM pacnpesenenns (38.4) Ha

06beM mUAMHApa ¢ ocHOBaHMeM 1cM? 1 BRICOTOI, paBHON v,. Ml
[OJIy YUM TOLJQ

N( m \3?2 mo9 92 2
dvy = v (%—T> exp [—ﬁ(% + vy + v;) | v, dvg dvy dv,.  (39.1)
OTcroga JIerko HaiiT OJHOE YUCI0 UV yIapOB MOJIEKYJ ra3a 06 eju-
HUILY 1I0OBEPXHOCTH CTEHKM COCyJa B ejuHuily Bpemenu. ljs 310oro
npounrerpupyem (39.1) 1o Bcem ckopoctsam v, or (0 10 00 U 1O Uy
W v, OT —00 10 400 (M0 v, He HaJ0 WHTErpupoBaTh oT —oo 10 0,
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TaK Kak pn v, < () MOJIEKyJ1a JIETUT B CTOPOHY, TTPOTUBOTIOIOKHYIO
CTeHKe, ¥, CJIeJIOBATEIHHO, He CTOJKHETCS C Heil). D10 Jaer

y=N /T - P (39.2)
v\ 2mm  V2mmT

(IIOTHOCTH Ta3a BBIPAXKEHA 4Yepe3 ero JaBJeHUe COMJIACHO yDaBHe-
o Kaneitpona).

@opmyaty (39.1) MoxKHO HanmcaTh B ¢(DEPUIECKUX KOOPJAMHATAX

B ITPOCTPAHCTBE CKOPOCTEIl, BBOIS BMECTO Uy, Uy, U, aDCOIIOTHYIO Be-

JIMYUHY CKOPOCTH ¥ W TIOJISIPHBIE YTIIBI 6 U (0, ONPEJeNAonne ee Ha-

npagsyieane. Ecim BLIOpaTh MOISpHYIO 0Ch IO OCH 2, TO U, = v COS 6 n

3/2 2
dvy = E<ﬂ) / exp(—ﬂ>v3 sin @ cos 0df do dv. (39.3)
V \2xT 2T

PaccMoTpuM Teneph CTONKHOBEHUS] MOJIeKYJ ra3a JApyr C Jpy-
rom. JIj1s1 3TOT0 HEOOXOINMO HAiiTH MpeIBapuTeIbHO PacTpee/IeHne
MOJIEKYJT TI0 UX CKOPOCTSIM (CKOPOCTH €CTh Be3Je CKOPOCTh IMEeHTPa
MHEPIUKU) OTHOCUTEJBbHO APYr Apyra. Ilpu 9TOoM Mbl BhIOMpaeM Ka-
KyIO-HUOY/Ib M3 MOJIEKYJ ra3a W pacCMaTpUBaeM JBUKEHHEe BCeX
OCTAJILHBIX MOJIEKYJI OTHOCUTE/IHLHO 3TOM, T.e. I KayKJI0U Mosie-
KyJIbI MBI DaCCMaTpUBaEM He ee abCOMOTHYI0 CKOPOCTh v (OTHOCH-
TEJILHO CTEHOK COCyJa), a CKOPOCTb v’ OTHOCHUTENBHO HEKOTOPOii
JpyTroit MoeKy/bl. Jpyruvmu cioBaMu, BMECTO TOTO UTOOBI MMETH
JIeJI0 C OTIEIBHBIMI MOJIEKYJIaMy, Mbl KayKIblii pa3 paccMaTpuBaeM
OTHOCHUTEJIHLHOE JABUKEHNE TTaphI MO.HeKyJI, mpuYeM He I/IHTepeCyeMCH
JIBUZKEHUEM KX OOLIEro LEHTPa MHEPLMU.

I/IB MEXaHUKW HU3BECTHO, YTO SHEPrud OTHOCUTEJIbHOI'O JIBH-
»Kenus JByX dacrui, (¢ mMaccamu mi u mg) pasna m'v'2/2, rue
m' = myma/(m1 + my) —UX «IpuBeIeHHAs Maccay, a v’ — OTHOCH-
TesbHas CKOPOCTh. 1103ToMy pacrpejeseHre MOJeKyl UaeaabHOro
Tra3a MO0 OTHOCUTEJIHHBIM CKOPOCTAM MMeeT TaKOM Ke BU, KaK "
pacipeje/ienue 10 abCoMIOTHBIM CKOPOCTSM, HO TOJILKO BMECTO 17
CTOUT NIpuUuBeJEHHad MacCCa m;’. HOCKOHbe BCe MOJIEKYJIbl OJWHAa-
KOBbI, m' = m/2, Mbl moydaeM Jiid YMCIA MOJIEKYJ B €IUHUILE
obbema, 00/1aJa0IINX CKOPOCTHIO0 OTHOCUTETHLHO JTAHHON MOJIEKYThI,
nexxammeit mexay v’ u v’ + dv', Berparkenne

3/2 12
dN,y = EZ(£> / exp(—mv )U'de'. (39.4)
V2 \aT 4T

CTo/IKHOBEHMA MOJIEKYJ1 JIPYL' € JAPYIOM MOLYT COLPOBOXKIATHCH
PA3JIMMHBIMU IPOLECCAMU: OTKJIOHEHUEM X (PACCEsIHMEM) HA OIpe-
JICJIEHHBII YTOJI, PACTIAI0M Ha, aTOMBI U T. 1. [Ipomecchl, mponcxos-
IIMe NIPU CTOJKHOBEHUSIX, IIPUHATO XapaKTepu30BaTh UX 3(pdeKTus-
HBIMU cedennsMu. VIMeHHO, sfidexmuenvim ceuenuem WA TTPOCTO
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CEYEHNEM JIJIsi HEKOTOPOTO TPOLECcCa, MPOUCXOAAIIETO TPA CTOJIK-
HOBEHWW JAHHON YaCTWIBI C APYTUMU, HA3BIBAETCA OTHOIIEHNE Be-
POATHOCTH TAKOTO CTOJKHOBEHHUS B €IMHHIY BPEMEHH K ILIOTHOCTH
HOTOKA 4YacTull (IJIOTHOCTHIO MOTOKA HA3BIBAETCS KOJUYECTBO CO-
OTBETCIBYIOLIMX 4YaCIUIl B ejuHule o0bema, HOMHOXKEHHOEe Ha MUX
CKOpOCTh). T103TOMY YHCIO CTOJIKHOBEHWiT (B €JIWHWILY BpPEMEHH )
JAHHOI YaCTUIBI C APYTUMU, COTTPOBOYKIAIOIINXCA HEKOTOPHIM TTPO-
LIECCOM C CEYEHWEM O, PABHO

oo
3/2 2
S HEONEIC DL
T
0

[Tosnoe umce0 TAKUX CTOJKHOBEHUM, IPOUCXO/ISAIINX B €JIUHUAILY BPe-
MeHM BO BCeM 00beMe raza, paBHo, odeBujno, v' N/2.

B3agauan

1. Haittu ancio yaapoB MOJIeKyJI ra3a 00 €JUHUILY IOBEPXHOCTU CTEHKU B
€IVHUILY BPEMEHU, TIPU KOTOPBIX YIoJI MEK/Iy HallpaB/IeHneM CKOPOCTH MOJIEKY-
JIBl ¥ HOPMAJIBIO K TIOBEPXHOCTHU JIeKUT Mexay 0 u 6 + df.

Pemenumue.

/2 .
dve = (N/V)[2T/(mm)]"/? sin 6 cos § d6.

2. Haiitu 9uc/io yapoB MOJIEKYJ Ta3a 00 eIMHUILY TOBEPXHOCTU CTEHKU B
eIMHUILY BPEMEHU, MPU KOTOPBIX a0COTIOTHAs BETUYUHA CKOPOCTH JIEKUT MEK-
ay v m v+ dv.

Pemenuwue.

3/2 —mo?/2T 3
dv, = (N)V)x[m/@2xT)]* *e” ™" *T4* dv.

3. HaiiTu oy 0 KUHETHYEeCKY 0 SHepruio Ey, MoIeKy/1 ra3a, yaapsaomuxcs
06 e,Z[I/IHI/I]_[y HOBerHOCTI/I CTEHKWU B e,Z[I/IHI/I]_[y BpeMeHI/I.

Pemenuwue.

By, = (N/V)\/2T3/(mn) = P\/2T/(mnr).
4. Haiitu 9uci0 CTOTKHOBEHHI OJIHONW MOJIEKYJIBI C OCTAIbHBIMUA B €IUHUILY

Bpemenn. [Ipu 3T0M MOJIEKYJIBI CINTAIOTCS TBEPABIMU HIAPAMU PAIIYCA T
P e ur e ue. Cedernne CTONKHOBEHHII MOTEKYJT APYr C APYTLOM Oyaer Te-

2 2 .
nepb 0 = 7(2r)° = 4wr® (Tak Kak CTOJIKHOBEHME MPOUCXOANT BCAKWI pas,
KOTZ]a MOJIEKYJIBI TIPOXOJAT IPYT MHMO Jpyra Ha PACCTOAHWHU, MEHbIIEM 2T1).
IMoacrasnsas 1o B (39.5), naxogum

v =16r"/(xT)/m(N/V) = 161> \/7/(mT)P.

§ 40. HepasHoBecHBbIIT nealbHbII ra3

Pacnpenenenne Boabmvana mMoxkeT OBITH BBIBEJIEHO €IIIE U CO-
BCEM WMHBIM CIIOCODOM, HEMOCPEJICTBEHHO U3 YCJIOBUST MAKCHMAJIb-
HOCTH SHTPOINN Ta3a B IIEJI0M, PACCMATPUBAEMOTO KaK 3aMKHY-
Tasg CUCTEMA. IJTOT BBIBOJ TPEJCTABJSIET CYIIECTBEHHBIN CAMOCTO-
SITETbHBIN WHTEPEC, MOCKOJbKY OH OCHOBAH HA METONe, IAIOIIeM
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BOBMOXKHOCTH BBIYUCTIUTH SHTPOIUIO Ta3d, HAXOMAIIETOCT B MTPOU3-
BOJILHOM HEPABHOBECHOM MAaKPOCKOITMIECKOM COCTOSIHUM.

Besikoe makpockonmdeckoe COCTOsSHUE UIeAJbHOIO ra3a MOXKHO
XapakTepu3oBaTh cieayommm obpazom. Pacnpeneniny Bce KBaHTO-
Bbl€ COCTOsiHMS OT/IE/IbHOM YaCTHUIbl Ia3a 10 IPYIIaM, KaxKjas u3
KOTOPBIX COJIEPKUT OJm3Kue cocTosiHust (0bJaiaoniye, B 9acTHO-
cTu, OJM3KUMU SHEPIUSMU), IPUYEM KAK UUCI0 COCTOSHUIT B KazK-
JIOI I'PYIIIE, TAK W Y9UC/I0 HAXOJMIIUXCI B HUX YACTUL] BCE XK€ OY€Hb
Besiuku. [lepernymepyem 91w rpyiibl cocToguuii Homepamu j = 1,
2,..., n mycts (Gj ecTh UMCIO COCTOAHWIT B j-it rpynme, a N;—
9HCI0 YACTHIL B 3TnX cocTogumuax. Torga mabop umcen N; Oyger
MMOJTHOCTHIO XaPAKTEPU30BATH MaKPOCKOTTUIECKOE COCTOSTHUE Ta3a.

3ajlaua 0 BBIYUCIEHUN SHTPOIUHU Ta3a CBOAUTCS K 3ajiade 00 Oll-
pejesiernn crarucTudeckoro Beca Al JJAHHONO MAKPOCKOIUYECKO-
IO COCTOSIHUS, T.€. YUCJIa MUKPOCKOIIMYECKUX CIOCODOB, KOTOPBIMEU
9TO COCTOSTHUE MOXKET OBITH OCYIIECTBIEHO. PaccMarpuBas KaxKmIyio
rpymmy u3 N;j 9acTull Kak He3aBUCHMYIO CUCTeMy W 0003Hadas CUM-
Bosiom Al ee craTwcTwyecKnil Bec, MOXKeM HalnCaTh:

AT =[] AT;. (40.1)
J

Taxum obpaszoM, 3aga4ua csoguTcsa K Berauciaenuio AL

B cratncruke Bosbinmana cpegHne dmcIa 3alOJHEHAS BCEX
KBAHTOBBIX COCTOSTHUI MaJjibl 110 CPABHEHUIO € €JUHUIEH. DTO 3HA-
9uT, 9TO unciaa N, "gacTuI JIOMKHBI OBITH MaJbl MO CPaBHEHUIO
¢ uncaamu G cocrognuii (N; < (), HO, KOHEYHO, CAMHU IO Ce-
6e Bce ke oueHb Bejuku. Kak 0bL10 0b6bsicaeno B § 37, mMajiocTsb
CPEJIHUX HHCeJ 3AI0/IHEHUS II03BOJISIET CYUTATH, YTO BCE YACTHUIHI
PACTIPEIESIIOTCS 110 PA3JIUIHBIM COCTOSIHUSIM COBEPIIEHHO He3aBU-
cumo apyr ot apyra. [lomemas xaxgyro uz N; gactur B ogH0 n3 G

COCTOSIHUI, TIOJIyIUM BCErO G BosmozbIx pacupe/jeienuii, cpe-
I KOTOPBIX, OIHAKO, €CTh TOXK/IECTBEHHBIE, OTIMIAIOIINECs JINIITh
MepecTaHoBKON YacTwil (YacTUIBl BCe OJMHAKOBHI). UnCIo mepecta-
HOBOK N; wacTu] ecth N,;!, m TakmM 00pa3oM, CTATHCTHUECKHIT Bec
pacupeesenus N; gacrun 10 Gj COCTOAHUAM PaBeH

N;
L — J .
AT; = G, /N;\. (40.2)
EaHTpOHI/IH ra3a BBIYUCTIAETCA KaK JIOl"apI/ICbM CTATUCTUYECKOTO BECA

S=InAl'=) InAT};.
J

[Moxcrasus (40.2), umeem
S=) (N;InG; — InNy!).
J
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Nwes B BUy, uTo uncia IN; BeIWKH, BocHoab3yeMmces 1 In N;! mpn-
6zkeHHol hopmysioiit)

In N! ~ N In(N/e) (40.3)

" TI0JIyYnM

G,
S = Z N; 1neN—]{. (40.4)
J

DTa (opMyia permaer moCTaBACHHYIO 3319y, OMPeIesis SHTPO-
A0 UIEATHHOTO Ta3ad, HAXOISIIEr0Cs B MPOW3BOJIBHOM MaKPOCKO-
MITYECKOM COCTOAHWN, ompejensiomemcs nabopom uncen N;. [lepe-
numeM ee, BBe/ld CpeaHne 4Yucjia ﬁ] HaCTHUIl B KazK/IOM U3 KBAHTOBbIX

cocrostamit j-it rpynmer: n; = N; /G ;. Torga
= 7 ln < 40.
S ZG]n] nﬁj (40.5)
J

Ecnn mgeukenne wacTwl] KBa3WKJJIACCUYHO, TO B 9TOH dopmy-
Jie MOXKHO TepeiiTn K pPaclpeesIeHri0 JacTull 1m0 (Ha30BOMY Tpo-
crpaucrBy. Paznesum azoBoe mpoCTpaHCTBO YACTHUILI HA y4YaCT-
kit Apl7) Agl) | karxietit n3 KOTOPBIX MaJI, HO COTEPIKHUT BCe Ke GOTb-
[0e 9HUC/I0 9acThll. Uncia KBAHTOBBIX COCTOSHUM, TTPUXOIAIIIXCS
Ha 3TU YYIaCTKU, PABHBI

G _ Ap(j)Aq(j)
J (2rh)"

(r  ameno creneneit cBOGOABI YACTHIBI), & YUCIA YACTHUIL B ITUX CO-

= A7) (40.6)

crosiuuax Hamumem B Buge Nj = n(p, Q)ATY) 1ie n(p,q)  wnor-
HOCTb pacupejesenus: dactuil B ¢azoBom mnpocrpancrse. [logcra-
BiagieM 3Tu Bbipaxkenus B (40.5), nociae dero, mmess B Buiy, 4UTO

yuacrku A7U) Majibl, a UX 910 BEIUKO, 3aMEHSIEM CyMMUPOBAHUE

110 j MHTErPUPOBAHMEM 110 BCeMy (Da30BOMY HPOCTPAHCIBY YaCTu-
b

S = /nln Sdr. (40.7)

n

B cocrosruu paBHOBECHsT SHTPONNS TOKHA UMETh MAKCHMAIb-

HOe 3HavYeHue (B NPUMEHEHMM K UJEAJbHOMY Iady 39TO yTBEPXKJie-

HUe WHOorja HasbiBaloT H-meopemoti Boavumana). Tlokaxewm, Ka-

KM 00pa3oM m3 9TOro TpeOOBaHWSA MOXKHO HAWTH (DYHKIIUIO Pac-

LpeJIeJIeHUS YaCTULl, I'a3a B COCTOAHUU CTATUCTUYECKOIO PABHOBE-

cug. 3ajiava 3aK/1049aeTcd B HAXOXICHUM TaKUX T, IPU KOTOPBIX

1) Ipu Gomprmom N MozKHO TpubamzKenno 3aMeHnTs cyMmy InN!=Inl+n2+. . .
N
...+ In N wunrerpasnom [Inzdz, orkyna n nomyuaercs (40.3).
0
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cymma (40.5) nmeer MakCHMaIbHOE 3HAYEHWE, BO3MOXKHOE TIPU J10-
MOJTHUTETBHBIX YCIOBUSX

ZN]' = ZGjﬁj =N,

J J
Z€ij = Zngjﬁj =F,
J J

BBIPAKAOIINX TMOCTOSTHCTBO TIOJTHOTO dYucaa dacTui, N W TOJHOM
sueprun F raza. Cieays n3BeCTHOMY METOy HEOTPEeISIeHHBIX MHO-
KuTeneit Jlarpan:ka, Ha 0 TPUPABHATEH HYJIIO TTPON3BOIHBIE

2

T

S+ aN + BE) =0, (40.8)

rie «, f— HekoTopblie moctosiaubie. [Iponssens muddepennmpoBa-
HUe, Haijem

Gj(* Inn; +a+ ,86]') =0,
orkyga Inn; = a + fe; nmm

n; = exp(a + fe;).

DTO — He 9TO WHOE, KAK M3BECTHOE yKe HaM pacrpeaenenne Boabir-
MaHa, TPUYeM TOCTOAHHBIE «« U 3 cBsA3aHbl ¢ T W i TIOCPEICTBOM
coornomennii') o = p/T, f=—1/T.

§ 41. CBoboagHasi sHEpPrusd
00JIBIIMAHOBCKOTO UJ€AaJIbHOTO ra3a

[Tpumennm o6uyio dopmyy (31.3)
F=-Th) e/ (41.1)
n

JLJTsI BBIYUCTIEHUsT CBOOOIHON SHEPIUHU MACAJTHHOTO Ta3a, TTOIINHSIIO-
merocs craructuke Bosbivana.

Hanwucas sunepruto E, B Bujie CyMMbl HEPIuil €, Mbl MOXKEM
CBECTH CYMMWPOBAHUE TI0 BCEM COCTOSTHUSIM Ta3a K CYMMWPOBAHNIO
0 BCEM COCTOSTHUSIM OTIETLHON MOMeKyanl. Kaykmoe cocTosame ra-
3a Oyzaer onpenensithess Habopom N (N — 4mcyio MOJIEKyJl B rase)

1Y D1u smavenns a u B MoxHO mpeaBuAeTs 3apanee: ypasuenns (40.8) moryT
ObITH 3AMCAHBI B BUJIE COOTHONIEHUsT MeX 1y auddepennuaiamm

dS+adN + BdE =0,

KOTOPOE JIOIZKHO COBIIAJATH € BhIpaykeHueM quddepennuana BHy TpeHHel sHep-
ruu (npu 3agannom ooveme) dE =T dS + pdN.
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BHAYEHWT £, KOTOpPbIE B DOIBIIMAHOBCKOM CJIyYae MOYKHO CUNTATH
BCE PA3IMIHBIMYU MeXKIy Co00ii (B KayKJI0M MOJIEKYISIPHOM COCTOSI-

HIM — He Oosee oHOi Mosekysiel). Hamncan e En/T

—e/T

B BUJIEe MPOU3-

BeEIICHUA MHOZKUTEJIEN e JLJIA Ka)K,ZI;OfI "3 MOJIEKYJI U CYMMUDYd
HE3aBUCHUMO TI0 BCEM COCTOAHUAM Ka)K,ZI;OfI MOJIEKYJIBI, MBI TTOJIYyYINM

BBIPA2KEHIE
N
(Z e*gk/T) . (41.2)
k

Habop BO3MOXKHBIX 3HAYEHMIT £ JIJIsl BCEX MOJIEKYJl Ia3a OJMHAKOB,
a HOTOMY OAMHAKOBBI U cymMbl y exp(—ex/T).

Heobxomnumo, ognako, WMeTh B BHIY CIEIYIOMEe 0OCTOATEb-
ctrO. Bee naGopel N pa3mvHbIX 3HAYEHWH £), OTIMIAIONINECS JINTITH
pachpeie/IeHneM OJIMHAKOBBIX MOJIEKYJI Ta3a 10 YPOBHSAM Ef, COOT-
BETCTBYIOT OJHOMY M TOMY K€ KBAHTOBOMY COCTOSIHWIO ra3a. B
crarucTudeckoit ke cymme B dopmyse (41.1) kaxmoe u3 cocros-
HUI JIOJIPKHO yUUTHIBATHCS JIUTL OnH pa3 ') . [1o3roMy MbI 10KHBI
eme pasjeauthb Bbipaxkenue (41.2) HA YMCI0 BO3MOXKHBIX NEpECTa-
HOBOK N MOJIEKYJI IDYT C Apyrom, T.e. Ha N!?).

Takum obpazowm,

S L (; /)" (41.3)

n

[Mogcrasisisi 970 BHIpaskenue B (41.1), momyvgaem

F=_TN lnz e /T £ Tln N,
k

[Mockosibky N odenb Gojibiioe aucjio, 1o st In N MOxKHO BOC-
nosb3oBarbest opmysoit (40.3). B pesysabrare moaydum cieayio-

myio hopmyiy:
_ e —ey)T
F= —NTln[N Ek e ek } (41.4)

KOTOpasi MO3BOJISET BBIUYUCAUTH CBOOOIHYIO JHEPTUIO JIIOOOT0 Tasa,
COCTOSAIIErO U3 OJIMHAKOBBIX YACTHUI] U MOJUUHATOIIEI0CS CTATUCTHKE
Boabnmana.

B knaccuueckoit crarucruke dopmysna (41.4) nomkua 6bTh Ha-
MUCaHa, B BUIE

F=—NTIn % / e @D/ gr (41.5)

1Y Cp. upumeu. va c. 117.
) CymecTBenno, 410 B CTaTHCTHKe BOTBIIMAHA POJIb HICHOB, COMEDPIKAIIMX
OAMHAKOBBIE £, B Boipaxennu (41.2) ornocurensHo Masa.
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T MHTErPUPOBAHTE TTPOM3BOIUTCA 10 (PA30BOMY MPOCTPAHCTBY MO-
JIekyJibl, a dT onpejesero B (38.1).

§ 42. YpaBHeHHE COCTOSIHUSI UJI€AJTHHOTO ra3a

B § 38 yxke 0b1710 0T™MEUEHO, UTO TOCTYTIATEILHOE TBUKEHNE MO-
JIEKYJT Ta3a BCErJAa KBA3WKIACCUIHO, TPUYEM JHEPTHIO0 MOJEKYJIbI
MOKHO HAIUCATH B BU/JIE

2 2 2
k(D pysps) = Lt EEE o (42.1)
2m
r7e TEPBBI I€H eCTh KWHeTHYeCKasl IHEPTHUs ee MOCTYIaTeThHO-
ro JIBUXKEHHs, a 4depe3 €y 0003HAYEHbl YPOBHM 9SHEPIHU, CO-
OTBETCTBYIOIIME BPAIIEHUIO MOJIEKYJIbl M €€ BHYTPEHHEMY COCTOs-
HUIO; €] HE 3aBUCUT HM OT CKOPOCTEH, HM OT KOOPAUHAT LEHTDPA
WHEPIMK MOJIEKY/Ibl (MBI TIpeJnoaraeM, YTO HUKAKOrO BHEITHEro
LOJISL HET).
Crarucrudeckyio CyMMy MOJI 3HAKOM Jiorapudma B Gopmysie
(41.4) MBI IOKHBI 3AMEHUTD TENEPH BIPAZKEHUEM

S [ ) =V () e a2
k

(narerpuposanne 110 dV = dx dy dz mpon3BOANTCS 110 BCeMy 00bemMy
raza V). Inst cBoGOAHOMN 9HEprun nosyvaem

F= NTh [ ( ml )3/2 zk: e*ek/T]. (42.3)

27h?

Crosias 3/1eCb CyMMa, pa3yMeercs, He MOKeT OblTb BblUMC/IeHa,
B 0b0mem Bume, 0e3 KaKux-au00 TPEIONIOKEHN O CBOMCTBAX MO-
stekys1. CylecrseHHo, 0JHaKo, 410 OHa LpejcraBiser coboil dyHK-
UI0 TOIHKO OT TeMIeparyphl. [103TOMY 3aBUCUMOCTH CBOBOIHOI
SHeprum or o0bema MOJHOCThIO omnpejensercs dhopmynoii (42.3),
YTO JAET BO3MOKHOCTH TIOJYYUThH W3 HEE PAJ CYHMIECTBEHHBIX 00-
HIMX PE3YJIbTATOB O CBOHCTBAX MEANLHOTO ra3a (He HAXOAAIerocs
BO BHEIITHEM TI0JIE).

Bougensia B (42.3) wnen, conepxkaiuii o0bem, nanumimem sty Gop-
MyJLy B BUJIE

F= NTh % + Nf(T), (42.4)

riae f(T)— uekoropasi GyHKINST TEMITIEPATYPHI.
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Jlts maBaennd ra3a moayvdaeM OTCIIA
OF NT
ov v’

nJjim

PV = NT. (42.5)

Mbl noayunam, Takum 00pa3oM, M3BECTHOE YDPABHEHHE COCTOSTHUS
wieanbaoro raza (ypaswenue Kaanetipona). Ecin remneparypa us-
MepsieTCs B rpajycax, To')

PV = NkT. (42.52)

Srasg F', MOXKHO HAWTH TaKyKe W APYTHE TEPMOSUHAMUIECKUE
BesimduHbl. TaK, TEPMOAMHAMUYECKUN TOTEHIIUA PABEH

o — —NTln%—l—Nf (T) + PV.

Bamensiss V uepes P u T cornacuo (42.5) (@ noszkHO OblITh BbIpa-
xkeno kak ynkuus or P u T') u BBogg HOBYIO (DYHKIUIO TeMIepa-
typel X(T') = f(T) —T'InT, nonyaaem

® =NTInP + Nx(T). (42.6)
DHTPOIHA OMPEIETIETCT KaK
S=-9C _NmY  Np(T) (42.7)
oT N
win Kak pyskuus P u T
S = fg% — NP Ny'(T). (42.8)

Haxomner, sneprus paBHa
E=F+TS=Nf(T)— NTf(T). (42.9)

Mpbl BUAUM, YUTO SHEPruUsi ABJAETCA (DYHKINMEH TOIBKO OT TeMIie-
parypbl raza (TO ke camoe OTHOCUTCS M K TemioBoi (dyHKIun
W = E+ PV = E+ NT). 910 06CTOSTENILCTBO, BIPOYEM, 3a-
panee OYEBHJIHO — MOCKOJIBKY MOJIEKYJIBI MJI€AJHHOIO Ta3a TPeJro-
JIaraloTCd He B3aUMOJEUCTBYIOIIUMMU APYT C APYTLOM, TO U3MEHEHUe
X CPEIHEr0 B3aMMHOTO PACCTOAHUS TTPU M3MEHEHUN 00IIero oobema
raza He MOXKET CKa3aTbCsl HA er0 IHEPIUU.

1 2
) st rpamm-mosexysst raza (N = 6,023 - 102 — ancio Asoragpo) npousse-
neane R = Nk masbiBaeTcs 2a30601 nocmoanHom:

R =8,314-10" spr - rpan” "
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Bwmecre ¢ E u W dyHKIUSME TOJIBKO OT TEMTIEPATYPHI ABJISIOTCS

1)) ow .
un remnoemkocru C, = u C) b B jasibneiimem
14

ar oT
HaM Oyaer yao0HO TOIb30BATHCA TEMIOEMKOCTAME, OTHECEHHBIMU K
OJIHOIT MOJIeKyJie; OyieM 0003HAYATh UX MAJIbIMU OyKBaMU C:

Cy=Ncy,,  Cp= N, (42.10)

[Mockonbky ama naeanbruoro razsa W — E = NT', T0 pa3HOCTh ¢) — ¢,
MMEeEeT yHUBEpPCAbHOE 3HaueHue )

cp — ¢y = 1. (42.11)

Bamgaum

1. Haiitu paboTy, IpOU3BOAUMYIO HAJT UACATHLHBIM Ta30M [IPU U30TEpMUIe-
ckom m3menernn oobema ot Vi g0 Vo (mm nasaenns or Pr mo P»).

P e m e 1 u e. Ickomas pabota R paBHa M3MEHEHUIO CBOOOTHON SHEPIUN Ta-
3a, u cornacuo (42.4) umeem

Vi = NTln&.

2 1

R:FnglzNTln

KonmmaectBo Tema, nmormomaeMoe IIpu 9TOM Ke TIpolecce, eCThb
Vs

1

Q=T(S>—5)=NTIn

TTocsieanee coemyer, BIpOYEeM, M HENOCPEJACTBEHHO u3 TOro, 4ro R + @ ecrb
W3MEHEHUe SHEPIUH, PABHOE HYJIIO /s WIATHLHOIO ra3a IIPU U30TePMHUIECKOM
npouecce.

2. /IBa OQMHAKOBBIX HEA/bHBIX I'a3a ¢ OJWHAKOBBIMU TeMmmeparypamu 1’
v guciaamu dacturn, N, HO ¢ pa3HbiMu jgaBjenusvu Pi m P HaxousTcs B AByX
cocymax. 3aTeM COCyabl COEIUHSAIOTCS; OMPEIEIUTh N3MEHEHIe SHTPOINN.

P e e a1 ue. [Jo coequrenus: cocyq0B SHTPONNs 0O0MX Ta30B, PABHAS CyM-
Me ux suTponnii, pasua So = —N In Py P, —2Ny'(T). Tocne coenuaennst cOCya0B
TeMIIepaTypa Ta30B OCTACTCA TOH ke (KaK 9TO CIeIyeT W3 COXPAHEHUS IHEPIHUH
obonx Tazon). JlaBjenne e OnpeaeasieTcst u3 COOTHONEHN st

i_u_z(i+;>
P P

P 2NT 2

DHTpOIUs Teneph paBHA

s—onNm LT Ny,
1 P>
Takum 06pa3oM, U3MEHEHUE SHTPOITUU
2
AS = Nln M
4P, P,

1Y HamommmM, 9T0 MOCKOTBKY TeIIOeMKOCTh eCTh MPOM3BOIAHAS OT SHEPIH
(konmMuecrsa Temsa) 10 Temneparype, To 1pU 1epexoe K 00bIYHbIM €UHULAM
(rpamycam) B dopmynax mamo npomssoauth 3ameny: C — C/k. Tak, dopmy-
sa (42.11) B OOBIYHBIX €IMHUIIAX UMEET BUIL Cp — Cy = K.
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3. Haiitu sHepruio naeajbHOr0 ra3a, HaXOAAMEroCs B MUINHIPUIECKOM CO-
cyne (pammyca R m nyjmmb 1), Bpamamomemca BOKPYT CBOEH OCH € YTJIOBOH CKO-
pocthio ).

P e m e u ue. Cornacuo § 34 Bpamenne SKBUBATIEHTHO OSBICHUIO BHEIIHE-

rO «HEHTPOGENKHOrO» TIOIs ¢ MOTEHIMAIBHON sneprueit u = —mQ°r?/2 (r—
PACCTOAHME IACTHIBI 10 OCH BPANICHMUS ).

IIpy HaIMYMKM BHENIHErO MOJs B MOJABIHTErPaabHOM Bbipakennn B (42.2)
TOSABUTCHA JIUNTHUN MHOXKWTEJIb eiu/
pubma B (42.3) obbem V 3ameHHTCH HA MHTErPAJ fefu/TdV. IMosromy umeem
CAeAYIONIYI0 (DOPMYIIY:

F=F,— NTlh é/e*"/Tdv,

T
, COOTBETCTBEHHO Y€MYy B apryMeHTe JIOTa-

roe Fy cBoGomHast SHEPrus ra3a B OTCYTCTBUE BHEIIHErO IIOJIS.
B mannoOM ciiyvae nmeem ¢ moMOIIbIO 3TOM HOPMyJIBL 1715t CBOOOLHOM SHEprIn
(BO Bpamamomeiica cucTeMe KOOPIUHAT)

I R
F'=F, - NTh ;Zl//e"‘“m/"%rdrdz:
T 0

0

— Fy— NTn |—2L__(emo®*r?/21 _y)

m&’ R?
MowmenT nmiyabca ras3a
_ _OF _ 2NT N NmR’>Q
90 [9) 1 _ g~ mQR¥ /21"
DHeprus BO BPALIAIOLIEHCS BMECTE € TEIOM CHCTEME
/ 2 p2
EI:FI*Tai:Eof Nmﬂfz +NT,
oT 2(1 o eme R /2T)
a SHeprus B mokosiueiics cucreme koopauuatr (cm. (26.5))
2 p2
E=F +MQ=F+ YR ~ NT

21 — efmﬂ2R2/2T)

(Eo — 3HEprus MOKOsmErocs ras3a).

§ 43. U neanbHublii Ta3 ¢ MOCTOSHHON TEIJIOEMKOCTHIO

Mpb1 yBuMM B Aa/IbHEAIIIEM, 9TO B LEJAOM PSAJIE BAXKHBIX CJIy4AEB
TETI0EMKOCTh Ta3a OKA3bIBACTCS — B O0OJIee MM MeHee 3HATNTETHHBIX
UHTEepBaIaX TEeMIIepaTypPbl — BEJIUYNHON MOCTOAHHON, HE 3aBUCAIIEH
ot Temmneparypsl. ViMest B BUIy 9T0 00CTOSITE/IHCTBO, MBI BBITHCIAM
371€Ch B ODIIEM BUJE TEPMOJMHAMUYECKUE BEJMYUHBI TAKOIO rasa.

Huddepennupyst  Boipaxenune (42.9) ans suepruu, Haiizem,
aro dyuxmus f(7T') cBs3aHa € TEMI0EMKOCTHIO ¢, COOTHOIICHHEM
—Tf"(T) = ¢,. Unrerpupyst 370 COOTHOIIEHUE, MOJIy UM

f(T) = —c,TInT — (T + &y,
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rae ¢ n g — nocrostuuele. [logcrarisis ero B (42.4), momyanm st
cBOOOIHOI SHEPTUN CaelyIollee OKOHYATEThHOE BRIPAYKEHNe:

F=Ne NIl — Ne,IInT — NCT. (43.1)
N

Ilocrosanas ¢ Ha3BIBAETCA TuMUYECKol nocmoannot zasa. s
SHEPIUU Oy YUM
E = Ngg+ Ne, T, (43.2)
T. €. JIMHEHHYI0 (PYHKITUIO TEMTIEPATYPHI.
Tepvomgmravmaeckuit moreriman ¢ raza moaydaercs mpudaBe-
aueM K (43.1) Benmumnbr PV = NT, npudem HaJI0 ellle BhIPA3UTH
00beM ra3a depe3 JaB/IEHUE U TeMIIEPATYPY:

® = Neg+ NTInP — N¢,InT — N(T. (43.3)
Temtosas dpyuxmua W = E + PV pasna
W = Neg + NcpT. (43.4)

Hakownern, nuddepentmpyst (43.1) u (43.3) mo Temmeparype, mosy-
YUM SHTPOMUIO, BHIPAYKEHHYIO COOTBETCTREHHO depe3 T w V wim T
n P:

S=NIn % + NeyInT + (¢ + ¢)N, (43.5)
S=—-NmP+ Nc,InT+ ({+¢p)N. (43.6)

W3 91ux BhIparkeHwuit jIjisi SHTPOIUU MOXKHO, B 9aCTHOCTH, HEIO-
CPEJCTBEHHO MOJIyYUTh 3aBUCUMOCTH, CBS3bIBAIOILYIO0 O0bEeM, TeM-
neparypy W JaBjieHWe WIeaJbHOrO Tasza (C TOCTOSIHHOW Terioem-
KOCTBIO) 1IpU ero aauabaTuveckoM pPACHIMPeHud Win CxkaTum (Tak
HazbiBaeMasi aduabama Ilyaccona). TlockonbKy mnpu aguabarnde-
CKOM IPOLECCE OCTAETCs NOCTOSIHHON uTponus, 1o u3 (43.6) umeem:
—NInP 4+ N¢,InT = const, orxyza T /P = const win, nucrosnb-
3ys (42.11),

T7P1™7 = const. (43.7)
rjie 7y 0003HAYAET MOCTOSIHHOE OTHOIIEHUE
Cp
v == (43.8)
C'U
Ucnonp3ysa rakxke ypasuenue cocrogaus PV = NT'| nojaydaum coor-
wornenus mexay 1I'u V u mexay Pu 'V

TV~ = const, PV7 = const. (43.9)

Bagaum

1. /IBa 0aMHAKOBBIX MIEAJIBHBIX Ta3a C OJMHAKOBBIMU JaBjeHusivu P u auc-
aoMm gyactur [N, HO ¢ pa3HbIMH Temueparypamu 17 u Th, HAXOAATCA B COCYAX C
obbemamu Vi u Va. Barem cocyupt coepmusitoresi. Hafiru usmenenue snrponuu.
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P e m e n me. [Io coemuenns COCYI0B SHTPONHs 060MX Ta30B (paBHAs CyM-
Me ux HTponwmit) Gbiia, cormacuo (43.6), paBHa

So=-2NInP+ Ney nThT» ).

Ilocne coemuuennst cocymoB TeMepaTypbl ra30B BbipaBHUBaOTCH. CymMma SHEp-
ruii 06oMx ra3zoB ocraercs MOCTOAHHON. Ilomb3ysich Bhipaxkennem (43.2) s
SHEPIUU, HAXOINM
T = (T1 + TQ)/?

(' remmepaTypa mocC/Ie BHIDABHUBAHUA).

TTocsie coepmnenusi cocynoB raz wmeer 2N dacTull W 3aHUMaeT 00bem
Vi+ Ve = N(T1 + 1)/ P. Ero nasnenne Tenepb pasuo 2NT'/ (Vi + V) = P, 1. e.
OCTAeTCd TEM JKe. DHTPONWS MPU ITOM pPAaBHA

S = —2NInP +2Ne, In 12
3menenue saTpOTIAN
2
AS=5—-5, :Ncplnw.
AT T»

2. Haiitu paboTy, npon3BoAuMyIO HAJ HIAEAJIBHBIM ra30M Ipu agmnabarmdae-
CKOM CyKaTHUU.

Pewurenwue [Ipn agmabarnaeckom npounecce konmvectBo temna @ = 0,
Tak ur0 R = Ey — E1, rue By — E1 m3menenwue sHepruu mnpu npormecce. Corsrac-
no (43.2) maxonum: R = Nc¢y (T2 — Th), rae T> u T1 — remneparypsl ra3a 1moc/ie
u 110 nporecca; R MOKHO BBIPA3UTH epe3 HAYAJbHBIA U KOHETIHBIH 00beMbl Vi
n Va2, nons3ysice coornomennem (43.9):

=1 y—1
R = Nc,Th (E) — 1| = Nc,/T> |1 — <E>
Vs |4

3. Haiitu koamgecTBo Teria, 1moJjiydaeMoro ra3oM Ipu MpoLecce, mponcxo-
JIAIEM TIPU TOCTOAHHOM O6beMe (M30XOpHOM ).
P e m e u u e. [lockonbky B ganmHoM ciay4ae pabora R = (0, To nmeem

Q =FE,—-FE = NCU(TQ - Tl)
4. Haiitn pabory m KOJIWYECTBO TeIjIa HPU IPOLECCE, MIPOUCKOISINEM TP

OCTOSIHHOM AaBjienun (n306apHOM).
P em e uue. [lpu mocTOSHHOM /TaBIIEHUN UMEEM

R=-P(Vo—V1), Q= W>y— W,
OTKYyJ1a
R:N(Tl—TQ), Q:NCP(TQ_Tl).

5. Haiitu paGory, coBepiaemyo HaJ ra3oM, U KOJIUIECTBO TEIa, MoJIyvae-
MO€ uM 1pu cxkaTum 0T 00bema Vi 1o oobema Vs, cornacuo ypasuenmnio PV" = a
(momaTponmaeckwmit mpomecc).

P e m e nue. Pabora

Va

R:f/PdV: a 1(1/21*"4/;").

n—

Vi

HOCKOJII)Ky CyMMa KO/JIWUYeCTBa TeIlla WU pa6OTbI paBHa IIOTHOMY UWU3MEHEHUIO

1)HecyIJ_[(‘ECTB(EHHI)Ie IIpU PEIEeHHH 3ada4 MOCTOAHHBIEC YIeHbl B 9HTPOIINHU U
JHEPIrUU MbI BE€3/1€ OIyCKaeM.
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sueprum, mveem: Q = Ne¢,(To —Th) — R, u max xax T = PV/N = (a/N)V'™",
TO
@=a(ot o) @ -w.

6. Haiitu paboTy, Npou3BOAUMYIO HAJ, UIEATHLHBIM Ta30M, U KOJIUIECTBO
TerJIa, MOJIyYaeMOe MM, KOTJa Ta3 COBEPIaeT KPyrowsoil mpouecc (T.e. mocie
TIPOIECCa BOZBPAIAETCA B HCXOIHOE COCTOSHEE ), COCTOATINN U3 IBYX W30XOPHBIX
nu ,HByX I/I306aprIX HpOHeCCOB: ra3 HepeXOgI/IT N3 COCTOAHUA C AdaBJIEHHUEM H
obbemom Pi, Vi B cocrosiame ¢ Pi, Vs, mamee B cocrosaue ¢ P, Vo, nanee ¢ P
Vi m, nakoneu, onsrs ¢ P, Vi

P e m e u u e. I3Menenue 3HEpruyd mpu KPYroBOM IPOIECCE PABHO HYJIIO,
TaK KaK MCXOJHOE COCTOSTHME COBIAIAET ¢ KOHEYHBIM. [103TOMY paboTa un Komde-
CTBO TeILIa, MOIy9YaeMble DU TAKOM IIPOIECCe, DABHBL APYT APYLY ¢ O6pATHBIMEI
gnakavn (R = —@Q). s Toro urobnl Haiitm R B JaHHOM CJIyvae, 3aMedaeM,
9TO TPU W30XOPHBIX Mporeccax paboTa paBHA HYJIO, a TPU ABYX U300apHBIX,
coorBercreenno, —Pi (Vo — Vi) m —Py(Vy — V3). Takum obpaszom,

R= (Vo —V1)(P. — P).

7. To e nj1g KPpyroBoro IpoIecca, COCTOANIET0 U3 JIBYX M30XOPHBIX U JIBYX
N30TEPMUIECCKUX (HOC.J'Ie,HOBaTeIH:HbIe COCTOAHMA Ta3a NMEeT 06"b6M n TeMIiepa-
Typy: 1) Vi, Th; 2) Vi, To; 3) Va, To; 4) Va, T1; 5) Vi, Th).

Pemenwue.

Vi
R = (Tz Tl)Nln
Vi

8. To xe s HuKJIa U3 JABYX M30TEPMUYECKUX M JIBYX AJMa0aTUYIECKUX
nponeccoB (TOCTIEI0BATEIbHBIE COCTOAHNSA WMEIOT SHTPOIUIO, TEMIEPATYPy W
JdaBJIEHHUE: 1) S17 T1 P1; 2) S17 TQ; 3) 527 T2 Pg; 4) 527 Tl; 5) Sl, T1, P1)

Pemenuwue.

Py T
Q:(TQ—Tl)(Sz—S1)—(T2 )<N1n—+Ncp1n—).

P. Ty
9. To xe na nuUKIa U3 AByX U300apHBIX U ABYX U30TEPMUYECKUX TPOIEC-
coB (mocnemoBarennbubie cocrostams: 1) Pry Th; 2) Pi, Ta; 3) Pa, Ta; 4) Po, Ti;

5) Pi, T1).

P e m e 1 u e. Pabora, npousBesennasi Haji ra3oM Hpu U300apHBIX 1PO-
neccax, pasaa (cm. 3amaay 4) N(Th — T») m N(T» — T1), a npm m3orepMude-

cknx NT5 1n & u NT; In % CyMMa uX paBHA
1 2
R:N(T27T1)1H&

1

10. To xe s nuKJIa U3 ABYX N300aPHBIX U JABYX aMa0aTUYECKUX TTPOLEC-
COB (HOCﬂe;LOBaTeJIbHHe cocrogams raza: 1) Pi, S1, Th; 2) Pi, S2; 3) P2, Sa, Th;
4) Py, S1;5) P1, S1, Th).
P (I=%)/v

p
P e m e 1 u e. Temneparypa Bo BTopom cocrosiium ectb Th <F> ,a

1

131 (1=7)/~
B deTBepTOM 1) F) (I/IX MOXKHO HayTé u3 11 u 1> ¢ mIOMOIILIO COOT-
2

momenns (43.7)). KommvecTBo Temna, nmosyvdaemMoe ra3oMm npu aanabaTuaecKnx
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MPOLIECCax, PABHO HYJIIO, a NP n300apHbix (CM. 3amaqy 4)

(1=~)/v (1=~)/v
P. P
Ne, |:T2 (Fj) —Tl] u Ne, {Tl (F;) —TQ].

Takum obpazom,

(1=7)/~ (1=7)/~
P, P.
Q = N¢,Ti [(é) - 1] + Ne¢,Ts [(Fﬁ) - 1].

11. To ke A/ma UWKJIA W3 IBYX M30XOPHBIX M JABYX AIa0ATUFECKUX TIPO-
neccos (nocenosarenbubie cocrosiamst: 1) Vi, Si, Th; 2) Vi, Sa; 3) Va, Sa, To;
4) Vg, 51; 5) V1, 51, Tl).

P ewr e nue C nomompio pedynabrara 3a/1a9u 2 HAXOAUM

y—1 y—1
R=Ne,T, [1_ <K> }—e—chTl {1_ (K) ]
1 Va

12. Oupegennrh MakcuMaabHyI0 PaboTy, KOTOPYIO MOXKHO IOJIYYUTh IIPU
COEIMHEHUU COCY/IOB C IBYyMs OJMHAKOBBIMU HICAJTHHBIMU Ta3aMU, MMEIOIIHMI
oauHakoBbie Temneparypy To w uncio gacrun, N, HO pa3ubie oobembr Vi u Va.

P e m e 1 ue. MakcumanpHas paboTa COBEPIIAETCs, €CU MPOIECC IIPOUC-
XOAUT 00PATUMO, T. €. OCTAETCs MMOCTOSTHHONW SHTPONUS; TPU 3TOM pabora paBHa
pasznocTn 3Hepruit 10 n nociae npouecca (§19). To coeaurenunst cocy10B HTPO-
nug 060MX ra3oB, paBHAd CyMME WX SHTpOmmii, ObLna, cormacuo (43.5), paBrHa

2
e V1V2
So=Nln — + 2Ne¢, InTp.

N
TTocsie coepmuenust cocyoB Mbl umeeM ra3, cocrosimmii u3 2N wacrui, 3a-

aumaomuii oowvem Vi + Vo mpm HekoTopoit Temmeparype 1. Ero sarpomnmsa

S = 2N1nw + 2Ne¢, InTy.

13 ycnosust Sp = S naxogum remneparypy T
AV Vs :|(’71)/2
(Vi + V2)2 .

Dueprust 060omx ra3oB A0 coeamHeHus cocynoB 6euta Fg = 2N¢,To. Tlocne
coenuuenns E = 2N¢,T. IlosTtomy makcumaabaas pabora

17( 4Vi Vs 2)(71)/2}
(Vi + V»)

13. To xe, 9TO B mpeablayIIell 3aatie, eCau 40 COeJUHEHUS COCY0B Ia3bl
MMeIn OJMHAKOBOE jgaBienue Py u pa3ubie Temmeparypst 1 u Th.
P e e 5 ue. Amanornmdno pemeHnio 3aga4un 12 HAXOIUM

o, 0D
Runax = ch{Tl YTy OIT {72] }
(Ty + T>)

14. Haiitu MuUHEMAIBHYIO paboTy, KOTOPYIO HAI0 HPOU3BECTU HAJ UIeajTh-
HBIM Ta30M JJIsi TOro, 9Tobbl CXKaTh €ro or Janjenus P g0 nasjenuss P npu
TIOCTOAHHOM TemrepaType, paBHOi Temmnepatype cpeabt (17 = T1p).

P e m e nue. Cornacro (20.2) muaumanbnas pabora Rmin = (E2 — E1)—
—To(S2 — S1) + Po(Vo — Vi), rae magekcsl 1 m 2 MOKa3bIBAIOT, 9TO BEJTAIHHBL
OTHOCHTCs K ra3y 10 U 10cJIe CxKarust. B nannom ciyvae sneprusi E ve mensiercst

T =1

Rmax = EO —FE = 2NCU (TO - T) = 2NC»UT0
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(Tak Kak TemmepaTypa nmocrosHHa), T. e. Fy— F1 = (. Tlonp3ysick (43.6), naxoaum

1
M3MEHEHUE SHTPONUN ITPU U3MeHeHun gasjienns or Py 1o Pr: So—S1 = Nln —|
p)

1 1
usmenenue xe oobema: Vo — Vi = NT) <— - —) Orcioma Haxoaum
2 1
Rn)in:NT() [ln&—f—Pg <i _i):| i
P Py Py

15. Onpegenurh MakCUMAJIBHYIO paboTy, KOTOPYIO MOYKHO TOLYyYUTH C T10-
MOIIBIO UEATHHOTO Ta3a MPU OXJIAXKIEHUN OT TeMIepaTypbl 1’ 10 TeMIepaTypbl
cpeant To 1pu OCTOSIHHOM OO'beMe.

P e m e u u e. ITo obueit Gpopmyne (20.3) naxogum

Rmax = NC’U(T 7T0) +NCUT0 In %

16.To »xe ny1s1 ra3a, OXJIAXK/IAIOMIErOCS OT TeMIepaTypsl 1’ 10 TeMIeparypsl
cpenst Tp 1 B TO ke BpeMsl PACHINPAIONETOCH TaK, ITO €ro JaBJIeHNne MEeHsSeTCs
or P 1o pmasnenwusi cpeapt Po.

Pemenue.

Rmax = Nco(T —To) + NTpln r + NepToln To + N (T& fTo) .
Po T P

17. 113 6o/ibIIOro TEmIon30IMpPOBAHHOIO pe3epByapa ra3 € TeMIepaTy-
poit Ty BeITEKAET B IIyCTOM TEILION30/IMPOBAHHBIN COCY/I, IPUYEM JABJIEHIE ra3a
B pe3epByape HOIIepKUBaeTCd NOCTOZHHBIM. HailTum m3aMeHeHHme TeMmIlepaTypbl
rasza B 9TOM IIpoLecce.

P e m e nue. Dueprus E raza B cocyue ckiagbpiBaercs ni suepruun Eg, ko-
TOPYIO OH MMeT B pe3epByape, U pabOTHI, IPOU3BEIEHHON HAJ HUM IIPDU <«U3rHA-
HEUM» U3 pe3epsyapa. IIockonbKy coCTOsiHME Ta3a B pe3epByape MOXKHO CIATATH
CTAIIMOHAPHBIM, MBI TTOTyaaeM ycrnosue Wo = E (cp. § 18). Orcroga remmeparypa

ra3a B cocyze
T = ")/To.

§ 44. 3akoHn paBHOpacHpegeIeHusA

[Ipex e gem mpucTynnTh K MOAPOOHOMY BBIUUCIEHUIO TEPMOIH-
HAMUYECKUX BEJIUYUNH TA30B C yIETOM PA3IUIHBIX KBAHTOBBIX -
deKTOB, TOIE3HO PACCMOTPETH JTY Ke 339y C TOUYKU 3PEHUs Uh-
CTO KJACCUYIECKOM cTaTHCTWKU. B majbpHeitieM Mbl YBUJINM, B Ka-
KUX CJIy4dadXx U B KakKOIl Mepe IIOJIydalolumecsd IIPU 9TOM Pe3yJ/bTaTbl
MOTYT OBITH TPUMEHEHBI K PEAJTHHBIM Ia3aM.

Moutexkyiia npejcrasisier coboit KoHMUIYypPaIUI0 aATOMOB, COBED-
MTAIOIINX MaJjIbIe KOJIEDAHMST OKOJIO OTPEIEIEHHBIX TTOJI0KEHNN PABHO-
BECHUs, COOTBETCTBYIOIINX MWHUMYMY TOTEHIWAJIBHON IHEPIrUU WX
B3anmoeiicTeud. [locaennsas mMeeT Tpu 3TOM BU/T

Txon

U =€g+ E ik qiqk,
ik=1
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re €y — MOTEHINAIbHAST HEPTHUS B3AWMOEHCTBUST aTOMOB, KOTIA
BCE OHU HAXO/ISATCS B TIOJIOKEHUSIX PABHOBECHST; BTOPOIi YK€ TUJIEH eCTh
KBaJIpaTudHasd (PYHKIMUS KOOPJUHAT, ONPEHe/IA0NuUX OTKJIOHEHUS
ATOMOB OT TIOJIOXKEHUI paBHOBeCHSA. UMCIO Tyo; KOOPAWHAT B DTOM
dyHKIMK ecTb Yucao KojaebareabHbiX creneHeil cBoO0 bl MOJIEKYIbI.

[Tocneamee MOXKHO ONMpPEETUTH IO YUCTY 72 ATOMOB B MOJIEKY.IE.
WNwmenno, n-aTomMHas MOJIEKY/1a WMEET BCErO 37, CTEreHeil CBOOOIHI.
W3 Hux Tpm COOTBETCTBYIOT MOCTYTATEIHHOMY IBUKEHWIO MOJIEKY-
JIbl KAK [eJIOr0 ¥ TPU €€ BPAIIEHUIO0 KaK 1esoro. Eciu Bce aTombl
PACIIOJIOZKEHBI 110 OJHOM NPAMON (B 4aCTHOCTH, Y JIBYXaTOMHON MO-
JIEKYJIBI), TO BpAIlaTEeJbHBIX CTereHeli cBoOOAL Bcero jpe. Takum
obpa3oMm, HeJMHeHAS N-aTOMHAsT MOJIEKYJ/Ia NMEEeT BCero 371 — 6 Ko-
siebareibHbIX creneHeil cBobosanl, a jmneitnas 3n — 5. [Ipu n = 1
KoJiebaTe/IbHbIX CTeneHeil cBOOO/bI, KOHEYHO, COBCEM HET, TaK KakK
BCE TpU CTEIEHU CBOOOJIbI ATOMa, COOTBETCTBYIOT MMOCTYIIATEJIHLHOMY
JIBUZKEHUTO.

[lonmas sueprus € MOJTEKYJIBI €CTh CyMMa MOTEHIINAILHON 1 KU-
Herwaeckoit smepruit. [locaegusist sBIseTCa KBaApaTUIHON (DyHK-
uueil 0T BCEX MMILYJIbCOB, YUCI0 KOTOPBIX PABHO IIOJHOMY YHUCILY 37
crereneit cBo0o bl MosieKyJibl. [loaromy sHeprusi € umeer Buj € =
= g0 + fulp.q), roe fu(p,q) xsBagparnunas GyHKIUA UMILYIb-
COB W KOODJIMHAT; TOJTHOE YNCI0 MEPEMEHHBIX B 3TOH (DyHKINM eCTh
[ = 6n—6 (nrst HeMHEHON MOTeKyTbT) wan | = 6n — 5 (st nHeit-
HOPT); y 0JHOATOMHOIrO raza | = 3, Tak KAaK KOOPAMHATHI BOOOIIE HE
BXO/IAT B BBIPAYKEHUE JI/1sT SHEPTUN.

[MojcraBisisi 310 BbIpaxKkenue s 3Hepruu B dopmyny (41.5),

nMeemM -
P NT < / e fn@a)/T gy

st toro 9robbl OHpPEIenTh TEMIIEPATYPHYI0 3aBUCUMOCTH BXO-
IAIIEro CIOJa WHTErpasa, NMpou3BeaeM NoacTanosky p = p'v/T,

q = ¢'VT nns Beex | mepeMeHHBIX, OT KOTOPBIX 3aBHCAT (DyHKIIHsT
fi(p, q). Benegcreue kpagparuanocTn 310i hyHKnm Gymer:

fII(pa q) = TfH(p,a q’)a

n T B IIOKa3aTejie IIOJAbIHTErPaJIbHOTO BbIPpazKE€HUA COKPATUTCA.
ITpeobpazosanme e anddepernansoB 3TUX TEPEMEHHbBIX, BXOIsI-

mmx B dr, gact muoxkuTeas T2 KOTOPHIH BEIHOCHTCS 3a 3HAK WH-
rerpajia. MarerpupoBanue 1no kojiedarebHbIM KOOPAMHATAM ¢ IIPO-
U3BOJAUTCA 10 TON 00/1acTH MX 3HAYEHUl, KOTOpasg COOTBETCTBYET
KojiebanusiM aToMOB BHYTpu MoJiekysbl. [lockoibKy, omHako, 1mo-
IBIHTErpaTbHast (PYHKINA OBICTPO YMEHBIAETCS C YBEJTHICHUEM (,
TO WHTErPUPOBAHUE MOYKHO PACIPOCTPAHUTL HA BCIO 00JIACTH OT
—00 710 400, KaK u st Bcex mMmnyshcoB. Cruenannas HamMnu 3ame-
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Ha IIePEeMEHHBbIX He M3MEHUT TOrJa IIpelesiOB MHTeIPUPOBAHUA, U
BeCh WMHTErpaj OyIeT HEKOTOPOIl He 3aBUCSIIIEHl OT TeMIepaTyphl
[IOCTOSTHHON. Y YUThIBasl TAKXKE, 9TO MHTEIPUPOBAHUE 110 KOOP/IUHA-
TaM [EeHTPa WHEPIUU MOJIEKYJIbl TaeT 3aHUMaeMbIil ra3oMm obbem V|
[OJIyYMM B PE3yJIbTaTe Jijisd CBOOOIHON SHEPIUU BHIPAXKEHUE BUIA

—eo/Trpl/2
Fe NPTV 1T

(A —mocrosinnas). PackpeiBast jorapumM, MBI TOJTy9UM B TOUHOCTH
Boipazkenne tuna (43.1) ¢ noCTOSHHON TenJI0eMKOCTBIO, PABHO

Cy = . (44.1)
2
CoOTBETCTBEHHO TEMILIOEMKOCTH ¢, = ¢, + 1 paBHa
I+2
=7 (44.2)

Taxwum 0bpazoM, UMCTO KIACCUIECKUN WIEAJTHHBIN Ta3 TOKEH
ob/1a1aTh HOCTOAHHON TerioeMKocTbio. Popmysa (44.1) nossosier
IPKU 3TOM BBICKA3aTh CJEAYIOIIEE NPABUIO: HA KAXKIAYIO MePEeMeH-
HyIO B 3Heprun €(p, q) MOJEKyJIbl IPUXOAUTCS 110 PABHON jose 1/2
B TEIJIOEMKOCTH ¢, ra3a (k/2 B OOBIYHBIX €IWHWIAX), WJIH, ITO TO
JKe, 1o paBHoit moe T/2 B ero suepruu. JTO MPABUIO HA3BIBAIOT
BAKOHOM PAGHOPACTPEDCACHUS.

Nmest B BUAY, 9TO OT TOCTYTATEIHHBIX W BPAIIATEILHBIX CTENe-
Hell cBOOO/IBI B 9HEPIUIO £(P, ¢) BXOAAT TOJBKO COOTBETCTBYIONIIME UM
UMITYJIbChI, Mbl MOKEM CKA3aTh, YTO KAaXK/lasd M3 ITUX CTENeHeil CBO-
60/1bl BHOCUT B TEIJIOEMKOCTH BKJaJ, pasubiii 1/2. Or kaxoii xe
KojebaTenbHol crenenu ¢BOOOABI B 9HEPruio &(p, q) BXOAUT 1O JBe
MepeMeHHBIX (KOOPAMHATA W MMITYJILC), W €€ BKJIaJ B TEIIOEMKOCTh
paBen 1.

Jlast paccMaTpuBaeMoit MOJENN JIErKo HaiiThn B 0OIIEM BHUIE pac-
npeje/ieHre MOJIEKyJl ra3a 1o ux sxeprusim. g yaobersa ycio-
BUMCs CeiUac OTCUMTHIBATH SHEPIUIO0 MOJIEKYJbl OT 3HAYEHHS &,
T. €. UCKJIIOYMM 3TY HOCTOSHHYIO M3 Bblpaxkenusi jist €(p,q). Pac-
CMOTPUM 00beM (a30BOTO MPOCTPAHCTBA MOJEKYJIBI, TOUYKH KOTO-
POr0 COOTBETCTBYIOT 3HAYEHWAM &£(p,q), MEHbITUM (WJIM DaBHBIM)
HEKOTOPOTO 3aJaHHOTO 3HAYEHWS £. JIpyruvm caoBamMm, Ompemeanm
narerpan 7(¢) = [dr, B3areit mo obmactn £(p,q) < e. Cormacuo
CKa3aHHOMY BhbIIE £(p,q) ecTh KBajpaTudHasi GyHKIus [ nepemMen-
ueIx. Bremem BMecTo Tex [ M3 BEJIMUWH P, ¢, OT KOTOPBIX 3aBUCUT
sueprug £(p, q), nosbie nepemennsie p' = p//e, ¢ = q/\/e. Torna
yciiosue €(p, q) < € nepeiiger B

e(p'.q") <1,
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a [ dr nepeiiner B €'/? [ dr'. Vinrerpan [ dr' e zasucut, ouenn o,

12

ot €, Tak uro T = const - /. Orcioga

dr(e) = const - /2 de,
¥ PACIPEIeJICHIe BEPOTHOCTEN sl SHEPrun
dw. /Tl ge.

Onpegensis A U3 ycaoBusi HOpMUPOBKY, HAXOJIUM

d’LUg = meia/T(‘fl/QildE. (443)

Bamaua

Haiftu TemioeMKOCTh MAEANBHOIO ra3a B y/bTPAPEIsTUBUCTCKOM CIIy4dae
(SHeprusi 94acTULBl CBS3aHA C €€ UMILYJIbCOM COOTHOLIEHWEM € = Cp, IJe C
CKOPOCTB CBETA).

P e w e u u e. Cornacuo (41.5) umeem

F=—-NTIn Lg/e*CP/TMTp?dp.
N(2mh)
0

IIpousBoas mHTErpUpOBaHUE, IOy IUM

3
F=—-NTIn AV

(A mnocrosmuas). OTCIOna HOIYYUM [Is TEILIOEMKOCTH 3HAUYEHUE

Ccy =3,
B [IBa pa3a HPEBLINIAIOIIEE TEMIIJIOEMKOCTH HEPEJIATUBUCTCKOIO OJHOATOMHOI'O
rasa.

§ 45. OgHoaTOMHBIN UEAJIBHBIN a3

[Mosnoe Bbrumciaenne cBOGOAHON 3Heprun (a ¢ HEIO U OCTAJIBHBIX
TEPMOJMHAMWYECKUX BEJMYWH) HUIEATHLHOTO ra3a Tpedyer KOHKpET-
HOTO BBIYACICHWS CTATUCTWYECKON CyMMBI, CTOAIMIEH B apryMeHTe
aorapudma B dhopmyne (42.3)

Z = Z e cr/T
k

3eck €} TPeJCTABISIOT €000 YPOBHM SHEPIUM ATOMA WM MOJIe-
KYJIbI (I/ICK.}'IIOLIaeTCH KUHETUYECKasd SHEPTUA TTIOCTYTIATEIHHOTO JIBU-
KeHud qaCTI/II_[I)I). EC.HI/I IPpOU3BOAUTL CYMMUPOBaHUE JIMIIL 110 BCEM
Pa3/IMYIHBIM YPOBHAM SHEPTUH, TO HAJA0 YYIE€CTH, YTO YPOBEHH MOZKET
OBITH BBIPOXKJAEHHBIM, W TOTJA COOTBETCTBYIOMINI UI€H JT0I7KeH BOT-
TN B CyMMY TIO BCEM COCTOAHUAM CTOJIBKO pa3, KaKOBa KPAaTHOCTH

6 JI. 1. JTannay, E. M. Jludmun, rom V
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BBIpOKAeHns. (O0O3HAUMM MOC/TEJHIOI0 CHMBOJIOM gi; B ITOW CBSI-
31 KPATHOCTH BBIPOYKIEHWS YPOBHS YACTO HA3BIBAIOT €0 CIMAIMU-
cmuueckum éecom. OLyckas i KPATKOCTU LITPUX Y €}, HAILAIIEM
UHTEPECYTOIYI0 HAC CTATUCTUIECKYIO) CYMMY B BHUJIE

Z = ngefg’“/T. (45.1)
k
Crobomast sHeprnst rasa
3/2
F=_NT 1n[i( mTz) Z}. (45.2)
N \2xh

[lepexomst K PaCCMOTPEHWIO OJHOATOMHBIX TA30B, CIIE/IaeM, TTpe-
JKJIEe BCEro, cleyfoliee cylnecreernoe 3amedanue. [o mepe mopbi-
[IEHUS TEMIIEPATYPhI B ra3e yBEJIUIUBACTCS YUCI0 ATOMOB, HAXO-
JISIIUXCS. B BO3OYXKJIEHHBIX COCTOSIHUSX, B TOM YHUCJIE U B COCTOSI-
HUSIX HENPEPBIBHOTO CIEKTPa, COOTBETCTBYIOIINX WOHW3AINHW aTo-
Ma. [Ipn He CnITKOM BBICOKMX TEMTIEPATYPAX YNCI0 NOHM30BAHHBIX
aTOMOB B Ta3e OTHOCHTE/IHHO COBepIIeHHO HuuToKHO. CylnecTBen-
HO, OJIHAKO, YTO a3 OKA3BIBAETCS MPAKTUYECKHU HOJTHOCTHIO HOHU-
B0BAHHBIM YK€ I[pU TeMIEeparypax, s Koropbix 1 mopsijika Be-
JIMYUHBL SHEprun nonuzauuu I,y (a e ronbko npu T > Loy
cM. 06 srom §104). TTosromy HEMOHW3OBAHHBI Ta3 WMEET CMBICT
paccMaTpUBaTh JIMIND [IPU TEMIEPATYPAX, YAOBJIETBOPSIONIUX YC/I0-
Buto T' < Iyon') .

Kak w3BecTHO, aToOMHBIE TepMbl (OTBJIEKASICH OT WX TOHKOIi
CTPYKTYPbI) PACHOJArAIOTCS TAKUM 00Pa30M, 4YTO PACCTOSHUE OT
HOPMAaJILHOTO 10 TTepBOr0 BO3DYIKIEHHOTO YPOBHSI CPABHUMO 10 Be-
Juyanne ¢ sHeprueit nonm3annn. [losromy mpu temneparypax T <
& Iyon B Ta3e Oy/yT MPaKTUYECKW OTCYTCTBOBATH HE TOJIHKO MOHW-
30BAHHBIE, HO U BO30YKJIEHHBIE ATOMBI, TAK YTO MOXKHO CUUTATH BCE
ATOMBI HAXOJLAIIUMUCS B HOPMAJIBHOM COCTOSIHUU.

Paccmorpum, npexje Bcero, npocreifiuii ciiydail aromMoB, KO-
TOpBIE B CBOEM HOPMAJILHOM COCTOSIHWHU He 00J1aJafoT Hu opOu-
TaJBHBIM MOMeHTOM, Hu crnuHoMm (L = S = (); TakoBbI, HANPW-
Mep, aToMbl 01aropoJHkIX ra3oB. [Ipn sToM HOpMaIBHBIH ypOBEHH
HE BBIPOXK/IEH, U CTATUCTUYECKAS CyMMa CBOJMTCSA K OJHOMY 9Jjie-
ny: Z = exp(—eo/T). Jnst 0AHOATOMHBIX ra3’0B OOBIYHO IOJIArA-
or g9 = 0, T.e. OTCYUTBIBAIOT IHEPIUIO OT HOPMAJIBLHOIO yPOBHS
aroma; torga Z = 1. Paszmaras jorapudm B (45.2) Ha cymmy He-
CKOJTbKUX YJIEHOB, MBI TTOJIY9NM JIJIsi CBOOO/IHO 9HEPIUN BhIparkeHne

1
) [dnst pasnmaHBIX ATOMOB 3HaveHus rtemueparypbol Iuon/k sexar mexay
5-10* K (aromsr menounsx mertamion) u 28-10% K (remmit).
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tuma (43.1) ¢ OCTOSTHHO# TEMI0eMKOCTHIO

Cy =2 (45.3)
2
N XUMUYECKOI TTOCTOSTHHOM
3 m
(= 2 In P (45.4)

(0. Sackur, H. Tetrode, 1912).

TTosmygennoe 3HAYEHNE TEMIOEMKOCTU HEIUKOM CBA3aHO C TIOCTY-
naTeJbHbIMU CTenensgMu CBoOOAbl aroma 1o 1/2 Ha Kazkaylo cre-
neHb ¢B0060JbI; HAIIOMHUM, YTO LOCTYLATENLHOE JABUKEHUE YaACTULL
rasa BCErJa dBJILeTCd KBA3UKJ/IACCUYECKUM. «DJIEKTPOHHbIE CTelleHn
cBOGO/IBI» B JIAHHBIX YCIOBUSIX (OTCYTCTBHE B ra3e BO30YIKIEHHBIX
ATOMOB), €CTECTBEHHO, BOOOIE He CKA3bIBAIOTCsl HA TEPMOJIMHAMU-
YeCKUX BeJMIUHAX ') .

[Tomy4uennbie BBIpAsKeHWS TTO3BOIAIOT BHIBECTH KPWTEPHil TpH-
MEHMMOCTH claTucruku Bosbumana. B 9roil crarucruke Lpejinio-
JIAraloTCs MajIbIMI 9HCIA

e = et/ « 1
(em. (37.1)). HocrarouHo, o4YeBUAHO, HOTPEOOBATH BbIIOJIHEHUS]
YCIIOBWSI
et < 1.
Hns xumuaeckoro morenmmana u = ®/N nmeem n3 (43.3) co
3HAUEHUSAMU ¢y u ¢ u3 (45.3), (45.4)

P (2xh?\3/2 N (2xh\3/2
Tl () ) e
[Tosromy nosydaem kpurepuit
()T < (45.6)

1) Dtk TpoHHas YaCTh TEPMOAMHAMMYECKMX BEANUMH, PA3YMEETCsl, HU [IPH Ka-
KHX YC/IOBHSX HEe MOYKeT PacCMaTpUBATHCA KaccudueckuM odpazom. Ormerum B
9TOH CBsA3M TO 00CTOATENBLCTBO (IO CyWECTBY MOIMAIMBO MOAPA3YMEBABILEECS
HAMHU YK€ paHee), 9T0 B KJIACCHIECKONW CTATHCTUKE ATOMBI JIOJZKHBI PacCMa-
TPUBATHCS KAK 49acTULbl, He 00/1aJal01ue BHY TPEHHUM cTpoeHneM. HeBo3mox-
HOCTDH IIPUMEHEHHs] K BHYTPHATOMHBIM $IBJIEHHUSAM CTATUCTUKY, OCHOBAHHOH HA
KJIACCUYECKON MeXaHWKe, JUITHUI pa3 BUHA W3 HEJIenoCTH, K KOTOPOI mpuse-
sa OBl MOICTAHOBKA B KJaccudecKue (pOpMyIbl pacCIpeIe/ieHus SHEPTUH B3au-
MOzefcTBHS 371EKTPOHOB ¢ sapoM aroma. Ilocieanss umeer Bug —a/r, roe r—
PACCTOsIHME 37EKTPOHA [0 sAIpa, ¢  NOCTOosiHHAdA. IIpm moiacTamHoBKe MBI MOJTY-
unsm 661 B pacupenenenun muoxkureas exp(a/rT), oopamaommuiica npu r = 0 B
0eCKOHEYIHOCTD; 3TO 03HAYAI0 ObI, ITO B TEIJIOBOM PABHOBECHUU BCE ITEKTPOHBI
JIOIKHBI OB OBl «yIacTb» HA SIPO.

6*
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D710 ycaoBue Tpebyer Mpu 3aJaHHOW TeMIeparype J0CTATOTHOM
paspeeHHocTH ras3a. llogcTaHoBKAa YMCIOBHIX 3HAYEHUiT OOHAPY-
KUBAET, 4T0 (PAKTUIECKHU /I BCEX ATOMAPHbBIX (M MOJIEKYJISIPHbIX )
ra30B 39TO yC/JI0BHUE MOTIJIO 6bI HAPpyUTbCA JIMIIb IIPU TaKUX I1LJIOT-
HOCTHAX, IIPU KOTOPBIX CTAHOBUTCA CYIIECTBEHHBIM BBaHMO,Z[efICTBHe
TaCTUIL, U Ta3 y?Ke BCE PABHO HEJIb34 CUNTATH MICAJTIHBHBIM.
[Tone3ro ykazarh cieayroliee HATJIAHOE MCTOJIKOBAHUE TIOJY-
qeHHOTO KpuTepusi. [10CKOJBKY OOJBITUHCTBO aTOMOB 00J1agaeT

sHeprueit nopgjka 1', a MOTOMY HMMILYJILCOM ~ VmT', TO MOXKHO
CKa3aTh, YTO BCE aTOMbl 3aHUMAIOT B (PA30BOM HPOCTPAHCTBE OOb-
em ~ V(mT)3/2. Ha stor obwem npuxogurest ~ V (mT)3/? /13 xpan-
TOBBIX COCTOSHUIT. B OO/JBIIMAHOBCKOM CIyYae 3TO UNUCIO JOJYKHO
OBITH BEJINKO IO CPABHEHWIO C YHUCJIOM [N TaCTHUIl, OTKYAA U TOJIY-
vaercst (45.6).

Haxkomnern, cienaem caepyionee 3amedanne. [lorygeHHbie B 9T0M
naparpade hopmyJibl HA HEPBbIN B3IVl HAXOMATCA B IIPOTUBOPE-
qnm ¢ Teopemoit Heprcra: HU SHTDOMUSI, HA TEIMJI0EMKOCTH HE 00pa-
matorcd B Ay pu T = 0. Hajo, ognako, nMmeTh B BUIY, 9TO B
TeX yCIOBUSX, B KOTOpPBIX (bopmynaupyercs Teopema Heprcra, Bce
peajibHble Ta3bl IPU JIOCTATOYHO HU3KUX TEMIIEPATYPAX y2Ke KOH-
neuncupytorcs. JleiicrBurensuo, reopema Heprera tpebyer obparie-
Hug B HyJb npu 1 = (0 sHTpOnMHU Teja HIPU 33JAHHOM 3HAYEHUH
ero obobema. Ho mpu T' — () ympyrocth HACBIIMIEHHOTO Mapa BCEX
BeIeCTB CTAHOBUTCS CKOJIb YTOJTHO MAJION, TaK 9TO 3aIaHHOE KOHEU-
HOE KOJIMYECTBO BEIEeCTBA B 33 JAHHOM KOHETHOM O0'beMe He MOXKeT
ocraBarbed npu 1" — 0 razoobpa3HbIM.

Eciu ke paccmorpers NPUHIUIIMAIBHO BO3MOXKHYIO MOJIE/Ib Ia-
3a, COCTOLIIEr0 M3 B3aMMHO OTTAJKUBAIOIIUXCHA YACTHUIL, TO XOTS
Takoil ra3 He Oy/IeT HUKOTIA KOHIEHCHPOBATHCS, BCE PABHO MPH J0-
CTATOYHO HU3KUX TEMIIepaTypax MepecTaHeT ObITh CIpaBeITHBOT
craTucTrka bosbiivana; npumenenne ke craructukn Pepmu wiam
Boze npuBouT, KAK Mbl YBUIMM HUXKE, K BHIPAXKEHUIM, Y/IOBJIETBO-
psitoriuM Teopeme Heprcra.

§ 46. OgHoaTomHBIN ra3. BiiusiHue 3j1eKTPOHHOTO MOMEHTA

Ecnn B HOpMaIbHOM COCTOSTHUN aTOMa OTJIWYEH OT HYJIS OJUH U3
MOMeHTOB L nym S, TO HOpMaJIBHBIN YPOBEHD TIO-TIPEXKHEMY He 0012~
JaeT TOHKO#M cTpyKTypoi. @akTrdecKn OTCYTCTBHE TOHKON CTPYK-
TYPbl HOPMAJILHOI'O yPOBHS BCEr/A CBA3AHO C PABEHCTBOM HYJIIO OpP-
O6uTaibHOrO MOMeHTa Lj ciuH ke S ObIBaeT U OTJIMYHBIM OT HYJIs
(HampuMep, aTOMBI B TIapax IIEJ0YHBIX METAJLIOB).

Yposennr co cmHOM S BBIPOYKIEH ¢ KpaTHOCThIo 25 + 1. Bee or-
JIMYHUe 10 CPABHEHUIO C PACCMOTPEHHBIM B MPEILIIYIIeM maparpade
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CIydaeM 3aKJII0YaeTCsl JINIIb B TOM, 9TO CTATHCTHYECKash cymma 2
craner papuoii 25 + 1 (Bmecto 1), B pe3y/braTe 9ero K XUMUYECKOil
nocrostaroit (45.4