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NPEJHUCJIOBHE

IpepnaraeMast KHHra paccuMTaHa Ha YHTaTe/isl, NPUCTYMNAIOLIETO
K M3yYeHHIO TEOPETHHECKOrO Kypca TepMOAMHAMHKH, CTAaTHCTHUECKOH
(H3HKH U KHHETHKH. B COOTBETCTBHH C 5THM mpejnosaraercs, 4To 4u-
TaTeslb HMeeT JIOCTaTOYHble 3HaHHS Mo obluel ¢Hu3HKe, BhICILeH MaTeMa-
THKe M KBaHTOBOH MexaHHKe. BoJee Tpyauble naparpadsl, TpeGyouue
OT yuTare/ist Goblueii NOATOTOBKH, OTMEUEeHb! 3Be3JJ04KOH H MOTYT GbiTh
ONYILIEHb [IPU NEPBOM YTEHHH.

3adava KHueu 3axaodaemcs 8 mom, YTOGbl TOCTENEHHO, HauHHAs
C 3/1eMEHTapHBIX NMOHATHH, MO3HAKOMHTb YHTATeNsl C METOAAMH TEpMO-
JMHAMHKH, CTaTHCTHYeCKOH (M3HKH M KHHETHKH, HayuyHThb METOLaM
pelleHHsi KOHKDETHBIX 3aJay H MaKCHMaslbHO GbICTPO MOABECTH €ro
K YPOBHIO, MNO3BOJSIOIEMY YHTaThb MOHOrpadMM M CTaThH, NOCBS-
IIeHHble CNelHaJbHBIM npoGjeMaM. B cBf3M ¢ 3THM B KHure,
Heu36exKHHIM 06pasoM, COCEACTBYET H3/IOKEHHe BechbMa 3JIeMEHTap-
HBIX BONPOCOB, KOTOpble HEKOTOPOH 4YacTH uYHTartesnefl MOTYT Io-
Ka3aTbCsl uepecuyp NPHMHTHBHBIMH, C H3JI0KEeHHeM npo6/eM, KOTo-
pble IpPYroH uYacTH uuTaTeJeHl MOTYT MOKAasaTbCs Yepecyyp CJOXK-
HBIMH.

ABTOpaM ocTaercst JiMlUb NMPHHECTH CBOM M3BHHEHMsi TOH M ApYyrof
Tpynme uyuTaTeJeHd H NPELJIONKHTb HM NPONYCTHTb COOTBETCTBYIOLLHE
naparpagsl.

ViMeHHO cTpeM/ieHHe KaK MOXKHO GbICTpee NMPOHTH IepBOHAYAbHbIE
9Tamlbl U IePeHTH K KOHKPETHBIM 33ajayaM AMKTOBAJO B 3HAYHTENbHOH
Mepe MeTOJIbl BBeJieHHsl OCHOBHBIX NMOHsTHA. Tak, HanpuMep, B pasnese,
TIOCBSAILEHHOM (PeHOMEHOJIOTHYEeCKO!H TepPMOJHHAMHUKE, IOHSITHS SHTPO-
TIMH ¥ TeMIepaTyphl BBOASTCS COBMECTHO y2Ke B NepBbIX naparpadax, H,
B JiaJbHefillleM, IIHPOKOe HCNO/b30BaHHE SIKOGHAHOB MO3BOJSIET JaThb
€MHbIA croco6 pelieHHsl WHPOKOTO KPyra NpOCTeHUINX 3aiay, OTHO-
CsUUXCS K JIIOGbIM MOHOBapHaHTHBIM (a B JaJbHeHLIeM, U NO/HBAPHAHT-
HBbIM) TepMOJMHAMHYecKHM cHcTeMaM. Te e cooGpa<eHHsl MOOYAHJIH
HaC HayaTb HM3/10XXEHHe OCHOB CTATHCTHYECKOH (PH3HKH C METOHA «sLiH-
KOB H slueek», MPHTOHOTO TOJBKO A/ HIeaJbHbIX [asoB, MOCKO/IbKY
STOT MeTOJ N03BOJISIET IIPOCTO PellaTh AOBOJbHO WIHPOKHI KJace 3ajad.
B nanvuefimeM usiaraercsi, KOHe4Ho, H GoJee 06Ul METOA ancambei
I'n66ca.



TIPEJUCJIOBHE 7

HeckobKO /0B 06 0TGOpe (pakTHYecKoro MaTepHaja. Mbi co3Ha-
Te/IbHO He BKJIIOUMJIM B KHHMTY H3J/IOKEHHE DPsila HECOMHEHHO BaHBIX
ponpocoB. IIpexje Bcero 3To psii BONPOCOB, CBSI3aHHBIX C aKCHOMATH-
Koil U 0G0CHOBaHHEM TEPMOAMHAMHKH H CTAaTHCTHUECKOH (PH3HKH: 3Pro-
JMuecKHe M KBa3H3PrOJHYeCKHe THIOTe3bl, THIIOTE3B MOJIEKYJSIPHOTO
xaoca ¥ T. A. Cepbe3sHoe H3/I0XKeHHe STHX BONPOCOB JaJeKO BHIXOIHT
3a paMKH 3To KHurH. Jlanee, Mbl OTKa3a/liCh OT H3JIOXXEHHS METOJOB
KBaHTOBOH TEODHH NOJIsi B NPHMEHEHHH K 3ajlayaM CTaTHCTHYeCKO# ¢dH-
3HKH, CUHTash O3HAKOMJIEHHe C 3THMH MeTOAaMH CJeAYIOLHM, Goee
BbLICOKHM, 3TanoM gusnyeckoro obpasobanus. Hakowen, Mbl He Kaca-
JHCb NPHJIOKEHUH CTaTHCTHYECKOH TepPMOAHHAMMKH K 3ajaudaM XHMH-
yecko#l QU3MKH H acTPOQHU3HKH, TaK KaK 3TO IpPHBEJO Obl K HeroMep-
HOMY pocTy o6beMa KHHTH. Hapsily ¢ 3THM Mbl COU/IH MOJIESHBIM OCBe-
THUTb HOBbIE METOJbl B KHHETHKe, He CBs3aHHBIE C KJACCHYECKHMH KHHe-
THYeCKUMH YpaBHeHHsiMH (MeTof Ky60), NMOCKOJBKY HX MH3J0XKeHHe
HMeeTCst TOJIbKO B ODHTHHAJIbHBIX PaGoTax, He BCerja JAOCTYNHBIX YHTa-
TeJlo.

Mgl xotenu Gbl OCOGEHHO NOAYEPKHYTb 3JeCh C/efyrouiee 06CTos-
TeNbCTBO. FI3J/I0XKeHHe OCHOB CTAaTHCTHYECKOH (M3UKH HauMHaeTCs
HaMH C THIIOTe3bl HePa3IHYHMOCTH YaCTHI[ H He CBSI3bIBA€TCS Ha NMEPBOM
sTane HH ¢ KaKHMH KBaHTOBOMEXaHHUYECKHMHM NpeICcTaBleHHsiMH. Tem
CaMbIM MBI XOTeJIH IIOAYePKHYTh, UTO HAPSIAY C ABYMS, HCTOPHYECKH pea-
JIM30BABIUMMHCSI NYTSIMH OTKDBITHsI BOJIHOBOH NPHPOABI MaTepuH —
BO3HHKHOBEHHE MaTPHYHOH MeXaHHKH, OCHOBAHHOH Ha NMPHHIHME COOT-
sercTBHsl (['efisenGepr — Bop), u co3faHHe BOJHOBOH MeXaHHKH, OCHO-
BaHHOH Ha onTHKoMexaHHueckoi anajoruu (Ipenunrep — Iamuab-
TOH), — ObIJ1 BO3MOXKEH TPeTHI NyTh, 10 KOTOPOMY sIBHO wes1 A. DiiH-
WITe#iH, MyTh, OCHOBAHHbIH Ha CTaTHCTHYECKOH MeXxaHHKe. Bo3MoxHOCTD
STOTO TPETbEro MyTH CBsI3aHa C TeM, YTO O0BEM 3/1eMeHTapHOH SYeHKH
$a3oBOro MNPOCTPAHCTBA B CTAaTHCTHKE HEPA3NHUMMBIX OGBEKTOB He
NIPOM3BOJIEH, a JHKTYeTCs OJHO3HAYHO 3aKOHaMM NpHpoxbl. ITosTomy
OH B NpHHIHINE MOT Obl GbITb HalJeH H3 3KCIePHMEHTa, M NOCTOSTHHAs
[Mnanka Morsia 6bl NOSIBUTLCA B (DU3HKE HE B Pe3yJ/bTaTe aHA/IH3a 3aKO-
HOB uanyyenus (M. ITnank) nau 3akoHoB portoaddekTa (A. DitHmTedH),
a B peayJbTaTe, HalpPHMEp, H3MEPEHHsS! TEIVIOEMKOCTH 3JeKTPOHHOTO
rasa mpH HH3KHX TeMIepaTypax.

To sToit npuunHe B GoJbLIe} YACTH KHHTH MBI [I0JIb3YeMCsI TIOCTOSTH-
HOM TlnaHka A, eCTECTBEHHO BQ3HHKAIOLIEH B CTATHCTHUECKOH (H3HKe
B KayecTBe Mephl (pa30BOro oGbeMa, a He NOCTOSTHHOM 71, 6osiee yA0GHOH
B KBAHTOBOH MeXaHHKe.

Tnaebi 1 1 11 5T0l KHHIH MOCBSILEHB! H3JI0XEHHIO TePMOAHHAMUKH,
rnaebl [1I—VII — H3/10:KeHHIO METOAOB CTAaTHCTHYECKOH (DH3HKH H, Ha-
konen, B riaBe VIII paccmaTpHuBaloTcsi 3/1eMeHTHl U3MYECKOH KHHe-
THKH,

Bo Bceit aToli KHHTe Mbl Gy[eM BbIpaXaTh SHepriio, paGoTy H Temio
HCKJIOYHTe/IbHO B MeXaHHYECKHX eJHHHUAX. B cBfA3M ¢ 3TUM HHIZe He



8 NPELNCIOBUE

6ynyT GUrypHpOBaTh NepeBoAHble KOIdHIHEHTH (MeXaHHYECKHH KBH-
BaJIEHT TeIl1a U TeNJIOBOH 5KBHBaJIeHT paGothl). [lanee GyneM Besze, rie
3TO CleLHaJbHO HE OTOBOPEHO, CUHTaTh, YTO Mbl HMeeM JeJOo C OJHHM
MouieM BewectBa. 1o 3Toit IpHYHHE ra3oBasi MOCTOsIHHAs R Bcerjaa Gyner
CYMTATbCSI OTHECEHHOH K OJHOMY MOJIIO BelIecTBa.

B 3akJ/toueHHe Mbl XOTeJIH Obl OTMETHTD, YTO KHHTa BO3HHKJA B pe-
3ysbTaTe 06paGoTKH Kypca JeKLHH, MpoYyHTaHHbIX Hamu B HoBocnGHp-
CKOM YHHBepcHTeTe.

Mgl 6s1aroapHel MHOTHM HalllMM TOBApHILAM M0 padoTe ¥ peleH3eH-
TaM, CIe/IaBLIMM PSi/l IEHHBbIX 3aMeYaHHUi o KHHTe, U GyaeM 6/1arofapHel
YHTaTesIM 33 COOOLUIEHHS O, BEPOSITHO, HEH30eXKHbIX HefoueTax.

Hosocubupck,
mapt 1971 r.
0. B. Pymep, M. lll. Poxkun



BBEJEHME

TepmoAMHAMHUKA, CTATHCTHYeCKast GH3MKA H KMHETHKA 3aHHMAIOTCS
n3yueHHeM (HU3HUECKHX NPOLECCOB, NMPOHCXOASIUHX B MaKPOCKOIHYe-
CKHX CHCTeMax, T.e. B TeslaX, COAepKallMX OTPOMHOE YHMCJIO MHKPO-
YacTHIl (B 3aBHCHMOCTH OT KOHKPETHOTO BHJA CHCTEMBI 3THMH MHKPO-
YacTHIAMH MOT'YT GbITh aTOMBI, MOJIEKYJIbl, HOHbI, 3JEKTPOHbI, (HOTOHBI
HT. L)

CyllecTByeT JBa MeTofla H3yYeHHsI COCTOSIHHH MaKpPOCKOMHYECKHX
CHCTEM — TePMOAHHAMHYECKHH H cTaTHCTHUeCKHH. TepMosuHaMuyecKuit
MeTOJ| He ONHPaeTCsl HM Ha KaKHe MOJie/IbHbIe TIpeJicTaBIe s 06 aTOMHO-
MOJIEKYJISIPHOM CTPYKTYPE BelllecTBa H SBJASETCS N0 CBOEH CyTH MEeTOIOM
(heHOMEHOJIOTHYeCKHM. DTO 3HAYHT, YTO 3ajauell TePMOJMHAMHYECKOro
MeTOAa SBJISIETCS YCTaHOBJIEHHe CBs3eH MeXIy HemoCpeiCTBEHHO Ha-
6moiaeMbIMHU (M3MepsieMBIMH B MAKPOCKONHUYECKHX ONbITaX) BeJIHYHHAMH,
TaKHMH KakK JaBJleHHe, 00beM, TeMIepaTypa, KOHUEHTPALHUsI PacTBopa,
Hanps>KeHHOCTb 3/1eKTPHYECKOTO HJIH MarHUTHOTO IO/, CBETOBOH NOTOK
u T. 1. HaoGopor, HHKakue BeJHUMHBI, CBS3aHHEIE C aTOMHO-MOJEKY-
NAPHOH CTPYKTYpOH BellecTBa (pasMepbl aTOMOB HJIM MOJEKYJ, HX
Macchl, KOJHYECTBO U T. [I.), He BXOAAT B PacCMOTPeHHe NPH TePMOAHHA-
MHYECKOM MOJXOJe K peIleHHI0 3ajad.

B npOTHBOIO/IOKHOCTD 3TOMY, CTATHCTHYECKHH MeTOJ H3YyYeHHst
CBOWCTB MaKPOCKOMHYECKUX TeJ C CaMOro HayaJja OCHOBaH Ha MOJeJb-
HBIX aTOMHO-MOJIEKYJISIDHBIX TIPEACTABJEHHAX, M OCHOBHYIO 3ajayy
CTATHCTHYECKOH (DH3HKH MOXKHO CHOPMYJIHPOBATD CJIEAYIOLUM 06pPa3oM:
3Hasi 3aKOHBI IMOBEJEHHS YAacTHI, M3 KOTOPHIX NOCTPOEHa CHcTeMa (Mo-
JIEKYJIbI, aTOMBI, HOHBI, KBAHTHI H T. J.), YCTAHOBHTH 3aKOHbI NOBeJIeHUS
MaKpPOCKONHYECKOr0 KOJHYECTBA BEIeCTBa.

U3 ckasaHHOro BbITEKAKOT H JOCTOHHCTBA, H HEAOCTATKH Kak TEPMO-
JMHAMHYEeCKOTO0, TaK H CTaTHCTHYECKOTO TOAXO0J0B K H3yUEHHIO SABJICHHH.

TepmonunaMuyecknii MeTof, He OyAyuH CBsI3aH C MOJENbHbLIMH
TpeJicTaBeHHsIMH, 06/1ajiaeT BecbMa GOJIbILOH OGIIHOCTBIO, B TO BpPeMst
KaK BBIBOJBI CTATHCTHYECKOH (DH3UKH CIPABENNHBHI JIHIUb B TOH Mepe,
B KaKol cripaBefiIuBbl NPEIIOJIOKEHHUS!, CeJAHHbIE O MOBEJEHHH Mellb-
YalilMX YacTHI, CHCTEMBI.

TepmonunaMuyecknit MeTos, KpOME TOTO, OT/IHYAETCS, KAK NPABHJIO,
GonbIoji mpocToTOl U BejieT, noce psla popMaJbHO MaTeMaTHYECKHX
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npolenyp, K PElIeHHIO 1eJIOTo psifia KOHKPETHBIX 3a1au, He Tpe6ys HH-
KaKHX CBeleHHHl 0 CBOHCTBAaX aTOMOB HJIH MOJIEKYJ. B 3Tom 3ak.io-
4aeTcsl €ro HeolleHHMOoe NPEeHMMYLIECTBO OCOGEHHO JJisl pelieHHsl 3ajay
TeXHHYeCKOTro XapaKTepa (TeXHHUYeCKasi TePMOAMHAMHKA, TeMJOTeX-
HHKa).

Onunako Hapsiy ¢ 3THM TepMOJMHAMHUECKHH METOA 06Jajaer H Cy-
ECTBEHHBIM HENIOCTATKOM, 3aKJIOYAIOUIMMCS B TOM, 4TO IPH TEPMOJH-
HaMHYECKOM DaCCMOTPEHHH OCTAeTCSl HEBCKPHITHIM BHYTDEHHHH (aToM-
HO-MOJIEKYJIIDHBIH) MEXaHH3M SIBJIEHHH.

Io 310t NpHYMHE B TePMOAHHAMUKE, KaK NPABHJIO, GECCMBICTEHHE!
Bonpochl «nouemy»? Ecin, HanpuMep, MBl yCTaHaBJIHBaeM TepMOJLHMHa-
MHYECKHM METOJIOM, YTO MpH GbICTPOM pacTsKeHHH MeJHasl IPOBOJIOKA
OXJIaX12eTCsl, a Pe3HHOBLIA KI'yT HarpeBaeTcs (3Ta 3ajaua Gymer pac-
cmMoTpeHa B § 14), TO MBI IOMIKHBI YIOBJIETBOPHTBCS 3THM Pe3yJbTaTOM,
a (u3MUeCKuil MexaHH3M, BeAYIHH K HeMy, OCTaeTCsi CKPBITHIM OT Hac.
B oTyiNYHe OT 3TOr0 CTATHCTHYECKHH METOJ PELIeHUs! 3ajaul C CaMOro
Hayaja TNpOoC/eXKHBAET ATOMHO-MOJIEKYJSIPHbI MeXaHU3M  sIBJIEHHH.

CraTHCTHYeCKHI  TOAXOA K MCCJENOBAHHIO SIBJEHHH M03BOJIAET
B NPHHIHIIE PEIUHTb Psif 3ajay, BOOOIIE HepaspellnMbIX B PaMKax Tep-
MOAMHAaMHYECKOTO MeTOAa; NPHMepaMH HanGojiee BaXKHbIX M3 HHUX fiB-
JISIIOTCS BBIBOJL YPaBHEHHMH COCTOSIHHSI MaKPOCKOIHYECKHX CHCTEM, Teo-
PHsl TEIVIOEMKOCTH, HEKOTOpble BONPOCH TeOPHH H3nydenusi. Hakowen,
CTaTHCTHYECKHH METOA MO3BOJISIET, C OJHOH CTOPOHH, AaThb CTPOroe
060CHOBaHHE 3aKOHOB TePMOJMHAMHKH, a C APYroii CTOPOHEI, — yCTa-
HOBHTb I'PaHHUbl HX NPHMEHHMOCTH, a TaKxKe NpeiCcKas3aTh HapyIIeHHs
33aKOHOB KJIaCCHYECKOH TepMOJAMHAMHMKH (PJIYKTyallH) H OLEHHTb HX
MacuiTa6.

M3 ckazaHHOTO SICHO, UYTO M TePMOAMHAMHKA H CTAaTHCTHYeCKas Gu-
3HKa HE MMEIOT YETKO OIPaHHYEHHOH 06/1aCTH H3yyaeMblX (GpH3HUECKHX
IBJIEHHH B MPOTHBOMOJIOXKHOCTD ONTHKE, MEXaHUKE, 3JEeKTPONMHAMHKE
H JpyruM pasjenaM (U3HKH, a NPEACTaB/ISIOT cOGOH CKOpee MeTofbl
M3yYeHHs /106X MAKPOCKOMHYECKHX cHCTeM. HacTo NpH 3TOM roBopsT
O €/IHHOM METOJe CTATHCTHYECKOH TepPMOAMHAMHKH.

MeTonami CTaTHCTHYECKOH TePMOIMHAMHKH MOXHO H3y4aTb JioGhle
CHCTEMBI, COCTOslIlHe M3 JOCTaTOYHO GOJIBLIOTO YHMC/JA YaCTHIL: Tashl,
JKHJKOCTH, TBEp/ble TeJsa, IJIa3My, 3JEKTPOJHTH, CBETOBOE H3/yueHue
H Jaxe TsKeNble s1pa, ColepKallHe COTHH HYKJIOHOB.

Cnenyer TaksKe OTMETHTD, YTO CTATHCTHUECKAs TeDMOAHHAMHKA H3Y-
4aeT PaBHOBECHBIE COCTOSIHHS MAaKPOCKOMHYECKHMX CHCTeM (CM. HHXKe,
§ 1), KOTOpBIe, B YAaCTHOCTH, XaPAKTEPH3YIOTCS TEM, UTO OHH SIBASIOTCS
CTallHOHAPHBLIMH, HeH3MEHHLIMH BO BPEMEHH, H B 3THX COCTOSIHMSIX OT-
CYTCTBYIOT NpOLleCCH NepeHoca Macchl, SHeprHH, 3apsna u T. A. B or-
JIMYHE OT 3TOro (hH3HYecKasi KHHeTHKA H3ydaeT HepPaBHOBECHLIE COCTOS-
HMSl M TIPOLECCH, B YACTHOCTH MPOIECCH NMepeHoca U BhpaBHHBaHMS,
T. €. MPOLECChl Nepexoja CHCTeMbl H3 HePaBHOBECHOTO B PaBHOBECHOE
COCTOSIHHE.



YACTbH 1
TEPMOJAHHAMHUKA

TrJABA I
OBLIUE 3AKOHbI TEPMOIWHAMHUKH

TepMoAHHaMUKa, NOJOGHO T€OMETPUH H MeXaHHKe, SIBJSETCS aKCHO-
MaTHUecKoil HayKoil. B ee ocHoBe JiexaT TpH NpPHHUKNA, SBJASIOLLIHECS
0606IIeHHEeM ONBITHBIX AAHHBIX: NPUHYUn memnepamypol (4acTo Ha3blBae-
MBIl HYJIEBBIM HauaJioM TePMOAMHAMHKH), npunyun snepeun (I nauano
TepPMOLAMHAMHKH) H npunyun sumponuu (11 Hauaso TepMOAMHAMHKH).

Kak Mbl yXe ynoMHHa/H BO «BBeJeHUH», TepMOAHHAMHKA HE M0Jib-
3yeTcsl MOJEJbHbIMH, aTOMHO-MOJIEKYJ/ISIPHBIMU TIPEACTaBJIEHHSIMH, H
MOKHO GblJIO Gbl H3/IOXKHTb BCE COAEPKAHHE TePMOJMHAMHKH, HH pasy
He ynoTpeGHB TePMHHbI aTOM, MoJIeKyJa, HOH, ¢oToH H T. A. Mbl, ox-
HaKo, GyIeM B OTHEJbHbIX MeCTaX o6pamaTbCs K aTOMHO-MOJIEKYJsip-
HBIM [1PEICTABJIEHHSIM, HO B UHCTO HJIJIIOCTPATHBHBLIX LeJIfAX.

HecKo/bKO CJIOB O CTPYKTYype 3TOH YacTH.

B §§ 1—11 Mbl paccmoTpuM ofllde 3aKOHbI TePMOAHHAMHKH, BBOASI
W WJUIOCTPHPYsl MX, TJIaBHLIM 06pasoM, Ha npuMepe mpocrediuied Tep-
MOJMHAMHYECKOH CHCTeMbl — HJ€aJbHOTO rasa (XOTs MHOTHe M3 COOT-
HOLUEHHH, TOJYYeHHbIX B 3THX naparpadax, MpHMeHHMbl H JJ1s APYTHX
TEPMOJAHHAMHYECKHX CHCTEM).

B §§ 12—18 Mbl paccMOTpMM NpHMepHl APYTHX MOHOBapHaHTHBIX
(MMeIOIIMX OJHY «MeXaHHYecKylo» CTeneHb CBOGOABI) TepMOAHHaMHYe-
CKHX CHCTEM.

B § 19 Mbl npoBeaem (BecbMa KpaTKo) o6o6LieHHEe TepMOJAHHAMHYe-
CKHMX METOJOB Ha C/yyail NMOJMBApPHAHTHBIX (MMEIOLMX HECKOJBKO «Me-
XaHHYeCKHX» CTeneHell cBOGOAbI) TePMOJAHHAMHYECKHX CHCTEM.

Hakonen, B §§ 20—29 MBI paccMOTpHM TEPMOJMHAMHKY CHCTeM C
NepeMeHHbIM KOJIHYeCTBOM BelllecTBa H 0COGEHHO Bompoc O (hasoBbIX
paBHOBecHsiX (mepexonax).

§ 1. PaBHOBecHbie COCTOSIHHS M PaBHOBECHble NPOLECCH

Bynem HasbiBaTh TepMOAMHAMHMYECKOH CHCTEMOH Jl060e MaKpOCKO-
TTHYecKoe TeN0, HaXOAsIeecs B PABHOBECHOM HJIH GJIH3KOM K paBHOBEC-
HOMY COCTOfIHMH (NOHSITHE PAaBHOBECHOTO COCTOSTHHSI CM. HHXKe).

CocTostHust 11060/ TePMOAHHAMHUECKOH CHCTEMbI MOT'YT GbITh 3aaHbl
C nomowpio psifa napamerpoB. Tak, HampuMep, COCTOSIHHs rasa HJH
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JKHIKOCTH (OJHOPOJHbIE CHCTEMb)) MOTYT OBITb 3a/jaHbl C TOMOLUBIO
napamerpos: P (naBsenue), V (o6bem), T (TeMneparypa); COCTOSIHHs
NJIEHKH JKHAKOCTH — C [IOMOLIbIO NapaMeTpoB: ¢ (Ko3(duukeHT no-
BEPXHOCTHOTO HATS)KeHHst), O (IVIOWafb MJIEHKH) U T; COCTOSIHUS CTepK-
Hsl — C IIOMOUIbIO NnapameTpoB: [ (AnuHA), ¢ (NJOWAAbL MONEPEUHOTO
ceueHnst), f (pacrsirusaiomasi cuia), E (Mopyab IOura) u v u T. A

Crnenyer, ofHAaKO, 3aMeTHTb, YTO HE B JIOOGOM COCTOSIHHH CHCTEMBbI
BCe ee napaMeTphbl HMEIOT onpejieeHHbIH cMbic/. Tak, Hanpumep, npe-
CTaBuUM cebe COCYA, pas3feJeHHbli Ha JiBe NOJIOBHHBI NEePeropoiKoi
¢ KpaHOM, H IyCTb BHayaJjie B JIeBOH MOJIOBHHE HAaXONHUTCsI Ta3, a B Mpa-
BOH — BakyyM. Ecaiu Mbl OTKpoeM Tenepb KpaH, TO M3 KpaHa BbIpBeTCS
cTpys rasa. SICHO, 4To B MepBble MOMEHTHI 3TOTO Mpoliecca o6beM rasa
GyzeT HeonpeleJeHHHIM — IJIOTHOCTb Tra3a B IIpaBOi IIOJIOBHHE CO-
cyna GyHerT MeHsTbCS OT TOYKH K TOYKE MO KaKOMY-TO CJIOXKHOMY
3aKOHy, M YKa3aTb FPaHHMIE! 0GbeMa, B KOTOPOM HaXOJHMTCSA ras, He-
BO3MOKHO.

Bo3MOXKHBI TaKke COCTOSIHHS, B KOTOPBHIX KaKOH-AH0O mapamerp
CHCTeMbl pas3JHueH B pas/MYHBIX TOYKaX, TaK YTO €HHOe 3HAUYeHHe
9TOrO MapameTpa AJsi Bceil CHCTeMBI He cyiecTByeT. MoxHo, Hanpumep,
NpeACTaBUTb ceGe CHCTeMy, TeMIepaTypa KOTOPOH MeHsSeTCsl OT TOUKH
K TOUKe, MWJM Ta3, B PasHbIX TOYKaX KOTOPOTO JaBJeHHE DAa3JIHYHO.
OrnbIT M0Ka3bBaeT, OJHAKO, YTO B TAKHX COCTOSIHUSX TePMOAHHAMHYE-
CKHX CHCTEM CYLIECTBYIOT MOTOKH (IOTOK TerJa, MOTOK Macchl rasa
M T. 1.) H 3TH COCTOSIHHSI HE OCTAIOTCSI HEH3MEHHLIMH (€C/IH OHHM He MOA-
JIePXKUBAIOTCS] HCKYCCTBEHHO C NMOMOILBIO TEIIOHENPOHHLAeMbIX Mepe-
TOPOJOK, Ta30HENpPOHHIAEMBIX CTEHOK H T. X.). Ilo mpouiecTBHH HeKo-
TOPOTO BPEMEHH YCTaHABJ/IMBAETCS COCTOSIHHE, B KOTOPOM KaXKblil TaKOH
napaMeTp MMeeT OJHO M TO Keé 3HayeHHe BO BCEX TOYKAaX CHCTEMbl H
0CTaeTcsi HeM3MEHHBIM CKOJb YTOHO I0T0, €C/IH He MEHSIOTCS BHEIIHHE
ycaoBHsl. TakHe COCTOSIHHSI HasblBAIOTCS pasHosecHoimu. Ecau paBHOBe-
CHe He YCTaHOBHJIOCh H B CHCTEeMe CYIIECTBYIOT I'DafHeHThl MaKPOCKOMH-
4eCKHX NapameTpoB (1aBJeHHe, IJIOTHOCTb, TeMneparypa M T. IL.), CO-
CTOSIHHE HA3bIBAETCSI HEPABHOBECHbIM.

Tlpouecc nepexofa TepPMOAMHAMHYECKOH CHCTeMbl M3 HepaBHOBEC-
HOTO COCTOSIHHS B PABHOBECHOE HA3bIBAETCSl MPOUECCOM PeAaKCayuLL.
ITpu 5TOM A/ BHIDAaBHHBAHHSI KaXKJAOro Inapamerpa CyIIECTBYeT CBOE
XapaKTepHOe BPEMsi — GpeMs pesakcayuu IS JAHHOTO Tapamerpa.
PoJib OJIHOTO BPeMeHH peslakcalliH MrpaeT, OYeBHIHO, MaKCHMa/bHOE
H3 THX BpeMeH. Bhlunc/ieHHe BpeMeH peJlaKCallMd JJIsl Pa3HbiX IPOLec-
COB He MOXeT GBITh BBIOJIHEHO B paMKaX TePMOJAMHAMHKH, TaK KaK Me-
XaHHM3M peJlaKcalliH eCThb IO CYLIECTBY MPOLECC MepeHoca MOJIeKYyaaMH
(aToMaMH, 3JeKTPOHaMH H T. A.) SHEPTHH, MAacChl, UMIYyJbCa U aHAJO-
IHYHBIX (QHU3HYecKuX BesHyuH. OleHKa BpeMeH peJlaKCaluH eCTb Io-
9TOMY 3ajaya (pH3HYECKOl KMHETHKH.

TpencraBuM ceGe mporecc, NMpoTeKalomUH B TePMOXHHAMHYECKO#
CHCTEME CO CKOPOCTbIO, 3HAYHTEJbHO MeHblledl CKOPOCTH peJak-
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calMH; 3TO 3HAYHT, YTO Ha JIOGOM 3Tare 3TOro Mpouecca 3HaueHHs
pcex MNapaMeTpoB OGYAYT ycrneBaTb BbIPAaBHHBATBCS M TaKoH mpolecc
GyHeT MPELCTaBJATb COBO LENnouKy GeCKOHEYHO GIH3KHX APYT K APYTY
paBHOBECHBIX cocTosiHuit. Takue 00Cmamod4o MeOAeHHble N pOYECCeL
NpUHAMO HA3bIBAMb PABHOBECHbIMU. SICHO, UTO BCE peasibHble NMPOLECCH
SIBJIAIOTCSI HEPABHOBECHHIMH H MOTYT JIHIUb B GOJsbLIeH HJH MeHbluel
cTeneHH TPHOJIHIKATBCSI K PABHOBECHBIM.

3aMeTHM Jlajiee, 4TO MPH PaBHOBECHOM Npolecce B Ji0GOH MOMEHT
BpeMeHH I'DajHeHThl BCeX NapaMeTpoB paBHbl Hymo. Otciona caepyer,
4TO B CHJY CHMMETPHH NpOlecC B CHCTEMe MOXKeT MATH KaK B IPSAMOM,
Tak ¥ B MPOTHBONOJOKHOM HampaBjeHHH (KaK B HanpaBJeHHH BO3pa-
cTaHMs, TaK U B HalpaBjleHUH YOBIBaHMS JIOGOTO M3 MapameTpoB CH-
creMbl). ITo3TOMy paBHOBECHEIH mpouecc MOXKeT ObiTb 006paujer 60
spemetu, W MPU OOPATHOM Ipollecce CHCTEMa TMpPOHIET yepes Te XKe
COCTOSIHHSI, YTO M TIPH NpPSMOM Ipolecce, HO B OGPAaTHOM NOpSAKe.
B cBsI3M C 3THM paBHOBECHble NpOLECCH HA3LIBAIOT TaKxke obpamu-
MoMU.

B TepMOAHHAMHKE LIMPOKO HCMOJIb3YeTcs rpaduyeckuil METOA H30-
6pakeHHs cocTosiHMi M npoueccos. Tak, HanpuMep, B cayyae OXHOPOA-
HBIX CHCTeM (ra3 HJIH 2KHAKOCTb), COCTOSIHHS CHCTEMBI H300parKaioT
TOYKAMH, @ MpoLeccs — JHHHAMH Ha miockoetH (P, V). Jlerko nousrs,
4TO TAKOE epauueckoe U306PasceHUe B03MONCHO MONLKO Ol PABHOBECHBLX
cocmoanutl u pasrosecHsix (06pamumblx) npoyeccos, TaK Kak onpesieseH-
Hble 3HAYeHHsl MapaMeTPOB (HampHMep, JaBJeHHs) CHCTeMa HMeeT
TOJILKO B PaBHOBECHBIX COCTOSIHMSIX. B Ja/ipHeiimieM, BIJIOTb IO IJ1aBbl
VII, Mbl GyaeM Besfie, Tlie 3TO He OrOBapuBaeTcsi 0co00, paccMaTpHBaTh
HCKJIIOYHTEJILHO PaBHOBECHBIE IPOIECCHI.

B sakaiouenue sToro naparpada 3aMeTHM, YTO NapaMeTphl, OINH-
CLIBAIOLLME COCTOSIHHSI CHCTEMbI, He SIBJSIOTCA He3aBHCHMBIMH, & CBs3a-
Hbl OJTHMM HJIH HECKOJbKUMH ypaBHEHHSIMH, KOTOpbIe Ha3bIBAIOTCS ypas-
Henusamu cocmosnus. Tak, HampHMep, B Cyyae rasa CylIeCTBYeT 3aBH-
CHMOCTb MeXKAY AaBJeHHeM, TeMnepaTypoii # o6seMom [ (P, V, 1) =0,
B c/lyyae CTEpIKHSI — CBSi3b MeXJly BEJMYHHON pacTsruBaiouieil CHbI,
TeMIepaTypodl W AJHHOH CTepKHs H T. . MeTozamMu TepMOAUHAMHKH
BHJl ypaBHEHMil COCTOSIHHSI He MOXKeT ObIThb YCTAaHOBJIEH, H TepPMOJMHA-
MHKa yepraeT 3HAHHE ypaBHEHHH COCTOSHMS M3 ONbITa HJH M3 APYIHX
Pasjie/ioB TEOPeTHUECKO! GU3HKH (OOGBIYHO M3 CTATHCTHYECKOH (QH3HKH).
OnHako M B CTaTHCTHYECKOH (M3HKe HaXOXJeHHe ypaBHeHHi COCTOsl-
HUSl MpeAcTaBasieT coGoil BeChbMa CJIOKHYIO 3a/ayy, PelleHHYIO JIHIIb
JU1a HeGOMBLIOTO YHCJIa NPOCTEHIINX CHCTEM.

Mbl paccMOTpHM CHayajla TaK HasblBaeMble udeaabHole 2asol, AJSt
KOTOPBIX ypaBHEHHE COCTOSIHHs HMeeT BHJ

PV =f(x) (1.1)
PV =RT, (1.2)

Hayg



14 OBIHUE 3AKOHB! TEPMOTTMHAMHKH (ra

rae R — rasoBasi MOCTOsIHHAsi, €CJIH B KauecTBe TeMreparypsl BLIGpaTh
TaK HasbiBaeMyio aGCOJIIOTHYIO TeMmepatypy (cM. Huxe, § 2

Bce peasibHbIe Ta3bl BjajieKe OT TOYKH CXKHXKeHHsi (T. e. IpH JocTa-
TOYHO BBICOKHX TEMIIEpaTypax W HHU3KMX AaB/EHHSIX) B XOPOIIeM NpuG-
JIMKEHHH MOTYT PaccMaTpHBAaThCS Kak HiealibHEIC.

§ 2. Temnepatypa. IlpuHuun TemnepaTypbi

B npenbinymeM naparpade Mbl yKe MOJB30BANHCh NOHSTHEM TeM-
nepaTyphl, CYHTasi ero HHTYHTHBHO siCHbIM. BBeseM TemmepaTypy Te-
nepb Gosiee JIOTHYHBIM, aKCHOMAaTHYECKHM IYyTeM.

HcxonHbIM TyHKTOM JJist BBEJICHH I [IOHSITHS TeMIepaTyphl siBJseTcs
BecbMa CYGbeKTHBHBIN H PacILIBIBYATHI TePMHH — CTeNeHb HarpeTocTH
Tesa. Mbl MOXeM NpHIATh eMy, OJHaKO, Gojee OGBEKTHBHBIH CMBICI,
NIOJIB3YSICh TEM, YTO CYILIECTBYeT LEJHIH PsJl JIerko H3MepUMbIX (HaHye-
CKHX N1apaMeTpoB, 3aBHCSILIUX OT CTeNeHH HarperoctH. [IpuMepamu Ta-
KHX NapaMeTpoB MOTYT CJYXHTb: JJIHHA CTOJGHMKA XHMAKOH PTYTH
B CTeKJIsIHHOM TPyGKe, JaB/eHHe rada B COCY/ie C HeH3MEHHBIM 06HeMOM,
COTPOTHB/IEHHE NPOBOJHHKA, H3JyyaTe/lbHas CNOCOGHOCTb HaKaJeH-
HOTO TeJia U T. 1. iaMepeHHe /11060r0 TaKOro napaMeTpa MOKeT Ca1YKHTb
OCHOBOH JJIs1 CO3JlaHHsI SMIHpHUecKoro TepMomerpa. IIph 3ToM mKaja
H3MEpeHUsi YCJOBHOH HJIH SMIHPHUECKOH TeMmIepaTyphl MoxeT GbiTb
BbIGpaHa mpou3BosbHO. HampyuMep, npH No/ib30BaHHH PTYTHHIM TepMO-
MeTPOM MBI MOXKEM Ha3BaTb YCJIOBHOH TeMIepaTypo#l AJHHY CToJ6HKa
PTYTH, H3MEPEHHYIO B JIOObIX €IMHHIAX, WJH JMI0GYI0 MOHOTOHHO BO3-
pacraiouyio GpyHKUHIO 5TOH AMUHBI. 3aMeTHM TaKXKe, YTO KamIbld 3M-
NHPHYECKHH TEDMOMETP HMeeT OrpaHMYeHHYIO (XOTs Obl ¢ OAHOH CTO-
POHBI) 06/1aCThb NPHTORHOCTH. TaK, HHXHSAS TPaHHIA MPUTOJHOCTH
PTYTHOTO TepMOMeTpa oOmpelensieTcsl TOYKOH 3aTBepAeBaHHSI DPTYTH,
HHXKHSIS TPaHHUA NPHTOAHOCTH Ia30BOTO TePMOMeTpa — TOYKOH KOH-
JIeHCAUMH Ta3a, BepXHss I'DaHHLA NPHUMEHHMOCTH TepMOMeTpa COMpo-
THBJIEHHs] — TOUKOH NUIaB/eHUs (MMM KHIeHHs) MeTajua u T. A. Baa-
rofapsi TOMy, 4TO 5TH 06/1aCTH MPHIOJHOCTH YACTHYHO MEPeKpPhIBAIOTCH,
Mbl MOXKEM, BHIGpPaB 3a OCHOBY KaKOH-TO OJMH SMIHDHYECKHH TepMo-
MeTp, ONpeAENHTD YCAOBHYIO TeMIepPaTypy 0 HEKOTOPOH MPOU3BONbHOH
mKaje B BeCbMa IIMPOKHX Ipejesax.

BeeneM Tenepb noHsiTHE mepmocmama. Mbl 6yfieM 0603HaYaTh STHM
TEPMHHOM TeJI0, Macca KOTOPOro BeJIHKa J10 CPABHEHHIO C JIIOOLIMH 11po6-
HBIMH TeJaMH, ¢ KOTOPHIMH Mbl GyJeM NPHBOJHTbL €r0 B KOHTAakKT. D10
3HAYHT, YTO, C OAHON CTOPOHBI, MIPH CONPHKOCHOBEHHH C NPOGHBIMH  Te-
JlaMH yCJIOBHAsI TeMIIepaTypa TepMocTaTa He MeHsieTCs H, C Apyro# cro-
POHBI, TI0 HCTEUEHHH HeGOJIBIIOro BPeMeHH peslakcalui aiofoe npobHoe
TeJI0, IPHUBEJleHHOe B KOHTAKT ¢ TePMOCTAaTOM, NPHHUMAET ero TemMnepa-
TYpY.

IlomecTuM B TEPMOCTAT COCYA € ra3oM U GyleM C MOMOLIbIO MOPIIHA
H3MEHATDb ero 00beM, H3Mepsisi OAHOBpeMeHHO AaBJenue. Ecin Mbl Gynem
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HAHOCHTb TOJIyUeHHbIe Pe3yJbTaThl B BHJe ToueK Ha (P, V) miockocTH,
To Mbl TIOJIYYHM KPHBYIO (M30TepMy), BHJ KOTOPOH CYIIECTBEHHO 3aBH-
CUT M OT COpTa rasa H OT yCJIOBHOH TeMIepaTyphl TepMocTarta. MeHsis
YCNOBHYIO TeMNepaTypy TepMOCTaTa H MOBTOPsis Kak[bli pas omucaH-
HYIO BBILIE NPOLENYPY, Mbl NOJYUHM CHCTEMY H30TEpM, COOTBETCTBYIO-
[MX PasHbIM YCJOBHBIM TeMIepatypaM rasa (puc. I).

3anuiueM ypaBHeHHst H30TepM ¢ HoMepamH 1, 2,... BBHae ¢, (P, V) =
=0, ¢y (P, V) = 0,... YcI0BHMCS IPH STOM HyMEPOBATb H30TEPMBbI TaK,
yTOOB! yBeJHYEHHe HOMepPa 7 COOTBETCTBOBAJIO MOBBLINIEHHIO YCJIOBHOM
TeMIeparyphl.

Tepeiinem Tenepb K 6eCKOHEYHO T'YCTOH CETKe H30TEPM, CUHTasi, 4TO

npH nepexosie OT OfHOH H30TEPMbl K COCelHeH yc/loBHasi TeMneparypa
TepMocTaTa (a, CJIeOBAaTeJbHO, H Ta3a) MeHseTcst GeCKOHEYHO MaJo.
Torza HOMEp H30TepMbl CJeAyeT 3aMme-
HHTb HENPEpHIBHO MEHSIOUMMCSl Tnapa-
METpOM T, B KayecTBe KOTOPOTO Mbl H
Gynem OpaTh YCJIOBHYIO (3MNHPHYECKYIO)
TeMnepaTypy.

[TycT HM30TEpMa, COOTBETCTBYIOWIAS
YCJIOBHOH TeMrepatype T, ONHCHIBAeTCS
ypaBuenuem ¢ (t/P, V) = 0. Pewas 310 2
HesIBHOE YpaBHEHHe OTHOCHTEJIbHO T, IO- 2
ayuum © = T (P, V). OnbiT nokaseipaer, v
YTO M30TEPMBbI OJHOTO M TOTO XKe rasa HH- Puc. 1.

KOTJa He [IePeceKaloTcsl H, CJIeJoBaTe/IbHO,
yCJIOBHAsl TeMIepaTypa SiBJSETCs OAHO3HAYHOH (yHKIHMeH COCTOsHHUA.
3aMeTHM, YTO YCJIOBHAsi TeMmepaTypa MoxeT OLITh BBeleHa He
€1MHCTBEHHBIM 06pasoM. Hapsiy ¢ yc/0BHOH TemmepaTypo#t T ¢ TakuM
3Ke IPaBOM MBI MOXKEM BBECTH B KauecTBe YCJIOBHOI TeMIepaTyphl J06yio
MOHOTOHHO BO3PACTAIOLLYI0 M HempephiBHYW GyHKuHIO T = f (7).
DT0 COOTBETCTBYET H3MeHeHHIO (B ofLieM c/yyae HeJHHeHHOMY) TeM-
nepaTypHOH IIKaJIbI.

OnbiT MOKasbiBaeT TaK¥kKe, UYTO BJA/H OT TOYEK CXKHXKEHHA rasa
(TpH BHICOKMX TeMmepaTypax M HH3KHX NABJIEHHSiX), T.e. B 00J1acTH,
[Jle Ta3 MOMKET CYHTAaThCsl HAea/bHbIM, M30TePMBbI TPEICTaBJSIOT OGO
paBHOGOYHbIe THIepGobl ¢ ypaBHeHHeM PV = const, u cienoBaresibHo,
yCIOBHAsi Temneparypa ecTb (YHKHMS OT npoussepenus PV, 1. e.
T =1 (PV).

Hrak, 060611ast JaHHbIE ONIBITA, Mbl BBOAUM CJIEAYIOLHMH NOCTYJIaT —
npunyun memnepamypel: cyuecmsyem (He eOUHCMBEHHAA) GyHKYUA
COCMOAHUSL  cucmemst, KOMOPAs OCMQAEMCS NOCMOAHHOL npu Awbom
npoyecce, npomexarouwem 8 MepmMoCmame, HA3bIBAEMAS YCAOBHOL memne-
pamypoii.

Jlnst rasos ycnoBHas TeMmepaTypa MOXeT pPaccMaTpHBAaThCs Kak
Gyukuug Pu vV, 7 == (P, V). [lnst upeanbHbIX Ta30B T 3aBHCHT TOJLKO
OT npoussegenus PV, T.e. 1 = v (PV).
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§ 3. urponus. IpuHUMN SHTpONHH

ByzeM HasblBaTh COCYA C MIEAJbHO TEIIOHENPOHHIAEMBIMH CTeH-
KaMH H nopiuHeM aduabamom. ITomernast ra3 B aguabar, Mbl MOKeM CJie-
JUTh 32 MPOTEKaHHeM B HeM PaBHOBECHOTO Ipollecca B YCJOBHAX Tem-
JIOU30JIsIHH  (aiHabaTHYeCKHH Iporecc).

MeHsist ¢ omoLIbI0 MOPLIHA 06beM ra3a M H3Mepsisi JaBJeHHe, IO-
JIy4HM BHOBb KPHBYIO Ha mJjockocTH (P, V), Hocsimylo HasBaHue adua-
6amer. Ecau Temepb HapyWIHTh TEIVIOH3OJIAIMIO aauabarta, NPUBEas
€ro Ha BpeMsi B KOHTaKT C TeJIOM C GOJ/bllell WM MeHblieH yCJOBHOH
TeMrepaTypoil, 3aTeM BOCCTAHOBHTb TEMJIOH3OJISIHIO H BHOBb OCYIIECT-
BUTb ONHCAHHYIO BBILIE MPOLEAYPY, MBI NOJYYHM APYTYIO aauabary.
Tpopo/nkast 3TOT npouece, Mbl NPHAEM K ceTKe aaxabar Ha (P, V)-mo-
p cKocTH (pHc. 2), mojo6HO ToMy, KakK, ocy-

LIECTBJISIsT TIPOLECCHl B TEPMOCTaTe, MBI

NPHILIH K CeTKe M30TepM.
3anuueM ypaBHeHHs ajguabat C Ho-
mepamu I, 2,... B BHue ¥, (P, V) =0,
Py (P, V) =0,... YcaoBuMcs npH 3TOM
HyMepoBaTb aAuabarhl TaK, 4To JJIs nepe-
3 Xofla OT ajuabaTbl C HOMEpOM 7 K ajua-
2 Gate ¢ HOMepoM n 4+ 1, MBI IPHBOXMM
V' agma6aT B KOHTAKT C TE/NOM, HMCIOLHM
Puc. 2. Gosiee BLICOKYIO YCJIOBHYIO TeMIeparypy,

yeM ajuabar.

TlepeiiteM K GeCKOHEYHO T'YCTOH ceTKe aguabaT (A/1si 3TOTO cJaenyer
YCTPaHSITh TEMJOBYIO H30JSILHIO aguabara KaxkIbli pa3 Ha BecbMa
MaJioe BpeMsl H IIPUBOJMTb aAuabaT B KOHTAKT C TeJIOM, HMEIOIIUM JIMIlb
HEMHOTro GoJiee MJIH HEMHOTrO MeHee BLICOKYIO TemmepaTypy). Torma
HOMep afuabaThl 7 C/efyeT 3aMeHHTb HEenpepbiBHO MEHSIOIMMCS napa-
METPOM G, KOTOpBIi Mbl Gy/ieM HasbiBaThb yCA08HOL sumponueii. Pemas
ypasHenue ¥ (o|P, V) = 0 oTHocuTesbHO O, HaliieM ¢ = o (P, V).

OrnbiT NoKasblBaeT, YyTo aguabaThl OJHOTO M TOTO JKe Ta3a He mnepece-
KaloTCs APYT C APYTOM H, CJIeIOB4TeIbHO, YCJIOBHAS SHTPONUS SIBJISAETCS
OJIHO3HAYHOH (YHKUHeH COCTOSTHHUS.

Tax ke, KaK ¥ YCJOBHasi TeMIepaTypa, YC/JIOBHasl SHTPONHS MOXKeT
GBITb BBeJleHa He €JHHCTBEHHBIM o6pa3oM. JIi06asi MOHOTOHHO BO3pa-
craroulast 1 HenpepbiBHast QyHKUHA 6° = f (0) TaK:Ke MOXKeT paccMaTpH-
BaTbCsl KaK yCJIOBHAsl SHTPOMHS.

OmnbIT TaKxkKe ¢ AOCTOBEPHOCTBIO TOBOPHT 06 ellle OfHOM BarkHefiieM
CBOMNCTBE CeTKH afnabaT W H30TepM — KaxkJas ajauabaTa nepecekaetcs
C KaX0#l H30TepMOil B OJHOH H TOJIbKO OAHOH Touke (P, V)-miockocTH.

U3 3roro csenyer, uTo COOTHOIIGHHE MEXAY NMapaMH NepeMeHHbIX
(P, V) u (v, 0) siBAsercs B3aMMHO OfHO3HAuHBIM. Kaxofi Touke
(P, V)-IJIOCKOCTH COOTBETCTBYET OJiHA U TOJIBKO OJIHA Napa uuced (T, 0),
TAK KaK yepes 5Ty TOUKY NPOXOZHT TOJbKO OJiHA M30TepMa (T) H ofHa
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aznabara (0) (M30TepMbI He repeceKaioTcsi APYT ¢ APYroM H ajHabatsl
He nepeceKarorest Apyr ¢ Apyrom). HaoGopor, ec/in Mbl BBelleM 1si H3006-
pakeHHsl COCTOsIHHSI rasa (T, 0)-II0CKOCTh, TO KaX10i TOUKe 3Toii MmJ10-
CKOCTH COOTBETCTBYET OJIHA H TOJIbKO OJHa mapa uucen (P, V), Tak Kak
usoTepMa (t) M ajuabaTta (0) nepecekaloTcss APYr C APYTOM, NpHYeM
TONBKO B OAHON Touke (P, V)-nuockoctu. OTciona caenyer, 4To CoCTosi-
Hie Ta3a CTOJIb XK€ XOPOLIO MOXKET GbITh 0XapaKTepH30BAHO 3a/laHHEM
napbl yuces (v, 0), Kak M 3afaHueM napsi uucena (P, V), u nis uso6pa-
JKEHHSI COCTOSIHUIT ra3a OAMHAKOBO XOPOLIO MPHTOAHEI (P, V)-1m10cKocTh
u (T, 0)-IJIOCKOCTb.

Jlns ujeanbHBIX ra30B B HEKOTOPOM HHTepBaJIe TeMmeparyp ajuaba-
Thl OINMCBHIBAIOTCSI YpaBHEHHEM

PVY=const, 3.1

rjle BelMyuHa y >> | HasblBaeTcs noxasamesem aduabamor Vi JJIsL IaH-
HOTO rasa siBJ1SIeTCsl OCTOSTHHOH BeIMYHHOMH. (3aKkoH (3.1) BbinosiHsieTCst
JJIs1 OHOATOMHBIX Fa30B NPH JOOGLIX TeMrepaTypax, a 1Jsi MHOTOATOM-
HBIX — B JI0BOJIbHO IIMPOKOM JAHanasoHe Temneparyp.) B § 8 mbr yGe-
ZIUMCST B TOM, UYTO Y MpeACTaBJsieT COGOi OTHOIIEHHE TeMIOeMKOCTH MpH
OCTOSIHHOM JlaB/leHHH Cp K TEIJI0eMKOCTH NPH NOCTOSIHHOM o6beme Cy.

BpenieM B CBSI3H C 3THM IOHSITHE COBEPUIEHHO20 2A3Q, TIOHHMAsi MO
5TUM HJeaNbHblfl Ta3 (M30TePMBI KOTOPOTO OMHCHIBAIOTCS yPaBHEHHEM
PV = const) ¢ nocTosiHHBIMH TemoeMKocTsiMH Cy u Cp (MBI YBHANM,
BNIPOYEM, HYTO ROCTAaTOYHO NOTPeGOBaTh MOCTOSIHCTBA TOJIBKO OJHOM
H3 3THX TemjoeMKocTel). AIHabaThl COBEPIUIEHHOTO Iasa OIHCHIBAIOTCS
ypasnenseM PVY = const.

B cuny Toro, yto y > 1, anuabathl Kpyye HaKJOHEHbI K ocH V,
ueM u30TepMbl PV = const. [losTomy TOT BakHefwmit ¢akr, 4to Ka-
xJasl aquabara nepecekaercsl ¢ KaxJIoiH M30TepMOH B ONHONH H TONBKO
OZHOH TOYKe, JIl COBEPIIEHHOIO ra3a CTAHOBHTCS TPHBHAJIBHBIM, TaK
KaK cucTeMa ypasHenuit PV = a, PVY = b umeer onHo peiuenue

b\t /oa\——
_ v—1 _ [a¥\y=a
vﬁ(ﬂ . P= I> )
OueBHAHO, /IS COBEPLIEHHOTO Ia3a YCJIOBHAS SHTPOMNHS 3aBHCHT TOMLKO
ot npoussefenuss PVY.

Mb1 MozkeM Tenepb, oGoGilast JaHHbE ONbITA, CHOPMYJAHPOBATH CJle-
AYIOLH TIOCTYJIAT TEPMOAUHAMUKH — NPUHYUN IHMPONUL: CYyuecmeyem
(e eQuncmgenHas) OOHOBHAYHAR (PYHKYUS COCMOAHUL, OCMAOU4AACH
nocmoanKoil npu abeix npoyeccax 8 aduadarme, HA368aeMAL YCAOBHOLL
sumponueil. Mexdy napamu nepemennoix (P, V) u (v, 0) cywjecmeyem
63AUMHO 00HO3HA4HOE coomgemcmaue. It Ta30B YCJOBHAs SHTPONHS
MOXKeT paccMaTpHBaThCs Kak QYHKIUHMS AaBJIeHHs H o6beMa 6 = o (P, V).
Ilas coBepuienHoro rasa ona 3aBHCHT TOMbKO OT mpoussefenHs PVY,
T.e. 0 = o (PVY).
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§ 4. AGcomoThas TemnepaTypa M aGCOJIOTHAsi IHTPONHS

B mpexbiiymux naparpadax Mbl ONpeeNHJH YCJIOBHYIO TeMmepa-
TYPY M YCJIOBHYIO SHTPOIHIO C TOYHOCTBIO O INpeoGpasoBaHHil T' =
=f,(t) u ¢ =f,(0), roe f; U f, — MOHOTOHHO BO3pacTalOWHE U
HenpepbIBHble (GYHKIHH CBOHX apryMEHTOB.

TIpousBos B BHIGOPE yCJIOBHOH TeMnepaTyphl H YCJIOBHOH 3HTPONHH
MOXKeT GbiTh, OJHAKO, YCTPaHeH CJEyIOUHUM 06pasoM.

VYcoBHeM B3aHUMHOH OJHO3HAYHOCTH COOTBETCTBHSI Nap 3HauyeHHH
(P, V) u (v, 0) (115 1Byx GecKOHe4HO MaJbix obnacreit (P, V)- u (t, 0)-
IUIOCKOCTeH) sIBJIsleTcsl, KaK M3BECTHO, OTJIHUHE sIKOGHaHa mpeoOpaso-
Banust J = @ (P, V)/d (v, o) or Hyast u oT GeckoHeyHocTH: J 5= 0,
1/J %= 0 (cM. «MatemaTHyecKoe NMpHJIOXKEHHe», m. A).

I'eomeTpHuecKHil cMblica sIKOGHAHA 3aKJIOYaeTCst B TOM, UTO €r0 Mo-
LyJib JaeT Ko3(QdULHEeHT H3MEHEeH s 3/1eMeHTapHOH MJIOWajH NpH nepe-
xoze ot (P, V)- K (t, 0)-IIOCKOCTH

dP dV —|J | dt do.

Ecau Mbi noTpeGyeM mosHoro pasHompasust (P, V)- u (t, 0)-mio-
CKOCTeH, TO €CTeCTBEHHO HA/IOXHTb Tpe6oBaHMe, YTOOB fIKOGHaH J
paBusiicst enuHuue. Takasi HOpMHPOBKA SIKOGHAaHA NPHBOJHMT K Olpe-
JieJIeHHOMY BBIGOPY (C TOYHOCTBIO 0 Hayasa OTcyeTa M MaciTaba) TeM-
nepaTypHOH M SHTPONHIHON IWKa/. TemnepaTypy M SHTPONHIO, OTCYH-
TaHHble N0 3THM LIKaJaM, Mbl 6yJeM Ha3bBaTb abCOAOMHOL memnepa-
mypoti T u abcorromnoil snmponuedi S (B noc/eAyOMHX naparpadax Mbl
GyneM AJisi KDaTKOCTH CJIOBO «aGCOJIIOTHAS ONYCKATh).

3amerum, 3alerast BHepel, YTO CYIIECTBYIOT TepMOJAHHAMHYeCKHe
CHCTEMBI, Ui KOTOPBIX KaJauGpOBKa aGCOMIOTHOM TeMnepaTyphl H aGco-
JIIOTHOH SHTPOIIHH ¢ roMotsio cootHomenus J = 0 (T, S)/6 (P, V) = 1
BO3MOKHa He Ha Bcell (P, V)-muockoctH. IlpuMepoM TaKo# CHCTEMBI
ABJseTcss XuAKas Boxa (cM. § 17) M HeKOTOpble ApYrHe MKHAKOCTH,
NpeACTaBIsiiouHe, OAHAKO, BECbMAa HEMHOTOYHCJ/IEHHBIE HCKJIOYEHHUSI.

Ycnosue 8 (T, S)/é (P, V) = | no3BoJsieT OnpelesuTb TeMrepa-
TYpY M SHTPONHIO KaK (YHKIHMH JaBJeHHs M ofbeMa st JMoGoii Tep-
MOJHHAMHYECKOH CHCTEMBI, /ISl KOTOPOH H3BECTHbl YPaBHEHHs H30TepM
u anuabar. Mbl Hcronb3yeM B KauecTBe paGodero BellecTBa AJIs KailH-
6poBKH aGCOJIOTHOH TeMnepaTyphl H aGCOMIOTHONH 3HTPONMH COBEpIIEH-
Hblit ra3. Tak Kak Jyisi HEro TeMmepaTypa 3aBHCHT ToJbkKo ot PV, a
sutponus ot PVY, To, o6osnauas PV = x, PV¥ =y, nmeem T = T(x),
S=S8S@ nu

a(T, S) ’Qr ’ 1
S =Ts 4= y=1, T'=gg=p;- 1

3nech cumpoaaMi 7' u S’ oGosHauenst npoussosHeie T (x) u S (y)
no ux aprymentam. Tak Kak B (4.1) mpaBasi 4acTb 3aBHCHT TOJIbKO OT
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. a JieBasi TOJIbKO OT X, TO Kaxlasi M3 HHX PaBHa OAHON M TOH XKe No-
crosHuoft 1/R. Torja noayyaeMm ypaBHEHus

oy 1 L R
T ()=, S W) == 4.2)
HHTErPHPYS KOTOpble HAXOIHM

x PV
T=%+0="5+9,
P R 4.3)
S:v—-_l ll'Ay—l—C::}a—_1 Iu (PVY)+C,

rae 0 u C — noctosinHble HHTerpupoBanHs. ITockonbKy yno6HO B Ka-
yecTBe aprymeHTa y Jiorapugma Hmerb GeapasmepHOe 4HCJ/IO, BhiGepeM
nocrosiiiyio C paBHO#

R
So—52y In (PVY).

Torma
R PVY R (T—o yv—!
S§—Sy=5—In <“——> = —:]“[——_—] =
v—1 VY =17 (1 —) VYT
R (T—0)YP' =Y
= = (M =0F " )
i B

rae So» Py, Vo, Ty — NapaMeTpbl HEKOTOPOTO MPOM3BOJIBHOTO COCTOSI-
uusi. TakuM 06pasoM, Mbl ONMpeNeJHJH aGCOMIOTHYIO TeMIepaTypy H
a6COMIIOTHYIO SHTPOIHIO C TOYHOCTBIO O Hayaja oTcyeTa (IIOCTOSIHHBIE
0 1 S,). TlocTosiHHASI SHTPONHH B TePMOJMHAMHKE OCTAETCS TPOU3BOIb-
HOIl M MOKeT GbITb HafileHa TOJIbKO B CTaTHCTHYeCKOH pH3uke (cM. § 40).
B npoTHBONOJIOKHOCTE 3TOMY NOCTOsiHHast 6, Kak Mbl y6eanmcsi B § 8,
OJIHO3HAYHO OIlpejeJisieTcsi TPeGOBAHHEM MOCTOSIHCTBA TeEMJOEMKOCTH
Cy u okasbiBaeTcst paBHO#i Hymo: 0 = 0.

B panbeiieM BJIOTh K0 § 8, B KOTOpPOM 5TO yTBepkaeHHe GyneT
JI0Ka3aHo, Mbl GyJleM TO/Ib30BATHCS STHM BHIGOPOM Hayajla OTCYeTa TeM-
neparypbl. B uactHoctH, ¢opmyant (4.3), (4.4) npumyT BUA

_ R PVY R Tyy—!
PV=RT, S—S=i—qln o =3ginsrr =
) -
Z R TPy

y=1""7ypl—v"’

TMocTosinnas R onpenesisieT JAHIIb MacIITa6 MIKaJd TeMIepaTypbl H SHT-
ponuu, u ecsiu BbIGpaTh R = 8,31 107 spe/epad - moav, wKaaa Temnepa-
TYpbI coBnajeT co wkaJofi KesbBhHa.

Mel onpefenuan, TakuM 06pa3oM, a6COMIOTHYIO TeMnepatypy H
a6COMIOTHYIO SHTPOTIHIO AJIsi HIEaibHbIX Ta3oB.

PacripocTpanenue noHsiTHs TeMmepaTyphl Ha JIIOGbie TepPMOAHHAMH-
YCCKHE CHCTeMbl MO2KET ObITb TeNephb [POBEJCHO TPHBHAJILHBIM CIIOCOGOM.
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[ycts uMeeTcsi TepMocTaT, PaGOYHM BEILECTBOM KOTOPOTO SIBJISIETCSt
HjeasbHblii ras. [IpUBOJSt B KOHTAKT C HEM JII0GOE TeJIo, Mbl, TIO ONpeJe-
JIeHMI0, COOOlIIaeM 3TOMY Tesly TeMIepartypy TepMmocrara. Ilo cymecTsy
3TO O3HAyaeT, YTO MBI YCJIABJHBAaeMCsl H3MepSIThb TeMmeparypy JoGoH
CHCTeMbl Ta30BbIM TePMOMETPOM (C HIeasbHBIM Ia3oM B KauecTBe paGo-
4ero TeJsa) HJIH, YTO TO JKe CaMoe, JIIOOBIM SMIHPHYECKHM TEPMOMETPOM,
HO NPOrpajyHpOBaHHEIM C NOMOLIBIO a30BOTrO.

Bonpoc o ToM, Kak pacnpocTpaHHTh NOHSTHE aGCOMOTHON SHTPONHH
Ha Jlo0ble TePMOJAHHAMHYECKHE CHCTEMBI, Mbl paccMoTpuM B § 10.

Haiinem BHA H30x0p, u306ap, H30TepM M H303HTpON (agHuabar)
Ha (P, V)- u (T, S)-IJIOCKOCTAX A/l YacTHOTO CJyyasi COBEpPLIEHHOTO
rasa.

P V=const T S=const

- A P=const - T=const
E : T=const : 3

S=const

V=const
P=const

e |/ -

g
Puc. 3. Puc. 4.

Ha (P, V)-nnockocru aunun V = const, P = const, T = const,
S = const usoGpaxensl Ha puc. 3 (ypaBHeHue H3orepMbl: PV = const,
ypaBHeHHe u303HTponsl PVY = const).

YpaBHenus H30xophl U H306apsl Ha (T, S)-MIOCKOCTH MOJYYHM, Rbl-
pasuB P u V yepe3 T 1 S ¢ moMoLubio ypaBHeHHiI

PV =RT, PV"=conste® "SR,

Hckiiouast M3 3THX ypaBHeHHil JaBjieHHe HJIH O0beM, MOJyYyHM ce-
MeiicTBa M30x0p W H306ap Ha (T, S)-niaockocTH:

npH V=const T=T,(V)ev=VSR, (4.6)
npu P=const T=T,(P)e¥—"SNR, 4.7)

rae Ty (V) u T, (P) umeior pasmepHocts Temneparypsl (T (V) ~ V2,
Ty (P) ~ PV,
Ha (T, S)-niiockocTH Mbl HMeeM [iBé CHCTEMBl SKCNOHEHT (pHc. 4).

Tak xak y>> 1, H30XOpE Kpydye HAK/JOHEHB K OCH S, 4eM H30-
6apbl,
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§ 5. PaGora

[MonsiTHe paGOTHl MPHULIIO B TePMOAHHAMUKY M3 MeXaHWKH. Ecau
(B caydyae OIHOMEDHOTO IBHXKEHHS) 3ajlaHa CHJIa [, TO 3JeMEeHTap-
pasi paGoTa ompejeasieTcsi GpopMyson

8A =Fdx.

3aMeTHM, 4TO YK€ B MeXaHHKe BbIpaXKeHHe JJIsl d/eMeHTapHO# paGoThl
He sBJsieTCst, BooGwie roBops, AHddepeHIna oM HeKOTOPO# (yHKIUH
KOOPAMHATH ¥, TaK KaK CHJIa MOXKeT sIBHO 3aBHCeTb He TOJbBKO OT X,
HO M OT BpeMEHH H OT NPOHM3BOJHBIX X IO BPeMeHH (HampuMep, OT CKO-
POCTH) — B 3TOM CJlyuae TOBOPSIT O HENOTEHLHA/bHbIX CHIAX.
B cayuae paciuMpeHHst HJIH CKaTHsl rasa pa6oTta, Kak H3BECTHO, Bbl-
paxaercst dopmyJioi
8A=PdV. (6.1)

Tax e, KaK U B MeXaHHKe, BblpaxkeHue (5.1) B ofliem cayyae He SiB-
asercs AudepepeHunanoM KakoH-aH60 (GYHKUHH COCTOSIHHS rasa. 910
CTaHOBHTCSI OCOGEHHO SICHBIM, €CJIH PacCMOTPeTb rpaduuecKylo HHTep-
nperanuio  pabotel Ha (P, V)-muarpamme.
PaGora, coBepluaemasi pH paclIMPEHHH. rasa
or o6beMa V, Jo o6bema V,, paBHa
Vs
A= S Pdv,
Vi
H rpaduyecky oHa H300pakaercs MJIOLIAAbIO
durypsl, aexaiueit nox Kpusoit P (V) (puc. 5).
Taxk Kak jJaB/ieHHe rasa He ONpeJesIsiercs Pyc. 5.
OJIHO3HAYHO €ro 0GBEMOM, a sBisieTcs] yHK-
uMell cocTosiHMsl rasa (KOTOpOe Mbl MOXEM 3aJaTh, Hanpumep, ¢ Io-
Mouiplo nepeMennbix V' u T), TO HaBjeHMe Tras3a B NPOMEXYTOUHBIX
TOYKAaX MOXeT ObiTh KaK OGoJblie, TaK H MeHblle JaBJIECHHS HA
rpajuke I (rpapuku [/l u I1]), u, cregosatenbHo, paboTa He ompe-
Jle1seTcsl HayasbHBIM H KOHEYHBIM COCTOSIHHSIMHM Ta3a, HO 3aBUCHT OT
Becero xoja mpouecca. CiefoBaTeNbHO, KPHBOJMHEHHBIH HHTErpas
SPdV 3aBHCHT OT IIYTH HHTETPHPOBAHHS H MOAbIHTErPaJbHOE BbIpAKE-
Hie 84 = P dV ue sBasieTcst NOJHBIM AH(dEpPeHIHANIoM KaKo#-TH60
(ynKuEU cocTosIHMA rasa. DU3NYECKH 3TO O3HAUYAET, YTO HE CYIIECTBYeT
Besnyunbl A (paboTa, aKKyMYJHPOBaHHasl B rase B JJAHHOM €ro cocTosi-
HUH), npHpaiieHHeM HJH yObuIbio KOTOpoll Obina Obi BenuuHHa 8A.
Mbl nouepkHBaeM 3TOT BaKT TeM, YTO 0603HAYaEM GECKOHEUHO MaJlylo
pabory cumsosioM 84, a He dA.) B npomusonoioxcHocms maxum eeat-
wunam, kax V, T, P, S, ABASIOWUMCA PYHKYUAMU COCMOAHUA 2a3a,
paboma sigasemcs ¢ynkyueti npoyecca w npuobpemaem CMbiCA MOALKO
Npu ykasanuu ycaosuli Cxcamua UAl Pacliuperus 2asa.
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TaK, B CJyyae CuBEpPLIEHHOIO rasa uMeeM:
1) Hsorepmuueckuii npouecc: PV, = P,V, = PV.
Vay
Ar= SPdV PV, %»-»-_PVln——_RTln (5.2)

Vi

2) Aunaﬁa‘mqecxun npouecc: P,VY = P,VY = PV

As= ‘S PdV=P V"‘S =B (=
~E[-() 6o
3) Hsobapuuecknit npouecc: P; = P, = P.

Ve
Ap=\ PdV=P(V,—V)=R(T,—T). (5.4)

Vi
4) Hsoxopuueckuit mpouecc: V;, =V, =V

Vs
Ay=1{ Pav=o. (5.5)
Vi

§ 6. AnnaGaTHYeCKHH W HM30TEPMHHECKHH MOTEHUHAJbI

OGparuMcst ONsITh K MEXaHHYeCKOH aHaJOTMH M JONMYCTHM, YTO CHIa
(IpH OZHOMEPHOM [IBHXKEHHH) eCTb (YHKIHS TOJNbKO KOOPAHHATH X.
Torna Bblpaxenye aast paGotel 8A = f dx MOXKHO NPEACTaBHTb KakK
y6blb HeKoTopol ¢yHKuHH U (X), KOTOPYIO Ha3bBalOT MOTEHLHaloM
CHJIB f:

8A =fdx=—4dU (x),
OTKYZa
__au
f=—%

B TepmopuHamuKe, Kak ciuenyeT u3 dopmyias 84 = P dV, poss
CHJIBI MTpaeT JiaBjieHHe P u posb KoopiuHaThl 06beM V. Ilo aHasmoruu
C MeXaHHYeCKHM TOTeHIHAIOM BBEJIEM MepMoOUHAMULECKUE NOMEHLANbL
TaK, YTOObl NMPOH3BOAHASI MO OGBEMY OT TEPMOAMHAMHYECKOTO MOTEH-
1MaJla paBHA/JACh JABJEHHIO C OGPATHHIM 3HAKOM.

BBeJleHHbI TaKHM 06pa3oM NOTeHLHaJ 3aBHCHT OT TOTO, NMpH Ka-
KHX JIOTIOJIHHTE/ILHBIX YCJIOBHSIX BeJeTCs CXKaTHe WM PacliMpeHHe rasa.
Mbi TpeGyeM, OIHAKO, YTOOBI Kaxcdbui BBENeHHbIH MOTeHuHan Obli Gbl
OJHO3HAYHOH (YHKIHel cocTOsiHHs rasa. PacCMOTpMM [JBa 4YacCTHbIX
cayuvasi:

1) AnuaGatuueckHii mpouecc.
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INpupaBHsiem paGoTy npu aaMaGaTHYecKoM mpouecce yObLIH adua-
6amuueckoeo nomenyuasa, o6osnauus ero U. Vmeem

8As=PdVg=—dUs. 6.1)

OueBHIHBIM 06GoGuienneM (6.1) Ha cayyalt MPOM3BOJIBHOTO HeanHaGaTH-
yeCKOT'0 Npolecca siBseTCs: paBeHCTBO

dU=—PdV +adS. (6.2)
Tak Kak BblpaxeHHe (6.2) 10/1KHO GbITb NOJHBIM AuddepeHnnasom, To
&)=~ (as)
av)s as /v’

YTO MOXKET GHITb 3aMHCaHO B BHJE
0@, 8) _ 9P, V)
IV, S)  a(,S)
OTKYyJa, NMOJb3YsICh CBOMCTBAMH sIKOGHAHA, HAXOAUM
9, S) _
app, vy
B cuay pasenctsa é (T, S)/é (P, V) = 1 sko6uan 8 (a, S)/d (P, V)
oGpamaercss B eMHUIY NpH o = T u BblpaxeHHe auddepenunana U
[pHHUMaeT BUL
dU=TdS—Pdv. (6.3)
Otciofia BHAHO, YTO ECTECTBEHHBIMH» IePEMEHHbIMH aAHabaTHYeCKOro
OTeHUHa/a SIBJISIOTCS SHTPOMHSI M 06beM, H NPOU3BOAHBE U Mo 3THM
nepeMeHHbIM PaBHbI
foU U
T=(%), P=—(3)s- (6.4)
2) MsorepmHyecKuii mporecc.
IMpupaBuuBas pa6oTy npu u3oTepMHUecKoM npouecce 8A7 yGbiiu
usomepmudeckoeo nomexyuara F, moaydum

8Ar=PdVy=—dFr.

EcrectBeHHbIM 0GOGlUEHHEM 3TOTO pPaBEHCTBA Ha cayyail Npous-
BOJIbHOTO HEH30TePMHYECKOTO MpOIlecca SIBJISETCsl COOTHOLIEHHE

dF =—PdV +BdT.

Tak Kak 5T0 BbIpaeHUe JOMKHO GbIThb MOJHBIM AH(GbEpPEHIHAIOM, MBI

HMeeM ) )
(%?/)r = (g;)v

WK, nepexois K sikoOHaHaM,

9B, ) o, V) 0. T)
awv,n T awv, Ty AP vy "




24 OBUIME 3AKOHB! TEPMOJWHAMUKH [rn 1

B cuay pasencrsa @ (T, S)/d (P, V) = 1 sikoGuan 8 (B, T)/é (P, V)
ofpaiiaercsi B eIMHHLLY IpH B = —S, H, C/1ef0BaTeJbHO,

dF=—SdT —PdV. (6.5)

Orciofla BHIHO, YTO «eCTECTBEHHBIMHY» TNepeMeHHbBIMH /11 H30TepMHUYe-
CKOro rnoTeHuuasna siBJAAgI0TCA TeMneparypa u o6beM u NPOU3BOJAHBIE F
10 3THM IepEMEHHBIM paBHbl

s~ r=-(l. 6o

Halizem cBsi3b MeXAy alHabaTHYECKHM H H30TEPMHYECKHM IOTEH-
uuanamu. Boiuuras us (6.3), (6.5), Haxoaum

d(U—F)=TdS+SdT=d (TS),

OTKyZ@ CJeyeT, YTo
F=U-TS, (6.7)

Ijle NOCTOSIHHYI0 MHTErpHPOBAaHUS Mbl BbIOpa/iH PaBHOH HYJIO.

§ 7. Mpunuun anepruu. Iopsop M oTBox Tenaa

BBeneM NOHSATHE 6HYMpeHHeli sHepeuy TePMOLHHAMHYECKOH CHCTeMB,
ornpefessisi ee Kak IOMHYIO SHEPTHIO (32 BHIYETOM KHHETHYeCKOH W mo-
TEeHUHAJbHOH 3HEprHil) cHcTeMbl KaK 1esoro. BHyTpeHHsisi sHeprus
CHCTeMbl MOXKET GbITb H3MeHeHa ABYMA (H3HUeCKH Pas/HUHBIMH CIIOCO-
Gamu:

1) coepiuenue pa6oTsl §A ra3oM WM BHEIUHMMH CHIaMH HaJl Ta30M,

2) npuBejAeHHE Ta3a B TEMIOBOH KOHTAKT C Gosiee HarpeThiM (Harpe-
BaTeJlb) MJIH MeHee HarpeThiM (XOJOAMAbHHK) TesoM. Ecau mpu stom
pa6oTa He COBEpLIAETCSl, TO KOJNHYECTBO SHEPTHH, NONydYeHHoe (HJH
NoTepsIHHOE) Ta30M NPH TAKOM KOHTAKTe, MPUHATO Ha3blBaTh n00se0eH-
HolM K 2a3y (WIH OTBEJEHHBIM OT I'a3a) KOAUYECMEoM menaa i 0603HayaTh
ero cuMBoJsioM §Q.

D10 yTBepKAEHHE, NPeACTaBsIoNee MO CYIIeCTBY 3aKOH COXPaHeRHS
9HEpPrHH, Mbl GyJIeM Ha3bIBATh NPUHYUNOM IHZpeut (MePBOE HAvaJo Tep-
MOAHHAMHKH).

3aMmeTHM cpasy ke, YTO AJs IPOLECCOB B afuabGaTe BTOPOH C110c06
M3MeHeHHsl SHePTHH HCKJIOueH, H paGoTa coBepllaeTcs 3a cueT yOblIH
BHYTPEHHeHl 3Hepruu. TO 3HAYHT, YTO BBEJECHHBIA B IpPebILyLIeM
naparpage aanabGaTHyeckuii notenuuan U TOXKAECTBEH C BHYTpeHHed
SHepruei.

TakuM 06pa3oM, NPHHLMI SHEPTHH MOxeT ObITh 3anucaH B BHAe

dU=56Q — 84 =Q—P dV, @.1)

MpHYEM TEMJO CYHTACTCH MNOJOXKHUTEJNbHBIM, €C/IH OHO NOABOJAMTCS K CH-
CcTeMe, H OTPHLATe/IbHbIM, €C/IH OHO OTBOAHTCS OT CHCTEMbI. CpaBHHBaﬂ
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dopmyabl (7.1) u (6.3), HAXOAUM COOTHOLIEHHE, CBS3bIBAIOIIEE TEIIO
86Q ¢ muddepennuasomM sHTPONHUH:

8Q=TdS. (7.2)

Upe3BbIyaiiHO BaXKHO OTMETHTD CJEAYIOllee BeCbMa BaXKHOE OTJIHYHE
dopmyJbl (7.1), ¢ onHo#t cTOpoHbl, OT (opMyabt (7.2) H GopMybl

dU=TdS—Pdv, (7.3)

c aipyroit cToponsl. Popmyana (7.1), MOCKONBKY OHA IpeACTaBJseT co60#
0co6yi0 (pOpMy 3alHCH 3aKOHa COXPAaHEHMs] H TpeBpalleHHst SHEPruH,
cnpaBeiiNBa /s JIOOBIX INPOLECCOB, KaK PaBHOBECHBIX (06paTHMBIX),
Tak M JJIs HepaBHOBECHBIX (HeoGpaTHMBIX). B mpoTHBONO/MOXKHOCTH
stoMy Gopmy.sl (7.2) u (7.3) cnpaBeiIUBBl TOJNBKO AJIs PABHOBECHBIX
POLIECCOB, a B CJyYae HEPABHOBECHBIX MPOILECCOB, KaK 6yleT NoKasaHo
B § 21, oHM JO/KHBI GBITb 3aMeHeHbl HEKOTOPBIMH HepPaBeHCTBaMH.
C ppyroit CTOPoHb (OrpaHHYHBASICh PACCMOTPEHHEM TOJIbKO PaBHOBEC-
HBIX MPOLECCOB), Mbl JOJ/I2KHbI KOHCTaTHPOBAaTh, YTO COAEPKAHHE PaBeH-
cTtBa (7.3) 3HAYUTEJbHO IUHpE, YeM cofep:kanHe paBeHcTBa (7.1), Tak
Kak paBeHCTBO (7.3) CyIleCTBEHHO ONMpAeTCsi Ha MOCTYJaThl O Cylie-
CTBOBaHMM TeMIEepPaTyphl M SHTPONHMH M TEM CaMblM OOBEIMHSIET MPHH-
UMbl TEMIEPATYPbl, SHTPOIHH H SHEPTHH. B CBSI3H ¢ 3THM COOTHOLIEHHE
(7.3) 4acTo Ha3bIBAIOT OCHOBHbIM TEDMOJHHAMHYECKHM TOXKAECTBOM (LJ1s1
PaBHOBECHBIX IPOLECCOB).

3ameTuM, uto ycioBue Kanubposku @ (T, S)/0 (P, V) = 1 aBasercs
caeacTBHeM (7.3), HO TOIBKO NMpPH YCJIOBHH, 4TO (0P/8S)y = 0 (KaK Mbl
yBHIHM B § 17, 3T0 yc/I0BHe MOXKET HapyLlaThCsl AJisl psijia BELIECTB B He-
KOTOpbIX Toukax (P, V)-niockocTH).

Qopmyaa (7.2) BecbMa cxofiHa ¢ GOpMyJIOH 3JeMeHTapHOH paGoThl

8A=Pav. (7.4)

Bauny sroro cxonersa ['H66¢ npeisioKus Ha3bIBaTh SHTPONHIO S TepMO-
JIMHaMHYecKo# KoopAuHaTtoH, a TemnepaTypy T — TepMOAHHAMHYECKOH
cusioft. Tak e, Kak paGoTa cBsi3aHa C H3MeHEHHeM MeXaHHYeCKOH Ko-
OpJHMHATDLI, MOABOJ HJIH OTBOA TelJa CBSI3aH ¢ H3MEHEHHeM TepMOAHHa-
MHYECKOH KOOPJAMHATHl — SHTPOIHH.

INonsox Tem/a K cHCTeMe SKBHBAJIEHTEH yBeJHYEHHIO TePMOAHHAMH-
YeCKOH KOODAHHATBI — MOABOAY 3HTPONHH, OTBOJA Temaa OT CHCTeMb
9KBUBAJIEHTEH YMEeHbILEHHIO TePMOAHHAMHYECKOH KOOPAMHATE — OTBOAY
SHTponuH. MOXHO CKa3aTb, YTO TepMOJAHHAMHKA PAaBHOBECHBIX IpoLec-
COB npefcTaB/sgeT coGoH HeKoe pacliHpeHHe MeXaHHKH, CBSI3aHHOE C BBe-
JleHHeM JIONOJIHNTEJbHOH HeMeXaHHYecKoH cTeneHH cBoGoawl. Ecuan
B MexaHHKe OJHOMEPHOI'O JBHXKEHHS BO3MOXKHO TOJbKO H3MeHeHHe
KOOpIMHATHl X (B MeXaHHKe rasa — H3MeHeHue obbema V), To B Tep-
MOJMHAMKKe CYIIECTBYeT TaKKe H3MeHeHHe SHTPONHM S, O3Hayaioulee
TIOABOA /16O OTBOA TemJa,
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Hsorepmuueckuit noteHuuan F HasblBalOT TaK:Ke 80600HOL IHep-
eueil, a pasHocTb U — F = TS — csaszannoii snepeueii. ITH Ha3BaHHUs
CBA3aHBI C TeM, 4TO F MOXHO ONpeJe/NHTh KaK Ty 4acTb BHYTPEHHeH
9HEPTHuH, yOblIb KOTOPOH jfaeT paGoTy NMPH H30TEPMHYECKOM IIpoLecce,
B TO BpeMsi Kak yOwib uactd TS, paBHasi —T dS mpu T = const,
KOMIIEHCHpYeTcsl mojiBefieHHBIM Terviom T dS.

afivemcst Gosiee JleTaJbHBIM aHadau3oM QopMyasl 6Q = T dS.

TeomeTpuyecKast HHTepnpeTalHsi KOJHYECTBA Telsia Ha JHarpamme
(T, S) coBeplIeHHO aHAJIOTMYHA HHTEpPIpeTalHH paGoTh HA AHarpamMme
(P, V), nMeHHO, KOJIHYECTBO TelJa, MOABEJEHHOE K CHCTEMe, aHaMHTH-
4eCKH BbIpaxaercs: GopMynok

2
Q={T4ds,
Si1

a reoMeTpMYeCKH H300paxkaeTcsl IJIOWaAb0 GHUIypHl, JexaweH nox

kpuBoit T (S) (puc. 6).
Tak Kak TeMnepatypa He siBJsieTcsl GYHKIHell OQHOH TOJBbKO SHTPO-
MHH, a QyHKUHeH COCTOsIHHS rasa (Hampumep, pyHkuues S u V, wiu
¢ynkuuelt P u V), To niowmanb (Temso)

T 3aBHCHT He TOJBKO OT HaYaJbHOTO H KO-
HEYHOTO COCTOSIHHE, HO M OT BCETO XOa

@ npouecca. B MpoMexyTOUHBIX COCTOSHHSX
L nporecca TeMIepaTypa MOXeT ObiTb U

! [ GoJibllie H MeHbILle, YeM TeMmnepaTypa, co-
! ! oreeTcTBYylomas rpaduky /. Ilostomy Ko-
-——-‘——»—S JIMYeCTBO Temsa Jjs mpoueccoB [/, [11
H T. 4. OyJeT COOTBETCTBEHHO G6oJblie H
Puc. 6. MeHbllle KOJIHYeCTBa TeIlla, COOTBETCTBYIO-
mero npoueccy /. DTO 3HAYHT, YTO KpH-
BOJIHHEHHbIA HHTerpai STdS 3aBHCHT He TOJNbKO OT HayaJbHOH H
KOHEUHO# TOYeK, HO H OT BCero KOHTypa HHTerpuposaus. CienoBa-
TeJIbHO, NMOABIHTErpajbHoe Bhipaxenue 8Q = T dS He siBiseTcs noJ-
HBIM JH(ddepeHHasoM KaKoH-n1160 QYHKUHH COCTOSIHUSI ra3a. Pusu-
4ecKH 3TO 3HAuHT, 4TO n0J0OHO MOMY, KAK He UMeem CMbiCAQ NOHS-
mue pabomel, QKKYMYAUPOBAHKOL 6 2a3e 8 HEKOMOPOM €20 COCTOAHUL,
He cyuwecmsyem u eeauduHsr Q (Koaudecmea menaq, aKKYMYAUPOBAH-
H020 8 2a3e 8 HEKOMOPOM €20 COCMOAHUL), NPUpPaujeruem uiu yobiiolo
Komopoii 6oiaa Obt eauwuna 8Q. (Mbl mofgyepKHBaeM 3TO TaK Xke, KakK H
B cJ1yyae paGoTsl, ynorpebientem cumsoaa 8Q, a e dQ ns GecKoHeuHO
MaJjIoro KOJIMYecTBa TelJa.)
Tak ke Kak U paGoTa, KoAu4ecmeo menia ecms QyHKyus npoyecca,
u OHO npuobpemaem OOHOBHAUHYIL CMbICA MOALKO 6 MOM CAY4Ae, ecAu
yKkasanbl ycaosus Haepesanus (oxaaxcdenus) easa. Takum o6pas3oM, H
pa6oTa M KOJIMYECTBO Telja CYThb (GYHKIHH IPOIECCa, a He COCTOSHHSA
rasa, U BequuHHbl P dV u T dS He siBASAIOTCS B OOIEM C/1ydae MOJHbIME
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uu@@epeﬂuuanamu Toabko pasHocts T dS — P dV npencrasiser
coGoll MosHbL AubdepenIHal atna6aTHuecKoro MoTeHNnuana (BHyTpeH-

Heil SHEPTHH), sBJsIOLErocst GyHKuHel cocTosinus rasa. CrenosaTesib-
HO, He HMEIOT CMbIC/I1a MOHSITHSA: 3anac paGoTwl M 3anac Temsa B rase, H
MOKHO FOBOPHTb JIMIIb O 3anace 3HeprHH.

TTokaxkeM TaK ke, Kak Mbl 3TO Jie/laJIH B clydae paboThl, KaK BbIYHMC-
J1seTCsl KOJMYeCTBO Telja, MOABEJEHHOe /M OTBEJEHHOE NpPH Pa3HBIX
nponeccax:

1) Hsorepmuueckuit npouecc

Qr= S TdS=T(S,—S)). (7.5)
St

Hcnonbayst gopmyay (4.5) anst suTpomuH M 3akon Bofns — Ma-
pHOTTa

S—Su=%ln<wv>, PV, =PV,

PVY
NI0J1yYHM
- PV _ Vy
Q=2L (le =RTIn <V1>' (7.6)
2) I/Iaoﬁapmecxuﬁ mpouecc.
Us (4.5) HaxonuM mpu P = const, dS—(fY‘f;/V H
_ _ R TdV _ Py _
Q= Tas= 2 (T — 2 (ay =
=P Va=V) = B (T, =Ty, (1.7)

3) M3oxopuyeckHii npouecc.
M3 (4.5) monyyaem npu V = const, dS = RdP/(y — 1) P n

R (TadP R (Ty—T,
Q= Tas= 25 (I = pa—py =205 (1)
4) Apuabatuueckuit npouecc S = const.
Qs=0. (7.9)
§ 8. Temnoemkocts rasa. [oamtponuueckue npouecchl

BBesieM noHsTHe TEIUIOEMKOCTH rasa, Kak KOJHYECTBA Temia, Ko-
TOpble HYXHO MOABECTH K ra3y, YTOGkI IOBBICHTD €r0 TeMIepaTypy Ha 1°:

8
c=5 @.1)
OLIEBH,ZIHO, 4YTO TAK 2Ke, KaK H KOJIHYEeCTBO TellJa, TENJOEeMKOCTb €CThb

$yuxuus npouecca, 1 MPHOGPETAET OAHO3HAYHDIN CMBIC/I IPH yKa3aHUH
YCJI0BUil HarpeBaHHs rasa.
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YacTHEIMH TIPHMEPaMH  TEIVIOEMKOCTell  SIBJSIIOTCS  TENJIOEMKOCTH
[pH NOCTOSIHHOM JaBneHnn Cp M NPH MOCTOSIHHOM obbeme Cy. Anua-
6aTHuecKOMy Mporieccy B cHy ycioBHsi 8Q = 0 COOTBETCTBYET M Tell-
JoemMKocTh, paBHasi Hy/o, Cs = 0. Hakosen, usorepmuueckomy mnpo-
neccy (7 = const) Mbl MOXeM YC/JOBHO NpPHMHCATh TEMJIOEMKOCTD
Cr = —too, paccMaTpHuBasi 3TOT Npollece Kak NpelesibHblil clyyal npo-
mecca, B KOTOPOM TeMrepaTypa Ype3BbIYaiHO MENJIEHHO MOBBILLAETCS
WM TNOHMIKaeTcst mpH nojasofe Temaa (8Q >0, 6T = =, |e| — 0).
Tak Kak yc/JOBHs HarpeBaHHs ra3a MOXHO GeCKOHEYHO BapbHPOBATb
(TaK, 4TO MOCTOSIHHBIMU GYRYT ocTaBaTbest He P, V, S, T, a npoH3Bosb-
Hble GyHKuMH oT P 1 V), To cyliecTByeT GecYHCIeHHOe MHOXKECTBO pas-
JIMYHBIX TeMIOeMKOCTell rasa. 3aMeTHM, B YacTHOCTH, YTO BO3MOMHbI
TaKkHe NPOLECChl, NIPH KOTOPHIX TEMJIOEMKOCTb oTpuuartenbHa (8Q u 8T
HMEIOT MPOTHBOMNOJIOXKHbIE 3HAKH). DTO BO3MOXKHO B TOM Cjlyyae, eciu
ra3 npH HarpeBaHHH JOCTATOYHO CHJIbHO DACUINPSIETCs H IPOHU3BOXHMT
paboty GOmblIyIO, YeM MoJBe/leHHOe K HeMy KOJIHYecTBO Tenaa. Torna,
HECMOTpPsl Ha IOJIBOJ TemJa, €0 BHYTPEHHsIS SHEPTHsl H TeMmeparypa
GyAyT yMeHbluaThcsi M oTHoweHHe O0Q/8T GydeT OTpHUATEJbHBIM.
Haiigem tensioemxoct Cy u Cp, BbIpa3HB HX Yepe3 NPOHU3BOAHLIE OT
sutponuu. Corsacho dopmysne 6Q = T dS umeem

S aS
cv="(%), C=T(3),- 8.2)

Bbiuncanm TennoemMkoctd Cy H Cp 1151 COBEPLIEHHOTO ra3a H J0KaxeM,
4TO NOCTOSIHHAsi O B BhIpaXeHHH JJIsi aGCOMOTHOH Temnepatyphl T =
=%+6 JloMKHa ObiTh BbiGpaHa paBHOH Hymo. uddepesunpys
no T BblpaxeHHe sHTponuu (4.4)
— v—1 —g)vpl—v
S == Ry L=WVL) Ry (=0
V=N @o—0 vy =1 \(To—0)vP =Y
opuH pas npu V = const, a apyro#i pas npu P = const u moab3ysich
dopmynamu (8.2), Haxoaum
_ R T _ Ry T
Cv—v‘_l’r—e' CP_“y—lT—B' (8.3)

Orciofa BHIHO, 4TO TemoeMKocTH Cy U Cp SIBISIOTCSI NOCTOSIHHBIME
TosbKO nmpH O = 0; mpu sTOM

CVZVT’ Cp’:-,;__—l, (8.4)
OTKY/a
CP
H
Cp—Cy=R. (8.6)

[ocsientee ypaBHeHHe HasblBaeTcsa ypasienuem Madepa,
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Wrak, Mbl onpeie/nH HayajJo OTcYeTa abCOMIOTHOH TeMIepaTyphl.
QO6paTuM BHHMaHHe YHTATe/Isl HA TO, YTO HaM NPULIIOCH AJIsl 3TOTO IO-
MHMO M3MepeHHIl 1aBaeHHs H o6beMa (I0CTpOeHHe CeTKH H30TepM B Tep-
MoCTaTe M CeTKH ajuabar B ajuabaTe) MPOH3BECTH H3MepeHHe ORHOMH
KaJIOpHUECKOH BeJHUHHB — TemoeMKoctH Cy (uan Cp) H yGenutbes
B €e HEe3aBHCHMOCTH OT TeMmeparyphl. CHTyauus He H3MeHHsach Obl,
eci 6bl B KauecTBe paGouyero TeJsa JJsl KaaHOPOBKH TeMrepaTypHOH W
SHTPONMHHON WKaJa Mbl BEIOpan Gbl He COBEpLIEHHBIA Tas, a HHYIO
TepMOJHHAMHuecKyio cucTeMy. M B aToM cayuae misi onpejeneHHs
Haua/ia OTCYeTa TeMIepaTypbl HaM NPHULIOCH Gbl MOMHMO HM3MEpeHHs
JlaBJIeHUl U 06BeMOB 6a3HPOBATHCS HA OJIHOM KaJOPHMETPUYECKOM H3-
mepeHHH. [Vy6oKas NpHYMHA 3TOrO 3aKJIOYaeTcss B TOM, 4TO T€PMOJIH-
HAMHUECKOe ONpeJie/ieHHe TeMIepaTypHO# IIKaJbl B KOHEUHOM cueTe
6Gasupyercsi Ha popmyae 6Q = T dS. Herpyano Bujeth, uto ata ¢op-
MyJia HEMHBApPHaHTHA MO OTHOIIEHMIO K CABHTY Hauyaja OTCYeTa TeM-
nepatyphbl 1 IPeANoJaraeT onpejeeHHbli BbiGOp BenHuHHbl 0 (a HMEHHO

PaccMoTpuM Tenephb MPOLECC B COBEPIIEHHOM rase C POH3BOJILHOM,

HO TIOCTOSIHHOH TemvioeMKocTblo C (MOJIMTPONHYECKHit mpolecc); npH
3TOM

6Q=CdT, (8.6a)

dU=CydT. (8.66)

IMocaennsisi dopmysaa 6yaeT noayyena Hamu B § 11, rae 6yner nokasaHo,
YTO BHYTPEHHsisl SHEPTHsl HJeaJbHOro rasa NpH (PUKCHPOBAHHOH TeM-
nepaType He 3aBHCHT OT ero o6bema, T. e. (U/dV)r = 0; u3 (8.6a) u
(8.66) HaxopuM

6Q—dU=08A=PdV,

(C—Cy)dT=PdV.

PaaniesiiB npaByIo M JIeBYIO YaCTH NOC/IEAHETO PaBEHCTBA HA NPaBYio

U neBylo yacTH ypaBHenuss RT = PV, nmoayuum
Cc—C,dTr av

T =V
OTKyAa, MHTErpHpys, Haiiaem
TV*~'=const, 8.7)
[Zie BeJHUMHA % HA3LIBAETCs IOKa3aTe/eM MOMHTPONbL!
Cp—C
=¢,—¢* (8.8)

C nomowpio ypasuenusi PV = RT Mbl MOXKeM nepeiiTH K fepeMeHHbIM
» V) n nonyuum

PV*=const, (8.9)
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PaccMotpuM paj 4acTHbIX Cayuaes:

1) Mao6apuyeckuit mpouecc.

Tor,uau umeeM C = Cp, ® = 0 u ypasuenns (8.7) u (8.9) naiot ecre-
CTBEHHBIH pe3yJbTaT

4 o

7 == const (3akon ['eir-Jlioccaka).

2) Msortepmnueckuii mporecc.

Kak mm Bugenn B stoM cnyuae C = Zoo, % = | ¥ ypaBHeHHH

(8.7) u (8.8) jaioT TpUBMAALHEIN DPe3yJbLTAT

P = const,

T =const, PV =const (saxon boitngs—Mapuorra),
3) Anuvabaruueckuil mpouece,
C
B sToM cayuae C=0, x = y= & 1 HMeeM
v
TVY~'=const, PV"= const (saxon [lyaccona),

4) Vzoxopuueckuit npolecc.
C = Cy, » — oco. Bo3Boas ypaBHenue (8.9) B crenenb 1/x U nepe-
X0 K nepeMeHHBIM P, T, mony4um

P/T = const (sakon [lapana),

3ameTuM, 4TO U3 ypaBHeHHs (8.8) caepyer

——

. (8.10)

¥ o—1

PaccmarpuBas HepaBeHctBa C >0 u € <0, HaxoauMm, 4TO 10J10-
KUTeJNbHBIM TemtoeMKocTAM C >0 COOTBETCTBYIOT 3HA4€HMsl NOKa-

0 3aTeiss IOJHTPONbBl B  HHTEpBaJax
k H=too —oo < %<1 u py<%< o0, a HH-
\ / tepBan 1 < % <y COOTBETCTBYET OT-

\\'l 7 , punateJbHbM  Temmoemkoctam € < 0.
SN\ // e 1o 3HauMT, 4o Ha (P, V)-I10CKOCTH

e x=p  001aCTb NMOJAHTDPON, MPOXOASIIHX uepes
,//k—- 3aJ]aHHYI0 TOYKY U COOTBETCTBYIOLIMX
“T L PN~ %=1 mpolleccaM ¢ OTPHIATENbHOH TeIIoeM-
\\\ KOCTBIO, JIEXKUT BHYTpPHM yraa, o6paso-

*=y BAHHOTO H30TepMo# M aauabaTol, npo-
. XOALUUMHU yepe3 Ty Ke ToudKky (pHc. 7).
V' Sror pe3yJbTaT COBeplUeHHO eCTeCcTBEH,
TAaK KakK Ha ajuabate K rasy BooOie He
noasoauTest tensao H C = 0, a Ha u3o-
TepMe K rasy MOJBOAUTCS KOJHYeCTBO Telljia, KaK pa3 JOCTaTOYHOE,
yToGH KOMIEHCHPOBAaTh paboTy, MPOH3BEIEHHYIO ra3oM (Ans Hieajb-
Horo raza U = U (T) u npu T = const umeem dU = 0, 6Q = 864).
Oas npoMeXYTOYHBIX Ke NOJAHTPONl HMEeM NpH pacuiMPEeHUH rasa

Puce. 7.
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0<C8Q <84 u dU =8Q — 84 = CudT < 0. Curenosarenbho,
dT <0 u C = 8Q/8T < 0.

Haiinem ypasnenus noautpon Ha (T, S)-miockocTd. YT/i0Boi Kos¢-
¢unuent noautponsl Ha (7', S)-mIocKOCTH paBeH

aT T
(5?)(3:?’ T

OTKYy/Nd, HHTErpHpys, HaXOAUM
T =TeS/C = Tyer—D=DS/(x=NR
(8.11)

rae T, — MOCTOsiHHAsi, HMMelowas pas-
MEpHOCTb TeMmepaTypsl (MBI BOCIOJIb-
3oBaJiuch gopmyuoit (8.10) aas C u pop-
myqaoit Cy = R/(y — 1)). Mbl  umeeM
CHCTEMY SKCIIOHEHIMaJbHEIX KPHBBIX
(puc. 8), KOTOpble B YAaCTHBIX CJyyasix Puc. 8.

% =0,% =1, % =y, x —> oo coBna-

Jal0T ¢ M306apaMM, M30TepMaMu, afuabaTaMH H H30XOpaMH COOTBET-
CTBeHHO. JIerko BHJETb, YTO JJIsl MOJIMTPOIl C OKA3aTessiMH X, Jexa-
kMK B HHTepBate 1 < x <y, npousBoanasi (0S/90T)c oTpHuaTenbHa
H, cJeloBaTeNbHO, OTpHuareabHa TemioeMkocth C = T (6S/0T)c.

§ 9. Kpyroseie nponeccoi. Huka KapHo

Paccmorpum  Ha (P, V)-miockocTH oGpaTHMBI  (paBHOBECHBIH)
KpyroBo#i npouecc (uukJs) (puc. 9), H mycTb Touka, H306pakaroliasi
COCTOSIHHE Ta3a, OOXOIMT UMK/ B HanpaBJeHHH 4acoBoi cTpesnku. Ha
P yuacTke abc ra3 pacumpsiercs M (co-
raacHo ¢opmyne A = SPdV) coBep-
IIaeT TOJIOXKHTENbHYIO paGoTy, H3Me-
pAEMYIO MJIOMAJbIo, JiexKalel noj KpHu-
BO# abc. Ha yuacrke cda ras cxxumaercst
BHEUIHHMH CHJIAMH,.H 3TH CHJIBI COBEp-
AT OTpHUATeJbHYI0 paGoTy, H3Me-
pseMylo (no  aGCO/MIOTHOH BeNHYHHE)
IJIoWaablo, Jexalell mojd KpuBo# cda.
[Tpu BeIGpaHHOM HampaB/JeHHH 06xo0Aa
1noc/ie 3aBepIleHHs IIMKJIa MBI [0oJ1ydyaeM
BEIUTPBIN B paGoTe A, H3MepsieMOli MVIOWaAblo GUIypbl, OFPaHUUEHHOM
WhkaoM abcda. PaccMOTPHM TOT 3Ke KPYroBOH NpOLeCC Ha MJIOCKOCTH
(T, S) (puc. 10). OueBuaHO, OH H30GPaxKaeTCs APYroii 3aMKHYTOH (HIY-
Poit a’b’c’d’a’. IlonyctiM, 4To H306pakaiowas TOUKa NpoGeraeT WHKJ
TaK ke, KaK H Ha (P, V)-IJIOCKOCTH B HalpaB/ieHHH YacOBOH CTPeaKH
(Mb1 yBHANM, 9TO 06paTHOE NPEANOJIOKEHHE IPHBEIO Gl HAC K [IPOTHBO-
beunio), Toraa Ha yuacTke a’b’c’ SHTPOINHs pacTeT U (COIVIacHO GopmyJe

Puc. 9.
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Q = S T dS) Ha 3TOM yyacTKe TenJo NOABOAUTCA K rady, npHueM KoJiH-

YecTBO TelJia, NOJBEeJeHHOro K rasy, usMepsieTcs mJowaiblo, JexaileHd
nox KpuBoi a’b’c’. Ha yuactke ¢'d’a’ sHTponus rasa yMeHbLIAeTcs,
M TemJo OTBOJUTCS OT rasa. DTo KOJHYECTBO TelJa no abCOMIOTHOH Be-
JHYMHe H3MepseTcsl IJIOAaAblo, Jexaield nox kKpusod c¢’d’a’. B pe-
3yJbTare 06XOfa MOJHOTO LHK/Aa ras nojydaer H30LITOK TemJja, H3-
MepsieMblil MJIOWAAbI0 (UIYpHl, OTpaHHYeHHOH KpuBoi a’b’c’d'a’.
Cor/1acHO NPUHLUNY HTPONHUH (¢op-

T) y MyJaa (7.1)) HMeeM
o ®6Q=€§>dU—l—<§6A.
a’ Tak Kak BHYTpPeHHsSs 3HEPTHs €CThb
o (YHKIUSI COCTOSAHUSA rasa, To
§dU=0
>, M, CIeJ0BaTe/bHO,
Puc. 10. Q=A. (9.1)

Takum o6pasom, miom@ain nukjaos Ha (P, V)-niockoctu u Ha (7, S)-
MJOCKOCTH JOJIXKHbl ObITh ONHWHAKOBHI (3aMETHM, YTO TeM CAaMbIM MBI
JOKas3aJH, uTO HamnpaBJjeHdus ob6xoia uukaa Ha (P, V)-njockoctd u
(T, S)-NJ0CKOCTH JOJKHBI ObITb OJHHAKOBLIMH, B IPOTHBHOM CJyuae
MBI TOJYUYHJIH Obl (U3UUECKH U Ma-
TeMaTHYeCKU OeCCMBICJICHHOe paBeH-

. Hazpebamens
CTBO IOJIOXKUTEJNbHOH pabOTHl U OT-
pHUIIaTebHOTO KOJIHYECTBA TeIa), La,'
Takum o6pa3oM, KpyroBou Ipo- a3 > ”=a1‘laz|
mecc, npoberaeMbli H300pakaloued Y4,
TOYKOH B HanpaBJeHHM YaCOBOH X 0T UnBHUK
CTPEJIKH, TpeJcTaBJ/sieT co00H cxemy
paGoThl J1000H TEMJOBOH MallllHb, Puc. 11.

TpancopMmupyomell Tenao B paboTy
(puc. 11). I'a3 nosnywaer or Harpe-
BaTeJsl KOJIMYeCTBO Temsa Q, yacTh 3Toro temnaa @, (Qy < 0) oraaer
XOJIOAUNBHHKY, a pasHocTh Q; — | Q, | nmpeBpamaer B pabory. Oue-
BUAHO, KO3((UIMEHT I0JIe3HOr0 JeHCTBHSA TEIJOBOH MAaLIMHBI IeJie-
co06pa3HO ONpPENEUTh KaK OTHOIIeHHe pabotbl A K MOJIyYeHHOMY OT
HarpeBaTessi KOJHUYeCTBY Temsa Qy:

A =1
=TT (9-2)

Ecsiu Mbl PaCCMOTPHM TeNEpPb LIMKJ, KOTOPbIE 06X0AHTCsl H300paxkato-
el TOYKOH B HanpaBJeHUH NPOTUB 4aCOBOH CTPEJKH, TO MEPEMEHATCA
Ha o6paTHble HanpaBJeHHs BCEX NPOIECCOB M 3HAKH KOJIHYECTBA TenJa
u pa6oTbl. Mbl NOJYYHM CXeMy AEHCTBHS XOJIOAUJbHON MalUHHbI, KO-
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Topasi noTpebasier paGoTy, HO 3aTO IEPEBOJMT Tello OT MeHee Harpe-
Toro K Gosiee Harperomy Tteny (Q; < 0) (puc. 12).

PaccmoTpuM B KauecTBe NpHMepa TaK HasblBaeMblit yuxa KapHo,
coCTOsIUIMIT H3 ABYX afHabat H ABYX u3oTepMm. Ha puc. 13 u 14 uso6pa-
e uuka Kapuo na (P, V)-naockocru u (T, S)-1muockocTH. 3ameTuM,
yto B TO BpeMsi Kak Ha (P, V)-mio-
CKOCTH (hOpMa LMK/ 3aBHCHT OT copTa
rasa M, B YaCTHOCTH, pa3jM4yHa JJsi
peasibHbIX M HleaJbHbIX Ta30B, IHKJ
Kapto na (T, S)-IJIOCKOCTH HMeET yHH-
BepcaJbHy0 GopMy H MJs JIOOBIX Tep- q,
MOJMHAMHUECKHX CHCTEM INpeJCTaBJsieT
€060 NMpPSIMOYTOJNIbHHK, CTOPOHBI KOTO-
poro mnapaJiyieJbHbl  COOTBETCTBYIOLIHM Puc. 12
KOOPJHHATHBIM OCSIM.

Boiuncaum kosduuueHT nosesHoro Aefictus wukiaa Kapxo (o6pa-
tumoro). CorsiacHo dopmyne (7.5) HmeeM

Q= Tl(S‘Z_Sl)v ‘Qﬂ: T, (SZ_Sl)a
@l _N=Ty

Q T,

OTKyZa

n (9.3)
U3 dopmyaer (9.3) BHITEKAIOT C/EAYIOLUHE CJAEACTBHS:
1) KIII uuknia Kapno ne 3aBuCHT OT BbiGOpa paGoyero BeleCTBa.
2) KIJ unkna KapHo 3aBHCHT OT OTHOLLEHHS TeMIlepaTyp Harpesa-
TeJsisl U XOJIOAM/IbHHKA H He 3aBHCHT OT JleTajlell KOHCTPYKINH MallHHBI.
Uem Menbuie orHoweHHe To/Ty, TeM Gosbwe KITI uukaa Kapho.

T
P
Ty
Y]
Tz T
v Sy ' F
Puc. 13. Puc. 14.

3) KITJ nukna KapHo Bcersa MeHblle eIMHEIB H NPHOIHXKAaeTCS
K eIMHHIE TOJbKO B TOM CJyyae, €C/H TeMIepaTypa XOJOAMIbHHKA
CTPEMHTCS! K aGCOJIOTHOMY HYJIO.

3ameTuM, yTo UHKA KapHO siBJSI€TCS €CTECTBEHHBIM H €IHHCTBEHHO
BO3MOKHBIM PaGOuMM IMKJOM sl MallHHBI, MMelowell OAMH Harpesa-
TeJIb H OAHH XOJIOAMJIBHHK C MOCTOSTHHBIMII TeMfepaTypaMy, Tak Kak AJs

Q2 10 B. Pynep, M. I Puiskuu
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TaKofl MauMHbL MPOLECChl MOABOAA I OTBOAA TemJia JA0JKHBI ObITb H30-
TePMHYECKHMH, a IPOMeXYTOUHbIe mpolecchl 0053aHbl ObiTh afHabaTH-
4eCKHMH (MOCKOJIBKY ADYTHX Harpepartesedl H XOJIOIMJIBLHHKOB HeT).

JloKaxeM Ternepb CJEAYIOLLYIO TEOPEMY: KO3(puyueHm noaesrozo
Oeticmeus yukaa Kapuo Goaviue, uem Kodpduyuenm nonesroeo delicmeus
06020  pPABHOBECHO020 YUKAQ (OMAUYHO20
T 4 b om yukra Kapro), y komopoeo makcu-

/ MarbHQs  memnepamypa  Haepesameas. u
a \ P MUHUMANbHAS MEMRePAMYPa X0100UNbHUKA
d

PaBHbL COOMBEMCMBEHHO Mmemnepamype Ha-
epesamens u memnepamype X0A00UAbHUKA
yukra Kapro.
£ F K Jlns joKasaTesbeTBa H306pa3nM 3aaH-
Hblfi uuka Ha (T, S)-maockoctd (puc. 15)
Puc. 15. H onuieM BOKpYr Hero uuka Kapro. O6o-
3HaYMM CyMMY nJomaneii ¢uryp aAb u
bBc uepes q;, a cymmy muomageit aDd u cCd uepes | g, |. Fimeem, no
onpenenennto, KITJ nc aas unkaa Kapuo

nc:Qx'le!y 9.4)

Q

rie Q; usobpaxkaeTcs mJowmaibio npamoyroabuuka ABFE, a |Q,| —
nowansio npamoyroabinka DCFE. as uukaa abeda nveeM

— Ql“‘h*[Qrt{Ixj
0= o= . (9.5)

TlopcraBuB cornacho (9.4) B UMCAHTeJb TNOCJEAHErO BbIPa<eHHs

Q1 — | Q| = ncQy, moayunm
_ NcQ — 9,19,
n= [ !
OTKyJa
) | _ 14l
n="ne Qx—‘h(l ne) GQ—aq"

Tax Kak BTOpoe M TpeTbe CJaraeMble NpPaBOH YaCTH MOJOMKHTE/bHBI,
Mc < 1), T0 Mc =1, NpUYeM pPABEHCTBO HMEET MECTO TCQJIBKO NpH
¢, = ¢, =0, T. e. A1 LHKJIA, TNOJHOCTbIO COBMNAAAIOUIETO C LHKJIOM
Kapno.

3aMeTHM, YTO YCJOBHSIM TeOpEMbl YIOBJIETBOPSIET He TOJNbKO LMK/
Kapno, onucanHEIfl BOKPYT 3aJJaHHOTO KK/, HO H MK/ KapHo ¢ HHBIM
roJIOXKEHHeM ainabaT (CM. MyHKTHpHBIe JHHHH Ha pHc. 15). Tak Kak,
OJIHAKO, Tc He 3aBHCHT OT S; H S,, TO TeopeMa H L/ TaKHUX UHKJOB
octaetcsi B cuje. Panee Mbl yGenuauch B TOM, 4To nc <_ 1, mostomy H
A5 Apyrux unkJjaoB m < 1. OTciofia BbITeKaeT OJHAa H3 KJIaCCHYECKHX
¢dopMy1HpoBoK [l Hayasa TEPMOAMHAMHUKM: HEBOBMONCHO NOCMPOUMb



§ 10} AKCHOMATHKA TEPMOIUHAMUKH 35

geurbil dsuearmens 6mopoeo poda, m. e. maKyro nepuodudecku deticmeyro-
Wy MawuRry, Komopas npespawjara Gl 6Ce MeNJ0, NOAYYEHHOE Om Ha-
epesamens, 8 pabomy (umera 6ot KI1[I, pasnoii edunuye).

Takas MalllHHa MorJa Gbl paGoTaTh, HampHMep, 3a CYET OXJIaXKICHUS
OKeaHa HJIM 3eMHOH KOpHI H, XOTs OHa He Hapyuasna Obl 3aKOH COXpaHe-
HHsl SHEPTHH (He Gblna Gbl BeYHBIM JBUraTeseM IepBOro poja), NpakKTH-
yeckH Oblla Obl HEOTPAaHHYEHHBIM HCTOYHMKOM 1apoBoii sHepru. On-
HaKO 3aKOHBI NPHPOABI TAKOBBI, YTO CO3/laHHEe TAKOH MAIUHHBLI HEBO3-
MOXHO. YCJIOBHEM BO3MOXKHOCTH MpeBpAlleHHs TEMJIOTH B paboTy siB-
JsieTcsl HaJlMuHe Hapsily ¢ HarpeBaTe/eM M XOJOAM/IbHHKA, T. €. Cylle-
CTBOBaHHe Pa3HOCTH TeMIepaTyp.

§ 10. AkcHoMaTHKa TepMojMHAMHMKH. OGoGuieHHe MNOHSATHS
SHTPONHH HA NPOM3BOJIbHBIE TEPMOAHHAMMHYECKHE CHCTEMbI

B sToM naparpadge Mbl pacCMOTPHM HEKOTOpble BONPOCH, CBSI3aHHbIE
C CHCTEMOH aKCHOM TePMOAMHAMHKH.

TTocKo/IbKY B 3TOi KHHIe HCIOJNb3yeTCsl CHCTeMa aKCHOM (IpHHIH-
[OB), OTJHUHAs OT TPAJAHIMOHHON, Mbl CYUHTAeM IOJIE3HBIM H3/OXKHTh
3/1ech HaGop aKCHOM, NIPHMEHsIeMbiii OGLIYHO NIPH TPAJAHLHOHHOM H3JI0XKe-
HHH KJACCHYECKOH TePMOAHHAMHKH, H BHISICHHTb, B KaKOH JIOTHYeCKOH
CBf3H C 3TOH CHCTEMOH aKCHOM HAaXOAMTCS NpHMeHsieMast HaMH.

B TpajMUHOHHBLIX H3JI0XKEHHSX B KauecTBe (yHIaMeHTa BCEro 3jia-
HHsl KJIAaCCHYECKOH TEPMOAMHAMHKH MPHHHMAIOTCS CJEAYIOlHe MOCTY-
JIaThi:

1) HyneBoe Hayano TepMOXMHAMHKH, MOCTYJHpYIOLIEE CYIIECTBO-
BaHue Temnepatypsl. (ClelyeT OrOBOPHTBCS, YTO HYJEBOH MOCTYJaT
BBOJHMTCS Ja/ieKO He BO BCEX H3JIOXKEHHsIX TePMOJHMHAMHKH, XOTSl ero
Joruyeckasi HeOGXOAMMOCTb JOBOJBHO OYeBHAHA (CM., Hampumep,
[1-=3]).)

2) IlepBoe HayaJlo TePMOAHHAMHKH, BhIpa)Kalollee NMPHHLHI COXpa-
HEHHs! SHEPTHH, NPHMEHHTEJNbHO K TEMJIOBBIM IpolleccaM

dU =6Q—8A. (10.1)

3) BTopoe HayaJo TepMOAMHAMHKH, JOMyCKalollee BeCbMa 3HauH-
TeJIbHOE YHCJ/IO Pa3/IMYHbIX, HO SKBHBAJIEHTHBIX GopMynHpoBoK. ITpexne
BCEro YIOMsiHeM 06 HCTOPHYeCKH HauGoJ/lee PAHHHX KauecTBEHHBIX ¢op-
mysupoBkax Il nauana repmoaunamukn (Kapro, Kaaysuyc, KenbBun):

a) HEBO3MOXKHO IepEBECTH TelJIO OT MeHee Harperoro tesa K Gosee
HarpetoMy Tesy 6e3 KaKHX-JH6O MHBIX M3MEHEHHMH B NIpHpoOJe,

6) HEBO3MOXKHO TeIIO, OTHSITOE OT HEKOTOPOTO TeJla, HalleJlo peBpa-
THTb B pa6oTy 6e3 KaKHX-1HG0 HHBIX H3MEHEHHH B NPHPOAe,

B) HEBO3MOXKHO MOCTPOHTb BEUHbIH jABHrateab BTOporo poja (Oct-
BaJ/bJ).

B npuMeHeHHH K paBHOBeCHLIM IpoueccaM H3 Jo6oH M3 3THX
(5XBHBaJIEHTHbIX) (OPMYJIMPOBOK CJEAYET CYLIECTBOBaHHE (YHKIIHH

P
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COCTOSIHHSI CHCTEMBI (HTPONHH), CBSI3AHHOH C KOJHYECTBOM Temjia
COOTHOLIIEHHEM
8Q=Tds. (10.2)

CyuIecTBYIOT H JpYyrHe MOCTYJ/AThl, SKBHBAJEHTHble B KOHEYHOM
cyete dopmyJe (10.2), Ha H3IOKEHHH KOTOPHIX Mbl HE OCTaHaBJIHBAEMCS:
NpUHUMN ajnabaTHyecKkoli HexoctTmxkumoctH (Kapareogopu, cm. [l1],
[2]), yTBep:xkaeHHe 0 roOHOMHOCTH ThaddOBOi GOPMBI I KOJHYECTBA
Tena (eM. [3]) u ap.

O6benunsist popmyast (10.1) u (10.2), nonyyaem COBMECTHYIO 3aNHCh
I u Il Hayan TepMOAMHAMHKH B BHJE

dU=TdS—Pdv. (10.3)

VcsoBHeM TOTO, YTO NpaBast 4acThb — MOJHBI THbGeperan, apasercs
COOTHOLIEHHE

T, S) _a(p, V)

aV,S) " aw, sy

otkyaa npu @ (P, V)/o (V, S) = 0 nonyuyaeM KamuGpoBKy

a(T,S)
S (10.4)

BepueMcs Tenepb K Halleil CHCTeMe aKCHOM. Mel MoCTyJHpOBaJIH
[pexje BCEro CYILECTBOBAaHHE TeMIepaTyphl M 3SHTPONMH  (NIPHHIMI
TeMrepaTypbl M TPHHIMI SHTPONHH). YCJIOBHE KaJTHOGPOBKH abCOMIOT-
HO#l TeMniepaTypsl U abcomoTtHolt sutponuu @ (T, S)/é (P, V) = 1 umeer
cieficTBHEM TOT GakT, uTo B Bhipaxenuu dU = T dS — P dV mnpaBas
4acTh ecTb NoJHbli Anddepennuan. Tak Kak Aas npouecca B aguabare
370 BbIpaxKenue pasHo —P dV = —8§A, To agnabaTHueckuii noTeHnKAaN
U po/mKeH GbiTb OTOXKJECTBJEH C BHYTpeHHell sneprueit. IIpucoenunsis
K Haweil CHcTeMe aKcHOM MpHHLHN sHepru dU = 8Q — 84, Mbl nony-
yaeM Kak cjencrsue qopmyny 8Q = T dS. Takum oGpasoMm, Kpome
NPHHLHNA TeMIepaTypbl M NPHHIHNA SHTPONMH H CBSI3BIBAIOLIErO HX
YCJIOBHSI KanuOpoBKH (10.4), B cHCTeMY aKCHOM HeOGXOJIUMO BKJIOYHTh
npuHuun sHepruu (I Hauano TepMOJAMHAMMKH).

Mbl cuMTaeM, OJHAKO, YTO HECMOTPS Ha TO, YTO TakKas CHcTeMa
MOCTPOEHHS TePMOAMHAMHKH He siB/seTcss HanGoJsee 3SKOHOMHYHOM
B CMBICJIE YHCJIa AKCHOM, OHa 06J1aflaeT onpeieleHHbIMH MeTOMYeCKHMHU
JIOCTOMHCTBAMH. DTH NOCTOMHCTBA 3aKJIOYAlOTCsl, BO-TIEPBHIX, B TOM,
4TO C CaMOro Hayaja NoA4epKHBAETCs BHYTPEHHSAS CBSA3b NOHATHH TeM-
nepatypbl # suTponuu (T — TepmojMHAMHYecKas cHid, S — TepMmo-
ZNMHAMHYECKasi KOODAMHATA) M CHMMETPHS MeXJy napami NepeMeHHbIX
(T, S)yu (P, V).

YKaxeM Ha ellle OHY BO3MOXKHOCTD «BbIOpaTh» U3 MHOXKECTBA YCJIOB-
HBIX TeMIepaTyp M SHTPOMHH abCOJIIOTHYIO TeMepaTypy H SHTPOMHIO.
OHa 5KBMBaJIeHTHa BO3MOXHOCTH, HCMOJb30BaHHON B § 4, HO OCHOBaHa
Ha HECKOJIbKO HHOM moaxoze. Mel noTpeGyeM, uTo6bl Ha rpaduke npo-
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N3BOJILHOTO (HO paBHOBecHOro) mpouecca Ha (7, S)-quarpamMme KOJH-
yecTBO Teluia M3006parxanoch Obl, Kak U paGora Ha (P, V)-nmarpamme,
NJI0AbI0, JeKallell 1oJ KpuBoii npouecca. Toraa sjeMeHTapHoe KO-
JIMYECTBO Teluia JOJIKHO BblpaxkaThcsi (opmyJioi

8Q="TdS.

Mel yGenuMcst HHXKe, YTO 3THM TpeGOBaHHEM ILIKasla TeMmmepaTypbl
onpeJeIsieTcst ¢ TOYHOCTHIO JI0 BhiGopa MaciuTaba, a 1Kasia SHTPOIHH —
¢ TOYHOCTBIO JIO HayaJia OTcYeTa M BbIGOpa MaciiTtaba.

BBeieM ecTecTEeHHOe JONyIIeHHe, 4TO s (PH3HYeCKH MaJoro H3-
MEHEHHsI COCTOSIHHsI OT HayaJbHOTO COCTOSIHHS C mapaMeTpaMH T, O
10 KOHEYHOTO COCTOSIHUSA T + dt, 0 -+ do (Tie T H 6 — MOKa ellle ycJIoB-
Hasi TEMIIePaTypa H YCJIOBHAS SHTPOMHUSI) KOJHYECTBO TeMJIa C TOYHOCTHIO
JI0 MaJiblX [EpBOrO MOpsiKa siBAsieTCst JHHelHOH dynkuueit dt u do:

8Q=M (v, 0)dt+ N (v, 0)do. (10.5)

Bripaxkenne B npasoil uactH (10.5) nasmiBaeTcs ndaddosoit opmoit
oT mepeMeHHBIX T H 0. Kak JoKasbiBaeTcsi B Kypcax MaTeMaTHYeCKOoro
ananu3a, ndadpdosa hopMa OT ABYX NEPEMEHHBIX BCEerja HMeeT HHTer-
pupytomnit Jenutennp T (T, 0), o6iajalomuii TeM CBOACTBOM, UTO BbIpa-
KeHHe
M(t,0)di+N(1,0)ds _  8Q
T (t, o) T T(, 0)

ecTb TOJHBIH Audpeperunan Hekoropoit ¢yskuun S (t, o). ITostomy
MOXKHO HamHcathb
8Q=T (t, 0)dS (t, o). (10.6)

Jlerko noHsTh, utTo GYHKIUHMS S (T, 0) €CTh OJHA H3 YCJOBHBIX SHTPO-
nuil (Tak Kak NpH aguaGaTHueckoM paBHOBecHOM mpomecce 8Q = 0 u
¢dynkuus S (T, 0) IOCTOSIHHA BIOJb JII000H aJHabaTel). TO 3HAYHT, YTO
S sBaisieTcst PyHKIHMEH TOJNBKO OT 0. DTOT Pe3yJbTaT ABJAETCS MPOCTHIM
CJIEJCTBHEM MaTeMaTHYeCKHX TeopeM. YTBep:KJeHHe e O TOM, 4TO
MuoxkuTeNb T B (10.6) 3aBHCHT TOJIBKO OT T H SIBJISIETCS, C/IJOBATENbHO,
ONHOH M3 YCJOBHBIX TEMIIEPATyp, He MOMKET ObITh JOKa3aHO MaTeMaTH-
YeCKH U siBJIsteTcst puanyeckuM noctyaaroM (11 Hauaso TepMOAMHAMHUKH).

BrisicHuM Tenepb, Kakasi CTeleHb IIPOH3BOJIA B BEIOOPE a6COMOTHOR
TeMiiepaTypbl H aGCOMIIOTHOM SHTPOMHH jonyckaetcst dopmyaoit (10.6).
HonycruM, uTo BO3MOXHBI JiBe abcosoTHble Temmepatypsl Th (T) W
T, (t) u nBe a6comotbie 3uTponuy Sy (0) u S, (0). Torza Ha ocHoBa-
Huu (10.6)

8Q=T1dS,=T.dS,
Wik
Ty (1) __ dS:(0)
Ti()  dSa(0)”

(10.7)
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Tak kak sesas uvacts (10.7) 3saBHCHUT TOJBKO OT T, a npaBas 4acTb —
TOJbKO OT O, TO O0e 4YacTH paBHEl OJHOH M TOH e NOCTOSIHHOH a H

T, (1) =aTy (1), dS,(0)=- dS;(0), Sy(0)=-S,(c)+b.

Takum o6pas3oM, NpoH3BOJ B OnpejieseHHH abGCOJMIOTHOH TeMIlepaTyphl
H HTPONHUU 3aKJIOYAETCs TOJNbKO B TOM, YTO Mbl MOXK€M U3MEHHUTb OJHO-
BPEMEHHO «ILeHYy JleJIeHHs» TeMIepaTypHOH M 3HTPONUHHOH 1lKaj B a
U a1 pa3 ¥ NPOU3BOJIbHC BHIOpPATh HayaJ/o OTCYETAa SHTPOIHH.

PaccMoTpuM B 3akatoueHde sToro naparpada somnpoc 06 0606meHun
NOHSTUST SHTPONMUHU Ha CJAy4Yad INPOU3BOJLHBIX TEPMOAUHAMHYECKHUX
cucTeM (4, B YaCTHOCTH, peaJibHbIX rasoB). [IpunuunuanbHo Takoe 0606-
IEHHEe MOXKeT ObITh OCYILECTBJIEHO C MoMouibio gopmyasl 6Q = T dS.
B camom jpese, nmpuHuMas 3HauYeHHe HTPONMH pacCMaTpUBaeMOH CH-
CTEMbl B HEKOTOPOM NPOU3BOJILHO BbIOPAHHOM COCTOSIHUM 3a HYJb (IIpo-
H3BOJIbHOE HA4yaJj0 OTcyeTa SHTPONUHHOHN IIKaJbl) H NOABOAA K 3TOH
cucrteMe (oOpaTUMbIM 0OpasoM, T. e. pH OECKOHEYHO MaJioM lepenaje
TEMIIepaTyp MeX]y CHCTEeMOH W HarpeBaTeJieM) KoJaH4YecTBO Temsa 6Q,
MBI MOXKeM ¢ noMmolpto GopMmyanl dS = 8Q/T nporpaayupoBaTh SHTpPO-
NUHAHYIO LIKaJy J000H CHCTEMBI.

§ 11. TepmopuHamuueckie Ko3pPHUHEHTHI

byaemM HaspiBaTb TepMOAMHAMHUECKHMMH KO3(hdHIUEHTAMHU BbIpaxke-

HHUS Bupa (OA/0p),, rae A, u, v — oaHa u3 Beauuud P, V, T, S. Tepmo-

JUHaMUYyecKue Ko3(hGHUIMEeHThl XapaKTepH3yloT Onpeje/ieHHble CBOHCTBA

‘rasza: Bequuunsl (0V/0T)p, (0V/0T)s cBsA3anbl ¢ Ko3(pHUHEHTaMU

o6BbEMHOI'0 pacllipeHusl rasa (u3obapuuecKUM U aauabaTHYeCKHM)
ap H 0g PopMyJIaMH

1 /oV I /oV
0= ar)p  F=7or)s (1)

BesauuuHbl (0P/0T)y u (0P/0T)g cBA3aHbl ¢ TEpMUYECKUMH KO3(hdHULHEH-
TaMM JIaBJeHUs1 (U30XOpHUeCKHM M aauabatvHyeckuM) Py U Pg:

br=5 57}y b= ar)s (11.2)

BeauuuHu (0V/0P)r u (0V/9P)s — ¢ usorepmuyeckoil u aauabatuye-
CKOH CXKHMAeMOCTSIMH Ta3za yr H ys:

==yl we—v(El

BeJMuHHBl {0S/07T)y 1 (0S/0T)p — ¢ U30XOpUUECKOH H H300apHuyecKon
tenaoeMKkocTsaMu Cy u Cp

/68>

[0S . 05
CV:T'\B’T)V* Cr=T\57), (11.4)
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peanuutbl  (8S/0P)y = (1/T)(8Q/8P)y u (8S/0P)r = (1/T)(6Q/6P)r
OIpeAeNAIOT KOJIMYeCTBO Telua, KOTOPOe CJeAyeT NOABECTH (OTBECTH)
K rasy MPH YBeJIHYeHHH JaBA€HHS HAa eJHHMILY, 4TOOHI MOJJLEPKATh He-
y3MeHHbIM OGbeM WM TemmepaTypy. COOTBETCTBEHHO —BeJMYHHbI
(8S/8V)p = (UT)(8Q/8V)p u 8S/aV)r = (1/T)(6Q/8V)r onpenensior
KOJIMUECTBO TeIJja, KOTOPOe CJeAyeT MOABECTH K ra3y NpH yBeaHYeHHH
o6beMa Ha eIMHHIlY, YTOGbI MOAJEPKATb HEH3MEHHBIM NaBJeHHE HJIH
TeMnepaTypy.

CocTaBHM TaGJHIly TepMOJAHHAMHYECKHX KO3((HIHEHTOB TaK, YTOOh!
nepBasi CTpoKa He cojepana S, Bropast — P, Tperbs — V u yeTBep-

rasg — Tt
9 ,} <‘?f> l (‘?I)
lop)7 Ty \av Jp
as or (v
(\0T>V I <W>s ‘\6§>r
E AN (115
KéT /p \BP)S (03 /T
[y (‘?f) "‘9S,>
wr)s  las)y \ov)e

Mer umeeM 12 TtepMoaunamHuecKHX KoapduuuentoB. Herpyano,
OJIHAKO, MOKa3aTh, YTO TOJbKO 3 H3 HHX SIBJIAIOTCS HE3aBHCHMBIMH, a
ocrajbHble 9 MOryT GbiTb BbIpaXKeHbl uepe3d HHX. [leficTBHTeaBbHO, He-
TPYAHO 3aMeTHTb, YTO MPOHU3BEJEeHHE TpeX KOIPHUHCHTOB, CTOSIUIHX
B OMHOH CTpPOKe Halueil Tabauupl, paBHo —1. Hanpumep, ans nepsoit
CTPOKH TaBJ/HLbI

(f"’,) "?€> (ory _ o, Do(p, V) (T, Py __ 4
‘E)P,r(af v\aVyp — 0(P, T)o(T, V)o(V, P)

(11.6)

BuiGepem, nanee, B TaGiune (11.5) TpH npousBoAHbIE, BEIYHC/ICHHBIE
NpH OAHOH M TOH )K€ MOCTOSHHOH BeJMYHHE M HaiileM NpOH3BeleHHe
KaKHX-IM60 ABYX M3 3THX Kod(uimenToB. Mbl yGexcaaeMcsi, 4TO OHO
paBHO TpeTbeMy Koadduuuenty. Hanpumep, npu T = const Haxoaum
’3V> (’3P1 oV, Ty o, T (5V\
K T\

P)r\oS)r T (P, 1) 9S, T) — \dS)r"

(11.7)

Takum o6pasoM, Mbl HMeeM ueTbipe cooTHolerHst THna (11.6) u yeTbipe
cootHoweHust Tuna (11.7).
Haxonell, TepMOAHHAMHUECKOE TOXJECTBO

oaT, S _ 4
iV
laeT HaM JeBSITOe COOTHOLIEHHE.

BriGop TpeXx HE3aBHCHMBIX TepPMOJAMHAMHYECKHX KO3(uuLeHToB
OCTaeTCs elle AOBOJBHO NPOH3BOMbHLIM (MWD Obl OCTa/bHble KO(dH-
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LLHEHTH MOTVIH OBbITb BblpaxKeHbl 4Yepe3 BbIOpaHHbLIE TPH C TOMOLIBIO
HalUMX JeBsATH ypaBHeHHH). EcrecTBeHHO, oJHaKO, mpH BbIOOpe Tpex
HEe3aBHCUMBIX TEPMOJMHAMHUYECKHX KO3(PPHUUMEHTOB PYKOBOJACTBOBATLCSH
e CJENYIOUHMH COOOpaXKEeHHUSIMHU: NMOCKOJbKY OCTaBLUHECH TPU KO3(-
dunMenTa B paMKax TEpPMOJHMHAMHYECKOrO MeToja HaHJeHbl ObIThb He
MOT'yT, HX 3HAY€HHE NOJI2KHO ObITb NOYEPNHYTO U3 ONBITA MJIM U3 CTaTHU-
CTUYeCKOH (DUBUKH.
BrifepeM B KauecTBe He3aBUCHMBIX KO3(D(PULHEHTOB

)% 0P\ aS Cy

Op ==V, (G, =8p, (5 =F (18
IOTH KO3(p(PULIMEHTHl CPaBHUTEJBbHO HECJAOXKHBIM 00pa3oM MOryT ObIThb
HalJieHbl U3 3KcnepuMmeHTa. EC/aH Ke CTaBUTb BONPOC O BO3MOXKHOCTH
UX BbilUCAEHUA, TO TNEPBble JBa HENOCPEJCTBEHHO BBIYHCJIAIOTCS, €CJH
H3BECTHO YpaBHEHHE COCTOSIHHMS BELIECTBA, YTO KAacaeTcs TPeTbero Kosg-
¢unuenta, to 3aBucuMocTb Cp, OT TeMmepaTypbl MOxKeT ObiTh HaHJeHa
TOJBbKO METOJaMHU cTaTHcTHueckol ¢usuku. Oanako 3aBucumoctb Cy
OoT o0beMa MoxkeT ObITh HaljleHa B paMKaX TePMOJHHAMHYECKOIro MeTo/a,
€CJIM U3BeCTHO ypaBHeHHe cocTosiHus. MimMeHHo u3 (11.4) nmaxopum

oc, 0 |/0S8 0 [0(S, T)
il ol -

Ecau paBjeHue sBJSIETCS JIUHEHHON pYHKIIMEH TeMepaTypbl, YTO UMeeT
MeCTO U JJf UfeasbHoro rasa P = RT/V u pnda rasa Bau-aep-Baasbca

RT a
V—b V2

TO (02P/6T2)V =0 u CV = CV (T)

Takum obpasom, Ha OQOMO CMAMUCMUYECKOE (BUIUKU NOMUMO Bbi-
800Q YPABHEH UL COCMOSHUAL OCMAemCs 3a0Q4Q YCMAaHOBACHUA 3A68UCUMOCITU
MenA0eMKOCHIL OM memnepamypot.

OrnenuM B TabJuLe TEPMOJHHAMHYECKUX KO3QPULUHEHTOB TPU KO3(D-
dunuenta (0V/0P)r, (0P/0T)y u (0S/6T)y, BHIOpPaHHBIX B KauecTBe
OCHOBHBIX, CIIJIOIIHOH JHHHEH M BBIPA3UM UYepe3 HHX KO3PPUIHEHTHI
(6T/0V)p u (0S/6T)p = Cp/T. Hmeem coraacHo (11.6):

oT 1
h) <5V>p — T (@V/oP), (@P/dT),, - (11.10)

P —

Bripasum teneppr Cp uepe3 Tpu KoadduuHeHTa, BHIOPAHHBIX B Ka-
YyecTBe He3daBHUCHMLIX:
__p[(9S oS\ | _ oS (s, V)
Cp—Cy= TKG'T)p o (aij] =T Har)p —o(T, w}'

/

[lepefinem B npaBoHl yacTu siko6uaHa K mepeMeHHeIM 1. P. PackpniBad
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axobuan @ (S, V)/o (T, P), nonyunm

_ [0S\ _a(S, V) aT, P)]
cr—Cv=T|(37), — 577y 37| =

=160 |(37)e (G5, = Gr)o G5+ 38), (57, | =
= 7(57),(55): o7

IMpousBonHas (0S/0P)r Gyner HaMH BbIUKC/IeHa B 3ToM naparpade ((op-
myaa (11.17)). Tloacrapass ee 3HaueHHe, HAXOAMM

av\2
2) Co—Cv=—T(57), (57 )5- (11.11)

3aMeTuM, uTo /s Bcex rasoB (0P/0V)r <0 H, caeroBaTe/bHO,
Cp > Cy (dbusnyecky 5TO OUEBHAHO, TAK KaK NPH HarpeBaHHH ra3a npu
P = const Temno pacxofyercst H Ha yBeJHYeHHe BHYTPEHHEH SHEPTHH
rasa H Ha paGoTy pacIUMpeHHs, B TO BPeMsl KaK NpH HarpeBaHWH ra3a
npu V = const paGora paBHa Hyo).

Brlpasum ocTanbHble KOI(GULHEHTH! TabaHIbl Yepe3 TPHU He3aBHCH-
MbIX Ko3(duinenta u Beanuunel (07/0V)p u Cp/T = (8S/0T)p. Hpes
TaKMX BbIUMCJEHUH 3aKJ/IOYaeTcsi B TOM, UYTO SHTDPOMUS «H3TOHSIETCS»
U3 IKOOMaHOB JHGO ¢ momoinkio cootHowenus 8 (T, S)/o (P, V) =1
(eci oHa crout B mape ¢ T), JHGO COOTBETCTBYIOWHKH sIKOGHAH BbIPa-
KaeTcsl yepes TEeroeMKOCTH

a(S, V) a(S, P)
Cv= =Tyrw * CP:T@(T, P)

(ecotu suTponus crout B mape ¢ P unu V). Tak, sanpumep,
(9T\ _ (T, S) _ (T, ) a(P, VNIV, T) _ 0P\ |
3) \av> a(V,S) o, VoV, Tho(V,S) ‘c;(ﬁ?)v' (11.12)
0T\ _ 0T, S) _ (T, S)O(P, V)O(P,T) _ T (V)
&

\op)s = (P S) ~ aP, V)P NP, S) — Cp\oT)p

4) (11.13)

Unratesb MOMKET JIETKO MPOBEPHTb CIIPABEJIHMBOCTb CJIEAYIOLIHX BbI-
YHCJIEHHH:

0 EL-IESEERT

6 (@p\ a(P V)a (T, V; CT \g;)v (11.15)

7) /633 a(r P) (v P; CP’\ZQP (119

8) /gg/r ZEPI; {))a(s 7~ (g‘g/‘P' (-1
(v, T)ya(V,P) _ [T\

9) *"’1?> 9 (11.18)

0s)r=ammaEs )~ \oP )y
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Mmuorue u3 dopmys sTOoro naparpaga JAONyCKaloT MPOCTYIO JKCHe-
puMeHTanbHYI0 npoBepky. OcoGblif HHTepec NpeICTaBJsieT IpOBEpPKa
TakuX GOpPMYyJ, NPH BHIBOAE KOTOPHIX HCIOJB30BA/JIOCh COOTHOILIEHHE
8 (T, S)/é (P, V) = 1, TaK Kak npH 3TOM Mbl 10/1y4aeM HENOCPEACTBEH-
HOe 3KCIepHMenTalsibHoe noaTsepxjenne 11 Havana TepMoaMHAMHKH.
Tak, HanpuMep, COOTHOLUEHHE

!0T> _ T (v
KOP s E; (57)11
MPOBEPSIOCh Ha OMBITAX CO CKATHEM KHAKOcTeH (ombiTel JxKoyas).
Tak Kak U3MEHeHHsl TeMNepaTypbl MPH CXKATHH XKHAKOCTH MaJjbl Jaxke
NpH  JIOBOJILHO 3HAUHTENbHBIX H3MEHEHHsSX [aBJeHHSl, YpaBHeHHe
(11.13) MoxkHO mepemucatb IJisi KOHEUHbIX H3MEHEHHI B BHJe
apVT
ATs= APg.
CP
OxcrnepuMenTH J1xK0yJ1a NpeicTaBas/in co60# OHY H3 NePBbIX ONbITHBIX
NPOBEPOK cnpaBejnBocTH I1 Haua a TepMOAHHAMHKH ¥ [IPHBEJIH K BeCh-
Ma XopoiueMmy (YYHTbIBas YPOBEHb TeXHHKH SKCNeDHMEHTa) COTVIacHIO
C OINBITOM.

3amernn, 4To, McXoAs M3 | Hauasa TepMOAMHAMHKH, HeJb3sl OTBe-
THTH Jla’ke Ha BONPOC O HamnpaBJ/eHWH ddekrta. JleficTBHTeNbHO, NPH
anna6aTHYECKOM CXKAaTHH JKHAKOCTH €e BHYTPEHHSISI SHEpPTHS yBeJHYH-
BAeTCsl Ha BeJMYMHY Npou3BefleHHOH paGoThl. OnHako He 3Hasl, Kak
MeHsieTCsl IPH 3TOM NOTEHHHA/JbHAsi SHEPTHs MOJEKYN MKHAKOCTH, Mb
He MOXKeM MpeicKasaTb TaKxke, KakK GyleT MEeHAThCS MX KHHeTHYecKas
SHEPTHs H, CjeoBaTe/IbHO, TeMmepaTypa. Jlas pelenus 3Toro Bompoca
Mbl JIOKHBI ObliIH Obl BOCTIOJIL30BAaThCsl METOAAMH CTaTHCTHYECKOH (u-
suki. OnHaxko npuMeHenue Il Hauana TepMOIMHAMMKM JaeT NpsiMOR
(xoTst H QopMasbHBIH) OTBET Ha Bompoc — 3Hak (07/0P)s coBnagaer
€O 3HaKOM Ko>(hdHIiHenTa H306apHyecKOro pacliupenus op. Ilpume-
yaTesbHO, YTO JJISi BOIBI MPH TeMrepaTypax, MeHblnx 4 °C, koaddu-
LIMEHT ap OTPHIATE/EH H B COOTBETCTEHH C 3THM BOJa B 3TOM HHTepBaJie
TeMrepaTyp OJKHA OXJaMKAATbCs NPH CKATHH, YTO MOJHOCTHIO MOJ-
TBEPKAAETCH ONLITOM. N

Mp! paccMOTpesH BONPOC O BbIYHC/IEHHH TePMOAHHAMHYECKHX KO3(-
HIHeHTOB, T. €. NPOU3BOAHBIX BHIA (OA/du),, rae A, W, v NMpeicras-
JISIIOT COGOit OAHY M3 YeThIPEX OCHOBHBIX T€PMOAWHAMHYECKHUX BeJHUHH
P, V, T, S. B repMmoguHaMiKe PHXOAMTCS TaKxKe CTaJKHBATbCsi C Bbl-
YHCJ/IEHHEM NPOM3BOJHBIX TOTO XKe BHJa, IJle BeJIHYHHH A, |, v (WIH He-
KOTOpble H3 HHX) MOTYT NpEACTaB/sTb cOCOH TepMOAMHAMHUYECKHE MO-
TeHIMabl (BHYTPEHHIOW 3Hepruio U, cBoGOAHYIO 3Hepruio F, a Takxke
NOTeHIHaMbl, KOTOpble Mbl BBeleM B MOCJAeAyloluXx mnaparpadax). B
3TOM C/1yyae TeXHHKa BBIYMC/IEHHH HECKOJbKO MeHsieTcsl, M sl TOTO,
YyT06bl BHIPA3UTh HHTEPECYIOLLYIO HAC IPOH3BOJHYIO Yepe3 JIerko HaMe-
pHMBIe BeJHUHHBI, HaJl0 B COOTBETCTBYIOWIMX sIKOGHaHAaX MepeHTH K
«@CTECTBEHHBIM» JJIsl JaHHOTO TePMOJMHAMHYECKOTO MOTeHLHana nepe-
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MeHHbIM (B caydae U K nepeMeHHbIM S, V, B cyyae F — K nepeMeHHbIM
T, Vur 1)

PaccMOTpHM B KayecTBe NmpHMepa (pU3HYeCKH BaXKHbl BOTpPOC O 3a-
BHCHMOCTH BHYTpeHHeHl sHeprun ot obbema npu T = const. Hmeem
[ouU aUu, 7
6V> a(v, )

TTepexolst K mepeMeHHBIM S, V, MoxeM sanmucarhb

(’6U) _’O(U T)a(S, V) (05) [(@U)V(0T>

\ov (s, Vyo(v, n \dT)v['aS Jv\aV)s —
= (30)s Ge )] =— 2 =T (57), (30)s
u coryacto (11.12) U , :
Gv)e= 1167, - 7] (11.19)

Beipaxenne B mpasoif wacth (11.19) mMoxkeT GbITh HaiiJeHO, ec/H H3-
BECTHO YypaBHEHHe COCTOSIHHsI rasa.

B yacTHOCTH, /151 HI€a/IbHOTO ra3a, NMoJb3ysiCh yPaBHEHHEM COCTOS-
it PV = RT, naxomum

(3‘5)7:0, U=U(T). (11.20)

Il Toro 4to6bl HaiiTh 3aBucuMocTb U (T), 3aMeTHM, UTO NPH NOCTOSH-
HOM OObeMe

U
dUy=8Qy=CydT u (37),=Cr.
nOF)TOMy AJs HaeasIbHOrO rasa

U(T)={Cy(T)dT, (11.21)
a s COBepLUeHHOFO rasa
U (T)=CyT +const. (11.22)

C TOUKH 3peHHUst MOJIEKYJISIPHBIX TIpelicTarae il paBenctso (0U/dV)r =
= 0 o3HAyaer, YTO MexKJAy MOJIeKYy/JaMH HJeaJbHOro rasa OTCyTCTBYeT
B3aHMOJIeHCTBHE HA PACCTOSIHHH (TIOTeHUHa/JbHasi SHEPTHs B3aHMOJei-
CTBHSI DaBHA HYJIIO), H O3TOMY H3MeHEeHHe PAacCTOSTHHH MeXy MOJeKy-
JlaMM He BJIMSIET Ha 3HEPTHIO, e€C/H IOCTOSIHHA KUHETHYeCKasi SHeprHs
(T = const).

Ilas raza Ban-pep-Baasibca

RT a oP\ _ R
P=yT—a orh=v=s
H, cjenoBaTesbHO,
% RT a
() =—P 7o =1>0. (11.:23)

T.e. ¢ yBeanueHHeM oGbeMa (npu T = const) BHyTpeHHss sHeprus
Ta3a Bo3pacTaer 3a CYET CHJl NPHTSKEHHS MeX/AY MoJIeKyJ/1aMH (Tonpas-
Ka a/V?),
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§ 12. Tepmonunamuka rasa Ban-nep-Baanbca
Ypasuenne Ban-zep-Baanbca

RT a

P=y——n (12.1)

npeJicTaBAsieT coGoil HHTEPNONSIHOHHOe YDAaBHEHHE COCTOSIHHSI, MPH-
GJIMKEHHO ONHCBIBAIOllee KaK ra3000pasHoe, TaK M KHAKOE COCTOSIHHE
BeutectBa. THNHYHAsi M3oTepMa rasa Bau-nep-BaaJjibca n3oGparkena Ha
pHc. 16. JleBast KpyTo cnajaiowas BeTBb
usotepMbl T = T, COOTBETCTBYET XKH/-
KOMY COCTOSIHHMIO BellecTBa C €ro Ma-
JIOfi  CXKHMaeMOCTblo, MpaBasi MoJjorast
BeTBb — ra3006pasHOMy  COCTOSIHHIO.
Ilepexos M3 MHIKOTO COCTOSIHHSI B Ia-
3006pasHoe (# OGpaTHO) NpPH OGBIYHBIX
YCJIOBHSX IIPOMCXOJAMT He BJOJb H30-
TepMbl ypaBHeHHsl Ban-zep-Baasbca
ABCD, a Bposb uszo6apsl AD (u3o06pa-
JKEHHOH NYHKTHPHOH JIMHHeH), KOTO-
Puc. 16. pasi OJHOBPEMEHHO SIBJSIETCS U peasib-

HOH H30TepMOH.

Touxu u3o6aper — usorepMbl AD H306paaloT ABYXpasHble COCTOSI-
HMs BemlecTBa. YeM Gmixke H3oGpaxkatowasi Touka K A, Tem Goabiue
B CHCTeMe XHAKOCTH U HaoGopor. Bersu AB u CD usorepmbl Ban-zep-
Baasbca H300pakaloT meTacTaGubHble p

COCTOSIHHSI BELIeCTBA: MePeoxJiaxkeH-

HYIO XHIKOCTb M TIepechllleHHbll nap,

M MOTYT ObiTb OCYLIECTBJIEHEL NpPH M3- p K

BECTHBIX YCJOBHAX (CM. noapoGHee § 24). !

Yyacrok BC, Ha KotopoM (0P/aV) >0, {

COOTBETCTBYeT alCOMIOTHO HeyCTOHUH- |

BBIM COCTOSIHHSIM BeUeCTBAa M HH IPH |

KaKHX YCJIOBHSIX OCYIIECTBJIEH GBITb He :

moxer (cM. § 22). C pocroM Temnepa- !
1

TypH! 06/1aCTh TOPGOB U BNAJMH Ha H30- v
TepMe Ban-zep-Baanbca ymeHbluaercs Ki

(puc. 17) u npu rtemnepatype Ty (Kpu- Puc. 17.
THYECKasi TeMmIepaTypa) HpeBpaliaeTcs

B TOuKy mneperu6a. B sTolf Touke (KpuTHYeckash TOYKa) HMeeM

<§§>TK=°’ (g%),":o. (12.2)

U3 ypaBuennit (12.1) u (12.2) MoxXHO HalTH Bce TP mapamerpa KpH-
THYeCKOH TOYKHM — KpHTHYecKylo Temneparypy T, KpHTHUECKOe
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JlaBJjeHHe Py, U KPUTHUECKHH o6beM V.

_ &
¥~ 27Rb’

ITpu Temnepatypax GoJlee BBICOKHX, 4eM KPHTHYECKasl, U30TEPMB
Ban-niep-Baasbca H306paxaior cOCTOSIHHSI OJHOpA3HOH CHCTEMBI, NMpH-
4eM yeM Bbillle TeMreparypa, TeM GJIHXKe 5TH H30TePMbl K H30TepMaM
njeajbHoro raza PV = coist.

Haiinem ocHoBHBle TepmopuMHaMHyecKHe (YHKUMH rasa Bau-gep-
Baasibca M B nepBylo o4epejib €ro SHTPOIMHIO.

Corazacho (11.18)

dS=(§§)VdT+(g ) dv_g-ﬁ) dT-l—(Z;i;)VdV,

oTKy/a ¢ nomorubio (12.1) Haxoanm

T Po= V,=3b. (12.3)

a
27b*

cy R
dS =Y dT + ;= dV. (12.4)

Kak mbl Buienn B nmpefwinyinem naparpae, Cy aas rasa Bau-nep-Ba-
asbca He 3aBuCHT oT ob6bema: Cy = Cy (T). Ilostomy B (12.4) 06a caa-
raeMblX — MOJIHBle AU(XpepeHNHasbl, H, HHTETPHpPYsl, MOJydaeM

s={ 2T L RInv—p)+s.. (12.5)

Ecan cuurarh CV = const, YTO MOXKHO Je/1aThb B HOBOJIBHO IOHPOKHX
TeMIlepaTypHbIX HHTepBaJsax, TO

S—Sy=Cyln (%)—I—Rln(%). (12.6)
Haiiziem BHYTpeHHIOIO sHepruio rasa Ban-jep-Baasbca. C nomolsio
(12.1) u (12.4) nonyyaem
dU=T dS—PdV =CydT+ ; dV
Hurerpupysi, Haxoaum
U= S Cy(T)dT — & 4 const (12.7)
u npu Cy = coust

U—=Us=Cy(T—=To)— 3 (12.8)

Ve
Haiinem pasuocts Cp — Cy ass rasa Bau-gep-Baasbca. CorsacHo
dopmyse (11.11) umeenm

, ("i’\
/OP\ 9V \2 oT)
Cr—Cv=—T (37, (575 = (@t’\v

avp
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H, Haxo/is ¢ nomoulbto (12.1) mpou3BoAHbIE B UMCAHTE/ e H 3BHAMEHATe/Ie
STOTO BhIpaKeHHUsl, MOJYYHM

P+—;2-
CP—CVT—“R'—aﬁ. (12.9)
—vits

Cuurasi a/V* L P, b £ V u coxpaHsisi TOJIbKO MaJible BeJHUHHbI Mep-
BOTO NOPsIAKa, Haijem

cp—cVNR(1+§;z)~R(1+ r)- (12.10)

RTV

Hafizem, HakoHel, H3MeHeHMe TeMiepaTypbl APH afHabaTHYECKOM
pacuIMpeniH rasa B 3aBHCHMOCTH OT fasJienusi. HMmeem corsacho (11.13)
u (12.1)

(%)S - cé,(%);» =CP<.T_R;£+_%>~%(1+ ) (12.11)

Tax Kak npaBasi 4acTb 9TOrO BHIPAXKEHUS NIOJIOXKUTIbHA, T0 (0T/0P)s >
> 0 ¥ c yMeHblileHHeM laBJeHHs (pacIlHpeHHe rasa) ero TemiepaTypa
najaeT, NpUYEM 3TO NOHHIKEHHE TeMmnepaTyphl sBjsercs Gosee CHIb-
HBIM, YeM JJIsl HJeaJbHOro rasa.

§ 13. Metonnl oxaaxaenus rasos. Ipouecch Teii-Jlioccaka
u Jlxoyas—Tomcona

Kak BuaHo u3 popmyssl (12.11), oGpatumoe anmabatuueckoe pac-
[MpPeHHe Ia3a MOXKET OLITh HCIIO/Ib30BAHO KaK CHIOCOD €ro OXJIaXIeHus.
Onnako MelieHHOe (06paTHMOe) pacilipeHNe rasa B YCJIOBHsX afuaba-
THYECKOH M30JIILIMH He IpecTaBsieT co60i TeXHHYeCKH yNOOHbIH npreM
fnoJlyueHHsl HU3KHX TemrepaTyp. PaccMorpum
B CBSI3H C 5THM ellie 1Ba SKCIIEPHMEHTA.

[lepBbIfl U3 3THX 3KCHEPHMEHTOB GbLI MO-
crapaen [eii-Jlioccakom. Tas u3 cocyma A
(puc. 18) B pesysbTaTe OTKphIBaHHs KpaHa B
BhipbiBaercst B cocyn C (KOTophlii mepBoHa-

Puc. 18. YaJIbHO OblLI OTKayaH), MpHYeM Bech MPOLECC
TPOMCXOIHT B YC/IOBHSIX Temionsoasinu. Ilo

[IpOLIECTBHH HEKOTOPOTO BPeMeHM (60JIbLIero, 4eM BpeMsi pesaKkcalHu
1aBJIEHHSI, HO MEHbIUETO XapaKTepHOTO BpPEMEHH TeINJIONpPOBOJHOCTH
CKBO3b TeNJIOH30JHDYIOULHe CTEHKH) B COCylaX yCTaHOBUTCS TepMO-
IMHAMHYECKOE DaBHOBECHE H MOXET ObITh H3MepeHO H3MeHeHHe TeMrle-
parypst Ty — T;. B onbitax Tefi-Jlioccaka B mpejielax MOTPEIHOCTH
onbiTa 0Kasajock, 4to T, = Ty. Jlerko BHJeTb, YTO OTCIONA CJeLyer
He3aBUCHMOCTh BHYTpEHHeH sHepruu oT obbema. [leficTBHTeNbHO, NO-
ckosibKy mpouecc I'efi-Jlioccaka aanabaTHuyecKuii ¥ npoTekaer 0e3 co-
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peplUeHHsl PaGOThl IPOTHB BHEIIHHX CHJ (Ta3 paciIMpsieTcs B MyCTOTY),
10 BHYTPEHHSISI SHEPrHsl OCTAaeTCsi MOCTOSHHOM:

U(Vy, T)=U(Vy, Ty). (13.1)

Orctona, 6naronapst ToMy, yto Ty = T,, NPHXOIMM K BHIBOAY O He3a-
BHCHMOCTH BHYTpeHHell 3Hepruu oT o6bema. [TocMOTpHM, KakuM H3Me-
HeHHeM TeMIepaTypbl JIOJJKEH Ha CaMOM JeJie CONMPOBOX/AThCS MPO-
nece Tefi-Jlioccaka B peanbHOM rase. 3aMeTHM TNpexJe BCEro, UTO
5TOT MPOLECC ABJACTCA HeoOpamumbis afuaGaTHUECKHM IPOLECCOM H,
CTPOTO I'OBOPS, JIEXKHT BHE PaMOK PasBHTBIX JIO CHX TOP NPEICTaB/IeHHH.
B 4aCTHOCTH, MBI He MOXKeM yTBepxJAaTh, 4To B npouecce ['efi-JTioccaka
9HTPONHSI OCTAeTCs1 MOCTOSIHHOH: KaK Mbl YBHJIUM HECKOJNbKO MO3XKe
B § 21, npu HeoOpaTHMBIX aJHaGaTHYeCKHX MPOLECCaX SHTPONHS BO3pa-
craeT. Mbl MOXKeM, OJIHAKO, PAacCLIMPHTb KPYT pellaeMbiX HaMH 3ajay
BKJIIOUHTB B Hero npouecc efi-Jlioccaka ¢ NOMOLILBIO CICAYIOLETO, YacTo
HCMOJb3YEMOTO B TePMOJMHAMHKe, paccyxJeHHs. IToCKOJIbKY Hac HH-
TepecyeT TOJbKO KOHEYHOe PABHOBECHOe COCTUSHHE rasa Ioc/e pacliH-
penns ero fo obbema V,, samenum Moicaenrno Heobpamumeii npoyecc
Teti-JTroccara soobparcaemoim 06paAmMUMbLM NPOLECCOM, BedYUUM K MOMY
e KOHeYHOMYy cocmosdHur. Mbl MOXeM ceGe MBICJHTb STOT Mpolece,
KaK 6eCKOHeYHO MeJlJICHHO® pacluMpenHe ra3a Ao o6beMa Vs, mpotekaio-
iee NpH MOCTOSTHHOH BHYTpeHHell sneprud U. (IToT BOOGpaKaeMblil
npouecc, KOHeYHO, He OyAeT HH aAuabaTHUeCKHM, HH H303HTpOIHYe-
ckuM. Hanpotus, kak Ml yGeanmcst B § 21, OH 10JI2KeH CONPOBOXKAATHCS
TNOJBOJIOM K ra3y HEKOTOPOTO KOJIHYeCTBa TemJa.)

ITocKonbKy Hac MHTepecyeT M3MeHEHHe TeMIepaTyphbl rasa, Comnpo-
Boxaiowee npouece [eir-Jlioccaka (310 M3MeHeHHe, OYEBHIHO, Oyner
TAKHM XKe, KaK M B BOOOPaKaeMoM H303HepPreTHYeCKOM Ipotecce), Haii-
Jem npousBoauyio (67/0V)y. Tlepexoast K «ecTeCTBEHHbIM» NEPEMEHHbIM
BHYTpeHHell sHeprun S u V, nojy4um

/ar> _oTU) _ AT U)WV, S) _ 1 [T@_m -I-P(g) ]
U S A\ v

av AV U) T AV, AWV, U)" T
Tonb3ysick popmysoii (11.12), HMeeM OKOHYaTeNbHO
(T _ T (P _ (0P
lﬂ/)y = CT,{T - \aT) } (13.2)

Jlerko BHAETb, YTO A/ WJEAJbHOTO Fa3a 3TO BhIpaxeHHe O6pallaercs
B HyJb.

OnHako 1/1s1 peasibHOrO rasa, nosb3ysch B KayecTBe MOJE/H ypaB-
Heunem Bau-nep-Baanbca, Haxomum

ory _ __a_
(av v = T VI,

13 s10it hopmyan BHIHO, uTO NS peasbHOTO rasa mpouece [eit-Jlioc-
CaKa JOJKeH CONpPOBOK/AATLCS OXJIAXK/GHHeM, NpaBja, HeGOIbILNM, TaK



48 OBIIWE 3AKOHBI TEPMOIUHAMUKH (ranr

Kak nonpaBka a/V? B ypaBHenun Bau-mep-Baasbca mMana mo cpashe-

a
AV mano no
ViC,

cpaBHenuio ¢ 7. TTostomy B onwitax I'efi-Jlioccaka, cBsizaHHBIX C 60/Ib-
IIMMH [IOTPElIHOCTSIMU (TaK KaK TelsoeMKOCTb CTEHOK COCYAa BeslHKa
10 CPaBHEHMIO C TEMJIOEMKOCTBIO I'a3a), TaKHe Majible H3MEeHeHHs TeM-
neparypbl He MOTJIH GbiThb 3apHKCHPOBAHbI.

B cBs3u ¢ stum JIxkoysem 1 ToMcOHOM Gbi/1 IOCTaBJ/IeH SKCTEPHMEHT,
103BOJISTIOLLMI IPOBECTH 3HAYNTLIILHO GoJtee TouHble Ha3MepeHHs. [Tpexie
4eM MepexoiHThb, OJHAKO, K ONMHCAHMIO 3TOrO KCTEPHMEHTa, HaM MpH-
JIeTCsl BBECTH elie OJHY TepPMOJIHHANHUECKYIO (BYHKLIHIO IOMHMO ajnaba-
THYECKOTO MOTeHIHaJa (BHYTpPeHHs# 3Heprusl) U u M30TepMHYECKOTO
noreHnyana (cBoGoxHast sHeprus) F. Dra HoBas (YHKUMs Ha3blBaeTCs
menaocodepacaruen UM snmaivhueli W onpenesnsercss GopmyJioi

W=U+PV. (13.3)

HHIO C JaBjieHHeM P H MOHHKEeHHe TeMIepaTypbol —

Ee nuddepenunan pasen

dW =dU+P dV +V dP,
HJIH
dW =T dS+V dP, (13.4)

H eCTeCTBEHHBIMH nepemMeHHbIMH A1 W sBasirotest S u P. TlpousBoauble
TENJIOCOAEPKAHUS [0 3THM TIePeMEeHHBIM paBHbI
ow ow
(\afsﬂ)},sr, (6P->S_v. (13.5)
PaccmotpuM Tenmepb mporece, HashiBaeMblit mpotieccom JIKoyJis —
ToMcoHa, HjeanbHas CXeMa KOToporo HuaoGpakeHa Ha puc. 19. Tas
B TENIOH30JMPOBaHHCH TPyGe NPOJABJAHBAETCA C NOMOWIBbIO MOPLIHS
CKBO3b MOPHUCTYIO meperopoiiky. Ciepa u crnpaBa OT NepPeropojiky noj-
JIep’KUBAeTCsi € TOMOWLBIO MNOpIIHeH Io-
cTosiHHOe fHaBjenune P, u P, (P; > P,),
TaK YTO BeChb NPOLECC SBJIACTCH CTalHO-
HapHBIM. (B peasbHBIX NPOM3BOJCTBEHHBIX
yeqoBusix  mpouece JLkoyas — Tomcona
OCYIIECTBIAETCS] HECKOJIBKO HHAye — POJIb
Puc. 19. NOpUIHeH BBHIMOMHSAET —KOMIpeccop, co-
3jaloiMil nepenajg JaB/JeHHH M CTalHO-
HapHbIi TIOTOK rasa, a poJb TOPHCTOH MePeropojkH — BEHTHJD).
JHokaxeM, uto npouecc [oynass — ToMcoHa NMPOMCXOAUT NPH MO-
CTOSIHHOM TEIJIOCONePKaHUN (udoanmansnudeckuti npoyecc). Ilyetb He-
KOTOpPOe KOJIMYeCTBO rasa, 3aHMMaBILee CJIeBa OT Meperopojku o6beM
Vi, 3aHHMaeT nocJie NpoJaBJAHBAHUS CIIpaBa OT NEPETOPOLKH 06beM V.
Hiamenenne BHyTpenHeil suepruu rasa U, — U, paBHO paGoTe, mpous-
BeJeHHOl Haj rasom PV, — P,V,, oTkyla

Uy—Uy=PV,— PV, Wy=W,. (13.6)
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OGpaTum Tenepb BHHMaHHe Ha To, 4To npouecc koyast — ToMcona
TaK xe, KaK 1 npouecc ['efi-JTioccaka, siB/sieTcst HeOGpaTHMBIM afuabaTH-
yeCKHM TporeccoM. Paccyxnasi Tak e, Kak M B CJyuae Ipolecca
Teit-Jlioccaka, 3aMeHHM ero BOOGPaKaeMbIM H309HTAJIbIIHUECKHM MpO-
[1eCCOM, BeAyLIMM H3 TOTO XKe HayaJbHoro cocTosiuusi Py, Vy, T, B To Xe
KOHeuHOe COCTOsiHHe Py, Vy, Ty, uTo U peanbHbiii mpouece Jxkoyas —
TomcoHna.

ITockoJIbKY Hac HHTepecyeT H3MeHeHHe TeMIepaTypbl rasa, ConpoBo-
xaaomee nponece Jkoynasi — ToMcoHa (3TO H3MeHeHHe, OUYEBMJIHO,
GyleT TakKMM Ke M B BOOOPakaeMOM H303HTaJbIIMYECKOM Ipoliecce),
Hafiiem npousBenyio (0T/0P)y,. MiMeeM, nepexosisi K eCTeCTBEHHBIM A5
W nepemeHHbIM S, P:

(1) _or. W) _ 2T W)a(P,S) _ 1_[«@1) /dgg) _ [Ty (aw
\ap)w*a(P, W) = 0P, 5P, W) T (\BP s\aS)p \os/p\ap)s]'

B cuny paBencrBa dW = T dS + V dP uaxomum
(‘?T“ _<¢?Z\ _v
OP)w — \oP)s — Cp*
Ioabsysick dopmyaofi (11.13), mMosyuynM OKOHUATENIBHO

T T [0V y
(55)w = &[Gl — 7] (13.7)
B ciyyae mieasbHOro rasa nonyqaem(g£>w=0,T. e. apdekt Irko-

yas — ToMcoHa OTCYTCTBYeT.
Jlna ucenenosanns dpopmyiisi (13.7) B cayuae peasibHbIX rasoB yA0GHO
nepefiTH B npaBoit yacTH K nepeMeHHbM T, V, mosb3ysich COOTHOLLE-

HUeM
(",‘f\ = — (%) (v
o)~ T <0T/V \31’)7’
Torzaa nosyyaem
OT\  _ [, /9P /9Py 1(0V/0P); L @V/OP),
<ap)w, [ \bv>,+ Ka'r/v]-’—cp =——7, -39

Tax kak (0P/6V)r << 0, To snax npoussoaHoit (97/0P)y, coBnanaer
€0 3Hakom Beauuussl A = V (8P/8V); + T (6P/3T)y.

Pacemotpiym noBeenne rasa, mopuuHsiomerocsi ypapHensio Ban-
Aep-Baasnca

(P+ ) (V — &) =RT.

B stom carynae !
[OPY

. \or )y = v—p"

R 0P\ _ 2 RT
= (‘av,r = Vi T V—bp
2 RTb

= vy m (13‘9)
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Ipu A < 0 umeem oTpHuuaTeabHblil 3dpdekt [Lxoyns — Tomcona (mpo-
CayMBaHHe Ia3a CKBO3b NEPeropojiKy CONMPOBOXKJAeTCsl HarpeBaHHeM),
npu A > 0 — nosoxuTenbHblH 3ddekT (ra3 oxJaxaaercs) H INpH
A =0 Tax Ha3biBaeMyI0 TOYKY HHBepCHHM (CMeHa 3HakKa 3bdekTa).
Touku uHBepCHH ONpENeJsIOTCSl ypaBHEHHeM
% RT:b
L) (13.10)
Tak Kak Hac MHTepecyeT TeMIepaTypa MHBePCHH, KaK (yHKUHs
JIaBJIeHHsl, HCKJIIOUHM H3 9TOTO ypaBHEHHSI 06'beM C IOMOILbIO YPaBHEeHHs]
Bau-zep-Baanbca. Ms ypasnenns (13.10) Haxonum

V—b 4/ RT
Vo= % *
BeeneM oGosnauenue ) RT;b/2a = x. Toraa
b bx
Vel vob=42% (13.11)

[Moxcrasasisi B ypaBHenue Ban-gep-Baanbca, nmosyunM adst ¥ KBaapat-
HOe YypaBHeHHe

x2—%x+%<l+

2 1 3Py
r=2i g ) 1-FE) (13.13)

U TeMmepaTypa WHBEpPCHH paBHa

8a [, 1 3P0 |
Ti:gklzlli'f ‘/1_ a J

Beoast kpurnueckyio Temiteparypy Ty = 8a/27Rb u KpHTHYeCKOe
nasjenue P, = a/27b% nepenuiueM TOCJeHIO0 GOpMYJay B BHAe

- p 2
T,-=3Txlli-%]/lwﬁj. (13.14)

Mbl BUANM, yTO npH P << 9P, cylecTBYeT JBe TOYKH HHBEPCHH: Bepx-
nss T; u nukusist Ty, pa3HHI@ MeX1y KOTOPBIMH yMeHbLIaeTcs C po-
CTOM jaBnieHHst; npu P = 9P, ofe TOYKH MHBEPCHH CJIMBAIOTCA B OJHY
5 o 27 3

T; = 3T,. HaoGopor, npu P —0 mnmeem T;— 5Ty T"”’T Tx-
J11s1 GOJIBILHHCTBA Ta30B HHXKHSISI TOYKA HHBEPCHH HAXOLHMTCS B 00J1aCTH
JKHAKOro cocrostusi. Ha miockoctn (P, T) KpuBasi HHBEPCHH HMeeT
Kynosioo6pasuyio gopMmy, H3oGpaxennyio Ha puc. 20. ObmacTb moso-
JKUTEJIBHOTO 3(deKTa JIeKHT BHYTPH KPHBOH. (DT0 BHAHO XOTsi Obl
U3 TOrO, 4TO cornacHo gopmyae (13.9) mpu T — oo H GUKCHPOBAHHOM
V, A CTaHOBHTCS OTPHLATENbHOM.) [L/151 GOJIBIINHCTBA I'a30B (32 HCKJIOue-
HHEM BOJOPOJA H Ie/iHsi) BepXHHE TeMNeparyphl HHBEPCHH BEJHKH N0

Pb?
z ):0, (13.12)
OTKYZAa
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CpaBHEHHIO ¢ KOMHATHBIMH, H JUISl HUX yKe IIPH KOMHATHBIX TeMIlepary-
pax A >0, u sppexr JIxoyas — ToMcoHa NPUBOAHT K NOHHKEHHIO
TemMnepaTyphbl rasa, ¢ YeM CBSI3aHO €ro TeXHHYeCKOe HCIOJIb30BaHHE B
yCTaHOBKAX MUl CXKHKEHUs asoTa, KHCJOpOAa H T. A.

Jlnst Hy u He Bepxnue TemmnepaTypbl HHBEPCHH NpPH OGBIYHO YNOT-
peGasieMbiX JAABIEHHSX OueHb HH3KH M NPH KOMHATHBIX TEMIIEpaTypax
npouece [lkoynst — ToMcoHa NPHBONMT K HarpeBaHuio rasa. B cpssu
¢ 5TuM 414 cxmxennst H, 1 He neo6xonmmo npenBapuTebHOe HX 0XJ1a-
sleHHe HH2Ke TeMIepaTypbl HHBEpPCHH
JpyrUMH MeTOfaMH (ans Bojopoxa uc- P
[0Jb3YeTCs]  OXJaX{IeHHe C MOMOIbIO
TeIJIOBOTO KOHTAKTa C JKHAKHM BO31Y- 95
XOM, @ JUISl TeJHsi — C MKHUIAKHM BOJIO-
posioM).

Kak BHiHO M3 BbipaxeHnus (13.9),
NOJIOXKHTEJbHBIH 3QOeKT HMeeT MecTo

B YCJIOBHSAX, KOTAA GOJBLIYIO POJIb HI- R T
paet nonpaska a/V* B ypaBHenuu Ban-
nep-Baasibca, a oTpHUATeNbHbIH 3d- Puc. 20.

(eKT — Korjia MnpeBajJHpPYeT MOmpas-

Ka b. D10 06CTOSATEJbCTBO JIETKO MOHATb, INOJb3YsiCh coobpake-
HHSIMH  MoJieKyJisipHOii Teopun. IlonpaBka a/V? cBsizaHa ¢ Jeli-
CTBHEM CHJ TMPHUTSKEHHs MeXJy MOJIEKYJaMH, H KOTAa 3TH CHJIbl Ipe-
06/1a71a10T, OHH TOPMO3SIT JBH)KEHHe MOJIEKYJ/ IPH HX YJAaJeHHH APYyr
OT Jipyra (IpH pPacIIMpPeHHH ras3a NocJse NPOXOXKAEHHS Yepe3 MOPHUCTYIO
neperopoky). Ilpn 3ToM KHHeTHYeCKasi SHEPTHSI MOJEKYJ H, CJeJ0Ba-
TeJbHO, TemnepaTypa rasa najaior. Ilonpasxa b cBsid3aHa ¢ KOHEYHOCTBIO
o0beMa MOJIEKYJI, T. €. C AeHCTBHEM CHJI OTTAIKHBAHHS MEXLY HHMH pH
HENOCPeCTBEHHOM COMMKeHHH. Ec/i 3TH CHJBI NpeBasupyIoT, TO OHH
YCKOPSIIOT MOJIEKYJIbl IPH HX YAaJeHHH ApYT oT apyra. IIpu 3ToM KHHe-
THYECKasi 3HepPrusi MOJIEKYJ H TeMIepartypa rasa BO3pacTaloT.

Mel pacemaTpHBasii 40 CHX nop AnddepeHiHanbHbli sddekT Lxoy-
a5t — TomcoHa, HMEIOLHH MecTo NpH GECKOHEYHO MaJlbiX nepenaiax
AaBjienuit. TlpencTaB/siolUi TEXHHYECKHH HHTEPEC HHTErpajbHbIH
sddexr onpegesnsiercs GopMyJIoi

T oy
T,—Ty= g <5ﬁ)wdp. (13.15)
By

B peasbhbix ycqousix Beuunna Ty ¢pUKcHpOBaHa BHIGOPOM MeToxa
TPeBapHTe/IbHOTO OXJIAXIEHHsI Tas3a, a BeJudHHA P, IPUGIHBHTENbHO
COBnanaer ¢ armocdepHbiM laBiaenneM. HaiizeM, npH KakoM BeiGope
Havanphoro gasienus P, sddekr Gyner makcumaabHbiM. Juddepen-
Wipys (13.15) no P,, naiizem

aT.
(’aﬁ)w=° mpu P=P, T=T,
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HO 3TO €CTh YCJIOBHE TOI'O, YTO HAuaJbHOE COCTOsIHIE JICZKHT Ha KpH-
Boii nnsepeny Aas uidpepenunannioro spdexra JLkoyas — Town-
COHa, H, cJeloBaTeJbHO, BBIGPZIB TeMneparypy T‘ npejBapHTeJbHOTO
OXJazKaeHHst, Mbl 10 KPHBOEMI HHBEPCHH HaxXO/MM ONTHMaJabHOE Haudajib-
HOE JlaBJIeHHE.

3amMerHM B 3aKJ/io4yeHue, 4ToO BCe IMOJlydyeHHble pe3ysbTaTbl TOJAbKO
KaueCTBeHHO COTJVIACYIOTCsT ¢ OIBITOM, TdK KakK ypaBHCHHe B&HA,&GP’BQ-
ajibca JWb NPHOJIZKEHHO ONNCBIBAET MOBEJCHHEe peaJbHLIX IasoB.

§ 14. Tepmoaunamuka cTepxHeit

ITepefizeM Tenepb OT PAacCMOTPeHMsI TePMOJMHAMHYECKIIX CBOHCTB
OIHOPOAHLIX CHCTEM, ONHCHIBaeMbIX mapamerpamu P, V, k paccnotpe-
HHIO APYrUX TePpMOJAHHAMHYCCKHX CHCTEM.

B KauyecTBe NEpBOro NpHMEpa PACCMOTPHM CTepzKeHb JIHHBL [,
pacTsiruaeMblii NpoLoJibHOI cuiloii f. PaGota, coBepuiaeMasi npu pacts-
KEHHH CTepzKHsI 11a BeJIHYHHY dl, BbIpazKaercs (B CCOTBETCTBHH C BblO-
PaHHbIM TPaBHJOM 3HAKOB) (opmyJioh

04 =—fdl. (14.1)
CpasruBas ¢ popMyoii paGoTsi Asi razos 64 = P dV, Mbl BN, uTO

1JIsl TIepexoa OT COOTHOLIEHHH TePMOJANHAMIKH Ia30B K COOTHOLIEHHSAM
TePMOJAHHAMHKH CTEpPXKHell HYXHO BO BceX (opMysax clenarb 3aMeHy

P—>—f VL (14.2)
Takum 06pasoM, posib 0GOGIIEHHOI CHJILI B TEPMOMIHAMHIKE CTEpPXK-

Heil BHINOJHSET BeJINYMHA —f, a posib COOOLIEHHOH KOOpPAHHATH —
AJIHA CTePKHA 1. OcnonHoe TEPMOAHHEMHYCCKOE TOXK/IECTBO 3alHILeTCH

B BHjE
dU(S, [)=TdS+]dl (14.3)
HJH C NOMOULILIO ﬂKOGI{aHS
ar, S _
Sin=—1 (14.4)

B TepMoJHHAMHKE CTepxKHell ypaBHeHHe COCTOSIHNS, KOTOpOe /s Ta30B
sanucwiBajoch B Bige P = P (V, T), 6y1eT, O4eBI1HO, NPEiCTaBAATh
co60ii cootHowenne puaa f = f (I, T). SIBHbIH BH1 5TOrO COOTHOMIEHHS
B 06JacTH 6oJbHIHX JedopMalikil I B WIMPOKHX TeMIepaTypHbX HHTep-
Ba/ax A0CTATOUHO CJIOXKEH I MOZKET OblTb HAMJICH TOJILKO IMITHPHUECKH.
OHaKO B J0BOJBHO LIHPOKHX HHTEpPBAJaxX TeMneparyp, AajeKux ot
TOUKH MJaBJeHHs, U B 006JaCTH HeGOAbIINX (YNPYIHX) JdedopMaiuii Ml
MOZKEM BOCIOJIb30BAThCs (POPMYyaaMH

I(T, 0)=1(0, 0)(1+4-aT), f=-const=0, (14.5)
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rie & — Koy(PHUHEHT JIHHeHHOro TeMIIepaTypPHOTO PacIuHPEHHs CTepK-
Hdl, 3aBHCSLUMH TOJBKO OT MaTepHaja CTePXKHS, HO He OT ero JVIMHbI H
TeMnepaTypel, n
(T, fy—L(T, 0) 1
1(T, 0) “Es I’

rae E — moayab IOnra, sapnesimmii ot Marepuana crepxusa u caato
3aBHCSIIMI OT TeMnepaTypnl, H 0 — ILIOLLAAb [IONEPEUYHOro CeueHHst
crepxust (3akon T'yka).

O6bvenmusst coornowennst (14.5) u (14.6), nmosyunum ypasHenne
COCTOSIHUSI «HJEaNbHOTO» CTEPIKHSI

[ l
f=Eo ml—ﬂ—r)~l], (14.7)

(14.6)

e I, = 1(0, 0).
B nasbHefimen Mbl Gy1eM CUTATb 151 <HICabHOTO» CTEPHKHS BeJIH-
uiHbl E M o NOCTOSTHHBIMH, a TaK:Ke mpeHeGpexeM H3MeHeHHeM HPH pa-
CTSKEHHH NONEPeYHOro ceuyeHtst ¢ (YUeT STOro H3MeHeHsi 1aeT SpeKThl
BTOPOTO NOPSIAKA MaJOCTH [0 OTHOCHTebHON jedopmauun  Al/l).
Tak Kak s GOJbUINHCTBA TBEPABIX Tesl KOa(HUHUEHT JHHeHHOro pac-
umpenns a ~ 107 epad™, o npousseseniie a7 ocTaeTCsi BeCbMa MaJbiM
10 CpaBHEHHIO ¢ | BIUIOTH 10 TemmnepaTyp, GAH3KHX K TeMnepaType 1as-
JIeHHsT, ¥ Mbl GyjeM B lagbHelilueM npe-
HeGperatb BeJHYMHaMH BTOPOTO [O-
psiaka MadoctH no a7. B wactHOCTH,
dopmyay (14.7) Mbl MOXKeM 3anucaTh B
npefesax Halleil TOUHOCTH H B BHje

f=Eo|{(1—am)—1|. (148)

B nasbueiimen Mbl GyaeM 110/1b30BaThCs1

YPaBHEHHEM COCTOSIHNMSI CTCP2KHA HC-

KJIounTeIbHO B opme (14.8). I
Taknm o6pasom, na niockoern (f, ) €61

H30TEPMBI H/1€AaJbHOTO CTEPKHSI HMEIOT Pue. 21.

B, U300paxkeHubt Ha puc. 21. TTyHk-

THPHBIC YaCTH KPHBbIX — H30TepMbl BHE 00s1acTH ynpyrix jaebopma-

IlllﬁY rjae MoAyJ/b IOnra cranoBuTCH 3aBHCAULHM OT ELE(.pOpI\IaUJ/Il{ H

YMEHbIIAeTCS 110 CPABHEHHIO CO CBOMM 3HauyeHHeM B yNpyroil o6Jacti.
Haﬁmem Tenepb BakHelile TEepMOAHHAMHYECKHe q.)yHKLlHH HjeaJjib-

HOTO CTEeP2KHS 1 NIPEKJie BCero ero suTponuio. [Las 5Toro Bocnonbsyemest

Gopmyaoit (0S/01); = —(0f/0T);, Kotopasi noayuaercs u3 QGopMy.Jibl

(11.18) cranpapTHoil 3amenoii (14.2), Toraa

4S = ( ’BS

Ha ochosaunn )paaﬂelmﬂ COCTOSIHUSA (14 8) HAXOAHM
of \ _ _ _olodl
KOT,"Lﬂ [

dT~‘

Sl (149)
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OTKyJa

_C dT | aloldl
S ==L 2 (14.10)

Jlnst TOro yToGhl POMHTErpHPOBATH MOCJELHEE PABEHCTBO, HALO 3HATb
3apucumocte C; oT T u . HecMorpst Ha TO, 4TO Mbl paccMaTpHBaeM
CTEep2KHH — TePMOJAHHAMHYECKHH OODLEKT, COBEPIIEHHO OTJHYHBIA MO
CBOeH mpHpojJe OT rasoB (HAeaNbHbIX M peasibHbIX), HMEeTCs BaxKHOE
(XoTst ¥ hOpMaIbHOE) CXOACTBO MeXK1y YPaBHEHHSIMH COCTOSIHHSI B 3THX
Tpex ciayuasix (MIeasibHble [asbl, peasibHble Iasbl, Hlea/bHble CTEPIKHH).
ITO CXOJCTBO 3aKJIIOYAEeTCsi B TOM, YTO BO BCEX TPEX Cayyasix o6oGuieH-
Hasi cusia (P B ciyyae rasos, f B ci1yuae CTepKHed) sBasieTcs JHHEAHOHR
¢dyukuneii Temnepatypsl (ypaBHenne (14.8)). Otciona caenyer, 4To Aas
HJeasbHOro cTepkHsi C; He 3aBUCHT OT / OJOGHO TOMY, KaK A/Is HleaJb-
HOTO M peajibHOro rasos Cy He 3aBHcHT oT V.

JloKa3aTe/bCTBO STOTO YTBEPKIEHHsT MOXKeT GbITh IOJYYEHO MyTeM
3amensl P — —f, V — [ B dopmyse (11.9):

aCc, - *f N
(%)== (5=),=0
Hnrerpupyst Tenepb pasencTso (14.10), Hafizem

S= S LT 4 220 | const. (14.11)
3apucumoctb C; OT TeMmepaTyphl, KaK Mbl y:Ke YNOMHHAJH B CBSI3H
¢ rasamu (oTHocuTesnbHO Cy), He MOXKeT ObITb HafileHa B Hpejesax
TepMOAMHAMHKH M HAaXOJMTCS B CTaTHCTHYecKoi ¢usnke. B § 38 mbi
y6eauMest, YTO IS LeOT0 Psijia Tesl MPH He CJAHLIKOM HH3KHX Temmepa-
Typax C; NOCTOSIHHA M COCTaBJSIeT OKOJIO 6 Kaa/epad - #oab (3akon io-
nonra u ITtn). st Takux (coBeplueHHbIX) crepxkHedt dopmysa (14.11)
npuobperaeT BHJ
aEo (12— (1%)?)
S—8* C,lnT*-I——K— , (14.12)
rae I*, T*, S* — napamMeTpbl HEKOTOPOTO IPOM3BOJNBLHOIO COCTOSIHHS.
HaiizeM BblpakeHHe sl BHYTPEHHEH SHEPIHH HeaJbHOTO CTePXKHS.
Hwmeem coraacro (14.10) u (14.8)

dU:Tds+fd/=c,dr+<a15rcl’-o+f)dz=cldT+Eu’l;o’vdt
H
p— 2
U.—.SC,(T)dT—%-EG—(IQlOA—Fconst, (14.13)

WJIH JJ51 COBEpLUEHHBIX c‘rep)m-lefi
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B oT/1MuKe OT HjeasIbHbIX [a30B, SHEPrHsl KOTOPHIX He 3aBHCHT OT 00be-
Ma, SHEPTHs HIeaNbHBIX CTepXKHeH sIBJIsSeTCS KBaJPaTHYHOH (QYHKIHeH
nedopMaIyy.

Mgl MOKeM COCTaBHTb JIJIsi TEDMOAMHAMHUKH CTepIKHeH TaGJHIy Tep-
MOAMHAMHYECKHX KO3(OHIHEHTOB, aHa/JoruyHylo Tabanue (11.5) pas
ra3oB, KOTOPYIO YAOGHO NPEACTaBHTb B BHIE

o) (ar)s| (o) |

/§§> (0;') (9T |
\oT /; aS/r \adl /s
%), @ ¢
oy \oS)i  \df /s

Tak xe, Kak M B cJyyae rasoB, TONbKO TPH H3 3THX KO3(hHIHEHTOB
SBJSIIOTCS HE3aBUCHMBIMH. B TepMOiMHaMMKe cTepxkHeH YI0GHO B Ka-
UeCTBE OCHOBHBIX TpeX Kos(uuuentoB BbiGpath (81/6T);, (6f/0l)r
u (0S/0T); = C;/T. Tlepsbie 1Ba U3 3THX KO3(HUHEHTOB, C OAHOM
CTOPOHBI, JIETKO MOT'YT GbiTb H3MepeHBl M, C APYTOH CTOPOHbI, Ompese-

JISIOTCSI YPABHEHHEM COCTOSIHHSI CTEPIKHS.
B uacTHOCTH, ANS HI€aJbHBIX CTEPKHEH HMeeM

(14.15)

(%),=alo, (14.16)
of Eo __ Eo
(bT)T:T(l—aT)NT. (14.17)

Tensoemkocts C; Ansi cTeprHeil uaMepsiercs jerve, yem C;. Haii-
Zem pasnocts C; — 'C; ans uieatbHBIX cTepxHeh. TIpoBons cranaapt-
Hylo 3aMeny P — —f, V — [ B ¢popmyane (11.11), nonyuum

9, al\2
C,—C¢=T(—a£>r<~af>l. (14.18)
Toxcrasnss (14.16) u (14.17) B (14.18), Haxoaum
C;—C,=a?TEol,, (14.19)

H Tak Kak IpaBas 4acTb SIBJISETCSl BeJIHYHHON BTOPOro NOPsiAKa MO
oT, 10 pasHoctb Cy — C; OYeHb Masia ¥ B BHIGPAaHHOM HaMH NPHOJIHXKe-
HHHM JIOJXKHA CUHTATLCSI PABHOH HYJIIO.

BripasuM B kayectse HasocTpauny Kosdguunent (07/df)s, xapak-
TepPH3YIOWHI H3MeHeHHe TeMmepaTypbl NPH ajHaGaTHYECKOM pacTs-
’KEHHH CTEpPXKHsl, yepe3 JIerko HaMepHMble BesHuHHbL. Iloab3ysch ¢op-
Myaqoi (11.13) u npoBons cranaapthyio sameny P — —f, V — [, nony-

YUM
oT\ _ _ T oy _ _ al
(»5f)s z (zw)’ o (14.20)
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Tak xak ai1a GOJbIUMHCTBA TBepAbIX Tea a >0, to (87/df)s <O,
T. €. NPH yBeJUYEHUH HATPY3KH CTEPKHH OXJaxAaaiorcs. ONbITHl 10
ajinabGaTHYeCKOMY PACTSIKEHHIO [IPOBOJIOK cTaBHaHCh [KoysaeM u Xara
M NpHBEJIH K BeCbMa XOpOLIEMY COTJacHio ¢ Teopueii. OTMETHM, uTO
9TH 5KCNEPHMEHTH Hapsily C ONBITAMH MO aAHaGaTHYECKOMY CXKATHIO
JKHIKOCTEll SIBUJIHCh OJHOM H3 NEPBBIX ONBITHBIX NMpoBepok Il Hauana
TePMOJAHHAMHKH.

Jl1s HeKOTOpPBIX Tes (pe3HHa, HEKOTOpble noJuMepsl) o << 0 (npu
HarpeBaHHH CTepXKeHb M3 TAKOrO MaTepHaja COKpallaercs)). Toraa
u3 dopmyast (14.20) caenyer (67/6f)s > 0, T. e. cTep:keHb H3 TaKOro
MarepHasa MpH PaCTSKEHHH HarpeBaeTcsi. TO OGCTOSITEJBCTBO JIETKO
IIPOBEPUTb HA ONbITE C PE3HHOBBIM KI'YTOM.

§ 15. TepmopMHaMMKa mapamMarHeTHKOB

Mpbl GyaeMm paccMaTpuBaTh B 3TOM naparpade napamarHeTHKH:
BellleCTBA, KOTOPble HAMarHHYMUBAKOTCS TOJBKO B PHCYTCTBHH BHELIHEro
NOJIst ¥ JUIst KOTOPBIX HanpaB/eHHe HAMAarHHYEeHHs! COBNAlaeT C Hampas-
JIeHHeM BHeIIHero noJisi. Mbl MOIVIH GBI IOCTPOHTH TePMOAHHAMHKY Ma-
paMaTHETHKOB YHCTO (heHOMEHOIOTHUECKHM IyTeM, He mpuGerasi K aToM-
HO-MOJIEKYJ/IIPHBIM MOJI@JISIM, B3sIB M3 CTAaTHCTHYECKOH (QH3UKH TOJNBKO
BUJ ypaBHEHHs COCTOSIHMSI. Mbl, OJHAKo, MpeinouyteM TaKOMY YHCTO
(heHOMEHOJIOTHYECKOMY OMHCAHHIO KayeCTBEHHOe PAacCMOTpeHHe MOJIeKy-
JIIPHOH MOJie/IM napaMarHeTHKa, TaK KaK OHO TIO3BOJISIET MpeiBHIETh
Ba)KHbIe CBOMCTBA ypaBHEHHsI COCTOSIHHMsI (HACHIIEHHe HJIH MpefenbHOe
HaMarHuyeHHe), He IO/b3YsCh €rO SBHBIM BHJIOM.

C MoJIeKy/IsIpHOH TOYKH 3peHHS NapaMarHeTHK NpeJCTaBisieT co6oi
BeLIECTBO, Kax/asi MOJIeKyJla KOTOPOro MMeeT MOCTOSHHbIH MarHHTHbIH
MOMEHT. B OTCYTCTBHe BHEIUHEro IoJis OPHEeHTAIlHsi MAaTHHTHBIX MOMEH-
TOB OTHEJbHBIX MOJIEKYJ XaOTHYHAa H B CPEAHEM CYMMa MarHHTHBIX
MOMEHTOB paBHa HyJi0. BK/IOUeHHe MarHHTHOTO MOJS C HampsiKeH-
HOCTbIO H TpPHBOAMT K MPEHMYIIECTBEHHOH OPHEHTAIMH MarHUTHBIX
JMIOJIell 10 HANPABJEHHIO N0/ H K BOSHHKHOBEHHIO OTJIHYHOTO HYJIst
MarHHTHOTO MOMEHTa NlapaMarieTuka M. 3Ta BeJIHUMHA HOCHT Ha3BaHHe
BEKTOpAa HAaMarHHYeHHs (MM JJIs KPaTKOCTH NPOCTO HaMarHUYEHWs).
Mbi GyzieM CYMTaTh, TaK JKe KaK H B C/1ydyae Ta3oB, YTO Mbl HMeeM JeJI0
C OJHOH rPpaMM-MOJIEKYJOH MarHeTHKa, W BeAMuMHY M GyleM CYHTaTh
MOJISIPHBIM HaMarhuuenneM. C pocToM HanpsikeHHocTd noas H u
C yMeHbllIeHHeM MHTEHCHBHOCTH TEILIOBOTO JBHKEHHS (C YMEHbLIeHHeM
T) cTenenb OPHEHTAlHH 3/1€MEHTAPHBIX MArHHTHBIX JHMOJEH yBeJHuH-
Baercst. Fimeercss a¢bdekT Hachilenust (IpefebHOT0 HaMarHHYeHUs)

lim M= M,.

H-o

KaxoMy QUKCHPOBAHHOMY 3HAYEHHIO HANpsKEHHOCTH moas H u sa-
JLaHHO# TeMnepaType T COOTBETCTBYET NPOMEXKYTOUHOE 3HAYeHHE HaMar-
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HuueHnst Mexay M =0 u M = M,. PaGora HaMarHHYMBaHusl MOpH
H3MEHeHUH BEKTOpa HaMarnuyeHHsi Ha dM paBHa, KaK H3BECTHO H3
9/1eKTPOAHHAMHKH,

0A=—HdM=—HdM. (15.1)

(Mbl orpaHHuMBaeMCsi PACCMOTPEHHEM H30TPONHBIX I1apaMarHeTHKOB,
JUIsl KOTOPBIX HampaBJ/ieHHe HaMarnuuenust M coBmajaeT ¢ Hanpasie-
HueM BHelunero mnoss F, u nostomy HdM = H dM.) 3nak Munyc
B (15.1) ykasbiBaer (Tak ke, Kak B CJyyae CTepikHeil), 4To paGoTa npH
dM > 0 coBepuiaeTcsi BHEIIHHM 1oJeM. TakuM o6pa3oM, Mexay napa-
MeTpaMH TepMOAMHAMUKH Ia3oB H TePMOJAMHAMHKH MarHETHKOB CYIle-
CTBYeT COOTBETCTBHE

P—>—H, V->M. (15.2)

OkasblBaeTcsl BO3MOXKHBIM TIPOBECTH JaJIbHEHIIYI0 aHAJIOTHIO MEXAY
HIeaNbHbIM [a30M M MAarHeTMKOM. ¥ HJea/bHbIX T'a30B BHYTPEHHssI
sHeprus U 3aBHCHT TOJBKO OT TeMIepaTypbl M He 3aBHCHT OT oGbeMa
U =U(

Hafinem o6wmMH BHX ypaBHeHHsl COCTOSIHHS Ta3oB, y KOTOPBIX
U = U (T). U3 popmyasl dS = 8Q/T nonyuaem

du P
dS =—5 + 5 dV.
Ecan U = U (T), 10 dU/T — noaubiii auddepentuan. Torga U ujieH
(P/T) dV siBnsiercss noanbiM audeepenunaom. IlocsieiHee BO3MOXKHO
TOJIbKO, ecan V ectb dynkuust P/T.

Vineanpublii Ta3 sAB/AETCS YaCTHBIM CJyyaeM TrasoB, YpaBHEHHs
COCTOSIHMSL KOTOpLIX HMmeloT Bui V = f (P/T).

Ecau oTBneubcs OT MeXaHMYecKHX mnepeMeHHbX P u V (cuuraTh
V = const), To 0CHOBHOE TePMOJHHAMHYECKOE TOXKAECTBO JJ/Isi MarHEeTHKa
3anuuIeTcst B BHJE

dU=TdS+HdM (15.3)
HJIH
T, S) _
aur,y — b (15.4)

INo aHa/OTHH ¢ HAeaNbHBIM Ta30M INPE/INOJIOXKHM, UTO JJIs apaMar-
HetikoB Takxke U = U (T) (uneanbublii napamarsetuk). Orciofa
HeMeieHHo caenyer M = f (H/T). 3anuueM 3T0 ypaBHeHHe COCTOSI-
HHUsI M]eaJbHOTO MapaMarHeTHKa B Ge3pasMepHOi ¢opMe, BBOAsS B Ka-
yecTBe aprymenta otHomenune MoH/RT (M, — npene/ipHOe HaMarHu-
YyeHHe):

M MoH

() (59
AnanuTHyeckuit BUA QyHKuMH L (x) MOxeT ObiThb HaliJeH TOJBKO Me-
TOJAMH CTaTHCTHYECKOH (HM3UKH. Mbl GyleM Ha3blBaTh ee 0606UeH-
Kol gpynkyueil Jlanoesena (MIM IJsi KPAaTKOCTH IIPOCTO (yHKIHe
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JlanxkeBena), 1 10 cBoeMy (PH3HUECKOMY CMBIC/Y OHA MPEACTaB/sieT co-
Goit crenenb OPHEHTALMH 3/IEMEHTAPHBIX MAarHHTHBIX MOMEHTOB. Mbt
yBUAHM B JasbHeiimem (§ 56 ra. VI), 4To cyuwiecTByeT HecKolbKO pas-
nuukblX QyHKOME L (x) — KnaccHueckass GyHKIMsi JlaHmxeBeHa H psif
KBaHTOBLIX QyHKIKit JIamkeBena. ITo 510t npuuiHe Mbl He Gy/1eM N0Jb30-
BAThCsl ABHBIM BHAOM yHKIHH L (x), TeM GoJtee, 4TO JJIs Oy YeHHst CO/ib-
IIMHCTBA (PH3HYECKHX PEe3YJbTATOB CYLIECTBEHHBI TOJNBKO CJIELYIOLIHE
KauecTBeHHble CBOHCTBA BceX GyHKuUME L (x): mpu x = M H/RT > 1
(CH/IbHBIE MOJIST M HM3KHE TeMIepaTypbl) HMeeT MecTo 9(1@&!(1‘ Hachllle-
Husg H L (x) > 1 mpu x — oo. HaoGopor, npu x < 1 (caabele noas
BLICOKHE TeMIepaTryphbl) CTelleHb OpHeHTalHH MarHUTHBIX MOMEHTOB
mana u L (x) < 1. TanreHc yria Ha-
KJIOHa KphBo#i JlaHkepeHa npH-x = 0
ornnyen ot nyaa: L’(0) %0, u pas-
qnoxenne (yHKUMM L (x) npu Mma-
JbIX X HauHHaeTcs C YJeHa, Iponop-
L{HOHAJIBHOTO X!

Yel10 Lyl (0)x npu x< 1. (15.6)

Hakowen, u o¢ynkuus Jlanxe-
BeHa H ee NpousBoiHasi L' (x) MOHO-
TOHHbI (L (x) MOHOTOHHO BO3pacTaer,
a L’ (x) MOHOTOHHO Y6bIBAeT), TaK UTO KauyeCTBEHHO KpHBas Jlamxe-
BeHa HMeeT BHJ, H300paKeHHLIE Ha pHC. 22.

IIpH JOCTHXHMMBIX B HACTOsiLee BpPeMsi MATHHTHBIX MOJISIX MOYTH
Bcerja (3a MCKJoueHHeM 06JacTH Temneparyp, oueHb 6ansknx k 0° K)
umeer mecto cayyait MH/RT < 1w

Pue. 22.

{ MoH 0
M= ML (7 ) ML O g, (15.7)
RT

rie BeanunHa x = ML’ (0)/RT: HasbiBaeTcsi MarHHTHOH BOCIPHHMYH-
BOCTbIO BellecTBa, H (opmyJa (15.7) Beipaxaer 3akon Kiopu, coraacho
KOTOPOMY MarHMTHAasl BOCIPHMMYHMBOCTb NapaMarHetrdka oGpaTHO IIpo-
nopuHoHa/ibHa Temnepatype. Haiiiem sHTpomHio nmapamarpeTHka Kak
dyukumio T u M. HMmeem
aS ( Cu

dS=<—aT) T+ aw\ dM =2 dT — (5, dM.

W3 ypaBHenusi (15.5) HaXO[MM
, [ MoH \ M, (T dH — H dT)
W., =L \ RT ) RT® !

oTKyAa cuepyer npu M = const

7 = (o u (159)
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H, CJIe0BATEJbHO,

CydTl H
dS= T — T dM. (15.10)
Mgl MoxKeM (B NMpHHLHINE) pa3pelunTh ypaBHeHHe (15.5) oTHOCHTe/NbHO
HIT:
H_Rj(M
T—MOL<M0), (15.11)

rie L ectb dyynkumsi, o6pathas GpyHkuun JlamkeBena. (3aMeTuM, uTO
¢GyHkuHsi L He MoxeT GbiThb HalileHa aHanuTHueckH.) IToatomy ypas-
nenue (15.10) MoxeT GbITH 3alHCAHO B BHJE

C,dT
dS=—4%

—7L< )dM (15.12)

s (15.11) BuAHO, 4TO /51 HA€ANbHBIX NapaMarHeTHKOB H ecTb JuHeH-
Hasi QYHKLHS TeMIepaTyphl, NOJ0GHO TOMY, KaK /st HACAJIbHBIX CTEPHK-
Hefl [ ecTb JiuHeliHast QYHKUHS TeMIepaTypsl M JUIs HI€aJbHOTO rasa
u rasa Bau-zep-Baaneca P ectb nMHeHiHas (QYHKLHS TeMmeparypbl.
Orciofia HeMeLJIEHHO CJellyeT, 4TO JJIsi HJea/IbHbIX MapaMarHeTHKOB
TenioeMKocTb Cy He 3aBUCHT OT M (Tak ke, Kak C; 1Jsi HIeaJbHbIX
crepkHell He 3aBHCHT OT [ M Cy s HI€anbHOTO H peaibHbIX Ia3oB —
or V). JlokasaTebCTBO MOKeT GbITh MOJYYEHO YHTATEJIEM I1yTeM 3aMEHbI
P—~ —H, V> M B dopmyae (11.9).

Takum o6pasoM, B ypaBHenuu (15.12) o6a cjaraeMbix B npaBoi
4acTH — MOJHbIe AH(pdepeHIHaNb], H OHO B IPHHIMIE MOXeT GbIThb IPO-
HHTErpPHPOBaHO

CuMdT R ¢ (M)
5=\ QT VL) am +const. (15.13)

Bnanu or HachlneHust, no/1b3ysick ypaBHenueM (15.7), uMeem

Cydl  RMoM
48 ==~ mro
]
Cy (T)dT RM?
s= M — o+ const (15.14)
WM LS coBeplleHHoro mapamarhetnka (Cy = const)
M2—(M*)?
S—8*=Culn(7+) - 24T (15.15)

S*, T*, M* — napaMeTpsl HeKOTOPOTO IPOM3BOJBLHOTO COCTOSTHHS.
BHYTpeHHsIs 9Heprist HeaJbHOTO MapaMarHeTHKa 3aBHCHT TOJIbKO
o1 Temneparyphl H B cHay dopmyasl (0U/0T)y = Cy paBHa

U={Cu(T)dT (15.16)
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HJH i1 COBEPIIEHHOTO NnapaMarHeTHka
U—U*=Cy(T —T*). (15.17)

Mg morsn 6bl TaK ke, KaK M B CJyyae CTepKHell ¥ rasoB, BbIIHCATh
Tabauny 43 12 TepMOJMHAMHUYECKHX KO3(Q(HMIHEHTOB M BbIPa3HThb
HX yepes JioGble TpH Ko3pduuKenTa. B cayyae napaMarneTHkos yioGHO
B KayecTBe JBYX HE3aBHCHMBIX KO3(GHIHEHTOB BbIGPaTh BeJTHUHMHBI
(OM/0T)y, (0M/6H)y, onpelelsieMble H3 ypaBHEHHsS COCTOSIHHSI:

@%H - %%L <%«TE> (15.18)
<%>r=7€%ﬁ“u<%¢>' (15.19)

a B KauecTBe TPEThero He3aBHCHMOro Ko3(hQHIHEHTa — TemNJOeMKOCTh
Cy = T (8S/0T ).

Haiigem pastoctb TerioeMkocteit Cy; — Cy. C noMowblo cTanaapt-
Ho#l 3amenn! (15.2) B gopmyJsie (11.11) momyuaem
o) (e
oM )7\ oT /n

u, noactaBass 3Havenus (15.18) u (15.19), Hailnem

Cu—Cu=R (5L (). (15.20)

CH—CM=T<

Bpanu ot tTouku Haceiuenuss M H/RT < 1, u nocieiHee ypaBHeHHe
[PUEHMaeT BHI

Cu—Cu=RL (0) (B <R. (15.21)

CnenoBatesibHo, pasiiuua Mexkay Cp n Cy CTaHOBHTCA BecbMa
Mmasoii (Tak ke, Kak M pasHuna mexay C; u C, B TepMOJAHHaMHKe
CTepKHel).

Haiizem B KauecTBe MJJIIOCTPALUH Kodbduuuent (67/0H)s, onuch-
BaIOIMii M3MEHEHHe TeMIepaTypbl NpPH afHabaTHYeCKOM pa3MarHHuu-
BaHHM (HaMarHWYMBaHHH) o6pasuna. C MOMOUIBbIO CTaHJAAPTHOH 3aMeHbl
(15.2) P—>—H, V—> M B ¢opmyne (11.13) nonyduM, yuuTbBas
(15.18),

(8 = = L () _ (el

OH )s = ~ Cpy\ 0T )~ CuRT RT )

IMpu HH3KHX TeMmeparypax, Kak Mbl yGemumcs B § 38, TensoeMKocTh

TBEpPABIX Ten nponopunonanbsa 7%, T.e. Cy = yT°. Ecan obpasen

Janek oT HackluleHns, To L' (MoH/RT) = L' (0) u
aT \ ML O H
(W,s"’ RyT*

(15.22)
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Tak kak (0T/6H)s > 0, To annaGaTHueckoe BLIK/IIOUEHHE MOJS NpH-
BOMHT K OXJaxkJeHHIo o6pasioB. B cuny Toro, uro (8T/0H)s ~ T4,
3TOT METOA MOJyueHHsl HH3KHX TeMIepaTyp CTAaHOBHTCS OCOGEHHO
3hEeKTHBHBIM, €CIH HCXOAHAsi TeMmmepatypa Yxe HH3Ka. ITosTomy
BIJIOTb 1O TOC/JEAHHX JIeT MeTOJ aAHaGaTHYeCKOro pa3MarHHYMBaHHS
ABJsieTcsl HauGosiee JAEHCTBEHHBIM METOJOM IOJIYYeHHS] CBEPXHHM3KHX
TeMneparyp. 3aMeTHM, ofHako, 4To 3aMeHa L’ (M H/RT) wa L’ (0)
CTaHOBHTCsI HE3AKOHHON MPH CBEPXHU3KHX TeMmmepatypax. Boisee Toro,
npu T — 0° K mpoussopnast L' (MoH/RT) cTpeMHTCs K HYmMO H,
CJIeJI0BATeJbHO, METOJ MAarHHTHOTO OXJaX<JEeHHsI CTAHOBHTCS Hedddek-
THBHBIM (PaBHO Kak M JIIOOble APYrue MeTOAbl OXJaXKIeHHs, KaK 3To
caenyer u3 Teopemsl Heprera (§ 39)).

§ 16. TepMoaWHAMHKA H3Jy4eHHs

PaccMoOTpuM 3aMKHYTYIO NOJIOCTb, CTEHKH KOTOPOH HMEIOT TeMre-
parypy T. Bnarojapsi U3/1y4eHHIO CTEHOK NOJIOCTb 3alOJIHEHA 3/1EKTPO-
MarHUTHBIM H3/yYeHHeM CO BCEBO3MOXKHBLIMH HaNpaBjIeHHAMH Dacnpo-
CTpaHeHHsl, NMOJSIPH3ALHAMH H YacTOTaMH. B paBHOBECHOM COCTOSHHH
BO BCEX TOYKAX IOJIOCTH yCTaHaBJIMBAETCS OJMHAKOBAs M He 3aBHCsIIAs
OT BpEMeHH IJOTHOCTb SHEPTHH M3JIyyeHHs, 3aBHCSLIAsi OT TeMmIepa-
Typsl T. Bosiee Toro, paBHONpaBHe BCeX TOYEK NOJIOCTH M CTalHOHAp-
HOCTb PaBHOBECHOTO COCTOSIHHS IOJPasyMeBaiOT, YTO B KaXKJIOH TOouKe
[IOJIOCTH YCTaHABJIMBAETCSl OIMHAKOBOE M NOCTOSIHHOE pacnpeiesieHHe
SHEPTHH MO CNEKTPY, YTO NO3BOJISET BBECTH CIHEKTPaNbHYIO IJIOTHOCTb
sHeprun o (v, T), Tak 4yTo mpouaBefieHHe P (v, T) dv ecTb KOJHYECTBO
JIYYHCTOH 3HEpPruM B eJHHHIE 06beMa C YaCTOTaMM B HHTepBaje OT Vv
1o v -+ dv. OueBHAHO, MeXJYy CHeKTPajbHOH H OOBEMHON MJIOTHOCTbIO
SHEPTHH CYIIECTBYET C/IeAYIOmas CBA3b:

Sp(v, T)dv=u(T). (16.1)
0
BHYTpeHHSIS SHePTHs H3/MyYeHHs CBs3aHAa C OOBEMHOH IJIOTHOCTBIO
COOTHOLUEHHEM
U=u(T)V. (16.2)

3aMeTHM, YTO MaJjioe OTBEPCTHE B CTEHKE IIOJIOCTH C xopoweﬁ TOY-
HOCTbIO NpPEACTaBJsIET coGoit aGCoJIOTHO YepHOe TeJso, TaK Kak H3Jy-
YeHHe, Mnajaruiee H3BHE Ha 3TO OTBEpPCTHE, 6yﬂ,€T YacTHYHO IOIJIO,
aTbCsl NPH KaxKJOM NaJeHHH Ha BHYTPEHHHE CTEHKH IIOJIOCTH H Npak-
THYECKH HalleJlo NOIVIOTHTCS, Mpexe yeM KOrja-/11u6o BhIfiET U3 oTBep-
cTusi. B cBsian ¢ 3THUM paBHOBECHOE H3JY4Y€HHE B IIOJIOCTH NPHHATO
Ha3bIBaTb QOCOMIOMHO HEPHbIM UBAYHEHUEM.

Jlerko BHJETH, 4TO CIIeKTpaJibHas (l/l 00beMHas) MJIOTHOCTb SHEPTHH
YeDHOrOo H3JyyeHHsI He 8aBHCHUT OT CBOHCTB  CTEHOK IIOJIOCTH
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H NpeiCTaB/sieT co0oli YHHBepPCaJbHYIO (QYHKIMIO YacTOTHl H TeMie-
parypbl (0O6beMHast MJIOTHOCTb — TOJIBKO TeMIepaTyphl).

JleficTBHTE/IbHO, eciM Obl JBé TaKHe MOJIOCTH C PasHbIMH MartepHa-
JIaMH CTEHOK, HO OJIHHAKOBOH TeMmepaTypoil HMesH Obl, XOTS Obl /s
OJIHOH YacTOTH! v, PasHble CIeKTPaJbHEIE IJIOTHOCTH, TO, COCAHHHB HX
CBETOBOAOM C (GMJIBTPOM, MPONYCKAIOIHM CBET TOJbKO YacTOThl V, Mbl
NOJIYYHIH GBI MOTOK SHEPTHH OT OJHOH MONOCTH K APYrofi NMpH paBeH-
CTBE TeMIepaTyp, a 3aTeM OT NOJIOCTH ¢ Gosiee HM3KOH TeMmepaTypoi
K 10JIOCTH ¢ 0oJiee BEICOKOH TeMnepaTypoil, YTO 3alpelieHO NPHH-
uunamH TepMOAMHaMHKH (cM. § 10).

Ecnu paccmaTpuBaTh HMa/yueHHe, KaK ra3 (OTOHOB, TO TOT (axr,
4TO MJIOTHOCTb dHeprHH u (T) 3aBHCHT TOJBKO OT TeMIepaTypel, HO He
oT o6beMa, JenaeT (OTOHHBIH ra3 MOXOXKHM Ha HACHILEHHBIH map.
JleficTBHTE/IbHO, IPH ONYCKAHUH MOPIUHS HAJ AaPOM YacTb €ro MOJICKYJ1
NepexoiuT B XHAKYI0 a3y, M NPH HEH3MEHHOH TeMmmeparype IJIOT-
HOCTDb 3HePIHH (HJIM 3HepTHs, NpHXoAdumascs Ha | MoJekyay) ocTaercs
HeM3MEeHHOH. AHAJIOrMYHO 3TOMY MOXKHO OXKMJATh, YTO NpPH CXKAaTHH
(OTOHHOTO Trasa C INOMOIUIbIO MOPUIHS YacTb (JOTOHOB MOTrJIOIAETCS
CTEHKaMH TIOJIOCTH H MOPLIHEM, H MVIOTHOCTb SHEPTHH OCTaeTCsl HeN3MeH-
HoH. M3 HarasitiHeiX cooOpa<eHHH cJjleflyeT I03TOMYy OXKMJaTh, YTO
OmOHHbLIL 2a3 MAK die, KAK U HACOUUEHHbIL Nap, He NpYsCuUrum, m. e.
Oasaenue POMOKHO20 203a, NOOOGHO O0QBAEHUI0 HACHIUEHHO20, napa, He
sasucum om o6wema (3aBUCHT TOJBKO OT TeMIepPaTyphi).

TpuBeneHHble cOOOPaXKeHUs!, KOHEYHO, He MOTYT paccMaTpHBAThbCs
KaK J0K&a3aTeJbCTBO M BOOOILIE JexaT BHe DaMOK TepMOAMHAMHKH;
OJHAKO OHH{ TNOSICHSIIOT BHJ YPABHEHHS COCTOSIHHS /sl H3JYYeHHS.

10 ypaBHeHHe GyNeT HaMM Jloka3aHo B § 37 B paMKax npejcTaBJe-
HHsl 00 H3JYYeHHH, KaK 0 (GoToHHOM rase. OHO MOXeT GbiTb TaKikKe
TOJIyyeHo, HCXOA M3 YPABHEHMH KJAcCHYCCKOH 3/1CKTPOJAMHAMHKH
MakcBpessia, H 3aKJ04aeTcs B TOM, YTO JiaBJieHHe CBeTOBOIO H3JyueHHs,
najapliero H30TPONHO (MOJ BCEBO3MOXKHBLIMH YIVIaMM) Ha JOOYIO IO-
BEPXHOCTb, PABHO OJIHOH TPeTH OGBEMHON IJIOTHOCTH SHEPTHH (M, cJje-
JIOBAaTe/IbHO, 3aBHCHT TOJBKO OT TeMIepaTyphl)

P=1u(T). (16.3)

HalieM, nosib3ysich ypaBHEHHeM COCTOSIHHSI, BbIpakeHHe JUISl SHT-
POIMH H3/YUeHHUs], KaK GYHKLUHHU TeMnepaTypsl H oGbeMa. Ha ocHoBanuu
dopmya (16.2) u (16.3)

__dU4PdV _ V du 4 u
dS=——F—= 77 dT 45 7 dv. (16.4)
VYcJioBHeM TOro, 4To npaBasi YacTb ecTh MOJHbIH Auddepenunan, -
JISIeTCs PaBEeHCTBO
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1
du dr
w = 4 T

HHrterpupys, noaydaeMm oTcroia
u=aT*. (16.5)

dra ¢opmyaa BblpaxaeT H3BecTHbIl 3akoH Credana — Bosbimana
J1st 0OBEMHOM IJIOTHOCTH SHEPrHH Ha/yueHHs. Umuc/ieHHoe 3HaueHHe
BeIHYHHE a B (16.5) He MOXKeT GbITH HalileHO METOAAMH TePMOJHHAMHKH.
Mgl y6eaumcsa B wacty 11, 4To cTatHcTHYeCKast DH3HKA NO3BOJISIET HAHTH
YHC/IEHHOe 3HauYeHHe a.

Moacrasnsist snauenue (16.5) B (16.4) u unTerpupys, Haiiiem sHTpo-
NIHIO YEPHOTO H3J1yueHHs

4
dS =4aT?V dT 4~ aT*dV,
“ ta (16.6)

S= % aT3V + const.

TakuM o6pasoM, ypaBHeHHe ajuabaThbl AJIs PaBHOBECHOTO H3JyYeHHS
HMeeT BHJI

T3V = const. (16.7)
C nomotupio (16.6) MOKHO HAHTH TENJI0EMKOCTb
Cy=T (55, =4aT?V. (16.8)

TensoeMKoCTb NPH NOCTOSIHHOM JaBJIEHHH, OYEBHIHO, He HMeer
cmbicaa (tak kak P = P (T)) u dopManbHO

Cp= (g?),, =00.

Yro KacaeTcs CeKTpasbHOMN NVIOTHOCTH SHEPTHH H3nyueHus o (v, T),
TO MeTOJlaMM TepPMOJMHAMMKM ee HaifiTH He y[aeTcsi, H ee HaxoxjeHue
npejcTaBJIseT cofoil 3ajauy craTHCTHYecKOH ¢uanki. OLHAKO U B Tep-
MOJHHAMHUKe YJaeTcs IOJYYHTb HEKOTOPble BaxKHbIE CBEJEHHsI O BHIE
Qynxkuuu o (v, T). DTH CBeJEHHS COCTABJSIOT COAEPKAaHHe 3aKOHA
Buna,  BHIBOLY KOTOPOTO Mbl Te€Nepb H NPHCTYMHM.

151 BBIBOJIa 3aKOHA BuHa OKa3bIBaeTCs JOCTATOYHO BOCTIONb30BATLCSA
C006parKeHHsIMH, CBA3aHHBIMH C Pa3MePHOCTSIMH, U 3akoHoM Credana —
Bospumana.

C ToukH 3peHHsl KJlacCHYecKOi GHU3HKH B GOPMYJY, ONpPEAeSIOLyIo
CHEKTPaJbHYIO MJIOTHOCTb SHepruH o (v, T), MOTYT BXOIUTb BeJHYMHbI
v, T u 1Be yHHBepCa/bHble MOCTOSHHbIE: CKOPOCTb CBETA B BaKyyMe C
W ragoBasi noctositHHasg R. Y106HO, BpoyeM, BBECTH BMECTO a30BOM
NOCTOSIHHOM CBsI3aHHYI0 C Helt nocmosxuyio Boasymana k = R/N a,
tae N — uucjao ABOrafpo (4HCJO MCJeKya B MoJe). Eciu mpHHATH
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B KauecTBe OCHOBHLIX BeJHUHH 3HEPruio (Da3MepHOCTH &), LJIMHY (pas-
MepHOCTDb ), BpeMs (pa3MepHOCTb T) M TemnepaTypy (pasmepHocTb 0),
To Beqmuunbl P (v, T), v, T, ¢, k uMeloT pasmepHoCTH

[o(v, T=etr? v]=v", [T]=0,
[e]=ht1, [k]=¢e07L.

MosoxkuM, uto p (v, T) ¢ TOYHOCTBIO 1O YHCJIEHHOTO MHOXKHTeas A
€CTb NpoH3BelleHHe HeKHX crenenedt v, T, ¢, k:

o (v, T)=AvrTrcrka. (16.9)

IMpupaBHHBasl PasMEPHOCTH OCHOBHBIX BEJHUHH B JIEBOH M NpaBoil
4aCTH MOCJEJHEr0 PaBeHCTBA, MOJYYHM

m=2, n=1, p=-—3, g=1,
H, CJIeJ0BATEJbHO, HCKOMAas 3aBMCHMOCTb MMeeT BHJ

p(v, =2 (16.10)

B § 37 MBIl yBHAHM, YTO K TOYHO TAKOMY K€ Pe3YJbTaTy MPUBOLHT
KJIaCCHUeCcKasi CTaTHCTHYecKas (M3MKa, NpHUeM OCTAaBUIMIACH Heorpe-
JleIeHHbIH MHOXHTe/Ib A OKa3bIBaeTCst paBHBIM 87t. 3aKOH, BbIpaKaeMblii
dopmyuoit (16.10), HocuT HasBanue 3akoxa Peres — ocunca 1 XOpoLIO
COTJIacyeTcsl C OMBITOM NPH MaJsiblX YacTOTaX HM3JY4eHHs!; OJHAKO MPH
GoJibIUMX wactoTax dQopmysaa Penest — JxkHuHCa pe3KO pacXOAHTCs
C ONbITHBIMH JaHHLIMH, YKa3blBAaMOLWHMH Ha TO, 4T0 0 (v, T) Kak ¢GyHK-
LMl YaCTOTHI MMeeT MaKCHMyM NIPH HEKOTOPO# YacToTe M JaJblle C Po-
CTOM 4acTOThl yObiBaer. 3akoH Peses — JIxkuHca, conepKaliuii yTBep-
KJIeHHe O HeorpaHHYeHHOM pocte P (v, T) ¢ pPOCTOM YacTOThl Vv, NMpPH-
BOJMT K aGCypAHOMY BBIBOAY O TOM, 4TO 0GBEMHasl NJOTHOCTb SHEPIHH

jon
B DaBHOBECHOM COCTOSIHHHM GECKOHeuHO BesHKa | S o (v, T)dv pacxo-
‘o

JIUTCS) — MapajioKe, KOTOPbIH B HCTOpHH (DU3HKH TOJYYH/ HasBaHHe
yavmpaghuoremosoti kamacmpogher. UtoObl H3GekaTh 3TOro mapajoxca
U TOJIYYHTb OCMBICJAEHHBbIH De3ysbTaT, NPHXOMMTCS BBLIHTH 3a paMKH
KJIaCCHYECKOH (DU3HKH U JONYCTHTh, YTO CYIIECTBYET elile OfHA YHHBEp-
ca/JibHasi MOCTOSiHHASA h, He QUIypHpyiolast B KJIAaCCHYECKHX 3aKOHaX,
H 4TO OHa BXOAHT B onpegesenue p (v, T). 10 3HA4UT, YyTO Ge3pasmep-
HBbli MHOXKHTeJb A He SIB/seTCsl NMOCTOSIHHOH BeJHYHHOH, a 3aBHCHT
Ha CaMOM JieJie OT HeKOTOPOH KOMOHHAUMU HOBOH NOCTOSIHHOM H BeJH-
gyuH v B T. Mbl MOXKeM, He Hapyluasi OGLUIHOCTH, CYUTATH [PH STOM, YTO
B 3Ty KOMOHHALIMIO YacTOTa V BXOJMT B IEPBOi cTeneHH (B MPOTHBHOM
cjlydae Mbl BO3BeJH Obl BeCb apryMeHT (QyHKUHH B NMOAXOASILYIO CTe:
neHb, 4ToObl C/leslaTh NOKasaTeslb CTENeHH NPH V DPABHBIM EAUHHILE),
a Temneparypa T B HEKOTOPOIl CTENEHH 7.
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Kosqﬁmunem npu v o6o3nayuM uepes i/k. Toraa nonyuum
hT* Tr\ kT
A< v ) o (v T)=A( ) (16.11)

OnpeneanM Tenepb nokasateab r TpeGoBanueM, ytoGbl Ansi u (T) Bbl-
nonusiics 3akoH Crepana — Bosabumana. Mmeem us (16.1)

o

w(T)=2 S v“A(hVTr)dv
0

HJIH, BBOAS MNepeMeHHYI HHTerpupoBanust y = hvT'/k,

kAT1-37 &
w(T) =20\ A ) dy.
0

Tak Kak BCs1 3aBHCHMOCTb OT TeMIepaTyphl ONpele/sieTcsi Temepb
MHOkHTes1eM T, To fuist corviacusi ¢ 3akoHoM Credana — BoJabumana

HEOOXONMMO, 4TOOH 1—3r =4, T.e. r = — 1.
Hrax, mpi nonyunan aas u (v, T) Bbipaxenue
p(v, T)= -_va< ) (16.12)

YrBepxaenne, copepxaieecsi B (16.12), HasbiBaetcst 3akoHom Buna.

Herpyano Tenepb BMIETb, YTO PasMePHOCTb HOBOH MOCTOSIHHOM
paBHa pasMepHOCTH JelcTBHs |h] = et. 3alerast Bnepes, 3aMeTHM, YTO
B CTAaTHCTHYeCKOH (DM3HKe MOCTOSIHHAasl A OKa3biBaeTcsl COBMajaioulei
¢ nocrosinHoft ITnanka, U ee nosiBIeHHe B 3aKOHAX H3JYYeHHs CBS3aHO
C CYLIECTBEHHOH POJIbIO B 3THX SIBJIEHHSIX KBAHTOBBIX 3aKOHOMEPHOCTEH,

YMHOXKasi YHMC/HTeTb M 3HaMeHatenb BhpaxeHus (16.12) Ha v,
3anuweM 3akoH Buna B Gosiee pacnpocTpaHeHHo# dopme

p(v, 1=V (7). (16.13)

Takum oGpasoM, 3akoH BHHa CBOZHT OTbICKaHHe (QYHKUMH ABYX Iepe-
MeHHBIX P (v, T) K OTbICKaHHIO QYHKUMH ofHOH nepemenHo# f (v/T)
(mm A (hv/kT)).

3akoH BuHa NO3BOJSIET YCTaHOBHTH BaKHOE NPABHJIO, ONPEesiio-
lnee TMOJIOXKEHHE MaKCHMyMa H3JyuyaeMoll SHeprMH B CNIEKTPe YepHOTo
uanyuenusi. Onpenenum nosoxenne Makcumyma o (v, 7). duddepen-
uupys (16.12) no v u npupaBHHBasi NPOH3BOAHYIO HYJIO, MOJYYHM

dp(v, T) _ kT [ hv hoar(hv\]1_
RGI = 5 28 () v & (57)] =0
IpH v = vy,
0603Ha'-la$l hvy/kT = 2z, mony4uM YypaBHeHHe
2A (2)+2A' (2)=0. (16.14)

3 10, B. Pymep, M. Ill. PuiBku
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H3 skcrnepumeHTa H3BECTHO, YTO Ha KPHBOH, M300paKaiolleH 3aBH-
cumoctb p (v, T) OT 4yacToThl NpH (HKCHPOBAHHOH TeMmeparype, ecTb
JIHLIb OJMH MaKCHMYM H, C/el0BaTeJbHO, ypaBHeHue (16.14) umeer
TOJILKO OJIUH TOJIOMKUTE/IbHBIA KOpeHb z = b, T. e.

h
T =b (16.15)

— Mbl TIONYYHIH 3AKOH CMeljeHus Buna, KOTOpbIl MOKa3bIBaeT, YTO
C POCTOM TeMIepaTypbl H3JyYaiOLero Tesa MaKCHMYM 3HepPruH CMe-
LWAeTCsl B BHICOKOYACTOTHYIO YACTh CNIEKTpa M Hao6opoT.

Toxacrasasis (16.15) B (16.12), noayunm snavenue p (v, T) B Mak-
CHMyMe

o (Vm, T)=AT?3, (16.16)
3
e A=z A(b)— nocrosuHas.

3Hauenusi P (v, T) npomopuyoHaibHbI Ky6y aGCOMIOTHOH TeMie-
parypsl.

TlopuepkueM ele pa3, 4To yCTaHOB/IeHHe 3aKoHa BuHa npejicTapJisier
co6ofi TpaHHIly TOrO, YTO MOXKET JaTh TePMOJIMHAMHMYECKHEH MeTOx
B TeopuH uanyuenns. Tounsiil Bua pynkuun A (hv/kT), a crenoBatesbHO,
H YHC/IEHHOE 3HAYeHHe MOCTOSIHHOH b B 3aKOHe CMeleHHs M NOCTOSIH-
HOHt a B 3akoHe Credana — DBonbliMana MeTozaMH TepMOAMHAMHKH
HafifileHbl GbITh He MOT'YT, M 3Ta 3ajjaya OCTAeTCs Ha JOJIO CTaTHCTHYe-
CKOTO MeTOAa.

§ 17. Tepmoaunamuka BoJbl

VY uuTaTesst, MPOUHTABLIErO MNpeJIIeCTBYIOmMe naparpadnl, MOIIO
CJIOXHUTBCS BIeuaT/ieHHe, YyTo Hcmosb3oBanue (P, V)-miaockocTH (B 06-
1meM cjyyae, MJOCKOCTH OGOOGlieHHast CHia — OGOOIIeHHAst KOOpPAH-
Hara) u (T, S)-NJIOCKOCTH AJs1 TePMOJAHHAMHYECKOTO OINHCAHHS OLHO-
POIHBIX CHCTeM SIBJASIETCS] YHHMBEPCaJbHBIM METOAOM, d COOTHOLIEHHE
0 (T, S)/6 (P, V) =1 Bcerfa mpHMEHHMO AJIsl pelieHHs KOHKPETHBIX
TEPMOAHHAMHYECKHX 3afiay. MBI pacCMOTPHM Tenepb Ba<HbIH NpuMep
TEPMOAHHAMHYECKOH CHCTEeMBbI, AJsI KOTOPOH KaaHOpOBKa aGCOMIIOTHOH
TeMmnepatypsl ¥ a6cosotHoil suTponuu 0 (T, S)/6 (P, V) =1 ne
MOXeT GbITb HCIOJIb30BaHa, a npuMenerue (P, V)- u (T, S)-miockocteit
[Jisl ONMCaHHs TePMOAMHAMHUECKHX CBOHCTB BeCbMa HeYIOGHO M fB-
JISieTCsl SIBHO HE alleKBaTHBIM (PH3HYeCKOH CyTH IpoGJeMbl.

Crenyer, OAHAKO, NOAYEPKHYTb, YTO peub HAET O JOBOJBHO PelKHX
HCKJIIOUEHHSIX, TAKHX KaK BOJAA H elle HEKOTOphle KMIAKOCTH (a TaKike
HEKOTOpbl€ TBepJble BelecTBa), NpHYEM HENPHIONHOCTh Ka/JHGPOBKH
o (T, S)/6 (P, V) = 1 ornHocuTcs quiib K HeGosibiuol yactu (P, V)-
MIIOCKOCTH. J1J1s1 IOAABJISIOWIEro e GOJIbIIHHCTBA TePMOAHHAMHYECKHX
CHCTeM YNOMSIHYTBIH Bhillle METOX AefCTBHTeJNbHO BCerja NpUrofeH AJs
cCJIelOBaHHsT TePMOJHHAMHYECKHX CBOCTB,
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BOJIBbIIHHCTBO TePMOAHHAMHYECKHX GOpPMYJI, oJyyeHHbIX B §§ 1—11,
cnpaBelIHBEl He TOJBKO IS Ias3oB, HO H MIs Hakocredl. Onnako
B cJlyyae KMIKOCTeH 3HAaYHTeNbHO TPYyJHee H3BJIeub U3 OGLHX TepMOJH-
HAMHYECKHX (OPMYJI KOHKPETHble pe3yJIbTaThl, NOCKOJIbKY HE CyIIecT-
BYET YHHBEDCAJIbHOTO YDaBHEHHMSI COCTOSIHHS, IPHTOJHOTO JJIsi BCeX
JKUJKOCTEH (B IPOTHBOMOJIOXKHOCTb MIEAJbHbIM rasaM, A/ KOTOPHIX
cnpaBeflinBo ypaBHeHHe PV = RT, ¥ peaJbHbIM Tras3aM, CBOMCTBa
KOTOpbIX NPHOJHKEHHO ONMHCHIBAIOTCS] ypaBHeHHeM Bau-nep-Baasbca).
JIJ1st XKHAKOCTeH MOXKHO JIMIIB KaueCTBEHHO YKasaTb HEKOTOpBIE oblHe
HX CBOMCTBa (HampuMep, TO, YTO HX CKHMaeMOCTb I10 CPaBHEHHIO C ra-
3aMH OYeHb MaJja), B TO BpeMsl KaK OCTaJbHble CBOFCTBA MHAKOCTEH
BecbMa HHJMBHAYaJbHBl H OIHCBHIBAIOTCS Yalie BCETO SMIHPHUECKUMH
COOTHOLLIEHHSIMH, Pa3/HYHBIMH A/ PasHbIX KHIKOCTeH.

Mbl orpaHHYHMCST KaueCTBEHHBIM PaCCMOTPEHHEM TepMOJHHAMHYECKHX
CBOHCTB BOJbI (M HEKOTOPHIX APYTHX MHIKOCTeH, HapHMep, HOAHCTOrO
cepe6pa), AJs1 KOTOPLIX XapaKTepHOH uepToH siBJAseTcs TaK HasbiBae-
Masi TeMJIOBasi aHOMaJsHsl — H306apHuecKHil KO3((HIHEHT TelIOBOro
paclINpeHHs NpH HeKoTopoii Temmepatype T, MenseT 3HaK. Tak, AJs
BoAbl npousBogHas (0V/0T)p mosoxutenbHa npu ¢ >4 °C, orpuua-
TesbHa npH ¢ << 4 °C ¥ paBHa Hymio npu ¢t = 4 °C.

Jlast BellecTB ¢ Takoil aHOMaJsHell KaJHOpOBKa aGCOJIOTHOM 3HTPO-
nuu ¥ abeostoTHoi Temnepatypwl @ (T, S)/é (P, V) = 1 craHoBuTcs
HEBO3MOXKHOH B TOYKaxX aHoMaauH. JleficTBHTeNbHO, (DH3HUYECKHM MPHH-
I[HIIOM, CIPaBEJJIHBBIM JJisl JIIOGbIX (OAHOPOLHBIX) (PH3HUYECKHX CHCTEM,
SIBJISIETCSI OCHOBHOE TePMOJHHAMHYECKOE TOXJECTBO

dU=TdS—PdV,

OObe/IMHSAIONIee IPUHLHII TeMIepPaTyphl, NPUHIMII SHTPONIUH H NPHHLHN
SHepruu. YcJoBHe HoJHoro nuddepernuana paer

(g‘%s =7 (%)V (17.1)

o(r, S) _ 9P, V)
IV, 8 9V, "

Hnu
(17.2)

Onnako 47ist TOro, YToGbl NOJIYYHT Kaan6posky d (T, S)/é (P, V) = 1,
cJeoBaso Obl pasjeuTh MOCJEJHEE PABEHCTBO Ha SKOOHMAH

oP (iV,‘
v),(ar),

obpaiaioliicss B HyJb B TOUKAX aHOMa/JMH. B cBsisu ¢ 5THM B 3TOM

laparpage He Hcrnosbayercs Kaau6poska o (T, S)/o (P, V) = 1.
Paccmorpum TepMoaunamuueckue cBoiicta Boxbl Ha (7', V)-mio-

CKocTH. 3aMeTuM, YTo siKOGHaH npeoGpasoBanus or (P, V)-x (T, V)-
3«

AP, V) 9P, VIR, DIV, T)_ T
a(V,S) T 9P, NaWV,n o, S)'CJ(
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TJIOCKOCTH paBeH

AP, Vy_ o, V)o(P, T) <§P> <6V)
P

AT, V) o, T)oT vy  ~—\av)r\or

U ofpainaercst B HyJb Ha jaunuu L (puc. 23). dro JAenaet 0COGEHHO
TIOy4HTeNbHBIM PACCMOTPEHHE TEPMOAUHAMHYECKHX CBOHCTB BOJbI, TaK
KaK B 3TOH CHTyallHH CTAHOBHTCSl HeCIpaBeJJIMBOMH TeopeMa O B3aHMHO

OJIHO3HAYHOCTH ~ COOTBETCTBHSI MEXKAY
T} $=const Du' P=const TOYKaMH Masbix obaacreit (7, V)- u

\ N (P, V)-miockocrei.

(17.3)

T, Haiiziem kavecTBeHHO BuA H306ap H

= apua6at Ha (T, V)-miockocTH. YTJoBo#

To =L KoahuuueHT n3obapsl Ha (T, V)-mio-

T, o — CKOCTH paBeH

7 (), = 7o
adr v )p = AV
§=const " \oT Jp

Vo v OH SAIB/ISITCS MOJIOKHTENbHEIM BhILIE JIH-

Prc. 23. HHMH L, OTpHLATeJbHbIM HHXKE Hee H 06-

pawaercs B oo Ha caMoil JMHHH L.

CiienoBatesbto, H306aphl MepeceKaioT JIHHHIO L TOX NpPSMbIM YIJIOM

H caMa JIMHHS L SIB/SIeTCA TeOMETPHUECKMM MeCTOM TO4eK, B KOTO-
pbix o6beM npH P = const nMeer MHHUMAasbHOE 3Hauenne Vp.

O6patumcs Tenepb K paccMoTpenmio aua6at Ha (T, V)-ILIOCKOCTH.
Corsiacro (17.1) uMeeM 15t yrsioBoro Kos(gHIHeHTa aguabartsl

g) _ _(5’2\ _9P V) _ (P, VOPT) AV, T) _
(av s TSy T AV T AR, DIV, T IV, S)

=olav), (%), a7

Tak kak (0P/0V)r <0, To Bblwe Junnu L aguabatsl MMeioT OTpH-
uare/bHbIH HAKJOH K OCH OGBEMOB, HHIKE — NOJIOXKHUTE/IbHBIH H, HAKO-
Hel, cama JiMHMSL L, sB/IssCh ajuabaroii, OJIHOBPEMEHHO sIBJIsIeTCS
H30TEepPMOH.

Paccmotpum Teneph Kaxymlics mapajokc, yKaszaHHbIH 3oMMep-
deapnom.

YwmHoxas obe uactu (17.2) Ha siko6uan o (V, S)/é (T, P), nonyunm

1/8Q as v

7 (58)r = (3)r = = (3 (17:5)
rae (8Q/8P)r — Temio, KOTOpOE HYMXHO MOBECTH WJH OTBECTH npu
M3MEHEHUH [aBJeHHs Ha eJUHHUIY, 4TOGbl TeMmepaTypa ocTaBaJach
nocrostiHoi. Tlpencrasum ceGe unka Kapho, B kotopom Boza CJTYXKHT
paGouuM BeLIECTBOM, NpUYeM TeMmepaTypa Harpesateas Bbiwe 4 °C,
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a TeMrepaTypa Xo/oAHIbHHKa HHKe 4 °C. Toraa Ha yyacTke H30TepPMH-
4eCKOTO pacluipeHHusi JaBjeHHe najaer, P << 0 u, ¢ Apyroii CTOPOHH,
(0V/8T)p > 0. Cuenoparenbho, coraacHo (17.5) 8Q > 0 — rtemo
MOABOXMTCS K paboueMy BelnecTBY. Ha yuacTke H30TepMHUYECKOro
cxkathsi Aasaenue pacter, P > 0, Ho (8V/dT)p << 0. CnenoBatesibHO,
i Ha aToM yuactke 6Q > 0. Tak Kak ocTa/bHble IIPOLECCH B LHKJ/IE
Kapuo annaGaTHuecKHe, TO MBI NOJYYHJIH MAIUHHY, KOTOpas BCe MOX-
BeJIeHHOe TeIlo TpaHchopMHpyeT B PaGoTy, T. €. BeUHbIl JBHraresb
BTOPOTO POJa, YTO 3alpelleH0 3aKOHAMH TePMOAHHAMHKH. Paspelerne
«mapajiokca» cjefyeT HeMeJJeHHO M3 paccMoTpeHHst pHc. 23. Kak
BHAHO H3 Hero, He CYIIECTBYeT ajfuabaT, COeIUHSIOWMX H30TEPME,
Jiealye Bblllle H30TepPMbl L M HMXKe H30TepMbl L, M, CJel0BaTe/bHO,
uuka KapHo ¢ Temreparypoil Harpesa-
tenss Ty > T, u Temmeparypol XoJso-
puabHuka Ty < T\, HEBO3MOXKeEH.

PaccMOTpHM  Ternepb TepMOJAMHAMH-
yeckoe noBeJeHne BoAbl Ha (P, V)-mio-
CKOCTH.

Hsorepma-annabata L naobpakaercs

Ha (P, V)-njockoctTH KpyTo crajatwo-
weit (6rarogapsi Majiof CXKHMaeMOCTH)
kpusolt L', measiweit (P, V)-miockoctb
Ha ase yacth — [ u I (puc. 24). Jlerko
BHJETb, 4TO ob6sacTb [ mnpencTapJser
co6oit HedH3HYECKYI0 06JaCTb: TOYKaM Puc. 24,
5TOH 06J/1aCTH HE COOTBETCTBYIOT HHKa-
KHEe pealibHO CYILIECTBYIOUIME COCTOSIHHS XKHAKOH BOABL. 31O cjenyer
H3 TOro, YTO, KaK BHAHO Ha pHC. 23, mpH KaxIOM (UKCHPOBAHHOM
JlaBJieHHH P cyliecTByeT MHHHMaJIbHBIH 06beM Vp, COOTBETCTBYIOLIHH
TOUKe mepeceyenHsi usobapbl P = const ¢ usorepmoit L.

HaoGopor, Kax1oi Touke o6/1acTH /] COOTBETCTBYIOT iBa Pas3JIMUHBIX
HBHYUECKHX COCTOSIHUS. JleficTBHTe/bHO, H3 PHC. 23 BUIHO, YTO KaxJas
H30X0pa nepeceKaeTcsi ¢ M306apoil B ABYX TOYKaX, HMEIOIHX pasHble
opuunatsl Ty u Ty, H, caeloBaTenbHo, ABe pasuble Toukd (T, V)-mio-
CKOCTH NEPEXOAAT B OAHY H Ty e TOUKy (P, V)-IoCKOCTH, JeXKalLyo
B oGjacth [1.

OTMeTHM OJHO JMOGONBITHOE CBOMCTBO 3TOrO JBY3HAYHOTO COOTBET-
creust. Ecam pacemorpers Ha (P, V)-IJIOCKOCTH B JBYKDATHO BBIPOXK-
JenHo#t o6aactH /] He TOYKy, a MaJbli KPYroBOH mpolecc, TO eMy
COOTBETCTBYIOT JIBa Pa3HBIX KpyroBbix npouecca Ha (T, V)-IJIOCKOCTH —
OJlMH, JiexKallHil Bbllle, U APYroi, Jexaluil Huxe aunun L, TTokaxem,
uTo 3TH JABa uUMKJAa Ha (7, V)-IJIOCKOCTH HMEIOT IPOTHBOIOJOXHbIE
HanpaBJieHHs] 06XoJa.

Paccmorpum B ofmacti [/ (P, V)-IIoCKoCTH MaJibléi  Kpyrosoi
npouecc D (puc. 24), cocrosiuii M3 ABYX M30TepM H IBYX H30XOp
¢ HanpabJeHHeM o6xofa mo yacosoii ctpesike (64 > 0). Ha (T, V)-




70 OBLIUE 3AKOHBI TEPMOIWHAMHUKU [rnr

IJIOCKOCTH €My COOTBETCTBYIOT JBa UMK/a: OJHMH, JeXallui Bbille
JMHHH L, u apyrod, examuii Huxke ee (D’ u D'’ Ha puc. 23). ITio-
maau uHkaoB D’ u D' onpepensiorest Gpopmyiioi

8T 8V =5P<g—§>v 8V — ‘SA<%>V. (17.6)
Mbl BOCIIO/NIB30BAJIHCH TeM, YTO Ha KaMJAOH H30XOpe MOXKHO NpPHOJIH-

T
JKEHHO (IJisi MaJioro UMkJa) 3aMeHutb 0T Ha OP (g—P>v' Ho nas

nukaa D', Jsiexaulero Bblllle JHHHH L, BeJHYHHa '(%)V TIOJIOKH-
TeJbHa, M Tak Kak 8A > 0, To mosoxuTe/bHa M ero mJomaib. Cie-
JioBaTesbHO, LKA D’ o6xoauTtes 10 yacosol crpedke. s uukaa D',
JIeXaIero HUXe JIMHHH L, Bce OGCTOHT NPOTHBOINOJOXHBLIM 06pa3oM,
H OH OGXOAMTCH NPOTHB YacOBOH CTPEJIKH.

Hrak kpyroeoil mpouecc, paGoTaioluii Ha cxeMe TEMJIOBOH MaIUHHEL
(matowmii Berpoim B paore, A > 0), uso6paxaercs na (T, V)-mwio-
CKOCTH 3aMKHYTOH KPHBOH C HanpapJieHneM 06Xo/1a 110 4aCoBOH CTpeJiKe,
€CJIM OH JIEXHT Bbllle JHMHHH L, H c HanpaB/eHHeM 06XOJa MpPOTHB
4acoBOH CTPeJKH, €CJH OH JIEKHT HixKe JHHHM L. Jlasi Kpyrosoro
npoiiecca, paGoTalOLIero Mo cxeMe XOJOAWIbHOH Mammubl (A << 0),
BCe HampaBJ/ieHHst 06X0Ja MEHSIIOTCSl Ha MPOTHBONOJIOXKHBIE.

Liukn Kapno ¢ m3orepMoit HarpeBartesss (H xosnoauibHHKa) T,
BBIPOXK/IA€TCSI B OTPE30K HM30TepMbl-afHabathl L.

HUrak, nonpsoBanue (P, V)-mIOCKOCTBIO A/t M306paKeHHs TEPMO-
JIMHAMHMYECKHX CBOHCTB BOAbI MaJo YAOGHO BBHAY OTCYTCTBHS B3aHMHO
OJIHO3HAYHOT'O COOTHOLIEHHSI MeX1y (U3HUeCKHMH COCTOSIHUSIMH BOJb
M TOYKaMH 3ToH myockocTH. Eiie Xy2Ke 06CTOHT A€/I0 ¢ HCMONB30BaHHEM
(T, S)-naockoct. Msorepma-agnabata L Ha 5TOH MJIOCKOCTH, Booble,
He MOXeT OhITb H306paxeHa, KaK ABYMEPHbIH KOHTHHYYM (OHa BEIPOXK-
naetcsi B Touky). Ilostomy HamGosiee ajeKBaTHOH (H3UKe SIBJIEHHH
spJsiercst B 3ToM caydae (T, V)-nsockocTb. 3aMeTHM, OJHAKO, YTO
COCTOSIHHS 2KMJKOH BOJIBI, JAaJeKHe OT TOYeK AHOMAJIHH, BIIOJIHE MO-
ryT paccmatpusatbess Ha (P, V)- u (T, S)-njocKocTsX, M mOJb30-
BaHMe KaauOposko# 0 (T, S)/0 (P, V) = | aas Takux COCTOSHMH j0-
[YCTHMO.

§ 18. Tepmoaunamuueckuii noteHuua’s. Merton
TepPMOAHHAMHYECKHX (DYHKUHI

B §§ 6 u 13 Mbl BBeIH TPH TepPMOJAMHAMHYECKHMX MOTEHIHaMa:
1) Buyrpennss sueprus (aguaGaTHuecKHit NOTeHUHa), JJsi KOTOPOl
€CTeCTBEHHBIMH MepeMeHHbIMH siBasoTcd S H V:

U=U(S, V), dU=TdS—PdV,

T=<%§i)v, =—(§*ly/)s. (18.1)
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2) CBoGonnasi sHeprHsi (H30TEPMHYECKHIl NOTEHLHA), ANsI KOTOPOH
€CTECTBEHHBIMH IlepeMeHHbIMH siBasiiotest T u V:

F=F(T, V)=U—TS, dF=—S8dT—PdV,
oF oF
S=—(37)y P=—(50)s (189

3) Tenuoconepatne (IHTAJbNUsI), AJAsi KOTOPOTO €CTeCTBEHHbIMH
nepeMeHHbIMH siBasilOTCS S H Pt

W=W(S, P)=U+PV, dW=TdS+V dP, (18.3)

T=<%—¥)P' V=<%‘Pz>s'

Hmeercst eme onHa napa nepeMeHHeIX T H P, KOTOPYIO MOXKHO
cocraBuTh M3 AByX map (T, S) u (P, V), Gepst no ofHOH mepeMeHHOM
u3 Kaxno# napel. Jlas TOro uToGbl MOJIYYHTH XapaKTepHCTHYECKYIO
TePMOJMHAMUYECKYIO (DYHKIHMIO I 3THX INepeMeHHbIX, NpUGaBUM
K J1eBOH M mpaBoH uyacTH paBencrBa (18.1) senmuuny d (PV — TS).
Torpa moayuyum:

4) Tepmodunamudeckuii nomenyuar I'ub6ca (WAH TPOCTO TepMO-
JIMHAMHMYECKHH NOTeHIHas), /15 KOTOPOTO €CTECTBEHHBIMH NepeMeHHbIMH
apasiores T u P:

® (P, T)=U—TS+PV, dD=—SdT+VdP. (18.4)

Bce BBefieHHbIe HaMH TepMOJAHHAMHYeCKHe (YHKUHH 06JalaloT TeM-
CBOMCTBOM, YTO HX NPOU3BOJHbIE 10 CBOHM» NEePEeMeHHBIM JAlOT CONpH-
MEHHBIE NepeMeHHbIe.

B yacTHOCTH, AJ1s BBEJIGHHOTO B 3TOM maparpade TepMOAHHAMHue-
ckoro noteHunana @ Hmeem

(82),=-s. (32),~v 05

3Has M00YyI0 U3 TePMOAMHAMMYECKHX DYHKUHH, Mbl MOXKEM B MPHH-
uMne HalTH Bce TepMOAMHAMHYECKHE CBOKCTBA CHCTEMbl, BKJIOYas
H ee TeMIOeMKOCTH, H ypPaBHEHHE COCTOSIHHUS.

Tax, nanpumep, snaa @ (T, P), Haxoxum 1o ¢popmyie (6D/67T)p =
= — S 3HTPONHIO H, CJeJoBaTeabHO, TemoeMkocth Cp = T (6S/6T)p,
a u3 dopmyan (0D/9P)r = V naxoaum cesisb mexay P, V, T, 1. e.
YpaBHEHHE, COCTOSIHHSI.

Crenyer, 0HaKO, MOXYEPKHYTh, C APYTOil CTOPOHbI, YTO TEPMOAHHA-
MHKa JaeT HaM TOJMbKO COOTHOLIGHHSI MEXAY TepPMOAMHAMHUECKUMH
QYHKUMAMH W HX NPOH3BOAHBIMH, MOSBOSIOWYE PElaTh PsJ KOHKpET-
HLIX TepMOJAMHAMHMYECKHX 3a/ia4, €C/H XOTs Gbl 01Ha TePMOAHHAMHYECKAS

VHKUHS H3BecTHa. Haxooxcderue oce a8HO020 suda 6ot mepmodunamu-
“Heckoll pynKyuw mpebyem NOMUMO MePMOOUHAMUECKIX COOMHOUERUN
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BHAHUS YDABHEHUS COCIMOSIHUSL U 30B8UCUMOCITIL MENA0eMKOCIUL OM. mem-
nepamypet. (Hanomunaem, uto npoussonuste tuna (0Cy/aV)r, (6C,/dl)r
H T. X. MOT'YT GbITh HafiJieHbl TePMOAMHAMHYECKHM MeTofloM.) [leficTBu-
TeJIbHO, YXKe IJIs HaXOXKJeHHs BHYTpeHHeil sHepruu U Tpebyercs 3Ha-
HHe TPOU3BOAHBIX

(or)=cw (7)i=—P+7(5),

TakuM 06pa3oM, COOTHOLIEHHe Mex1y HHpopMalHeil, KOTOPYIO COAep-
XKar TepMoAMHaMHuecKue noteruuast (U, F, W, @), ¢ onHolt cTOpoHsI,
1 uHpOpMalHel, coeprKanieficss B ypaBHeHHH COCTOSIHMSI M B 3aBHCH-
MOCTH TeIJIOEMKOCTH OT TeMIepaTyphl, ¢ APYroit CTOPOHbI, HMEeT JBOii-
CTBEHHBIH XapakTep.

3Has mepmoOuUHAMUHECKIE DYHKUUL, MbL MOXCEM C NOMOULIO MepMO-
OUHAMUHMECKUX COOMHOWER I HAIMU U BUO YPABHEHUS COCIOAHUS U men-
nr0emkocme (a106yi0). Mbl yBHAMM, YTO B CTATHCTHYECKOH (PH3HKE HCIIOJb-
3yeTcsi MMEHHO TAKOH NyTb — BBIYHC/SIOTCS HE3aBHCHMBIM 0GpasoM
no ¢GopMyJiaM CTaTHCTHYECKOH (PHU3HKH TepPMOAMHAMHYeCKHe (DYHKIMH,
nocjie Yero ¢ TOMOLIbIO TEPMOAMHAMHYECKHX cooTHoweHu# (18.1),
(18.2), (18.3), (18.5) HaxoxHuTCSl ypaBHEHHE COCTOSIHHSI U TEIVIOEMKOCTb.

C Ipyroit CTOpOHBI, 044 HAX00COCHUS MePMOOUHAMUYECKUX PYHKYUL
8 PaMKax mepmOOUHAMUKL, HEOGX0OUMO BHAMb YDABHEHUE COCHMOSHUSN
U 3a8UCUMOCINb menaoemKocmu om memnepamype. Bud smux sasucu-
mocmetl Qoaxcer Obumob NOYEPRHYM U3 CMAMUCMUECKOL BUIUKL UAL U3
onsvima.

3amerHM, YTO MHOTHE COOTHOLUEHHSI MEXKAY TepMOAHHAMUUYECKHMH
Ko3(duIHeHTaMH, NoTyyeHHble Ham B § 11 MeTosioM AKOGHAHOB, MOT'YT
GBITh NOJyYeHE! elle ObicTpee, KaK yC/IOBHs TOro, 4To ndaddoBer popmb
aas dU, dF, dW, dO npeacraBasiior co6oii nojHble AHpdepeHIHalbL.
Tak, dopmyana (11.17) npeacrasiisier co6oit yesosue toro, uto dd (7', P)
ecTb nOMHBIH Auddepenuynan, a cdopmyaa (11.18) — ycnosue Toro,
yro dF (T, V) ectb nosHelll auddepenuHan.

3aMeTHM, OfHAKO, 4YTO YpDaBHEHHe COCTOSIHHsS, SHTPONHs H Te-
JI0EMKOCTH HaXOASTCs MyTeM MNpoctoro audpdepeHunpoBatts TONLKO
B Cjydyae, €CJIH TepPMOIMHAMHYECKHe MOTEeHUHAJbl 3aaHbl, KaK (QyHK-
MM «CBOMX» apryMeHToB. Ec/H e TepMOAMHAMHYECKHI MOTEHLHaJ
33aJaH B «UYXKHX» MepeMeHHbIX, TO 3ajaya CBOAUTCH K AuddepeH-
[HaNbHOMY YDaBHEHHIO B YaCTHBIX NPOH3BONHBIX, A/ peIleHHs] KO-
Toporo TpeGyercst yKasaTh HEKOTOpOe I'PaHMUHOe YCJIOBHE.

Hanpumep, ecnu BHYTpeHHsii SHeprHs 3ajaHa Kaxk ¢ynkuus T
1 V, 10 nepexomuM K CBOGOJHOH SHepriH

F(T.V) = UT,V) = TS(T,V) = UT.V) + T LT 8.6y

910 ypaBHeHHe HasbiBaeTcsi ypaBHenueM ['mGGca—Iesbmrosbua
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Jlns ero MHTErpHpPOBaHHs NOZENHM obe uactd Ha T? W 3anHileM
(18.6) B BHIE

oF
T<§f>v“F_ a(F\ _ U
— ‘ﬁ(?}v“_ﬁ’
OTKYZa
Fayv)y=—1 {9 4 o), (18.7)

rae ¢ (V) — npousBonbHast (QyHKUMsS OObeMa, JJIsi HAXOXKIEHHS KO-
TOPOH HEOOXOAMMO 3aJaHHe I'paHHYHBIX ycjaoBHH. C aHaJOrMYHBIMH
3aTPYJHEHHAMH Mbl CTaJKMBAaeMCs M IpH 3alaHHH JAPYTHX TePMOIHU-
HAMHYECKHX INOTEHIHAJIOB B «YyXKHX» NepeMeHHBIX.

TlonyepkHeM B 3akjioyeHHe 3TOro naparpada, 4To MeTOA HCCJelo-
BaHUS TEPMOAMHAMHYECKHX CHCTEM C IOMOILbIO TePMOAMHAMHYECKHX
GyHKUHH sABAsieTcsl HanGoslee YAOGHBIM H B HacToslee BpeMs MPAKTH-
YecKH eJHHCTBEHHbIM NPHMEHSEMbIM METOJOM pelleHHS KOHKPEeTHbIX
TePMOAHHAMHUECKUX 3ajad. DToT MeTox Obla cospgad JI. Buamapiom
T'u66com. Hekotopble fononHUTeNbHbIE acneKThl 3TOTO MeToja GyLyT
HaMH paccMoTpeHb! B §§ 20 u 21,

§ 19. MonmsapuanTHble cucTeMbl. MarHUTOCTPHKLHUS
H Nbe30MarHUTHBIA 3ddekT

Tlonsenem HEKOTOpbI€ HTOTH H3JIO?KEHHOMY B NPEAbIAYIIHX Naparpa-
dax, B KOTOPBIX Mbl paccMaTpHBaJIM TEPMOJAHHAMHUKY pPas/iHYHBIX MOHO-
BAapHAHTHBIX (HMEIOILLHX OJIHY MEeXaHHYECKYIO CTeNeHb CBOGOIL];I) CHCTEM.
B o6uiem cJlyyae NpOH3BOJbHOH MOHOBapHAHTHOH CHCTEMBI OCHOBHOE
TePMOAHHAMHYECKOE TOZKAECTBO 3alHChIBAETCS B BHAE

dU=TdS — X dx (19.1)
WJIH 4yepes AKoOHaH B BUJIE
2T, )
&= (19.2)

rIe BeJiMyHHa X HOCHT HasBaHHe OGOGIIEHHON CHIIbI, 2 X — OGOGIIEHHO
KOOpAMHATHI (B cayyae ctepxHs X = — f, x = [, B c/lyyae MarHeTHka
X=—H, x=Mur ).

Kak Mbl y)e OTMeuasH, [/l MOHOBAPHAHTHBIX CHCTEM BTOpOE
Haya/lo TePMOJAMHAMHKH, YTBepKjaloulee, 4To BbipaxkeHHe 8Q/T ectb
NONTHBIA iHddepeHIHal, CTPOro roBopsi, He sIBJSeTCS B NMOJHOM oObeMe
MOCTYJIaTOM, @ €CThb YaCTHYHO CJ/IEJACTBHE H3BECTHOH MaTeMaTHYecKoi
TEOPeMbl O TOM, UTO JIHHelHOe AH(pdepeHIHaNbHOe BbIpaXkKeHe 1151 ABYX
nepeMeHHbIX dU + X dx Bcerja MMeeT HHTErpPHPYIOIMH JeMHTENE.
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TocTynaT, KOTOpHIH MBI BBOAMM B TePMOAMHAMHKE 3aKJIOYaeTcs
B TOM, 4TO 3TOT MHTETPHPYIOUIHH JeJHTeJb MBI OTOXKAECTBJISIEM C TeMIepa-
TYpOH.

Mel MOXeM JUISi IPOH3BOJILHOM MOHOBAPHAHTHON CHCTEMBI 3allHCaTh
Takxe TablHIly TepMOAMHAMHYECKHX KO3(bGbHIHEHTOB

() (57h (5%,
(). G (&)

or)e (s (3,

()2, (@),

H BbIPa3uTb 9 KoaddunueHToB Yepes 3 Koadduinenta (HanGoJsee Jerko
H3MepHMble HJIM JIErKO HaXOJUMble B CTaTHCTHUECKOH (H3HKe), BHIGPaH-
HblX B KauecTBe HesaBHCHMBbIX. Ompelesienne CBOGOIHOH 3HEPruu
F = U — TS ocraercst B cHjie H /sl IPOM3BOJIbHBIX MOHOBaPHAHTHBIX
CHCTeM, a OmpeJieJIeHHs] TelIocofepKaHus 06o0LiaeTcst OYeBUIHBIM
o6pa3om:

(19.3)

W=U-++Xx, ®=U—TS + Xx.

IepefineM Tenepb K PacCMOTPEHHIO CHCTEM, HMEIOIHX HECKONBKO
MeXaHHYeCKHX (HeTeIUIOBBIX) cTemeHell CBOGOAB (MOJMBapHAHTHbIE
CHCTeMBl). Bbiparenne A/Isi dJieMeHTapHOH DPaGOTH WMeeT MIsi TaKHX
CHCTeM BHJI

M:

84 =Y X, dx, (19.4)

i=1

[

rae X; — o6oCuieHHas CcHJla, COnpsiKeHHast ¢ i-H 0GO6IEeHHOH KOOpAH-
HaToOH x;, U N — YHCJIO MeXaHHYeCKHX cTeneHeii cBoGoabl. IlpuHimn
9HEPTHH MO-NIPeXXHEMY BbIPaXKaeTcsl ypaBHEHHEM

dU=06Q—84=08Q— ) X;dx,. (19.5)

i=1

Mgl morsin 6bl, MOAOGHO TOMY, KaK 3TO GBIIO CAENaHO AJIsS MOHO-
BapHaHTHBIX CHCTeM, COPMYJIHPOBATH NMPHHIMII TEMIEPATypPbl H NPUH-
LMIT 3HTPONHH M JJIs NOJHBapHAHTHBIX cHCTeM. IIpH 3TOM ycioBHas
TeMIiepaTypa T H YCJOBHAsl SHTPOIHUSI 0 OKa3aJHCh Obl GyHKIHSAME Beex
06OGIIEHHbIX KOOPAHHAT X; M 06061meHHbIX cil X;. OnHaKo cHMMeTpHst
Mexay (P, V)-onucaHneM COCTOSIHHH cHCTeMBl H (T, 0)-ONHCaHHeM /s
NoJIMBaDHAHTHBIX CHCTEM HCye3aeT, TaK Kak BMecTo napsl (P, V) umeercs
n map MexXaHMYeCKMX BeJHUHH (X;, X;) (n MeXaHHUeCKHX CTeneHel
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cBoGO/Ibl), B TO BpeMsl KaK Ten/oBasi CTeNeHb CBOGOJAB! OCTAeTCS eIHH-
CTBEHHOH (OZlHA Napa COMPSKEHHBIX TENJOBbIX BEJHYMH T, 0) H B CJIy-
yae MOJMBAapHAHTHOH cucTeMmbl. ITosTomMy B ciyuyae nosHBapHaHTHOH
CHCTeMbl 1e/1eCO06Pa3HO HETOCPEJCTBEHHO NEPEeHECTH B TEOPHIO Kak
[I0CTYJ1aT COOTHOLUEHHe

6Q =TdS. (19.6)

Crenyer ocoGeHHO 06paTHTb BHUMaHHe Ha TO, YTO /IS NIOJHBAPHAHTHBIX
n

CHCTeM yTBepjeHHe O ToM, 4ro Bhipaxenne dU-+ Y} X;dx; umeer

i=1
HHTETPHDYIOIHMI JIeTUTENb, yXKE He eCTb TPHBHAJBHOE CJIEICTBHE
MaTeMaTHYeCKHX TeOpeM, a TMpeiCTaBJsier coGoil HCTHHHEIA MOCTYJAT,
COIVIACHO KOTOPOMY JI/Isi OGPAaTHMEIX IPOIECCOB BHIpAKEHHe

ecTb NOJIHBIH auddepennnal.
OcHOBHOe TepPMOXHHAMHYECKOe TOXJIECTBO 3alHIETCs B BHJIE

n
dU=TdS— 3} X;dx. (19.7)
i=1
yCJ]OBHeM TOro, UTO IpaBasg 4acTb 3TOr'0 PaBEHCTBA e€CTh MOJIHBIA jjllflqa-
tepernnan pynkuun U (S, Xy, Xp, ..., X,), ABJSIETCS COPaBENTHBOCTb
COOTHOIIEHHH o s
T, .
ﬁ*)}) 1 (i=1,2 ..., n), (19.8)
%L’; 1 (#£j=1,2.., n). (19.9)

TakuM o06pa3oM, BMECTO OJAHOTO DaBEHCTBA

o (T, 8)/o (X, x) =
B CJyyae MOHOBADHAHTHOH CHCTEMBl OCHOBHOE TEPMOAHHAMHYECKOE
TOXJECTBO J@eT HaM B Cjyyae n-BAPHAHTHOH CHCTEMBI

PRI Gand) n(n—l) n(n2+l)

pasenctB (19.8) u (19.9).

Jlnsi nOJMBapHAHTHBIX CHCTEM OMNpeJeseHHe CBOGOAHOH SHEPrHH
F = U — TS ocraercs npexxuuM. Tensocopep:kanne W u TepMoanHa-
mHuueckuil notenunan @ onpepeaum GopMmyaaMu

i=n

W=U+ > Xx; n O©=U—-TS+ Xix;= F—I—Y‘ Xix;.

i=1 i=1 l——l
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3ameruM, OJlHAKO, YTO Mbl MOXKeM INpofesnarb npeoGpasoBanue Jle-
kanapa Hajg U uau F He 1o BceM 0GOGLIEHHBIM KOOpJAHHATaM, a TOJIbKO
m
7o yacTH ux, jgo6aBuB K U uau F cnaraemoez Xixi (m<n).
i=1
Torza Mbl IO/y4UM DS HOBBIX TEPMOAMHAMHUECKUX DYHKUMH, AJ1s
KOTOPBIX €CTeCTBEHHBIMH IlepPeMEeHHBIMH GYIyT YacTHYHO 06OGILIeHHBIE
cunel X; (i =1, .., m), a YaCTHYHO OGOOGLieHHble KOOPIHHATHI
xi((=m+4 1, m+ 2, .., n). ITH QYHKUHUH He MMEIOT CIEelHAJbHBIX
Ha3BaHMil, HO NOJb30BaHHE MMM MHOIZA MOXKET GbITb YJOGHBIM.
PaccMoTpuM B KauecTBe NPOCTOro NpHMepa GHBapHAHTHYIO CH-
cTeMy — CTepXKeHb B MAarHMTHOM moJe. Beipaxenue aasi paGoTbl HMe-
€T BHA

8A=—fdl—HdM, (19.10)
T. €. Mbl HMeeM
Xy=—Ff, x;=1, X,=—H, x,=M. (19.11)
PaBeHcTBa
a(T, S) =1 (T, S) __
0(Xy, x) 0 (Xy, x2)

BHOBb JIaJlyT HaM paHee MOJYYeHHble Pe3yJbTaThl — BHIPAKEHHs 1Jisl
H3MEeHEHHsl TeMIepaTyphl NpH aanaGaTHYECKOM PACTSIXKEHHH CTepPIKHs
(C OTIOMHUTENILHEIM YC/IOBHEM TOCTOSIHCTBA HAMATHHYEHHS) WIH IpH
pa3MarHMYMBaHHH CTePXKHs (IPH MOCTOSIHHOH ero pauue). s pac-
CMOTpEHHsI MHTePeCYIoHUX Hac (pu3nyecKHX 3hdeKToB yHoGHO mepeiTH
oT nepeMeHHbIX [, M K nepeMeHHbIM f 1 H. [1Jis1 3TOii Lie/IH BBEJIEM TEIIO-
cojiepKaHHe

W=U-—fl—HM, dW =TdS—Ildf —MdH. (19.12)

YcsoBHEM TOTO, YTO IpaBasi 4acTb €CTb MOJHBIA Iuddepenuuan (npu
S = const), sBAsETCS paBEHCTBO

(e, = (8 o

IpousBonuas, crosmas B jeBoi yacth (19.13), XxapaKkrepHayer siBjeHHe
MarHHTOCTPHKIHMH: JedopMalHIO CTepKHsl (yAJMHEHHe WJIH COKpalle-
HHe €ro) NpH H3MeHeHHH MarHuTHOro mossi. [IpowssonHasi, crosmas
B IIpaBOH YacTH, CBSI3aHa C NbE3OMArHHTHBIM 3(derToM — addeKrToMm
HaMarHWYMBaHHs (PasMarHHYMBAHMS) CTEPXKHsS NpPH AeHCTBHH pacTs-
ruBatoleil (ckumatoutel) cuabl. CoorHowenne (19.13) Ges Bcsikoro
aHa/M3a BHYTPEHHETO (MOJIEKYJ/ISiPHOTO) MeXaHH3Ma sIBJIEHHH yKasbl-
BaeT Ha IMy6OKyIo (hH3HYECKYIO CBSI3b STHX 3(bdeKToB. MarHuTOCTPHK-
UHsl M Nbe30MaTHUTHBIA 3(GhEeKT MOTYT CYLIeCTBOBATh TONbKO OHOBpE-
MEHHO, T.e. eclM A1 Hekortoporo crepxkHs (OM/df)suy =0, 10 u
(0l/oH)s; = 0.
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Janee, cootHowenne (19.13) ykaspiBaeT Ha CBs3b MeXJy HamnpasJie-
HHAMH 060HX 3¢dekToB. Ec/i npH yBeJHYEHHH PaCTATHBAIOLICH CHIIbL
HaMarHuyeHue cTepHsi Bospacraer (OM/of)sy >0, TO cTepxeHb
VIJHMHSIETCS TIpH yBeJHYeHHH HarpsKeHHocTH noas (8l/0H)s; >0
u HaoGopor. B mpupose cyiiecTByloT Tena H TOro, M APYroro THMa.

JlBa Apyrux ycJoBHS

(ory  _ <ﬂ4
Ol Js,; = T \3S Ju.;
(5=~
of Js,u "~ \0S/m, s

ONMCHIBAIOT yKe H3BeCTHBIE HaM s(deKTh: oxjaxJeHHe npu ajanaba-
THYECKOM pasMarHuuuMBaHHH (§ 15) 1 H3MeHeHHe TeMIepaTyphbl CTEPKHS
npH aguHabaTHyecKoM pactskeHuu (§ 14).
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CUCTEMbI C NMEPEMEHHBIM KOJIMYECTBOM BEIIECTBA.
$A30BbIE NEPEXOJbI

§ 20. CucreMbl ¢ nepeMeHHbIM YHCJIOM YaCTHL. XHMHYECKHH MOTeHUHAN

Jlo cHX 1Op Mbl PaCCMaTPHBAJIH CHCTEMbI € IIOCTOSIHHBIM KOJTHYECTBOM
BemlecTBa. IlepeiileM Tenepb K DAacCMOTPEHHIO TAaKHX TepPMOILMHAMH-
YeCKHMX CHCTEM, B KOTODHIX KOJIHYECTBO BELIECTBA MOMKET HU3MEHSIThCs.
IprvepamMH MOXOGHEIX CHCTEM MOTYT CJYMKHTDH TeJa, B KOTOPBIX IPO-
HCXOJIAT Te HJIH HHBle XHMHYeCKHe mpeBpaileHHsi (TOria KOJHYeCTBO
JIAHHOrO XMMHYECKOTO COEJMHEHHsI SIBJISETCSl NePEMeHHbIM), MJH CH-
CTeMbl, B KOTOPbIX NPOUCXOASIT (pa3oBble NpeBpauleHHst (NUIaBJIEHHE,
KPHCTaJ/UIM3aLHsI, HCIapeHHe, Nepexoj H3 OFHOH KPHUCTANIHYeCKOH
MOAHMHKALNH B APYTYIO U T. A.), — B 9TOM CJ1y4ae ePeMEHHbIM sIBJIsIeT-
cs1 KOJIHYeCTBO BellleCTBa B ONpefie/IeHHOH (ase.

BHyTpeHHsis 5Heprusi TaKOH CHCTeMbl C NepeMeHHOIl Maccoil, oue-
BHJIHO, 33BHCHT He TOJIbKO OT S M V (ee XapaKTepHCTHUECKHE NepeMeH-
Hbl€), HO M OT KOJHYeCTBa BellleCTBA, KOTOPOe Mbl OyieM XapaKTepH-
30Barh yHcsoM Mosielt N. CrefoBaTesbHO,

dU (S, V, Ny=TdS—PdV +pdN, (20.1)

IZie BeJMYHHA |4 HMeeT Pa3MepHOCTb 3HEPrHH Ha MOJIb M Ha3biBaeTcst
Xumudeckum NOMeRyuaiom eeujecmea. XHMHYECKHH MOTeHUMas, ode-
BHJIHO, onpefensiercs GopMyJIoi

w= (s v 02)

PasnenuM Bce TepMOAHHAMHYeCKHe BeJNHYHHbl Ha 3SKCTEHCHBHbIE
(anaMTHBHEIE) M HHTeHCHBHBIe. K NepBOMY KJacCy BeJMYHH OTHeCeM
Te, KOTOpLIE C POCTOM KOJIMYECTBA BELLECTBA B CHCTEME (IPH HEeH3MEHHbIX
NPOUHX YCJOBHSIX) BO3PACTAlOT npornopinoHanbro N. K uueny takux
BeJIHUHH, OUEBHIHO, OTHOCSITCSE OGbEM BellecTBa V, BHYTPEHHss SHep-
rus U, A/ KOTOPHIX HMeeM

V=NV, U=NU, (20.3)
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rie V u U — o6beM U BHYTPeHHSIsl SHEPTHsI OJHOroO MoJisi. B nporuso-
I10JI0KHOCTb 3TOMY TaKHe BeJIHUMHBI, Kak TeMnepatypa T u xaBienue P,
He MEHSIIOTCS IPH yBeJIHYeHHH Pa3MepPOB CHCTEMB! H OTHOCSITCS K KJ1accy
HHTEHCHUBEBIX BequuHH. B cuny dopmyasr dS = 8Q/T surponus
SIBJISIETCS TaKXKe AaJJMTHBHOH BEJMUMHOH — SHTPONHS PaBHOBECHOH
CHCTEMEI PaBHa CyMMe SHTPOMHIi ee yacTeil, H Mbl MOXeM BBECTH MOJIsIp-

HYIO SHTPONHIO S, CBSI3aHHYIO C TOJHOH SHTPONHEH COOTHOLIEHHEM

S=NS. (20.4)
Hakownen, B cuay dopmya
F=U-TS, W=U+PV, ®=U—-TS+PV

BCe TepPMOJHHAMHYeCKHe NOTEeHUHAJbl SIBJISIOTCS BeJIPl‘lHHaMPI 3KCTEH-
CHBHEIMH, 1 Mbl MOXKeM BBECTH MoJispHbe Bequunnsi F, W, ®. (Oue-
BHJIHO, BCE MOJISIDHBIE BEJHYHHBI — MOJISIPHBI 0GBeM V MoJIsipHast

suTponus S, MOJISIpHBIE BHYTPEHHSI H CBOGOAHAs SHeprHu U, F,
MOJISIpHAS SHTAIbMHA W H T. X SABJSIOTCS HHTEHCHBHBIMH BeHUH-

HaMH).
3aMeTHM, 4TO MOJSIPHbIE TePMOAHHAMHYECKHE DYHKUHH 3aBHCAT OT
P, T u ot Moasipubix aprymentos V = V/N, § = S/N, 1. e. Mbl nveem

U, v, N):NU(W, N-)
F(T, V., N)=NF(T, ), (20.5)
W (S, p, N)=Nv*V(%, P>,
@(T, p, Ny=ND (T, P).
BepHEMCﬂ Tenepb K XHMH"[CCKOMY ﬂOTeHLLHaJIy U 3aMeTHM, 4TO

B cuay onpenenenuit dynkunii F, W, @ cnaraemoe p dN BofigeT B And-
(epeHHanbl BCeX TepPMOAMHAMHYECKHX (YHKIUI

dU=TdS — P dV 4 dN,
dF=—SdT —PdV 4p dN,

dWV =TdS+V dP+pdN, (20.6)
dD=—S8dT+V dP+pdN,
oTkyna Uy oF ow oD
r= <_3W;s, v= (W>T, v <W)S’ P (W)r, pr (00)

U3 cooTHowenuit (20.5) Mbl BHIHM, 4TO XHMHUECKHIl MOTEHIHAN HaHGO-
Jiee NPOCTO CBA3aH C TEPMOJHHAMHYECKHM IOTEHIHAJIOM, apryMeHTaMu
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KOTOpOTro, KpoMe N, ABASIIOTCS TONBKO UHTEHCHBHBIE BEJHYHHBI TuP,
UMEHHO

(g;ﬁ)n =01, P)=p(T, P), (20.8)

T. €. XHMHYeCKHIl NOTeHUHAl eCTb TepPMOJMHAMHYECKUH TNOTeHIHUal,
OTHECEHHBIH K OJHOMY MOJIIO BellecTBa. Bc/efcTBHe 3TOrO HMeeM 1ist
nupdepenunana w BblpaxkeHHe

dp=—8dT+VdP. (20.9)

3aMmeTuM, UTO CHCTeMa C MepPEeMEHHbIM KOJIMYeCTBOM BelecTBa
npeJicTaBJisier co6oi 0cobblil clyuyal GUBapHaHTHON CHCTeMBI, HMelOMeH
MOMHUMO MeXaHHUYECKOH KOOpAHHATH V elle OflHy CBOEOGPA3HYIO KKOOP-
JIMHAaTy» — yHcao MoJeft N, A/isi KOTOpO# ConpsiKeHHO#H «06oGLeHHOkH
CHJION» SBJISIETCS XHMHYECKHH MOTEHIHMA M.

PaccmoTpuM Bbipakenue Ais Auddepennuana BHyTpeHHeH 3HepPruu

dU=TdS—P dV+pdN.

VYc0BHS TOTO, YTO MpaBasi YaCThb MPeICTaBseT oGO nosHbl NHdde-
peHuHa/, MOr'yT GbITh 3aIHCaHbl B BUJE

(or — _ (92 f’l) - (‘7&) <5P> = (o1
K—<‘97>s,1v~ “\3S v, \oN/s, v — \3S)v, &' ON)s, v~ \0V/s; N

Ilepexoast K IKOOMAaHaM, HMeeM

(T, S) __ a(P, V) _
TS = WS npu N = const,

g—ff;,-‘% ((,{,L' ISV)) npu V =const,
gi; VV)) (IF\LI, [1\,])) npu S = const,
HIH
E; “?/)) 1 ompu N=const, (20.10)
aép_’ N)) =—1 npu V =const, (20.11)
gii, X,; =1 npu S=const. (20.12)

Tlpu aHAJOTHYHOM pAacCMOTPeHHH HRHDdepeHHanos CcBOGOAHOH
SHEPTHH, TeNJIOCOJAEPIKAHUSI H TeDPMOJHHAMHUECKOTO MOTEHIHa/a Noay-
yuM JonosiHuTenbHO K (20.10), (20.11), (20.12)

o(P, V) _ _
TN 1 mpu T =-const, (20.13)

or,S) _ _
TN = 1 npu P =const. (20.14)
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B KauecTBe H/IIOCTPUPYIOMIEro INpHMEPa BbIPa3UM IPOU3BOAHYIO
(ON/0W)r,v uepes Jierko H3MepHMble BeJHUHHBI. C IOMOLIBIO (OPMYJIbI
(20.13) nonyuaem

e b e Ml iy R s el

= (0 (5 (360 = = (57 ) (8 () 1

XHMHYeCKHH NOTeHNHa/, KaK HHTEHCHBHAsl BeJHYHHA, He 3aBHCHT
HH OT 4HMCJa MoJeli, HH OT o6beMa, U B CHIY OPMYJIbl

du=—38dT+VdP

(0= ()=t
v, ow v V¥ v’
(), (),
op)r v P N, T V2"

§21 Poct 3sHTponMM B mpoueccax BbIDaBHHBAHHSI. IJKCTPeMajibHble
CBOMCTBA TEPMOAHHAMHYECKHX (YHKLUi

uMeeM

Orcropa

Jlo cHX mop Mbl 3aHHMMaJIHCh H3yyeHHeM PaBHOBECHBIX TepMOAMHA-

MHYECKHX CHCTeM H paBHOBECHBIX mpoueccoB. OfHaKo mepmodunamura
nosgoasilem cOeaamo BascHole 6616006l L O HANPABACHUU NPOMEKAHIS
HEPABHOBECHBLX NPOLECCO8, 0N KOMOPLIX U HAYAAbHOE U NPOMENCYMOUHbIE
COCMOAHUSL HEe ABAAIOMCA PABHOBeCHbIMU. B 4acTHO-
CTH, K TaKHM IpoIleccaM OTHOCSITCS BCE MPOLECCH
BLIPaBHHBAHHUS, T. €. IPOLECCH, B X0J€ KOTOPHIX
3aMKHyTast CHCTeMa, COCTosiuasi H3 JIBYX (MaH
HECKOJIbKHX) yacTeil, Kaxjasi M3 KOTOPHIX Haxo-
JMTC B PAaBHOBECHOM COCTOSIHMHM, HO MEXZy ya-
CTAMH KOTOPOiH paBHOBeCHe OTCYTCTBYET, MNepexo-
JIUT B MOJIHOCTbIO PaBHOBeCHOe cocrosiune. Pac- Puc. 25.
CMOTPHM HECKOJIbKO NpPHMepOB NMOJOGHBIX Mpolec-
COB H MOKaKeM, 4TO eCJIH TIPOLecc BHIPABHUBAHUSI [POMCXOAUT B TEMJIO-
H30/1MpoBaHHON cHcteMe, 0Q = 0, TO 3HTpomHsi 3TOH CHCTeMbl He
ocTaeTcsi MOCTOSIHHOH (Kak Obl10 OBl 1/ PaBHOBECHOro ajuabaTHye-
CKOTO Ipolecca), a BO3pacTaer.

1. B Ten/ou3omMpoBaHHOM HMJIHHApPE HMeeTCsl 3aKpeIvIeHHbI Iop-
leHb C TeNJOH3oMHpYIowWel npokaaakol (puc. 25). TemnepaTypa u
JlaB/ieHHe rasa B JIeBOM M NPaBOM OTCeKe pa3juyHbl H paBHbl Tj, P
U T,, P, cOOTBETCTBEHHO. 3aTeM TeMJOH30JHpYIOIast NpPoKJagKa yoH-
paeTcsi M NOpIIeHb OCBOOOXKJAeTcs, B pe3yJ/ibTaTe yero NpoTekaeT Heob-
paTHMBII npollecc BRIPaBHHBAHHUS TeMnepaTyphl M AaBjeHHs. BolscHuM,
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YTO MPOHUCXOAUT C SHTPONHEH CHCTEMbI B MpOLECCe BHIPABHHBAHUS.
Tak Kak npolecc BJAsieTcs: HeoOPaTHMBIM, MBI HE MOXKEM I0J1b30BaThCs
ISl BHIYKCJIEHUsI H3MEHEHHsT SHTPONHH popmydoit dS = 8Q/T. Onnako
[OCKOJIBKY H HayaslbHOE COCTOSIHHE I'a3a (B KaXJIOM OTCeKe) H KOHEYHoe
COCTOSIHHE BCEro rasa siBJISIOTCS PABHOBECHBIMH, @ SHTPOIHs SIBJSIETCSI
(byHKUHEH COCTOSIHHSI rasa, MBI MOKEM BBIYHC/JHTH SHTPONHIO Tasa
B HayaJbHOM U KOHEUHOM COCTOSIHHSIX H COCTABHTb Pa3HOCTb KOHEUHOH
¥ HauaJbHO#H SHTPONHH, HE HHTEPECYSICh TeM, YTO IPOMCXOMIIO C SHTPO-
nuell Ha NMPOMEXYTOYHBIX 3Tamax mpouecca. byjaeM cuutath ras cobep-
WeHHBIM U 0603Ha4iM uepe3 Ny u N, uHc/I0 Mosieii rasa B JIEBOM H Iipa-
BOM OTCEKaX COOTBETCTBeHHO. Bocmosbayemcs dopmyioii (4.5), koro-
pylo B HalieM npuMepe yAoGHO 3amHcaTbh B BUJIE

s :% In(TV¥1Y)+ A.

HMeeM 1J11 Haya/JbHOTO COCTOSIHHSA

O LIOVAS R

(21.1)
N,R In

Sp= TV )+ 4,

a JJs1 KOHEUYHOTO COCTOSIHHST
Sun=EDE 10 (7 (V4 VY F A+ A (@212)

(B cusly SKCTEHCHBHOCTH SHTPONHMH TNOCTOsIHHAast A Juisi BCEro rasa
paBHa cymme A; u A).

Tak Kak npoiecc BbpaBHHBaHHsI MIeT Ge3 M3MeHeHHs BHYTpeHHel
sHepruu (paGoTa BHEIUHHX CHJ M MOJBOJ TeNaa OTCYTCTBYIOT), TO

Uy +U,=U, N,CyT1+NCyTy=(Ny+Ny) CyT

H KOHeyHas TeMrepaTypa

T= Ny Ty +NoTy
Ni+Ne °

TloxacraBasis 310 3HaueHHe B (21.2) u cocTaB/sst Pa3HOCTb

AS =Syou— 81— 8o,
TOJTy4HM

AS=N.RIn(1+ 3+ N,Rn (14 1)+

+Y—l[(N1+N )In 1T”;“2T2 NllnTl—NglnTZJ.



§21] POCT 3HTPOITHU. 3KCTPEMAJIbHBIE CBOUCTBA 83

Bce Tpu ciaraeMbix BbIpaKeHHsl, CTOSINIETO B MPABOH 4acTH, MOJOXKH-
TesbHBL. I/ mepBHIX JIBYX 5TO oueBHJHO. JloKaxeM, 4TO TpeTbe cJa-
raeMoe TakiKe I0JIOXKHUTEJIbHO.

BBegeM MOC/Ie[I0OBATENIBHOCTE MOJOXKHTENbHEIX uncen a (1), a (2), ..., a (@™).
3anuueM HepaBeHCTBa

aap—(20Ee@ ) (e 0@ f_(aihre@

/
a(l)a(2)a(3)a(4)s(a(l)-+2_a(2) >2( a(3)—é—a(4) )zs
a()+a@+a@+a(4) >‘

1 .

<(
l'ly'reM HHAYKIHH HaXOAHM

a(l)u(Q)...a(Qm)$<&%4ﬂ>2m.

Mycte cpeau uncen a (i) umeerca N, Muoxureneii, papusix 7y, u N, MHOXHTeNeH,
pasubix Tp. Hmeem

_ NNy _ [ NaT1+ N2
Ny+Ne=2m, T"'T, Zé\—N1+N=

>~,+N.

JlorapudMupys, nonyyaem
N{Ty-NoT
(Ny4Nyg) In (ﬁ%) — Ny InTy— Ny In Ty =0.

TakuM 06pa3omM B PacCMOTPEHHOM Ipolecce BbPaBHHBaHHS TeMIle-
paTyp W JAaBJieHHii SHTPOIMM BO3pacTaer.

ITopuepKHeM NPH 3TOM TOT (hyHAAMEHTAJbHOIN BaXKHOCTH (aKT, 4TO,
[OCKOJIbKY LHJIHHAD TeIVIOH30JHPOBAH, SHTPONHS B 5TOM Ipoliecce He
TO(BOAHMTCS U3BHE, a «BbIPabaTbiBAETCS» BHYTPH CHCTEMBI. DTO 3HAUMT,
uTO, K02da 8 ease udem HeoGpPAMUMBLLL NPOUECC BbPABHUBAHUS 0ABAEHUS
U memnepamypeL, 8 Hem PAbOMQIOM BHYMPEHHUE UCMOUHUKIL, KOMmOpbie
«npodyyupyrom» aumponuwio. Ilo mepe NpubAuUdNCeHUS K COCMOAHUIO
PABHOBECUA IMU UCOYHUKU CUCCAKQIOM» U NEepecmaromm «npoussodumo»
SHMPONUIO, KAK MOAbKO 203 NPUXoOum 6 pasHOBeCHoe COCHMOAHUE.

Hayuum ¢ 3T0il TOYKM 3peHHs elle JBa HePaBHOBECHHIX Mpollecca,
paccMaTpHBaBLINXCS HaMH paHee.

2. Ipouecc Teii-Jlioccaka. DKBUBaJEHTHBIH OOGPaTHMBIH IpoLECC
JIOJI2KeH TPOTeKaTb IPH MOCTOSIHHOH BHYTpPEHHeH SHepPruH:

dU=TdS—PdV =0,

<%%=%>Q ©@1.3)

oTKYaa

T. €. SHTPONHsI B NpoLecce HeoGPaTHMOTO PaCLUMpeHHs rasa B BaKyyM
YBEJIHYHBAETCS.
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IMoneano conmocTaBuTh B 3akJOYeHHe peanbHblil mpouecc leii-Jlioccaka M BOOG-
paxaeMmbld TpOLECC, KOTOPbIM Mbl €ro 3aMeHHJIH MbICJIEHHO, C NMOMOULbIO cnenylolueh
TabmuIbl:

Peanpubifi npouecc I-J1 BooGpaxaemblii nmpouece
1. HepaBHoBeCHBIH 1. PaBHOBecHBI
2. Anua6atuneckuif, 3Q =0 2. HeanuaGaTuyecknii, 3Q 5= 0
3. Hewusosnrponuueckuit, dS #3Q/T 3. Heusosntponuyeckuii, dS =3Q/T
4. W3oanepretnuecknit, dU =0 4. W3zosnepreruyeckuit, dU =10

3. Tlpouecc Hxkoyss — ToMcoHa. DKBUBAIEHTHbIA 06paTHMbIE PO~
1lecC MNpOTeKaeT NMPH IMOCTOSIHHOM TEIJIOCONEPKaHHH:

dW=TdS+VdP=0,

aS 1%
\W>‘V=_-T-<o, (21.4)

oTKYyza

H TaK Kak B npouecce Jxkoynst — ToMcoHa ra3 npocaynBaercsi CKBO3b
TNOPHCTYIO NPOGKY B 06/1aCTh C NOHHKEHHBIM JaBJEHHEM, TO SHTPONHs
B 3TOM IIpOIiecce TaKiKe BO3PACTaeT.

ConoctaBum peadbHbiii mpouece [lxoyns—ToMcona n BooGpakaeMbiff mpouecc,
KOTOPbIM MBI €T0 3aMeHHJIH, C TOMOUIbIO TaGMHIbL:

Peanbnblit nponece A—T Boo6paiaembift nmpouecc
1. HepasrosecHbiit 1. PaBHOBecHBI#
2. Anua6atnuyeckuii, 3Q =0 2. Heanua6atnueckuit, 5Q =40
3. Hewnsosnrponuueckuit, dS =£8Q/T 3. Heusosurponuuecknit, dS =3Q/T
4. HzosuTanbnnueckuii, 4. Wzosuranbnuyeckuii, dW =0

PaccMoTpeHHble NPUMEPH! OKa3bIBAIOT, YTO B NPOIIECCAX BbIPABHH-
BaHHs B 3aMKHYTOll CHCTEMe SHTPONHs Bo3pacTaer. B mosiHoM obbeme
3TOT 3aKOH MOXKeT ObiTb JOKa3aH TOJBKO C HCMOJNb30BAHHEM aTOMHO-
MOJIEKYJISIDHBIX [IPEICTaB/IEHHH, H 9TO J0Ka3aTeJbCTBO Mbl PACCMOTPHM
B pasjejie, NOCBSILEHHOM KuHeTHKe (§ 69).

Msbl npuHEMaeM TakuM 0GpasoM, noka 6 Kadecmee nocmyaama,
NOAOKCEHLE O MOM, 4MO 8 NPOYECCaX BoIPABHUBAHUS IHMPONUS U0AUPO-
8anHol cucmemst o3pacmaem, dS > 0. KoHeuHbIM pe3y/bTaToM Npo-
recca BbIPaBHHBaHHs SIBJISIETCS] NOJHOCTBIO PaBHOBECHOE COCTOSIHHE.
IIpH MasblX OTKJIOHEHHMSIX OT COCTOSIHHSI DaBHOBECHSI T'DaJHeHTHl BCeX
[apaMeTpPOB CHCTEMBI TaK2Ke MaJibl H BCE NPOLECCH BOIH3H OT COCTOSIHUA
paBHOBECHsI CTaHOBSITCSl MeAJIEHHBIMH, NPHOJHXKEHHO DaBHOBECHBIMH
npoueccamu. CrieioBaTe/1bHO, B COCTOsIHUH paBHOBecHst dS = 0. Otciona
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BbITEKAET BaXKHblii BBIBOJ O TOM, YTO 710 Mepe NPUOIUNCEHUS K COCIMOARUI0
PABHOBECUSL SHMPONUS USOAUPOBAHHOL CUCTMEMbL 603PACIAL UL 8 COCMOA-
Huu pasrosecus. Qocmuaaem €6oeco MAKCUMANLHO20 BHAYEHUS.

3aKOH BO3paCTaHHSl SHTPONIHH B H3OJHDOBAHHOH CHCTEMe HIpaer
4pe3BblYaiiHO BaXKHYI0 posib. MOXKHO CKa3aTh, YTO B H3BECTHOM CMbIC/IE
OH (H3MUYECKH CcOJiepKaTe/bHee, YeM B3aKOH COXPAHEHHs SHEPTHH.
B camoMm fiesie, 3aKOH COXpaHeHH s SHEPTHH 1JIsi H30/IHPOBAHHON CHCTEMBI
YTBEPKAAET, YTO mepexol u3 cocTosiHusi I B cocrosinue II Bo3MoxeH
JIMLIB NPU YCJI0BHH, 4To Uy = U — 3HepPTHsl CHCTeMbl B HayajJbHOM
COCTOSIHHH DaBHA SHEPTHH CHCTeMbl B KOHeYHoM cocrosiuni. Ho ecau
5TO yCJIOBHE BBINOJIHEHO, TO C TOYKH 3PEHHsI SHEPreTHUECKOH CTOMb XKe
BO3MOKHbIM sIB/II€TCSI M OOPATHBIH MPOLECC MNEepPexofa CHCTEMBI M3
coctosnus Il B cocrosinue I.

Hanpumep, ¢ TOYKH 3peHHs 3aKOHAa COXPaHEHHs] SHEPTHU OJIHHAKOBO
BO3MOXKHbI:

1) Tlpoueccr nepexosa Temsa oT GoJee HarpeToro Tena kK Gosee
XOJIOAHOMY M o6paTHbIH npouecc (ecau cobiofaercss GaJjaHC 3Hep-
THH).

2) Ilpouecc mOCTENEHHOro 3aMelVIEHHs H OCTaHOBKH 6saromaps
TPEHHIO TeJia, JABHKYUIEToCs MO MePOXOBaTOH MOBEPXHOCTH (IPH 5TOM
KHHETHYECKasi 3HEPTHsl Tesla TePEeXOJUT B SHEPrHI0 GeCropsiiOYHOro
JIBHXKEHHsI MOJIEKYJ]) H OGpaTHBIH mpolecc (3Heprsi GecropsiiouHoro
JIBHKEHHSI MOJIEKYJI NIEPEXOJUT B SHEPrHIO YHOPSAOYEHHOTO ABHIKEHHS
Tesia), B X0/le KOTOPOTO MOKOSILIEECs Te/IO HECKOMbKO OCTHIBAET, HO 3aTO
NPUXOJHT B IBHXKEHHE.

KonnuecTso NOXOGHEIX NPHMEPOB, €CTECTBEHHO, MOXHO GBLIO Gbi
YMHOXKHTb.

3aKoH Bo3paCTaHHs SHTPOIHH pa3pellaeT NpsMble Ipouecch 1) u 2),
CBSI3aHHblE C BO3pacTaHHeM (MPOAYUMPOBAHHMEM) SHTPONMH, HO 3ampe-
aer obparHble, CBA3aHHbe ¢ ee yGbiBaHHeM. [lo 06pasHoMy Bhipae-
Huio 3oMMepdenbiia, «B THFaHTCKOH (abpHKe eCTeCTBEHHBIX MPOLECCoB
NPHHLUHI SHTPONHH 3aHHMAeT MeCTO JHPEKTOpa, KOTOpbll NpeimHchl-
BaeT BHJ H TeueHHe BCeX CAeJOK. 3aKOH COXPaHEHHs! S9HEPTHH HrpaeT
JuWb poab Gyxraarepa, KOTOpbi NMPHBOAHT B paBHOBecHe ne6eT M
kpegur> [1].

Takum o6pa3oM, TJ1yGOKHI CMbIC/I 3aKOHA BO3DACTAHHS SHTPONHH
3aKJIIOYAETCst B KOHCTATAllUH CYLIECTBOBAHHST HEOGPATHMBIX TIPOLIECCOB,
B YaCTHOCTH BCeX NPOILECCOB BhIpaBHHBaHusi. Bce atH mpouecch cra-
HOBATCS OOPaTHMBIMH, KOTJa CHCTeMa MNPHO/IMIKAeTCs K COCTOSIHHIO
PaBHOBECHSI, a SHTPOMMS JOCTHIAeT MaKCHMAJbHOH BEJHYHHBI.

Y6enumcs Tenepb, YTO aHAJOTHYHBIMU SKCTPEMAJIbHBIMU CBOMCTBAMH
00/1aJia10T 1 ApyrHe TepMojHHAMHYeCKHe QYHKIUHH.

PaccMoTpuM npexje Bcero HeoGpaTHMbIH Tmpouecc B CHCTeMe,
KoTOpasi He sIB/SIETCS TENJIOH30JHPOBAHHOM, a mosyyaer (MM OTAaer)
KosuyecTBO Tersia 8Q. Mbl MOKEM MBICJIEHHO NpPeJCTaBUTh ceGe TaKoi
Tporece, Kak MOCJEL0BATENbHOCTb JBYX NPOLECCOB — MPOLECC nepe-
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XOJla CHCTEMBI B PaBHOBECHO€ COCTOsIHHE Ge3 IOJBOJA Temia, MPH KOTo-
poM sHTpomusi Bo3dpacraer: dS; >0, M nocaeayomuii 0GpATHMBINR
n01BOJ (OTBOM) Ter1a, NPH KOTOPOM SHTPONHS M3MEHHTCS HA BEJHUMHY
dS, = 8Q/T (dS, > 0, ec/1u Ten/10 NOXBOAHTCS, U dS, << 0, €cJH TemIo
OTBOJHMTCSI OT CHCTEME).

OG6benuHss 5TH ABa COOTHOIUEHHSI, NI0JyYaeM HEPaBEeHCTBO

dsi+ds,=ds=%, sQ<ras, (21.5)

[IpHYeM 3HAK = HMMEeT MECTO TOJBKO AJIsi PAaBHOBECHBIX, OOPaTHMbIX
npoueccoB. Hcnosb3ys Tenepb NMPHHIUMN 3HEPLHH

dU=8Q—PdV,
NIOJIYYHM HEPABEHCTBO, 3aMEHSIIONIEE B Clyyae HEOGPATHMBIX MPOLECCOB
OCHOBHO€ TE€PMOJAHHAMHUYECKOEe TOXKAECTBO:

dU<TdS—Pdv. (21.6)

Hcnonbayst onpenenenns cBoGopHoit sneprun F = U — TS, Temo-
conepxanuss W = U -+ PV ¥ TepMOAMHAMHYECKOro MOTeHUHA/A
® = U — TS + PV, noayuyaem u3 (21.6) Takke HepaBeHCTBa

dF <—SdT—PdV, @L.7)
dd<—SdT+V dP, (21.8)
dW < T dS+V dP. (21.9)

O6partnmcsi BHauale K CJAEACTBHSIM, BbITEKAIOIHM H3 HEPABEHCTB
21.7), (21.8).

PaccmoTpuM nporecchl, npoTekawomue B TepmoctaTe (T = const)
NPH IBYX pasHbIX JONONHHTENBHBIX ycaoBusix: V = const wam
P = const. lmeem corsiacHo (21.7), (21.8)

dF <0 npu V=const, T =const,
dD <0 npu P=const, T =const.

Takum o6pasoM, pH NPOTEKaHUH HeOGPATHMOTO Npolecca INpHOJIHKe-
HHSI K paBHOBecHIO npu V = const u T = const yGeiBaer cBoGonHas
sHeprust, a npu P = const u T = const — y6blBaeT TepMoAHHAMH-
yeckHil noTeHuuan. B6H3H OT paBHOBECHOTO COCTOSIHHS BCE NPOLECCHI
CTAaHOBSITCSI PABHOBECHBIMH, H Mbl HMeeM

dF =0 mnpu V =const, T =const,
dD=0 npu P=const, T =const.

Ortcioza cJieyeT, 4TO B PaBHOBECHOM COCTOSIHMH CHcTeMbl ¢ V = const,
T = const NpHHHMAaer MHHHMaJbHOE 3HAueHHe CBOGOAHAs SHeprus
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F = Fmin, a B chucreMe ¢ P = const, T = const — TepMozHHaMHye-
ckuii noteHunan @ = Opig.

CrenaeM Tenepb cJefyloliee BeCbMa BaXKHOE 3aMeyaHHe:

Hepasenctsa (21.4) — (21.7) HMEIOT CMBICJI TOJIBKO B IIPEANOJIONKE-
HHuH, uTo mapameTpsl P, V, T, S uMeloT onpeesieHHble 3HAYECHHST H A5l
HepaBHOBECHBIX COCTOSIHMH cHcTeMbl. TOT (akT, YTO SHTPOIHSI HMeeT
Olpejie/IeHHOe 3HayeHHe H B HEPABHOBECHBIX COCTOSIHHSX, MOJpasyMe-
BaeTcss M B CaMOH (JOPMYJIHDOBKE 3aKOHa BO3DAaCTaHHsI SHTPOIHH.
Brocneactsuu B §§ 33 1 47 Mbl YBHIHM, Y4TO GOPMYJIBI CTATHCTHYECKOMH
(H3HKH JIeACTBHTE/BHO ONpeNeJsioT SHTPOMHUIO JIoGOro, Kak paBHOBeEC-
HOTO, TaK M HEpPaBHOBECHOIO COCTOSIHMSI CHCTeMbl. HTO e KacaeTcs
napamerpoB P, V, T, To MB OrpaHHYHMCS PAaCCMOTPEHHEM TaKHX
HePaBHOBECHBIX COCTOSIHHH, B KOTOPBIX M 3TH BEJHUYHHBI HMEIOT Ompe-
Je/leHHble 3HAaYeHHst (B YACTHOCTH, B 3THX COCTOSIHMSIX OTCYTCTBYIOT
rpajiieHTH! JaBJeHust ¥ TeMmnepaTypsl). OTCiofa CJelyeT, 4TO HMEITCs
B BHJly TaKHe TePMOMHAMHYECKHE CHCTEMBI, COCTOSIHHSI KOTOPBIX Xapak-
Tepuaylores, Kpome BesnuuH P, V, T, S, elle OfHHM HJIH HECKOJbKHMH
nepeMEeHHbIMH TapaMeTpaMH §;, M TepMOAHHAMHYECKHe IOTEHIHaJbl
U, F, W, © 3aBHCAT IIOMHMO CBOHMX €CTECTBEHHBIX aPTYMEHTOB OT
napametpoB &;. B cocmosHuu mepmoOuHAMU4ecKozo pasHosecus smu
napamempot NPURUMAOM 3Hauenus B, Komopewe u 0oaxckor Gbime Had-
OeHol U3 ycao8ull muHumarorocmu c60600Hol snepeun F (npu T = const,
V = const) wau mepmodunamuyeckoeo nomenyuara @® (T = const,
P = const).

Ipumepamil TOROGHBIX CHCTEM MOT'YT CJIYXKHTb, HallpHMep, CHCTEMBI,
COCTOSINIME M3 HECKOMBKMX XHMHUYECKHX BeIIeCTB, pearupyolux Apyr
C JpyroM, HJH CHCTEMbl, COCTOSIIHE H3 HECKOJIbKHX (a3, B KOTOPHIX
MOT'YT NPOHCXOJHTH IPONECCH IJIaBJeHHs, KHNeHHs H T. A. B stux
cayyasx poJib nlapameTpos §; BHITOMHSIIOT YHCJ/Ia, ONMPeesIoliie COCTaB
CHCTEMbl, HalpHMep, YHC/a MoJieH BCeX XHMHUECKHX KOMIOHEHT WM
Becex a3 cucremel. [lpyrofi mpuMep naioT HaM Tesa, KOTOpble MOTYT
N0/1PU30BaThCA MM HAMATHHYMBATLCS BO BHEMHHX nousix. CocTosiHHe
TaKHX TeJ onpefensercs, noMumo nepemenuelx T, V uwau T, P u Ha-
NpsIKEHHOCTeH BHEIIHMX ToJieff, elle BeJHYHHOH IOMSPH3ALHMH HIH
HaMarHHYeHHs, KOTOpble N HIpaloT poJib napaMeTpoB §;.

Iepefinem Tenepb K pacCMOTPEHHIO HEPABHOBECHBIX IPOLECCOB, MPO-
TeKalomuX mpH S = const M JABYX IONOJHHTENBHBIX YCJOBHSIX: JHGO
V = const, 6o P = const. IToguepkueM, 4TO B OTJHYHE OT NpoLec-
co ¢ T = const Jerko peanuayeMeIX B TepMocTaTe, HeoGpaTHMbIE PO-
niecchl ¢ S = const MOryT GHITH peasi30BaHbI TOJLKO B BECbMa HCKYC-
CTBEHHBIX YCJOBHfIX. B caMoM Jese, mpH HeoGpaTHMBIX mpoleccax
B CHCTeMe NPOAYLHPYETCsl SHTPONHS H JJ1s1 TOTO, YTOObI NOAEPIKATh ee
NIOCTOSIHHOH, HEOOXONMMO KHOEepHeTHYeCKOe YCTPOHCTBO C OGpaTHOI
CBAA3bI0, KOTOpPOe Obl OTBOAMJIO SHTPONHIO (TEMJIO) KaK pa3 B HYIKHOM
kosmuyecTse. [Tostomy ycsoBus

U=Umin (npu S=-const, V =const)
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W =Wmmn (npu S=const, P = const),

KOTOPble MOT'YT GbITh NOJTy4YeHbl 3 HepaBeHCTB (21.4) u (21.7), He umeloT
NPakTHYECKOrO 3HAYEHHS M TPHUBOAATCS TOJBKO C METOAHYECKOH
LeJIBIO.

3aMmeueHHOE HaMH 3[eCbh Pa3juyHe Mexay moteHuuasamu U u W,
C OJHOH CTOPOHHI, ¥ noTeHnuasnamu F u @, ¢ Apyroit CTOpOHsI, UMeeT
B CBOeH OCHOBE CJeAylomHuH (QyHAaMeHTasNbHBIH (aKT.

TMorenuuanst U 1 W He UMEIOT HM HCTOYHHKOB, HHM CTOKOB BHYTPH
CHCTeMBl H MOTYT TOJIbKO IOJBOJMTBCS> K CHCTEME M3BHE HJIH «OTBO-
JIMTBbCS» M3 CHCTeMbl Hapyxky. [t BHyTpeHHell SHeprHH 5TOT (akT
HENOCPeJCTBEHHO OYeBHJIeH — BHYTPEHHSSI SHEPrHsl MOMKET MeHsIThCs
TOJIKO 3a CUeT NOJIBOAA (OTBOJA) Tel/a H COBEPILIEHHS (110JI0KHTEIbHON
HJIH OTPHIIATeJIbHOI) pabOTHI.

Jlns TemiocosiepiKaHHsl 3TO CJefyeT M3 TOTrO, uTO 5Ta (QYHKIHS
MOXKeT pacCMaTpHBAThCS, KaK 3HEPIHSl HEKOTOPOH «pacCLIMPEHHOH»
cuctembl. Hanpumep, st rasa B IMJIMHAPE, 3aKPHITOM MOPIIHEM C I10-
@aAblo 0 ¥ IPy3oM & Ha TOpILUHe, UMeeM JJIsl TOJHOM SHePTHH

Uom=U+Fh=U+Poh=U+PV =W

(h — BbICOTa cTO/I6a Tra3a MOJ NOPLIHEM).

Tlosromy dynkuuu U 1 W 0HO3HauHO OnpeeseHbl U 8 PABHOBECHbLX
U 8 HepasHOBECHbIX COCMOAHUAX CUCMeMb!, H IIPH HEPAaBHOBECHBIX IIPO-
1eccax BbIDaBHHBaHMsl OHH He MeHsioTcst (npu 6Q = 0 u V = const
A5t BHyTpeHHeH sHepruy, npu 6Q = 0 u P = const mis Terocozep-
KaHus). KoHeuHO, B HEPABHOBECHBIX COCTOSIHMSIX BHYTPEHHSis 3SHep-
rust U, sIBJsIsICh OJHO3HAYHO (DYHKLIHeH COCTOSTHHS, YIKe He MOXKeT pac-
CMaTpHBAThCsI Kak OJHO3HAYHasl GYHKUHS napamerpoB S u V, a remno-
cojiepKanme, SIBJSACh ONHO3HAYHON (QyHKIMEH COCTOSIHHS, He MOXKeT
paccMaTpuBaThesl Kak OJHO3HauyHash GyHKLMsS napameTpoB S u P (3tu
napameTpsl, B oOwieM cjyyae, He HMEIOT ONpeJeJeHHbIX 3HaueHHil
B HEPABHOBECHBIX COCTOSIHHSIX).

OrcyTcTBHE BHYTPEHHHX HCTOYHHKOB JJIs (DYHKUHMH COCTOSTHHS
U u W nposiB/sieTcss B TOM, 4TO OMHMO HEPaBeHCTB

dU<TdS—-PdV,

dW <TdS+V dP
JJIsT HHX CHPaBelIJIHBbI paBeHCTBa
dU=8Q—PdV,

dW =8Q+V dP =58Q+d (PV)—PdV,

noKasbiBalole, 4To BeJHYHHbl U # W MOI'YT MEHSTbCS TOJBKO 32 CcyeT
nojBoAa (0TBOJA) Temsa U coBeplueHHs pabothl (w1 W sTo pabota
Haj, «paCIUHPEHHOMH» CHCTEMOH, BKIQUaowas paGoTy NOAHATHS rpysa,
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JIeXAIlero Ha TOpILHe
d (PV) = d (Fh).
B npornBomno/oxHoCTh 3TOMY, Adst GyHKuuil F 1 @, MOCKOIBbKY
B MX ONpEJe/]eHHs] BXOAUT SHTPONHS

F=U-TS,
O=W-TS,

CYIIECTBYIOT OTpHIATeJbHble MCTOYHHKH (CTOKH), (pyHKUHOHHpYIOLIHE
BHYTPH CHCTeMBI NPH HEOGPaTHMbIX npoleccax. Mx cyuecTBoBaHHe
€cTb CJIEACTBHE TOTO, YTO NPH 3THX IPOLECCAaX SHTPOIMHS HMEET IMoJo-
JKUTe/IbHble NCTOUHHKH BHYTPH CHCTeMBbl. BesienctBHe sTOro (yHKUMH
F u @ (3 nporuonosoxxHoctTh ¢yHKuHAM U u W) B HepaBHOBECHBIX
COCTOSIHHSIX, BOOOlLIe, HE HMEIOT ONpeJesieHHbIX 3HaueHHi. lIMeHHO
N03TOMY OHH 06JIafaloT OTMEUEHHBIMH BBILE SKCTpeMaJibHBIMH CBOM-
CTBAaMHM, KOTOPHIX He UMelT ¢yHkuuH U u W.

§ 22. TepmoanHaMH4eCKHe HepaBeHCTBA

Yc/0BHEM TepMOJHHAMHYECKOrO PaBHOBECHS! MPH MOCTOSHHBIX TeM-
nepaType M JaBJeHHH SIBJSIETCS MHHHMaJbHOCTb TEPMOAHHAMHYECKOTO
NoTeHNHa a. DTO 3HAYMT, YTO €CJIH B PABHOBECHOM COCTOSIHHH TNapa-
merpl S u V (P = const, T = const) monyyar MaJble npupaieHus
88 u 8V, To npupaieHte TepMOAMHAMHYECKOTO NOTeHnHana 8D JOMIKHO
GbITh HEOTPHLATENbHBIM TIPH JIOObIX 8S 1 8V. HeoGxoauMbIM ycioBHEM
9TOTO SIBJISIeTCs] OOpalleHHe B Hyab Koad)cpnunemos npu 88 u 8V (rak
KaK 4JIeHbl, cofiepxaliye 8S u 8V nuHeilHO, MEHSIIOT 3HaK NpH nepeMene
3Haka 6S u 8V), a B KauecTBe JOCTATOYHOTO (AJISi MAJBLIX OTKJIOHEHHil
OT PaBHOBECHs) YCJOBHS MHHHMaiabHOCTH @ ocraercsi TpeGoBaHHe
NOJIOKHTEJIBHOCTH JH(depeHIHasa BTOPOro nopsigka. PaccMoTpum 310
yCJI0BHE /151 OHOPOJHOM CHCTEMBI.

Ipn HeGOJIBIIOM OTKJIOHEHHH OT PaBHOBECHOTO COCTOSIHHS NPH
T = const, P = const umeem

acD:a(U—Ts+Pv)=<§£s/) 55+( ) 5V 4+
+ g [(357), (05 + 2 5557 888V + (32) (8V)2] — TS + P8V =0

(22.1)
TJie Bce NPOM3BOJHbIE BHYTpeHHel 3Hepruu U GepyTcsl B paBHOBECHOM

cocTosiHuu. B paBHOBECHOM COCTOSIHUH
oU oU
(3§)V= T, (W)s =—P, (22.2)

H B Bblpaxkenuu (22.1) ocTaioTcs JIMIIb 4/eHbl BTOPOrO HOpsAKa.
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Hanee u3 (22.2) Haxomum
(aZ_Uy __ (9T T (i U\ _(oP
a5t )y =35 )y = o (av (67)s-
*U
asav = ( )
3anuueM HepaBeHCTBO (22.1) B Buze

«,<( > (63)2+2(— 7)s 88 8V — ( ARG (22.4)

(22.3)

Ycnosusivu BelnosiHerust (22.4) npu npousBonbHeIX 88 u 8V sBasiores,
KaK H3BECTHO, HepaBEeHCTBa

(%>V=c1>°' (22.5)
/0T \2? (0T\ /9P (0T\ [P T\ (o
(vl Gs)y lav)s = = (ol (), + (&), (Pl <0 20
HepBoe HEpaBeHCTBO JAaeT
Cy>0. (22.7)

Bropoe HepaBeHCTBO MOXKET ObITb 3alHMCaHO B BHJE
o(T,P) _d(T,P)o(T, V) _ T (f) <0

(S, V) (T, V)a(S, V)
H BeaeactBHe (22.7) paer

(5n),.<o. (22.8)

B ycTOHYHBBIX COCTOSIHHSIX OJHOPOJHOMH CHCTEMbI H30TEPMHUECKOE CKa-
THE NPUBOJHT K POCTY JAaBJIEHHS ¥ HaoGOpOT.

Harasinaeiit cMeics1 HepaBeHCTBa (22.8) cOBepILEHHO siCeH: B YCTOH-
4HBOM COCTOSIHHH a3 JOJIKEH <IPYKHHHTbY — yMeHblleHHe oGbema
HEKOTOPO#l Macchl ra3a JOJXKHO CONPOBOXKIATbCS YBeJHUEHHeM JaBiie-
HHSI BHYTPH 3TOH Macchl H Ha060poT. IIpH 5ToM HeGosbILHE QIYKTYaLMU
IVIOTHOCTH rasa 6yAyT paccachiBatbes. HaoGopor, mpu (0P/6V)r >0
OHH HMeJ1 Obl TeHIeHIINIO KaTacTPOodHUeCKH HapacTath, H TAKHe COCTOS-
HHsl OblTH OBl a6COJMIIOTHO HEYCTOHYMBBIMH.

§23. P ne das. ¢ nepexoas! nepsoro poia

Jo cux mop Mbl paccMaTpHBaJH TepMOJHHaMHYeCKoe MOBeleHHe
CHCTeM, OJHOPOAHLIX MO CBOMM (H3HuecKHM cBoficTBam. Ilepeiinem
Tenepb K PacCMOTPEHHIO CHCTEMBI, COCTOSIEH H3 HECKOJbKHX (a3,
HaXOJSILUHXCS B DABHOBECHH APYr C JAPYrOM.
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Dasoti Mbl HasbiBaeM (H3HYECKH OJHOPOJHYIO YacTh CHCTEMB,
OTJIMYAIOLLYIOCST CBOMMH (PH3HYECKHMH CBOHCTBaMH OT APYTHX ee yacTei
M OT/JEJIEHHYIO OT HHX YETKO BhIpaXkeHHOi rpanuueii. [IpuMepamu 1ByX-
(a3HbIX CHCTEM MOTYT CJIYKHTb JKHJAKOCTb M HACHILIEHHBIH map, XHA-
KOCTb M KPHCTa/uI, B KPHCTaJJIHYeCKHe MOJHGMHKAIHH OHOTO H TOTO
Ke BEIlleCTBA, HAXOASIIHECS] B CONPHKOCHOBEHHH APYT C APYTOM, H T. 1.
3aMeTHM, YTO B CHCTeMe, B KOTOPOH (asbl HaXOASTCS B PaBHOBECHH,
He3HAuHTeJbHOE H3MeHEeHHe BHELIHHX YCJIOBMH (Hanmpumep, MOABOM HJIH
OTBOZ, HEKOTOPOTO KOJIMYeCTBa TelJja) IPHBOAMT K TOMY, YTO HeKoe
KOJIHYECTBO BEIIECTBA NEPEXONHT U3 OfHON (asbl B APYryio (MIaBjieHHe,
kunenue u T. 1.). [ToaToMy, H3yuasi yc/IOBHS paBHOBecHs (a3, MBI OJHO-
BPEMEHHO H3yuyaeM MpoTeKaHHe TaK Ha3biBaeMBIX ()a30BBIX MepexojioB.

Mbl GyzeM paccMaTpHBaTh INpOTeKaHHe ()a3oBOrO Iepexoja IpH
[OCTOSIHHBIX JaBJEHHH H TeMmnepaType. TepMoIHMHAMHYeCKHiHl MOTeH-
upan s AByx(as3Hoi CHCTeMBI 3aBHCHT, KpoMme P u T, OT uncaa Mosielt
B KaxJo# ¢ase Ny u Ny

O=0(T, P, Ny, N,), (©3.1)
dD = — S dT +V dP +py dN; 4y AN, :
e

W = (09/0N1)r.p,N2s

He = (0D/0N2)1,p,M

— XUMHYeCKHe MOTeHLHa/bl NepBOil H BTOPO# a3kl COOTBETCTBEHHO,
WM

AQp, 7= p1 dN; +p2 dN,.

3anucbiBasi cOOTHoLUeHHe (23.1), Mbl NpejnoJaraeM, 4To B CHCTeMe
OTCYTCTBYIOT IPajiHeHThl AaBJeHHs] M TEMIIEPATYpbl, TaK 4TO COCTOsIHHE
«paBHOBECHO» 110 3THM napameTpaM. HepaBHoBecHble 3HaueHHsi MOTYT
HMeTb JIMLIb YHcaa Modell Ny M N,, H Hac HHTepecyeT, Kak GYyiyT Me-
HATBCS 3TH YHMCJa B Npolecce BhPaBHUBAHHS.

Ecau B cHCTeMe NIPOHCXOAHT Npollece BbIPAaBHHBAHHS, TO, KaK GblIO
BbisicHeHO B § 21, TepMOJAHMHAMHYECKHH TOTeHLHa] yMeHbILUAeTCs:
d® << 0. Ho

N; 4+ Ny = N = const
H, CJIeJ0BaTe]bHO,
(1 — o) AN, <O, (23.2)

oTkyaa cueayer, uto dN,;<<O mpu p, > p, M, HaoGopot, dN; > 0
NpH Py << My, T. €. MOTOK BellECTBa HampasjeH oT a3l ¢ GO/IbIMM
XHMHYECKHM [OTEHUHAIOM K ¢ase ¢ MeHbIIMM XHMHUECKHM IOTEH-
LHAJIOM.

B cOCTOSIHMHM TepMOAMHAMHYECKOTO pPaBHOBECHs TepMOJAHMHaMHye-
ckuit notenuuan cucremsl @ nmeer MunuMyM, d® = 0, OTKyZaa cJeayer,
YTO paBHOBecHe ABYX (a3 JOCTHIA€TCH NMEH [y = Y.
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Takum oGpasom, nns NMoToKa BellecTBa M3 CAHOH (asbl B APYryio
XHMHYECKUH MOTeHIHaJ MrpaeT TaKyio Xe poJb, KaKylo TeMIeparypa
Hrpaer JIJs MOTOKAa TelJa HJH Ke AaBJeHHe JJIs NOTOKa rasa B COOT-
BETCTBYIOIIUX Mpolleccax BblpaBHHBaHMsi. ITOTOK Temusa HampaBJ/eH oT
TOYeK € GOJbLIef TemnepaTypol K TOYKaM C MeHbILUEH TeMneparypoil
U mpekpaiaercs, KOTja TeMIepaTyphl BblpaBHHBaioTcsi. [IoToK rasa
HanpasJieH OT ToYeK ¢ GOJIbIINM JaBJEHHEM K TOYKaM ¢ MEHbLIHM JaBJie-
HHeM M Tnpekpallaercs, KOorja JaBJeHHsi BblpaBHHBaioTCsi. [lomok
eewyecmea Hanpasaen om pasol ¢ OONGUUM XUMUYECKUM NOMEHYUALOM
K (hase ¢ meHbuLUM XUMUHECKUM NOMEHYUAIOM U NpeKpaujaemcs, Koeda
XuMudecKue NOMmeHyUanb. 8olPABKUBAIOMCA. 3aMETHM, 4YTO B CJydasXx,
KOTJla B BelleCTBe BO3HHMKAeT (BC/IEACTBHE CYLIECTBOBAHHUs IpajlHeHTa

TeMIepaTypel) NMOTOK TeIsa HJH (BCaed-

F CTBHE CYINECTBOBAHHS TpajHeHTa JaBJie-
HHST) TIOTOK Macchl rasa, HelocpelCTBEHHO

OYEeBHJHO, YTO 3TH IIOTOKH BelYT K BHI-

PaBHUBAHHUIO TeMNepaTypbl H JAaBJEHHS

coorBercTBeHHO. HepaBeHcTBO (23.2) HMeer

CBOMM HENOCPEJCTBEHHBIM CJIEICTBHEM H3-

MeHeHHe uHcen Mosiet Ny u N,, U BO3HH-

—————= KaeT BONpOC, KaKHM 06pa3oM mepexox

T wactm M3 ofHOH a3kl B IPYLYIO MOXKeT

BECTH K BBHIDABHHBAHHIO XMMHUYECKHX I10-

TEHLHaJIOB (a3 p; U uy. OTBeT Ha 3TOT BOM-
poc OyleT IaH B KOHIe 3TOro naparpaga, KOria Mel H3y4nM (Kaye-
CTBEHHO) 3aBHCHMOCTb XHMHYECKOTO IOTEHLHasa OT TeMIeparypbl U
JlaBJIEHHUS].

Hraxk, paBHoBecHe JBYX (a3 BelecTBa TpeOyeT, IOMHMO PaBEHCTBa
nasnenuit Py = P, u paBeHcTBa Temneparyp Ty = T,, elie paBeHCTBa
XMMHMYECKHX IOTEHIHANOB 06eHX ¢as:

w (T, Py=p, (T, P). (23.3)

ATOo ypaBHeHHe B NPHHIHUIE [O3BOJISIET BHIPA3UTh OAMH M3 apryMeHTOB
XHMHUYECKOTO IOTeHIMaJa Yepe3 APYrof, T.e. HAHTH 3aBHCHMOCTb
P =P(T) vau T = T (P) (Hanpumep, HafTH NaBJeHHe HACBILIEH-
HOTO Tapa KakK (yHKIHMIO TeMIepaTyphl HJH TeMIepaTypy IJIaBJIeHHsi
Kak (QYHKIHMIO JABJEHUs H T. 1.), H, CJeJOoBaTe/bHO, ONpejesseT Ha
nyockoctd (P, T) KpuByio paBHoBecHs1 ¢a3 (puc. 26). OxHako nust
TOro, YyToGbl HalTH ypaBHeHHe KpHBoH P = P (T), B KOHKPETHOM Cay-
yae HaJO MMeTb aHA/JIHTHUECKOE BEIpaXKeHWe JJIl XHMHYECKHX IOTEH-
nuaJoB obeux ¢as. Mbl MoxkeM, OZHAKO, H He 3Hasi KOHKPETHOTO BhIpa-
JKEHHS] XHMHYeCKMX moTeHuuanoB w, (T, P), pg (T, P), naiitu audde-
peHIHa/bHOE YpaBHeHHe KDHBOH (ha30BOTO mepexoia. Y paBHEHHE
(23.3) noxaseiBaeT, uyTo mnpH ()asoBOM NpPEBPAIEHHH XHMHYECKHH
[OTeHLHa/l H3MeHsieTcsl HenpepbiBHO (Ge3 cKauka). B ofwem cayuae,

OJlHAaKO, TPOM3BOAHLIE XHMHYECKOro noTeHnuana (0u/07)p =-3

Puc. 26.
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u (OW/0P)r = V npu dasosom NpeBpalleHHH MEHSIOTCS CKauKoM, T. €.
MOJISIPHBIH OGBEM U MOJISIPHAS SHTPONHS NepBoi a3kl He PaBHBL MOJSIP-
HOMY 00beMYy M MOJISIDHOH SHTPOIMH BTOpO# (assl: Vy 5= V,, S 5% S,.
Takue hasopble Nepexoiibl Ha3bIBAIOTCS (ha308bIMlUL nepexodamu nepeozo
poda. Tak Kak (asoBblfi nepeXoi MPOHCXOAHT NPH HEHSMEHHOH TeMrle-
parype T, To u3 dopmyasl dS = 8Q/T HaXoIuM, YTO CKaYOK SHTPONUH
S, — S, cBA3aH ¢ MoJIspHO# TensoTOH Hepexoia A (popmyJoit

A=T(8,—S)), (23.4)

1 yTBepKIeHHe O TOM, YTO NPH Ga30BOM epexojie NepBoro pofa S, = Sy,
3KBUBAJIEHTHO A 7= 0. Takum 0GpasoM, asogeie nepexodo. nepsozo poda
CORPOBONCOAIOMCS, CKAUKOOOPA3HbLM USMEHEHUEM 00DEMA L NOZAOUEHLUEM
uau 6videnenuem mensomol nepexoda. K TakuMm rnepexopaM mnpHHaije-
JKaT BCce HM3MEHEHHsl arperaTHOrO COCTOSIHHSI (KHMeHHe, TJIaBJeHHe
M T. 1.) U MHOTHe B3aHMHble NPEBPAIUEHHs KPHCTAJJIHYECKHX MOAH(HU-
KalHi OJHOTO H TOTO e BellecTBa APYT B Apyra.

IepemecTumcst BIOJb KpHBOH (Ha30BOro Nepexoia NepBOro poja
U3 OJHOM TOYKH B JPYTyio, BecbMa GJH3KYIO K mepBoit. B cuay ypas-
HenHs (23.3) npu sTOM

dpy (T, P)=du,(T, P),
¥, BOCNOJIb30BABIUHCH (POpPMYJIOH
dp=—38dT +VdpP,
nosy4uM Auddepeniuaibtoe ypaBHeHHe KPHBOH Iepexoia
dpP

= (23.5)
KOTOpO€ MOXeT ObiTb ¢ InoMolubio (23.4) 3amucaHo B BHAe
@ (23.6)

dar ~ T (Va—Vy)

ITo ypaBHeHHe HOCHT Ha3BaHHue ypasuenus Kaanedpona—Kiaysuyca.

Ypaphenue (23.6) nokaswiBaer, uto npu A > 0 (mepexoi ¢ norJo-
wenneM Tensa) dP/dT >0 npu V, > V;, u, HaoGopor, T.e. npu
Nepexoje, CONPOBOKJAIOMIEMCST yBe/HueHHeM o0beMa, TeMmepatypa
nepexoja BO3pacTaeT C YBeJHYEHHEM JaBJeHHsl (HampuMep, KHIEHHe
KHUAKOCTH), a IPH NePeXojie, CONPOBOMKAAIOLIEMCS yMEHbIIEHHEM 06beMa,
HA0GOpOT (HampHMep, MJIABJEHHE JbJa).

Mel pacemoTpenn KpuByio (ha30BOTO Iepexofa NepBoro poja Ha
(P, T)-110CKOCTH, HA KOTOPO# HHTEHCHBHbIE BeJTHYUHb P i T He HMeloT
CKayKOB.

PaccmorpuM (kauecTBeHHO) KapTHHY ¢asosoro nepexosa / poxa
Ha MJIOCKOCTH JKCTEHCUBHBIX nepemenHblx (S, V). Haueprum Ha (S, V)-
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NJIOCKOCTH M306aphl H H3otepMbl AJs1 [ daswr (puc. 27). B toukax, o6pa-
3YIOLHX KPHBYIO /, IPOHCXOAMT (a3oBbill NepexoA. DHTPONHUst H 06beM
MEHSIIOTCSl CKauKaMM (NyHKTHDHBIE JIMHHHM), M Ha KpuBoi [/ Haum-
HaloTcs u306apbl U u3oTepMbl [/ dasel. Mexny kpuebimu [ u I1 nexur

06J/1acTb 3amnpelleHHbIX 3HayeHuit S u V.
s PaccmoTpum ¢asosbiil nepexos nep-
BOro pojia Takxe Ha (P, V)- u (T, S)-nua-
rpaMMax Ha KOHKDETHOM [pHMepe
nepexoja M3 KHMAKOTO COCTOSIHHSI B ra-
3006pa3Hoe, BOCIOJIb30BaBILHCh B Kaye-
CTBe KOHKPEeTHOH Mojeiu rasom Baw-
nep-Baanbca. Kak yxe ynomunajioch
B § 12, ypaBuenue Ban-nep-Baanbca

(P+ iz v —b)=RT

ONHCHIBAET (BeCbMa NPHGJIHIKEHHO) elH-
HbIM 00pa3oM M KHIKOe H rasoo6pas-
HOE COCTOSIHMSI BellecTBa. VI30TepMbl 3TOrO ypaBHEHHsI HMEIOT BHA,
u306paxeHnplii Ha puc. 28. Yacth KpHBOH (Mexay Toukamu [ u 2)
JO/DKHA ONHCHIBaTb IePEeXOX H3 KHAKOMH
¢asbl B razoo6pasHyto. OIHaKO peasibHbIH p
a3oBbIi  nepexol NpH OOLIYHBIX YCJIO-
BHSIX He HJIeT No KpPHBOH Irg2, a cooT-
BETCTBYeT H306ape [/—2 (KaK M JOJIKHO
ObiTb, IOCKOJBKY IpPH (ha30BOM Nepexofie
JlaBJeHHe He HCIBITHIBAeT CKayKa).

JlokaxkeM, 4TO ypaBHeHHe (a3oBOro
paBHOBeCHs

W (T, P)=po (T, P)

9KBMBAJICHTHO YCJIOBHIO PaBEHCTBA ILIOLIA-
neit I vl napuc. 28 (mpaBuso Makcpesa).
JlefictBuTenbHO, KaK Mbl BHIeaH B § 6, paboTa NMpU M30TEPMHYECKOM
npouecce paBHa yGbliH cBOGOAHOH sHepruu. Jlas paGoTl Ha H3oTepMe
1rq2 nmeem

Puc. 28.

Ar= § PdV=F,—F,
1rq2

C Apyro#l CTOPOHHI, YC/OBHE PaBEHCTBA XHMHUYECKHX MOTEHIHAJIOB
KHAKOCTH H Tasa W, = Wy AaeT

F1+PV1=F2+PV2,
OTKyAa HaxoAuM . N N
{ PaV=pP(V,—V), (23.7)

1rq2
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T. €. HHTerpan no Kpupoii BaH-nep-Baajibca paBeH nuiowamH mpsiMo-
YroJIbHHKa, JeXallero Ioj Hsobapoii /—2, H, cleloBaTesbHO, IJIO-
wauu [ u I pasusi. Ha (P, V)-anarpamme Mbl uMeeM, TakuM 06pasoM,
ckauok o6vema (V, — V), BelnuMHA KOTOPOTO ONpeessieTcs: PABHIOM
Makcseasa.

PaccMOTpHM nepexoi M3 JKMAKOrO COCTOSIHHsI B Tasoo0pasHoe
Takxe Ha (T, S)-nI0CKOCTH, Tie OTYETIHBO NPOSIBJISETCs] CKaYOK SHTPO-
nuu. Mso6apet Ha (T, S)-niockocTH 1ist rasa Ban-nep-Baajibca H3oGpa-
XeHbl Ha puc. 29 (BMJ 5THX KPHBBIX MOXKeT OBITb HaljeH TOJBKO Kaye-
CTBEHHO, TaK KaK BBIPa3HTb B KOHEYHOM
BHJie SHTpOMHIO rasa Ban-nep-Baanbca kak '

¢dynkuuio T v P He ypaercsi). ast Haxo- r

XKJIeHHsT TeMIepaTtypsl (a3oBoro nepexoja I /2
M CKauyKa SHTPONHMH Mbl JIOJKHbI NPOBeE- ! L
cTH u3oTepmy [—2. JloKaxeM, 4TO MOJO- 9
JKEHHe 3TOH H30TepMbl ONpeJeJisieTCsl TeM

e mnpaBHJOM -MakcBensa — nuowann /
u I NOMKHB! GbITb PaBHbI.

U3 dopmy.ibl aaist audepeperinana tei- Puc. 29.
Jsoconepxanus dW = T dS + V dP Bugno,
YTO IPH H306apHYECKOM IIpoliecce MOABE/AEHHOE TEM/0 PABHO H3MeHe-
HHIO Temsocofepxanus. ITosToMy Broab M306apel Irq2 AJsi OXHOTrO
MOJIst rasa HMeeM

5 5 8

Q= { TdS=W,—W,.
1rq2
C IlpyI‘Oi/‘l CTOpPOHBI, YCJIOBHE PABEHCTBA XMMHUYECKHX IIOTEHUHAJIOB XKHA-
KOCTH M Tasa W, = U, Jaer
Wi—T8,=W,-T8,
¥, CPaBHHMBasi 3TH ]iBa PaBEHCTBA, HAXOAHM
§ TdS=7(S,-S), (23.8)
1Irqe
T. €. IJI0Uajb, Jexallas Noj h3obapoil /rq2, paBHa mJIOWAAH, Jexa-
el nox H3oTepmol I—2.
PaccMOTpuM KauecTBeHHO XapakTep nepeceyenust Kpusbix w,y (T, P)
u wy (T, P) mpu T = const nmbo P = const. Tak Kak
o\ v ep\ (o7
Gl =v=0. (5h),= 3], <0

/

TO KpuBble By (P) H p, (P) mpu T = const HMeloT BHA, H306parkeHHbIH
Ha pHc. 30. AGcuMcca TOYKH nepeceyeHHst P, onpenesisieT, OueBUJHO,
JaB/eHHe B Touke (a3oBOro nepexoja NpH 3ajaHHOH Temneparype T.
Tak KaK paBHOBECHOE COCTOSIHHE COOTBETCTBYET MHHHMYMY TEPMOAH-
HaMHYECKOro I[OTeHIHasa, To npu P > P, yCTOHYHBOH sIBJISIETCS
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BTOpast (asa (C MEHbIUUM MOJISIPHBIM 0GbeMOM) M mpH P << P, — mep-
Bast (asa (C GOJBIIMM MOJISIDHBIM 0GbeMOM). BepTHKa/bHblE CTPENKH
Ha puc. 30 yKkasblBalOT HanpasJ/eHHe ¢a-
V3 30BOro nepexona npu P<<P,u P>P,.
Takum o6pasoM, Ha YBeJHYeHHe
JlaBJIEHHs] CHCTeMa pearHpyeT npespa-
meHneM (asel ¢ GOJBIIHM MOJISPHBEIM
06BEMOM B (pasy C MEHBLIHM MOJISIPHbIM
T=const OGBEMOM, YTO NPHUBOJMT K yMeHblle-
HHIO JaB/IeHHs1. DTO CBOHACTBO (pa3oBoro
nepexoja sIBJseTCS YaCTHHIM NpPOsBJe-
Huem npunuuna Jle-Illatenpe — srews-
Puc. 30. Hee eo30elicmeue Ha CUCMeMY 6bi3bI80em 8
Hell MaKyio peakyuto, Komopas YymeHo-
uiaem peayabman HeuiHeeo 6030eiicrmeus.

Paccmorpum rpaduk 3aBucumoctd p (T) npu P = const. Mmeem

on 5 25N 6P
(5T)P=—s<o, (W)P - - <o.

\

(3ameTnM, YTO B TePMOAMHAMHKE SHTPONHS ONpejeNeHa TOMbKO ¢ TOY-
HOCTBIO JI0 NOCTOSIHHOTO CJIaraeMoro, ¥ TOBOPHTBb O ee 3HaKe GeccMbic-
aenHo. OfHaKo, Kak Mbl y6enumest B § 39, B CTaTHCTHYECKOH (H3HKe
JIOKa3bIBAeTCst, YTO SHTPONHS JOCTHraeT
3Hayenuss S = 0 mpu Temneparype a6-
COJIOTHOTO HyJ1s, a npHu Beex T > 0 °K
OHa MOJIOXKHTEeNbHA.)

B cBsi3M ¢ 3THM rpaduK 3aBHCHMOCTH
w (T) u py (T) npu P = const umeer
BHJ, H300paKeHHBIH Ha puc. 31.

Ha namem pucynke kpusasi W, (T)
HJeT Kpyue, yeM KpuBas p, (T), 4, cae-
JIOBaTe/IbHO, MOJISIpHAsl SHTPONHMS Iep-
BOH (paspl GoJiblile MOJNSIPHOH SHTPONHU
BTOpO# (paswl. AGCucca TOUKH mepece- Puc. 31.

YeHHsl ONpejessieT Temmneparypy ¢aso-

BOrO Mepexoja npH JaHHOM JAaBseHdH. CnpaBa OT TOYKH TNepexoja
ycroiiuuBa nepsast ¢asa, cjeBa — Bropas. (CMblcq BepTHKaJbHBIX
crpesiok Ha puc. 31 Tor ke, uTo H Ha puc. 30.) 3ameTum, uTO yBeJH-
yeHHe TeMnepaTypbl NPHBOAHT K NpeBpalleHHIo BTOPOl ¢askl B mep-
Byto. [Ipu 3TOM CKpbITas TemsoTa nepexoia

A=T(8,—8,)>0,

T. €. MIPOLECC HJET C MOIIOIEHHeM TeIIa, YTO BJIEYET NOHUKEHHE TeM-
nepatypbl. DT0 AT ele OAMH NpHUMep NpOSABAEHHs npunuuna Jle-
[laresbe,




§ 24] PABHOBECHE TPEX ®A3. EPETPEB, NEPEOXJIAXXJEHHUE 97

Mbl MOXeM Ternepb OTBETHTb Ha BOIPOC, NOCTAaBJIEHHBIH B Hayase
9TOro naparpaga, 0 MexaHH3Me BbIDABHHBAHHSI XHMHYECKHX IOTeHLHa-
JIOB NPH Mepexojie YacTHIl U3 OfHOH ¢a3bl B Apyryio. Mbl yGeausuch,
4TO NPH OTKJOHEHHH JaBJIEHHs! HJIH TeMIepaTyphl JBYX(asHOH CHCTEMBI
OT PaBHOBeCHBIX 3HaueHHH P, u Ty (B Ty WJIH B IPYTYIO CTOPOHY) nepe-
XOJ( YacTHL{ H3 OAHOI (asbl B APYI'YIO NPHBOAHT K yMEHbIUEHHIO 3TOr0
OTKJIOHeHMs (CTpesKH Ha ocH abcumcce Ha puc. 30 u 31). dro 3uaunr,
4YTO paBHOBecHe (a3 sB/IsieTCsl YCTONYMBBIM. MBI BHAMM, 4TO B XOJe
npouecca npHOJHIKEHHS K PaBHOBECHOMY cocTosiHMIO (P, uau T)
Pa3HOCTb XMMHMYECKHX NOTEHIHAJOB W; H [, YMEHbLIAETCS M B TOYKe
paBHOBecHs obpauiaeTcss B HYJb.

§ 24. PaBHoBecHe Tpex (a3. SIBieHHs neperpesa
M nepeoxnaxieHus

KpuBasi paBHOBecHsi mepBoii H BTopoil ¢asbl Ha (P, T)-mI0CKOCTH
3ajaeTcsl ypaBHeHHeM

wm (P, T)=wm (P, T),
a KpHBas paBHOBECHs BTOPOH M TpeTbe#t (a3el — ypaBHeHHEM
ua (P, T)=pg(P, T).

Ecan nBe aTH KpHBble nepecekaiotcsi B Touke Py, T, TO B 3TOil TOuKe
BbINOJIHSAIOTCS COOTHOILEHHSI

M (Po, To) =1 (Po, To)=pis (P, T), (24.1)

H, C/leloBaTeqbHO, B 3TOH TOUKE HAXOAATCS B PABHOBECHH OJHOBpE-
MEHHO TpH (asbl BellecTBa. ¥YpaBHeHHs (24.1) JaloT B NpHHUKIE BO3-
MOXKHOCTb HalTH mapamerpsl Py, T, Ta-
koro coctosinus.  CooTBeTCTBYIOLLAs s
Toyka Ha (P, T)-aMarpamMmme HasblBaeTCs
mpotinoti mouxoii. B TpoiiHOH TOUKe
CXOAATCA TPH KpHBble, H300paxkaiomue Py
paBHOBecHe NepBOH M BTOPOH, BTOPOil
TpeTbel, nepBoil u Tperbeil ¢aswl. Tak,
HanpuMep, IJsi BOJAbl 3Ta AHarpamma
COCTOSIHMH HMeeT BHJ, H306paxkeHHbIH Fp
Ha puc. 32. IlapamMeTpbl TPOUHOM TOYKH
aas Boasl T, = 0,0078 °C, P, =
= 0,006 amn. Ilpu Takux TemmepaType Puc. 32.
M JlaBJIeHHH KHJKasi BOAA, Jed H BOAs-
HOH map HaxoAsTcst B paBHOBecHU. M3 nuarpammbl COCTOSIHHS BHAHO,
YTO NpH JaBJEHHH, MeHblleM uYeM P, Jel Npu HarpeBaHHH Ipe-
BpallaeTcs HeMoCPeACTBEHHO B Nap, MHHYSl MHAKOE COCTOSIHHE —
cy6aumanus. Ilpu temmeparype, meHbiuelt T, Jef NPH YBeJHUEHHH
J\aBJICHHsI TaeT, a NPH YMEeHbIUEHHH JaBJeHHs CyOJHMHpYeT.

4 10. B. Pymep, M. L. PuiBKiun
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TpoiiHast TOuKa He 00si3aTeJbHO ONMCHIBAET PAaBHOBECHe TBEePIOH,
KHAKOH M rasoo6pasHoil dasbl. BoJbIIMHCTBO Tesl NpPHPOABI MMEET He
OfIHY, @ HECKOJIbKO KPHCTaJUIMYecKHX Moaudukauuii. [Tostomy obnacts
CYLIECTBOBAaHHS TBepliol (asbl paKTHUECKH pa3GMBaeTCsi Ha psj MNOJ-
o6siacteii. B ¢BsA3u ¢ 3TUM M TPOHHAs TOYKa MOXeT H306paXkaTh PaBHO-
BecHe JIBYX KPHMCTa/JIMUeCKHX H OJHOH XKHAKOH ¢a3bl, HJAH IBYX
KPHCTAJIIHYeCKHX H ra3006pa3Hoi (asbl HIH, HAKOHEL, TPeX KpHCTal-

nMyeckux ¢as. Bosee Toro, y reams

? OJIHOBPEMEHHOE paBHOBeCHe TBepHOH,

Kpueman KHAKOH H rasoo6pasHoii dasbl, Boo6u1eu,

HEeBO3MOXKHO. JluarpaMma COCTOSIHHE

A, resusi u3o6paxkeHa Ha puc. 33. Kpusas

\ He L AB, paspensiomasi o61acTH CyLIECTBO-

Hell BaHHS XKUAKHX MOAM(UKALMi rejus —

Hel u Hell, ectb sinuusi ¢azoBoro mne-
pexona BToporo poza (cm. § 23).

Puc. 33. OTMeTHM ele HeKOTOphie OCOGEeHHO-

CTH pauarpammbl coctosinuil. Kpupas

paBHOBECHS KHIKOH H rasoofpasHoli ¢a3bl OKaHuUHBaeTcss B KpH-

THYecKoH Touke Py, Ty, B KOTOPOH HCue3aeT pasHML@ MeXAY KHAKHM

1 rasoo6pasHbIM COCTOsiHHEM BelllecTBa. KpHBasi paBHOBecHsi MeXAy

TBepIoH M rasoo0pasHoi (asoll 1Jsi BCeX BeleCTB (KpOMe TreJiHsi)

MOAXOANT K Haua/ly KoopAHHaT. KpHBasi paBHOBecHsi Mexiy TBepAOH

H XKHIKOH (a3oii, no-BHAHMOMY, HHIJle He OOpBIBaeTCsl, a YXOAHUT B Gec-

KOHEYHOCTb, TaK KaK Da3/iHuHe Mex1y TBep-

ofi (cuMMeTpHYHOH) (ha3ofi H KHAKOH (He-

CHMMeTpPHYHOM) (a3oli He MOXET HCUe3HYTb.

K KpuBbIM paBHOBecHs JBYX (a3 Belle-
CTBa [PHMBIKAIOT 0G/IAcTH CYILIEeCTBOBAHHS
MeTacTaGHJIbHBIX COCTOSIHMI (ITYHKTHPHBIE JIH-
HHHM Ha pHC. 34). DTo 3HAYHMT, HamnpHMep, 4TO
B o6JacTH I, B KOTOPOH CTPOro TepMOAMHA-
MHYeCKH YCTOMYHMBLIM sBJIS€TCH Ta3oo0pas-
HOE COCTOSIHME BeILECTBa, MOXKET NpPH HeKOo- Puc. 34.

TOPBIX YCJIOBHSX CYIIECTBOBATh B IOJYYCTOH-

4YHBOM, MeTacTaGHJILHOM COCTOSTHHH XKHAKOCTb (TeperpeTas XHAKOCTB).
HaoGopot, B o6acTi 2, rjie ycTOHYHBa XKHAKOCTb, MOXeT NPH HEKOTO-
PbIX YCJIOBHSAX CYIIECTBOBATh B METaCTaGHIBHOM COCTOSIHHHM nap (mepe-
CHILEHHbIH nap).

B o6nactu 3, rae ycToiuMBOH siB/IsSeTC KpHCTaJ/Hyeckas ¢asa,
MOXeT NPH HEKOTOPBIX YCJOBHSIX CYINECTBOBATb B METacTaGHJIBHOM
COCTOSIHMH JKMAKOCTb (IIepeoXJIaxKJeHHasl *KHIKOCTb).

B0O3MOXHOCTb CYIIECTBOBaHHSI TAKHX MeTacTaGHJbHBIX COCTOSIHHI
TECHO CBSI3aHa C NOBEJIeHHEM MOJIEKYJI, HaXOASIUXCSA B TOHKOM NOBEPX-
HOCTHOM cJi0e (C pasMepaMy nopsiika pajuyca MOJIEKYJsiPHOIO B3aHMO-
NefiCTBHS), pasfensiouieM Jse ¢asbl.

la3

B
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JleTanbHoe M3yyeHHe NOBEPXHOCTHOTO CJIos TpeGoBaJsO Obl 3HAHHS
CHJ1 B3aHMOJICHCTBHS MeXJly MOJIeKYJIaMH M NPeACTaBJIsieT co6oi BecbMa
CJIOXKHYIO 3afiauy. Mbl MOXKeM, OJIHaKO, B PaMKaX TePMOAHHAMUKH MO-
JIOHTH K npo6sieMe YHCTO (HeHOMEHONOTHYECKH, 3aMEHHB MbICJEHHO
NOBEPXHOCTHBIH CJIOH GECKOHEYHO TOHKOH IPaHHYHOH IOBEPXHOCTHIO,
pasfeasiomeii ¢aspl. OnmbIT NMOKas3bIBaeT, YTO MOBEPXHOCTh pasjienia
o6nafaeT NOMOJNHUTEbHOH CBOGOJHON 3Hepruedl; N/s TOro YTOGH NpH
HeH3MEeHHO¥ TeMIepaType YBeJHYHTb IIOIIa/b IOBEPXHOCTH Ha do, Hallo
COBEpIINTb paboTy o do,rjle BeJHYHHA ¢ He 3aBHCHT OT IJIOLIAJH, HO 3a-
BHCHT TOJILKO OT COpTa BeluecTBa oGenx ¢as M OT TeMneparypsl. Besn-
4MHA 0 MMEeT Pa3MepPHOCTb SHEPIrHH, JeJIeHHOH Ha IJIOIajb, H Ha3blBa-
eTCst KoIhehUuyUeHmMOom nosepxHOCMHoz0 Hamsscenus. Takum oGpasoM, pH
yueTe rpaHHYHbIX 3(peKTOB CBOGOAHASI SHEPrHsl ABYX(a3HOH CHCTEMhl
nepectaeT GbITh aJIMTHBHOH M BhIpaxaeTcsi HOpMYJIOH

F=NyFy+ Ny, +ao, (24.2)

rae Fy n F, — monspubie cBoGonubie amepruM Kaxjuoh cdasel, N; u
N, — uncna Mosieli nepBoi H BTOpO# dasbl, a 0 — MVIOIWAAb IPaHHYHOH
IOBEPXHOCTH.

B cuay gopmynst @ = F + PV Mbl MOXeM HamucaTh aHaJIOTHYHOE
BbIpaxkeHHe H J/1sl MIOJIHOTO TePMOJAHHAMHUECKOro NOTeHIUHaa ABYX da3

@ =Ny + Ngp, + o, (24.3)

Ecnu, oznnako, KOJHYeCTBa BelleCcTBa B OGEHX CONMPHKACAIOMUXCS
(asax BeJHKH, TO POJIb NOC/ENHEro UJleHa B paBeHCTBaxX (24.2) u (24.3)
HHYTOXKHO Ma/la M HM MOXHO npeHe6peub (YTO MBI H JeJasH B Iped-
IIECTBYIOIHX PaCCykJeHUsIX), TaK KaK YHCJO MoJelH BellecTBa, HAaxXo-
JAIErocsl B MOBEPXHOCTHOM CJIO€, NPONOPIHOHAJIBHO MJIOMAAH MOBepX-
HOCTH, T. €. KBaJlpaTy JIMHEeHHbIX Pa3MepoB, a YMCJIO MOJell BellecTsa,
HaXOJsAUIerocsl BHYTPU KaxJo#t (asbl, NPONOPHHOHANBHO 06BeMy (as,
T. €. KyOy JiHHe#iHbIX pa3mepoB. Jlo/d BeluecTBa, HaXOJSIIErocst B mo-
BEPXHOCTHOM cJloe, OOpaTHO IIPONMOPLHOHA/IbHA JIHHEHHBIM pa3MepaM
H KpaliHe Ma/ja npd GoJblIMX pa3Mepax ¢as.

Onnako mpHu (a3oBoM nepexojie B BelIeCTBE, XOPOLIO OYHIIEHHOM
OT BCAKHX NOCTOPOHHMX BKJIOYeHHH (4acTHUBI NbLIH, y3bIPbKH rasa
B XKMAKOCTH MJIM KaIUIM XKHIKOCTH B Nape M T. A.), HOBasi (a3a BO3HHU-
KaeT B MeJKOJAUCNIEPCHOM BUJe: B HOpMe MeJIKHX KPHCTaJVIHKOB, MEJKHX
KaneJb JKHAKOCTH, TNy3bipbKOB Napa. B TakHX MeJKHX 3apofpiliax
HOBO# (ha3bl 3HAUHTeJbHAs JOJs YaCTHIL HAXONMTCS B TOHKOM IOBEpX-
HOCTHOM CJI0e, H cjlaraeMee o0 B (24.3) HauMHaeT UIpaTh CYLIECTBEHHYIO
poaib. TTo3TOMY pOCT JOCTaTOYHO MEJKOTO 3apOjblilia HOBOH (asbl OKa-
3bIBaeTCsl TePMOJMHAMHYECKH HEBBITOJAHBIM, TaK KaK yMeHblIeHHe
O00beMHOH 4acTH TepMOJAHHAMHYECKOro MOTeHIMala BCJEACTBHE nepe-
XO/|a BELIECTBA W3 NepBOH (aspl BO BTOPYIO (Mbl CUHMTaeM [y = W)
C U36BITKOM KOMIIEHCHPOBAJIOCh Gbl YBe/JHUEHHeM NOBEpXHOCTHOM 4acTH

4%
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Q0 ¥ MOJHBI TePMOAWHAMHYECKHH NOTEHIMa  BO3pacTas Gbl MPH TaKOM
nepexojie. B aToM cayuae nepBast (pasa 0KasbiBaeTCsi B METAaCTAGHIBbHOM
COCTOSIHHM 3a TOYKOH ()a30BOro nepexoja, Tak KakK, HeCMOTPS Ha To,
YTO NOJIHBIH NEPEXO] BCEro BeLleCTBA U3 NePBOH (pasbl BO BTOPYIO NPH-
Besl Obl K YMEHBLUEHHIO TePMOJHHAMHYECKOTO IOTeHlHaJa, HayaJbHast
cTajausi 3TOro mpouecca TpeGyeT ero yBenHueHusi. Takasi CHTyauus,
€CTECTBEHHO, He BO3HHKAeT, €CJIH B BeleCTBE HMEIOTCS JOCTAaTOYHO
KPYIHbIE «LEHTPHl» BO3HHKHOBEHHS! HOBOH (ha3bl (IBIMHKH, Iy3BIPbKH
rasa M T. Il. BKparjleHusi). B 3ToM c/yuae OTHOCHTe/bHASI POJIb NIOBEPX-
HOCTHOTO WJleHa C CaMoro Hayaja MaJla H «3allepxKH» (a30oBoro nepe-
X0/a He IPOMCXOAMT. 3aMeTHM, 4TO IO 3TOH IpPHYHHe, KaK NpPaBHJIO,
HE [POMCXOMMT «3aTSKKH» NIPOLECCa IIaB/IeHHsT WK CyGIHMaLuU TBep-
JIOTO Tela M He CYIIeCTBYeT 06JaCTH CYLIECTBOBAHHS <IEPErpeToro»
KpHCTa/1a. ATO CBA3aHO C TeM, 4TO Ha MOBEPXHOCTH KPHCTaJJia BCeraa
CYLIeCTBYIOT Je(eKTbl KPHCTANIHYECKOH peIeTKH, Hrpaiollye poJb
CLEHTPOB» IVIaBJIeHHs] MK cyOaumauun. [To-BHIMMOMY, ONHAKO, MeTa-
CTaGU/IbHOE COCTOSIHHE IEPErpeToro KpHCTa/lla MOXKHO OCYLIECTBHTb
C XOpOLIMMH MOHOKPHCTaJIAMM, €CJH HarpeBaHHe BEAETCS H3HYTPH
(c nmomopio, HanpuMep, BBICOKOYACTOTHOTO IOJS).

§ 25. dasoBbie nepexoabl BTOPOro poja

Hapsiny ¢ paccMoTpeHHEIMH Bbillie (a30BEIMH I€PeXOJaMH NepBOro
poAa, NMpH KOTOPBIX B TOYKE Mepexoja XHMHYECKHH MOTEeHIHas] H3Me-
HSIETCS HENPEPHIBHO |i; = |l;, @ €ro npousBofubie (9p/6T)p = —
i (Ou/0P)s = V MEHSIOTCS CKAauKOM, CYIIECTBYIOT (ha3OBEIE Mepexofsl
BTOPOTO POJia, IPH KOTOPbIX NepBble NPOH3BOAHEIE XHMHUECKOTO MOTeH-
1Haja He HMEIT CKauyKoB (B TOYKe mepexoja 31 =8, Vy =V, u
CKaYKOM MEHSIIOTCSI BTOpbl€ IPOH3BOJHEIE:

o2y 1% n Cp ap 1A\

(ﬁi)ﬁ (a?)r' (W)p ==7T» Gpor = (a?)p- (25.1)
TakuM 06pasoM, npu asosex nepexodax 8mopoeo poda Ke npoucxodum
CKAYKOOBPA3HO20 USMEHERUS 00DeMA U NOSIOUWEHUS UL 8bI0eICHUS men-
J0MbL Nepexooa, HO CKAYKOM MEHAIOMCA CHCUMAEMOCMb, KOIpduyuenm
06BEMHO20 PACULUPEHUS U MENN0EMKOCIb.

das0Bble Nepexojibl BTOPOro Poja yalle BCEro CBsI3aHbl CO CKayKo-

06pa3HbIM H3MEHEHHeM KaKHX-HOO0 CBOHCTB cHMMeTpHH Tesna. Hampu-
Mep, eclM B LEHTPHPOBAHHOH KyGHYeCKOH pelleTKe ya/bl, Haxols-
myecs: B IEHTPAX syeeK, HCIBITHIBAIOT JaXe CKOMb YrOAHO MaJjloe CMe-
LIeHHe, CHMMETPHSI PeleTKH CKauKooGpa3Ho uaMeHserca. pyro# npu-
Mep JaeT HaM peLleTKa, B KOTOPOi aTOMBI ONpEIeNeHHOTO COpTa MOT'YT
3aHUMaTh MecTa JABYX THIIOB — «CBOM» (IS KOTOPHIX BEPOSITHOCTb
BCTPETHTD 31€Cb aTOM Gosibie 1/2) n «uyxHe» (151 KOTOPBIX BEPOAT-
HOCTb BCTPETHTb aTOM MeHblue 1/2).
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C u3MeHeHHeM TeMIepaTypbl obe BEPOSITHOCTH MEHSIOTCS H TpH
HEKOTOpOIi TeMrepaType CTAaHOBSTCS PaBHLIMU. B 3TOT MOMEHT MOCTOSIH-
Hasl PEIeTKH CKaYKOoOGpa3HO yMeHbIIAeTCsl H, CJIe0BATENbHO, CKAYKOM
MeHsieTcs cumMMetpHsi. IIpu mepexosie MarHeTHKa M3 ¢eppoMarHHTHOrO
COCTOsSIHHSI B TapaMarHuTHoe (CM. § 26) cKaukoM H3MeHsSIeTCsl CHMMeTpHs1
B PACIOJIOXKEHHH 3JIEMEHTaPHBIX MAarHHTHBIX MOMEHTOB.

Bce aTH npHMepbl MOKasbIBAIOT, 4M0 CKA4K00OPA3HOE USMEHeHue
cummempuu 8 moyke ¢azoeo2o nepexoda 6mopoeo poda C8A3aHO C nepe-
MeUjeHUeM 6eCoMA MQA020 HUCAQ QIMOMO8 UAU C UX nepemelyjenuem Ha
66COMA MANbIE PACCIOSHUA, U NOIMOMY MO NepeMellerLe He npusodum Hu
K 3ampame 3Hepeuu, HU K CKAYKOOOPABHOMY U3MEHEHUIo 06vema.

HerpyzaHo nosyuuTs An1si $pasoBbIX Mepexo0B BTOPOro poaa GopmyJibl
(Opengecr), saMeHstioLLHe GOPMYITY Kaanefipona — Knaysuyca dP/dT =
= MT (Vy — V,), BeiBeieHHYIO B § 23 115 Pa30BbIX NepexojioB NepBoro
pona. dra ¢opmyJsa, OYEBHIHO, He HMeeT CMbica MJsl (asoBBIX nepe-
XOJlOB BTOPOTO POJa, TaK Kak ee NpaBas 4acTb NpeACTaBAsieT COGOH
HeonpeseeHHOCTb THna 0/0.

3anvweM Boipaxenue aas [p] (cumBosom [A] Mbl 0GO3HAUHaH
A, — A; — cKayok BeqMuMHbl A NPH Nepexoje M3 mepBoi ¢asbl BO
BTOPYIO) BIOJMb KPHBOH q)asosoro nepexojia ¢ TOYHOCTBIO JI0 HYJ/IEHOB
BTOpOro mnopsifika no dP u dT:

w1 =[(35 )] 2P +{(3r) ) a7+ [ (33) | epr+
+ (555 |aP T +5 [(3;2) Jar=,

HJIH
v = (V) aP — 8147+ 5 [(5%), | @Pr +
1[C
+ [(WH ar ap — 5 Celary.
Tak Kak npHu $pa3oBoM nepexone BTOpOl‘O pona [Vl = 0u[S) =0, 10
1 [(oV C,
[m=7[( 5) ](dp) +[( ) ]deT——[ el Ty, (25.2)
Bronb KpuBoil (pasoBoro pasHosecus [pu] = 0, u Torza
1 [V )% 1[C
> [(ﬁ'),] (dPy + [<ﬁ) ]dP ar -y Eelarp—o. (253
nOC.’le}lHee PaBE€HCTBO H AOJIKHO AaBaThb Jmnj)(bepeﬂul/la.nbﬂoe ypaBHeHHe

KpHBOH paBHoBecHsi. st Toro ytoGbl 3HaueHHe dP/dT ObIO eIMHCT-
BEHHbIM, AHCKPHMHHAHT KBaJpaTHOTO ypaBHeHHs (25.3) Mo/keH pas-

HATbCA HYJIIO: - N )
e[ (35))+ 7157} =0 (25.4)
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[ns npoussogHoit dP/dT Bmonb KpuBOH ()a30BOro paBHOBECHs H3
(25.3) mosyuaem JBa SKBHBAJIEHTHBIX BbIPaKeHHs

1GA
ap _@ ) (25.5)

T a0\ | v |’
[CARIR(EN
CoBOKYNHOCTb ypaBHeHH# (25.4), (25.5) HOCHT HasBaHHMe ypasteHull
Ipengpecma.
Bousiee feranbHas TeopHsi (a3oBbIX NMEPEXOJOB BTOPOrO poia Oblia
cospana JI. 1. Jlaugay (cm. [4]). Mer paccMoTpHM npHJOMXKeHHe 3TOH

TEOPHH K KOHKPETHOH 3ajlaue 0 nepexojle MarHeTHKa U3 ¢eppoMarHut-
HOTrO B NapaMarHHTHOE COCTOSIHHE.

§ 26. deppomarnernsm. Touka Kriopu

B § 15, paccmaTpHBasi TePMOAMHAMHKY NapaMarHeTHKOB, MBI cJie-
" TH [IPETIONIOKEHHE O TOM, YTO BHYTPEeHHSss SHEPTHsl MarHeTHKA 3aBH-
CHT TOJIBKO OT TeMIepaTyphl H, CJeJoBaTeJbHO, HaMarHuyeHue 3aBUCHT
TOJIbKO OT OTHowWweHHs1 H/T. B craTHCTHYeCKOH (H3HKe 3TOMY COOTBET-
CTByeT [HIOTe3a O TOM, YTO B3aHMOJEHCTBHE MaTHMTHBIX MOMEHTOB
MOJIEKYJl OTCYTCTBYET H OPHEHTAllHsl MarHUTHBIX MOMEHTOB NPOHCXOAUT
TOJIBKO 10/, IEHCTBHEM BHEILHETO MOJIsi (CM. BBIBOA (GyHKLHH JlaHKeBeHa
B § 56). DTO LONYyLIEHNE ABJSETCS HECOCTOSITEJbHbIM JIsi (JepPOMATHHT-
HbIX Tes. OUbIT NOKa3sblBaeT, YTO y (eppoMarHeTHKOB: 1) cyumiecTByeT
CMIOHTAHHOE (CAMONpPOH3BOJILHOE) HAMarHMYeHHe B OTCYTCTBHH BHell-
HEero nosisi M 2) ye B OTHOCHTEJbHO CJAGBIX NMOJAX HaMarHHyeHHe
IIOCTHI2eT HachIUEHHs. DTH CBOHCTBA YKasblBalOT Ha TO, YTO B (eppo-
MarHeTHKaX OpUEHMAUl MASHUMHOLX MOMEHMOB 6b13bI8QEMCS HE CMOAbKO
BHEULHUM NOAEM, CKOAbKO HEKOMOPbLM BHYMPEHHUM OPUEHMUDYIOU4UM
noaem, Kax npaguio, 6oaee cunbHbIM, Hem BHewiHee nore H, u ceasanHoLm
¢ 63aumodedicmauesm MAZHUMHbLX MOMeHmos amomog. Takas rumnoresa
6bla BBeAeHa BeficcoM, KOTOpBI JONYCTHJ, YTO BHyTpeHHee noJje
NPONOPUHOHAIBHO YXKe HMEIOLleMyCsl HaMarHHYeHHIo

Hing=1vM, (26.1)

rae y — GeapaamepHblil KoadduimeHT (koshpuyuenm Beiicca), 3aBH-
CAMMA OT BEIECTBAa H HMEIOIHH OYeHb GOJbIIHE YHCJIeHHble 3HAUeHHs]
(y ~ 10%. ro npexnnoJoxkenHe UMeeT cjeiylowee Har/sAHoe (usHye-
cKoe 0GOCHOBaHHe: BHYTpeHHee (HJIH MOJIEKYJspHOE) IoJie BOSHHKaeT
TOJIbKO B paHee HaMarHHYEHHOH cpejie (B KOTOPOH yiKe HMeeTcst mpeuMy-
111eCTBEHHOE HanpaBJieHHe MarHUTHbIX MOMeHTOB yacTHil). Ectectsenno,
B NEPBOM NPUOJIHKEHHH CYMTAThb 3aBHCHMOCTb Hin OT M JaMHeiHO.
BoJsiee ToyHOe OGOCHOBaHHMe 3Ta THIIOTe3a NOJyYaeT B KBAHTOBOMeXa-
HHYECKOH TeOpHH (eppoMarHeTH3Ma, B KOTOPOH BHYTpeHHee mnoJie
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NOAB/AETCS KaK Pe3y/bTaT AeHCTBHS TaK HA3bBAEMbIX OOMEHHBIX CHJ
(cm., Hanpumep, [19]).

Ilpunrvas Tunotesy Beficca, Mbl AOMKHbI 3aMEHMTb B TpaBof
gacty ypasuenus (15.5) M = MyL (M,H/RT) snemmee none H
5xbeKTHBHBIM NosteM Hef, PaBHBIM CyMMe BHeLIHero noJs f u BHyTpen-
Hero noas Hint:

He=H+ Hin=H+vM. (26.2)

Torxa MOJIyuHM ypaBHeHHe

[ My (H - vM) .
m=mL (PO ) (26.3)

TO‘!HOe pELUEHHE 3TOrO ypaBHeHHﬂ, eCTeCTBEHHO, HEeBO3MOXKHO, H
Mbl 06paTHMCﬂ K ero rpa(bl/ll{ecxomy HCCJIeI0BAHHIO, 3alllCaB ero npemu-
BapHTebHO B napaMerpuueckoM Buie. OG03HauuM apryMeHT QyHKLMH

JlaHKeBeHa uepe3 M
My (H +yM, Mo
_0.(% =x. (26.4)

Toraa ypabHenune (26.3) MoxeT OhITb 3a-
NHCaHO B BHJIE CHCTEeMBl ABYX YpaBHEHHI,
coJepKallUX NapameTp x:

ML), (26.5)

M_RT _H
= 30— - (26.6)

Pue. 35.

Ha nnockocti (M/M,, x) (puc. 35) nepBoe H3 5TIIX paBeHCTB H300pa-
»xaetcsi KpHBoil JlanxkeBena, a BTOpoe — NpsAMO# JIMHHE!!, OTCeKatoleli
lia ocH OpAMHAT OTpe3ok —H/yM,, HaKJOH KOTOpOH K ocH abcumce
cripesenasierca GopmyJiof

RT
o= (26.7)

M3 puc. 35 BEAHO, YTO NPH HaJHYHH BHEIUHETO noJs, T. e. npu H 5% 0,
kpupasi Jlankesena (26.5) u npamas (26.6) ecerja nepecexaroTcsi He
B Hauane KOODAMHAT, M, CJE/OBaTEJbHO, CYILIECTBYET OTJHYHOE OT
nyns namarunuenue M. [lopencHue Toukn nepeceuenuss npu H — 0
(BBIK/IIOUEHHE BHEILHETO M10J151) CYIIeCTBEHHO 3aBUCHT OT YIJ/1a HAaKJIOHA §
tipsiMoft (26.6) H, caeoBaTesbHO, OT TeMNEpPaTyphl.

CuieryeT pasjesibHO paccMOTpeTh CayyaH, Korja ¢ Gosiblie U MeHblile
yIyia, MKy KacareqbHOH K KpHBoO# JlaHxeBeHa B Hauajie KOODAMHAT
u ocblo abeuucc. ITH JBa c/1yyasi XapaKTepPU3YIOTCsl HEpaBeHCTBAMH

RT e RT ’
W>L(O) H W<L 0)

COOTBETCTBEHHO.
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Beenem BequunHy T, HMEIOILYI0 pPasMEPHOCTb TeMIIEpPATyphl
(memnepamypa Kropu), onpeseieHHylo $opMmy.iofi

Te= O (26.8)

B cayuae T << Tc npsimas (26.6) B npenene H — 0 mepecekaercst
¢ KpHuBO# JlaHxXeBeHa B Toyke ¢ opAuHaTo M/M, == 0 (puc. 36), H,
CJlefloBaTeNbHO, 00pasel; HMeeT CIIOHTaHHOe HaMarHWueHHe, TeM GoJee
6/H3KOe K HAacBIEeHHI0 M,, 4eM HHXe TeMIepaTypa.

Tak Kax CIOHTaHHBIM HaMarHHYeHHeM O6GJIaflaloT TOMbKO (eppomar-
HETHKH, TO 3TO 3Ha4HT, yTo npH T << Tc BeleCcTBO HaXOAHUTCs B deppo-
MarHHTHOM COCTOSIHHH.

Puc. 36. Puc. 37.

TNpu T > Tc npsmas (26.6) npu H — 0 nmepecekaercst ¢ KpHBOit
JlaHKeBeHa TONILKO B HauaJjle KOOpAMHAT (pHC. 37), H, C/AEN0BaTeNbHO,
CMIOHTaHHOe HaMarnuuenue orcytcrByer, M = 0. Tak KaK 3To cBOHCTBO
XapaKTepHO /ISl TapaMarHHTHbIX Tesl, To npu T > T'¢ BelecTBo Haxo-
JUTCS. B NAapaMarHHTHOM COCTOSIHHH.

TakuM oGpasomM, Temnepatypa Kiopu npencrab/isieT coGoil Temme-
paTypy Iepexoja 3 (eppOMarHHTHOTO COCTOSIHHS B IapaMarHHTHOE
HJIH Hao6opoT. PH3HYECKH 3TO cJeflyeT TPAKTOBaTh CJEAyIOIHM obpa-
3oM: npu memnepamype Kropu menaogoe Osujierue amomos Cmawo-
BUIMCS HACMOALKO UHMEHCUBHbIM, 4MO KOMNEHCUpYem OpueHmupyioujee
Oeiicmsue eHympenneeo noas Bedicca. [lpu 6osee ebicokux memnepa-
MYpax HeCKOMNEHCUPOBAHHbIM OPUCHIMUPYIOUYUM PAKMOPOM CIMAHOBUMCS
MONbKO BHEUIHee 10Je, 4mo ABASEMCS XAPAKMepHoim Cceolicmeom napa-
MO2HemuKa.

Takum 06pasoM, NpH NOHHKEHHH TeMnepaTyphl B Touke Kiopu (npu
H = 0) BO3HHKaeT CKayKOM HOBBIH 3JIEMEHT CHMMETPHH — MIpeHMY-
ILIeCTBEHHOE HanpaBJieHHe MarHHTHBIX MOMEHTOB (CNIOHTAHHOE HaMarHH-
yenne). Ciefiyer nosToMy oxujats, yto Touka Kiopu sBisieTcst TouKok
(asoBoro mepexoja BTOPOro poja.

Hayuum TepMoaHMHaMH4ecKHe CBOMCTBA BeLIECTBA B OKPECTHOCTH
Touku Kiopu, ucrnoab3ysi upen, passuthie JI. JI. Jlanpay, B oGuwei
TeopHH (a3oBbIX NepexofoB BToporo poja [5].
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PaCCManHBaH (eppoMarHeTHk Kak CHCTEMY C JBYMSI «MeXaHH4Ye-

CKHMH» CTeNeHsIMH CBOGOAB! (<KOOPAHHATBI» — MOJSIPHBI 06BbeM V
H MOJISIpHOe HaMaruuuyenne M H «CHJbl» — JaBneHne P U B3saTas ¢ 06-
PaTHBIM 3HAKOM HANPSKEHHOCTb MarHHTHOro moast —H), sanmumem
BbIpaXkeHHe J/IS XMMHYECKOTo TOTeHIHaMa W H ero AupdepeHnuasa

p=U—-TS+PV—HM,
du=—S8dT+V dP — M dH,
rae u, 3, V, M nomxub paccMaTpHBaTbCA KaK QYHKIHH NepeMeHHbIX
T, PuH.
IMepeiinem ¢ nomouipio npeoGpasoBanus JlexaHapa 1o TnepeMeHHbIM

M n H k ¢oyHKuuH oT mepeMeHHblx T, P, M, BBeAs MOTeHUMaN u =
=u+ MH:

(26.9)

],L=[.I—MH,

. N N (26.10)
di(T, P, My=—SdT+V dP+H dM.

BBezieM Temepb OCHOBHOe JomylleHHe TeopuH JlaHaay, 3akJouaio-
meecss B TOM, 4YTO BGJM3H TOYEeK (pa30BOTO INepexofa MOTEHIHal
w (7, P, M) moxer GHITb pa3jioxeH B psif no creneHsim M. Mer Gynem
paccMaTpuBaTh M3OTPONHYIO MOAENb MarHeTHKa, TaK YTO MPOTHBOIO-
JIOXKHble HanpaBJieHHsi HaMarHuyenuss —M M M ¢u3HuecKH 5KBHBa-
JIeHTHBI, H Da3JioXKeHHe BeJeTCsl Mo 4YeTHbIM cTemeHsiMm M. OrpaHuun-
BasiCb TPeMsi UJeHaMH, HMeeM

w=p(T, P, )+ 2T D pp BT P e my (26.10)

B cOCTOSIHHH TepMOJHHAMHYECKOTO PaBHOBECHS! XHMHYECKHH MOTeH-
uHMaJ JIOMKeH MMeTh MHHHMAJbHOE 3HaueHHe H, CJIel0BaTe/bHO, MpH
¢ukcupoBaHHelX T u P

0] 02
wi=0 >0

oM —
Orciofa mosmy4nm
M [a(T, P)+B(T, P)M?|—H=0, (26.12)
a(T, P)+3B(T, P) M*>0. (26.13)

OtmeTHM, uTO cooTHowenus (26.12), (26.13) onpene/siioT HaMarHHYeHHe
M xak ¢yukuuio T, P u H, r.e. M = M (T, P, H), a noacrasnsist
3Ty (yHKUHIO B passoxkenue (26.11), Mbl HalileM XMMHYeCKMH MOTeH-
uHas Kak QYHKUHIO TeX Ke NepPeMEeHHbIX.

PaccMOTpHM Temepb MarHeTHK IIPH BBIK/JIOYEHHOM BHEIIHEM [oJie,
H = 0. Coornowenust (26.12) u (26.13) npHHUMAIOT BHA

Mo (T, P)+B(T, PyM? =0, (26.14)
o (T, P)+3B(T, P)yM2>0. (26.15)
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YpaBuenue (26.14) umeer nBa KopHs

(T, P)
M=0 u M= ]/--ﬂ(TP)‘

Ipu stom nepaserctso (26.15) paer a (7, P) > 0 aas nepsoro KOpHs
ua (T, P)y<<O0, B (T, P)> 0 pns BTOpOro KOpHs.

Koperb M = 0 cOOTBeTCTBYeT MapaMarHUTHOMY COCTOSIHHIO Mar-
HeTHKa (B OTCYTCTBHE BHELIHEro IOJIsi HaMarHHYeHHe DaBHO HYJIO),
KOTOpOe, KaK IOKa3blBaeT ONBIT, CYLLECTBYET NPH TeMIepaTypax GoJee
BLICOKHX, YeM TeMnepatypa nepexona T¢ (temnepatypa Kiopu). Kopenn
Ms=V —a(T, P)/IB(T, P) coorBercTByeT heppOMarHHTHOMY CO-
CTOSTHHIO (M s — CINIOHTaHHOe HaMarHHyeHHe B OTCYTCTBHE BHELIHEro
noJs), Kortopoe cyuiectByeT npu T << Tc. IlosyyeHHble pe3yabTathl
ya06GHO 3anucaTh B BHAE TaGIHLbL:

T < T — dbeppomarunTHoe cocTosHHE T > T¢ — napamariuTHoe
coctosue
«(T, P) M=0
= M‘_]/‘B((T 7) (26.16)
a(T, P)<0 a(T, P)>0
8(T, P)>0

B Toukax Kiopu kosadpuuuent a (T, P) MeHsIeT 3HaK, H MO3TOMY
a(Tc, Pc)=0. (26.17)

Mbl mosiyunaH ypaBHeHHe, KOTOpPOe Ompefie/sieT KPHBYIO (a3oBoro
nepexona Ha (P, T)-naockocTH. 3aMeTHM, YTO NMapaMarHUTHOE COCTOSI-
uue Heycroiuuso npua (T, P) <0, T <Tc, a peppoMarHHTHOE COCTOSI-
uue Heycroiuyuso npu o (T, P) >0, T > T¢, Tak Kak 3THM 3Haye-
HUSIM @ COOTBETCTBYIOT He MHHMMAJbHBEIE, a MaKCHMa/lbHble 3HaYEHUs
XUMHYECKOro MoTeHnnana (62u/oM? < 0).

B6au3n or Touex ¢asosoro nepexona (@ (Tc, Pc) = 0) ¢yHkuus
a (T, P) moxer GbiTb passioxena B psj no crenensim (T — T¢) ¢ coxpa-
HEHHEeM OJIHOTO JIHLIb NePBOro (JIMHEHHOro) ujieHa

a(T, P)=(3%), (T =To (26.18)

rae

(Ba > 0. (T, Pg)

oT)c = — ar  |T=T¢"
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Ioxcrasass 310 BhipaxeHue B popmyay ans Mg (26.16), naxoanm

Ms l/ or SV Te=T (26.19)

OTKyJa BHJHO, YTO 1O Mepe NpuOMKeHHs K Touke Kiopu crnonTanHoe
HamarHuuenue yGniBaer mponopuHonanbho } Tc—T.

Bbluncanm, nosb3ysick pasnoxenneM (26.11), xuMuuecKHH noTeH-
1MaJ, 3HTPONHIO U o6beM MmarHerka. [Toxcrasass B (26.11) snaueHus
HaMarHuyeHus: (26.16) u nonaras H = 0, momyyum:

B napamaruutHo#i obnactu (o (T, P) > 0)

=u(T, P, 0), (26.20)
B deppomaruuThoit o6aactu (a(T, P)<<0)
~ 2(T, P
o =n(T, P, 0)—%‘ (26.21)

Tudpepenuupys (26.20) u (26.21) mo Temmnepatype, MOJyYHM BEIpa-
JKEHHS! ISl SHTPOINHH:
B NapaMarHuTHOH o6nacTH

=0T PO ‘Ta'r"' 9 _3, (26.22)
B (heppoMarHutHoii ob/aacTu
- x 10 (a®(T, P)y o (2a7p—afy)
So=8+ 757\ g py) =So+ ——qg——  (26.23)

Iubdepenunpys (26.20) u (26.21) no nasnexuio, HafiieM Bblpaxe-
HHS s o6bema:
B NTapaMarHuTHOH 06/1aCTH

& (T, P,0) &
Vo= 2LRO _p, (26.24)
B (eppOMarHuTHoil 06JacTH

1 0 (a2(T, P) ~  a(20pB—aPp)
T5P([3(T,P)>=V“— B :

V¢=170—

(26.25)

Tak xak B Touke Kiopu o (T, P) ofpamaercsi B HyJb, TO H3 HOpMyJ
(26.22) — (26.25) BMAHO, YTO CKAYKH SHTPONMHMH H o6beMa B TOUKE
Kiopu pasHbl Hydo.

BBIYHC/INM CKauKH TEMJIOEMKOCTH M CXHMaemocTH B Touke KiopH
TIOKaXKeM, YTO OHH OTJHYHBI OT HYJS, H, CJeI0BaTeJbHO, Mepexofx
U3 1apaMarHUTHOrO COCTOSHHS B (eppomariutHoe npu H =0
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npeacTapasieT co6oi GasoBblit nepexos Broporo pofa. ITonyuaem
/0o \2

S 7). Tg
[CPl=T¢c (—;’? (Sp—Sn)rg = % (26.26)

U, Tak Kak Pc >0, TensoeMKoCTb B (pepPOMAarHHTHOM COCTOSIHHH
Gosbiue, yeM B mapamMaruuTHOM. [lasee, HaxoauM

[ (5)]- (5%)e 2627

oP 2’

H, CJ1€/I0BaTe/IbHO, CXKHMAeMOCTb B )epPOMarHHTHOM COCTOSIHHH Goablie,
YeM B NapaMarHHTHOM.
Hakonen, nosib3ysch ¢opmysoit dpendecra (25.5), moayuaem ans
ckayka obbemHoro paciunperus (0V/0T)p npu H = 0
wp (2R
o\ P _\oT )c\3P)c
[(ﬁ)p] =" (26.28)

Uro KkacaeTcst 3Haka ckauka (6V/0T)p, To ypaBHeHHeM (26.28) on ne
onpeneasiercs. M3 ypaBuenuit 3pendecra (25.4) — (25.5) Buawo,
uro 3Hak (0V/0T)p coBmajgaer co 3HakoM npousBoaHoil dP/dT Bronb
KpHBO#l paBHOBecHs! ¢a3. ONBIT [OKAa3bIBaeT, YTO CYLIECTBYIOT Marke-
THKH ¢ o6oumHu 3Hakamu dP/dT w, ciejoBaTe/ibHO, C 0GOMMH 3HaKaMu
[(8V/6T)pl.

[MepeiineM X paccMOTpeHHIO NpoleccoB B MarHeruke npu H = 0.
Mbl JI0/12KHBI HCCJIIOBATb CHCTEMY, COCTOSILLYIO M3 KyGHYeCKOro ypas-
HeHHs

sy @ P) o H
M+ 55 M= gy =0 (26.29)
H HepaBeHCTBa
o (T, P)+3B (T, P) M2>0. (26.30)

Kak usBectHo (cM., Hanpumep, [22al), ypaBHenne (26.29) umeer oauH
BEL(ECTBEHHEI KOPEHb NPH YCJOBHH
3
Thrs 2 (26.31)
4 B
H TPH BEIIECTBEHHBIX KOPHS B C/lyuae BHINOJHEHHS [IPOTHBOIOIOKHOTO
HepaBeHCTBA

e (26.32)

B nepBoM cayyae, OYeBHIHO, BO3MOXHO CYIIECTBOBAHHE JIHIUbL ONHOM
(asbl BeulecTBa, NpHYeM M3 ypaBHeHHs (26.29) BMAHO, 4TO Hamarnuye-
HHe B 06sacTu cJalblx MoJsell (COBMECTHMBIX, OAHaKo, ¢ (26.31)) nmpo-



§ 261 ®EPPOMATHETH3M. TOUKA KIOPH 109

NopUHOHANbHO H («napamofoGHbI KopeHb»). [leHcTBUTENbHO, NPH
cnabbix nosiax B (26.29) MoxHO npeneGpeub ciaraembim M3, oTkyaa
M =~ H/a.. Tlpu Gosee CHJIBHBIX MO/MAX HaMarHWYEHHE MPOMOPLHO-
Hanbﬂ% )"-I‘/s (8 (26.29) moxHO otGpocuTh ciaraemoe (/B) M u M =~
=~ (H/B)").

B cnyuae BhimonHenust HepaBeHctBa (26.32) a 3aBeoMO oTpHuA-
tebHo (B (T, P) > 0), 1 yI0GHO BBECTH BENHUHHY

(T, P)=—a(T, P).

ITepernieM B HOBBIX 0603HaYeHUSIX pasnoxenHe (26.11) H cooTHOMwEHHS
(26.29), (26.30)

p=p(, P, 0) = YLD a2 B P pp _ iy, (26.33)

VTP o H_
M~ M= =0, (26.34)
(T, P)
M2 — F 7 > 0. (26.35)

Ypapuenue (26.34) uMmeer B 3TOM CJyyae TPH BElIECTBEHHBIX KOpHS,
KoTopble jaioTcsi popmysamu (cum. [22a])

M=2<1)l/“ cos (q>+2’i')_ £=0,1,2  (26.36)

3p 3
rae
3V3 Hp'/
c033q>=%7§7, 0<g=7. (26.37)

Moncrapnss (26.36) B jocTaTouHOE yC/I0BHE MHHHMAIBHOCTH | (26.35),
T10/1y4aeM HepaBeHCTBO

]cos (cp +2’§—"> |>l, (26.38)

KoTOpoe BhIMOJIHsAeTCs npH £ = 0, 1, HO He BhIMo/HseTCS TpH k& = 2,
Takum o6pa3oM, peueHusi ¢k = 0 H k£ = 1 COOTBETCTBYIOT MUHHMyMaM
W, a pellleHHe ¢ K = 2 COOTBETCTBYeT MaKCHUMyMy W M JAOMKHO OBITb
OTGPOLLIEHO.

Ham ocraercs uccienoBath, kakoe M3 AByX pewenuit (B = 0,
k = 1) cooTerctByeT aGCOMOTHOMY MHHHMYMY, H BBISICHHTb, BO3-
MOXKHbI JIM MEPEeXOibl MeXAy (pa3aMH, COOTBETCTBYIOUHMH 3THM IBYM
pewrennsm. IlogcraBasis Beipaxkenne (26.36) ck = 0 u k = 1 B (26.33)
H yuuThiBasi (26.37), momyuuM mocse HEKOTOPbIX MpeoBGpasoBaHHil

Moo =p(T, P, 0)—|—£(1+cos2cp)(l-——3 cos2¢), (26.39)

pr =0 (T, P, 0)+gg[l+c052<cp-{—?§)][l —3C052((p'+?§>].

(26.40)
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Yuraresb JIerko yGenHTCs B TOM, YTO yPaBHEHHE Wy_o = |Lg_y HE HMeET
KOpHeil, y0B/IeTBOPAMHUX ycaoBHI0 0 << @ << 71/6, 1 YTO HMeeT MecTo
HEPABEHCTBO gy << Mp_; (3HAK paBeHCTBAa HacTymaeT npH ¢ = /6
uin (27/4) H? = y%/B).

Takum 06pasoM, u npH BHINOJHEHHH HepaBeHCTBa (26.32) BO3MOKHO

yCTOHUHBOE COCTOSHHE JMIUb ORHOH (asbl (k = 0), coCTOSTHHS XKe
¢ k=1 BO3MOXHBI JIHIb KaK
# MeTacTaGH/IbHbe (OTMETHM, UTO
\ / o= npu k= | HaMarHuYeHHe npo-
THBOTO/IOXKHO 110 HANpaBJ/IeHHIO

BHelHeMy mnoso, M << 0

Pe3yJbTaThl  H3JI02KEHHOTO
BbILlIE HCC/IEJOBAHHUS COCTOSIHHI
marseruka npu H = 0 MoxHO
MOHATh M3 CJENYIOWHX Kaye-
CTBEHHBIX cooGpaxeHuil. 3aBH-
CHMOCTb XHMHYECKOTO MOTeH-
LHana OT HAMarHWYeHHs MpH
H = 0 wusobpaxaercs B cay-
Yae mapaMarHUTHOrO COCTOSIHHS
KPHBOH C ONHHM MHHHMYMOM
npu M = 0 (nyHKTHpHAsi KpH-
Bas Ha puc. 38), a B cayuae
(eppOMarHUTHOrO  COCTOSIHHS
KPHBOH C JAByMSI MHHHUMYMaMmH
nmpu M=) ""a/p. Ilpn
BKJ/IOYEHHH MAaTHHTHOTO MOJSt
K XHMHYECKOMY IMOTEHLHaJy
JobasJsiercst ciaraemoe —MH,
B pe3yJIbTaTe Yero 3aBHCHMOCTb
XHMHYECKOTO MOTEHLHaIa oT
HaMarHHYeHUs! U3MEeHSIeTCst (CM.
CIVIOLIHbIE KPHBBIE Ha pHC.

Puc. 38. 38, a, 6). Y3 puc. 38, 6 BuxHo,

YTO MNpaBblii MHHMMYM BCeraa

ray6xe, ueM JeBblfl. 3ameruM, uro peiuenue ¢ k=0, M=

= 2 (y/3B)": cos ¢ umeer «pepponofoGHEIH» Xxapakrep (cnabasi 3aBH-

CHMOCTb HaMarHHYeHus oT H): npu usmeHenuu @ or 0 jo /6 (3roMy

COOTBETCTBYeT, KakK cJepyer u3 (26.37), yMeHblUeHHe HanpsizKeHHOCTH

oT 3Hauenus 2y'/2/3/)/3 P> jo HyJs) HAMarHHYEHHe YMeHblUaeTcs
Bcero B 2/)/3 pas.

Takum obpasoM, npu H 5= 0 asoBbiil nepexon HcYesaeT U 3ame-
HsIeTCSl HErNpephiBHBIM NepexofoM OT «(pepponoaoGHOro» MoBeleHHs
MarHeTHKa K «napanofioGHoMy» (1pH yBenuueHHH napamerpa H2f/y® or
3HaueHHil, MeHbIUHX 4/27, 1o 3HaueHuil, 6oabwux 4/27). CregoBarenbHo,
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B miockoctd H, T (P = const) uMeercss M30a1HpOBaHHas TOYKa (aso-
BOTO Iepexofia BTOPOro pojia, Jexaluasi Ha ocH abeuuce. (B miockoctu
nepemennsix P, T (H = 0) Mbl UMeeM, KOHEUHO, KPHBYIO ()a30BOro
nepexofa BTOPOTO Poja.)

Haiizem, najee, MarHHTHYI0 BOCIPHHMYHBOCTH MarHeTHKa % =
= (0M/0H)r,p. Duddepenunpys (26.12) no H, nonyunm

_ 1
*= ST, P) L3 (T, PYIE"

Orciofia IJs1 «HayaJbHOH» BOCIPHHMYHBOCTH %o = Kpy_, HAXOLHM:

B caydyae mapamarutHoro cocrosiiusi (M = 0, a (T, P) > 0)

1
V= (26.42)

(26.41)

%,

B caryuae peppomarnutHoro cocrosuus (M =1 =a/B, a (T, P)<0)
1
o= gy (26.43)

B6ausn or touku Kiopn, rae cnpaseninso pasnoxenue (26.18),
9TH GOpPMYJIbl TPHHHMAIOT BH]

npu T > T, (26.44)
——— npu T <Tc. (26.45)

[pu cnabeix MaruuTHeIX noasx H & Mg/n, ~ |ai/2/B"+ mocnenuue
ypaBHeHHs] MOTYT GHITb NpOHHTErpHpPOBaHEI Mo H, uyto Aaer:
B napamaruuTHoli obnactu (T << T¢)

H

M=uH= TN (26.46)
(5 ) tr=70
B ¢eppomaruutHoit obnactu (T > Tc)
1/ o(T.P) H
M=Ms+x11_]/_ﬁm e . (26.47)

(
2 \07.)0 (Te—T)
3ameruM, 4TO 06/1aCTh NPHMEHHMOCTH MOCIENHHX ABYX opmy.
orpaHuyeHa C ABYX CTOPOH: BO3MOXKHOCTb HCIOJNb30BATb PAa3NOKeEHHe
(26.18) TpeGyer, uroObl Temmeparypa Gblla NOCTaTOYHO OJH3KOH K
Temnepatype KiopH, HO, ¢ Apyro# CTOPOHBI, MpPH JIOGOM QHKCHPOBAH-

HoM H HepaBeHCTBO
9TV 8/
laft (90/0T)e/* (T —Te)"?

H< c [

7 T
ﬁ/i F‘c/’
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Hapymwaercst npu | T — Tc|— 0. CrepoBarenbHo, Mbl MOJNY4HM B Ka-
4ecTBe YCJNOBHSI NMPHMEHHMOCTH ¢opmyan (26.46) u (26.47)

do
He/aﬁga T—T¢ < (\ﬁ)c
[EANEE o
aT )c ars) Te

Cootnomennst (26.44) — (26.47) natot GopmynupoBKy 3akoHa Kiopu —
Beiicca, cornacHo KOTOpOMy HauyajibHasi BOCMPHHMYHMBOCTb W HHIYIH-
pOBaHHOE HaMarHWYeHHe OOPaTHO MPOINOPLHOHATLHB  BeJHYHHE
| T — T¢|. Tlpn 3TOoM BOCIPHHMYHMBOCTb H HHAYIHPOBAHHOE HaMarHH-
yeHHe B (eppPOMarHUTHOH 06JAaCTH BJBOE MeHbllle, YeM B NapaMarHHuT-
HOM (NPH OAMHAKOBBIX 3Hauenuax |T — Tcl).

OrmeriM Ternepb I1yGoKoe OTIHUHE (a30BBIX NMEPEXONOB BTOPOrO
pona oT (asoBHIX NMEPEXONOB IMEPBOr0 poja.

Ipu ¢asoBbIx mepexofax NmepBoro poga Kaxaas ¢asa cama no cebe
YCTOHUMBA 110 06e CTOPOHBI OT TOYKH Nepexofad. DTo cJelyeT M3 TOro,
YTO KaK XHMHYeCKHH NoTeHIHas nepBoii dasel wy (T, P), Tak U XHMH-
4eCKHH TOTeHIHasn BTOpok ¢asbl py (T, P) onmpeneneHsl no o6e CTOpOHbI
OT TOYKH Mepexofa, H NpH (PAKCHPOBAHHOH TeMieparype Mbl MOXKeM
HaWTH JaBJieHHe, COOTBETCTBYIOUIE HAMMEHbUIEMY 3HAUEHWIO Wi, M,
Haofopor, NpH (PHKCHPOBAHHOM JAB/IEHHH HAWTH TeMmmepatypy, c€O-
OTBETCTBYIOILYIO MHHHMYMY [4; IJs KaxgoH ¢a3el. Takue naBJjeHus
H TeMIepaTypsl COOTBETCTBYIOT PaBHOBECHOMY COCTOSIHHIO KaXIoi (a3bl
no o6e cTOpoHHI OT Touek nepexofa. Ha muarpammax (n, P) u (u, T)
(puc. 30, 31) aro cienyer u3 Toro Gakra, 4TO KPHBBIE [y H WL, CYLIECT-
BYIOT N0 06e CTOPOHBI OT TOYKH IepeceyeHHs, HO OJHA M3 HHX COOT-
BETCTBYeT aCOIOTHOMY MHHHMYMY W, T. €. aGCOJIIOTHO PaBHOBECHOMY
COCTOSTHHMIO (KPHBasi C MEHBIIUM 3HAYeHHeM (1), a pyrasi (KpuBasi ¢ 60/1b-
IIHM 3HAYEHHeM W) COOTBETCTBYET MHHHMYyMY /s AaHHOH dasml, T. e.
MeracTaGH/IbHOMY COCTOSTHHIO BelllecTBa. B cBSI3u ¢ 3THM npH ($Ha3oBbIX
nepexofiax NepBoro poja BO3MOXKHBI SIBJIEHHS TeperpeBa H nepeoxJa-
HJIEHHUS. g

ITpn nepexofie MeXAy mapaMarHUTHBIM H (EPPOMArHHTHBIM COCTOSI-
uusMi npu H = 0, T. e. npu $asoBom nepexojie BTOPOro poia, Kak
caenyer u3 dopmyn (26.14), (26.15), napamarHHTHOE COCTOsIHUE
(M = 0) abcomorHo HeycroitunBo npu o < 0, T << T¢, a deppomar-
HuTHOE coctosine (M = Mg = (—a/P)"/z) abcomoTHO HeyCTOHYHBO
npua >0, T > Tc (TepMoaMHAMHYECKHil MNOTEHIHA] HMEET B 3THX
caydasix MakcHMyMm 6°u/0M? << 0). DTo 3HAUMT, UTO XHMHYECKHH
NOTEHIHA NapaMarHuTHON (asbl BooGule He onpenesied npu T < Tc
TaK Ke, KaK XHMHYeCKHH noreHuHan (eppoMarHuTHOH (asel npH
T > Tc. Tlostomy npu cpasoseix nepexodax 6mopoeo poda Hegos-
MOJCHO MemacmabuavHoe cocmosxue nepeepemol UAU Nepeoxaaxcoer-
Hou ghasor.



§261 DEPPOMATHETH3M. TOUKA KIOPU 113

DTV 0cOGEHHOCTb (a30BBIX TIEPEXOLOB BTOPOTO POja MOKHO MOHATD,
HCXONt M M3 APYTHX 6oJiee HalVISIAHBIX (DHBHUECKHX COOOParKeHHH.
Tak kak B TouKe (ha3oBOro nepexoia XHMHYECKHI MOTEHIIHAN MEHSIeTCst
HETIPEepPLIBHO, TO BO3MOXKHO JIHOO BO3HHKHOBEHHE BECbMa MaJoro KOJIH-
yecTBa HOBO#H (ha3bl, CBOHCTBA KOTOPOH CH/IbHO OTJIHYAIOTCS OT CBOKCTB
crapoft pasbl, 1160 BOSHHKHOBEHHe HOBOH (asbl Bo BceM ofbeMe Belile-
CTBa, HO CO CBOHCTBAMH, KpaiiHe MaJOo OT/IHYAIOUIHMHUCS OT CBOHCTB
crapoii ¢asul. TlepBoiii ciyyaii uMeer mecTo mpH (asoBBIX NMepexofax
NepBOTO pojia, KOTJa HoBasi (a3a BO3HHKAeT B MaJ/bX «3apOJBILIAX»,
HO HMeeT MOJIIPHbIA 06bEM H MOJISIDHYIO SHTPOIHIO, OTJIHYHbIE OT COOT-
BETCTBYIOLIMX BENHYHH JJIS CTapoil ¢aswl. B stom ciyuae, Kak Mbl BH-
nenu B § 24, 6naronapst CyuIeCTBOBAHHIO TOBEPXHOCTHOH SHEPTHH MOXKeT
NPOUCXONHTh «3aTSAKKA» (Pa30BOTO MepPexoia W BO3HHKAKT MEracra-
GHJIbHBEIE COCTOSTHHS.

Bropoii cayuait HMeer MecTo npH ($asoBbX Mepexojax BTOPOro poaa,
Korja HoBasi ha3a (B GOBIIMHCTBE C/TydaeB Gasa ¢ CHMMETPHEH, OTIHY-
HOW OT CHMMETPHH MCXOJHOH (pa3bl) BO3HHKAET Cpa3y BO BceM ofbeMe,
a He B MaJIbIX «3apolniiax». [TosToMy rpanui pasgena mexay dasamu
B 3TOM C/lyyae He BO3HHKAeT H «3aTsKKa» (a3oBOTO Mepexofa HeBo3-
MOXKHa.

3aBHCHMOCTb XHMHYECKOro MOTellllHala OT TeMnepartypbl H laBile-
HHSI IpH (a30BOM Nepexosie BTOPOTo poja H30Gparkaercst ONHON IJIaB-
HOlt KPHBOH, a He nepeceyeHHeM JBYX KPHBbIX, KaK MPH (pasoBLIX mepe-
XO/laX NepBoro poaa. SIcHo, oHaKo, uto Jaunus nepexonaa (Tc, Pc) =0
sIB/ISIeTCsl JIMHHEH, Ha KOTOPOH TepMONMHaMHuecKue (YHKUHH MMEIoT
KaKyl0-TO 0COGEHHOCTB; 3TO SICHO y>K€ M3 TOrO, YTO BTOPbi€ MPOM3BOL-
Hble XHMHYECKOrO MOTeHUHANd MEHSIOTCS Ha 3TOW JIHHMM CKauKoM.
XapakTep OCOGEHHOCTH XHMHYECKOTO MOTEHIHala Ha JHHHH (asOBbIX
NepexolloB BTOPOro pojia A0 CHX TOp HeusBecTeH. B cBsisH ¢ 3THM
BO3MOXKHOCTb Pa3JIOXKEHHSI XMMHUECKOTO MOTeHIHala B Psil MO CTe-
nensim M* (dopmyna (26.11)) siBastercst, coBcTBeHHO ToBOpsi, mpobie-
matuHo#. [losToMy Bce paccyxieHus sToro maparpada OCHOBaHBI Ha
HENPOBEPeHHOM! 10 CHX MOp THIIOTe3e O TOM, YTO OCOOGEHHOCTH TEepMO-
JIHHAMMYECKOro TOTeHIHaNa B TOYKaxX (a3oBOro nepexoia He CKasbl-
BAIOTCSl HAa TeX Y/eHax passoxenus (26.11), KoTopbie HCIOAB3YIOTCS
B HAlUHX BbIKNalKax. ITO OGCTOATENLCTBO HACTOSITEJBHO MOAYEPKHBA-
JIOChb M CaMHM aBTOPOM oOlleli TeopuH (a30BHIX MEPEXOLO0B BTOPOTO
poaa JI. JI. Jlannay.

B nocsieanne ronsl gpasoBle nepexoibl BTOPOTO Pojia, B YaCTHOCTH,
TIePeXON MeXJAy NapaMarHHTHBIM H ()ePPOMArHHTHBIM COCTOSIHHSIMH,
M3YYaloTCs BeChbMa HHTEHCHBHO KaK TEODETHUECKH, TaK H SKCIepHMeH-
TanbHO. B pesyabrare aTHX HCC/eoBaHHMi (XOTSI OHH He TPUBEJH A0
CHX TOP K CO31aHHIO MOC/JeN0BATeNbHOH MHKDOCKOMHYECKOH TeopuH
($a30BbIX MEPEXONoB BTOPOrO POAa) MOXKHO CUHTATh YCTAHOBJIEHHBIM,
uto Teopus Jlannay nepecraer GbITh CIIPaBEIHBOI B HEMOCPE/CTBEHHO
Gmuzoctn Touku Kiopu. B wacrhoctH, Temsioemkocth B Touke Kiopu
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1MeeT, 1MO-BHAHMOMY, He KOHEYHBIH CKauok, a ofpauiaercsi B GeCKOHeu-
HOCTb IO JIOTaDPHPMHYECKOMY 3aKOHY

[T—Tc|
.

C

Cp~1In

Koneunbiit ckauok [Cp] oGHapyKHBaeTcsi TOJBKO B TOM CJydae, eciu
H3MepeHHe TeMJOEMKOCTH KaXIOoH (asbl NMPOBOAMTCS HAa HEKOTOPOM
KOHEUHOM, XOTSl M MaJloM PacCTOSIHHH oT ToukH Kiopu (Ha mkaje Tem-
neparyp). [lalee B HemocpeAcTBeHHOH 6/M30CTH OT TOYKH Kiopu crol-
TaHHOe HamarHuyeHne Mg usmensiercst kak (Tc — T)B, rae P =~ 0,33,
a He 0,5, kKak B Teopun JlaHjay, a MarHHTHasi BOCIPHHMYHBOCTb NPH
T > T¢ nponopunonansia (T — T¢)™¥, rae y = 1,33, a ue 1, kak
B Teopuu JlaHmay, u T. A.

B cBSI3H ¢ 3THM C/IefyeT HAaCTOSITebHO MOAYEPKHYTh, YTO BCE PE3Ylb-
Tarhl, MOJNyYeHHble B 5TOM naparpade, crpaBeJIMBH JHLIb B HEKOTOPOH
o6iacti BOJIM3U KPHBOH (asoBoro nepexona. Ara o61actb, ¢ ONHOH CTO-
POHbI, He YXOAMT Yepecuyp AajeKo oT ToueK Kiopu (TaK, 4ToGhl MOXHO
GBLI0 110MIb30BaThCH pasiokeHHeM a = (da./dT)c (T — Tc)), HO, ¢ Apy-
rofi CTOpPOHH, He TMOAXONHMT uepecuyp G6nH3Ko K ToukaMm Kiopw, Tak
KaK TaM, M0-BHIHMOMY, CTQHOBHTCS HEINPHTOJHBIM Pa3/OXeHHe XHMH-
4eCKOro NoTeHIHala No creneHsm M2,

3aMeTHM B 3aKJ/IOYeHHe 3TOro maparpada, YTO CHNOHTaHHOE Hamar-
HHueHue peppomarsetnka npu T << T'c B MaKpPOCKONHYeCKHX o6pasuax
oGHapYKHBaeTCs lajleKo He BCerJa (TOMbKO B CHelHalbHO HaMarHHYeH-
HBIX 00pasiax). 1o obbscHAETCH TeM, YTO (epPOMArHeTHK COCTOHT
U3 psila MHKPOCKOMHYECKHX objacTell (IOMEHOB), B KaXJIOM H3 KOTO-
pHIX CNOHTaHHOE HaMarHHUeHHe cyulecTByeT. B cocelnnx aomenax
B OTCYTCTBHE MOJISl, KaK NPaBHJIO, HAlNpaBJeHHs BEKTOPAa HaMarHHye-
HHsI TIPOTHBOMOJIOXKHE H CpefHee (MaKpOCKOIHYECKoe) HaMarHHYeHHe
Bcero o6pasia paBHO HyMo. I1pH BK/IIOYEHHH BHEILHETo 110/ HanpasJe-
HHSl HaMarHWYeHHs B JOMEHax IIOBOPAYMBAIOTCS M TPAHHIbI MEXIY
JIOMEHaMH CMeIIaloTCs, TaK YTO CyMMapHOe HaMarHHYeHHe CTaHOBHTCS
HanpasJ/ieHHbIM 10 Togo. IIpH yMeHbIIEHHH BHeUIHEro InoJis KapTHHA
CTAHOBHTCSl HeOOpaTHMONH — KpHBas pa3MarHHYHBAHHSI OTCTaeT OT
KpHBOH HaMarHuuuBaHusi ¥ npu H = 0 obpasel ocTaercsi HaMarHH4eH-
HBIM (OCTAaTOYHBIH MarHeTH3M).

§ 27. TepMonMHaMHKa CBEPXNMPOBOJHHKOB

MHorue MeraaJbl M CIVIaBbl [PH HH3KHX TeMrepaTypax, GJIH3KHX
k 0 °K, ncnsiThiBaloT ha3oBoe npespaiieHte, nepexois B TaK HasbiBae-
Moe csepxnposodsiujee cocmosnue. HauGonee Gpocawomumes B Iasa
CBOMICTBOM BellleCTBa B 3TOM COCTOSIHHH fIBJSIeTCSl NOJHOE OTCYTCTBHE
COTPOTHBJIEHHS] TPOXOXKAEHHIO 3/EKTPHYECKOrO TOKa, 4TO H Oblio
ofHapyXKeHO yxe B mnepBhiX skcnepumentax (1911 r., Kamepsaunur-
Onnec). Cnenyer otaaBaTh ceGe OTYET B TOM, YTO TOK, NPOTEKAIOLLHIl 10
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MPOBOAHHKY, MpEACTaB/seT Cco0OH HepaBHOBECHbIH Npolecc, CBA3aH-
HBIfl C CyLleCTBOBaHHMEM TOTOKAa 3apsiMEeHHbIX YaCTHL, H M03TOMy 3-
(eKT HCUE3HOBEHMSI CONPOTHBJEHHS He €CTh NpPeIMeT TePMOIMHAMHKH
PaBHOBECHBIX MPOIECCOB M JIOMKeH H3yyaTbCsl KHHeTHKO#H. Okasbl-
Baercsi, OJHAKO, YTO CBEPXMPOBOJsiLee H HOPMalbHOE COCTOSIHUS Me-
TaJl/la OT/INYAIOTCs APYT OT APYTa He TOMbKO MPOBOXHUMOCTSIMHU, HO HMEIOT
TaKxKe pas/InuHble 3HaUeHHs psja YHCTO TEPMOAHHAMHUECKHX BEJNHYHH.
310 3HAYHT, YTO ITH COCTOSTHHSI MPEACTABISIOT COGOH pasHble TePMOAH-
HaMHyecKHe ¢a3hl BelllecTBa, a MEPEXo H3 ORHOTO COCTOSIHHS B APYTroe
npeacrapaser coboii $a3oBLIi nepexoA (IepBoro poia, €caH OH MPOHC-
XOJHT NPH HaJMYMH MArHUTHOTO NOJis, ¥ BTOPOrO POAA MPH BBHIKJIOYEH-
HOM MarHuTHOM roJje). OTMeTHM, YTO C aHAJOTMYHOH CHTyauueid Mbl
CTaJIKHBaeMCsl TIPH H3Y4YeHHH XHAKOTO requsi, Bsskoctb Kak HepaeBHO-
BECHBIH TMpoliecc BbIPaBHHBAHHS CKOPCCTH HAMpaBJeHHOTO JBHKEHHS
He BXOJAMT B KOMNeTeHIUIO TepMoiMHaMHKH. OJHaKo cBepxTekydas H
HopMaJibHasi Moaudukauun renus (Hel u Hell) npeacrasasior coGoii ase
TepMOJMHAMHUEeCKHe (a3bl, a IpeBpallleHHe OXHOlH B APYryio — aso-
BLIf mepexon BToporo poja. ITostomy mepexoa Merania M3 HOpMalb-
HOTO COCTOSIHHSI B CBEpXIIPOBOJsAILee (B OTCYTCTBHe TOKa) H mpeBpallle-
nue Hel B Hell (npu oTcyTcTBHH MOTOKa XKHIKOCTH) MOTYT H3ydaThCsi
TepMOJHHAMHYECKUMH MeTolaMmH. [lepexol MeTanna H3 HOPMAJbHOTO
B CBEPXIPOBOASiLIEE COCTOSIHHE CONPOBOM/AeTCs H3MEHeHHeM ero Mar-
HUTHBIX CBOHCTB. DTO H3MEHEHHMe 3aK/I0Yaercsi B TOM, YTO MarHMTHOE
nojie He NPOHMKAeT BHYTPb MacCHBHOI'O CBePXIPOBOAHHMKA (TOuHee
rOBOPSI, MarHUTHOE NOJIE CYIIECTBYET TOJbKO B TOHKOM I10BEPXHOCTHOM
ciioe TosHol ~1075 cm). CienoBate/ibHO, B TOJILE MACCHBHOIO CBEPX-
TIPOBOJAHHKA

B=0. (27.1)

Tak kak HOpMaibHas NpPOEKUHS HHAYKUMH B, HempepoiBHa Ha
TpaHHIle, TO JIMHHH BHEUIHEr0 MarHUTHOTO MO/ KacaTeslbHbl K €ro Io-
BEPXHOCTH.

Tepexon H3 HOPMA/ILHOTO B CBEPXMPOBOASILIEE COCTOSIHHE MPOHCXO-
IuT (B OTCYTCTBHE BHEIIHEro NOJIs) NMPH ONpEAENEHHOH XapaKTepHOMH
ZJIsl 1aHHOTO CBEPXNPOBOJHHKA TeMIepaType, Ha3blBaeMoi KpHTHUe-
ckoit Temnepatypoii Ty. [IpH HaMH4YKHK BHEIUHEro N0/ epPexoj| H3 HOp-
MaJbHOrO B CBEPXTpPOBOASAILEe COCTOSHHE (HIH OGDATHbIA Mepexof)
CYIIECTBEHHO 3aBHCHT OT (OPMBI CBEPXMPOBOAHHKA H MOXKET MPOHCXO-
ZUTb HEOJHOBPEMEHHO B Pa3HbIX TOYKAX CBEPXIPOBOAHHKA (ecsy movie
HEOJAHOPOJHO BJO/Ib NOBEPXHOCTH 06pasia). OrpaHHYHMCS OITOMY pac-
CMOTPEHHeM LHJAHHIAPHYECKOTO CBEPXMPOBONHHKA, OCb KOTOPOTO TNa-
paJjiiiesibia HanpaBleHHIO BHELIHero MarHUTHOro nois H, Tak 4to nose
Ha GOKOBOH IOBEPXHOCTH 3TOTO LMJHMHAPA (He 06si3aTeNbHO KPyro-
BOT0) OHHAKOBO BO BCEX €ro TOYKAaX. B TaKOM LUIHHIpHYECKOM 06-
pasue CBEePXMPOBOJMMOCTb HCUE33eT, eC/IH HampsiKEHHOCTb BHEIIHEro
nons  IOCTHTaeT HEKOTOPoro 3sHaueHHs H, (KpuTHuecKoe noe).
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Besinunna KpUTHYECKOTO NOJIsS 3aBHCHT OT TemnepaTypst Hy= H, (T) u
obpautaercst B Hyab npu T = T

H, (Ty)=0. (27.2)

Ha nnockocru (H, T) saBucumoctb Hy or T u3oGpaxaercst KpHBOH
(puc. 39), paspmensioutelfl 06/1aCTH HOPMaNbHOTO f- M CBEPXIPOBOAS-
1ero s-cocrostiufi. Ecau o6pasen HaXoHTCs B MOJI€ ¢ HAMPsXKEHHOCTbIO
H < H, (0), To cBepXMPOBOAHMOCTb HcYe3aeT (HacTymaer) MPH TeM-

neparype T (H) < T (0). BBenennas Boiie

H KpUTHYeCKas TeMnepaTypa  HCUe3HOBEHHs
CBEPXMPOBOJIHMOCTH B OTCYTCTBHE I0JISI €CTh
Hy (0) Tk (0). KpuBast na puc. 39 ectb KpuBas To-

yeK (a3oBOTO MEPEeXoia M3 N-COCTOSIHHS B
S-COCTOSIHMEe H 00paTHO.

Ecnu o6pasen HaxonuTes B moJie ¢ Hampsi-

T KeHHoCTbio H, napannenbHoM ocH UHJIHHADA,

TO M3-3a HENPEPHIBHOCTH TAHTEHIHA/NbHON CO-

Puc. 39. CTaBJIsAIOLIEH HaNps2KeHHOCTH T0J1s HaTIP i2KeH-

HOCTB T0J1 BHYTPH LHJIHHAPa TaKxke paBHa .

B cuny ¢opmyJer (27.1) (HanmoMHHaeM, YTO MCTHHHOH yCpeIHEHHOH

HaNpsKEHHOCTbIO NOJSi BHYTPH MarHeTHKa SfBJsieTcs WHAyKuus B,

a He HanpsKeHHocTb H) uMeeM

B=H44nM=0, M=—m. (27.3)
(B atom nmaparpacge Mbl 0603HauaeM yepe3 M yesbHOe HaMarHH4eHHe —
MarHUTHbII MOMEHT eIHHHIBl obbema.)
Orciofa Aasi CBEPXNPOBOAHHKA BOCHPHMMYMBOCTD % == OM/OH
paBHa

6= — (27.4)

TakuM 06pa3oM, GopMaIbHO Mbl MOXKEM OMHChIBATH CBEPXIPOBOAHHK KaK
«aBCOMTIOTHBIHY JAMAMarHeTHK C MarHMTHOH BOCIHPHHMYHBOCTBIO % =
= —1/4a.

Byaem paccmatpuBaTh CBEPXTNPOBOAHHK KaK CHCTeMy C JBYMs Cre-
neHsiMu cBoGoabl (0600IIEeHHbIe KOOPAHHATBI: 00beM V M NoJHOe Hamar-
Huuenue VM, oGoGlieHHble CHIbL: AaBneHHe P W MarHHTHOe noJe -— H).
Torna TepmoinHamudeckuil noreHuuas @ u ero nuddepenuuan 3anu-
uryTcst B BHAE

O=U—~TS+PV—-HVM, dD=—SdT+VdP —-VMdH,

a puddepeHnan XHMHYECKOro MOTEHIHaNa CBEPXNPOBOAHHKA B IoJje
onpeaensiercs hopMysoi

dpg=—8dT 4+ V,dP—V,MdH,
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rie Vg — monsipublii o6beM CBEpXNPOBOAHHKA, S — MOJIspHas 3HT-
ponus.,

Moxcrasum snavenne Hamarnnuenus M us ¢opmyast (27.3) u npe-
He6pexkeM c/1abbIMH 3(peKTaMH MarHHTOCTPHKLHH (3aBHCHMOCTb Vi
or H) u 3aBHCHMOCTbIO 0GbeMa CBepXMPOBOAHHKA OT BHELIHEro AaBJle-
uus. Toraa Vg == const, u Mbl noayunm

dps=,—.§dT+l75dP—|—d<ngz>. (@1.5)

I/IHTeI‘pprﬁ 3TO BbIpAXXEHHE, HAXOAHM JJis1 CBEPXMPOBOAALLETO
COCTOSAHHSA

V H?
ws (T, P, Hy=ps (T, P, 0)+—4—. (27.6)

TaknuM o6pa3oM, XHMHYECKHI MOTeHIHa/] CBepXMPOBOJHHKA B Mar-
HHTHOM r0/1e GoJibllle, YeM B OTCYTCTBHe NoJsi Ha BeauuuHy VH?/8w.
X HUMHUeCKHH Ke MOTeHIHa] HOPMaJIbHOrO MPOBOAHHKA MOXKHO CYH-
TaTh He 3aBHCALIMM OT MarHUTHOIO MOJS, TaK Kak caabbiM mapa- WM
JIHaMarHeTH3MOM MOXHO B N1ePBOM NPUHOMHKEHHH NpeHe6peyb H CYHTATD,

4yTo
to=tia (T, P). @1.7)

Takum obpasom, npu O0OCMAMOYHO CUALHOM MASHUMHOM hoae Céepx-

nposodsuiee COCMOAHUE CMAHOBUMCA MEPMOOUHAMUHECKU HEBbI20OHbIM,
ws (T, P, H)> p, (T, P), u ceepxnposodumocme paspyuiaemcs.

B Toukax ¢asoBoro mepexona

v

Hﬁ
Be(T, P, 0) =% =y (T, P). (278)

IMpoxudxpepenuupyem 310 paBeHcTBO Mo T BROJAb KPHBOH (hazoBoro
nepexofa H, == H, (T) (npeHeGperast onstb caaGoit 3aBHCHMOCTbIO Vg
or T). Monyuum

& & _ VeH(0H,
3,-38,= ;nx(gr—*)P. (27.9)

Ananoruuno, AnddepeHuupyst cooTHouweHue (27.8) mo AaBiEHHIO,
Haiinem

R VsHy (9H
Vo Vo= — S50 (). (27.10)

Popmyasl (27.9) u (27.10) nokasbBAIOT, YTO €C/IH MEPEXOA H3 HOp-
Ma/IbHOTO B CBEPXNPOBOAsiLEe COCTOSIHHE MPOHCXOAMT B MAarHHTHOM
nose (npu T < Ty (0)), TO OH CONPOBOMKJAETCA CKAaYKOOOPA3HBIM
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H3MeHEeHHeM SHTPOMUH H 06beMa, T. €. ABAseTCs (ha30BLIM ITePeXO0JoM Nep-
Boro posia. ¥YmHoxas oGe uacti opmy.bt (27.9) na T, HaXOAUM B 3TOM
ciyyae Bbipa)keHHE A/l MOJISIPHOH TEIUIOTH Mepexona

I\ 3 Vs K OHy
x:r(ss—sn)=7%1(af;)P. @7.11)

Tak xak Hy (T) ecTb MOHOTOHHO yObiBalowas GyHKUHA, To A << 0.
CienoBaresipHO, TEMJO MOIVIOWIAETCS MPH NEPexole H3 CBEPXIPOBOAA-
UIETO COCTOSIHHSI B HOPMaJIbHOE H BbIAENSETCS IPH 06PaTHOM Mepexoje.

Uro Kacaercst 3HaKa pasHOCTH 06BEMOB, TO OH, KaK BHIHO M3 ¢op-
myabl (27.10), onpenensiercs 3HakoM (0Hy/OP)r, KOTOpBIi y pasHbIX
CBEPXNIPOBOJHHKOB MOXKET ObITh, KaK MOKAa3biBaeT OIBIT, H MOJOKHTEb-
HBIM H OTPHLATENbHBIM.

Paspnenns nounenno (27.9) na (27.10), nosmyunm

8;=3, _oH,P) 0T, P) _ @)
Vi—V, 0@, P) 0l ) \T/H’

T. e. ypaBHenue Knaneiipona — Knaysnyca ais nepexoza us s-co-
cTosiHus B ni-cocTosinue (mpu H 5= 0, T << T, (0))

Py A
<0T>HK TV—Vy) ' (27.12)

Ecnn mepexoj M3 s-COCTOSIHMSI B M-COCTOsIHHE (WJIM HaoGOpOT) co-
sepmaercs npy H =0, 10 T =T, (0) u H, = 0. B srtom cayuae
CKaYKH 3HTPONHH H 00beMa paBHbI HYJIO, H MpaBasi 4acTb ypaBHEHHUS
(27.12) okasbiBaercs HeonpenenenHoctbio THna 0/0. Ilepexox B 3ToM
caydae sBJsieTcsi (asOBBIM IEPEXOJOM BTOPOrO poja.

HaiineM ckauyky TenJIOeMKOCTH H CXKHMaeMOCTH B 3TOM CJydae.
Juddepennupys coorHowenue (27.9) no T u ymuoxas Ha T mosydeH-

HOe paBeHCTBO, HaiifleM (mpeHeGperas 3aBucuMocTbio Vg or T)

crmcom1{ 8]~ 32)) - Tl 5, + 03]

IMpu H =0, T = T, (0) u H, = 0 umeem orciona opmysy Pyrrepca

C;—C,=

VT, ’OHK>2 (27.14)

4 \OT Jp’
OTKyAa BHAHO, YTO TENJOEMKOCTb B CBEPXIPOBOAALIEM COCTOSSHHH

Gosbllle, YeM TEeNJOEMKOCTb B HOPMaJIbHOM COCTOSTHHH.
Huddepenuupys coorHomwenue (27.10) no Aasjenuio, HaiiieMm

(%%‘)7 - (%)7 =T 4% [H“ <%’%«_)T + <%[%K)2’j @719
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(vMbl He Audepennupyem Vs B mpasoil yacth (27.10), Tak Kak 310 faet
JHUIb MaJsible TonpaBKH K (27.15)). B wacrsoctH, npu Hy = 0

Vs W,\ Vs [oH\?

(F)T-(@P >T_ —;ﬁ(W)T' (27.16)
OTKyZJa BHAHO, YTO CKHMAeMOCTb B HOPMa/IbHOM COCTOSIHHH MEHblle,
YeM B CBEpPXIIPOBOASALIEM.

§ 28. MuoroxomnoHeHnTHble cucTembl. [lpaBuio ¢a3s

Jlo cuX mop Mbl paccMaTpuBanH TepPMOAMHAMHYECKOe DaBHOBecHe
B CHCTeMaX (HM3MYECKH HEOAHOPOAHBIX (COCTOSIIHX M3 HECKO/IbKUX
$as), HO OJIHOPOIHBIX B XHMHYECKOM CTHOWIEHHH. Bynem Temepnb pac-
CMaTpHBAaTh CHCTEMBI CJIOKHOTO XHMHYECKOTO COCTaBa, COCTOSIIHE H3
HECKOJIbKHX KOMIIOHEHTOB. Bydem Ha3b180Mb KOMNOHEHMAMU XUMUHECKU
PA3AUtHblE HACMU CUCMEMbl NPU YCAOBUU, HMO KOAUYECMBO Kaj0020
KOMNOHeRMA He 3a8ucum om colepicanusn opyeux Komnonernmos. Tlpume-
pOM JIBYXKOMIMOHEHTHO! (6HHApPHOH) CHCTEMB! MOXKET C/YXHTb PacTBOP
CoJIH B BoJe. DTa CHCTeMa SIBJIsieTCs 1BYXKOMIIOHEHTHOH H OfHODa3HOH
(romorenHo#). Ecin e pacTsop siBAsieTCs HACHIUEHHBIM H H3 Hero
BbITA/IH KPUCTAMIHKH COJIH, TO CHCTeMa GyjerT GU3HUECKH HEONHOPO.-
HOM, cocrosiulell W3 ABYX (a3, HO B XMMHUECKOM OTHOILEHHH OHa OCTa-
HeTcs JIBYyXKOMIOHeHTHo#. Bona (Gespasinuno KHIKasi, TBepias WIH
razaoo6pa3Has) eCTb OJHOKOMIIOHEHTHasi CHCTeMa, TaK KakK, HeCMOTps
Ha TO, UTO OHA COCTOMT M3 BOAOPOJA M KHCJIOPOAA, HO KOJHYECTBA STHX
COCTAaBHBLIX YacTeli HaXONATCS B CTPOTO ONpeJeNeHHOfl 3aBHCHMOCTH
npyr or apyra. Ecau Boaa moxsepraercsi 3/eKTPOJIH3Y, TO Takasi CH-
creMa GyfeT yxe GHHApPHOH, TaK KaK KPOME KOJNHMYECTBA BOJbI MOXHO
He3aBHCHMO 3aflaTh KOJIMUECTBO BOAOPOAA (MM KHCJIOPOZA).

O6o61as BbIBOABI § 23, HETPYAHO MOJYYHTEL YDaBHEHHsI PaBHOBECHS
B CHCTeMe, COCTOsIIell H3 1 KOMIOHEHTOB H r ¢a3. (Mbl Gylem HIHOpH-
poBaTh B 3TOM naparpade nosepXHocTHsle 3hdeKThl, CBI3aHHbIE C Cyile-
CTBOBAHHEM MOBEPXHOCTHOH 3HEPTHH C/0.)

Yc/IoBHE MeXaHHYeCKOTO pPaBHOBeCHS! (HEMOABHMKHOCTb TPaHHI
Mexy bazamu) TpeGyeT paBeHCTBa JaBjeHHH BO Bcex (asax, Tak 4To
MBI MOXKEM ONHCBIBaTh COCTOSIHME CHCTeMbI OlHHM JlaB/leHHeM P. YcnoBue
TepPMHYECKOTO PaBHOBEeCHS! (OTCYTCTBHE IOTOKOB TemJja) TpeGyer pa-
BEHCTBA TeMIepaTyp Bo BceX $a3ax, Tak 4TO CHCTeMa XapaKTepHayercs
ofHo#i Temrieparypoit T.

YCTaHOBUM Temepb YCJIOBHS XMMWUECKOTO PaBHOBeCHs (OTCYTCTBHE
NepexofioB YacTHIl U3 OfHOH ¢asbl B Apyryio). B § 23, paccmarpuas
OJIHOKOMITOHEHTHYIO CHCTEMy, Mbl HAIIM B KauyeCTBe yCJIOBHS XHMHYe-
CKOrO PaBHOBECHS! ypaBHEHHe

By =He, (28.1)

rie p; = 0O/ON; — Xumuueckuii noteHuman i-ii ¢ass. B cayuae
MHOTOKOMIIOHEHTHOH  CHCTeMbl ~TepMOAHHAMHYeCKHH noreHuuan @
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3aBHCHT KpOMe JaB/IeHHs H TeMIeparypbl OT YuCJIa MoJiel KakIoro
KOMIIOHEHTa B KaXkJ0il (ase M Mbl MOXKEM BBECTH r XHMHUECKHX MOTEH-
unanos pP= o®/ON®, rme N® — upeno moneli i-ro KOMMOHeHTa
B k-it dase. !

O6obwas ypashenue (28.1), MBI MOJNYYHM B KauecTe ypaBHEHHi
XHMHYECKOTO PaBHOBECHSI COOTHOLIEHHSt

Hgl) = “52) =

wP =p@ =. (
28.9)

PO = p® = =p®

Bcero n (r — 1) ypaBuenuii. CooTHouenus (28.2) MOryT 6bITb HCMOJb-
30BaHbl VIS PelIeHHs] KOHKPETHBIX 3aJad TONLKO B TOM Cilydae, €CJH
M3BECTHbl XHMHUYECKHe TOTEHI[HaJbl BCeX KOMIOHEHTOB BO BCeX (asax
cucremel. ONHAKO, aXKe He 3Has KOHKPETHOTO BHIIA BCEX (iP, Mbl MOKeM
YCTAHOBHTb BaXHYI0 3aKOHOMEPHOCTb (ha30BEIX PaBHOBECHT, HOCSILYIO
HasBaHue npasuna Qa3 ['u66ea.

CoCTOsIHHE paccMaTpHBaeMoil CHCTeMbl MPH 3aflaHHBIX Maccax Bcex
a3 XapakTepusyeTcs 3HAUYEHHSIMH HHTEHCHBHBIX napamerpos T,
H KOHIIEHTpaluH

(k)

X =t
i

S (k)
NY

i-T0 KOMIOHEHTa B k-# dase. 3ameTHM, uTo x{* He He3aBHCHMBI, TaK KaK

ISl KaXKIoH a3kl HMeeT MeCTO COOTHOLIEHHE

3o =1, (28.3)
i=1

Takum 06pa3oM, YHCJIO HE3aBHCHMBIX KOHIEHTpallMii B KakIo# ¢ase
paBHo (n — 1). [TonHoe uMCIO MAapaMeTPOB, XapaKTEPHU3YIOUHX COCTOS-
HHe crcteMbl (BKmovast T u P), paBuo 2 + (n — 1) r. Tak kak B cocTosi-
HHH TePMOJIMHAMHYECKOrO DaBHOBECHSI 3TH NapameTpbl MOAYHHEHb!
n (r — 1) ypaBuennsm (28.2), To uHC/IO CBOGOAHBIX napamerpoB N,
KOTOPHE MOXHO H3MEHATb, He Hapyllas PaBHOBECHsl (UMCJO TepMOJH-
HaMHYECKHX cTeneHell cBOGOALI), paBHo 2 + (n — 1)r —n (r — 1), 1. e.

N=2+4n—r. (28.4)

Tak Kak mo camomy cBoeMy cmbicly N Heorpuuarenbo (N = 0), 1o
r<<n-+42. (28.5)

PaBencrpa (28.4), (28.5) u nawor dhopmyanpoBky npasusa gas Fubbea.
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B ciyuae OJHOKOMIOHEHTHOH cHCTeMbl n = 1 nosnyyaem
N=3—r, r<3.
B cayuae r = 1 nonyuum N = 2 u cBOGOAHO MEHSIOIUMHCS Tapa-

merpamu siBasiioress T, P (puc. 40). B cayuae r = 2 Mbl Haxoaumcs
Ha KpUBOil paBHOBecHs ABYX ¢a3 u N =

= 1 — 5T0 3HaumT, uto H3 mepemennbix T 7

H P ToabKO OiHa MoxeT ObiThb 3ajaHa > o
POU3BOMIbHO. [leficTBUTeIbHO, HA KPHBOH ’: AN + K
(asoBoro nmnepexofa TeMmmeparypa mepe- i

Xoa ecTb (GDYHKIHsl JaBJeHHs H HaoGOpOT. [
Hanpumep, ecii pedb HIET O paBHOBeCHH A \’\
rasa W XHJKOCTH, TO TeMIeparypa Hachbl- \ +
LIEHHOTO mapa ecTb (YHKUMS NaBJIEHHS:
P... = [y (T), ecnu peub uzer o paBHOBe- 0
CHH XHIKOH M TBepiol ¢as, To Temnepa- @ T
Typa IviaBJeHHs ecTb QYHKIHS JaBJIeHUs: Puc. 40,
Tua=F» (P).

Hakoneln, ecan r = 3, To N = 0, 0 Mbl HaXOAHUMCS B TPOHHOH TOUKe
C onpele/eHHbIMH 3HauYeHHsAMH 06oux mnapamerpoB P,, T,, KoTopbie
OrpeJlesIoTCs YPaBHEHU IMU

Po=f1 (To), To=fz (Po)- (28~6)

OueBUIHO, 3HAUEHHS! r = 4 BO3MOXKHbI B NPHHIHUNE (HanmpuMep, PaBHO-
BeCHe XKHIKOH, razoo0pasHOH M ABYX TBepAblX (a3), HO 3anpelleHbl
npaBusoM ¢a3 ['n66ea.

Tpounsioctpupyem npasuao ¢pa3 I'n66ea eume Ha npumepe GuHap-
HOll CHCTeMbl — pacTBop coau B Boge. Mimeem npu n = 2

N=d—r, r<4 (28.7)

Mycrb r = 1 (sanpumep, KHAKHH pacTBOp), Toraa N = 3, H Mbl
MOXKEM HE3aBHCHMO MEHSITb (He mnepeceKasi KPHBbIX PaBHOBECHs JBYX
¢a3) Bce TpH napaMerpa T, P u x (KOHUEHTpauHus pacTBopa).

ITycts r = 2, HanpuMep, B PaBHOBECHHM HAXONATCA: a) Map M pacr-
Bop, 6) pacTBOp M KPHCTa/Jbl JIbJa, B) PACTBOP M KPHCTAJJIBI COJH
u T. 1. B aToM cayyae N = 2 u B cayvae a), HanpHMep, Mbl MOXKeM
3ajlaTh He3aBHCHUMO TemnepaTypy T W KOHUEHTPAUHIO X, JABJIEHHE Ke
HachllleHHOro napa ectb ¢yHKuHs of T u x (3akoH Payns), Py, =
= f, (T, x). B cayuae 6) Mbl MoxXeM 3ajaTb HE3aBHCHMO JaBJeHHE H
KOHLIEHTPALMIO, TeMIlepaTypa e IJ/1aBJjeHHs ecTb GyHKUHs OT AaBJe-
HHUsl U KoHueHTpauuu Ty, = f, (P, x). B ciyyae B) MOXKHO 3a1aTh He3a-
BHCHMO JaBJ/eHHE M TeMIepaTypy, KOHLEHTpalHs e HaChIEHHOro
pacTBopa ectb DyHKUHs TeMmieparypbl H JAABNEHHA Xupc= f3 (P, T).

yCTb r = 3, HanpuMep, B PaBHOBECHH HAXOAATCS a) map, pacTBOp
U KPHUCTa/Jbl CO/H, WM 6) pacTBOp, KPHMCTa/Ibl JibAa H KPHCTAJJIbl
CO/IM, WJH B) map, pacTBOp H KPHCTalbl Jbla H T. A. Toraa uMeem
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N = 1. Hanpuwmep, B c/lydae a) Mbl MOMeM 3ajaTh POU3BOJIBLHO TeM-
neparypy, a JaB/eHHe HACBIIeHHOI'O Mapa W KOHLEHTPalHs HaChIlleH-
HOTO pacTBOPA ONPEAeNAIOTCS U3 ypaBHeHHH

Pnac=f1 (T, xnac)y xnat::fa (Pﬂam 7).

B npumepe 6) Mbl MOXKeM 3aJaTh JaBJ/ieHHe, a TeMIeparypa MJaBaeHHs
H KOHUEHTpPAlUA HACHIEHHOTO PacTBOPa ONpEACNSATCS ypaBHEHHIMH

Tus=2(P, %uac),
Xuac = fs (P: Tnll)-

B npumepe B) MOXKHO 3a/iaTh MPOH3BOJIHO KOHIEHTPAILHIO, a AaBJeHHE
HaCHILEHHOrO Napa M TeMneparypa MJIaB/eHHs! ONPENesTCs ypaBHe-

HHAMH
Pﬂnc=f1 (Tﬂll) x)' Tnn=f2 (Pnacy X).

Tlycte, HakoHel, r = 4 (Hamnpumep, B paBHOBECHH HAaXONATCA nap,
pacTBop, KPHCTAJIJIBl COMH H Jbja). Torma N = 0, u Takoe paBHOBecHe
BO3MOXKHO TO/NIbKO NPH (HUKCHPOBAHHBIX 3HAYEHHAX BCeX NapaMeTPOB
Py, Ty, %o, KOTOpbIE ONpEAENSIOTCS YPaBHEHUSIMH

Py=f1(To, Xo), Ty =3 (Po, Xo), %o=[a(Po, To)-

OueBHIIHO, COCTOSTHHE PaBHOBECHS NMATH (a3, BO3MOXKHOE B IPHHIIHITE
(HanpuMep, paBHOBECHS Mapa, pacTBOPa, KPHCTAMJIOB COIM H ABYX
KPHCTaJIHYeCKHX MOAMQHKALMH Jbla), 3anpelieHo NnpaBH/aoM ¢as.

§ 29. XuMunyeckoe paBHOBeCHE B OJHOPOJHOH CHCTeMe.
3aKoH JeHCTBYIOIMX Macc

ITycTh B OXHOPOAHON TePMOAHHAMHYECKOF CHCTeMe NPOTeKaeT XHMH-
yecKas peaklHsl, KOTOPYIO Mbl 3allHIIeM B BHAE

3 vidy =0, (29.1)

rie A; — XMMHYECKHe CHMBOJbI BEILeCTB, y4YaCTBYIOUIMX B DeakuHH,
a v; — CTeXHOMeTpPHYeCKHe KO3(pHLHEeHTb, YyKasbiBaloliue, CKOJbKO
MoOJIeKyJl i-TO BellecTBa BO3HHMKaer (v; > 0) mau ucyesaer (v; << 0)
B peayJibTaTe OJHOrO aKTa peakuuu. Hampumep, s peakuuu obpaso-
BaHHA aMMHaKa
2NH;—3H, — N, =0
MeeM
Vi=VNH,=2, Vy=VH,=—3, Vy=vn,=—1.

Hapsiny ¢ «npsiMofi» XMMHYecKOli peakuHeil B CHCTeMe BCerja npo-
TeKaer u o6parHas peakuus. [Toka He JOCTHTHYTO COCTOSIHHE paBHOBe-
CHsi, Of\Ha M3 3THX peakuuii npeoG/iajaer Hay APyroit. B cocroanun rep-



§ 291 3AKOH NEMICTBYIOIKX MACO 123

MOJIHHAMHYECKOTO PaBHOBECHS MpsiMasi U o6paTHasi peakiHH ypaBHOBe-
LIHBAIOT APYT APYra M KOHUEHTPALUHH HCXOAHBIX M KOHEUHBIX NPOAYK-
TOB peakLHH CTAaHOBATCS! MOCTOSIHHBIMH.

IMycTh peakiusi nmpoTeKaeT MPH MOCTOSHHBIX J@BJeHHH H TeMnepa-
type.Torna paBHoOBeCHe HaCTynaeT NPH MHHHMYMe TePMOAHHAMHYECKOrO
NoTeHUHaNa:

dD=—SdT+V dP+ Y pidn;=0,

u B cuay ycaous T = const, P = const momyyum
>iwidn;=0. (29.2)
i

Ho dn; = viz/N4, rne z — uMcio akToB peakuuu, a Na — uHcaIO
Agoraapo. Orciofia HaxOHM YCJOBHE XHMHUECKOTO PaBHOBECHS

i =0, (29.3)
i

KOTOpOe MoJyyaeTcsi M3 ypaBHeHMs peakuuu (29.1) sameHoli Xxumuue-
CKHX CHMBOJIOB A; COOTBETCTBYIOUIHMH XHMHYECKHMH TOTEHIHANaMH ;.
Ecau B cHcTeMe mpoTeKaeT HeCKOJIBKO XHMHYECKHX peakUHil, To paB-
HOBecHe onpefie/sieTcsi PsAOM ypaBHeHH# BHAa (29.3). [asa pemenus
KOHKPETHBIX 3ajlay C NOMOIIbI0 ypaBHeHHS (29.3) HaJlo 3HaTh BhIpaxe-
HHe 15l XHMHYECKHX TOTEeHIIHA/OB BCeX BELIECTB, BXOASAUIUX B CHCTEMY.

PaccMOTpHM yC/IOBHSI XHMHUECKOTO PaBHOBECHSI B CMECH COBEpILeH-
HBIX ra3oB. XHMHYECKHe MOTEHIHaJbl A/ CMECH COBEPLIEHHBIX Ia3oB
MOTYT ObITb JIETKO HaiiJleHbl MpPH THOMOIIH COOTHOLIEHHH

O=U-TS+PV,
U= Zﬂi CviT +q1),

29.4
S=3n;[CpiInT—RIn P;+ Sy, @9

PV =Y nRT,

rie P; — mapuuanbHoe jAaBjeHHe i-TO rasa: P,‘=Pn,~/2I n;=Px;
i

X; — KOHLEHTpalUHusl i-T0 rasa, ; — BHYTPEHHSIi SHEprHs MoAs
raza npu T = 0 (xuMHYecKast S5HepTHsl, BKJ/IOYAIOU(asi SHEPTHIO CBA3H
MOJIEKYJ1 H aTOMOB rasa), S,; — mocTosiHHasi sutponuu. Otciofla Ha-
XOZHM

#i= G = CuiT +qi—Cpil INT-+RT In i+ SoT +RT =
=RTInP;+3(T), (29.5)
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IZle BeJHYHHY
x(T)=qi+CpT (1 —InT)+ ST (29.6)

Mb! Gy/leM Ha3blBaTh Xumudeckotl Koncmanmol i-e0 easa. IlopcraBiss
(29.5) B ypaBuenue (29.3), nonyunum

SIvi[RT In (6:P) +x: (T)] =0,

OTKyJa
>ivini (T)
Eviln Xi= —Zv;lnP——LW
12 i
"

]]x}’i=K(P, T), (29.7)
rae BennuuHa K (P, T) — nocmosxuas peaxyuu, onpefensiercss ¢pop-
MyJI0/

v
—¥V; _ i
K{P,T)=P i e RT (29.8)

W 3aBHCHT OT JaBJ/leHHs, TeMmmepatypel H peakuun. dopmyna (29.7)
BbpaKaeT 3aKOH JIeHCTBYIoWMX Macc. JleBas yacTb 3TOH (opMyJibl
(akTHYeCKH NpeAcTaB/sieT co6oil Apo6b, B YHC/HTEJE KOTOPOH CTOAT
KOHUEHTPALMH BO3HHKAIOWHKX, a B 3HaMeHaTeJe — HCUe3alollHX Be-
wectB. [Tosromy uem 6oavwe nocmosnnasn peakyus K (P, T), mem 60rotue
pasHosecue CMEUEHO 8 CMOPOHY KOHeYHbIX NPOOYKM0E PeaKyuu u Haobo-
pom. B cBfi3W ¢ 3THM CyuiecTBeHHO 3Harth, Kak 3aBucHT K (P, T) or
JlaB/IeHHsl M Temneparypbl. UTo Kacaercsi 3aBHCHMOCTH OT JaBJIEHHUS,
-2
TO OHa ONpefe/IseTcss MHOXHTeNeM P ¢ | M B 3aBUCHMOCTH OT BeJH-
YHHB ) V; MOXHO BBIIE/HTb TPH CJyuas:

7
1) Evi>0. B pesyJbTate peakuuH YHCJIO MOJIEKY. (a c/1eloBa-

i
Te/IbHO, ¥ 06beM ra3a) Bo3pacTaeT. B 3Tom ciyyae yBesuueHue faB/ieHus
NPHBOAMT K YMEHDBUIEHHIO MOCTOSHHOH peakUMH H, CJel0BaTeJbHO,
K yMEHbLIEHHIO BbIXOJA KOHEUHbIX NMPOJAYKTOB DeaKUUH.

2) Z v; < 0. Yneno Monekyn (1 06beM rasa) yMeHbIIAeTcsl B Xofie

7
peakuuu. B 5ToM cayyae ¢ yBesHueHHeM JaBJeHHs [IOCTOSIHHAS peakuus
¥ BBIXOJ KOHEYHBIX IPOAYKTOB BO3PacTaioT.

3) 2«1,»:0. Yueno moseky.s (M o6beM ra3a) He MEHSIOTCS B Xoje

i
peakuyu. B stom c/lyyae MOCTOsSIHHAsi peakUHH H BbIXOJA KOHEYHbIX
TNPOAYKTOB HE€ 3aBHCAT OT AaBJEHHs.
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Jlnst Toro utoGbl BEISICHHT Xapakrep 3aBucumoctd K (P, T) ot Tem-
neparypel, nponuddepeHurpyem no T jorapudM MOCTOSHHON peaKlUUH:

) Divilxi (N —Txi (7))
7 [InK(P, T)] = ——pm—.
Moxncrasnsisi sHauennue x; (T) u3 dpopmy.s (29.6) 1 noabsysich hopmy-
aoit pV = RT, Haxomum
s 2 Vi(CviT+a)+ Y v.RT
b—T[an(Pr T)]=- RT? - =
20 (CyiT+a;)+P X v
= RT? ’

rie V — o6bem omHoro Moasi rasza. HerpynHo Buierb, uTO nepBoe
cllaraemoe B YHC/HTeJe NpPaBOH YacTH eCTh H3MEeHeHHe BHYTPEeHHeH
SHEPTMH CMeCH TrasoB, a BTOpOe cJaraeMoe — pafora, coBepliaeMas
NIPH PeakLHH, PacCYMTaHHBIE HAa OAMH MOJb KaXJOTO H3 peardpyiounx
BewectB. [Tosromy

Q

RT?®

(29.9)

S InK(P, T)=

rie Q — Teruio, BHEJSIONIeCH HIH MOIVIOUIAEMOE B XOLE PeakllHH,
B pacyere Ha OIMH MOJb KaXKJOTO M3 pearupyiouluX ras’os.
Orciona umeeM npu Q > 0 (3HZOTEpMHYECKasl peaKiys)

2K (P, T)>0.

C pocrom TeMnepaTyphl NOCTOSIHHAS PeaKIUH H, CJel0BaTeIbHO, BHIXOJ
KOHEYHbIX NPOJYKTOB PeaKLHH BO3PacTaioT.
Hao6opor, npu Q << 0 (3k30TepMHYecKas peakiHs) HMeeM

2K (P, T)]<O0.

IMocrosinnas peakuHH H BbIXOJ KOHEYHbIX MPOAYKTOB YyMEHbIIAIOTCA
C pOCTOM TeMIneparyphbl.



YACTbH II

CTATUCTHYECKASl ®U3HKA
A 3JIEMEHTbl KHHETHKH

TITABA I

CTATHCTUHYECKHE PACNPEAEJIEHUSA
AJI1 MAEAJIbHBIX T'A30B

§ 30. CraTucTuyeckne 3aKoHoMepHOCTH. PacnpejeneHus, Haubosee
BEPOSITHOE pacnpefielieHne

Kak yxe ynomunanoch Bo «BBelleHHH», OCHOBHasl 3ajlaya CTaTHCTH-
uecKoil (H3MKH MOXeT GbiTb COPMYJIHPOBAHA CJeAyIOUHM oGpasoM:
BHAA 3AKOHbL, Ynpasaswoujue 08UICHUEM OMOLALHbIX 4ACMUY CUCIMEMDL,
YCMaHosumy 3aKOHbL nogedeHus maxpockonuseckux macc eewecmea. Tlo-
3TOMy CTaTHCTHYecKas (U3HKa MpeicTaBaseT Co6OH TeopeTHUeCKoe
060CHOBaHHE 3aKOHOB TEPMOJAMHAMHMKH C TOYKH 3PEHHSI aTOMHO-MOJe-
KyJsipHBIX TpencraBienuii. OIHAKO colep:KaHHe CTAaTHCTHYECKOH ¢u-
3HKH He HCUepIEIBaeTcs 3THM. TepMOAMHAMHYeCKHe METOAbl He IO3BO-
NS0T YCTAHOBHTb BHJ YPaBHEHHSI COCTOSIHHSI TePMOAHHAMHYECKOH CH-
CTeMbl, XOTSl 3HaHHE YDAaBHEHHS COCTOSIHHSI HEOGXONMMO J/s TOro,
YyroGbl HAMONHHTb YPaBHEHHS! TEePMOAHHAMHKH KOHKDETHbIM (H3Hye-
CKUM COJep:KaHHeM (s HaXOXJIEeHHs J060H TepMOAMHAMHYECKOH
GYHKIHH: BHYTPEHHSSl SHEPTHs, SHTPONHSA, TEPMOAUHAMHYECKHH IO-
TEHUHMAJ H T. 1., HaJlo 3HaTb ypaBHEHHe cOcTOsiHUs). B nmportuBonosnox-
HOCTb TEPMOJHHAMHKe CTaTHCTHYECKHMH MeTOJ MO3BOJISieT B NPHHIHIE
HalTH ypaBHEHHe COCTOSHHS JI0GOH TEePMOJAMHAMHYECKOH CHCTEMBI
(x0Ts1 H3-3a TPYAHOCTeH, IVIaBHbIM 00pa3oM MaTeMaTHYeCKOTO Xapak-
Tepa, 3Ta 3ajaya JVis Psja pealbHbIX CHCTEM: XKHIKOCTH, peasbHble
rasel M T. L., 4O CHX MOp He pa3spelleHa).

Hakoneln, craTuctHyeckas (H3HKa TNpPeNCKa3biBaeT HapyleHHs
3aKOHOB TEPMOJAMHAMHKH ((PJIyKTyalHH), C HEOGXOIMMOCTBIO CYIIeCT-
ByIOLlHe B MaKPOCKONHYECKHX CHCTeMaX, H TeM CaMblM yCTaHaBJIMBaeT
TPAHHIbI TPUMEHHMOCTH TE€PMOXHHAMHKH.

s Toro utoGbl MOHATb CYLLECTBO CTATHCTHYECKHX METOMOB, pac-
CMOTPHM B KauecTBe NpPOCTeHIero NpHMepa ras, COCTOSAIIME H3 BecbMa
Gosbliioro uncia N Mosekysl. Mbl cosHaTenbHO Gy/ieM B 3TOM H CJIeLyI0-
uleM naparpade no/ib3oBaThCsl A/ OMHCAHUSI COCTOSIHHS rasa KJjac-
cHYecKoH MexaHHKoH HpioroHa u TonbKo B JajibHefiilieM nepeiiiem
K 9/1eMeHTaM KBaHTOBOMeXaHHYeckoro omucanus. Lleab, Koropyio Mbl
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STHM IpeciiefyeM, cTaHeT GoJee sicHOi B AajbHefimenm (cM. § 41): mni
XOTHM TNOKa3aTh, YTO MHOTHE HJleH BOJHOBOH MeXaHHKH HMEIOT IyGoKHe
KODHH ellle B KJAaCCHYECKOH CTaTHCTHYECKOH (HU3HKe H, B UaCTHOCTH,
KBaHTOBOMEeXaHHYecKasi MocTosinHas h (mocrosnuas Ilnanka) Morja
NosIBUTbCS B (pH3HKe ele 1o pabor [lnanka u DitHiTeiHa B pe3yabTaTe
paspaGoTKH amnmapata CTaTHCTHYECKOrO OMHCAHHSI HAeANbHBIX T'a30B.

Ecan npeneGpeub BHyTpeHHell CTPYKTYPOH MOJeKyJ, TO ra3 mpex-
craBiser coboit cucremy N 4yacTHI, ABIXKYIIMXCH N0 3aKOHaM Mexa-
Kk Holotona. He mpescraBasier Tpyaa 3amucaTh ypaBHeHHe JBHKe-
HHSl 118 Kaxao# u3 N Mosekya

m 2= Fy (30.1)
ifk
(3necb ©; — CKOpOCTb i-H MOJeKyJabl, a Fi, — cuia B3aHMOJAEHCTBHSA
i-#i u k-fi MoZeKky.).

Jla1st TOro 4TOGH NPOHHTErPHPOBATh 3TY CHCTEMY, Halo, BO-NEPBHIX,
3HAThb CHJIy B3aHMOJIEACTBHS MeX/Y MOJIeKY/1aMH HJIH MOTeHIHaJ B3aH-
MOJeHCTBHSI KaK (QYHKLHIO PacCTOSIHMS MexXJy HHMH (3afaua, faJeKo
He MOJHOCTbIO pellleHHass B aTOMHOH (M3HKE) H, BO-BTODHIX, HMeTb
6N HayaqbHBIX yCJIOBHH (HayajbHble KOOPAHMHATH X;, Yi, 2; H NPOEKIHH
HAYaJbHONH CKOPOCTH Uyi, Uyi, Uy JJIS KaXaol Moseky.sl). Onnako
Jlaxke B TOM (3aBeJIOMO HepeasIbHOM) cJjyuae, ecH Obl Mbl 0GJajgajn
3TOH HCXONHOH HHQopMauHeli, HHTerpHpoBaHue cucteMbl (30.1) u OTHI-
CKaHHe TPAaeKTODHH M 3aKOHA NBHXKEHHS JJIsi KaX<JOH MOJIEKYJ/bl OKa-
3a/10ch Gbl IPAKTHYECKH HEBBINOJHHMbIM JieJIOM BBHAY O'DOMHOTO YHCJa
ypaBHeHMi# (HallOMHHM, YTO NPH HOPMAaJbHBIX YCJIOBHSIX B 1 cu® rasa
Haxonutest 2,710 mMoseky.r). 3aMeTnM, OHAKO, YTO IPOLEAYPa HHTET-
pupoBanus cuctembl (30.1), naxe ecan 6bl OHa M Gbl1a BO3MOXHOH,
OKazaJjachb Obl HanpacHO! TpaToll BPeMEeHH, TaK KaK 3HaHHe TPaeKTo-
puil M 3aKOHa JBHXKEHHs OTJEJbHBIX MOJEKYJ He JaeT HaM HHKaKoH
HHpOPMAlMH OTHOCHTeNIbHO CBOMCTB rasa B LEJOM. 31eCh, OIHAaKoO,
BBICTYNaeT Ha ClieHy HOBOE OGCTOSITeNbCTBO: B CHCTEMe, COCTOSIEfl
13 6OJIBLIOrO YHCJIA YaCTHLl, BO3HHKAIOT HOBBIE, YHCTO CTAaTHCTHYECKHE,
BEPOSTHOCTHbIE 3aKOHOMEPHOCTH, KOTOPHIX He GBIJIO B CHCTEME C MaJibiM
YHCJIOM YaCTHIL.

Ilns TOro yroGbl MOHSTH CYLIHOCTb STHX 3aKOHOMEPHOCTeH, pac-
CMOTPUM CJ/IElYIOLLYI0 HeaNH3HPOBAHHYIO CHTYalMiO: AONYCTHM, YTO
Mbl MOXKEM OYeHb GLICTPO M OYeHb TOYHO H3MEPHTh SHEPTHIO KaxKIoH
H3 N MosieKys rasa. PesysbTaTsl TAKOro H3MepeHust Mul Gy/eM H306pa-
*aTb C NOMOLLbIO rpanKa M300paKeHHOTO Ha puc. 41 (rucrorpamma
SHEPrHH), KOTOPHI CTPOMTCS caefyiomum obpasoM. Ocb abeuwce (Ha
KOTOPOH OTK/aibiBaeTCsi SHeprisi) pasGHMBaeTcsi Ha paBHOBEJNHKHE
OTPE3KH J/IHHO¥ &;. BEIGOD BEeJIHYHHEI €, B IIMPOKHX Npeesax NPOH3BO-
JIeH M IMKTyeTCs JIMIIb COOGPaXKeHHSIMH yA06CTBa (Mbi YBHIHM B JaJb-
HefilieM, 4TO yROGHO BHIGpATh €, JOCTATOYHO MaJbiM, TaK YTOOH BCe
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SHePTHH B HHTepBase (le,, (/ + 1) &) MOXKHO ObLIO CYUHTATb MOYTH
OJIMHAKOBBIMH H PaBHBIMH &; = [g,).

Ianee, Mbl HAaXONUM OTHOCHTEJBHOE YHCJIO MOJEKYJ, HMEIOWHX
3Hepruu B uHTepBane (lg, (I + 1) ). O6osnauas ero n (), BEenem
onpejieJieH e

(=G0 (30.2)

rae N (I, I+ 1) — uncio MOJEKYJ C 5HEPrHsMH B HHTEPECYIOLEM
Hac MHTepBaje, a N — II0/JHOE YHCJIO MOJEKY.JI.

@yukumio n (I) Mbl GyneM HasbBaTb hyHKyuUell pacnpedeseHus moae-
KYa no sWepeusim WM LS KPATKOCTH pacnpedesenuem no HepeUsim.
(%) OrtknanpiBas 3Havenus n (I)

Ha OCH OpJHMHAT, NOJYYHM

CHCTEMY NpPAMOYTOJbHHKOB,

H306paKeHHyI0 Ha pHc. 41.

Tlpu dakTHYECKOM HOCTpOe-

HHH THCTOTPaMMbl OKasbl-

BaeTcst YAOGHBIM, Hapsipy

¢ pasbueHHeM ocH a6cuuce

Ha paBHOBEJIMKHE OTPE3KH &,

(o npuYHHAM, KOTOpPbIE Bbi-

sacHatcs B § 32, Mpl GyzeM

HasblBaTh HUX  siYeHKaMu),
¢ BBOJAMTb TaKke pasGHeHHe

Ha GoJsiee KpYNHbIe HEPaBHO-

BEJHKHE OTPe3KH, KOTOpHIe

Puc. 4l. Mbl GyJeM HasblBaTh SIIH-
KaMH (cM. Takxke § 32). Aro
06BACHSAETCS TEM, YTO YHCJIO MOJIEKY/ C OYeHb MasbIMH SHEPTHSIMH M
C OuYeHb GOJBUIHMH SHEPTHSIMH OYeHb Majd H CHJIBHO MEHSIeTCsl OT
OJIHOTO 3KCIIepHMeHTa K Apyromy. IToatomy yno6HO OGBEIHHHTb B 3THX
06/1aCTAX HECKOJbKO siyeek (HampuMep, m) B Gojlee KPYIHYIO elH-
HuLy — AmHEK. OTHOCHTe/NbHOE YMCJ/IO MOJIEKYJ C SHEPTHSIMH B MHTEp-
Basie OT lgy no (I + m) &y (me, — AJMHA sIHKA) OKasbiBaeTcs Gouiee
YCTOHUHBBLIM M Maslo MEHSeTCsl OT OJHOTO 9KCIIepHMEeHTa K ADYTOoMY.
(a5t TOoro yTOGH THCTOrpaMMa He MCKakasla KapTHHY paclpelesieHHs,
HaJlo, KOHEYHO, OTHOCHTENbHOE WYHCJO MOJEKYJ C SHepPrHsIMH OT [g,
no (I 4 m) e, pasnenutb Ha m, T. €. OTHECTH K OJHOM siyelike W pe-
3yJ/IbTAaT OTKJIAJABIBATh HA OCH OpAMHAT.)

IToBTOpsiss TaKOH 3KCNEPHMEHT MHOTOKPAaTHO (C OJHHM H TeM Xe
rasoM B DaBHOBECHOM COCTOSIHHH M C TeMH e JaBJIeHHeM M TeMIepa-
TYypo#H), Mbl 6yieM MOJy4aTh THCTOrPaMMbl, JIMIIb HEMHOTO OTJIMYaio-
muecst Apyr oT Apyra. Bce oHu GyayT GIM3KH K HEKOTOPO# yCpeXHEH-
Hofl THCTOTpamMe, H GOJIbLiIMe OTKJIOHEHHsl OT Hee GyAYT BCTpeYaThCst
Kpaiine peako. Ilpnunna sToro sakiouaercst B cieAytoweM. C ToukH

0 28 X (k+1)€,
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3peHHsT KJIaCCHUeCKOH MeXaHHKH 3a1aTh COCTOSIHHE rasa B HEKOTODbIH
MOMEHT BPeMeHH — 3HAuHuT yKa3aTb KOOPAHHATH (Xi, Vi, 2;) U NPOEKIUH
CKOPOCTH (Uyi, Uyi, Us;) BCeX ero mosekyn. Takoe BecbMa JeTa/bHOE
onMcaHHe Mbl OyleM Ha3blBaThb 3ajlaHHeM MHKPOCOCTOsiHHsI rasa. Ka-
JKJIOMY pacrpeieleHHIO YacTHIL ra3a Mo SHEPTHsSIM COOTBETCTBYeT GOJlb-
[oe KOJIMYECTBO MHKPOCOCTOSIHHH, TaK KaK mnpH (UKCHPOBaHHOH
SHEPTHH YacTHLA MOXKET MMeTb Pa3/HuYHble KOODJAMHATH H Pas/H4HbIe
MPOEKLHH CKOPOCTH, YAOBJIETBOPSIOLIUE YC/IOBHIO

m; (v vty
2

)25, gy 2)=e

(# (xi, yi, 2)) — moTeHuMa/JbHAs 3Hepruss MoJeKyuwl). Ilpu sToM
OJHMM pacHpefie/leHHsIM 10 SHEPTHSM COOTBETCTBYIOT OO/IBIIHE YHC/AA
MHKPOCOCTOSIHHH, ApYr¥M — MeHbiune. CyliecTByeT Takoe pacrnpesede-
HHE MOJIEKYJ II0 3HEprHsIM, KOTOPOe peajH3yercss MaKCHMaJbHbIM
YHCJIOM MHKDOCOCTOSIHHH, NpHYeM JJsi MaKPOCKONHYECKHX Macc rasa
3TOT MaKCHMYM OKa3blBaeTcsl UYpe3BBIYalHO OCTPbIM (MOAPOGHO CM.
§ 46). D10 3HAYHT, YTO TaKOe paclpeeseHHe, KOTOpoe Mbl GyleM Hasbl-
BaTb Hauboiee 6epOSMHbIM, DPeajn3yeTcs yalle BCEro H B COCTOSIHHH
C TaKHM pacrpejieieHHeM ra3 HaXOAHTCs MOAaBJSIOILYIO J0JIO BPEMEHH.
B uieann3supoBaHHOM SKCIIeDUMEHTe, KOTODBIH Mbl OGCYXKJa/aHd BhILIE,
MBI H TI0J1y4aeM C NMOJABJISIOLIeH BePOSTHOCTBIO THCTOIPaMMBI, GJIH3KHe
K THCTOrpamMMe HauGoJiee BepOSTHOTO paclpelie/eHHs.

Bce BbillecKa3saHHOE OTHOCHTCSI, KOHEYHO, He TOJBKO K pacmpefe-
JICHHIO YACTHIL 110 SHEPTHsIM, HO ¥ MO APYTHM (U3HYECKHM BeJHYHHAM.
Mel Morsin 6bl, HanpuMmep, H3Y4YHTb, KaK PaClpefesIsioTCs MOJEKYJIbl
rasa 1o KOOpPJAMHATAM, MO HMIyJIbCaM, IO MOMEHTaM MMIyJbca H T. A.

OGpaTuMcst Tenepb K TePMOAHHAMHYECKOMY OMHCAHHIO COCTOSIHHS
rasa ¥ BCIIOMHHM, YTO B TeDMOJMHAMHKE PaBHOBECHOE COCTOSIHHE rasa
3ajlaeTcsl ¢ NMOMOIIbIO TAKHX MaKpPOCKONMHYECKHX NapaMeTpoB, KakK JAaB-
JieHue, Temneparypa u T. A. [TocMOTpHM, 4TO 5TO 3HAUHT C TOUKH 3PEHHS
cratucTHyeckoil ¢usukH. [laBieHne rasa, HanpuMep, Mbl ONpejeJIsieM
KaK CPeJHIO CHJIY yAapoB MoJjeKya o6 1 cu? creHok cocyia P = f/o
(smech 1 B gasbHelileM CpefiHee 3HAUEHHE BeHYHUHBL Mbl GyeM 0603Ha-
4aTb YepTOYKOH HaJA CHMBOJIOM BeJIHYHHBI).

Xopomo H3BecTHa 3/eMeHTapHasi GopMyJsa AJsi CpeiHell KHHeTHYe-
CKOH SHEPTHH IOCTYNATeJbHOrO ABHMKEHHS MOJIEKYJBl rasa

mg® 3
5— =5 kT. (30.3)
ra Gopmyna mokaswiBaet, 4To abcomorHasi TeMneparypa T ecTh Mepa
CpelHed KHHETHYECKOH SHepPrHMH MoJeKyJbl rasa. EcTecTBeHHO TaKxke
OTOXKJeCTBUTh TePMOJAHHAMHYECKYIO BHYTPEHHIOK 3HEPTHIO cHcTeMbl U
€O cpefneli sHepruefl MoJIEKyJl (MJIH aTOMOB, HOHOB H T. [.), COCTaBJIAIO-
LWHX cHCTeMy.
© 10. B. Pymep, M. L, PuiBkun
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M3 npHBeJeHHbIX NPHMEPOB BMIHO, YTO MaKPOCKOIMYeCKHe mapa-
merpet P, T, U u T. A. NpeACTaBJsIOT coGOi cpelHye 3HaYeHHs BesH-
YMH, OTHOCSILLMXCSI K OTHeJbHBIM MoJeKyqaaM. OfHoii U3 BaKHEeMIIMX
3ajlay CTaTHCTHUECKOH (QM3HKH M SIBJSIETCS] OTBICKaHHe MOJOGHBIX Cpell-
HHX 3HAaYeHHH H COOTHOLIEHHH MeXAY HHMH.

3ajajMcs Terepb BONPOCOM, KaKoil HHpopMalyeil 0 MojeKyJax
rasa HajJo o6/1aaaTh, 4ToGbl HAiTH, HaNpHMep, CPEHIOI SHEPTHIO MOJIe-
KyJel. OueBHIHO, 5Ta HHGOPMALMsl KakK pa3 H JO/KHA 3aKJI0YaThCs
B 3HAHMM paclpejie/leHHs. MOJIEKYJ MO 3HeprHsiM.

IleiictBuTenbHO, BHas GyHKUHMIO 1 (/), HaxXonuM

- VNG I+he _
E_Z—N —Zn(z)e, (30.4)

(MBI CUMTaeM, YTO SHEPTHs € MaJja [0 CPABHEHHIO C €, TAK YTO H3MEHe-
HHEe SHEPrHM Ha MNPOTSKEHHH SiueHKH HeCyleCTBEHHO). AHaJIOTMUHbIM
06pa3oM MOXHO HaHTH CpeJHHe 3HaueHHs MOObIX (QYHKIUH >Hepru,
a Takxe JIOGBIX (QYHKUHH KOOPAHHAT H HMMIYJ/IbCOB, €CAH H3BECTHbBI
pacnpesieJieHHsi MOJIEKYJ MO KOOPJAMHATaM HJH HMIYJbCaM COOTBET-
CTBEHHO.

Hrtak, MBIl BUIHM, YTO IOMHMO ONTHCAHUST MAKPOCKONHYIECKOH CHCTEMBI
MeTofaMH (peHOMEHOJIOTHYeCKOH TepMOIMHAMHKH BO3MOXKHO Jpyroe
OIHCaHHe, OCHOBAHHOE HA aTOMHO-MOJIEKY/ISIPHOH MOJeJH H HCIONb30-
BaHHH BEPOATHOCTHBIX TNpeNCTaBJEHHH, — CTAaTHCTHYECKOe ONHCaHMe.
CB$I3YIOIIIHM 3BE€HOM MKy STHMH JABYMsi ClIOCOGaMH ONHCAHHS SBASETCS
OCHOBHOL  husuveckutl nocmyaam CMAMuUCMUYecKoll (huauku, C02AacHO
Komopomy mo pacnpedenerie, KOMOpPOe OCYULECTBASLMCA HAUOOAbUAUM
qucaom mukpococmosruil (Hauboiee eposamroe pacnpederexue), coom-
semcmeyem 8 MmepMOOUNAMUHECKOL: MePMUHONORUL  PABHOGECHOMY  CO-
CMOSRUIO.

3aMeTHM y:Ke 3/leCh TO NPHHUHMIHAJIbHOE Pa3juyHe, KOTOpOoe Cylie-
CTBYeT MeX1y TePMOJHHAMHYECKOH M CTaTHCTHYECKOH TPaKTOBKaMH
NOHATHSI PABHOBECHOrO COCTOSIHHsS. B deHOMeHO/IOrHYeCKO#H TepMojH-
HaMHKe MBI CYHTaeM, 4TO CHCTeMa B OTCYTCTBHE BHEIUHHX BO3JICHCTBHI
ocTaercst B PABHOBECHOM COCTOSIHHH CKOJIb YrofHO foaro. C TOYKH 3pe-
HHSl CTATHCTHYECKOH (PM3HKH CHCTeMa NpPOBOAMT B 3TOM COCTOSIHHH
JIMILb TOAABJSIONLYIO J0JI0 BpeMeHH. B cBsisu ¢ 3THM cTaTHCTHYeCKas
(u3HKa NpeiCcKasblBaeT HEOOGXOAMMOCTb CYUIECTBOBAHHA (IyKTyauu
(mogpo6HO cM. ri1. V), T.e. caMONpPOHM3BOJbHBIX M KpaWHe PeAKHX
(B MAaKPOCKONHYECKHX TeJaX) OTKJIOHEHHiH OT PaBHOBECHOTO COCTOSIHHSA.

Takum o6pasoM, BaxHefilueli 3ajauell CTaTHCTHYECKOH (DUIMKH
sIBJISIETCA OThICKAaHHe HauGosiee BepOATHBIX pacrpenesenuil. Lleneco-
06pasHo elrle pa3 MOAYEPKHYTb, YTO BHIBOJbI CTATHCTHYECKOH TepPMOAH-
HaMHMKH CNIPaBeJJIMBbl TOMBbKO /IS CHCTEM C OYeHb GOJIBLIMM YHCJIOM
yacTHIl. UeM MeHblle YHCJIO YacTHLL B CHCTeMe, TeM yalle BCTPeyaroTCs
pacnpeze/ieHHs, 3aMeTHO OT/IMYaIOLHeCs OT HaHGoJ/lee BEpPOATHOro. 10
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BHAYMT, YTO CHCTEMA C HECOJBIIHM YHCJIOM YaCTHL[ HAXOIHTCSH B Hau-
Goslee BepOSITHOM (PaBHOBECHOM) MAaKDOCKOIHMYECKOM COCTOSIHHH H
B IPYTHX (HEPaBHOBECHBIX) COCTOSIHHSIX CPABHHMBIE BpeMeHa H HCIIOJb-
30BaHMe Haubo/ee BepOSITHBIX paclpelie/leHHli CTaHOBHTCS HEONpaB-
JIaHHBIM.

TlosToMy cTaTHCTHYeCKasi TePMOIMHAMHKA SIBJSIETCSI aCHMOTOTHYE-
CKOH TeopHei, BbIBOJbI KOTOPOH (33 HCKJIIOUEHHeM TeOpHH (GayKTyarHii)
TOYHO CIpaBelJIUBLI B npefese N — oco. B ¢opmynax cratuctuueckoit
TEPMOJMHAMHUKH cJleflyeT NpeHeGperaTh YjJeHaMH, COAEPKAIUMH Gosee
BLICOKHe cTenenu 1/N, coxpaHsisi TOJBKO CJaraeMble ¢ HaHHH3IIEH CTe-
nenbio 1/N. Tlepexonss X 3ajaue OThICKAaHHs Hau6oJee BEPOSTHHIX
pacrpeieJieHui, Mbl paCCMOTPHM B 3TOl TJlaBe HauGoJee IPOCTYIO YacTh
9TOH 3aJlaul — OTHICKaHHe HaHGoJ/iee BEPOSITHBIX pacmpefieeHHil st
KOJUIEKTHBOB HeB3aHMOJEHCTBYIOUMX YaCTHIL HJIH HI€aJbHbIX [a3oB.

CraTucTHYeCKHe CBOHCTBA HJ€aJbHBIX [a30B MOTYT GbITb M3yuYeHbl
C NOMOLIBIO BecbMa OGLIEro H B TO XK€ BPeMsl 10CTATOYHO MPOCTOrO Me-
TOJa — MeToJla SIHMKOB U siyeek. HecMoTpst Ha To, uTo cayuail ujeasnn-
HOTO rasa siBJSIeTCs BeChbMa YaCTHBIM, OH OXBATHIBaeT GOJIbIIOE YHCJIO
KOHKPETHBIX (PM3HYeCKHX 3a/ay, pelleHHe KOTOPHIX MOXKET ObiTb JOBe-
JIeHO IO KOHIa.

§ 31. p-npoctpaHcTBo. SIMUKH M siuelKH

JIns HaXOX/IeHHs CTATHCTHYECKHX Paclpe/iesleHuit BeCbMa NOJIe3HBIM
ABJISETCS NOHsITHE (a3oBOro W-mpocTpancTsa. B mpocreiimem cayuae
OJIHOaTOMHOTO HJI€aJIbHOTO ra3a, MOJIEKYJIbl KOTOPOTo (aTOMbI) Mbl Gyliem
CYHTaThb MaTepHaJbHLIMH TOYKaMH (npeHeGperas BHyTPeHHEH CTPYKTy-
poit), p-mpOCTPaHCTBOM Mbl GyJieM Ha3bIBAaThb IPOCTPAHCTBO IIECTH HaMe-
peHui, KOOpAMHATAMH KOTOPOrO SIBJISIOTCS TPH TpPOCTPAHCTBEHHBIX
KOODJIHHATEI MOJIEKYJIBI X, y, 2 ¥ TPH NpoeKIuH umny:ibea &, 1, . Co-
CTOSIHHE KaMIOH MOJIeKYJIbl Ta3a (C TOUKM 3peHHs KJIacCHYecKoH ¢u-
3HKH) H306paxaeTcsi TOYKOH B [-IIPOCTPAHCTBE, 8 COCTOSTHHE BCETO rasa
COBOKYNHOCTbIO N Touek (N — moJiHoe uHc/io Mosiekys). C TeueHueM
BpeMeHH KOOPJAHHATEI H MMIYJIChI MOJIEKYJ1 H3MEHSIIOTCSI, H H306pakao-
liHe TOYKH NePeMEeIaloTest 1o $asoBLIM TPaeKTOPHsiM. B mpomexyTke
MeXAy ABYMsSI CTCJKHOBEHHAMH (ha3oBasi TPAEKTOPUS KaxkIOH MoJe-
KYJIbl JIeXCHT Ha THIEPIIOBEPXHOCTH NOCTOSIHHON SHeprHH. DTa NoBepx-
HOCTb HMeeT MHsTb M3MepeHHH U ONpejlesisieTcsl ypaBHEHHEM

£2 2 2
e=EFTNHE L u(x, y, 2), @31.1)

rie % (x, y, z) — NOTEHUHA/IbHAST SHEPTHSI MOJIEKYJIEl BO BHEIUHEM MOJIE.
Ilo ananoruu ¢ OGHIYHBIM TPEXMEPHBLIM IIPOCTPAHCTEOM BBOZHTCS
TOHsITHE (a30BOTO 06BEMA B [-IPOCTPAHCTBE. DJIEMEHTOM 00BeMa HA3kI-
BaeTcsl BbIpaxKeHHe
dl' = dx dy dz d§ dv dg, 31.2)
B+
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KOTOpOe pa3bHBaeTCsi Ha MPOHM3BeJleHHe 3/J1eMeHTOB o6beMa B MPOCTPaH-
cTBe KOH(pUrypauui

dV =dxdydz
H B IPOCTPAHCTBE HMIYJIbCOB
dV,=d§ dndg. (31.3)

B 3aBHCHMOCTH OT CHMMETPHH 3a/lauH MOXET OKa3aTbCsl YAOOGHBIM
(Kax B MpOCTPAaHCTBE KOHGHIYpalMi, TaK H B IPOCTPAHCTBE HMIIYJIb-
COB) BLIOMpaThb B KaueCTBe 3/1EMEHTOB O0BbeMa
& 0dE He JIeKapTOBE NPSIMOYTOJIbHbIE [apaJlieieny-
az Heflbl, a HanpuMep, lWapoBele caou: dV = 4nridr

u dV, = 4npdp u T. 1.
Ipocreiiefi HarJIsSAHOH MOAENBIO W-IIPO-
CTPaHCTBA SIBJIAETCS [1-IVIOCKOCTD B CJIyYae OJHO-

z MepHOro JBHKeHHs (puc. 42).
PaccMoTpuM B KauecTBe IPOCTOrO IpHMepa
ONIHOMEPHBIH «ra3» B moJsie TskKecTH. JIMHUH no-
CTOSIHHOH 3HEPTHH OMNPEeJesIOTCs B 3TOM CIy-
yae ypaBHEHHEM

ER
&=+ mgx

Puc. 42. H TIPCICTaB/AAIOT co60# mapaGosbl ¢ ockio 0X,

a 3/1eMeHThl (a30BOro oGbeMa — 3JIEMEHTbI I1J10-
maau dx d§. B pesysbrare CTOJKHOBEHHS! JBYX MOJIEKYJ HX H30-
6paalolie TOYKH TOJBKO NMEPeXOAST C OAHOH NapaGoJibl Ha APYrYIO
(C coXpaHeHHeM CyMMapHOH SHEepTHH).

HeTpynHo pacnpocTpaHHTb NMOHsITHE W-IIPOCTPAHCTBA H HA CJydYai
6osiee CJIOXKHBIX CHCTEM, 4eM OJJHOATOMHBIH ras.

ITycTh uIeanbHBIM ra3 COCTOHT M3 MOJIEKYJ, HMEIOWHX [ cTeneHeit
cBOGOAB! KaxJasi (HampHMep, B ABYyXaTOMHOM rase f = 6, B TpexaToM-
HoM — f = 9). Toraa p-mpoctpaHcTBo GyAeT UMeThb He 6, a 2f H3Mepe-
HHH M KOOpJHHATaMH ero 6yayT f 0606ILIEHHBIX KOOPAUHAT ¢; U [ 0606~
WEHHBIX HMOyabcoB p; (i = 1, 2, ..., f). IDtH 06GoGuieHHble KOOp-
JIMHATHl BHIGHPAIOTCS, KaK 3TO OGBIYHO JesIaeTcsi B MEXaHHKe, B COOT-
BETCTBHH C CHMMeTpHeil 3a/1auH, a 0GOGIIEHHEIE HMITYJIbChI ONPEEJISTIOTCS
KakK NpPOM3BOJHbIE OT JarpaH:KHaHa p; = 0L/0g;.

DHeprus rasa MoxeT ObiTb 3allHCaHa B BHJE

&= au(q) pire+%(q), (31.4)
i
rle ONHOPONHAs KBaJApaTHYHAast (YHKIHMS OGOGLIEHHBIX HMIYJIbCOB

Z“ik (9) pip: €CTb KHHeTHYeCKasi 3HeprHsi rasa, a Z(q) — noTeHnMA/b-
i,
Hasi 9HepPrus. YpaBHenHe e = const mnpeacTaBasieT coGoll ypaBHe-
HHE THUIEPNOBEPXHOCTH NOCTOAHHOH SHepruM, uMmelowed (2f — 1)
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uaMepenre. Onpesiesiente $pa3oBoro p-o6beMa OCTAaeTCS MPEKHHM:

f
dU =aVv dv,=T] dq: dp:. (31.5)

i=1

B paBHOBeCHOM COCTOSIHHH TOYKH, H306paKaiouise COCTOSIHHE MoJte-
KYJl, 3aNOJIHAIOT -IPOCTPAHCTBO C HEKOTOPOH IIOTHOCTBIO P (4HC/IO
MoJIeKyJ1 Ha efuHuly dasoBoro o6beMa p = dN/dI'), KoTopoe 3aBHCHT
OIIPEJIeJIEHHbIM 06Pa3oM OT §;, P, HO He 3aBHCHT OT BPEMeHH. 3T0 3Ha-
YHUT, YTO OJHH MHTEDBa/bl 3HAYEHHH KOODAMHAT M HMIIYJIbCOB YaCTHI{
CHCTEMBI SIBJISAIOTCS GoJlee BEPOSTHLIMH, a APYTHe — MeHee BEPOSITHBIMH
H, CJIel0BATeJIbHO, OJIHH 06JIacTH (ha30BOrO MPOCTPAHCTBA 6osiee MIOTHO
3aM0JIHeHbl HM306PaXKaIOIMMH TOYKaMHd, a JpYTHe — MeHee [JIOTHO.

IMocraBuM ceGe meJblo HalTH HauGoJee BEPOSITHOE paCIpeiesieHHe
uzobpaxaiomux ToyeK B p-mpocTpaHctBe. OHO GyAeT ONHCHIBATHCA
HEKOTOpOii (DyHKLHeH KOOPAMHAT H MPOEKUHH MMnysabca p; (gi, p) =
= dN/dTl', rae dN — uncii0 M306paKaloukxX TOYEK, NOMABLUIMX B 3Je-
MeHT (asoBoro obbema dI'. DyHKuHs p (¢;, p;) JaeT BO3MOXKHOCTh
onpeesuTh HauGosIee BEPOATHOE pacnpejie/eHe MoJIeKYJl KaK B OOblu-
HOM NpOCTpaHCTBE (pacnpelleieHHe MO KOOPAHHATaM) — ISl 3TOIO
ClielyeT NPOMHTErpHpPOBaTh P (g;, p;) MO HMIYJbCAM, — TaK H B HM-
MyNbCHOM (CKOPOCTHOM) IpPOCTPAHCTBE (pacrpefeseHde M0 HMIyJb-
€aM HJIH CKOPOCTSIM), — JJIsl 3TOTO CJIelyeT IPOHHTErPHPOBATh O (¢i, pi)
1o KoopiuHaTaM. B cooTseTcTBHH cO cKasaHHbIM B § 30 3HaHHe 3TOro
pacnpesieJieHHsl IPHBOJMT K HMCYEPIBIBAIOLIEMY CTAaTHCTHUECKOMY OIH-
CaHHIO CBOMCTB rasa.

Baesiem Tenepb c/IeNyIOWMA BaxKHBI NOCTYNAT: yrKyus pacnpede-
Aenus 8 p-npocmparcmee P (qi, pi) BABUCUIT MOALKO O SHEPSUL 4ACMULbL
8=Za,'kp;pk+71, a He om q; u p; 8 omdesbHocmu (MPaBAONOLOGHOCTD

ik
TaKoro mnocrynarta o6Hapyxurcst B § 45, Koraa Mbl JOKaXKeM BaxKHYIO
TeOpeMy, HOCAULYI0 HasBaHHe TeopeMbl JIMYBHIs).

C ue/bl0 CTaTHCTHYECKOrO ONMCAHHS Ta3a MOCTYNHM Tenepb Tak
K€, KaK Mbl IIOCTYyNaJ/H IPH M3YYeHHH pacrpefieleHHH MOJIeKyJ rasa no
SHEPTUsM, M BBeleM pasbuende [-mpocTpaHCTBA HA CSHKHY H
«iyelikuy, Tak Kak QyHKUHS pacIpefiesieHHs! 3aBUCHT TOJIbKO OT 3Hep-
THH, Lesecoo0pa3HO pa3bHeHHe Ha SLUKH OCYILIECTBHTb, NPOBOAS T'H-
NePNOBEpXHOCTH MOCTOSTHHON 3Hepruu. Ipu sToM cJexyeT cob.I0AaTh
HEKOTOPYIO OCTOPOKHOCTb. C OJHOH CTOPOHBI, 3HEPreTHYECKHE CJIOH

ALUHKH), Ha KOTOpble Mbl PacceKaeM W-NPOCTPAHCTBO, AOJIKHBI GBITh
AOCTaTOYHO TOHKHMH, YTOGBI M306Pa’KalolMM TOUKaM, 3aKJ/IOYeHHBIM
B npenenax cJosi, MOXHO GblJIO NPHIHCHIBATD C XOPOLIEH TOYHOCTHIO
ONHY U Ty e sHepruio &;. C Apyroil CTOPOHBI, pa3Mephl CJI0si AOJIKHbL
OBITb  HACTOJIBKO GOJBLUMMH, 9YTOObl UHCJIO H300paKaIoOWHX TOYEK
B cs10e N; GblIO BeTHKO 110 CpaBHEHHIO ¢ eauuuiel, N; > 1. Hackonbko
PeasibHa BO3MOKHOCTb TaKOTO BbIGOPA TOJILHMHBI CJIOSI, OrPaHHYEHHOTO
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¢ 06eHX CTOPOH, MBI 06cyAHM B § 39, NOKa ke 3aMeTHM, 4TO B CHJY STHX
OrpaHHYEeHHH SHepreTHYeCKHe SIMKH OyAyT B o6lLueM CJydyae 3aBellOMO
HEPaBHOBEJMKHMH, TaK KaK CJIOH, COOTBETCTBYIOUME OYeHb GOJIBIINM
HJIM OYeHb MaJbiM SHEPTHsIM, JOJLKHBI BHIGHPAThCst GOJIee «TONCTBIMHY,
4eM CJIOM yMepeHHBIX 3HeprHii, 4ToGbl COfepKaTh AOCTAaTOYHO GOJIbLIOE
YHCJIO H306paKalomKuX Toyek. BTopoil s/eMeHT (MOMHMO HepaBHOBEJIH-
KHMX SIIMKOB), HEOOXOAMMBIH AJSi CTATHCTHYECKOrO ONHCAHHUS, 3TO —
paBHoBesMKHe siyefikH. HeoGX0oAMMOCTb MX BBEEHHsI JUKTYETCS TeM,
UTO YMCJIA 3alOJHEHHSI JOJI2KHB OTHOCHTBCSI K PaBHOBEHKHM styefiKaM,
a He K HePaBHOBEJHMKHM SIIUKAM, JJIsi TOTO 4TOObI BCE COCTOSIHHS TPaK-
TOBAJIHCh PABHONPABHO.

Hrak, Mbl BBOAMM pasGHeHHe WN-NPOCTPAHCTBA HAa PABHOBEJMKHE
A9efiki ¢ Ha3oBbIM 06beMoM a. PopMa sueeK NpH 3TOM He GHKCHPYeTcs,
JIMIUb Gbl OHH He GBIIM Ype3MepHO BBITSIHYTHIMH B KaKHX-J1HG0 Hanpas-
snennsix. Yto Kacaercst BeMUMHBI OGbeMa siYeHKH @, TO 371eChb Mbl CTaJl-
KHMBaeMCsl C NOPa3HTe/IbHOH CHTyanueil, pesko OTaHyalomeicss oT ToH,
KaKyl0 Mbl HMeJIH IIPH OlpeJie/leHHH Pa3MepoB SHePreTHYeCKHX CJI0eB
(snKoB). Pasmepbl SIHKOB ONpelesNH/IHCh H3 COOOpaxkeHHi MareMa-
THYECKOTO «TaKTa» (TpeGoBanust N; > 1 ¥ €, — & < €;) TOJBKO MO
NOPSIAKY BEJMYMHbBI H TOYHO He (HKcHpoBaJHch. O6beM siuefikH a
VIUBHTEJbHBIM 06Pa30M OJJHO3HAYHO ONpeJeNsieTCsi 3aKOHaMH TTPHUPOJIBI
u Gyner Hamu onpejieseH B §§ 37, 41, 55. 3amerum, uTO 06BEM AYEHKH
OKaKEeTCsl BeCbMa MaJlbiM, H TI03TOMY B 3HEPreTHYeCKHX SIUHKaxX Co-
JIEPKHUTCST He TOJBKO GOJIbILOE, 110 CPaBHEHHIO C eAMHHILElN YHCJIO ya-
ctiy N; (N; > 1), HO ¥ Gosibluoe uHcsIO sueek g; (g; > 1).

§ 32. Pacnpenenenuss Bose — Jitnmrtelina n Pepmu — Jlupaka

Mbl BBesH B npenpiAylleM maparpage pasGHeHHe W-IPOCTPaHCTBA
Ha HepaBHOBEJIMKHE SHepreTHYECKHE (AIHKH» H DAaBHOBEJMKHE sYeHKH.
Tlyctb B i-M 3HEpPreTHYECKOM (sIIMKe» C SHeprHell &; CONEPHKHUTCH g;
siueek U N; u3o6paxaromux Toyek (uactui). Hac Gyner unrtepecosars,
KaKMM YHCJIOM DasJIHYHBIX CIOCOGOB MOXKHO OCYIIECTBMTb TaKoe pac-
npefesieHre H306paxaloluX ToYeK Mo siyefikam. DTa 3ajaua coep-
LIEHHO 3KBHBAJEHTHA CJeAylollell 3afaye KOMOHHAaTOpHKH. Mmeercs
PSIA SIUIMKOB, i-# AIMK PasOUT Ha g; siueeK W CcolepuT N; Iapos.
Mbl 3azaeMcsi BONPOCOM, KaKHM 4YHMCJIOM Cnoco6OB Takoe pacnpefese-
HHE MOXHO OCYHIECTBHTb (3Ta aHAJOTHS JeJlaeT MOHATHBIM IPOHCXO-
KJeHHe TEPMHHOB «SIUMKH» M «siuefiKWw»). B cuay paBHompaBHOCTH
siueek Mbl GyJ€M CYHTATh JIOOHE pasMellelHs mMapoB (H306parKaroux
TOYeK) N0 siyeliKaM PaBHOBEPOSITHEIMH H IIO3TOMY TO pacnpeje/eHHe,
KOTOpOE OCYIIECTBJISIeTCs] HaHGOJIbLUIMM YHCJIOM CrOco60B, GyleM cyH-
TaTh HaMGoJlee BEPOSITHbIM paclpefieleHHeM, COOTBETCTBYIOLIHM paB-
HOBECHOMY COCTOSIHHIO rasa.

PeleHne nocTaBjeHHo# KOMGHHATOPHO! 3ala4i BECbMa CYIIIeCTBEHHO
3aBHCHT OT HEKOTOPBIX CBONCTB YacTHLI, COCTaBJISIOLHX cHCTeMy (ras),
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Tlpexze Bcero OTHOCHTE/ILHO YacTHL, BXOASLUX B CHCTEMY (3JIEKTPOHBI,
(OTOHEI, aTOMBI, HOHBI H T. 1), MOT'YT GbITb alPHOPHO BLIABHHYTHI JiBe
Pas/MyHble THIOTe3bl: 1) YaCTHIbI OJHOrO COPTa COBEPLIEHHO TOMIECT-
BEHHbI APYT APYTY, 2) 9TH YaCTHLbI C/IeTKa OTJIHYAIOTCS 110 TAKHM Napa-
MeTpaM, KaK Macca, 3apsifi H T. 1. (Mbl HM€eM B BHIY TOJIbKO NMOCTOSIHHbIE
napaMeTphl, a He NepeMeHHble; TaKHe KaK CKOPOCTb, HEPrHsi H T. A.),
HOI0GHO TOMY, KaK OTJIHYaloTCs APYT OT APYra «OAHHAKOBBHIE» JETaJH,
BbINYyIIEHHbIE KaKHM-TO NPOU3BOJACTBOM. JIETKO MOHSITb, YTO OKOHYa-
TeNbHbIAl BHIGOP MeXKAy STHMH ABYMsi THIOTe3aMH NYTEM H3MepeHHs
COOTBETCTBYIOUIUX TapaMeTPOB HEBO3MOMKEH BBHAY CYLIECTBOBaHHS
Heu36exKHbIX NOorpelrHocTedl uaMepenusi. Mer yeudum, 00KaKO, 4mo
meopemudecKue apeymermot no- N
BB0ASIOM PEULUMb  IMOM.  CROD max
00HOBHAYHO 8 NOAL3Y 2Unome3bl
0 NOAHOL  MOdKCOecmeeRHOCmU
wacmuy, 00Hoeo copma. 5
TlpuHsiB  cnpaBepMBOCTD 4
9TOM T'MIIOTE3b!, Mbl MOXEM Bce
JKe CUHTaTh, YTO 3TH TOXIe- J
CTBEHHbIe HYaCTHIBI MOXHO OT-
JMYATH JAPYT OT Jpyra H co-
CTOSIHHSI CHCTEMBI, OTJIHYaIO-
Mecss NepecTaHOBKOH ABYX

(2)

WM HECKOJbKHX YacTHL, MO- sz 2, L L 5’ 2
JKeM CYHMTaTb Pa3JHYHBIMH CO- a Ja 4o Sa
crosiiHsiMH. Bosiee mnpasjomno- Puc. 43.

JIOGHOH sAIBJsIETCSI, OJHAKO, TH-

noTe3a, COrVIaCHO KOTOPOH TOXAECTBEHHbIE YaCTHIB HEOTJIHYHMbI APYT
OT Jpyra ¥ COCTOSIHHS CHCTEMBI, OTJIMYAIOLIHECS TOJBKO IepPecTaHOB-
KaMH YacTHIl, NPeACTaBJAIOT co60ii OAHO M TO e cocTosinHe. B sToM
naparpage mMbl 6yieM PYKOBOJACTBOBATbCS NOCJeAHeH T'HIOTe30H, a B
§ 33 paccMOTPHM CJIEACTBHsI THIOTE3bl Pa3NHYHMMOCTH TOXKAECTBEHHBIX
YaCTHIL.

HaxkoHel, 3ameTHM, YTO B NPHpPOJE CYIUECTBYET JBAa THIa YacTHIL,
CYUIECTBEHHO OTJ/IHYAIOUHXCS 1O CBOMM CTATHCTHYECKHM CBOHCTBAM
B KOJUIEKTHBE — (pepMHOHBI H GO30OHBI.

DepMHOHB! MOAYHHSIOTCS Ba)KHOMY 3aKOHY NPHPOAbl — MPHHLHILY
uiu 3anpery Iaynu. s Hamux uesefi yno6HO, HECKOJBKO HIeaNU3H-
Pyst curyaunuio, copmysuposats npunuun Ilayau caenyioumum obpa-
30M (B yeM 3aKJI0YaeTCsl HIealH3alHs H Kak cjellyeT TOYHO GopMyJIHpo-
Bath npunuun ITayau, GyHeT yKasaHO HeCKOJIbKO mosxe B § 41). B cu-
CreMe 3 N TOXKJECTBEHHLIX (pePMHOHOB B JIIOGOM (hazoBoM obbeMe Q
MOXeT HaXOAMTBCSH JIHLIb KOHEYHOE YHC/IO H300par<alolIMX TOYeK, He
NpeBblwiaioniee HeKOTOPoe Lenoe YHCI0 Nmax (R). C yMenblieHHeM
BblIe/IeHHOTO (ha3oBoro o6beMa 2 uHCI0 Nmax () paBHOMEpHO majaer,
KaK 370 naoGpasmeno Ha pHc. 43. TakuM ofpasoM, B (asoBoM oGbeMe,
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3aKJIIOYEHHOM MexAy na u (n -+ 1) a, MoxeT HaxoauTbcsl He Gojiee n
TOuek, M306pakalomux coctostHue depmuoHa. [TopuepkHeM, yYTO H3JO-
JKEHHBIE BBILIE Pe3YJbTaThl He 3aBHCAT OT (GOPMBI BbIEJEHHOro (a3o-
Boro o6beMa (/HIb Gbl OH He GblJ Yepecuyp BHITAHYTHIM B KaKOM-JIHGO
OJIHOM HANpaBJIeHHH), a TOJbKO OT €r0 BEJHUYMHBI.

TIpuMeM Tenepb MHHHMAaJbHbIH (a3oBhIli 06bEM, NPUXOAAILMECA HA
OJHy Hu306pakaloulylo TOYKY, 3a BeJHyHHy obbeMa 3JeMeHTapHOH
siuefiKH W-TIPOCTPAHCTBA (KaK A1 (epMHOHOB, TakK H JJisi GO30HOB!).
Kak Mbl y6enumcsi BCKope, BeJIHYHHA @ OJHO3HAYHO ONpeJesieHa 3aKo-
HaMM NPHPOIB M MOXKeT ObiThb HafileHa SKCNepPHMEHTalbHO.

Mer MoxkeM Tenepb npuiaTh npunuMny Ilaysin cienyroomyio gopmy:
B CHCTEMe TOXAECTBEHHBIX ()ePMHOHOB B OJHOH suefike W-IPOCTPaHCTBA
MOXKET HaXOAHMTbCsl He Gosiee ONHOH H306paxkaroled TOYKH.

B npoTHBONOJIOXKHOCTb 3TOMY, B CHCTeMe N TOXK/IeCTBEHHBIX (030-
HOB B siuefiKe W-IIPOCTPAHCTBA MOXKET HaXOAHTHCS JI06Oe YHCJIO H306-
paxKaiolMX TOYeK OT Hyast jo N.

B KBaHTOBOH TeOpHH MOJISI JOKasblBaeTCsl BaxKHas TeopeMa (Teo-
pema Ilayau), cBA3bIBalOmIas CIIMH YaCTHIbI M THII CTATHCTHKH, KOTOPO#
oHa nojpuunsercs. CornacHo 3Tof TeopeMe BCe YaCTHIBI C NOJYLETbIM
CIIHHOM SIBJISIIOTCS hepMHOHAMH (M3 YHCJIa dJIeMEHTapHBIX YacTHIL K HHM
OTHOCSATCSl 3JEKTPOHBI, NO3HTPOHBI, IPOTOHbLI, HEHTPOHBI, [-ME3OHBI,
THNEPOHbI M T. /I.), @ BCE YACTHIBI C IIeJIbIM CIMHOM SIBJISIOTCS 6O30HAMH
(43 3/1eMEHTapHBIX YACTHIL K HHM OTHOCATCS QOTOHbI, T-Me30HHI, K-Me-
30HB H T. A.). YTOo KacaeTcsi CJOXKHBIX YacTHIL (s1pa, aToMbI, MoJe-
KyJibl, HOHbI), TO, IIOCKOJIBKY B HX COCTaB BXOAST TOJIBKO YaCTHIbI CO
CIIMHOM § = /,, ISl HUX CIPABEJIHBO NMPABUJIO: YACTHLbI, COCTOSILHE
U3 YETHOTO YHCJ/Ia 3JIEMEHTapHBIX, SIBJSIOTCH GO30HAMH, YacTHLbI, CO-
CTOsIIIMe M3 HEYeTHOTO UHCJA 5JE€MEHTAPHBIX, SIBJASIOTCS (HepPMHOHAMH.

3ameruM, uto, opmyaupyst npuHuun Ilaynn, Mbl HTHOpPHPOBAJIH
HaJuyue crnuHHa. Kaxk M3BeCcTHO, COCTOSIHMSI YaCTHIBI CO CIIMHOM S BEIPO-
XKJIEeHbl C KPATHOCTbIO BBIPOXKAeHHSI (25 + 1) (mpoekuusi CnHHa Ha
HEKOTOpOe BbIe/IEHHOE HanpaB/eHHe MOXeT HMeTb (25 + 1) pasHbiX
3HAYeHHUH), U NOITOMY CJeNOBaao Gbl TOBOPHTb, Y4TO B sueiike W-IPo-
CTpaHCTBA MOXKET HaXOJHTbCs He Gosiee (25 + 1) H306parkalolKX ToyeK.
MbI MOKeEM, OJHAKO, He MeHATb GOpMyJ/IHPOBKY npuHuuna Ilaymu, a us-
MEHHTDb OIlpeJle/IeHHe W-NPOCTPAHCTBA, NPHCOEAMHHB K KOOpAMHATaM X,
Y, 2, & 7, { ellle ofHy JMCKPETHYIO NepeMeHHYI0 (IPOEKIHUIO CIHHA Ha
oCb 2), IpUHHMaromYyIo (25 -+ 1) 3HaueHHe. DTO SKBUBAJIEHTHO TOMY, YTO
KaxJasi siyefika p-IMpOCTPaHCTBA, B CTAPOM CMbICJIE CJIOBa (Ompenesisie-
Masi KOOpAHHATaMH X, y, z, &, 1, {), CyLIeCTBYeT He OJiHa, a B KOJIHYeCTBe
(2s 4 1) sK3eMmIsIpOB.

TIpousiocTpUpyeM Tenepb pasiHuhe B CTATHCTHYECKHX CBOMCTBAX
pas/IHYHBIX YacTHI, (epMHOHOB H GO30HOB, Ha IPOCTOM IpHMepe.
ITycTb HaM HYXKHO pa3MecTHTb JBe YacTHIBI 110 TpeM siveiikaMm 1, 2, 3.
Ecsiut 5TH yacTHIb Pa3iH4YHMbl (Mbl 0GO3HAUYUM MX B 3TOM cJyyae a H b),
TO BO3MOXHBI /IeBATb Da3JHYHBIX pasMelleHHH, H306paxKeHHbIX Ha
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puc. 44. Jlns 6030HOB, BCJENCTBHE HX HEPasJHYHMOCTH, BO3MOMKHBI
LecTh Pa3/MYHbIX PasMelleHHi (HepasJHYHMble YaCTHIBI H30GparKeHbl
KpecTHKaMH), H306paKeHHbIX Ha pHc. 45, a. [list hepMHOHOB, BCJIEACT-
BHE MX HEPa3JIMYMMOCTH H B CHJIy npHHuuna ITaysu, BO3MOXKHBI BCero
TPH pasMellleHHsi, H306pakeHHble Ha pHC. 45, 6.

o [V ][] ]
Lo J Ll J LT ]
4] J ULl ] L]
SEEREERNENE

)
Puc. 45.

TTocsie 3THX NMpeNBapPHTENbHBIX 3aMeYaHul nepefileM K BEIBOAY Hau-
Goslee BEpOSITHBIX PacHpefe/IeHHil B HAUHEM CO CaIy4ast CHCTEMbI, COCTOSI-
Liefl U3 TOXK/ECTBEHHBIX GO30HOB.

PaccmotpuM i-# KK, B KOTOPOM HaxonsaTess N; 6030HOB (pHc. 46).

ooo| oo o |oooo|ooo|0ooofoooo
oo 0000

! 2 9;
Puc. 46.

BasB (g; — 1) neperoposok H paccTaBMB HX MPOH3BOJBHEIM 00pa-
30M, moJyyuM pa3bHeHHe filMKAa Ha g; Aveek (Ha pHc. 46 usoGpaxen
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cayuait g; = 8, N; = 28). Takum o6pasoM, y Hac HMeeTcsi ABa Kjacca
06BbEKTOB: YaCTHIL H meperopoiku. OGosHaunm uepes W; umncijo pas-
JIMYHBIX CIIOCOGOB, KOTOPHIMH MOXKHO Pa3MeCTHTb N; YacTHIL B g; sTYeeK.
Tak Kak 9aCTHIIBl CUHTAIOTCS HEPAa3JHYHMBIMH, TO 3TH CIIOCOGBI MOT'YT
OTJIMYAThCs APYT OT APYra TOJbKO YHCJ/IOM YACTHIL B siueiKax (mpH (HK-
CHPOBaHHOM YMCJIe YACTHIL B sliKe N;), H pa3Hble CIOCOGbI MOYYaoTCst
JPYT M3 Jpyra NnepeHoCcOM YacTHIl M3 SiueliKH B siueliKy (o6MeHOM Me-
CTaMH YaCTHI[ ¥ Neperopofok). 3aduKCHPOBaB Kaxloe TaKoe pacrpe-
JleNleHHe, TpoJesNaeM BCEBO3MOXKHbIE HeCYIIeCTBeHHble (He JalomuX
HOBHIX CNOCOGOB pacnpesie/ieHHst) NepecTaHOBKH YacTHI APYT C APYroM
(nx umcs10 paBHO N;!) M neperopofiok ApYyr ¢ APYroM (HX YMCJIO PaBHO
(g: — 1)!). OueBnnHO, Mbl IOJYYHM IPH 5TOM BCE IEPECTAHOBKH KOJI-
JekTuBa M3 (N; 4+ gi — 1) 06beKTOB, BKJIOYAIOLIETO H YaCTHILbI H Iepe-

TOPOJKH, T. €.
Nl (g —=)NWi=(Ni+gi— 1),
OTKyna

_ (Nit-gi—1)!
w,= ity (32.1)

Ecsim MBI HMeeM psiji SIHKOB, TO YHCJO criocoGos W pacnpenese-
HHUS YacTHIL 1O BCeM SIHKAaM TaKHM 06pasoM, uToGbl B NIEPBOM SILHKE
6bto N, wacth, Bo BTopoM — N, U T. 1., PaBHO, OUEBHIHO, NPOH3Be-
nenuio W;. Ilpu N; > 1, g; > 1 nonyuaem orciofia OCHOBHYIO GOpMYJTy

CTaTHCTHKH GO30HOB
(Ni+g)!
W= I “Nigl (32.2)

IMepexons K OTHICKaHHIO HauGOJIee BEPOSITHOTO pacnpeneseH s, Mbl
IOJIKHBI HafiTH MaKcHMyM BesiHunabl W. Y06Hee, OAHAKO, HCC/IE0BATh
Ha MakCUMyM BeanunHy o = In W. Ioabsysicy ¢opmyaoit Crupannra
s GakTopHANOB GOJBIUMX uHcesn (cM. «MaTeMaTHyecKoe MpHJIONKe-
HHe», 1. B), momyuaem

o=In W:Z[In(N,—l—g,«)!—lnN;l- Ingl]=
=2 [(Ni+g)In(N:+g)—NiInN; — g In gi]. (32.3)

Byz!,eM HCKaTb MaKCHMyM O NpPH ABYX JONOJIHHTE/bHBIX YCJIOBHSIX:
B83/1aHO IOJIHOE YHCJIO YacTHIl rasa

SIN;=N (32.4)
i
" qucupoaal-xa noJiHasi 3Heprus rasa

3 Vg =U. (32.5)
i
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Toabsysick MetonoM MHOXHTesell Jlarpanxka (cM. «MaremaTHyecKoe
npunoxenue», mn. C), NpUpaBHSeM HYJMIO INPOM3BOJHbIE BEJHYHHBI
® =0+ aN —BU, rae a u p — MHoxuTeqH Jlarpanxa, Toraa

oD
;= In(N;+g:) —InN;+a—pe; =0.
Orcionia A5l HauGoJlee BEPOSITHOTO YHCJIA YacTHIL B siueliKe HMeeM

Ni=—f . (32.6)
e i—1

Hamnucannoe pacnpenenerne 66110 BhiBefieHO B 1924 rony DiHIITeHOM
M HOCHT Ha3BaHMe pacnpefiesieHHsi Bose — DitHmreiina (Bose BbiBen
€ro JUIsl 4aCTHOTO CJIyYas ra3a CBeTOBhLIX KBaHTOB). IlapameTpsl o u f
onpefensiiorest yeaosusamu (32.4), (32.5)

&i —
Z —eree— =N (32.7)
i
=t =v. (32.8)

i

Mgt o6cynuM (H3HYeCKHe CJIEACTBHSI, BbITEKAlOLiHe H3 pacipefele-
Husi Bose — DitHITelina, MO3Ke U MepelifieM Tellepb K BHIBOLY CTATHCTH-
4eCKOTO pacrpefiesieHdst Ansi ¢epMHOHOB (pacnpelenenne Pepmu —
Jupaka).

PaccMOTpHM i-fi 5HEPreTHUeCKHH «SIIUK» C YHCJIOM siYeeK g; H YHC-
som yactHll N; (cornacHo mpunuuny Ilaynu umeem N; < g;). Ha
puc. 47 u3o6parkeH yacTHLIA cayyail g; = 8, N; = 5. Tak KaK 4acTHIbI

1 2 9
Puc. 47.

HePa3JIMYHMbl, TO Pa3JHYHEIE CIOCOGH OTJHYAIOTCS APYT OT Apyra
TOMBKO TeM, KaKHe sYefiKH 3aHSTH (OAHOH yacTHLel) U KaKHe siueilKd
CBOGOJHbI, HJIH, HHAYe TOBOPSI, NMEPECTAHOBKAMH MYCTHIX siUeeK C 3aHsi-
ThIMH. 3aHKCHPOBAB TaKoe paclpejieieHHe, NpojiesaeM BCeBO3MOXKHbIE
HecylecTBeHHbIe (He Jalolihe HOBBIX CIIOCOOOB pacrpefiesleHHs) Iepe-
CTaHOBKH N; 3aHATBIX siyeeK MexAy co6oi u (g; — N;) MycThIX siyeek
Mexny co6oit. Ilposena 3TH nepecTaHOBKH, Mbl IOJNYYHM B pe3yJib-
TaTe IOJHOE YHCJO NepecTaHOBOK BCeX sueek g;l:

WiNil (gi — Ni)! = gil,
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OTKYyJla YHCJIO CIOCOGOB pasMelleH sl YyacTHL|

it
W= Bt 32.9
=N (32.9)
OG1ee unc/10 cnoco6oB pacnpefiesensi N 4acTHIL 10 BCeM sIMKaM NpH
YCJIOBHH, YTO B i-H MK momajaeT N; yacTHl, paBHO

W= HNl(g, T (32.10)

Monbaysck dopmynoit Crupaunra, Haiitem ¢ = In W:
o= [gilngi—N;InN;—(g;—N;) In(g; — N))].  (32.11)

MakCHMYM BeJIHYHHBI G NIPH yC/IOBHSX (32.4) 1 (32.5) OTHILEM, HCMOJIDb-
3ysi Meron Jlarpamka. JIJst 5Toro npHpaBHsiEM HYJIO NPOU3BOAHEIE
BeqHynHbl @ = 0 4 aN — BU:

g;;z=—- InN;+1In(gi—N;)+o—pe=0.
Orciofa AJis uuces 3anoJiHenus N; moayuum

— 8i
Ni= e e (32.12)

OTo BHIpaXKeHHe OTJHYAETCS TOJNbKO 3HAKOM Iepe]l eIMHULEl B 3Ha-
MeHaTeJ1e OT COOTBETCTBYIOLIEro BuipaxkeHHus (32.6) B craTucTHKe Bose —
DiiHreiina. ITapameTpbl o H P ONpeiessiOTCsl yCJIOBHIMH

&i
Z =g =V (32.13)

giti
ZTW u. (32.14)

§ 33. Mpunuun Boabumana

Jlnst Toro 4YtoGbl HANOMHHTH (PH3HYECKHM COAEPIKAHHEM TOJyueH-
Hble HaMH CTaTHCTHYeCKHe pacrpelenenuss (32.6) u (32.12), HyxHO
YCTaHOBHTb (H3MYECKHH CMbICJ NapaMeTpoB o H f, Kortopble ¢op-
MaJIbHO onpejieNisiioTcst paBeHcTBaMy (32.7), (32.8) uan (32.13), (32.14).
Ilns 3T0r0 OKasbBaeTCsi HEOGXOXMMBIM JOMONHHTbH annapaT CTaTHCTH-
4ecKOH (DH3HKH ellle OJHHM BaXKHbIM (PH3HYECKHM IOCTYJATOM.

CyuiecTByeT Aa/eKko Hayliee CXOACTBO MeXAy BBEJEHHHIM B TepMO-
IMHAMHKe (YHCTO (peHOMEHOJIOTHYECKHM 06Pa3oM) MOHSTHEM SHTPOIHH H



§ 33 MPHHUMI BOJBLIMAHA 141

¢ynxunell ¢ = In W, BBeleHHOl NPH BHIBOJE CTATHCTHYECKHX paclpe-
JieNeHui.

DTO CXOACTBO, BO-NEPBHIX, 3aKJIOYAETCs B TOM, 4TO, TaK e Kak
M DHTPOIHS, B TePMOAMHAMHKe QYHKIMsI O alAUTHBHA. B camom peue,
€CJTH MBI MBIC/IEHHO pa3o6beM 00beM ra3a Ha 4acTH, TO YHCJIO CIOCOGOB
pacrpefie/ieHHsi BceX ero MOJIEKYJ/ N0 SHepreTHYecKHM sIIMKaM PaBHO
NPOU3BEAEHHIO YHCJIA STHX CIIOCOO0B JJ1s Kax 0 yacTH. Takum o6pasoM,
W ectb QyHKUHS MyJbTHIVIMKaTHBHAsl, a ee Jorapuom — QyHKUHS
aJUIMTHBHASI.

Bo-BTOpBIX, KaK MB YCTAHOBHJIH B TeDMOJMHAMHKE, SHTPOINHS H30-
JIMPOBAHHOH CHCTeMbI BO3PAcTaeT B IPOLECCAaX BBIDABHHBAHUSI H HMeeT
MaKCHMaJbHOE 3HaueHHe B COCTOSIHMM paBHOBecHsl. Tak KaK Mbl OTOX-
JIeCTBUJIM COCTOSIHHE, DaBHOBECHO® B TePMOJHHAMHUYECKOM CMBICJe,
C COCTOSIHHEM, B KOTOPOM pachpejieleHHe YacTHIL 1o syelikaM ($ha3oBOro
W-TIPOCTPAHCTBA fBJISIETCS] HaHGoJee BEPOSITHBIM, TO B 5TOM COCTOSIHHH
OJHOBPEMEHHO HMeeT MaKCHMyM M BesHyHHa 0 = In W.

Buaiarojapsi STHM apryMeHTaM MpeACTaBJsieTCs Pa3yMHBIM NOCTYJIH-
poBath, 4TO (C TOYHOCTBIO IO NMOCTOSTHHOTO MHOXKHTeJIS1) mepMOOUHamU-
uecku onpedeneHHas IHMPOnUs cosnadaem ¢ eeauduroli o. BriGepem
YHC/IEHHBIH KO3((OHUHEHT paBHbIM TNOCTOSIHHOH DBosbumana & =
= 1,38-107% spe/cex, T.e. GyueM OupeneasiTb SHTPONHIO HOPMYJIOH

S=kInW. (33.1)

Taxolt BbIGOp KO3(hipHIMEHTa IPHBOAUT K TOXKIECTBEHHOMY COBIIajie-
HHIO BEJMYMHBI S ¢ TepMOAHHaMHuyecKoil sHTpomuell. Pasencrso (33.1)
Mbl GyJeM HasblBaTh npunyunom bBoibymara.

DHTpONUSl CHCTeMbl B PaBHOBECHOM COCTOSIHHH paBHa

Smax =410 Wipae (33.2)

(B masbHefimeM Mbl OGO3HAYaeM SHTPONHMIO PABHOBECHOTO COCTOSIHHS
npocto S). IMockonbky W << Wmax, T0 B S << Smax-

Taxum obpasom, no BoabumaHny Bo3pacTaHHe SHTPONHMH NPH IIPO-
necce BbIpaBHMBAaHHs eCTb CJICTBHE Nepexoja CHCTEMbl OT MeHee Be-
POSITHBIX COCTOSIHHH K HaHGoJiee BEPOSITHOMY COCTOSIHHIO.

CrienyeT MoAYepKHYTh NPHHIMIHANbHOE OTJIHYHE CTAaTHCTHYECKOH
TPAaKTOBKH HeOGPaTHMOTO IpolLecca OT TPAKTOBKH TePMOJAHHAMHYECKOH.
C TouKH 3peHHst (eHOMEHOJOTHYECKOH TePMOAHHAMUKH TpoLecc, o6par-
HBlll HEOOpaTHMOMY, HeBO3MOxeH. C TOYKHM 3peHHsi CTaTHCTHYECKOM
bu3HKM mpolece, 06paTHBIH HeOGPaTHMOMY, €CTh IepeXoj OT HauGoJee
BEPOSITHOTO paclpefieJieHHsl K MeHee BeposiTHOMY. B Makpockonuueckoi
CHCTeMe CKOJbKO-HHGYAb CYLueCTBEHHBe OTKJOHEHHsi OT HanGosiee
BEPOSITHOTO pacnpefieleHust ((payKTyallH) NMPOUCXOASAT Ype3BbIYaHHO
Pe1Ko, ¥ BepOSTHOCTb MX MaJja. B cucTeMe ¢ HeGOJIBLIMM YHCJIOM 4Ya-
CTHIL BEPOSITHOCTD JlaXKe KPYMHBIX GJYKTYalluil CTaHOBHTCSI CPaBHHMO#
C eJMHHIeH, H OHH NPOHCXOAAT AOBOJIBHO YacTo,
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Iokaxem Tenepb, KakK NOJIb3YsACh NPHHLUMIOM BosbuMaHa, MOXHO
Ha#TH (QU3MYeCKHH CMEICA napaMeTpoB o H f§
Bocnosieayemest popmynamu

Y=at =N Y=t -v (33.3)

i —
i i 1

(BepXHHMH 3HaK OTHOCHTCS K pacnpefenennio bBose — JfHireiina,
HHXKHHME — K pacnpefenenHio ®epmu — Jlupaka) M CBSI2KeM SHTPOIHIO
PaBHOBECHOTO COCTOSIHHS C YHCJIOM YacTHIL N M BHYTpeHHeil sueprueit U.

CrenaeM npeBapHTeNbHO CJefyioliee METOAHUECKOe 3aMeyaHHe.
Tak Kak Bce siuefiKH, NMPHHaJJEMAllHe OJHOMY H TOMY XKe SIIHKY,
SKBHBAJIEHTHB! (3TO BHMJHO, B YaCTHOCTH, H3 TOTO, YTO YHCJO YaCTHIL
B simKKe N; NpONOPIHOHAMBHO g; KaK B cydae pacnpenenenus bose —
DiiHTeliHa, TaK H B ciyyae pacnpefenenns @epmu — Jlupaxa), To
HacTO 11e/1eCO06Pa3HO MOJIB30BAThCS YHC/IAMH 3allOJHEHHS, OTHeceH-
HBIMH K OfHOH siuefike n; = N,;/g;. DTH uucia paBHbI

1

—u+ Be; +1

m= (33.4)

CO 3HAKOM MHHYC HJIHM IJIIOC B CJyyae CHCTEM 6GO30HOB HJIH (bepMHOHOB
COOTBETCTBEHHO. nOJleyﬂCb YHCJIAaMH 1, Mbl 6y}1eM Jo6bie CYMMBbI

o sEKaM» NPHBOAMTH K BHAY I\ g:F (i), rae F (i) — ynkuus Ho-
i

Mepa «siuKa». [IpH TaKoli 3alHCH SKBHBAJEHTHOCTb SIYEEK BBICTYNaeT

COBEpIIEHHO OTYETIHBO 6arofiapsi HaJHYHIO MHOXHTeast g;. Haii-

ZieM Tenepb SHTPONHIO PABHOBECHOTO COCTOSIHHSI CHAuana AJs CH-

cTeMbl  Go3oHOB. IToabaysice dopmyaoft (32.3) M BBOAS uucaa ny,
[OJIyYHM

0= [(Ni+g)In(N:+g)—N:InN;—giIngi] =
= th [(ni+ 1) In(ni+1)—nilnn].  (33.5)

MaxcuMaJIbHYI0 BeJIHYHHY SHTPONMHUH HAXOAWM, IMOACTABUB H3 pacrpe-
nenennst Bose — DiiHwTeliHa 3HayeHue n;:

Zg.[__ai;*;&‘ ln(l—ea—ﬁe.-)]. (33.6)
1
Ioabsysch ¢popmysnamu (33.3), UMeeM OKOHYaTeNbHO

S- —aN+pU — Y giln(1—e"~"%). (33.7)
i
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AHaJIOTHYHO IS CHCTeMbl (PePMHOHOB HaXOAMM ¢ momotnbio (32.11)
o= lging—NiinNi—(gi—N)n(g:—Ny))=
l =—Zg,» [nilnn; 4+ (1 —ny)In (1 —ny)). (33.8)
TMoxcTaBisisi COOTBETCTBYIOLIEE PABHOBECHOE pacrpeliesieHHe f1;, Noay-
UMM JJIs] MAaKCHMaJIbHOTO 3HAYeHHs SHTPOIHH
2= Zg.[ _‘ai;;“"" +in(l4e 5%)] (33.9)

H, nosb3ysck Qopmyaamu (33.3), HMeeM

&= — aN+BU+ Y giln (1467,

(33.10)
OObenHHsAs 3TH Pe3yabTaThi, Mbl MOXKEM HanmucaTb GOpMyJy
o = — aN+BUT Y giln (1 e, (33.11)
i

rJie BepXHUil 3HaK OTHOCHTCS K CJYYalo CHCTEMB! GO30HOB, a HIXKHHH —
K CJ1y4alo CHCTeMBI ()epPMHOHOB.

Heo6xoaMMo NOAUepPKHYTh CJEAyIollee BecbMa BaXKHOe pasfHuve
Mexay ¢opmynamMu ans SHTPOIHH (33.5) u (33.8), ¢ onHOMN CTOPOHHI,
n (33.7), (33.10), (33.11), ¢ apyroit cTopons. Qopmyusr (33.5) u (33.8)
onpeuemnor SHTPOINHIO Ta3a B IPOHM3BOJILHOM KaK PaBHOBECHOM, TaK
¥ HepaBHOBECHOM COCTOSTHHH. B IpOTHBONOMOXHOCTH 3TOMY, HOPMYJIbI
(33.7), (33.10), (33. 11) OTHOCSITCSI TOJIbKO K PaBHOBECHOMY COCTOSIHHIO
rasa C MaKCHMaJbHOH 3SHTponuefi M HanGoJee BepOSITHHIMH YHCJIAMH
3aI10JTHEHHS 1y, Ny... MBI BUIMM, UTO SHTPONHS HEPaBHOBECHOTO COCTOSI-
HUs sBJIsieTCs] PYHKIMeH GeCKOHeYHOro HabGopa YHMceJs 3aMOJNHEHMS 1,
CBSI3aHHBIX YCJIOBHSIMH Zg,»m:N H Zg;n,»e,»: U 1 npoH3BOJIbHBIX
B OCTa/JbHOM. B IPOTHBONOJIOXKHOCTb 3TOMY, SHTPONHS PaBHOBECHOTO
COCTOSIHHMSI TIONHOCTBIO OMNpefe/isieTcs 3aJaHHeM JBYX NapaMeTpoB
1 f, NpHOGPETAIOUINX TeM caMbiM (yHAaMeHTaJbHOe 3HaueHHe B (paB-
HOBECHO#) TepMOAHHaMHKe.

Jlasi Toro 4ToGHl YCTaHOBUTH (DH3HUECKHH CMBICJ IapaMeTpoB o
1 f, naiinem puddepenunan surponuu u3 dopmyast (33.11) 1 cpaBHHM
C BhIpaxkeHHeM dS B TepmopuHamHKe. Ilpoxuddepenunpyem ¢ aToit
uesipio (33.11) onun pas mo o mpu P = const u apyroit pas no f npu
a = const, cunras kaxjpli pas e; = const, g; = const.

Ecau BHewHne novist (3/1eKTpHUECKOE, MarHHTHOE, I'PABHTALMOHHOE
H T. 11.) OTCYTCTBYIOT, TO YPOBHH SHEPTHH &; 3aBHCAT TOJBKO OT pasme-
POB cocy/ia, B KOTOPOM HaXOJTCH ra3 (cM. § 41), T. e. ot mapamerpa V.
Ilpu Haanunu BHeWIHMX TOMell YPOBHH 3HePTHH 3aBHCAT TaKikKe OT
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IPYTHX BHELIHHX NlapaMeTpOB (HAaNpSXKEHHOCTH noJel). Bynem cuurath
AJIsl IPOCTOTH, YTO BCe BHELIHHE NOJs (KpoMe IOJsi CTEHOK cocyla)
orcyreryloT. Torza ycioBHe &; = const SKBHBAJEHTHO YCJIOBHIO
V = const. Fimeem mostomy

%<g%)u.l/= _a(%%)u,v+ U+ﬁ<g_g)a, V—Z:‘uig'&ielfl

H, CJIEJOBaTeNbHO, corsacHo (33.4)

(== TP (5 @2
Awuasoruuno, nose3ysicb gopmysoii (33.5), Haxoaum
F(Fhv=—V-a(&) (5 D = -

= <6a>5 V+ﬁ( )” (33.13)

Orciopa, yMHOXasl paBeHcTBO (33.12) Ha dP u pasencTBo (33.13) Ha da
H CKJaJblBasi, HMeeM

& dSy=—adN+pdU. (33.14)
C Ipyro#i CTOpOHHI, M3 TePMOJMHAMHYECKOTO TOXJECTBa s AHG-
epeHiHasa BHyTPeHHeH SHepPruu

dU=TdS—PdV+pdN
HMeeM

dS=— Y dN -} dU+5av
H NpH NOCTOSTHHOM o6beMe
dSy=— - dN + - dU. (33.15)
Cpasgusa;{ dopmydsr (33.14) u (33.15), HaxoauM GU3HYECKHH CMBIC]
a " p

1

B=F (33.16)
=15 (33.17)

OGpaTiM BHHMaHMe 4YHTaTess Ha TO, YTO B CTAaTHCTHUeCKOH (H3HKe
MBI oHuMaeM oA N u dN uHc/a yacTHl, a He 4HCJa MoJieli, KaK B Tep-
MOJMHaMHKe. B cOOTBeTCTBHH C 3THM BO BCeX MOC/ENYIOUWMX Maparpa-
(ax XMMHYECKHII [IOTEHI[HaJ I OTHOCHTCS He K OJHOMY MOJIIO BEIleCTBa,
KaK B TePMOJMHAMHKe, a K OJHOH 4YacTHIe, TaK YTO UMEeT MecTO COOT-
HOILIEHHE

Wrepmonnn = N it cramnes
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(N o — uncio ABoranpo). Ml coxpaHiM TeM He MeHee npeskHee 0603Ha-
YeHHe | IS XMMHUYECKOTO NOTeHIHa/1a, HOPMHPOBAHHOrO Ha | 4acTHIly.
Toacrasasis m:lpa)xeﬂm nm Buas q)opmyny (33.11) u yuuThIBast coOT-
Homtenuss @ = pN u F = U — TS = ® — PV, noayunm

FkT‘” +2g,1n 1 5 e EIAT), (33.18)

OTKyZla HAaXOIHM YpaBHEHHe COCTOSTHHsI A/si Go3e- M (pepMH-Ta30B:
PV=okT Y g:In(l Fet P, (33.19)

IlpaBasi yacTb 3TOr0 BbIpaxKeHHsl BCETJa MOJOXKHTeNbHA, TaK KaK IpH
BepXHeM 3HaKe (cTaTHCTMKa DBose — DfHIITeHHa) OTpHUIATe/]eH Jora-
pHM.
Takum oGpasom, pacmpenenenns Bose — Dfinmrefina 1 ®epmu —
Jlupaka MOTYT GbITh 3amHcaHbl B BHAE
Ny=— 8 (33.20)

SE AT

a JIOTIOJIHUTEJ/IbHBIE YCJIOBHS, (‘bPlKCPlpleH.ll/Ie YHCJO YaCTHUIL U IOJHYIO

SHePTHIO, B BHJIE
1
Zgi e—oar— =N, (33.21)
n et F1

N g =U. (33.22)
" et F1

3aMeTHM, YTO MOCJe TOTO KaK MBI YCTAHOBMJIHM (PH3HUECKHE CMBIC]
napamMeTpoB a H f, ¢H3HUecKas HHTepnpeTalus cooTHoweHHu# (33.21)
¥ (33.22) momkHa GHITH CYIECTBEHHO H3MeHeHa. [lepBoe M3 5THX ypaB-
HEHUH MO-TIpeXXHeMy OmpefiesisteT p Kak (QyHKUMIO uyucsia yacTHn N u
temnepatypel 7. Onnako napamerp p = 1/kT He HyXlaeTcsi B KaKOM-
JHGO JIOTIONIHUTENILHOM  ONpeJie/leHHH, MO3TOMY YycjoBHe (33.22) Mel
GylleM cuyuTtaTh ONpee/SIONMM BHYTpeHHIOl 3Hepruo. OHO ompene-
asier U Kak dynknuio p ¥ T, HO TaK Kak M3 ypaBHeHHs (33.21) Mbi
3HaeM w Kak ¢ynxmuio N u T, to ypaBHenusi (33.21) u (33.22) cos-
MECTHO ONpele/sioT BHYTPeHHIO sHepruio U Kak (yHKIHMIO uMcsia
uactun, N u temmepatypsr T.

Bepnemcsi Tenepp kK ¢opmyne (33.11) m paccmoTpuM noppoGHee
Clyyal, KOrja HMeeTcsi KaKoe-1HOO BHellHee noJe. B oTivune or
PacCMOTpeHHOro BHIE Cc/Iyyast NOJA CTEHOK COCyla, KOrja YPOBHH
SHepPruM €; 3aBUCAT OT 3KCTEHCHBHOTO NapameTpa V, NpH HaJH4HH
APYTHX mosieli BeJIHYMHBI &; ABJIAIOTCH QYHKINAMH HHTEHCHBHBEIX Napa-
METPOB — HanpsiKEHHOCTeH COOTBETCTBYIOWMX mnoJeli. EcTecTBeHHO
TI03TOMy CUHTaTh BHYTPEHHIOW sHepriio U dyHKIHel ee «eCTeCTBEHHBIX»
NapamerpoB S, V, N H HanpsKeHHOCTH COOTBETCTBYIOUIETO IMOJIS.
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Hanpumep, npu HaJMYHM MarHHTHOTO IOJSt MBI OyleM CUHTaTh
U=U(S, V, N, H).

Mer coxpanuM, janee, Assi CBOGOAHOH SHEPTHH, TENJIOCOJepKaHHs
H TePMOJHHAMHYECKOTC NOTeHIHana onpeenenuss F = U — TS, W =
=U-+ PV, ®=U —TS + PV u GyleM CYHTaTb HX 3aBHUCSILHMH
KaK OT HX «eCTeCTBEHHBIX» apI'yMEHTOB, TaK H OT HaNpsKEHHOCTH MOJISI.
OueBHaHo TorAa, uto dopmy.sl (33.16) — (33.22) ocrarorcst cipaBenJiu-
BLIMH H B 3TOM Gosiee o0LieM cJyyae, KOT/Aa YPOBHH 3HepTrHH & OynyT
(YHKIMSAMH HaNpPSIKEHHOCTH COOTBETCTBYIOMIEro IOJS.

§ 34. Pacnpenenenne Makceeana — Bonbumana

PaccMOTpHM Temepb, K KaKHM CJIEJCTBHSIM NPHBOAHT THIOTe3a O
Pas3JHYUMOCTH TOXKJAECTBEHHBIX YacTHIL. MBI no-npexkHeMy HMeeM CH-
CTEMY SILIMKOB C SHepTHell €; U YHCJIOM SiYeeK g; H XOTHM pPa3MecTHTb
B i-M simike N; pasinuuMbix yactu. HalileM cHava/sla, KaKHM YHCJIOM
cnoco6oB N YacCTHI[ MOXHO Da3MecTHTb IO SIIMKaM, He (UKCHPYS
siyefiKH, B KOTOpble OHH IPH 3TOM nonajaioT. Tak Kak yacTHIbI CYM-
TalOTCSl Pa3JMYHMBIMH, TO pa3Hble CIHOCOOBI OCYLIECTBJIEHHS TaKOro
pacrpefiesieHHsi OTJIMYAIOTCS APYr OT APYra NepecTaHOBKAMH YaCTHIL,
HaXOJSIMXCS B pasHbIX simuKaxX. O603HAYMM YMC/IO PasHbIX CIOCO-
6o W’. IlpojenaB npH KaxaoM ¢pHKCHPOBAaHHOM CMOCOGe BCEBO3MOXK-
Hble HeCyIecTBeHHble (He JaloliHe HOBBIX CNOCOGOB) NepecTaHOBKH Ya-
CTHI BHYTPH KaXJIOTO SIIHKA, NOJYYHM, OUeBHJIHO, MOJIHOE YHCJIO mepe-
CTaHOBOK N HacTHL, OTCIOAa

W’I[N'_Nl W= HNI

Haiizem Tenepb, KAKHM YHCJIOM CTIOCOGOB MOXKHO N Pa3/IMYHMBIX YaCTHIL
pacrpejie/IuTh 110 gy siuefiKaM NepBoro KIHKa, N, pa3/inyHMbIX YaCTHI —
no g, AuefikaM BTOpPoro simMKa H T. 1. Tak Kak aas Kaxuo# ua N;
YacTHIL i-rO AHKA HE3aBHCHMO OT OCTAJNbHBIX CYIIECTBYET g; BO3MOK-
HOCTeHl pasMelLleHHsi MO siyefiKaM, TO HCKOMOE YHCJO CIocoGOB PaBHO

4 N.
2igi- - -gi=g; »a Mis Beex smukos || g; i.Tlostomy mosmoe uncio

criocoGoB pacmpesiesieHusi N yacTHIl 10 'ﬂLU,I/lKaM paBHO
N,
g_ i
w=w [le=m ]+ (34.1)
L | g7

TMoabaysick ¢opmy.ioit CTHpaHHra, HMeeM s 0 = In W BhlpaxeHue

=NInN+ 3 [N;lngi—N;lnNj. (34.2)
i
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Mbl 1O/KHBl HANHTH MaKCHMYM O NDH JAONOJHHUTENbHBIX YCIOBHSX

SNi=N, SNe=U.

IMpuGerast BHOBb K MeTOAY MHOxHTeJel JlarpaHsxa, AAst OTHICKaHHS
HauGoJiee BEPOSTHOTO paclpesie/leHHs] IPUPABHSIEM HYJIIO NPOM3BOJHbIE
no N; seanuudel ® = ¢ + (¢ + )N — pU:

%D,- =Ing:—InN;+o—pe;=0,
OTKyJla noJyyaeM pacnpelejeHne Makcsessia — Bosabumana
N;= g P8, (34.3)
IMapameTphl & M B ONpeNe/sIOTCS NO-IPEXKHEMY YCJIOBHIMH
g =N, (34.4)
g Fi=U. (34.5)
i

HerpynHo BuIeTh, 4TO pacnpenesenne Makcseasna — BosibliMana MOXKHO
NOJyYHTh KaK NpeleabHbli cayyail pacnpenenennii Bose — DiiHTeiiHa
u ®epmu — Jlupaka

Ny=—S8i
e(!l,w—u)/lz?I 1

Ecan Beimonusiercs (npH JIOGHIX €;) yCaOBHE
eETWAT 5 (34.6)

TO e[MHHIlell B 3HAMEHaTeJe STOTO BHIPAXKEHHs] MOXKHO mpeHeGpeub,
Mbl TIOJyyaeM pacrpefiesieiHe MakcBesia — Bosbumana:

el Ni et (34.7)
8i

DTOT pe3y/IbTAT MOXKHO OblIO Ol MPEABHIETb H3 MPOCTHIX (PHZHUECKHX
cooBpaxeHuii: HepaeHCTBO (34.6) paBHOCH/IBHO HepaBeHCTBY Ni/g; < 1
M MpencTap/seT coboit ycnopre pa3pexKeHHOCTH rasa. B paspemxeHHOM
Ta3e YaCTHILI HAXOAATCA B CPeIHEM Ha GOJIbLIMX PACCTOSIHHSIX APYT OT
Apyra, U B 3TOH CHTYyalHH YCJOBHE Pa3HYMMOCTH (HJIH HEpPasJHYH-
MOCTH) YaCTHI[ CTAHOBHTCS HECYIIECTBEHHBIM (YACTHIIbI IPAKTHYECKH He
COMMKAIOTCS M HX HEBO3MOXKHO «mepenyTath»). [ToaToMy ecTecTBeHHO,
UTO B 3TUX YCJOBHSX CTATHCTHUECKHE PACIpeie/IeHHsT ISl HEOTAHUHMBIX
YacTHIl COBMAJAIOT C pacnpejeleHHeM JJIs OTIHYHMbBIX YacTHIL — pac-
npenesenneM Makcsessia — Bosbumana.

Bepuemcsi Tenepb K BOMpoCy, NOCTaB/I€HHOMY HaMH B Hauane § 32:
SBJISIOTCA JIH YaCTHIBI OJ(HOTO COPTa (9/IEKTPOHBI, POTOHBI, ATOMbI H T. J1.)

Ni=g,-€
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TOXK/ECTBEHHbIMH HJIH OHM MOTYT HEMHOTO OTJIHYaThbCsi APYT OT Apyra.
OTBeT Ha 3TOT BONPOC CJeflyeT U3 TOrO, 4TO, KaK NMOKa3biBaeT CpaBHe-
HHE C 5KCNePHMEHTOM, B NPHpPOAe AJIs BCeX YaCTHI[ CNpaBeJIMBhI pac-
npenenetns bose — JiiHwTelina (11 6030HOB) Hin Pepmu — Jlnpaka
(st depMHOHOB), a pacnpenenenre Makcsenla — BoJblMaHa OKasbl-
BAeTCsl JIHLIb MPHGJHKEHHO CIpaBelJUBbLIM B NpeJeNbHOM Cilydae Ma-
JILIX YHCEJI 3aMOJIHEHHSI. JMo BHAUUM, Ym0 MUKPOHACMUYbL 0OHO20 COPMA
ABASIOMC S HEOMAUMUMBIMU U Yoc mem Goee MOKIecmeeHHbIMU.

BblpaxeHHe JJIs1 SHTPONMH NPOH3BOJBHOTO (KaK DaBHOBECHOTO,
TaK M HEPaBHOBECHOTO) CcOCTOsiHHs rasa Makcsesia — Bosbumana
MOXKHO TIOJYUHTb JBYMSI CHOCOGAMH:

A. V3 BeIpaxeHH#l jsisi SHTPonHM rasa Go3oHoB (33.5) mau rasa
tdepmuonoB (33.8) mmeem mpH n; < 1 (MOAB3ysACh pa3sioNKeRHeM
In(l4+x)=xnpu x<L1)

S
S=N— 2 ginlnn;. (34.8)

B. IMoabaysick ¢opmy.ioit Boavumasa S = k In W, monyuaem u3
(34.2)

%:—zg,-nilnn,-—{—NlnN. (34.9)

Bropoe cnaraemoe N In N B 5TOM BblpaxkeHHH HapyllaeT aJAHTHBHOCTD
SHTPONHH (SHTPOMHsI MepecTaeT GbiTh MPONOPLHOHAJBHOH N). DtOT
HEJIOCTAaTOK TEOPHH «HCNpaBisics» GopmanbHO B TeopHH BosbuMana
TeM, 4To BbipaxkeHne (34.1) anss W gneamsoch Ha N! (npenjoxeHo
JI. B. TuG6com). DroT HenocJejoBaTeNbHbH NpHEM MOTHBHPOBAJICS
TEeM, YTO COCTOSIHHsI, OTJIMYAIOLIMeCs IepecTaHOBKaMH 4YacTHIL ApYyr
C APYroM, CYMTABIUMECS MPH MOJACYETe YHc/a crioco6oB W pas/HyHBIMH,
SBJISAIOTCS HA CAMOM JleJle TOXKAECTBeHHbIMH. B pesyJibTate 3TOro npu-
ema ¢opMysna pacnpenenenuss Makcseana — Bosabumana ocraercs
HEH3MEeHHOH (Tak Kak caaraemoe N In N NoCTOSHHO M JaeT HYJb NPH
nuddepenwyposanun In W no N;), a Bbpaxcenue 1Js SHTPONHH CTa-
HOBMTCSI aJUIMTHBHBIM M COBIajawimm ¢ (34.8).

CresiaeM Tenepb CJelylolllee 3aMeyaHHe.

B o6nacty npuMeHHMOCTH pacnpefenenHs Bosbumana, Kak Mbl BH-
JleH, MMeeT MecTo HepaBeHCTBO Ni/g; < 1, M Jaxe mpH GOMbIIHX
yHcaax g; ukcaa N; MOTYT OKasaThCsl MaJIbIMH HJIH CPaBHHMBIMH C efiH-
uuueii. Bosee Toro, kKak Mbl yBuauM B § 35 (B KoTOpoM OyZeT yuTeH
M3BECTHBIH U3 KBAHTOBOH MeXaHHKH (aKT AHCKPETHOCTH SHEPreTHYECKHX
yPOBHeHl aTOMOB M MOJIEKYJ), NPH HEKOTOPbIX YCJOBHSIX (I/1aBHBIM
06pa3oM AJisi HHU3KHX BHEPreTHYyeCKHX YPOBHeH) H uHCaa g; MOTYT
0Ka3aTbCsl CPABHHMBIMH C EIMHHLEH.

Tpu 5THX YCJIOBHSIX BbIBOJ CTAaTHCTHYECKHX pacrpejiesieHHil, OCHO-
BaHHbII HA NpHMeHeHUH ¢opMmynbl CTHPJIHHTA IaS BBIYHCIeHHs Nl
U g;!, CTAHOBHTCS HEKOPPEKTHbIM. TeM He MeHee pe3yJbTaThi, MOJY-
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YeHHbIE B pe3ysbTaTe MPHMEHEHHs] 3TOT0 MeToja — paclpele/ieHus
Bose — iinmreiina u epmu — Jlupaka, TaK XKe KaK H pacnpejie/ieHHe
Makcsesia — BosbliMana (IpH MasbiX 4YHCJIAX 3alOJIHEHHs  siueeK
Ni/gi), oKa3bIBalOTCSI BePHBIMH. DTO CJEAYET KaK M3 CPaBHEHHs CJIEl-
CTBHH, BHITEKAIOUUX U3 3THX QOPMYJI, C SKCIIEDHMEHTOM, TaK H H3 TOTO
(aKTa, 4TO BCe TPH DAcClpeleNeHHsi MOT'YT ObIThb BbIBEJAEHBI APYTHMH
MeTOJaMH, OTJIHYHBIMH OT METOAA SILHKOB H siYeek H He ONMHPAIOMUMHCS
Ha NPeAnoJoKeHHe O TOM, 4TO 4yHcaa N; H g; BeJHKH 10 CPaBHEHHIO
¢ enuHuiei. OIMH M3 9THX MeTONOB — oOwuii Meton I'm66ca, mpuio-
JKHMBIH He TOIBKO K HJeasbHbIM ra3aM, HO H K CHCTeMaM B3aHMoJeficT-
BYIOIHX YacTHll, GyAeT moapoGHo HajoxeH B §§ 41—43. Pacnpenene-
Hust Bose — Diinmrefina, ®epmn — Jdupaka, Makcsenna — Boabll-
MaHa NOJIYYaloTCsl NPH 9TOM KaK YacTHbIE CJydaH.

§ 35. Ilepexol K HHTErpHPOBAHHMIO. YCJOBHS BBIPOKICHHS
HJleabHOTO rasa

Mel nosTy4HsIM TPH CTAaTHCTHUECKHX PACHpeleJIeHHs :
1. Pacnpenenenne Bose — Jitnmreiina (b. — 3.)

_ 8i
Ni= e(—fmr—l (35.1)
N= 2 (e_uw — (35.2)
i€i
U= 2 = L (35.3)

—1

2. Pacnpenenenne ®epmu — dupaka (. — [1.)

Ni= (si—ué)jjkT_H' (35.4)
N= 2 = S — (35.5)
U=3 et (35.6)
3. Pacnpenenenne Makcpenna — Bosibumana (M. — B.)
N;= g™~k (35.7)
N =3 g ", (35.8)

U= g™~ %", (35.9)
i
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CnenaeM Tenepb ciefyiomee BaxKHoe 3ameyanue. C TOUKH 3peHHst
KJlaccuyecKoH GH3HKH SHEPrHusi, Tak ke KakK M Jiobas Apyrast AHHaMH-
yecKkasi BeJIMYHHA, M3MEHseTCsl HeNpepbiBHO, MPHHHMAsK JoGble NpoMe-
JKYTOYHble 3HaueHHs. [Ipu BHIBOJe CTAaTHCTHYECKHX pachpefiesleHHH Mbl
JIMIIb HCKYCCTBEHHO CJe/aNH ee JHCKPeTHO MeHsIoleficss BeJHYHHOH,
BBOJsi pa3CHeHHe Ha sHepreTHYeCKHe CJIOH («IHKH»). ByzeM Temeps
CUHTATh HEPreTHYECKHe CJIOH JOCTATOYHO TOHKHMH, UTO NO3BOJHT HaM
nepefiTH B popMysax, OnpeAe/sIOMHX XHMHYECKHH TOTEHIHA] H BHYT-
PEHHIOIO 3HEPTHIo, OT CYMMHPOBAHHUS MO «SIIMKaM» K HHTEIPHPOBaHHIO.
3aMeTHM IpH 3TOM, YTO MOCKOJIbKY TepeMeHHBIH MHOXHTeJb BO BCeX
TPeX paclpeeieHHsIX 3aBHCHT TOJNbKO OT 3HEPTHH, TO YHCJIa H306pa-
JAIOWHUX TOYeK B PAaBHbIX (pa30BBIX 06beMaX, HAXOASUIMXCA B OJHOM H
TOM )K€ SHePreTHYeCKOM CJIoe, PaBHBI, H MBI MOXeM BBeCTH IJISl CTa-
THCTHYECKOTO ONHCAHHMSI rasa YHCJI0 yacTul dN B 3JemeHTe (asoBoro

npocrpancrpa dI' = H dq; dp; (M1 YHCJIO YACTHIL, Y KOTOPBIX 0606IIEH-

i
Hble KOOPAHMHATHI JieKaT B mpefenax (¢i, g: -+ dg;) 1 o6o6LIeHHbIe HM-
nyJabcel — B mnpenenax (p;, p; + dp;)). Ilpm sToM uHcl10 sueek g;
JOJIKHO GbITb, OYEBHJHO, 3aMEHEHO BbIPaKEHHEM

11 d9: ap:
8 =8>

rae a — (a30BbIi 06beM OfHOM fuelKH, BBeAeHHHIH B § 30, n ¢ — Be-
COBOH MHOXKHTeJb. I10sIBNIeHHEe 3TOTO MHOXHTeJISi CBSI3aHO C TeM, YTO
npu (UKCHPOBAHHBIX ¢; M p; YaCTHIIA YACTO MOXKET HAaXONHTbCS B pas-
HBIX COCTOSIHHSIX, OTJIMYAIOWMXCS APYrUMH napameTpamu. Hanpumep,
€CJTM YacTHL@ MMeeT CIHH S, TO NPOEKIHs CIHHA Ha HEKOTOpoe Hampa-
BJIeHHE B TPOCTPAHCTBE MOXKET HMeTh 25 + 1 pasHblX 3HaueHH# (—s,
—s 41, ..., s— 1, s B enunuuax h/2m). B stom cayuae g = 2s 4 1.
JI/151 CBETOBBIX KBAHTOB g = 2, TaK KaK NPH (QUKCHPOBAHHBIX 4acToTe v
¥ HanpaBJeHHH PACIPOCTPaHEHHS KBaHT cBeTa — (OTOH MOXKET HMeTb
JIBa HE3aBUCHMBIX HANpAaBJEHHS NOJSAPH3AIHUH.

Tlocsie nepexoja K HeNpepeIBHOMY ONHCAHHIO CTATHCTHYECKHE pac-
npejie/leHHs 3aMMUIyTCsl B BHME:

1. Pacnpenenenne Boze — ditnmreiina

dr

g
dN = w=omr—y (35.10)
dr
N=% S JE—W/RT _ " (35.11)

_&g¢ e dl
u==£ SE(T—W”_—n (35.12)



§351 MEPEXOM K UHTETPUPOBAHMIO. BBIPOKAEHHUE [A3A 151

2. Pacnpenenenne ®epmu — [lupaka

;. 8 dr
= SEWAT [ (35.13)
g dr
N=. S;@:W;, (35.14)
8 edl'
U="2\ =iy (35.15)

3. Pacnpenenenne Makcsessa — Bonbumasa

dN = %e(u—-e)/de[“ (35.16)
N =% S el —okTqT, (35.17)
U=§ S colt—e)/RT T (35.18)

OTMeTHM BeCbMa BaxKHOe OTJIMYHe pacnpenesneHnii Bose — DiHin-
Teitna u ®epmu — Jlupaka or pacnpenesennss Makcseaia — Bosbu-
MaHa.

B ciyyae cHcTeMBl GO3OHOB WJIH CHCTEMBI (DEPMHOHOB YPABHEHHs
(35.11) 1 (35.14) MoryT GbiTb B NPHHIMIE Pa3pelleHbl OTHOCHTENBHO |
(xoTs B 0OLueM Cayyae 5TO MOXKeT GbITh CeJaHO JHIUb NPHOIHKEHHO).
Ilpu sToM p Gyzer 3aBuceTb of N u T, a Takxke mapaMeTpPHUeCKH OT
obbema siuelikH a. [105TOMY mocJle NOACTAHOBKH 3HAYEHHs] XHMHYECKOTO
noTeHIMana B ypaBHeHus (35.12) u (35.15) BHyTpeHHsisl SHEPIHs TaKxKe
6yneT 3aBUCETb OT YHMCJIA YACTHI, TeMnepaTyphl H nmapamerpa a. Cueso-
BaTeJIbHO, BeAUHUHA a Modcem Gbimb 8 NPUHLUNe HAIOeHa U3 CPasHeHUs
¢ skcnepumenmom (HalmpuMep, MO H3MepeHHsIM TemoeMmkoctd Cy =
= (U/aT)y).

CoBeplueHHO HHaye OGCTOHT JIeJI0, €CJIH Mbl MOJb3yeMcst GopMyJoii
pacnpenenennst Makceeana — Boabumana. O6GpaTHM BHHMaHHe Ha
TO, YTO XMMHUYECKHH MOTEHIHAN L H 0OBbeM sUeHKH a BXOASIT B ypaBHe-
Hust (35.17) u (35.18) MyJIbTHIVIHKATHBHO B BHJie OXHOM H TOH e KOM-
Gunaunn eV/*Ta™, TIosToMy UCKJ/IOUeHHe | M3 CHCTeMbl STHX ABYX ypaB-
HEHHH O3HAYaeT OJHOBPEMEHHO HCK/loueHue a. C/e0BaTe/bHO, 6HYyN-
pennss snepeus U oxasvisaemes ¢pynxyueti N u T u He 3asucum om a.
IMogenus (35.18) Ha (35.17), HaxonMM BhIpaxKeHHe

ee—#/RT ar
U=Nm» (35.19)
B KOTOpoe 061eM @ He BXOJHT.
B cayvae pacnpenesnennst Bose — Ditnmtefina u ®epmu — upaka
BHYTpeHHss sHeprusa U omnpenessiercs ¢popMmyJiol
edT/e®—W/RT _ 1
U=N S. -

m’ (35.20)
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H CYLIECTBEHHO 3aBHCHT OT [ M, CJIeIOBAaTeNbHO, OT a. Takum o6pasom,
IS TOYHBIX CTaTHCTHUeCKHX pacmpepenesnit ®. — JI. u B. — 3.
o6beM 3/leMeHTapHOM suelikH, Kak Mbl yxe ynomusanu B §§ 31 u 32,
He SIBJISIeTCSl NPOM3BOJILHBIM, KaKHM sBJAsieTcsl (B M3BECTHBIX TNpeje-
nax) o6beM KUK, a TOYHO GUKCHPYETCst 3aKOHAMH NIPUPOJBI U MOXKeT
ObITh HalileH H3 SKcrepuMeHTOB. TOJNBKO B NMPENeJbHOM Cayyae MaJbix
uyices 3amoJjHeHHs (061acThb NPHMEHHMOCTHM pacrpelelenus Makc-
Bes1a — BoJsibiiMaHa) 3Ta BO3MOXKHOCTb Hcye3aeT W (a3oBblii 06beM
sIYeHKH CTAHOBHTCS NPOU3BOJBHBIM.

YcTaHOBHM Tenepb GoJjiee TOYHO KPHTepHI NMPUMEHHMOCTH pacrpe-
Jenennss Makcesnna — Bosbimana. PaccMOTpHM, U1t KOHKPETHOCTH,
cJy4ali OHOATOMHOTO HJ€aJIbHOTO Ta3a B OTCYTCTBHE BHEIIHEro MOJIs:

_p_gtn4e
2m 2m .

Tak KaK 3Heprusi 3aBHUCHT TOJIbKO OT aGCOMIOTHON BeJHYHHBI BEKTOpa

HMIYJIbCA, €CTECTBEHHO Pa3bMBaTh HMIYJIbCHOE MPOCTPAHCTBO Ha Ia-
poBbie C/IoH ¢ 06beMoM 4np®dp, oTKyna noayyaeM Ajas dI' BelpaxkeHHe

dl' = V4ap2dp. (35.21)

Bo MHOTHX cayyasix yA0GHO mepefiTH OT HHTErPHPOBAHHS IO HMIIYJbCY
K HHTErPHPOBAHHIO 11O SHEPTHH C MIOMOIIBIO COOTHOLIEHHS p = (2me)'/2

dl = V2m (2m)' €' de. (35.22)

VYcsioBreM npHMEHHMOCTH pacrpefenenusi Makcsenna — Bosbimana
ABJSIeTCs BHINOJIHEHHe HepaBeHcTBa e — &/kT & 1 npu moGkIX €, B TOM
yucsae U npu € = 0; B 3TOM cJyyae OHO NMPHHHMAET BUI

AT L1, (35.23)

TMpH BHINONHEHHH 3TOTO YCJIOBHSI Mbl MOXKeM HaiiTi et/*T u3 opmy.sl
(35.17)
Na

en/kT =g52_—e/”zﬂ" (35.24)

I/IHTeI‘paJI, CTOSIIUMI B 3HaMeHartese, MOXeT OBITb JIETKO BBIYHCJEH

o
J= Se‘e/” dl'=V2n (2m)'’: S e—t/kT g'h de =

0
©

=V4n (2mkT)*- S e—*'x2 dx,
0
U OKOHYATe/JbHO HaXoXuM (cM. «MaTemMaTHyecKoe mpHJOxKeHHe», m. D)

J=V 2nmkT)".
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CuesoBare/ibHO,
Na
eWhT — 7
Ve @ity " (35.25)
Mbl y6epuMcsl B JajibHefieM, 4TO sl OJHOATOMHOTO rasa 00heM
3/1eMeHTapHOll suelikH a paBeH h®, rae h — nocrosinnasi Ilnanka,
U KPUTepHil MPUMEHMMOCTH pacnpejenentss Makcseasna — Bogbumana
npHoGpeTaeT BHA (MHOMKHTENb g ~ 1 U MOXeT GbITb ONYLIEH)

LS, D (35.26)
V \2amkT < : :

Takum o6pasoM, npumerumocmu cmamucmuxu Marceesra — Boab-
ymana cnocobcmeyem manas. naomuocme easa NIV, Gorswue maccol
Mmonexya m u evicokue memnepamyper T.

ITpoTHBONO/OKHBIA KPUTepHii
N he \3/2
v <2nka) = 1 (35.27)
npeJcTaBiasieT cofol ycJoBHe, NPH KOTOPOM pacrpefiesenne Makcses-
Ja — BosbliMaHa HeNpHUMEHMMO, M Ia3 MNOAUMHSIETCS pacrpeseseHHIo
Bose — ditnwrefina uin Pepmu — Jdupaka. B stom cayuae ras npu-
HSITO HasblBaTh 6b/pONCOeHHbIM W KpuTepHil (35.27) HOCHT HasBaHHe
Kpumepus 6biposicOeHUs.

PaccmotpumM Kputepuit (35.26) cHauana Agst cayyasi rasa, COCTOsI-
ero H3 OObIYHBIX aToMOB. IloJcTaBJisisi uMC/IeHHble 3HaueHust h, k&,
NIV~ 10" eu® 1 m e~ (10%—102%) e, nmoayunm 7T > 107 °K.
Takum o6pasoM, A/isi OGLIYHBIX T'a30B NPH JABJEHHH, GJIH3KOM K HOP-
MasbHOMY, pacnpefenenve MaxcBesia — BosbliMana siBisieTcst Xopo-
WHM NpHOJIHKEHHeM BIVIOTh 10 BecbMa HH3KHX TeMmeparyp.

Mnaye oGCTOHMT €0 JUIsl Ta30B, COCTOSIMX M3 Gojee JIETKHX ya-
CTHLL, HAaTIPUMep, J/Isl 3JEKTPOHHOTO Iasa B MeTaJljle WU [JIst CBETOBOIO
n3nyyeHnsi (ra3 ¢portonos). [lyis 3/1eKTPOHOB m ~ 10727 ¢ u AJIs KBaH-
TOB Jake PEeHTTeHOBCKOH 06JacTH cmekTpa m = hv/c* ~ 107 ¢, u
N03TOMY BILIOTH A0 TeMmeparyp ~ (10°—10%) °K  nast takux rasos
pacrpenesienne Maxcpensia — BosibuMana HenmpuMeHUMO M OHHM  siB-
JISIIOTCST BHIPOKAEHHBIMH.

§ 36. Q-noteHuuan Gode- M ¢epMH-ra3oB

B OTCYTCTBHE BHELUHEro I0Jisi HHTerpaJibl, CTOSLlHE B IIPaBbIX ya-
CTAX PaBeHCTB

.y dr =&
N“;S CE—WAT L T 4

4np? dp
L,{e—u),kTI 1’ (361)

ct——g

[=<]
_ g edl _& ' ednpdp
v S LE—WAT L 17 a 14 \ (E—WRT L ° (36.2)
0
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nporopiuonanbubl  o6beMy rasa V. Ilostomy coortHowenne (36.1)
onpefessieT u Kak HesiBHylo oyHKuuio N, T u V, a cooTHouenue (36.2)
HETIOCPE/ICTBEHHO OMNpeJiesisieT BHYTPEHHIO SHepTHIO, KakK (GYHKIHMIO &,
T u V. Uckmouast p u3 ypasrenuit (36.1) u (36.2), Mbl MOXeM B NPHH-
uune Haity U kak QyHKumio nepemennsix N, T u V. OnHako U B TOM
U B JIpyrom ciydae U HaxoauTcsi KaK QYHKIHS «UYXKHX» IepeMeHHBIX
(HaNOMHHM, YTO «CBOMMH» MEPeMEHHbIMH /ISl BHYTDEHHel SHEpIHU siB-
JA0TCs SHTponHs S, 06beM V u yHcio yactui N). T0 BO MHOTHX Cay-
4asgx HeyJoGHO: HanpuMep, Mbl He MOXeM HaHTH laBJeHue rasa P u
€ro HTPONHIO S ¢ NOMOLIBIO AHGbepPEeHINPOBaHHS BHYTPEHHE!H SHEPTHH
H BbIHYX/IeHbl IpuGeraTh K 6oJiee CJOXKHBIM NpHeMaM. ¥ J0GHO No3ToMy
BBECTH ellle OJHY TePMOAHHAMHUYECKYIO QYHKIHIO, AJsi KOTOPOH Xapak-
TEPUCTHYECKHMH IeDeMeHHbIMH sBJsIINCh Obl w, T, V. 3anuwem pis
3Toro audpepeHnHanbl CBOGOAHOH 3HEPIHH H TePMOJHHAMHYECKOTo
NOTeHIMaNa

dF =—SdT —PdV +pdN, dD=d(uN)=pdN+N dp
H BBIUTEM M3 [IEDPBOTO PABEHCTBA BTOPOE
d(F—®)=—S8dT —PdV —N dp.

OGo3HauuM BennuuHy F — @ gepes Q. Torza nosayynm

Q=F—O=—pPV (36.3)
H aas ,zmq@epeﬂunaﬂa Q-HOTQHLLH&JIB HaxoJHM BbIpaxKeHHe
dQ=—SdT —PdV —N dy. (36.4)

W3 sr0it opMy/bl BHAHO, YTO €CTECTBEHHBIMH INEPEMEHHBIMH JLJisi
Q-norenuuana ssasioress T, V M p, a 9HTPONHs, JaB/eHHe H YHCJIO ya-
CTHLl MOTYT GbiTb HaiilleHbl myTeM AvdQdepeHIHpoOBaHHS

_ [eQ [ _ Q)
SW_((T P=—\av)r.w N__<0H)T-V' (86.5)

T )v.u’

TTokaxeM, Kak BbIPaKalTCsi ApyrHe TePMOAMHAMHYeCKHe DYHKIHH
@, F, U, W uepes Q-notexuuas. Mcnoassys (36.5), nonyyaem ans @
BbIpaXkeHHe

[0Q
@:Np:—p\[??)n ,- (36.6)
Ha dopmyast F = @ — PV = @ + Q Haxonum
0Q
F:g_p@.@)n - 36.7)

U3 cootnomenus U = F + TS nosayyaem ¢ nomompio (36.7) u (36.5)

U=Q—p \33)7 =T (g‘,’)u ) (36.8)
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Haxkoneu, us onpepenenus W = U + pV = U — Q Haxonum,
0Q 0Q
W——“(ﬁ)m‘T(aﬂu,v- (36.9)
Bce HanMcaHHBIE O CHX NOP COOTHOILEHHS UMEIOT OGLIMH XapakTep H
NIPHTOAHB! AJIS1 JIIOOBIX MOHOBAapDHAHTHBIX TEPMOIWHAMHYECKHX CHCTEM.

B vacTHOM c/1yyae HIeaJbHBIX (03e- H (hepMH-Ta3oB COIVIacHO ¢op-
myaqe (33.18)

Q=—PV==iT Y g:In(l 5"~ %*7), (36.10)

rJle BepXHHH 3HaK OTHOCHTCS K CJ1Y4alo CHCTeMbl GO30HOB, a HIXHHH —
K caydalo CHCTeMbl ¢epMHOHOB. Iocsie mepexoja K HHTerpPHPOBAHHIO
BbIpakeHHe JIs1 Q-TIOTeHIHaJa NPHHHMaeT BHJ

Q== gkT S I (1 5 ew—eT), (36.11)

TMokaxeM, 4To JJIs rasa B OTCYTCTBHE BHEIIHEro 1oJisi Q-NoTeHInan
CBfI3aH BECbMa IPOCTON 3aBHCHMOCTBIO C BHYTpeHHel sneprueit. Jomy-
CTHM, YTO 3HEpTHsl YaCTHLbI BbIPAMAeTCs yepe3 ee HMIYJabC HOPMyJIOH

e=Bp%, B=const, s=-const,

KOTOpasi OXBaTbIBAaeT M CJyyall HepesiTHBHCTCKHMX YacTHL (¢ =p?/2m,
s = 2) W cayyall npelesbHO PeNSTHBHCTCKHX 4acTHI (¢ = ¢p, § = 1).
Hurerpupys (36.11), no o6wvemy Haiinem
4ngkT ¢
g — o —
Q= 48Ty S dp p* In (1 5= e —eONAT),
0
IpouHTErpHpyeM 3TO BHIPaXKEHHE IO YaCTAM, YYHTHIBAS, YTO BHEHHTEr-

paJibHBIl WieH 06pallaeTcsi B Hy/Ib KaK Ha HHXKHEM, TaK H Ha BEpPXHEM
npenenax

oo 68 o
0 _ iy P %dp _ s4ng ep?dp
T D —WAT 1~ T 3 a § D —W/RT 1 °
(36.12)
CpaBuuBas (36.12) ¢ dopMmynofi BHYTpeHHell Hepruu
4 ¢ 2 d)
= e ___&pdp

U= a 14 5 L —W/RT 1 (36.13)

HaxoAuM HHTepecyiollee HAC COOTHOLUEHHEe

Q=—3U. (36.14)
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B uacrHocTH, Aast HEpeNATUBUCTCKHX YaCTHIL

e=—1v, (36.15)
a J1s1 TIpeJie/IbHO PeNIATHBHCTCKUX YacTHIL (HampuMep, AJsl GOTOHOB)
Q=—1U. (36.16)

Tonuepkuem, uro dopmyJsr (36.14) — (36.16) Bmecte ¢ (36.13) ompe-
JeJISIIOT Q-NOTeHIHaN KaK (YHKLHIO «CBOHX» nepeMenueix T, V, p.
TTosTOMy SHTPONHUS U J]aBJIeHHe MOTYT GBITh HaliieHs! 1o opMyJam (36.5)
nyteM auddepenunpoanus Q no nepemenusiM T, V. Iocsenusist gop-
myaa (36.5), N = — (6Q/0u)r,y, HCno/b3yeTcst OGBIUHO JJIsi HAXOXKIe-
HUSl XMMMYECKOrO IOTeHIHaJa H €ro MOCJeNYIOUero HCKJIOYeHHs U3
GOpMyJ1 A/ BHYTpEHHell SHeprHH, SHTPONHH M JaBJIEHHS.

3aMeTuM, HaKoHel, 4yTo opMmy.nl (36.14) — (36.16) cnpaBesIHBEI
€CTeCTBEHHO U B IPEeJIeJIbHOM C/yyae CTaTHCTHKH Makcsessia — Boabir-
mana. Hanpumep, 11si MakcBe11-GOJIbIIMAaHOBCKOTO Fa3a HepessTHBHCT-
CKMX 4YacTull u3 GopmyJ

Q=—PV, U=3NtT, 0=—2U

NPHXOIMM K ypaBHeHHIO cocrosinus PV = NkT.
Q-noteHnuas rasa Maxcensna — BoJbumana MoxeT GbiTh HaliieH
u3 (36.10) myrem mpesenbHoro mepexopa e*T <1 u paseH

Q= — kT eu/tT 3 gie™ %7, (36.17)
i

PaccMorpuM Tenepb 603e- HaH (epMH-ra3 B NPHCYTCTBHH BHELIHETO
nosisi. CoxpaHnsisi B cHJle onpefesnente Q-mnortenunana (36.3), Mbl mo-
IpeRHeMy NIPHXOAUM K popMmyute (36.10), HO Q-OTeHIHAN TOMEMO nepe-
MeHHBIX T, V ¥ p 3aBHCHT Tenepb elle OT HaNpsXKEHHOCTH MOJIs, B KO-
TOPOM HAXOAMTCS Tas.

PaccMorpuM Gosiee feTalbHO C/y4Yall rasa B MarHHTHOM MOJIE, KOTO-
pHIM HaM MNpHAeTCs 3aHMMaTbcst B § 57. BbluHC/HM NPOM3BOAHYIO
(0Q/0H)z,y,.. Cornacro (36.10)

(0H)T v T Eg'"’oﬁ

Tak Kak npousBojHas de;/0H ecTb B3ATHIH ¢ OGPATHBEIM 3HAKOM MarHHT-
HBIfl MOMEHT YacCTHIbI B [-M SHepPreTHYeCKOM COCTOSIHHH, MBI NOJIyYaeM

<gg>7 v =MV, (36.18)

rne M — HaMarHuyeHHe (CpefiHH# MArHUTHBIH MOMEHT elHHIIEI 0GbeMa).
Takum o6pasoM, Aisi AuddepeHuHasa Q-NOTeHIHAIa HaXOAMM Bbipa-

2KeHue
dQ=—S8dT — PdV — N du— MV dH. (36.19)
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§ 37. PasHoBecHoe uaayyeHne ((oToHHbI ras)

C TOUKH 3peHHs KJacCHUeCKOH (H3UKH DPAaBHOBECHOE H3JydyeHHe
B NOJIOCTH NpEJCTaB/sieT COGOH CHCTeMY CTOSIYHX BOJH C Pas3HBIMH
4acTOTaMHM Vv, HANpaBJEHHSMH DacIpOCTPaHEHHs H IOJsPH3ALHSMU.
Mol cTaBUM CBOei LeJIbIO PelIHTh 3ajady, KOTopasi He MOria ObITb pe-
LeHa cpeAcTBaMH (heHOMEHOJIOTHYEeCKOH TepMOJAMHaMHKH (cM. § 16):
HaHTH CNEKTPAJbHYIO MJIOTHOCTb SHePruH Haayuenust o (v, T).

Mot GyieM HCXOAMTb M3 TaK HasbIBaeMOTrO 3aKOHa PaBHOPACIIpeselie-
HHsl SHEPTHH IO CTeneHsM CBOGOAbI, KOTOpHIH Oyner jAokasaH B § 42.
CorslacHO 3TOMY 3aKOHY Kaxkiasi KoJsieGaTesbHasi CTeneHb CBOGOBI
(kaxknasi 3/1eMeHTapHasi BOJHA) BHOCHT B CPEJHIOI0 SHEPTHIO BKJAX,
paBHbiit kT. BBuay sToro ans nosnyvenus p (v, T) dv Hafo HalTH YHCJIO
Pas/IMYHBIX CTOSYUX BOJIH B elMHHIE 00beMa C YacTOTaMH B HHTepBase
OT Vv 10 (V + dv) H YMHOXHTb 3TO
gncJo Ha kT. JlomyCTHM AJst Ipo- my
CTOTBI, YTO MOJIOCTb MpEJCTaBJISET
co6oii Ky6 ¢ peGpaMH AIHHBI [,

OPHUEHTHPOBAHHBIMH BJOJb KOOP- A0

JIMHATHBIX OCel (SICHO, YTO pe3yJib-

TaT He MOXET 3aBHCeTb OT (GOPMbI m,
MOJIOCTH).

YpaBHeHHe  CTOSIYeHl  BOJIHBL
HMeeT BHJ

y=Asin(fr+8), G1.1)

rjie MOA y MOXKHO NOHHMAThb JHGO Puc. 48.
3JIeKTPHYeCKoe, JIHGO MarHHTHOe

nose BOJHEL, f NPeICTaBJseT coGofi BOJIHOBOH BEKTOp, HanmpaBJeHUe
KOTOPOTO COBIAJdeT C HANpPaB/JeHHeM DPaclpPOCTPAHEHHSI BOJIHBI, a MO-
Ayab paped f = 2n/A = 2mv/c, § — HauanbHas pasa U A — aMmiu-
TyAa BOAMHBL. HanoxuM mepHojuuecKHe rpaHUYHEIE YCJOBHS, KOTOpBIE
3aKJ/II0YaIOTCsl B TOM, YTO Ha NPOTSXKEHHH Ka)Joro H3 peGep MOJIOCTH
YKJIa[bIBAETCS 1e/I0€ YHCJIO BOJIH (H3HYECKH 3TO C/efyeT M3 TOro, YTo
B 3aBHCHMOCTH OT OTPaXKalOWHX CBOHCTB CTEHOK HA CTEHKAaX JOJIKHBI
HAXOJUTBCS JIHGO Y3/bl, IHGO MYYHOCTH CcTOsIuMX BouiH). Otciofa mosy-
4alTCs YCJIOBHS

fil = m2mn, i=1, 2,3, m;=0,%1, x2, ... (37.2)
(fi — npoekuun BoHOBOro BekTopa). UacTOTHI BOJIH NPHHHMAIOT,
CJleloBaTe/IbHO, KBAHTOBAaHHblE 3HAUEHHUS

vl = S m= Y M (37.3)

T on

Breniem npoctpanctBo uncen my, my, my (puc. 48). OGosHaunm yepes
dn (v) 4HCIO PaSJHYHBIX BOJH C YaCTOTAMH B HHTepBaje OT vV J0
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(v + dv), paBHOe yIBOEHHOMY (3a CYET IBYX He3aBHCHMbIX MOJSpH3a-
UMH) YHCIY TOYEK C LeJOYHC/IEHHBIMH KOODAMHATAMH m;, JeXalHx
Mexny chepamu ¢ papuycamH m H (m -4 dm). Tak Kak Ha Kaxnaywo
TaKylo TOYKY NPUXOAUTCS KY6 ¢ 06BbEMOM, PaBHBIM eIHHHIE, TO MCKO-
MO€ YHCJIO TOYEK PaBHO € GOJIBIIOH TOYHOCTHIO O6BEMY, 3aK/IOYEHHOMY
MeXJy yKasaHHbIMH cdepamu. [TosTomy

dn (v)=2-4mm? dm =22 vz g, (37.4)

Tonarasi B 5TOM BeIpaxkeHuH I* = V = 1 u ymHoxast Ha kT, Haxonum
CNIEKTPAJIbHYIO NJIOTHOCTb SHEPTHH H3/1yueHHs

p(v, T)=" g, (37.5)

Ara popmyJa BbipaxaeT 3akor Peses — Hocurca. Mbl o6¢cyxpany pusH-

ueckHe CJIeJCTBHsI STOrO 3aKoHa B § 16 u Buzenn, uro ¢popmy.a (37.5)

(u3MYeCKH HecoCTosITe/IbHa U NIPHBOJHUT K TaK Ha3blBaeMOH yJbTpaduo-
0

JIeTOBOH «KaTacTpode» (S p (v, T)dv pacxoauTcsl Ha BepXHeM NpefeJe |,
0

PaccMoTpHM Tenepb M3/yyeHHe KaK a3 CBETOBBIX KBAHTOB, HJIM
(HOTOHOB, KOTOpble 06/1afaloT CEAYIOMHMH cBoHcTBaMU. (DOTOHE! JBH-
JKYTCsI CO CKOPOCTBIO CBETa B BAKYYME ¢ H N03TOMY IIPEACTaBJIsAIOT OG0
6eaMaccoBble yacTHipl, m = 0 (3T0 caefyeT XoTs Obl U3 GOPMYJb A5
sneprun E = mc*/) 1 —1*/c?). CBA3b 3HepPrHH C HMIYJIbCOM, HMelo-
was /s «o6bIYHBIX» yacTHiL (y KoTopbix m 5= 0) Bug E* = m%* + p%c?,
215t GOTOHOB TpHHUMaeT BUA E = cp. QPOTOHBI HMEIOT Lie/JIOYHC/IEHHRBIH
cnuH (PaBHBIH eNHHHILE) M MOITOMY ABJSAIOTCA 6030HaAMH. DTO 3HAUHMT,
4TO YHCJIO (OTOHOB B 3/1eMEHTAPHOH siuelike He OPAHHUEHO H MOXeET
NpHHEMATh JII00ble 3HaueHHs1. Bosee Toro, Tak Kak (hOTOHb HEelpepHIBHO
M3J1yYaloTCsi H BHOBB NOTVIOWAIOTCS CTEHKAMH TOJIOCTH, TO NOJTHOE YHCJIO

doTOHOB He (HKCHPOBaHO M ycioBHe Y, N;= N jas gotonHoro rasa

7

He HMeeT MecTa. [T03TOMy MHOXHTeb JlarpaHka o M CBSI3aHHBIA ¢ HUM

XUMHYECKHH MOTEHIHAJ P JOJKHBI OBITh J151 POTOHHOTO Ia3a MOJIOXKeHb

paBHbIMH HyJ0. Takum o6pasoM, pacnpesenenue Bose — Diinmrelina

s QOTOHOB HMEET BHI
24T

N=——. 37.6

a (kT —1) ( )

Toxcrabass dI = 4np2dp dV, MHTErpuUpYs N0 KOOPIAMHATAM H TOJIa-

ras o6beM V, paBHBIM eMHHIE, NOJNYYHM JJIA YHc/aa (QOTOHOB B eAH-

HHIle 00beMa C HMIYJIbCAMH B HHTepBaJe OT p 20 (p + dp) i ¢ sHep-
rUAMH B HHTepBaje OT € J0 (¢ + de) BhIpaxkeHHe

_ 81 p2dp 8 &tde
v = a T 1T g fRT

(37.7)
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Bocnosibayemcst Tenepb (opmysiamu [1naHka, CBSA3bIBAIOLHEMH SHEPTHIO
H uMIyJabc QOTOHA C YacTOTOH CBETOBOI BOJHBI & = hv, p = hv/c.
Ot GopMyJIbl  SBASIOTCS BbIPAKEHHEM KOPIYCKYJISIPHO-BOJHOBOTO
JyaJH3Ma CBeTa, a MHOXHTE/Ib A NpeAcTaBisieT cobofi cBoeoGpasHbIN
T1epeBOJHbI MHOXXHTEJ/Ib OT BOJHOBOTO OMHCAHHS K KOPIIYCKYJIsIPHOMY.
Bripaxkenue (37.7) npuHUMaer Tenepb BHJ

8nhd  vidv

3q eMVIRT 1"

dN (v) = (37.8)

CrieKTpaJIbHYIO IJIOTHOCTb SHEPTHH NOJYYHM, yMHOXKasi dN/dv Ha hv:

o, T =2

= - (37.9)

PaccMoTpuM JBa MpefieIbHbIX caydas. B o6gact Manbix gacroT,
kora hv < kT, pasiarasi 5KCHOHEHTY B 3HaMeHaTese, HaXOXMM

p(v, T) =20 e, (37.10)

EcrecTBeHHO, 4TO B 3TOM NpeJie/IbHOM CJ1yyae HH3KOIHePreTHYeCKHX
(OTOHOB, KOPNYCKYJsipHBEIE CBOMCTBA CBETA He NPOSIBJAIOTCS H MOJY-
yaeTcsi popMyaa, [0 CYIIECTBY COBNAAaoLas ¢ Kaaccnyeckoit popmyJoi
Peness — lxxunca. CpaBuuBasi ¢op-

Myasi (37.5) u (37.10), Mbl naxoxum A7)
BhIpaXkeHHe Ias ofbeMa sueliku a: £-4. T=const

a="hd.

YpaBHenue (37.9) npHHHMaeT Tenepb
BHJ

I}
LS
!
'
1

8nh v3 i
p(v, T)::c—“e’“’/k—r—l' (37.11) Vimaz v
dra ¢opMyJaa HOCHT HasBaHHe ¢hop- Puc. 49.

Myaot [12aHKQ 1 XOPOLLIO COT/IACyeTcst

C ONBITOM BO BCeM HHTepBase yactoT oT 0 fio co. B mpoTuBonosox-
HOM npejelbHOM cayyae, Korja hv > kT, ¢opmyna Ilnanka mepe-
Xoaut B Qopmysy

o (v, T) =22 yag—tner, (37.12)

KOTOpasi GblJla npejsioxkeHa BHHOM H XOPOILO COTVIAaCyeTcst C ONMBITOM
B 06/1acTH GOJIBIUIHX YacTOT.

Ha puc. 49 uaobpasena 3aBHCHMOCTb O OT YacTOTBI v MPH (GUKCH-
PoBanHO# TemmepaType corsiacko gopmyJe IlnanKa (cnsousas JHHHS).
[l cpaBrenns wrpuxoBoil sMHHeH H3OGPaXKeHa 3aBUCHMOCTb P OT ¥
cornacHo gopmyJsie Peness — [kunca (P. — JI.)  WTPHX-NYHKTHPHOH
JIiHHell — corviacko ¢opmy.ae Buua (B.).
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®opmyna [lnanka nosposisieT HAHTH YHC/IEHHOE 3HAYEHHE IOCTOSIH-
HBIX @ 1 b B 3akone Credpana — BosibliMaHa ¥ B 3aKOHe CMelleHHs
BHHa COOTBETCTBEHHO.

TpounTterpupoas dopmyay [Tnanka fus NJAOTHOCTH SHEPTHH H3JY-
YeHHs, MOJIYUHM 3SHeprui0 H3JyuyeHHs Ha BceX dyacToTax (0ObeMHYIO
TJIOTHOCTb SHEPTHH)

© o

8nh d: 8k
w@=\ o, Nav="5 S T = e KT (37.13)
0 0

rae (cM. «Matemartnyeckoe npusoxenues, dopmyna (E.2))

OKOHYATENILHO T10JI yuaeMm

u(T)=aT*, (37.14)
I'Je NOoCTOsIHHas 3aKOHa BOJIbHMaHa a paBHa
8nskt
a= s - (37.15)

INoacrapasisi YHC/EHHBIE NaHHBE, MOXHO yGemutbesi, uto (37.15) mpe-
KPAacHO COIVIACYeTCsi C KCIePHMEHTAIbHEIM 3HaueHHeM a.

3ameruM, 4T0 ec/u 3anucarb 3akoH Crepana — Bosnbumana B Buae
u(T)y=a' (kT)*

(mepefiTn K TeMrepaType, U3MEPEHHOM MO SHEPreTHYECKOH LIKale), TO JUIsl NOCTOSHHON
@’ MONYuMM BLIPAXKEHHE

rie o = 2me/ch — MOCTOsHHAsA TOHKOH CTPYKTYphl. Jlupak o6Hapyxun (seomy6-
JIMKOBaHHOE COOOLIEHME), YTO MONYYEHHOe BbIpaiKeHHe C OrpOMHON TOYHOCTHIO (1O
NATH JeCATHYHbIX 3HAKOB) COBNAJlaeT CO CJIEAYIOLMM:

1
(4ne)s*

a’'=

(37.16)

Orciona Avisi BeJIHYHHBL OGPaTHON MOCTOSHHONA TOHKON CTPYKTYpH HMeeM Cieayioliee
NpUMeYaTeIbEOe BhIpaXKeHde:

o =dsm=tar ()", @7.17)

KOTOpO€ OKa3blBaeTCsl CNpaBejiuBbIM C KOJIOCCA/IBHOH TOYHOCTbIO. DTO COBMAJeHHe
Jlupax uHTEpNIpeTHpYET CeAyIomHEM 06pa3oM. B Kiraccnyeckoii afeKTpoauHaMuke (Tak
XKe, BIpoYeM, KakK H B cospemeHHoﬁ KBaHTOBO# SJleKTPOIlHHaMHKe) KBaHTOBaHue
9JIEKTPUYECKOr0 3apsifia sBJsieTCss NPHBHECEHHLIM H3BHE, YYXEpPOAHHIM TIOHSITHEM,
T. €. C TOYKH 3PEHHs 3NEeKTPOAMHAMHKH 3JIeKTPOH MOr Gbl MMETb H CKOJb yroguo
maablii 3apsp. Ho npu e — 0 mul umenu 66l @’ — o,
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Bynymas Teopusi SneMEHTapHBIX YaCTHU AO/KHA BbISICHHTb NMPHYHHBI KBAHTO-
BAHHSI 8apsila W YCTaHOBHTh CMBICI COOTHOWeHHs Ac/2me? = 137, cBA3bBalowWlero
peNsITHBH3M (C), KBaHTOBaHHe (/) H TEOPHIO S7eMEHTaPHLIX YacTHL ().

Buecte C TeM €CTh OCHOBaHHe iyMaTh, YTO B 5TOJ Gy/yiiel TEOPHH H BHIpaKeHHS
ans a’ (37.16) u aas 1/a (37.17) nepectanyt GbiTh MPOCTHIMM COBNAACHUSMH H TOJY-
4aT PAUHOHANbHOE OGbSICHEHHE,

JIns HaXoXJIeHHsl NOCTOSIHHON B 3aKOHe CMeLleHHsl OTHICKHBaeM Mo
OObIYHBIM TNPaBHIaM MaKCHMyM BhipaxkeHus (37.11). Vmeem

v wver
[ V2 3_ kT

v @ VAT JVIRT |

YacToTy, COOTBETCTBYIOULYI0 MakcHMyMy p (v, T), MOJyYHM, NMpHpaB-
HUBasi HYJIO BBIpaxeHHe B CKoOKax. BBonss mepemenuywo y = hv,/kT,
HaXOJMM ypaBHeHHe

(37.18)

3(e?—1)=ye,

KOTOPOE HMEET OJIMH KOpeHb, PaBHHIH NpHO/IHKeHHO y = 2,85. Orciona
nonyyaeM 3aKOH cMellenust Bura B dopme

Ym _
Ym s, (37.19)

rie nocrosiHHas b paBHa 2,85k/h.
B 3ak/nouenne sToro naparpaga BeiBeieM GOpMyIly, CBSI3bIBAIOILYIO
JlaB/IeHHe M3JyYeHHSI ¢ OOBEMHOH MNJOTHOCTBIO SHEPIUH

1
P=u(T),

KOTOpO# MBI 1MOJIB30BaMHCh B § 16 mpH M3yYeHHH TePMOXMHAMHYECKHX
CBOJCTB PaBHOBECHOTO H3JyueHHsl. Tak Kak BbIpaX€HHE [Jisi BHYTDPEH-
Hefl SHEPTMHM Mbl HALIM B «4yxHX» nepemedusix T, V (U = aT?V),
TO ]ISl HaXOXAEHHS ypaBHeHHs cocTosiHus P = P (V, T) (a Takxe
SHTPONHH H3JyueHHs) yAOGHO mepeiiTH K Q-motennuany. IToabsysich
dopmyaoit (36.16), monyyaem

Q=—1Uu=—1umy, (37.20)

OTKyJla HaxoJauM .
P=—2 = Lum="T, (37.21)
S=— (g\)v = Lu (NV="arv. (37.22)

§ 38. TensoBoe ABUXeHHE B KpUCTawiaX. DPOHOHHBIA ras

CraTHCTHYEeCKasi TEOPHsI TENJIOBOTO JABHIKEHHSI KPHCTAJJIOB BO MHO-
THX OTHOIUEHHSIX HaNOMMHAaeT TEOPHIO CBETOBOTO H3JydeHHs. DTO CBs-
8aHO C T€M, 4TO TEIJIOBOE JIBHXKCHHE aTOMOB (HOHOB, MOJIEKYJI) KPHCTa-
JINYECKOH pelleTKH ¢ XOPOIUHM NPUOG/IHKEHHEM MOXKeT PacCMaTpHBaTbCs

6 IO. B. Pymep, M. LL. PuiBkHH
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KaK HaGop MaJjbiX (rapMoHHyeckuX) Kojebamuil. Taxk kak KonebGanus
ATOMOB SIBASIOTCS 6J1arofiapsi CHIbHOMY B3aUMOJICHCTBUIO CBSI3AHHBIMH,
TO 3TO 3HAYHT, YTO TEIVIOBOEe JBHKEHHe B KPHCTa/THYECKOH pelleTke
npeacraBsier co6oH CyneprnosHIMI0 HOPMAJbHBIX KOJeOaHHH pelleTKH
HJH MJOCKHX MOHOXPOMATHYECKHX BOJH C Pas3HbIMH YacTOTaMH V; H
HaNpaBJeHHSMH PacnpoCTPaHEeHHs .

OpHaKo BOJIHBI B KPUCTaJJe BO MHOTHX OTHOUIGHHSIX CYIIECTBEHHO
OTJIHYAIOTCS OT 3JEKTPOMAarHUTHBIX BOJH. IIpexje Bcero sjekTpomar-
HHTHBIE BOJIHBI [ONEPeyHbl H 06/1aJaloT ABYMS HE3aBHCHMBIMH COCTOS-
HHSIMH TI0/1IpU3alMK. B oTsiHuKe OT 5TOro BOJIHBI B KPHCTaJJe MOTyT
OHITh KaK INONEpPeyHbIMH (C ABYMSI He3aBHCHMBIMH MOJISPH3ALHAMH),
TaK U NPOJOJIbHBIMH. Bo-BTOpHIX, 4TO eme Gosiee CylIeCTBEHHO, HaGop
9JIEKTPOMATHHTHBIX BOJIH He OTPaHHYEH O 4acTOTaM H CYIIeCTBYIOT
BOJIHBI CO CKOJIb YTOAHO GOJIbIUMMH YacToTaMH. [l BOJIH B KpHCTaJlie
H3-32 JMCKDPETHOCTH pPeIUeTKH IJHHA BOJHBI He MOXeT OhiThb MeHbILe
MHHHMaJbHOTO PACcCTOSIHHSI @ MEXAY aTOMaMM Amin ~ a H, CJeJ0Ba-
TeJIbHO, YaCTOTa He MOXKET MPEeBbIIIATh 3HAYEHHS Vmax ~ U/Amin ~ u/a
(4 — cpenHsis CKOPOCTb pacrpocTpaHeHHsi BojH). [TosTomy o6uiee
YHCJIO Pas3JIMYHBIX BOJIH B KPHCTaJlIe KOHEYHO H ONpEAeJseTcs YHCJIOM
KosieGaTebHBIX CTemneHell cBOGOAB KpHucTaana. IlosHoe uucsno pasinuy-
HBIX KosieGauuii paBHo (3N—6) (M3 MOJIHOTO YMCsIa CTemeHel CBOGOAB!
3N Hajo BBIUECTb TPH NOCTYMaTeJbHble W TPH BpalllaTe/bHble CTENEHH
CBOGO/IEI TBEPLOTO Tesla KaK 1eJIoro), Ijae N — YHCc/I0 aTOMOB HJIH HOHOB
B KpHUCTa/yie (aTOMBI PacCMaTpPHBAIOTCS NPH 9TOM KaK MaTepHasbHblE
ToukH). HakoHew, c/efyeT CKasaTbh, YTO M/ 3JEKTPOMAaIHHTHbIX
BOJIH B BaKyyMe COOTHOLIEHHE MeXJy YacTOTOH v M BOJIHOBBIM BEKTO-
poM f MeeT IIPOCTOl BUAV = (f/21t, TJle MHOXKHTEJIb ¢ IOCTOSIHEH (OTCyT-
CTBYET JMCIEPCHSI — 3aBHCHMOCTb CKOPOCTH DacnpoCTPaHEHHs! OT ya-
CTOThI). B IpPOTHBOMOJIOKHOCTL 3TOMY, AJSi BOJH B KPHCTa/je 3aKOH
ZICTIEPCHH (CBSI3b MexKAy v M f) B o6lIeM c/yyae He HMeeT CTOJIb IIpo-
CTOTO BHAA, TaK KakK CKOPOCTb DACHpOCTPAHEHHsi KaK IMONEPEYHBbIX
BOJIH U4, TaK ¥ NPOJOJNBbHBIX BOJIH U; 3aBUCHT OT YacTOTHI.

Kaaccuueckasi Teopust JJisi BHYTPEHHeH SHEPTHH H TEIJIOEMKOCTH
TBEpJOro Tesla JaeT BecbMa NPOCThie mpefickasaHHs. COINIacHO 3aKOHY
paBHOpACMpefie/IeHHst KaXkJasi CTeleHb CBOGOJIbI KoJeGaTe/IbHOro ABH-
KeHHs BHOCHT B SHepruio BKJaj kT:

U(T)= (3N —6) kT ~~ 3NkT = 3RT (38.1)
(4151 ONHOTO MOJISI BELIeCTBa) H, CJIENOBATENbHO,
U Kan
Cv= <_0F>V= 3R~6 2pad - moas * (3&2)

3To yTBepK/IeHHe HasbiBaeTcsl 3akoHom [iosonea u [Imu v 1ast pspa
BELECTB XOPOIIO BEIMOJIHSETCS! IPH KOMHATHBIX TeMnepaTypax. OaHako
JUisl APYTHX TBEPABIX TeJ, 0COGEHHO KPHCTaJ/IoB, 06/1afalolUX 6oJb-
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[LOf HPOYHOCTBIO, NOCTPOEHHBIX W3 JIETKHX aTOMOB (HampHuMmep, a/iMas),
sakoH [liosonra u ITTH Hapylaercst y»Ke NPH KOMHATHBIX TeMNepaTy-
pax, a IpH HH3KHX TeMIEpaTypax TEIJIOEMKOCTb JIIOGLIX KPHCTAJIOB
CTAHOBHTCSI CYILIECTBEHHO MeHblleH, yeM 3R

Cnenyer OTMETHTb, YTO 3HaueHHe 3R — 3TO KJ/accHYecKoe 3Haye-
HHE TEIJIOEMKOCTH JJIsl QMOMHbIX KPHCTANIOoB. [l MOHHBIX KPHCTaJ-
JIOB YHCJIO HOHOB B MOJie PaBHO 1N, TJle i — YHCJIO HOHOB B 3JIeMeHTap-
Holl siuelike kpucradna (n = 2 uas NaCl, n = 3 gaa CaCly, u 1. 1),
M 10 KJacCHYeCKO# (pH3MKe TEIVIOEMKOCTh JOJKHA paBHATbeA 3nR.
Yro KacaeTcsi MOJIEKYJISIPHBIX KpHCTaJJIoB (TBepapilt asor, sex H,0
U T. J.), TO LJsl HUX K PELICTOYHOH TENJIOEMKOCTH CJIeAyeT J00aBHTb
BHYTPEHHIOIO MOJIEKYJISIDHYIO TeIJIoeMKOCTh (BpallaTe/ibHble M KoJie-
GaTesibHble CTENeHH CBOGOAbI MOJIEKYJIBI).

TepefifeM, Tak e Kak H B Ciyyae CBETOBOTO M3Jy4YeHHs, K KOpny-
CKYJsIpHO!l KapTHHe, B KOTOPO# KaKIOH BOJIHE COTOCTABJISIETCS K8asl-
wacmuya — (oHoK C sHeprued &; = hv; U UMIyJbcoM p; = (h/27) fi.

Mgl GyieM B fasbHeleM H B IPYTHX 3ajiayax CTaJKHBaTbCs C Tep-
MHHOM KBasndacthua (cM. §§ 61, 62). dTHM TepMHHOM Mbl 0G0O3HauaeM
BO36YK/IEHHEIe SHEPreTHYeCKHe COCTOSIHHS KOJIIEKTHBA DeasbHBIX Ya-
CTHI[, COOTBETCTBYIOLIHE TeM HJIH HHbIM KOJJIEKTHBHBIM JIBHKEHHSM.
B ciyyae (OHOHOB 3TO — KOseGaTe/bHbIe KOJIJIeKTHBHbIE NBHXKEHHS —
HOpPMaJibHble KOJeGaHHs HJIH YIpYTHe BOJHBI.

Kak CpeicTBO MaTeMaTHYeCKOro ONHCaHMsi SBJEHHH, TOHsTHe
KBa3HYaCTHI H, B YaCTHOCTH, ()OHOHOB, SIB/ISIETCS BeChbMa YHOGHBIM.
Tak ke Kak H 151 GOTOHOB, yHCsa (OHOHOB B siueliKe He OrpaHHYEHBI
H, CJIelOBAaTe/NbHO, (DOHOHBI NOIYHHSAIOTCS paclpeleneHtio Bose—
Ditnmrefida. [IpH sTOM XMMHYecKHH noTeHMas (POHOHHOrO rasa cie-
JlyeT CYMTaTh PABHBIM HYMIO, TaK KaK (TaK e Kak H JJs1 HOTOHHOro
rasa) IoJiHOe 4HCJIO (POHOHOB He (PMKCHPOBAHO — (POHOHBI HENPEPHIBHO
(TOTVIOLIAIOTCS» H «H3JyYaloTCss» KPHCTAJIMYeCKOH pelleTKOM.

3anumeM pacnpesenenne Bose—DiiHIITeilHa M BbIpaXKeHHe AJIst
BHYTpeHHeH 3Hepruu (POHOHHOrO rasa

Ni:W/ngi_lz'ﬁir_lv (38.3)
U= f = S (38.4)

i

HJIH nocje nepexona K HHTeerlpOBaHHlO
AN = Bt = G FRORT—T (38.5)

© ©
4nV e(p)p*dp _ 4aVh v (f) f2 df
U="% & § EWET 1 (Qn)32§ SVNET ] (38.6)

(cyMMHPOBaHHe B 3TOM BbIpaXK€HHH BEAETCsi MO [BYM IIONEPeYHbIM
H onHOH NPOJOJIbHOH ﬂOJlﬂpPBalLHH). Mbl BUJHUM, UTO JJIs1 BBIYHC/ICHHS
G*
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BHYTPeHHeH 3HEPrHH HaJO 3HaTh CIEKTP YacTOT KPHCTaJJIHYeCKoi
PeIeTKH v; HJIH BHJ AHCIEPCHOHHOrO ypaBHeHusi v = v (f). Onnako
HaXOX/EHHe CNeKTPa YacTOT HJM BHJIA 3aKOHA JAMCIEPCHH NpeNCTaB-
JIsIeT Co00H BecbMa CJOXHYIO 3allauy Jax<e JJIsi CPaBHHTEJNbHO MpoC-
ThIX KPHCTa/UIHYECKHX peIleTOK.

Jle6ait ucrosb3oBan AJs pacueta BHYTPEHHeH SHepruu M TemJio-
E€MKOCTH KDHCTa/lJla TaK Ha3blBaeMylo Henpepoiryro modeas. B sToit
MOJIeJIM 3aKOH AMCIEPCHH NpeANoJaraercss TAKHM e, Kak JJIsi CILVIOLI-
HOH cpefbl (M JJIs 3/1eKTPOMAarHHTHOTO M3JyYeHHs), T. €. JHHEHHBIM.
B COOTBETCTBHH C STHM /151 4aCTOTHI IPOAOJIBHBIX H NOTIEPeYHbIX GOHOHOB
umMeeM v = u,f/2n U v = u,f/2%, TAe u; ¥ u; — CKOPOCTH pacmpocT-
paHeHHs] NPOJNOJIbHBIX H NOINEPeYHbIX YNPYrHX BOJH COOTBETCTBEHHO,
KOTOpEIe CYHTAIOTCS HEe 3aBHCSILIHMH OT YacTOThl. 3aMETHM, YTO 3TH BHI-
paKeHHsi JJIsi YacTOThl NOJYYAIOTCS, €CJAH PasJOXKHTb QYHKUHIO v (f)
B PN NO CTENEHSIM f M OrPaHHYHTHCS MEPBbIM (IMHEHHBIM) UYJIEHOM
pasnoxenus. I[1o3ToMy OHH, CTPOrO rOBOPsi, NPHTOAHE! JIMLIL NPH Ma-
abix f (cM. noapoGHee KoHel naparpada).

Ilepexonss B ¢opMysne BHYTPeHHeH SHEPrHH OT HHTErPHPOBAHHSA
1O BOJIHOBOMY YHCJY f K MHTEIPHPOBaHHIO IO YacTOTe v, NOJYYHM

ey T
U= £ S V3 dv

- gl (38.7)

1o BhIpaXKeHHe OTIHYaeTcst OT dopMyJsl (37.13) AIA MIOTHOCTH 3Hep-
THH (HOTOHHOTO rasa (OMHMO HaJIM4Hs MHOXHTeNs V) B Tpex OTHOLIe-
HusX: 1) Gnarogapsi TOMy, YTO HMeETCsl TPH COCTOSIHHS MOJISIPH3AllHH,
a He 1Ba, Kak y (oToHOB, B dopMyJie (38.7) UMeeTCs JIMIIHHI MHOXH-
Teab 3/2; 2) BMeCTo MHOXMTelsi ¢ B ¢opmyJse (38.7) nosiBisercs
MHOXHUTENb U™ = /4(ui*+ 2u;®), Tie u — ycpelHeHHasl CKOPOCTb pac-
[POCTPaHeHHs YNPYTUX BOJH B KpHCTaje; 3) BepXHHH NpeAes HHTer-
pupoBanusi B Qopmyne (38.7) paBeH Vmax (Ne6aeBckas wuacToTa), a
He oo, KaK B caydae ¢oToHOB. Kak Mbl yxe ynoMHHajH, AebaeBcKas
4acToTa 10 MOPSIAKY BeJIHUHHb paBHA u/a, Ile @ — MHHHMaJbHOE pac-
CTOsIHME MeXJ1y aToMaMu B pelletke. Bosiee ToyHo B Teopuu [leGas
OHa ONpeAesIsieTCsi COOTHOIIEHHEM
Vmax
2\ vav=sn
W
ly

(4MCJI0 YNPYTHX BOJH B MHTepBaje yacToT (v, v -+ dv) noayuaercs
u3 Qopmyabl (37.4), ecaH BBECTH JONOJHHTENbHBIH MHOXHTENb 3/2
H 3aMeHHTb ¢® Ha u°), OTKyAa MoJydaeM

3N )'/,

Vimax = U (m (38.8)

Beegem B (38.7) HOByIO mnepeMeHHYI HHTETPHPOBAHHS X C MO-
MOLLBIO COOTHOIIEHHS! hv/kT = X K ONpeie/HM XApaKmepucmu4ecKkyro
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memnepamypy Kpucmassa Wau memnepamypy He6as © dopmyioit
M., hu (3N \'
0=— =;(—> . (38.9)

4nV
Torza Buipaxenue (38.7) Aast BHYTpeHHeH SHEPTHH NpPUMET BHA

12n (KT V « x*d
U= 7 (kT § 3 dx

s T (38.10)
PaccmorpuM 1Ba npefienbhbix cayuas: T >0 u T L 6.
Flpu BbicoKHX Temmeparypax T >0 umeeM x<<O/T<L1
H, pasnaras B psj e° B 3HAMEHaTeJe, NMOJYYHM

o/T
127 (kT V 2 gy o L1416
7 Ry

U= VT.

ToxcraBnsts 3Hauenue © u3 dopmyarr (38.9), Haxomum
U=3NkT =3RT, (38.11)
Cy=3R (38.12)
B corsacHu ¢ 3akoHoMm [roJsonra u Ilrtu.
Ipu HH3KHX TeMnepa'rypax T<9 HMeeM

s x3dx xBdx it
§ R INSH_ =z (38.13)
0
(cM. «Matemarnueckoe npHJoKenue», dopmyna (E.2)), oTkyza aas
9HepPr'HH HaXOAHMM BbIpakeHHe, cXonHoe ¢ dopmy.oft Crepana—DBoabu-

MaHa J/S SHEPrHH CBETOBOTO H3JYYEHHs

U= (38.14)
H 1] TEMJIOEMKOCTH
167542V
Cv= 5z T* (38.15)

OTOT pe3y/ibTaT XOPOWIO COIJIacyercsi € AAaHHLIMH 3KCIEPHMEHTOB.
B npoMex<yToyHO} 06/1aCTH TeMmmepaTyp BbIpaxKeHHE JJis BHYTPEH-
Hell SHeprHH HMeeT BHJ

U=3NETD (%) (38.16)
H AJd TEeNJI0EMKOCTH
Cy=3Nk [D (%) -2 (%)] (38.17)
rze
¥
D=5 § e (38.18)

— TaKk HasbiBaeMas ¢yuryus [ebas,
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3amernm, uto gopmy.ta Jlebast npeacTaBsieT cOGOH HHTEPIOISLHOH-
Hylo QopMyay, CTPOro roBopsi, BepHylo Toabko npu T > © u npu
T L ©. [leficTBUTENIbHO, NPEINOJOXKEHHE O TOM, YTO JHCIEPCHOH-
HOe ypaBHEHHe HMeeT BHI v = uf/2m, cipaBejHBO TOJNLKO NPH Ma-
JIBIX YacToTaX (JJIMHHOBOJNHOBBIE KoJeGaHHs, NPH KOTOPHIX GOJbIOe
YHCJIO ATOMOB KOJIeG/IeTCsl [IOUTH B OJHOH (ase M CPefy MOXKHO paccMar-
pHBaThb Kak HenpepbiBHYK). ITo3TOMy InpH HH3KHX TeMmeparypax,
KOrjia B cymMme GopMyJiel (38.4) CyIIECTBEHHBI JIMIIb MaJjble YacTOTHI,
mopenb Jle6asi 3aBefioMo npuMeHuMa. C Apyroit CTOpOHBI, IPH OYeHb
BBICOKHX TeMIepaTypax Bce KoJjieGaTeslbHble CTeNeHH CBOGOAbI BO3-
6yJeHbl H BHOCAT CBOH «KJjaccuueckuit BKaam: kT. ITostomy npeamo-
JIOXKEHHs] O pachpelie/ieHHH 4acTOT HecylIeCTBEHHHbI, M Teopusi [eGas
ONsATH MPHBOAUT K XOPOIIMM pe3yJbTaTaM. B mpoMmexyTouHoil oGracT
TeMnepaTyp Teopus [leGasi siBisieTcss cyry6o npHOIMIKEHHOH M y/OB-
JIETBOPUTENIBHO COTVIACYETCS C ONBITOM TOJBKO JJISl NPOCTEHINHX KpHC-
TaanoB. B ofuem ke ciyyae NOCTpPOeHHE Teopuu TpeCyeT 3HAHUS
CNEKTpa YacTOT KPUCTA/Ia HJIM JHCNIEPCHOHHOTO YpaBHEHHS.

Beoipaxenue (38.9) aus neGaeBckoit Temnepatyphl © = hAvVyax/k 10-
KasblBaeT, 4yTo Je0aeBCKHe TeMIepaTypbl OCOOEHHO BBICOKM JJIsI NPOY-
HBIX KPHCTaJUIOB, [IOCTPOEHHBIX U3 JIETKHX aTOMOB, H HH3KH JIsl MaJo-
MPOYHBIX KPHUCTAJVIOB, MOCTPOEHHBIX M3 TSKeNbIX aTOMOB (Tak Kak
XapaKTepHbIe 4aCTOTEI PONIOPLUHOHAbHbL |/ %/m, The % — KoadduimeHT
KBasUYNpYyrodl CHJbl, a m — Macca aTOMOB). DKCIEPHMEHT IPHBOJHT,
HanpuMep, K cuaepylouuM snauennsm © (8 °K): C (aamas) — 1860,
Be—1000, Fe—453, A1—398, Ag—215, Na—172, I—106, Pb—88.

TMosTOMy KOMHATHbIE TEMIEepaTyphl fIBJSIOTCS BBICOKHMH JJsi Ta-
KuX BellecTB, Kak Pb, I, Na, AJsi KOTOpBIX NpH 3THX TeMneparypax
XOpOLIO BhINOJHsieTcst 3aKoH [iomonra u [ru. HaoGopor, anst Takux
BEIIeCTB, KaK ajMa3, Be M T. I, KOMHAaTHble TeMIepPaTyphl SIBJISIIOTCS
HH3KHMH H TEIJOEMKOCTb 3THX Tel IpPH KOMHATHBIX TeMmeparypax
nofuHHseTCs: 3aKOHy ~ T3,

CnejiaeM B 3aKJ/IOYeHHe CJeJylollee BaxKHoe 3ameyanue. Yacto
NpH BbIYMC/IEHHH BHYTPEHHel SHEPTHH KPHCTa/Ia MCXONAT He M3 dop-
MYJBL &; = hv; JUIst SHepriH GOHOHA, a U3 POPMYJbI &,; = (1 + 1/2) hv;
AJs 9HEPTHH n (HOHOHOB (popMysa AJsi n-TO BO3GYXKIEHHOTO YPOBHs
rapMOHHYeCKoro ocuuistopa). Crnaraemoe !/,hv; HasbiBaercs suep-
2ueil Hyaeebix Korebaruli. B pe3ysibTaTe TAKOrO U3MEHEHHs! B BbIPAXKEHHH
I/l BHYTPEHHeHl 3HEPrHH [OSIBUTCA JONOJIHHTEJbHOE IOCTOSIHHO®
(e 3aBHCsILIee OT TEMNEPATypPHl) C/laraeMoe — SHEPTHsl HyJeBbiX KO-
JeGaHui KpHCTas1a

3 Nbv =3 Nhvias,
rjae

= _4aV aV 3
V=— § VadV=WV:nax=ZVmax'
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Ipu Beicokux Temmepatypax T >> © 3To ciaraemoe npeHeGpeXXHMO
Majo, Ho mpH T — 0 °K OHO cyuiecTBEHHO BXOAMT B BbIpaxKeHHe AJIsi
U, Tmak uro

U(0) =3 NtVmay =5 N£O.

Ha 3HayeHMH TeNJIOEMKOCTH 35TO CJlaraeMoe eCTeCTBEHHO He CKasbl-
BaeTCs B CHJY €ro He3aBHCHMOCTH OT TeMmepaTypsl. Mbl mpeanousu
U3 METOIHYECKHX coobpaxkeHH# BLIOPATh HayaJo OTCUETA SHEPTHH TakK,
YTO HyJIEBble SHEPTHH OCUHM/IATOPOB HCYe3aloT. 3aMeTuM, YTO C aHa-
JIOTHYHBIM TOJIOXKEHHEM Mbl CTa/JKHBaeMCsi H B TeOPHH (JOTOHHOTO rasa,
¢ TeM OTJIHYHEM, 4TO TaM SHeprusi HyJeBHX KosebaHHH (OTOHOB Gec-
KOHEYHO BeJHKa (V H Vmax A/l (HOTOHOB DaBHbl GECKOHEYHOCTH). ITO
elle pa3 IOKa3biBaeT 1Le/ecO06pasHOCTb BBEJEHHOH NepeHOPMHPOBKH
SHEPTrHH.

§ 39. Ksanrtosanue asnepruu. Teopema Hepucra

B sTom u B caenyomux maparpadax Mbl pacCMOTPHM, KaKue HaMe-
HEeHMsl NPHHOCHT B anmapaT CTaTHCTHYeCKOH (H3HKH ydyeT TpeGOBaHHH
KBAHTOBOMeXaHHueckol Teopun. OTMETHM NpexJe BCEro, YTO BBELEH-
Hasi HaMH B § 32 u3 coobpakeHHl NpaBAONOA0GHsI THIOTE3a O HEPasJiH-
YHMOCTH TOXAECTBEHHEIX YaCTHIL SIBJISETCS] Ha CaMoM Jefe CJEICTBHEM
KBaHTOBOH MexaHMKH. J[efiCTBHTeJIbHO, KaK YCTaHaB/IHBAaeTCsl B KBaH-
TOBOH MeXaHHKe, [/ MHKPOYACTHI[ KJAcCHYeCKOe IOHSITHE TpaeK-
TOPUH CTAHOBHTCSI HEMPHMEHMMBIM, H JBHXKCHHME YACTHIIB! OfHCHIBAeTCS
KaK pacnpocTpaHeHHe Gojiee HJIM MeHee NPOTSIKEHHbIX BOJHOBBIX Ma-
KeToB, KOTOpble (B OCILIEM CJydyae) pacIBIBAIOTCS B IIPOCTPAHCTBE
C TeYeHHEM BpeMeHH. DTO JIMLIAeT Hac BO3MOXKHOCTH CJEIHTb 3a JBH-
XKeHHeM M3GPaHHOM YacTHIb M OTJIHYATh ee OT APYTHX (TOXKIECTBEHHBIX
ei) vactuu. ITostoMy mocTysat HepasIHYHMOCTH SIBJISIETCS] HEOThEMJIE-
MOH COCTaBHOH YacTbl0O KBaHTOBOMEXaHHYECKOH TEeOpHIL.

Jlpyroe BaxHefilee NOJIOXKEHHE KBAaHTOBOH MeXaHHKH, BECbMa Cy-
LleCTBEHHO /15 CTATHCTHYECKOH (DH3HKH, 3aKJI0YaeTCs: B TOM, YTO Hep-
THs JI060# CHCTEMBI YacTHI, CcoBepluaimouell (HHHTHOE [BHXKEHHE,
MOXKeT NPHHHMATh TOJIbKO KBAaHTOBAHHLIE 3HAUYEHHUS €, €,,... B obuem
Cllyyae 3TH 3HAYEHHS] SHEPTHH SIBJSIOTCS BBIPOXKJAEHHBIMH, T. €. Kax-
AOMYy 3HAYEHHIO &; COOTBETCTBYET He OJIHO, a g; PA3/HYHbIX COCTOSIHHH.

CBSI3H C THM Nepexoj OT KBaHTOBOMEXaHHYeCKOH TEOPHH K TEOPHH
KJlacCHYecKOl MMeeT B CTATHCTHYECKOH (H3HKe JBa acmekTa, KOTOphle
HimoctpupyroTess puc. 50:

1) Mur MoxkeM NpH MasIbIX YHCJAX 3aNOJHEHHS MPHONHMKEHHO CYH-
TaTh YacTHIBl Pas/MYMMBIMH H TepeliTH OT (opMyJ pacnpeneseHuil
Bose—3iinurreiina u ®epmu — Jlnpaka K ¢popMyJsiaM cTaTHCTHKH Makc-
Beana—Bonpumana. Kputepuil BOSMOKHOCTH TaKOTo mnepexoga Gbli
baccMoTpen Hamu B § 35.
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2) Mel MoxeM mpeHeGpeyb AMCKPETHOCTBIO CIEKTPA SHEPTHH peaib-
HBIX CHCTEM H CYUMTATb HEPTHIO HENpephIBHO MeHsitoueficss BelHUHHOI.
3aMeTHM, 4TO BO BCeX NPEABIAYIHX naparpahax Mbl pakTHUECKH H MOJIb-
30BAJIHCh STHM NPHOJHKEHHEM.

BHISICHHM Temnepb, NPH KaKHX YCJOBHSIX Takoe MPHOIHKEHHE J0-
nyctuMo. ITycTb sHeprusi yacTHIb rasa 3aBHCHT OT KBaHTOBOTO YHCJA
n. CMBICA 3TOro uHc/ia M Xa-
paKkTep 3aBHCHMOCTH & (1) 3a-
BHCHT OT KOHKDETHO IIOCTaB-
JIeHHOH 3ajjaul, Mbl YBHIHM B
Henpepuibubid - Henpepuibroid JajbHelileM, YTo JAas TOCTYy-
NaTeJbHOro, BpALlATENbHOTO H
Ko/1e6aTesIbHOTO  JIBHXKEHHH U
A ‘ A ‘ (H3HUYeCKHH CMBIC/ YHCHA N, H
XapaKkTep 3aBHCHMOCTH ¢€ (1)
pasanuusbl. OueBHAHO, KBaHTO-

Pasnuyumsie Hepasnuyumvie
yacmuysbl , yacmuyel,

cnexmp anepeudd cnexmp  3nepeud

Pasnuyumsie Hepasnuyumsie
BAaHHEM SHEPTMH MOXHO Ipe-
vacmudel; - et OCTIUHED, He6peub, €CIH PACCTOSTHHS Me-
duexpemnsii duckpemeid KAy COCENHHMH 3HepreTHue-
cnexmp sepaud cnexmp swepeud  CKHMM  yPOBHSIMH  MaJBl 110
Pic. 50. CPaBHEHHMIO C CaMO¥ 3HeprHei.

Ilpun GoabluMX KBaHTOBBIX

YHC/JaX BO BCEX NPAKTHYECKH

HHTEPECHBIX CJYYasX & (1) ecTb OJHOPOAHAs CTeneHHas (YHKUMs
KBaHTOBOIO uHcaa: € (n) = An®, Toraa

Ae (n)= A [(n+1)2—n?] ~ Aane =1 = o 22,

IMosTomy ycnoBue Ae/e < 1 NpUBORMT K HepaBeHCTBY n > 1.
Taxum 06pa3oM, BLICOKHE YPOBHH BCerza PACNOJIOXKEHbI TYCTO U SHep-
THIO 31eCb MOXXHO CUHTATh HeNpephiBHO MeHsiiomeficsi BenuunHoil. Tak
KaK IIpH BBHICOKHX TeMnepaTypax GoJIbLIMHCTBO YaCTHI{ HAXOANTCS Ha BbI-
COKHMX 3HEPreTHYeCcKHX YPOBHSX, TO MNpeHeGpexeHHe KBaHTOBAHHEM
SHEPTMH B 3THX YCJOBHSX 3aKOHHO.

OnHako NpH HU3KHMX TeMIepaTypax sHAuyMTeJbHAasi JAOJS YacTHI
pacnoJioKeHa Ha ypoBHSAX € 1 > 1, KOTOphIe OT/AeJeHbl APYr OT Apyra
GONIbIINMH HHTEPBAJIaMH, CPaBHHMBIMH C BEJHUYHHOH SHEPrHH, H KBaH-
TOBAaHHE SHEPrHH CTAHOBHTCS CYIUECTBEHHBIM. TOUHBIH CMBIC/ TEDMHHOB
«BBICOKHE» M «HHM3KHE» TeMIepaTyphl YCTaHABJHBAETCS INPH 3TOM
caeayiomuM 06pasoM. BoJbIIMHCTBO YaCTHIL ra3a HMeeT SHePIHH, GiiH3-
KHe K & ~ kT. Orciofia HaXoAuM CYILeCTBEHHBIe NPH JaHHOH Temmepa-
Type 3HaueHHWs KBAHTOBOTO YHC/IA Magg

= Angm ~EKT, n .~ (

kT \l/a
e(n ) .

w00 A
Torzna yeaoBue Napy o> | M TpUBENET K YCTaHOBJIEHHIO XapaKTepHc-
THYECKO# TeMnepaTypr T, Bbille KOTOPON KBAHTOBAaHHE 3HEPTHit
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Hec ymeCTBeHHOZ
T.=1. (39.1)

3aMeTHM, 4TO KpHTepHi
gy > 1
B OélueM Cﬂy'{ae OTJIHYAETCsI OT yCJIOBHﬂ HeBprO)KAEHHOCTH rasa

N h2 \s

12 <2nka> <1
(XOTs1 H TO H APYTOe YCJIOBHE BHIMOJIHSETCS PH BHICOKHX TeMIIepaTypax),
1 [I03TOMY H I'a3 C JUCKPETHEIMH yPOBHSIMH SHEPTHil U ra3 C HenpephIBHO
MeHsIIOIIeHCs SHeprUell YacTHIL MOXKET ObITh KaK BEIDOXKJEHHBIM, TaK H
HEBBIPOXKIEHHEIM.

B §§ 55—57 Mbl pacCMOTPHM psifi 3ajay, B KOTOPhIX KBaHTOBaHHE
SHEPTHH CJIelyeT YYHTHIBATb.

3aMeTyM, 4TO BBIBOA pacnpefeseHuii Bose—diiHiuTeiina 1 PepMu—
Jlupaka (a, caefoBaTeNbHO, M BHIBOA pacmpefie/eHHst BosblMaHa Kak
HX MPENebHOTO CJyuast) MOXKeT GbiTh MOBTOPeH Ge3 BCSKHX H3MEeHeHHIt
H NpPHUBENET HAC K IPEXHHM Pe3yJabTaTaM, OJAHAKO NMOHSTHS (SIUIUKH»
U «sfueHKH» MPHOGPETYT B 3TOM CJydyae HHOH CMBICI.

Moz «sIHKOM» Tenepb cjeflyeT MOHUMaTh SHEPreTHUeCKHH ypOBeHb,
T. €. BCIO COBOKYMHOCTb COCTOSIHHH YaCTHIIBI C JaHHbIM 3HaY€HHEM SHep-
TIiH, a NOJ «siueHKaMH» — OTAeJbHBIE COCTOSIHUS C JaHHBIM 3HaueHHeM
sHepruu. Ecan ypoBeHb He BBIDOXKJIEH (JaHHOMY 3HAYeHHIO SHEPIHH
COOTBETCTBYET TOJBKO OHO COCTOSIHHE), TO siyefiKa COBNAJAeT C SLIHKOM,
€c/IH MMeeTCsl BHIPOXKJEHHE, TO SHEPreTHYECKOMY YPOBHIO (SLIIMKY) CO-
OTBETCTBYeT GOJIblllee HJIH MeHbllee KOJHYECTBO siueeK. B KBaHTOBOMH
MexaHHKe JOKa3bIBaeTCsl, YTO OCHOBHOH 3HepreTHYeCKHH ypoBeHb (ypo-
BeHb C HaUMeHbILeil 3Heprueil), Kak NPaBHJIO, He BBIPOXKJEH. (3aMeTHM,
YTO B TEOPHH, yUHTHIBaIOLledl KBaHTOBaHHe dHEPTHH, YHCJA g; OTHIONb
He 06sI3aHBl YJIOBJETBOPSATL YCJOBHIO g; > 1, HEOGXOAUMOMY AJIsi MPH-
MeneHHst gopMyabl CTipaunra. ITosToMy MeTOA SIIMKOB H siYeek, ¢
TIOMOMIBIO0 KOTOPOTO GbIIN MOJIy4eHH! pacnpenesenus Bose—IinmTelina
u ®epmu—JInpaka, CTAHOBHTCS 3/1eCh SIBHO HeKOppPeKTHbIM. OfHaKo,
KaK yxe yNOMHHAJOCh B § 34, caMH 3TH pacrpeJieJleHHsI OCTalOTCs Bep-
HBIMH H OHH GYAYT NMOJyYeHb! BTOPHYHO B § 44 IpYruM, BIOJHE KOPPEKT-
HEIM METOJIOM.)

JlokakeM Tenmepb BaxHYI0 TeopeMy — TeopeMy Hepnera, corsacko
KoTopoii auTponnus rasa npu T = 0 °K siB/sileTcsl BEIHUHHON IOCTOSIH-
HOH, He 3aBHCSILIEH HH OT KaKHMX NepeMeHHBIX NMapaMeTpoB (JaBJjeHHe,
o6beM H T. A.). Kak Mbl yGeiumcst HHXKe B XOJle JOKas3aTeJbCTBa, BO
MHOTHX CJIydasiX 5Ta MOCTOSIHHAsl paBHA HYJIO, H NMO3TOMY 4acTo Teo-
pema Hepucra Tak u ¢opMysHpyeTcs:

Slr—ox=0 (39.2)
(xots1 3Ta hopMynHpOBKa He SABASETCA yHHBEPCAIbHOM).
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Teopema Hepucra cnpaBeninBa Kak Adsi GO30HOB, TaK H s ¢ep-
MiOHOB. Bouiee Toro, Mbl y6enumcst B ToM, yTo ecau 6st npu T — 0 °K
AJIs1 KaKHX-TO YaCTHI[ HMeJIO CMBICJ pacrpefiesienue Makcsensia—Boabi-
MaHa, TO M JJfl TaKHX (He CYUIECTBYIOUMX B AeHCTBHTEJNBHOCTH) 4Ya-
CTHIL 3Ta TeopeMa BHINOMHsAIAch OB, Tak Kak GaKTHYeCKH IPH A0CTaTO-
YHO HM3KHX TeMIlepaTypax ra3 BCerla siBJIsIeTCsl BBIPOMKJIEHHBIM, 3TO
06CTOATENbCTBO HE HMeeT NPAaKTHYECKOro 3HaueHHs.

Tlepeiinem K jokasartenbcTBY Teopembl HepHcra. BymeM ucxomutb
u3 popmy.isl BosbiiMana 1Jisi SHTPONHH PABHOBECHOTO COCTOSTHHS

=kInWoax. (39.3)
3anumeM GopMysbl AJ1s1 YUCJIa CIIOCOGOB pas3MelleHHs! YacTHIL 10 dHep-

TeTHYECKHM YPOBHSIM &; C KDaTHOCTSIMH BBIPDOXKIEHHA g; NI (pepMPIOHOB,
GO30HOB H KJIACCHYECKHX, pasJIMYHMBIX YaCTHIL

Wo—n = HN T (39-4)
(Nitgi—1!

Ws.—s. —H N,(g’_”, , (39.5)

W5, =N H Tl (39.6)

IMpu TemnepaType aGCOMOTHOTO HYJ/si SHEPrHst rasa JOJ/KHA ObITb MH-
HHMaJIbHOH, H [I03TOMY B CHCTeMe GO30HOB, @ TaKXKe B CHCTeMe KJacCH-
4eCKMX YaCTHI[ BCe YaCTHIbl 3aHHMAIOT HAMHH3IUMH SHepreTHUeCKui

|

HHWII

2

Bosowst Pepmuonsr

Puc. 51.

yposesb (N; =0, i % 1, N; = N), a B cucreMme GepMHOHOB YaCTHILI
3aHHUMAIOT /I HUBLIHX SHEPreTHUECKHX YPOBHEH B COOTBETCTBHH c NPHUH-

uunom Iaymu (N; = g; npu i < n, N; = 0 npu i > n, rae Z N;=
i=1

= N; ypoBeHb { = n MOXeT ObITb NPH 3TOM 3aIOJHEH KaK 4acTHYHO,

TaK ¥ NMosHocThio, 0 << N, << g,). DT0 pacnpeiesieHHe YacTHIL 10 IHep-

reTHYeCKHM yPOBHSIM H306paskeHO Ha pHc. 51, riie s onpejeneHHOCTH

NPHHATO, YTO BCE g; PaBHbl efMHHUE. Tak Kak MHOXHTENH B (opMmy-
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nax (39.4), (39.5), (39.6), oTHocsimHecs K i-My ypOBHIO, 06pallaloTcs
B efunuLy npu N; = 0 u (B cnyyae cucTeMs (epMHOHOB) pH N; = g,
Mbl nostyduM npu T — 0 °K

gn!
Wo.—n. =W"_Nn“ , (39.7)
_ (Vg1
Wg.—s. = m, (39.8)
W—5.=gt - (39.9)

JlomycTuM, uTO B CiyYae CHCTeMb GO30HOB MJIM KJACCHYECKHX Ya-
CTHI, OCHOBHOH ypOBeHb He BBIpOXKJeH (g; = 1), a B ci1yyae CHCTeMb
(hepMHOHOB He BBIPOXKJEH ypoBeHb ¢ i = n (g, = 1). Torna merpynHo
BHJETb, YTO BO BCEX TpPeX caydasix Mbl MMeeM W = 1. duauyeckuii
CMBICJI 3TOTO Pe3y/IbTaTa COBEPIIEHHO OYEBHJEH: NMPH YKa3aHHBIX YCJIO-
BHSIX COCTOSIHHE T'a3a ONpeJeeHO COBEpIIEHHO OJHO3HAYHO, TaK Kak
HHKaKHe NepecTaHOBKHM YaCTHI| B NpeflesaX ONHOH sYeliKH He NMPHBO-
JST K HOBOMY COCTOSIHHIO Tasa (laxke JJIsi pa3/IMUMMBIX dacTHn). Creno-
BaTesIbHO, COTJIacHO dopmyne Boabumana umeem

Slr=0x=0. (39.10)

Ecaiut KpaTHOCTH g, H g, He PaBHBI €IMHHIE (5TO MOXKET HMETh MECTO,
Hanpumep, AJIsl YacTHIL CO CIMHOM, KOTJla KPaTHOCTH JIIOGbIX COCTOSIHHH
paBHEI 28 - 1), TO SHTpOMHS NpPH aGCOJIOTHOM HYyJle XOTSl H He paBHa
HYJI0, OJHAaKO, KaK BHAHO H3 dopmyn (39.7)—(39.9), npexcraBiser
coGoit KoHcTaHTy. HanpuMmep, B ciyyae GO3OHOB, HMeEM, HCIO/Ib3Ys
tdopmyay CrupJauHra,

— WNV+g-=D
S]T=0°K——kln m,\,
~k(g—1)InN—FkIn(g,— 1) =k(g;—1)InN, (39.11)

a B c/yyae KJIaCCHYECKHX YacTHI[
S=NkIng,. (39.12)

Bee csienctBusi TeopeMbl HepHera (cM. HMIKe) COXPAHSIIOT CBOI CHIY
H B 5TOM CJyuae, TaK KaK OHH OCHOBaHBI HCKJIIOUHTEJIBHO Ha TOM (aKTe,
YTO SHTPONHS NPH aGCOMOTHOM HYJe He 3aBHCHT OT JiaBJIeHHs, o6beMa
HJH HHBIX TepEeMeHHBIX MapaMeTpoB.

3ameTHM, HaKOHell, YTO XOTsl TeopeMa HepHcTa JoKasaHa HaMH
TOJILKO /ISl HeaJbHbIX Ta30B, OHA Ha CaMOM JeJie CpaBelIHBa H A/st
CHCTeM B3aHMOJECTBYIOWMX YacTHL. (IloKas3aTelbCTBO 3TOTO MOXKET
GbiTh MpoBeneHo B paMKax Meroja I'm66ca (cM. ra. IV), oxHako Mbl He
Gy/ieM ero MpHBOAHTS.)

U3 teopembl HepHcTa BbITeKaeT Psifl BaXKHBIX Pe3yJIbTaTOB:

1) Temnoemkoctb (m06asi) cucremsl npu T = 0 °K  obpaiaercs
B Hysb. JleficTBHTE/IbHO, SHTPONUSA NPH TeMmnepaType, 6auskoi K 0 °K,
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MOKeT GHITb NMpEACTaB/eHa B BHAE
S(T)=S8(0)+A(x)T"
rae S (0) — mocTosiHHas, He 3aBHCSIAST HH OT KaKHX IlePEeMEHHbIX

napaMeTpoB, X — NapaMeTp, CUHTAIOLMHACS MOCTOSIHHBIM MPH BbIYHCJIe-
HuH TenoeMkocTH (V, P u 1. 1). Corsaceo dopmyae C, = T (0S/07T),

HMeeM
Cy(T)=nA(x)T"
H, CJIefloBaTe/bHO,
Clr—=ox=0. (39.13)
2) KoabduuueHnt o6pemHoro pacuupenus (0V/dT)p obpauaercs
B Hyab npH T = 0 °K. JleHCTBHTe/IbHO, YYHTHIBasi OCHOBHOE TEPMOJH-
Hamuyeckoe Toxpecto 0 (T, S)/0 (P, V) = 1, nonyuaem

(0!_\ o, P o8, Ty (g‘f,)rao mpu T—>0°K,  (39.14)

T)p=am, Py~ aT, P~
Tak Kak npu T = 0 °K 3HTpOnHs He 3aBHCHT OT NABJIEHHS.

3) Tepmuueckuii Kosdouuuent napnenns (0P/0T)y oGpamaercs
B Hyab npu T = 0:
oP\ _0(P, V) 4(T,S) 0S °
<5f>v (6‘7)7_»0 npu T —0°K. (39.15)

4) HenocTHKHMOCTb aGCOMIOTHOrO HYJISI.

TeopeMy HepHcTa 4acTo Ha3biBAaIOT NPHHIHMIOM HEIOCTHXKHMOCTH
a6CoMOTHOTO HYJa Mo caepylomedt npuuude. IlpencraBum cee LUK
KapHo, y KOTOPOro XOJIOAMJBHHK HMeeT Temnepatypy T = 0 °K.
Jlast Tako# o6paTHMOMN MaIUMHBI TIOJHOE H3MeHeHHe SHTPOIHHM B LHKJe
paBHsiIOCh Obl H3MEHEHMIO ee Ha y4yacTKe H30TepMHYECKOro Harpe-

Bauusa T = Ty:
AS — S Q _ Q&
S T, T
TaK KaK yyacTOK H3oTepMHueckoro oxaaxaenuss T = T, = 0 °K npen-
cTaBJsisieT coGoii M3o0aHTpony S = 0 M ocTajbHble ABa Ipolecca H3o-
suTponHyeckue. Ho, ¢ Apyroft CTOPOHEI, NMOJHOe W3MEHEHHE SHTPONHH

B ILHKJIE
AS=§5—$-= .

Boauukaiowee nporusopeure (Q, 7= 0) NOKa3biBaeT HENOCTHIKHMOCTh
HyneBoll nsotepmbl (anuabate) T = 0 °K. 3amerum, uto umnka Kapxo
¢ remneparypoit T, = 0 °K M KOHeUHOH MJIOmaAbio BOOGIIE He MOXKeT
6uiTh M3o6paxen Ha (T, S)-muarpamme. IleficTBHTeJbHO, H30TepMa —
nzosutpona T = 0 °K, S = 0 suipoxknaercsi Ha (T, S)-MIOCKOCTH
B TOYKY (HayaJlo KOOpAHHAT), H BMECTE C TeM H NPSMOYre/bHHK, H306pa-
xalomui uuka KapHo, Takxke BbIPOXIaeTcst B TOUKY.

JlokaszaHHOe CJIeJCTBHe, KOHEYHO, He 3ampelaer NPHOIHKATBC
K Touke T = 0 °K ckosb yroaso 6.H3KO.
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§ 40. HpeanbHbiit ra3 B KiaccuueckoM npubamxennn. $asoBblii 06bem
siueiiKH H Hayajo OTCYETa SHTPOMHH

Mgl GyzieM paccMaTpHBaTh B 5TOM naparpade MosieKyJIspHBIf Hlealb-
HBIl Ta3 NPH TeMIepaTypax, JAOCTATOYHO BBICOKHX IJIsi TOTO, YTOOBI
MOXKHO OBLIO, BO-IEPBBIX, MOJIb30BAThCs pacrnpelesenneM Makcsesia—
BosbliMaHa H, BO-BTOPBIX, NpeHeGperaTb KBaHTOBaHHEM 3HEpTHH.

Mel mocTaBUM CBOEH Le/bl0 BBIYHCJAUTH TEPMOJHHAMHUECKHE (YHK-
IIMM rasa B 3TOM NpHOAHKeHHH. OTMETHM IIPH 3TOM CJelylollee BechMa
BaKHOE OGCTOSITe/NILCTBO. B paMKax (heHOMEeHOMOrHYecKoH TepMoAHHa-
MHKH BHYTPeHHsisl 3Heprus U M 3HTpomHsi S ompeessiioTcsi, KaK Mbl
BHJEJIH, C TOYHOCTBIO JI0 aJJMTHBHBIX NOCTOSHHBIX Uy U S, (npou3Bon
B BbIGOpe HayaJsia OTCUeTa BHYTpEeHHel dHepruu M sHrpomuH). ITosTomy
coGoHasi sHeprusi F = U — TS u TepMOIHHaMHYeCKHH {I0TeHIHAN
® = U — TS + PV onpenensiiorcsi B TePMOJUHAMHKE C TOYHOCTBIO
JI0 IPOU3BOJILHOM JIMHEHHOH QYHKIMH TeMIepaTypH, TeNJOCOAepKaHHe
W = U -+ PV — ¢ TOYHOCTBIO 1O aJJIMTHBHON IOCTOSIHHOH H TOJBbKO
Q-notennuan, Q = —PV, moxeT GHITh Onpefie/ieH B TePMOAUHAMHKE
OJIHO3HAYHO.

Mbl noKaxeM, 4TO B CTaTHCTHYECKOH (H3HKe Bce TepMOAHHAMHYec-
KHe TOTEeHIHAJIBl ONpeNle/sioTCs OAHO3HayHO. TOT (haKT, uTO SHTPONHS
S onpesiesisieTcsi B CTaTHCTHYECKOH (U3HKe OJHO3HAYHO, CJIEAYeT yKe H3
TeopeMbl HepHera S7— ek = 0. Mbl y6enumcst B TOM, 4YTO SHTPONHMiAHAs
oCcTOsiHHas Sy OJIHO3HAYHO CBsi3aHa ¢ 06BEMOM 3JIeMEHTapHOH sSYeHiKH a,
H, CJIE/IOBATENIbHO, ONpeJle/IHB O6beM SUeHKH, Mbl ONIPEAENHM OXHO3HAYHO
BCe TepPMOJMHAMHYeCKHe IOTeHIHaJbl.

Kak Mb! yxe Busiesy B § 35, ypaBHeHHS, GHKCHDYIOIIHE NIOJHOE YHCJIO
yacTHIL N M BHyTpeHHIo0 3Hepruio U B npuGimxenHH Makcsesia —
Bospumana, umerot BHA (35.17) u (35.18)

N.—.gSeﬁ(u—e)’%’ (40.1)
dr
@

U=g S eBn—og (40.2)

U JIONYCKAIOT HCKJIIOUEHHe XHMHUECKOTO TIOTEHIHANA [ BMECTe C 0GBEMOM
SYelikH a. B pesyJbTate 5TOr0 MCKJIIOYEHHS NOJyYaeM JJisi BHyTPeHHel
SHepruu BhipaxeHue (35.19)

U_NSze_ﬂBdI‘

YemBear -
Bripaxkenue, cTosmee B 3HaMeHaTese (40.3), HasbIBaeTCs cmamucmute-
CKuM unmezparom (UHmMezparom cocmosnu) 1 0603HayaeTcss CUMBOJIOM

Z= S ePe dr. (40.4)

(40.3)

Jlerko BHzeTb, YTO BHYTPEHHSIs 3HEPTHs MOXeT GLITh BHIPAXKeHa ye-
Pe3 craTHCTHYeCKHH MHTerpaJ, Tak Kak BblpaxkeHHe B yncauTese (40.3)
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npencrasssier co6oit —0Z/0f. CnegoBatesbHo,

U=— Na—%(an(ﬁ)). (40.5)
BosBpamasicb kK mepeMeHHoO# T, MOsyYnm
U=NeT? 2 (In Z(T)). (40.6)

TensioeMKOCTb Ta3a MOXET OCbITb OTCIOAA HalleHa mTo ¢opmyJse
Cy = (8U/8T)y.

TakuM 06pasoM, BHYTDPEHHSIS SHepPrHsi rasa onpeje/sercs OAHO-
3HAYHEIM 06Pa30M H He CONEePKUT 06beM siueliki a. B otamune oT 3Toro
XHMHYECKHH T[OTeHUHa], XOTsh M onpeleisiercss ypaBHeHueMm (40.1)
TaKKe OJHO3HayHO, HO 3aBHCHT CYIIECTBEHHO OT a:

—wkT — & p—eppt gy — 82

p . S eentr =52 (40.7)

Na
p=£TIn <52> (40.8)
B cuny dopmya
oF
O=Np, F=0-PV, S=—(3)

o6beM siueifiku a BOHJET H B BBIPAXKEHHS I/ TEePMOJAHHAMHYECKOrO
NOTeHIHana, CBOGOJIHON SHEPIMH M SHTPONMH, B YaCTHOCTH, OTpEle/UT
HayaJo OTCYeTa 3HTPOINHH.

PaccMorpuM Tenepb Gosiee feTaIbHO YaCTHBIH c/1yuail 01HOaTOMHOIO
rasa B OTCYTCTBHe BHellIHero nosisi. B atom ciyvae

e=p?2m, dI'=4npdpdV =2n (2m)*:e"»dedV

¥ 11 CTaTHCTHYECKOT'0 MHTErpasa HMMeeM BhIpakeHue
o
Z=V2n @my: | ete=eT de.
0

Boasi mepemeHHylo MHTerpupoBanusi x = &/kT, mojyunm
©

Z =2n (2mkT)'sV S x'12e™* dx = (2nmkT)*:V (40.9)
0
(Mbl BOCIIO/Ib30BANHCh 3HAYEHHEM HHTerpana
0
- 3\ V=
e ¥ dy=T[2) =Y
§x 1 dx—I‘(z) = )
Orcioga 715t BHYTpeHHel SHeprHH OXHOATOMHOTO I'a3a HaXOJHM COTJIaCHO

(40.6) Bbipaxenue
NkT (40.10)
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H 115 TeNJIOEMKOCTH
Cy=3 Nk (40.11)

Moncrapnss 3navenne Z u3 ¢opmy.sl (40.9) B BeIpakeHHe XHMHYeC-
goro moTennuana (40.8), Haxomum

p=k&T ln[ (40.12)

Na
gV @umkT)'» |
,U.Jlil TEepMOJHHAMHYECKOr'0 IIOTeHIHaJsa H CBOﬁO}IHOﬁ 3HEpPruu HMeeM
BbIpaXKEHHS

_ _ Na
©=Np=NET In [-—gv G ] , (40.13)

F=<D—PV=C|:>—NkT=NkT1n[—i"—,,]. (40.14)
geV (2nmkT)/*

HakoHell, 5HTpONHst rasa BbipaxkaeTcss $HOpMy.oi

__[F\  _ ge'l*V @nmkT)" ] _
S= _<ﬁ>N,V_Nk ln[—ﬁa—— =

=3 RIn(TV*)4R1n [%] (40.15)

HetpyaHo npoBepHTh, YTO NepeMeHHbIe ClaraeMble B BhpaxeHHH (40.15)
COBMA/AIOT C NlepeMEeHHbIMH CJIaraeMbIMH B TePMOJIHHAMHYECKO# opmyte
JJIs1 SHTPOIHH HeanbHOro rasa (Gopmyna (4.5) mpu y = 5/3). Annurus-
Hasi nocTostHHas B (40.15) cyiecTBeHHO onpefiessieTcs 06beMoM siueHKH a.
Curieqyer oTMeTHTb, yTO popMyaa suTponuH (40.15) (Tak xe Kak u dop-
MyJIBl JJsl APYTHX TEPMOJAHHAMHYECKHX BEJIHYMH, NOJYYeHHBIE B 3TOM
naparpade) HeNmpHroiHa NpH HU3KHX Temmepatypax. He cienyer
nosToMy yauBJAATbCs Tomy, uto npu T — 0 °K corsacHo (40.15)
S — — oo B npoTHBOpeyHH ¢ TeopeMoii Heprera. Tepmoaunamuyeckue
YHKIHMHA Tasa IpH HA3KHX TEMIEPAaTypax CJelyeT BbIYHMC/IATH, YUHThI-
Bast BBIPOXKJIEHHE T'a3a, ero HeHleanbHOCTh H KBAHTOBaHHE SHEPTHH.

§ 41. KBaHTOBaHHE NOCTYNaTeJNbHOTO ABHXEHHS

B npexsinymem naparpade, paccMaTpuBasi OJHOATOMHBIH HIeasb-
HBIM ras, Mbl HAULJIH TePMOAMHAMHYeCKHe (QYHKIMM rasa, CYHTas ero
HEBBLIPOXK/EHHBIM M TpeHe6perasi KBaHTOBaHHeM 3Hepruu. B sToM mapa-
rpage Mbl, cOXpaHsisi NPEANOJNOKEHHE O HEBBIPOXKIEHHOCTH rasa, yuTeM
KBaHTOBaHHE SHEPTHH YacTHLI, ABHXKYIIUXCS B COCYJe C OrpPaHHYEHHBIM
0GBEMOM.

B crarucruke Makcsenna—bBoJbuMaHa ¢ KBaHTOBaHHOH SHepruefi
MOXKeT GbiThb BBEJEHO MOHSTHE CTATHCTHYECKOH CYMMbI (CYyMMbl COCTOSI-
HUH) Z, aHaJIOrHYHOE MOHSATHIO CTaTHCTHYECKOro HHTerpaa. Hckmounm
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u3 BeipaxeHu# (35.8) u (35.9)

N =3 gie" ", (41.1)
U =3 g™ (41.2)
i
XUMHYECKUH moTennuasn. Torma nosyuyum
g
U=N-:f—0r (41.3)

Zgie—ei/kT .
i
Beens Tenepb CTaTHCTHYECKYIO CyMMY
Z=Y g %", (41.4)
i

Mbl MOM(eM NepenucaTh NOC/IEAHI (GOpMy/Ty B BUJe
U=NkT* 2 (In 2), (41.5)

aHaJIorHyHoM BHAY ¢opmyani (40.6) npeapiaymero naparpadga. Q-notex-
uMaJs rasa paBeH corsacHo dopmyae (36.17)

Q= — ETeWrT 3 gig™ "7 —  pTen/tTZ, (41.6)

(MbI cynTaeM HeJHIIHHM HaNOMHHTb, YTO BO BCeX (JOPMyJiax 3TOro mna-
parpada > osHauaer CYMMHpOBaHHe He 1O IPOH3BOJIbHO BBENEHHBIM
i

9HePreTHYECKHM «SILHKAaM», a [0 KBAHTOBAHHBIM SHEPIeTHYECKUM YPOB-
HSIM, H I03TOMY YHCJIa g; 0603HAYAIOT KPaTHOCTH BEIPOXKAEHHS YPOBHeEI1.)
IMepefineM Tenepb K 3ajaye O KBAHTOBaHHH SHEPTHH IOCTYyMaTe/lb-
HOTO JBH)KEHMsi 4acTHIbI B OTPaHHYEHHOM cocyjie. Bynem ans mpo-
CTOTHI CUMTATD, YTO COCYL, HMeeT opMy Ky6a ¢ pe6pom L. Kak uasectHo
U3 KBaHTOBOH MeXaHMKH (cM., Hampumep, [5]), momycrumble 3HayeHus
SHEPrHH 4YacTHILI B SIIHKe C HENPOHHIAEMBIMH CTEHKaMH JaloTCs
dopmy.ioit
h?

e (nlr ng, ng) =8mL: (fl§ +ni +fl§), (417)

a BoJIHOBasl QYHKLHsI COCTOSIHMA C ONpele/eHHOM 3Heprueil paBHa

s (mnx\ . (ngny\ . [(ngnz

Pn,, ny, n, = C (Mg, Ny, Ng) SiN (T) sin (——L ) sin <‘T>’ (41.8)
rle ny, f, Ny — Ue/ble YHcJa, NPHHHUMamlMe 3HaueHus 1, 2, 3,...

(3Hauenus n; = 0 HEJONMYCTHMBI, TAaK KaK NPH 5TOM BOJHOBas QyHKLHS
06pallaeTcst TOX/ACCTBEHHO B HYJIb; OTPHIATE/IbHEIE SHAUECHHS! YHCE 1;
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TaKxKe He JO/KHbl YUMTHIBATbCA KaK He3aBHCHMblE, TaK KaK NIPH H3Me-
HeHHH 3HaKa n; BOJHOBas (yHKIHMS JHIUb YMHOXKaercst Ha —1). Kaxno-
My Habopy 4HCeJ 71, My, Mg COOTBETCTBYET OJHO COCTOSIHHE YaCTHIbI, H
05TOMY B CTaTHCTHYECKOH CYMMe MbI JOJI3KHBI CYMMHPOBATD [0 7y, 11y, Mg
HE3aBHCHMO JPYT OT Apyra 10 BCeM 3HAYeHHsIM OT 1 10 oo, a KPaTHOCTh
BLIPOMIEHHS g (11, Mg, Ng) CYUTATH PABHOM efUHHLE. (YPOBHH SHEPrHH
€ (ny, Ng, Ng) ABJSIOTCS [IPH STOM BHIPOXKAEHHBIMH C KPaTHOCTBIO Bbl-
POKJIEHHSI, PABHOH YHCJ/y pelleHHi ypaBHeHHus ni -+ n} -+ n3 = n B ue-
JIBIX YHC/IAX, ONHAKO 3TO BHIPOJKJEHHE YYMTHIBAETCS aBTOMATHYECKH
Graroapsi TOMy, 4To Mbl BeleM CYMMHDOBAHHE He [0 YPOBHSM SHEPTHH,
a 110 BCeM 3HAYEHHSAM 71y, Mg, Ng.) LIl CTATHCTHYECKON CyMMBbI MBI HMeeM

BhIPAKEHHE
o © [=~] hz

Z= 2 2 2 eXP["m(ﬂf-l'ni-l—ﬂg)]:
niel npm 1 ny—1

=( i e—(ﬂww)a, (41.9)

n=1

rlle XapaKkTepHCTHYeCKasl TeMIepaTypa JJsi NOCTYNaTeJbHOTO ABHIKE-
uua T, onpesenserca QgopMyJoi

h2
Ty=grp- (41.10)
Bsenem oynkumio 0 (x), ompenenenHyio $popmyJoi
o
8(x)= D, e, (41.11)
n=-—ow

Henocpencteenno u3 onpenenennst GyHKUHH O (x) cienyer ee acumn-
TOTHYeCKOe NpeJiCTaBJIeHHe NPU GOMbIIMX 3HAYEHHSX apryMenTa, x > 1:

8 (x) A 14 26— 4 Qe—tmr |- Ao ], (41.12)

Hawm nonago6urest Takzke aCHMITOTHYECKOE IPEACTAB/IeHHE GyHKIHH 0 (x)
TIpH MaJIbIX 3HAYeHHsiX apryMenta, x < 1, HaHTH KOTOpOe HEMOCpPeACT-
BeHHO H3 ompejenenHs (41.11) pososbHO TpyaHo. Ero MoxHO HaiitH,
O/iHaKo, BOCMO/Ib30BABIIHCH QYHKIHOHAIBHBIM ypaBHEHHEM 1/Isi QYHK-
unn 0 (x) (cm. «Marematnueckoe mpHioxkeHHe», dopmyaa (1.4)):

1 1
B(x)=7;9(;)- (41.13)
C nomommplo ¢pynkuum 6 (x) dopMysa 415 CTaTHCTHYECKOH cyMMb! (41.9)
MOXer GbiTh 3anmHCaHa B BHJE

Z=%[e<?>—l]3, (41.14)
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a GyHKUHOHAJbHOe ypaBHeHHe (41.13) mosBoJisieT Takke NpENCTaBUTb
CTaTHCTHYECKYIO CYMMY B BHIE

HEE-VE. e

3ametnM Tenepb, 4To corsacHo qopmyne (41.10) xapaktepucTHYeCKas
Temnepatypa T, o6paTHo npornopuHoHaabHa L2 uan V2/3, Tlostomy npu
mo6oi KoHewHoH Temnepatype oTHoumenne To/T < 1 M Bce BbICIIHE
creneny T,/T NOMKHBEI MOCJELOBATENbHO OTGPACHIBATBCS, a YHKIMS
0 (T/T;) momxHa 3amensTbesi efunuiedi. Toraa corsacko (41.15)

1 [T\ 2nmkT)*/?
I R T

TaK Kak NpH BBHICOKHX TeMmmepaTypax AOMYCTHMO NpeHeGpeub KBaHTO-
BaHHEM SHEPTHH, 3TO BBIpAaXKeHHe JOJ/IKHO COBNIaJlaTh CO CTAaTHCTHYEC-
KHM HHTerpajoM, JeJeHHbIM Ha 00beM siuelikH a (Tak Kak g; PH nepe-
Xofle K MHTerpupoBanuio nepexoiut Bdl'/a, a ue B dI'). CpaBHuBas
(41.16) ¢ Z,/a dopmy.sl (40.9), Haxogum a = A3, T. . TOT Ke peayJb-
TaT, K KaKoMy Mbl NPHIIIH, PacCMaTPHBAasi PaBHOBECHOE H3JIyYeHHe.
TMockonbKy XapakTepHCTHYeCKasi TeMIepaTypa IOCTYNATeJbHOTO ABH-
xeHust T; I0/2KHA CYMTATBCSl PAaBHOM HYJIIO, KBAHTOBaHHE IIOCTYNATe b
HOTO JBHXXEHHSI (PaKTHYECKH He BHOCHT HHKAaKHX H3MEHeHHH B mouay-
YeHHbIe B NpebiylieM naparpade GopMyJbl /s BHyTPeHHeH HeprHH,
TEIJIOEMKOCTH, SHTPOIIHH.

Hrak, B § 37 MBI nokasa/u, 4To AJIsi H3/1yuyeHHsi (GOTOHHOTO rasa)
(a3oBhiit 06beM sTUEHKH a NOJIKeH ObITh pupaBHeH h®. DfiHiuTeliH B pa-
6oTe «KBaHTOBasi TEOPHsI OJHOATOMHOTO HJeasbHOro rasa» (1924 r.)
NPENJIOKHUI PACIIPOCTPAHHTD 3TOT Pe3ysbTaT H Ha OGbIYHbIE YaCTHIbI
¢ m 5= 0. OH MCXONUJ IpH 3TOM H3 HleH Ae Bpoilis o ToMm, uTo aya-
JIU3M BOJIHA — KOPIYCKYJa NPHUCYLL HE TOJNbKO MH3JIyYeHHIO, HO H
OGBIYHEIM YacTHIAM. B sToM maparpade Mbl BHAENH, YTO M sl OJHO-
aTOMHOTO rasa C TPeMsi NOCTYNATeJbHbIMH CTEMeHsIMH CBOGOABI (aso-
BHI 06beM stuelikM paBeH h®. B § 55 Mbl yGenumcst Ha IpuMepe IBYX-
aTOMHOTO ra3a B TOM, 4TO (ha30BbIH 06beM siueliKH paBeH A® Jisl 4eThIpex-
MepHOro (a3oBOro IPOCTPAHCTBA BpALIATENBHBIX CTeNeHell CBOGOAB!
M paBeH A JJsi JBYMepHOro (a3oBOro NMPOCTPAHCTBA KoJeGaTeJbHbIX
cTeneHeil CBOGOADI.

Mbl MOKeM 3aK/OYHTb B oflieM caydae, 4To (a3oBhIi 06BeM 3Je-
MEHTapHO# fuefiKH WIeaJbHOTO ras3a, MOJEKYJB KOTOPOro umeloT f
creneHeii cBoGOAB, paBeH hf.

DTOT BHIBOJ, HAXOMHMTCS B COOTBETCTBHHM C NMPHHIMIOM HeompejeseH-
HOCTH KBaHTOBOH MexaHHKH. Kak H3BECTHO, KJ/IacCHUeCKoe OmHCaHHe
JIBHJKEHHS] YACTHIBI C [OMOLIbIO KOOPAMHAT H HMIYJbCOB, KOTOpPOE,
CTPOro TOBOPS, HENOMYCTHMO B KBAaHTOBOH MeXaHHKe, MOxeT GbITh
NPHG/IMXEHHO TMpPHMEHEHO, eC/JH KOOpAMHATa H COOTBETCTBYIOWAS
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npoeKIHsl HMIyJbca ONpENeasiioTcs ¢ HeonpereneHHocTsMH Ax, Ag,
CBSI3AHHBIMH HepaBeHCTBaMH [elisenGepra

Ax-AE=h. (41.17)

D10 3HAYMT, YTO B ONTHMAJBHOM ciydyae, Koraa B (41.17) cTouT 3HaK
paBeHCTBa, cocTostHue Ha (asoBoil miiockocTH (r, E) H3oGpaxaercs
He TOYKOH, a NpsAMOYroJbHHKOM ¢ miomaapio Ax - A§ = h. CooTHo-
lIeHHEe HEOTPENENEHHOCTH CIPaBEJJIHBO He TOJNbKO /sl JeKapTOBBIX
npAMOYTOJIbHBIX KOOPAHHAT H HMITYJbCOB, HO M AJs JIOOBIX KaHOHH-
yeCKH COTPSIKEHHBIX Map OGOGLIEHHBIX KOOPAMHAT U MMIYJIbCOB, AJIs
KOTOpBIX KilaccHueckasi cKoG6ka ITyaccoHa paBHa eaunuue. ITosTomy
17151 MOoBOr0 KBaHTOBOMEXaHHYECKOTO 00BeKTa ¢ f CTemeHsIMH CBOGOABI
COCTOSIHHE OINHCHLIBAETCSl B KBA3HK/IACCHYECKOM NPHUOIMKEHHH HE TOY-
Kot B (ha30BOM mpocTpaHCTBe 2f M3MepeHHi, a sueiikoi ¢ 0GbeMOM h'.
Haue roBopsi, Mbl MOKEM pacCMaTpHBaTh JABHKEHHe YacCTHIbI 10 KJjac-
CHUECKHM TPAeKTOPHsIM B (ha30BOM NPOCTPAHCTBE, HO MPOBOAMTDH 3TH
TPaeKTOPHH C ONPEJle/IeHHOH TyCTOTOM: Tak, YTOObl Yepes KaxAaylo
KneTKy ¢ o6beMoM hf mpoxonmuna onHa dasosasi TpaekTopHs. O6GpaThM
BHMMaHHe UMTaTe/si Ha CJeNyIollee: Mbl 0Ka3alH, YTO 06beM sueHKH
paBeH ’, cpaBHUBast GOPMyYJIbl, NONYUEHHBIE B pe3yJibTaTe pasCHeHHs
P-IPOCTPAHCTBA Ha SYeHKH, C TOUHBIMM KBaHTOBOMEXaHHYECKHMH ¢op-
mysami. CrefyeT, oJHaKoO, peIlHTeNbHHIM 06pa3oM TORYepPKHYThb, UTO
1J15 HAXOXKJEHHs YHCJIEHHOTO 3HaueHHs ofbeMa sYeHKH HeT HHKAaKOH
HYXbl B OCpAlleHHH K KBaHTOBOMeXaHHuecKuM Qopmysam. [lelictsu-
TeNbHO, KAK Mbl YKe YNOMHHAJM B § 35, BHYTPEHHsIsi SHEepTHs rasa
HEepa3MYUMBIX YaCTHII MapaMeTPHYeCKH 3aBHCHT OT @, H BeJMYMHA a
MOXKeT OBITb HaiifileHa M3 CpPaBHEHHS C 3KCIIEPHMEHTOM (HampuMep,
M3 u3MepeHHi TensoeMKoctH Cy Gose- MM (epmu-rasa). 1o 06CTOsA-
TeJbCTBO HMEET HeoOblyaiiHO r1yGoKHii cMbicl. OHO CBHIETeNLCTBYET
0 TOM, UTO QopmaabHbili npuem pasbueHus W-npPoCMPAHCMea 2430 HA
AMelKU ¢ Yeablo e20 CIAMUCMU4ecKoe0 ONUCAHUS 8Mecme C 2unomesot
0 HEPA3AUYUMOCTIU 4ACMUY, C HE0OX0OUMOCMbI0 NPUBOOUM K NOSBAEHUID
6 usuke HOBOL MUPOBOL NOCMOAHHOL ¢ pasmeprocmoto deticmeus. dta
noctostHast (f), uMc/aeRHoe 3HaueHMe KoTopoi Ilnank namen mpu usy-
UEHUM 3aKOHOB H3JyYeHHs, a DHHIITeHH, — CPaBHKBAS C OIBLITOM CBOIO
bopmyay ans potosddexta, Moraa Gbl GbITb YAHBHTEJNbHBHIM 0GPa3oM
HalijleHa yTeM, HalpHUMep, H3MepeHHs TeMIOeMKOCTH ra3a 6030HOB HJIH
GepmuoHOB. D10 3HAUUT, UTO udeu KBAHMOBOL Mmexanuku (CoomHouleHue
HeonpedereHHOCMU, KBAHMOBAHUE IHEPeULL U Np.) UMerom 80U 2ayboKue
KOpHU ewje @ cmamucmuueckoti usuke ¥ Hapsily ¢ ABYMSI MYTSMH OTKPbI-
THS KBaHTOBOMEXaHHYECKHX HJefi (ONTHKOMeXaHW4eCKas aHaJOTHs
e Bpoiins — ILpeaunrepa n maTpuunas Mofesb Iefisen6epra — BopHa,
OCHOBAaHHAsSl HAa NMPHHIHIE COOTBETCTBHS) CYIIECTBOBAJa BO3MOXHOCTb
TpeTbero nyTH. To, 4TO 3TOT MyTh He GBI HCNONB30BAH (MU GbLI HC-

Nob30BaH ¢ omosjaHHeM), €CTb SBHEI IPHMep HCTOPHUECKOH cay-
YalHocTH,
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Bepnemca Tenepb, B CBeTe BBLILIECKA3aHHOTO, K (OPMYJHPOBKE
npunuuna INaynu, nanxoit Hamu B § 32. Mbl BuiHM, uTO 3Ta HOPMYJIH-
poBka (KaK M, BOOOWE, INOJb30BAHHE NOHATHEM W-TIPOCTPAHCTBA
(x, y, 2, €, M, ) H OTOXKIECTBJIEHHE KAXKIOTO nncxpe’moro KBaHTOBOTO
COCTOSIHHS C siueliKol ¢ hasoBEIM OGbeMoM A/) JomycTHMa TOBbKO B
KBasHKJacCcHyeckoM npubnuxenun. Kax usBectHo (cM., Hanpumep, [5]),
KBa3HKJIaCCHYECKOe NMPHOJHKEHHE NOJYYaeTcst yTeM MpefleIbHOro Ie-
pexona h— 0. CrnefoBaTe/bHO, B 5TOM NPHONMKEHHH OOBEM sUeHKH
€CTb MaJjlasi BeJMYHHA, M HIpalollHe CYLIECTBEHHYIO PoJib (B JaHHOH
3ajaue) dasoBele 0OBEMBI JOJKHEI COJEPIKATH MHOTO sTueeK.

@opmynupoBka npuHuHMNa Ilaymu, He HCMOJB3YKOWAS NOHSTHS
W-TIIPOCTPAHCTBA, 3aK/MIOYAeTCs B CJIENYIOEM: B CHCTEME TOXKIECTBEH-
HbIX ()epMHOHOB BEpOSITHOCTb TOrO, 4TO JBa (epMHOHA HMEIOT OfHHa-
KOBbl€ TMOJIHble HaGophl KBaHTOBBIX YMCeJ, PaBHA HYJIO.

§ 42. MuoroaTomuble rasbi (Kaaccuyeckas TeopHs).
3akoH paBHOpacnpejeeHus

IMpumenum pacnpefenenne Maxkcpessa — BoabiMana K MHOro-
aToMHBIM rasam. ®opmyasl (40.4) u (40.6)

Z=§e—e/deI‘, (42.1)
U=NT* 2 (In 2) (42.2)

OCTalOTCSl CNPABENJHBHIMM H B 3TOM CJydae, HO B BHIDaXKEHHH /s
aniemenTa o6beMa B p-mpocrpanctse dI' = dV dV, non dV u dV, caenyer
TOHMMATb Tenepb NpOH3BeleHHs: AHdxpepeHIHATIOB BceX OOOGUIEHHBIX
KOOpIMHAT H BCeX OGOOIIEHHBIX HMITYJIbCOB COOTBETCTBEHHO.
OHeprust MoJIEKyJ/bl B OTCYTCTBHE BHELIHEro MOJsi PaBHA CyMMe
KHHETHYeCKOH SHepruH, KOTopast, KaK H3BeCTHO U3 MEeXaHMKH, NIPeACTaB-
JIsieT co6oft ONHOPOAHYIO KBAJAPATHUHYIO DYHKLHMIO HMIYJIBbCOB QixDiPp
(koahHIHEHTHI @;, B OGLIEM CJydae 3aBHCST OT OGOOLIEHHBIX KOOPJH-
HaT ¢;) ¥ NMOTEHLHAJNbHON SHEPrHH B3aUMOAEHCTBHSI aTOMOB. (Mbl Gy-
JIeM B Jla/ibHeHIleM N0/b30BaThCsl H3BECTHHIM YCJIOBHEM JiiHIuTeiina —
MO JBaXIbl TOBTOPSIOWIMMCS HHIEKCaM IOApasyMeBaeTCss CyMMHpO-
BaHHe.) BHyTpeHHee JIBHXKeHHe aTOMOB B MoJleKyJse (IOC/e KCKJiode-
HHUSI TIOCTYNATeIbHOTO ¥ BPalllaTe/IbHOTO JBHIKEHHSI MOJIEKYJbl Kak lie-
JIOT0) MpeAcTaBJsieT co6oi MaJible KosieGaHHs OKOJIO MOJOXKEHHs PaB-
HOBeCHsI, B KOTOPOM IIOTEHIMa/IbHasi SHePTHs uMeeT MUHUMYM. ITosTomy
MOTEeHIMabHAsl dHEPTHS BOIH3H OT PABHOBECHs NPEACTaBJ/seT coBoi
(ecu MPHHSTD #min 3@ HAYAJIO OTCYETA NOTEHIHANBHON SHEPTHH H TOUKY
paBHOBECHS 3a Hayajo OTcYeTa KOOPAMHAT ¢;) OAHOPONHYIO KBaipa-
THYHYIO GYHKIHIO 0GOGLIEHHBIX KOOPAHHAT, XapaKTepH3yIOMHUX KOH(H-
Typauuio MoJieKysbi (T. €. BCeX KOOPAMHAT 3a BBIYETOM TeX, KOTOphie
ONHCBHIBAIOT TIOJIOKEHHE M OPHEHTALMIO MOJIEKYJbl KaK uesoro). [as
n-aTOMHOH MOJIEKYJ/Ibl YHCJIO 3THX (BHYTPEHHHX» KOODAMHAT DPaBHO
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(3n.— 5), ecu MoJieKkysa JMHeHHa (NOJOXKEHHSI PaBHOBECHSI aTOMOB
pAacroJIOKEHB! Ha ONHOI npsiMoi), u (3n — 6), ecaim MosieKysa HesH-
HeftHa. JleficTBUTeNIbHO, B Clyyae JIHHEHHOH MOJIEKYJH ee NOJIoXKeHHe
[OJIHOCTBIO 3a/1aeTCst TpeMsi KOODAMHATAMHU X¢, Yc, 2c LUEHTPa MHEPIHH
W IBYMsl yriiaMu. B cayuae e He/MHeHHOH MOJIEKYJIbl ee OPHEHTalHsI
B NPOCTPAHCTBE 3ajaeTcsi TpeMsi yriamH. Takum o6pasoM, I/is NOTeH-
[MaJMbHOM SHePrHM HMeeM BhIpaXKeHHe b,q,qs, Tle b,s — IOCTOSHHBIE
koaduunents. CienoBartelbHO,

e(q, p)=auwpipr+brsq-9s (42.3)

npuYeM IJIS MajbIX OTKJOHEHHHl OT DABHOBECHSI KOI(DGHUHEHTH ap
MOXKHO TaKiKe CYHMTaThb NOCTOSIHHBIMH (B BhIpakeHMH (42.3) mpoBo-
JMTCS CyMMHpOBaHHe 1o { M k oT 1 10 3n, mo r u s or 1 go (3n — 5)
B C/Jyyae JIHHEHHBIX MOJIEKY] H 10 (3n — 6) B ciyyae HeJMHEHHBIX
Mosiekyn). Otciona umeeM

7= S e—¢/kT dI' = BV Se_"ik"’i"k/krn dp, S e brsr9s/kT H dg,. (42.4)
1 t

(Muoxutesb V' B 570t GopMyJie BO3HHKAeT B pe3y/ibTaTe HHTETPHPO-
BaHHs TO KOOPAMHATAM LEHTPA HWHEPLUUH MOJEKYJb, a MOCTOSHHbIH
n Ge3pasMepHbIi MHOXKHTeNb B — B pe3yJbTaTe HHTErPHPOBAHHS MO
yIJIaM, OMNpEAesIOUMM OPHEHTALHIO MOJMEKYJB B IIPOCTPAHCTBE.)

[lnsg Toro ytoGH cHeNaTh SIBHOH 3aBHCHMOCTb 3TOTO HHTErpana
OT TeMIepaTyphl, CAenaeM 3aMeHY mepeMeHHbX p; = P;T": u q, =
= Q,T":. B pesyjbTare 95TOH 3aMeHBl NONbIHTErpAJbHAS (GYHKIHUSA
CTaHOBHTCS He 3aBMcsimedi oT T, a 3a 3HAK MHTErpaja BbIHIET MHOMKH-
Tesb T, Te | — mosiHOe 4He/I0 AudepeHIIHaioB, BXOASIIEX B HHTEr-
paner (42.4). Ecan MosieKy/ia COAEPIKHT # aTOMOB, TO YHCJIO 0GOGLIEH-
HBIX HMIYJIbCOB PABHO 37 H UHCJIO <BHYTPEHHHX» 0GOGIIEHHBIX KOOPIH-
HaT paBHO (3n — 5) u (3n — 6). CaenosarenbHo, [ = (6n — 5) B cay-
Hae rasa JIMHeHHBIX MOJeKYN U [= (6n — 6) B caydae rasa HeMMHEHHBIX
Monekysn. M B ToM M B JApyroM ciydae [ ecTh CyMMa uHCaa
nocTynate/bHBIX M BpalmlaTeNbHbIX CTeneHeH cBOGOAbI H  YABOEHHOTO
uucsa KoseGaTesbHBIX cTemeHeli cBoGomwl. Otciona

Z =const T2, (42.5)
1 corsiacio QopmyJse (42.2) mosyuum
U= NszaiT (InT#2) = —12- NET. (42.6)

Iast omnoro mons rasa HaxomuM

U=4§RT (42.7)

R
Cy=1%.

(42.8)
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TMonyyeHHEIl pe3ysbTaT MOXKHO CHOPMYJIHPOBATH B BHIE T4K Ha3bl-
BAEMOTO 3aKOHA pasHopacnpedeseHus. snepeul no CmeneHsm ceo6odeL.

Kaxnas noctynarenbHas H BpallaTesbHasi cTeneHb CBOGOAbI BHOCHT
BO BHYTPEHHIOI SHEPTHIO OHOTO MOJIsl Ta3a caaraeMoe RT/2 u B Mosisp-
HYIO TeIJIOEMKOCTb cjlaraeMoe R/2; Kaxaas KoJseGaTesbHasi CTENEHb
CBOGO/IBI BHOCHT BKJaj BABoe Gobuini, T. €. RT B BbIpaxeHHe BHYT-
peHHe#l 5HePrHH M R B BbIPa)KeHHEe TeIJIOEMKOCTH.

Takum 06pa3oM, Bce BHAbI JABHXKEHHSI B MOJIEKYJ/e C TOUKH 3peHHsi
KJlaccHyecKoil (H3MKH paBHONPABHHI (BABOe GOsbLIMH BKJaj KoseGa-
TeJIbHBIX CTeneHed CBOGOAbI OOBACHSETCS TeM, YTO KosMeGaHHS CBsi3a-
HBl C HaJHYHEM MOTEHIHANbHONH SHepPTHH, B CPEJHEM PABHOH KHHETH-
YecKol HepTHH KoJeGaHHH, B TO BpeMsl KaK MOCTyNaTeJbHOe H Bpalia-
TeJIbHOE JIBHXKEHH I CBS3aHbI C HaJTHYHEM TOJbKO KHHETHUEeCKOH SHeprHH).

DKCIepHMEHT, OJHAKO, MOATBEePXKAaeT 3TH NpeicKasaHHs KJaccH-
YecKol CTaTHCTHKH TOJILKO B CJ1yYae OXHOATOMHBIX Ta30B, IJIsi KOTOPHIX
MoJIsipHasi TenoeMKocTb Cy IeHCTBHTe/IbHO OYeHb G/H3Ka K 3HAYEeHHIO

3/,R ~~ 3 Kaa/epad - mose.

OpnHako 1Sl rasoB, COCTOSINUX H3 MHOT'OATOMHBIX MOJIEKYJ, 3aKOH
paBHOpacIpeJleJIeHHsI OKa3bIBaeTCsi HeCOCTosITe/NbHBIM. Hanpumep, nis
cayyasi IBYXaTOMHBIX MOJIEKYJl 3aKOH paBHOpaclpelleJleHHsi NpejcKa-
3biBaeT 3HaueHHe Cy, OJUHAKOBOE Jisl BCEX ra3os H paBHoe 7/,R, oTKyza

9 cp 9
Cp=Cy+R=5R u Y=g, =7

Ha oneite e oKa3kBaeTcsl, 4YTO NMPH yMEPEHHBIX TeMmeparypax Aas
BCeX rasoB

CymSR  C=1R u 3=l

C nonmxkenneM temnepatypsl Cy yMeHbuiaercss H 1as Hy, u D, (nefite-
pHii) gocTHraeT 3HaueHHst %/,R (L1 OCTAaNbHBIX Ta30B 3TO 3HayeHHe
He JIOCTHTaeTcs!, TaK KaK ellle JIo 3TOro MPOUCXOAHUT cxkixKenne). HaoGo-
POT, C NOBBILLIEHHEM TeMIIePaTyphl TEMNJI0EMKOCTb YBeTHUHBAETCS, ONHAKO
TeopeTHYecKoe 3HaueHHe TerioeMkocTH Cy = 7/,R He JocTuraercs,
TaK KaK HAacTymaeT NHMCCOLHMALMsi MOJMEKYJ rasa Ha aTOMbI.

TpHuuHY 3TOrO PacxoxIeHHs MEXIy SKCIEDPHMEHTOM H NpejcKa-
3aHHUSAMH KJIaCCHYECKO! TEOpHH Mbl paccMOoTpuM B § 55 u yGeaumcs,
YTO B TEOPHH, YUHTHIBAIOLIEH KBAaHTOBaHHE SHEPTHH, 3TO NPOTHBOpEYHE
HCYesaer.

Pacnpenenenne BosbuMaHa nosBoJsieT HaHTH NJIOTHOCTb BeposiT-
HOCTH /s J10GoH 0GOGLIeHHOM KOOPAMHAThl H J1I0GOro 0GOGLIEHHOrO0
uMnyabca. OcoGeHHO NPOCTO BHINISIAAT 3TH PacnpefiesieHHs, eI BBECTH
Tak HasblBaeMble HOpMaJibHble KOOPAMHATHI, B KOTOPBIX, KaK H3BECTHO
(cM., Hampumep, [19]), KBajpaTuyHble GOPMbI JJIsi KHHETHYECKOH H
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NOTEHIHANbHOH SHEPTHH NPHBOASATCS OXHOBPEMEHHO K JHATOHAJBHOMY
BHAY
e=a;pi 4 b,q;. (42.9)

Hurerpupys pacrnpenenenne Borbumana no BceM HMIY/bCaM W KOOPAH-
HaTaM, KPOME HHTEPEeCYILHUX HAc, NONyYHM

—ap}/kT —b,q7/kT
4 dp; r d
awv (Pi)=-e'_TTp‘, awv (Qr)=#', (42.10)
e dp; Se rr dg,

T. €. TayCCOBO pacmpeliesieHHe IS KaxJOH HOPMaJbHOH KOOpAH-
HaThl M JAJIS1 KaXA0ro OGOOLIEHHOrO0 HMIYJbCa.

3aKOH paBHOpACIpe/ie/leHHs] SHePTHH IO CTeNeHsIM CBOGOIB MOXKHO
chOpMYJHPOBATh He J/Isi SHEPIHHM OJHOTO MOJS rasa, a Juisi CpeiHel
9HEPTHH OJHOH MoJsieKynbl. Bce M3MeHeHHsl CBOASTCS TOrJa K 3aMeHe
rasoBoii NOCTOsIHHOM R Ha moctosinHyio Boabumana £ = R/N. Kaxnas
BpallaTebHasi H NMOCTyNaTe/bHasi CTereHb CBOGOAbI BHOCHT B CPEIHIO
9HEPTHIO MOJIeKyJ/bl BKJIax kT/2, a kKaxkjaast KoseGaTesbHasl CTeneHb
cBo6obl — BKaajg kT. IlpeumymecTBo TakoH (HOPMYJIHPOBKH 3aKJio-
yaeTcsi B TOM, YTO €€ MOXHO NPHUMEHHTh He TOJBKO K HJIeaJbHOMY
KJIaCCHYeCKOMY Ta3y, COCTOSIeMY M3 MOJIEKYJ, HO M K OTAEJbHbIM,
HEB3aHMOJEHCTBYIOMHMM APYT C APYTOM OGBEKTAM CO CJIOKHOH BHYTPEH-
Hell CTPYKTYPO#i, paccMaTpHBasi KaK/iblit TaKo# OGBEKT KaK MOJIEKYJY.
Hanpumep, B § 37 MBI BOCIIOJIb30Ba/IMCh TAKHM IPHEMOM ISl H3Jyue-
HHS (IPH BBIBOJIE KJIaCCHUECKOro 3aKoHa Peses—J[xkuHca), a B § 38
Mbl NIDHMEHHJIH €ro /IS KJIaCCHYeCKOTO PacCMOTPEHHS TelJOeMKOCTH
KpHcTa/0B (BbiBOA 3akoHa [lomonra u ITtu). Ilpu a1OM HeB3anmo-
AeHCTBYIOIUMH 0GbeKTaMH CUHTANIHCh HOPMAJIbHEIE KOJIEGaHHs! 3JIEKTPO-
MAarHUTHOTO TOJIST M PElIeTKH COOTBETCTBEHHO.

§ 43. BbipoxpenHblii Gose-ras

B §§ 37, 38 MbI paccMoTpeIH BecbMa crieliiaibHble cyuan 6o3e-rasa:
¢oronnri ras u ¢oHOHHHN ras. PaccMOTpHM Temepb ONHOATOMHBI
003e-ra3 B OTCYTCTBHE BHEIUHErO NOJs NPH HM3KHX TeMIepaTypax.

Ecnn npeneGperath KBaHTOBaHHEM SHEPIHH, TO pachpeje/eHHe
Bose—3itnureiina MoxeT GbiTh 3amHCaHO B BHAE

e'/2de
N = AV Gmi—, (3.1)
rae
3
A=2n(i—’;‘) B g=l. (43.2)

3amernm npexae BCEro, 4YTO XMMHYECKHH MOTeHUHasa rasa GO3OHOB
HE MOJKeT GbiTh NOVIOKHTEVIbHEIM, TaK KaK HHaue NpH & = [ BbIpakeHHe
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st AN uMeno Gbl MOJIIOC, H HHTETpaJbl, BHIPAXKAIOUIKE NOJHOE YHCJIO0
HaCTHIL M 3HEpPTHIO

® e'/2 ge

N=av{ Sof (43.3)
C
¢ e’/2de

v=av{ rn—, (43.4)

0

pacxoAuuCh Obl, a NpH & << W BolpaxeHHue Aast dN crano 6bl OTpHuA-
TenbHBIM. TlosToMy p << 0.

Kak BujHO u3 popMysnl (43.3), XHMHYECKHIl IOTEHIHA YMeHbIIaeT-
csl 0 a6COMOTHOM BeHYHHE NPH NMOHHMKEHHH TeMnepaTypbl. JleHcTBH-
TeJIbHO, AuddepeHuupys 310 cooTHouweHHe npu N = const, moayunm

g"(z_ ) /2@ —W/RT

au> 1 g (TP
<‘3T v © girge—mT
§ (e@—mAT )z ¢

<0,

TaK KaK IOJibIHTerpaJbHble GYHKIMH B YHC/IHTeNIe H 3HAMEHATeJe MOJIO-
JKUTeJIbHBL. BBenem B unterpasax (43.3)

# H (43.4) 3ameny nepemenHnlx e/kT = x:
/)
. AV(kT)%io& (43.5)
p e —WRT
5 ¢ %2 dx
U=AV (kT) ’?S . (436)
Puc. 52. 0

@opmysa (43.5) omnpefenser HesIBHO XHMHYECKHH MOTEHIMan Kak
dyHKUMIO TIOTHOCTH uwncaa yactuu N/V u temneparypst T. Ilpu
HeKoTopoii Temmepatype T,, KOTopas OMpejenseTcs PaBeHCTEOM

12 g,
N~ ATy S & (43.7)

XMMHUECKMH IOTeHLHan o6paTHTCs B Hy/1b (puc. 52). HMHTterpan B
(43.7) BoiuucaeH B «MaTemaTHYecKOM NpHJOXeHMM», N. E, u papen

Vot (3)e(3) =2

e ((¥)= > n"*— ¢yuxuus Pumana.
n=1
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B pesyJbTate moJsydaeM, NoAcTaBisisi 3HaueHHe A u3 (43.2),
2 [N \2/:

KTo= 0,084 (7). (43.8)

Tak kak (0W/6T)y <0, To npu T < T, ypasrerue (43.5) oTHOCH-

TeJbHO W He HMeeT OTpHLaTesNbHbIX peinehui. Ho oHO He mMeer, Kak

Mbl BHIEJH, H NOJIOXKHTeNbHbIX pelennii. CienoatenpHo, npu T << T,

XMMHYECKHI TOTEHILHa] W JOJ/IKEH OCTaBaThCsl NOCTOSTHHBIM H PaBHBIM

uymo. OxHako npu p = 0 npaBas yacTs paBeHcTBa (43.5) ecTb yGhiBaIO-

masi GyHKIHS TeMnepaTtypbl, B TO BpeMsi Kak B JieBoH yacTH N ecTh

3a/laHHOe YHCJIO, H MBI MPHXOMAMM K Ka)KyLeMyCsi apajiokcy. JToT na-

pajloKe CBfA3aH ¢ TeM, uTo dopmydnt (43.1), (43.3) nosyyeHsl H3 COOTHO-
LeHuH

N,=e(gi_u$,_l, (43.9)
= gi
N_ZW—I (43.10)

3aMeHOH CYMMHPOBaHMsi HHTerpHpoBaHHeM. IIpu 3TOM nepBhI ujeH
CyMMbl 3aMeHsieTcst BblpaxkenHeM (npH p = 0)
e e’ /kT

av L”"’%:AV(kT)'/- §

e/RT
e -—
0

x'72 dx
e¥—1

(¢" — HekoTOpas, Jexawas Mexnay & = 0 M e, SHeprHs, TOYHOE 3Ha-
YeHHe KOTOPOH HecyleCTBeHHO). Mbl BHIHM, UTO STOT BKJaJ CTPEMHTCH
K mymo npu T — 0. OfHako $iCHO, YTO C NOHHMKEHHEM TeMIepaTyphl
6030HBI JOJI)KHBI CKAaIJIMBaThCsi B COCTOSIHHH & =0 u mpu T =0
BCE OHM OKaXYTCs B 9TOM COCTOSIHHH. DTO 0GCTOSTENLCTBO NPOSIBIASETCS
B TOM, 4TO pH p — O Bee useHbl B BrpaxkeHnH (43.10) aast N crpemsitest
K HyJ0, a nepBulil yneH (e, = 0) cTpemurcst K 6eckoHeynocTH. Ha ca-
MOM Jiesie 3TOT uJjieH J0JI2KeH GbiTh KOHEYHbIM H PaBHBIM TOJHOMY YHCIY
yactin, N. Yerpemasii p He K HYJIO, @8 K MaKPOCKOIHYECKH MaJoMy
3Hayenuto — g;kT/N, Mbl MOXKeM cZieJiaTh NepBbI YJIeH CyMMbl KOHeu-
HBIM ¥ paBHbBIM N.

Ilepexo oT CyMMHpOBaHHsi K HHTETPHDOBAHHIO TeM He MeHee 3a-
KOHeH J71s BceX YPOBHeH, KpoMe caMoro HixkHero. [Tostomy npu 7 << T,
NIOHOe yHeso yacTHL N* ¢ sHeprusivu & > 0 onpesesisercsi o popmy.ae
(43.3), ecom mosnokuTh B 5TOM opMyse p = O (115 BCeX ypOBHeH,
Kpome &, = 0, sHayeHHeM p = — g;kT/N MOHO npeHeGpeyb 1O CpaB-
HeHHIO ¢ g;):

Ry, A
N*=Av§ee%%=AV(kT)X/eS%J§. (43.11)
0
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Orciona, cpaBHuBasi ¢ (43.7), mosmyunm

N*=N (Tla)’ (43.12)
OueBHAHO, OCTaJIbHBIE YaCTHIBI GYAYT HMeTb SHeprHio & = 0
3/g
N1=N—-N*=N[l—(ﬁ) ] (43.13)

IMpu T — T, umeem N;— 0, N* — N, Bce 4aCTHUBI HMEIOT MOJONKH-
TesbHble 3Hepruu. C MOHHIKEHHEM TeMmmepaTyphl HHxe T, HauHWHaeTcs
nepexoj Ha OCHOBHOH ypoBeHb &; = 0 unpu T — 0 °K umeem N; — N,
N* — 0, Bce yacTHIIEI OKa3bIBAIOTCS HA OCHOBHOM ypoBHe. Takum oGpa-
30M, Kaxylueecsl YMeHbllleHHe NOJHOTO yucaa yactui mpu T << T,
CBSI3aHO C HAKOIJIEHHEM YacCTHI, B cOCTOsiHHMH ¢ g = 0. DT0 sBJeHHE
HOCHT Ha3BaHHe KoHAeHcauun Bose—diumrtefina. fIcHo, ogHako, yto
peub HIAET O «KOHJEHCALMH» HA OCHOBHOH 3HePreTHYeCKHH YpOBEHb
B 9HEPreTHYECKOM NPOCTPAHCTBE, a He O peasbHOH KOHJEHCAlMH rasa.

DHeprusi rasa onpefessiercs yacTuuamu c¢ € > 0. 3 (43.4) noxy-
uum npu T < T,

U=av Ty (5% (43.14)
0

Boiumcsisiss uuTerpan (cM. «MaTeMaTHueckoe NpH/IONKeHHe», dopMyJsa

(E.4)),umeem -
it amr()i(8) -1

OTKYJa HaxOIHUM
/2 (kT
U=1,784V (¢Tyr* =31,6 DV, (43.15)
IlokaxeM, 4TO AJ151 Ta3a CBOGOAHBIX GO30HOB B TOUKE KOHIEHCALHH
TenyoeMKocTb Cy MeHsieTcst HenpepsiBHO. [IudipepeHurpysi BolpaKeHHe
(43.6) nJist BHYTpeHHeHl SHEpPruy MO TeMmmepaType, Haiizem

MLy
Cy= AV (kT) /e[7k§ L+
@ GPlagr—u/T
, B x 2¢
+ (H —F> § (F—PAT 12 dx}. (43.16)

Tak kak npu T = T, XUMHUECKHIi IOTEHIHAN | MEHSIETCS HelpephIBHO
(npeneast p npu ctpemiaerdd T K Tg — 0 u K T + 0 06a paBHEI HyJII0),
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TO AN CKauKa TEMIOBMKOCTH B TOUKE KOHIEHCALHH HMeeM
[Cvl = Cy(To+0) = Cy (Ty—0)=
.

2% dy
= AV (AT p’ (T, +0) S B (43.17)
0
st Haxoxaenust p' (T + 0) (B AasibHeiiiueM Ajsi KPaTKOCTH 0603-
HauuM i), AupdepeHUHpYeM IO TeMIepaType BbipaxeHue (43.5),
crpaBe/UIMBOe JIsl NOJIHOTO YHCJA YacTHI, N CrpaBa OT TOYKH KOHJEH-
cauun (T > T,). Haxonum

3 b ¢ dhax (= © M agr—W/RT g -0
RN gmwEr T T\ T 7)) {(e=wAT g —
0

Ipu T — T, + 0 nonyuaem
3 k§° x'/2dx

2 F—WERT
o= lim p'=— lim =0, 43.18
Ho T—»T,,-(»Ou T=Tob0 & sgr—n/aT gy ( )
§ (F=WET )

TaK KaK MHTerpaj, CTOsllMil B 3HaMeHaTesie, PACXOAUTCS HA HHIKHEM
npesese (MOAbIHTErpaabHasi GYHKUHS ~x */2), B TO BpeMsi KaK HHTer-
pan B yucautesne cxoautcs. ClenoBaTeNbHO, AJIsi rasa CBOGOAHBIX 6O-
30H0B KpuBas W (T) puc. 52 noaxonut B Touke Ty, HMes TOPH3OHTAb-
HYI0 KacaTe/bHYIO.

Hrax, cornacHo dopmynam (43.17) u (43.18) umeem [Cylr, = 0,
T. €. CKaYyOK TelJIOEMKOCTH B TOYKe 603e-KOHJEHCAlUH ra3a CBOGOAHBIX
Go30HOB paBeH HyJ0. MoxHo nokasats (cm. J1. 1. Jlanzay, E. M. JTud-
wny «CraTHCTHYeCKas (M3UKa», 3ajaua K §59), uto npoussonHas
(0Cy/8T)y B TOuKe KOHAEHCAUMH HMEET KOHEUHBIH CKAUOK H KOHJEHCA-
uns Bose—Ddiinwmreiina npeacTaBaseT coGol (B OTCYTCTBHE BHEILHETO
n0Ji5)) $a3oBHIA Mepexol TPETbero pPoxa.

PaccMorpum Teneps Gose-ra3, HaXoasuwmitcs BO BHewrHeM nose. Mel orpaHuYnMCs
CllydaemM OfHOMEPHOro noast X (2), ONpeNieNIEHHOro B MOMYNPOCTpaHCTBe. 0 < z << o,
H HopmupoBantioro ycaosuem Z (0) = 0. @opmyast (43.3), (43.4) cueayer remeps
nucath B BHAe

4no ptdp dz

N=hT S S JE—WAT T (43.19)
4no ep?dp dz

v="2 S S TR (43.20)

rae e=§:—l+l(z) u o={{dxdy.
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Mepeiinem B Qopmynax (43.19), (43.20) K MHTErpHPOBAHHIO NO NEPEMCHHBIM & H Z,
Slko6uan nepexoja K (g, 2)-IVIOCKOCTH €CTb

%)=V ezar

u ani N u U nonyuaem u3 (43.19), (43.20) Boipaxkenus

0

. p (e) de

N= S TE—WAT T (43.21)
0

©
ep (e) de
U= § =W (43.22)

TioTHOCTS uHCNa CocTOAHMA p (¢) YKe He Bupaxaercsa gopmynoit AVe'*, cnpasex-
't )
JIHBOH B OTCYTCTBHE NOJs, a paBHa

d

(e)
p@E)=B | Vi—Z(@)dz, (43.23)
0
. 9 3/g
rae X (e) — dynkuus, obparias % (2), u B=—4—]—/%n-,
Temncparypa KOHJeHCaUMH NPH HaNHYWH TOAS OlpexensieTcs: GopMyJof

¢ o@d € o (T,
—\ _pEde 0 (kTox) dx
N= g e 1 = *To S T (43.29)
0 0
oOpMlebl A CKaykKa TelJIOEMKOCTH H /sl BeJIHYMHbL pl‘; HMEIOT BHJ
o
xp (RTgx) e* dx
[Cvlry=kTop; S =T (43.95)
0
o
[p (kTox) +AToxp’ (kTox)] dx
k| RIETOM) T RIOXP (T oX)icx
X —WRT _|
po=—_lim = . (43.26)
Pt s o (KTx) &P/ gy
p (ex—-u/kT_l)Z

M3yuum BONpOC O CXOAMMOCTH HHTErpajioB, BXOAAMHX B (opmynn (43.25) B
(43.26), npu mManbix x. Kax Buzno u3 (43.23), npu ManbiX X u &= kTx CYIeCTBEHHR
TOJIBKO MaJbie 3HaYeHus 2. [TycTh Npu MalkIX Z NoTeHnuan Z (z) CTPEMHTCS K HYJIO,
KaK 2" (n > 0), T. e. ¥ (2) ~ a2".

Toraa % (e) = (¢/a)'/", u no dopmyae (43.23) Haxogum

e\l/n
Tl‘ 1
p(e)=B (e—az")'/* dz.
0

CrnenoBate/bHO, MpPH MaTbiX € IVIOTHOCTE YHC/IA COCTOSIHHA HMeeT NOpsAoK
p (e) ~ el/at+1/n, TlopuiuTerpanbhas (QYHKUHA B HHTErpaje, CTOAleM B 3HaMeHarede
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dopMyaL (43.26), Mmeer NOPANOK (npu p — 0) x~3/%tY" y yprerpan cxomutes npH
n <2. Ilns TaKHX NOTEHUHANOB Wy 7= 0, CYIleCTBYeT CKaYOK TEMJIOEMKOCTH B TOYKe
603€-KOHJCHCAIIHH, U MBI HMEeM JIeJI0 C z?aaoaum nepexosoM BToporo poxa. [last noTeH-
11HAJI0B, YObIBAIOWMX NMpH 2 — 0, KaK 22 uiu Guictpee, dasobui nepexoxn npu T — T,
ocraercsi, KK M Juis rasa CBOGOAHLIX GO30HOB, MEPEXONOM TPeThero poja. Briumcie-
HHe CKayka (0CV/6T)V B TOYKe KOHJEHCallHH (cM. [24]) MOKa3biBaeT, YTO 3TOT CKAYOK
GeckoHeueH. B 3TOM OTHOLIEHMM ra3 CBOGOAHbIX GO30HOB MpeACTaBasieT COGOH HCKIIo-
unTelbHEIH Cyyail, Korna ckauok (9C,/0T),, 0Ka3blBaeTCs KOHEUHEM.

PaccMoTpuM B KauecTse MIIIOCTpauuM 6o3e-ra3 B OAHOPOAHOM none Z (2) = fe,
rae f— nocroannas. Mmeem corsacko (43.23)

e/f

3/3
p(e)=8 § (e—f2)'2 dz=25§'f . (43.27)
MMoacraBasia B (43.24), HaXOnMM TeMIEPaTypy KOHIEHCAUHH
2B, 5, 0 2 d
5 70 xS LN,
[
orea 0,084fN \2/ Nh3 \2/
kTy = Q084N /e 0,007 INE2Ne (43.28)
B om®/

[Moncrasnass B (43.26) 3Hadenue P (€) U YHCJEHHbIE 3HAYEHHS HHTErpajoB, HAXOMUM [hy:

o
%2 dx
5, 35
0
p=— 5k —————=—1,28k
’ 2 oo:c”“xexzi):
F=ir

H, HaKoHel, u3 (43.25), yunTbiBas dopmyny (E.6) «<MaremaTHueCKOro MPHJIOKEHHA,
nonyunm
o
5/9,%
§ ¢ ds 319Nk (43.29)

2B
BN

[Cy)7,=— (kT)"/1,28 5

Bepuemcst k paccMoTpenuio Go3e-rasa B OTCYTCTBHE NOJIS M HaiiieM
TeNJI0eMKOCTb, SHTPONHMIO W AaBjieHHe rasa mpu T << T,. udpdepen-
uupys sbipaxkenue (43.15) ans BHYTpeHHeH SHepruu mo TeMIeparype,
Haxonum

m2pt 2y T

U
Cy= 5 7=T9"5 (43.30)

o] o

H ¢ nomompio popmysibl (43.8) momyuaem

Cy=1,92NR ()" (43.31)
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JLnst HaXOX/IeHHST SHTPONUH H JaBJIEHHUS ONPENeNUM IIPEBAaPUTENLHO
Q-notexuuan:

2 m’2 (kT)* 12V
g=_.340=_21.___(h3> , (43.32)
OTKyZa
9Q 5 Q m3/ep° ety
S=— (G )y = — 3 7 =525
CpasuuBas ¢ (43.30), momyuaem
2 T\3/2
S=2Cy=1,28Nk (ﬂ) . (43.33)
ﬂJIﬂ JlaBJIeHUs HaxoauM BbIpaxkeHue
Q 312 (bT)/2
P=— g M IV (43.34)

Takum 06pasoM, SHTPONHS M TEMNOEMKOCTb 603e-Tasa CTpeMATCs
K Hymo npu T — 0° K B corsiacuu ¢ teopemoit Hepucra, a nasnenue
€ro He 3aBHCHT OT o6beMa. B 3ToM oTHOWeHHH Go3e-ra3 CXONEH C Hackl-
LIEHHBIM NapoM. DTO CXOACTBO OGBSICHSIETCS TeM, YTO «KOHAEHCHPOBaH-
HbI€» aTOMBI B COCTOSIHHHU € &; = ( He 06JaflaloT HMIYJIbCOM H He BHO-
CAT BKJaja B JaBJeHHe.

Peanbno KoHJeHcaluio Gose-rasa HaGMoAaTh He yAaeTcsl, Tak Kak
yKe NpH TeMIeparype 3HauHTeJIbHO Bbillle T, Go3e-ra3 mpeBpaiaercs
B XKHJKOCTb, B KOTOPOIi HeJIb3sl peHeGperaTh B3aUMOAEHCTBHEM MEX/Y
MOJIeKyJ/1aMH, KaK 3TO JeJlaJoch IPH PacCMOTPEHHH HJIeabHOTO 603e-
rasa. MHrepecHO, ONHAKO, OTMETHTb, YTO EAWHCTBEHHAs 603e-XKHA-
KOCTb, CYLIECTBYIOlLasi IPH Temmnepatypax, 6auskux K 0° K, Hel, umeer
npu Temneparype 2,19° K Touky c¢asoBoro mnepexona (oGpasoBanue
CBEPXTEKY4Yero rejiusl) M 3Ta Temneparypa Gauska Kk Temneparype T,
paccuuTanHoit no gopmyJe (43.8) B npeHeGpeKeHUH B3aHMOAEHCTBHEM
moneky/a. Mpl pacemoTpum B § 61 Teopuio HeuzeasbHOro Gose-rasa
H YBHJUM, UTO OHA JAEHCTBHTENbHO NPHBOAMT K CBOHCTBY CBEpPXTEKY-
4ecTH.

IMoauepkHeM B 3aKJIOYEHHE CYIIECTBEHHOE pas/uyHe B MOBEJEHHH
NPH HHU3KHX TeMIepaTypax rasda GO30HOB H Ta3a KJacCHUeCKUX (pas-
JIMYUMBIX) GOJIBLIMAHOBCKUX YacTHL. M 1/1d Tex M Jisl APYrHX NPUHIHI
IMaynu He mMeeT MecTa, M NOSTOMY C MOHHXKEHHEM TEMIepaTypbl U Te
U JIpyTHE YacCTHLb J0/KHBI CKAIIMBATBCS HA HHUMKHEM SHEpPreTHYeCKOM
ypoBHe & = 0. OnHaKo B K/IacCHYeCKOM rase J0Js 4acTHL, HaxoAs-
IMXCA Ha HYJEBOM YPOBHe, paBHa

ng_leim ~ & . (43.35)
- & AV (k1)2 § x'V2e ™ dx
0

Kak el yxe nopuepkusanu B § 30, craTHCTHYecKasi TEPMOAHHAMHKA
€CTb aCHMNTOTHYECKAH TEOPHs, BBIBOABI KOTOPOH CHpaBej/uBbl NPH
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N — oo u V — oco. [TosToMy Jonisl 4acTHll, ONpeje/isieMblX ypaBHEHHEM
(43.35), npH J1106bIX KOHEUHBIX TeMIepaTypax A0J»KHA pacCMaTpHBAThCS
KaK HyJeBasi. B mpoTHBOIOJIOXHOCTE 5TOMY, B rase GO30HOB JOJs Yac-
THIl, HAXONSAKXCS HAa HYJEBOM ypOBHE, Kak caeayer H3 dpopmya (43.7),
(43.9), paBna
g1le
2,334V (kT)°/

~/T _ )1

u emle 1 KOHeYHbIX Temmepatyp T<C T, IpH MaKpPOCKOMHYECKH MaloM
XMMHYECKOM NoTenuHane p =~ —g;kT/N 3Ta 10/l CTaHOBHTCS MOpSKa
BEJIHYHHBL T3y G H, CJIe[OBaTe/NbHO, MAKPOCKOMHYECKH GOJb-
moil (cpaBHEMOIl ¢ exunuuedt). Takum obpasoM, KoujeHcauus Bose—
DjiHITeliHa NPEACTaBAseT cobol ABJIeHHe crelubuyecKoe 11 G030HOB,
CBSI3aHHO@ C NPHHIIMIIOM HePas3/JHYHMOCTH YaCTHIL H OCOOBIMH CBOHCT-
BaMH pacnpenenennst bose—diiHwreiina.

§ 44. BoipoxneHHblit depmMu-ra3. INeKTPOHHbINH ras B Merajie

Paccmorpum BHayase ¢epMH-ra3 npH Temneparype aGCOJIIOTHOrO
HyJA (MOJHOCTBIO BBIDOMIEHHBIH (epMH-ras).

1
Hayunm nosenenne gepMHeBCKOro MHOXHTeNs [ () = AT
npu T - 0°K:
. 1 nmpu e <<p,,
lim (e— W) /kT 1= —_g)= .1
ok (e +=0lw—e) { 0 npu &> p,. (#4.1)

B ¢opmyse (44.1) BenuuuHa py = p) 7. ok — NpeleJIbHOE 3HAYEHHe
XHMuYeckoro notenuuana npu T —> 0 °K, a o(x) — crynenuaras ¢pyHk-
uus (cM. «MaTemaTHuecKoe NPHIO-

xenne», n. F). Pacnpenenenue A

Gepmu—upaka A
i=gf(e)) = —0u 8
Ni=gif (e) = T (442 .
Npunumaer npu T = 0 °K Bug \\\
N _ {1 npH & <p, S &
a0 80'{ 0 npu &> p, Fo=¢€p ¢
(44.3) Puc. 53.

H H306paaercs crynenyaThiM rpadbuKoM (puc. 53). Gu3HYECKH CMbIC
(44.3) ouesnpen. Tlpu T = 0° K ¢epMHOHbI 3aMO/HSIOT caMble HH3KHE
Zﬂepl‘emqecxne ypoBuH. Onnako no npunuuny Iaynn kaxnoe cocrosi-

HE MOXKeT GbITh 3aHATO TOMBKO ONHHM (epMHOHOM, H MO3TOMY YPOBHH
Ao HEKOTOPOrO MaKCHM@JbHOTO €max IpH T = 0° K sBasiorcs
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3aHATEHIMH, TIPHYEM /IS STHX yPOBHEH YHCJIa 3aNIOJHEHHS Ha OlHY SUeiKy
N;/g; paBHbI €UHHILe, a /151 BbIIUEJIEXKAIIUX YPOBHEl OHH PaBHbI HYJIIO.
Kak Buano us (44.2), MakcuMalbHas SHeprus (epMHOHOB npu T =
= 0 °K coBmajaer c npeiebHEIM 3HAYEHHEM XHMHYECKOTO NIOTEHIHaNa
€max = WUo.

Jlnst BblUMC/IEHHs] TepMOAMHaMMyeckMX Beanuun npu T = 0 °K
3aMeTHM, 4TO B HMITyJIbCHOM NIPOCTPaHCTBE (ePMHOHBI TaKKe 3amOJHST
BCE COCTOSIHHSI C MMIYJIbCAMH OT HyJsl O MaKCHMaJbHOTO HMIyJbCa
Pmax. UHCIO KBaHTOBBIX COCTOSIHHH B HHTepBasle HMIYJbCOB OT p IO
(p + dp) paBHO g4np?dpV/h®, rie g — KpaTHOCTb CIIMHOBOTO BBIPOXK-
nenusi. Mimea B BULY 3/1eKTPOHHBIH ra3, Gylem nosiarath g = 2. Yucno
9JIEKTPOHOB C HMIyJIbcaMH OT 0 10 MaKCHMAJbHONO HMITY/AbCA Pmax
paBHO

Pmax
8nV 8V
N=% S P dp= "2 Phax. (44.4)
0

Orciofia AJist TPAHUYHOTO HMMyJibca (HMIyJibe Pepmu) HMeeM
3N \!/s
prex= gy (44.5)

a sl TpaHMYHOM SHepruu (sHeprusi depmu) HaXOXMM BBIpAXKEHHE

P 3N \%/s h?
€max =% = (m) ot (44.6)
HakoHel, no/sHasi Heprusi rasa paBHa
v T 4y
&1 3
U= T § pt dp=—5mh3 Pax, (44.7)
H, MOJCTABJAS 3HAYEHHE Pmax U3 (44.5), HaxoAHM
U=3 Nemas. (44.8)

CorJIacHO yPaBHEHHIO COCTOSIHHS HAeasbHoro rasa PV = ?/,U naxogum

nassenue Qepmu-rasa npu T =0°
1 [/ 3\%/sh? (N\5/s

P =€(87L) E(V) . (44.9)

TakuM 06pa3oM, Laxe NPH TeMiepaType aGCOMIOTHOTO HyJisl laBJie-

HHe SMeKTPOHHOTO Ta3a OTJHYHO OT HyJsA H, Gojlee TOro, BecbMa Be-

JIMKO 1O CPaBHEHHIO C JaBJEHHeM HJeaJbHOro KJaCCHYeCKOro rasa

NpH KOMHATHHIX Temmepartypax P = NkT/V. TloacraHoBKa YHCJ/IeH-

HbIX sHaueHu#t N/V ~ (10%2 + 10%) cu™ B dopmyny (44.9) naer

P~ (10* =+ 10% amm. D10 OGCTOATENLCTBO sBJAETCS, pasyMmeercs,

CJIEACTBHEM TOTO, YTO SJEKTPOHBI He HAXOAATCH B IOKOE Jaxe NPH
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T = 0°K. Kak Bunno (43 (44.8), cpefiusisi HEPrUsi 3/1EKTPOHOB MPH
T = 0°K, pasHas U/N, cocraBisieT */;8max H CPelHss KBaJpaTHUHAS

ckopocts  V/y2 paBHa

Var =/ Doms (320

5 m 5 8nV m*
TMoacTaHOBKA YHC/EHHBIX AaHHBIX B 3Ty (GOPMyJy NPHBOAHT K 3Ha-
yeHHSIM CPelHel KBaapaTHYHOH ckopocTH mopsiaka (107 + 10%) cm/cex.
Bce_nosyuennsie Beite (GOpMyJsbl MPHOIHKEHHO NPHMEHHMbl He
tobKo MpH T = 0 °K, HO H NPH AOCTAaTOYHO HH3KHX TEMIepaTypax.
Yc/0BHEM TPHMEHHMOCTH 3THX (OPMYJI, OYEBHIHO, SIBISIETCS] MAJOCTh
orHoweHHst RT/p. JleficTBHTeNbHO, NPH TeMmeparypax, OTIHYHBIX
OT HyJs, YaCTb 3JIEKTPOHOB NEPEXOAMT C YPOBHeH, JIeXalluX HHXe
rpanuubl PepMH & = W, Ha YPOBHH, JIeXallHe BbILIE 5TOH TPAHHIIBL.
B pesyJibTare 3TOrO CTyneHbKa (pHc. 53) pacnibBaeTcst U NPeBpauaercs
B NYHKTHPHYIO KPHBYIO, H300Pa)KeHHYIO Ha TOM Ke pHCyHKe. M3 dop-
Myabl pacnpeneienus ®epmu—Jlupaka (44.2) Jerko Bunerh, 4To NoOJy-
UIHPHHA Pa3HOCTH paclpeneeHus ecTb BeJqnunHa Ae ~ kT u 1is npH-
MEHHMOCTH BCeX paHee BbIBEJAEHHBIX (OPMyJ HEOOGXOAMMO BLINONHEHHE

HEePaBEHCTB

AT Lpo=8max WM T L To=po/k==€maxlk,

rae T, ecTeCTBEHHO Ha3BaTh TEMIEPATYPOH BHIPOXKIEHHUS 3JIEKTPOHHOTO
ra3a (cp. § 35). Unc/eHHas OLEHKA BEJHYUH Emax H Ty NPUBOAHMT K 3Ha-
YEHHAM emax ~ 1072 gpe u T, ~ (10* + 10%) °K. CnenoarenbHo,
SJIEKTPOHHBIH a3 B MeTa/JlaXx NPH JIOGHIX TeMneparypax BIUIOTh
A0 TOYKH TUIABJIEHHS ‘OCTAETCS! BBIPOXKAEHHBIM.

Ecnu paccMaTpuBaTh 3/€KTPOHbBI TPOBOAHMOCTH B MeTajJe Kak
K/1aCCHUECKHH 3/EKTPOHHBIH ra3, TO, COIMIACHO 3aKOHY PaBHOMEPHOTO
pacnpeie/leHHs SHEPTHH [10 CTENEHSIM CBOGO/E!, 5TH 3/IEKTPOHBI JOJAKHbL
Oblin Gbl faTh AOOABOUHBI BKJAX B TEMJIOEMKOCTb, paBHBIH 3/,Nk.
B neficteuTenbHOCTH BK/aM 3JI€KTPOHOB B TEIIOEMKOCTh MeTailia NpH
KOMHATHO# Temmeparype OKa3blBaeTcsl Ha [Ba NMOPSAKA MEHbILIE STOTO
3Hauenns. Kpome Toro, okasbiBaercsi, YTO 3/IEKTPOHHAS TENJOEMKOCTb
Cy sapmcnr or Temneparypsl (Cy npsiMo nponopunoHaisa T). i
baxter HeoGbsicHuMEI B cTaTHCTHKe MaKkcBesia—Bo/IbiMAHA H MOTYT
OLITh MOHSATHI JIHIIB C TOYKH 3peHust cratucTukH Pepmu—/Iupaka.

Kauecrsenno Masast Ten/ioeMKOCTb 3JEKTPOHHOTO I'a3a OGBSCHAETCS
TeM, uTo npu nuskux memnepamypax T < T, & mensosom Osudnceruu
Mpunumarom yuacmue moabko me 3AeKMPOHbL, SHeP2US KOMOPbIX GAU3KA
K epanuye Pepmu emax. Tak Kak HX 10NIS MasIa (OHA IOPSAKA OTHOLICHHSE
WHpHHLL pasmbitoctd pacnpenenennst ®epmu 26T K |i,), TO BKAaj HX

B 3 .
TeNJI0EMKOCTb OKa3bIBAeTCs MaJbiM Cy~~2— NFE2RT [py u nuneiino
SaBuenr or T,

7 10 B. Pymep, M. L. PuiBkuu
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[lepeiineM K KO/IMYECTBEHHOMY paccMoTpeHuio. Byaem onarb uc-
XOMHTb H3 Qopmya

e e'/2 de

N=av( ot (44.10)
OS SE— /AT { ]

U=AV§° e (44.11)
g e +1

rle B cydae 3/1eKTPoHHOro rasa A = 4m(2m/h?)32, u nokaxem, 4To
npyu Hu3KHX Temneparypax (kT < w,) XMMHYECKHI NMOTEHUHMA] [ MO-
xer ObITh HcKmoueH H3 opmya (44.10) u (44.11). B «<Marematnueckom
NpUIOKeHHH», 1. H, BbIYHC/IEHbl HHTErpasbl

o
e” de

M"=§ (E—W/ET ]
npu ycnosuu kT/p < 1 M NOKasaHo, YTO C TOYHOCTBIO [0 H/IEHOB
~(kT/p)? .
n(n+1 2
[H' Ku > J
Torna ypaBHenue (44 10) npuHuUMaer BUJ

y =M= Fws[1+ = \%T—)z]. (44.12)

[pu T = 0 °K Mbl BHOBb HaXOAHM, MOACTaB/IsiA 3HayeHue A,
3N \*s k2
”°=<m> om
Ipu T 5= 0 °K ypasueHue (44.12) Moxer GHITb IepenHcaHO B BHAE
84 = ¥ 72 (AT \2
W2 =p 2[1+8<P«0>]

(8 Majiom cnaraemoM (n?/8) (RT/p)? Mbl MOKEM MOJNONKHTB (4 = W),
OTKyAa C TOYHOCTBIO J0 BeqHuuH ~(kT/po)? mosyyaem

2 (kT
! e
i HaXoXIeHWs BHYTpeHHeil sHepruu paspenum (44.11) na (44.10)
5n2(kT
U My, 3 1+8\u> 72 kT 4
ﬁ‘_.;“f’”w se[1+5 ()] v
8 \u



§ 441 BBIPOXK/EHHBIA GEPMU-TA3. SJEKTPOHHBIN A3 195

¥ npu nomou Qopmyanl (44.13) (c TouHOCTBIO A0 YneHOB ~ (RT/p)?)
HMeeM

3 5n2 (kT \2
U=—5—Npﬂ[l+ﬁ<m>]. (44.15)
Orciofa A5 TemJI0eMKOCTH 3JIEKTPOHHOTO rasa NoJyYHM BbIpaXKeHHe
U a2 kT
CV_<5—T>V-7NI¢ =z (44.16)

B COOTBETCTBHH C OMBITOM H KaueCTBEHHOH OLEHKOH, CHeJaHHOHA B Ha-
yasie naparpada.

3ameTHM, 4TO XOTsI 3JIeKTPOHHAST TEIJIOEMKOCTD CyLIeCTBEHHO MeHbLIe
Kaaccudeckoti TENIOEMKOCTH pewteTkH 3Nk, OHa Ha caMOM JeJle CTaHo-
BHTCS GOJIbILE PEIETOYHOI TENJIOEMKOCTH NPH AOCTATOYHO HH3KOH TeM-
neparype, Tak Kak B 370l 061acTH Cypew ~ T° (cM. § 38), a Cyoy ~ T
(cM. puc. 54).

Ny

Pewemra

Inexmpors!

&
Puc. 54. Puc. 55.

Ias Toro uroGbl HAaiTH SHTPONHIO M JaBJEHHE 3JEKTPOHHOIO rasa,
onpenenuM Q-norerunan. CorsacHo (44.14) u (44.12)

N T
= — AV L+ (BP] aa1n)

I

Orciona sutponns rasa ¢ TOUHOCTBIO [0 YIEHOB (kT/p,)? paBHa
aQ n? KT __ a2, kT
=—(% =% Vi =T N
s (ar)m T AV = TN (44.18)

Msl BlgM, 4T SHTPOMHS H TeI0EMKOCTD 3JIGKTPOHHOTO I'a3a CTPEMATCS
K Hymo npu T - 0 °K B corsacuu ¢ Teopemoii HepHcra.
7
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JlaBlieHHe 3/IEKTPOHHOTO rasa paBHO coryacHo (44.17)
Q _ 2Np a2 (kT\2
P=—y =33 +7(E)]=
__ 2 Npo 5n® (kT\2]_ 5q® (kT \2
mha b I e K A G
rae P, — nasnenue rasa npu T = 0 °K u3 dopmynn (44.9).
CpaBHHM B 3aKJiouenHe rpaguky pacnpenenennit Bose—diinmrelina,
®epmu—/Iupaka u MakcBenna—DBosbuMana NPH HH3KUX TeMmrepa-
Typax (puc. 55). dyHKuMA pacnpefiesenus Bose—DiinmTeiina Hmeer
peskuli MakCHMyM npH & = e, = 0 (dBJeHHe Go3e->RHLITEHHOBCKON
KOH/IEHCALHH) H SKCIOHEeHIHaJbHO yGhiBaeT ¢ pocroM e. Kpupas pac-
npenenenust ®epmu—lupaka HMeeT MOJOroe NJAaTo NPH &; < Wo,
rnoc/ie Yero MAET BHH3 TaKXKe 10 MOKa3aTeJbHOMY 3aKoHy. B o6Gnactn
MaJIbIX YHCes 3amnoJiHeHHs 06e KPHBbie MOYTH COBMAAAIOT APYT C Apy-
TOM H ¢ KpHBO# pacnpefenenus Makcsenna-—Boabumana,



TTABA IV

CUCTEMbI B3AMMOAENCTBYIOLUX YACTHLL.
METOJ 'MBBCA

§ 45. T-npoctpanctso. Teopema JInyBnans

Jlo cux mop Mbl O'PaHHYHBAIHCh PaCCMOTPEHHEM TaKHX 3ajad, Ko-
TOpble MOIMIH OBITh PellleHbl Ha Gase METONa SUIUKOB» H «sIUeeK», T. €.
3ajlayaMH O TepPMOJMHAMHYECKHX CBOMCTBAaX HJ€a/lbHbIX ra3oB — CHC-
TeM, COCTOSAIIHX M3 HEB3aHMOAEHCTBYIOUIHX OGBEKTOB.

B nocrenyromux naparpagax Mbl O3HAKOMHMCSI CO 3HAYHTE/IbHO
Gostee OOLIMM METOAOM pelleHHsi 3ajay CTATHCTHYECKOH DHU3HKH — Me-
TofioM ['m66ca, NO3BOJIAIOUIMM HCCAENOBATh NOBEAEHHE MPOU3BONbHBIX
MaKpOCKOIHYECKHX CHCTEM, YacCTHIbI KOTODPbIX B3aHMOJEHCTBYIOT APYyT
C IpPYTOM CKOJIb YTORHO CHJIBHO. SICHO, 4TO Pe3yJbTaThl, KOTOPHIE MOXHO
TIOJIYYHTDb € MOMoLIblo MeTofa ['m66ca, BK/IOYAIOT B KayeCTBE 4acCTHBIX
clyyaeB H BCe pe3yJIbTaThl, MOJNy4YeHHble HAMH C TOMOLIbIO METOAa
CSLLMKOBY H «syeeK».

IMpenBapurenbHo Ham mnorpefyercs BBeCTH MOHATHE (Ha3oBOro
[-npocrpanctsa, siBasioleecss MpsAMbIM 0GOGLIEHHEM IOHSATHS P-TIPOCT-
paHcTBa. Ecau cyuiecTByeT B3aHMOAEHACTBHE MeXAy 4YacTHUAMH, TO
W-IPOCTPAHCTBA OTAE/NBHBIX MOJIEKYJN YKe He SBJSIOTCS He3aBHCHMbI-
MH JIpyT OT Apyra H anmnapar, HCIOJIb3YIOUIHi TOJbKO MOHATHE [4-IPOCT-
pancTBa, HeajleKBaTeH du3HUecKo# 3afave. Hasosem I'-npocmparcmeom
KouTHHYyM 2Nf uamepeHuii, rie N — 4HC/IO 4YacTHI CHCTeMbl, a f —
YHC/IO CTeneHeH CBOGOABI KaXKAOH YaCTHIbI, KOOPAHHATAMH KOTOPOro
sBasiorcst Nf 06oGuieHHEIX KoopAuHaT H Nf 0GOGLIeHHBIX HMIYJIbCOB
Becex yactuu. Touka B I-mpocTpaHcTBe H306paXKaer COCTOSIHME Beed
CHCTEMbI, a He OAHOH MOJIEKYJIbI, KaK 9TO GbLIO B C/1y4ae \-NPOCTPaHCTRA.
C TeyenneM BpeMeHH COCTOSIHHE CHCTEMbl 3BOJIONHOHHDYET U H300pa-
Kaiomas Toyka nepemeraercss no ($asoBofi TPaeKTOPHH, KoTopasi B
Clly4ae 3aMKHYTOH CHCTeMbl JIEXKHT Ha THIIEPNOBEPXHOCTH MOCTOSHHOM
SHepruu:

E=YKi+ X% @)+ (9, 9u ) (45.1)

(Ki— Kunernueckas SHeprus (-i 4acTuubl, ¥(g;) — ee 0OTeHUHaIbHAS
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SHeprus BO BHeuHeM mone u ¢/ — moTeHIHaNbHASL SHEPTHS B3AHMO-
JIefiCTBHST 4acTHL).

Io aHaMorHH ¢ W-IPOCTPAHCTBOM NpoH3BeAeHHe AnddepeHuason
BCEX KOODAMHAT H HMNYJIbCOB GyJeM Has3biBaThb 3/1€MEHTOM (ha3oBOro

I'-npocrpancrea
dr =] dg: dp:. (45.2)

Tax e, Kak ¥ B cilyuae HA€aNbHOTrO rasa, GyAeM NPH KBa3UKJIaccHye-
CKOM ONHMCaHHH (C MOMOWIbIO KOOPJAHHAT H HMIyJbCOB) NPHIHCHIBATH
KaX</loMy KBaHTOBOMY COCTOSIHHIO (a30Bblfi o6beM AMNf, Tak uTo BhIpa-
KeHue

dar
Q= (45.3)

NpeacTaBasfeT COGOH YHCAO KBAHTOBBIX COCTOSIHMH, NPUXOAAUIUXCA
Ha uHTepBaabl (¢, ¢: + dgi), (pi, pi + dpi;) 0BGOOLIEHHBIX KOOPAHHAT
H HMITYJIbCOB.

IMpununnuanbHas ocHoBa Meroaa 'mG6ca 3akiiouaercs B caenyio-
uem. Byziem paccmarpuBarth H3GpaHHYI0 HaMH CHCTEMY, MOIPYKEHHYIO
BO BHELIHIOIO cpelly (TepmocTar). B/iaroaaps B3aHMOJEHCTBHIO CO CPeloit
MHKPOCOCTOSIHHE CHCTeMbl GYJeT C TeYeHHeM BPEMEHH H3MEHSTbCS IO
BeCbMa CJIOXKHOMY 3aKOHY. IIpefBBIUHCANTL XOJX 3THX H3MeHeHHI G/la-
roflapsi OTPOMHOMY 4YHC/IYy CTemeHell CBOOGOAbI CHCTeMbl HPAKTHYECKH
HeBO3MOXHO, 1a M He HyXXHO, TaK KaK Hac HHTepecyeT MaKpOCKOMHde-
CKOE COCTOSTHHE CHCTEMBI, a He COCTOSIHHe KaXKIoH ee MoJeKyJbl. Mbl
MOXKeM TOJIbKO yTBepJaTh, YTO H306paxaromas TouKa B (ha3oBOM Ipo-
cTpaHcTBe GyfeT JBHraTbCsi IO Ype3BblYaiiHO 3anmyTaHHOH TPAaEKTOPHH
(3Ta TpaeKTOpUs y:Ke He JIEHKUT Ha NMOBEPXHOCTH IMOCTOSIHHOH SHEPTHH,
TaK Kak 6arojaps B3auMOJIeHCTBHIO CO CPEIOH SHEPTHs CHCTEMbI TaKKe
MelJIEHHO MeHsleTcsl), NPOXOAsiell MHOIOKPAaTHO yepe3 /000l BecbMa
MaJiblii 06beM (a3oBOro MPOCTPAHCTBA. DTO MO3BOJISIET BBECTH BEpOST-
HOCTb IpebbiBaHusl H306pakalolell TOYKH B JI0GOM 3JeMeHTe a3oBoro
o6beMa, NponopuHoHadbHylo dI':

aw (p, gy=p(p, q)dl, (45.4)

rie p(p,q) — NJIOTHOCTb BEPOSITHOCTH HJIHM (YHKUHMS pacrpeieseHus
cucreMbl (CHMBOMAMH p, ¢ Mbl /1S KpaTKOCTH OyleM 00603HayaTh BCIO
COBOKYIIHOCTb OGOOIIEHHBIX HMITYJbCOB M KOOpAMHAT). PyHKUMA
o(p, ) HOMKHA, OYEBHAHO, YAOBJETBOPATh YCJIOBHIO HOPMHPOBKH

{o(p, gdl'=1. (45.5)

Cpennee 3HayeHHe JI0GOH (YHKUHH KOOPAMHAT H HMIYJIbCOB MOXET
GbiTb BLIYHCAEHO 1O (GopMyJIe

F=(F(p, 9)p(p, g)dl (45.6)
Ecau Mbl GylieM CIeAuTb 3a H300paxarolied TOuKO# B asoBom 1po-
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CTPAHCTBE M OTMeYaTh ee NOJNOXKeHHs Ha (ha3oBoil TPAeKTOPHH yepes
MaJible TIPOMEKYTKH BPEeMeHH, TO COBOKYIHOCTb 3THX MIHOBEHHBIX IO-
JIOKEHHH H306pakalolmell TOYKM 3a JOCTATOYHO GoJibliioe BpeMsl 3a-
nosHHT [-NPOCTPAHCTBO € IJIOTHOCTBIO, NPOMOPLHOHANBHOM P (p, §).
[puem, npennoxeHHbli [H66COM, 3aK/II04aeTcs B TOM, YTO BMECTO TOTO,
yToGbI C/IENUTh 32 ABHKEHHEM OFHOH M3006paKaioliefi TOUKH C TeYeHHeM
BpEMEHH, Mbl NpeACTaB/sieM ceGe MHOXECTBO H300PaXKaloUHX TOYEK,
pacrpefiefieHHbIX B [-npocTpaHcTBe C MJIOTHOCTBIO P(p, ¢). DTO 3HAUHMT,
YTO MBI JIOJUKHBI TIPEJCTAaBHTb cefe MHOMECTBO 3K3eMILISPOB OJHONH H
TOl Ke (PU3HUECKOH CHCTEeMbl, OTVIHYAIOUHXCS TONBKO 3HAYEHHSIMH p;
i §; B HEKOTOPEIH MOMEHT BPeMeHH, KOTOPbIl MOXKHO BEIOpAaTh 3a Ha4alo
orcyera £ = 0. Hanpumep, eciu Mbl H3yyaeM NoBeJleHHe ra3a B COCyJe,
Mbl JOJIKHBEI ce6e NpPeJCTaBUTh OrPOMHOE YHCJIO COCYAOB C Ia3oM, eClIH
Mbl paccMaTpHBaeM KPHCTa/Jl, Mbl HOJIXKHBI MBICJAHTb, 4YTO HMEeTCst
OrpOMHOE KOJIMYeCTBO KPHCTAJJIOB H T. A. Bce 3TH 9K3eMIIAPE HMEIOT
OJIHHAKOBHIl 0GbeM, OJMHAKOBOE YHCJO YaCTHI[ M NOTPYXKEHBl B OIMH
1 TOT e TepMocTaT. Tako# KOMIeKTHB (BOOGpaxaeMBIX) SK3eMILISPOB
CHCTeMBl HOCHT Ha3BaHHe KaHOHu4eckoeo ancambas I'ub6ca. Baaromaps
pasNMuMIo HayalbHbIX YCJIOBHH M B3aHMOJEHCTBHIO CO CPENOH (Tepmo-
CTaTOM) COCTOSIHHE KaXKJOTO SK3EMILISAPA MEHSIETCsl ¢ TedeHHeM BpeMeHH
1o-pasHoMy. DTO 3HAYHT, YTO KaxKias H3oOpakaiomas TOYKa (OMHCHI-
Balollasi COCTOSIHHE OJHOTO M3 3K3eMILIApOB aHcaMm6/s) ABHraercs
o cBoeit (azoBoit Tpaekropuu. COBOKYMHOCTb 3THX TOYeK obpasyer
ras (MM CKOpee, KaK Mbl YBHIHM, KHAKOCTb) C IJIOTHOCTBIO (B ['-npo-
crpaHctBe) p(p, ¢). B craunonapHoM coctosHHH p(p, ) He 3aBHCHT
OT BpeMeHH ABHO: 0 p/0f = 0, T. e. NIJIOTHOCTb H306paKalOMHX TOYEK
B JI060M MecTe ()a30BOTO MPOCTPAHCTBA MOCTOSIHHA. JIOKakKeM, 4To u
nongas npousBofHas P(p, g) MO BPEMEHH

£-3R e+ @

TaKxKe paBHa HYJIO, T. €. YTO BooGpakaeMblil ra3 (AKHIKOCTb) H300pa-
HAIOIHX ToYeK B [-PoCTpaHCTBe SIBJISIETCS HEC)KMMAeMbIM H JABHKETCS,
COXpaHsisi CBOIO MJIOTHOCTb. DTO yTBEPKACHHE HA3bIBAETCS MEOpemoll
Juysunns.
JleficTBHTe/IbHO, ypaBHEeHHs] MEXaHUKH B opme [aMHIbTOHA HMEIOT
BHJ
oH . oH
Q=g Pi=— G0 (45.8)
e H(p;, q;) — ¢ynxuus [aMHIbTOHA CHCTeMbl. 3amHuieM ypaBHeHHe
(45.7) B BHZe
do N[0, . a ., G, | s
P =Dla ) +55 000 | =0 Y FE+TE]. 459
i i
[epBoe cnaraemoe B mpasoit wactu (45.9) npencrasaser coboit Iu-
BEPreHuHIO BeKTOpa [IIOTHOCTH TOKA BEPOSITHOCTH p4 B [-mpocTpaHcTse
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(# — Bextop 6N-MepHOH CKOPOCTH) H DABHO HYJIO B CHJY YDaBHEHHs
HenpepuiBHOCTH
% — —div (pu) =0. (45.10)
Bropoe ciiaraemoe npaBoii YacTil TaKxKe oGpalaercst B HyJb BCJAeL-
crBHe ypaBHenuii (45.8). eiicTBuTesbHO,
g 02H opi _ _ _H ag; | op;
9q; ~ Op;dq;’  Op; 0q;0p;*  0q; ' Op;
Takum obpa3oM, (QyHKuHsS pacnpeieneHusi p(p, ) NpencraB/sier
coGoit HHTerpaJ JABIKeHHs. Dosee Toro, HeTpyaHO BHIETh, yTo P(p, §)
€CTb BeJIHYMHA MYJbTHIIHKATHBHAS, a ee Joraphdm ecTb aJlHTHBHLIA
HHTErpas IBHKeHus, JleficTBHTe/IbHO, Pa3buBasi MbICJEHHO paccMaTpH-
BaeMylo CHCTeMy Ha JiBe Makpockonmuuyeckue noxcucreMbl I u II, mb
MOXKEeM CUHTaTb HX CTATHCTHYECKH He3aBMCHMBbIMH. Buaronaps manomy
paanycy HeHCTBHSI MOJIEKYJISIPHBIX CHJl B3aHMOJAEHCTBYIOT JAPYyT C Apy-
FOM TOJIBKO YaCTHLbl, HaXOASAIUIHECS B TOHKOM CJ10e BOJIM3H TpaHHlbl
pasjiesia MOACHCTEM, HO YHCJIO TAKHX YaCTHIL H SHEpTHsl B3aUMOJEHCTBHS
NPONOPIHOHANbHBI [?, B TO BpeMsl KaK IOJIHOE YHCJIO YacTHIL H BHYTPeH-
HHE SHePTHH MPOMoplLHOHaNbHbl 2 (I — NOpsIoK JIHHEHHBIX pa3MepoB
MOACHCTEM), H MO3TOMY JJISl MAKPOCKONHYECKHX NOACHCTEM 3Heprist
B3aHMOJIEHCTBUS OYeHb MaJa IO CPaBHEHHIO C BHYTDEHHeH SHepruei.
[TosTOMy NOACHCTEMB SIBASIIOTCS KBAa3H3aMKHYTHIMH M MIHOBEHHOE CO-
CTOsIHHE OJIHOH NOJACHCTEMbI He BJIHSAET Ha COCTOSHME APYToi. (3aMeTHM,
OJHAaKO, YTO 3@ JJIHTe/bHbE NPOMEXKYTKH BPeMeHH B3alMOJEHCTBHE
MOJICHCTEM APYT C APYTOM, TaK XK€ KaK H B3aHMOJEHCTBHE CHCTEMBI CO
cpesio#t, NposBAsIeTcst XOTs Gbl B TOM, YTO SHEPTHS KaXJO¥ MOACHCTEMbI
H CHCTEMbl B LeJIOM MENJIEHHO H3MEHsIeTCA H HSOépa)KalOLllﬁﬂ TOYKaA
NePeXOMUT C OJ[HOi T'HIIEPTIOBEPXHOCTH NIOCTOSAHHOM SHEPIHH HA APYTYIO. )
BBHay craTHCTHYECKOH HE3aBHCHMOCTH IIOICHCTEM Mbl MOXKEM, COLJIACHO
TeopeMe YMHOXKEeHHs BepOSITHOCTeil, 3anncarh A5 BepPOSITHOCTH HAXO0X-
ZeHus Beell cuctemsl B anemente dI' dhasoBoro mpocrpascTsa

dW (p, q)=p(p, 9)dI'=p, dl'p, dT,.

Tak kak dI' = dI'; dI'y, TO

p=pipy Inp=Inp,+Inp, (45.12)
J1n151 60/1bLUIHHCTBA PHSHYECKHX CHCTEM CYLIECTBYETBCEro 7 He3aBHCHMbIX
aJUIHTHBHBIX HHTETPAJIOB JABHKEHHS: SHEPTHs, TPH NPOEKLHH MOJHOTO
HIMIYJ/IbCA CHCTEMBI P H TPH NMPOEKUHH MOMEHTA HMIyJbca CHCTeMbl M.
[TnotHocts BeposTHOCTH p(p, ) ABAseTCs HX yHkuueir. Mbl Gyxem
B JlaibHeHIUeM paccMaTpHBaTh CHCTeMbl, KOTOPHIE Kak LeJ0e He JABH-
JKyTca HocTynarenbHo, T. €. P = 0, u He Bpawaiorcsi, T.e. M = 0.
B aTom ciiyyae Mbl mocTyJsHpyeM, 4To p(p, g) ABAseTCs (yHKume o1

HOH TOAbKO suepnm .
o(p, Q) =[(£). (45.13)

0. (45.11)
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§ 46. Muxp Koe pacnpepenenne InG6ca.
KaHonu4ecKoe pacnpefienerne I'mGGca

ITpocreliiiee CTaTHCTHUECKOE pacnpeieieHHe, coracyolieecst ¢ pop-
myJioit (45.13), MBI TIOJTy4HM, €C/IH TNPEANOJIOKHM, 4YTO CHCTeMa SB-
nsieTcsd 3aMKHYTOH, M3oMupoBaHHOH. B 3ToMm ciyuae o(p, g) orinuna
OT HyJISl TOJIbKO Ha THIIEPIIOBEPXHOCTH MOCTOSHHOM 9HeprHH. [TockobKy
HHTErpas S S o (p, ) dp dq mo/xKeH paBHATBCS €IUHHLE, @ THIIEPIOBEPX-
HOCTb TOCTOsIHHOH 3Heprun E(p, q) = E wWMeeT uyuc/io M3MepeHHH Ha
eMHHILY MeHble, yeM [-mpocrpaHcTBO, fiCHO, 4TO 0 (P, g) ROMXKHA
obpauarbes B GeckoHeyHocTb Npu E(p, ) = E. D10 MOXKeT GbITH KOM-
NaKTHO 3aNMHCaHo ¢ momouibio 8-pyHkuuu dupaka

o(p, q)=AS8 (E (p, q)—E), (46.1)
rie A — nocrosiHHasi, onpeeisieMas ycaoBHeM HopmupoBkH. ITocsen-
Hsis QopMysa BhIpaXKaeT MUKpPOKaHOHu4eckoe pacnpedeaerue Iubbea.

Yacro GbiBaeT 1Mo/I€3HO yKa3aTb SIBHO yCJOBHE TOTO, YTO YHCJIO yac-
THIL ¥ 06BbeM CHCTeMBI (HKCHPOBAHEL B aToMm ciyuae Mbl GyleM 3amu-
cbIBATh MaKPOKaHOHHYECKOe pacrpejie/ieHHe B BHIE

0(p, 9)=AS8(E (p, 9)—E)8(V—=V)bn. 5. (46.2)

IMepefineM K BBIBOAY CTAaTHCTHYECKOrO pacrpeleeHHst AMs He3aMK-
HYTOH CHCTeMbl, B3aHMOJIeHCTBYIoLIeH cO cpenofi. Mbl BEIBeeM B 3TOM
naparpade Takoe pacnpejie/ieHHe JIsi IPOH3BOJIBHOH MaKPOCKOMHYECKOH
CHCTEMBI B CJIENYIOIIHX HPeIrNoNOKeHUusiX: 1) okpyxawomwas cucreMy
cpefa (TepMocTaT) NpeicTaBJsieT coGOH HIealbHBI Ta3 H 2) CHCTeMa
NOTPy2KeHa B COCY/JI C TeMJIONepefaloUIHMH, HO HEMOABHKHBIMH H HEnpo-
HHIaeMBIMH J/151 YaCTHIL CTEHKAaMH, TaK YTO HMeeT MeCTO Irepesiaua sHep-
THH OT TepMOCTaTa K CHCTeMe H HaoGOpOT, HO YHCJIO YaCTHIl B CHC-
TemMe M o6beM cucTeMbl puKcHpoBaHbl N = const, V = const. (B cne-
AywouieM naparpacge Mbl OTKaXKeMCSl H OT NepBOI'0 U OT BTOPOrO OTPaHH-
YeHHs] W BhiBeJleM GoJee oflIHe pacrpenesneHHus.)

Bynem o6osnauath uepes

E(pu g) e(Pu Q)= Dgr, £

i

SHEPIUI0 CHCTeMBI, SHEPTHIO TepMOCTaTa M MOJNHYIO SHEPTHIO COOTBET-
CTBEHHO (g;, p; — OGOOUICHHbBIE KOODAHHATE M HMITYJbCH YAaCTHI[ CHC-
TeMbl, Q; ¥ P; — KOOpAMHATH ¥ MMIYJIbCH 4acTHIl TEPMOCTaTa) H ue-
Pe3 N — upcsi0 yacTHLl B TepMoCTaTe.

Bynem cuurats, urto cmerema -+ Tepmocrar npeacTaBasier coboii
SaMKHYTHI OGBEKT, A/ KOTOPOTO HMEEeT MECTO MHKPOKaHOHHYECKoe
Pacupenenenne

o(p, ¢, P, Q=AM (E+e—E), (46.3)
Te A — TNOCTOAHHAS, OnpelessieMas yC/AOBUEM HOPMHPOBKH.



202 B3AUMONEVCTBYIOIUWE YACTHLBL METON T'MEBCA (ra. v

st Toro ytoGbl HalTH QYHKLHIO pacnpeaesienis CHCTeMbl (OHa om-
penesisieT BEpPOSTHOCTb TOTO, YTO KOOPAHWHATBI U HMIYJbCbl CHCTEMBI
Jiexar B sqemenTte ¢azosoro obvema dI'), HalO MPOUHTETrPUPOBATH Bhl-
paxenue (46.3) nmo KoopAMHATAM H HMIYJbCaM dYacTHLL TepMocTara
, Q. BbluncsuM nHTErpast

{ awpavqs (Y P g (46.4)
I\ om

HurerpupoBanue no KoopAHHaTaM Q;, B CHJY TOTO, YTO TOJIbIHTET-
paJibHoe BhIpaxKenue He 3aBHCHT oT Q;, naer VV. Ilast toro ytoGbl Bbl-
TIOTHHTh HWHTETPHPOBAHHE B MPOCTPAHCTBE HMIYJbCOB YaCTHIL TE€PMO-
crata, nepefiieM K cdepuyeckuMm KoopaunaraM. OGosnaunM oObem
3N-meproro mapa uepes Vay = CynR*N, rae Cyv— GespasmepHast
NOCTOIHHAs!, 3HAYeHHe KOTOPOil [JIsl Hac HecyllecTBeHHo, H R — pa-
Iuyc wapa B npocrpanctBe 3N H3Mepenuii, onpesessemblii paBeRCTBOM

[ZP”]"’ (@mey,  dR=(g)" de.

Torna ans saemMeHTa o6beMa HMeeM

Vv =3NCyyRIV =1 dR =3 NCyy (2m)

H, C/EeJ0BATENBHO,
3N
{ §@vpang 6(22 +E—E|=
i=1
N, 3V . / E \3,1!,1
QC&\'V’”(Qm)Z Qei §(e+E—E), dza:D(N)\l—E/2 ,
rae D(N) o6o3Hauyaer COBOKYNHOCTb BCEX MHOXKHTeMeH, He 3aBHCA-
LIHX OT NMapaMeTpoB CHCTEMBI.
Tepeiinem Tenepsb K npegeny N — oo, cuntas, UTo UHCJIO CTerneneil
CBOGOJH CHCTEeMbl OCTaeTrcst 60.}1bLlIHM, HO KoHeuHbiM. Tak Kax TEPMO-

2ov o > 3
crar HpeﬂCTﬂBﬂﬁeT Cco0OOH HJeaNbHbIU I'a3, TO ﬂpll 3TOM va 1% = 7 kT
u

L, L
A R R Y
. E) T arange)

BBoas oGo3nauenne AD(o0) = 1/Z, naxonum u3 dopmya (46.3), (46.4),
46.5
( ) o L) /kT

o (pis ) =“—— (46.6)
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TTosyuenHoe pacnpejie/IeHHe HOCHT Ha3BaHHE KAHORU1eCcKo20 pacnpedene-
nus Tubbca. Benwunua Z  onpejensieTcsi yCJIOBHEM HOPMHPOBKH

Sp(p,-, gi)dI'=1 ¥ HasblBaeTcsl CTaTHCTHYECKHM HHTErpajoMm
Z=SP(P;‘: i)l (46.7)

Tak Kak MJIOTHOCTb BEpPOATHOCTH 0 (p;, ¢;) 3aBHCHT corsacHo (46.6)
TOJIbKO OT SHEPTHH, TO BEPOSTHOCTb TOTO, YTO IHEPTHS CHCTEMb! JIEKHT
B unrepsane (E, E + dE), pasua

dr (E)

o B apeT
-z

dW (E)=p(E)dE = (46.8)
rie dI(E) = (dI'/dE)dE — o6bem (a3oBoro NpoOCTPaHCTBA MEXILY
runepnosepxuocramu £ (p;, q;) = E u E(p;, q)) = E + dE.

B uanoxeHHOM BbIBOAE MbI CYMTaJH TepMOCTAT HJeabHBLIM MaKc-
Be/1-00/bIIMAHOBCKHM ra3oM. QPU3HYeCKH SICHO, YTO pe3y./braT (Ka-
HOHHYECKOe pacnpefiencnye ['n66ca) He JOJKeH 3aBMCETb OT BBIGO-
pa TepMocTata M JOJKEH OCTaBaTbCsl CIPaBeMVIMBLIM M B TOM CJyuae,
€C/I  TepMOCTATOM — siBJseTcss Gose-ras, (epMmu-ras, peasbHblii ras
SO I

Opmako unTerpupoBanue no I'-mpocTpaHcTBy Tepmoctata B (46.4)
JIETKO TPOBECTH TOJILKO B TOM CJyyae, €C/JH TEePMOCTAT IPEJCTaB/sieT
coGoit MaKcBeJ11-60/bIIMAHOBCKHH a3, B KOTOPOM OTCYTCTBYIOT KOpeJi-
JSUME MeXY KOOpJAHHATaMH M HMMIYJIbCaMil yacTull. Bo Bcex ocrtalib-
HBIX CJly4asiX, B TOM uicje u s 6o3e- H (hepMH-TasoB Takie Koppe-
JSILMH CYLIECTBYIOT (/151 JePMHOHOB CYILIECTBYET «OTTa/KiBaHue» [Tayan
MEJKy 4acTHUAMH, GJM3KHMH APYr K Apyry B I-npocrpaHctse, st
GO30HOB CYIIECTBYET TeHJEHUHS K HAKOIJIEHHIO YaCTHIL B OJHOM CO-
CTOsIHHM). DTO 3HAUNT, YTO pasHble ofsacTH I-npocTpaHcTBa CTaHO-
BATCS HEIKBHBAJICHTHBIMH, W HHTerpupoBaHue B (46.4) Hajo BeCcTH ¢
HEKOTOPLIM BECOBBLIM MHOYKHTEJIEM, yUHTBIBAIOLIIM KOPPeJSILHH, YTO CAe-
Jano 6bl peuieHHe 3aJayi BeCbMa CJIOMHLIM.

OTmerHM Tereph BecbMa Ba)KHOE CBOHCTBO KaHOHHUECKOTO pacrpe-
Jesennst B dopme (46.8). IIns MaKPOCKONHUECKHX CHCTEM (YHKLHS
dl'/dE ouenb GbicTpo pacter ¢ yBeqnyenneM E, B TO Bpems KakK 9KCro-
Henta e F/kT oyenb GbiCTPO yOLIBAET ¢ POCTOM 'E. ITostomy mpoussese-
H¥e 5THX ABYX QYHKUMA HMeeT HeoOblualiHO Pe3KHii MaKCHMYM IpH He-
KOTOpOM 3HaueHHH 3Hepruu E = E.,. DT0 3Hauut, 410 QUIyKTyalHu
SHEPTHH B KaHOHHYECKOM aHcaMbse Kpaitne maibl W d0/dE = p(E)
lipakTHueckH BejeT ce6s Kak O(E — E,p). Ilosromy kaHoHHYecKoe
pacnpenenenne I'n66ea GpakruuecKn SKBHBAJIEHTHO MHKPOKaHOHHYECKO-
My pacrpenienienio. B uacTHoCTH, 5TO 3HAUHUT, YTO Haunboee BEpOSITHAS
suepnm E,3Ep C OTPOMHOi TOYHOCTBIO COBNAJAeT CO cpeiHeli sHeprueil
E =
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[TponnocTpupyem 5TO Ha nmpHMepe uieajbHoro rasa. B stom cay-
yae, KaK Mbl BHAEIH,
3N
X E?T™
dE ’
H Mbl HMeeM
w_,
p(E)=const E2 e—ENKT, (46.9)

Hafinem makcumym p(E). dudpdepenuiipys (46.9) u npupasnusas
NPOH3BOAHYIO HYJII0, HAaXOLHM

Epep= (%V - 1) kT, (46.10)
H, CPaBHHBas C E=8gk’1“, MBI BHJHM, 4TO
E—Epep 2
—F W

T. €. pa3nocTb MeskAy E 1 E ep IPeHeGPEIKHMO Masa 1 MaKPOCKONHe-
ckux cucrem. Hafiznem Bua dyHkunu pacnpenenenus p(E) tam, rie oHa
3aMeTHO OTJIHYHA OT Hyas (B6au3n E,.p). 3anuuem Bhipaxenue (46.9)
B BHAE

p(E)=ev®, (46.11)
rie
o(E)=— £+ (%"— l>lnE+In const, (46.12)
u pasnoxnm @(E) B pan no crenensam E — E .. Hmeem
3N 1
' 1,27
[ (E)=—ET+T=0 npu E = Epe,
NV, N,
. 2 . _ 27 &N
P (E)=—"F— @ (Enep)"‘_TepN 3,

oTKyla
W b, yE
p(E)y=conste * Pl repl,
Takum o6pa3oM, BOIH3H MaKCHMyMa KaHOHHYECKOE pacnpesieseHHe
npuHuMaer BHA pacnpelenenust [aycca, [ls YHC/IeHHOH OLEHKH oC-

TpoTH MakcuMyma nonoxuM N~ 10% n —p—= ~ 1073% =10"%,

Be]
[onyuum  p (E)/p (Egep) ~ =1, CriefoBaTenbHo, MaKCHMYM KaHOHH-
YeCKOro pacrpefieeHHs sIBJISETCS HACTOJBKO OCTDBHIM, YTO HE MOXeT
6LiTh H300paX<eH Ha rpaduKe HH B KaKOM DealbHO BO3MOXKHOM Macil-
Ta6e, ¥ NPaKTHYECKH pacnpefe/eHne Apasercs §-06pasHbIM U coBNajaer
¢ MHKPOKaHOHHYECKHM.
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§ 47. CraTucTHueckue pacnpefeienus ias cuctem tuna I, 11, III, 1V,
Z-, Q- u X-cymmbl cocTosiHui

B mnpenwinymem naparpage Mbl PaccCMaTpHBAIM CTAaTHCTHYECKOE
pacnipefieieHHe I/l CHCTeM, Yy KOTOPHIX 3Heprust E MoxeT uyKTyHpo-
BaTh, HO YHCJO YaCTHI[ B CHCTeMe H 00beM ee CYHTAIoTCs (HHKCHPOBAH-
HbIMH. 3TO 3HAUMT, YTO CHCTeMa, NOTPYXKeHHash B Cpely (TepMocTtar
T = const), HaxomuTcsi B cOCyle, CTEHKH KOTOPOTO HENOABHMKHBI
(V = const) ¥ HenmpoHHMUaeMbl AJIsl YaCTHI[ CHCTeMbl H cpempl (N =
=const). Takue cucremsr (T = const, V = const, N = const) mbl Gy-
JIeM HasblBaTh B JlasibHefilleM cucmemamu muna 1.

Ha npaxTHKe, oiHaKO, NPHXONHTCH HMETD JeJI0 TAKXKE C CHCTEMAMH,
y KOTOPBIX GJIYKTYHPYET YHCJIO YaCTHIL (HanpHMep, XKHIKOCTb HJIH KPHC-
Ta/lJl, HaXOAfLlHecs B PaBHOBECHH C MAapoM, MaH ra3 ¢oToHOB, J1HGO
¢oHonoB). Bynem mpencraBnarh ceGe cHCTeMy B COCYAe C HeIIOIBHK-
HBIMH, HO TIPOHHLAEMBIMH JJISl YacTHI CTeHKaMH. B atom ciywae cue-
TeMa HaXOJHTCA B paBHOBecHH ¢ TepMocratoM (T = const), ¢ KOTOpbIM
OHa MOeT oOMeHHBATbCsl He TONBbKO SHepruefl, HO M yacTHuamu (N =
== const). [TpH TakOM paBHOBECHH JO/IKHbI GBITh OXHHAKOBEI XHMHYECKHE
[IOTEHILHa/bl CHCTEMBI H CpEAbl, T. €. MBI HMeeM ycJoBHEe p = const.
Cucremel ¢ T = const, V = const, p = const mbl Gynem HasbiBaTh
cucmemamu muna 11.

Hakonel, MOXHO NpeICTaBHTb ceGe CHCTEMY, Y KOTOPO# (IyKTYH-
PYeT NMOMHMO 3HepTHH 00beM, a YHC/IO HACTHL[ OCTaeTcsl HeH3MeHHbIM
(cHcTeMa 3aKJ/II04eHa B COCY/ C HEMPOHHIIAEMBIMH U151 YaCTHIL, TEIJIONpPO-
BOJNSILMMH CT€HKaMH, 3aKPhIThIi HEBECOMBIM, CKOJIb3SIHM Ge3 TpeHHs
nopineM). ITpu 3T0M, OYEBHAHO, NOJXKHBI GbITb ONHHAKOBBIMH JaBJIEHHS
B CHCTeMe H B cpelle H Mbl HMeeM ycioBue P =const. Cucremsl ¢ T =
= const, N = const u P =const Gyznem HasbiBathb cucrmemamu muna I11.

Me1 BEIBEZieM Tenepb CTaTHCTHYECKOE pacrpefieleHHe Jasi CHCTeMb
caMoro o6LIero THIa, B KOTOPO# MOXKeT G/IyKTYHPOBATh TOMHMO SHEPTUH
H YHCJIO YacTHILl M o6beM — cucmema muna IV, a pacnpenenesne aAas
cucrem thna I, 1T u II1 monyuum satem Kak YacTHbie CIydaH.

PaccyxeHne, KOTOpoe MBI IPHBEJIEM, B MaTeMaTHYECKOM OTHOLIEHHH
BecbMa HamnoOMHMHaeT BBIBOA pacnpeleneHust Makcseasa—bBosbumana
METOJIOM SILIHKOB H sYeeK, HO MPHHIHIHA/NbHbIE €TO OCHOBbI PaAHKaNbHO
OTJIHYHHI.

Mgl Gyziem paccMaTpHBaTh KBAHTOBOMEXaHHYECKHE CHCTEMbI C KBaH-
TOBAaHHBLIMH 3HAYEHHSMH SHepruu. ByjeM, Kpome Toro, Aas ynpoleHns
0003HayeHHil CYHTaThb, YTO 0GbEM CHCTEMBbI V (Tak e KaK H YHCJO Yac-
Tl N ¥ 3Heprus E) npyHHMaeT KBaHTOBaHHLIE JHCKPETHbIE 3HAUEHHs —
nepexos OT CYMMHPOBaHHS N0 06beMy K HHTeTPHPOBAHHIO Mbl IIPOBEZEM
B KOHIle BHIBOJA.

BBozasl MOHsSITHE NJIOTHOCTH BEPOSITHOCTH JJISi KAHOHHYECKOro pac-
npenenenuss I'm66ca, MBI pacCMaTpPMBA/JH MHOXECTBO 5K3eMIUISIPOB
OZ\HOH M TOH K€ CHCTEMbl C OJJHHAKOBBLIMH 4HC/JaMH YacTHL H o0beMaMu
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(kaHoHnueckui ancam6i1b I'n66ca). Pacemorpum Teneppb 6osee IMUPOKUH
aHcam61b, COCTOSILLMI U3 9K3eMILISIPOB ONHOM U TOH ke GpH3HUecKol (Ma-
KPOCKOIHYECKO#) CHCTEMBI, OTIHYAIOMHXCS APYT OT APYra HE TONBKO
MTHOBEHHBIMH COCTOSIHHSAIMH (()a30BLIMH TPAeKTOPHSIMH), HO H UYHCJIOM
yactul, N u o6bemoM V. DHeprusi KaxAOro 5K3eMiisipa 3aBHCHT OT
TIOJIHOTO HaGopa KBAHTOBBIX YHCEJI, ONPENEJISIONIHX COCTOSIHHE CHCTEMBI,
H IIapaMeTPHYEeCKH OT YHC/Ia YaCTHI B CHCTEME H ee ofbema. OGo3Hauast
noNHbIi HaGop KBAHTOBBIX YHCEN OJHHM CHMBOJMOM i, HMeeM E =
= E(i|N, V). Ilonxoe unc/o sK3eMisipoB B aHcambiie L Gyaem cuu-
Tarh BecbMa GosbliMM (L — o). AHcamMGib, B KOTODOM MeEHsIeTCsl OT
9K3eMIIApa K SK3eMILISIPY TOJBKO MHKPOCOCTOSIHHE H YHCJIO YacTHIL,
a o0beM BCeX 3K3eMIVISPOB OJMHAKOB, NPHHSTO Ha3biBaTb O0AbULUM
KanoHutecKum arcambrem I'u66ca. AucaMbib, B KOTOPOM I€pPEMEHHBIMU
SIBNSAIOTCS MHKPOCOCTOSIHHE M OGBEM, a YHCJIO YaCTHI[ BO BCEX JEMeH-
TaX OAMHAKoBO, OyleM Ha3bBaTh pacuiuperHoim ancambaem I'ubbea.

OGozunauum yepe3 n(N, V, E (i| N, V)) uucio >K3eMIIsipoB aH-
caM6i1s, A/ISi KOTOPHIX YHCJIO YaCTHI, OGBEM M SHEPrHsi NMPHHHMAIOT
3ajanHble 3Havenns N, V, E (i | N, V). IlpusuunnanbHast Joruyeckas
OCHOBA BBIBOJ@, KOTODHIH MBI H3J/laraeM HHKe, 3aKJI0YaeTcs B CJEAYIo-
meM. 3aMeHHM MbICJEHHO B3aHMOJEHCTBHE CHCTeMbl C TEPMOCTATOM,
NpHBOASAILEE K H3MEHEHHSIM SHEPTHH, YHC/Ia YaCTHI H 06beMa CHCTeMbI,
B3aHMOJIEfiCTBHEM 3K3eMIISIPOB aHcaMGas Apyr ¢ ApyroM (Gnaroaaps
OTPOMHOMY YHCJy 5K3eMILISPOB aHcaMm6Js BO3MOMHOCTb TaKoH 3a-
MeHHl NpeACTaBJsieTcss BecbMa IpaBloNMoAoGHOH) U GyleM paccmaTpH-
BaTh «ra3» sk3emmispoB B [-mpocrpancrse. Ilpu 3toM cocrosiHus
¢ ¢ukcupoBanHbiMH N, V u E(i| N, V) Gyayr urpatb Takyio xe
poib, Kak sYefikH B MeTole DoublMana, a uncia 3K3eMIJISPOB
n(N, V, E (i | N, V)) — poab uncen MoJeKys B suefikax. (OueBHIHO,
YTO IOHfITHE «SAlIMKa» B 3TOH 3ajaye OTCYTCTBYeT — HMeeTCsl JIHIIb
OJHH «SIHK», BK/IIOYAIOMHE BCe BO3MOXKHBIE COCTOSIHHS «Tasa» 5K3eM-
nJIsipOB.)

Yueno cnoco6oB, KOTOPHIM MOXKET GHITH OCYLIECTBJIEHO pacrnpesese-
HHe 9K3eMIIAPOB aHcaMOiisl MO «syefiKaM», PaBHO

W= L
II ~V, v, EGIN, V)
iN,V

(47.1)

(MBI CuMTaeM SK3eMIVISPHl aHcamb/is DPas/JHYHMBLIMH, MGO peub HAeT
HE O MHKPOYacTHUAX, NOAYHHEHHBIX KBAHTOBOMEXaHHYECKOMY NpHH-
LUy HEPas3JHYHMOCTH, a O MaKPOCKOMHYECKHX IK3eMI/Ispax, ¢ pas-
HBIMH SHEPTHSIMH, YHCJIAaMH YacTHIl, o6beMaMH).

Hanee, Mbl GyseM CYMTaTh, 4TO A/IS «ra3a» 3K3eMIJISPOB HMeeT
MeCTO MHKPOKaHOHHYecKoe pacnpesienenne I'u66ca (Tak ke Kak B mpe-
AblAylIeM naparpade Mbl CYHTaJH, YTO TEPMOCTAT M Cpela BMecTe o6pa-
3YIOT 3aMKHYTYIO cHcTeMy.) TT03TOMY NMOMHMMO MOJIHOTO YHCJ/IA 3K3eMIl-
nspoB L mbl OyleM cyuTaTh (MKCHPOBAHHBIMH IOJHOE YMC/IO YaCTHIL
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B0 Beex oKkseMmmaspax N, momueli o6beM Beex dK3eMmIApoB V M IOMHY0
SHEPTHIO Bcex sK3eMmsapoB E. Mmeem Torma

' a(N, V, E(i|N, V))=L (47.2)
N V i
— YCJ0BHE, Q)chupyromee TIOJTHOE YHCJIO 3K3eMIIIIPOB B ancamﬁne,
N S\Na(N, V, E(i[N, V))=N (47.3)
N V i
— YCJI0BHe, (HKCHpYIOUlee NMOJHOE YHCJIO YacTHI[ B aHcaMOGie,
S Va(N, V, E(i|N, V)=V (47.4)
N V i

— ycioBHe, (QHKCHpYIOee MONHEIN ofbeM aHcaMGiis,
SO SEGIN, V)n(N, V, E(i|N, V)=E (47.5)
N V i

— ycsioBHe, GHUKCHpYIOIlee MONHYIO SHEPTHIO aHCAMOJs.

OcHOBHOH (PH3MUECKHIi MOCTY/aT, Ha KOTOPOM OCHOBaH BeCh Aalib-
Hefiunil BBIBOJ, 3aKJI0YAETCs B TOM, YTO HanGo/Iee BEPOSITHOE COCTOSIHHE
peasibHOl cHCTeMbl (ONHOTO 3K3eMIUIApa aHcambiis), B KOTOPOM OHa
[POBOAMT TONAB/SIOMYIO 4YacThb BpPEMEHH, MOXKHO OTOXIECTBHTDb
C yallle BCEro BCTPEYAIOLIMMCS pacrpe/ieieHHeM SK3eMIIAPOB aHcamMb.s.
B COOTBETCTBHH C 3THM IOCTY/IATOM Mbl JOJIXKHBI MCCJIELOBATh HAa MaK-
cumyMm BepaxkenHe (47.1) (pakTHuecKH ynoGHee 3TO cAenartb JJisi BbI-
paxeHnnusi ¢ = InW) ¢ yueroM ZONOMHHTEJBHBIX yCI0BHi (47.2) —(47.5).
Hcnonbsysa meron Muoxuresieir Jlarpanxka u npumensist popmyay Crup-
JIMHTa, MBI HUIEM MaKCHMYM BBbIpaXKeHHs

ot aN —yV—BE4+ S+ 1)L,
rae

o=InW=LlnL— ¥ a(N,V,E(|N,V)Inn(N,V,E(i|N, V).

N, V,i

Iuddepenuupys yucaa n Kak HE3aBHCHMBIE H TPHPABHHBAS HYJIO
nepsblil  AH(depeHIHan

o4+aN—yV—BE+(S+1)L,

TOJTYYHM
Inn++yV+PE—aN —§=0,

OTKyAa Haxolum
n=ea+a1v—yv-ﬁ£m1v, V)‘ (47.6)

Muoxurens Jlarpanxa 8 Haxonurest us (47.2)

L
eazh__nz AR (47.7)

N, Vi
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H MBI [OJTy4aeM
SAN=YV—BEG|N, V)

n= V(@ B ’ “78)
rie BequuuHa Y(a, B, v), paBHas
Y(a, B, y)= D, esN—vwW—BEUN, V) (47.9)
i,\N,V

Ha3bIBaeTCst CTaTHCTHUEeCKOH Y-cymmoil. Benuuunsl o, §, y HomKHB
GbiTh HalilleHbl 3 ycnoBuit (47.3) — (47.5). 3amerum, uto B OT/IMuHE
OT MeTofa SUIMKOB H sideek BoJbliMaHa B NPHBEJEHHOM BHIBOZE He
BO3HHKaeT HHKaKHX TPYAHOCTe, CBS3aHHbIX C IPHMEHEHHeM (OpMyJIbl
Crupannra, Tak Kak udcaa n (N, V, E (i | N, V)) nponopuuoHa/bHbl
YHCJY 9K3eMIUISIPOB aHcaMGasi L, KOTOpOe MOMKET CUHTaTbCsl CKOMb
YTOJHO GOJIBIIHM.
OrHouleHue
n/L=W (N, V, E(i|N, V))

npencraBasier co6ofi BepPOSTHOCTb TOFO, YTO CHCTEMAa HAXONHTCA B CO-
CTOSIHMHM ¢ uHcioM uactun N, o6vemoM V u snepruedt E(i| N, V).
Ecnu sHepreruueckuii yposedb E(i | N, V) BEIpOXIeH, TO BEPOSTHOCTD
TOTO, YTO CHCTeMA HAaXOMHTCSA B JIOGOM M3 COCTOSIHHI C YHCJOM 9acTHIL
N, obvemom V u suepruet E(i | N, V), Mbl nOJy4nM, yMHOXast OTHO-
weHnne n/L Ha kpatHocTb Bblpokaenus g(i | N, V). Toraa nonyan

W (N, V,E(|N, V)=
=g(i|N,V)

N —VV—BEGIN, V)

S GG I N, V) SN WoBE@N Y
NV, i

(47.10)

JIns HaXoXJeHHS TepPMOAMHAMHYECKOTO CMBICJIa MapaMeTpoB o,
B, v BBeleM QH3HYECKHH NMOCTYJIAT, aHAJOTHYHBIN NpHHIHNY Boabuma-
Ha B TEOPHH HJea/bHbIX ra3oB (§ 33). Mel OyleM OTOXAECTBAATDL Bbl-
paxeHue

klnW _ ko
L L
C TepMOJAHHAMHYECKOH 3HTponHeH
2
=T. (47.11)

OCHOBaHHSIMH JUISi TAKOrO OTOMIECTBJIEHHS, TaK e KaK M B ciayyae
HJleaNbHbIX Ta30B, SBMASIOTCH, BO-TIEPBHIX, AJMUTHBHOCTb BENUYHH S
H O H, BO-BTOPBIX, TO, YTO BEJIMYHHEI S H O JIOCTHIalOT MaKCHMYMa B HaH-
GoJslee BepOSITHOM (PaBHOBECHOM B CMBIC/IE TEPMOJHHAMHKH) COCTOSTHHH.
(Heo6xonumocTb fenennst Ha L B ¢opmyae (47.11) cBsisaHa ¢ TeM, 4To
Mbl XOTHM OMpPEAE/IHTb SHTPOIHIO PeaNbHON CHCTEMEl, T. €. OTHECEHHYIO
K OiHOMY 3K3eMnaisipy ancam6is.) [loacraBass sHaueHue ¢ H NOMb3YsCh
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¢opmyioii Crupansra, umeem

_k L _
S_L]“[ I~ vV, EGQIN, v»x}—
N, V,i R

=§[L1nL— > nlnnJ:—kNZV LAV (47.12)
, Vi

N, V,i

Dopmy.ia (47.12) onpesenisier SHTPONHIO IPOH3BONBHOTO, KAK PABHO-
BECHOTO TaK H HEPABHOBECHOTO, COCTOSIHHS CHCTeMbl. B paBHOBecHOM
COCTOSIHHH, HCNONb3yst popmyay (47.8), Haxomum

S=~Ek[InY (a, B, y] —aN +yV +BE), (47.13)

rie N = N/L, V=V/L, E = E/L — cpeanue 3HaueHHS YHCJAa Hac-
THIL, 06beMa H SHEPTHH CHCTEMBI (MBI IPEATIOYHTAEM J/Isi EJUHCTBA 0603~
HayeHUH He MPHMEHATb B 3ToM naparpade cumBoa U s o6o3HaueHHs
BHYTPEHHel SHEepruM, COBNAjaloLleH, 10 ONpeleNeHHI0, CO CpelHel
sHeprueii. TouHo Tak ke BeauuuHsl N U V npeicTaBasiior co6oil 4ucIo
gactHil N # o6bem V B TepMOAMHAMHUECKOM CMBICIE).

PaccMoTpuM Temepb, B KauecTBe YaCTHBIX C/ydaeB, CHCTeMBI THna I,
IT u IIL.

Cuctema thna I: T=const, V=const, N=const.

B atoM cayuae cymmupoBanne B (47.10) Bexercst TobKo o HaGopy
KBaHTOBBIX YMCeJ f, TOCTOSIHHBIH MHOXHTe/b e*V~YV BLIHOCHTCS H3-TI0J
3HaKa CYMMBI H COKAIllaeTcsi C TaKHM YK€ MHOXKHTENEM B YHC/IHTEIE.
Onyckas mocTosiHHble mapamerpbl N u V B BbpaKeHHH AJis1 SHEpTHH,
IOy 9HM

—BE®

W (i) =g () (47.14)

rae W(i) — ectb BepPOSITHOCTb TOrO, UTO 3HEPTHsi CHCTeMb! paBHa E (i),
a CTaTHCTHYECKas CyMMa paBHa

Z(B)= g(i)e-BEO, (47.15)
i
Bripaxenue ans cpeueit snepruu E umeer sug

DE@gmeFFO

E=ZE(i)W(i)=W,
i

Han

T

E=_a%(|nzm)). (47.16)
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Bripaxenne a5 sutponun (47.12) npuHumaer gisi cucremsl Tuna I
CTeNyOmMul BUA:

~ ,—BE
S=k{lnL -Zﬂ‘liz_ﬂ[lnL—an—ﬁE(i)]}'

Bhinosinsisi cyMMHpoBanHe W noabaysick ¢opmyaol (47.15), nomyuaem
S=~kInZ(B)++BE. (47.17)

JInsi HaXOXKIEHHS CMbICAa mapameTpa P BbUHCIHM AuddepeHiuan
SHTPONHUH NPH NMOCTOSIHHBIX N U V M CpaBHUM C TepMOAHHaMHYECKOH
dopmyaoit aast dS. Huddepenunpys (47.17) no B u moapsysch popmy-

Jon (47.16), umeem
98 OE
(33 )N. v =k
OTKyZa

(dS)y,v= kB (dE)N, v-
C npyroit cTopoHbl, B TepMOAHHaMHKe (cM. § 20)

dU=dE=TdS —PdV +paN,
OTKyJa

(dS)y, v = dE.

CpaBHHBasi 5TH e HOPMYJIbI, TOTyYaeM

b= o (47.18)

Hafinem Temeph TepMopuHamuyeckuil cmbica ¢ynkuuu Z(B). Ms
(47.17), noacTaBsisis 3HayeHHe P, HMeeM

klnz@)=S—E - —E=TS _ L@ ED 4719

rae F =E — TS — cBoGoniHast SHeprHs CHCTeMbl. BblpaxeHue Ams
BepoSITHOCTH (47.14) npuHuMaer BUX

F(T, V, N)—E(j)
W(i)=g@)e & : (47.20)

Qopmyanl (47.14) u (47.20) BbIpakaloT KaHOHHYECKOe pacrHpejeseHHe
I'n66ca, nonyyeHHOe HaMH paHee APYTHM Croco6oM. Mbl yKasaiau iBHO
aprymenTsl cBoGonHoi suepruu (7, V, N), 4TOGb NOXYEPKHYTb, 4TO
«COOCTBEHHbIE» apPTYMEHTH CBOGOJHOM 9HEprHH — 3TO KaK pas Te napa-
MeTphbl, KOTOpbie SIBJSIOTCA (PUKCHPOBAHHBIMH /s KAHOHHYECKOTO aH-
cam6asa T'u66ea.
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Cuctema tunma II: T=const, V =const, u =const.

CymmupoBanue B (47.9) Besiercsi 10 i 1 N 1 MHOXHTeJb ¥V Bhinajaer
U3 BbIpaXKeHHUs1 BeposATHOCTH (47.10). Onyckasi napamerp V, Mbl HMeeM
—BEGIN) +aN

Qe p)
rae W(i, N) — BeposITHOCTb TOrO, 4TO CHCTEMa COAEPKHT N YacTHI(
u umeer sHepruio E (i|N), a craTucTHYeckas cymMMa Q BbipaaeTcst

¢dopmyJioi
Qa, B)= X g(i, N)e=BECIMFaN, (47.22)
i N

W (i, Ny=g (i, N) (47.21)

BHYTpEHHsIS SHEPTHsi CHCTEMbl paBHa
Z g, NYE(@i|N) ¢—BE(IN)+aN

B . . _ LN
E_‘ZI'VE(1|N)W(L, N)= T ., (47.23)
i
E=—% (InQ (e, B)), (47.24)
a cpeJiHee YHCJIO YACTHIL B cHcTeMe N BhIpaxaeTcst GopMyJoi
Z g(i, N) Ne—ﬂE(i!N)-)—uN
T . _ 4N
N_;N NW (i, N)= ) . (47.25)
W '
= 9
F=2[nQ( B (47.26)

Bripax<eHHe JJ1st SHTPONUH S B cayuae cHcTeMbl THna 11 HMeeT BHJ,

_ euN—ﬂE([\N)
S-—k[lnL—lsz)—(InL—InQ-}-aN—bE)].

BeinoJiHss CyMMHpOBaHHe U noJbsysick gopMysiamu (47.23) u (47.26),
noJsyyaeM

S=~kInQ(a, B)—kaN 4 BE. (47.27)

Jlns  HaXOXJEeHHs TePMOAMHAMHYECKOTO CMbiC/JA Tapamerpa o
Haiiziem audpepeHIHan SHTPONHH NpH V = const H CpaBHHUM C COOTBET-
CTByIOIIeH TepMoAMHaMHyecKol ¢opMyJol. JluddepeHunpys coot-
HoweHnue (47.27) no o (nmpu P = const, V = const) u no B (npu o =
= const, V = const), umeem, yuurbiBasi dopmyani (47.24) u (47.26),

as oN 9E
< )B.V=_ka5& +i g, (47.28)

%
S oN oF
(a‘s>u, , = —hkaly LA (47.29)
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Ymuoxasn (47.28) na da, (47.29) Ha df u cknajgbiBasi NOJYyYeHHble pa-
BEHCTBA, NOJYYHM

(dS)y = — ko (dN)y+ kB (dE)y.
CpaBHHBast C TepMOLHHAMHYECKOH HOpMyJIofi
(@S)y=—4 @W)y+ 1 (@B,
HaxoluM BHOBb P = 1/kT, a
o =p/kT. (47.30)
Ioxacrasnsist 3Hauenus o u B B (47.27), HafineM dyukumio & In Q (a, p):
kin Q=548

B cuny Ttepmomunamuyeckux ¢opmyn pN = @ = E — TS + pV
n Q = —pV unmeem

EnQ(a, p)=— 210 (47.31)
Qe T, (47.32)

Bblpa)KeHHe AJIs1 BEPOSATHOCTH TOTJa NPHHHMAeT BHA

(T, V,W+uN—E(i|N)
W, Ny=¢ AT . (47.33)
Ara popMyJia BeIpakaeT 6oJibllIoe KaHOHHYECKoe pacnpenenerte I'n66ea.
TlojuepKHeM OMNSITh, YTO «COGCTBEHHBIE» apryMeHTH Q-NoTeHUHaaa
(T, V, p) ABASIOTCS KaK pa3 TeMH nNapaMeTpaMH, KOTOpble GHKCHPO-
BaHbl /11 6OJIBIIOrO KaHOHHYecKoro aHcam6uasi I'nGG6ea.
Cucrema tuna III: T = const, N = const, P= const.
B sToM cyyae cymmupoBanue B (47.9) Benercsi o i M 1Mo oGbeMy,
M MHOXHTeJIb €%V BhinajiaeT H3 pacnpegenennusi. [Tepexoist K HenpepbiBHO
MeHsomeMycs: 06beMy, Mbl MoxKeM sanHcaTb ¢opmyay (47.10) B Buge

e BE (i|V)—yV
X B, v

3nech dW (i, V) ecTb BEpPOSITHOCTb TOTO, YTO O6BEM CHCTEMBI 3aKJIOUEH
B untepsane (V, V + dV) u sneprus ee pasva E(i | V), g(i, V) dV —
KPaTHOCTb 3HepreTHyeckoro ypoBusi E (i | V) aas Toro e unTepBasia
ofbeMa CHCTEMBI, a CTaTHCTHUeckH#l HHTerpan X(B, y) Belpaxaercs
dopmy.10H

dw (i, V)= g(i, V)av, (47.34)

X B, )=\ e BECAN=Yg (i, V)dV. (47.35)
i
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CpeaHsAs 3HEPTHs HO-NPexHeMy Bblpaxaercs (GopMyJoi

E=—-5%[InX(ﬂ, 2, (47.36)

a CpefHHH 0GbeM CHCTEMb -
N Ve BEGVI=VWeq, vyay

V= S Zvcnv (i, V)=—1 T . (47.37)

HJIH
V=-%[1nxm, Ml (47.38)

Haiinem sntponuio aas cucremsl tTHma III:

—yV—BE (V)
s=k[1nL— Y e UnL— In X —3V —BE] g, V)dV].

Bhino/IHsA CYMMHPOBAHHE H HHTErPHPOBAHHE H 110/1b3YSCh ONpefe-
nenusmu E u V, nonyunm
S=FkInX (B, v)+kyV +ABE. (47.39)

JIns HaXOXJEHHsl TePMOAHHAMHUYECKOTO CMbic/Ia KO3(pgHUHEHTa y
HaiifieM BHOBb Ruddpepennuan dS npu nocTossHHoM N M CpaBHHM C CoO-
OTBETCTBYIOIMM BbIpaXKeHHeM B TepMojauHamuKe. JluddepeHunpys
(47.39) no y u B u yuureBas (47.36) u (47.38), HaxonuM

(g%)lv. g =R (g%n,s_" K <.%§>N.a’

OTKYy/a HMeeM <%§>N'V=ky <g—g)N'v+kﬁ (g§>~.v'

(dS)v="Fy (dV)y+ kB (dE)- (47.40)
CpaBHHBasi ¢ TepMOJMHaMHYecKoH GopMyoi
@Sw=22"+ 14, (47.41)
HaxoauM BHOBL f§ = 1/kT n
Y= 7 (47.42)
IoacraBnsis 3Hayenust y u P B (47.39), noayunm
pinx=s-EVAE__2@.P M) (47.43)
_oT.PN)

X=e KT, (47.44)
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Takum 06pasoM, Bblpax<eHHe [JIsi BEPOSITHOCTH B CJyuae CHCTEMbI
tuna III 3annwercs B Buue
O (T, P,N)=PV—E(|V)

dw (i, V)=e ®T g, V)dv. (47.45)

3ra dopMysa BbipaxaeT paclMpeHHoe pacnpeiesenne I'n66ea. «Ec-
TECTBEHHbI» aPTyMeHThl TepMOIMHaMHuecKoro mortenuuana (7, P, N)
NpPEJCTaB/IAIT cO60H Kak pa3 Te mapameTphl, KOTOpbie (HKCHPOBAHBI
B pacupeHHoM aHcamGiie I'n66ea.

PaccmoTpuM, HaKoHell, cucTeMy THma IV, KoTopasi MOXKeT OGMeHH-
BaThCs C TEPMOCTATOM YaCTHLAMH U MEHSTb 06BeM, T. e. cucTeMy ¢ T =
= const, P = const, p = const. Haiinem nn1s1 sToii cucremsl Y-cymmy.
TMoxcrabaisisi B hopmyday (47.13) sHauenusi napameTpos «, f, v, NOJSy4HM

kiny=s4 8=PV=F _ (47.46)

(rak kak pN = ® = E — TS + PV). Tlostomy pacnpeeserne aas
3TOrO CJyyasi MMeeT BHJ
BN —PV—E(i|N,V)
dW (i, N, V)=e kT g(i, N, V)dV.  (47.47)

Hecmotpsi Ha TOo, 4TO Mbl He GyaeM MOJb30BAThCsl paclpeliesleHHeM
(47.47), Mbl cyuuTaeM mosie3HBIM OGpaTHTh BHHMaHHe YHTaTeJsl Ha CJle-
Jlylollee Kaxkylieecsi IIPOTHBOpeYHe.

Mgl MoryiH Gl mONyuHTh (43 47.47) cnepyowmue GopMyabl 1Js cpel-
HHUX 3HayeHUH 3KepruH, YMcJa YacTHI H obbema:

By T 7=, oo

OnHako, Kak BHIHO u3 (47.46), Y = const = 1. Pasrajgka sToro mapa-
JloKca 3aKJoyaeTcst B TOM, yTo ycaoBusi T = const, P = const, p =
= const As1s1 cucteMbl THna IV BEINMOJHSIOTCS He MPH JIOOBIX 3HAYEHHAX
T, P, p. Mexay HHTeHCHBHBIMH napamerpaMu T, P, p B DPaBHOBECHOM
COCTOSIHHM cyllecTByeT 3aBHcHMOcTb, W = W(T, P), 3KBHBaJeHTHas
paBeHcTBY Y (a, B, y)=1. I npumenenus Gopmyu (47.47a) Mbl JOMKHbI
GblIH Gbl BEIYUCTHTD Y-cymMmy mo dopmydae (47.9), cuuras a, B, y mpo-
M3BOJIBHBIMH, H HMCIOJ/b30BaTh cooTHowenue p = p (T, P) (Y (o, B, y) =
= 1) ToJIbKO NOCJIe BBIYHCJEHHS NMPOM3BOJHBIX B (47.47a).

B 3ak.iouenue npHBeneM pe3yJsbTaTbl, NOJyYeHHbIE B IBYX NOCJeN-
HUX naparpadax, B HEKYIO CHCTEMY.

HWmetotest Tpu mapsl conpsikennbix nepemenssix (T, S), (P, V) n
(u, N). Mbl paccMaTpHBaeM NOBEJEHHE CHCTEMBI B YCJIOBHSIX, KOTAa
(DUKCHPOBAHO 1O OJHOMY IapaMeTpy M3 KaxJo# napsl. Byxem paccmar-
pHBaTh CHCTEMbI, NIOTPYKEHHbIE B TEPMOCTAT, H CYHTATh, YTO H3 NMEPBOii
napel nepeMeHHBIX (PHKCHPOBaHA BO BCeX C/yyasix Temnepatypa: T =
= const. Bri6upas no-pasHomy HUKCHPOBAaHHbIE IapaMeTpbli BO BTOPOS
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(P, V) u tpeTbeit (w, N) mape, Mbl, eCTECTBEHHLIM 06pasoM, NPHXOLHM
k cuctemam tuna I, II, IIT u IV.
IMpuBenem cBOAKY OCHOBHBIX (POPMYJI AJIst KAXKJOTO H3 3THX CJYUaes.
Cucrema tina I: T = const, N = const, V = const.

—E(V/eT F(T, V, Ny—E (i)
W)= g)=c T g(i)
_F(T. Vv, N)
Z=Yg()e EOrT =g ~ FT (47.48)
i

E=—a%(1n Z)=kT* J(In 2).

Cucrema tuna II: T = const, p = const, V = const.

UN—E(i{N)
X e kT g (i|N) QT V.WABN—E([N) X
W (i, N)= —g ¢ kT g(i, N),
UN—E(IN) _eq, V.
Q=3¢ T gl )= AT (47.49)

=m_T (anm,
2 (INQ),=#T 2. (InQ)r.

Cucrema tuna I1I: T = const, N = const, P = const.
_ PVH+E®W|V)

e &T .
=~—X——-g(t, Vydv =
O (T, P, N—PV —E(i|V)
=e kT g(i, Vydv,
—PV—E(i|V) @ (T, P, N)

X= fze AT g(i, V)dV=e AT, (47.50)

dw (i, V)

E=FkT? ﬁ(ln X)p/ts
V=— 2 (InX),=—&T 55 (In X)r.

Cucrema tuna 1V: T = const, p = const, P = const.
wN—PV—E([N, V)
dW (i, N, V)=e kT g(i, N, V)dv. (47.51)

Mot ofpamaeM BHHMaHue YHTaTe/s Ha TO, YTO €caH NpeHeGpeub
(aykTyauusamMu uncaa yacTui M obveMa u 3amenuts N Ha N u V na V,
TO B 1oKasareJsie 5KCMOHEHTbl BO BCEX YeThIPeX PachpeleseHHsiX nepes
cjlaraeMbiM —E CTOMT CBOGOJHAsi 3HePTHsi, BHIpaKeHHAass B PasHbIX
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nepeMeHHbIX. DTO BHITEKAeT HENOCPEACTBEHHO M3 TEPMOAHHAMHUECKHX
¢dopmyn F = Q + uN = ® — PV. CnenoBaTenbHo, €C/qM Hac He
HHTepecyioT QJyKTyalliH YHC/Ia YacTHI, H 06beMa, TO YeThIpe pacrpese-
JIEHHs] CTAHOBATCS SKBHBAJIEHTHBIMH H BHIGOP TOTO HJIH HHOTO pacrpe-
NieleHusl il pelleHHst KaKo#-u60 KOHKPeTHOH 3alayH onpejensieTcs
HCKJIIOUHTE/IbHO COOGpaXKeHHSIMH MaTeMaTHYeCKOro yRoGCTBa.

Cresyer mpH 5TOM yKasaTbh, YTO DPaclpeieseHHsi 1O 3HEPrusM,
1o o6beMaM M Mo yucsaM yacTil aasi chcreM tunos 11, 11T u IV uMetor
BeCbMa OCTphIHl MaKCHMYM, TakK e KaK H pacnpefieNeHHe N0 SHeprusM
ansi cucteMbl THna I (cM. mpenpinymuii maparpad). IMostomy BeposiT-
HOCTH GoJIbLIMX (yKTyalui yncsa yactui N H o6beMa V KpaiHe Masibl.
TeM caMbIM 3KBHBaJIEHTHOCTb BCEX PaccMaTPHBAaEMBIX DacrpefeseHHi
CTaHOBHTCS ellle Gojiee OYEBHIHOM.

Mer Morau Gl B mape conpsiKeHHbIX nepeMeHHbIX (7', S) durcupo-
BaTh He TeMIIEpPaTypy, a SHTPOMNHMIO, T. €. PAaCCMAaTPHUBATh CHCTEMY, NO-
TPYXEHHYIO He B TepMOCTaT, a B aguabar. IIpy 5ToM onsiTb BO3HHKaeT
YeThbIpe BO3MOXKHOCTH (MKCHPOBAaHHSI ABYX mapaMmeTpos u3 map (P, V)
u (n, N). OnHako NpaKkTHYECKH SIBJISI€TCS TOJIE3HBIM TOJBKO CJydYal,
Koria S, V u N nocrosiHHel. PU3HUECKH TaKasi CHCTeMa JOJIMKHA MBIC-
JIATbCSl 3aKJIOYEHHOH B COCyN C TemJousoaHpymomuMu (S = const),
HenoaBHKHbIMH (V = const) M HenpouHiaeMblMH AJs yacTH (N =
= const) crenkamMH. B 3Toli cHTyauuM cHCTeMa SIBISIETCS! MOJHOCTBIO
H30/IHPOBAHHOA OT OKpYXKalolledl Cpelbl M SHeprHs ee HeH3MeHHOH.
Ipu 3TOM MBI NOJTyYaeM MHKPOKaHOHHYecKoe pacnpefiesnienne I'n66ca

p(Ei, N, V)=AS8(E;—E)8 (V—V)bu, 5. (47.52)

OGcyauM Tenepb BONPOC O Nepexofe K KJACCHUECKOMY OMHCAHHIO

C HenpepHIBHO MeHsIoleHcst SHeprHeli. DTOT Nepexoz, J0/KeH COBepIIaTh-

cs ¢ NoMolplo 3aMeHbl BesuuHH g(i), g(i, N), g(i, V) Benuuunoi
3N

dTy/RVNY, tae dTy=T] dp: dg:.Tlpu stom cymmmposansue o i B hop-

i=l1
myaax gast Z(), Q(a, p), X(B, y) nepeiizer, oueBHAHBIM 06pa30M, B UH-
TerpupoBanue no dl'y, H Mbl OAYyYHM

Z=W‘m S ¢ #T dly, (47.53)
N/kT _EmalN)
Q=2j;"’1v1 SL Todw 7.54
N
—PVIRT o _E@.aiV)
X= SdVW S ¢ AT dTy (47.55)

(B dopmyJe (47.55) sneprusi E(p, q| V) u mpeneisl MHTErpHPOBaHHS
BO BHyTPEHHEM MHTerpaje 3aBHCST B ofeM ciyyae ot V). [TosiBaenue
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B 3HaMeHATe/NsiX 3THX BbIpaXceHUil MHOXHTesasi N! MOTHBHpYeTCs NpH
3TOM CJieflyloluM o6pa3oM. B cuiy KBaHTOBOMeXaHHUECKOro NpHHLMIA
Hepa3/MHYHMOCTH YacTHIl (CHMMETPHYHOCTb HJIM aHTHCHMMETPHYHOCTb
BOJIHOBBIX (DYHKIIMH) COCTOSIHHSI, OT/IMYAIOUIHECsT [IePeCTaHOBKAMH Yac-
THI{ APYT € APYTOM, JOJKHBI PAacCMaTPHBATbCsi KaK OJHO H TO XKeE CO-
crosiae. CyMMHpPOBaHHe 110 SHEPTeTHYECKHM YPOBHSIM B BBIPAKEHHSIX
nast Z, Q, X 310 aBTOMaTHueckH yuHThiBaeT. OJHAKO NPH nepexofe
K MHTErpHPOBaHUIO 10 [-NPOCTPAaHCTBY Mbl JIHGO JOJKHBI HHTErpPHPO-
BaTh He No BceMy I-npocrpanctBy (Toukm [-mpocTpaHcTBa, OTAHYAIO-
liHecsl NepecTaHoBKOH KOODAMHAT H HMIYJIbCOB MOJEKYJ APYT C APY-
TOM, He NOJ/IKHBl YUHTHIBATbCSl KaK Pas/IMYHblE TOYKH), JHOO €C/H Mbl
HHTETPHPYEM [0 BCeM 3HAYEHHSIM p;, §; HE3aBHCHMO JPYyT OT Jpyra,
BHOCHMAsi IIPH 5TOM OUIHGKa JIOJXKHA KOMIIEHCHDPOBATbCS Je/eHHEM Ha
I0JIHOE YHCJIO NepecTaHoBOK N MoJsieky. paBHoe N!.

OTMeTHM, YTO HeCMOTPSl Ha BHELIHee CXOACTBO H HECOMHEHHO HMelo-
myloca TayGOKyl0 CBS3b 3TOr0 IpHeMa C HCKYCCTBEHHBIM NPHEMOM
I'n66ca B Teopun HieasbHOro rasa (§ 34), Mexay HMMH CYLIECTBYeT
NPUHIMNHANbHOe pasnuune. Ilpuem TI'm6G6ca npumeHsicst B pamMKax
pacnpeenenuss Makcpesia — BoJbliMaHa, OCHOBAHHOTO Ha HEBEPHOM
THIIOTe3€ O Pa3JMYHMOCTH YaCTHIL H HMEIOLIEro CMbICJ JIHIUb KaK npe-
JleNbHbIA cayyali npaBHabHBIX ¢dopmya1 Pepmu—lupaka u Bose —
Diinmrefida. Kak Mbl yxXe Noa4YepKuBaJH, 3TOT NPHEM JIOTHYECKH He-
COCTOSITEJIEH.

B npoTHBOMOJI0KHOCTb 3TOMY, IPHEM, ONHCAHHBIH B 3TOM naparpade,
BooGlle He ONMHpaeTcsi HH HAa KaKue (H3HYeCKHe THIOTe3bl H INpH-
MeHseTCsi B PaMKaX TOYHbIX CTaTHCTHYECKHX pacnpeleseHHH (KaHOHH-
4ecKoro, GOJIbLIOTO KaHOHHYECKOTo M T. A.). OH mpejcTaB/sieT coGoit
YHCTO MaTeMaTHYeCKHH IpHeM, NO3BOJISIOWMI MPOLLE BBLIYHCJHTbD HH-
TerpaJiel no [-npocTpaHCcTBY, He BbE/sist B HeM (U3HUECKH SKBHBAJIEHT-
Hele o6acTi. Crefyer ykasaTh, uTo fist cucteMmbl Tina I u 111, anst ko-
Topbix N = const, MHOxuTeab 1/N! siBAsieTCSl MOCTOSIHHBIM H €ro Ha-
JIMYHe He HrpaeT BaxHOH posH. OxHako Ajs cucreM Thna II u IV srtor
MHOKHTEJ/Ib CTAHOBHTCS CYIIECTBEHHO BaXKHbIM H HE MOKET GbITb ONyLIEH.

§ 48. BoiBon pacnpepenennit Bose — JiiHwireiina, Pepmn — Jupaka
1 Maxkcsesna — BoJbuMasa ¢ noMowblo GoJbIIOr0 KaHOHHYECKOTO
aHcambas

B stom naparpade Mbl mpuBelieM BBIBOA pacmpefesenHit Bose —
Sfinwreiina, Pepmu—upaka 1 MakcBessia—BosbuMana fisi Hiealb-
HbIX I'a30B, He OCHOBAaHHbIH Ha NPEANONOXKeHHH g; > 1.

BobiymcsiuM a5t 9T0# 1eaHM Q-CyMMY COCTOSIHMH MA€a/JbHOrO rasa.
Cornacho ¢opmynam (47.49)

wN—E(i|N)

Q=Ye #  g(i, N). (48.1)
N, i
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IycTs &, — BO3MOMKHEIE 3HAYEHHs! SHEPTHH OJHOH YacTHUbI rasa. [loj-
Hasl SHepPTHs HJeanbHOro rasa E M mosHoe Yucesio yacTh, N MoryT GhiTh
3aIHCaHH B BHIE

E= Z* Nrer, N= Z* N, (48.2)
% 3

*
Tl€ CHMBOJIOM 2 Mbl 0603HaYaeM CYMMHDOBaHHE He 110 SHEePreTHYECKHM
k

YPOBHSM, a N0 Pa3JIHYHbLIM COCTOSIHHSIM YACTHIIbI, TAaK YTO €CJIH SHepre-
THYECKHH YPOBEHb &, BHIDOXKJEH C KPaTHOCTBIO BbIPOKIEHHS g, TO B
nepBoii cymMe (48.2) uiieH, CofiepKallMi €, TOBTOPsIETCS gy pa3 (g, =
= T . = 9k+gk)-

Takum oGpasoM, posb napamerpa i B QopMmyae (48.1) BemosHsier
Habop yHCeN n, IJIsl BCeX COCTOSIHMH, [ — {n;, Ny, ...}. KpaTHocTb BbI-
poxJeHHs A5 Beero rasa g(i, N) B popmy.ie (48.1) 1ist Hepa3AHUHMBIX
YaCTHI[ C/IeyeT NOMOKUTh PABHOH €[MHHIE, TaK KakK 3ajaHHe BCeX UH-
Cesl 1, OJHO3HAYHO ONpefiesIsieT cocTosiiue rasa. CieoBaTesbHO,

o UN—E
=3 N o7 =

N=0 n+n;+..=N
@

Brytnst..)—(€nitesns+..)
= Z e T . (48.3)
N=0 ny+ny4..=N
3ameruM, yTo GJjarojapsi CyMMHpPOBaHHIO o N B 3TO BblpaxkeHHe
BXOJAT BCEBO3MOXHBIE HAGOPHI YMCeN 7;, C JIOGHIMH 3HAYEHHSIMH
ny + ng + ..., ¥ Q-cymMMa MoXKeT GBITh IEpeNnucaHa B BHAE
Boe, pee
Q=X >...e kT e T
ny ny
UuTatenb JIerko MOXKeT YGEIHTBCSI B TOM, UTO KaXKbli U/€H CyMMbl
(48.3) BxomuT (0aMH pas) B cymMmMmy (48.4) H, Ha0GOPOT, KaxKAbll wieH
cymmsl (48.4) BxoxuT (oAMH pas) B Beipaxenue (48.3), Tak 4To 3TH
BhIPaXXeHHsl 5KBUBaJeHTHbl. HakoHel, Bbipaxenue (48.4) MoxeT GbiTh
MepeNucaHo B BHJEe NPOH3BEJEHHS 10 BCEM YPOBHSM

n—e
e=[1X AT, (48.5)
i ﬂl

PaccmoTpuM Tenepb pasiesbHO ciydail rasa Go3oHOB H rasa ¢ep-
MHOHOB.

B ciyuae cucTemMbl G030HOB YHC/IA f1; MOTYT NPHHHMATh BCe 3Haye-
Hug n; =0, 1, 2, ..., H CyMMHpPYsI TeOMeTPHYECKYIO MPOT'PECCHIO, Mo-
JIY4HM

ng

(48.4)
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=]l —=
ll_

B cayuae cucreMbl (pepMHOHOB YHCJ/IA 7; IPHHHMAIOT TOJIBKO 1Ba 3Ha-
yenus n; = 0,1, U Mbl uMeeM

Q=1:I<1+e%

OTKyAa
(48.6)

e Y

) (48.7)

Tak Kak Q-noTeHIHMan rasa omnpefeisieTcss o ¢opmyre Q =
= —kT In Q, To MBI nOTyuaeM

Q==kT 3 In (15 e ~%4T) (48.8)

B clyyae rasa GO30HOB (BepXHHe 3HaKH) M rasa (epMHOHOB (HHXKHHE
3HaKH), T. e. dopmyJay (36.10), nosyyennyio AJst 6030HOB H (pepMHOHOB
B § 36.

Judbdepenuupys Q@ no XUMHUECKOMY rlmemmany, HaXoZ{HM

V== (&)= 2=
o)1, v (E u)/kT 1
WM B C/lyuae, €CU g; YPOBHeH CJIMBAIOTCSA B OLHH:

W= 3 .
- e(ei—u /kT 1

Has napuvaJbHbIX YHCEJ 3aloJIHEHHS N; umeem otcroza

= 8i
T. e. OCHOBHEIe hopMyJIbl pacnipesieiennit Bose—diinmrefina u depmMu—
JIupaka COOTBETCTBEHHO.

Jlnst KnaccHyeckKHX (PasiMYMMbIX) YacTHIL KPAaTHOCTH BbIPOMKIEHHS
g(k, N) yxe He MOT'YT CYHTaThcs paBHbIMH efuHHuue. Tak Kak N pas-
JIMYMMBIX YACTHIL MOXKHO Pa3GUTb HA TPYIMIBI N0 7, YACTHIL N!/an[

]

criocob6aMH, TO

Rt W (2s ) = (€ sty o VT
Y y (48.9)

mlngl...
N=0 nyfngt..=

H, u3-32 Ha/IMuHsl MHOXHMTeNs N!, cymmupoBanHe B (48.9) He cBOAHTCS
K He3aBHCHMOMY CYMMHPOBaHHIO IO YHc/IaM . Bocnosnpayemes npu-
enon I'm66ea (§ 34), corsacHo KOTOPOMY COCTOSIHMS, OT/IHYAOLIHECs
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TOJIBKO NMepPecTaHOBKAMH YaCTHLL, XOJIXKHBI CYHTATBCS TOKAECTBEHHBIMH,
U MojeNM KaxJblil uieH cymMMul B (48.9) Ha N!. Torma mosmyuum
e

el (titns+.) —(@n+eana+ . )|/RT
Q= 2 nlngt... =
N=0n3+n5+..=N
2 m-—e)/kT .
Z P = [exo =", 8.10)
i i
OTKyJAa HMeeM
Q=— kT InQ=— kT Y et ="T, (48.11)
9
N=—5|7 = ze(u—e,-)/kf (48.12)
i

HJIH JJIS gi-KPaTHBIX YpOBHei
N =) giem—e)/rT
i
Jlast napuuanbHbIX 4HMCes 3anoaHenHs N; umeeM
—e;)/kT
Nz=gf2“‘ e)/k ,
T. €. (opMyJay pacnpefesenus Makcseasna—bBobuMana.



TTABA V
TEOPUSl JIVKTYALHA

§ 49. Paykryanuu B cucremax thna I, II, THI

Pagnyne Mexay CTaTHCTHYECKOH H YHCTO TePMOAHHAMHYECKOM Tpak-
TOBKO# HanGosiee HATJIAAHBIM 06Pa3OM MPOSBJIAETCS B CyWECTBOBAHHH
(JTyKTyalHOHHBIX npolieccoB. PeanbHoe HaG/mofeH e QUIyKTyauui, T. €.
CaMONPOU3BONIbHEIX NEPEXOJ0B U3 6osiee BEPOATHBIX B MEHee BEPOSITHbIE
COCTOSIHHS, CBHACTE/IBCTBYIOT O HEJOCTATOYHO! OGLIHOCTH YHCTO TEPMO-
JHHAMHYECKOH KOHIIENIMH PAaBHOBECHOTO COCTOSIHHS M AIBHJIOCH B CBOE
BpeMsl NOATBEPKIEHHEM aTOMHO-MOJIEKYJIspHOro yuenus.Kak Ml ymo-
MHHAJIH yxKe B § 33, B MAKPOCKOIIHYECKO#! CHCTEMe TOJIbKO OYeHb MaJible
dayKTyanun o6GJajaloT 3aMeTHOH BepOSATHOCTBIO, ONHAKO B CHCTeMe
¢ HeGOJIBUIMM WYHCJOM CTerneHell CBOGOAbI BOSMOXKHBI M (JIyKTyalHH
G6oJIbLIOrO MaciuTaba, B CBA3H C YeM NMPHMEHEHHe TePMOAHHAMHYECKHX
3aKOHOB B TaKHX CHCTeMax CTaHOBHTCS, BOOOLIE, HE3AKOHHBIM.

B noaasasiomeM GOMbIIHHCTBE KOHKPETHBIX 3aay HaM JOCTAaTOYHO
XapakTepH3oBaTh (JYKTYyallHOHHbIE MNPOLECCHl TOTO HJIH HHOrO THMA
¢ MOMOLIBIO TaK HasbiBaeMOH cpedHed ksadpamudnoti Gprykmyayuu (Quc-
nepcuiL) HEKOTOPOH (hH3HYECKOH BeHUUHBI L, onpejessemMol GopmyJioi

(DL =(L—Lyp=0—(Lp, (49.1)
H OTHOCHTEJBHOH (UIyKTYyalHH
oL = E’EE. (49.2)

3aiimeMcs BLIYHC/IeHHEeM GJTYKTyalllif OCHOBHBIX TePMOAHHAMHYECKHX
BesimunH B cucremax thma I, II w III.
Has cucrempt tuna I (T, N, V = const) nmeem

T 9
E=U=—zg(nZ{)
SO &2

E2=———————Z ® =76 (49.3)



222 TEOPUSI GJIYKTYALUA (ra. v

OTKYyJa HaXxOIHM

(DE)*= dﬂa (InZ@)=— E) (49.4)
IMepexons K nepemennoit T = 1/kP, nonyuum
(DE)2 =£T? (g—ﬂf £TCy. (49.5)

OGcynnM HeKoTOphble HacTHHe ciydyaH dopmyns (49.5).

B cnyuae upeanbuoro rasa E = (I/2)NkT, Cy = (I/2)Nk u, cieno-
BaTeJIbHO,

DE =4T ]/I?N (49.6)
H oTHocHTeNbHas ¢aykryauns OE papHa
DE Pl
sE="2F = ]/W (49.7)

W OYeHb Mala ANt MAaKPOCKOMHYECKHX CHCTEM.
Jas cnyuas kpucraaia npu T < © umeem (cm. § 38)
= 3MINATY 1214 N£TS
E=U==g— C=""3

OTKYyJa AJIi JAMCIEPCHH M OTHOCHTEJbHOH (UIYKTyallUH HaXOMM Bbpa-
KEHHS

(49.8)

DE= Qn“k( ) T, (49.9)
(e e

OrHocurenbHass (QUIYKTyallus SHEPTUU yOblBaeT C POCTOM 4HC/Ia
YacTHIL 10 OGBIYHOMY 3aKOHY ~N~"/z, ofiHaKO 1O Mepe yOLIBAHHS TeM-
neparypel OHa pPacTeT H MOXKeT CTaTh BeCbMa 3HauuTe/NbHOH. Pusuue-
CKOe 0OBbsICHEHHE 3TOro aKkTa 3aKJI04aercsi B TOM, Y4TO C YMeHbIIeHUeM
Temneparyphl yObiBaeT apeKTHBHOE YHCJIO CTerneHei CBOGOMbI (<BbIMEp-
3aHue» KoseGanuit, cM. §§ 52, 54) u BciencTBHe 3TOro GAYKTyauHH
B CHCTEME C HeGOIbIIMM YHCJIOM CTeneHell cBOGOALI, KaK BCerja, CTano-
BSITCS CYIECTBEHHBIMH.

OTMeTHM, HaKoHell, 4TO (WIyKTyallMH HEPrHH CTAHOBATCHA BechbMa
GosblIHMH B H3oTepMuuecKnx cucremax (Cy — oo), Hampumep, B CHC-
TeMe MKUJKOCTb — HaChIEHHbIH Nap NPH HEH3MEHHOM JaBAeHHH (KH-
netine). B cBA3H ¢ 9THM Bech npoliecc KHIIEHUs HMeeT HeynopAN0ueHHEIH,
(IyKTyaUHOHHbIA XapakTep.

Buyncaum ¢aykryauun B cucreme thna III (T, N, P = const):
X-cyMMa COCTOAHMH HMeET BHJ

X (B, v)={> dVe-v=BECIV g (i, V).
i
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Cpenusisi sHeprusi U CpelHHH 006beM paBHbl
= ] = ]
E=—snX@ 1) V=—gnX@ s @11

Jlucnepcus 3HEPrHM M JHCNEPCHs 06beMa MOTYT OBITb BHIYHCJEHEI
TaK ke, Kak H JJis cHCTeMbl I, M OKa3blBAIOTCS PaBHBIMH

GO
OVy=—(5) = — 47 (3).. (49.13)

Bouncaum  npoussosnyio (0E/8T),. Tlepeiinem B  skoGuaHe
o(E ,v)/a(T,X) K nepemenHbeM (T, V) ans Toro, 4toGhl BBIAGAHTD TEIJIO-
emroctb (0E/0T)y = Cy. Vmeem

O, v) _9(E,y) (T, V) QW) (0v/dV)r —(OE/0V) (voT),

AT,y AT, VAT v @viavy;
= Cy— (OE/3V)r

v, V) (T, V)
Iy, OV, T)"

ITepefineM Bo BTOPOM CJ1araeMom npaBoii yacTH K nepemenusim (T, P),
OT KOTOPHIX 3aBHCHT BequuuHa y = P/kT:

(57), = v+ 57), 56500

Briuucienne MHOXuTens npH (9E/0V)r npuUBOTMT OKOHYATEIBHO K pe-

SyLTaTy oF OF vV P (oV
(57)11 =Cvt (W)T[<67>P +7 (ﬁ)r]'

OTKyJa MJisi JHCIIEpCHH 3HEePrHH HaXOoAuM
e efo () (@) + L o

Tpoussoanas (0E/@V); 6bina HaMH B CBoe BpeMs BLIYHCJIEHA:

oF oP
()e=—P+7(7),
B uacrhoctH, Ansl MueanbHoro rasa (0E/dV), = 0, clefoBaTebHO,
nucnepcus sHepruu pasra (DE)? = kT?Cy Tak xe, KaK U sl CHCTEMbI
Tuna I. DtoT pesysbrar ecTecTBeH, TaK KaK AJis HAEAJbHOrO rasa y =
= P/kT = R/kV w ycnosue y = const sksuBanentHo V = const.

Monb3ayscek hopmyto (49.13), MBI MOXKeM MOMYYHTD BbIpaXKEHHE A5
Gaykryauun maotHoctd p = m/V. Hmeem

Dp=—;DV=—p",
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OTKyZa

o) =— 8L (35),. (19.15)

B ciryuae cucremsr na 11 (T, V, p = const) anaJiornunbie BHIKIaKH
[PUBOASAT K CJAEAYIOUHM (GOpMy/aaM st AMCIEPCHH SHEPIHM H YHCIa
YacTHL:

(DE)t=— (%E)u (49.16)

(DNy2= (‘;-f)ﬂ (49.17)

Mepeiinem or nepemennbix § = 1/kT, o = p/kT « nepemennsim (T, ).
Hmeem

(BE_‘> O (E, a)d (T, p) _ (OE/oT), (Ba/au)r—(0L‘/0p.)1(3a/6T)u

\0p (B, W)O(T, W (0B/0T),, (0/ow)

——ir [+ HEL (9=, s

Jlns Toro, utoGbi Bbipasutb (DE)? u (DN)? uepes J1erko H3MepHMbIE Be-
JIMYHHBI, CllefloBao Obl  mpeoGpasoBaTb npousBofHbie (OE/GT),,

(0E/op);, (ON/dp); Tak, utoGbl XMMHUECKHH NOTEHLHA] Gbll U3 HHX
nckatoueH. OJHAKO MBI OMyCKaeM 5TH BBIYHC/IEHHS! BBHAY HX TPOMO3J-
KOCTH.

§ 50. dopmysa JiiHwTelHa AJs BeposTHOCTH (ayKTyauui

Bynem HcxXomuTb U3 yCJIOBUSI HODMHPOBKH JJIs aHcambJisi, B KOTOPOM
(AyKTyHpYyeT ¥ SHeprus, M YHCJIO YacTHI, H o6beM (cHcrema Tuma IV),
U BbiBelleM (GOpMyJy Jisi BEPOSTHOCTH NPOH3BOIBHOH (yKTyauuu
(dopmyasa DitHiureftHa). 3anuieM ycJoBHe HOPMHDPOBKH

E g(i, N, V)enN—PV—EQIN, VAT =], (50.1)

®ynKuus, crosimasi NMOX 3HAKOM CYMMBI, HMEET UDe3BhYaiHO peskuil
MakcumyM B Touke E = E, N = N, V = V (oTIHuHeM CpelHHX 3Ha-
venuit E, N, V oT nauGosee BepOSTHHIX 3HAUEHHI Esepy Noepr Viep
B MaKpOCKOITHYECKOH CHCTeME MOXXHO npeﬂeépeqb) D10 mosBosiseT
BHIHECTH B BEIDAXKEHHH (50.1) sKCMOHeHUHMAIbHBIH MHOXKHTE/b B TOUKE
E =E, N =N, V=V 3a 343K CyMMBl H OFDAaHHYHTLCS TIPH CYMMH-
pOBaHHH TO/bKO 3HaueHusMH N, V u E(i|N, V), 6GIu3KHMH K TOuKe
MakcuMyMa, Besnuuna oGnact CYMMHPOBAHHS OINpefe/siercss NpH
9TOM NPAKTHYECKH OJIHO3HAYHO, 6/1arofapsa KpaiiHe GbICTPOMY CIaflaHHIO
cymmupyemoil YHKUHH INPH  yAaleHHH OT TOYKH MaKCHMyMa.
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Dopmyaa (50.1) mpuHUMaer mpH 3TOM BHA

eWN— PV —E)/kT Z* g(i, N, V)=eStket =1. (50.2)
iN, V

Ms! BOCTIOJIB30BA/INCh 3/1€Ch TePMOAMHAMHUECKOH (hopMy.10#
wN —PV—E=®—-PV—E=—TS,

r/ie S — SHTPONHS PaBHOBECHOT'O COCTOSIHHSA, a Yepes @/~ Mbl 0003HaUH AN
YHC/IO MHKDPOCOCTOSIHHI, COOTBETCTBYIOLLIX MaKpOCKONHYCKOMY paB-
HOBECHOMY COCTOSIHHIO e/ = Z g(i, N, V), rne cumMBoa Z 03-
i, N,V
HauyaeT CyYMMHPOBaHHe MO MHKPOCOCTOSHHAM, GJH3KHM K Hauﬁonee
BEPOATHOMY MHKDPOCOCTOSIHHIO.
W3 (50.2) caenyer, uto

of = eSIk, (50.3)

ITycts B cucreMe, B3auMOJEHCTBYIOMIEH ¢ TEPMOCTATOM, MPOH3OLLIA
camast obuiast uIyKTyalusi SHepTHH, YHCIa YacTHIL H o6beMa. Mbl MoxKeM
cefe NpPENCTaBHTb, YTO CHCT€Ma NPH 3TOM HCKYCCTBEHHO IpHBEIeHa
B PaBHOBECHOE COCTOsIHHME (C M3MEHEHHBIMH SHepruefi, YHC/JOM YaCTHL
n o6bemoM) Grarogapsi TOMY, YTO Mbl H30JIHPOBAJIM ee OT TepMocTaTa,
TIOMECTHB ee B COCYJ C TENVIOH30JIHP YIOUIHMH, HENOABHKHELIMH U Herpo-
HHLAeMBIMH VISl YacTHIL cTeHKaMH. Toraa gopmysa (50.3) Moxer GbiTh
3anMcaHa H A/ HOBOT'O COCTOSIHHS CHCTEMbI

et =eS'lk,

rae S’ — SHTPOMNHS CHCTEMbl B COCTOSIHHH (AIYKTyalHH, a /™" — 4YHC/IO0
MHKPOCOCTOSIHHH, COOTBETCTBYIOWUMX HOBOMY MaKPOCKOMHYECKOMY CO-
crosnmio. OueBHAHO, BEPOATHOCTb GayKTyaunn W nosxHa GbITh Onpe-
Jle/leHa KaK OTHOILEHHE @/~ K e/, U Mbl NOJYYHM hopmyry Ddnwmeidna
e

V=—D>,

HJIH
W = e(S"=S)/k, (50.4)

§ 51. daykryauuu B GoTOHHOM rase. PJyKTyauuu B rase
6030HOB M (hepMHOHOB

B 1909 roay B cratbe «K cOBpeMEHHOMY COCTOSIHHIO NPOGJIEMbI H3-
JyyeHnus» A. DiHTeHH paccmorpesn (JAYKTyallMH 3HePTHH paBHOBEC-
HOrO M3JIyYeHHsl ¥ BbiCKaszal B CBSI3H C 3THM BecbMa ry6okue coobpa-
JKeHHs O NPUPOJE H3TyYeHHs. Mbl O3HAKOMUMCS 311€Ch C COAePIKAHHEM
9T0fi paGoThl.

Bynem BHauase paccMaTpuBaTh H3/My4YeHHEe YHCTO K/MACCHYECKH KaK
CHCTEMY CTOSIYHX 3/EKTPOMarHHTHBIX BOJH, @/yKTyaluu MJIOTHOCTH

8 10. b. Pymep, M. L. Pbiskun
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SHEePrHM NPONCXONSAT BCJIEACTBHE HHTepdepeHIHH STHX BOJH, Gnarogaps
KOTOpOH MIHOBEHHOE 3HauyeHHe IJIOTHOCTH SHeprud moJsi B JaHHOH
TOYKe MOKeT GbiTh TO GosIbile, TO MeHblue. COr/IacHO H3BECTHOIT 3J1EKTPO-
JMHaMHYecKoH (opmyJie IVIOTHOCTb SHEPTHH NOJs B TOUKE 7 B MOMEHT
BpeMeHH ¢ paBHa

u(t) =g (8 (r, 0+ 52 (r, 1), (51.1)

rae &(r, ) u H(r, {) — HANPSIKEHHOCTH JEKTPHYECKOTO H MATHHT-
HOTO moJefi, KOTOpble NPeJACTaBJsIOT co60i CyNnepno3uiin GobIIOoro
YHcJia MOHOXPOMATHYECKHX BOJMH C PasHbIMI 4acTOTaMM, HamparJle-
HUSIMH TOJISIPH3ANNH M CAyYalfHO pacmpefieleHHBIMI HaualbHLIMH (a-
3amH. Buarojapst 1eKOrepeHTHOCTH 5THX BOJH (MHTEpdEpEeHIHOHHBIE
Y/leHbl HCY€3al0T MPH YCPelHeHUH 1o (asaM) CPefHss SHEPrus moJs
NPONOPIHOHAIbHA CPEJHEMY KBaJpaTy aMIJIHTYAB BOJH, B TO BpeMs
KaK KBajipaT JAMCIEPCHH NPONOPLHOHANEH CPEJHEMY 3HAYCHHMIO YeTBep-
TOH CTeneHH aMIAHTYABL. BenescTBue sT0r0 KBaApar AHCIepCHH nPOIop-
LHOHAJIeH KBajJpaTy CpelHell SHepTHH nojs. TouHoe KOJHYeCTBCHHOE:
paccMoTpeHne (KOTOpoe Mbl He TNPHBOJHM BBHAY €ro I'POMO3JKOCTH)
03BOJI1SIeT HANTH U KO3(xpHIIMEHT IponopiHoHaNbHOCTH. BBenem B pac-
CMOTpPEHHe CPEJHIOI0 SHepruio uaayuenus dE(v) B efuHuLe obbema
H B HHTepBase yactoT (v, v 4 dv). MoxHO nokasarb, uTo ¢opmyana,
cesizpiBaiomass D dE(v) u dE(v), umeer BHA

dE
(D dE (v))2 =" ng;) , (51.2)
rie
dn (v) =52 (51.3)

— yucao BOJIH (HA €IMHHIY of6beMa) ¢ d4acToTaMH B HHTepBaje
W, v 4 av). dry q)opmley MOXHO MOJIYYHTh H3 obuieli Qopmyasl ans
nuciepceun sueprun (49.5)
p— 2
(DE):=kT ((,T, (51.4)
ecin BMECTo E MOACTaBUTH CTIPaBejVIMBOE B BOJHOBOM MpejieJié BhIpa-
Kenne 1as dE(v), caenyiouee u3 sakona Peness — [Dkuuca:

dE (v) =32 2 gy, (51.5)

Boiyucinm teneps (D dE(v))?, noab3ysick dopmyaoi Ilranka

8nh  vidv
dE (v) = & VAT |

u dopmynoii aas daykryanun sHepruu (51.4). Haxomum

o 8ak2 VIR gy [dE (v)]? (V)]ﬂ
(D dE (v)) o Ty =hvdE (v) + - ) (51.6)
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Bropoe cnaraemoe B (51.6) coBnanaer ¢ (51.2) u umeer, Kak Mbl BHIEIH,
BOJTHOBOE [1POHCXOXKJEHNE: OHO NMpEACTaBasieT oGOl pesyabTaT Gecro-
PSIIOYHON HHTEpPhEePeHIHH 31eKTPOMAarHUTHBIX BOMH HJIH QJyKTyauHio
KJIACCHYECKOTO BOJIHOBOTO moJsi. JIas TOro 4ToGbl MOHSTH CMBIC/ Tep-
Boro ciaaraemoro B (51.6), pasgenumM oGe yaCTH 3TOrO COOTHOLIEHHS Ha
(hv)? ¥ BBelleM YMCJIO KBAHTOB B MHTepBaJe (v, v + dv), 0603HauuB ero
dN(v) = dE(v)/hv. ®opmyna (51.6) mpunumaer BHA

[DaN (] =aN () + G-,

(51.7)
3amernM, uTO OTHOWIEHHE BToporo uieHa (51.7) (uau (51.6)) k nepsomy
corsiacHo ¢dopmyJsie Ilnanka paBHO

dN (v) 1

D()_dn(v) VIRT 77

(51.8)
rie D(v) — niioTHOCTD YHc/Ia GOTOHOB, H, CJELOBATENbHO, EPBOE Cla-
raemoe B (51.7) uin (51.6) npeBasiupyer Hal BTOpbIM B obnacti Av > kT
(o6aacTb Buna), a Bropoe ciaraemoe mpeBalHpPYeT HaX INEepBbIM B 06-
nactn hv L kT (oGnactb Penest — Jxunca). Takum o6Gpasom, B 06-
nactH Buna Msl HMeeM (opMyJly AIsl GUYKTyauHH YHCIa KBaHTOB

[DdN (v)}2=dN (v), (51.9)

conafaiomyio ¢ dopmysoi (49.16) ans Guykryanuu uncaa MoJexy.a
HJeaJbHOTO Tasa.

HWrak, Mbl BHIHM, Y4TO B 06JacTH GO/bIIHX YacToT hv > kT u MajbIx
nuTeHcuBHocTel cBera D(v) < 1 HanyueHue BesieT ce6sl KaK HAeaJbHbIi
ras He3aBHCHMBIX JPYI' OT Jpyra 4acTHL — CBETOBhLIX KBaHTOB. Ha-
o6opot, B 061acTH MasibiX 9actoThv < kT n GOMBIIMX HHTEHCHBHOCTEH
D(v) > 1 nanyyenne Bener cebsl KaK CHCTEMA KJIAaCCHYECKHX 3JIEKTPO-
MarHMTHBIX BOJH. TakuMm ofpa3oM, B SIBJEHHsIX QJYKTyauui cBera
0COGEHHO HAIVISIAHO NPOSBJIAETCS €ro JBOMCTBEHHAs KOPIYCKYJIspHO-
BOJIHOBast NPHPOAA.

PaceMoTpuM QayKTyanuu Hanyyenns B obnacth Buna ¢ neckoabko
HHO TOYKH 3peHHsl H HaiileM BepOsTHOCTb (/IyKTyaluu ofbema 3aiaH-
HOTO KOJIHYECTBA SHEPTHH HaJyuenHsi. Bynem nosnbobarbes Gopmyoit
DjiHiuTeiiHa 4151 BEPOSTHOCTH (JIYKTYyaunH

W = elS(V)—=S (VolkT | (51.10)
rae S(V,) — suTponHsi B PaBHOBECHOM COCTOSIHHH (H3JyYeHHe 3aHUMAeT
paBHoBecHBIH o6rem V) u S(V) — sHTponus B COCTOSHHH QIYKTYalUH

(nsnyyenue sansiio oobem V). Mimeem cornacHo dopmyae (33.5) ans
SHTPONHH HHTEpBala 4actoT (v, v +-dv)

BO) _van @M+ ) In@W+)=DWaDE). (L1

8w
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B obnactu Buna D(v) < 1, M 3T0 BBIpaxeHHe HMeeT BHA
B — v dn (v) D () [1 = 1n D (). (51.12)

Ilns sHeprHH TOro XKe CIEKTPa/JbHOrO MHTEpBajla HMeeM
dE (v)=V dn (v) D (v) hv. (51.13)
Hckmouass u3 atux dopmya D(v), Haxoaum

50 _in (220 )

Jinsi pasHOCTH SHTPONHIt dS(Vo) — dS(V) umeem
dS (Vo) —dS (V) _dE(v), [V
BOIZBO LD (%),

CnenoBarenbHo, coraacio (51.10) BeposiTHOCTb (UIYKTyalUMH paBHa

W:(VL‘)YEW)/}W= <V10>d/v(v)- (51.14)

Hnrepnperauus sToro COOTHOLIEHHS] BecbMa MPOCTa: eciH B ofbeme
V, umeercs dN(v) GOTOHOB, TO AJIs KAXAOTO (POTOHA BEPOSITHOCTb OYYy-
THTBCS B MeHblleM o6beMe V paBHa V/V, a 115 Bcex pOTOHOB OHa paBHa
B cuary ux HesaBHcuMocTH (V/Vo)4N®™), Iro nuwHui pas noxuepKHBaeT,
uTo B 06JacTH BuHa mpeBaqupyioT KOPMyCKyJsipHble CBOfICTBa CBeTa.

Kax n3BecTHO,COT/1aCHO KBAHTOBOH MeXaHHKe, KOPIYCKYJsIPHO-BOJI-
HOBOH AyaJIM3M MPHCYIIL He TOMbKO (POTOHAM, HO H BCEM MHKPOYACTHILAM.
JInf MIUIOCTPAIMH 3TOTO BBIYHCAHM (JIYKTyallMH YHC/IA YacTHIL[ s
HJleaNbHOrO ra3a 6030HOB, GepMHOHOB M KJIAaCCHUECKHX «HEPa3THYHMBIX»
acTHIL.

Corsiaceo gopmynam (49.17) u (49.18)

(DN)2 = AT ( ap)

B cayuae uieanbHOTO rasa pacrpesieleHHs YaCTHIL 1151 KaXJ0ro yPOBHS
€; HE3aBHCHMbl APYT OT ApYyra, H Mbl MOXeM 3amucatb 3Ty (opmyiy
IS Kaxaoro N; OTAeNbHO

(DN )2 =kT (%’Z-)T .

- (51.15)

oxcrasass Bmecto N; Bhpaxenue
N, = gi
Ni= & —W/AT 17

rie L = —1, 1, 0 a1s rasa 6030HOB, HhePMHOHOB H KJ1aCCHYECKHX Yac-
THI, COOTBETCTBEHHO, IOJYYHM

gie®i—WIRT e
(DN = = @A~ Vi =,
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U —
(DNi)2=N1+'(IZ—i.)2 (51.16)
A5 Ta3a GO30HOB, -~
(ONy =N, - C (51.17)
JUi Tasa (GepMHOHOB H
(N2 =F, (51.18)

JIs Tasa Kjaaccuyeckux wactuu. B dopmynax (51.16), (51.17) (anamo-
ruyHo opmyJre (51.8) aas GOTOHHOTO rasa) nepBbie CIaraeMble IBJSIOTCS
OTpPaXKeHHEeM KOPNYCKYJSAPHEIX CBOMCTB CHCTEMbI (DePMHOHOB H GO30HOB
COOTBETCTBEHHO, B TO BPeMsi KaKk BTOPbIE C/1araeMble STHX GOPMyJI yKa-
SBIBAIOT Ha HAJIHYME y STHX YacTHIL TaKXKe H BOJIHOBBIX CBOACTB (COMYT-
CTBYIOLIKE BOJIHHL e Bpoiiis). B oranune ot atoro A/s rasa kaaccuue-
ckux yactHu (popmyna (51.18)) BTOpOe ciraraemoe OTCYTCTBYET H 3TH
YaCTHLB! He 00/1aJlai0T BONHOBBIMH CBOHCTBaMH.

§ 52. Teopus roayGoro usera HeGa

PaccMoTpuM B KayecTBe HJIJIOCTPHPYIOLEro NMPHMEPA TEOPHIO pac-
CestHHs! cBeTa (WIYKTyalUHsIMH IIOTHOCTH B atMocdepe, H3BECTHYIO IOA
HasBaHHEM «TeOpHH rojy6oro usera HeGa» (Peneil).

IpencraBum ce6Ge napaJie/bHblil Iy4OK CBETOBBIX JyUell, NaJaioumuii
Ha BemectBo. Ecin Gbl BellecTBO GbLIO COBEPIIEHHO OJAHOPOAHBIM —
1Meso Gbl BO BCEX TOYKAaX ORMHAKOBYIO INIOTHOCTD, TO NOKa3aTeJib Ipe-
JomMJIeHus BemecTBa Obl1 Gbl TaKKe OJHHAKOB BO BCEX TOYKax M paccesi-
HHe Ny4Ka OTCYTCTBOBaso Obl. B sToM ciyuae cpena, yepe3 KOTOpyio
pacnpocTpaHnsiercsi cBeT, Obwla 6bl HeBHAMMON. Haxonsich Ha moBepx-
HOCTH 3€MJTH, MBI <BHJIe/TH» Gbl aGCOMOTHO YepHOE «HEG0» H OCJENTHTENLHO
spkoe CoiHie.

Ha camoMm Jiesie Gnaronapsi XaoOTHYECKOMY ABHKEHHIO MOJIEKYJI B at-
Mocdepe NPOUCXOAAT (BJIYKTYalMH IVIOTHOCTH H B OTHENbHBIX MaJbiX
o6beMax BO3HHKAIOT CTYCTKH M paspexeHHs MoJekyJd. Besexctsne
3TOro JIyKTYHpPyeT NoKasareb peJoMAeH s H BO3HHKaeT Gecrnopsiioy-
HOe mpesioMJleHye BceX Jydeii cera B aTMocdepe. IlepBoHavanbHO ma-
pannienbHbll My4yoK JyyeH CTaHOBHTCS PACXONSIMMCS — IPOHCXOAUT
paccesinue cBera. Tenepb Mel BHAMM B paccesiHHbIX Jy4ax Cpely, yepes
KOTOpYIO MPOXOIHT CBET H CHEKTPaJbHbli COCTAaB PaCCesIHHOro CBETa
ONpeJie/IsieT IBeT 3TOH CPeabl.

IMepefiieM K KOJIHYECTBEHHOMY pPaCcCMOTPEHHIO.

M3 anexTpoiuHaMHYeCKOH (OpMYyJibl JJIsi BEKTOpa [MOJIsipH3ALHH
cpensl

e—lg (52.1)

= TIn
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rae € — NH3MEeKTPHYeCKass NPOHHUAEMOCTb Cpeiabl & — HanpsxeH-
HOCTb nOoJsA, HUMEEM Njd H.HCHEPCHH BblpaxKeHue

DPp=2g-0 2 & eiot, (52.2)

rne & = &, eiv! — panpsKeHHOCTD NONS M2fAIONIEH 5/1eKTPOMArHHTHOM
BOJIHBI C YaCTOTO# ®, a [0J1eM PacCessHHbIX BOJH Mbl MpeHeGperaeM, Tak
KaK OHM JialoT axpekT BTOporo mopsiaka Mmaioctd no De. Baaronaps
(ayKTyauuu nossipH3allH 3JeMeHT o6beMa U NpHOOpeTaer NOMOJHH-
TeJIbHbI AMMONbHEIH MOMEHT, paBHblli vD& = p. Dueprus, usnyuae-
Masi 3THM 3JIeMeHTOM ofbeMa Yepe3 eIHHHUHYIO IVIOUIAKY Ha paccTos-
HHH 7 OT Hero 3a 1 cexyﬂny, onpegensercs $HopMysoi
| p [2sin20 _ (De)? 0*&3 sin? fu*

AW = Insr: . (Any3cre ’ (52-3)
rhe § — yroa Mexay najalouleii 1 paccessHHoH BomHamu. IToTok sHep-
THH B nNajaiouleli BonHe paBeH Bektopy IlofinTHHra

Wo= i[85, (52.4)

U B cuay cootHomenuit #o="1V"e &, #, | &, (warnutnas nponumae-
MOCTh BO3JyXa MOXeT CYMTaTbCsl PaBHOH €JMHHIE) HMeeM
ce'ls

Wo=2_"8. (52.5)

Orciofa OTHOLIEHHE [IOTOKA SHEPTHH B BOJIHE, PACCesiHHOM MOJ YIJIOM 6§,
K NOTOKY 3HeprHH B Najaioueii BOJHE PaBHO

AV _ s2(@efosins (52.6)

W, e'/2)\ap2

B 3to0it popmynie v ecTb 0GbeM, JIHHeHHble pa3Meps! KOTOPOTO MaJibl

[0 CPaBHEHMIO C JJMMHOH BOJHH (YCJIOBHE MPHMEHHMOCTH (DO pPMYJIbI
(52.3) — MOTOK SHEPTHH OT «TOYEYHOro» AMIONs). PaKTHUECKH paccesi-
HHe IIPOMCXOIHT OT 06beMOB, GONBIINX MO cpaBHeHHIO ¢ A®. Pasbuas
TaKol 06beM Ha 06bEMBI U, Mbl JIO/IXKHBEI y4ecThb, YTO 06beMbl ra3a KBasH-
He3aBUCHMbI H IYKTYalHH B HHX NPOHCXOAAT HE3aBHCHMbIM O6PasoM.
Buaaronapsi sTomy BOJIHBI, paccesiHHble IByMsl OGbEMaMH Uy U U,, HEKO-
TePeHTHB! H CK/Ia/ibIBAIOTCS He HX aMIIHTY/bl, @8 HHTEHCHBHOCTH. B cBs13H
C 3THM HHTEHCHBHOCTb BOJHBI, paccesiHHOH obbeMoMm V, nosmyyum,
YMHOXKHB BeIpaxceHHe (52.6) Ha uncio o6beMoB v B o6beme V, T. e.
Ha V/v:

AW _ n?(De)® Vusin®0

Wo - g'/nar2 (52.7)

BripasuM JHCnepCHIO AMA/IEKTPHYECKOH MPOHHIAEMOCTH Yepes AHC-
NepCHIO MJIOTHOCTH. Mmeem

(De)r=(3)" ) (62.8)



§ 521 TEOPHSI FOJIYBOTO LIBETA HEBA 231

WK ¢ noMowbio GopmyJsl (49.14)
Gt
oe\2 oP)r,.n
(Dey=(p I?B) —LenrNl (52.9)
®dopMmyJia NI HHTEHCHBHOCTH PacCEsIHHOrO CBeTa MPHUHUMAET BHI
de
N (°dp
—i}’—o- - /a2

>2 KTV sin?0
, (52.10)

rae ﬁ —_— H30T€pMH‘{eCK8ﬂ CXKMMaeMOoCTb
1 0
ﬁ=7|(5;)7|. (62.11)

Ecau paccmatpuBath atMocdepy Kak HieanbHblii ras, o f = 1/P.
3aBHCHMOCTb AN3/1EKTPHYECKO [IPOHHIIAEMOCTH OT IVIOTHOCTH UMEET BHI

e =1 4nap,
rie o — noaspuayemocts. Orciona

pg§=4nap=s—-1~n2——l%2(n—l),

rJle n — ToKasaresb npesoMenus rasa (6auskuii k 1). Torna nonyunm
u3 (52.10) . e T
AW 4n% (n—1)> sin® 6
V= mep (52.12)
HauGonee xapaktepHoii uepToii 510l GpopMys Pesiest sipsisiercs cuibHas
34BHCHMOCTb MHTEHCHBHOCTH DAaCCesIHHOrO CBeTa OT JVIMHBI BOJHBI A.
Kak Buano ua stoil ¢opmynsl, Hanbosiee CHAbHO (B BHAMMOH YacTH
CIIeKTpa) pacceuBaloTCs (PHONETOBbIE H CHHME JyYM, YTO H NPHBOAMT
K XxapakTepHoii oKpacke atmochepni. HaoGopor, npumenmme Ges pac-
cestnns ayun Cosnua oGorauleHbl KPacHOH M XKeITOH KOMIOHGHTaMH
crekTpa, yem oGbsicHsieTcsi okpacka CouHia (0COGEHHO NMPH BOCXOAe
1l 3aKare, KOrjla COTHEYHble JIy4d NPOXOAAT 3HAUHTe/bHO GONbIINH Ny Th
B aT™Mochepe, uem aHem). dopmyaa (52.9) Tak ke, Kak U (HOpMyJbl
(49.13), (49.14) nist Gaykryauuii yucaa yacTHL o6beMa H MJOTHOCTH,
TEPSIOT CMBIC/ B KPUTHUECKOM COCTOsIHMH rasa ((0P/dV), = 0).
VBe/nueHHe HHTEHCHBHOCTH (JYKTyallMii NJOTHOCTH BO/H3H OT
KPUTHYECKOH TOYKH NPHBOAMT K CHJBHOMY PaccesiHMIO CBeTa, INpuiaio-
lleMy rasdy XapakTepHYI0 MYTHYIO OKPacKy (KPHTHYeCKasi OnaJlecleH-
uusi). TouHas Teopust 5TOro siBeHHsA Tpebyer yuera KOppessuuH GpayK-
Tyaluil B 6iusjexaiux o6bemax rasa (B COCTOSHHH ¢ 6OMbLIOH CXKHMA-
€MOCTbIO 3TH (UIYKTYallMH yXKe He MOTYT PaccMaTpHBaTbCs KaK Hesa-
BHCHMblE), DTa TEOPHS paccMoTpena, Hanphumep, B [26].



FTTABA VI
KOHKPETHBIE 3AJIAYHA — UJEAJIbHBIE T'A3bl

B 5Toi1 rV1aBe MBI PaCCMOTPHM P51l KOHKPETHBIX 3a/1a4 CTATHCTHUECKO#
(DH3MKH, pelllaeMLIX Ha OCHOBE METONA «SIUIHKOBY H «sT4eeK» (CHCTeMbI
HeB3aHMOJICHICTBYIOIHX YacTHL). Mbl HauHeM C pacCMOTpeHHsi Makc-
BeJ1I-60/1bLIMAaHOBCKOTO TPEJeJbHOr0 Clydyasi (HEBBIDOKAECHHBIA Tras).

§ 53. Pacnpenenenne Makcseana

B sToM naparpade Mbl pPacCMOTPHM IOCTyNATeNbHOE JIBHKEHHE dac-
THIL MaKCBeJJI-GOMbIIMAaHOBCKOTO HJea/lbHOrO rasa, npeHebperasi KBaH-
TOBaHHEM 3HEPTHH. DTO NpeHeGpexeHHe NONYCTHMO, Kak Mbl BHIE-
au B § 41, BIIOTb 10 JIOGBIX JOCTHXHMBIX Temmeparyp. M3 ¢opmyda
(cm. § 34)

dN = et —okT ‘g (53.1)
N= Sew—e)/" e (53.2)

nostyyaeM BbIpaxKeHue /s BEPOATHOCTH HAaXOXIeHHs H30GpaKarouel
TOYKH B 3JemeHTe ofbeMa dl-mpocTpaHcTBa
dN _ e~®*Tqr

dW/=7= m, (53.3)

TZle BbipaxkeHwue, CToslliee B 3HAMEHATeNe, €CTb CTaTHCTHUECKUil HHTe-

rpan Z. Mbl Gynem paccMaTpHBaTh ra3, COCTOSILHMI H3 MOJEKYJ C Mpo-

M3BO/IbHBLIM UHCJOM N aTOMOB B MoJekyJe. ITockonbKy, onHako, Hac

HHTEpEecyeT cefyac TOMBKO TNOCTyMNaTelbHOe ABHXKEHHE, Mbl BBHIIEJIHM

U3 BCeX 0GOOUIeHHBIX KOOPAMHAT H HMIYJIbCOB MOJIEKYJLI TPH KOOPJH-

HaThbl LIEHTpa Macc (¥, ¥, 2) H COOTBETCTBYIOUIHE HM MPOEKLUH MOJHOrO

HMIysbca MosieKyabl (§, 1, ) M npeacraBuM SHEPTHIO MOJIEKYJIB! B BHIE

e=L LU,y D) +e (53.4)

rae p? = & 4 n?® 4 [ — KkBajpaT HMMy/bCa MOJEKYJbl Kak LEJIOro,
U(x, y, z) — NMOTeHLHa/NbHAs 3HEPrHsA MOJEKYJbl BO BHeLIHEM IOJe
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(npennosiaraercsi, YTO OHa He 3aBHCHT OT OPHEHTALlHH MOJEKYJbl) H
€’ — SHeprust OCTA/JbHBIX CTeneHeil cBoGOMbI, He 3aBHcsmast oT (X, ¥, 2,
&, m, {). Unrerpupys Bbipaxkenne (53.3) no Bcem cremeHsiM CBOGOJBI
KPOMe NOCTyNaTe/NbHBIX, Mbl HalileM BEPOSITHOCTb TOTO, YTO LEHTP MAacc
MOJIEKYJIBl JIEKHT B o0beMe dV, a MMIyJbC ee 3aK/IOYeH B HHTEpBaJje
(p, p -+ dp). Dra BepoATHOCTb pacnajgaeTcs Ha JBa COMHOXKHTEJS:
OAMH 3aBHCHT TOMIBKO OT HMMYJ/bCA, a APYToi — TOJBKO OT KOOPAHHAT

e P mRT gy T R w2 T gy

dw = .
JemrrmiTqy, S;Zi @, 4, /KT g

(53.5)

3710 3HAUHMT, YTO pacHpejesieHHe MOJEKYJ IO MMIYJbCaM H paclpele-
JIeHHe HX MO KOOPJAMHATaM He 3aBHCAT APYr OT apyra. Muterpupys
BeipaxkeHHe (53.5) o KoopAHHATaM, MOMYYHM

— p*/2mkT
e pim v,

dw (p) (83.6)

e p?/2mkT de .

3amnucas 3/eMeHT ofbeMa NPOCTPAHCTBA WMMYJbcoB B Buie dV, =
= 4np®dp W BLIYKCASIA MHTETpaJ, CTOSIIMA B 3HAMeHareje

o _ ot
4n § e T p2dp=dn], = (2umkT)*,
0

MOJYYHM pacnpejiesieHHe MOJIeKyJ rasa mno HMmyJbCcam

4

—
= W e 2mkT pz dp. (537)

aw (p)

IMepexons oT MMMYyJabca K CKOPOCTH, HMeeM

m\*/ mo
— *o 2kTy2
dW (v) = 4 (mT) & T2 gy, (53.8)
@opmyant (53.7), (53.8) HaswBaloTCs opmyramu  pacnpedeserus
Makxceeara W TO3BOMSIOT peliaTh PSA KOHKPETHBIX 3ajad.
Haiinem nanGosee BepOATHYIO CKOPOCTb MOJIEKyJ rasa. st 3Toi
CKOPOCTH BhipaxkeHHe (53.8) MO/IKHO HMETb MaKCHMYM:

OTKyAa

(53.9)



234 KOHKPETHBIE 3AJIAYW — U FAJIBHBIE TA3H ra vi

Jlerko Take HaliTH CPENHIOI0 H CPEHIO KBaAPaTHYHYIO CKOPOCTh
MoJIeKy.l

©

o= S vdW (v) = 4n (ﬁ'ﬁﬁ)’ S vie T dv=]/§f7r, (53.10)
0
= muv?
P S v dW (o) = dn ()" { vt F a0 = 2L (s3.11)
0

Otciona cpefHsisi SHEPTHs NOCTYNATEIBHOTO ABHIKENHs MOJMeKy.
paBHa

Tpapux pacnpenenenns MaxcBeasna HMeeT BHJ, H300paKeHHBI Ha
puc. 56. C moBbilleHHEM TeMmepaTyphl MaKCHMyM KPWBOH CMewlaeTcst

aw
av
aw
+ duy
v Uy
Puc. 56. Puc. 57

B CTOPOHY BEICOKHX TeMIEpaTyp H caMm rpadyk CTaHOBHTCS Gosee moo-
UM ¢ Goslee CYILIeCTBEHHBIM «XBOCTOM», TSHYLIHMCS B 06J1aCTh GOJIBLIHX
cKopocTed.

Ecnu paccexarh MMIYJbCHOe NPOCTPAHCTBO HE Ha IIAPOBHIE CJIOH,
a Ha nmapajienenunensl dv, dv, dv,, To pacnpenenenne (53.6) moxHO
3anucatb B BHJE NPOU3BENEHHS TPeX MHOMKHTe/eH BHIA

1 m
dw (v) = (2&7) Pewrdy,  (i=x 4, 2. (53.12)

310 CBHETEJLCTBYET O TOM, YTO pacnpefeseHUst o BeJHUHHE PasHbIX
TIPOEKIHI CKOPOCTH He3aBMCHMBL. I'paduk pacnpenenenns MakcBeasa
TIO NPOEKIMAM CKOPOCTH HMeeT BHJ, H300paKeHHHIH Ha pHuc. 57.
Herpynuo nousiTh H3 GpH3HYECKHX COOOPaXKeHHIi H NPOBEPHTb MyTeM
NPSIMOTO BBIYHC/IGHHS, YTO CPeJiHee 3HAUeHHe MPOEKIHii Uy, Uy, U, PaBHO
uymo. Crieaem B 3aKJIoueHHe Caelyloliee 3aMedanue. XoTs Mbl BhIBEJH
pacnpefielenHe MakcBe/iia /s HIeaJbHOTO rasa, OHO Ha CaMoOM jeJie
HMeeT 3HaYHTe/IbHO GoJlee HPOKYIo o6aacTb npuMennMocTH. OHo cnipa-



§ 541 PACNIPEEJIEHUE MOJIEKYJI B IPOCTPAHCTBE 235

BEJVIHBO JJIs1 BCEX CHCTEM B3aHMOJEHCTBYIOLIHX YaCTHL, €C/H TeMIepa-
TYypPa HACTOJIBKO BEICOKA, YTO MOXKHO IpeHebperatb KBAHTOBaHHEM SHeD-
THH. D70 C/leflyeT H3 TOro, 4TO pacinpeleeHne MakcBe/sa MOXeT GbITh
TIOJIYYEHO H3 KaHOHMYeCKoro pacnpefenenus I'n66ca (46.8), ecu npei-
CTaBHTb SHEPTHIO CHCTeMbl B Bue E = mv¥/2 + E’, rae E' — sHeprust
cHcTeMBbl (BKJIIOYAsi W SHEPTHIO B3aHMOIEHCTBHS MOJIEKYJI) 32 BBIUETOM
KHHETHYECKOH SHEPIUH LleHTPa MHEePUHH i-fl MOJIEKYJbl, H POHUHTETPH-
poBaThb (YHKIMIO pacnpeesieHHsl 0 KOOPAHHATAM BCeX MOJEKY] U 1o
BCceM OGOGLIEHHBIM CKOPOCTSIM, KPOME CKOPOCTH LEHTPA WHepuuu i-i
MOJIEKYJIbL.

§ 54. PacnpenesieHne MoJieKyJ B NPOCTPAHCTBE

Bepuemcst K dopmyae (53.5) u npoHHTErpUpyeM ee M0 NPOCKIHAM
HMIIYJIbCOB:

e—ll(x, 4, z)/dexdy dz

aw (x, y, 2) = .
( ) Se—u(x‘ v, ART dxdydz

(54.1)

IMocnenuss ¢opMyna OMHCHIBaeT pacHpefiesieHHe MOJEKyJ rasa B Ipo-
crpanctBe. Kak H ci1efl0Ba/io 0XKHIaTh, OHA NMOKA3bIBAET, YTO MOJEKYJIBI
raza CKalJMBalOTCA B TeX 06JACTSIX NPOCTPAaHCTBA, IJle MHHHMa/lbHa
IOTEHIHAJIbHAst SHEPTHS.

Paccmorpum yacTHBIR cayyaii ra3a B nojie TSAXKeCTH Ha HeGOJbIIHX
BbICOTaX (MO CPABHEHHIO C PaAHycoM 3emJH), TaK YTO MOTeHIHaJbHAs
sHeprusl %(z) = mgz. Wnrerpupys (54.1) no x u y, moayuum
m

__mez
="8 ¢ FT gz, (54.2)

—mgz/kT
aw () =214z
ge—mgzllﬂ‘ dz

ITepeiinem ot BepostHocTH dW(2) K n(z) — uMCAy MOJIEKYJ B efHHHIE
o0beMa Ha BHICOTE Z C MOMOLIBIO OYEBHIHOTO COOTHOLIEHHS

n(z) __ dW (2)
70~ dw (0)*
Hmeem
n (z) = n (0) e—mez/kT (54.3)

U OTClofia ¢ moMoulblo Qopmyasl p = nkT nonxyuaem
p(2)=p (0) e=mez/iT, (54.4)

Dopmyast (54.3) u (54.4) HocsaT HasBaHHe Gapomempuseckux Gopmya.
Cuaienyer, onHAKO, OTMETHTb, YTO BHIBO/bI, BBITEKAIOLIHE H3 STHX HOPMYJT
OTHOCHTE/IbHO H3MEHEeHHsl C BbICOTOH JaBJ/IeHHsl, IJIOTHOCTH, XHMHYeC-
KOTO COCTaBa (3aBHCHMOCTb OT /1), IPHMEHHMbI JIHIUb K Tady, HaXons-
wemMycsi B 3aMKHYTOM, TeMJOH30JHPOBAHHOM COCy/e, H HenpHUMEeHHMb
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K peasbHO# aTMochepe. DTO OGbsICHsIETCS TeM, YTO atMochepa, Bo-nep-
BbIX, He SIBJIAETCS] 3aMKHYTOM CHCTeMOFi (MosiyyaeT SHEPTHIO OT 3eMiu
u ot ConHua) M, BO-BTOPHIX, BOOOWIE, HE MOMKET HaXOAMTbCH B CTAaTH-
CTHYECKOM paBHOBecHH. Iloc/iefiHee yTBepKIEHHE CTAHOBUTCS OCOGEHHO
OYEBMIHBIM, €CJIH BMECTO NPHOJIHIKEHHOTO BbIpaXKeHHS AJSi MOTEHIH-
a/JIbHOH 9HEPTHM BOCIOJIb30BAThCS BbIpAaXKEHHEM, BBITEKAIOLUM H3 3a-
KoHa TtAroreHuss Hbiorona

2 =—1 g

(R — cpenunii paguyc 3eMHOro cdeporza).
Torza Ans IUIOTHOCTH BEPOATHOCTH BCTPETHTb MOJIEKYJy Ha pac-
CTOSIHHH r OT LeHTpa 3eMJIH MOoJydHM
dw (r)

L)  emaretr, (54.5)

Mel BUIMM, YTO 3TO BHIPaXKeHHE OCTAETCS KOHEUHBIM IPH 7 —> 00 H HOP-
MHPOBOUYHBIH HHTErpa SdW (r) okasbiBaercsi pacxoasuiuMcs. 1o 3Ha-
YHT, 4TO B NoOJIe, YOLIBAIOUIEM C PacCTOSHHEM, KaK 1/r, craTHCTHUeCKOe
paBHOBeCHe HEBO3MOMKHO M Y JIIOGOH MaHeThl NPOHCXOAHT pacTeKaHHe
atmoctepsl. K 3TOMy BBIBOLYy MOXKHO GbLIO MPUHATH H HHBIM 0GPa3oM.
Kak u3BecTHO, AJs1 TOTO YTOGBl yHTH M3 NOJS NPHTSKEHHS IUIaHeTHl,
J060€e Teso ROMKHO 06/1afaTh CKOPOCTHIO, MPeBHILIAOLIeH BTOPYIO KOC-
MHYECKYI0 CKOPOCTb Uy = }/ 2gR. Ho coryacHo ¢opmyJie pacnpeneneHus
Makcaessa npH 1060l TeMneparype CyLIeCTBYET «XBOCT», TAHYUIMHCS
B 06/1acTb CKOpOCTel, NpEBBIIAOWHNX Uy, [l03TOMY YacTb Mojexy.n
aTMocdepbl HenpepbiBHO YXOIMT OT CBOEH MJaHeThl. DTa 4YacTb TeM
GoJiblue, YeM MeHblle BTOpasi KOCMHYecKas CKOPOCTb Up.

§ 55. JlByxaToMHblii ra3. KBaHTOBaHHe 3Hepruu

B §42, BBIYHC/ISIST 9HEPTHIO U TENJIOEMKOCTb MHOI'OaTOMHOI'O HJieanb-
HOro rasa ¢ TOYKH 3peHHA KJ1aCCHYECKON Q)HBHKH, MbI I0Ka3aJ/Jii 3aKOH
paBHOpacnpee/NeH sl SHePrUH (TeMJI0eMKOCTH) MO CTeneHsiM CBOGOJEL.
IMonyyennbii HamMu pe3ynbTar Obl1 3amHcaH B BHAE

RT R R C 142
U=lg, Cr=lg, G=(+2g. v=g-="1" (5.1
rae | — 4ucJO TOCTynNaTeJqbHbIX M BpallaTeJbHBIX CTeneHeil cBOGOB!
MOJIEKYJIBI IIVIIOC YJABOEHHOE YHCJIO KoJiebaTeJqbHBIX CTeneHei CBOGO,HI:!.
Kak Mbl BHIeaH B TOM e maparpade, 3TOT pe3yJbTar Jisi BCeX Iasos,
KpoMe OJIHOaTOMHBbIX, HE€ COr/1aCyeTrcsi ¢ ONBITHbIMH NAaHHBIMH. Hanpu-
Mep, ISl ABYXaTOMHBIX Ta3oB TemuoeMkoctb Cy BMECTO TOrO, YTOGHI
paBHATbCS 7/,R, MeHsieTcsl ¢ TemrepaTypoi MO CTyNeHYaTod KPHBOH,
KayecTBEHHO H306paKeHHOH Ha puc. 58 (TyHKTHPOM H306paskeH y4acToK
KPHBOH, KOTOPHIA Jocruraercss Tojbko Aas Hy m D,). Kpome srtoro
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[POTHBOPEUUS! C ONBITHLIMH JAHHBIMH 3aKOH pPaBHOpacIpele/eHusi npo-
THBOpeuHT Teopeme HepHcra, corsiacHo KOTopo# TenI0eMKOCTb JOKHA
crpemutbest K Hymo npu T — 0 °K

O6a 5TH NPOTHBOPEYHS MOTYT GbiTh yCTPaHEHbI, €CJIH MBI BOCIIONb-
syeMcsi IPUOJMKEHHeM, yIOMSAHYTHIM B § 39, H, cuuTasi ra3 HeBbIPOXK-
JICHHBIM H NOJIb3YSCh pacrnpefiesieHHeM BosblMaHa, yyTeM AHCKpeT-
HOCTb SHEPreTHYeCKHX ypoBHell. IIpu 5TOM KBaHTOBaHHBIMH OKa3biBa-
I0TCSl BCe BHAbl SHEPIMH MOJIEKYJbl: NOCTyNaTesbHas, BpailaTelbHast
u KoJieGaresbHasi. OfHAKO MHHHMAJbHbIE MOPLUMH (KBAHTHI) BCeX STHX
BHJIOB SHEPTHH Pe3KO Pas/iHyaloTcs no BesnuynHe. [lJ1s nopsiiKa BeTHYHH
KBaHTOB [OCTyNaTeJbHOH Agy, BpamarenbHoii Ae; M KoseGarTesbHOH
Age, >HeprHM HMeeT MeCTO COOT-
HOLLEHHe &

Ay L Ae;r < Aey.

CinenoBarenbHo, M XapakTepH-
CTHYECKHe TeMIepaTypsl IJsi 1O-
crynateabHoro (7't), BpaumareJb-
Horo (T;) u koaeGaresnbroro (7)
JBHKEHHH YIOBJIETBOPSIOT TAKOMY
Ke HepaBeHCTBY:

TWET LTy, .

B § 41 Mbl H3yumJH KBaHTO- Puc. 58.

BaHMeE MOCTYIaTeIbHOTO JABHKEHHST

1St ONHOATOMHOTO HJleaJsIbHOTO ra3a. HeTpyaHo, onHako, NoHsATD, 4TO BCst
H3JIOXKEHHAs] TaM TEOPHsl TMOJHOCTBIO OTHOCHTCS H K MOCTyNaTelbHOMY
JIBHXKEHHIO MHOTOaTOMHOTO rasa. [ToBTOpHM MO3TOMY BKpaTiie MosyyeH-
Hble B § 41 pe3yJbraTsl. Mbl BHEJH, YTO XapaKTepPHCTHUECKHE TeMMepa-
TYpbl NOCTYNAaTeJbHOrO ABHKeHHs1 Tt HeoGblyafiHO HH3KH, H NO3TOMY
NpH JOOHIX JocTHXKHMBIX Temmeparypax Tt <L T u Aey L kT. 310
3HAYHT, YTO MOCTYNATeJbHOE ABHXKEHHE BHOCHT TOJHOCTBIO «KJacCHue-
CKHil BKJIaJ» BO BHYTPeHHIOIO 3Hepruio rasa (*/,RT) u B €ro TemsoeM-
KocTb (*/,R). HamomHuM, 4To TemmepaTypa BBIPOXKJEHHSA rasa ropasio
Bbillle XapaKTepHCTHUeCKOH Temneparypst Tt v npu T << Ty ras, BooGiie,
He noAuHHsIcst Obl pacnpegenenuio Makcsenna — Bosbivana (de ro-
BOPSI YK€ O TOM, YTO NpPH TaKHX TeMIeparypax Bce rasbl CXKHKAIOTCH
HJH OTBEPJEBaloT).

PaccMOTpHM Tenepb KauecTBEHHO IOBE/IeHHe BpalllaTe/IbHBIX H KoJle-
GaTe/NbHBIX CTemeHell CBOGOABI JBYXaTOMHOrO rasa.

IMoka cpenusisi sHeprus Mosiekyabl ~kT menbie Ae, (npu T < T),
BpalaTe/NbHble, a TeM Gosiee KoJiebaTesbHble CTeneHH CBOGObI MOIEK YT
NIPU CTOJIKHOBEHHSIX He BO3GYKHAIOTCS H ra3 BefleT cebsl, KaK OJHOAaTOM-
uuifl. [TpH Gosiee BoicoKUX TeMnepaTypax Ae, << kT << Ae, H NPH CTOJIK-
HOBEHHsIX BO3GYK/AIOTCS BpallaTe/bHble CTeneHH CBOGO/bI, HO OCTAlOTCS
3aMOpPOXKEHHBIMH KoJieGaHusi — TemnoeMKkocTb Cy paBHa %/,R. Hakoner,

>
T

ol Doy N
>

>
T
1
\
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npu Aey < kT naunHalor Bo36yKAaThCsl KOIeGaHHSI aTOMOB B MOJIEKYJIe,
HO napaJ/iiebHO C 3THM NPOHMCXOIHT M Pa3phlB KBasHYNpPYIHX CBsidel
B MOJIEKY/1aX — JHCCOLHALHMs MOJIEKYJ HA aTOMbl, H MO3TOMY NOJHBIH
«KJIaCCHYeCKHH BKJIaJ» B SHEPTHIO H Tem1oeMKocTh (RT ¥ R Ha Kaxkaylo
cTeneHb cBOGOABI) KoseGaHusi GpaKTHUECKH HHKOTrAA He BHocsT. TakoBo
KauecTBenHoe OODbSCHEHHe CTymeHyaToH KpHBOH puc. 58.

TlepeiiieM K KOJHYECTBEHHOMY PAcCMOTPEHMIO H HAauHeM ¢ Bpallia-
TEeJIbHBIX CTeneHeH CBOGOMBI.

B KBaHTOBOI1 MeXaHHKe JOKa3bIBaeTCsl, YTO HEPTHsi Bpamaloencs
YacTHIL! C IBYMS BPAIaTeIbHEIMU CTeTeHsIMH CBOGOARI (IIPOCTPAHCTBEH-
HBIA portaTtop) ompefensercs GoOpMy.oi

Ej=gor i i+ 1), (55.2)

rie / — MOMEHT HHepUMH yacTHupl (B HaweM caydae / = pl?, rae
w = mymy/(m; + m,) — TMpHBelecHHas Macca aTOMOB, O0Gpa3yIOMHX
MOJIeKyay, a [ — pacCTOsiHHe MeXJy aTOMaMM, KOTOpoe Mbl GyneMm
CYHTaTh INOCTOSIHHBIM, TpeHeGperast BIHSHHEM Ko/leGaHHH aTOMOB Ha
Bpamarte/ibHOe JBHXKEHHE) H j — BpallaTeJbHOE KBaHTOBOE YHCJIO
j=0,1,2,.

Kax u3BecTHO, sHepreTHYeckne ypoBHH (55.2) BBIPOXKIEHH H Kpart-
HOCTb EBBIPOKJAEHHS g; paBHa

g=2i+1, (55.3)

TaK KaK IpH 3aJlallHOM 3HAayeHHH KBaJpaTa MOMEHTAa KOJHMYeCTBa JIBH-
o

KeHHs M2=4;lz j(j+ 1) ero npocKuHusl Ha HEKOTOpOe BLIIENEHHOe Ha-

npaBJ/ieHne MOXKeT NpHHUMATh Bce 3HaueHust ot —j(h/2m) no +j(h/2m).
Takum o6pa3oM, cymMMa COCTOSIHHE paBHa

3 o — i+
Z= Y @Qj+1)e =T . (55.4)
=0

BBoisi XapaKTepHCTHUECKYIO BpauiaTeqbHyio Temmeparypy Tr =
= h*/8n*lk, 3anuieM 3TO BbIpaXKeHHe B BHIE

o Ty
Z=3 @j+1)e” TV, (55.5)
j=0
Psp (55.5) He cymmupyeTcss B KOHEYHOM BHJIE, M MBI PACCMOTPHM
ZiBa TIpelebHBIX Cayyasi:
1. Bobicokne TemnepaType: T > T.. B stoM cayyae paccTosiHHS
MeXJy Bpawiare/bHBIMH SHepPreTHUeCKHMH YPOBHSIMH MaJibl IO CpaBHe-
HWIO €O CpejiHel sHepruefi

(65.6)
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M KBaHTOBAHHEM 3HEPIHH MOXHO IpeHeGpeub, CYHTasi BpaIaTeNbHYIO
SHEPTHIO HeNpePLIBHO MeHstommeficst BeauunHoit. [TostoMy cymma cocTost-
HHMH JOJiKHA B 3TOM NPHOJIHXKEHHH
COBMNAjaTh CO CTATHCTHYECKHM HHTE-
rpajoMm, JeJeHHbBIM Ha (a3oBbli
obbeM sueliKH JJIs BpaulaTelbHBIX
creneHeil cBoGoabl Z,/a (cp. § 41). My

C TOUKM 3pEHHsSI KJ/ACCHYECKOH o/ !
MeXaHHKH SHeprHsi BpauleHHs BbIpa-
KaeTcd GopMyJioi ” ——y

z

I
. . 1
= L [ 4-sin® 2], £ N

rie 6 u @ — yrasl, onpefenso- x
LHe HampaBieHHe OCH  MOJIEKYJIbl Puc. 59.
(puc. 59), BeIGpaHHBIE HAMH B Kaye-
cTBe 0600mEeHHbIX KoopauHaT. CoOTBeTCTBYIOIHE OBGOOCLIEHHbIE HM-
MYJbCHl PaBHbI

Oe, . Oe,

L =18, Po=

% = (Isin26) ¢.

Py= ap
DHeprusi, Kak ¢ynkuns oGOOUIEHHBIX KOOPJHHAT H HMIYJIbCOB, BBIpa-
Kaetcsl GopmyJioi

Py (sin™30) pg,

o (85.7)
CrieftoBaTe/bHO, WATETpan COCTOSHMA GyIeT HMeTb BHJ
7 o @ w _ritainopg
Za={d8 §do § dps § dpee T,
0 0 —0 —00
VluTerpupys cHauana Mo @, ps H py H 3aTeM no 6, nojyuaem
ks
Zyn=A4n*IRT S sin 6 d6 = 8n*/kT. (55.8)
0

C 1pyroit CTOPOHH!, BEIpazKeHHe JI/Isi CYMMbI COCTOSIHHIT B pacCMaTpHBae-
MOM IPEENLHOM CJ1yYae MOKeT GLITh TaKKe 3aMeHeHO HHTETPAJIoM 1o j,
tak Kak npu T./T < 1 cyMmmupyemoe BhIpakenHe

Tl‘. n
(2].+ ]) 8—71(1+1)

MeHsIeTCs] OYeHb He3HAYHTe/IbHO IPH W3MeHeHuH j Ha eanHuiy. [Tostomy

8:12[ kT

104D 91 1 1y dj= Se Ty . (55.9)

0
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IpupaBHKBasi 570 NpeleNbHOE 3HAUEHME CTATHCTHYECKOH CyMMbl Be-
JIHYUHeE Zy,/a: (@ — $a30Bbli 06beM si9eHKH /s BPAIATEJBHBIX CHCTEM
CBOGOJABI), HAXOAUM

a,=h?. (55.10)

Ilnsi BHyTpeHHel SHEPTHH H TEMJIOEMKOCTH BPAIIATEJBHOTO JBUIKE-
HHsSI HMEEM B 3TOM NpPHOJIHKEHHH

Ur=NkT* 2 (In Z) = NiT, (55.11)
U,
Cone (TT)V: NE, (55.12)

T. €. T0Jy4aeM KJIacCHYECKHil pe3y.bTaT.

2. Huskue temneparyphi: T <& T;. B 3ToM npegenbHoMm caydae
B CymMMe cOCTOstHHUI (55.4) c/laraeMble OYeHb GEICTPO YGBIBAIOT ¢ POCTOM j
M JOCTaTOYHO OCTaBHTb JBa MEPBLIX YJleHA psila

Ze=14-3¢"2T07T, (55.13)
Torpa numeem

Ur = NAT? 2 [In (143672707~ 6N, T~ 2T7,  (55.14)

2

T,
Cye=12NE (T) e T, (55.15)

B coriiacuu c Tteopemoit Heprera Cyy (M U,) cTpeMHTCST K HYJIO
npu T — 0 °K. Takum 06pasoM, BpaiiaTesibHble CTeNeHH CBOGOBI MOJ-
HOCTBIO BO3GYKJleHbl H BHOCST NOJIHbIA BKJ/IaJ BO BHYTPEHHIOI SHEPTHIO
u TenioeMkocTb (RT/2 n R/2 Ha xaxnylo cteneHb cBoGoaw!) npu T > T
u «BbiMep3aio™ npu T <L T.

3aMeTHM, UTO BpallaTeJbHble XapaKTePHCTHYECKHE TEMIepaTypsl
06paTHO NPONOPIHOHATbHbI MOMEHTY HHEPIHH [, ¥ [I03TOMY MaKCHMaJIb-
Hble 3HaueHHs T'; UMEIOT I'a3bl, MOJIEKYJIB KOTOPHIX IIOCTPOEHBI H3 JIETKHX
aTOMOB M MMEIOT MaJble pa3Mephl. [lisi GoJbluHHCTBA ra3oB Ty uMeOT
nopsimok (1 =+ 10) °K, T. e. xapakTepHCTHUecKasi TeMIepaTypa HHxe
TeMnepaTypbl KOHJEHCAllMH, H /ISl TAKHX rasoB «BHIMEP3aHHs» Bpalla-
TeNbHBIX CTeneHell cBOGOAB HAGJIOAATh He YAAeTcs.

«BrIMep3anHe» BpalaTeIbHBIX CTeNeHel CBOGOAbI, CBSI3aHHOE C KBaH-
TOBaHHEM 3HEPTHH, MOXHO HabJIIONaTh TONBKO AJst Bofopoaa H, u neit-
Tepus Dy, y KOTOpBIX BpallaTeJbHEle XapaKTepHCTHUECKHE TEMIIEPATY Pbl
coctaBasior 85,4 1 43 °K COOTBETCTBEHHO, YTO BhIlE TEMMEPATYpHl
CIKHXKEHHSl 5THX rasoB.

TlepeiineM K paccMOTpeHHIO KoJeGaTe/JbHBIX CTeNeHeH CBOGOMbI.

Kak H3BeCTHO, SHEPTHsi OJHOMEPHONO OCLMJJISITOpA ONpeAesseTcs
B KBAaHTOBOH MeXaHHKe (OpMYJoH

ea=hv(n+3), (55.16)
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rae v = (1/2n))/ #/m — yacToTa COOTBETCTBYIOLIETO KJACCHYECKOTO OC-
HUAIATOpa (m — TPUBEJEHHAs Macca aTOMOB, ® — KO3(ULHEHT KBa-
SHYNPYro# CHMIBI) H 1 — KBaHTOBOE YHCJIO, NPHHHMAlOLlee 3HAYEHHSI:
n =0, 1, 2... DHepreTuyeckre ypOBHH OCHH/JIATOPA HE BBLIPOXKIEHbI,
TaK 4To Bce g, = 1

CymMMa COCTOSIHMH HMeeT BHJ

Zy= i e"'w("Jr%)/“:e—lw/sz i e—hvn/kT
n=0 n=0

CyMMHpY$Si TeOMETPHYECKYIO MPOTPECCHio, HMeeM

BBonsi xapaKkTepHCTHYeCKylo TemnepaTypy KoneGanuii Ty= hv/k, 3a-
NHILEM 5TO BBIpaXKeHHe B BHJE
B—Tv/zr eT\,/zr
Ly = (55.17)
=TT Tl * .
l—e v/ VT

PaccMoTpuM fBa Npesie/IbHBIX CJIydast:

1. Beicokne TemmepaTypbl: T > Ty. B 3ToM ciyyae KBaHTOBaHHe
3HEPTHH HEeCYLIECTBEHHO H CyMMa COCTOSTHMI JOJIXKHA NePEeXOAUThb NpH-
O/MMXXEHHO B KJACCHYeCKMH HHTErpas COCTOSIHMH, JeNeHHblH Ha ay
(pasoBerit 06beM siyeiiKH AAs KosieGaTesbHOTO JIBHIKEHHS).

B x/1accuueckoii MexaHHKe 3HepTHs KoseGaHHi 3aNHChiBaeTCsl B BHAE

P ug
=g+

rfe p — KoJeGaTeNbHbI UMNyAbC (p = mg), » — KBasuynpyras mo-
CTOSIHHAst U ¢ — PA3HOCTb MeXJY MIHOBEHHBIM DPacCTOSTHHEM MEXIY
aToMaMH M paBHOBeCHBIM ! (o6oGuieHHasi KoopAHHaTa). [loaToMy HHTe-
rpan COCTOSIHHH HMeeT BHA
o 0
Zgn= S dqe“”‘/"’” S dp e— p*/2mkT

— — o

Bb]"”’[CJlHB HHTerpaJlbl, nOle'-IHM
Zo=2mr )/ %=1 (55.18)

C npyroi#t croponsl, npu T > Ty, cOXpaHsil JHIWb NepBbe YJEHbI
B DasjioxKeHHU IKCHOHeHTH B (55.17), MOJAYYHM JJisi CTATHCTHYECKOMH
CyMMbl BbIpaXKeHHe

T T2 T kT
zv=r_v<1_2—;,>~T_v=H. (55.19)
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[MpupaBHHBas 3TO mpejeJbHOe 3HaueHUe Zy BeaHuHHe Z,,/a,, HAXO[HM
a5 $a3oBoro ofneMa sueHKH

ay=h. (65.20)

Takum 0Gpa3oM, Mbl elie pas NPOMJIMIOCTPUPOBAIH HA NPHMepe Bpa-
LIATeJ/IbHBIX U KOoJleGaTeNIbHBIX CTeneHell CBGGO/B IPaBUIIO ONpe/ie/eH st
(asoBoro ofvema sueiikn a = A’ (f — uncno cremenell CcBoGOAHI).

Jlnst sHepruu M TEMIOEMKOCTH KoseGaTeJbHbIX CTeneHell CBOGObI
HMeeM B 3TOM INpeleJIbHOM cayyae

Us~NET? 5 lln(-T( s )\):lekT(l+«l§i'—>~NkT (55.21)

(65.22)

T. €. pe3ysabTaT, COTJacyloluMics € 3aKOHOM panHOpaclpeneneHHs.
Huskue temneparype: 7 < Ty. B s10M cayyae HmeeM u3 ¢op-

MyJsl (55.17)
Zy=e VAT (147 VT,
Orciona
Lo Ty, T (b )
Uv=NET? go| = gt In (1477 | NET [ 7777, (55.29)

/T . \2
Cvv =Nk | e (55.24)

B coorserctBun ¢ Tteopemoit Hepucra Cyy— 0 npu 7 — 0 °K.
BuyTpennsis sHeprus kKojebaTeJbHbIX cTeneneit coGonsl npu 7'—»0 °K
crpemutcss K NkT /2 = Nhv/2. Tocnennee BhipakeHue mpeiCTaBJisier
co60fi CyMMy HYJeBbIX 3Hepruil N OCHMJISTOPOB.

3aMeTHM, YTO MOCKOJbKY XapaKTepHble YacTOThbl MOJEKYJSPHBIX
KoneGanuit nopsinka (10' =+ 109) cex™, xapakrepHcTHYECKHE TeMmepa-
TYphl KoJle6aHHuil /IS pa3HbIX ra3oB JexKaT B npejenax (10° + 10%) °K
H IIPH KOMHATHBIX TeMIepaTypax KoJeGaHHs NpaKTHYECKH 3aMOPOXKeHb
M BHOCSAIT JIHLIL BeCbMa MaJiblii BKJIaJ B TeNJoeMKocTb. IToaTomy TenJo-
€MKOCTb Ta30B B I'PYObIX pacyeTax JJIsl TeMIepartyp, Jexalix B mpe-
penax Ty < T << Ty, paccuntiBaior no gopmyse

Ci=45R, (55.25)

rie { — CyMMapHOE YHCJIO MOCTYNATeNbHBIX H BPalllaTeNbHbIX CTeleHeH
cBOGOAB! (i == 3 A5l OJHOATOMHBIX Ta3oB, { == 5 /s MHOTOATOMHBLIX
JUHEAHBIX M { = 6 A/ HeJMHeHHbIX MOJIeKYyJ).

OG6paTHM BHUMaHHe Ha TO, YTO B yKa3aHHOM HHTepBaJle TeMieparyp
TeroeMKocTb Cyp MOXKHO CUMTATh NPUGIHKEHHO NOCTOSIHHOMH, a ras —
COBEpIUEHHbIM. DTHM NpPHGIHKEHHEM MBI CYUIECTBEHHO M[0JIb30BAJHCh
B (heHOMEHOJ/IOTHYECKOH TepmoaHHamMuKe (ra1. I).
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3anumeM emie pa3 YCJIOBHs, HPH BBINOJHEHHH KOTOPHIX MOXKHO
npeHeGpeyb IHCKPETHOCTHIO SHEPTETHYECKHX YPOBHEH OCTyNaTe/bHOro,
BpALIATeNIbHOrO M KOJeGaTebHOrO IBHXKEHHST COOTBETCTBEHHO. ITH
YCIOBHSL MMEIOT BHA:

T>Ti= gz (55.26)
114 MOCTyNaTeJbHOrO JABHKeHHs (cm. § 41),
S L (55.27)
st Bpama‘renhﬂoro JABUXEHHSA H
T>T,=" (55.28)

ISl KONIe0aTeNbHOTO ABHKEHHS.

CpaBHHUM 3TH YCJIOBHSI C KpHTEPHEM HEBLIPOXKIEHHOCTH rasa (YCJIOBHS
NpUMEHHMOCTH pacrpelieienHsi MakcBenia — BosbuMana). 310 yedo-
BHE JJIsi MHOTOAaTOMHOTO Ia3a (TaK e KaK H JJIsi OXHOaTOMHOTO) HMeeT
Buj /4T > 1, M eciM OHO BBINOJHEHO, MBI MOXKeM HaiiTH e*/*T mo
dopmyJe

et =& \eenrar—L7-L 222,

Toacrasasist 3nauenns Zt, Zr, Z, B MaKCBeJl1-60J1bIMaHOBCKOM Npefe/ib-
HOM cJ1yyae u3 popmya (41.28), (55.9), (55.19), momyyum KpHTepHii HeBbl-
POXKIEHHOCTH Ta3a B BHJIe

£z22.2.>1,
I

N

V [ 2nmkT \*/: 8n2IkT kT
(L) > 1 (55.29)

ToncTaBAsisi YMCJIOBblE 3HAYEHHs] TJIOTHOCTH MOJIEKYJSIPHOTO rasa
npu  arMmoceprHoM Hasienun N/V ~ 10Y cu™, macchl MOJEKYJbl
m o~ (1072 + 107%) ¢, auneiinbix pasmepoB [~ (107 =+ 1078 cm)
(I ~ ml?), 4acTOTHl MOJIEKYNAPHBIX KOJeGanuit v ~ (101 - 10'%) cex™
U 3HaueHHs IOCTOSIHHBIX, MOJIyYaeM OLEHKY

T Toupona ~ (1 + 10) °K. (55.30)

C ypenuuenneM naBJienus TeMnepaTypa BLIPOKAEHHS rasa pacTeT mpo-
nopunonanbuo (N/V)/: ~ p*/z, T. e. BecbMa MelJIeHHO, H 3Ta OlEHKa
MOrvia Gbl CyIIECTBEHHO M3MEHHTBCS TOJBKO NMPH TaKHX GOMBUIMX MJIOT-
HOCTsIX, TIPH KOTOPHIX T'a3 y¥Ke HeJb3sl CYHTaTh HieabHbM. CpaBHHBaAs
(55.26) ¢ ycmosueM (55.30), Mbl BULUM, YTO YCJIOBHE HEBHIPOKIEHHOCTH
fasa ropasno cuibHee, yeM (55.26), T. e. ec/ii NPHMEHHMO pacrpefiese-
e BoJiblMaHa, TO 3aBEJIOMO MOXKHO npeHeGpeyb KBaHTOBAHHEM IOCTY-
laTempHOro JABHxKeHHs. OGpaTHOe, OAHAKO, HEBEPHO, H CYIUECTBYeT
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o6aacte temnepatyp (T << (1 + 10) °K), B KoTopoil sHeprumo mocry-
NaTeJIbHOTO JABHXKEHHS 3aBelOMO MOXKHO CYHTAaTh HEKBAaHTOBAaHHOH, HO
ras cjieflyeT OIHCHIBATh C NIOMOLIbIO pacnpeenennsi Bose — DiinwTelina
un ®epmu — Jlupaka. Ycsiosre (55.27), npu KOTOPOM MOXKHO Hpe-
HeGpeub KBAHTOBaHHEM BpallaTeJbHOH SHEprHH, MOXeT, BOOGWE ro-
BOpsl, OKa3aTbCsl U GOJiee CHJIbHBIM, YeM yCJOBHE IPHMEHHMOCTH paclipe-
AesieHusi Makcpenna — BosibliMana, M NOYTH COBNAJAIOIUM C HHM.
Hanpumep, aist MoJieKyJisipHOTO BOJOPOA@ M JeiTepHs XapaKTepHCTH-
YecKHe BpalllaTeJbHble TeMIepaTyphl BEICOKH (85,4 °K 1 43 °K) u B uu-
TepBaste or ~10°K 1o 7 BpalmareJbHYK SHEPTHIO CAEAYeT CUHTATh
KBaHTOBAHHOH (BpamiaTeJbHble CTENEHH CBOGOAbI BHIMEP3alOT), a ras

Nl

0T, Top T, T,

A T

v .
Puc. 60.

HeBBIPOXKJeHHbIM. [l MosieKyansipHoro asora M kucaopopa (T, =
= 2,85°K u Tr = 2,07 °’K) Kpurepun (55.27) u (55.30) mpaKTHuecKu
COBMNAJAIOT M Bbllle COOTBETCTBYIOLICH TeMNepaTyphl ras CJeLyeT CuH-
TaTh HEBBIPOXKJEHHBIM H BPAILIATeJbHYIO 3HEPTHI0 HEKBAHTOBAHHOIA,
a IpH TeMIIepaTypax HHXe ee — HaoGopoT.

Haxkonen, yc/oBue (55.28), npi KOTOPOM MOXHO NpeHe6peub KBaH-
TOBaHHEM KoJsieGaTe/bHOM SHEPI'HH, SIBJISIETCS TOPa3fo GOJee CHIbHBIM,
YEM yCJIOBHE HEBBIPOXKJIEHHOCTH, H, KaK Mbl 3HaeM, IPaKTHYECKH HH A5
OJIHOTO M3 Ta3oB He BbINOJHseTcs. IT03ToMy HauMHasi C TeMmmeparyp
(1 = 10) °K ¥ nouTH BIJIOTH 0 TeMIepaTypsl AHCCOLHALHH Kose6aTesb-
HYIO 5HepTHIO JBYXaTOMHOH MOJIEKYJIbl CJI€AyeT CUHTaTb KBAHTOBAHHOM
(koneGaTesbHblE CTENEHH CBOGOAB! 3aMOPOXKEHHBIMH), IPHYEM OMHCHBATh
ras c rnomomplo pacnpenesenus Bosbumana. ITpuBeseM nJst Harvisg-
HOCTH puc. 60 (MaciiTaG nepepen!) Ajisi rasoB THna H,, D,. Kocoli wrpu-
XOBKOH 0G03HayeHa 06/1acTh MPHMEHUMOCTH pacnpefesneHds Boabu-
MaHa, NpAMOH WTPHXOBKOH — 06JacTb, IZie BpalaTeJbHYIO SHEPTHIO
MOXXHO CYHMTaTh HEKBAHTOBAHHOH.

§ 56. IMapamarHuTHbIA ra3 B MarHWTHOM noJe

PaccMOTpuM ras, COCTOSIMA M3 MOJIEKYJ], MMEIOMHUX NOCTOSAHHBIA
MArHHTHBIH MOMEHT M ¥ HaXONSILUHHACS B OJAHOPOJHOM IOCTOSIHHOM Mar-
HUTHOM NOJIe C HanpsiKeHHOCTbIo 76,

[NoTennuasbHast SHPTHs TAKOH MOJEK YIB! onpefesieTcs: GopMyJol

V (6) = — pdt = — u¥ cos 6, (56.1)
rie 0 —YroJl MeX1y HanpaBJ/IeHHSIMH MArHUTHOI'O MOMEHTa W H N0/ ”-

HOCKOJley NOTeHLHa/IbHAsl SHEPTHUsl 3aBUCHUT TOJBKO OT HaNpaBJIEHHS 4,
TO pacnpeAe/ieHHe MOJIEKYJ B NPOCTPAHCTBE pPaBHOMEPHO.
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PaccMoTpuM cHaua/ja KjacCHYeCKHe YacTHIbl, A/l KOTOPHIX Ha-
NpaB/eHHe MarHHTHOTO MOMEHTa B NPOCTPAHCTBE MOXKET H3MeHSThCH
HeMpepbiBHO, H BO3MOXKHBI JoGble €ro OpHeHTauHH. B stoM ciyuyae
pacrnpefieJieHHe 110 HampaBJeHHsSM W Jaercst dopmyJoii Bosbimana

dN =BV ® 49 1

N[ ea PR

rae dQ = sin® d0 dp — snemenT TesnecHoro yrua. Murerpupys sto
BbIpaxKE€HHE 10 @, NOJYYHM pacmpejesieHne no 6:

AN () eBreosh g gp

| (56.2)

= .
| ePus"cost i g ap
0
Wurerpas, crosiHii B 3HaMeHaTeJle, paBeH
{ Lt Busr”
. 2sh (Buk")
b ot sin g dp = = | ehhe dz= . (56.3
OS o), B (56:3)
Hailinem cpeanee 3HaueHHe MPOeKUHMH MarHMTHOrO MOMEHTa Ha Ha-
npaBJieHHe 10Jd (O‘IGBHLLHO, CpeiHHe 3HayeHHs NPOEKLHH MOMEHTa
Ha HanpaB/eHHs, NepreHAMKYJSAPHLIE MO0, paBHB Hymo). Kmeem

k.4
§ P 050 co5 g sin g df

13 = . =
S oPueH " cos 0 gin g gp

0
I
10 [ln 'S ebudl cost sin g de].

N @) _
Yo _

ucose=pgcose

i
IMoncrapnsisi sHauenne (56.3), HAXOAMM
0050 = 2 [1p ShBuI))_ .
RCOSE =7 5o [ln 3 ]—p[cth Bp?) ﬁpg%']'

Beonsi oGosHauenue L (x) = cthx — 1/x, noayyum Ansi HaMarHHYeHUs
M = Npcosb pesysbrar:
H Mo

M=NuL (*‘kT =MoL (%), (56.4)
rie M, = Np mpeicTaBisier co6oit MaKCHMaJbHOe 3HayeHHe HaMarHu-
YeHus (pocturaemoe npu ¥ — oo, T— 0 °K): dyHKuus L (x) HasbiBa-
ercs gyukuues JlaHxKeBeHa ¥ XapaKTepH3YeT CTeTeHb OpPHEHTAIUHU 3Jie-
MeHTapHbIX MarHHTHBIX MOMEHTOB IIPH 3aJlaHHOM IOJie H TeMneparype.
My TNo/b30BAHCh 3TOH dyHKuMedi (B HesiBHOM BHze) B §§ 15, 26 yactn I.
Mapamerp x=p=#"/kT =M% | RT 10 nOpsAKY BeJIHUHHbI IPEACTABASET
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co60# OTHOINEHHe CpelHel MAarHHTHOH SHepTHH K CpelHell 3Hepruu
TEMJIOBOTO JBHIKEHHS.

Paccmotpum JetanbHee noBefieHHe GYHKUMH L (X) B ABYX Npefeib-
HBIX CJyYasix:

1) x = u[kT > | — cusbHble TOJISL M HH3KHE TEMIEPATYphl.
B sToM ciyuae umeeM

Loy~l—t st (56.5)
Mkl MeeM siBIeHHE HacCblLEHHs1 — HaMarHu4yeHHe NpH CHJIbHBIX NOJAX
H HH3KHX TeMIepaTypax CTaHOBHTCS MaKCHMasbHbIM.

2) x = p/kT L | — cnabble oA M BBICOKHE TEMIEpaTyphl.
B srToM ciydae, pasiarasi SKCNOHEHTHl e** no cTenensM x A0 uJeHOB
~x3, MoJIy4uM

cthxw%(l—l—fg), (56.6)
Lg~3z<L. (56.7)

CreneHb OpHEHTAlUMH MAarHHTHBIX JHMOJEH Maja nmpH c1abblX MoJsx
H BHICOKHX TeMreparypax. Mubl BuzuM, uto napamerp L’ (0), KoTopbimM
Mbl nosib3oBadnch B §§ 15, 26, pasen L' (0) = 1/3.

®opmyaa (56.4) sBAsSETCST YHCTO KJAACCHYECKOH H He YYHThIBaeT
KBAaHTOBAHHs MPOEKUMH MarHHTHOro MoMenTta. Kak JjokasbiBaercst
B KBAaHTOBOH MeXaHHKe, NPOEKLHs MarHHTHOTO MOMEHTa 3JIeKTPOHa
Ha HalpaBJieHHe MarHHTHOTO IOJISi MOXET NPHHHMATb JHIUb JHCKpPeT-
Hble 3Havennsi. Hanpumep, Ansi cBOGOZAHOM YacTHUBI CO CMHHOM j OHA

MOJKET ObITh PaBHOM — 1, — b 17—., e, B ’7—1, W, TAe | — MaKCH-
MaJ/ibHOE 3HAYeHHe NPOEKIMHM MAarHHTHOrO MOMEHTa, paBHOe
n = (eh/2mmc) j = 2uzj;

we = eh/4nme — marHeron Bopa, a j — cnHHOBOe KBaHTOBOE YHCJIO,
KOTOpOe MOJKET GbITh KaK LeJbiM, TaK H noJyueisiM. s BblYHC/IeH s

I, = L COSD Mbl MOyYaeM Temepb BbpajKeHHe
< Pt 5
e

3+

CyMMa reoMeTpHueCcKO# MPOrpeccHH MO 3HAKOM JOrapHpMma paBHa

sh (ﬂu&f i1z
Bucit”
(M)

U JJI1 HaAMarHuyeHus IMOJYyYHUM BbIpaxKeHHE

M= ML, Bu) = MoL,; (2, (56.8)
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“i{ )=L,<Ml"gf> omnpe-

rie KBaHTOBble GyHKUHMH JlaHKeBeHa L,(
LeNSoTes PopMYJIoH
_it12 itz )\ _ 1 (x
Ly =% cth( - x) 5 cth (\21.) (56.9)

11 CYLECTBEHHO 3aBHCAT OT j. 3aMETHM, OJIHAKO, YTO BCe KBAHTOBBIE PYHK-
i Ly(x) crpemsTest K 1 MpH x — oo (CHJIbHBIE NONISL H HH3KHE TeMme-
patyphl), 4TO NPHBORMT K 3(hpeKTy HachILleHHs (MPeNieJIbHOTO HaMarHu-
uennsi). JleficTBuTeNIbHO, NPH X — oo cthax—-1 u cornacHo dopmyJie
(56.9) L(x) — 1. B npoTHBOMOJIOKHOM MpelesbHOM Ciayuae x < 1
(c1abble TOJISt M BBICOKHE TeMIepaTypbl) HMeeM COIVIACHO PassOKeHHIO
(56.6)

L (x):\\;%f_i—lx<l (56.10)

Il HAMaTHHYEHHE SIB/IAETCS CJIaGbIM.

YraoBoit KosbduuueHT KpHBoi L (x) B Hauaje KOODPIHHAT paBeH
Lj(0) = (j + 1)/3j ¥ cyuecTBeHHO 3aBHCHT OT j. B wacTHoCTH, IpH j =
= 1/2 (nanpumep, 5JIEKTPOHHHI ra3) HMeeM

5 H ,
M=M0L-/,(”?)=Moth(”” ). LLo=1. @61

Herpynuo BuaeTh, 4TO KnaccHdyecKasi ¢pyHKuMs JlaHkKeBeHa mpes-

cTaBaser co6oi npenen ¢yskuun Ly(x) npu j— oco.

57*%. MarHeTu3m anekTpoHHoro rasa [17)

PaccMOTpHM 3/1€KTPOHHBI a3, HaXOASWMICS B MarHHTHOM moJe
¢ HanpsiKeHHocThIo 6. Hanmume nosst BbisbiBaeT aBa sddekra. Onuu
M3 HHX — 3TO OPHEHTalls MarHUTHBIX CIIHHOBBLIX MOMEHTOB BJOJb
HanpaB/IeHHs! TOJsl, PACCMOTPEHHBIH HaMH (B MNPHOJHIKEHHH CTaTH-
cTikH Maxkcseana — Boubumana) B npeasinymeM naparpade. Hs dop-
Mysibt (56.11) npu cnaGbiX mOASIX M BBICOKHX TEMIIEpaTypax HMeem

wpH o
= I,

M=M,

Tle mapaMarHuTHasi BOCIPHHMYHMBOCTb ¥ DaBHa
__Ma!‘B Npg

KT~ kT
1 06paTHO NPONOPIUHOHANbHA TeMNIepaType. DNEKTPOHHEIH ra3 o6/ajaer,
OJHAKO, KPOMe TOro, AHaMarHHTHBIM MOMEHTOM, HANPAaBJEHHBIM B CTO-
POHY, NIPOTHBOMOJIOXKHYIO BHEIUHEMY TOJ0. 3aMETHM MpexJe BCero,
YTO JMaMarHHUTHBIH 3((eKT HMeeT YHCTO KBAHTOBOE MPOHCXOXKJIEHHE
H B K/1aCCHYeCKOM 3JIEKTPOHHOM T'a3e OH OTCYTCTBYeT. DTO CefyeT H3
Toro, yro cuna Jlopena, feficTByIoIas Ha YaCTHILy B MATHHTHOM MoJle,

%

(57.1)
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e
f=+ [0F€], mepneHIUKyNsipHA HAMpPAaBJEHHIO CKOPOCTH H, CJeNoBa-

TeJIbHO, He COBepluaer Haj uyacTHuelf paory. IlosTomy ero sHeprus,
€C/IH He YUUTHIBATb NOTeHUHABHYIO SHEPTHIO ClIHHa — 1 /6, TPHBOAS-
Y10 K NapaMarHuTHOMY 3(@eKTy, He 3aBHCHT OT NOJS M MarHUTHBIH
MOMeHT P = —@e/ds% = 0. Opnako, Kak oGHapyxua1 B 1930 roay
JI. [1. Jlannay, B KBaHTOBOMEXaHHYeCKOH TEOPHH MarHeTH3Ma Jesio
06cToMT uHaue. Jles10 B TOM, 4TO B MOCTOSIHHOM MAarHHTHOM IIOJIE 3apsif
JIBUT@ETCSl TI0 BUHTOBBLIM JIMHHSIM, OChb KOTODBIX COBNAjaeT ¢ Halpas-
nenneM nousi. ITo 9Tol npHuUMHe ABHXKeHHe 3/1eKTPOHA B HalpaBJeHHH
noJisi MHQUHUTHO H, CJEJOBaTeJbHO, HEKBAHTOBaHO. [lBmikeHHe e
9JIEKTPOHA B IVIOCKOCTH, nepnemmxynﬂpnoyl TI0J1I0, TPOHCXOJHUT MO
OKPYKHOCTH C J1aPMOPOBCKO# 4acToTol oy =e</ /mc W, ABAsACh QHHHT-
HbIM, OKa3blBaeTCsl KBAHTOBAaHHbIM.
KaK nokasaa JI. JI. Jlannay (cM. [5]), ypoBHU 3Hepruu 3jeKTpoHa
B NIOCTOSIHHOM MarHHTHOM [10JI€, HaNPaBJIeHHOM 110 ocH Oz onpesensioTes
dopmy.toit

e (e H)= s @n+ D)ot Epp, n=0, 1,2, ..., (57.2)

e wpe? (2n + 1) — KBaHTOBaHHBIE YPOBHH «IIONIEPEYHOH» YAaCTH KHHe-
THYEeCKO# SHEPTHH, a p3/2m — ee HEKBAHTOBaHHASl «IPOJAOJbHASY
yacTb. Biiaroslapsi KBaHTOBAaHHIO (MOTEPEYHOH» SHEPIHH KHHETHYeCKasi
9HEPrusi 3/71eKTPOHA OKa3blBAaeTCsl 3aBHCSINEH OT HANPSIXKEHHOCTH Mar-
HUTHOTO 1OJIsl. YPOBHH 3Hepruu (57.2), Gnarojapsi HaJHYHIO HEKBaH-
TOBaHHOH 4acTH p3/2m, 06pasyloT CIVIOLIHOH SHepPreTHYeCKH# CnekTp,
H YHCJO COCTOSIHHH € (HKCHPOBAaHHBIM 7 M TIPOJOJBHBIM HMITYJILCOM
B untepeane (p, p. + dp.) PaBHO

@%f =L _dp,.

o(pz)dp,= (57.3)

3anuueM BhIpaxkeHHe NS Q-NOTEeHIHasa 3/JeKTPOHHOTO rasa cie-
JIYIOIHM 06pa3oM:
Q, ', T)=—kT Y In (14t —2 @/T), (67.4)

@
rJie CUMBOJIOM ¢ 0G03HayeHa COBOKYNHOCTb apryMEHTOB 7, I, p., oT
KOTODBIX 3aBUCHT SHEPTHsI U CHMBOJI Z 0O3HayaeT CyMMHpPOBaHHE IO 1

@
¥ NO ABYM HalpaBJ/IEHUSIM CIIHHA H MHTErpHPOBaHHE MO p;:

o= i dpao () - (57.5)

@ cnud n =0

Ins nuddepennuana Q (u,o%°, T) uMeeM cornaco dopmyre (36.18)
BhipaxceHre (V = const)

Q= — SdT — MV dH —N dy, (57.6)
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U3 KOTOPOTO YHCJ/IO YAaCTHL, HaMarHuueHue M W MarHUTHasi BOCIPHHM-
yHBOCTb % == M/ MOryT GbiTh HaiiieHbl Mo dopMysiaMm

V=)o Mt ),

op )T. A’ ,

(57.7)
3aMeTHM, 4TO, NOJb3Ysch GopMyJio (57.2), A/l SHEPTHH Mbl paccMar-
pUBaeM COBMECTHO M JHaMarHUTHbI (epBblil ujeH B (57.2)) u mapa-
MarHuTHE (ZEppe’’’) spdekTi. B Boipamendu (57.4) HEBO3MOXKHO
HENOCPeJICTBEHHO OCYIIECTBUTh mHpeiesbHbi nmepexox T — 0 °K, Tax
KaK TOJbIHTErpaJbHOe BBIPAXKEHHE CTAHOBHTCS CHJBHO Da3pbIBHBIM.
Jlna HaluMx uesed BaxkHO npeoGpas3oBaTh cymMmy (57.4) B HeKOTOPHIH
KOHTYPHBIHl HHTErpas B IJIOCKOCTH KOMIJIEKCHOTO aprymenra A. Boc-
0Ib3yeMCsl CJIeNYIOUUMH TPeMst pOpMYJIaMH, L0Ka3aTeJbCTBO KOTOPBIX
BbIHECEHO B «MaTemaTuueckoe mpusioxkenue», (L.3 —L.5):

16+ioo Lo
F19 e
o S s d=In(l+é), (57.8)
6 — i
1 6+iwe’~§
o S Crdh=to® (57.9)
0 —ico

(0 (§) — crynenuaras ¢yukuus o (§) _:{(1) EZ: zzg)'

§° Mag

=— 57.10
R g sin 7A ( )
Hcnonssys opmyay (57.8), npuBeneM Bhipaxkerue (57.4) K BHLY
64l et (i —e (@)
. _ 1 aMT @
Qp, H, ==y S Sin (nAET) b
0 — o0
1 ¢ nomoubio (57.10) Hafizem
0+ ico w oM GRT +n—e@)
Qu, H, N=—p: \ % ( @ (7.11)
( pES U_S‘_m A _Sm 4 ch? %

B dopmyite (57.11) yxe serko coBepIInTb npeaenbHsiit nepexos 7T—0°K.
IMonoxus B stoit gopmyne T = 0 °K u uuTerpupys no &, mnosmyuum

o+ i Ze"“‘"“"” ©
Qu, K, )=—, - \ e < -
¢, ) 2 o_Sim M _Sm 4 ch? —g—
a+ i Ze’"‘"‘“””
=L S DY (57.12)

0 — i
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Hamenu B (57.11) nopsiiok HHTerpupoBaHMs W yuuTbigas (57.12)
(c 3ameHolt p — p -+ ERT), Haxomum

Q, H, 1= | @BUEIE IO L gy 800

o 4ch2% Yo

kT
(657.13)

Orciofia c/ienyeT BaKHOE CBOWCTBO Q-NOTEHLMaMa: 3aBHCHMOCTh OT W
npu Temnepatype T OJHO3HAYHO OMpeje/nsieTCsi 3aBHCHMOCTBIO Q OT p
npu T = 0 °K. CnenopatenbHo, 1t TEPMOAUHAMHUECKOrO OMHCAHHA
3JIEKTPOHHOrO Tasa jocratouHo sHath LQ(u, ¢, T) npu T = 0 °K.
Hmeem corsiacHo dopmyJiam (57.12) u (57.9)

o+ ieo Ee“"—“‘"’
2 1 @
Qp, I, 0)=— S de=—2(u—s 9o —e(q).
¢ — i @
(57.14)
IMpoBesieM B 5TOM BBIpaXKEHHH CHauaja CyMMHPOBaHHe IO 7 H IO BYM
HarnpaB/IeHHsIM CIIMHA. JIerko 3aMeTHThb, YTO PasHOCTDb (W — &) AJs 3Ha-
YeHHst KBaHTOBOrO YHc/aa (n — 1) M CIHHA, HANpaBJAEHHOTO IO MOJIO,

6y,11e‘r paBHA TaKOH e Pa3sHOCTH AJIsl 3HaU€HHsl n H CIIHMHA, HanpaBJ/eH-
HOr'o IpOTHB IOJd, AJis BCEX 3HAYyeHHH n

p—@n—Dppt —ppt' —, '?;' =
=u—@n+ ) pp ppd —, 1~u—2nusvf’-— s

Enarouapﬂ 3TOMY BCe cCjlaraemple CyMMbl 1O 71 y1BauBalOTCHA (KpOMe
YjeHa CyMMbl C 11 = 0 ¥ cnuHOM, HanpasJ/eHHbIM NPOTHB HOJ}ﬂ) H Mbl
NOJYUHM

Qp, K, 0)=

L fin 3 2]

n=1

dp:,  (57.15)

npuyem 6/1arcjaps ONYLIEHHOMY B 3TOM BbIPAXKEHHH MHOMXHTEIO
P:
o <p~—2np5@9f'—2ﬁ>,

HHTErpHPOBAHHE B Ka)/IOM UJIEHE CYMMbI BE/IETCA 10 IPOMEKYTKY MERKIY
JBYMS HyJISlMPI noxsinTerpanbhoil dynkuuu (or —} (p—Qnuu\/z")
10 4V 2m (W —2npssx)).
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Jlns sHavueHuil p B MHTepBaje 2lpup K <u < 2 (I + 1) pp¥’, rae
| — UeJoe YHCJO, BBINONHSISE MHTETPHPOBAHHE, MOJIydYaeM:

—Qu, K, 0)=NppX' [<£>'/'+2 2. (%)/] (57.16)

e yepe3 p, 0603HaYeH XMMHYECKHH MOTEHLUHA] 3JeKTPOHHOrO rasa
B OTCYTCTBHE MarHHTHOTro moJasi H npHu Temnepatype 0 °K;

( 3N >‘/; h?

W=\8zv) om

Jlns nawmx nesefl ynoGHee nepenucaTh Bepaxenue (57.16) B BHae

L N vy YA e

(57.17)
Baeziem cienyroune 0603HayeHust:
l"(\/f 0) 7.1
TupH (7.18)

R, (x)=ax*142a Z (x—2n)*1 6 (x—2n). (57.19)

n=1

JludbepeHunpys BblpaykeHHe A QYHKUHH R,(x), moayduMm

Loy {(a— Dat2@—1) Y (x—2n) 0 (x—2n)] +

n=1
+2a i (x—2n)*"18 (x—2n),
n=1

rae § (v) — nenbra-pynxuust Jdupaka. Orciofa BHAHO, YTO MPH JIIO-
6bix @ >> 1 MMeeT MeCTO COOTHOLIEeHHE

Ra 4R, 3, (57.20)

HO TpH a << | npousBoaHasi GyHKUHH R, (x) oGpaiwaetcsi B GeCKOHey-

HOCTb NpH X = 2/ (I — 1en0e YHes0), a caMa R,(x) HCIBITHBAET B 3THX

TOYKax CKayKkH (KOHeyHble IpH @ = | u GecKOHeuHble NpH a << 1).
Toxcrasasisi (57.18), (57.19) B dpopmyay (57.17), noayunm

pp \*

Q, X, 0)_—1vu0( ) R/, (%), (57.21)
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oTKyJa corsacHo dopmyaam (57.18) u (57.20) Haxoaum

— () (e
N—1 <%};2>7' _NN o ) R/x,, (%), (567.22)
ph [(wp”\YVe
#(H O =—y (,aJif)u, =V uB< - ) Ren (X)_xﬁgz‘(;g
W3 dopmyasr (57.22) caepyer '
o IR, 2/, .
it = (R, (], (57.24)
H, HCIOJBb3Ysi onpefeienue (57.18), Haxomum
L‘% =% [Ryy, W]~ (57.25)
Haxkownen, noacraBasis 3nHauenue (57.24) B (57.23), noayuaem
KO (R, ()= Ro, (] (R, = (657.26)
rie
_ N
o= o’

®@opmyint (57.24) — (57.26) naior B mapamMeTpHYECKOM BHJE 3aBHCH-
MocTb p(#, 0)/ e u % (77, 0)/ %407 po/np? " (puc. 61), T. €. oT HanpsKen-
HOCTH MarHHTHOTO TIOJIS IPH TeMIepaType abCoOTHOTO HyJst. V3 aTHx

2(540)
Jf‘—fi"ﬂ) # 1£96,0)
0 0
ol /\/\_/(_/\
ko
30

e 2 . -
12 84 5678 9w
Puc. 61.

dopMys BHAHO, uTO noBefienne BeauuuH p (7, 0)/poux (77, 0)/%,
onpesensieTcsi CBOHCTBaMH QyHKUHI Rs), (X) 1 Ra/,(x). Tak Kak npous-
BoiHast (yHKUHH Ra,(x), paBHasi %, R./(x), uMeer paspeiBhl (Gecko-
HeuHble) B TOUKax X = 2[, To Ha rpadpuke puc. 61 HabmonalOTCs Xapak-
TepHble NHKH. Mbl BUAUM, yTo Kak w(<%", 0), Tak u % (7, 0) siBasiorcs
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OCILHJITHP YIOLUMH PYHKIHAME OT Lo/ wpe/ . C yMeHbILIEHHEM HalpsiXKeH-
HOCTH mosisiH KojieGanHsi XHMHYeCKOro notenuuania p (<%, 0) GbicTpo
3aTYXaIOT H IPH Po/pip & ~ 10 XHMMYECKUH NOTEHUHAJ [ IPAKTHUECKH
JIOCTHT@ET CBOETO MPEIeJbHOTO 3HAUEHUS [i,.

BocnpauMuuBocTh % (777, 0) HCNBITBIBAET GOsee 3HAUHTEIBHEIE KOJIe-
6anusi. Kak BuaHO H3 pHc. 61, B HEKOTOpLIX AMANMa30HaX 3HAUEHHH
&7/ ‘BOCTIPHHMYHBOCTb CTAHOBHTCSI OTPHLATENBHON, YTO CBHAETEBCTBYET
o mpeo6/ajaHui JHaMarHuTHOro addeKTa Hal napaMarHHTHBIM. Kpu-
Tiaeckue noast ¥ = <, npu Kotopuix dyrkuun p (7, 0), % (7, 0)
HCIIBITHIBAIOT Pa3pbIBbl NPOH3BOAHBIX, ONpEAENAIOTCS H3 YCJIOBHS

_ W&, 0)
x,——HBQ%/l =2l.

Mbl MOXKEM Telepb YCTaHOBUTb CBSI3b MeXK]y IePHOIOM OCIHJIJISLUHH
BOCTIPHHMYHBOCTH A<, M HANPSIKEHHOCTBIO 1104151 = 7, IPH KOTOPOM 3Ta
ocuMasuus Habmonaercs. 3anuueM (GopMyJIbL:

[AC/ A8 0)= 2l B (I 1+ A5 0) 2(l—1).

wpA Yo (A A

Bepsi pasHOCTb 3THX BBIPAXKEHHMH M YUYUTHIBAsl OTHOCHTEJbHO CIabyio
& &
3aBucHMOCTD [ (%, 0) o & (0coGeHHO npH GOJBIINX [), TOJIyYHM

W00 _ W AT 0)
Kt H K | e
HJan
(ot 33 1) (18900 = vt (I 1480 | 7
T ST = 2

OTKyZa OKOHYaTeJIbHO HAaXOAHM NpaBHJIO

2 (1A e
A T = const,

KOTOpPOE XOPOIIO COTJIacyeTcss C JaHHBIMH 3KCIepHMeHTa.

PaccMOTpUM HeKOTOpble npefesbHEIe C/lydaH:

A. Cayuait cuabHBIX mosed: x=-t— <2,

Cay i 74 <

Kax Buano u3 rpaduka 61 B o6nactn 0 << X <C 2, 4TO COOTBETCTBYET

unTepBany 0 < m }f%r <[Rs/,(2)]/»=4,5":, wncuesaloT Xapaxrep-
Bo

Hble JIsl cJ1a6hIX NOJIeH OCLMJ/IISIHHM XHMHYECKOTO MNOTeHIHala H BOC-
NPHHMUHBOCTH U p (77, 0) u % (2/, 0) MOHOTOHHO YGBIBAIOT ¢ POCTOM
noJst. 9ra 06/1aCTh He NpeJCTaBIseT NPaKTHYCCKOTO HHTepeca H eBa JH
AOCTHKHMA,

Dopmyna (57.19) npu 0 < x < 2 naer

Rejy () =%, Ry, () ="/2x'"s,
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H, Hcrogb3ys (57.24) — (57.26), naxoaum
BEHLO) _ (2, G0 _ 2, Bo__ _ (B 4y,
™ <3> o %, =g ptBJ*(2) oo
Hckmoyast u3 sTHX GOPMys napaMeTp X, MoaydaeMm
B0 4 e 2 %2, 0 8/ po ¢
=gl o (i) 6720

B. Cayuait cnabbix moseii: x> 1. BuiBeneM acuMnroTHYeckHe
BBIpaXKEHUs sl QYHKIMH R, (x) npu GOJbIIMX 3HAYEHHAX apryMeHTa
x. Tlo dopmyae (57.19) umeem

AR, (2) = 201420 [1%7 14251k . (I — 1)Y=
!
=20 N gl (2L (57.28)

n=1

Bocnosibayemcst /11 OLEHKH 3TOro BRIpaxkeHHs GOPMYJIOH CyMMHPOBa-

HHs1 Diyepa
!

l
> f(n)=§f(x)dx+%[f(0)+f(l)l+

n=0

HmeeM corsiiacHo 310#t hopmyJie

I3
aq__1® a
Yo 1_E<1+ﬁ+...),
n=0
OTKyﬂa l'IOle'-IPIM A5t GOJIbLUHX 3}[3'-1(31'“/”.;] X
—1
Ra(x)=xﬂ[1+9—<"3x—2)+...].

Bouncssiem no gopmyaam (57.25), (57.26)

B0 L w0 ]
Bl Tl — A~ 1
™ 6. %

St S e =

Mo
w7’
HUckitouast x, mosyyaeMm
B (5 0) L ipg 2 = (I, 0) 1 (g

~1 -—( ) , ~ 1__(

Mo 6\ o % 200 w

B o6nacti muskux Temnepatyp kT < ppe sapucumocts x (2, T)
u p (97, T)OT MarHHTHOTO 10JIsi HMeeT KaueCTBEHHO TOT Xe XapakTep,
4TO M NP aGCOJIOTHOM HyJl€, TOJbKO NMHKH NPH 3HaUYeHHsAX NMapameTpa
X = 21 C TIOBBIILIEHHEM TEMIIEPATyPhl HCUE3AIOT H 3aMEHSTIOTCS MIaBHHIMH
nepexofaMH ¢ wHpHHol nopsaka kT/pp . TIpH NOBbILIEHHH TeMnepa-
TYpbl LIMPHHA STHX NEPeXOAHbIX o6jacTeil pacTeT, KPHBbIe CIJIaXKUBa-
10TCSI M XapaKTepHBIH JJIs1 CHJBHBIX NOJICH OCUW/VIMPYIOLMI XapaKTep
KPHBLIX CMAr4aeTcs,

)2. (57.29)
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PaccMoTpuM npenesbHbIi ciyyaii BRICOKHX TemnepaTyp kT > .
B sToM ciyyae, Kak Mbl yGemuMcst HHxe, W/RT siBasiercst GOJIbLIMM
1o aGco/OTHOM BeJMYHHE OTPHMUATEJbHBIM YHCIOM M eW—e/kT L],
Yno6Ho nostoMy, He HOJ'S;}’SICI: obueit dpopmyaoit (57.13), Hemocpen-
CTBEHHO BBIYHCJIHTD Q (1, T)no dopmyae (57.4). FiveeM, noacTasisis
e (¢) u3 (57.2) m mepexoAss K MHTErPHPOBAHHIO,

—Q, I, T)=kr2¢rsm«ew»:gu/kr%%cﬂx
- @ o
x | (eﬁusfﬁi/'_{_e—ﬁ)ta&f) 2 —Bnp @n 1) =Bz g,

— n=0

BRINOJIHASE MHTErPHPOBaHHE

&P dp, = (5 = @umkTy

H CYyMMHpOBaHHe

[=:] .
» e tupH ent 1) =<euse§f/kr_e—uae%'/ﬂ>“

n=0
0J1yYHM
V 8 */s =7
Q. T)= o :,‘2’") (RTY= vt E*/‘;f (57.30)
Orciona no gopmyaam (57.7) nosyunm
90\ V 8unkT\"» quf
Nz_(ﬁﬁ)r,@pfz 7\~ ) wier KB oy 1 B (57.31)
H, norapmpmupyﬂ, HaxoJuM XHMHYECKHIT noreHunag
8rumkT\"2 pg7” pay‘/'
w=— T In {W( ) et 1 6182)

[Mocnennsisi opmysa mnokaswizaer, uto p (2%, T)/kT peHCTBHTeIbHO
npu kT > o ¥ MOGbIX <% siBJsIeTCs GOJBILMM OTPHLATENBHBIM YHCIOM.
AHaNIOTHUHO HMeeM
> 1/0Q
M (., T)___(W)" =
(kT)'/' (BJun A T l pB,_,j{/'
s ) K1

cth PB:?Y‘ _ (HBW sh-2 !*3997']_
/
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Hckmouas p ¢ nomompio (57.32) u BBOAS MaKCHMaJbHOE HaMarHHYe-
HHe eIMHULBl o6vema M, = Npp/V, momyuum

M, Ty kT 1 2pp kT
M, pB@%/’[ T sh (2p5&f/kT)]'

@opmyna (57.33), BbiBeleHHas /sl BBICOKHX TEMIEpaTyp ¢ Y4eTOM
KaK JMaMarHUTHOrO, TaK M NMapaMarHHTHOTO 3(GQeKTOB, CYLECTBEHHO
orauyaercst ot ¢opmysasr  (56.11),
noJyyeHHOH Ge3 yuera JAHAMarHHUT-
Horo a¢ddekra. B To Bpems Kak BHI-
paxenue (56.11) NpuBOAHT K Hachl-
LEHHIO B CHJIBHBIX moasx (M — M,
npu &% — 0), Bhipakenue (57.33)
NPHBOAUT K MOHOTOHHOMY YGHIBa-
HHIO HaMarHW4eHHst M B CHJIBHBIX
nonsx M~ 1, Dtor pesysbrar
WIIOCTpHpYyeTcst pHc. 62, rae npu-
Beenbl KpuBas Liy,(up <7 /kT) (xpu-
Basg I) M KpHBasi, BbIYHCJEHHasK
no ¢opmyne (57.33) (kpuBas 2).
EcrecTBeHHO, BCsikMe Ciefbl oCUnAuui s seauund p (7, T)/p,
u % (', T)/%y NpH BHICOKHX TEMIEPATypax MONHOCTBIO CTHPAIOTCH.

(67.33)

Puc. 62.



TJABA VII

KOHKPETHBIE 3AJAYH — CUCTEMbI
B3AUMOAENCTBYIOLUX YACTHLL

B 310it rv1aBe GyAyT pacCMOTPEHbI 3a/lauH, CBS3aHHblE C ONHCAHHEM
CHCTEM B3aHMOAEHCTBYIOWMX YaCTHIl C IOMOLIbIO MeToja aHcamObied
T'u66ca, a TakKe C MOMOLIbIO KBAHTOBOMEXaHHYECKOIO METOAA BTOPHY-
HOr0 KBaHTOBaHHS.

§ 58. HeupneanbHble rassi

B kauecTBe npuMepa 3ajiauH, KOTOpasi He MOXeT GbiThb pelueHa C Mo-
MOWbI0 pacnpesesennst Makcseasa — BoabumaHa, HO Moxer GbiTh
HceaenoBaHa MeTofoM I'H66ca, paccMOTpHM MNOBeJIeHHE OJHOATOMHOTrO
rasa, B3aHMOJEICTBHEM MEXAY aTOMaMH KOTOPOTO HeJb3sl IpeHeGpeub.
Bynem cunrtath, 4TO NOTEHUHKAJbHAs SHEP-

IHsl B3aUMOAEHCTBHS MeXAy aToMaMu VI7)
CBOJMTCS K CyMMe O3HeprHif NomapHbIX
B3aUMOJEHCTBUH, 3aBUCAWIHMX TOJbKO OT
paccTOsSHUH MexXJy aToMaMH

N
Uy(ry 1y oy r)= 3 U(lri—re]).
i<k=
(68.1) ry -
TotenuuanbHasi S3HEPTUsi B3aUMOJEHCTBHSA
JIByX aToMOB 06/1ajiaeT cJeAYIOUHMH CBO-
cramu (puc. 63). [lpn 7 = |ri—ry| > 1
npeo6ianaior ciabsie Ban-zep-Baanbcobl Puc. 63

CHJIbl TIPHTSDKEHHS, KOTOpble BechbMa Obl-
CTPO CHAJAIT C PAacCTOSIHHEM (B KBaHTO-
BOM MeXaHMKe JOKa3blBaercsi, YTO B BecbMa OOMIMX MpEANoJIoKe-
HUsIX, B 5Tofi obmact XZ(r...) ~ r™®. IlosTomy mnpH 7, CyulecTBeH-
HO NpeBBLIMIAIOIUX r,, 3HaueHne — % (r)/kT L1 (% (r) <0). Ilpu
r < ry TpeBaJHPYIOT BecbMa GHICTPO HapacTAIOLIHE CHJIbI OTTAJKHBa-
HHsl, cBsI3aHHble C JedopMalHeli 3JMeKTPOHHBIX oGosouek. B rpy6om
NPHOHKEHHH HENPOHHUAEMbIX cep MBI Gy/ieM CYHTaTh B aJbHeHIeM

9 10. B. Pymep, M. LIl Poiskuu
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U (r) = oo npu r < ry. Tlpn r = ry (r, NPUOAUIKEHHO MPEACTaBJSET
COGOH MamMeTp aToMa) CHJIbI NIPUTSKEHHS U CHJIbI OTTAJKHBAHHs ypaB-
HOBELIHBAIOTCS, a MOTEHLHaNbHas 3HEPrHsi B3aHMONCHCTBHS HMeeT
MHHHMYM.
Bynem HcxonuTb M3 QopMyssl, CBsi3blBawowell Q-NOTeHHal rasa
¢ Q-cymmoit coctosiumii:
E (i| N)

_2 @ wN
e T =Q= 3 e*T e T g(i, N). (58.2)
N=0 i

B 3ajaue o moBelleHHH HEHJEaNbHOTO rasa KBAHTOBAHHE SHEpreTHYe-
CKHX YPOBHEH HeCylecTBeHHO, H Mbl IepefiieM K KJacCHYeCKOMY OIHCa-
HHIO, 3aMeHsAs KPaTHOCTb BBIPOXKAEHHS g ({, N) BbIpaxKeHHEM

ary 11 4q: dp:

TRV

a sHepruio E (i|N) Bblpaxkenuem

N 2
Ex(p, I‘)=Z 2%-{-2!”(?1, Fay oony FN), N=2,
A=t

Eo(p, r)=0, E,(p, r)=p*2m. (58.3)
Takum oGpasom,

nl

Qe v, n=Y (&) 20D, (58.4)
0

n=

h? i, o
rae z=eMkT A= <W> * — [JIMHA BOJIHMI Jie Bpoitasi, coorBerct-

BYyIOIAs! CPe/iHei TeNoBOi SHepPruH,
n
-8 X 4t
Z,(V, T)=Sd*’r1 o dPrpe i<k=1 (58.5)
— KOH(UT'YPaUHOHHBIN HHTErpaJ.

BBeneM BesMYHHBI fip =€~ pZUi) _ g B COOTBETCTBHH CO CBOHCT-
BaMH MOTeHLHANbHO!H 3HepruH B3aHMOAEHCTBHSI MoseKyJ X (r;,) Benu-
YHHBI fi, CTAHOBSITCSI BeCbMa MaJIbIMH TIPH fix => ro, CTpeMsTCS K —1
NPH rip — ry U ABJISAIOTCS OrPaHHYEHHBIMH B NIPOMEKYTOUHOH 06/1acTH
paccrosinuit. Tlocnie BBefleHNs BeNHUHH [y, BBIpaKeHHe A1 KOHPUTypa-
LMOHHOTO HHTerpaja NpHHHUMaeT BHJ

2,0, Dy={ari o dory T] (4=
i<k=1

={dri ... &[4 (FotFot oo +Fvin) +
+ (Fefis+fofiat o)+ 0] (58.6)
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Pasoxenne TOJBIHTErpabHOM (GYHKUHH MO CTeNeHsM BeJHYHH
fir B BoIpaxkenuH (58.6) 0COGEHHO YAOOHO AJIsi PACCMOTPEHHST IOBEIEHHS
paspeeHHbIX Ta30B. [leso B TOM, UTO KaMIblii MHOMKHTeJD fi;, ¢dek-
THBHO OTDAHMYUBAET OJHO W3 HHTErPHUPOBAHMI B HHTerpaJje Sdsri ddry,
0GbeMoM NOpsiiKa 7§ H, C/Ie0BaTeJbHO, BHOCHT B PE3YJIbTAT MaJIblil MHO-
KATeNb 7§/V (M0 CPaBHEHHIO C MHTErpajoM, He CONEPIKALLNM fi).

DTo 3HAYHUT, YTO B pa3Hbie cilaraeMble (58.7) BHOCSIT BKJIaJ pasHble 06-
J1aCTH KOH(UTypalMOHHOTI0 IPOCTPAHCTBA. B HHTErpan S drydiry...dry
(cootBeTcTBYIOMMH c/araeMoMy 1 B NpsSIMBIX CKOOKaX) BHOCHT BKJaj
BCe KOH(HrypallOHHOe MPOCTPAaHCTBO. B HHTerpas, copepiaumil MHO-
KUTeNb Y fip, BKJIAJ BHOCAT TOJBKO Te OCJIACTH KOH(MHIYDallHOHHOTO
TIPOCTPAHCTBA, B KOTOPHIX | 7 — 74 | < 7, (IPOHM3OILIO «CTOJKHOBEHHE»
ABYX MoJieKyan). B unterpan, conepxaummii MHOXHTeNb 3 fiyf 51, BHOCST
BKJIaJl Te 06/1aCTH KOHQUT'YPALHOHHOTO IPOCT-

PaHCTBa, KOTOPbE COOTBETCTBYIOT «CTOJKHOBE- c

HHIO» TPeX MOJIEKYJ (OXHH M3 MHIEKCOB j WIH 0

| coBmajaeT c OAHHM M3 HHIEKCOB i HJIH k) H

OJIHOBPEMEHHOMY (CTOJIKHOBEHHIO» ABYX Iap °
MOJIEKYJ (i-51 ¢ k-fi U j-si ¢ [-#) U T. A.

Tax Kak B paspexKeHHOM rase CTOJKHO- Prc. 64.
BEHHA KOMIUIEKCOB M3 GOJIBLIOTO YHCJIA MO-

JIeKyJ1 JIO/KHBI IPOMCXOIHTL PEAKO, HHTYHTHBHO SICHO, YTO pasjioxke-
Hue (58.6) momkHO GoJsee MM MeHee GBICTPO CXOIAHTHCS.

J1JIst HarJIsiHOTO M3yueHHsl CTPYKTYphl Beipaxenus (58.6) conocra-
BHM KaXK/IOMY YJIEHY 5TOTO Pa3/ioxKeHHsi HeKOTOPBIH HarJIsAHbIN o6pas,
KOTOpHIAl TPHHATO HMMeHOBaTh TpadoM. Kaxjoll U3 nepeMeHHBIX 77y,
¥y, ..., FnMBl NIPHBEJIEM B COOTBETCTBHE IPOHYMEPOBAHHBIH KPYIKOK,
a KaXk/IoMy MHOXHTEJIIO f;, — JIHHHIO, COCIMHSIOMLYIO i-if H k- KPyXKOK.
Hanpuwmep, mn‘erpa.nySd“r1 «ov @ f1afaufss  comocraBnsiercst  rpag
puc. 64. (lns HamMx Lesefl JOCTATOYHO PaccMaTPHBATh TOJNBKO TaKHe
rpadpl, B KOTOPBIX ABa KPy»KKa MOI'YT GbITb COEJMHEHB! TOJBKO OIHOM
JMuHMell — mpocThie Tpadel.) HeTpynno BuaeTs, uTo BhipaxkeHHw0 (58.6)
COOTBETCTBYET CyMMa BCEBO3MOMKHBIX IPadoB U3 11 KPYHKKOB (1-UaCTHUHbIE
rpadsl). ITpu 3TOM nepBOMy wsieHy B KBafpaTHbIX CKOGKaX COOTBETCTBYET
rpad Ges COeMHHTENbHBIX JMHUME, BTOPOMY usieHy passioxeHus (fj, +
+ f13 + ...) cooTBercTBYIOT 12 (1 — 1)/2 rpachoB ¢ OAHOI JHHHEH, TPETh-
eMy uneny (fiofis 4 fiofia -+ ...) — rpadel ¢ AByMsI JHHMSMH M T. A.
I'padbi MOryT GbITb MOApasAe/eHbl Ha CBS3HbIE, T. €. TAKHE, B KOTOPHIX
BCe KPYIKKH CBS3aHBI IPYT ¢ APYTOM NPSIMO HJIH KOCBEHHO (4epes3 ApyrHe
KPY’KKH), ¥ HeCBf3Hble, B KOTOPHIX HMEIOTCS H30JHPOBAaHHbIE APYT OT
Ipyra Tpynmel KPYXKKOB HJH OTAeJbHble KpYxku. Hanpumep, rpad
puc. 65, @ — cBsi3HbIA, rpad pHc. 65, 6 — ABYCBA3HbII, rpad puc. 65, 6—
TPeXCBA3HBIA U T. 1.

Tax kak KaxaoMy rpady OAHO3HAYHO CONOCTABJSIETCS HHTErpas
W KaxjoMy HHTerpany — rpad, Mel 6yleM B JajbHeHlieM 4acTo AJsi

9%
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KpaTKOCTH ynorpeﬁnmb CJIOBO «rpa(p» BMECTO «HHTerpaJ/i», roBOPHTb
O CyMMe HJIH IIPOU3BEJEeHHH rpa(boa BMECTO CYMMBI HJIH IIDOH3BEACHHUS
COOTBETCTBYIOIUHX HHTErpaJjioB.

538 B¢

Puc. 65.

SlcHo, uTO MOGO# HHTErpaJ, COOTBETCTBYIOMHH k-CBS3HOMY Tpady,
pacnajaeTcsi Ha NpOM3BEJieHHe HHTErpasioB MeHbluel KpaTHocTH. Ha-
npHMep, HHTErpaj, COOTBETCTBYIOWMH pHc. 65, 6, paBeH

S dry d°ry @°ry @ry raf sl s S dryd®rg fsg,
a HHTerpaj, COOTBETCTBYIOWHH pHc. 65, 8, paBeH
S dry d®ry dir, fufnfms dsfss d*ry drg fag.

Bynem naseiBath k-rpynmnofi soGod k-yacTHYHBIA CBsi3HBIH Trpad
H BBEJIEM NOHSATHE I'PYINOBOTO HHTErpaJia, ONPEJeNHB ero Kak IpousBe-
JieHHe HOpMHpYyIomero MHOXHuTens 1/kIVA3%*—3 na cymmy uHTerpasos,

Grootoforolezs

Puc. 66.

COOTBETCTBYIOUIMX BCEM PAa3MYHBIM k-rpynmaM. B atom onpenenenun
pasIHYHBIMH k-TpyNnmaMH CYHTalOTCS KaK Trpadel, OTIHYAIOWHMecs
ApYr OT JpYra YHCJOM H DaclOJIOXeHHEM COeIHHHTENbHbIX JIHHHH,
TaK M rpadbl, OTIHYAOLHECS HyMepanHeH, COEIUHEHHEIX IPYT C APYTOM
W He COeJMHEHHHIX JpYT ¢ APYroM KpYXKoB. Tak, mpu k = 3 cymecr-
BYIOT YeThIpe Da3JIHYHHIX 3-TPYMNIH, H300paXkeHHble Ha puc. 66. INpu
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k = 4 cymectyet 38 pasnnunbix 4-rpynn. Ha puc. 67 nso6paxens 13
THIIOB CYIIECTBEHHO Pa3JIHYHEIX 4-TPYIIN, KOTOPbIE He MOTYT GbITh NOJTY-
YeHbl JIpyr M3 JApyra myTeM BpalleHHs PHCYHKa B CBOeH IJIOCKOCTH.
Puc. 67, a—0 n306paxaior rpynnbl ¢ TPeMsi COSRUHSIOIAMU THHHSMH,
puc. 67, e—k — TpyNnb ¢ YeTHIPbMSI JIMHHSMH, PHC. 67, 2, 4 — TPYMIIBL
C NMATBIO JIHHHAMHU U pHC. 67, # — rpynmy ¢ wecTbio JHHEUAMH. L{udper,
CTOfillMe Hall PHCYHKAMH, YKa3bIBAIOT, CKOJIBKO T'PYIN, OTIHYAIOLHXCS

#) (2) ) ) (%)
I——I | ;X; M i
a) i; f) " j)
o (7) o @ 4) o (4) - 4) & 2) ®

@Q (2 Q@ v
AN
@ @ © 0, 6‘9 @ ) 9‘9
2 ) 2 z) #)
- (2) & (4} a 7) @
N XX
@ P 9‘9 6‘9
) M) #)

Puc, 67.

HyMepaluell COeIHHEHHEIX 1 HECOeIHHEHHBIX KPYXKKOB (BKJIOUast H H30-
6parkeHHYI0 Ha PHCYHKE), MOXHO NOJYYHTb M3 JAHHOT'O DHCYHKa, Bpa-
lias ero B cBoell MIOCKOCTH (HoMepa I, 2, 3, 4 OCTalOTCs [IPH 5TOM Bpa-
LIEeHHH Ha cBOMX MecTax). Tak, u3 rpada 67, @ MOXHO MOJYYHTH elue
TPH 9KBHMBAJIEHTHBIX I'pada, noBopaynBasi pucyHoK Ha 90°, 180°, 270°,
u3 rpada 67, 6 — elme OAMH SKBHMBAJeHTHHI rpad, Bpawasi pHCYHOK
Ha 90°, rpace 67, e u 67, » HHBAPHAHTHbI 110 OTHOLIEHHIO K BPaLLEHHIO
Ha 90° ¥ KaXIblif M3 HHX OmpeJleJisieT TOJbKO OAHY 4-Tpymmy H T. A.

I'pynnoBele HHTerpajbl 00JaJAlOT ABYMsI BaXKHBIMH CBOHCTBaMH:
1) by(V, T) ectb BenuunHa Ge3pasMepHasi (TO HENOCPEACTBEHHO BHHO),
2) by(V, T) nmeer KoHeuHbl#l npesen npu V — oo, Ilocsiennee cBoicTBO
CJIeLyeT H3 TOTO, YTO BCE MHOXKHTEIH fim CTPEMSATCS K HYJHO TIPH 7im > 7o,
YTO 5¢pdeKTHBHO OrpaHHyHBaer (415 CBA3HBIX rpados) (k — 1) uHTerpu-
POBaHHH 06/1aCTbIO ¢ 06BEMOM ~vr§, H JIHIIb ONHO HHTETPHPOBaHHE Be-
Aercs no scemy obvemy V., Ilpu & = 1 rpad (/) (na puc. 67 eaunuua
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B KDYXKKe) sIBJISETCS l-rpyrmoﬁ H COOTBETCTBEHHO 3TOMY
b= S & =1, (58.7)

2-rpynmno#i siBasiercst rpad (I)—(2) (ua puc 67 mudpsl B KpyXKe) H
1
b= gy | @r e () =g { ol (r) (68.8)

(MBI MepelunIH K HHTErPHPOBAHHIO MO KOOPAHMHATAM LEHTPa HHEPLHH
R = (r; 4 r,)/2 ¥ OTHOCHTENBHOMY PaJHYCy-BEKTOPY ry5).

YeTblpe pasnuuHble 3-TpyNmbl H300paxeHsl Ha puc. 66 u rpynnosoi
UHTerpan b3 paBeH

by=gryar | 1 o @ri [fafas + Fisfio + Ffos + hofasf. (68.9)

Jlio6ofi n-yacTHyHbI rpad npeicTaB/seT coboil NMPOH3BEJEHHEe He-
CKOJIbKHX TPYNN (C YHCJIOM KPYKKOB, He npeBmmaromum n). Eciu
YHCJIO R-TPYII €CTh /My, TO HMEET MeCTO COOTHOIIEHHe

n
3 kmy=n.
=1

SlcHo TpH 3TOM, YTO M, << 1, nmpuueM ecau m, = 1, To Bce ocTajbHbIE
mp = 0 (k 5= n). Ml nosyyaeM 1pH 3TOM CBSA3HBIH 71-4aCTHYHBIH rpad.

3ajanHblil HaGop YHCeN my, ompelessieT He OJMH n-4acTHYHBIA rpad,
a MHOXECTBO TaKHX rpadoB, TaK Kak, BO-NepBbIX, R-4acCTHUHbIE rpadbl
(ripu k& > 3) MOTYT GbITh pas/HYHBIMH (cM. puc. 66, 67) H, BO-BTOpHIX,
HOMepa NepeMeHHBIX 7y, Fy, ..., ¥, MOTYT II0-Pa3HOMY PacHpelensThCs
[0 Tpymmam.

OG6o3HauuM S (my) CyMMy HMHTErpaJjioB, COMOCTaBJSeMbIX BCeM Ipa-
(am, coOTBeTCTBYIOIUM HaGopy umuces my,. OueBHIHO, YTO KOHHTypa-
LMOHHbIH HHTerpan Z, TOrla paBeH

=3 S(m) (58.10)
{me}
rJie CyMMHpOBaHHe BefieTCsl 10 BceM Ha6opaM uHCel 11y, YAOBJETBOPSIO-
IIHM YCJIOBHIO

) kmy=n. (58.11)
=1

Boipaxkenne A5t CyMMBl S (171;) MOXKHO NOJIYYHTDb CJIEAYIOIUM 06pa-
30M: (HKCHPYEM HEKOTOPYIO ONPEle]eHHYI0 HYMEepalHio KpYXKKOB
H pa3o0béM n KPYKKOB Ha k-TPYNIBI C 33aJ@aHHBIMH 3HAYEHHSIMH YHCel
k-rpynn my. Ilanee, 3aMeHHM KaxKyl0 U3 R-TPYIIN Ha CyMMY BCEBO3MOXK-
HBIX Pa3/HyHbIX R-rpymnn. COOTBETCTBYIOLIME 3TOMY k-4aCTHYHOMY T'pady
WHTErpaJsl, COIVIaCHO ONpeJe/IeHHI0 T'PYNINOBOrO HHTerpana b,, paBeH

RIVAS*3h,,
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HnTerpas e, COOTBETCTBYIOLHIT BCeMY f1-4aCTHYHOMY rpady, OYeBHAHO,
paBeH

n
11 [ VAsE-3p, 1",
=1

Jist Toro uroGbl mosyuutb S (M), HaM OCTaeTcs MpojeJaTh BCEBO3-
MOXKHbIe NepecTaHOBKH HOMepOB KpPYKKoB 1, 2, ..., n (mepeMeHHBIX
71, ...y Fp), TIPUBOJSIINE K HOBBIM CYLIECTBEHHO DPasjIMUHBIM rpadam.
Tak Kak 3HaueHHsl HHTETrPaJiOB He 3aBHCST OT 0GO3HAYEHHS! IePeMEeHHbIX
MHTETPUPOBAHHUS, TO BCE NOJyyaeMble CJaraeMble OJWHAKOBHl H HaM
JIOCTAaTOYHO JIsi MOJyueHHst S (1) YMHOMXHTD NOJIYYEHHOE Bbllie BbIpa-
JKeHHe Ha YHCJIO0 CYIIECTBEHHO Pa3iHyHbiX rpacdoB. [TpH 5TOM cyliecTBeHHO
Pa3NMYHBIMH TpadaMH SIBJASIOTCS TOJBKO TaKHe, KOTOPHIE OTIHYAIOTCS
JPYT OT Apyra HaGOPOM NepeMEHHbIX #y, ..., P, BXOASIIHX XOTsI Gbl B iBe
k-rpynnel. HaxoxaeHne yHuc/ia TakHX IpadoB npeacTaBiseT coboil yxe
H3BECTHYIO HaM 3aJauy KoMOHHaTopuKH. OG03HauNM HHTepecyioliee Hac
YHCJIO CYIIECTBEHHO pasauyHBIX IpadoB uepes W. B Kaxaom Takom
rpade Mbl MOKeM NpojesaTh k! nepecTaHOBOK HOMEPOB BHYTPH KaxKIoH
k-Tpynnsl ¥ m,! nepecTaHOBOK k-rpynn Mexnay co6oi. Hu Te, v apyrue
IepeCTaHOBKH He MPHBOAST K HOBBIM CYIIECTBEHHO PA3/HYHBIM rpacdaM.
TNonnoe yHc/I0 MOJYYeHHBIX TakUM cOpasoM rpagos

\Vl;[ ()™ T mal
k

PaBHO, OUYEBHAHO, 7!, TAK KaK NEPBEIH MHOXKHTE/Jb YYHTHIBAeT mepe-
CTaHOBKH HOMEPOB MEXKY k-TPYNNaMH, BTOPOil — nepecTaHOBKH BHYTPH
k-TPyNN U TPETHIl — IepecTaHOBKH R-TPYyMN APYT C APYroM, H MbI nepe-
61paeM, TakMM 06Pa3oM, BCe [I€PECTAHOBKH 1 HOMEPOB.

Hmeem nostomy

/O — (58.12)
k)" Rl
kHl( ) Fmy

H, CcJefoBaTeNbHO, Aasl S (my) nojayyaeM BbIpaxkeHHe
n
(Vask-apy) "k an JU L (Vor\™
S (m)=n! H = = nihor Hﬁ( s ) . (58.13)
k=1

n
IJie Mbl BOCNIO/Ib30BA/HCh YC/IOBHEM Y, kny=n.
k=1
CoraiacHo (58.10) mist KOHPHIYPaUHOHHOTO HHTerpana Z, nosyyaem

¥ s (m)=nnn Y f[ miﬂ("”*)”k (58.14)

{me} {mp} k=1
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Tepexon ot Z, k Q-cymme 1o ¢popMyse (58.4) M03BOJSET OCBOGOAHTLCS
or ycaoBus (58.11):

4 k
N OT¥ L [ Ve \me W I
Q& Vv, 7)= Y Hnﬁ( Al ) —e k=1 (58.15)
m,=0k=1
OTKyJa ISl Q-noTeHuMasna mosyuaeM
%= - an=_% D bzt (58.16)
k=1
ﬂJlﬂ JAaBJIEHHS] U YHCJ/a YaCTULl HAXOJHM BbIpAXKEHHS
o
P=—2 _ 3 bz, (58.17)
k=1
Ne_09 _ _09.d _ _ 209
TT9p T T 0z dp T T kT oz
OTKyAa
N=y5 Y kb, (58.18)

JIns TOro 4TOGHI MONYYHTH YpaBHEHHE COCTOSIHHS, CJENyeT U3 ¢op-
myn (58.17) u (58.18) HCKMOYHTD mapametp z = eh/kT,

Kak nokasanu Jlu u §ur (cM., Hanpumep, [7]), Aas paspexkeHHBIX
ras3oB MOXHO NepeiTH B ypaBHenusiX (58.17), (58.18) k mpeneny V — oo,
N — oo npu yc10BHH, 4TO @ = V/N ocTaercsi KOHEYHbIM, H 3aMEHHTh
rpynmnoskle HHTerpanbl by(V, T) ux npeienbHbiMu 3HaueHusiMu B (T)

B (T)= Vlim by (V, T).
Toraa monyuum

p=i N Buzt, (58.19)
k=1

11N

=% 2 kB2t (58.20)

x>
]

ByﬂeM HCKaTb YypaBHEHHE COCTOSIHHS B q)opme TaK Ha3bIBae€MOro
BHpHAJbHOI'O PasoxKeHHusa
w
Pw A8 \i-1
= Ya() (7> , (58.21)

i=1
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rie senuuunbl ay(7T), ay(T), ... Ha3bIBAIOTCS NEPBBHIM, BTOPHIM H T. I
BHDPHAJIBHBIMH KO3(HIHEHTAMH.

ToxcraBasis B JIeBYI0 M NPaBYIO YacTb pasJioxkeHHus: (58.21) Bbipaxce-
Husa (58.19) u (58.20), nonyuum

i Br2k ® o _
S Y m(T)(Z kmzk)i B
Z kﬁkz" i=1 k=1
k=1

HJM B DasBepHYTOH 3amucH

Gt 230+ [0, S i+ 5 w4 ]
k=1 I=k
=P,z+ P22+ B2’ +... (58.22)

ITO COOTHOWIEHHE JOJIKHO BBINOJHATBCS TOKIECTBEHHO MPH JIOOHIX 2.
IpupaBruBasi KOS(POUUHEHTH! IPH OJHHAKOBBIX CTENEHSIX Z, TOJYYHM

a(N=Pfh=1 &[T)=—Py a(T)=4p;— 25 ... (58.23)

H, CJIeloBaTe/bHO, BCe BHPHA/bHbIE KOI(GHIHEHTE MOTYT GbITh BbIpa-
JKeHBI yepe3 npejieJbHble 3HaueHHsl TPYNIOBbIX HHTErpaJoB npu V — 0.

BolurcauM npuOanKeHHO @y (T) = —f,, NMOMB3YSACh CBEAECHHSIMH
06 5HEpTHH B3aUMOAeHCTBHA ¥ (r), H3/M0XKEeHHBLIMH B Hayasle naparpada.
Vimeem

1
B = gix | @rfa ()=
2 To o
=T‘:[§ (e—ﬂll(')__ 1)r2dr4 S (e—ﬂll(r)_ ])rzdr].
To
3ameHsisl B mepBoM HHTerpaje # (r) = oo (MOJIEKYJ1a paccMaTpHBAETCS
KaK abCcoJIIOTHO TBepjas chepa ¢ pajHycoM, PaBHEIM ry/2) U pasiaras
BO BTOPOM HHTerpane skcriowenty e P4 —1--|%(r)|/kT, no-
JIYyYHM
1
p2=Ts—<£f—b), (58.24)
e

b=4-3a(%) (58.25)

— y4eTBepeHHHIN OGBbeM aToMa, a BeJIHYHHa

a=14n S | (r) |2 dr (58.26)

To
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CBfI32HA CO CPEJHHM 3HAUEHHEM MOTEHIHANbHON SHEPTHH CHJ MpUTS-
KEHHSI MEXJIY MOJEKYJaMH.
Taknm obGpasomM, mpn yueTe TOJbKO NMApHBLIX COYAApEHHH, HMeeM

P=NkT /1 Nb aN >

v \'TV T v
M1 MOXeM mepenHcaTh 3TO ypaBHEHHE B BHJe
aN? NE&T Nb

P4 =T(1+T). (58.27)

Hnrepnonsinuonnyio GopMy Ty, ONHCHIBAIOLLYIO MPHOIHKEHHO He
TOJIbKO CBOHCTBA Ta3a, HO M JKMIKOCTH, MBI MOXKEM MOJYYHTb IyTeM
3aMeHb!

1

Nb *

-3

Nb
1+—T,——~

Takas samena rpy6o yuHTHIBaeT IIOXYIO C:KHMAEMOCTb KHAKOCTH (IpH
P — o, V — Nb). TlonyueHHOe TakuM 06pasoM ypaBHEHHe

(P+ ”‘%ﬂ)(V—Nb):NkT (58.28)

€CTb M3BECTHOE ypaBHeHHMe Bau-mep-Baasibca.

JleTasibHoe HCcJefloBaHHe cHCTeMbl ypaBHeHuit (58.19), (58.20),
KaK M TIOJIHOE BBIYHC/IEHHe BHPHAIbHbIX KO3(DQHIHEHTOB, PEACTaBAseT
co6o#t ype3BLIYaiiHO CI0XKHYIO 3aJiady, 10 CHX NOP NOJHOCTBIO He pelleH-
Hy10. DTH ypaBHEHHUS! JIOKHb B PUHIIMIIE ONHCHIBATE HE TOJIBKO OJHO-
(asHble COCTOSIHMSI CHCTeMbl, HO M (ha3oBble Mnepexoibl (Kak nepBoro
polla — THNa KOHJEHCAIHH, TaK H BTOPoro poja). ITpu aTom ToukH daso-
BOTO Nepexo/a JOJ/IKHbI GbITh CHHTYJ/ISIPHBIMH TOUKAMH PSI0B, BXOASLIMX
B (58.20) u (58.21). B cBA3M c 3THM OKa3LIBAETCS MOJIE3HBIM CUHTATh
nepeMeHHYI0 2 KOMIIEKCHOH U paccMaTpHBaTh MOBEJEHHe COOTBETCTBY-
IOIHX PSJ0B B KOMINVIEKCHOH TJIOCKOCTH 2, C/eisl 33 TOBEJEHHEM HX
ocobblX Touek. Takum o6pasoM, Gbl MOJAYUYEH pPsAi JOBOJBHO OOIIHX
pesyJ/IbTaToB, OTHOCSAUIMXCS K aHaJHTHYECKOMY MOBEIEHHIO Q-CyMMbI
KaK QYHKIUH 2. Mbl OTChlIaeM YHTaTeJst, HHTEPECYIOLIErocs! AeTasisiMi,
K Kuuram [6, 71 u K opurusaibHbIM paGoram [8, 9].

§ 59*. MpeneabHble W OTPULATENbHbe TeMnepaTypbl [18]

Tonasasiomee GOMLUIMHCTBO (U3HYECKHX CHCTEM, C KOTOPLIMH IpH-
XOAHTCS METh JIe/IO B CTATHCTHYECKOH (hH3HKe, — Mbl Gy/ieM B AanbHei-
IIeM UX Ha3biBATh HOPMAAbHBIMU CUCmeMamt, — OGNafAI0T CeAYIOWHMH
ZBYMsi CBOACTBaMH: 1) OHM HMEIOT HeOrpaHHUEHHbIi CBEPXy CIEKTP
SHepruit (XoTsl GBl MOTOMY, YTO KHHETHYECKas SHeprHsi HeOrpaHUYeHa
10 BeJHYHMHe, a MioGasi CHCTEMa COCTOMT M3 ABHXKYUIHXCS YacTHI),
2) IUIOTHOCTb YHC/Ia COCTOSIHMI ¢ JAaHHOH Hepruedl g (E;) Bospactaer
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C POCTOM 3HEpTHH IO CTENEHHOMY 3aKOHY (Hampumep, AJs HIea]bHOTO
rasa, Kak Mol BUIeaHd B § 46, g (E) ~ dI'/dE ~ EGN/2=1) JIng Takux
CHCTeM TeMnepaTypa 06s3aHa GbiThb NOJIOXKHTENbHOl H MOXKET IPHHUMATD
no6eie 3HaueHHss B HHTepBasie 0 << T << oo. JleiicTBHTE/IBHO, CXOMH-

MOCTb psiia AIsi CTaTHCTHUeCKOH Cymmbt Z= Y g (E;) ¢ Z#*"  Bo-niep-
i

BbIX, TpebyeT BbINOJHeHHs HepaBeHcTBa T > 0 H, BO-BTOPBIX, NIPH BBI-
TIOJIHEHHH 3TOTO YCJIOBHSI, JONYCKAET JIIOObIE I0/I0KUTe/IbHblE 3HAUEHHS
Temnepatypel T, Tak Kak cTeneHHo#H poct pynkuuu g (E;) npu jo6oit T
GoJlee ueM KOMMEHCHPYETCs SKCIOHEHUHANbHbIM yObIBAHHEM MHOXKHTeE/S
e EiT MoxHO, OAHaKO, NpeAcTaBHTb ceGe «ocobbley (hH3HUECKHE
CHCTeMbl, A/ KOTOPBIX yc/a0BHS 1) M 2) Hapymatorcs. PaceMorpum
HECKOJIbKO BO3MOXKHBIX @HOMAaJIbHBIX» CHCTEM:

A. Tlycrs g (E;) pacteT npu GOMBIIMX 3HEPLHSX He IO CTENEHHOMY,
a 1O NOKa3aTeJbHOMY 3aKOHY: g(E,-)Ne"Ei (@ > 0). B stom ciyyae
obmuit uieH psia B BblpaxeHHH 1isi Z BefleT ceGsi mpu Goabmux E;
kaK €7 ¥ Ei y 1n1q cxomumocTH 3T0Or0 psija HEOGXOAMMO BHINOJHEHHE
yenoBusi 0 << T << 1/ak. Takum oGpasoM, Temmeparypa siBJASi€TCS I10-
JIOXKUTEJIbHOH, HO CYLIECTBYeT mpelenbHas Temnepatypa Tn, = l/ak,
BBILIE KOTOPOI CHCTeMa He MOXKeT GbiThb Harpera.

PaccMoTpuM Tenepb CHCTeMY, B KOTOPOH MJIOTHOCTb YHCJA COCTOSI-
uuit g (E;) He pacrer, a yGbiBaeT ¢ poctoM sHepruu. Ecau g (E;) yGbl-
BAeT 110 CTEIICHHOMY 3aKOHY, TO CBOHICTBA TAKOH CHCTEMbI, KaK HETPYAHO
BHJETD, COBMAAIOT CO CBOMCTBAMH HOPMAJIbHOM CHCTEMbI, H JJIsl HHTED-
Bajla M3MeHeHHsl TeMIlepaTypel no-npexHeMy HMeeM 0 << T << oo.

B. Eciu g (E;) npu 6GonbliMx 3HaueHHsix E; y6biBaeT IO IOKasa-
TeJIbHOMY 3aKOHY g (E;) ~ e_”E", TO OGWIMH YJIeH psifia AJsi CTATHCTH-
yecKoil cyMMbl Z BefieT ce6st ipn Goabmnx E; kak e~ “t/*DEi Torpa
YCJIOBHEM CXOIHMOCTH 3TOTO Psiia SIB/ISIETCS! BBINOJIHEHHE HEPaBEHCTBA

1 kTa+1
atip =g =0
Orciona nmeeM au6o T >0, ambo T << —1/ak, T.e. aag Takoil cu-
CTeMBbI TeMrepaTypa MOXKeT GbiTh KaK moJoxutenbHoll (0 << T << o),
TaK U OTPHLATENbHON, NPHUYEM B TOC/IEJHEM CJyyae CYIECTBYeT OTpH-
uatenbHasi mpelenbHas Temnepatypa T,, = —Il/ak, Bblle KOTOpOH
cucTeMa He MOXKeT GbiTh Harpera (—oo < T' << Thy).

B. Mbl MOkeM NpeNCTaBHTb cebe CHCTeMY, y KOTOpOfi CIIeKTP dHep-
IHil OTpaHHueH CBepXY M CYLIECTBYET MaKCHMaJbHasi 3Heprusi Epay.
Takyio CcHCTeMy MOXHO paccMaTpHBaTh KaK NpeJde/bHBbIA cayyai
cucremsl B, Korna napamerp a obpaiaercs B oo, a g (E;) o6pamaercs
B HyJIb, HaunHas ¢ E; = Enmax. MBI yBUINM, YTO 3TOT C/1yyail npeacTaB-
JsieTcsi HanGosiee MHTEPECHBIM C TOYKH 3PEHHS NPaKTHYeCKUX MNPHJIO-
KeHHil. B aToM ciyyae psin Aast Z npeBpailaeTcs B KOHEYHYIO CyMMY H Z
HMeeT KOHeYyHoe 3HauyeHHe NpH JIOOhX 7', KaK MNONOKHTeNbHBIX, TaK
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U OTPULATeNbHbIX, U /Il AWana3oHa M3MEHeHHsl TeMIepaTyphl HMeeM
yeaoBHe —oo < T << oo,

a5t Toro uToGhl BBISSCHHTE (PU3HYECKHI CMBIC/ TIPEEJbHEIX H OTPH-
LaTesIbHBIX TEMIEpaTyp, MPOCJAeAHM, KaK MeHsSieTcsl C H3MEHEHHEM TeM-
nepaTyphbl CTaTHCTHYECKAs CyMMa Z, BepOSITHOCTb 3HauYeHHsl SHepruu E;

U cpefHss sneprus E, onpefessieMble COOTBETCTBEHHO (OpPMyJIaMH

Z=g(E)e T, (59.1)
' —~ E;/kT

w(E)=EEe (59.2)
MeE)Eie EileT

E= va s (59.3)
KaK J/1s HOPMaJIbHBIX CHCTeM, Tak H B caydasix A, B, B.
Hopmanbnasn cucrema. B sToM cayuae umeem npu 7 — 0 °K

Z—->g(0), W(E)=8,;, E—>0 (59.4)

(tak kak npu T — -0 °K Bce skcnonents e =T — 0, KpOMe 3Kc-

noHeHts ¢ E; = E; = 0, KoTopasi paBHa efuHHIE). DTO 3HAYMT, YTO
npu T — 0 °K cHcTeMa C JOCTOBEPHOCTHIO HMEET HYJEBYIO SHEPTHIO.
Ilpu T > 0 °K 3KCIOHEHTH! e E/*T gpnsores yObIBaIOIKMH, T. €. Be-
POATHOCTD GoJlee BEICOKHX 3HaUeHHH SHeprHH MeHblile, YeM BepPOSITHOCTh

Gonee HH3KHX 3Hauenmit. Hakomen, npu T — oo umeem e —#*T — 1,
T Vi
a) 5)
Puc. 68.

T. €. BCE COCTOSIHHS CHCTeMBl CTaHOBSITCS DAaBHOBEDOSITHHIMH (He3aBH-
CHMBIMH OT SHEpPrMH) M PN A/ CTaTHCTHUECKOH CYMMbI CTaHOBHTCS
pacxonsmuMcsi. Mimeem npu T — oo

D Eig (E)
Z->Ng(E), W (E)—-EEL Z o (59.5)

-
2 (E) ' g (E)
i

(Tak KakK psll, CTOSIME B YHCJHMTENE, PACXOAMTCS CHIbHee, ueM psf,
crosunui B 3HaMeHarese). Ha puc. 68 H3oGpaxeHo nosefieHue cpefHeit
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9HEPrHH, Kax QYHKUHH TeMnepaTypsl (pHc. 68, a) H TeMmepaTypHOH
nepemenno#t B = 1/kT (puc. 68, 6).

Cayuait A. Bynem s npoctoTs! cumtars, uto gopmyaa g (E)) = e
HMeeT MeCTO J/Is1 BCeX SHepruil (H GOJIBIIMX H MaJbiX) H, CJIe0BaTeNbHO,

(@—1/kT)E
(@—1/AT) E; QO VR E; ;E"e !
Z=Ze ) W(E)= 7 , E=

i

. (59.6)

Ipu T — 40 °K BO3HHKaeT TO XKe MOJOKEHHUE, UTO U B C/IyYae HOpMaJib-
HOH CHCTEMEI, T. €.

fa— 1TV E; 8iir
H, CJIe[loBaTeNbHO,

Z—1, W(E)—>6;,; E-0. (59.7)
CucreMa C I0CTOBEPHOCTBIO HMEET HYJIEBYIO SHEPTHIO.

IMpu T > 0° K BeposiTHOCTb PA3/HYHBIX COCTOSIHHIl MajaeT ¢ poc-
ToM E;, HO B OT/IHYHE OT HOPMAJbHBIX CHCTEM PaBHOBEPOATHOCTb BCEX

Puc. 69.

cocrosinuii jocruraercsa yxe npu T — Ty, = 1/ak (npu sTOM Bee aKc-
nonentet e~ *D Fis | u cratucruveckas cymma npu T = Ty cTaHO-

BHTCSA pacxopsiueics

1 =3 i
Z—>)1, W(E)>~—=-, E->——=c0. (59.8)
2. VE s Eoo

i

3apucumocts E or T u or B uwuumoctpupyercs puc. 69,
Cayuaii B. Vmeem g (E;) = e %1, caefoarensHo,

—(a+1/kT) Ei
1/RT) E @D E Z{E;e
Z=Ye D E W (£) = ~—, E= z .

! (59.9)
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@+ kT E,

Ipu T — 40 °K no-npexuemy e~ i —> 8, H, C/IEJOBATENBHO,

CHCTEMa 3aBE€JJOMO HMEET HYJIEBYIO 3HEDPI'HIO
Z->1, W(E)—>8,i, E—0. (59.10)

Ipu T > 0°K BbiCOKHE 3HAYEHHS SHEPTHM MeHee BEPOSTHBI, YeM
nuskue, Ilpp T — oo nosnyuaem u3 (59.9)

ZEie_aE‘
i
- —aE;
e i
2

Mbl BUIHM, YTO BCE 3TH BLIPAXKEHHUsT KOHEUHBI H BEPOSTHOCTH BCEX MHKPO-
o E.

cocrosuuii cranoarca onuHaxoseMu (W (E) ~ e*Ci~~ g (E)).

®opmyaa anst E nokasbiBaeT, YTo B 3TOM IpelesbHOM caydae E Hmeer
cpelHee apH(MeTHUECKOE 3HaUeHHe, DTa CHTYaLHsl COXPAHSAETCST H B TOM
calyyae, ecsM TEeMIepaTypa CHCTEMbl CKAaYKOM CTaHOBHTCS PABHOM —oo.
Ipu T << 0 °K wuMeeT MecTo HHBEPCHsI BepOSTHOCTeH — BEPOATHOCTb
cucreme HMeThb 3Hepruio E; He majaer, a pacteT ¢ poctoMm Ej, a E cra-
HoBHTCA Goabite Ep .. Hakonen, npu T — Ty, = —1/ak nonyuaem

DE
z-31, W(E,)-»JT, E—»-—i‘l—l=oo. (59.12)
i .

—aE;
Z > Y, WE) > E = Eepup (59.11)

Ze—nEi ’

i

2

i

3asucumocts E or T u or P usobpaxena na puc. 70.

T ; ¥
i
1
1
!
1
: i
:Etﬂaﬂ E Kﬁ
!
1
i ] B
1
1
i
a) 0)
Puc. 70.

Cayuaii B. [ToBTopss Takue e pacCyXIeHHs, YTO H B IPEJBILY IIUX
clyyasx, HaxoauM:
opu T - 0 °K

Z->g(0), W(E)>8,i E-0
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npu T — Z=oco

2 (E) ZEig(Ei)
z E), W(E; ?_E L =E .
e‘2g< ) W )_),Zg‘E"’ > Sia ~Eew

Tlpu T — —0 °K rv1aBHBI BK/IaJ B CTaTHCTHYECKYIO CyMMY BHOCHT
cnaraemoe ¢ E; = En,x, BTO BPeMsi KaK OCTaJibHbIE C/araeMble 3KCIo-
HEeHIMAJIbHO MaJIbl 110 CPAaBHEHHIO C HUM, osToMy npu T — —0 °K

— E, -
Zac g (Ena) e T W (E)~ 6 E~ Enmg.
CHCTeMa C JI0OCTOBEPHOCTbIO HMEET MaKCHMaJbHO BO3MOXKHYIO SHEPTHUIO.
3asucumoctb E o1 T u ot p usobpaxena Ha puc. 71,
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Puc. 71.

OGpaTtnM BHHMaHMe YHTaTeNsl Ha TO, YTO ANsi cucTeM B u B (cuctem
C OTpHLATeNbHBIMH TemmeparypaMH) nepemedHas P = 1/kT sisasercs
ropasfio Gosiee yl0GHOMH H aJleKBaTHOH (U3HKe ABJIEHHH Mepoil cpenueii
sHeprun, uem Temneparypa. C yBesnueHHeM cpejHeil SHEPrHU OT HyAs
1o GeckolleyHOCTH (B cydae B) uan o1 Hys1e1 10 Emayx (B ci1yuae B) nepe-
MeHHas f§ HempepLiBHO yMeHbUIaercsi OT oo 10 PBup = 1/kTy, = —a
(B cyuae B) unn jo —oo (B cyuae B), B To Bpemst Kak Temneparypa T
yBesnyuBaercs o 0 10 0o, 3aTeM HCMLITHIBAET CKAYOK JI0 —00 H BHOBb
pacrer o Typ (B cyuae B) uau o nyast (B ciyvae B).

s pacemorpennbix npumepoB B u B cuenyer, uto orpuunatenbibie
TeMnepaTyphl SIBASIOTCA «Go/jee BBICOKHMH», YeM TOJOKHTENbHbIE,
cpenusis sneprus cucrems ¢ T << 0°K Gonbiue, yem npu Jo6oit T > 0 °K.

O6patumes K BONpocy o GH3HYECKOH peanH3alHi CHCTEM C Ipe/eb-
HBIMH M OTPHIATE/NbHEIMH TEMIepaTypaMi.

B Hacrosinee Bpemsi HEH3BECTHbI PeANHCTHYECKHE NPHUMEPHI CHCTEM
C mpeAeJbHbIMH TemneparypaMH. MoXHO, OIHAKO, yKasaTb HEKYIO
dopMabHy0 Monesb, 06/1alalolyl0 MONOKHTEBHOMN NPefenbHOl TeM-
nepatypoit. [Tycts mexay AByms miockoctaMuz = 0 uz = H nomelen
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HIeaNbHbI ra3, cocTosmui W3 N 4YacTHI Macchl 7, HaXOASUHHCH
B OCECHMMETDHYHOM IOJIe C TOTEHIHAJIOM (2, 7, ¢ — LHJIHHAPHYECKHE
KOOPAHHATHI)

0 npH r<<a,

U(r)=
) {2lloln(r/a) npu r=a.

Herpynuo Buzers, uto B 310M cayyae dyukius @ (E) npu Goabuux E
pacter no noxasatenbHoMy 3akony eF/%o, JleiicTuTenbHO, HMeeM nas

YHCJIa COCTOSIHHH OIHOIT YaCTHLBI C SHepTHel, MeHbllei yem E, BEIpaxeHnHe

ar sl V2mE b
Q(E)=SW= 7;:3 S dpp2§rdr,
0

rie b=aexp [(E —p*2m)/2%,]; wunrerpupys mno r (TpaHHua oG-
JIACTH HHTETPHPOBAHHS B IUIOCKOCTH (p, r) ONpeNensieTcsst ypaBHEHHEM
p*/2m + 2%yln(r/a) = E), nonyuaem
oy VamE
Q) =gl | g edp,

Tpu Gonbluux sHaYeHHsIX E NOCTEAHHAI HHTETPAJ CTPEMUTCS K 3HAUEHHIO
©

B E
S pe o dp=—V:—“(2mﬂo)"’ ug(E)~ %%Nd“.
0

CorJiacHO M3JIOXKEHHOMY BBILIE CHCTEMa JOJ/IKHA 06/1afaTh MpeleabHOM
Temnepatypoit Tnp = Zy/k.

PaccmoTpuM Tenepb BONPOC 0 BO3MOXKHOCTH (DH3UYECKOH peanusanuu
CHCTEM C OTPaHHYEHHBIM CBepPXY CHEKTPOM SHEPrHH, T. €. C OTpHua-
TeJbHBIMH TeMIepaTypaMH. 3aMeTHM TIIpexJe BCero, YTo HHTepIpe-
Talusl COCTOSIHHH C OTPHIATeNbHBIMH TEMIepaTypaMH CTaHOBHTCS OCO-
GeHHO HAlVISAHOH A/ CHCTeMBl C1a60 B3aWMOAEHCTBYIOLIMX YacTHL,
KOTZla MOXKHO TFOBODHTb 00 3HepPreTHYeCKHX YPOBHSIX JJISI OTHEJbHBIX
9acTHILl H 06 HX «3aceJleHHOCTSIX». B 3TOM ciyuae «3aceleHHOCTb» yPOB-
HeHl (4HCJIO YaCTHI, Ha JAHHOM YPOBHE) MPOMOPLUHOHANBHA MaKCBEJJI-
GobumanoBckoMy MuOXHTeN0 ¢ “/*T w mpn T > 0 °K 3aceneHHoCTh
ypoBHell majaeT € YyBeJHYeHHEM 3SHEPrHH — Ha BEPXHHX YPOBHSIX
MeHbllle YacTHU, ueM Ha Hmkuux. Ilpn T — oo ¢ %75 | u Bee
YPOBHH OKa3bBAalOTC PaBHOMEPHO 3acesleHHbIMH. Hakowen, mnocie
TOro, KaK TeMmepaTypa CKauKOM CTAaHOBHTCS PaBHOH —oo M BHOBb
Bo3pacTaer, yxe GyAyuH OTPHIATeJbHOH, MHOXHTE/b %" crano-
BHTCS Bo3pacraroued pyHKIHeH &; H HMeeT MeCTo TaK Ha3biBaeMasi HHBep-
CHfi 3aCeIeHHOCTeHl — Ha BEPXHHX SHePreTHyeCKHX YPOBHAX YaCTHIL
GoJbllle, YeM Ha HHXKHHX,
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IMonesno moxmuepkHyTh, YTO (H3HUecKast MPHYHHA BO3HHKHOBEHHS
Npefie/ibHBIX H OTPHIIATe/IbHBIX TEeMIepaTyp 3aK/I04aeTcst B CJeAyIOIeM.
«3aceIeHHOCTbY {-TO YPOBHS NPONOPLHOHANbHA NMPOH3BENEHHIO IBYX
MHOXHTeJell, 3aBHCSAIINX OT SHEPTHH: g (8;) H e~ %*" Ecau ato NpOHu3-
BeJieHHe, HauyHHAs C HeKOTopoH Temmepatyphl Ty, (NONOMHTEIbHOH
HJIH OTPHIIATe/IbHOH), CTAHOBUTCS Bo3pacraomieli GyHKuuei &; (c1ydau
A 1 B), T0 KOHEYHBIM YHCJIOM YacTHI, N HEBO3MOXKHO 3aCeHTh GeCKOHeY-
HYIO TIOCJIeIOBATEeIbHOCTb YPOBHeH. MaremMaTHUeCKH 3TO H MPOABJIAETCS
B PacXOAMMOCTH CTaTHCTHUecKo#l cymmbl Z. HaoGopor, ecin g (e;)
JI0CTaTOYHO GBICTPO yOhIBaeT ¢ poctoM &; (cayyau b u B), To koneunoe
YHCJIO IOCTAaTOYHO JUIS TOTO, YTOOBI 3aCeJIHTh Bee yPOBHH, Aaxe npH T <<0.

OGparuMcsl Tenmepb K BONPOCY O PeasbHOM CyLIECTBOBAHHH CHCTEM
C OTpHLATeNbHBIMH TeMneparypaMH. Kak Mbl yxe TOBOPHJIH B Hauaje
naparpacga, Bce MaKPOCKOMHYECKHE CHCTeMbl, C KOTOPBIMH MPHXOAHTCS
HMETb JIeI0 B CTATHCTHYECKOH (IM3MKe, HMEIOT HeOrpaHHYEHHbIe CBEpXY
SHeprerHyeckHe crekTpbl. OrpaHHYeHHble SHEPreTHYECKHEe CIeKTPhi
MOTYT, OAHAKO, HMeTb HEKOTOphle CTeNeHH CBOGOMNbI cHcTeMul. Hanpu-
Mep, NYCTb YaCTHLbI, 06pasyiollHe KPUCTANIHYECKYIO PEllIeTKy, HMEIoT
CIIMH § ¥ pellieTKa HaXOMHUTCSl B MATHHTHOM I10J1€ C HaNPSXKEHHOCThIO e .
ITpoekunss MOMeHTa MMIyJbca Ha HanpaBJeHHe MarHMTHOTO NOAs
MOXeT HMeTb (25 - 1) pas3HbIX 3HauyeHuit o —sh/2n o +sh/2m, ¥ Kax-
ZIOMy 3HAUeHHIO NPOEKUHH MOMEHTa HMIyJbCa COOTBETCTBYeT CBOE
3HaYeHHe SHEPrHH MarHHTHOTO AHMIOJS B MarHMTHOM moje—me” , rie
W = WpS/S — MarHHTHBIA MOMEHT YacTHIbl. Takum o6pasoM, CIeKTp
CIIMHOBBIX CTeneHel CBOGO/IbI OTPaHHYeH CHH3Y M cBepXy. MHHHMasbHOR
3HaYeHHe 3HePTHH COOTBETCTBYET MAarHHTHOMY MOMEHTY, OPHEHTHpO-
BaHHOMY BJIOJIb TIOJISl, MAKCHMAJIbHOE — TPOTHB NOJS.

Mbl MOXKeM NMO3TOMY BBECTH NpeACTaBJeHHe 06 OTPHUATENbHBIX TeM-
neparypax. B npocreiimem ciyuae s = !/, temneparype, pasHoii 0° K,
COOTBETCTBYET YMOPSIIOYEHHOE PaCIONOMEeHHe MArHHTHBIX MOMEHTOB,
napaJJiesbHOe OO (MAarHHTHOE CIHHOBOE YMC/O JUIsi BCEX HOHOB
paBHO mg; = '/,), MNONOKHTENbHHIM T — YaCTHYHO YMOPSILOYEHHOEe
(y Gosbluel YacTH HOHOB ms = */,); TeMnepatype, paBHOI ==co, COOT-
BETCTBYeT HEYNMOPSAOYEHHOE COCTOSIHHE (YHCJIO HOHOB C M = Y/,
H ms; = —'/, OIUHAKOBO).

OrpHuaTe/bHBIM TeMNepaTypaM COOTBETCTBYET YaCTHYHO YHOPSIIO-
YEHHOE COCTOSIHHE C IIPEHMYILIECTBEHHBIM HaNpaB/eHHEM MOMEHTa
NpOTHB NGAs (y GoJblueli YacTH HOHOB s = —'/,) W, HAaKOHeI, TeMIe-
parype —0° K cOOTBeTCTBYeT NOJHOCTBIO YNOPSIIOYEHHOE COCTOSTHHE
C MarHMTHBIMH MOMEHTaMH YacTHIl, HanpaBJIeHHbHIMH HaBCTPeuy MOJIO
(y BCex HOHOB my = —1/,).

TIpaKkTHYeCKH COCTOSIHHS C OTPHUATEJbHBLIMU TEMIIEPaTypaMH MOTYT
GbITh OCYLIECTBJIEHbl C NOMOLIBIO GHICTPOrO H3MEHEHHs HanpaBJIeHHs
MarHHTHOTO T0JI Ha NPOTHBONOJOMHOE — NpPEABapHTe]bHO OPHEHTH-
POBAHHBIE STHM I10JIeM MarHHTHBIE MOMEHThI COXPAHSIOT B TeYeHHEe HEKO-
TOPOro BpeMeHH NPEXHIOI0 OpPHEHTALHIO,
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Curienyer Takake OTAATh ce6e sICHBIi OTYET B TOM, YTO ISl BCEX PeajibHO
CYIIECTBYIOIIHX CHCTEM COCTOSIHHSI C OTPHIATEJbHBIMH TeMIeparypamu
He SIBJASIIOTCS, CTPOTO TOBOPS, PABHOBECHBIMH, @ JIHIUb MeTacTabHJib-
HbIMH. B camoM jiele, COCTOSIHHE CHCTEMbl CIIMHOB C MAarHHTHBIMH MO-
MEHTaMH, OPHEeHTHPOBAHHLIMM NPOTHB MOJsI, HeycToiyuBo (o6aanaer
H30BITKOM 3HEPTHH), M 3a XapaKTepHOe BpeMs Iepelaud >SHeprHH
OT CIHHOBBIX CTemeHeil CBOGOAbI K BpalllaTeJbHBIM M KoJebaTelbHbIM
CTeneHsM CBOGOJE! OHO Pa3pyIIMTCS H IepefileT B COCTOSIHHE C IPeHMy-
ECTBEHHOM OpPHEHTAlHel CIIHHOB T10 M0JI0 — B TEPMHHAX TeMIepaTypbl
3TO 3HAYHT, YTO CHCTeMa C OTPHUATEJbHOH TeMnepaTypoi OCTbIHET
U TepeiiieT B COCTOSIHHE C TOJNIOXKHTENbHOH TemmepaTypoli, nepenas
H36BITOK 9HEPTHH APYTHM CTEeNeHSIM CBOGOMHL.

Bcnenctsue sToro, Boo6lue, roBOPHTE 06 OTPHLLATENBHOH «CITHHOBOMH»
TeMIepatype MOXKHO TOJbKO B HEKOTOPOM yCJIOBHOM CMbIC/Ie B Caydae,
KOT/la BPeMsl yCTaHOBJIEHHS IOJHOTO TePMOJAHHAMHYECKOTO PaBHOBECHS
(BpeMst mepepacnpe/ie/IeHHs] SHEPTHH MeKy BCEMH CTeNeHAMH CBOGObI)
cylecTBeHHO GoJbllle, YeM BPeMsl CIHH-CIIHHOBOH pesakcaluu (Bpems
yCTAaHOBJIEHHS] TePMOJAHMHAMHYECKOTO DPABHOBECHS M/ OpHEeHTAlUH
CIHHOBEIX MOMEHTOB).

Eme Gosee yC/IOBHBIA CMBICH HMeeT NOHSITHE OTPHLIATEIbHOH Teme-
paTyphl B TEOPUH KBAHTOBLIX FeHepaTopOB M YCHJHTeNel 3JeKTpomar-
HUTHBIX BOJIH (cM. § 66). ITycTb B HeKOTOpO# hH3HYECKOl 3a/laue CyLecT-
BEHHYIO POJIb HTPAET TOMBKO OTPAaHHYEHHOE YHCJIO SHEPTeTHYECKHX yPOB-
Heil aToMa WJIH MOJIeKYJibl (OGBIYHO 1B MJIH TPH yPOBHS) H IO OTHOLIE-
HHIO K 3THM YPOBHSIM CO3/laHa MHBEpCHs 3ace/eHHOCTeH (4HC/I0 YacTHIL
Ha BepXHeM ypoBHe GoJblle, YeM Ha HHXHeM), NpHYeM 3Ta IepeHace-
JIEHHOCTb BEPXHHX YDOBHEH CTalHOHApHO IOAJEPXKHBAETCs IyTeM
«IOJIKaYKH» YacTHL Ha BepXHHH ypoBeHb. Torza B HeKOTOpoM BecbMa
YCJIOBHOM CMbIC/IE MOXKHO FOBOPHTb 06 «OTpHUATeJBHOH TeMmepaType»
[0 OTHOUIEHHIO K 3THM ypoBHsIM. ClleflyeT MOAYepKHYTb, YTO, CTPOTO
roBOpsl, TIOHSTHE TEMIIEPATY bl €CTh IIOHATHE TEDMOAHHAMHKH PaBHOBEC-
HBIX IIPOLECCOB H OHO NMPHMEHHMO B PACCMOTPEHHBIX BhILIE MpoIeccax
€ TaKHMH Ke OTOBOPKaMH, KaK, HallpHMep, IPH PacCMOTPEHUH CTEePXKHs,
OJIMH KOHeIl KOTOPOTO NOJJiep:KHBaeTcss 6osiee rOpSYMM, 4eM APYTOfi.

§ 60*. BropuuHoe KBaHTOBaHHe

Kak 13BecTHO U3 KBAHTOBOH ME€XaHHKH, COCTOSIHHSI CHCTEMBI, COCTOSI-
el M3 TOXK/ECTBEHHBIX YaCTHI[, ONHCBLIBAIOTCS BOJHOBBIMH (ByHKIIH-
aMH P (G, Gay ..., Gy), OOJANAIOMMMH CBOHCTBOM CHMMETPHYHOCTH
(B cayyae cHCTeMbl GO30HOB) HJIH CBOHCTBOM aHTHCHMMETPHYHOCTH
(8 cayyae cucTeMbl hePMHOHOB) 1O OTHOIIEHHIO K IepecTaHOBKaM map
apryMeHToB ¢;, ¢ (¢; — MOJHBIA HaGOp apryMeHTOB, XapaKTepH3ylo-
IUX YacTHILy, HampHMep, B KOOPAWHATHOM IIPENCTaBJIEHHH, 3TO — CO-
BOKYNHOCTb TIPOCTPAHCTBEHHBIX KOOPAWHAT (X;, Y 2;) W CIHMHOBOH
nepeMeHHON 0; JJ1A YacCTHIL CO CIIHHOM, B HMIyJIbCHOM NPe/JCTaB/IeHAH



§ 601 BTOPHYHOE KBAHTOBAHHE 275

BMECTO KOOPIAHMHAT (X;, i, Zi) Mbl MOXXeM BBIGPATh B KauecTBe apryMeH-
TOB BOJIHOBOH ()YHKUHMH NPOEKUHH UMnyJbcoB (i, M, ) H T. 4.).

B coywae cucTeMbl €/1a60 B3aHMOJEHCTBYIOMMX TOMJECTBEHHBIX
YaCTHI[ CYLIECTBYET ellle OJHO BaX{HOe NpeJCTaBjeHHe — NpeJcTaBJie-
HHE YHCeJl 3aNOJIHEHHsl HJIH npedcrmasaenue 8MOPULHO20 KEAHIMOBAHUL.
Jlns c1aGo B3aHMOZENHCTBYIOMHMX CHCTEM MOXKHO IPHOJIHXKEHHO BBECTH
OJIHOYACTHYHblE BOJIHOBbE GYHKUHH @ (g;). DTH QYHKIHH ONHCHIBAIOT
COCTOSTHHSI OT/Ie/IbHOM YacCTHIIB B OTCYTCTBHE BCEX OCTaJbHbIX. Y 106HO
CYHTaTh (XOTS 3TO H He ABASETCS HEOGXOAMMBIM), YTO GYHKIHH @y (¢:)
ABJISAIOTCS COGCTBEHHBIMH (DYHKUHSMH HEKOTOPOTO 3PMHTOBOIO OJHO-
YaCTHYHOro omepartopa L (omepaTopa SHepPrHH YaCTHIBI, HMIyJbca
YaCTHIIE!, MOMEHTA HMIyJIbCA YACTHIEI H T. A.). DTO 3HAUHT, YTO PYHK-
LUHH @ (§) YHOBJETBOPSIOT ypPaBHEHHIO

Low (9) = Luo (0)- (60.1)
Tlpu sToM cHCTeMy GYHKUMH @ (g;) MOXHO BCerJa CYMTaThb OPTOHOP-
MHPOBaHHOH

§ot (9) 91 (q) dg = 8. (60.2)

CHMMETpPHYHBIE HIH aHTHCHMMETPHYHbIE (DYHKIUHH ISt CHCTEMBI MOTYT
GbiTh TOTJi@ CKOHCTPYHPOBAHbI H3 @ (g) COrIacHO caepylomuM ¢op-

MyJiaM:
Py = ; Ot (91) O, (G2) -+ @ry (g), (60.3)

Vo= ; 8p@r, (q1) @, (92) -+ - @iy (gn) =

P (q1) Or, (92 oo Pr,(qy)
= e, (q1) Pk, (G2) .- <Pk.(17). (60.4)

Pey () Panv (G2 «o0 Pry(qy)

CyMMHpOBaHHe BeJeTcsi IO BCeM IepecTaHOBKaM P HHAEKCOB kj,
Ry, ..., ky, @ 8p paBHsieTcst -1 1711 NepecTaHOBOK, COCTOSIIMX U3 YeT-
HOTO YHCJIa TIAPHBIX NEPecTAaHOBOK (TpaHCcnosuuuil) u —1 pis mepe-
CTaHOBOK, COCTOSIMMX M3 HEYETHOI'O YMC/a TPAHCIO3HMLHH.

B cuay HepasIMYHMOCTH 4YacTHIL — CHMMETPHH HJIH aHTHCHMMET-
pun pynxuuit (60.3), (60.4), atH dyHKuMH GyAYT OAHO3HAUYHO Orpe-
JieneHbl, ecaH GyfeT YKas3aHO, CKOJBKO HMHAEKCOB OJHOYACTHYHBIX
(YHKUMHA paBHbI 1, CKOILKO PaBHO 2 H T. J. DTO 3HAYHT, YTO Mbl MOXKEM
NepelTH K MpeACTaB/IeHNIo, B KOTOPOM apryMeHTaMH BOJIHOBOH (pyHK-
uux GyAyT 4YMCJA 3aNOMHEHHS My, Ny, ..., YKa3blBalOHe, CKOJIbKO
YacTHL[ HAXOAMTCS B COCTOSIHHH 1, CKOJIBKO — B COCTOSIHHH 2 M T. I
CriefyeT NMOMHHTB, YTO MOC/IEAHee BbICKA3bIBAHHE MMEeT CMBIC/ TOJBKO
B NPEANOJIOKEHHH CJaG0CTH B3aHMMOJEHCTBHS, TaK Kak B CHCTeMe
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CH/IbHO B3aHMOJEHCTBYIOUIMX YaCTHL, BOOGIIE, He/b3si TOBOPHTH O
COCTOSTHHSAIX OTAE/NbHBIX YACTHIIL.

B 3ToM npejcTaBleHHH BOJIHOBBIE (YHKIHMH 3alHCHIBAIOTCSI B BHAE
X (1, ng, ...). TIpn 3ToM yucsIa n; A CHCTEMBI 6030HOB MOT'YT MPHHH~
MaTb JI06ble LleJIOUHCIIeHHble 3Hauenus n; = 0, 1, 2, ..., a sl CHCTEMB
(epMHOHOB TOJIBKO 3HaueHust n; = 0, 1

HafineM BuA BaxkHeHLIMX ONEpPaTOPOB B NPEACTABJEHHH BTOPHY-
HOTO KBaHTOBAHHS.

Baesem onepatop yncaa wacTH N, COGCTBEHHBIE YHC/IA KOTOPOrO
COBMNAJAIOT C YHCJOM YacTHIL B CHCTeMe. PasyMHO Takie BBeCTH ofle-
paTop f (#) MIOTHOCTH YHC/IA YacTHI B Touke #. Onepatopst N u p (7)
CBSI3aHBl OYEBHJHBIM COOTHOILEHHEM:

={p(r . (60.5)

B 06bluHOM KBaHTOBO! MeXaHHKe IJIOTHOCTb BEPOSITHOCTH HaXOXKIEHHS
YaCTHIB! p (7) BBIPaXKaeTcsi yepes BOJHOBYIO QYHKIHMIO YacTHIB! (op-
MyJoit p (7) = | ¢ (#) [> = $* (#) ¢ (#). EcrecTBenHO mostoMy BBeCTH
oInepaTOPHYIO BOJHOBYIO ¢ym<umofp (7) TaK, 4TOGH! BBIIOJIHSIOCH COOT-
HOILIeHHE

p(r) =% Mo (), (60.6)

. N

rie P* () — omepatop, 5PMHTOBO CONPSIKEHHBbIH omepatopy ¥ (7).
p

BBenennast TakuM 06pasoM BeJIHUMHA 1 (#) HasblBaeTcsl BTOPHUHO

KBaHTOBaHHOH BOJIHOBOH ¢yHkuuefi. OtMeruM, uto N M p () Kak
ornepaTopsl (U3HUECKHX BEJIHMYHMH SIBJSIOTCS SPMHTOBBIMH, TOIJa Kak
A

orepaTopHasi BOJIHOBasi QYHKIHS P (#) He SIBASIeTCS SPMHTOBEIM OIle-

paropoM. PaaJyioxxuM onepatop ¢ () B psii 1O OPTOHOPMHPOBaHHOH
CHCTEME OfJHOYACTHYHBIX BOJIHOBBIX (pYHKIHi

¢m=§m%w ®m=§m%m. (60.7)

Kosdduiuentsr de, df cyThb HeKOTOpEHE OIepaToOpbl (IpMHTOBO CONps-
JKEHHble APYT C JPYrOM) C MOKa elle He ONpefieleHHbIMH CBOHCTBaMH.
Hs (60.7) u (60.2) crenyer, uTo omepatop uMcsa yacTHi N HMeeT

BHJ
N =Y a1, § of (F) @ () d*r = 3 . (60.8)
ik k

N S

Us Bupa dopmyast (60.8) sICHO, 4TO OMePaTOphl f; = Qf G HMEIT
CMBIC/I OTIEPAaTOpOB YHCIA HACTHIl B k-M coctostHuH. CoOTHOLIEHHE
af @y = N, HECKOJNBKO HANIOMHHAeT CHTYalHiO B KBAaHTOBOH Mexa-
HHKe, [Jie KBaJpaTel MOAyJell pasJoXeHHs HeKOTOpoH BOJHOBOM
GYHKUUH P () 1O IPOH3BOJILHOMY OPTOHOPMHPOBaHHOMY GasuCy ()
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NPEACTaBASIOT COGOH BEPOSTHOCTH HAXOXKAEHHSI CHCTeMbl B COCTOSI-
HHSIX @y (7). [TpOH3BOMIbHYIO BOJIHOBYIO GYHKIIHIO CHCTEME ¥, (1, My, -..),
3aBHCHILYI0O OT YHCEJ 3alOJIHeHHs, MBI GyJeM CTPOMTb Kak CYyIepIio-
3HIIHIO NIPOH3BENEHHH COBCTBEHHbIX ¢dyHKImi onepaTopos

v () = Rty (), (60.9)
Al ny )= 31 (i, iy )%, (1)1, (1) .. (60.10)

CoGcTBeHHbIE 3HAUEHHS ONepaTopa f;, CYILECTBEHHO 3aBUCAT OT CBOHCTB
YaCTHIl PaCCMaTPHBAEMOH HaMH CHCTEMBI. Kak MBI y:ke TOBOPHJIH, €CIH
9TH YaCTHIBI SIBJISIOTCS GO30HAMH, TO Mbl JOJIKHEI CTPOHTb ONEPaTophl

), TAaKHM 06pPa3oM, uTOGEI UHC/IA Nj MOLIH npHHEMAaTh 3HaveHus 0,
1, 2, ... Jna cHcTeMbl epPMHOHOB i JOJKHBI IPHHUMATh JIHLIb ABA
3Hauenus: 0 qu6o 1. OkasbiBaeTcsi, Kak Mbl B JaJIbHEHIIEM TOKaxeM,
JJIsi BBIMOJIHEHHMS! 3THX TpeGoBaHHH JOCTATOYHO HAJOXHTb Ha omepa-
TOPBI CJIeAyIOUIHe COOTHOLIEHHSI NepecTaHOBOK:

. Cucmema 6ose-wacmuy,.

Qi —Gpd; =0, drdf—dpdf =0, didf—akd;=0;. (60.11)
2. Cucmema epmu-vacmuy,.
Qi +a,di=0, dafdi+aiaf =0, adh+didi=08,.  (60.12)

PaccMOTpHM 3TH CJllyyaH OTAEJBHO.
1. Bose-cucmembt.
T1yctb yn;, (ne), Nk — COOTBETCTBEHHO COGCTBeHHAs (YHKIHS H COB-

CTBEHHOE 3HAueHHe omepaTopa n, = af a,. MMeenm
iy, (8) = RBY,,. (M) = nicx,,; ().

[eitctBys Ha 06e 4acTH STOTO PaBEHCTBA ONEPAaTOPOM dj H HCMOJb3Ys
COOTHOILIEHHE NIePeCTaHOBOK, NOJYyuaeM

Ardlayy,,, () = (@kde+ 1) Bk, () = Mie, e (M),
W )
1t @ik, (M) = (e — 1) G, (). (60.13)

Urak, Ml noKasanu semmy 1: eCIM ni U X, () SIBJSIOTCS COGCTBEH-
HbIM 3HaUEHHeM H cobCTBeHHOH GyHKIHeli onepaTopa 1y, TO QpXnjy (Mr) —

TaKxKe SB/SETCS COGCTBEHHOI (yHKIMeil onepatopa n,, NpPHHALIENKA-

el co6CTBEHHOMY 3HaYeHHIO (f;—1). DTO N03BOJSAET HA3LIBaTh Ofle-

patop d; «ONepaTOpPOM YHHUTOMXEHHS» YaCTHUBI B K-M COCTOSIHHH.
YmHoxas tenepb (60.9) Ha df, noayyum

GidiGax,, (ne) = nadix,,, ; (e
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HJIH
0 (@45 — 1) 1, (1) = ki, (),

U OKOHYaTeJIbHO
i (@t (1)) = (23 1) (@, (). (60.14)

Hrak, Mbl J0Kasanu aemmy 2: ecau nj v X (ny) sBASIOTCST COGCTBEH-
HBIM 3Ha4YeHHeM M COGCTBEHHOH (yHKUHeH omnepatopa i, TO d};x",; (ne)

TaKxe SIBJIsSeTCs COGCTBEHHOH (yHKIMell omepaTopa ny, NpHHajJekKa-
mefl cOGCTBEHHOMY 3HAaYeHHIO 1; + 1. DTO 1O3BOJIsIET HA3BaTh Onepa-
Top df «OIepaTopoM DOXKAEHHS» YACTHIBI B R-M COCTOSIHHH.

Mgl BHIUM, YTO €CJIH f; €CTb COGCTBEHHOE 3HAUEHHE OIepaTopa fy,
TO CYIIECTBYeT MOC/IEL0BATEJbHOCTb COOCTBEHHBIX 3HAYEHHH H C06-
CTBEHHBIX (PYHKUHH:

N, ne—1, e, ny—1,

Ang (1)s Galfy (a)y e (ﬁk)IXn,;(ﬂk)-

TTocKOJIBKY 7, He MOXKET HMeTb OTPHLATeNbHBIX COOCTBEHHBIX 3Haue-
HHH, 3Ta MOC/IeJ0BaTebHOCTh JOJKHA 06OpBAaThCS, T. €. JLOJKHO Cy-
LIeCTBOBAaTh MHHHMAJIbHOE COGCTBEHHOE 3HaueHHe ny’, Il KOTOPOro
HMeeT MeCTO ‘ikxn’k"’ (nx) =0. (Ecau 6Bl d,,,xnrka, (n) =0, To LOMKHO
6b1J10 GBI CYLIIECTBOBATH COGCTBEHHOE 3HaUeHHe 1’ — 1, 4TO HEBO3MOKHO.)

ITockosbKY d;dkx"g‘(nk)=0, Mbl 3aKJioyaeM, YTO MHHHMaJb-

HBIM COGCTBEHHBIM 3HayeHHeM oneparopa ;lk SIBJISIETCS HYJb rL}‘" =0
H YTO IOCJIEJOBATENBHOCTb COOCTBEHHBIX 3HAa4YeHHH onepaTopa 71, ecTb
N0C/IeI0BATeJILHOCTD Le/IbIX HEOTpHIaTeabHbix unucea 0, 1, 2, ..., npu-
HaJJieXalux  I[0C/ENOBATeJbHOCTH  QYHKUMH %o (14), %1 (nx) ~
~dk Yo (ne) M T. 1L

Huﬁnng\s NNArcTARTORME B KOTONON NIPOATO el . JHETNHA 16H. I

[0 TJIABHOH JMArOHAJH CTOSIT B BO3PACTAIOLIEM MOPsAKe COGCTBEHHbIE
3Hauenus n, =0, 1, 2, ...

000 .0 ...
010 ..0 ..
B=]0 02 0 (60.15)
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Jlerko BuIeTb, YTO OPTOHOPMHPOBAaHHBIMH COGCTBEHHLIMH (YHK-
LMSIMH 3TOTO OIepaTopa SIBJSIOTCS CTOJGLBL

0
0

Xy, (1) =| O , (60.16)
1(nk)
0

B KOTOPBIX €IUHHIA CTOUT B CTPOKE C HOMEPOM Nk, @ B OCTAJIbHBIX CTpO-
Kax CTOAT HYJH. Hmeer mMecto PaBeHCTBO

AWl () = MR, (). (60.17)

ConpsixkeHHYI0 QYHKIHMIO ONPeeJUM KaK CTPOKY
XZ;, ()=, 0, ..., 0, 1(nz), 0, ...), (60.18)
B KOTOPOH eJMHMI[A CTOMT B CTOJIGIE C HOMEPOM 7z, @ Ha OCTaJbHBIX
MecTax cTosT HyaH. OHa YIOBJETBOpSiET ypaBHEHHIO
%l () o = i, () - (60.19)
Takum o6pa3oM, Ha CTOJOLE! %y (ny) omepaTopbl BTOPHYHOIO KBAaHTO-
BaHHA JeHCTBYIOT C/leBa, a Ha CTPOKH XZ;? (nx) — cnpasa.

CkaJisipHOe NPOH3BEJieHHe CTPOKH Ha cToaGel] onpefe/sercs o6bly-
HbIM 32KOHOM yMHOXEHHsl, H Mbl HMeeM

Yomp, (1) Xz () =87 s (60.20)

OG6uiue coGeTBeHHble (DYHKIHH Anjrngp +- (ny, Ny, ...) BCEX ONEPaTOPOB

»nj
fy (k =1, 2, ..) sABIAIOTCS, OYEBMJHO, NpPOM3BEJECHHEM X,,,;(”n)i

Rog, iy o (P10 1) =TT Xy (1)- (60.21)
&
Haiinem B 5TOM NpeAcTaBiaeHHH BHA onepaTopoB dy M di. Mmeem
corjyiacHo Jemmam 1 u 2
Gty () =0 % e 4y (),
ﬁkX,,,’l (nz) = ﬁ,l,;x,,;,_, (1),

OTKyJla, HaXOJAs MAaTPUUHBIE 3JEMEHTh! JIEBbIX H MPaBbIX 'laCTei/'l, noJsay-
HaeM

i) » o=t O~ . i) v =B 8 . .

(ak)ngn/; = ankank. np+1? (ak)nk, ng ﬁnkank, np—1* (60'22)
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Jlnst Haxoxuenus a,, 5,.,; BOCIIOJIb3YEMCSI  SDMHTOBOH CONpSIXKEH-
HOCTBIO 4f H dp, YTO NMPHBOXUT K DPaBEHCTBY
%y =P
H COOTHOLIEHUEM 1, = d}d,, KOTopoe jaer
an);ﬁn;,+l =M1

C TOYHOCTBIO Ip HECYLIECTBEHHOTO ()a30BOrO MHOMKHTeJs ") yaxo-
JHM OTCIOXA

= sz " =Vni+1. (60.23)
H MaTpHupl d, H df MMeloT BHJ
0o Vi o o ...
Gy = 0 0 V2 0_ el (60.24)
0 0 0 V3...
0 0 0 ...
Yio o ..
=0 VZ 0 .| (60.25)
0 0 V3 ..

Jlerko BUIETb, UTO LeficTBHE OnepatopoB df M d, Ha GYHKIHIO Y (ny)
onpezensercst coryacko (60.24), (60.25) dopmynamu

dt)(,,,; () =V ni+-1 Knf+1 (m),s
iy (1) =V T, (14), (60.26)
Ao (nx) =0.

PaccMOTpHM cocTOsiHHE BaKyyMa, B KOTOPOM BCe YHC/Ia 3arofiHe-
HHSl PaBHBI HYJMO: Yo, oy goee+ (Mg, Mgyens)s
CocTosiHHe € JIIOOBIM HaGopOM YHCes f1; MOXKeT GbiThb MOJYYeHO H3
BaKyyMHOTO COCTOSIHHSI ieCTBHEM OnepaTopoB dj Ha COCTOSIHHE g, o, o, ...+
JleficTBUTENBHO,
Knfy ng, ngy e = (@9)m(@3)=(d3)" « + - Xo,0,0, ...

C npyro#t CTOPOHEI, COCTOSIHHE € JIIOGHIM HaGopoM GHCEN 11 MOXKeT
GLITh CBEACHO K BAKYYMHOMY COCTOSIHHMIO J€HCTBHEM ONeEPaTOpOB dg:

(@)™ (@)™ (dg)™ o X, gy = K0,0,0, 0
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2. Depmu-cucmenmot.

Onepatopsl dy, @f AN (epMH-CHCTEMbl NOAYMHSIOTCS YCIOBHSAM
TIEPECTAaHOBOK, KOTOpPbie OTJIHYAIOTCSI OT YCJIOBHH MEpecTaHOBOK AJIs
6030HHBIX onepaTopoB. OTCIONa BhITEKAET CYLIECTBEHHOE OT/IHYHE B AeH-
CTBHM (DePMHUOHHBIX ONEPaTopoB Ha QYHKLHH Y, (1, Ny,...).

BBezieM U B ciyyae (epMU-CHCTEM IJIsi ONIEpaTopa 7, COGCTBEHHbIE
Gynxuwmn X, (n). Tlo ompenenienuio omepatopa i, HMeeM

By, () = i,y (1) = i,y (). (60.27)

YMHOXKasi 3TO PaBeHCTBO CjieBa Ha df, MOJYYHM, B CHJY YCJIOBHH
nepectaHoBoK (60.11), B J1eBOi 4acTH paBeHCTBA TOMKIECTBEHHBIH HYMb
(mockosbKy (df)?

nidi,; (ng) =O.

Orciofia cJlenyeT, uTo NpH Bcex n; = 0 BbINOJHSETCS d;x";’ (ng) =

=0 ¥, B uyacTHocTH, df ¥; (n,) = 0. Ilpu np =0 mnomyyaem H3
(60.27), ucmoapsyst coorHowenus (60.12),

Gl (8kyo () = dlxo (ma).
TakuM 06pasoM, ai ¥, (fx) ecThb (C TOYHOCTHIO KO HEKOTOPOTO YHCJIO-
BOTO MHOXHTeJS) ¥y ().

JHekicTByst Ha o6e yacTu paBeHcTBa (60.27) omepaTopoM d, H HCIOJb-
sysa (60.12), umeem

dkdzd,,x”;l (ne) =dkxn; () = n;;tikxn; (ne),
OTKYJa 3aKJioyaeM, 4To den; (ny) = 0 npu Bcex n 5= 1 H, B 4acTHO-

cTH, dpYo (nx) = 0. Hanee BunumM, uto dy)y (1) €cTb (C TOYHOCTHIO AC
YHCJIOBOTO MHOXKHTeNsT) X, (1), TaK Kak
1idi¥y (ns) = 8k (@n)*3a (1) = 0.

Ecsiu Terepb NpPeANoNONKHTb, YTO CYLIECTBYET COCTOSIHHE Yo (1),
B KOTOPOM YacTHI HeT, TO, OYeBHIHO, AeHCTBYS Ha 3TO COCTOSIHHE Ome-
patopaMu d, M 4}, Mbl IIOJy4HM COOTBETCTBEHHO TOXJ€CTBEHHbIH HYJb
(@xXo (nx) = 0) M cocTosiuue ¢ ofHOH uacTHued ¥, (n,). elicTBys Te-
nepb Ha COCTOSIHHE Yy (11,) STHMH 2Ke ONepaTopaMH, Mbl CMOXKEM IOJY-
YHTb TOJIBKO COCTOSIHHE g (f;) HJIM TOXKJIeCTBeHHbIH Hysb. Takum 06-
pas3oM, Mbl yGeAMJIHCb, YTO IPHHSTblE COOTHOLUEHHS! IepecTaHOBOK
(60.11) nast ¢epMHOHHBIX OIEpPaTOPOB O06GECNEYHBAIOT HaM BbINOJIHE-
HHe OCHOBHOro TpeGoBaHHs cTaTHCTHKH PepmH, yTobbl yHc/Ia 3amoJ-
HEeHHsl NPHHHMaJH TOJbKO 3HayenHs 0 wau 1.

IlonoGHO ToMy, Kak 3T0 HMeJO MecTo JJsi Gose-cHCTeM, so6oe co-
CTOSHHE CHCTEMBI X, ny,... MOXKHO NOJIYYHTb H3 BaKyyMHOTO COCTOS-
HHS Yo, gy o--» ACHCTBHEM onepartopoB df. Hanpumep,

otk
%1,0,0,1,0,0,... = @144%0,0,0, ... *
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[Tostomy G} Ha3bBAIOTCS «ONepaTopaMu pOXKACHHS». AHAJIOTHYUHO M3
JII0GOr0 COCTOSIHHS Xny,ny,... MOXKHO NOJYUHTh BAaKYYMHOE COCTOSHHe

LeHCTBUeM «ONepaTopoB YHHUTOXKeHHs» d,. Hanpumep,
G48584%1,1,0,1,0,... = X0,0,0,...

JIns HaXOMKJeHHst SIBHOTO BHAA ONEpaTopoB dg, df, i) paccMOTpuM
CHayaja OJHO COCTOSHHE C HOMEpPOM k, MTHODHpYs BCe ocTanbiIe.
OnepaTopr PoM/IEHHS M YHHUTOXKEHHS UACTHIbI B 5TOM COCTOSIHHH Gif
H G AOJIXKHBI YIOBJETBOPSTH COOTHOLIEHHSM

afon+ouaf=1, at=0, (a)?=0
OnepaTop uMc/la YacTHL B k-M COCTOSIHHHM paBeH &i&, ¥ B COGCTBEH-
HOM TIPEJCTAaBJIEHHH OH SIBJSIETCS AHATOHAJBHLIM
N 00
”":10 1
CoGcrenHbIME QYHKUMAMH A, ABASIOTCS cTOAGUbl () M (D), omu-
ChIBAIOIHE COCTOSIHUSI G€3 YaCTHI{ H C OAHON yacTHuel B k-M cocTosi-

HHH COOTBETCTBEHHO (H CTPOKH (1, 0), (0, 1)). dns onepatopoB poxne-
HHSl H YHHYTOXEHHsI G} M &, HMeeM ypaBHEHHs

)l aton
anlg)=0. all)=elo)

rje p 1 ¢ — NPOU3BOJIbHbIE MHOXKHTEJH. Pemas 3Ty CHCTeMY, HailizeM

00 01 1 60.29
10 0 o P=9=L (60.29)
(Mbl npeHeGper/iy, Tak e KaK M NPH paccCMOTpPeHHH GO30HOB, Hecy-
[IeCTBEHHbLIMH (Pa30BBIMH MHOMKHTEJISIMH. )

Tlepexosisi K PacCMOTPEHHIO Bcell COBOKYIHOCTH COCTOSIHHH C pas-
HBIMH R, Mbl JOJKHBI BBECTH OMepatophbl df M d,, YAOBAETBOPSIOLIHE

COOTHOLIEHHSM
afdp+adi =0 (mpu j=+#k),
GGy + 4,4; = O (60.29a)
aidi +axdf =0,
KOTOPHIM ONepaTophl 4f, &y He YAOBJIETBOPSIOT (B MPOTHBOMOJIONKHOCTD
cJIyyalo CHCTeMbl G030HOB, TAe omepaTopsl @k, dj, OTHOCSUIMECS K pas-
HBIM COCTOSIHHSIM, aBTOMAaTHYECKH YJOBJETBOPSIIH HYXHBIM COOTHOLLE-
HHUSIM KOMMYTAIlHH, TaK KaK OHH JeHCTBOBA/IN HA pasHble [IepEMEHHbIE).
Y6enumcs, 4To onepaTopel

= (—1)"" 0y, Gf=(—1)"af, (60.30)

. (60.28)

N A
y Op=

A =
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/i€ Vi — YHCJIO 3aHATHIX COCTOSIHHH, «MPeIUIeCTBYIOMHUXy k-My (4HCIO
3aHSTBIX COCTOSIHMH C HOMepaMmH i << k—1), yIOBJIETBOPSIIOT COOTHO-
wennam (60.29a). [eficTButesbHO, HMeeM, HampHMep (npH i > k),

Vi . . ) npu nj=1,
d;dixn;, s e My e ={gk( 1) FXng ey e =1, “ mpw i =0,

(_l)vﬁv"xn;, oyl ey, . TPH =0, ni=1,

0 BO BCEX OCTaJIbHBIX CJIyyasx.
Jlnsi NpOTHBOMNOJIOKHOM IMOC/IEA0BATENbHOCTH (f M d;, HMeeM
d;diXui, e M e My T
{(— DY 8%, oo w1, o g ... TPH 1 =0,
0 npu n,=1,

=Dt i L P =0, ni=1,

0 BO BCEX OCTAaJbHBIX CAyYasix
(TaK KakK B pe3yJbTaTe JeficTBHs onepartopa dj YHCJIO 3aHSTHIX COCTOSI-
HHUH, «IpelIIeCTBYIOIHX» COCTOSHUIO i, Bo3pocjo Ha 1). Creposa-

TesbHO,
(aka; + a:a%) %, =0.

Takum o6pa3oM, B CJyyae CHCTeMbI (PeDPMHOHOB ONEpaTophl dy,

Gf u 4;, 4/ He SABJISIOTCS He3aBHCHMBIMH, KaXXIBIH M3 3THX omepaTo-

POB 3aBHCHT OT YETHOCTH YHC/A 3aHATHIX COCTOSIHHI, NpeALIeCTBYIO-

mux k. Herpynuo BHAeTb, uTo JeficTBHe omepaTopoB d, M dj Ha QYHK-
1Hio - (ny) onpenensierca cornmacho (60.29) u (60.30) dopmynsamu

Oty (1) =(— V"V Mo (1) mp mi=1,

Xy, (1) =0 npu n, =0,

v i ) (60.31)
@ty () = (— 1)'* V1 — 1 Yz 4 () TpU =0,
ﬁ/tx,l; (ng)=0 npu np=1.

3Hasi u3nuecKu# cMbica Gose- M ¢epMH-onepaTopoB df, 4y, MbI
yGeKAaeMCsi, YTO B CHIY (GOPMYJ

G 2; g (M, ¥ ()= ;&zw )
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onepartopbl P (#) 1 P*(#) HMEIOT CMBICA ONEPATOPOB YHHUTOKEHHS H

OnepaTopoB POXKAEHHS YacTHIL B 3anamioﬁ TOYKEe NPOCTPAHCTBA.
PaccMoTpHM omepaTop Kako#-1HGO (HU3UueCKOH BeJHYHMHB ¥,

npuyem GyfeM npeanosarath, YTO 9Ta BeMHYHHA SIBJISIETCS aJUIUTHBHOM:

=34 (60.32)
1

(cymMHpOBaHHe BeieTCs MO BCEM YacTHUAM cHcTeMbl). CuHTaeTcsi, 4To
Bce ornepatopsl A, OAHHAKOBbI, HO AEHCTBYIOT Ha KOODIAHHATHbE BOJI-
HOBble QYHKIHH DasHBIX YacTHL. BeJHYMHAMH TaKOro THNA SIBJISIOTCS
HMIYJIbC, MOMEHT, KHHETHuecKasl SHEpIHsi, 3apsii M T. A.

TloxaxeM, uto onepatop U B IPeICTaBJIEHHH YHCEN 3aNOJHEHHS MO~
KeT GbiTh 3aNIHCaH C MIOMOL[bIO BTOPHYHO KBaHTOBAHHOH BOJHOBOH (DyHK-

nuH P (7) caeAyoWuM 06pasoM:
A=T9" (1) Ay (1) @°r. (60.33)

Jlnsi noKasaTe/qbCTBA BHIpasMM onepatop ¥ uepe3 omepartopbl YHcen
YacTHL fi; B COCTOSIHHSIX, COOTBETCTBYIOLLHX ONpE/e/eHHLIM 3HAUeHHIM
A Bennuunsl A. OueBupHoO,

U= Ans. (60.34)

C Apyrofi CTOPOHBI, Pa3/IOKHM ONeEPaTOpHYIO BOJIHOBYIO dyHKuHIO \f) ()
no co6CTBeHHEIM QYHKUHAM Qs (r) omepatopa A:

P =X4:0: (1), Aos (= As: (7).

Toxcrapasis 3T0 pasioxeHHe B npaBylo yacTh (60.33) u moabsysch
OPTOHOPMHPOBAHHOCTBIO CHCTEMbl Qg (#), TPHXOAHM K Ppe3yabTary:

U= aia,A, § oF (1) 0s (1) dr = 3] Ass.

®opmyaa (60.34) Belpaxkaer onepatop U B NpeICTaBJIEHHH YHCes 3a-
TIOJIHEHHS COCTOSIHHE C pasHbIMH 3HaueHHsMH A, TOTAa Kak dopmysa
(60.32) BbIpaxkaeT TOT ke ONepPaTop B «KOOPAHHATHOMY» IPEACTaBIEHHH.
Pasymeercsi, MOXKHO BhIpasuThb onepatop ¥ B J1I06OM APYroM mpencra-
paenuu. Ilyctb B — omepatop Ji0G0H OJHOYAaCTHYHOH (pH3HuecKoft
BEJIHUHHBI, @ (#) — ero coGcTBeHHble QYHKUMM, df, ds — omepaTopHl
POXKAEHHsT M YHHYTOXEHHsl, OTHOCSLLMeCs K COCTOsHHIO @ (r). Ilpen-
CTaB/isifl ONEPATOPHYIO BOJHOBYIO (YHKIUHIO B BHIE CYNEpNOSHIHH

Y (r)= Zﬂs% () ¥ no/b3ysick OPTOHOPMHPOBAHHOCTBIO Qs (r), MOJY=

YUM H3 (60.33) .
= YAy atay, (60.35)

a,m
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rie Ag= Scpt (") Ay () d*r — MaTpHuHLIe 5aeMeHTH omepatopa A
B B-mpejcrasiieHHH.

Oco6biit HHTepec NMpeACTaBJ/IseT NPEeICTABJICHHE YHCeJ 3arOJHEHHS,
CBfI3aHHOe C MMMyJbcoM. Tak Kak B CTaTHCTHYeCKO!H (H3HKe Cyiie-
CTBEHHYIO POJIb HrpaeT oGbeM rasa, Mel GyZieM paccMaTpHBaTb YaCTHILbI,
IBHXKYILIHeCS He MHGHHHTHO, a 3aK/IOYEHHBIe B KYOHYECKOM SIUKe
¢ obbemom V = L2,

VYenosumes B §§ 60—62 moabsoBathest He moctosinHo# Ilnanka h,
a CBS3aHHOH ¢ HeH KoHcTaHTOH % = h/2n. Bynem, nanee, B 3THX ma-
parpadax JJsi KPaTKOCTH BOJHOBOH BEKTOp YacTHUbl B = p/h Hasbl-
BaTh CHMIYJbCOM», a NOCTOSHHYI0 BosblMaHa (Bo M3GexxaHue myTa-
HHIbI B 0003HAaYeHMAX) o6o3HayaThb %. IIpu aToM QyHKUMH ePr/h =
= e/*" , SBJISIOIIMECS B CyYae HHQUHHTHOrO JBHKEHHS] COGCTBEHHBIMH
(YHKUMAMH oniepaTopa HMNyabca —iky, ANs (DHHHTHOTO ABHXKEHHs
He GYNyT TAaKOBBIMH, TaK KaK OHH He OGDAlLalOTCsl B HYJb HAa CTEHKAaX
simpKa. QU3HYECKH 3TO 3HAYMT, YTO JJIs YACTHIBI B SIHKE HMITYJIBC
He HMeeT OIpeJie/IeHHOTro 3HaueHHs (IpH 3afianHol sHepriu E uMmyJibe
MOXXET C PaBHBIMH BEPOSITHOCTSIMH NPHHMMaTh 3Hauenus -1/ 2mE/h).
Mzl TeM He MeHee GyneM pasnaraTh Bce QYHKUHH KOODIAMHAT IO (YHK-
HHAM

o) =# elbr (60.36)

(1/V */»— nopMHpOBOYHBIH MHOXKHTeJb). Hanoxum Ha @, (#) nepwo-
JIMYeCKHe TpaHHYHble YCJIOBHS: Ha NPOTSDKEHHH pebpa Kyba NO/IKHO
YKJIaAbIBaThCA LleJioe YHc/o BosH Ae Bpoitns, T. e. pns moGo#i npoek-
UM HMIYJbCAa JOJKHO BBINONHATHCA YCJAOBHE k; = 2mn;/L, rne
n; =1, 2, ... Jlerko y6enuThbCsl, YTO 3TH YCJIOBHS ONPENEJISIOT KBAHTO-
BaHHble 3HAYEHHsI SHEPTHH YacTHIM B siuke (cM. § 41). Ycaosue op-
TOTOHAJIbHOCTH ABYX (YHKUMH @ (#) H Qp(r) MOXKeT GbiTb 3amHCaHO
B BHIE

S @ () ow (7) dr = S GW—Rr iy =8, p  (60.37)

rae 84, — aHajOr M3BecTHOro cuMBosja KpoHekepa B anreGpe

N 1 npu k=F,
#. 210 npu kK.

Iycts onepatop A ectn onepaTtop BHeruxero nosis U (). O6o3HauuM
uepes d+ (k), d (k) onepaTopsl POXKIEHHS H YHHUTOMEHHS YACTHI[ C HM-
nysascoM k. Torna u3 (60.35) HaXonMM B NpeACTaBIEHHH YHCEJ 3aIoJ-
HeHHst

(60.38)

2= 3 u (k—k)a" (K)a (k) (60.39)
I3

raeu (@)= S % (r) e'ar d®r — pypbe-KoMIOHeHTa mnoteHuuana U (7).
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BTOpHUHO KBaHTOBaHHHI ONEPaTop KHHETHuecKoH sHeprun K =
=X pi/2m ¥MeeT B paccMaTpPHBAEMOM MpeACTAaBJEHHH BHJ
7

A fi2k2 A

A ﬁ?k% a
=Y "5 0 (k) a (k) =
k &

o 1 (k). (60.40)

AnanorsyHbiM  06pasoM MOXKHO DAcCMOTPETb  «ABYXUACTHUHBI»
onepatop B:

2 1
B=3 By (60.41)
iF]

(cymmupoBaHHe i, j mo yacTHuaM cucTeMbl). Tak e, KaK U B pPaccMoT-
PEHHOM Bbillle cjiyyae, MpeAroJaraeTcs, 4To Bce Oneparopsl B;; oxu-

HaKOBBI H DaBHbI B, HO JeACTBYIOT HAa KOOPAMHATHbIE BOJHOBblE (DYHK-
IMH Pa3HBIX yacTul. HanGosee BaxKHBIM NPHMEPOM ONEpPaToOpa TAKOTO
THNA SIBJIAETCS OJIHAS SHEPTHSI B3aUMOJEHCTBHS Hin CHCTEMb! YacTHIL
¢ mapHeIM B3aMMofefictBieM. Ecsin napHoe B3aHMOIEHCTBHE OIHCHI-
Baercsi norenuuanom W (ri;), To Hint MMeeT BHZ

1
2

i,

A= W (ry)- (60.42)
i

He TIOBTOPSASI CXOJAHBIX BBIKJIQAOK, BBIHILIEM BBIpaXKeHHE IJIs1 ﬁint
yepe3 P (r):

Hing=5 39" () B (7) W (71 b () ¥ (1) dPry ¥y, (60.43)

MM B NPENCTaBJIEHUH YHCeJl 3aNOJIHEHHsS COCTOSIHMHA C HUMMyJbcoM R

H = g5 0 (ky, ks, ki, B (k)" (k)a () a(ky),  (60.44)
e e

W (ky, ko, B, B5) = (\W (ryp) € CraH5re=Riri= k) sy gor,, (60.45)
I'Iepexolm K HOBbIM IepEMEHHBIM HHTErpHPOBAHHSA

R= #1 r=ry—r, "1=R"%, I‘2=R+%,
TIOJTyYHM
w (ky, by, By, K = SW (r) e (e R TR =R)2) g3, S o (k=R —k)R) jopp.
HUcnonb3yst ycnoBre opToHopMHpoBaHHOCTH (60.37), momyuum
w(kli kz: k1, k;): ) o
=V 4,41y 45, § W (r) e a7 P ER)2) o (60.46)
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Hasuune §-cuvpona (10Ka3biBaeT, 4To BEKTOPHl Ry, Ry, Ki, R HOJIKHBI
06pa3oBbiBaTh 3aMKHYThIA YeTHIpeXyroibHUK. Kak BHAHO M3 yeprexka
(puc. 72),
ki=Fk +Fk, b=k —k, k=Fki—k,=k,—Fk;,
ky— Ry Ry — ky =2k, (60.47)
T. €. NPH CTOJKHOBEHHH COOJIOZAETCSl 3aKOH COXPAHEHHsI HMITyJbCa.
Ecan BBecTH 0603HaueHHs

w (k)= W (r) e d®r, (60.48)
T0 (opmysa (60.46) mpuHuMaeT BUX
© (Ry, ko, Ry, R) =V (k) Ony 0y, 574870 (60.49)

[aMH/IBTOHHAH CHCTEMbl B3aHMOZEHCTBYIOIUX 4YacTHL <% B OTCYTCTBHE
BHELIHEro noJisi PaBeH cymme &# u o i

§?=2"§;§:—d* (k)a (k) +

gy D (8) Oy hay g G () 6 () (o) & (ky).

B 3TOM BEIpaXKeHHH MOXKHO HCKJIOYHTH §-CHMBOJ ¢ momoupio (60.47)
7 h2k2 o
K=V 4 (k) a (k) +
&
1§ A A
+sp Z w (k) a* (ky+ k) " (ky— k) 4 (k) 4 (ky).  (60.50)

kiky, b

BoiBeseM B 3akJoueHue (GopMmyJay IJsi BePOSTHOCTH Nepexofa H3
OJIHOT'O COCTOSIHHS B Ipyroe B HAeaJbHOM Go3e- HJIH (epMH-rase MO
JieficTBHeM BHeluHero Bosjeficrusi. Ta-
KHM BO3JeHCTBHEM MoKeT GbiTb BHeMI-
Hee 1oJie HJH B3aHMOJEHCTBHE C YacTH-
LaMH ApYroro copra (NMpHMeCH, HOHbI
peLIeTKH IJS 3JeKTPOHOB MeTajja H
T. A.). Kak H3BeCTHO M3 KBaHTOBOH Me-
XaHHKH, B NPHOJHIKEHHH TEOPUH BO3- Puc. 72.

MYIUEHHH NVIOTHOCTb BEPOSITHOCTH Mepe-
X0Ja B eMHHILY BpeMeHH onpezessiercst popmyJiol (cM., Hanpumep, [5])

Piy =2 U8 (E;— E), (60.51)

rie uHAekc i o6o3Hauaer HauasbHoe (initial), a uupekc f KoHeuHoe
(final) cocrosinue cucremel, Uiy mpeicTaBasier co60it MaTpHUHbL 3Je-
MEHT BO3MYIEHHs, BbI3LIBAIOIIErO NEPeXof, a MHOxHTeab 8 (E,—E;)
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ofecreyMBaeT BbINOJHEHHe 3aKOHAa COXpaHeHHsi SHepruu. CorsacHo
dopmyse (60.39) umeem

z‘z=% 3 u (k—k)d" (K)d (k).

kR

Oneparoprl 4* (K)) u @ (k) MMeIOT OTVIHYHBIE OT HYJIsi MaTPHYHblE SJe-

MEHTBI TOJILKO JJIs1 NIepeXojioB, B KOTOPLIX HCYe3aeT OjJiHa YacTHUA C HM-

MyJbCOM R M POXKJAeTCst OJlHA YaCTHLA C HMITYJbCOM R, T. €. IPOHCXO-

JMT (HEYNpYroe) paccestHHe YacTHIBI C H3MEHEHHEM HMIyJbCa.
Hcnons3yst popmyast (60.26), (60.31), nosyunm

Py=> 0k K)n(k)(1=n (k)8 (E¥)—E (k), (60.52)
N3
rJie BeDXHHHA 3HAK OTHOCHTCS K Go3e-rady, a HHKHHH 3HaK K QepMu-
rasy (o (k, k') ecTb npousBeienHe u (k—K’) ¥ BceX NMOCTOSHHBIX MHO-
xkuteneft). B cayuae depmu-rasa ¢opmysna (60.52) naer eme oxHy
umocTpanyio npuHnuna Ilaymu: ecau cocrosiHHe R’ «3aHATO», T. €.
n (k') = 1, To BKJIaj, 5TOTO COCTOSIHHSI B BEpOSITHOCTD NepeXofia paBeH
Hymo. B cayyae Gose-rasa muoxkurens (1 + n (k’)) ykasbiBaeT Ha TeH-
JIeHIHI0 GO30HOB CKAN/IMBAaTbCSi B OJIHOM COCTOSIHHH. UeMm GoJbie
n (k’), TeM Gosbllle BEPOSITHOCTD Iepexofa GO30HOB B 3TO COCTOSIHHE.
DTO CBOHCTBO HMMeeT HENOCPeACTBEHHOe OTHOIIEHHe K (03e-KOHJeHca-
1;‘1414 _T HaKal/JHBaHUIO GO30HOB B COCTOSIHHH C HYJIEBOI SHeprueil npu
< g

§ 61*. CsepxTeKy4ecthb

PaccMOTpHM  MOZie/Ib  HEHJEaJbHOrO rasa GO30HOB C B3aHMOJel-
CTBHEM MeXy napaMH yacTui Buia (60.42). dra Mozeab B NpeicTaBJe-
HHH BTODHYHOTO KBAHTOBAaHHsI ONMMCHIBAeTCs! TaMHJbTOHHaHOM (60.50)

H = E (k)" (k) é () +
13
+ oy Dk, — ki) 4" (k)4 (k)@ (k) (ky),  (61.1)

Fithy=

rae E (k) = n*k*/2m.
B ciiyyae uzeasbHOTO rasa B6aH3H aGCOJIOTHOTO HYJIsSt Mpeobaanao-
1Iee M0 yacTHIL Ny HAXOAHTCS B COCTOSIHHH k£ = 0: (sfinluTefiHOBCKAs

KOH/JIeHCalHst)
N —N;<N,. (61.2)

ByzeM cuuTaTh, 4TO 3TO KE HMEET MeCTo H y c1aGo HeHAeaabHOro 6ose-
rasa. Torza Bo BTOPOM M3 ypaBHEHHH

ar(0)a(0) x (Vo) =Nux (No), 4(0)d" (0) X (No) = (No+1) % (No)
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MbI MOXKEM NPHG/IHKEHHO NoJIoXkUTb Ny + 1 ~ N,. Oneparopst 4" (0)
1 d (0) cTaHOBATCA NMPU 3TOM NEPECTAHOBOYHBIMH, H MBI GyleM HX CUH-
Tarh YHC/IaMH, PaBHBIMH

a* (0)=a (0)=N"s. (61.3)

VYcnosue (61.2) o3nauaer, 4TO GOJBIUMHCTBO YaCTHL HAaXOAUTCS
B Kouzencate. Torna, oueBHAHO, B ramuiabToHHane (61.1) caenxyer
y4ecTb TONLKO B3aHMOJEHCTBHE «KOHAEHCATHBIX» YAacTHI MEXILy COGO¥H,
a TaKxKe B3aMMOJeMCTBHE MX C «HAJKOHJEHCAaTHHIMH» yacTHUaMmH. Bsa-
HMOJIeiCTBHEM «HaJKOHAEHCATHBIX» YaCTHI{ APYT ¢ JApyrom GyneM mpe-
Hebperarb. R

Boigenum B onepatope o int wienbl, cogepxkaumue at (0) 1 a (0).
VimeeM, yunThiBasi 32aKOH COXPaHEHHS HMIYJbca (WITPHX Y CYMMBI 03-
HayaeT, YTO ONyileH 4ieH ¢ B = 0),

A= 5 (@ (0) (@ (0)a (0))* +
+ 3 @O +e @)@ @@ +d (—Ha—Rla OaO) +
+ 3w 0@t 0 ()4 (— R+ O (k)4 ()] +

-+ unensl, anHefinse B a" (0), nau a(0) 4 uieHsl, He cofepKaiue
a* (0) wmu a(0)}.

Jl1s HamMx meneft ynoGHO 3amHCaTh BbIPaXKEHHe
23 (@ (0)+w (k) (k) a (k) a” (0)a(0)
k
B BHJE

Zk]' (0 (0)+w (k) [4" (k) 4 (k) + 4" (— k)& (— k)] a" (0) a (0).

OcraBiisist ieHbl, coflepxaiue N, He MeHee yeM B epBOH CTeneHH,
NOJTYYHM

H =g (N0 O+ No 3 (@ (0)+w (k) [a" (k) (k) +
+d" (—k)a(—R)]+No Z»: w (k) [4" (k) &" (— k) +
+a(k)a(— k)]}‘ (61.4)

Jlns uKMcsa YacTHIL HMeeM
N=No++ 3V [d" (R)a(k)+& (— k) d(—B).  (61.5)
3

10 10. B. Pymep, M. L. Puiskuu
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IMoxcraBasis Buipaxkenue N, u3 (61.5) B (61.4), monyuaeM, mpeneGpe-
ras 4yieHaMH, He cojepxKamuMu N:

Hin= gy [N O+ N S e @ () +a (—Ba =R+
NS w )@ 0~ k)+a k) a(— R

Jlnst oneparopa SHEpPrHH HMeeM

= w(O)N?- + 22 <E(k)+w(k)N> (k) a (k) +

+ & (—k)a(— k) +72‘4”&3—”[a+(k)a+<~k)+a<k)a(—k>].
k
(61.6)

B Boipaxkenun (61.6) TpeTbe ciiaraeMoe OMHCHIBA€T BO3MOMXKHOCTb «POK-
JIeHHS» WJIH YHHYTOMEHHs» Napbl YacTHMIl ¢ HMIyJbcaMH kB W —R.
@u3HyecKH 5TO 3HAYMT, UTO TaKHe [apbl MOTYT NEPEeXOJIUTb M3 (KOH-
JieHcaray (coctostiie ¢ £ = 0 u E (k) = 0) B COCTOSIHHSI C OTVIMYHBIMH OT
HyJsl MMIYJIbCOM H SHEprHeH M HaoGopOT (IpH BHINOJHEHHH 3aKOHa
COXpaHeHHs! HMIyJIbca). Bo3MOXKHOCTE TaKHX IPOIIECCOB CBsI3aHa C B3a-
HMOJefICTBHEM «HAJKOHJIEHCATHBIX» YACTHI( C YACTHIIAMH «KOHJIEHCaTay.

Tlepeiinem Ternepb ot Gose-onepatopoB 4 (k) u 4" (k) K HOBBIM Go3e-

onepaTopam ‘é(k) u £+ (k) mpH noMoIM KaHOHHYECKOro npeoGpasoBa-
HHs1 BorosoGopa

a(k)=E (k) ch ¢ (&) +E" (— k) sh (&),

@ (— k) =8 (—k)ch ¢ () +-E (k) sh o (&),
ar (k) =E* (k) ch ¢ (&) +& (— k) sh o (&),
a(—k)=E(— k) cho (k) +E (k) sh (&),

rae @ (k) — BewecTBeHHBIH apaMeTp, 3aBUCSILIH TOJIBKO OT MOAyas K.

Jlerko npoBepHTh, YTO A/ omepaTopoB & (K), &+ (k) crpaBeiauBH Ta-
KHe e MepeCTaHOBOYHBIE COOTHOLLEHHS, YTO M AJs onepatopos 4 (k),

ar (k): o L
E(R)E(K)—E(K)E (k) =0,
& (k)& (R)—E (k) E" () =0,
E (k) B (k) — & (R) E (k) =64, v .

(61.7)

10 MoO3BONISIET paccMaTpHBaTh onepatopsl & (k), & (k) Kax onepaTopel
POXK/ACHHS M YHHYTOMEHHS HOBbIX GO3€BCKHX KBa3HYacTHL, a omepa-
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Topw £ (k) E(k) — Kax onepaTophl YHCeJs 3amnoJHeHHs. B HOBBIX ome-
partopax Ek) u 134 (k) omepaTop 3HepTHH IPHMET BHJ

H—2ON L 2 [(E )+ 02 ch 20 (8) — 1) +

+ 2OV g )]+ & Y [(E @ +29Y) 2o n +

+ 20N g2 ()| [E (0)E () +E (— B)E(— B)] +

+ 7; [(E (0 + 25 sh2g () + 25 cn 2 (8)] x
x [& 0 (— B +E @ (— A

BoiGepeMm Tenepb mapameTp ¢ (k) Tak, 4ToOBl MOCJEXHMH 4sieH
ucues. Ilpu 3TOM B mpeACTaBJEHHH YHCes KBa3HYAaCTHI FAMHJIBTOHHAH
CTaHOBHTCSI IHATOHAJBHBIM. UJIeHBI, ONHCHIBAIOLIHE MEePeXOAbl C POXK-
NeHHeM HJIH YHHYTOXKEHHeM KBasHuaCTHL, HCUESaloT, a AMaroHa/bHble
3J1eMEHTHI OnepaTopa &7 onpeiensioT CIeKTp SHepruii rasa. OHsHUeCKH
9TO 3HAUHT, YTO OT KAPTHHBEI PeasIbHOTO rasa B3aHMOJEHCTBYIOWIHUX 4a-
CTHI C ONePAaTOPaMH POXKAEHHS H yHHUTOXKeHust d* (R), d (k) Mbl me-
peulii K KapTHHE HIea/bHOTO Tasa HeB3aHMOJEHCTBYIONHX KBasH-
yacTHI (¢ omepaTopamu &' (k), é(k)).

st mpeoGpa3oBaHusl raMHIBTOHHAHA K HOBBIM NepPeMEHHBIM BOC-
noJib3yeMcsi CJENYIOLIHM, JIErKO JOKaskBaeMbIM COOTHOIeHHeM. Ecan

pshy+qchyp=0,

To —
pchp4gshy=)pP—¢.

Hmeem
G w(o)N2 1 wEN _

;kw+

-V EmT )

+3 2V (Ee k’”) (w> x
) X (& (k)& (R)+E* (— k) E(— B)). (61.8)

BBoznsi o6o3nauenue

m(/z):]/(—ﬁ-;,—ii +w—(;:/uv_>z (w(k) N) l/',:,:; +h2lz2w(lz)N, (61.9)

10+
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OKOHYAaTeJIbHO l'lOJIy'{HM
X = w(g)VNi* 2 [E(k)—}—w(k)N m(k)]+
72 o (&) (8 (R E(R)+E (— k) E(—F). (61.10)
13

Mgl BHAHM, uTO B6JIK3H aGCOMOTHOTO HYJISi SHEPTHSI CJIa60 HeHaeasb-
HOTO rasa MoxeT ObiThb NPeJCTaBJeHa KaK CyMMa 3HePrHH OCHOBHOTO
COCTOsIHHS (mepBble JBa cJaraembix B (61.10)) ¥ sHeprHu He3aBHCHMBIX
KBasHyacTHI, 06JaJaloluX sHepruell o (k).

PaccMOTpHM 3aBHCHMOCTb SHEPIHH KBAa3HUaCTHL[ ® OT HMIYyJbca
NPH MasblX H GOJIbLIMX 3HAYEHHSX k.

IMo ¢opmyJsre (61.9) umeeMm npu manbix k

m(k):]/N:—yz)ﬂkm]/A—%é—O)hk, (61.11)

T. €. TIPH MaJbIX MMIYJbCaX KBa3HYaCTHIB! BelyT celsi, KaK (OHOHBI
€O CKOpoCThiO 3BYKa, paBHOH J/ Nw (0)/mV#. Ilpu Goabluux 3Haye-
HHAX k 3aBHCHMOCTb @ OT K CYIIECTBEHHO 3aBHCHT OT CBOHCTB ()YHK-
muH @ (k). B yacTHOCTH, MOXKHO BHIGPaTh B3auMofeiicTsye w (k) Tak,
YTOGB! TOJYYHTb CNEKTP SHEPrHH KBa3HYACTHL, IPeAJIOKEHHbIH
JI. 1. Jlaupay u3 ¢eHOMEHOJOrHYECKHX COOOPaXKeHHH M XOpOLIO COT-
Jacylomuiicss ¢ 3KCNePHMEHTANbHBIMH AaHHBIMH (10 TEIVIOEMKOCTH H
ApyruM TepMojuHaMHyeckuM cBoiictBaM Hell). 3tor cnektp usobpa-
JKeH Ha pHc. 74.

Ecau gomycruts, 4To npH Gosbwikx £ QyHKuMst w (k) yObiBaeT
HJIH pacTeT MelJeHHee k%, To Aasi o (k) mosyuum

h k2 h“k*

~om

ok) =3 -+w (k)
T. €. IpH GO/IBLINX & KBa3HYaCTHIBI BeAYT ce6st KaK KjaccHYeckue ya-
CTHLBI C Macco# m.

Tlokaxem, uTo ra3 KBasHyacTHI ¢ Jaucnepcuedi (61.9) obaapaer
ceolicmeom ceepxmeKywecmu. DTO 3HAYHT, YTO TPEHHE O CTEHKH TPYGKH
U BHyTPEHHee TPeHHe B ra3e He MOXeT [IPUBECTH K 3aMeJJIeHHIO 0TOKa
H K Nepexojly KHHeTHYEeCKO! SHeprHH NOTOKa B SHEPTHIO BO3GYKAEHHH.
Bynem paccmarpuBath ras npu T = 0 °K, Tak 4T0 BO36YyKAeHHs
(KBa3MYacCTHIBI) B HeM OTCYTCTBYIOT. TaK KaK MMNYJbC B W 3HEPTHs
o (k) KBasHuaCTHILl OnpeJie/ieHbl B NOKosiwieficsi cpefe, GyfeM CUMTaTh
ra3 NMOKOSIUMCSl, a CTEHKH TPYOH! (MM, BOOGLLe, HEKOe Tes0) — JBH-
XKYIUMHACS 10 OTHOIUEHHIO K Trasy €O CKOPOCTBIO V.

JonyctuM, 4T0 37O Tesio motepsiio umnyJabc AP u sHepruio AE,
1 32 CYET TOro B ra3e BO3HHKJIO HEKOe KOJIMYECTBO KBasHuacTHIL 7 (R)
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C pas/HYHLIMH HMIYJIbCaMH K, TOTAa
AP=Yn(k)tk, AE=Yn (k) o (). (61.12)
13 k

C npyroii CTOpPOHbI, A/l M3MEHEHHS] SHEPTHH H MMMyJbca JABHXKY-
Lerocsi Tela HMeeM
AE =9AP, (61.13)
OTKyna

S a(k) [0 (k) — 1 (2, B)]=0. (61.14)
13

Tak Kak 3TO PaBeHCTBO MO/KHO BBINOJHSATBCS NPH [POM3BOJIBHBIX
n (R), uMeem
-~ -~
o (k) =F(v, k)= fivk cos (9,k), npuuem cos (v, k) >0,
o (%)
~

Hik cos (o, k)

o (k
0=20, (61.15)
Ilpu 3akome aucmepcun (61.9) npasas wacts (61.15), KoTOpasi HaMe-
psieTcss OTHOLIEHHeM OpJAMHATHl KpHBO# (puc. 73) K ee aGcucce, OT-
JIMYHA OT HYJsl.

3T0 3HAYMT, YTO CYMIECTBYET KPHTHYECKasl CKOPOCTb NOTOKA Uyp,
paBHasi CKOPOCTH 3BYyKa V Nw (0)/mV, u NpH CKOPOCTSX, MEHbIUHX

U=

Puc. 73. Puc. 74.

KpHTHllECKOﬁ, TOPMOXK€HHE O0TOKA 3a CYET BO3HHKHOBEHHSI KBa3Hua-
CTHL, HEBO3MOXHO, T. €. MEXaHU3M BHYTPEHHEro TpeHHsI OTCYTCTBYeT.
3aMeTHM, YTO KPHTHYeCKas CKOPOCTb (OTJIHYHAsi OT HYJIEBOH) cylue-
CTBYeT BCeTJa, Korja KpuBasi o (k) He KacaeTcst ocH aGCuMcC B Hauase
KOODJAMHAT (KacaHHe OoCH aGCcuMcc B APYTHX TOYKAaX KpafiHe MaJsoBe-
POSITHO), T. €. €CJH CIeKTP SHePTHH IIPH MaJblX & HMeeT (HOHOHHBIH
Xapaktep ® ~ k. TakuM CBOHCTBOM 00/1aJla€T H CNEKTP, NMPEIJOXKEeH-
ueiit JI. 1. Jlanpay pas He 11 (puc. 74).

Ipu TemnepaTypax, OTJIHYHBIX OT HYJs, ABHXEHHE HeHJeaJbHOro
Gose-rasa MOXKHO paccMaTpPHBaTb KaK CYNMEPNOSHIMIO ABYX ABHKEHHIT,
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COBOKYNHOCTb KBa3HYaCTHIL C 3Hepruefl o (k), MMeEIOUIMXCS B rase
npu T = 0 °K, moxer oGMEHHBATbCSI 3Hepruell M HMIIYJbCOM KakK
«HOpMaJIbHasl» MHAKOCTh. COBOKYNHOCTb «HEBO3GYMXJIECHHBIX» KBasH-
YaCTHIl ABHKETCA MO TPYOKe (MU ¥ < Uyp) KAaK «CBEPXTEKydas» MHA-
KOCTb, TaK KaK INPOLECCHl BO3HHKHOBEHMS! HOBBIX KBAa3HYacCTHI B HeH
HeBO3MOXKHbl (B NPHBEJEHHOM Bhillle JOKa3aTeJbCTBE MBI HUIZe He
NpeJNoJIarajii OTCYTCTBHsI KBa3HYACTHIL, H OHO COXPaHSIeT CHJIY M NPH
T 0 °K.) TIpu 3ToM «TpeHHe» MexKAy HOpPMasbHOH M CBepXTeKyuei
KOMIIOHEHTaMH OTCYTCTBYET, TaK KaK HeT Mepe/iaul SHEPTHH H HMITyJIbca
OT OfIHOH KOMIIOHEHTH K APYro#i (HeBO3MOXKHEI MPOLECChi KPOIKIEHHS»
H YHHYTOXeHHsi» KBasuyacTuu). CiefyeT, ofHaKo, 0co060 mOAYepK-
HyTb, YTO TOBOPHTb O (HOPMAJIbHOH» M «CBEpPXTEKydyeH» KOMIOHEHTaX
JKHIAKOCTH MOXKHO TOJBKO B HEKOTODOM BeChbMa YCJIOBHOM CMbIC/IE.
Hukakoro pea/bHOro pasfieieHHsl aTOMOB Ha (HOPMaJIbHBIE» H «CBEpX-
TEKyuHe», eCTeCTBEHHO, He CYIIECTBYeT H peub HJET O KOJIEKTHBHBIX
JIBH)KEHHSIX YaCTHIL XKUIKOCTH (KBa3HYaCTHLAX), KOTOPble MBI JeJHM Ha
BO30YXKJAeHHble H HeBO3OyxJIeHHble. C NpHO/IMXKEHHEM TeMIepaTyphl
K TeMIepaType (a3oBOTO Nepexofia BCe KOJIEKTHBHbIE CTeneHH CBOGO/B!
BO36YKMAIOTCS M BCS KHAKOCTb CTAHOBHTCS «HOpMasibHOH», HaoGo-
por, ¢ npuGauxkeHHeM TemnepaTyphl K O °K Bo3OyXIeHHS HCUe3aloT
M BCsl JKHAKOCTb CTAaHOBHTCS «CBEPXTEKyuei».

HlHTepecHO 3aMeTHTD B 3aKIi0YeHHe, YTO TEOPHs Borono60Ba NpHBOAKT K CIIeKTpY

SHEPTMH JIaHJAYCKOro THNA yXe MpH mpocTeiimem BhiGope w (k) B BHAE MKHEeHHOK
dynxuun k:

w (k)=A— Bk, (61.16)
rae A n B — nocrosinHble.
Coriacio ¢opmyne (61.9) sHeprus THUBI O SIeTCS BBIP HeM
K%kt KANBE | RN AR
"’(k)=1/4ma vt 61.17)

oTKyaa, muddepenuupys, Haxonum
h2 <hzk2 3NBk , 2NA ) P

do _m\m V V
dE 20 (k) : (61.18)
O-rcmna HAXo[uM IMOJIOXKEHHE TOYCK IKCTpeMyMa
3BmN ( ]/ s R2AV >
ky= -1 1—
2RV 9 BimV
" (61.19)

3BmN 812AV
ke =gy (H’]/ 1‘932m1v>
3HaueHHs WMNYJIECA, COOTBETCTBYIOIIHE TOYKAM SKCTpeMyMa k; W ky, sBasiorcs
Pa3NHYHLIMH H BEUICCTBEHHHIMH NPH BLIIOJHEHHH YC/IOBHS
8 AV
9 mBN =
Tpa k. <k, u k> ky npoussosnan dw/dk nonoxuTenbHa, a npu ky < k < ky oua
OTpHUATENbHA, B MBl NIONY4aeM 3aBHCHMOCTL © (R) Thna, uscﬁpdmeﬂﬂoro Ha puc. 74,
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3aMeTuM, 4TO Touka k= 0 He sABIseTCA TOYKOH MHHHMYMa, TaK Kak
@ (k)=~hk VY NA/mV npu k — 0, T. e. Mbl HMeeM CNEKTP (POHOHHOrO THNA.
B oxpecTHOCTH MHHHMYMa k == k,, pasnaras o (k) B psg no (k — k,), umeem

1 /02
o (B) =0 (k) +5 @ka, (k— ky)?,

h2 (k—kg)*
om*

o (k)y=A,+ (61.20)

3nech Ag 0 m * — (eHOMEHONIOIHYECKHE apaMeTphl TCOPHH JlaHAay, BbpaKalouHecs
NOBOJILHO TPOMO3AKHMH (POPMYJIaMi (KOTOPbiE MBI He MPHBOJHM) uepe3 MapameTphl
A u B noredunana.

B xoopaunaTHOM nmpocTpaHcTBe Qypbe-o6pasy (61.16) cooTBeTCTBYeT CyneprosH-
NS OTTANTKMBAHHS C NOTEHUHAIOM ~ 1/r® W OTTa/KKHBaHHs ¢ §-06pasHbIM NOTEHUHa-
nom. JleiiCTBUTENIBHO, HMeeM

W(r)=

S w(k)e™ *r g3k =

Fd

=Ab(r] — B € ae s\ o sing e=i#rcoss,
4n2
]

o
HMuterpan B npaBo#i 4acTH 3TOr0 BEIPaXKEHHS PaBeH I/t'IS dk k2 sinkr, u, BHIYHCASS
0

€ro C NOMOLLbIO BBeICHHS DGPESZIOL“QFO MHOXHTeNs € H Nepexoas 3aTeM K npejeay

o — 0, nonyyum
B

n2rd?

W (r)=AS8 (r)+

§ 62%, CepxnpoBoaRMOCTb

B kauecTBe BTOpOro npuMepa npuMeHeHHs! MeTola BTOPHYHOTO KBaH-
TOBAHHsI PAaCCMOTPHM TEOPHIO CBEPXIPOBOAHMOCTH.

KniouoM K NOHMMAHHMIO fIBJIEHHS CBEPXIPOBOAMMOCTH METaJl/10B
ABJISETCS B3aMMOJIefiCTBHE 3JEKTPOHOB € KOJeGaHHSIMH KpHCTaJlJHue-
CKOH pemerkH. B KBaHTOBOMeXaHHuecKOH KapTHHE 3TO B3aHUMoZeii-
CTBHE ONMHCBHIBAETCS KaK HCNYCKaHHE H MOIVIOLIeHHe (POHOHOB 5JEKTPO-
HaMH. MoxHO nokasarb (cM., Hanmpumep, [10]), uto Takue npoueccsl
NPUBOAAT K BO3HUKHOBEHHIO 3()(}EKTHBHOTO B3aHMOJEHCTBHS MeXAy
9JJEKTPOHAMH (JIOMOJIHHTE/IBHOTO K HX KYJOHOBCKOMY OTTa/JKHBaHHIO).
Ipu stoM oKaswbiBaeTcs, 4To 3(dexTHBHOE B3aHMOAEHCTBHE 5/€KTPO-
HOB, HHIYUHPOBaHHOe MCIYCKaHHEM H IOI/IOWEHHeM (OHOHOB, 3a-
METHO OTJIHYHO OT HYJsi TOJbKO AJIS 3/JEKTPOHOB, MMMYJbC KOTOPBIX
61M30K K IPaHHYHOMY (DePMHEBCKOMY HMINYJbCY Ry = Pmax/f. ToBOps
GoJlee TOYHO, MOXKHO JIOKa3aTh, UTO B3aHMOJEHCTBHE 3JIEKTPOHOB C HM-
nyJ/bcaMu Ry U Ry CIeflyeT Y4HTBIBATL TOIbKO B TOM CJ1yuyae, eC/iH KOHLbI
BEKTOPOB Ry M K, JexaT B 11apoBoM c/ioe B6H3H cdepbl Pepmu ¢ TOJ-
LIHHOK MOPSAKA Vinax/Up, TA€ Vmax — Ae02eBCKasi 4acToTa U Uy — CKO-
poctb Pepmu (cM. § 38). Ecan xors Gbl OAMH H3 HMIYJLCOB Ry HJH Ky
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BBIXOJIMT M3 YKa3aHHOTO BBIE CJIOS, TO B3aHMOAEHCTBHE 3JEKTPOHOB
CTAHOBHTCS NPeHeGPexKHMO ManbiM. JLJisi 3/JeKTPOHOB, HAaXONAIIMKCS
BHYTPH 3TOTO CJIOSl, B3aHMOJEHCTBHE HOCHT XapakTep MPHTSKEHHS
H, B KOODIAWHATHOM NPEJACTABJIEHHH, SIBJSETCS KOPOTKOLEHCTBYIOLUM.
IMo3TOMY OHO HIpaeT CYMIECTBEHHYIO POJb TOJNBKO /IS 3JEKTPOHOB
C TIPOTHBOIOJIOKHBIMU 3HAKaMH NPOEKIHMH CIIHHA (BEPOSITHOCTH COJIH-
JKEHHsI' Ha PacCTOsiHHe, MeHbliee pajnyca B3aHMOAEHCTBHs, AJIs SJeK-
TPOHOB C NapaJiieIbHBIME CIUHAMHA Mana). Hakouel, MOXHO noKasatb,
YTO IVIaBHBI BKJIaJ{ BO B3aHMOAEHCTBHE BHOCST Naphl 3/1EKTPOHOB C CYM-
MapHbLIM HMIYJIbCOM, PABHBIM HYJI0. IIpHUMHY 5TOrO HETPYAHO mo-

HATb, paccMaTpHBasi pHC. 75.
I/

0)
Puc. 75.

Ha stux pucyHkax nsoGpaxkeHa cdepa PepMH, H 3JEKTPOHHI, -
(eKTHBHO yYacCTBYIOIHE BO B3aHMOJEHCTBHH, UMEIOT HMIYJIbChl, MOYTH
paBHble £, (KOHUB! BEKTOPOB HMIYJbCa JIEXKaT B Y3KOM cJjloe BO/IM3H
ceprr Pepmu). Torna ecad cyMMapHbIi HMIYJbC Mapbl 3JEKTPOHOB k
He paBeH HyJIo (pHc. 75, @), To KOHIBEI BEKTOPOB Ky H R, NOJKHBI JIeXKaTh
Ha NPOTUBOINOJIOXKHBEIX Kpasix Topa L, ¥ OHH 3aMOJIHSIOT «OXHOMEPHOE»
MHO2KeCTBO ToueK. JIJ1si mapel e 3/1eKTPOHOB C CyMMapHBEIM HMITYJIBCOM,
paBHBIM HYJIO, KOHLbI BeKTOPOB k; W k, MOT'YT JIeXKaTb Ile YTORHO Ha
JIHaMeTpaJibHO TPOTHBONOJIOKHBIX TouKax chepnl Pepmu (puc. 75, 6)
H 3aNOJHSIOT «IBYMEPHOe» MHOXECTBO ToueK. TakuM o6pasoM, InpeHe-
Gperasi KyJIOHOBCKHM OTTaJKHBaHHEM H yYHTHIBast 3peKTHBHOE NpPHTS-
JKEeHHE TOJBKO 3/IEKTPOHOB C IIPOTHBONCJIOXKHEIMH HMIYJIbCAMH U IIPO-
THBOMNOJIOXKHBIMH 3HAKaMH NPOEKLHH CNHHA, Mbl NPHUXOAUM K MOJE/b-
HOMY T'aMHJIbTOHHAHY

Z‘,E(k)(d+ ) () -+ b* (— k) b (— k) —
—7 X Wk k) Q0B (—R)b(—k)a(R).  (621)

k, R

B srom Buipamenun E (k) = h%k*/2m, 4*(k), d(k) — oneparopsl pox-
AeHusi 1 ynnq-romenm 9/IEKTPOHOB C HMITY/1bCOM k H NpOEKLHeH cnuHa
h/2, b+ (—k), b (—k) — onepaTopbl POKAEHHSI H YHUUTOXKEHHS 3JIEK-
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TPOHA C UMNYJIbCOM —Fk H npoekuuei cnuia —A/2, W (k, k') — QyHk-
UHsl, XapaKTepH3yiollasi B3aHMOEHCTBHE 3JIEKTPOHOB C HMIYJbCAMH
k' m —Fk'. B pesysibTaTe B3aNMOJEHCTBHSI MMITYJIbCh STOH Maphl 3JEKT-
POHOB CTAaHOBSITCA DaBHBIMH k H —Fk, NpHYEM BCe YeTHIpE HMNyJbca
3aKJIIOYeHbl B CJIOE HMITYJbCHOTO NMPOCTPAHCTBA BOJIH3M chepbi Pepmu
C TOJIUHOH ~Vmax/Uy. CyMMHPOBaHHe BO BTOpOM caaraeMom (62.1)
BeIeTCs TOJBKO MO MMIy/bcaM B, k', JexaluMm B 3ToM cjoe. MoxHo
nokasatb (cM., Hanpumep, [10]), uto dynkuust W (k, k') neficteutenbna
U CHMMeTPHYHa OTHOCHTEJIBHO CBOMX aprymenToB: W (k, k') = W (K, k).
Tamuibronnan (62.1) HasbiBaetcst eamuasmonuanom Bapouna — Ky-
nepa — llpugpgepa (BKII).

TMapbi 3/1€KTPOHOB C NPOTHBONOJOXHEIMH 1O 3HAKY NPOEKLHSIMH
CNMHA M CYMMapHBIM HMMIYJIbCOM, PaBHHIM HYJIIO, HasblBAIOTCS Kyne-
posckumu napamu. Kak 6b110 06HapyxkeHo Kynepom, oHn MoryT o6pa-
30BBIBATb CBSI3aHHblE COCTOSIHHSI TMPH CKOJIb YTOZHO MaJjioM B3aHMO-
JeficTBHH. DTO BbITEKAaeT H3 CJIELYIOIETO IIPOCTOTO COOGpPaXKeHHsI:
B CKOJb YTOAHO MEJKOH NOTEHIHANbHOH SIME HMIYJbCH 3JEKTPOHOB
yOBIBAIOT 1O Mepe MX yAaJeHHs APYT OT ApYra (TOpPMOMKEHHE BCJIEICTBHE
HX B3aHMHOTO NPHTSIXKEHHsT), HO NIPH TeMmnepartypax, 6auskux K 0 °K,
yOblBaHHe MMITyJbca He MOXKeT GbiTh GearpaHMYHbIM. Kak TOMbKO HM-
NY/bChl YACTHIL JOCTHTAIOT 3HAYEHHS R, (TpaHHYHbI HMIyJbc Pepmu),
JlabHelillee yMeHbLIEHHe HMIYJIbCAa CTAHOBUTCS HEBO3MOXKHBIM BCJEN-
crBe mpuHnuna Ilaynu, Tak Kak Bce «MecTa» BHYTPH cdepsl Pepmu
3aHATH 3JEKTPOHAMH. DTO 3HAYHMT, YTO JasibHefillee yBeqHYeHHe pac-
CTOSTHHSI MeXJly KOMIIOHEHTaMH Maphl HEBO3MOXHO, H OHH 006pasyioT
CBSI3aHHOE COCTOSTHHE. DTO OGCTOSITE/IBCTBO HEOObIYAHHO BaXKHO M IPO-
JIHBAeT CBET HA MPHYHHY TOTO, YTO TEOPHsI CBEPXNPOBOAUMOCTH ObliIa
co3faHa cTo/b nmo3nHo (1957 r.). leno B TOM, 4TO NMOCKOJBKY CKOJIb
YrOAHO cJlaGoe NPHUTSIKEHHe MeXAY 3JeKTPOHAMH DaJUKaJbHO Me-
HSIeT XapaKTep SHEPreTHYeCKOro CHEKTpa (AesaeT ero M3 CIJIOLIHOTO
JIHCKPETHBIM), TO CTaHAapTHbBIE METOABI TEOPHH BO3MYLIEHHH (pasJio-
JKeHHe 10 CTeneHsM (QYHKIUH B3aHMOAEHCTBHS) HEMPUIOAHBI, H 3ajaua
JIOJI2KHA peliaThest MPHHIHIHANBHO HHBIMH crioco6amu. [TosToMy HMeHHO
OTKpBITHE TOTO, YTO KYNEPOBCKHE Maphl MOIYT 0GPa3oBLIBATH CBSI3aH-
Hble cocTosiHHsl ((eHoMeH Kymepa), MOCHYKHJIO KJIIOYOM K CO3JAHHIO
TEOPHH CBEPXIPOBOAHMOCTH.

Btopoe ciiaraeMoe B ramusabToHMaHe (62.1) Kak pa3 M onMchbiBaer
Tnpollecchl MpeBpalleHust OfHOH KymepoBcko# naput (kB',—k’) B Apyryio
(k,—F).

Jlns nanpHeAUNX BBIYHCAEHHH YIO0GHO QOpPMAbHO PaccMaTPHBATh
9JEKTPOHHBIN ra3 KaK CHCTEMY C TiepeMeHHBIM YHCJIOM yacTHi. B coot-
BETCTBHH ¢ pe3yabratamu § 47 (bopmyna (47.49)) Mbl JOJIKHBI IPH 5TOM
3aMEHHTb B KaHOHMYECKOM pacmpefienenuin ['u66ca suepruio E (i)
pasHocThio E (i--N)—puN, a XMMHUeCKHiI NOTEHIHa/ ONpeieNHTh H3
ycoBHs HOPMHPOBKH N = x70/0p (In Q). B ammapate BTOpHYHOrO
KBAHTOBaHHS 3TO 3HAYMT, YTO MBI JO/KHBI 3aMEHHTb TaMHJBTOHHAH
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pasHocTio % —pe#?, rre
of = Z [d* )d (k) 4 b* (— k)b (—k)] (62.2)

— omepaTop MOJHOTO yHcsna 4yacTHil. Mbl Gynem B nanibHefimem o6o-

3HaYaTh 5Ty PasHOCTb MO-NpexkHeMY </ H Has3hbiBaTh TAMHJIBTOHHAHOM.
Hmeem mostomy

I = Ze(k)[ (k)& (R)+ b+ (— k) b (— B)| —
- 2 W (k, k') " (k) b6* (— k) b (— k") 4 (R'), (62.3)
k, k'
rae e (k) = (7*k*/2m)—p = #® (k*—Fk])/2m — sHeprusi, OTCUHTHIBae-
Masi OT moBepxHocTH Pepmu.
BBeznem omepatop A( ), OTpeJieeH bl PaBeHCTBOM

A(r)= - ZW(k k)b (—k)ak), (62.4)
H 3PMHTOBO COHpﬁ)KeHHl:lH oneparop
A+ ()= ,21V 2 W (k, k') a* (k') b* (— ). (62.42)
“

OnepaTop B3aumogfeiicTBusi B (62.3) B CHIy €ro 3PMHTOBOCTH MOXHO
3arnucarth Tenepb B BHIE

Q%‘in(=%<“—-’#lnt+@%?nt> =

= o Y Wk B (@ )5 (— R b (— k)G R+
L )6 — k) (— R 8) =
— a0 b (— WA R) A (R)b(—R)a®)],  (62.5)

OTKYyZAa JJis1 MOJIHOTO TFaMHJIbTOHHAaHA ' umeeM

H = Za(k)( (k)G (k)+b* (— k)b (— k) —
—E(a — kA (R)+ A" (k)b (— k) d(R).  (62:6)

[MokaxkeM, 4TO C TOYHOCTBIO 10 4JeHOB nopsiaka ry/V (ry — pamuyc
B3aHMOJeliCTBHST 3/1eKTpoHOB) A (k) n A+ (k) MOTYT paccMaTpHBAThCst
He KaK OnepaTophl, a KaK YHCJa (KOMIUIEKCHO COMNpsiKeHHble (YHKIHH
HMITyJIbCa).
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Byxem B 3t0oM naparpace oneparopoi a (®), a+(k), b (k), 5+(k) 1 X gpypre-o6pass
o6o3Hauatb OfHOH U TOil ke GykBoil. Hmeem

S d3re*r a4 (r)= S d3rqy (r)a(r)

(@p (N = eikrV~'/s — OPTOHOPMHPOBaHHbIe (YHKUHH, BBEJeHHbe Hamu B § 60).
TIpeoGpasyem BhlpaXieHHe A/ Omnepatopa A (k) cnepyomum ob6pasom:

£ w=g5 N W (ke #) 6 (— )6 ()=
&

a (k)= 7

=—‘7kZW (®, k')v—l,/’ S dire= " § b(r)~— S Bre®T g () =

2{, S S Brd Wk, r'—r) b(r) a(r),  (62.7)

e BBeJEHO ofo3HauYeHHe
W (&, r'—r)= Vl 2 W (R, k') e =D, (62.72)
i

Mbi o6paiiiaeM BHEMaHHe YuTaTes Ha 10, yto W (R, r' — r) He siBAsieTcs dypbe-
obpasoM Qyukuud W (B, k') no aprymenty k', a OTIHYAaeTcsi OT Hee MHOKHTEJNEM
1/V*/*. Tak onpeneneHHas (YHKIUHsS He 3aBHCHT OT oObeMa B mpenene Gonbmux V
(3TO CTaHOBHTCS OCOGEHHO SICHBIM, eCli B opmyae (62.7a) nepefiTh OT CyMMHPOBaHHS
No k' K HHTErpHPOBAHHIO C MOMOIIBIO COOTHOLUCHHS

; —'(-‘XW S & )

Msl moctyaupyem nanee, uro ¢yskuus W (R, r’ — r), omuchiBaiollas B3aHMO-
JeficTBHe B KOOPHHATHOM TpOCTpaHCTBe, HMeeT XapaKTepHbil pasmep 7o, T. e.
AOCTAaTO4HO GEICTPO YObIBaeT NpH \r' — r| > ry. Tlokaxem, nonvsysce (62.7), uto
KBajJpaT HOPMBI OmepaTopa A (k) ocraercsi KoHeuHsiM npu V — co. Ilycts y — Boa-
HOBast (pYHKIHS TNPOM3BOJBHOrO COCTOSIHHS B MPOCTPAHCTBE HYMCEN 3aMOJHEeHHs.

Ksagpar nopwmel oneparopa A (k) onpepensierca (opmynoi

|4 )y P={x | &% () & ()| ).
Monbaysich cooTHOWeHHeM (62.7) H eMy 3PMHTOBO CONMPSKEHHBIM, HMeeM

&) P =y S S S S Bry dro dry draW (R, ry—ra) W (k, ra—rs) X

X Cxl @t (r) B (r) b (ro) 2 (ri) | 1)
B sTom unTerpane GpyHKuHH BUST OTp OT /B2 HHTErPHP u3
yersipex 06JacTblo ~ r3, B TO BPpeMsi KaK ABa OCTAIOUIHEC WHTETPHPOBAHHS BHIMOJ-
HatoTes 1o o6bemy V. Otciopa caenyer, uto B npeseie V — oo Bennunsa |A (k) x|
ocTaeTcss KOHEYHOH. A
HaiineM Temepb KoMMyTaTop omepatopa A (k) c 4% (r) (HeTpyAHO NpOBEpHTH,
4To KOMMYyTaTOp A (R) C a (r) TOXJecTBeHHO paBeH Hymio). Kmeem u3 (62.7)

[£ @), o+ (r)]=% S S @ Wk, 1 —r) b () S (=) =

=§% 5 SrW (R r—1") b (r).
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Orciona ans KBajpaTta HOPMbI OllepaTopa [A (k), a* (r)] Haxonum
A@w), &+ (] [P=
=4—"ﬁ S S &' W (k, r—r) W (k, 1" —r) (x| b+ () b (r) [ ).

Tak Kak (QyHKIMH B3aHMOAGHCTBHSI OTPaHHYHBAKT 06a MHTErPHPOBAHHA O6GNACTBIO
~ r}, TO B NMpaBOli HaCTH CTOHMT BeNHUHHA ~ r8/V2, KOTOpasi CTPEMHTCS K HYJIO
npH 7N o,

TakuM oOpasoM, Mbl 10KasajH, 4TO B npejese V—> co BEJHYHHBI
A (k) u A* (k) KoMMyTHDYIOT C OMepaTOpaMH 4 M, a* (1), b (), 6 (),
a, cTano OuTh, M ¢ JMOGHIMH (GYHKUHSMH 3THX omnepatopoB. Orciofa
cnenyer, uto A (k) u A* (k) MoxHO paccMaTpHBaTh He KaK OIepaTOpH,
a KaK KOMILIEKCHO CONpsiKeHHbIe YHcsia. CTPOroe 10Ka3aTeabCTBO STOrO
yTBepK/JeHUs1 OCHOBaHO Ha JjemMme Illypa B Teopuu rpymm.

Mbl yGenuMCst HECKOJIBKO NO33Ke (ypaBHeHHe (62.20)), uto QyHK-
o A (k) MoxHO BbIOpaTh BeulecTBeHHOH. Torza raMH/bTOHHaH
(62.6) MoxeT GbITh mepenucaH B BHAe

H = 3o (k) (@ (k) d (k) + b* (— k) b (— k) —
=D A k) (@ (k) b (—R)+b(—R)a(k).  (62.8)

Baxueiimeii 0ocoGeHHOCTBIO pelllaeMoli HaMH 3aJauH SIBJSIETCS TO,
4TO, KaK Mbl Yy2Ke TOBOPHJIH, B3aHMOJEHCTBHE 5JICKTPOHOB C aHTHIa-
pasieNbHBIMH CIIHHAMH H CYMMAapHEIM HMIYJIbCOM, PAaBHBIM HYJMIO, He
MOJKeT CUMTaThCsl CIaGbIM JaxKe NPH MaJOM B3aHMOAEHCTBHH. D10 clle-
NyeT yXe U3 TOro, YTO NMPH CKOJb YTORHO C1aGOM NPHTSKEHHH BO3HH-
KaeT CBSI3AHHOE COCTOSIHHE KYNEepOBCKHX MHap, a Takxke GyleT SICHO
TPOJIEMOHCTPHPOBAHO B Pe3yJibTaTe, K KOTOPOoMY Mbl npuiem. Otciofa
cJlelyeT, 4To cHcTeMa onepaTtopoB a (), a* (R), b (R), bt (k) He moxer
CJIYXKHTb HCXOJIHBIM IIPHOJIHMKEHHeM TeOpHH BO3MYyLleHHiH. Bpenem kBa-
BHYACTHIb!, SIBJIAIOUIMECS CYNEPNO3HUHeH NaCTHLb, HMeloulell HM-
nyJbc B 4 NpOEKUHIO CNHHA /2, W YaCTHIbl, HMelCLell UMIyJabe —k
v npoexuuio cnuia —fi/2. Tlponenaem ¢ 3Tofl 1eJbI0 KaHOHHYeCKoe
npeoGpasoBanue BorosoGosa

a (k) =& () cos @ (k) +1* (— k) sin g (k),

b (— k) =— & (k) sin ¢ (k) +n (— k) cos ¢ (¥),
a* (k) =E" (k) cos @ (k) -+ (— k) sin g (k),

b (— ky=— £ (k) sin ¢ (k) +n" (— k) cos ¢ (&),

rae ¢ (k) — HeonpenesneHHasi noka GyHKuMs umnyJabsca K. Jlerko mpo-
BEePHUTb, YTO npeobpasoBanue (62.9) sAB/seTCs KAaHOHHYECKHM H COXpa-

(62.9)
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HACT HEH3MEHHLIMH AHTHKOMMYTAaTODbI. IosTomy onepatops! g(k),
133 (k), 11 k), 0 (k) YZIOBJETBOPSIIOT NEPECTAHOBOYHBIM COOTHOLLEHUAM
TaKHM e, KaK M oneparopsl a (k), a (k), b (k), b+ (k):
ER)ER)+E®)EMR)=0
E () & (k) + & (&) E (B)=0, (62.10)
E(k) & (k) +E (B) E ()= b4, -

Talme JKe COOTHOILIEHHSI HMEIOT MeCTo M sl ﬁ (k 1r|+ (k) Oneparopsl
3 (®), &+ (B) aHTHKOMMYTHPYIOT C onepaTopaMM ) (k), n* (k). D10 nos-
BOJISIET HAM PaccMaTpuBaTh £ (k), N+ (k) Kak omepaTopbl DOMKIEHHSI,
at (k) (k)—KaK OMepaTophl YHHYTOXKEHHS] KBa3HYacCTHIL ABYX COp-
ToB (& qacmuu M 1)-YaCTHIB), NPHYEM 3TH KBa3HUaCTHUBI SIBJISIOTCS,
KakK BHAHO M3 (62.9), MMHEHHBIMH CyIepNO3ULHUSIMH YACTHIL C AHTHMa-
pa/lsieNbHEIMH CHHHAMH M CYMMapHBIM HMIYJIbCOM, PaBHBIM HYJIO.

TMoncrasassa (62.9) B (62.8), HafiieM raMH/bTOHHAH B HOBBIX Iepe-
MEHHBIX

I =3 {e (k) (1 — cos 20 (k) — A () sin 2¢ (%)} +
k
+ ) {e (k) cos 2 (k) +A (k) sin 29 (k)} (& () £ (k) +
0t (— Ry n(—k)+ ) {e (#) sin 2¢ (k) — A (k) cos 2¢ (k)} ¥

XE @) (—k)+n(—Fk)ER).  (62.11)
BriGepem Temepb napamerp ¢ (k), Tak, 4toObl MOCJAENHMH YjleH 06-
paTHJICs B HyJb. IIpH 35TOM raMHJIBTOHHAH B NpeJACTaBJIeHHH yHcen &
H 1) KBa3HYaCTHI{ CTAHOBHTCS AHArOHAJILHBLIM (WJIEHBI, ONHCHIBAIOLIHE
Tnpouecchl OXHOBPEMEHHOrO POXKIEHHs § M 1) KBasHUacTHL, H OJHOBpe-
MEHHOTO HCYe3HOBeHHs £ M 1) KBa3HyacTHLl, HCYE3aloT) H AHATOHAJIbHbIE
9/IeMeHThl TaMHJIbTOHHaHA JAIOT CNEKTP SHEPTHH CHCTEMBI.
Pu3NYECKH 3TO 3HAYHMT, YTO Mbl IEPEIIH OT PACCMOTPEHHs peasib-
HOrO rasa B3aHMOJEHCTBYIOIIMX 3JIEKTPOHOB K KapTHHE HJea/bHOro
rasa HeB3aMMOJEHCTBYIOMIUX KBa3HYaCTHLL.
YcnoBHe JHaroHaMbHOCTH raMuiabToHHaHa (62.11) uMeer BHJ
A (k)
tg 2¢ (k)—-m, (62.12)
H Mbl BhIGHpaeM caefyollHe 3HaueHus sin 2¢ (k) u cos 2¢ (k), yaos-
JeTBopsiomye ycuosuo (62.12):

. A
sin 2 (k)=ﬁ:)),

k) (62.13)

cos 2¢ (k) = m(k s

rue N
o (k) =Ve® () + A% (k). (62.14)
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AHOZICTaBHB (62.13), (62.14) B (62.11), monyuum
I = Nl (B)—0 B+ o ) (€ B @)+ 1 (— Rl (— 8). 62.15
k

Ilepsoe cnaraemoe B (62.15) He 3aBHCHT OT yHcJa KBa3HYaCTHIL H Tpej-
cTaBjisieT coGol SHEPrHi0 OCHOBHOTO COCTOSIHMS, @ BTOpPOE CjlaraeMoe
ecTb CyMMa SHepruil KBasuuacTui (@ (k) — sHeprusi ofHOH KBasHyac-
THILBI).

Jnsi nocTpoeHHs TePMOAMHAMHKH CBEPXNPOBOAHHKA HAM HYXKHO
HallTH Cpe/inee 3HAYEHHE OnepaTopa & 1o cocTosHmIo ¢ orpeie/ieHHOR
TeMmmepatypoit T. DT0 ycpeHeHHe MPoBOAUTCS B ABa sTana. CHavasaa
MBI HAXOJHM KBAaHTOBOMEXaHHYECKOe CpefHee (AHArOHAJbHBIH MaTpHy-
HblLii 3JIeMEHT) 0T &7 TIO COCTOSIHHIO C OTIPeeeHHbIM (HO IPOH3BOJIBLHBIM)
YHCJOM KBa3HYaCTHIL ng H 7. Ha BTOpPOM sTame MBI ycpepHsieM 3TOT
MaTpHUYHbIH s/ieMeHT no aHcam6iio ['n66ca ¢ Temnepatypo#t T, uTo cBO-
JIUTCSI K 3aMeHe IPOM3BOJIbHBIX YHCeJ KBa3HYaCTHIL Mg H My UX HauGo-
Jlee BEPOSITHBIMH 3HAuUCHHSMH (npu JaHHOiM TeMueparype) n; (T) u
ny (T). Tak Kak KBa3HYaCTHIBI IIPEJCTABJSIOT CO0OH HeB3aHMOJei-
CTBYIOIHE (PEPMHOHE! M YHC/IO HX He (QUKCHPOBAHO (B MPOTHBOMOJONK-
HOCTb YMC/Y peasibHBIX YacTHI, — 3JeKTPOHOB), HauGosee BepOsiTHEHIE
uucia ng (T) u ng (T) onpenensiorcs GopMynaMu pacnpereseHust
®epmu—/Iupaka ¢ XHMHYECKHM MOTEHIIHAJIOM, PaBHBIM HYJIO (OXOGHO
TOMY, KaK unc/a (poTOHOB H OHOHOB onpexensiorcs opmynamu Bose—
diinwreiina ¢ p = 0). Ilpexne yem nucatb ¢opmyas aas ng (T) u
ny (T), clenyer, OZHAKO, 3aMETHTb, YTO NMPOLEAYpe OMHMCAHHOTO Bhille
JIBYX3TAllHOTO YCPEeJHEHHsl MOABEPraloTcss He TONBKO YHCJa KBasHyac-
T & (R)E (k), ﬁ+ (k);] (R), HO M Be/IMYHHA A (k), IOCKOJIBKY B ee orpe-
JleJleHHe BXOAAT omeparopsl b (R), a (k). B pesyabrare cpenHee sHaye-
Hue A (k) Gyzer 3aBHCeTb OT TeMmnepaTtyphl, ¥ Mbl 6yjeM o06o3HayaTh
ero A (k, T). TeM caMblM M SHepriusi KBasHyacTHIm! ® (k) u mapameTp
npeoGpasosanusi BoromoGoBa ¢ (k) cTaHyT B pesy/brate yCpeiHeHHs
(YHKUUAMH TeMnepaTypsl. Mbl 0603HaYHM 3TH CpeJiHHE BeJHYHHBI
uepe3 ® (B, T) u ¢ (k, T). ViveeM 1151 HUX BBIpAXKEHHS

ok, T)=VER LEE, T), (62.16)
sin 2 (k, T) =5 % ?) (62.17)

B COOTBETCTBHH CO CKa3aHHbIM Bhillle /IS CPEAHHX YHCes KBa3HYaCTHIL
HaXOJMM Tenepb BhipaX{eHHe

15 (T) = ny (T) =n(T) = (o & DT 4 1)7%, (62.18)
Haiinem ypaBHeHHe, KOTOPOMY NONUHHSETCS ¢yukuus A (k, T). 3a-
MeHHB B (62 4) oneparopsi b (—k'), a (k') cornacko (62.9), nonyuum

A(ky=g; YW (k, &) [— & (') sin ¢ (k) + 7 (— k') cos g(k")]
o
X [E (k') cos @ (k') +1" (— k) sing (B)].  (62.19)
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Tak Kak BeqnunHa A (k) ecTb YHC/IO (C TOYHOCTBIO 0 uJIeHOB r§/V),
TO OHa COBMAJaeT CO CBOHM JHATOHAJbHBIM MaTPHYHEIM 3JEMEHTOM.
Coxpansisi B npaBoii yacTH (62.19) ToJIbKO AHATOHAJIbHEIE ONEPATOPH!

£ (B)E (k') u M (—K')* (—k') ¥ 3aMeHsis MX COGCTBEHHBIMH 3HaUe-
HHAMH ng U 1 —ny, HaxoauM

A (k)= g5 QW (k, &')sin 20 (') (1—ng— 1) =

1 nA(R
w3V (& )5 (==,

YcpeaHsis 3T0O ypaBHEHHe 10 COCTOSIHHIO ¢ TeMnepaTypoit T U moJb-
3ysicb dopmyaoit (62.18), naxomum

Ak, T)=g XV (k, &)2&-Din &1 (62.20)
&

ok, T) 2T
HJIH
1 AR, T) VE@ T ®, T)
Ak, T)= E‘Y/(k e T th o .

(62.21)

Mgl nonyuHnu MHTerpasbHOe ypaBHeHHe AJsi BequunHsl A (R, T).
1o ypaBHeHHe HMeeT TpHBHajbHoe pemreHHe A (R, T) = 0. Onnako
NpH JOCTAaTOYHO CHJIBHOM 3JIEKTPOH-GOHOHHOM B3aHMOJEHCTBHH H JO-
CTaTOYHO HH3KHUX TeMIepaTypax OHO MMeeT M HeTPHBHAJIbHOE pelleHHe
A (k, T) 0. Ina HaXoX[eHHH 3TOr0 HETPHUBHANBHOIO pellleHHs
npoH3BeieM JalbHefillee YNpolleHHe MOJENH H 3aMeHHM (YHKIHIO
W (k, k') (B coe, B KOTOPOM OHa CYHTAeTCs OTJIMYHOH OT HyJs) ee
yCpelHeHHbIM (TOCTOSTHHBIM) 3HayeHHeM g. Kak BuaHo u3 (62.4), Beqn-
yiHa A B 3TOM cjlyyae He 3aBHCHT OT MMmyJ/bca. YpaBHeHue (62.21)
NpPHHHMAET TOIJa, MOCJe COKpalleHHs Ha MHOXHTenb A (A 7 0), BuR

th VER LA (T)

20T
l"“2 Vem+am (62.22)
wm mpu T = 0 °K
1=£ 2 ——-———W —— (62.23)

YcnoBHe pa3peluMoCTH STOr0 ypaBHEHHS (YCJIOBHe CYIIECTBOBAHHS
HEHYJIEBOTO peLIeHHs) HMeeT BHJ

L y_1
e ; rsr>> ! (62.24)

(ROCTAaTOYHO CHJIbHOE 3/1eKTPOH-HOHOHHOE B3aHMOJEHCTBHE).
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Tpexne yeM NMepeXoNuTh K PeLIEHHIO ypaBHeHHS (62.23), BHIACHHM
¢usuyeckuit cMeica Beauuunbl A (7), HMeromell (yHIaMeHTaJbHOE
3HayYeHHe B TeOPHH CBEPXNPOBOAUMOCTH. BepneMcst K dopmyse (62.15)
M NpoM3BeNeM yCpelHEHHe TaMHJbTOHHaHa ¢ no aHcam6mio ['u66ca
¢ temneparypoit 7. Vimeem

E(T)=2[a(k)—m(k. T)]-l-ze—ox%x—p_,__l‘:

—ka— ﬂw+maﬂ+27ﬂ2@iﬁﬂ_ (62.25)

ez (k) + A? (T)/2uT+

B uactHoctH, npu T = 0 °K cpefHsisi SHeprus paBHA SHEPTHH OCHOB-
HOTO COCTOSTHUSI (KBa3HYacCTHI[ HeT):

E(0)=Y[e)—VeE®FA0) (62.26)

Jlerko BUmeTh, yTo HeTpuBMaabHoe peienne A (0) =0 cooTser-
CTBYeT MeHblIeMY 3HaueHHIO JHEPTHH OCHOBHOTO COCTOSIHHS, YeM HyJe-
Boe pewenHe A (0) = 0. IIpu A (0) = 0 umeem

E@QO)=Xe®—le®|]=2 X e()
k e (k) <0

9TO COOTBETCTBYET COCTOSIHHIO, B KOTOPOM BCE 3JIEKTPOHHBIE YPOBHH
BHYTPH chepst @PepMH 3aHATH, a Bce YpOBHH BHe chepbl Depmu
cBOGOAHEI (HarioMHHaeM, uTo & (k) = (4%k%/2m)—p ecTb aﬂepn«m 2M1eK-
TpOHa, OTcuMTaHHasi oT rpanuusl Pepmu). Ilpu A (0) %0

EQO0)<2 > e(h).
e (B <0
Takum o6pasom, npu T = 0 °K pemenne ¢ A (0) 5= 0 sBasieTcs: TepMo-
IHHAMHYEeCKH BBIPOAHBIM. SICHO, YTO TaKasi CHTyalusi COXpaHsieTcss H
NpH JOCTaTOYHO HH3KHX TEMIeparypax.

IMoxkaxem Teneps, uto pemerre A (0) = 0 COOTBETCTBYET CBepX-
ApPOBOASILEMY COCTOSIHHIO 3JEKTPOHHOTO rasa. DHeprusi KBa3HyacTHIbI
o (k, 0) = V¥ (k)+ A? (0) yMeHbImaeTcsi No Mepe NPHUGIHNKEHHS
K noBepXHOCTH DepMH H Ha MOBepPXHOCTH DepMH JOCTHTAeT MHHHMAJIb-
Horo 3nauenus A (0). Takum ob6pasoM, umeeM o (&, 0) > A (0). ro
3HAUYHT, YTO NepBOe BO3GYNKJEHHOE COCTOSIHHE CHUCTEMBI OTAENEHO OT
OCHOBHOTO COCTOSIHHMSI OGJIaCTbIO 3aNpelleHHbIX 3HAYeHHH >Heprufl —
SHepretTHueckol wenbio. Tak Kak KBasHuyacTHUB § M 7 0671ajaioT crd-
HOM /2, OHH MOTYT (COIVIACHO 3aKOHY COXPaHEeHHsl CIHHA) BO3HHKATh
ToJIbKO napamu. CiiefioBaTe/bHO, SHepreTHueckas wesb npu 7 = 0 °K
paBHa 2A (0), a npu mpousBoJbHOH Temnepatype T pasna 2A (7).
TMockonbKy B cocTostHUH ¢ A 5= O MUHHMasbHOe 3Hauenue o (k, T)/k >
> A (T)/k orauyHO OT HyAs, CHCTeMa NOJKHA (cM. ycsiosue (61.16))
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o6s1anath CBOKCTBOM CBepxTeKyuecTH. [liisi 3/1€KTPOHHOrO rasa B mpo-
BOJIHMKE 3TO CBOHCTBO INpOSIBASieTCsI B (hOpMe CBEPXIPOBOAUMOCTH.
Jle#icTBUTe/IBHO, €CIM B MeTaJlsie BO3HHKJIO YIIODSJOYEHHOE ABHIKEHHE
3/IEKTPOHOB (TOK) CO CPEHHM HMIYJAbCOM P, TO CBS3aHHBIA C 3THM
NPHPOCT 3HEPTHH OIpejensieTcss BeaHuWHoH POe/0P = hkP/m. Ha-
CTOJIbKO K€ YMEHbILIAeTCsl SHepPrusi MPH pacnaje TOKOBOTO COCTOSHHS
(npH QMCCHNALMH ynopsiioueHHoro aBHxkenust). Ho, ¢ Apyroii cTopons:,
JUisi pacnajia TOKOBOTO COCTOSIHHSI JIOJKHa ObITh 3aTpaueHa 3HEprust
nopsinka 2A. 310 CTaHOBHTCS OCOGEHHO SICHBIM, €CJIH PAacCMOTPETh Mpo-
IIeCC B CHCTEME OTCYeTa, 10 OTHOILIEHHIO K KOTOPO# yNopsiioyeHHOe JBH-
JKeHUe OTCYTCTBYeT. UTOGHl TaKoe ABHXKEHHE BOSHHKJIO, JOIKHBHI PO-
JIUTbCSL KBA3HYACTHIIEI, 4TO TpeGyer 3aTpathl sHepruu 2A. Takum o6pa-
30M, €CJIH BBINOJIHEHO HEPAaBEHCTBO fkP/m << A, TO TOKOBOE COCTOSIHHE

[} (7]

I3
Ko

a)
Puc. 76.

SIBJisIeTCs YCTOHUMBBIM. MHBIMH c/OBaMH, TIpH JAOCTaToOYHO Majbix P
WJIM NPH JOCTATOYHC MasblX IJIOTHOCTSIX TOKA COMPOTHBJIEHHE OTCYT-
CTBYeT.

IMponsmocTpypyem pasnuyHe Mex1y HopMasabHbIM (A = 0) 1 cBepx-
nposoasuuM (A = 0) COCTOSIHHAMH, H306pasuB rpadyKH 3aBHCHMOCTH
9HEPTHH KBa3H4acTHUH OT uMnyabca. Ilpy A = 0 umeeM

- -—pn npu k=k,
oW=lem=1 " ..
T om
H 3aBHCHMOCTb SHEPTMHM BO3GYXKIEHHsI OT HMIYJabca H306paxaercs
rpadukoM Ha puc. 76, a. Ilpy A %0

TRRE  \& o
w(k)=]/<—2;—u) +a42
M Mbl HMeeM rpaduk, n3oGpaxkeHHH Ha puc. 76, 6.

Bepuemcs Tenepb K ypaBuenuio (62.23) aas wean npu T = 0 °K.
IMepefiteM B mnpasoii YacTH K MHTETPHPOBAHHIO MO K, 3aMeHss

mpu k<<k,
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> ... na V/2:rL”Sd/«tIe2 ... VInTerpupoBanue NOMKHO BECTHChH IO TOH-

k
KoMy cepuyeckoMy cJol0 BOMH3H NeBepXHOCTH PepMH ¢ TOMIIHHOM
2 Vmax/Up. Tloayunm
T e
1=£ S __Fdk 62.27
8 J Ver k) +4%(0) ¢ )

Tae T = BVmax/vy (B — uHcaeHHbl Kodddunuent). Tak kak T < k,
MBI MOKEM B MHTErpaJie B npaBoil yacTu (62.27) MefIeHHO MeHsomufics
MHOXKHTeNb k? 3aMeHHTb Ha k§ u npeoGpasoBaTh € (k) caexyowum o6-
pasom:

7 (kﬂ

e (k)= B o (e — ko).

Torma ypaBHenue (62.27) mpHHHMaeT BHJ
hoet
de 4n2h3

1= S S N i
Vet+ar()’ mp,

(62.28)

>
)

0
BBo2st HOBYIO NepeMeHHYI0 HHTerpHpPOBaHHs ¢ popmyioii e = A (0)sh g,
HOJTYyYHM

HveT
1= £ arsh ( : (0)> (62.29)

OKcnepHMeHT nokasbiBaeT, 4to A (0)/fivgt ~ A (0)/fivmax <L 1. Tlo-
3TOMY NOCJIe[Hee ypaBHeHHE npummaer BH

2hv,T
1=£In3e, (62.30)
OTKyZla HMeeM
A (0) = 2hvyte—A/8 = 2Bhvmaxe A%, (62.31)

Boipaxkenue (62.31) eme pa3 ykasbiBaeT Ha HENPUMEHHMOCTb TEOPHH
BOBMyIeHHH: (yHKIMA €A% umeeT npn g = 0 CyleCTBEHHO 0coGyio
TOYKY H B OKPECTHOCTH 5TOH TOUKH He MOXKeT GbiTh pasJoKeHa B  Psili
0 CTerneHsM g.

OGpaTHM BHHMaHHE YHTaTeJsl Ha TO, YTO YC/JOBHE BO3SHMKHOBEHHS
cBepxnpoBoauMocTH (62.24)

g 1
Wg_—le(k)|>1

€CTh YCJIOBHE JOCTAaTOYHO CHJIBHOTO 3JIEKTPOH-(OHOHHOTO B3auMOZE H-
crBusi. Ho MMeHHO 3TO B3aHMOJEHCTBHE NPH TeMMepaTypax, OTIHYHBIX
oT HyJsl, OGYyCJIOB/IHBAET CONMPOTHBJEHHE MPOXOMKIEHHIO SJIeKTpHUe-
ckoro Toka. OTcioia ciieiyeT, 4ToO MeTaJslIEl, SIBJASIONHECS XOPOUINMH
NPOBOJHHKAMH TIPH BBICOKHX TeMIepaTypax, He JO/IKHBI TepeXomHTh
B CBEDXNPOBOASIEE COCTOSIHHE MPH HH3KHX TeMmepaTypax, H Hao6o-
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por. OnbiT XOpoOLIO MOATBEPKAAET 3TO NpejAckasaHne — Mellb, cepebpo,
30/10TO HE NEPEXOAST B CBEPXNPOBOJAIIEE COCTOSHHE, BIJIOTb JO Ca-
MBIX HHSKHMX TEMIIEpaTyp, AOCTHTHYTBIX K HacTosiueMy BpeMenH. Hao-
60poT, Takue IVIOXHe IPOBONHHKH, KaK CBHHEIl, PTYTb, HHOGHH HMeIOT
HauGosiee BBICOKHE TeMIepaTypbl Mepexoja B CBePXIPOBOJsIlee CO-
CTOsIHHE.

OTMeTHM Jasiee, YTO NPEACTaBJeHHe O CBEPXIPOBOAMMOCTH, Kak
0 pe3ysbTaTe BOSHHKHOBEHHsI KYNEPOBCKHX CBSI3aHHBIX Nap, CJjefyeT
NPHHHMATh KaK ReCbMa ycsoBHOe. KapTHHA CBsI3aHHBIX Nap sBJseTcs
JIOCTaTOYHO DeaNMCTHYECKOH B HMIyJbCHOM npocTpaHcTse. (Koppens-
sl COCTOSIHHH YaCTHIl Maphbl NMPHBOAHT K 3HAUHTENbHOH BepPOSITHOCTH
o0LIero HX COCTOSIHHSI ¢ CyMMapHEIM HMIYJbCOM, paBHbIM Hymo.) Ho
5Ta Ke KapTHHA HMeeT BecbMa OrPaHHYEHHYIO LEHHOCTb B KOOPJAMHAT-
HOM npoctpaHcTBe. JleHCTBHTENBHO, OLEHHM CPelHHil «pasMep» mapsl
(paccTosiHue MexX1y KOMIOHeHTaMH napel). Pas6poc 3HaueHuit HMIyJibca
umeer nopsnok Benuyusbl A (0)/v, (CooTBeTcTBeHHO pasbpocy 3Hep-
ruit B KoppenuposanHoii mape ~A (0)). CienoBareqbHO, paccTosHHe
MexAy KOMIOHEHTaMH napel | uMeeT nopsinok [~ #/8p ~ fivy/A (0),
T. €. corsiacHo dopmyJe (62.28) I ~ vy/vmaxeA/e. IToabaysch hopmyaamMu
(38.8) u (44.5) 0AS Vmax H Uyt

3N \'/s 2nh [ 3N \'s
”m“=”<m o W=7 \gv) »
HMeem Ol-leHKy
% s (K 1 hase
I~ 0 u eA/8 ~ N - eArlg,

Tak Kak OTHOLIEHHe CKOpOCTH PepMH K CKOPOCTH 3BYKa H SKCIOHEHTa
eA/¢ BeNUKU N0 CPaBHEHHIO C eHHHIIeH, TO «pajHycy naphl ! BeJHK IO
CPaBHEHHIO C MeX3/EKTPOHHBIMH paccrosHuaAMH (V/N)/s. 1o cBHIe-
TEJBCTBYET O CYryGoi YC/JIOBHOCTH NPEACTAaBJIEHHsSI O CBA3AHHBIX Kyre-
POBCKHMX Napax B KOOPJMHAaTHOM IIPOCTPaHCTBe.

TepefineM K pelennio ypaBHeHHst auisi wean npu T 5= 0 °K. ITpo-
nenaB ¢ ypaBHeHHeM (62.22) npeoGpa3oBaHHsl, aHAJOTHYHBIE TeM,
KOTOpBIE MBI IPOJE/bIBANH ¢ ypaBHenueM (62.23), mosyyuM BMecTO
(62.29)

b
1= %§ dg th[ 52 chg], me b=arsh(395).  (62.32)

TIpeoGpa3yeM 5T0 ypaBHeHHe CJIEAYIOUHM 0GPA3OM:
b
A T
=%[§ do [th AT ) ch q)]— l]—{—arshA(TJ

~ & R dp 2hv,T N
NK[_ 2 § e+ lnA(;)]. (62.33)
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(Mbl 3aMeHHNH BepXHHH Ipefiesl B CXOASALIEMCsS HHTErpaje Ha oo H
BOCIIONIb30BaIHCh HepaBeHCTBOM Hlugt/A (T) > 1)
Orciona, ucnosbaysi (62.30), mosyuaeM ypaBHeHMe, CBsi3biBaloilee
A(T) u A (0):
oo
A(0)

dp
Inim =2 OS ETENTT (62.34)

I/IHTel‘paJl B npaBoﬁ YacTH MOXKeT ObIThb BHIYHCJIEH, €CJIH BOCIOJIb30BaThCS
pasJioKeHneM

A(ﬂc -1 © _mA (T) c
<e W "y 1) = 3 (=g W (62.35)
=1
H popmyJIoit "
@
{do ch ag e=Beho =K, (B), (62.36)

0

rae K, (B) — usBecTHast GeccesieBa (pYHKIHSI OT MHHMOTO apryMmeHTa
(cM., HampuMep, [20], dopmyaa 3.547.4). Orciona

AQ) o N e mA (T)
A—Cﬁ—ggﬁzl(—n ’Ko( Al ) (62.37)

Ipu HU3KHX TeMmepaTypax MBI MOXKEM OTPAHHYHTBCS NEPBHIM 4JEHOM
psila M BOCIOJb30BAaTbCS ACHMITOTHYECKHM IIpeACTaBJeHHeM (yHK-

uu Ky -
Ko (2) ~ l/% e’
Torza noJtyyaeM (c TOYHOCTBIO 710 MaJibix nopsiaka (A (0)—A (T))/A (0),
A(T)=A (0)—V 27xTA (0) e—2 /T, (62.38)
C pocrom Temneparypsl A (T) y6biBaer u mpH Temneparype T, oGpa-
maeTcss B HYJb ((hasoBblil Nepexof OT CBEPXIPOBOASIIEr0 B HOPMaJb-
HOEe COCTOSIHHE).

Ipu manbix sHauenusix A (T)/xT ynoGHo BOCMOJB30BaThCs (HOpMY-
J0fi cymMMHpoBaHHs psifa B (62.37)

3 (= 1 Ky (o) =

=1 * y ! 1
T2 <C+ln n>+uzl[]/x2+(2l—l)2n’ (21‘1):‘]’

rie C = Iny = 0,577 — nocrosiHuas Jiinepa (cM., Hanpumep, [20],
dopmyaa 8.526.2).
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Hmeem, noxcrasasia B (62.37),
Q)
& = "iam

o 1
tom I;}[@,_un - Vv = ] (62.39)

2 —1)2 a4 prey o

In

[onaras A (T) — 0, naxoaum cBsisb Mexay A (0) u Temmeparypoit
nepexona 7T

T
=5 =176 (62.40)
B caenyromem npubnauxenun no (T,—T)/T. Haxonum u3 (62.39)
AT _2V2ny/Te—T_ Te—T
=t ]/—Fc =3,087)/ 7T, (62.41)

Ypasuenne (62.39) nossonsier naiitu A (T)/A (0) Takxe u B mpome-
xKyrouHo#t (Mexay 0 °K u T,) obaactu

Temneparyp. I'paduk 1ot 3aBHCHMOCTH 20
u3obpaxkeH Ha puc. 77. 8
CornacHo dopmyae (62.40) A (0) u 16 —~~
TeMnieparypa nepexoja 7. NpOIOPIHO- i
HaJIbHbI 166aeBCKOM YaCTOTE Vmax H, ClIE- o ;g
JMOBATeJIbHO, 06PaTHO NPONOPUHOHANILHE g 4
VM (M — macca atomoB) Zﬁ
Tymo - 9
VM 0102 030405 0607080910
Ora_3aKOHOMEDHOCTb HA3BIBAETCS U30- I
monudeckum  s(gexmom U KayecTBEH- Puc. 77.

HO TIOATBEPMKAETCS SKCIIEPHMEHTOM.
Hatinem TennoemkocTh cBepxnpoBognuka. M3 dopMyssr aast suTpo-
MUK rasa KpasHyacTHL (cM. dopmyay (33.8))
=—x N [nglnng+(1—ng) In (1 —ng) +ny Inny +
k
+ (1 —ng)In(1—ny)]=—2x% 3 [ (T) Inn (T)+
%

+(A=n(T)In(1—n(T)

Ci= T(g—f,)‘/: T ; 1n[‘ ;("TgT’] o (62.42)

HaxoAuM
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(Mel onyckaeM st KpaTKOCTH y TelIoeMKocTH C HHJAEKC, YKasblBaio-
Wi Ha MOCTOSHCTBO OGBeMa, M CTABHM HMHAEKC S, YKasblBAIOWMH Ha
CBEpPXNPOBOJsIee COCTOSIHUE.)

MMogcraBasiss paBHOBecHoe 3Hauenne n (T) us (62.18) u mepexoas
K HMHTETPHPOBAHHIO IO €, MOJNYYHM

hugt
oy de T dA*(T)
CS—WOS CWT(—[(D“(I: n-340] 6243

21T

PaccMoTpHM CHauaJla IOBeJieHHE TEIVIOEMKOCTH B HH3KOTeMIeparyp-
Ho#t o6nactu xT < A (0). B sToM caydae B uuTerpase (62.43) MoXHO
npeHeGpeyb BTOPHIM CjIaraeMbiM B CKOGKax IO CPaBHEHHIO C NEPBbIM,
3aMeHnTh ch w/2xT BbipaxeHHeM 1/,e®/%*T U pacrpoCTPaHUTh UHTETPH-
poBaHue Jio co. Ilonyyum npu stom

«©
Co=pr, § %0k TIAT de, (62.44)

3ameuaem fajiee, uTo B MHTerpase (62.44) cyuiecTBeHHBIl BKJaj BHO-
cAT TobKO Maible & (& << A (0)). MBI MO2KeM I05TOMY 3aMEHHTb MHOXKH-
Teab o Ha A? (0), a B noKasareJie S5KCIIOHEHTBI BOCIIO/Ib30BAThCS PasJio-
xerneM o ~ A (0) + */2A (0). Haxopum

w
2A2
=2t § dee—e/28 OKTg=A /T

H, BBIUUC/ASA HHTErpaJ, noJgydyaeMm

c,=*% VQ”‘ VA2 (0) ,_x @yur,
AT

OrHocst 3HayeHHe Cg K TEIUVIOEMKOCTH 3JIEKTPOHHOTO rasa B HOpPMaJb-
HOM cocTosiHul npu T = T,

2 2)
Ca(T) =T,

(q>0pMyna (44.16)) 1 mnoab3ysch dopmyJoi (44.5), BbIpaxceHHeM /sl
A (62.29) u coorHomeHneM (62.40), MOMYYMM OKOHUATEJBHO

Cs 3 2 (A (0) /: — A O)/xT
=y V (3" eeomr, (62.45)

DKCNOHEHUMANbHBIA XapaKTep yGbIBAHHS TEMJIOEMKOCTH CBEPXIpO-
poaunka npu T — 0 °K Xopowo noATBepKAaeTcs SKCIepHMEHTOM H
CBHJETE/NbCTBYET O NPABH/IBHOCTH NpEACTABIEHHSI O CYIIECTBOBAHHH
9HEPreTHYeCKO! LieNH B CNeKTpe 3HeprHil KBa3HYacTHL, (CyLLECTBO-
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BaHWe e/ 3aTPYAHSET MNEPeXoA KBAa3HYaCTHI B BO3OGYKIEHHbIE CO-
CTOSIHHS).

O6paTuMcsi K pacCMOTPEHHIO 06/1acTH TemnepaTyp, 6u3kux K T,
H TIOCTAaBHM LEJNbI0 BBIYHC/HTb CKAayOK TEMJIOEMKOCTH NpPH Nepexofe
M3 HODPMaJbHOTO B CBepXIpO-
BoAsimee CcOCTOsiHMe. Tak Kak
B HOPMaJbHOM  COCTOSIHHH 5
A=0, o=e, a B cBepxmpo- ¢
BojsmeM cocrosmun A =0, Y -
o=-¢ npu T =T, To cKa- =y,
YOK TENJIOEMKOCTH ONpejieisieT- /0|
Csl BTOPBIM CJ/IaraeMblM B HH- ;%
Terpasie (62.43), ¥ Mb HMeeM 04

22|

2V dA2 (T) a2
Co—=Co=—F =g |r=r1,"
A~ dT B
0 0108203040506607080910 41 12 13 14 15
(62.46) ",
Judpepenunpys  BepaxkeHHe Puc. 78.

s A? (T), BbiTekaomee H3
(62.41), noxcraBasis B (62.46) u otHocs ckauok (Cs—C,) x C, (T,),
noNyunM

CS_CII

o Ir 7€ (3) =1,43. (62.47)
I'papux 3aBucumoctn Cy/C, OT TemmepaTypsl H306parkeH Ha puc. 78.
YHHuBepcanbHble tbopMerbr (62.38), (62.40), (62.41), (62.45), (62.47)
CnpaBeANuBLl B NIPHOIHKeHHH c1a6oii cBsidH (A (0)/Aivmax < 1) H Kaue-
CTBEHHO COIJIACYIOTCSI C OMNBITOM JJIsi «C/aGbiX» CBEPXNPOBOJXHHKOE

§ 63%. Onnomepnas 3apaya Hsunra

PaccMOTPHM OJHOMEpHBIH «KPHUCTa/I», HA KOTOPOM PACOJIOMKEHb!
«y3Jbly Ha PaBHBIX PacCTOsSHUsIX (obwee yHcao ysinoB N > 1). B ys-
Jlax peleTKH HaXOASATCs MarHUTHBIE JUIIONH C MaTHHTHBIM MOMEHTOM LB.
Tlpoekunss MarHUTHOTO MOMEHTa Ha HANpaBJ/eHHe BHELIHEr0 MarHHT-
HOTO MoJist #6 (KOTOpOe MBI Gy/IeM CUMTATb MOCTOSIHHEIM H OJIHODOIHBIM)
MOJXeT IPHHUMATD JBa 3HaueHHs == ug. Mbl GyieM CYHTATh, YTO B3aHMO-
JeHCTBYIOT APYr C APYFOM TOJIBKO COCEJHHE NHIONH, H OGO3HAUHM
yepes & U &’ HEPTHH B3aUMOJENCTBHSI ABYX AHIOJMENl C NapaJlie/bHbIMH
M aHTHNapaJlieJbHbIMH MarHHTHEIMH MOMEHTaMH COOTBETCTBEHHO. B cay-
yae, Korja e << ée’, napajsie/bHasi OpPUEHTAllHsi MOMEHTOB SIBISIETCS
SHepreTHyeckn Gosiee BHITORHOH (np e = (), Korna & > &', sHepre-
THYeCKH GoJlee BBHITOJHOH OKa3blBaeTCs aHTHMNapaJJieNbHasi OpHeHTa-
LHA COCEJHHX AHnoMeH.

OnucaHHasi MOJeJIb HasbiBaeTcs modeavto H3aurea W MOXKeT GbITb,
€CTeCTBEHHO, CHOPMy/HpOBAHA M /S JBYMEPHOrO M TpeXMepHOro
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cayuas. JIByMepHas 3afiaua Maunra (Ge3 MarHHTHOTO MOJIst) MOXKET GbITh
peirena TouHo (cM., Hampumep, [4]),  3To peurenue omHchiBaeT ¢aso-
BbIfl IIepexojl BTOPOT'O Pojia MeXy YNopsiioueHHbIM (peppoMarHHTHBIM)
H HeYNOps/OYeHHbIM (MapaMarHHTHBIM) COCTOSIHHSIMH. TOYHOe pelie-
HHe TpexMepHoO# 3asaun MsuHra Jio cux mop He HafieHo. OjHoMepHast
3anaua ManHra Moxer GbiTh pelieHa TOYHO H MPH HAJTHYHH MarHHTHOTO
noas.

TMocTaBuM ceGe uesbio HAHTH TePMOAHHAMHUECKHE (GYHKIHH OLHO-
MepHOro KpHcrasa. CraTHCTHYeCKast cyMMa Z BbIpaxKaeTcsi ¢opMyJiofi

Z=Y e Font, (63.1)
©)

rle CyMMHpOBaHHE BeJeTCs 1O BCeM KOHGHIYpALMAM, T. e. MO BCEM
BO3MOKHBIM PACIIOIOKEHHSIM Junoseii 1-ro BuAa (¢ mpoekiuel MoMeHTa
WB) ¥ Aunosied 2-ro BHAA (C npoeKuHell MOMEHTa—[ip) 10 y3JIaM peLleTKH.
OueBHIHO, NOJHOE YHC/IO KOHOHrypauuii paBHo 2V. BeeneM Jast Kaxk-
JIOTO y3J1a NepeMeHHYIo 0 ;, IPHHHMAIONLYIO 3HayeHHe 1, eCJIH B j-M y3ae
HaXONMTCSl JHMOMb 1-ro BHAa (OPHEHTHPOBaHHBIA mMO moJio), H —I,
€CM B HEM HAXOMMTCS JMNOJb 2-TO BHAA (OPHEHTHDPOBAHHBIA NMPOTHB
noast). Torna KoHQHrypauusi onpeneisercs 3ajaHHeM BCeX WYHCeN O
(MBI GyZeM TIpM 3TOM CYHTATh pelIeTKY HHKJIHYECKH 3aMKHYTOH, T. e.
OTOXKAECTBJSATh NOCNEAHHH y3es C NepPBBIM: Oy,y = 0;). DHEPTHs KOH-
¢urypauuit E (C) Bbipasutcst opmyaoi

N
E©=) ["J;" +e—‘25—ujq,+i—p5<§fc,]. (63.2)
j=1
Beenem o6o3HaueHHs

o(T) =", 8(T)=

v, 1) =% (63.3)

kT * 2kT

YuuThBasi UMKJIHYECKYIO 3aMKHYTOCTb PeIeTKH, Mbl MOXKEM 3alHCaTh
BBHIpaXKeHHe st Z B BHJE

Z=e-N0 3 exp[0010,+7(01+0,)] X

0y, O, ey O
X exp [00,034 T (0,4 0g)] ... exp [6oyo; -+ 7T (on+01)]. (63.4)
BBefieM ABYDSIHYIO MaTpHUy P ¢ MaTpHUHBIME JieMEHTaMH

(0| P|o’)=exp [600’ 41 (0 +0")], (63.5)
. et et
=l -z (63.6)

Herpynso Bupmers, uto cymma B (63.4) mpeacTaBasieT coGoil wmyp
oT N-H cTemeHH 3TOH MaTpHIbI

Z=¢—NoSp (BY). (63.7)
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Tak Kak uimyp MaTpHIbl HHBADHAHTEH [0 OTHOLIEHHIO K YHHTAapHBIM
npeo6GpasoBaHUAM MONOGHS, TO, NPUBEAs] MAaTPHIY P K AHAroHasbHOH
MO
opme ’ 01 A " nosnyunm H3 (63.7)
2
Z=e=No [AV +AY] Az e—NoAN, (63.8)
rie A, — GOblliee U3 COGCTBEHHBIX 3HAYEHHI MATPHLEI P. CekyasipHoe
ypaBHeHHe JJisl ONpe/ie/IeHHs] COGCTBEHHBIX 3HaYeHH A, U A, HMeeT BHJ
et —_) o=t
e——-B eﬂ-—Z‘( —A
OTKyJla HaxoAuM
A =e?ch 2v+ )/ e ch? 21 — 2sh 26 = ¢ [ch 2t + }/sh®2t + e—%).
(63.9)

Det =MA—2Mhe’ ch 274 2sh 26 =0,

CJIEJlOBaTeJIhHO, CTaTHCTHYECKasi CymMMa paBHa
Z=eN0-p|ch 2tV sh® 2t f e |V, (63.10)

Tak kak nmoakopeHHoe BhlpaxeHue B (63.10) MOMOKHUTENBHO MpPH JIiO-
6bIX (BeleCTBEHHBIX) T H 0, TO cTaTHCTHYecKasi cymMMa Z, a CJIefoBa-
TeNbHO, M BCe TepPMOAHHAMHYecKHe QYHKIHH HelpepbiBHBI NPH JIOGLIX
3HAYeHHAX TeMmmepaTypbl T M HaNpsKEHHOCTH MAaCHHTHOTO nousi ok .
IosToMy dasoBble epexoib! BOAHOMEPHOMN Mofie/ i FIsUHra HEBO3MOXKHbI.

Tonbsysich dopmynolt U = kT? (9/0T)(In Z) u dpopmynamu (63.3),
HafiileM BHYTPEHHIOIO SHEPTHIO LENOYKH

U=N {a 4 opp ¥t ushaeleh 2r i Vahazey 0] } (63.11)
[chort-VshPorre | VP 2r e %

Belpaxcenue /1 TENJIOEMKOCTH MOXeT GbiTh MoJyyeHo 3 (63.11) ud-
(pepeHunpoBannem no T, OfHAKO, B BHAY €r0 IPOMO3AKOCTH, MBI €10 He
npusopuM. B orcyTcTBHe MarsuTHOro noas (t = 0) Bepaxkenue (63.11)
CYIIECTBEHHO YIpPOIAeTCsi:

L ekTe™?
u&f:o:zv[e + BT ] (63.12)
OTKyJla HaxoauM
6 \2 Nk e—eg' 2
Cormo=2Nt(gig) =7 P (63.13)
T ch ST

Tennoemkoctb cTpemMuTcss K Hymo H npy T—0 °K u npu T — oo
H JIOCTHraer MakcuMyma npH Temneparype T, paBHo#t kT, =
=|e—¢&'|/20,, rae 6,—KopeHb ypaBHeHH# 0, = cth6,. Ormerum, yto
STH Pe3yJbTaTbl CIPaBEAJIHBLl HE3ABHCHMO OT 3HAaKa Pa3HOCTH &'—&.
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HaiineM HaMarunuenue uemoyku M. [loacraBasin B dopmyay

N
Z 2 l"BUje_E C)/kT

= 19
M=Q;T——‘=7Hsa?(1“ Z) (63.14)
3navenue Z u3 (63.10), moayuum
Mysh 20
M= — ST 63.15,
V sh? 2t o= ¢ )

rie M, = Npp — MakcHMaJbHOe HaMarHHYHBaHHe.

Ipexpe ueM mepexoAuTb K aHaiu3y (QU3HUECKHX CJAeACTBHi dop-
MyJbl (63.15), BBeZeM HEKOTOpble BEeJIMYMHBI, XapaKTepH3ykoulhe 3a-
KOHOMEDHOCTH B pacrpelie/ieHHH unoJell 1-ro u 2-ro BHIA B pelleTKe.
OGosnauum yepes N, yucio aunoJeii 1-ro Buia, a yepes N, YHCJO AH-
noneit 2-ro Buga. Iast cpeiHuX sHauenuii N; v N, uMeeM

Ni4+N,=N, NX—NQ=£—,

OTKyAa ¢ nomouipbio dopmyasl (63.15) Haxoxum

_N V sh® 2t+4e—* 4-sh 2t
2 V/ sh? 2v 40 !
1 M NV sh?2t+e—*—shor
Fy= g (N—M) N s 2ot D oshn

] Vsh?ov e
BBenem, KpoMe Toro, yucaa nap COCeAHHX AHMMOJEH C MATHHTHBLIMH MO-
MEHTaMH, HaNpaBJeHHbIMH BBepX — Ny;, BHH3 — Ny H B NPOTHBOMNO-

JIOXKHbIE CTOPOHBI — Ny, Meay HHMH CYILIECTBYIOT OYEBHJHbIE COOT-
HOILEHH S

M=z (N+40) (63.16)

Ny=Nu+%2, Ny=Ny+42, (63.17)

cjefyloine HeNnocpeACTBEHHO M3 [MOACuYeTa 4YHCJa JAHUNoNeH KaxJjaoro
COpTa, BXOAAILIMX B OJHOPOJHbIE H B CMEIIaHHbIe Mapbl. HmeeM, Kpome
TOr0, PaBEHCTBO

N
3 6,651 ="Nii+Noy — Ni. (63.18)
=1

Us (63.17) u (63.18) Haxomum

N
3 0,6/, = Ny + Ny —2N3y =N — 2Ny (63.19)
i=1
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Mebl MoxeM Tenepb HaliTH cpepuue sHauenust Ny, Ny, N,,. Vmeem

N
. T, 33 ojajae EORT

= i C) i=1

N1,=7[N— 2 °f"f+1]=? N-=— |

=1
TMocnennee BepakeHHe ¢ moMoLIbio GopMys (63.4) NPHBOAUTCS K BHAY
7 1 a
Fu=vp [N—Fe (In Z)]. (63.20)

Inddepenuupys (63.10), nonyuaem
— 40
Np=N, : . 63.21
® [ch 21'—|—Vsh2 21+e_4°| Vsh2 21'+e“4° ( )

Hakonern, ¢ nomowpsto dopmy. (63.19) Haxoaum

= N & [V s 2rte ™ fsh o] (63.22)
: 2 [ch 2‘:-!—-|/sh22‘:4—43_‘“’”/sh2 2'1.'-i-e—49 ’

=

=

N il [V-sh2 2t+e~ ¥ —sh 2‘[]
2 [ch 21+Vsh"’ 21-|-e—“] V sh? 2t ’

22
PaccmotpuM mpesienbHble cayyan HH3KHX (T — 0 °K) M BBICOKHX
(T — o0) Temreparyp.
L. I. T»0°K.

B npenene T — 0 °K csefyer pasjieibHO paccMoTpeTh caydau 6 > 0
u 0<<O0.

A. 6>0. Ilpp T—0 °K umeeM 0 — oo, T— oo H opmy.ibl
(63.15), (63.16), (63.21), (63.22) nator Anst npelesibHEIX SHaueHuit M,

Nh N‘Z! N12, Nll! N‘ZZ

M©O)y=M, N, (0)=N, N;(0)=0, Nyp(0)=0, Ny(0)=N,
Np(0)=0.  (63.23)

Mbl mONyYMAH  eCTeCTBeHHBIN pe3yJabTaT: HauGosee BepPOSITHOE
(cpennee) pacmpefieleHHe MarHHTHBIX MOMEHTOB B LiETOYKe sIBJSIETCS
npy T — 0 °K NOJHOCTBIO yNOPSIOYEHHHIM MO HAMNpaBIEHHIO MO
(M1..11), a HamarHuyeHHe paBHO CBOEMY MAaKCHMaJbHOMY 3Haue-
HHI0 M.

B. 8 <0. B atom cayyae ynoGHO A/isi HCCJENOBAHHS HH3KOTEM-
neparypHoii o6acTH nepenucarb ¢opmyarl (63.15), (63.16), (63.21),
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(63.22) B BHAE (y'{mbmaﬂ, yrosh 2t A~~ch 2t ~ % ez')
My

M=t (63.24)
_N VI A0

M=y 5= (63.25)

. N Vigettti-0
W=ty et (63.26)
P Ad0l=D 63.97
w=W AT e @)

o N

= (63.28)

_ o [ TEaA T
Fpp N Va0 1] (63.29)

V1T 1]V 144 081-0

W3 stux Qopmysn creayer, 4To NOBefleHHe LENMOYKH ¢ 6<<O npu
T — 0 °K cyluiecTBeHHO 3aBHCHT OT TOTO, BBHINOJIHSETCS JIH HEpaBeH-
cTBO |0]>> T MM NPOTHBONOJIONKHOE HepaBeHCTBO |6| << 7.

1) Mycrb | 6] > 1, &’ << e—ppe/’ . DTO 3HAYHUT, YTO MarHHTHOE NOJIE
AB/IAETCA HACTONbKO cnabbiM (% <H ' = (e—e’)/up), 4TO aHTHMA-
paJielbHasi OPHEHTAllUs COCEAHHX MarHHTHBIX MOMEHTOB, SHepreTH-
yecKH GoJiee BBLIFOJHAs B OTCYTCTBHe ToJas (8 << €), OCTaeTcsi TaKOBOK
H NpH HaJuyuH nogsi. B atoM cayuae npu T — 0 °K umeem et 0—0—
— oo ¥ u3 dopmya (63.24)—(63.29) monyyaem M (0) = 0, N, (0) =
= N/2, N, (0) = N/2, Ny, (0) = N, Nyy (0) =0, Ny (0) = 0. Hau-
Gosiee BepOsITHOE (CpeiHee) PacloJIOXKEHHe MarHHTHBIX JAMIOJeEl HMeeT
Bun (NNN-.. ).

2) Tyetn 0] < v, e—ppe¥” << &' << €. TO 3HAUMT, YTO MATHHTHOE
nosie SIB/ISETCS HACTONIBKO CHIIBHBIM (7 >7 = (e—&')/ ), 4TO aHTH-
napaJie/bHasi OPHEHTalHs COCEAHHX MArHHTHBIX MOMEHTOB, SHepre-
THYeCKH Gosiee BbITOJHAasi B OTCYTCTBHE IOJIs, CTaHOBHTCS 3SHepreTH-
YecKH MeHee BHITOJHOH B NPHUCYTCTBHH noJsi. B aTom ciyuae npu T —
— 0 °K nmeem e*(®—% — 0 u no dopmynam (63.24)—(63.29) nonyuaem

M) =M, N,(0)=N, N,(0)=0,
Ni2(0)=0,Ny, (0)=N, Ny (0)=0.

HanGonee BeposiTHOe pacroJioKeHHe MArHHTHBIX MOMEHTOB SB/ISeTCs
TNOJIHOCTBIO YNOPSIIOYEHHBIM 1O HAMNpAaBJIEHHIO NOJS.

Taxum o6pasoM, XoTsi B ofHOMepHO# MoJenu Vauura dasosbie me-
PexoJ! He NMPOHCXOMAT, B Cilyyae uenouku ¢ 6 << 0 cyuiecTByer KpHTH-
yecKoe 3HAYEHHE HANPSKEHHOCTH MaCHUTHOTO noas ¥ y= (e—e')/ps,
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BOJIM3H OT KOTOPOTO IIPOMCXOAHMT IIEPEXOL OT COCTOSIHHSI C uepenyio-
IMMHCS UNOJAMH 1-TO H 2-TO BH)la (npue” L X,) K nosHOCTBIO YHO-
PSIOYEHHOMY cocTosiHHIO (npu &% > X,), npuueM npu T — 0 °K ator
Nepexoj; CTaHOBHTCS CKauKOOGPA3HEIM.

II. T— oo (mau — 0).

Tlpu stom nmeeM T — 0, 6 — 0 u mo ¢dopmyaam (63.15), (63.16),
(63.21), (63.22) naxonum

M(0)=0, N,(0)=N/2, N,(c0)=N/2,
Nyp(00)=N/2, Ny (c0)=N/4, Ny (co)=N/4.

D10 3HAYMT, B YaCTHOCTH, YTO B OJHOM Q/;HOH uenouke Haunra geppo-
MarHeTHsM HeBoaMoxeH (M = 0 npu 0). dusnueckH 3T0 06BSC-
HSAETCsI TeM, YTO IIPH MaJjIoM YHCJIe cocefiell B OHOMEpHOI lienoyke (1Ba
6/IMKAHIIKMX COcela BMECTO YeThipeX B INVIOCKOH pelleTKe) TeHIEHIHs
K KOppeJIsSiliH B PaclOJIOXKEeHHH COCEIHHX JHIONbHLIX MOMEHTOB HeJo-
CTaTOYHa /ISl BOSHHKHOBEHHSI CIIOHTAHHOTO HaMarHHYHBAHHS.

Mopeny Mi3HHra MOXKHO laTh M HHYIO (PH3HYECKYIO MHTEpPIIPETAlHUIO,
OTJIHYHYIO OT MarHMTHOM Lenouku. JlomycTHM, YTO KaxKAbiil yses pe-
IIETKH MOXKeT GbITh 3aHST JHG0 aToMOM copTa A, GO aToMoM copra B,
NpHYeM B3aHMOJEHCTBYIOT APYT C APYTOM TOJNBbKO COCEJHHE AaTOMbI.
Mbl GyneM mpH TOM CYHTaTh, YTO OJHOMEpHas UEINOYKa HAXOAUTCS
B pacTBOpe, COJepXKalleM GoJibluee YHCIO aTOMOB M TOrO M APYroro
copra, KOTOphle MOT'YT aJCOpPGHpOBAaTbCsl Y3/IaMH LENOYKH, TaK YTO
YKHCJIa aTOMOB B y3/1aX pelieTkH N4 ¥ Np He QUKCHPOBaHEI, a 3aJlaHHOH
aBsieTcsl TOIbKO cyMmmMa N4 + Np = N. B Takoli HHTepnperauuu
pewerka Msunra HaseiBaercss Gunaproti pewemrkotd. OGo3HauuM ye-
pe3 €44, €pp, €ap SHEPTHH B3aHMOJEHCTBHS JIBYX COCEIHHX aTOMOB
copra A 1pyr ¢ ApyroM, copta B Apyr ¢ apyrom u aroma A ¢ aTomoM B
cooTBeTcTBeHHO. KMeeM Torna jAns sHeprud Koudurypauuu E (C)
BbIparKeHHE

E@C)=

N
_ 2 €aatepst2ap - taa +epp—2eap
- 4 4

., tAA"%sB
0,05i+ g (0;+ Um)]

(63.30)

=1

BBoast o6osHayeHHs

eaateppt+2 280 —E,,—8
p(T}= AA 4[;;?‘ AB’ 6(T)= AB M:’;A BB’

€pp—¢&
©(T) = 272, (63.31)
Mbl y6exJaeMcsi, YTo 3ajaya O CBOHCTBaX GHHapHOH OJNHOMepHOH Ie-

NOYKH MOJHOCTBIO KBHBAJEHTHA 3ajjaue O NOBEIEHHH MarHHTHOH OJ-
HOMepHOﬁ LIENOYKH B MarHuTHOM II0JI€. an 3TOM COOTBETCTBHE MEXAY
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BeJIHYHHAMH, XapaKTePH3YIOWUMH GHHADHYIO U MarHHTHYIO LENOYKy,
TaKoBO:

e4at+eppt+2 42+
E+8'-—> AA gB AB’ £ — AA2 BB

e—¢ —

€41+ 8pp—2¢
AAT"®BB AB ’
[ aa— € — &,p,

e > BB N LN, Ny Ny

(MBI MOKEM, He Hapyiuasi OGLIHOCTH, CUMTATh €gp > €44, TaK UTO Ma-
pameTp T, onpenenenHblii dopmysofi (63.31), moJoXKuUTeNeH, TaK ke
KaK H B MarHHTHOH IIeNOYKe).

Bee pesyabraThl, oTHocsimuecs K pacrpefeneHHio atomoB A u B
B GHHapHO! enouke (moBefieHHe BeauuuH N, Np, Nap, N aa, Nps),
MOT'YT ObITb MOJIYYeHB H3 COOTBETCTBYIOUIMX (POPMYJ MarHHTHOH Ie-
nouk: MaHHra myTeM npocThiX IepeoGo3HayeHHit.



TJABA VIHI

3JIEMEHTbl KMHETHKH W TEPMOAWHAMUKH
HEPABHOBECHbIX NMPOLIECCOB

Jlo cHX NOp Mbl paccMaTpPHBaIH DaBHOBECHble COCTOSIHHS MaKpo-
CKOIHYeCKUX CHCTeM. B 3TOJi IyiaBe Mbl [IEPEXOAMM K 3HAYHTEJbHO 6O-
Jlee CJIOXKHOH 3ajjaye — M3YUEHHIO HEPABHOBECHBIX COCTOSTHHE MaKpo-
CKOMHYeCKHX cucTeM. IIpH pelleHHH 3TOH 3ajayd TaKxKe BO3MOXKHBI
IBa TNPHHUMIHAIBHO Da3/MHYHBIX MNOAXOAA: (hEHOMEHOJOTHYeCKUH H
MHKPOCKOIHYECKHH.

B nepsoM cayyae 3ajaua 3aK/IO4aeTcss B yCTAHOBJEHMM CBfi3el
MeXJly MaKpOCKOIHYEeCKHMH NapaMeTpaMu (e3 HCIO/Ib30BaHUSI B siB-
HOM BHJ€ aTOMHO-MOJIEKYJISIDHBIX NpeAcTaBjeHHii. OfHaKO B OT/IHUHE
OT TEPMOAMHAMHKH DaBHOBECHBIX IPOLECCOB B HEPAaBHOBECHOH TepMO-
JIMHAMHKEe OCHOBHYIO POJIb MTPAlOT MOTOKH Pa3/iHYHbIX TePMOAMHAMH-
YeCKHX BEJMYMH (HEpPruH, Macchl, TelJa, HMIYJbCa, SHTPONHH, 3a-
psiia M T.J.), KOTOpble OTCYTCTBYIOT B DaBHOBECHBIX COCTOSIHHSIX.
YcraHoB/eHHe CBsideil MeXAy NOTOKAMH Pa3JIMYHbIX BEJHYHH H MEXAY
KO3(HUHEHTaMH, (HUTYPHPYIOIMMH B 3THX COOTHOWIEHHSX, M 5B-
JISIETCsI OCHOBHBIM COZIEPXKaHHEM TepPMOJAMHAMHKHM HePaBHOBECHBIX MPO-
11€CCOB.

Hapsigy ¢ 3THM cywiecTBYeT M BTOPOH MeTOJ H3yYeHHs! HepaBHO-
BECHBIX TIPOLECCOB, MPEACTABASIOWHI COGOH JajbHefilllee pa3BUTHE
H 0BO0LIEHHe METOXOB CTAaTHCTHYECKOH (H3HKH. DTOT MeToN (KHHeTH-
4ecKH#) OCHOBaH Ha aTOMHO-MOJIEKYJSDHBIX NPEJCTaBJICHHSX H HC-
[0/1b3yeT BBEJEHHOE B CTATHCTHYeCKOH (H3HKe ONMHCAHHE COCTOSIHHS
¢ nomompio GpyHKuKE pacnpesenenns. OfHaKo GyHKIHMH pacnpe/ieieHus
B HEPABHOBECHOM COCTOSIHMH OTHIOAb He COBMNAJAlOT ¢ HalJeHHBIMH B
CTAaTHCTHYECKOH ()H3HKe DPaBHOBECHBIMH QYHKIUHSMH pacripefiesieHHsl H
B 06IUEM C/lyuae HeCTALMOHAPHBIX COCTOSIHHI 3aBHCST OT BpeMeHH. Kpo-
Me TOro, HepaBHOBeCHble (YHKIUM Dacnpe]esieHHss MOTYT 3aBHCETb OT
KOOPAMHAT, Jlake B OTCYTCTBHE BHELUHHX MOJell, Torla Kak B paBHOBeC-
HOM COCTOSIHHH IIPH OTCYTCTBHH BHELIHHX IIOJIeHl pacrnpefiesieHue
SIBJISIETCS] OJHOPOJHBLIM B MPOCTPAHCTBE.

OCHOBHBIMH ~ npo6/ieMaMH  KHHETHKH M fBJSIOTCH, BO-NEPBBIX,
HaxXOXJEHHe YDaBHEHWH, ONpele/AIOMHUX  H3MeHeHHe (YHKUHH
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pacmpezieieHust B MPOCTPaHCTBE U BO BpeMeHH, H, BO-BTOPHIX, ycTa-
HOBJIEHHE CBsi3ell MexAy (YHKLUHeH pacrpefie/ieHHss H MaKpPOCKOMH-
YeCKMMH BeJHuMHaMu (notokamu). Ciefyer oOpaTHTh BHHMaHHe Ha
TO, YTO NPH f—» 0o HEPABHOBECHble GYHKUUH PacHpeieieH s A0MKHbI
B Npelieie NEPEXONHTb B PABHOBECHBIE, €C/JIH OTCYTCTBYIOT BHEIUHHe
BO3/CHACTBHS, NMONEPIKHBAIOLIKE HEPABHOBECHOE COCTOSTHHE.

Kunernyecku#i MOAXOA K H3yUYeHHI0 HePABHOBECHHIX SIBJIEHHH fB-
JasieTcst 6onee TyGOKHM H JOJKEH JaBaTh OGOCHOBaHHE (OPMasibHBIM
METO/\aM HepaBHOBECHOH TepMOJHHAMHKH.

§ 64. Ypasnenne Cmoayxosckoro. Ipuxuun
RETaNbHOr0 PABHOBECHS

PaccMOTpHM  OZIHOATOMHBIA ra3, HAaXOASIIHMACS B HEPaBHOBECHOM
COCTOSIHUH. BepHeMcsi BHOBb K NOHSITHIO W-IIPOCTPAHCTBA, KOOPAMHA-
TaMH KOTOPOTO SIBJSIIOTCS TPH KOOPAHHATHI M TPH NPOEKLHH UMIYJbca
MoJieKyJbl, COCTOsIHME Ta3a B LIeJIOM XapaKTepH3YeTCsi COBOKYMHOCTBIO
N u3o6pazkaiomux ToYeK B IIECTHMEPHOM W-TIPOCTPAHCTBE, NepeMelnaio-
IUXCSA TO CBOMM ()asOBbIM TPAEKTOPHSIM.

BBezeM NJIOTHOCTb H306paKalOWMX TOYEK HJH (YHKUHIO pacrpe-
nenenus f (x, y, 2, & 1, , {), KoTopasi B OOEM C/yyae HepaBHOBEC-
HOH CHCTeMbI 3aBHCHT OT BPeMeHH, KaK SIBHO (B JaHHOH TOYKe W-Ipo-
CTPaHCTBa), TaK H MOCPENCTBOM KOOPAHHAT H HMIYJIbCOB X, Y, 2, &, 1, L.

TlpocrpaHcTBeHHAs IVIOTHOCTb YHCJA 4acTHL p = p (7, {) cBs3aHa
¢ GyHKuHell pacnpejeseHHsi [ COOTHOLUEHHEM

p(r, y={f(r p, tyd®p. (64.1)

J11st NJIOTHOCTH YHMC/IA YacTHL ® (p, f) B NPOCTPAHCTBE HMIYJIbCOB
AHAJOTHYHO MOJYYHM

o(p, )y=\f(r, p, t)yd*r.
QyHKUHA pacnpefenenus f (#, p, f) HOpMUPOBaHA YCJOBHEM
§§ar api (r, p, )=N, (64.2)

rae N — moJiHOe YHCJIO YacTHIL rasa.

Haxoxnenne ¢yuxkuuu pacnpenenenust f (v, y,2, & m, {, ) u ee
3aBHCHMOCTH OT KOODJAMHAT M BPeMeHH eCThb LeHTpa/ibHas 3ajaua ¢u-
3MYECKOH KHHeTHKH. 3HaHHe QYHKUHH pacrpelle/ileHHs! NO3BOJISET pe-
IIMTh IUHPOKHH KJacce 3ajay, OTHOCAUMXCS K HEPaBHOBECHBIM COCTOSI-
HusIM cucTeMbl. K uyMc/ly TaKMX 3afay OTHOCHTCSI BBIYHCJIEHHE KHHe-
THYECKHX KO3(HIHEHTOB B SIBJEHHAX MNepeHoca (TeNIONpOBOAHOCT,
aubdysus u T. A.). Ilycrb, HanpuMep, ¢ — HeKas alAMTHBHAas (QH3H-
yecKasi Be/JMYHHA, OTHECEHHas K OJHOM MoJieKyJe (KHHeTHYecKas
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SHepPTHsi MOJIEKYJIBl, ee HMIyJbC H T. A.). Torma BepakeHHs

§uraw — S“’fn—’f &p

U= e
N §fa
NPeNCTaBASAIOT COGOH NPOCTPAHCTBEHHYIO IVIOTHOCTb M IJIOTHOCTB IIO-
TOKA [/ MaKPOCKOIHYECKOH BeNHYMHBI V.

OpnHako HaxoxJeHHe (YHKIMM pacnpefieJleHHsl 1S HepaBHOBeC-
HBIX COCTOSIHHH NpPEJICTaBJIsieT COGOH 3ajjauy 3HaYHTeNbHO GoJiee CJI0XK-
HYIO, 4eM HaXOXXIeHHe QYHKUHH pacnpefieieHHsi B PaBHOBECHOM CO-
CTOSIHHH.

Ecnu B paBHOBECHOM COCTOSIHHH CYIUECTBYeT YHHBepcasibHOEe pe-
lIeHHe 3alaul — pacrnpefeneHne ['nG6ca, To B HEPABHOBECHBIX COCTOSI-
HHSIX MHJMBHYaJbHble 0COGEHHOCTH TOH HJIM HHOH CHCTeMbl H MHOTO-
o6pa3sye BO3MOXHBIX BHEIUHMX BO3/IefiCTBHI Ha Hee CKa3blBalOTCs Ha-
CTOJIBKO CHJIBHO, YTO HHKaKOH yHMBepCaJbHOH GOpMYJbl /sl QYHKIHMH
pacrpelieJieHHs! TIONYYHTh He ypaercsi. Bosee Toro, naxke ypaBHeHHe,
ONHCHIBaKOLee H3MeHeHHe PYHKIUMH pacrpejiesieHHsl BO BpeMeHH H 1po-
CTpaHCTBe (KMHETHUYECKOe YDaBHEHHe), YAaeTcs MOJyYHTh TOJBKO B He-
KOTOPLIX MpeJeJbHEIX CydYasiX, c/ieaB Gosiee HJH MeHee JajeKo Hiy-
HIHe MPEATNONOKEHNS.

B knaccuyeckoli KMHETHKE CYIIECTBYeT JBAa MeTOJa DPacCMOTPEHHs
HEPABHOBECHBIX MPOLECCOB, OAWH H3 KOTOPBLIX NPHTOJieH JJisi ONIUCAHUs
SIBJICHUA B pa3peXeHHbIX Tras3aX (MeTOJ KHHeTHYeCKOTO YpaBHEHHs
BosibliMaHa), a APYroif — JJisi ONHCAHHSI TMJIOTHBIX Ta3oB (YPaBHEHHs
CwmoasyxoBckoro, ®okkepa — [lnanka). Kpurepuii, nossossiomui ycra-
HOBHTb TDaHHUbl OGJACTH NPHMEHHMOCTH TOTO M JIPYroro MeToAa,
3aKJI0YaeTcs B CJIEYIOLIEM.

Mbl OrpaHHYHMMCs PacCMOTPEHHEM ra30B, COCTOSIUIMX M3 HeHTpaJb-
HBIX YacTHI. B 5TOM cjyyae CHJIBI MOJIEKY/ISIPHOTO B3aHMOJEHCTBHS
6LICTPO CHAJAIOT C YBEJHYEHHEM pPacCTOSHHA MeX1y MOJIeKyJaaMH H
CYLIECTBYET JOCTATOYHO ONpelesIeHHbl pafuyc AeHCTBHA CHJI MEXMO-
JIEKYJISIPHOrO B3aHMOJEHCTBHS 7. (BesnuuuHa 7, 3aBHCHT OT Temmepa-
Typbl, HO 3Ta 3aBHCHMOCTb JIPH HE CJHIUKOM BBICOKHX TeMIeparypax
ABJISIETCSI JOBOJIBHO CJ1aGOi, M MBI MOXKEM CUHTaTb 7, MOCTOSHHOH MO-
panka 1077 = 1078 cm. JlefCTBHTENIBHO, r, CJeAYeT ONPEAe]HTh KaK TO
PaccTOsIHHE MeXKJy MOJIeKyJaMH, Ha KOTOPOM NOTeHIHa/ibHasl SHEPTHsA
HX B3aHMOJIEHCTBHSI CTAHOBHTCSI OJJHOrO NOPSIAKA C MX CpeaHed sHep-
rueit % (r,) ~ kT. YcpenHeHHas NmO HanpaB/eHHSM TMOTEHIHAJbHAs
SHEPTHsl CHJ NPHUTSKEHHs MexJy MoJeKysJaMH o6paTHO IpPONOpLHO-
HaJsibHa 7%, 103TOMY 7o ~ T71/5.) TIoKa paccTostHHe MeXLy ABYMsI MOJie-
KYyJIaMH NIPEBBILIAET 7, OHH JIBUrAIOTCSA TOJBbKO NOJ NeHCTBHEM BHELUHEr0
nosist (ec/id TaKOBOE NPHCYTCTBYET) H TOJbKO Ha PACCTOSHHSX, MEHb-
KX 7, B3aHMOJEHCTBHE MEXAY MOJEKYJaMH CYIIECTBEHHO MeHseT
XapakTep HMX JABHKeHHsi. JlONYCTHM, YTO ra3 HaCTOJBKO paspexeH,
YTO JJIHHA CBOGOAHOrO mpoGera MOJIeKyJbl A MHOro GoJsiblue pajHyca

11 10. b. Pymep, M. Ll PuiBkua

F= (64.3)
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ZIeHCTBHST MEXKMOJIEK YJISIPHBIX CHJI 7y ¥ COOTBETCTBEHHO BpeMsi CBOGOA-

HOTO mpoGera T MHOTO GOJibllle BPeMEHH B3aMMOJCHCTBHS ABYX MoJe-

Kyql To. Tak Kak JIHHA CBOGOZHOTO mpoGera umeer NMOPSAOK BeJTHYHHBI

1/rn, tae n — NJIOTHOCTb YHCJA MOJIEKYJ, TO KDHTEpHH NpHMEHH-

MOCTH 3TOTO NpHO/IHKEHHs uMeeT BHA 1/rgn > ry unn n < 1/rg. Tak

Kak ro~ (107 + 1078) cu, To noayuaem n < (10* = 10*) cu™.

B 3TOM c/yuyae MOXKHO BBECTH IOHSITHE (CTOJIKHOBEHHS» MOJIEKYJ, IO-

HHMasi TIOJ 5THM MPOLECC H3MEHEHHs JBHMIKEHHs KaxJOH H3 MOJIEKYJ,

[POHCXOAAIMA 33 TO BpeMsl, KOTOPOE OfHA H3 MOJIEKYJ MPOBOJHT

B cdepe feficTBusi BTOpOH. MBI MOMXEM B CHJIy HEPaBEHCTBA T > To

CYHTATh [POLECC CTOJKHOBEHHs] MTHOBEHHBIM. TaK KaK CKOPOCTH MoJe-

KyJl KOHEYHEI, TO H3MeHeHHe KOOPJHHAT MOJIEKYJ 3@ BPeMsi CTOIKHOBE-

HHS AX; = v;T) MOXKET CUHTATLCS PABHBIM HYJIIO, HO H3MEHEHHe NpOoeK-

MM CKOPOCTH: HJIH HMIYJIbCa MOJIEKYJ Av; = wity u Ap; = Ft, umeer

KOHEYHOe 3HaueHHe (Mbl

JIOJIKHBI CYHTATh, YTO TIPH

T,— 0 ycKopeHHe w; H

cusla B3aUMOJEfICTBHS MO-

aekya F; HeorpaHuyeHHO

BO3paCTaloT, TaK YTO MNpo-

&) usBelleHus w;T, U Fity

a) CTpPeMSITCS K KOHEUHOMY

Puc. 79. npegeny). Takum o6pa-

30M, B 3TOM IpHOJHKe-

HHH CTOJIKHOBEHHE COINPOBOXKJAETCS JIMIIb CKauKOOOPa3HbIM H3MeHe-

HHeM HMOyabca o0eHx MoJjeKyJ. XapakTep JABHXEHHsl B paccMaTpH-

BaeMOM NPHOMKEHHH MOXKeT GbiTh MJJIIOCTPHpPOBaH puc. 79, a. B Mo-

MEHT CTOJNKHOBeHHH (asoBasi H300paxkaiowas TOYKa MOJEKYJbl B

W-TIPOCTPAHCTBE CKAaYKOM IEPEXOJMT H3 OJIHOTO MOJIOXKEHHs B JApYyroe

(6naropapsi CKauKOOGPa3HOMY H3MEHEHHIO HMIyJIbca), H B CHJIy 3TOrO

ypaBHEHHe HenpephIBHOCTH Il (YHKUMH pacnpelesieHHss B -IPOCT-

PaHCTBEe B NPHHSTOM NPHONHKEHHH He CNpaBeliHBO. DTO 3HAYHT,

YTO B W-NIPOCTPAHCTBE CYLIECTBYIOT HCTOUHHMKM H CTOKH (QYHKIHH pac-

NpeeNieH s, MOIHOCTb KOTOPHIX OINpeJe]sieTCsl CTOJKHOBEHHSIMH Me-

KAy Mosekysaamu. OnucaHHoe Bbille npuGiuxeHHe OyleT noapoGHO
paccmorpero B §§ 67—68.

B 1npoTHBOMONIOKHOM TpefebHOM cydae A < 7, T << T, XapakrTep
JBHXKEHHSl WinocTpupyer puc. 79, 6. OueBHIHO, B 3TOM cjyyae —
cjyyae IJIOTHBIX Tas3oB (n << 1/r§) — NMOHsTHE CTONKHOBeHHs, Boobule,
TepsieT CMbIC/I, TaK KaK MOJIEKYJ/a BCe BpeMsi HaXOAHTCsS BHYTPH Cepbl
JeHCTBHSL COCEJHHX MOJIEKYJ. DTOT NpellesibHbll caydaid U Gyner pac-
CMOTPeH B 3TOM H B CJefyloleM naparpade.

BBuay Toro, 4to Kaxiasi 4YaCTHI@ OJHOBPEMEHHO B3aUMOJEHCTBYeT
C oueHb GOJIBLIMM YHCJIOM cocefiell, BJIMSIHHE ee Ha pacnpeiesieHue
OCTa/IbHBIX YaCTHL, KpaiiHe He3HauHTeJbHO. TeM caMbM HaXOXJAeHHe
(YHKUMH pacnpepe/eHHs] YaCTHI CHCTEMBI CBOAMTCA K 3aJaue O ABHMKe-
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HUH OJHOH YACTHIUEHI B 10JIe, CO3JaHHOM OCTaJIbHBIMH 4acTHUAMH. Buia-
rofaps JABHKEHHIO YaCTHIL 5TO MoJsie IYKTYUPYeT H ABHKEHHE BHIGPaH-
HOH YacCTHUBI SIBSIETCS CTOXACTHUECKHM (BEPOSITHOCTHBIM). /sl TaKMX
CJIy4aliHbIX [POIECCOB MOXHO BBECTH IOHSTHE BEPOSITHOCTH NEpexoia
YaCTHIBI U3 TOYKH X B MHTepBaa dy BOIM3H TOYKH y 3a BpeMsi T. Cum-
BOJIAMH X H y Mbl 0G03HaYaeM TOYKH, CHMBOJIOM dy — 3JIeMeHT o6beMa
p-npocrpactBa. OGo3Hayas uepes W (y, x |7, {) DJIOTHOCTb BeposIT-
HOCTH Mepexoja M3 TOYKH X B TOUKY y 32 BPeMS T, AJIs BepPOSTHOCTH
riepexoia MoJyYuM

dw=W(y, x|, t)dy, (64.4)

rie t ecTb BpeMs BBIXOJa H3o0paxaloueli TOYKH H3 X.

3amernm™, uto dopmyna (64.4) yxe 3ak/oyaer B ceGe HEKOTOPYIO
rHnoTesy o Xofe mpouecca. Jles0 B ToM, 4TO B OGILIEM CJ1yyae BEpOSiT-
HOCTb NIePeX0fa M3 X B y MOXKET 3aBHCETb He TOJLKO OT apryMeHTOB,
yKa3aHHbIX B (64.4), HO U OT NpeUIeCTBYIO-
el HCTOPHH YacTHIL! (OT KOOPAHHAT U HM-
11yJIbCOB B MOMEHTbI BpeMeHH, [IPe/ILIeCTBYIO-
mue ¢). Ecau koppensimus cymecTByeT
TOJIBKO MEXKAY ABYMS IOC/eN0BaTeNTbHBIMU
COGBLITHSIMH, TO TaKHe POLEeCChl Ha3bIBAKOT-
ca uensmu Mapkosa. [IpyrumH cjoBamu,
B MapKOBCKHX IIpOlLleccax BepPOSITHOCTD Ile-
pexozia U3 OJHOH TOYKH B APYTYIO He 3aBH-
CHT OT NPEABICTOPHH Ipouecca (YacTuia
He 00J1afaeT «naMsTbioy). MapKoBcKas Mo-
Jle/Ib C OUYeHb XOpolell CTeneHbio TOYHOCTH
OIHCHIBAET KHHETHYECKHE MPOLECCH B rase
¢ GO/IbILOH MJIOTHOCTBIO.

PaccmoTpuM  TocuiefioBaTeNbHEIH nepe-
XOJL YaCTHUBl M3 X B y 4epe3 TOYKY 2 3a
BpeMsi f - T, Tie { ecTb BpeMs mepexoja M3 X Bz, a T — BpeMs nepe-
Xola U3 z B Y.

TTocKosIbKy mpolecchl lepexofia U3 X B z H M3 Z B § HE3aBHCHMBI,
TO JJIsl BEPOSITHOCTH NIePEX0Aa U3 X B HHTEpPBaJ dy uepes ONpele/eHHYIo
(C TOYHOCTBIO 70 dz) NMPOMEXKYTOUHYIO TOUKY MOJYYHM BbIPaxKeHHe

t
A tott P

W, z|v, b+ 1) W (2, x|t, L) dzdy.

Jasi toro yto6ul Ha#ith W (y, x| ¢ + 7, #), JOCTATOYHO IPOHHTe-
rpHpOBaTh 3TO NPOH3BEAEHHE MO BCEM MOJIOKEHHSIM IPOMEXKYTOUHOH
ToukH z. Kak BuaHO u3 puc. 80, Mbl nepeGupaeM NpH 5ToM (IpH J11060M
BbIOOpE MPOMEXKYTOUHOTO BpeMeHH f, - f) Bce (asoBble TPaeKTOPHH,
BBIXOZSILHE M3 TOUKH X B MOMEHT BPEMEHH f, H NPHXOAsLIHE B TOUKY Y
B MOMEHT BpeMeHH (f, + ¢+ 1). Has ¢yskuun W wbl 0oaydaem

11+
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HeJIHHeiHoe HHTerpajbHOe ypaBHEHHe

W (Y, 91t+7, t)={d2W (4, 2|7, t,-+-0) W (2, 212, t,), (64.5)

KOTOpOe HasbIBaeTcst ypasHeruem CMOAYX08CKO20.

CurienyeT noxyepKHyTh, YTO MPH BLIBOAE STOTO YPABHEHHS MBI MOJIb-
30BaJIMCh JHIIb ONPeeIeHHeM BePOSTHOCTH Nepexoa JJis MapKOBCKOTO
npolecca H TeopeMaMH YMHOXKEHHsI H CJIOXKEHHS BeposiTHocTel. B cBsizu
¢ 3THM ypaBHenHe CMOJIyXOBCKOrO MMeeT BechbMa OGLMi XapakTep M
006/1aCTh €ro NPUMEHHMOCTH BeCbMa IIHPOKa.

BeesieM Tenepb BaxHBIH (pU3HUECKHI 3aKOH, Ha3bIBaeMblil npunyL-
nom 0OemanbHo20 pasHoecus. 3aKOHBI, ONPEESIONHE H3MEHeHHe
MHKDOCOCTOSIHHH CHCTeMBl BO BPEMEHH, 3TO — JIMGO 3aKOHBI KJACCH-
yecKOH MeXaHMKH, JHOO 3aKOHb KBAHTOBOH MeXaHHKH. B cayuae
3aMKHYTOH CHCTEMB M Te H JpYyrHe 3aKOHBI CHMMETPHYHBI IO OTHOLle-
HMIO K H3MEHeHMIO 3HaKa BpeMeHM — 3aMeHe ! Ha —f. B kuaccuue-
CKOH MeXaHHKe 3TO CJIelyeT H3 TOrO, 4TO OCHOBHOE €€ ypaBHEHHe

d2r;
mi g =Fi

BTOPOTO NOPSIIKA 1O OTHOLIEHHIO KO BpeMeHH. ITosToMy npu 3amene
{ Ha —{ nleBasi YacTh TOr0 ypaBHeHHs WHBapHaHTHa, a MpaBasi 4acTb,
BOOOILE, He CONEPXKHT ¢ siIBHO. B KBaHTOBOH MexaHHKe GeCCIHHOBBIX
YacTHIL 3TO CJeNyeT U3 TOTO, YTO 3aMeHa f Ha —{ NpeBpallaeT ypaBHe-
nue [llpenunrepa st BOJHOBOH QYHKIHH Y (¢;, ) CHCTEMB

200
il 5= Hvy
B ypaBHeHHe JJIl KOMIIEKCHO CONpS:KeHHOH (YHKUHH
OV s
— il =Hy

(A% CHCTEMBI YACTHII, He MMEIOMMX CMHHA, TAMHJLTOHMaH H Bemect-
BeH). Ho KoMmieKkcHO conpsikeHHast BoJiHOBast QyHKuMs $* (g;, 1)
OIHCHIBAET TO K€ CaMoe COCTOSIHHe, 4TO H (g;,f), HO C H3MEHEHHbIM
3HAKOM BEKTOpa IIOTHOCTH TOKa BepPOATHOCTH j. C Apyro# CTOpOHHI,
npu 3aMeHe ! Ha —¢ HayaJbHOE M KOHEYHOE COCTOSIHHSI CHCTeMbl Me-
HsloTcsl MecTaMH. ITo3TOMy BeposSITHOCTB NpPSIMOTO M OGpaTHOro mepe-
Xola X—Y M y-—>x JOMKHb ObiTb ONHHAKOBHIMH H (QYHKUHS
w (y, x| 7, ) ROMKHA GbITb CHMMETPHYHOI 110 TIEPBO#i ape apryMeHTOB:

wy, x|t )=w(x y|7, 1) (64.6)

ITO yTBEPKJAEHHE W Ha3blBAeTCH MPUHIHIIOM JETAJbHOTO PABHOBECHS.
DTOT MPUHIKMN B TaKo#H HopMe CIpaBeNNHB A 3aMKHYTOH CHCTEMBI
yacTHIL 6e3 CIHHA, MPHYEM H B TOM CJyyae, €CH CHCTeMa HaXOAHMTCs
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B He 3aBHCAIIEM OT BPEMEHM BHEIIHeM Iojie (BCe NpeLecTBYHOLiHe
pacCyIeHHs OCTAIOTCS CIPaBeMJHBLIME M B 3TOM cayuae). B ciyuae
CHCTEMBI YaCTML, MMEIOIMX CIIHHOBblE MOMEHTH, COOTHoLeHHe (64.6)
yXKe He sBJsEeTCs CNpPaBelIHBbIM. MoXHO, OJHaKO, NOKas3aTb (cM.,
Hanpumep, [12, 13]), 4To B 5TOM csyyae NPHHIMUN JAETaJbHOTO PABHO-
BECHS CIPABe/JIHB 115l BEPOSITHOCTEH, YCPEeJHEHHBIX 10 CIMHAM Haua/b-
HOTO M KOHEYHOTO COCTOSIHME.

3aMeTHM, HAKOKEL, YTO Ha3BaHHE (IIPHHLI IeTa/IbHOrO PaBHOBECHS»
CBSI3@HO C TeM, YTO paBeHCTBO (64.6) crpaBeaJInBo AN MOOLIX ABYX nap
TOYEK Yy, X ¥ AMHaMHYECKOoe paBHOBECHE YHCeJ 3aNl0JIHEHHUS NIOANEPXKHBA-
€TCsl [IEPEXOJlaMH M3 X B i M H3 Y B X HENIOCPEACTBEHHO (110 cXeMe X 2 Y),
a He IOCPEJCTBOM IPOMEXYTOUHBIX COCTOSIHME z (HE IO CXeMe X <> 2).

4
§ 65. Ypasuenue Pokxepa— Ilnanka. BpoyHoBckoe ABHMeHHe

TonyueHHoe B npenbiayleM naparpade HHTerpajibHoe ypaBHeHHe
CmoatyxoBckoro (64.5) MoxHO npeo6pasoBaTh B JHHeHHOe Anddepen-
nuanbHOe ypaBHeHHe. Mbl GyleM CJIeJoBaTb METONY, MpPeNJOXKeHHOMY
TloHTpSArUHBIM.

3anuumeM ypaBHeHMe (64.5) B BHae

Wy, x|t+m, 0)=S\X/(y, zlt, )W (2, x|¢, 0)dz, (65.1)

nosnoxus f, = 0.

BBezieM GYHKUHIO g (X), HHTETDHPYEMYIO B [L-TIPOCTPAHCTBE H YNOB-
NIeTBOPSIIONLYIO TPaHHYHBIM YCJOBHAM: QYHKIHS g (X) H BCe ee NpoHus3-
BOJHbIE JIOOOTO NOPsiKa 0OpalAIOTCsl B HYAb NPH | X | — co:

og 0%g
g(x—0, o 0, Ox; 0xy,

-0, ... (65.2)
npu | x| — oo.
VYuMHOxHM ypaBHeHHe (65.1) Ha g (y) dy U NPOMHTErpUpyeM MO BceM
3HAYEHUAM Y
(W, x|t+1, 0 gy) dy=
=SSW(y, z|t, h W (z, x|t, 0) g (y) dy da. (65.3)

PaanoxuM B NpaBoil 4acTH 3TOro ypasHenHs g (y) B pan Teinopa no
crenensM (y; — 2;)

£ =2+ Gi—2)+ 5 joe Gi—2) a—20)+ -

(N0 MOBTOPSIOWUMCS  WHIEKCaM MOAPa3yMeBaeTcsi CYMMHDOBaHHe
or 1 no 6). IloacraBus sTo pasjoxenue B npasyw uacTb (65.3),
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MOy uUM
§W(y, x|t+7, 0)g(y)dy=
9,
=\ ([e@+ 38 w-2)+5 o =2 =20 + ... ]

X W(y, z|t,¢) W(z, x| ¢, 0)dydz. (65.4)
VinTerpupys nepBbifi WieH B NPaBOil YAaCTH MO y U YYNTHIBAs YC/IOBHe
HOPMHPOBKH SW (y, x |7, ) dy =1, Mbl MOXeM nepenucaTh (65.4)
B BHIE

W (y, x|t+7,0)—W (5, x[£, 0
Sg(y) (y, x +r1 (g, x| )dy—

- Sam(z DLW (2 x|t, 0)dz—

——%Sb,k (2 0 525 W (2 x]1, 0)dz—...=0,  (65.5)
rae BBeJeHb 0603HAYEeHUS
aP @ =5 \ G—2)W (5, 2|7, Hdy, (65.6)

bp (2, )=+ S Gi—2) —2n) W (4, 2|7, O dy,  (65.7)

lecTimepHbiii BeKTOp ai” ecTb cpeiHss cKOpocTb H3oGpaxalomeil
TOYKH B [L-IIPOCTPAHCTBE 32 BPeMs T B TOUKE Z U B MOMEHT BPeMeHH f.
lecTumepHbIf TeH30p b{E npecraBasier coGoii GyHKIHIO KOPpesIHI
MeXAy i-f M k- NPOEKUMSIMH CMelleHHs H300pakaroliedl TOYKH 3a
BpeMsl T, OTHECEHHYIO K eJHHHLE BPEMeHH, a IIIyp 3TOTO TeH30pa
(cyMMa JMaroHaJbHbBIX 3/1eMEHTOB) JaeT CPelHHH KBajipar CMelleHHs
usobpazkaloieil TOYKH 32 BpeMsl T, OTHECEHHbIH K eJHHHLEe BPeMeHH

by =1 S (Wi — 22 W (9, 2|7, 8) dy. (65.8)

Quepnano, ciaenywoune Kosdduiuents pasoxenus (65.5) npeacras-
NS0T COBOH KOppe/slUH M CpellHHe CTeNeHH CMelleHHA H300pakaio-
el ToukH 6oJ1ee BHICOKOTO nopsiaka. Ml GyjeM B Ja/bHelIIeM CYHTaTh,
4TO /sl MaJblX 3HAYEHHH T MNOCJeAYIOUHEe YJeHbl pasJjoxkenus (65.5)
MaJibl 10 CPABHEHHIO ¢ MEPBBIMM ABYMsl, U OyleM HX oT6pachBaTh (115
MasiblX T BEPOSITHOCTb GOJIBLIMX TepeMelleHuil (y; — 2;) Mana, H uyeM
BbILLE CTENEHb /1, B KOTOPOil BXOANT Pa3HOCTb (y; — 2;) B NOJbIHTErPaJib-
HOI (pYHKIIMH, TeM MeHbLIe COOTBETCTBYIOUIHH KOPpeiaTHBHBIH Koaddu-
LHEHT).
Tlepeiinem Teneps B (65.5) k npegeny v — 0 1 0603HauuM

0,5 ) =limap @, 0, b, )=limby 0.
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Bropoe 1 TpeTbe csaraeMoe InpeoGpasyeM IIPH 5TOM CJIeAYIOUHM 06-
pasom:

Sal(z HW(z x|t 0) ag dz= S{b%[a,-(z, HW(z, x|t, 0)g(2)] —
@V G xit, Oai, )} dz, (85.9)

1 [
3 \bute, OW (@ 21t 057 dz =
1

=5 § oz [tue 0w @ 21t 00 ] -
_0§;l Z)ai— (bir (2, OW (2, x ¢, 0) l+
tel )62 57, [ (2, OV (2, 11, 0)]} de. (65.10)

IepBoe cnaraemoe B mpaBoi uyactu (65.9) M mepBble ABa caaraenmbix
B (65.10) Moryr GbITb mpeoGpa3oBaHbl C NOMOIIbIO TeopeMbl [aycca
B MHTerpaJ 1o 6eCKOHeUHO YJa/eHHOl rpaHHYHOI NOBEPXHOCTH; TOrAa
OHH HCYE3HYT BCJEACTBHe I'DaHMYHBIX ycaoBHH (65.2). IlepeoGosnayast
B OCTaBIUMXCH CJaraeMblX NEePeMEHHYI0 HHTErPHPOBAHHS uepes y,
nonyuum 3 (65.5)

oW (y, x|t, 0 )
Sg(y){%'—’ﬂ;w W x1t, Oar (v, 0] —
1
-5 ay a7 W (9, x 16, 0) bu (9, )]} dy=0, (65.11)
OTKY/la BBHY IPOU3BOJILHOCTH (QYHKUHH g () MpH JI0CbIX KOHEUYHbIX y
uMeeM ypaBHEHHE

Al 80 0 {\m xit, 0)a; (9, 0)] —

1
-2 ()y,ayl W (y, x|, 0)bu(y, t)] = (65.12)

VYpaBHenue (65.12) nasuiBaercsi ypastenuem Doxkepa — Ilianka
HJIY MOHOMOACKYAAPHOLM KUHemieckum ypagreruem. Tlocaenee HamuMe-
HOBAaHHEe OTpakaeT TOT (GaKT, YTO 3aJayy O KOJEKTHBHOM ABHKCHHH
4aCTHIL CHCTEMBbI Mbl CBEJIH K 3ajaue 0 GuyKAaHUH OAHOH YacTHUB NPH
YCPEeIHEHHOM PacIOJIOKEHHH OCTaJIbHBIX YaCTHIL.

BrisicHHM,  KaK ~ CBfi3aHa MJIOTHOCTb  BEPOSITHOCTH — Nepexoja
Wy, x |7, ) c dyukuneit pacnpenenenus f (r, p, t) = [ (x, #). Ilycts
npu ¢ = 0 QyHKUUA pacnpejiesieHdss B TOYKE X W-IIPOCTPAHCTBA paBHA
f (x, 0). Uucao wactuy, ymwemwuux n3 obbeMa dx 3a BpeMsi f, paBHO

dx (W (z, x|t, 0) (x, 0)dz,
a 4HCJI0 4aCTHL, NpHIUeJWHX 3a TO XKe BpeMs B o0peM dx, paBHO
dx{W(x, 2|1, 0)f (2, 0) da.
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Jinst u3MeHeHHst uHcsa yacTHL B oGbeMe dx 3a BpeMs ¢ HMeeM
[F(x, )= [ (x, 0)] dx=
=de{[W (x, 2|8, 0)f (2, 0)— W (2, x|¢, 0)f (x, 0)] dz.

Coxpamas Ha dx M y4HTbIBast yCIOBHE HOPMHPOBKH S W(z,x]t,0)dz =
= 1, nosy4aem
flx, y={W(x, 2|2, 0) [ (z, 0) dz. (65.13)

Ypasuenue (65.13) nokasbiBaer, uto ymHOXeHHe Ha W (v, z|{, 0)
1 HHTETPHPOBAHIE N0 Z SKBHBAJIEHTHO OHOBPEMEHHOMY CIBHIY B U-[PO-
CTpajycTBe HAa BEKTOP (¥ — z) M BO BPEMEHH Ha OTPe3OK f.

YmHoKas ypaBHenHe (65.12) Ha f (x, 0) U uHTerpHpys IO X, MOJIY-
unm ypaBuenne Qoxkepa — [lnanka st QYHKIHH —pacrpenesie-
uus f (y, t)'
9 (y. t f) _

v [f Y, iy, O] — 2 (,y 6yk [ (4, 8 bue (y, D) =0: (65.14)

Mnol Mokem mepenucaTh ypaBHeHHe (65.14) B ¢opMe ypaBHeHHs
HeNnpepbLBHOCTH B W-TIPOCTPAHCTBE

I+ %=, (65.15)
rae U.leCTPlMeprIl:l BEKTOpP IMJIOTHOCTH TOKa paBeH
ji=ai(y, ) (y, ) — ( i (y, D (Y, 7). (65.16)

Takas 3anuch ypaBHeHHs d>ox1<epa — Hnam(a OTKpBIBAaeT MyTh K HEKO-
TOpHIM 0606LennaM. Bynem cumBoaamu x, y, ... 0603HayaTh He TOUKH
W-TIPOCTPAHCTBA, @ TOYKH TPEXMEPHOro NMpocTpaHcTBa. PaccyskieHns,
npuseque Hac K ypaBHenHio Poxkepa — IlnaHka, cOXpaHSIOT CHIY
U B 3TOM CJlyyae, U Mbl HOJY4YHM yparHeHHe (65.15) ¢ nIOTHOCTBIO TOKa
(65.16), HO B TpeXMEepHOM IpocTpaHCTBe. BeKTop a; MpejcTaBisieT
coGoit B 3TOM cJ1yyae 0ObIYHYIO CKOPOCTb YaCTHILB], @ TeH30p bj, — QYHK-
LHIO KOppeJasAuHH MeX1Yy CMEUIEHHAMH YacTHIbl B HaNlpaBJeHHAX KOOp-
JMHATHBIX OCei.

PaccMOTpHM ra3 B OTCYTCTBHE BHELIHero nojs. B aTom cayuae,
BCJICACTBHE OJHOPOJHOCTH IPOCTPAHCTRA H BPEMEHH, NJIOTHOCTb BEPOSIT-
HOCTH NePexoja MOXKET 3aBHCETb TOJIbKO OT PACCTOSIHHSA MeXK]Y TOUKaMH
H He JIOJJKHA 3aBHCETh OT BPEMEHH:

Wy, xlv, )=W(y—x|, 7).
Hmeem noa'romy ans a; (y, 4, bu (u, 1)

a (Y, t)-—llm BW(\H x, )(y,»—x,-)dx:
=lim 5 W(zj, 9)zdz=0  (65.17)
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B CHJIY HEYeTHOCTH l'lOﬂblHTel'paJll:HOﬁ q)yHKlU/IH H
bi (y, 1) = ltm:] §W (1y— x|, ©) (9: — %) (e — x2) dx =By,
rie
b=lim L S W (2], 7) 2} dz = const. (65.18)
T-0

VYpasuenne Pokkepa — INnanka anHHMaeT TOrZa BHR

T LoV (65.19)

H C TOYHOCTbIO 10 0G03HAUYEHHH COBNAJaeT C ypaBHeHHeM Aubby3un

I —Dvey. (65.20)

Orciofa HMeeM COOTHOIIeHHe DHHIITeAHa MeXy KoadHLHeHTOM b
1 kosdduuuentrom nuddysun D:

b=2D. (65.21)

ByneM Temepb NMOHHMATh NOA X KOOPAHHATHI He MOJIEKyJbl rasa,
a GPOYHOBCKOH YaCTHIILI, B3BELICHHOH B rase HJIH XHIKOCTH (HETPYAHO
NOHATh, YTO ypaBHenHe Pokkepa — Il1aHKa OMHCHIBAET NPHOIHKECHHO
G/1y2KlaHHe YacTHIbl W B 3TOM cJydae). Toraa, moab3ysich GopmyJol
(65.8) nst koshuumenTa b (HanHcaHHOH AIS TPEXMEPHOTO cJydas),
MOJIYYHM BbIpakeHHe

Ax® = br=2Dr, (65.22)

COIVIaCHO KOTOPOMY CpefHHil KBaJpaTt CMelleHHsi GPOYHOBCKOH YaCTHIIb!
NPONIOPIHOHA/IEH BPEMEHH.

B cayyae ecnu 6pOyHOBCKHE YaCTHLbI HAXOAATCS BO BHEIUHEM MO,
TO MepBOe cJaraemMoe B BhipakeHMM ToKa (65.16) Takxke OTJIHYHO OT
HyJis. ITpeneGperast 3aBHCHMOCTbIO Ko3(duIHenTa b OT KOOpAHHAT, 4TO
CTPOro CIPaBeVIMBO JUIsl OJHOPOJHBIX NOJel H NPHGNHIKEHHO crpa-
BEJINBO /IS HEOAHOPONHBIX MoJjiefl Ha HeGOJBIUHX OTPe3Kax, MOJy4HM
JUISl TOKa | BhIPaxKeHHe

Jj=af - bvf. (65.23)

B paBHOBECHOM COCTOSIHHH paclpejie/ieHHe YacTHL, omuchiBaeTcs ¢op-

myJoft Boabumana
f= fne—Zl (*, 4, 2)/kT
,

a TOK ] paBeH HyJ/0, H, CJeA0BaTEJbHO, Mbl HMeeM

1oV ) Ux oy 2 oF Uy 2
X Y 2 TR T _or ) T TT
f( tg e ) _fo(a 2kT)e
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bF DF
=g =5 =4F, (65.24)
rae ¢ = D/kRT — NOABHKHOCTD.

Mt nontyunnu 3akox Crmokca Aist CONPOTHBIIEHHST BASKOH XKUKOCTH
IBHXKEHHIO YaCTHIbI, COIVIACHO KOTOPOMY CHJIa CONpPOTHBJIEHHs NPO-
NOPIHOHA/bHA TIePBOH CTeneHH CKopocTH. JIJsi yacTHI cepHuecKoi
dopmer HMeeM (cM., Hampumep, [14])

1
9= G (65.25)

e | — KospHUHEeHT BA3KOCTH H r — pajnyc yacTHinl. Popmyia ans
CpeJlHero KBajipaTa CMelleHHsl MPUHHMAeT Tenepb BHJ

A =T o, (65.26)

Sra ¢opmyJa Jaja B CBOe BPeMsi OJHY H3 NEPBbIX BO3MOXKHOCTEIl H3Me-
peHHsl NOCTOSIHHOM & 1 ukcsia ABoraapo N = R/k v noaTBepau/a peajb-
HOCTb CYIIeCTBOBAHHSI aTOMOB.

§ 66. YpasHeHMe KuHeTHuecKoro GanaHca.
BuiBon dopmyaint aanka no iiHwTeitny

Bepuemcsi Kk ypaBhenuio (65.13), casbpiBatomemy ¢pyHkuuo f (x, f)
¢ BeposiTHOCTBIO mepexona W (y, x| T, f).

Pas/ioxKuM IJIOTHOCTb BepPOSITHOCTH nepexoxa W (y, x | T, #) npu
MasblX T no cTeneHsM T. OrpaHHYMBaschb JABYMSI MePBBIMH YJeHaMH
Pas3J/IoKEeHHs!, ToJyyaeM

Wy, xit, )=D(y, x, t)+1P (y, x, 1). (66.1)

P (y, x, f) ecTb BEPOATHOCTDb Nepexoja H3 TOYKH X B TOYKY y B MOMEHT
BpeMeHH ¢ 3a eaunuuy BpemenH, a @ (y, X, f) eCTb BEPOSITHOCTb «MTHO-
BEHHOTO» Tepexosia H3 X B Y.

Tak Kak 3a HyJeBOM IPOMEXKYTOK BPeMeHH YacTHIA He MOXKeT
MOKMHYTb TOYKY X, YJIeH HYJ/IeBOH CTENeHH 1O T MOXKET ObiTb 3anHcaH

B BHJIe
Dy, x, )=A, )d(y—x), (66.2)
rae A (y, {) onpejensieTcss U3 yCJOBHSI HOPMHDPOBKH:
(W, x| Hdy=1. (66.3)

TloxcraBasis ciona

Wy, xit, =A@ )8y—x)+TP(y, x, 1),
HaxoAum
A(x, )y=1=7{P(y, x, 1) dy. (66.4)
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Hcnonbays (66.4) Aast MJIOTHOCTH BEPOSITHOCTH NePexoja, OKOHYa-
TEJIbHO MOJTYYHM

Wy, x|7, )={1-{P (2, y, 1) d2} 8 (y—x)+ 1P (y, x, ). (66.5)
3anuuieM NosyyeHHoe paHee cooTHoienue (65.13) B Buze
Fy t40={W (s, 2|7, Of(x, t)dr.

IoxcraBasis ciona (66.5) u nepexonst K npegeay npu t - 0, noayyum
nocsie MPOCTHIX BHIKMANOK CJIENyIOliee ypaBHEHHe:

qeh S P (%, 2, )f (2 )—P (2, %, ) (x, f)] dz. (66.6)

JleBasi yacTb TONYYEHHOTO BBIPAXKEHHS JaeT HM3MEHEGHHE [MJIOTHOCTH
YHCJIa YACTHIL B TOUKE ¥ B MOMEHT BPEMEHHM f 33 eHHHILY BpeMeHH. D10
H3MeHeHHe 06yCJIOB/IEHO MPHUXOLOM YACTHIL B TOUKY X H3 BCEX OCTaJIbHBLIX
TOYeK z (mepBoe cslaraeMoe NpaBoil 4acTH) H YXOJOM YacTHI H3 TOYKH X
(BTOpOe ciaraemoe). IToatomy ypaBHenne (66.6) HocHT Ha3BaHHe ypaB-
HeHHsl KHHEeTHYecKoro Oasanca. Mpl MoxKeM mnepefiTH B ypaBHEHHU
KHHeTHYeCKOTo 6aslaHca OT KJIaCCHIeCKOTO OHCAHHSI COCTOSIHHE B W-11PO-
CTPAHCTBE K KBAHTOBOMEXaHHYECKHM JHCKPETHBIM COCTOSIHHSIM. B 3ToM
ciyyae Mbl JIOKHBI Gy/ieM 3aMeHHTb (GYHKUHIO pacnpeneneus [ (x, &)
YHCJIOM YaCTHIL B i-M cocTosiHHH N; (f), a BeposiTHOCTh P (X, 2, f) mepe-
X0Jla 3a eIHHHIlYy BDEMEHH H3 TOYKH 2 B TOUKY X BeposiTHOCTSIMH W, (£)
nepexoaa u3 k-ro cocrosiuus B i-e. Torga ypaBHeHHe (66.6) mpumer
BHJL,

o _ Y (Wal—WaN,). (66.7)

ot
ki

Ecan cucrema siBasiercst BaMKHyTOﬁ, TO HMEeT MeCTO TNPHHLHIT
JE€TaJIbHOI'0 PaBHOBECHA, KOTOpblﬂ JJIsl BepPOSITHOCTeH nepexona, oTHe-
CEeHHBIX K €JHHHUE BPEMEHH, 3aNHULIETCS B BHJIE

P(x, 4, )=P(y, x, 1) (66.8)
WK
Wik (8) = Wi (8). (66.9)

(Kak MBI yXe ymoMHHAJH, JJISi YaCTHIL CO CIHHOM nox P (x, y, #) wiau
Wi (f) cnenyer nOHHMaTb BEPOSITHOCTH, YCPEIHEHHble IO CIIHHAM
HayaJIbHOTO M KOHEYHOro cocrosnuii.) Toraa s saMKHYTOMH CHCTeMbi
ypaBHeHHs (66.7) GyAyT HMETb BHJ

aN;
o= 2 Wi (¢) (N — No). (66.10)
ki
3aMeTHM, 4TO B OOIIEM Cayyae BepOSITHOCTH mepexoxa P (x, 2z, f) uau
Wi (f) ABasiIOTCS QYHKUHMSAMH 4Mces 3anoJuenus f (x, f) wan N; (f).

INosTomy BHewHsist npocToTa ypaBHeHHit (66.6), (66.7), (66.9) siBasiercs
Kaxkyuiefica M 3TH ypaBHEHHs MPEICTaBJSIOT coGoil B OOWEM cayyae
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HeJIHHeliHble MHTerpo-IHddepeHIHaibHEIe ypaBHeHH s, NPUOIAKEHHOe
pellleHHe KOTOPBIX BO3MOXKHO JIMIUb B MPOCTEHUIMX caydasix npu Gosee
WM MeHee JaJsiekKo MIYIHMX NpPEANONONKEHHSIX.

PaccmoTpuM B KadecTBe MNPOCTOTO HJIIIOCTPHPYIOLIErO NpHMepa
WJleasIbHBIA ras, COCTOSIIMI H3 aTOMOB, HMEIOLIMX BCETO [Ba HEBBIPOXK-
ZIeHHBIX YPOBHSI SHEPIHH €; H €, H NyCTh OH HAXOAUTCS B KOHTAaKTe
C TepMOCTaTOM, BO3JeCTBHE KOTOPOTO Ha a3 HHIYLUHPYET Nepexois!
aTOMOB M3 OJHOTO COCTOSIHHMSI B Apyroe. ByaeM cuHTaTh, YTO BEpOSIT-
HOCTH IIePEXO/ia Wy, H W,y He 3aBHCHT OT YHCEJ 3aNOJNHeHHst (BCIEACTBHE
TOTO, YTO MEPEXOjibl BLIBLIBAIOTCSI HE CTONIKHOBEHHSIMH aTOMOB, a BHeLU-
HHM BO3JlefiCTBHEM) H He 3aBHCHT OT BpeMeHH. 3aMeTHM, UTO MOCKOMbKY
ras npejcTaB/sier co6oi He8BaMKHYTYIO CHCTEMY, TO IPHHLHI AeTaJIbHOTO
PaBHOBECHSI HECTIPABEIIHB H Wy, 7= Wy,.

YpaBHeHHS] KHHETHYECKOro Ga/iaHca MMeIOT BHA

N,

2 = WnNy—wulNy, (66.11)
dN,
@ = Wy N, — wy,N,.

Huiem pewenne cucreMbl B BHge N; = Cie®, Torna
(a+w,y) Cy —w,C, =0,
— @y Cy + (2 +wy,) C,=0.

VYcnoBueM CyleCTBOBaHHST HETPHBHAJbHOTO (HEHYJIEBOTO) pelIeHHs
STOH CHCTEMBI SIBJISIETCS PAaBEHCTBO HYJIO ONpee/iHTeNst

a o4 wy +wp] =0,
OTKyZa MMeeM J[Ba KOPHsI
a; =0, oy=—w,—W,. (66.12)

(66.11a)

IepBoe peuenue jaeT paBHOBECHOE COCTOSIHME
Wo;
N{'=C,, N¢'=Cy,=0C, wlz ,
npuyeM, B cHay ycaoBHusi Ny 4+ N, = N = const, umeem
Nw. Nuw,,
Ntlt 12 N!U= 1 .
WpFwy’ 7T wptwy
Bropoe pelueHHe JlaeT SKCIOHEHIMAJbHO Crajaloliie OTKJIOHEHHS OT
CTaUHOHAPHOTO COCTOSTHHS:
Niy= ne— @ntwa t
H, CefoBaTesbHO, OOllee pelleHHe ONHChIBAeT pPeNaKCAlHOHHBI Mpo-
1ece NMPHOMMKEHHS] K CTAlHOHAPHOMY PEeKHMY

t
Ny=-Noe 4 pm% N Nem 77 (66.13)

Wi+ wy 27wt wy
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[J€ 1L ONpeNleIIeTCs HaualbHbLIMH YCAOBHAMH (1= Ny — N{D = N(D—N,
npu ¢ = 0), a BpeMs peslaKcallMy PaBHO T = 1/(w;, + w,,). 3amerum,
UTO JUISl OTHOUICHHS Wyo/Wy; MBI HMEEM Wyo/wy = N(I/ND.

Ecnu ras He BBIpOXJEH, TO, MOJb3Ysichb pacrpefejenveM Makc-
BeJsla — BoJblMaHa, HaXonuM

s _ p(ea—en)/kT

Wy

Ecnn &, << e, ¥ (8, — €)/kT > 1, 10 0,y L 0y 1 T =~ 1/wy,.

Paccmotpum Tenepb GoJiee CJIOXKHBIH cydall CHCTEMBI aTOMOB, HaXo-
JAIEXCA B PABHCBECHH C 3JIEKTPOMATHHTHBIM H3JydeHHeM. 3ta
3ajaya Gblia paccmoTpeHa A. DitnHwrediHom (1916 r.), KoTopwiii Aaj
KHHETHYeCKOe J0Ka3aTeJbcTBO dopMybl IlnanKa s SHEPrHH CEETO-
BOTO H3JyYeHHSs.

PaccMoTpuM aToOMBI, HaXOASIIHECS B COCTOSIHHSIX C SHEPTHSIMH &;
U €, (Mbl He OrpaHHYHBaeMCst GoJiee C1yYaeM JABYXYPOBHEBOH CHCTEMBI),
U B COTJIaCHH C NMPHHIIUMIIOM J€TaJNbHOTO PaBHOBECHS NPHPABHsSEM YHCJIa
nepexojoB (3a eNMHHLY BpeMeHH) i —k M k—i. Bynem cuurarsb
8; > &, TaK YTO NePexojbl i — k NPOUCXOAAT C H3JyueHHeM SHepTHH
(e; — &), a nmepexojipl k— i C MOIVIOLEHHEM TAKOTO K€ KOJHYeCTBa
9HEPIHH.

Uucsio mepexofioB ¢ TNOTJIOUIEHHeM NpONopuuoHanpHo o (v, T) —
TJIOTHOCTH CBETOBOH SHEPrMM YacTOThl v, COOTBETCTBYIOLIEH Nepexoxy
i 2 k u yncay atoMoB B A-M cocTosiHHH Nj. O6Go3Hayasi KOIhHIHEHT
NPONOPIHOHANLHOCTH Yepe3 By, MONYUHM AJs ny; — YHCIA NePexofoB
k — i BblpaxKeHHe

i = BN o (v, T). (66.14)

OGpaTHble Nepexoibl i — £, T. €. Mepexolbl ¢ H3/JyyeHHeM, MOryT
POHCXOJIUTH CaMONIPOH3BOJILHO (CMIOHTaHHOE H3JyyeHHe). UHCIO0 TakKuX
NepexoA0B MPONOPLHOHAJIBHO YHCIY aTOMOB C SHEprHel &;:

ngp = AN, (66.15)

rae Ai, — Ko3pdHUHEHT NPONOPLUHOHAJLHOCTH (KOI(pHIHEHT CIOH-
TaHHOTO M3/y4YeHHs). ['HnoTesa, BBeneHHash DHHIUTEHHOM, 3aKJI0YaeTcsl
B TOM, YTO IIOMHMO NpPOLECCOB CIIOHTAHHOTO H3JyYeHHsl CYIIECTBYIOT
NPOLECChl H3JYYEHHS, HHAYLIHPOBAHHbIE yKe HMEIOUMMCST H3Jy4eHHeM
4acToThl v. JI/Ist STHX HHAYIHMPOBaHHBIX NEPEXOOB H3JyYeHHe YaCTOThI V
HrpaeT pOJb (CIYCKOBOTO» MeXaHH3Ma, M OHH OTCYTCTBYIOT, €CJH
IVIOTHOCTb SHEPTHH H3JY4YeHHs! ¢ 4acToToil v paBHa Hymo. OueBHAHO,
YHCJO MHAYUHPOBAHHBIX MEPEXOAOB 7, MPOINOPUHOHANBHO MJIOTHOCTH
9HEPTHH H3JIyYeHHs v M YHCJY aTOMOB C SHeprueii g;:

npA=ByNp v, T), (66.16)
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rae B, — Ko3(bdUIHeHT HHAYLUHPOBAHHOrO H3jydyeHHus. B crauuonap-
HOM COCTOSIHHH HMeeM

Ny =158 - i (66.17)
MM
BuiNwp (v, T)=AutNi+BuNip (v, T). (66.18)
Haiinem orciofia MJIOTHOCTb SHEPTHH H3JYYeHHsI
_ AirN; _ Aip
e 1) =i, =Bl = N (66.19)
Bpi N; ik

B cocrosinun paBHOBecHst yHc1a N; U Nj, JOMKHBI yIOBIETBOPSITH pac-
npenenenuio Makcpeana — BosibliMana (ra3 aToMoB fiBJIsIeTCS! HEBI-
POXK/JIEHHBIM NpPAKTHYECKH NPH JIIOOBIX IOCTHXKHMBIX TeMIepaTypax,
cM. § 35):

N _ 8k pe;—epirT (66.20)
i 8i
Orcioga HaxoauM
Aingi
By,
o(v, T)= kktgk .
_ Bixgi
Brigr

Jast Toro 4toGBl 3TO BHIpaXKEHHE HEOTPAHHYEHHO BO3pPACTAJO MNPH
T — oo, HEOGXONHMO CYHTATDb, YTO Bj,g; = Byig, (MPHHUKN JeTasbHO-
IO paBHOBECHsl /ISl MHAYUMPOBAHHOTO MH3/1yYeHHs H INOIVIOLIEHHs Ya-
crotel v). Torza umeem

Aip,

p(v, T)=

e

CorslacHO TepMOAHHaMHYecKoMy 3akoHy Buna (§ 16) dynkuus p (v, T)

JosxHa HMeTb BUA V3f (v/T). B cualy 3TOro Mbl JO/IKHBEI TOJIOKHTb
gi—eg=hv u 'ZJ———AW,

ik

Toraa
Av?
oW, T=—p——. (66.21)

ekl —1

MocTosinHasi A B 5TOM BEIpaXKeHHH MOXeT OHIThb HafileHa, HamphMep,
nyTeM npejfeabHoro nepexoma hv/kT < 1 u cpaBHeHHsi pesysbTaTa
¢ dopmyaoit Penes — [lxunca
8nkT
p, T)=—5- "4
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Orciofia Haxopum A = 8xh/c3, n popmyna (66.21) craHOBUTCS TOXKAECT-
BeHHOH ¢ QopmyJoii Tlnanka.

OGpaTHM BHHMaHHe YHTaTe/Nsl Ha BaXKHYIO POJIb MHAYLHPOBAHHOTO
H3J1y4eHHs] B T€OPHH KBAHTOBBIX YCHJIHTeNIeH H TeHEPaTOpOB H3Jyue-
nust. TIpefnonoxKumM, 4TO B Cpelly, COAEPKALLYI0 aTOMbl C YPOBHSAMH
SHEPTHH &;, N0NajaeT MOHOXPOMAaTHYECKHH (IIOYTH MOHOX POMAaTHUECKHI)
IYYOK CBeTa C 4aCTOTOH v = (g; — &)/h. DTO U3NyueHne GyAeT YaCTHYHO
TNOIVIOWAThCSl aTOMAMH, HaXONSUIMMHUCST Ha YPOBHE €, IPHYEM IIOIJIO-
ImaeMoe KOJHYeCTBO SHepruH J, GyAeT IpONOPLUHOHAJIBHO YHCHY mepe-
XOM0B k— i M 3HepruH hv = g; — g&,. CorsiacHo Qopmyae (66.14)

HMeeM
Jo="nyihv =By; No (v, T)hv.

C 1pyro# CTOPOHBI, AaTOMBI B COCTOSIHMH C 3Heprueil e; GyAyT H3JIy-
YaTh BOJIHBI YACTOThI V KaK CNOHTAHHO, TaK M BBIHYXKJEHHO (MHAYLHPO-
BaHHOe H3iydeHne). Manyuaemasi sneprus J, Gyner corsacHo (66.15),
(66.17) paBHa

J,=(ng +nipRyhv = A, Nhv+B, Np (v, T)hv.
Jliist pa3HOCTH H3JYyYeHHOH M IOIVIOLIEHHOH sHeprHH J noaydyaem
J=J,—J,=p (", T)hv[BixN;— BuiN]+ AirNihv.

U3 stoff (opMysnl BHIHO, YTO CpPefla MOXKET SIBJIATBbCS YCHJIHTEJeM
usnyyeHus: (06JafaTh OTpHUATeJbHOH abcopOuued), ecaH PasHOCTb
(Bix Ni — ByiN,) Gombume Beanunust —ANi/p (v, T). Do yciosue
GylieT BO BCSIKOM cJyyae BBINOJHEHO, eCJH CO3JlaHa HHBEPCHsS 3ace-

JIeHHOCTeH v B
i -, D _ 8
Npg = Bir g’

T. €. YHCJO aTOMOB C 3HeprHefl &;, pacCYNTAHHOE HA OJHO COCTOSIHHE
n; = N;/g;, GoJblue, ueM TaKoe e UHCIO 1, = N,/g, A1s HIXKese-
JKAIero ypoBHs &,. Kak Mbl Bujiesn B § 59, Takast HHBepcHs hopMabHO
MOXKeT OBITh OIMCAaHa KaK COCTOSIHHE ¢ OTPHIATe/bHOH TeMIepaTypoi
T < 0. D10 CcOCTOSIHHE NOIKHO GBITh CO3JaHO H JOJIKHO MOMIEPKH-
BaThCsl MyTeM HEMpephIBHON (HJIM MMITYJIbCHON) «IIOAKAYKH» YaCTHIL Ha
BhlesiexkalHil yposeHb. (Mpl He GyleM OCTaHaBJIMBATBCS Ha MeTOJax
OCYLIECTB/ICHHS! 3TOH «NOAKAuKH».) OnucaHHbI 5((HEKT JeKUT B OCHOBE
YCTPOHCTBA KBAHTOBBIX YCHJIHTeJeH W IeHepaTopOB 3JE€KTPOMATHHTHBIX
BOJIH (J1a3ephbl 1 Masephl).

§ 67. Kunernueckoe ypaBHenue Boabumana

ITepeiizieM K H3y4eHHIO BTOPOTO MPEAENbHOrO C1yyasi B TEOPHH KHHe-
THUECKHX SIBJICHHMH — cJyyasi paspekeHHBIX TrasoB. BBeieM BHOBb
noHsiTHe (GyHKIHMH pacrnpefeseHnst n GyieM B 3ToM naparpade (4 B ro-
CJEAYIOIUX) CUMTAaThb apryMeHTaMH (YHKUHH pacnpefe/eHHsl He
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KOOP/IHHATHl M NPOEKIHMH HMIY/IbCa, @ KOOPAMHATHI YaCTHUH X, y, z H
npoexiuu ckopoctd &, m, L. Ilpn sTOM KHHeTHYecKoe ypaBHEHHe, Bbl-
BOJIOM KOTOPOTO MBI 3afiMeMcsl B 9TOM naparpade, umeer Gosee yIOGHBIH
BH. COOTBETCTBEHHO KOODAMHATAMH W-NIPOCTPAHCTBA GYAYT BEJHUMHLI
X, ¥, 2, & m, §. Ilepensurasicb no ¢a3oBbIM TPAaeKTOPHsIM, H306paxka-
IOLHe TOYKH PaCHpellesieHbl B U-TIPOCTPAHCTBE C IVIOTHOCTBIO

f(r» 2, t)=f(x) Y, 2, Ev n Z: t)'

QopMabHO ABHMKEHHE H300paKalOWHX TOYEK MOMKHO PaccMaTpHBAThH
KaK TeueHHe HeKOTOPOH KHMAKOCTH». EC/H Gbl CTONKHOBEHHSI MEXAY
YaCTHIIAMH OTCYTCTBOBA/NH, TO H3MEHEHHEe IUIOTHOCTH H306parkalolHux
TOYEK OIMCHIBAJOCh Obl ypaBHEHHEM HENpephIBHOCTH B NMPOCTPaHCTBE
ecTd U3MepeHHiH

o+ Vaia=0. (67.1)

KoMnoHeHTH BeKTOpa IJIOTHOCTH TOKa B W-POCTPAHCTBE PABHHI fu;
H fw; (i =1, 2, 3), rae w; = dv;/dt — NpOEKUHH YCKOPEHUSI YaCTHLbL.
B GoJsiee noapoGHOH 3aMHCH 3TO ypaBHEHHE HMeeT, TaKUM 06pasoM, BHJ

I+ e (08) + o (F00) =0 (67.2)

(Bo BTOpOM M TpeTbeM CJlaraeMoM MHOXHTENH Up H W, MOTYT ObITb,
KOHEeUHO, BbIHECeHbI H3-II0Jl 3HaKa NIPOM3BOJAHOM, TaK KaK OHH He 3aBHCST
OT X M U, COOTBETCTBEHHO.) 3aMeTHM, YTO NMPOEKUHH Wj OTJIHYHbI OT
HYJISt TOJIBKO B TOM CJlyyae, ecJi¥ Ia3 MoMellleH BO BHeliHee nose. Kak
MBI y)Ke YNOMHHA/IH B § 62, CTOJKHOBEHHSI MEXLy MOJEKYJaMH rasa
NPHBOJAAT K CKaYKOOGPasHOMY H3MEHEHHIO MpOeKIHil CKOpocTH (mpH
HEH3MEHHbIX KOODJHHATAX) M, CJIeJ0BAaTeNbHO, K CKayKoOoGpasHOMY
nepeMelleH 0 H306PaXKalomHuX ToYeK B u-mpocTpaHcte. B aToM mpu-
GJIHXKEHHH H300paXkaloliHe TOYKH «THOGHYT» B OJHHX YacTX [-TIpo-
CTPAHCTBA M «POXKJAIOTCS» B APYTHX, He nepeceKasi TPaHHIL BblAeJeH-
HOTO B [I-IIPOCTPAHCTBE O06beMa. DTO 3HAYHUT, YTO NMPHOIHIKEHHEe «MTHO-
BEHHBIX» CTOJIKHOBEHHH BbIHYXKJiaeT HAac BBECTH B NPaBOH 4aCTH ypaB-
HEHHsl HEeNPephbIBHOCTH HCTOYHHKH H CTOKH MOJIEKYJ NaHHOHM CKOPOCTH
B JIaHHOH TOYKe mpocrpaHcTBa. IlostoMy ypaBHeHue (67.2) sameHuTCs
ypABHEHHEM

T+ oo (100 g5 (Fon) = I = Gues — e (67.3)

rae J (1o npuyHHaM, KOTOpble BBISICHSIIOTCS B Jla/ibHeliIeM) HasbiBaeTcs
HHTErpajioM CcToNKHOBeHHH (stoss integral), a BeNMUMHB Guer H Ger
IIPECTaBJASAIT COGOM MOMHOCTH HCTOYHHKOB M CTOKOB (YHCJIO MOJIEKYJI
€O CKOPOCTBIO ¥ B TOYKE F, NOSBJISIOMMXCS HIIH HCUE3AIOLINX 32 eXHHHILY
BPeMeHH B e[MHHIle O6beMa H OTHeCeHHOe K eJHHHYHOMY HHTepBany
ckopocteii). Mo 6ydem npu smom cuumame 2a3 GOCMAIMOYHO Pa3pedcer-
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HOLM U Y4umoisams moAbKO NAPHble CMOAKHOBEHUA MOAEKYA, npenespe-
205 B0BMOJNCHOCIMBI0 OOHOBDEMEHH020 COAUINCEHUS KOMNAEKCO8 U3 Mmpex,
uemoipex u m. 8. moaexys. TlepefiieM K HAXOMIEHHIO Guer H Gor-
PaccMOTPHM CTOJIKHOBEHHSI MOJIEKYJI, H3 KOTODBIX O/iHAa MMeeT CKO-
POCThb, 3aKJIOYEHHYIO B MHTepBaJe (v, U+ dv), a Apyrasi — CKOpOCTb,
3aK/IOYeHHYI0 B HHTepBase (0', ¥’ + dv’). Ilocie coymapenus sTH
MOJIEKYJIB IPHOGPETAIOT CKOPOCTH, JIEXKallHe B HHTepBanax (v, 0+ dv)
u (v, 9" + dv’) coorBercTBeHHO. UHC/IO TAKHX CTOJKHOBEHHH, mpo-
HCXOJANMX 33 eJHHHMIY BPeMeHH B EGAUHHYHOM OGbeMe, MPOMOPLHO-
HaJIbHO YHCJIAM CTaJIKHBAIOIMXCS MOJIEKYJ CO CKOPOCTSIMH B HHTEp-
Banax (v, v + do) (v, v + do’) u unTepBasaM 3nayeHHil cxopocTeii
nocse yaapa d® u d%’. Takum o6pasoM, 3TO YHCJIO MOXKeT ObITb 3ali-
caHo B BHAE
P (o, o' | 0,2") ff" dPvd®v’ d®v d®', (67.4)

e Mbl ANl KPaTKOCTH ofosHaumM f=f (r, v, 1), [’ ——f(r 'a 1);
P (v, ¥ |0, U') — IIOTHOCTb BEPOSITHOCTH coylapeHus v, o' — 0,7,
3aBHUCAINAA OT CKOpOCTell o6eHX MOJEKYJ A0 M mocae yxapa. Totoe
YHCJIO COYAAPeHHH, HCNLITHIBAEMBIX MOJIEKYJ/IAMH CO CKOPOCTSIMH B HH-
TepBaune (9, ¥ -+ dv) 3a eMHHILY BPeMEeHH B elMHHUIE o6beMa (OHH OIHO-
BPEMEHHO NpPeJCTaBJsOT co60H BBHAY MasJoCTH HHTepBajsa dov yGblIb
4HCJa MOJIEKYJl 3TOTO THIA), MBI MOJYYHM, HHTETPHPYS 10 BCEeM 3Ha-
yeHusm o', v, 0.

TakuMm 06pa3oM, MOLHOCTb CTOKOB B ypaBHeHun (67.3) paBHa

ge=${{P (0, ¥’ |0, v') ff d*v dPvd v (67.5)

Hapsny ¢ npoueccamut 9, 9 —o, @', NPUBOLAIMMH K YMEHbIIECHHIO
YHCJ1a MOJIEKYJ CO CKOPOCTBIO @, B Ta3e NMPOHUCXOAST H oOpaTHble Mpo-

ecchl ¥, ¥ — 0, @', KOTOpHe NPHBOAAT K YBEJHYEHHIO YHC/IA MOJIEKYJ
CO CKOPOCTbIO ¥. DTH MPOIECCH NMOPOXKAAIOT HCTOUHHKH C MOLIHOCTBIO

Gur ={§§ P (0, 0|0, 0)Ff' d 0’ 0 @, (67.6)

me P (v, v| 0,0) — HJIOTHOCTb BEpOATHOCTH nepexosa v, ' — 9,?';
=fr 90 =fr v, ?) (Mbl ewwe pa3 MogYEpKHBAEM, YTO MEpBLIf
apryMeHT dyHKIHH p'&cnpenenemm ¥ OJMHAaKOB B BblpaxeHusx f, f,

fy ', Tak Kak NpH yHape KOOPAHHATbI CUHTAIOTCSA, B NPUGIHKEHHH
MTHOBEHHBIX COYNApeHHi, HeMSMEHSIOMUMHCS H pas/iHYieM B moJioke-
HHH [eHTPOB CTaJKHBAIOUMXCA MOJIEKYJ MBI IpeHeGperaem).

Taxum o6pasoM, Aast HHTErpaja COyAapeHHH MOJyYHM

J= Guer — Ger =
=[P (v, v'|9, 0)If —P (2, o' |0, o) f/'] v P D d* T (67.7)
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YCTaHOBHM HeKOTOpHle BaxKHble cBOHCTBa GyHKUMH P. Bynem cuu-
TaTh, YTO HMeeT MeCTO NPHHIHN JeTalbHOro paBHOBecHsi. C KBaHTOBO-
MeXaHH4eCKOH TOYKH 3PeHHs 3TO 3HAaUMT, YTO Mbl JIHGO paccMaTpHBaeM
ra3 GecCIMHOBBIX YacTHL, JHGO MPOBOJHM yCPeIHeHHe IO CIMHAM Ha-
4aJbHOTO M KOHEYHOro coCTOsiHHA. C TOYKH 3PeHHsl KJacCHUYeCKOH
MEeXaHHKH 3TO O3HayaeT MNPEMNOJIOKeHHe O cdepuyeckoll CHMMeTPHH
4acTHIL rasa (eme caMuM BosblMaHOM GBIIO OTMEYEHO, YTO /IS YaCTHIL
HecdepHyeckol GOpPMBI MPHUHLHMI JETAJbHOTIO DAaBHOBECHs Hecnpa-
BefiuB). C yKasaHHBIM OFpaHHYeHHeM NPHHIMN JeTaJbHOrO PaBHOBe-
cHsl B GOJIBIIMAHOBCKOM IpeJieJIbHOM CJydYae CIpaBelIUB Jaxke HpH
HaJIMYHH BHELHETO M0Jis, 3aBHCSILETO OT BpeMeHH, TaK KaK B NpuGJiH-
JKEHHH (MI'HOBEHHBIX» COYAapeHHH CHJa B3aMMOJEHCTBHSI IIpH COyAa-
PEHHH JO/IXKHA CYHTAaThCsl CKOJIb YTORHO GonbIuoi (F — oo) H 1O cpaB-
HEHHIO C Hell BO3JEHCTBHE BHELIHErO IOJS SBJISETCSl NpeHeGpexHMO
MaJ1o#t BesnyuHO#. TakuM 06pa3oM, Mbl cuHTaeM QyHKLHIO P CHMMETPHY-
HOH 1O OTHOLIEHHIO K IepecTaHOBKE apryMeHTOB Haya/JbHOTO H KOHeu-
HOT'O COCTOSIHHSI:

P (2, 9|0, v')=P (0, ¥'|0, ?'). (67.8)
B cuay storo ypaBHeHHue (67.3) MOxkeT ObITb 3aIHCaHO B BUJE

T+ o (o + - (o) =
={{{P (v, o' |0, &) ([P = fi") d*v' d® 00", (67.9)

D10 ypaBHEHHE Ha3bIBACTCS KuUMemuueckum ypasHeruem bBorvymana.

Jlasee, 13 caMoro ompefiesieHHst GpyHKIHH P celyeT ee CHMMETPHst
[0 apryMeHTaM NepBOi Mapel @ U @' M IO apryMeHTaM BTOPOH mapel @
H O’ B OTAETbHOCTH

P (v, 9|0, 2')=P (0, 9|0, ?),

o N (67.10)
P (v, v'|v', 9)=P (o, o'|0, ?').

Kak Buaso u3 dopmyns (67.9), ypaBHenue BosibuMaHa mpejicras-
JsieT co0O0¥ CJIOXKHOE HeJHHeHHOoe HHTerpo-auddepeHIHansbHOe ypaB-
HeHHe, TPHOJIMKEHHOE pelLleHHe KOTOPOTro BO3MOMKHO TOJIBKO B HEKO-
TOPBIX BecbMa 4acTHbIX caydasix. OfHAaKO, Kak Mbl YBHIMM B IOCJIe-
JylolHX naparpadax, ypaBHeHHe BospMana nosBosisteT nosyuHTh psj
BaKHBIX CJIEACTBHI BecbMa ofwiero xapakrepa. OrpaHHuMBasich pac-
CMOTpEHHEM TOJIBKO YNPYTHX COYJapeHHH H CUHTas Macchl MOJEKYJ
OMHAKOBbIMH, 3alHIleM 3aKOHbl COXPAaHEHHs] UMIYJBCOB H 3HEPTHH
npH yaape B ¢opme

40 =0+, (67.11)

vt =024 02 (67.12)
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DTH ypaBHeHHs MOKa3bIBAIOT, 4To QyHKuHs P (v, ¥’ | 0, ?) COZIEPAKHT
CHHTYJISIDHbIE IHPAKOBCKHE MHOXKHTEJIH

d(E+E —E-E)o(ntn —n—n' )8+t —E-T)=
=8(o+0' —0—2')
u
8(v24-v2—02—02),
obecreyHBalolHe BBIMOJNHEHHe 3aKOHOB coxpaHenus (67.11), (67.12)
npu yaape. Mveem mosToMy AJsi MHTerpaja coyiapeHHi GopMy.y
I=§8 1. o' (3, 3) (F 1) 8 (v+0 —5—5)x
%6 (v2+0'2 — 02— 0'2) d%’ dvd®’, (67.13)
rze 1 (2,9’ | 9, ?) — HECHHTYJISIpHbI MHOXHTeb B P (9, o' | v, 0').
OueBuaHeM siBAsIeTCs TOT dakT, uro Il (v, ¥’ | v, V') oﬁﬂaﬂgeﬁ: TEMH Ke
cBoficrBamu cummerpuu (67.8) u (67.10), uto u P (9,9" | ©,7):
[1(e2'|0,9')=T] (2,9’ |9,2"),
11 ("2|2,2) =] (v,2"|9,2'), (67.14)
11 (e,2'|9",0)=T] (v.9'| 2,2").
Hannune uetpipex 8-dynkiumit B (67.13) mosBossieT NpoBeCTH BaKHOE
npeoGpasoBaHie HHTErpajia CTOJKHOBEHHH H BHIIOJHHTDH YeThipe HHTe-
IpHPOBAHHS, CBeAs TeM CaMbIM JeBATHKpaTHeIi uHTerpaa (67.13)

K NATHKPaTHOMY HHTerpasy.
OGo3HauYHM Yepes ¢ OTHOCHTEJBbHYIO CKOPOCTb YaCTHI{ 10 COYAapeHHs

qg=7" —9o. (67.15)
Us (67.11) umeeM @ — © = o' — 9’. BBoast o603HAUEHHE D — D = @
JUIsl CKOPOCTeH YacTHIL Tocjie yAapa, nosyyaeMm

v=9+a, =9 —a (67.16)

Moxacrasasisa (67.16) B dopmyay (67.12), Haxonum
a*=qa. (67.17)
3anueM @ B BHIe eq, Tle e — eAWHHUHbI BEKTOp, HalpaB/eHHbIH
Brosb (0 — ). Torna ans moayas a ua (67.17) noayuaem a = ge.

Orciona @ = (ge) e, u 1Jsi CKOPOCTeH YaCTHIl NOCJe yAapa OKOH-
4aTeJbHO HaXOIHM

v=v+(ge)e, v =0 —(qe)e. (67.18)
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Tak Kak 3TH BbIPaXKEHMs! yJOBJIETBOPSIOT 3aKOHAM COXPaHEHHs HM-
myJbca M SHEPTHH, TO MOACTAHOBKA STHX 3HAYeHHH B HHTETPaj CTOJK-
HOBEHH# o6pallaeT B HyJb apryMeHTh BceX O-pyHKIHI.

Ilns ynpouleHus MHTerpaja COyAapeHHil MOCTYNHM Tenepb cJelyio-
1M o6pasom. TIposesieM B npasoil yacT (67.13) unterpupoBanue o v’
(BOCIIO/Ib30BABLIKCD TeM, UTO MOJbIHTETPA/bHOE BbIPAXEHHE CONEPHKHT
S@w+o —0 —0 ’). Tlonyuum Toraa uHTErpai

W1 (o, ' [6, ) (F — 1) (02 407 2= 5%9) 0 5,
Ile BO BCEX MHOMHTENSX NONBIHTETPAJIBHOTO BLIDAXKEHHS O HOIKHO
GhITh BHIPAYXKEHO Yepe3 @, ', 0, T. e. ¥’ = ¥ + v’ — . [las TOro 4ToGHI

BBITIOJIHHTD €lle OJHO HHTErPHUPOBAaHHe (BOCNOJb30BABLIHCH TeM, 4TO
B TOJBIHTErPAJIbHOM BBHIDAXKEHHH €CTb elle ofHa O-QyHKUHs), nepeii-

ZIeM OT MnepeMeHHOl © K IepeMeHHOMY BeKTopy Re coryiacHo dopmyie
9 =0 Re(qe). (67.19)

3ameruM, cpaBHHBas nocaennio dopmyay ¢ (67.18), uro dakTHUECKH
B IIPOCTPAHCTBE BEKTOPOB Re BKJAJ B MHTETpaJ, Glarofapsi HaJIHYHIO
8-pyHKUMH, BHeceT ToabKO chepa R = 1. JleHCTBHTEbHO, MOACTAB/ISAS
3HaueHHss @ U ¥’ u3 (67.19), HMeeM [t aprymeHTta §-pyHKUMH BEIpa-
KeHHe
v*+0?— 0 — 0" =12+ 02— (v+Re(ge))* — (v — Re (ge))* =
=2R(ge)*(1—R)
HIHTerpas cTONKHOBEHHi NPHHHMAET Tenepb BHI

§§ 6. orl6. &)0rRer 4 —RNGT 1) 555
X R*dR dQ &', (67.20)

rae dQ = sin 6 d0 dp — sneMeHT TeseCHOrO yria JIJsi BeKTopa e.
Mel MorviH Gbl HECJIONHBEIM 06Pa3oM BLIYHCJHTb SIKOGHaH B TOC/EAHEM
BbIPAXKE€HHH, OJHAKO, B 3TOM HET, KaK Mbl YBHIHM, HEOGXOAMMOCTH.
Boinonuum uuTerpuposanne no R B (67.20), nonb3ysch NpH TOM H3BECT-
Holt gopmyJIoit (cM. «MaTemMaTHyeCKoe NPHJIOKEHHE)

SF(R)6(4>(R))dR= ,ifgm

rae R; — mpocThie KOPHH YDaBHEHHS @ (R,~) = 0, nexauye B o6macT
uHTerpupoBaHus. [loJydHM Iisi MHTerpaJja coylapeHHit gopmyiy

=3 (o, v, &) (/' —I') &’ dQ. (67.21)

UYepes Z (v, v, ¢) = 2 (v, ¥', 0, ¢) MBI 0603HAYHAH NPOH3BEJEHHE

sesnunsbl II (9, ©' |9, ') M Bcex MHOXHTe/elH, BO3HHKAIOWMUX MPH
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(&, 3) ‘ >

HHTErpUpOBaHuH Mo R <BKJI}Ollaﬂ SIKOOHAH TR 9 | Ro1) Ha~n0M~—
HHM elle pa3, YTO BO BCEX MHOMKHTE/SIX MOABIHTErPaIbHOM QYHKIHH O U O’
TOJIKHEI GHITb BBIPAXKEHbI Yepes v, 92’ ¥ e corsnacHo ¢popMynam (67.18).
Orbickanne pyuruuu I (v, 9' | ©, ©') ecTb 3a1aya TEOPHH CTOJKHOBE-
HHH, OCHOBaHHOM Ha 3aKOHAX JMGO KJacCHYecKoH, JIH60 KBaHTOBOM
MmexaHHKH. [l ee pelleHHs HeOGXOAMMO 3aJaTh KOHKPETHBIH 3aKOH
B3aUMOJIEHCTBHSI YaCTHI, TpH cOamkenuu. IlosTomy siBHBIH yHHBep-
canbHbiil BuA pyHKumi IT 1 2 ykasaH 6HITb He MOXKeT (HMEHHO MO3TOMY
MBI OTKas3a/HChb OT BBIYHCJeHMsl sikoOnaHa B (67.20)). OnxHako MHorue
3ajia4fl KMHETHKH MOTYT GbITh PacCMOTPeHHl H 6e3 3HaHHs SBHOTO BHJA
Z (v, v/, €). Takum 06pasoM, MBl HMeeM Hapsay C 3alHChi0 KMHETH-
4yeckoro ypaBHeHHsi Bosibumana (67.9), Gosee ynoGHOH Asisi BBIBOAA
TeopeM 0O0LIEro xapakTepa, APYryio 3alHCh, CJAEAYIOULYIO M3 BhIpae-
HHS i MHTerpasa cToskHoBeHH# (67.21)

I+ 5 o0+ o= (e = { { S0, o, &) (F —117) 0 .
(67.22)

Benuuuna X (v, 9', e) Gblia HaiieHa BoJsblMaHOM B paMKax KJaccH-
4eCKOH MEXaHUKH B NPEANOJNOMKEHHH, YTO aTOMbI ras3a NpeicTaBsioT
co60ii aGcomoTHO TBepible cdepbl ¢ nuamerpamu d. B stoM cayyae
(cM., Hanpumep, [1])

’ @
(v, v, &) =-5qe,

H KHHETHYeCKOoe ypaBHEHHe NMPHHHMAaeT BHI

Tt (o) o () = 5\ § (g (F = 17) v a2 (67.23)

§ 68. Meron BoronoGoba

BuiBog, ypaBHennsi BonbiiMana, nsnoxennbiii B § 67, uues koroporo
NpHHAMIEKHT caMoMy DosiblMaHy, He MOXKET CUHTAaTbCs CTPOTHM.
JleficTBUTENIbHO, 3aMHCh TOTO YpaBHEHHS, KaK ypaBHEHHs HelpepbiB-
HOCTH B W-TIPOCTPAHCTBE C HCTOYHHKAMHM (MHTETpaj CTOJKHOBEHHI)
B NpaBOii YacTH, NpeAnoaaraer, Bo-lepBbiX, YTO H3MEHEHHe BO BpeMeHH
GyHKUHH pacnipeniestenus f (#, ©, {) aJIMTHBHO OTHOCHTeJbHO JBYX
TIPOILECCOB, MMEIOLWHX pasjiHyHOe Mpoucxoxaenue. Uaenw (8/6r:) (fui)
u (8/0v;) (fw;) B neBoit wacty (67.9) nian (67.22) xapakTepusyloT NOTOKH
rasa, BO3HHKalOUlHe BC/EICTBHE HaJHYHs TPAIMEHTOB IUIOTHOCTH H
BHEIUHHX T0Jel, B TO BpeMsl KaK NMpaBble YacTH BO3HHKAIOT BC/IEACTBHE
yuera coyfapeHuii MosekyJ. TakuMm o6pasoM npeanosnaraercs, 4to
NOTOKH H COYAApeHHs He BJHMSIOT APYT Ha Apyra. Bo-BTOpHIX, B MHTe-

rpaje CTOKHOBenHii sHauewusi pyukumii f, f', f, f Gepyrea B omoit
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U TOH e TOuKe NPOCTPAHCTBA #, B TO BPeMsl KaK C Y4ETOM KOHEYHbIX
pasMepoB MOJIEKY/l KOOPAMHATH B GyHKUMAX f u f' w B dynkuuax
f, ' nomxHbl GbITb BHIGpAHbLI PA3JIHYHBIMH.

Hakonen, uyro HanGosee CymiecTBeHHO, B ypaBHeHHH Boubumana
YUHMTBIBAIOTCS TOJBKO IOMNapHbIe CTOJNKHOBEHHS MOJIEKYs W HeT Gosee
WIH MeHee OYEBUIHOTO pelenTa, MO3BOJSIOUIEIO yYecThb CTONKHOBEHHS
TPYNIN U3 TpeX, YeThpex u Gosiee MoJeKysa. Mexay TeM sICHO, YTO yueT
TaKHX TPOLECCOB CYLIECTBEH /IS MJIOTHBIX I'a30B.

B npuGnmkeHnn nmapHbIX COyJapeHuil JaHHA CBOGOXHOrO mpoGera
06paTHO NPONOpPIHOHANbHA NJIOTHOCTH raza n = N/V = l/o:

1 [}
M=o =7
(0 — 3(bdeKTHBHEIN MOMEPEYHUK MapHBIX COyNapeHHit).

Kax u3BecTHO, 3TO IPHBOAUT K TOMY, 4TO KOS(QhHIHEHTHI MepeHoca:
% — KO3QULHEHT TeMJIONPOBOJHOCTH, 1) — KOIb(HIHEHT BS3KOCTH,
He 3aBHCAT OT IIOTHOCTH 7 (M, cTano GbiTh, OT AaBseHHus1). [Ipu yuere
MHOTOYACTHYHBIX COYJapeHHH BbIpakeHHe AJIsi A JOJMKHO HMETb BHJ

1 A B
A= ontonttpnd4... = (1 +E + F+>'
rie Koa(dHIHEeHTbl 0,4 BO3HHKAIOT B CBSI3H C YYeTOM TPEXYaCTHYHBIX,
Ko3(pHIHeHTbl § H B — B CBSI3H C y4eTOM YeThIPEXYAaCTHYHBIX H T. .
CTOJKHOBeHMH. B pesysbrare ansi AJHHBI CBOGOAHOTO mpoGera H AJst
KO3(pHUIHEHTOB IepeHoca NOMKHB BO3HHKHYTb BHPHaJbHBIE DPassio-
JKEHHs! TAaKOrO Ke THIa, KaKHe BO3HHKAIOT B CTAaTHCTHYECKO# (H3HKe
JJIs_ypaBHEHHsI COCTOSIHHS HeHieaJbHOro rasa (cm. § 58).

B cBsial co cKa3aHHBIM IieJiecoo6pasHo MONOHTH Gosiee CTPOTo K MPo-
G/1eMe BBIBOZIA KHHETHUYECKOTO YDaBHEHHsS! H K €TI0 BO3MOXKHBIM 0600Lile-
HHSIM. 3TO MOXKHO CIeJaTh C IOMOMIbIO BechbMa OOIIEro H CTPOroro
meroa, npeynoxkentoro H. H. BoromoSossim [15], k kpaTkomy Haio-
JKEHHIO KOTOPOTO MBI H TNEPeXOHM.

Hmeem cucTemy u3 N ONMHAKOBBIX YacCTHI, COCTOSiIHHE KOTOPOH
(B KJaccHyecKkoil MexaHHKe) Mbl GyleMm 3alaBaTb C nomoubio 2N Bek-
TOPOB 7, ©; (COBOKYIHOCTb 7; W ©; Mbl JJIsl KpaTkocTu GyieM o6o3Ha-
4aTh CHMBOJIOM X;, a lipouaBelienue d’r;d’v; — cumBosioM dx;). Beenem
dyHkuuio pacnpenenenust FOV(xy, x,, ..., xy) B I-npocrpancTe (Mbl
cyntaeM KoopauHatamu 6N-Meproro I'-nmpocTpaHcTBa KOOpPAMHATH H
MPOEKIIHH CKOpOCTeH BceX yacTH). Bolpaxenue

FN) (Xy, Xg,.00, Xn)dxydxy...dxy

JlaeT BEpPOSITHOCTb TOTO, 4TO M3obpaxaiouiast Touka B [-nmpocTpaHcTse
Haxomutcsi B obbeme dx,dx, ... dxy, a QyHKuHS FM) (x5, x5, ..., XN)
HOPMHPOBaHa Ha eJHHHILY

§FM (), X5, .00, xy) dxydiy. .. dxy=1. (68.1)
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B cHily TOXIECTBEHHOCTH YacTHIL QyHKUHA FN) (x,, ..., x,, f) cuMmer-
pHYHA MO apryMeHTaM Xq, ..., Xy.

Bynem B nanbHeiliieM CuMTaTh, YTO BHEUIHHE MO/ OTCYTCTBYIOT
M YaCTHIIbl B3aHMOJIGACTBYIOT C MIOTEHIIHA/IOM B3aHMONEHCTBHS % (1) =
= mu (ry), CBOHCTBa KOTOPOTO Mbl 06cyxaanu B § 58. [ia uckmouenus
rpaHuuHbX 3(dekToB OyleM paccMaTpuBATh NPEAeTbHBIH  Ciyuait
V —> o0, N> o0, ® = V/N ocraercss KOHEUHBIM.

Tak Kak yacTWlpl [a3a He DOXKNAIOTCA U HE HCYE3aloT, (yHKIHS
FN) (x,, ..., Xn, t) TIONYHHSIETCS yPaBHEHUIO HENPEPLIBHOCTH B [-npo-
CTpaHCcTBe:

‘7F‘”)(x1....,x,v, D) ’% F) Oy F)
Tt N ey Y o (Ferwi)| <0, (65.2)
i=1 k=1

rie Wi, = — 0u (r)/0F; — yCKOPeHHe YacTHLbl C HOMEPOM i, BHI3BaH-
HOe B3aHMOJEfiCTBHEM C YacTHuell B (IUTPHX IMOA 3HAKOM CYMMbl O3Ha-
yaer ycJIoBHe R 5= i),

Beeniem n-uacTHyHble GYHKUHH pacrpefieeHHs F ¢ nomowpio
dopMyJibl

(V) ne RN

F (g %, ) =V " SFY (4, .0, 2w, 8) s, .., diy. (68.3)

Haiinem aubdepennuanbHoe ypaBHeHHe, KOTOPOMY TONUHHSIETCS
¢yukuusa F, (X1, ..., Xn, f) (31€Ch U B JaibHeHIIeM Mbl OmycKaeM AJisi
KpaTkocTH uuzekc N B ofosnauenun FY (v, ..., % #)). YMHOKHM
nuisi sToro obe wactu (68.2) Ha V"dxpiy, ..., dXy M NPOUHTETPHPYEM
noJydeHHoe paBeHcTBO. Ilonb3ysick ompenesnenuem (68.3), moayunm

OF (st ), \) 9
iTX"—)‘FZ5,7[Fn(x1y~--,xmt)7’i]+
1

N
1 E
) SBrT [Frea (%1, oy Xy X1y 8) 1] di+-

Y o lFary e, % ) wal +

N N
. }

+ pr 2 2 S 3% Frrg (X1, + ooy Xy Xiy Xy £) Wi dx; dx, =0.

(68.4)
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3ameTHM Tenepb, YTO B 9TOM ypaBHeHHH 3-e, 6-¢ H 7-e c/iaraeMbie
TOXICCTBEHHO PaBHHI HYJl0. JleHCTBHTENbHO, KaXKJ0e M3 3THX CJjarae-
MBIX TpeJCTaB/AsieT CO0OH HMHTErpajJ OT TPeXMEPHOH AHBEpreHUHH
(3-e caraeMoe — B MPOCTPaHCTBe KOOPAHHAT MOJIEKYJb i, 6- H 7-e —
B IIPOCTPaHCTBe cKopocTeli MoseKynl £). [To Teopeme 'aycca oun moryt
GbiTh npec6pasoBaHbl B HHTErpal IO TIPaHMUHON noBepxHocTH. Ho
¢dynxuna F, ofpawmiaercss B HyJb, KOrZa KOOPAMHATHI JIOGOH YacTHIILI
rasa COOTBETCTBYIOT TOUKaM, JIeKallUM Ha CTeHKe cocyfa (aGCcosoTHO
HEeNpPOHHLaeMble CTEHKH), H, C JAPYTOfl CTOPOHbI, GYHKIHS pacnpenese-
HUsl F, CTpeMHTCA K HYJIO, KOrja v; — oo. IlosTomy HHTErpas or au-
BEpreHIMH paBeH HyJI0 H B KOOPJAHHAaTHOM NPOCTPAHCTBE, W B MNpo-
crpancTe ckopoctedi. C qpyrofi cTopoH:l, 5-e caaraemoe B (68.4) MOxHO,
[OJIb3YSICh CHMMETPHel Fq (X1, ..., Xpy X, £), IPEOGPA30BaTh CIELYIO-
UM 06pasoM:

n N

iE 2 »—"—SF-(x Xn Xp, b) Wi dxp=
v 3o; nt1(Xps oe ey Xp Xp,y ir AXp

i=1k=n+1

; S Frai (X1, ooy Xniy 8) Wi i dXpiie
=1

IMpeneGperasi M10GLIM KOHEYHBIM 3HAYeHHeM 7 [0 CPaBHEHHIO
¢ N — oo, IONYYUM OKOHYaTe/lbHOE ypaBHEHHe:

a2 D fFy (s ey i £) =

n

— =g Y w g Pmalitnd g (68.5)

® v;

i=1

rze oneparop H,, koropblii Mbl GyieM HasbiBaTh omeparopoM [aMuib-
TOHA /IS CHCTEMBI 71 YacTHIL (OH, eCTECTBEHHO, He HMeeT HHYero ofiiero
¢ KBaHTOBOMeXaHHYeCKHM FaMH/bTOHHAHOM), ompejessieTcst Gopmyoi

n n
2 a ’ [ ’
H,l=21;,~5/_—’_+.k21w,-kﬁ. (68.5')

Takum o6pasoM, n-4acTHYHbE QYHKIHH pacrpeleeHHs NOTYHHEHb!
cucTeMe JIHHEHHBIX HHTerpo-andxpepeHiuaibHbX ypaBHeHuit (68.5).
dra cucreMa sIBASIeTCS «3allelisiomlefics», Tak KakK ypaBHEHHs 1/1s
¢yHkunK F, cofepxaT B npaBofi yacTu GYHKUHUIO F,.,. OU3HYECKH 3TO
orpaxaer GpakT He3aMKHYTOCTH JII0GOH TPyNIbl U3 1 MoJeKya (n << N),
B3aHMOAEHCTBYIOWHX ¢ ocTaibHbiMH (N — n) monexkynamu. Oneparop
Tamuasrona H,, Kak BumHO u3 (68.5), onHO3HAYHO onpejesier Bpe-
MEHHYIO SBOJIIOLUIO QYHKUMH Fy (Xy, ..., Xn, {) ANA 3aMKHYTOH CHCTEMbI
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n yacTHll, B To BpeMsa Kak 11paBast 4acTb (68.5) onuceiBaer ee nesaMkHy-
TOCTh. $ICHO, uTO CTpOroe peuleHHe BCeil COBOKYNHOCTH ypaBHEHHH
(68.5) HEBO3MOMKHO U PeUb MOXKET MIATH TOJbKO O NPHG/IHKEHHBIX METO-
Jlax MX HHTErPHPOBAHHMS, CBA3AHHBIX C KAKHM-JTHGO CIIOCOGOM «OOpHIBa»
LeNnoykH ypaBHeHuil BoromoGopa.

3anuiem B ABHOM BHAe ypaBHeHHs il Fy; u F,, KOTOpHIMH HaM
NIpHJeTCsl 3aHUMAaTbCsl GoJlee JeTasbHO:

LD L AF (= — S Wi ﬂ(’gﬂ dx,, (68.6)
M&A"‘*‘Hz[rz (%1, X, 8) =
1 Fg (xy, Xa, X3, ¢ OFg (xy, X3, X3, 8
— = S ['wm 3 (%1 a;‘ X3, ) +w23 3("10:: Xg )]dxay (58.7)
rie
A F) ,
Hl:”h'?ﬁ' (68.6")
2 0 7] a 7] r
H2=013—,:+02672+w123;1+ Dot g - (68.7")

Bynewm cynraTh ras paspexkeHHEIM HACTOJBKO, YTO apaMerp r3/® ~ ry/h
(ro — panuyc B3aumofieficTBus, A — AJHHA CcBOGOAHOrO npoGera) Masn
MO CPaBHEHHIO C eJHHHIeH:

LRl (68.8)

B npaBo#t wactu ypaBHenuii (68.5) CTOAT useHbl, HMelOllHe MOPSIOK
BEJMYHHBI r}/®, TaK KaK HHTErpHPOBaHHE IO KOOPAMHATaM BeleTcs
(61arosapsi MHOMKHTENIO QU (Fiyni1)/0F;) 1O 06BEMY ~ rf.

Tem He MeHee MeToJ pelnenHs cucTeMsl (68.5) ¢ noMouibio pasiioxke-
HHSl 110 MaJloMy TapaMeTpy r$/® okasbBaeTcs HeAOCTaTOUYHBIM. UTOGBI
TIOHATH NPHYHHY 3TOrO, BBEJEM TPH XapaKTepPHbIX BpeMeHH: 5(deKTHB-
HYIO JVTHTEJbHOCTb COYNAPeHHH Ty ~ ro/T, CPelIHee BpeMs MeXK/y CTOJIK-
HOBEHHSIMH

A ® ry
T~ =~ T
v rd U.> 0

H BpeMms MaKpOCKOHPl‘{eCKOl:I penakcanuu T, KOTOpO€ pasyIM4YHO B pas-
JIHYHBIX (pH3PI‘{€CKHX 3ajlayax, HO, KaK IIpaBHJ/IO, MHOro Gosblle T.

Hrak, Mbl HMeeM
T, <LT<LT. (68.9)

Kak Buano u3 ypasnenus (68.6), omucbiBaioliero HameHeHHe BO
BpemMeHH (QyHKUMH F; B HyJeBOM IpPHO/IIDKEHHM 1O mapamerpy rj/o,
3TO YpaBHEHHE He COJEPXKHT IOTeHIHAl MeXKMOJEKY/ISIPHbIX CHJ
u (rix). DTO 3HAUMT, YTO 3a BpPeMeHa MOPsIAKA T, PyHKuUs F, He HCIbI-
THIBA€T CYLCCTBEHHBIX H3MEHeHHH 3a CueT MeXMOJIEKYJSIPHBIX B3aH-
MOJIEHICTBHI  (CTOVIKHOBEHHH) M  MOXeT INPHOJHKEHHO CYHTaTbCsl
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noctrostnHoii. OfHAKO, KaK TMOKa3bIBAaeT aHa/H3 TONPABOYHOTO UJeHa
B npasoii yactu (68.6) [16], 3a Bpemst mopsifika T U3MeHeHHs] PYHKLUH
F, CTaHOBATCS y)Ke CYLIECTBEHHBIMH H Pas3JioKEeHHE M0 CTemeHsM rj/w
nepecTaer ObThb JNOCTATOYHBIM.

B nporuBononoxkHocTe 3TOMy, ypaBHeHue (68.7), omuchiBaioliee
9BOJIIOLHIO BO BpeMeHH F, (4, BooOule, ypaBHeHHs (68.5) npu n = 2),
yKe B HyJIeBOM NPHOIMKEHHH [0 NapaMeTpy rf/® CONepIKUT MOTeHIHal
MEKMOJIEKYJ/ISIPHBIX CHJI (B cslaraeMblXx W, (0F,/0v;) omeparopa [la-
MHJBTOHA H,), YTO MPUBOAMT K «OBICTPHIM» peNaKCALlHOHHBIM H3MeHe-
HuaM GyHKuMi Fy, Fs, ... 3a BpeMs nmopsiaka t,. OaHako Ha «rpyGoi»
HmIKajle BPeMeHH, YUMTBIBAIOLIEH TOJBLKO M3MEHEHMS 3a BpemeHa f == T,
9TH ObICTPhIe H3MEHEeHHs! PYyHKUMH F, (n = 2) yCpeAHSIOTCS H OcTaercst
JUb TUIaBHAst 3BOMIOUMA 3THX Oynkuui. Ilpencrasasiercs BecbMa
NPaBIONONOCHEIM CUHTATh IIPH 3TOM, YTO MeJJICHHAs 3BOJIIOIHS MHOTO-
4acTHYHBIX (QYHKUHEA pacnpejeseHus (moc/e NepBOHAYaIBHOrO 3Tamna
GLICTPOi XaOTH3AIMK 32 BPEMS T,) MOJHOCTBIO ONpeJie/sercss MeJIeHHO
3BOJIIOLMEH oAHOYacTHYHOH QyHKUMH F (x, f).

BBuny 310ro Merox TPaKTOBKHM CHCTeMbl ypaBHeHuiH (68.5), mpex-
JoXKeHHbIl BoromoGoBEIM, 3aK/i04aeTcss B CJIELYHOMEM:

1) Ilpexnonaraercsi, 4To Bce MHOrOYacTHuHble (YHKIMH pacnpese-
JIeHHsT 3aBHCAT OT BPeMeHH moavko uepe3 ¢yukuuio Fy (€, #):

Fu(X1r--ns uy £)=Fa(tp-e., %a | Fy (& ). (68.10)

Ormernm, uro dyHKuus F, (xq, ..., X, | F,) He 3aBHCHT OT aprymenra §
¢yukunn Fy (8, £) (Mbl cneuuasnbHO OGO3HAYaeM NepBblil apTyMeHT
¢dyHKuuH F; cuMBoJIOM §, YTOOb! He GblI0 ONACHOCTH CIYTaTh €10 € OAHHM
H3 apryMeHToB X, ..., X,). Kaxnoit gyukyuu F; (§, t) conocraBasercs
He 3aBHcsiiee OT & 4ucao Fp (x4, ..., X,, 1) (32BHCAILLEE TAapAMETPHYECKH
OT Xy, ..., X, U 1). Takas 3aBHCHMOCTb Ha3bIBAeTCS (hYHKYUOHANLHOL,
a cama ¢yHkuust F, HasbiBaercsi ¢hyrkyuonasom or Fy;. Mbl ornensiem
B opmyJe (68.10) u Bo Bcex mocsenayomux popmysiax GyHKIHOHANb-
HBIH apryMeHT F; OT OOLIYHBIX apryMEHTOB Xj, ..., X, BEPTHKaJbHOM
4epToii H 6y/JieM VISl KPaTKOCTH YacTO ONyCKaTb apryMeHThl QyHKIHH Fy.

MozkHO nokasatb, 4To camasi o6uias hopMa GYHKIHOHAJIBHON 3aBH-
CHMOCTH NIPOM3BOJIbHOM (QYHKUHH Y (Xy, ..., X, | F;) or F; naerca d¢op-
MyJ10it

Yt oony X |[F)=(A (0, oo, xa, B @ (FL(E 1) dE, (68.10)

rae A (xy, ..., X, &) ¥ @ (y) — HeKOTOPbLIE, NOBOJBHO NPOH3BOJIBLHEIE
(YHKUHH CBOHX apryMeHTOB (Takue, uto HHTerpan B (68.11) cyme-
CTBYET).

2) ®yukunn Fp (xy, ..., X, | Fy) npun = 2 (Ho He pynKuus F; (&, #)!)
NpeACTaBSIIOTCS BUPHAJBHBIMH Pa3noKeHHsIMU 110 cTeneHaM 1/ (dak-
THYECKH 5TH DPasJoKeHHs HAyT [0 CTeNeHsM Ge3pasMepHOro mapa-
meTpa r§/®, HO GopMaIbHO YAOGHO 3aNHCHIBATDL HX KAaK PasJioKeHHst
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no l/e):
Fa(tyoe, % | F)=F (%o, X | F)F o B (i, oo % | Fy) o
(68.12)

Mel nepexonuM Tenepb K BHIBOAY ypPaBHEHHs], ONHCHIBAIOUIETO Me/-
JIEHHYIO 3BOJIONHI0 (PyHKUMH Fy (X, f), — KHHETHYeCKOTO ypaBHEHHS.
Toxcrasss BupHabHOe pasnokerHe (68.12) aia dyuxuun Fy (xy, X5 | Fy)
B NpaBylo YacTh ypaBHeHus (68.6), monyunm

OFl(xl, 1) +H1F (xh t}-——l— S Wy, FVm(xl,lxg\Fl) dx

-3 Swm Ll nlB) gy, 4. (68.13)

TakuM 0o6pasoM, Mbl IONYYHM KHHETHYECKOE ypaBHEHHe: € Toy-
HOCTBIO JI0 BE&JIMYHMH MEPBOro MOpPsJKa Mo r§/®, ecu HaiineM (yHKIHO-
Ha/bHylo 3aBHCHMOCTb F( or F;; ¢ TOYHOCTHIO 0 Y/EHOB NOPsIKa
(r§/®)?, ecin naiieM (YHKIHOHATBHYIO 3aBHCHMOCTBF() or Fy, u,
BOOOLLE, C TOYHOCTBIO 0 YIEHOB (r§/®)*, eciu HailleM GYHKLUHOHAIBHYIO
sasrcumoctb F{*—1 ot F,. TloctaBuM nepex co6oii 3ajiauy: BHIBECTH KHHe-
THYECKOE YpaBHEHHE C TOYHOCTBIO JI0 YIEHOB MEPBOro Nnopsifika 1o r§/o
(XOTsI HAMETHM NYTb HAXOXJIEHHsI H CJELYIOUHUX WIEHOB B 3TOM ypaB-
nenuu). Unraresneil, HuTepecyomuxcs Gosee JTANbHBM H3JI0KEHHEM,
Mbl OTCbuIaeM K MoHorpadusim [7, 15, 16] u KypHaJbHBIM CTaThsIM
(1OBOJIbHO TIOJIHBIH CIIHCOK JIHTepaTypbl umeercs B [16]).

3anumeM ypaBHeHHe (68 13) B BH}IE

OF, gtcl D=Ly (x,, Fy) + L L (x| Fy) +o L L (n | Fy) + (68.14)
rae R

Ly (%1, Fy) =—HiF) (%, 1), (68.15)

Ly |Fy) = — § w, LEG0 R gy, (68.16)

Ly (5| Fy)=— S W, ﬁf—"‘a;l—"—@ dx, (68.17)

Jlns nanbHeHIero Ham Hy»XKHO HaHTH BbIpaKeHHe I/ nponsao}mon
10 BPeMeHH NpPOU3BOJIbHONH QYHKUMH P (Xq, ..., X, | F;), 3aBHCsALEH OT

BpeMeHH TOJbKO NOCPEICTBOM q)yHKuHOHabeHoro éprymema F, &, 9.
C nomoutbio opmy.s (68.11) u (68.14) naxopum
9 . OF (&, ¢
R - LAYy
={A(n, %, YO (FiE ) L@ F)di+

+y § A B DO EG DLEIR) .. (68.18)
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Orciofa BHIHO, YTO NPOM3BOAHAA OY/G! MOKeT ObiTh NpEJCTaBjeHa
C MOMOLIBIO BHPHAMBLHOrO Pas3JiOXEHHs

20— Do+ LD+, (68.19)

rae Dy, Dy ... — dopmaibHbie onepatopbl AnpdepeHurpoBaHus P
no ¢, mocpenctBoM Fj (§, #) ¢ mocienyiouiell 3aMeHOH MPOM3BOAHOH
OF,/0t Benuuunamu Ly (€, Fy), Ly | Fy), ...

Bepuemcst Tenepb K ypaBHeHHIO (68.7), ONHCHIBAIOLIEMY 3BOMIOLHIO
BO BpeMmeHH QYHKUMH Fy (x5, Xp, £):

Ll (x(;t,_xg. A + ]:Ize (%1, %y, O)=

1 aF. ) X, Xg, ¢ OF ) X3, X3, &)
- S ['wla s(xla:: X3 )+w23 a(xxa;‘; X3, ) ]dxs (68.7)

U NOJCTaBUM B Hero BUpHaibHble pasioxenus (68.19) u (68.12) ans
0F,/0t u F,. Cobupast B OJy4eHHOM YPABHEHHH WIEHBI C OiHHAKOBLIMU
creneHsiMH 1/w, neaydnm

Dy F$+ H,F' =0, (68.20)
. N PR OF OF©
DoFy'+ HoF' = — DyFy’ — S ['ww‘me + Wy 77{] dxs, (68.21)

Jlns peuleHus NOCTaBJEHHOM HaMM 3ajayd (HalTH BHI KHHeTHYe-
ckoro ypaBHeHHsl (68.14) ¢ TOYHOCTbIO JO WJIEHOB ~ rf/®) HaM Haxo
HaliTH QyHkuuMoHan L, (x;, F) W, cienoBaTenbHO, coraacHo (68.16)
HaiiT pyHkimonan F( or Fy. [ 3TOr0 JOCTaTOYHO PEIUHTh yPaBHEHHe
(68.20). 310 ypaBHeHue sBAsieTcs GYHKUHOHAIbHBIM (BCIIOMHHM OIpe-
nesienne omneparopos D, Dy ... (68.19)). Tlokazem, caenyst MeTony
Borono6osa, KaK 3To ypaBHeHHe MOXeT GbITh peo6pasoBaHo B Audipe-
peHuunanbioe. BBeseM Ast 2TOro oneparop AMHAMHYECKOrO CABHTA ha

BpeMs T B 3aMKHYmOL cHcTeMe n YacTH S, (X, ..., X, T):
S (Xpyeens Xy T) =P Cree®n), (68.22)
Mbl MOHMMaeM NPH STOM SKCNOHEHLHANbHYIO QYHKUHIO OT Onepa-
Topa H, Kak psaja MakJjopeHa 1s 3ToH QYHKUHH
fr a 2 A
e =1+l + 5 Hit...
3aMeTnM, 4TO MOCKO/IbKY OmepaTopble caraembie H, He Kommy-
THPYIOT APYT ¢ ApyroM ((v; (8/0r:) U Wim (rem) (0/00;) npu k =i

WIM m = i), 3KCTIOHeHTY e™'n He/Ib3st NPeICTABHTh KaK NPOH3BEACHHE
SKCIIOHEHT, COOTBETCTBYIOLMX CJaraeMbiM H,,.
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Oneparopsi S, (t) 06/1aaI0T TeM CBOHCTBOM, uTO, AeHCTBYS Ha KOOp-
ZIMHATBl M CKOPOCTH 7 H ©; (I =1, 2, ..., n), CHCTEMBI 7 YaCTHIL B MOMEHT
BpeMeHH { mpeo0pasyloT HX B KOOPAMHATHI H CKOPOCTH B MOMEHT Bpe-
MeHH (£ + T) (IpH YCJIOBHH, YTO CHCTeMa siBJsieTcsl 3aMKHYTO#). [leii-
CTBHUTE/bHO, Hampumep, Ald omeparopa S, (t) HmeeM

o F) .
Hx"1=7’15‘r:"1=9u
A 6 A
H?r1='z’10—,.l‘ 9,=0, H,9,=0,
OTKyZa
S r=ettir=(14+18,) n=r+on,
Si(v) vy =eio; =0,

(7151 ORHOM M30JIMPOBAHHOM YAaCTHIBI CKOPOCTb €CTb WHTErpan IBHNKe-
HHsl, U JBHXEHHe 3TOi YacTHIbI PABHOMEPHO), TaK 4TO

S, @)y (r, v, =% (r+o57, By, 0). (68.23)

Ilns onepatopa S, (t) ¢ MpOM3BOMBHBIM 1 == 1 HMeeM
n n
7 ad ’ a9
H,= 2 ‘Ui(v‘,'l- 2 Wit 5o, =
i=1 i, k=1
n n
S CJC A A
- dt or; dt 0v;| dt 0x;
i=1
H, CJIeJI0BaTe]LHO, A/ MaJoro NPOMEXYTKa BpeMeHH Ot

(V- OTH )W (%1, Xay )= (¥ 4851, ., Kaok- B2, 0),

rae dx; — npupalleHne BeJHUYHHBI X; 3a Bpems 0T, npoucxojsigee
B CHJIy 3aKOHOB JIMHAMHKH B H30JIHPOBaHHOH cHcTeMe n yactuil. Orciona
HaxofluM, pa3buBasi BpeMs T Ha NpPOMEXYTKH Ot,

ey (g, .., 2 ) =lim (14 STFL) "t - Xy £) =
=Xy .. e X, 8).

Takum o6pa3oM, ecH HMeeTcst HeKoTopasi GYHKUHS AHHAMHYECKHX
repeMeHHbIX 3aMKHYTOH CHCTEMbI 7 YacTHIL Y (Xq, ..., Xn, £), TO

Sa (@B (s X ) =9 (Sa (D) 51y e, Su(0) i, )=
= (Xyo-ey Xn 8), (68.24)

rie X; €CTb COBOKYNMHOCTb BesuunH R;, V; — KOOpAHHAT H CKOpOCTeH,
KOTOpbIE HMeNTH Gbl YaCTHIbl CHCTEMBI CITYCTSI BPeMsi T, eCJi Obl CHCTeMa
n yactHu Obia 3amkHyTOfl. BenuuuHel X;, oueBHIHBIM 0GpasoM,
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3aBHCAT, KpoMme T, OT BceX BennuuH x; Omnepartopel S, (t) omuchl-
BAalOT, TakKHM 00pa3oM, 3BOJIOLUHIO BO BpPEMeHH JIOGBIX (QYHKUHA
KOODAHHAT H CKOpocTeil 3aMKHyTOH cucreMsl. OHH 00JajaloT cie-
JYIOIHMH OYEeBHIHBIMH CBOWCTBAMH:

S () 8u (t2) =85 (11 +70),
82 (1) 8 (—7) =8, (0)=1.

Ja1s Toro uto6sl npeoGpasoBath ypaBHenHe (68.20) B nuddepennuannb-
HOE, 3aMeTHM Telepb, YTO corviacHo ¢opmyJse (68.15)

A (S1 @) Fulx, )= (P (x, 1) =
=H8 (W Fi(x, ) =—Lo (x, Si (1) Fy).
JHanee, cornacHo (68.18), (68.19) nmeem
DoFs’ (v, %18, (0 F1 (&, 1) =
=§ A0 2, O (S1@OFE ) L@ S FE 1) de=
== {40 %90 G ORE 0 & G @AE )&=
= {4l 5 DO G FE ) di=
= — L (x|S0 F).  (68.25)
Tak kaxk B ypaBHenuu (68.20) apryments! Gpynkuuu Fy (dyHKuHO-
Ha/IbHBIH  apTyMeHT (YHKLHH FO (xy, x,|F;)) npoH3BONBHEI, TO,
samenss F, (§, f) nma S, (v) Fy (§, ?), monyuum auddepeHuHaNbHOE
ypaBHeHHe
LS (51, %] 8y (0 Fy) — HaF§' (x1, %, | 81 (v) F) =0, (68.26)

(bopMasIbHOE peliieHHe KOTOPOro MOXKeT GhiTh HalHCaHO CPasy ¢ OMOLLbIO
oneparopa S, (1):
F3' (X1, Xy| Sy (1) F1) = €H:FR" (x4, xp | F1) = S, (v) FY' (31, Xp| Fy).
(68.27)
Yro6e HaiiTH <«IOCTOSHHYIO WHTErpHpoBaHusy F{O (x;, X, | Fy),

HaJlo 3ajaTh HayaabHOe ycioBHe Aast F(O (x1, x5 | Sy (v) Fy) Kak dyHK-
LHMIO OT T. DTO HauaJbHOE yCJOBHE coryacHo BoromoGoBy BhiGHpaeTcs
caeayomuM crnoco6oM. Eciin npene6peub BO3MOXKHOCTBIO «CJIHNAHHSD
Mo/leKyn1 B GoJee C/IOKHBIE KOMIUIEKCHI (CUMTATh TOTEHUHAN u (ry)
MOHOTOHHO YOBIBAIOLIHM C POCTOM 7y H IPAKTHUECKH DaBHBIM HYJIO
npHu ri, > ro), TO B 3aMKHYTOH CHCTeMe M3 JIBYX YaCTHUILL BEUIOJHSETCH
yC/I0BHE

lim 8, (1) |/ —ry!=0,
T—
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COFJIaCHO KOTOPOMY, KaKoBO Obl HH OBLIO B3aHMHOE DACCTOSTHHE Iy
JIBYX 4YaCTHI{ B JAHHBIH MOMEHT BpeMeHH, B GECKOHEYHOM MpOLIIOM
U B GeCKOHEeYHO GyZAylieM OHH GYAYT HaXOAHTbCS Ha BeCbMa GOJbILIOM
PAcCTOSIHUH JAPYT OT ApYyTra M, BO BCAKOM Cjyyae, He GyAyT B3aHMO-
JieficTBOBaTb APYT € APYroM. EcTecTBEHHO NIO3TOMY CUHTATh, YTO COCTOS-
HHSl JBYX YacTHIl NPH ¢ —> == 0o CTAaTHCTHYECKH He3aBHCHMBI JIPYT OT
JApyra. D10 Jaer BO3MOKHOCTb HaNOXHTb Ha F{¥ (x;, X,, ) HauambHOE
yCJIOBHE OJHOTO M3 JBYX THIIOB:

lim S, (=) [F' (%1, Xy £)—F1 (%2, £)Fy (%a £)]=0 (68.28)
T—00

HJIH
lim 8, (1) [FS' (ty, %p £)—Fy (1, ) Fy (5, )] =0.  (68.29)

3aMeTHM, YTO 3TH YCJOBHSI He MMEIOT AMHAMHYECKOH MPHPOHI, a mpex-
CTaBJSAIOT COGOH Cyry6o CTaTHCTHYECKHe, BEPOSITHOCTHBIE IOCTYJIATHI.
OkasbiBaeTcs, YTO K NPaBHJIbHOMY KHHETHYECKOMY ypaBHEHHIO, obec-
NeYUBAIOIIEMY HYKHbIl XapaKTep HeoGpaTHMOCTH MaKpOCKOMHYECKOro
nporecca (POCT SHTPONHH CO BpeMeHeM), NPHBOJHT ycaoBHe (68.28),
KOTODPBIM Mbl B JlaJibHeiIIeM H mosnb3yemcsi. YcioBue (68.29) mpusoaut
K KMHETHYECKOMY yPaBHEHHIO C H3MEHEHHBIM 3HAKOM HHTerpasa CTOMK-
HOBEHHIi, YTO 03Hayas10 Gbl HEBEPHbIH XapaKTep HeoOpPaTHMOCTH (yObI-
BaHHe SHTPONHH CO BPEMEHEeM).

3amernM, uto GpyHKuHs F(© (x;, X, | F;) 3aBHCHT (yHKIHOHAJIBHBIM
ob6pasom or F; (§, ¢) u ycioBue (68.28) JOMKHO BBITONHSTBCS NPH
Jo6oM Bblﬁqpe aprymentoB (€, f). Mbl MOXeM MO3TOMY 3aMEHHTb
F, E, t) na S, (v) F; (§, ¢) u 3anucath OKOHYATENbHO HAYaJbHOE YCJIO-
BHe Juisl ypaBHeHus (68.27) B BHze

Jim 8, (=) [F9 (1, 2] $1(0) Fa (&, 0) = 81(3) Fa O, £) Fa (3, 1] =0
(68.30)
Ws ypasuennusi (68.27), meficTBysi Ha ero Jeyio H IpaByIO 4acTb
oneparopoM S, (—T), HaX0IUM
F3' (xy, %, %F1)=Sz (=) F 5 (%3, x| :91 () Fy).

Tak Kak JieBast 4acTb 3TOrO PaBEHCTBA HE CONEPIKHT T, OHA CNPABes-
nuBa npu Jo6kIXx T. Ilepexoast K npegesy npu t —> 0o H NOAb3YsCh
(68.30), Haiinem

F§' (5, x| Fy) = lim 8, (=) Sy (0 F1 (31, £) Fy (%0, £). (68:31)

Takum o6pasoM, dynkuuosan L, (cM. (68.16)) pasen
X a
Ly (x| Fy)=— S Wy 5 [Fy (X, O)F1 (Xa, 0)] s
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Il KHHETHUeCKoe ypashene (68.14) ¢ TOYHOCTBHIO [0 UNEHOB ~rj/®
HPpHIHMAET BHJ

e 4 fF, 0=

9
= \we 0 R DR )dn, (6832)
rne R )
X;=1lim 8, (—1) S (1) xs. (68.33)
T— 0

TIMpexne yem nepexonuth K GoJiee ACTajbHOMY PacCMOTPEHHIO ypaBHe-
His (68.32), nokaxkem, UTO METOJ, H3JIOXKEHHDLII Bblllie, MO3BOJISET
HaXOJUTD 1 C/IEAYIONHEe WIeHbl B KIHETHYECKOM YpaBHEHIiH, HMEIomie
nopanok (rj/®)?, (ri/®)® u . m.

JleiictBHTeNIBHO, IS HAXOXIEHHs, Hanpuwvep, (yHKIICHAA
L, (x | F;) B xunerndyeckoM ypaBHenuu (68.14) mano corsiacuo (68.17)
HaiiTu GyEKIHOHAIBHYIO 3aBHCHMOCTh F{D or Fj. 3T0 MOXKHO Clenarhb
¢ romombio yparenust (68.21), npesparus ero B andipepexiHanbHOE
YPaBHEHHE TaK e, KaK Mb! 3TO Jieganu ¢ ypasHenuem (68.20). dynk-
nuio F{"), BXOAALYIO B €0 NPABYIO Y4CTb, MOMXKHO HAHTH K3 ypaBHEHMUsI

DoFd + HyFs =
a7aB HavaJbHOE YCJOBHE
]im Sy (=) [F§ (v1, %o, Xg £) = Fy (3, £) Fy (5, ) Fy (25, )] =0.

Ta‘\ll'\l O6p830M OTKPbIBAETCA BO3MOIKHOCTH HaHTH KHHETHYEeCKoe ypas-
Henue ¢ y4eTOM YJIEHOB MMOPsAJIKa (/ 0))! 1, rae k — nenoe qHuCJo, T. €.
C YYeTOM R-YaCTHUHBIX COYJapeHHil.

Bepuencs Tenepb K ypaprennio (68.32) u nokaxem, 4to B Cilel(Hanb-
HOM CJlydae NPCCTPAHCTBEHHO OAHOPOAHOH cucTeMb! (F; He 3aBRCHT OT
KOODAIHAT r]) 5TO YpaBHEHHE TOUHC COBIIaJlaeT ¢ KHHETHUECKHM ypaB-
HeHHeM BOJH)U.!\IHHH. Hpe)«;le BCEro 3ameTHM, YTO B IMPOCTPAHCTBEHHO
OJLHOPOJHIOM Cayuae

Fi=F,(v, 1), HFi=v ]
Haunee oriepatop S; (t) LAt MPOCTPAHCTBEHHO OJHOPOAHBIX (YHKIHIL
CTAHOBHTCS ONEPATOPOM TOXKJECTBEHHOro npeodpasoBanus (cM. (68.23))
H MOXKeT ObiTh onylueH. YpaBHeHue (68.32) mpuHHMaeT BHX

DGt — — b wa o [V 0 Fy(Va, ] dry a0, (68.34)
rue R
Vi=lim 8,(—1) v (68.35)
T— X

IMojwinTerpanbhoe Bepaxenue B (68.34) moxer OuiTb fanee rpeobpaso-
BaHO caeayioiuM ofpasom. Bennunnnl Vi npeiactaBiasior co0oii npe-
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Je/IbHbIe 3HAYeHUst (MpH ¢ —> — o0) CKOPOCTeH YacTHI, HMEBLIHX NpU
¢ = 0 cKOPOCTH ; U B3aHMHOE PACCTOSIHHE Iy, (N 0GPa3yIOUIHX 3aMKHY-
Tyio cHeteMy). Beaeactsue s1oro BesmuuHel V; He 3aBHCAT OT BpeMeHH
u pyHkuny Fy (Vi [) 3aBHCAT OT BPeMEHH TO/BKO MOCDEACTBOM apry-
MEHTa f. DTO 3HAUNT, YTO NOJHAA NPOU3BOJHAS 110 BPEMEHH OT GyHKIHH
Fy (Vi, t) conajaer ¢ uyactHoii nmpon3BoAHOH. C APYroH CTOPOHBI,
Vi 1V, BestencTBue AHHAMHYECKHX yPaBHEHHIT JBHIKCHHS SIBJSIOTCS
OJHO3HAYHBIMA (DYHKUMAMH HauyaJbHbIX YCJAOBHH, T. €. BEJHYHH Dy,
0y 1 rpp. Tlostomy, cuuras aprymentsl Vy u V, BbIpaKeHHBIMH yepes
Uy, Uy, Pyp, HMECM AT DA3HOCTH MOJHON M YacTHOIl NPOH3BOAHON Mo
Bpemenu oT npoussefenns Fy (Vy, {) Fy (V,, f) Boipakenue

[d'vl 9 dv, 0 dri, 0 | drs 0 IFl(Vly OF, (Vs £) =

dt 9o, T Tdt do, +% Jre T dt Ory

a9 a aJ
Wiz o+ Wt 073’27'#‘]5.;][:‘(‘/1' HF(Vy, t) =0,

rge q = Y, — U; — OTHOCHTe/JbHAA CKOPOCTb YacCTHIL.
Mbl MoeM, TakHM 06pa3oM, 3aMEHHTD MOABIHTErPATbIYIO GYHKIHIO
B (68.34) Bhipaxenuem

0
—{q(m"‘@%}wzl’ﬂ(vv 1) Fy(Vsy, 1).

[Ipu 3TOM HHTETPAT OT BTOPOrO CJAraeMoro OGpaTHTCS B Hyab BCJeA-
crpie Teopembl [aycca (uuTerpast or AHBEPreHIN B [POCTPAHCTBE
CKOpOCTeii), H Mbl I101y4IIM

0, f) 1 ¢ a

==V
(Mbl MepeuTn OT WHTerpHPOBANNS 110 d*r, K MHTErPHPOBAHIO MO d*fy,.
SIkoOnan sroro npeoGpaszoBanus paBeH emunuue). Boimoanum B (68.36)
HHTerpHupoBailie 1o d’ry,, nepexois K WHIHHAPHUECKOH CHCTeMe KOoop-
JIMHAT € 0CbIO, HaNpPaBJAeHHOH BJI0JIb OTHOCHTEIBHOI cKopocTH. OGo3Ha-
yas KOOpAHHATY 110 3TOIT OCH yepes {, KOOpANHATY MO NepHeHAHK Y15 PHOI
eif ocu yepes O H TMOASIPHBIL Yroa 4epes ¢, MoJaydHM

Vo] E v 0 v o] @r, =
= \ \ qo do dg \

=SS‘7[F1(V1: DE (Vo )lom o= F (Vi ) Fy (Vo 1) e—— ] 0 dp d.

(68.37)

3aMeTHM Tenepb, uTo mpu § — — oo yacruibl | 1 2 HaxoAATcs Ha pac

CTOSHHH, 3aBEJIOMO INpEBLIIAIOLLEN Fg, H He B3aHMOIE{CTBYIOT ApYyr

¢ apyrom. Ilpu srom aefictBue omepartopa Sz (—Tt) (npoaoskeHue
12 10, B. Pywep, M. L. Puukin

Fu(Vy, ) Fy(Vy, )| dPrig do, (68.36)

FuVa ) Fi (Ve ] =
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B NPOLIJOE HA BPeMs —T) He NPHBEJET HX K CTOJKHOBEHMIO, TaK Kak
HarnpasJ/ieHHe OTHOCHTEJbHOH CKOPOCTH @ BbIOPAHO HaMH BAOJb OCH §
M [PH TNPOJOJKEHHH B IPOLILJIOE OTHOCHTENbHOE IBHXKEHHE YaCTHIL
1 u 2 Bester K yBenuueHuto aGcoMmoTHOro 3nauenusa {. ClleloBaTeNbHO,
npefesnbHble 3Hadenus Vi u V, npu { — — oo JOKHBI GbITh OTOXKAECT-
BJIEHBI CO CKOPOCTSIMH MosieKyJ 1 u 2 «io yxapa» @, u @,. [Ipu { — oo
MosiekyJbl 1 M 2 Tak:ke He B3aMMOZeHCTBYIOT Apyr ¢ apyroM. Ho npo-
JOJKEHHE B MPOIIIOe Ha JOCTaTOYHO GoJsblioe BpeMsl T (LeHCTBHE Orle-
patopa S, (—Tt)) 06s3aTeJbHO NPHBELET K CTOJNKHOBEHMIO, TaK Kak
OTHOCHTEJIbHOE JBHKEHHE YACTHIL IPH NPOAOJIKEHHH B NPOILIOE YMEHb-
waer a6comoTHoe 3HauenHe §. IloatoMmy mnpenesnbHble 3HaueHHs V,
u V, npu { — oo NO/KHBI GbITh OTOMXIECTBJIEHb CO CKOPOCTSIMH MoJie-
Ky 1 u 2 «ocse ynapa» o, 0,. 3aMeTHM JaJiee, YTO CKOPOCTH «HOC/Ie
yAapa» ¥, U U, ABJAAIOTCA QYHKUHAMH CKOPOCTefl «0 ylapa» ¥; H U,
U NPHIENbHOTO paccTosinust . Murerpuposaune no p B (68.37) npak-
THYECKH OTPaHUYEHO BEMUMHOH ~r¢ (MPH p = 7, «yAap» (PaKTHYECKH
HE NPOHCXOJMT, YaCTHILI He BCTYNa/H BO B3aUMOJEHCTBHE H PasHOCTb

Fl(i'l» t)Fl(';’z' t) —Fy (vy, t) Fy (v, t)

obpaiaercss B HyJb), TaK YTO HHTErpas MO ( CXOLHTCH.

Jlns Toro ytoGkl CpaBHHBATh NOJYYEHHOE HAaMH B TOM MNaparpade
KHHETHYECKOe ypaBHeHHe ¢ ypaBHeHHeM Bosnbumana B ¢opme (67.22),
cleflyet yuectb, uto dyukuusa Fy (7, o, {) u dyukuus f (r, o, ), dury-
pupyomas B (67.22), NOIYMHEHBI DPa3HBIM YCJIOBHSIM HOPMHPOBKH:
aas oynxuuu Fy (7, ©, {) umeem corsacto (68.1) u (68.3)

§Fi(r, 0, dPrdio=V,
B TO BpeMsi KaKk 1Jas QyHKuuu f (7, o, {) umeem (cum. (64.2))
Sf(r, o, t)d*rd®v=N,

orkyaa caenyer, uro F; = fV/N = fo.

YuuTeBasi Bce CKasaHHOe BHIlle, Mbl M0Jy4aeM B NMPOCTPAHCTBEHHO
OJIHOPOJHOM CJydae KHHETHYecKoe ypaBHeHHe st GyHKuuH f (7, v, 1)
B BHJe

LD (o, ( (g1 @0 07 @0 -
—f (o, O)f (9, )] pdpde. (68.38)

Mbl MOXKeM TepeiiTH B 3TOM BbIPAXXEHHH OT HHTETPHPOBAHHS IO NpH-
LLeJbHOMY PACCTOSHHIO P H YIJIY ¢ K MHTETPHPOBAHHIO O Hanpasie-
HHSIM €IMHHYHOTO BEKTOPa €, KOJIJHHEapHOTO H3MEHEHHIO CKOPOCTH
9, — 0y, NOJb3YSICh TEM, YTO 3alaHHBIM 3HAYeHHSIM T, Uy H P COOT-
BETCTBYeT OJHO3HAYHO ONpe/ie/ieHHOe JAHHAMHKON yJapa HamnpasieHHe
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BekTOpa e. BBoas oGo3HaueHHe
gp dp dop =Y (v;, 0y, €)dQ

(dQ — s7eMeHT TeecHOro yrJia VIl HalpaBJeHHs BeKTopa €), moay-
yHM H3 (68.38) ypaBHenue

L&D b0, @ 20,00 ) (7 — 1), (68.39)

TOYHO COBMNajaiomiee (415 [POCTPAHCTBEHHO OJHOPOAHOH CHCTEMbI
B OTCYTCTBUH BHEIIHEro moJist) ¢ ypaBHeHHeM Bosbumana (67.22).

Ecnn oTkasarbCsi OT YCJIOBHSI NPOCTPAHCTBEHHOH ONHOPOAHOCTH H
cyutath QyHKUHIO [ 3aBHCALLEH TaKXKe OT KOOPAMHAT, TO, KaK MOKa3al
Boro/o6oB, Bo3HHKaeT ypaBHeHHe, HECKOJIBKO OT/IHYaolLeecs: OT ypas-
HeHus Bosbumana.

§ 69. 3akoHbI coXpaHeHHs H 3aKOH BO3DACTaHHS IHTPOMHH

Kunernueckoe ypasHenie DBosbiMana mo3BossieT BbIBECTH psiit
BaXKHbIX CJENCTBHH, KacalolUXCsl H3MEHeHHs B MPOCTPAHCTBE H BO
BpEMEHH CpPeJHHX 3HauyeHMil ¢u3HuecKHX BeaHuuH. IlycTb HMeeTcs
HekoTopas (H3uyecKass BeJMYMHA P, aCCOUMMPOBAHHAs C MOJIEKYJOH,
KOTOPYIO Mbl GyjieM CYHTaTh QYHKLHEH TOUKH B [1-NPOCTPAHCTBE H Bpe-
MeHH P =1 (7, 0, ¢). Haiinem 3Hauenne P, ycpeaHeHHOE 1O CKOPOCTSIM.
Ilo onpeneneHuio,

§oir, 0. 0/ 0 taw

v 0= Vit 0, Do

U
p(r, H ¥ (r, =5y (r, 0, O f (r, v, ) d%, (69.1)

rae p (r, t) = [f (r, 9, ) d®v — npocTpaHCTBeHHAs MJIOTHOCTb HHCJIA
yactiu. BocrmonbsyeMcsi ypaBHeHHeM Bosbumana B dopme (67.9)

Tt saon) + g Fwn) = B
={{{P(® 15, &) (F — i) a0 do . (61.9)

YMHOXKHM 06e 4acTH 5TOro ypaBHeHHsl Ha Y (#, ©, ) H IPOHHTErPHPYeEM
no v. [lpeo6pasyem npu 5TOM JIeBYIO HacTh NMOJYYEHHOro ypaBHEHHs
ceyomHuM 06pasom:

S\P [% + a—f; (o) + % (fwk)] o=
= {00 + 5500 + 5o (o) —

- f[%‘jf + v,,%i + w,,gv%]}d”v. (69.2)
12+
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Tpe'rbe cjlaraeMoe B 3TOM BBLIP@XKEHMH MOXKET ObITh npeoﬁpa3oaaﬂ0
C IOMOLIBIO TEOPEMBI I'aycca B HOBerHOC’l‘HbIﬁ HHTEerpaJs

ﬁ fypw,, dog,

(do — opueHTHPOBAHHBIi 3/JEMEHT ILIOWANH TNOBEPXHOCTH B U-TIPO-
CTPAQHCTBE) W HCYE32ET NPH MHTETPHPOBAHHM [0 BCEMY NPOCTPAHCTBY
ckopocreii (f (7, v, t) - 0, Korza @ — oo).

B nepBbIX JBYX cJaraemblX CHMBOJbI TPOU3BOMHLIX /0 W 6/0x;
MOXKHO BBIHECTH 3a 3HAK HHTerpaja M BCIO JieBYlo 4yacTb (69.2) MOXHO
3amucaTth B BHAE

37 )+ 5= 000) — § F 8 + o2 (o) + 2 () | . (69.3)
TepeitieM K npeoGpa3soBaHHIO NPABOi YACTH yPAaBHEHHS, MOJYUeH-
Horo u3 (67.9) ymHOXeHHeM Ha ¢ (7, ©, {) U HHTErPHPOBAHHEM IO V:
§§55P (@, v 19, 2) (fT — i) ¥ (r, ©, ) d®o d®0’ d?0 d®0". (69.4)

HMamenum oGo3HaueHHsI NePEMEHHBIX HHTEPHPOBAHHS B 3TOM BbIpaKe-
HHH TpeMs CrocoGamu:

1) 9>, vV>90, 090 U -
2) -9, > 0, v — ', v >0’
3) v, 0 >0, V>0 V0.

TpencraBum (69.4) B BHAe CyMMbl YeTbIPEX IOJNYYEHHBIX BbIpaXKEHHIl,

JIeleHHOH Ha ueThipe. YuMThiBas CBOHCTBAa CHMMeTpuH P (v, '0’]70, ')
(dopmyanr (67.8) u (67.10)), nonyunm Bmecro (69.4)

T\ 88 P o139 7 - 1)

X (p+y —P—¥) dodi’ dod’,  (69.5)
rae
Y=y (r, v, t), V=9 2,0 b=y 0,1 V=y(0,1

OKOHYaTeNbHO NOMyYaeM ¢ MoMobo hopmy. (69.3) u (69.5) coorHoute-
HHe

70+ @) — § FF 4 2 (hon+ . ()] dvo=
= \§§§ P v o) i
X 4 —p—P) dPod duds’.  (69.6)

PaccmotpuM Temepb uYacTHble caydam: Y = 1, ¢ = v;, P = o2,
Bo Bcex sTuX cayuasix npasasi 4acTb ypaBHeHHs (69.6) oGpauiaercs
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B HYJb — B IE€PBOM CJy4yae TPHBHAJbHLIM 06PasoM, BO BTOPOM H
B TPeTbeM C/lyyae — B CHJY 3aKOHOB COXPAHEHHS HMITyJIbCa H SHEPTHH
npu ynape. B seBoii yactn (69.6) nmeem

mpu ¢ =1
0, 9,
o+ axg; (000 =0, (69.7)
npu P = o;
a ., 9, —
ki (07:) + A (pvivg) = pwi, (69.8)
npu P = v?
9 [pv? a 20 -
ol <\9%) + axy (pu;k) = POt (69.9)

HeTpyZHo yCTaHOBHTb (PH3HUECKHIl CMbIC] COOTHOUIeHHH (69.7),
(69 8), (69.9). Bynem cuntarh 151 IPOCTOTH Maccy MOJIEKYJ rasa pas-
HOIl @/IMHHUILE, TaK YTO P MPEICTaBJIseT COGOt CPENHIO MIOTHOCTh Ta3a,
a BEJHYHHB OU;, POUs, PUY/2, PUP0L/2, OWi, 0UW — CPENHHE HM-
MyJIbC, CPEIHION TPOEKIHIO IOTOKA HMITYJIbCa, CPEHIO KHHETHYECKYIO
SHEPTHIO, CpefHee 3HAUeHHe IPOEKIUH NOTOKAa KHHETHYEeCKOH SHEepTHH,
CHJIy M CPEJHIOI MOIIHOCTb CHJIbI, COOTBETCTBEHHO, OTHECEHHbIE K e/lu-
Huue obbema rasa. Torja ypasHenne (69.7) mpeacraiser co6oil ypas-
HeHHe HEeNpepbIBHOCTH IS TJIOTHOCTH M BBIPakaeT 3aKOH COXPaHeHHs
macchbl. Murerpupys (69.7) no HekoTopomy o6beMy V U nosmb3ysich Teo-
pemoii I'aycca, Haxonum

@ (S S S P da') =- ﬁ 0, do. (69.10)

310 ypaBHEHHe BBIPAXKaeT TOT (aKT, UTO H3MEHeHHe KOJHYeCTBa Beule-
cTBa B o6beMe V 3a eJUMHHIly BpeMeHH PaBHO KOJHYECTBY BelllecTBa,
BBLITEKAIOIIEr0 M/ BTEKAIOLIEro 3a TO XK€ BpeMs yepe3 TPaHHILy 3TOTO
obbema.

VYpasHenue (69.8) npencrap/aser co6oil 3aKOH H3MEHEHHs! UMITYJIbCa.
Hurerpupyst no o6bvemy V u nomb3ysce Teopemoii ['aycca, umeeM ypas-

it [\ Sooiarr) = — ) pown do,+ S S S ow; &, (69.11)

KOTOpOe MOKa3biBaeT, YTO H3MeHeHHe HMIyJbca B ofbeme V mpowc-
XOJMT 3a CYeT BTEKAHHS HJH BLITEKAaHHsS HMIYJbca Yepe3 TPaHHILy
o6bema V (BMeCTe ¢ IOTOKOM I'a3a) H 3a CueT JefiCTBHsl Ha YacCTHUIbI Ta3a
cunbl F; = pw;. Takum obpasom, (69.11) mpencrasaser coGoit 3anuch
BTOpOrO 3aKoHa HbloToHa.

Haxowuer, ypasxenue (69.9) npexcraBisier cofoil 3aKOH H3MEHeHHs
KHUHETHYeCKOH SHepruH rasa. VMeeM, MHTerpupys 3T0 PaBeHCTBO MO
obbeMy H ToJb3ysich Teopemoit 'aycca,

4 (S S S o @) = - @ij_ do,+ S S S pwiDy dr. (69.12)
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HiameHenye KHHETHUECKOH 5HepTHH B o6beMe V NMPOHMCXOAHT 3a cuer ee
BTEKaHHUs WM BbITEKAaHHS 4Yepe3 IpaHUIbI o6beMa V (BMecTe ¢ OTOKOM
rasa)  3a cyer paGoTbl BHELIHHX CHJI.

Bocrnonb3yemcst Tenepb KHHETHYECKHM YpaBHEHHEM ./s J0Ka3a-
Te/IbCTBA TEOPEMH! O BO3PACTaHHH SHTPONHH NPH NEpexoje U3 HepaBHO-
BECHOTO B PaBHOBECHOE COCTOsIHHe. (DTa TeopeMa, fokazanHas JI. Bosb-
IIMaHOM, HOCHT Ha3BaHHe H-TeopeMbl, Tak Kak BosbiMaH BBoaMA BMeCTO
SHTPONHH BeJMHuHHy H, OTJIHYA IOULYIOCS OT SHTPOIHH TOJNBKO 3HAKOM.)

Jloka3aTe/IbCTBO 3TOi TeOPeMH TaKKe OCHOBAHO Ha opmyde (69.6),
HO NPH MHOM BbIGOpe BeJHYHHH! ¥ (#, ¥, ). Kaxno#i uactune rasa mol
MOKEM CONOCTaBHTh B KauecTBe BeJTHUHHB P (7,0, ) ee HHIMBHAYAJbHEIE
XapaKTepPHCTHKH: MacCy 17, KOJHYECTBO ABHMKEHHS MY H KHHETHUECKYIO
SHEPTHIO mMy?/2 YaCTHLb, He 3aBHCSILHE OT COCTOSIHHSI OCTaJbHBIX Ya-
crull. Korna Mel mepexofuM K ONHCAHHIO ra3a Kak Ie/O0ro, STHM BeH-
YHHAM COINOCTABJISIOTCS MaKPOCKONHYECKHEe XapaKTePUCTHKH, MEHso-
LIHECs] CO BPeMeHeM M OT TOYKH K TOYKe: ILIOTHOCTb Macchl p (7, f),
IJIOTHOCTb MMMYJ/IbCA Q¥ M IJIOTHOCTb KHHETHYECKOH SHepPruu pov%/2.

Upe3BblYaliHO BaXKHO, OXHAKO, YTO MbI MOXEM CONOCTaBHTb KaXIOH
4aCTHUE B KauecTBe BeNHUMHBI P (¥, ©, f) QYHKUHIO, 3aBHCALLYI0 He
TOJIBKO OT CKOPOCTH 3TOH YacTHIIbI, HO H OT €e MOJIOXKEHHSI B [POCTPaH-
cTBe 7 H MoMeHTa BpeMenH ¢. Bouee Toro, ¢ (7, 0, f) Moxer comepxaTh
HHPOPMALHIO HE TOJBKO O COCTOSIHHM JaHHOH YacTHLbl, HO M (KOCBEH-
HBIM 06pPa3oM) O COCTOSIHWH Ta3a B LEJIOM, eCJIH OHO 3aBHCHT OT KOOp-
JIMHAT, CKOPOCTeH M BpeMEeHH MOCPEACTBOM (YHKLUHH pacrpeneseHus
f(ro,t), 1 e (r,0,t) = F (f(r,0,t)). Kak mbl Buzienu, u B 3ToM GoJiee
obuleM ciayyae AJisi H3MEHEHHsi B NPOCTPAHCTBE M BPeMeHH (yHKUHH
oY (7, v, t) u ee noroka pvY (¥, v, {) H noayuyaercs ypaBHeHue (69.6).

TTokaxem Tenepb, YTO €C/IH CONMOCTABHTb KaXKMOH YacTHIE B Kaye-
cTBe BeJHUHHBL Y (7, 0, {) pyHKuMO —In f (7,0, f), TO OHa (C TOYHOCTHIO
JI0 TIOCTOSTHHOTO MHOXKHTEJIs1) NPEACTaBJIsIeT COGOMH «IHTPOMHIO YaCTHI(bI.
310 caenyer HeMelJeHHO U3 Qopmyab (47.8):

n n
S=—=% Z Ting.
N, V,i

ITonarast B s10# popmyse N u V HKCHPOBAHHBIMH, 3aMeHsIS BEpPOST-
HocTH n/L wepes GpyHKumio pacnpeenenns f (¥, ©, £) ¥ nepexons or cyM-
MHPOBaHHSl 10 i K HHTEFPHPOBAHWIO TO -NPOCTPAHCTBY, MOJydYaeM

=—A{fInfd% d*r, (69.13)

rme A — nocrosinHas (A = km?/h?).
Orciofa AAsi NPOCTPAHCTBEHHOH MVIOTHOCTH SHTPONHH MMeeM

ps=—A{/In]dv=— ApTn} (69.14)
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H IS TVIOTHOCTH [IOTOKA SHTPOIHH
pos=—A{foinfdio=— ApvIn}. (69.15)

U3 3THX opMyJ1 BHIHO, YTO MBI MOXEM PacCMaTPUBATh BHIDAXKEHHE
—A In f KaK SHTPONHIO OXHOH YaCTHIEL

Bepuemcs Teneps K ypasHenio (69.6) 1 nonoxump =—Inf (#, o, ¢).
B stOoM ciyyae BTOpOe cilaraemMoe B JIEBOH 4acTH B 3TOM ypaBHeHHH
ofpaiiaercst B HyJ/b. JleHCTBHTENbHO, HMEEM

§ 1[5+ o0 oy 0w oz | In o= § [+ 52 (fou) + 5o (Fow) | a0 =

=[5+ a5 Gon | o =32 + 55 a0 =0

B CHJy ypaBHeHus HenpepbiBHocTH (69.7). [Tostomy ypasuenue (69.6)
MOXeT ObITh 3alHCAHO B BHIE

57 (65)+ 5 (0508) =

=1 S S S S P(v, o' |9, o) (fF —ff") lnz;:d“v d’ d% d0. (69.16)

[Mocniennee ypaBHeHHe MMeeT BHA yPaBHEHHs! HENpEPHIBHOCTH IS
IJIOTHOCTH SHTPONHH C HCTOYHHKAMH B NpaBOil YaCTH

;", (p3) +a% (psve) =Q, (69.17)

NpHYeM B CHJY OYEBHIHOrO HepaBeHCTBA (¥ — y) In (x/y) =0 mior-
HOCTb MCTOYHHMKOB HEOTpHIATeNbHa, T. e. Q = 0. Hurerpupys (69.17)
O HeKoTOpoMy GHKCHPOBaHHOMY 06beMy V 1 nmpumensisi Teopemy Tayc-
ca, MoMyYuMm

#(§§Sosar) = — (fosondon+ ((§Qar. (6919

Cor/1acHO 3TOMY COOTHOLLEHHIO SHTPONHsSI o6beMa V rasa MoOXer H3Me-
HATBCA 32 CYET BTEKAHHs WJIM BBHITEKAHHs! SHTPONMH (BMECTe ¢ MoJe-
KyJlaMH Ta3a) uepe3 TDaHHIIB BbIIEJIEHHOrO OGbEMa H yeeauiusamocs
3a CYET NPOAYIHPOBAHHS SHTPOIHH BHYTPH 0GbeMa HCTOUHHKAMH SHTPO-
muu Q:

Q=+ S S S P(o, o' |9, o) (F — ") ln;;, d% d%' d% %', (69.19)

B uacTHOCTH, IJIsI 3aMKHYTOH CHCTEMBI SHTPOIHSI MOXET TOJIBKO yBe-
JIMYHBATBCSl MJIH, €CJH HMeeT MecTo paBeHCTBO ff = ff’, ocraBaTbest
NOCTOSTHHOH.

Hrak, Mbl MONYYHJIH M3BECTHBI M3 TEPMOAMHAMHKH 3aKOH BO3pa-
CTaHHs SHTPONHH, NPHUEM KHHETHYECKHH BBIBOJ 3TOTO 3aKOHA JaeT HaM
BbIpaXKeHUe JJIsl MCTOYHHMKOB 3HTpomuH (69.19) (cM. moapobuee § 71).
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§ 70*. JlokanbHoe pacnpepesnenve Makcseana—bBoabumana

BrisicHUM Tenepb, NpH KaKOM YCJOBHH HCTOYHWKH SHTDPOMHH Mepe-
CTalOT MPOAYLUHUPOBATb IHTPOIMMIO H pacrpejesieHHe CTAHOBHTCS paB-
HOBecHbIM. M3 Bripaxenust (69.19) Mbl BHIAMM, YTO 3TO YC/IOBHE HMeeT
BHJ

P =1 (70.1)

Ipu stom B ypasuenun Bosbumana
0) a a
,7{ + oa (For) + 5, (Fon) = N
= S S S I] @, ¥'|v, 0')(FF —ff') d®' d35 d30’
obpauiaeTcss B HyJb NIpaBasl 4acTb, a, C/el0BaTe/]bHO, H JeBas
af a /]
B'i + dxp (for) + on (fwy)=0. (70.2)
Yenosue (70.1) Moxer GbITh 3aMHCaHO B BHIE
|nf+lnf’=lnf—|—1nf'

1 O3Hauaer, YTO IO OTHOLLIEHHIO K COylapeHHsM BeauunHa In f ects an-
JIMTHBHBIA MHTerpasn ABHxkeHHs. IIpH napHeIX ynpyrHx coylapeHHsx
CYLLECTBYET TOJMbKO NSATb TAKHX MHTETPAJIOB: TPH MPOEKLUHH CKOPOCTH
€, m, {, sHeprua e = mv®/2 W BeJHYHHA, He 3aBHCALLAs OT CKOPOCTH.
MoxHo nokasarb (cM., Hanpuwmep, [11), 4To 3THMH BeJHYHHAMH ajiu-
THBHbIE HHTETPAJIbl HCUEPIBIBAIOTCS H In f MOXKeT GBITb TONBKO JIHHEH-
HOH KOMOHMHaIHeH 3THX BeJHYHH

[=eatbpter

(Mo MOBTOPSIOUIMMCS HHIEKCaM TMOJpa3yMeBaeTCss CYMMHPOBaHHe).
Jlna HawMx uesei yAoOHO 3amHcaTbh 3TO BbIpaXKEHHE CJIeLYIOWHM 06-
pasoMm:

f= a—ﬁ%wi—ui)" (70.3)

B Takom BHJe 3TO pacmpeie/ieHHe MOXKHO HHTepPNpeTHpOBaTh Kak pac-
npejenenHe MakcBeasa co CpeiHUMH 3HAYEHHSIMH TPOEKIMH CKOPOCTH
v; = u;. Beauunnsl @, P u u; B (70.3) npeacraBasior cofoit B obuieM
ciyuyae QYHKUMH KOOPAMHAT U BPeMeHH (TaK KaK TMPH «MTHOBEHHBIX»
coyapeHHsIX KOOPAMHATBI He MCIIBITHIBAIOT CKayKoOOpa3HbIX H3MeHe-
HUH{, B OT/IMYHE OT CKOpocTH u 3Hepruu). [Tostomy B Kaxkjofi Touke
MPOCTPAHCTBA CYIIECTBYET CBOS JIOKA/IbHAS CPeIHsA CKOPOCTh (CKOPOCTh
M0TOKA rasa), M3MeHsowascs, B ofleM cjyyae, C TeYeHHEM BPEMeHH.
Bripaxenue (70.3) MOMKHO YIOBJIETBOPSATb, KPOME TOTO, YPaBHEHHIO
(70.2). TloacraBnsin Buipaxenue [ B (70.2) u npupaBHHBas B MOJyYeH-
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HO# popMysie HY/10 KOX(POUUHEHTE! NIPH ULV}, Ux0;, U, H C1aTaeMble, He
cozieprKalllie vy, MOJYYHM TIOC/Ae HEKOTOPHIX NpeoGpasoBaHuil ypas-
HeHHsl

%:0, (70.4)

B ou=tu g (70.5)
Fk=m<i¢k+guk>+%ai;<a—ﬁ';m (70.6)
57 (@ —B5E) 4 BusFu =0. (70.7)

TMepBoe U3 3THX ypaBHeHHil MOKa3blBaeT, YTO BeqHUHHA f MM TeM-
neparypa B ¢opMyJse JOKanbHOro pacrnpefenenuss Maxcseana (70.3)
HMEET OJIHO M TO JKe 3HayeHHe BO BCeX TOUKAX NMPOCTPAHCTBA, HO MOXKET
MEHSITbCS CO BpeMeHeM.

VYpasuenue (70.5) onpenensier noje JNOKaJbHEIX CKOPOCTell MOTOKa
rasa. OGluee pelieHHe ero HMeeT BHJ

4= fﬂ - [or] + a4 (0). (70.8)

Beipaxkenue (70.8) ynosaerBopsier ypaBHeHHuio (70.5) npu o, He 3a-
BHUCSILEH OT KOOpAHHAT, HO 3aBHCAlleHl NMPOH3BONBHBIM 06pa3oM OT
BpeMenH. [TokaxeM, 4TO eclH noJje, B KOTOPOM HaXOAWTCS ra3, IMOTEH-
uManbHo, T. e. F = —grad Z (r), To yr/jioBasi CKOPOCTb @ JO/DKHA Me-
HATBCS CO BPEMEeHeM IPONOpIUHOHANBbHO TeMneparype, o (£) B (f) = const.
YpaBrenue (70.6) AN MOTEHUHANBHOrO MOJS MOXKET OBITh 3aNmHCaHO

B BHJE
a 1 2
5 (pu)=— - grad [a—ﬁ’”—;—+ pu (r)]. (70.9)
Orciona caenyet ¢ yderom (70.8)

rot(—% (Bu) =rot {(% (ﬁ[mr])} =2 (% (Bw), ortkyma Pe =const.

Takum o6pa3oM, MaKPOCKONHYECKOe ABH:KEHHe rasa, B obleM Cay-
yae, NpeACTaB/seT Co6OH CyNeprnosHIHIO PalHaJbHOTO paclIHpeHHs
(cxartust) co ckopoctbio fr/2f, nuockoro BpaiieHHs ¢ YIJIOBOH
CKOpPOCTbIO @ (f), ONMHAKOBOH BO BCEX TOYKAX M MeHslollefica npo-
MOPUHOHAJBLHO TeMMepaType, W MOCTYNATeNbHOrO ABHKEHHS CO CKO-
pocTbio #y, (t).

VYpasuenus (70.6) u (70.7) Hakaa[LIBAIOT HEKOTOPbIE OTpaHHUeHUs] HA XapakTep
cusoBoro nosisi F = — grad Z(r) ¥ Ha 3aBHCHMOCTB OT BpEMeHH BeHuHH a W u. [Toka-
3KEM, UYTO V1A BECHbMA LIHPOKOTO KJacca NOTEHUHANoB, OGMajaloumHX TeM CBOHCTBOM,
YTO HX PA3/OXKEHHEe MO CTENeHSM KOOPAMHAT X; CONEPIKHT UJNeHBl TpeTbeil CTeneHH
H Bblle (Hapsay, GbIThb MOKeT, H ¢ Gojiee HH3KHMH CTEINEeHsIMH), HMEIOT MeCTO COOTHO-

mennst ® = 0, B = const u a = const e—BZl(’D, Takum 06pa3oM, A1 TAaKHX TOTEH-
uuanoB ¢opmyna (70.3) mpunumaer BHA OGbHOrO pacrnpejenenns Makcseana—
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Bosnbumana ¢ nOCTOSIHHBIM MOAY/IeM b U CpeaHell CKOPOCTbIO D, PaBHON HYJIO:

f=const e_ﬁ[r+”(r)]

NefictButensHo, u3 (70.9) u (70.8) umeeM
erad [a— 75+ )| =—m & B0 =—m [ B r 4 2 u, 0]

BhIYHC/IHM KPHBOMMHEHHLI HHTErpas OT JIeBOf W MpaBoil yacTeil B npejenax or
Hayalla KOOpJAHHAT JO TOYKH C PaJHyC-BEKTOPOM £

mu';;

a—pE L () =ay—

+82 O —m|§ 2 5 Guor]. 010
JTutdepenunpys Bripaxenne a—pmu?/2 no BpeMeHHn u MoACTaBAss B (70.7), NOAY4HM
5o —8 55| ~b @ -2 Oy —pugrad 4 (= m| § - T i 07,

Flie & JOMKHO GBITh BbipaxeHo mo dopmyae (70.8) uepes B, B, @ u u,,. Ecan noacra-
BHTL B JIEBYIO 4acTh ITOr0 YpaBHeHHs1 pasnoxenue X (r) — % (0), TO uneHb BHAa
Xi Xp X, COJepalllne TPETbH CTeNeHH x;, GYAYT MPHCYTCTBOBATh TOJNBLKO B JIEBOH
yacr. [IpupaBHuBas KO(hHUHEHTH! NPH HHX HYJIO, Mbl NMOJYYHM J€CSATH JHHEHHBIX
OJHOPOJHLIX YpaBHEHHH Ui CeMH HeH3BeCTHbIX Benuuun P/P, @, u,,. Takaa cucrema
HMeeT TONILKO HyJIeBEIC PelleHns, H Mbl noayyaem f§ = 0, f = const, ® = 0, #;, = 0.
Orciona cornacho (70.8) cnenyer u = 0 u coraacuo (70.10)
a=ay-+P% (0)— B« (r)=const — P (r).

33METHM, YTO K pPacCMOTPEHHOMY KJacCy MOTEHLHAaJNOB OTHOCATCA BCe MOTEHLH-
ansl, IOCTaTOYHO 6l>ICTpO BO3pacTalollHe NpH YyJaleHHH OT TOYKH r == 0, H, B 4Yacrt-
HOCTH, NMOTEHUHAN NMOAA CTEHOK cocyna. Opnnako Hapsily C 3THM eCTb BaXKHble YaCTHbIE
CAy4Yau CHJIOBBIX nonew, ans KOTOPBIX JIOKa3aHHAas TeoOpéMa HeBepHAa H CIpaBeJIHBO
JI0KanbHOe pacnpefenenne Makcsenna (70.3). K HuM oTHOCATCs, HampHmep,
nocTosiHHoe nosme Z = const, oxHoponHoe none X (z) = kz, OCUMANATOPHBI MOTEH-
wnan Z (r) = (kye® + kyy?® + ky2?)/2.

HpeﬂcraBuM CKOPOCTb ¥; B BHJE CyMMBI ABYX CJlaraembiX

vi=ui+c (70.11)
T, MO onpefenenuio,
Vi=Uu E,=0 (70.12)

C TOUKM 3PEHHST MEXaHHWKH, eCTeCTBEHHO HHTePNPETHPOBATh U; KaK CKO-
POCTH LIeHTpa MHEPLHH Maqoro obbeMa rasa, a ¢; — KaK OTHOCHTEJb-
HYIO CKOPOCTb €ro MoJieKyJs. B craTHcTHuecKo# ¢u3MKe Mbl Gylem HH-
TEPNPETHPOBATb U; KaK JOKAJbHYI0 CKOPOCTb MaKPOCKOMHYECKOro
IIBHXKEHHSI Cpellbl, a ¢; — KaK CKOPOCTb XaOTHYeCKOro (TerJ/oBOro)
IBHXKeHHsl MoJiekya. Ilpu sTom paBHoBecHoe pacnpenenenue (70.3)
NPHHHAMAET BHJ

(70.13)
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3aMeTHM, YTO COIVIaCHO IMOC/TeIHHM (opMysnaM paBHOBECHOe pacmlpe-
ZleJleHle MOJIEKYJl MO CKOpOCTAM (TeMJIOBBIM) BCerja siBjsieTcst cde-
pHUECKH CHMMETPHYHBIM B MPOCTPaHCTBe cKopocrell (f 3aBHCHT ToO/b-
KO OT ¢j).

§ 71%. YpaBHeHHs ra3oBoOil AHHAMHKH

ITokaxeMm, KakuM 06pa3oM KHHETHYECKOe YpaBHeHHe Bosbumana
M03BOJISieT BecbMa OGLIMM 0GPa3oM MOMYUUTb Y PaBHEHHS KJIaCCHUECKON
ra3oBoll AMHAMHKH. Mbl GygeM HCXOmuThb H3 (OpMyJ], MNOTyYeHHEIX
HaMH B § 69:

o, 0,
ot T ag; (P7) =0, @
a, a —_—
a7 (000) + 55 (pvive) = pwi =F, (71.2)
5 5 lo%on B )
7 (‘%) + 5, (p_v?g_k> = 00, = TFs, (71.3)

OMHCHIBAIOIMX W3MEHEHHEe IUIOTHOCTH ra3a, IUIOTHOCTH HMIyJbCa H
IJIOTHOCTH 3HEpPruH. Bocmosb3yeMcst pas/ioKeHHEeM CKOPOCTH —MoJe-
KyJbl Ha JIOKaJbHYIO CKOPOCTb IIOTOKAa &; M XAOTHYHYIO (TENJIOBYIO)
CKOPOCTb ¢;, BBEIEHHBIM B IpelbIylieM naparpade, U BHUHCIHM IUIOT-
HOCTb TIOTOKOB MAacChl HMITyJbCa H SHEPTHH, BXOASIIHX B ypaBHEHHS
(71.1)—(71.3). Hmeem

00; = pu;, (71.4)
PO = Pltstty + PCiCr, (71.5)
pvzﬁ =L @ 2uc) (witeo)=
=% @+ u+ (@t wis). (716
BBeseM o6o3HaueHHs! o
pcicy = PO — Iig, (71.7)
%pc_zv:?:L,-, (71.8)

rae P — naBienue rasa, a cmoics BeauuuH Il;,, L; GyneT ycraHoBjeH
B HanbHeliwieM. Tak Kak B PaBHOBECHOM COCTOSIHHM (QYHKIHS pacrpe-
JieJieHusl f, 3aBUCHT TOJbKO OT ¢2, HAaXOJUM
pce; = fo (¢}) P d%c =0
(B CHJIIy HEUETHOCTH MOJAbIHTErpaNbHOH QyHKIMH) U
1

pCicy = 3 pc%8 = Pip

(coryiacHO M3BecTHOil (opMyJie 3/eMeHTapHOH KHHETHUECKOH TEOpHH
rasos P = pC%/3). BeeacTBHe 3TOT0 B PaBHOBECHOM COCTOSIHHH TEH30p
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1L;, 1 BexTOp L; OOpamatorcsi B Hyab. 3aMeTHM, YTO, TO OTpene/eHHo,
tensop II;, cummerpuuen: Il,; = II;, Toraa us (71.7) nonyuaem

7_pct_ 3 1
pU=t5 =5 P— 511, (71.9)
IT=Sp My, =y, (71.10)

rie U — puyTpennss sueprust exunuus obbema. C yuetoM oGo3Haue-
nuit (71.7) u (71.8) dopmy.si (71.5) u (71.6) aator

PO = pititl + POy — i, (71.11)
o = 4ol (71.12)
OO B 1 Pyt p Uty Li— Tty (71.13)

VYpasuenns (71.1), (71.2), (71.3) npusHMAIOT Tenepb BHA

of [
2+ 52 (oun) =0, (71.14)
ol

dpu) | 0 L op
—or— T oy, (Pitin) = Fi— 5 + 528 (71.15)
9 [pu 9 [ utu , 3, ~
(o7 %5") + a3 (0 ) + (5 D)+ 5, (0} =
= Fyttp— 5% (Li— Mypity) — £ (Pu). (71.16)

IepBoe M3 3THX ypaBHEHHH INpeACTaB/IseT COGOH XOpOLIO H3BECTHOE
ypaBHEHHe HelpepLIBHOCTH, BEIParKalolllee 3aKOH COXPaHEHHS BellecTBa
(maccer).

YpaBHeHHe HEMpPepbIBHOCTH OTKPHIBA€T BO3MOXKHOCTb —BaX{HOTO
npeobpasoBanusi. Ilyctb uMeercss HekoTopasi BennunHa A, 3aBHcsuLast
OT KOOPAMHAT U BpeMeHU. BEIUHC/IHM ee MOHYI0 NPOU3BOAHYIO O Bpe-
MeHH, H306pakalollylo NOMHOe H3MeHeHHe BeJHYMHBl A CO BpemeHeM,
Kak BCJEICTBHE H3MeHeHHs1 A B JaHHOH Touke npocrpanctBa 0A/ot,
TaK M BC/IEICTBHE H3MEHEHHs C TeueHHeM BPEeMEHH KOODAHMHAT X;

0A | 0Adx; _0A |, 04
o Toma = o Togt
IpeoGpasyeM 3TO COOTHOIIEHHE, YMHOXHB O6e YacTH IpPeJBapHTe/bHO
Ha 0, ClefyiomuM 06pasom:
[0A | 0A \ a a dp a
olar + o) = ar (Ap) + P (Apus) — A5 + Fr (pui) ).
Tak Kak TocJefHee claraeMoe B IPaBoOfl YaCTH TOXKIECTBEHHO DPaBHO
HYJIO, BCJIEJCTBHE ypaBHEHHs HENpepLIBHOCTH MMeeM

o5 + 5a ) = 7 (AP + 5= (Apu). (71.17)



§ 711 VPABHEHHS FA30BOM TUHAMHUKH 365

(3amernm, uto aTOT NpHeM, Gas3UPYIOUHICS Ha 3aKOHE COXPaHEHHs
-‘BelllecTBa, qpeSBbl'-{aﬁHO HanoOMHHAET BO3MOXKHOCTb BbIHECEHHSI HJAU

o d..
BHECEHHUSI MacChl MOJA 3HAK IIPOU3BOJHOH IO BPEMEHH m—ﬂ = ‘% (m : )

B ypaBHEHHsIX MeXaHMKH HbIOTOHa, OCHOBaHHYIO Ha MOCTOSTHCTBE
Macchl.)

¥YpaBuenue (71.15) npesncrasJisieT coGoii 3anuch 11 3akona Helotona
JUIs eIMHHUIE o6beMa rasa. TIpoHHTerpHpyeM o6e YacTH 3TOro ypasHe-
HHS 10 HEKOTOPOMY (HKCHPOBaHHOMY o6beMy V H BocIO/b3yemcs Teo-
pemoit T'aycca. TTonyunm

118 ) s

- SSS Fid®r + P (i — P8y) doy. (71.18)

B neBoit yactM 3TOr0 BbIPAXKEHHS CTOMT H3MEHEHHE HMITyJbca
B o6beMe V 3a | cex, mpoHcxojsuiee Kak BCJEACTBHE H3MEHEHMsl HM-
nyJbca B QUKCHPOBAHHOH TOYKe (MepBoe c/araeMoe), Tak H BCJEACTBHE
JIBI2KEHHSl YacTHI[ rasa (BTOpPoe cJaraemoe — IOTOK HMIYJbCa Yepe3
rpasuny obwvema V).

Buipaxenue, crosiee B npasoit yacru (71.18), npeacrasiisier coboit
CYMMy BCeX CHJI, JeHCTBYIOLINX Ha BbIACJNEHHBbIH 06BEM. TH CHJIbI CKJIa-
JIbIBAIOTCS M3 BHeluHefl oGbeMHOH cusbl F; (Hampumep, TpaBHTaLHOH-
Hasi cuaia) U noBepxHoctHo# cuabl (IT;, — P8§;,). B paBHOBeCHOM cocTosl-
Hun Il;;, = 0, W NOBepXHOCTHAsl CHJA MNepHeHAHKY/SIpHA IVIOMaLKe
do u paBHa —P do.

B HepaBHOBECHOM COCTOSIHHH Ha 3JI€MEHT IJIOMaAH do JaeicTByeT
nononuutensio cuna dF; = I1;,do,, uMelomasi KacatenbHble NPOEKIHH
(cnaraemsle ¢ i %= k). OTH NpoeKIHH H306paxaioT, O4eBHHO, CHJIY BA3-
KOro TpeHus. I Toro yroGhl HX SIBHO BBIAGJIHTb, YAOGHO NMPEACTAaBUTH
Tensop 1;;, B BHAe CyMMEI JBYX CJlaraeMbiX:

gy, = I + 117, (71.19)
rue I1;, — Gecciiennasi 4acThb TEH30pa BA3KOCTH
Mje= My — 5 M8y, SpIiz=0
(M =Sp Mir,= M), (71.20a)
a IIj, — auaroHaipHasi €ro 4yacTb
1T/, = N&i. (71.206)
Toraa cuna dF; = 11;do, B cpeiHem mpejcTaB/iser cobofi KacaTesb-

HYIO K OBEPXHOCTH CHJY BA3KOTO TpeHHs. JleHCTBUTEIbHO, eC/IH YCpel-
HUTb CKaJsipHOe Npou3BejeHHe dFin; N0 BCEBO3MOMKKHBIM OPHEHTALHSM
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HOpMaJl n; K MUIOMajKe do, NOJyYHM B CHIY GOPMYJbl nn, = /38,
TE 1 — 1 1
dFi = (Min— 5 M8 ity do =5 Misdis — - Mis =0.

Cnaraemoe xe
dF; =11}, do, = N do;

JlaeT HepaBHOBecHoe N0GaBoYHoe HaBiaeHHe AP = N.
B paBHoBecnoM cocrosinuu ypasrenue (71.15) npexcrasisier co6oii
H3BeCTHOEe ypaBHeHHe Jilepa

9 i P
a (o) + 5, (puatte) + 5 = Fi (71.21)

JUISl CXKHMAeMOro rasa, ec/li B KaueCTBe BTOPOro yPAaBHEHHs MBI [IPHCOe-
JIMHSeM K HeMy ypaBHeHHe HENPepHIBHOCTH B oOlel dopme, HIH AJs
HECKMMAaeMO# X HAKOCTH, €C/IH Mbl TlosiaraeM o = const, du;/0x; = 0 (ycsio-
BHe HecxxuMaeMocTH). (B pasnbHeliiem Mbl sl KDaTKOCTH Be3jie ToBO-
PHM O rase, XOTs BCe NOJYYEHHbIe YPABHEHHS ONMHCHLIBAIOT B HEKOTOPOM
NPHOIHKEHHH M JBHXKEHHe XXHIKOCTeH.)

B HepaBHOBECHOM COCTOSIHHH HEOGXOAMMO YUYHMTBHIBATb CHJIBI BSi3-
KOro TpeHHsi. B nepBom mnpHO/IHKEHHH KOMIOHEHTHl TeHsopa Il
JIO/IKHB GbITh TPOMNOPIHOHAJBHBl KOMIOHEHTaM TpajHeHTa MpOeKLHH
CKOPOCTH, TaK KaK BSI3KOe TPeHHEe COCEAHHX CJIOEB BO3HHKAeT B TOM
cayyae, €M CKOPOCTH HanpaBJeHHOTO ABHXKEHHs B 3THX CJOSIX pas-
JINYHBI. YYHTBIBAast yc/I0BHE CHMMeTPHH TeHsopa Il;, u pas6uBasi BHOBb
Tensop II;, Ha GeccenHyio M [MaroHadbHYIO YacTH, HMeeM

. ou; | @ 20
M=o (G + G2 — 254 8a), (71.22)
= 11 dx L 8, (71.23)

/e BeJHYHHbI @ M 1| HA3bIBAIOTCS CABHIOBBLIM H 0GbeMHBIM KOI(DHIIHEH-
TOM BSI3KOCTH COOTBETCTBEHHO M 3aBHCAT OT CBOHCTB rasa. B sTom npu6-
nmkenuu ypashenne (71.15) samuumercs A5 BA3KOTO CKHMaeMOro rasa
B BHIe

Bu,

3 (pu; 1\ o
200 1 9 pu) + g~ a et~ (n+ $) e = (7120

a Jyist BA3KOH H HeCXKMMaeMOH KHJIKOCTH B BHJe

a(ou.)_l_a(gziuk)_!_a?_ %2;. Fa. (71.25)
i 3

VYpasuenus (71.24) n (71.25) HocAT Haspanue ypasuenuii Hagve —
Cmoxca.
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Taxum 06pa3oM, Mbl IPHILILIK K Ba)KHeHIIeMy BHIBOLY: 8 PABHOBECHOM
(6 MepMOOUHAMULECKOM CMbICAE CA0BQ) COCMOAHUL 6CE 203bl AGASIOMCH
HeéasKumu (XOTs MBI MOXKEM CYHTAaTh Ia3 C)KHMaeMbIM HJIM HeC)KHMae-
MbIM B 3aBHCHMOCTH OT TOT'O, MOXKHO JIH CYHTAaTh B JJAHHOH KOHKDPETHOM
3ajaye BeJHYHHY Ou;/Ox; paBHOH Hymo uam Her). HaoGopor,
8 HEPABHOBECHOM COCIMOAN UL BCE 2A3bL ABASIOMCS 6AKUMU, TIPHYEM OTIHYHE
OT HyJs Tenaopa II;, NPUBOXUT K ABYM C/IEACTBHAM: K MOSABJEHUIO 106a-
BOYHOTO (HEePABHOBECHOIO) JaBJIeHHs, ONPeeNsieMOro JHaroHa/bHOM
yacTbio TeHaopa I17, M K NOSBNEHHMIO CHJ BA3KOTO TPEHHs, onpenese-
MbIX GecciieiHON yacTbio TeH30pa Ilj.

OGparumest Tenepb K ypaBuenuio (71.16). Herpymuo Buaers, uto
OHO ONHCHIBAaeT M3MeHeHHe BHEPruH C TeueHHeM BpeMeHH. HHTerpupys
o6e 4aCTH 10 HEKOTOPOMY (HKCHPOBAHHOMY OObEMY H TOJb3YyACh
Teopemoli 'aycca, moayuum

£ 00 65400t
SS Fat; ddr & ‘(f;ﬁ (I — P833) ty, do; — g:ﬁL do;. (71.26)

B neBoit uacTH 3TOr0 ypaBHeHHs CTOHT NOJHOe H3MeHeHHe SHeprHH,
3aKJoueHHOl B o6beMe V, 3a elHHIly BpeMeHH. DTa SHEpPrus COCTOHT
U3 JIBYX yacTefi — KMHeTHYeCKasl SHeprusi pu?/2 U BHYTPEHHSS SHepTHs
pU. TlepBoe cnaraemoe B mpaBoii uyactH (71.26) npexncrassisier coGoit
paboTy BHEWHHX (00BbEMHBbIX) CHJI, @ BTOpoe — paboTy NOBEepPXHOCTHBIX
CHJI, BKJIIOYAIOLLYI0 PaGoTy CHJI JaBJieHHsi (paBHOBeCHOro P H HepaBHO-
BecHoro IT = Sp Il;,) u paGoty cu BA3KOro TpeHHsl; Moc/elHee ciarae-
MO€ 110 CBOeii MaTeMaTHYeCKOH CTPYKType ecTb NOTOK BeKTopa L; uepes
rpaHuuHylo rnoBepxHocTb. OHO 06yC/IOBJIHMBAaeT H3MeHeHHe SHEeprHu
B o6beMe V jlax<e TpH OTCYTCTBHH BHEIIHHMX CHJI M CHJ BSI3BKOTO TPEHHS.
Takum 06pasoM, MOXKHO HHTEPNPETHPOBATh 3TO C/araeMoe Kak MOTOK
Tervia, BTEKAIOUIHHA MM BbITEKalOWHi Yepe3 rpanuiny obbema V 3a
1 cex BCAENCTBHE TEMJIONPOBOAHOCTH, a CaM BEKTOp L; KaK BEKTOp MJIOT-
HOCTH NOTOKA TeMJia.

Tenaonposodrocme, Kak Met 6udeau, Cyujecmeyem moabko @ HepasHo-
86CHOM COCMOAHUW. DTO COTVIACYETCS € SMIHPHUECKHMH haKkTaMH — A
CYIIECTBOBAaHUs MOTOKA Telja HeoOXOAHMMO CYLIeCTBOBAHHE TIpajHeHTa
TemnepaTypel. B mepBom npuGamxKeHHH KOMIIOHEHTH BekTopa L;
JIOJKHBI ObiTb NPONOPLHOHAIBHEI MPOEKUHAM BEKTOPA IPafieHTa TeM-
neparypsl

(71.27)

rie ¥ > 0 — Ko3¢duLUHeHT TenJonpoBOAHOCTH, 3aBHCSILHIA OT CBOHCTB
JKHUAKOCTH.

¥YpaBHenue (71.26) MOXXHO Takxe 3amucatb B TaKOM BHJE, YTOOBI
B NpaBOH YaCTH OCTa/JHCb, KPOME BHeLIHeH CMJbl, TONbKO BEJHYHHEI
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I, u L;, o6pamarouiuecsi B HyJlb B paBHOBECHOM cocTosiHuH. Ilepenocs
Pu;do; B neByio yacTb, NOJNy4HM

iS55 (5 00 Jaor+ € (55 + 00+ P) s o) =

= (§§ s + §F Moy doi— § Lo (71.28)

OJ5patum BHHMaHHe Ha TO, YTO BTOPOE C/araeMmoe B JIEBOH YaCTH Mpel-

CTaBJ/isieT coO0H NOTOK TerIoCcoAepKaHUsl eAHHHLBLI o6beMa.
Ypasuenue (71.15) no3BosisieT BHIBECTH 3aKOH H3MeHeHHS KHHETH-

YEeCKOH HePTHH eIMHHIIbI 00beMa KHAKOCTH. Y MHOXKHM 06€ 4acTH 3TOro

YPaBHeHHS Ha u;:

oMl

(pui) 0 (puitty)
e 4 20 4 2| = Funt Gtw. (71.29)

IMpeoGpasyem /Ba nepBbIX C/araeMbiX JIeBOH YaCTH 3TOTO ypaBHEHHs,
nosb3ysice dopmynoit (71.17)
[9(oui) | O (puiur) 9 puz) a(pu u) ou; du;
”'[ o T "ax J + ’\at+”kox,,>
) 9 (pus) a 0 (puiug)
— < + T ox )

_ 9(pw?) 0 (o
=~ +7%

i

"puf" P v'puguz>
Kl?(pu i) + O (puite)\ __ ) + \ "2
ox, | at ox;

Orcioia Haxoaum

u, noacrasasist B (71.29), nonyuaem ypaBHeHHe
PG PG
w-)+ Lz > =Fuitu o (Ty—P8y).  (7130)

/

B npaBoﬁ 4acTtu 3TOro ypasﬂeﬂm, OIMUCBIBAIOLLIETO H3MEHEHHE IJIOT-
HOCTH MEXaHHUYECKOi SHEPrHHu XKHUAKOCTH, (pnrypnpye'r y2Ke TOJIbKO pa-
6oTa OOBEMHBIX H TIOBEPXHOCTHBIX CHJI. [Mocae HHTETPDUPOBAHHUA [0
Oﬁ'bCMy Mbl HaXxOAUM

i e £ i
= (S ruarr+ §f (11— Pou) s do. (71.31)

HUcktounm Tenepb u3 ypasuenuii (71.30) u (71.16) ciaraembie, conepxa-
e MeXaHHYECKYIO 3HEPTHIO XKHMKOCTH, H BbiBelleM ypaBHEHHe, OIH-

chBaiomee HaMeHenHe BHyTpennei sueprud pU. Bowumras (71.30)
u3 (71.16), noayuum

a(p0) . a(pU oL a
—(5‘}‘) + (%X:k) Ox,k + (Hlk —Pﬁ,k) uk (71.32)
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Wurerpupys ato ypaBHeHHe no o6bemy, HMeeM
‘%(S S S pl7d3r) + ﬁ oU0u; do; =
=~ (Hrigo— ((§ oz arrt S S S Mo 34 . (71.33)

IMocsensee ypaBHeHHe 10Ka3blBaeT, YTO NMPUUHHAMH H3MEHEHHsi BHYT-
peHHeil sHepTHH B o6beMe V sBJISIOTCA NOMHMO KOHBEKIMOHHOTO NIOTOKA
9HEPTHH Yepe3 I'paHHIly (BTOpPOE C/araemoe JeBOH 4acTH) HaJH4YHe [O-
TOKa TenJa (mepBoe c/araeMoe B NPaBOi YacTH), paGoTa CHJl AaBJeHHs
(BTOpOE C/1araeMoe B NIpaBoil 4acTH) H paGoTa BA3KUX CHJI (TPeTbe ciarae-
Moe). BsizKoCTb Bceria NPHBOAMT K YMEHbIIEHHIO MEXaHHYECKOH M yBe-
JIMYEHHIO BHYTpeHHell SHepruu, nostomy BennunHa I, (6u;/0xy)
JIOJI2KHA GbITh MOJIOXKHTENbHOH (H/IH PaBHOH HYJIIO B PABHOBECHOM COCTOS-
Huu). Mcnonpays ¢opmyant (71.22) u (71.23), Haxoaum

H-%— <0u,+6uk)6ul+( _3 )01{,6 Ou,__

* 9xp Jxp, T 9x; ) 0xy 3 %) ox, Otk oxp
_ 1[0y duy, 2 Ouy\2
_2°‘<axk+ ) +("_§°‘)(az)~

IMepBoe cnaraemoe B 5TOM BbIPaXKE€HHH HEOTpHUATEbHO, ecau o == 0,
a BTOpOe, eciu 1 = %/,. Takum o6pa3oM, yC/IOBHE HEOTPHLATENBHOCTH
Boipaxkeuusi Il;, (6u;/0x,) HaknaabiBaeT H3BECTHble OrpaHHYEHHs
Ha o H 1.

Tlosyuum, HakoHel, YHCTO TEPMOAMHAMHYECKHM IyTeM ypaBHEHHe,
onuchiBaKoLee H3MeHeHHe SHTpomHH. [Ipu HEGOBIIHX OTKJIOHEHHSX
OT PaBHOBECHOTO COCTOSIHHSI MBI MOXXEM CUHMTaTh, YTO B KaXKAOM (pH3H-
4ecKH MaJioM ofbeMe COCTOSHHE PaBHOBECHO M TOJBKO 3HAaUEHHMs Mapa-
METPOB, OIHCHIBAIOLWHX COCTOSTHUE (TeMnepaTypa, MJOTHOCTb, AaBJIeHHe,
SHTPOIHS H T. [.), MEAJIEHHO MEHSIIOTCS BO BDEMEHH H OT TOYKH K TOYKE.

10 NO3BOJISIET HaM HamucaTh ANA AudipepeHIHana SHTPOMHH eH-
HHIBI MacChl XKHIKOCTH (JIOKaJIbHOH) OObIYHOE TePMOAHHAMHYECKOE BbI-
paxkeHHe ~ . N

s dU , PdV _dU P dp
ds:"f"‘T:T_TF' (71.34)
B03MOKHOCTb TAaKOTO ONHCaHUs 06yC/IOBIEHA TeM, YTO, KaK Mbl YBHAUM
Huxke (popmyJa (71.37)), MOLHOCTD HCTOYHHKOB SHTPONHH (HapyIuaio-
KX CrpaBelIHBOCTb COOTHOWeHHs (71.34)), KBajpaTHyHa Mo TpajH-
€HTaM, BCJEICTBHE Yero B NEePBOM NPHOIMKEHHH NPOAYLHPOBaHHEM
SHTPONMHUH MOXHO npeHeGpeub. OTciona HMeeM
S 190 P dp

o T T of T Tt ot

aS ukdg_Mz?p

e Ox, T Oxg Tp? 0xp"
13 0. B. Pymep, M, L. Pubknn
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Ck/iapiBasi 5TH COOTHOLUEHHsl, YMHOXa@si [OJAyYeHHOe PaBEHCTBO Ha
p 4 noapsysace Qopmyaqofi (71.17), noayuum

0(03) | 9 (pSur) 0(pU) | 0(pUup)] _ P
o T o= T[ o T ax,,k] Tp(3t+u” )'(71'35)

IMpeoGpasyem nepaoe cilaraeMoe B IPaBOii YacTH C MOMOLIBIO YPaBHEHUsS
(71.32), a BTOpOE — C NOMOIIbIO YPaBHEHHSI HENPePEIBHOCTH

0(08) | (o3 1[_ oL 4
2 2 — [~ G+ (= PO G|+

Tox, T 0xp,
Oup 0Ly
Pou, _ _"*ox;  dx
+ = Tag = 7 (71.36)

Bripaxenue, crofilllee B NPaBOH YacTH, €CTb IVIOTHOCTb HCTOUHHKOB
SHTPOIHH, H MBI BHIHM, YTO OHA OTJHYHA OT HYJISl TObKO B HepaBHOBEC-
HOM COCTOSIHMH, KOTJA CYHIECTBYET TeNJIONpPOBOAHOCTb H BS3KOCTb.
Ipounterpupyem o6e yactu (71.36) no oGbemy

;;<SSSde3,‘) ﬁpsukdgk_ﬁlakdak_'_
T+l
T

Mg BHAMM, YTO H3MeHeHHe SHTPOMHH ofbeMa XHAKOCTH V ckaafbl-
Baercsl u3 Tpex uacrell. [lepBoe ciaraemMoe B MpaBoif YacTH MPeACTaB-
JisieT co00i KOHBEKIIHOHHBIH IOTOK SHTPONHUH, BO3HHKAIOULHIT BC/IEICTBHE
nepeHoca SHTPOIHH BMeCTe ¢ Maccoil kKHAKOCTH. BTopoe ciaraemoe siB-
JISieTCst CJIeICTBHEM TENVIONPOBOAHOCTH M MPEACTaBJIsieT COGOH MOTOK
SHTPOIIHH, CBS3aHHBIA C MOTOKOM Tela B COOTBETCTBHH C (OpMYJIOH
dS = 8Q/T. DroT NOTOK B 3aBHCHMOCTH OT HampaBJeHHs BeKTopa L;,
T. €. B 3aBHCHMOCTH OT HallpaBJIeHHs IPajHEHTa TeMIepaTyphl, MOXeT
6BITh (TaK e KaK M KOHBEKIHOHHBIH MOTOK SHTPOINHH) H MOJOXKHTENb-
HBIM, H OTpHuUaTeNbHEIM. HaKoHel, TpeTbe claraeMoe OMHCHIBAeT BO3-
HUKHOBEHHE 3HTPOIHM BCJEICTBHE IpOLecca BSI3KOTO TPEHHA H fB-
NIleTCsl HeOTPHIlATeJIbHbIM B COTJIACHH C 3aKOHOM BO3PACTAHHS SHTPO-
nuu. Mbl BUAMM, YTO 3TO cjlaraeMoe NMPONMOPLHOHANBHO KBajparaM rpa-
ZIMEHTOB CKOpOCTeH, 4TO onpaBjbiBaeT clelaHHoe B (71.34) nomymeHune
KBa3MpPaBHOBECHOCTH Mpolecca.

Takum o6pasoM, B 3aMKHYTOH CHCTeMe, B KOTOPOH OTCYTCTBYeT H
KOHBEKTHBHBLIH MOTOK SHTPONHH, H NOTOK Tensa (MacCOHeNnpOHHIaeMble
M TeNJOHENpOHHIaeMble CTeHKH), SHTPONHS BO3pPacTaeT BCJ/ENCTBHE
HeoGpaTHMBIX NpolleccoB Bsi3Koro TpenHsi. Ecam cHcTemMa paBHOBecHa,
TO M BTOPOE H TpeTbe csiaraemsie npasoii yactu (71.37) paBHbl HyJO, H
SHTPOMNHUSA MOXET TOMbKO NeperekaTh BMECTe C XXHAKOCTbIO M3 OJHHX
TOYEK B ApPYrHe (B YAaCTHOCTH, NPH HENMPOHMIAEMbIX CTEHKAX SHTPONHS
obbema V' KHAKOCTH OCTAeTcsi MOCTOSIHHOM),

dr.  (71.37)
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TMosnyyenHsie Hamy B 9ToM naparpae ypaBHEeHHs ra30Boi THHAMHKH
coJiepKaT MaKCHMaJbHYI0 HHGOPMAIHIO O MaKPOCKONHMYECKOM JBHKe-
HHH ra3a, KOTOPYIO MOXHO H3BJIeUb H3 KHHETHUECKOTO ypaBHeHHs Boiib-
uMaHa, He pewas ezo. IIpH 3ToM B ypaBHEHHSX MOSIBASIOTCS TPU deHo-
MEHOJIOTHYeCKHX Ko3(HuurenTa: nBa Kos(hHIHEHTa BA3KOCTH o U 1
H KO3(pHULHEHT TENIONPOBOAHOCTH %, 3aBHCHMOCTb KOTOPBIX OT TeM-
nepaTypsl M JaBJEHHs OCTaeTcsi HEH3BECTHOH.

CunTast OTKJIOHEHHS COCTOSIHHSI JIBHIKYLIETOCs [asa OT paBHOBEC-
HOTO MafbiMH, MOXHO HAHTH NpPHGJHXKEHHBle pelleHHsl YpaBHEHUs
BosbuMana. STH pelueHus CyLleCTBEHHO 8aBUCAT OT BHJA B3aHMOJeli-
CTBUsl MexAly yacTulamu (BenuuuHa II (v, ©'/v, ') B uHTerpane coy-
JlapeHui) H MO3BOJISIOT HAHTH 3aBHCHMOCTb KOS(HIHEHTOB o, 1 H %
OT JaBJieHHs H Temneparypbl. [1oApo6GHOCTH pacyeToB YHTAaTeNb MOXKET
Haiitu B [1] u [7].

§ 72. NpuGanxeHune Bpemeny petakcauun. TenaonpoBogHOCTD
4 3JIEKTPONPOBOAHOCTb 3JIEKTPOHHOrO rasa

HuTerpan CTONKHOBEHHH B KUHETHYECKOM ypaBHEHHH BosbiMaHa
CYLLECTBEHHO YTPOMIAETCs, €CIH CTOJNKHOBEHHSIMH YacTHL rasa Apyr
C IPYTOM MOXHO mpeHeGpeub, a 3BOMIOLHS COCTOSHHSI rasa ompefe-
NISIeTCAA CTOJIKHOBEHHSIMH YaCTHI I'a3a ¢ YacTHLAMH APYroro CopTa, sHa-
4HTeJbHO GoJiee TAXENbIMH, YeM YacTHUBl rasa. TaKUMH YacTHIAMH
MOTYT OBITb MOJIEKYJIB HJIH aTOMBI IIPHMECH, HMEIOWENCsl B rase, HOHBI
KPHCTa//IMYECKOH DEIIeTKH, €eCIH pedb HAET 06 /eKTPOHHOM rase
B MeTajje, H T. 1.

B s10M cnyuae BRIpaxeHHe JJIs MJIOTHOCTH BEPOSITHOCTH MeEPEXoia
YaCTHLBI 1a3a U3 COCTOSIHHSA CO CKOPOCTBIO © B COCTOSIHHE CO CKOPOCTBIO
@' paBHO (cM. § 60, popmyaa (60.52))

o (9, o) (v) (1 [ (), (72.1)
Jie BeDXHHH 3HAK OTHOCHTCS K CHCTeMe GO30HOB, HHXKHHH — K CHCTeMe
¢epmuoHOB. Benuunna o (v, ©') uMeer pasmepHOCTb OGPATHOTO Bpe-
MEHH M 8aBHCHT OT JeTasiefi MeXaHH3Ma B3aHMOJEHACTBHS YacTHIL rasa
C TSKEJIBIMH YacTHiaMH. [II0THOCTL BEpOSITHOCTH OGPATHOrO nepexoia

HMeeT BHI
o (v, o)f (v') (1 X=f (). (72.2)

Cnenaem fomylleHHe, YTO CTOJKHOBEHHSI YAaCTHII Fa3a C TSKeJBIMH
YacTHI@MH B CHJY GO/IbINOH MAacchl MOCJAEAHHX SBJSIOTCA YOPYTHMH
(mpoucxoaaT 6es mepenauu sHepruu), Tak uro ¥' = o. Torga B cuay
NPHHUHUNA JETaNbHOrO PaBHOBECHS 6 (¥, ©') sIBJISIETC CUMMETPUYHOH
(yHKUHeHd CBOMX apryMeHToB. JlefiCTBHTE/bHO, B PaBHOBECHOM COCTOSI-
HHH, KOTAa f (9) = f, (v), Beipaxenns (72.1), (72.2) LOMKHbI paBHATHCS
Apyr Apyry, OTKyAa cjaeayer

0¥, 9)=0(v, V).
13+
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Unterpan coynapennii noayunM, Bhluutas (72.1) us (72.2) u unterpu-
pys 1O BCeM HampaB/leHHAM

I={o (v, v)[f (')~ (v)] dQ, (72.3)
a KHHETHYeCKoe ypaBHe}me NPpUHUMaET BHJ
Frug ol =(o@ o) f@)—f@1d (724

Iycrb 30TpoNHUsA rasa HapyIIeHa TeM, YTO BLOAb ocH Oz HanpaBJieHo
BHeLIHee T0JIe WM HMEIOTCS IPajHeHTHl TeMIepaTyphl, [JIOTHOCTH WM
CKOPOCTH HaNpaBJleHHOTO JBHXKEHHs rasa. B paBHOBecHOM cocTostHHM
$yHKUUsA pacrpenenenus f, GyAeT B 3ToM ciydae pyHKuHed 2z U a6co-
JIOTHOH BENHYUHBI CKOpOCTH v. HepaBHoBecHas GyHKUHS pacmpeneie-
HHSl OCTaercsi CHMMETPHUYHOH (yHKUHeH NpoekHuil cKopocTH § H 1,
HO, OYEBH/IHO, MOXKET 3aBHCeTb OT . Takum ob6pasowm, f GyaeT GyHKuHeH
aprymeHToB 2, v, §. JIig HeGOJbIUMX OTKJIOHEHHH OT pPaBHOBECHOTO
COCTOSIHHS €CTECTBEHHO HMCKarh [ B BHAE

f=fot+th @ v). (72.5)
HOACT&BJIHSI 3TO BBLIpaXKE€HHE B HHTErpan CTOJIKHOBeHPKﬁ, TNOJy4YHM
I=f (2, v) o (v, 6)(t' =) dQ,

rlie § — YroJ Mexay BeKTopamu © M ©' (SCHO, 4TO O (9, ') 3aBHCHT
~

TOJILKO OT MOAYJIst © M yraa §). O603HauuM yepes o yroJd v,z M Yepes
@ — yroa Mexnay maockoctsmu (v0z) u (vOv'). Toraa umeem

{=vcosa, { =uv(cosbcosa-sinbsina cose)

o, HHTerpHpys no @ or 0 1o 2n u no § or 0 Ko 7, MOMyYHM
bl
J=—1f (2, v)ga(v, 6) (1 — cos 6) 2nu sin 6 d6. (72.6)
0

OGo3Hayasi MHTerpajJ B 5TOM BbIPaXXKEHHH (MMEIOWMH pPasMepHOCTb,
06paTHyI0 Pa3MEpPHOCTH BpeMeHH) T}, MONYYHM KHHETHYECKOE ypaB-
HeHHe B Qopme

Frug o=k, (72.7)

BesMuHHY T NMPHHATO Ha3HIBATb 8pEMeHeM peraKcayuu. DTO HasBaHHe
CBSI3aHO C TeM, 4TO €C/]H CYMTaTh CHIy F He 3aBHCSAIIEH OT BPeMEHH,
a T He 3aBHCSIHM OT CKOpPOCTH (v = const), To yacTHoe pelenue
(72.7), nonyyaeMoe METOJOM pasieleHHs NepPeMeHHBX f— f, =
= O (f) ¢ (#, ), 3aBUCHT OT BpeMeHH 10 3aKOHY @ = D™/ U Jeil-
CTBHTE/IHO OIHCHIBAaeT NMPHOMHKEHHe K COCTOSIHHIO paBHOBecHs (pe-
JlaKcalyio) ¢ XapaKTepHBIM BpeMeHeM T. BBojs BMecTo T JJIHHY CBO-
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6onnoro mpoGera A corsacHo gopMyJe T = A/v, 3anuweM ypaBHEHHE
(72.7) B BUge

9 0) 0) —
Tt oigl g =—olgh, (72.7a)

Mgl fo/KHBL Tenepb yOeauTbest B TOM, UTO Bbipaxenue (72.5) npu
MaJblX OTK/IOHEHHSX OT DPaBHOBEeCHs JEHCTBHTeJBHO NPEICTaBJsieT
coGoil pellleHHe KMHETHUYECKOro ypaBHeHHs. ClenaeM 3T0 Ha KOHKper-
HOM IIpHMepe 3/IeKTPOHHOTro rasa B Merase. JIOmycTHM, 4TO paBHOBec-
Hasi GyHKUMS PAaCHpeNe/eHUs Npe]cTaB/sieT co0ol OOLIYHYIO QYHKIHIO
®epmu — Jlupaka

fo= 1
[ Rty
e kT@ 4]

(72.8)

B KOTOPOIi Temreparypa i XHMHYECKHH MOTeHI[HaJI MEHSIIOTCSt BJOJb OCH
Oz, u GyleM CUHTaTb IPOLECC CTALHOHAPHBbIM: Of/dt = 0

TIpu ManbIX OTK/NOHEHHSIX OT PABHOBECHS IIpaBasi, a, CJIEAOBATEIbHO,
H JieBast 4acThb (72.7a) MaJibl, H Mbl MOXKEM B JIEBOH YaCTH C TOYHOCTBIO
JI0 MaJbiX CJEIyIOlero Mopsjka MaJocTH moactaBuTb f = fo. Toraa

noyuuM (NOACTaBsAsA @ = — e6/m, tae 6 — HaNPSKEHHOCTb 3JIeK-
TPHUYECKOTO TI0JIS) s
e6 0]
[—f==2[c5 -2 %]
3ameuasi, 4To
Ofs _ 0O _ . 0f
T e ="z
HMeeM
A[o a
f=fo=—C%[m—cE 5]fo (712.9)

4TO ONpaBJbIBaeT cleJaHHOe B dopmyne (72.5) momyuieHHe, TaK Kak
npapasi 4acTb JeHCTBHTEJbHO €CTb NMpPOH3BeleHHe { Ha QyHKUHMIO apry-
MEHTOB z H 0.

3aMeTHM Tenepb, YTO

3fa
kT (Z) (f fo)l

0fy 1 e  duldT _ of,[p—e  du]dT
%z = kT (2) (fs— f")[T(z) dT]dz—a_g[T(z) ‘ﬁ]d_z'
Orciofa HveeM
f—fo= hg[(d” +558) L+ e8] % (72.10)

HaiineM MJIOTHOCTb 3/€KTPUYECKOTO TOKA j, (OCTa/bHBIE KOMIOHEHTbI
j paBHbl, O4eBHIHO, Hya0). Tak Kak TOK B PaBHOBECHOM COCTOSIHHH
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paBeH HYJ0, HMeeM

=2 (({eotie 0 0=

_ o 2em? dp w\dT © g, G2A 0fy
=~m {[(dr—f)aﬁea]sgsd“?aﬁ'
14T s m e
+ T dz S S S ddv>= }
(IonoNHuTeIbHbIH MHOXHTENb 2 B 5TOM BbIPaXKEHHH BOSHUKAET H3-3a
IBYX BO3MOXHEIX 3HaueHMH NPOEKUHH CIHHa siekTpoHa.) ITepexoas
K HHTErPHPOBAHHIO 110 SHEPTHH & H YTy § C ToMolibio GopMmy

= (2—6‘)‘/’ , L=wvcos®,

m

d®*v=2mnsin6 dfv? dv=rsin6 db (%)ll'a‘/, de

W BBINOJHAA HHTErpUPOBAHHE MO YIJaM, HaXo}.‘[HM

;,=;13ﬁ;“+'"{[(%—_) +e5§]S hedl gy B @ Sxez % da} (72.11)

o

BeeneMm o6Gosnauenue M, = § Ae) e” %%‘ de. Toraa nocsiensee Bhl-
pakeHHe NPHMET BHI
. 16: d) 1dr
o= —20em {[(d; - —) +eS]M,+ M) (72.12)

AmnanornynbiM 06pasoM MoxeT GbiThb BbIYHC/IEH MOTOK SHEPrHHU (TemJia)
BIOAb ocH Oz:

) T

) dz

q==2;,£: S S S dsvelf (z, v, )—-QTma'{[(
{50253 oy

AeL2 of, 1.dT
3. 0
+98]SSSd uae+’l‘dz

BhinonHss MHTErPUPOBaHHE MO YTy § U [EPEXOAs K HHTErpHpoBa-
HHIO II0 3HEPrHH, HaXOAHM

=5 [ = 5) % e8| Mt LM} (1219

Bynem monbsoBatbes ¢opmynoit (H.6) «MaremaTHueckoro npujoxe-
HH$I», COIVIaCHO KoTopolt mpu kT/p, <L 1

() 'ﬁ]t

S ()afodb_pm_?g(kmz(‘ig\e L (725)
v
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Hafinem mpexkie Bcero MJIOTHOCTb TOKa B MeTa/ule MPH OTCYTCTBHH
TemnepaTypHoro rpaiuenta. Mmeem corsacho (72.12)

. 16me2m
Je=—"73 EM,.

Ipu BeiykcieHuu M, MBI MOXKeM OFPaHHUHTHCS MEPBbLIM YIEHOM Pasiio-
JKEHHs H NOoJOXHTD My = — Ay (Ap — IVIHHA CBOGOAHOTO MpoGera npH
e = ). ITonyuum
. 16te2m),
jo= 0oty
KosduimenT npu HampsKEHHOCTH MOMSA €CTh 3/eKTPONPOBOAHOCTD
0, KoTopasi paBHa
o= 167e2mA gty
- 3h3 :

HckmounM U3 5TOro BIPAaXKEHHS KBAHTOBYIO MOCTOSIHHYIO A, BHIDAa3HB
ee (M p,) Yepe3s MaKCHMaJ/bHYIO CKOpocTb 3JektpoHa npu T = 0° K
(ckopocTh Ha moBepxHocTH PepMHu) v, ¢ MOMOLIBIO GOPMYJIBI

_moy _ <3N t/s b3
Po="9"=8av) om
OKoHYaTeJIbHO NOJy4aeM
N e\,
= 77"7:. (72.16)

Haiizem xosduuuenT TennonpoBoaHocTH. [Ijis 5TOro c/leayer Bhi-
YUC/UTb TMOTOK TeIJa ¢, B OTCYTCTBHE 3/IEKTPHYECKOro TOKA (MOXYepK-
HeM, YTO 1IPH 3TOM 3JEKTpHYecKoe Ioje He PaBHO HYJIO — T'PafHEHT
TeMrepaTypsl MHAYLHPYeT B MNPOBOAHHKE 3JjeKTpHueckoe node). Ilo
¢dopmyJie (72.12) umeem mpu j, = 0

dp _ p\dT —_ Myl dl
<JT T> & T E=—7,

H, nojcrasass B (72.14), Haxonum

=BT dz M, .
Jlerko BHJETb, YTO TPH BBIYUCIEHHH YHCJAHMTENS APOGH
1
HaJ0 YYHTBIBaTb, N0 KpaiiHel Mepe, 1Ba u/eHa pasjoxenus no kT/p
B popmye (72.15), Tak Kak u/ieHbl, He cogepauue T, B3aHMHO yHHY-
TOKAIOTCS.
Briuncasis, HaxopuM
MMy — My n®(RT)? hopto
M; = 3 ’

MM, — M3
M.

OTKYyJa
ge=—u 90 (72.17)
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Te KO3(DhHUIMEHT TEenJOoNnpOBOJAHOCTH % pPaBeH
167 mhotok®T _ @2 N Aok?
A= = 3V mar (72.18)
CpaBHHBasi BBHIPaXeHHS A5t KOS(XpHLHEHTOB 3/]EKTPONPOBOJHOCTH H
TEMJIONPOBOAHOCTH (72.16) u (72.18), HaxXOAUM IS OTHOLLEHHS %/
BbIpaXKeHHe

% n2(k\2

xa 3(;) T. (72.19)
Mbl BHAMM, YTO OTHOLIEHHE %/G ONMHAKOBO AJIsl BCEX METasJoB (OHO
COJIEP2KHUT TOJIBKO YHHBEPCANbHBIE IOCTOSIHHbIE, 8 BCE BEJHYHHbI, Xapak-
TepHBIe 4J1s1 AaHHoro Metasia: N/V, Ay, vy, BblaJiu) U IPONOPIHOHAJIBHO
temneparype. Coornoutenue (72.19) suipaxaer saxon Budemana —
Ppanya. 3aMeTHM, YTO KJIACCHYECKOE BBIYHC/IEHHE % /G NPHBOLHT TaKXKe
K (opmyJse Buaa (72.19), HO ¢ YHCJEHHEIM KO3pHIHEHTOM 2 BMECTO
7%/3. Coryiacue ¢ OmbITOM, KaK H CJleJOBajJo OXHIaTh, FOpasjio Jyulle
npu Kospuiuenre n2/3.

§ 73 *. MaTpHLa IJIOTHOCTH H ee H3MEHEHHe CO BpPeMeHeM

Kpome MeTos0B pelieHHst 3ajay KMHETHKH, PacCMOTPEHHBIX B Ipe-
JbIAYIHX naparpadax, B MocjeaHue rofpl Gbl1 Pa3BHT BecbMa IJIOLO-
TBOPHBI KBaHTOBOMEXaHHYECKHH METOJl, OCHOBAHHbI Ha HCII0Jb30Ba-
HHHM TaK Ha3biBa€MOH MaTPHIbl NJOTHOCTH.

ITpencraBuM ceGe MaKPOCKOMHYECKYIO MOACHCTEMY, SBJISIIOLLYIOCS
4acTbi0 TOMHOH cHcTeMbl (moxcucreMa mioc cpena). C TouKH 3peHHst
KBAHTOBOH MEXaHUKH ONHCAHHE MOJCHCTEMBI C MOMOILbIO BOJHOBOMH
(YHKIHNH,3aBHCALLEH OT KOOPJAHHAT BCEX YACTHIL CUCTEMBI (#1,Fy,.., Fp),
6b10 Gbl BO3MOXKHO B TOM cjyyae, ecnd Obl HaG/iofaTes]b MOT Npo-
H3BECTH H3MepeHHe IOJHOro HaGopa MeXaHHYeCKHX BeJIHYHH, ONHCHI-
BaIOUIHX MHKPOCOCTOSIHHE MOACHCTeMBl. JlJisi MaKPOCKONMHYECKHX IOA-
CHCTEM TaKoe M3MepeHHe NPAKTHYeCKH HeBO3MOXHO. Bosee Toro, ecau
6bl TaKOe H3MepeHHe B MOMEHT BpeMeHH { = 0 M GbUIO NPOM3BENAEHO,
TO NosNyYeHHas P (#y, #y, ..., ¥y, ¢ = 0) He Moryia Gbl ObITH MPOJOJIKEHA
BO BpeMeHH, HGO GJiarofapsi HaJHYHIO B3aHMOJAEHCTBHSI MEXJy 4acTH-
LAMH TOACHCTEMBl H Cpelbl MMeeT CMBICJ TOJNbKO BOJHOBAs (yHKIHA
TIOJIHOH CHCTEMBI.

B cBSI3H ¢ 3TUM COCTOSIHHE MAKPOCKOMHYECKOH MOACHCTEMBI J0JKHO
ONHCHIBATBbCSl HE B TePMHHAX BOJIHOBOH ()YHKLHH, a C HOMOLIBIO ApYy-
TOro MareMaTHYeCKOro annapara — annapara MaTpHUbl IVIOTHOCTH.
Iycrb $@ (4, #,, ..., #,) — HAG0P MPHOBEHHBIX BOJHOBBIX QYHKIHMi»
MOJCHCTEMBI, B KOTOPHIX TOACHCTEMa Morjia Gbl HAaXOAHTBCH, €CaH Obl
B3aHMOJIE/iCTBHE €O CPeloH B JaHHBI MOMEHT BPEMEHH OTCYTCTBOBAJO.
(CumBosIoM { 371ech 0GO3HaueH HaGOp KBAHTOBBLIX UHMCEJ, ONpeeJsio-
IMX MTHOBEHHOE COCTOsiHHe mojicHcTeMbl.) Ecan Gbl B3aumopeiictsre
0CTaBa/IoCh BBIK/IIOUEHHBIM H B AabHefilleM, NOACHCTeMa HMena Obl
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CTalHOHAPHYIO BOMHOBYIO QyHKIHIO P, B 3ToM cayuae mpunsaro ro-
BOPHTb O «JUCTOM» COCTOSIHHH. B peanbHOM Ke ciyuae MOIACHCTEMbI,
B3auMOieficTBYOLIEH CO CPellofi, Mbl MOXKEM JIHIIb yKa3aTh AJIsi KaxK/I0r0
H3 YHCTBIX COCTOSIHHI CTaTHCTHYeCKHe Beca P;, ¢ KOTOPBIMH OHH BXOISAT
B HCTHHHOE COCTOSIHHE MOJCHCTEMBI, Ha3blBaeMOe B 3TOM CJyuae «cMe-
waHHbMy. CrielyeT, OJHAKO, NOAYePKHYTb, 4TO KO3(dHUHeHTH P;
NPHIHCHIBAIOTCS] IPH 3TOM He BOJIHOBBIM (yHKUMAM Y@ (KOMGHHAUHS
D\ Pap!) B cHy IpHHUHMNA CYNEPNOSHIUMH ONATH NPeACTaBsIa 6kl co-

i
Goil BOJIHOBYIO (YHKIHMIO H COOTBETCTBOBasa OBl «YHCTOMY» COCTOSI-
HHIO), a UX GU/HHeAHbIM KoMOHHanusM. Hanmpumep, nioTHocTs Beposit-
HOCTH, OMNpe/ie/IeHHOH KOH(HUIYpalHH CHCTEMBbI, KOTOpasi B YHCTOM CO-
CTOSIHHHM paBHa | Y@ [2, B CMEIIAHHOM COCTOSTHHH IPMHHMAeTCsi PaBHOM

p= 2 Pilpp, 3 Pi=1, (73.1)
i i
a cpejiHee 3HaueHHe GU3HYECKOH BeJMYHHB L paBHO
(Ly= D Pili= 3, P; {9 Ly dor,, (73.2)
i i

rae (L) o603HauaeT cpeiHee 3HAYEHHE BEJHUHHBI B (CMEIUAHHOM» CO-
CTOSIHHH, @ L; — cpe/iHee 3HaueHHe ee B i-M KUHCTOM» cocTosiHiH. [TycTh
p, — HEKOTOPLI TOJIHEIH Hab0p OPTOHOPMHMPOBAHHBIX (GYHKUHH (Ha-
npuMep, HaGop COGCTBEHHBIX (PyHKIMH TPOH3BOJBHOTO 3PMHTOBA Onepa-
Topa M). Torma B M-npeicrap/ienuu fas L; UMeeM BHIpaxKeHHe
L= 0L,
nm
rae o — KosppuiHenTH pasnokenus P = > ad,, a  Lyp—
n

MaTpHYHBIE 31eMeHTHl onepatopa L, T. €. Lyp= Slj),,*[:’ll)m d’r. Orciona
ans (L) Haxomum

(Ly=3) Pia*a® Loy (73.3)
i,n,m
BBeneM MaTpHIY P C SJEMEHTAMH Pyt
Pmn= Y Pia®*a®, (73.4)

KOTOpYIO MBI 6y/ieM Ha3biBaTh MaTpHLel mioTHocTH. Torna Bbipa)eHHe
(73.3) ans (L) npuMeT BUA

(Ly= 3\ 0maLom= X(pL)mm="Sp (pL). (73.5)
o m
TakuM 06pasoM, 3Hasi MAaTPHIY TJIOTHOCTH, MOMKHO HAMTH cpeliHee

3HayeHHe JoGoH (H3MYECKOH BEJHUMHBI, H TO3TOMY MaTpHuA MJIOT-
HOCTH TOJIHOCTBIO XapPAKTEPH3YeT «CMEIUAHHBIE» COCTOSTHHSA.
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D/IeMeHThl MaTPHIE! IJOTHOCTH MOAYHHEHb! ONpeNeseHHbIM COOTHO-
wenuam. HMs onpenenenus (73.4) cienyeT spMHTOBOCTb MaTpHUBI P:

Pam = Piin- (73.6)

Janee, BbI6paB B KauecTBe onepatopa L enuuuunbi oneparop L,m,
Mbl NOJDKHBI TOJYYHTb CpeJiHee 3HAaueHHe, PaBHOEe €JMHHIE, OTKYAa
caenyer

Spp=1. (73.7)
DT0 ycsoBHe MMeer mpocToli (M3HuECKHE cMbica. Bequunmna p,, =
=Y P;|8P[* naer peposTHOCTb TOTO, YTO MOACHCTEMA HAXORMTCH

7
B COCTOSIHHH C BOJIHOBOH (yHKuuMe#i {,. ITostomy p,, = Sp p ectb
BEPOSITHOCTb TOTO, YTO MOACHCTEMA HAXOAHTCS B KAKOM-JIHGO H3 COCTOSI-
HMHA mosiHOro Habopa v,. 3aMeTHM, YTO IIMYp MaTPHIbl HHBApHAHTEH
10 OTHOIUEHHIO K YHHTapHBIM IPeoGpa3oBaHUsIM, H MOSTOMY YCJIOBHE
(73.7) u dopmyaa (73.5) oCTAalOTCSI HEU3MEHHBIMH B JIIOGOM TNPEICTAB-
JenrH. YHes10 CTPOK H CTOJIGLOB MaTPHIB! IIOTHOCTH 3aBHCHT OT TOTO,
CKOJIBKO He3aBHCHMBIX COCTOSIHHH \, HCIIONb3YeTCs JJISl XapaKTePHCTHKH
YHCTOrO cocTosiHHsl. Hampumep, AJst CHCTEMbl CIHHOBBIX MOMEHTOB
(s =t 1/2) BO3MOXKHBI TOMIBKO 1B COCTOSIHUSI C PA3/IHYHBIMH 3HAUEHHSIMH
NPOEKUHH CNIMHA Ha M36paHHOe HampaBJeHHe Pt W U MaTpHua MJIOT-
HOCTH sIBJISIeTCsl ABYXPSAHOM.

3aMeTHM JaJjee, YTO ONMHCAHHE C IOMOILBIO MATPHIBI MJOTHOCTH
BO3MOXKHO H B TOM CJyyae, KOrjla paccMaTpHBaeMasi CHCTeMa H30JHpO-
BaHa OT OKpYy»Kalole#l cpefibl H HaXOIUTCS B YHUCTOM COCTOSTHHH. Bosee
TOTO, €c/IM peyb HJeT O MaKPOCKONHYECKOH CHCTeMe, 3HaHHe BOJHOBOH
(YHKIMH 4YICTOTO COCTOSHHS (AKTHYECKH HeJOCTHXKHMO (IIOCKOMBKY
NMPaKTHYECKH HEBO3MOXKHO H3MepeHHe IOJHOro HaGopa BeJNHYMH, OIH-
CHIBAIOIKX COCTOSTHHE CHCTEMBI) M He HYXKHO (IIOCKOJIBKY Hac HHTepe-
cyeT MaKPOCKOIHYeCKOe COCTOSIHHe CHCTeMBl, XapaKTepHayeMoe cpei-
HMMH 3HauYeHUsIMH). 3HaHHe Ke MaTpHUIbl MJIOTHOCTH TpeGyeT 3HauH-
TeJIbHO MeHbllueil HHPOPMALMH H, C APYroil CTOPOHBI, JaeT ajJeKBaTHOe
TepMOJIHHaMHYeCKOe ONHCaHHe MOBENEHHS MaKPOCKOIHYECKOH CHCTEeMBI
B TEPMHHAX CPeJHHX 3HAaUeHHH.

VYKaxeM Ha Ha/HyHe NMPOCTOTO KPHTEpHsl, MO3BOJISIOMEro Mo Mat-
PHIe IVIOTHOCTH CYIHTBb O TOM, SIBJSIETCS JIH COCTOSIHHE CHCTEMbl YHCTHIM
HJH CMellaHHbIM. B cayuae uncroro cocrosiiust P; = 8, M, caenoBa-
TeJbHO, H3 (72.4) HAXOMUM P, = A}, OTKYAA

(0= Pmifin = 3 OF 030, = Q30 = P, WM 2=
] ]

B cayuae e CMeIIAHHOrO COCTOSIHHS TOJOGHOTO COOTHOLIEHHS He
CYILECTBYET.

BoiBenem ypaBHeHHe ABHMIKEHHs AJsi MaTpPHIb NJOTHOCTH B Cay-
4ae OTCYTCTBHSi- B3aHMOJEHCTBHSI C OKpYXKawoweil cpenoil. Kmeem



§ 741 METONl KVBO 379

coryiacHo (73.4)

s _ oy [ "al ] (73.8)

Us pasnoxkennss Y= Eafplp,, u  ypaBHenns Illpeaunrepa
7 (09p©/8) = Hp® maxonum '

a”m Z]H af (73.9)

rae H,, — MaTpHuHBI 3/EMEHT raMHJIbTOHHAaHa mOACHCTeMBl (Ge3

yeTa B3aHMOJEHCTBUS CO Cpenoi): H,,,=S¢',.""H1p, d®r. IMoacrasasis
(73.9) B (73.8), no.ayuaem

0 .
B = H o010 — Hitpmi = Hmitn— OmiH 1n = (Hp — 0H)un

(MBI BOCTIOJIB30BA/INCh 3PMHTOBOCTbIO onepatopa H). CaenoBatenbho,
H3MEHeHHe MaTpPHIbl MJOTHOCTH { C TeUeHHeM BPEMeHH ONHCHIBAeTCS
ypaBHeHHEeM

n®=Ap—ph=(A, pl. (73.10)

Takum o6pasoM, B CTAlHOHAPHOM COCTOSIHHH 3aMKHYTOH CHCTeMbl
MaTpHla MJOTHOCTH KOMMYTHDYET C TaMHJIbTOHHAHOM 3TOH CHCTEMB.

§ 74*. Meton Ky6o

Mnbl o6HapyKHJIH B naparpadax, NMOCBSIEHHBIX KHHETHKE SIBJEHHH
B IJIOTHBIX Ta3aX, YTO KHHETHYeCKHe yPaBHEHHM$, ONHCHIBAIOLLHE H3Me-
HeHHe QYHKUHMI pacnpesieieHust, yAaeTcst MOJNYYUTh TOJBKO B HEKOTO-
PBIX NpEJe/IbHBIX CJIyYasiX, Jajeko He HCUepPNbIBAIOUMX MHOrooGpasue
BO3MOXKHBIX (H3HUECKHX yc/oBHH. Ky60o NpeisoxKua MeTol pelueHHs
3alay KHHETHKH 0e3 HCNOJb30OBAHHS KMHETHYeCKMX ypaBHeHHi, CBsi-
32HHBIH C HEMOCPEJCTBEeHHBIM HCIIOJIb30BAHHEM YPABHEHHS JIst MATPHLbI
IVIOTHOCTH.

PeuiM 3anayy 06 H3MEeHEHHH MaTpHIIBI [VIOTHOCTH MaKpOCKOIHYe-
CKOJi CHCTEMBI TIOJL JIeACTBUEM BHEWIHEro BoaMyiaiowero nods. Iyets
TaMHJbTOHHAH CHCTEMBl paBeH H + 2, rze # — Buewnee noJie, KOTo-
poe B JasibHeliiieM OyAeT paccMaTpPHBAaThCH KaK BO3MYIUEHHe.

Bynem cuntath cHCTeMy ¢ raMMIbTOHHaHOM H + Z He BNOJIHE H30-
JIMPOBAHHOH OT BHeuHe# cpenbl. BosjeficTBHe BHewHel cpeabl MPOsiB-
JIsieTcss B TOM, 4TO CHCTeMa, NpejocTaBIeHHasi caMoil ceGe (BHeluHee
roJle BBIKJIOUEHO), peJaKCHPYeT, NpUG/IHIKATCS K PAaBHOBECHOMY CO-
CTOSIHHIO € PaBHOBECHOI! MaTpuLeii mIoTHOCTH Po (| po, H] = 0) ¢ xapak-
TEPHBIM BPEMEHeM peJaKCalHH T.
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3anuiem YpaBHEHHE AJs MaTpHUB! IVIOTHOCTH B BHAE
. 00 A A ifi (0 —
ih % + 19, A 2] 4 2E=f) =0, (74.)

rAe MOCJeJHHH 4YJeH ONMHMCHIBAeT MpOLECC peJaKcallMd B pe3yJbTare
B3aUMOJIEACTBHS CO cpefloll. B KoHIle pacueta MBI yCTpaHHM 3TOT U/eH
(ycTpeMuB T K GeCKOHEYHOCTH) H GYIeM CYMTaTh CHCTEMY BHOBb H30JH-
poBanHo#. Takum o6pa3oM, BBeleHHe usieHa ifi (p — po)/T B ypaBHe-
HHe (74.1) npuoGperaeT cMbica HOpMabHOTO pHeMa, 06ecreyHBaloLIero
CXOMMOCTb HHTErpajioB, GHIypHpYIOIIHX B TEOPHH Ha IPOMEXYTOY-
HBIX 3Tamax.

ITpeoGpasyem ypaBHenHe (74.1) B MHTerpasnbHOe, BBOASI MOHSTHE
reiisenGeprosckoro o6pasa. [eii3eHGeproBckMM 06pasoM MNPOHM3BOJIb-

Horo onepatopa A HasbiBaercs onepatop A, ompesesisieMslil ¢opMyoit

s L. Ly

A=et " Ade * . (74.2)
OueBHJIHO, HMEET MEeCTO H 06paTHOe COOTHOLIEHHE

N L

A=e Aet . (74.3)

3amerny, uto ecan A KOMMYTHpPYeT C TaMHJbTOHHaHOM A, 10 A=A
Ilnsi MaTpHILI TVIOTHOCTH HMeeM
[ [ ° Lomoas L
N — = fit 5 = fit 2 0P pt AR g, HE Op g it
p=e B b T, lﬁb-—l-_Hp—pH-}—lﬁe A

(74.4)

% b—bo

at =t
Tak kak paBHOBeCHas MaTpHlla MJIOTHOCTH He 3aBHCHT OT BPEMEHH,
Mbl MOXKEM 3amnucaTb 3TO ypaBHEHHE B BHIE

A 4 FRY I~

a(p— — i [
—(.p_at—l)ﬁ'i_p-r—%:?{[p’ z[] (74.5)
Bynem gopMasibHO paccMaTpHBaTh NPaBYIO YaCTh KAK HEONHOPORHOCTb.

Torxa pelueHHe ypaBHEHHs! IEPBOTO NOPAAKA 115t (p — Do), YAOBJETBO-

pSIIOLIET0 HayaJbHOMY YCJIOBHIO O — P = 0 mpu {— — oo, uMeeT
BH]

L P

2 2 i “ -

p—po=3¢ * e lom 20 (74.6)

— o

Bosspaimasich ¢ moMompio cooTHomenns (74.3) oT refizenGeproBCcKHX
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o6pa3oB K onepatopaM { H 0o, NOJy4HM
[k
T

1 i i
P —_ = Ae—n
N YT A O 20 PR X
Tepexonst or & K mepeMeHHOM n = f{ — E, uMeeM
© A
Hn

g :
bO=boti\e "¢ T G-, Z@—n]d an.  (748)
0

Hrtak, Mbl HaluM WHTErpajbHOE ypaBHeHHe JJIsi MAaTPHIBI IJOTHOCTH
p (f). Pemasi ero MeTonoM HTepauHii H OrPaHHYHBAsICh IEPBbIM MpH-
GJIMKEHHEM, TOJNYYMM /s N0GaBKH NepBOro MOpsiiKa MaJIOCTH K Mat-
pHLEe MJIOTHOCTH
~ i e _’ﬂ? l : ’:“l
=7 \e Mow 20—l Man (a9)
0
Cootromenue (74.9) naswiBaetcst gopmyroii Kybo.

B kauecrBe mpuMepa mnpumeHeHHsi Qopmyssl Ky6o paccMOTpHM
3a/jauy O HaXOX/EHHH TEH30pa INPOBOJXMMOCTH BelecTBa. I1ycTh BoaMy-
IieHHe MpelcTaBasieT co00H OIHOPOJHOE 3JEKTPHUECKOE NOJe, MeHso-
Iieecst CO BPeMEHEM [0 rapMOHHYECKOMY 3aKOHY:

U(t)y=— qurm i“’t_—qu xP glot

(no uHmekcy o =1, 2, 3 nonpasyMeBae'rcsl cyManoaaHue, j — HoMep
yacTHLbl). Toraa corJacHo (74
o

n i a
-3 fm +L
bu()=—"Fc"8 (e T v 2[90, @l M (74.10)
0

HaiizeM cpellHee 3HaueHHe BeKTOpa HJ!OTHOCTH TOKa B CHCTEMe 3apsizKeH-
HBIX YaCTHIL C 3apsioM ¢ H Maccod m:

Gy = ooy =35 o) =4 B sp (35 9) =% N 5p (3u58)-

(74.11)
(M1 BOCTIONIB30BAANCE GopMyJI0ii (73.5), a TakKe TeM, 4TO B paBHOBEC-

HOM COCTOSIHMH 6€3 TOJIf TOK OTCYTCTBYET LSP (Pop(") 0-)

CornacHo (74.10) Haxoaum
(juy = 0apBpe®*, (74.12)
Tle TEH30p NPOBOAHMMOCTH O, paBeH

Oup =L S ZSp{ [po, i xé”e"iﬁn]}dn‘ (74.13)

imh
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Orcioa nosyunm AJist G,, 5KBHBaJEHTHOE BbiparKeHHe

0
g1
O-Qﬂ——.%‘ S P Z Sp {p® (06, X1} dn (74.14)
0

(OHO OCHOBAHO Ha BO3MOXKHOCTH LMKJIHUECKOH TePECTAHOBKH Ollepato-
POB 101 3HaKOM Sp H Ha KOMMYTAaTHBHOCTH ONepaTtopos o, y f).

Moxker, HaKOHell, 0OKa3aTbCs YAOGHBIM CAeIaTh npeobpasoBaHue

0 80003 — 54050 = Sp (3004060 — 03 )=

=SP{[ e pu] }:

TaK YTO TE€H30p MPOBOAHMOCTH MOXKET GBITh 3aMIHCaH TAaKKe B BUJIE

2 o —ion—1

q Ty (AL

oup = \ ¢ Psp {0, o] potam.  (74.15)
p )
B HPOCTeﬁLUeM CJIy'-Iae rasa HeBBa“MOﬂeﬁCTByIOH_IHX YacTHIL
Z X S0 _ oo
5]

Torna, yuuThiBasi, 4T0 [x(’) pa’l = ih8,8,;, momywum nns TeHsopa
MPOBOAUMOCTH H30TPOIHOE Bblpa)KeHHe

2 —ion—— 2
Gap =1 8y S : d=—" 8 (74.16)
& m (im +~>
T
(1 — YHCJIO 3JIEKTPOHOB B efMHHIE 06beMa). [To/I0XKHB T—> 0o, HAXOLHM
2
Oup=00ep, O=7l-. (74.17)

HOCKOJley NPOBOAUMOCTb BXOJUT BMeCTe C nnanempnqecxoﬂ NPOHHU-
LaeMOCTbI0 B KOMIJIEKCHYIO JH3JIEKTPHYECKYIO NTPOHHLIAEMOCTb B KOM-
GuHAUMH & - 470/i®, STOT pe3y bTaT NPHBOAUT K BKJARy 3JIEKTPOHOB
B JIU3JIEKTPHYECKYIO NPOHHLL@eMOCTb, PABHOMY
Ae = — liarmzz
mo'

§ 75. TpMHUMN CHMMETPHH KHHETHYeCKHX KoddpHLHeHTOB

PaccMoTpHM B 3aK/IOueHHe Ba){HOe CBOHCTBO HEPaBHOBECHHIX MpO-
11€CCOB, HMelollee MHOTOYHCJ/IeHHble (hH3HUECKHEe NPHJIOXKEHHs, Hasbl-
BaeMoe npunyunom OH3azepa WIH NPURLUNOM CUMMEMPUL KuHemuue-
CKUX K03GhPuyuenmos.

IMycTb @; — HeKoTOpHI pH3HUECKHIT MapaMeTp, KOTOPHIA B HEPABHO-
BECHOM COCTOSIHHH MEHfIeTCsl OT TOYKH K Touke. Hasuuwue rpanmenra
9TOTO IapaMeTpa BbI3bIBA€T HEKOTOPLI OCHOBHOH mpoliecc mnepeHoca.
Taxk, HampuMep, CyIeCTBOBaHHe IpajiHeHTa TeMIepaTypbl MOPOXKAAeT
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B KaueCTBE OCHOBHOTO MpOLECCa NEepeHOCa TEelJIONPOBOAHOCTb — Mepe-
HOC TemJsia, MPOINOPIHOHAMbHEIN VT'; CyIIECTBOBAaHHE TpajuUeHTa IJIOT-
HOCTH BbI3bIBaeT 1H(hQysHI0 — nepeHoc MacChl, NPONOPUHOHAJbHEI V p;
CYLIECTBOBaHHE TPaJMEHTa 3JEKTPHYECKOTo MOTeHIHaNa (HanpsiKeH-
HOCTH T10JIs) TOPOXKIAeT 3JEKTPHYECKHH TOK — MepeHoc 3apsja,
NPONOPLUHOHANBHBI Vp = — &; u T. 1.

OnHako Hapsly ¢ STHMH «OCHOBHBIMH» IPOLIECCAMH NePeHoca Cyme-
CTBYIOT H «NOGOYHBIE» IPOILECCHI, HEPAa3PHIBHO CBSI3aHHbBIE C «OCHOBHBIMUY.
Taxk, nanpumep, nepexoc 3apsifa nog AefCTBHEM 3JIEKTPHUECKOTO MO
(sanpumep, JBHXKeHHE HOHOB B 3JIEKTPOJHTE WJH 3JEKTPOHOB B Me-
Tajlle) 03HaYaeT OJHOBPEMEHHO H NePEHOC MX KMHETHYECKOH SHeprHH
(renna) U Maccel (nudpy3us), mpHYEM STH (CONMPSIKEHHBIE» MPOLECCHI
TNIePEeHOCA TOXKe B NepBOM NPHO/IHKEHHH IPONopLuHOHanbHb V. Hao6o-
pOT, NEePEHOC MacChl MOX AEHCTBHEM IPafHEeHTa IJIOTHOCTH HJIH MEPEHOC
TenJa 1OJ NeHCTBHEM TpajeHTa TeMnepaTyphl O3HAauaeT (ecAH peub
HJIET O CHCTEME 3apsIXKEHHBIX YacTHII) OAHOBPEMEHHO H NePeHoC 3apsja,
1 BO3HHKHOBEHHE 3JIeKTPONBHIKYILEH CHJIBI, IPONOPLHOHANBHON B ITHX
ZIBYX CJy4asiX TpafHeHTy MJIOTHOCTH V O H rpafHeHTy Temneparypsl V7.
J1nsi NOJOGHBIX COMPSIXKEHHBIX NPOLECCOB HMeeT MecTo npHHuUMN OHaa-
repa, KOTODHIl MBI ceffiyac M JOKaxkeM B OOILEM BHJe.

ITyctb B COCTOSIHHH PaBHOBECHs! apaMeTphbl q; NPHHHMAIOT 3Haye-
HHUS @'}'. DHTPONHUSA 3aMKHYTOM CHCTEMBI €CTb (YHKUHMsI NapaMeTpos a;,
NpHYeM B COCTOSIHHH DaBHOBECHsI OHa MaKCHMaJIbHa H, CJIeJ0BaTe/IbHO,
(0S/0a;), = 0. Bynem paccMaTpuBaTh CKOPOCTH da;/dt H3MeHeHHs napa-
MeTpoB @;. Tak Kak mo Mepe NpHOGJHMEHHSI K COCTOSIHHIO PAaBHOBECHs
napameTphbl @; NPUGIHKAIOTCS K NOCTOSIHHBIM 3HAUYeHHAM @', TO B CO-
CTOSIHMH paBHOBecHs (da;/df), = 0. Orciona ciefyer, 4To C TOYHOCTHIO
JI0 MajlbiX MepBOro MOpsiKa Mexay a; = da;/dt u 8S/da, pomxHa
CyLIeCTBOBaTh JIHHEHHAasi 3aBHCHMOCTb

. as
Q; =Yip Fr (75.1)
(nozpa3ymeBaeTcsi CyMMHPOBaHHe MO k).

IMpunnun On3arepa yTBep:KJaeT, 4TO KO3(QHULHEHTH y;, 06/aal0T
CBOACTBOM CHMMETPHH
Vei = YVik- (75.2)

Jliis1 10Kas3aTeJbCTBA 3TOTO YTBEPXKJAEHHS PAaCCMOTPHM IMPOM3BELEHHE
a; (f) a, (¢ + 1), The T — DU3HUECKH MaJbIi NPOMEXKYTOK BPEMEHH,
TaK 4TO C XOPOIUeH TOYHOCTBIO HMeeM

@ (t47) =y () + s = a3 (1) + Tvus G- (75.3)

3ananHe 3HaueHHs a; (f) He ONpelessieT OAHO3HAYHO COCTOSIHHE CHCTEMBI
B MOMEHT BpeMeHH ! + T, TaK KaK CYIIECTBYeT elie psif NapaMeTpoB
a, () (k1i), u Tem Gosee He onpefensieT 3uauenue a (f + 1),
TaK KaK NpH 3ajaHHOM a;(f) 808MOXCeH PSIA TpPOLECCOB, BEAYIUX
K pasHoim  3Hauenusm a, (f 4+ v). Hafizem cpeaHee 3HaueHHe
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BhIpaxenus a; (f) a, (¢ + 7):

@0 ar (0 = 3 (0 @5 ) + Tyt (£) “,’TS’

Bocnosb3yemcsi BhIpaXKeHHeM DPaBHOBECHOH (GYHKUMH pacrpefiesenus
p = Ae—EVkT =~ AeS/k (B paBHOBECHOM COCTOSIHHH SHEPTHS CUCTeMbI E
¢ GoJIbLIOH TOYHOCTHIO COBMAjaeT C BHyTPeHHeH suepruedi U = E).
Vimeem orciona

—_— S S

a (z)§%= S ai(t)%ek dr = Ak g ai(t) a%(e’*)dl‘.
TMponHTErpHpyeM 5TO BHIpaXKEHHE MO YacCTSIM H BOCIOJB3YeMCs TeM,
YTO BEPOATHOCTb AeS/* OTK/OHEHHS OT PaBHOBECHsS! OUeHb GBICTPO Ma-
JaeT C POCTOM 3TOr0 OTKJIOHEHHs, TaK 4TO BHe"HTel‘paJlebIﬁ YJieH
MOZKEeT CUHTATbCHA PaBHBIM HYJIIO. BCJlelICTBPIe 3TOrO HOJIy‘IHM

—_— S
@ (1) go-=— Ak S % 320 dT = — kby

(rak Kax 0a;/9a; = 8y n Afe®*dT =1 B cuty yenoBHS HOPMHPOBKH).
Hrak, Mbl uMeeM

a; (£) a (t+7) = a; (¢) a () — ktypi. (75.4)
CoBeplIeHHO aHAJOTHYHO Mbl MOKEM MOJYYHTb COOTHOLIEHHE
a (¢) a; (t+7) =ay, (£) a; () — kvyie. (75.5)

Ecsu mapaMeTpHl a;, @ TaKCBbI, YTO OHH He MEHSIOTCS] [IPH H3MEHEHUH
3HaKa BCeX CKOPOCTei, TO B CHJy CHMMETPHH YDaBHEHHH MeXaHHKH
TI0 OTHOIIEHHIO K ONepalHH OTPaXKeHHs] BPeMeHH 6e3pas/IHYHO, KaKyio
M3 BeJIMUHH a;, a, MBI 6epeM B 6oJiee DaHHHH, a KaKylo B 6oJiee MO3JHHH
MOMEHT BpPEMEeHH, H, CJIe0BaTe/]bHO,

a, () a; (t+7) =a; (f) ap (£ +71).
Orciona cnenyer dopmyna (75.2). 3T0 COOTHOIIEHHe CIIPaBENJIMBO H
B TOM CJIyyae, eciM 06e BeJHUHHEl @; H @, TPONOPLHOHAIbHE MepBOil
(umu, BooOLle, HEYETHOH) CTeNMEeHH CKOPOCTH H MEHSIOT 3HaK MpH
oTpaxkeHMH BpeMeHH. Ecsim e nmpH 5TOM TOMBKO OJHA M3 BeJIHYMH q;
WM @ MeHsIeT 3HaK, TO

Vir = — Vki- (75.6)

HaKOHeH, CJIeAyeT OTMETHTb, YTO IPHU HAJWUYUH MATHHUTHOIO MOJS

YPaBHEHHs JIBHKEeHH S CHMMETPHUHBI [0 OTHOIUEHHIO K H3MEeHEeHHIO 3HaKa

BPEMEHH TOJIbKO IPH OXHOBPEMEHHOM H3MEHEHHH 3HaKa HampsikKeH-

HOCTH MaTHHTHOTO TSt 77" NPUHINI CHMMETPUH KHHETHYECKHX K03-
(HINEHTOB 3alHIIETCs] NPH 3TOM B BUJE

V(K== i (— ). (75.7)



MATEMATUYECKOE NMPHJIO)KEHUE

A. SlxoOHaHbl ((YHKLHOHAJbHbIE ONpEAeNHTENN)

PaccMOTpHM Ha TJIOCKOCTH NEPEMeHHbIX (X, y) 1Ba ceMeHcTBa Nps-
meix: E-cemelictBo (£ = const) u r-cemeiictBo (n = const), rae & u

OIpeeNsIoTCs] YPaBHEeHUSIMU
tE=Ax+By, n=Cx+Dy
(A.1)
(puc. 81, a). HaoGopor, Ha
NJIOCKOCTH nepeMeHHbIX (€, 1)
MBI MMeeM JiBa ceMelcTBa npsi-
Mbix x = const u y = const
(puc. 81, 6), rie x U y Haxo-
nsitcst M3 ypaBHeHHH (A.1)
x=A§+Bn, y=CE+Dn

(A.la)
A B
H Mannua\(:Dl SABJISIETCS MaT-
o . |AB
puueit, o6paTHO# 550

Hafizem mnuomane mapas-
JlesorpamMma,  06pasoBaHHOTO
[PH NepeceyeHtH ABYX NPSMBIX
E-cemelicTBa:

Ax+By=%t u
Ax+ By =E+AE
C IByMsi IPSIMBIMH. 1)-ceMeficTBa
Cx+Dy=n u
Cx+Dy=n+An

¥

7

7 =const

§ =const

)

y =const

x=const

~ 77—

8)

Puc. 81.

(sbigenen Ha puc. 81, a xupHO#l JuHHed). UMeeM

Ao =L, |sin0|=14l,|sin (0, — &) | = ly,]sin &, cosa, — cosay sinay)|.

(A.2)
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Tak kax

lysinoy, =Ays, lycosay=Ax;, [sinoy=Ayy, [ cosoy=Ax,
(unziekchl § M 1) 03HAYAKOT, KaK OGBIYHO, NOCTOSIHCTBO § H 1) COOTBETCT-
BEHHO), To U3 (A.2) mosyuyum

8o — | A, Ayy— Aty Agg | =| AD — BC|Ag An=}‘4 5

c DH A An.

(A.3)

[TycTh Tenepb Ha MJIOCKOCTH NEPEMEHHBIX (X, y) 3ajaHbl JBE CHCTEMb
KPHUBBIX C IIOMOIIbIO ypaBHeHu#t § = const, 1 = const (puc. 82), rze

E=E(r, ¥). n=n(x, y), (A.4)

H, 06paTHO, Ha MIocKocTH (§, 1) 3ajaHbl KpuBEIE X = const, y = const,
e x ¢, m), y (& m) — dyHKuun, obpathbie GyHkuusM (A.4)

x=x(@ ), y=y(E ") (A.4a)

Byaem npu 3TOM CYHTaTh COOTBETCTBHE Mexy nmapamu (x, y), (§, m)
B3aHMHO OJHO3HAYHBIM — KaXKM0H TOYKe (X, y)-MJIOCKOCTH COOTBETCT-
ByeT OJHA M TOJBKO OfHA TOY-

q ka (E, m)-nocKocTH (3TO 3Ha-
7 =const YHT, 4YTO KpHBble § = const He
nepeceKaTcst APYr ¢ APYrom,

KpHBBIe 1) = const Takxe He

riepeceKaloTcsi Apyr ¢ APYroM

l KaxJjass KpuBasi E-ceMelicTBa

& =const

nepecekaeTcsi ¢ KaXKAOH KpH-

BOI 1-ceMeficTBa B OJHOH U

Z  TONMBKO OAHOM Touke). Torna us

Prc. 82. (A.4a) HaxomuM (C TOYHOCTBIO

0 MaJblX IepBOro INOpsijKa)

JIMHefHOe (JIOKaJIbHOe) COOTHOILeHHe MeXAy AHddepeHunasaMu Beau-
uHH X, ¥, & 0

—OxE 9x (E, M)
dx = o dg+ —on dn,
dy=2E W gy XD gy, (A.5)

Mb! BHIHM, 4TO NJIOMIAJb GECKOHEUHO MaJIOTO NapaJiesorpamma, o6pa-
30BAaHHOTrO MepeceyeHHeM KPHBBIX

E(x y)=8 &, y)=Et+dk

n(x, y)=n, nx y)=n+dn,

MoKeT ObiThb HafileHa no ¢opmyne (A.3), ecqH 3aMeHHTb KO3DHIH-
entst A, B, C, D Ha 0x/8%, 6x/0m, dy/dE, dy/dm cootBeTCTBEHHO. MBI

C KpPHUBBIMH
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NPHXOAMM TOTAA K MOHATHIO (DYHKLUHOHAIBLHOrO OmpelenuTens (sKo-
6uaHa) JJs ABYX TepeMeHHbIX, KOTOpHi 0603HauuM GyKBoil D:

9% &
o0t y) _ |0 Om|_0x oy  ox 9y
b=3&w= dy oy | O dn  on GE° (A.6)
05 on

TeoMeTpuuecKHil €ro CMbICJI 3aKJII0YaETCs! B TOM, 4TO aGCOMIOTHAs! BEJH-
ynHa D jaet Kos(dHUHEHT H3MEHEHHsI 3/eMEHTapHOH INJOWAnH MpH
nepexojie OT (¥, y)-naockocTH K (&, M)-MJIOCKOCTH: 3/1eMeHTapHas mJIo-
Wanb dx dy nepexoiutr B

do =|D|dgdn. (A.7)
OTMeTHM HEKOTODble BayKHble CBOHCTBA SIKOGHAHOB:
oy _ _ 0@x) _ _ 0y
D 3ew="3cw = "ot (A.8)
2) Teopema yMHOXEeHHs SIKOGHAaHOB
O(x, y) __ 9(x,y) 9 m) (A.g)

0w, v)  9E M I(u, 0"
Teopema ciiefyeT M3 M3BeCTHHIX GopMys AuddepeHIHATbHOrO HCYHC-

JIeHHST s
(5e) = (G h (5 ) + {3k (50,
(G b= () (G (55 (500,
H aHaJIOTHYHO A/ NIPOM3BOAHBIX (8Yy/0U)y, (0y/0V)4.
ToncraBHB 3TH BblpaXKeHHs B NPaByIo yacTh (A.9), nomyuum Toxze-

crBo. M3 (A.9) BbiTeKaeT, B YacTHOCTH, BbIpaxeHHe 1/ OGPAaTHOTO
aKoGHaHa. [TonoxuB u = X, v =y, uUMeeM

o, M) _ 1
3) Oy  dy ° (A-10)
0 M)
F)
4) Tonoxum y = 1. Torxa <%>n=0, (3%)§= 1,
a
CAC . (’6;2“ 0 =<2’i> (A1)
0(8 ) 0 1 g Jy '
H aHaJOrH4HO R
Yy _ (9
Fos — () (A.11a)

TMoBenenue sikoGHana npeoGpasoBanis (x, y) — (E, 1) Ha MIOCKOCTH
nepeMeHHbIX (¥, y) (uan (§, 1)) HMeeT HEMOCPeACTBEHHOE OTHOLUEHHEe
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K BOTPOCY O CBOHCTBAX OJHO3HAYHOCTH HJIM HEOJHO3HAYHOCTH COOT-
BETCTBUsA MeX1y Toukamu (x, y)- u (§, m)-muiockocreil. dror Bornpoc
HMeeT MepBOCTEeNeHHOe 3HayeHHe B TePMOJHHAMHKE B CBSI3H C LIMpO-
KHM HCNOJIb30BaHHEM B Hefl reOMeTpHYeCKHX o6pasoB (TOUKH, JHHHH,
IUIOIIAAM U T. A.) Ha miockoersax (P, V), (T, S), (T, V), (T, P)u . o.
Hmeer mecTo cienylomasi BaXHasi TeopeMa: €CJH B TOUKe (Xo, Yo)
MJIOCKOCTH (X, y) (kKoTOpOi gOOTBETCTByeT TouKa (&, mo) MIOCKOCTH
9(g, M) (*, ¥)

(& m)) AKOGHAHD! e ¥ TE -
BY€T B3aMMHO OJIHO3HaYHOE COOTBETCTBHE MEXJY TOUKaMH HEKOTOpOH
MaJjiol OKPeCTHOCTH TOUKH (X,, Yo) H TOUKAMH COOTBETCTBYIOLIEH Masol
OKPEeCTHOCTH TO4KH (&, 1,). KakIo#l Touke nepBoil 06/1acTH COOTBETCT-
BYET OJIHA U TOJIbKO OJIHa TOYKa BTOPOH 06/1aCTH 1 06paTHO. JTa TeopemMa
SIBJISIETCS TIPOCTHIM CJIEJICTBHEM H3BECTHOMH TeopeMbl Kpamepa aisre6pst
JNMHefHBIX ypaBHeHu#. CucreMa ypaBHeHu#H (A.5) UMeeT npH YC/IOBHH

9(x, )
mio OJIHO OIpejie/IeHHOe pellleHHe OTHOCHTEJBHO HEH3BeCT-
HBIX df, dn (npu 3amaHHBIX dx, dy). DTO 3HAUHT, YTO ONPEIEeJeHHOMY
TIepeMellleHHI0 Ha NJIOCKOCTH (X, i) (B OKPECTHOCTH TOUKH (X,, o)) COOTBET-
CTBYET OJIHO OIIpeJle/IeHHOe NepeMeleHHe Ha n10ckocTH (€, 1) (B OKpect-
HoctH ToukH (&g, 1,)). B wactHocTH, npu dx = 0, dy = 0 cucrema (A.5)
HMeeT efHHCTBeHHoe peuenHe d§ = 0, dn = 0.
To ke camoe MOXHO yTBepXKJaThb AJsI CHCTeMbl, oGpaTHoi (A.5),
9 (&,
ec/d sIKoGHaH 7,%;‘7) OTJIHYEH OT HYJS B TOUKe &y, 1),.
*
HanokenHast TeopeMa HMeeT JIOKaJMbHBIA XapaKTep, HO €C/IH

9 M

9 (%, y)
E, 1, TO CyILIECTBYET B3aHMHO O{HO3HAYHOE COOTBETCTBHE MEXKAY TOUKaAMU
MaJlblX OKPEeCTHOCTell JIIOObIX TOYeK THX MJocKocTel. st TOro uTo6H!
CZleJIaTh BBIBOJ O TOM, YTO CYIIECTBYET B3aHMHO OJHO3HAYHOE COOTBET-
CTBHE KOHEYHbIX (He GeCKOHeYHO MaJblix) obsactedi (x, y)- u (€, n)-mio-
cKocTeil, TpeGyIoTcsl HeKOTOPHIE JIONIOHUTEIbHbIE YCJIOBHS, B 06Cy K e-
HHe KOTOPHIX Mbl He BJlaeMcsl, HO Gy/ieM C4HTaTh, YTO B TePMOAHHAMHKE
OHHM MOYTH Bcerja (C KpaiiHe pPeIKHMH MCKJIIOYEHHSIMH) BbIIIOJHEHHI,

OTJIHYHBI OT HYJd, TO CYLIECT-

9 (%, y)
9(& M)
OTJIHYHBI OT HYJA IO BCell IJIOCKOCTH TIEpEeMEHHBIX X, Y U

B. dopmyna Crupannra

®opmyna Crupiunra jaeT npHGMHKeHHOe 3HaueHne Ajst N| mpu
GosbiHx N. Mbl nMeeM

N
InN! = E In n;. (B.1)

n=1

Ouennm sty cymmy aas N > 1. PacemoTpum rpaduk ¢yHKUMH
y = Inx (puc. 83).
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Cymma (B.1) ecTb nuomaab, orpaHHYeHHasi NYHKTHPHOM JOMaHOH
H ocblo aGenuce. J1ist ONEHKH 3TOH MJIOMAAH 3aMEHHM JIOMaHYIO JTHHHIO
HenpepbiBHOM KpuBoi. Toraa mnuomanb, OrpaHHYEHHAsi STOH KpPHBOMH
U OCBIO X, BbIPaXkaeTcs HHTErpasioM, H MOXKHO NMPHOJIMKEHHO 3alHCaTh

N N
InN~a{Inxde=x(Inx—1) | =NInN—N+1.
1 1
dra ¢opmyJa crnpaBefauBa npH GombwHX N, KOria JOMaHasi JIHHHS
aNnpOKCHMHPYETCSl HeNmpepLIBHON KPHBOH € XOpOIUEH TOYHOCTBIO.
IMpn N > 1 epununeii MOXKHO IpeHe-
6Gpeub, H HMeeM Z

InNM=NInN—N, (B.2)

nz

HJIH

e

N|=(ﬂ)”. (B.3)

Bosee TouHBIH BHIBOJ, KOTOPBIA MPHBO-
JIUMTCS B MaTeMaTHyeckoH JjuTepatype,
JaeT pesyabTaT, OT/IMYAIOIMHCA OT
(B.3) mHOxuTeneM )/ 2nN:

N1=V2aN (%)N Puc. 83.

OpHako B BblpaxkeHHH MJst In N! 5To NPHBOAMT K MOSIBJEHHIO CJia-
1
TaeMoro In (2ntN), cyuiecTBeHHO MEHbLIEro, 4eM nepBoe, H Mbl GyjaeMm

HM npeHeGperaThb.

C. Meton JlarpaHxa OTHICKAHHSI YCJOBHOTO 3KCTpeMyMa

PaccMoTpHM  3ajiauy 06 OTHICKAHMM  SKCTpeMyMa (byHKIHH
f(Ny, Ny ..., Np) TUpH HEKOTOPHIX JONOJHHTEJbHBIX YCJOBHSIX,
HaJIOXXEeHHbIX Ha nepemenHele Ny, Ny, ..., Ny, T. €. 3aJlayy Ha yCJIOB-
HBIH 3KCTpeMyM. HamomuuM, 4TO OThICKaHHe SKCTpeMyMa ¢yHKLUHH
f(Ny, Ngy ..., Ny) IpH HEKOTODBIX YCJIOBHSIX

@i(Ny, Noyoooy Np)=0, n<m; i=1,2,...,n, (C.1)
MOXeT OHITb OCYIIECTBJEHO C TNOMOMUIbIO crocofa MHoxuTeaeit Jlar-
paH:Ka, CYIHOCTb KOTOPOTO CBOAHTCS K cJenyiouemy. IIpH HamHuuu n
yeaouit (C.1) TonbKo (m — n) BenuunH N; sSIBJSIOTCS HE3aBHCHMBIMH,
a ocTasIbHbIe 1 MOTYT ObiTh Haklensl H3 ycaoBHi (C.1). Mbl MoxeM Ge3

HapyIleHHs OGIIHOCTH CYHTAaTh 3aBHCHMBIMM, Hamnpumep, Ny, ..., N,
CocraBum  nepBble auddepenunansl  ¢yukuuit  f (Ny, ..., Np) ¥H
@; (N}, ..., Np). B Touke sKcTpeMyma HMeeM

df:k; 5%7 AN, =0 (C.2)
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u B cuay ycqosuit (C.1)
m

dpi= 3 SN, =0. (€.3)

YMHOXKHM KaxJoe u3 cootHoueHHi (C.3) Ha NPOH3BOMbHEIE MOKA MHO-
xutenn A; v BeiuTeM u3 (C.2). ITomyuum

(- ixi<pi)= 2 [0 — 27», al]avi=0.  (ca)
i=1 k=

TMoxGepem Tenepb uHc/Ia A; TaK, YTOGI OOPATHJHCH B HYJb KOhQHIH-
€HTBl NPH 7 3aBHCHMBIX AH(depeHlHanax, T. e. U3 YyCJIOBHi

of 9; __ _
s Zx,w k=1, 2..., n
i
Tak kak ocrasbhble Ny (R = n + 1, n 4 2, ..., m) ABASIOTCS HE3aBH-

CHMBIMH, TO KO3(bHIHEHTBI IPH HUX B BhipaxkeHHH (C.4) TaKKe JOJKHbI
obpawarbcst B Hy/ab, H Mbl HMeeM

99,
aN,, Z M ONI = (C.5)

npH mo6oM k OT eIHHHUBI 1O m.
TakuMm 06pa3oM, HaXOXJeHHe YCJOBHOro skcrpemyma f (N;) npu
yeaosusax (C. 1) csomrrcs K HaXOXJEHHIO Ge3yC/JOBHOTO 3KCTpeMyMa

\

DYHKIHH (f - Z X,q),). Jlast HAXOXIeHH st -+ m HEH3BEeCTHBIX (M Koop-
i=l

IMHAT TOUKH sKctpemyma N7, N'§, ..., Ny u n muoxureseit Jlar-

paHxka A, ..., A,) HMeeM CTOJIbKO ke ypaBHeHuit: m ypasrenuii (C.5)

u n ycaosuii (C.1).

D. Hurerpanbt J,

PaccMOTpHM HMHTErpan BHAA
«
={ x"e— o dx, (D.1)
0

Ile n — Ue/oe HeOTPHUATeNBHOe YHC/IO. C TMOMOWBIO MONCTAHOBKH
y = 0x? 5TOT MHTErpaj NPHBOJHTCH K BHIY
. ntl o n—1 . nt1 .
_ndl LY _ntl
Jo=5a ° §e‘yy P dy=5a { "'; ) (D.2)

2



MATEMATUYECKHUE MPUJIOKEHMUS 391

inI YETHBIX 3HAYe€HHUAX n, KOrjga n = 2m, HMeeM
(2m—1l i3
Jan="mm— | wwm (D.3)

H IPH HEYeTHHX n, Koraa n = 2m + 1
(D.4)

. ml
Jami = g
©
Hnrerpan Jn= S Xx"¢— %" dx paBeH HyJIIO PH HEYETHOM N H pPaBeH

—

2J, NIpH YeTHOM n.

rae n > 0 — uesoe uaH

E. Unrerpannt K, u K
¢ X" dx
§ e¥—1"

BbluncnuM unTerpan Buna K,

noJayuesioe 4Hcso. Hmeem
(e"— 1)71 =e—x(1 _e‘x)-l —_ Z e—U+Dx

=0

OTKyZa
oo
§ xme—¢+nrdy=

0 o o
Ky=F 3 xle=¢+xdy E
b =0

== U
Z (t+1)-ﬂ§ e't"dt=T(n+1) Z(!-{—l‘”l
—P(n+1)C(n+1) (E.1)

¢dyHkuus Pumana.

e §(x)= D07
=1

B qacmo;m, HMeeM:
=
1) n=3, 1<3=S LA JOIO)
0
Ho ' (4) = 3! u { (4) = n*/90 (cm., nanpumep, [20]), caenosarenso,
Ko="5. (E.2)
1 H /2
2 n=g. K= [Z=r(3)e(5).
Vo
3 ‘P(i)_‘—; " ;(%)=2,612 (cm., Hanpmvep, [21)).
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Orciona
Ky, =2,33. (E.3)
3 x'1dx 5 5
3) n=2, K,,,=tuf s =r<§>;(§),
Hmeem T (%) = %I‘ <%> = 3{1/5 ug (%) = 1,341. Orciozma
K/, =1,78. (E.4)

Haiinem Takxe HHTerpasbl BHAA
& n
. x"e* dx
Ky= § e P> 1

Hmeem

0 [==]
Ko=) (+1)§ xre=¢+Drdy=
=0 0

Z (+1yn g et dt =T (n41) (n). (E.5)

=
B wactnoctH,

K;,,:r@)z;(%):s,zxs, K;/Z=r(%);<%)=4,45. (E-6)

F. Nlenbra-dynkuus dupaka 8 (X) u crynenuatas ¢yHKuus o (X)

Baesiem B paccMoTpenne ¢yHKIMIO § (x) (HECOGCTBEHHYIO HJIH 0606-
LIEHHYIO0), ONpeleJIeHHYI0 TPeGOBaHUSIMH

0 mpu x3£0,
6()‘):{00 mpn  x=0, (F.D)
Sé(x dx_;l npn x=0&(a, b), (F.2)

\O npu x=0¢& (a, b).

Tounee rosops, ¢yHKIMA 8 (x) ZomKHA GBITh ONpeleseHa Kak mpe-
ZieJl TOi MM WHOH HenpepeiBHOH GyHKuMH & (x, ), MMelowel peskuii
MakcuMyM npH x = 0, ¢ niomanblo, paBHoi efnHuLe (puc. 84), Koraa
napameTp o CTPeMUTCS K HyJIIO (MPH 5TOM BHICOTA MHKA JOJIKHA Heorpa-
HHYEHHO BO3DAacTaTh, a WIMPHHA €ro — HeorpaHHYeHHO YOhBaTh). Ilo-
3TOMY, CTPOrO TOBOpPS, O-PYHKIHS HMEeT CMBICA TOJBKO MO 3Ha-
KOM WHTerpasa, TpHYeM Tpeje/bHbIA nepexon o — 0 gosxkeH GHITH
NpOBe/eH INOCJ/Ie BbIYHC/EHHA HHTerpasa. OnHaKo B MOAABJSAIOLEM
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GoJibIIMHCTBE CaydaeB obpalenne ¢ 8-pyHKiueil Kak ¢ 0GbIYHON ByHK-
IHeH KN1aCCHYeCKOTo aHasu3a He NPHBOAMT HH K KaKHM OlHOKaM.

IMpuBesieM HECKOJIBKO IPUMEPOB HENpephIBHBIX GYHKUHE § (x, ),
nepexoisimux B npenene o — 0 B 8-pyHKIHIO:

d (1
8 (x, ) =n(x2—°_:_a2) = <R arctg —2), (F.3)
e+ d 1
8(x, a)= P };(e-x/a+1)' (F.4)

O-yHKIMST MOMKET paccMaTpPHUBATbCsl KaK IPOM3BOJHAsST PAa3phIBHOM
(GYHKUMH 6 — cTyneH4aToli (yHKLUHH, OnpelesIeHHOH PaBeHCTBOM

npy x>0, 5(z,2)

o=t (F.5)

0 mpu x<O.
HerpynHo BHjleTb, 4TO npejetsl NpH
o — -+ 0 BBIpax<eHuil, CTOSIKX TOJ 3Ha-
KOM npOH3BOJHBIX B mpasoii yactd (F.3)
u (F.4), naior o-pyHKuHIO

. 1 X 1

il»rpuﬁarctga =0(x)— 5, (F.6) i
lim( 1 \_ ‘
Cindy (e‘*/u-f-l > o). (D) Puc. 84.

YacTo NoJb3YIOTCS TaKkKe BBIPaXKEHHSIMH ISt §-QyHKUMH M O-QyHK-
LHH:

(o] «©
s()=1 S cos kx dk = 5 S e dh, (F.8)

0 —
o()=1 S LTI (F.9)

KOTOpBIE MOJTYYaloTCsl, €C/IH BBECTH B MHTErpaJibl PABOIl YaCTH MHOXKH-
Tesb €% M 3aTeM mepeiiTH K npefeny o — 0. Ilpusenem Ges nokasa-
TeJbCTBA HEKOTOPbie OCHOBHble CBOMCTBA O-hyHKIHIL:

1. 8(—x)=06(x). (F.10)
b b
2. §8(x—x)[(x)dx ={8 (x—x')f (x')dx =
_[f() nmpn x=x"e&(a, b),
_{ 0 x=x"¢ (a, b).

8 (x—x,)
CRCOIN
r

(F.11)

3. 8(e ()= (F.12)
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rlie X, — NpocThie KOPHH ypaBHeHHs ¢ (x) = 0, sexcamue B o6JacTh
uHTerpHpoBanus. IlosTomy HMeeMm

b
4. Sf(x)ﬁ((p(x)) dr= \4'(33” ) (F.13)
B uacrHoctH, ¢ §
5. 8(a)= Lo, (F.14)
6. 5(x*—at)= ﬁ(’:ﬂiéw (F.15)

2lal

AHanoruyHeIM 06pa3oM MOXKeT GbITb OmpefiesieHa Kak Ipefell HeKo-
TOpOH HemnpepblBHOM QyHKUMH TpoH3BoaHasi 8’ (x), A1s KoTOpo# crpa-
BeJVIMBb (hOPMYJIBL:

7. 8 (—x)=—08"(x), (F.16)

8. ’§f(x)6'(x—-x’)dx=

0] ’
{ (0£ )X=x, npu  x' < (a, b),
0 npu  x' & (a, b).
Tousitue §-pyHKUMH MOxceT GbITb PacHPOCTPAHEHO Ha MPOCTPAH-
CTBO 7 H3MepeHHiH C TNOMOWbIO HOPMYJbl
8 (X1, Xgyovvy Xn)=10(x1) 8 (%5)...8(xn), (F.18)

nocJie yero npaKkTHYeCKHe peasiH3aiiH §-QYHKIMH U ee CBOMCTBA JIETKO
MOTYT GBIThb TepeHeCeHBl B n-MepHble NMPOCTPaHCTBA.

(F.17)

G. Hnrerpanni L,
BbiyHeiMM HHTErpan
©
x"dx
L= § -

Pasnarasi (¢* -+ 1)™ B psif IO CTENeHsIM e™*, HaXONHM

o © (=] o
= Y (=1 {wetenrax— (———,_([,,ln):l ge"t"dt=
=0 ] I= b

—1
F(n+1) 2 (l(—}—l)’)"l' (G.1)

Cymma psita B (G.1) moxer GbITb BhlpaxkeHa yepe3 {-pyHKiHio PuMana.
Jlnst 37oro npHGaBUM K HCKOMOH CyMMe U BBIYTEM H3 Hee TaKyIo XKe CyMMy
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o HeueTHHIM 3HaueHHaM [ TMonyuum

— 1)

([Ei_l)n'\»l 2@1)71‘1"‘2 Z(2m+2)n+x—§(”+l)(l—2 ")
o, noxacrasass B (G.1), Haxoxum

Ly=(1=2"T(n+1(n+1). (G.2)

Beipaxenne (G.2) craHoBHTCsi HeonpefesieHHbIM npH n =0 (§ (1) =
= 00), HO mpH n = 0 uMeeM

d d

- L2 Y
Ly= §e” 1= S l)_]112,
Ilpu n =1 u n = 3 HaxouHM

—ITQI@=T, L=ITWiw=15 (G3)

H. Hurerpan M

BriuncauM uuTerpan

= S (©)f (¢) de, (H.1)

rae f(e)l—q)epmnescxaﬁ ¢yHKuus  pacnpeneienns  f (e) =

= ————, CuHTas kT/p < 1. UHTerpupys no yactsM, mouay-
C®—WET | S P

YUM -
M=F (c0) f (c0) —F (0) (0) — 5 F(e) L de, (H2)
rae
F(e)=§q:(e) de. (H.3)

Bo Bcex MpaKTHYECKH HHTEPECHBIX CJAYYasiX BHEHMHTErpaJIbHbI UieH
B (H.2) paBen nymo, Tak Kak f (c0) =0 u F (0) = 0 (Gosree crporo
CrpaBell/IHBOCTb 3TOTO YTBEPIKIEHHS TpeOyeT, YTOOb (GyHKUHS ¢ (g)
pH & — 0o He Bo3pacTaja GhicTpee, yeM e¢/kT, a mpu & — 0 He BO3-
pacrana GbicTpee, yeM &'). CuMTasi STH YC/IOBHs BbIIOJHEHHEIMH,
HMeeM

M=§(p(a)f(e)de=-—§l"(e) 2 ge. (H.4)
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IlepefineM K nepeMeHHO# nmerpupoaaauﬂ x = (e — W)/kT:

- S F(u-+£Tx) L dx. (H.5)
- kMT
PaccMorpuM cBoiicTBa hyHKIMM 0f/0x = —e*/(e* + 1)%. Jlerko BuzmeTs,

4T0 3Ta (YHKUHsA, BO-NEPBbIX, fABJIseTCA 4YeTHOH e*/(¢™ -+ 1) =
= e"/(e + 1)?, Bo-BTOpBIX, GbICTPO (KaK el #1) yGriBaeT ¢ pocToM a6co-
JIOTHOH BeJIHYHHBI X, TAaK YTO OHA 3aMETHO OTJIHYHA OT HYJSI TOJNbKO
B6mu3n ToukH x = 0 (¢ = p). BesemctBue sToro samerHelfl BKJjaj
B uuTerpaa (H.5) BHOCAT TOMBKO MaJible |X|, H MBI MOXKEM DasJIOXKHTh
F (n + kTx) B psl mo cTemeHAM X, OIPAHHYHBASICh HECKOJbKUMH
NepBLIMH 4EHAMH pa3JioxkeHHus. [IpH 3ToM B cuay HepaBenctBa p/kT 1
Mbl MOXeM Ge3 CYIIECTBEHHOH NOrPEIHOCTH 3aMEHHTb HHMKHHE Ipelen
HHTErpHpOBaHUsl Ha — oo. Torga mosyuum

M=— S [F (1) +ATF" () + 5 (KT F" () +.. ] I dx =

—

= F (W) (— o0)— ] (c0)) — 5 (kT F" (w) \ # 3L dx+...

©

HmeeM f (o0) = 0, f (— oo) = 1. [Hauee, S X %dx: 0 (B cusy Heuer-

%
HOCTH NOABIHTErpaJbHON (YHKIHMH), H, HHTETPUPYs IO YacTsIM, HAaXo-
UM

P S T w
S xza—xdx_2Sx%a—x-dx._—4§ex+l_—4Ll_—§.
0

—

Toacrasass 3Havenne F (e) u3 (H.3), nomyyaeM oKoHUaTeNbHO pesyilb-
TaT, KOTOPBIH Mbl NpPEICTaBHM B ABYX (hopMax:

= Sow(ama) de = § ® () de+ (BT (3F),_, +-.-. (H6)

n

M=— S Fe) T de=F (u)+ % (kTp (582)e=u+ e (H)
Ecin ¢ (¢) ecTb crenennas ¢ynkuus ¢ (¢) = &”, To popmyaa (H.6)

le/lHl/lMaeT BHI
[1+”——‘"+””’ (”:) ] (H.8)

M= Ss"f () de =
dopmyna (H.8) ucnosnbayercs B § 44, a popmyna (H.7) — s § 70,

n+l
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J. CooiictBa dynkuun 0 (x)= > e~"»*

n=—co

JlokaxeM clpaBelyIHBOCTh (‘byHKIlHOHa.HbHOl‘O ypaBHenus (41.13) past
Oynkuun 0 (r). Beenem oynkumio S (y, x)

Sy, 0= Ze-”"ﬂ"”. Jd.1

n=—oo

Kak ¢yHKUus OT y, OHA AB/ASIETCS NEePHOAHYECKOH ¢ NePHOJOM, PaBHbIM
ellMHHLe, H MOXeT ObiTb pasjoxeHa B psag Pypbe

S (v, x)= :‘_‘, A (%) e2mimy, J.2

e an (= SS (t, x)e—2mimtdt— SZe*"‘"*H)’X—?“"" dt.  Menss

0 n=—oo

MOPSZIOK CYMMHPOBaHHSI M MHTETPHDPOBaHHs H JOMHOXKasi NOABIHTe-
rpajbHyI0 (GYHKIHIO Ha e2%Unm = ], nosyyum

o 1 o n+4l
ap (%)= Z Se-n(n+t)u—2nim(n+/) dt:Z S e—r2ix—2mimz fy
n=—c0 0 n=-—co n
s mt oo ) _zme
— Se-nz’x—mimzdz:e—T Se—nx(z+ ‘;lw dz2=8_* J1.3)
o % Vx
co-ia
(Tak Kak s e~*#*dz, B3ATHIH BJOJb NPSIMOM, NapaJJiebHON Je-
—c0+io

CTBHTEJIbHOH OCH, paBeH V %). Ioxacrasasia (J.3) B (J.2), umeem

1 o _mm o
S(y, x)=]7? e+ ranimy (J.4)
m=— oo
oTkysa npu y = 0 noayyaem ypaBHeHHe 4.3
_rm?
B(x)_— 3 =—‘—9(§). (3.5)

m=—oo

K. MpeoGpasosanus Jlanjaca

IMycTb Ha BeuleCTBEHHOH OCH 3afiaHa ¢yHKuHsA Z (M), BCloAy Hemnpe-
pbiBHasi M audpdepenunpyemas (KpoMe OTAeJbHBIX TOYeK, rae Z (A) u
Z' (M) MOTYT MMeThb KOHeuHble cKaukH). ITycts, nanee, Z (A) Bospacraer
npH A — oo He GbICTpee, ueM e, i NpH A — — oo He GbiCTpee, yeM ebr,

co

Tax 4To S e=*Z (\)d (\) a6CcomoOTHO CXOAMTCS mpH B > 0 > a.
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PaccMoTpHM TpH 3THX YCJIOBHSX (YHKIHIO KOMIIEKCHOH mepeMeH-
HOit E, omnpeliefieHHYI0 PaBeHCTBOM
©

p(B)= (e EZ () d), B>2>a, (K.1)

—o0

H TOCTaBHM Llesblo HafiTH obpaiieHue 5TOH (OPMYJIbl, T. €. BHIPa3UThb
Z (A) uepe3 p (E). Bymem ucxoaute M3 mpeo6pasoBanus @ypne

©
Foy=§ ¢ (e dp, (K.2)
-
I o3
o)== § F Q) e ap, (K.3)
-
H3 KOTOPBIX BbITEKaeT HHTerpasibHasi opmysna Dypee
19 s & .
=5 _Smdﬂe‘ "“—Smf (v) e dv. (K.4)
[Moncrasum B (K.4) f(A) = eo¢ Z(A), Toraa
© [==] =]
e~z (X)=% S dpe~ "W‘S Z(v)e =i dy= 2% S dpe— 1 p (6—ip).
-0 —oo —o0
BBoasi nepemeHHyio HHTerpHpoBanus E = 0 — ip, mosyuaeM
o+ i
Z0) = § p(E)eEdE, >0, (K.5)
o —ico

T. e. HckoMoe oGpauenne gopmyanl (K.1). @opmyan (K.I) u (K.5)
HasbIBaloTCsl OPMy/NaMH ABYCTOPOHHEro npeoGpasoBanHs Jlamaaca.
Ecau Z (\)=0 npu A < 0, noayuaem u3 (K.1), (K.5) ¢opmyant

p(E) = Te— *EZ (M) dh, A>a, (K.6)
0
1 g+ ico
ZMW =55 § eFp(E)dE, (K.D
- ico

KOTOpble Ha3bIBAIOTCA OAHOCTOPOHHHMH npeo6pa3osaﬂuﬂmn Jlannaca,

L. Hurerpann K § 57

Paccmorpum  uuTerpan (0 << Reh <<'1) M mnpoHHTerpupyem mo
4acTAM
o

oo —a
fIn(l+eeredt= 4§ E:f

(L.1)
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C nomotupto noAcTaHOBKH e~5=x/(1 — ), dé = — dx/x (1 — x) npuse-
1

JieM €ro K BHLY % S x*=1 (1 — x)~* dx. CpaBuuBasi ¢ ¢opmy.ioit sitse-
0

1
- _ - - T(p) T (q)
pOBa WHTerpasa mepeoro pona B (p,q)= § #P Y (1—x)1 1 dx = quT

(cM., Hanmpumep, [22]), umeem

0
{ ln(l—{—e‘é)e‘*édE:%B(k,l-l-)\)z%z(llj'—)‘).

Tonwsysick cpoiicTBoM I'-pynkunn T'(A\) I (1 —A) =n/sin 7k, nonyuum

§ In(l 4+ epere di=

—co

(L.2)

T
A sin @A *
Tpumenss k ToMy HHTerpaay npeoGpasosanne Jlansiaca (K.5), Haiinem

| e
In (1 + €)=+ S

ke
sinzh A2
i

dh, (L.3)

T. e. ¢opmyay (57.8) u3 § 57. Temepb PacCMOTPHM HHTErpaJ

M §° LY §° JIgn
4ch2—e— (e§/2 +z—g/2)z = e§+e_§ T2

2 —w —»

H CJieJlaeM MOACTAHOBKY €% = x/(1 —X), dé = dx/x (1 — x), Torna

w
r 1

j ErdE =Sx*(l~x)-*dx=B(1 ey l_x)zﬁ(lﬁ—l_)l‘(l—l):

scnzé 0 T
2
L2
=M QT (-2 = (L.4)
Ml noayuunu gopmyay (57.10) us § 57. FimeeM oueBHIHOe PaBEHCTBO
= Jertdi= | @eia.

uMeHsist GopMysy obpaieHus uHrterpasa Jlanaaca (K.5), noayunm
yTHoweHue (57.9) u3 § 57:
atico e
1
g ) A=t (L.5)
G~ {0
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