I0. B. PYMEP, M. llI. PbiBKUH

TEPMOIMHAMVIKA
CTATHMCTHUYECKAA
PHU3UKA

1M KMHETHKA

Honyueno Munuctepc1eom

sbicuezo u neyuanbHo cecee

8 Kauecree y4ebnoz0 nocobus Aaa CTYIeHTOB (PUIULECKUX CNERUAALHOCTER
sorctunx yuebuoix 3asedenuis

W3ATENIBCTBO «<HAYKA»

TJIABHASI PEJAKUMS
PUIHKO-MATEMATUYECKO¥ JIUTEPATYPOLI

MOCKBA 1972



530.1
P87
VIK 336.7

TepmoauHamuka, cTaTuCTHyeckass uanka u kuHetHka, 10. B. Pywmenp,
M. U Puexuu. F3i-Bo «Hayxka», TuaBnas pepakuus usnko-maremarive-
cKoit anteparypsl, 1972 r., 400 crp.

B Kilure cucTeMaTHUECKH PaccMaTpHBAIOTCA OCHOBHBIC 3aKOHBI M BaKHeilne
NMpHAOKCHIA  TePMOAHIAMHKH, CTATHCTIINECKOI q)HCiHKll H  KHHETHKH. B Kinre
Haienbl MCTOAMUYCCKHM VAauHble 1f OPHTHHAJbHBlE METOAbl BBEACHHA OCHOBHBIX
NOHATHI (nanpuMep, TeMNepaTypbl H SHTPOMHH) H PelleHHA OTAGbIBIX CJIOMNIHBIX
3apau. Keura paccuurana, riabbiM 06pasoM, Ha Jojeil, NPHCTYNAIOUINX K H3Y-
UEHHIO CTATHCTHUCCKON TEPMOAHHAMUKA H KHHETHKH, H CTAaBHT CBOEl LeAbIO MaKCH-
Majblio OBICTPO AOBECTH uHTATeNs A0 YPOBHA 3NaHHi, NO3BOJSIOLLETO HHTaTh
MOHOTpaii H CTAaThil MO CHeUHAlblibM  BonpocaM. lanoxenne paga sonpocos
(1HaMarHeTH3M 51CKTPOHHOrO Ta3a, OTPHUATCABHbIE U MPEACTbHbIC TeMICPATYPI,
weron BoromoGoBa B KuileTHKe M T. Z.) OCHOBANO 11a OPHFHHAMBHBIX paGorax i
NPEACTABJACT [HiTEPEC ANA aCTMHPANTOB H 11AaYUHbIX PaGOTHHKOB,

Pucyskos — 84, 6u6n. — 24 uas3s.

Pysep fOpui Bopucosuu, Pugxun Mouceii Woaosoany
TEPMOAMHAMHKA, CTATHCTHUECKASL ®H3IKA 1 KHHETHEKA
M., 1972, 400 c1p. ¢ naa.

Pepaktop B. f. /lybrosa

Texu. penakiop K . bpyouo

Koppexropsi 3. B. Aéroxeesa, JI. C. Comosa

Caano B naGop 7/1V 1972 r. Toanicano k nesatn 15/VIIL 1972 r, Bymara 60x90'/,s, Tum Ne 2.
@u3. new. a. 25 Yeaosu, med. . 25, Yu-usp. . 23,71 Tupax 20000 ska. T-03368. Ueia kuurn
93 k. 3aka3z Ne 269

HsnartennctBo «Haykar
Taabhan penakuus Gu3nko-maTeNaTHUeCKOH JnTepaTyphl
117071, Mocksa, B-71, Jlennuckuil npocnexs, 15

Oppesia Tpynosoro Kpacioro 3uasenn Jlewnurpaackas tunorpaguna Ne 1 «[lewatnuft [sop»
uM, A. M. Topskoro Taasnonnrpadgnpova Komurera no newatw npi Cosete Municrpos CCCP,
r. Jlennnrpan, TaTunnckas ya., 26,

238

91-72



OrJIABJIEHUE

IpeaucaoBre . . .. o .. ...

BBEABHHE -~ o v o v v v v v e o v e e e s e e s

YACThH T

TEPMOAUHAMHUKA

IFnapsa [. OGmue 2aKOHB! TEPMOMUHAMUKM & ¢ « v 4 v v v v v v v v v o v s
1. PaBHOBECHbIE COCTOSIHHS H PABHOBECHbLI® MPOMECCHl . + « v v v 4 v« o o
2, Tesneparypa. TTpHHUHI TEMIEPATYPBI. + v v v v v v v v v v v v o o v s
3. Sntponust, TIPHHIUKI SHTPOMHH . v v v v v v v v v v o e e v e o v e e s
4, AGcontotuast Temieparypa u a6comioTHas ah'rponu;{ ce e sa e
5. Pabota . . ... ... ...
6. Anuabaruveckult # Hso‘rep\muecxuﬁ nOTeH].lHaJlbL cr e e
7. [pusuun sueprit. TToABOA H OTBOX TEMAA . . « v v v v v v v v v v o n
8. TensioemKocTh rasa, [lonurponuyeckue nponeccu. s e s et e aae
9. Kpyrosbie npoueccsl. lluka Kapuo . . . SN e
10. AxcHoMaTHKA TCPMOANHAMHKH, Oﬁoémenue HOl(ﬂTMﬂ :-mrponuu LE]

MIPOM3BOJIBHBIE TEPMOAHHAMHYECKHE CHCTEMbL 4 4 4 4 v v a0 v o o o o s

§ 11. Tepmoanuavnueckie KOIPGUIHEHTB . o o . v v v v v v v v v a0 o a0

§ 12, Tepmoaunasika rasa Bau-nep-Baansca . . . [

§ 13. Meroxbt oxnamuenusi raszos. [lpoueccut [leii- Jhoccaka n Jxoyns —

TOMCOHA v v v v vt e e e

14. TepuognHamuka c‘repmﬂcu e e e e e
15, Tepyosiasika MapaMarHETHKOB . o o v v v w v v v v o v v v o v v v s
16. Tcr)\mmua\uma L T L
17. Té‘l)\lO[lll{d‘lHKa BOABL . . . . . . e e e e
18, Tepyonsnavuueckuit NOTeHHa, Meron 1'ep,\m,;:mav.nuecxnx dysKii
19. [lonusapuantisle chcreMbl. MarHHTOCTPUKUHSL 1 Mbe3oMarHuTubil

P

Taasa (1. CncTemut € nepeMeHiisiM  KOAHUCCTBOM BeulecTBA. $asonbie
iepexoas! R T T R I R

§ 20. Cuicressr ¢ nepenenssiM dicaoM yacTii. X HMHdecKuii morenuuan . . . .
§ 21. Poct sutponuu B mpoueccax BLpaBiUBaHUS. DKCTpEMalbHble CBOfiCTBA
ICDMOZHEAMHYECKHX QYHKIHE v v v v v v v o v e v e e u s
§ [\") O ItAMHTeCK e HepapreHcTBa . . . . . . B Y
ozeile has, Pasonuie nepexoanl mepsoro pona e e
24, Pasiosecne pex a3, Slpsenus neperpesa u nepeoxwax(mum e
25. Da3ogule GEPEXOHL BIGPOTO POAA - + v v v v v v v o o e
26. deppovarneruay. Touka Kopu v oo oo . e
27. Tepmoaunamiika CEBCPXOPOBOAHHKOB « 4 v v 4 v v v b v o v v v o v v s

1




4 OFNABNEHUE

g28 MHOroKOMNOHENTHbIE CHCTEMEI. l'IpaBquo daz ..., .

29. XuMHYecKoe paBHOBeCHe B OAHOPOAHOH CHCTeMe. 3aKOH J:lei?lcraylou.mx
T T

YACTb 1l

CTATUCTHYECKASl ®H3UKA H 3JIEMEHTbl KHHETHKH

Fnasa IIl. CraTucTHueckne pacrpene/eHHs AAs HACANbHBIX Fa30B . . .
§ 30. CrarucrHueckue aaKouomepHocm Pacnpefienennsi, HanGosnee BeposT-

HOE PACHIPENENICHHE . v o v v v w v v v v o o v v m it ot e s v s
31. Enpoc-rpaﬂcmo STkKy | sveltkH RPN e e
32. Pacnpenenenus Bose — Diinwreiina u d)epMu —Llupaxa e
33. TIpHHIHN BOMBHMAHA « v v v v v v v v v v e ot ot e e aan s
34. Pacnpenenense Makcsenna — Bonbumaua [N
35. Tlepexot K MHTErPHPOBAHHKIO. YCNOBHS BLIPOKJCHH S H).leaJleOI‘O raza
36. Q-notenunan 6o3e- H GEPMH-TA30B . . . . « . .+ e e

37. Pasnosecuoe uanyuenue (porommbiit ras) . . . .
38. Tennosoe aBHKenue B Kpucrannax. Gounonnsiii ras
39. Kpanropanue sneprun, Teopema Hepmcra . . .
40. MneanbHbili ra3 B K1aCCHYCCKOM NPHOAHKEHHH. <Daaonbm 061,em nqeﬁkn
H HAyaJo OTCYETA SHTPOMHH . v v v o v+ 4 s
41, KpanToBaHHe MOCTYNATEJbHOrO ABHKEHHS . o .
42, MuoroaromHble I‘a3u(K.'laccuqecKaﬁTeoplm) 3axoupaBHopacnpenenemm
43. Belpoxaennblii Gose-raz . . I
44. Bripoxnennbiif pepMu-ras. 3neKTp0HHhm raa B MeTaJlJle C e e e

Faasa IV. Cucremn B3aumopeiicTsyomux vactuu, Meron 'n66ea . . o

46. T-npocrpancreo. Teopema JlnyBwans . .. ..
46. Mukpc Koe pacnp ne [u66ea. KauouuqecKoe pacnpe
nenenne THO6CA . . v v v v v v v v i
§ 47. CraThcTHuecKHe pacnpefle/IeHHsi W5 CHCTeM THna l l ll. IV, Z-,
Q- ¥ X-CyMMBI COCTOSIHHE . . . . . e
§ 48. BuiBox pacnpenenenuit Bose -—Sﬁuun“euﬂa, (DepMu
MakcBenia — Boabuyana ¢ nomomibio GoMbUOro KaHOHKYECKOro aH-
CAMOMA & v v v v v v v i et ot e e e

IF'nasa V. Teopus QAYKTYAUHA . o v v v v v v v o o v o v v v v v o

49. ®aykryauss B cucremax THna I, mr... ..
50. ®opmyna Diinwrefina s nepomnocm ¢aykryaunit . .
51. ®ayxryauuu B poToHHOM raze. PyKTyalnH B rase 6030H0B K thepMMouoB

52, Teopusi ronyGOro LBETA HEBA + v v v ¢ v v v o v v e o v o w v v v ot
IF'nasa VI. KoHKpeTHbie 33aja4H — MACAMBHBIETA3bE . + o o o o v o 4 o
53. Pacnpenenene MakCBeMNa . v v v v v v v v e v i e e
54. PacnpefiesieHse MOMEKYJ B MPOCTPAHCTBE & « v v v v v s v v v o o s
55. JiByxaromublii ras. KsantoBaHue SHEPrHH . . o . v o v o 4 e
56. IMapamarHuTHbIA ra3 B MarHHTHOM NOJE . . . . . . .

57*. MarHeTH3M 3JIEKTPOHHOTO Ta3@ . 4 v 4 v v v v o s o o ¢ 0 v o v

IF'nasa VII KoHKkpeTHble 3ajauH — CHCTEMBI B3AHMOAEHCTBYIOMIHX YACTHIL

58. HemfeanbHble Ta3Ll . 4 v v v v v v v v o v v b
59*. IlpefenbHbie W OTPHUATENbHbIE TEMNEPATYPbl « « o + o
60*. BTOpPHYHOE KBAHTOBAHHE . + o o o + o o o s o o o o o
61"CBepx‘reKy'-xecT|>‘....‘.... ........
62*. CBepXmpOBOAWMOCTb . . . . . T
63*, OgnomepHas 3afaua Mamnra, . v v v v v v v v

205



OTJNABJIEHHE

Tnasa VI OneMeHTH KHHETHKH U TEPMOAHHAMHKH HEPABHOBECHBIX PO~
HECCOB . « o v v v o v s e e e

§ 64. YpapHenne CMOnyxoBcKOro. TTPHHIMN JeTalbHOFO PABHOBECHS . . . . .
§ 65. Ypasnenne dokkepa — Ilnanka. Bpoynosckoe iBuxenne . . . .
§ 66. YpaBneHne KHHeTHueckoro Ganarca. BuiBox  dopmyasl I’lnam(a o
DUHIITERHY &+ v v v v o v v v v v s
§ 67. Kunetnueckoe ypapHeHue chsumaﬂa e e
§ 68. Meron Beromo6oBa. . . . . .
§ 69. 3aKOHbI COXPaHEHHS H 32KOH Bospacmmm au'rpomm e
§ 70*. JlokanbHoe pacnpenenenye Makceenna — Bonbumata .
§ 71*. YpaBHeHHs ra3oBOH NMHAMHKH . . . . ..
§ 72. Ipubnuxenne BpeMeHH DPENaKCALUH. Tennonpoaounoc-rb u snekrpo-
NPOBOAHOCTD MEKTPOHHOIO Fa338 . v v v w4 v o & . .
§ 73*. MaTpHua MIOTHOCTH M ee U3MEHEHHe CO BPeMeHeM . .
§ 74*. Meron Ky6o . e
§ 75. [lpununn cumme’rpuu Kuue'ruuecxux KOSd)d)uuueHToa

MaTeMaTHIECKO® MPHAOKEHHE . o v v o v v v v v v oo s a v oo b v o v
A. Slko6uansl (q:yHKuuonaanme onpenenwrenu) PN e e

C. Meroa Jlarpauxa oTHCKaHRS ycnouuoro skcrpemyMa
D. Uurerpansl J, . o v o ov v e e e .
E. Hurerpanm K, n Ki o oo v v

B. ®opmyaa Crupauura . . . .
F. Jensra- q>ymu.ma Hupaka & (x) uc-ryneﬂqaxaa GysKIMA G (%) . ... ..

G. Hurerpanst e e e e e s
H.HmerpanM..................‘...........‘..
w©
J. CeoiicTea yHKuuH (%) = E=TRX L, e e
n=—o
K. Ilpeo6pasoBanust JIamAaca . . v v v v v v v v b v e e e s
L. Unterpanst K § 57 . o v v v v v i i e e

Jlurepatypa . . . o v o w e

397
398

400



NPEJHUCJIOBUE

IpensaraemMasi KHHra pacCYHTaHa Ha YMTaTeJsl, NMPHCTYNAKOLETo
K HM3YYeHHIO TEOPETHHeCKOro Kypca TepMOAMHAMHMKH, CTaTHCTHYECKOR
H3HKH M KMHETHKH. B COOTBETCTBHH C 3THM NpPEANOJaraercsi, 4to 4u-
TaTe/lb UMEeT JI0CTATOYHbIe 3HAHHS Mo o6lel ¢H3HKe, BHCIIeHl MaTeMa-
THKe M KBaHTOBOH MexaHuke. BoJsee Tpynubie naparpadsi, TpeGyomue
OT uHTateisl GoJblell MOArOTOBKH, OTMEUYEHHl 3Be304KOH H MOTyT GbiTh
OMNYyIIEHH MPH NMEPBOM YTEHHH.

3adaua KHuew 3axarouaemcs 8 mom, 4TOGbl MOCTENEHHO, HAUMHAS
C 3/1eMEeHTAapHHIX NMOHATHH, MO3HAKOMHTb YMTATeNsl C METOAAMH TEpPMO-
JAMHAMHKH, CTAaTHCTHYeCKOH H3HKH M KHHETHKH, HayuHTb MeTOiaM
pelueHHs] KOHKPETHBIX 3aJay H MaKCHMasibHO GbICTPO MOJABECTH €ro
K YPOBHIO, MO3BOJISIIOLIEMY WYHTaThb MOHOrpaguu M CTaTbH, NOCBS-
HWleHHble  CMelHaJbHBIM npoGieMaM. B cBf3W ¢ 3THM B KHure,
HeH30eKHHIM 06pas’oM, COCEICTBYET HM3JIOXKEHHe BecbMa 3JeMeHTap-
HBIX BONMPOCOB, KOTOpble HEKOTOPOH 4YacTH YMTaTeJeH MOTYT moO-
KasaTbCsl Yyepecuyp NPHMHTHBHBIMH, C H3JIOXEHHEM npo6JeM, KOTo-
pble APYToH YacTH uHTaTesJell MOTYT MOKasaTbCsl Yepecyyp CJIOXK-
HBIMH.

ABTOpaM OCTa€TCs JIMIUL MPHHECTH CBOH M3BHHEHHsl TOH M APYro
rpynne uyuTaTeJell M MPENJOMHTb WM NPONYCTHTH COOTBETCTBYIOLLHE
naparpagsi.

VIMeHHO cTpemiieHHe KaK MOXHO GbicTpee MPOHTH MepBOHAYaJbHbie
JTanbl M NepedTH K KOHKPETHbIM 3aJayaM AUKTOBAJO B 3HAYHTEJbHOMH
Mepe MeTOJH BBeJIeHHsl OCHOBHbIX nousiTHi. Tak, Hanpumep, B pasziese,
TMOCBSIIEHHOM (PEHOMEHO/IOTHYECKOH TePMOJMHAMHKE, MOHSITHS SHTPO-
NHU U TeMNepaTypbl BBOASATCS COBMECTHO YiKe B NepBbIX naparpadax, H,
B JajbHeiilleM, WHPOKOE HMCIO/b30BaHHE SIKOGMAHOB MO3BOJISIET AaTh
€JMHBIH Croco6 pelleHHs WHPOKOro Kpyra npocTefillinX 3ajad, OTHO-
CAUMXCS K JIIOGbIM MOHOBaPHAHTHBIM (a B JasbHelileM, H NOJHBapHAHT-
HbIM) TepMOAHMHaMHuecKMM chcteMaM. Te ke cooGpareHHs MOGYAUIH
Hac HayaTh M3JIOXXEHHe OCHOB CTAaTHCTHYECKON (PH3HKH C METOAA «SIIIHU-
KOB M siueeKk», MPHIOAHOTO TOJbKO A/ HAEAJbHbIX ra3oB, MOCKOJIbKY
STOT METOJ NMO3BOJISIET MPOCTO PeliaTh JOBOJbHO WIMPOKHIl KJace 3ajad.
B nanbuefilemM uasaraercsi, KOHeuHO, H GoJsiee o6LLHiT MeTOA aHcamOael
I'n66¢a.



TMPEIUCJIOBHE 7

HeckosbKO c/IoB 06 oT6ope (haKTHYeCKOro MaTepHana. Mel cosHa-
TeJIbHO He BKJIOUHJIH B KHHTY H3JIOXKEeHHe Psja HEeCOMHEHHO BaXKHbIX
pornpocoB. Ilpex e Bcero 3To psiA BONPOCOB, CBA3AHHBIX C AKCHOMATH-
KO# M 060CHOBaHHEM TEPMOAHHAMHKH H CTAaTHCTHYECKOH (pH3HKH: 3pro-
JMYecKHe H KBa3HIProJMYeCKHe THIIOTe3bl, THNOTE3bl MOJEKYJsPHOTO
xaoca M T. A. Cepbe3Hoe H3J/IO>KEHHe 3THX BONMPOCOB JAJEKO BbIXOAUT
3a paMKH 3TOH KHHrH. Jlajee, Mbl OTKa3aJHCh OT H3JIOXEHHS METOAOB
KBAHTOBOH TEODHH NOJISA B PUMEHEHHH K 3a/auaM CTaTHCTHUECKOH ¢H-
3HKH, CUHTas O3HAKOMJEHHe C 3THMH MeTOJaMH cJelyrouHM, Gosee
BBLICOKHM, 3TanoM ¢u3Hyeckoro o6pa3oBaHus. HakoHel, Mbl He Kaca-
JIMCh TPHJIOMKEHHH CTAaTHCTHYECKOH TEPMOAMHAMHKH K 3ajayaM XHMH-
yecKoH (PU3HKH H acTpoH3HKH, TaK KaK 3TO NpHBeJO Gbl K HenoMep-
HOMY pocTy o6beMa KHHTH. Hapsily ¢ 3THM MBI COU/IH NOJIE3HBIM OCBe-
THTb HOBbI€ METO/bl B KHHETHKE, He CBA3aHHbIE C KJAaCCHYeCKHMH KHHe-
THYECKHMH ypaBHeHHsMH (MeTod Ky60), NOCKO/NIBKY HX H3JI0XKeHHe
HMeeTcsl TOJbKO B OPHTHHAJbHBIX PaGoTax, He BCeraa AOCTYIHbIX YHTa-
TeJIo.

Mbr xoTesH Obl 0OCOGEHHO NOAYEPKHYTh 31€Ch CJeaylolee 06CTos-
TeJbCTBO. H3/0XKeHHe OCHOB CTAaTHCTHYECKOH GH3HKH HauHHaeTcs
HaMH ¢ THIOTe3bl HePa3JHYHMOCTH YaCTHIL H He CBA3bIBAETCS Ha NMEPBOM
JTane HH C KaKHMH KBaHTOBOMeXaHHYeCKHMH MNpeACTaBJeHHsMH. TeM
caMbIM Mbl XOTeJIH IOAYEPKHYTh, YTO HAPSAY C ABYMs, HCTODHYECKH pea-
JIM30BABIUHMHCA MNYTAMH OTKpbITHS BOJHOBOH NPHPOALI MaTepHH —
BO3HHKHOBEHHE MaTPHYHOH MeXaHHKH, OCHOBAHHOH Ha MpPHHIHIE COOT-
BetcTBHs (lefizenGepr — Bop), 1 co3fianie BOJIHOBOH MeXaHHKH, OCHO-
BaHHOH Ha ONTHKOMexaHWuecKoi aHajoruu (Llpeamuurep — I'amuiIb-
TOH), — GbIJ1 BO3MOXKEH TPETHii MyTh, N0 KOTOPOMY fIBHO Iues A. DiH-
IUTeHH, MyTh, OCHOBAHHbIl HAa CTaTHCTHYECKOH MeXaHHKe. BO3MOXHOCTD
3TOrO TPeTbero NyTH CBs3aHa C TeM, YTO OOBEM 3J1eMeHTapHOH sueHKH
($a30BOro NPOCTPaHCTBA B CTATHCTHKE HEPA3JHYMMBIX OGBEKTOB He
NPOH3BOJIEH, a AMKTYeTCs OAHO3HAaYHO 3aKOHaMH NpHpoAbl. ITosTomy
OH B IIPHHUHKINE MOT Obl ObITb HalJeH M3 3KCIIepHMEHTa, H IMOCTOSHHAsA
IlnaHka Morsia 6bl NOSIBUTBCS B (DH3HKE He B pe3yJIbTaTe aHaJH3a 3aKO-
HOB H3nyveHns (M. ITnaHk) HiH 3akoHOB doTosddekTa (A. DitHwTeiin),
a B pe3yJbTaTe, HanpHMep, H3MEPEHHs TEMJOEMKOCTH 3JIeKTPOHHOro
rasa npH HH3KHX TeMreparypax.

[o 370l NpHyHHE B GO/IbLIEH YaCTH KHHIH Mbl [I0/Ib3YeMCSI TIOCTOSH-
HOH IliaHka h, eCTECTBEHHO BQ3HHKAIOLIEH B CTATHCTHUECKOH (H3HKe
B KayecTBe Mepbl ()a30BOro o6beMa, a He NOCTOSIHHOH 7, GoJiee yA0GHO#M
B KBAHTOBOH MeXaHHKe.

Tnasbi I v 11 3TOH KHHIH MOCBSILUEHB! H3JIOKEHHIO TEDPMOAHHAMHKH,
riabl III—VII — H3/10XKeHHIO METOAOB CTAaTHCTHYECKOH (DH3HKH H, Ha-
KoHen, B ryaBe VIII paccmaTpHBaioTcst 3/eMeHThl (DH3HYECKOH KHHe-
THKH,

Bo Bceil 570 KHHre MBI 6y/leM BbipaXkaTh SHEPrHio, paGoTy H TemJIo
HCKJIIOYHTENIbHO B MEXaHHYECKHX eJMHHuAaX, B CBA3M ¢ 3THM HHIJe He



8 NPEAMCIOBUE

6yayT GHIypHPOBATb IepeBOAHbIe KOI(PHIHEHTH (MeXaHHYeCKHii SKBH-
BaJIEHT TeIlIa H TEIJIOBOH KBHBaJIEHT paGothi). [lanee GyneM Besze, rie
3TO Clel{HaJbHO HE OTOBOPEHO, CUHTaThb, YTO Mbl HMeeM JeJO C OAHHM
MovieM BeiectBa. I1o 3Toii mpHUKHe ra3oBasi MOCTOsIHHAs R Bceraa Gyaer
CYHTATbCSl OTHECEHHOH K OJHOMY MOJIO BEILECTBA.

B 3aksroueHHe Mbl XOTeqH Gbl OTMETHTb, YTO KHHra BO3HHKJA B pe-
3yJabTaTe 06pabOTKH Kypca JeKUHi, NpouHTaHHBIX HaMu B HoBocuGHp-
CKOM YHHBepCHTeTe.

Mgl 6s1aroapHel MHOTHM HalllHM TOBapHILaM Mo pagoTe H pelleH3eH-
TaM, C/leNaBIIHM Psil LEeHHbIX 3aMeYaHHii 10 KHHTe, H 6y/ieM 6J1aroapHsl
YHTATEJISIM 3a COOOLIEHHS O, BEPOSTHO, HeM3OEXKHBIX HeloueTax.

Hosocu6upck,
mapt 1971 r.
[0. B. Pymep, M. Ill. Powxun



BBEAEHHE

TepMmoaMHAMHKa, CTaTHCTHYeCKas (H3MKA M KMHETHKA 3aHHUMAIOTCA
H3yyeHHeM (U3HYeCKHX TpPOLECCOB, NPOHCXOAAIMX B MaKPOCKONHYe-
CKHX CHCTeMax, T.e. B TesaX, COJep:KallMX OrPOMHO€ YHCJO MHKPO-
4aCTHIl (B 3aBHCHMOCTH OT KOHKDETHOrO BHJA CHCTeMbl 3THMH MHKpO-
YaCTHIIAMH MOTYT GBITb aTOMHI, MOJIEKYJbl, HOHbI, 3JEKTPOHbI, (OTOHHI
HT.H.).

CyliecTByeT JBa MeToJa M3yYeHHSI COCTOSHHE MaKpPOCKONHYECKHX
CHCTEM — TepMOJMHAMHYECKHH H CTaTHCTHUeCKUi. TepMofvHaMHueCKui
MeTOZ, He ONHpPaeTcsl HY Ha KaKHe MOJieJIbHbIe TIpeJicTaBIeHHs 06 aTOMHO-
MOJIEKYJISIPHOH CTPYKTYpe BellecTBa H ABJISAETCSA N0 CBOeH CyTH MEeTOIOM
(peHOMEHOJIOTHYeCKHM. DTO 3HAYHT, YTO 3ajayell TepMOJAHHAMHYECKOro
MeTola fIBJISETCH YCTaHOBJIEHHe CBfideH MexJy Herocpe/CTBeHHO Ha-
6JnoiaeMbIMH (H3MepsieMbIMH B MaKPOCKOTIHYECKHX ONbITaX) BeJIHYHHAMH,
TaKHMH KaK JaBjeHHe, o6beM, TeMnepaTypa, KOHIHTpaIlUsl pacTBopa,
HaMNP)KeHHOCTDb 3JIeKTPUYECKOTO HJIH MarHHTHOTO TNOJIS, CBETOBOH NMOTOK
U 1. 1. HaoGopoT, HHKaKHe BeJHYMHBI, CBSI3aHHblE C aTOMHO-MOJIEKY-
JNIAPHOH CTPYKTYpo#l BeluecTBa (pa3Mepbl aTOMOB HJIH MOJEKYJ, HX
Macchl, KOJTHYECTBO H T. [1.), He BXOJAT B PacCMOTPeHHe NPH TepMOJIHHA-
MHYECKOM TIOJXOfle K pelleHHIo 3ajay.

B npoTHBOMOJIOKHOCTb 3TOMY, CTAaTHCTHYECKHH MeTOJ H3yueHHsi
CBOMCTB MaKPOCKOIHYECKHX TeJ C CaMOro Hayaja OCHOBAH Ha MOJeJb-
HLIX aTOMHO-MOJIEKYJISIDHBIX TPEeJACTaBJeHHSAX, H OCHOBHYIO 3ajlayy
CTAaTHCTHYECKOH (H3HKH MOXKHO CHOPMYJIHPOBATL CAENYIOUHM 06pa3oM:
3Hasi 3aKOHBI MOBEJIGHHS YacCTHIL, H3 KOTOPBIX NOCTPOeHa cHcTeMa (Mo-
JIEKYJIbl, aTOMBI, HOHBI, KBAHTH H T. J.), YCTAHOBHTb 3aKOHbI NOBEJIeHHs
MaKpPOCKOIHYECKOro KOJIHYeCTBa BellecTBa.

W3 cKasaHHOrO BHITEKAIOT H JOCTOMHCTBA, H HEJOCTATKH KaK TepMo-
JAHHAMHYECKOro, TaK H CTaTHCTHYECKOrO NMOJXOJ0B K H3YYEHHIO SBJIEHHH.

TepmonuHaMHueckuii Metofi, He OYyAyyH CBsI3aH C MOJETbHBIMH
TpeJicTapIeHHsIMH, 06J1ajiaeT BecbMa GOJIbILOH OOLIHOCTBIO, B TO BpeMsi
KaK BbIBOJIbI CTAaTHCTHYECKOH (M3HKH CrpaBelJIMBHI JIHLIL B TOH Mepe,
B Kakoji crnpaBe;IUBbl NPEATIONOKEHHS], CeNaHHble O MOBeJleHHH Melb-
YaRIMX YacTHI{ CHCTEMBI.

TepmoarHaMuuecKuil METOAI, KpOMe TOTO, OTJIHYAETCs, KaK MPaBUIIO,
Gonboli mpoctoToil M BefieT, nocae psja ($hopMasbHO MaTeMaTHYeCKHX
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npoueayp, K PeleHHIO LIeJIOTO Psila KOHKPETHBIX 3ajady, He TpeGys HH-
KaKHX CBelleHH# O CBOHCTBAX aTOMOB HJIH MoOJIeKYJ. B 3ToM 3akJio-
YaeTCs €ro HeOlUEHHMOe NMPEHMYIIECTBO OCOGEHHO JAJIsi pelleHHsl 3ajay
TeXHHYeCKOro XapaKkTepa (TeXHHYecKasi TEPMOLMHAMHKA, TeIJIOTeX~
HHKa).

OnHako Hapsily ¢ 3THM TepPMOJHHAMHUeCKHil MeTOA o6/ajaer U cy-
IECTBEHHLIM HeJIOCTATKOM, 3aKJIOYAIOHMCST B TOM, YTO MPH TEPMOLHU-
HaMHYeCKOM PacCMOTPEHHH OCTaeTCsi HEBCKPHITHIM BHYTPEHHHH (aToM-
HO-MOJIEKYJISIPHBIH) MeXaHH3M SIBJICHHH.

Tlo 3Toit NpHYKMHE B TePMOAMHAMHKeE, KaK MPAaBHJO, GECCMBICJEHHBI
BOmpock «noyemy»? Ecii, HanpuMep, Mbl yCTaHABJHBAaeM TepPMOAHHA-
MHYECKHM METOJIOM, YTO NMpH GbICTPOM PACTSKEHHH MeAHasi MPOBOJIOKa
OXJIaXK/JaeTcsi, a Pe3UHOBHIN JXKIyT HarpeBaercsi (3Ta 3ajaya GyAeT pac-
cMoTpeHa B § 14), TO MBI IOJKHBI YIOBJIETBOPHTBLCS STHM PE3YJLTATOM,
a (u3MueCKHUil MEXaHH3M, BeAYMHH K HeMy, OCTaeTcsl CKPHITHIM OT Hac.
B oTuiHyHe OT 3TOro CTAaTHCTHUECKHI METOJ PElUeHHs 3ajjauH C CaMOro
Hayaja TpOC/EeXKHBAET AaTOMHO-MOJIEKYJISIPHBII MEXaHH3M sIBJIEHHH.

CraTHCTHYECKHH - MOAXOX K HCC/IEAOBAaHHMIO SIBJEHHH MO3BOJSET
B MPHHUHIE PEMIHTb s 3ajiay, BOOGILE Hepa3pellHMbIX B PaMKax Tep-
MOJMHAMHYECKOrO MeTOJa; NMpHMepaMy HaHGO/ee BaXKHBIX U3 HHX $IB-
JISIIOTCS BBHIBOJ yPaBHEHHH COCTOSTHHSI MAaKPOCKOMHYECKHUX CHCTEM, Teo-
PHsi TENJIOEMKOCTH, HEKOTOPHIE BOMPOCH TEOPHH Hanydenus. Hakoner,
CTaTHCTHYECKH METON MO3BOJISET, C OJHOH CTOPOHBI, AaTh CTPOTroe
06OCHOBAaHHE 3aKOHOB TePMOJMHAMHKH, a C APYrO# CTOPOHBI, — ycTa-
HOBHTb TPaHHIbI HX NPUMEHHMOCTH, a TaKXKe NPeACKA3aTh HapYIUeHHs
3aKOHOB KJIaCCHYECKOH TePMOJMHAMHKH ((JYKTYauHH) M OLEHHTb HX
MacTab.

M3 cKazaHHOTO SICHO, UTO H TepMOAMHAMHMKA H CTATHCTHUECKas (H-
3HKa HE MMEIOT YeTKO OrpaHHYeHHOH 06JIaCTH M3yuaeMbIX (H3HUECKHX
SIBJIEHHH B NMPOTHBOMNOJIOXKHOCTb ONTHKE, MEXaHHKE, 3JeKTPOJIHHAMHKe
H ApYTHM pasjenaM (HM3HKH, a NPeACTaBJISIOT cOGOH CKOpee MeTOmb!
M3yYeHHs 06X MaKpocKonuueckHx chcreM. YacTo npu sToM rosopsat
O €IMHOM MEeTOJ€ CTaTHCTHYECKOH TEePMOAMHAMHKH.

MeToiaMH CTaTHCTHYECKOH TEPMOJMHAMHKH MOXHO H3y4aThb JoGHe
CHCTEMBI, COCTOSIIIIHE M3 JOCTATOYHO GOJBLIOTO YHCJIA YACTHL( rasbl,
JKHAKOCTH, TBEpJBIE TeJla, IJa3My, 3JEKTPOJHTEI, CBETOBOE H3JyueHHe
H JlaxKe TsKeJble sjipa, COfepIKalhe COTHH HYKJIOHOB.

CrelyeT Takxe OTMETHTb, YTO CTATHCTHYECKAsl TePMOAHHAMHKA U3Y-
uaeT PAaBHOBECHBIE COCTOSTHHSI MaKPOCKONMHMYECKHX CHCTeM (CM. HHXKe,
§ 1), KOTOpHIe, B YaCTHOCTH, XaPaKTEPH3YIOTCS T€M, YTO OHH SBJSIOTCS
CTALHOHAPHHIMH, HEH3MEHHBIMH BO BPeMeHH, H B 3THX COCTOSIHHSIX OT-
CYTCTBYIOT MPOLECCH MePeHOCa MacChl, SHePruH, 3apsiia H T. i. B or-
JIMYHE OT 3TOTO (H3HYecKast KHHETHKA H3y4yaeT HePAaBHOBECHBIE COCTOS-
HHSl M NPOLECCH, B YaCTHOCTH MPOLECCHl NMEpeHoca H BHIPaBHHBAHMS,
T. €. TPOLECChl Nepexoia CHCTeMbl H3 HepPaBHOBECHOTO B PaBHOBECHOE
COCTOsIHHE.



YACTDH 1
TEPMOAWMHAMHUKA

TMTABA I
OBLMUE 3AKOHbI TEPMOAHHAMHKH

TepMoAHHaMHKa, MOJOGHO TeOMETPHH H MeXaHHKe, ABJISETCS aKCHO-
MaTHYeCKO# HayKoil. B ee ocHOBe JieXXaT TPH NPHHIKMNA, SBJASIOUIHECS
060GHIeHHEM OTLITHBIX AAHHBIX: npuryun memnepamypo: (4aCTo Ha3biBae-
MBIfi HYJIEBBIM HauajoM TePMOAHHAMHKH), npunyun sxepeuu (I nauano
TepMOAMHAMHKH) H npunyun sumponuu (I1 Hauaso TepMOAMHAMHKH).

Kak MBl yXe YIOMHHaJH Bo «BBejeHHH», TeDMOAHHAMHKA He TOJIb-
3yeTcsi MOJEJbHBIMH, aTOMHO-MOJIEKYJISPHBIMH TIPEACTABJEHHSMH, H
MOKHO OblJIO Gbl H3JIONKHTb BCE COAEPKAHHE TepMOJAHHAMHMKH, HH pa3y
He ynOTpeGHB TEPMHHBI aToM, MoJieKyJa, HOH, ¢oToH H T. A. Mbl, on-
HaKo, OYyJeM B OTAeJbHbIX MecTaXx 00paulaThCs K aTOMHO-MOJIEKYJsip-
HEIM NIPE/ICTABJIEHHSIM, HO B YHCTO HJLTIOCTPATHBHBIX LeJIAX.

HeckosbKo CJIOB O CTPYKTYpe 3TOH HacTH.

B §§ 1—11 mMbl paccMoTpHM O6lHe 3aKOHBI TePMOJAHHAMHKH, BBOAS
H HJIOCTPHPYsI HX, TVIaBHBIM 0Gpa3oM, Ha MpHMepe TpocTekiel Tep-
MOJHHAMHYECKOM CHCTEMbl — HJeabHOTO ra3a (XOTs MHOTHe M3 COOT-
HOLIEHHH, MOJYYeHHbIX B 3THX naparpadax, NPHMEeHHMBI H 1/ APYTHX
TePMOJHHAMHYECKHX CHCTEM).

B §§ 12—18 Mbl paccMOTpPHM NpHMepHl APYTHX MOHOBAPHAHTHBIX
(MMeIOIMX OAHY «MeXaHHYecKYIo» CTemeHb CBOGOMbI) TepPMOAHHAMHue-
CKHX CHCTEM.

B § 19 mb1 npoBeseM (BecbMa KpaTKo) 0GoGLIeHHe TepMOAMHAMHYe-
CKHX METOJOB Ha CJyuail MoJHBapHAHTHBIX (MMEIOLIHX HECKOJBKO «Me-
XaHHYeCKHX» CTeneHeil cBOGOABI) TePMOJHHAMHYECKHX CHCTeM.

Haxkoney, B §§ 20—29 MBI paccCMOTPHM TePMOAHHAMHKY CHCTEM C
NepeMeHHBIM KOJIHYeCTBOM BelecTBa M 0cOGeHHO BOmpoc O (asoBhIX
PaBHOBeCHsIX (mepexojax).

§]‘ PaBHoBecHbie COCTOSIHMSL H PaBHOBECHbIE TpoLECCH

Bynem HaspiBaTb TepMOAHHaMHYecKOH cHcTeMoil /o6oe MakpoCKoO-
THYeCKOoe TeJI0, HaxO/silueecs: B PABHOBECHOM HJIH GJIH3KOM K paBHOBeC-
HOMY COCTOSIHHH (NOHSITHE PAaBHOBECHOTO COCTOSIHHSI CM. HHIKe).

CocTosiHHus 1060 TePMOAMHAMHYECKOH CHCTEMBI MOTYT GbITh 3a/laHbl
C noMomwpio psiaa napaMerpoB. Tak, HampHMep, COCTOSIHHMsI rasa HJIM
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JKHIKOCTH (OJHOPOAHbIE CHCTEMbl) MOT'YT GHTb 3ajlaHbl C IOMOLUBIO
napametpos: P (naBnenue), V (o6beM), T (TemMmeparypa); COCTOSIHHs
NJIEHKH JKHAKOCTH — C TNOMOLIbIO NapameTpoB: ¢ (KO3(HIKEHT mno-
BEPXHOCTHOTO HATSKeHHst), O (IJIOWa/b JIEeHKH) H T; COCTOSHUS CTepPXK-
Hsl — C [OMOIIbIO NnapamerpoB: ! (AjuHa), ¢ (NJOMAAL MOMNEPEYHOro
ceuennst), f (pacrsiruBaromasi cuna), E (moayab IOnra) ut u T. A

Cnepyer, ofHaKO, 3aMeTHTb, YTO He B JIIOOOM COCTOSIHHH CHCTEMbI
BCe ee napaMeTphl IIMEIOT onpefiesIeHHbIH cMbic/l. Tak, HanpuMep, npea-
CTaBHM cefe COCY[, pasfie/leHHbIi Ha JBe IOJIOBHHBI NePEropoaKo
¢ KpaHoM, H IycTb BHayaJie B JIeBOH MOJIOBHHE HaXOIUTCS Tas, a B npa-
BOil — BakyyM. Ecaiil Mbl OTKpoeM Tenepb KpaH, TO H3 KpaHa BLIPBETCS
cTpysi rasa. SICHO, 4To B mepBble MOMEHTHI 3TOTO Mnpolecca o6beM rasa
GyZzeT HeonpeleJeHHbIM — IIOTHOCTb Tra3a B IIpaBOii IOJIOBHHE CO-
cyla 6yneT MeHSTbCS OT TOYKH K TOYKe MO KAKOMY-TO CJOXKHOMY
3aKOHy, M YKasaTb TPaHHIE 0GbeMa, B KOTOPOM HaXOAHMTCs ras, He-
BO3MOXKHO.

Bo3MOXKHBI TaK»Ke COCTOSIHHSI, B KOTOPHIX KaKOWH-AHO60 mapamerp
CHCTeMBl pa3/MHYeH B PAa3JMUHBIX TOYKAaX, TaK 4TO EJHHOE 3HaueHHe
9TOr0 nmapameTpa AJisi BCeil CHCTeMbl He cyiecTByeT. MoxHo, Hanpumep,
NpeicTaBuTb cefe CHCTeMy, TeMIepaTypa KOTOPOi# MeHseTCsi OT TOYKH
K TOYKe, WJH Ta3, B Da3HbIX TOYKaX KOTOPOTO JaBJIeHHE Pa3JHyHO.
OnbiT noKasbiBaeT, OAHAKO, YTO B TAKHX COCTOSHHSAX TepPMOAHHAMHue-
CKHMX CHCTEM CYIIECTBYIOT IOTOKH (IOTOK TemJa, MOTOK MacChl rasa
H T. /I.) H 5TH COCTOSIHHsI HE OCTAlOTCS HEH3MEHHBLIMH (€C/TH OHH He NOJ-
JIePXKUBAIOTCS] HCKYCCTBEHHO C MOMOIIBIO TEIJIOHENPOHHLAEMBIX Mepe-
FOPOJIOK, Ta30HENpPOHHIAEMBIX CTEHOK H T. A.). ITo npouecTBHH HeKo-
TOPOrO BpeMeHH YCTAHABJHBAETCS COCTOSIHHE, B KOTOPOM Kax/bIil TaKoii
napaMeTp HMeeT OJHO H TO )K€ 3HaueHHe BO BCEX TOUKaX CHCTeMbl H
OCTaeTcsl HeM3MEHHBIM CKOJIb YTOJHO JO0JITO, €C/IH He MEHSIIOTCS BHEIIHHE
ycaoBusi. Takue cOCTOsIHHSI Ha3biBAlOTCH pasHosecHoimu. Ecan paBHOBe-
CHe He YCTaHOBHJIOCH H B CHCTeMe CYIIECTBYIOT IPaJiHeHThl MaKpPOCKOIH-
YeCKHMX NapaMeTpoB (IaB/eHHe, IJIOTHOCTb, TeMnepaTypa H T. I.), CO-
CTOSIHHE Ha3bIBAETCS HEPABHOBECHOIM.

Tpouecc nepexofa TepPMOAHHAMHUECKOH CHCTEMbl W3 HepaBHOBEC-
HOTO COCTOSIHHSI B DABHOBECHOE HA3bIBAETCS APOYECCOM DeAaKCayuULL.
Ilpu sToM 1451 BBIDABHHBAaHMSl KaXKJOTO NapaMeTpa CYIIECTBYeT CBOe
XapaKTepHOe BpeMsl — gpesms peiakcayuu AJsi JAHHOTO Napamerpa.
PoJib moMHOrO BpeMeHH peJlaKCalliH HrpaeT, OYeBHAHO, MAKCHMaJIbHOe
U3 3THX BpeMeH. BbluHc/ieHHe BpeMeH peJlakCallii JJIsl Pa3HbIX IpoLec-
COB He MOXeT GbITh BBINOJIHEHO B paMKaX TePMOAHHAMHKH, TaK Kak Me-
XaHH3M peslaKCallMH ecTb IO CYLIECTBY MPOLECC MEpPeHoca MOJeKyaaMH
(aToMaMH, 3/IEKTPOHAMH H T. J.) SHEPTHH, MacChl, HMIyJibCa H aHAJO-
THYHBIX (pU3HUeCKHX BesnuHH. OleHKa BpeMeH pejaKCcalHH ecTh Io-
9TOMy 3ajiaua HH3HUECKOH KHHETHKH.

TpencraBuM ceGe mpolecc, NpoTeKaloMmUi B TepMOJHHAMHYECKOH
CHCTEME CO CKOPOCTbIO, 3HAUHTEJbHO MeHbleH CKOPOCTH peak-
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canud; 3TO 3HAYMT, YTO HA JIOGOM 3Tame 3TOr0 NMPOLECCa 3HauyeHHs
Bcex IlapaMeTpoB GyAyT ycneBaTb BHIPaBHHMBAaTbCsl M TaKOil mpoliecc
GyaeT NPeACTaBAsT, coGOH Uenouky GeckKOHeYHO 6JH3KHX APYT K APYry
paBHOBECHBIX COCTOsIHH. TaKkue Q0CIMAmoYHO MeOAeHHbIE NPOYECCHL
NPUHAMO HA3616aMb PABHOSECHbIMU. $SICHO, YTO BCE peasibHble MPOLECChl
SIBJSIIOTCSl HEPABHOBECHBIMH H MOT'YT JIHILIb B GOJIblLeH HJIH MeHbIIeH
cTeneHH NPHOHAKATLCS K PaBHOBECHHIM.

3aMeTHM JaJjiee, YTO NpPH PaBHOBECHOM Ipoliecce B /000K MOMEHT
BpeMeHH TPajlHeHTHl BceX MapaMeTpoB paBHbl Hyuo. OtTciofa caeayer,
4TO B CHJIy CHMMETPHH NPOLECC B CHCTEME MOXKeT HATH Kak B MPSIMOM,
TaK W B TPOTHBONOJIOXKHOM HampaB/ieHHH (KaK B HanpaBJjieHHH BO3pa-
cTaHHs, TaK H B HampaB/leHHH yOblBaHHsl JI0GOrO H3 NMapaMeTpoB CH-
cteMbl). IToaToMy paBHOBecHBIH mHpouecc MoXKeT ObiTb 0Opaujer 60
gpemenu, ¥ TPH OOpaTHOM IIpoliecce CHCTeMa TpOHIET Yepe3 Te Ke
COCTOSIHHS, 4TO M IIpPH NPSMOM Impoliecce, HO B OGPAaTHOM MOpsIIKe.
B cBsI3H C 5THM paBHOBECHble IIPOLECCH HA3bIBAIOT TaKke obpamu-
MOLMU.

B TepMoaMHAMHKe UIHPOKO HCNOJb3YeTcsl rpadHyecKHii MeTol H30-
6paxeHHsi cocTosiHuil M npouieccoB. Tak, HanpuMep, B cyuae OAHOPOA-
HBIX CHCTEM (a3 HJH KHIKOCTb), COCTOSIHHSI CHCTeMbl H306paxaioT
TOYKAaMH, a MPOLECChl — JHHUAMH Ha miockoctH (P, V). Jlerko noHsts,
4TO TaKOE epaghuuecKoe u306Paicene B03MONCHO MOALKO O PABHOBECHBLY
cocmoanutl u pasrogecHolx (06pamumolx) npoyeccos, Tak Kak ornpeeseH-
Hble 3HaueHHs IapaMeTpoB (HampHMep, JaBJ/eHHs) CHCTeMa HMeeT
TOJIbKO B PaBHOBECHBIX COCTOSIHMAX. B nasibHeiieM, BIJIOTb 10 IJ1aBbl
VII, mMbl Gyzem Be3fie, Tie 3TO He oroBapHBaercsl 0co60, paccMaTpHBaTh
HCKJIIOYHTEJBHO PaBHOBECHbIE MPOLECChI.

B saksioyeHHe 3TOro naparpada 3aMeTHM, YTO Napamerpbl, OIMH-
CHIBAIOUIHE COCTOSIHHSI CHCTEMBI, He SIBJSIIOTCSI He3aBHCHMBIMH, a CBsi3a-
Hbl OJHHM HJIH HECKOJbKHMH ypaBHEHHSIMH, KOTOpbie Ha3blBAlOTCS ypas-
Heruamu cocmosnus. Tak, HanpuMmep, B cjyyae rasa CyIlecTBYeT 3aBH-
CHMOCTb MeXK/y JaBJieHHeM, TeMnepaTypoii 1 o6seMoM [ (P, V, 1) = 0,
B C/yyae CTEpPKHSI — CBSI3b MeXJy BeJHYHMHOH pacTsrHBaiouieii CHJbI,
TemmepaTypoil M AMHHOH CTepXKHs M T. A. MeTolaMH TepMOAHHAMHKH
BHJl ypaBHEHHH COCTOSIHHS He MOXKeT ObiThb YCTaHOBJIEH, H TEPMOAHHA-
MHKa YepniaeT 3HaHHe ypaBHEHMil COCTOSIHHSI H3 ONbITa HJH H3 APYIHX
Pa3fiesioB TeOpeTHUeCKOH PH3HKH (OGLIYHO H3 CTATHCTHYECKOH (PHIHKH).
OnHako ¥ B CTaTHCTHYECKOH (DH3HKE HAXOXKJAEHHE ypaBHEHHil coCTosi-
HUSl mpeicTaBasieT co6Oil BeCcbMa CJIOXKHYIO 3ajauy, PelleHHYIO JIHIUb
AJist HeGOJIBLIOTO YHCJA MPOCTEHIUHX CHCTEM.

Mbl paccMoTpHM CHayaJa TaK HasbiBaeMble udeaavHoile easvl, AN
KOTOPbIX ypaBHEHHE COCTOSIHHMS HMeeT BHA

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

HIH
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rie R — rasoBasi OCTOSIHHAsi, €CJIH B KaueCTBe TeMIepaTyphl BbIGPaTh
TaK HasblBaeMyio aGCOJIIOTHYIO TeMmepaTypy (cM. Huxe, § 2

Bcee peasibHble rasbl Biajgeke OT TOYKH CKHIKEHHs (T. e. IIPH JOCTa-
TOYHO BBICOKHX TeMIepaTypax H HH3KHX AaBJIEHHSX) B XopolleM NMpHG-
JIMXKEHHH MOTYT paccMaTpHBaThCsl KaK HleanbHEIE,

§2. T patypa. [lp n T paTypbl

B npensinymeM naparpade Mbl yxe MONb30BaJHCh MOHSTHEM TeM-
neparyphl, CuMTasi €ro HHTYHTHBHO siCHHIM. BBeleM TemmepaTypy Te-
nepb GoJsee JIOTHYHBIM, aKCHOMAaTHYECKHM IyTeM.

HicxonHbIM MYHKTOM [/Isi BBEJEHHS MOHSITHS TeMnepaTtypsl sBisieTcs
BecbMa CyGBEeKTHBHbI H PaciJibIBYaTHIf TEDMHH — CTeNeHb HarpeToCTH
Tena. Mbl MoxkeM NpHAaTh eMy, OAHaKo, Gosee OGBLEKTHBHBIH CMBIC],
[OJIb3YSICh TEM, UTO CYLUECTBYET LeJIbIH PsJL JIETKO H3MepHMbIX (U3HYe-
CKHMX NIapaMeTPOB, 3aBHCSLIMX OT CTeneHH HarpeTocTH. I[Ipumepamu Ta-
KHX NapaMeTpoB MOT'YT CJYXHTb: JJMHHA CTOJNGHKA XHAKOH DTYTH
B CTeK/IsiHHO TpyGKe, laB/ieHHe ra3a B cocye ¢ HeM3MeHHBLIM 06beMOM,
CONPOTHBJIEHHE NPOBOAHHKA, H3JyyaTeJbHas CNOCOGHOCTb HaKaseH-
HOTO TeJia H T. . aMepeHHe Mo6oro TaKoro napamMeTpa MoxeT CayKHTb
OCHOBOH V15 CO3/IaHHs SMIHpHYecKoro Tepmomerpa. [Ipu sToM wKana
H3MEpEeHHs yCJOBHOH HJH SMIHPHYECKOH TeMmmepaTyphl MoxeT GhiTh
BbIGpaHa Npou3BoJbHO. HanmpuMep, npH MO/b30BaHHH PTYTHBIM TepPMO-
MeTPOM Mbl MOXKEM Ha3BaTb yCJIOBHOH TeMIepaTypoil NJHHY CTOJIGHKa
PTYTH, H3MEPEHHYIO B JOGbIX eIHHHLAX, HJH JM06YI0 MOHOTOHHO BO3-
pacTaiolyto GYHKIHIO 5TOH IJIMHBI. 3aMeTHM TaKKe, YTO KaxAbli 5M-
NHPHYECKHH TEDMOMETP HMeeT OrpaHHYeHHYIO (XOTs Obl C ONHOH CTO-
poHbI) 06sacThb NpHroaHoctH. TaK, HHXKHAS TI'paHHUA NPHTOXHOCTH
PTYTHOTO TepMOMETpa ONpeAessieTcsl TOYKOH 3aTBepleBaHHs PTYTH,
HHKHSISl TPaHHL@ NPHTOZHOCTH Fa30BOrO TepPMOMETpa — TOUYKOH KOH-
DeHCAUMH rasa, BepXHssl CPaHHIA NMPHMEHHMOCTH TePMOMCTpa CoOmpo-
THBJIEHHS] — TOYKOH NJIaB/ieHHsi (MM KHIeHHs) MeTaqasia H T. A. Baa-
roaapst TOMy, YTo 3TH 06/MAaCTH NPHIOJHOCTH YACTHYHO NePeKpbIBAIOTCS,
Mbl MOKeM, BbIOpaB 33 OCHOBY KaKOH-TO ONMH 3MIIMPHUECKHil Tepmo-
MeTp, ONpeae/HTh YCJOBHYIO TEMIIEPATyPy NO HEKOTOPO# NPOH3BONbHOH
WKaje B BeCbMa LUMPOKHX Npeliesax.

BeezneM Tenepb noHsithe mepmocmama. Mbl 6ynem o603HayaTh 3THM
TEPMHHOM TeJI0, Macca KOTOPOro BeJIHKa 110 CPABHEHHIO.C JIIOGBIMH 1pOG-
HBIMH TeJIaMH, C KOTOPbIMH Mbl GyJleM NMPHBOJHTbL €ro B KOHTAaKT. D10
3HaYMT, YTO, C OAHON CTOPOHBI, IPH CONPHKOCHOBEHHH C NPOGHBIMH  Te-
JlaMH YCJIOBHasi TeMIepaTypa TepMOCTaTa He MeHsieTcs H, ¢ Apyro# cro-
POHBI, 110 HCTEUEHHH HeGOJIbIIOrO BpeMeHH pesakcauuu Joboe npoGuce
TeJI0, PHUBEJEHHOE B KOHTAKT C TEPMOCTAaTOM, NPHHHMAET €ro TeMnepa-
TYPY-
IToMecTHM B TepMOCTaT COCYA C rasoM H GyAeM C IOMOLLbIO TOPIIHS
H3MeHATb ero 06beM, H3Mepsis OAHOBpeMeHHO JabJeHue. Eciii Mb1 Gynem
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HAHOCHTb TIOJTyYEeHHbIE Pe3yJIbTaThl B BHJe Touek Ha (P, V) miockocTH,
TO Mbl TIONYYHM KDHBYIO (H30TepMYy), BHJI KOTOPOH CYILIECTBEHHO 3aBH-
CHT ¥ OT COpTa rasa H OT YCJOBHOH TeMmepaTypbl TepMmocTata. MeHsist
YCJIOBHYIO TEMIIEPATypy TEpMOCTaTa H NMOBTOPsis KaxAblfl pas omucan-
HYIO BBIlle TTPOLENYPY, Mbl MOJYYHM CHCTEMY H30TEPM, COOTBETCTBYIO-
MX pasHbIM YCJOBHBIM TeMrnepaTypam rasa (puc. 1).

3anuieM ypaBHEHHs H30TepM ¢ HomepaMH /, 2,... B BHAe ¢, (P, V) =
=0, g5 (P, V) = 0,... Yc0BHMCSl IPH 3TOM HyMepPOBaTh H30TEPMBI TaK,
yToOBl yBEJHYEHHE HOMEPa N COOTBETCTBOBAJIO MOBBLINIEHHIO YCJOBHOM
TeMneparyphl.

TlepeiiieM Tenepb K GeCKOHEYHO TYCTOH CETKe H30TepM, CUHTasi, 4TO

IIpU Tepexojie OT OJHOM H30TepMbl K COCeNHel YC/IOBHasi TeMmepaTypa
TepMocTaTa (a, CJIelOBaTe/bHO, M ra3a) MeHsieTcsi GeCKOHEeWHO MaJlo.
Torza HOMep H30TepMbl CJELYeT 3aMe-
HHTb HENPEepHIBHO MeHSIOIHMCS Tapa-
MeTpoM T, B KayecTBe KOTOPOro Mbl H
GyleM OpaTh YCJIOBHYIO (3MIHPHYECKYIO)
Temneparypy.

Ilyctb  W30TepMa, COOTBETCTBYIONIAs
YCJIOBHOH TeMmepaType T, ONHCHIBAeTCS

ypaBHenuem ¢ (t/P, V) = 0. Pemwas 310 z;
HEsIBHOE YpPAaBHEHHE OTHOCHTENBLHO T, TO- Fe
ayunm T = T (P, V). OnbT nokasbiBaer, ! v
YTO M30TEPMBl OJHOTO H TOTO e ra3a HH- Puc. 1.

KOI/Jla He mepeceKaloTcs H, C/1eJ0BaTe/bHO,
YCJIOBHasI TeMIepatypa SIBJAsieTCs OJHO3HAaYHOH (yHKIMeH COCTOAHHUS.
3aMeTHM, YTO YCJOBHasi TeMmmepatypa MoxeT ObiTb BBeleHa He
€/IMHCTBEHHBIM o6pasom. Hapsiny ¢ yc/0BHOI TeMnepaTypo#l T ¢ TaKuM
K IPaBOM Mbl MO2KeM BBECTH B KaueCTBe yCJOBHOH TeMIepaTy pbl Jio6yio
MOHOTOHHO BO3PAaCTAalOLLyl0 H HempepbiBHYIO GyHKuHo T = f (1),
DT0 COOTBETCTBYET H3MEHEHHIO (B OOLieM Cc/yyae HEJHHEHHOMY) TeM-
TiepaTypHOH MIKaJIbl.

OnbT nokasbiBaeT TaKxKe, YTO BJAJH OT TOYEK CXKHXKEHHS rasa
(MpH BBICOKHX TeMIepaTypax H HH3KHX JaBJeEHHsX), T. €. B obiacTH,
/e ra3 MOXET CUMTAaThCsl HAeaJbHBIM, H30TEpPMbl MPECTABJSIOT cOGOH
paBHOGOYHbIe rHnepGodbl ¢ ypaBHeHHeM PV = const, ¥ ciefoBaTtenbHO,
yCiIOBHasi TeMnepaTypa ecTb (QYyHKIHs OT mnpoussenenuss PV, T.e.
T =1 (PV).

Hrak, o6o6Liasi JaHHBIE OMbITA, Mbl BBOJHM CJIEAYIOLIHI TMOCTYIAT —
npuryun memnepamypet:  cyujecmsyem (He eOuHC 5)  YHKYUS
COCMOAHUSA  CUCMEeMbl, KOMOpPAs OCMQ@emcs NOCMOAHHOU Npu  A000M
npoyecce, npomexaioujes 8 mepmocmame, A YCA0BHOL -
pamypoii.

Ilns rasoB yc/0BHas TeMmepaTypa MOXeT pacCMaTpPHBAThCs Kak
ynkuus P u V, v = 1 (P, V). Jlnst naeanbHHX rasos T 3aBHCHT TONBKO
OT npoussegenuss PV, 1. e. 1 = 1 (PV).
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§ 3. Aurponua. Tpuuuun sHTponuu

ByneM HasbiBaThb COCYA C HIeanbHO TEIJIOHENPOHHLUAEMbIMH CTeH-
KaMu 4 nopiuHeM aduabamon. [ToMelnas ra3 B anna6aT, Mbl MOXKEM Clle-
JIUTb 32 NPOTeKaHHEM B HEM PaBHOBECHOTO Mpollecca B YCJOBHSX Tel-
JNOM30aSLUK (aauaGaTHYeCKHH Ipouecc).

MeHsist ¢ OMOLIBIO NMOPLIHS OGBEM rasa M H3Mepsist AaBJleHHe, INO-
JIy4UM BHOBb KPHBYIO Ha IJIOCKOCTH (P, V), Hocsimylo Ha3BaHHe adua-
6ame. Ecan Temepb HapyLIHTh TeIJIOH3OJISNMIO ajuabarta, NPUBE.s
€ro Ha BpeMsl B KOHTAKT C TeJOM ¢ GoJbllell MM MeHbLleH YCJOBHOM
TeMIepaTypoii, 3aTeM BOCCTAHOBHTb TEMJIOH3OJISIHIO H BHOBb OCYIIECT-
BHTb ONHCAHHYIO BBILE MPOIENYPY, MBI MONYYHM ApYryio anuabaTty.
Tpogo/kast 3TOT mpoliece, Mbl IPHAEM K ceTKe aauabat Ha (P, V)-mno-
’ cKocTH (puc. 2), mofo6HO ToMy, Kak, ocy-

LIECTBJIsISI NPOLECChl B TEPMOCTaTe, Mbl
NPHLLIH K CeTKe H30TepM.

3anuiueM ypaBHeHHst ajgHabaT ¢ Ho-
mepamu 1, 2,... B Buze Y, (P,V) =0,
Py (P, V) =0,... YcaoBuMcs TNpH 3TOM
HyMepoBaTb aAHaGaThl TaK, 4To AJs Iepe-

s Xofa oT ajguMabaThl ¢ HOMepOM 71 K ajua-

2 Gate ¢ HOMepoM n -+ 1, MBI HPHBOXHM

V' anua6ar B KOHTAaKT C TeJOM, HMEIOLHM

Puc. 2. Goslee BBICOKYIO YCJIOBHYIO TeMmepaTypy,

yeM ajguabar.

TlepeiieM K 6eCKOHEYHO T'ycToit ceTKe afuabar (/s 3TOro cjaeayer
yCTPaHATb TEMJOBYIO H30JSLMIO agHabaTa KaxIblii pa3 Ha BecbMa
MaJsioe BpeMs M NPHBOJUTH aHabat B KOHTAKT C TeJIOM, HMEIOIUM JIHIIb
HeMHOro Gosiee MJIM HEMHOTO MeHee BBICOKYIo Temnepatypy). Toraa
HOMep afHabaThl 7 CJefyeT 3aMeHHTb HellPepPHIBHO MEHSIOMMCS napa-
METpOM G, KOTOpbIii Mbl Gy/ieM HasbiBaTb ycAosHoll sumponuei. Pewas
ypaBHenue v (0[P, V) = 0 oTHocHTesbHO O, HaiiieM ¢ = o (P, V).

OnbIT I0Ka3biBaeT, yTo afHabaThl OJHOTO H TOTO XKe rasa He rnepece-
KaloTCsl IPYT C APYTOM H, CIEJ0BATEbHO, YCIOBHAS SHTPONHS ABASETCS
OJIHO3HAYHOH (PYHKILHEH COCTOSHHS.

Tak ke, KaK M YCJOBHasl TeMIepaTypa, YCJOBHAsh SHTPOIHS MOMKeT
GbITb BBEleHa He eIMHCTBEHHBIM 06pa3oM. JIo6asi MOHOTOHHO BO3pa-
cTamlast ¥ HenpepbiBHAsH GYHKLNS 0 = f (0) TaKKe MOXKeT paccMarTpH-
BaTbCsl KaK YCIOBHAsI SHTPOIHS .

OnbIT TaKXKe ¢ JOCTOBEPHOCTBIO TOBOPHT 06 ellle OHOM BarKHefleMm
CBOMCTBE CETKH ajHabaT M H30TepM — KaxkJas ajauabara nepecekaercs
¢ Kax[IoH H30TepMOii B OJIHOH H TOJbKO OfHO# TouKe (P, V)-TIocKocTH.

H3 sroro cieayer, 4To COOTHOLIEHHE MeXJy NapamMHi IepeMeHHbIX
(P, V) u (r, 0) sBAsieTCst B3aHMHO OJiHO3HAYHBIM. Kaxgol Touke
(P, V)-IIIOCKOCTH COOTBETCTBYET OJiHA H TOLKO OlHa napa uuced (T, 0),
TAK KaK yepe3 5Ty TOUKY NPOXOAHT TOJbKO ONHA H3oTepMa (T) M OfHa
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anuabara (0) (M30TepMBI He MepeceKaroTCsi APYT ¢ APYTOM H ajanHabatsi
He nepecekaroTest Apyr ¢ Apyrom). HaoGoporT, ecsiu Mbl BBeIeM 1715t H306-
paKeHHsl COCTOSIHHUA Ta3a (T, 0)-MJIOCKOCTb, TO KaXK0H TOYKe 3TO# NJIo-
CKOCTH COOTBETCTBYET OJIHa H TOJIbKO OJlHa mapa uncen (P, V), Tak Kak
usotepMa (t) M anuaGarta (o) mepecekaroTcsi APYr C APYTOM, NPHYEM
TOJIBKO B OfiHO# TouKe (P, V)-nsockoctH. OTciofia cieayeT, YTo CoCTos-
HHe Ta3a CTOJIb JKe XOPOIIO MOXKeT GhiTh 0XapaKTEePH30BAHO 3aJlaHHEM
napb! 4Kcesn (T, 0), Kak H 3ajanueM napsl yncen (P, V), u 1is u3o6pa-
JKEHH$ COCTOSIHMH Ta3a OJMHAKOBO XOPOLIO MPHToAHk! (P, V)-niockocTh
n (T, 0)-IJIOCKOCTD.

Jlns WueanbHBIX Ta30B B HEKOTOPOM HHTepBaJie TeMneparyp ajuaba-
Thl ONHMCHIBAIOTCSI YPaBHEHHEM

PVY¥=const, (3.1)

re BeJqHYHHa y > | Ha3biBaeTcst nokaszameaem aduabamel W JJisi JaH-
HOTO Ta3a sIBJISIeTCS] IOCTOSIHHOH BeJiHunHO#. (3akoH (3.1) BbinoJiHsieTcs
JUIS1 OIHOATOMHBIX Ta30B NMPH JIOGbIX TeMnepatypax, a AJisi MHOTOaToM-
HBIX — B JIOBOJIbHO IIHPOKOM JHana3oHe Temnepatyp.) B § 8 mbi yGe-
JIMMCSl B TOM, YTO Y NpeJCTaBisieT co60i OTHOIIEHHE TEMJIOEMKOCTH NpH
NOCTOSTHHOM JlaBJIeHHH Cp K TEIVIOEMKOCTH NpPH NOCTosiHHOM o6beme Cy.

BBejieM B CBA3H C 3THM NOHSATHE CO8EPUILHHO0 2a3a, TIOHHMasi MOA
9THUM HJleasibHblil Ta3 (M30TePMbl KOTOPOTO OMHCHIBAIOTCS YpaBHEHHeM
PV = const) ¢ nocrosinnbiMi TenJioeMKocTsMH Cy # Cp (Mbl yBHAHM,
BNPOYEM, 4TO JIOCTaTOYHO NOTPeGOBaTh MOCTOSIHCTBA TOJIKO OMHOH
13 3THX TemJsioemMKocTel). AjHaGaThl COBEPIIEHHOTO ra3a ONHCHIBAIOTCS
ypaBuennem PVY = const.

B cuny Toro, uro y > 1, annaGartbl Kpyye HaKJOHEHbl K ocH V,
ueM H3oTepMbl PV = const. IToatoMy TOT BakHeHwHH (akT, 4TO Ka-
KJas ajuabara nepecekaercs C KaXkIoH H30TepMOil B OJHOH H TOJIbKO
OJIHOH TOYKe, JI/Isl COBEPUIEHHOTO Ta3a CTaHOBHTCSI TPHBHAJIbHBIM, TaK
Kak CHcTeMma ypasnenuit PV = a, PVY = b umeer onHo perenue

b .._]_ / v __l__.
= aV\T=T
V=G =5

OueBHIHO, JJIst COBEPILEHHOTO Ia3a yC/IOBHAS SHTPOTIHS 3aBHCHT TOJIBKO
or npousBsellenss PVY.

Mbl MO3KeM Tenepb, 06061asi AaHHble OnbITa, CHOPMYIHPOBATH CJie-
AYIOIIHH NOCTYJIaT TEPMOAHHAMHKH — NPUHUUN IHMPONUL: CYLiecmeyem
(e eduncmgennas) 00HOBHAUHAR (PYHKYUS COCMOSHUS, OCMAIOU4ASCH
nocmoanKol npu awboix npoyeccax 6 aduabame, HA3bIBAEMAS YCAOBHOL
sumponueil. Mexdy napamu nepemennoix (P, V) u (t, 0) cyujecmeyem
63aUMHO 00HOBHAUHOE cOOmeemcmaue. Jliisl Ta3oB yc/OBHAsi SHTPOMHS
MOKeT paccMaTpHBaTbCs KaK pyHKIHUS JaBJieHHs1 H o6beMa ¢ = o (P, V).
Jlas coBepuienHoro rasa ona 3aBHCHT TOMbKO OT mpoussefenns PVY,
T.e.0 = o (PVY).



18 OBIIME 3AKOHBI TEPMOJWHAMUKH (ra

§ 4. AGcomoTHas TeMnepatypa H aGcoJiOTHast IHTPOMHS

B npexbiaymux naparpabax Mbl ONpelelH/JH YCIOBHYIO TeMrepa-
TYpy H YCJIOBHYIO SHTPOIIMIO C TOYHOCTBHIO 10 NMpeo6pa3oBaHHi T' =
=f(t) v ¢ =f,(0), rae f; U f, — MOHOTOHHO Bo3pacTaiolie H
HenpepbiBHble QYHKIHH CBOHX apryMeHTOB.

IpousBos1 B BeIGOpe yCJIOBHOH TeMnepaTyphl H YCAOBHOH SHTPONHH
MOXeT GbITb, OJHAKO, YCTPaHeH C/IEAYIOLHM 06pasoM.

YcnoBHeM B3aMMHOH OJHO3HAYHOCTH COOTBETCTBHSI NMap 3HaueHHH
(P, V) H (v, 0) (m1s 1ByX GecKOHeuHO MaJsbix obuacreit (P, V)- u (t, 0)-
IUIOCKOCTeH) sAB/sieTcs, KaK M3BeCTHO, OTJHYHe sSIKOGHAaHa mpeobpaso-
Bauust J = @ (P, V)/d (v, o) or Hyass u oT GeckoHeyHoctH: J 5= 0,
1/J = 0 (cM. «MareMaTHueCKoe NMpPHJOXKEHHe», N. A

I'eoMeTpHyecKHit CMbIC/ sIKOGHAHA 3aKJIIOYAeTCsl B TOM, UTO €ro Mo-
AyJb faeT KospdHIUHEeHT H3MEHEeHHs 3/1eMeHTapHOH MIOWAAH NPH nepe-
xoze ot (P, V)- Kk (t, 0)-mI0CKOCTH

dP dV — | J | dv do.

Ecan Mb notpeGyeM noaxoro pasxonpasust (P, V)- u (t, 0)-mio-
CKOCTe#l, TO €CTeCTBEHHO HAJIOXKHTb TpeGOBaHHe, YTOGbl sIKOOHaH J
paBHsiicst efuHuLe. Takas HOPMHPOBKA siKOGHaHa NMPHBOJHMT K OIpe-
JIe/IeHHOMY BLIGOPY (C TOYHOCTBIO 10 Hayasa OTcyeTa H Maciutaba) TeM-
nepaTypHOH M SHTpONHiiHOM WIKas. TemnepaTypy W SHTPONHIO, OTCYH-
TaHHble 110 3THM INKAaJaM, Mbl GYleM HasbiBaTh aGCOAOMHOL memnepa-
mypoti T u a6coaromroti sumponueii S (B nocaenylomux naparpadax Mol
6yJeM 1J1si KPaTKOCTH CJIOBO «abCOJIOTHAs» ONYCKaTh).

3aMeTuM, 3a6erasi Brepef, YTO CYIUECTBYIOT TePMOJAHHAMHYECKHe
CHCTEMBI, /sl KOTOPBIX KaJHOGpOBKa abCOJIIOTHON TeMmepaTyphbl H a6co-
JIIOTHOM SHTPOINHH ¢ moMolubio cootnowenus J = @ (T, S)/d (P, V) =
BO3MOXXHa He Ha Bcelt (P, V)-naockoctH. IlpuMepoM TakKo# cHCTeMbl
siBasieTcsl KHAKasi Boja (cM. § 17) M HeKoTophble Apyrue XHAKOCTH,
npeACTaBIsiolHe, OJHAKO, BeCbMa HEMHOTOYHC/IEHHble HCKJIOYEHHS.

Ycnosue 8 (T, S)/d (P, V) = 1 nosBoasieT onpepenuTh TeMmepa-
TYpPY H SHTPOMHIO KaK (GYHKUHH JAaBleHHsi H ob6beMa Ans moGoi Tep-
MOJMHAMHYECKOH CHCTEMBI, /sl KOTOPOH H3BECTHbI YpaBHEHHs H30TepM
U aanabat. Mbl Hcnosb3yeM B KauecTBe paGouyero BelllecTBa AJIs KaJH-
6pOBKH aGCOMIOTHOM TeMnepaTyphl H aGCOMOTHON SHTPONHH COBEpLIEH-
Hblit ra3. Tak Kak JJisi HEro TeMnepaTtypa 3aBHCHT ToJbKo ot PV, a
surponns ot PVY, 1o, o6osnauasi PV = x, PVY =y, umeem T = T(x),
S=S@ u

a(T, S)
(P, V)

1
S'(v—=Dy°

3nech cumBoaaMH T’ u S’ oGosHauenbl npoussopubie T () u S (y)
no ux apryMenram. Tak Kak B (4.1) npaBasi yacTb 3aBHCHT TOJILKO OT

=TS (y—1) y=1, T'= (.1
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. a JieBasi TOJBKO OT X, TO KaXJasl M3 HUX paBHa OJHOH H Tofl Xe Mo-
croaunofl 1/R. Torpa mosyuaem ypaBHeHHs

’ 1 ’ R
T’ (x)=-, N (y)=m, “4.2)
HHTErPUPYS KOTOPHIE HAXOZHM

T=%+0="0 10,

P R (4.3)
S‘_‘y“_‘Tl"y"‘C:?T;lU (PVY) 4C,

rae 0 u C — nocTostHHbIe HHTErpHpoBaHHs. ITocKOMBKY YyNOGHO B Ka-
yecTBe aprymeHTa y JorapHgma HMeTb Ge3apasmepHOe YHCJO, BhGepeM
nocTosiHHyto C paBHOH

So— 2 In(PVD).

Torzna .
R PVY R (T—6) VY~
s—s =——-ln< >=——ln[——_—}=
0Ty —1 VY] =1 @, —oyvy-!
— R [@=0P—Y
- l"[m—eWPL—V]’ “4

rae So, Po, Vo Ty — MapaMeTpel HEKOTOPOTO MPOH3BOJIBHOIO COCTOSI-
Husi. TakuM 0Gpa3oM, MBI ONpeieNHJH aGCOMOTHYIO TeMnepaTypy H
aGCOJIIOTHYIO SHTPONHIO C TOYHOCTBIO IO Hauasna OTCueTa (MOCTOSIHHbIE
0 1 S,). [TocTosiHHast SHTPONHHK B TePMOJAHHAMHKe OCTaeTCs MPOH3BOJb-
HOiT M MO>KeT GhITb HalifileHa TOJIbKO B CTaTHCTHYeCKO# pH3kke (cM. § 40).
B npoTHBOMOJ/IOKHOCTb 3TOMY MOCTOsIHHast O, kak Mbl yGenumcsi B § 8,
OJIHO3HAYHO Ompejie/isieTcsl TPeGOBAHHEM MOCTOSIHCTBA TeMJOEMKOCTH
Cy u okasbiBaeTcsi paBHolt Hymo: 0 = 0.

B nanbHefimeM BnioTh A0 § 8, B KOTOPOM 3TO yTBepxKJeHHe GyxeT
NI0Ka3aHO, MHl GyJieM MOJIb30BATLCS 3TUM BLIGOPOM Hayasla OTCYEeTa TeM-
nepatypbl. B gactaoctH, ¢popmyas (4.3), (4.4) npumyT Buz

R PVY R TVV—!
PV=RT, S—8,=—1 =21 =
RT, Sy 7= nP‘,I/;' 7= nTUV‘g—‘
R VP! -V
_YTan. (4.5)

TMoctosinnas R onpexesisieT AuiIb MaciiTab LIKaJl TeMNepaTypbl H SHT-
ponuu, ¥ ecnu BHIGpaTh R = 8,31 107 spe/epad - mose, mKaaa TeMnepa-
TYpbl coBnajeT co wkanofi KeabBHHa.

Mbl onpenennan, TakuM 06pasoM, aGcOMIOTHYIO TeMnepaTypy H
a6COMIIOTHYIO SHTPOMHIO AJISl HAEAJbHBIX Ta30B.

Pacnpoctpanenne MOHATHS TeMNepaTyphl Ha JiioGble TePMOAMHAMH-
HCCKHe CHCTeMbl MOKET GhiTb Tenepb IPOBEIeHO TPHBHAJILHBIM CIOCOGOM,
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[Myctp uMeeTcss TepMocTaT, PaGOYHM BEIECTBOM KOTOPOrO SIBJISETCS
neanbHelll Ta3. [IpHBOAS B KOHTAKT C HUM JI0GO€ TeJIo, Mbl, 10 Onpese-
JleHH1o0, coobllaeM 3TOMY Teay TeMmnepatypy TepMocTara. [lo cymecTBy
3TO O3HAYaeT, YTO MHl YC/IABJHBAaEMCs H3MepSTh TeMmeparypy JoGoH
CHCTEMbI Fa30BBIM TEDPMOMETPOM (C HIeaJIbHBIM Ia30M B KayecTBe paGo-
Yero TeJia) HJH, YTO TO 2Ke caMoe, JIIOGBIM SMIHPHYECKHM TePMOMETPOM,
HO NpPOrpajyHPOBAaHHbIM C MOMOILBIO Ta30BOTO.

Bonpoc o ToM, Kak pacnpocTpaHHTb NOHSTHE aGCOMIOTHOH SHTPONUH
Ha Jto6ble TepMOJAMHAMHYECKHEe CHCTEMbI, Mbl paccMoTpuM B § 10.

Hafinem Bua wu3oxop, u3o6ap, H30TepM H H303HTpon (aauabat)
Ha (P, V)- u (T, S)-nocKocTX AJIs YaCTHOTO CJyYasi COBEpILEHHOrO
rasa.

£ =const T S=const Veconst

P=const

P=const - T=const
T=const : 3
S=const
v ]
Ej
Puc. 3. Puc. 4.

Ha (P, V)-nnockoctu nunuu V = const, P = const, T = const,
S = const uso6paxens Ha puc. 3 (ypaBHenHe H3oTepMbl: PV = const,
ypaBHeHHe H303HTponsl PVY = const).

YpaBHeHUs H30X0pbl H H306apsl Ha (T, S)-MIOCKOCTH MOJYYHM, Bbl-
pasuB P u V uepe3s T u S ¢ noMolupio ypaBHeHHiT

PV =RT, PV¥=conste" "SR,

Hckatouas 3 5THX ypaBHEHHH JaBjieHHe HJIH OGBEM, MOJyYHM Ce-
MeiicTBa u3oxop H u3obap Ha (T, S)-naockocTH:

npu V=const T=T,(V)ew=1SR, (4.6)
npu P=const T=T,(P)e¥—DSNHR, 4.7)

rae Ty (V) u T, (P) umeror pasmepHocts Temnepatyprl (T (V) ~ Vi,
Ty (P) ~ PT).
Ha (T, S)-niockocTH Mbl HMeeM JBe CHCTEMBI SKCIIOHEHT (pHc. 4).

Tak xak y>>1, M30XOpH Kpyue HaK/JOHEHH K OCH S, ueM u30-
6apbl,
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§ 5. Pabora

[TousiTHe pa6oThl MPHIWIO B TePMOAHHAMHKY H3 MeXaHHKH. Eciu
(B cyuae OJIHOMEDHOrO IBHXKEHUS) 3alaHa CHAA [, TO 3JeMeHTap-
Hasi paboTa ompegnensiercss GopMyson

§A=fdx.

3aMeTHM, UTO YK€ B MeXaHHKe BHIpakeHHe JJIsl /eMeHTapHOH paboThl
ne ABJseTCs, BooOLe roBopsi, AH(depeHIHaIOM HeKOTOPOH (yHKUHH
KOOPAHMHATbI X, TaK KaK CHJIa MOXKET SIBHO 3aBHCETb He TOJbKO OT X,
HO H OT BPEMeHH H OT NMPOHM3BOAHBIX X 1O BpeMeHH (HampHMep, OT CKO-
pOCTH) — B 3TOM C/lyyae TOBOPST O HEMOTEHLHANbHbIX CHIAX.
B ciyuae pacluupeHHs HJIH cxkaTHs rasa pa6oTa, Kak U3BECTHO, Bbl-
paxaercsi opMyJIoH
8A=PdV. 5.1)

Tak ke, KaK H B MeXaHHKe, BblpaxkeHHe (5.1) B ofllem cayuae He fiB-
nseTcss AudupepeHIHaNOM KaKOH-IHG0 (GYHKUHH COCTOSIHHSI rasa. 310
CTaHOBHTCSI OCOGEHHO SICHBIM, €CJIH PacCMOTPeTh rpaduuecKyio HHTEp-
nperaimio pa6otel Ha (P, V)-muarpamme.
Pa6ora, coBepuiaeMasi NpH paclIHPEHHH. rasa
or o6bema V, 1o o6bvema V,, paBHa
Vs
A= Pav,
Vi
H rpacduyeckH oHa H3o6paxaeTcsl MIOLAAbI0
urypsl, aexarneit nox kpusoit P (V) (puc. 5).
Tak Kak JaBJeHHe raza He OmpejensieTcs Pre. 5.
O/IHO3HAYHO ero 06beMoM, a sBasieTcss QyHK-
uMeil cocTosiHHsl rasa (KOTOpoe Mbl MOXeM 3ajaTh, HampHMep, C Mmo-
Momplo mepeMeHHbIX V M T), TO naBjeHHe rasa B MPOMEXYTOYHBIX
TOYKax MoxeT ObiTb Kak OGosbllle, TaK H MeHblle JaBJeHHs Ha
rpaguke I (rpapuku II u I1I), u, creposarenbHo, paGora He ompe-
ZieJIsleTcsl HAa4abHBIM H KOHEUHbIM COCTOSIHMSIMH ra3a, HO 3aBHCHT OT
Bcero xoAa mpouecca. CiefoBaTesbHO, KPHBOJNHMHEHHBIH HHTErpai
SP dV 3aBHCHT OT MyTH HHTErPHPOBAHHS H MOJbIHTErPa/bHOE BbIparKe-
Hie 84 = P dV He siBisiercsi MOJHbIM AH(depeHIHaIOM KaKoH-THE0
Gynkunu cocrosiHus rasa. QU3HUECKH TO O3HAYAET, YTO HE CYIIECTBYET
BeJlnuuHbl A (paboTa, aKKyMYJIHPOBaHHAsl B ra3e B JAHHOM €ro cocTosi-
HUH), mpHpaileHHeM HJH yObIbio KOTOpOH Gblia Gbi BequuHHa 8A.
Mbl nopuepkuBaeM 3ToT haKT TeM, YTO 0603HAUAEM GECKOHEUHO Mallyio
paGory cumsosioM 8A, a He dA.) B npomusonoioxcHoCMs MaKum eeat-
uunam, kax V, T, P, S, asrsiomyumcs pynkyuamu CoCmMOsHUs 2asa,
paboma seasemcs @yHKyueti npoyecca u npuobpemaen CMoiCA MOA6KO
npu yrasamuu ycaosull Caamus uAL PACUUpeRus 2as3a.

v, v, v
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Tax, B cayyae CoBepLIEHHOTO rasa HMeeM:
1) Hsorepmuueckuit npouecc: PV, = P,V, = PV.

AT—§PdV PV1§-~—--—PV11n _er‘;—:. (5.2)

1

2) A;maﬁa'ruqeclmﬁ npouecc: Py VY = P, VY = PVV.

As—§PdV P V"§ o =P ()] =

~E[-) oo

3) Hsobapuueckuit mpouecc: P, = P, = P.

Vs
Ap= S PdV=P(V,—V,)=R(T,—T),). (5.4)
Vi
4) Hsoxopuueckuii npouecc: Vy =V, =V
Vs
Ay= SPdV:O. (5.5)
Vi

§ 6. AnuaGaTHuecKHil M M30TePMHUECKHH MOTeHUMAJbI

OGpaTHMcst ONATb K MeXaHHYeCKOil aHaJOTHH H JOMYCTHM, 4TO CHJIA
(NpH OZHOMEPHOM JBHMKEHHH) eCTb (YHKUHS TOJNBKO KOOPAHHATHI X.
Toraa BuipaxenHe Aasi pa6orsl §A = f dx MOXKHO NpEACTaBHTbL Kak
y6bib HeKoTOpoi (yHKuMH U (x), KOTOPYIO Ha3bBAlOT MOTEHIHA/OM
CHJIBL f:

8A=fdx=—adU(x),
OTKyJa
_au
f= T xt

B rtepMonuHamHke, Kak caeayer H3 ¢opmyas 64 = P dV, pouab
CHJIBI MTpaeT faBjeHue P 1 posb KoopaHHathl o6bem V. ITo aHajoruu
C MeXaHHYECKHM MOTEHL[HAJIOM BBEJEM mepMOOURAMULECKUE NOMEKYUANbL
TaK, 4ToGbl MPOHM3BOAHAs MO OGBLEMY OT TePMOJAHHAMHYECKOrO MOTeH-
IlHajla paBHsJAach AABJIEHHIO C OGPATHBIM 3HAKOM.

BeeznleHHbIH TaKHM 06pa3oM MOTEHIHaJ 3aBHCHT OT TOro, MpH Ka-
KHX JIONIOJIHHTE/IbHBIX YCJOBHSAX BEJETCS CKaTHe HIH pacliMpeHHe rasa.
Mel TpeGyeM, OJHAKO, UTOGHI KaxcObiii BBEAEHHBIH MOTEHNHAJ Obln Gbl
OlHO3HAuHOH (yHKLMeH cocTosiHHS ra3a. PaccMOTpUM ABa 4acTHbIX
cayyas:

1) AnnaGatnueckuit mpouecc.
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IpupaBHsiem pa6oTy NpH aaHaGatHuecKoM mpolecce YGHUIH adua-
6amuueckoeo nomenyuasa, 0603Hauns ero U. Vmeem

84g=PdVs=—dUs. (6.1)

QueBHIHBIM 06o6meHHeM (6.1) Ha ciryyaii MPOH3BONBHOTO HeajHaGaTH-
4eCKOTO Mpolecca sB/sSeTcs PaBeHCTBO

dU=—PdV +adS. (6.2)
Tak Kak BbIpaxeHHe (6.2) 101xkHO GBITh MOMHBIM AHdPepeHnranoM, To
&)= —(5)
av)s — as/v?

YTO MOXeET GhITh 3alHCAHO B BHIE
A, S) _a(r, V)
a(V,8) a(v, S’
OTKYyZa, MOJb3YsICh CBOMCTBAMH $IKOGMaHA, HAaXOMHM
a(a, S)
FI:%)
B cuay pasenctsa 8 (T, S)/8 (P, V) = 1 sikobuau 4 (a, S)/a (P, V)
obpainaercsi B eIMHHILY NpH o = T U BeIpaxeHHe AuGdepeHuuana U

[IpUHUMaET BH]J
dU=TdS—PdV. (6.3)

Orcioaa BHAHO, YTO «eCTECTBEHHBIMH» nepeMeHHbBIMH afna6aTHYeCcKOro
NoTeHlIHaNa SIBJASIOTCA 3HTPONHA H o6beM, H NPOH3BOJHbBIE U no atum
nepeMeHHbIM paBHBI

T=(%), P=—(%)- (©64)

2) HsotepmHuecKHii npomuecc.
IMpupaBuuBast paGoTy npu H3oTepMHueckoM npouecce §Ar yObuiH
usomepmueckoeo nomenyuara F, noayuum

8Ar=PdVr=—dFr.

EcrecTBeHHbIM 0606lLIEHHEM 3TOTO PaBEHCTBA HA CJyuall MPoOH3-
BOJILHOTO HEH30TEPMHYECKOTo Mpolecca SIBJSETCsS COOTHOLIEHHe

dF =—PdV+BdT.
Tak Kak 3T0 BhIpaKeHHe JOMKHO GhITh MOJHBIM NHQbEPEHIHAIOM, Mbl

HMeeM
3),--5)
(BV r-  \dT)v

WK, nepexojs K sikoGHaHaM,

oB.T) _ o, V) 0B T) 4
v, n - aw, T ap vy

=1
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B cuay pasenctsa o (T, S)/o (P, V) = 1 akobuan d (B, T)/a (P, V)
oGpaiuaercsi B eIMHHIY NIpH B = —S, H, CJIeI0BaTeNbHO,

dF=—SdT—PadV. (6.5)

Orciona BHIHO, YTO «€CTECTBEHHBIMH» TNIepEeMEHHbIMH JJ1 HW30TepMHYe-
CKOro noTeHIHazna sBAAIOTCSA TEMIEepaTypa H o6beM u TIPOHU3BOAHbBIE F
70 3THM MNEPEMEHHbIM paBHbI

se~(f), pe-@l e

Haiinem cBs3b MexJy aaHabGaTHYECKHM H H30TEPMHUYECKHM MOTeH-
uManamu. Briukras w3 (6.3), (6.5), Haxomum

d(U—F)=TdS+SdT =d(TS),

OTKYAa CJelyeT, 4To
F=U-TS, (6.7)

rjie TOCTOSIHHYIO HHTErpHPOBAaHHS Mbl BBIOpA/H PaBHOH HYJIO.

§ 7. Mpunumun svepruu. IlogBop M oTBOA Tenaa

BBesieM NOHSITHE BHYympeHHell IHepeuy TePMOJHHAMHYECKOH CHCTEMBI,
onpesensisi ee Kak MOJHYIO 9HEPTHIO (33 BBIYETOM KHHETHUECKOH H To-
TEeHUHAJbHOH 3HEPruil) CHCTeMbl KaK 1ieoro. BHYTpeHHsisi 3Heprus
CHCTEMBI MOXKET ObITh H3MeHEHa JABYMst H3HUECKH Pa3/HUHBIMH CIIOCO-
Gamu:

1) cosepluenue paGoTsi 8A ra3oM HJIH BHEIIHHMH CHJIaMH HAJ ra3oM,

2) npHBejieHHe ras3a B TEMJIOBOH KOHTAKT ¢ Gojiee HarpeTbiM (Harpe-
BaTesib) WM MEHee HarpeThiM (XOJOAHJBHHK) TesoM. Ecau mnpu atom
pa6oTa He COBepIIAETCSsi, TO KOJIHYECTBO SHEPTHH, NOJYyYeHHOE (HJH
NOTePSIHHOE) Ta30M NPH TAKOM KOHTAKTe, MPHHATO Ha3blBaTb nodseden-
Howm K 2a3y (MM OTBEJEHHBIM OT ra3a) KoAUu4ecmeom menaa 1 0603HayaTh
ero cumMBoJioM 8Q.

ATO yTBepKAEHHe, NIPEACTaBsIOlIee N0 CYIECTBY 3aKOH COXPaHEeHHS
3HEPTHH, Mbl Oy/ieM HasbiBaTh NPURYUNOM dHzpeuu (ePBOe HAYaJIO Tep-
MOJMHAMHKH).

3ameTHM cpasy Ke, YTO AJsi NPOLECCOB B ajuabaTe BTOPOH C110COG
M3MEHeHHs! SHEPIHH HCKJIOueH, H paGoTa coBeplIaeTcs 3a cueT yObliH
BHYTDEHHel 3lepruH. DTO 3HAUMT, YTO BBEJCHHBIH B NpeibAYylIEM
naparpade aaHaGaTHyecKHil notenuuan U TOXNECTBEH C BHYTpeHHeH
SHEprHen.

TakuM 006pasoM, NPHHLMI SHEPTHH MOXKeT ObITh 3anucaH B BHAE

dU=56Q — 84 =8Q—P dV, 7.1

MpHYEM TEMNJIO CUHTAETCS TNOJOXKHTEJIbHbIM, €CIH OHO MOJBOJHTCS K CH-
CcTeMe, H OTPHLATENbHbIM, €CJIH OHO OTBOAHMTCA OT CHCTEMBI. CpaBHHBaﬂ
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¢opMyJibl (7.1) u (6.3), HAXOXMM COOTHOILEHME, CBA3LIBAIOIEE TEMJIO
6Q ¢ auddepeHHaNOM SHTPONHH:

8Q=T4dS. (7.2)

UpesBbiyaiHO BaXKHO OTMETHTb CJeflylollee BecbMa BaXKHOe OTJIHYHe
dopmyJbl (7.1), ¢ ofHOH CTOPOHHI, OT GopMy.bl (7.2) M GopMyJbl

dU=TdS—PdV, (7.3)

¢ apyroit croposl. ®opmyana (7.1), MOCKO/IbKY OHa MpeACTaBasieT co6oi
0co6yi0 GopMy 3amHCH 3aKOHAa COXPAaHEHHs M NpeBpalleHHs] SHEpPrHH,
cnpaBefinBa JJsi JIOObIX MPOLECCOB, KaK PaBHOBECHBIX (0GPaTHUMBIX),
TaK M JJs HePaBHOBECHBIX (HeoGpaTHMbIX). B mpOTHBOMOMOXKHOCTB
sToMy ¢opmy.bl (7.2) u (7.3) cnpaBefJMBbl TOJbKO JJIsI PABHOBECHBIX
[IPOLIECCOB, a B CJy4Yae HePaBHOBECHbIX MPOIECCOB, KaK GyJeT NOKa3aHO
B § 21, OoHM JOMKHbl GbITb 3aMeHeHbl HEKOTOPBIMH HepaBeHCTBAaMH.
C npyroit cCTOpoHbl (OrpaHHYHBAsIChb PAacCMOTPeHHEM TOJIbKO PaBHOBEC-
HBIX TTPOLIECCOB), Mbl JOJIKHbBI KOHCTaTHPOBATb, YTO COAEPKAHHE paBeH-
crBa (7.3) 3HauMTeJbHO IIMpe, YeM cojepxaHue paBeHcTBa (7.1), Tak
Kak paBeHCTBO (7.3) CyIIeCTBEHHO ONMMpAeTCs Ha MOCTYJaThl O Cylle-
CTBOBAHHMH TeMNEpaTyphl H SHTPONHH H TeM CaMbiM OOBbeIHHSET MPHH-
LMMbl TEMIIEPATyPbl, SHTPOIUHU H SHEPTHH. B CBsA3H ¢ 3TUM COOTHOLLIEHHE
(7.3) yacTo Ha3bIBAIOT OCHOBHLIM TEPMOAMHAMHYECKHUM TOXKAECTBOM (115
PaBHOBECHBIX ITIPOLECCOB).

3ameTuM, 4yTo ycaoBHe Kanubposku 8 (T, S)/d (P, V) = | saBnsercs
caepcTBHeM (7.3), HO TOLKO TpH YCJIOBHH, yTO (9P/8S)y = 0 (KaK Mbl
yBUIUM B § 17, 3TO yc/10BHe MOXKeT HapylaThes AJ1s Psiia BEllecTB B He-
KOTOpHIX TouKax (P, V)-miockocth).

dopmyaa (7.2) BecbMa cxoiHa ¢ (GOpMyJIOl 3JeMeHTapHOH paGoThl

8A=PadV. (7.4)

Beuay atoro cxoncrBa I'n66c npeasioKHI Ha3bIBaTh SHTPOMHIO S TepMo-
JMHaMHYecKoil KoopJMHaToll, a TeMnepaTypy 7" — TepMOAMHAMHYeCKOH
cunoit. Tak ke, Kak pa6oTa cBsi3aHa ¢ H3MeHEHHEM MeXaHHYecKol Ko-
OpJIMHATHI, TOJBOJ WM OTBOJ Tel/a CBS3aH C M3MeHeHHeM TepMOJHHa-
MHYECKOH KOOPJAMHATHI — 3HTPOMHH.

TMosson Temna K cHcTeMe SKBHBAJEHTEH YBeJHYEHHIO TEPMOAHHAMH-
YecKoll KOOpAMHATH — MOABOJY SHTPONHMH, OTBOA TeMJa OT CHCTeMbl
5KBHBaJIEHTEH YMEeHBIICHHIO TePMOAHHAMHYECKOH KOOPAHHATBI — OTBOAY
SHTpONMHH. MOXKHO CKasaTb, YTO TePMOJAHHAMHMKAa PAaBHOBECHBIX MpoLec-
COB npeJcTaBJisieT co6oil HeKoe pacliipeHHe MeXaHMKH, CBSI3aHHOe C BBe-
JeHHeM JIOMOJIHHTEJILHOH HeMexaHHYecKoH cTemenu cBoGoibl. Ecin
B MeXaHHMKe OJHOMEPHOTO IBHXKEHHSI BO3MOXKHO TOJNbKO H3MeHeHHe
KOOpIHMHATE X (B MeXaHHMKe rasa — HM3MeHeHHe oGbema V), To B Tep-
MOJMHaMHKe CyUIECTBYET TaKxKe M3MeHeHHe SHTPOIHMH S, O3Hauyalollee
NOJABOJ JIHGO OTBOJA TelJa,
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Hsorepmuueckuil noTeHuHas F HasbIBAIOT TaKxKe c80600HOL 3Hep-
eueii, a pasHocTe U — F = TS — csaszannoli snepeueli. ITH Ha3BaHHS
CBfI3aHbl C TeM, YTO F MOXHO OMNpEeAeJHTb KaK Ty 4YacTb BHYTPeHHeH
9HepruH, yGhb KOTOPOH faeT paGoTy MpH H30TEPMHYECKOM Mpoliecce,
B TO BpeMsi Kak y6uub wacth TS, paBHas —T dS npu T = const,
KOMIIEHCHpYeTcs mojBefieHHBIM TemioM T dS.

3aiimemca  Goslee JeTajbHbIM aHamu3oM ¢opMyas 6Q = T dS.

TeoMeTpHyecKast HHTeprpeTalsi KOJHYECTBA TelJia Ha JHAarpamme
(T, S) coBeplIeHHO aHAJOrHYHA HHTepNpeTally paGoTsl Ha XHAarpamme
(P, V), HMEHHO, KOJIHYECTBO TeIa, MOABENIEHHOE K CHCTeMe, aHAIHTH-
YeCKH Bhlpaxaercsi GopMyoi

Sa
Q=1{Tas,

St

a reoMeTpHYeCKH H300paxaeTcsi MJOWAAblo (Hrypbl, Jexallell nox

kpuBoil T (S) (puc. 6).
Tak xaK Temneparypa He sBjsiercsl GpyHKIHeH OQHOH TOJIBKO 3HTPO-
nuH, a QyHKuMel COCTOSIHHS rasa (Hanpumep, ¢yHKuuedr S u V, uin
¢yHkunelt P u V), to miowanp (Tenso)

T 3aBHCHT He TOJbKO OT HAaYaJbHOrO H Ko-
HEUYHOTO COCTOSIHHI, HO M OT BCEro XOxa

g npouecca. B mpoMexyTOUHbIX COCTOSIHHSX

L npouecca TeMepaTypa MOXeT ObiTb H

Gosibllie M MeHblle, 4eM TeMmeparypa, co-
orBeTcTBylomas rpaguky /. IToatomy Ko-
JMYecTBO Temsa Aas mpoueccoB /1, 1]
H T. . GyIeT COOTBETCTBEHHO Gosblue H
Puc. 6. MeHblle KOJIHYEeCTBA TerlJia, COOTBETCTBYIO-
wero npoueccy /. DTO 3HAYHT, YTO KpH-
BOJIMHEHHBIH MHTErpaJ ST dS 3aBUCHT He TOJbKO OT HayaabHOH H
KOHEUHO! TOYeK, HO M OT BCEro KOHTypa HHrerpupoBanus. Cienosa-
TeJbHO, NMOIbIHTErpanbHoe BbipaxeHne 8Q = T dS He sBasieTcst noJ-
HBIM JAH(depeHIHaNoM KaKoH-1160 GYHKIHH COCTOSIHHS rasa. ®usu-
4eCcKH 3TO 3HAYHT, YTO NOOOGHO MOMY, KAK He UMeem CMbiCAQ NOHA-
mue pabomol, AKKYMYAUPOBAHKOL 8 2a3e 8 HEKOMOPOM €20 COCMOAKUL,
He cyuwjecmeyem u 8eaudunb: Q (Koaudecmea menaq, aKKYMYAUpOSAH-
HO20 8 2a3e 8 HEKOMOPOM €20 COCMOAHUW), Npupaujenuem usu yoboiroo
Komopoii 6viaa Gbi geausuna 6Q. (Mbl nogyepKHBaeM 3TO TaK XKe, KaK H
B ciiyyae paboTsl, ynorpebaeHueM cumsoaa 6Q, a He dQ nnst GeCKOHEYHO
MaJsIoro KOJIMYecTBa TemnJa.)
Tak xe KaK U pa6oTa, KOAUHECB0 MenAa ecmb QyHKYUA npoyecca,
u OHO npuobpemaem O0OHO3HAUHOIL CMbICA MOALKO 8 MOM CAY4ae, ecau
L YCA08UA P i (oxaanmcOenus) easa. Takum o6GpasoM, H
paﬁora M KOJIMYECTBO TeM/a CYThb QYHKLHMH IpoLecca, a He COCTOSTHHS
rasa, ¥ equyuHbl P dV u T dS He sBJAsIOTCA B O6IIeM c/1ydae MONHBIMH
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nuddepennuanamu. Tombko pasnocts T dS — P dV  npeicTasisier
coGolt nosHbli AHGdepeHIHal aanaGaTHYeCKOro MoTeHIHa a (BHYTpeH-
Hefl SHeprHH), ABJSIOWErocs GyHKuHel cocTosinus rasa. CienoBaTenb-
HO, HE HMEIOT CMBICJIa NOHSTHS: 3amnac- paGoThl H 3amac TenJa B rase, u
MOKHO TOBOPHUTB JIHIIb O 3aMace 3HepPrHH.

TToKaxeM Tak e, KaK Mbl 3TO JieJla/Ii B Cyyae paGoThl, KaK BbIYHC-
/1sieTCsl KOJIMUEeCTBO TerIa, MOJBEeHHOe HJH OTBEJEHHOE MPH PasHbIX
npoueccax:

1) H3orepmuueckrii mpolecc.

So
Qr={ TdS=T(S;—S)). (7.5)
Sy

Ucnonbayst ¢opMyay (4.5) nas sHTponmuu M 3akoH Boitns — Ma-
pHOTTa

R pvY
S~s.,=m1n<P0”), PV, =PV,
NOJTy4HM
— RT 1 (BYY\ _ vy
=25 ln(ﬂm = RTln<V1>. (7.6)
2) UsoGapuueckuii npouecc.
Us (4.5) naxonum mpu P = const, d8=% H
_ _ R Tdv _ Py _
Qr= S Tds_Y—_L,S-V—_m S dv =
R
= #P (Vo—Vy) = #(T,— T). (1.7)

3) HMaoxopuueckHii npouecc.
HUs (4.5) monyuaeM npu V = const, dS = RdP/(y — 1) P u

R T dP 4 R(Ty;—T
Qu= S TdS=v—__—l S T=v—_—l(Pa*‘P1)=_"—(Yz_l ) (7.8
4) AnmnaGatiyeckuit mpouecc S = const.
Qs=0. (7.9)

§ 8. Tennoemkocts rasa. IoauTponuueckue npouecch

Bpenem nonsiTHe TeMJIOEMKOCTH rasa, Kak KOJHYeCTBA Telja, KO-
TOpble HYKHO NOJBECTH K raay, YTOGh! IOBBLICHTb €10 TeMIiepaTypy Ha 1°%:

8
c=32. @.1)

OueBHAHO, YTO TaK XKe, KAK H KOJIHYECTBO TelJa, TelJI0eMKOCTb eCTb
(yuxuus npouecca, H npHOGPeTaeT OAHOSHAYHBI CMEICA NPH YKa3aHUH
YC/IOBHI HarpeBaHusi rasa.
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YacTHBIMH NIPHMEPaMH TeIJIOeMKOCTell SIBJSIIOTCS  TeIVIOEMKOCTH
NpHU NOCTOSIHHOM JaBneud Cp M mpH moctosinHoM obbeme Cy. Anua-
GaTHueCKOMY mpoieccy B cHay ycnoBHsi 6Q = 0 cooTBercTByeT U Ter-
JI0EMKOCTb, paBHasi Hyao, Cs = 0. HakoHel, H3oTepMuueckoMy mpo-
neccy (T = const) Mbl MOXeM YCJIOBHO NpPUMHCATh TEIIOEMKOCTb
Cr = —too, paccmaTpuBasi 3TOT Npolece Kak MpeiesbHbiil ciyyait mpo-
1ecca, B KOTOPOM TeMIepaTypa Ype3BblYaifHO MeJJIEHHO MOBBILIAETCs]
UM MOHMKaeTcst npu noasofe Temna (8Q >0, 67 = e, |e| — 0).
Tak Kak yCJOBHSI HarpeBaHHsi ra3a MOXHO GeCKOHEYHO BapbHPOBATh
(TaK, 4TO MOCTOSIHHBIMH GYAYT ocTaBaThesi He P, V, S, T, a nmponsBouib-
Hble QyHKIHH oT P u V), To cyluecTByeT Gecuuc/IeHHOe MHOXKECTBO pas-
JIMYHBIX TeMoeMKocTell rasa. 3aMeTHM, B YacTHOCTH, YTO BO3MOMHbI
TaKHe MpOLECCHl, NPH KOTOPHIX TeMIoeMKoCTh oTpHuuarenbha (8Q u 8T
HMEIOT MPOTHBOMNOJIOXKHbIE 3HAKH). DTO BO3MOKHO B TOM C/ydae, eciu
ras npu HarpeBaHHH JOCTaTOYHO CHJBHO PACLIMPSieTCss M MPOU3BOLHT
pa6oTy 6OnbUIyIO, YeM MOJABeAEHHOEe K HeMy KOJIHYecTBO Temaa. Toraa,
HeCMOTpsl Ha NOJIBOJ Temsia, ero BHYTPEHHsisi SHEPTHs M TeMmeparypa
6yAyT yMeHbluaThcsi M OTHouweHue OQ/8T GyaeT OTpHIATENbHEIM.
Haiigem tenioemkoct Cy u Cp, BbIpa3uB MX Yepe3 IPOU3BOAHbIE OT
sutponuu. Corsacio dopmyse 86Q = T dS umeem

S as
Cv="(3), Co=T(5),- (.2)
Boiuuciium tennoeMkoctd Cy u Cp AJsi COBEPLICHHOTO Ia3a U JOKaXKeM,
YTO NOCTOSIHHAsi © B BbIpaxKeHHH AJs a6cosoTHOM TeMnepatyphl T =
=%+6 Jo/KHa ObTh BbiGpaHa paBHOl Hy.so. Jluddepenunpys
no T BhpaxeHnue suTponuu (4.4)
R | [ (T—)¥V~! R (T—=6)YP' —Y
S—So=R In( L=V " =——ln(———
R T W7 vo'-'> Y=L \(To—0)Pi =Y
ofuH pa3 npu V = const, a apyroit pas npu P = const u nosnb3ysich
dopmynamu (8.2), Haxomum
__R T S
Cv=y=iT—r Cr=j—17—v 8.3)
Orcrofa BHAHO, uTO TemsoeMKocTH Cy U Cp SBASIOTCS NOCTOSIHHBIMH
TosibKO npu O = 0; npu 3ToM

R Ry

CV=‘VTl’ CP=;_—1, (8.4)
OTKYyAa c
c—?,:? (8.5)
H
Cp—Cy=R. (8.6)

Mocnennee ypaBHeHHe Ha3biBaeTcsi ypasienuem Maidepa,
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Hrak, Mbl ONpelle/MJH HAayaJo OTcueTa aGCOMIOTHON TeMmmepaTyphl.
O6paTHM BHHMaHHe YHTaTesl Ha TO, YTO HaM NPHILIOCH AJ 3TOrO Mo-
MHMO H3MepeHHI JaBaenHs 1 oGbeMa (IOCTPOeHHe CeTKH H30TepM B Tep-
MOCTaTe M CeTKH ajauabaT B ajuabare) NpOM3BECTH H3MepeHHe ONHOM
KaJopHUeCKOl BeJHUHHB — TemoemkocTH Cy (uan Cp) U yGeaurbes
B ee HE3aBHCHMOCTH OT TemmepaTypbl. CHTyallusi He M3MeHH/ach Obl,
ecan 6bl B KayecTBe paGouero Tesja /sl KaJHGPOBKH TeMIepaTypHO# H
SHTPONMIHON IIKaJ MH BeOpas Obl He COBEpIIEHHBIH a3, a HHYKO
TepMOAMHAMHuyecKylo cHcTeMy. M B 3TOM cayuae Aasi ompejeseHHs
Hauaja OTCYeTa TeMIepaTypbl HaM NpHULIOCH Gbl MOMMMO M3MepeHHs
J1aBJIeHHH H 06beMOB 6a3HpOBATLCS HA OJHOM KaJOPHMETPHUYECKOM H3-
mepenuH. [1y6okas NpHYHHA 3TOTO 3aKJIOYAeTCs B TOM, U4TO TEPMOJH-
HAMHYECKOe OMpelie/leHHe TeMIepaTypHO# IIKajbl B KOHEUHOM cuere
Gasupyetcsi Ha gopmyne 6Q = T dS. Herpyano Buaersb, uto 31a ¢op-
MyJa HEWHBAPHAHTHA MO OTHOWEHHIO K CIBHTY Hauaja OTCYeTa TeM-
nepaTypsl H PeAro/araeT onpejie/eHHuli BbiGOp Beauuunbl 0 (a iMeHHO

PaccMOTpHM Terepb MPOLLECC B COBEPLIEHHOM rase € NPOM3BOJIbHOH,
HO TOCTOSIHHOM TemoeMKocTblo C (MOMHTPONMHYECKHH mpoliecc); npH

3TOM
8Q=CdT, (8.6a)
dU=CydT. (8.66)

TIMocsienusist dopmysa 6yner nonyyena Hamu B § 11, rae 6yner nokasamo,
4TO BHYTDEHHsIs 9HEPTHs HJeaJbHOrO rasa npH (QUKCHPOBAHHOH TeM-
neparype He 3aBHCHT OT ero oGweMa, T. e. (QU/8V)r = 0; u3 (8.6a) u
(8.66) Haxoaum

6Q—dU=0A=PdV,

(C—Cy)dT=PdV.

PaajieqtB npaBylo M JIeBYIO YaCTH NOC/IENHET0 PaBeHCTBA HA NPaBYio
U JIeByIO uacTH ypaBHenHss RT = PV, noayunm

C—CydT aV
=7
OTKyJa, HHTerpHpYs, HaiineMm
TV*~!= const, (8.7)
TJle BeJJMYHHA ¥ HA3bIBaeTCs MOKasaTeseM TIOJIMTPONIB!
Cp—C
*=g—g- (8.8)

C nomoubio ypasrerus PV = RT Mbl MOXeM TepeiiTH K TepeMeHHbIM
, V) u nosyunm

PV* = const, (8.9)
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PaccMoTpuM psaj dacTHBIX cayuaes:
1) MaoGapuyeckuii mpouecc.
Tor,uau umeeM C = Cp, ® = 0 u ypasuenns (8.7) u (8.9) naiot ecre-
CTBEHHBIH pe3yJabTar
1%
== const
2) Msortepmnueckuii npouecc.
Kak mm Buienu B stoM cnydae C = —Hoo, % == | ¥ ypaBHeHHS
(8.7) u (8.8) naioT TpUBHAJLHBIN pPe3ybLTAT

T =const, PV ==const (saxon boftngs—Mapuorra),

3) Anuvabaruueckui mporece,

P = const, (3akon ['eit-Jlioccaka),

S‘E

Cy
TVY ™' =const, PVY= const
4) Hsoxopuueckuil npolecc.

C = Cy, » — oco. Bo3Boasa ypaBHenue (8.9) B crenenb 1/x U nepe-
X0 K nepeMmeHHBIM P, T, mony4um

B sToM cayuae C=0, ¥ =y = U HMeeM

(sakon [lyaccona).

P/T = const (sakon Mlapaa),
3ameTuM, 4TO U3 ypaBHenus (8.8) caenyer
Cp—xC
= -, (8.10)

Paccmatpupas mepaBenctea C >0 u C <0, HaxoauMm, 4TO noJo-
KUTEJbHbIM Tem1oeMKocTAM C >0 COOTBETCTBYIOT 3HAUEHMs TNOKa-
o 3aTedsl  [OJWTPONBl B HHTEpBajax

k H=too —oo < #<_1lu y<xu< oo, a HH-

\ / tepBan 1 < % <y COOTBETCTBYET OT-
\\'l 7 , punateJbHbM TemnoeMkoctam € < 0.
SN\ // e 1o 3HauMT, 4o Ha (P, V)-I10CKOCTH

00/1aCTh [OJHTPOMN, NPOXOISUIUX uepes
3aJlaHHYI0 TOYKY H COOTBETCTBYIOLLHX
IpoLeccaM ¢ OTPHILATENbHOH TerioeM-

KOCTbIO, JIEXKUT BHYTpPHM yraa, obpaso-
BaHHOTO H30TepMoH M anuabaToH, npo-

. XOAAIUMH yepes Ty ke TouKy (pHc. 7).
V' 3ror pe3yJbTaT COBepIlUeHHO €CTeCcTBEH,
TAaK KaK Ha ajauabate K raszy BooOile He
nogsoxutTca rtemao U C = 0, a Ha u3o-
TepMe K rady [MOJBOAMUTCS KOJHYeCTBO Tellja, KaK pa3 AOCTATOYHOE,
yTOGL KOMIEHCHPOBAaThL paGoTy, MPOH3BEJEHHYIO ra3oM (Ans Hieanb-
Horo raza U = U (T) u npu T = const umeem dU =0, 6Q = 0A4).
Has npoMeXYTOYHBIX Ke NOJAHTPON HMEeeM [pH paculMpPeHdH rasa

Puc. 7.
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0<{8Q<8A wu dU =8Q —8A4 = CudT <C0. CnenosareinbHo,
dT <0 n C = 8Q/8T < 0.

Haiinem ypaBuenus noautpon Ha (T, S)-muiiockocTu. YTioBoi Kosg-
¢uiuent noaurponsl Ha (T, S)-IIOCKOCTH paBeH

ay T
Sle~ €

OTKYJa, HHTEerpHpYsi, HaXOAUM
T = TeS/€ = T —DW=DS/x=NR,
(8.11)

rie T, — NOCTOsIHHast, HMelowasi pas-
MEPHOCTb TeMmepaTypbl (MBI BOCIOJIb-
30BaJHCh popmyoii (8.10) xas C u dop-
myqaoit Cy = R/(y — 1)). Mu  nmeem
CHCTEMY SKCIOHEHLMAJbHbIX KPHBBLIX
(puc. 8), KOTOpble B YAaCTHBIX CJydasx Puc. 8.

® =0, x = 1, ¥ =y, ¥ > ==o0 coBna-

JIAI0T ¢ H306apaMH, W30TepMaMH, ajaHabaTaMu H H30XOpaMH COOTBET-
crBeHHO. JIerko BHJETb, YTO AJIsi TOJIHTPOI C NOKA3aTeNsIMH X, Jlexa-
wuMH B HHTepBajne 1 <lx <y, npousBoaHas (3S/9T)c oTpuuaTenbha
H, CJe0BaTe/NbHO, OTpHilaTeqbHa TemoeMkoctb C = T (8S/0T)c.

§ 9. Kpyroseie mpouneccel. Huka KapHo

Paccmorpum Ha (P, V)-miockocTH oGpaTHMBI  (PaBHOBECHBIH)
Kpyroso#i mpouecc (UHKJa) (puc. 9), M mycTb TOYKa, H306paxamollas
COCTOsIHHE Ta3a, OOXONHMT LMK/ B HanpaBJeHHH yacoBof cTpenkH. Ha
p ydacTke abc ras pacumpsiercs M (co-

b raacio dopmyne A = { P dV) cosep-

aeT MOJIOXKHTeNbHYIO pa6oTy, H3Me-

a c PSAEMYIO IIONIAJIbIO, Jlexaluell Moj KpH-
Bo#l abc. Ha yuacTke cda ras cxxumaercst

7 BHEUIHHMH CHJIAMH,.H STH CHJIbI COBep-

IAlOT OTpHUATeJbHYI0 paGoTy, H3Me-
y psaemyio (mo aGcoOsOTHOH Be/HYHHE)

NJIoWajblo, Jexaleld noj KpHBOH cda.

ITpu BeIGpaHHOM HampaBJeHHH 06XoAa

niocsie 3aBeplleHHsl IHKIa Mbl OJyYaeM
BRIUrPbI B paGoTe A, H3MepsieMO#i NJIOWAAbI0 (GUTYPbl, OrPAHHYEHHOMH
UHK/IOM abcda. PaccMOTPHM TOT Ke KPYrOBOH NPOLECC Ha MJAOCKOCTH
(T, S) (puc. 10). OueBuato, on H30GpaKaeTcs APYroi 3aMKHYTOM QHTy-
Poit a’b’c’d’a’. IomyctuM, uTo H30GpaXkaiomas TOYKa MpoGeraeT LMK
Tax ke, KaK H Ha (P, V)-IJIOCKOCTH B HanpaB/ieHHH 4acOBOH CTPEJKH
(MBI yBHIHM, 9TO OGpaTHOE NIPEANIONOMNKEHHE IPHBEIIO Gbl HAC K IPOTHBO-
beunio). Toraa Ha yuacTKe a’b’c’ SHTPONHSI pacTeT U (corsacHo popmyne

Puc. 9.
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Q= STdS) Ha 3TOM YyyacTKe TelJo NOABOAUTCSA K rasy, NpHYeM KOJIH-

yecTBO Tell1a, NOJABEIEHHOTO K rasy, uaMepsieTcs IJOLLAaAbIO, JeXKaleH
nox Kpuso# a’'b’c’. Ha yuyactke c¢'d’a’ sHTponus rasa yMmeHbUIAETCS,
U TEIJIO OTBOJAUTCS OT rasa. DTo KOJIMYECTBO Telja 1o abCO/IOTHOH Be-
JMYYHE H3MepsieTcsl MJIOMIAJbIO, Jexaiiedl noj kpusol ¢’d’a’. B pe-
3yJbTaTe 06X0Ja MOJHOTO LHMKJA ras3 noJjydaer H30LITOK TemJja, H3-
MepsieMbll IIOLablo (Urypel, orpaHHMYeHHOH KpuBoH a'b'c'd'a’.
Cor/1acHO MPUHIUIY HTPOMNHHU (op-

T) y MyJaa (7.1)) HMeeM
} §6Q=§dU+§64.
a’ Tak Kak BHYTpPeHHSId 3HEPrHs €cCTh
o (QyHKUHSA COCTOSAHUA rasa, TO
@dUzO
>, W, CJIeJ0BATe/IbHO,
Puc. 10, Q=A. (9.1)

Takum o6pasoM, miow@aau nuk/aoB Ha (P, V)-naockoctu u Ha (T, S)-
JOCKOCTH JOJI)KHbI ObITh OJHHAKOBbI (3aMETHM, UTO TeM CaMbiM MbI
J0Ka3aJH, 4TO HanpabjeHHs] o0Xofa uMKaa Ha (P, V)-njockoctH H
(T, S)-MJIOCKOCTH JOJKHBI ObITb OAMHAKOBBLIMH, B NPOTHBHOM CJydae
MBI MOJIYYWJH Obl (PU3UYECKH H Ma-
TeMaTHUYeCKH OecCMBbICJIEHHOE paBeH-

o Hazpebamens
CTBO IMOJIOXKUTEJbHOH paboThl H OT-
pHIlaTebHOTO KOJIHYECTBa TeIJa). La,'
TakuM 06pa3oM, KPyroBOH IIpo- las - A =0,-|0)]
necc, npobGeraeMblfi H300parkarolleH Y4,
TOYKOH B HalNpaBJeHHH 4YaCOBOH X onoGu e IR
CTPEJIKH, NPEACTaBJ/sieT COOOH CXeMy
paGoThl J1000H Ten/JOBOH MallWHbL, Prc. 11.

TpaHcopMUpyOleH Temnso B paboty
(puc. 11). T'a3 nosywyaer ot Harpe-
BaTessl KOJuuecTBO Temsaa Q,, yacth 3toro rtemia Q, (Qy < 0) ormaer
XOJIONUJABHHMKY, a pasHocte Q; — | Q, | npeBpamaer B padory. Oue-
BUAHO, KO3(Q(MUIMEHT MONE3HOr0 JEHCTBHSI TENJIOBOM MALUMHBI Lejie-
co06pa3HO ONpeIeNHTh KaK OTHOLIeHHe paboTbl A K MOJYYeHHOMY OT
Harpesare/si KOJH4yecTBy Temja (:

A Q—1Q)
=TT w - (9:2)

Ec/in Mbl pacCMOTPHM Teneph IUKJ, KOTOPbIH 06XOAUTCS U300paxkaio-
et TO4KOH B HalpaBJeHHH MPOTHUB YACOBOH CTPEJIKH, TO MEpPEMEHSTCA
Ha o6paTHbe HANpaBJeHHs BCeX MPOLECCOB U 3HAKH KOJHYECTBA TenJia
u paboTel, MBI OJYYHM CXeMy AEHCTBHS XOJIOAHJBHOH MalIMHBI, KO-
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Topasi noTpebJisier paGoTy, HO 3aTO NMEPEBONHT TEILIO OT MeHee Harpe-
TOro K GoJsiee Harpetomy Teay (Q; < 0) (puc. 12).

PaccMOTpHM B KauecTBe mpHMepa TaK HasbiBaeMblilt yuka Kapwo,
coCTOsILIMiT U3 ABYX afHabat U ABYX H3oTepMm. Ha puc. 13 u 14 usoGpa-
xeH UMK Kapno Ha (P, V)-maockoctd u (T, S)-niockocTH. 3aMeTHM,
yTO B TO BpeMsi Kak Ha (P, V)-mao-

CKOCTH (hopMa LHK.Ja 3aBHCHT OT cOpTa
rasa M, B YacTHOCTH, pasIHuyHa AJsi
peasbHbBIX M HJeaNbHBIX Ta30B, IHKJ
Kapno Ha (T, S)-nJI0OCKOCTH HMeeT yHH-
BepcajibHylo GopMy H AJisi MOGhIX Tep- 4z

MOJHHAMHUYECKHX CHCTEM IIpeACTaBJsieT

co60#i MPSIMOYTOJILHUK, CTOPOHBI KOTO-

poro mapajseNbHbl COOTBETCTBYIOLIHM Prc. 12,
KOODJAHHATHBIM OCSIM.

Belunc/uM KoaddHIHEHT moJie3Horo AeficTBUsi mukaa Kapro (oGpa-
tumoro). CorsiacHo dopmyne (7.5) umeeM

Q=T,(S,—S1), [Q]|

Q1G] _Ty=Ty ©.3)

=T T

U3 dopmyanl (9.3) BHITEKAIOT CAEAYIOLIHE CJIEACTBHSI:
1) KIIJL uukna KapHo He 3aBHCHT OT BelGOpa paGouero BellecTBa.
2) KIIJ unkna KapHo 3aBHCHT OT OTHOLUEHHsI TeMnepaTyp Harpepa-
TeJisl U XOJIOAM/NBHHKA U He 3aBHCHT OT JieTajlell KOHCTPYKIIMH MalIHHEL.
Yem MeHbwe orHowenHe T,/T), Tem Goabiwe KIT/ uukaa Kapwo.

T2(S: — S,
OTKyJa

T
P
T
T
Tz T
v 5 S
Puc. 13. Puc. 14.

3) KII/ unkna KapHo Bcerna MeHblle eIMHEIB H NPHOJHXKAETCS
K eJUHHLE TOJBKO B TOM CJy4ae, €C/lH TeMIepaTypa XOJOAWAbHHKA
CTPEMHTCSI K aGCOJIIOTHOMY HYJIIO.

3amernM, yTo MK KapHO siB/sieTCsi €CTECTBEHHBIM H €IHHCTBEHHO
BO3MOXKHBIM PAGOYHM IMKJIOM JJIsi MAlUMHBI, HMelolell OfMH Harpea-
Te/lb U O/IHH XOJOANJBHHK C IOCTOSIHHBIMH TeMrepaTypaMH, TaK Kak Ans

2 0. B. Pymep, M. L. Poisgu
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TaKoil MalIMHbl MPOLECChl [IOABOAA H OTBOJAA Telsia AOJKHBI GbITh H30-
TepMHYECKHMH, a NIPOMeXYTOUHbIe Npoilecchl 06si3aHb! GbITh aaHaGaTh-
4eCKMMH (IIOCKOJIbKY APYTHX Harpepartesieli H XOJOAMJIBLHHKOB HET).
JloKaxeM Ternepb CJELYIOULYIO TeOpeMy: KO3(uyueHm noaesHozo
Oeticmeus yukaa Kapro Goavuie, yem Kosguyuenm nonesnoeo delicmeus
2106020 PABHOBECHO20 YuKkaa (OMAUUHO20

T i om yukra Kapro), y Komopoeo maxcu-

A b
/ MaNbHAS  Mmemnepamypa  Hazpeeamens u
u \ ¢ MUHUMANOHAR MEMNePAMYPa X0N00UN6HUKA
d

PaBHbL COOMBEIMCMEEHHO memnepamype Ha-
epesamenss u memnepamype X0A00UNbHUKA
yukra Kapro.
£ F 5 Jlnsi joKasaTe/bCTBa H306pa3HM 3aJaH-
Hblit uuka Ha (T, S)-miockoctu (puc. 15)
Pue. 15. M ONHIeM BOKpYT Hero muka Kapho. OGo-
3HayuM cymmy Ilomianeii ¢uryp aAb u
bBc uepes ¢, a cymmy maowmageit aDd u cCd uepes | g, |. Hmeem, no
onpenenennio, KITI nc aas unkaa Kapuo

ne=2-lel (0.4)
rie Q, usoGpaxkaercst miomwanbio npsimoyroibiika ABFE, a |Q,| —
nJIowazbio npamMoyronbiika DCFE. Jlas uukaa abcda nvmeem

1— 0

1 —Umn =@t (9.5)

MojcraBu cornacHo (9.4) B UHC/AHTEJb IIOCIELHETO BbIPAXCCHHS
Qi — | Q| = ncQy, nonyunm

Qa9
n= Q—aq !
OTKY/a
—ne— N1 _ _ 192!
n=ne Ql‘fh(l ne) GQ—a"

Tak Kak BTOpoe M TpeTbe C/araeMbie NpaBOii YaCTH IOJIOKHTE/bHbI,
(mc =< 1), To Mc >1, NpHueM paBEHCTBO HMeEeT MECTO TOJbKO NpH
¢y = g, = 0, T.e. Q1A LHMKJIA, IMOJHOCTHIO COBMAAAIOUIETO C LHKJIOM
KapHho.

3aMeTHM, YTO YCJOBHSIM TeOpeMbl YIOBJETBOPSET He TOJbKO LHKJI
KapHo, onucaHHbIi BOKPYT 3alaHHOTO LMK/, HO H KK KapHo ¢ HHbIM
noNoKeHHeM afna6at (CM. NMYHKTHPHble JIMHHM Ha puc. 15). Tak kak,
OJIHAKO, Mc He 3aBHCHT OT S; H S,, TO TeopeMa H AJIsi TAKHX LIMKJIOB
octaetcsi B cHsie. PaHee Mbl yGeNMIHCh B TOM, 4TO nc <_ 1, mostomy
Anst ApYrHX 1MKJ0B 1 < 1. OTclofia BbiTeKaeT OJHa M3 KJaCCHYECKHX
opmyanpoBok 1l Hauana TepMOAHHAMMKH: HEBOBMONCHO NOCMPOUMb
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geuHoLl dgueamens 6mopoeo poda, m. e. Makyo nepuodudecku delicmsyio-
Wy MauLUKY, Komopas npespausaia Gvt 6Ce Menio, NOAYYeHHoe om Ha-
epesamens, 8 pabomy (umera Gor KT, pastoti eduruye).

Takasi MalllHHa MorJla 66l paGoTaTh, HaMpHMeP, 3a CYET OXJNaXKACHHS
OKeaHa HJIH 3eMHOH KODHI H, XOTsl OHa He HapyuaJa Gbl 3aKOH COXpaHe-
HHsI 5HepTHH (He Gblia Gbl BeYHBIM JBHraTesieM IepBoro poja), MpaKTH-
yeckH Obiia Obl HEOTPAHHYEHHBIM HCTOYHHKOM AapoBoil 3Hepruu. On-
HaKO 3aKOHBI NPHPOAbI TAKOBbI, YTO CO3/laHHE TAaKOH MalMHbI HEBO3-
MOXHO. YCJIOBHEM BO3MOXHOCTH MpeBpallleHHsl TeMJOThl B paGoTy siB-
JI5ieTCsl HaJMyHe Hapsily ¢ HarpeBaTesleM H XOJIONH/IbHHKA, T. €. Cylue-
CTBOBaHHE DPa3HOCTH TeMIepaTyp.

§ 10. AkcHomMaTHKa TepMOAMHAMHKH. OGoGuieHHe MOHATHS
IHTPOMMH HA np JIbHbIE T KHe CHCTEMbl

B 3Tom nmaparpacge Mbl pacCMOTPHM HEKOTOpble BOMPOCH!, CBSI3aHHbIE
¢ CHCTeMO# aKCHOM TepMOJAMHAMHKH.

TlocKoAbKY B 3TOH KHHre HCMOJb3YeTCs CHCTeMa aKCHOM (TIPHHIH-
nOB), OTJIHYHAsl OT TPAJHLHOHHOM, Mbl CYHTAEM MOJIE3HBIM H3JIOXHThb
31eCb Ha6op aKCHOM, PHMeHsieMblfi OGbIYHO MPH TPALHIHOHHOM H3JI0XKe-
HHH KJIaCCHYeCKOM TepMOJAMHAMHKH, H BHISICHHTb, B KaKOH JIOTHYeCKOH
CBSI3H C 3TOM CHCTeMOH aKCHOM HAaXOAMTCS NpHMeHsieMasi HaMH.

B TpagMIHOHHBIX H3/IOXEHHSX B KayecTBe (yHIaMeHTa BCero 3jia-
HHsl KJIaCCHYECKOW TepPMOAWHAMHKH MPHHHMAIOTCA CJeAYIOlHe MOCTy-
Jnarhi:

1) HyaeBoe Hayaso TepMOAMHAMHKH, NOCTYJHpYIOLLee CYIIECTBO-
BaHHe Temnepatyphl. (ClelyeT OroBOPHThCS, YTO HYJeBOH mocTynaar
BBOJAMTCSl Ja/leKO He BO BCeX H3JIOXKEHHSIX TePMOAMHAMHKH, XOTs ero
flornq]ecxan HeOoGXOJMMOCTb JOBOJILHO OYeBHAHA (CM., Hampumep,

1-3l).)

2) IlepBoe HayaJo TepMOAMHAMMKH, BbIpaXkaioillee MPHHIHKI COXpa-

HeHHsl SHEPTHH, NPUMEHHTEJBHO K TEMJOBLIM MpoLeccaM

dU =06Q — 8A. (10.1)

3) Bropoe Haua/no TepMOJAMHAMHKH, JOMycKalollee BecbMa 3HayH-
TeJIbHOE YHCJIO Pa3/IHYHBIX, HO SKBHBAJIEHTHbIX GOPMYIHPOBOK. IIpexcae
BCEro yrnoMsiHeM o6 HCTOPHYeCKH HaHGoJlee PaHHHX KayecTBEHHbIX dop-
myaupoBkax II Hauana Tepmoaunamukn (Kapho, Kaaysuyc, KenbBuH):

a) HeBO3MOXKHO MepeBeCTH TEMJIO OT MeHee HAarpeToro Teja K GoJee
HarpeToMy Teny Ge3 KaKHX-IMGO MHbIX H3MeHEeHHit B NMpPHpOJE,

6) HeBO3MOXHO TerJI0, OTHSITOE OT HEKOTOPOTO TeJla, HalleJIo npeBpa-
THTb B PaboTy Ge3 KakHX-1HOO HHBIX M3MEHEeHHH B MpHpoje,

B) HEBO3MOXHO MOCTPOMTb BeyHblil ABHraTenb BToporo poja (Oct-
BaJIbj).

B npumeHeHHH K paBHOBeCHHIM mpoueccaM H3 JoGo# H3 3THX
(5KBHBaJIeHTHBIX) (OPMYJHPOBOK CJEAYeT CyLiecTBOBaHHe (YHKIHH

P
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COCTOSIHHSI CHCTEMBI (SHTDONHH), CBSI3aHHOH C KOJIHYECTBOM TeIlia
COOTHOLUEHHEM
8Q=TdS. (10.2)

CyLIeCTBYIOT M ApyrHe MOCTYJAThl, SKBHBANEHTHblEe B KOHEYHOM
cyete popmyae (10.2), Ha H3JIOKEHHH KOTOPHIX MBI HE OCTaHABJHBAEMCS
NPHHIMI afHabaTHyeckoll HegocTHxuMocTH (Kapareomopu, cm. [1],
[2]), yrBepxaeHHe 0 ToOHOMHOCTH NpacddoBOl BOPMBI IJIst KOJHUECTBA
renia (cM. [3]) u ap.

O6nenunsist popMyast (10.1) u (10.2), nonydyaeM COBMECTHYIO 3allHCh
I u Il Hauanm TepMOXMHAMHKH B BHJIE

dU=TdS—PdV. (10.3)

YcJI0BHeM TOTO, YTO NpaBast YacTh — MOMHbIH AudepeHIHa, Basercs
COOTHOLLIEHHE

arT, Sy __ar, V)

oV, 8 a,S)!

orkyza npu 8 (P, V)/8 (V, S) #= 0 nonyuaem KaauGpoBKY

(T, S)
sE=l (10.4)

BepueMcst Temepb K Hauiel cHcTeMe akCHOM. Mbl MOCTYJIHpOBasH
Npexie BCero CyLeCTBOBAaHHE TEMMEepPaTypbl H SHTPONHH (NPHHIMI
TeMIepaTypsl M MPHHIMI SHTPOMHH). YCJIOBHE KaMHOGPOBKH abCOJIIOT-
HO# TeMnepaTypsl H abcoorHoi suTponuu @ (T, S)/d (P, V) = I umeer
c/iefCTBHEM TOT GakT, 4To B Bhipaxenun dU = T dS — P dV npapas
4acTh €CTh NoJiHbI Auddepeniman. Tak Kak Aas mpouecca B agHabare
3TO BhIpaxeHHe paBHo —P dV = —8A, To annabaTHuecKuit MoTeHIKA
U posikeH GbITh OTOXKIECTBJEH C BHYTpeHHe# sHeprueit. I[Ipucoenunsis
K HalleH CHCTeMe aKCHOM nmpuHuun sHepruu dU = 8Q — 8A, Mul nosy-
yaeM Kak cjexcteue dopmyny 8Q = T dS. Takum oGpasoM, KpoMme
NPHHLMNA TEMNepPaTypbl H NMPHHLHIA SHTPONHH M CBA3BIBAIOLIETO HX
yCJI0BHsI KamuGpoBKH (10.4), B cHCTeMY aKCHOM HEOGXOAMMO BKJIOYHTb
npuHuKn 5HepruH (I Hauano TepMOAMHAMHKH).

Mb!l cuMTaeM, OJHAKO, YTO HECMOTPSl Ha TO, 4YTO TaKasi CHCTeMa
NOCTPOEHHSI TEPMOAMHAMHKH He SsIBJsieTCs HanGojee IKOHOMHUHOMN
B CMBICJIE YHCJ/Ia aKCHOM, OHa 06J1alaeT ONpejeNeHHbIMH METOAHYECKHMHI
JIOCTOMHCTBAMH. DTH JOCTOMHCTBA 3aKJIOYAlOTCS, BO-TIEPBBIX, B TOM,
YTO C CaMOro Hauajia MOJYEPKHBAETCS BHYTPEHHSsI CBA3b NMOHATHI TeM-
nepatyphl H suTponHH (T — TepMojMHaMHueckas cuma, S -— TepMo-
IMHaMHYecKasl KOOpAHHATA) M CHMMETDHSI MEXNy NapaMH MepeMeHHbIX
(T, S)u (P, V).

VYkaxeM Ha elue OfHY BO3MOXHOCTb «BbIOPATh» H3 MHOXECTBA yCJIOB-
HBIX TEMNEPaTyp M SHTPOMHII aGCOMIOTHYIO TEMNepaTypy H SHTPOIHIO.
OHa 5KBHBAJEHTHA BO3MOXKHOCTH, HCIOJIb30BaHHOH B § 4, HO OCHOBaHa
Ha HECKOJIbKO WHOM nopxoze. Mul noTpeGyeM, uTo6bl Ha rpaduke mpo-
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13BOJIbLHOTO (HO paBHOBecHoro) mpotiecca Ha (T, S)-IMarpamve Koau-
4ecTBO TellJla H306pakanoch Okl Kak H paGota Ha (P, V)-muarpamme,
noWAbIo, JexameH nox Kpuoi mpomuecca. Torja sjemeHTapHOe Ko-
JIMYECTBO Temsa JOMKHO BHIpaxKaThcsi (GOPMYJIOH

8Q=TdS.

Mel yGemuMcst HHXKe, YTO 3THM TpeGOBAaHHEM LIKana TeMIepaTypbl
onpeJiessieTcs ¢ TOYHOCTBIO 10 Bei6opa MaciuTaba, a iKaja SHTPONHH —
¢ TOYHOCTBIO IO Hayaja OTcYeTa M BbIGOpa MacmiTaba.

BBeeM ecTecTEeHHOe JOMYIIeHHe, YTO A1 (H3HYeCKH Masoro Ha-
MEHEHHsI COCTOSIHHSI OT Haya/JbHOrO COCTOSIHHSI C NapaMeTpaMH T, O
10 KOHEYHOTO COCTOSIHUSL T +- dT, 0 +- do (Tle T ¥ 6 — MOKa ellle ycJoB-
Hasl TeMnepatypa 1 yc/I0BHasl SHTPOINH ) KOJHYECTBO TeMJa C TOUHOCTBIO
JI0 MasiblX MepBOro Mopsiika siBasieTcst JHHelHOH dynkuuedl dt u do:

8Q=M(t, o)dt+ N (x, o) do. (10.5)

Buipaxkenne B npasoii yact (10.5) naswiBaercss ndaddosoit GopMoi
oT nepeMeHHbIX T U 0. Kak J0Ka3blBaeTcsi B Kypcax MaTeMaTHYecKOro
ananu3a, ndaddoBa popMa OT ABYX NEpPEeMEHHBIX BCerjga HMeeT HHTer-
pupyrowwit teaurean T (T, 6), o6najatouikit TeM CBOHCTBOM, 4TO Bblpa-
JKeHHe
M(t, 0)dt+N(tr,0)do _  8Q
T(t, 0) T T(r,0)

ecTb moJiHbli Anddepeniuan Hekotopoi ¢pyHkunn S (t, o). [TosTomy
MOXKHO HaIHCcaTh
8Q=T (v, 0)dS (z, 0). (10.6)

Jlerko noHsiTh, yTo GYHKIHsS S (T, O) €CTh OJIHA U3 YCJIOBHBIX SHTPO-
nuit (Tak Kak npH aguabaTHuecKoM paBHOBecHoM mporecce 6Q = 0 u
¢byukups S (T, 0) MOCTOsSIHHA BJOJb J1060# afuabaTsl). DTO 3HAYHT, YTO
S sBasietcst GyHKIHMEH TOABKO OT 6. DTOT pe3yJbTaT ABJAETCS MPOCTHIM
CNEeICTBHEM MaTeMaTHYeCKHX TeopeM. YTBEepXKIeHHe e O TOM, YTO
MHoxkHuTenb T B (10.6) 3aBHCHT TONILKO OT T H SIBASIETCS, CJI€/I0BAaTeIbHO,
O/IHO¥ M3 YCJIOBHBIX TeMmepaTyp, He MOxeT GbiTh JOKa3aHO MaTeMaTH-
YeCKH U siBJIsieTcst puanyeckuM noctynartoM (I Hauano TepMoAMHAMHKH).

BrisicHHM Tenepb, Kakasi CTeneHb MPOH3Bosia B BbiGope aGCOMIOTHOH
TeMnepaTypbl H aGCOJIIOTHON 3HTpOMHH jomyckaercs dopmyaoii (10.6).

ONYCTHM, YTO BO3MOXKHBI 1Be a6cojioTHble TeMmepaTypul Ty (T) H
T, (t) u nBe aGcomoTHEIe SHTPONUH Sy (0) U S, (0). Torza Ha ocHoBa-

Hi (10.6)
8Q="TydS,=T,dS,

Ty() _ dSy(0)
7@~ 5 (0)

Hau
(10.7)
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Tak kak Jesas uyacth (10.7) 3aBHCHT TOJIBKO OT T, a mpaBasi 4yacTb —
TOJILKO OT 0, TO 00e 4acTH paBHbl OJHOH U TOH Ke IMOCTOSIHHOH a U

Ty(v)=aTy (1), dS,(0)=-dS,(0), S(0)=—~S,(0)+b.

TakuMm o6pa3oM, NpoH3BOJ B onpefeseHHH abGCOJMIOTHON TeMmepaTyphl
H SHTPOMNHUHU 3aKJIIOUAeTCsl TOMbKO B TOM, YTO Mbl MOXKEM H3MEHUTb O HO-
BPEMEHHO «LEHYy JeJieHHs» TeMIepaTypHOH W SHTPONHMHUHON 1IKaad B a
1 @' pa3 ¥ NpoOU3BOJbHC BHIOPATh Hauas 0 OTCYETA SHTPOINHH.

PaccMoTpuM B 3akJ/r0ueHde 3Toro naparpaga sonpoc 06 06006meHnH
NOHSITHSI SHTPONMUHU Ha CJayuad IPOU3BOJBHBIX TePMOAHHAMHYECKHX
cucTeM (4, B YaCTHOCTH, peaJibHbIX ra3oB). [I[puHuunuanbHo Takoe 0606-
IeHHe MOXKeT ObIThb OCYILECTBJEHO C moMmouibio gopMmyan 6Q = T dS.
B camom pesie, mpuHuMasi 3HaueHHe SHTPONHMYU pacCMaTpHBaeMOH CH-
CTEMBbI B HEKOTOPOM NPOU3BOJILHO BLIOPAHHOM COCTOSIHUM 3a HYJb (1po-
HU3BOJIbHOE HAYaJ0 OTCUeTa SHTPONUHHOHN IIKaJbl) U MOABOASA K 3TOH
cucteMme (06paTUMbIM 00pasoM, T. €. NpH OECKOHEYHO MaJjiOM mnepenaje
TEMIIEPATYp MeX1y CHCTEeMOH W HarpeBaTeJsieM) KOJHUYeCTBO Temsa 6Q,
Mbl MOXKeM ¢ nomouibio popmyasl dS = 8Q/T nporpagyupoBatb 3HTPO-
NUHAHYIO LIKaJay JI00OH CHCTEMBI.

§ 11. Tepmoaunamuueckue Ko3pPHUHEHTDHI

bByaeM HasblBaThb TepMOJHHAMHUYECKUMH KO3(pdHUIIHEHTAMH BbIpaKe-

HUS Buaa (0A/0p),, rae A, 1, v — ofHa u3 Beauuun P, V, T, S. Tepmo-

JUHaMUuecKHe KO3(p@PUIHCHThI XapaKTepH3YIOT oNpeaeseHHble CBOHCTBA

‘raza: Beauuunol (0V/0T)p, (0V/0T)s cBsizanbl ¢ Ko3ppuuHeHTaMH

o0BEMHOIO pacuiupeHus Trasa (usobapHuecKMM H ajuabaTHYeCKHM)
ap H ag popMysaMH

1 /oV I /oV
ar=y ol @=7 (o) (11.1)

BesquuHHbl (0P/0T), u (0P/0T)g cBS3aHbl C TEPMUYECKUMH KO3(ppHIIHEH-
TaMH JaBJjeHusi (M30XOpHYeCKHM M aauabaTuueckuM) Py U Pg:

br=5 o7}y b= or)s (112

BequuHHE (0V/0P)r u (0V/9P)s — c udoTepmuueckoii U aauabaruye-
CKOHM CXKUMAEMOCTAMH rasa yr H 7ys:

et we— b wa

BesqMuuHbl (0S/0T)y v (8S/0T)p — ¢ H30XOpUUECKON H H3006apHYecKoH
TerioeMkocTsiMu Cyp u Cp:

i8S’ /55)

Cva\-a-]—,)V, Cr=T\57), (11.4)
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peanunnbl  (8S/0P)y = (1/T)(8Q/8P)y u (8S/6P)r = (1/T)(8Q/8P)r
ONPEAENAIT KOJIHYECTBO TelJla, KOTOpOe C/leflyeT IOUBECTH (OTBecTH)
K rasy NpH yBeJHUeHHH JIdB/eHHs HA €IMHHUILY, yTOObI MOJAEPKATh He-
U3MeHHbIM 00beM HJH TeMmnepatypy. COOTBETCTBEHHO BeJHYHHBI
(8S/8V)p = (L/T)(6Q/6V)p u GS/OV)T = (1/T)(8Q/8V) s onpenensitor
KOJIMUECTBO TeMJa, KOTOpoe C/eiyeT NMOABECTH K rady npH yBeJHYeHHH
ofbeMa Ha eMHHIlY, 4TOObl MOAJEpPKAaTb HEH3MEHHBbIM JaBJIeHHe HJIH
TeMnieparTypy.

CocTaBUM TaGHIly TEPMOJAHHAMHYECKHX KO3(PHIHEHTOB TaK, YTOGH
nepsasi CTpOKa He cojiepxana S, Bropasi — P, TpeTbst — V u ueTBep-
rast — T

vy (‘?£> I oT\

\0P/1 oT /v <6V}p

(95 | (@, (%

\T Jv av \oS )r "
s\ joT 0P\ (11.5)
<57 P '73P> \as )

4 (9P {"5)

\aP s \as)y \ov e

Mbl uMeeM 12 TepmosaunamMHuecKHX Koddpuunentos. Herpyawo,
0JlHaKO, MOKAa3aTb, YTO TOJbKO 3 M3 HHUX SBJISIOTCS HE3aBHCHMBIMH, a
ocTtajibible 9 MOTYT GbiThb BblpaKeHbl ueped HMX. [leficTBHTesbHO, He-
TPYAHO 3aMETHTb, YTO MPOHU3BEJEHHE TPeX KO3 UIHEHTOB, CTOSIHX
B OJHOH cTpoke Haiueil TaGauupl, paBio —1. Hanpumep, ais nepsoit
CTPOKH TaGJIH1bl

(ay) 9P\ (0T _0(V, T)O(P, V) O(T.P) _ 4
(ar v\aV/)p T a(P, T)o(T, VYI(V, P)

) (11.6)
/

BriGepem, nasiee, B Tabauie (11.5) Tpu npou3BojHEIE, BHIYHC/IEHHBIE
NpH ONHOH M TOH XKe MOCTOSIHHOH BeJHYHHe H HafAeM IIPOM3Be/eHHe
KaKHX-JIH60 ABYX H3 9THX Kod(pHiuenToB. Mbl ybexcaaeMcsi, 4To OHO
paBHO TpeTbeMy Koap¢uuuenty. Hanpumep, npu T = const Haxomum

fay) 0P\ _9(V,T) 4(P, T) (0_!{\
ﬂap r(as) (P, T) 9(S, T) aS/)r
Takum 06pasoM, Mbl HMeeM ueThbipe cooTHoleHHsi THna (11.6) u ueTbipe
cooTHowenus: Tuna (11.7).
Hakorer, TepMopnnaMHyecKoe TOXKJECTBO
9T, S) _
0P, V)
AaeT HaM JIeBATOe COOTHOLIECHHE.

BeiGop Tpex HE3aBHCHMBIX TEPMOAMHAMHMYECKHX KO3(p(HUHEHTOB
OCTueTCs ewle JAOBOJbIO NMPOH3BO/IbHLIM (/Kb Obl OCTa/MbHBIE KOS(QH-

(11.7)
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ILHEHTH MOTJIH ObIThb BBLIpAaXKCHbI uYepe3 BbIOpAHHbLIE TPH C IOMOLIbIO
HallWX JEBATH ypaBHeHUH). EcTecTBeHHO, OAHAKO, NMpU BhIOOpe Tpex
HE3aBHCHMBIX TEPMOAMHAMHYECKHX KO3(PPHUIIUEHTOB PYyKOBOJACTBOBATLCS
elle cJaeLYIOWHUMH cooOparKeHHsIMH: NMOCKOJILKY OCTaBLUHECS TPH Koad-
(¢HUHEHTa B paMKax TepPMOJAMHAMHUYECKOTO MeToja HalijeHbl ObiThb He
MOI'yT, HX 3HaYeHHE JOJIKHO ObITh NIOUEPNHYTO U3 ONbiTa HJH H3 CTaTH-
CTHUECKOH (PU3UKH.
BribepeM B KayecTBe HE3aBHUCHMBLIX KO3(h(HUIHEHTOB

oV 0P 0S 9

(5]3)7: — V7V, (ﬁ)vzﬁvp’ <\5T>V: T (11.8)
IOTH KO3(P(PHUMEHTHl CPABHHUTEJBHO HECJOXKHBIM 00pa3oM MOI'YT OBITh
HaWJeHbl U3 3KcnepuMeHTa. Ec/u ke CTaBUTb BONPOC O BO3MOXKHOCTH
UX Bbl4UCAEHUS, TO TEPBble JBa HENOCPEACTBEHHO BBIUHCJISAIOTCS, eCJIH
M3BECTHO ypaBHEHHE COCTOSIHHS BELeCTBa, YTO KacaeTcsl TPEThero Koad-
¢dunMenTa, To 3aBUCUMOCTb ), OT TeMIepaTyphl MOxKeT ObITh HaljeHa
TOJIbKO MeTOJaMHu CTaTHCTHUeckod ¢u3auku. Onnako 3aBucuMocTb Cy

oT o6beMa MOzKeT ObiTh HaljleHa B paMKax TepMOJHHAMHYECKOTO MeTO/a,
€CJIM HU3BeCTHO ypaBHeHHe cocTosiHus. MMenno u3 (11.4) naxonum

ac, Ta '68)} Ta 3(S, T)]
(W)Tz 57K5‘7 riv— 57[577/77)'_ v

Ecau naBiieHue siBasieTCsl JUHHENHON QYHKIMEH TeMepaTypsl, 4TO HMeeT
MecTO H AJs ujaeanbHoro raza P = RT/V u ans raza Ban-aep-Baasbca

RT a
V—b V2

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

Takum obpasom, Ha 00A0 CHMAMUCMUYECKOU (DUBUKU NOMUMO Bbl-
800Q 1 paBHEH U COCMOAHUSA OCMAeMCS 300a1a YCMAHOBACHUA 3ABUCUMOCTU
Mena0emMKoCIU Om memnepamypeot.

Otaenum B TabJuue TepMOJHHAMHYECKUX KO3((PHLHEHTOB TPU KO-
¢unvenra (0V/oP)r, (0P/0T)y n (0S/0T)y, BbIOpaHHBIX B KauecTBe
OCHOBHBIX, CIJIOIIHOH JMHHEH W BbIpa3uM uepe3 HHUX Ko3(h(hHUIIUEHTHI
(0T/0V)p u (6S/0T)p = Cp/T. Hmeem coraacuo (11.6):

P =

oT 1
1) <5”V>p — T (@V/oP),(0PJOT),, - (11.10)
Bripasum teneppr Cp uepe3 Tpu KO3dduuHeHTa, BbIOpaHHBIX B Ka-
YeCTBE HE3aBUCUMBIX:

¢r—Cv="7|(37), = (5] =T |57 — 57 13)

/

Tlepefizem B npaBoil yacTh sgKoOuaHa K nepeMeHHoM T, P. PackpniBad
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axo6uan 0 (S, V)/a (T, P), nonyuum

Co CV—T[( )P as, V)o(r P)]

e s o, 9,60,
- )60

IpouspoaHas (9S/9P)r Gyaer HaMH BbIYHC/IEHa B 3TOM naparpade (pop-
myaa (11.17)). TloacraBasis ee sHaueHHe, HaXOAHM

2) cp—cv_—r(ov)r( )P (11.11)

3amMeTHM, 4To Aas Bcex rasoB (dP/dV)r << 0 wu, cJaenoBaTesibHO,
Cp > Cy (Ppu3HUeCKH 3TO OYEBHAHO, TaK KaK MPH HarpeBaHHH rasa npu
P = const Tenso pacxofyercsi M Ha yBeJHueHHe BHYTPEHHel SHEpruu
rasa ¥ Ha paGoOTy pacIUHpeHHs, B TO BPeMsi KaK NPH HarpeBaHHH rasa
npu V = const paGora paBHa Hyo).

BbipasuM ocTaJjibHble KO3(HIHEHTb TaG/IHIbl Yepe3 TPH He3aBHCH-
MbiIX Ko3(duunenta u Beauunnnsl (07/8V)p u Cp/T = (0S/0T)p. Upes
TAKHX BBbIYHCJEHHH 3aKJ/IOYaeTcsi B TOM, YTO IHTPONHS <H3LOHSIETCS»
U3 sIKOGHAHOB JH60 ¢ moMolbio cootHowenus @ (T, S)/6 (P, V) =1
(ecu oHa cToHT B nape ¢ T), JHGO COOTBETCTBYIOIHI SIKOGHAH BbIpa-
KaeTcsi yepes Tena0eMKOCTH

(S, V) a(S, P)
¢ —TB(T, V) Cr= Ta(T P)

(ecaiu suTpOnus crouT B nape ¢ P uau V). Tak, Hanpnmep,

oT\ _9(T,S) (I, S) AP, V)V, T) _

3) (37)s =5 = 3GV 97T S-S = —g, - (57),s (112)
oT\ _ 0TI, S) _0(T,S)a(P,V)O(P,T) T qg

4 (5P,)s—a(P,S>—a(P,V)a(P.M(P.SFC_p(aT)p (11.13)

YuTtaTenb MOXKET JIETKO NPOBEPHTb CMNPABEAJHBOCTb CJEAYIOUHX BbI-
YHCJIEHHH:

D) ’Z’;)V—Z‘fr’ ?3@ 55 crvkgl;v? (1119
I LR
) (os) =5t — = G0 (i
9 (&), =S Rsen =G, (11.18)
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Muorne u3 dopmyn sToro naparpaga HONYCKaKT MPOCTYIO JKCIie-
pUMeHTaNbHYI0 npoBepKy. OcoGblif MHTepec NpeiCTaBsieT NPOBepKa
TaKHX (GOopMyJ, NPH BbIBOAE KOTOPBIX HCMOJB30BAJOCh COOTHOILEHHE
@ (T, S)/d (P, V) = 1, TaK KaK npH 3TOM MBI I10J1y4aeM HEMOCPEICTBEH-
HOe 3KCrepHMeNTajbHoe NMOATBepxkIeHHe 11 Hauwana TepmoaMHAMHKH.
Tak, Hampumep, cOOTHOLIeHHe

’@T\ __ T [avy

\op)s = 25 (o7)h
TIPOBepsIOCh Ha ONBITaX CO CXKAaTHeM KHAKocTel (ombiTh JIxkoyas).
Tak Kak W3MeHeHHs! TeMrepaTypel NMPH CKAaTHH MKHIKOCTH MaJibl Jaxe
OpH  JOBOJBHO 3HAUMTE/NbHBIX H3MEHEHHSX JaBJeHHSs, YpaBHeHHe
(11.13) moxHO nepemucaTb AJsI KOHEUHBIX W3MEHEHHil B BHJe

ATs= “gvr APs.

P

DxcnepumenThl JIXKOyJIst NPeACTaBIsIIN OGO OHY H3 NEPBBIX ONMBITHBIX
NPOBEPOK crpaBeAnHBocTH 11 Hauasa TepPMOAMHAMUKHY H PHBENH K BeChb-
Ma xopomieMmy (YUHTbIBasi yPOBEHb TEXHHKH SKCNEPHMEHTa) COrJacHio
C ONBITOM.

3aMeTHM, 4TO, Hcxoas M3 I Hayana TePMOAMHAMHKH, HeJb3s OTBe-
THTh Ja)e Ha BOMpOC O HampaBJeHHH a3¢dekra. JleficTBHTebHO, NMpH
afMa6aTHYECKOM CKaTHH JKMAKOCTH ee BHYTDEHHssI SHEPTHs YBeJNHUH-
BaeTcsl Ha BeJMYMHY NPOM3BeleHHON paGoThl. OIHAKO He 3Hasl, Kak
MeHsieTCsl PH 5TOM NOTEHUHAaJbHAasl SHEPTHs MOJEKYJ MHAKOCTH, MBI
He MOXeM NMpENCKa3aTh TaKxkKe, KakK GyleT MeHAThCs MX KHHeTHYecKas
SHEPTHUs H, cJIeloBaTeNbHO, TeMnepaTypa. Jlasi pellleHHs: 3TOro Bompoca
MBI JOJIKHBI ObITH Gbl BOCIIOJIb30BATbCS! METOJAMH CTaTHCTHUECKOH ¢u-
sukn. OnHako npumeHenne Il Hayana TepMOAMHAMHKH JaeT NPSIMOH
(xoTs M ¢opManbHbIil) OTBeT Ha Bonpoc — 3Hak (07/9P)s coBnapaer
co 3HaKoM Ko3th¢HLMeHTa H306apHuecKoro paclupenust ap. Ilpume-
yaTeNbHO, YTO /sl BOAB MPH TeMmepaTypax, MeHbliHx 4 °C, kosdu-
LHEHT 0p OTPHLATENIeH H B COOTBETCTBHH C 3THM BOJA B 3TOM HHTepBase
TeMnepaTyp AOJIKHA OXJaXAaTbCs INPH CKATHH, YTO MOJHOCTBIO IOJA-
TBEPKAAeTCsl ONBITOM. .

MbI paccMOTpe/sH BOIPOC O BbIUHMCJEHHH TePMOJMHAMHUECKHX KO3(-
(HIMeHTOB, T. €. NMPOM3BOAHBIX BHAa (GA/0u),, TAe A, W, v NpeacTas-
JISI0T cO60i OJHY H3 YeTbIpeX OCHOBHBIX TEPMOAMHAMHUECKHX BeJHUMH
P, V, T, S. B TepMonnHaMHKe NPUXOAUTCS TaKKe CTaJKHBAThbCs! C Bbl-
YHCJIeHHEM NPOHN3BOAHBIX TOTO XK€ BHAA, IJle BJIMUHHHI A, W, v (WIH He-
KOTOpble M3 HHX) MOTYT NPEACTaBJATb COG0H TepMOAMHAMHYeCKHe Mo-
TeHUHaNbl (BHYTPEHHIOW 5Hepruio U, cBoGOAHYIO 3Hepruio F, a Takke
NOTeHUHabl, KOTOpPHE Mbl BBeleM B NOCJeAylomux mnaparpadax). B
3TOM CJlyyae TeXHHKa BBIYHC/IEHHH HECKOJIbKO MeHsieTCsl, M sl TOro,
yT0Gbl BEIPa3HTb HHTEPECYIONLYI0O HAac NPOH3BOJHYIO Yepe3 JIerko H3Me-
‘pHMble BeJIMUMHBI, HAl0 B COOTBETCTBYIOUIMX SKOGHAHAX NepeHTH K
«GCTECTBEHHBIM» JJIsl JAHHOTO TePMOJAMHAMUYECKOTO MOTEHIHajda nepe-
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MeHHBIM (B cyyae U K nepeMeHHbIM S, V, B ciyyae F — K nepeMeHHbIM
T, Vurt na).

PaccMoTpuM B KayecTBe npuMepa GpH3HYECKH BaXKHblil BOIpPOC O 3a-
BHCHMOCTH BHYTpeHHell 3Heprun oT o6vema npu T = const. Hmeem
/0U> _oWw, M

r

\v)r=aw. )"
Tlepexofisi K mepeMeHHBIM S, V, MOXeM 3anucaTb
U\ _0WU,Ta(s, V) _ /ag) (ag (a_T
(017)7_ S, vya(v, )~ \dT v[-ﬂS)v\@V)s -
U\ [oT S\ [T
~(Gv)s(ag) |=—P =757, (50)s
u coraacHo (11.12) U o »
(v),=T167), = 7] (11.19)

Buipaxkenne B npaBoil yactd (11.19) moxeT 6HTb HailJleHO, €CJH H3-
BECTHO YpDaBHeHHe COCTOSIHHS rasa.
B yacTHOCTH, /sl HA€AJIbHOTO T'a3a, N0JIb3YsICh ypaBHEHHEM COCTOS-

nusi PV = RT, Haxomum

oU

(av)r=°' U=u(. (11.20)
Jlnst Toro uToGbl Hakitu 3aBuckuMocTb U (T), 3aMeTHM, UTO NPH NOCTOSIH-
HoM oSbeMe

dUy=8Qy=CydT u (37) =Cy.
IMosToMy J/If1 HJeaJbHOTO rasa
U(T)={Cy(T)dT, (11.21)
a JUIsl COBEPLIEHHOTO rasa
U(T)=CyT +-const. (11.22)

C TouKH 3peHHsl MOJIEKYJISIPHBIX NpeJcTaraeH il paBeHcTBO (0U/0V)r =
= ( o3HauaeT, YTO MKy MOJIEKYJaMH HJea/lbHOro rasa OTCYTCTBYeT
B3aHMO/IEHCTBHE HA PACCTOSIHHH (TOTEHUHAJIbHAsl SHePrHsi B3aHMOJeH-
CTBHSI paBHa HYJIO), H MOITOMY H3MeHeHHe PacCTOSHHH MexX/y MOJeKy-
JlaMH He BJIHSIET Ha SHEPTHIO, eC/IH NOCTOSIHHA KHHEeTHYeCKas SHeprus
(T = const).
Ilns rasa Ban-nep-Baasnnca
p_RT _a (P
TV—p V& \oT)y V—b
H, cJel0BaTeNbHO,
U
(57)7_—P+——V__b—l—,~,>0, (11.23)
T.e. ¢ yBeqHueHHeM oGbema (npu T = const) BHyTpeHHss sHeprus
Ta3a Bo3pacTaer 3a CUET CHJl MPHTSIKEHHST MeXAy MoJIeKyJ/laMH (ornpas-
Ka a/V?),
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§ 12. Tepmonunamuka rasa Bau-mep-Baannca

VYpasuenne Ban-nep-Baanbca
P=z 0 (12.1n

npeicTaBsieT coGoii HHTEPIOSHOHHOe YPaBHEHHe COCTOSIHHS, TNpH-
GJIHKEHHO OINHCBIBalOLlee KAaK ra3oo0pasHoe, TaK H XHIKOE COCTOSIHHE
BeutectBa. THNHYHast H3oTepMa rasa Ban-pep-Baasbca H3oGpamena Ha
puc. 16. Jleast KpyTo cnajawuias BETBb
usorepMbl T = T, COOTBETCTBYET XHJ-
KOMY COCTOSIHHIO BELIECTBA C €ro Ma-
JIOH CXKHMaeMOCTbIO, MpaBasi MoJoras
BETBb — ra3006pasHOMYy  COCTOSIHHIO.
TlepexoX M3 KHIKOTO COCTOSIHHS B ra-
3006pa3Hoe (1 06paTHO) NpH OGBIYHBIX
YCJIOBHSAX TPOHCXOAHT He BJOJb H30-
TepMbl ypaBHeHHst Bamu-gep-Baasbca
ABCD, a Bposb u306apbt AD (u3o6pa-
JKEHHOH TNYHKTHPHOH JIMHHeH), KoTo-

Puc. 16. pasi OJHOBPEMEHHO SIBJISIETCS H peajlb-

HOH H30TepMOil.

Touku n3o6apst — H3oTepMbl AD H306paxaioT AByxQasHble COCTOs-
Hus BewlectBa. Yem Gsmke H3o6paxkawomasi Touka k A, TeM Goariue
B CHCTeMe XHAKOCTH H Haobopor. Bersu AB u CD usorepmb Ban-zep-
Baasbca H306parcalor MeTacraGHJbHble P
COCTOSIHHSI BEILEeCTBa: TepeoxJak/IeH-
HYIO XHIAKOCTb H TepecHIeHHbI! nap,

H MOTYT ObITb OCYLUECTBJEHb NPH H3- 5
BECTHBIX YCJIOBHSX (CM. N0ApoGHee § 24).
Yyacrok BC, na kotopom (3P/0V) >0,
COOTBETCTBYeT aGCOMIOTHO HeyCTOHYH-
BHIM COCTOSIHHSIM BeLleCTBa M HH IPH
KaKHX YCJIOBHSIX OCYLIECTBJIEH GbITb He
moxer (cM. § 22). C pocroM Temmepa-
TYpHI 06/1aCTb TOPGOB M BIIAAMH Ha H30-
TepMe Ban-gep-Baasbca ymeHbinaetcs
(puc. 17) u npu temneparype T, (KpH- Puc. 17.
THYeCKasi TeMIlepaTypa) NpeBpallaeTcs

B TOYKYy meperu6a. B 3Tolf Touke (KpHTHUeckas TO4Ka) HMeeM

(6217

'~

=T
<

T )r, =0 (12.2)

s ypaBuennit (12.1) u (12.2) MoxHO HafiTH Bce TPH mapamerpa KpH-
THYECKOH TOUKH — KpHTHUeCKylo Temneparypy 7y, KpHTHUeCKoe
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JlaBJleHne Py 1 Kpu‘mqecxnﬁ o6bem V:

Ty= Py= Vi=23b. (12.3)

a
27Rb ’ 27b% 1

Ilpu TemnepaTypax GoJiee BBICOKHX, YeM KPHTHYECKAsi, H30TEPMbI
Ban-ziep-Baanbca H306paaloT COCTOSIHUST OHODA3HOH CHCTEMBI, NMpH-
yeM YeM Bblllle TeMNepaTypa, TeM GJMXe 5TH H30TepMbl K H30TepMam
HjeanbHoro rasa PV = coist.

Haiinem ocHoBHble TepMoAMHaMHuyecKHe ¢yHKUMH rasa Bau-gep-
Baasibca ¥ B nepsyio ouepe/ib €ro SHTPOMHIO.

Coraacro (11.18)

as=(29), a7 +(35) av = (%), ar+ (%), av

oTKysa ¢ momomplo (12.1) Haxoaum
dS = "dT+——dV (12.4)

Kax mbl BHjieq B npefbinyiieM naparpace, Cy aas rasa Bau-nep-Ba-
asbca He 3aBHcHT oT o6bema: Cy = Cy (T). IlosTomy B (12.4) 06a caa-
raeMbiX — MOJIHble Au(KpepeHnuabl, M, HHTETPHPYs, MOJydaeMm

S—SC O LRIV —0)+5, (12.5)

Ecnn cyutath Cy = const, 4To MOXKHO fie1aTh B NOBOJIBHO ILMPOKHX
TeMIepPaTYpHbIX HHTEpBaJax, TO

T V—b
S=Sy=Cyln () +RIn(y=5). (12.6)
Haiiziem BHYyTpeHHIOIO 3Hepruio rasa Ban-jep-Baaabca. C nomoupio
(12.1) u (12.4) nonyyaem
dU=TdS—PdV = CydT+»—dV
Hurerpupyst, Haxoaum
U= S Cy(T) dT — 3 + const (12.7)
1 npu Cy = coust
U—U0=CV(T—T0)—5+V5. (12.8)
Haiinem pasnocts Cp — Cy ans rasa Bau-gep-Baasbca. CoracHo
dopmyae (11.11) umeem
(01’\

P Vv
Cr=Cv=—T(57), lor)p=T7o7 @),
av/p
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H, Haxojls ¢ momouibto (12.1) Mpou3BoAHbIE B YMC/AHTE/e H 3HAMEHaTe/le
STOTO BLIpAXKEeHHs, MOJYYHM

Pty
Cp—Cv=R——m. (12.9)
—yit+ s

Cunrasi a/V2 L P, b £ V ¥ coxpaHsifi TOJIbKO Majlble BeJHYHHBI Tep-
BOTO MOPsiKa, HafileM

2 2
cp—cVNR(1+P—;7)~R(1+R;V). (12.10)
HafineMm, HaKoHel, H3MeHeHHe TeMreparypbl NpPH aAuabaTHYECKOM

paciIMpeHHH Tasa B 3aBHCHMOCTH OT JaBJ/ieHHsi. Hmeem cornacho (11.13)

u (12.1)

(g)s=£<g;)‘)=aﬁl%m%(l+%w). (12.11)

Tak Kak npaBasi 4acTb 3TOr0 BHIPAXKEHH s NIOOXKHUTE/IbHA, TO (0T/0P)s >
> 0 ¥ ¢ yMeHblleHHeM JaBJeHHs (pacuMpeHHe rasa) ero TeMmnepatypa
najaeT, MpHYEM 3TO TOHHIKEHHe TeMrepaTyphl siBasieTcss Gosiee CHJb-
HBIM, YeM JJIsi HeaJIbHOTO rasa.

§ 13. Meronbl oxnaxaenus rasos. Ipouecch Tei-Jlioccaka
u Jlxoyan—Tomcona

Kak BugHo 3 gopmyas (12.11), o6patumoe annaGathyeckoe pac-
[HpeHHe rasa MoxKeT GLITh HCIIOJIB30BAHO KaK CIOCO6 ero OXJMaxIeHHs.
OnHako MelsieHHOe (06paTHMOe) pacIIMpeHHe ra3a B YCAOBHAX aanaba-
THUECKOH H30JIALMH He NPeICTaB/seT COG0M TeXHHUECKH yNOOHbIH IpHeM
no/yYeHHsi HU3KHX TeMrepaTyp. Paccmorpum
B CBSI3M C 5THM ellle 1Ba SKCIIEDHMEHTa.

TlepBblii H3 5THX SKCNEPHMEHTOB GbUI MO~
craBaen [leii-JTioccakoM. Tas u3 cocyma A
(puc. 18) B pesyJabTaTe OTKpbIBaHHSI KpaHa B
BbipbiBaercsi B cocya C (KOTOpbIii nepBoHa-

Puc. 18, yaJIbHO GblI OTKayaH), MpHYeM Bech NMPOUECT
NIPOHCXOMUT B YCJIOBHsX TenJouzoasiuuy. ITo

(pOLIECTBHH HEKOTOPOro BpeMeHH (GOMbIUETO, 4eM BPEMsl peaKkcauuH
NaBJIeHHsl, HO MEHbILETO XapaKTePHOTO BPEMEHH TeMJONPOBOJHOCTH
CKBO3b TENJIOH30MHDYIOLLHE CTEHKH) B COCYlax YCTaHOBHTCS TepMO-
IMHAMHUeCKoe DaBHOBECHE H MOXET ObITb H3MEDEHO H3MEeHEHHe TeMIle-
patypsl Ty — Ty. B ombitax Teii-Jlioccaka B npefesax MOTPeMIHOCTH
ombiTa oKasanock, yto T, = T;. Jlerko BHAeTb, UTO OTCIOAA CJefyer
HEe3aBHCHMOCTh BHYTpeHHeH sHeprHH oT oGbeMa. [leficTBHTeJbHO, MO-
ckousbKy npouece [eii-Jlioccaka agnaGaTHyecKHii M nmpotekaer Ges co-




§ 13] MPOLIECCHI TEM-JIIOCCAKA U JIKOYJISI — TOMCOHA 47

peplIeHHs PaGOThl NPOTHB BHEIIHUX CHJI (Ta3 pacuIMpsieTcs B MyCTOTY),
TO BHYTPEHHsISl SHEPTHSI OCTAeTCs] MOCTOSHHOM:

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

Orciona, 6naronaps Tomy, yto Ty = T,, IPHXONHUM K BLIBOAY O Hesa-
BUCHMOCTH BHYyTpeHHell 5Hepruu ot o6beMa. ITocMOTpHM, KakuM HaMe-
HeHHeM TeMIepaTyphl IO/KeH Ha CaMoM Je/leé COMPOBOMKAATHCS MNpo-
necc lefi-/lioccaka B peanbHOM rase. 3aMeTHM TPEX/E BCero, 4YTO
5TOT NPOLECC ABJIACTCH HeoOpamumbis aauabGaTHYECKHM MPOLECCOM H,
CTPOrO TOBOPS, JIEXKHT BHE PAMOK Pa3BHTBIX IO CHX NMOp NMpeACTaBJeHUH.
B 4acTHOCTH, MBI He MOXeM YTBepx/aThb, 4To B npouecce [eii-Jlioccaka
SHIPOTIHA OCTaeTcsl TOCTOSIHHOM: KaK Mbl YBHJHM HECKOJBKO TO3XKe
B § 21, mpu HeoGpaTHMBIX afHaGaTHYeCKHX MPOLLECCaX SHTPONHS BO3pa-
craeT. Mbl MoXeM, OHAKO, PacCLIMPHTL KPYr pellaeMbIX HAMH 3ajay H
BKJIIOYHTL B Hero npouecc [efi-JTioccaka ¢ MOMOLIBIO C/ICAYIOWEro, YacTo
HCOJIb3YeMOTO B TePMOJHMHAMHKe, paccyxjeHHs. ITOCKOJbKY Hac MH-
TepecyeT TOJIbKO KOHeYHOe paBHOBECHOE COCTUSIHHE ra3a Tmocje pacliH-
peHHsl ero M0 obbeMa V,, 3amenum MbicAeHHO HeoGpamumslii npoyecc
Tedi-Jlroccaxa svobpaxcaemoim 0GpPamMuMbi;m nPOYECCOM, SeDYUUM K MOMY
e KOMeuHoMy cocmosniro. Mbl MOXeM ceGe MBICJHTB 3TOT Mpolecc,
KkaK 6eCKOHeUHO MejlIeHHOe paciuHpeHle rasa Jo o6beMa V,, nmpoTekaro-
mee NpU TIOCTOSIHHOH BHYTpeHHeil sHeprud U. (JtoT BOOGpakaeMbIi
npouecc, KOHeYHO, He GyJeT HH aXuaGaTHUeCKHM, HH H303HTPONHYe-
cxuM, Hanporus, Kak Mbl yGexumes B § 21, OH 0JI2KeH COMPOBOXKAATLCS
NOJBOJIOM K a3y HeKOTOPOro KOJMYecTBa Tervia.)

TockonbKy Hac HHTepecyeT H3MeHeHHe TeMIepaTyphbl rasa, compo-
BoxaamolLee mpouece lefi-Jlioccaka (3To0 H3MeHeHHe, OYeBHAHO, Gyjer
TaKkuM e, KaK H B BOOGPaXKaeMOM H303HepreTHYeCKOM lpotecce), Haii-
e npousBoanyio (07/0V)y. Tlepexois K «ecTeCTBEHHBIMY TIePEMEHHBIM
BHYTpeHHeii sHepruu S u V, nonyynm

() =35~ S5 38 = P8

Monb3ysicy dopmyaoit (11.12), umeeM oKoHuaresbHO

EARE AT 2

V)
Jlerko BHAETb, YTO J/Isl HAaJbHOTO ra3a 3TO BHIpaxeHHe obpaiaercs
B HYyJIb.

OnHako 1S peajibHOTO rasa, MoJIb3YsiCh B KauecTBe MOJETH ypaB-
HenneM Ban-jiep-Baasnbca, naxoaum

oTy _ __a_
avjyT T VI,

3 3108t chopMysbt BHAHO, 4TO 151 peasbhoro rasa mpouece leii-JTioc-
CaKa JoJI)KeH CONMPOBOXK/ATLCS OXJIaXK/IeHHEM, NIPaBJa, HeGOMLIIMM, TaK
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Kak nompaBka a/V? B ypaBHeHnH Bau-gep-Baasbca masa no cpasHe-
HHIO C aB/ieHHeM P M NOHHKEHHEe TeMneparypbl — V:C AV Mmaso 1o

v
cpaBHennio ¢ 7. TTosToMy B onbitax I'efi-Jlioccaka, cBA3aHHBIX ¢ GOMb-
IIHMH TIOTPEUIHOCTSMH (TaK KaK TelJOeMKOCTb CTEHOK COCYAAa BeNHKa
MO CPAaBHEHHIO C TEMJIOEMKOCTbIO rasa), TaKHe Majble H3MEHEHHS TeM-
nepaTypbl He MOTJIH GbiTb 3aHKCHPOBaHbI.

B cBs3u ¢ stum [JxoyJsem i ToMCOHOM GBI MOCTaBJ/IER SKCTIEPHUMEHT,
I103BOJISIIOLIHIT [IPOBECTH 3HAUHTEIBHO GoJlee ToUHbIe H3MepeHHs. [Tpexe
YeM TEePEXOAHTh, OJHAKO, K ONHCAHHIO ITOTO HKCNEPHMEHTA, HaM MPH-
JleTCsl BBECTH ellie OJIHY TEPMOJIHHANMHUECKYIO (GYHKIHIO MOMHMO ajuaba-
THYECKOTO TOTeHIHasna (BHYTPeHHsiA 5Heprus) U W H30TepMHUECKOro
norenuyana (cBoGopHas sHeprus) F. Dra HoBasi QYHKUHS HAa3HIBAeTCs
menaocolepacanues WIH snmasbnuell W onpelensiercs GopMmynoi

W=U+PV. (13.3)

Ee nuddepenunan pasen

dW =dU-+PdV +V dP,
HJH
dW =T dS+V dP, (13.4)

H eCTeCTBEHHBIMH nepeMeHHbIMH it W siBisiroTest S u P. Tpounssoanbie
TEMJIOCOAEPKAHHUS 110 5THM TePEMEHHBLIM PaBHbI

G (D, 53

PaccMoTpHM Temepb mpotiecc, HasbiBaeMblit mpoueccoM Jxoysust —
ToMcoHa, HIeaibHasi cXeMa KOTOpPOro H3ofpaxesa Ha puc. 19. Tas
B TEMNJIOH30JIHPOBAHHCH TPYGe NMpONABIHBAETCS C TOMOIILIO MOPIIHS
CKBO3b MOPHCTYIO neperopoiky. CiieBa H CrpaBa OT NeperopojikH noj-
JIepHKHBAETCSH C TIOMOLLbIO MOPIUHEH mo-
CTOSIHHOe faBiieHHe Py u P, (P; > Py),
TaK 4TO BeCh MpOLeCC fABJSETCH CTalHO-
HapHBIM. (B peasbHBIX MPOH3BOJCTBEHHBIX
yeaoBusx mpouece Jxoyns — Tomcona
OCYLIECTBJISIETCS HECKOILKO HHAue — POJIb

Puc. 19. nopuiHeil BHINOJHSET —KOMIpeccop, co-
3JaI0MKH mepenaj JaBJeHHH M CTalHO-
HapHbIl MOTOK rasa, a poJb MOPHCTOH MNePeropofiKH — BEHTHJIb).

JlokaskeM, uTo mpouecc J{koysst — TOMCOHa TMPOHCXO/UT MPH mO-
CTOSIHHOM TeMJIOCOAepKaHuH (udvannarsnudeckutt npoyecc). Iyt He-
KOTOpoe KOJIHYECTBO rasa, 3aHHMaBillee cJieBa OT Teperopojiku obLeM
V,, 3aHHMaeT MocJjie MPOJIABJIHBAHHS CIIPaBa OT NEPEropoiKkH o06beM V.
Hamenenve BHyTpenne#t suepruu rasa U, — U; paBHo pa6oTe, npous-
BejieHHol HaX rasom P,V, — P,V,, orkyaa

Uy—Up=PVy— PV,  W,=W, (13.6)
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OGpaThm Terepb BHEMaHHe Ha To, 4To npouece koyas — ToMcona
TaK e, Kak u npouecc I'eii-JTioccaka, siBaisiecst HeOGpaTHMbIM aHa6aTH-
4eCKHM mpolieccoM. Paccyxnas Tak ke, Kak W B cayuae mpoiecca
Teii-Jlioccaka, 3aMeHHM ero BOOGpaaeMbIM H303HTaJIbIIHYECKHM MPO-
11eCCOM, BEIYLIHM H3 TOTO XXe HauaslbHOro coctosihus Py, Vi, T; B To xe
KOHeuHOe COCTOsiHUe Py, Vy, Ty, uTo M peanbHbiit mpouece [koyas —
ToMcoHa.

ITockosbKy Hac HHTepecyeT H3MeHeHHe TeMrepaTypsl rasa, Conposo-
xkpawomee npouece Jlxoyns — ToMcoHa (310 M3MeHeHHe, OYEBHJHO,
GyleT TakuM e H B BOOOpa)<aeMOM H303HTaJIbIIMYECKOM INpolecce),
Haiinem npousBoanyio (8T/6P)y,. imeeM, nepexolisi K ecTeCTBEHHBIM ISt
W nepemenubiM S, P:

oT\ _0(T, W) _ 3(T,W)a(pP, S) _ 1[/aT\ (oW OT\ (3W
G e =500 = 55 simomy = 7 (ap)s (a5 — (35) (57)s]

B cuny pasenctsa dW = T dS + V dP naxonum
@), = (), - &
ap)w” EP)S Cp*
Monbaysick dopmyaoft (11.13), mosyuuMm okoHYaTesnbHO

(o= (6. ) )

=0,T. e. acppekT K0~

oT
B cayuae uueasbHOro rasa nonyqaem(ap)w
yasi — ToMCOHa OTCYTCTBYeT.
st uccaenosanus dopmyel (13.7) B caryuae peaJibHbIX Ta3oB yAOGHO
nepefiTH B MpaBoit yacTH K mepeMeHHbIM T, V, Mosb3ysich COOTHOLIe-

HHEM oV ,
3= - G ),
TOoraa moJryyaem
()= =1 878|022

Tak kak (6P/6V)r << 0, To sHak npoussopHoli (8T/6P)y coBnagaer
€0 3HakoM BeauuuHbl A = V (8P/8V); + T (6P/0T)y.

PaccmoTpum  nosenienne rasa, nopuHHsiomerocs ypasHeHuio Bau-
Rep-Baanbca

(p+ ) (V —b)=RT.
B 3TOM cnyqae ’

(Qg\ _ R (ap _ 2 RT
. \oT /v — V—=b' \aV)r~— V8 (V—bp
2a RTb
A= s — V—F" (13.9)
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Ipu A << 0 nMeem orpuuatesnbHbiil sdpdekt Txoyas — Tomcona (mpo-
cayHBaHHe ra3a CKBO3b NEPEropojiky COMpPOBOXKIAETCS HarpeBaHHeM),
npu A >0 — nonoxuTeJbHEIH 3bdeKT (ras oxJaxAaeTcs) H IpH
A =0 Tak Ha3blBaeMyi0 TOYKY HHBepCHH (cMeHa 3HaKa 3(dekra).
ToukH HMHBEPCHH ONpeRensiloTCs ypaBHEHHEM

=it R o (13.10)

Tak Kak Hac HHTepecyeT TeMmepaTypa HHBEPCHH, KaK QYHKiHs
JlaBJIEHHs, HCKJIIOUHM H3 3TOTO YPaBHEHHst 0G'bEM C MOMOILBIO YPABHEHHS]
Bau-znep-Baanbca. M3 ypaBnenns (13.10) Haxoanm

V—b 4/ RTd
Vo 2
Bsenem oGosnauenne ) RT:6/2a = x. Torna
b bx
V= = V—b=l_x‘ (13.11)

Moacraenss B ypasHenue Ban-nep-Baanbca, monyuum ans ¥ KBajapar-
HOe ypaBHeHHe

4 1 Pb?
PEY: 3(1 s >_A_o, (13.12)
OTKyJa 7
2 1 3Pb?
x_—f,s[li? 1— 2 J (13.13)

H TeMmepaTypa HHBepPCHH paBHa

8a [ 1 - 3PbE |2
Tl‘=wlli‘§ VI_TJ'

Beoast kputuueckyio temiepatypy Ty = 8a/27Rb u xpuTHyecKoe
nasnenne P, = a/27b% mnepenHiueM TOCAERHION GOPMYIy B BHIE

T,~=3TK|_1i%]/l——9%lB. (13.14)

Me1 BUaMM, 4TO MpH P << 9P, cyuiecTBYeT ABe TOYKH HHBEPCHH: BepX-
nas T; n Hukusas T;, pasHHUa MeX]y KOTOPHIMH yMeHblIaeTcs C po-
CTOM JaBaeHHs; npu P = 9P, o6e TOYKH HHBEPCHH CJIMBAKTCA B OJHY
5 27 3

T; = 3T. HaoG6opor, npu P — 0 umeem T;— s T T‘_’T Tx.
JIns GONbIIMHCTBA Fa30B HUKHsSI TOYKA HHBEPCHH HAXOJHTCS B 06/1aCTH
JKHAKoro cocrosinus. Ha naockoctd (P, T) KpuBas HHBEpPCHH HMeeT
KynoJioo6pasnyio ¢opmy, H3oGpaxennyio Ha puc. 20. O6aacTb noso-
JKUTENBHOTO 3¢xpeKTa JIEKHT BHYTPH KpHBOH. (DTO BHAHO XOTH Gbl
M3 TOro, YyTo cornacHo ¢opmyJe (13.9) npu T — oo u GHKCHPOBAHHOM
V, A cTaHOBHTCS OTpHLATebHOM.) [l/151 GOBIINHCTBA ra30B (3a HCKJIOUe-
HHEM BOJOPOJAA M TeJins) BePXHHE TeMnepaTypbl HHBEPCHH BEAHKH MO
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CpaBHEHHIO C KOMHATHBIMH, H /Il HUX y2Ke [IPH KOMHATHbIX TeMnepary-
pax A >0, u sdxpext Jxoyas — TOMCOHa NPHBOAHT K MOHHKEHHIO
TemMrepaTyphl rasa, ¢ YeM CBSI3aHO €ro TeXHHYeCKOe HCIOJIb30BaHHe B
yCTaHOBKAX JJIsl CXKHXKEHHs! as0Ta, KHC/IOPOAa H T. A.

Jlas H, v He Bepxuue Temneparypbl HHBEPCHH NMPH OGBIYHO YMOT-
pebasieMblX JaB/IEHHSX OueHb HMSKH M NPH KOMHATHbIX TeMmepaTypax
npouecc Jlxoynst — ToMcoHa MPHBOAMT K HarpeBanwio rasa. B cmssu
¢ 5TuM AJ1s cxHxkeHnst H, 1 He Heo6xoaumo mpepapHTebHOE HX OXJa-
JkleHHe HHXKe TeMmepaTypsl HHBEpPCHH
ApYTHMH MeTOJaMH (AJsi BOJOPOJA HC- 4
[0Ab3YeTCS OXJaXJeHHe C TOMOLIbIO
TeTJIOBOTO KOHTAaKTa C JKHAKHM BO3AY- 9P
XOM, @ JUISl TeHs — ¢ XHMAKHM BOJO-
POJIOM).

Kax BupHo u3 Bbipaxkenus (13.9),
MO0k UTEJbHBIH 3QdeKT HMeeT MecTo
B YC/IOBHSIX, KOT/A2 GOJIBLIYIO POJIb HI- L I G T
paeT nonpaBka a/V? B ypaBHeHHH Bau-
Jep-Baasbca, a oOTpHUATeNbHBbI 30-
(eKT — KOorjla mpeBajHpyeT mompa.-
Ka b. DTO OGCTOSITeNBCTBO JIETKO TMOHSATH, MOJAB3YsiChb cooGpaKe-
HHSIMH  MOsieKyJsipsolt Teopun. [lompaBka a/V? cBsizaHa ¢ jeii-
CTBHEM CHJl TIPHTSKEHHS MEXAYy MOJEKY/laMH, H KOIAa 3TH CHJbl mpe-
0061a1ai0T, OHH TOPMO3AT JBHiKEHHe MOJIeKYyJ NMPH HX yAaJeHHH Apyr
OT Apyra (IpH pacUIMpeHHH rasa mocje NPOXOXJEHHs uepes MOPHCTYIo
neperopoiky). Ilpu 3ToM KHHeTHYecKasi S5HeprHsi MOJIEKYJ H, CJeloBa-
TesIbHO, TeMIlepaTypa rasa najaiot. ITonpaBka b cBsizaHa ¢ KOHEUHOCTBIO
o0beMa MOJIEKYJI, T. €. C AefiCTBHEM CHJI OTTAJKHBAHUS MEXAY HHMH NPH
HENoCpe/CTBEHHOM CO/HKeHHH. Ec/n 5TH CHJIB NpeBasupYIOT, TO OHH
YCKODSIIOT MOJIeKYJIbl TIPH HX YAasleHHH Apyr oT Apyra. IIpn sToM KHHe-
THUECKasi SHEPTHsl MOJIEKYJ H TeMnepaTypa rasa BO3DacTaloT.

Mel pacemaTpHuBaiH 0 cHX nop AnddepeHLHaIbHbI 3ddeKkT Koy-
nist — ToMCOHa, HMEIOWMH MeCTO NPH GeCKOHEYHO MaJblX Nepenagax
Hapjiennii. TIpeAcTaB/isiiomMi TEXHMUECKMH HMHTepeC HHTErpa/ibHBbI
apdexT ompeneasieTcss dopmyanoit

P,

T,— T1=§ (i” ), 4P (13.15)

Puc. 20.

oP
f
B peasbnbix ycnopusx BennunHa T pUKCHPOBaHa BHIGOPOM MeToOxa
TIPe/IBapHTe/IBHONO OXJ/IAXK/IEHHS Ta3a, a BeJHYHHA P, NPHOIH3HTENBHO
CoBnanaer ¢ arMocdepHbIM LaBieHneM. HaiineM, npH KakoM BhIGOpe
Havanbuoro faBienust P, sgeKT Gyner MakcHMasbHbIM. JlHgdepen-
Wipys (13.15) no P,, Hailem

(%%>W=0 mpu P=P,, T=T,
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HO 3TO €CTb YCJOBHE TOrO, YTO Hau4d/IbHOE COCTOsIHHE JIC/KIT Ha KpH-
Boii mnnsepcu Aas audpepenunanbiioro spdexra Lroyas — Tom-
coHa, H, CJeI0BaTeJLHO, BbIOpaB TeamnepaTypy T NnpeiaBapHTeNbHOTO
OXJlaX JeHHsI, Mbl IO KpHBOl:’I HHBEPCHH HAaxOAHM ONTHMaJsbHOE Hayalib-
HOE JaBJ/IeHHe.

3ameTHM B 3aKJIOUeHHe, YTO BCe MOJYyUellibie Pe3yJbTaThl TOJAbKO
Ka4eCTBeHHO COTJIacyIOTCsl ¢ ONBbITOM, TAaK KaK ypaBHenue BZJH~,‘_’[€‘p-Ba-
ajnbca JiHib NPHOJIHKEHHO OMMCHIBAaeT MOBEJCHHE PeasibHblX Ta30B.

§ 14. TepmoanHamuKa cTepxHeit

IlepeiineM Temepb OT PacCMOTPEHHsi TEPMOAHHAMMYCCKIIX CBOWCTB
OJIHOPOJHBIX CHCTEM, OMHCHIBaeMbIX mapameTpamu P, V, k paccmotpe-
HHIO APYTHX TePMOAHHAMHYCCKHX CHCTEM.

B KauyecTBe MepBOro npHMepa PAcCNOTPHM CTepeHb AIHHBI I,
pacTsiruBaeMblii IPOAOJIBHOI ciI0fi f. PaGoTa, coBepliaemasi pH pacTs-
JKEHHH CTEDAKHsI 11a BeJHUlHY dl, BbIpakaercsi (B COOTBETCTBHMH C BbIG-
PaHHBIM MpPaBHJIOM 3HAKOB) HOPMYJIOf

8A=—/dl. (14.1)

Cpapuusast ¢ GopMyJ10ii paGoThl A5t razo 84 = P dV, Ml BHAIM, uTO
JJ151 epexoAa OT COOTHOIIEHHI TePMOIHAMIKH Ta30B K COOTHOMICHHSM
TEPMOJMHAMHUKH CTeprkHell HYXKHO BO BceX (OpMyJax cjielaTh 3aMeHy

Po—f, Vol (14.2)

Taxkum 06pa3oM, poJb 0GOGLIEHHON CHJbl B TEPMOIIHAMHKE CTepK-
Heil BBIMOJHSICT BeJHMUMHA —f, a poJib OGOGUIGHHOH KOOpPAHHATH —
aauna crepxust [, OCHOBHOE TePMOJANHAMHUCCKOE TOXK/IECTBO SAMHLLETCS
B BHJe

dU (S, )=TdS+fdl (14.3)
WJIH C MOMOILIbIO sikoOHaHa
(T, S)
A 1. (14.4)

B TepmoanHaMiKe CTeprkHell yPaBHEHHe COCTOSIHHSI, KOTOPOe A5 ra3oB
sanuchiBasoch B Biite P = P (V, T), 6y1eT, OueBIIHO, MpPEICTaBISATh
coboit cootHomenne euaa f = f (I, T). SIBHbIi Bl 5TOFO COOTHOLUICHHS
B 00J1acTH 6oJbiIHX JedopMallil H B IIMPOKUX TeMIepaTypHbIX HHTep-
BajlaX A0CTATOYHO CJIOXKEH M MOZKeT ObITb HaiZICH TOJABKO SMIIHPHYECKH.
OnHAaKO B [10BOJAbHO IIMPOKHX HHTEpBaJaX TeMieparyp, AajJeKHX OT
TOYKH IIABJEHHS, H B 00/1acTH HeGOMbIUX (ynpyrux) ledopMaiuii Mbl
MOXKEM BOCIIOJIb30BaThbCs GOPMYyIaMH

L(T, 0)=1(0, 0)(1+4aT), f=-const=0, (14.5)
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rie & — Kos(QUUHEHT JHHeHHOrO TeMIIepaTyPHOTO PaCIuNPEeHHst CTePXK-
HA, SaBI'ICHLLLHfI TOJIBKO OT MaTe¢pHana CTepPKHHA, HO He OT €ro JJHHbI H
TeMIepaTyphl, H
L H=IT, 0 _ 1 (14.6)
ur, 0) Ec !’ )

rae E — moayab fOura, 3apncsimuii ot MaTepHaja cTep:xHs M caalo
3aBHCSLIMA OT TeMIepaTypel, H 0 — IIOL@Ab NONEPEYHOTO CeueHHs
crepykHs (3aKkoH T'yka).

O6bemuusist coornowennst (14.5) u (14.6), nosayunm ypasHenne
COCTOSIHHS «H€ANbHOTO» CTEPHKHS

!
1= Eo | gpan— 1] (4.0
rae L, = 1(0, 0).

B nanbHefimen Mbl GyaeM CUfiTaTh /151 «€aJbHOTO» CTEPXKHS BesH-
unHBl £ M o IOCTOSIHHBIMH, a TaK:ke NpeHeGperkeM H3MeHeHHeM [PH pa-
CTAXKEHHH MOIIEPEYHCTO CRYCHHS O (yqu 3TOrC U3MEHEHHS JaeT 3d)qJel(TbJ
BTOPOTO IMOPSIKA MAaJOCTH MO OTHOCHTeJbHON JedopManuu Al/l).
Tak Kax AJisi GOIbITHACTBA TBEPABIX Te/1 KoadpHUHEHT JHHEHHOro pac-
wpennst a ~ 107 epad™?, To npoussesenue aT ocTaeTcst BeCbMa MaJbiM
10 CpaBHEHHIO ¢ 1 BNIOTH [0 TeMnepatyp, GIH3KHX K TeMneparype 11as:
JeHHs, W Mbl 6yeM B JasbHefieM npe-
HebperaTh BEIHUYHHAMH BTOPOTO  IO-
psaaxa Manoctd no a7. B wacTHocTi,
dopmyny (14.7) MbI MOXeEM 3anucaTh B
npefenax Halleil TOYHOCTH M B BHAe

f=Eo -;(;(l—aT)— 1]. (14.8)

B nanbeiiem Mpl GyAeM 1MOMb30BATHCS
ypaBHEHHEM COCTOSIHHs CTEpXKHs HC-
KaounTenpHo B opme (14.8).
Taknm o6pasom, Ha maockoetn (f, [)  ~£6i
H30TepMbl HICAJNBHOTO CTEPXKHSI HMEIOT Puc. 21.
BliJ, H300pakeHHbill Ha pHc. 21. TTyHk-
THUPHBIE YaCTH KPHBBIX — H30TEPMBI BHe 061aCTH YyNpyrix ledopma-
unit, rie moayab IOHra CTaHOBHTCS 3aBHCAWMM OT jAedopmMalMd H
YMEHbLIAETCS N0 CPABHEHHIO CO CBOMM 3HAueHHeM B yIpyroi o6nacti.
Halizem Tenepb BakHeiilllie TePMOAHHAMHUECKHE QYHKIHH HACAJib-
HOTO CTeP2KHA M PEXKJe BCETO X0 IHTPOMNHIO. [/1si STOT0 BOCNONb3YeMCst
Gopmyanoit (0S/0l)r = —(6f/8T),, Koropasi mosmyuyaercss u3 (HOpMyJbl
(11.18) CTaHnapTHoﬂ samenoit (14.2), Toraa

798 [ O
dS= (%), dT+(51) di =55, a7 = (5L a. (14.9)

Ha ocnosaunu ypasuenusi coctosiiusi (14.8) maxoanm
(of v _ _ alol
kaT,IL‘ [
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OTKyza

as =iy efold (14.10)
0

Jlnst Toro yToGbl NPOHHTErPHPOBATH MOC/AELHEe PABEHCTBO, HAJO 3HATh
saBucumoctTh C; oT T u [. HecMoTpst Ha TO, 4TO Mbl paccMaTpHBaeM
CTEPXKHH — TePMOJHHAMHYECKHH OOBEKT, COBEpPLIEHHO OTJHYHBIA MO
CBOell MpHpOJe OT rasoB (MAeaNbHBIX H pDeaNbHbIX), HMEETCs BaxHOe
(xoTs1 ¥ hopMaJIbHOE) CXOACTBO MKy ypaBHEHHSIMH COCTOSIHHSI B 9THX
TPex cay4asx (MiealbHble Iasbl, peajbHble rashl, HiealbHble CTEPKHH).
ITO CXOACTBO 3aKJIOYAeTCsl B TOM, YTO BO BCEX TPeX c/yyasix oGoGueH-
Hasi cuJa (P B ciydae rasos, f B ciyyae cTepxHei) sBAsieTCs JHHEAHOM
¢ynuxiueii Temnepatypsl (ypaBHenne (14.8)). Orciona caenyer, 4To Aas
HjleabHOro cTepkHst C; He 3aBHCHT OT [ NOLOGHO TOMY, KaK 15 Hiealb-
HOTO H peasbHOro rasoB Cy He 3aBHCHT OT V.

JloKa3aTe/IbCTBO STOTO yTBEPXKJAEHHsI MOXKeET GbiTh NOJYYeHO NyTeM
3aMenbl P — —f, V — | B dopmyse (11.9):

acy o\
(-071_>7— -T <7T"‘_>1_0'
Hnrerpupys tenepb paseHctso (14.10), Haiizem

S=S—C£T)£+a—§zﬁ+const. (14.11)

3asucumoctb C; OT TeMnepaTyphl, Kak Mbl YKe YINOMHHaJIH B CBSI3H
¢ rasamu (otHocHTeapHO Cy), He MOxeT ObITb HalileHa B npejesax
TepPMOAHHAMHKH M HAaXOJHTCS B CTaTHCTHYecKoH ¢uauke. B § 38 mml
yOeLUMCs1, YTO AJIs1 LIeOT0 Psijia TeJl NIPH He CIMIIKOM HU3KHX TeMmmepa-
Typax C; NOCTOSIHHA H COCTaBJSET OKONIO 6 Kas/epad - xoab (3akoH [lio-
nonra u [Tru). as Takux (CoBepiieHHBIX) cTepkHel dopmyaa (14.11)
npHoGpeTaer BHJ o
S—8*=Cln 5 2C-0N (14.12)
0
rae [*, T*, S* — napaMeTpbl HEKOTOPOrO NPOH3BONBLHOIO COCTOSIHHS.
HalizieM BbipaxkeHHe 1151 BHYTPEHHEH SHEPIHH HAeabHOTO CTepKHS,
Wmeem coraacho (14.10) u (14.8)

dU = TdS+fdt=C,dT+(aETc[l—o+f>dl=C,dT—|-Ea’T—OI"dl
H
U= S Co(T)dT +E2GE 4 const, (14.13)
HJIH JJIsI COBEPUICHHBIX CTepxKHeH

U—-U*=C,(T—T*)+ [EUU‘IQ_);_(’*—%)’] .

lo

(14.14)
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B OT/IHYHE OT HeaJibHBIX Ta30B, SHEPTHsI KOTOPBIX He 3aBHCHT OT 0fbe-
Ma, 9HEPTHsI HeaNbHbX CTepxHeH ABASETCS KBaAPAaTHUHOH QyHKIHeH
zedopManiy.

Mbl MOXKeM COCTaBHTb JI/Ist TePMOJAMHAMHKH CTepKHel TaG/HIy Tep-
MOJIHMHAMHYECKHX KO3(QHIHEHTOB, aHaJOTHuHYl0 Tabnnue (11.5) ans
rasoB, KOTOPYIO yNOGHO TNpeiCTaBHTh B BHIE

Gr), (o) (57|

( g;‘)ll (};fs ) 7 (‘g )s
o . ) (14.15)
(gﬂ: <g§>7 (ZZ:)S
(), (@8 (5

Tak ke, kKak H B CJyyae rasoB, TOJbKO TPH H3 3THX KO3(bQHIHEHTOB
SIBASIOTCS He3aBHCHMBIMH. B TepMopMHaMuKe cTep:KHel YIOGHO B Ka-
YeCTBE OCHOBHBIX Tpex Koahdunuentos sbibpatb (0l/0T),, (df/0l)r
u (8S/0T); = C,/T. TlepBele 1Ba H3 3THX KOS(QGHMIMEHTOB, C OAHOH
CTOPOHBI, JIETKO MOTYT ObITh H3MepEeHBb H, ¢ APYTOH CTOPOHbI, Olpeje-
JIAIOTCA YPABHEHHEM COCTOSIHHS CTEpIKHSI.

B 4acTHOCTH, ANsi HA€AJbHBIX CTEpPIKHEH HMeeM

(37), = oo (14.16)
of\ _ Eo ~ Lo
(), = a—an~ L2, (14.17)

TennoemkocTs C; Ans cTepxHei uaMepsercs qerue, yeMm C;. Haii-
Aem pasHocTb C; — C; s wjealbHbIX cTepxHeit. TTIpoBoas cranzapr-
Hylo 3ameRy P — —f, V = [ B ¢opmyae (11.11), noayuum

9, al\2
c,-c,:r(if,)r(;r-)f. (14.18)
Toacrasasist (14.16) u (14.17) B (14.18), Haxoxum
C,— C,=a*TEdl,, (14.19)

U TaK KaK TpaBasl yacTb SBJISIETCS] BEJHYHHOH BTOPOro MOpsiAKa Mo
a7, To pasHocTb C; — C, o4eHb Majia H B BLIGPAHHOM HAMH IpHOIHKe-
HHH JOJXKHA CYHTAThCsl PABHOH HYJIIO.

Brtpasum B kauecTBe HJoCTpaluu Kosdouuuent (67/0f)s, xapax-
TEpH3YIOIIME H3MeHeHHe TeMnepaTypbl NpPH aAHaGaTHYECKOM pacTs-
KEHHH CTEPIKHS, Yepes JIerKo M3MepHMble BeJHYHHHL. IToab3ysich dop-
Myao#i (11.13) u npoBojst cranpapThyio 3ameny P — —f, V — [, noay-

YUM
ory _ _ T (ol T
(5/>S c,(ar), 2 (14.20)
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Tak Kak Ans GoJbIIHHCTBA TBepAbIX Team o >0, To (87/df)s <O,
T. €. NPH YBeJHYEHHH HATPY3KH CTEPXKHH OXJsaxaawTcss. OmnsITel mo
afHabaTHUYECKOMY DaCTsIKEHHIO I1POBOJIOK CTaBHIHCh IxkoyneM u Xara
H IpPHBENH K BecbMa XOpOLUIEMY COIVIaCHIO ¢ TeopHel. OTMeTHM, uTO
STH SKCNEPHMEHTBl Hapsily C ONBITAMH M0 aJAHaGaTHYeCKOMY CHKATHIO
JKHAKOCTel SIBHJIHCh OJHOH H3 NEPBBIX ONBITHBIX NMpoBepok Il Hauvana
TepPMOAHHAMHKH.

Jlns HeKOTOpBIX Tes (pe3HHa, HEKOTOpble noJuMepsl) & << 0 (npu
HarpeBaHHH CTepxKeHb M3 TaKOro MaTepHa/la cokpainaercs). Toraa
u3 dopmyast (14.20) caenyer (67/8f)s > 0, T. e. cTep:KeHb H3 TaKOro
MaTepHasa NPH PaCTsKeHHH HarpeBaercsi. ITO OGCTOSITE/IBCTBO JIETKO
[IPOBEPHTb HA ONbITE C PE3HHOBBIM KI'YTOM.

§ 15. TepmopuHaMMKa napamMarHeTHKOB

Mel Gynem paccmaTpHBaThb B 3TOM mnaparpade napaMarHeTHKH:
BelllecTBa, KOTOPble HaMarHHYHBAIOTCS TOJILKO B IPHCYTCTBHH BHELIHErO
1OJISt ¥ JUIst KOTOPBIX HAlpaB/eHHe HaMarHHYeHHs! COBNAeT C Hanpas-
JleHHeM BHELUHero moJisi. Mbl MOTVIH Gbl IOCTPOHTH TEPMOAHHAMHKY Ma-
paMarHeTHKOB YHCTO (heHOMEHOJIOTHUECKHM 1yTeM, He npHGerast K aToM-
HO-MOJIEKYJ/ISIPHBIM MOJIEJISIM, B3sIB H3 CTAaTHCTHYECKOH (H3HKH TOJNBKO
BHJ yPaBHEHHsl COCTOSIHHsSI. Mbl, OJHaKo, NMPEANouTeM TaKOMY YHCTO
(heHOMEHOJIOTHYECKOMY ONHCAHHIO KaueCTBEHHOE PAacCMOTPeHHe MOJIEKY-
JISIPHOI MOJe/IN NapaMarHeTHKa, TaK KaK OHO NO3BOJISIET NpeABHAETH
BaXKHble CBOWCTBA ypaBHEHHsl COCTOSIHHsI (HaCblLleHHe HJIH NpejebHoe
HaMarHHYeHHe), He MOJIb3YsICh ero sIBHHIM BHIOM.

C MousieKyIsIpHOIt TOUKH 3peHHsl apaMarHeTHK NpeacTaBisieT coGoit
BEIECTBO, KaXAasi MOJIeKY/a KOTOPOTO HMeeT IOCTOSHHbIII MarHHTHbII
MOMEHT. B OTCYTCTBHe BHEILHEro IOJisi OPHEHTAIHsI MATHHTHBIX MOMEH-
TOB OTAE/bHBIX MOJIEKY/ XaOTHYHA M B CPeJHEM CyMMa MAarHHTHbIX
MOMEHTOB paBHa HyJIO. BK/IOYeHHe MarHHTHOTO MOJsSi C WaINpsiKeH-
HOCTBIO H NPHBOAHT K NPEHMYLIECTBEHHOH OPHEHTAllHH MarHHTHBIX
JIHIIONIell 110 HanpaB/eHHIO NOJST H K BO3HHKHOBEHHIO OTJIHYHOTO HY.JIsl
MarHHTHOTO MOMEHTa NapaMarHeTHka M. 3Ta BeJIHYHHA HOCHT Ha3BaHHe
BEKTOpA HAaMarHHYeHHst (MM st KPaTKOCTH NPOCTO HaMarHHYeHHst).
Mbl GyeM cuHTaTh, TaK e KaK H B C/lyyae Ta3oB, YTO Mbl HMeeM JeJI0
C OfIHO# IPaMM-MOJIEKYJIOH MarHeTHKa, H BeJHUYHHY M GyaeM CUMTaTh
MOJISIDHBIM HaMarHHueHHeM. C pPOCTOM HamnpsiKeHHOCTH noas H
C yMeHblLIEHHEeM HHTEHCHBHOCTH TEIJIOBOTO JABHKEHHS (C YMEHbLIEHHeM
T) cTeneHb OpHEHTAlMH 3/eMEHTaPHBIX MAarHHTHBIX JHIOJEH yBenHyH-
paercsi. Mmeercsi 3pdeKT HacbliueHHst (1pefeNbHOTO HaMarHHYeHHst)

lim M=M,.

H—-o

Kaxomy GHKCHPOBAHHOMY 3HAUEHHIO HaNpsiKeHHOCTH noas A u 3a-
JiaHHOl Temnepatype T COOTBETCTBYeT IPOMEXK YTOUHOE 3HAYeHHe Hamar-
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HuueHuss Mexay M =0 u M = M,. Pabora HaMarHHYMBaHHs HPH
H3MEHEHHH BeKTOpa HaMarHHueHHsi Ha dM paBHa, KaK H3BECTHO H3
3/IEKTPOJHHAMHKH,

0A=—HdM=—HdM. (15.1)

(Mbl OrpaHHYMBaeMCsi PAcCMOTPEHHEM H3OTPONHbIX NapPaMarHeTHKOB,
IJ1s KOTOPbIX Hanpap/eHHe HaMarHWueHHss M cOBIajaeT C HanpasJe-
HHeM BHeluHero nonsi fl, u nostomy HdM = H dM.) 3uak Munyc
B (15.1) yKkasbiBaer (TaK e, KaK B ciyyae CTepxHel), uTo pa6ora npu
dM > 0 coBepliaeTcst BHEIIHHM roJeM. TakuM 06pa3oM, Mexay mapa-
MeTpaMH TePMOAHHAMHKH Fa30B M TePMOJHHAMHKH MAarHETHKOB CyIle-
CTBYET COOTBETCTBHE

P—>—H, V->M. (15.2)

Oka3biBaeTcsi BO3MOXKHBEIM NIPOBECTH Ja/IbHEMIIYI0 aHAIOTHIO MEXLY
HJ€a/NbHBIM Ta30M M MarHeTHKOM. Y Hilea/bHbIX [a30B BHYTPEHHsIs
SHeprHsi U 3aBHCHT TOJBKO OT TeMIePaTyphl H He 3aBHCHT OT 00beMa
U=U(

Haiinem o6umuii BHI ypaBHEHHS COCTOSIHHSI [a30B, Y KOTOPBIX

= U (T). U3 dopmyasl dS = 8Q/T nosnyuaem

du P
dS =+ L dv.

Ecmn U = U (T), 1o dU/T — noansifi auddepennuan. Torna u usien
(P/T) dV saBnsiercs nosnbiM AuddepeHinaoM. [locsennee BO3MOXKHO
TOJIbKO, ecau V ectb dynkuus P/T.

Wneanbublii ra3 sB/IseTCs YACTHBIM CJyYyaeM Tas3oB, YDaBHEHHs
COCTOSIHHSI KOTOPBIX HMeloT BuA V = f (P/T).

Ecnu oTBNEYbCS OT MeXaHHYeCKHX mnepeMeHnHblx P u V (cuutath
V = const), To 0CHOBHOE TepMOJAHHAMHYECKOE TOKIECTBO /151 MATHETHKA
3anuLeTcss B BHIE

dU=TdS+HdM (15.3)
HIH
AT, S)
s =1 (15.4)

INo ana/oTHH ¢ HAeaNbHEIM ra30M MPEANOJIONKHM, YTO /IS napamar-
HetukoB Takxke U = U (T) (uneanbHnlit napamarneTk). Orcioga
HeMeasieHHO caenyeT M = f (H/T). 3anumeM 310 ypaBHeHHe COCTOSI-
HHUS W]eaJbHOrO NapaMarHeTHKa B GespasMepHoOi GopMe, BBOIs B Ka-
yecTBe aprymenrta otHoumenne MH/RT (M, — npefesbHOe HaMarHu-

yeHue): B L(M.,H) 55
-5)

AHanuTHYeCKHH BHJ quHKmm L (x) MoxeT GHITb HafilleH TOJBKO Me-
TOJAMH CTaTHCTHUecKOH ¢u3MKH. Mbl GyleM Has3biBaThb ee 0606uyeH-
Hoil ynkyued Jlanowesena (MMv JAJs KPAaTKOCTH HPOCTO (YHKLHelH
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JlanxkeBeHa), H 1O cBoeMy (PH3HYECKOMY CMBICJY OHa MPeACTaBJsIeT Co-
Goit cTereHb OpPHEHTALMH 3/JEMEHTAPHBIX MATHHTHBIX MOMEHTOB. Ml
yBHAHM B jajbHefimeM (§ 56 ri1. VI), uTo cywecTByeT HeCKOAbKO pas-
NMYEBIX QyHKUHH L (x) — Knacchyeckast GyHKIMs JlaHkeBeHa H psj
KBaHTOBbIX hynkuuit JIanxesena. ITo a1oit npuumHe Mbl He 6y €M MOJIb30-
BaTbCs ABHBIM BHAOM pyHKUHH L (x), TeM GoJlee, 4TO /151 MOJTyueHHst COMlb-
IIMHCTBA (DH3HUECKHX DPe3yJbTaTOB CYILIECTBEHHBI TONBLKO CJELYIOLIHE
KauecTBeHHbie CBOMCTBAa BeeX yHKuHi L (x): mpu x = M H/RT > 1
(CH/IbHEIE MO/ H HM3KHE TeMIEepaTypbl) HMeeT MecTo 3(QeKT Hachlie-
HusA M L (x) = 1 npu x — oo. HaoGopor, npu x < | (caa6eie noss u
BbICOKHE TeMIepaTyphbl) CTeleHb OPHEHTAUMH MATHHTHBIX MOMEHTOB
mana u L (x) € 1. Tanrenc yria Ha-
\Ll(z) KJIOHa KpuBo# JlaHxeseHa npy-x = 0
L otamuen oT Hyas: L'(0) =0, u pas-
noxenne GyHkumH L (x) npu Ma-
JIBIX X HAYMHAETCS C YjeHa, MPOMop-
# LHOHAJBHOTO X:

f YL L)~ L (0)x mpn x< 1. (15.6)

Haxonew, u ¢ynkuns JlaHxe-
BeHa M ee mpousBozHas L’ (x) MoHo-
TOHHBI (L (X) MOHOTOHHO BO3pacTaer,
a L' (x) MOHOTOHHO Y6BIBaeT), TaK YTO KaueCTBEHHO KpuBas JlaHxe-
BeHa MMeeT BMJ, H300pakeHHL Ha puc. 22.

Ilpy JOCTHXHMMBIX B HacTosilee BPeMsi MATHHTHBIX MOJISX MOYTH
Bceraa (3a HCKJIOYeHHeM 06J1acTH TeMmneparyp, oueHb Gauskix k 0° K)
uMeeT MecTo cayvait MGH/RT < 1 u

M=M0L(ﬁj§)=mﬁ=xﬂ, (15.7)

Puc. 22,

RT

rie BeqHunHa % = M3L’ (0)/RT HasbiBaeTCsi MarHHTHOH BOCIpHHMYH-
BOCTbIO BeulecTEa, H Qopmyda (15.7) Beipaxaer sakon Kiopn, corsacHo
KOTOPOMY MarHiTHasi BOCIPHHMYHBOCTH NapaMarHeTHKa OGPaTHO Mpo-
nopiHoHalpHa TeMneparype. Hafinem sHTponmHio mapamarHeTHKa Kak
dyukumo T u M. Hmeem
48 (03’ Cy /0H
ds=(27) ar+ (o) M =2 ar — (5], am.

Us ypasuenns (15.5) Haxopum

M _ o (MoH\ My(TdH —H dT)
M, RT RT® '

oTKyJAa cjenyet npH M = const

H oH

o= 15.9
(or Ju (15.9)

(15.8)

T or
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H, CJIelOBaTeNbHO,
C, dT

_

dS= T

H
—Zam. (15.10)

Mbl MoXKeM (B MpHHuHNE) paspemuTs ypaBHeHHe (15.5) oTHocHTesnbHO
HIT:

H Ry/M
T=mL<m), (15.11)
rre L ecTb PyHKUHsI, o6paTHasi pyHKUHH JlankeseHa. (3aMeTnM, 4To
¢yHKuHA L He MoxkeT ObIThb HaiifleHa aHasHTH4YeckH.) IToatomy ypas-
nenue (15.10) mMoxeT GbITb 3aMHCAHO B BHIE
CydT R (M
dS_T'/EL<ATo)dM' (15.12)
W3 (15.11) BHAHO, YTO AJIS HAEA/bHBIX MapaMarHeTHKOB H ecTb JHHed-
Hasi PYHKIHS TeMIepaTypsl, NOJOGHO TOMY, KaK AJIsi HAEAJIbHbIX CTEpPK-
Helt f ecTb JIMHeHHast QYHKUMS TeMnepaTypbl H JJIsl HIEaJbHOIO rasa
H rasa Ban-nep-Baanbca P ecTb JMHeHHass QyHKUHMS TeMmepaTypbl.
Orciofla HeMeJJIEHHO CJIeIlyeT, 4TO J/Isl HAeasbHbIX MapaMarHeTHKOB
TenoeMKocTb Cy He 3aBHCHT OT M (Tak e, Kak C; 1/l HIeaNbHbIX
crepikHeH He 3aBHCHT OT [ H Cy M/l HI€a/NbHOTO H peallbHbIX ra3oB —
ot V). Jlokasare/sibCTBO MOXKeT GbITh M0JY4Y€HO YHTATe/eM MyTeM 3aMeHbl
P——H, V—> M B dopmyae (11.9).

Takum o6pasoM, B ypaBHeHuu (15.12) o6a ciaraeMblx B npaBoit
4acTH — MOJIHbIE AH(depeHIHAabl, H OHO B NPHHIHIE MOXKET GBITb MPo-
HHTETrpHPOBAHO

S S CyMdT R

i S Z(I%) dM +-const. (15.13)

Baasau oT HachllleHHs], N0b3ysich ypaBHeHHeM (15.7), umeeM
Cudl  RMaM

4S=—r—mro
H
Cy (T)dT RM2
S=S——T——m+const (15.14)
UM JJIs coBeplueHHoro mapamarheTHxka (Cy = const)
s-s*:chn(%)—%%Tm, (15.15)

S*, T*, M* — napameTpbl HEKOTOPOIO MPOH3BOJBHOIO COCTOSTHHS.
BHYTpeHHsisl 9HEPrHsl HJeaNbHOTO MapaMarHeTHKa 3aBHCHT TOJIBKO
OT TeMmepartyphl H B cuay ¢opmyabl (U/0T)y = Cy paBHa

U={Cu(T)dT (15.16)
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WIH ana COBEPILIEHHOTO NMapaMarHeTHka
U—U*=Cy (T —T*). (15.17)

Mbi Morsi GBI TaK Ke, KaK H B CJlyyae CTEpxHell H rasos, BbIIHCATb
Tabnuny H3 12 TepMopMHaMHYeCKHX KOS(QHIHEHTOB H BBHIPA3HTb
HX Yepes Jl0Gble TpH Koadduunenta. B cayuae napaMarHeTHKOB yA0GHO
B KayecTBe [BYX HE3aBHCHMBIX KO3((UIHMEHTOB BEIGPATb BENHUHMHbB
(OM/8T)y, (0M/6H)r, onpelensieMble H3 ypaBHEHHS COCTOSIHHS:

- e
(g—";)r ML <M°”) (15.19)

a B KauecTBe TPETbEro He3aBHCHMOIO KO(pHLUHEHTa — TeIJIOeMKOCTh
Cy =T (8S/0T)y.
Haiinem pasnoctb TensoeMkoctelt Cpy — Cjpr. C nomolublo cTanpapt-
Ho# 3amens! (15.2) B popmyne (11.11) monyyaem
oH oM \2
Cu—Cn= T(aM) (ar):-:

H, nojcrasass 3Hayenns (15.18) u (15.19), Hafinem
Cu—Cu=R (R L (). (15.20)
Bnanu ot Touku HackiweHuss M H/RT < 1, ¥ mocnenxee ypaBHeHHe

NMpHEMMAaeT BHA
MoH

Cu—Cu=RL' (O) (| <R. (15.21)

CnenoBatenbHo, pasuHua Mexkay Cy M Cy CTaHOBHTCS BecbMa
Mano#t (Tak ke, Kak M pasuuua Mexay C;, u C, B TepMOAMHaMHKe
cTepaHelt).

Halinem B KauecTBe MJIIOCTpalUun Kospduunenr (0T/0H)s, onuchi-
BalOWMil M3MeHeHHe TeMIepaTypbl NMPH ajHaGaTHYeCKOM pasMarHHuH-
BaHUMM (HaMarnuyuMBaHum) obpasua. C MOMOWIBIO CTAaHAAPTHOH 3aMeHb!
(15.2) P—>—H, V— M B ¢opmyne (11.13) nonyynM, yuuTbiBas

(5.18), or T (oM M3H H)
(Wi—)s~ c,_,\ar) cll'n Ll(ROT)

TMpu HUSKHX TeMNeparypax, Kak Mbl yGemumcs B § 38, TensoeMKoCTh
TBepAbIX Tea nponopunonaibia T3, T.e. Cy = yT°. Ecau obpaser
Jlasiek oT HachllueHus, To L’ (MOH/RT) ~ L (0) H
T ML Q) H
(611) NTRY

(15.22)
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Tak kak (0T/6H)s >0, To annaGaTuyeckoe BLIKJIIOYEHHE NOJIA TpH-
BOJMT K OXJIaXJeHHIo o6pasuoB. B cuiay Toro, uto (87/6H)s ~ T4,
9TOT METOA MOJIyuyeHHsi HH3KHX TeMIepaTyp CTAaHOBHTCS OCOGEHHO
3(EKTHBHBIM, €CJIH HCXOAHAasi TeMrepaTypa Yyxe HH3Ka. ITosTomy
BIIOTH 10 TOCJEAHHX JIeT MeTOJ afHabaTHYeCcKOro pasMarHHYMBaHHS
ABJsAETCS HanboJiee AEHCTBEHHBIM METOJOM IOJIyYeHHs CBEPXHH3KHX
Temmeparyp. 3aMeTM, onHako, uTo 3amena L' (M,H/RT) na L’ (0)
CTaHOBHTCS HE3aKOHHOH IPH CBePXHU3KHX TeMrepaTypax. Bosee Toro,
npu T — 0° K mnpoussonnas L' (M H/RT) cTpeMuTCs K HYJIO H,
CJIe/I0BaTe/IbHO, METOA MarHHTHOTO OXJIaXKJeHHs CTaHOBHTCH Hesddek-
THBHBIM (DaBHO KaK M JIIOOble APYTHe METOAb OXJIaXAeHHs, KakK 3TO
caenyer u3 teopemsl Heprera (§ 39)).

§ 16. TepMonMHAMHKA M3Jy4eHHs

PaccMOTpHUM 3aMKHYTYIO TMOJIOCTb, CTEHKH KOTOPOH HMEIOT TeMIle-
parypy T. Biaronaps HaJyuyeHHIo CTEHOK IMOJIOCTh 3aIOJIHEHa 3JIeKTPO-
MarHUTHBIM H3JIy4eHHeM CO BCEBO3MOXKHBIMH HalpaBJIEHHSIMH Pacrpo-
CTpaHeHHsl, MOJISAPU3ALMAMH U 4acTOTaMH. B paBHOBECHOM COCTOSHHH
BO BCeX TOYKAX MOJIOCTH yCTaHaBJIMBAeTCs OJIMHAKOBAas H He 3aBHCsALLas
OT BpeMeHH IJIOTHOCTb 3HePTHH H3Jy4YeHHs, 3aBHCAllas OT TeMmepa-
Typsl T. BoJsiee Toro, paBHOnpaBHe BCeX TOYEK MOJIOCTH M CTallHOHap-
HOCTb PaBHOBECHOT'O COCTOSIHHSI MOJPa3yMeBaloT, YTO B KaK/IOH TOYKe
TMOJIOCTH YCTaHABJIMBATCS OJMHAKOBOE M IOCTOSIHHOE pacnpeiesieHue
9HEPTHH 10 CNEKTPY, YTO MO3BOJISET BBECTH CMEKTPaNbHYIO MJOTHOCTH
sHeprun p (v, T), Tak 4yTo mpousBeniene p (v, T) dv ecTb KOJIHYECTBO
JIYYHCTOH SHEPTHH B eIHHHMIe o6beMa C YacTOTaMH B HHTepBaje OT v
10 v + dv. OueBHAHO, MeXK]1y CEKTPaJbHOH W 06BEMHOM MJIOTHOCTHIO
SHEPTHH CYIIECTBYeT CJeJyIollas CBA3b:

°§o(v, T)dv=u(T). (16.1)
0

BHyTpeHHsisi SHeprHsi HM3JyuyeHHsl CBS3aHa C OGBEMHON MJOTHOCTBIO
COOTHOLIEHHEM
U=u(T)V. (16.2)

3aMeTHM, YTO MaJioe OTBEpPCTHe B CTEHKe IOJIOCTH C XOporue# Toy-
HOCTBIO MpEACTaBJIsieT co6oil abCOJIOTHO YepHOe TeJlo, TaK Kak H3Jy-
YeHHe, Majaiollee H3BHE Ha 3TO OTBEPCTHe, GYJeT YaCTHYHO TMOIVIO;
WaThCsl TIPH KaxIOM NaJieHHH Ha BHYTPEHHHe CTEHKH TMOJIOCTH U Mpak-
THYECKH HaleJIo MOTJIOTHTCS, Npexkjie YeM KOraa-JH6o BhIf/IeT U3 OTBep-
ctus. B cBA3KM ¢ 9THM paBHOBECHOe H3JyyeHHe B TOJIOCTH NPHHATO
HasbIBaTh AOCONIOMHO HEPHbIM USAYHEHUEM.

Jlerko BUJeTb, YTO CHEKTpasbHast (M OGBEMHAS) MJIOTHOCTb SHEPTHH
YEDHOTO MW3/IyyeHHsl He 3aBHCHT OT CBOACTB CTEHOK MOJIOCTH
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U IpejcTaBjsieT Co6OH YHMBEPCANbHYIO (YHKLHIO YacTOTH W TeMIle-
parypbl (06beMHasi NJIOTHOCTb — TOJIbKO TeMIePaTyphi).

JleficTBHTeIbHO, eci Gbl ABE TaKHe MOJOCTH C Pa3HbIMH MaTepHa-
JIaMH CTEHOK, HO OJMHAaKOBOH TeMmeparypoil HMesH Obl, XOTsl Obl st
OJIHOM YacTOThl Vv, Pa3Hble CIeKTpaJbHbEIE INIOTHOCTH, TO, COAHHHB HX
CBETOBOJOM C (HJIBTPOM, NMPONYCKAIOIIUM CBET TOJBKO HacTOThl v, MBI
NOJIYYHJH 6Bl NIOTOK HEPTHH OT OJHOM NMOJIOCTH K APYTofl MpH papeH-
CTBe TeMmmepaTyp, a 3aTeM OT MOJIOCTH ¢ GoJiee HH3KOH TeMmepaTypoi
K TOJOCTH ¢ Gojiee BHICOKOH TeMIepaTypoil, 4TO 3amlpelleHO MNpHH-
uunamM TepMoAMHaMHKH (cM. § 10).

Ecnu paccMaTpHBaTh H3jyueHHe, KakK ra3 (OTOHOB, TO TOT ¢aKr,
YTO MJOTHOCTb SHepruH u (T) 3aBHCHT TOJBKO OT TeMIEePaTyphl, HO He
oT 06beMa, AelaeT (QOTOHHBIl a3 MOXOXKHM Ha HachILeHHBIH map.
JlefiCTBUTEIBHO, TIPH ONYCKAHHH TOPLIHS Hajl TAPOM YacThb IO MOJICKYJ
NepexoiHT B XHAKYI0O (a3dy, W NpH HeH3MeHHOH TeMmmepaType IJIOT-
HOCTDb SHEPrHH (HJIM 3HeprHs, NPUXoAsAIasca Ha 1 MoJieKysy) ocTaercs
HEH3MeHHOM. AHAaJIOTHYHO 3TOMY MOXKHO OXHJAATb, YTO NPH CXKAaTHH
(OTOHHOTO Tasa € TOMOUILIO MOPLIHS YacTb (OTOHOB MOTJIOMIAETCS
CTeHKaMH TOJIOCTH H TMOPIIHEM, H IIJIOTHOCTb S3HEPTHH OCTAaeTCs HeH3MeH-
Ho#i. M3 HarasiiHbiX cooGpaxkeHHIt CJIeLlyeT MOITOMY OXHIATb, UTO
POmOHHbLL 2a3 MAK e, KAK U HACOYEHNbIL Nap, He NPYICURUM, m. e.
Oasrenue OMOKHO20 2a3a, NOOOGHO OABAEHUI0 HACHUUEHHOZ0, napa, He
3agucum om obvema (3asucu-r TOJILKO OT TeMIepaTypHl).

TpuBeneHHble cOOOpaXKeHHs!, KOHEUHO, He MOTYT paccMaTpHUBaThCs
KaK J10Ka3aTeJqbCTBO M BOOOILIe JIeXKaT BHE DaMOK TePMOJAHWHAMHKH;
OJHAKO OHH TMOSICHSIIOT BHUJ YPaBHEHHSI COCTOSTHHS JJIsl H3JyUeHHs.

10 ypaBHeHHe GyJeT HaMH J0KasaHo B § 37 B paMKax npejcTasie-
HUA 06 H3JNYueHHH, KaK O (oToHHOM rase. OHO MOXeT GbiThb TaKie
[O/1yYeHO, HCXONSl W3 YPABHEHHH KJAcCHYECKOH 3/IeKTPOAMHAMUKH
Makcpesi/1a, | 3aKJ/I04a€eTCst B TOM, YTO JaBJleHHe CBETOBOTO H3JyyeHHs,
Najalouero H30TPOMHO (NOJ BCEBO3MOXKHBIMH YIJIaMH) Ha JH06YI0 mo-
BEPXHOCTb, PABHO OXHOH TPETH OGBEMHOH IJIOTHOCTH SHEPTUH (M, cje-
JIOBaTeIbHO, 3aBHCHT TOJLKO OT TeMl‘lepaTypbl)

= u(T) (16.3)
HafizeM, nosb3ysch ypaBHEHHeM COCTOSIHHSI, Bblpax<eHHe JJIsl SHT-
POIIUH H3/YUeHHs, KaK QYHKIHH TeMIepaTyphl H o6beMa. Ha ocnosanuu

dopmya (16.2) u (16.3)
= = G AT (16.4)

VYcaoBreM TOTo, 4TO npaBast YacTh €CTh TNOJHbIA Auddepenunan, sB-
JIsieTcsl PaBeHCTBO
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1
du dT
U 4 T"

HWurerpupys, moJjyyaeM oTciofa
u=aT*. (16.5)

dra ¢opmy/a BhipaxkaeT M3BecTHbI 3akoH Credana — Bosbimana
JUIsi 06BEMHOH TJIOTHOCTH SHEPTHH M3jydeHHs. UmcsieHHoe 3HaueHHe
BeJIHUHMHbI @ B (16.5) He MoKeT GbITb Hali/leHO METOlaMH TEPMOJHHAMHKH.
Mer y6eaumes B yacry 11, 4To cTaTHCTHYECKAst hH3HKA MO3BOJSIET HAHTH
YHCJEHHOe 3HaueHHe q.

IoncraBnsis 3Havene (16.5) B (16.4) u uHTerpupysi, HaiiieM SHTpO-
IO YEPHOTO H3Jy4YeHHs

4
dS =4aT*V dT+~ aT?dV,
“ t34 (16.6)

S= % aT?V +const.

Takum o6pasoM, ypaBHeHMe afHabaThbl /i PABHOBECHOTO H3J/y4YeHHs
HMEET BHJ

T®V =const. (16.7)
C nomoiibio (16.6) MoXkHO HalTH TeN/JI0EMKOCTD
Cy=T(53), = 4aT?V. (16.9)

TenJoeMKOCTb NpPH NOCTOSIHHOM JaBJEHHH, OYEBHIHO, HE HMeeT
cumpics1a (Tak kak P = P (T)) u dopmanbHO

— GQ_) —
Cp= (67‘ Jp =

Uro KacaeTcs CneKTpaJsibHOMH MJIOTHOCTH SHEPTUH HanyderHst p (v, T),
TO MeTOJaMH TePMOJMHAMHKH ee HafiTH He yJaeTcs, H ee HaXOXKJAeHHe
npejcTaBJseT co6oi 3aiauy craTHCTHYeCKOH ¢u3nku. OHAKO U B Tep-
MOJHHAMHKe YJaeTcsl TMOJYYHTh HEKOTOpble BAaXKHble CBEJEHHsI O BHJE
GyHxkuuH (v, T). DTH CBeleHHS] COCTaBJSIIOT COAEpKaHHE 3aKOHA
Buna, K BbIBOAY KOTODPOTO Mbl TeNepb H MPHCTYMHM.

Jlnst BBIBOj1a 3aKOHa BHHa 0Ka3biBaeTCs JOCTATOYHO BOCNIONB30BAThCSA
Co06paKeHHsIMH, CBSI3aHHBIMH C Pa3MepPHOCTSIMH, H 3aKoHoM Credana —
Bosbumana.

C ToukH 3peHHsi KiaaccHyecKkol GH3UKH B GOPMYJy, ONpPEAeSIOILYIO
CHeKTPaJIbHYIO MJIOTHOCTb SHEPTHH o (v, T), MOTYT BXOLHTh BeJHYHHbI
v, T u JiBe yHHBepca/bHble MOCTOSIHHbIE: CKOPOCTb CBETA B BAKyyMe ¢
H ragopasi noctostHHast R. Y106HO, BIpouyeM, BBECTH BMECTO Ta30BOH
TIOCTOSIHHOH CBsI3aHHYIO C Hell nocmoawuyw Loavymana k = R/Na,
rie Na — yHcno ABoraapo (uncsao MoJexysa B mose). Ecan npuHsth
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B KaueCTBE OCHOBHBIX BEJHYHH 3HEPTHIO (Da3MepHOCTD &), JJIHHY (pas-
MePHOCTb ), BpeMs (pa3MepHOCTb T) H TeMnepaTypy (pa3MepHocTb 6),
To BesmuuHbl o (v, T), v, T, ¢, k HMeIOT pa3MepHOCTH

le(v, T)=erh3, [v]=17, [T]=8,
[el=2,  |k]=e67t

Tlonoxkum, uto p (v, T) ¢ TOYHOCTbIO 1O YHCJEHHOTO MHOMKHTeas A
€CTb NpOHM3BelleHHe HeKHX creneeit v, T, ¢, k:

(v, T)=AvmTrcPk. (16.9)

TpupaBHHBast DPa3MePHOCTH OCHOBHBIX BEJHYHH B JIEBOH M NpaBoOi
YaCTH TOCJeJIHEr0 DABEHCTBA, MOJYYHM

m=2, n=1, p=—3, g=1,
H, CJe10oBaTeJbHO, HCKOMasi 3aBHCHUMOCTbL HMeeT BHJ

p(v, T)=ALT w2, (16.10)

B § 37 MBI yBHAMM, Y4TO K TOYHO TaKOMY K€ Pe3YJIbTAaTy NPHBOLHT
KJlaccHyecKasi CTaTHCTHYecKasi (M3HKa, NpHYEM OCTaBLUIMHCS Heompe-
JleNleHHBI! MHOXKHTe/b A OKa3biBaeTcst paBHbIM 87t. 3aKOH, BbIparKaeMblil
copmy.oii (16.10), HocHT Ha3BaHHe 3akoHa Peaes — Jlwcurca 0 XOpOLIO
COryIacyeTcst C OMBITOM IIPH MaJjblX YacTOTaX H3JAYueHHs; OAHAKO NMPH
Gombwkx yacToTax ¢opMyna Pesess — JIKHHCA De3KO PacXOLHTCS
C ONBITHBIMH JIaHHBIMH, YKa3bIBAIOIHMH Ha TO, 4TO 0 (v, T) Kak QyHK-
IMs YaCTOTBI HMeeT MaKCHMYM IpH HEKOTOPO#l 4acToTe H JaJjbllie C Po-
CTOM 4acTOThl yObiBaeT. 3akoH Pesest — JIxkHHCa, cofepKalHii yTBep-
JKJIeHHe O HeOrpaHHYeHHOM pocte o (v, 7) ¢ pOCTOM YacTOThl Vv, MpH-
BOJHUT K alCypAHOMY BBIBOAY O TOM, 4TO OGBEMHAsi NUVIOTHOCTb SHEPTHH

jon

B DPaBHOBECHOM COCTOSIHHH GECKOHEUHO Ben;{Ka(S o(v, T)dv pacxo-
‘o

ZIUTCS) — MapajoKc, KOTOPBIH B HCTOPHH (DM3HKH MOJYYH/ HasBaHHe
yavmpaghuoremosoti kamacmpoger. UToOGbl H3bexkaTbh 3TOr0 napajnoxca
H TOJYYHTb OCMBICJIEHHBIl pe3y/bTaT, NPHXOAMTCS BHIATH 33 DaMKH
KJacCHUecKOo# (U3HKH M JIONYCTHTD, YTO CYILECTBYeT ellle OJHa yHHBEp-
ca/bHasi NOCTOSIHHAs A, He QUrypHpylolas B KIacCHYeCKHX 3aKOHax,
H YTO OHa BXOJIHT B onpeseserne p (v, T). D10 3HAUHUT, 4TO Ge3pasMep-
HBI MHOXHTEIb A He SBJSAETCS MOCTOSIHHOH BEJAHUHHOH, a 3aBHCHT
Ha CaMoM JleJle OT HeKOTOpOi KOMGHHAIMH HOBOH NMOCTOSIHHON H BeJH-
uuH v 1 T. Mbl MoxkeM, He Hapyliasi OGI{HOCTH, CYHTATh NPH TOM, 4TO
B 3Ty KOMGHHAIHIO 4acTOTa v BXOAHMT B [EPBOIl CTeNeHH (B NpPOTHBHOM
cayyae Mbl BO3Be/IH Obl BeCh apryMeHT (PyHKIMH B NOAXOLSILLYIO CTe-
neHb, YTOObl cllenaTh NOKasaTeslb CTENEHH IPH Vv DaBHbIM eJHHHLE),
a TemnepaTypa T B HeKOTODOIi CTENeHH r.
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Kosdduiuent npu v o603Haynm yepes A/k. Toraa nonyynm

A=A("”[’), o (v, T)=A("”kl)£§-v=. (16.11)

OnpeieuM Tellepb NOKasaTeb r TpeGoBaHHeM, uto6bl s u (T) Bbl-
nonusiicsi 3akod Crepana — Bosbumana. Mmeem us (16.1)

u(n)=2 SOVZA ("”—T) dv

k

HJH, BBOJSI NEPeMeHHYI0 HHTerpHpoBauusi y = hvT'/k,
©

w(r) =20 § A (4) dy.

c3h3

Tak Kak BCsL 3aBHCHMOCTb OT TeMIlepaTyphl ONpeNensieTcsi Tenepb
mHoxkHTeNeM T, To Aas coraacks ¢ 3akoHoM CrepaHa — BosbumaHa

HeoGX0AHMO, YTOOE 1—3r =4, T.e. r = — 1.
Hrak, Mb moayunsin ans u (v, T) BhpaxkenHe
p(v, T)=4T v (LL;) (16.12)

Y1Bepxaenne, cozepxameecss B (16.12), HasbiBaercsi 3akonom Buua.

HeTpyaHo Tenepb BHIeTb, YTO Pa3MepPHOCTb HOBOl IOCTOSIHHOM
paBHa paamepHOCTH AefictBHsl [i] = et. 3aberasi Bepes, 3aMeTHM, YTO
B CTaTHCTHYeCKOH (H3HKe NOCTOSIHHAs A OKa3biBaeTcsl CoBMajalomlei
¢ noctosiHHo# ITnaHKa, U ee nosiBjleHHe B 3aKOHAX H3JY4YeHHs CBSI3aHO
C CYIIECTBEHHOM POMBIO B 3THX SIBJEHHSIX KBAaHTOBBIX 3aKOHOMEPHOCTe},

YMHOXKasl YHCJHTeIb H 3HaMeHareslb BhIpaxkeHHst (16.12) Ha wv,
3anuIeM 3akoH Buna B Gosiee pacmpocTpaHeHHOH dpopme

p(v, T)=vf (%) (16.13)

Takum o6pasoM, 3akoH BHHa cBOAHT OThICKaHHe QYHKUHH ABYX Nepe-
MeHHBIX P (v, T) K OThiCKaHHIO GyHKUMH ofHO# nepemenHoi [ (v/T)
(nan A (Av/kT)).

3akoH BuHa mosBoJisieT yCTaHOBHTb BajKHOe MPABHJIO, ONPEAeIsiio-
lee MOJIOKeHHe MaKCHMyMa H3JydyaeMoil SHEpTHH B CIEKTpe YepPHOTo
nanyuenns. Onpenenum nosoxeHne Makcumyma o (v, T). Jduddepen-
uupysa (16.12) no v u npHpaBHHBasi MPOH3BOAHYIO HYJIIO, NONYYHM

op(v, T) _ kT hv RAVIAAY IS
G =2 i)+ A (i) | =0
IpH V = V.
O6o3Hayasi Av,/kT = 2z, TONy4HM YypaBHeHHe
2A (2)4-2A (2)=0. (16.14)

3 0. B. Pymep, M. [l Poiskuu
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M3 sKkcrnepuMeHTa H3BECTHO, YTO Ha KPHBOM, M3oGpaxkaiouleii 3aBH-
cumoctb p (v, T) OT 4acToThl NpH (GUKCHPOBAHHOMN TeMmepaTrype, eCTb
JMIb OJMH MAaKCHMyM H, CJeoBaTeJbHO, ypaBHeHHe (16.14) umeer
TOJILKO OJMH TOJIOXKHTE/IbHBH KOpeHb z = b, T. e.

hvg,

- =b (16.15)
— Mbl TOJYYHJIH 3aKOH cmewjerusi Buna, Korophlii NOKaskBaeT, 4To
C POCTOM TeMIepaTyphl HM3/yYalollero Tela MAaKCHMYM 3SHeprHH CMe-
I@eTcsl B BHICOKOYACTOTHYIO YacTh CHEKTpa H HaoGOPOT.

Toacrasasisa (16.15) B (16.12), nonyunm 3Hauenue p (v, T) B Mak-

CHMyMe
o (Vm, T)=AT?, (16.16)
kb2
rre A= i
3HaueHusi p (Vy, T) NpomopuHOHaNbHBI KyGy aGCoJoTHOM TeMme-
paTyphl.

TMonuepkHeM elne pas, 4To ycTaHOBJ/EHHe 3aKOHa BHHa npejicTasaser
co6ofi TpaHHIly TOro, YTO MOXKeT JaThb TePMOAMHAMHYECKHH MeTox
B TeOpHH u3yuenHs. Tounniit Bua pyukuuu A (hv/kT), a cnenopatenbHo,
H YHC/JEHHOe 3HaueHHe NOCTOSTHHOH b B 3aKOHEe CMeleHHS M MOCTOSH-
Holt a B 3akone CredaHa — BosbliMaHa MeTogaMH TepPMOJAHHAMHKH
HalifileHbl GbITb He MOTYT, M 9Ta 3ajjaua OCTaeTCsl Ha JOJIO CTaTHCTHYe-
CKOTo MeToja.

A (b) — nocrosiHHas.

§ 17. Tepmoannamuxa Boabl

¥V uuraTessi, NPOYMTABLIErO MpPEALIECTBYIOMME Naparpadbl, MOLIO
CJIOXKHTbCS BIeyaTJeHHe, YTO MCnosib3oBaHue (P, V)-miaockocTH (B 06-
WeM cJjydae, MJOCKOCTH 06OGIieHHasi cuia — 06oO6uIeHHass KOOpAH-
Hata) u (T, S)-NJA0CKOCTH AJsi TePMOXHMHAMHYECKOTO ONHCAHHs OJHO-
POAHBIX CHCTEM $IBJISIETCSl YHHBEPCa/JbHBIM METONOM, a COOTHOLIeHHe
0 (T, S)/6 (P, V) = 1 Bcerna MpHMEHHUMO AJIsl pelleHHsl KOHKPETHBIX
TepPMOJAHHAMHYECKHX 3ajay. Mbl paccCMOTPHM Tellepb BaX<HbIH NpHMep
TePMOAMHAMHYECKOH CHCTEMBbI, AJsi KOTOPOH KanHGPOBKAa aGCOJIOTHOH
TeMnepatypsl M a6cosoTHO# suTponu 8 (T, S)/0 (P, V) =1 He
MOKeT GbITb HCNOAIb30BaHa, a nmpuMenenue (P, V)- u (T, S)-niockocreii
Jlsl ONHMCAHUSI TePMOAMHAMHUYECKHX CBOHCTB BecbMa HeyAOOGHO H sB-
J51eTCsl SIBHO He afeKBAaTHbIM (M3HUecKOol CYTH mpobiieMbl.

Cnenyer, OfHaKO, IIOAYEPKHYTb, YTO peub HJET O JAOBONbHO PEAKHX
HCKJ/IIOYEHHSAX, TaKHX KaK BOJAA H ellle HeKOTOpbie XKHMAKOCTH (a TaKxKe
HEKOTOpbl€ TBep/Able BelecTBa), NMpPHYEM HENPHUTOJHOCTL Ka/JHMGPOBKH
d (T, S)/8 (P, V) = 1 otHocuTcsi qiuiib K HeGosbiuolt yact (P, V)-
NOCKOCTH. 115l NOJABJISIIOLLErO JKe GO/bIIMHCTBA TePMOXHHAMHYECKHX
CHCTEM YNOMSIHYTBI BBILE METOA AEHCTBHTEJNbHO BCErJa NPHrOAeH AJs
HCCJIeJOBAHHS TepPMOJAHHAMHYECKHX CBOHCTB.
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BOJIbLIHHCTBO TepPMOJHHAMHYECKHX GOPMY.I, MoJTyyeHHbIX B §§ 1—11,
crpaBelIuBbl He TOJBKO AJIA Ta3oB, HO M JJs XKHAKocTel. Onnako
B CJIyyae JKHAKOCTell 3HAYHTEIbHO TPY/LHEe H3BJIeYb H3 OGIUX TEPMOJH-
HaMHYECKHX HOPMYJI KOHKDETHble Pe3y/bTaThl, OCKOJbKY HE CYLECT-
BYET YHHBEPCAJbHOTO YDaBHEHHsl COCTOSIHHS, INPHTOJHOTO /sl BCeX
JKMAKOCTeH (B IPOTHBONOJIOKHOCTb HIEaNbHBIM ra3aM, AJIs KOTOPBIX
cnpaBefIuBO ypaBHeHHe PV = RT, u peaJbHbIM Ta3aM, CBOHCTBa
KOTOPBIX MPHOJIHXEHHO ONMHCHIBAIOTCA ypaBHeHHeM Ban-nep-Baasbca).
JIist XKHIKOCTell MOXKHO JIHLIb KaueCTBEHHO YKa3aTb HeKOTOphble obLiue
#X CBOHCTBa (HalpHMep, TO, UTO HX CXKHMaeMOCTb IO CPaBHEHHIO C ra-
3aMH OueHb Maja), B TO BPeMs KaK OCTaJbHble CBOHCTBa XHIKOCTeH
BeCbMa MHJAMBHJya/lbHbl M OIHCHIBAIOTCS Yallie BCErO SMINHPHYECKHMH
COOTHOILIEHHSIMH, Pa3JIHUHBIMH JJISI Pa3HBIX JKHMAKOCTEH.

Mbl OrpaHHYMMCs Ka4eCTBEHHBIM PaCCMOTPEeHHEM TePMOJHHAMHYECKHX
CBOMCTB BOJbI (M HEKOTODbIX APYTHX MKMAKOCTeil, HalpuUMep, HOLHCTOrO
cepeGpa), A/l KOTOPLIX XapaKTepHOH 4epTOi sBisieTCs TaK HasblBae-
Masi TelJoBasi aHOMaJHsl — H300apHyeCKHH KO3(MHUUHEHT TenuoBOro
paclIMpeHHs! IPH HeKoTopoll Temmeparype T, MensieT 3HaK. Tak, auas
BOAbl TpOH3BOAHast (6V/6T)p nonoxurenbHa npu ¢ > 4 °C, orpuua-
TesibHa NpH ¢ << 4 °C u paBHa HyJuo npu ¢ = 4 °C.

JIaist BewecTB ¢ TaKoH aHOMaJiMell KasiHOpoBKa aGCOMIOTHOM 3HTpPO-
nuu u abeosmoTHoH TeMneparypul @ (7, S)/8 (P, V) = 1 craHoBHTCS
HEBO3MOXKHOH B TOYKaxX aHOMaJsuH. [leficTBHTeJbHO, QH3HYECKHM MPHH-
IHIIOM, CIIPaBEMJIMBBIM VIS JIOOBIX (ORHOPOXHBIX) (PH3HYECKHX CHCTEM,
SIBJISIETCS] OCHOBHOE TePMOJHHAMHYeCKOe TOXKIECTBO

dU=TdS—PdV,

00BeAUHSAOee IPHHIHII TeMIepPaTyphl, IPUHIMI SHTPOIHH H IPHHLUHI
9HEPTHH. YC/IOBHe TMOJHOTO AHddepeHUHana laeT

(%>s= - (%2‘)1, 17.1)

(T, S) (P, V)
oV, 8 9V, 8"

HAu
(17.2)

Onnako AJ1si TOro, uToGbl NOJMYYHTb Kanu6posky é (T, S)/a (P, V) = 1,
CJe10Basio Gbl Pasfie/UTh TOC/IEHee PABEHCTBO Ha sSIKOGHaH

o(P, V) 0P, V)O(P,TYO(V,T) T (0P (gr‘
IV, 8 = OB DV, T A, S ¢y ('617'>, T o

obpamaromuiicss B HyJb B TOYKaX aHOMAJHH. B cBfI3H C 5THM B 3TOM

laparpage He HcroJb3yercsi Kaau6poska o (T, S)/a (P, V) = 1.
PaccMoTpum TepMojuHaMHuuecKHe cBoiictBa Boabl Ha (7, V)-mio-

CKoctu. 3amerTuM, yTo sikoGuaH npeoGpasosanus or (P, V)-k (T, V)-
3+
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TJIOCKOCTH paBeH

(P, V) 0P, V)O(P,T) _ _<Q> (ﬂ)
9T, V) @, Tyo, V) v)r p

oT
H obpaiaercs B HyJb Ha JHHHH L (puc. 23). dto JAenaet 0CO6EHHO
NOYYHTENbHBIM PacCMOTPEHHe TEPMOAHHAMUUECKHX CBOHCTB BOJbI, TaK
KaK B 3TOH CHTYalUHH CTaHOBHTCS HECIPaBEJIHBOH TeopeMa 0 B3aUMHOM
OJIHO3HAYHOCTH ~ COOTBETCTBHSI ~MEXKAY
T ) §=const I:JU, P=const TOyKaMH Majblx obusacteii (T, V)- u

\\ U (P, V)-miockocreii.

(17.3)

T Hatfinem xauecTBeHHO BHX H306ap H
~ anuabar Ha (T, V)-naockocTd. YT/0BOH
=

Ty = L koapunuent usobapnl Ha (T, V)-mio-

TZ > CKOCTH paBeH
/
Vs B

! v (av> :
= s
= |
S=const T \oT /p
Vo v Y OH ABASIETCH NOMOKHTELHAIM BHILLE JIH-
Puc. 23. HHH L, OTpHLATeNbHBIM HHXe Hee H 06-

pamiaercs B = oo Ha caMo#l sqHHHH L.

CriefioBatenibto, H306apbl MepeceKaloT JUHHIO L MO MPAMHIM YIIoM

H cama JIHHUsSL L SIBASETCA reOMETpPHUECKHM MeCTOM TOuek, B KOTO-
pbix o6veM npu P = const umeer MunMManbHOe 3HaueHmue Vp.

OGpatumcs Teneps K paccMoTpenHio anua6aT Ha (T, V)-IIIOCKOCTH.
CoryracHo (17.1) umeeM a5 yraoBoro KoapgHiuueHTa agHabaTbl

g) (gg\ _O® V) 9P, V)P T) OV, T) _
(av s= T\ T IV, T B, T IV, ) 9V, S) —

= %(‘;—’;)T(%%)P a7.4)

Tak kak (0P/0V)r < 0, To Belule nuHHE L agnabatsl HMeloT OTpH-
LaTe/bHbIH HAKJIOH K OCH 06LEMOB, HUXKE — MOJIOKHTE/IbHBIN H, HAKO-
Hell, caMa JIMHHs L, ABAfAACh aiMabatoli, OJHOBPEMEHHO SBJIsieTcs
H30TepPMOH.

PaceMoTpHM Temepb KaxywuMcsi napajokc, yKasaHHEH 3ommep-
deabaom.

YwmHoxas o6e uactu (17.2) Ha siko6uan @ (V, S)/é (T, P), nonyyum

1 /6Q as av

7(38),= (), =— (3 e (7.5)
rre (8Q/8P)r — Temio, KOTOpOE HYXHO MOJABECTH WJH OTBECTH NpU
M3MEHEHHH [aBJICHUsl Ha eJMHHIly, YTOGbl TEMIEpaTypa OCTaBajiach

nocrosiHol. pescrasum ceGe unka Kapho, B KOTOPOM Bofia c1yKHT
pabouuM BELIECTBOM, NpPHYEM TeMmepaTypa Harpesatensi Boiwue 4 °C
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a TeMIepaTypa X0/M0AHNbHHKa HiKe 4 °C. Torna Ha yyacTKe H30TepMH-
4eCKOro pacClUHpeHHst JaBJieHHe majaer, 8P << 0 u, ¢ ApYyroii CTOpOHHI,
(@V/dT)p > 0. CnenoBaTenbHo, coraacko (17.5) 6Q > 0 — Temo
noABOAMTCS K paGoueMy BewecTBy. Ha yuacTke H3oTepMuyeckoro
cxkaTHsl JaBiaeHue pactet, P > 0, Ho (6V/8T)p << 0. CiienoBaTesbHoO,
¥ Ha 3ToM yuactke 0Q > 0. Tak Kak ocTa/bHble NMPOLECCH B LHKJE
Kapno annaGaTHuecKHe, TO Mbl NMOJYYHJIH MAILHHY, KOTOpas BCe MOX-
BeJleHHOe Temo TpaHcdopMHPYeT B paGoTy, T. €. BEUHBIH JBHraTe/b
BTOPOTO POJa, YTO 3aMpellieHo 3aKOHAMH TepMOJAMHAMHKH. PaspeleHne
«apajiokca» CjelyeT HeMelJEHHO H3 paccMoTpenHst puc. 23. Kak
BHIHO H3 Hero, He CYIIeCTBYeT ajAuabaT, COeNMHSIOUUX H30TEPMBI,
Jlexalllie Bblllle H30TepMbl L H HHMXKe M30TepMbl L, H, C/e10BaTeqbHO,
nuka KapHo ¢ TeMmepaTypoii HarpeBa-
teass Ty > T, ¥ TeMnepaTypoll Xoso-
aunpHuka T, << T, HeBO3MOXKeH.

PaccMoTpuM Ternepb TepMOJHHAMH-
4yecKoe MoBefeHHe Bojbl Ha (P, V)-mio-
CKOCTH.

Hsorepma-aguabata L nsobpaxkaercs

na (P, V)-naockocTH KpyTo cmajaio-
wei (6aarofapsi MaJoil CXHMaeMOCTH)
kpuBoit L', nenswedi (P, V)-naockocTh
Ha aBe yacth — [ u I (puc. 24). Jlerko
BHJETb, YTO 06GJacTb [ NpeACTaBJsieT
co6oii HedH3HYeCKYI0 06/MaCTb: TOUKaM Puc. 24.
3TO¥ 06/MacTH He COOTBETCTBYIOT HHKa-
KHe DeaibHO CYLIECTBYIOUIHE COCTOSIHHSI KHMAKOH BOABL. 3TO Ciepyer
U3 TOrO, 4TO, KaK BHIHO Ha pHC. 23, NpH KaXaAoM (HKCHPOBaHHOM
JlaBjeHHH P CyulecTByeT MHHHMMaJbHblli 06beM Vp, COOTBETCTBYIOLIMMH
TOuKe nepeceyenust usobapsl P = const ¢ usorepmoii L.

HaoGopor, Kaxnoii Touke o6/1acTH // COOTBETCTBYIOT Ba Pas3JIMYHBIX
usnuecKHx cocTostHus . JleficTBHTeNbHO, H3 pHC. 23 BHAHO, Y4TO KaxJas
H30X0pa MnepecekaeTcs ¢ H306apoil B ABYX TOUKaX, HMEIOLHX pasHble
opaunatel Ty ¥ T,, H, ClENOBaTeNbHO, ABe pasHble ToukH (T, V)-mio-
CKOCTH NEPEXOMSAT B OIHY H TY 2Ke TOUKy (P, V)-IIOCKOCTH, JIexalllyio
B oGnaactu [1.

OTMeTHM OJHO JIOGONMBITHOE CBOHCTBO 3TOTO JABY3HAYHOIO COOTBET-
ctust. Ecan paccmoTperb Ha (P, V)-IocKocTH B ABYKPAaTHO BBIPOK-
neHHo#t o6nacti /I He Touky, a MaJablii KpyroBoii mpouecc, TO eMy
COOTBETCTBYIOT [Ba PasHBIX Kpyroebix npouecca Ha (T, V)-njockoctn —
OJIHH, JeXKalHii BbIIlle, ¥ APYrof, Jexaluii Huxke nuuuK L, Tlokaxem,
uto 3TH ABa wukaa Ha (T, V)-IJIOCKOCTH HMEIOT NPOTHBONOJOXKHbIE
HampaBJeHHs 06xo1a.

PaccmorpuM B oGiactw I/ (P, V)-IIOCKOCTH MaJblii Kpyrosoi
npoecc D (puc. 24), cocTosiMii M3 ABYX HM30TepM H JBYX H30X0p
¢ HanmpasJeHueM o6xoja mo wacopol ctpenxe (04 > 0). Ha (7, V)-
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IJIOCKOCTH €My COOTBETCTBYIOT JBa UHKJa: OJHH, ﬂe)KaLU.Hl’l BhILIE

JquHuM L, u apyroit, nexamuil Huxe ee (D' u D’ Ha puc. 23). Ilno-
maju UKKIoB D' u D'’ onpenensiiotes Gpopmy.ioi
oT oT

8T 8V = ap<ﬁ->v 8V — 5,4(7,?)‘,. (17.6)

Mbl BOCIIONIb30BAJIHCH TeM, YTO Ha KaxAOH H30XOpe MOXKHO NPHOGJIH-

JKeHHO (AJs MaJoro [MKJa) 3aMeHuTb 67 Ha 6P (%\v' Ho mas
v /

uukaa D’, Jexaumero Bblle JMHHM L, BeJHuHHA ’(%)V TOJIOXKH-
TeJbHA, ¥ TakK Kak 64 > 0, To MOJOXHTeJbHAa H ero mJomagb. Cie-
JloBaTe/IbHO, LHKJA D’ 06XxoauTCs 110 4acoBo# crpenke. [as uuknaa D,
JIeXalero HUXe JMHMM L, Bce OGCTOMT IMPOTHBOIOJOMXHBIM 0GPa30M,
H OH OOGXOAMTCS NPOTHB 4acOBOH CTPEJIKH.

Hrak KpyroBoii npoiiecc, paGoTaloMWMil Ha CXeMe TelJIOBOH MaluMHbI
(natowuit BuMrpbi B pagore, A > 0), usobpaxaerca Ha (T, V)-mio-
CKOCTH 3aMKHYTO# KPHBOIi C HanpapeHHeM 06X0/1a 10 YacoBOl CTpeJIKe,
€C/IM OH JIEXHMT Bbllle JIHHHH L, H C HamnpaB/eHHeM 006XOfa NMPOTHB
4acoBOH CTPesIKH, €C/IM OH JIEKHT HHke JHHUM L. lnsi Kpyrosoro
npouecca, paGoTAIOWEr0 MO CXeMe XOJOAMJAbHOH MauHbl (A << 0),
BCE HampaBJ/eHHs1 06X0/la MEHSIIOTCS Ha POTHBOINOJIOXKHBIE.

Iluka KapHo ¢ u3oTepmoil HarpeBaTenss (H XO/JoAuJbHUKA) T,
BBIPOXKJAETCS B OTPE30K H30TepMbi-afHabatbl L.

Hrak, nonbsoBanue (P, V)-MIOCKOCTBIO A/l H306paKkeHHs TepMo-
JMHAMHYECKHX CBOHCTB BOABI MaJio yAOGHO BBHAY OTCYTCTBHsI B3aUMHO
OJIHO3HAYHOI'O COOTHOLIEHHS] MeXJy (U3HYECKHMH COCTOSIHHSIMH BOJAbI
M TOYKaMH 3Toii maockocTH. Ewe xyske 06CTOMT 110 C HCIOb30BaHUEM
(T, S)-nnockoctu. Msorepma-afuabata L Ha 3ToH MJIOCKOCTH, Boobue,
He MOXeT GbiTb H306pakeHa, KaK JABYMEDHblil KOHTHHYYM (OHa BBIPOXK-
npaercs B Touky). IlosTomMy HaHGoJee ajieKBaTHOH (HM3HKe sIBJIEHHH
saBasiercss B aToM cayyae (T, V)-niockocTb. 3aMeTHM, OJHAKO, yTO
COCTOSIHMSI KHAKOH BOAbI, JajeKHe OT TOYEK aHOMAJHH, BIOJHE MO-
ryT paccMartpuBaThesi Ha (P, V)- u (T, S)-niocKocTsix, W MOJB30-
Banue Kasau6poskoit @ (T, S)/d (P, V) = 1 aas TakuX COCTOSIHMIA J10-
IyCTHMO.

§ 18. TepmonuHamMHyeckHH noTeHuHan Merton
TePMOJHHAMHYECKHX (DYHKUHHA

B §§ 6 u 13 Mbl BB TPH TEPMOAMHAMHYECKHMX IOTEHIHAMa:
1) BuyTpennss sueprus (aguaGaTuueckHit IoTeHUMa), 151 KOTOPOi
€CTeCTBEHHBbIMH NepeMeHHbIMH siBJsiioTess S H V:
U=U(S, V), dU=TdS—PdV,
U Uy (18.1)
T=(W)V- P=—(W}:'
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2) CeoGoaHasi sHeprust (M30TEPMHUECKHH MOTEHIMaN), 115 KOTOpO#H
€CTeCTBEHHbLIMH 11lepeMeHHbIMH siBasitotcst T u Vi

F=F(T, V)=U—-TS, dF=—S8dT—PdV,

s=—<%‘_>v’ P=—<g[|;>r' (18.2)

3) TensocofepkaHne (3HTAJbIHs), AAsS KOTOPOTO €CTECTBEHHBIMH
nepeMeHHbIMH siBasitoTca S W P:

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

(), v=(,

as /p’
HMeercs eme ofiHa mapa mepeMeHHHX 7 W P, KOTOPYI® MOXKHO
cocraBuTb 3 ABYX map (7, S) u (P, V), Geps no opHoii mepeMeHHOH
u3 Kaxno# napbl. Jlas TOro 4ToGhbl MOMYYHTh XapaKTepHCTHUECKYIO
TepMOJMHAMHUecKyl0 GYHKLUHIO AJIsi 3THX IMepeMeHHbIX, NpHGABHM
K JIeBOH H npaBo# uyacTH paBeHcTBa (18.1) seanmunny d (PV — TS).
Torpa moayuum:
4) Tepmodunamuueckuii nomenyuar I'ub6ca (WIH TPOCTO TepMoO-
NHHAMHYeCKHH TIOTeHIHA), /i KOTOPOI'O €CTECTBEHHBIMH NepeMeHHBIMH
apnsaores T u P:

® P, TY=U—TS+PV, dD=—SdT+VdP. (18.4)

Bce BBelleHHble HaMH TepMOJMHAMHYeCKHe QyHKUHH 06JajaloT TeM-
CBOHCTBOM, YTO WX NPOHM3BOJHBIE N0 CBOHM» NEPEMEHHBIM AAiOT COMps-
KEHHble NepeMeHHble.

B yacTHOCTH, /1 BBEleHHOTO B 5TOM maparpage TepMOAHHaMHue-
cKoro moteHuHana @ HveeM

oD D
(FFh=—5 (3),=V- (18.5)

3uas Mio0yio U3 TePMOAHHAMHYECKHX (QYHKIHi, MBI MOXEM B NIPHH-
uune HalTH Bce TepMOJAMHAMHYECKHE CBONCTBA CHCTEMbl, BKJIOUas
H ee TellIOeMKOCTH, H ypaBHEHHE COCTOSIHHS.

Tak, nanpumep, snas @ (T, P), HaxonuM no ¢popmyie (6D/6T)p =
= — S 3HTPONHIO H, CJefloBaTe/bHO, Temoemkocts Cp = T (8S/6T)p,
a u3 gopmy.isl (0D/0P)y = V HaxoauM cesisb Mexay P, V, T, 1.e.
YpaBHeHHe, COCTOSIHHSI.

Cnenyer, ofHaKo, IOAYEPKHYTh, C APYTOfi CTOPOHBI, YTO TEPMOAHHA-
MHKa JaeT HaM TO/NbKO COOTHOLIEHHS MEXAY TepMOAHHAMHYECKHMH
QYHKUMSMH W HX (IPOH3BOJHBLIMH, NO3BOJISIOLIHE PelaTh PSJ KOHKPET-
HLIX TepMOJMHAMHYECKHX 3a/la4, €C/IH XOTs Obl 0/IHA TEPMOAHHAMHUECKASt
Gyukuns ussectna. Haxosderue oce A8K020 suda no60h mepmodunamu-
“Heckol ynKyuu mpebyem NOMUMO MePMOOUHAMUIECKUX COOMHOUEHUL
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SHAHUS YPABHEHUS COCMOAHUS U 3GBUCUMOCITILL MENA0EMKOCIU OITL Mmem-
nepamypsi. (HanomunaeM, uto npoussonuele tHna (6Cy/aV)z, (0C,/00) 1
M T. A. MOTyT GbITb HaliieHbl TePMOAHHAMHYECKHM MeTofoM.) [leficTBH-
TeJIbHO, Y2Ke JJIs HaXOXKIeHHst BHYTpeHHell sHeprun U TpebyeTcst 3Ha-
HHe TNPOH3BOJHBIX

e (), 78,

TakuM 06pasoM, COOTHOLICHHe MexK1y HHQOpMaIHel, KOTOpYO conep-
KaT TepMOAHHAMHUecKHe moteHunasl (U, F, W, @), ¢ onHolt cTOpoHbI,
u HHbopMalMell, copepKailelicss B YpaBHEHHH COCTOSIHHSI H B 3aBHCH-
MOCTH TEMJIOEMKOCTH OT TEMIEPaTyphbl, ¢ APYroif CTOPOHbI, HMEET ABO¥-
CTBEHHBIH XapakTep.

3Has mepmoduHamusecKue GYRKYLL, Mol MOXCEM C NOMOUBIO MepMO-
OQuHAMUYECKUX COOMHOWeR UL Halimu u 8ud YpasHEeRUS COCIMORHUSA U men-
a0emkocme (a106y10). Mel yBHINM, YTO B CTATHCTHYECKOI (DH3HKE HCIOMb-
3yercst MMEHHO TakKOH MyTb — BBIYHC/ISIOTCS HE3aBHCHMBIM 0GPasoM
no ¢opMysaM CTaTHCTHYECKOH (PH3HKH TepMOAHHAMHUecKHe (YHKIHH,
nocje 4ero ¢ MOMOLIbIO TePMOAHHAMHYECKHX cooTHoweHH# (18.1),
(18.2), (18.3), (18.5) HaxomHTCSI ypaBHEHHE COCTOSIHHSI H TEIVIOEMKOCTb.

C Apyroi CTOpOHBI, 041 HAX0HCOeRUS MePMOOUHAMULECKUX PYHKI UL
8 pamkax mepMOOUHAMUKU, HEeOOXOOUMO 3HAMb YDABHERUE COCHOAHUS
U 3asucumocmb menaoemKocmu om memnepamypst. Bud smux sasucu-
mocmeti Qonncer Gbimb NOYEPRHYM U3 CIAMUCTUYECKOL (U3UKY uAu u3
onsuma.

3aMeTHM, YTO MHOTHE COOTHOIIEHHS MeX1y TePMOAMHAMHYECKHMH
KO((pHIHEHTAMH, NOJyyeHHble HaMH B § 11 MeTOOM SIKOGHAHOB, MOTYT
GBITb MOJyUeHB! eflie GhicTpee, KaK YCJIOBHs TOro, uTo ndaddosbl HOpMbI
anst dU, dF, dW, d® npencraasiior coGoii mosiHble AH(depeHIHaIbL.
Tak, dopmy.a (11.17) npeacrabJsieT coGoii yeiosHe Toro, uto d® (T, P)
ecTb NOJHBIH Auddeperunan, a ¢opmyaa (11.18) — ycaosue Toro,
uto dF (T, V) ectb mosHblf AHdbdepeHIHat.

3aMeTHM, OJHAKO, 4YTO YDaBHEHHe COCTOSIHHS, SHTPONHS M Te-
JIOEMKOCTH HaXOASATCS TyTeM IpOCToro An¢depeHIHpPOBaHHs TOABKO
B c/yyae, €C/H TePMOAMHAMHUECKHe NOTeHUHalbl 3aJaHbl, KaK QyHK-
LHH «CBOMX» apryMeHToB. Ecsin ke TepMOAHHAMHMYECKHI MOTEHUHAJ
3ajlaH B «UYXKHX» MePeMEeHHbIX, TO 3ajauya CBOAMTCS K AH(depeH-
[HaJbHOMY YDABHEHHIO B YaCTHBIX NPOHM3BOJHBIX, NS DEUIeHHs! KO-
TOpOro TpebyeTcst yKasaTh HEKOTOPOe I'PaHHUYHOE YCJIOBHE.

Hanpumep, ecin BHYTpeHHsisi SHeprHsi 3ajaHa Kak OyHkuus T
H V, TO mepexonWM K CBOGOAHOH 3HEPTHH

F(T.V) = UT.V) = TS(T,V) = UTV) + 7 LD 18,6y

910 ypaBHeHMe Ha3biBaeTcs ypaBHeHneM 'nGGca—TIesbMronsua
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Jlnsi ero HHTEerpHPOBaHHs MOAENHM obe yacth Ha T? W 3anuieM
(18.6) B BHIE

oF
T(ﬁ)v“F_ o (F\ _ U
~ =)=~
OTKyZa
Fav)=—T1 (25T 4 o), (18.7)

rae ¢ (V) —npoussonbHasi QYHKUHsS OOBeMa, IJsi HAXOKIEHHS KO-
TOpOH HEOGXOJMMO 3ajiaHHe I'PAHMYHBIX YCJOBHE. C aHaJOTHYHBIMH
3aTPYAHEHHSIMH Mbl CTAaJKHBaeMCsl H TNpPH 3aJaHHH APYTHX TePMOIH-
HaMHYECKHX NOTEHIHAJIOB B «YYXKHX» TepeMeHHbIX.

IMonuepKHeM B 3aKJIOYeHHe 3TOro naparpada, YTO MeTOJ HcC/eso-
BaHHs TePMOAMHAMHYECKHX CHCTEM C IOMOIUBIO TePMOAHHAMHYECKHX
YHKUHI ABJsileTcs HaHGosMee YIOGHBIM H B HacTOsiliee BPeMsi MPAaKTH-
YeCKH EJMHCTBEHHBIM NPHMEHSEMBIM METOJOM peIeHHs! KOHKPETHBIX
TePMOAHHAMHYECKHX 3ajay. DToT MeTox Obl1 co3maH Jl. Buanapuom
T'u66com. HekoTtopble AOMOJHHTeNbHbIE ACMEKTHl 3TOrO MeToja OyayT
HaMH paccMorpeHsl B §§ 20 u 21,

§ 19. MonusapnanTHbie cHCTeMbl. MarHHTOCTPHKUMSA
H Nbe3OMAarHHTHBIA 3ddekT

IMoxBeneM HEKOTOPBIE HTOTH H3JIOXEHHOMY B MPEeIbIAYIIHX naparpa-
(ax, B KOTOPBIX MBI PacCMaTpPHBAJIH TEPMOAHHAMHUKY Da3/HYHBIX MOHO-
BapHAHTHHIX (HMEIOIIMX OHY MeXaHHYECKYIO CTelleHb CBOGObI) CHCTEM.
B ofuem cayuyae NpOH3BOJBHOM MOHOBADHAHTHOH CHCTEMBI OCHOBHOE
TepPMOJHHAMHYECKOE TOXK/ECTBO 3alHCLIBAETCS B BHJE

dU=TdS —Xdx (19.1)

HJIH yepes3 IKOOMaH B BHIE

AT, S) _

Frv e =1, (19.2)
rie BesiHuKHA X HOCHUT Ha3BaHHe 0GOOUIEHHOH CHJIBLI, 8 X — OGOGIEHHOMH
KOODJMHATH (B cayyae cTepxHss X = — f, x = [, B c/lyuae MarHeTHka
X=—H, x=Mur 1)

Kak Mbl yxe OTMeyasnH, XIS MOHOBADHAHTHBIX CHCTEM BTOPOe
Hayajo TepDMOAMHAMHKH, YTBepKjaloulee, 4yTo BbipaxkeHHe 6Q/T ecThb
nosiHbii AuddepeHnHal, CTpOro ropops, He ABJAETCA B NMOJHOM o6beMe
TIOCTY/IATOM, @ €CTb YacTHYHO CJIeJCTBHE H3BECTHOH MaTeMaTHYecCKOf
TeopeMbl O TOM, UTO JIHHelHoe AHddepeHIHalbHOe BhIpaKeH e As ABYX
nepevennbix dU + X dx Bcerja uMeerT HMHTETPHDYIOUIMH JeUTeNE.



74 OBMMWE 3AKOHBI TEPMOAWHAMUKHU (ra 1

TMocTynaT, KoOTOphli Mbl BBOAMM B TepPMOAHHAMHKE 3aKJIOYaeTcst
B TOM, UTO 3TOT HHTErPHPYIOLIU JIeJIHTeJIb MBI OTOXIeCTBJISIEM C TeMnepa-
TYpOit.

Me1 MOXKeM M1l IPOM3BOJIbHOI MOHOBapHAHTHOM CUCTEMbl 3aNHCATh
TaKxe TaGJHIy TepMOAWHAMHUECKHX KO3(hHIHEHTOB

), @ (5
B (5, @)
B @ @),
Bl @

1 BBIPa3UTb 9 Ko3dHIHEHTOB Yepes 3 KoadduLMeHTa (HanGosee JerKo
H3MepHMble HJIH JIETKO HaXOJUMBIe B CTaTHCTHYECKOH (hH3HKe), BhIGpAH-
HbIX B KayecTBe He3aBHCHMbIX. OrnpelleseHne CBOGOAHONH SHepruH
F = U — TS ocraercs B cusie U JJis1 IPOU3BOJbHBIX MOHOBAPHAHTHBIX
CHCTEM, a OmpeJleJIeHHsI TeIJIocofiepkKaHia 06o6LaeTcs OYeBHIHBIM
o6pa3om:

(19.3)

W=U+ Xx, ® =U—TS + Xx.

IepelineM Terepb K pacCMOTPEHHIO CHCTEM, HMEIOLHX HECKOJIbKO
MeXaHHYeCKHX (HeTemJIOBbIX) cTemeHell CBOGOAbI (MOMHBapHAHTHbIE
cucTeMbl). Beipaxenue Aisi smeMeHTapHON paGOTbl HMeeT AJs TaKHX
CHCTEM BHJ

84=Y3 X;dx, (19.4)

i=1

rae X; — o6oO6lieHHas CHJIa, conpsiKeHHas ¢ i-fi 060GLIEHHON KOOpAH-
HaToH x;, H N — YHCJIO MeXaHHYeCKHX cTemeHeil cBoGoabl. IlpuHIMN
9HEPTHH MO-NPEXKHEMY BBHIPAXKAeTCsi ypaBHEHHEM

W=w—M=w—ﬁ&mh (19.5)

i=1

Msbl Morsiu 6bl, MOJOGHO TOMY, KaK 3TO GbLJIO CHeJaHO AJsSI MOHO-
BapHaHTHBIX CHCTeM, COPMYNHPOBATh NMPHHIMI TEMNePaTypbl H NMPHH-
LMN SHTPONHH M AJIsi MOJHBapHaHTHbIX cHcTeM. IIpH 9TOM ycsioBHas
TeMrnepaTypa T M YCJIOBHAsi SHTPONHUS G OKa3aJHCh 6bl PyHKUHAMU Beex
0606LIeHHbIX KOOPAHHAT X; H 0606ueHHbIX cha X;. OflHaKo cuMMeTpus
Mexay (P, V)-omucaHueM cocTOsSIHHE cHCTeMbl H (T, O)-ONUCAHHEM /s
MOJIMBAapPHAHTHBIX CHCTEM Hcye3aeT, TaK Kak BMecTo napsl (P, V) uMeercs
n nap MeXaHWYecKMX BeJHuMH (X, X;) (n MeXaHHUeCKHX CTerneHel
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cB0oGOJIbl), B TO BpeMSl KaK TensoBas CTereHb CBOGOJBI OCTAeTCs eIHH-
CTBeHHOH (OZHA Mapa CONpPsIKeHHBIX TENJIOBBIX BEJHUYHH T, G) H B Cay-
yae NOJHBAPHAHTHON cHcTeMbl. IlosTOMy B ciyyae MOJHBapHAaHTHOH
CHCTEMBI 11€1eCO06Pa3HO HENOCPEACTBEHHO MEepeHeCTH B TEOPHIO Kak
[OCTYJIAT COOTHOLUEHHE

8Q =T dS. (19.6)

Crienyet 0cO6eHHO 06paTHTb BHHMaHHe Ha TO, YTO AJIs NIOMHBAPHAHTHBIX
n

CHCTEM YTBepXKJAEHHE O TOM, 4TO Bbipaxenne dU +Z X; dx; umeer

i=1
HHTETPHPYIOIMA Je/HTe]b, yKe He eCTb TPHBHAJbHOE CJeICTBHE
MaTeMaTHYeCKHX TeopeM, a NpeAcTaBjseT Co0Ofl HCTHHHBI NOCTYJaT,
COLJIACHO KOTOPOMY JJIsl OGPAaTHMBEIX MPOLECCOB BhipaXKeHHe

n
dU+3) Xidy
1

ecTb NOJHBHI auddepeHuHan.
OCHOBHOe TepMOAHHAMHYECKOE TOXKJECTBO 3aNHILETCS B BHIE

n
dU=TdS—Z X dx;. (19.7)
i=1
¥YcsioBHEM TOrO, UTO TpaBas YacTb 3TOTO PAaBeHCTBA €CThb MOJHBHIH Jud-
deperunan GyHkuuH U (S, Xy, X5, ..., X,), ABJSETCS CIPaBEJIHBOCTb
COOTHOILEHHH Jp.
a((x,, xf) 1 (i=1,2 ..., 1), (19.8)
(X, x)) . .
ﬁﬁ%:l (#j=1,2..., n). (19.9)

TaxuM 06pa3oM, BMeCTO OJIHOTO paBEHCTBa

(T, S)o (X, x) =
B CJyyae MOHOBAPHAHTHOH CHCTeMBl OCHOBHOE TEPMOAHHAMHYECKOE
TOXJECTBO J@eT HaM B cjyuae n-BapHaHTHOH CHCTEMBI

n_‘_n(n—l) n(n2+l)

pasencte (19.8) u (19.9).

Jlnsi OOMHBAapHAHTHBIX CHCTEM ONpefieieHHe CBOGOAHOH SHEPrHH
F = U — TS ocraercs npexkuuM. Tensocoep:xanne W u TepMoAHHa-
Muueckuit notenunan @ onpenenum Qopmysamu

i=n n
W=U+> Xx;, u O®=U— TS+Z Xixy=F+3 Xixi.

i=1 i=1 i=1
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3ameTHM, OJIHAKO, YTO MBI MOXeM INpojenaTh npeobpasoBaHue Jle-
xaHapa Haa U nau F He no BceM 0GOGLIEHHBIM KOOpAMHATaM, a TOJIbKO

m
Mo YacTH X, no6asuB K U wiu F CJlaI‘aeMer X (m<<n).
i=1

Toria Mbl MOJy4UM Psifi HOBbIX TEPMOJMHAMHYECKUX BYHKUMH, AJs
KOTODBIX €CTeCTBEHHBIMH INepeMeHHBIMH GYIyT YacTHYHO O0GOGIIEHHbIE
cumel X; (( =1, ..., m), a yacTHYHO 0GOGLIEHHblE KOOPAMHATHI
xi((=m4+1,m+2 .., n). OTh yHKUMHE He UMEIOT CreNHaJbHBIX
Ha3BaHHUii, HO NMOJIb30BaHHe MMH HMHOTJA MOXKeT GHTb YAOGHBIM.

PaccMoTpMM B KayecTBe NPOCTOro NpuMepa GHBapHaHTHYIO CH-
CTeMy — CTepxeHb B MAarHMTHOM noJe. Bripaxenue assi paGoTbl HMe-
eT BUJL

8A=—fdl—H dM, (19.10)
T. €. Mbl HMeeM
Xi=—f, x,=10, Xo=—H, x,=M. (19.11)
PaBeHcTBa
or.S) _ T, S _
0 (Xy, x1) - 9 (X, X))

BHOBb JIaJlyT HaM paHee IOJYYeHHble Pe3yJbTaThl — BEIPAXKEHUS s
M3MeHeHUsl TeMIepaTyphl NMpPH aAHaGaTHYeCKOM PACTSIKEHHH CTEPIKHS
(C JIOMOMHUTEJIBHBIM YCJIOBHEM NOCTOSIHCTBA HAMATHWYEHHs!) MJIM TIPH
pasMarHUYMBAHMM CTePxKHsA (IPH NOCTOSHHOH ero jauuue), Jlasi pac-
CMOTpeHMSl MHTepecyIomuX Hac ¢uanyeckux 3¢pdeKToB yA06HO nepeitu
oT nepemMeHHbIX [, M K nepeMeHHbIM f 1 H. J1J1st 9TOH e/ BBEAEM TeNJIo-
cojlepKaHue

W=U-—fl—HM, dW =T dS—ldf —MdH. (19.12)

YcnoBueM TOro, YTO NpaBasi YacTh eCTh MOJHBIA AuddepeHuHan (mpu
S = const), sBasieTCs paBEHCTBO

3 = (3 s

IMpousBosHas, crosmas B aeBoit yactu (19.13), xapaKrepusyer siBnenne
MarHUTOCTPUKIMH: JedOpMAIMIO CTepKHA (yANTMHEHHe HJHM COKpalie-
HHEe €ro) NpH H3MeHEeHHH MarHMTHOro mossi. IlpousBojHasi, crosiwas
B NMpaBOH YacTH, CBA3aHa C NbE3OMArHHTHHIM 3(pdeKkToM — addekToMm
HaMarHUYMBAHUs (PasMAarHMYMBAHMS) CTePXKHs NpH JeHCTBHH pacTs-
ruBatomell (cxxumatowedt) cuabl, CoorHowenve (19.13) Ges Bcsikoro
aHanM3a BHYTPeHHero (MOJIEKYJISIPHOTO) MeXaHH3Ma sBJEeHHH yKasbl-
BaeT Ha IV1yGOKYIo (pH3HyecKylo CBsi3b 3THX 5((eKToB. MarHUTOCTpPHUK-
M5l M Tbe30OMATHUTHBIH 3(EeKT MOTyT CYLIeCTBOBATb TOJIbKO OJHOBpe-
MEHHO, T.e. ecM st HeKoToporo crepxkHs (OM/6f)sy =0, 10 u
(01/0H)s,; = 0.
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Ilanee, cootHowenue (19.13) ykasbiBaeT Ha cBS3b MeX/y Hampabie-
HHAMH 060HX 3bdekToB. Ec/ii npy yBeJHYeHHH PaCTATHBAIOWIEH CHJIbI
HaMarHH4YeHHe CTepxHs Bospacraer (dM/of)sy >0, To cTepxKeHb
YAJHHSETCS. TIPH YBeJHYEHWH HanpsiKeHHocTH mnons (8l/6H)s; >0
¥ HaoGopoT. B mpHpoje CyuieCTBYIOT Teja M TOro, H JAPYroro THma.

JlBa ApYTHX yCJOBHSA

T - (ﬂ’l
(‘”‘1 >S,f - S )H,/

(%%)S o (g_IS)H,/

ONHCHIBAIOT YK€ H3BeCTHble HaM 5GdeKTh: OXJaxJeHHe NpH afuaba-
THYECKOM pa3MarHHuuBaHuH (§ 15) U H3MeHeHHe TeMIepaTyphbl CTEPIKHS
npH aanabaTHyecKoM pactsikeHuu (§ 14).



TMTABA 11

CUCTEMBbI C NMEPEMEHHBIM KOJHYECTBOM BELIECTBA.
$A30BbIE NMEPEXO/bI

§ 20. CucTembl ¢ nepeMeHHBIM YHCJIOM 4acTHI. XHMHYECKMA MOTeHUMAN

Jlo cux nop Mbl paccMaTpPHBAH CHCTEMBI C TOCTOSTHHBIM KOJIHYECTBOM
BemecTBa. IlepefiieM Temepb K pPacCMOTPEHHIO TAKHX TePMOAHHAMH-
YeCKHX CHCTEM, B KOTOPHIX KOJIHUECTBO BELIECTBA MOXKET H3MEHSThCS.
TlpumepaMi MOAOGHBIX CHCTEM MOTYT CJYXHTb Tesa, B KOTOPBIX Mpo-
HCXONAT Te WJIM HHble XMMHYEeCKHe NpeBpalleHHs (TOrJa KOJHYeCTBO
JIAaHHOTO XHMHYECKOTO COeJIHHEHHs SIBISETCS] NMePEeMEHHbIM), HJIH CH-
CTeMbl, B KOTOPBIX MPOHCXOAAT (pasoBble NpeBpauleHHst (NJaBjieHHe,
KPHCTa/u3allis, HMCNapeHHe, Nepexojl M3 OJHOH KpHCTa/JIHyecKof
MOIH(HKALMH B APYTYIO H T. 1.), — B 3TOM CJyyae epeMeHHbIM IBJsIeT-
Cs1 KOJIHYeCTBO BelllecTBa B onpesiesieHHol dase.

BHyTpenHsisl 5Heprusi Takol CHCTeMbl C mepeMeHHOIl Maccofi, ouye-
BHJIHO, 33aBHCHT He TONbKO OT S H V (ee XxapaKTepHCTHUECKHe mepeMeH-
Hble), HO M OT KOJMYeCcTBAa BeLIeCTBa, KOTopoe Mbl GyjeM XapakrepH-
30BaTh yHcJoM Moaeit N. CnenoBaresbHo,

dU(S, V, Ny=TdS—PdV +pdN, (20.1)

TJie BeJMYHHA W HMeeT Pa3MepHOCTb SHEPTHH Ha MOJMb H Ha3blBaeTcs
Xumudeckum Nomeryuarom eeujecrnea. XHMMHYECKHIl moTeHuMas, oye-
BHIHO, ompejelisiercs: GopMyJIoii

p=(5)s - (20.2)

PagjienM Bce TePMOAHHAMHYECKHe BEJHYHHBI Ha 3SKCTEHCHBHbIE
(anMTHBHEIE) M MHTeHCHBHble. K mepBoMy KJaccy BeJMYHH OTHeceM
Te, KOTOPbIE C POCTOM KOJIHYECTBA BEIECTBA B CHCTeMe (PH HeH3MEHHbIX
NpoOYyHX YCJOBHSIX) Bo3pacraior nponopinonanbho N. K uueay taknx
BEJIHYHMH, OYEBHHO, OTHOCSTCSI OOBEM BelllecTBa V, BHYTPEHHss SHep-
rusi U, 1Js KOTOpBIX HMeeM

V=NV, U=NU, (20.3)
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rie V u U — o6beM U BHYTPeHHsisl SHEPTHsI OJHOTO MoJisi. B mpoTuBo-
TO/IOKHOCTb STOMY TaKHe BeHYHHBI, KaK TeMnepatypa T W AaBieHue P,
He MEHSIIOTCS NIPH YBEJHYEHHH Pa3MepPOB CHCTEMBI H OTHOCSITCS K KJIaccy
HHTEHCHBHBIX BeJHUMH. B cuay dopmyast dS = 8Q/T sutponus
SIB/ISIETCS] TaKKe aJJINTHBHOH BEJHYHHON — SHTPOMNHS PaBHOBECHOH
CHCTEMEI DaBHa CyMMe SHTPONHII ee yacTeil, H MbI MO>XeM BBECTH MOJIsIp-

HYIO SHTPONHIO S, CBSI3aHHYIO C MOJIHOH SHTPONHeH COOTHOLIEHHEM

S=NS. (20.4)
Haxkonen, B cuny dopmya
F=U-TS, W=U+PV, O=U—-TS+PV

BCe TEePMOAMHAMHYECKHE MOTEHIHaJ/bl SIBJASIOTCS BeJHYMHAMH SKCTEH-
CHBHBIMH, H MBI MOJKEM BBECTH MosipHble BequunHm F, W, @. (Oue-
BHJIHO, BCC MOJISIDHEIE BEJHUHHBI — MOJSIPHBIA 0GbeM V, MoispHas
SHTPOMNHUS S, MOJIiDHbIE BHYTPEHHsiA H CBOGOAHAS SHEPTHH U, F,
MO/ISIpHAs SHTaMbmHs W H T. . SBJSIOTCH HHTEHCHBHBIMH BeMHUH-

HaMH).
3amMeTHM, YTO MOJISIPHbIE TePMOJIHHAMHYECKHe PYHKIHH 3aBHCAT OT
P, T v ot MoisipHbIx aprymentoB V = V/N, 8§ = S/N, T. e. Mbl HMeeM

U, v, N)—NU(N N),
F(T, V, N)= NF(T

\_/

"N (20.5)

W (S, p, N)=NW (N P),
O(T, p, Ny=ND(T, P).
BepHeMCﬂ ‘renepb K XHMH‘!CCKOMY NOTEHUHAJNy H 3aMeTHM, 4YTO

B cuaty onpenenesud gpyunkuuit F, W, D cnaraeMoe p dN Boiizer B aud-
(epenuHanbl BCeX TEPMONXMHAMHYECKHX (YHKIHIl

dU=TdS—PdV +p dV,
dF =—8dT —P dV +p dN,
AW =T dS+V dP +p dN,

dD=—SdT+V dP+pdN,

b= <"g%>5, v= <%)7, v (g% >Sv P (32)7, P’ (20.7)

U3 cooTHowenuit (20.5) Mbl BHAMM, YTO XHMHYECKHIi MOTEHLHAN HaHGO-
Jlee TIPOCTO CBsI3aH C TePMOJAHHAMHYECKHM MOTEHIHAJIOM, apryMeHTaMH

(20.6)

OTKyZa
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KOTOpOro, Kpome N, ABASIOTCS TONBKO HHTEHCHBHBIE BEJIHYHHbI TuP,
HMEHHO

(%)n =0T, P)=p(T, P), (20.8)

T. €. XHMHYeCKHH TOTEHLMan ecThb TePMOAHHAMHUeCKHH MOTEHLHa,
OTHECEHHBIHl K OJZHOMY MOJIIO BellecTBa. BciielcTBHe 3TOro MMeeM aast
auddepeHuHana p BhpaxKeHHe

dp=—8dT+V dP. (20.9)

3ameTHM, YTO CHCTeMa C MepPeMeHHbIM KOJIMY4eCTBOM BellecTBa
npeicTaBisieT cOGOH 0cobblil caydyaii GHBapHaHTHOH CHCTeMbI, HMeroulel
MOMHMO MeXaHHYeCKOll KOOpAHHaTHl V ellle OiHY CBOEOGPA3HYIO «KOOp-

JMHaTy» — yHca0 MoJlefi N, Il KOTOpOil conpsi:KeHHOH «0606LeH oM
CHJION» SIBJISIETCS XMMHYeCKHH MOTeHLHal

PaccMOTpuM BbIpaxkeHHe AJsi AH(QepeHIana BHYTPeHHelH SHePTHH
dU=TdS—PdV+udN.

Ycn0BHs TOTO, YTO NpaBast YacTh NpelcTaB/iseT co6oi monHbli Audde-
peHLHal, MOTYT GbITh 3alHCaHbl B BHJe

Bl (= B =)
KGV SsN S JvsN' \ON/s, v~ \0S)v, N' ON/)s, v \OV/sin®

IMepexoas Kk sAKoGHAaHaM, HMeeM

(T, S) (P, V) _
VS = (V) npu N =const,

o(T, S) 0 (n, N)

TS = NS npu V = const,

AP, V) _amN) _
SN, V)~ aN,vy PpH S =const,

HJIH )
T, S
aﬁ i V’) =1 npn N=const, (20.10)
o, 8 _ _
I R 1 mpu V =const, (20.11)
I(P, V) _ _
T = 1 npn S=const. (20.12)

Ipu aHAJOTHYHOM pAccMOTPeHHH NHbdepeHIHanoB CBOGONHOI
SHEPTHH, TEMJIOCOAEPKAaHHSI H TePMOJIHHAMHYECKOTO MOTEHLHaNa noJy-
9uM JonoJHHTeabHO K (20.10), (20.11), (20.12)

(P, V) _
EI N)—l npu T =const, (20.13)

0T, 8 _ _
TEN 1 npu P =const. (20.14)
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B KauecTBe HJIIOCTPHPYIOLIEIO NpHMEpPa BbIPa3HM IIPOH3BOJHYIO
(ON/6p)r,v uepes sierko u3MepHuMble BeAHUHHb!. C MOMOIIbIO (HOPMYJIBI
(20.13) noayuaem

(&) v = 56w = 5t S 5w =

= <%%)N, r <%>v. T <%%>r =" (%>N, T (%)m T (%)N. r

XHMHYeCKHil MOTeHIHa/, KaK WHTeHCHBHAsl BeJHYMHA, He 3aBHCHT
HH OT YMCJa MoJiel, HH OT ofbeMa, H B CHAY (OPMYJibl

dp=—38dT+Vadpr
(gg—>v.r=<%:;>zv,r=%=%'
(%)r, v _<g%)1v,rg*:‘

§ 21. PocT aHTponmHH B mnpoueccax BbIPABHHBAHHS. IJKCTpeMaJjbHbie
CBOHCTBA TEPMOAHHAMHYECKHX (yHKUHH

HMeeM

Orciona

Jlo cuX mop Mbl 3aHHMa/HChb M3yuyeHHEM DaBHOBECHBIX TEPMOAHHA-

MHUECKHX CHCTeM M paBHOBeCHBIX mpoueccoB. OnHaKo mepmoduramura
nosgossem coenaniv 6adcHole 66160060 L O HANPABACHUU 1LPOMEKARILA
HepaBHOBECHLLY NPOLECCO8, 04 KOMOPbIX U HAUAAbHOE U MPOMENCYMOUHbIE
COCMOARUA He ABASIOMCSA PABHOBeCHbiMU. B dacTHO-
CTH, K TaKHM NPOLECCaM OTHOCSTCS BCE MPOLECChl
BLIDABHHBaHHs, T. €. MPOIECChl, B XOAe KOTOPbIX
3aMKHyTasl CHCTeMa, COCTosluas M3 ABYX (MJH
HeCKO/MIbKHX) yacTell, Kaxjas H3 KOTOpPHX HaXo-
JMTCS B DABHOBECHOM COCTOSIHHH, HO MeXJy ua-
CTSIMM KOTOPOH paBHOBecHe OTCYTCTBYET, Nepexo-
JIMT B NOJIHOCTbIO pPaBHOBECHOE COCTOsiHHe. Pac- Puc. 25.
CMOTPHM HECKOJIbKO NMPHMEpOB MOMOGHBIX Mmpolec-
COB H NOKaXeM, YTO ec/iH NPOLeCC BbipaBHHBAHUS NMPOHCXOAHT B TEMJO-
H30/IMPOBaHHOMN cHcTeMe, 0Q = 0, TO sHTponHs STOH CHCTeMbl He
ocTaercsl NOCTOSIHHOH (KakK Gblio Gbl A/iss paBHOBECHOI'o ajHaGaTHye-
CKOro mpoliecca), a BO3pacTaer.

1. B Ten/ion3o/MpoBaHHOM LMJIHHJpPE HMeeTcsi 3aKpEenvieHHBIH mop-
leHb C TemnJioHsonupywowell npokaaakoi (puc. 25). Temneparypa u
laB/ieHHe rasa B JIeBOM H IPaBOM OTCeKe Da3/iHYHbl H paBHbl Ty, P,
u Ty, P, cooTBeTCTBeHHO. 3aTeM TeMIOH30/MHPYIOWAs MPOKAajKa yOH-
paeTcsi U nopuieHb 0CBOGOXlaeTcs, B Pe3yJ/ibTaTe Yero nporekaer Heol-
paTHMBI# nIpollecC BbIpaBHHBAHHMS TeMNepaTypbl H AaBJieHHs. BHISICHUM,
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YTO NPOHCXOAMT C SHTPONHEH CHCTEMBI B MpOLECCe BHIPABHUBAHHMS.
Tak KaK npouecc siBJsieTcsi HeOGPAaTHMBEIM, MBI HE MOXKeM 0/1b30BaThCsl
I/1s1 BHIYHC/IEHH sl H3MeHeHH s SHTponkH dopmyiolt dS = 8Q/T. Onnako
OCKOJIBKY H HauaJbHOe COCTOsIHHE rasa (B KaxKIOM OTceKe) H KOHeuHoe
COCTOSIHHE BCEro rasa siB/IsIIOTCS PaBHOBECHBIMH, a HTPOINHS SIBASETCA
(yHKUMEH COCTOSIHHSI Tas3a, Mbl MOMEM BBIYHC/IHTb SHTPONHIO Tasa
B HayaJlbHOM H KOHEUHOM COCTOSIHHSIX H COCTaBHTb Pa3HOCTb KOHEUHOH
| HayaJIbHOH SHTPOIHH, He HHTEPeCYysiCh TeM, YTO IIPOHCXOAHMJIO C SHTPO-
nuell Ha NPOMEXKYTOYHBIX 3Tanax mnpouecca. Byaem cunrath ras cosep-
IWeHHBIM ¥ 0603HaunM yepe3 Ny H N, uHc/I0 MoJielt rasa B JIeBOM H npa-
BOM OTCEKax COOTBETCTBEHHO. Bocmombayemcs dopmynoit (4.5), kKoto-
pylo B HalleM npHMepe yNCGHO 3amHcaThb B BHJe

Ssvﬂ_&lln(TVV")-}-A.
Hmeem J1d HadajJbHOT'O COCTOSIHHUSA

Sy =R 1n(rvyy 4,
;R (21.1)
Sz:‘v_j‘f In(T,V,¥) + 4y,

a JJisi KOHEYHOro COCTOSAHHSA
Sin=E (7 (v, £V L4 ta, @12

(B CHJly SKCTEHCHBHOCTH SHTPONHH NOCTOsiHHAs A [IJIs BCero rasa
paBHa cymme A; H A,).

Tak Kak npouecc BhIpaBHHBaHHs HJET 6e3 H3MEHEHMsi BHYTPeHHeil
9HepruH (paGota BHEIIHHX CHJ H IOABOL Tela OTCYTCTBYIOT), TO

U,+U,=U, N,CyT,+ N, CyT,=(N,+N,)CyT
W KOHeYHas TeMmmepatrypa
T = NIy Vol
Ny-+Ny °
IoxcraBasis 970 3HaueHHe B (21.2) W cocTaBsAs Pa3HOCTb
AS = Suou - Sl - Sz’
NOJTy4HM
\

As:N,Rln(l +A};’:/+N2Rln (1 + “ﬁ-:)+
4 | VN

—-N, InleNzlnTz].
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Bce Tpu cnaraembix BHIPAXKEHHs!, CTOSIUIENO B INPABOH YacTH, TMOJIOXKH-
TenbHEL. JIJIst MEpBbIX JBYX 9TO OueBHAHO. JoKaxeM, 4TO TpeThe Clla-
raemMoe TaKxe MOJIOXKHTENbHO.

BBeseM MOC/e0BaTeIbHOCTE MONOKHTENBHHX uucen a (1), a(2), ..., a (@™).
3anuweM HepaBeHCTBA
a()+a(2 2 a)—a@\' _[a)+a(®?\?
atha@=(20F2OF (20O P (20O ),

a(n)a(2)a(3)a(4)s("(”‘;"(2) )2( e@)ta® >2s
a()+a@+a@)+a@ )‘
4 .

<(
TMyTeM HHAYKIHH HaXORHM
m m
a(])a(z),,,a(zm)s(w%ﬁﬂz_))z i
Ilycts cpeau uncen a (i) umeercss Ny muoxmutened, pasusix Ty, u N, MHOXHTenef,
paBubix T,. Hmeem

—om N pN. N1T1+N2T2.N'+N’
Ny+N,=2m, T{''Ty ’g(—Nz—l-Nz

Jlorapudmupys, nonyuaem
(Ny+Ny) In (%% NyInT;— NyIn Ty =0.

TaknM 06pasoM B PacCMOTPEHHOM MpoLEcce BHPABHHBAHHA TeMITe-
paTyp M JaBJIeHHii SHTPONHH BO3PacTaer.

IMojuepKHeM NPH 3TOM TOT (yHIaMeHTaJIbHON BaXKHOCTH (GakKT, uTO,
MOCKO/IbKY LHJTHHAD TEIJIOH30JHPOBAH, SHTPONHS B STOM Npoliecce He
TIOJIBOJIMUTCS H3BHE, a «Bupaﬁa‘maae’rca» BHYTPH CHCTEMbI. Aro 3HAYHT,
uTO, K020a 8 2ase udem Heobpamumbll NPOYECC BbIPABHUBAHUSA OaBAeHUS
u memnepamypot, 8 Hem pabOMAIOM BHYMPERKUE UCIMOYNUKU, KOMOopbie
«npodyyupytom» sumponuio. 1o mepe nhpubauscenus K COCMOAHUIO
PaBHOBECUS SMU UCMOHHUKIL UCCAKQIOM» U Nepecmarom «npoussodume»
SHMPONUI0, KaK MOAbKO 2a3 Npuxodum 6 PABHOBECHOe COCMOSHUE.

HayunM c 3ToH TOUKH 3DeHHMs ellue JiBa HeDaBHOBECHHIX Ipolecca,
paccMaTpHBaBLIMXCS HAMH paHee.

2. TIpouecc Teii-J/lloccaka. DKBHBaJeHTHbII OGPaTHMBIH Ipolece
JOJKeH NPOTeKaTb NpPH MOCTOSIHHOH BHYTpeHHeH SHEpPruH:

dU=TdS—PdV =0,
OTKyZa s »
(57)y=7>0 (21.3)

T. e. SHTPONHS B Mpolecce HeOGPATHMOTO PaCIHPeHHs ra3a B BaKyyM
YBeJIHYHBaeTCs.
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TMonesno conocTaButh B 3akJuoueHHe peanbhblii mpouecc [eii-Jlioccaka W BOOG-
pag(aeuuﬁ npouecc, KOTOpbIM Mbl €ro 3aMeHHJIH MbICJEHHO, C TMOMOLLbIO cnenylouxeﬁ
TaGMHILbL

Peanpuslif npouece [-J1 Boo6paxaemuifi npouece
1. HepasnosecHbift 1. PaBHOBeCHBIi
2. Apmabaruueckuit, 3Q =0 2. HeanunaGaruyeckuit, 3Q =0
3. Heusoamponuqecxnﬁ das a&bQ/T 3. Heusosnrponuueckuit, dS = 3Q/T
4. HzosHepreTnyeckuii, dU =0 4. Wsosnepreruueckuii, dU =

8. Tlpouece Mxkoynst — ToMcoHa. DKBHBAJIEHTHbIH 0OpaTHMbIH PO~
ecc NMpPoTeKaeT NMPH MOCTOSIHHOM TEMJIOCONEPMKAHHH:

dW =TdS+V dP =0,
oTKyZa
aS 4
(W/\v': — <0, (21.4)

i TaK Kak B npouecce [xoyasi — ToMcoHa ras npocayHBaercs CKBO3b
TMOPHCTYIO NPOOKY B 06/1aCTh C MOHHXXEHHBIM JaBJIeHHEM, TO SHTPOIHS
B 3TOM NPOLECCE TaKXKe BO3PACTAET.

CornocraBum peanbHbili npouece [axoyns—Tomcona u BooGpakaeMbifi npouecc,
KOTOpbIM Mbl €rO 3aMEHWJIH, € MOMOILbIO TaGaHIbl:

Peansunit npoyece J—T BooGpaxaembli npouece
1. HepaBHoBecHblit 1. PaBnoBecHblf
2. AnuaGatuueckuft, 3Q = 2. Heapua6atuueckuit, 3Q£0
3. Heusogmponnuecxun, dS #3Q/T 3. Heusosurponuueckit, dS = 3Q/T
4. W3o3HTa/IbIMyecKuil, 4, Wsosnranbnuueckuit, dW =0

PaccMmoTpeHHble NPHMEPhI [IOKA3bIBAIOT, YTO B MpolieccaX BbpaBHH-
BaHHS B 3aMKHYTO} CHCTeMe SHTPONHs Bo3pacTaeT. B mosHoM oGbeme
STOT 3aKOH MOXeT ObiThb JOKa3aH TOJBKO C HCMOJIb30BAHHEM aTOMHO-
MOJIEKYJISIPHBIX MPEACTaBJIeHHIl, H 3TO [0KA3aTeJbCTBO MBl PACCMOTPHM
B pasjieJie, NMOCBSILEHHOM KHHeTHKe (§ 69)

Msbl npHHHMaeM TaKHM 06pas3oM, noka 6 Kauecmee nocmyaama,
NOAOXCEHUE O MOM, 4MO 8 NPOYECCAX BbIPABHUBAHUS IHMPONUS US0AUPO-
8aHHoll cucmembt ospacmaem, dS > 0. KoHeuHbIM pe3yJ/ibTaTOM Mpo-
uecca BbIPABHHBAHHSl SIBJISIETCSl MOJHOCTBIO DABHOBECHOE COCTOSIHHE.
IIpy MasbIX OTKJIOHEHHSIX OT COCTOSIHHSI PaBHOBECHSl TPafHeHTbl BCeX
[1apaMeTpPoB CHCTEMbI TaK:Ke MaJibl ¥ BCe MPOLECCH BOIH3H OT COCTOSIHHS
paBHOBECHS CTAHOBSATCS MEAJIEHHBIMH, NPHOIHKEHHO pPaBHOBECHBIMH
npoueccamu. ClieoBaTesIbHO, B cocTosiHiH paBHoBecus dS = 0. Orciona



§ o1 POCT SHTPOIMHH. SKCTPEMAJILHBIE CBONCTBA 85

BBITEKAET BAXKHbIH BbIBOJ O TOM, UTO 710 MEpe NPUBIUNEHUS K COCIMOAHUIO
PABHOBECUSL SHMPONUA U0AULPOBAHHOL CLCMEMbL 803PACIMAL I 8 COCMOSA-
Huu pasnosecus 0ocmuzaenm €60e0 MAKCUMAALHO20 BHAYCHUS.

3aKOH BO3PACTaHHs! SHTPONHH B M30JHMDPOBAHHOH CHCTEMe Hrpaer
4pe3BbIYaiHO BaXKHYIO posib. MOMKHO CKa3aTb, YTO B H3BECTHOM CMbIC/IE
OH (H3HYECKH CojepXKaTe/bHee, YeM 3aKOH COXDAHEHHs SHEeprHH.
B camoM Jesle, 3aKOH COXPaHEHHs! SHEPIHH /sl H30THPOBAHHOI CHCTEMbI
YTBEpKJAeT, YTo mepexon H3 coctosiHusi 1 B cocrostnue I1 Bo3MoxeH
JIMLIb TIPH YCAOBHH, 4TO Uy = Uj; — 3HEPTHSI CHCTEMbl B HayalbHOM
COCTOSIHUH paBHa SHEPrHH CHCTEeMbl B KOHeYHOM coctosiHuH. Ho ecin
3TO YCJIOBHE BHITIOIHEHO, TO C TOYKH 3PEHHS SHEPreTHYECKOH CTOMb ke
BO3MOXKHbIM sIBJIsSIeTC H OOpaTHBIN MpOLlecC Nepexofa CHCTEMbl M3
coctostnusa I1 B cocrosiume 1

Hanpumep, ¢ TOyKH 3peHHst 3aKOHA COXPAHEHHsl SHEPTHH OIHHAKOBO
BO3MOKHBI:

1) Tpouecch mepexona Temsa oT GoJsee HAarpeToro Tena K Gosee
XOJIOAHOMY H oOpaTHbIi mpouecc (ecau cob/ioaaercss GanaHc sHep-
THH).
2) Ilpoumecc NOCTeNeHHOro 3aMelJIEHHss H OCTAHOBKM 6sarofaps
TPEHHIO Tesla, ABHXKYIIETOoCs MO LIePOXOBATOl NOBEPXHOCTH (NIPH 3TOM
KHHETHYECKasi SHePTHsl Tela NEPEeXONHT B SHEPrHI0 Gecropsiio4HOro
JBMXKEHHSI MOJIEKyJ1) H oOpaTHBI mpouecc (3Heprisi Gecropsii0YHOro
JIBHAKEHHST MOJIEKYJ MEPeXOAUT B SHEPTHIO YNOPSIOYEHHOTO JABHKEHHS
Tesia), B XOJle KOTOPOTO NOKOSLIEeCs: TeJO HECKOJIBKO OCTBIBAET, HO 3aTO
MPHUXOIHUT B JBHIKEHHE.

KosnuecTBo nojoGHbIX NPHMEPOB, €CTECTBEHHO, MOMXHO Gblio Gbl
YMHOMKHTb.

3aKOH BO3PACTaHHS SHTPONHY paspeluaeT NpsiMble nipoecckl 1) u 2),
CBfI3aHHblE C BO3pacTaHueM (MPOAYIHPOBAHHEM) SHTPONHH, HO 3ampe-
waer o6paTHble, CBA3aHHEIE ¢ ee yGbiBaHHeM. [1o 06pasHoMy Bhipaxe-
Hulo 30MMepdenbaa, «B THTAHTCKOMN (paGpHKe eCTECTBEHHBIX MPOIECCOB
NPHHLHUI SHTPONHH 3aHUMAET MeCTO NMPEKTOPa, KOTOPbI MpeAnHCh-
BaeT BHI H TEYeHHE BCeX CHeJNOK. 3aKOH COXPaHEHHsl SHEPTHH MrpaeT
JHIWb poJdb Gyxrajrtepa, KOTOphIi NMPHBOXMT B paBHOBecHe jeGeT M
kpexum [1]

Takum 06pasom, TyGOKHII CMbIC/I 3aKOHa BO3PACTAHHS SHTPONHH
3aKJII0YAETCst B KOHCTATAlMK CYLIECTBOBAHHSI HEOGPATHMbIX TIPOLECCOB,
B YaCTHOCTH BCeX TNPOLECCOB BhIpaBHHBAaHHSA. Bce aTH mpouecchl cra-
HOBATCSI OOPAaTHMBIMHM, KOTLA@ CHCTEMa MpPHO/IHXKAETCS K COCTOSTHMIO
PaBHOBECHSI, 8 SHTPOMNHS JOCTHTaeT MaKCHMAJbHOH BEJTHUYHHBL.

Y6eauMcs Tenepb, YTO aHAJOTHYHBIMH BKCTPEMAJIbHEIMU CBOHCTBAMH
00/1a1a10T H APYTHe TepMOAHHAMHUECKHE BYHKIUH.

PaccMOTpUM npexje Bcero HeoOpaTHMbIi mnpouecc B CHCTEMe,
KOTOpast He SIBJISIETCs] TENJIOM30JHPOBAHHOM, a MoJyyaeT (MM OTAAeT)
KOJiuyecTBO Temsa 8Q. Mbl MoxKeM MBICJEHHO NMpeACTaBHTh ceGe TaKoii
npouece, Kak MOCJELOBATENbHOCTb ABYX NPOLECCOB — NPOLECC Nepe-
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XO0/1a CHCTEMBl B paBHOBECHOE COCTOSIHHe Ge3 MOJBOJA TemJa, NP KOTO-
poM sHTpomHs BospacTaeT: dS; >0, u nocaeaywouui o6paTHMBI
NONBOJ (OTBON) TeMJIa, IPH KOTOPOM SHTPOIHS H3MEHHTCS Ha BEJHUHHY
dS, = 6Q/T (dS, > 0, ecan Tenyo NOABORHTCA, U dS, << 0, €C/H TemIo
OTBOJHMTCS OT CHCTEMB).

OG6bennHsist 3TH iBa COOTHOLIEHHS!, NIOJy4aeM HepaBeHCTBO

dSi+ds,=ds=%, sQ<Tas, @1.5)
l'lpH'{eM 3HAK = HMEeT MECTO TOJIbKO IJs paBHOBeCHle, OﬁpaTHMle
npoueccoB. Mcro/b3ys Tenepb NPUHUKN HEpPrHH

dU=58Q— P dV,

TIOJTYYHM HEPABEHCTBO, 3aMEHsIIOlLee B ciayyae HeOﬁpaTHMbIX nporeccos
OCHOBHO€ TEPMOAMHAMHYECKOE TO2KJECTEO:

dU<TdS—PdV. (21.6)

Hcnonpsyst onpenesnenus cBo6ogHoi sHeprun F = U — TS, temso-
cofepkannas W = U 4 PV ¥ TepMOAMHAMHYECKOTro MOTEeHIHa/a
® = U — TS + PV, noayuyaem u3 (21.6) Taxke HepaBeHCTBa

dF <—SdT—Pdv, ©@1.7)
dd <—SdT+V dP, (21.8)
dW < T dS-+V dP. (21.9)

O6patiMcsi BHayaJje K CAEACTBHSM, BbITEKAIOIMM W3 HEPaBEHCTR
(21.7), (21.8).

PaccmorpuM mpouecchl, mpotekaromue B Tepmoctate (T = const)
NpH ABYX pPas3HBIX JIOMOMHHTENBHBIX YeaoBusiX: V = const wan
P = const. Hmeem cornacho (21.7), (21.8)

dF <0 mpu V=const, T =-const,
dD<0 mnpu P=const, T =const.

TaxkuM o6pa3oM, NpH NPOTeKaHHH HeOGPATHMOIO mpoliecca MpHO/HKe-
HHS K paBHOBecHIo mpH V = const n T = const y6biBaer cBo6opHas
sHeprus, a npu P = const u T = const — yGbiBaeT TepMOAHHAMH-
4ecKHii moTeHnHaa. B6AH3H OT PaBHOBECHOTO COCTOSIHHSI BCE MPOLECCH
CTAHOBSATCS PaBHOBECHBIMH, H Mbl HMeeM

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

O1ciona clIeyeT, 4TO B PaBHOBECHOM COCTOSTHHH clicTeMbl ¢ V = const,
T = const npuHHMaeT MHHHManbHOE 3HAaYeHHe CBOGOAHAS 3HEPTUS
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F = Fnin, a B cucteMe ¢ P = const, T = const — TepMoaHHaMHye-
ckuii norenuuan @ = Opy.

CnenaeM Tenephb cjefyloliee BeCbMa BaxKHOe 3aMeuaHHe:

HepapencrBa (21.4) — (21.7) HMEIOT CMBIC/I TOJIBKO B TPEATOJONKE-
HUH, uTO mapaMmetpul P, V, T, S uMeloT onpejie/ieHHble 3HAYEHHs H ISt
HEPaBHOBECHBIX COCTOSIHHH cHcTeMbl. TOT (aKT, YTO SHTPONHsSI MMeeT
onpeJle/IeHHOe 3HaYeHHe H B HEDABHOBECHBIX COCTOSIHHSIX, MOJpasyMe-
BaeTcss M B caMoi (DOPMYJIHDOBKE 3aKOHa BO3DAacTaHHsI SHTPOIHH.
Briocsiencteun B §§ 33 u 47 Mbl yBHIANM, YTO (POPMYJIbI CTATHCTHYECKOH
(H3HKH JIeHCTBHTE/IbHO ONMpEAE/ISIOT SHTPONHIO J1IoGoro, Kak paBHOBEC-
HOTO, TaK M HePaBHOBECHOTO COCTOSIHHsI CHCTeMbl. UTo ke KacaeTcs
napamerpo P, V, T, To Mbl OTrpaHHYHMCS DAacCMOTPEHHEM TaKHX
HEPaBHOBECHBIX COCTOSIHHH, B KOTOPbIX H 3TH BEJIHYHHBI HMEIOT OIpe-
JleJIeHHbIe 3HAYeHHs (B YaCTHOCTH, B 3THX COCTOSIHHSIX OTCYTCTBYIOT
rpajiMeHThl JaBJeHHst ¥ TeMnepatypbl). OTciona cienyeT, YTO HMEIOTCS
B BHJly TAKHE TePMOJIHHAMHYECKHE CHCTEMBI, COCTOSIHHSI KOTOPBIX XapaK-
Tepu3yloTcsi, KpoMe BesinyuH P, V, T, S, ellie OXHHM HJIH HECKOJIbKHMH
[epEeMEHHbIMH NapaMeTpaMH §&;, W TepMOJAMHAMHYECKHE MOTEHIHaJIbl
U, F, W, @ 3aBHCAT NOMHMO CBOMX €CTECTBEHHbIX apPryMEHTOB OT
napametpoB ;. B cocmosnuu mepmoOuramudeckozo pasHogecus smu
napamempot nputumarom 3navenus EP', Komopete u 00axcHoL Gbims Hadl-
OeHbl U3 Ycaouil munumarbrocmu c8o6o0Hodl snepeuu F (npu T = const,
V = const) wuau mepmodunamuyeckozo nomenyuara @ (T = const,
P = const).

TpumepaMi NofOGHBIX CHCTEM MOTYT CJIYXKHTb, HaPHMeEp, CHCTEMbI,
COCTOSIILHE H3 HECKOJIbKHX XMMHUYECKHX BELUECTB, PearHpyIoLHX APy
C JIpyroM, HJIH CHCTeMbl, COCTOSIHE H3 HECKOJbKHX (a3, B KOTOPBIX
MOTYT NPOMCXOMHTb MpPOLECCH MJIaBJeHHs, KHNEHHs W T. A. B atux
cJIy4asix poJib napaMeTpoB §; BBINOMHSIOT YHCJIA, ONPEeSIOUIHe COCTaB
CHCTEMbl, HampHMep, YHCJa MOJIEH BCeX XHMHYECKHX KOMIOHEHT WJH
Bcex ¢a3 cucrembl. [lpyrofi mpuMep HaloT HaM TeJsia, KOTOpPbie MOTYT
1N0JIsPH30BAThCS HJIH HAMAarHHYMBAThCSl BO BHEWHHX nossix. CocTosiHHe
TaKMX Tes onpepessercsi, noMumo nepemeHublx T, V wan T, P u Ha-
NpsSKEHHOCTEH BHELHHX MOJIeH, elle BeJHYHHOH NOJSPH3ALHH HJIH
HaMarHHYeHHs!, KOTOPbIe H HTPAIOT PoJib NapameTpos &;.

IepefineM Tenepb K paccCMOTPEHHIO HEPAaBHOBECHBIX POLLECCOB, MPO-
TeKaIoWUX NpH S = const H JABYX MONOJIHHTE/JbHBIX YCJIOBHSIX: JHEO
V = const, yu6o P = const. [TofuepkHeM, UTO B OT/IHYHE OT TpOLEC-
cos ¢ T = const Jierko peaH3yeMbIX B TepMOCTaTe, HeOGPATHMBIE TIPO-
uecckl ¢ S = const MOTYT GbiTh peaJiH30BaHbl TOJBKO B BECbMa HCKYC-
CTBEHHBIX YCJIOBHSIX. B camoMm Jese, mpH HeoGpaTHMBIX npolueccax
B CHCTeMe NMPOJYIHPYETCs: SHTPONHS U /ISt TOrO, YTOOBI MOAAEPIKATH ee
NIOCTOSIHHOH, HEOGXOIMMO KHOepHEeTHYECKOe YCTPOHCTBO C OGpaTHOM
CBSI3bl0, KOTOpOe Gbl OTBOJAMJIO 3HTPONHMIO (TEMJIO) KaK pa3 B HYXKHOM
KosnyecTse. [ToaTomy yciioBust

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

KOTOpble MOT'YT OBITb NOJMy4eHbl H3 HepaBeHCTB (21.4) u (21.7), He umeroT
NPAaKTHYECKOrO 3Ha4YeHHsl M MPHBOAATCS TOMBKO C MeTOJIHYECKOH
LeJbo,

3ameueHHOe HaMH 3JeCb Das3jiMuHe Mex1y noreHuuasamu U u W,
C OJHOM CTOPOHBI, H noTeHuHataMH F u @, ¢ Apyroil CTOPOHEI, UMeeT
B CBOeil OCHOBe CJ/elylolWHil GyHIaMeHTaNbHbIH (aKT.

IMorenuuantt U v W He MMEIOT HM HCTOYHHKOB, HH CTOKOB BHYTDH
CHCTEMbl H MOTYT TOJIBKO CIOJBOAMTBLCS» K CHCTEME H3BHE HJIH (OTBO-
JUTBCSI> M3 CHCTeMBl HapyxKy. it BHyTPeHHel SHEPIHH 3TOT (akT
HETOCPE/ICTBEHHO OYeBHJeH — BHYTPEHHSISI SHEPIHsl MOXKET MeHSITbCs
TO/ILKO 3a CUET NOABOAA (OTBOJA) TeI/Ia M COBEPLIEHHs (I10JIOXKHTENbHON
HJIM OTpHIATe/bHOH) paboThl.

Jlnst TensocofiepaHHs 3TO CJelyeT H3 TOro, YTO 3Ta (yHKIHs
MOXeT paccMaTpHBAThCS, KaK SHEPIHsl HEKOTOPOH «paclIMPeHHOMH»
cucreMbl. Hanpumep, AJsi rasa B IHJIMHApPE, 3aKPHITOM NOPLIHEM C IJ10-
Wajbio 0 H Ipy3oM & Ha IOpLIHe, HMeeM JJIsl NIOTHOM SHepruu

Unom=U~+Fh=U+Poh=U-PV =W

(h — BBICOTa cTONIGA ra3a IOJ MOPLIHEM).

Tostomy dynkiuu U u W OHO3HAaUHO ONpe/iesieHbl L 8 PABHOBECHbLX
UL 8 HePABHOBECHbIX COCMOAHUAX CUCMeMbl, U TIDH HEDABHOBECHBIX IPO-
eccax BbIPaBHMBAaHHsI OHH He MeHsiiotest (nmpH 6Q = 0 m V = const
ISt BHYTpeHHel sHepruu, npu 8Q = 0 u P = const mas Tenyoconep-
skaHusi). KOHeuHO, B HePaBHOBECHBIX COCTOSIHHSIX BHYTPEHHSISI 3Hep-
rust U, sIBAsisich OJIHO3HAYHOM (pyHKIHMei COCTOSIHUS, y2Ke He MOXKET pac-
cMaTpHBaThCsl KaK OIHO3HAuHasi QYHKIMs napameTpos S u V, a TemnJio-
cojlepxkaHue, sB/AACh OJHO3HAYHOH (YHKIMEH COCTOSIHHS, He MOMer
paccMaTpHBaThcsl KaK OJIHO3HauHasi (pyHKuMsl napameTpoB S u P (31
napametpbl, B OOLEM C/yyae, He HMEIOT ONpeJeeHHbIX 3HaueHHi
B HEPaBHOBECHBIX COCTOSIHHSAX).

OTcyTcTBHE BHYTPEHHHX HCTOYHHKOB s (DYHKUMIl COCTOSIHHS
U u W nposi/IsieTcsi B TOM, YTO [OMHMO HEPaBeHCTB

dU<TdS—PdV,

dW <TdS+V dP
IJIsl HUX CIIPaBeJVIHBbI PaBEHCTBA
dU=086Q—PdV,

dW =8Q-+V dP =6Q-d (PV)—P dV,

noKasblBaloILHe, YTo BeJHyHHbl U H W MOT'YT MEHSIThCSl TOJIBKO 3a cyeT
noasofa (0TBOAA) Temsa M coBeplueHHst paGorel (L1 W sTo paGora
Hajl «paCLUHPeHHOM» CHCTeMOH, BKJAKUawowWwas padoTy NOAHATHSA rpysa,
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JexXalnero Ha TnopluHe
d (PV) = d (&h).

B nporusonosnoxHOCTh 3TOMY, A yHKuuii F u @, nockoabKy
B HMX ONpeje/eHUs] BXOAUT SHTPONHS

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

CYIIECTBYIOT OTPHIIATE/NbHBIE HCTOYHHMKH (CTOKH), (yHKIHOHHpYIOUHE
BHYTPH CHCTeMbl NPH HeOGPaTHMBIX mpoueccaX. KX cyuecTBoBaHHe
€CcTh CJIECTBHE TOTO, YTO NPH 3THX IIPOLECCAaX SHTPOMHS HMEET IOoJOo-
JKHTe/IbHble HCTOUHHKH BHYTPH CHCTeMBl. BesencTBHe 5TOro dhyHKUMH
F u @ (B mporuBomnosoxHoCTh GpyHKuHsAM U n W) B HepaBHOBECHbIX
COCTOSIHMAX, BOOOIe, He MMEIOT ONpefieeHHbIX 3HaueHHH. MMeHHO
NOSTOMY OHH 06JIaJlalOT OTMEYEHHBIMH BbIlle SKCTPEMAaJbHBIMH CBOJ-
CTBaMH, KOTOPHIX He MMetoT ¢yHKuuH U u W.

§ 22. Tep YecKHe Hep TBa

Yc0BHEM TepPMOIMHAMHYECKOTO PaBHOBECHS IIPH NOCTOSIHHBIX TEM-
nepatype H JaBJeHHH SIBJISIETCS MHHHMAJbHOCTh TEPMOJAMHAMHYECKOTO
NoTeHIHala. DTO 3HAYHT, YTO eC/H B PABHOBECHOM COCTOSIHHH mapa-
meTpel S u V (P = const, T = const) nosiyyar masble nmpHpalieHust
8S 1 8V, To npupaieHne TepMOAMHaMHUECKOro noTeHnxana 6@ fo/mKHO
GbiTh HEOTPHUATENBLHBIM NpPH 06bix 8S 1 8V. Heo6X0auMEIM yCI0BHEM
9TOTO SIBISAETCS OOpalleHke B HY/Ib Kosdduuentos nph 6S u 8V (rak
KaK YJIeHHl, cofiepxkaiiye §S u 8V nuHeliHO, MEHSIOT 3HaK NPH nepeMeHe
3Haka S u 8V), a B KaueCTBe JOCTATOYHOIO (IJIsl MaJbIX OTKJOHEHHH
OT paBHOBECHs) YCJIOBHsi MHMHHMMasbHocTH @ ocraercst TpeGoBaHHe
TIOJIOXKHTJIbHOCTH H(depeHIHasa BTOPOro nopsiika. PaccMoTpum 310
YCJIOBHE JJIsl ONHOPOJHON CHCTEMBI.

Tlpyu HeGOJBLIOM OTKJOHEHHH OT PAaBHOBECHOTO COCTOSIHHs TNpH
T = const, P = const umeem

8D =8(U—TS+PV)= ( ) as+< ) oV +
02U
+ 5| (557, 657 + 2 5557856V +(5), 5V | - 78S + P8V =0
@2.1)
rjie BCce€ NMPOU3BOJHbIE BHyTpeHHei:l SHEeprun U 6epy'ﬂ:$l B PaBHOBECHOM

cocTosiniu. B PaBHOBECHOM COCTOSIHUH
U U
R R (22.2)

H B BbipaxieHu (22.1) ocTaloTcst JIHLIb 4/I€HB BTOPOTO MOPSAKA.
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Janee u3 (22.2) Haxonum

(az_u __(0T‘ _T euy _ _ (P

\0S? /vy — \aS )y — Cp’ aVE/s — \3V>s
PU__ (O _ _ (9P (22:3)
a5V ~ \av/s "(as)w

3anHiem HepaBeHCTBO (22.1) B BHAe
o< (3 ) (6S)ﬂ+2( ) 8S 8V — ( 375 (68V)>0. (22.4)

YcnoBusiMu BeinosiHeHHst (22.4) npu npousBosbHbIX 88 u 8V siBsioTes,
KaK M3BeCTHO, HepaBeHCTBa

oT T
(ﬁ)v=é“y>0’ (22.5)
/0T (OT\ (9P oT\ (0P oT\ (9P
bv) +(3§>kav>s= _<07>s (ﬁ)v \3s v /av\ <0 (226
[MepBoe HepaBeHCTBO AaeT
Cy>0. (22.7)

BTopoe HEpaBeHCTBO MOXKeT GHITb 3alIHCAHO B BHAE
(T, P) _o(T, P)O(T, V) T<67) <0

38, V)" aT, VIS, V= ¢y,

U Beaenctehe (22.7) paer
aP
<W>r<o' (228)

B yCTOHUHMBEIX COCTOSIHHSIX OJHOPOJHOM CHCTEMBbI H30TEPMHYECKOE CKa-
THE TPHBOJMT K POCTY JAaBJEHHS H Ha0GOPOT.

Harusaseiit cMbics HepaBeHCTBa (22.8) COBepILEHHO SiCEH: B YCTOl-
YHBOM COCTOSIHHH Tra3 JOJIKEH <«IIPYMKHHHTbY» — yMeHbIUeHHe o0bema
HEKOTOPO# MacChl ra3a JOJIMKHO CONPOBOXKJATbCSl YBeJHUEHHeM JaBie-
HHSI BHYTPH 3TOH Macchl H Ha060poT. [1pH 3ToM HeGosblHe GIYKTYaLHH
IVIOTHOCTH ra3a GyayT paccachiBathesi. HaoGopor, npu (8P/6V)r > 0
OHH HMeJIH Obl TeHJIeHIHIO KaTacTPOpHYeCKH HapacTaTh, H TaKHe COCTOS-
HHST OblIH Gbl a6COJIIOTHO HEYCTOHYHBBIMH.

§23. P ¢da3. P p nepsoro poxa

Jo cHX mop Mbl paccMaTpHBajJ¥ TEePMOJAHHAMHUECKOe IOBeJeHHe
CHCTeM, OJHODOJHBIX IO CBOMM (H3HueckuM cBoficTBaM. Ilepeiinem
Tenepb K PacCMOTPEHHIO CHCTEMBI, COCTOSIIEH H3 HECKONbKHX (has,
HaXOAsIMXCS B PABHOBECHH APYr ¢ APYroM.
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Pa30ii MBI HasbiBaeM (HM3HYECKH OJHOPOJHYIO YacTb CHCTEMEH,
OTJIHYAIOILYIOCS] CBOMMH (DH3HYECKHMH CBOHCTBaMH OT APYTHX ee yacTei
H OT/EJIEHHYIO OT HHX YeTKO BbIPa<eHHOil rpauuueii. [IpuMepamH AByX-
(ha3HbIX CHCTEM MOTYT CJYXHTb XKHAKOCTb M HACHILEHHBIH Map, XHA-
KOCTb H KPHCTaJLI, JiBe KPHCTa/IHYeCKHe MOAH(HKALMH OHOTO H TOTO
JKe BEILleCTBA, HAXOASILHECS] B CONPHKOCHOBEHHH JAPYT C APYTOM, H T. .
3aMeTHM, YTO B CHCTEMe, B KOTOPO# (a3bl HaXOAATCS B PaBHOBECHH,
He3HayHTeJIbHOE H3MEeHEeHHe BHEUIHHX YCJIOBHit (HanpuMmep, MOABOJ HJIH
OTBOJ, HEKOTOPOIO KOJIMYECTBA TeMJa) MPHBOAHT K TOMY, UTO HEKOe
KOJIHYECTBO BEIECTBA NEPEXOAHT H3 OfiHOM a3kl B APYTryIiO (M/IaBjeHHe,
Kunenue U T. A.). [TosToMy, H3yyasl yCcJIOBHSI paBHOBeCHs (a3, Mbl OHO-
BPEMEHHO H3yyaeM MpOTeKaHHe TaK Ha3blBaeMBIX (a30BBHIX MEpexofioB.

Mbi Gynem paccmaTpHBaTh NpoTeKaHHe ($a3oBOro nepexoja IpH
MOCTOSIHHBIX JiaBlEHHH H TeMmepaType. TepMOAMHAMHUYECKHH MOTeH-
1Mas Aast AByx$a3Hoi CHCTeMbl 3aBHCHT, KpoMe P u T, oT uncaia Moneit
B Kaxjoil ¢ase N, u Ny:

O=0(T, P, Ny, Ny),
d® =—SdT 4V dP+p, dNi+p, dN,,
p = (0D/0N1)1,p,nes
pe = (0D/0N3)1,p,m

-— XHMHYECKHE I[OTEeHLHaJbl nepBoﬁ H BTOPOFI q)aSbl COOTBETCTBEHHO,
HJIH

(23.1)
rae

dDp, 7 =py dN, + pg dN,.

3anuceiBasi cooTHolIeHHe (23.1), MBI MpeanosaraeM, yTo B CHCTeMe
OTCYTCTBYIOT IPajiHEHTHI AaBJeHHs H TEeMIepaTyphl, TaK YTO COCTOSHHE
«PaBHOBECHO» IO 5THM napaMeTpaM. HepaBHOBeCHbe 3HaueHHs MOTYT
HMeThb JIHIIb YHcaa MoJiell Ny M Ny, M Hac HHTepecyeT, Kak GyAyT Me-
HATbCS 9TH YHCJA B Mpollecce BHIPABHHBAHMS.

Ecan B cHCTeMe MPOHCXOAHT MpOllece BbIPABHHBAHHUSA, TO, KaK GblIO
BbISICHEHO B § 21, TepMOAHHAMHUYeCKHH IOTEHLHaJ YMEeHbLIaeTcs:
d® < 0. Ho

N; + Ny = N = const
H, CJIe0BaTe/NbHO,
(1 — ) AN, <O, (23.2)

OTKyAa caefyet, uto dN,;<< 0 mpu p, > p, H, HaoGopor, dN; > 0
npu P, << Wy, T. €. NMOTOK BeIIECTBA HANpaBJeH OT ¢asbl ¢ GOMbIIMM
XHMHYECKHM [OTEHIHAMoOM K ¢(pade ¢ MEHbIUMM XHMHYECKHM MOTeH-
1HaJIOM.

B COCTOSIHHH TEPMOAHHAMHYECKOTO DAaBHOBECHSI TepPMOJHHAMHYe-
CKHit noteHnUals cucTeMsl @ umeer MuuHHMYM, dD = 0, OTKyJa cJenyer,
YTO paBHOBecHe ABYX (a3 JOCTHTAeTCs MEH [ = Yo,
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Taxum o6pasoM, JUIs NOTOKa BelleCTBA W3 CHHOH (assl B APYyryio
XHMHYECKHH MOTEHLHa/l MrpaeT TaKyio e PoJib, KaKylo TeMmreparypa
Hrpaer AJisl MOTOKA TeIlJla MJIH JKe JAaBJIeHHe JJIsl MOTOKa rasa B COOT-
BETCTBYIOWMX Npolleccax BHPaBHHBaHHs. ITOTOK Teluia .HampaBJeH OT
TOueK ¢ GOJibliel TemMnepaTypoii K TOYKAaM C MeHbILeH TeMmepaTypoii
U NpeKpallaeTcsi, KOTJa TeMIepaTypbl BblpaBHHBaioTcs. IIOTOK rasa
HaINpaBJieH OT TOYeK ¢ GOJBIIHM JlaBJIeHHeM K TOYKaM C MEHBIIHM JaBJie-
HHEM H TMpeKpallaercs, KOrja JaBjeHHs BblpaBHHBaioTCs. I[lomok
seujecmea Hanpagaer om hasel ¢ GOMGULUM XUMUYECKUM NOMEKYUAAOM
K ¢hase ¢ MeHbULUM XUMUHECKUM NOMEHYUAIOM U npeKpaujaemcs, kozda
Xumuseckue n yuanst goip 3ameTHM, 4YTo B Cayvasx,
KOTJla B BellleCTBe BO3HHKaeT (BC/IEACTBHE CYIIECTBOBAHHSI T'DajiHEHTa

TeMmrnepaTyphbl) MOTOK Temsa HJH (Bcjaed-
CTBHE CYIIECTBOBaHHS TpajHeHTa JaBJe-
HH$l) MOTOK MAacChl rasa, HEnocpejCTBEHHO
OYEBHJHO, YTO 3TH MOTOKH BeLyT K BBI-

P
PaBHMBAHHIO TeMNEpaTypel M JaBJeHHs
cooTBeTcTBeHHO. HepaBeHcTBo (23.2) nmeer
CBOMM HEMNOCPENCTBEHHBIM CJIEJACTBHEM H3-

MeHeHHe yHces1 MoJieii Ny H Ny, H BO3HH-
—————=_ KaeT BONPOC, KAaKHM 06pa3soM mepexox
T yactum u3 onHo# daspl B Apyryio Moxer
BECTH K BBIPABHHBAHHIO XHMHYECKHX MO-
TeHIHAM0B a3 py U py. OTBET Ha 3TOT BOM-
poc OyleT jJaH B KOHIE 3TOro naparpaga, Korja Mbl H3yd4HM (Kaue-
CTBEHHO) 3aBHCHMOCTb XHMHYECKOT'O MNOTEHLHasa OT TeMIeparypbl H
JlaBJIeHHsl.
Hrak, paBHOBecHe JBYX (a3 BellecTBa TPeGyeT, NOMHMO PaBEHCTBA
napnenuit Py = P, v paBeHcTBa Temnepatyp Ty = Ty, ellle paBeHCTBa
XHMHYeCKHX MOTeHIHaN0B obenx da3:

w (T, P)=py(T, P). (23.3)

D10 ypaBHeHHe B NMPHHIHINE N03BOJISET BEIPA3HTb OJHH H3 apryMeHTOB
XHMHYECKOro [MOTEHIHa/la uYepe3 JAPYrod, T.e. HAaHTH 3aBHCHMOCTb
P =P(T) wau T = T (P) (nanpuMep, HalTH JNaBJieHHe HACHILIEH-
HOro napa Kak QyHKIHIO TeMnepaTypbl HJH TeMNepaTypy MJaBjleHHs
Kak QYHKUHMIO JaBJEeHHS H T. J.), H, CJeJOBaTe/JbHO, OMnpele/iseT Ha
miockoctH (P, T) kpuBylo paBHOBecHs ¢a3 (pHc. 26). Onuako aus
TOro, YToGHl HaiiTH ypaBHeHHe KpHBOi P = P (T), B KOHKDPETHOM CJly-
yae HaJl0o HMeTb aHaJHTHYeCKOe BbIpaxkeHHe ]Il XHMHYECKHX MOTeH-
IHaoB 06enX ¢a3. Mbl MoxkeM, OJHaKO, H He 3Hash KOHKPETHOI'O BhIpa-
JKEHHs! XHMHYeCKHX moreHunanoB w, (T, P), pe (T, P), naiitn audde-
peHLHaNbHOe ypaBHEHHe KpHBOH (ha3oBOro mnepexona. YpaBHEHHe
(23.3) nokaseiBaeT, uyTo npH ()a3oBOM MNpeBPAIUEHHH XHMHYECKHH
NOTeHUHa/ H3MeHsieTcsl HempepbiBHO (6e3 cKauka). B ofuem cayvae,

OJHAKO, NPOM3BOJHbIE XHMHYECKOro moTeHnuana (OW/oT)p = — S

Puc. 26.
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u (0p/0P)r = V npu $a30BOM NpeBpaLeHHH MEHSIOTCSI CKAayKoM, T. €.
MONISIpHbIf OGBEM U MOJISIPHAsS SHTPOIHS ePBOH (asbl He paBHBI MOJISIP-
HOMY 06beMy M MOJSIDHOH SHTPONHH BTOpol dasbi: V; =% V,, §; 5 S,.
Taxue asoBble nepexonibl Ha3LIBAIOTCS (a30BbLMU nepexodamu nepeozo
poda. Tak Kak ¢asoBblfi mepexoj MPOUCXOAUT NPH HEU3MEHHOH TeMIte-
parype T, To u3 opmyisl dS = 8Q/T HaXoIMM, YTO CKAYOK SHTPOMHH
S, — S; cBfi3aH ¢ Mo/SIPHOM TelIOTOH mepexona A ¢opmysoi

A=T(8, -3, (23.4)

H YTBepKIeHHE O TOM, YTO PH Hha30BOM Nepexofie epBOro poja S, = S,
3KBUBaJIEHTHO A %= 0. Takum 06pasoM, ¢hasossie nepexodor nepsozo poda
CORPOBONOAIOMESA CKAYKOOBDABHBLM 06vema u noaaouleruen
uau gowdeneruem mensomo. nepexoda. K TakuM nepexofaM npHHaije-
JKaT Bce HM3MEHEHHs arperaTHOrO COCTOSIHHMSI (KHIeHHe, IJIaBJIeHHe
M T. 1.) ¥ MHOTHe B3aMMHbe NPEBPALleHHs KPHCTAJJIHYeCKHX MOAH(HU-
Kallu#t OJHOTO H TOTO JKe BellecTBa APYr B Apyra.

TepemecTuMcst BIOAIb KPHBOH (pas0BOro Nepexoia NeEpBOro poja
U3 OJHOH TOUKH B JAPYTylo, BecbMa GJH3KYW K nepeodi. B cuay ypas-
HeHus (23.3) mpu sToM

dpy (T, Py=dp, (T, P),
H, BOCIOJIb30BABIUHCh HOPMYJIOH
dp=—3S8dT+V dp,
nosyyuM AuddepeniinanbHoe ypaBHEHHe KPUBOE nepexoja

dP _ 3,8,
aT=7,_r (23.5)
KOTOpOe MoKeT GhIThb ¢ noMowbio (23.4) 3amucaHo B BHIe
d 2 (23.6)

dr T (Va—Vy) ~
JTo_ypaBHEHHe HOCHT Ha3BaHHe ypagHenus Kaaneiipona—Kaaysuyca.

YpasHente (23.6) mokassisaet, yro mpu A > 0 (mepexox ¢ morio-
enneM Temna) dP/dT >0 mpu V, > V,, u, Hao6OpoT, T.e. NPH
Tepexojie, CONPOBOXKJAIOMEMCS YBeJHyeHHeM oGbeMa, TeMmeparypa
nepexojia BO3pAacTaeT C yBeJHMYEHHEM JaBJeHUsi (HAlpUMep, KUIeHHe
HJKOCTH), a IPU NepeXxojle, CONPOBOKAAOMWIEMCS yMeHbLIEHHEM 06beMa,
Hao6opOT (HampHMep, MJIABJIEHHE JbAa).

MbI paccMoTpenH KpHBYIo ()a30BOTO Iepexoja NepBoro poja Ha
(P, T)-nJIOCKOCTH, HA KOTOPO! HHTEHCHBHbIE BeHYMHE P U T He HMeloT
CKaYKOB.

PaccmotpuM (kauecTBeHHO) KapTHHY (asosoro mepexopa / poxa
Ha MJIOCKOCTH 9KCTEHCHBHBIX nepeMeHHbIX (S, V). Haueprum na (S, V)-
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NJIOCKOCTH H306apbl H H30TepMbl A [ dasbl (puc. 27). B Toukax, obpa-
3YIOIHX KPHBYIO [, IPOHCXOAHT (a30BhIi Nepexoi. DHTPONHUs H 06beM
MEHSIIOTCSl CKaukKaMH (NYHKTHDHbIe JIMHHH), W Ha KpuBo#i [/ Hauu-
HawTcs u3o6apsl U H3oTepMbl /] dasul. Mexny kpusbivu [ u I] nexur

o6J/1acTh 3alpelleHHbIX 3HaueHuit S u V.
g PaccMoTpuM ¢asoBbiit mepexof nep-
BOro poja Takxe Ha (P, V)- u (T, S)-nua-
rpaMMax Ha KOHKPETHOM IpHMepe
nepexojia M3 XKHAKOLO COCTOSIHMsI B ra-
3006pa3Hoe, BOCIOJ/Ib30BaBLIHCh B Kaue-
CTBe KOHKDETHOH Mogenu rasoM Ban-
nep-Baaneca. Kak yxe ynomHHasoch
B § 12, ypaBHenne Bau-zep-Baasbca

(p+ V”—,)(V—b)=RT

OTHCBIBAET (BecbMa NPHO/IHMKEHHO) elH-
HbIM 06pasoM M KHIKOe H razooGpas-
HOE COCTOSIHHS BeleCTBa. FI30TepMbl 3TOro ypaBHEHHs HMEIOT BHI,
u3o6paxceHHblt Ha pHc. 28. YacTb KpHBO# (Mexny ToukaMmu [ H 2)
JIOJDKHA OIHCBHIBATh TEPeXoi M3 KHAKOH
¢asbl B razoo6pasnyto. OIHAKO peaJibHbIi p
asoBblit nepexoi MNPH OGBIYHBIX YCJIO-
BHSIX He HJET 1o KpuBoO# Irg2, a cooT-
BeTCTBYeT H30Gape [—2 (Kak H JOJKHO
GHITh, NOCKOJMLKY TpH (ha30BOM mepexoje
JlaB/IeHHE He HCIBITHIBAET CKaykKa).

JlokaxeM, uTO ypaBHeHHe (Ha30BOro
PpaBHOBECHS

wy (T, P)=p, (T, P)

5KBHBAJIEHTHO YCJIOBHIO PaBEHCTBA IIOLLA-
neit I ull napuc. 28 (npaBusio MakcBeana).
[lefictBuTeNbHO, KaK Mbl BHIeaH B § 6, paboTa npH H30TepMHYECKOM
npoluecce paBHa yGbliH cBOGOAHOMH sHepruH. [las paGoThl Ha H3oTepMe
1rg2 nmeem

Puc. 28.

Ar= \ PdV=F,—F,

1rq2

C Jpyroil CTOpOHBI, YCJOBHE pPaBEHCTBAa XHMHUECKHX NOTEHIHA/IOB
KHAKOCTH M rasa W, = {iy Jaer

E,4+PV,=F,+PV,,
OTKyZAa HaXOAHM N R X
§ PaV=P(Vy—V)), 23.7)

Irq2



§ 231 ®A30BBIE IMEPEXO/1bl MEPBOrO POIA 95

T. €. HHTerpaj mo KpuBoil BaH-lep-Baanbca paBeH miowiaid mpsiMo-
YTO/NbHHKA, JIeXKallero noj H3o6apoit /—2, H, CjefoBaTeNbHO, IJIO-
wanu [ w I paubl. Ha (P, V)-inarpamme Ml HMeeM, TakHM 0GPasoM,
cKayok o6neMa (V, — V;), BeHUHHA KOTOPOTO ONpPEAEIsIeTCs] IPABHIOM
Makcaenna.

PaccMOTpHM nepexol M3 KHAKONO COCTOSIHHS B Ta3oofGpasHoe
Takxe Ha (T, S)-MIOCKOCTH, I/le OTYETIHBO NPOSBJISETCS CKaYOK IHTPO-
nuu. M3o6apet Ha (T, S)-miockocTH Aas rasa Ban-nep-Baasbca H3oGpa-
MeHbl Ha pHc. 29 (BHA STHX KPHBBIX MOXeT ObiTh HaliJleH TOJBKO Kaye-
CTBEHHO, TaK KaK BbIPa3HTb B KOHEYHOM
BHJe SHTDONHIO rasa Bau-nep-Baanbca kak |

¢ynkuno T u P He ynaercs). Jlast Haxo- 14

JKJeHHsl TeMrepaTyphl (pa3oBoro nepexona z v /2
H CKayKa SHTPONHH Mbl JOJKHBI IpOBe- ! s
cTH H3oTepmy [—2. JlokaxeM, 4TO moJso- 9
JKeHHe 3TOH H30TepMBbl OIpeNessieTcsl TeM

ke npaBHioM -MakcBesuia — muomann [
U /] JOMKHE! GBITH PaBHBL

U3 dopmyasl past auddepernnana ten- Puc. 29.
nocopepxanust dW = T dS + V dP BugHo,
YTO MPH H306apHYeCKOM Ipollecce MOABEAEHHOE TEMIO PaBHO H3MeHe-
HHUIO TemocofiepxKanus. IlosToMy Brosb H3o6apsl Irg2 pjsi ofHOro
MoJIs rasa HMeeM

5 5 9

Q= S TdS=W,—Wi.
1rg2
C zpyroit CTOPOHEI, YC/I0BHe pPaBeHCTBA XUMHYECKHX IOTEHIIHA/IOB KU
KOCTH M Tasa p; = W, JAaer

Wi—T8=W,—TS,
¥, CpaBHHMBas 3TH JBa pPaBEHCTBa, HAXOIHM
§ 7dS=1(S,-$), (23.8)
1rq2
T. €. IJIOWafb, Jexalulas Noj H306apoill Irq2, paBHa mioWAnH, Jexa-
weil mop HsoTepmolt /—2. .

PaccmoTpHM KauecTBeHHO XapakTep mepeceyeHHs KpuBbIX p, (T, P,
H P, (T, P) mpu T = const 6o P = const. Tak kak

(g%)r= V>0, (3—}:),= <%>r<o’

To KpHBble W; (P) u p, (P) npu T = const HMeloT BUI, H306pakeHHbII
Ha puc. 30. A6cuucca ToYKH nepecedeHHst P, onpenesisieT, OYeBHIHO,
JaB/ieHHe B Touke ()a3oBOro nepexoia NpH 3ajaHHo# Temneparype T.
Tak Kak paBHOBeCHOE COCTOSIHHE COOTBETCTBYET MHHHMYMY TePMOJH-
HaMH4eCKOro MoTeHuMasa, To IpH P > P, ycToluuBOH sBJsieTCA
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BTOpas ¢asa (C MEHbLIHM MOJSIPHBIM oGbeMoM) u npu P << P, — mep-
Bast (asa (c GOJBLIHM MOJSIPHBIM 0GbeMoM). BepTHKaJsbHBIE CTPENKH
Ha pHc. 30 yKa3pIBaIOT HampasJieHHe da-
” 30BOro nepexoaa npu P<<P,u P>P,.
Takum 06pasoM, Ha yBeJHueHHe
JlaBJIeHHsI CHCTeMa pearHpyeT mpeBpa-
ieHHeM (asbl ¢ GOJIBIUHM MOJISIPHBIM
o6beMoM B a3y ¢ MEHBIIHM MOJSAPHBLIM
T=const OGBEMOM, YTO NPHBOAHT K YMeHblie-
HHIO JaBJIeHHsl. DTO CBOHCTBO (pa30BOrO
nepexofa siBJSIETCSl YaCTHBIM IPOsIBJie-
HueM npuununa Jle-Illarenve — erew-
Puc. 30. Hee 6030edicmeue HQ CUCEMY 6bi3b180eM 8
Hell MaKyio peaxkyuro, KOMopas YmeHo-
wiaem pesyabmarm eHeuiHe2o 8030elicmeus.

PaccmotpuM rpaduk 3aBucumocTH p (T) mpu P = const. Mmeem

n 5 o2 Cp

Grh=—8<0  (a),=-7 <o
(3aMeTHM, YTO B TePMOJHHAMHKE SHTPOMHS ONpeJie/ieHa TOMbKO C TOY-
HOCTBIO JI0 MIOCTOSIHHOTO CJIaraeMoro, H TOBOPHTb O €e 3HaKe GeccMbIC-
nenHo. OnHako, Kak Mbl yGenumcst B § 39, B CTaTHCTHUeCKOH (H3HKe
JIOKa3blBaeTCsl, YTO SHTPOMHS JOCTHTaeT
3HaueHuss S = 0 mpu Temneparype a6-
COJIIOTHOTO HyJIs1, a npH Bcex T > 0 °K
OHa MOJIOXKHTEJNbHA.)

B CBsi3H C 3THM rpaHK 3aBHCHMOCTH
p (T) 1 py (T) npu P = const umeer
BHJ, H300paxkeHHBIH Ha puc. 31.

Ha nawem pucynke kpusasi p, (T)

HJeT Kpyye, ueM KpHuBas p, (7T), H, cie-
JIOBaTe/IbHO, MOJISIPHASE SHTPONHS Mep-
BO# ¢aspl Goible MOJNSIPHOH SHTPONHH
BTOpOH ¢pasbl. AGCiHCca TOYKH Mepece- Puc. 31.
ueHHsl ONpeje/sieT TeMnepatypy ¢aso-
BOrO Nepexoja NMpH JaHHOM jaBJeHud. CnpaBa OT TOYKH nepexoza
ycroiiuuBa nepsast ¢hasa, csaea — BTOpas. (CMBIC] BepTHKaJbHBIX
cTpesiok Ha pHc. 31 ToT xe, yto M Ha puc. 30.) 3aMeTHM, YTO yBesH-
yeHHe TeMnepaTypbl NMPHBOAHT K MNpeBpalleHHIo BTOPOH ¢askl B mep-
Byio. IIpH 5TOM CKpbITasi TelJoTa Nepexoaa

A=T(5,—-8,)>0,

T. €. NPOLECC HAET C MOIVIOLIEHHEM TeIJa, YTO BJIeYeT NOHHKEHHE TeM-
nepatypbl. DTO JaeT elle OJAHH NPHMep NPOSBJIEHHs npuHUuna Jle-
laredbe,
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Mbl MOXeM Tenepb OTBETHTb Ha BOMPOC, MOCTaBJeHHbI B Hayaje
3Toro naparpacda, 0 MexaHH3Me BEIDaBHHBAHHSI XHMHUECKHX IIOTEHIHa-
JIOB TPH mepexofie YacTHILL U3 OAHOH ¢aswl B Apyrywo. Mbl yGenunuch,
YTO NMPH OTKJOHEHHH JaBJIEHHs! HIIH TeMIepaTyphl ABYX(hasHOM CHCTEMBI
OT PaBHOBECHBIX 3HaueHHH P, u T; (B Ty HIM B IPYrylo CTOPOHY) mepe-
XOJl 4aCTHL( M3 OJHOH (asl B APYTyi0 NPHBOIUT K YMEHbLIEHHIO 3TOr0
OTKJIOHEHHs! (CTpesKH Ha ocH abeuuce Ha puc. 30 u 31). 1o 3HauwT,
4TO paBHOBecHe (a3 siB/IfeTCS YCTOHUMBBLIM. MBI BHIMM, YTO B XOJe
npouecca NPHOJHIKEHHsi K PaBHOBeCHOMY cocTostHMio (P; man T)
Pa3HOCTb XMMHYECKHX MOTEHLHAJNOB W; H WU, yMEHbLIAeTCs H B TOUKe
PaBHOBecHs OGpaIlaeTcsi B HYJb.

§ 24. PaBHoBecHe Tpex (a3. SIsieHus neperpesa
H nepeoxJaxJeHus

KpuBasi paBHOBecHst mepBoil H BTopoii (asel Ha (P, T)-MJOCKOCTH
3ajaeTcst ypaBHEHHEM

(P, T)=py (P, T),
a KpuBasi PaBHOBECHs BTOPOH M TpeTbel (asbl — ypaBHeHHEM
U (P, T)=ps (P, T).

Ecan 1Be 3TH KpHBBIe nepecekaiotcsi B Touke P,, T,, TO B 3TOf Touke
BBINOJTHSIIOTCSI COOTHOLIEHH 1

W1 (Po, To) =tz (Po, To)=Ws(Po, To), (24.1)

H, CJEJ0BATeJbHO, B 3TOH TOUKE HAXOMSTCS B PAaBHOBECHH OAHOBpe-
MEHHO TPH (asbl BewecTBa. ¥YpaBHeHHs (24.1) malOT B NpHHLMNE BO3-
MOXKHOCTb HafiTH napametpsl P,, T, Ta-
KOro coctosiHsi.  CooTBercTBylowas '
Touka Ha (P, T)-quarpamMme HasblBaeTcsi
mpoiiroti mourxoid. B TpoiiHOH TouKe
CXOZAITCS TPU KpUBbIE, n3oOpaxcaiomue Pl HKudkooms Kk
L$

paBHOBECHe NepBOH H BTOPOi, BTOPOH H
TpeTbeil, nepBoil H TpeTbel ¢aswl. Tak,
Hanpumep, AJsi BOAbl 3Ta JHarpamma
COCTOSIHH HMeeT BHJ, H300pakeHHb Fy
Ha puc. 32. ITapameTpsl TPOfHOH TOYKH 7
anst Bomet Ty = 0,0078 °C, P, = 4 Tk T
= 0,006 ammx. ITpu Takux Temmeparype Puc. 32.
U JaBJeHHH XKHJKasi BOLa, Jel H BOIs-
HOW nap HaxonaTcsi B paBHOBecHH. M3 nuarpammel cocTosiHUsI BUIHO,
YTO NPH JNABJEHHH, MeHblleM ueM P, Jel NPH HarpeBaHWH mpe-
BpalllaeTcsi HENOCPeNCTBEHHO B MNap, MHHYsI JKHMAKOE COCTOSIHHE —
cy6aumauusi. Tlpu Temneparype, MeHbuieii T, JieX NPH yBeJHueHHH
JlaBJIeHHs] TaeT, a NpPH YMeHbLIEHHH JaBJeHHs CYGJIHMHpYeT.

4 0. B. Pymep, M. Ll. PLIBKUR
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TpoitHasi TOUKa He 00S3aTebHO ONMCHIBAeT PABHOBeCHe TBEPJOH,
XKHAKOH M rasoo6pasHoil ¢asbl. BosbIIMHCTBO Tea NpUpOAbI HMEET He
OJIHY, a HECKOJIbKO KPHCTa/IHuecKuX Moaudukauuii. [TosTomy obnactb
CYIIECTBOBAHHS TBepAOiH (a3bl GpaKTHUECKH pa3bHBaercsi Ha PsA NOA-
obJiacreii. B cBA3M ¢ 3TUM U TPOKHasi TOUKa MOXeT H306paxKaTb PaBHO-
BecHe JBYyX KPHCTA/JIMYECKMX M OJHOM KHAKOH ¢hasbl, HJH IBYX
KPHCTaJlJIHYECKHX H ra3006pa3HOii (asbi UM, HAKOHell, TpeXx KpHCTa-

snvyeckux ¢as. Bosee Toro, y remus

r OJlTHOBpPEMeHHOe paBHOBeCHe TBEpJIOH,

Kpucmam KHAKOH H rasoo6pasHoit dasbl, Booﬁmeu,

HeBO3MOXHO. JluarpaMma COCTOSIHHI

A, resus u3oGpaxeHa Ha puc. 33. Kpusas

\ Hel ras AB, pasnensiomasi 06JacTH CYIeCTBO-

Hell BaHHUs XHIKHX MOJAMGHKauUMil remus —

] Hel u Hell, ectb snuHHs ¢a3oBoro me-
T pexozna BTOpOro poaa (cM. § 23).

Puc. 33. OTMeTHM ellle HeKOTOPEIE OCOGEHHO-

CTH JMarpaMmbl coctosiHuii. Kpusas

paBHOBeCHsl MHIKOH M rasoo6pasHoil (asbl OKaHuMBaeTcsi B KpH-

THYecKoH Touke Py, Ty, B KOTOPOil HCUe3aeT pasHMLA MeXAY KHIAKHM

1 ra3006pasHEIM COCTOSIHHeM BellecTBa. KpuBasi paBHOBeCHsi MeXAy

TBepJOH M rasoobpasHol (a3ol AJs BCeX BeWECTB (KPOMe TreJHsi)

NOAXOAMT K Hayaay KoopAuHaT. KpuBasi paBHOBecHs MexAy TBepaoH

H XKHAKOH (ha30ii, N0-BUAUMOMY, HHT/e He OGPLIBAETCs, @ YXOAHT B Gec-

KOHEUHOCTb, TaK KaK pa3jiiuHe MexAy TBep-

Jod (cuMMeTpHYHOH) a3ofi u KHAKOH (He-

CHMMeTpHYHOH) (ha30ii He MOXKEeT HCYe3HYTb.

K KpuBbIM paBHOBecHs ABYX (a3 Belle-
CTBa NPHMBIKAIOT 06JIaCTH CYIIECTBOBaHHS
METacTaGHJbHBIX COCTOSIHMA (ITYHKTHPHBIE JIH-
HHM Ha pHuc. 34). DTO 3HAYHMT, HaNpHMep, YTO
B8 o6nactd I, B KOTOPOH CTPOrO TepMOJAMHA-
MHYECKH YCTOHUHMBHIM siBJsieTcsi ra3ooGpas-
1i0e COCTOSIHHE BelIeCTBA, MOXET INPH HeKO- Puc. 34.

TOPHIX YCJIOBHSIX CYILECTBOBATh B NOJYYCTOMH-

4YHBOM, METaCTaGHJIbHOM COCTOSIHHH XKHAKOCTb (IleperpeTasi XHAKOCTb).
HaoGopoT, B 061acTH 2, rie yCTOHYMBA XHAKOCTb, MOXET IIPH HEKOTO-
PHIX YCJIOBHSIX CYLIECTBOBAaTh B METAacTaGHJILHOM COCTOSIHHM map (mepe-
CHILEHHHIH nap).

B o6sacti 3, rae ycroiluuMBo#i sBJISETCS KPHCTaJJHueckas ¢asa,
MOXKET NIPH HEKOTOPHIX YCJIOBHSIX CYLIECTBOBAaTb B MeTacTaGHJILHOM
COCTOSIHHH KHIKOCTb (IIePEOXJIaXKACHHas MKHIKOCTD).

B03MOXKHOCTb CYLIECTBOBaHHS TaKHX MeTacTaGH/IbHBEIX COCTOSTHMH
TECHO CBSI3aHa C IIOBEJIeHHeM MOJIEKYJI, HaXOASUUXCSA B TOHKOM NOBEpX-
HOCTHOM cJioe (C pasMepaMH NOpsiAKA pajHyca MOJIeKYAsiPHOrO B3aHMO-
NefiCTBHSA), pasjensiouemM jse ¢asbl.
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JletanbHoe M3yyeHHe NMOBEPXHOCTHOTO CJOS TPeGOBasio Gbl 3HAHHS
CUJ1 B3aHMOJIEHCTBH S MEXJly MOJIEKYJIaMH H TIPeJCTaBJIsieT co6of BecbMa
CJI0XKHYIO 3aiauy. Mbl MOXeM, OlHAKO, B PaMKaX TePMOJAHHAMHKH Io-
JofiTh K mnpobsieMe YHCTO (heHOMEHOJIOTHYECKH, 3aMEHHB MBICJIEHHO
NOBEPXHOCTHBIl CJIOH GeCKOHEYHO TOHKOH TIPaHHYHON MOBEPXHOCTBIO,
pasnensiomeit ¢asbl. OnbIT NoKasblBaeT, YTO NOBEPXHOCTb pasfiesia
o6J1afiaeT JOMOJHHTENbHOH CBOGOAHOMN 3Heprueii; st TOro YToGbl MPH
HeM3MeHHOH TeMIepaType yBEeJHYHTb NJIOLIA/b IOBEPXHOCTH Ha do, HAZl0
COBEpLIHTb PaboTy @ do,rJe BeJHYHHA 0 He 3aBHCHT OT MJIOLIAJH, HO 3a-
BHCHT TOJILKO OT COpTa BelllecTBa oGenx a3 H OT TeMmmepaTyphl. Besu-
UHHA @ HMEeT Pa3MepHOCTD SHEpIHH, Jle/IeHHOH Ha NJIoWajb, H Ha3biBa-
eTcs Kosgheh M nogepx 020 Hamsascerus. Takum o6pasoM, NIpH
yuete rpaHuquxx ¢ ¢dexToB cBOGOAHAN IHEPTUs ABYX(Pa3HOH CHCTeM:]
nepectaeT GbiTh aJIMTHBHOH M BhIpaKkaeTcss GOpMYJIOH

F=NF,+ NF, +aq, (24.2)

rne F; u F, — Monspuble cBoGoHEle 3HepruH Kaxuol ¢aswl, N, H
N, — uncna Mosieft nepBoit ¥ BTOpPO# asbl, a ¢ — MJIOWAAb TPaHHYHON
NOBEPXHOCTH.

B cuay ¢opmysst @ = F 4 PV Mbl MOXeM HamHcaThb aHaJIOTHYHOE
BbIpakeHHe H J/151 NOJHOTO TePMOJAHHAMHYECKOTo NOTeHLHaa ABYX (a3

@ = Nypy + Napty + a0, (24.3)

Ecan, onHaKo, KOJHYeCTBAa BelleCTBa B OGEHX CONMPHKACAIOIUXCS
(asax BeNMKH, TO POJIb NMOCJAEIHErO YJeHa B paBeHCTBaX (24.2) u (24.3)
HHYTOXHO Majla H MM MOXHO npeHeGpeub (4TO Mbl H JeJajaH B Npef-
IIECTBYIOIIHX PAaCCyXJEHHAX), TAK KaK YHCJIO MoJeil BellecTBa, Haxo-
ZISLIerocst B MOBEPXHOCTHOM CJIOe, NMPONOPLUHOHAIBHO MVIOWAAH NOBEPX-
HOCTH, T. €. KBaJipaTy JHHEHHbIX PasMepoB, a YHCJIO MOJsell BellecTsa,
HaXOJAlLerocs BHYTPH KaxIo# hasbl, MPonopuHoHaibHO o6beMy ¢as,
T. €. Ky6y JIHHeliHbIX pasMepoB. [loss BellecTBa, HaXOAAIIErocs B Imo-
BEPXHOCTHOM CJI0e, OGPaTHO NPONOPLHOHAJbHA JIHHEHHBIM pasaMepaM
1 KpafiHe Masa mpH GoJblIMX pasmepax ¢aa.

Onnako mpu ¢asoBOM Mepexofie B BELIECTBE, XOPOLIO OYHIIEHHOM
OT BCAKHX NOCTOPOHHHMX BKJIIOYEHH (YacCTHUB! MBIIH, My3bIPbKH rasa
B XKHJKOCTH HJIH KaIlJH JKHJAKOCTH B Iape H T. A.), HoBasi (asa BO3HH-
KaeT B MEIKOJIMCIIEPCHOM BHJe: B JOpMe MeJIKHX KPHCTAJJIHKOB, MEJKUX
Kanesb JXKHAKOCTH, NY3bipbKOB napa. B TakHX MeJKHX 3apofpluax
HOBO# (ha3bl 3HaUMTeJbHAs 0/ YACTHIL HAXOJMTCS B TOHKOM MOBEpX-
HOCTHOM CJIoe, H c/1araemee o B (24.3) Ha4HHaeT UTrpaTh CYUIECTBEHHYIO
posib. ﬂoa‘rOMy POCT JIOCTaTOYHO MENKOTrO 3apojiblilia HOBOH (hasbl OKa-
3bIBa€TCS TEPMOJMHAMHYECKH HEBBITOJHBIM, TaK KaK YyMeHblIeHHe
00bEeMHOH YacTH TepMOAHHAMHYECKOTO MOTeHIHa/Ja BCJEACTBHE mepe-
Xoja BellecTBa W3 nepBoil (asel BO BTOPYIO (Mbl CUHTaeM f; = o)
C U36BITKOM KOMNEHCHPOBAJIOCh Obl yBeJHYEHHeM [0BepXHOCTHOH YacTH

4
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@0 H NOJHBLIA TepMOJAHHAMHYECKHH NOTeHIHAJ BO3pacTa Obl IPH TaKOM
nepexofle. B 3ToM cayuae neppasi (pasa oka3biBaeTcsi B MeTacTaGHJILHOM
COCTOSIHHH 3a TOYKOH ()a30BOro nepexoja, Tak Kak, HeCMOTPSl Ha To,
YTO MOJIHBIH NepeXoj BCero BelllecTBa M3 NepBoi (a3bl BO BTOPYIO NPH-
BeJ1 OBl K YMEHBIUEHHIO TePMOJAHHAMHYECKOro MOTeHIHaa, HayajbHas
CTaJius 3TOro npouecca TpeGyeT ero ysenuueHHs. Takas cuTyanus,
€CTeCTBEHHO, He BO3HHMKAeT, €CJH B BellecTBE HMEIOTCS JAOCTaTOYHO
KPYIHble LIEHTPBl> BO3HMKHOBEHHS! HOBOH (a3bl (IBUIMHKH, My3bIPLKH
rasa M T. I. BKpanJeHHs). B 3TOM csyyae OTHOCHTe/IbHAsl POJIb [IOBEPX-
HOCTHOTO 4JIeHa C CaMoro HauaJa MaJa H «3allepKKH» (a30Boro nepe-
XOJia He MPOHCXOAHMT. 3aMETHM, YTO MO 3TOH NPHUHHE, KaK IPaBHJIO,
He IIPOMCXOJHT «3aTSXKKH» IIpoliecca IIaB/JIeHHs HJIH CyOJIHMaluK TBep-
JIOTO Tela M He CYIIeCTBYeT OOJIaCTH CYLIECTBOBAHHS «IIePErpeToro»
KpHCTaJa. JT0 CBSI3aHO C Te€M, YTO Ha NOBEPXHOCTH KPHCTaJia BCeraa
CYIIECTBYIOT JedeKThl KDHCTaJJIHYECKOH pelleTKH, Hrpaioliie poJib
(LEHTPOB» [JIaBJeHHs WK cyGauManuy. [To-BHANMOMY, OHAKO, MeTa-
CTaGHJIbHOE COCTOSIHHE IeperpeToro KpHCTa/Ja MOXHO OCYIIeCTBHTb
C XOpOLIMMH MOHOKDHCTa/IIaMH, €CJH HarpeBaHHe BeJeTCs H3HYTPH
(c moMoIbio, HampHMep, BbICOKOYACTOTHOIO MOJIS).

§ 25. dasopbie nepexoabl BTOPOro poja

Hapsiny ¢ paccMOTpeHHBIMH Bhillle (pa30BBLIMH [€peXOJaMH MEPBOro

pona, mpH KOTOPBIX B TOYKE Iepexoja XHMHUYECKHH NOTeHIHa] H3Me-
HFAETCA HEMpEPLIBHO J; = Wp, @ €ro Mpou3BofHbie (0u/dT)p = — S
i (0u/0P)s = V MeHs10TCsl CKayKoM, CYILIECTBYIOT (ha30BHIe MePeXoab!
BTOPOTO POJia, MPH KOTOPHIX IepBble IPOU3BOJHBIE XHMHYECKOTO MOTEH-
[Masa He HMEIOT CKayKoB (B TOuKe mepexoja S; = S,, V; = V,), Ho
CKaYKOM MEHSIIOTCSI BTOPhIE IPOH3BOJHEIE:
P _<E’i’) Ty % P (M)
0P/t~ \oP/r' \0T?/p T 0pdT oT /p*
Takum oGpasoM, npu ¢asosseix nepexodax 8mopozo poda He npoucxodum
CKAuKO0OPA3HO020 USMEHEHUA 00DeMA U NOSNOWEHUA UL Bbl0eNeRUs men-
20MblL Nepexo0a, HO CKAYKOM MEHSIOMCA CHCUMAEMOCMb, KOIpduyuenm
06BEMH020 PACULUPEHUS U MENN0eMKOCHb.

das0Bble nepexojbl BTOPOTro Poja Yalle BCETO CBSI3aHBI CO CKAauyKo-
o6pa3HLIM H3MeHeHHeM KaKHX-ITHGO CBOMCTB cHMMeTpHH Tesia. Hanpu-
Mep, eclH B LEHTPHPOBAaHHON KyGHUeCKOH pelleTKe Y3J/bl, Haxofs-
LHecst B LEHTPax siueeK, HCIBITHIBAIOT JaXKe CKOJMb YTONHO Majioe cMe-
IIleHHe, CHMMeTPHS PelleTKH CKauKoo6pa3Ho uaMeHsiercs. [Ipyroit npu-
Mep laeT HaM pelleTKa, B KOTOPOil aTOMbl ONpEAENEHHOTO COPTa MOTYT
3aHHMaTb MecTa ABYX THIOB — «CBOM» (LIS KOTODHIX BEPOSITHOCTb
BCTPETHTB 3/leCh aTOM Gouiblie 1/2) M «uykHe» (IJ151 KOTOPBIX BEpOST-
HOCTb BCTPETHTb aTOM MeHblue 1/2).

(25.1)
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C H3MeHEeHHEM TeMIepaTypbl 06e BEPOSTHOCTH MEHSIOTCS M NPH
HEKOTOPO#i TeMIepaType CTAHOBSATCS PaBHLIMH. B 3TOT MOMEHT mocTosiH-
Hasi pelleTKH CKa4KooGPa3HO YMEHbIIAeTCs H, CJIeJoBaTe/bHO, CKayKoM
MeHsieTcst cumMeTpusi. TIpu mepexojie MarHeTHKa M3 (eppOMarHHTHOTO
COCTOSIHHS B [TapaMarHHTHOe (CM. § 26) CKaYKOM H3MeHseTCs CHMMETPHS
B PACIIOJIOKEHHH 3/IEMEHTapHbIX MAarHHTHBIX MOMEHTOB.

Bce 3TH npHMepbl MOKA3bIBAIOT, 4/M0 CKA4KO0OPA3HOE USMEHerue
cummempui 6 mouke $asosoeo nepexoda 8mopozo poda CeA3AHO C nepe-
MEWEHUEM BECOMA MAN020 HUCAQ GIMOMOB UAL C UX NepeMeujeruem Ha
8eCOMA MANbIE PACCMOARUS, 1L NOSMOMY IMO NEPeMelerue He npusodum Hu
K 3ampame 3Hepeul, HU K CKAYKOOOPA3HOMY UBMEHEHW0 00Tema.

HeTpyaHO MoJy4HTb /s (a30BbIX IEPEXONOB BTOPOro pojia GopMyJibl
(Spendecr), sameHsouHe GopMy.Ty Kaaneiipona — Knaysuyca dP/dT =
= MT (Vy — V), BoiBefieHHY10 B § 23 12151 $pa30BbIX NepeX0JIOB NIEPBOro
pona. dra ¢opMyna, OYEBHAHO, He HMeeT cMbicia M/s (as3oBbIX Mepe-
XOJIOB BTOPOTrO POAa, TaK KaK ee MpaBasi 4yacThb NMpeJCTaBJseT coboit
HeonpeneneHsocTb tHma 0/0.

3anuweM Bhipaxenue aas [pl (cumBosoM [A] MBI oGo3HaumaH
A, — A, — CKayoK BeqMYMHH A TPH Nepexofie M3 NepBo¥ ¢asbi BO
BTOpPYI0) BJOJb KpHBOH (a30BOro mepexoja ¢ TOYHOCTbIO JO UJEHOB
BTOpOro nopsuka no dP u dT:

1= (38} Jor+ {35+ [
+ [rar 45 o

HJH

bl = (71dP — (3} T + 5 (3%), ] Py +

+ [(%«VT—)P] ar ap — 5 e ary.

[I—

Tax KaK npH $asoBoM nepexose roporo poa [Vl = 01 [§) = 0, 1o
1 [joV av 1 [Cp]
W=y [(Tp),] @Py + [(WM dpar -5 S8 Ty (25.2)
Bnonn, KpuBO# (asosoro pasHoBecust [ul = 0, u Torna
1[0V v 1[C
- [\O-FM (dPy+ [(Tﬁ)p] dPdT — % (dT):=0. (25.3)
Tloc/ieniHee paBeHCTBO H AO/KHO AaBaTh AndepeHuHalbHOe ypaBHEHHEe

KpHBOl paBHoBecHs. [lasi Toro 4ToGH 3Hauenue dP/dT Gblio epHHCT-
BEHHbIM, ANCKDHMHMHAHT KBAAPaTHOro ypaBHeHHs (25.3) MoJXKeH pas-

HATBCS HYJLIO: o B
(Ce) [\%%>r]+rl(%)p] =0. (25.4)
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Jas npousBonHoit dP/dT BRoab KpHBOit (a3oBOro paBHOBECHS H3
(25.3) mosiyuaeM 1Ba KBHBAJIEHTHBIX BBIPAXKEHHS

ar = Tevy | vy |
[EAR I IEaN
CoBOKYMHOCTb ypaBHeHuil (25.4), (25.5) HocMT HasBaHHMe ypasHeHuil
Ipengecma.
Bosee neTanbHas TeopHs (asoBblX NMEPeXOA0B BTOPOrO poja Oblia
cosgana JI. H. Jlanpay (cM. [4]). Mbl paccMOTpHM NpHJOXKEHHE 5TOl

TeOpHH K KOHKDETHOH 3ajaue O repexojfe MarHeTHKa H3 ¢)eppoMarHHT-
HOTO B MapaMarHUTHOE COCTOSIHHE.

ap U%)p] _ %] (25.5)

§ 26. deppomarnetusm. Touka Kriopu

B § 15, paccmMaTpuBasi TepMOJMHAMHKY MapaMarHeTHKOB, Mbl Cie-
"M [PENOJIOXEHHE O TOM, YTO BHYTPEHHSS SHEPTHS MarHeTHKa 3aBH-
CHT TOJIbKO OT TeMIepaTyphl H, CJIefloBaTe/bHO, HaMarHHyeHHe 3aBHCHT
TOJILKO OT OTHOWeHHs H/T. B cTaTHCTHUeCKOI QH3HKe ITOMY COOTBET-
CTBYeT THIIOTE3a O TOM, YTO B3aHMOJeHCTBHE MATHHTHbIX MOMEHTOB
MOJIEKYJI OTCYTCTBYET H OPHEHTaIlHsi MATHUTHBIX MOMEHTOB MPOHCXOIHT
TOJIbKO N0J, AefiCTBHEM BHEILHeTo noJisl (cM. BbIBOA hyHKIMH JlaHKeBeHa
B § 56). D10 KONYyLIeHHe SABJAETCS HECOCTOSTENbHBIM /s (peppPOMarHHT-
Hbix Test. OmBIT MOKasbiBaeT, 4TO y deppoMarHeTHKoB: 1) cymiecTByeT
CMOHTaHHOE (CAMONpPOM3BOJIbHOE) HaMarHHuYeHHe B OTCYTCTBHH BHeLU-
HEro moJsisi H 2) yKe B OTHOCHTeJIbHO cJ1abbiX MOJIAX HaMarHHYeHHe
NOCTHraeT HacbllleHHs. TH cBOfCTBA YKasbiBAIOT Ha TO, 4TO B (eppo-
MarHeTHKaX OPUEHMALUL MAZHUMHOLX MOMEHMO8 66i36I6ALMCA HE CMOALKO
BHEWIKUM 1NONEM, CKOAbKO HEKOMODbIM BHYMPEHHUM OPUEHMUDYIOULUM
nonem, KaKk npasuio, Gonee curbHbiM, Hem 6HeusHee noae H, u cessannom
¢ g3aumodelicmeres MaZHUMHbLX MOMeHmos amomos. Takas rumoresa
6uula BBefieHa BeficcoM, KOTOpBHIl JOMYCTHJ, YTO BHYTpeHHee moJie
NPONOPUHOHAJILHO Y2Ke HMelouleMycs HaMarHHYeHHIO

Hint =M, (26.1)

rie y — GeapasMepHsblit Kosdpuuuent (rosgppduyuenm Beiicca), 3aBh-
CAMMI OT BellecTBa M MMEIOULHil oueHb GOJIbLIME YHCJIeHHble 3HaueHHs
(y ~ 10%). D10 mpeinosoxeHHe HMeeT caelyloulee HarJsiHoe husuye-
CKoe o60CcHOBaHHe: BHYTpeHHee (HJIHM MOJIEKYJAPHOE) MoJie BO3HMKAeT
TOJIbKO B paHee HaMarHHYEHHOM cpejie (B KOTOPOH yxke HMeeTcsl mpeHMy-
l1eCTBEHHOE HampaBJieHHe MalHHTHBIX MOMeHTOB uactuil). EcrectsenHo,
B MEPBOM NPHOJHMKEHHH CYHTaTb 3aBHCHMOCTb i OT M sHueiiHOH.
BoJiee TouHOe 0GOCHOBaHHe 3Ta THIOTe3a MOJyyaeT B KBaHTOBOMeXa-
HHYECKOH TeOpHH (eppoMarHeTHsMa, B KOTOPOH BHYTpeHHee MoJe
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NOABJAAETCS KaK Pe3yJbTaT AEiiCTBHSI TaK HA3BIBAMBbIX OOMEHHBIX CHJ
(cM., Hampumep, ?191)‘

IpunkMas runotesy Beficca, Mbl ZO/KHbI 3aMeHMTb B MpaBoil
sacty ypasenus (15.5) M = MyL (M,H/RT) buemmnee none H
5(eKTHBHBIM NosieM Hej, PaBHBIM CyMMe BHeIIHero nosisi f i BuyTpen-
Hero nosis Hint:

He=H+Hinw=H-+yM. (26.2)

Torxa nosnyunM ypaBHeHHe
M=M,L (M’;ﬁ'ﬂﬂ) (26.3)

TouHoe pelieHHe 3TOTO yPaBHEHHs, €CTECTBEHHO, HEBOSMOXKHO, H
MBI OGPATHMCS K €ro rpadHyecKoMy HMCCJIeNOBaHUIO, 3aMHCaB €ro npej-
BapHTeqbHO B NapameTpHueckoM Bhue. OGO3HAUMM apryMEHT QyHKIHMA
JlanxeBeHa uepe3

M
My (H +vM) _ Mg
—o‘RT—‘ =X. (264)

Torna ypabHenue (26.3) moxer ObiTb 3a-
[11C4HO B BHJE CHCTEMbl ABYX ypaBHeHHI,
cOJlepaKallMX NapaneTp x:

M
] 9 5 ul
= L), 6.5) 7
M RT H
M WE X — Wy (26.6) Puc. 35.

Ha niockoct (M/M,, x) (puc. 35) nepBoe 13 5THX paBeHCTB H306pa-
»kaeTcsi KpHBOIT JlaHyeBeHa, a BTopoe — NpsAMOil unnef, oTCeKaroueii
1a ocH OpAMHAT oTpe3ok —IH/yM,, HakjiOH KoTOpO# K ocH abcumce
cnpeneasercs dopmyJoi

RT
€0 = - (26.7)

M3 puc. 35 BUAHO, YTO NPH HAJNYMH BHEWHEro noas, T. €. npu H = 0,
kpuBas Jlamxesena (26.5) u npamas (26.6) ecerna nepecexaioTcsi He
B Hauaje KOOPAMHAT, M, CJCAOBATEJbHO, CYIIECTBYET OTJHYHOE OT
nyns namarunuenue M. Tlosejenue Toukn nepecevenuss mpu H — 0
(BBIKJIIOYEHHE BHEILHEro MoJsi) CyIleCTBEHHO 3aBUCHT OT yIJ/ia HaKJ/IOHa @
iipamoit (26.6) H, caenoBaTesbHO, OT TemImepaTyphl.

Crenyer pasienbHO PpacCMOTpeThb Cayual, Korja ¢ Gosibiiie H MeHbIue
yIvia, Mex1y KacaTesqbHOH K KpiBoil JlanxepeHa B Hauaje KOOpPAMHAT
H ocplo abecumuce. JTH JBa caydyas XapaKTepH3yloTcst HepaBeHCTBAMH

RT ’ RT '
W>L ©) u §/‘—1‘~'<L 0)

COOTBETCTBEHHO,
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Beenem Beanunny Tc, HMeIOUIYI0 Da3MePHOCTb TeMIePATyphl
(memnepamypa Kwopu), onpeneientnyio $HopmyJoii

Te= ML’ (O) (26.8)

B cayyae T << Tc npsivas (26.6) B npenese H — 0 nepecekaetcs
¢ KpuBo# JlaHxeBeHa B Touke ¢ opiuHaToi M/M, = 0 (puc. 36), u,
CcJIeloBaTe/IbHO, o0pasel; HMeeT CIOHTaHHOe HaMarHuyeHue, TeM GoJee
61M3Koe K HaChleHHI0 M,, YeM HHxke TeMnepatypa.

Tak Kak CIOHTAHHLIM HaMarHuueHHeM 06JaJaloT TOJLKO (eppomar-
HEeTHKH, TO 3TO 3HauHT, uTo npH T << T'c BelecTBO HaXOAHTCS B deppo-
MarHHTHOM COCTOSIHHH.

#,

Puc. 36. Puc. 37.

MNpu T > Tc npsvas (26.6) npu H — 0 mepecekaeTcs ¢ KpHBOH
JlaHKeBeHa TOJIbKO B HayaJie KOopAuHAT (puc. 37), H, C/IelOBATesbHO,
CNOHTaHHOe HaMarHHyeHHe oTcyTcTByer, M = 0. Tak KakK 3TO CBOCTBO
XapaKTepHO /sl TapaMarHUTHBIX Tedl, T0 npu T > T BellecTBO Haxo-
JIUTCSI B NapaMarHHTHOM COCTOSIHHH.

Takum o6pa3oM, Temnepatypa Kiopu mpejcTaBisieT coGofl Temme-
paTypy mepexona H3 ()epPOMarHHTHOTO COCTOSIHHSI B NapaMarHHTHOe
HJIH Hao6opoT. PU3HYeCKH 3TO C/eAyeT TPAKTOBaTh CJeNYIOUHM obpa-
30M: npu memnepamype Kropu meniosoe Osudikenue amomos Cmaro-
BUIMCA HACMOALKO UHMEHCUSHBIM, 4MO KOMNEHCUpYem Opuermupyiouiee
Oeticmsue enympenneco noas Beiicca. IIpu 6oaee sbicokux memnepa-
Mypax HECKOMNEHCUPOBAHHbIM OPUEHMUPYIOULUM PAKMOPOM CIMAHOBUMCS
MOAbKO BHEUIHee Noje, 4mo ABASEMCA XAPAKmepHolm ceolicmsom napa-
MazHemuKa.

TakuM 06pa3oM, NPH NOHHXXEHHH TeMnepaTyphbl B Touke Kiopu (pu
H = 0) BO3HHKaeT CKAayKOM HOBbIfl 3/1eMEHT CHMMETPHH — IpeHMy-
LECTBEHHOE HampaBJleHHe MarHHTHEIX MOMEHTOB (CTIOHTaHHOe HaMarHH-
yenne). CiellyeT nosToMy OXKHAATh, YTo Touka Kiopu siBasieTcs: Toukoit
(a3oBoro mepexoia BTOPOro poja.

VisyuuM TepMOAHMHaMHuyeckHe CBOfICTBAa BelIeCTBA B OKDECTHOCTH
Touku Kiopu, ucmonb3ysi upeH, passutele JI. [I. Jlanzay, B ofwei
TeOpHH (a30BbIX NepexofoB BToporo poja [5l.
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PaccMaTpuBasi deppoMarHeTHK KaK CHCTeMy C IBYMsl «MeXaHHue-

CKHMH» CTeneHsIMH CBOGObI (KKOOPAMHATHI — MOJIAPHHIN 0GbeM V
H MOJISIpHOe HaMarHHyeHHe M M «CHJIbl» — JaBiaeHHe P u B3sitas ¢ 06-
paTHHIM 3HAKOM HAMNpPSKEHHOCTb MAaTHHTHOTO mnojsi —H), sanuieM
BhIpajkeHHe JJIsi XHMHUECKOTO MOTeHIHaJa i K ero auddepeHuHala

w=U—-TS+PV—HM,
du=—S8dT+V dP — M dH,
rae u, 8, V, M nomxuu paccMaTpHBaThCsl KaK (YHKIHH NepeMeHHbIX
T, PuH.
MepeiineM ¢ noMompio npeobpasoBanus Jlexauapa mno TiepeMeHHBIM

Mu H K c])yHKl.lHH or nepemenHnix T, P, M, BBels NOTeHLHMAT p =
=p+M

(26.9)

X p=p—MH, (26.10)
du(T, P, M)=—SdT +V dP+H dM.
BBezeM Temepb OCHOBHOe JomyuieHHe TeophH JlaHaay, sakJouaio-
umeecss B TOM, 4YTO BG/IM3H ToueK (pa30BOTO MeEPeXoia MOTEHIHAl
w (T, P, M) MoxeT GhITh pas3JioxeH B Psif Mo creneHsM M. Mel 6ynem
paccMaTpHBaTh H30TPONHYIO MOAENb MarHeTHKa, TaK 4TO MPOTHBOMO-
JIOXKHblE HanpaBJeHHs HaMarHHyeHHss —M u M ¢H3HYeCKH 5KBHBa-
JIEHTHBI, H Da3jioXKeHHe BENeTCs MO YeTHBIM cTeneHsM M. Orpannuu-
BasiCb TPeMs UYJieHAMH, HMeeM

p=p (7, P, 0)+ 2P p BTP pe_ . (26.11)

B COCTOSHHH TepMOJIHHAMHUECKOTO PaBHOBECHS] XHMHYECKHII MOTeH-
uMan JOMKeH HMeTb MHHHMAaJbHOe 3HaueHHe H, CJeNOBaTeJbHO, MpH
¢ukcupoBanuelx T u P

on o
wm=% >0
Orciofa mosyuum
M[a(T, P)+B(T, P)M?| - H=0, (26.12)
a(T, P)+3B(T, P) M>>0. (26.13)

OTMeTHM, 4TO cooTHoweHHs (26.12), (26.13) onpenensiior HaMarHUueHHe
M xak oyuxumio T, P u H, T.e. M = M (T, P, H), a noxcrasasis
3Ty QyHKUHMIO B pasjoxkeHHe (26.11), Mbl HaiileM XMMHYECKHIl IOTeH-
IHa/l KaK QYHKIHIO TeX ke MepeMeHHBIX.

PaccMOTpHM Temnepb MaTHETHK NPH BHIKJIIOYEHHOM BHELIHEM MoJe,
H = 0. CoorHouienus: (26.12) u (26.13) npuHUMaOT BUA

Ma(T, P)+B (T, P)M*]=0, (26.14)
a(T, P)+3B(T, P)yM*>0. (26.15)
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YpaBuenue (26.14) umeer gBa KOpHs

« (T, P)
M=0 u M= V“w.m'

Ipu sTOM HepaBencTBo (26.15) maer a (T, P) > 0 aJs nepBoro KOpHs
ua (T, Py<<O0, B(T, P) >0 nnsa BTOpOro KOpHS.

Kopenb M = 0 cOOTBETCTBYeT NMapaMarHHTHOMY COCTOSIHHIO Mar-
HeTHKa (B OTCYTCTBHe BHELIHETro IIOJIsi HaMarHHWueHHe DaBHO HYJIO),
KOTOpOe, KaK MOKa3blBaeT OMBIT, CYLIECTBYET NMpH TeMmneparypax GoJee
BLICOKHX, YeM TemmepaTypa nepexoia T (temneparypa Kioph). Kopens
Ms=V —a(T, P)/IB(T, P) cooTBeTCTBYeT (heppOMarHHTHOMY CO-
cTostHHIO (Mg — CIOHTaHHOEe HaMarHHYeHWe B OTCYTCTBHE BHEILHEro
nosist), Koropoe cymectByer npu T << Tc. IlosyueHHble pesy.sbTaTsl
YAO6HO 3amHcaTh B BHJE TaGIHIIbL:

T < Tg — deppomarHuTHOE cocTosnue T>Tg — napamariurioe
cocroanne
a(T, P M=0
m=m=1 B (26.16)
a(T, P)<0 a(T, P)>0
B(T, P)>0

B Toukax Kiopu kosdduiuent o (T, P) MeHsieT 3HaK, H NOSTOMY
a(Tc, Pc)=0. (26.17)

Msbl mosyuunn ypaBHeHHe, KOTOpoe OmpefiesisieT KPHBYIO ()asoBOro
nepexoaa Ha (P, T)-mJoCKOCTH. 3aMeTHM, 4TO MapaMarHHTHOE COCTOs-
Hue HeycroiuuBo npua (T, P) << 0, T <<Tc, a peppOMarHuTHOE COCTOS -
Hue Heycroiiuuso mpu o (T, P) >0, T > T¢, Tak Kak 5THM 3Haye-
HUSIM O, COOTBETCTBYIOT He MHHHMAJbHblE, @ MaKCHMAaJbHEIE 3HAYEHUS
XHMHYECKOTO ToOTeHuHana (62p/oM?* < 0).

B6unsn ot Touex aszosoro mepexona (o (Tc, Pc) = 0) dynruus
a (T, P) Moxert GbITb pas/ioxkeHa B psja 1o crenenam (T — T¢) ¢ coxpa-
HEHHEM OJIHOrO JIHIIb NePBOro (JHHEHHOro) 4ieHa

a(T, P)_(—) (T—Te), (26.18)

(aa 9a (T, Pc)
AR

T=TC'
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IMoacrasasst 310 BhipaxeHue B popmyay ansi Mg (26.16), nHaxonnum

) Ap—
Ms=) FEYTT, (26.19)

C

OTKyJia BHAHO, YTO MO Mepe Npubamxenus kK Touke Kiopu cnontaHHoe
Hamaruuuenue yGbiBaer npornopunonansio V' T'e—T.

Bolueaum, nosbaysick passoxennem (26.11), XHMHYeCKHH noTeH-
1MaJl, SHTPONHIO U 06beM marHetuka. [loacrasisis B (26.11) 3HaueHus
Hamaruuuenus (26.16) u nonaras H = 0, nonyuum:

B mapaMariutHoil obnactu (o (T, P) > 0)

=0 (T, P, 0), (26.20)
B heppomarnuTHoit ob6nactu (a(T, P)<<0)
~ 2(T, P
po=i (T, P, 0)—J5 7. (26.21)

Jupdepenunpys (26.20) n (26.21) no TemnepaType, MoJayduHM Bbipa-
JKEHHUsl ISl SHTPONHH:
B MapaMarHuTHOH o6JactH

§=—0LPO _g, (26.22)
B ¢eppoMaruuTHoil obJjacTi
- ~ 1 0 (a2(T, P)\ a (2a7p—afy)
So=S8+ 757 <W) =S8, — (26.23)

Juddepennupys (26.20) n (26.21) no pasieHuio, HafiieM Bhipaxe-
HUS 1A ofBeMa:
B NMapaMarHuTHoi 06JjacTi

w op(T, P,O) o
Vo= 2LR0 _p, (26.24)
B ¢eppoMaruuTHoOi ofsacTn

L 10 [ar(T,P)\ o a@app—aBp)
V¢=V°-—Tﬁ,<—m—ﬁ)= o~——‘°4—ﬁ2—€. (26.25)
Tak kak B Touke Kiopu o (T, P) obpamaercs B HyJ/b, TO U3 (GopMyJ
(26.22) — (26.25) BHAHO, YTO CKAauKM 3HTPONHHM M ofbeMa B TOUKE
Kiopu paBHbl HyJlIO.

BIUHCJAHUM CKAYKH TEIJIOEMKOCTH H C2KMMaeMOCTH B TOUYKeE KIOPH H
TNoKaxeM, YTO OHHM OTJIMYHBI OT HYJf, H, CJlel0BaTe/bHO, nepexoz(
M3 MapaMarHHTHOrO COCTOsIHMS B (eppomarnutHoe npu H =0
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npeacrasasier coboit gasoBwiii nepexos Broporo poaa. IMonyyaem
/da\2

== . T
05 & dT)c" ¢
(O =To s So=Sry = T4, (2020
H, Tak Kak fc> 0, TennoeMKoCTb B ()EPPOMATHUTHOM COCTOSIHHH
Gosblire, YeM B mapamMarHuTHoM. [lajiee, HaXoAHM

_jon) 1 (ope
[ (0P)T]— 2B ' (26.27)

H, C/IeloBaTe/NbHO, CAHMaeMOCThb B )eppPOMarHHTHOM COCTOSIHHHU Goubliie,
4eM B NMapaMarHHTHOM.

Hakoneu, nonesysce ¢opmy.oit dpendecra (25.5), nonydaem Aas
cKauka obbeMHoro pacuunpenns (8V/0T)p npu H = 0

(O )2 (aa \2

(I~ e

Uro Kacaercsi 3HaKa ckauka (6V/0T)p, To ypaBHeHHeM (26.28) oH He
onpenensiercs. Ms ypasnennit Dpendecra (25.4) — (25.5) Buamo,
yTo 3HaK (0V/0T)p coBnajaer co 3HakoM npousBoaHo#i dP/dT Broab
KpHBOH paBHOBecHsi (a3. OnbIT NMOKa3blBaeT, YTO CYILIECTBYIOT MarHe-
THKH C o6oumu 3Hakamu dP/dT u, cliefoBare/bHO, ¢ 0OGOMMH 3HAKaMH
[(8V/8T)pl.

TlepefineM K pacCMOTpeHHIO mpoieccoB B Marhernke npu H = 0.
Mb! JIO/XKHBI HCCJIEIOBATh CHCTEMY, COCTOSILLYIO H3 KyGHYeCKOro ypas-
HEeHHsl

a@ Py H
M+ 575 M — s =0 (26.29)
H HepaBeHCTBa
a(T, P)+3B(T, P) M2>0. (26.30)

Kak usBectHo (cM., Hanpumep, [22al), ypaBHenue (26.29) umeer oauH
BELLLECTBEHHBbI KOPEHb NPH YCJIOBHH

27 11g ad
2 > (26.31)
H TPH BELLECTBEHHBIX KOPHS B caydae BBINIOJTHEHH S TPOTHBONOJIOXKHOIO
HEpaBeHCTBA
3
T < L (26.32)

B nepBoM ciyyae, OYeBHJHO, BO3MOXHO CYILIECTBOBAHHE JIHIUb OJHOH
¢asel BellecTa, NpHYEM H3 ypaBHeHHs (26.29) BHAHO, YTO HaMarHuye-
HHe B 06/1acTH C/aabblX MoJelt (COBMECTHMBIX, OAHaKo, ¢ (26.31)) mpo-
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nopiuxoHanbHO H («mapamofoGHbIii KopeHb»). [leficTBHTENbHO, NpH
caabbix nonsx B (26.29) moxHo mpeHeGpeub ciaraembiM M3, oTKyaa
M =~ H/a. Tlpn Gosee CH/IBHBIX MOJSX HaMarHHYeHHE MPOMOPLHO-
HanpHO H'/s (B (26.29) MoxHO or6pocuth ciaraemoe (/B) M u M =~
= (H/B)).

B ciyvae BhinonHeHHs HepaBeHcTBa (26.32) o 3aBeJOMO OTpHIA-
teabHo (B (T, P) > 0), H yRoGHO BBECTH BeNHYHHY

¥(T, P)=—a(T, P).

Tepenuiem B HOBbIX 0603HAYeHHAX pasoxkenHe (26.11)u cooTHoOMeHHs
(26.29), (26.30)

p=i(T, P, 0) LT P pp B P pp i, (26.33)

Y (T, P) H
M3 02 m—E o, (26.34)
3Mme ——g%’j}> 0. (26.35)

VYpaBHenue (26.34) umMeer B 3TOM c/yyae TPH BelleCTBEHHbIX KOPHS,
KOTOpble jaloTcsi opmyaamu (cm. [22al])

1/ 2k
M=2<;1ﬂ> 'cos(cp+3_">, E=0,1,2,  (26.36)
rhie
_3V3 HB' n
°°S3‘P__2—V37' I<o<gy. (26.37)

TMoncrapasia (26.36) B KocTaTouHoe yc/n0BHE MHHHMAnbHOCTH i (26.35),
nosly4yaeM HepaBEeHCTBO
2kz

| cos (¢ +%%) |> - (26.38)

KOTOpOe BhiToJIHsAeTCA npH k& = 0, 1, HO He BLINONHSETCS NPH B = 2,
Takum 06pa3om, pemenusi ck = 0 k& = 1 COOTBETCTBYIOT MHHHMYMaM
W, a pellleHHe C B = 2 COOTBETCTBYET MaKCHMyMy W H AOJXKHO ObITb
OTGPOLIEHO.

Ham ocraercsi wuccnesioBath, Kakoe M3 ABYX pelueHHit (B = 0,
k = 1) coorsercTByeT aGCOMOTHOMY MHHHMYMY, H BBISICHHTb, BO3-
MOXHBI JIH MepPeXobl Mex1y (a3aMH, COOTBETCTBYIOUIHMH 3THM ABYM
pewennsm. TloacraBnss Beipaxetnne (26.36) ck = 0 u k = 1 B (26.33)
U yuuThiBasi (26.37), mosnyuHM mocJe HEKOTOPbIX MpeoGpasoBaHHiI

=R (T, P, 0)+ 6%’ (1+4cos2) (1 —3cos2¢), (26.39)

e =0 (T, P, 0)+ 6’; [1 +cos2<q: +%")][1 -3 cos2<tp +73)]
(26.40)
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Yurtarenb Jerko yGelHTCS B TOM, YTO yPaBHEHHE My_q = |lz_y HE HMeeT
KOpHe#, yOB/IETBOPAIOMIUX yCI0BHIO 0 << @ << 71/6, M 4TO MMeeT MecTo
HEPaBEHCTBO iy << Wy (3HAK paBeHCTBA HacTymaeT npH @ = n/6
unu (27/4) H? = v%/B).

Takum 06pasoM, U NPy BHITOJHEHUH HepaBeHCTBa (26.32) BOSMOKHO
YCTOHYHBOE COCTOSIHHE JIMIUb OJHOH ¢asbl (k = 0), cOCTOSIHHA Ke
¢ k=1 BO3MOXKHBI JHUIb KaKk
MeracTaGH/IbHbIE (OTMETHM, YTO
npu k = | HamarHHYeHHe mpo-
THBOIOJIOKHO 10 HAMNpPaBJIeHHIO
BHelUHeMy momo, M < 0).

Pe3yJIbTaThl  H3J10}KEHHOTO
BblILl€ HCC/IEOBAHHsT COCTOSTHUI
marHetuka npH H == 0 MoxHO
MOHATH M3 CJIEAYIOWHX Kade-
CTBEHHBIX COOGpaxeHHH. 3aBH-
CHMOCTb XHMHYECKOrO IOTEH-
IMala OT HaMarHHYeHHs mpH
H = 0 usobpaxaerca B cay-
4ae MapaMarHMTHOrO COCTOSIHHS
KPHBOH C ONHHM MHHHMYMOM
npu M = 0 (myHKTHpHast KpH-
Bast Ha pHC. 38), a B caydae
(heppOMarHUTHONO  COCTOSTHHS
KPHBOH ¢ JBYMf MHHHMyMaMH
npy M=V —a/p. Ilpu
BKJIIOYEHHH MAarHHTHOTO IO/t
K XHMHYECKOMY MOTEHLHaTy
JoGaBJisiercs ciaraemoe —MH,
B pe3yJbTaTe 4ero 3aBHCHMOCTb
XHMHYECKOTO [OTEHIHala oOT
HaMarHHYeHHsl U3MEHsIeTCst (CM.
CIVIOLIHBIE KPHBHIE Ha pHC.

Puc. 38, 38, a, 6). Us puc. 38, 6 BuaHo,

YTO NpaBbli MHHHMYM BCerja

ray6xe, ueM JeBbll. 3ameruM, uTo pelueHue ¢ k=0, M=

= 2 (y/3P)": cos ¢ umeer «peppononobHbIiy xapakrep (cnaGasi 3aBu-

CHMOCTb HaMarHuueHHsi or H): npu usMeHenHu ¢ oT 0 go n/6 (3Tomy

COOTBETCTBYET, KaK cjefyer u3 (26.37), yMeHblIeHHe HANPSKEHHOCTH

or sHauenus 2y'/+/3/}/3 P'/s fo HynsA) HaMarHWYEHHE YMeHbIIaeTcs
Bcero B 2/)/3 pas.

Takum oGpasom, npu H = 0 $asoBblii nepexos HcyesaeT W 3ame-
HseTCA HeNpepbiBHBIM IEePEXOJOoM OT «heppornofoGHOro» MOBEfeHHs
MarHeTHKa K «IlapanofgoGHoMy» (IpH yBeJHueHHH napamerpa H2B/y* or
3HaYeHHil, MeHbLIHX 4/27, 210 3nauenuil, Goabluux 4/27). CiegoBarenbHo,

 H=l
/
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B miockoctd H, T (P = const) uMeercs H3oiHpoBaHHas TouKa ¢aso-
BOrO Mepexoia BTOPOro poja, Jexaiuasi Ha ocH abeuuce. (B miockoctu
nepemensix P, T (H = 0) Mbl UMeeM, KOHEYHO, KPHBYIO (ha3oBOro
nepexona BTOPOro Poja.)

Haiinem, nanee, MarHuTHYIO BOCIPHHMUYHBOCTb MarHeTHKa % =
= (0M/6H)r,p. Nuddepenunpys (26.12) mo H, nonyunm

1
AT AR, PR

Orciona 08 «HayaJbHOMY BOCHPHHMYHBOCTH %g = %p_p HAXOAMUM:

B c/lyyae nmapamarHuTHoro coctosHus (M = 0, a (T, P) > 0)

1
o= sy (26.42)

(26.41)

B c/1yyae peppoMarHHTHOIO COCTOSHUS (M =V"a/B, a(T, P)<0)
1
*o=—r Ry (26.43)

B6ausu or Touku KiopH, rie chpaBeannBo pasnoxenue (26.18),
9TH HOpPMYJIbl MPHHUMAIOT BHI

%= r5ox——— 1pu T>Tg, (26.44)

(7)o

Ho=

— mpu T < Tc. (26.45)
da.
2 <ﬁ)c (Te—T)
[pu cnabeix MarwuTHEIX nomsix H & Mg/ny ~ |aj'/+/B'/s mocnennue
ypaBHEHHsI MOT'YT GEITh MPOMHTErpHPOBaHL Mo H, yTO Naer:
B napamaruuthoit obnactu (T << Tc)
M = uH = W\-H— s
(55 )c =70

B deppomaruutHoit obnactu (T > Tc)

(26.46)

_ _ 1/ _ T, P H
M=Ms+xti=T/ 2D B (26.47)
\oT Jc* €

3ameruM, 4TO 06/1acTb NPHUMEHHMOCTH MOCAENIHHX ABYX (opMmyJ
orpanuyeHa ¢ ABYX CTOPOH: BO3MOXHOCTb HCIOJIb30BATh PA3/OXKeEHHe
(26.18) TpeOyer, uroGhl TemmepaTypa Oblla NOCTAaTOYHO OMH3KOH K
Temnepatype KiopH, Ho, ¢ Apyro#f CTOpOHbI, MpH JoGoM GHKCHPOBAH-
HoM H HepaBeHCTBO
H< lal (90T (T —Te)'

~

ﬁ‘/: p‘c/a
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Hapymaercs npu | T — T¢|— 0. CnenoBatenbHo, Mbl MONYy4HM B Ka-
yecTBE YCJOBHSI TNPHUMEHHMOCTH (opMyn (26.46) u (26.47)

H/sBis T—T¢ (g%\c
T < | <L 7 —| -
[

CoorHomenus (26.44) — (26.47) naior popmyaupoBKy 3akoHa Kiopn —
Beiicca, coryiacHo KOTOpOMy Haua/lbHasi BOCTIPHMMYHBOCTb H HMHIYLH-
pOBaHHOE HaMarHHYeHHe OGPaTHO MNPONOPLMOHANbHE  BeNHUHHE
| T — T¢|. Tlpu 31OM BOCIPHHMYMBOCTb H MHAYLHPOBaHHOE HaMarHH-
YeHHe B ()epPOMArHHTHOM 06/MACTH BABOE MeHblile, YeM B NMapaMarHHT-
HOH (TNpH OAMHAKOBBIX 3HaueHusx |T — Tc|).

OrMeruM Tenepb rayGoKoe OTJIMYHe (ha30BbIX MEPEXOAOB BTOPOTO
poza ot (a3oBLIX NePexXofoB NEPBOro poja.

TIpu a3oBeIX mepexoiax NMepBoOro poja Kaxiaas pasa cama mo cebe
yCTOHYHMBA 10 06e CTOPOHBI OT TOYKH Nepexofd. JTo CJeAyeT H3 TOro,
YTO KaK XMMHYecKHH morteHuHan nepsoit ¢assl wy (T, P), Tak U XuMH-
4eCKHH NoTeHUHas BTOPoi dasbl W, (T, P) onpeseneHk no o6e CTOPOHE!
OT TOYKH Tepexofa, M mpH QHAKCHPOBAHHON TeMiepaType MHl MOMKeM
HaliTH JaB/leHHe, COOTBETCTBYIOUIEE HAHMEHbUIEMY 3HAuYeHHIO W;, H,
Hao0opoT, NpH (HUKCHPOBAHHOM JaBJeHMH HaHTH TeMmmeparypy, co-
OTBETCTBYIOILYIO MHHHMYMY |; IS KaxpoHl casel. Takue HaB/eHHs
M TEMIepaTypbl COOTBETCTBYIOT PABHOBECHOMY COCTOSIHHIO Kaxjo# dasbl
no o6e CTOPOHHI OT Touek nepexona. Ha mmarpammax (p, P) u (u, T)
(puc. 30, 31) sr0 caepyer u3 TOro (akTa, YTO KPUBHIE Py H P, CYIIECT-
BYIOT IO 0Ge CTOPOHBI OT TOYKH MepeceveHHs, HO OfHA M3 HHX COOT-
BETCTBYeT aGCOJIOTHOMY MHHUMYMY i, T. €. aGCOJIOTHO PaBHOBECHOMY
COCTOSTHHIO (KpHBasi C MEHbLIMM 3HaYeHHeM ), a Apyras (KpuBas ¢ 6oJb-
MM 3HAYeHHeM W) COOTBETCTBYET MHHHMYMY NS JNaHHOH da3k, T. e.
MeTacTaGH/IbHOMY COCTOSTHHIO BelllecTBa. B ¢BSI3M ¢ 3THM npu (a3oBEIX
nepexofiax MepBoro poia BO3MOMHEI SIBJEHHS IeperpeBa H InepeoxJa-
KICHHS, :

TIlpu nepexone MeX<1y NMapaMarHHTHBIM ¥ (GepPOMArHHTHBLIM COCTOS-
Husamu npu H = 0, T. e. npu (asoBoM nepexojge BTOPOro poja, Kak
cnenyer u3 Qopmyn (26.14), (26.15), napamarHuTHOe cOCTOsHUE
M = 0) a6costoTHO HeycrofiyuBo npu o << 0, T << T¢, a deppomar-
HuTHOe cocrosiHue (M = Mg = (—a/B)"/>) abcoaoTHO HeycToHuMBO
npua >0, T > Tc (TepMOIMHAMHMYECKUH TMOTEHIHAN HMEeT B 3THX
cayyasix MakcHMyM &8°u/0M? << 0). 310 3HAUHT, YTO XHMHYECKHil
MOTEHIHaN mapaMarHUTHOH ¢asbl Boobule He ompeneneH npu T << Tc
TaK Ke, KaK XHMHYeCKHH NOTeHIHa] ¢eppOMAarHuUTHOH dashl NpH
T > Tc. Tlostomy npu casoseix nepexodax emopozo poda Hegos-
MOJCHO MeMAcMabuAbHOe COCMOSHUe nepeepemotl UAU NepeoxAancer-
HOU ¢haseL.
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TV 0coGEHHOCT (a30BLIX TEPEXONOB BTOPOTO POAa MOKHO NOHATD,
HCXONs M M3 APYTHX Gosiee HAr/AJHBIX (DH3HUECKHX COOBPaKEHHIL.
Tak kak B TouKe (ha30BOro nepexona XHMHYECKHH MOTEHLHAJ MEHSIeTCst
HenpepbIBHO, TO BO3MOXKHO JIH60 BOSHHKHOBEHHE BECbMa MaJioro KOJIH-
yecTBa HOBOH (pasbl, CBOHCTBA KOTOPOH CH/IBHO OTJIHYAIOTCS OT CBOHCTB
crapoit ¢a3bl, J1H60 BO3HHKHOBEHHe HOBOH (ha3bl BO BceM ofbeMe Belile-
CTBa, HO CO CBOHCTBAMH, KpaiiHe Majiio OT/IHYAIOUWHMHCS OT CBOHCTB
crapoit ¢asul. TlepBoiil ciiyyail uMeeT MecTo NpH (a30BBIX NEPEXONAX
nepBoro pojia, Korja HoBas (a3a BO3HHKaeT B MalblX «3apOJbllIaxy,
HO HMeeT MOJISIPHBIH 06BbeM H MOJISIPHYIO SHTPOINHIO, OTJIHUHBIE OT COOT-
BETCTBYIOUIMX BeJHYHMH ISl cTapoit ¢asbl. B aToM ciiyuae, Kak MBI BH-
Jiesn B § 24, 6aronaps CyIeCTBOBAaHHIO NOBEPXHOCTHOI 3HEPTHH MOXKeET
MPOHCXONIHThL «3aTSIXKKa» (a30BOrO Mepexofa H BO3HHKAIOT METacTa-
GHJIbHBIE COCTOSTHHS.

Bropoit ciryuait HMeeT MecTo npH (asoBbiX Nepexofiax BTOPOro poaa,
Kora HoBasi $asa (B GO/IbUIHHCTBE ClydaeB (asa C CHMMeTpHeH, OT/IHY-
HOH OT CHMMETDHH HCXOAHOH (pa3bl) BO3HHKAET Cpa3y Bo BceM oGbeMme,
a He B MaJIbIX «3apofbiiax». [TosTomy rpanuu pasjena mexay dazamu
B 3TOM CJlyyae He BO3HHKAaeT H «3aTsXKa» ()a3oBOro nepexofa HeBO3-
MOKHa.

3aBHCHMOCTb XHMHUECKOTO NOTellHala OT TeMNepaTyphbl H Aasie-
HHSl IPH (ha30BOM TNepexojie BTOPOro poja H306paxKkaercst OAHON NJaB-
HOH KPHBOH, a He nepeceyeHHeM JBYX KPHBbIX, KaK NPH (pa3oBIX mepe-
Xofax nepsoro posa. SicHo, onHako, yro suHus nepexonaa (T, Pc) =0
sSIBJISIeTCS JIHHHEH, Ha KOTOPOH TepMOAMHAaMHYecKHe (GyHKIHH HMEIT
KaKyl0-TO OCOGEHHOCTb; 3TO SICHO YK€ H3 TOTO, YTO BTOpbie NPOU3BOA-
Hble XMMHYECKOrO NOTEHUHATd MEHSIOTCH Ha 3TOH JIMHHH CKauKOM.
XapaKTep OCOGEHHOCTH XMMHYECKOTO NOTEHLHala Ha JHHHH (ha30BbiX
NepexolioB BTOPOTO poja JO CHX NOp HEH3BeCTeH. B CBsi3H ¢ 3THM
BO3MOXKHOCTb Da3JIOKEHHs] XHMHYECKOTO NOTEeHIHala B psij 1O CTe-
nensim M? (dbopmyna (26.11)) siBisiercst, co6CTBEHHO TOBOpS, Npobie-
maruuHoit. [TosTomy Bce paccyxaeHHst sToro naparpada ocHOBaHHI Ha
HENpOBEPeHHON 10 CHX TNOp THIOTe3e O TOM, YTO OCOGEHHOCTH TEepMO-
JIMHAMHY€CKOTo MNOTeHUHala B TOYKaX (a3oBOro nepexoia He CKasbl-
BAKOTCS Ha Tex u/ieHaX pasjoxeHHs (26.11), KoTopble HCNOMB3YIOTCS
B HAUIHX BHIKJaiKaX. DTO OGCTOATENLCTBO HACTOSITEJbHO MOAYEPKHBA-
JIOCh M CaMMM aBTOpOM oOfllell TeOpHH (a30BHIX NEPEXOAOB BTOPOTO
pona JI. 1. Jlaunay.

B nocnennne ronsl $hasoBrie nepexoisl BTOPOro poia, B YaCTHOCTH,
nepexoll Mex1y NapaMarHUTHBIM H ()ePPOMArHHTHBIM COCTOSHHSIMH,
H3yYaloTCsl BECbMa HHTEHCHBHO KaK TEODETHUECKH, TaK H 3KCIEPHMEN-
TajbHO. B pesyabrare sTHX Hcc/ieloBaHME (XOTS OHM He NpHBENH 10
CHX TIOD K CO3MIaHHIO MOC/JIE10BAaTeNbHOH MHKDOCKONMHYECKOH TEOpuH
(a30BLIX NepexoloB BTOPOro pOfia) MOMKHO CYHTATb YCTAHOBJIEHHBIM,
4to Teopus JlaHAay nepectaer OHITh CIPAaBENIHBON B HENOCPEACTBEHHOM
Giuzoctu Touku Kiopu. B wacthocTH, Temsoemkoctb B Touke Kiopu
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HMeeT, Mo-BHANMOMY, He KOHEeUHHIH CKayokK, a obpaiaercsi B GeCKOHey-
HOCTb TIO JOrapupMHIECKOMY 3aKOHY
T—T
Cp~1In ‘——T‘:C—l

Koneunnifi ckauok [Cpl OGHapyXHBaeTCs TONbKO B TOM Cjyuae, eciau
H3MepeHHe TeIVIOEMKOCTH KaXKIoH (asbl MPOBOJMTCH Ha HEKOTOPOM
KOHEYHOM, XOT H MajJoM paccTOSIHHH oT ToukH Kiopu (Ha umikaje tem-
nepartyp). [lajnee B HemocpeACTBeHHOH GMH30CTH OT ToukH Kiopu croH-
TaHHOe HamarHudenue Mg uamensiercss kak (Tc — T)B, rae p =~ 0,33,
a ue 0,5, kKak B TeopuH JlaHlay, a MarHUTHasi BOCMIPHHMYHBOCTb TpPH
T > T¢ nponopunonansia (T — T¢)™¥, rae y = 1,33, a ue 1, kak
B Teopuu JlaHpay, u T. I.

B CBS13H ¢ 3THM C/lelyeT HaCTOSATEIbHO MOAYEPKHYTh, UTO BCE PE3YJib-
TarH, NMOJyYeHHble B 3TOM naparpade, crpaBeJJHBHI JHIIb B HEKOTOPOH
o6nacty B6JIH3H KpHBO#t (a3oBoro nepexona. Ara 061actb, ¢ OAHOH CTO-
POHBI, HE YXOAHT Yepecyyp Aaneko ot Todek KiopH (Tak, 4ToGbl MOXKHO
6b110 N0NIb30BaThes pasiokenneM o = (do’dT)c (T — Tc)), HO, ¢ ApY-
rofi CTOPOHHI, He MOAXOAMT Yepecuyp Gau3ko K ToukaM KiopH, Tak
KaK TaM, MO-BHAMMOMY, CTAHOBHTCS HENPHTONHBIM Pa3/iOXeHHe XHMH-
YeCKOro MoTeHLHala no creneHsm M2

3ameTHM B 3aKJioueHHe 3TOro maparpada, YTO CIOHTaHHOE HaMar-
HHueHne dpeppomarnernka npu T << T'c B MaKpPOCKOMHYeCKHX o6pa3nax
o6HapyKHBaeTcs AajleKko He Beeraa (TobKO B CelHaNbHO HaMarHHYeH-
HBIX 06pa3uax). D10 o6bACHAETCH TeM, YTo (eppOMarHeTHK COCTOHT
U3 psiia MHKPOCKOMHYECKHX o6sacTeil (IOMEHOB), B KaX/OM H3 KOTO-
PHIX CMOHTaHHOE HaMarHHWueHWe cyliectByer. B cocelHHX noMeHax
B OTCYTCTBHE MOJISl, KaK MPaBHJO, HANpaBJeHHs BEKTOpa HaMarHHye-
HUSI TIPOTHBOMOJIOKHB H CpefHee (MaKpOCKONMHYeCKoe) HaMarHHYeHHe
Bcero o6pasiia paBHo HyJo. [IpH BKJ/IIOUEHHH BHELIHETO NoJis HanpasJe-
HHSl HaMarHWYeHWs B JOMeHaxX MOBOPAYHBAIOTCS M TPAHHIbI MEXAY
JIOMEHAMH CMEILAIOTCs!, TaK YTO CyMMapHOe HaMarHH4YeHHe CTaHOBHTCS
HanpaB/eHHHM MO noJio. IIpH yMeHbIIEHHH BHEIHEro MoJs KapTHHa
CTaHOBHTCS HeOGpAaTHMOH — KpHBas pa3MarHHYMBAaHHS OTCTaeT oOT
KpHBO# HaMarHuunBanus U mpu H = 0 ofpasew ocTaercsi HaMarHHyeH-
HbIM (OCTaTOYHBIH MarHeTH3M).

§ 27. TepmonHHamMHKa CBepPXNPOBOJHHKOB

MHorxe MerasJbl M CIUIaBBl MPH HH3KHX TeMrepaTypax, GJAH3KHX
K 0 °K, HcrnbIThiBaloT a3oBoe NpeBpalieHHe, Nepexois B TaK Has3biBae-
Moe cgepxnpogodsauee cocmosanue. HauGonee Opocalomumcs B Ivasa
CBOHCTBOM BellleCTBA B 5TOM COCTOSIHHH SIBJISIeTCS! MOJHOE OTCYTCTBHE
COMpOTHBJIEHHST TPOXOMKAEHHIO 3/IEKTPHYECKOTO TOKa, YTO H ObLIO
oBHapyMeHO YXe B nepBbix sKkcnepumeHtax (1911 r., Kamepanur-
Ounec). Crenyer oTaaBathb ceGe OTYET B TOM, YTO TOK, NMPOTEKAIOWHH N0
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NPOBOAHHKY, MNpeACTaBJsier coGOi HepaBHOBECHBIN Mpolecc, CBA3aH-
Hblfl C CyLleCTBOBAaHHEM MOTOKA 3apsKEHHbIX YaCTHL, M TOSTOMY 3¢-
(eKT HCUYe3HOBEHHsI CONMPOTHBIEHHS He €CTb MPEeJMET TePMOIHHAMHKH
PaBHOBECHBIX TPOLECCOB M JOMKEH H3ydaTbCst KHHeTHKOi. Okasbl-
BaeTcsl, OAHAKO, YTO CBEPXIPOBOAsLIEe H HOPMaJbHOE COCTOSIHHS Me-
TaJljla OTJIMYaloTCs APYT OT APYyra He TOJNbKO MPOBOAHMOCTSMH, HO HMEIOT
TaKKe Pas/HyHble 3HAUEHHs Psila YHCTO TePMOAHHAMUUECKHX BEJIHUHH.
3TO0 3HAUKT, YTO STH COCTOSHUSH MPEACTABJIAIOT COGOI pasHble TEPMOLH-
HaMHyecKHe (hasbl BellleCTBa, a NEPEXO] H3 ONHOTO COCTOSIHHSI B Jpyroe
npeacraBaser coboit $pa3oBrlit nepexox (MeprOro poia, €C/aH OH TPOHC-
XOJUT NPH HaJHYHH MAarHUTHOTO MOJIS, H BTOPOTO POAA NMPH BbIKJIIOYEH-
HOM MarsMTHOM nose). OTMeTHM, YTO C aHAJOTHYHON CHTyamHeil Mbl
CTa/IKMBaeMCs IPH M3YUEeHHH XKHAKOTO reJus. BsisKocTb Kak HepaBHO-
BECHBIIi NPOLECC BbIPaBHHUBAHHS CKOPCCTH HANPABJEHHOTO IBHXKEHHs
He BXOJHMT B KOMIETEHLHIO TepMOZHHaMHKH. OIHAaKO CBepXTeKyuas H
HopMaubHas Mogudukanuu reaus (Hel u Hell) npencrasasior coboii 1se
TepMOJHHAMHYeCKHe (asbi, a NpeBpalleHHe OAHOH B APYryi — (aso-
Bhilf mepexon Broporo pona. Ilostomy mepexos Merasia M3 HOpMaib-
HOTO COCTOSIHHSI B CBEpXNpOBOJsliee (B OTCYTCTBHE TOKa) M IpeBpaliie-
une Hel B Hell (npu oTcyTcTBHM mOTOKa XKHIKOCTH) MOTYT M3ydarhbCs
TepMOJIMHAMHYeCKHMH MeToflamH. [lepexoi Merania M3 HOPMajJbHOTO
B CBEPXMPOBOAsIiee COCTOSIHHE CONMPOBOMKAAETCS H3MEHEHHEM ero Mar-
HHTHBIX CBOHCTB. DTO H3MEHEHHe 3aKJI0Yaercs B TOM, YTO MarHHTHOE
noje He MPOHHKAaeT BHYTPb MAcCCHBHOrO CBEpPXMPOBOAHHKA (TO4YHee
roBOPS, MarHHTHOE MOJle CYIIECTBYET TOAbKO B TOHKOM 0BEPXHOCTHOM
ciioe TosmuHHoM ~1075 ca). CiienoBate/ibHO, B TO/ILLE MACCHBHOIO CBEPX-
NPOBOAHHKA

B=0. (27.1)

Tak xak HOpMa/jbHas NpPOEKUHS HHAYKUMH B, HempepeiBHa Ha
TPaHHIE, TO JHHHH BHELIHETO MarHUTHOTO NOJsI KacaTeJbHbl K €ro mo-
BePXHOCTH.

Tepexon U3 HOPMA/LHOTO B CBEPXNPOBOASILEE COCTOSIHHE MPOHCXO-
AUT (B OTCYTCTBHE BHELIHEro NoJs) INPH ONpeAeNeHHOH XapaKTepHOH
ZJIsl JaHHOTO CBEPXNPOBOAHHKA TeMNepaType, HasbiBaeMoH KpHTHYe-
ckoit Temnepatypoit Ty. I[IpH HanIHUHH BHEIUHEro MoJIsi EPEXoJ U3 HOp-
MajbHOTO B CBEpPXTPOBOAsAIlEe COCTOSHHE (MM OOPaTHbIA Mepexox)
CYL(ECTBEHHO 3aBUCHT OT (OPMbI CBEPXIPOBOJHHKA H MOXKET NPOHCXO-
IHTb HEOJHOBPEMEHHO B Pa3HEIX TOUKAaX CBEPXNMPOBOAHMKA (ecaH moJe
HEOJIHOPOAHO BJOJIb NIOBEPXHOCTH 06pa3iia). OrpaHHYHMCS NOSTOMY pac-
CMOTPEHHEM IMJIHMHAPHYECKOTO CBEpPXNPOBOAHHKA, OCb KOTOPOro MNa-
paJjiiesibHa HalpaBJeHHIO BHELIHEr0 MarHUTHOTO nojs F, Tak u4to moJe
Ha GOKOBOH MOBEPXHOCTH 3TOro LMJHHAPA (He 0053aTesbHO KpYro-
BOTO) OIMHAKOBO BO BCeX €ro Toukax. B TakoM LHMJHMHApHYECKOM 06-
paslie CBEPXMPOBOJMMOCTb HCUE33eT, €C/H HaNpsKeHHOCTb BHELIHEro
NoJsi HOCTHTaeT HEKOTOpOoro 3sHauenus f, (KpuTHueckoe rnoie).
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BesnnuuHa KpUTHYECKOTO NOJIST 3aBUCHT OT TeMneparypsl H, = H, (T) u
obpauaercst B Hy/b npH T = T\

He(Tx)=0. (27.2)

Ha naockoctu (H, T) 3aBucumoctb Hy or T uao6Gpaiaercsi KpHBOH
(puc. 39), pasmeasiomeil 06/71acTH HOPMajnbHOTO fn- M CBEPXIPOBOIS-
1iero s-cocrosiHuil. Ecan o6pasel HaXOXUTCs B T10JI€ € HANPsIKEHHOCTBIO
H << H, (0), T0 cRepXmpoBOAMMOCTb HcYe3aeT (HAcTynaer) NpH TeM-

neparype T (H) << T, (0). BBenennas Boie

H KpUTHYECKast —TeMIepatypa HCUe3HOBEHHs
CBEPXIPOBOJHMOCTH B OTCYTCTBHE NOJs €CTh
Hy (0) Tk (0). KpuBasi na puc. 39 ecrb Kpusasi TO-

ek 'q;aaonoro nepexoaa H3 n-COCTOIHUA B

n §-COCTOSIHHe H 06paTHO.

Ecnu ofpasen HaXoAuTCs B MoJie ¢ Hanps-
T KeHHocTbio H, napajuie/ibHOM OCH LHJHHAPA,
K

TO H3-3a HeNpepbIBHOCTH TaHTEHI[HANbHON CO-
Puc, 39. CTaBJISIOLLEH HaNps2KeHHOCTH NOJIS HaNpsXKeH-
HOCTb 110/15 BHYTPH LHINHAPA TaKxKe paBHa .
B cuny dopmyarr (27.1) (HanoMHHaeM, YTO MCTHHHOH ycpelHeHHO}
HaNpsKEHHOCTbIO NOJsi BHYTPH MaTHeTHKa fBJAsieTcss HHAyKuus B,
a He HanpskeHHocTb H) uMeeM
B=Hi4nM=0, M=—m (27.3)
(B sToM naparpade Mnl 0603HauaeM yepes M yaesbHOe HaMarHHYeHHe —
MaTHHTHBII MOMEHT eIHHHIBI o6beMma.)
Orciona Aasi CBepXNPOBOAHHKA BOCNPHHMYHBOCTb % == OM/6H
paBHa

K= (@7.4)

Takum 06pasoM, popMaIbHO Mbl MOXKEM OIHCHIBATh CBEPXNPOBOJAHHK KaK
«aBCOMIOTHBIY JAHAMaTHETHK C MAarHUTHOH BOCIIPHMMYHMBOCTBIO % =
= —1/4 m,

Bynem paccmaTpHBaTh CBEpXIPOBOJAHHK KaK CHCTeMy C JABYMs CTe-
neHsiMH CBOGOAbI (0606IIEHHbIe KOOPAHHATbI: 06beM V U Io/Hoe Hamar-
Huuenue VM, o600LIeHHble CHIIbL: 1aBaeHHe P U MarHuTHoe noje -- H).
Torna TepmoiuHaMuueckuil noreHuuas @ u ero audxbepeHiHan 3anu-
wyTes B BHAE

®=U—-TS+PV—-HVM, d®=—S8dT+VdP—-VMdH,

a audxbepeHIMan XHMHYECKOTO MOTEHIHaNA CBEPXIMPOBOAHMKA B mose
onpejensierca GopmyJioi

dps=—8dT +VsdP—V;MdH,
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rie V, — MonsIpHBEI 06beM CBEpXNPOBOAHHKA, S — MOJApHAs SHT-
ponusi.

TMoacraBuM 3HaueHHe HaMarHhyeHHss M u3 dopmy.nl (27.3) u npe-
HeGpexxeM cJabbiMH (deKTaMH MarHHTOCTPHKUMH (3aBHCHMOCTb Vi
ot H) v 3aBHCHMOCTbIO OGbeMa CBePXMPOBOAHHKA OT BHELIHEro JabJe-
Husa. Torma Vs = const, u Mbl monyuum

dpsz,—SdT+V,dP+d(ngz>. (27.5)
Huterpupysi 3TO BblpaeHHe, HAXOAHM AJsi CBepXMPOBOASILIErO
COCTOSIHHSA

VSH

ps (T, P, Hy=p. (T, P, 0)+—5— (27.6)

TakuM o6pa3oM, XHMHYeCKHI MOTeHI[HaJ] CBEPXNPOBOIHHKA B Mar-
HHTHOM noJe Gosibllle, YeM B OTCYTCTBHe NoJsi Ha BeanunHy VH?/8m.
XHMHYeCKHH e MOTeHIHa] HOPMaJbHOTrO NPOBOAHHKA MOXHO CYH-

TaThb He 3aBHCSAUIMM OT MAarHHTHOIO MOJsi, TaK KaK caabbiM napa- HJIH
JHaMarHeTH3MOM MOXXHO B NIEPBOM HPHGJIH)KQHHH npeneﬁpeqb H CUHTATh,

41O

ta =1t (T, P). (27.7)
Taxkum obpasom, npu G0oCMamo4HO CUALHOM MASHUMHOM NOAe CéepX-
npoeodsuiee COCMOSHUE CMAHOBUMCS MEePMOOUHAMUMECKU HEBbIZOOHbIM,

ws (T, P, H)> p, (T, P), u ceepxnpogodumocme paspyuiaemcs.
B Toukax ¢asoBoro nepexoia

Vi
=~ (T, P). 278)

s

[Mpoxudxbepenunpyem 310 paBeHcTBO no T BAOJb KPHBOH ¢asoBoro
nepexofa H, == H, (T) (npeHe6peras onsith cna6oil 3aBHCHMOCTBIO Vg
or T). IMonyunm

s _ & _ VsHe (o
3-8, =Tt (). (27.9)

AnanornyHo, JudxpepeHuMpys cooTHoweHHe (27.8) mo JAaBJeHHIO,
HaliieM

Vo= Dt () (27.10)

Dopmyasl (27.9) 1 (27.10) nokasbBaIOT, YTO €C/IU NEPEXOR U3 HOp-
MaJIbHOTO B CBEPXNpPOBOAsillee COCTOSIHHE MPOHCXOAMT B MAarHHTHOM
noae (mpu T << Ty (0)), TO OH CONPOBOXK/AAETCH CKAYKOOGDPA3HEIM
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H3MEHEHHEM SHTPONHUHU H 06beMa, T. e. BJsIeTCsl pasoBbIM MePeX0/ioM Iep-
BOro pona. YMHOXasi 06e yacTH (opMyJibl (27.9) Ha T, HAXOAUM B 5TOM
clryyae BbIpaXKeHHe IJISl MOJISIPHOH TEIJIOTHI Iepexona

P & VsHT (0H
A=T (8=8n) = L () . @7.11)

Tak kak Hy (T) ecTb MOHOTOHHO yGbiBawmiasi GyHKuHS, To A << 0.
ChenoBare/ibHO, TENJIO NOIJIOUIAETCS NPH MEPEXONe H3 CBEPXIPOBOAS-
LIETO COCTOSIHHSI B HOPMaJIbHOE H BbIe/IsieTcsl IPH 06PaTHOM Nepexofe.

Yro Kacaercs 3HaKa pasHOCTH OGBEMOB, TO OH, KaK BHAHO M3 (op-
myabl (27.10), onpenensiercst suakoM (0H/@P)r, KOTOpbIi y PasHbIX
CBEPXNPOBOJAHHKOB MOXXET ObiTb, KaK IOKa3biBA€T OIBIT, H MOJOKHTENb-
HBIM H OTPHLATEJbHBIM,

Pasnenus nousenno (27.9) wa (27.10), nosyunm

—3, _0(H, P) 9T, P) _ @_)
—Vu 0T, P) 0(H,T) \IT/H'

3

Vs
T. e. ypaBHenwe Knaneiipona — Knaysuyca ais nepexoza us s-co-
CTOsIHHSA B n-cocTosinne (nmpu H =0, T < T,

i W
(ar>ﬂn TWe—Vn (27.12)

Ecnn nepexol M3 s-COCTOSIHHSI B M-COCTOsIHHe (MM HaoGOpOT) Co-
pepwaercst npp H =0, 10 T =T, (0) u H, = 0. B stom cayyae
CKauKH SHTPONHH H OGbeMa PaBHbI HYJIO, H NpaBasl YacTb yPaBHEHHS
(27.12) oxasbiBaeTcsi HeonpefeneHHocTbio THna 0/0. Tlepexox B 3ToM
cnyyae siBjsieTcsi ()a3oBbIM IEpeXOAOM BTOPOTO poia.

Haiinem cKaukH TenJIoeMKOCTH H CXKHMaeMOCTH B 3TOM cJayuyae.
Huddepenunpys cootHowenue (27.9) no T u ymuoxas na T nonyuen-
HOe paBeHCTBO, HafilleM (mpeHeGperas 3aBucuMocTbio V or T)

cr-cr=t{[85) - (5| 2 (), + 1] e

Mpu H=0,T = T, (0) u H, = 0 umeem orciona ¢popmyay Pyrrepca

Vit (o8

Cs~Cp= (27.14)

4n &61‘ P’
OTKyAa BHAHO, YTO TENJIOEMKOCTb B CBEPXNPOBOAAUIEM COCTOSIHHH

Gosibllle, YeM TENJNOEMKOCTb B HOPMAJbHOM COCTOSIHHH.
Huddepennupys coorHowenne (27.10) no naBieHuio, Haiifem

(%%)r - (%)r = ;7_"5 [H" (a—;”ﬁ})f-‘_ <%[:’_K>2’I @r.19)
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(Mbl He auddepennnpyem Vs B npapoif yacth (27.10), Tak Kak 310 Aaet
JIMIIb MaJsibie nonpaBKH K (27.15)). B uacrHoctH, npu H, = 0

oV _(30a\ _ _ Vafanpe

()~ (58 )= - =5 (27.16)
OTKyAa BHIHO, YTO CXKHMAaeMoCTb B HOPMAJIbHOM COCTOSIHHH MeHbllle,
yeM B CBEPXIIPOBOASIIEM.

§ 28, MuoroxomnoHenTHble cucteMbl. [lpaBuio a3

Jlo cux mop Mbl paccMaTpHBaJH TePMOJAHHAMHYECKOe paBHOBeCHe
B CHCTeMaX (H3HYECKH HEOJHOPOAHBIX (COCTOSUIMX M3 HECKO/IBbKHX
¢as), HO O/IHOPOAHBIX B XHMHYECKOM CTHOLleHHH. Byaem Temepnb pac-
CMaTpUBaTh CHCTEMB! CJOXHOIO XHMHYECKOrO COCTaBa, COCTOSILHE H3
HECKO/IbKHX KOMIIOHEHTOB. Bydem Ha3b18amb KOMNOHEHMAMU XUMUHECKU
PaSAUtHbIE HACMU CUCMEMb. NPU YCAOBUU, 4MO KOAUHECMEo Kasdo2o
KOMNOHENMQ He 3a6UCUIm Om Co0epicanus Opyeux Komnonenmos. TIpume-
POM IBYXKOMMOHEHTHOH (GHHAPHOM) CHCTEMB MOXKET CJIYXHTb PacTBOP
cosu B Boje. JTa CHCTeMa AIB/AsSETCs ABYXKOMIOHEHTHON H ofHOoda3HOH
(romoreHnHoii). Ecin ke pacTBop fB/SIeTCS HACBHILEHHBIM H W3 HEro
BbINAJH KPHUCTALIHKH COJIH, TO CHCTeMa GyleT (pM3HYECKH HEOAHOPOA-
HOM, cocTosiuielf U3 ABYX (a3, HO B XHMHYECKOM OTHOLIEHHH OHa OCTa-
HETCs 1By XKOMIOHeHTHO!. Bona (Geapaannuno XuiKasi, TBepias HiIH
rasoo6pasHas) ecTb OJHOKOMNOHEHTHasl CHCTeMa, TaK KaK, HEeCMOTps
Ha TO, YTO OHA COCTOMT H3 BOJOPOAA H KHCJIOPOJA, HO KOMHYECTBA STHX
COCTaBHBIX YacTefi HaXONATCA B CTPOTO ONpee]eHHOH 3aBHCHMOCTH
Apyr or apyra. Ecau Boaa moiBepraercs 3/eKTPOJIH3Y, TO TaKas CH-
creMa GyfeT yxke GHHApHOH, TaK Kak KPOMe KOJIMYECTBA BOABI MOXHO
He3aBHCHMO 3ajaTh KOJIHYECTBO BOAOPOAA (WJH KHCJIOPOAa).

O6061as BbIBOAbI § 23, HETPYAHO NOJYUYHTE YPaBHEHNSI PaBHOBECHS
B CHCTeMe, COCTOSIeH H3 7 KOMNOHEHTOB H r ¢a3. (Mbl Gyniem HrHOpH-
poBath B 3TOM naparpade noBepxHocTHble 3heKTH, CBA3aHHbIE C Cylie-
CTBOBaHHEM IOBEPXHOCTHOI SHEPrHH 0(0.)

YC/I0BHe MeXaHHYeCKOro paBHOBECHS (HEMOABHXKHOCTb TI'PAaHHIL
mex2ly asamu) TpeGyeT paBeHCTBa AaB/eHHil BO Bcex (dasax, Tak 4to
MBI MOXKEM ONHCHIBATh COCTOSTHHE CHCTEMBI OJHHM JaBJieHHeM P. Ycnosue
TEePMHYECKOr0 PaBHOBECHS (OTCYTCTBHE MOTOKOB TemJsa) TpeGyeT pa-
BEHCTBa TeMNepaTyp Bo Beex (a3ax, Tak YTO CHCTeMa XapaKTepusyercst
onHoli Temreparypoit T.

YCTaHOBUM Tenepb yC/IOBHsI XHMWYECKOro paBHOBecHs (OTCYTCTBHE
nepexofoB YacTHIL U3 OAHOI ¢a3bl B Apyryio). B § 23, paccmarpusas
O/IHOKOMMOHEHTHYIO CHCTEMY, Mbl HALIM B KayeCTBe YCJIOBHA XHMHYe-
CKOro paBHOBECHS ypaBHeHHe

By =R, (28.1)

rie p; = 00/ON; — xumudeckuii noreHuuan i-i ¢asn. B ciyuae
MHOTOKOMNIOHEHTHOH ~ CHCTeMbl TepMOJMHaMu4eckuil morTeHunan @
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3aBHCHT KpPOMe JaBJIEHHs H TeMIepaTypbl OT YHc/Aa MoJjiell KaXKaoro
KOMIIOHEHTa B KaxK1oH (a3e M MBI MOXKEM BBECTH nr XHMHUYECKHX TOTeH-
unanos pf” = 60/9N®, rze N® — uncno monelt i-ro koMmoHenTa
B k-i ¢ase.

OG6o6mas ypasrenue (28.1), Mbl MOMY4HM B KauecTBe ypaBHEHHH
XHMHYECKOTO PAaBHOBECHS COOTHOIEHHS

wO = = =p0,
W T (282)
Y =p = =pD,

Beero n (r — 1) ypaBuennit. CootHouwenHs (28.2) MOTyT 6HITb HCMOJIb-
30BaHbl /ISl pelleHHsl KOHKPETHHIX 3a/lay TOMLKO B TOM CJydae, eciiu
H3BECTHbI XMMHUYECKHe TOTEHIHaJbl BCeX KOMIOHEHTOB BO BCeX (hasax
cuctembr. ONHAKO, Jaxe He 3Hast KOHKPETHOTO BHIa BCeX ({7, Mbl MOXeM
YCTaHOBUTb BaXKHYI0 3aKOHOMEPHOCTb (Da30BBIX PaBHOBECHI, HOCSILLYIO
Ha3BaHHe mpaBHJsa a3 I'nG6ea.

CocrosiHHe paccMaTpHBaeMoli CHCTEMBI MPH 3aJaHHBIX Maccax BCex
(a3 XapakTepusyercss 3HaYeHHMSIMH HHTEHCHBHbIX mnapamerpoB T, P
H KOHIEHTpaIui

(k)

k) =t
i

e
Y
i§l !

i{-ro KOMIIOHeHTa B k-it (pase. 3aMeTHM, UTO x{¥ He HeaaBHCHMEI, TaK Kak

AN Kaxaol a3kl MMeeT MecTO COOTHOIeHHe

n
> x=1. (28.3)
=1

Taknm 06pa3oM, YHCJIO He3aBHCHMBIX KOHIEHTpalHi B Kaxao# ¢ase
paBHO (n — 1), [TosiHoe yHCJIO MAapaMeTpPoB, XapaKTePH3YIOWHX COCTOSI-
HHe chcTemsl (Bkmoyas T u P), paBHo 2 4 (n — 1) r. Tak kak B cocTosi-
HHH TepMOJHHAMHYECKOrO0 DPaBHOBECHSI 3TH MapaMeTpbl MOAYHHEHbI
n (r — 1) ypaBuenusm (28.2), To uHC/IO CBOGOAHLIX MapameTpoB N,
KOTOpPHE MOXXHO H3MeHSITb, He Hapylias paBHOBECHS (4HCJIO TEPMOJNH-
HaMHYecKHX creneHeii cBoGoab), paBHo 2 + (n — l)r — n (r — 1), 1. e.

N=2+4n—r. (28.4)

Tak kak nmo camomy cBoeMy cMmbicly N HeorpuuatenbHo (N = 0), To
r<n-2. (28.5)

PasencrBa (28.4), (28.5) n gaior popmyaupoBKy npasusa ¢as ['ubbea.
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B ciiyuae OfHOKOMIIOHEHTHOH cHCTeMbl n = | monyyaem
N=3—r, r<<3.
B cayuae r = 1 nonyuum N = 2 ¥ CBOGOJHO MEHSIOIMMHCSA napa-

metpamu siBasiioress T, P (puc. 40). B ciyyae r = 2 Mbl Haxopumcs
Ha KpHBO# paBHOBecHs IBYX ¢a3 u N =

= 1 — 5TC 3HAUHT, YTO H3 mepemeHusix T 7

H P Tonbko ofHa MOXKeT ObIThb 3ajaHa SSa
NPOH3BONBHO. JIeiCTBUTENbHO, Ha KPHBOH lt_\\ + K
¢dasoBoro rmepexona Temmeparypa mepe- { N\,

X0fla eCTb (PYHKIHS JaBJIEHHS! H HA06OPOT. 7

]
Hanpumep, ecnti peub HieT o paBHOBecHH A “
rasa M XHJAKOCTH, TO TeMIepaTypa Hachl- AN +
IEHHOTO Mapa ecTb (YHKUMS JaBJIeHHs:
Py = [y (T), ecat peub ieT 0 paBHOBe-
CHH XKMAKOH M TBeploH ¢das, To Temnepa- 0 T
Typa IJaBJeHHs! eCTb GyHKUHS JaBJieHHUs: Puc. 40,
Toa="1 (P).

Haxonen, ecaur = 3, To N = 0, 1 Mbl HaXOAMMCSl B TPOHHON TOuKe
C ompeleseHHHIMH 3HAaueHHsiMH OGoMX mnapamerpoB Py, T,, Koropbie
onpejleIioTCsl YPaBHEHH IMH

Po=f(To),  To=fa(Po). (28.6)

OueBu/HO, 3HaueHHs 7 = 4 BO3MOXKHBI B MIPHHIHMIE (HanpHMep, PaBHO-
BeCHe KHIKOH, rasoo6pasHoii M JABYX TBepAbiX ¢a3), HO 3ampelleHbl
npasu/ioM a3 ['n66ea.

TMpounmoctprpyem npasuio ¢as I'n66ca eme Ha mpuMepe GHHap-
HOJ} CHCTeMBI — pacTBOp conH B Boje. Mmeem npu n = 2

N=4—r, r=<4. (28.7)

Tycrb r = 1 (HanpuMep, XuAKkHii pactsop), Torna N = 3, U Mbl
MOXKEM He3aBHCHMO MEHsITb (He Iepecekasl KPHBBIX PaBHOBECHS ABYX
¢as) Bce Tpu napamerpa T, P u x (KOHLeEHTpauHs pacTBopa).

IMyctb r = 2, HampyMep, B PaBHOBECHH HAaXOAATCS: a) map M pact-
Bop, 6) pacTBOp M KPHCTa/Jbl JbJa, B) PacTBOP H KPHCTaM/bl COMH
# T. 1. B stoM cayyae N = 2 ¥ B cayuae a), Hanpumep, Mbl MOXeM
3aflaTh He3aBHCHMO TeMnepaTypy T M KOHUEHTpAUHIO X, JaBJeHHe XKe
HachllleHHOro napa ectb ¢yHkuua oT T u x (3akoH Payas), Py, =
= f, (T, x). B cayuae 6) Mbl MOXKeM 3ajaTh He3aBHCHMO JaBJleHHE H
KOHLIEHTPALHIO, TEMIIEPATYpa Ke IJ1aB/eHHs ecTb QYHKUHS OT AaBJle-
Husl ¥ KoHueHTpaunu T, = f, (P, x). B ciyyae B) MOXKHO 3a1aThb He3a-
BHCHMO [aBJeHHe H TeMIepaTypy, KOHUEHTPalHsi Ke HAachIEHHOro
pacTBOpa ecTb (QyHKUHMs TEMNepPaTypbl H JABAEHHS Xy .= fg (P, T).

yCcTb = 3, HanmpHMep, B PaBHOBECHH HaXONATCH a) map, pacTBop
W KPHCTaJbl COMH, WAH G) pacTBOP, KPHCTA/LIBI JbJa H KPHCTa/lbl
COMH, WIH B) map, PacTBOp H KPHCTaMabl Jbja H T. A. Torza nmeem
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N = 1. Hanpumep, B ciyyae a) Mbl MOXeM 3ajiaTh NMPOH3BOJIBLHO TeM-
neparypy, a AaB/leHHe HACHIIIEHHOIO Mapa W KOHLEHTPAL(Hs HaCHIeH-
HOTO PacTBOPA ONPEeNsIOTC H3 ypaBHEHHH

Pna:=f1 (T, xuac), xua:=fa (Pnacy T)

B npHumepe 6) Mbl MOXKEM 3aJaTh JaB/eHHe, a TeMnepaTtypa nJjaBJeHHs
U KOHUEHTPALUs HaCbILleHHOrO0 pAacTBOpa ONPEACNATCS YpPaBHEHHSIMH

Toa= f2 (P, xmc),
Xuae = fs (P: Tml)'
B TIpHMepe B) MOXHO 3aJiaTh NMPOH3BOJbHO KOHIEHTPALHIO, a JaB/leHHe
HacCblleHHOro napa W TeMIepaTypa INJIaB/JEHHS ONpPefeJsiTCsl ypaBHe-
HUAMH
Pype= fl (T,,,,, x)v Tw= fz (Puac, X).

Ilycts, Hakowew, r = 4 (HanpuMep, B DaBHOBECHM HAXONSATCS map,
pacTBOp, KpPHCTaIbl COMH H abAa). Torna N = 0, u Takoe paBHOBecHe
BO3MOXKHO TOJIbKO NpPH (HKCHPOBAaHHBIX 3HaYeHHSIX BCeX MapaMeTpoB
Py, Ty, Xy, KOTOpHIE ONpENE/SIOTCH yPaBHERHSIMH

Po=F1(To, %), To=fs(Po, %), %o="[3(Po, To).

OueBHAHO, COCTOSIHHE PAaBHOBECHS NATH (a3, BO3MOXKHOE B MPHHIUME
(HanpuMep, paBHOBECHS Napa, pacTBOpa, KPHCTaMJIOB COJH H ABYX
KPHCTa/NIHYeCKHX MoAM(HKauuil Jibja), 3ampeiieHo NpaBH/IoM (as.

§ 29. Xumuueckoe p He B OJIHOP CHCTeMe.
3akoH neACTBYIOIMX MacC

ITycTb B OAHOPOAHO! TEPMOAHHAMHYECKON CHCTEMe NMPOTeKaeT XHMH-
yecKasi peaklHsi, KOTOPYIO Mbl 3allMIleM B BHIe

; ’V,'Ai=0, (291)

rie A; — XHMHYeCKHe CHMBOJIbI BEUIECTB, y4acTBYIOLIHX B PeaKUHH,
a v; — CTeXHOMeTpHYeCKHe KO(ODHIHEHTH, YKa3blBAIOMKE, CKOILKO
MOJIeKysl i-TO BeliecTBa BosHHKaer (v; > 0) uin ucuesaer (v; <0)
B pesyJbTaTe OHOrO aKTta peakuud. Hanpumep, Ans peakuuu oGpaso-
BaHHSl aMMHaKa

2NH3;—3H, — N, =0
nMeeM

Vi=VNH, =2, Vy=vVy,=—3, V3=

Hapsiny ¢ «npsiMofi» XxHMHYecKoll peaKuhed B CHCTeMe BCerja npo-
TeKaeT U o0paTHas peakuHs. [Toka He JOCTHTHYTO COCTOsIHHE paBHOBe-
CHsl, O/iHA M3 3THX peakliuii npeol.iajaer Haj Apyroi. B cocroanuu rep-
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MOJMHaMHYECKOr0 PaBHOBECHs IIpsiMasi U o6paTHas peakUHH ypaBHOBe-
LIMBAOT APYT APYra H KOHUEHTPALMH HCXOAHBIX M KOHEYHBIX NMPOAYK-
TOB PEAaKLHH CTAHOBATCH MOCTOSIHHBLIMH.

IlycTb peakuHsi MPOTEKAeT NMPH MOCTOSIHHBEIX JaBJEHHH U TeMIepa-
type.Torza paBHoBeCHe HACTYNaeT [IPH MHHHMYMe TePMOAMHAMHYECKOTO
noTeHUHaNa:

dD=—8dT+V dP+ > i dn;=0,

H B cuay ycnosuss T = const, P = const momyuum

3w dny =0. (29.2)
i

Ho dn; = vi2/N4, rie z — uucio akToB peakuuu, a N — uncio
Asoraapo. Orciofa HaXOAMM YCJOBHE XHMHUECKOrO PaBHOBECHS

> vipi =0, (29.3)
i

KOTOpOe To/y4aeTcss U3 ypaBHeHHs peakuuu (29.1) sameHol Xumuue-
CKHX CHMBOJIOB A; COOTBETCTBYIOLMMH XHMHUYECKHMH MOTEHIHANAMH ;.
Ecin B cHcTeMe TpoOTeKaeT HeCKOJIbKO XMMHYECKHX peakuui, To pas-
HOBecHe ompefnessieTcss psifioM ypaBHeHH# Bufa (29.3). Jlas pemenus
KOHKDETHBbIX 3aJlay C NOMOILbIO ypaBHeHHs (29.3) Halo 3HATb BhHIpaxe-
HHe /151 XHMHYECKHX TIOTEHIHAJIOB BCeX BEleCTB, BXOAAIIHX B CHCTEMY.

PaccMOTpHM yC/IOBHSI XHMHUECKOTO PaBHOBECHS B CMECH COBepIieH-
HbIX ra3oB. XHMHYeCKHe MOTEHLHAJB! /s CMEeCH COBEPUICHHHIX a3oB
MOryT ObITb J1€rKO HaiifleHbl TpH MOMOWIH COOTHOLIEHHH

O=U—-TS+PV,
U=Z_‘,fli CviT +q1),

.4
8= 3 n[CpiInT—RInP;+ 8y, @4
i

PV =YnRT,

rie P, — mapuuanbhoe jaBiehue i-ro rasa: P;=PnjY n;=Px;
i

X; — KOHLEHTpalus {-r0 Trasa, ¢;— BHYTPEHHAS 3Heprus MoJas
rasza npu T = 0 (XxuMHUeckasi SHeprus, BK/IOYAIOLAs SHEPTHIO CBA3H
MOJIEKYJT H aTOMOB rasa), Sy; — mocTosiHHast sHTponHH. Otciofa Ha-
XOAUM

p;=z—2 = CyT +qi—CpiT 10T +RT In P, SoT +RT =
=RTInPi+x(T),  (29.5
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TZie BeJHYHHY
¥i(T)=qi+CpT (1—=InT)+SuT (29.6)

Mbl Gy/leM Ha3blBaTh XUmudeckoti Koncmanmot i-eo eaza. IlopcraBnss
(29.5) B ypaBHeHHue (29.3), mosyyHM

S vi[RT In (1) +4:(T)] =0,

OTKy Ja
v (1)
zl‘viln Xi= —ZV;]]’IP-—-‘——R-T—
"
T si=K P, T), (29.7)
i
rae senuunHa K (P, T) — nocmosnnaa peaxyuu, ompenensercs ¢op-
MyJI0#
v
—3v 4
K(P,T)=P i e RT (29.8)

M 3aBHCHT OT JaBJleHHs, TeMmmepaType M peakiuu. dopmyna (29.7)
BBIpaXKaeT 3aKOH JefCTBYIOWMX Macc. JleBas uacTb 3TOH (OpPMy.Jibl
(aKkTHYeCKH NpeAcTaB/aseT coboif Apobb, B YHC/HTE/Ne KOTOPOH CTOAT
KOHIIeHTPAllMH BO3HMKAIOWKX, a B 3HaMeHaTe/le — HCUe3AIOUHX Be-
wectB. [TosTomy uem Goave nocmosannas peakyus K (P, T), mem 60aviue
PasHoBecue CMeero 8 CITOPOHY KOHeHHbIX NPoOYyKmos peakyuu u Haobo-
pom. B CBS3H C 3THM CyLIeCTBEHHO 3HaTh, Kak 3aBucHT K (P, T) or
JlaB/IeHHs. M TeMrepaTypel. UTo KacaeTcsi 3aBUCHMOCTH OT JaBJEHHS,
-2V
TO OHa onpefe/sieTcs MHOXKHTeNeM P ¢ | W B 3aBHCHMOCTH OT BeJH-
YHHBI ) V; MOXHO BBUIEIHTH TPH CJyuas:
i

1) Zv,>0. B pesyJibTaTe peaKUHH YHCIO MOJEKYJ (a cJaeloBa-
i

TeJIbHO, H 06beM 1'333) BO3pacraer. B stom cayvae yBeJHUeHHe 1aB/eHHus
NPHUBOAHT K YMEHBbIUEHHIO NOCTOAHHOM peakuuu H, CJEA0BAaTENbHO,
K YMEHbILUEHHIO BbIXOJA KOHEYHbIX MPOAYKTOB PEaKIHH.

2) Z v; << 0. Yucno MonteKyn (M 06beM rasa) yMeHblIaeTcs B Xofie

7
peakuyH. B 5ToM cayyae ¢ yBeTHUEHHEM JaB/eHHs IOCTOSIHHASA peaKuus
U BbIXOJ, KOHEUHBIX NpPOAYKTOB BO3PACTaioT.

3) >} vi=0. Uncsio Mosekys (4 o6beM rasa) He MEHsIOTCA B XOfe

i
peakuuu. B stom c/ly4yae MOCTOsSIHHas peakuHH H BbIXOA KOHEYHbIX
NPOAYKTOB HE 3aBHCAT OT AaBJEHHA.
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Jlnst Toro uToGbl BHSICHHTL Xapakrep 3aBHcHMocth K (P, T) oT Tem-
nepatypel, npoaudpepennupyem no 7' JorapHpM NOCTOSHHOH peaKiHH:
) Sivilni () —Txi (7))

7
FInK(P, T = —Fm—.
Toncrapnsisi anavenue x; (T) u3 opmyas (29.6) u nonbaysch opmy-
qaoi pV = RT, Haxoaum
) Svi(CviT+a)+ X vRT
snK(P, T)=- — =
;"1 (CviT+a)+P vy
- i
- RT? ’
rae V — o6beM ofHoro Moas rasa. HerpyaHo BHAeTh, uTO mnepBoe
cJlaraeMoe B UYMCJHTeJe NpaBoil YaCTH eCTb H3MEHeHHe BHYTPEHHeH
SHEPrHH CMECH Ta3oB, a BTOpoe CJaraemoe — pa6ora, coBepllaeMast

NpH peakLHH, PaCCYHTaHHbIE HA OAHH MOJb KaXJOTO H3 pearHpylouux
Bemects. ITostomy
Q

S nK(P, =%,

(29.9)

rae Q — TenJo, BBUIE/SIOUIEECS HJH MOIVIOUIAEMOE B XONE peaKlHH,
B pacyeTe Ha ONMH MOJIb KaXJOTO M3 peardpyloUHX Trasos.
Orciona umeem npu Q > 0 (snzoTepMHUYECKasl peakiisi)

2K (P, T)]>0.

C pocToM TeMneparypsbl [OCTOSIHHASL PeaKIUHH H, CJIeloBaTebHO, BHIXOM
KOHeUHbIX NPOAYKTOB PeaKLHH BO3PacTaior,
HaoGopor, npu Q << 0 (sK30TepMHyecKasi peakuHs) HMeeM

2 UK (P, T) <.

TMoctosinnas peakuuH H BBIXOJ KOHEYHBIX MPOAYKTOB yMEHBLUAIOTCS
¢ POCTOM TemnepaTyphbl.



YACTH II

CTATUCTUYECKASl ®HU3HUKA
W JIEMEHTbl KHHETHKH

TJABA III

CTATUCTUYECKHE PACNPEJEJIEHHUA
AJIl UAEAJIbHBIX T'A30B

§ 30. CraTucruyeckne 3akoHoMepHocTH. Pacnpenenenus, saunGonee
BEPOAITHOE pacnpeneeHue

Kak yxe ynomHHasoch Bo «BBefieHHH», OCHOBHast 3ajlaya CTaTHCTH-
yeckofi (U3HKH MOXeT ObITb CHOPMYJNHPOBAHA CJIEAYIOUHM OOpasoM:
3HAS BAKOHbI, Ynpasisoujue OBUNCEHUEM OMOEAbHbIX 4ACMUY CUCMEMbL,
YCmaHosumb 3aKOHbL nosedenus maxpockonudeckux macc eeugecmsa. Tlo-
9TOMY CTaTHCTHYecKasi (H3HKa NpejcTaBisier coboi TeopeTHUeCKoe
060CHOBaHHe 3aKOHOB TePMOJIMHAMHMKH C TOYKH 3PEHHSl aTOMHO-MoJe-
KYJAsipHBIX TIpefcTaBaeHHii. OfHAKO coflepIKaHHe CTAaTHCTHUeCKOH ¢H-
3HKH He HCYepIbBaeTcs 3THM. TepMOJHHAMHYECKHe MEeTOAbl He MO3BO-
JSIOT YCTAHOBHTb BHJ yPaBHEHHS COCTOSIHHSI T€PMOJAHHAMHYECKOH CH-
CTEeMBI, XOTSl 3HaHHE YPaBHEHHS COCTOSIHHSI HEOGXONMMO Jas TOro,
4TOGbl HANOJHHTb YPaBHEHHS TEPMOJMHAMMKH KOHKDETHBIM (pH3Hue-
CKHM COIep:KaHHeM (WIS HaXOXJIeHHs JI060H TepMOAHHAMHYECKOH
(YHKUHH: BHYTPEHHSISI SHEPrHs, SHTPONHS, TEPMOJMHAMHYECKHH mo-
TeHUHMaJ H T. Ji., Hajlo 3HaTb ypaBHeHHe COCTOSAHHA). B npoTuBononox-
HOCTb TepPMOJHHAMHKe CTaTHCTHYECKHH METO] MO3BOJISeT B NpPHHUHMIE
HalTH ypaBHEHHe COCTOSIHHSA JiOGOH TEPMOJMHAMHYECKOH CHCTEMbl
(XoTs M3-3a TPYIAHOCTeH, IMaBHBIM 00pPasoM MaTeMaTHYECKOTo Xapak-
Tepa, 3Ta 3ajaya A PANA PeanbHbIX CHCTEM: XKHIKOCTH, peasbHble
raspl ¥ T. J., 0 CHX TIOp HE paspellieHa).

HaxkoHen, craTHcTHYecKasi ()M3HKa MpeJCKas3blBaeT HapyLlIeHHA
3aKOHOB TEPMOJAHHAMHKH ((QVIYKTyalHH), C HEOGXOIMMOCTBIO CyIIeCcT-
ByIOLLHE B MaKPOCKOMHYECKHX CHCTeMaX, H TeM CaMbIM yCTaHaBJIHBaeT
rpaHHibl MPHMEHHMOCTH TepMOAHHAMHKH.

Jist Toro ytoGbl MOHATbL CYLLECTBO CTATHCTHYECKHX METOJOB, pac-
CMOTPHM B KauecTBe IpOCTeiilllero npHMepa ras, COCTOSIIMI H3 BecbMa
6onbLoro yHcaa N MosieKyJs1. Mbl co3HatesbHo Gy/ieM B 3TOM H cJIelyio-
uieM naparpade nosb3oBaThCs IJI ONMHMCAHHA COCTOSIHMS rasa KJsac-
cHyeckol MexaHHKo# HpioToHa M TonbKO B JajbHelileM nepeiijiem
K 3J€eMeHTaM KBAaHTOBOMeXaHHuecKoro onucanus. Llemb, koTopyio Mbl
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9THM NpecielyeM, CTaHeT GoJee sicHOH B JaJjbHelieM (cM. § 41): mul
XOTHM NOKa3aTh, YTO MHOTHE HJleH BOJIHOBOH MeXaHHKH HMeIOT Iy6oKHe
KOPHH ellle B KJ/aCCHYECKOH CTaTHCTHYecKO# (H3MKe M, B 4acCTHOCTH,
KBaHTOBOMEXaHHYeCKasi MoCTosiHHass h (mocrosiHHasi Ilianka) morsia
nosiBUTbLCS B Qu3uKe eute 1o pabor [lnanka u iiHwTeliHa B pe3yJbraTe
pa3paGoTKH amnmnapara CTaTHCTHYECKOTO ONMMCAHHS HJAEAJbHBIX T'a30B.

Ecan npeHeGpeub BHYTpPeHHel CTPYKTYpo#l Mo/ieKyJs, TO ra3 npej-
craB/aser coGoii cucreMy N wacTuu, ABWXKYIIMXCS N0 3aKOHaM Mexa-
uukn Heiotona. He npejcraeisier Tpyna 3amucath ypaBHeHHe JBHXe-
HHS AN Kaxaol u3 N MoJekyJ

my 40— 2 Fu (30.1)
itk

(3necb ©; — CKOpOCTb. i-#f MOJeKyJbl, a Fi, — cusa B3aMMOAEHCTBHS
i-#i M k-ii Monekyu).

J1151 TOro YTOGE IPOHHTETPHPOBAThL 3TY CHCTEMY, HaJlo, BO-NEPBbIX,
3HATh CHJy B3aMMOJCHCTBHS MeX]Y MOJIEKY/aMH HJIH NOTEeHIHas B3aH-
MogeficTBHSl KaK (QYHKIUHMIO PAacCTOSTHHSI MeXy HHMH (3ajjauya, JajleKo
He TOJIHOCTBIO pellleHHas B aTOMHOH (pH3HKe) H, BO-BTOPBHIX, HMETb
6N HauanbHBIX ycJIOBHI (HayaJbHble KOOPAMHATHI Xi, Yi, 2; H MPOEKIUH
HayaJbHOH CKOPOCTH Ui, Uyi, U, AN KaxJoH Mouekyuawl). Onnako
Jlaxke B TOM (3aBelOMO HepeasbHOM) cJydae, ecJH Obl Mbl OGiafanu
9TOH HcXoAHOH HHbopMauHeli, HHTerpHpoBanye cHcTeMsl (30.1) W OTHI-
CKaHHe TPaeKTOPHH H 3aKOHA JBHXKEHHs /IS KaXKAOH MOJIEKYJbl OKa-
3a/10ch bl IPAKTHYECKH HEBBINOJHHMBIM JieIoM BBHJlYy OTPOMHOTO YHCJIA
YpaBHeHHH (HaNOMHHM, YTO NPH HOPMAJIbHBIX YCJOBHSX B 1 cu® rasa
naxogurest 2,7-101° Moseky.1). 3aMeTHM, OHAKO, UTO MPOLEAYPa HHTEr-
pupoBaHus cHcrembl (30.1), naxke ecan Gbl OHa M OblIa BO3MOXHOM,
OKasaJjiach Obl HampacHoli TpaToii BpeMeHH, TaK KaK 3HaHHe TPaeKTo-
PHl M 3aKOHa JBHXKEHHs OTJEJNbHBIX MOJIEKYJ] He JaeT HaM HHKaKoi
MHbOpMallMH OTHOCHTENbHO CBONCTB rasa B UeJOM. 3Jech, OAHAKO,
BbICTyNaeT Ha ClleHy HOBOe OGCTOSITeJbCTBO: B CHCTeMe, cocTosiefi
U3 GOJIBLIOrO YHCJ/IA YaCTHIL, BO3HHKAIOT HOBBIE, YHCTO CTAaTHCTHYECKHE,
BEPOSITHOCTHbIE 3aKOHOMEPHOCTH, KOTOPbIX He GBIJIO B CHCTEME C MaJIbiM
YHMCJIOM YaCTHLL.

Ins toro uyroGbl MOHSTb CYIHOCTb STHX 3aKOHOMEPHOCTeH, pac-
CMOTPHM CJIEAYIOULYIO HJleaNH3HPOBAHHYIO CHTYALMIO: NOMYCTHM, YTO
Mbl MOXKEM OYeHb OLICTPO H OYeHb TOYHO H3MEPHTb SHEPTHI0 KaXKAOH
U3 N MoneKyn rasa. Pesy/bTaThi TAKOTO H3MepeHHs: Mbl GyzieM H306pa-
aTb ¢ MOMOLbIO IpaduKa, H306paxkeHHOro Ha puc. 41 (rucrorpamma
SHEPTHH), KOTOpBI CTPOHTCS CieaykouM o6pasoM. Ocb abeuuce (Ha
KOTOpO#l OTK/aibiBaeTCs 3HEprusi) pasGHBaeTCi Ha paBHOBENHKHE
OTPE3KH JAJIMHOM €). BbiGop BeMUMHbI €y B IIHPOKUX Npefeax NPOH3BO-
JIeH U IMKTYeTCs JIHLb COOGPaXKeHUsIMH yA06CTBa (MBI VBHAMM B JaJib-
HelileM, uTo yn06HO BbIGpaTh €, JOCTaTOYHO MaJsbiM, TaK YTOOBI BCe
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9HepTHH B HHTepBaje (leg, (I + 1) &) MOXHO OBLIO CYUMTATbH MOYTH
OJMHAKOBbIMH H DaBHBHIMH &; = lg,).

lanee, Mbl HAaXOJMM OTHOCHTENBHOE YHCJO MOJEKYJ, HMEIOUHX
sHepruu B HHTepBase (ley, (I + 1) gy). OGosnauasi ero n (I), BEegem
onpeneseHne

n()=2LtED (30.2)

rie N (I, [+ 1) —uyHuCclO MOJEKYJ C SHEPIHSIMH B HHTEPECYIOLIEM
Hac MHTepBaJe, a N — IOJIHOE YHCJIO MOJIEKY.JI.

Qynkuuio n (I) Mbl GyleM Ha3bIBaThb PyHKyuei pacnpedeserus more-
KYya no sHepeusm WM LIS KPATKOCTH pacnpedeseHuem no HEPeUiM.
(k) OrkaanbiBas 3HaueHHst n (I)

Ha OCH OpAHMHAT, MOJYYHM

CHCTEMY MPSIMOYT'ONbHHKOB,

u3obpaxkeHHyl0 Ha pHc. 41.

Tlpu daxTHyeckoM mnocTpoe-

HHH THCTOI'DaMMBbl OKa3bl-

BaeTcsl YNOOHBIM, Hapsiy

¢ pas6GHeHHeM ocH abcuHce

Ha paBHOBEJIHKHE OTPEe3KH &,

(MO MpHYHHAM, KOTOpbIE BhI-

AcHATCs B § 32, Mbl GyjaeM

Ha3biBaTb HMX siYelKamH),
& BBOJIHTb TaKxXe pasGHeHHe

Ha Gosiee KpYNHble HEPaBHO-

BeJIHKHE OTPe3KH, KOTOpble

Puc. 4l. Mbl GyleM HasblBaTh SILIH-
KaMHu (cM. Takxke § 32). Ao
OOBACHAETCS TEM, YTO YHCJIO MOJIEKYJ C OYeHb MaJIbIMH SHEPTHAMH
¢ OyeHb GOJIBUINMH SHEPTHSMH OYeHb Majd M CHJbHO MEHSETCsl OT
OJIHOT'O SKCIIepHMeHTa K Apyromy. ITostomy yno6HO OGBeHHHTb B 5THX
006J1acTSIX HeCKOJbKO siueek (Hampumep, m) B GoJsiee KPYMHYIO elH-
HHIy — SIIUK. OTHOCHTENbHOE YHCJIO MOJIEKYJ C SHEPTHSIMH B HHTEp-
Bajle oT ley no (I + m) e, (me, — ANHHA sIUMKA) OKasbiBaeTcsi Gosee
YCTOHYHBBIM H Majlo MeHSeTCsi OT OJHOTO SKCIEpPHMEHTa K APYToMmy.
(st Toro yroGbl THCTOrPaMMa He MCKaXkana KapTHHY pacnpefiesieHus,
HaJlo, KOHEYHO, OTHOCHTE/NbHOE WYHCJO MOJIEKYJ C SHEpPrHSMH OT [,
no (I + m) e, pasuesuTb Ha m, T. €. OTHECTH K ONHOMH siyelike H pe-
3yJIbTaT OTKJA/bIBATh HA OCH OpAHHAT.)

TloBTOpsIs TaKOH SKCIEPHMEHT MHOTOKPaTHO (C OAHHM H TeM e
ra3soM B PaBHOBECHOM COCTOSIHHH H C TeMH e JaBJIeHHeM H TeMmepa-
TYypo#), Mbl GyleM MonyyaTb THCTOTPAaMMbl, JIHIIb HEMHOTO OTJIHYAIO-
lHecst APYr ot Apyra. Bce oHu GynyT GJH3KH K HEKOTOPOH yCpelHEH-
HOIi rHCTOrpamMMe, H GOJIbLiMe OTKJIOHEHHs OT Hee GyAyT BCTpEYaTbCs
Kpaiine peako. IlpHuMHa sToro 3akJioyaercst B cieaytoweM. C TOUKH

& 28 k€, (k+1) €,
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3peHHsl KJ/1aCCHYECKO! MeXaHHKH 3aJlaTh COCTOSIHHE rasa B HEKOTOpBIH
MOMEHT BpeMeHH — 3HA4HT yKa3aTb KOOPJMHAThI (X;, Ui, ;) H MPOEKLHH
CKOPOCTH (Uyi, Uyi, Uz;) BceX ero mosekya. Takoe BecbMa jeTajibHOe
ONHcaHHe Mbl GyleM Ha3biBaTb 3aJlaHHEM MHKPOCOCTOsiHHs rasa. Ka-
KJIOMY pacnpelleleHHI0 YacTHIL ra3a 0 3HePTHSIM COOTBETCTBYET GOJMb-
Ioe KOJHYECTBO MHKPOCOCTOSIHMH, Tak KaK npH (HKCHPOBAaHHOM
SHEPTHH YacTHLA MOXKeT MMEeTb Pa3/MyYHble KOODJAMHATH H Pa3/HuHblE
NPOEKLUHH CKOPOCTH, YJOB/IETBOPSIOIHE YCJIOBHIO

my (v}, 403, 402
'(x—gy—d)—-i-”(xz, Ui, z)=¢

(% (xi, yi, zi) — nOTeHUHaNbHAsi SHEPrHst MoJseKyawl). IlpH 3TOM
OJlHMM paclpe/ie/leHHsIM 1O SHEPTHsIM COOTBETCTBYIOT OOJIblIHe YHCJIa
MHKDOCOCTOSIHHH, ApyruM — MeHbluHe. CyllecTByeT Takoe pacnpejese-
HHe MOJIeKYJl IO 3HEeprHsiM, KOTOpOe peajH3yeTcsi MaKCHMaJbHBIM
YHC/IOM MHKDOCOCTOSIHHH, NMpHYeM L/Is MaKPOCKONHYECKHX Macc rasa
STOT MaKCHMyM OKa3blBaeTCsi Upe3BbIYaHHO OCTPbIM (NMOXPOGHO CM.
§ 46). D10 3HAUYMT, YTO TaKOe paclpejie/ieHHe, KOTOpoe Mbl GyleM Hasbl-
BaTb Haubo/ee 8epOSMHbLM, DealM3yeTcsi yallle BCETO H B COCTOSHHH
C TaKHM pacrpejieleHHeM ra3 HaXOAHUTCs NOJABJISIONLYIO JOJIO BPEMEHH.
B ujeaAn3HpOBaHHOM SKCIiePHMEHTe, KOTOPBIH Mbl OGCYXJAJH BBILle,
Mbl H M0J1y4aeM ¢ MOJAABJsOUIEeH BePOATHOCTbIO THCTOTPaMMBl, GJIH3KHe
K THCTOrpaMMe HanGojiee BEPOSITHOTO pacrpejesieHHs .

Bce BbilllecKa3aHHOE OTHOCHTCSI, KOHEYHO, He TOJBKO K pacrnpeje-
JIEHUIO YaCTHIL 11O SHEPTHsIM, HO H MO APYTHM (H3HYEeCKHM BeHYHHAM.
Mbl MOrsiu Gbl, HaNpHMep, H3YuHTb, KaK Paclpeie/sioTCsi MOJIEKYJIBl
rasa no KOOpJAMHAaTaM, IO HMIYJbCaM, [0 MOMEHTaM MMINYJ/bCa H T. X.

O6paTumMcst Tenepb K TePMOAMHAMHUECKOMY ONHCAHHIO COCTOSTHHS
rasa ¥ BCIOMHHM, 4TO B TePMOJAHHAMHKe PaBHOBECHOE COCTOSIHHe rasa
3ajaeTcsl C MOMOIIBIO TAKHX MaKPOCKONMHYECKHX MapaMeTPoB, KakK AaB-
JleHHe, Temneparypa H T. A. [TocMOTpHM, 4TO 3TO 3HAUHT C TOUKH 3PeHHS
CTaTUCTHYeCKOH ¢u3uku. JlaB/ieHue rasa, HampHuMep, Mbl ompejeJsieM
KaK CPeJHIOI CHJYy yAapoB MoJeKya 06 | ¢u® cTeHOK cocyla P = f/o
(smech u B nanbHeiileM CpejiHee 3HaUEHHe BeTHUHHBI Mbl GyJleM 0003Ha-
4aTh 4epPTOYKOH HaJl CHMBOJIOM BEJIHYHHBI).

Xopolo H3BeCcTHA d/1eMeHTapHasi GpopMyJa Ajsi CpelHell KHHeTHYe-
CKOH 3HeprHH NOCTYMAaTeNbHOTO JBHMKEHHS MOJIEKYJbl rasa

mo?
2

=2t (30.3)

3ra GopMysa nokaswiBaeT, uTo aGcomoTHas TeMnepatypa T ecTh Mepa
CpefHeH KHHETHYeCKOH SHEPrHH MOJIEKY/bl rasa. EcTecTBeHHO TaKke
OTOXJIECTBHTb TEPMOAHHAMHYECKYIO BHYTPEHHIO SHEPrHI0 CHCTeMbl U
CO Cpe/Hel 3Heprueil MoJIeKyJ1 (MM aTOMOB, HOHOB H T. [I.), COCTaBJSIO-
WX CHCTeMy.

5 0. B. Pymep, M. LI, Puexun
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W3 npuBeseHHBIX NpHMepOB BHIHO, YTO MaKPOCKOMMUeCKHe napa-
merpsl P, T, U u T. A. NpPeICTaB/AIOT cOGOH cpeflHHe 3HAUEHHS BeJIH-
YHH, OTHOCSIIMXCS K OTAEJbHBIM MoJjeKyJaM. ONHOH W3 BaKHeHIIMX
3ajla4 CTATHCTHYECKO!H (QU3HKH M SIBJSETCS OTBICKaHHe NMOJOGHBIX Cpell-
HHX 3HAYeHHH M COOTHOLIEHHH MeXAy HHMH.

3ajlafnuMcsl Tenepb BOMPOCOM, KaKoll HHQopManpell o MoJseKyaax
rasa Hajlo o6;1aaTh, 4TOGbl HAliTH, HaNpHMep, CPEIHIOI SHEPTHIO MoJe-
KyJabl. OueBHIHO, 5Ta MH(pOpPMalUHMs KaK pas M JO/MKHA 3aKJII04YaThCsl
B 3HAHHH paclpeleseHHs MOJIEKYJ 1O SHEPTHSIM.

[HefictBuTeNbHO, 8Hasi GpyHKUHIO n (), HaxoauM

- N, 141
3 Z—‘N*—“A=Zn(t)e, (30.4)

(MBI CYHTaeM, YTO SHEPTHS €, MaJla 10 CPAaBHEHHIO C &, TaK UTO H3MeHe-
HHe SHEPIHH Ha NPOTSKEHHH SiueHKH HeCYIeCTBEHHO). AHaJOTHYHBIM
06pa3oM MOXKHO HaiiTH CpefHHe 3HaueHHs JOObIX (YHKLHMI SHeprud,
a Takxe JIOGbIX (QYHKUMHA KOOPAMHAT M HMIYJBCOB, €C/JH H3BECTHBI
pacrpefiesieHHs] MOJIEKY/l 1O KOODAMHAaTaM HJAH HMIY/bCaM COOTBET-
CTBEHHO.

Hrak, MBI BUAHM, YTO IOMHMO ONIHCAHHS MAKPOCKONHYECKOH CHCTEMbI
MeTofaMH (peHOMEHO/IOTHYeCKO! TepMOAMHAMHKH BO3MOXKHO JpYToe
ONHCaHHe, OCHOBAHHOE Ha ATOMHO-MOJIEKY/ISIPHOH MOJe/NH M HCMOJb30-
BaHHH BEePOSITHOCTHBIX INpeACTaBJEHHH, — CTATHCTHYECKOE OIHCaHHe.
CBA3YIOIUM 3BeHOM MeXJy STHMH JBYMsI CIIOCOGaMH ONHCAHHS SBJ/ISETCS
OCHO8HOL (husudeckuil nocmyaam Ccmamucmudeckoli HusUKL, CO2AACHO
Komopomy mo pacnpedeierue, KOmMopoe OCYULCMBASLMCS HAUOOAbULUM
“UCIOM MuKpococmosnull (Hauboree seposmHoe pacnpedeisenue), coom-
semcmeyem 8 MmepMOOUHAMUHECKOLE MEPMUHONO2UL  PABHOBECHOMY  CO-
CMOARUI.

3aMeTHM yxe 3[leCh TO NPHHLUIHAJIBHOE Pa3jHuKe, KOTOpOe Cylie-
CTBYET Mex1y TepMOJAMHaMHueCKOH H CTaTHCTHYECKOH TPaKTOBKaMH
NOHSATHSI PaBHOBECHOTO COCTOSIHHSI. B ¢eHOMeHO/OrHUeCKOH TepMOAH-
HaMHKe MBI CYHTaeM, UTO CHCTEMa B OTCYTCTBHE BHEIIHHMX BO3JCHCTBHH
OCTaeTCsl B PABHOBECHOM COCTOSIHHH CKOJIb YTroAHO J0.iro. C TOUKH 3pe-
HHSI CTATHCTHUeCKOH (M3MKH CHCTeMa IIPOBOAMT B 3TOM COCTOSTHHH
JIMLIb TOJABJSIOILYIO J0JII0 BpeMeHH. B CBSI3H ¢ 5THM CTaTHCTHUeCKas
(H3KKa MpelcKasblBaeT HEOGXOAHMOCTb CYINECTBOBAHHS (JYKTyauuit
(nogpo6HO cM. Ti1. V), T.e. CaMONPOHM3BOJNBLHBIX H KpaHHE PeAKHX
(B MaKpOCKONHYeCKHX TelaX) OTKJIOHEHHI OT PABHOBECHOTO COCTOSIHHS,

TakuM o6pasoM, BaHefileil 3ajaueli CTaTHCTHYECKOH (H3HKH
sIB/sIeTCSl OThICKaHHe HaHGosiee BepOSTHBIX pacrnpelenenuii. [leneco-
06pasHo ellle pa3 NOAYEPKHYTb, YTO BHIBOJbI CTATHCTHYECKOH TepMOAH-
HaMHKH CNPaBelIMBb TOJBKO JJIsi CHCTEM C OYeHb GOJIBIIHM YHC/IOM
yacTHIl. YeM MeHbIIe YHC/IO YACTHLL B CHCTEMe, TeM yaille BCTPeyaloTcs
pacnpelieieHHs], 3aMETHO OTJIHYaloLLHecsi OT HanGo/ee BepOSATHOTO. 310
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3HAYHUT, YTO CHCTEMA C HeGOJMBbIIMM YMCJIOM YacTHI HaXOAHTCS B HaH-
Gonee BepoATHOM (PaBHOBECHOM) MaKDOCKOIIHYECKOM COCTOSIHHH H
B JPYTHX (HEPABHOBECHBIX) COCTOSIHHSIX CPAaBHHMBIE BPEMEHA H HCIIOJb-
30BaHHe Haubosee BepOSATHBLIX pacIpelle/leHHli CTAaHOBHTCS HEOIpaB-
JIaHHBIM.

TMosToMy cTaTHCTHYeCKasi TePMOAHHAMHKA SIBJSIETCS aCHMIITOTHYe-
CKOIi TeOpHeil, BHIBOJIbI KOTOPOI (32 HCKJIIOUEHHEM TeOPHH (IyKTyauuii)
TOYHO CIpaBeAnuBbl B npefene N — oo. B dopmysax craTHcTHYecKo#
TepMOJAHHAMHKH CJlellyeT NpeHeGperaTh 4JeHaMH, COJepKallkMH GoJee
BbICOKHE cTeneHH 1/N, coXpaHsisi TOJbKO c/laraemMble ¢ HaHHH3IIEH CTe-
nenbio 1/N. Ilepexons K 3ajaue oOThiCKaHHs HaHGOJee BEpOATHBIX
pacnpefieJieHH i, Mbl pacCMOTPHM B 3Toli IJIaBe HaHGOJIEe IPOCTYIO YaCTh
3TOH 3ajlauM — OTBICKAaHHe HaHGOJlee BEPOSITHBIX paclpeleseHHit AJs
KOJIJIEKTHBOB HEB3aHMOJEHCTBYIOMHMX YaCTHIl HJH HI€albHbIX Ta30B.

CratHcTHYeCKHe CBOHCTBA HJ€aJIbHBIX [a30B MOTYT GhITb H3YueHb!
C IIOMOLIbIO BeCcbMa O6LIEro H B TO JKe BPeMsl 0CTATOYHO IPOCTOrO Me-
TOA@ — METOAA fILHKOB H syeeK. HecMoTpsi Ha To, yTO Cayyail Hieasb-
HOTO rasa fiBJISieTCsl BeChbMa YaCTHBIM, OH OXBATbiBaeT GOJIbIIOE YHCJIO
KOHKDETHbIX (PM3HYECKHX 3ajlay, pellleHHe KOTOPHLIX MOXeT ObITb JOBe-
JIeHO 10 KOHIa.

§ 31. p-npocTpaHcTBO. SIWMKH M siYeHKH

JIns HaXOXK/IeHHs! CTATHCTHYECKHX PaCIIpe/iesieH it BeCbMa NOe3HBIM
SIBJISIETCS NOHSITHE (Pa30BOrO W-MPOCTPaHCTBA. B mpocTefiem ciyuae
O/IHOATOMHOTO HJ€a/IbHOTO I'a3a, MOJIEK YJIbl KOTOPOro (aToMbI) Mbl 6yzeM
CYHTaTh MaTepHaJbHLIMH TOUKaMH (1peHeGperasi BHYTPEHHeH CTPyKTy-
poit), W-IIPOCTPAHCTBOM MBI GyZieM Ha3blBaTh IIPOCTPAHCTBO LIECTH H3Me-
PeHHH, KOOPAUHATAMH KOTOPOrO SIBJSIOTCS TPH IPOCTPAHCTBEHHBIX
KOOPJ(HHATLI MOJIEKYJIbl X, Y, 2 H TPH NPOEKUHH HMnyiibea &, 1, . Co-
CTOSIHHE Ka O MOJIEKYJbl Tasa (C TOYKH 3peHHA KJaCcCHUECKOH Gu-
3HKH) H300paKkaeTcsl TOYKOH B P-IIPOCTPAHCTBE, a COCTOSIHHE BCErO rasa
COBOKYNHOCTBIO N Touek (N — mosHOe uncJo MoseKy.). C TeueHuem
BpeMeHH KOOPAMHATBI H HMITYJIbChI MOJIEKYJl H3MEHSIIOTCs], H H306paXato-
liiHe TOUKH NePeMellaoTcs no $pasoBbIM TPaeKTOpHAM. B mpomexyTke
MeXAY ABYMsl CTOJKHOBEHHSMH ()asoBasi TPaeKTOPHsl KaXKAOH MoJe-
KYJIbI JIEXHT Ha CHIIEPIIOBEPXHOCTH TOCTOSIHHOM SHeprHH. dTa NoBepx-
HOCTb HMeeT NATb M3MepeHHil H OIpelle/isieTCs ypaBHEHHeM

g2 2 2
BEVIE L2, g, 2), @1.1)

rie Z (x, y, z) — NOTeHUHaNbHAsl SHEPTHS MOJIEKYJIbI BO BHEIUHEM I0JIe.
Ilo ananoru# c OGbIYHBIM TPEXMEPHBIM NPOCTPAHCTBOM BBOAHTCS
TOHsTHE (pa30BOro 06beMa B [i-IIPOCTPAHCTBE. DJIEMEHTOM O6beMa Ha3bl-

Baercs BbIpakeHHe
dT = dx dy dz d dn dt, (31.2)
B>
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KOTOpOe Pa3GHBaeTCs Ha NMPOH3BEJEHHE 3JeMEHTOB 06beMa B MPOCTPaH-
CTBE KOHGHUrypanui

dV =dxdydz
H B IIPOCTPAHCTBE HMIYJIbCOB
dV,=d&dndg. (31.3)

B 32BHCHMOCTH OT CHMMETPHH 3aJlayd MOMET OKa3aTbCsl YLOGHHIM
(KaK B IPOCTPaHCTBE KOHGMIYpalWH, TaK H B NPOCTPAHCTBE UMIYJb-
COB) BHIOMpaTh B KayecTBe 3JEMEHTOB OGbeMa
3 He JIeKapTOBbl IIPSIMOYTOJIbHbIE IapaJlieJIelH-
odg . —
az nefbl, a HalpHUMep, wWapoBsie caou: dV = 4nridr
u dV, = 4np*dp u 1. 1.
IMpocreiiieli HarJIsAAHOH MOAENbIO WN-IIPO-
CTPaHCTRA SIBJIAETCS [1-IVIOCKOCTD B CJIyYae OJHO-
z MepHOro IBHXKeHHs (puc. 42).
PaccMoTpuM B KauecTBe NPOCTOTO IpHMepa
OJIHOMEPHBbIH «ras3» B IoJje TSXKEeCTH. JIMHHH Io-
CTOSIHHOH 5HEPTHH OIpelesIoTCs B 5TOM CJy-
yae ypaBHEHHEM

ER
e=-_+mgx

H IPCICTaBAAIOT coGof mnapaGoabl ¢ ochio 0X,
a 3J1eMeHTH (a30BOTO 0GBeMa — 3/1EMEHTHI IJ10-
maau dx d§. B pesysbTare CTONKHOBEHHS [BYX MOJIEKYJ HX H30-
Gparaloiie TOYKH TOJIBKO NEPEXOAST C OAHOH MapaGoJsl Ha APYryio
(c coXpaHeHHeM CyMMapHOH 3HepTHH).

HeTpynuo pacnpocTpaHHTh NOHSTHE W-IIPOCTPAHCTBA W HA CJyyait
GoJsiee CJIOKHBIX CHCTEM, YeM OJHOATOMHBI ras.

ITycTh uMIeanbHEIH Fa3 COCTOHT H3 MOJEKYJ, HMEIOMHX [ cTeneHei
cBOGOAB! KaxJasi (HampHMep, B AByXaTOMHOM rase f = 6, B TpexaToM-
HoM — f = 9). Torna p-mpoctpaHcTBO GyAeT HMeTh He 6, a 2f H3Mepe-
HHH M KOOpJHHATaMH ero 6yaAyT f o606IeHHbIX KOOpAHHAT ¢; U f 0606~
LIEHHBIX HMIYJbcOB p; (i =1, 2, ..., f). DM o0GoGuieHHble KOOp-
JMHaThl BBIGHPAIOTCS, KaK 3TO OGBIYHO fesaeTcs B MeXaHHKe, B COOT-
BETCTBHH C CHMMeTpHeH 3a1auH, a 060CLIeHHbIe HMITYJIbChI OIIPEIeISIIOTCS
KaK NPOH3BOJHbIE OT JarpaHHaHa p; = OL/dg;.

DHeprusi rasa MOxeT ObITb 3alHCaHAa B BHAE

&= 2 4 q) pipe+%(q), (31.4)
&

Puc. 42.

rie OAHOPOAHAs KBajpaTHyHasi (YHKUUS OGOGIIEHHBIX HMITYJIbCOB
' @ (q) pipr €cTb KHHeTHYECKas SHEprHs rasa, a #(g) — noTeHnuab-
ik

Has SHepPrus. YpaBHeHHe & = const mpeAcTaBAsieT coGoil ypaBHe-
HHe THIEPIIOBEPXHOCTH NOCTOSIHHOM 3HEPTHH, uMmewomed (2f — 1)
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usMepenre. Onpejiesiente $asoBoro p-06beMa OCTAETCH MPEXKHHM:
f
dU=aV dv, =] dg: dp:. (31.5)
i=1

B paBHOBECHOM COCTOSIHHH TOYKH, H306parKaioline COCTOSIHHE MoJie-
KYJI, 3aMOJHAIOT [-IMPOCTPAHCTBO C HEKOTOPOH IIOTHOCTbIO (O (UHCIO
MOJIEKYJ1 Ha eMHHIY dasoBoro o6bema p = dN/dI'), KOTOpOE 3aBUCHT
ONpeneseHHbIM 06pa3oM OT §;, p;, HO He 3aBHCHT OT BpeMeHH. JTo 3Ha-
YMT, YTO OJ\HH MHTEPBa/bl 3HaYeHHH KOODAMHAT H HMIYJIbCOB YaCTHI{
CHCTeMb! SIBJISIIOTCS GOJiee BEPOSITHBIMH, a IpyrHe — MeHee BepOSITHBIMH
H, CJIENOBATENbHO, OHH 06J1acTH (a30BOTO MPOCTPAHCTBA GoJlee MIOTHO
3amOJIHEHbl H300pakaloMMH TOYKaMH, a APYTHe — MeHee ILIOTHO.

Ilocrapum cebe uesbio HafiTH HaHGOJIee BEPOSITHOE paclpelesieHue
H300paXkalomKX ToueK B p-mpocTpaHctBe. OHO GyHeT ONHCHBATHCS
HEKOTOpO# (DYHKIHell KOOpAMHAT H IPOEKLHH MMnyabca 0; (i, pi) =
= dN/dl', rne dN — uuc/io H306paXKaiomuX TOYeK, NMOMABIIHX B 3Je-
MeHT QasoBoro obvema dI. QyHKUHS p (g;, p;) AaeT BO3MOXKHOCTb
ONpe/ie/INTh HauGosiee BEPOSITHOE paclipefieseHHe MOJIeKYJl KaK B OObIY-
HOM MpOCTpaHCTBE (pacnpelleleHHe MO KOOPAMHATAM) — JJISl 3TOIO
cJleflyeT NPOHHTErpHpOBaTh P (g;, p;) MO HMIYJbCAM, — TdK H B HM-
MyNBCHOM (CKOPOCTHOM) NPOCTPAaHCTBE (pacipeleseHHe IO HMMyJb-
€aM HJTH CKOPOCTAM), — ISl 3TOTO CJIeJlYeT IPOHHTETPHPOBATh O (¢i, Pi)
no KoopAHHataM. B cooTBeTcTBHH cO ckaszaHHbBIM B § 30 3HaHHe 3TOrO
pacrpejie/ieHHs1 IPHBOAHT K HCYEPIBIBAIOLIEMY CTATHCTHYECKOMY OITH-
CaHHIO CBOHCTB rasa.

Beeniem Tenephb c/efyIOWHMI BaXKHbI NOCTYJAT: QyrKyus pacnpede-
AERUS 8 P-npocmparcmee P (i, pi) BABUCUM MOALKO OM IHEPeULL HaCmuLbt
e= 2 QGrpiPr+¥%, a ne om q; u p; 6 omdeavrocmu (PaBIONOAOGHOCTD

i %

TAaKOro MOCTysata o6HapyXHTCsl B § 45, Koraa Mbl JOKaKeM BaxKHYIO
TEOpPEMY, HOCSILYI0 Ha3BaHHe TeopeMbl JIMyBHJIf).

C Lesmblo CTaTHCTHYECKOrO ONMCAHHS rasa NOCTYNHM TeNepb TaK
e, KaK Mbl IOCTYNAJH IPH H3YUeHHH paclpele/ieHHil MoJIeKyJ rasa o
SHeprusM, H BBejeM pasClieHHe [-mpocTpaHCTBAa HA «AWHKHY H
«queliku». Tak Kak QyHKUHS pacIpeieJleHHs! 3aBHCHT TOJBKO OT 3Hep-
THH, le/secoo6pasHo pasbHeHHe Ha SILHMKH OCYLIECTBHTb, NMPOBOAS TH-
TIePIIOBEPXHOCTH NOCTOSIHHOH sHepruu. IIpu ToM cielyer COGJMIOAATh
HEKOTOPY10 OCTOPOXXHOCTb. C ONHOH CTOPOHHI, 3HEpPreTHYeCKHe CJIOH
AUHKH), Ha KOTOpble MBI pacceKaeM W-IPOCTPAHCTBO, HO/IKHBEI GbITb
JOCTATOYHO TOHKHMH, YTOObl H306DaKAIOWMM TOYKaM, 3aKJIOYeHHBIM
B npefesax cj0sl, MOXKHO GblJIO NPHIHCHBATH C XOpOLIEH TOYHOCTHIO
Oy M Ty e sHepruio e;. C Apyroit CTOPOHBI, pasMephl CJIOS JOJIKHbI
GLITb  HACTONIBKO GOMBHIHMH, UYTOGI HHC/IO W30GDANKAIOLIHX TOUEK
B coe N; 6110 BeJHKO 10 CpaBHEHHIO ¢ efuuuueil, N; > 1. Hackoibko
Peasibna BO3MOKHOCTb TAKOTO BHIGOPA TOIIMHBI CJIOSI, OFpaHHYEHHOTO
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¢ 06eHX CTOPOH, MBI 06CynuM B § 39, NOKa ke 3aMETHM, YTO B CHJIY 3THX
OrpaHHYyeHHH 5HepreTHUeCKHe SIIMKH GyAyT B OOLIEM Clyyae 3aBEIOMO
HePaBHOBEJHKHMH, TaK KaK CJOH, COOTBETCTBYIOLIHE OYeHb GOJBILHM
HJIH OYeHb MaJsbiM SHEPTHSM, JOJ/KHbI BHIGHPAThCst GoJiee «TOJICTHIMHY,
yeM CJIOH YMepeHHBIX 3HeprHuii, yTo6bl COAEpKaTh LOCTaTOYHO GOJbLIOE
YHCJIO H306paXKkaloluX ToueK. BTopoil s/eMeHT (IOMHMO HepaBHOBEJH-
KHX SIIHKOB), HEOOXOAUMBIH I/l CTATHCTHYECKOTO OMNHCAHHS, 3TO —
paBHOBeJHKHe siyefiKH. HeoGX0oAMMOCTb HX BBEIEHHSI JUKTYETCS TeM,
UTO YHCJIA 3aNOHEHHs! JO/KHBI OTHOCHTBCSI K PaBHOBEIHKHM stueiikaM,
a He K HepaBHOBEJIHKHM SIIIHKaM, LJI1s TOrO YTOObl BCe COCTOSIHHS TPaK-
TOBAJIHCh PAaBHONPABHO.

Hrak, Mbl BBOAMM pa3CHeHHe [-NIPOCTPAHCTBA HAa PaBHOBEJIHKHe
AYefiKH ¢ Ppa3oBbIM 06beMoM a. Popma siueek NPH 3TOM He HKCHpYyeTcs,
JHIb Gbl OHH He GblJH Ype3MePHO BHITSIHYTHIMH B KaKHX-JHGO Hanpas-
snennax. Yro KacaeTcs BeqHYHHLI o6beMa siuefiKH @, TO 31ieCh Mbl CTaJl-
KHBaeMCsl C NOPa3HTe/bHON CHTyalHel, pe3Ko OTJHyalomelcs OT Toil,
KaKylo Mbl HMeJH IPH Onpefie/leHHH PasMepoB HepPreTHYeCKHX CJIoeB
(suKoB). Pasmephl SIHKOB ONpeNeNH/IHCh H3 cOOGpakeHH#H Marema-
THYECKOTO «TaKTa» (TpeGoBanusi N; > 1 H g, — & < &;) TONBKO 1O
NOPAAKY BeJHYHHBI H TOYHO He (HKcHpoBanHch. OObeM sueiliku a
YAHUBHTENbHBIM 06PA30M OJHO3HAYHO OMpelie/feTcsl 3aKOHAMH IPHPOAbL
u 6yner Hamu onpeseseH B §§ 37, 41, 55. 3amernm, uTo 0OBeM suelKH
OKa)eTcsl BecbMa MaJsbiM, H TIO9TOMY B 9HEPreTHYeCKHX SIMKaX co-
JIePXKHUTCA He TOJBKO GOJbllOe, IO CPaBHEHHIO C eJHMHHLEl YHCIO ya-
criy N; (N: > 1), HO H Gosbluoe YHCIO siveek g; (g > 1).

§ 32. Pacnpesenennss Bose — Jitnmreiina u Pepmu — Jlupaka

Msbl BBeNH B mpenpifylmieM naparpade pasGHeHHe W-NPOCTPAHCTBA
Ha HepaBHOBEJHKHE SHepreTHYeCKHe «SIHKH» H PaBHOBEJIHKHE siuefiKH.
IlycTb B i-M 5HEPreTHYECKOM <sIMKE» C SHEpPrHell &; COAEPKHTCH g;
syeek U N; nsoGpaxaiouwux Touek (vactuu). Hac 6yaer uuTepecoBarts,
KaKHM YHCJIOM PAasJIHYHBIX CIOCOGOB MOXKHO OCYIIECTBHTb TaKoe pac-
npefiesieHHe H306paxkaloUMX TOYeK MO suefikaM. Dra 3ajaya coBep-
LIEHHO SKBHBAJIeHTHA cJejylomell 3ajaye KOMOHHAaTOpHKH. KMmeercs
psiA SIUMKOB, i-H SIIMK pasGUT Ha g; sueeK M CONePXKHT N; 1apoB.
Mbl 3ajiaeMcsi BONPOCOM, KaKHM YHCJOM CIOCOGOB Takoe pacmperese-
HHE MOXHO OCYIIECTBHTL (3Ta aHAJOTHS JeJaeT HOHATHBIM NPOHCXO-
JKJeHHe TePMHHOB <SHKH» M «siyeliku»). B cuay paBHonpaBHOCTH
siyeek Mbl OyZieM CUHTATh JIIOGHe pasMelleHHsl WapoB (H306paarouux
ToyeK) Mo siuefikaM PaBHOBEPOSITHBIMH M TOITOMY TO pacrpefelieHue,
KOTOpOe OCYLIECTB/ISIETCS! HaHGOMbIIMM YHCJIOM CIOco6oB, GyneM CuH-
TaTh HaHGo/ee BEPOSITHLIM PacnpefeseHHeM, COOTBETCTBYIOMMM paB-
HOBECHOMY COCTOSIHHIO rasa.

Peluense noctapJieHHOH KOMOHHATOPHOH 3a/layl BECbMa CYLIECTBEHHO
3aBHCHT OT HEKOTODLIX CBOHCTB YaCTHL, COCTAaBJSIOUIUX CHCTeMY (ras),
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TIpex e Bcero OTHOCHTENbHO YaCTHIL, BXOASIIHUX B CHCTEMY (3J€KTPOHbI,
(OTOHBI, aTOMbI, HOHbI H T. [.), MOTYT GbIThb allPHOPHO BBHIABHHYTHI JBE
PasJiHYHBle THIOTe3bl: 1) YacTHIEI OJHOTO COPTa COBEPLIEHHO TOXJIECT-
BEHHBI IPYT APYTY, 2) 5TH YaCTHIbI C/1erKa OTJIMYAIOTCS [0 TAKHM Mapa-
MeTpaM, Kak Macca, 3apsiil H T. 1. (Mbl HMeeM B BHIY TO/IbKO NIOCTOSIHHbIE
napaMeTphl, a He NepeMeHHbIe; TaKHe KaK CKOPOCTb, HEpTHs H T. 1.),
N0JI06HO TOMY, KaK OT/IMYAloTCsl ApYT OT APYra «OAHHAKOBblEy JAETalH,
BBINYLIEHHbIE KAKHM-TO TPOHM3BOACTBOM. JIErKO NMOHSTb, YTO OKOHYa-
TeNbHBIH BHIGOP MEXLY 3THMH JBYMsl THIOTe3aMH NyTeM H3MepeHHs
COOTBETCTBYIOIIUX TapaMeTPOB HEBO3MOXKEH BBHJY CYIIECTBOBAHHS
Hen30eXHBIX MNorpeutHocTedl uamepenus. Mo ysudum, odwako, 4mo
pemutecKkue apey. no- )

360A5/0M  pewiums dmom  cnop max

O00HO3KAUKO 8 NOAB3Y eunomesst
0 noaNOU  mogcOecmeenHocmu
wacmuy 00Hoz0 copma. 5

IIpuHAB  CpaBelJHBOCTb
3TOM TMNOTE3bl, Ml MOXEM BCe
JKe CUMTaTh, YTO 5TH TOXAE- Jt-————————=— —_
CTBEHHBl€ YAaCTHLbI MOXKHO OT-
JMYHTB APYT OT ApYra H co-
CTOSIHHSI CHCTEeMbI, OTJIHYAlO-
mHecss NepecTaHOBKOH IBYX
HJM HEeCKONbKHX HYacTHI, MO- L L L L .
HeM CYHTaTb DAa3JHYHBIMH CO- ¢ 22 Ja da Ja
crosiHusiMH. Bousee mnpaspomno- Puyc. 43,

JI0GHOH sIBJISIeTCS, OIHAKO, TH-

noTe3a, COIVIaCHO KOTOPOH TOX/leCTBEHHBIE YACTHIL HEOTJHYHMBI ApYT
OT JIpyra M COCTOSIHHMSI CHCTEMbI, OTJIHYAIOLIHECS] TOJBKO NEPECTaHOB-
KaMH 4aCTHI, NPENCTaBJsAOT co00i OJHO H TO Xe cocTosiHHe. B aToM
naparpage Mel GyleM DYKOBOACTBOBaTbCsl NOC/eNHeH THMIIOTe30H, a B
§ 33 paccMOTpPHM CJIEACTBHsI THIOTe3bl PA3JHYHMOCTH TOXKJAECTBEHHBIX
4aCcTHL.

HaxoHen, 3aMeTHM, 4TO B NMPHPOJE CYLIECTBYeT ABAa THNa YacTHIL,
CYIECTBEHHO OTJIHYAIOIIHXCSI [0 CBOHM CTATHCTHYECKHM CBOHCTBaM
B KOJUICKTHBE — ()epMHOHBI H GO30HBI.

DepMHOHB! TIOJYHHSIIOTCS] BAXKHOMY 3aKOHY NPHPOABI — IPHHIHIY
un sanpery Ilayau. i Hamux nesiell yio6HO, HECKOJBKO HJlea/H3H-
Pysi cuTyauuio, copMy/aHpoBath npHHuun Ilayan caenyrwomum obpa-
30M (B yeM 3aK.I0YaeTcsl HieaH3alus i Kak cJaellyeT TOYHO GOopMyJIHpo-
BaTb npunuun Ilay.au, GyleT yKasaHo HeCKOJIbKO nosxe B § 41). B cu-
CTeMe 3 N TOXKAECTBEHHHIX ()EPMHOHOB B JIIOGOM (pasoBoM oObeMe
MOXeT HaXOAMTbCS JIHIUb KOHEYHOe YHC/IO H300pakalolHX ToueK, He
TIpeBblLIaloONIee HEKOTOPOE Lenoe YHCIAO Nmax (). C yMeHblueHHEM
BLiZie/sieHHOTO (a30Boro o6beMa Q YHCA0 Npmax () paBHOMEpHO nanaer,
KaK 970 H3obpaxeno Ha puc. 43. Takum o6pasom, B ¢asoBoM oGbeMe,

2
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3aKJII0YEHHOM MeXAYy na H (n -+ 1) @, MoxeT HaXoauTbcsl He GoJlee n
TOYeK, H306parKalolUX cocTosiHHe depMHoHa. IloguepkHeM, YTO H3Jio-
JKEHHbIE Bblllle Pe3YJIbTaThl He 3aBHCST OT (OPMBI BbiAENEHHOrO (aso-
BOro o6beMa (JHIIb Gbl OH He Gbll Yepecuyp BHITSHYTHIM B KaKOM-JHGO
OJIHOM HANpaBJIeHHH), @ TOJBKO OT €0 BeJHUHHbI.

TIpuMeM Tenepb MMHHMAJbHHI (ha3oBbIll 06beM, NPUXOAAILUCA Ha
OHY H3006paXkalollyi0 TOYKY, 3a BeJHYHIY OGBeMa 3/eMeHTapHOM
siuefiKH W-IIPoCTpaHcTBa (KaK Asi (epMHOHOB, Tak H Aasi GO30HOB!).
Kak Mbl yGeauMcsi BCKOpe, BeJHYHHA @ OJHO3HAYHO OMpejieieHa 3aKo-
HaMH NPHPOAbLI H MOXeT GbiThb HafifleHa 3KCIepHMeHTaJbHO.

Mel MOxXeM Tenepb npuaate npunuuny Ilayau caepyiomyio gopmy:
B CHCTEMe TOX/eCTBEHHbIX ()epPMHOHOB B OAHOIl sfiYeliKe -IPOCTPaHCTBA
MOXKeT HaXOIHTbcSl He GoJee OZHOM H3o0paalollleil TOUKH.

B npoTHBOMOMOXKHOCTL 3TOMY, B CHcTeMe N TOXKJeCTBEHHbIX Go3o-
HOB B siuefike W-TIPOCTPAHCTBA MOXKET HAXOAMTbCH J0Goe YHCIO H306-
paxKalolUX TOYeK OT HyJas g0 N.

B KBaHTOBOH TEOPHH NOJS JOKa3blBaeTCsl BaxkHasi TeopeMma (Teo-
pema Ilayan), cBsi3biBalollasi CIIHH YACTHIBI H THI CTATHCTHKH, KOTOPOH
oHa nopuuusiercs. CoraiacHo 3Toil TeopeMe Bce YaCTHIbI C IOJYIIeJbIM
CNIHHOM SIBASIIOTCS (pepPMHOHAMH (M3 YHCJA 3JeMeHTapHbIX YACTHIL K HHM
OTHOCSITCS 3JIEKTPOHBI, IO3HTPOHBI, MPOTOHBI, HEHTPOHbI, H-ME3OHbI,
THIIEPOHBI H T. JI.), @ BCE YACTHILBI C I1eJIbIM CITHHOM SIBJISLIOTCS 6030HAMH
(43 3J1eMEHTapHBIX YacTHIL K HUM OTHOCATCS (OTOHBI, 7-Me30HbI, K-Me-
30HBl H T. A.). UTO KacaeTcsi CJIOXKHBIX YacTHI (iApa, aToMbl, MoJe-
KYyJbl, HOHbI), TO, NIOCKOJIbKY B HX COCTaB BXOAST TOJbKO YacTHIbI CO
CIMHOM § = Y/,, IS HHX CNPaBEJIHBO NPABHJIO: YaCTHIbI, COCTOSILLHE
W3 YeTHOTO YHCJa 3JIeMEHTapHBIX, SIBJSIOTCS GO30HAMH, YACTHIbI, CO-
CTOsIIHE H3 HEYETHOrO YHCJA 3JEeMEHTapHbIX, ABJSIOTCS (hepMHOHAMH.

3ameruM, urto, GopMyaupys mpuHuun Ilaynu, Mbl HTHOpPHpOBAJH
Ha/HyHe cnuHa, Kak H3BECTHO, COCTOSIHHS YAacCTHIILI CO CITHHOM S BHIPO-
KIAEHbl C KPaTHOCTbIO BbIPOXKAEHHS (25 - 1) (MpoeKuMs cnHHA Ha
HEKOTOpOe BblJe/JeHHOe HaIpaBJeHHe MOXeT HMeTb (2s - 1) pasHbiX
3HAUEHHUi), U NMOSTOMY C/eJoBano Gbl TOBOPHTb, YTO B siueliKe W-Ipo-
CTPaHCTBA MOXKET HaXOAHTbCs He Golee (25 - 1) H306pakaloUUX TOYEK.
Mg MO2KeM, OfHaKO, He MeHsATb hopMyaHPOBKY npuHnuna Ilayau, a us-
MeHHTb ONpejie/ieHHe W-NMPOCTPAHCTBA, NPHCOEIHHHB K KOOpPAHHATaM X,
Y, 2, £, M, { elle OfHY AHCKPETHYIO NepeMeHHYIO (MPOEKIHIO CIHHA Ha
oCb 2), IPHHHMAIONLYIO (25 -+ 1) 3HaueHue. DTO SKBUBAJIEHTHO TOMY, YTO
KaxJasi siuefika W-MPOCTPAHCTBA, B CTAPOM CMBIC/e CJI0Ba (Ompefedsie-
Masi KOOpAHHATaMH X, y, 2, E, m, {), cyluecTByeT He OliHa, a B KOJIHYECTBE
(2s 4 1) sK3aemMnispoB.

TIpou/iocTpHpYeM Tenepb pas/iHyhe B CTaTHCTHYeCKHX CBOHCTBAX
pasNHYHBIX YacTHL, (epMHOHOB M GO30OHOB, Ha MPOCTOM IpHMepe.
IlycTb HaM HY>XHO Pa3MeCTHTb /iBé YACTHIIbl 10 TpeM sueiikam I, 2, 3.
Ec/iH 5TH YacTHIBI Pa3JHuYUMbl (Mbl 0GO3HAYHM HX B 3TOM cayvae a H b),
TO BO3MOXHbI [I€BSTb DAa3JIHYHBIX pasMelleHHH, H306paXeHHbIX Ha



§ 321 PACTMIPENEJEHUS] B. — 3. U &. — 1. (BO3E U ®EPMH) 137

puc. 44. Ilns GO30HOB, BCJEACTBHE HX HEPa3JHYHMOCTH, BO3MOMHbI
LIeCTb PA3/MHUYHLIX Pa3MelleHHH (HepasIHYHMble YacTHIbI H306pasKeHbl
KPECTHKaMH), H300pakeHHbIX Ha puc. 45, a. [lns hepMHOHOB, BCJIEACT-
BHE HX HEPa3JHYHMOCTH H B CHJy NpHHIMNA Ilay,H, BO3MOXKHBI BCErO
TPH pa3MelleHHsl, H306pakeHHble Ha pHc. 45, 6.

Ll [T [T ]e]
Ll J LT ] [T T
el L] LLeTe] LT

[ ]

| L

q

t— + —I + + L + +—’
a)

+ |+ + + + | +
a9
Puc. 45.

TMocnte 3THX MpelBapHTE/IbHbIX 3aMeyaHHit mepefiieM K BHIBOLY HaM-
6oJlee BEpPOSITHBIX PaCHpeNe/IeHHi H HaYHeM CO CJyyast CHCTEMbI, COCTOS-
ulefi U3 TOXIECTBEHHBIX GO30HOB.

PaccmoTpuM i-ii sILUHK, B KOTOPOM HaxoAaTcss N; 6030HOB (pHc. 46).

ooof oo o |0000[o000|0000f0000
oo 000

) 9
Puc. 46.

BasiB (g; — 1) IeperopoioK H paccTaBHB HX NPOH3BOJBHBIM 0Gpa-
30M, MOJIyyHM pa3bHeHHe fIHKA Ha g; fAyeeK (Ha pHC. 46 H3oGpaxen
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cayuait g; = 8, N; = 28). TakuM o6pa3oM, y Hac HMeeTcsl ABa KJacca
O6BEKTOB: 4acTHIb ¥ meperopoikH. O6osHauuM uepes W; umncjo pas-
JIMYHBIX CIIOCOGOB, KOTOPHIMH MOXKHO PasMeCTHTb N; UaCTHIL B g; sTU€eK.
Tak KaK 4acCTHIIbl CUHMTAIOTCS] HEPA3JHYHMBIMH, TO STH CNOCOGbI MOTYT
OTJIHYATbCS APYT OT APYra TOJbKO YHCJIOM YacTHIL B stuefiKax (pH QHK-
CHPOBaHHOM YHCJIe YaCTHIL B silHKe N;), H pa3Hble CIOCOGH! MO/ yYaroTCsI
JpYT U3 JApyra NepeHoCOM YacTHI[ M3 siueHKH B suefiKy (0GMEHOM Me-
CTaMH YacTHIl H NIeperopojiok). 3adhHKCHPOBaB KaXKJoe TaKoe paclipe-
Jle/leHHe, TpPOJielaeM BCEBO3MOXKHbE HECYyLIeCTBEHHble (He AaloUX
HOBBIX CTOCOGOB pacrpeliesieHHs1) ePeCTaAHOBKH YaCTHIL APYT C APYroM
(ux uncao paBHO N;!) H meperopollok APYT ¢ APYroM (HX UHCJIO PaBHO
(g: — 1)!). OueBHIHO, MBI NOJYYHM NIPH 5TOM BCE [EPECTAHOBKH KOJ-
JneKTHBa U3 (N; 4+ g; — 1) 06b€KTOB, BKJIOUAIOLIETO H YaCTHIb H Tepe-

TOPOJKH, T. €.
Nil (g =N Wi=(Ni+g— 1)1,
OTKyZa
Ni+gi— 1)
w,= Fita=t 32.1
= W= ©2.1)
Ecsiu Ml HMeeM Dsif, SILIMKOB, TO 4YHCJIO crioco6oB W. pacrpenese-
HHS 4aCTHIL N0 BCEM SIUIMKAM TAKHM 0GPa3oM, YTOGH B NEPBOM SIIHKE
6bl10 N, uacTHi, Bo BTOpoM — N, H T. 1., PaBHO, OUEBHIHO, NPOU3BE-
nenuio W;. Tlpu N; > 1, g; > 1 nonyuaeMm oTciofia OCHOBHYIO GOpMYaTy
CTaTHCTHKH GO30HOB
Nitgi)
w= [ Yuted, 32.2
1 Ve (32.2)
IMepexoasi K OTHICKAaHHIO HaHGO0J1ee BEPOSITHOTO PAcIpeflesIeHHs], Mbl
JIOJXKHBI HafiTH MAaKCHMYM BeJIMuHHBL W. Y 106Hee, OJIHaKO, HCC/IEN0BATh
Ha MakcHMyM BesHuuHy o = In W. ITonb3ysice ¢popmyJoii CTHpsnHra
Jisl baKTOpHANOB GOJBIUMX uHcea (cM. «MareMaTHuecKoe NpHJIOXKe-
HHe», 1. B), momyuaem

o=InW=>3[In(N;+g)—InN!—Ingl]=
=Z[(N¢+g;) In(N;+g)~N;InN;—g;Ing]. (32.3)

ByzeM HCKaThb MaKCHMYM G IIPH JABYX AONOJHHTENbHbIX YCJOBHSX:
3a/1aHO NOJIHOE YHCJIO YacCTHIL rasa

SINi=N (32.4)
i
H cpuxcnponaﬂa NoJIHast 3Heprus rasa

3 N =U. (32.5)
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Iosb3ysick MeTomoM MHOXMTeselt JlarpaHxka (cM. «MaTeMaTHueckoe
npuioxenue», n. C), NpHpaBHsieM HYJIO NPOH3BONHbIE BEJHUYHHH
® =04 aN — U, rae a u p — MHOXHTesH Jlarpanxa, Toraa

o0
;= In(N;+g)—InN;+a—pe;=0.
Orciona Anst HauGoJiee BEPOSITHOTO YHMC/IA YAaCTHIL B sivefiKe HMeeM

Ny=— 8 | (32.6)

e—-a+ﬂe,~__l

Hamnucannoe pacnpesiesieHHe 6bi10 BeiBeleHO B 1924 roxy DiiHiuTefiHOM
M HOCHT Ha3BaHHMe pacmpeleseHHsi Bose — DitHwrefiHa (Bose BbiBea
€ro /Il YaCTHOTO CJyyasi Ta3a CBETOBHIX KBaHTOB). ITapameTp a u f
onpenensioTes: ycaoBusamu (32.4), (32.5)

2;—‘113’;—'8,-1 =N, (32.7)
: =

8i&i
St =v. (32.8

i

Mur o6cynuM GH3HUeCKHe CJIEACTBHS, BbITEKalOlHe H3 pacnpejiese-
Hus Bose — DitHuTelina, mo3xe H nepefifeM Tenepb K BHIBOLY CTATHCTH-
YecKOro pacmpefiesieHHsi Nisi ¢epMHOHOB (pacmpeneneHne Pepmu —
Jupaka).

PaccMoTpHM i-# 5HEpreTHUeCKHil «SILMK» C YHCJIOM siYeeK g; H YHC-
nom yactun N; (cornacHo npuuuuny Ilaynu umeem N; <<g;). Ha
pHc. 47 u3obpaxkeH yacTHbIH cayyail g; = 8, N; = 5. Tak KaK yacTHIHI

1 2 I
Puc. 47.

Hepas/JIMYMMbl, TO pPa3/HYHbIE CIOCOOB OTJIHYAlOTCS APYr OT Apyra
TOJILKO TeM, KaKHe siuefiKH 3aHsThl (OXHOH yacTHLeH) H KaKHe s4elKH
CBOGOJHBI, HJIH, HHAaue FOBOPS, MEePeCTaHOBKAMH NYCTHIX siUeeK C 3aHs-
THIMH. 3aHKCHPOBAB TaKoe pacrpejieieHHe, MPojie/saeM BCeBO3MOXKHbIE
HecylecTBeHHble (He Jaloliie HOBBIX CIIOCOGOB pacmpefie/ieHHs!) Iepe-
CTaHOBKH N; 3aHATHIX siyeeK MeXAy coboit  (g; — N;) mycThIX siueek
Mexay coGoit. IlponesaB 5TH mepecTaHOBKH, MbI MOJNYYHM B pe3yiib-
Tare MOJIHOE YHCJO NepecTAHOBOK BcexX siyeek gil:

WiNil (g — Nl =g,
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OTKYyZa 4YHCJI0 cnoco6oB pasMelieHHs 4acTHLL

gi!

Vi=Fra—wr

(32.9)
O61ee unc/10 cnocoGoB pacnpeeneHdst N 4acTHIL 10 BCEM SILHKAM NPH
YC/IOBHH, YTO B i-H sIMMK nomanaeT N; yacTHL, PaBHO

= ail
W= H T (32.10)
Tonb3ysick gopmyiioii Crupaunra, Hafizem o = In W:
0=>giIng—NiInN;—(g:—Ni)In(gi —Np)].  (32.11)

MaKcHMyM BeJTHUHHBI O NIPH yc/10BHsX (32.4) H (32.5) oThlweM, HCNOJb
3yst meroll Jlarpamka. JlJst 3TOro npHpaBHSIEM HYJIO MPOH3BOLHEIE
BesuyuHsl O = ¢ + aN — pU:

—W——— InN;+In (g, — N;)+ o —Pe; =0.

Orcrofa Aasi 4ucesl 3anoJHEHHS! N; TNOJYUYHM

N‘=—_u+§fe‘+l (32.12)

10 BHIpaXKeHHE OTJIHYAETCsl TONbKO 3HAKOM Mepell efHHHUIEH B 3Ha-
MeHaTeJle OT COOTBETCTBYIOIIEro BepaXkeHHst (32.6) B cratHcTHKe Bose —
Ditnreiina, [TapameTpbl o H P ONpene/siiOTCsl YCJOBHSIMH

—&_ _y, 32.13
Z_um“ (32.13)

L S—— 32.14
Yt = (32.14)

§ 33. Mpunuun Bonbumana

Jlnst Toro yToGHl HANONHHTH (H3HYECKHM COJAEPIKAHHEM INOJydYeH-
Hble HaMH CTaTHCTHYecKHe pacnpefenenHsi (32.6) u (32.12), HyxHO
YCTaHOBHTb (H3HUECKHH CMbICJ napameTpoB & M P, KoTopeie ¢op-
MaJIbHO OmNpeNle/sioTest paBeHcTBamH (32.7), (32.8) nan (32.13), (32.14).
Jlnst 3TOr0 OKasbiBaeTCsl HEOGXOAMMBIM JOMOJHHTBH ammapar CTaTHCTH-
yecKoH (pU3MKH ellle OAHHM BaXKHBIM (H3HYECKHM IOCTYJAaTOM.

CylmecTByer 1aJeKo HAyllee CXOACTBO MeXJy BBEIEHHHIM B TepMo-
IAHHAMHKe (YHCTO eHOMEHOJOTHYECKHM 06PasoM) MOHSITHEM SHTPONHU H
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¢dyHKiHelt ¢ = In W, BBelleHHO! NpH BBIBOJE CTATHCTHYECKHX pacrpe-
Jie/IeHH .

D10 CXONCTBO, BO-NMEPBBIX, 3aKJIOYaeTCsi B TOM, UTO, TaK Ke Kak
H SHTPOMNHS, B TepMOJAHHAMHKe QYHKIMsl G afiuTHBHA. B camom pese,
€CJIH MBI MBICIEHHO pa3oGbeM 06BeM rasa Ha YacTH, TO YHMCJIO COCOGOB
pacnpejieJieHHsl BCEX €r0 MOJIEKYJ MO SHepreTHYeCKHM SMKaM PaBHO
TPOH3BEEHHIO YHC/Ia STHX CIOCOGOB AJIs KaXka0# yacTH. TakuM 06pasoM,
W ecTb (yHKIMSI MyJbTHIIHKAaTHBHAs, a ee JorapHdm — GyHKuus
aJlINTHBHAS .

Bo-BTOPEIX, KaK MBI YCTaHOBHJIM B TePMOJMHAMHKE, SHTPOMHS H30-
JTMPOBAHHOM CHCTEMBI BO3PACTAeT B IPOIECCAX BBIDABHHBAHHS M HMeeT
MaKCHMaJIbHOe 3HaueHHe B COCTOSIHHM paBHOBecHsl. Tak KaK Mbl OTOX-
JIECTBUJIM  COCTOSIHHE, DaBHOBECHOE B TEPMOJMHAMHUYECKOM CMbICJe,
C COCTOSIHHEM, B KOTOPOM pacmpejie/ieHHe YacTHIL 1o siuefikam (pasoBoro
W-NIPOCTPAHCTBA SIBJIsieTCsl HauGoJiee BEpOSITHBIM, TO B STOM COCTOSIHHH
OJIHOBpEMEHHO HMeeT MaKCHMYM M BequuHHa ¢ = In W.

Buiarofapst 5THM apryMeHTaM NpeJCTaBJisieTcs Pa3yMHBIM MOCTYJIH-
poBath, YTO (C TOYHOCTBIO O MOCTOSIHHOTO MHOXKMTEJS) mepmoouHami-
uecku onpedeneHHas HMPonus coenadaem ¢ eeauuroti o. Bribepem
YHCJEHHbIH KO3(dHIHEHT paBHEIM TNOCTOSAHHOH DBosbuMana & =
= 1,38-107% spe/cex, T.e. GyneM OupefeasiTh SHTPONHIO GOPMYJIOH

S=rklnw. (33.1)

Tako# BbIGop Ko3(xpHIIHEHTa NPHBOAHT K TOKAECTBEHHOMY COBrajie-
HHIO BeJHYHHB S ¢ TepMOAMHAMHUYeCcKol sHTponueil. Papenctso (33.1)
Mbl Gy/leM HasblBaTh nputyunom Boavymana.

DHTpPONHUS CHCTEMBl B DPABHOBECHOM COCTOSIHMH paBHa

max = £ 10 W max (33.2)

(B nasibHefileM Mbl 0GO3HayaeM SHTPONHIO PABHOBECHOT'O COCTOSIHHS
npocto S). ITockoabky W << Wiax, T0 1 S << Smax-

Taxum o6pasoM, no BoabiMaHy Bo3pacTaHHe SHTPONHH NMPH MPo-
Ilecce BBIPaBHMBaHHSA €CThb CJIEJCTBHE NMepeXoja CHCTEMHI OT MeHee Be-
POSITHBIX COCTOSIHMH K HauGosiee BEPOSITHOMY COCTOSIHHIO.

CiienyeT mofuepKHYThb NPHHIMNHANLHOE OTIMYHE CTATHCTHUECKOMH
TPaKTOBKH HeoGpaTHMOrO Mpolecca OT TPaKTOBKH TepMOJHMHAMHUECKOH.
C TOuKH 3peHHst (PeHOMEHOJIOTHYECKOH TePMOAMHAMHKH TpoLecc, o6par-
Helfi HeoGpaTHMOMY, HeBoaMoxkeH. C TOYKH 3peHHsI CTaTHCTHYECKOH
¢usukH npoitecc, o6paTHbIl HEOGPAaTHMOMY, €CTh MEPeXoj OT HauboJee
BepOSATHOTO pacnpejie/leHHs] K MeHee BepOATHOMY. B MakpocKonHueckoi
CHCTeMe CKOJIbKO-HHGYAb CyLIeCTBEHHble OTKJOHEHHsi OT HauboJsee
BEPOSITHOTO pacrpejiesieHHs1 ((payKTyalHH) NPOHCKOASAT Upe3BHIYAHHO
DeIKo, M BepOSITHOCTb HX Maja. B cHcTeMe ¢ HeGOJIBLIMM YHCJIOM ua-
CTHIL BEPOSITHOCTD JiaXke KPYMHBIX QJIYKTYallHil CTaHOBUTCS CPaBHHMOM
C efUHHIeH, H OHH MPOHCXOAAT AOBOJIBHO HacTo,
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IMokaxeM Tenepb, KakK MoJb3ysch NPHHUMNOM BosblMaHa, MOXHO
HalTH (U3HYeCKHH CMLICJ NMapaMeTpoB a H P.
Bocnossayemest dopmysamu

8iti _
Y=ty A=l mu @9

(BepXHHHl 3HaK OTHOCHTCS K pacrnpefeneHuio Bose — DiiHwreiina,
HIXKHHI — K pacnpefienennio ®epMu — Jlupaka) U CBSIXKEM SHTPOIHIO
PaBHOBECHOT'O COCTOSTHHSI C YHCJIOM YacTHIl N M BHYTpeHHel sHeprueii U.

CnieslaeM npelBapHTEbHO CJELYIOLEE METOAHYECKOE 3aMeyaHHe.
Tak Kak Bce siuefikM, NPHHAJVIEXKALME OJHOMY M TOMY Ke SIIHKY,
SKBHBAJIEHTHBI (3TO BHIHO, B YaCTHOCTH, M3 TOTO, YTO YHCJO YaCTHIl
B simMKe N; NPONOPIHOHAJILHO g; KaK B cilyyae pacnpefiesnenus Bose —
DiiHmTeliHa, Tak H B caydyae pacnpefenenuss Pepmu — Jlupaka), To
4aCTO 1e/1ecO0GPa3HO TOJIb30BATLCS YHC/AMH 3alOJHEHHS, OTHeCeH-
HBIMH K OJHOH siuefike n; = N;/g;. DTH uHcaa paBHBI

S S
e—(l+ﬁﬂi +1

=

(33.4)

€O 3HAKOM MHHYC HJIH ILIIOC B C/lydae CHCTeM GO30HOB MM (hepMHOHOB
cooTBeTcTBeHHO. I[loab3ysick uMcaamu 7;, Mbl GyaeMm JioGbie CyMMBbI

«0 sIHKaM» NPHBOAMTL K BHAY X\ g:F (i), tae F (i) — dyHKuus Ho-
i

Mepa «siuKKa». [IpH TaKofi 3amHCH SKBUBAJEHTHOCTb SYeeK BEICTYMaeT

COBEpIIEHHO OTYETAHBO 6JArOfiapsl HAMHYMIO MHOXHTeas g;. Haii-

JieM Terepb SHTPONHIO PABHOBECHOTO COCTOSIHMS CHayaia s CH-

cteMbl Go3oHOB. Ilosb3ysicb Qopmysoit (32.3) W BBOAS YHCaA £y,
NoMyYHM

6= [(Ni+g)In(Ni+g)—NiInN,—giIng)] =
i
= Zgi [(ri+ 1) In(ni+1)—nilnn].  (33.5)

MaKcHMa/IbHYIO BEJIMYMHY SHTPONHMH HAaXONMM, MOJACTAaBHB H3 pacrpe-
nenennst Bose — DitHwTeliHa 3HaueHue n;:

—a+fe —
* —Eg'[—uﬂeﬁ il —ln(l—e Be‘)]- (33.6)
ITonb3ysick dopmyamu (33.3), MMeeM OKOHYAaTeIbHO

% = —aN+BU —Zgi In(1 —e*~Fe), (33.7)
i
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AHaJIOTHYHO /151 CHCTEMBI (h)ePMHOHOB HAXOZMM C momotbio (32.11)
o= [g/Ingi—N;InN;—(g;—Nj)In(gi— N;)] =
i
=— N alminn+(1—n)In(l —n)]. (33.8)
i

Toncrasasis COOTBETCTBYIOLIEE PABHOBECHOE paclpelesieHHe n; MoJay-
YHM /I MAaKCHMAaJbHOrO 3Ha4Ye€HHs1 3HTPONHH

F=Ya| SRt rnareT)  @39)

H, nosb3ysich Qopmyaamu (33.3), uMeeM
S

S = — aN4BU+ Y giln (14", (33.10)

O6befUHSAs 3TH Pe3yJbTaThl, Mbl MOJKEM HAIHCaTb (OPMYJay
S = — aN+BUF Y giln (1 e ~P), (33.11)
i

rJie BepXHHII 3HAK OTHOCHTCA K CJy4alo CHCTeMbl G030HOB, a HHXKHHH —
K CJIy4alo CHCTeMBl (hepPMHOHOB.

Heo6xomMMo NoAuepKHYTh CJiefylolliee BechbMa BaXKHOE pasJHuHe
Mexay dopmysamu pas sHrponun (33.5) u (33.8), ¢ oxHOH CTOPOHHI,
n (33.7), (33.10), (33.11), ¢ apyroit croponsl. Popmyasl (33.5) u (33.8)
ONpee/IIOT SHTPOIMHIO Ta3a B NPOM3BOJBHOM KaK PaBHOBECHOM, Tak
H HEPaBHOBECHOM COCTOSIHHH. B IPOTHBONOJIOXHOCTE 3TOMY, HOPMYJIBl
(33.7), (33.10), (33.11) oTHOCATCA TOMBKO K PAaBHOBECHOMY COCTOSTHHIO
rasa ¢ MaKkCHMaJbHOH SHTpONHeH M HaHGOJiee BePOSTHBHIMH YHCJIaMH
3aMO/THEHHS Ny, Ny... MBI BHIHM, UTO SHTPONHS HEPABHOBECHOTO COCTOS-
Husi ABJAsteTcs pyHKUMeii GeCKOHEYHOro HaGopa uHces 3aNOJHEHHS n;,
CBASAHHBIX YCIOBHAMH Y, gin;=N n Y} gine;= U ¥ NPOH3BOMBbHBIX
B OCTaJbHOM. B IIPOTHBONOJIOXHOCTH 3TOMY, SHTPONHS PaBHOBECHOTO
COCTOSIHHSI TOJIHOCTBIO ONpeJesisieTcss 3ajlaHHeM JBYX NapaMeTpoB a
1 B, NMpHOGPETAIOWHKX TeM CaMbIM (yHIaMeHTaJbHOE 3HaueHHe B (paB-
HOBECHOH) TepMOAMHAMHKE.

Jljsi TOro 4TOOBI YCTAHOBHTb (H3HYECKHH CMBICJ NapaMeTpoB «
u P, HailneMm AudgepenLHan SHTponuH u3 dopMy.sl (33.11) u cpaBHUM
¢ BblpaxKeHHeM dS B TepmopuHaMuKe. ITpomuddepeHnupyeM ¢ 3Toi
ueabto (33.11) onuu pas mo a npu f§ = const u gpyrof#t pas mo f npu
a = const, cuutas kaxuplifi pa3 &; = const, g; = const.

Ecau BHewHue noJst (3/1€KTPHYECKOE, MarHHTHOE, IPaBHTALHOHHOE
H T. I.) OTCYTCTBYIOT, TO YPOBHH SHEPTHH €; 3aBHCST TOJIBKO OT pasMe-
POB cocyna, B KOTOPOM Haxonutcsi ra3 (cM. § 41), T. e. ot mapamerpa V.
lpn Hanuumyu BHeIIHMX mosiell yPOBHH 3HEPTMH 3aBHCAT TaKkKe OT
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IpYTHX BHEINHHX NapaMeTpoB (Hampsi:KeHHOCTH moJiel). Bynem cuutarh
JJIsl TIPOCTOTHI, YTO BCe BHEIUIHHe MoJisi (KpoMe IOJsi CTEHOK cocyja)
orcyrerBytor. Torma ycioBHe &; = const 3KBHBAJIEHTHO YCJIOBHIO
V = const. imeem nosatomy

A (oSN (9N [oUy giti
() v = = (T )y T U {5 ). s Z;weiﬂ
H, CJIEJOBaTe/bHO, coryacHo (33.4)

1/8S N
& (a_ﬁ)a. v (Bﬂ >u V+ B ( B ) (33.12)
AwnanoruyHo, nosesysich Qopmyaoit (33.5), Haxoaum

-’%—<%§>B.V=_N—a< ) +8 00&)3 v+2 —a+ﬁz,_l

——a(3), (), G
Orciopa, ymHoxasi paBeHctBo (33.12) Ha df u pasenctBo (33.13) Ha da
H CKJajJblBasi, HMeeM
+dSy=—adN+BdU. (33.14)
C apyroii CTOPOHBI, M3 TEPMOJMHAMHYECKOrO TOMAECTBA Af AM(-
depennmaa BHyTPeHHell sHEPrHH

dU=TdS—PdV +pdN
HMeeM

b 1 P
dS=—- dN+ - dU+ - dV
H TIPH TNOCTOSIHHOM 0o0neme
dSV———de—l- du. © (33.15)
CpasuuBasi ¢opMyasl (33.14) u (33.15), HaxoauM (H3HUECKHI CMBICI

auf
: 1

= (33.16)
a=. (33.17)

OGpaTnM BHHMaHHe YATATe/s HAa TO, YTO B CTATHCTHYECKOH (pH3HKe
Mbl noHHMaeM mof, N H dN 4Hc/a yacTHI, a He YHMCJa MoJieil, KaK B Tep-
MOJMHAMHKe. B COOTBETCTBHH C 3THM BO BCEX NOCJENYIOIUIMX mMaparpa-
(ax XHMHYECKHII IOTEHLHA/ | OTHOCHTCS He K OTHOMY MOJIIO BelleCTBa,
KaK B TePMOJAMHAMHKE, 4 K OJHOM 4YacTHIle, TAK YTO HMEET MeCTO COOT-
HOILEHHe

Wrepmogun = NAP' cTatHeT
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(N a — uncio Aporaapo). Mel coxpaHnM TeM He MeHee npexkHee 0603Ha-
ueHHe p A1t XHMHYeCKOro NOTeHIHaa, HOPMHPOBAHHOrO Ha | yacTuiLy.
Toacrasiisist BEpaXkeHHs s f H a B QJopMley (33.11) 1 yunrsiBas cooT-
Homennss ® = pN u F = U — TS = ® — PV, nonyunm

L8 Wgitn (1 e =T, (33.18)
i

OTKY[a HaXOAUM ypaBHeHHe COCTOSIHHS Ansi Gose- H (epMH-ras3os:
PV=ckT ¥ giln (152~ P), (33.19)

IMpaBasi yacTb 5TOro BIpaXKeHHsi BCErAa NOJIOXKHTeNbHA, TaK KakK NMPH
BepXHeM 3HaKe (cTaTHCTHKAa Bose — DiiHuTeliHa) OTpHIaTe/NeH Jjora-
pudm.

Takum o6pasoM, pacmpepesnernsi bose — Jitnwreitna 1 Pepmu —
Jlupaka MOryT GbiTb 3amHcaHbl B BHIE

(33.20)

¥1
a JIONOJIHHTEJIbHBIE YCJIOBH S, QJHKCHPYIOLLI.He YHUCJIO YaCTHIl H MOJHYIO

3Hepryvio, B BHJIe
1
Zgi e(gi_.u)/kr 1 =N, (33.21)

Y e =U. (33.22)
i e’ F1

3aMeTHM, YTO NOCJE TOr0 KaK Mbl YCTAHOBHAH (PH3HYECKHIT CMBIC]
napameTpoB o M 3, ¢u3HuecKas HHTepIpeTalMsi cooTHolweHHit (33.21)
¥ (33.22) mo/KHa GBITH CYIIECTBEHHO H3MeHeHa. [lepBoe H3 3THX ypas-
HEeHHit MO-IpeXXHeMy OnpejensieT p Kak QYHKIHIO yucaa yacThil N u
remnepatypsl T. Oanako napametp f = 1/kT He HyxJaeTcsl B KaKOM-
JIH60 JIOTIOJIHHTEJILHOM OMNpee/eHHH, No3TOMy ycioBHe (33.22) Mbl
GyleM CyHTATh OMNpEAEJSIOUIMM BHYTpeHHIOl 3Hepruio. OHO omnpene-
asier U Kak ¢yHKuMio p M T, HO TaK Kak U3 ypaBHeHHs (33.21) Mbi
3HaeM p Kak ¢yHkuHio N u T, To ypaBHenus (33.21) u (33.22) cos-
MECTHO ONpeieNsiioT BHYTPEHHIO 3Hepruio U Kak QYHKIHMIO yHcja
yactii N u Ttemnepatypsr T.

Bepremcst Tenepp K ¢opmyse (33.11) M paccmotpuM noxpoGHee
Cnyyai, KOrjaa HMeeTcst Kakoe-qHGO BHelllHee moJe. B ominume or
PAacCMOTPeHHOro BBIILie CJayyast TOJSI CTEHOK COCyAa, KOrla YpOBHH
SHEPTHH &; 3aBHCAT OT SKCTEHCHBHOrO napamerpa V, NpH HaJHUHH
APYTHX mosieil BeJIMUHHb! &; ABJSAIOTCS QYHKUMAMH HHTEHCHBHBIX napa-
METPOB — HampsKeHHOCTell COOTBETCTBYIOWMX TroJielt. EcrecTBeHHO
TI03TOMy CyHTaTh BHYTPeHHIOI0 3HeprHIo U dYHKINel ee «ecTeCTBEHHBIX»
NapamerpoB S, V, N H HanpsKeHHOCTH COOTBETCTBYIOLIETO IOJIS.
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HanpuMep, mnpH HaJHYHH MAarHMTHOTO mNOJsi Mbl OyleM CUHTaTh
U=U(S, V, N, H).

Mgl coxpanuM, Aajiee, Jisi CBOGOJHON SHEPTHH, TEMNJOCOAEPIKAHHS
H TePMOJHHAMHYECKOTo MOTeHNHasna onpefiesenuss F = U — TS, W =
=U-+ PV, ® =U — TS + PV u GyieM CUHTaThb HX 3aBHCSIIUMH
KaK OT HX «eCTECTBEHHbIX» aDI'YMEHTOB, TaK H OT HANpSKEHHOCTH MOJIsl.
OueBupHO TOrAa, yto dopMyanl (33.16) — (33.22) ocTaroTes cnpasenH-
BHIMH H B 3TOM GoJsiee oflueM cJyuyae, KOTJa yPOBHH 3HepTHH & OyayT
GYHKIMSIMH HaNpSKEHHOCTH COOTBETCTBYIOIIETO MOJs.

§ 34. Pacnpenenenne Makceenana — Bosbumana

PaccMoTpuM Temepb, K KakKHM CJICTBHSM IPHBOIAMT THIOTE3a O
PasHYHMOCTH TOXJECTBEHHBIX YacTHI. Mbl Mo-NpexkHeMy HMeeM CH-
CTeMy SIHKOB C SHepTrHefl & M UHCJIOM siYeeK g; U XOTHM pPa3MeCTHTb
B i-M simike N; pasnuuuMbix yactvi. Halinem cHauana, kakum umcioM
crnoco6oB N YacTHIl MOXHO pasMeCTHTb MO SIIUKaM, He (QHKCHPYs
siuefiKH, B KOTOpble OHM NPH 3TOM nomajaloT. Tak Kak 4aCTHIBI CuH-
TalTCSl Pas3JHUHMBIMH, TO pa3Hble CIIOCOOBI OCYIIECTBJIEHHSI TaKOTO
pacrpefieJieHHsl OTJIMYAKOTCA APYT OT ApYra NepecTaHOBKAMH YaCTHII,
HaXONsIHUXCS B pasHbIX siHKax. OGO3HAYHM YHCJO PasHBIX CIOCO-
6o W’. IlponenaB mpH KaxaoM (HKCHDOBAaHHOM CMOCOGE BCEBO3MOXK-
Hble HECYIECTBEHHbIe (He JalolHe HOBBIX CIOCOGOB) MepPeCcTAHOBKH ua-
CTHIL BHYTPH Ka)KJIOTO SIIIHKA, [OJYYHM, OYeBHJIHO, MTOJHOE YHCJIO Nepe-
CTaHOBOK N uacTHI, OTCIoia

NI

Hafinem Tenepb, KAKHM YHCJIOM CIIOCOGOB MOXKHO N Pa3/IHUMMBIX YaCTHIY
pacrpelieuThb 110 g; siuefikaM nepBoro AuikKa, Ny pa3iHuMMbIX YaCTHIL —
no g, siuefikaM BTOporo smMKa H T. A. Tak Kak ans Kamuoit us N;
YacTHI {-TO SIIHKA HE3aBHCHMO OT OCTAJbHBIX CYLIECTBYET g; BO3MOX-
HocTell pa3MellleHHsi MO siyefikaM, TO HCKOMOe YHCJIO COCOGOB PaBHO

gigi- - -@i=gli, a ana seex smmkos | g/’ Tlostomy nommoe uncno
i

cnoco6oB pacrnpejenensi N 4acTHIL 1O SIMKaM PaBHO
g’
LE A | AR | B (34.1)
L | s

Tonbsysick Gopmy.iofi Crupiunra, umeeM Ads ¢ = In W BIpaxenne

6=NInN+ 3 [N:lngi—N;lnNj. (34.2)
i
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Mol O/KHB HaNTH MaKCHMyM G TPH JOMOJHHUTENbHBHIX YCAOBHSX

SNi=N, Y Ne=U.
i i

IMpuGerast BHOBb K METORY MHOKHTeJIe# Jlarpanxa, AAs OTHICKaHHS
HauGoJiee BEPOSITHOTO paCIpefie/ieH s IPHPABHSEM HYJIIO IPOM3BONHbIE
no N; Beauunnsl @ = o + (@ + )N — pU:

567% —Ingi—InN;,+a—pe=0,
OTKyJa noJydaeM pacrpefefeHHe MaxcBeasna — Bosibumana
Ny=gie® P, (34.3)
IMapamerprl & H  ONpeNe/sIOTCS NO-IPEKHEMY YCJOBHAMH
g =N, (34.4)
St i=U. (34.5)
i

HerpyaHo BuAeTS, 4TO pacnpenenente Makcpessna — BosbuMana MOXKHO
[OJIyYHTDb Kak NpelesbHEIH cayyali pacnpeaenenuit Bose — DitHiuTefina
u ®epmu — Jlupaka

Ecnu BumosiHsieTcst (IpH JoGLIX €;) yCJIOBHE
fETWAT S (34.6)

TO elMHHIleHl B 3HAMEHATe/e 3TOTO BbIPAXKEHHst MOXHO IpeHeGpeub,
MBl MOJTyyaeM pachpenesenHe MakcBenia — Bosabumana:

w—epeT ) Ni /el (634.7)
8i

ITOT pe3yJ/IbTaT MOXHO OblJIO Gbl IIPEABHAETh H3 NPOCTHIX (DH3HUECKHX
cooBpaxeHuit: HepapeHCTBO (34.6) paBHOCHJIBHO HepaBeHCTBY Ni/g: < 1
H IIpencTaBsieT coGoil yc/oBHe Pa3pesKeHHOCTH rasa. B paspexeHHOM
Tase yacTHILI HAXOZATCS B CPeHeM Ha GOMBbIIKX PACCTOSTHUSIX APYT OT
Apyra, U B 3TOH CHTYyalHH YCJOBHE DPa3JIHUMMOCTH (HJIH HepasJHuH-
MOCTH) 4aCTHIl CTAHOBHTCSl HECYIECTBEHHBIM (YaCTHI(bI IPAKTHUECKH HE
COMHIKAIOTCST H HX HEBO3MOXKHO «IIEpenyTath»). [109TOMy ecTecTBeHHO,
UTO B 3THX YCJIOBHAIX CTATUCTHYECKHE Paclpefie/leH s ISl HEOTIHYUMBIX
UaCTHIl COBMAjAIOT C pachpelleleHHeM 1JIs OTHYHMbIX YacTHI — pac-
Ipefesiennem Makcsesia — BoJibuMaHa.

Bepuemcsi Tenepb k Bompocy, NOCTAaBJIEHHOMY HaMH B Hauafe § 32:
ABJIAIOTCA JIM YaCTHIBI OIHOTO COPTA (2/IEKTPOHBI, (POTOHLI, aTOMBL H T: A.)

N,~=g;e
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TOXK/IECTBEHHBIMH HJIH OHH MOTYT HEMHOTO OTJIHYaThCs APYT OT Apyra.
OTBeT Ha 3TOT BONPOC CJEAYeT U3 TOTO, Y4TO, KaK MOKa3biBaeT CPaBHe-
HHe ¢ 5KCIePHMEHTOM, B NPHPOAE JJIsl BCeX YacCTHI{ CNpaBeIUBhbl pac-
npenesentss bose — Jiinmteiina (1is 6o3oHoB) uin depmu — JHpaka
(naist hepmMHOHOB), a pacnpenesnenne Makcselsna — BosbiMaHa OKasbl-
BaeTCsl JIMIIb NPHG/IHKEHHO CNpaBelIMBLIM B NMPEJENbHOM Ciydae Ma-
JIbIX YHCEJ 3aMOJHEHHS. JMo BHAYUM, Ym0 MUKPOLACMUYbL 00HO20 COPMA
ABASUOMCA HEOMAULUMbIMU U Yo mem 00aee MOKOCMBEHHbIMU.

BbipaxeHHe /s SHTPONHH NPOM3BOJNBHOIO (KaK PaBHOBECHOTO,
TaK M HEePaBHOBECHOTO) COCTOsIHMs rasa MakcBensna — BosbiMana
MOXKHO MOJYYHTb IBYMsl CrocoGamH:

A. M3 BbipaxkeHHil AJst SHTPONHH rasa Go3oHoB (33.5) WJH rasa
tdepmuonoB (33.8) umeeM mpu n; < 1 (MOAB3ysACh PpasJiokKeHHeM
In(l4+ %) =~xnpu x <L 1)

S—n- 2 gmilnns. (34.8)

B. TMoab3ysicb gopmynodt Bosbumana S = k In W, noayuaem u3

(34.2)
%: —Zg,«ni Inni+NlInN. (34.9)

Bropoe cnaraemoe N In N B 5TOM BbipakeHHH HapyIlaeT aJAHTHBHOCTh
SHTPONHH (HTPONHS mepecTaeT GbITb MponopuHoHaibHOM N). DroT
HEJOCTaTOK TEOPHH «HCHpaBJsiics» GopMaJbHO B TeophH BosbiMaHa
TeM, 4to BhipaxeHne (34.1) ans W gmenunoch Ha N! (upennoxeHo
JI. B. T'u66com). DToT HemnocseoBaTeNbHbLIH MpHEM MOTHBHPOBaCS
TEM, YTO COCTOSIHHS, OTJ/IHYAIOLIMecs MepecTaHOBKAMHM YaCTHIL APYT
¢ ApYyroM, CYMTaBLIHECS MPH MOACYETe YHcaa cnoco6oB W pasiHYHBIMH,
SIB/ISIIOTCS] HA CaMOM Jlesie TOXKAECTBEHHBIMH. B pesysbrate storo npu-
eMa ¢opMysaa pacnpefeneHnsi MakcBensna — BosibiMaHa ocTaeTcs
HeH3MeHHOH (Tak Kak cnaraeMoe N In N MOCTOSHHO H JaeT HYJb NpH
auddepenipoannd In W no Nj), a BblpakeHHe Il SHTPONHH CTa-
HOBHTCSl aJINTHBHLIM H coBmajaioumuM ¢ (34.8).

CresnaeM Tenepb Clelylollee 3aMeyaHHe.

B o6nacTH npHMEHHMOCTH pacnpefieneHds BoJbliMaHa, Kak Mbl BH-
nesH, HMeeT MeCTO HepaBeHCTBO Ni/gi <1, W Jaxe npH GOJbLIHX
uHcJax g; 4ncaa N; MOTYT OKa3aTbCsl MaJIbIMH HJIH CPaBHHMBIMH C eJH-
nunel. Bosiee Toro, Kak Mbl yBuauM B § 35 (B KOTOpOM GyneT yuTeH
H3BECTHbII H3 KBAHTOBOH MeXaHHWKH (aKT IHCKPETHOCTH SHEPTeTHUECKHX
ypOBHeil aTOMOB H MOJIEKYJ), NPH HEKOTOPBIX YCJNOBHSIX (TJIaBHBIM
06pa3oM sl HHSKHX 3HEPreTHUYeCKHX YDOBHe#) M uMciaa g; MOryT
0Ka3aTbCsl CPABHHMBIMH C eHHHIIeH.

TpH 3THX YCJOBHSIX BBIBOJA CTAaTHCTHYeCKHX pacrpejie/ieHHil, OCHO-
BaHHBIH Ha NpHMeHeHHH (opMmysbl CTHPJIHHTA s BblYHC/aeHHs N,
U gi!, CTAHOBHTCSl HEKOPPEKTHbIM. TeM He MeHee pe3y.bTaThi, MOJY-
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ueHHble B pe3ysibTaTe NPHMEHEHHsi 3TOTO MeToja — pacipeleeHHst
Bose — Ditnmrreiina 1 Pepmu — [lupaka, Tak ke KaK H pacnpelleleHHe
Makcpenia — BosbliMaHa (NpH MaJibIX YHC/IaX 3alOJIHEHHs sideex
Ni/g:), okasbiBaloTCsi BepHbIMH. DTO CJlellyeT KaK H3 CPaBHEHHsi CJIel-
CTBHUH, BHITEKAIOWHX H3 STHX (OPMYJI, C SKCTIEPHMEHTOM, TaK H H3 TOTO
(haKTa, 4TO BCe TPH DACHpPeNeNeHHsi MOT'YT ObiThb BbIBElAEHbI APYTHMH
MeTOJlaMH, OTJIHYHLIMH OT MeTOJa SILIHKOB H siueeK H He ONHPAIOMHMHCS
Ha NpeANoJoXKeHHe O TOM, 4To uHcJa N; H g; BeJHKH NO CPaBHEHHIO
¢ enuHuuell. OIMH M3 3THX MeTolOB — OGWHMH Merox I'mGGca, mpuiio-
JKHMbIfi He TOILKO K HJeaJIbHbIM Ia3aM, HO H K CHCTeMaM B3aHMOJeHCT-
BYIOLIMX 4acTHil, OyleT moApob6Ho u3noxkeH B §§ 41—43. Pacnpenene-
nus Bose — Diinmrelina, ®epmn — [Iupaka, Makcsenna — Boubil-
MaHa NOJIYYalTCsi MPH STOM KAK YacTHblE CJyYaH.

§ 35. Ilepexol K HHTerpHPOBAHHIO. YCJOBHS BBIPOXKICHHS
HJeaNbHOTO rasa

Mel nONyYHIH TPH CTAaTHCTHUECKHX pacIpeflelIeHHsi:
1. Pacnpenenenne Bose — Siinwmreiina (6. — 3.)

&i
N; WT (35.1)
N=Y i o= (35.2)
Te 1
U= 2 = _l;e).;:;r — (35.3)
i
2. Pacnpesnenenne ®epmu — [dupaka (P. — [1.)
— &i
N"—(&.-T/”_H' (35.4)
N= 2 *“"””+1 (35.5)
v=3 =t (35.6)

3. Pacnpepienienne Makcpeana — Boabumana (M. — B.)

N;= g™~ (35.7)
N= Zgie(u—zi)/kT , (35.8)

U=3 giee ™5, (35.9)
i
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CrenaeM Tenephb ciefyiouee BaxHoe 3ameuanne. C TOYKH 3peHHst
KJIACCHYeCKOH (DU3MKH HEPTHs, TaK XKe Kak M Jo6as Apyras AMHAMH-
yecKast BeJIHYMHA, H3MEHSETCS] HENpPEephIBHO, MPHHHMasH JitoGble MpoMe-
JKYTOYHble 3HaueHHsi. TIpu BbIBOJE CTATHCTHUYECKHX DacnpefeseHHi Mbi
JIMIIb HCKYCCTBEHHO CHe/alH ee JAHUCKPETHO MeHsiouleHcsi BeJHYHHOM,
BBOJIl pa3GHeHHe Ha 3HepreTHYeCKHe CJIOH («SIMHKH»). ByneM Temepb
CYHTATb SHEpreTHUYECKHe CJIOH JOCTaTOUYHO TOHKHMH, YTO NO3BOJIHT HaM
nepeiTH B GOpMyJsax, ONpeAe/NSIOMHX XHMHYECKHI NOTEHIHA H BHYT-
PEHHIOI0 SHEPTHIO, OT CYMMHPOBAHHS 10 «SILIHKaM» K MHTErpUPOBaHHIO.
3aMeTHM IIpH 3TOM, YTO MOCKOJIBKY NepeMeHHBIH MHOXKMTE/b BO BCeX
TpeX pacnpefie/leHHsIX 3aBHCHT TOJILKO OT SHEPTHH, TO YMcJ/a H306pa-
JKAIOUMX TOYEK B PaBHBIX (ha30BHIX OGBEMaX, HAXONSMIMXCS B OHOM H
TOM K€ SHEPreTHYeCKOM CJIOe, PaBHBI, H MBI MOXKEM BBECTH JJIS CTa-
THCTHYECKOTO OIHCAHHs Tasa 4YHC/ao vyacTui dN B ajeMeHTe (asoBoro

npocrpancrea dI' = H dq; dp; (W11 YHCJI0 YAaCTHIL, Y KOTOPHIX 0600LIEeH-
i
Hble KOOPAHMHATH JIeXKaT B Npefenax (¢i, g; + dg;) u o6oOueHHble M-

nyabcel — B npenenax (p;, pi + dp;)). Ilpn aTom uucao siveek g;
JIOMKHO GbiTh, OUEBHHO, 3aMEHEHO BbIpaXKeHHeM

11 dg: ap:

rie a — $asoBbiil 0GbeM OXHON sueiiku, BBeleHHblil B § 30, H g — Be-
COBO MHOXKHUTeJ/b. [10sIB/IEHHE 3TOrO MHOXKHTEJS! CBSI3aHO C TeM, UTO
npH GUKCHPOBAHHBIX ¢; M p; YaCTHIA YaCTO MOXKET HAaXONHMTbCS B pas-
HBIX COCTOSIHMSIX, OTJIHYAIOLMXCsl APYTHMH napamerpamu. Hanpumep,
€CJIH YACTHLA HMEET CIHH §, TO MPOEKLHs CIHHA HA HEKOTOPOE Harpa-
BJIEHHE B npoc-rpax-rc-rae MoXeT UMeTb 25 + 1 pasHbiX 3HaueHHH (—s,
—s+ 1, ..., s — 1, s B enunuuax h/2m). B sToM cayyae g = 25 + 1.
Has CBETOBLIX KBaHTOB g = 2, TaK KakK NpH PUKCHPOBAHHBIX 4acTOTe v
M HanpaBJeHHH PaclpOCTPaHEHUS! KBAHT CBeTa — (OTOH MOXKET HMeTb
JlBa HE3aBHCHMBIX HalpaBJIeHHsl NOJISPH3AIHH.

Tlocsie mepexofia K HEMpepHIBHOMY ONMHCAHHMIO CTATHCTHYECKHE pac-
npefesieHHsl 3aMUUIyTCs B BHJIE:

1. Pacnpepenenne Bose — Ditnmreitna

dr

—8
N = = (35.10)
-8
s S e u)/IzT R (35.11)
g dl
S JE—WET " (35.12)



§351 MEPEXOX K UHTETPUPOBAHHIO. BBIPOXXAEHHE [A3A 151

2. Pacnpenenenne ®epmu — Jlnpaka

g dar
dN = - e‘TW—T-—I (35.13)
~ £
=4 S &= u)/kT+] (35.14)
_& edl
u==£ Q e (35.15)
3. Pacnpenenenne Makcpesna — Bonbumana
dN = -eﬂ'—e)/”dl‘ (35.16)
N= % S em—a/kTqT (35.17)
U=~ S eew—o/AT T, (35.18)

OTMeTHM BecbMa BaXKHOe OTJIMuMe pacnpefesneHnii Bose — DiHiu-
Tefina 1 ®epmn — JIupaka ot pacnpesesiennss Makcsenia — Bobu-
MaHa.

B cayuae cHCTeMBI GO30HOB HJIH CHCTeMbl (DEPMHOHOB YpaBHEHHs
(35.11) u (35.14) MoryT GbiTh B MPHHUMNE pa3pelleHbl OTHOCHTENBHO P
(xoTs1 B 00LUeM clyyae 3TO MOXeT GHITh CAEJAHO JIHKIUb PHGIHKEHHO).
ITpyu stoM p Gyzer 3aBuceTb oT N u T, a Takike mapaMeTPHUeCKH OT
obbema siuefikH a. [T03TOMy nocJie MOACTAHOBKH 3HAueHHs] XHMHUECKOTO
noTeHIHa a B ypaBHeHHs (35.12) u (35.15) BHYTpeHHsIsl SHEPIUs TaKxKe
6yneT 3aBHCETb OT YHMCJIa YAaCTHIL, TeMIepaTypsl H napamerpa a. Cieno-
BaTEJIbHO, GeAUYUHA a modcem Gbimb 6 NpUHyune HailideHa u3 CPasHeHus
¢ sxcnepumenmos (HampHMep, IO HM3MepeHHsM TemsoeMKocTH Cy =
= (0U/0T)y).

CoBepllleHHO HHaue OOCTOMT JIeI0, €CJIM MBI MoJb3yeMcst GpopMyJioi
pacnpenesnennss MakcBenna — Boabumana. O6paTM BHHMaHHe Ha
TO, YTO XMMHYECKHH MOTEeHIMaN | U 06beM siuefiKH a BXOAST B ypaBHe-
Hust (35.17) u (35.18) MyJBbTHIVIMKAaTHBHO B BHJE OJHOH H TOH e KOM-
GuHaiuu e/4Ta™l, TTosToMy MCKJIIOYeHHe | M3 CHCTEMbI 3THX JABYX ypaB-
HeHHil 03HaYaeT OJIHOBPEMEHHO HCKJoueHHe a. CliefoBaTe/IbHO, GHYM-
petirsis snepeus U oxaseisaemcs ¢pynrkyueis N u T u xe 3asucum om a.
Tlonenus (35.18) na (35.17), HaXOAMM BbIpaKeHHE

—&/kT
U=ni¥ __d

[=ar (35.19)

B KOTOpOoe 06TLeM a He BXOAHT.
B cayuae pacnpefesnienus Bose — Siinwreiina u ®epmu — dnpaka

BHYTpeHHssl sHeprust U omnpenensiercs ¢popmy.ioit

Sedp/e(z—u)/’?T 1

U=N:

Trarsy (35.20)
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¥ CYLIECTBEHHO 3aBUCHT OT 4 H, C/IeloBaTe/bHO, OT a. TakuM o6pasoM,
AJISl TOUHBIX CTaTHCTHYeCKHX pacmpefenennit ®. — 1. u B. —23.
oGbeM 3/1eMeHTapHO# siyefiku, KaK Mbl yxe ynomunanu B §§ 31 u 32,
He sB/IeTCA NPOU3BOJBHBIM, KaKHUM sIBAsieTCs (B M3BECTHHIX Mpeje-
n1axX) 06beM SILHKA, a TOYHO PHKCHPYETCs: 3aKOHAMU TIPUPOABI H MOXKET
ObITh HafileH U3 sKcrepuMeHTOB. TOBKO B NMpeleJbHOM Ciydae MaJbix
Yhcesl 3amoJIHEHHsi (06/acTb NPUMEHMMOCTH pacrpeleeHust Makc-
Beslsla — BoJbiMana) 3Ta BO3MOXKHOCTb Mcye3aeT M (asoBhlli 06beM
AYeflKH CTaHOBHTCSI IPOM3BOJIBLHEIM.

YcTaHOBUM Temepb Gosiee TOYHO KPUTepHil MPHMEHHMMOCTH pacmpe-
Jenenust MakcBeana — Bosbumana. PaccMoTpuM, AJIsi KOHKPETHOCTH,
cyyait OJHOATOMHOTO HJI€aJbHOTO Ia3a B OTCYTCTBHE BHEIIHETO MOJS:

e PP B0+l
2m 2m :

Tak KaK 5Heprusi 3aBUCHT TOJIbKO OT aGCOJIIOTHOH BeJHYHHBI BEKTOpa
MMITyJIbCA, €CTECTBEHHO Pa3GHBaTb WMMYJbCHOE MPOCTPAHCTBO Ha lla-
poBle c/ion ¢ o6beMoM 4mp?dp, oTKyna moayyaeM Aas dI BelpaxeHne

dT' = Vasp? dp. 35.21)

Bo MHOTHX clyyasix yAOGHO MepefTH OT HHTErPUPOBAHHUS MO UMITYJbCY
K MHTETPUPOBAHHUIO 110 SHEPTHH C MOMOIIBLIO COOTHONIEHHsI p = (2me)/s

dl = V2m (2m)* e'» de. (35.22)

VYcnoueM mpuMeHMMOCTH pacnpefiesenusi Makcsenna — Bosbumana
SIBJISIETCS] BHINOJIHEHUe HepaBeHeTBa e — &/kT & 1 npu moGbiX €, B TOM
yncse ¥ npu € = 0; B 5TOM cJlydae OHO TMPHHUMaeT BHI

T 2, (35.23)

Ipu BHINOJIHEHHH STOTO YCJIOBHsI Mbl MOXeM HaliTH e/*T u3 dopmy.bsl
(35.17)

wkT Na

R P (35.29)

Unrerpas, crosmuil B 3HaMeHaTesne, MOXeT OHITb JETKO BbIYHMC/IEH

o
J={e=enT dD = V2m 2m)*: § e=e/T e de =

0
©

= V4n (2mkT)'" S e=*'x2 dx,
0
U OKOHYATeJIbHO HAXoJMM (cM. «MaremaTHyecKoe NpPHUJOXKeHHe», 1. D)

J=V 2nmkT)".
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CnenoBarenbHo,
Na
——Vg CamiTy " (35.25)

Mgl yGenumcsi B JasibHelilieM, 4TO /s OJHOATOMHOTO rasa o0TLeM
s/eMeHTapHOH siuelikM a paseH K?, rie h — nocrosinHast Ilnanka,
U KPHTepHH NPUMEHHMOCTH pacnpenenenHst Makcsessa — Bosbumana
npHoGpeTaeT BU/ (MHOXKHTENb g ~ 1 H MOXeT GbITh OMYyIIEeH)

N hr \fe

& (Mﬂ) <1, (35.26)

Takum o6pasoM, npumenumocmu cmamucmuxu Makcgeara — Boav-
ymara cnocobecmseyem manras naomuocme easa N/V, 6Goavwue maccet
Morekys m u eoicokue memnepamyper T.

TIpOTHBOMOJIOKHBIH KPHTEPHIt

N/ B\

() 21 (35.27)
npeAcTaBasieT cofoil ycJOBHe, NPH KOTOPOM pacnpefiesenre Makcses-
Jna — BoJibiMaHa HENPHMEHHMMO, U Ta3 IHOAUYHHSIETCs pacrpesiesleHHIo
Bose — Jiinwreitna unn Pepmu — upaka. B stom cayuae ras npu-
HSITO Ha3bIBAaTh BbIPONCOeHH6IM W KpUTepHH (35.27) HOCHT HasBaHHe
Kpumepus 8uiposcOeHus.

Paccmorpum Kpurepuii (35.26) cHauasa st caydasi rasa, COCTOsi-
wero M3 OObIYHBIX aTOMOB. IloACTaBJ/isis UHCJIEHHble 3HaueHHst A, k,
NIV~ 10" cu™® u m~ (10%—102%) ¢, moayunm T > 107! °K.
Takum 06pasoM, AJsi OObIYHBIX Ta30B IpPH JaBJeHHH, GIH3KOM K HOp-
MaJIbHOMY, pacnpejiesieHne MakcBessia — BousibLMaHa sIBJISIETCS XOPO-
LIMM TIPHOG/IHAKEHHEM BILIOTh JO BECbMa HH3KHX TEMIEpaTyp.

Mnaue OGCTOMT €0 JJIst Ta30B, COCTOSIUX M3 Gosiee JIETKHX da-
CTHLL, HaIPUMeP, VIl 3JeKTPOHHOTO rasa B MeTaJljie HJIH JJIsi CBETOBOrO
u3nydenHs (ras ¢oronoB). st a/1eKTPOHOB m ~ 107 ¢ ¥ s KBaH-
TOB Jaxe DPEeHTTEHOBCKOH 06JacTH cnexktpa m = hv/c* ~ 107% ¢, u
[03TOMY BILIOTH 10 TeMmeparyp ~ (10*—10%) °K aast Takumx rasos
pacnpenesenne Maxcpessa — BosbluMaHa HENPUMEHHMO H OHH SIB-
JISIOTCS BBIPOXKAEHHBIMH.

eW/kT

§ 36. Q-noteHuman Go3e- M depMH-ra3os

B OTCYTCTBHE BHELIHETO INOJIA HHTErpaJbl, CTOsIlIMEe B NpPaBbiX ya-
CTAX PaBEHCTB

g _ g dnp?dp
= R (s—u)/kT-Vl = ;V SE—WET ] (36.1)

ot g

o
N

&\ edl _£ ednp? dp
U=% S e€—WAT 31 a v \ SE— T 1 (36.2)
[
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nponopunoHanbhbl o6beMy rasa V. [Mostomy coorHowenne (36.1)
OnpejesisieT p Kak HesiBHYIo GyHKUHIO N, T 1 V, a cootHowuenue (36.2)
HEIIOCPEJICTBEHHO OTpejiesisieT BHYTPEHHIOI SHEPTHIO, KaK (QYHKIHIO p,
T u V. Vckmouast p u3 ypaBrenuii (36.1) u (36.2), Mbl MOXeM B NPHH-
uune Hailth U Kak ¢yHkuuio nepeMerssix N, T u V. Onnako H B ToM
U B ApyroM cayyae U HaxoAuTcsi Kak CI)yHKLLHﬂ UYXKHX» I€DEMEHHBIX
(HaNOMHHM, YTO «CBOMMH» IE€DEMEHHBIMH JJIsi BHYTDPEHHeH 3HEpTUH siB-
JSI0TCS 3HTPONHUS S, 06BeM V H yHcs0 yactuy, N). 3To BO MHOTHX CJaly-
Hasix HeyJoGHO: HallpuMep, Mbl He MOXKeM HaHTH JaBjeHHe rasa P H
€r0 3HTPONHIO S ¢ IOMOLIbIO JH(bdepeHIHPOBAHUS BHYTPEHHEH SHEPTHH
U BBIHYX/IeHbl IIpHOeraTh K GoJiee CJIOXKHBIM IIpHeMaM. Y JIOGHO NO3TOMY
BBECTH ellle O/IHY TepPMOJHHAMHYEeCKYI0 (GYHKIIMIO, A5l KOTOPOH Xapak-
TEPHCTHYECKUMH IePeMeHHBIMH sIBIsUIMCh Obl u, T, V. 3anuweM pis
3TOro JHuddepeHnnanb cBOGOAHOH 3SHEPTHH H TePMOJAMHAMHYECKOro
noTeHlHaIa

dF=—8dT—PdV+4pdN, dD=duN)=pdN+Ndp
H BbIYTEM H3 IIEPBOTO PAaBEHCTBA BTOPOE
d(F—®)=—SdT —PdV —Ndp.
OGosnauyum Beqnuuny F — @ yepes Q. Toraa nosnyuum

Q=F—®O=—PV (36.3)
H aas auddepeHunana Q-noTeHUHana HAaXOAHM BBIPAXKEHHE
dQ=—S8dT —PdV —N dp. (36.4)

M3 stoit QopMy/ibl BHIHO, YTO €CTECTBEHHBIMH II€PEMEHHBIMH JJIst
Q-notennuana spasiores T, V U |, a SHTPONHS, NaBJeHHe U YHCJIO Ya-
CTHIL MOTYT GHTb HaliileHbl MmyTeM Au(xpepeHIHpoBaHHs

2 e
() P~ (B V-

TlokaxeM, KaK BbIPaXalOTCsl pYrHe TepMOJAHHAMHYECKHE (GYHKLHH
@, F, U, W yepes Q-noredunai. Hcnonbays (36.5), nonyuaem pas @
BbipaxeHHe

(?2')
\6V/1, n'

[0Q
®=NH=_FW>T. .- (36.6)
Ha ¢opmyabt F = ® — PV = @ 4 Q Haxoaum
Q
F=a—p(3) . (36.7)

Us coornowenust U = F + TS noayyaeM ¢ nomompio (36.7) u (36.5)

U=a- p‘\gﬁ)r v T(g?)uv (36.8)
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Hakouen, u3 onpenenennss W = U + pV = U — Q HaxonuM,

0Q 9Q
W__M(E>T‘V_T<5T>u,v' (36.9)
Bce HamucaHHble 0 CHX TIOpP COOTHOLICHHS! HMEIOT OGMIHE Xapakrtep H
MIPUTOfHBI JJIsi JIOGLIX MOHOBaPHAaHTHHIX TEPMOJIMHAMHYECKHX CHCTEM.

B yacTHOM ciyyae uieanbHbIX (o3e- H (epMH-Ia3oB COTVIacHO ¢op-
myJae (33.18)

Q=—PV=iT Y g In(l e ~%*7), (36.10)
i

Jle BepXHHIT 3HAaK OTHOCHTCS K CJ1yYalo CHCTeMbl GO30HOB, @ HHXKHHHA —
K cJyyalo cHcTeMbl dyepmuOHOB. [Tociie mepexosa K WHTErpPHPOBaHHIO
BHIpaxeHHe JJisi Q-TOTeHLHana NPHHUMAET BHJ

dr

Q= gkT S T in (1 5 o), (36.11)
TTokaxeM, 4To AJIst Ta3a B OTCYTCTBHE BHELIHETO MOJsi Q-noTeHuuan
CBsI3aH BecbMa NMPOCTOH 3aBHCHMOCTBIO C BHYTpPeHHell sHepruefi. Jony-

CTHM, YTO 3HEPTHsl YaCTHUbI BHIPAXKaeTCsl yepe3 ee HMNYJAbC GOPMYJION
e=Bp*, B=const, s=-const,

KOTOpasi OXBaThiBaeT M CJydail HepessiTHBHCTCKHX 4acTHL (¢ =p?/2m,
s = 2) ¥ cayuail npelleNbHO PENSITHBHCTCKHX YacTHL, (e = cp, s = 1).
Hurerpupys (36.11), mo obbvemy Haiinem
©

Q=2 .‘”'_ikl v § dp p* In (1 Smew—e@NAT),

ITponHTErpUpYEM 3TO BhIpaxKeHHE MO YacTsiM, YUHTHIBAs!, YTO BHEHHTET-
pauibHBIl YsieH obpalnaeTcsi B Hy/1b KaK Ha HHXKHEM, TaK U Ha BepXHEM
npezenax

© de
Q=_tey _ e s4nng ep?dp
= 3a o€ (P)—W/ET + = "3 a SWI—I'
0
(36.12)
Cpapnusas (36.12) ¢ ¢opMmyioli BHYTpeHHeli sHepruu
4 & 24
_ g ep®dp
U=V Sm. (36.13)

0

HaxojuM HHTepecylollee Hac COOTHOLUEHHe

Q=—3U. (36.14)
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B YaCTHOCTH, AJs HepeJATUBHUCTCKHX YaCTHIL
o=—21vu, (36.15)
a U1 NIpefie/IbHO PeJISITHBHCTCKHX YacTHIL (HanpuMep, Ajisi (POTOHOB)
1
Q=—1 U. (36.16)

Moauepkuem, yto popmy.st (36.14) — (36.16) Bmecre ¢ (36.13) onpe-
Jensior Q-noteHuHan Kak (QYHKIHIO «CBOMX» nepeMeHublx T, V, p.
TNosToMy SHTpPONHS H AaBJEHHE MOTYT GbITh HalAeHb! M0 popMy.iaM (36.5)
nytem auddepenuupoBanus Q no nepemenusiM T, V. IMocaennsist gop-
myJaa (36.5), N = — (6Q/4p)r,y, Hcnosbayercst 0GbIYHO 1JIs1 HAXOXKJe-
HHSl XHMHYECKOTO NOTEHIHa/Ja H ero MOCJAEAYIOEro HCKJIOYeHHs H3
dopMyJa st BHYTPeHHel SHEPTHH, SHTPONMHH H JABJIEHHS.

3amernM, HakoHemw, 4To ¢opMyJsl (36.14) — (36.16) cnpaBeanuBbl
€CTeCTBEHHO H B MpeJieJIbHOM Cayyae CTaTHCTHKH Makcsesnia — Boabir-
maHa. Hanpumep, a5t MaKcBeJ1/1-6OJIbIIMAaHOBCKOTO Ia3a HepesTHBHCT-
CKHX 4YacTHIL H3 Qopmyi

Q=—PV, U=3NiT, Q=—2U

NPHXOJMM K ypaBHeHHIO coctosinusi PV = NET.
Q-moteHunan rasa MakcBeasna — BosbuMana MoxeT GbiTh HaiijeH
u3 (36.10) myrem npefenpHoro mepexosa e*T <1 M paBeH

Q=— kT enthT 3 g™ /7, (36.17)

PaccMoTpHM Tenepb Gose- HaH depMH-Ta3 B NPHUCYTCTBHH BHELIHErO
nosis. CoxpaHsis B cHae onpejeneHHe Q-motenunana (36.3), Mbl mo-
npe:kHeMy NPUXOAUM K dopmyde (36.10), Ho Q-nmoTeHIHAN TOMHMO nepe-
MeHHBIX T, V M W 3aBHCHT Tenepb elle OT HaNpPsXKEHHOCTH NOJIs, B KO-
TOPOM HAXOJHMTCH Tas.

PaccmotpuM Gosiee eTasbHO C/1y4ail rasa B MarHHTHOM IOJie, KOTO-
pBIM HaM nNpHIeTcss 3aHMMaTbess B § 57. BbluMCAHM NPOU3BOAHYIO
(6Q/0H)1,v,.. Coraaco (36.10)

<6H>T Vou Zg‘n. oH"

Tak Kak npousBoaHas de;/6H ectb Bssrrbm c 06paTHHIM 3HAKOM MarHHT-
Hblil MOMEHT YacTHLBI B i-M SHEPreTHYECKOM COCTOSIHHH, MBI IOJyyaeM

(g%>r v,u=_MV' (36.18)

rae M — HaMarHuyeHue (CpeHU# MATHHTHBIH MOMEHT eXHHHIIBI 06beMa).
TakuM o6pasoM, Aas AubdepeHuHana Q-noTeHUHala HaXOAHM BbIpa-

2KeHHue
dQ=—SdT —PdV — N du — MV dH. (36.19)
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§ 37. PaBHoBecHoe H3nyyenhe (GoToHHbIH ras)

C TOYKH 3peHHs KJacCHuecKoil (H3HKH DPaBHOBECHOE H3/NyueHHe
B TOJIOCTH TpeACTaBJseT COGOM CHCTEMY CTOSIMHX BOJH C PasHBIMH
YaCTOTaMH v, HAlpaBJEHHSMH DACIpOCTPaHEHHS M IOJAPHIALHAMH.
Mbl cTaBHM CBOEH UeJbIo PEIMTh 3ajauy, KOTopasi He Morsia GbiTh pe-
IeHa CpeACTBaMH (eHOMEHOJIOTHYECKOH TepMOAHHaMHKH (cM. § 16):
HalTH CNEKTPaJbHYIO IJIOTHOCTb SHEPrHH H3ayueHus o (v, T).

Mgt 6yfieM HCXOAMTb M3 TaK Ha3blBaeMOro 3aKOHa paBHOpacIpefee-
HHSl SHEPTHH IO CTeneHsM CBOOOABI, KOTOpHIH OyneT HoKasaH B § 42.
CorniacHo 3TOMY 3aKOHY KaXkiias KoJebaTesqbHas CTeneHb CBOGOAH
(Kaxknasi sJeMeHTapHasi BOJHA) BHOCHT B CPEJHIOI0 SHEPTHIO BKJAA,
paBHeift £T. Beuay storo ajs nonyueHus: p (v, T) dv Hazo HaAHTH YHC/IO
Pa3NUYHBIX CTOSIYHX BOJIH B eMHHIIE 06BEMa C 4acTOTAMH B HHTEpBaJe
oT v 0 (v + dv) H YMHOXHTb 3T0
uHca0 Ha kT. JlonmycTHM Ansl mpo- mg
CTOTBI, YTO IOJIOCTb HPEACTaBAsIET
coGoii Ky6 ¢ peGpaM AJHHbI [,

OPHEHTHPOBAHHLIMH BJIO/Ib KOOP- B
JHHATHBIX Ocell (SICHO, YTO pe3yiib-
TaT He MOJKeT 3aBHCeTb OT (OPMEI m,
MOJIOCTH).

YpaBHeHHe CTOsYeH  BOJIHEI
HMeeT BHJ

y=Asin(fr+98), 37.1) p,

IJie oA ¥ MOXHO NOHHMATh JIHGO Puc. 48.

3/IeKTPHYECKOe, JHGO MarHHTHOE

nosie BOJIHBI, f MpefcTaB/isieT co60il BOMHOBOH BEKTOp, HANpaBJeHHe
KOTOPOTO COBMNAjaeT C HalpaBJeHHEM PaclpoCTPaHEHHs BOJHEI, a Mo-
Aynb paBed f = 2n/h = 2mv/c, § — HavanbHas ¢asa U A — aMmaH-
TYAa BOMHEL. HanoXuM nepHofuueckHe rPaHHUHBIE YC/OBHs, KOTOpHIE
3aKJIIOYAIOTCS B TOM, YTO Ha MPOTSXKEHHH KaXXJOTO W3 pefep MOJOCTH
YKNablBAETCS LeI0e YHCJIO BOJIH ((PH3HUECKH 3TO CleAyeT U3 TOro, YTo
B 3aBHCHMOCTH OT OTDPaXXAIOUIHMX CBONCTB CTEHOK Ha CTEHKaX AOJIKHBI
HAaXOAMTLCA MHGO Y3/bl, HG0 MYyYHOCTH cTosiuuX BosiH). Otciofa nony-
YalOTCs YCIOBHS

fil =mi2n, i=1,2,3, m=0,%1, &2, ... (37.2)

(f: — mpoekunu BONHOBOTO BeKTopa). UacTOTHl BOJIH NPHHMMAIOT,
CJIe0BaTe/IbHO, KBaHTOBaHHbIE 3HAUYEHUS

c c

=rm=7Vmtm+m. (37.3)

Baesiem mpoctpancTBo uncen my, my, my (pHc. 48). O6Go3nauum yepes
dn (v) 4HCJIO PA3/HYHBIX BOJIH C 4acTOTaMH B MHTEPBAJe OT v JO
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(v -+ dv), paBHOe yIBOEHHOMY (33 CYET ABYX HE3aBUCHMbIX NOJSIpH3a-
IMH) YHCJY TOYEK C IEJNOYHCAEHHBIMH KOODAMHATAMH M, JIEKAMUX
Mexay chepamH c paguycaMd m U (m -+ dm). Tak Kak Ha Kaxnywo
TaKylo TOYKY NPUXOAMTCA Ky6 C O6BEMOM, PaBHBLIM €IMHHIE, TO HCKO-
MO€ YHCJIO TOYEK PABHO C GOJIBILIOH TOYHOCTBLIO OOBEMY, 3aKJOUEHHOMY
MexXJy yKasaHHbIMH cepamu. TlosTomy

dn (v)=2-4am? dm =" v2 v, (37.4)

TMonarast B 5ToM BblpaxkeHun * = V = 1 u ymHoxas Ha kT, HaxoauM
CMIEKTPA/IbHYIO MJIOTHOCTb 3HEPIHH H3JyYeHHs!

p(v, )= 2, (37.5)

Sra popMyna Beipaxaer sakox Peses — Jlacunca. Mbl o6cyxnan pusm-

4ecKHe CJIE[CTBUs 3TOro 3akoHa B § 16 u Bunea, uto dopmyia (37.5)

(DH3HYECKH HeCOCTOsITe/bHA W NIPHBOAMT K TaK HasblBaeMOH yJbTpagHo-
o

JIeTOBOH «KaTacTpode» (§ o (v, T)dv pacXofuTcsl Ha BepXHeM npejede |,

PaccMoTpuM Tenepb H3iyueHHe KaK a3 CBETOBHIX KBAHTOB, HJIH
(OTOHOB, KOTOpble 06/IafAloT CJIELYIOUHMMH cBOHcTBaMH. POTOHbI ABU-
JKYTCSL CO CKOPOCTBIO CBETa B BAKYYMe ¢ H NIO3TOMY NPEACTaBJISAIOT cO60i
6e3MaccoBble yacTHIbl, m = 0 (3TO cefyeT XOTsi Gbl M3 GOPMYJIbI LIt
sHeprun E = mc®/Y' 1 —v*/c%). CBsisb 3HepPrHH C HMIYJIbCOM, HMelo-
mas AJs «o6bIYHbIX» YacTHIL (Y KOTopbix m 5= 0) Bug E? = m%* + pic?,
1J151 GOTOHOB npHHUMaeT BUL E = ¢p. DOTOHBI MMEIOT 1eIOUHCIeHHEIH
cruH (PaBHbI eIMHHIE) H NMOITOMY SABJASIOTCS GO30HAMH. DTO 3HAUMT,
4TO YHCJO (POTOHOB B I/EMEHTAPHON siuelike He OrPAHHUEHO M MOXKeT
NPYHUMATB JiloGble 3HaueHUst. BoJee Toro, Tak KaK (pOTOHB! HENPEPhIBHO
M3J1y4aloTCsi H BHOBb NOIVIOMAIOTCS CTEHKAMHU TOJIOCTH, TO MOJTHOE YHCJIO
(OTOHOB He (PMKCHPOBAHO H YyCJOBHE ZN ;=N nns poronHoro rasa

7
He uMeeT Mecta. [ToaTOMy MHOXHTeJb JIarpaHKa o H CBSI3aHHBI ¢ HUM
XHMHUECKHH MOTEHIMAJ P JOJIKHBI GBITh 1151 (POTOHHOTIO rasa MOJNOMKEHb!
paBHbIMH Hymo. Takum o6pasoM, pacnpesenende Bose — Diinmireiina
st (POTOHOB HMeeT BH] -

N = i

(37.6)

Moncrapass dI' = 4npdp dV, vHTErpUPYS N0 KOOPAMHATAM H MoJsa-
rasi o6beM V, paBHbIM €AMHHIE, NMOJYYHM JJIS YHC/JA (HOTOHOB B €H-
HHlle 06beMa C UMITyJIbCaMH B HHTEpBaJe OT p 10 (p + dp) WK ¢ 3Hep-
THAMH B HHTEpBaje OT € A0 (e -+ de) BblpaxieHHe

d _ 8 _pdp _ 8n _&de . (37.7)

a /RT | g kT |
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Bocnoabayemcst Teneps gopmyaamu [1naHKa, CBSI3bIBAIOUIHMH SHEPTHIO
H HMIyJbc (OTOHA C YaCTOTOH CBETOBOH BOJHBI & = hv, p = hv/c.
3TH  GOpMYJbl  ABASIOTCS BhIPaXKEHHEM KOPMYCKYJsIPHO-BOJHOBOTO
Jlyaqu3Ma CBeTa, a MHOXHTeJb A NpeAcTaBjsieT coGofl cBOeoGpasHbIi
NepeBOJHBIH MHOMHTEb OT BOJHOBOTO OMHCAaHHSI K KOPIYCKYJSPHOMY.
Bripaxcenne (37.7) npuHHMaer Tenepb BHA

8ahd  vidv

dN (v)=;;—m. (37.8)

CrieKTpa/bHYIO MUIOTHOCTb SHEPTHH MOAYYHM, yMHoxast dN/dv na hv:
8uht 48

p(v, T)=—c,;—e—,m:. (37.9)

PaccMOTpHM JBa MpejesbHBEIX Ciaydasi. B o6aacTH Maabix yacToT,
koraa hv < kT, pasnarast 5KCIOHEHTYy B 3HaMeHaTeJe, HaXOAHM

p(v, T)=20HT e, (37.10)
EcrecTBeHHO, 4TO B 3TOM MpeJeJIbHOM C/lyyae HH3KOIHEPIeTHYECKHX

(OTOHOB, KOPIYCKYJIsipHble CBOHCTBA CBETa HE MPOSIBJASIOTCS M MOJY-

yaetcsi GOPMY.a, [0 CYIIECTBY COBNAAIOMIAs ¢ KAaccuyeckoi GopMyoi

Penesi — xxunca. CpaBHuBasi ¢op-

myasl (37.5) u (37.10), MBI HaxoauM £POT)

BHIpaXkeHHe A1 oObeMa sueiiku a: A4 7= const
a=~Hhs.

Ypasuenne (37.9) npHHHMaeT Tenepb
BHJ,

8nh w3
p(v, T)=7W?i' (37.11) Ve v
drta ¢opMyna HOCHT Ha3BaHHe ¢op- Puc. 49.

Myaot [12aarKa W XOPOLLO COTJIacyeTcst
C ONbITOM BO BCEM HHTepBane 4acToT OT 0 J10 oco. B NPOTHBOIOJIOXK-
HOM MpejeNbHOM caydae, Koraa hv > kT, dopmyna Ilnanka mepe-
XoIuT B QopMyny
h
o (v, T) =22 gt (37.12)

KoTOpasi Obl1a mpejsokeHa BHHOM M XOpOILIO COTJIaCyercsl C ONBITOM
B 06/1acTH GOJIBIUKX YacToT.

Ha puc. 49 usobpaskena 3aBHCHMOCTb P OT YacTOThl v MPH (HKCH-
PoBaHHO# TeMnepaType cornacko ¢popmyde Ilnanka (cnyiomHas THHHS).
Ias cpapuenns IITPHXOBOH JIHHHEH H306paxieHa 3aBHCHMOCTb P OT v
cornacho dopmyne Penes — Mkuuca (P. — J1.) H WITPHX-MYHKTHPHOM
JlHHel — cornacko ¢popMyae Buna (B.).
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@opmyna Ilnanka nosBoJsteT HafiTH YHC/IEHHOE 3HAUEHHE MOCTOSIH-
HeIX a H b B 3akoHe Crepana — BosibliMaHa u B 3aKOHe CMelleHHs
BuHa COOTBETCTBEHHO.

IMpounTerpuposas dpopmyay ITnaHKa Ansi NJIOTHOCTH SHEPTHH H3JIY-
YeHHs, MONYYHM SHEPrHIO H3JyueHHs Ha BceX yactoTax (00BeMHYIO
NJIOTHOCTb 3HEPTHH)

o o

8ah ¢ vdv s
u(T)= S o(v, Tydv=" Sﬂ%=hiw—[(’ri' (37.13)
0 0

rie (cM. «MarematHyeckoe mpHsoxeHHe», dopmyaa (E.2))

© P .
X3 dx b3
Ks-—§ X1 —'—1—.

OKoHuYaTeIbHO 10 yudaeM

u(T)=aT*, (37.14)
I'le MOCTOsiHHAsi 3aKOHa BoabumaHa a paBHa
8mskt
a= {5 (37.15)

IMoxcrap/assi YuC/IeHHbe JaHHbIE, MOXHO y6eauTtbes, uto (37.15) mpe-
KPAacHO COryiacyercst ¢ KCIepHMEHTA/bHEIM 3HayeHHeM a.

Samerum, 4TO €CJIH 3anmHcarb 3aKOH C'recpaﬂa — BOJlbl.lMaHa B BHJE
u(T)=a’ (KT)

(mepeiiTi K TeMmepaType, H3MEPEHHOM MO SHEPreTHUECKOH LKane), TO 415 MOCTOAHHOR
a’ MONYYHM BLIpaXKeHHe

8nd  adad

15h3¢3 ~ 158 *

a' =

rae o = 2mel/ch — NOCTOsiHHAs TOHKOH CTPYKTYphl. Jlupak o6Hapyxun (HeomyG-
JIMKOBAaHHOE COOOLIEHHE), YTO MOJY4YeHHOe BBHIPaXeHHe C OTPOMHOH TOYHOCTBIO (1O
NATH AECATHYHBIX SHQKOB) COBMajaer co CJEAYIOUHM:

1
(4me)®*

a'=

(37.16)

Orcioga A5 BeJHYHHBL OGPATHON MOCTOSHHON TOHKOM CTPYKTYPHI HMeeM Cleaylouiee
npumMeyaTeNbHOe BhIpAXKEeHUe:

é=“137”=‘4")’ <1 ’g 5)"', (37.17)

KOTOpOe OKa3sbiBaeTcsi CMpaBeJIHBbIM C KOJIOCCA/IbHO TOYHOCTbIO. 3TO COBMajeHHE
JIupak HHTEPNPETHpYeT cleaylouiim 06pa3oM. B kiacchueckol snekTposutamuke (Tag
Xe, BMpoyeM, Kak H B conpemeuuoﬁ KBaHTOBO#H 3nex‘rponuﬂamnxe) KBaHTOBaHHEe
SJIEKTPHYECKOro 3apsja sBNsAeTCs MpIBHECEHHbIM H3BHE, YYXKepPOJAHbIM TMOHSATHEM,
T. €. C TOYKH 3peHHS 3IJIEKTDONHHAMHKH 3JEKTPOH MOr 6bl HMeTb H CKOJb yrogao
manbiit 3apss. Ho npu e — 0 mui nmenu 661 a” — oo,
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Bynywas TeOpHs SNEMEHTApPHBIX HaCTHU JO/MKHA BBISICHHTb MPHYHHBI KBAHTO-
BaHHA 3apsfa H Y Tb CMBICI COOT hej2ne? = 137, cBs3biBaoLiero
PeNATHBH3M (C), KBaHTOBaHHE (4) H TEOPUIO JIEMEHTAaPHBIX YacThy (e).

Bmecre C TeM eCTh OCHOBaHHe IyMaTh, YTO B 3TOH Gy/ylleil TEOPHH H BHIpaXKEeHHS
ans @’ (37.16) n aas 1o (37.17) mepecTanyT GuiTh MPOCTBIMH COBNAJAGHHSIMH H NMONY-
YaT pallHOHalbHOe OGbsCHEHHE,

JIns HaxoX/eHHsl NOCTOSIHHON B 3aKOHE CMeLIeHHsI OTHICKHBAeM o
OOBIYHBIM NPAaBHJIAM MaKCHMyM BbipaxeHnsi (37.11). Vmeem

hv vkt
dp _ 8ah v 3_ kT

v @ VAT JVRT |

YacToTy, COOTBETCTBYIOULYI0O MakKCHMYMY p (v, T), IOJYYHM, NpHpaB-
HHBAs HYJIO BhIpaxkeHHe B CKoOkaX. BBoasi mepeMenuywo y = hv,/kT,
HaXOJIHM ypaBHeHHe

(37.18)

3 —1)=ye¢,

KOTOpOE HMeeT OJHH KOpeHb, paBHbifi mpubankeHHO y = 2,85. Orciona
ToJ1yyaeM 3aKOH cMelleHHst Buna B ¢opme
W,
T=b (37.19)
rjie nocrosiHHas b pasua 2,85k/h.
B 3ax/oueHHe 3Toro naparpaga BbiBeleM (OpPMyYJ1y, CBsI3bIBAIOLLYIO
JaBJIeHHE H3JyYeHHs] ¢ OGBEMHOI TJIOTHOCTBIO SHEPTHH

1
P=zu(T),

KOTOPOH MBI 10JIb30BaJHCh B § 16 npH H3yyeHHH TepMOAHHAMHYECKHX
CBOHCTB PaBHOBECHOTO H3JyueHHsl. TaK KaK BbIpaXKEHHe sl BHYTPEH-
Hell 3HepTHH Mbl HalWIH B «4yxHX» nepemenublx T, V (U = aT%V),
TO AJIfl HaXOXJEHHs ypaBHeHHsi cocTosiHHsi P = P (V, T) (a Takxke
SHTPONHMH H3JyueHHs) yAOGHO nepefiTh K Q-noTeHuuany. ITonbaysich
dopmyJtoit (36.16), monyuaem

Q=— g U=—Ju(nV, (37.20)
OTKyZla HaXOoAuM
4
p=_%=%u(T)=‘i?;_, (37.21)
S=—(§)V= Su (T)V="4aTov. (37.22)

§ 38. TensoBoe ABHMXEeHHE B KpHCTawiax. POHOHHBI ras

CTaTHcmqecxaa TEOpHs TENJIOBOTO ABHXKEHHSI KPHCTAJJIOB BO MHO-
TMX OTHOIIEHHSIX HAallOMHHAeT TEOPHIO CBETOBOTO H3/1yY€HHS. 310 CBSA-
33HO C TeM, YTO TEMJIOBOE ABHKEHHE aTOMOB (HOHOB, MOJleKYJl) KpHCTana-
JIHYECKOH PelIeTKH ¢ XOpOInuM an6J1H)KEHH€M MO2KeT pacCMaTpHBATbCS

6 10. B. Pymep, M. L. Puskhi
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KaK Habop MaJsbiX (rapMOHHYecKHX) koseGanuil. Tak Kak KoseGanus
ATOMOB sIBJISIIOTCS G1arofapsi CHIbHOMY B3aHMOJEHCTBHIO CBSI3aHHBLIMH,
TO 3TO 3HAYMT, YTO TEIJIOBOE JBHXKEHHe B KPHCTAJJHYECKOH pelleTkKe
npeAcTaBasieT coGoH CyneprnosHIHIO HOPMaAbHbIX KoJeGaHHH pelleTKH
WJH IJIOCKHX MOHOXPOMAaTHYECKHX BOJH C Pa3HbIMH YacTOTaMH v; M
HaIpaBJeHHAMH PacnpOCTPaHEHHs.

OzHaKo BOJIHBI B KPHCTaJljle BO MHOTHX OTHOUIGHHSX CYIIECTBEHHO
OTJIMYAIOTCA OT 3JEKTPOMAarHHTHBIX BoJIH. IIpexne Bcero snekTpomar-
HUTHbIE BOJIHBI NONEPeUHBl H 06JIafaloT ABYMS HE3aBHCHMBIMH COCTOSI-
HHSAMH [OJISIPH3ALHH. B OT/IHYHE OT 5TOTO BOJIHBI B KPHCTaJJe MOTYT
6biTb KaK MOMNEPEYHbIMH (C ABYMs HE3aBHCHMBIMH IOJsiPH3ALHMSMH),
TaK H NPOLONBbHBIMH. Bo-BTophIX, 4TO ele Gosee cyumiecTBeHHO, HaGop
9/IeKTPOMAarHHTHBIX BOJIH He OrpaHHYeH MO 4acToTaM H CYIMIECTBYIOT
BOJIHBI CO CKOJIb YTOIHO GO/bIUHMH YacToTaMH. [l BOJIH B KpHCTaJIe
H3-3a JMCKPETHOCTH pEIIeTKH JJHHA BOJHB He MOXeT OblTb MeHbile
MHHMMaJbHOTO PACCTOSIHHS @ MEXAY aTOMaMH Ami, ~ @ H, CJeloBa-
TeJIbHO, YaCTOTa He MOXKET MPEBIIATh 3HAYEHHS Vmax ~ U/Amin ~ U/a
(« — cpenHsis CKOpOCTb pacmpocTpaHeHHsi BoJH). ITosTomy o6iee
YHCJIO PA3JIHUHBIX BOJH B KPHCTaJ/lJle KOHEUHO H OnpeiensieTcs YHCJAOM
Kosie6aTeNbHLIX cTeneHell cBOGOAB! KpucTanna. IlosHoe uHeio pasiny-
HbIX Kosie6aHHil paBHO (3N—6) (M3 MOJIHOrO YHCJa cTemeHeil CBOGOMbI
3N HaJo BBLIYECTb TPH MOCTyMaTeJbHble H TPH BpallaTe/bHBIE CTENEHH
cBO6O/EI TBEPAOrO TeJa KaK 1esoro), rae N — YHCJI0 aTOMOB HJIH HOHOB
B KpHCTaJ/ie (aTOMBl PacCMaTPHBAIOTCS NMPH TOM KaK MaTepHasbHble
ToukH). HakoHel, cJjeayeT cKasaTbh, 4TO JJIf 3J€KTPOMArHHTHBIX
BOJIH B BaKyyMe COOTHOLIEHHE MEeXJy YacTOTOH v H BOJHOBbIM BEKTO-
pOM f HMeeT IPOCTOl BHAV = Cf/2m, TJle MHOXHTeJb ¢ IOCTOsIHEeH (OTCyT-
CTBYET JHCIEPCHs — 3aBHCHMOCTb CKOPOCTH DacCIpOCTPaHEHHsi OT 4a-
CTOThl). B MPOTHBOMNOJIOKHOCTb 3TOMY, JJIS BOJH B KPHCTallJe 3aKOH
JIHCNIEPCHH (CBSI3b MeXAy v M f) B ofleM cayuae He HMeeT CTOJb Mpo-
CTOro BHAA, TaK KaK CKOPOCTb PACIPOCTPAHEHHS! KaK MONEPEYHBIX
BOJIH U;, TaK H NMPOJOJIBHBIX BOJH #; 3aBHCHT OT YacTOTHI.

Knaccnueckasi Teopusi AJisi BHYTpeHHeil SHEPrMM M TEMJIOeMKOCTH
TBEpJOTO Tesla JaeT BecbMa MpocThle mpeicKasanus. COracHO 3aKOHY
paBHOpacnpelie/ieHHsl KaxJas CTeleHb cBOGOJbI KoJeGaTe/IbHOro JBH-
EHHs] BHOCHT B SHeprHio BKaaj &T:

U (T)= (3N — 6) kT ~~ 3NkT = 3RT (38.1)
(an1s1 OHOro MOJIsi BELeCTBa) H, CJENO0BaTeJbHO,
ou Kar
cy=(ﬁ)y=3kmsm. (38.2)

10 yTBepKIeHHe Ha3biBaeTcs 3axonom Hwoaonea w [Imu v pas pspa
BEIUECTB XOPOLIO BHINONHSETC IPH KOMHATHBIX TeMneparypax. OfHako
ZJISl APYTHX TBEPABIX TeJl, OCOGEHHO KPHCTaJJIOB, 06JajalomHX GOMb-
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1WOH POYHOCTHIO, TIOCTPOEHHBIX H3 JIEPKHX aTOMOB (HampHMep, aJjmMas),
sakon [liosonra u ITTH HapymiaeTcst ye IPH KOMHATHBIX TeMIepaty-
pax, a IpH HH3KHX TeMIepaTypax TeIJIOEMKOCTb JIIOOBIX KPHCTaJIoB
CTaHOBHTCS CYLIECTBEHHO MeHblue#t, yeM 3R.

Cnenyer OTMETHTDb, YTO 3HaueHHe 3R — 3TO K/lacCHUECKOe 3Haye-
HHE TEIJIOEMKOCTH JJISl QMOMHb6IX KPHCTaJI0B. Il HOHHBIX KpHCTAJ-
JIOB 4HCJIO HOHOB B MoJie paBHO nN, TJie . — YHCJIO HOHOB B 3/1eMeHTap-
nOH siuefike Kpuctanna (n = 2 aast NaCl, n = 3 naa CaCl, u 1. 1),
H N0 KJaccHYecKoil (H3HMKe TEIJIOEMKOCTb JOJIKHA DaBHATbeA 3nR.
Uro Kacaercst MOJIEKYJSIPHBIX KpHcTaquoB (TBepabifi asor, Jex H,O
H T. J.), TO LJs HHX K DELIETOYHOH TEN/IOeMKOCTH C/leflyeT J0GaBHTb
BHYTPEHHIOIO MOJIEKYJISIDHYIO TeIIOEMKOCTh (BpallaTe/bHble H KoJe-
GaTeJIbHbIE CTeNIeHH CBOGOJB MOJIEKYJbl).

TTepefizeM, TaK e KaK H B CJlydae CBETOBOTO H3JyYeHHs, K KOpIIy-
CKYJISIDHOH KapTHHe, B KOTOPOH KaXXJOH BOJIHE CONOCTABJISACTCS K8ast-
uacmuya — (oHOK ¢ sHepTHell &; = hv; W UMIyJabcoM p; = (h/2n) f;.

Msl GynieM B JanbHefilleM H B ADYTHX 3a/layaX CTaJKHBAaTbCs C Tep-
MHHOM KBasHyacTHua (cM. §§ 61, 62). TuM TepMHHOM Mbl 0603HAYaeM
B036YK/IeHHbIE SHEPTeTHYECKHEe COCTOSIHHSI KOJIJIEKTHBA peasibHBIX 4a-
CTHI, COOTBETCTBYIOIUHE TeM HJIH HHBIM KOJIJIEKTHBHBIM JIBHMKEHHSM.
B cayyae OHOHOB 3T0 — KoJleGaTelIbHble KOJIEKTHBHbIE IBHIKEHHS —
HOpMaJibHbIe KOJIeGAHHSI HJIH YNPYTHE BOJIHBL.

Kak CpeicTBO MaTeMaTHYeCKOrO ONHCaHHsi SIBJEHHH, NOHSTHE
KBAa3HYaCTHI| H, B YaCTHOCTH, (OHOHOB, SBJISIETCSI BeCbMa YIOGHBIM.
Tak ke Kak H 4Js1 GOTOHOB, uHcsa HOHOHOB B sluefike He OrpaHHYEHHI
H, CJelOoBaTeJbHO, (OHOHBI NONYHHSIOTCS —pacrpefieeHnio Bose—
Oiinmrefina. TIpn sToM XHMHyeckHH noTeHHHMaa (QOHOHHOrO rasa cJje-
ZlyeT CYMTaTh PaBHBIM HYJMIO, TaK Kak (TaK e KaK H AJ1s (GOTOHHOro
rasa) noJiHoe 4HcJ0 GOHOHOB He (HKCHPOBAHO — (POHOHBI HENPEpPHIBHO
TIOTJIOLIAIOTCS» H «H3JYYAIOTCS» KPHCTAIHUECKOH pelleTKOH.

3anumeM pacnpenesenne Bose—DfiHmTefiHa M BbIpaXeHHe IJIst
BHyTpeHHeHl 3HeprHH (POHOHHOTrO rasa

&i i
Ni= ity = gy (38.3)
U=y g -y g - (38.4)

€;/kT __
ek 1 -
HJIH miocsie nepexola K HHTErpHPOBAHHIO
4nV  ptdp _ 4aV 2 df

N == FOHT T ™ aay FIORTT

__4aV ¢ e(p)ptdp __ 4nVh ¢ v (f) f2 df
U="% ~ § EPAT T T (onp ;§ SVNIRT T (38.6)

(cyMMHpOBaHHe B 3TOM BHIDaXKEHWH BeJeTCsl MO ABYM IONEPEYHbIM
H ONHOH mpojo/IbHOM nossipu3atku). Mel BUAHM, 4TO IS BHYHC/IEHHS
Qt

(38.5)
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BHYTpeHHe#l 3HepPrHH HaJl0 3HAaTh CIEKTP YacTOT KPHCTAJIHYECKOMH
PeILeTKH v; HJIM BHJ JHCIIEPCHOHHOTO ypaBHeHHsi v = v (f). Onnako
HaXOXIeHHe CIIeKTPa YaCTOT HJH BHJA 3aKOHA JMCIIEPCHH IPEACTaB-
JIsieT co6o¥ BecbMa CJOXHYIO 3alayy Aaxke AJIsi CPaBHHTEJBHO IpOC-
ThIX KPHCTaJJIHYECKHX DEILETOK.

Ile6ait ucmosb30Bas Ansi pacyeta BHYTPEHHeH SHEPTHH H TeIJIO-
€MKOCTH KpHCTa/Jla TaK Ha3bIBaeMYIO Wenpepowsiyio modeas. B sToit
MOJeJIH 3aKOH JHCIEPCHH MNpeNNoJaraercsi TakHM ke, KaK s CIVIOLI-
HOH cpellbl (M A/ 3J€KTPOMAarHHTHOIO H3JY4YeHHS), T. €. JHHEHHBIM.
B cOOTBeTCTBHH C 3THM /151 YaCTOTHI IPOAOJIBHHIX H NOMNePeyHbIX GOHOHOB
uMeeM v = u)f/2n u v = u,f/2n, TAe u; M u; — CKOPOCTH PaclpocT-
paHeHHs] NMPOJOJBHBIX H NONEPEYHBIX YNPYTHX BOJH COOTBETCTBEHHO,
KOTODBIE CYHTAIOTCS He 3aBHCSIIUMH OT YacTOTBL. 3aMEeTHM, YTO 3TH BBI-
paX{eHHst JJIsl YacTOThI NMOJIYYalOTCs, €CJH PasJoXHTb QYHKuHIO v (f)
B Psi MO CTeNeHsM f M OTPAaHHYHTBCS NEPBbIM (THHEHHBIM) YJIEHOM
passoxkeHHs. [10STOMY OHH, CTPOTO FOBOPSI, NPHTONHBI JIHIUb TIPH Ma-
abix f (cM. moxpoGHee KoHel maparpada).

IMepexonst B ¢opMyJie BHYTpeHHeH SHEPrHH OT HHTErPHPOBaHHS
10 BOJIHOBOMY YHCJY f K MHTETDHPOBAHHIO 110 YacTOTE v, MOJYYHM

Ymax
U= 12nhV S V3 dv (38.7)

Pl JVET _1*

3ro BHIpaXKEHHe OTJHYaeTcs oT GopMyabl (37.13) AnA NIOTHOCTH 3Hep-
THH (JOTOHHOTO Ta3a (OMHMO HaJHYHs MHOXHTeNs V) B Tpex OTHOIIe-
Husix: 1) 6aarogapst ToMy, YTO HMeeTcsl TDH COCTOSTHHSI TOJIsIPH3aLHH,
a He 1Ba, KaK y (OTOHOB, B dopMyJie (38.7) HMeeTcs JIHIUHHH MHOXH-
Tenb 3/2; 2) BMecTO MHOXHTeast ¢° B dopmyae (38.7) mosiBasiercs
MHOXHUTeNb U™ = 1/4(u;*+ 2u;®), rae u — ycpelHeHHasi CKOPOCTb pac-
NPOCTPaHEHHs] YNPYTHX BOJH B KPHCTasle; 3) BepXHHH Ipelie] HHTer-
pupoBaHHs B ¢opMyse (38.7) paBeH vmax (AebaeBckas dHacToTa), a
He oo, KaK B ciyyae QoToHOB. Kak MH yXe ynomuHamH, ne6aeBcKas
YacToTa N0 NOPSIAKY BeJHYHHBEI DaBHa u/a, Tlle @ — MHHHMaJbHOE pac-
CTOSIHHE MeXJy aToMaMH B peueTke. Bosjee TouHo B Teopun [leGas
OHa ONpejle/IfieTcsi COOTHOLIEHHEM
VYmax
O
[

(4Mc/I0 yNpYrHX BOJMH B HHTepBaje 4acToT (v, v -+ dv) moayuaercst
u3 QopMyasl (37.4), ec/ii BBECTH JONMOJHHTENbHBEI MHOXHTeNb 3/2
¥ 3aMeHHTb ¢® Ha u®), OTKyja noJydyaeM
3N \Y

vm,x=u(m) :, (38.8)
Beesem B (38.7) HOBYIO NepeMeHHYIO WHTETPHPOBAaHHS X C TO-
MOLUBIO COOTHOUIEHHSI Av/KT = x ¥ ONPELENHM XAPAKMEPUCMULECKYrO
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memnepamypy Kpucmaira mm memnepamypy Hebas © dopmyJioi
0= ‘"=';‘<§§,-)/ (38.9)
Torza Buipaxenne (38.7) st BHYTpeHHell SHEPrHH TpPHMET BHA
U = L2 kTR TST_%

e e (38.10)

PaccMotpuM fiBa mpeesbHEX caydas: T > 60

uT<£6.
Flpi  BHICOKHX Temmeparypax T>0 umeem x<0/TL1
H, pasiaras B psij ' B SHaMeHaTeJle, NOJYYHM

125 (K ‘VGIT 193
U=—“(-D———§ ardy= SOy

7 s

ToactaBnsiss 3HaueHHe © u3 ¢opmyssl (38.9), Haxomum
U=3NkT =3RT, (38.11)
Cy=3R (38.12)

B cornacuu ¢ 3akoHoM [liosionra u IITH.
Ilpu Hu3KHX TeMnepaTypax T<® HMeeM

§ xBdx § xdx T

FaON\NEFTT6 (38.13)

(cM. «Matemaruueckoe npuioxenHe», dopmyaa (E.2)), ortkysa aas
SHEPTHH HaXONMM BhipaxkeHHe, cxonHoe ¢ dopmyJol Crepana—bBosbi-
MaHa JJIs 9HEPTHH CBETOBOTO H3JIyYeHHs

U=EEr e (38.14)
U AJs1 TENJIOEMKOCTH
16n5k8V
Cy=B2EY s, (38.15)

JTOT pe3yJbTaT XOPOWO COIVIACYeTCS] ¢ JAHHBIMH 9KCIEPHMEHTOB.
B npoMexxyTOuHO! 06/1aCTH TeMrepaTyp BblpakeHHe AJisi BHYTDEH-
Hell SHeprHH HMeeT BHJ

U=3NETD (%) (38.16)
H 1)1 TelyioeMKOCTH
Cy=3Nk [D (g) 2D (%)] (38.17)
The
D=5 S g (38.18)

~— TaK HasbiBaeMas ¢yuxyus JHebas,
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3ameTuM, uTo hopmy.ia ebasi npeacTaBIisieT COGOH HHTEPNOJSILHOH-
HYyI0 (OpMYJy, CTPOTO FOBOpsl, BEPHYIO ToJabKO mpH T > O u mpu
T <L ©. [lefiCTBUTENbHO, NMPEANOJIOXKEHHEe O TOM, YTO JHCIEPCHOH-
HOe ypaBHeHHe HMeeT BHA v = uf/2m, CnpaBeAJHBO TOJbKO NPH Ma-
JbIX 4acTOTaX (AJMHHOBOJHOBble KOJeGaHHsl, NPH KOTOPbIX GoJblioe
YHCJIO aTOMOB KOJIeG/IeTCsl IOYTH B OJIHOH (pase M CPe/ly MOXXHO paccMar-
pHBAaTh Kak HenpepbiBHYI0). II03TOMYy NpH HH3KHX TeMmmeparypax,
Korza B cymme ¢opMyJbl (38.4) CymeCTBEHHB! JIHIIb MaJjble 4acTOThl,
monens JleGasi 3aBefioMo npuMmeHHMa. C Jpyroif CTOPOHbI, NpPH OYeHb
BBICOKHX TeMmepaTypax BCe KoJeGaTe/JbHble CTelleHH CBOGOIbI BO3-
GyxKIeHbl H BHOCAT CBOH «KJaccHyeckuit Bkaam: kT. ITosTomy mpenmo-
JIOXKEHHsI O pacrnpelle/leHHH 4aCTOT HeCcyIeCTBEHHbl, H Teopus [leGas
OnsATh NPHBOAMT K XOPOUIHM pe3yJbTaTaM. B mpoMexxyTouHoil oGracTh
TeMnepaTyp Teopust [leGasi siBjsieTcss cyry6o NpPUGIHIKEHHOH M YNOB-
JIETBOPUTENLHO COTJIACYETCs! C ONBITOM TOJMBKO AJIS MPOCTEHINHX KpHC-
TaasoB. B ofwmeM e ciyyae NOCTPOEHHe TeOPHH TpeGyeT 3HaHHs
CNeKTPa YacTOT KPHCTA/Ia MM JUCIEPCHOHHOTO ypaBHEHHs.

Boipaxenne (38.9) anst neGaeBcKod TemmepaTypbl © = Avmax/k 1O~
KasbiBaeT, 4To Je6aeBCKHE TeMIepaTypbl OCOOEHHO BBICOKH AJIsl NMPOY-
HBIX KPHCTaJJIOB, [IOCTPOEHHBIX H3 JIETKHX aTOMOB, M HH3KH JJIsl MaJo-
NPOYHBIX KPHCTAJIVIOB, NOCTPOGHHBIX H3 TSKENbIX aTOMOB (TaK Kak
XapaKTepHble YaCTOTHI POTOPIHOHANbHBI |/ %/, THie % — Ko3(hhUIHEHT
KBa3HyNpyrofl CHJbl, a m — Macca aTOMOB). DKCNEPHMEHT MPHBOJHT,
HanpuMep, K ciepyromuM 3HadeHusM © (B °K): C (anmas) — 1860,
Be—1000, Fe—453, Al—398, Ag—215, Na—172, 1—106, Pb—88.

T105TOMY KOMHATHBIE TEMIIEPaTYPhl SIBJIAIOTCS BbICOKHMH ISl Ta-
KHX BemecT, Kak Pb, I, Na, 11 KOTOpBIX NPH 3THX TeMmepaTrypax
XOpowo BhINOMHsieTcst 3aKoH [lioonra u ITru. HaoGopor, anisi Takux
BEIIeCTB, KaK ajMa3, Be ¥ T. ., KOMHATHble TeMIepaTyphl sBJSIOTCS
HM3KHMH M TEIJIOEMKOCTb 3THX Tesl IIPH KOMHATHBIX TeMIepaTypax
NoAyHHsieTcsl 3aKOoHy ~ T°

CrenaeM B 3aK/IOYeHHe CJejyiollee BaxKHoe 3aMeyaHHe. Yacto
IpH BbIYHCJIEHHN BHYTPEeHHel SHEPTHH KPHCTaJ/1a HCXOAAT He U3 dop-
MYyJbl &; = hv; AJIsl SHEPTHH POHOHA, a H3 GOPMYJIb &,; = (n + 1/2) hv;
JUISi 3HEPTHH n (HOHOHOB (popMysa NSt n-TO BO3GYIKIAEHHOTO YDPOBHS
rapMoHHYeCKoro ocumuiisitopa). Cnaraemoe !/,hv; HasbiBaeTcs sHep-
2uell Hyaesbix KoneGaruil. B peaysbTaTe TaKOTO H3MEHEHHs! B BbIPaXKeHHH
JiNs BHYTPEHHeH SHEpPrHH TIOSBUTCS JIOMOJIHHTEJIbHOE MOCTOSIHHOE
(e 3aBHcsiliee OT TeMmepaTyphl) cjaraeMoe — SHEPTHsi HyJeBbiX KO-
neGaHUi KpHCTaMIa

3 Ny =" Nhvaes,
rie

- aV 3
v =— v“dv:mv?,,a,(:Kvmax.
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Ipu BeICOKHX TeMmepatypax T > © 3T0 c/araeMoe npeHeGPEKHMO
Mago, Ho mpH T — 0 °K OHO CymiecTBEHHO BXOAMT B BbipaxeHHe sl
U, Tak urto

U(0) =5 NhVasx = 5 NEO.

Ha 3HaueHHH TeMNJOEMKOCTH 3TO CJlaraeMoe eCTeCTBEHHO He CKasbl-
BaeTCs B CHJY €ro He3aBHCHMOCTH OT TeMnepaTyphl. Mbl npeanodusnu
U3 METOAHYECKHX cOoOpakeHHH BbIGpAaTh HayaJo OTCYeTa 3HEPTHH Tak,
4TO HYJIeBble SHEPTHH OCHH/IATOPOB HCUe3alOT. 3aMeTHM, 4TO C aHa-
JIOTHYHHIM TIOJIOKEHHEM Mbl CTaJKHBaeMcsl H B TeOPHH (POTOHHOTO rasa,
C TeM OTJIHYHEM, YTO TaM SHEPrHs HYJeBHIX KoseGaHHH (OTOHOB Gec-
KOHEYHO BeJIHKA (V H Vmax IS (OTOHOB PaBHBI GeCKOHEYHOCTH). 1O
elle pa3 MOKa3biBaeT 11eJeCO06PasHOCTb BBEJEHHOH NepeHOPMHPOBKH
SHEpPTHH.

§ 39. Ksantoanue snepruu. Teopema Hepucra

B 3TOM H B cJefylomux naparpadax Mbl pacCMOTPHM, Kakue HaMe-
HEHHs NPHHOCHT B annapaT CTaTHCTHYECKOH (H3HKH yueT TpeGOBaHHH
KBaHTOBOMeXaHHYecKoi Teopud. OTMETHM NpexJe BCEro, YTO BBEJEH-
Hasl HaMH B § 32 u3 coobpaxkeHHil NpaBAONONOGHS THIIOTE3a O HEPA3JH-
YHMOCTH TOXJECTBEHHHIX YaCTHL sSIBJISETCS HAa CaMOM JeJe CJIeACTBHEM
KBAHTOBOH MeXaHHKH. [leficTBHTE/IbHO, KaK YCTaHAB/IMBAeTCSl B KBaH-
TOBOH MeXaHHKe, I/ MHKPOYACTHI[ KJacCHYeCKOe MOHSTHe Tpaek-
TOPHH CTAHOBHUTCS HENPHMEHHMBIM, H JIBHXKEHHe YaCTHIIbl ONHCHIBAETCS
KaK pacnpocTpaHenue Gojiee HJIH MeHee INPOTSKEHHBIX BOJHOBBIX Ma-
KeToB, KOTOphie (B OGlIeM cJydyae) PaciuIbIBAIOTCS B NPOCTPAHCTBE
C TeyeHHeM BpeMeHH. DTO JIMIAeT HAac BO3MOXHOCTH CJIEAMTH 3a JABH-
KEeHHeM M36paHHOMH YaCTHIbl H OTJIHYATh €€ OT APYTHX (TOXK/JAECTBEHHBIX
i) vactuu. ITo3TOMY NOCTYJ/IaT HEpPa3IHYHMOCTH SIBJISETCS HEOThEMIIe-
MOH COCTaBHOH YacTbIO KBAHTOBOMEXaHHYECKOH TEOpHH.

[pyroe BaxHelilee MooKeHHe KBAaETOBOH MeXaHHKH, BecbMa Cy-
UIECTBEHHOE VI CTATHCTHYECKOH (PH3HKH, 3aK/I04aeTCs B TOM, 4TO SHep-
THs J06OH CHCTeMBI YacTHIl, COBepluaiouiefl (HHHTHOE JBHXKEHHe,
MOKeT MpHHHMATh TOJIbKO KBaHTOBAHHbE 3HAUYEHHS €y, €,,... B oblieM
Clyyae 3TH 3HAYEHHS SHEPTHH ABJAIOTCA BBHIPOXKIECHHBIMH, T. €. Kax-
JIOMY 3HAUEHHIO &; COOTBETCTBYET He OIHO, a g; Pa3/IHUHBIX COCTOSIHHI.

CBSI3H C 3THM Nepexojl OT KBAaHTOBOMEXAHHYECKOH TEOPHH K TeOpHH
KJIacCHUEeCKOH HMeeT B CTAaTHCTHUeCKOH (H3HKe ABa acnekTa, KOTOpble
WLIIOCTPUpYIOTest pHC. 50:

1) Mbl MOXeM NpH Ma/bIX YHC/IAX 3aNONHEHHS NPHOJHKEHHO CUH-
TaTh YacTHUBl Pa3/HYMMbIMH H NeEpPeHTH OT (OpMyJ pacipe/eseHuit
Bose—3itnwreiina u Gepmu — Jupaka K GopMy/am CTATHCTHKH Makc-
Besla—BosbuMana. Kpurepnii BOSMOXKHOCTH TaKOTO mnepexopa Gbin
PaccMoTpen Hamu B § 35.
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2) Mbl MoXeM mpeHeGpeub AHCKPETHOCTBIO CIIEKTPa SHePTHil peasb-
HbIX CHCTEM H CYHTAThb SHEPTHIO HENPEePHBHO MeHsIOlIeHCs BeMTHYHHOH,
3aMeTHM, UTO BO BCeX NMPEABIAYIHX naparpadax Mbl paKTHUECKH H NOJIb-
30BaJIHCh 5THM MPHGJIHKEHHEM.

BbisicHHM Tenepb, NPH KaKHX YCJOBHSIX Takoe NMPHGJIHKEHHe Jo-
nyctumo. IycTb sHeprusi yacTHIlbl rasa 3aBHCHT OT KBaHTOBOTO YHC/IA
n. CMbICJ 3TOTO YHC/Ia H Xa-
paKTep 3aBHCHMOCTH & (1) 3a-

Pasnusumre Hepasiuvumt  puopr o KOHKPETHO NOCTaB-
yacmuiel, yacmuybl, JIEHHOM 3aJiaul, MBI YBHAMM B
Henpepsbusnl ] Henpepvibroii JanbHefilueM, yTo JJs IOCTY-
cnexmp swepuid cnexmp swepews NTEIBHOTO, BPAUATebHOrO H

KOJIeGaTeJIbHOTO  JIBHXKEHHH H
} [} [ (u3nyecKkHil CMbICI YHCaa 1, H
XapakTep 3aBHCHMOCTH & (n)
passnuunbl. OueBHAHO, KBaHTO-

Pasnuaumtre Hepasnusonsie BaHHeM SHEPTHH MOXKHO TIpe-
acmul; e YRCTUGE, HeGpeub, eC/H PAcCTOSIHHS Me-
Auerpemnid uckpemaid KLY COCENHHMH OSHepreTHye-
cnexmp swepzud cnexmp  snepeud CKHMH yPOBHSIMH MaJlbl IO

Puc. 50, CpPaBHEHHIO C CaMOil 3Hepruei.

Ilpu  GosblMX KBaHTOBBIX

YHCIaX BO BCEX NPaKTHYECKH

HHTEPeCHHIX CJayYasx e (n) ecTb OJHOpOAHAsi CTeneHHasi GyHKuUHs
KBaHTOBOTO YHcJsa: e (n) = An®, Torua

Ae ()= A [(n+ 1)*—n7] ~ Aans—1 = 0 22,

Tostomy ycnopne Ae/e €1 npHBOAMT K HepaBeHCTBY n > 1.
Takum 06pa3oM, BHICOKHE YPOBHH BCETJa PACIOJIOXKEHH TYCTO H SHep-
THIO 3[€Chb MOXKHO CUHTaThb HeNnpepeiBHO MeHsiolelcs: BesHunHOH. Tak
KaK TPH BBICOKHX TeMrepaTypax GoJIbLIHHCTBO YaCTHL HAXOAHTCS Ha BbI-
COKHX 3HepreTHYeCKHX YPOBHSIX, TO NpeHeGpexkeHHe KBaHTOBaHHEM
SHEPIHH B 5THX YCJOBHSIX 3aKOHHO.

OnHaKo NpH HH3KHX TeMIepaTypax 3HauHTesbHasi JOJsi YacTHI|
PacroJioXKeHa Ha YPOBHSX C n 2> 1, KOTOpEle OTJeJIeHHl APYr OT Apyra
GOJIbIINMH HHTEPBAJaMH, CDABHHMBIMH C BEJIMYHHOH SHEPTHH, H KBaH-
TOBaHHE SHEPT'HH CTAHOBHTCS CYLIECTBEHHBIM. TOUHHIH CMbIC/I TEPMHHOB
«BBICOKHE» H «HH3KHE» TeMIepaTyphl YCTaHaBJHBAaeTCs NPH 5STOM
cJlenylolsM 06pasoM. BobIIHHCTBO YaCTHI, Ta3a HMEeT SHEPIuH, Giiua-
KHe K & ~ kT. Orciofa HaXolHM CyleCTBeHHbIE NIPH JaHHOM TeMmmepa-
TYpe 3HAYEeHHs KBAHTOBOTO UHCIA Mgy

kT \l/o
& (ny,)=Anl, ~&T, n. ~ (7) .

Torza yc/lOBHE N,y o> | H NPHUBEAET K YCTAHOBJEHHIO XapaKTepHC-
THYecKo#f TemmepaTypnl 7T, Bhillle KOTOPOH KBAaHTOBaHHe S3HEPrHit
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HeCyllleCTBeHHOZ
To=%. (39.1)

Nogp > 1
B 06LI.L€M CJlyyae OTIMYAeTCs OT YCJIOBHSI HEBLIDOXKJEHHOCTH rasa

N[ R \*%

¥ () " <1
(XOTs M TO H IPYroe YCJIOBHE BBINONHAETCS NIPH BEICOKHX TeMnepaTypax),
1 MO3TOMY H a3 ¢ AHCKPETHEIMH YPOBHSIMH SHEPrHH H ra3 ¢ HempepLIBHO
MeHsiIoIeHCs SHeprHell YaCTHIL MOXKeT GbIThb KaK BbIPOMIEHHBIM, TaK H
HEBBIPOXK ICHHbIM.

B §§ 55—57 Mbl paccMOTpHUM psifl 3ajay, B KOTOPbIX KBaHTOBaHHE
9HEPTHH CJIelyeT YYHTHIBATb.

3aMeTHM, 4TO BHIBOA pacnpefesneruii Bose—diinTeiina 1 PepmMu—
Jlupaka (a, cJefoBaTe/qbHO, H BHIBOA pacnpefeserHst BosblmMana Kak
HX MPeNeJbHOrO Cayydasi) MOXKeT GbITb NOBTOPEH Ge3 BCAKHX H3MEeHeHH
M NPHBEJET HAC K MPEXHHM Pe3yJbTaTaM, ONHAKO MOHSATHS (SLIHKH»
H «siuefiKH» MPHOOGPETYT B 3TOM CJyyae HHOH CMbIC].

TTox «siUKOM» Terephb C/efyeT MOHHMAaTh SHEpreTHUYeCKHil ypoBeHb,
T. €. BCIO COBOKYIHOCTb COCTOSIHHi YaCTHIbI C JAHHBIM 3HAaYeHHeM 3Hep-
[lH, a NMOJA «siuefiKaMH» — OTJeJIbHbIE COCTOSIHHS C JaHHBIM 3HaYeHHeM
sHeprud. EcaM ypoBeHb He BBIPOX/IEH (NaHHOMY 3HAYeHHIO SHEPrHH
COOTBETCTBYET TO/IBKO OJHO COCTOSIHHE), TO siuefiKa COBMAJAeT C SILHKOM,
€CJIH MMeeTCsi BHIPOXK/JEHHe, TO SHEPreTHYECKOMY YPOBHIO (SILHKY) CO-
orBeTcTBYeT GoJbliiee HJIH MeHbIee KOMHYECTBO siveeK. B KBaHTOBOI
MeXaHHKe J0Ka3blBaeTcsl, YTO OCHOBHOII 3HepreTHYeCKHH ypoBeHb (ypo-
BeHb C HaHMeHbllell 3Hepruel), KaK NPaBU/IO, He BHIPOXKAEH. (3amMeTHM,
YTO B TEOPHH, YUHTHIBAIOWEH KBaHTOBaHHe SHEPTHH, UHCJA g; OTHIONb
He 06si3aHbl YJOBJETBOPSITh YCJIOBHIO g; > 1, HEOGXONHMOMY AJsi NpH-
MeHeHHst popmysbl CTHpauHra. IlosToMy MeTon SIMKOB H siveeK, ¢
[OMOWUIbIO KOTOPOTO GbIIH NOJIy4eHbl pacnpeenenus Bose—iiHmTeliHa
1 Qepmu—]JlHpaKa, CTaHOBHTCS 3/leCh IBHO HeKOppeKTHbIM. OfHaKo,
KaK yxKe YNOMHHaJoch B § 34, caMy 3TH pacrpefieJleHHs! OCTAlOTCsI Bep-
HBIMH H OHH GYAyT NO/y4YeHbl BTOPHYHO B § 44 IPYTHM, BIOJIHE KOPPEKT-
HEIM METOZOM.)

Jlokaxem Tenepb BaxcHylo Teopemy — Teopemy HepHcra, cornacho
Koropoii sutponus rasa npu T = 0 °K siBisieTcsl BEIHYHHOI MOCTOSIH-
HOM, He 3aBHCsiLiell HH OT KaKHX I€DeMeHHbIX NapaMeTpoB (JaBJeHHe,
o6bem M T. A.). Kak MBI yGenuMcsi HHXe B XOJle JI0Ka3aTesqbCcTBa, BO
MHOTHX C/yYasiX 3Ta MOCTOSIHHAsl PaBHAa HYJIO, H MO3TOMY 4acTo Teo-
pema HepHcra Tak M ¢opmyJaHpyertcsi:

S|r=o0xk=0 (39.2)
(xors1 918 hopMyNMpPOBKA He SIBASIETCS YHHBEPCAIbHOM).

3aMeTHM, YTO KpHTepHil



170 CTATPACTIPEJLEJIEHUS 1S UAEAJBHBIX TA30B [ra. 1

Teopema HepHcra cnipaBepnuBa Kak AJisi GO30OHOB, Tak M Ans dep-
MHOHOB. Bosee Toro, Mel yGeaumcst B ToM, 4To ecau 6ul mpu T — 0 °K
JIS1 KAKHX-TO YaCTHIL HMeJIO CMBICA pacrpefiesenye Makcseana—boibit-
MaHa, TO H JUIl TaKHX (He CyLIeCTBYIOLMX B JAeHCTBHTENBHOCTH) Ya-
CTHIL 3Ta TeopeMa BbIMOMHsAach O6bl. Tak Kak haKTHYeCKH NPH A0CTaTO-
YHO HHM3KHMX TeMIepaTypax ras BCErfa SIBJSETCS BBIDOXKAEHHBIM, 3TO
0GCTOSITENILCTBO HE HMeeT MPAKTHYECKOro 3HauyeHHs.

IepefineM kK pokasatenncTBy TeopeMmbl HepHcra. Byzaem ucxoauts
u3 dopMy.isl BoJblMaHa AJst SHTPOIIMH PaBHOBECHOrO COCTOSIHHS

S=k1nWmay (39.3)
3anuueM GopMyJIbl LISl YHCAA CIOCOGOB Pa3MELLEHHS! YACTHIL 1O BHEp-

TeTHYECKHM YPOBHSM &; C KDATHOCTAAMH BBIPOXKAEHHA g; V1S (lJepMHOHOB,
GO30OHOB H KJ/IaCCHYECKHX, pasyHYUMBIX YaCTHIL:

_ ail
Won= H Vil (@—nN)v (39-9)
(NVit-gi— )
Ws.—s. _]] i, (39.5)

(39.6)

Ipu TeMneparype aGCOJIOTHOrO HYJsl SHEPTHS ras3a JOJ/KHA ObITb MH-
HHMAJIbHOH, H NO3TOMY B CHCTeMe GO30HOB, @ TAKKe B CHCTEME KJIaCCH-
YeCKHX YaCTHL[ BCE YaCTHUBl 3aHMMAIOT HAHWHH3IUHH SHepPreTHYeCKHi

p—— prs—csm—
- ———e
——
————— 00— ———
Bosonst Pepmuon
Puc. 51.
yposeHb (N; =0, i = 1, Ny = N), a B cucTeMe ()epMHOHOB YacCTHILI

3aHHMMAIOT 1 HHU3LIKX 3HepPreTHYeCKHX ypoBHen B COOTBETCTBHH C TNpHH-

wunoM IMaynu (N; = gy npu i < n, N; =0 npu i > n, r1e Z Ni=
‘=1

= N, ypoBeHb [ = n MOXeT GHTb NPH TOM 3aMOJHEH KaK YaCTHYHO,

TaK M NMOJMHOCTBIO, 0 << N, << g,). DTO pacnpejeieHHe YacTHIL 1O SHep-

reTHYECKHM YPOBHSIM H306paXkeHo Ha pHC. 51, riie AJs onpeeieHHOCTH

NPHHATO, YTO BCe g; PaBHb eAHHHLE, Tak KaK MHOXHTEeNH B popmy-
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nax (39.4), (39.5), (39.6), otHocsmHMecs K i-My ypOBHIO, 0GpalAlOTCs
B eauHuny npH N; = 0 u (B cayuae cucteMsl (epMHOHOB) pH N; = g;,
™Mbl noayuuM npi T — 0 °K

- gn!
Weo.—n. = W@ —Nl" (39.7)
_(W+tg—Dl
Wp.—a. = -Wl—l)l' (39.8)
Wy—5.=g . (39.9)

JlomycTuM, 4TO B CJydyae CHCTeMB GO30HOB HJIH KJIACCHYECKHX Ya-
CTHIL OCHOBHOH ypOBeHb He BbIpOXKZeH (g, = 1), a B c/1yyae CHCTEMbI
(epMHOHOB He BBIDOXKJEH YpoBeHb C i =1 (g, = 1). Toraa HeTpyaHO
BHIAETb, YTO BO BCeX TpexX cJayuasx Mbl uMmeeM W = 1. Qusnueckuii
CMBICJI 3TOTO pe3yJIbTaTa COBEPLIEHHO OYEBHJEH: MPH YKa3aHHBIX YCJIO-
BHSIX COCTOSIHHe Ta3a ONpejesieHO COBEPIIEHHO OJAHO3HAyHO, TaK Kak
HHKaKHe MepecTaHOBKH HacTHI B Npele]ax OJHOH siyelKH He NPHBO-
JST K HOBOMY COCTOSIHHIO T'a3a (faxke AJIsi pa3JIMUHMBIX yacTun). Creno-
BaTeJIbHO, COTJIacHO QopMyae BosblMaHa HMeeM

Slr—ox=0. (39.10)

Ecau KpaTHOCTH g; H g, He PaBHBI eIMHHIIE (3TO MOXET HMeTh MecTo,
HanpuMep, [/ YaCTHIL CO CIIHHOM, KOTJa KPaTHOCTH JIOGBIX COCTOSTHHH
paBHBI 25 - 1), TO SHTPONMHs NPH aGCOJIOTHOM HYyJle XOTSl H He paBHa
HYJIO, ONHAaKO, KakK BHAHO u3 dopmys (39.7)—(39.9), npencrasiser
coGoit koHcTaHTy. Hanpumep, B cilyuyae GO30HOB, HMeeM, HCIOJb3ysi
¢dopmyay Crupaunra,

—plpWta=D
S |T=ov|(——k]l'l -Wl_mw

~ k(g —1)InN —kIn(g— 1) =k(g—1)InN, (39.11)
a B ciyuae KJIaCCHYECKHX YaCTHL
S=NkIng,. (39.12)

Bcee cienctBust TeopeMbl HepHeTa (cM. HHXKeE) COXPaHSIOT CBOIO CHJY
H B 3TOM CJly4ae, TaK KaK OHH OCHOBaHBI HCKJIOUHTE/IBHO Ha TOM (aKTe,
YTO SHTPONHS NMpPH aGCOIOTHOM HyJle He 3aBHCHT OT JaBJleHHs!, oGbeMa
HJIH HHBIX TepeMeHHbIX MapaMeTpoB.

3aMeTHM, HaKOHell, 4YTO XOTsl TeopeMa HepHcTa JoKasaHa HaMH
TOJIbKO JJIS HIea/lbHBIX Ta30B, OHAa Ha CaMOM JeJle CTIpaBeiJHBa H LIS
CHCTeM B3aHMOJeficTBYIOWHX 4YacTHI. (IloKa3aTelbCTBO 3TOrO MOXKET
GbITh MpoBefieHO B pamMKax Meroga I'm66ea (cM. ru. IV), oxHako Mbl He
GyneM ero npHBOAHMTS.)

U3 Teopembr HepHcTa BEITeKaeT psifl BaXKHBIX Pe3yJIbTaTOB:

1) Tennoemkocts (moGas) cucteMsl npu T = 0 °K o6pamaercs
B Hysib. JlefiCTBHTENBHO, SHTPOMNHSI IPH TeMmnepartype, 6an3koii K 0 °K,
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MOXeT GhITh NpEJCTaB/ieHa B BHIE

S(T)=8(0)+A(x)T",
rae S (0) — nocTosiHHas, He 3aBHCAIIAS HH OT KaKUX I€PEMEHHBIX
NapaMeTpoB, X — NapaMeTp, CYHTAIOWIHMIACS NMOCTOSIHHLIM NIPH BbIYHCJIE-
HuH TervioeMkoctH (V, P u T. x). Cornacto qopmyae C, = T (9S/9T),

HMeeM
Ce(T)=nA(x)T"
H, CJIeloBaTeJbHO,
Clr=0x=0. (39.13)
2) KosdppuumneHt obbeMHoro pacuupenust (0V/dT)p obpaiyaercs
B HyJb npH T = 0 °K. JleHicTBHTe/NIbHO, YUHTHIBasi OCHOBHOE TePMOXH-
namuueckoe Toxaecteo 0 (T, S)/0 (P, V) = 1, nonyuaem

)4 a(V,P) _3(S,T)_ _ (S o
(or) =57 =57 =~ (5p), >0 mpn T>0°K, @0.19)

Tak Kak npu T = 0 °K 5HTpONHsi He 3aBHCHT OT AaBJIEHHS.

3) Tepmuueckuit KoaduuHeHT AaBneHuss (0P/0T)y obpaiaercs
B Hyab npu T = 0:

&), = =5 = (55), >0 mou T>0°K. (39.15)

4) HenocTHKHMOCTb aGCOMIOTHOrO HYJS.

TeopeMy HepHcTa 4acTo Ha3bIBAaIOT NPHHIHIIOM HEJIOCTHXXHMOCTH
aGCoJIIOTHOT'O HYJIS MO caepyiowedt npuyuHe. IlpencraBum cebe LUK
KapHo, y KOTOpPOro XOJIOAHIBHHK HMeeT TemnepaTypy T = 0 °K.
Jinsi Takolt 06paTHMO# MAIIHHBEI NOJHOE H3MeHeHHe SHTPOINHH B ILHKJE
paBHAJIOCH Gbl H3MEHEHHIO ee Ha yyacTKe H30TePMHYeCKOro Harpe-
Banua T = Ty:

TaK KaK yyacToK H3oTepMHyecKoro oxaaxaenus T = T, = 0 °K npen-
craBasieT co6oil H3osHTpony S = 0 H ocTanbHBle ABa IpOUECCa H30-
sHTponuueckHe. Ho, ¢ Apyroil CTOPOHEI, NMOJHOe H3MEHEHHe SHTPONHH

B LIHKJEe
AS=<§6TQ=O.

Bosnukatomee npoTHeopeune (Q, 7= 0) IoKasbiBaeT HeROCTHIKHMOCTb
HyJ1eBOH H3oTepMbl (aznabatel) T = 0 °K. 3ameruM, uto uuk/a KapHo
¢ Temnepatypoft Ty = 0 °K # KOHeyHOH IJIOmMAajbio BOOGIIe He MOXeT
6biTh H306paxen Ha (T, S)-tuarpamme. IleficTBHTe/NbHO, H30TEpMa —
usosutpona T = 0 °K, S = 0 Buipoxkpaercss Ha (T, S)-muockoctd
B TOUKY (HayaJIo KOOPAHHAT), H BMECTe C TeM H PSMOYIC/IbHHK, H306pa-
XKawoluik UMK KapHo, Takxke BHIPOXAaeTcst B TOUKY.

JlokasaHHOe CJJCTBHe, KOHEYHO, He 3ampelnaeT NPHOJIHKAThCA
k Touke T = 0 °K ckosb yrogso 6.M3Ko.
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§ 40. HpeanbHbiii ra3 B Kiaaccuyeckom npuGmmxenun. Pa3oBblii 06bem
AAYeHKH H Ha4Ya/lo OTCYETA SHTPONHH

Mei 6yneM paccMaTpHBaTh B 3TOM Naparpade MOJIEKYJIsIpHBII HAeasb-
HBIf ra3 NpH TeMrepaTypax, AOCTATOYHO BBHICOKHX JUISi TOrO, YTOGH!
MO2KHO GBIJIO, BO-TIEPBHIX, MOJIB30BATLCS pacnpeseneHHeM Makcpenia—
BoJbiMaHa M, BO-BTOPBIX, NpeHeGperaTh KBAHTOBAaHHEM 3HEPIHH.

Me! nocTaBUM CBOe# Lie/1bi0 BHIYHC/HTb TEPMOAHHAMHUECKHE (YHK-
LMK rasa B 3TOM NPHO/HKeHHH. OTMETHM NPH 3TOM CJIeflylollee BecbMa
BaXKHOE OGCTOATE/BCTBO. B paMkax ¢eHOMEeHOJIOrHYeCKOH TepMOAMHA-
MHKH BHYTPeHHsisi 3Hepruss U M SHTPONMHsI S ONpeAeNsioTCs, KaK MBI
BHJIEJIH, C TOYHOCTBIO JI0 aJIHTHBHBIX NocTosHHBIX U, U S, (1pou3Boa
B BbIGOpe HayaJia OTCYeTa BHYTPEeHHeH SHepruH H sHTponuH). IToaTomy
cBoGoziHast 3Hepruss F = U — TS U TepMOIHHaMHUECKHH IIOTeHIHAJ
® = U — TS + PV onpefeasitorcsi B TepMOAHHAMHKE C TOYHOCTBIO
JI0 TIPOHM3BOJIbHOH JIHHEHHOM GYHKLHH TeMNepaTyphl, TENJOCOAEpIKaHHE
W = U -+ PV — c TOYHOCTbIO [0 AANMTHBHOH IOCTOSHHOH H TOJIBKO
Q-norennuan, Q = —PV, MoxeT GHTb onpeliesieH B TePMOIHHAMHKE
OJHO3HAYHO.

Me! moKaxkeM, YTO B CTaTHCTHUecKol ¢H3HKe BCe TepMOIHHAMHYeC-
KHe TIOTeHIHaJIbl ONpeJle/IIoTess OfHO3HauHo. ToT (aKT, 4To SHTpOMHS
S onpefie/sieTcst B CTATHCTHYECKOH QH3HKe OJHO3HAUHO, CJEAYET YIKe H3
TeopeMbl HepHeTa S7—g ek = 0. Mbl y6etuMcst B TOM, YTO SHTPOMHIIHAsS
MOCTOSIHHAsL Sy OIHO3HAYHO CBSI3aHa C 06BEMOM 3J1eMEHTapHOH sTueliKH a,
H, CJIelOBaTe/IbHO, OTNPe/IeJIHB 06beM STUeHKH, Mbl OTpelleTHM OIHO3HAYHO
BCe TePMOAHHAMHYECKHe NOTEeHIHaJIbI.

Kax mbl yxe Busienu B § 35, ypaBHeHus1, QHKCHPYIOUIHE TOJHOE YHCJIO
yactHll N H BHyTpeHHiol0 sHepruio U B npubmxenud Makcsemia —
Bosbumana, umetor BHA (35.17) u (35.18)

dar
N_—_.gSeﬂ(u—B)F’ (40.1)
U=g S et I (40.2)
H JAONYCKaIOT HCKJ/IIOYEHHe XHMHYECKOT0 NNOTEHIHana p BMecTe ¢ 06beMOM

AYelik a. B pesysibTarte STOrO HCKJIOUEHHS TIONYYaeM AJIsi BHYTPeHHeH
SHepruH BhpaxeHHe (35.19)

—Be
ee” Podl
U=N S———— . 40.3
S e—Begp ( )
Bripaxenue, cTosiee B 3HamenaTeste (40.3), HasbiBaeTCs crmamucmue-
CKUM pasom ( PAAOM COCMOAHUL) ¥ 0603HAYaeTCs CHMBOJIOM
Z= S e=fe dT'. (40.4)

Jlerko BHIeTh, YTO BHYTPEHHSSA SHEPTHS MOXeT GbTh BHIpAXKEHa ue-
Pe3 craTHcTHUeCKHH HHTerpas, Tak Kak BblpaeHHe B uncauTese (40.3)
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npencrap/seT cobolt —dZ/0p. CnenoBaTesbHO,

U=—Na%(ln2(t3)). (40.5)
Bosspamasicb kK nepemennoii T, nosyyum
U=NeT* 3 (InZ(T)). (40.6)

TersioeMKOCTb rasa MoxeT ObITb OTCIOAAa HafiieHa 1o (opMmyJe
Cy = (8U/oT)y.

TakuM 06pasoM, BHYTPEHHsIS SHEPIHsl rasa ONpeJe/seTcs OJHO-
3HAYHBIM 06Pa30OM H He COJEPKHT 06beM siueliku a. B oTHume o 3TOrO
XUMHUECKUH MOTEHNHAaJ], XOTS M olpelensieTcsi ypaBHeHHeM (40.1)
TaKxke OJHO3HAYHO, HO 3aBHCHT CYIIECTBEHHO OT &:

—u/kT — & e/kT 4T = 82

e 5 S eenT =52 (40.7)

Na
p=kTIn (é?) (40.8)
B cuay dopmya
oF
®=Np, F=O®-PV, s_-(a_T)N,V

06beM fiueHKH a BOHAET M B BBIPAXKEHHS /IS TEPMOXMHAMHYECKOTrO
NoTeHIHaNa, CBOGOAHOH HEPrHH M SHTPOMHH, B YaCTHOCTH, OMPENENHT
Haya/lo OTCYeTa SHTPOMHH.

PaccmotpuM Tenephb GoJlee JeTaNbHO YaCTHBIH C/1yyal 0HOATOMHOTO
rasa B OTCYTCTBHe BHellHero mossi. B sTom cayyae

e=p?2m, dU=4ap*dpdV =2x (2m)"=e"sdedV

H ISl CTATHCTHYECKOTO HHTErpaja HMeeM BbpajKeHHE
Z=V2n(2m)" So g'/1e—e/kT de,
BBojsi nmepeMeHHYI0 HHTerpHpoBaHHsi ¥ = e/kT, moJyyum
Z =2n (2mkT)'1sV ? x'1se~* dx = (2nmkT)'/sV (40.9)

0

(Mbl BOCIIOJIb30BAJIHCh 3HAYEHHEM HHTerpaja
o« —
3 Va
he¥dy=T[2) =11
Sx e dx I‘<2> 3 )

Orciofia 1151 BHYTpeHHel SHepriH OXHOATOMHOTO £a3a HaXOAUM COTVIACHO
(40.6) BhipaceHne

=3 NeT (40.10)
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U JIJI1 TeNJIOEMKOCTH
Cy=3 Ne. (40.11)

Moncrasnss 3HaueHne Z u3 QopMyssl (40.9) B BbIpakeHHe XMMHUeC-
Kgoro moTeHuHasa (40.8), Haxomum

p=kT ln[ (40.12)

Na
gV 2umkT)'!s |
ll.nﬂ TEPMOJHHAMHUYECKOI'0 IMOTeHIlHa/la H CBOﬁO}lHOﬁ 3HEprHH HMeeM
P
BBbIpazKeHH s

Na
O = = NET l._— 40.13
N" N In Ve kT)a/':I’ ( l)

F=CD—PV=¢D—NkT=Nlen[ Na

m] (40.14)

HaxkoHel, sHTpomusi Tasa Bbipaxaercs (GopMyJiof

_ (eF\  _ ge'*V (2nmkT)" '] _
S=—(5 )y, =N# ln[—m;— =

=2 RIn(TV*)+RIn [K%—Tﬁ] (40.15)

HeTpynHo npoBepHTh, 4TO MePeMeHHEIe c/laraeMble B BhipaxeHHH (40.15)
COBMAJAIOT C MEPEMEHHBIMHU CJIaraeMBIMH B TePMOIHHAMHUYECKOH popmyJie
JUIs SHTPOMHH HAeasbHOro ra3a (popmyaa (4.5) npu y = 5/3). AnnutHs-
Hast nocrosinHas B (40.15) cyiuecTBeHHO onpeJie/isieTcs1 06beMOM SIUeHKH a.
Curiefyet oT™MeTHTb, uTO opMysa sHTponuH (40.15) (Tak xe kak u dop-
MyJibl JIS1 APYTHX TePMOAMHAMHUECKHX BEJHMYMH, MOJyYeHHbe B 3TOM
naparpae) HempurofHa NPH HH3KHX Temmepatypax. He cuenyer
M03TOMY YAHMBJAATbCS ToMy, uTo npu T — 0 °K corsacHo (40.15)
—> — oo B MpoTHBOpeulH ¢ Teopemoii Heprcra. TepmoaunamHueckue
GYHKUHH ra3a NpH HH3KHX TEMNepaTypax CJelyeT BHIUHC/ATH, YUHTHI-
Basi BLIPOXKJEHHE Ia3a, ero HenJea bHOCTb H KBAHTOBAaHHE SHEPTHH.

§ 41. KBaHToBaHHe MNOCTYNATENbHOTO ABHXEHHS

B npensinymem naparpade, paccMaTpHBasi OJHOATOMHBIA HJealib-
HBIA ra3, MBI HalIH TepMOAHHAMHUecKHe (QYHKIHH rasa, CUMTas €ro
HEBHIPOXK/IEHHEIM U mpeHeGperasi KBAaHTOBaHHEM 3HeprHH. B 3Tom mapa-
rpade Mbl, COXpaHsisi MPEANONOKEHHEe O HeBLIPOXKIEHHOCTH rasa, yuTeM
KBAaHTOBAaHHE SHEPI'HH YacTHL, ABHXKYIIMXCA B COCY/le C OTPaHHYEHHBIM
061eMoM.

B cratucTike Makcsena—BosblMaHa ¢ KBaHTOBaHHOH 3Heprueft
MOXET GbiTb BBEIEHO NMOHSTHE CTATHCTHYECKOH CYMMbI (CYMMBI COCTOSI-
HUil) Z, aHa/IOrMuHOe MOHATHIO CTATHCTHYECKOro HHTerpasa. Mckiounm
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U3 Bblpaxennit (35.8) u (35.9)

N=Y g %", (41.1)
U= gie /T (41.2)
i
XHMHYeCKHH noTeHuHan. Toria moayuum
X g
i
U=N W—. (41.3)
Brenst Temepb CTaTHCTHUECKYIO CYMMY
Z=Ygie %", (41.4)

MbI MOXEM MepenucaTh MOCJEHIOn (GopMyTy B BuIe
U=NET? 2 (In 2), (41.5)

aHanoruyHoM Buay dopmyabt (40.6) npeapiayero naparpagpa. Q-noteH-
uMaJ rasa paBeH corsiacHo dopmyJse (36.17)

Q=— kTenT Y g™ "7 — — kTem1Z, (41.6)

(Mbl cuHTaeM HeMHINHHM HAalOMHHTb, YTO BO BCeX (OPMyJax 3TOrO ma-
parpada ) 03HAYA€T CYMMHDOBAHHE He 110 TIPOH3BOALHO BBEMICHHEM
i

SHEPTeTHYECKHM «SIIHKaM», a 110 KBAHTOBAHHBIM SHEPreTHYECKHM ypOB-
HSIM, H IO9TOMY YHCJIa g; 0603HAYal0T KPATHOCTH BBIPOKJIEHHS! yPOBHEIl.)

IMepeiinem Tenepb K 3ajaye 0 KBaHTOBaHHH SHEPTHH MOCTYMATeNb-
HOTO JIBHKEHHSI YacTHIbI B OTpaHHYEHHOM cocyjie. Bynem jns mpo-
CTOTBI CYHTATh, YTO COCY]L HMeeT PopMy Kyba ¢ pe6poM L. Kak ussectno
U3 KBaHTOBOM MeXaHHKH (cM., Hampuwmep, [5]), nomycTHMble 3HaueHHs
SHEPrHH YacTHIBI B SIMKE C HENPOHHUAEMbIMH CTEHKaMH JaloTCst
(opMyoit

he
e (ny, ng, ng) =g (ni 4 ni+ng), (41.7)
a BOJIHOBasi (DYHKLIUSI COCTOSIHMH C OnpejieJIeHHOH Hepruell paBHa
Wiy, ny,my = C (g, Mg, M) siN ( ‘Z") sin (”Ty) sin ("’ZZ), (41.8)
Tiae ny, Ny, Ng — leJble 4yuCsaa, NMPHHUMAaOWMe 3HaueHHs 1, 2, 3,...

(3Hauennst n; = 0 HEJOMYCTHMbI, TaK KaK MPH STOM BOJHOBAas QyHKIHS
06paiaeTcst TOXAECTBEHHO B HYJIb; OTPHIATE/bHbIE 3HAYEHHS UHCEN n;
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TaKxKe He JOJIKHBl YUHTHIBATBCS KaK HE3aBHCHMblE, TaK KaK NPH H3Me-
HeHHH 3HaKa n; BOJIHOBasl GyHKIIMS JHIIb YMHOKaeTcst Ha —1). Kaxno-
My HaBopy 4YHCeJ 7, Mg, Mg COOTBETCTBYET OJHO COCTOSIHHE YacTHIbI, H
[IO3TOMY B CTATHCTHYECKOH CyMMe MbI IOJIKHB CyMMHPOBATb IO 11y, My, Mg
HE3aBHCHMO JPYT OT Apyra Mo BCeM 3HAUeHHsIM OT 1 110 oo, a KPaTHOCTb
BBIPOXKEHHS g (1, Mg, Ng) CUMTATh PaBHOH eAMHHLE. (Y POBHH SHEPTHH
€ (1, Ny, Ng) SBJSIOTCS NPH 5TOM BHIPOKAEHHBIMH C KDPAaTHOCTBIO Bbi-
POKJEHHs, PaBHOI UHC/Iy pellleHHH ypaBHeHus ni + n3 + a3 = n B 1e-
JbIX YHC/IAX, ONHAKO 3TO BHIPOMKJEHHE YUHTHLIBA€TCS aBTOMAaTHYECKH
6Jiaroaapst TOMy, 4TO Mbl BeJleM CYMMHPOBAaHHe He 10 YDOBHSIM SHepTHH,
a 110 BCeM 3HAUEHHSIM 71y, flg, Ng.) JLJIs CTATHCTHYECKOH CYMMBI MBI HMEEM
BhIpaKEHHe

=< 3 e—(nnmn:)’, (41.9)

n=1

rje XapaKTepHCTHYecKas TeMmrepatypa AJs NOCTYNATeJbHOTO ABHIKe-
nua T onpeaensercs QopmyJof

h2
Ty=grg (41.10)
Beenem dyHkuuio 0 (x), onpeaeneHHy© GopMysoi
©
Gx)= D) emx, (41.11)

n=—o0

HenocpeacTseHHO U3 ompefieseHHst GyHKIHH O (x) clenyeT ee acHMI-
TOTHYECKOE NPeACTaB/IeHHe IIPH GOJIBIIHX 3HAYeHHsIX apryMenTa, x > 1:

8 (¥) A 1+ 2 12—t b Ac ], (41.12)

Ham nonano6uTest TakKe aCHMITOTHYECKOE IPeACcTaB/ieHHe GYHKIHH 6 (x)
TNpH MaJblX 3HAYEHHSIX apryMeHTta, x<< 1, HalTH KOTOpPOE HEMOCPEenCT-
BeHHO H3 ompegeneHust (41.11) noosbHO TpymHo. Ero MoxHo HaiitH,
OIHAKO, BOCHOJIb30BaBUIHCh (PYHKLIHOHAJIBHLIM ypaBHEHHEM AJist GYHK-
unk 0 (x) (cm. «MaremaTHueckoe npuioxkeHHe», dopmydaa (1.4)):

e(x)=l—}7e(l>. (41.13)

X

C nomomplo dpynkuuu 0 (x) hopMysaa A5 CTaTHCTHUECKOR CyMMbl (41.9)
MOXeT GbITh 3amHCaHa B BHJe

-6 1y
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a ¢yHKkuMoHanbHOe ypaBHeHHe (41.13) mosBosisieT Takke NPEACTABUTb
CTaTHCTHYECKYIO CYMMY B BHJE

2=z (7P~

3aMeTHM Terepb, 4TO corsiacHo dopmyJe (41.10) xapaktepHcTHYECKas
Temnepatypa T, o6paTHO nponoplHoHanbha L2 uin V3, TlosTomy npu
moGoli KoHeuHoH TemrepaType oTHowenue T,/T < 1 u Bce BhbicuiHe
crenen T,/T [OMKHBI NMOCJE10BaTeNbHO OTGpachiBaThesi, a QYHKIHUS
0 (T/T;) nomxua 3ameHsTbesi epunuuedi. Toraa coraacuo (41.15)

L(T\ _ \, (2umkT)*>
Z=§(ﬁ) —v G = (41.16)

(41.15)

Tak Kak NpH BBHICOKHMX TeMmepaTypax AOMYCTHMO mpeHeGpeyb KBaHTO-
BaHHEM 3HEPTHH, 3TO BbIPaX<€HHe JOJKHO COBMNAJaTh CO CTaTHCTHUEC-
KHM HHTEerpaJioM, JeJIeHHbIM Ha o0beM siuefikH a (Tak Kak g; MPH nepe-
XOJle K HHTerpupoBanuio nepexonut Bdl'/a, a ue B dI'). CpaBHuBas
(41.16) ¢ Z,,/a dopmy.st (40.9), HaxonuM @ = A®, T. €. TOT Ke pe3yJb-
TaT, K KaKOMY Mbl IDHILLIH, pacCMaTpHBasi paBHOBECHOE H3JydyeHHe.
Tlocko/bKy XapaKTepHCTHUecKasi TeMIepaTypa NOCTYNaTeJbHOro JABH-
xenus T; JO/MKHA CYMTAThCS PABHOM HYJII0, KBAHTOBaHHE NOCTYNATeNb-
HOTO JBHKEHMsi (aKTHYeCKH He BHOCHT HHKAKMX H3MeHeHHil B moay-
YeHHble B NpeJblaylleM naparpade GopMyJbl A/si BHyTpPeHHe! SHEpTHH,
TeMNJIOEMKOCTH, SHTPOIHH.

Hrak, B § 37 Mbl nokasaJu, 4To a5l H3Jay4eHHsi (QOTOHHOro rasa)
(ha3oBblil 06beM siuelikK a JoJKeH GbITh npHpaBHeH h®. DiHIuTeHH B pa-
Gote «KBaHToBasi TeopHsi OHOATOMHOrO HjeasbHOro rasa» (1924 r.)
NPEJJIONKUN PACPOCTPAHHTL STOT Pe3yJbTaT M HAa OGHIYHBIE YaCTHIIBI
¢ m = 0. OH HCXOIUI IPH 3TOM H3 HJeH Je Bpoiias o Tom, urto Aya-
JIM3M BOJIHA — KOPMYCKYJIa NPHCYLl HE TOJBKO H3/MYy4YeHHIO, HO H
OGbLIMHBIM YacTHUAM. B 3Tom maparpade Mbl BHIeNH, YTO M /sl OJHO-
aTOMHOTO rasa C TPeMsi IOCTYNATe/]bHBIMH CTENeHsAMH CBOGOIH! ¢a3o-
Bblii 00BbeM siueliku paseH h®. B § 55 Mbl yGeauMcsi Ha INpuMepe ABYX-
aTOMHOTO I'a3a B TOM, 4TO (a30BbIi 06beM UeHKH paBeH A% /s YeTbipex-
MepHOTo (a30BOrO IIPOCTPAHCTBA BpAlIaTe/NbHBIX CTeNeHell CBOGOAB!
H paBeH h s IBYMepPHOro (asoBOr0 IPOCTPAHCTBA KOJeGaTesNbHbIX
cTenenefl cBOGOABI.

Mbl MOKeM 3aKJIIOUHTb B oOlueM cayuyae, 4To $a3oBblfi 0OBeM 3Je-
MEHTapHO# siuefiKH HJeaJbHOTO ra3a, MOJEKYJB KOTOPOro HMmeloT f
creneneii cBoGoxsl, pasen h/.

DTOT BBHIBOJ HaXOJHTCS B COOTBETCTBHH C NMPHHIHIOM HeONpejeseH-
HOCTH KBAaHTOBOH MexaHHKH. Kak HM3BeCTHO, KjaccHYecKoe OIHCaHHe
JIBHXKEHHsl YaCTHIB C IOMOLIBIO KOOPAHHAT H MMITYJbCOB, KOTOPOE,
CTPOrO roBOPSi, HENONYCTHMO B KBAaHTOBOH MeXaHHKe, MOXeT GHITh
NPUG/HXEHHO TPHMEHEHO, eCJH KOOpPAMHATa M COOTBETCTBYiowas
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pOEKIHs HMIY/bCa OMPENieNsoTCst ¢ HeonpenenenHoctsmu Ax, AE,
CBA3aHHBIMH HepaBeHcTBaMH [eiisenGepra

Ax-AE=h. (41.17)

9710 3HAUYHT, YTO B ONTHMAJBHOM cjydyae, Koraa B (41.17) cTouT sHak
paBEHCTBA, COCTOsHHE HA (a30BOH MJIOCKOCTH (x, & wusobpaxaetcs
He TOYKOH, a MpPAMOYroJbHHKOM ¢ miomanbio Ax - AE = h. CooTHo-
IeHHe HEOTPENENIEHHOCTH CMPaBeJIHBO He TOJbKO JJISi HeKapTOBBIX
npAMOYTOJBHBIX KOOPAMHAT M MMMYJbCOB, HO H AJIS JIOOBIX KaHOHH-
yecKH COMpSIXKEHHBIX Map OGOGLIEHHBIX KOOPAMHAT W MMMYJbCOB, JJIS
KOTOPBIX KJaccHuecKas ckobka ITyaccona pasna enunuue. ITostomy
ISt TIO6OTO KBaHTOBOMEXaHHYECKOTO 0GBeKTa ¢ f cTeneHsMH CBOGOMbI
COCTOSIHHE OMHCHIBAETCS] B KBa3HKJACCHYECKOM NPHOIHXKEHHH HE TOY-
Kot B ha3oBOM mpocTpaHcTBe 2f H3MepeHHil, a sueiikoit ¢ oGbeMoM .
Vinaue roBOpSi, MBI MO}KEM PacCMaTpPHBaTh ABHKEHHE YacTHIIbI M0 KJjac-
CHYECKHM TPaeKTOPHSM B ()a30BOM MPOCTPAHCTBE, HO MPOBOAMTH 3TH
TPAeKTOPHH C ONpEJleleHHOH TyCTOTOH: TaK, 4TOObl uepes Kamiyio
KJeTKy ¢ 06beMoM A/ poxofinia onHa (asopasi TpaeKTopHs. O6paTum
BHHMaHHEe YMTATe/si HA CJAENyIOllee: Mbl I0Ka3alH, Y4TO O0beM SueikH
paBeH h’, cpaBHuMBas GOpMyJbl, MOJNyYEHHbIE B pe3yJibTaTe pa3GHEHHs
W-[POCTPAHCTBA HA siYeHKH, C TOYHBIMH KBaHTOBOMEXaHHYECKHMH op-
my/aMH. CliellyeT, OlHaKO, PelIMTeNbHbIM 06pa3oM MOAYEPKHYTh, YTO
JUISl HAXOXKIEHHST YHC/IEHHOrO 3HAaueHHst oObeMa suefiKH HeT HUKaKoH
HyX[bl B OOpAlIEHHH K KBaHTOBOMeXaHHuecKuM ¢opmynam. [leficTBu-
TE/JbHO, KaK MBI YXKe ynmoMHHanu B § 35, BHYTDEHHSSi SHeprus rasa
HEepa3MYUMBIX YaCTHIl NMapaMeTPHuYeCKH 3aBHCHT OT @, U BeJHYHHA a
MOKeT ObiThb HafiileHa M3 CpaBHEHHsl C 3JKCIEPHMEHTOM (HampuMep,
U3 u3MepeHHil TemnoeMKocTH Cy 6Gose- uM depmu-raza). dto o6CTOA-
TEJIbCTBO HMeeT HeoObMaHHO IMyGOKHil cMbica. OHO CBHAETENBLCTBYET
O TOM, YTO (POPMAAbHbIL npuem pasbuexrus W-npocmpancmea 2a3a Ha
A4EUKU C YeAblo €20 CMAMUCMUYeCK020 ONUCAHUR 6mecme C 2unomesod
0 HEPABAUYUMOCTU HACMUY, C HEOGX00UMOCMbIO NPUBOOUM K NOABAEHUI
8 (usuke HOGOL MUPOBOLI NOCMOSHHOL ¢ pasmeprocmoto Jeticmeus. dta
nocrostHuas (), YHCaeHHOe 3HaYeHHe KoTopoii [InaHK Hauesn mpH usy-
YEHMH 32KOHOB M3/yueHHs, a DHHIITEHH, — CPaBHHBAs C OMBITOM CBOIO
dopmysy st hoTosdpekTa, Morsia Obl GbITh YHAMBHTENbHBIM 0GPa3OM
HakjleHa myTeM, HaNpUMep, H3MepeHHsl TEMJIOEMKOCTH ra3a GO30HOB HJIH
bepMHOHOB. D10 3HAUUT, UTO udeu KBAHMOBOU MeXAHUKU (COOMHOUIEHUE
HeonpedeneHHOCMU , KSAHMOBAHYUE FHEP2ULL U Np.) UMeiom cou 2ayboKue
KopHu ewe 8 cmamucmuueckoll gusuke U Hapsay C AByMsl MyTSMH OTKpPbI-
THsL KBaHTOBOMEXaHHYECKHX HIeH (ONTHKOMEeXaHHYecKast aHaJOrus
e Bpoitns — Ilipenunrepa u marpuunas Mozesb efisen6epra — Bopha,
OCHOBaHHAsi Ha MpPHHLMIE COOTBETCTBHS) CYLIECTBOBAJA BO3MOXKHOCTb
Tpetbero myTu. To, 4To 5TOT MyTb He GBI MCMONB30BaH (MJIH GBI HC-

NO/b30BaH ¢ omoajaHueM), €cTb SIBHBI MPHMep HCTOPHYECKOH cJay-
YaliHocTH,
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BepneMcsi Temepb, B CBeTe BbILIECKA3aHHOrO, K (POPMY.THPOBKE
npunnuna Iayau, nanno#t Hamu B § 32. Mbl BUIHM, 4TO 5Ta GOPMYJIH-
poBKa (KaK H, BOOOIWIE, IMOJb30BaHHE TOHSATHEM W-TPOCTPAHCTBA
(%, 4, 2, E, m, ) u oTOXIeCTB/IEHHe KaXJOTO AMCKPETHOTO KBAHTOBOTO
COCTOSIHHSI € siuefiKofi ¢ hasoBbIM 06BeMOM A') JomycTHMA TOMBKO B
KBa3HKJ/IaCCHYeCKOM NpHO/HKeHHH. Kak H3BecTHo (cM., Hanpumep, [5]),
KBa3HKJIaCCHUECKOe NMPHO/IHKEHHE NI01ydaeTcsl yTeM MpeiebHOro Ine-
pexoma h— 0. CienoBaTte/bHO, B 5TOM NPHOGIMKEHHH OOBEM sTYeHKH
€CTb MaJiasi BeJHYHHA, M Hrpaiolliie CYyIEeCTBEHHYIO POJb (B AaHHOM
3ajiaue) (a3oBble 06BEMBbI IOMKHBI COEPIKATh MHOTO sideeK.

®opmysupoBKa mpHHuMNa [layau, He HCIOJB3YIOWAS TNOHATHS
W-TIPOCTPAHCTBA, 3aK/IOYAETCS B CJIEAYIOUEM: B CHCTEME TOXJIECTBEH-
HbIX (hePMHOHOB BEepOSITHOCTb TOTO, YTO JBa (h)epMHOHA HMEIOT OfHHa-
KOBble TIOJIHble HaGopbl KBAaHTOBBIX YHCEJ, PaBHA HYJIIO.

§ 42. MuoroatomHble ra3bl (KJaccuyeckas Teopus).
3akoH paBHopacnpenejeHus

Ipumenum pacnpefeseHne Makcpenna — BosbumMana K MHOro-
atoMHbIM rasam. dopmyser (40.4) u (40.6)

Z={e=e/T dT, (42.1)
U=NiT* 0. (In 2) (42.2)

OCTalOTCSl CHPaBEJVIMBBIMH M B 3TOM CJydYae, HO B BBIPAXEHHH JJIsI
sJ1eMeHTa o6bema B p-npoctpanctee dI = dV dV, non dV u dV, crenyer
TIOHHMATb Tenepb NMPOHM3BeleHHsl AH(pdepeHIHaloB BCeX 0606UIeHHBIX
KOOp/IMHAT H BCeX OCOOIIEHHbIX HMITYJbCOB COOTBETCTBEHHO.
DHeprust MoJIeKy/bl B OTCYTCTBHE BHELIHEro IOJSI PaBHAa CyMMe
KHHETHYeCKOH HepriH, KOTopasi, Kak H3BeCTHO U3 MeXaHHKH, IPeJICTaB-
JisieT CO6OH OJHOPOAHYIO KBAaAPaTHYHYIO (DYHKIMIO MMITYJBCOB @irPiPk
(koa(hdHUHEHTH! @i B OOWIEM CJ1ydae 3aBHCSAT OT 0GOGLIEHHBIX KOOP/H-
HaT ¢;) ¥ NOTEHIHAJbHOM SHEPrHH B3aMMOJeHCTBHMSI aTOMOB. (Mbl 6y-
JIeM B JlaJibHefillleM M0/Ib30BaThCsl H3BECTHBIM YCJIOBHeM DiiHIuTefina —
MO JBaXJbl NOBTOPSIOIMMCS MHHAEKCaM MOJpa3yMeBaeTcst CyMMHpO-
BaHue.) BHyTpeHHee JBHKeHHe aTOMOB B MoJjieKyJe (mOC/e MCKIIoye-
HHSI [IOCTYNATeIbHOrO ¥ BpallaTe/IbHOTO JBHIXKEHHSI MOJIEKYJbl KaK lie-
JIOTO) MpEeACTaBJIseT co6oi MaJsble KoJeGaHHS OKOJIO MOJIOXKEHHS PaB-
HOBECHSI, B KOTOPOM NOTEHIIHA/IbHAsI SHePrHsl HMeeT MHHUMYM. [Tostomy
TIOTeHUHA/IbHAsE SHepTHst BOJM3H OT PAaBHOBECHSI NpeicTaBiasieT co6oH
(ec/u MPHHATD #min 32 HAYaJIO OTCYETA NOTEHIHANBHON SHEPTHI H TOUKY
PaBHOBECHSI 3a Hayajlo0 OTCYeTa KOOPAHHAT ¢;) OJHOPONHYIO KBaipa-
THYHYIO QYHKIHIO 060GLIEHHBIX KOOPAHHAT, XapaKTepH3yIOWHKX KOHpH-
rypauuio MOJIeKYJbl (T. e. BceX KOOPAMHAT 3a BbIYETOM TeX, KOTOpbie
OIHCHIBAIOT TIONIOXEHHe H OPHEHTAlMIO MOJIeKYJbl Kak mesoro). Jlas
N-4aTOMHOM MOJIEKYJIBl YHMCJIO 3THX BHYTPEHHHX» KOODAMHAT PaBHO
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(3n.— 5), ecnu MoJieKysa JHHeHHa (NOJIOXKEHHs] DABHOBECHS aTOMOB
pacroJioxkeHbl Ha ORHOMH mpsamoii), H (3n — 6), ecaH MoJieKyJa HeJH-
nefiHa. JlefiCTBHTENIBHO, B CJyuae JIHHEHHOH MOJIEKYJIbl e IOJIOKeHHe
MOJIHOCTBIO 3aJ1a€TCst TPeMsi KOOPAHHATAMH X¢, Yc, Zc EHTPa HHEPUHH
W AByMs yrJaMmu. B cayuae e He/JHHeHHOH MOJIEKYJbl ee OPHEHTALHsI
B [POCTPAHCTBE 33jaeTcsi TpeMs yryamH. TakuM oGpa3oM, IJIsi MOTeH-
[HaJbHOM SHEPTHH HMeeM BbIpaXeHHe b,q,qs, TAe b,s — IOCTOSHHBIE
koaGduunentsl. CefoBaTelbHO,

€(q, p)=aupiPr+brsq,9s, (42.3)

fIpHYeM JJISi MaJIbiX OTKJIOHEHHH OT paBHOBecHs] KOS(MHUHEHTH a;p
MOXXHO TaKXe CYHTaTb MNOCTOSIHHBIMH (B BbipaxkeHHH (42.3) mpoBo-
JMTCSl CyMMHpoBaHHe 1m0 { M kR oT 1 10 3n, mo r u s ot 1 o (3n — 5)
B CJy4Yae JIHHEHHBIX MOJIeKy] H 10 (3n — 6) B cayuae HeJHHEHHBIX
MosiekyJs1). Otciofa umeeM

Z={e=e#T dT =BV (¢~ wiPs* T dp, {e~*rs"r*"*T T] dg,. (42.4)
1 t

(MuokuTesb V B 3Toit opMysie BO3HHKaeT B pe3yJ/bTaTe HHTETPHPO-
BAaHHSl MO KOOPAHHATaM LEHTPA HWHEPLHH MOJIEKYJbl, @ MOCTOSIHHBIH
H Ge3pa3MepHBIHi MHOXHTeNb B — B pe3yJ/ibTaTe HHTETPHPOBaHHS MO
yIVIaM, ONpEAEJIAIONHMM OPHEHTALHIO MOJIEKYJIB B IPOCTPAHCTBE.)

Jlns TOro 4TOGH CHeJaTb sIBHOH 3aBHCHMOCTb 3TOTO HHTerpana
OT TeMNepaTyphbl, CleJaeM 3aMeHy NepeMeHHHX p; = P;T"/: u g, =
= Q,T"». B pesyJbTaTe 35TOH 3aMeHB MOABIHTErpasbHasi (GYHKLHUSA
CTaHOBHTCS He 3aBHcsledl oT T, a 3a 3HaK MHTeTpaJsa BHIHIET MHOXKH-
Tenb TYs, e [ — noJIHOe YHCIIO AHpepPEHIHATIOB, BXOLAMWKMX B HHTEr-
pasel (42.4). Ecau MosieKysia CONEPXKHT 1 aTOMOB, TO YHCJAO OGOOIIEH-
HbIX MMITYJIbCOB PABHO 3fi H UMCJIO «BHYTPEHHHX» OGOGIEHHBIX KOOPHH-
HaT paBHO (3n — 5) u (3n — 6). CaenoBatenbHo, [ = (6n — 5) B cay-
Yae rasa JMHEHHBIX MOJIeKY] H [= (6n — 6) B ciydae rasa HeTHHEHHBIX
Mosekya. U B ToM H B JpyroM ciayyae [ ecTb CymMma YHCJa
TIOCTynaTe/IbHbIX H BpaliaTeJbHBIX CTeNeHell CBOGOXbI M YABOEHHOTO
uucaa KoseGaTesIbHEIX CcTemeHel cBoGomsl. Otciofa

Z =const T*2, (42.5)
H corsiacHo dopmyse (42.2) momyuum
a 1
U=NET? 5 (In T'?) = 5 NET. (42.6)
las onmoro mons rasa Haxozum
= g RT (42.7)
H
c,=1%. (42.8)
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[onyueHHEIH pe3y/bTaT MOXKHO C(OPMYJHPOBATH B BHAE TaK HAa3bl-
BAeMOTO 3QKOHA PABHOPACNPeOeNeHUs SHepeul NO CmeneHsm c80600bL.

Kaxpas nocTynaresbHasi M BpallaTe/ibHasi CTeNeHb CBOGOABI BHOCHT
BO BHYTPeHHIOIO SHEPTHIO OJHOTNO MOJIs ra3a cyaraeMoe RT/2 u B Mosisip-
HYI0 TeMJOeMKOCTh cJaraeMoe R/2; kKaxjas KoseGaTe/lbHasi CTeneHb
CBOGO/bI BHOCHT BKJaj BABoe GoJbuiuii, T. €. RT B BblpaxkeHHe BHYT-
peHHeil 3HepruH H R B BbIpaxkeHHe TeNJOEMKOCTH.

Takum o6pasoM, Bce BHJbI ABHXEHHSI B MOJIEKYJle C TOYKH 3pEeHHsI
KJaccHyecko#l (PM3HKH paBHONpPABHBI (BABOe GOMBLIMH BKJaj KoseGa-
Te/IbHBIX CcTeneHefl CBOGOIbI OOBSCHSETCST TeM, YTO KoseGaHWs CBsi3a-
HBl C HaJIHYHEM NOTEHLHAJbHO! SHeprHH, B CPeHeM PABHOH KHHETH-
uecKo#l 3HepruH KoJebGaHHH, B TO BpeMsi KaK IOCTyNaTeJbHOE H Bpaiia-
TeJIbHOE JIBHXKEHHSI CBSI3aHBI C HAJIMYHEM TOJIbKO KHHETHUEeCKO# SHEPTHH).

DKCIepHUMEHT, OJHAKO, MOATBEPXKAAeT STH NpPeACKa3aHHs KJaccH-
4eCKOH CTaTHCTHKH TOJIBKO B CJy4ae OJHOATOMHBIX T'a30B, /ISl KOTOPBIX
MoJisipHasi TennoeMKocTb Cy JeHCTBHTEbHO OYeHb G/IH3Ka K 3HAYEHHI0

3/,R ~= 3 Kkan/epad - mose.

OpHako JJisi TasoB, COCTOSIIMX H3 MHOTOATOMHBIX MOJIEKYJ], 3aKOH
paBHOpAacnpefie/ieHHs] OKa3bIBaeTCsi HeCocTOsITe/bHEIM. Hanpumep, mast
cayuasi ABYXaTOMHBIX MOJIEKYJ 3aKOH paBHOpAacnpelieieHHsl MpeicKa-
3biBaet 3HaueHne Cy, OJMHAKOBOE JUIsl BCEX Ia308 H paBHoe 7/,R, OTKyAa

9 C 9
Cp=Cy+R=3R n \’=z;i:,=7-

Ha onbite e oKasblBaeTCsi, YTO NpPH YMEePEHHBIX TeMnepaTypax AJst
BCeX TasoB

Cya 2R Co=TR u -7

vas 5 I P=3 Y= 5"

C nonuxenneM temneparypsl Cy yMenbwaercss u aas H, u Dy (nefite-
pHi) jocTHraer 3HaueHHst %/,R (I/Is1 OCTaJbHBIX T'a30B 3TO 3HauyeHHe
He JIOCTHraeTcst, TaK KaK ellle JIo 3TOrO MPOHCXOAHUT cxxHxeHue). HaoGo-
POT, C NOBbIlIEHHEM TeMIEPaTyPhl TEMJIOEMKOCTb YBEIHUHBAETCSI, ONHAKO
TeopeTHYeCKoe 3HaueHHe TemoeMKocTH Cy = 7/,R He JocTHraercs,
TaK KaK HacTynaeT JMCCOLHMAIHUS MOJEKYJ ra3a Ha aTOMBI.

TMpuunHy 3TOro pacxoXjeHHsi MeXJIy SKCIEeDHMEHTOM H NpejcKa-
3aHHAMH KJIaCCHYeCKOH TeOpHH Mbl paccMOTpuM B § 55 u yGemumcs,
4TO B TEOPHH, YUHTbIBalOLIeH KBAHTOBaHHE SHEPTHH, 3TO NPOTHBOpeYHE
HCYesaer.

Pacnpejienienne BosbliMaHa No3BOJISIET HAaHTH IJIOTHOCTb BEpOSIT-
HOCTH 1J1s /1060# 0GOGIEeHHOH KOOPAMHATBI H Ji060ro 0606LIeHHOro
uMnyabea. Oco6eHHO MPOCTO BHINISAAAT 3TH pacnpejieieHHs, el BBeCTH
TaK HasbiBaeMble HODMaJibHble KOOPAMHAThl, B KOTOPHIX, KaK H3BECTHO
(cM., Hampumep, [19]), KBajpatHuHble OPMBI ISl KHHETHUECKOH H
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NOTEHUHANBHON SHEPTHH NPHBOLATCS ONHOBPEMEHHO K JHATOHANBLHOMY
BHLY
e=a;p} + b,q%. (42.9)

I/IH‘rerpupyﬂ pacnpenesneHne Bosbumana no Bcem HMITyJIbCaM U KOOPAH-
HaTaM, KpPOM€ HMHTepeCyIoIHX Hac, NOJYy4YHM

X o brar /T a4
, AW (¢)= mryry r—, (42.10)
dp; §e " dq,

T. €. TayccoBO pacmpeliesieHHe s KaXNOf HOpPMaJbHOH KOOpHIH-
HaTBl H JJIS KaXJI0ro oGOOLIEHHOTO HMIYJbca.

3aKOH paBHOpacmpeJe/leHHs: SHepPrHH 10 CTeneHsM CBOGOAbI MOXKHO
cOpMYJTHPOBaTh He A/l SHEPrHH ONHOTO MOJIsSI rasa, a Ajsi CpeiHeit
SHeprHH ONHOH MoneKkynbl, Bce H3aMeHeHHs CBOASTCS TOria K 3aMeHe
rasoBoii nocTosiHHOH R Ha moctostHHywo Bosnbumana £ = R/N. Kaxnas
Bpalmarte/bHasi U NOCTymNaTe/bHasi CTelleHb CBOGOAbI BHOCHT B CPELHIOI
SHepTHIO MOJIeKY/bl BKaMax kT/2, a Kaxpuas KoseGaTesbHas CTeleHb
cBoGonbl — BKaan kT. IpenmyecTsBo Takoi (opMyJHPOBKH 3aK.io-
yaeTcsl B TOM, YTO €e MOXHO IPHMEHHTb He TOJNBKO K HIEaJbHOMY
KJIACCHYECKOMY Ta3y, COCTOSIEMY H3 MOJIEKYJ, HO H K OTAeNbHBIM,
HEB3aHMOJEACTBYIOIHMM JPYT C APYroM OGBEKTAM CO CJIOKHOH BHYTpEH-
Hell CTPYKTYpOH, paccMaTpUBasi KaXblif TAKOH OOBEKT KaK MOJIEKYJY.
Hanpumep, B § 37 Mbl BOCIIO/Ib30BA/THCh TAKHM MPHEMOM IS H3Jyye-
HHsT (PH BBIBOZe KJaccHuecKoro 3akoHa Peses—[IxuHca), a B § 38
Mbl NIPHMEHHJIH €To JJIs KJaCCHYECKOTO DAacCMOTPEHHsI TEJIOEMKOCTH
KpHcTa/IoB (BbiBOX 3aKoHa [liosonra u ITtu). Ilpu 3TOM HeB3amMo-
LeHCTBYIOIUMH 0GbeKTaMH CYHTAHCh HOPMAJIbHbIE KOJIEGaHHS 3/IEKTPO-
MarHHTHOTO MOt H PEMIeTKH COOTBETCTBEHHO.

§ 43. BbipoxpeHHblii Gose-ra3

B §§ 37, 38 Mt paccMoTpesiH BecbMa crieliasIbHbie cyyaH 603e-rasa:
GOTOHHBI ras H (OHOHHBI ra3. PaccMOTPUM Temepb ONHOATOMHELH
Gose-ras B OTCYTCTBHE BHEWIHEro MNOJS MPH HH3KHX TeMIepaTypax.

Ecnn nmpeneGperaTh KBaHTOBaHHeM B5HEPIHH, TO paclpelieieHHe
Bose—3iinmTeiina Moxer GwTh 3amHcaHO B BHIe

e'/2de

AN = AV =i —,

(43.1)
rae
2m\3/:
A=2n(h—’;‘) ' g=L (43.2)
33MeTHM npexnjae BcCero, 4To XHMHYECKHH NMOTeHIHaa rasa GO30HOB
HE MOJKeT GhiTh NOVIOKHTEbHBIM, TaK KaK HHaue NPH & = | BbIpaXeHHe
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Anst dN umesio 6bl MOJIIOC, H MHTErPAbl, BHIPAXKAIOWHE NOJHOE YHCJIO
YaCTHI, M 3HEPTHIO

e g'/2 g

N=av§ o, (43.3)
c
¢ eae

U=Av S SE—RET 7 (43.4)
§

pacxonuanch 6bl, a NpH & << W Bbipaxenne Misi dN crano 6bl OTpHUA-
TenbHBIM. TlostoMy p << O.

Kax BuaHO u3 popmysbt (43.3), XHMHUECKHI] IOTEHLHAN yMEHbIIaeT-
Csl 10 a6COMIOTHOH BeMYHHE NPH MOHHKEHHH TeMnepaTyphl. JleHcTBH-
TeJIbHO, AH(QEPEeHLHpYs 3TO COOTHoweHHe npu N = const, nomyuum

Cle— 1) ez —W/ET
- L e PATIE
(ﬁ>1v TTT®

l/2p€~W)/RT
08 (e—mRT _ )7

de

TaK KaK NOJABbIHTerpa/ibHble QYHKIHH B UHC/IHTe]e H 3HAMEHATe/e MOJO-
JKUTeJIbHBI. BBenem B Huterpasax (43.3)

# ¥ (43.4) 3ameHy nepeMenHbx &/kT = x:
% ; -
Xt dx
N=av (kT)*/e§ g, (435)
. 4 2 dx
U=AV (£T) /,.g . 43)
Puc. 52. o

@opmyna (43.5) onpeneasier HesBHO XHMHYeCKHit MOTeHUHMan Kak
GYHKUHMIO TUIOTHOCTH uwncaa uvacty N/V u rtemnepatypst T. Ilpu
HeKkoTopo# Temnepatype T,, KoTopasi onpeiejsieTcss paBeHCTBOM

N 2 gy
2
V= A (kTo)a/’ Sxex 1 (43'7)

[}
XHMHYeCKHH IOTeHIMan o6patutcsi B HyJb (puc. 52). Hurerpan B
(43.7) BbiuHcneH B «MaTemaTHYecKOM NpHJOXKeHHH», n. E, H papen

Persr=r(3)e(z) =20

e {(¥)= X n"*— ¢ynkuus Pumana.
n=}\
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B pesysbTare moJsyuaeM, noacrasasisi sHauenne A us (43.2),
h2 (N \*s
kT0=0,0847n-<v) . (43.8)

Tak kak (0u/0T)y << 0, To npu T < T, ypaBHeHue (43.5) oTHocu-
TeJbHO M He HMeeT OTpHUATeNbHBIX peiueHHii. Ho oHO He HMeer, xak
Mbl BHAE/H, H NONOKHTENbHBIX pewteHuit. CnenoBatensho, mpu T << T,
XMMHYECKHH NOTEHLHMa W HOJIKEH OCTaBaThCsl NMOCTOSHHBIM H PaBHBLIM
uymmo. OnHako npu u = 0 npaBas yacTb paBeHcTBa (43.5) ecTb yObIBalO-
mast GYHKLHS TeMIepatyphl, B TO BpeMs Kak B JeBoil yactTh N ectb
3a/laHHOe YHCJIO, H MBI IPHXOIMM K KaiKyLIEMyCsi apajoKcy. JTOT na-
palloKC CBSA3aH ¢ TeM, yTo dopmyunt (43.1), (43.3) nosyueHb U3 COOTHO-
ieHH#

& (43.9)

Ny=——8
LT AT 0

N=Y__£&_ (43.10)

3aMeHOHl CYMMHpOBaHHsi HHTerpupoBaHHeM. IIpH 3TOM NepBbiii u/eH
CyMMBbI 3aMeHsieTcst BblpaxceHHeM (mpu p = 0)

E-4 e'/kT

av § L"”l=AV(kr)ﬂn § £ dn

EIRT _ T

(e’ — HeKoTOpasi, Jexawas Mexay & = 0 U &, SHePTHs, TOYHOE 3Ha-
YeHHe KOTOPOH HeCYILIECTBEHHO). MBI BUIHM, YTO 5TOT BKJAJ CTPEMHTCS
K Hymo npu T — 0. OnHaKo SICHO, YTO C NOHHKEHHEM TEMIepaTyphl
6030HbI JO/IKHBI CKAaIJIHBAaThCSI B COCTOSIHHM & =0 u npu T =0
BCe OHH OKaXKyTCst B 3TOM COCTOSIHHH. DTO 0GCTOATENBCTBO NPOSIBASCTCS
B TOM, uTO NpH p — 0 BCe u/eHbl B BoIpaxkeHuH (43.10) anst N crpemsites
K Hy/0, a nepBbiif uneH (¢; = 0) cTpemurcst K GecKoHeuHocTH. Ha ca-
MOM JieJie STOT YJIeH NOJIKEH GbiTh KOHEUHbIM H PaBHBIM IOJHOMY YHCIY
Hactun, N. YcTpemssist W He K HYJIIO, @ K MaKPOCKONHYECKH MaJioMy
3Hauenuio — g;kT/N, Mbl MOXKeM clleNlaTh NepBHIfl YJleH CyMMbl KOHeU-
HBIM H paBHBIM N.

ITepexos OT cyMMHpPOBaHHSI K HHTETPHDOBAHHIO TeM He MEHee 3a-
KOHeH Jnis Bcex ypoBHefl, KpoMe caMoro HuxHero. [Tostomy npu T < T,
NosiHOe wHcJ10 yacTHL N* ¢ sHeprusmu & > 0 onpegensercs no gopmyJe
(43.3), eciu monoxkuTh B 3TOH GdopMmyse w = 0 (1S BceX ypoBHel,
Kpowme &, = 0, 3HaueHneM p = — g;2T/N MOXHO npeHe6Gpeyb 10 CPaB-
HEeHHIO C ¢g;):

o

® 1 18
N*=AV§—“-/'—"L—AV(kT)3/=S"/ 43
;

e/kT __ e*—1
¢ 1 P
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Orciona, cpaBuuBas ¢ (43.7), nonyuum

N*=N (Tlo)”’. (43.12)
OueBHJIHO, OCTaJIbHBIE YaCTHLE! GYAYT HMETh SHepruio & = 0
N1=N—N*=N[l—(ﬁ)%]. (43.13)

IMpu T — T, umeem N;— 0, N* — N, Bce YaCTHIbI HMEIOT MOJIOXKH-
TeJbHble SHepruH. C NOHMXKEeHHeM Temmeparypel HHKe T, HauHHaercs
nepexojl Ha OCHOBHO# ypoBeHb & = QO unpu T — 0 °K umeem N; — N,

* — 0, BCe yaCTHIbI OKA3BIBAIOTCS! HA OCHOBHOM YpoBHe. TakuM oGpa-
30M, Kaxylueecsi yMeHblleHHe MOJHOTO yHcaa wacTHil npu T << T,
CBSI3aHO C HAKOIJIEHHEeM YacTHIL B COCTOSHHH ¢ g, = 0. D10 sBJIeHHe
HOCHT Ha3paHHe KoHfeHcauuu Boze—diHireiina. fIcHO, ofHaKo, 4TO
pedb HJET O KOHJEHCALMH» HAa OCHOBHOH 3HEpPreTHYeCKHH YpOBeHb
B SHEPreTHYeCKOM NPOCTPAHCTBE, a He O peasibHOH KOHJEHCAIHH rasa.

DHeprus rasa onpesessiercs yactuuamu ¢ e > 0. M3 (43.4) noay-
yuMm nmpu T < T,

© 3/
U= AV (kT)": S & (43.14)
0

Boluncnsis MHTerpan (cM. «MaTemaruueckoe NpHJIOXKeHHe», (opmyJa
(E.4)),umeem

¢ 2 dx 5

{ it =Ko =1(3)2(3)=178,

0
OTKy/la HaXOHM

3/ 5/
U=1,784V (T)*=31,6"-CD V. (43.15)

TMokaxkeM, 4TO JJIst ra3a CBOGOAHBIX GO30HOB B TOUKE KOH/EHCALHH
TenyoeMKocTb Cy MeHsieTcsi HenpepbiBHO. JIH(depeHuHpYs BblpaXKeHHe
(43.6) nns BHYTpeHHel SHeprHH MO Temneparype, HafilieMm

3.5 ¢ */2 g,
cv=Av<kT>h[§k§ex—fu,,,—f:+
3/2g%— W/RT

Tak Kak npu T = T, XUMHYECKHil NOTEHIHA | MeHSIeTCst HenpepLIBHO
(npenenst p npu crpemsiedun T x Ty — O u K Ty + 0 o6a paBHbl HYJII0),
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70 AJS CKauKa TEVIOEMKOCTH B TOUKE KOHJEHCAIWH HMeeM
[Cy]l = Cy(To+0)—Cy(Ty—0)=
o

3/3,%
= AV (ETo)"s ' (To+0) § ;;x_“jf)_;f. (43.17)

Ilnst maxoxpenusi p' (Ty + 0) (B AasibHefinem Ajsi KpaTKOCTH 0603-
HAuHM [i), AH(GdepeHUHpyeM MO TeMmepatype Bhipaxkenue (43.5),
ClpaBeVIMBOE /IS MOJIHOTO YHCJ/Ia YacTHI N CIpaBa OT TOUKH KOHJEH-
caunn (T > T,). Haxomum

@ oo
3 x'/2dx ;)\ ( xRy
e o

INpun T — Ty + 0 nonyuaem

%@ 1
iks x'/2 dx
2 6ex—u/k7_1
o= _lim p'=— lim ———— =, 43.18
to 1_.ra+op ToTot0 & ilsge—nitT g, ( )
§ AT 1)

TaK KaK HHTErpaj, CTOAmMiA B 3HaMeHaTese, PACXOAUTCS HA HHIKHEM
npejiesie (MOABIHTErPaNbHAS QYHKUMS ~x™"2), B TO BpeMs KaK HHTer-
pan B yucsuTese cxonutcsi. CllefloBaTe/IbHO, JJISi Ta3a CBOGOMHHIX 6O-
30H0B KpHBas p (T) puc. 52 noaxonur B Touke T,, HMess FOPH3OHTAJD-
HYI0 KacaTeJbHYIO.

Urak, cornacuo dopmysnam (43.17) u (43.18) umeem [Cyly, =0,
T. €. CKaYOK TeIJIOEMKOCTH B TOUKe 603€-KOHIEHCALMH Ta3a CBOGOAHBIX
G030HOB paBeH Hyo. Moxuo nokasats (M. JI. 1. Jlangay, E. M. Jlng-
wHy, «CTaTHcTHYeCKas (pH3HKa», 3ajaya K §59), yTo NpPOHM3BOMHAS
(0Cy/8T)y B TOUKe KOHJEHCALMH HMeeT KOHEUHbI CKAauoK H KOHJEHCA-
uusi Bose—diinmTelina npeacTaBaser co6oli (B OTCYTCTBHE BHEILHErO
n0JI5) pa30BHIH Mepexol TPETbero pPoAa.

Paccmorpum Teneps Gose-ras, HaxoAsuuiics BO BHelHeM noe. Ml orpaHuyHMes
Cl1ydaem oqHOMEpHOro noast # (2), ONpese/IeHHOro B MONyNpocTpancTse. 0 << 2 << oo,
W HOpmHpOBaHHOro yciosuem Z (0) = 0. @opmynw (43.3), (43.4) cuexyer remepn
ucaTh B BHJe

4no p*dpdz

N=h—,, S S SE—WAT ] (43.19)
4no ep?dpdz

u="7" S S T (43.20)

rae e=?p7;+21(z) u o={{dxdy.
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Mepeitnem B gopmynax (43.19), (43.20) x uuTerpup no nep &4z,
SikoGuan mepexojia K (g, z)-IIOCKOCTH €CTb

(R ——

u ana N u U nonyvaem us (43.19), (43.20) Boipaxenus

o0
_ p(e)de
i “§ SE—W/AT _] (43.21)

0
ep (e) de
U=§ TC—WAT | * (43.22)

InotHocTs uncaa cocrosuuft p (€) yie He Brpakaerca gopmynolt AVe'’, cnpasen-
JHBO B OTCYTCTBME MOAs, a paBHa

7 (e)
p(e)=B Ve—%(z) dz, (43.23)
0
. 9 3/3
rae # (e) — dyukuus, obparsas % (2), u B———i—VZh%,
TemncpaTypa KOHAEHCAUHH NPH HANHYMH NOAS OlpeAeseTcs dopmynoi

© o
_ p(e)de p (kT ox) dx
N_§ e —kT0§ (s (43.24)
@opmynbl Ans CKAUKa TENNOEMKOCTH H V1Sl BeJHYHHDI JA; HMEIOT BHA
o«
L xp (ATwx) e¥dx
[CV]Tu=kTom § e—1g (43.25)
o«
p \ [(kTox) +AToxp” (kTox)] dx
ef— W/RT __ 1
po=— lim — . (43.26)
Pt p (KTx) & ~P/RT gy
) AT 1y

MayunmM BOMpOC O CXORMMOCTH HHTErpanoB, BXOAAIMX B Qopmynn (43.25) u
(43.26), npu Manbix x. Kax Buano us (43.23), npH Manbix X 4 &= kTx CYIIeCTBEHHR
TONbKO Mankie sHauenus 2. [lycTb npu Manbix z noteHunan # (z) CTPeMHTCs K HyJIO,
Kak 2" (n > 0), T. e. % (2) ~ a2".

Torga % (e) = (e/a)'/™, u no popmyne (43.23) Haxomum

e\l/n
a
p(e)=B '; (e—az")'/1 dz.

CnenoBatenbio, NpPH MajbiX € MJIOTHOCTb YHC/AA COCTOSIHHA  HMeeT MOpPALOK
P
p (e) ~ g'/2+1/n, Tlopuiuterpasibhas (yHKUHS B HHTErPaje, CTOAWEM B 3HaMeHaTese
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gopmynsl (43.26), mmeer nopsnok (mpu p — 0) x~¥/3H/% y yprerpan cxomutes npu
n <2. Ins TaKuX NOTEHUHANOB P, 7% 0, CyllecTByeT CKaYOK TeIIOEMKOCTH B TOYKe
603e-KOHIEHCALHH, H Mbl HMEeM e/I0 ¢ (pa30BEIM NIePeXOfOM BTOpOro poaa. [lis noTex-
11HaN0B, YOLIBAMOWIKX NPH 2 — 0, KaK 2% Hin GbicTpee, dasosmil nepexon npu T — T,
ocraeTcsi, KaK M JUIsi Fa3a CBOGOXHBIX GO30HOB, NEPEXONOM TPeThero poaa. Buiumcie-
nye cKadka (MV/BT)V B TOYKE KOHJeHCalHH (cM. [24]) mOKa3biBaeT, YTO STOT CKayoK
GeckOHeueH. B 3TOM OTHOLICHHH a3 CBOGOAHHX GO30HOB MpENCTaBAfeT COGOH HCKIIo-
uuTeNIbHELH Cydait, Korna ckauok (9C,/0T),, OKa3bBaeTCs KOHEYHEM.

PaccMOTPHM B KauecTBe WJJIOCTpAlUHH 603e-ras B OAHOpOAHOM none X (2) = fz,
rae f— nocrosnnas. Mmeem cornacho (43.23)

I v, 2Be*/2
pE)=8B § (e—f2) ’dz=T. (43.27)
[oxcrasass B (43.24), HaXONHM TeMIEPAaTyPy KOHJEHCALHH
2B s\ Lo _y
3f o ef—1
[y
ory 0,084f N\ /s FNR3\%/s
kTy = (——12) " = (0,047 . (43.28)
B om®/2
m
Moacrasass B (43.26) p@EHn HHTerpanoB, HaXOMUM [L,:
¢ %2 dx
s A1
. [}
p‘,=——2—k _—=—1,28k
%*6" dx
(eF—1y

H, HakoHel, 3 (43.25), yuutuBas ¢opmyny (E.6) «<MaremaTHueCKOro NpPH/IOKEHH»,
noayuHM

5/, 2B oox"/’e"d.\:

[CV]T0=— (kTp) /21,28 F k § T 3,19Nk. (43.29)

Bepuemcs k paccmoTpeHHio Go3e-ra3a B OTCYTCTBHe M0JIS M HalilleM
TeNJI0EMKOCTb, SHTPONHIO H JaBjieHHe rasa npu T << T,. Hudpdepen-
uupys Bbipaenue (43.15) A1a BHYTpeHHefl SHEPTHH IO Temmeparype,
HaxouM

5U /e’ 2y o5
Cym g =790 VT2 (43.30)

H ¢ nomompio dopmys (43.8) monyuaem

Cy=1,92Nk (Tio)”” . (43.31)
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JLnst HaXOXeHHS SHTPOIHH H JaBJIeHHUs ONPeNeNHM NPeABAPHTENbHO
Q-noteHuuan:

3/ 5/
Q=—32 U=—21mEDV (43.32)
OTKyJa
9Q 5Q m/sg*7* 2y
§=— (G )y = — 5 7 =525 5.
CpaBuuBasi ¢ (43.30), monyuaem
2 T\32
S=2cy=12Nt (’T}) . (43.33)
ﬂJlﬂ JAaBJleHHs] HAaXOAHM BbIpaxKeHHEe

3/s /2
MG6N7 (43.34)

Takum 06pa3oM, SHTPONMHsS H TEMJOEMKOCTb (03e-Tasa CTPeMATCS
K Hymo npu T — 0° K B coraacuu ¢ Teopemoit Hepuera, a nasnenue
€ro He 3aBHCHT OT o6beMa. B 3ToM oTHolIeHHH Go3e-ra3 CXOLeH C Hacbl-
LIEHHbIM TapoM. DT0 CXOACTBO OGBACHSETCS TEM, YTO «KOHIEHCHPOBaH-
HbIE» aTOMbl B COCTOSIHHH € &; = (0 He 06/IafalOT HMMYJAbCOM H HE BHO-
CAT BK/Iaja B JaBJeHHe.

PeanbHo KoHJeHcaluIo Go3e-rasa HaGMOAaThb He yAaercs, TaK Kak
yKe NpH TemrnepaType 3HauHTe/]bHO Bbile T, 603e-ra3 mpeBpaliaercs
B XHIKOCTb, B KOTOPOIl He/b3si MpeHeGperaTh B3aHMOAEHCTBHEM MeXAY
MOJIeKYJIaMH, KaK 3TO Jle1aJloch NMPH PacCMOTPEHHH HAeanbHOro Gose-
rasa. MHTepecHo, OIHAKO, OTMETHTb, YTO eIHHCTBEHHAst 603e-XKHA-
KOCTb, CYIIeCTBYIOIAsA NpH TeMnepaTypax, 6auskux k 0° K, Hel, nmeer
npu Temneparype 2,19° K Touky c¢asoBoro mnepexosa (oGpasoBaHue
CBEPXTEKy4ero resus) M 3Ta temneparypa Gauska K temneparype T,
paccuuTannoil no gopmyae (43.8) B npeHeGperkeHHH B3aHMOLEHCTBHEM
MosieKy/l. Mbl pacemMoTpuM B § 61 TeopHio HeuneasibHoro Gose-rasa
H YBHAHM, YTO OHA JeHCTBHTeJbHO NMPHBOAMT K CBOHCTBY CBEpXTeKy-
YeCTH.

TonuepkHeM B 3ak/IOueHHe CYWIECTBEHHOE Pas/Muue B NOBEJCHHH
NP HHU3KHX TeMmepaTypax rasa GO30HOB M Ta3a KJ/acCHYeCKHX (pas-
JIUYMMBIX) GO/IbIMAHOBCKHX YacTHU. M Aas Tex W Aas APYyruX MPHHLHMI
IMaynu He uMeer Mecta, H MOSTOMY C MOHHXKEHHEM TEMIEpaTypbl H Te
H JPYTHE YacTHIbl AOJIKHbB CKAaMJIMBATbCSA HA HHXKHEM SHepPreTHYeCKOM
ypoBHe & = 0. OnHaKO B K/aCCHYECKOM rase JOJsl YacCTHL, HaXOAs-
IHXCS HA HYJNEBOM ypOBHe, paBHa

Q
P=—-—‘7=21

g g
Zg@’lei A 13 . (43.35)
o AV(kT}a/’g x'2e™* dx

Kax Mb yxe monyepkuBain B § 30, craTHCTHYECKasl TepMOAMHAMHKA
€CTb aCHMNTOTHYECKAss TeOpHs, BHIBOALI KOTOPOH CHpaBeAJHBb 0OpPH
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N —> oo u V — oo, [TosToMy 10151 yacTHLL, ONpeNensieMbIX ypaBHeHHeM
(43.35), npH JI0ObIX KOHEUHBIX TeMnepaTypax AOMXKHA paccMaTpHBaThCsl
KaK HyJeBas. B mpoTHBONO/IOXHOCTb 3TOMY, B rase GO30HOB JOJISI Yac-
THII, HAXOMSILMXCS Ha HyJIEBOM YPOBHe, Kak cienyer u3 dpopmya (43.7),
(43.9), paBHa
g (e WA 1)t
2,334V (kT)°/2 "

u elle sl KOHeuHbIX TemnepaTyp T<C T, npH MaKpOCKONHYECKH MaJoM
XHMHYECKOM NoTeHlHane p =~ —g;#T/N 3Ta j0/1s1 CTAHOBHTCS MOPSIAKA
BeJHYHHBI T3V Gy H, C/IelOBaTeNbHO, MAaKPOCKONHYECKH GOJb-
mwo# (cpaBHuMOl ¢ enuHuueil). Takum o6pasoM, KoHxeHcaiuus Bose—
DiiHiTeiHa NpeacTaBaseT coboii AB/eHHe cnennpuyecKoe 11 GO30HOB,
CBSI3aHHOE C NMPHHIHKIOM HePas/JH4MMOCTH YaCTHIL H OCOOBIMH CBOHCT-
BaMH pacnpenenennss Bose—3iiHiwreiina.

§ 44. Buipoxpenupiii depmu-ras. JeKTPOHHBIA ras B Metauie
Paccmotpum BHavase ¢epMH-ra3 npH Temmepatype aGCoJIIOTHOrO
HyJs (NOJIHOCTBIO BBHIPOXKAEHHBIH (epMH-ras).

1
M3yunm noBeneHne GpepMHEBCKOrO MHOXKHTeNs [ (&) = Wl-—l

npu T — 0° K:
, 1 mpu e <<p,,
1 (e—W/kT L 1)1 = —g)= .
i (e=AT 4 1)1 =0 (sg—e) { 0 o e (441

B dopmysie (44.1) BeanuHHA py = | 7 ook — NpENETbHOE 3HAUEHHe
XHMHYecKoro noteHutana npu T — 0 °K, a ¢(x) — crynenyaras GpyHk-
uus (cM. «Maremaruyeckoe mpHJIO-

xkenue», 1. F). Pacnpenenenue N
Depmu—Tupaka ﬁ
i=gif (e) = —u&i

Ni=gi ) ==ier  (442) -

npunumaer npu T = 0 °K Bux A .

N 1 npu & <p,, hS

e g (U — ) — é;

=0 (a—e)={ o 1o Sk T
(44.3) Puc. 53.

1 uso6parxaercs cTyneHyatbiM rpadukom (puc. 53). dusuyeckuii cMbica
(44.3) ouepupen. [Mpu T = 0° K depMHOHBI 3aMOJIHSIOT caMble HH3KHE
:Hepl‘emqec;me ypoBHH. Onnako no npuauuny Ilayau kaxpoe coctos-

He MOXeT GBITh 3aHSATO TONBKO OHHM (DEPMHOHOM, H 105TOMY YPOBHH
Ao HEKOTOPOro MaKCHMa/JbHOTO €max Npu T = 0° K  sBasiorcs
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3aHSATBIMH, IPHYEM J/151 STHX YPOBHEH UHCJ/Ia 3aNI0/NHEHUS Ha OIHY SUeHKY
N./g; paBHbI elMHHIlE, a /151 BhIIIeJIEXKAIIHX YPOBHElH OHH PaBHbI HYJIIO.
Kak BunHO H3 (44.2), MakcHMaibHas SHeprus (pepMHOHOB IpH T =
= 0 °K coBnajiaer ¢ npee/ibHbIM 3HaUEHHEM XHMHUECKOTO TOTeHIHala
€max = M.

Jns BbIUHMC/IEHHs TepMOAMHAMHYeCKHX Beauun npu T = 0°K
3aMeTHM, YTO B HMITYJIbCHOM IPOCTPAHCTBE (PePMHOHBI TaK¥Ke 3aIONHSAT
BCE COCTOSIHHSI C MMITYJIbCAMH OT HYJASl IO MAKCHMAJbHOTO HMITyJbCa
Pmax. UHCIO KBAHTOBBIX COCTOSIHHI B HHTepBajle HMMIYJIbCOB OT p JAO
(p + dp) paBHo g4mp®dpV/h®, re g — KPaTHOCTb CIIHHOBOTO BBHIPOX-
nenusi. ViMest B BULY 3/1eKTPOHHbI ras, 6yiem nodarate g = 2. Uucio
9JIEKTPOHOB C MMIyJbcaMH OT 0 10 MAaKCHMAJbHOrO HMIYJAbCA Pmax
paBHO

Pmax

N=5Y S Pdp ="V phras. (44.4)
0

Orciofa 11 TPAHHYHOTO HMIyJbCa (UMIyabe DepMH) nMeeM
3N\
Pmax = (EJE_V) ! h, (44.5)

a [ TpaHMYHOH 3HEPTUH (3Heprust PepMu) HaXOAHM BBIpAXKEHHE

Pe 3N \*/s h?
8‘max=‘% = (W) ot (44.6)
Hakonel, nonHasi 5Heprusi rasa paBHa
o 4nv
1 U
= § P* dp = g Phaxs (44.7)
H, TIOACTABJIAS 3HAUEHHE Pmax U3 (44.5), Haxomum
U=2 Nemax. (44.8)

CorJ1acHO ypaBHEeHHIO COCTOSIHHS! HAea/bHOro rasa PV = 2/,U naxonum

nasnenne ¢depmu-rasa npu T = 0 °K
1 (3\2/sh? (N\%s

P=€(8—n> ;(T,—) . (44.9)

Takum 06pa3oM, Aaxe NPH TeMnepaType aGCOMOTHOrO HYJIs AaBile-

HHe 3JIeKTPOHHOTO rasa OTJHMYHO OT HyJs H, Gojnee TOro, BechbMa Be-

JIMKO TIO CPaBHEHHIO C JaBJeHHEM HIeaJlbHOTO KJaCCHYECKOro rasa

npu KoMHaTHbIX Temnepatypax P = NkT/V. TloxcraHoBKa YHCIHeH-

HEX sHaueHuit N/V ~ (102 + 10%) cu™ B dopmyay (44.9) naer

P~ (10* + 10% amm. ATo 06CTOATENLCTBO SABJSETCHA, pasymeercs,

CJIEICTBHEM TOTO, YTO 3JEKTPOHB HE HAaXOATCA B NOKOe Jlaxke NMPH
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T = 0°K. Kak Bumno (u3 (44.8), cpenusisi HEpPrHs 3/EKTPOHOB MPH
T = 0 °K, paBnas U/N, cocrasiisier 3/;€max U CPENHAS KBaApaTHYHAS

CKOPOCTb VE_J—;PaBHa

Va2 Tom_ (S) (S

5 m 5 8V m*
TToxcTaHOBKA YHCJIEHHBIX JaHHBIX B 5Ty (OPMyJy NMPHUBOAMT K 3Ha-
yeHHSIM CpPeiHell KBaJApaTHYHOH ckopocTH nopsaka (107 + 108) cu/cex.
Bce_mnoayueHHble Bbilte (oOpMyJibl MPHOIHKEHHO NPHMEHHMB! He
toabko npH T = 0 °K, HO M NpH AOCTaTOYHO HUSKHX TEMIEpaTrypax.
Yc/oBHEM TIPHMEHHMOCTH 3THX (OPMYJI, OYEBHIHO, SIBJSIETCS] MANOCTh
orHowenuss kT/w. [leficTBUTeNBHO, NpH TeMmmeparypax, ONIHYHBIX
OT HYJfl, YacTb 3JIEKTPOHOB MEPEXONHT C yPOBHeil, JeXallhX HHxe
rpaHunbl PepMH & = iy, HAa YPOBHH, JIeXKalljie Bbllle 5TOH IPAHHIbI.
B pesyJbrate 3TOr0 CTYNeHbKa (pHc. 53) pacnibiBaeTcs 1 npeBpauaercst
B MYHKTHPHYIO KPHBYIO, H306pa)KeHHYIO Ha TOM ke pucyHke. U3 ¢op-
myabl pacrnpenenenus depmu—Idupaka (44.2) Jerko Buaerb, 4To nojy-
UIMPHHA PAa3HOCTH pacrpeieieHus ecTb BelnunHa Ae ~ kT U AJs TpH-
MEHHMOCTH BCeX paHee BbIBEJEHHBIX (OPMYJ HEOGXOAMMO BHIMOJIHEHHE

HEepPaBeHCTB

AT Lpo=¢max i T L To=polk=_emax/k,

rae T, eCTeCTBEHHO Ha3BaTh TEMIIEPATYPOil BHIPOXKAEHHS 3J1EKTPOHHOTO
rasa (cp. § 35). Ync/ieHHas OLEHKA BENHYUH €max U Ty NPUBOIHT K 3Ha-
YEHHAM Emax ~ 1072 ape u T, ~ (10° + 10%) °K. CnenosareabHo,
SMEKTPOHHLI Ta3 B MeTallaX NpH JIOOBIX TeMnepaTtypax BIUIOTb
N0 TOUKH TJIABJIEHHS ‘OCTAETCs BbIPOMAEHHBIM.

Ecnu paccmarpuBaTh 5/€KTPOHBI TPOBOAMMOCTH B MeTaslje Kak
KJIaCCHYeCKHH 3/IEKTPOHHBIN ras, TO, COIJIACHO 3aKOHY PaBHOMEPHOTO
pacrpeie/ieHHst SHePTHH 110 CTeNeHsIM CBOGO/ABI, 3TH 3/IEKTPOHBI JOJMKHBL
Obiii Gbl AaTh HOGABOUHHI BK/A4j B TEIJIOGMKOCTb, PaBHbIH 3/,NE.
B jeficTBHTE/IbHOCTH BK/ajl 5JIEKTPOHOB B TEIIOEMKOCTh MeTajsia MpH
KOMHATHOIi TeMrepaType OKasbiBaeTCsi Ha JBa MOPSAKA MEHbLUE TOTO
3Havenusi. Kpome Toro, okasbiBaercsi, YTo 3/EKTPOHHAsS TEMJIOEMKOCTb

v 3aBMCHT oT Temmeparypsl (Cy mpsiMo npornopuuoHanbia T). dtu
$aKTH HeoGBsiCHUMEL B CTAaTHCTHKe MakcBessa—Bo/biMaHa H MOTYT
OBITb MOHATHI JIMIWIL C TOYKH 3PEHHS CTATHCTHKH PepMu—/lupaKa.

Kauecrsenno masnas Temn0eMKOCTb 3/JeKTPOHHOTO rasa OGbACHAETCS
TeM, uto npu wuskux memnepamypax T < T, 6 menaosom deuncernuu
Rpurumaom yuacmue moavKo me 3AEKMPOHbL, IHEPSUR KOMOPbIX GAUSKA
K epanuuye depmu emax. Tak Kak HX K0S Masia (OHA MOPSAAKA OTHOMIEHHUS!
WHPUKEI pasmpiTocTH pacnipenenenns ®epmu 22T K i), TO BKJaj MX

B TensioemKkocTh oKasbiBaeTcs MaJbiM Cy~ 5 Nk2kT[p, w nuneitno
8aBucnr or T,
7 10 B. Pywmep, M. LI PbisKug

[
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[epefinem K KonHuecTBeHHOMY paccMoTpensio. Byaem omsath He-
XOAHTL H3 (opMya

e e'2 de
N= AV§ P (44.10)
e 3/2
e /2de
U=AvV § T (44.11)

rie B cilyyae 3/eKTpoHHoro rasa A = 4m(2m/h?)%2, W nokaxkeM, 4To
npu HH3KHX Temneparypax (kT < p,) XHMHYECKHH MOTEHILHAN | Mo-
XeT GBITh HCKJTioueH H3 Gopmya (44.10) u (44.11). B «MaremarHueckom
NpUIOXKeHHH», M. H, BBIYHCIEHB HHTErpasbl

©
e" de

M, = § CE—WET ]

npH ycnosud KT/p &£ 1 M 1OKa3aHo, YTO C TOYHOCTbIO [0 UJEHOB
kT/u)?

T e

Torna ypasuense (44.10) npuHHMaeT BHA
2 (kT
=M= 3u/z[l+n (“ )] (44.12)

Ipu T = 0 °K Mb! BHOBb HAaXOAHM, MOACTaBAss 3HaueHue A,

__ [ 8N \*/s h?

mo=(gzv) " 2a
Ipu T 5= 0 °K ypaBuenue (44.12) MoxeT GLITb IepenHCcaHo B BHIe
u“/x = pf/x [l + J;’ (’iz) ]

(8 ManoM cnaraeMoM (n?/8) (RT/p)* Mbl MOXEM MNONOXHTb W = W),
OTKyla C TOYHOCTbIO A0 BeNHUHH ~(kT/po)? nomyuaem

2 (kT
p=p¢,[l ‘7_2<E> | (44.13)
Il HaXoX/eHHs BHYTpeHHeH sHepruH pasgenum (44.11) na (44.10)
5112 kT
U My; 3 )

o= T B
n
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¥ mpH noMoiLH dopmyJist (44.13) (¢ ToUHOCTbIO 10 4sieHOB ~ (RT/pg)?)
HMeeM

g [HEE) e

Orciofa AJsi TeNJIOeMKOCTH 3JIEKTPOHHOrO rasa TIONy4YUM BbIpaXKeHHE

U a2 kT
c,,=(07>y=_2_1vk o (44.16)

B COOTBETCTBHH C ONBITOM H KaueCTBEHHON OLEHKOH, CAeNaHHOH# B Ha-
yasie naparpaga.

3aMeTHM, YTO XOTS 3JIEKTPOHHAS TEIVIOEMKOCTb CYLIECTBEHHO MEHbLIE
KAQCCU4ecKod TEIVIOEMKOCTH pelneTkd 3Nk, OHa Ha caMoM Jie/le CTaHo-
BHTCS GOJIbLIIE PELIECTOYHOH TEMIOEMKOCTH NIPH AOCTATOYHO HH3KOH TeM-
neparype, Tak Kak B 310# 061acTH Cypew ~ T° (cM. § 38), a Cypy ~ T
(cM. puc. 54)

Ny

2%
Pewemka

Inexmporst

Puc. 54. Puc. 55.

Ilas Toro yTo6bl HAHTH SHTPONHIO M JaBJEHHE 3JEKTPOHHOTO rasa,
onpenenum Q-noreHuuan. Cordacho (44.14) u (44.12)

- 3u-— w145

= — g Aven[ 1+ 52 (P] (417

Orciona suTponus rasa ¢ TOUHOCTBIO 10 uieHOB (kT/p,)* paBHa
9Q n? v kT a2 kT
=—(92) = Ly A
S (M)M 5 AV = TR 4a18)
Mst Braum, uro suTpoOnHs H TenI0EMKOCTD 3JIEKTPOHHOTO rasa CTPeMATCs

K Hymo npu T — 0 °K B corsackn ¢ Teopemoit Heprcra.
7
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JlaBJieHHe 3]EKTPOHHOrO rasa paBHO coryacHo (44.17)

Q2N af (KT\2] _
P=—y =3 YP[1+3 (0] =
2 Ny 5n2 (RT\2 5n2 (kT \2
aEnalths N IR

rie P, — naBnenue rasa npu T = 0 °K u3 dopmy.sr (44.9).

CpaBHHM B 3aK/I0ueHHe rpabHKy pacnpenenenuit Bose—inuTelina,
depmu—/upaka ¥ MakcBenna—DBonbliMaHa NPH HH3KHX TeMmepa-
Typax (puc. 55). ®yHkuus pacnpepenenns Bose—ditnmTeiina umeer
Pe3KHii MaKCHMYM NpH e = e, = 0 (dBJeHHe Go3e->RHIITEHHOBCKOMH
KOHJIEHCallHH) H 3KCNIOHEHUHanbHO yGuBaeT ¢ poctoM e. Kpusas pac-
npefenenuss depmu—JHpaka HMeeT MoJoroe IJIaTO TpPH &; < W,
rnoc/ie Yero WAET BHH3 TAaKKe 1O NMOKasaTeJbHOMY 3aKoHy. B o6nactu
MaJIblX YHCes 3anojHeHHsi 06e KPHBbie MOYTH COBMAAaloT APYr C Apy-
roM M ¢ KpHBO# pacmpeneienust Makcpessa-—Bosblmana,



FITABA IV

CUCTEMb! B3AMMOAENCTBYIOLIUX YACTHLL
METOR F'MBBCA

§ 45. T-npoctpanctso. Teopema JinyBuans

Jlo cux mop Mbl OrpaHHYHBA/NHCh PAaCCMOTPEHHEM TaKHX 3ajay, Ko-
TOpble MOTVIH ObIThb pellieHbl Ha Ga3e METOJa «SLLUKOBY U «SYeeK», T. €.
3ajlayaMH O TePMOJAHHAMHYECKHX CBOHCTBAX HJea/bHbIX as3oB — CHC-
TeM, COCTOfIIMX M3 HEB3aHMOJEHCTBYIOWHX OGBEKTOB.

B nocnenyiomux naparpapax Mbl MO3HAKOMHMCS CO 3HAYHMTENbHO
Gostee OGLIMM METOJOM pelleHHs 3aja¥ CTaTHCTHYECKOH (pHU3MKH — Me-
tofiom ['M66ca, MO3BOJSIOUIMM HCC/IENOBATh NOBEJEHHE NMPOH3BOJIbHBIX
MaKPOCKOIHYECKHX CHCTEM, YaCTHUbl KOTOPbIX B3aHMONEHCTBYIOT ApYyT
C IPyrOM CKOJIb YFOAHO CHJIbHO. SICHO, YTO Pe3yJbTaThl, KOTOPhIE MOXXHO
NOJIy4HTb C MOMOMbIO MeTofa I'M66ca, BKJIOYAIOT B KauyecTBe YAacTHBHIX
clyyaeB M BCe pe3y/bTaThl, MOJNyYeHHble HAMH C TOMOLLbIO MeToAa
(SILHKOBY H «sYeeK».

IMpexsaputenbHo Ham mnorpefyercss BBeCTH NOHATHe (asoBOro
[-npocrpaHcTBa, siBAsiolieecss NPSMbIM OGOOLLEHHEM IOHSTHS -NPOCT-
paictBa. Ecan cyuiecTByeT B3aMMOJeHCTBHE MeXJy YacTHLAMH, TO
W-NIPOCTPAHCTBA OTAE/bHBIX MOJIEKYJ yXe He SIBJISIOTCA He3aBHCHMBI-
MH IPYT OT Apyra H annapar, HCIo/b3yIO{Hil TONbKO NOHSATHE Ji-NPOCT-
paHcTBa, HeaJleKBaTeH pH3uueckoli 3agave. Hasosem I-npocmpancmeom
KOHTHHYyM 2Nf usaMepeHuii, rle N — YMCIO 4YacTHIL CHCTeMbl, a f —
YHCAO CTemeHeH CBOGOAB! KaKJOH 4YacTHIbl, KOOPAHHATaMH KOTOPOro
aBasiorcst Nf 060o6uieHHbIX KoopAuHAT U Nf 0GOGLIEHHBIX HMMYJIbCOB
Bcex yacruu. Touka B [-mpocTpaHcTBe H306paXkaer COCTOsIHHE Bceft
CLCTeMb, @ He OfIHOM MOJIEKYJIbl, KaK 9TO GbLIO B C1y4ae JL-IPOCTPAHCTBA.
C Teyenuem BpeMeHH COCTOSIHHE CHCTEMbI SBOJIOLHOHHPYET H H306pa-
’Kalomas Toyka mnepememiaercst no (asoBoil TpaeKTOpHH, KoTOpas B
C/lyyae 3aMKHYTOH CHCTEMbl JIKHT Ha THIEPIOBEPXHOCTH INOCTOSHHOM
SHEPrHu:

E=YKi+X%q)+% 9 g2 -+) (45.1)

(K;— xuneruueckas sHeprus i-H uactuupl, %(g;) — ee MOTeHUHAAbHAA
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SHeprus BO BHeuwHeM mone u ¢/ — noTennHManbHAS SHEPTHS B3AHMO-
JIeCTBHS YacTHLY).

IMo aHamoruu ¢ P-MPOCTPAHCTBOM Npou3BefeHHe AudbepeHLuason
BCeX KOOPAMHAT M HMNYJbCOB GyleM HasbiBaTbh 3JEMEHTOM (a3oBoro
I'-mpocrpancrea

dr = T dg: dp:. (45.2)

Tak e, Kak U B caydae HIeanbHOTo ra3a, GyaAeM NpH KBasUK/IacCHYe-
CKOM OINHCaHHH (C MOMOLIbIO KOOPAHHAT U HMIYJbCOB) NPUMHCHIBATH
KaXJloMy KBaHTOBOMY COCTOSIHHIO (a30BbIii o6beM AVf, Tak uTo BhIpa-
XKeHHe
dr

dQ= W (45.3)
NpeacTaBasieT Co6off YHCJAO KBAHTOBBLIX COCTOSIHMH, ~TPHXOAAULHXCS
Ha uHTepBanbl (g ¢; + dg;), (pi, pi + dpi;) 0GOGLIEHHBIX KOOPAHHAT
H HUMIYJIbCOB.

IMpuruunuanbHas ocHoBa Meroa 'mG6ca 3akiiouaeTcs B Caelylo-
meM. ByzneM paccmatpuBarth H3GpaHHYIO HAMH CHCTEMY, MOTDYKEHHYIO
BO BHEILHIOIO cpefly (TepmocTaT). Baarosaps B3auMofeHiCTBHIO €O CPefioi
MHKPOCOCTOSIHHE CHCTeMbl GYJeT ¢ TeYeHHeM BPeMeHH M3MEHSAThCH 0
BecbMa CJIOKHOMY 3aKOHY. IIpelBBHIYHCIHTL XOA 3TUX H3MeHeHHil GJa-
ronapsi OrPOMHOMY YHCJIy CTemneHeil CBOGOABI CHCTeMbl NPaKTHYECKH
HeBO3MOXKHO, 1a U He HYXKHO, TaK KaK Hac HHTepecyeT MaKpOCKOmHYe-
CKOE COCTOSIHHE CHCTeMbl, a He COCTOSIHHE KaXMoil ee MOMeKy.bl. Mat
MOXeM TOJIbKO yTBEPXKAATh, YTO H306paxaiomas Toyka B (pa3oBOM Npo-
crpaHcTBe Gy[eT ABHraThCsl IO YPE3BbIYaiiHO 3aMyTaHHON TPaeKTOPHH
(3Ta TpaekTOpHUsA yXKe He JIeXHT Ha MOBEPXHOCTH NMOCTOSIHHOMN SHEPTHH,
Tak Kak 61arojapsi B3aMMOJIEHCTBHIO CO CPENIOl SHEPTHs CHCTEMBI TaKXKe
MeJIEHHO MeHsleTcsl), NPOXOAsilell MHOrOKpaTHO yepe3 Jio6oil BecbMa
MaJiblit 06beM ()asoBOro MpoCTPAaHCTBA. ITO MO3BONSAET BBECTH BEPOAT-
HOCTb NpeGbiBaHHs M300paXkaiolllell TOYKH B JI060M 3/eMeHTe $a3oBoro
obbema, nponopluoHanbHylo dl':

aw (p, 9)=p(p, q)dl, (45.4)

rie p(p,q) — NJIOTHOCTb BEPOSATHOCTH HMJM (YHKIUS pacnpeleneHus
cHcTeMbl (CHMBOJIAMH p, ¢ MBI JJ1 KPaTKOCTH GyleM o603HayaTb BCIO
COBOKYMHOCTb OGOOLIEHHBIX HMIYJbCOB H KOOpPAHHAT). DyHKuHA
o(p, q) IHOMKHA, OYEBHAHO, YHOBNETBOPATb YCJAOBHIO HOPMHDOBKH

fo(p, gdl=1. (45.5)

Cpentee 3HayeHHe Ji0GOH (YHKUHH KOOPAHHAT H HMMYJbCOB MOXET
ObITb BBIYHCJIEHO 1O (opMmy.ie

F={F(p, 9)p(p, q)dT. (45.6)
Ecu Mbl GyfeM cJefuTb 3a H3oGpaxarolleli TOYKOHA B (asoBoM MpPO-
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CTPaHCTBE H OTMeYaTh ee NOJIOKeHHS Ha (a30BOH TPaeKTOPHH uepe3
MaJible TPOMEXKYTKH BDEMEHH, TO COBOKYITHOCTb 3THX MTHOBEHHBIX I1O-
JIoXeHHH H3o0paxKaioulel TOYKH 3a JOCTaTOYHO GOsbIIOE BpeMs 3a-
NOMHHT I'-MPOCTPAHCTBO C IUIOTHOCTBIO, MPOMNOPLUHOHANBHOH p (p, ).
IpueM, npeanoxKeHHbil THG6cOM, 3aK/IOYaeTcsi B TOM, YTO BMECTO TOTO,
yTOGBI C/IEHTh 3a ABHKEHHEM OlHOH H306paatolllefi TOUKH C TeUeHHeM
BPEMEHH, MBI NpEJCTaBJseM ceGe MHOXECTBO H300paKaloUHX TOYeK,
pacnpefie/ieHHbIX B I'-NPoCTpaHCTBe ¢ MJIOTHOCTBIO P(p, ¢). D10 3HAYHT,
YTO Mbl JO/IXKHBI MIPEJCTaBHTL Ce6e MHOXKECTBO 3K3eMILISIPOB ONHOH U
TOH kKe (U3HYECKOH CHCTeMBbl, OT/IHYAIOWMXCS TOMbKO 3HAUEHHSIMH p;
H g; B HEKOTODHIH MOMEHT BPeMeHH, KOTOPbIl MOXKHO BEIGpaTh 32 HauaJlo
orcuera t = 0. HanpuMep, eciiu Mbl H3yyaeM IOBeJeHHe rasa B COCyJe,
Mbl JIO/KHBI ce6e NpeJCTaBHTb OTPOMHOE YHCJIO COCYOB C I'a30M, €CJH
Mbl PaccMaTpHBaeM KPHCTa/ll, Mbl IO/KHBI MBICAHTb, UYTO HMeercs
OrpOMHO€ KOJIHYECTBO KPHCTAaJ/UIOB H T. A. Bce 3TH 5K3eMIISAPHI HMEIOT
OJIMHAKOBbIA 06beM, OJMHAKOBOE YHCJIO YaCTHI, H NMOTPYXKEHH B ONHH
H TOT e TepMocTaT. TaKo#l KOJUIEKTHB (BOOGPaKaeMbiX) SK3eMILISPOB
CHCTEMBbI HOCHT Ha3BaHHe KAHOHUdeckozo ancambas I'ubbeca. Baaronaps
Pa3/HYHIO Havya/bHBIX YCJOBHH H B3aHMOJEHCTBHIO CO Cpeloil (TepMo-
CTaTOM) COCTOSIHHE KaXKJ0TO SK3eMILJIsIPa MEHSIeTCST ¢ TeYeHHeM BPeMeHH
no-pasHoMy. DTO 3HAUHT, YTO KaXKAas M300paKaiouiast TOYKa (OMHCHI-
BAIOIasi COCTOSIHHE OJHOTO H3 3K3eMILISIPOB aHCaMmG/s) ABHraeTcst
no cBoel (a3oBoii TpaekropHu. COBOKYIHOCTb 3THX TOYeK obpasyer
ras (WM CKopee, KaK Mbl YBHIHM, XKHIKOCTb) C IJIOTHOCTBIO (B I'-mpo-
crpanctBe) p(p, q). B craumonapHoM cocTostHHH Q(p, g) He 3aBHCHT
OT BpeMeHH sBHO: 0 p/dt = 0, T. e. IJOTHOCTb H30GPaXKAIOWHKX TOYEK
B JI060M MecTe (ha30BOr0O MPOCTPAHCTBA MOCTOSTHHA. JloKaxeM, 4TO U
nonHast npou3BofHast p(p, g) MO BPeMeHH

b Z@ﬂ Gt i) (45.7)

TaKxe paBHA HYJIO, T. €. YTO BOOGpaxKaeMblil ra3 (XKMAKOCTb) H300pa-
KAIOUMX TOYEK B ['-NPOCTpaHCTBE SIBJISETCS HECXKHMAeMbIM H JABHIKETCS,
COXpaHsisl CBOIO IVIOTHOCTb. DTO YTBepXKIEHHE HA3LIBACTCS Meopemol
Juysurrs.
JleficTBHTE/IbHO, ypaBHEHHs] MeXaHUKH B opMe [aMHIbTOHA UMEIOT
BHJ
H H
ti=gr, Pi=—3n, (45.8)

The H(p;, ;) — ¢pynkuust TaMHIbTOHA CHCTeMbl. 3anHileM ypaBHeHHe
(45.7) B BHge

- 21‘,[0% ©0d)+ 5 (pﬁ.»)]—pZ[%%'j +2] (59

Mepsoe cnaraemoe B npasoit uactu (45.9) npencrasaser coGoit 1u-
BEPIEHUMIO BEKTOPA [IOTHOCTH TOKA BEPOSITHOCTH P& B I-IpOCTpaHCTBe
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(# — Bextop 6N-MepHO CKOPOCTH) H PaBHO HyJIIO B CHIy ypaBHeHUs
HENpepbIBHOCTH
% — _ div(pu)=0. (45.10)
Bropoe ciiaraemoe npaBoii yacTil Takxke oGparaercs B HyJsib BCIed-
cTBHE ypaBHenHii (45.8). IleiicTBHTesbHO,
0 _ OH_ Oy OH
0q; — Opi0g;*  Opi 0qi0p;’
Takum oBpasom, ¢yHKUHMS pacnpefeneHus po(p, ) NpeicraBiser
coBo#t HHTerpan JBHKeHHs. Bosee Toro, HerpynHo BuIeTh, uto p(p, G)
€CTb BeJIHYHHA MYJbTHIIHKATHBHAS, a ee JIOTapHpM eCTb aiHTHBHbIHA
HHTEerpan JBHxeHHsI. [leficTBUTeNIbHO, Pa36HBast MbICJIEHHO PacCMaTpH-
BaeMyl0 CHCTeMy Ha JBe MaKpOCKOmHyeckHe moicHcteMbl I u II, mbi
MOKeM CUMTaThb HX CTaTHCTHUECKH He3aBHCHMBIMH. Bijiaronapsi majomy
pajiHycy JeHCTBHSI MOJIEKYJISPHBIX CHJ B3aHMOJIENCTBYIOT JAPYT C ApY-
FOM TOJILKO YaCTHIbl, HaXOASIIHECS B TOHKOM CJoe BO/IM3H IpaHHIIbI
pasjiesla OJCHCTEM, HO YHCJ/IO TAKHX YAaCTHIL H SHEPrHsl B3aHMOAEHCTBHSI
NPONOPIHOHAbHBL /2, B TO BpeMsl KaK TOJIHOE YHCJIO YaCTHIL H BHYTpPeH-
HHE 3HePTHH [PONopLHoHanbHbl P (I — mopsiiok JIHHeHHbIX pasMepoB
IOJICHCTEM), H TOSTOMY AJsi MAKPOCKONHYECKHX MOJCHCTEM SHEpTHst
B3aHMOJIEICTBHSI OYeHb Maja MO CPaBHEHHIO C BHYTPEHHel SHepruei.
[TosToMy noACHCTEMbl SIBJSIIOTCA KBAa3H3aMKHYTHIMH H MTHOBEHHOE CO-
CTOsIIHE OJHOM NOJICHCTEMbI He BJIHSIET Ha COCTOSTHHE ApYyro#. (3amerhm,
OJIHAKO, YTO 33 JJIHTeJbHble NPOMEKYTKH BDEMeHH B3aHMOJeliCTBHE
TIOJICHCTEM JIPYT C APYTOM, TaK K€ KakK H B3aHMOJEHCTBHE CHCTEMbI CO
Cpejloil, POsIBJsieTcs] XOTs1 Gbl B TOM, YTO 9HEPIHS KaXKJOH MOJCHCTEMbI
I CHCTeMbl B LEJOM MeJJIEHHO H3MeHsieTcsi H H3ofpakalomasi Touka
IePeXOJUT C OJHOH THIePIOBEPXHOCTH [IOCTOSTHHON SHEPTHHHA APYTYIO.)
BBHJly CTaTHCTHUECKOH HE3aBHCHMOCTH IOJICHCTEM Mbl MOXKEM, COLJIaCHO
TeopeMe YMHOKEHHs BEPOSITHOCTEH, 3anHcath JJlsl BEPOSITHOCTH HaX0XK-
JieHus1 Bcell cucTeMbl B asieMente dI' (pa3aoBOro npocTpaHcTa

dW (p, ) =p(p, q)dl'=p, dl,p, dls.

Tak xak dI' = dI', dI'y, TO

p=pspp Inp=Inp, +Inp, (45.12)
Jins 60bIIMHCTBA BPH3HYECKHX CHCTEM CYIIECTBYETBCErO 7 HE3aBHCHMbIX
aJIUTHBHBIX HHTETDAJIOB JBHKEHHS: SHepPrHsi, TPH NPOEKLUH NOJHOTO
HMITyJIbCa CHCTeMBbl P M TPX [POEKIHH MOMEHTa HMIyJbca cHCTeMb M,
TnoTHOCTb BeposITHOCTH p(p, ) fABAseTca HX GyHKuHeidl. Mm Gynem
B JlanbHeHIlUeM paccMaTpHBaThb CHCTEMbl, KOTOPbIE KaK LEJOe He JBH-
KYTCS MOCTYNaTeNbHO, T, €. P = 0, u He Bpawaioresi, T. e, M = 0.
B 3TOM caiyyae Mbl moctyanpyeMm, uTo p(p, ) ABAseTcs GyHKLHe# of-

HOH TOJbLKO SHEPrHH
o(p, )=F(£). (45.13)

0. (45.11)
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§ 46. MuxpoxaHonHueckoe pacnpejenenne I'n66ca.
Kanonn4eckoe pacnpepgenenne I'n66ca

TTpocrefiiiee CTaTHCTHYECKOE pacIpeieente, coraacyomeecs ¢ Gop-
MyJIOH (45.13), Mbl MOJyUHM, €CNIH NpEANOJOMHM, 4YTO CHCTEMA $iB-
nsieTcsl 3aMKHYTO#, H30/HpoBaHHO. B sToM ciyuae p(p, ) oT.nuHa
OT HYJIS1 TOJILKO Ha THIEPIIOBEPXHOCTH MOCTOSHHOM SHepTHH. ITocKoIbKY
HHTErpan S Sp (p, q) dp dq nomxen paBHATLCA eAHHHIIE, a THIEPIIOBEPX-
HOCTb MoCTosiHHOM sHepruu E(p, q) = E uMeeT YHCIO H3MepeHHil Ha
eMHHILy MeHblle, yeM I'-mpocTpaHcTBO, fICHO, 4YTO p (p, q) HOMKHA
obpamarbest B GecKoHeuHOCTb npu E(p, ) = E. D10 MOXeT GbITb KOM-
NaKTHO 3aMHCaHo ¢ momoubio d-pyHkuuu Iupaka

p(p, 9)=AS8(E(p, ) —E), (46.1)
rie A — rnocTosiHHasi, onpenesnsieMast ycioBueM HopMHpoBKH. ITocnen-
Hsist OPMYJIa BBIpAXKaeT MUKPOKAHOHuMeckoe pacnpedenenue I'ubbea.

Yacro GbIBaeT MoJE3HO yKa3aTb SIBHO YCJIOBHE TOTO, YTO YHCJIO yac-
THIL H 0GbeM CHCTEMbI (PHKCHPOBaHb. B 3ToM cayyae Mbl GyleM 3ami-
ChiBaTh MaKPOKAHOHHUECKOE pacnipejie/ieHHe B BH/E

P (0, q)=A8(E(p, 9)—E)8(V—V)bw, 1. (46.2)

TepeiineM K BBIBOLY CTaTHCTHYECKOTO pacCmpefieeHHs A/l He3aMK-
HYyTOl CHCTeMbl, B3aHMOJeHCTBYIOLIeH co cpefod. Mbl BbBeeM B 3TOM
naparpage Takoe pacrpejiesieHHe [ MPOH3BOJIbHON MaKPOCKOMHYECKO
CHCTeMbl B CJAEAYIOUIHX INpeNnoNoXKeHHsX: 1) okpyxaiouias cucTeMmy
cpena (repMocrar) mpejcTaBJsieT coGoi HAeaJbHBIH Ta3 M 2) cHcTeMa
NOTPY2KeHa B COCYJ C TeNIoNnepeAalouuMH, HO HElOABHKHBIMH H HErpo-
HH{UAeMBIMH /1Sl YACTHIL CTEHKAMH, TaK YTO HMeeT MeCTo nepejaua sHep-
THX OT TepMocTaTa K CHCTeMe H HaofOpPOT, HO YHMC/IO YaCTHIL B CHC-
TeMme H o6beM cHCTeMbl (uKcHpoBaHb N = const, V = const. (B cre-
Lyiouiem naparpage Mbl OTKaXKeMCsl H OT MepBOI'o H OT BTOPOTO OTpaHH-
YeHHS] W BhIBeleM GoJiee oOulHe pacrpeenieHHs.)

Byzem oGosnauate uepes ps

} =

E(i a), e(Py Q)= Ygr, E

i

SHEDPI'HMIO CHUCTEMBI, YHEPTHIO TepMOCTaTa M MONHYIO HEPIHIO COOTBET-
CTBEHHO (g;, p; — OOOOUIEHHbIE KOOPAHHATE M HMIYJbCHl YaCTHL[ CHC-
Tembl, Q; M P; — KOOPAMHATHI H MMMYJIbChI YaCTHL TepMOCTaTra) H 4e-
Pe3 N — yucio yacTHL B TepMocTare.

Bynem cuurartb, uro cHcTema -+ TepMocTaT mpenctaBaserT coGoit
SAMKHYTHIl OGBEKT, AVl KOTODOrO HMEET MECTO MHKPOKaHOHHUeCKoe

Pacnpenesnenue
p(p, g, P, Q=AS(E +e—E), (46.3)
The A — noctosHHas, ompefenseMas yCJIOBHEM HOPMHPOBKH.
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Jlns Toro ytoGbl HAallTH GYHKIHIO pacnpeesents CHCTeMB! (OHa om-
penensieT BEPOATHOCTb TOTO, YTO KOOPAHHATBI H HMIYJbChl CHCTEMBI
JiexaT B aseMeHTe dasoBoro obvema dl’), Hajo NPOHHTErPHPOBATH Bbi-
paxenHe (46.3) mo KoopAMHAaTaM H HMIyJbCcaM YacTHIL TepMocTaTa

, Q. BrluncauM uHTErpan

g gd“’P &#VQ 5/2:%_;_5_5). (46.4)
e \i

HnrerpupoBaine mo KOOpAHHATaM Q;, B CHJY TOTO, YTO IOJBIHTET-
pasbHoe BEIpaKeHHe He 3aBHCHT OT Q;, aer V. [laq Toro uto6bl Bhl-
NOJIHHTL HHTErPHpPOBAHHE B NPOCTPAHCTBE HMIYJBCOB YaCTHIL TEPMO-
cTara, nepefiieM K cgepHueckuM KoopiHHaTaM. (O6o3HauHM of6beM
3N-mepHoro 1apa uyepes Viy = CyvR?*M, rae Cyy— GespasmepHast
TIOCTORIHHAS], 3HaueHHe KOTOPOM J/sl HAac HecyllecTBeHHO, U R — pa-
JHYC l1apa B npoctpaHcTBe 3N H3MepenHil, onpelensieMblii paBeHCTBOM

[213”]‘“ (2meyrs,  dR=(5)" de.

TOI'Jla JJIs1 3J1eMeHTa obbeMa HMeeM
£ aN_l
Vv =3NCyxRN =1 dR =5 NCyy (2m) ° de

H, Cjel10BaTeNnbHO,

R 3 b
S S NP dONQ 5( 22;‘1+E—~E) =
i==1

3V N, N / 3_N_|
=Wewvv@em e \e? ~'o(e+E—~E), de=D(N)| ‘_E/ ,
J
rie D(N) oGoaHayaeT COBOKYNHOCTb BCEX MHOXHTesel, He 3aBHCA-
LHX OT NapaMeTpOB CHCTEMBI.

Iepeiinem Tenepe K npegeny N — oo, CuHTast, 4TO YHCIO CTeneHeil
CBOGO/Ib! CHCTEMbI OCTAeTcsl GOMBIINM, HO KOHeYHbIM. Tak Kax Tep]\(O-

E
CTaT NpeAcTaBafeT cobofl HieanbHBbl ra3, TO NPH 3TOM NN— = kF
"
g L
(=57 ~(1=Egg) Poe e ues)
\ ) ¥T 3N72)

Baoas ofosHauenne AD(o0) = 1/Z, HaxoauM u3 opmy. (46.3), (46.4),
(46.5)
DIKT

o (pi, g)= . (46.6)
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TosntyuenHoe pacnpesie/ienHe HOCHT Ha3BaHHe KAHOHUdecKoeo pacnpedene-
nus T'u60ca. Bemwunua Z onpeiensiercss yCJAOBHEM HOPMHPOBKH

SP(PI, ¢;)dl'=1 u Ha3blBaeTcs CTATHCTHYECKHM WHTErpajioMm
z=Sp(ps q;)dT. (46.7)

Tak Kak NJOTHOCTH BEPOATHOCTH P (p;, ;) 3aBHCHT coraacHo (46.6)
TOJIBKO OT 9HEPTHH, TO BEPOATHOCTb TOTO, YTO IHEPTHS CHCTEMbI JEHKHUT
B untepBane (E, E 4 dE), pasua

— E(py a)/kT
aw (E)=p (E)dE = ~— - LE (46.8)
rie dI(E) = (dI'/dE)dE — o6bem (a30BOro npoCTPaHCTBA MEXKIY
runepnosepxnoctamu E (p;, g;) = E u E(py, g;) = E + dE.

B usnoxeHHOM BbIBOJE MBI CUMTalH TEPMOCTAT HAEAMbHEIM MaKc-
Be/I-00/IbLIMAHOBCKHM TasoM. PH3HYeCKH SCHO, YTO pesyJpraT (Ka-
HOHHYeCKoe pacnpefeneHue ['n66ca) He JO/MKeH 3aBHCETb OT BBIGO-
pa TepMOoCTaTa M JOJKEH OCTaBaTbCs CIPABEVIMBBIM M B TOM CJayuyae,
€CJH TepMOCTAaTOM sABJsercs Gose-ras, (epMu-ras, peaibHbli ras
1T, 4

Opnako uHTerpupoBanue mo I'-mpocTpaHcTBY TepMoctata B (46.4)
JIETKO NPOBECTH TOJLKO B TOM CJyyae, €CH TEPMOCTAT MPE/CTaBJIsieT
cofoli MaKcBe/1-G0IbIIMAHOBCKHI ra3, B KOTOPOM OTCYTCTBYIOT Kopel-
JALHH MEXJY KOOpPJAMHATAMH M MMIYJbCaMH YacTHL. Bo Bcex ocTaib-
HBIX CJyyasX, B TOM YHCJe H s 6o3e- H (epMH-FasoB TakHe Koppe-
JSIUAY CYIIECTBYIOT (/1% GePMHOHOB CYILIeCTBYeT «OTTa/lKiBaHHe» [ayiu
MekJy yacTuuamu, GIMSKHMH APYr K JApyry B I-mpocrpaHcrBe, s
GO30HOB CYIIECTBYeT TeHJEHUHS K HAKOIUICHHIO YaCTHIL B OJIHOM CO-
CTOSIHHM). DTO 3HAYHT, YTO pasHble OGJacTH I'-IPOCTpaHCTBA CTaHO-
BSTCSI HEKBHBAJICHTHBIMH, M HHTErpupoBaHHe B (46.4) Hajo BecTH ¢
HEKOTOPHIM BECOBbIM MHOXKHTEJIEM, YUHTBIBAIOLIHM KOPpPe/IALHH, YTO Clie-
Jajo Obl pelleHHe 3aJaui BeChbMa CJIOXKHbIM.

OTmernM Tenepb BeChMa BaXKHOE CBOHCTBO KaHOHHYECKOro pacnpe-
lenennss B ¢opme (46.8). JI1si MAKPOCKONHYECKHX CHCTEM (YHKIHS
dT/dE oueHb GBICTPO pacTer ¢ yBeanuenuem E, B To BpeMs KaK 3KCIIO-
Henta e E/kT oyenn Gpictpo yGbiBaer ¢ pocrom E. ITostomy npoussezne-
HHe 3THX JBYX QYHKUHHA HMeeT HeoObualiHO PesKHil MaKCHMYyM NpH He-
KOTOPOM 3HaueHHH 3Hepruu E = E.,. DT0 3HAUHT, 4TO uyKTyalHH
SHEPTHH B KaHOHMYECKOM amcambie Kkpaite Majiwl M d2J/dE = p(E)
LpaxkTHyecky BejeT cebsi kKak O(E — E,ep). ITosToMy KanoHHueckoe
Pacnpenenenue I'n66ca GakTHIECKH SKBUBAICHTHO MHKPOKAHOHHYECKO-
My pacnpenenenuo. B uacTHocTH, 9TO 3HAUHT, YTO Haubosee BeposTHAs
SHEPrust Eyep C OTPOMHOI TOYHOCTBIO COBNAZAET CO CpefHel sHeprueil
E=vy,
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[TponamocTpHpyeM 5TO Ha MpHMepe WieasbHoro rasa. B atom cay-
4ae, Kak Mbl BHJEJH,
3N
a gz~
dE 4
H MBI HMeeM

L)
p(E)=const E2 e~ E/T, (46.9)

Hafinem makcumym p(E). Iuddepenuitpys (46.9) u mnpupaBHuBas
NPOH3BOAHYIO HYJIIO, HaXOAHM

Evy=(% — 1)4T, (46.10)
H, CpaBHUBas C E=%va, Mbl BHAMM, YTO
E—Enp 2
E 3N’

T. €. pasHocTb Mexny E H E ,op MPeHe6PeXXHMO Masia Asl MAaKPOCKOM Hue-
ckux cucreM. Haiinem Bua Gyukunn pacnpenenenus p(E) tam, rae oHa
3aMeTHO OTJIHYHA OT Hyasl (B6au3u E,.p). 3amumem Bhipaxenue (46.9)

B BHIe
p(E)=ev®, (46.11)

rae

W(E)=——;ZET+<§§-]—l)InE+Inconst, (46.12)
1 pasnioxuM @(E) B psaa no crenensam E — E,qp. Fimveem

3N 1
' (E)=— —+——————0 npi E=Eyep,
3’! -1 ?ﬁ -1
" 2 . __ 2 3N
@ (E)=— B ' (E!ep)—___—E;ep ~ ——2E;ep

OTKyZa
3N
— W (E=E o) Eper)?
p(E)=conste 4 (( Bep)/ !ep) .
Takum 06pasoM, BO/IH3H MaKCHMyMa KaHOHHYeCKOe pacmpefiesieHHe
npHHUMaer BHAL pacnpenenenus [aycca. JIis 4YHCIEHHO!N OlEHKH oC-

—F
TPOTHl MakCHMyMa moJiouM N ~ 10 u E—“ ~107%% = 1075,

[onyuum  p (E)/p(Epep) ~ e 10", CJ[e}.'lOBaTEJ'leO,p MaKCHMYM KaHOHH-
YeCKOrO pacrpeneJieHHsi ABJsSETC HACTONbLKO OCTPhIM, YTO HE MOXKET
6biTh H306paXkeH Ha rpaduke HH B KaKOM PEalbHO BO3MOXHOM Maclu-
Ta6e, H NPAaKTHYECKH pacrpese/eHie apasercs 0-o6pasHbpM H cOBranaer
¢ MHKPOKaHOHHYECKHM.
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§ 47. CraTHcTHYecKHe pacnpejesenus jas cucrem tana I, I, III, 1V,
Z-, Q- u X-cymmbl coCToSIHHMH

B npenwinymem naparpage Mbl paccCMaTpHBAaJH CTATHCTHUECKOE
pacnpefie/ieHHe 115 CHCTeM, Y KOTOpbIX 3Heprust E moxeT daykTyupo-
BaTh, HO YHCJO YaCTHI B CHCTeMe H 00beM ee CUHTAIOTCS (PUKCHPOBAH-
HBIMH. DTO 3HauHT, YTO CHCTeMa, NOTPYKeHHas B cpely (TepMocrar
T = const), HaxomuTcst B cOCyle, CTEHKH KOTOPOTO HeMOIBHKHEI
(V = const) u HenpoHHuaembl ISl YaCTHI CHCTeMbl M cpemsl (N =
=const). Takue cuctems (T = const, V = const, N = const) mb! 6y-
/leM Ha3mBaTh B JasibHefieM cucmemamu muna 1.

Ha npaxkruke, 0IHAaKO, IPHXOXUTCA HMETh JeJI0 TAKKE C CHCTEMAMH,
y KOTOPBIX TyKTYHDYeT YHC/IO YaCTHIL (HanpuMep, XHIKOCTb HJIH KPHC-
Tas/l, HaXONAIIHeCH B DABHOBECHH C NapoM, HJH raa ¢OTOHOB, 16O
¢oHoHOB). Bynem mpencraBaste cebe cHCTeMy B COCyAe C HEMOXBHIK-
HBIMH, HO NPOHMLAEMHIMH JJIS YacCTHI CTeHKamH. B sToM ciyuae cHc-
TeMa HaXOJHMTCS B paBHOBecHH ¢ TepmocratoM (7' = const), ¢ KoTopbiM
OHa MOXeT 0OMEeHHBATbCSl He TOMbKO SHepruefl, HO H HacTHLamH (N ==
=4 const). IIpy TaKOM paBHOBECHH JO/IXKHBI GBITH OAHHAKOBBI X HMHYECKHE
NOTEHUHAJBl CHCTEMBl H CpEIBl, T. €. MBI HMeeM ycjoBHe p = const.
Cucremsl ¢ T = const, V = const, p = const mMel Gynem HasbBaTh
cucmemamu muna 11,

HaxkoHel, MOXHO NpelcTaBUTb ceGe CHCTEMY, Y KOTOpo# QaIyKTyH-
pyer NOMHMO SHEPTHH OGBEM, & YHC/IO YacTHLl OCTAeTCS HEH3MEHHBIM
(cucTeMa 3aK/IIOYeHa B COCYJL C HEMPOHHIAEMBIMH JU1S1 YaCTHLI, TEIVIONpPO-
BOJSIMMH CTeHKaMH, 3aKpbITblii HEBECOMBIM, CKOJIB3SILHM Ge3 TpeHHs
nopuneM). IIpu 3TOM, OY€BHAHO, NO/MKHEI GBITH ONHHAKOBBIMH JaBJIEHHS
B CHCTEME H B cpelle H Mbl HMeeM ycioBue P =const. Cucremsl ¢ 7 =
= const, N = const u P =const 6ynem HasbiBatb cucmemamu muna I11.

Mel BHIBElieM Tenepb CTATHCTHYECKOe pacrpelieieHHe I/l CHCTEeMb
caMoro o6lLIero THIIA, B KOTOPOH MOeT GJyKTYHPOBATh IOMHMO SHEpTHH
U YHC/IO YacTHL H 06beM — cucmema muna IV, a pacnpepenenue aas
cuctem tuna I, 11 u 111 monyunm sateM kKak yacTHbie clydau.

Paccy/ieHHe, KOTOpOe Mbl IPHBEJIeM, B MaTeMaTHYeCKOM OTHOLIEHHH
BecbMa HallOMHMHAeT BBIBOJ pacrpefieieHHst Makceenna—bBoabumana
MEeTOJIOM SILHKOB M f4eeK, HO NP HHIHIHAJIbHbIE €70 OCHOBBI PaJlHKAIbHO
OTJIHYHBI.

Mg GyneM paccMaTpHBaTh KBAHTOBOMEXaHHYeCKHe CHCTEMBI C KBaH-
TOBaHHBIMH 3HaueHHSIMH SHepruu. Bynem, Kpome Toro, s ynpoleHnus
0603HaYeHHH CYHTATh, YTO 06bEM CHCTEMBI V (TaK e KaK H YHCIO dac-
THI N 1 sHeprus E) npuHuUMaer KBaHTOBAaHHbIE JUCKDETHBIE 3HAUEHHS —
nepexoj OT CyMMHPOBaHHs! 110 06beMy K HHTEIPHPOBAHHIO MBI IPOBENEM
B KOHIle BEIBOJA.

BBoast MOHSTHE IVIOTHOCTH BEPOSITHOCTH /ISl KAHOHHYECKOTO pac-
npenenenuss I'n66ca, Mbl paccMaTPHBANH MHOXKECTBO SK3EMIIAPOB
ONHOH M TOH 2Ke CHCTeMbl C OHHAKOBBIMH YHC/IAMH YacTHL H oGbeMaMH



206 B3AMMOJENCTBYIOIME YACTHILB, METO THBBECA (ro v

(kaHOHHYecKHit aHcam6ub I'nGG6ca). PaceMorpumM Teneps GoJlee IWHPOKHii
aHcaMO6JIb, COCTOSIIHI H3 SK3EMIISIPOB ONHOM H TOil ke HH3HYECKOH (Ma-
KPOCKOMHYECKOH) CHCTeMb, OTJIHYAIOUMIHXCS APYT OT APYra He TOJBKO
MTHOBEHHbIMH COCTOSIHHSIMH ((a3oBbIMH TPaeKTOPHSIMH), HO H YHCJIOM
yactull N H o6bemoM V. DHeprusi Kaxjaoro 5K3eMmmisipa 3aBHCHT OT
NOJHOrO HaGopa KBaHTOBBIX YHCEJI, ONPEAENSIOUHX COCTOSTHHE CHCTEMBI,
M NapaMeTpHyYecKH OT YHCJIA YacTHIL B CHCTeMe U ee o6beMa. OGo3Hayas
nosiHblfi HaGop KBaHTOBBIX UYHCEN OAHHM CHMBOJIOM i, HMeeM E =
= E(|N, V). TlonHoe yncio 5K3eMmIsipoB B aHcambie L GyneM cyu-
TaTh BecbMa GosbliuM (L — o0). AHcaMGib, B KOTODOM MeHsieTCsl OT
9K3eMIIIPa K 3K3eMIJSPY TOJIBKO MHKPOCOCTOSIHHE M YHCJIO YacTHI,
a o0beM BCEX 3K3eMIUIAPOB OJMHAKOB, NMPHHSTO HA3blBAaTh GOAbULUM
Karorudeckum ancambarem I'u66ca. AucaMGib, B KOTOPOM NePEMEHHBIMH
AIBJISIIOTCS. MHKPOCOCTOSIHHE H OGbeM, a YHCJIO YaCTHI BO BCEX JIeMeH-
Tax OAMHAKOBO, OyleM Ha3blBaTb pacuiupernoim axcambaem I'ubbea.

O6osnauum yepea n(N, V, E (i | N, V)) uucio sK3eMmisipoB aH-
cam6iisl, ISl KOTOPHIX YHCJIO YacTHll, OGbeM H SHeprus NMPHHUMAIOT
3anaHHble 3Havyenuss N, V, E (i | N, V). IlpuHuunuanbHas Jioruueckas
OCHOBa BBIBOJa, KOTOpLIii MBI H3JlaraeM HHXKe, 3aKJI04aercsi B CJeNyio-
meM. 3aMeHHM MBICJEHHO B3aHMOAEHCTBHE CHCTEMBI C TEPMOCTATOM,
NpHBOASILEE K H3MEHEHHSIM SHePTHH, YHC/Ia YacTHI H o6beMa CHCTEeMbI,
B3aHMOJIEiCTBHEM 3K3eMIUIsIpOB aHcaMbsis Apyr ¢ apyrom (Gnarojaps
OIPOMHOMY YHCJy SK3eMILISPOB aHCaMbJisi BO3MOXKHOCTb TaKoOH 3a-
MeHBbl NpejCTaBsieTcss BecbMa npasionoaoGHoi) u GyneM paccMaTpH-
BaTh «ra3» sk3emmisspoB B I-npoctpanctee. Ilpu 3ToM cocTostHHS
¢ ¢ukcupoBanubiMu N, V u E(i| N, V) Gyayr urpath Takyo xe
po/ib, Kak sidefiKH B Meroje DonbuMaHa, a uyHCJIa 9K3eMIJISpOB
n(N, V, E (i | N, V)) — posb yuces MoJekya B suyeiikax. (OueBHIHO,
YTO MOHSITHE SUIHKa» B 3TOH 3ajjaye OTCYTCTBYeT — HMEeTCs JIHLIb
OJIMH «SILMK», BKJIOYAIOUIHI BCe BO3MOMKHbBIE COCTOSIHHS «rasa» 3K3eM-
MJISIPOB.)

Uueso cnoco6oB, KOTOPHIM MOXKeT GbiTh OCYLIECTBJIEHO pacrpesese-
HHEe 9K3eMIIpOB aHcaMmG/is MO «syefiKam», PaBHO

L
n(N,V,E({|N, V)
NV

W=

(47.1)
A

(MBIl CYMTaeM 5K3eMIJIAPbl aHCaMOJs pasNHYHMBIMH, H6O peyb HIeT
HE O MHKPOYAaCTHUAX, MOAYMHEHHBIX KBAHTOBOMEXaHHYECKOMY NpPHH-
LUNY HEPasJHYHMOCTH, a O MaKPOCKONMHYECKHX SK3eMIIsIpax, ¢ pas-
HBEIMH SHEPTHSIMH, YHCJIAMH YacTHL, oGbeMaMH).

JTanee, Mbl GyzeM CYMTaTh, YTO /ISl «ras3a» SK3eMIJIAPOB HMeeT
MecTo MHKpPOKaHOHHYecKoe pacrnpenenende I'n66ca (Tak e Kak B mpe-
JBIAyLIEM naparpade Mbl CYHTaJIH, YTO TEPMOCTAT H Cpeia BMecTe obpa-
3YIOT 3aMKHYTYIO cucteMy.) [T09TOMy MOMHMO MOJIHOTO YHC/IA SK3eMIl-
AsipoB L Mbl OyAeM CYMTaTh (MKCHPOBAHHBIMH INOJHOE YHCJIO YacCTHLL
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BO Beex aKsemmsapax N, noHbIA 06beM Beex 9K3eMIISPOB V 1 OMHYIO
SHEpPTHIO BCeX sKk3eMIIsapoB E. Mimeem Toraa

SIS, V, E(i|N, V)=L (47.2)
N V i

— YCJIOBHE, cpnxcupylomee TMOJTHOE YHCJIO 3K3eMILISApOB B chaM6Jle,
M \Nn(N, V, E(i[N, V))=N (47.3)
N V i

— YCJIOBHe, (HKCHpYIOllee NMONHOE YHCJO YacTHI, B aHcamGie,
N Va(N, V, E(i|N, V)=V (47.4)
N V i

— ycnoBHe, (HKCHpylollee NOMHBIA oGbeM aHcambus,
N SE(i|N, V)a(N, V, E(i[N, V))=E (47.5)
N V i

— ycJIoBHe, (HKCHpYollee NMOMHYIO SHEPTHIO aHCaMbus,

OcHoBHOM (hH3HYECKHII MOCTY/IaT, Ha KOTOPOM OCHOBaH BeCh Aalib-
HeftuIHi BBIBOJ, 3aKJ/II0YAETCS B TOM, YTO HaHGO/Mee BEPOATHOE COCTOSHUE
peasbHOM CHCTeMbl (OJHOrO 5K3eMIIsIpa aHCaMG/s), B KOTOPOM OHa
NPOBOJMT MONABMAIOMYI0 4YacTb BpPEMEHH, MOMHO OTOXAECTBHTDb
C yatlle BCEro BCTPEYAIOLUIHMCS Pacnpesie/IeHHeM SK3eMILIsIPOB aHCaMOs.
B cOOTBETCTBHH C 3THM IOCTY/IATOM MBI JOJIMKHBI HCCJIENOBATh HAa MaK-
cuMyM Bbipaxkenne (47.1) (bakTHuecKH ynobHee 3To cAenaTh AJSi Bbi-
paxenns 6 = InW) ¢ yueroM Zono/HHTeIbHBIX Yci10BH (47.2) —(47.5).
Hcronbays meron Muoxurenelt Jlarpanxa u npumensist popmyay Crup-
JIMHTA, MBI HLIEM MaKCHMYM BBIPaXKeHHs

o4aN —yV —pE+ (84 1)L,
rae

o=InW=LlnL— ¥ n(N,V,E(i|N,V)Inn(N,V,E(|N, V).
N

Huddepenunpys uyucia n Kak He3aBHCHMblE H MPHPaBHHBAsS HYJIO
nepeblit  Auddeperiuan

otaN—yV—BE+@B+1)L,
Inn4yV4pE —aN —5=0,

n=gd+aN—yV—BE(|N, V), (47.6)

MOy YHM

OTKyJa Haxolum

Muoxurens Jlarpauxa & naxonurcst us (47.2)

L
= T3 SN W=BETIN, T ¢7.7)

N, Vi



208 B3AMMOJEACTBYIOIMUE YAGTULIBL, METOJ I'MBBECA (ra. v

H Mbl MOy4aeMm
AN=YV=BEGIN, V)

n=L__Y‘(E,ﬁ,—y)_' (47.8)
rie BeqnunHa Y(a, B, v), paBHas
Y(a, B, )= 3 esN—vW—BEGIN. V) (47.9)
LNV

Ha3bBaeTCsl CraTHCTHYecKol Y-cymmoit. Bennuuubl o, P, y AomKHH
GbiTh HalifleHbl W3 ycnoBHit (47.3) — (47.5). 3ameruM, uTo B OTMIHYHE
OT MeTOfa SIIHKOB H sideek BosblMaHa B NMPHBENEHHOM BHIBOJAE He
BO3HHKaeT HHKaKHX TPYAHOCTeH, CBA3aHHBIX C MPHMEHEHHeM GOpMyJibl
Crupaunra, Tak Kak uuciaa n (N, V, E (i | N, V)) nponopuHoHaabHbl
YHCAY 3K3eMIVISIpOB aHcaMOasi L, KOTOpOe MOXKeT CUYHTaTbCsl CKOJb
YTOXHO GOJMbLIHM.
OrHourenHe
n/L=W (N, V, E(i|N, V))

npeAcTaBasieT coGoi BEpOSITHOCTb TOTO, YTO CHCTEMa HaXOAHMTCS B CO-
CTOSIHHH € 4YHCIOM vactui N, o6vemoM V u sHeprueit E(i| N, V).
Ecnu sHepreruueckuit yposenb E(i | N, V) BbpoXjeH, TO BepOSTHOCTb
TOTO, YTO CHCTEMAa HAXOAMTCS B JIOGOM H3 COCTOSIHHI C YHCJOM YacTHI(
N, obvemom V u sneprueit E(i | N, V), Mbl noayuuM, yMHOXas OJHO-
menne n/L Ha KpartHoctb BbIpOXKAeHHs g(i | N, V). Toraa nomyuum

W@, V,E(|N, V)=

) N =YV —BEGIN, V)
=g(i|N,V)

2 gl N, V) N —YV—BEUIN, V) *
N, V, 1

JIns HaXOMIEHHSl TepMOAHHAMHYECKOTO CMbICJIa I1apaMeTpoB o,
B, ¥ BBexeM (H3HUECKHI MOCTYJAT, aHAJIOTHYHBIH MPHHIMNY BosbuMa-
Ha B TEOPHH HAea/bHHIX Ta3oB (§ 33). Mbl GyAeM OTOXKIECTBJATb Bbl-
paxkeHHe

(47.10)

klnW _ ko
L~ L
C TepMOJMHAMHYECKOH SHTpOMHeH
k
=T. (47.11)

OcCHOBaHHSIMH JJIfl TaKOTO OTOXMAECTBJIEHHS, TaK e KaK M B Ciyyae
HJIea/bHBIX Ta30B, SABJSIOTCS, BO-MEPBbIX, AJLHTHBHOCTb BEJHYHH S
H G H, BO-BTOPBIX, TO, YTO B&JIHYHHBI S H O TOCTHIAIOT MAaKCHMyMa B HaH-
GoJiee BEpPOSITHOM (PABHOBECHOM B CMbIC/I€ TePMOAHHAMHKH) COCTOSTHHH.
(Heo6xonumocTb nenenust Ha L B dopmyane (47.11) cBsizana ¢ teM, uto
Mbl XOTHM OMpEAEJHTb SHTPOIHIO PeaNbHOH CHCTEMBI, T. €. OTHECEHHYIO
K OJIHOMY 3K3eMmsipy ancam6iisi.) [Toacrap/isisl 3HaUeHHE G H NOJIb3YACh
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dopmyJtoli CTHpJaHHTa, HMeeM

_k % _
S=1 ]"[ I =™, V,Eain, v»xl—
N, V, i |

k
=f[L1nL— nlnn]=—k Y Zinp. (47.12)
i N, V,i

N, vV,

Dopmy.ia (47.12) onpesiesisieT SHTPOIHIO IPOH3BONBHOTO, KaK PaBHO-
BECHOTO TaK H HEPaBHOBECHOTO, COCTOSIHHS CHCTEMbl. B paBHOBecHOM
COCTOSIHHH, HCMoJb3ys ¢opmyay (47.8), Haxoaum

S=~k[InY (a, B, y] —aN +yV +BE], (47.13)

rae N = N/L, V="VI/L, E = E/L — cpensue 3HaueHHs uucia wac-
THIL, 06beMa H SHEPTHH CHCTEMBI (MBI IIPEANOYHTAEM Aisl €AHHCTBA 0603-
HaueHHH He MPHUMeHATh B 3ToM naparpade cumsoa U pist o6osHauenus
BHYTDEHHEH SHEepruM, COBNajaioulefl, MO ONpeleNeHHI0, CO CpelHei
sHeprueil. TouHo Tak ke BeauunHsl N 0 V npencTaBasior coboii YHCI0
uactHil N H o6beM V B TepMOAHHAMHYECKOM CMbICTE).

PaccMoTpuM Temnepb, B KauecTBe YaCTHBIX CJy4aeB, CHCTeMB Thna I,
IT u IIL.

Cuctema thna I: T==const, V =const, N==const.

B stom cayuae cymmupoBanue B (47.10) Berercsi To/bKo 110 HaGopy
KBaHTOBBIX YHCeJN {, MOCTOSHHbI MHOXHTe/b ™V ~YV BEIHOCHTCS H3-MOJ
3HaKa CyMMBbl H COKpAIllaeTCi C TaKHM K€ MHOXHTE/NeM B YHCJIHTEJE.
Onyckas nocrosiHHble napameTpsl N 1 V B BolpaKeHHH A/ SHEPTHH,
IOJTy4HM

; L e—BE®
W(t):g(t)m-, (47.14)

rae W (i) — ecTb BEpOATHOCTb TOTO, YTO SHEPTHs CHCTeMbl paBHa E(i),
a CTaTHCTHYeCKast CyMMa paBHa

ZB)=2,g(i)eBE®, (47.15)
i
BripaxkeHue 115 cpefHeil SHEPTHH E umeer BuI
XE@gmehED
F = YW ()=t
E—;E(’)W(’) Zg(i)e"ﬂ‘" ,
i

Hau
E=—a%(m 7 (®). (47.16)
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BripaxeHHe A5 SHTPONHH (47.12) npuHUMaer Ansi CHCTeMBI THIa |
caefyomuii BUA:

S—_—k{lnL _Zméz‘ﬁﬂ (InL—1In Z.-fSE(t)]}~

Brimosusis cyMMHpoBaHHe M modabaysich ¢opmyaoit (47.15), nonyuaem
S=kInZ(B)+EBE. (47.17)

JIns HaXoXJeHHs cMbicia mapametpa P BBIYHCTHM AH(depeHIHan
SHTPONHH NPH NMOCTOSHHBIX N M V H CpPaBHHM C TepMOJAMHAaMHYeCKOf
dopmyanoit ana dS. duddepenuupys (47.17) no f u noapsyscs dpopmy-
Jo# (47.16), umeem

<g—g>lv. ve kﬁ%%'
(dS)w,v= kB (dE)w, v-
C npyro#t cTopoHbl, B TepMofHHaMHKe (cM. § 20)
dU=dE=TdS —PdV +paN,

OTKYyJa

OTKyAa
(dS)x, v =5 dE.

CpaBHHBasi 3TH JiBe HOPMYJIbl, TIOJNyYaeM
1
b=z (47.18)

Hafinem Temepb TepMoAMHaMHuecKHi cMmbica ¢yukunn Z(B). HMa
(47.17), noacTaBnss 3HaueHHe ), HMeeM
EInZ@)=S—£ = ..E:TE= _MTN_") (47.19)
rie F = E — TS — cBoGoaHas 3HeprHsi CHCTeMBl. Bbipamenue Ans
BepOSITHOCTH (47.14) npuHHMaeT BHA

F(T, V, N)=E()
W(i)=gi)e ¥ . (47.20)

Dopmyanbt (47.14) u (47.20) BbIpaxKalOT KaHOHHYECKOE pacrpejeseHHe
I'n66ca, nosyyeHHOE HAMH paHee APYTHM CNoco6oM. MEl yKasasnu IBHO
aprymeHTH cBoGopHo#t sHepruu (T, V, N), 4T0o6bl MOAYEPKHYTh, UTO
«COOCTBEHHbIE» apI'yMeHThl CBOGOJHON SHePTHH — 3TO KaK pas Te mapa-
MeTphbl, KOTOphIe SIBJSIOTCS (HKCHPOBAHHBLIMH [15l KAHOHHYECKOTO aH-
cambnsa T'u66ea.
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Cucrema thna II: T==const, V =const, u = const.
CymmupoBanue B (47.9) BefieTcsi 10 i U N H MHOXHTeJb ™YV Bhlnajaer
U3 BbIpaxkeHHs: BepoATHOCTH (47.10). Onyckas mapamerp V, Mbl HMeeM
. L BEGIM +aN
Wi, Ny=g(, N)—gm5—
rae W(i, N) — BepOSITHOCTb TOTO, YTO CHCTEMa COAEPKHT N yacTHIL
u uMmeeT sHepruio E (i|N), a craTuctHdeckas cymMa Q BBIpaxaercs

¢opmyJ0#

(47.21)

Q(a, B)= 31g (i, N)ePEGIM+aN, (47.22)
LN

BHYTpeHHAs] SHEPTHsI CHCTEMBl paBHa
E g, NYE (| N)e—BE(IlN)+aN

B . . _LN :
E_-‘ZNE(t]N)W(z, N) T ,  (47.23)
Wi
E=— 5 (InQ(, B), (47.24)
a CpefiHee UHC/IO YacTHIL B cucTeMe N BhIpaxaeTcs (hopMyJoit
E g(i, N) Ne—ﬂE(ilN)—Q—aN
v : _ 4N
N= 1ZN NW (i, N)= T . (47.25)
HIn ’
= a
N=2[nQ(a B (47.26)
Bripaxente ans sHTponuu S B cayyae cHcTeMbl Tuna 11 uMeer BHZ

MV —BEGIN)

S=k[lnL—l @ (lnL—an+aN—ﬁE)].

Boinosiusia cyMMHpoOBaHHe H NOJB3Ysch popmynamu (47.23) u (47.26),
nosyyaeM

S=*%InQ(x, B)—kaN 4+ APE. (47.27)

JIns  HaXOXAEHHS] TePMOAHHAMHYECKOTO CMbic/a MNapamerpa o
HajineM nuddepennan SHTponuH NpH V = const  CPaBHHUM C COOTBET-
CTBYloIEeH TepmoauHaMmuuecKoil ¢opmyJof. JIHddepeHUHpys coot-
Homenue (47.27) mo o (npu B = const, V = const) u no B (npu o =
= const, V = const), umeem, yunthiBasi dopmyanr (47.24) u (47.26),

S oN oF
(56)5, y=—hkogy +iBs, (47.28)

0S oN oE
(35),, =~ - 1p2E. (47.29)
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Ymuoxasn (47.28) na da, (47.29) Ha dP M ck/afbiBasi MOJYYEHHblE pa-
BEHCTBA, NOJNYYHM

(dS)y =— ka (dN)y+ 4B (dE)y.
CpaBHHBasi ¢ TepMOJHHAMHUECKOH (opMyJIoi
(dS)y=— 4 (@N)y+ 7 (dE)y,
Haxoium BHOBb B = 1/kT, a
a=p/kT. (47.30)
Toncrasnsis sHauenns o u B B (47.27), Haiinem dyukumo & In Q (o, f):
kinQ=s+T=E.

B cuny Tepmoaunamuuecknx ¢opmyn pN = @ = E — TS + pV
n Q = —pV umeem

knQ(a, p)=— 2000 (47.31)
P nal;,Tv,u). (47.32)

Bl:lpa)KeHHe AJis1 BEpPOATHOCTH TOTAA NpPHHHMAaeT BHJ

(T, V,m+uN—E(i|N)
W, Ny=e AT . (47.33)
dra popMy.ia Beipakaer 60J1bLII0oe KaHOHHYeCKoe pacrpesiesieHte I'i66ea.
IlonuepkHeM oOMNATb, YTO «COGCTBEHHbIE» apryMeHTHl Q-TMoTeHuHaNa
(T, V, w) ABASIOTCS KaK pa3 TeMH NapaMeTpamH, KOTOpble GHKCHpPO-
BaHbl /sl GOJIBLIOrO KaHOHHuecKoro ancambisi I'n66ca.

Cucrema tuna 111: T=const, N = const, P == const.

B stoM canyuae cymmHpoBaHHe B (47.9) BefieTcsi o [ M 1O 0GBeMy,
H MHOXKHTeJb eV BRiNajiaeT U3 pacnpenesenusi. [lepexosist K HenpepbiBHO
MeHsIoleMycs 06beMy, Mbl MOXKeM 3anHcaTh ¢opmyay (47.10) B Buge

—BEGIVI—yV
X (B, V)
aneck dW (i, V) ecTb BePOSITHOCTb TOTO, YTO OGBEM CHCTEMBbI 3aKJIOuEH
B unrtepsane (V, V 4 dV) u sneprus ee pasva E(i | V), g(i, V) dV —

KpaTHOCTb 9HepreTHueckoro ypoBHst E (i | V) aas Toro e HHTepBaja
ofbeMa CHCTeMBl, a CTaTHCTHuecKH#l uHTerpan X(B, y) Beipaxaercs

dopmyanoit

dw (i, V)= g(i, V)dv, (47.34)

X @, v)={D e PEAN=Yg (i, V)dV. (47.35)
]
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CpeaHss 3HeprHs HO-NpexHeMy Bbipaxkaercsi GopMyJoi

E=— a% [In X (B, ). (47.36)

a cpelHHi 06beM CHCTeMbl -
Ve BECIV=Yo @ vyqy

V= S Zvaw (i, V)y=—1 X6 , (47.37)

HJH
T/=—% [ln X B, y)l. (47.38)

Haiinem sutponmio misi cucreMsl Thma III:

Y —BEGIV) )
S=kllnL—- { Z——m)—[lnL — InX—yV —BE] g(i, V)dV].

Bblﬂoﬂgﬂﬂ C_yMMHpOBaHHe H "HTEFPHPOBBHHE H noJib3yscChb onpene-
nenusimi E u V, nonyuum

S=kInX (B, 7)+4yV +£BE. (47.39)

Jlisi HaxXOX/JeHHsl TEPMOJUHAMHYECKOTo CMbICJa Ko3dpuuueHTa y
HaiiieM BHOBb AudxpepeHiuan dS npy noctosHHOM N M CPaBHHM C CO-
OTBETCTBYIOIUMM BBbIpaXKeHHeM B TepMoAHHaMuKe. Juddepenunpys
(47.39) no y u P u yuuteiBas (47.36) u (47.38), Haxoaum

<g_§>~.s =k (%%)N. p P (.%§>N.s'

(%)N.«f kv @g)mf"kﬂ (gg)w,v’

OTKYy/la HMeeM

(dS)y=Fky (dV)y+ B (dE)n. (47.40)
CpaBHHBasi C TepMOJAHHaMHYeCKo# (opMyJIoit
PdV | 1 =
(dS)y=——+ 7 dE, (47.41)
HaxofuM BHOBb P = /AT u
Y= 17 (47.42)
TMoacraBnss 3Havenus y u P B (47.39), noayunm
_ PV+E __ ®(T, P N)
ElnX=8§——F= = =22, (47.43)
@(T,P,N)

X=¢ T, (47.44)



214 B3AUMOJEMGTBYIOWIME YACTULIBL. METOJ FMBECA (ra w

TakuMm 06pa3oM, BhIpaXKeHHe JJIs BEPOSITHOCTH B CJyYae CHCTEMBI
tuna 111 sanuwercs B Buge
(T, P,N)—PV—E(|V)
aw (i, V)=e g Vvyav.  (47.49)

dra ¢opMyna BbipaxkaeT paclMpeHHoe pacnpefiesnenne I'm6Gca. «Ec-
TECTBEHHbIe» apryMeHThbl TepPMOAHHaMHueckoro notennuana (7, P, N)
NpPeACTaBASIOT cOGOH KaK pa3 Te mapaMeTphbl, KOTOphe (GHKCHPOBAHbI
B pacIuHpeHHOM aHcaMGae ['nGGea.

PaccMoTpuM, HakoHell, cucTeMy THna IV, KoTopasi MOXeT oGMeHH-
BaThCSl C TEPMOCTATOM YaCTHLAMH H MEHSITb OOBEM, T. €. cHcTeMy ¢ T =
= const, P = const, p = const. Halinem a5t 370t cucremsl Y-cymmy.
TMoxcraBasisi B Gopmyay (47.13) sHaueHus: napamMeTpos a, B, v, NOJAy4HM

kiny =54 BI=PV=E _, (47.46)

(rak xak pN = ® = E — TS + PV). Ilostomy pacnpesiesiente s
3TOrO CJyyasi HMeeT BHJ
PN —PV—E([N, V)
dW (i, N, V)=e kT g(i, N, V)dV.  (47.47)

HecmoTpsi Ha To, 4TO MBI He OyfeM IOJIb30BaThCSl pacIpelieleHHeM
(47.47), Mbl cuMTaeM MOJIe3HBIM OGPAaTHTb BHHMaHHE YHTaTeJlsl Ha CJle-
Zlylolllee KaxKyleecs IPOTHBOPeUHe.

Mg MorviH Gbl nosyuuTs (M3 47.47) cnenyromue GopMyJsl IS Cpen-
HHX 3HayeHHH JKeprHH, YHCJIA YacTHI M oGbeMa:

E=— (%)ﬂ v’ N= ("%)ﬁ,v ! V= (%)a [ (47.472)

OnHaKo, Kak BHIHO u3 (47.46), Y =const = 1. Pasrajgka sToro mapa-
JIOKCa 3aKJIoYaeTcsi B TOM, 4To ycaoBHs T = const, P = const, p =
= const Ans1 cucteMbl THNA IV BRINOJHSIOTCS He NPH JOGBIX 3HAYEHUSIX
T, P, p. Mexny MHTeHCHBHbIMH nMapaMeTpaMu T, P, . B paBHOBECHOM
COCTOSIHMHM CyllecTBYeT 3aBHCHMocTb, p = W(7T, P), 3KBHBaJeHTHas
-paBeHcTBY Y (a, B, y)=1. [lns npumMeHenusi Gopmy. (47.47a) MBI JOJKHbI
GblIH Gbl BBIYHCJIHTL Y-cyMMy mo dopmyde (47.9), cuuras a, B, y npo-
M3BOJILHBIMH, H HCIO/b30BaTh cooTHowekHe i = p (T, P) (Y (a, B, y) =
= 1) TOJILKO MoCJIe BBIYHCJIEHHS] NPOM3BOAHBIX B (47.47a).

B 3akJoyeHHe mpHBeleM pe3yJbTaTbl, NOJNyYeHHbIE B ABYX MOC/EN-
HHX naparpadaX, B HEKYIO CHCTeMY.

Vimetotcst TpH mapsbl conpsikenHbix nepemenssix (T, S), (P, V) n
(n, N). Mbl paccMaTpuBaeM MOBEfieHHe CHCTeMbl B YCJIOBHSIX, KOTAa
()HKCHPOBAHO MO OXHOMY NapaMeTpy M3 KaxJo# napel. ByxeM paccmar-
pHBaTb CHCTEMbI, IOTPYKEHHbIE B TEPMOCTAT, H CYHTATh, YTO H3 MeEpPBOI
napsl MepeMeHHBIX (UKCHPOBAaHA BO BCEX C/ydasix TeMmepartypa: T =
—= const. BriGHpas no-pasHoMy GHKCHPOBAaHHbIE TapaMeTPhl BO BTOPOit

<
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(P, V) v TpeTbeit (u, N) nape, Mbl, eCTeCTBEHHbIM 06pPa3oM, NPHXOAHM
K cucTeMaMm tuna I, II, u IV
ITpuBeneM CBOJKY OCHOBHBIX (POPMYJI JIst KAXKIOTO H3 ITHX CJTyyaes.
Cucrema tuna I: T = const, N = const, V = const.

—E ()/kT ETLV.M—E@
W (i) =12 g()=e kT &),
_FT, VN
Z=Zg([)e—5(i)/k7=e T (47.48)
i

~a% (in2)= 4T 2 (In 2).

Cucrema tina II: T = const, p = const, V = const.

DN EE QUL V., WBN—EGN)
T kT s .V, WN—E(
W (i N)= e B =R T g ),
UN—E (i[N) T, V, w
Q= Ze T g, Ny=e T, (47.49)

E= kT2 (ln Qwr,
F=2(nQ,= kTaT. (InQ)r

Cucrema tuna I1I: T = const, N = const, P = const.
_PVHEGIW

kT
dw (i, V) =*—5——g(i, V)dV=
@ (T, P, Ny—PV —E(i| V)
=e kT g(i, V)dv,
—PV—E@i|V) _®(T, P, N)
f e AT g(i,V)dV=e ~ ¥T , (47.50)

>
I

-bM4

v a
E=#T* 5 (In X)p/r,
a a
V=— g (InX),=— T 7 (I X)r.

Cucrema tuna IV: T = const, p = const, P = const.
WN—PV—E([N,V)
dW (i, N, V)=e kT g(i, N, V)dV. (47.51)

Mbl ofpamaeM BHHMaHHe YHTaTeJs Ha TO, YTO eCJH NpeHeGpeub
GuyKTyanuaMu yHCIa YacTHIL H oGbeMa U 3aMennTs N Ha N u V na V,
TO B N0Ka3aTesie 3KCIIOHEHTH BO BCEX UEThIPeX paclpejleeHHsiX nepei
cjaraeMbiM —E CTOMT cBOGOAHAs 3HEPTHs, BbIDAa)XKEHHash B PasHBIX
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TIepeMeHHbIX. DTO BHITEKAeT HENMOCPENCTBEHHO M3 TepPMOAHHAMHUECKHX
tdopmyn F = Q + uN = @ — PV. CnenosaresbHo, €clH HAac He
HHTepecyroT QayKTyallHH YHCJIA YacTHIL H 0GBeMa, TO YeTHIpe pacrpese-
JIEHHS! CTAaHOBAITCS SKBHBAJIEHTHLIMH H BHIGOP TOrO HJIH HHOTO pacrpe-
JIeIeHAsl 1S PelleHHst KaKoH-MTHG0 KOHKPETHOH 3ajlau¥ ompefensieTcs
HCKJIIOYHTENbHO COOGPaXKeHHSIMH MaTeMaTHYeCKOro ynoGCTBa.

CrepyeT npH 3TOM yKasaTb, 4YTO PAacHpefesieHHsi N0 JHEPTHsM,
no o6beMaM H 1o YHCJAaM YacTHLL AJsi cHereM THnoB I, III u IV uMetor
BECbMa OCTPHIH MaKCHMyM, TaK e KaK H pacnpejieieHHe 110 SHeprHsM
Ans cucTeMbl THna [ (cM. mpeapiaywmmit naparpag). ITosTomy Beposit-
HOCTH GoNIbIIHMX QMIYKTyaLui ynesa yacTH N 1 o6veMa V KpafiHe MaJIbl.
TeM caMbIM 3KBHBaJIEHTHOCTb BCeX PacCMaTpHBaeMblXx pacnpejesneHui
CTAaHOBHTCS ellle GoJiee OYeBHIHOMH.

Mgl Moraiv GH B mape comnpsikeHnbix nepemeHHbX (T, S) durcupo-
BaTh He TEMIeEPaTypy, a SHTPOINHIO, T. €. PAaCCMaTPHBAThb CHCTEMY, IO-
rpyXeHHYIO He B TepMocTar, a B agnabat. Ilpu 3ToM onsiTh BO3HHKaeT
yeThipe BO3MOXKHOCTH (PMKCHPOBaHHS ABYX napaMeTpoB H3 map (P, V)
H (1, N). OnHako NpaKTHYECKH SIBJISIETCS MOJIE3HBIM TOJBKO CJyyai,
korga S, V u N noctosiHHbl. PH3HUECKH TaKasi CHCTeMa JOJ/DKHA MBIC-
JINTCS 3aKJIOYCHHOH B COCYA C TemJoH3onHpylomumHu (S = const),
HenoABH:KHEIMH (V = const) H HenpoHHuaeMbIMH Aast yacTHi (N =
= const) cTeHKaMH. B 3Toli CHTyalMH cHCTeMa SIBJISIETCS IOMHOCTBIO
H30/HPOBAHHONH OT OKpYXalolledl Cpeibl H SHeprHs ee HeH3MeHHOH.
Tlpu 3TOM MBI MO/TyyaeM MHKpPOKaHOHHYecKoe pacnpefenenHe I'n66ca

p(Ei N, V)=AS8(Ei—E)8 (V—V)bn, 5. (47.52)

OGcyzuM Terepb BONPOC O Nepexofie K KJACCHYECKOMY OMNHCAHHIO

C HenpephLIBHO MeHsIoMe s SHeprHelt. ITOT epexos N0/ KeH CoBepIIaThb-

csi ¢ moMompblo 3ameHbl BenHunH g(i), g(i, N), g(i, V) Bennunnoi
3N

dTn/kNNY, tae dTy=T] dpidg;.Tlpu stom cymmmupoBanse 1o i B pop-

=1
myaax aas Z(B), Q(a, ), X(B, y) nepefizer, oueBHAHBIM 06pasoM, B HH-
TerpHpoBanue no dl 'y, H Mbl NIONYYHM

1 _E(D.Tq)
—— k
Z= e S ¢ dTy, (47.53)
(MN/RT _E(ul.?;\N)
Q—;——haNNl S ¢ dTy, (47.54)
—PV/kT _Ew eV
X= S Ve S & T AT 4Ty (47.55)

(8 dopmyJie (47.55) sneprust E(p, q| V) u npeaensl MHTErpHpOBaHHs
BO BHYTPEHHEM HHTerpajie 3aBHCST B oflieM ciyyae ot V). [TosiBaeHne
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B 3HAMEHATeJAX 3THUX BbIpakeHHH MHOXHTesss N! MOTHBHpyerCsl NpH
3TOM CJIELyIOIHM 06pa3oM. B cuily KBaHTOBOMeXaHHYeCKOrO NpHHIMIA
HEepa3JHYHMOCTH YacTHI (CHMMETPHYHOCTb HJIH aHTHCHMMETPHYHOCTb
BOJIHOBBIX (YHKIUH) COCTOSIHHSI, OTJIHYAIOLIHECs] NepecTaHOBKaMH dac-
THI{ APYT C APYTOM, AOJ/DKHBI PacCMaTpPHBAThCsl KaK OJHO H TO Xe CO-
crosinue. CyMMHpOBaHHe MO SHEPTeTHYeCKHM YPOBHSIM B BBIPaXKEHHSIX
st Z, Q, X 3To aBTOMaTHuecKH yuHTbhiBaeT. OJHaKO NpH mnepexolie
K HHTErPHPOBAaHHIO MO [-NPOCTPAaHCTBY MBI JHGO NOKHEI HHTETPHPO-
BaTh He mo BceMy I-npoctpaHcTBY (ToukH I'-mpocTpaHCTBa, OTJIHYAIO-
liHecsl NepecTaHOBKOH KOOPAMHAT H HMIYJIbCOB MOJIEKYJ APYT C ApY-
roM, He JO/DKHbI YUHMTHIBAThCS KaK Pas3jHUHble TOYKH), JHGO €CJIH Mbl
HHTETPHPYeM MO BCeM 3HAYeHHsSM p;, §; HEe3aBHCHMO JPYyr OT Jpyra,
BHOCHMAsl TIPH 3TOM OLIMOKa JOMKHAa KOMIEHCHPOBATbCS Ae/NEHHEM Ha
[OJIHOE YHCJIO NepecTaHOBOK N MoseKys paBHoe NI

OTMeTHM, YTO HECMOTPS Ha BHeLIHee CXOACTBO H HECOMHEHHO HMeio-
uyiocs TIyGOKylo CBSi3b 3TOTO IpHEMAa C HCKYCCTBEHHBIM NPHEMOM
'n66ca B TeopHH HIeatbHOro rasa (§ 34), Mexxay HHMH CyLeCTByeT
NpHHIMNHAJbHOe pasnuude. [Ipuem I'm66ca mpuMeHscs B paMKax
pacnpefienenns Makcpessia — BoJibliMaHa, OCHOBaHHOTO Ha HeBEpHOMH
THIOTE3€ O Pa3JHYHMOCTH YAaCTHIL H HMEIOLIEro CMbIC JIHLIb KaK mpe-
JieNbHBIH cayyal npaBHAbHBIX ¢opmysn Pepmu—][lupaka u Bose —
DitHwreliHa. Kak Mbl yxe noauepKHBajH, STOT NpHEM JOTHUECKH He-
COCTOsITEJIEH.

B npoTHBOMNOJIOXKHOCTb 3TOMY, TIPHEM, OITHCAHHBIH B 3TOM naparpade,
BoOGllle He ONMHMpAeTcss HH Ha KaKHe (H3HUYeCKHe THIOTe3bl H NpH-
MeHsieTcsl B paMKaX TOYHBIX CTaTHCTHUECKHX pacnpefiesleHuil (KaHOHH-
yecKoro, GOJIbLIOTO KaHOHHYeCKOro H T. A.). OH npeacrasisier co6oit
YHCTO MaTeMaTHYeCKHH IIpHEeM, MO3BOJAIOUIMH MpOlle BBIYHCIHTH HH-
TerpaJjibl o [-pocTpaHCTBY, He BbeJIsisl B HeM (pH3HYECKH SKBHBAJIEHT-
Hble o6s1acTu. Creftyer yKasaTb, 4To AIsi cucteMsl THna I u 111, aas ko-
Topeix N = const, MHOXHTesIb 1/N! siBJIsileTCsl NMOCTOSIHHBIM H €T0 Ha-
JIHYHe He HrpaeT BaxkHo# posu. OnHako ms cuctem thna 11 u IV stor
MHOXHTeJIb CTAHOBHTCSI CYILECTBEHHO BXKHBIM H He MOXKET GBITh OMYyLIEH.

§ 48. BoiBop pacnpenenennii Bose — Jiinwmireiina, Pepmn — Jupaxa
# Makcseana — Bosbumana ¢ noMouiblo GoJbIIOr0 KaHOHHYECKOTO
ancambas

B stoM naparpacde mbl nmpHuBeleM BbIBOJ pacmpelieneHuii Bose —
Siinwteiina, ®epmn—/Iupaka u MakcBesna—bonbuMana s Hieanb-
HbIX Ta30B, He OCHOBAHHbIH Ha NMPEANOJIOXeHHH g; > 1.

BbluHc/IHM 715 3TOH LeJMH Q-CYMMY COCTOSIHHH HJEAJbHOTO rasa.
Cornacno gopmyinam (47.49)

wN—E(i|N)

Q=Ye T g(i N). (48.1)
N,
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IycTb &, — BO3MOXKHEIE 3HAYEHHsI SHEPTHH OLHOH yacTHUbI rasa. [los-
Hasi SHEPTrUs HJeaJbHOro rasa E u noJHoe uncao yacTHi, N MOryT GHITh

3alHCaHbl B BHIE
E=3X"me, N=3"n, (48.2)
3 k

*
rae CHMBOJIOM E MbI 0603HayaeM CyMMHPOBaHHE He 10 SHePreTHYECKHM
k

YPOBHSIM, a 1O Pa3/HYHBLIM COCTOSIHHSIM YacCTHLBI, TaK YTO €CJIH SHepre-
THYECKHH YPOBEHb €, BBIPOXKJEH C KPaTHOCTbIO BHIPOMK/IEHHS gy, TO B
nepBoii cymMe (48.2) uileH, CollepKallHUii &, NOBTOPSIETCS gy pa3 (g, =
= Ep = . = 3k+g,,)~

Takum o6pasom, posb mapamerpa i B ¢opmyJe (48.1) BbimosHsieT
Habop yHCeJ ny IS BCeX COCTOSIHMH, i — {fy, Ny, ...}. KpaTHOCTb BbI-
poK/IeHHs A/1s Bcero rasa g(i, N) B ¢opMyiie (48.1) 1s Hepa3IHUUMBIX
4aCTHLL C/Ie/yeT NOJNOKHTb PABHOH elMHHIIE, TAK KaK 3aJaHHe BCeX UH-
cesl n, OHO3HAYHO ONpeJeJisieT cocTosiHHe rasa. CiefoBaTesibHO,

® UN—E

Q= e T =

N=0 n+ny+..=N

©

Rt t.)—(€mten+..)
=3 > e kT . (48.3)
N=0 nytnst..=N
3ameruM, yTo 6/arofaps CyMMHpOBaHHIO no N B 3T0 BblpaxkeHHe
BXOIIT BCEBO3MOXKHble HAaGOpbI YHCean n; € JOGHIMH 3HAYEHHSIMH
n + ng + ..., ¥ Q-cyMMa MoKeT GHITh epenkcaHa B BHAe
[ T el
Q=3 ...e }T T AT 7 | (48.4)
ny ny

Uuraresb Jerko MoxeT yGeIHTbCS B TOM, YTO KaM[Iblil UJIeH CyMMbI
(48.3) BXoauT (ofMH pa3) B cymMy (48.4) W, HaoGoOpOT, KaXKAblil uieH
CyMMbl (48.4) BXomMT (OAMH pas) B BbipaxeHHe (48.3), Tak 4TO 3TH
BLIDaXKeHHs 5KBHBaJeHTHh. Hakowuel, Bbipaxenue (48.4) Moxer GbiTh
INepenrcaHo B BHJe NPOH3BEJEHHsI 10 BCEM YPOBHSIM

n—e
e=I13% T, (48.5)
i nl

PaccMoTpHM Tenepb pasfiesbHO cayuait rasa Go3oHOB M rasa ¢ep-
MHOHOB.
B ciyyae cucTeMbl GO30HOB YHC/a 1; MOTYT NPHHHMATh BCe 3Haue-

Hus n; =0, 1, 2, ..., H CyMMHpYsl reOMeTpHUECKYIO NPOTPECCHIO, 11o-
JIYYHM
@[ n—egh
Z ¢ &T ) -
n Ei’

n=0 %
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OTKYyJAa
(48.6)

B cayyae cucteMbl (hepMHOHOB YHCJIA f1; IPHHHMAIOT TOJIbKO fBA 3Ha-
uenus n; = 0,1, U Mbl HMeeM

Q=H(1+e%). (48.7)

Tak kak Q-MoTeHIMa] rasa ompefensiercs 1o ¢opmyle Q =
= —kT In Q, To MBI OJTy4aeMm

Q=T 3 In (1 e ~%/5T) (48.8)
i

B cayyae rasa G030HOB (BepXHHe 3HAaKH) H rasa (epMHOHOB (HHKHHE
3HaKH), T. . popmyJy (36.10), nomyuenHyio Ast 6030HOB H hepMHOHOB
B § 36.

Jubdepenuupys Q no XHMHYECKOMY nm‘euuuany, HaXO/\HM

N=— ( ) E
(€;—W/RT _
op /1, v o )/
HJIH B CJyyae, eCiH g; ypoBHeﬁ C/IMBAIOTCS1 B OJHH}

N’=2+~
o WA Y

Hast napuHaJbHbIX YHCEJI 3alOJIHEHHS N, umeem otciona

= gi
T. €. OCHOBHbIe hopMyJIBl pacnpesiesenuit Bose—IiiHmrelina n Gepmu—
Jlupaka COOTBETCTBEHHO.

JLast KJ1acCHYeCKHX (pa3/HYMMBIX) YaCTHI[ KPATHOCTH BBIPOMIEHHS
g(k, N) yxe He MOTYT CUMTAaThCsl PaBHHIMH elHHuIe. Tak kak N pas-
JHMYHMBIX YaCTHI[ MOXKHO pa3GHTh Ha TPYIIBI N0 £, YaCTHI Nl/H g

3

crioco6aMu, TO

N [ +ns+..) — €11 +83na+ .0 ) /T
2 N e (48.9)

nylngl ...
N=0 nytngt..=

W, U3-3a HaJaHYHsl MHOXKHTeast N!, cymmupoBaHHe B (48.9) He cBomHTCS
K He3aBHCHMOMY CYMMHPOBaHHIO IO YHCJIaM f,. Bocrmosb3yemcs mpu-
exom I'm66ea (§ 34), coracHO KOTOPOMY COCTOSIHHSA, OT/IHYAIOLIHeCs
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TO/ILKO MepecTAHOBKAMH YaCTHILI, NOJIAKHBI CYHTATLCS TOXKJIECTBEHHBIMH,
W TojeMM KaKAblH uneH cymmbl B (48.9) Ha N!. Torma nomyuum
el

e nat o) — (€ ean + ) /RT
Q= Tl =
N=0n+n5b..=N el el e
L (n—e)/kTyn
-3 LChid L ]_[exp(e"‘ 2T)(48.10)
i =0
OTKyZla HMeeM
Q=—kTInQ=— kT 3 =%, (48.11)
N=_.%;3 - Ze(u~e,~>/kT (48.12)

HIH L5t g;-KpaTHbIX ypoBHei
N= Zgie(u—ei)/kT .
i
s napuuajbHbIX YHCes 3anojiHeHHs N; HMeeM
—2.) kT
N;=g;e(“ g,/ ,
T. e. ¢opMyay pacnpepenenus Makcpenna—bBosablMana.



TTABA V
TEOPHSl HJIYKTYAUHA

§ 49. Payxkryanuu B chcremax Ttuna I, II, I

Paaninune Mexly CTaTHCTHYECKOH H YHCTO TePMOAHHAMHYECKO! TPaK-
TOBKOH HanGoJiee HarJIsAHBIM 06Pa30M NPOSIBASETCS B CYIECTBOBAHUH
(IyKTyalHOHHBIX mpolleccoB. PeasbHoe HaGumonenHe QayKTyauus, T. e.
CaMOTPOH3BOJIbHBIX NIEPEXOJIoB H3 GoJlee BEPOSITHBIX B MeHee BepOSITHbIE
COCTOSIHUSI, CBH/ICTENIECTBYIOT O HEJIOCTAaTOYHO! OBLIHOCTH YHCTO TEPMO-
JINHAMHYECKOA KOHIENHH PaBHOBECHOTO COCTOSIHHSI M SIBUJIOCH B CBOE
BpeMsl TIOATBEPKAEHHEM aTOMHO-MOJeKyasipHoro ydeHus.Kak mbi ymo-
MHHaJ/IH yxKe B § 33, B MAKPOCKONHYECKOI CHCTeMe TOJIbKO OYeHb MaJible
GayKTyalus 06JajaloT 3aMeTHOH BepOSITHOCTBIO, OJHAKO B CHCTEMe
¢ HeGOJIBIIMM YHCJOM CTemeHel CBOGOAbI BOSMOXKHBI M (uIyKTyalHH
GoJibLioro Maciuraba, B CBA3H C 4eM np He TepMOoAH KHX
3aKOHOB B TaKHMX CHCTeMaX CTAaHOBHTCS, BOOOINE, HE3aKOHHBIM.

B nonasasiomem GOMbIIMHCTBE KOHKPETHBIX 3alay HaM JOCTAaTOYHO
XapaKTepu3oBaTh (YKTyallMOHHbIE NPOLECCH TOTO HJH HHOTO THIA
¢ TOMOIIBbIO TaK Ha3blBaeMoH cpedHeil keadpamuuroli paykmyayuu (Ouc-
nepcu) HeKOTopo# (U3HYECKOH BeJHYMHHI L, onpesessieMoli GopMyioi

(DL =(L—Lp=L"—(Lp, (49.1)
¥ OTHOCHTEJIBHOH (JIyKTYalHH
DL

sL=5E. (49.2)

3aiiMeMcs BEYHCIeHHeM QUIyKTyalllil OCHOBHBIX TEDMOJMHAMHYECKHX
BesiMunH B cucremax thma I, II u III.
Has cucrems tuna 1 (T, N, V = const) nmeem

E=U=—znZ®)

Z Ef-e‘ﬂE (llg (@) a*Z
Fa i

g
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OTKyZa HaXONHM
(DE):= (ln Z@)=— ~. (49.4)
Tepexonst kK nepementoit T = 1/kB, momyunm
(DEy=&T*(37) = AT*Cy. (49.5)

OG6cynuM HekoTOpble 4YacCTHble cay4yan ¢opmyJsr (49.5).

B cnyuae upeanshoro rasa E = (I/2)NkT, Cy = (I/2)Nk u, creno-
BaTe/bHO,

DE=#4T ]/’7 N, (49.6)
H OTHOCHTe/MbHast daykryauus OE paBHa
8E = T ]/,N (49.7)

H OuYeHb MaJsla JJIsi MAaKPOCKONMHYECKHX CHCTEM.
Ias caysast kpuctramna npu T < O umeem (cM. § 38)
F_py_ SWNAT __ 12ntNETY
E=U=%g— C""‘"s'e_a—'

OTKYJa AJIfl AMCIEPCHH M OTHOCHTEJBHOH (MIYKTyalHH HaXOHM Bhpa-
HKEHHsT

(49.8)

DE= 2n2k( ) T, (49.9)

!
SE= ( )”<e>”'—‘_-. (49.10)
3t VN

OtHocHTeNbHAs (JIYKTyaluHusi SHepruM yOblBaeT ¢ POCTOM YHC/IA
YaCTHIL MO OGbIYHOMY 3aKOHY ~N~'/z, OIHAaKO MO Mepe YGHIBaHHsS TeM-
nepaType OHa pacTeT H MOXET CTaTh BeCbMa 3HauHTE/NbHOH. Pusuue-
CKOe 00bsICHEHHE 3TOro hakTa 3aK/IouaeTcsi B TOM, HTO C yMEHbIIEHHEM
TeMmnepaTyph! yGbiBaeT sdxpeKTHBHOE YHCJIO CTeneHeil cBOOOMb! (¢BBIMEP-
3aHHe» KoaeGanuil, cM. §§ 52, 54) u BeseACTBHE 3TOro (UIKTyalHH
B cHCTeMe ¢ HeGO/bUIMM YHCJIOM CTeNeHell cBOGO/b], KaK BCEraa, CTaio-
BSITCSI CYIIECTBEHHBIMH.

OTMeTHM, HaKOHell, YTO (IyKTyalHH SHEPrHH CTAHOBATCH BecbMa
GOJIBIUNMH B M30TepMHUecKHX cHcTeMax (Cy — 00), Hampumep, B CHC-
TeMe KHAKOCTb — HACBIUEHHHIH Nap NpH HeH3MEHHOM [aBJIEHHH (KH-
neHue). B cBS3H ¢ 5THM BeCh MPOLECC KUNIEHHS HMeeT HeYNOPAI0UeHHEi,
(JIYKTYalUHOHHBIH XapakTep.

Boiuncanm ¢aykryauud B cucreme tHma III (T, N, P = const):
X-cyMMa COCTOSIHHH HMeeT BHI

X @ v)=[>dvev—pdiVg(, V).
i
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Cpennsas 5Heprus H CPeAHHH 0GbeM paBHbI

— a w3 a

E=—gznX@® 1) V=—gpn(nX@ vy @.1)

[lhcniepcuss SHepTMH H JMCIEPCHS] 00bEMa MOTYT ObITb BHIYHCIEHB!
TaK XKe, KaK M JUIs CHCTeMBl I, H OKasblBalOTCS PaBHBIMH

(OEy=—( g:g)v = kT? (g%v (49.12)
Ovyp=—(G), = —#T (%), (49.13)

Boiuncaum  npoussonnyio (0E/3T)y. Tlepeiinem B  skoGHaHe
(E,v)/0(Ty) k nepemennbm (T, V) Aasi TOro, 4ToOb! BbLAEIHTD TEIJIO-

emkocts (0E/0T)y = Cy. Hmeen
A, v) _ 9(E,y)0(T, V) _ (OE/aT),, (9v/0V) —(OEdV) 1 (3v/0T),, _

oT,y) T, V)o(T,v) @v/oV)z

_ E 9y, V(T V)
= Cy—(0E/0V)r Ty TRV, T

Iepeiinem Bo BTOpOM c/laraeMoM npasoii yacTH K nepemenHsiM (T, P),
OT KOTOPHIX 3aBHCHT BelHuHHa y = P/kT:

(g—g)v=cv+ (g)r%%

Briuucienne MHOXUTest npH (0E/0V)r NPHBONHT OKOHYATENBHO K pe-

Sy/bTaty OF oF oV P [ov
(37>v =Cvt (W)TKBT)P +7 (ﬁ)r]'
OTKyAa AJsl NHUCIEPCHH SHEPTHH HaXOAMM
E
oer=tr[cv+(5), (G, + 7 (&) @19

Ipoussonuas (0E/@V); Gblia HaMu B cBoe BpeMsl BbIYHCJEHA:

oF 0.

@)=—p+7(7),

B wacrhocTH, AnA uieansHoro rasa (6E/0V), = 0, cirefoatenbHo,
nucnepcust sHepruu paBHa (DE)? = £T?C TaK xe, KaK H JUI CHCTEMbI
THna I. 1ot pesy/bTaT ecTecTBeH, TaK Kak JJIsi HAEAJbHOTO rasa y =
= P/kT = R/kV u ycnoBue y = const sksuBamentHo V = const.

Tonb3aysch dopmyoi (49.13), MBI MOXKeM MOMyYUTD BbIPAXKEHHE AJIs
Gaykryauun naotsoctH p = m/V. Hmeem

Dp=—jiDV=—p",
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OTKyna

(Dp)r=— AT (3;) . (49.15)

B cayuae cucremer tuna 11 (T, V, p = const) anajioruuneie BHKIaAKH
NPHBOAAT K C/AeAYIOIHM GOpMyaaM AJsi AMCNIEPCHH SHEPTHH H UHC/Ia
YaCTHLL

(DEy2 = (;,” ) (49.16)
©ONp=(3),. (49.17)

epeiinem or nepemennsix p = 1/&T, & = p/kT « nepemennnm (T, p).
Hmeem

(t?‘IT) 9 (E, a)/d (T, w) (0E/3T)u (aa/amr_(aﬁ/am,(aa/a‘r)"

\9B (B, @) (T, p (0B/0T),, (Oa/op)

=— [, + £ 5.} (Z%l)fkT(Zg)r. 49.18)

Ias Toro, utoGbi BeIpasuTh (DE)? u (DN)? qepes Jerko H3MepHMbie Be-
JIHYHMHBL,  C/efoBano Gbl npeofpasoBaTh npousBoaHbe (0E/8T),,

(0E/6p);, (ON/6p); Tak, uTOGbl XMMHUECKHH MOTEHUHAa GBI M3 HHX
uckaloueH. OZIHAKO MBI OMYCKAeM STH BLIMHCAEHHS BBHAY HX TPOMO3J-
KOCTH.

§ 50. Popmyna diiHwTeAHa AIS BEpPOATHOCTH (AYKTYaUHi

Bynem HCXONHTb H3 YC/I0BHSI HOPMHPOBKH JIsi aHCaMGisl, B KOTOPOM
(AyKTyHpyeT H 3Heprus, H YHCJO YacTHL, H o6beM (chcrema Tna IV),
H BbiBeZleM (GOPMYJy ISt BEPOSTHOCTH IPOH3BOMBLHOH (JIyKTyauHH
(popmyna DiiHwreiina). 3anuiueM ycJI0BHE HOPMHDPOBKH

> g, N, V)enN—PV=EGIN, /KT =], (50.1)
LNV

DyHKUHS, CTosILAs NMOA 3HAKOM CyMMbl, HMEET YpesBhIYafiHO PesKHi
MaKCHMYM B Touke E = E, N =N, V = V (oHuHeM CpelHHX 3Ha-
vennit E, N, V or nauGonee BEPOATHBIX 3HAYEHHH Egep, Nyepy Viep
B MaKPOCKONHYECKOH CHCTeMe MOXHO NpeHeGpeub). DTO MO3BO/MsET
BBIHECTH B BbipaxkeHHH (50.1) 5KCNOHEHUHANbHBI MHOXHTEJIb B TOUKE
E =E, N= N, V=V 3a 3HaK CyMMBl H OTPaHHYHTbCS NPH CYMMH-
poBaHHH TOMbKO 3Hauenusmu N, V u E(i|N, V), 61uskuMuH K Touke
MaKcHMyMa. BesnnunmHa o6nacTH CyMMHPOBaHHSl ONpefe/siercs MpH
9TOM NPaKTHUECKH OJIHO3HAYHO, 6/1arofaps Kpafine GbICTPOMY CIaflaHHIO
cymMMHpyeMoli (YHKUHH I@pH yAaJeHHH OT TOYKH MaKCHMyMa.
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Qopmyna (50.1) nmpuHEMaeT mpu ITOM BHLA

euN—PV=BAT 3 o (i, N, V)=e~Sket"=1. (50.2)
LN,V

Mer BoOCmO/IB30BA/IMCh 3[1€Ch TEPMOJHHAMUUECKOH (opMyJioi
WN—PV—E=®—-PV—-E=—TS,

rie S — 3HTPONHST PABHOBECHOTO COCTOSIHHUS, a uepe3 e/~ Mbl 0603HaUHIH
YHC/IO0 MHKPOCOCTOSIHMH, COOTBETCTBYIOLIHX MaKPOCKOINHYECKOMY paB-
HoBecHoMy coctosnuio o/ = 3* g(i, N, V), rae cumson )" os-
i i, N,V
Hayaer CyMMHpOBaHHE IO M;I'KI\BOVCOCTOﬂHHﬁM, GJH3KHM K HaHbosee
BEPOSITHOMY MHKPOCOCTOSIHHIO.
Hs (50.2) caenyer, uto
ot =eSlk, (50.3)

TTyctb B cucTeMe, B3aHMOZEHCTBYIOLIEH C TEPMOCTATOM, NMPOH3OIIIA
camasi o6uiast QuyKTyaL s SHepTHH, YHCIa YacTHIL H oGbeMa. MBI MoXeM
ce6e NPeNCTaBHTb, YTO CHCTeMa IPH 3TOM HCKYCCTBEHHO NpHBEJeHa
B PaBHOBECHOE COCTOsiHHE (C M3MEHEHHEIMH 3HepTHefl, YHC/IOM YacCTHIL
1 o6bemoM) Grarofiapsi TOMy, UTO Mbl H30JHPOBAJIH ee OT TepMoCTaTa,
[IOMECTHB €€ B COCY/ C TEIVIOH30/MHPYIOMIHMH, HEMONBHKHBIMH H HETpo-
HHIlaeMBIMH 1JIs1 YacTHIL cTeHKaMH. Toraa ¢opmyia (50.3) moxer GbiTh
3anucaHa M JJIsi HOBOTO COCTOSIHHSI CHCTEMbI

oH" =S,

rae S’ — 9HTPONHSI CHCTEMBI B COCTOSIHHH (UIYKTyalliH, a ™" — 4HC/I0
MHKPOCOCTOSIHHH, COOTBETCTBYIOHIHX HOBOMY MaKPOCKOIIHYECKOMY CO-
crosiniiio. OueBHIHO, BepOsITHOCTb (aykTyaunn W fo/ixHa GEITh Ompe-
JieJleHa KaK OTHOLUeHHe e K e, 1 Mbl [I0Jy4HM gopmyay Jinwmedna
[

V=—7

HIH
W =eS"—S)k, (50.4)

§ 51. daykryauuu B GoTOHHOM rase. PIYKTyauun B rase
6030HOB H (epMHOHOB

B 1909 rony B cratbe «K coBpeMEHHOMY COCTOSHHIO MPOG/IeMbI H3-
NyueHust» A. DfiHTeliH paccMoTpea (UIyKTyauHH SHEPTHH paBHOBeC-
HOTO H3JyYeHHs! H BhICKa3ajl B CBSI3H C 3THM BecbMa IiyGokHe coobpa-
KEeHNsl O IPUPOJle H3/yYeHHsI. MBI MO3HAKOMHMCS 311€Ch C COMIepKAaHHEM
STOH paboThl.

Byzem BHayane paccMaTpuBaTh H3Jy4YeHHE YHCTO KJIAaCCHYECKH Kak
CHCTEMY CTOSIYHX 3JIEKTPOMarHHTHHIX BOJH, QUIyKTyaluH IJIOTHOCTH

8 0. B. Pymep, M. LIl Poiskun
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SHEPTHH MPOUCXOAAT BCJEACTBHE HHTepdepeHIHH STHX BOJH, Gnaroaapa
KOTOpOH MIHOBEHHOe 3HaueHHe IJIOTHOCTH SHeprud moJs B JaHHOH
TOYKE MOXeT GhiTh TO GoJiblile, TO MeHblie. COrnacHo H3BECTHOI 3/1€KTpO-
JIMHaMHYecKoit GopmyJie MIOTHOCTb SHEPTHH IOJIS B TOYKE # B MOMEHT
BpeMeHH ¢ paBHa

() =g € (r, )+ 32 (r, 1)), (61.1)

rne &(r, 1) u F(r, {) — HANPSIKEHHOCTH SJEKTPHYECKOTO H MArHHT-
HOTO noJieff, KOTOpbie MPEeACTaBJsIoT cofoii CynepnosHuiy GoMbIIoro
yHC/la MOHOXPOMATHUECKHX BOJH C Pas3HBIMH YacTOTaMH, HampasJe-
HHSIMH TIOJISIPH3ALKH M CJIyYaiiHO pacnpeleseHHbIMH HauaJbHBIMH (a-
3amH. Buarojapsi HeKOrepeHTHOCTH 5THX BOJH (MHTepdEpeHIHOHHBIE
Y/IeHbl HCYe3aloT NMPH YCPeIHeHHH 1o (a3aM) CPeAHss SHEPrusl moJjs
HPOIOPIHOHAJIbHA CPefHeMY KBajpary aMIVIHTYAbl BOJNH, B TO BpeMsi
KaK KBajipaT AHCNEPCHH IPONOPIHOHANEH CPEeJHeMY 3HAUYEHHIO YeTBep-
TOli CTENeHH aMIIHTYAbl. BeseacTBue aToro KBajpar AHCiepCHH Iponop-
IHOHAJIeH KBaJpaTy CpelHeil HePrHH nojs. TOuHoe KOJHYecTBCHHOE:
paccMoTpeHHe (KOTOpoe Mbl He NPHBOIMM BBHJY €ro IPOMO3JKOCTH)
03BOJISIET HAlTH M Ko3(XpHIHEHT nponopuHoHaabHoCTH. BBenem B pac-
CMOTPeHHe CpPeJHIOI 3Hepruio uanyuenus dE(v) B enunuue obbema
i B HHTepBaje yacror (v, v -+ dv). MoxHO mokasaTb, 4TO dopmyna,
cessuBaomas DdE(V) u dE(v), umeer Buj
(dE (v))*
(DAE (V) ="~ OB (51.2)
rie
Sm; dv

dn (v) = (51.3)
— YHCJO BOJH (Ha EIMHHIY o6bema) C 4acTOTaMH B HHTepBase
v, v 4 dv). 3ty dopMysny MOKHO MOJYUHTb M3 obulefi (GopMyJb Aas
auciiepcuu sHepruu (49.5)

oF\

(DE) = &T? (M, (51.4)

ecn BMecto E MOACTaBMTH CIpaBe/IMBOE B BOJHOBOM Npejielle Bhipa-
KeHne 1as dE(v), caenyioulee u3 3akoHa Penest — [lkuuca:

dE (v) =22 gy, (51.5)
Bewucaum tenepsb (D dE(v))?, monb3ysich dopmyJoit [Tnanka
8nh  vidv
E(M) =3 Fnt

u cdopmysiofi ast daykryaunu sseprun (51.4). Haxonnm

o 8z VAT gy [dE ()]
(DAE () =7 Cr— s = v dE () + 10 o (51.6)
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Bropoe ciaraemoe B (51.6) coBnagaer ¢ (51.2) u umeer, Kak Mbl BUAEJH,
BOJIHOBOE IIPOMCXOXKJEHHE: OHO MPeACTaBasieT oGOl pe3yabTaT Gecro-
PSIKOYHON UHTepGEPEHIIHH SIEKTPOMATHUTHBIX BOJH HIH (JIYKTyauHIo
KJIaCCHYECKOr0 BOJIHOBOTO moJisl. JlJisi TOro 4ToGbl MOHSATH CMBICH mep-
Boro cjaraemoro B (51.6), pasnesinM o6e yacTH 3TOTO COOTHOLIEHHsI Ha
(hv)? 1 BBelieM YHCJIO KBAaHTOB B MHTepBaie (v, v + dv), 0603HauuB €ro
dN(v) = dE(v)/hv. ®opmynaa (51.6) npuHHMaeT BHL

[DdN WP =dN (v)+ 25 @N W)

T (51.7)

3ameTuM, 4TO OTHOMWEHUE BToporo uieHa (51.7) (uau (51.6)) k nepsomy
corsacHo ¢opmyJe Ilnanka paBHO

dN (v) 1
D(v)= ) = T (51.8)
rae D (v) — MIOTHOCTb uHc/aa GOTOHOB, H, C/ELOBATENbHO, MepBoe Cla-
raemoe B (51.7) unu (51.6) npeBasinpyer Hax BTOPbIM B o6sacTH Av > kT
(o6nactb BuHa), a BTOpoe Ciiaraemoe mpeBalHpyeT Hal MEpBLIM B 06-
nactd hv L kT (o6nactb Peness — JlkuHca). Takum o6pasom, B 06-
nactd Buua Mbl uMeeM opMysy Aast QAYKTYyauMH YHcIa KBaHTOB

[DdN (V)2 =dN (v), (51.9)

coBrnafaoimyio ¢ dhopmysoii (49.16) 1A GAyKTyauun uyHcaa MOJEKYJT
HA€aJIbHOTO Tasa.

Urak, Ml BHIAHM, YTO B 06JacTH GOJIBILKX 4acToT Av > kT 1 Malbix
HETeHcHBHOCTeH cBeta D(v) < 1 uanyueHue Befier ce6s KaKk HACAJbHbIH
ras He3aBHCHMBIX ADYI OT Jpyra YacTHU — CBETOBbIX KBaHTOB. Ha-
o6Gopor, B o6/1acti MafbiX 4actoThv < kT u GOJBIIHX MHTEHCHBHOCTEH
D(v) > 1 usnyuenue ener ce6sl KaK CHCTeMa KJIACCHYECKHX 3JIEKTPO-
MarHUTHbIX BOJH. TakuMm o6pasoM, B sIBIeHHAX GJyKTyauuii cBera
0COGEHHO HarlJIsiHO MPOSIBJISETCS ero JABOMCTBEHHash KOPIYCKYJsPHO-
BOJTHOBasi MpHpoJa.

Paccmorpum duykTyanun usnydenust B o6nactd Buna ¢ neckonbko
HHOii TOYKH 3PeHHS M HalilleM BEPOATHOCTb GJIyKTyallHH oGbemMa 3aiaH-
HOTO KOJIHYECTBA SHEPTHH uaiyueHus. Byaem nmosmb3oBaTbest GpopmyJIoi
OfiHIuTeliHa AN BEPOSATHOCTH (MIYKTyauHH

W =SV =S (VolkT (51.10)
e S(V,) — 3HTPONHUS B PAaBHOBECHOM COCTOSHUH (M3JTyueHHe 3aHHMaeT
paBHoBecHbI o6tem V) u S(V) — sHTpOnHUs B COCTOSHUH GIYKTYalHH

(u3nyuenue 3ansiio obvem V). Mmeem corsacno dopmyie (33.5) aas
SHTPONHH WHTEpPBaIa 4actor (v, v+ dv)

B _van W)@ +DIn@E+)-D®DE)]. (5111

8
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B o6nactu Buna D(v) £ 1, u 370 BbIpaeHHe HMeeT BHA
B0 — van(v)D ) [1 =InD (). (51.12)

Jlns sHepruuM TOrO XKe CNEKTPANbHOTO MHTEPBaJa HMeeM
dE (vy=V dn (v) D (v) hv. (51.13)
Hckmouass us atux ¢dopmyn D(v), Haxoaum

B0 _ SOy (D Y]

Jns pashoctd auTponuit dS(Vy) — dS(V) umeem
dS (Vo) —dS (V) _ dE() . (V.
=m0 (Vo)

CnenoBatenbHo, coraacho (51.10) BeposITHOCTL (MIyKTyauuu paBHa

W= <V10>dE(v)/hv _ <VL°>dN ) . (51.14)

VIHTepnperanus 3TOTO COOTHOILIEHHsI BechbMa NpOCTa: eClH B oGbeMe
Vo umeercst dN(v) GOTOHOB, TO AJIs1 KaXA0ro (OTOHA BEPOSTHOCTb OUY-
THThCS B MeHbllleM o6beMe V paBHa V/V,, a 1151 Bcex GOTOHOB OHa paBHa
B cuay uX HesaBHcHMOCTH (V/V)4N®™), Iro aumHuil pa3 NofyepKHBaerT,
yTo B o6JacTH BUHa mpeBaNMpYIOT KOPNYCKYyJsipHble CBOHCTBA CBeTa.
Kaxk 13BecTHO,COrIacHO KBAaHTOBO! MeXaHHKe, KOPIYyCKYJISpHO-BOJ-
HOBOI lya/Iu3M NpHCYLL He TOJbKO (JOTOHAM, HO H BCEM MHKPOUYACTHLAM.
JIns uamocTpauMy 3TOro BBIMHCJAHM (GMYKTYallHH YMCIa YacTHIl ANs
H/ieabHOro ra3a 6030HOB, GePMHOHOB H K/NAaCCHUYECKHX «HEPa3HUHMBIX»
YacTHIL.
CorsiacHo ¢opmynam (49.17) u (49.18)
2 ‘.’ﬂ)
(DN) -—kT(ap v (51.15)
B ciyuae nieasbHOTro rasa pacrnpefieseH s YacTHIL AJIs KaXI0TO YPOBHSI

€; He3aBHCHMbI APYr OT ApYra, M Mel MOXeM 3anucathb 3Ty (opmyny
JAAs Kaxaoro N; OTAeNbHO

(DN )= £T (%)T .,

l'lo;m'aa.rmﬂ BMECTO /Vi BbIpaxKeHue

= 8i
Ni= & —WET 70

re { = —1, 1, 0 ans1 rasa Go3oHOB, (PePMHOHOB H KJaCCHYECKHX yac-
THI COOTBETCTBEHHO, MNOJYYHM
o€ —)/kT . )8
(DN )2 gie”i =N, _C(Nz)

= e wAT T ) A
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HIH _
Ny =N+ (51.16)
a5t ra3a GO30HOB, -
(DN,-)2=IV,-—% (61.17)
Jisi Ta3a (pepMHOHOB H
(DN =N; (51.18)

AJIs Ta3a KJacCHYecKHX yacTHu. B gopmynax (51.16), (51.17) (anaiso-
ruyHo dpopmyae (51.8) mis horonHOrO rasa) nepBhie CaraeMble sBJSIIOTCS
OTpaX{eHHeM KOPNYCKYJNSPHBIX CBOMCTB CHCTEMBI JePMHOHOB H GO30HOB
COOTBETCTBEHHO, B TO BPeMsI KaK BTOpble CJlaraeMble STHX GopMyJs yKa-
3bIBAIOT Ha HaJIHYHE y 3THX YaCTHIL TAKXKe H BOJHOBBIX CBOHCTB (comyT-
CTBYIOLLHE BOJIHbI Ae Bpoiiast). B oTsinume ot sToro Ast rasa Kiaccuue-
cKHX yacTHI (popmysa (51.18)) BTopoe ctaraeMoe OTCYTCTBYeT H 3TH
YaCTHIB! He 06/1aJai0T BOJNHOBBIMH CBOHCTBaMH.

§ 52. Teopus ronyGoro iseta HeGa

PaccMoTpuM B KayectBe HJIJIOCTPHPYIOLLIETO NPHMepPa TEOpPHIO pac-
cestHHsl CBeTa QUIYKTyalHsIMH TJIOTHOCTH B aTMocepe, H3BECTHYIO NOX
HasBaHHEM «TeopHH rosy6oro usera HeGa» (Peneii).

TMpencraBum ceGe napaJielIbHblf MYYOK CBETOBbIX Jy4eit, Naaloumui
Ha BelectBo. Ecsii Gbl BelllecTBO GbLIO COBEPIIEHHO OXHOPOAHBIM —
HMeso Obl BO BCeX TOYKAX OXHHAKOBYIO IUIOTHOCTb, TO NOKa3aTelb mpe-
JIOMJIeHHs1 BelllecTBa Obl1 Gbl TaKXKe OJIMHAKOB BO BCEX TOYKAX H pacces-
HHe Ny4YKa OTCyTCTBOBaJO Gbl. B 3TOM ciiyyae cpesa, yepes KoTopyio
pacnpocTpaHsiercsi cBer, Obiia Obl HeBHAMMOH. Haxomsich Ha moepx-
HOCTH 3eMJTH, MbI «BHJJIH» GBI aGCOTIOTHO YePHOE «HEGO» H OC/IENHTENBHO
sapkoe CounHue.

Ha camoM nene 61aronapsi XaoTHYeCKOMY ABHMKEHHIO MOJIEKYJI B at-
Mocepe NMPOUCXOMAT GJAYKTyalUHH NJIOTHOCTH H B OTAEJbHBIX MaJIbIX
ofbemMax BO3HMKAIOT CTYCTKH M paspeXeHHst Mojekya. Bcuexctsue
9TOro GJIYKTYHpPYeT NOKa3aTeslb NIPeJOM/IeHHs] H BO3HHKaeT Gecrnopsifoy-
HOe npeJioMJ/IeHHe Bcex Jyuell cera B aTMocdepe. IlepBoHayasbHO na-
panenbHBI MyYoK Jyuell CTAaHOBHTCS PAaCXOASLLHMCS — MPOHCXOXHT
paccesinue cBera. Tenepb Mbl BUINM B PacCesiHHbIX Jy4ax Cpely, yepes
KOTOPYIO MPOXOIHT CBeT H CNEKTpalbHbIi COCTAaB PACCESIHHOTO CBETa
ONpeNieNisi€T LBeT 3TOH CPembl.

TlepefineM K KOJNHYECTBEHHOMY PacCMOTPEHHIO.

W3 3/1eKTPOXHHAMHYECKOH (OPMYJbl LISl BEKTOpa MOJSPH3AUHH
Cpensi

F=2—1g (52.1)

4n
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TIe & — JQH3/IeKTPHYeCKasi MPOHHUILAEMOCTb Cpelbl H & — HanpsxeH-
HOCTb MMOJIs, HMeeM AJs1 NHCIEPCHH BbIpAXKEHHE

DR =20 8=22 o0, (52.2)

rre & = 69! — HanpsKeHHOCTb MONS NMajamouledl JeKTPOMATHHTHOMK
BOJIHBI C YacTOTOH ®, a MO/IEM PaccesiHHbIX BOJH Mbl NpeHeGperaeM, Tak
KaK OHH JaloT 3dxpekT BTOporo mopsiika Manoctd nmo De. Baaronaps
GayKTyanun MoNspU3alkHU 3eMeHT o6beMa U MpHOOpeTaer AOMOJHH-
TeJIbHBIN JMMONBHBIN MOMeHT, paBHbii vD& = p. Dueprusi, usnyuae-
Masi 3THM 3JIeMeHTOM 00beMa Yepe3 eIHHHYHYIO MJIOUIAJKy Ha PacCTos-
HHH r OT HEro 3a 1 cekyHay, ompejesnsercss ¢opmy.ioi
__|P2sin?0 _ (De)?w*&3 sin? 60®

AW = 4ncdrz (4n)3c3r2 ' (52.3)
rlie § — yron Mexkay majatouieii H paccessHHol Bonnamu. IToTok sHep-
I'MH B Najaouiell BojHe paBeH Bekrtopy IloiiHTHHra

Wo= 4-‘:; [8.76,), (52.4)

U B cuay cootHowenuit #,=1V e &, #, | &, (varnurHas nponumae-
MOCTb BO3LyXa MOMeET CUHTAaTbCsl PaBHOH ENHMHHIE) HMeeM
s
ce

Wo=2"8. (52.5)
Orciozia OTHOLUEHHE NIOTOKA SHEPTHH B BOJIHE, PACCESHHOI MOl YIJIOM 6,
K MOTOKY 3HEprMM B Majaiomesi BOMHE PaBHO

AW 72 (De)? v2 sin §

Wo  elne
B stoit hopMyne v ecTb 06beM, JIHHEHHBIE Da3Mepbl KOTOPOTO MaJlbl
MO CPaBHEHMIO C JJIMHOH BOJHBI (YC/OBHE NPHMEHHMOCTH (DOpPMYJIBl
(52.3) — MOTOK SHEPTHH OT «TOYEUHOTo» AuMoJsi). dakTHuecku pacces-
HHe MPOHMCXOAMT OT 06beMOB, GOMBIINX MO cpaBHeHHIO ¢ AS. PasbuBas
TaKoH 00beM Ha 0GBbeMbl U, MBI JIOJIXKHBI YUeCTh, UTO 00BEMbI ra3a KBa3u-
He3aBHCHMbI H GJIYKTYallHH B HHX NPOHCXOAAT HE3aBHCHMBIM 06pa3oM.
Banaronapsi sToMy BOJHHI, paccesiHHbIE ABYMsi 0GbeMaMH U; H U,, HEKO-
TEPEHTHBI H CK/aJbIBAIOTCS HE HX aMIUIHTY/bl, 8 HHTEHCHBHOCTH. B cBsian
C 3THM HHTEHCHBHOCTb BOJIHBI, paccesiHHOH ofbeMoM V, moayuum,
YMHOXHB BhIpaxeHue (52.6) Ha uncio o6beMoB v B oGbeme V, T. e
Ha Viv:

(52.6)

AW __ n?(De)? Vosin?6 59.7
A &'/, (62.7)

BrIpasuM fuCnepCHIO AH3/IEKTPHUECKOH MPOHHUAEMOCTH Yepes Auc-
MepCHI0 MIOTHOCTH. Hmeem

(O =(%)" 0oy (52.8)
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HIH ¢ noMoLibio ¢opmyJisl (49.14)
] (52}l
de\2 oP)r.n
(De)z= (p 55) — RNl (52.9)
@opmyJa VISl HHTEHCHBHOCTH PACCesTHHOrO CBETa MPHHHUMAeT BHX
{ 0e\2 .
N nzkpa;) KTV sin2 §
—ﬁ = e/nar ’

rae ﬁ —_ "30TepMH‘[eCK8ﬂ CXXHMaeMOCTb
1 do
p= ?' (55")7" (52.11)

Ecau paccmatpuBath atMocdepy Kak uieanbHblii ras, To f = 1/P.
3aBHCHMOCTb AM3/1EKTPHYECKOH NPOHHLIAEMOCTH OT IIJIOTHOCTH UMEET BHA

&e=1+ 4dnap,

(52.10)

rie o — noaspusyemoctb. Orciona
ng =4nap=e—~1l~n—1~2(n—1),

re n — 1oKasaTe/b NpeJoMieHns rasa (6auskuii k 1), Toraa noayuum
u3 (52.10)
AW _ 4n*(n—1)* KTV sin®p

Hawu6ouiee xapakTepHoii uepToii 510i hopMyJil Pestest sipisiercs: cHabHas
34BHCHMOCTb HHTEHCHBHOCTH DPacCesHHOTO CBeTa OT JJIMHLI BOJHbI A.
Kak Buano u3 sTo# opmy.ici, HaubGojee CHIbHO (B BHIAMMOH 4HacTH
CNEeKTPa) PacceHBalOTCs (GHOMETOBBIE M CHHHE JyYH, YTO H IPHBOJHT
K XapakTepHO# oKpacke aTMochepni. Haobopor, npuienume Ges pac-
cestnust ayun CosHua o6orameHsl KPacHOM H XKENTOH KOMIIOHEHTaMH
criekTpa, ueM obbsicusiercst okpacka CosHia (0coGeHHO MpH BOCXone
1 3aKaTe, KOrJa COTHeYHble Jy4H NPOXOAAT 3HaUHTEIbHO GONbIIHE My Th
B atmochepe, uem aHem). dopmyaa (52.9) Tax ke, Kak H GHOpMyJbl
(49.13), (49.14) pns paykryauuii Yucaa 4yacTHIL o6beMa H MJOTHOCTH,
TEPSIOT CMBIC/A B KPHTHUECKOM COCTOSIHHH rasa ((dP/aV); = 0).

YBeaHueHHe HHTEHCHBHOCTH (JYKTyauHi IJOTHOCTH BOJH3H OT
KPHTHYECKOH TOYKH MPHBOJAHT K CHIBLHOMY PacCesiHHIO CBeTa, NMPHAA0-
lileMy rasy XapakTepHYIO MyTHYIO OKPacKy (KPHTHHYECKasi OmaJleclleH-
unst). TouHas TeopHst 3TOro siBNeHHs Tpebyer yuera KOppessiHH GiayK-
Tyauuil B 61u3aexaiux o6beMax rasa (B COCTOSHHH ¢ GO/IbIIOH CXKHMa-
eMOCTBIO 3TH (WIyKTyallHH yXKe He MOTYT pacCMaTpHBAaTbCsi KaK Hesa-
BHCHMblE), DTa TEOPHA paccmoTpeHa, Hampumep, B [26].



FTMTABA VI
KOHKPETHBIE 3AJJAYYA — UIEAJIbHBIE T'A3bl

B 570i1 I/1aBe Mbl PaCCMOTPHM PSI KOHKPETHBIX 3a1a4 CTATHCTHYECKOH
(H3HKH, pellaeMLIX Ha OCHOBE METONA (SILIHKOB» H «sYeeKk» (CHCTEMbI
HeB3aMMOJICHCTBYIOWMX YacTHIL). MBI HauHeM C pacCMOTPEHHS MakKc-
BeJ11-GO/bIIMAHOBCKOTO TIPEAETbHOTO Caydasi (HEBHIpOXKAEHHH ras).

§ 53. Pacnpeaenenue Makcsenna

B stoM maparpade Mbl pacCCMOTPHM TMOCTYyTaTeNbHOe JBHAKEHHE yac-
THIL MaKCBeJlJ-00/1bIIMAHOBCKOTO HJlea bHOrO rasa, mpeHeGperast KBaH-
TOBAaHHEM SHEPTHH. 3T0 mpeHeGpeXKeHHe NOMYCTHMO, KaK Mbl BHie-
au B § 41, BnsOTh 10 MOGHIX AOCTHXHMBIX TeMmepatyp. K3 dopmya
(cm. § 34)

dN = w0t &, (63.1)
N= Sem—e)m‘lhlfl (53.2)

fo/JydaeM BBIpaX<eHHe I/I15 BEPOSITHOCTH HaXOXIEHHst H3obpaxkaiouielt
TOYKH B 3JeMeHTe oObema dl-TmpocTpaHCTBa
AN _ e®*Tg4r

dW = v m , (53.3)

IJle BbIpaxeHHe, CToslliee B 3HAMEHATe/e, €CTb CTATHCTHYECKHil HHTe-

rpan Z. Mbl Gynem paccMaTpHBaTh ra3, COCTOSILIHI H3 MOJEKYJ] ¢ mpo-

H3BOIbHBIM YHCJIOM 7 aToMOB B MosekyJe. IlockoabKy, ofHaKo, Hac

HHTepecyeT ceffyac TOJbKO MOCTyMNaTeJbHOe ABHXEHHE, MBI BBIIENHM

U3 BCeX OGOOUIEHHBIX KOOPAMHAT H HMIYJbCOB MOJIEKYJbI TPH KOOPIH-

HaThl LEHTPa Macc (X, y, 2) H COOTBETCTBYIOUIHE HM MPOEKLHH I0JHOrO

HMITyJIbca MoJiekyJsl (€, 1), ) H mpeACcTaBHM SHEPTHIO MOJIEKYJIH B BHAE

=L@y )te (534)

rae p* = & + n* 4 [* — KBajpar HMIyJbCa MOJEKYJbl Kak LEJOro,
U(x, y, z) — TOTeHIMA/NbHASI SHEPrHs MOJEKy/abl BO BHELIHEM IoJe
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(npenmoJiaraercsi, YTO OHa He 3aBHCHT OT OPHEHTALHH MOJEKYJbl) H
¢’ — SHeprusi OCTaJbHbIX CTerneHell cBOGOMbI, HE 3aBHCsWas oT (X, Y, 2,
&, m, {). Unrerpupys BbipaxeHHe (53.3) Mo BceM CTemneHsiM CBOGOIB!
KpOMe TOCTynaTe/IbHbIX, Mbl HafileM BePOSITHOCTb TOTO, YTO LEHTP Macc
MOJIEKYJIB JIEKHT B o6beMe dV, a uMIyJbc ee 3akJiOueH B HHTEpBaje
(p, p + dp). 3ra BepoATHOCTb pacmajaeTcsi Ha JBa COMHOXHTE/s:
OJIHH 3aBHCHT TOJILKO OT HMITyJbCa, @ APYroii — TOJBLKO OT KOOPAHHAT

P mET gy Uik, g, T 4y

dW = .
v e e lomiTqy Sf”mwvﬂdv

(53.5)

TO 3HAUHT, YTO pachpelie/ieHHe MOJEKYJ 110 HMIYJbCaM H pacmpese-
JleHHe WX IO KOOpAHHATam He 3aBHCAT APYr OT apyra. MHterpupys
BbipakeHHe (53.5) Mo KOOpAHHATaM, MOJyYHM

— p?/2mkT
e P avy

dw (p) =‘_'S o PTEET gy

(53.6)

3amucaB s/eMeHT ofheMa NPOCTPAHCTBA WMIYJbcoB B Buie dV, =
= 4np®dp W BHIUMCISAS HHTErpal, CTOSUMH B 3HaMeHaTele

© _ _p?
4§ e 2T p2dp =dn],= (2umkT)*,
0
NOMyYMM pacrpeiesieHHe MOJeKyJ Trasa MO HMIyJabcaM

_
dw (p) AT p2 dip, (53.7)

4
=€
(2mmkT)’'/*
l'lepexo,tm OT UMIYJbCa K CKOPOCTH, HMeeM

muv?

Ve #o do. (53.8)

dW (v) = 4a (T”;T
Gopmyabl (53.7), (53.8) HasbiBaloTCs hopmysamu  pacnpedesenus
Maxkcgeara W TO3BOJSIOT pemlaTh PsJ KOHKPETHbIX 3ajad.

Haiinem HanGosiee BEpOSATHYIO CKOPOCTb MOJIeKyJs rasa. [as aToil
CKOPOCTH BbipakeHHe (53.8) MO/IKHO HMETb MaKCHMYM:

al . @) oy
G |20 2T ) — 2T (9 _MU7\ _
@ \o2e =ve (2 i) 0,

w=) 2. (53.9)

OTKYJa
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Jlerko TaKxe HaiTH CPENHIO H CPEAHIO KBALAPATHYHYIO CKOPOCTH
MoJIeKyl

< m

ﬂ=SvdW(v):tln(i:—ﬁ)y'Sv”e-%dv: % (53.10)
0

- m o\, —me 3T
= S oW (0) = dm ()" S ve #do=3T (5311
O
OTC]O}J.a Cpe}ulﬂﬂ 3Heprusa HOCTy]1aTe.ﬂbl{0r0 JBHKEHHS MOJ'leKyJ'l
paBHa
e m® 3
E="2 = 34T
I'padux pacupenenennss Makcpe/sia HMeeT BH, H30GPaXKeHHBI Ha
puc. 56. C noBbILIEHHeM TeMIepaTypLl MakCHMyM KpPHBOH CMeIiaercs

aw
av
aw
* vy
v ; Uy
Puc. 56. Puc. 57.

B CTOPOHY BLICOKHX TeMIlepaTyp H caM rpagHK CTaHOBUTCS 6osiee Mosio-
UM ¢ 6osiee CYIIECTBEHHBIM «XBOCTOM», TAHYIMMCS B 06/1aCTh GOJILILKHX
CKopocTeil.

Ecnn paccekaThb MMIYJIbCHOE IPOCTPAHCTBO HE HA 1IAPOBHIE C/OH,
a Ha napanenenuneis dv, dv, dv,, T0 pacnpenenenue (53.6) MOxHO
3amucaTb B BHJE NPOM3BEJEHHS TpPeX MHOXKHTeJeH BHIA

m

vy _md
dw/(v,)=(2nkr> ‘e mrdy,  (i=x, 4, 2. (53.12)

310 CBUJETENBCTBYET O TOM, YTO PACNpefeJeHHs M0 BeTHUHHE Pa3HBIX
TIPOEKIHi CKOPOCTH He3aBHCHMbI. I'pauk pacrnpelenennsi Makcseana
TIO MPOEKIMAM CKOPOCTH HMeeT BHJ, H300pa:KeHHHIH Ha puc. 57.
Herpyano moHATb u3 hu3uIECKUX COOOPaXKeH Ul H [IPOBEPHTD MyTeM
TIPAIMOTO BBIYHC/IEHHS, YTO CPeJiHee 3HauYeHHe IPOeKIMii Uy, Uy, U, PaBHO
mymo. Crieslaem B 3aKoueHHe CaeyloLIee 3aMeyanue. X 0T Mbl BHIBEJH
pacnpenienenne MaxkcBesiia [1si HIeaJbHOTO rasa, OHO Ha CaMoM Jeje
HMeeT 3HAUHTENbHO Goslee LIMPOKYIO 06/1acTb puMeHuMocTH. OHO crpa-
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BEJUIMBO ISl BCEX CHCTEM B3aHMOAEHCTBYIOUIHX YacTHL, eCJH TeMIepa-
Typa HaCTONBbKO BHICOKA, YTO MOXKHO TpeHeGperaTb KBAHTOBaHHEM SHep-
THH. 310 cieflyeT H3 TOTO, UTO pacrpefiesielHe MakcBeaaa MoxeT ObiTh
MOJIyueHO U3 KaHOHHYecKoro pacnpenenenus I'n66ca (46.8), ecsn mpen-
CTaBUTb SHEPTHIO cHcTeMbl B BuAe E = mv¥/2 + E’, rae E' — sHeprus
CHCTeMbl (BKJ/IIOYAs H SHEPTHIO B3aHMOJEHCTBHS MOJIEKYJ) 3a BbUETOM
KHHETHUECKOH SHEPTHH LEHTPa HHEePUHH i-ii MOJIEKY/bl, H MPOHHTETPH-
poBaTh (YHKIHMIO pacrpeseeHHst 10 KOOPAHHATaM BCeX MOJIEKY] H 1o
BceM 0GOGLIEHHBIM CKOPOCTSIM, KPOMEe CKOPOCTH UeHTPa HWHepuuH i-i
MOJIEKYJIbl,

§ 54. Pacnpenenenne MoJieKysl B NPOCTPaHCTBE

Bepuemcst kK ¢opmyse (53.5) H NpOHHTETPHPYEM ee MO MPOCKIHAM

HMITYJIbCOB: Y o

il dxdydz

dw (x, y, 2) =m. (54.1)

TMocnenusst GopMyna ONMHChIBAaeT pacnpelieieHHe MOJEKYJ rasa B mpo-

crpaucrBe. Kax H cile0Ba/lo 0XXHAaTh, OHA NOKA3bIBAET, YTO MOJMEKYIbI

rasa CKanJIMBAlOTCA B TeX 06JIacTAX NMPOCTPAHCTBA, TAe MHHHMalbHA
MOTeHIHaJIbHAs SHEePTHS.

PaccMoTpHuM YacTHBIA Ca1yuail rasa B I0Je THKECTH Ha HeGOJBLIMX
BbICOTax (MO CPaBHEHHIO C PafHycoM 3eMJH), TaK YTO MOTEHIHAJbHAS
sHeprust #(z) = mgz. Wurerpupys (54.1) mo x u y, moayuum
mj

143
=%e T dz (54.2)

e—mEZ/kT dz

dw (2)=

©
§e—mg2/,k1‘ dz

TepeiineM ot BepostHocTH dW(2) K n(z) — uHcay MOJIEKyJ B eAHHHIE
o0beMa Ha BHICOTE Z C [OMOLUBIO OYEBHAHONO COOTHOIICHHS

n(2) __ dW¥ (2

n0  dwv (0)°

Vimeem
n(2) =n (0) g—mezikT (54.3)

H orciofla ¢ noMoubio dopmyasl p = nkT nomyuaem
p(@)=p (0) e meariT, (54.4)

Dopwmyabl (54.3) u (54.4) HocAT HasBaHHe GapomempuuecKux Gopmya.
Cueyer, olHaKO, OTMETHTb, YTO BBLIBO/L!, BhITEKAIOLLHE H3 THX GOpMY.I
OTHOCHTE/IbHO H3MEHEHHs C BbICOTOH JaBJIeHMsl, IJIOTHOCTH, XHMHYec-
KOTO COCTaBa (3aBHCHMOCTb OT /1), IPHMEHHMbI JIMIUb K Tady, HaXoas-
wemycsi B 3aMKHYTOM, TeIUIOH30JHPOBAHHOM COCyJe, H HerpHMeHHMbI
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K peanbHoli aTMochepe. 10 o6bACHSETCs TeM, YTo atMocdepa, Bo-mep-
BbIX, HE fBJISACTCS 3aMKHYTOM CHCTeMOH (moJlyyaer 3HepTHIO oT 3eMJH
1 or CosHla) H, BO-BTOPHIX, BOOOULE, HE MOXET HaXOAHTbCS B CTaTH-
CTHYeCKOM paBHOBecHH. [locsieNiHee yTBep:KIeHHEe CTAHOBHTCS OCOGEHHO
OYEBHIHBIM, €C/H BMECTO MPUGIHIKEHHOTO BbIpaXKeHHs AJf MOTEHIH-
aJbHOH 3HEPIHH BOCMONb30BAThCsl BhIPAXKEHHEM, BbITEKAIOLHM H3 3a-
KoHa TairoTeHusi Hpiorona

(R — cpenHuii paguyc 3eMHoro cdepouza).
Torna A1 NJOTHOCTH BepPOSITHOCTH BCTPETHTb MOJIEKYJy Ha pac-
CTOSIHHH ¢ OT LleHTpa 3eMJIH NOMYYHM

aw 2
4",4(2 o gmERYRTT | (54.5)

Me! BUAHM, YTO 9TO BBIpaXKEHHe OCTaeTcsl KOHEUHBIM IIPH 7 —> 00 H HOp-
MHPOBOYHBIN HHTerpa SdW (r) okasbiBaercs pacxoisuumes. 1o 3Ha-
4uT, YTO B NOJIe, YOBIBAIOUIEM C PACCTOSHHEM, Kak 1/r, craTHCTHYeCKoe
paBHOBeCHe HEBO3MOXKHO M Y J0GOfl MJIaHeThl MPOMCXOAUT PaCTeKaHHe
armocepel. K 3TOMy BEIBOAY MOMCHO GHUIO MpPHIATH H MHBIM 06pasoM.
Kaxk usBecTHO, A1 TOro 4TOGhl YHTH H3 NOJS NPHTAXKEHHS IJIaHETH,
n1060€e Teso A0/KHO 06J1afiaTh CKOPOCTbIO, MpeBbIllaloiefi BTOPYO Koc-
MHYECKYIO CKOPOCTb U, = |/ 2gR. Ho corsacHo ¢opmyJie pacnpenenenus
MakcBesnna npu moGofi TeMnepaType CYHIeCTBYeT «XBOCT», TAHYUIHHCS
B 06/1acTb CKOPOCTeH, NpEBHUIAOMHX Uy. 1109TOMY YacTb MOJIEKYJ
aTMOCepsl HemNpephlBHO YXOAHT OT CBOeH m/aHeThl. DTa 4acTb TeM
GoJibllle, YeM MeHblie BTOpasi KOCMHYeCKas CKOPOCTb Ug.

§ 55. Jlyxatomubliii ras. KpaHToBaHue sHepruu

B § 42, BLIUHCAISAS SHEPTHIO U TEMJIOEMKOCTb MHOTOATOMHOTO HJeallb-
HOI'O Ta3a ¢ TOYKM 3peHHs KjJaccHuecKofi GU3HKH, Mbl JOKa3alH 3aKOH
paBHOpacnpesesieHUsl SHePTHH (TENIOeMKOCTH) MO CTeneHsM CBOGOMBL.
ITonyuennslfi Hamu pesysbraT Obl1 3amucaH B BHAe

RT R R C 142
Uslg, Ci=lg, Co=(+23, v=cE="7, (5.1)
rae | — 4uca0 mocTynaTteNbHBIX H BpallaTeJbHBIX CTeneHeil CBOGOIB!
MOJIEKYJIbl MJIOC YABOEHHOE YHCJO KosleGaTe/bHbIX cTemeHeil CBOGOMbI.
Kaxk Mbl BHIe/H B TOM XKe maparpade, 3TOT pe3yJbTaT AJs BceX rasos,
KpPOMe OJHOATOMHBIX, He COrJIacyercsl C OMBITHHIMH AaHHbIMH. Hanpu-
Mep, AIS ABYXaTOMHBIX Ta3oB TensoeMkoctb Cy BMECTO TOro, YTOGHI
paBHATbCA 7/,R, MeHsleTcsl ¢ TeMmepaTypoil MO CTyHeHYaToll KpHBOi,
KauyeCTBEHHO H306paKeHHOMH Ha puc. 58 (MyHKTHPOM H306paXKeH y4acToK
KpHBOH, KOTOpbIi Jocruraercs Toabko Ans Hy u D,). Kpome storo
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[POTHBOPEYHs! C ONBITHBIMH JIAHHBIMH 3aKOH PaBHOPACMpee/IeHHs Ipo-
THBOpeynT TeopeMe HepHcTa, cOMIaCHO KOTOPO# TEMJIOEMKOCTb JO/XKHA
cTpeMuThest K Hymo npu T — 0 °K.

OGa 3TH MPOTHBOPEYHs] MOTYT OBITb YCTPAHEHbI, €CJH MBI BOCHOJ/Ib-
3yeMmcsi MPUG/IHKEHHEM, YIOMSHYTHIM B § 39, H, CUHTasi ra3 HeBbIPOXK-
JIHHBIM M NOJb3YsICh pacrnpefieieHHeM BosblMaHa, yyTeM AHCKpeT-
HOCTb 9HepreTHueCKHx ypoBHefl. IIpH 5TOM KBaHTOBaHHBLIMH OKa3biBa-
I0TCSl BCE BHJbl SHEPTHH MOJIEKYJBI: MOCTYMaTesbHast, BpallaTeslbHas
u kosieGatenbHasi. OfHAKO MHHHMaJ/bHble MOPUHMH (KBAHTBI) BCEX 3THX
BH/IOB HEPT'HH PE3KO Pa3/IHyaloTcs No BesuynHe. [l NOpsAKa BeTHUHH
KBaHTOB NOCTynaTeJbHOH Ae:, BpamaresbHoil Ae; M KoseGaTesbHOH
Ae, 3HeprHH HMeeT MeCTO COOT-

HOLUEHHe &

Agy L Ae, L Aey.

CurienoBare/sibHO, M XapaKTepH-
CTHYECKHe TeMNepaTypbl AJs IO-
crynateabHoro (Tt), BpaumaTesb-
Horo (T;) u koaeGarenpHoro (T)
ZIBHKEHHH YIOBJETBOPSIOT TAKOMY
JKe HEePaBeHCTBY:

T T LTy ;

B § 41 Mb u3yynmau KBaHTO- Puc. 58.

BaHHe NOCTYNAaTeJbHOrO ABHKEHHS

/15T OJTHOATOMHOTO HJeaJIbHOro raza. HeTpyaHo, oiHako, MOHATD, 4TO BCst
H3JI0KEHHAsl TaM TEOPHsI MOMHOCTBIO OTHOCHTCS H K NMOCTYNaTeJbHOMY
JIBH2KEHHIO MHOTOATOMHOrO rasa. [ToBTOpHM MO3TOMY BKpaTile MOJyYeH-
Hble B § 41 peay/nbTaThl. Mbl BHJIe/IH, UTO XapaKTepHCTHUECKHE TeMIepa-
Typbl NOCTYNaTeJbHOrO ABHKeHHsi Tt HeoObIYaHHO HH3KH, H MO3TOMY
npu JIIOOBIX HOCTHXHMbIX Temnepatypax Tt <L T u Aet L kT. 310
3HAYNT, YTO MOCTYMATENbHOE ABHKEHHE BHOCHT MOJHOCTBIO «KJacCHye-
CKHI1 BKJIaJl» BO BHYTPEHHIO 3Hepruio rasa (*/,RT) u B ero Tensoem-
kocTh (3/,R). HamoMmHHuM, uTO TeMmepaTypa BbIPOXJEHHS rasa ropasio
Bbllle XapaKTepHCTHUecKO#H TeMmnepatypbl Ty unpu T << T ras, BooGue,
He MOAYHMHSJICS Obl pacmpepesneHnio Makcsesia — BoJbiMaHa (He ro-
BOPSI y2Ke O TOM, YTO NPH TAKHX TeMIepaTypaX BCe ra3bl CKHXKAIOTCS
HJH OTBEDJEBAIOT).

PaccMOTpHM Tenepb KaueCTBEHHO MOBEJleHHe BpalIaTeIbHbIX H KoJe-
GaTe/IbHBIX CTenmeHeH CBOGOAB [BYXaTOMHOTO rasa.

TToka cpennsisi sHeprusi Mosekyabl ~kT MeHbie Ae, (npu T << T),
BpaulaTe/bHble, a TeM Gosiee KosleGaTe/IbHble CTeNeHH CBOGOB MOJIEKYJ
[IPH CTOJIKHOBEHHSIX He BO3GYKAAIOTCS H ra3 BelleT cebsl, KaK OlHOaTOM-
ubifi. TTpu Gosee BhicokuX TeMnepatypax Ae, << kT << Ae, H IIpH CTOJIK-
HOBEHHsIX BO3GY2K/al0TCsl BpaliaTebHble CTelleHH CBOGOJBI, HO OCTaloTCs
3aMOpOKEHHBIMH KosieGaHusi — TenoeMkocTs Cy paBHa %/,R. Haxkosen,

>
T

ol DNfon ™IS
> >
T
1
\
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npu Aey << kT HaunHalOT BO36YKAaThCs KOJ€GaHHS] aTOMOB B MOJIEKY.IE,
HO NapaJ/iieJbHO C 3THM NMPOHCXOIHMT M PaspbIB KBasHYNPYTHX CBsidel
B MOJIEKy/laX — JHMCCOLHALMs MOJIEKY/l Ha aToMbl, H MO3TOMY TOJHBIA
«KJIaCCHYeCKHMH BKJIafl» B SHEPTHIO H TemnoeMKocTb (RT H R Ha Kaxaylo
cTeneHb cBOGOALI) KosMeGaHHS PaKTHUECKH HHKOTAAa He BHOCSAT. TakoBo
KayecTBeHHOe OGbSCHEHHe CTyneH4aToii KpHBOH pHC. 58.

TlepeiineM K KOJHYECTBEHHOMY PacCMOTPEHHIO H HAauHeM C Bpaa-
TeJNbHBIX CTeleHell CBOGOABI.

B KBaHTOBO# MexaHHKe J0Ka3blBaeTcs, YTO SHepTHsl Bpamalomesics
YacTHIILI C IBYMS BPAIIATebHEIMU CTeNeHsIMH CBOGO/B! (IPOCTPAHCTBEH-
HBI poTaTop) ompenessiercss GopMyok

Ey= g i G4+ 1), (55.2)

rie / — MOMEHT HHepUMH 4acTHUbI (B HaweM caydae [ = pl% rne
w = mymy/(my + m,) — npHBeJeHHas Macca aToMoB, O0Gpa3yIOUHX
MOJIEKYJy, a [ — pacCTOstHHe MeXJy aTOMaMH, KOTOpoe Mbl GyneM
CYHMTaTh NOCTOSTHHBIM, NpeHeGperasi BJIHSIHMEM KoJsieGaHMil aTOMOB Ha
BpamaTe/lbHOe JBHXKEHHe) M j — BpalllaTeJbHOE KBaHTOBOE YHCJIO
i=0,12,..

Kak M3BeCTHO, 3HepreTHYeCKHe YPOBHH (55.2) BLIPOXKJAEHBI M KpaT-
HOCTb EBbIPOXJEHHS g; paBHa

g=2i+1, (55.3)

TaK KaK NpH 3aJlaHHOM 3HaYeHHH KBaJpaTa MOMEHTA KOJIMYeCTBa NBH-
o

JKeHHss M?= 4;12 j(j+ 1) ero mpoekuus Ha HEKOTOpOe BLIIENECHHOE Ha-

npasJeHHe MOXeT NPHHHMATh BCe 3HayeHust oT —j(h/2m) po -+j(h/2m).
Takum o6pa3oM, cymMma COCTOSIHHH paBHa

© h? .
Z= 3 @j+1)e o /UHY, (55.4)
i=0

BpoAsi XapaKkTepHCTHYeCKYIO BpaiiaTe/bHyio Temmeparypy Tr =
= h*/8n*lk, 3anuwem 3TO BLIpaXKeHHe B BHJE

© Te
Z=3 @j+1)e TV, (55.5)
i=0

Psn (55.5) we cymMMHpyeTcsl B KOHEYHOM BHJE, H MBI PacCMOTPHM
JIBa TpeleNbHBIX Cayyas:

1. Buicokne TemnepaTypui: T > T.. B 3ToM cayuae paccTosiHHs
MeXAy BpallaTeJbHLIMH SHEPreTHYeCKHMH YPOBHSIMH MaJibl IO CpaBHe-
HHIO CO Cpeaneil 3Heprueii
h2 T,
~gemm =7 <] (55.6)
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H KBaHTOBaHHEM 3HEPTHH MOXHO IpeHeGpeub, CuHTasl BPalaTETbHYIO

SHEPTHIO HenpepHIBHO MeRsowelics BemyHHolt. [ToaToMy cymMMa cocTost-

HHA JOJIKHA B 3TOM NPHOJIHIKEHHH

COBMAajaTh CO CTAaTHCTHYECKHM HHTe-

rpajoM, JeJeHHHIM Ha (as3oBHIH

oGbeM sYelikM JJIs BpalaTeJbHbIX

cTeneneit ceoGoabl Zg,/a (cp. § 41).
C TOYKH 3peHHS KJjaccHYecKoH o/

MeXaHHKH HeprHs BpauleHHs] BbIpa- 1

xaetcs GdopMyJIoh ” —_—y

1
. . 1
e = [624sin® ¢, AN

z

mp

e 0 M @ — yrael, onpeeasio- x

IHe HanpaBleHHe OCH  MOJIEKYJIbl Puc. 59.

(puc. 59), BeIOpaHHEIE HaMM B Kaye-

cTBe 06OGuIeHHBIX KoopanHat. CooTBeTcTBYIOUHE OGOGIIEHHbIE HM-
MYJbChl PaBHBI

Oe, b e, (I sino) .
= =10, = — = ([ sin .
P a0 Po ap ®
DHeprusi, Kak QyHKIHS 0GOOLUIEHHBIX KOOPAHHAT H HMIYJIbCOB, BhIpa-

xKaetcst Qopmy.oii
Py (sin™30) pg

i (55.7)
CrenoBaTesbHO, HHTErpas COCTOSIHHH OyHeT HMeTb BHI
o 2n © o _ P§+(sih20) Pa;
Zia=Nd8 {do § dpo § dpee T
0 0 o e
HWHTerpupys CHavana mo @, pe H p, H 3ateM no 0, nosyyaem
T
Zya=4n21kT {sin 6 d6 = 8n?/AT. (55.8)
0

C npyrofl CTOPOHHI, BEIPaM<eHHe 1151 CYMMBI COCTOSIHHIF B paccMaTpHBae-
MOM MpEEIBLHOM CJIyuae MOMKET GbITh TaKKe 3aMeHeHO HHTerpaJioM Mo j,
Tak Kak npu T,/T < 1 cymmupyemoe BbpaXkeHue

TI’ e
@41y T

MeHSsIETCSl OYeHb He3HAUNTEJBbHO PH H3MeHeHuH j Ha eannHuy. [Tostomy

anl kT

o Tr
z,=Se“T"’+”(2,'+1)dj—§e TV gy . (55.9)

0
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TpupaBHHBasi 570 Npeje/bHOE 3HAUEHHE CTATHCTHUECKOH CYMMBbI Be-
JHYUHE Z,/a: (@ — ba30Bblil 06BeM siueKH /s BPALIATEbHEIX CHCTEM
CBOGOABI), HAXOAUM

ar=h2. (55.10)

Ilnsi BHYTpeHHel 5HEPIHH H TENJIOEMKOCTH BPAIIATeNbHOTO ABHMKE-
HHSl HMEEM B 3TOM NPHOJIHKEHHH

Ur=NET® & (in Z)) = NAT, (55.11)
U,
Coee (0_7:)v= N, (55.12)

T. €. TOJyyaeM KJacCHUeCKHil pe3yJbTar.

2. Huskue temnepatypu: T <& T:. B 3ToM npesenbHoM cayuae
B cymMMe cocTosiHuH (55.4) cilaraeMble o4eHb GHICTPO YOBIBAIOT C POCTOM j
H JIOCTaTOYHO OCTAaBHTb JBA NeEPBbIX YJeHa psija

Z =143, (55.13)
Torpa umeem

Ur = NET? 2 [In (1436270 )~ 6N, Toe ™27, (55.14)

2

~
Cys= 12Nk (?) 27T, (55.15)

B coryacun ¢ Teopemoit Hepucta Cyr (M U;) CTpeMHTCS K HyJiO
npu T — 0 °K. Takum o6pasoM, BpaiaTesbHble CTENEHH CBOGOABI NMOM-
HOCTBIO BO3GYX/IeHbl H BHOCSIT NOJIHBI BKJIaJi BO BHYTPEHHIOK SHEPTHIO
H TenoeMKocTh (RT/2 v R/2 Ha Kaxyio crenenb cBo6onsl) npu T > T
H «sbiMep3aio™ npu T <& Tr.

3aMeTHM, YTO BpallaTeJbHble XapaKTePHCTHYECKHE TeMIepaTyphl
06paTHO NPONOPUHOHATbHE MOMEHTY HHEpLHH /, H [109TOMY MaKCHMaJlb-
Hble 3HaueHHs T HMEIOT rasbl, MOJIEKYJIbl KOTOPBIX TIOCTPOEHBI H3 JIETKHX
aTOMOB H HMEIOT Majble pasmephl. [las GosmblunHCTBa ra3oB Ty HMEIOT
nopsiiok (1 =+ 10) °K, T. e. xapakTepucTHueckasi TeMnepatypa HHXe
TeMnepaTypbl KOHJIGHCAlHH, H VIS TaKHX ra3oB «BbIMEP3aHHs» Bpalua-
TEJIbHBIX CTeNeHed CBOGOAbI Hab/oiaTh HE YAaeTcs.

«BbIMepsaHHe» BpalllaTe/IbHbIX CTeNeHel CBOGOAbI, CBSI3aHHOE C KBaH-
TOBaHHEM 3HEPTHH, MOXKHO HaGMI0AaTh TOJBKO AJsi Bogopoxa H, u peil-
Tepus Dy, y KOTOPBIX BpalaTebHble XapaKTepHCTHUECKHE TeMNepaTyphbl
cocraBasiioT 85,4 B 43°K COOTBETCTBEHHO, UYTO BbillE TeMIEPaTyphl
CIKHXKEHHS] 9THX TasoB.

TlepefiieM K paccMOTPEHHIO KoJsieGaTesbHbIX CTeneHeH CBOGOMbI.

Kak H3BECTHO, 3HEPTHS OJHOMEPHOrO OCLMJJISTOPA ONpejesseTcs
B KBaHTOBOH MeXaHHKe (OpPMYJIOi

e=hv(n+3), (55.16)
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rae v = (1/2m))/ #/m — yacToTa COOTBETCTBYIOMIETO KJIACCHYECKOTO OC-
IUJIATOpA (m — MpHBENEHHAs Macca aTOMOB, X — KO3(XpHIMEHT KBa-
3HYNpPYroil CHJIBI) M 7 — KBAHTOBOE UHCJO, NPHHHMAIOLIEe 3HAYeHHs:
n =0, 1, 2... DHepreTHyeckHe YPOBHH OCHH/JISTOPA He BBIPOXKAEHBI,
TaK 4To Bce g, = l.

CyMMa COCTOSIHMH HMeeT BHI

=) 1 o
z,=Y e"“'("*’?)/” — e IVAT 3 gmhneT,

n=0 n=0
CyMMHpYsl TeOMETPHUYECKYIO IIPOTPECCHIO, HMeeM
— hv/2eT
Zv= VT *

BBonsi xapaKTepHCTHYeCKYlO Temnepatypy KoJeGamuit Ty= hv/k, 3a-
[HIIEM 3TO BhIpaXKeHHE B BHIE

TVt Tl
Zo=—t—pr = e (55.17)

PaccMoTpuM [Ba mpefiesibHBIX CayyYast:

1. Boicokne Temmeparyper: T > Ty. B sToM cayuae KBaHTOBaHHE
9HEPTHH HECYIIECTBEHHO H CyMMa COCTOSIHMH JOJ/IKHA NMEePeXOAHTb NpH-
GIMKEHHO B KJIAaCCHYECKHH MHTErpaJ COCTOSIHMIL, NeJIeHHHH Ha ay
(asoBEIit 06BeM siueliKH M1 KoJieGaTeNbHOTO IBHIKEHHS).

B kJ/1accuyeckoft MexaHHKe SHepTrHsl KoJleGaHH il 3aNHCHIBaeTCs B BHIE

_ P xg?
& =gm + 3

e p — KoseGaTesbHEI uMnyJabe (p = mg), x — KBasHynpyrasi no-
CTOSIHHAs M ¢ — Pa3HOCTb MEX]y MTHOBEHHBIM DPacCTOSHHEM MeXIy
aToMaMH H paBHOBecHBIM ! (0GOGLieHHast KoopauHaTa). IlosTomy HHTe-
Tpan COCTOSHHH uMeeT BHI
o o
Zun= S dq e—*a*/2kT S dp e—p*/2meT |

— o —~

Bbl'-lPlCJ'lHB HHTErpaJibl, NOJYYHM
Za=2miT ) T =T (55.18)

C npyro# croponsr, npu T > Ty, COXpaHss JHIUb NepBbE YIEHH!
B pasjIoKeHHH 3KCMOHEeHTH B (55.17), MOMy4HM ISl CTaTHCTHYeCKOH
CYMMsl BblpaKeHHe

T T2 T 4T
Z“=T_V(I_W)NT~‘,=W' (55.19)
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[MpupaBHHBas 3TO MpeleNbHOE 3HaueHHE Z, BelHUUHe Z,,/a,, HAXOMHM
Ans asoBoro ofbeMa siuefiku

av=h. (55.20)

Taxkum 06pasoM, Mbl ewe pas NPOMJMIOCTPHPOBAJH Ha NpHMepe Bpa-
LIATeJIbHBIX H KoJleGaTe/IbHbIX CTeneHel CBGGO/b IPABUIIO ONpeeeHHs
(asosoro obnema sueiikn a == h' (f — uncio crenenell cBoGOLbY).
JIJIst 9HEPTHH H TEMJIOEMKOCTH KosieGaTebHbiX cTeneHeli cBOGOIBI
HMeeM B 3TOM IPEJeJBbHOM C/yvae
or, Ty T
Uy~ NET? 2l In| = (1 — wNIeT(l-}——f2 ~ NkT, (55.21)
ar|"™MT, | 127

1

2
]% Nk, (55.22)

T. €. pesy/bTaT, COLACYIONMACA C 3AKOHOM DaBHOpPACIpeNeNeHHs.
2. Huskue temneparypbt: 7 < Ty. B sToM cayuae umeeM us dop-
Myasl (55.17)
szeNT"/” (14 e_T\/T),

Orciona
ol T, y /1
Us=NET? 3 l_ o +In (1 +e"TV”)l= NET, ( 3 +e—’v/’>,(55.23)
/TV \2
Cyo=NE ’\—»T‘-) T, (55.24)

B coorsercteun ¢ Teopemoii Hepnera Cyy— 0 npu 7 — 0°K,
BuyTpenusas sneprus xosebaTesbHbIX creneneli csoGoasl npu 7—»0 °K
crpemutcss K NkT,/2 = Nhv/2. TlocnesiHee BBIpaxKeHHe NpeicTaBJsieT
coGoit CyMMY HyJIeBbIX 3HepTHii N OCUHJJISITOPOB.

3aMeTHM, 4YTO MOCKOJIBKY XapaKTeDHbe YacTOThl MOJEKYJSIPHBIX
KoneGanuii nopsnka (10" + 10%5) cex™, xapakTepHCTHYECKHE TeMnepa-
TYpHl KosieGaHuit AJs pasHbIX rasoB JexaT B npefenax (10° + 10%) °K
1 1IpH KOMHATHBIX TeMIepaTypax KosieGanHs NPaKTHYECKH 3aMOPOAKEHB
M BHOCAT JIMIIb BechbMa MaJiblif BK/IaJ B Tel/IoeMKocTb. IToaTomy Temsio-
€MKOCTb FasoB B TPYObIX pacyetax AJs TeMneparyp, JeKaluX B rpe-
nenax T << T << Ty, paccyuTHBaOT 1o QopMmyse

Ci=%R, (55.25)

e { — CyMMapHOe YHCJIO MOCTYNAaTe/ bHbIX H BpalllaTe/IbHbIX CTeneHed
cBoGoas (i = 3 mJisi OAHOATOMHBIX TasoB, { = 5 JJs MHOrOaTOMHBIX
JIMHEAHBIX W i = 6 /s HeJMHEHHBIX MOJIEKYJ).

OGpaTHM BHMMaHVe Ha TO, YTO B yKa3aHHOM HHTepBaJe TeMneparyp
TEnI0eMKOCTb Cyy MOXKHO CUHTATH NPHOMHKEHHO NOCTOSIHHOH, a ras —
COBEpIIeHHbIM. JTHM NpPHO/IMXKEHHEM MBI CYLIECTBEHHO MOJIb30BAIHCh
B (peHOMEeHO/IoTHYecKO! TepMoiHHaMuKe (ria. I).
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3anuilleM ele pa3 YCJAOBHS, IPH BHIIOJHEHHH KOTOPHIX MOXHO
npel-leﬁpe‘{b JUCKPETHOCTHIO SHEPTreTHUECKHX yposﬂeﬁ NOCTYIaTeNbHOr O,
BpalIaTENbHOTO H KoJieGaTeNIbHOr0 IBHIKEHHsI COOTBETCTBEHHO. ITH
YCJOBHS HMMEIOT BHI:

T> Ti= gz (65.26)
1A MOCTYIaTeNbHOTO JBHXKeHHs (cm. § 41),
T>Tr=gorr 65.27)
1151 BpALaTebHOTO ABHMKEHHS H
T>T,=" (55.28)

151 KoneGaTeNbHOro ABHXKEHHS.

CpaBHHM 3TH YCJIOBHS C KDHTEPHEM HEBBIPOXKIEHHOCTH ra3a (yc/I0BUsS
IPHMEHHMOCTH pacnpenienendss Maxcsenna — Boabumana). 310 ycso-
BHe JJIs] MHOTOaTOMHOTO ra3a (TaK e KaK H ISl OHOaTOMHOT0) HMeeT
puA e W4T > |, 1 eciM OHO BBITONIHEHO, MBI MOXKeM HafiTh ¢ /4T 1o
dopmyane

eunt £ S erTar=£7-L777,

TloxcraBass sHauenust Zy, Z;, Z, B MaKCBeJ1-601bIIMaHOBCKOM Npefieib-
HOM cayuae u3 dopmya (41.28), (55.9), (55.19), monyunM KpHTepHil HeBbI-
POXKIEHHOCTH rasa B BHJe

£z2z2,>1,

N

s TS (55.29)

ToacTaBasisi YMC/JOBble 3HAYEHHs IIOTHOCTH MOJIEKYJSPHOrO rasa
npH  aTtMocdepHOM JnaBaeHHH N/V ~ 10 cu™®, Macchl MoseKyabl
me~ (108 + 10) ¢, auneiinbix pasmepoB [~ (107 + 107 cx)
(I ~ ml?), 4acTOTHl MOJIEKYISIPHBIX KoJeGanHi v ~ (101 =~ 10'%) cex?
H 3HaueHHs IOCTOSTHHBIX, TONyYaeM OILEHKY

T Toupoma ~ (1 10) °K. (55.30)

C yBenMuenueM HaB/ieHHs TeMIepaTypa BbIDOMKIEHHS rasa pacTeT Ipo-
nopuuonansHo (N/V)*/r ~ p*:, T. e. BecbMa MENJNEHHO, H 3Ta OlEHKa
Morsia Gbl CyLIECTBEHHO M3MEHHTBCS TONBKO NPH TaKHX GOMBIUKX IIOT-
HOCTSIX, IIPH KOTOPBIX a3 yXKe HeJbast CYHTaTh HieanbHbiM. CpaBHHBas
(55.26) ¢ ycmosueM (55.30), Mbl BUAHM, UTO YCJIOBHE HEBHIPOKIEHHOCTH
fa3a ropasjio cuabHee, yeM (55.26), T. e. eciu NPHMEHHMO paclpefiese-
e BosibMaHa, TO 32BEJlOMO MOXKHO NpeHeGpeyb KBaHTOBaHHEM IIOCTY-
TaTenbHoro ABHkeHHs. OGpaTHoe, OJHAKO, HEBEPHO, H CYIIECTByeT

14 ( 2nmkT )’/z 8nIkT kT
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o6aactb temneparyp (T << (1 + 10) °K), B KOTOpO#l 5HEprHi0 MOCTy-
naTeJbHOTO JABHXKEHHsI 3aBElOMO MOXKHO CYHTAaTb HEKBAHTOBAaHHOM, HO
ras cjeflyeT ONMHCEIBaTh C NOMOUIbIO pacripelieiens Bose — DitniureliHa
uin Pepmu — Jlupaka. Ycaosue (55.27), npu KOTOPOM MOXKHO mpe-
HeOpeub KBaHTOBaHHeM BpallaTe/bHON SHEPTHH, MOXKET, BOOGLe ro-
BOPs1, 0Ka3aTbCs U GoJiee CHJIbHBIM, YeM yCJOBHEe IPUMEHHMOCTH pacnpe-
ZeseHusi Makcpenna — BosibliMaHa, M NOYTH COBNAJAIOWMM C HHM.
Hanpumep, mis MoJeKyJIsipHOTO BOZOPOAA U AEHTEpHS XaPAKTEPHCTH-
uecKHe BpallaTeJbHble TeMnepaTyphl BHICOKH (85,4 °K u 43 °K) H B uH-
TepBaste o ~10°K mo T BpawaTe/bHyI0 5Hepruio CJleAyeT CUHTATh
KBAaHTOBAaHHOH (BpallaTe/bHble CTeNEHH CBOGOL BHIMEP3AlOT), a ras

o Towp T

Puc. 60.

HeBLIPOXIEeHHbIM. Jlas MosekyssipHoro asora M Kuciopoma (T, =
= 2,85°K u Tr = 2,07 °K) kpurepun (55.27) u (55.30) npakTHuecKu
COBNAJAIOT U Bbllle COOTBETCTBYIOLIEH TeMIepaTyphl ra3 CJELyeT Cul-
TaTb HEBBIPOXAEHHBIM H BpAllATeJbHYIO SHEPrHI0 HEKBAHTOBaHHOM,
a NpH TeMnepaTypax HHKe ee — HAa06OpOT.

Haxkonen, yc/osue (55.28), npH KOTOPOM MOXHO NpeHe6peyb KBaH-
TOBaHHEM KoJeOaTeJbHON SHEPTHH, SIB/ISETCS Topasio GoJiee CHILHEIM,
YeM yCJIOBHE HEBBIPOXKIEHHOCTH, H, KaK Mbl 3HaeM, PAKTHYECKH HH 1151
OJIHOTO M3 ra3oB He BbimosiHAeTcs. [TosTOMy HauMHasi C TeMmeparyp
(1 =+ 10) °K 1 nouTH BIJOTb 10 TEMIEPATypbl UCCOLMALUHU KoJeGaTesb-
HYIO 5HEPTHIO JBYXaTOMHOH MOJIEKYJIBI C/IeAyeT CYHTAThb KBAHTOBAHHOM
(koneGaTesbHble CTeNEeHH CBOGObI 3aMOPOKEHHBIMH), IPHYEM OMHCHIBATh
ras c noMoupto pacrnpefeneHuss Bosnbimana. TlpuBeneM mis Harisig-
HOCTH puc. 60 (MacluTa6 HeBepen!) 115 rasoB THna H,, Dy. Kocolt witpu-
XOBKOH 0603HaueHa 0G6JacThb MPHMEHHMOCTH pacnpefieeHds Boabu-
MaHa, NpAMOH IWTPUXOBKOH — 06/acTb, i€ BpAIaTe]bHYI0 SHEPTHIO
MOXXHO CYHMTaTh HeKBaHTOBaHHOH.

§ 56. MNMapamarHuTHBIA ras B MarHHTHOM TMoOJe

PaccMoTpuM ra3, cocTosiMil H3 MOJIEKYJ, HMEIOMUX NOCTOSAHHBIA
MAarHHTHBIH MOMEHT M H HaXONSLMHCSH B OXHOPOAHOM IOCTOSIHHOM Mar-
HHTHOM N0Jle ¢ HanpsKeHHOCTbIo &6,

[ToTennuuanbHas sHeprust TaKOH MOJIEKYJIb onpefessieTcst GopMyJol

V (8) = — pdt = — ud? cos 0, (56.1)
IJlie ® —Yyrou1 Mex [y HanpaB.JeHHAMH MarHHTHOTO MOMeHTa 1 U nionis #6.

HOCKOJ!be NOTEHIHANbHAA SHEePTHs 3aBHCHT TOJILKO OT HaNPaBJIEHHS b,
TO pacnpeje/eHHe MOJIeKyJ B IIPOCTPAHCTBE PaBHOMEPHO.
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PaccMOTpUM CHauajla KJacCHYeCKHe YaCTHIBI, A/ KOTOPHIX Ha-
NpaB/eHHe MalHUTHOTO MOMEHTa B NPOCTPAHCTBE MOXET H3MEHSIThCS
HeMpephlBHO, H BO3MOXKHHI JoGble €ro OpHeHTauHH. B sTom cayuyae
paclpelie/ieHHe IO HampaBJeHUssM WM JaeTcst opMysnoil Bosbumana

oy _ePOaa g 1
N fe BV @ag’ kT’
rae dQ = sin® d0 dp — snemeHT TenecHoro yraa. Muterpupys sto
BbIpaXKeHHe 10 @, NOJYYHM pacnpesiesieHHe nmo 6:

dN (8) _ ePncos0 gng g

No—F .
| eBneX " cos® gng ap

0

(56.2)

VInTerpas, CTosMil B 3HaMeHaTe/e, paBeH
Fd

+r
5 P <o 5in 0 df = = S ebws dz=ﬁ;$f-—§ﬁ. (56.3)

-1

Hatinem CpeaHee 3HayeHHe NPOEKUWH MarHMTHOTO MOMEHTa Ha Ha-
npaBJieHHe TI0JIs (O‘IEBHIlHO, CpeAHHe 3HayeHHsl NPOEKUHH MOMEHTa
Ha HanpasJIEHHs], NEPNEHAHKYJ/sIpHble IO/, PaBHbI HlelO). Hmeem

n
§ B €050 g sin g dp
dN (6) —

pcosﬂ:pScosB—— p—_=
v S" B cosb g g gp
0

=WL%[111 § efnei " cost sin g dB].

Moacrasasis 3HayeHne (56.3), HaXOAUM

TR = ey I 0] et ) .

Bsoast oGosnauenne L (x) = cthx — 1/x, nomyyum 11si HaMarHHyeHus
M = Np.cos® pesysbrar:

M=NpL (E%) = MOL(M%Z), (56.4)

rae M, = Np npejcraBisier co6oii MaKCHMaJbHOe 3HaYeHHe HAMarHH-
uenus (gocturaemoe npu ¥ — oo, T—> 0 °K): dpyHKuus L (x) nasbiBa-
ercs pyHkumelt JlaHXXeBeHa H XapaKTepH3YeT CTelTeHb OPHEHTAallHH 3J1e-
MeHTapHbIX MarHHTHBIX MOMEHTOB NIPH 3aJlaHHOM IOJIe H TeMIepaType.
M nonib3oBasich 3Toit hyHKuueil (B HestBHOM BUze) B §§ 15, 26 yact 1.
Mapaverp x=po#"/kT =M% /R T 10 NOPSAAKY BeJIHYHHbI IPEACTABASET
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coGo#l OTHOLIEHHe CpelHell MarHMUTHOH IHEPTHH K CpelHell SHePrHH
TEeIIOBOTO JBHIKEHHSI.

PaccMOTpHM JeTasbHee rnoBefieHHe GYHKuMH L (x) B ABYX Npelesib-
HEIX CJyuasix:

) x = X /kT > | — cuibHBE TONSt M HM3KHe TeMIEpaTyphL
B stoM ciyuae umeeM

Ly~l—t sl (56.5)

Mgl HMeeM siBJIeHME HACBILEHHS — HaMarHUYeHHE NPH CHJIbHBIX MOJAX
H HH3KHX TeMIlepaTypax CTaHOBHTCS MaKCHMaJsbHBIM.

2) x = wH/kT < 1 — cnabble monst M BHICOKME TEMIEPATypHL.
B s1OM ciyuae, passarasi SKCIOHEHTH e** [0 CTeNeHsM X IO 4JeHOB
~x3, TOTy4YuM

ctth%(H"—;), (56.6)
Ly ~5 <1 (56.7)

CreneHb OpHEHTAlMM MAaTHHTHBIX IHMIOJeE Maja MNpH cJabbix MoJasx
U BbICOKHX TeMmeparypax. Mul BumuM, uto nmapamerp L' (0), KoTOpsiM
Mbl mosib3oBasiuch B §§ 15, 26, paBen L' (0) = 1/3.

®dopMyaa (56.4) saBasieTcsl YHCTO KJACCHYECKOH M HE YUHTHIBaeT
KBAHTOBAHMsI TPOEKLHA MarHWTHOro MoMeHTa. Kak JoKasbiBaeTcs
B KBaHTOBOM MeXaHHKe, MPOEKLMs MarHHTHOTO MOMEHTa 3JIeKTpOHa
HAa HANpaB/JeHHE MAaCHHTHOTO IIOJIST MOXET NMPHUHHMATh JIHLIb JTHCKpeT-
Hele 3HaueHust. Hanpumep, Anst cBOGOAHON YacTHIbI CO CMHHOM j OHA

. — —1
MOXeT GHITh paBHOlt —p, —pi==, ..., p 1]— W, THe B — MaKCH-
MaJbHOE 3HAYEHHE MPOEKUHUH MAarHHTHOTO MOMEHTa, PaBHOE
w = (eh/2mumc) j = 2ugj;

wp = eh/dnmc — MarHeton Bopa, a j — CIMHOBOe KBaHTOBOE HHCJIO,
KOTOPOE MOXKET GBIThb KaK Le/bM, TaK M noayuensiM. s BoIYHC/IEHHS

M = R COSO Mbl MOMyyaeM Temepb BhIpAXKEHHE
g’ i,
e

CymMMa reoMeTPHUECKOl NPOTpPecCHH IO 3HAKOM Jorapudma paBHA
i /!
sh <5p99g'l_+_lf_g
M 1Jsi HaMarHUYeHHs IOJNYYHM BbipaXKeHHe
S 5]

M= Mol; (Bu?) = MoL; (E2°), (56.8)
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rae KBaHToBhie GyHKUMH JlamxkeBena L; (%—):L,-(Mgff) omnpe-
JeJSIoTCs GopMyJI0H
IR g (V2 ) L (X
Ly =15 eth (12 ) — L ctn () (56.9)

H CYLIECTBEHHO 3aBHCAT OT j. 3aMETHM, O{HAKO, YTO BCe KBAHTOBbIE QY HK-
wik L;(x) cTpeMsTes K 1 npH X — oo (CH/IbHBIE MO/ H HH3KHE TeMrie-
patypbl), 4TO MPHBORHT K 3heKTy HachllieHHs (MPeNebHOrO HaMarHu-
uennsd). JleficTBUTeNbHO, IPH X — oo cthax— 1 H coriiacko dopmye
(56.9) L,(x) = 1. B npoTHBONO/NIOXKHOM NpeleibHOM ciydae x < 1
(cabble TOJIsi M BBICOKHE TeMIIepaTypbl) HMEeM COIVIACHO DasJIOKeHHIO

(56.6) )
L (x)N%]—.—l—x<l (56.10)

M HaMarsaueHue sBASIETCS CJaGbIM.

YrioBoit Kos(dunKeHT KpHBOH L,(¥) B Haya/le KOOPAMHAT PaBeH
Li{0) = (j + 1)/3j u cyumecTBeHHO 3aBUCHT OT j. B uacTHocTH, npH j =
= 1/2 (HampuMep, 5JIeKTPOHHHI ra3) HMeeM

H H ,
M =MoLy, (25 ) = Moth (£25), 11, )

HeTtpynHo BHIeTh, 4TO KJaccHyeckasi GyHKUHMs JlaHxkeBeHa mpes-
cTaBJseT co6oil npenes dyHKuuH Ly(x) mpu j— oco.

1. (56.11)

57*. MarneTusm asnexTpoHHOro rasa [17]

PaccMOTpUM 3/1eKTPOHHBIA a3, HaXOAAUMEACA B MarHUTHOM MoOJe
C HanpsiKeHHOCTbio #6. Hannuue mons BHbBaeT fBa spdekTa. Onun
U3 HHMX — 3TO OPHEHTallis MAarHHTHbIX CITHHOBBIX MOMEHTOB BJOJb
HanpaBJ/IeHUs TOJisl, PACCMOTPEHHbIi HaMH (B NPUOGIMMKEHHH CTaTH-
etk Maxkcsenna — BosbuMana) B npeapinymeM naparpade. Hs gop-
Mysisr (56.11) mpu caiaGbiX MoJIsiX M BBICOKHX TEMIEpaTypax HMeeM
A _

M=M,—— =,

Te napaMarHuTHasi BOCNPHHMUYHBOCTb % PaBHa
Mopg  Npj

®T R

1 06paTHO NMPONOPIUHOHANbHA TeMIepaType. DNeKTPOHHEIH ra3 ob/1anaer,
OlHAKO, KPOMe TOTO, IHAMArHHTHEIM MOMEHTOM, HAaNpaBJieHHEIM B CTO-
POHY, NPOTHBOMOJIOXKHYIO BHEIIHEMY NOJMIO. 3aMeTHM Mpexne BCero,
UTO JMaMarHATHBIA 3(eKT HMeeT YHCTO KBaHTOBOE MPOMCXOXKJIEHHE
H B K/lacCH4eCKOM 3JIEKTPOHHOM Ta3e OH OTCYTCTBYeT. DTO ClefyeT U3
Toro, yro cusa Jlopenua, reficTBYIOmMAs Ha YaCTHILY B MarHHTHOM MOJIE,

n=

(57.1)
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e
=" [9%], nepneHIMKYJspHA HANPABJEHHIO CKOPOCTH H, CJENOBa-
c

TeJIbHO, He COBepluaeT Haj uyacTHiel paGory. IlosTomy ero sHeprus,
€C/M He YYHTBIBATh MOTEHIHAMbHYIO SHEPTHIO CIHHA — . 5 76, MPHBOAS-
ILYI0 K NapaMarHHTHOMY 3¢deKTy, He 3aBUCHT OT MOJSI U MAarHHTHbIH
MOMeHT p = —de/0<% = (. OpHako, Kak oGHapyxun B 1930 roay
JI. [. Jlangay, B KBaHTOBOMEXaHHYeCKOH TEODHHM MarHeTH3Ma Jeso
0GCTOMT WHaue. [lefo B TOM, YTO B MOCTOSTHHOM MarHHTHOM IOJIe 3apsiX
JIBHTAeTCs 10 BHHTOBbIM JIHHHSIM, OCb KOTODbIX COBMaJiaeT C Hampas-
JieHneM noJisi. 1o 3ol MpHYHHE JBHIKEHHE 3JIEKTPOHAa B HaNpaB/IeHHH
nosisi MHQHHHTHO H, C/EJ0BAaTeJbHO, HEKBAHTOBaHO. JlBUKeHHe ke
3/IeKTPOHAa B IJIOCKOCTH, nepneHmeynanon T0JII0, NMPOHCXOJHT MO
OKPYKHOCTH C J1apMOPOBCKO# 4acToTol oy =e<% /mc |, IBAsisACh QHHHT-
HbIM, OKa3blBaeTcsl KBaHTOBaHHBIM.

KaK nokasaa J1. JI. Jlanaay (cM. [5]), ypoBHH 3Hepruu 3jeKTpoHa
B IOCTOSIHHOM MarHHTHOM 110J1€, HanpaBJ/ileHHOM 1o ock Oz onpeseasioTes
dopmyJioi

©(per ) =pu Qrt ) ge Epdl, n=0, 1,2, ..., (572)

rae ppe (2n -+ 1) — KBaHTOBaHHble YPOBHH «IIONEPEYHONH» YaCTH KHHe-
THYECKOH OSHEPTHH, a p3/2m — ee HEKBAHTOBaHHAsl «MPOAOJbHAS»
yactb. Buiarofiapsi KBAHTOBaHHIO «MOMNEPEUHON» SHEPrHH KHHETHuecKas
SHEPr'Hsi 3EKTPOHA OKa3blBAeTCsl 3aBHCSILIEH OT HANpSKEHHOCTH Mar-
HHUTHOTO MOJsl. YPOBHH 3HepruH (57.2), Gnarojapsi HaJHYHIO HEKBaH-
TOBaHHOH YacTH p3/2m, 06PasyioT CIJIOLIHOH 3HepPreTHUeCKHH CIeKTp,
H YHCJO COCTOSIHHH ¢ (HKCHPOBAaHHBIM £ H NPOJONBHBIM HMIYJIbCOM
B uHTepBane (p,, p.-+ dp,) paBHO

Vet
p(pz) sz—_-ﬁpoz- (573)
3anuuem BbIpa)keHue AJs Q-noTeHuHaNa 3JIGKTPOHHOI'O rasa cJje-

JIYIOIHM 06pa3oM:
Qp, ', T)=—FkT Y, In (14l —2 @A), (57.4)

@
Iie CHMBOJIOM g 0GO3HayeHa COBOKYMHOCTb apryMeHTOB f, <%, p,, OT
KOTOpPBIX 3aBHCHT 3HEPTHS H CHMBOJI Z O3HayaeT CyMMHpOBaHHe 10

@
M 10 JIBYM HanpaBJ/ieHHSIM CIIMHA H MHTErPHPOBaHHE M0 p:

.= Z dpo () - (57.5)

) CnuH n =

Jas uu¢¢epeﬂuuana Q (w,o%", T) numeem coraacHo dopmyJe (36.18)
Boipaxcenne (V = const)

dQ=—SdT—MVdc§f—N dp, (57.6)
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U3 KOTOPOTO YHCJIO YaCTHIl, HaMarHH4eHHe M M MarHMTHasl BOCIPHHM-
YHBOCTh % = M/<¥” MOTYT 6bITh HaiifieHB MO (opMynaMm
Q 1709 1 Q
V() o M=—v (5, = v ),
(57.7)
3ameTuM, 4TO, NOJbL3Yysich dopmy.tof (57.2), AJsT SHePrHH MBI paccMar-
pHBaEM COBMECTHO M JAHMaMarHHTHBIN (nepBblfi uneH B (57.2)) u mapa-
MarHuTHb  (c=ppe’) sddextol. B Boipaxennu (57.4) HEBOSMOXKHO
HErOCPECTBEHHO OCYLIeCTBHTb mpefebHbiil mepexoa T — 0 °K, Tax
KaK MOAbIHTErpanbHOE BBIPAXKEHHE CTAHOBHTCS CHJIBHO DPa3phIBHBIM.
Jlns HawMX uenel BaxHO npeoGpazoBaTb cymmy (57.4) B HEKOTOpBIH
KOHTYPHBIH HHTerpa/ B MJOCKOCTH KOMIVIEKCHOTO aprymenta A. Boc-
MOMb3YeMcsT CIeAYIOLHMH TPeMsT GOpMyaaMHu, J0Ka3aTenbCTBO KOTOPHIX
BEIHeceHO B «MaremaTHueckoe npuaoxennes, (L.3—L.5):
0+ i

1 M
5\ e dh=In(l+e, (57.8)
o
0 ico
1 AE
o S Crdi=ta(® (57.9)
06— i | § - 0
(0 (§) — cryneHyaras OGyHKUHS © (§)={ 0 zg: £ < O)’
§° Ma _ m 57.10)
ERNTE T
Hcnoabayst gopmyay (57.8), nmpuBeneM BoipaxeHnue (57.4) K BULY
. 0+ i T et —ei@)
" Ty = _IML @
Q, K, T)=—4; S sin (ART) A dh
O — L0

u ¢ nomoupio (57.10) HafizeM
P o ot @ T + 1 —e (@)

[ ee]
1 dh )
Qu, K, T)=— 5= SN B (57.11)
2z U‘Siw Az _Sm 4ch? %*
B dopmyie (57.11) yaKe nerko coBeplinTh npefenbbliii nepexos T—0°K.
IMonoxus B s1oit popmyne T = 0 °K u unrerpupys no &, mnoaydum
o+ oo Ze“’““"” ©
Q@ o, )=—L \ ol -
w, ) i G_Slw A2 _Sw 4che %
2 et —e (@)

a4 ico

= @
=~z dkLTz‘_. (57.12)

0 — i
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Vamenns B (57.11) nopsitok HHTerpHpoBaHHs W yuuThiBas (57.12)
(c 3amenoit p — p + E&T), Haxopum

Q@ T)=S &t QWIS I °’=—LS PRTUN 4%0)

: kT n—p) °
o 4 ch? 5 Pl 4 ch? ofT

(57.13)
Orciofia c/ienyer BaKHOE CBOMCTBO Q-NOTEHLHana: 3aBHCHMOCTb OT
npH Temneparype T 0ZIHO3HAYHO ONpene/seTcsi 3aBHCHMOCTBIO Q OT p
npu T = 0 °K. CaegoeartesbHo, aas Tepmonuuamuquhoro OIHCAHHS
3JIeKTPOHHOrO rasa RocTatouHo sHatb Q(u, <%, T) npu T =0 °K.
Hmeem coraacto dopmyiam (57.12) u (57.9)
ctin MABE@
2, 1 C " ()
QI 0)=—55 \ o= —F s Qo —e()).
G — oo @-
(57.14)

I'Ipose;(e.\i B 5TOM BbIDaXX€HHH CHayaJjla CyMMHpOBaHHe [10 2 H 1O ABYM
HanpasJ/JI€HHAM CIHHA. Jlerko 3aMeTHTb, 4TO PasHOCTb (}L _— B) AJis 3Ha-
YE€HHs1 KBAHTOBOTO 4HCJ/a (n - 1) H CIIMHA, HANpaBJE€HHOrO MO INOJIO,
6y;(e1' paBHa TaKo#H xKe Pa3HOCTH AJs 3HAY€HHs n ¥ CIIMHA, HalpaBJ/eH-
HOro IpoTHB 10Jd, AJd BCEX 3HauYeHHH 1

p—-(2n~l)u3\§i"—p3§f—— P?. =
o P
—-u-——(?n-l—l)p,gﬁf-]—pg&f—zm =p— 2 — 2.
Buiarogapsi 3TOMy Bce claraeMble CyMMbl O 7 YABAaHBAOTCs (Kpome

YJeHa CyMMBbI C 11 = Owu CIIHHOM, HallpaBJIEHHBIM [IPOTHB HOJXSI) H Mbl
NOJYUHM

Q(M» Cj{‘ 0)=

= /‘L/B{ S[u o +22<p 2nupe

n=1

T om )

npHyem 6.}131"0}18])}] ONYLIEHHOMY B 3TOM BbIPDAaXK€HHH MHOXKHTEJO

P
o {p—2nppdt — 55,

dp., (57.15)

HHTErPHPOBAHHE B KaXK/IOM UJIeHe CyMMbl BeZIeTCsl 10 IPOMEXKYTKY MeXAY
IBYMSl HYJSIMH NOJBIHTETPaAbHOH (PYHKLUHH (or—12m (v —2nps)
20 41 2m (@ —2nps7)).
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Ilas sHaueHHil p B uHTepBane 2lpp < <p << 2 (I -+ 1) pp’’, rae
| — le0e YHC/IO, BHIMONHSSL HHTErPHPOBAHHE, MOJyYaeM:

—Qu, X, 0)=N}LB@W[(F—I:>'/'—|—2£ (%)/] (57.16)
n=1

i€ uepe3 p, 0603HaYeH XMMHYECKHIl NMOTEHUMan 3JEKTPOHHOTO rasa
B OTCYTCTBHE MAarHHTHOTO nojsi H npH Temneparype 0 °K;

_[3N \s R
”°—K8nv‘ om*

Jlns Hawmmx neseit ynoGHee mepenwucaTh Bblpa)KeHHe (57.16) B BUnE
ppt” ) ( [ ) ( _ */2)
—Q, I, 0)= Npo< l ) 2 2 T 2n\ .

BsezeM caenyiomue 0603HaYeHHS:

= ‘i@;’ , (57.18)

oo

R, (x)=ax*142a Y (x—2m)* 10 (x—2n). (57.19)

n=1

Jluddepennupys BuipaxenHe s QYHKIHH R,(x), monyunm

n=1

e [(a — a2 h2@—1) 2 (x—2n)2 0 (x— 2n)]

+2a i (x—2n)*18 (x —2n),
n=1

rae 8 (x) — nenpra-pynkuust dupaka. OTciola BHAHO, YTO TIPH JIIO-
6Gbix @ > 1 HMeeT MeCTO COOTHOLIEHHE

d a -
Ra — 4R, 3, (57.20)

HO mpH a << 1 npousBonHast GyHKUMH R, (x) obpamaeTcss B GeCKOHEU-
HOCTB NpH x = 2 (I — uesoe 4YHC/I0), a caMa R,(x) HCTILITHIBAET B 3THX
TOUKax CKauykH (KOHeuHble NpH a@ = 1 ¥ GecKoHeuHble npH a < 1).
Moacrasasist (57.18), (57.19) B popmyay (57.17), momyuum
(FB%‘

Qu, K, 0)_-—N|.lo )Ry, (0, (57.21)



252 KOHKPETHBIE 3AZIAUN — WAEAJNBHBIE TA3BI [TJ1. VI

OTKyJa coraiacHo ¢opmyaam (57.18) u (57.20) Haxoaum

—_ (%) _n(be )’/'
N_l_(\%lé)r,&"—N o ) Rs;, (%), (67.22)
= 2 g \Ve
* @, 0= — g (s, =y o (B R ) — 4R, )
) ’ (57.23)
Us dopmyarr (57.22) caenyer
B — (R, (0)]*» .
gy = R @I, (657.24)
H, MCIOJb3Ys ompefenenue (57.18), Haxomum
IO — Ry, (] . (657.25)

Hakonen, noacrtaBassi 3nauenne (57.24) B (57.23), monmyuaem

KO _[Ry, () — xR, (O] (R, )= (67.26)

rae .
N pg
K= T

®opmyJst (57.24) — (57.26) naioT B mapaMeTpHYECKOM BHJle 3aBHCH-
MocTb (X, 0)/ o 1 % (77, 0)/%40T uo/upe (puc. 61),T. €. oT HanpsiKen-
HOCTH MarHHTHOTO IIOJIS IIPH TeMnepaTtype aGCOMIOTHOTO HyJs. M3 stux

z40)

-,(u&”} % 290,0)
4 0
-

Fs0
».l’;ﬂ

V)
P

.
4 5678 § w1
Puc. 61.

-
.

GopMyn BHAHO, uTO moBenienue Beduuun p (<7, 0)/uoux (7, 0)/%,
onpesesnsieTcsi CBOHCTBaMH GyHKLH Rs), (X) 1 Ra/,(x). Tak Kak npous-
BonHash OGyHKuMH Rs,(x), paBHas %, R./,(x), uMeer pa3peiBhl (6ecko-
HeuHble) B TOUKax X = 2/, T0 Ha rpaduKe pHc. 61 HabmofaloTcs Xapak-
TepHble MHKK. Ml BHMM, uTO Kak (<%, 0), Tak u % (<7, 0) siBasiorcst
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OCIHJITHP YIOWHMH GYHKIUHSAMH OT o/ g . C yMeHblUIEHHeM HanpsiKeH-
HOCTH 10151 KoseBaHHsi XHMHUECKOro noTeHuHana y (%, 0) 6bicTpo
3aTyXaloT 1 IPH o/ &7 ~ 10 XMMHYECKHI! IOTEHLHA [L TPaKTHUECKH
JIOCTHT@eT CBOETO NpEAeJbHOrO 3HAYeHHs (1.

BocnpauMuHBocTb % (%, 0) HCTbITHIBaeT GoJlee 3HAUHTEIbHbIE KOJIe-
Ganusi. Kak Buano u3 puc. 61, B HEKOTOpBIX AMana3oHax 3HAYEHHH
& 'BOCIPHHMYHBOCTb CTAHOBHTCS OTPHLATEBHOM, YTO CBHAETENBCTBYET
0 npeo6JaJaHHH_JHaMarHUTHOrO 3(deKTa Haj napaMarHuTHbIM. Kpu-
THYecKHe nousi X = <, ipH KoTophix pyHKunH p (7, 0), % (7, 0)
HCTIBLITHIBAIOT Pa3pbiBbl NPOH3BOJHBIX, OMPENENSIOTCS H3 YCJIOBHs

_ B, 0)
X, ey R
Msl MOXKeM Tenepb &TaHOBHTb CBSI3b MEXJy NMEePHOAOM OCLUMJISUHH
BOCHPHHMYHBOCTH A< H HANPSI2KEHHOCTBIO 1104151 &/ ;, IPU KOTOPOM 3Ta
ocum/IsuHs Hab/ofaercs. 3anuueM GOpMyJIbi:
w7 0)=2l W (1 +A L 0) =2(—1)
wpe# Tope (K AT :

Bepsi pasHOCTb STHX BBIPaXkEHMil H YUHTLIBASI OTHOCHTEJBHO cJabyio
3apucumocTs (S, 0) o1 <X (0coBenHo npu GOABLINX [), NOTYYUM

p L 0 ) (H AT, 0) -2
K1 T AT KB,

HIH
< M o (o on . N
oty 1) T AT )~ ot 5ot (I 148900 | 11
H A = 2ue,
OTKylla OKOHYaTe/JbHO HaXOAHM NpaBIO

297U 1HAT D) _ Mo
i T const,

KOTOPOE XOpOIIO COTJIaCyeTcst ¢ AaHHBIMI SKCIePHMeHTa.

PaccMOTPHM HEKOTOPBIe MpefesbHbIe CayYaH:

A. Cayuait cHIbHBIX nojelt: x=-—2 <2,

Y W

Kax BumHo u3 rpaduka 61 B o6aactn 0 << x <C 2, 9TO COOTBETCTBYET

nrTepBany 0 < m uj“{/, <[Rs,(2)]/»=4,5">, wucue3alOT XapaKTep-
Be

Hble 1S ¢1aGbiX MoJlefi OCUH/UISILMH XHMHYECKOrO IOTeHIHaIa H BOC-
TIPUAMYHBOCTH H p (2%, 0) 1 % (<77, 0) MOHOTOHHO YOBIBAIOT C POCTOM
noJisi. I1a 06/1aCTh He NPEACTAB/IseT IPaKTHYCCKOrO HHTEpeca H eliBa JIH
AOCTHIKHMA.

Dopmyaa (57.19) npu 0 < x << 2 naer

Ruyy (x) =%, Roy, (x) ="/px",
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H, ucrnosb3ys (57.24) — (57.26), Haxoaum
B0 _(2Vhy kGO 2 .y, B (3,
) (3> x5 %y _ax‘/’ I‘BW—(Z) o
Hckmioyast M3 3THX GOpPMys napaMeTp X, NosydaeMm
n(%.0)=i< o >2, x(ﬁf,o):g( Mo )‘ (57.27)

™ 9 \pe” o 2 \i

B. Cayuaii cnabbix nodseii: x> 1. BbiBesemM acuMnToTHYECKHe
BblpakeHHsl Juisi QYHKUHiA R, (x) npu GOJBIIHX 3HAYEHHAX apryMeHTa
x. Tlo dopmyane (57.19) umeem

a1R, (2) = (20)* 142 [1971 -2 - ., (I —1)* ] =
14
=20 2 ptl_ ()N (57.28)

n=1

BocnosibayeMcsi A/l OIEHKH 3TOrO BBIPaxkeHHsl HOPMYJIOH CyMMHpOBa-
HHs Ditnepa

1 1
> f(n)=§f(x)dx+%[f(0)+f(1)]+-.-
n=0

HmeeM corsacHo 3TOH opmyse

i
- e a
3 ne 1=7(1 +g+...},
n=0
OTKyAa NOAYYHM Jasi GOJbLIMX 3HAYCHHH X
_1
R,,(x):xa[l-x-”“;x, )+...].

Beluscasiem no gopmyaam (57.25), (57.26)

RO 1 O ] o

H L 0 T

Uckiouast x, moayvaeM

P(W,O)Nl_i(use?i"‘z %(@W,O)Nl i(l‘sﬂ?f"

o 6\ m )' % o 20\ H )« (57.29)

B o6nactu nuskux Temnepatyp kT < ppe’l 3aBucuMocts x (%, T)
u p (77, T) OT MarHUTHOTO 10JIsi HMeeT KauecTBEHHO TOT Xe XapakTep,
YTO U NPH aGCOMIOTHOM HYJe, TOMbKO NHKH NPH 3HAYEHHAX NapaMeTpa
x = 21 ¢ NOBBIILIEHHEM TEMIIEPATY Pbl HCUE3AIOT H 3aMeHSTIOTCS IIaBHBIMH
nepexoiamH ¢ wupHHoi nopsiaka kT/pp . TIpH NOBHILEHHH TeMIepa-
Typbl IHPHHA 3THX NEPEXOJHBIX o6sacTell pacTeT, KPHBbIE CIJIaXXHBa-
I0TCSi M XapaKTepHBIl AJIsi CHBHLIX 1OJIefl OCUM/IHDYIOIUH XapaKTep
KPHBBIX CMAr4aeTcs,
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PaccMoTpuM npesesiblblit ciyyall BeICOKHX Temnepatyp kT > .
B 3TOM cayyae, Kak Mbl yOenuMcs Huxe, w/kT siBisiercst GOJbUIMM
no a6coNOTHOH BeNHYHHE OTPHUATENbHBIM UHCIOM H eH—o/kiT L1,
Y1o6HO 1o3TOMY, He nOJlj;yﬂCb o6wedt dpopmyanoit (57.13), Henocpen-
CTBEHHO BBIYHCJIHTB L (M1, T)no dopmyJe (57.4). ImeeM, noacraBisis
e (g) u3 (57.2) M nepexoisi K HHTErPHPOBAHHIO,

—Q, &, T)=kTZeMu—ew»=eu/kT",’_2ﬁ;.T_X
@
% S (eﬁugji/' _}_e—BMBJf) Z e—ﬁug@i’ @n 41 -—ﬁﬁz’2’" dp,.
Wb

—®

BBINCJ/IHASE HHTETPHPOBaHHE

& Bo3/2m dp, = (2%"‘)'/, — @nmkT)":

—®

H CyMMHPOBaHHe

i e~ﬁu3§7' @t =(eu5&f/kr_e—uge%”m)-‘
n=0
NOMyYHM
V /8rm ¥/ . iney &
—0 G, I, Ty= 1y () erynevnr 1L (57.30)
Orciona no dopmyaam (57.7) nosydnm
aQ\ V [8rmkT\*/» [
N=_(\?F/r,o%” E &T) e TR (573D
H, JorapuMUpYs, HAXOAHM XHMHYECKHI TOTeHLHaJ
_ (8rumkT\*/s pBy{' ijf
p=— kT m{w\ ) 2 cth 1 6139

Mocneanssi dopmyna nokasmaer, uto p (<77, T)/kT KeHCTBHTENBHO
nph kT > o M0GbIX <% siBasieTcs GOJIbIIEM OTPHLUATENbHBIM YHCIOM.
ARanoriuHo HMeeM

M, D=~y (55), , =
(kT) "z (8m\*/a PBW 4 PB’J%/' Pge?f
( ) W”[ cth o _( o sh-2 ]
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Hcimouas p ¢ nomousbto (57.32) U BBOAS MaKCHMaJbHOE HamarHWYe-
HHe eIMHHIBI obvema M, = Npp/V, momyuum

M@, T) kT 1 2ppIRT
M, T [ Ten (2MBJ/kT)]'

@opmyasa (57.33), BelBeieHHas! AJ1si BHICOKHX TEMIIEPATyp C Y4eTOM
KaK JHaMarHHTHOTO, TaK M NapaMarHHTHOro 5(heKToB, CyLIECTBEHHO
otauyaercss oT dopmyas  (56.11),
noJyyeHHol Ge3 yuyeTa JHaMarHHT-
Horo 3¢dekta. B To Bpemst Kak BHI-
paxeHue (56.11) npHBOAMT K Hacel-
LEHHIO B CHIBHBIX noasix (M — M,
npu &% — 0), Bbipaxenue (57.33)
NPHBOJHT K MOHOTOHHOMY yGbiBa-
HHIO HaMarHH4eHWst M B CHJIBHBIX
nonsix M~ <% 1. Jtor pesyJasrar
HJIOCTpHpYeTcs: puc. 62, rme npu-
Befenbl Kpuasi L, (s ¥ /kT) (kpu-
Bass I) ¥ KpHBas, BbIYHCJIEHHas
no gopmyne (57.33) (kpuBast 2).
EctectBeHHO, BCsiKHe cleibl ocuuansuuil aas semuuun p (77, T)/po
u % (", T)/%, IpH BBICOKHX TEMNepPaTypax MONHOCTbIO CTHPAIOTCH.

(67.33)

Puc. 62.



TTABA VIl

KOHKPETHBIE 3AJAYH — CUCTEMbI
B3AUMOJEACTBYIOIMX YACTHL

B sTo#t ry1aBe 6yAyT PacCMOTpPEHBI 33a/lauH, CBS3aHHblE C ONHCAHHEM
CHCTEM B3aUMOJEHCTBYIOWMX YaCTHI[ C MOMOIIbI0 MeTola aHcamGuedt
I'u66ca, a TakxKe ¢ NOMOLIbIO KBaHTOBOMEXaHHUECKOTO MeTofa BTOPHY-
HOTO KBaHTOBaHHSl.

§ 58. Henpeanohnie rassi

B kauectBe npuMepa 3ajlauH, KOTopasi He MOXeT GbiTh pellleHa C Mo-
MOWIbIO pacnpefiesiendsi MakcBeasia — Boabumana, HO MOxeT GbiTh
HeeneoBaHa MeTonoM I'm66ca, paccMOTpHM HOBeJI@HHE OJHOaTOMHOIO
rasa, B3aHMOJEHCTBHEM MeXJy aTOMaMH KOTOPOrO HeJlb3si IpeHeGpeub.
ByneM cuurtath, YTO NOTEHLMAJbHas SHED-
rusi B3auMOAEHCTBHS MeX1y aToMaMu Vi)

CBOAMTCS K CyMMe 3HepPruil NONapHBIX
B3aHMOZEHCTBHI, 3aBHCSAIIHX TOJbKO OT
PacCTOSIHHI MeXJy aTOMaMH

N
Uy (ry, 1y, -y I'N)= Z u(ll’i—l‘kl).
i<k=1
(58.1) s r

ToTenuuanbHasi SHEPrUsl B3aHMOJAEHCTBHS

JBYX aToMoB 0GJaJaeT CJEAYIOMHMU CBOH-

crBamu (puc. 63). Ilpu r = [ri—ry| > 1y

npeo6aafaior ciabue BaH-nep-BaanbcoBhl Puc. 63

CHJIbl TIPHTSKEHHS, KOTOphle BecbMa Obl-
CTPO CHAajaloT C PacCTOsHHEM (B KBaHTO-
BOH MeXaHHKe [O0KasblBaeTcsi, 4YTO B BecbMa OOGILIMX MpPeLroJioxKe-
HHAX, B 3Tofi obmactd XZ(r...) ~ r’%). IlosToMy ImpH r, CylleCTBEH-
HO TpeBHINIAIOWHUX 1y, SHaueHwe — X (N/kTL1 (% () <0). Ilpu
r < r, NpeBaJMPYIOT BecbMa GhICTPO HApacTaloliHe CHJbI OTTAJIKHBA-
HHsl, CBSI3aHHble C JedopMalHell 3MeKTPOHHEIX oGoJouek. B rpy6om
NPHOAMKEHUH HEMPOHHUAEMbIX C)ep MBI GY/ieM CUHTaTh B Aa/bHeHIeM

9 10. B. Pymep, M. LI, Puiskuu
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U (r) = oo npu r < ry. Tlpu r = ry (r, NPUONHIKEHHO MPEACTABASIET
co60¥i MaMeTp aToMa) CHJIbI IPHTSDKEHHSI H CHJIbl OTTANKHBAHHS ypaB-
HOBEILHMBAIOTCS, a TNOTeHLHA/JbHAas SHEPTHs B3aHMOACHCTBHs HMeeT
MHHHMYM.

Bynem ucxoautb 3 dopmyirl, cBsisbiBaloweli Q-noTeHuHMasn rasa
¢ Q-cymMoit cocTosinmii:

N _EGIN)
=Q= Y etT Ye T g(i, N). (58.2)
N=o0 7

B 3ajaue o noBeJleHHH HeHJEaJbHOTO a3a KBAHTOBAHHE SHEpreTHUe-
CKHX ypOBHeil HeCyIeCTBEHHO, H Mbl NlepeiiieM K K/1acCHYeCKOMy OnHca-
HHIO, 3aMeHsIs1 KPaTHOCTh BBIPOXKAeHHA g (I, N) BeIpaXkeHHEM

ar 11 da:dp;
N
BPY N BV N

a snepraio E (i|N) BblpaxkeHHeM
N

_2
e kT

En(p )= Y gotlly(ry 7y ooy 1), N2,
k=1
Eu(p, ) =0, Ey(p, r)=p2m. (58.3)

Takum o6pasom,

©

n"Za(V, T
Qe v, =Y (5 28D, (58.4)
n=
h? /2 o
rae z=eW*T, K=<m) — [AJMHa BOJIHBI fle Bpoiias, coorBerct-

ByIOIAst cpeiHelt Ten/10BOH SHEPTHH,

n
-8 X 4(nin)
Z,(V, T)=§d3r, v dPre k=L (68.5)
— KOHQHIYpAIMOHHHI HHTerpaJ.
_RlU(r; W
BBeneM BeJIHUHHBI fi, =€ %) _ ) B COOTBETCTBHH CO CBOHCT-
BAMH NOTEHUHANbHOH 3HEPrHH B3aUMOJeHCTBHSI MoseKya X (r;;) Bemu-
YHHBI i CTAHOBSITCS BeCbMa MaJbIMH MpH ri = r,, CTpeMsiTcst K —1
NIPH Iy — ry U SBJISIOTCS] OTPAHHYEHHBIMH B NPOMEXYTOYHO! 06/1acTH
paccrosinuii. Tloc/ie BBelleHHs! BeJIHUHH f;) BbIpaXKeHHe 451 KOHQHIypa-
LHMOHHOTO MHTerpaja NPHHHMAeT BHI

Z,(V, T)={d; ... &%, ﬁ (+Fm)=

i<k=1

=i @1+ (ot fst - i+
+ (Fefis+ fofiat+ )+ (58.6)
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Passioxenre TONBIHTErpa/IbHOH (QYHKUMH 1O CTENeHSM BEJHUHMH
fir B BhIpaxenHH (58.6) 0cOGEHHO YIOGHO AJIsl PACCMOTPEHHUS TIOBEJEHHS
paspexkeHHbIX ra3oB. Jleso B TOM, YTO KaXKABIH MHOXHTEJD i 3(deK-
THBHO OTDAaHHYHBAET OHO 3 HHTErPHPOBAHMH B HHTErpaJje Sd’ri d’r,
06beMOM NIOPSIKA 1 H, CJIELOBATENbHO, BHOCHT B PE3YJ/ILTAT MAbIi MHO-
KHATENb r/V (N0 CpaBHEHHIO C HHTErpasioM, He COAEPIKALLHM fy).

T0 3HAYHT, YTO B pPa3Hble ciaraeMbie (58.7) BHOCST BKaaj pasHbie 06-
JIaCTH KOH(HTypallHOHHOTO NPOCTPAHCTBa. B HHTerpan S d&rydPry...dPry
(cooTBeTcTBYIOIMI caraeMoMy 1 B MpsiMbIX CKOGKaX) BHOCHT BKJaj
BCE KOHQHIypalUHOHHOE MPOCTPAHCTBO. B HHTErpas, CoAepKaiuil MHO-
XHTeNb Y fip, BKAAJ BHOCAT TOMBLKO Te 0GJACTH KOH(QHI'YpamHOHHOTO
NIPOCTPAHCTBA, B KOTOPbIX | #; — # | << 1 (IPOH30ILLIO «CTONKHOBEHHE»
LBYX MouieKy.s1). B uuTerpan, conepxamuii MHOXHTeNDb Y fixf 7, BHOCST
BKJIaJ Te 06/1aCTH KOH(HIYPaLHOHHOTO NpPOCT-

PaHCTBa, KOTOPble COOTBETCTBYIOT «CTOJKHOBE- ° e
HHIO» TpeX MOJIeKYJl (ONMH H3 HHIEKCOB j HJIH
| coBmajiaeT ¢ ONHHM H3 MHJIEKCOB i HAH k) H
OJIHOBPEMEHHOMY «CTOJKHOBEHHIO» IBYX map °
Monekya (i-sic k-fi u j-sic [-H) uT. A
Tak Kak B pa3pexKeHHOM rase CTOJKHO- Puc. 64.
BEHHSI KOMIIEKCOB H3 GOJIBLIOrO YHC/Ia Mo-
JIeKyNl JIOJXKHBI IPOHCXOAHTb PEJKO, HHTYHTHBHO SICHO, YTO passioe-
HHe (58.6) moMkHO GoJlee HJIH MeHee GbICTPO CXOIHTHCS.

JIJ1s1 HaryIsHOTO M3YYeHHs! CTPYKTYpHI Bbpaxkenus (58.6) comocta-
BHUM KaX<JIOMY YJIeHY STOTO pa3JIOKeHHsl HEKOTOPHIH HarJIsiiHbli oGpas,
KOTOpbIl NMPHHATO HMeHOBaTb rpadoM. Kaxjoii M3 nepeMeHHBIX 7y,
F3y .oy Fn MBl TIDHBEJIEM B COOTBETCTBHE IPOHYMEPOBAHHBIN KpYXKOK,
a Kax<JIOMy MHOXKHTEJIO f;, — JIHHHIO, COEAMHSIOMYIO i-# H k-H KpyKOK.
Hanpuwmep, r/u-n'erpanySd“r1 <o @refiofoufsg  comocTaBnseTcss  rpad
puc. 64. (/s HamMx ueseft JOCTATOYHO pacCMaTpPHBATh TOJBKO TaKHe
rpabl, B KOTOPBIX Ba KPY>Ka MOTYT OBITb COEJMHEHbI TONBKO OAHOMH
NHHHeH — npocTble rpadkl.) HeTpyano BHAeTb, uTo BhipaxeHHO (58.6)
COOTBETCTBYET CYMMa BCEBO3MOXHBIX I'PahOB H3 71 KP Y2KKOB (-uaCTHYHbIE
rpadsi). ITpu 3TOM nepBoMy uileHY B KBaJPaTHbIX CKOGKaX COOTBETCTBYeT
rpad Ge3 COeJMHHTENbHBLIX JIHHHH, BTOPOMY usleHy pasnoxeHHs (fj, +
+ f13 =+ ...) cootBetcTBYIOT 12 (n — 1)/2 rpacoB ¢ OAHOH NHHHEH, TPEThb-
emy uneHy (fiofys -+ frofia + ...) — rpadbl ¢ ABYMs JHHHAMH M T. 1.
Tpadpl MOryT ObITb NOApa3JesieHbl Ha CBSI3HbIE, T. €. TaKHe, B KOTOPBIX
BCe KPYKKH CBSI3aHBI AP YT C APYTOM NPSIMO HJIH KOCBEHHO (Uepes Apyrie
KPYXKH), H HecBSI3Hble, B KOTODHIX HMEIOTCSl H30JIHPOBaHHbIE APYT OT
Ipyra rpynmbl Kpy»KOB HJH OTAeJbHble KpYKH. Hanpumep, rpad
puc. 65, a — cBsi3ublil, rpad pHc. 65, 6 — ABycBs3HbIi, rpad puc. 65, 6—
TPEXCBSI3HBIA H T. J.

Tax Kak Kaxaomy rpady OAHO3HAYHO COMOCTABJSIETCS] HHTErpaj
H KaxJOMy HHTerpany — rpad, Mbl OyjieM B JasbHeflleM YacTo AJs

9%
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KpaTKOCTH yMNoTpeGasiTh CJIOBO «rpad» BMECTO (HHTErpaj», TOBOPHTh
0 CyMMe HJIH NpOH3BEJlCHHH Ipad)oB BMECTO CYMMbI MJIH IPOH3BELCHHS
COOTBETCTBYIOLIHX HHTErpaJioB.

5 g
7

Puc. 65.

SlcHo, uTo JMOGO# MHTErpaJ, COOTBETCTBYIOlHH k-CBA3HOMY Tpady,
pacnajaeTcss Ha NpOH3BeleHHe HHTerpasoB MeHblieil KpaTHocTH. Ha-
npHMep, HHTerpas, COOTBETCTBYIOIIHA pHc. 65, 6, paBeH

S &ry &ry d°ry dr frof ufas S dry drg fag,
a MHTerpaj, COOTBETCTBYIOIHH pHc. 65, 6, paBeH
S a&ry drydiry fufzafus ds’as d*ry d°r fag.

Bynem HaspiBaTh k-rpynno#t si06of k-uacTHUHBIH CBS3HBIA rpad
H BBEJEM MOHATHE T'PYNINOBOrO HHTErpaJa, ONpesie/HB ero KaK NnpoH3pe-
NleHHe HOPMHpYIOLero MHOXHUTens 1/k!IVA3*—3 Ha cymmy HHTerpasios,

Socbobdh

Puc. 66.

COOTBETCTBYIOIIMX BCEM pasiHuYHBIM k-rpynmaM. B aTom onpenenenun
pasiHYHBIMH k-TPYNNaMH CYHMTAlOTCA KaK rpadb, OTIHYalomKecs
APYr OT JPYra YHCJIOM H DACMOJIOKEHHEM COEJMHHMTENbHBIX JIHHHI,
TaK M rpadbl, OTJHYAIOMHECS HyMepauHeHt, COeJHHEHHbIX APYT C APYToM
H He COeJMHEHHBIX ApYT ¢ APYroM KpyxKoB. Tak, npu k = 3 cymecr-
BYIOT YeThipe pas/H4HbIX 3-TPYNnH, H3oGpaxkeHHble Ha puc. 66. Ilpu
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k = 4 cymectByeT 38 pasnuunbix 4-rpynn. Ha puc. 67 usobpaxens 13
THIIOB CYLIECTBEHHO Pa3JIHYHBIX 4-TPYIIl, KOTOPEIE HEe MOTYT GbITH MOJIY-
YeHHl JPYr H3 Apyra NyTeM BpalleHHs PHCYHKAa B CBOeH MJOCKOCTH.
Puc. 67, a—a u306paxKaior rpynmbl ¢ TPeMsi COEAHHSIIOWHEMH JHHUSAMH,
pHc. 67, e—K — TPYNNH C YeTHIPbMS JHHHSAMH, DHC. 67, 2, # — rpynnbl
C NATHIO JHHHAMH H pHC. 67, # — rpynny ¢ wecTbio JHHHAMH. L{udpol,
CTOsilHe HAJl PUCYHKaMH, yKa3blBaloT, CKOJBKO FPYIN, OTIHYAIOMHXCS

(%) (2) z) ) (%)
%
@ @® @ @ @ @, ), @

z) ) 4) 2) )

(7) (4) (4) (4) 2) ?
@ @ @ @ @ 2 @ @ v
RSN
@ @ @ @ @AO @ 0, 9‘9

7 ) 2 2) 4

@ (2/ @ M} A //}
N X DX
@ P 9‘9 9‘9
) ) #)
Puc. 67.

HyMepalHeli COelHHEHHbIX ¥ HECOeJHHEHHbIX KPYXKKOB (BK/IOuasl ¥ H30-
GpaxeHHYIO Ha PHCYHKe), MOXXHO IOJIyYHTb H3 JaHHOTO PHCYHKa, Bpa-
11as ero B CBOeH IIOCKOCTH (HoMepa I, 2, 3, 4 OCTalOTCS MPH STOM Bpa-
WeHHH Ha cBOMX MecTax). Tak, u3 rpada 67, a MOXHO NONYYHTH elue
TPH S5KBHBaJIEHTHBIX Ipada, moBopayHBasi pucyHoK Ha 90°, 180°, 270°,
u3 rpada 67, 6 — elme OAWH 3KBHBaNEHTHbI rpad, Bpamas PHCYHOK
Ha 90°, rpadrl 67, e 1 67, ¥ HHBAPHAHTHBI 1O OTHOILEHHIO K BPALIEHHIO
Ha 90° M Kaxablfi M3 HHX OmpelessieT TOJbKO OLHY 4-Tpymmy H T. A.

IpynnoBble HHTerpajibl 06/3falOT ABYMSi BaXKHBIMH CBOHCTBaMH:
1) bx(V, T) ecTb BenuuuHa 6e3pa3MepHas (3TO HEMOCPEACTBEHHO BHAHO),
2) by(V, T) nMeer KoHeuHbl#t npesest npH V — oo. [locaennee cBoficTBo
CJIelyeT H3 TOTO, YTO BCe MHOKHTEJH fim CTPEMSATCS K HYJIIO TIPH Fim > 7,
YTO 5(peKTHBHO OTPaHHYHBAET (118 CBA3HBLIX rpados) (¢ — 1) HHTerpu-
POBaHHU# 06/1aCThIO ¢ OGBEMOM ~vr§, H JHLIb OZHO HHTETPHPOBaHHE Be-
Retcst o Bcemy obvemy V. Ilpu £ = 1 rpad (/) (wa puc. 67 eaunnua
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B KDYXKe) sBJsieTcs 1-'pynmoii H COOTBETCTBEHHO STOMY
bi=p S dsr =1, (68.7)

2-rpynnofi siBasercst rpad (/)—(2) (Ha puc. 67 uudpel B KpyKKe) H
1 1
bo=grr \ Prdnafia () = § Prf () (58.8)

(Mbl nepelliH K WHTErPHPOBAHHIO MO KOOPAHHATAM IEHTPa HHEPLHH
R = (r; 4 r;)/2 ¥ OTHOCHTENBHOMY DPaIHYCY-BEKTOPY rys).

Uerbipe pas/inyHble 3-rpynibl H306pakeHbl Ha puc. 66 u rpynmnooi
HHTerpas by paBeH

by= ﬁ S dry dPry dPry [frafss + fiafis + frafos + Frof asfis]. - (58.9)

Jhio6ofi n-yacTHyHbIl Tpad npeicTaBiaser coGoli NMPOH3BEJEHHE He-
CKOJIbKHX Tpynn (C YHCJIOM KDPYXKKOB, He NpeBbalomuM n). Eciu
YHCJIO R-TPYNN €CTb My, TO HMEET MECTO COOTHOLIEHHe

n
Z km,,=n.
k=1

SIcHo mpH 3TOM, YTO M, << 1, npHYeM ecau m, = 1, To BCe OCTa/IbHble
my = 0 (k = n). Mbl nosyyaeM npH 3TOM CBSI3HBIN n-4aCTHYHBIA Ipad.

3ajanublii Habop yHcen my onpesie/isieT He OJIMH N-4aCTHYHbIH rpad,
a MHOXKECTBO TaKHX rpadoB, TaK Kak, BO-NEPBbIX, k-YaCTHYHbIe rpadbi
(npu k > 3) MOryT GbiThb pa3iHYHEIMH (cM. pHC. 66, 67) H, BO-BTOpHIX,
HOMepa NMepeMeHHHIX Py, Fy, ..., ', MOTYT I0-Pa3HOMY PaclpelensThest
Mo rpynnam.

O603HayuM S (my) CyMMYy HHTErpajoB, CONOCTaBJsSEMbIX BCeM rpa-
(aM, COOTBETCTBYIOUHM HaGopy umces my. OueBHIHO, YTO KOHHrypa-
UHOHHBI MHTErpan Z, TOrAa paBeH

Zy= Z S (my), (58.10)
{me}
IJle CyMMHDOBaHHE BEJIeTCsl 10 BceM Ha6opaM YHCe fry, YAOBJETBOPSIIO-
LM YCJIOBHIO

> kmy=n. (58.11)
=1

BripakeHHe 1151 CyMMbl S (171;) MOXKHO NOJIYYHTD CJEAYIOLHM 06pa-
30M: (DUKCHDYEM HEKOTOPYIO ONpEJEJEeHHYI0 HYMEepalHIo KPYMKKOB
M pas3o6béM n KPYKKOB Ha k-TPYNNB C 33aJlaHHbIMH 3HAYEHHSIMH YHCell
k-rpynn my. Jajee, 3aMEHHM Kaaylo H3 k-TPYIIN HAa CyMMY BCEBO3MOXK-
HBIX Pa3JHYHbIX k-rpynn. CoOTBETCTBYIOMHH 3TOMY k-4acTHYHOMY Tpady
WHTErpajl, COIMIaCHO OMNpee/eHHIO I'PYNNOBOrO HHTerpaja by, paBeH

kIV A3 3p,,



§ 58] HEM/JEAJIbHBIE TA3B! 263

HHTerpas e, COOTBETCTBYIOLHI BCeMy n-UaCTHYHOMY rpady, OUeBHAHO,
paBen

TT [e1VAss-3p, ],
k=1

Jlns Toro 4rto6bl MOJY4HTb S (M), HaM OCTaeTCs MPOAe/aThb BCEBO3-
MOXHbIE TEPeCTaHOBKH HOMePOB KPYXKOB 1, 2, ..., n (mepeMeHHbIX
Fiy <oy Fn), TIPHBOASILIHE K HOBBIM CYIIECTBEHHO Da3/HYHBIM TrpacdaM.
Tak Kak 3HayeHHsl HHTETPAJIOB He 3aBHCAT OT 0GO3HAYEHHS! IePeMEHHbIX
HHTETPUPOBAHMsS, TO BCe NOJyYaeMble CjaraeMble OJMHAKOBH H HaM
JIOCTAaTOYHO A/ TOJy4eHHs: S (m,) YMHOXHTb NOJYYeHHOE Bblllle BbIpa-
JKEHHE Ha YHCJIO CYILECTBEHHO Pa3/IHYHbIX IpadoB. ITpH 5TOM cyliecTBEHHO
pas/IMYHBIMH TrpadaMH SIBJSIOTCS TOJIBKO TaKHe, KOTOPHIE OTJIHYAIOTCS
JPYT OT ApYra HaGOPOM NePeMEHHBIX 7, ..., F'z, BXOASIIUX XOTs1 Gbl B B
k-rpynnbl. Haxox/JeHHe yHca TaKMX rpadoB npeacTaBisieT coboll yke
H3BECTHYIO HaM 3alayy KOMGHHaTOpHKH. O603HayHM HHTepecyIoliee Hac
YHCJIO CYLIECTBEHHO Pa3/HYHBIX rpados yepes W. B kaxkjgom Takom
rpade Mbl MOXXeM NpoOJenaTh k! nepecTaHOBOK HOMEPOB BHYTPH KaxIoH
k-rpynnel u m,! nepecTaHOBOK k-rpynn Mexay co6oii. Hu Te, Hu apyrue
NepecTaHOBKH He NPHBOAST K HOBBIM CYILIECTBEHHO Pa3/HYHBIM rpacdaM.
TNosHoe yHC/IO TMOJYYEHHBIX TaKHM cGpasoM rpadgos

W (&)™ mal
k k

PaBHO, OYEBHIHO, 1!, TaK KaK NepBEIl MHOXHTENb YYHTBIBAeT mepe-
CTaHOBKH HOMEPOB MEKAY k-TPYNNaMH, BTOPOit — NepecTaHOBKH BHYTPH
k-Tpynn U TpeTHH — INEPeCTaHOBKH K-TPYNI APYT C APYTOM, H MBI IIepe-
6HpaeM, TakUM 06pa3oM, BCE NEPeCTAHOBKH 7 HOMEPOB.
Vimeem mosTomy
W= (58.12)

TI &) emy
k=1

M, CJeloBaTeJbHO, Aas S (m,) mosayuaem Bmpa)xenne
b
S (my)=n! I[ Ry £ 3""’ — nihsn II e ( Az )“k, (58.13)

rle MBI BOCTIO/Ib30BAJ/IHCh YCJIOBHEM Z kmp=n.
k=1
Corzacho (58.10) a5 KOHHTYpPaLHOHHOTO HHTETpaJa Z, nojyyaeM

= Y S(m)=nho" 2 [[ mk,("”" )m" (58.14)
k

{me}
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Tepexon ot Z, x Q-cymMe 1o ¢opmyte (58.4) n03BOJIAET OCBOGOAUTBCS
or ycaoBus (58.11):

G gy \m N
OTKYyJa Ans Q'HOTeHuﬂaﬂa noJsyyaem -
I 1nQ=—%kZl b2*. (58.16)

,El.llﬂ JaBJIEHHS] H YHCJA YaCTHIL HaXOAWM BbipaXK€HHs

Q T\
=_v=T§ 2 b2k, (58.17)
k=1
Ne_98 _ 92 d _ _z 09
I et Fal i ¥ Al
OTKyAa -
N=s Y kbt (58.18)
k=1

Jlnst TOro 4TOGHI MOMYYHTb YPaBHEHHE COCTOSIHHS, CIEAyeT U3 Gop-
mya (58.17) u (58.18) HCKMOUHTL mapaMeTp z = eW/FT,

Kax noxasanu Jlu u Sur (cM., Hanpumep, [7]), Aas paspexxeHHBIX
ra30B MOXHO NepeiTH B ypaBHeHHusX (58.17), (58.18) k npeneny V— oo,
N — oo npH yclioBuH, 4T0 @ = V/N 0CTaeTcsi KOHEUHbIM, H 3aMEHHTb
rpynnoBrie HHTerpaabl by(V, T) HX npefenbHeiMu 3Hauenusmu By (T)

B (T) = v]im b, (V, T).
Toraa nosyynm

=3 2 Bt (58.19)
k=1

% = Xls‘ 2 Pzt (58.20)
k=1

By}leM HUCKaTb YpaBHEHHE COCTOSIHHSI B q)OpMe TaK Ha3blBaeMoro
BHPHAJIBHOI'O Das3J/loXeHHs
-
Po A3 \i-1
= a7 (88.21)

i=1
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rae BenuunHbl ay(T), ay(T), ... Ha3bIBAIOTCS NEPBHIM, BTOPHIM H T. 1.
BHPHAJBHBIME KO3(HIHEHTaMH.

IMoacTaBiss B JIeByIo H MpaBYIo YacTb pasnoxkenns (58.21) Bbipaxce-
Hus (58.19) u (58.20), monyuum

i ﬂhz” © © -
=Y a.m(Z kﬂhz*)' ",
E kBpzk =1 k=1
k=1

HJIH B Pa3BepHYTOH 3amucH

(plz+2ﬁzzz+3psz3+---)[a1+a2k§: kB2t + aﬂ(i kﬁk;\)z'*'-.']:
=1 I'=¢
=Bz+ B2+ Bs2®+... (58.22)

IT0 COOTHOUIEHHE NOJIKHO BLINOJHATBLCS TOXKJAECTBEHHO MpPH JOOHIX 2.
IIpupaBHuBas KOS(}pHIHEHTH NPH OJHHAKOBHIX CTENEHSIX 2, NMOJYYHM

G (M) =pi=1, a(T)=—"Py a(T)=4p;—2,,... (58.29)

H, CJIeIOBaTebHO, BCe BHPHA/bHEIE KOI(GHUIMEHTH MOTYT GhiTh BbIpa-
JKEHbI Yepes3 npejieJibHble 3HaUeHHs IPYNNOBbIX HHTErpasoB mpu V — 0.

BuluncnuM npubnuxkenno a, (T) = —B,, nonbsysch CBeJeHHAMH
06 SHEPIHH B3aUMOJIeHicTBHA # (r), H3/IOXKEHHLIMU B HayaJle maparpada.
Himeem

1
B = I S &rfiy(r)=
2 To ©
=-,%[§(e"””"’—l)r’dr+ S(e—””"’—l)r“dr]_
To
3aMenss B nepBoM uHTerpane Z (r) = oo (MOJIeKyJ1a pacCMaTpPHBaeTCs
Kak abCcoOJIIOTHO TEepjas cdepa C pajhycoM, PaBHBEIM ry/2) W pasnaras
BO BTOpOM HHTerpaje sKcroHenty e P4 =14 |%(r)|/kT, ro-
JTYSHM
1
B (47— ) (58.24)
rie

b=4-3m (12"—)‘ (58.25)

— YueTBEpeHHbIHl o6beM aToMa, a BelHYHHA
©

a=14n S | % (r) | 7 dr (58.26)

To
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CBsI3aHA CO CPEAHHM 3HAUEHHEM MOTEHUMAJbHON SHEPTMH CHJ MpUTS-
HEHHSI MeXAY MOJIEKylaMH.
Takum 06pa3oM, MpH yueTe TOJBKO NMapHLIX COYAApeHHi, HMeeM

—_-N_[ff(] No _ aN )

V. T RTV
Mu MoxkeM nepenucaTb 3To YpaBHeHHe B BHIE
aN? NkT Nb

P4 =T<1+-V—). (58.27)

Huteprnonsaunonnyio GopMysy, ONKCHIBAIOMmYIO NPHUOIHKEHHO He
TOJIbKO CBOHCTBA Ta3a, HO M JKHMIAKOCTH, Mbl MOXEM MNOJNYYHTL NMyTeM
3aMeHbl

1
1o

14

Nb
l-I—T—R-J

Takas 3aMena rpy6o yUHTHIBAET MJIOXYIO CKHMAEMOCTh JKHAKOCTH (MU
P — oo, V — Nb). TlonyuenHoe TakuM 06pasoM ypaBHEHHe

(P+%5) (v =Ny =NeT (58.28)

ecTb M3BecTHOe ypaBHeHHe BaHu-gep-Baasbca.

IletanbHoe HCClIeNoBaHHe CcHCTeMbl ypaBHeHuit (58.19), (58.20),
KaK M MOJTHOE BbIYHC/IEHHe BUPHAIbHBIX KO3((HIHEHTOB, NPEICTABASET
co60oii upeaBbIYaitHO CIOKHYIO 3a/auy, 0 CHX TOP MOJHOCTHIO HE PelueH-
HY10. DTH ypaBHeHHUs! JOMKHBI B IPUHLUIIE ONHKCHLIBATL HE TOJIbKO ONIHO-
(asHble COCTOSHHS CHCTEMBbl, HO M (hasoBble nepexofbl (Kak MepBoro
poia — THMNa KOHJEHCAUMH, TaK ¥ BToporo poza). [Tpy sToM ToukH ¢aso-
BOT'O epexojia AO/XKHbI GbITh CHHI'YJI5PHBIMH TOYKAMH PSI/I0B, BXOAAIIMX
B (58.20) u (58.21). B cBs3M ¢ THM OKasbIBaeTCsl MOJIE3HBIM CUHTATh
nepeMeHHYIo z KOMILIEKCHOH M paccMaTpHBaTh OBEJIeHHe COOTBETCTBY-
IOIMX PSNOB B KOMILIEKCHOH MJOCKOCTH 2, CJIeisi 3a MOBEIEHHEM HX
0co6EIX ToueK. Takum o6pasoM, Gbl MONYYeH Psi JIOBONbHO OGLIUX
pesyJ/IbTaToB, OTHOCAIIMXCS K AHANHTHYECKOMY IMOBEIEHHIO Q-CyMMbI
KaK (yHKIHH 2. Mbl OTCHIaEM YHTAaTe/Isl, HHTEPECYIOErocs: AeTaasiMH,
K KHuraM [6, 7] u K opurHHambHBIM paGoram (8, 9].

§ 59*. Mpenenbubie W oTpHUaTeNbHble TemnepaTypbl [18]

TMonapasiomee GONBIIHHCTBO GH3HYECKUX CHCTEM, C KOTOPHIMH MpPH-
XOJMTCSA MMeTb /10 B CTaTHCTHYECKO# (pH3HKe, — MBI GYJeM B JasibHeii-
IIEM HX HasblBaTh HOPMANbHOIMU CUCTEMAMU — OGNANAIOT CIELYIOIHMH
IBYMSI CBOHCTBaMH: 1) OHM MMEIOT HEOTDAaHWUEHHBIH CBEPXY CIEKTp
SHepruit (XoTs Gbl MOTOMY, YTO KHHETHYeCKas SHeprusi HeOrpaHHueHa
N0 BeNHYHHE, a J06asi CHCTeMa COCTOMT M3 JBMXKYWHMXCS YacTHL),
2) NJIOTHOCTb YHC/IA COCTOSIHHMIY C JaHHOI sHeprueir g (E;) BospacTaer
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C POCTOM 3HEPTHH MO CTENeHHOMY 3aKOHY (HampHMep, AJIs HAeaJbHOro
rasa, Kak Mbl BuieaH B § 46, g (E) ~ dI'/dE ~ EGN/-1), Jljist TakKHX
CHCTeM TeMIiepaTypa 00si3aHa ObITh NOJIOXKHTENbHOM M MOXKET IPHHHMATD
moGble 3HaueHHst B HMHTepBaje 0 << T <C co. [le#icTBHTeJBHO, CXOIH-
MOCTb psifia JUIsl CTaTHCTHUECKOH cymmb Z = 3 g (E}) e Ei*T Bo-iep-
13

BBIX, TpeGyeT BhINOJHEHUs HepaBeHcTBa T > 0 M, BO-BTOpBIX, NPH Bbi-
TIOTHEHHH 3TOTO YCJIOBHS, AOMYCKaeT JioGble NOJIOXKHTe/bHble 3HAYEHHS!
TemnepaTypel 7', TaK Kak cTeneHHo# poct pyHKuuu g (E;) npu mo6oit T
Govlee ueM KOMIIEHCHDYeTCsl SKCIIOHEHIHa IbHEIM YObIBaHHeM MHOXKHTEIs!
¢ F/*T Moxto, ORHAKO, TMPEACTABHTH ceBe «ocoGbier (HIHUECKHE
CHCTEMHI, /Il KOTOPBIX ycJoBHsi 1) M 2) Hapywaiotcs. PacemMoTpuM
HECKOJIBKO BO3MOXKHBIX aHOMAJIbHBEIX» CHCTEM:

A. Tlyets g (E;) pacteT npH GOJIbIIMX SHEPTHSX HE M0 CTENEHHOMY,
a 10 [OKa3aTeJbHOMY 3aKOHY: g(Ei)Ne"Ei (@a>0). B atoM cayuae
ofwuil ujen psia B BhipaxeHHH Nisi Z BegeT ceGst npu Goapwux E;
kak €7 ¥ Ei y i cxomuMocTH 3Toro psifa HEOGXOAHMO BHIOJHEHHE
yeaoBust 0 << T << 1/ak. Takum oGpa3soM, TeMmmepatypa siBASIeTCs MO-
JIOXXUTEJBHOH, HO CYIIECTBYET NpelenbHas Temmepatypa Ty, = l/ak,
BhILLIE KOTOPOH CHCTEMa He MOXKET GBITb Harpera.

PaccmMOTpHM Terepb CHCTeMY, B KOTOPOH IIOTHOCTH YHCJA COCTOSI-
Huit g (E;) He pacTeT, a y6biBaeT ¢ poctoM sHepruu. Ecau g (E;) yObI-
BAeT IO CTENIEHHOMY 3aKOHY, TO CBOHCTBA TaKol CHCTEME], KaK HETP YAHO
BH/IETb, COBNAJAIOT CO CBOMCTBAMH HOPMAJIbHOM CHCTEMBI, U JJIsi HHTED-
BaJla M3MEHEeHHs TeMNepaTyphl No-npexkHeMy HMeeM 0 << T << oo.

B. Ecau g (E;) npu Gosbinx 3Hauenusx E; yObiBaeT mno mnokasa-
TenbHoMy 3aKony g (Ei) ~ e *fi, To obmmit unen psila AJist CTaTHCTH-
yecKol CyMMBI Z BefleT ce6s mipn Gosbinx E; kak e “TVEDE Torpa
yCJIOBHEM CXOAMMOCTH 3TOTO Dsiia sSIBJISIETCS BHINOJIHEHHE HepaBeHCTBA

I Hlatl
atir =~ =0

Orcropa uMeeM au6o T >0, aubo T << —1/ak, T. e. Aas Tako# cH-
CTeMBbl TEMIEpPAaTypa MOXKeT ObITh Kak nosnoxuTepHoll (0 << T << o),
TaK M OTPHIATEJbHOM, NPHYEM B NOC/TENHEM C/AyYae CYIIECTBYET OTpPH-
LaTeJbHasi NpelenbHasi TemmepaTypa T, = —I1/ak, Bbille KOTopok
CHCTEMa He MOXeT GhiThb HarpeTa (—oo << T << Thy).

B. Mbl MOKeM peacTaBHTD ceGe cHCTeMy, y KOTOpOfl CNeKTp 5Hep-
ruit OrpaHHYeH CBepPXy H CYIIECTBYeT MaKCHMasbHasi SHePTHS Epmay.
Takylo CHCTEMY MOXHO paccCMaTpHBaTh KaK mpefesbHb cayuait
cucteMsl B, Kora napaMerp a obpamaercs B oo, a g (E;) ofpamaercs
B HYJb, HauHHasi € E; = Enax. MBl YBHIMM, YTO 3TOT C/1yyail mpeacTaB-
JisieTcsi HauGoJiee MHTEPECHBIM € TOUKH 3DEHHS! NPaKTHUYECKHX NPHJIO-
sKeHHH. B 3TOM ciayuae psia AJst Z npeBpalaeTcst B KOHEYHYIO CYMMY H Z
HMeeT KOHeYHOe 3HaueHHe IpH JIIOOBX T, KaK MNONOXKHTeJNbHBIX, TaK
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M OTDHUATENbHBIX, U JJI AHanasoHa M3MEHEHMs TeMIepaTyphl HMeeM
yenoBue —oo < T << oo,

a5t TOro uToGH! BHISICHHTD (PH3HYECKUH CMBIC/ NPEJebHbIX U OTPH-
LaTesbHBIX TEMIepaTyp, Npoc/eliuM, KaK MeHsIeTCs C H3MEHEHHEM TeM-
nepaTypbl CTaTHCTHYECKAst CyMMa Z, BePOSITHOCTb 3HaUeHHst SHepruu E;

H CpenHss sHeprus E, onpesensieMble COOTBETCTBEHHO (POPMyJiaMU

Z=3g(E)e BT, (59.1)
! —Ei/kT

w(E)=£E (59.2)
NeEyEie T

=T , (59.3)

KaK JJ1s HOpMaJIbHBIX CHCTeM, Tak H B caydasx A, B, B.
Hopmaabnas cucrema. B stom cayuae umeem npu 7 — 0 °K

Z—->g(0), W(E)=8,;, E—~0 (59.4)

(rak kak npu T — +0 °K Bce skcronents e ~#*T > 0, Kpome 3Kc-

noHenthl ¢ E; = E; = 0, Kotopasi paBHa €IMHHLE). DTO 3HAYMT, YTO
npu T — 0 °K cucTeMa ¢ JIOCTOBEPHOCTBIO HMeeT HyJEeBYIO SHEPrHio.
Ilpu T > 0 °K 3KCIOHEHTHI e 5T gpnsotes YOLIBAIOWIMMH, T. €. Be-

POAATHOCTH GoJiee BLICOKHX 3HAUEHMIT 3HEpPrHH MeHblle, YeM BEPOSTHOCTb

Gonee HM3KHX 3HauenuH. Hakomew, npu T — oo HMeeM BT 1,
T Vg
a) 5
Puc. 68.

T. €. BCe COCTOSIHHS CHCTEMbI CTaHOBATCS DaBHOBEPOSTHHIMH (HE3aBH-
CHMBIMH OT SHEPrMH) H SN A/l CTATHCTHYECKOH CYMMbl CTaHOBHTCS
pacxopsmumcs. Mimeem npu T — oo

¢ (Ed ing (E3)

Z~> E), WE)->ZE  Eoste =00 (59.5

Zi“g( ) VIE) e YeED ©:5
i

(Tak KaK psifl, CTOSINMI B YHC/IMTeJE, PACXOIHTCS CHJbHee, 4eM psf,

croswui B sHameHarene). Ha puc. 68 usoGpaxkeHo nosefienue cpefnelt
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9HEPTHH, KaK QYHKUHH Temmepatyphl (pHc. 68, @) W TemmepaTypHo#
nepemenHoit B = 1/kT (puc. 68, 6).

Cayuait A. Bynem s npocToTh cunTath, uto popmyna g (E)) = e
HMeeT MeCTO /151 BCeX SHeprHil (H GOMBIINX H MaJIbIX) H, CJIeA0BaTeNbHO,

@—1/RT) E
@— /T E; ; Eie :

Z=2e“’"/’m“’% W(E)=2 Z =

i

. (59.6)

ITpu T — 40 °K BO3HHKaeT TO e NONOXKEHHE, YTO U B CTyYae HopMasb-
HOH CHCTeMBI, T. e,

fa— VATV E; i
H, CJ1eJ0BaTe/IbHO,

Z—>1, W(E)—>d8,i E—O. (59.7)
CHcTeMa € JOCTOBEPHOCTBIO HMEET HYJIEBYIO SHEPTHIO.

Ipu T > 0° K BeposiTHOCTb Pa3/IHYHBIX COCTOSIHHH Najaer ¢ poc-
ToM E;, HO B OTJIHYHE OT HOPMAJIbHEIX CHCTEM PaBHOBEPOSTHOCTH BCEX

a) 8)
Puc. 69.

cocTosiHHMiT focTHraercst yxe npH T — Ty, = 1/ak (npHu 5TOM Bce 3Kc-
nonentsi e~ /#7 Fis 1 y cratucruveckas cymma npu T = T, CTaHO-
BHTCSl pacXofsmefics

2B

1 = [
Z> )1, W(E)>—<=—, E->——=—=00. (59.8)
Z ‘21 ;}1
3asucumocts E or T u ot B MmocrEppre'rcﬁ puc. 69.
Cayuait B. Umeem g (E)) = e ™%, crenoBaTesbHo,

—(a+ Yk Ei
@A E; ; Ee

L - e e
1
(59.9)
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Tlpu 7' — +0 °K no-npexuemy e~ @+ 4D E;
CHCTEMA 32BEJOMO HMEET HYJIEBYIO SHEpIHIO

Z>1, W(E)—8, i E—0. (59.10)

Tlpu T > 0 °K BbICOKHE 3HAYEHHS] SHEPTHH MEHee BEPOSTHbI, YeM
nuskue. Ilpu T — oo nonyvaem u3 (59.9)

—aE; ZEie—ﬂEi

N e—aEi,W E)— _° ,E—» 7
Z - ( ‘) Ze—aEi Ze—aEi
i i

Mb! BUIHM, YTO BCE 9TH BHIPAXKEHHs KOHEYHBI H BEPOATHOCTH BCEX MHKDO-
E,

cocrosiumii craHoBsTcs onunakoBuiMu (W (E;) ~ i~ g (E))).

dopMysa ans E nokasbiBaer, 4TO B 3TOM NpefebHOM cayyae E nmeer

cpelHee apudMeTHUECKOe 3HaueHHe. DTa CHTYalLHs COXPAHSAETCS H B TOM

cJyyae, €M TeMIepaTypa CHCTEMbl CKauyKOM CTaHOBHTCS PaBHOH —oo.

Ilpn T << 0 °K uMeer MeCTO HHBEPCHSI BEPOSTHOCTEH — BEPOSTHOCTH

cucTeMe MMeTh sHepriio E; He manaer, a pactet ¢ poctom Ej, a E cra-

i —> §;, H, C/1JIOBATEbHO,

=Eg o (59.11)

HoBHuTCA Goabille Ep . Haxonenu, mpu T' — Ty, = —1/ak nonyuaem
pop
2»21 W (E) > ~——, E—>—-——=co. (59.12)

21 21

3asucumoctb E ot T # or P usobpakena na puc. 70.
T V4

a) 0)
Puc. 70.

Cayuaii B. TToBropsisi Takne e paccyAeHHs, YTO U B IPEABIAY LHX
clyyasx, HaXOIlHM.
npu T - 0 °K

Z—>g(0), W(E)—>08,i E—0;
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npu T — koo

y (B D Eig(Ep)
Z— ) g(E), W(E)—> L =Ecp, apr
< 12 g (E) ; ¢ (E)

Ipu T — —O0 °K r/iaBHbIH BKJIaA B CTATHCTHYECKYIO CYMMY BHOCHT
caaraemoe ¢ E; = Epax, BTO BPeMsl KaK OCTaJIbHbIE C/laraeMble 9KCIIo-
HEHIHANbHO MaJIbl 1O CPaBHEHHIO ¢ HUM, noaToMy npu T — —0 °K

Zac g (Ena) e Fma®T W (E) A6y, E ~ Enax.

CHCTeMa ¢ I0CTOBEPHOCTbIO HMEET MAKCHMAMBLHO BO3MOXHYIO SHEPTHIO.
3asucumocts E or T u oT P nzobpaxkena Ha puc. 71,

E s

¢max?

Eap ap E mox qu ap max

mr

a) 4)
Puc. 71.

OGpaTum BHHMaHHe YHTaTe/Ns Ha To, YTO AJs chcTeM b 1 B (chctem
C OTPHLATEJbHBIMH TeMIlepaTypaMH) mepeMeHHast P = 1/kT ssasercs
ropasjio 6osee yaio6HO! H afeKBAaTHOIH (H3HKe SBICHUH Mepoi cpenHeit
SHEpTHH, ueM Temmneparypa. C yBeqnueHHeM CpefHell SHEPLHH OT Hyas
10 GeckoneuHocTH (B cyyae B) uau or Hyss 10 E max (B cyuae B) nepe-
MeHHasi P HempepLBHO yMeHbWIaeTcs oT oo 1o B, = 1/kT;, = —a
(B cnyuae B) unn o —oo (B ciyuae B), B To Bpemsi Kak Temnepatypa T'
yBenuyuBaercst oT 0 o 00, 3aTeM MCNLITHIBAET CKauOK A0 —00 H BHOBb
pacrer 10 Typ (B ciyuae B) uau no myas (8 cnyuae B).

Hs paccmorpennbix npumepoB B u B cienyer, uto orpunaTenbHsie
TeMnepaTyphl fBASIOTCA «Gosee  BHICOKHMM», 4YeM TONOMKHTeNbHbIE,
cpenHsis sHeprus cucTenmbl ¢ T << 0°K Gouibinte, uem npu Jio6oii T > 0 °K.

OG6patuMcs K BONpocy o GH3HYECKOH peasu3aiii CHCTEM ¢ Tpefehb-
HBIMH H OTpHIATENLHBIMH TeMIepaTypaMH.

B Hacrosimee Bpemsi HeH3BEeCTHb peaJUCTHUECKHE NPHMEPHI CHCTEM
C TpelleNbHBIMH TemnepaTypaMH. MoXHO, ONHAKO, yKasaTb HEKYI0
(hopMabHYI0 MOAeb, 06/1alalomlylo TONOKHUTEbHON NPefenbHO Tem-
nepatypoit. ITycts Mexly AByMa m1ocKocTsMU 2 = 0 Hz = H nomemen
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HlealbHblfi Ta3, cocroAmui M3 N 4YaCTHI Macchl m, HaXOAAWHHACS
B OCECHMMETPHYHOM IOJIe C NOTEHLHAIOM (2, 7, @ — LHJTHHAPHYECKHE
KOOPIHHATBI)

0 npu r<<a,

U(r)=
® {2Zloln(r/a) npu r=a.

HerpynHo Buzers, uto B 3ToM ci1yyae gpyHkinus @ (E) npu Goabuux E

pacteT 1o nokasatenbHoMy 3akony e£/%o. JlefictBHTeNbHO, HMeeM RS
YHCJ1a COCTOSTHHI O/IHOI YaCTHIIEI C SHEPTHel, Menbluel uem E, BEIpaxeHue

dr 8n2H VarE ¢
Q(E)= S =5 S dpp”§rdr,
0

rie b=aexp [(E— p*2m)/2%,);, unrerpupys mo r (rpaHHua 0G-
JIaCTH HHTErpPHPOBAHMS B IIOCKOCTH (p, r) OlpeliessieTcsi ypaBHEHHeM
p*/2m + 2%ln(r/a) = E), nonydaem
VZmE
Q (E)= 4n5Ha E/yo g e pl/ZMuodp‘

P

Tpu Gonbiuux sHayeHusx E NOCTENHAI HHTETPAJ CTPEMUTCS K 3HAYEHHIO
©

E
{ e s gy VI omity)s u g (B) ~ L3 oo,
0

Cor/1acHO HM3JIOXKEHHOMY BBIIlIE CHCTéMa JOJ/IKHA 06/1ajaTh NpelebHOM
Temneparypoit Ty = %,/k

PaccMoTpHM Tenepb BOPOC 0 BO3MOXKHOCTH HH3HYECKO# peaH3aliu
CHCTEM C OTPaHHYEHHBIM CBEPXY CHNEKTPOM SHEPTHH, T. €. C OTpHIa-
TeJbHBIMH TeMIepaTypaMH. 3aMeTHM INpexJe BCero, YTO HHTEpIpe-
TalUs COCTOSIHHH C OTPHIIATeNbHBIMH TeMIepaTypaMH CTAHOBHTCS OCO-
6eHHO HAIVIAAHOM AU CHCTeMbl a0 B3aHMONEHCTBYIOLIMX YacTHL,
KOT/la MOXKHO TFOBOPHTb 06 3HEPreTHYeCKHX YPOBHAX AJIS OTAEIbHBIX
YaCTHIl H 06 HX «3aceIeHHOCTAX». B 3ToM cilyyae «3acesleHHOCTbY yPOB-
Hell (YHCJIO YaCTHII Ha JAaHHOM YDOBHe) NPONOPLUHOHANbHA MAaKCBEJJI-
GosbiMaHOBCKoMy MHOKHTeNo ¢ /%7 w mpu T > 0 °K sacenennocts
ypoBHefi Nnajaer C yBeJHYEHHEM 3HePrHH — Ha BEPXHHX YPOBHAX
MeHbIlle YacTHI, YeM Ha HIXHHX. Ilpu T — oo e %/*7 5 | u Bee
YPOBHH OKAa3bIBAIOTCS PaBHOMEPHO 3aceseHHbIMH. Hakowen, mnocae
TOTO, KaK TeMIepaTypa CKayKOM CTaHOBHTCSi PaBHOH —oo H BHOBb
BO3pacTaer, yxe GyAy4H OTPHLATeJbHOH, MHOXHTEIb %" cramo-
BHTCSA Bo3pacTaiouelt pyHKIHel: &; U MMEeT MeCTO TaK Ha3blBaeMasl HHBep-
CHfl 3aCesIeHHOCTeHl — HA BEPXHHMX 3SHEPTeTHYeCKHX YPOBHAX YacTHIL
Govibllle, YeM Ha HHMKHHX,
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IMonesHo MORUEPKHYTb, UTO (H3UYecKas MPHYMHA BOSHHKHOBEHHS
TIpeJie/IbHBIX H OTPHIATEJIbHBIX TEMIEPATyP 3aKJMOUaeTCs B CIEAYIOUEM.
«3aCe/IeHHOCTbY (-TO YPOBHS NPOMOPIHOHA/NbHA TPOH3BENEHHIO IBYX
MHOXHTeJIefi, 3aBUCAIHX OT 3Hepruu: g (e)) u e~ ", Ecan ato npons-
BeJieHHe, HauHHAsi C HeKOTOpo# Temmepatypbl Ty, (TONOXHTENbHOH
HJIH OTpHLATeNbHOMN), CTAHOBHTCA Bo3pacTawomell dyHKuued &; (ciyyau
A 1 B), To KOHeYHBIM YHCJIOM YacTHIL N HEBO3MOXXHO 3aCe/HTb G6eCKOHeY-
HYIO T0C/Ie0BaTeIbHOCTb ypoBHeil. MaTeMaTHUeCKH 3TO H NMPOSABJIAeTCS
B PacXOIMMOCTH cTaTHCTHueckKoii cymmbl Z. HaoGopor, ecin g (e:)
JIOCTaTOYHO GbICTPO yGbIBaeT ¢ pocToM &; (ciyyau B u B), T0o KoHeuHoe
YHCJI0 IOCTAaTOYHO LIS TOTO, YTOObI 3aCeHTh BCe YPOBHH, Nlaxe npu T <<0.

OGparuMcsl Temepb K BOMPOCY O PeanbHOM CYLIECTBOBaHHH CHCTEM
C OTpHLATeJbHBIMH TeMnepaTypami. Kak Mbl yXe FOBOpHJH B Hauale
naparpada, Bce MaKPOCKOMHYECKHE CHCTEMbI, C KOTOPBIMH TPHXONHUTCS
HMeTb JIeJIo B CTAaTHCTHYECKOH (pH3HKE, HMEIOT HeorpaHHYeHHBIe CBEPXY
9HepreTHyeckHe crekTpbl. OrpaHHYeHHble 3HEPreTHYEeCKHe CIEeKTpbI
MOTYT, OIHAKO, HMETb HEKOTOpble CTeneHH CBOGOABI cHcTeMbl. Hampwu-
Mep, MYCTb YaCTHIbI, 06Pa3yiolllHe KPHCTANJIHYECKYIO PEIeTKY, HMEIoT
CITHH S H pellieTKa HaXOJHTCS B MarHHTHOM IOJIE C HANPSXKEHHOCThIO e/,
IlpoeKuusi MOMEHTa MMMYJbCa HAa HampaBleHHEe MarHHTHOTO MOJs
MOXeT HMeTb (25 - 1) pasHBIX 3HaueHHit oT —sh/2n 10 +sh/2n, ¥ Kax-
ZIOMy 3HQYEHHIO NPOEKLUHH MOMEHTa HMIYJIbCa COOTBETCTBYET CBOE
3HaYeHHe SHEPTUH MACHUTHOTO JUMO/NS B MaTHHTHOM noje—wueX, rie
W = WpS/S — MaTHHTHBIH MOMEHT 4YacTHUbl. TakuM 06pasoM, CHEKTp
CMMHOBBIX CTeneHeli CBOGO/IbI OTPAaHHYEH CHH3Y H cBepXy. MuHHManbHOe
3HAYeHHe 3HEPTHH COOTBETCTBYET MATHHTHOMY MOMEHTY, ODHEHTHpO-
BaHHOMY BJIO/Ib MOJS, MAKCHMaJIbHOE — MPOTHB MOJIS.

MBI MOXXeM NMOSTOMY BBECTH NpeACTaBJeHHe 06 OTpHUATEJbHBIX TEM-
neparypax. B npocreiiiem ciyuae s = 1/, Temneparype, pasHoit 0° K,
COOTBETCTBYET YMOPANOYEHHOE DPacloNOMeHHe MarHHTHBIX MOMEHTOB,
napaJJeJbHOe TOJMIO (MarHUTHOE CIIHHOBOE YHCJO VIS BCEX HOHOB
paBHO m; = /;), TNONOKUTEJIbHBIM T — YaCTHYHO YMNOpPSOYEHHOE
(y Gonblueit uacti HOHOB ms = '/,); Temneparype, paBHOii oo, coOT-
BETCTBYET HEYNOPSNOYEHHOE COCTOSIHHE (YHCIO HOHOB ¢ ms = 1/,
H mg = —/, OlMHAKOBO).

OrpHLaTe/bHBIM TeMNepaTypaM COOTBETCTBYET YaCTHYHO YMOpSIO-
YEHHOe COCTOSIHHE C TNPEHMYLIECTBEHHBIM HampaBJleHHeM MOMEeHTa
NpOTHB Ncas (y GoMblieli YacTH HOHOB m; = —1/,) H, HaKOHell, TeMIle-
patype —0° K COOTBETCTBYET NMONHOCTBIO YMOPSAAOYEHHOE COCTOSHHE
C MarHHTHbIMH MOMEHTAaMH YacTHL, HampaBJIeHHBIMH HaBCTPeuy MOJio
(y Bcex HOHOB m; = —1/,).

TIpaKTHYECKH COCTOSIHHSI C OTPHLATebHBIMH TeMIepaTypaMH MOT'yT
GBITb OCYILECTBJIEHB C IOMOILIbIO GBICTPOTO H3MEHEHHsS! HANpaBJEHHs
MarHHTHOTO TOJIS Ha NPOTHBOMNOMNOMKHOE — NPEABAPHTENbHO OPHEHTH-
POBAHHBIE 3THM NOJIEM MarHHTHBIE MOMEHTHI COXPaHSIOT B Te4eHHe HEKO-
TOPOTO BPeMeHH MPEXHIOI OPHEHTAIHIO,
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CuientyeT Tak:ke OTAATh ce6e SICHEIH OTYET B TOM, YTO ISl BCEX PealbHO
CYIIECTBYIOIMX CHCTEM COCTOSTHHSI C OTPHIATe/NbHBIMH TeMIepaTypamH
He SIBJISIOTCS, CTPOrO TOBOPS,, PABHOBECHBIMH, a JIHIIb MeTacTaGHJ/b-
HEIMH. B caMoM fieie, COCTOSIHHE CHCTEMbl CIIHHOB C MAarHHTHBIMH MO-
MEHTaMH, OPHEHTHPOBAHHBIMH IIPOTHB MOJSI, HeyCTOHYHMBO (oG/aanaer
H3GLITKOM SHEPTHH), M 3a XapaKTepHOe BpeMs MNepelauud 3HeprHH
OT CNIMHOBBIX CTemeHelt CBOGOAbl K BpallaTeNbHBIM H KoJeGaTeJbHBIM
CTeINeHsIM CBOGOAL! OHO Pa3pyIIHTCS H MepelilieT B COCTOSIHHE C MpeHMy-
IIECTBEHHO OpHEHTaIMeH CIIMHOB IO NOJII0 — B TEPMHHAX TEMIIEpPaTyphl
3TO 3HAYHT, YTO CHCTeMa C OTPHIATENbHON TeMIepaTypol OCTHIHET
H TIepeiifieT B COCTOSIHHE C TOJIOXKHTENbHON TeMmmeparypoii, nepenas
M36BITOK 3HEPTHH APYTHM CTENeHsIM CBOGOZEHL.

Bcnenctshe aToro, Boo6iie, rOBOPHTb 06 OTPHILATETbHOI (CITHHOBOI»
TeMIlepaType MOXKHO TOJbKO B HEKOTOPOM YCJIOBHOM CMBIC/IE B Cayyae,
KOTia BPeMsl YCTaHOBJIEHHS TIOJHOTO TePMOAHHAMHYECKOrO PaBHOBECHS
(Bpemsi niepepacnpesieieHHsl SHEPTHH MeKAY BCEMH CTErneHsIMH CBOGOEL)
CyLLECTBEHHO GOJIblUe, YeM BpeMs CIIHH-CIHHOBOH peslakcalHuHu (BpeMst
YCTAHOBJIEHHS! TePMOAMHAMHYECKOTO DAaBHOBECHSI [l OpHEHTallHH
CIHHOBEIX MOMEHTOB).

Eute Gosiee yC/IOBHEI CMBIC] HMEET TOHSITHE OTPHIATE/IbHON TeMrie-
paTypbl B TEOPHH KBAHTOBHIX TeHepPaTOPOB M YCHJIHTEJNell s/eKTpomar-
HUTHBIX BOJIH (cM. § 66). ITycTb B HeKOTOpO# (hH3HUECKOlT 3azaue CcymlecT-
BEHHYIO POJIb HIPaeT TO/IbKO OTPaHHUEHHOe YHCJIO IHEPTeTHIECKHX YPOB-
Heil aTOMa MJIM MOJIEKYJIb (OGBIYHO IBA HJIK TPH YPOBHS) H IO OTHOLIe-
HHIO K 9THM YPOBHSIM CO3llaHa HHBEPCHs 3ace/leHHOCTelt (4HC/IO YacTHIL
Ha BepXHEM ypoBHe GoJbliie, YeM Ha HHXKHeM), IPHYEM 3Ta IepeHace-
JIEHHOCTb BEPXHHX YPOBHefl CTalMOHAPHO MOAJEPKHBACTCS IyTeM
«MOAiKAYKHM» YaCTHI[ Ha BepXHHMit ypoBeHb. Torna B HeKoTOpoM BechMa
YC/IOBHOM CMBIC/IE MOXKHO FOBOPHTb 06 «OTpHIATE/bHOMH Temreparype»
N0 OTHOIUEHHIO K 5THM ypoBHsM. CJ/lefyeT MopuepKHYyTb, YTO, CTPOrO
roBOpSl, MOHSTHE TEMIIEPATYPbl €CTh MIOHATHE TEPMOXHHAMHKH PaBHOBEC-
HBEIX [POLECCOB H OHO NPHMEHHMO B PacCMOTPEHHBIX BBIIIE Mpoleccax
C TaKHMH K€ OTOBOPKaMH, KaK, HallpHMep, TPH PaCCMOTPEHHH CTepKHS,
OJMH KOHell KOTOpOro Mojep:KHBaercss GoJee ropsuyuM, 4yem APYTroi.

§ 60*. BTopuuHOe KBaHTOBAHHE

Kak 13BecTHO 3 KBaHTOBOH MEXaHHKH, COCTOSIHHSI CHCTEMBI, COCTOSI-
el H3 TOXKIECTBEHHHIX YaCTHI[, ONHMCHIBAIOTCS BOJIHOBBIMH (hyHKIH-
aMH Y (G, Gy ..., qn), OOGJANAIOMHMMH CBOMCTBOM CHMMETPHYHOCTH
(B cayyae cucTeMbl GO30HOB) MJIH CBOHCTBOM aHTHCHMMETPHYHOCTH
(B cayyae CHCTeMB! (DepMHOHOB) MO OTHOILEHHIO K NepecTaHOBKaM nap
apryMeHToB ¢;, G (i — TOJIHBI HAGOp apryMeHTOB, XapaKTepH3ylo-
LIKX YaCTHILy, HallpHMep, B KOOPAHHATHOM IPEICTaBJIEHHH, 3TO — CO-
BOKYIIHOCTb TIPOCTPAHCTBEHHBIX KOOPAMHAT (X;, Y 2;) M CIHHOBOI
NiepeMeHHON O; AJIs YaCTHIL CO CNUHOM, B MMITYJIbCHOM MpeACTaB/IeHHH
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BMECTO KOOPAMHAT (¥, Yi, 2;) MBI MOXKeM BEHIGPaTh B KaueCTBe apryMeH-
TOB BOJIHOBOH ()YHKLHMH NMPOEKLUH UMNyabcoB (§;, ny, ) U T. 4.).

B cayuae cHcTeMbl €160 B3aMMOJEHCTBYIOUIMX TOMIECTBEHHBIX
YaCTHIL CyLIECTBYET elle OJHO BaKHOe NpeJCTaB/eHHe — MpecTaBJle-
HHe YHCes 3aNOJHEHHs HIIH npedcrmagenue 8MmopudHo20 K8AHMOBAHUS.
s cia6o B3aMMOAEHACTBYIOIMX CHCTEM MOXHO NPHGIHKEHHO BBECTH
OJZIHOYACTHYHEIE BOJIHOBBIE (YHKUMH @ (¢;). ITH QYHKLHH ONMHUCHIBAIOT
COCTOSIHHS OT/Ie/IbHOM YacTHLB! B OTCYTCTBHE BCEX OCTaJbHBIX. ¥YJ0OGHO
CYHTATh (XOTS 5TO M He SBJASETCS] HEOOXOAMMBIM), 4TO QYHKUHHU @y ()
ABJISIOTCS COGCTBEHHBIMH (DYHKLHSMH HEKOTOPOTO 3PMHTOBOTO OJHO-
YacTHYHOTO omepaTopa L (omepaTopa 5HepPrHHM YacTHIbl, HMIYJbCa
YaCTHIIE, MOMEHTa HMIY/IbCa YaCTHLB! H T. A.). DTO 3HAUMT, YTO PYHK-
LHU @f () YLOBJETBOPSIOT YPaBHEHHIO

Lok (q) = Lups (9)- (60.1)
Ilpu sToM cHcTeMy GYHKUHH @ (§;) MOXHO BCeria CuUMTaThb OPTOHOP-
MHPOBaHHOM

§ot (9) 91 (9) dg = 8- (60.2)

CHMMeTpPHYHEIE MJIH aHTHCHMMETPHUYHbIE DYHKIHMH JJISl CHCTEMBI MOTYT
GHTb TOTJa CKOHCTPYHPOBAHH H3 @ (g) COTJIaCHO CJeEAYIOIMUM ¢op-
MyJam:

Y= %}% (91) 9, (G2) -+ Prp (9)s (60.3)

PYo= %‘. 850k, (91) Pk, (G2) -+ - Pay (Gn) =

0r(q1) 91 (9) - @m(qy)
—|0 () 99D .o Pu(dN)| (604

Pey (@) Pev (92) - @ry(gy)

CyMMHpOBaHHe BelleTCsi N0 BCeM IepecTaHOBKaM P WHIEKCOB k;,
ky, ..., ky, a 8p paBHsieTcq -1 119 NepecTaHOBOK, COCTOSIIMX H3 YeT-
HOTO YHCJa NapHbIX NEPecTaHOBOK (TpaHcmosuuuil) H —1 aas nepe-
CTaHOBOK, COCTOSIUMX M3 HEYETHOrO YHCJa TPaHCIO3HLMH.

B cHay HepasiMYHMOCTH YacTHI — CHMMETPHH HJHM aHTHCHMMeT-
pun ¢ynkumit (60.3), (60.4), sTH QyHKUMH GyAyT ONHO3HAYHO ONpe-
Zie/leHBl, ecau OyAeT YKasdaHo, CKOJBKO HHJEKCOB OJIHOYACTHYHBIX
GyHKUMI paBHBL 1, CKOJIBKO PaBHO 2 H T. . TO 3HAYHT, YTO MBI MOXKEM
nepeiTs K NpeACTaBJIEHHIO, B KOTOPOM apryMeHTaMH BOJHOBOH (pyHK-
UMM GyAyT YMC/a 3alONHEHHS fj, Mg, ..., YKA3bIBAIONIME, CKOJBKO
YaCTHLl HAXOAUTCS B COCTOSHUM 1, CKOJIBKO — B COCTOSHHMH 2 H T. 1.
CrieflyeT MOMHMTb, YTO NOC/ELHee BLICKA3bIBaHHE HMEET CMbIC/ TOJBKO
B INPEeANOJIOKEHHH CJaGOCTH B3aHMOJEHCTBHS, TaK KaK B CHCTeMe
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CHIBHO B3aHMOJIEHICTBYIOIIMX 4YacTHL, BOOGIIE, He/b3s TOBOPHTH ©
COCTOSIHHSIX OT/EJbHBIX YaCTHIL.

B 3TOM NpejicTaB/eHUH BOJIHOBble DYHKUMM 3aMUCHIBAIOTCS B BHIE
¥ (m1, ny, ...). TIpn 5TOM yHcna n; A1 CHCTeMBI GO30HOB MOTYT NPHHH«
MaTb JitoGble IeJIOYHC/IeHHble 3HaueHus n; = 0, 1, 2, ..., a 1JIs CHCTeMB
(hepMHOHOB TOJIBKO 3HaueHus n; = 0, 1.

HafineM BHI BaxHeHWHX ONEpaToOpoB B NPEACTaBJEHHH BTOpHY-
HOTO KBaHTOBAHMSI. .

BpegieM onepartop ynciaa yacTHy N, COGCTBEHHEIE YHC/IA KOTOPOrO
COBNIAJAIOT C YHCJIOM YACTHL B CHCTeMe. PasyMHO TaKike BBECTH oOme-
patop f () MIOTHOCTH YHcsIa yacTHL B Touke #, Onepatopst N u p (r)
CBSI3aHBl OYeBHJHBIM COOTHOILEHHEM:

N={p@rdr. (60.5)

B 06BIYHOM KBaHTOBOH MeXaHHKe IJIOTHOCTb BEPOSITHOCTH HAXOXIEHHS
YacTHIB! p (7) BBIpaXKaeTcst yepes BOMHOBYIO (YHKIIHIO YacTHIB! ¢op-
Myqao#t p (7)) = | (#) P = $* (#) ¢ (#). EcTecTBeHHO N0O3TOMY BBECTH
OnepaTOPHYIO BOJHOBYIO QYHKIHIO w]a (r) Tax, 4TOGH! BHINOJIHSJIOCH COOT-
HOLEHHe

p(r)=%" N, (60.6)

a “

rae P* (#) — omepatop, 3pMHTOBO CONpSKEHHHIA omepatopy P (7).
s

Bieziennasi TakuM 06pasoM BeJHYHHA W (#) Ha3bIBA€TCs] BTOPHYHO

KBAaHTOBaHHOM BOJIHOBOH ¢yHKuue#i. OtveTnM, yto N H p () Kak
oneparopsl HH3HYECKHX BEJHYHH SIBJISIOTCS SPMHTOBBIMH, TOTZA KaK

onepaTopHasl BOJIHOBAsi GYHKLHS P () He SIBJISIETCS] SPMHTOBBLIM oOrle-

paropoM. PasjioxxuM onepartop Y (#) B psii MO OPTOHOPMHPOBaHHOM
CHCTEMe OJIHOYAaCTHYHBIX BOJIHOBBIX (hYHKIHit

PO =D he(r), V()= gdm (. (60.7)
k

Kosduuuentsl dg, df cyTb HEKOTOPEHIE ONEPaTOphbl (IPMHTOBO COMPS-
JKEHHBIe JPYT C APYroM) C NOKa ellle He ONpeJie/leHHbIMH CBOACTBAMH.
M3 (60.7) u (60.2) caenyer, uto omepaTop yHcaa yacTH, N HMeer

BHI
N =Y at6. ot (r) ou (1) r = X a1ds. (60.8)
ik k

N o &

U3 Bupa dopmyast (60.8) sicHO, 4TO OMepaTophl fy = af @ HMEIOT
CMBIC/I ONEpPAaTOpOB YHCJAA yacTHL B k-M cocTostHuM. CoOTHOLIeHHE
af @ = Nx HECKONbKO HAMOMHHAET CHTYalHMIO B KBAaHTOBOH Mexa-
HHKe, Tle KBaipaThi MOJLyJeH pas/loxeHHs HEKOTOPOH BOJHOBOA
GYHKLUHH 1 (#) N0 NPOH3BOJILHOMY OPTOHOPMHPOBAaHHOMY Gasucy @x(7)
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[PEeACTaBASIOT COGOH BEPOATHOCTH HAXOMAEHHsI CHCTEeMbl B COCTOSI-
HHSIX @ (7). [IpOH3BOMbHYIO BOJIHOBYIO GYHKLHMIO CHCTEMBL ¥ (g, Ng,...),
3aBHCALLYIO OT YHCEJ 3allOJHeHHs, MBl GyJeM CTPOMTb KaK CyIepro-
SHLHMIO POU3BEACHHIA COGCTBEHHBIX (PYHKIHH ONepaTopoB

14X,y (1) = Ry, (), (60.9)
¥ (g, ng, o) = Z c(ny, ng, ~~)x,.; (n) %, (no) ... (60.10)

FURC TR

A
CoGcTBeHHbBIE 3HAYEHHS ONePATOPa 1, CYLIECTBEHHO 3aBUCAT OT CBOKCTB
YaCTHI[ PacCCMaTpPHUBaeMON HaMH CHCTeMBl. Kak MEI yiKe TOBODHJIH, €C/IH
9TH YaCTHIIbI ABJAIOTCSA GO30HAMH, TO MBI OJI)KHb CTPOMTb ONEPATOPHI

@, TAKHM OGDPa3oM, YTOGH UHC/A 7j MOLIH NpHHHMaTh 3HayeHus 0,
1, 2, ... Jlna cucTeMbl GeDMHOHOB 7 NO/KHbI IPHHUMATH JIHLIb ABA
sHaueHus: 0 yqu6o 1. OkasbiBaercsi, KaK Mb B JajbHeflIEM MOKaMeM,
JUISl BHIOJIHEHHs] STHX TpeGOBaHHH JKOCTaTOYHO HAJIOXMTb HA omepa-
TOPH! CJIEAYIOLHE COOTHOLIEHHS! NEPeCTaHOBOK:

1. Cucmema Goge-wacmuy.

Qi6y—a,4; =0, diaf—afar=0, didf—akd;=05;. (60.11)
2. Cucmema epmu-vacmuy,.
Qi +a,4:=0, afd;4-axd; =0, didb+didi=0,.  (60.12)

PaccMOTPHM 3TH CJIyYaH OTAEIbHO.
1. Bose-cucmemot.
TIyeTb Y, (M), nk — COOTBETCTBEHHO COGCTBeHHAs GYHKIHS H OG-

CTBEHHOE 3HAYEHHE ONepaTopa f, = af s VMee
R ik, () = BEY,,, (M) = migy,,: ().

[eticTBysl Ha o6e YaCTH 3TOTO PaBEHCTBA ONMEPAaTOPOM dy H HCHOIB3YS
COOTHOILIEHHE TIePECTaHOBOK, MOJyYaeM

Gx0h Y,y () = (@hGe + 1) i, (na) = nicdex,,; (),
HIn
Ay bty (n4)) = (0 — 1) o (). (60.13)

Hrak, Mbl foKasamu qemmy 1: ecan ny U %y (nz) ABASIOTCH COGCTBEH-
HBIM 3Ha4YeHHeM H COGCTBEHHOM (yHKIHel oneparopa 1, TO QYnj, (1) —

TaKxe fBJIsIETCA coOCTBeHHOH ¢yHKIMel onepaTopa e NpHHAaj/IeXKa-

el co6CTBEHHOMY 3HaueHHIO (np—1). DTO NO3BOJSET HA3LIBATBH OIle-

paTop 4 <«ONEPATOPOM YHHUTOKEHHS» YAaCTHUBI B K-M COCTOSIHHH.
YmHoxas Tenepb (60.9) Ha dj, moayyum

Grdx Ay, () = néd:x,,,; (78),
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wan
GF @k — 1)y, (ne) = nidiex,,, (na),

H OKOHYATEJbHO
A (@t (8)) = (k4 1) (@, (na)- (60.14)

Urak, Mbl foKasaiu semmy 2: eci njp u X (ng) ABAAIOTCA COGCTBEH-
HBbIM 3HaueHHeM M COGCTBeHHOH (yHKIMell omepaTtopa Ty TO d};xﬂ/; (ne)
TaKKe ABJAETCSH COGCTBEHHOM (PYHKIMeH omeparopa fy, NpHHaJJIeXa-
et cOGCTBEHHOMY 3HaueHHIO r; - 1. DTO MO3BOJAET Ha3BaTh Omepa-
Top d} «onepaTopoM DOXAEHHS» YACTHIB B R-M COCTOSIHHH.

Mbl BHAHM, YTO eCaIH nj ecTb COGCTBEHHOE 3HAaYeHHe omeparopa T
TO CYWECTBYeT INOC/EAOBaTeIbHOCTb COGCTBEHHBIX 3HAUeHHH H CO6-
CTBEHHbIX (DyHKIHH:

Ny np—1, e, neg—1,

g (me)s @ity )y ooe s ()% ()

TToCKOMBKY 71, He MOXeT HMETh OTPHIATeJbHBIX COGCTBEHHEIX 3Haue-
HHH, 3Ta MOC/IeJ0BaTeJbHOCTb JOJI2KHA 0GOpPBATBCS, T. €. JOJKHO Cy-
ECTBOBAaTh MHHHMaJIbHOe COGCTBEHHOe 3HaueHHe ny’, AJs KOTOPOTo
HMeeT MecTo dkxn.km (ne) =0. (Ecan 6wt dk'x"rkm (nx) 0, TO JOMKHO

651710 b1 CYLIECTBOBATb COBCTBEHHOE 3HaueHHe nf’ — 1, 4TO HEBO3MOXKHO.)
TockoabKY d,id,,xn;;., (ne) =0, Mbl 3aKJOuaeM, YTO MHHHMaJb-

HBIM COGCTBEHHBLIM 3HAaueHHeM ormeparopa Ry ABISIETCS HyJb ng' =0
H YTO MOC/Ief0BaTeJbHOCTb COGCTBEHHBIX 3HAUEHHH omepaTopa ny, ecTh
0C/Ie10BaTEeJbHOCTD Le/bIX HeOoTpHIaTeabHbIX uncen 0, 1, 2, ..., mpu-
HaJJeXalux  TOC/HeI0BaTeJIbHOCTH  GYHKUME %o (14), %1 (i) ~
~Gf Yo (np) M T. K. .

BriGepeM mpencTaBieHHe, B KOTOPOM ONepPaTop 7, AHaroHajeH H
N0 TVIABHOH AHArOHA/JH CTOSIT B BO3pacTalolleM MOpsAKe COGCTBEHHbIE
3HayeHus1 np, =0, 1, 2, .2

000 ...0 ...
010 ..0 ...
ﬁk=0 02 ..0 N (6015)
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Jlerko BUJETb, YTO OPTOHOPMHPOBAHHLIMH COGCTBEHHBIMH (YHK-
[MAMH 3TOTO OMEPaTOpa SIBJASIOTCS CTONGLbI

0

Xy ()= O |, (60.16)
1(ne)
0
B KOTOPBIX €IHHHILIA CTOHT B CTPOKE C HOMEPOM f1;, a B OCTa/IbHBIX CTPO-
Kax cTosiT HysH. MMeeT MecTo paBeHCTBO
Rt (18) = i, (). (60.17)
ConpsizKeHHYI0 QYHKUHIO ONpeleJHM KaK CTPOKY
X:i. (ne)=(, 0, ..., 0, 1(n), O, ...), (60.18)
B KOTOPOH €JMHHIa CTOHT B CTOJIGIE C HOMEPOM 7z, a Ha OCTaJbHBIX
MecTax cTosiT HynH. OHa YJOBJIETBOPSieT ypaBHEHHIO
% () =it () - (60.19)
Takum 06pa3oM, Ha CTOJIGLEI %X (nk) omepaTopbl BTOPHYHOTO KBAHTO-
BaHHs JeHCTBYIOT cJleBa, a Ha CTPOKH xj;;i (ny) — cnpasa.

CkanisipHOe NPOH3BEJieHHe CTPOKH Ha cTosGell onpenensieTcst o6biu-
HbIM 32KOHOM YMHOXKeHHs, H MH HMeeM

X (1) Kz () =87 . (60.20)
OGume cofcTBeHHble QYHKIUH Xnjruyp +o (ny, Ny, ...) BCEX ONEPaTOPOB
fe(k =1, 2, ..) SBASIOTCS, OYEBHMJHO, MPOU3BEIEHHEM X,,;?(llk)i
Y, g ... (P15 iz <) =TT %, (na)- (60.21)
k
HafifeM B 5TOM MpeJCTaBleHHH BHJ onepaTopos d, u di. Mmeem
coraacHo Jemmam 1 u 2
Ofy () =0 %y (),
Gty (1) =By Xy 1 (),

OTKY/a, HaXOAsl MAaTPHUUHBIE SJIEMEHTHI JIEBbIX H MPAaBBLIX yacrelt, noJay-
yaeM

(W)ngo =8 1o @)y =P8 e (60.22)
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Jns HaxoXJIeHHs L 5n;, BOCTIO/Ib3YEMCSI  5PMHTOBOH  COMpSXKEH-
HOCTbIO df U dp, YTO NPHBOAMT K PaBEHCTBY
o =B
H COOTHOLIEHHeM R, = @}d,, KoTopoe Aaer
an/;ﬁn;-l-l = Mgy 1.

C TOYHOCTBIO D HECYLIECTBEHHOTO ()a30BOIO MHOMKHTeJs ") gaxo-
JM OTCIOA

=Bl = Vine+1. (60.23)
H MaTpHubl 4, H df HMeoT BHA
0 Y1 0 o
Gy = 0 0 V2 0_ el (60.24)
0 0 0 V3.
(] 0 ..
Yio o ..
=0 V2 0 .| (60.25)
0o 0 V3 ..

Jlerko BHAETb, uTO JAeficTBHe OnepaTopos df  dy Ha GyHKWHIO ¥, ()
onpeneasercs coraacHo (60.24), (60.25) dopmynamu
Aty (ne) =V ne+ 1%, 4 (1),
Ay () =V M e _ (), (60.26)
Yo (nx) =0.
PaccmotpuM cocTosiHMe BaKyyMa, B KOTOPOM BCe UHC/Ia 3arOJHe-
HHSL PaBHBI HYJIO: X, » gre+- (1) Maye-n)
CocrosiHHe ¢ JMOObIM HaGOPOM YHCEN 1 MOXET GbITh TOJyYeHO H3

BaKyYMHOTO COCTOsIHHS JieHCTBHEM OnepaTopoB dj Ha COCTOSIHUE Xg, g, o, ...+
JlelAcTBUTENBHO,

Xngy g gy o = ()P (85)75(83)% - Xo,0,0, .o
C npyrofi CTOPOHEI, COCTOSIHHE € JIIOGBIM HaGopOM YHCEJN Ny MOXeT
GLITh CBEAGHO K BaKYYMHOMY COCTOSIHMIO JIeHiCTBHEM ONEPaToOpoB dgi
(@) ()" (dg)7s... K}y a3y 00 = %0,0,0,0
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2. Depmu-cucmemst.

Oneparopbl d;, d} A epMH-CHCTEMbl NOAYHHSIOTCS YCJOBHSM
NePecTaHOBOK, KOTOpbie OTJIHYAIOTCS OT YCJOBHH IepecTaHOBOK s
6030HHBIX onepaTopoB. OTCIofa BHITEKAET CYLIECTBEHHOE OTIHUHE B ACH-
CTBHH ()eDMHOHHBIX ONEpaTopoB Ha (GYHKLHH Y (M, Ny,...).

B
BBeniem H B ciyyae ()epMH-CHCTEM JJIsl OLEPATOPa f, COOCTBEHHBbIE
.
DYHKIHH 'an; (nz). Tlo ompeneseHHIo onepatopa n, HMeeM

oy (1) = Gt () = i, (). (60.27)

YMHOXKasl 3TO PaBeHCTBO C/eBa Ha dj, NMOJYYHM, B CHJY YCJOBHH
nepectaHoBoK (60.11), B sieBofi yacTH paBeHCTBAa TOXKJIECTBEHHH HYJb
(mockoubKy (d4)2 =0

ﬂﬂd!txn; (ng)=0.

Orciofa caefyeT, YTO NPH BceX ny; =0 BBINOJIHSETCS d,txn; (ng) =

=0 u, B yacTHoctH, d} ¥; (n,) =0. TIlpn np =0 nonydyaeM H3
(60.27), ucnosb3ys cooTHouwlenHs (60.12),

Qi (B (na)) = Ao ().
TakuM 06pasoM, af ¥, (1) €cTb (C TOYHOCTbIO 1O HEKOTOPOTO YHCJO-
BOrO MHOXKHTEJS) X (ny).

JefictBys Ha oGe yacTH paBeHcTBa (60.27) onepatopoM d, H HCIOJb-
3ys (60.12), nveem

GrBE8RX,y, (M) =8iX,,, () = i,y (M),
OTKyJla 3aKJ/I04yaeM, YTO d,‘xn; (ng) = O mpH Bcex n; %= 1 H, B 4aCTHO-

CTH, dpYo (1) = 0. Hanee BuANM, uTO dyY; (f1x) €CTb (C TOUHOCTHIO AC
YHCJIOBOTO MHOXKHTeJNIS) %, (M), TaK Kak
Traliy (1) = G (d)*% (ne) =0.

Ecau Tenepb NpeANOOXKHTb, YTO CYLIECTBYET COCTOSIHHE Xo (M),
B KOTOPOM YacTHLL HEeT, TO, OYEBHJIHO, JeACTBYS Ha 3TO COCTOSIHHE OIle-
paropamu d; M d}, MBI [IOJyYHM COOTBETCTBEHHO TOXECTBEHHbIH HYJIb
(dxXo (nx) = 0) H cocrosiHHe ¢ OfHON uacTHUeR ¥ (n). HelictBys Te-
nepb Ha COCTOSIHHE ¥ (1) STHMH e OnepaTtopaMH, Mbl CMOXKeM IOJIy-
YHTb TOJIbKO COCTOSIHHE %y (f;) HJIM TOXJECTBEHHBIH HY/ab. TakuMm 06-
pa3oM, Mbl yGeMHJHCb, YTO MNPHHATbIE COOTHOIUEHHsI IePecTaHOBOK
(60.11) njs1 bepMHOHHBIX OIEPATOPOB OGECNEYHBAIOT HAM BRLINOJIHE-
HHe OCHOBHOTO TpeGOBaHHs CTATHCTHKH PepMH, yToGHl YHC/IA 3amoJ-
HEHHs! PHHHMAJIH TOJbKO 3HaueHHs O mum 1.

Ilono6HO TOMy, Kak 3TO HMeJO MecTo AJst Gose-cHcTeM, JioGoe co-
CTOSHHE CHCTEMBI Xn:, u;,... MOXHO IOJIYYHTb H3 BaKyYMHOTO COCTOS-
HHSL %o, oy o..» AeHcTBHEM onepatopoB df. Hampumep,

— AtAT
%1,0,0,1,0,0,00 = £188%0,0,0, .. +



282 KOHKPETHBIE 3ATAYM C B3AUMOJEACTBUEM (T4 VIE

[TosToMy df Ha3LIBAIOTCS «ONEPATOPaMH DOXKAEHHs». AHANOTMYHO H3
JIHOGOTO COCTOSIHHSI Yn, ny,... MOXKHO TOJYUHTH BAaKYYMHOE COCTOSHHe

LeiCTBHEM «ONepaTOpOB YHHUYTOXeHHs» d,. Hanpumep,
484X, 1,0,1,

15 HaXok[eHHs IBHOTO BHAA ONepaTopoB dy, df, 7, paccMOTPHM
CHaya/Ja ONHO COCTOSIHHE C HOMEPOM k, HTHODHPYsl BCE OCTasbHHIE.
Onepatopbl POXKIEHHs U YHHUTOXKEHHs! YacTHLbI B 3TOM COCTOSHHH &f
H G, LOJKHBI YAOBJNETBOPATH COOTHOLIEHHSIM

atay+oagat=1, k=0, (ak)?=0.
OrnepaTop yHc/a YaCTHIL B k-M COCTOSIHMHM DaBeH &jdy, U B COGCTBEH-
HOM MPEICTaBJAEHHH OH SIBJASIETCS] AMArOHAJbHBIM
. 00
””=\0 1
Co6CTBEHHBIMH (YHKLMSIMH A, SIBASIOTCS CTOJGLBI ® #u (©), onu-
CBIBAIOIHE COCTOSIHHSI G€3 YaCTHI[ H C OAHOIN uacTHLeH B k-M COCTOSsI-

HHH COOTBETCTBEHHO (M cTpokH (1, 0), (0, 1)). Iast onepaTopoB poxae-
HHsl H YHHUTOXeHHs! &f H &, HMeeM ypaBHeHHs

&z({))= o0 i (‘1’)=o
e abeo)

rie p U g — NPOH3BOJIbHbIE MHOXKHTeNH. Pemasi aTy cHcTemy, HaiieM
00 01
10 00
(Mbl npeneGperJii, Tak e KaK H IPH PacCMOTPeHHH GO30HOB, HeCy-
LIECTBEHHBIMH (PA30BBIMH MHOMHTE/SIMH.)

Tlepexoast K paccCMOTPEHHIO Bcell COBOKYNMHOCTH COCTOSIHHH ¢ pas-
HEIMH &, Mbl JOJDKHBI BBECTH omepaTopbl df M d,, yAOBJEeTBOpsOLIHE

COOTHOLLEHHSIM
Gy +d,df =0 (mpu j£ k),
dd,+4,4; =0, (60.29a)
aiag +akal =0,
KOTODHIM ONEpaTophl &f, &y He YAOBJETBOPSIOT (B MPOTHBOMOJOXKHOCTD
CJ1yualo cHCTeMbl GO30OHOB, I'fie onepatopw di, d,, OTHOCSIIMECS K pas-
HBIM COCTOSIHHSIM, aBTOMAaTHYeCKH YJIOBJIETBOPSIIH HYXHBIM COOTHOLLe-
HHSIM KOMMYTallHH, TaK KaK OHH AeHCTBOBAJIH HA PasHbIe NIePEeMEHHbIE).
Y6enumcsi, 4TO onepaTopbt

Gy=(—1)"%ay, df=(—1)"%at, (60.30)

=%0,0,0,...-

. (60.28)

af= , Op=

|, p=q=1. (60.29)
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/i€ Vj ~— YHUCJIO 3aHSATBIX COCTOSIHUH, «NPeIUIECTBYIOMHX» k-My (YHCIO
32HATBIX COCTOSIHHMI ¢ HOMepaMH i << k—1), YIOBJIETBOPSIIOT COOTHO-
wennaM (60.29a). eficTBuTesbHO, HMeeM, HampHMep (npu i > k),

npu n;=1,

o~ Vi 3 . .
L S 2{?( D ki, npu nj =0,

1, .. mpu ne=0, ni=1,

={ (‘_l)vi+vkxn;, ey mp L e,
0 BO BCEX OCTAJbHBIX CJyd4asx.
JIJIst mpOTHBONOJIOKHON NOC/eI0BATeNLHOCTH df M 4;, HMeeM
i, o s
_ {(— )" 0ifns, ooy gty oy L., TPH 1R =0,

npu np=1,

=0t i i L. TP =0, ni=1,

0 BO BCEX OCTaJbHBIX CJAYyYasix
(Tak KaK B pe3yJibTaTe JefiCTBHs OIepaTopa dj YHC/IO 3aHATHIX COCTOS-
HHIl, «IpeALIeCTBYIOIHX» COCTOSIHHIO i, Bo3pociao Ha 1). Cieposa-

TeJbHO,
(aka; 4 aiag) % =0.
TakuMm 06pasoM, B clyuae CHCTeMbl ()ePMHOHOB OTEPATOPhl dy,
t W d;, 4f He ABNAIOTCH HE3aBHCHMBIMH, KAl M3 5THX ONepaTo-
POB 3aBHCHT OT YeTHOCTH YHCJIA 3aHSTBIX COCTOSIHHH, NpeNecTBYiO-

mux k. Herpyano Buaerthb, yto jeiicTBHe onepaTopoB d; H df Ha ByHK-
1HIO X, (ny) onpenensiercss coraaco (60.29) u (60.30) dopmyaamu

Bty () =(— D'V R i () mpu mi=1,

g, (1) =0 npu nj =0,

. i 60.31)
gy (1) = (— ey 1—n; Knyi () TIpH 1jp =0, (
a,?x,,;z (ne)=0 npu np=1.

3Hasi (u3MUecKHil cMbica Gose- H ¢QepMu-omepaTopoB df, d,, Mbl
yGexaeMcsi, 4TO B CHJIY ¢opMya

= ; ag (r), ¥ (= ;émz )
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onepatopsl Y (#) ¥ Y+(#) HMEIOT CMBICJ ONEpaTOPOB YHHUTOXKEHHS H

0r1epaTopoB POXKJEHHS HaCTHI B 3aJlaHHOM TOUKe MPOCTPAHCTBA.
PaccMoTpuM onepatop Kakoi-iHG0 QusHuecKod BeJqHUHHE o,

npuyeM GyneM npeanoJaraTh, YTO 3Ta BeJIHUHHA SIBJSETCS aIHTHBHOM:

=34 (60.32)
&

(CyMMHpOBaHHe BeJieTCs 110 BCeM YacTHLAM CHCTEMB). C'-lHTae’l‘Cil, 4To

BC€ OnepaTophl Ak OJIMHAKOBEI, HO neﬁc‘rsylo'r Ha KOOpJHHATHLIE BOJI-
HOBbIE q)yHK].lHH pasHBIX 4acTHIL. BesnynHamMHu Takoro THNa SBJSIOTCA
HMIYJbC, MOMEHT, KHHETHYeCKasl 3Heprus, 3apsij H T. A.

TokaxeM, 4To onepaTop 9 B NpEICTABNCHHH YHCEJ 3aTIONHEHHS MO~
KeT OBITh 3aMHCaH C MOMOLIBIO BTOPHYHO KBAHTOBAHHOMH BOJIHOBOH (yHK-

uHd P (7) cuenyiomuM o6pasom:
=59 (r) A () dor. (60.33)

Jlns KoKasaTe/lbCTBa BHIpAa3MM onepaTop ¥ uyepes omepaTopbl YHcen
YacTHI fi; B COCTOSIHMSIX, COOTBETCTBYIOLLHX ONpe/ie/eHHLIM 3HAUeHHIM
A, sennunnsl A. OuesuaHo,

= A, (60.34)
s

C npyrof CTOPOHBI, PasJIOKHM ONepaTOPHYIO BOIHOBYIO PYHKIHIO ¥ (1)
no coGCTBEHHBIM (YHKIHAM @ (r) onepaTopa A:

PO =2a:0: (1), Ags (r)=As: (7).

TMoxcTaBassa 3T0 pasjoxeHHe B mpasylo 4acTb (60.33) M moab3ysch
OPTOHOPMHDPOBAHHOCTBIO CHCTEMBI @ (#), NPHXOJHM K pe3yJabTary:

=3 41,4, § o (M) s (r) dr = 3} Aghs.

®opmyna (60.34) BelpaxkaeT onepatop 9 B mpencrabsenuu uncen sa-
MONHEHUs] COCTOSTHHH C PasHBIMH 3HaueHHsMH A;, TorJa Kak dopmyJa
(60.32) BhIpaXkaeT TOT e OMNepaTop B KKOOPAWHATHOM» NpeACTaBJIEHHH.
Pasymeercst, MOXKHO BbIpasHTb ornepaTop ¥ B J1I06OM ApYrom npencra-
Baenun. Ilyctb B — onepatop J06oi 0AHOYAacTHUHOHN (u3HuecKof
BEJHYHHBI, @ (#) — ero coGcTBeHHBle GYHKIHMH, df, d; — onepaTopsl
POXJEHHSI H YHHUYTOXKEHHS, OTHOCSLIHeCH K COCTOSHHIO @ (r). Ilpen-
CTaBJsA ONEPaTOPHYIO BOJHOBYIO GYHKIHIO B BHAE CYNeprnosuluH
VP (r)= Xasps (r) ¥ MoJB3ysicb OPTOHOPMHPOBAHHOCTBIO @ (r), moay-
s

uum u3 (60.33) . -
A= ZA 555 Aty (60.35)

a,m
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e Ass’=S‘P: () Agy (F) d*r — maTpuunEe saeMenTH onepatopa A
B B-npeacraBiienuu.

OcoGbiii HHTEpeC NPEeICTaB/IsSeT MPENCTABIEHHE YHCEN 3aIONHEHHS,
CBfI3aHHOE C HMNYJbCOM. Tak KaK B CTAaTHCTHYECKOH (H3HKe Cylue-
CTBEHHYIO PoJib Hrpaer o6beM rasa, Mel 6yJieM pacCMaTpHBaTh YacTHILb,
JBHXXYIIHECS He nmpnﬂmﬂo, a 3aK/IOueHHble B KyGHUECKOM silMKe
c obveMoM V = L3,

VYenosuMmcst B §§ 60—62 mosb3oBathest He moctosiHHOM [lnanka h,
a CBfI3aHHON C Hell KoHcTaHTolt # = h/2n. Bynewm, nanee, B 5THX na-
parpadax IS KPaTKOCTH BOJIHOBOH BEKTOp YacTHUbI B = p/h Hasbl-
BaTh «HMITYJIbCOM», a NOCTOSIHHYIO BoJbuMana (Bo H3GexaHHe IyTa-
HHIBI B 0603HaueHHsX) 06o3HauaTh %. IIpu sTOM GyHKUMH ePr/h =
= ef*" , SBJSIOIHECS] B C1yyae HHQHHHTHOIO JBHMKEHHS COGCTBEHHBIMH
¢yHkuusAMH omepaTopa HMIyJbca —ihy, NS (HHHTHOTO IBHIKEHHS
He GYIyT TAKOBHMH, TaK KaK OHH He o6paulaloTcst B HYJIb HA CTEHKaX
simpKa. OUSHUECKH 3TO 3HAYHT, YTO JJIsl YACTHIM B SIUMKE HMITYJIbC
He HMeeT ONpeJieJIeHHOTO 3HaUeHHs (IpH 3aJaHHON sHepruu E uMmyJsisc
MOET C PaBHbIMH BEPOSITHOCTSIMH TPHHHMATb 3HaueHus -}/ 2mE/h).
Mzl Tem He MeHee GyJieM pasnaraTh Bce QYHKIHH KOODAHHAT N0 PyHK-
UM

Qe () == elér (60.36)

(1/V */s— HOpPMHPOBOYHHIH MHomH‘renb), Hanoxum Ha g (#) mepHo-
JiMueCKHe TDaHHYHBIE YCJIOBHS: Ha NPOTSKEHHH pe6pa KyGa HO/IKHO
YKJIaJBIBaThCS IIeJI0e YHCJIO BOJIH e Bpodias, T. e. Aas moGolt nmpoek-
IMH HMIYJbCa JOJXKHO BBHIIONHATBCS YCJOBHe k; = 2an,/L, rhe
n; =1, 2, ... JIerko y6enuTbCS, YTO 5TH YCJIOBHSI ONPEAENSIOT KBAHTO-
BaHHbIE 3HAaYEHHSsI SHEPTHH YacCTHLI B siiuKe (cM. § 41). Ycsosue op-
TOTOHAJBHOCTH ABYX (PYHKIHMH @p (F) H Qp(r) MOKET GHITH 3aNHCAHO
B BHJE

S o (F) our () dPr = 'll7 S W= g 5, . (60.37)

rie 8, 4 — aHanor u3BecTHOro chuMBoja KpoHekepa B ajnrebpe

s 1 npu k=F,
¥ k=0 mpu k£ E.

ITycTs onepatop A ects oneparop BHeuHero nosst U (). O6o3naunm
uepes ¢+ (k), d (k) omepaTopel POXKIEHHS H YHHYTOMKEHHS YaCTHIL C HM-
nyJabcoM k. Torza us (60.35) HaxonuM B NPECTaBJEHHH YHCEJ 3aI0J-
HEeHHst

(60.38)

12=%§ u (k—K)a" (k)4 (k), (60.39)

raeu (q)= S U (r) e'er d®r — Pypbe-KOMNOHEHTa moTeHnHana U (r).
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BTOpHYHO KBaHTOBAHHEIH ONEpaTop KHHETHUECKOH sHeprun K =
=X pi/2m w¥MeeT B paccMaTpHBaeMOM NpEACTABJEHHH BHJ
i

2”& ®)a (k)= Y287 (k). (60.40)
13

AnanornyHsiM  06pa3soM MOXHO PacCMOTPETb  «[ABYXYaCTHUHBII»
onepatop B:

=+ 3By (60.41)
iE

(cymmupoBaHHe i, j o yacTHLAM cHcTeMbl). Tak Xe, KaK U B PacCMOT-
PEHHOM BhllIe Cayyae, NMpPEANOJAraeTcsi, 4To BCe onepaTopsl B;; onH-

HAKOBbI U paBHbI B, HO Aeﬁc‘rsyko‘r Ha KOOpAHHATHbIE BOJIHOBbIE ClJyHK-
LMK pasHBIX yactHi. HauGosee BaxKHHIM NpHMEpPOM omnepaTopa TakKoro

THIA SBJISIETCS TOJIHASI SHEPTHUs B3aHMOJEHCTBHS Hnt CHCTEMBI YaCTHIL
C NapHLHIM B3aHMOAEHCTBHEM. Ecau napHoe B3aHMOJIEHiCTBHE ONHCHI-

Baercsi notenuuanoM W (ri;), 10 Hint HMeeT BHA

Hint=’;—z W (rij). (60.42)

He noBropsisi CXOMHBIX BBIKIALOK, BBUHIIEM BHIpaXKeHHE s Hint
uepes ¢ (7):

A 1 « N . «

Hing= b3 SS B (F) YT (r) W (F1a) b (r2) § (71) dPry dPry,  (60.43)

WIn B npenc‘raBneHuu YHCeJT 3amOJIHEHHSI COCTOSIHHH C HMITYJIbCOM k

@/i/,mt— Vz ka (Ry, ks, Bi, ki)d* (k) 0" (R3)a (k) a(Ry), (60.44)
rae

(b, By By 1) = G (1) &P bR —4iri= 8500 gy, vy, (60.45)
Tlepexoast K HOBBIM IEePEMEHHLIM WHTETPHPOBAHHS

R= 'H'I'T"z’ r=ry—n, n= —'%’ "z=R+%»
MOy 4HM
W (ky, by, i, Bey) = §W (1) € Pt M= R 2) gop § g (it ha == ) R) o
Hcnonbaysi ycsioBHe opToHOpMHpoBaHHOCTH (60.37), mosyunm
w (ky, ks, ki, k)=
=V6k tny, b4y, § W () € @ R8I0 o (60.46)
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Hanuune §-cumBosia (IOKa3biBaeT, 4TO BEKTOPb By, Ry, Ri, R NOJKHBI
06pa3oBbIBaTh 3aMKHYThI YeThIPeXyroabHHK. Kak BHIHO M3 yeprexka
(puc. 72),
ki=Fkit+k ki=ko—Fk, k=Fki —k,=k,—k;,
Ry —ky+ Ry — ky =2k, (60.47)
T. €. NPH CTONKHOBEHHH COG/IOJAeTCs 3aKOH COXDAaHEHMsi HMIyJbCa.
Ecau BBectH 0603HayeHHst

w (k)= S W (r) ei*r d°r, (60.48)
To Qopmyaa (60.46) mpuHHUMaeT BUJ
w (ky, ks, K, By) =Vw (k) By 41, ke (60.49)

TaMHJIbTOHHAH CHCTEMB! B3aHMOJLEHCTBYIOUMX YaCTHI ¢/ B OTCYTCTBHE
BHEIHEro NOJS PaBeH CyMMe 67 H o it

Jr.—_g%dwm(k} +

1 . ,
+ 57 2 W () Ok 4y, 141, 4% (R) 4" (k) 4 (R,) 4 (Ry)-
e
B 3TOM BbIpaKeHHH MOXKHO HCK/IOUHTH §-CHMBOJ ¢ momorpio (60.47)
4 h2k2
=Y o (k) () +
k

+ 2Lv Z w (k)" (ky+ k) a" (ky— k) & (ko) d (Ry). (60.50)

ki ko

BhiBeieM B 3aKJ/oyeHHe (OpMyJy AJst BEPOSITHOCTH mepexoia H3
OJIHOTO COCTOSIHHSI B ApYroe B HieaJbHOM Go3e- WM (hepMH-rase Mog
JeficTBHeM BHelIHero Bo3feficTBHs. Ta-
KHM BO3JeHCTBHEM MOXKeT GbiTh BHeLI-
Hee MOJle HJIH B3aHMOJEHCTBHE C YacTH-
IIaMH APYroro copra (IpHMecH, HOHBI
pelWweTKH A/ 3JEeKTPOHOB Merasja H
T. A.). Kak u3BecTHO M3 KBaHTOBOH Me-
XaHHKH, B HPHOGJIHKEHHH TEOPHH BO3- Puc. 72.

MyIeHHH MJOTHOCTb BEPOSITHOCTH Iepe-
X0Aa B eiMHHILY BpeMeHH onpezessieTcst popMmyJiol (cM., Hanpumep, [5])

Py =5 \U,p8 (E,— E)), (60.51)

rfie HHAeKC i oGo3Hayaer HauasibHoe (initial), a uHAekc [ KoHeuHoe
(final) cocrosnue cucrembl, U;; mpeicTaB/seT coGofi MaTPUUHBIH 3Je-
MEHT BO3MYILeHHsI, BBI3LIBAIOLIEro Mepexos, a MHOxHTe b § (E,—E)
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oGecneyHBaeT BHINONHEHHe 3aKOHa COXpaHeHHsi sHepruu. CorJacHo
dopmy.ie (60.39) nmeem

7 =%§ u (k—k')d* (K)a (k).

Onepatopsl ¢* (¥) u @ (k) UMeIOT OTJIHUHBIE OT HyJsi MaTpPHUHbIE 3Je-

MEHTbI TOJIbKO /151 IepPeX0/IoB, B KOTOPbIX HCYe3aeT OJHa YaCTHLA C HM-

NyJIbCOM K M POXKJaeTcsl OJHa YacTHLA C HMIYJAbCOM K', T. €. IPOHCXO-

JIUT (HEYMpPYroe) paccestHHe YacCTHIB! C H3MEHEHHEM HMIyJbca.
Hcnonesyst popmyast (60.26), (60.31), moayuum

Py =,,Z',:,U (k, ) n (k) (1= n (B)) 8 (E (K)—E (k)), (60.52)

TJile BEPXHHH 3HAK OTHOCHTCSI K 6o3e-rady, a HHXKHHH 3HaK K (epMu-
rasy (o (k, k') ectb npoussesienue u (k—Fk’) U BceX NOCTOSIHHBIX MHO-
xKurtenell). B ciyuae depmu-rasa ¢opmysaa (60.52) naer eie oamy
HJIOCTPAUHIO NIPHHUKNA Tlayan: ecin cocrosiHHe R’ «3aHATO», T. €.
n (k) = 1, To BKJaJ 3TOTO COCTOSIHHsI B BEPOSITHOCTb IepeXxojia paBeH
Hymo. B ciyuae Gose-rasa mHoxuresb (1 + n (k') yKasbiBaer Ha TeH-
JIeHIHI0 GO30HOB CKalUIHBaThCsi B OJHOM COCTOsiHHH. UeMm Gosbine
n (k’), TeM GoJibllle BePOSTHOCTb NMepexoia GO30HOB B 3TO COCTOSIHHE.
31O CBOMCTBO HMEET HeNnoCpe/CTBEHHOE OTHOLIeHHe K G03e-KOHJeHca-
L7[‘HH _T HaKaIl/JHBaHHIO GO30HOB B COCTOSIHHH C HYJ/IEBOH 3Heprueil mpu
<7,

§ 61*. CeepxrexyuecTb

PaccMOTpHM MoJie/ib HEM/eaJbHOTO Ta3a GO30HOB C B3aHMOJeH-
CTBHEM MeXJy NMapaMH yacTHi Buia (60.42). Dra Moziesb B nmpejcTaBJe:
HHH BTOPHYHOTO KBaHTOBAaHMSI ONHCbIBAaeTCs raMHJbTOHHaHOM (60.50)

H = }_,E(/e) (k) a (k) +

'217 Dlw(k, —ky)a" (k) )d" (k) d (k) d (Ry),  (61.1)
Bithy=
i
rae E (k) = n*R*/2m.
B ciyyae ujeasbHOTO ra3a B6/H3H aGCOJIOTHOTO HYJIst Mpeobajaio-
1ee yucsIo yacTul, Ny HaXoAHTCs B cOCTOsIHHH £ = 0: (3fiHITe HOBCKask

KOHJIeHCalH 1)
N—=Ny<N,. (61.2)

ByjeM CuHTaTh, UTO 5TO 3Ke HMEeT MecTo H y c/1a6o HeHjieabHOTro 603e-
rasa. Torna BO BTOPOM M3 ypaBHeHHi

4" (0)@(0)x (No)=Nox (No), 4(0)a" (0) x (No) = (No+1) % (No)
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MBI MOXKEM NPHUGIHKEHHO NOIOXUTL Ny +- 1 =~ N,. Onepatopsr 4" (0)
U d (0) cTaHOBAITCA NPHU 3TOM NMEPECTAHOBOYHBIMH, M MBI GyJleM HX CUH-
TaTh YMC/AAaMH, PaBHLIMH

a* (0)=a(0)=N. (61.3)

VenoBue (61.2) o3nauaer, yTo GOJIBIUMHCTBO YacTHI, HAaXORHTCS
B KoHleHcaTe, Torza, oyeBHIHO, B ramuibToHHaHe (61.1) caenyer
y4ecTb TOJbKO B3aHMOJEHCTBHE «KOHJEHCATHBIX» YAaCTHIL MEXLY co6of,
a TaKkxKe B3aUMOJEHCTBHE MX C «HAJKOHIEHCATHHIMH» YacTHUAMH. B3a-
HMOJIefiCTBHEM «HAJKOHAEHCATHbIX» YACTHI{ APYT ¢ Apyrom OyneM mpe-
neGperatb. R

Boimenum B oneparope ¥ in unensl, comepxkamue a* (0) u a (0).
HimeeM, yunTbIBasi 3aKOH COXPAaHEHHs! MMIYJbCa (WITPHX y CYMMBI 03-
HayaeT, YTo OMYyIleH uieH ¢ & = 0),

H'ini= 5 (@ (0) (@ (0)a (0))* +
+ 3 @O e @) & @)@+ (~ha(—Rld Oa©) +
+ X w ) [ 08 #)a (— R+ @ OF @ a—h] +

+- untennl, Juuefinsie B @ (0), uau a (0) 4 uaeHsl, He cofepKaiue
a*(0) uau a(0)}.

Jns Hawmx neneil ynoGHO 3ammcaTh BhIpaxKeHHe
2 Zk] (@ (0) +w (k) 4" (k) 4 (k) a* (0) a (0)
B BHJE
> (@ (0)+w (k) [d" (k) & (k) +a* (— k) & (— B)]a* (0) 2 (0).

k

OcraBasst uieHbl, cofepkailne N, He MeHee UeM B NepBOi CTeNeHH,
N0Jy4HM

H =gy {Nzw 0)+No 3 (@ (0) +w (k)) [4* (k) & (k) +
&k
+d' (— k) a(—k)]+No > w (k) [6" (B) & (— k) +

3
+ci(k)d(—k)]}, (61.4)
ﬂ.}lﬂ YHcJIa 4acTull HMeeM
N =Nyt 3V (4" () a(k)+a" (— k)d(—R).  (61.5)
®

10 0. B, Pymep, M. LU, Pubkun
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Toacrasasisi Boipaxkenue N, u3 (61.5) B (61.4), nomyyaem, npexeGpe-
rast WieHaMH, He copepxauumu N:

H = gy [N O+ 3w (0@ ()4 (B)+a" (— B d (—B)] +
+NZ (k) "6 (k) d* k)+zi(k)zi(—k)]].

Jlnst onepatopa SHEpTHH HMeeM

g w(O)N“ 22 (E(k)+w(k)N>[dr (k) a (k) +

a+(~km(—k)1+72‘”—";’—”[a (k) " (— k) +a (k) d (— B)].
' (61.6)

B Boipaxkenun (61.6) TpeTbe cjlaraeMoe ONMHCHIBAET BO3MOXKHOCTb «POXK-
JieHHsl» WJIM «YHHYTOMKEHHs» Napbl YaCTHIL C HMIyJbcaMH R u —E.
QH3UYeCKH 3TO 3HAYMT, YTO TaKHe Mapbl MOT'YT MEPEXOJAHTb M3 «KOH-
neHcaray (cocrosiiie ¢ £ = 0 u E (k) = 0) B COCTOSIHHSI C OTJIHYHBIMH OT
HyJIsl MMOYJIbCOM H 3Heprueil M HaoGOpOT (NPH BBINOJHEHHH 3aKOHA
COXPaHEeHHs! HMIyJ/bca). BO3MOKHOCTb TaKHX NPOLECCOB CBsI3aHa C B3a-
HMOJEHCTBHEM «HAJAKOHAEHCATHBIX» YACTHIL C YACTHIIAMH KOHAEHCATay.

Ilepeiinem Tenepnb or Gose-onepatopoB 4 (k) u 4" (k) K HOBBIM Go3e-

onepaTopam E(k) u €+ (k) [pH NOMOLIK KaHOHHYECKOTo NpeoGpasosa-
Hust BoroumoGoBa

a (k)= (k) ch g () +E (— k) shop (&),

@ (— k) =E" (—k)ch ¢ (&) +E(#)sho (),
a* (k) =E" (k) ch o (&) +-& (— k) sh g (k),
a(—k)=E(— k) cho (k) +E (R) sho (&),

rae ¢ (k) — BelleCTBEHHBIN apaMeTp, 3aBHCSALLHIT TOJBKO OT MOAYJS K.

Jlerko npoBepHuthb, YTO Asi omeparopos § (k), & (k) cnpaBenauBbl Ta-
KHe JKe TepecTaHOBOYHblE COOTHOIUEHHsl, YTO H AJsi oneparopos d (),

ar (k o . .
()€ (k') —E (k) E (R) =0,
g (k)& ) —& ®)E (k)=
E(R)Er (k) — & (B) E (k) =60, v

(61.7)

ATo no3BoJISET paccMaTPUBATh ONEPATOPBI g (k), t (k) kak onepaTopbl
PO/eHHA H YHHYTOXEHHsS HOBBIX GO03eBCKHX KBAa3HYaCTHL, a omnepa-
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TOpBI g+ (I}) £(k) — KaK ONepaToph! YHCeJ 3aloJHEeHHS. B HOBBIX one-
paropax & (k) u E' (k) onmepatop 3HeprHH NpPHMET BHA

H =208 4 ;2’ [(E @) +2 8% ch2g (6 — 1) +
+E P20 0]+ 5 T [(E 0+ 20 ) enzo 0 +

+ 20  shog (][ & ©E B+ BE R +
+ 52 [(E &)+ =5 sh29 (1) + 29X ch 2 (8)] %
- _

x [& (R & (— B +E RE(—H)

Brifepem Tenepb mapaMeTp @ () Tak, 4ToObl MOCJENHHH ujeH
ucues. Ilpn 3ToM B mpejCTaBJIeHHH YHCes KBa3HYaCTHL FaMHJILTOHHAH
CTAHOBHTCS JHAaroHaJbHBIM. UJeHH!, ONHMCHBAMOLIHEe NMEPeXOAbl C POXK-
JIleHHeM W/ yHHYTOKEHHeM KBa3HUacTHL, HCYe3aloT, a AHAaroHa/bHEIE
3/1eMeHTb! oneparopa <% ONpeAe/IsioT CNEKTp SHepruii rasa. OU3HYeCKH
5TO 3HAYHT, YTO OT KAPTHHHI PeasbHOTO ra3a B3aHMOJEHCTBYIOUIHX Ya-
CTHI{ C ONepaTopaMH POXKIEHHS H yHHUTOxeHHs d* (k), d (k) mbl me-
peuniH K KapTHHE HJeaJbHOrO rasa HeB3aHMOJAEHCTBYIOLIHX KBasH-
yacTHIl (¢ omepaTopamH 13 (®), £(R).

s mpeo6pa3oBaHHsi TaMHJIbTOHHAHA K HOBBIM MepPeMEHHbIM BOC-
NOJIB3YEMCsl CJIEAYIOLUHM, JIETKO AOKa3sBaeMbIM COOTHoeHHeM. Ecin

pshy+qchp=0,
pchy+gshp=1p*—qg

TO
Hmeem
J/:w(g)v/vz 1 Z [E(k)_'_w(k)N

13

— V(w2 ZEEIT |

+ 13V 0+ TR «

x (& (R) 5 (k) +E (— R E(— k). (61.8)

Beoas ofo3nauenue

ow=) G = - =V Gt e

10+
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OKOHYaTeJIbHO INOJYYHM

H=2GE YW+ e m]+
L3
+5 2 0@ (ERER+E(—RE—ER). (6110

&

Ml BHAUM, 4TO BOJIH3H aGCOJIOTHOrO HYJIst SHEPTHsI Cl1a60 Heuaea b
HOro rasa MoxeT GbITb NpEJCTaBJIeHa KaK CYyMMa SHEPIHH OCHOBHOTO
cocTosiHHs! (mepBble 1Ba cJaraemblX B (61.10)) u sHeprun He3aBHCHMBIX
KBa3HYaCTHI, 06/aJalomuX sHepruedl o (k).

PaccMOTpHM 3aBHCHMOCTb SHEPrHH KBa3HUaCTHIL ® OT HMIyJbca
NpPH MasbiX H GOJbBIUHX 3HAUEHHAX R.

Tlo ¢opmyse (61.9) uMeeM npu Manibix &

o) =) LBnen~ )/ T2Op, (61.11)

T. €. TIPH MaJIBIX MMIYJIbCax KBa3WYacTHUbI BeAyT celsi, KaK (HOHOHHE!
€O CKOpOCTbIO 3ByKa, paBro#i }/ Nw (0)/mV#. Ilpu Goabliux 3Haye-
HHAX k& 3aBHCHMOCTb @ OT R CYIIECTBEHHO 3aBHCHT OT CBOHCTB (DyHK-
oMK @ (k). B 4acTHOCTH, MOXKHO BHOGpaTh B3auMoJelicTBHe w© (R) Tak,
4T06bl TMOJYYHTh CHEKTP SHEPrHH KBa3HYaCTHL, MPELJIONKEHHbIH
JI. 1. Jlannay u3 ¢eHOMEeHOMOrH4ecKHX cooGpakeHHii H XOpOIIO Cor-
Jacyloluicss ¢ 3KCIIePHMEHTANbHBIMH JaHHBIMH (IO TEIVIOEMKOCTH H
IpYyruM TepMoAuHaMHueckuM cBofictBam Hell). 3toT cnekTp H3o6pa-
XeH Ha pHc. 74.

Ecau JonycTHTb, 4TO NPH GOJBIIHX k2 (QyHKuus w (k) y6biBaer

HJIH pacTeT MeljieHHee A%, TO JJs o (k) mosyuum
naks N n%e
ok =S tu ) e
T. €. IIpH GOMBbIINX £ KBa3HYaCTHIL! BeAyT ce6sl KaK K/acCHYeCKHe ya-
CTHIB! C Maccofi m.

IokaxkeMm, 4TO ras KBasuyacthy c jaucnepcueii (61.9) obnamaer
ceolicmeom cBepxmeKy4ecmu. JTo 3HAYHT, YTO TPeHHE O CTEeHKH TPYOKH
H BHYTPEHHee TPeHHe B Ia3e He MOXET NPHBECTH K 3aMeJIeHHIO [I0TOKa
H K Tepexolly KHHeTHYECKOH 3HePTHH NOTOKA B SHEPTHIO BO36YKAeHHU .
Bynem paccmatpuBath ras npu T =0 °K, Tak 4T0 BO36YXKAEHUS
(KBa3HYaCTHIBI) B HeM OTCYTCTBYIOT. TakK KaK MMIYJbC R M 3Heprus
® (k) KBa3HuaCTHIL Ompefie/leHbl B MOKosileficsi cpele, GyAeM CuUHTaTh
ra3 INOKOSIIHMCS, a CTeHKH TPYOhl (HJH, BOOOIle, HEKOe Telo) — JBH-
KYIUMHCS 1O OTHOLIEHHIO K rasy CO CKOPOCTBIO V.

JlonyctuM, 4TO 3TO Teso moTepsiio uMnyJabc AP u suepruio AE,
1 8a CUeT 3TOro B rase BO3HHKJIO HEKOE KOJIHYECTBO KBa3HYacTHI 7 (k)
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C pa3JHYHBIMH HMITYyJbCAMH k, TOTAa
AP=Yn(k)tk, AE=Yn (k) o (A). (61.12)
k k

C apyroit CTOpOHBI, AJIs1 H3MeHEHHs! SHEDTHH H HMIyJbca ABHXKY-
Erocs! TeJa HMeeM
AE =9AP, (61.13)
OTKYZa

3 n(k) [0 (k) — (2, B)]=0. (61.14)
13

Tak KaK 3TO paBEHCTBO AOJIKHO BBINOJHSATBCS NPH [POH3BOJIBHBIX
n (k), umeeM
N N
o (k) ="Fi(v, k) = vk cos (v,k), npuuem cos (v, k) >0,
o (k)
<

hk cos (o, k)

@ (&
0=>20, (61.15)
Tpu 3akoHe aucnepcuu (61.9) npasas yacte (61.15), KoTopas H3me-
psieTcsi OTHOLUGHHeM OpAHMHAThl KpHBO# (pHc. 73) K ee abcumcce, OT-
JIHYHA OT HyJsl.

DTO 3HAYHT, YTO CYLWIECTBYET KPHTHYECKasi CKOPOCTb NOTOKA Ugp,

paBHasi ckopoctd 3Byka }/ Nw (0)/mV, M npH CKOpOCTSIX, MeHbLIHX

U=

Puc. 73. Puc. 74.

KPHTHUECKOH, TOPMOXKEHHe NOTOKAa 3a CYeT BO3HHKHOBEHHSI KBa3Hua-
CTHI| HEBO3MOXKHO, T. €. MEXaHH3M BHYTPEHHErO TPEHHS OTCYTCTBYET.
3aMeTHM, YTO KPHTHYeCKasi CKOPOCTb (OTJIHYHasi OT HYJeBOH) cyue-
CTBYeT BCerja, KOrja KpHpasi @ (k) He KacaeTcsi OCH aGCLMCC B Hauaje
KOODJMHAT (KacaHHe OCH aGCLMCC B APYTHX TOYKax KpaiiHe MaJoBe-
POSITHO), T. €. €CJH CIeKTP 3HeprHH IpH MaibiX 2 HMeeT (OHOHHBIH
xapakTep ® ~ k. TakuM CBOFCTBOM 06JIaJlaeT H CNEKTP, NMPeJIOXKeH-
ueiit JI. J1. Jlanpay ans He II (puc. 74).

Tlpu Temneparypax, OTNHYHBLIX OT HYJs, JBHMKEHHE HEHJeaJbHOro
0o3e-rasa MOXKHO paccCMaTpPHBaTb KaK CYNepHO3UIHIO ABYX ABHKEHHIT.
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CoBOKYNHOCTb KBa3HYaCTHIL C 3Hepruell o (), MMelomuxcs B rase
npu T 0 °K, moxer o6MeHHBaTbCsi SHeprHed H HMIYJBCOM KaK
«HOpPMaJIbHasi» MHAKOCTb. COBOKYNHOCTb «HEBO3GYMIEHHBIX» KBasH-
YaCTHLl ABHXKETCS MO TPyOKe (MPH U < Uyp) KaK «CBEPXTeKyuasy KHI-
KOCTb, TaK KaK Npolecchl BO3HHKHOBEHHS HOBbIX KBAa3HYaCTHIl B Hel
HEBO3MOXHbI (B NPHBEJICHHOM Bbillle JOKa3aTeJbCTBE MBI HHIJe He
npeanoJaraji OTCYTCTBHsI KBa3HYaCTHIL, H OHO COXPaHSIeT CHJY H NpH
T 0 °K.) TIpu sToM «TpeHHe» MexJy HOPMaJIbHOH H CBepXTeKyuei
KOMIMOHEHTaMH OTCYTCTBYeT, TaK KaK HeT nepe/laul SHeprHH H HMIy/Ibca
OT OJHOM KOMIOHEHTH K JAPYro#i (HEBO3MOXHbI NPOLECCHl «POMIEHHS»
H YHHYTOXEHMs» KBasuyacTHu). CliefyeT, OlHAaKO, 0co60 MOAYEpPK-
HYTb, YTO FOBOPHTb O HOPMAJIbHOH» M «CBEpXTeKyuei» KOMIOHEHTax
JKHIAKOCTH MOXHO TOJBKO B HEKOTOPOM BeCbMa YCJOBHOM CMbiCJIE.
HukaKoro peallbHOro pasjie/ieHHsl aTOMOB Ha «HOPMAaJIbHBIE» H «CBEpX-
TeKyuHe», eCTECTBEHHO, He CYLIECTBYeT H peyb HJIET O KOJIJIEKTHBHBIX
JIBHXKEHHUSIX YaCTHIL XHIKOCTH (KBa3HYacTHIAX), KOTOPHE MBI JeIHM Ha
BO36YXK/eHHbIe H HeBo3GyxJeHHbe, C TpHOJHMNEHHEM TeMmepaTypbl
K TeMrepaType (pa3oBOro Nepexojia Bce KOJIIEKTHBHbIE CTeNeHH CBOOO/b
BO36YKIAIOTCST M BCS JKHJAKOCTb CTAHOBHTCS «HOpMajibHo#». HaoGo-
por, ¢ mpuGauKeHHeM TeMnepaTypbl K O °K Bo3OyXJeHHs HCyesaloT
H BCSl MAKOCTb CTAHOBHTCS «CBEpXTeKyyei».

HHTepecHO 3aMeTHTb B 3aKJII0YeHHe, 9TO TeopHs Boromo6nBa NpHBOAKT K CIEKTPY
SHeprHH JaHJAyCKOrO THNA yXKe Mpu mpocrefimemM BhiGope w (k) B BHIe NHHEAHON

dyHxuun k:
w (k)=A— Bk, (61.16)
rre A u B — nocrosiHHbIe,
CornacHo dopmyne (61.9) sHeprus THUB! ONp SeTCs BbIp
ikt hNBR® | RN AR?
oW=V TF— 7w mv_ ! 6117

orkyna, nudxpepeHuHpys, HaXOxuM
h2 (ﬁ’k’ 3N Bk 2NA) &
do_m\m — "V v
FE= %0 () . (61.18)

Orciofa HaXOLUM TOJOKEHHE TOYCK SKCTPEMyMa
4, 3BmN 1/ |_8 RV
1= oy 9 BV
3BmN 8H2AV
by =gy (1""/1_ Bsz>
3HayeHHs: UMNY/IbCa, COOTBETCTBYIOIHE TOYKAM SKCTpeMyMa k, u k,, aBnsmiorcs
Pa3NHYHLIMH H BEUIECTBEHHLIMH NPH BLIMONHEHHH YC/IOBHS
8 hAV
ETo

Mpu &k <k u k> ky upoussonnas dw/dk MONOXKHTeNbHA, @ NPH ky < k << ky OHa
OTpHIATENbHE, H MB TIONYy4aeM 3aBHCHMOCTL © (k) THTa, uacﬁpameHHoro Ha puc. 74,

(61.19)
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3aMeruM, 4TO Touka k= 0 He sBAfeTCA TOYKOA MHHHMYMa, TaK Kak

@ (k)= hkV NA/mV npn k — 0, T. e. Mbl HMeeM CNEKTP (GOHOHHOrO THMA.
B OKpeCTHOCTH MHHHMYMa k == k,, pasnaras o (k) B psag no (k — k,), nmeem

0@ ~=ok+y (Fo), (E— k)t

e (/e )

© (k)=Ay+ (61.20)

3pech Agnm * — ‘HYECKHe nap 'Pbl TCOpHH Jlanaay, BEIpaXalomuecs
JIOBOJILHO rpomoanxumu dopMynamH (KOTOphie Mbl He MPHBOAHM) uYepes napamerpe
A n B norexunana,

B koopauHaTHOM npocTpaHcTBe Qypbe-o6pasy (61.16) cooTBeTCTBYET Cynepnosu-
1S OTTAJKHBAHHS C NOTEHIHANOM ~ 1/r% W OTTanKuBaHHs ¢ §-06pasHbIM NOTEHUHE-
oM. JIeHCTBHTENBHO, HMeEM

W(r)=(2—rll)—a-gw(/e)e 5 S(A-—-Bk)e‘””d’k::

o T

_A(S(r)—m 08 dk k3§de sing g7 cos9,

[l
Huterpan B npaBofl YacTH 3TOro BLIPAXKEHHs PaBeH l/irS dk k2 sinkr, u, BoluHCASAS
)

€[o C NOMOLILbIO BBEAECHH S oﬁpeaalomero MHOXHTen s e_uk H NMepexoas 3aTeMm K mpejeny

o — 0, nonyynm

W ()= A8 (1) + oo

§ 62*. CBepXnpoBOAHMOCTb

B kauecTBe BTOPOro npuMepa NpHUMeHeHHs! METOAa BTOPHYHOI'O KBaH-
TOBAaHHs PacCMOTPHM TEOPHIO CBEPXNPOBOJMMOCTH.

KnrouoM K NOHHMaHHMIO SIBJEHHSI CBEpPXIPOBOAMMOCTH MeETaJlioB
SIBJISIETCS] B3aHUMOJEHCTBHE 3JIEKTPOHOB C Ko/leGaHHSIMH KpHCTa/l/IHYe-
ckofl pemwerkd. B KBaHTOBOMeXaHHUeCKOH KapTHHE 3TO B3aHMOAeM-
CTBHE ONMHUCBLIBAETCS KaK HCNYCKaHHe M MOIJIOLEHHE (POHOHOB 3JEKTPO-
HaMH. MoxHO nokasatb (cM., Hanpumep, [10]), uto TakMe mpoueccul
NPHBOAAT K BO3HHKHOBEHHIO 3(})eKTHBHOTO B3aHMOAEHCTBHS MEXIY
9/1eKTPOHAMH (IOMIOIHHTENILHOTO K HX KYJIOHOBCKOMY OTTaJIKHBAaHHIO).
Ipu 3toM okaswviBaercsi, 4T0 3ddeKTHBHOE B3aHMOAEHCTBHE 3/EKTPO-
HOB, HHAYLUHMPOBAHHOE HCIYCKAaHHEM M IOIJIOWEHHeM (OHOHOB, 3a-
METHO OTJIMYHO OT HYJl TOJBKO JJISl 3JeKTPOHOB, MMIYJbC KOTOPBHIX
6JIM30K K TPaHHYHOMY (hepMHEBCKOMY HMI1YJIBCY ky = Pmax/h. ToBOps
GoJlee TOYHO, MOXKHO JI0Ka3aTh, YTO B3aHMOJEHCTBHE 3/I€KTPOHOB ¢ HM-
MyJ/ibCaMH Ry U R, c/lelyeT yuHTHIBATh TOMLKO B TOM CJlyyae, €C/IH KOHUbI
BEKTOPOB R; H k, JiexaT B 1apoBoM c/oe BOIH3H cdeprl Pepmu ¢ ToJI-
IMHOMA TMOPAAKA Vinax/Up, [I€ Vinax — A€6aeBcKas 4acToTa H Uy — CKO-
poctb ®epmu (cm. § 38). Ecau xora Gbl OAMH H3 HMIYAbCOB ky HJH Ry



296 KOHKPETHBIE 3A/1AUH C B3AHMOJEMCTBHEM (ra. vit

BBIXOJMT H3 YKa3aHHOTO BBIIE CJIOSI, TO B3aHMOAEHCTBHE 3JIEKTPOHOB
CTaHOBHTCSl NpeHeGpPeXUMO MajbiM. JlJIs 3/1eKTPOHOB, HAXOASLIMXCS
BHYTPH 3TOTO CJIOsl, B3aHMOJENCTBHE HOCHT XapakKTep MNPHTSKEHHs
H, B KOODJMHATHOM IIDEJCTaBJIEHHH, SIBJISIETCS] KOPOTKONEHCTBYIOIUM.
ITo3TOMY OHO HrpaeT CYILIECTBEHHYIO POJb TOJNBKO AJIsl 3J€KTPOHOB
C TNPOTHBONOJIOXKHBIMH 3HAKAMH NPOEKLUHH CIHHA (BEPOSTHOCTH COJIH-
JKEHHsl  Ha pacCTOsiHHe, MeHblllee pajiyca B3aHMOJEHCTBHS, JJIs SJeK-
TPOHOB C NapaJlie/bHBIME CIHHAMH MaJia). HaKoHel, MOXHO N0Ka3aTb,
YTO I1aBHBIH BKJaJ BO B3aHMoieficTBHe BHOCAT Naphbl 3JEKTPOHOB C CyM-
MapHbBIM HMIIYJbCOM, PaBHBIM HYyJO. IIpHUMHY 5TOrO HETpPyAHO Io-
HAATb, paccMaTpHuBasi pHc. 75.

0)
Puc. 75.

Ha stux pucyHKax u3o6paxena cdepa PepMH, H 3JEKTPOHHI, 5¢-
(eKTHBHO yyacTBYIOIIHE BO B3aHMOJEHCTBHH, HMEIOT HMIYJbChI, MOYTH
paBHble K, (KOHLbI BEKTOPOB HMIYJIbCa JIEXaT B y3KOM CJioe BOJH3H
ceper ®epmu). Toraa ecu cyMMapHbIii HMITYJIBC TIapbl 3/J€KTPOHOB k
He paBeH HyJIO (pHc. 75, @), To KOHLBI BEKTOPOB Ry H B, IOJKHBI JI€XKaTh
Ha NPOTHBOMNOJIOXKHBIX Kpasix Topa L, U OHH 3aNOJIHSIOT «OHOMEPHOE»
MHOeCTBO ToueK. JIJ1s naphl e 3/JJeKTPOHOB C CyMMapHBIM HMITYJIECOM,
PaBHBIM HYJIIO, KOHIB BEKTOPOB k; H K, MOTYT JIeXaTh IJie YTOIHO Ha
JMaMeTpaJIbHO NPOTUBOINOJIOKHBIX TOuKax cdepsl Pepmu (puc. 75, 6)
H 3aMOJIHSIOT BYMEPHOe» MHOXECTBO TOUeK. TaKHM 06pa3oM, mpeHe-
6peras KyJOHOBCKHM OTTaJKHBaHHEM H YUHTHIBas 3heKTHBHOE NPHTS-
JKEHHe TOJIbKO 3JI€KTPOHOB C IIPOTHBONQJIOKHBIMH HMIYJIbCaMH H TIPO-
THBONOJIOXKHBIMH 3HAKaMH NPOEKIHH CIHHA, Mbl MPUXOAUM K MOJENb-
HOMY TaMHJIbTOHHaHY

I = N E (k) (@ (k) & (k) + 5" (— k) 6(— k) —

1 "N 4 i 7 N A (B
—72 W (k, k') 4" (k) 6" (— k) b(—F')a(F'). (62.1)
kR
B stoM Bhipaxenun E (k) = A*k*/2m, 4*(k), d(k) — onepaTopsl pox-
JAeHHS! M YHHYTOXKEHHSI 5/ICKTPOHOB C HMNYJIbCOM K H NpPOeKIHefl cruna
R/2, b* (—k), b (—k) — onepaTopbl POXACHHS H YHHYTOXKEHHS 3J/€K-
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TPOHA C UMNyJabcoM —k U npoeKnueii cnusa —A/2, W (k, k') — QyHK-
LHs, XapaKTepusyioulas B3aHMOJElCTBHE 3/EKTPOHOB C WMIYJbCAMH
k' u —Fk'. B pe3ysbTaTe B3aUMOIEHCTBHSI UMIY/IbCh STOH Naphl 3J1€KT-
POHOB CTAaHOBSTCS PaBHBIMH kK M —F, IpHUEM BCe YeTHpe HMMyJbca
3aKJTI04eHbl B CJIO€ HMITYJIbCHOTO TPOCTPAaHCTBA BOMM3H chepsl DepMu
C TOJIMHOH ~Viax/Uy. CyMMHPOBaHHe BO BTOpOM cuaraeMom (62.1)
BeJleTCsl TOMIbKO MO HMIyJbcaM &, k', JexamuM B 3ToM cjoe. MoxHo
nokasatb (cM., Hanpumep, [10]), uto pynkuus W (k, k') nefictButennna
U CHMMETPHYHA OTHOCHTEJILHO CBOHX aprymeHToB: W (k, k') = W (K, k).
Tamunbronnan (62.1) HasbiBaeTcst eamuasmonuanom Bapduna — Ky-
nepa — IllIpugpgepa (BKI).

IMapel 3J€KTPOHOB C TPOTUBOMNOJIOXKHBIMU 110 3HAKy NPOEKLHSMH
CIHHAa M CYMMapHbIM HMIYJIbCOM, DAaBHEIM HYJIIO, Ha3blBAlOTCS Kyfie-
posckumu napamu. Kak 6bl10 o6HapyxkeHo Kynepom, onn MoryT obpa-
30BBIBaTh CBSI3aHHBbIE COCTOSIHHSI IIPH CKOJb YFOAHO MasioM B3aHMO-
JeficTBHH. DTO BHITEKAaeT H3 CJEAYIOWEro IPOCTOTO COOGpPaXKeHHs:
B CKOJb YTOJHO MeJKOH IOTEHIMAJbHOH fMe HMIYJbCHl 3/JEKTPOHOB
yOBIBAIOT 110 Mepe HX YIAaJeHHs APYT OT ApYyra (TOPMOXKEHHe BCJAENCTBHE
HX B3aMMHOTO NPHTSIXKEHHST), HO TIPH Temmepatypax, 6iuskux K 0 °K,
yObIBaHHE HMIyJbCa He MOXKeT GbiTh GearpaHHuHbBIM. Kak TOJMBKO UM-
TyJIbChl YaCTHIL JOCTHTAIOT 3HAYEHHS R, (TpaHHYHBIH uUMIyJbCc PepMmu),
Jla/ibHefillee yMeHblEHHe HMITYJbCa CTAHOBUTCS HEBO3MOXKHEIM BCJIEN-
cTBHe npuHumuna ITaynu, Tak Kak Bce «MecTa» BHYTpH cepsl Pepmu
3aHATH 3JeKTPOHAMH. DTO 3HAYHT, YTO AajbHefillee yBeJqHueHHe pac-
CTOSIHHSI MeXX1y KOMIOHEHTaMH Tapbl HEBO3MOXKHO, H OHHM 06pasyioT
CBsI3aHHOE COCTOsIHHE. DTO OGCTOSTENBCTBO HeOOBIYalHO BaXKHO M TMPO-
JIMBaeT CBeT Ha TNPHYMHY TOrO, YTO TEOPHs CBEPXNPOBOAHMOCTH Oblia
cosnaHa ctosib no3fHo (1957 r.). Meno B TOM, 4TO NMOCKOJBKY CKOJb
yroHO c/1aGoe TpPHUTSXKEHHE MeXAYy SJMeKTPOHaMH PajHKalbHO Me-
HsleT XapaKTep SHEPreTHYeCKOro CNeKTPa (HeslaeT ero M3 CILIOIIHOTO
JIUCKPETHBIM), TO CTaHAapTHBIE METOIBI TEODHH BO3MYIUEHHH (passo-
JKeHHe M0 CTeNeHsIM (QYHKIHH B3aHMOJEHCTBHS) HENPUTONHBI, H 33ajaya
JI0JI2KHA pellaThesl MPHHIMIHAMBHO HHBIMU crioco6amu. [TosToMy HMeHHO
OTKPHITHE TOTFO, YTO KYNeEpPOBCKHe Naphkl MOTYT 06pa3oBHIBaTh CBSI3aH-
Hble cocTosiHusl (deHoMeH Kymepa), TMOCHYXKHJIO KJIIOYOM K CO3NAaHHIO
TEOPHUH CBEPXIPOBOAUMOCTH.

Bropoe ciaraemoe B ramuabToHHaHe (62.1) Kak pa3 M ONMMCHIBaeT
Tipollecchl TpeBpalleHHst OfHOH Kymneposckoli mapul (k',—k’) B Apyryio
(k,—F).

Jlns nambHeAMMX BbIYHCAEHHA yA06HO (opMaabHO paccMaTpHBAaTh
3JIEKTPOHHBIH ra3 KaK CHCTeMY C NepeMeHHBIM YHCJIOM yacTull. B coot-
BETCTBHH C pe3ysbTataMu § 47 (dopmy.a (47.49)) Mbl JO/IKHBI TIPH 3TOM
3aMeHHTb B KaHOHWYeCKOM pacmpeleneHud I'nG6ca suepruio E (i)
pasHoctbio E (i--N)—wN, a XHMHYeCKHH NOTEHLHA/] ONpEeNeNHTh H3

ycnoBusi HOpMHPoBKH N = x70/0p (In Q). B annapare BTOpHYHOTO
KBAHTOBaHMsSI 3TO 3HAUYHT, YTO Mbl JOJ/KHbl 3aMEHHTb TaMUJIBTOHHUAH
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pasHocTbio &% —pes?, rre
of" = D|4* (k) a (k) + 5" (— k) b (— )] (62.2)
&

— onepaTop MOJIHOTO uHc/aa yacTHU. Mbl 6yaeM B JaibHefiem o6o-
3HAYaTh 3Ty PasHOCTb MO-TIpeXKHeMY <% H Ha3BIBaTh FaMHJIbTOHHAHOM.

Himeem mostomy
A= Se®le ®a)+bt (—kb—n]-
— v 2 W (k, k')a* (k) b* (— k) b(— k) a(R)), (62.3)
k, R
rae ¢ (k) = (h*k*/2m)—p = A (k*—k))/2m — 3Heprusi, OTCUHTHIBae-
Masi OT MoBepXHOCTH DepmH.

Beenem omepatop A (), ompenenennbifi paBeHCTBOM
A (k)=§:72 Wk, £)b(—R)a(R), (62.4)
g

H 3PMHTOBO COHpﬂ)KeHHblﬁ omneparop
A* (k) = le 2 W (k, k') &* (&) b* (— ). (62.4a)
e

Oneparop B3auMmogeficTBHs B (62.3) B CHJY ero pPMHTOBOCTH MOXHO
3anucath Temepb B BHJE

K i =%(Q9i’inl +Q%;‘?n(> =
- 2 W (k, &) (6" (k) b* (— k)b (— k") (k') +
Cra @b w6 o) =
— Sl @b (—hA®+A @b (—ha®] 625
OTKYla JLIs1 MOMHOTO TaMHBTOHHaHa o HmeeM
H = Ze(k)( ()G (R)+ 6" (— k) b (— k) —
— ; (4" (k) 6" (— k) A (B) -+ A* (R) b (— F) 4 (). (62.6)
TMokaskeM, 4TO ¢ TOYHOCTBIO /IO YJIEHOB MOPSiAKA r/V (ro — panmuyc
B3aHMOJIEHCTBHSI 3JeKTpoHOB) A (k) u A* (k) MOTyT paccMaTpHBaThCst

He KaK OnepaTopbl, a Kak 4HCJa (KOMIVIEKCHO COMpsiKEHHble PyHKUHU
HMIyJibCa).
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Byzem B 5Tom naparpace oneparopst 4 (k), a*(k), b (), b*(k) u ux dypbe-o6pass
06o3HayaTh OfHO# u Toil ke GykpoHt. Hmeem
1 .
_ 13,00 RT —_
4 (k)= A S d3re'™*" 8 (r)= S &3, (r)d (r)
(@ (N = etkrV™'/s — OPTOHODMHPOBaHHble (YHKIHH, BBefieHHbie HaMH B § 60).
IMpeoGpasyem BhipaxeHHe s Omeparopa A (R) caenyoium 06pasom:

£ (k)=%2 W (, &) 6 (— k)& (B)) =
o

= Wz W (k, k') V_l‘/' S dBre~ 1 f7(r)ﬁ S e a(r) =
rg

=L

%

S S &Br d3r'W (R, r'—r) b(r) d(r),  (62.7)
rjie BBEJEHO 0603HaYeHHe
W (&, r'—r)=vl 2 W (k, k) & =1 (62.72)
o

Mt o6paiaeM BHMMaHHe YHTaTess Ha 10, 4To W (R, r' — r) He aBasierca dypoe-
obpasom ¢yukuun W (R, k') 0o aprymedty k', a OTNHYaeTcs OT Hee MHOMHTENEM
1/V'/2, Tak onpeneneHHas (YHKUHS He 3aBHCHT OT o6bema B mpejene Gombuux V'
(3TO CTaHOBHTCS OCOGEHHO SICHBIM, €CiH B popMyJie (62.72) nmepefiTh OT CyMMHPOBaHHs
N0 k' K WHTErPHPOBAHHIO C MOMOMIBIO COOTHOLICHHS

; _'E‘;T S &% )

Mu noctyaupyeM nanee, 4ro ¢yukuus W (R, r' — r), omucHBaiolas B3aHMO-
JeficTBHE B KOOPAMHATHOM NPOCTPAHCTBE, MMEET XapaKTepHbifi pasMep 7o, T. .
JIOCTaTOYHO GbICTPO YObiBaeT mpH |r' — r| > r,. INokaxem, nomsaysce (62.7), 4ro
KBajpar HopMbt onepatopa A (k) ocraetcst KOHeuHmM npu V — co. Ilyers x — Boa-
HOBas (YHKUWsS MPOH3BONBHOTO COCTOSIHHS B MPOCTPAHCTBE 4HCEN 3aMONHEHHs.
Ksagpat nopmsl oneparopa A (k) onpepensercs ¢opmynoi

18 () [P= (x| &+ () & () | ).
Tonb3ysick cooTHOWEHHEM (62.7) H eMy 3PMHTOBO COMpSIKEHHBIM, HMeeM
o 1
&l =gz {§ §§ onanarsanw o n—row @ ri—r x
x (x| 8% (r) 6 (r) b (ra) 2 (r0) | 1)«
B 310M HHTerpane QYHKIUH B3aUMOJefiCTBHS OrpaHHYHBAIOT ABA HHTETPHPOBAHHA U3
deThipeX 06/1aCTbi0 ~ r3, B TO BPeMs KaK JBa OCTAIOUIMECS WHTErpHPOBAHHS BHINOJ-

HawTca N0 o6beMy V. Orciofa cienyer, 4to B npefene V — oo BelHUHHA l& R
OCTaeTcsl KOHeYHOH.

Halizem Teneps KOMMYTATOp Omeparopa A (k) c @* (r) (HeTpyAHO NPOBEDHTBH,
4710 KOMMYTaTop A () ¢ @ (r) TOMJecTBeHHO paBeH Hymo). Kimeem u3 (62.7)

[& &), a* (r)]=% S S &Br W (R r =) b (r) S (" =) =

=2—‘— S &r'W (k, r—r’) E(r’).



300 KOHKPETHBIE 3ANAUU C B3AMUMOIEACTBUEM [ra. vir

Orciona ana KBajpata HOpMbI oflepatopa [A (k), a* (r)] naxogum

|[A (), a+ ()] P=

1 N R
=y S S & & rW (k, r—r) W (R, r'—r) (x| B () B (e [ ).

Tak KaKk QYHKIHH B3aHMOJEHACTBHSI OTPaHHYMBAIOT 062 HHTETPHPOBAHHA OGNACTBIO
~rj, T0 B Npapoii YaCTH CTOMT BeJM4YHHA ~ r§/V2, KOTOpas CTPEMHTCS K HYJI0
npu V—» co.

TaKPIM o6pa3oM, MH J0Ka3ajH, YTO B npefiene Vo> oo BE/THUHHEL
A (k) u A* (k) KoMMyTHpYIOT C oneparopamu a (r), a* (#), b (#), 6* (),
a, cTano GwiTh, M ¢ JMOGHIMH (GYHKUHSMH 3THX onepatopos. Orciona
caenyer, uto A (k) 1 A* (k) MOXHO paccMaTpHBaTb He KaK ONEPaTOpHl,
a KaK KOMIJIEKCHO conpsiKeHHble yHcsia. CTporoe 0Kas3aTenbCTBO 5TOTO
YTBepXK/ieHus: OCHOBaHO Ha JiemMe [llypa B Teopuu rpynm.

Mo yGennncs HecKoubko mosxe (ypasmenue (62.20)), uto dynk-
mmio A (B) MOXHO BbHIOpaTh BeluecTBeHHOH. ToOrfa raMHJbTOHMAH
(62.6) MOxeT GhITb IepenucaH B BHAE

H = 3o (k) (0 (k) () + b* (— B) b (— k) —
—YAE (@ B (—R+b(—Rak). (628

Baxuefimell ocoGeHHOCTBIO pelnaeMoii HaMH 3ajlauH SBJSETCS TO,
4TO, KaK Mbl YXKe TOBOPHJIH, B3aHMOJAEHCTBHe 3JIeKTPOHOB C aHTHIa-
paJslle/IbHBEIMH CIIHHAMH M CYMMapHBIM HMIYJIbCOM, DAaBHBIM HYJIO, He
MOKeT CYHTAThCsl c/1aGhIM Jlaxke NPH MaJjioM B3aHMOAEHCTBHH. JTO Cie-
JLyeT yKe H3 TOTO, YTO NMPH CKOJNb YrOJHO C/1aGOM NMPHTSIKEHHH BO3HH-
KaeT CBSI3aHHOE COCTOSIHHE KYNEepOBCKHX Map, a TaKmke GyNeT SICHO
TPOJIEMOHCTPHPOBAHO B Pe3yJbTaTe, K KOTopoMY Mul mphjieM. Otciona
CIIeflyeT, YTo cHCTeMa onepaTopos a (k), a* (), b (k), b* (k) me moxer
CJIyXKHTb HCXOJHBIM NPHOGIHIKEHHEM TeOpHH BO3MylueHHH. BBeseM KBa-
3HYACTHUBI, SIBJASIOLHECS] CYNEPNO3NIHMEH "acTHUbI, HMEIOIeH HM-
yJabC R W NMPOEKUHIO ChHHA fi/2, W yacTHIbl, HMelcell uMnyJabec —k
H npoekuuio cnuHa —i1/2. IlpofesaeM ¢ 3Tofi LEJbI0 KAHOHHYECKOE
npeoGpasoBaune BoromoGoBa

a (k)= (k) cos g (k) +0* (— k) sin g (R),
b (—k)=—E" (k) sin @ (k) +1 (— k) cos ¢ (k),
a* (k)= E* (k) cos ¢ (B) +1 (— k) sin g (k),
b* (— k) =—E (k) sin g (k) + 0" (— k) cos ¢ (k),

rie ¢ (k) — HeompeleeHHast OKa GyHKUMS HMIyabca K. Jlerko mpo-
BEPHTb, YTO mpeoGpasoBanue (62.9) siBisieTcss KAHOHHYECKHM M COXpa-

(62.9)
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HSET HEHSMEHHBIMH aHTHKOMMYTATOpL. Tlostomy oneparops! E(k),
& (k), n k), 0 (k) YAOBJIETBOPSIOT EPECTAHOBOYHBIM COOTHOLIEHHAM

TaKHM ke, KaK U onepartophl a (k), a (R), b (), & (k):

Er) Ek)+-E(®) E(R)=0
E () & (k)1 & (&) E () =0, (62.10)
E(k) & (&) + & (&) E () =84, »r.

Takue e COOTHOIIEHHS HMEIOT MECTO H Alst n (k), n* (k) Oneparopbl
£ (k), & (B) aHTHKOMMYTHPYIOT € onepaTopaMH 7 (), 0" (k). 30 nos-
BOJISIET HAM PaccMaTpHBaTh g (R), m* (k) Kak onepaTopbl POMXIEHHS,
at (k), 1 (k) — xak onepaTopbl YHHYTOMEHHs KBa3HYaCTHL ABYX COp-
TOB (§-4aCTHIE H Y-YaCTHIbI), NPHYEM 3TH KBAa3HYaCTHLbI SIBJISIOTCS,
KaK BHIHO M3 (62.9), JMHeHHbIMH CYNepNO3HUHUSIMU YacTHI, C aHTUNA-
palllie/bHBIMH CTIHHAMM M CYMMapHbIM HMITYJbCOM, DaBHBIM HYJIO.

Tloacrasnsis (62.9) B (62.8), HalineM raMHJbTOHMAH B HOBBIX Iepe-
MEHHBIX

I = 3 (e (k) (1 — cos 2¢ (k) — A (k) sin 2 (B)} +
" Ste ) cos 20 )+ 8 sinZo () (6 ) £+
1" (= )1 (= B) -+ 3 fe ) sin 20 (B)— A (6) cos 20 (B)]
X E F)n" (—R)+n(—k)ER).  (62.11)

BriGepeM Tenepb napamerp @ (k), Tak, YTOObI MOCAEAHHH uJleH OG-
paTuicst B HyJb. IIpH 5TOM raMH/IbTOHHAH B NPEACTaBJEHHH yHucesa §
H 1) KBa3HYaCTHIL CTAaHOBHTCS AHArOHaJbHbIM (WIEHBI, OMHKCHIBAIOL{HE
NpoLecchl OHOBPEMEHHOTO POXKAEHHS & H 1) KBasHYacTHL{ H OJHOBpe-
MeHHOTO HCYe3HOBeHHs § M 1) KBa3HYaCTHII, HCYe3aloT) H AHarOHa/bHble
5/1EMeHThl aMHJbTOHHAHA JAIOT CMEKTP SHEPTHH CHCTEMBI.

DU3UYECKH 3TO 3HAYMT, YTO MbI [IEPEIVIH OT PaCCMOTPEHHsS peasib-
HOro rasa B3aHMOJEHCTBYIOIIMX 3JEKTPOHOB K KapTHHE MJ€aJbHOro
rasa HeB3aHMOJEHCTBYIOIUX KBasHYaCTHIL.

YcnoBHe JMaroHaNbHOCTH ramuabToHHaHa (62.11) umeer Bup

A (k)
tg 29 (k)= = ()’ (62.12)
U Mbl BBIGHpaeM ciefyloulde 3HaueHHst sin 2¢ (k) u cos 2¢ (k), ynos-
JieTBOpsioue yesosuio (62.12):

sin 2¢ (k) =£%, cos29 (k) = 2, (62.13)

rae

o®)=Ve BT AE. (62.14)
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Al'louc‘raBuB (62.13), (62.14) B (62.11), monyuum
=St —o )+ 3o k) (& ()€ (k) +7* (— o)) (— B))- (62..15)
k

IlepBoe cnaraemoe B (62.15) He 3aBHCHT OT yHCJ1a KBAa3HYACTHLL H mpes-
cTaB/iseT coGofi SHEPIHI0 OCHOBHOrO COCTOSIHHSI, a BTOpOE CJlaraemoe
€CTh CyMMa 5Hepruif kpasuyactuil (® (k) — SHeprusi ofHOH KBasuyac-
THLBI).

Jlnst mocTpoeHHst TEPMOJMHAMHKH CBEDXNPOBOAHHKA HAM HYXKHO
HaliTH CPellHee 3HaYeHHe OepaTopa & no coctostHHIO ¢ onpeJieleHHOM
TeMnepatypoit T. D10 ycpefHeHHe MPOBOAMTCHA B ABa 3Tama. CHayana
MBI HaXO[HM KBaHTOBOMeXaHHUeCKOe CpejiHee (IMaroHabHEI MaTpuy-
Hblii 37EMEHT) 0T &% TIO COCTOSIHHIO ¢ ONPEAJIEHHEIM (HO IPOH3BOJIBHEIM)
YHCJIOM KBasHYacTHI ng H ny. Ha BTOpOM 5Tame Ml yCpelHseM STOT
MaTpHYHBIi 5JeMeHT N0 aHcaMbio ['u66ea ¢ Temnepatypoit T, uTo CBO-
JITCSI K 3aMeHe IPOU3BOJIbHBIX UHCEJ KBa3sWYacTHIL 7z H Ay HX HaHGO-
Jiee BEpOSITHBIMH 3HaueHHsMH (npH AaHHOH TeMueparype) n: (T) u
ny (T). Tak KaK KBAa3HYacCTHUBI NpPEACTaBASAIOT COOOH HeB3aHMOJAeH-
cTBYIOIHE GePMHOHBl H YHCJIO HX He (GUKCHPOBAHO (B NPOTHBOMOJION-
HOCTb YHC/Y peaJIbHbIX YaCTHIl — 5JEKTPOHOB), HaHGoJee BepoOSTHbIE
uucaa ng (T) u ny (T) onpemeasiorcs ¢opMynaMu  pacrpefeseHust
@epmu—/lupaka ¢ XUMHYECKHM NMOTEHIHAIOM, PAaBHBIM HYJIIO (OZOGHO
TOMY, KaK 4Hc/1a GOTOHOB U (JOHOHOB onpefensiorcst opmynamu Bose—
itnwreiina ¢ p = 0). Ilpexae uem mucatb ¢opmyas s ng (T) u
ny (T), crenyer, ofHAKO, 3aMeTHTDb, YTO IPOLEAype ONUCAHHOTO Bhbilue
ABYXSTANHOTO YCPENHEHHs MOJBEPraioTcs He TOJbKO HHC/A KBagHyac-
ru B (R)E (R), n* (k) (K), HO H Be/IHYHHA A (R), IOCKOJIBKY B ee ompe-
JleJieHHe BXOAAT omepatopsl b (K), a (k). B pesysbrare cpenHee 3Haye-
nue A (k) 6ymer saBuCceTb OT TeMmepaTyphl, H Mbl OyjeM 0Go3HauaTh
ero A (k, T). TeM caMblM H 5Heprusl KBa3sH4YacTHUB ® (k) U mapamerp
npeo6pasosanusi BorosoGoa ¢ (K) cTaHYT B pe3ynbTaTe yCpPeAHEHHs
GYHKUMAMH TeMnepaTypel. Mbl 0GO3HauMM 3TH CpefHHE BEJHUHHEL
uepe3 o (B, T) u ¢ (k, T). iMeeM a5l HHX BBIDAXKEHHS

ok, T)=V e (k)+-A%(k, T), (62.16)
. Ak, T)
sin2¢ (b, T) =557 (62.17)

B COOTBETCTBHH CO CKa3aHHBIM BHIIIE JJIs1 CPEHHX YHCes KBa3HYaCTHIL
HaXOZHM Tel'lepb BBIpaXKeHHe

1y (T) = 11y (T) = n (T) = (e0 & D/xT 4- 1)1, (62.18)
Halinem ypaBHeHHe, KOTOPOMY NOXUHHSETCS (QYHKIHS A (k, T). 3a-
MeHHB B (62 4) onepatopsl b (—k'), a (k') cornacro (62.9), mosyuum

B(#)=gir W (b, B) [— & (k) sin g (k) + 171 (— ') cos (k)] x
e
X [E (') cos g () 40" (— k') sing (k)].  (62.19)
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Tak KaKk BeanunHa A (k) ecTb yHCJIO (C TOYHOCTBIO JI0 4/eHOB r§/V),
TO OHa COBMAjaeT CO CBOMM JHArOHAJbHbBIM MaTPHUYHBEIM 3JIEMEHTOM.
Ooxpan;m B MpaBoil 4acTH (62.19) TonBKO AMATOHAJbHBIE ONEPaTOPh!

33 (k’)§ (k) nun (—k’)n+ (—FR’) u 3aMeHAs HMX COGCTBEHHBIMH 3Haye-
HHAMH ng M 1 —ny, HaxoauM

AR)=g W (k, #)sin 20 (k) (1—ng—ny) =
=17 IV (& B) 55 (1= =),

Ycpennas 3To ypaBHEHHe IO COCTOSIHHIO ¢ TeMmepaTypo#t T H moJb-
3ysice dopmyaoft (62.18), nHaxoaum

Ak, T)=g7 QW (k, k)2 Dih &1 (62.20)
&

o®, T) T
HIH

_t , AW, T) VeEE T ®, T)
Ak, T)=, ;W(k, ¥ e s T,

(62.21)

Mb!l TONYYHIH HHTETpajibHOe ypaBHeHHe st Beqnuuubl A (R, T).
D10 ypaBHeHHe MMeeT TpHBHajbHoe pemnenne A (R, T) = 0. Omnako
[pH JOCTAaTOYHO CHJIBHOM 3JIEKTPOH-(DOHOHHOM B3aHMOJEHCTBHH H JIO-
CTaTOYHO HM3KHMX TeMIepaTypax OHO MMeeT M HeTPHBHAJIbHOE pelleHHe
A(k, T)5=0. JIns HaxXoXJeHHS S5TOTO HETPHBHAJbHOTO pellleHHs
npousBelleM JajibHefilllee YIpoOILeHHe MOJENH M 3aMeHMM (yHKIHIO
W (k, k') (B cl0e, B KOTOPOM OHa CYHTaeTCsi OTJHYHOH OT HyJs) ee
yCpelHeHHbIM (TOCTOSHHBIM) 3HayeHHeM g. Kak Buano H3 (62.4), BenH-
upHa A B 9TOM CJyyae He 3aBHCHT OT MMIyJbca. YpaBHeHHe (62.21)
NPHHHMAeT TOTAa, Mocje COKpalleHHs Ha MHOXHTendb A (A = 0), BHR

wVE (k)+m (T)

1_41/ 2 Ve (k)+A2 @) (6222)
wm opu T = 0 °K
=i LvmTre (6229

VYcoBHe paspeuMOCTH 5TOTO ypaBHEHHs! (YC/IOBHE CYIIECTBOBAHHUS
HEHYJIeBOTO DeIlieHHs) HMeeT BHJ

ey_1
L ; > ! (62.24)

(mocTaTOYHO CHJBHOE 3/eKTpoH-(pOHOHHOe B3aHMoOJelCTBHe).
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Tpexne yeM nepexoAUTh K PEWIEHHIO ypaBHeHUs (62.23), BHISCHHM
¢usuyeckuit cmpica BenuuuHel A (T), uMelowmell ¢yHIaMeHTasbHOS
3HAYEHHE B TEOPHH CBEPXNPOBOAHMOCTH. Bephemcs k dopmyse (62.15)
M TIpOHSBeZieM YCpeNHeHHe FaMHJbTOHHaHa <% mo ancam6mio T'H66ca
¢ temneparypoit T. Hmeem

E)=Yle®)—o®k T+ gty =
k k

- B TAT(T 2VE R LA (T)
= ;[s ) —VEBR T AT +Z TraTRomT (62.25)

B wactHoerH, npn T = 0 °K cpenHsis 5Heprus paBHA SHEPTHH OCHOB-
HOTO COCTOSIHHsI (KBasHYaCTHI HET):

E@=;km—Vﬂ®+Mml (62.26)

Jlerko Bujuerb, uTo HeTpHBHanbHoe pemienne A (0) =0 coorser-
CTBYeT MeHbIlEMY 3HAYEHHIO SHEPIHH OCHOBHOTO COCTOSIHHSI, YeM HyJie-
Boe pewenne A (0) = 0. Ilpu A (0) = 0 umeem

E@©O)=Yek—le®]]=2 3 &)
® eiB<o0

4TO COOTBETCTBYET COCTOSIHHIO, B KOTOPOM BCE 3JIEKTPOHHBIE YPOBHH
BHYTPH ctepel DepMH 3aHATH, a Bce YPOBHH BHe coepsl Depmu
CBOGOAHE! (HaMOMHHaeM, 4To & (k) = (A2k®/2m)—p eCTb SHEPrus d7eK-
TpoHa, oTcuHTaHHass oT rpanuusl Gepmu). Ilpn A (0) %0

E@O)<?2 X (k).
e (k<O
Takum o6pasom, npu T = 0 °K peienne ¢ A (0) 5= 0 siBasieTcs: TepMo-
JHHAMHYECKH BBHIFOLHBIM. SICHO, YTO TaKas CHTyauMsi COXPAHSIeTCs H
NpH_JIOCTAaTOYHO HH3KHX TeMmeparypax.

Tokaxem Teneps, uto pemenne A (0) % 0 COOTBETCTBYET CBEpX-
NPOBOJAIUEMY COCTOSIHHIO SJIEKTPOHHOTO rasa. DHeprusi KBasHYacTHIIbI
o (k, 0) = V'e® ())+ A? (0) yMeHblmaeTcsi mO Mepe =~ NpPHGIMMKeHHS
K noBepXHOCTH DepMH H Ha MOBepXHOCTH PepMH JOCTHraeT MHHHMAJIb-
noro 3Hauenus A (0). Takum oGpasoM, HMeeM o (&, 0) > A (0). Ito
3HAYMT, YTO MepBOe BO3GYXKAEHHOE COCTOSIHHE CHUCTEMBI OTAENEHO OT
OCHOBHOTO COCTOSIHHSI OGJIaCTBIO 3aNpEIIEHHbIX 3HAYEHHH SHEPruii —
sHepreTHueckoit menbio. Tak KaK KBasHYacTHUH £ U 1 o6iajaor cny-
HOM /1/2, OHH MOTYT (COTVIaCHO 3aKOHY COXPAaHEHHs CNHHA) BOSHHKATb
To/bKO napamu. CrenoBaTesnbHO, 9HepreTHuecKas meapb npu 7 = 0 °K
paBHa 2A (0), a mpu npousposbHofi TeMmmeparype T pasHa 2A (T).
TlockosibKY B cOCTOSIHUH ¢ A = 0 MHHHMaJ/IbHOe 3HaueHHe o (k, T)/k >
> .A (T)/k oTiMYHO OT HYMs, CHCTeMa AQJIKHa (cM. ycioBue (61.16))
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o6nagath CBOHCTBOM CBepXTeKyuecTH. JlJIs 5J€KTPOHHOrO rasa B Npo-
BOJHHKE 3TO CBOWCTBO TNpOSiB/sieTcs: B (OpMe * CBepXMPOBOXHMOCTH.
JlelicTBHTE/IBHO, €C/IH B MeTaJlle BO3HHKJIO YNOPSLOYeHHOe ABHKEHHE
3JIeKTPOHOB (TOK) CO CPeIHHM HMNyJAbCOM P, TO CBS3aHHBIH C 3THM
NPHPOCT 5HEPIHH oOmnpefensieTcss BenauyuHoH Poe/0P = fikP/m. Ha-
CTOJIBKO K€ YMEHBIIAeTCsl SHEPTHs NPH pacmajie TOKOBOTO COCTOSIHHS
(npu QMCCHNAIHMK ynopsiioyeHHoro ABHxkeHHst). Ho, ¢ apyroi cTopoHs,
JNIsl pacrnajia TOKOBOTO COCTOSIHHSI JOJIKHA GbiTh 3aTpaueHa 3HeprHsi
nopsiika 2A. 310 CTaHOBHTCS OCOGEHHO SICHBIM, €CJIH PacCMOTPETh Mpo-
1IeCC B CHCTEMe OTCYeTa, N0 OTHOIUEHHIO K KOTOPOH yrnopsiioueHHOe JBH-
JKeHHe OTCYTCTBYeT. UToObl TaKoe JBH:KEHHe BO3HHKJO, JO/IKHBI PO-
JMTbCSI KBa3HYACTHIBI, YTO TpeGyeT 3aTpaTh sHepruH 2A. Takum obpa-
30M, eCJIH BbINOJHEHO HePaBeHCTBO fkP/m < A, TO TOKOBOE COCTOSIHHE

@ )
Ab-—— .v
1
\/ |
1
K . K
Xy Ko
a) 6)
Puc. 76.

siBJ/iseTcsl YCTOHYMBEIM. VIHBIMH cJOBaMH, nMpH JOCTAaTOYHO MaJbix P
WIH NpH JOCTATOYHO MAJBIX TUIOTHOCTSIX TOKAa CONMPOTHBJEHHE OTCYT-
CTBYeT.

IpounnmocTpupyem pasiiHuHe MexAy HOpMaJbHbIM (A = 0) H cBepx-
npoBoasiuM (A = 0) coCTOSIHHSIMH, H306pa3yB rpadHKH 3aBHCHMOCTH
SHEPTHH KBAa3HYaCTHIB! OT HMnyabca. [Ipn A = 0 umeem

#2p2
opr — W TpH k=hy,
oW=lew|=1 " ..
— TpH k<k
H 3aBHCHMOCTb 3HEPTHH BO3GYXKIEHHS OT HMIYJbCa H306paXkaercs
rpadukoM Ha pHc. 76, a. Ilpp A 540

TREEE T o
o®=) (oo —u] +a
H Mbl HMeeM rpadHk, H306pa)keHHbI Ha puc. 76, 6.

BepHemcs Tenepb K ypaBHeHuio (62.23) aast wean npu T = 0 °K.
IMepefiteM B npaBoil uYacTH K HMHTETPHPOBAHHIO MO R, 3aMeHss
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> ... Ha V/211’Sdkk2 ... VluTerpupoBaHHe JOMXHO BEeCTHCH IO TOH-
k&

KoMy cdepHyecKOMY cJIO0 BOJIH3H NMGBEPXHOCTH PepMH ¢ TOJIIHHON
X Vmax/Up. Ionyuum
ko +T 2 dk
1=£ S __Rdk (62.27)
&2, ) Ver®)+AT(0)
e

rae T = PVmax/ty (B — uMcieHHblfi Kosdpunuent). Tak Kak T < ky,
MBI MOXKEM B HHTerpaJie B npaBoii yacTH (62.27) MeAIeHHO MeHSIOIHHCS
MHOXHTeJIb &% 3aMeHHTb Ha k§ W npeoGpasoBath & (k) cleAylomuM o6-
pasom:

e(k)=

Torna ypaBHeHue (62.27) mpHHHMaeT BHJ
hueT

B8 . oy (k— ko).

de _ 4mhs
Vetaz (0’ mpo "

1=

(62.28)

B
-,

0
BBozist HOBYIO MepeMeHHYI0 HHTerpHpoBanHst ¢ GopMyJioit e = A (0)sh g,
MOy 4HM

fiogT
1= % arsh ( x (‘;))) (62.29)

OKcnepuMeHT mnokasbiBaeT, yTo A (0)/fivgt ~ A (0)/Avmax <L 1. Tlo-
STOMY [OC/IeJHee ypaBHEHHe MPHHHMAeT BHI

g .. 2fivgT
=23, (62.30)
OTKyJa HMeeM
A (0) = 2fivgre—A/8 = 2Bfivmaxe—A/8. (62.31)

Bripakenue (62.31) eme pa3 yKasbiBaeT Ha HeNPHMEHHMOCTb TEODHH
BO3MyILIeHHIT: (QYHKIHS eA/€ uMeeT npu g = 0 CymECTBEHHO 0COGYI0
TOUKY H B OKPECTHOCTH 3TOH TOUKH He MOXKeT GbITh pa3JioXeHa B psii
no cTeneHsM g

OGpaTHM BHHMaHHE YHTATeNsl HA TO, YTO YCJOBHE BO3HHKHOBEHHS
CBepXnpoBoAUMOCTH (62.24)

g 1
Tv;—xsw)Pl

€CTh YCJOBHE JOCTATOYHO CHJIBHOTO 3JIEKTPOH-(OHOHHOTO B3amMozei-
ctBHsl. Ho HMeHHO 3TO B3auMojeiiCTBHE NPH TeMmnepaTypax, OTIHYHBIX
OT HyJisl, OGYCJOBJIHMBAeT CONPOTHBJEHHE MPOXOKIEHHIO 3JIeKTpHue-
CKOro TokKa. OTciofia CJIefyeT, UTO MeTa/Jibl, SIBJISIOUHECS XOPOLIHMH
[POBOAHMKAMH NpH BBICOKHX TeMNepaTypax, He NOJIKHH NepeXOAHTb
B CBEPXMPOBOASLIEe COCTOSIHHE MPH HH3KHX TeMmepaTypax, W HaoGo-
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pot. OnBIT X0powO NOATBEPK/IAET 3TO NPeACKa3aHHe — Melb, cepe6po,
30/10TO He TIEPEXOAST B CBEPXMPOBOASIIEE COCTOSIHHE, BIJIOTb JO Ca-
MbIX HU3KHX TEMIEPATyp, AOCTHFHYTHIX K HacTosiuieMmy BpemeHH. Hao-
6opoT, TakHe IVIOXHEe NPOBOAHHKH, KaK CBHHEN, PTYTb, HHOGHi HMEIOT
HauGosiee BBICOKHE TeMIEpaTyphl [€Pexoja B CBEPXNIPOBOAsiiee CO-
CTOsIHHE.

OT™meTHM jasiee, YTO NpEJCTaBJIEHHE O CBEPXIPOBOAMMOCTH, KaK
0 pe3ysibTaTe BO3HHKHOBEHHs! KyNEPOBCKHX CBSI3aHHBIX Nap, CjeayeT
NPHHHMATh KaK BecbMa yc/ioBHOe. KapTHHA CBSI3aHHbIX map siBJsieTCs
JIOCTaTOYHO DeasHCTHUecKo#l B HMIyJbcHOM mpoctpaHctee. (Koppens-
IIHsl COCTOSIHHIl YaCTHIL NMaphl NPHBOAHT K 3HAYHTEJILHOH BEpOSTHOCTH
OOLIEro WX COCTOSIHHSI ¢ CyMMapHBIM HMIYJIbCOM, paBHBIM HyJ0.) Ho
5Ta e KapTHHAa HMeeT BecbMa OrPaHHYEHHYIO LIEHHOCTb B KOODJHMHAT-
HOM IIpocTpaHcTBe. JIeHCTBHTENIBHO, OLEHHM CPEAHHil «pa3Mep» mapbl
(paccTOsiHHe MEXAY KOMIIOHEHTaMH napkr). Pa3Gpoc 3HaueHHit HMITyJbca
uMeeT nopsiiok BenHunHbl A (0)/v, &OOTBQ’]‘CTBCHHO pasbpocy 3Hep-
ruil B KoppesnuposanHoii mape ~A (0)). CnenosatenbHo, paccTosiHHe
MexAy KOMIOHEHTaMH napel ! uMeeT nopsinok [~ #/8p ~ fivy/A (0),
T. €. corsiacHo (opmyae (62.28) I ~ vy/VmaxeA/. TTonbaysich GopMynamMu
(38.8) u (44.5) Anst Viax H Uyl

u 3N) . _2nh i
Ve =t\gmy) B =T (gy) o

HMeeM OIIeHKY
!
Lo 2% orr (")"”—"em.
Po N u

Tak Kak OTHOUIEHHe CKOPOCTH (PepMH K CKOPOCTH 3BYKa H SKCIOHEHTa
eA/8 BeNTHKH IO CPaBHEHHIO C €MHHIEH, TO «pafHyc» naphbl ! BeJHK IO
CDABHEHHIO C MEX3JIEKTPOHHBIMH paccrosHHAMH (V/N)7/s. 1o cBHze-
TENLCTBYET O CYryGoli YCJIOBHOCTH NpENCTaBJeHHs O CB3aHHBIX KYyIie-
POBCKHMX NapaXx B KOOPAHHATHOM IPOCTPAHCTBE.

TlepeiineM K pellueHHIo ypaBHeHHs Anasi wenu npu T 5= 0 °K. Ilpo-
nesiaB ¢ ypaBHeHHeM (62.22) npeoGpas’oBaHHs, aHAJOTHYHBIE TeM,
KOTOPble MBI IIPOJIEJIBIBA/H C ypaBHeHHeM (62.23), moayunM BMecTo
(62.29)

b
1=£ § dg th [gg) ch (p] rie b=arsh (Z‘z‘;)) (62.32)

ITpeoGpasyeM 3TO ypaBHeHHe C/IELYIOIHM 0GPasoM:
A .
£ (7)
I—A[§ dq;[th[ cnq)]—l]-l—arshA—(—T) A~

o
do 2hvyT .
[_ 2 wmn ey + I A(;)]. (62.33)

o

~

S
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(Mbl 3aMeHH/IM BEpXHHil Tpellesl B CXOJSLIEMCS HHTerpaje Ha oo H
BOCIO/Ib30BaIHCh HepaBeHCTBOM fiugt/A (T) > 1))

Orciona, ucnonb3ys (62.30), monyyaem ypaBHeHMe, CBSI3HIBaloLiee
A(T) u A (0):

©
A(0) de
Inz =2 § TEORD TG (62.34)

I/IHTerpan B npaaoﬁ YacCTH MOXKET GbITh BHIYHCJIEH, €CJTH BOCIIO/Ib30BaThCS
pasJoxxenneM

A(T_) -1 o _ mA(T)
(e w0y 1) = 3 (= mrg W (62.35)
=1
u dopmyJoit "
@
{do ch ap e—Beho =K, (B), (62.36)
0

rae K, () — usBectHasi GecceneBa ()YHKUMsSI OT MHHMOTO aprymeHTa
(cm., Hampumep, [20], dopmyana 3.547.4). Orciona

1ndQ AA:;’) 2 2 (= 1 Ko (241, (62.37)

I'Ipu HH3KHX TeMmIepaTypax Mbl MOXKEM OrpaHHYHTbCA NEPBLIM YJIE€HOM
psida H BOCIIOJIb30BaTbCsl ACHMIITOTHYECKHM MPEACTABJIECHHEM q)yHK-

wun Ky -
K@ ~) e
Torza nosyyaem (¢ TOYHOCTBIO JI0 MaJbIX mopsiaxa (A (0)—A (T))/A (0),
A(T)=A(0)—V 2axTA (0) =2 O/xT, (62.38)

C poctom temnepaTypsl A (T) yGuiBaer u npu Temnepatype T, oGpa-
maeTcss B HyJb ($ha3oBblit mepexoj OT CBEPXNPOBOASILIETO B HOPMAJb-
HOE COCTOsIHHE).

Tpu manbix 3Hauenusix A (T)/xT ynoGHo Bocmoab3oBaThest Gopmy-
Jofl cymMMHpoBaHHs psina B (62.37)

3 (— 1y Ko (ma) =

m==1
1
(C—lv-h'l T 2 [ x’—}-(2l—])"a‘!z (2[—1):‘!]'

rae C = Iny = 0,577 — nocrosinnas ditepa (cM., Hanpumep, [20],
¢dopmyna 8.526.2).




§ 62 CBEPXMPOBONHMOCTb 309

Hmeem, noxcrasassa B (62.37),
AQ) _y, wd
Inzm ="am +

S | 1
+2n 1;}[(21_.1):: - l/ %) ] (62.39)

@1yt

Tonaras A (T) — 0, naxomum cBssb Mexxay A (0) u Temneparypoit
nepexoga T

=1,76. (62.40)

B caeayomem npuGnuxennu no (T.—T)/T, naxonum u3 (62.39)

AT _2Venq/Te=T_ T—T
=iy Tl 506 )/ Tl (e

Ypasnenne (62.39) nossonser Haittn A (T)/A (0) Takxe u B npoMe-
xkyrouHoit (Mexay 0 °K u T,) obaactu

Temneparyp. Ipaduk stoit saBucumocts
H306pakeH Ha pHc. 77. 8
CoraacHo ¢opmyae (62.40) A (0) u 16 ™
Temneparypa nepexofa I NpONOpLHO- 4
HaJIbHbI 166aeBCKOMH YaCTOTE Viax H, C/I€- o %
[LOBaTe/bHO, 06PaTHO IPONOPUHOKANbHL g gy
VM (M — macca atomoB) Zz
T, L a2
VM 0102 030405 06G7080910
Ora_3aKOHOMEDHOCTb HA3BIBAETCS 130 I
monuecKuM sexmom M KauecTBeH- Puc. 77.

HO TOATBEPKAAETCS SKCIIEPHMEHTOM.
Hafinem TensioemMkocTh cBepXnpoBofHHKa. M3 dopMyssl Aas sHTpo-
NHH Tasa KBasHyacTHL (cM. dopmyay (33.8))

=——nzk:[n§lnng+(1—ng)ln(1~n;)+n,nlnn,,-|—
+(1—nn)]n(l—n,,)]=—2n§[n(T)lnn(T)+
F+(A=n(T)In(1—n(T)]

Cs= T(g_i-)ﬁzur ; 1n[‘ ;&;T’]%. (62.42)

HaxoAuM




310 KOHKPETHBIE 3AZJAYH C B3AUMONENCTBUEM [ra, vir

(Mbl ONyCKaeM IJIsi KPaTKOCTH y TemoeMKocTH C HHAEKC, YKa3bIBaio-
WHMH Ha MOCTOSIHCTBO OGBEMa, H CTABHM HHAEKC S, YKa3blBAIOWMH Ha
CBEPXMPOBOJSILIEE COCTOSTHHE. )
ToxcraBnsist paBHoBecHoe 3Hauenue n (T) u3 (62.18) u nepexoas
K MHTErPHUPOBAHHUIO 1O &, IOJYYHM
hegt

_ e de T dp*(T)
C “"“5 — [0k, T) =5 251 ] (62.43)
o

_PaccMoTpuM cHauaina noBe/ieHHe TENNIOEMKOCTH B HUKOTEMIepaTyp-
Ho#t o6aacTH xT < A (0). B stoM cayuae B unterpaje (62.43) MOXHO
npeHe6peyb BTOPHLIM C/araeMbiM B CKOGKax IO CPaBHEHHIO C NEPBbIM,
3aMeHHTb ch ©/2xT BbipaxeHHeM /,6%/%T ¥ pacnpOCTPaHUTb HHTErPH-
poBanHe 10 co. [TonyuuM npu sTom

G _AuT2

@

§ 0@ DAT g, (62.44)
3aMeuaeM jasiee, yTo B HHTerpaje (62.44) cyliecTBeHHbIH BKJIaj BHO-
CAT To/1bKO MaJible & (& << A (0)). Mbl MOKeM O3TOMY 3aMEHHTb MHOXKH-

Teab w? Ha A% (0), a B noKa3areJie S5KCIIOHEHTH! BOCIIO/Ib30BAThCS PasJio-
xenneM o =~ A (0) + ¢*/2A (0). Haxopum

8V24? (0)

Cs =2

o«
§ dee—*/28 @V%T g—A O /4T

M, BHIMHC/IAS WHTETpad, NOJdydyaeM
C._VEVNNO) _sgypr,
s Anl/le/

OtHocsl 3HaueHHe C K ’l‘el‘lJ'lOeMKOCTH 3JICKTPOHHOrO rasa B HOpMaJb-
HOM COCTOSIHHH TpH T =

C, (Tc) nanzm T,

(q)opMlea (44.16)) 1 noaw3ysch qupMleou (44.5), BblpakeHHeM AJisi
A (62.29) u cooTHoweHneM (62.40), MOMYYHM OKOHYATEJbHO

Cs 3 9 A (0)\*/2 e—AO/xT,
Gt = V () * (62.45)

DKCMOHEHUHANbHBIN XapaKTep yGbIBaHHS TEMJIOEMKOCTH CBEPXIpPO-
Boguuka npu T — 0 °K Xopoiwo MOATBepKJaeTcsi SKCIepPHMEHTOM H
CBH/ETENbCTBYET O NMPABHIbHOCTH MPEACTABIEHHS O CYLIECTBOBAHHH
9HepreTHYeCKOH LUeJH B CIEKTpe SHEPIMH KBa3HYacCTHL (CYLecTBO-
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BaHHe Ie/H 3aTPYAHsET Mepexol KBa3HYaCTHI B BO3GyXKIEHHbE CO-
CTOSIHHS).

O6paTuMcsi K pacCMOTPeHHIO o6acTH TeMmmnepatyp, 6auskux K T,
W TOCTaBHM LEJbI0 BBHIYHCIHTL CKAaYOK TEMJOEMKOCTH MPH TNepexoje
W3 HODMAaJBHOTO B CBEpPXMPO-
Bolsilee cocTosiHhe. Tak Kak
B HOPMaJbHOM  COCTOSIHHH
A =0, o=e, a B cBepxmpo-
BoasmeM cocTosHun A =0, ~
®=¢ npu T =T, TO CKa-
YOK TeMJIOEMKOCTH OIpejessieT-
Csl BTOPHIM CJIaTaeéMBIM B HH-
Terpase (62.43), U Mbl HMeeM

2V dA%(T)

22

o

Cs(1)]6a(T),
£S885 8%

Cs—Co=—F—+"|;_r -
A dr T=T, 0 01620304050507080910 11 12 13 14 15
(62.46) A
Juddepenunpys  BbIpakeHHe Puc. 78.

s A? (T), BoiTekaomee U3
(62.41), noacrasasisi B (62.46) u otHoca ckauok (Cs—C,) K C, (To),
MOJTyYHM
Cs—C, 12
‘Tn'—' T, =@ 1,43. (62.47)
I'padux 3aBucumoctu C,/C, OT TeMmepaTypsl H306pakeH Ha pHc. 78.
YHupepcaabHble dopmyas (62.38), (62.40), (62.41), (62.45), (62.47)
CrpaBeIHBEl B TIPUO/IHMXKEHHH ca1a6oii cBsAsH (A (0)/fivmax < 1) ¥ Kave-
CTBEHHO COIVIACYIOTCS C OMBITOM /sl «CJAaGhIX» CBEPXNMPOBOAHHKOB

§ 63*. Onnomepnas 3ajava Hsunra

PaccMOTpHM OJHOMEpHBIN KPHCTA/LI», Ha KOTOPOM PacrloJIOXKeHb!
«y3Jbl» Ha PaBHBIX paccTosiHMsiX (obuiee yucio ysnoB N > 1). B ys-
J1ax PeleTKH HaXO[STCsl MATHUTHEIE JUIIOH C MAaTHHTHEIM MOMEHTOM [Lg.
IpoekiHsi MarHUTHOTO MOMEHTa Ha HampaBJEeHHe BHELIHETO0 MAarHHT-
HOTO ToNst #6 (KOTOPOe ME GyNieM CUMTATh MOCTOSIHHEIM M OJIHODOIHEIM)
MOXKeT IPHHHMATh JIBa 3HaUeHHs == pp. MbI Gy/ieM CUHTaTh, YTO B3aHMO-
JIeHCTBYIOT APYT C APYTOM TOMBKO COCEAHHE AMNOJH, H 0GO3HAYHM
uepe3 & ¥ &' SHEPTHH B3aHMOJEHCTBHS ABYX JAMMOJefi C NapasienbHbIMH
H aHTHNapaJ/eTbHBIMH MarHHTHBIMH MOMEHTaMH COOTBETCTBEHHO. B cry-
uae, KOTJa & < &', napajebHasi ODHEHTALHs MOMEHTOB SBJSETCS
SHepreTHYecKH Gosee BhironHo#l (mpu ¥ = 0), Korna & > €', 3Hepre-
THYeCKH Gosiee BEHITOJHOH OKa3HIBAaeTCs aHTHIapaJJeNbHasi OpHEHTa-
LHsI COCEAHHX JHMOJedi.

OnucanHasi MojieNlb HasbiBaeTcsi modesoto H3unea u MOXeT ObITb,
€CTECTBEHHO, CPOpMyJMpOBaHA M [/ JABYMEPHOr0 H TPEXMEpPHOro
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cnyyas. JIByMepHasi 3ajiaua Fsunra (6e3 MarHHTHOTO 1OJIs) MOXKET GhITh
pellleHa ToYHO (cM., Hampumep, [4]), u 3To peweHue onuckiBaer daso-
BBIfi epexoji BTOPOro pojia MeXAY YNOpsiioYeHHBIM ((eppOMarHHTHbIM)
H HeyNopsiJloYeHHLIM (mapaMarHHTHBIM) COCTOSIHMSIMH. TOYHOe pelne-
HHe TpexMepHO# 3asaun Msunra fo cux nop He HaiifieHo. OfHoMepHas
3ajiaya MauHra Moxer GbITb pellieHa TOYHO W NPH HAJIHYHH MarHUTHOTO
noJst.

TlocTaBuM ceGe HeJbl0 HAHTH TEPMOAHHAMHYECKHE QYHKLHH OLHO-
MepHoOro KpHcrasa. CraTHCTHYeCKast CyMMa Z Bbipaxaercst GopMyJioi

Z=Y e EQnT, (63.1)
©

rie CyMMHPOBaHHE BeNeTCsl N0 BCeM KOHQUIYpalHsiM, T. €. 10 BCEM
BO3MOXXHBEIM PacIOJIOXeHHsIM JunoJeii 1-ro Buia (¢ npoexuuei MoMeHTa
Ws) ¥ gunoseit 2-ro BUja (C npoeKinel MOMeHTa—p) O Y3/IaM PEILeTKH.
OueBHAHO, NOJIHOE YHCIO KOHGHUrypauuit pasHo 2V. Bpenem AJs Kaxk-
JIOTO y3/1a IepeMeHHYIO 0 ;, NPUHUMAIONLYIO 3HaueHHe 1, ecsu B j-M yase
HaxoJUTCsl JMNOJb 1-ro BHAa (OPHEHTHPOBAHHHIH Mo momo), U —I1,
€c/M B HeM HaXOJMTCSl JHIOJb 2-TO BHJAA (OPHEHTHPOBAHHEIN NPOTHB
nossi). Torna KoHpurypauus onpejessercs 3ajaHHeM BCeX WYHCeN 0
(MBI GyZieM TpH 3TOM CYHTaTb ELIETKY LMKJIHYECKH 3aMKHYTOM, T. e.
OTOXJECTBJIATb NOCHEAHHH y3eJ C NMePBLIM: Oy,; = Op). DHEPrHsl KOH-
¢urypanuit E (C) Bbipasutcs gopmyinoi

N
E©O= Y [+ 5 00nmi—peo)]  (632)
j=1
BBenem o6GosnaueHHst
e-f-¢e' g’ —¢ N4
p(N=—g 8=z, ©(H, T)="gr

YuuthiBas IIMKJIMYECKYI0O 3aMKHYTOCTb pELIeTKH, Mbl MOKEM 3alHcaTb
BbIpaXKeHHEe JJIst Z B BUJIE

Z=e¥ 3 exp[i010,+1(01+0))] X
0y, 00 ees ON

X exp [00,03+ T (0,+03)] ... exp [0oyo; 4T (ox+0y)]. (63.4)
BBefeM ABYDSUIHYIO MaTpuiy P ¢ MaTpHUHBIMH JeMeHTaMH

(63.3)

(0| P|o’)=exp [800’ 4T (04 0")], (63.5)
. etz et
=0 an| (63.6)

Herpyauo Bupets, uto cymma B (63.4) mnpeacraasier coGoit wmmyp
or N-# creneHu 3ToH MaTpHIbI

Z=eNe Sp (BY). (63.7)



§ 63) ONHOMEPHAS 3ATIAUA USHHTA 313
Tak Kak uinyp MaTpHIB HHBapHAaHTEH M0 OTHOILIEHHIO K YHHTapHBIM
npeoGpasoBaHHAM NMONOGHSI, TO, NPUBEAS MATPHLY P K AHATrOHAJbLHOH
dopme ‘t‘ SJ' noayuuM H3 (63.7)

Z=e=Ne [AY 4 AN Az e~ NPAN, (63.8)

e A, — 66ubluee H3 COGCTBEHHBIX 3HaueHHi MaTpHusl P. CeKyJisipHOe
YpaBHeHHe AJIsl onpeaeJeHHs cOOCTBEHHBIX 3HaueHHH A; H Ay HMeeT BHA

et _} et
p =2 ),
OTKYyA@ HaXxoiHM

Ay=eSch2t+1 e ch?2t —2sh 20 = ¢ [ch 27+ V'sh?2v + e-‘al.
(63.9)

Det =A?—2e’ ch2v+2sh 26 =0,

CrlefioBaTeNbHO, CTATHCTHUECKas CyMMa paBHa
Z=eNC=p|ch2v+V/sh?2vF e |". (63.10)

Tak Kak nopKopeHHoe BblpaxeHHe B (63.10) MOMOKUTENBHO HpH Jiio-
6bIX (BEIECTBEHHBIX) T M 0, To cTaTHCTHYecKast cymMa Z, a CJefoBa-
TeNbHO, H BCE TePMOAMHAMHYECKHe ()YHKIHH HENpepblBHBI NPH JIOGHIX
3HAUeHHsX TeMmnepaTypbl T M HaNpSKEHHOCTH MArHHTHOIO nous ¥ .
IosTomydasoBbie nepexobl BOAHOMEPHOMN Moze/iH M3HHra HEBOBMOXKHbI.

Tonbsysce dopmyaolt U = kT? (6/0T)(In Z) u ¢opmyaamu (63.3),
HaliJleM BHYTPEHHIOIO SHEPTHIO LENOYKH

8% —1sh 2t [ch 2t+V sh? 21:+e_“]
[ehov+V sh¥orr o]V shZ ov e

U=N{B+2kT } (63.11)

Brlpaxenue /15 TeIJIOEMKOCTH MOXeT GbiTb NosyueHo M3 (63.11) aud-
tepenuupopanuem no T, ofHAKO, B BHLY €r0 'POMO3JKOCTH, Mbl €r0 He
npuBofuM. B orcyrcTBHE MaruuTHOrO nous (v = 0) Belpaxenue (63.11)
CYIIECTBEHHO YIPOILAETCsI:

| okTe?
UQ%,.=0=NlB+ I ] (63.12)
OTKYyZAa HaxoAHM
6 \2 Nk e—g’ 2
Cor—o=2Wk(gs) =5 (5 (63.13)
b ) -

TensoeMkocTs cTpemutcss K Hy/o H npi T—0 °K u npu T — oo
H JOCTHraer MakcuMyma npu Temneparype T, paBHo#i kT, =
=|e—e'|/20,, rre 0,— KopeHb ypaBHeHHH 6y = cth0,. OTMerum, uto
9TH pe3yJbTaThl CIPaBeAIHMBbl HE3aBHCHMO OT 3HAKa PAsHOCTH &'—&.
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Hafinem Hamaruuuenue uenoukH M. Iloxcrapass B dopmyny

m=0=_ 1.2z (63.14)
3Havenne Z u3 (63.10), monyuum
_ My sh 2t
M —-——Vs—h’—m s (63.15)

rie My, = Npp — MakcuMajbHOe HaMarHHYHBaHHe.

Tpexpe ueM nepexoluTh K aHaiu3y (U3HUECKHX CaeACTBHE ¢op-
myJsbl (63.15), BBeleM HEKOTOpble BeJIHYHMHBI, XapaKTepusyiouHe 3a-
KOHOMEDHOCTH B paclpe/ie/leHHH funonell 1-ro u 2-ro BHAA B pelleTKe.
OGo3HayuM yepe3 N, uuc/io AunoJeli 1-ro Buaa, a yepe3 N, 4HC/IO AH-
noJiell 2-ro Buja. s cpefHux 3HaueHuit N; H N, HMeeM

Ny+N,=N, 1\71——17,=%,

OTKYAa ¢ moMmotubo dopmyant (63.15) Haxonum

By=g(V+ 1)V Vs 2+ " sh 2
1T ) 2 V sh?2v et ’

= Vsh? ~46__

N2=-;—(N—M)=£ sh® 2v-¢ sh 2v

(63.16)

D T

Vel ovge

BeesieM, KpOMe TOro, 4HCJ/Ia Iap COCEHHX AHMOJeH ¢ MArHHTHBIMH MO-
MeHTaMH, HanpaBJ/eHHHIMH BBepX — Ny;, BHM3 — N,y H B IIPOTHBOIO-
JIOXKHBIE CTOPOHBI — Ny, MeIy HHMH CYLIECTBYIOT OYEBHJHBIE COOT-
HOLIEHHS

N1=Nu+%u» N2=‘N22+g21l- (63.17)

Ccliefylolllie HeNOoCpeACTBEHHO H3 IOoACYeTa 4YHC/a JAunosiell Kaxaoro
COpTa, BXOAAILHMX B OJHOPOJHbIE H B CMeIllaHHbIe Naphl. l/ImeeM, Kpome
TOro, paBeHCTBO

N
> 6,051 =N1i+ Ny — Ny (63.18)
i=1

U3 (63.17) u (63.18) Haxomum
N
Y 60, =N;+Ny— 2Ny =N — 2Ny, (63.19)

=
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Mol MoxeM Temepb HafiTH cpeaHue sHaueHHst Ny, Ny, N,y Hmeem

N

: - ’ S gjapem EORT

v . 0 /=1

le=7[N— 2 0f°/‘+1] =75 N*‘(—”—-T——' .
=

Tocnennee BrpaXkeHHe ¢ moMoIbIo GopMysbl (63.4) IPHBOAKTCS K BHLY
Fu=% [N —2n Z)]. (63.20)

Huddepennupys (63.10), monygaem
—46
Nyp=N 4 . 63.21
» [ch 21'-}-Vsh2 21'+e“°| 1/sh2 21:-|—e_“ ( )

Hakonen, ¢ nomowpio dopmy.s (63.19) Haxoaum
NV [V sh? orf e ® 4sh 21
un=yg )
[chor+-VshPorf O] Vsh2 2o e @

N e [VshPorye P —shoi
2{chor+VshPorte | VB 2vg e ¥

(63.22)

Fa=

PaccmotpuM npeflesibhble caydyad HuskHx (T — 0 °K) H BBICOKHX
(T — o) TeMmrepaTyp.
1. I. T—>0°K.

B npepene T — 0 °K cienyer pasienbHo paccMoTpeTh caydau 6 > 0
n 0 <<0.

A. 6>0. Ilpu T—0 °K umeeM 6 — oo, T—> 0o H (hOpMyJIbl
(63.15), (63.16), (63.21), (63.22) nawor Ast MpefesbHbIX 3HaueHHHA M,
Ny, Ny, Ny, Ny, Ny

M©O)=M, N, (0)=N, N,(0)=0, Ny3(0)=0, Nu(0)=N,
Na(0=0.  (63.23)

Mbl MOIY4HJIH  eCTeCTBeHHBIH pe3ysbTaT: Hauboslee BepoOsiTHOE
(cpennee) pacrpefiefieHHe MarHHTHBIX MOMEHTOB B LEMNOUKe SIBJSIETCS!
npy T — 0 °K NOJHOCTBbIO YMOPSIOYEHHHIM IO HAMpPaBJIEHHIO MOJSt
(#1..11), a HamarHWueHHe paBHO CBOEMY MaKCHMAaJbHOMY 3Haue-
HHIO M.

B. 0 < 0. B sTom cayuae yIOGHO Aasi HCCIELOBAHHSI HH3KOTEM-
nepatyproil o6aactd mepenucath ¢opmyan (63.15), (63.16), (63.21),
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(63.22) B BHDE (qubmaﬁ, yrosh 21 ~~ch 2t m% e“")

- M
— = (63.24)
N VS0
=3 Vigeuii—o * (63.25)
N Vg =
”2—77:‘?@—-? (63.26)
P A=) €.27)
= [V|+4e4(|s =0 1]V 1t 00—o ' :
N
N"=V—1W' (63.28)
_ = [ TEaA = _
Nas Vel ] (63.29)

[Vl+4e“"°"" 1]V 1t

W3 astux ¢opmysa cieayer, uyTo mnoBelleHHe NemoukH ¢ 6<<O npu
T — 0 °K cyuiecTBeHHO 3aBHCHT OT TOTO, BHIIIOJIHSIETCS! JIH HEPaBEH-
ctBO 8] >1 MM TIPOTHBONOJIOKHOE HEepaBeHCTBO 6] <.

1) Ilyerb| 8] > 1, &' << e—ppe/l . DTO 3HAUUT, UTO MAIHUTHOE NOJIE
ABJISIETCA HACTONIbKO CJ1abbiM (S <JY' (e—e’)/up), 4TO aHTHMA-
paJlieNibHasi OpHEHTAlHs COCENHHX MAarHHTHBIX MOMEHTOB, SHEpIreTH-
yeckH GoJsiee BHITOJHAasi B OTCYTCTBHe Nouisi (&' <C €), OCTaeTcsi TaKOBOH
H NpH Haauyuu nossi. B atom cayuae npu T — 0 °K umeem e(*01—0—
— oo 1 u3 dopmys (63.24)—(63.29) nonyyaem M (0) = 0, N, (0) =
= N/2, Ny (0) = N/2, Ny, (0) = N, Ny; (0) =0, Ny, (0) = 0. Hau-
Gosee Bepomnoe (cpenHee) pacnoJioxKeHHe MarHHTHBIX AHMIOJIEH HMeeT
BHIL (‘NNN

TTycts |O| < 1, e—pp’ < & << e. ITO BHAUHT, YTO MATHHTHOE
none SBJISIETCS] HACTOJIBKO CUJIbHBIM (> = (e—¢’)/pup), uTO aHTH-
napaJjijieibHasi OPHEHTAlHsl COCEAHHX MArHHTHBIX MOMEHTOB, 3Hepre-
THYECKH GoJiee BBITOJHAs B OTCYTCTBHE IOJIS, CTAHOBHTCSI SHEPreTH-
YeCcKH MeHee BBHITOJHOI B NPHCYTCTBHH moJist. B sTom cayuae npu T —
— 0 °K nmeem e*(®—% — 0 u no dopmyaam (63.24)—(63.29) nonyuaem

M) =M, N,(0)=N, N,(0)=
Nz (0)=0,N; (0)=N, Ny(0)=0.

Hau6onee BeposiTHOE PAclOJIOKEHHE MATHHTHBIX MOMEHTOB SIBJISETCA
TIOJTHOCTBIO YNOPSIOYEHHbIM T10 HAMpPaBJEHHUIO MOJIsl.

TakuM o6pasoM, XoTs B OHOMepHO# Mozes Msuura dasobbie me-
PEXOJibl He MPOUCXONIAT, B CJlyyae UenoykH ¢ 6 << 0 cyu.l.ec‘rByeT KpUTH-
4eckoe 3HAUEHHE HANPSKEHHOCTH MaTHHTHOTO Hoas o y= (e—¢')/us,
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B6MH3H OT KOTOPOrO NPOHCXONHMT Iepexoi OT cocrosml—m ¢ yepenyio-
IHUMHCST JUNOJSMH 1-TO H 2-TO Bmla (npusk” € X',) K NONHOCTBIO YIIO-
PANOYEHHOMY COCTOSIHHIO (pH % > ¥,), npuuem nipu T — 0 °K atoT
Nepexoj; CTAHOBHTCS CKAaYKOOOPA3HBIM.

II. T— oo (uu — 0).

Ipu atom nmeem T — 0, 6 — 0 u mo ¢opmyaam (63.15), (63.16),
(63.21), (63.22) naxonum

M(c0)=0, N,(0)=N/2, N,(c0)=N/2,
Nu(00)=N/2, Ny(0)=N/4, Ny (c0)=N/4.

STO 3HAYHT, B YACTHOCTH, YTO B OZHOM 2%pl-lou nenoyke Msunra geppo-
MarHeTHsM HeBo3MmoxeH (M = 0 mpu 0). Pusnyecku 310 06BSC-
HSIETCSI TeM, YTO NPH MaJsioM YHCJIe cocefiell B OHOMEPHO lenoyke (18a
6uHKANHIIMX COCella BMECTO YeThipeX B IUIOCKOH pelleTKe) TeHJeHIHs
K KOPPEeJISILIHH B PACIIOJIOXKEHHH COCEHHX JAHMOJbHEIX MOMEHTOB HEJO-
CTaToYHa JA/Is1 BO3HHKHOBEHHS CIIOHTAHHOTO HAMarHHYHBaHHS.

Mopenn MsuHra MOXHO JaTh H HHYIO (PH3HYECKYIO HHTEPIPETALHIo,
OTJIHYHYIO OT MarHHTHOH lenoukH. JlonmycTHM, 4TO Kaxmbli y3esa pe-
LIETKH MOXET GBITh 3aHST JIHGO aTOMOM copTa A, JHGo aToMOM copTa B,
npHYeM B3aHMOJEHCTBYIOT APYr C APYTOM TONbKO COCEJHHE aTOMbI.
Mbi GyzeM NpH 3TOM CYHTaTh, YTO OJHOMEpHAs IeNOYKa HaXOMHTCS
B pacTBope, CojiepxKalleM GoJibllee YHCIO aTOMOB H TOro H APYroro
copra, KOTOpbleé MOTYT aACOpPGHPOBaTbCS Y3/IaMH LENOYKH, TaK 4TO
YHCJIa aTOMOB B y3J1aX peiteTkH N 4 ¥ Np He QUKCHPOBaHBI, a 3alaHHON
sBasieTcsl TObKO cyMmMa N4 4+ Np = N. B Takofi HHTepnperauuu
pewerka Maunra HasbiBaetcs Guraproi pewemxol. OGO3HauMM ye-
pes €44, €pp, €4p SHEPrHH B3aHMOJEACTBHS ABYX COCEIHHX aTOMOB
copra A Apyr ¢ ApyroM, copTa B apyr c apyrom u atoMa A c¢ aToMoM B
cooTBeTCTBEHHO. LIMeeM Torza Aast sHepruu Kodurypauumu E (C)
BbIpakeHHe

EQ)=

N
- 2 [EAA+EBB+25AB+8AA+EBB_2’P‘AB
- 4 4

—e
00,1+ aa ry 58 (o;+ °j+1)]
(63.30)

i=1

Beoas o6o3HayeHHs

€42+8ppt+2e 28 ,p—8 24 —E
o (T) = 244 4;; 4B g (T) =48 4;’;‘.4 BB

epp—¢&
T(7) = Zgrtt, (63.31)
Mbl y6exxaaeMcs, YTO 3ajaya O cBOHCTBaX GHHapHOH OJXHOMEpHOH Ile-

NMOYKH ITOJIHOCTHIO SKBHBAJIEHTHA 3ajlaye O NMOBEJEHHH MarHHTHOH Of-
HOMepHOf{ LeNOYKH B MarHHTHOM II0Ji€. HPH 3TOM COOTBETCTBHE MEXIY
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BeTHYHHAMH, XapAKTEPH3YIOWHMH GHHADHYIO H MAarHHTHYIO LEMOuKY,
TaKOBO:
8aa+epg+2 4218,
ete > aaTet2ap st
2 2 ’
+ Caategp—2,p
>SS,

e—¢ e’ —>eup,

pnﬁiﬂ—»yﬂs—:eﬂ’—‘, Ni—>Ns Ny N

(MBI MOXKEM, He Hapyast OGUIHOCTH, CUHTATh &pp => €44, TaK UTO Na-
pametp T, onpejeneHHbil dopmysoi (63.31), nonoxkuTeNeH, TaK Ke
KaK M B MarHMTHOH Lenouke).

Bce pesyabrathl, OTHOCsUMecs K pacripefienieHuio atomoB A u B
B GHHapHOH uenoyke (nosesenne BeJHuHH N4, Np, Nap, Naa, Npg),
MOTyT GbITb MOJIydeHbl M3 COOTBETCTBYIOUIMX (POPMYJ MarHHTHOH Lie-
nouyku MsHHra myTtem npocThlX nepeoGo3HaueHHH.



rnABA VIl

3JIEMEHTbl KHHETUKH W TEPMOAHMHAMUKH
HEPABHOBECHBIX NPOLIECCOB

Jlo cux mop Mbl paccMaTpHBaJIM PaBHOBECHHE COCTOSIHHSI MaKpo-
CKOIMHYeCKHX CHCTeM. B 3Toli IyiaBe Mbl [EPeXOLHM K 3HAUHTEJbHO 60-
Jiee CJIOXKHOH 3ajjaue — H3YYEHHI0 HEPAaBHOBECHBIX COCTOSIHHMH Makpo-
CKOMUYECKHX cHcTeM. TIpH pelleHHH 3TOi 3aJaud TaKiKe BO3MOXKHbI
[Ba NPHHUMIHAALHO DA3/HYHBIX TNOAXONA: (EHOMEHOJOTHUECKHH U
MHKPOCKOMHYECKHH.

B nepsoM ciyuae 3ajaua 3aKJio4aeTcsi B yCTAaHOBJIEHHH CBsizel
MeXIy MakKpOCKONHYeCKHMH MapaMeTpaMH 0e3 HCIO/Nb3OBaHUSI B sB-
HOM BHJie aTOMHO-MOJIEKYJISIPHHIX mpeicTaB/eHHil. OfHAKO B OT/IHUHE
OT TepPMOAHHAMHKH DABHOBECHBIX MPOLECCOB B HEPaBHOBECHOH TepMO-
JIHHAMHKE OCHOBHYIO POJIb MTIPalOT NMOTOKH Pa3/HYHbIX TEPMOAHHAMH-
YeCKHX BeJHUHH (3HEprHH, Macchbl, Tela, HMIyJbca, SHTPOMHH, 3a-
psiia H T. L), KOTOphle OTCYTCTBYIOT B PaBHOBECHBIX COCTOSIHHSIX.
YcraHoBeHHe CBs3efl MeXIY NMOTOKAMH Pa3/IHYHBIX BEJHUYHH H MEXIY
Koa(pHUHeHTaMH, (QHIYDHPYIOUMH B 3THX COOTHOIUIEHHSX, H SIB-
JISIETCS] OCHOBHBIM COZlEPIKaHHEM TePMOXHHAMHKH HEPaBHOBECHBIX MpO-
1IeCCOB.

Hapsizy ¢ 9THM cyliecTBYeT M BTODOH METOJ HM3yyeHHs HepaBHO-
BECHBIX [POLECCOB, MpEACTaBJSIOMHUI CO60H JajbHefiliee pa3BUTHE
H 0000LIEHHE METOJOB CTATHCTHYECKOH (H3HKH. DTOT MeToN (KHHeTH-
YeCKHil) OCHOBAH HA aTOMHO-MOJIEKYJSIDHBIX MPEeICTaBJIEHHSX H HC-
MOJIb3YeT BBEJEHHOE B CTAaTHCTHYECKOH (H3HKe OMHCAaHHE COCTOSHHs
¢ noMopio GyHKuH pacnipenenenns. OnHaKo QYHKIMH pacnpe/iesIeHust
B HEPABHOBECHOM COCTOSIHHH OTHIOJb He COBMAJAIOT C HaiileHHbLIMH B
CTATHCTHUECKOH (H3HKe PaBHOBECHBIMH QYHKUHMSMH DacnpelesieHusi U
B 06IUeM c/yuae HeCTallHOHAPHBIX COCTOSIHHI 3aBHCST OT BpeMeHH. Kpo-
Me TOro, HepaBHOBeCHble QYHKUMH pacnpefie/ieHHsl MOTYT 3aBHCETb OT
KOODIHMHAT, Jlake B OTCYTCTBHE BHEILIHHX MOJIeH, TOTAa KaK B paBHOBEC-
HOM COCTOSIHHH TPH OTCYTCTBHH BHEIIHHX ToJiell pacnpelesieHHe
ABJISIETCS] ONHOPOXHBIM B NIPOCTPAHCTBE.

OCHOBHBLIMH ~ 1po6JjieMaMH KHHETHKH H  SIBJASIIOTCH, BO-NEPBbIX,
HaxOXJEHWEe YPaBHEHHH, ONpeAeNSIOMX H3MeHeHHe QYHKLUUH
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pacnpejiefieHMst B POCTPaHCTBE H BO BPEMEHH, H, BO-BTOPHIX, ycTa-
HOBJIEHHE CBsideH Mexny (YHKIHeld pacnpefe/neHHs M MaKPOCKOIH-
YECKHMH BelH4MHaMH (noTokamu). Cienyer o6paTHTb BHHMAHHE Ha
TO, YTO NPH - oo HEPaBHOBECHble GYHKIUH PaCHpeNeieHHs NOJKHbI
B IIpefieJie TEPEXOJMTb B PABHOBECHbIE, €CJH OTCYTCTBYIOT BHELIHHE
BO3JIEHCTBHS, NMOJNEPKHBAIOIIHE HEPABHOBECHOE COCTOSIHHE.

Kuneruueckuii moixoX K H3yYeHHIO HEPaBHOBECHBIX SBJEHHil siB-
nsieTcs Gosiee ITyGOKHM H O/DKEH aBaTh OGOCHOBaHHe (hOPMAJbHBIM
MeTO/iaM HePaBHOBECHOH TePMOAHHAMHKH.

§ 64. Ypasnenne Cmoayxosckoro. IMpuuuun
JIeTaNbHOTO PAaBHOBECHS!

PaccMOTpUM OZHOATOMHBIA ras, HaXONAWMACA B HePaBHOBECHOM
coCTosiHMH. BepHeMcsl BHOBb K NOHSITHIO W-TIPOCTPAHCTBA, KOOPAHMHa-
TaMH KOTOPOTO fBJSAIOTCS TPH KOOPAHHATHI H TPH MPOEKLHH HMIYJbca
MoJieKyaibl, COCTOsIHHE rasa B LEJOM XapaKTepH3yeTcsl COBOKYMHOCTbIO
N u306pazKaloliux ToYeK B IECTHMEPHOM W-TIPOCTPAHCTBE, MEPEMelNalo-
IIUXCS TO CBOMM ()a30BbIM TPAEKTOPHSM.

BBefieM MJIOTHOCTL H300paXKalOUHX TOYEK HAH (YHKIHMIO pacmpe-
nenenus f (x, y, 2, § m, {, £), Koropast B OOLEM C/yyae HepaBHOBEC-
HOH CHCTEMbl 3aBUCHT OT BPeMeHH, KaK SIBHO (B JaHHOM TOuKe W-Tpo-
CTpaHCTBa), TaK U NOCPEJCTBOM KOOPAHHAT H HMIYJIbCOB X, Y, 2, &, 1, L.

TTpocTpaHCcTBeHHasl MJIOTHOCTh YHC/A YacTull p = p (#, £) cBsi3aHa
¢ ¢yHKumuell pacnpeneneHus [ COOTHOLIEHHEM

p(r, )=§F(r, p, )dp. (64.1)

J1ns nNOTHOCTH YHC/Ia YacTHL © (p, f) B MPOCTPAHCTBE UMITYJBCOB
2HAJIOTHYHO MOJYYHM

o(p, H={f(r p, ) d*r.
QyHKuHMA pacnpeneseHus f (r, p, {) HOPMHPOBaHA YCJIOBHEM
§§dor dopf (r, b, t)=N, (64.2)

rie N — noJHOe YHCJIO YacTHI rasa.

Haxoxpenue ¢ynkuun pacnpenenenus f (x,y,2, & n, ¢, & 4 ee
3aBHCHMOCTH OT KOOPJHHAT H BpPeMEHH eCThb LieHTpasbHasi 3ajaua (-
3UYeCKOH KHHETHKH. 3HaHHe QYHKIHH DachpefleieHUsi MO3BOJSET pe-
IIHTh IUMPOKHH KJIacC 3ajia4, OTHOCSLIHXCH K HEPaBHOBECHBIM COCTOSI-
HUAM cucteMbl. K uyMc/ly TakKHX 3afiad OTHOCHTCS BBIYHCJIEHHE KHHe-
THYECKHX KO3(UUHMEHTOB B SIBJIEHHSIX MEpeHoca (TEMsonpPOBOAHOCTS,
nuddysua u T. 4.). Ilycrb, HanpuMep, Y — HeKasi aJfMTHBHas QU3H-
yecKasl BEJHMYMHA, OTHeCEHHass K OJHOH MoJsieKyJe (KHHeTHYecKas
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SHEPTHs MOJIEKYJbl, ee HMIYJabC H T. J.). Torna BelpaxkeHHs

E N -l
Siap’ T S

NPeACTaBJIAIOT cO60H NPOCTPAHCTBEHHYIO IUIOTHOCTb H IVIOTHOCTH IIO-
TOKa /sl MaKPOCKONHYECKOH BEJHYHHBI .

OnHako HaxoxJeHHe (YHKUHH pacrpefie/leHHsi 1Jis HepaBHOBeC-
HBIX COCTOSIHHH NpeJCTaB/sieT co60H 3a/lauy 3HaYHTeNbHO GoJiee CJ0XK-
HYIO, 4eM HaxoXJeHHe QYHKIHMH pacnpejieleHHss B PaBHOBECHOM CO-
CTOSIHHH.

Ecnu B paBHOBECHOM COCTOSIHHH CYIIECTBYeT YHHBEpCasibHOE pe-
IeHHe 3aJayi — pacnpelleJeHHe I'H66ca, TO B HEDABHOBECHBIX COCTOSI-
HHSAX HHIMBHJYyaJbHble OCOGEHHOCTH TOH HJH HHOH CHCTEMBl H MHOTrO-
o6pa3He BO3MOXKHBIX BHELIHHX BO3JefiCTBHH Ha Hee CKa3blBAlOTCS Ha-
CTOJIbKO CHJIBHO, YTO HHKaKO#l YHHBepcaJibHOH GopMyabl AJst GyHKIUHH
pacrpefiesieHHsl NOJNYYHTh He yfraeTcs. DoJjee Toro, naxe ypaBHeHHe,
OIHCHIBAIOLIEE 3MEHeHHe QYHKIMH pacnpefieleHHsi BO BPeMeHH H Ipo-
CTpaHCTBe (KHHeTHYeCKOe ypaBHEHHMe), yJaeTcs NOJY4HTb TOJNbKO B He-
KOTODLIX TNPelle/bHBIX CJydasix, cleJaB Gojiee HJIM MeHee JajeKo Hiy-
HHE MPEANONOKEHHS .

B ksaccuueckofl KHHETHKe CYLIECTBYET JBa MeTOAa PacCMOTPEHHs
HepPaBHOBECHBIX NPOLECCOB, OJHH H3 KOTOPHIX NMPHTOJEH /I ONHUCAHUS
ABJIEHHH B pa3peXeHHHIX ra3ax (MeToJ KHHETHUECKOTO YpaBHEHHs
BoJsibiiMaHa), a Apyroii — AJsi ONHCAHHS NJIOTHBIX ra3oB (ypaBHEHHs
CmonyxoBckoro, ®okkepa — [Tnanka). Kpurepuii, nosposisiomuii ycra-
HOBHTb TDaHMIbI OGJACTH NPHMEHHMOCTH TOro M JpYroro Meroja,
3aKJ/IoyaeTcs B CJEAYIOUEeM.

Mbl OrpaHHYMMCsi PacCMOTPeHHeM Ta3oB, COCTOSIIHX H3 HeHTpaJb-
HBIX YacTHL. B 3ToM ciyuyae cuabl MOJIEKYJISIPHOTO B3aUMOJENCTBHS
OLICTPO CMAJAIOT C yBeJHYEHHEM PACCTOSIHHSI MeXIy MoJeKyaaMu H
CYIIECTBYET AOCTATOYHO ONpefe/eHHbIH pajuyc JeHCTBHS CIlJ MEXMO-
JIeKYJISIPHOTO B3aHMOJIEHCTBHS ro. (BesHuMHA ry 3aBHCHT OT TeMnepa-
Typbl, HO 3Ta 3aBHCHMOCTb TPH He CJHIIKOM BBICOKHX TeMmIepaTypax
siBJIseTCS1 I0BOJILHO CJ1aGOH, M MBI MOXKEM CUHTaTb 7, MOCTOSHHOH IO-
psizka 1077 + 1078 cu. [leficTBHTENBHO, 1y CJIELyeT ONpele]HTh KaK TO
paccTOsIHHE MeXAy MOJIeKyJaMH, Ha KOTOPOM IOTeHIHaJIbHas SHEeprHsl
HX B3aHMOJENCTBHSI CTaHOBHTCS OJHOrO NOPSAAKA C MX CPelHeH sHep-
rueit Z (ro) ~ kT. YcpelHeHHast O HanpaBJeHHsM TNOTEHUHabHAs
SHEPTHsi CHJ NPHTSKEHHsI MEXJy MOJeKyJaMH 06paTHO MpOMNOPLHO-
HasibHa %, moatoMy ro ~ T71/6.) Tloka paccTosiHHe MeX1y ABYMs MoJe-
KyJIaMH TIPEBHILIAET 7o, OHH ABHTAIOTCS TONBKO NOJ AeHCTBHEM BHEILHEro
10/ (/M TaKOBOE NPHCYTCTBYET) H TONBKO HAa PacCTOSHHAX, MeHb-
WHX 7o, B3aHMOJEHCTBHE MeX]y MOJIEKYJaMH CYLIECTBEHHO MeHseT
XapakTep HMX JBHxKeHHs. JlONmyCTHM, YTO ra3 HaCTO/NbKO paspexeH,
4TO JJIMHA CBOGOAHOTO mpoGera MOJIEKY/bl A MHOro GoJblie papuyca

11 0. B. Pynep, M. L. Puiskun

Y= (64.3)
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HefCTBHS MEXMOJIEKYJISIPHBIX CHJ 7y H COOTBETCTBEHHO BpeMst CBoGOJ-

HOrO MpoGera T MHOTO GoJiblile BPEMEHH B3aHMONEHCTBHS IBYX MoJe-

Kya Ty. Tak Kak AJHHA CBOGOJHOrO mpoGera uMeeT MOPS/OK BeJTHYHHBI

1/rin, rae n — NJOTHOCTb YHCJA MOJIEKYJ, TO KDHTEDHH NpPHMEHH-

MOCTH 3TOrO MpHO/IHMeHHs uMeeT BHA 1/rin > r, wnu n L 1/r5. Tak

Kak 7y~ (107 + 107%) cm, To nonyuaem n <L (10* = 10%) cu™.

B 3TOM C/yuae MOMKHO BBECTH NOHSITHE (CTOJKHOBEHHs» MOJIEKYJ, MO-

HHMasi [IOJl STHM [POLECC H3MEHEHHs JBHIKEHHs KaXJIOH W3 MOJIEKYJ,

NPOHCXOAAMHA 332 TO BpeMsi, KOTOPOEe OJHA H3 MOJIEKYJ IPOBOXHT

B cdepe AeficTBus BTOpoi. Mbl MOMEM B CHJIYy HEPaBEHCTBA T > T,

CYMTaTb NPOLECC CTONKHOBEHHS] MTHOBEHHBIM. TaK KaK CKOPOCTH MoJie-

KyJ/1 KOHEUHbI, TO H3MeHeHHe KOOPJHHAT MOJEKYJ 3@ BPeMsi CTOJIKHOBe-

HHSL Ax; = U;Ty MOXKET CUMTATbCsl PaBHBIM HYJIIO, HO H3MEHEHHE NPOeK-

MM CKOPOCTH WJIH HMIYJbca MoJeKya Av; = wity 1 Ap; = Fyt, uMeer

KOHEYHOe 3HaueHHe (Mbl

JIOJIKHBI CYHTATh, Y4TO NPH

To— 0 ycKopeHHe w; H

CHJIa B3aHMOJIefiCTBHSI MO-

nexyn F; HeorpaHHYeHHO

BO3DPACTAIOT, TaK 4TO NpO-

5) usBelleHuss w;T, H Fi1y

a) CTpEMATCH K KOHEUHOMY

Puc. 79. npegeny). Takum oGpa-

30M, B 3TOM NpHOJHKe-

HHH CTOJIKHOBEHHE CONpPOBOXJAETCS JIHIIb CKauKoOOpa3HbIM H3MeHe-

HHEM HMMOyJbca ofeHX MoJieKyJ. XapaKkTep JBHXEHHS B pacCMarpH-

BaEMOM NpPHONUKEHHH MOXKeT ObITh HJJIOCTPHpPOBaH puc. 79, a. B Mo-

MeHT CTOJIKHOBeHHIi (hasoBasi H3oGpakaioulasi TOYKA MOJEKYJbl B

W-TIPOCTPAHCTBE CKAYKOM MEPEXOJHUT W3 OJHOTO MOJIOKEHHS B JPYyroe

(6naropapsi cKauKoOGPasHOMY H3MEHEHHIO MMINYJIbCa), H B CHJ1y 3TOTO

ypaBHeHHe HeNpephbiBHOCTH M1t QYHKUMH pacnpeiesieHHst B -IPOCT-

paHCTBe B INPHHSITOM MNPHOIMIKEHHH He CIPaBe/VIHBO. DTO 3HAUMT,

4TO B W-NIPOCTPAHCTBE CYLIECTBYIOT HCTOYHHKH M CTOKH QYHKIMH pac-

Ipejie/ieHHsi, MOLIHOCTb KOTOPBIX OMNpEJe/feTCsl CTOJKHOBEHHSIMH Me-

K1y Mosiekynamu. OnucaHHoe Bbiue NpHO/IHMKeHHe GyleT noapoGHO
paccMorpeHo B §§ 67—68.

B nmpoTHBONOMOMKHOM NpeJiesibHOM ciyudae A <J 7o, T << To Xapakrep
JIBHXKEHHST HJIIOCTpHpYeT pHc. 79, 6. OueBHAHO, B 3TOM cC/ayyae —
cJyyae MJOTHBIX rasoB (n << 1/r§) — NOHsITHe CTOJKHOBEHHs, BooGlie,
TepsIeT CMBIC/, TaK KaK MOJIEKYJ/1a Bce BpeMsl HAXOAUTCS BHYTPH Chepol
JIEACTBHSI COCEHHX MOJIEKYJ. DTOT NpeleJbHuIH cayyadi W Gyner pac-
CMOTPeH B 3TOM H B cJejyloleM naparpage.

BBHAy TOro, YTO Kak[asi 4acTHLA OJHOBPEMEHHO B3aHMOJEHCTBYeT
C oueHb GOJILIIMM YHCJIOM COCellefl, BJHSHHE ee Ha pacmpe/ieJieHHe
OCTaJIbHBIX YACTHI, KpaiHe He3HAaYHTeNbHO. TeM CaMbIM HaXOXKIEeHHE
QYHKUMH pacnpeieieHHsl YacTHI, CHCTEMbI CBOAMTCS K 3ajiaue O JBHKe-
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HHH OJHOH YaCTHIIBI B 10Je, CO3JaHHOM OCTAJbHBIMH YacTHuaMH. Bia-
rofiapsi IBHKEHHIO YaCTHI( 3TO Tosie GAYKTYHPYeT U ABHIKeHHe BhIGpaH-
HOM YaCTHUB! SIBASIETCS CTOXACTHUECKHM (BEPOSITHOCTHBIM). Iyl TaKuX
cyyaliHbIX TPOLECCOB MOXKHO BBECTH MOHSTHE BEPOSITHOCTH Mepexoja
YaCTHIB! U3 TOUKH X B HHTepBas dy BOJIHM3H TOUKH y 3a BpeMsi T. CuM-
BOJIaMH ¥ H y Mbl 0GO3HayaeM TOYKH, CHMBOJIOM dy — 3JleMeHT o6bema
p-npocrpanctBa. OGo3Hauast yepes W (y, x |7, {) NMIOTHOCTb BeposiT-
HOCTH Nepexofia 3 TOYKH X B TOUKY y 3a BPeMs T, A/ BEPOSTHOCTH
riepexofa MoJy4nuM

dw=W(y, x|, t)dy, (64.4)

rie ¢ ecTb BpeMms BbIXoJa M3o0paxaloulefi TOYKH H3 X.

3amernM, uto ¢opmyaa (64.4) yxe 3ak/ioyaeT B cebe HEKOTOPYIO
rHIoTe3y o Xofe mpouecca. JleJo B ToM, 4To B ouieM cJydae BeposiT-
HOCTb TIEPeX0fa H3 X B Yy MOXET 3aBHCETb He TOJNbKO OT apryMeHTOB,
yKa3aHHbIX B (64.4), HO H OT NpeLLIECTBYIO-
el HCTOPHH YacTHIb! (OT KOOPJHHAT H HM-
MyJIbCOB B MOMEHTbI BpEMEHH, IPe/LIeCTBYIO- 'z
wye f). Ecam kKoppeasus cymecTsyer
TONBKO MEXKAY ABYMS MOCJENOBATENbHBIMH [ ~=-~== y
COGBITHSIMH, TO TAKHE IPOLECCh Ha3bIBAIOT-
cs1 uensimi Mapkosa. JpyrumHu cJjoBamy,
B MapKOBCKHX [pOlleCcax BepOSITHOCTD Ile- z
pexoja M3 OfHOH TOYKH B APYryio He 3aBH- [~~
CHT OT MPeALICTOPHH mpouecca (YacTHua
He o6siajiaeT «naMsThio»). MapKkoBcKasi Mo-
ZeJIb C OYeHb XOpOIleH CTeneHblo TOYHOCTH
ONHCHIBaeT KHHETHYECKHe MPOLEcCh B rase
¢ GOJIBIIOH MIOTHOCTbIO.

PaccMOTpHM  TOCJIeIOBATe/ILHEIH nepe-
XOJL YaCTHIB H3 X B y 4yepes TOUKY 2 3a
BpeMsi f +- T, rZie ¢ ecTb BpeMs mepexoja M3 X B Z, a T — BpeMs nepe-
X0Ja M3 Z B Y.

TTocKOJIbKY MPOLECCH! Mepexoja M3 X B Z H U3 Z B i He3aBHUCHMBbI,
TO VISl BEPOSITHOCTH Nepexoja H3 x B HHTepBaJ dy uepe3 onpelleleHHYIo
(C TOYHOCTBIO J0 d2) MPOMEXKYTOUHYIO TOUKY MOJYYHAM BhIparXKeHHE

1
1
1
i
1
i

S

bt
o+t tyrtrT

Puc. 80.

W (y, z|7, ta+8) W (2, x|t, t;) dzdy.

Jast Toro yro6bl Ha#ith W (y, x| f 4 T, ¢)), HOCTATOUHO MPOHHTE-
IPHpOBaTh 3TO MpOM3BeJeHHE MO BCEM MOJIOXKEHHSIM IPOMeXYTOUHO#H
ToukH z. Kak BuaHO u3 puc. 80, MbI mepeGHpaeM MPH 3TOM (TIpH JIIOGOM
BhIGOpe NPOMEXYTOYHOTO BpeMeHH f, -+ f) Bce (a3oBbie TPAEKTOPHH,
BBIXO/SILIHE H3 TOUKH X B MOMEHT BPEMEHH £, H NMPHXOJAIIHE B TOUKY Y
B MOMEHT BpeMeHH (4 + f+ ©). Hua ¢ynkmuu W wmbl moJyyaem

11+
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HeJIHHefHoe HHTErpajbHOe ypaBHEHHE

Wy, 2|1+, 1) =§deW (y, 2|7, to+1) W (2, 211, 1), (64.5)

KOTOpOe HasbiBaeTcsi ypasHeruem CMONYX08CKO20.

Crienyer nogyepKHyTb, YTO MPH BHIBOJAE 3TOrO YPAaBHEHHs! Mbl MOJIb-
30BaJIHCh JIHIIb OTpefie/IeHHeM BEPOSITHOCTH NepPexoAa /st MapKOBCKOTo
npolecca H TeopeMaMH YMHOMKEHHsI H CJIOXKeHHs! BeposiTHocTell. B cBsisu
¢ 5THM ypaBHeHHe CMOJYXOBCKOrO MMeeT BecbMa OGILUMI XapakTep M
06/1aCTh €r0 MPHMEHHMOCTH BeChbMa LIMPOKa.

Beenem Temepb BaKHBIH (U3HYECKHH 3aKOH, Ha3bIBAEMBIH npunyu-
nom 0emaabroeo pasHosecusi. 3aKOHBI, OMNpEJessiolie H3MEHeHHe
MHKPOCOCTOSIHHH CHCTEMBl BO BPEMeHH, 3TO — JIHGO 3aKOHBl KJACCH-
YecKOH MeXaHHKH, JHOO 3aKOHE KBaHTOBOH MeXaHHKH. B cuayuae
3aMKHYTOH CHCTeMbl H Te€ H ApyrHe 3aKOHBI CHMMETPHUYHHI MO OTHOLUE-
HHIO K U3MEHEHHIO 3HaKa BpeMeHH — 3aMeHe { Ha —f. B Kaaccuue-
CKOH MeXaHHKe 3TO CJIelyeT H3 TOrO, YTO OCHOBHOE €€ ypaBHeHHe

d*r,
mi g = Fi

BTOPOTO MOPSiAKa MO OTHOLIEHHIO KO BpeMeHH. IlosToMy npu samene
{ Ha —{ JleBast 4acTh 3TOTO ypaBHEHHs MHBapHaHTHA, a MpaBasi YacTb,
Boofllle, He COAEPXKHT ! sBHO. B KBaHTOBOH MexaHHKe GeCCHHOBHIX
YacTHIL 5TO CJIEJlyeT U3 TOrO, YTO 3aMeHa ! Ha —{ MpeBpallaeT ypaBHe-
Hue lllpenunrepa nu1s BoHOBOH GQYHKUMH ¢ (¢;, ) CHCTEMB

L0 p
i 5y =Hb
B ypaBHEHHE JJIsi KOMIUIEKCHO CONpSKEHHOH (yHKUHH
L OPt s
— b=y =H}

(W15 CHCTEMB! YaCTHL, He MMEIONIMX CMIMHA, raMHabToHMaH H Bemect-
BeH). Ho KoMIIeKCHO comnpsikeHHasi BoJHOBast QYHKuMst $* (qi, ?)
OMNHCHIBAET TO JK€ CaMoe COCTOsiHHMe, 4TO M (gi,f), HO C H3MEHEHHBIM
3HAKOM BEKTOpa IJIOTHOCTH TOKa BepOSiTHOCTH j. C Apyro# cTOpOHHI,
npH 3aMeHe ¢ Ha —! HayaJbHOE M KOHEYHOE COCTOSIHHSI CHCTEMBI Me-
HsiloTCst MecTaMH. [105TOMy BepOSITHOCTB NpSIMOrO H OGPATHOro mepe-
Xxola X—>Yy M y—>X JOMKHB OHTb OAWHAKOBHIMH H (YHKUHs
w (y, x | 7, {) nonKHa GHITh CHMMETPHYHO# 10 NePBOii Mape apTyMeHTOB:

w(y, x|7, )=w(x, y|v, 0)- (64.6)

10 yTBEpKJEHHEe W Ha3bIBAETCS! NMPHHLMIIOM JETAJILHOTO PaBHOBECHS.
DTOT NPHHIMKN B TaKo# (opMe CrpaBef/IUB A/l 3aMKHYTOH CHCTEMEI
yacTHIL 6e3 CIMHa, MpUYeM H B TOM CJIydae, €C/IM CHCTeMa HaXORHMTCS
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B HE 3aBHCSILEM OT BPeMEeHH BHeIIHeM Ioje (BCe INpeLecTBYoUiHe
paccyeHHs OCTAIOTCsl CIIpaBeMJHBLIMH H B 3TOM ciyuae). B cayuae
CHCTEMBI YaCTHIU, WMEIOUHMX CIHHOBbIE MOMEHTH, COOTHOmeHHe (64.6)
yXKe He sABJIAETCS CIPaBelIHBEIM. MoXHO, OJHAaKO, NOKasaTh (cM.,
Hanpumep, [12, 13]), uTo B 3TOM C/yuae NPHHUMI [€TaJbHOTO PaBHO-
BeCHsl CIIpaBefJIUB /151 BEPOSITHOCTEH, YCpPeJIHeHHBIX 1O CIIMHAM HayaJib-
HOTO H KOHEYHOTO COCTOSTHHH.

3aMeTuM, HaKORell, YTO Ha3BaHHeE KIPHHIHII JeTaJbHOTO PaBHOBECHSI»
CBS13aHO C TeM, 4TO paBeHCTBO (64.6) cnpaBeanHBO M5 MOGHIX ABYX nap
TOYEK Y, X H JHHAMHYeCKOe PABHOBECHE YHCe/1 3aTI0HEHHSA NOANEePKUBA-
eTcsl IepeXoJaMH H3 X B y H H3 y B X HENOCPEICTBEHHO (IO cxeMe X 2 ¥),
a He TMOCPEACTBOM IIPOMEXYTOUHBIX COCTOSIHME 2 (HE IO CXeMe X <> 2).

Y
§ 65. Ypasuenue QPokkepa — Ilnanka. BpoyHoBckoe ABHMeHHe

TonyueHHoe B NpenbiAymieM naparpade HHTErpajibHOe ypaBHeHHe
CmonyxoBckoro (64.5) MoxHo npeo6pa3oBaTbh B JHHelHoe Hddepen-
HManbHOe ypaBHeHHe. Mbl GyleM c/eloBaTb METONY, MpPeNNOXKeHHOMY
TTOHTPATHHBIM.

3anuweM ypaBHen#e (64.5) B BuIE

W, x|t+T, 0)=SW(y, zlt, )W (z, x|t, 0)dz, (65.1)

nonokuB ¢, = 0.

BBesieM GYHKIHIO g (X), HHTETPHPYEMYIO B [-TIPOCTPAHCTBE H YHOB-
NIETBOPSIOLLYI0 TPaHHYHBLIM YCJOBHSM: (GYHKUHSA g (x) M BCe ee IpOH3-
BOJHBIE JIOOOTO MOPsifKa OOPAINAIOTCs B HyJ/b NPH | X | — oo:

9, 02,
g(x) >0, ax%-»o, afé—x,,"o' (65.2)
npH | x| — oo.

YuMHOXUM ypaBHerue (65.1) Ha g (y) dy ¥ NPOMHTErpUPYyeM 1O BCem

3HAYEHHAM Y

SW(, x|t+7, 0 g @) dy=
=W, 2|7, H W (2 x|¢, 0) g (y) dy dz. (65.3)
Pa3foxuM B NpaBoil 4acTH 3TOrO ypaBHeHHs g (y) B pan Tefnopa no
creneusaM (y; — z;)
1 0%
£0)=g@+ % =20+ 5 s Gi—2) G — )+ -

(10 TOBTOPSIOWHMMCS WHAEKCaM TIOpasyMeBaeTcs CYMMHpPOBaHHe
or 1 jo 6). TloacraBus 310 pasioxende B npasyw yactb (65.3),
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TOMY4HM
(W (y, x|t+7, 0)g(y)dy=
=({g@+ Ew—2)+5 ks Gi—2) =2+ .|
X Wy, z|t,t) W(z x| t,0)dydz. (65.4)

HuTerpupys nepsbifi WieH B MPaBoil YaCTH 10 y U YYUTHIBAs YCJIOBHe
HOPMHPOBKH SW (y, x |7, t)dy =1, Mbl MOXeM nepemucarth (65.4)
B BHJE

, 0)— , x|t
Sg(y)W(y,x}t-i-‘r )—W (y x|t0)dy_

- Sam(z LW (@ x|t 0)dz—

—?Sbgf)(z, t)az LW (2 x|t, 0)dz—...=0,  (65.5)
rje BBeleHbl 06O3HAYCHHS
a0 @ =5 \ Gi=2)W @, 217, O dy, (65.6)

b (2, l)=% S Wi—2) Wr—2) W (y, 2|7, t)dy,  (65.7)

lectumepHbIH BEKTOP a® ecTh cpemHAs CKOPOCTb H30Gparatomelt
TOYKH B p-IPOCTPAHCTBE 3a BPeMs T B TOUKE Z U B MOMEHT BPeMeHH {.
[ectumepHblil TeH30p b npeAcTaB/seT co6o# GYHKUHIO KOPPEJsILUH
MeXAy i-H M k-l TPOEKUHSMH CMeHleHHs H300paxkarolmlell TOYKH 3a
BpeMsi T, OTHECEHHYIO K €JIMHHLE BpPeMeHH, a WIMyp 3TOro TeH3opa
(cyMMa JMaroHasIbHBIX 3JEMEHTOB) JaeT CPEIHMH KBalpaT CMeUleHHs
n3obpazaloiell TOYKH 32 BpeMsi T, OTHECEHHBIH K €IMHHLE BpPeMeHU

b§f’=% S (yi—2)*W (y, 2|7, §) dy. (65.8)

OueBUIHO, caelyomye Ko3(hHUHMEHTE pas3noxkenus (65.5) mpexcras-
AT co6Ol KOppeJALMH M CPelHHEe CTeNeHH CMelleHHdA H300pakaio-
e TOYKH Gosiee BHICOKOTO mopsiaxa. Mul Gyjem B Ja/ibHelIIeM CunTaTh,
YTO /I MaJIbiX 3HAYeHWH T I[OCJ/eNyIOlUe YseHbl pasjoxenHs (65.5)
MaJibl TI0 CPaBHEHMIO C NMePBBIMH IBYMs, U GyleM uX ot6pachiBaTh (15
MasIblX T BEPOSITHOCTb GOJIBLUINX IepeMeieHuil (y; — z;) Maja, U ueM
BLILLIE CTENEHD 71, B KOTOPOH BXOJUT PA3HOCTb (Y; — 2;) B IOAbIHTEIPAJIb-
HOIt QYHKIMH, TeM MeHbllle COOTBETCTBYIOUINH KOppPenATHBHLIH Kosdpu-
[HMEHT).
Tlepefigem Tenepsb B (65.5) k mpegeay T — 0 u 0603HauUM

a(zt) ='an3 a® (z, 1), b, [)=£i-l.111) b (2, 8).
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Bropoe 1 TpeTbe c/iaraeMoe IpeoGpasyeM NPH 3TOM CJAEAYIOLUM 06-
pasoM:

Sa,(z HW (@, x|t, 0) ag dz= S{b%[a,»(z, HW (2 x|, 0)g (@) —
) ﬁ[W (@ xit, Oailz, )}z, (65.9)
1

3\ bule OW @ (8, 0578 dz =
1

=5 V{oa[bute W G 51,00 B ]~
~ o | 8@y bule, W @ x1t, 0)|+
+2(2) 5 i (2, OV (2, 11, 0)]) de. (65.10)

IlepBoe coaraemoe B mpaBoii yacTH (65.9) M mepBble ABa Cjaaraemblx
B (65.10) mMoryT 6biTh mpeo6pa3oBaHE C NMOMOMIbIO Teopembl [aycca
B HHTErpaJ no 6eCKOHEYHO yJaJeHHOiH IPaHHYHON ITOBEPXHOCTH; TOTa
OHM HCYE3HYT BCJIEJCTBHE TPaHHMYHBIX ycJjoBHH (65.2). IlepeoGosnauast
B OCTABIIMXCS CJIaraeMblX IIeDEMEHHYIO HHTETpHPOBAHHs uepe3 y,
noayuuM H3 (65.5)

Sg(y){M’;“ﬂJr;,j—[W(y,xit 0)a (v, 5] —
— 5 apay W W X116 0)bu (v, O]} dy=0,  (85.11)

OTKY/Ja BBUIY NPOU3BOJBLHOCTH QYHKUHH g (y) NIPH JIIOOLIX KOHEUHBIX Y
HMeeM ypaBHeHHe

e [\V y,xz 0)ai (5, ] —

ZOy,ay, W (y, x|, 0)bix (3, )] =0.  (65.12)

Vpapuenne (65.12) wnasviBaercst ypasweruem Poxkepa — Ilaarka
HJTY MOHOMOCKYAAPHbLM KUHemuseckum ypasreruen. TlocaesHee HauMe-
HOBaHHEe OTpaxkaeT TOT (aKT, UTO 3a7auy O KOJJIEKTHBHOM ABH:KEHHH
YaCTHIL CHCTEMbl Mbl CBEJH K 3ajiaue O GJYKAaHHH OHOM YacTHLLI NPH
YCPEIHEHHOM PaCOJIOKEHHH OCTAJIBHBIX YaCTHIL.

Boisicum,  Kak  CBS3aHAa IIOTHOCTb  BEPOSITHOCTH  Iepexoja
W (y, x | 7, t) ¢ dyukuueit pacnpenenenusi [ (r, p, {) = [ (x, f). [Tycrs
npu ¢ = 0 yHKUMSE pacnpelesieHnss B TOUKE X [-POCTPAHCTBA PaBHA
f (x, 0). Uncao wactuu, yurenmux H3 o6beMa dy 3a Bpems f, paBHO

deW(z, x|t, 0)f(x, 0)dz,
a YHCJIO YACTHIL, NPHILEAHX 33 TO XK€ BpeMsi B 00beM dx, PaBHO
dx\W(x, z|t, 0)f (z, 0)da.
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Jins usMeHeHHs yMC/Ia YaCTHIL B OGbeMe dx 32 BpeMsi { UMeeM
[Fx, )= f(x, 0)dx=
=dx{[W (x, 2]t, 0] (z, 0~ W (2 x|t, 0) (x, 0)] dz.

Coxpamas Ha dx H yYHTHIBas YCJOBHE HOPMHPOBKH S Wiz, x|t,0)dz =
= 1, nosyyaem
f(x, t)=SW(x, z|¢t, 0)f(z, 0)dz. (65.13)

YpasHenne (65.13) nokasbiBaer, uto ymHOxenWe Ha W (x, z|f, 0)
M MHTETPHPOBAHIIE [0 Z SKBUBAJEHTHO OJ(HOBPEMEHHOMY CABHTY B [-TPO-
CTPaNcTBe Ha BEKTOP (X — z) M BO BPEMEHH Ha OTPE3OK f.

YMHuoxKast ypaBHenue (65.12) Ha f (x, 0) ¥ HHTerpHpys IO X, moJy-
uuM ypasuenHe Pokkepa — [l1aHka JAas GYHKUHH pacrpejene-
uus f (y, t)'
PD 4 21t Haty, 1) — [/ 4, 8)bu (g, D] =0: (65.14)

T Y, iY, 2 6y 6yk Y, ir \Y» =0 .

Mnl MokeM nepemucaTh ypaBHeHHe (65.14) B ¢opMe ypaBHeHHs
HEMpepbIBHOCTH B [4-MPOCTPAHCTBE

L+dizo, (65.15)
rje erCTHMePHbIﬁ BEKTOP MJIOTHOCTH TOKa paBeH
ji=aiy, )f (y, )~ bix (y, ) (9, 7). (65.16)

Takas 3anuch ypaBHeHHS <I>0KKepa — HJlaHKa OTKpBIBaeT NyTh K HEKO-
TOpBIM 0600LeHHsAM. ByneM cumBosaMu X, y, ... 0603HaYaTh He TOUKH
W-TIPOCTPAHCTBA, a TOYKH TPeXMepPHOro MpocTpaHcTBa. PaccyxzieHus,
npuBejliine Hac K ypaBHeHHio ®Pokkepa — IlnaHKa, cOXpaHSIOT cHay
M B 5TOM CJ1yyae, H Mbl IIOJy4HM ypaBHeHHe (65.15) ¢ NIOTHOCTBIO TOKa
(65.16), HO B TpexMepHOM IIpocTpaHCTBe. BeKTop a; npeicTaBiser
co6oil B 5TOM cayyae oObIYHYIO CKOPOCTD YaCTHILbI, @ TEH30P by, — QyHK-
0 KOPPEJSIHH MeXAY CMELEHUSIMH YacTHLbl B HAMPABJEHUSAX KOOp-
JHHATHBIX oceil.

PaccMoTpuM a3 B OTCYTCTBHe BHelllHero nossi. B sTom cayuae,
BCJIEICTBHE OXHOPOAHOCTH MPOCTPAHCTBA H BPEMEHH, MJIOTHOCTb BEpOSIT-
HOCTH Tepexojia MOXKeT 3aBHCEThb TOJIBKO OT PACCTOSIHHS MEXKIY TOUKaMH
U He JOJKHA 3aBHCETb OT BPEMEHH:

Wy, x|, =W (y—x|, 7).
Hneem nosrromy st ai (Y, B), bu (y, 0
(Y, t)= lllTl SW(iy x|, 'r)(y,-—x,)dx-
= lim | S W(z), 1)zdz=0  (65.17)
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B CHJIy HEYETHOCTH MOABIHTErpajbHOM (QYHKUHH H
b (y, )= ltin‘:) S W ((y—x|, 7) (i —x:) (g — %) dx = Sy,
rae
b=lim S W (2|, ©) 2 dz=const. (65.18)

VYpaBHenne ®oxkepa — ITinanka nannmaeT TOrZa BHJ,

T oV (65.19)

H C TOYHOCTBIO 10 0GO3HAYEHHH COBNAjaeT C ypaBHeHUeM AUGQY3HH

I =Dy (65.20)

Orciona umeeM cooTHouleHHe DiiHmTeliHa MexAy Koa(dHuLHeHTOM b
u koadduuuentom auddysun D:

b=2D. (65.21)

ByneM Temepb mOHHMaTh IOA X KOODIHMHATHl He MOJIEKYJ/bl rasa,
a GPOYHOBCKOM YaCTHIIBI, B3BeLIEHHON B rase HJIH XHIKOCTH (HETPYAHO
TIOHSATH, 4TO ypaBHeHHe Pokkepa — [1naHKa onHChbIBaeT MPHOJIHAKEHHO
6/1yKIaHHe YaCTHILl H B 9TOM cjydae). Toraa, moap3ysich ¢opmyJioi
(65.8) nast kKosddunmenta b (HamHCaHHOM AMsI TPEXMEPHOTO cJydas),
TMOJIyYHM BbIpakeHHe

Ax* =br=2Dr, (65.22)

COTJIACHO KOTOPOMY CPelHHIH KBajpaT cMellleHHs! GPOYHOBCKOH 4acTHIlb!
MIPONOPIHOHA/NEH BPEMEHH.

B ciyuae eci 6pOYHOBCKHE YacCTHLbI HAXOAATCS BO BHEIIHEM IOJIe,
TO TepBOe cjaraeMoe B BbIpaxeHHH ToKa (65.16) TakiKe OTJIHYHO OT
Hyns. IlpeHe6perast 3aBHCHMOCTbIO KoaddHilHeHTa b OT KOOPAHHAT, YTO
CTPOro CHpaBefIHBO AJsi OJHOPOAHBIX MoJefl H MPHOMHKEHHO chpa-
BEVIHBO JJIs1 HEONHOPOAHBIX TOJell Ha HEGOJILIINX OTPEe3Kax, MOJYHHM
JJISL TOKa | BbIpayKeHHe

=af — 4 bVf. (65.23)
B paBHOBECHOM COCTOSTHHH pacipefle/ieHHe 4YacTHL omuchbiBaetca Gop-

myJqolt Bosnbumana
F=F o~ U,y A/RT
=10 ’

a TOK j paBeH HYJIO, H, C/Ie0BaTeJbHO, Mbl HMeeM

1BV Uy 2) bF Uy, 2)
X, 4, il i _LrrE
j="h (a+ .__M) T — fo(a — W)e &
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a=2r _PF_4F, (65.24)

rie ¢ = D/kT — noJABHXKHOCTD.

Mbt nontyunay 3axon Cmokca Anisi COPOTHBJIEHHS! BSSKOH XHAKOCTH
ABHXKEHHIO YACTHUbI, COTJIACHO KOTOPOMY CHJA CONPOTHBJEHHS IIpoO-
NOPUHOHANbHA TePBOH CTelleHH CKOpocTH. JIas wacTHI cepHueckoi
GopMel HMeeM (cM., HampuMep, [14])

1
9= G (65.25)

e 1) — KO3(h(HIHEHT BA3KOCTH H r — pajnyc yacTHusl. PopMyna s
CpeJIHero KBajpaTa CMelleHHsl NIPHHHMAeT Terepb BHI

kT
2 R .
Ax Ty (65.26)
Sra ¢opMyna jana B CBOe BPEMsi OJHY M3 IEPBbIX BO3MOXHOCTeH H3Me-
peHHsl IOCTOsIHHOM & 1 uKcsia ABorapo N = R/k ¥ noaTBepania peasb-
HOCTb CYLIECTBOBAHHSI aTOMOB.

§ 66. YpaBHeHHe KHHeTHueCKoro GanaHca.
Buion opmyanl aanka no JiiHwTelny

Bepuemcs k ypaBnenHio (65.13), csisbiBatoweMy ¢yHKIHIO f (x, f)
¢ BeposITHOCTBIO mepexosa W (y, x | T, f).

Pa3oxuM IJIOTHOCTb BepPOATHOCTH nepexora W (y, x|<t, #) npnu
Masibix T no cremensiM T. OrpaHHYHBasick ABYMsi NEPBBIMH YJieHaMH
PasyIoKeHHs!, [OMydYaeM

Wy, x v, )=D(y, x, t)+1P (y, x, t). (66.1)

P (y, x, f) ecTb BePOSITHOCTb Nepexojla H3 TOYKH X B TOYKY y B MOMEHT
BpeMeHH { 3a eInHHLY BpeMeHH, a @ (y, X, f) eCTb BEPOSTHOCTb «MTHO-
BEHHOTO» Iepexoja H3 X B y.

Tak Kak 3a HyJeBofl IPOMEXYTOK BPEMEHH YacTHIA He MOXeT
NOKHMHYTb TOYKY X, 4IeH HYJeBOH CTEeNeHH IO T MOXeT ObITb 3alHCaH

B BHIE
Dy, x, )=A(y, 1)d(y—x), (66.2)
rie A (y, f) onpenessieTcs U3 yCJOBHS HOPMHDOBKH:
(W, x|%, Hdy=1. (66.3)

ToxcraBasis crona

Wy xit, )=A(, )8(y—x)+7P(y, x 1),
HAXOAHM
A, )=1—1{P(y, x, 1) dy. (66.4)
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Hcnonb3ys (66.4) Aast MIOTHOCTH BEPOSITHOCTH NeEPeXoia, OKOHYa-
TENBHO MOJYYHM

Wy, x|, )y={1—1§P(z, y, 1) d2} 6 (y —x)+-7P (4, x, 1). (66.5)
3anHiueM nmosyyeHHOe paHee cooTHoueHHe (65.13) B Bune

fo, t4+0=5W (4, x|7, O (x, ) dx.
IMoxncrasasisi ciona (66.5) u nepexonst K mpeeny npu t— 0, noayuum
nocsie MPOCTHIX BHIK/MANOK CJelylolee ypaBHEHHe:

LoD — (1P, 2 0f (e =Pz % 0 (x, O] dz. (66.6)

JleBass yacTb MOJIyYeHHOro BbIPaXeHHs! JaeT H3MeHeHHe MJIOTHOCTH
YHC/Ia YACTHI B TOYKE X B MOMEHT BpeMeHH f 3a eIJMHHILY BPeMeHH. D10
H3MeHeHHe 06yC/IOB/IEHO PHXOOM YaCTHI( B TOYKY X H3 BCEX OCTaNbHBIX
TOueK 2z (mepBoe cJiaraemMoe npaBoil YaCTH) H YXOJIOM YacTHIL H3 TOYKH X
(Topoe cnaraemoe). ITosTomy ypaBHeHHe (66.6) HocHT HasBaHHe ypaB-
HEHHsl KHHeTHYeckoro GajaHca. Msl MoxeM mepefiTH B ypaBHEHHH
KHHETHYeCKOTo 6a/laHCa OT KJ1aCCHYeCKOTO ONTHCAHHSI COCTOSIHHIL B U-TIPO-
CTPaHCTBE K KBAaHTOBOMEXAHHYECKHM AHCKDETHBIM COCTOSIHHSIM. B 3TOM
ciyyae Mbl JIO/KHB GyleM 3aMeHHTb (yHKILHMIO pacnpenenenus f (x, f)
YHCJIOM YacTHIL B i-M cocTosiHuH N; (f), a BeposTHocTb P (, 2, f) nepe-
X0Jla 3a eIMHHIly BPeMeHH H3 TOYKH 2 B TOYKY X BeposiTHOCTSIMH W (£)
nepexona M3 k-ro coctosiHMsl B i-e. Toraa ypaBHenue (66.6) mpumer
BHIL
aN' 2 (WirNp—WylNi). (66.7)
kFi
Ecnu cucrema sBasieTcss 3aMKHYTOH, TO HMEET MECTO MPHHIHI
JIeTa/NbHOTO PaBHOBeCHs!, KOTOPHIil IJIsl BepOSTHOCTeH mepexona, OTHe-
CEeHHBIX K €JIMHHIle BPeMeHH, 3aNHIIeTCsl B BHIE

P(x, 4, )=P(y, x, 1) (66.8)
Wi (1) =W (0). (66.9)

(Kak MBI yxKe ynoMHHaMH, JJIsl YacTHIL CO CHHOM mox P (x, y, f) wiu
Wi (f) caelyeT NOHHMAaTb BEPOSITHOCTH, YCPeIHEHHBle M0 CIHHAM
Haya/JbHOTO M KOHEYHOTO COCTOsIHMi.) Toraa Aas 3aMKHYTOH CHCTeMb
ypaBHeHus (66.7) GynyT HMeTh BHI

Bt = 3 Wi () Vo= V). (66.10)

kD
3ameTHM, YTo B O6ILIEM cJyyae BePOSITHOCTH mepexofa P (x, z, f) uau
Wi (f) siBAsIOTCS QYHKUHAMH YHces 3anoJHenus f (x, f) uau N; (f).
TlosToMy BHeuHsisl npocTora ypaBHeHHil (66.6), (66.7), (66.9) siBasiercs
Kaxymefics H 3TH ypaBHeHHs MNPEeICTaBJsIOT cofofi B oOwWeM cayyae

W
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HeJIHHelHble HHTerpo-andipepeHIHaibHbe ypaBHEHHs, NPHG/IAKEHHOe
pellieHHe KOTOPBIX BO3MOXKHO JIHIIL B NPOCTEAMMX caydasix npH Gosee
HJIM MeHee Ja/eKO HAYLIHX NpPeNNOJOKEeHHSX.

PaccMoTpuM B KayecTBe NPOCTOTO HJLTIOCTPHPYIOUIErO NpHMEpa
HIeaNbHbl# ra3, COCTOSIMA H3 aTOMOB, HMEIOUIHX BCErO JBa HEBBIPOXK-
JIEHHBIX YPOBHSI SHEPTHH € H €;, H NMYCTb OH HAaXOAHTCH B KOHTaKTe
C TepMOCTAaTOM, BO3JIeHCTBHE KOTOPOTO Ha ra3 HHAYUHDYeT Iepexojbl
aTOMOB M3 OJIHOTO COCTOSIHHS B jApyroe. ByneM cuuTaTbh, 4TO BepoOsAT-
HOCTH IIEPEX0Jia Wy, H Wy, HE 3aBUCAT OT YHCEJ 3aNOJNHEHHs (BC/IEICTBHE
TOTO, YTO NePexoJibl BLI3LIBAIOTCS HE CTONKHOBEHHSIMH aTOMOB, a BHeIl-
HHM BO3JIefiCTBHEM) H He 3aBHCAT OT BpeMeHH. 3aMeTHM, YTO MOCKOJbKY
ras npeicTasJseT co00# He3aMKHYTYIO CHCTeMY, TO IPHHIKI AeTalbHOTO
PaBHOBECHSI HECIPABEMJIHB H Wiy F= Wyy.

YpaBHeHusi KHHETHYeCKOro GajaHca HMEIOT BHJ

dN

7 = WpN,—wulN,, (66.11)
dNy
T, = Wy N; — w,N,.

Hwem pemenue cucremst B BHie N; = Ciee™, torna
(@ +w,) C; —w,C, =0,
— wyCy 4 (a+wp) C,=0.

VcnoBHEM CYIIECTBOBaHHS HETPHBHAJbHOTO (HEHYJEBOrO) pelleHHs
STOH CHCTEMBI ABJISETCS PABEHCTBO HYJIO ONPEAETHTENS

afa 4 wy +w,] =0,
OTKyJa HMeeM JBa KODHS
a; =0, oy=—w,—W,y. (66.12)

(66.11a)

IlepBoe pemenHe JaeT paBHOBECHOE COCTOSIHHE
Wor
=C;, N'=C,=C,*= v
npHueM, B cHly ycaosHsi Ny + N, = N = const, nmeem
Nw, Nw,
Nm 12 N = 1 .
wptwy' 7T wpten
Bropoe pemieHHe JaeT 5KCNOHEHIHAJbHO CHAjalolMe OTKJIOHEHHS OT
CTaUHOHAPHOTO COCTOSIHHS:

Pp= o pe—@ntww t

H, C/lefoBaTe/bHO, Ofllee pelleHHe OIHCHBAET peJaKCalHOHHBIH mpo-
11eCC NPHOJHKEHHS! K CTALHOHAPHOMY DEXHMY

t z
No=-Mo 477 Ny Nem % (66.13)

Wi twy Wyo+ Wy
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TZi€ 1L OTIPEeAETCs HAYaTbHEIMH YCAOBHAMH (n= N; — N{D = N{D—N,
npu ¢ = 0), a BpeMsl peslakCallHH PaBHO T = 1/(w;, + w,,). 3ameTum,
YTO JJIsl OTHOUIEHHS W)o/Wy; Mbl HMEEM Wyo/Wy = N(V/ND.

Ecnu ras He BHIPOXJEH, TO, MOJB3YsiChb pacnpeieneHHeM Makc-
Bessla — BosibliMaHa, HaXoAuM

12 _ pea—e) /KT,

Wy

Ecn e; << e, 1 (8, — &)/kT > 1, T0 wyy L wyp ¥ T = 1/wy,.

PaccMOTpHM Tenephb GoJlee CJIOKHBI C1yyail CHCTEMbl aTOMOB, HaXo-
JAIKXCS B DAaBHCBECHH C 3JEKTPOMAaCHHTHBIM H3JyuyeHHeM. 3Ta
3ajaua Oblta paccmoTpeHa A. DitHmeiiHom (1916 r.), KOTopbifi jan
KHHETHYECKOe J0Ka3aTeNbCTBO (GopMyJsl TlaHKa 1Jsi SHEPIHH CEETO-
BOTO H3Jy4YeHHSI.

PaccmoTpuM aToMbl, HaXOAsIUHMECS] B COCTOSIHHSIX C SHEPIHSIMH €;
H €, (Mbl He OTpaHHUKMBaeMcsl GoJlee CyyaeM JIBYXYPOBHEBOH CHCTEMbI),
H B COTJIaCHH C MPHHIMNOM J€TaJbHOrO PaBHOBECHS NMPHPABHsIEM YHCJIa
nepexofioB (3a eIHHHIy BpeMeHH) i— k H k— i. Byzem cunraTh
€; = €, TaK YTO NEPEeXOMbl i —~ k TMPOHCXOASAT C H3JTyYeHHEM SHEPTHH
(ei — &), @ mepexofibl B — i C MOTJIOUIEHHEM TaKOro XKe KOJHYECTBa
SHEpTHH.

Uucno nmepexofioB C MOIJIOMEHHeM NPONOpUHOHaAbHO o (v, T) —
MJIOTHOCTH CBETOBOH 3HEPTHH YaCTOThl v, COOTBETCTBYIOLIEH Nepexony
i 2 k v uMCsy aToMOB B k-M cocTosiHHH N,. OGo3Hauast KoaddHLHEHT
NPONOPLUHOHAILHOCTH Yepe3 By;, NONYUHM AJst Ny; — YHCIA NEPEXOL0B
k — [ BhHIpaXKeHHe

Ngi = ByiNpp (v, T). (66.14)

OGpaTHEle mepexoibl i — &, T. €. Mepexoibl C H3JIyuyeHHeM, MOTyT
NPOHCXOANTb CAMONPOH3BOILHO (CMIOHTAaHHOE H3ayyeHHe). UHCI0 TakKuX
nepexofioB NMPONMOPLHOHAIbHO YHCJY aTOMOB C SHEprHeil e;:

nst = AN, (66.15)

rie A — K03pHUHEHT NPOMOPUHOHANLHOCTH (KOS(HHLHEHT CMOH-
TaHHOTO H3/ly4eHHs1). [HnoTesa, BBelleHHast DHHIITEHHOM, 3aKJI0YaETCst
B TOM, YTO NOMHMO NPOLECCOB CIIOHTAHHOTO H3Jy4eHHs! CYLIECTBYIOT
NPOLECChl H3/TyYeHHs!, HHAYLHPOBAHHEIE Y3KE HMEIOLHMCS H3/IyueHHeM
4acToThl v. JIJIsl STHX HHAYUHPOBAHHLIX EPEXOJOB H3NyueHHE YaCTOThI v
HrpaeT pOJb «CIYCKOBOTO» MeXaHH3Ma, M OHH OTCYTCTBYIOT, €CJH
TUIOTHOCTb SHEPTHH HM3JIyYeHHs! C 4acToToil v paBHa Hymo. OueBHIHO,
YHCJIO HHAYUHPOBAHHBLIX NMEPEXONOB M, MPONOPLHOHANLHO MJIOTHOCTH
SHEPTHH H3JIyueHHsi Vv H UHCJY aTOMOB C SHeprHel &;:

npA=ByNp (v, T), (66.16)
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rie B — K03(HUHEHT HHAYUHPOBAHHOIO H3JyueHHsi. B cTaunoHap-
HOM COCTOSIHHH HMeeM

Ny, = NS - nisa (66.17)
HIH
BuiNwo (v, T)=AuN;+-ByNip (v, T). (66.18)
Haiizem oTciofa mIOTHOCTH 9HEPTHH H3JYyUeHHs
_ ANy _ Aip
pv, T)_BHN;,—B,-,,N,_ Ve 5 (66.19)
By N; ik

B cocrosinuy paBHoBecHst yHcaa N; B N HOJIKHBI yIOBJIETBOPSITh pac-
npeneneruio Makceenia — BosbliMaHa (ra3 aToMOB siBJsIETCSl HEBbl-
POXKJIEHHBIM TIPAaKTHYECKH INpPH JIIOOBIX JOCTHXKHMBIX TeMIepaTypax,
oM. § 35):

Ne _ 8r e —eppT
=gl B/ (66.20)
Orciona Haxoaum
Airgi
Pl T =gt
o *T _ Buei
Bpigr

Ins Toro utoGe! 3TO BBHIpaX{€HHE HEOTPAHHYEHHO BO3PACTaNO MPH
T — oo, HEOGXOAUMO CYHTATDb, YTO Bj,g; = Bjigy (NPHHILMN JeTaJbHO-
rO paBHOBECHs [/ WHAYLHPOBAHHOLO M3/yYeHHs H MOIJIOLiEHHS Ya-
crothl v). Torza umeem

p(v, )=

TR

e

CorviacHO TepMOAMHAMHYeCKOMY 3aKoHy Buna (§ 16) gynkumus p (v, T)
noskHa HMeTb BHA v¥f (v/T). B cu/ly 5TOro Mbl JOMKHBI NIOJIOXHTE
- Aie _ o8
ei—e=hv H B—ik_Av 8

Torja y
V3
oW, T)= —a2 (66.21)

BT _

MocrosiHHass A B 3ToM BHIpaX<€HHH MOXeT GHITh HaliieHa, HampHMep,
nyTeM mnpelesbHoro nepexofa hv/kT < 1 W cpaBHeHHs pe3yJ/bTaTa
¢ dopmyJoii Peness — xuHca
8nkT
pv, T)=—5— V4
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Orciona HaxonuM A = 8nh/c®, u popmyaa (66.21) cranosuTca ToxaecT-
BeHHOH ¢ ¢opmyJioit [lnanka.

OGpaTHM BHMMaHHe UHMTaTe/si Ha BAaXKHYIO POJb HHAYLHPOBAHHOIO
M3/IyueHHsi B TEOPHH KBAHTOBBIX YCHJHMTe/leHl U reHepaTOpoB H3Jyde-
Husi. TIpenmnosioxuM, 4TO B Cpely, COJEpIKallylo aTOMBI C YPOBHSMH
SHEPTHH &;, NI0NIafiaeT MOHOXPOMATHUECKHH (ITOYTH MOHOX POMATHUECKHH)
ITYYOK CBETa ¢ YacToTOH v = (g; — &;)/h. DTO U3NyUeHHe GYaeT YaCTHYHO
HOIVIOWATECST aTOMaMH, HaXOASIIUMHCS HA yPOBHE &,, MPHUEM MOLJIO-
II[aCMOe KOJIHYECTBO SHEPrHH J, GyleT NMPONOPLUHOHAIBHO YHCIY Iepe-
XOOB k— i M 3HeprdH hv = g; — g,. CorsnacHo ¢Qopmyae (66.14)

HMeeM
Jo=rtpihv=By; Npp (v, T)hv.

C Apyrofi CTOPOHBI, aTOMBI B COCTOSIHHH ¢ 3Heprueit &; GyAyT H3/y-
4aTh BOJIHBI YACTOThI vV KaK CIOHTAHHO, TaK H BbIHYXIEHHO (MHAYLHpO-
BaHHOe HaslyueHne). Manyuaemas sueprus J, Gyner cornacHo (66.15),
(66.17) paBua

J,= (g +nipyhv=A, Nhv+B, Np (v, T)hv.
JInst pasHOCTH H3J1yUYeHHOH M MOIJIOIIeHHOH SHepruu J mosyuaeMm
J=J,—J,=p®, T)hv[BuN;— BpiNy]+ AirNihv.

W3 s10fi OpMYJIB BHAHO, YTO Cpefa MOXKET SIBJSTbCS YCHIHTENEM
uaJyyeHus: (o6JajaTh OTpHUATeJbHOH abcopOuHed), ecqH PasHOCTb
(Bix Ni — ByiN;) Goabine Bemuuunst —A;Ni/p (v, T). 310 ycnoBue
GyZeT BO BCSKOM CJyuae BBINOJIHEHO, €CJH CO3/laHa HHBEpCHs 3ace-
JIeHHOCTeH

N; Bri _ &
Ny = Bix &'

T. €. YHCJO aTOMOB C SHeprHell &; pacCUHTAHHOE HA OJHO COCTOSIHHE
n; = Ni/g;, Gonblue, 4eM TaKoe e 4UHCAO n, = N,/g, AJs HHXKele-
Kallero ypoBHs €,. Kak Mbl Bifeau B § 59, Takasi HHBepcHst HOpPMaJIbHO
MOKeT ObIThb ONHCAHA KaK COCTOSTHHE ¢ OTPHILATeJBHOH TeMIepaTypoi
T < 0. dro cocTostHHE AOKHO GbITb CO3JaHO H JOJ/IKHO MOAJAEPHKH-
BaTbCsl NyTeM HeIpepbiBHOM (MM HMITYJIbCHOM) «IOAKAYKH» YaCTHL Ha
BbilIe/IeXKalHui ypoBeHb. (Mbl He GyneM OCTaHaBIHBATbCS Ha METOAAX
OCyLIECTBIEHHS 3TOH «MOAKAaYKH».) OmucaHHbI 5(deKT JIeKHT B OCHOBe
yCTpOicTBa KBAHTOBBIX yCHJIHTe/eH H reHepaTOpOB 3/IeKTPOMAarHHTHBIX
BOJIH (J1a3epbl H Masepbl).

§ 67. Kunernueckoe ypasHenue Bosbumana

ITepeiieM K H3yyeHHIO BTOPOTO MPEAGJIBHOrO C/1ydast B TEOPHH KHHe-
THUECKHX SIBJICHHI — cJyyasi pas3peeHHbIX ras3oB. BBeieM BHOBb
TNOHsITHE (DYHKUHH pacripefie/leHHst H GyleM B 5ToM maparpage (M B mo-
CJEAYIOHX) CYHTATb apryMeHTaMH (YHKUMH paclpefiefieHust He
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KOOPIHHATH H NMPOEKIHH HMIYJIbCa, a KOOPAMHATH YAaCTHLHI X, ¥, 2 U
npoexuuu ckopoctd &, m, L. IIpH 5TOM KHHETHYeCKOe ypaBHEHHe, Bbl-
BOJIOM KOTODPOTO MbI 3aiiMeMcsl B 9TOM Naparpade, HMeeT Gosiee yAoGHbIE
BHA. COOTBETCTBEHHO KOOPAHHATAMH W-NPOCTPAHCTBA GYAYT BEJIHYHHBI
X, 4, 2, § m, §. Tlepeapurasick no §asoBbIM TPAaeKTOPHsIM, H306paxa-
I0IHe TOYKH PacCIpele/leHbl B [-[IPOCTPAHCTBE C INIOTHOCTBIO

f(r’ o, t)=f(x: Y, 2, 13 n, g, t)’

QopMasbHO ABHXEHHE H3006PaKalOIHX TOYEK MOXKHO PaccMaTpHBATh
KaK TeyeHHe HEKOTOPOH KHAKOCTH». EC/H GBI CTOMKHOBEHHSI MEXAY
YaCTHIAMH OTCYTCTBOBAJH, TO M3MeHEHHe IVIOTHOCTH H306paKaioux
TOYEK OIHCHIBAJOCH GBI ypaBHEHHEM HENpPephIBHOCTH B NPOCTPAHCTBE
IIeCTH M3MepeHHH

o+ Vhia=0. (67.1)

KoMIOHeNTHl BeKTOpa IIOTHOCTH TOKa B W-IPOCTPAHCTBE PaBHEI fu;
ufw; ({ = 1, 2, 3), rie w; = dv;/df — NpOEKUHH YCKOPEHHS YaCTHIHI.
B GoJiee noapo6HOH 3anHCH 3TO ypaBHEHHe HMeeT, TAKHM 06pa3oM, BHI

I+ e (Fo0) + o (o) = 0. (67.2)

(Bo BTOpOM H TpeTbEM CJIaraeMOM MHOMMTEJH Up H Wy MOT'YT OHITb,
KOHEYHO, BHIHECEHHI H3-TIOJ 3HaKa [IPOM3BOIHOM, TaK KaK OHH He 3aBHCST
OT X, M U, COOTBETCTBEHHO.) 3aMeTHM, YTO NMPOEKIHH Wj OTIHYHH OT
HYJIA TOJILKO B TOM CJlydae, ec/H ras IOMelleH BO BHellHee noJe. Kak
MBI YK€ yNOMHHaJH B § 62, CTOJKHOBEHHSI MEXLY MOJIEKYJaMH rasa
TIPHBOAAT K CKayKOOGPa3HOMY H3MeHeHWIo MpOeKWHH cKopocTH (mpu
HEH3MEHHBIX KOODIMHATAaX) M, CJeIOBaTeJbHO, K CKayKoOGpasHOMY
NepeMelleHHI0 H306PaXKalolHX TOYeK B W-MpocTpaHcTBe. B aToM mpH-
G/HXKEHHH H306paKalolllie TOYKH «THOHYT» B ONHHX YacTAX W-Tpo-
CTPAaHCTBA M «POXKIAIOTCS» B APYTHX, He NepeceKasi FPaHHIL BbiJeJIEH-
HOTO B W-NPOCTPAHCTBE O6BeMa. JTO 3HAYHT, YTO NMPHO/IHKEHHE «MTHO-
BEHHBIX» CTOIKHOBEHHIl BHIHYXKJaeT Hac BBECTH B NPaBOil 4acTH ypas-
HEeHHsl HeNPEepBIBHOCTH HCTOYHHKH H CTOKH MOJIEKYJ JaHHOH CKODOCTH
B JaHHOH TouKe mpocTpaHcTBa. [lostomy ypaBHeHHe (67.2) 3aMeHMTCs
ypaBHeHHeM

%+5i—k(f’-'k)+£‘k(fwk)=J=qucr_‘7cn (67.3)

rae J (no npuYHHAM, KOTOPhIE BHISICHSIIOTCS B JaJibHefiIlleM) Ha3kBaeTCst
HHTErpajioM CTOJKHOBeHHH (stoss integral), a BeJHYHHH Guer H Gor
TIPECTABJISIIOT COGOH MOIIHOCTH HCTOYHHKOB H CTOKOB (4HCJIO MOJIEKYJI
€O CKOPOCTBIO ¥ B TOUKe ¥, MOSABJISIIOMHNXCS HJIH HCYE3AIOWHX 33 eXHHHILY
BPEMeHH B elHHHUE 06beMa M OTHECEHHOe K eIHHHYHOMY HHTepBasy
ckopocteit). Mo 6ydem npu smom cuumame 2a3 OOCMAMOYHO PaspPescer-
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Hom U Y mobKo nap CMOAKHOBEHUA MOAKYA, hpeHebpe-
205 B0BMOXCHOCIbIO OONOBDEMEHHO20 COMUNCENUS KOMNACKCO8 U3 Mpex,
uemoipex u m. 0. mosesya. TlepelineM K HaAXOXACHHIO Guer M G-
PaccMOTPHM CTOJIKHOBEHHSI MOJIEKYJI, H3 KOTOPBIX OJHAa HMEET CKO-
POCTb, 3aKJIIOYEHHYIO B HHTepBane (9, ¥+ dv), a Apyrasi — CKOpOCTb,
3aKJIOYeHHYI0 B HHTepBase (9', o -+ dvo’). Ilocne coynapenus stu
MOJIEKYJIbl IIPHOGPETAIOT CKOPOCTH, JIeJKalllie B HHTepBaaax (v, v+ dv)
u (v, 9" + dv) cootBercTBeHHO. UMCJIO TAaKHX CTOJIKHOBEHHH, Mpo-
HCXOAAIIMX 3a eJHHHIY BDEMEHH B EIHHHYHOM OGbEMe, MPOMOPLHO-
HaJIbHO YHCJIAM CTaJIKHBAIOIHMXCS MOJIEKYJ CO CKOPOCTSIMH B HHTep-
Banax (9,9 + do) (v', ¥ + dv’) v unTepBasaM 3HaueHHH CKOpoOCTel
nocsie ynapa d® u d®’. Takum 06pasoM, 3TO YHCJIO MOXKET ObITb 3alH-
CaHo B BHAe
P (o, v'|0,0') ff’ dvd®v’ d®v d®’, (67.4)

TAe Mbl A8 KpaTkoctH ofosnaumM f=f(r,; v, 0), [’ ——f(r o, b
P (v, 9|9, U') — JIOTHOCTb BEOATHOCTH COyIApeHHs D, ' — D, V',
3aBHCALAA OT CKOpocTell oGeHX MOJIEKYJ 10 H nocie yaapa. Tostoe
YHCJIO COYAAPEHHI, HCIBITEHIBAEMbIX MOJIEKYJAMH CO CKOPOCTSIMH B HH-
TepBaie (v, ¥ + dv) 3a efMHHILY BpeMeHH B e[MHHIle 06beMa (OHH OXHO-
BPeMEHHO NpeICTaBAsiioT coGoH BBHAY MaJslOCTH HHTepBasna do yObUIb
YHCJA MOJIEKYJ TOTO THMA), Mbl MOJYYHM, HHTETPHPYs MO BceM 3Ha-
yenusm o', 0, V.

Takum 06pa3oM, MOWHOCTb CTOKOB B ypasHenun (67.3) paBHa

ge={{{P (0, ¥’ |0, v) [} d*v Podv. (67.5)

Hapszy ¢ npoueccamu o, ¥’ -, ¥/, NPUBOASMHUMH K YMEHBIICHHIO
YHCJA MOJIEKYJ CO CKOPOCTBIO ¥, B T'ase NMPOHCXOAAT H O6paTHBE NMPO-
Lecchl ¥, ¥ — ¥, ¥, KOTOPhIe [IPHBOASAT K YBEIHUEHHIO YHC/IA MOJIEKYJ
€O CKOPOCTBIO ©. DTH NPOLECCH! NOPOKIAIOT HCTOYHHKH C MOIIHOCTBIO

Guer =\ P (v, 0’ |9, &) d*v' dv o', (67.6)

rie P (o, zv | v, — NJIOTHOCTb BEPOATHOCTH Nepexosia v, ¥ — 9, v';
f=f@ 90, F f(r @', #) (Mbl eme pas MOAYEPKHBAEM, YTO NMEPBbI
apryment cpynxuuu pacnpezleﬂeﬂnsl 7 OJMHAKOB B BblpaxeHHsX f, f/,
f, f', Tak xax npu yAape KOODIMHATE CUHTAIOTCSH, B NPHOIWNKEHHH
MIHOBEHHBIX COYJapeHHH, HeU3MeHSIOUIUMHCS H pas/HyHeM B nosoXe-
HHM UEHTPOB CTaJKHBAIOLWMXCA MOJEKYJ Mbl NpeHeGperaem).

Taxum 06pasoM, L5l HHTerpaja COyAapeHHH MOJYYHM

J=guu_qc1=
={{§1P (0, v'|9, 9) I —P(3, @' |0, ') [} v Bod (67.7)
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YCTaHOBHM HEKOTOphe BaKHble CBOHCTBa GYHKuMH P. Bynem cuu-
TaTh, YTO HMeET MeCTO MPHHLMIN NeTaJbHOrO paBHOBecHsi. C KBaHTOBO-
MeXaHHUeCKOH TOYKH 3peHHS 5TO 3HAYMT, YTO Mbl JIHGO paccMaTpHBaeM
ras 6eCCMHHOBBLIX YaCTHL, JHOGO MPOBOJHM YCPEJHEHHE MO CIHHAM Ha-
HaJbHOTO H KOHEYHOro cocTosiHHi. C TOYKH 3peHHsl KJacCHYecKoH
MEeXaHHKH 3TO O3HayaeT MpelrnosioXeHHe O cepHueckol CHMMeTpHH
4acTHII Tasa (ewe caMuM BosbuMaHOM GblJIO OTMEUEHO, YTO AJIS YaCTHIY
Hecepuyeckoll (opMbI [PHHIMN NETAJbHOTO PABHOBECHS HeCrnpa-
BeuiuB). C yKasaHHbBIM OrpaHHYEHHEM IPHHUMI JEeTalbHOTO PaBHOBE-
cHsi B GOJIbLIMAHOBCKOM IIpeJie/IbHOM CJyuae CIpaBelHB Jaxe MpH
HaJIMYHH BHELIHETO NOJIs, 3aBHCSILETO OT BpeMeHH, TaK KaK B IpHOJIH-
JKEHHH «MTHOBEHHbBIX» COYJapeHHil cH/la B3aHMOJEHCTBHS NpH COyJa-
PEHHH JOJKHA CUHTATbCS CKOJIb YTOAHO Gosibioii (F — oo) M Mo cpas-
HEHHIO C Hell BO3[eHCTBHe BHEIIHErO MOJIS SBJISETCA MNPeHeGPeRHMO
MaJiolf BeiuuHO#H. Takum 06pa3oM, Mbl CUHTaeM GYHKIHIO P CHMMETpHY-
HOIl M0 OTHOLIEHHIO K NEPEeCTAHOBKE apryMEeHTOB HAayaJbHOrO H KOHeu-
HOTO COCTOSIHHS:

P9, v'|o, v)=P(v, v'|0, V). (67.8)
B cuuy atoro ypaBuenue (67.3) MOXKeT GHITb 3alHCaHO B BUJe

t”,_:{? + yz;(ka) + '3%2 (Fwg) =
=i§§P (o, v'|o, ) (JF —fi") d*v d®od® o, (67.9)

D10 ypaBHEHHE HasBIBAeTCs KuMemudeckum ypasHeruem bBorvymana.

Janee, U3 camoro onpeeieHust GyHKUHH P cjeflyeT ee CHMMETpPHs
N0 apryMeHTaM MepBOil mapbl @ H ¥’ H MO apryMeHTaM BTOPOH maphi ¥
H ¥’ B OTAEJBHOCTH

P (v, vlo, v')=P (v, v'|0, ?),

R . (67.10)
P(v, v'|0', 9)=P(0, v'|0, ¥').

Kaxk BugHo u3 dopmyJsl (67.9), ypaBHenue BoisibliMaHa npencTas-
JisleT COB6OH CJ/I0KHOe HeNHHeHHOe HHTerpo-iHddepeHnHanbHOe ypaB-
HeHHe, NpPHOJIHKEHHOe pelieHHe KOTOPOro BO3MOXKHO TOJIbKO B HEKO-
TOPBIX BeCbMa YacTHbIX ciydasix. ONHAKO, Kak Mbl YBHIHM B moOCJe-
nylowHx naparpagax, ypaBHenue BosbliMaHa mo3BoJIsieT MOJIYYHTD Psij
BaXHbIX CJEICTBHH BecbMa o6uiero xapaktepa. OrpaHuuyMBasich pac-
CMOTPEHHEM TOJIbKO YIPYTHX COYNApeHHHi M CUHTasi Macchl MOJIEKYJ
ONMHAKOBBIMH, 3aMHileM 3aKOHbI COXPaHEHHsl HMIY/bCOB H 3HEpruHu
npu ynape B dopme

o+0 =0+, (67.11)

vt ut=0vt4 02, (67.12)
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TH ypaBHEeHHs MOKA3bIBAIOT, uTo dyHKuHsA P (v, 0’ | 9, ¥') comepHuT
CHHTYJISIPHBIE IHMPaKOBCKHE MHOMHTENH

d(E+E~E~F)o(ntn—n—n )8+t —-E-F)=
=8(v+0' —0—"2')
"
8 (v v2—v2—p2),

ofecrneuBaloe BLHIIOMHEHHE 3aKOHOB coxpaHenus (67.11), (67.12)
npu yaape. FiveeMm nostoMy Asisi MHTerpaJja coyiapeHui ¢opmyuay
J={{Tl (o, v'[o, o) (FF —fi")8(v+o —0—-3)x

X6 (v2 40" — 02 — 0'2) d%’ d30d%, (67.13)
rie 11 (9, ©' | 9, ') — HECHHTYsAPHBili MHOXHTEND B P (0, ' | o, 0').
OueBuHEIM sBasieTcs ToT $axT, uto I (v, ¥' | v, ¥') obnafaer Temu xe
cBofictBaMu cummerpun (67.8) u (67.10), uto u P (9,9’ | 0,0'):

1 (22 |2.9)=T] (2,9’ |2,2'),
1@ 2l2,9)=]](v,2'|0,2), (67.14)
11 (wv' |9 ,0)=T] (0.2 | 0,2').

Hannune vereipex 8-¢pynkuuii B (67.13) mosposisieT mpoBecTH BaxKHOE
npeoGpa3oBanHe HHTErpaJa CTOJKHOBEHHH H BBINOJHHTDH YeThipe HHTe-
TPHPOBaHHs, CBellss TeM CaMBIM JeBATHKpaTHbi HHTerpan (67.13)
K MSATHKPAaTHOMY HHTerpasmy.

OG6o3HauHM Yepe3 g OTHOCHTEJIbHYIO CKOPOCTb YacTHIL 10 COYAapeHHs

qg=0" —o. (67.15)
Wz (67.11) uMeeM @ — 0 = ¥’ — o', BBoas o603HaueHHe U — ¥ = @
JUIsl CKOPOCTeH 4aCTHIL nocsie yiapa, nosyyaem

o=v+a, V=0 —a. (67.16)

Tloxcrasasist (67.16) B dopmyay (67.12), Haxomum
a*=qa. 67.17)
SanumeyM @ B BHle eq, Tie € — eIMHUYHbIL BEKTOp, HANpaBJeHHbil
BRoab (v — ©). Toraa -piast Moay.iss @ u3 (67.17) noayuaem a = ge.

Orciona @ = (ge) e, u AJst CKOPOCTeH YacTHI nocJe yjaapa OKOH-
4aTeJbHO HAaXOAHM

v=v-+(ge)e, V' =1 —(ge)e. (67.18)
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Tak KaK 3TH BBIPaXKEHHSI yJOBJIETBOPSIOT 3aKOHaM COXPaHEHHs HM-
nyJbCa M HEPrHH, TO NOJACTAHOBKA STHX 3HAYEHHH B HHTErpaJj CTOJK-
HOBEHHH obpamiaeT B HY/b apryMeHThl BceX O-OyHKLHH.

llns ynpomenHs WHTerpana cOyapeHHil NOCTYNHM TeNepb Caelyio-
inM o6pasom. Ilposesiem B npaBoit wacTH (67.13) HaTerpHpoBaHHe MO V”
(BOCIIO/Ib30BABLUHCD TeM, YTO MOAbIHTErPajbHOE BbIPaXEHHE COLEPKHT
8w+ v —o — ). Tloayuum Torna HHTErpai

$1 (o, o'|o, o) (ff —ff) 8 (v 402 — 02— %) 4%’ dy,
Ile BO BCEX MHOMHTENSX NOABIHTETPANBHOTO BHIDAXEHHS © JOMKHO
GbiITh BLIPAXKEHO Yepe3 0, ¥, 0, T. €. ¥’ = © + ' — . JL1si TOro 4TOGhi
BBIMIOJIHHTDL ellle OJHO HHTErpHpPOBaHHe (BOCIO/IB3OBABIUHCH TEM, YTO
B TMOJLIHTETPAJIbHOM BbIPaXKEHHH €CTb emie OfHa §-QyHKuHs), mepeii-
JleM OT mepeMeHHOH 9 K MepEMEHHOMY BeKTOpy Re cornacHo ¢opMyse

0 =9+ Re (ge). (67.19)

3aMeTHM, cpaBHHBas nocaefHioo gopmyay ¢ (67.18), uto dakTHUECKH
B IIPOCTPaHCTBe BEKTOPOB Re BKJaj B HHTerpaJ, Giarofaps HaJH4YHIO
8-pyHKUHH, BHECeT ToabKO cdepa R = 1. JleHCTBHTeNbHO, NOACTABASAS
3HaueHHsi © H ©' u3 (67.19), uMeeM Aast aprymeHTa O-yHKUHMH BHpa-
KeHHe
40— — 02 =02+ 02 — (0+Re (ge))* — (v —Re (ge)* =

=2R (ge)*(1 —R).

WIHTerpasn CTONKHOBEHHH NPHHHMAET Tenepb BHA

AP 5 n o, g
(§ 1, v, 9)012R @er (1 — RN (T — 1) S5 D
XR2dR dQ d*’', (67.20)
rae dQ = sin 0d0dp — sJeMeHT TeJeCHOro yria JJas BEeKTOpa e.
Mbl MOTVIH Gbl HECJIOXHBIM 06pa3oM BBIYHCJAHTb IKOGHAH B MOCJELHEM
BbIPaXKeHHH, OHAKO, B 3TOM HeT, KaK Mbl YBHIHM, HEOGXOAHMOCTH.

BoinonnuM HHTerpuposanue no R B (67.20), no/ab3ysch NpH 5TOM H3BeCT-
Holl dopmysioft (cM. «MaTeMaTHUeCKOe NpPHJIOXKEHHe»)
=Y LRy
{FR)0G@ ®) R =3 iz

rae R; — npocTble KOpHH ypaBHeHHs @ (R;) = 0, nexawmue B o6aactH
HHTEerpHpoBaHHs. TlonyyuM 118 HHTerpasna coyaapeHHH ¢dopmysy

I=1{3 (0, v, &) (fF' — i) ®' d2. (67.21)

Yepes = (9, v', ) = Z (v, @', 0, ¢) Mbl 0603HAYH/IH NPOH3BELEHHE
seanunsbl 11 (0, 9 | 9, ¥') U Bcex MHOXHTesell, BOSHHKAIOWHX NPH
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o, D) )

TR0 W | R . Hamnowm-
HHM ellle Pa3, UTO BO BCEX MHOXHTEIX TIO/IbIHTEr PAJILHOM Q)yﬂm.mn U
JIOJIXKHBI GbITh BBIPAXKEHbI qepea 9, ' U e cornacHo ¢opmyaam (67.18).
Oreickanne ¢yuxumn 11 (v, o' | o, ') ecTh 3azaua _TEODHH CTOJIKHOBE-
HHH, OCHOBAaHHOH Ha 3aKOHaX JHG0 KJIacCHYecKoi, JHG0 KBaHTOBOH
MexaHuKH. JlJsi ee peleHHs] HEOGXOAHMO 3ajaTh KOHKDETHHIH 3aKOH
B3aUMOJIEHCTBHSl 4aCTHIL NpH cOanxeHHH. IlosToMy sIBHBIN yHHBep-
canbHbill BUA yHKumi [T 1 2 ykasaH GBITh He MOXeT (HMEHHO MOSTOMY
MBI OTKa3ajHCh OT BBIUHCJeHMsl sikoGHaHa B (67.20)). OmHako MHOTrHe
3alayH KHHETHKH MOTYT OHITh PAaCCMOTPEHbI H Ge3 3HAaHHsI SIBHOTO BHAA
3 (v, v, €). Takum 06pasoM, MBI HMeeM Hapsily C 3alHChI0O KHHETH-
yeckoro ypaBHeHHs Bospumana (67.9), Gonee yno6HOi Assi BeIBOAA
TeopeM 00liero xapakTepa, APYIYio 3allHCh, CJEAYIOULYIO H3 Bbipaxce-
HUA AAs m-rrerpana cTosKHOBeHHH (67.21)

Tt oo+ 5o (o0 = { { B0, v, &) (GF 1) @0’ ag.
(67.22)

Besnunna 2 (9, 9', €) Gbina HafileHa BosblMaHOM B paMKax KJaccH-
4eCKOH MEeXaHHKH B NpENNOJOXEHHH, YTO aTOMbl rasa IPeICTaBJIsIOT
co6oii aGcomoTHO TBepAnie cdepsl ¢ auamerpamu d. B stoM cayuae
(cM., Hampumep, [11)

HHTErprpoBaHHH no R <BKJHO'-laﬂ sIKOGHaH

a*
(v, v, ) =-ge,
M KHHEeTHYeCKoe ypaBHeHHe npm-mmae'r BHAL

z+ oxk (for) +5- 60 (fo) =5 Sg(qe) (FF =11 a0’ dQ.  (67.23)

§ 68. Meron BoroaoGosa

BriBoa ypaBHennst BonbumMana, nsnoxennsifi B § 67, unes koroporo
NpUHAAJIEXKHT caMoMy BoJbumaHy, He MOXeT CUHTaThCsl CTPOTHM.
JleicTBUTENBHO, 3aMHCh STOTO yPaBHEHHS, KaK yPaBHeHHS HenpephbiB-
HOCTH B -NIPOCTPAHCTBE C HCTOYHHKAMH (HHTErpaj CTOJKHOBEHHIH)
B [PABOH YacTH, NMpEANoJaraer, Bo-NepBhLIX, YTO H3MeHeHHe BO BpeMeHH
dyHKUMH pacnpefesenust f (7, ©, f) alIHTHBHO OTHOCHTENBHO ABYX
NPOIeCCOB, HMEIOUHX PA3NHYHOE MpOHCXoxaeHHe. Uiensr (9/6ry) (fui)
¥ (8/06v;) (fw;) B neBoii wactu (67.9) uan (67.22) XapakTepH3yIOT NOTOKH
rasa, BO3HHKalollWe BCJEICTBHE HAJHYHS TDaJHeHTOB INIOTHOCTH H
BHEWHHX NOJeH, B TO BpeMsl KaK NpaBble YacTH BO3HHKAIOT BC/IEACTBHE
yuera coyiapeHHi Monekya. Takum o6GpasoM mpeanonaraercs, uTo
MIOTOKH H COyAapeHHsl He BJIHSIOT APYT Ha Apyra. Bo-BTOphIX, B HHTe-

rpajie CTOJIKHOBeHWl 3Hauenus GyHxumit f, [, f, [/ Gepyrcs B oxuoit
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H TOH e TOUKe MPOCTPAHCTBA 7, B TO BPeMsl KaK C y4eTOM KOHEUHBIX
Pa3MepoB Mo/eKy/ KoOpAMHaThl B QyHKuMAX f u f' u B dyHKuMAX
f, I’ nomxHbl GbiTb BHOpPaHbI Pas/HYHBIMHU,

Haxonen, uto HanGosee CymiecTBEHHO, B ypaBHEeHHH BosblmaHa
YUHTBIBAIOTCA TOJBLKO MOMApHble CTOJKHOBEHHSI MOJIEKYs H HeT Goiee
HJIH MeHee OYEBHIHOTO pElLEenTa, MO3BOJSIOUIErO YYeCTb CTOJNKHOBEHHS
TPYNN W3 TPeX, YeThipeX M Gosee MoJIeKys. Mexay TeM sICHO, YTO yueT
TaKHX TPOIECCOB CYLIECTBEH ISl MJOTHBIX [a30B.

B npuGiyKeHHH NapHBIX COyAapeHHil AiMHA CBOGOXHOrO mpobera
06paTHO MPOMOPLHOHA/IbHA IVIOTHOCTH rasa n = N/V = 1/o:

1 ®
h=Gr =7
(0 — adxbeKTHBHBI MONEPEYHHK MAapHBIX COyAapeHHii).
Kak n3BecTHO, 3TO NPHBOAUT K TOMY, 4TO KO3(hHIHEHTH MepeHoca:
% — KO3(QHIHEHT TenIonpoBOAHOCTH, 1Y) — KO3(hD(HIHEHT BS3KOCTH,
He 3aBHCSIT OT IVIOTHOCTH 7 (H, CTaJo GbiTh, OT AaBsieHus). [Ipn yuere
MHOTOYaCTHYHBIX COYJapeHHH BbIpaKeHHe IJISi A JO/KHO HMETb BHI

1 A B
A= ontoan+pnd... =l’°(l +TJ + ?_l-"')’

rae KoshdHuHeHTbl o, BOSHHKAIOT B CBSI3H C YYETOM TPeXYaCTHUHBIX,
KO3xpHLHeHTbl § B B — B CBI3H C yYeTOM YeTbIpeXYacTHYHBIX H T. A.
CTONKHOBeHHHA. B pesynbrare mis nnuubl cBoGonHOro mpoGera u Iist
KO3()HIMEHTOB MepeHoca NOMXKHBI BO3HHKHYTb BHPHAJbHBIE Dasso-
JKEHHs] TAaKOro XKe THNa, KaKHe BO3HHKAIOT B CTAaTHCTHYECKOH (H3MKe
LJIsl ypaBHEHHsS! COCTOSIHHSI HeHAeasbHOro rasa (cM. § 58).

B cBs131 co cKa3aHHbIM Lles1eco06pa3Ho NOAOHTH Gosiee CTPOro K npo-
GJieMe BbIBOJ@ KHHETHYECKOTO ypPaBHEHHst H K ero BO3MOXKHBIM 0600liie-
HHUSAM. DTO MOXKHO clielaTh C TOMOIIbIO BecbMa OGIIero M CTPOroro
merona, npeioxennoro H. H. Boromo6SosbiM [15], kK KpaTkoMy Ha/0-
JKEHHIO KOTOPOTO MbI M NepeXOAHM.

HMmeem cucremy u3 N ONMHAKOBBIX YaCTHIl, COCTOSIHHE KOTOPO¥
(B KJaccHUeCKOH MeXaHHKe) Mbl GyJeM 3alaBaTh ¢ nomoubio 2N Bek-
TOPOB 7, ©; (COBOKYMHOCTb #; U ©¥; Mbl ISl KpaTkocTH GyleM 0Go3Ha-
yaTh CHMBOJIOM X;, a IIpOM3BeleHHe d°r;d®v; — cumBo/IOM dx;). Beenem
¢yHkumio pacnpenenenust FN(xy, x,, ..., xy) B I'-npocTpancTBe (Mbl
cuntaeM KoopanHaramMH 6N-mepHoro I'-mpocTpaHcTBa KOOpPAMHATHI H
MpOeKIHH CKOpocTell BceX yacTHl). Beipaxenue

FN) (%3, Xg,.vv, Xn)dxydx,y...dxy

JlaeT BePOSITHOCTb TOTO, YTO M3oGpakaromasi Touka B [-mpocrpaHcrse
HaxoauTcsl B o6beMe dx,dx, ... dxy, a GyHKuUHs FW) (x;, X5, ..., Xy)
HOPMHPOBaHa Ha ENUHHILY

(FM (xy, Xgyovvy xN) dxydXy. .. dxy=1. (68.1)
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B cHIly TOXAECTBEHHOCTH YacTHIL GyHKuMs FNV (x,, ..., x,, ) cuMmer-
PHUYHA N[O apryMeHTaM X;, ..., Xn.

Bynem B jafibHefiieM cuMTaTh, YTO BHEWIHHE MOJS OTCYTCTBYIOT
¥ YaCTHIIb B3AHMOJIEHCTBYIOT C TOTEHIHANOM B3aUMONCHCTBHST % (r;) =
= mu (r), CBOKCTBa KOTOPOro Mbl obcyxanu B § 58. [las uckmouenus
rpannuHbX  3ddexToB OyAeM paccMaTpHBATh NpEAeNbHBI  Ciyvait
V - 00, N - 00, ® = V/N ocraercsi KOHEYHBIM.

Tak Kak yaCTHUB! Ta3a He DOXKJAIOTCS H HE HCUE3AIoT, dyHKIHs
F®) (x,, ..., Xn, t) IONUHHSETCS yPABHEHUIO HENPEPHIBHOCTH B [-mpo-
CTpaHCTBe:

aF(N)(xl’“”xN‘,) x F] Nr F)
i= =1

The Wi, = — Ou (ry)/0#; — yCKOPEHHE YaCTHIL C HOMEPOM i, BHI3BaH-
HOE B3aHMOJIEfiICTBHEM C YacTHuel k (LUTPHX MOA 3HAKOM CYMMbI O3Ha-
yaeT yc/loBHe k - i).

BeenieM n-uacTHunble QYHKUMH pacrpefiesenns Fy ¢ momoumibio
Gopmy.il

FV (s oo 20 ) =V SFY (1, ., t, 8) dias, - .., dxy. (68.3)

Haiinem nuddepennuasbHoe ypaBHeHHE, KOTOPOMY NOIUHHSIETCS
¢ynkuust Fy (xy, ..., X4, £) (37€Ch M B JajbHeHIeM MBI ONYCKaeM AJs
KpaTKOCTH HHAeKC N B 0GO3HaYeHHH FM (X1y weey Xpy 1)). YMHOKHM
st aroro obe wactH (68.2) Ha V"dx,sg, ..., dxy W NPOMHTErpHpyeMm
nosyueHHoe paseHCTBO. Ilonb3ysch onpenenenuem (68.3), noayunm

n
OF p (X1 -+ s Xn, £ 9
Lalrr b h) 37 by 2 o Fn(xa vy X0, Oi]+

i

2’ i[Fn(xlwﬂy Xny 1) Wi+

i

Y

N
+% zn, z a%.SFnﬂ(xnnw Xn, Xp, 8) Wi dx,+

0
50; [Frsa (o vey Xy Xiy £) Wil dxi+

a
50 (Frra (¥, -+ 5 Xny Xiy Xpy £) Wip) dx; dx, =0,

0v;
(68.4)

_|_
-
b=z
b=
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3ameTHM Tenepb, YTO B 5TOM ypaBHeHHH 3-e, 6-e M 7-e ciaraemble
TOXACCTBEHHO PaBHBI HyMo. [leficTBHTeNIbHO, KaXkA0€ M3 THX cJarae-
MbIX [peicTaBisieT coGOf HHTerpaj OT TPEeXMEPHOH IMBEPreHHH
(3-e cnaraemoe — B IPOCTPAHCTBE KOOPAHHAT MOJEKYJIH! i, 6-€ H 7-e —
B IIPOCTPaHCTBE CKopocTeil MoseKyJnl £). [To Teopeme I'aycca oun moryt
6LiTh npeo6pasoBaHbl B MHTerpasj MO rpaHH4YHON mnoBepxHoctd. Ho
¢yHxuust F, obpawiaercst B Hy/b, KOrAa KOOpAHHATHI JIIOGOH YacTHIbI
rasa COOTBETCTBYIOT TOYKaM, JIeXKalllUM Ha CTeHKe cocyaa (aBcomoTHo
HElpOHHilaeMble CTEHKH), H, C APYrOf CTOPOHBI, GYHKIHS pacnpesese-
Hust F, cTpeMuTCs K HyJIO, Koraa v; —> oo, IloaTomy MHTErpan ot au-
BePreHIMH paBeH HYMI0 M B KOOPJAMHATHOM NpPOCTPAHCTBE, M B IpO-
crpancrie ckopocreit. C Apyroii cropoHsl, 5-e citaraemoe B (68.4) MoxHo,
MOJIb3YSICh CHMMETPHeR Fpyy (X1, ..., Xp, X, £), IPEOGPa30OBaTh CJIERYIO-
MM 06GpasoM:
n N .
LZ 2 —‘lSF-(x Xn Xpy ) Wiy dxp=
v 30; a1 Xy oo oy Xp Xpy ik QXp =
i=1k=n+1
)
2 ai; S Fn+i. (x].v ceey Xpad, t) Wi, n+i dxn+i'
=1

Ipenebperasi /OGbIM KOHEUHbIM 3HaueHHEM M 10 CPaBHEHHIO
¢ N —> 00, NOJYYHM OKOHYATEJNbHOE ypaBHEHHe:

OFp (X1, -y X, ¢ o
2Ot 20 D F (5o 0) =

"
== D N wy g Fralio i d gy (68.5)

rae orneparop H,, KoTopbifi Mbl GyfeM HasbiBaTh onepatropoM I'aMHib-
TOHA JJISl CHCTEMbI 1 YacTHIL (OH, eCTECTBEHHO, He HMeeT HHUero ofiiero
¢ KBaHTOBOMEeXaHHMYeCKHM TaMH/IbTOHHAHOM), onpenensiercst GopmyJioi

Hn= nz@;;:.—‘—l- i w.-,,ég? (68.5")
1

i I k=

Takum o6pasoM, n-4acTHYHbIE GYHKIHH pacrpene/eHHs TOXUHHEHb]
cHCTeMe JIHHEHHBIX HHTerpo-anddepeHialbHpIX ypapHenuit (68.5).
dra cHCTeMa SIBASIETCS «3alensiouleficsy, Tak Kak ypaBHEHHSI LJis
¢dyHKIMH F, cofepKar B npaBoit YacTH GyHKUHIO F.y. PH3HUECKH 3TO
oTpaxaer GakT He3aMKHYTOCTH JI06OH TPyNIbl U3 7 Mo/eKya (n << N),
B3aHMOZECTBYIOWHX ¢ ocTanbHbiMH (N — n) monexkynamu. Onepatop
Famunbrona H,, kak BuIHO M3 (68.5), omxHO3HAauyHO ompeje/sieT Bpe-
MEHHYI0 SBOMOUHKIO QYHKIME Fpy (X, ...y Xn, ) MVISL 3aMKHYTOH CHCTEMbI
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n 4acTHl, B TO BpeMs Kak IpaBasi 4acTb (68.5) onuchiBaer ee uesaMKHy-
TOCTb. S$ICHO, YTO CTpoOroe pelleHHe Bcell COBOKYIHOCTH ypaBHEHHH
(68.5) HEBO3MOKHO M PeUb MOXKET HATH TOJBKO O MPHOJIMKEHHBIX METO-
JlaX WX HHTETPHPOBAHHS, CBA3AHHBIX C KAKHM-JHOO CIIOCOGOM «O6pbIBAY
LeNnoYKH ypaBHeHH# BorosoGosa.

3anuieM B ABHOM BHAe ypaBHeHHs is Fy; u F,, KOTOpHIMH HaM
NpHeTcst 3aHHMaTbcs GoJlee JAETabHO:

el By G, )= — o g L2 D gy, (68.6)

_"——‘aFa (xl;,[ x08) +H2F2 (%1, %o, )=

1 OF 5 (xy, Xa, X3, £ OF g (x1, X3, X3, ¢,
--L S [y Loltntote ) 4 g, Falitnsy Ldx,  (8.7)
rae
A ) ,
H1=W1;?;I, (68‘6)
£, a a a a ’
Hz=7’133+‘1’233+W123;1+Wzla,,_2- (68.7')

ByneM cunTaTh ra3 paspexeHHbIM HAaCTOJbKO, UTO Iapamerp r/® ~ ro/A
(ro — pamuyc B3aUMOAEHCTBHA, A — JJIHHa CBoGoAHOro mpoGera) MaJj
[0 CPaBHEHHIO C eIHHHLEH:

3
%N’Tﬂ<1. (68.8)

B npaBoit yactH ypaBHeHu# (68.5) cTosT WieHbl, HMeIOU[He MOPSIOK
BEJIMYHHBI r§/®, TaK KaK WHTErpHPOBAaHHE IO KOOpJMHATAM BELeTCSs
(61arosapsi MHOXHTENIO OU (Fiynt)/0F:) MO 0GBEMY ~ rf.

Tem He MeHee MeTOJ pellleHHsi cHcTeMbl (68.5) ¢ mMOMOIBIO pa3fioxKe-
HHsl TI0 MaJIoMy NapameTpy r§/® OKasblBaeTcsi HeJOCTAaTOYHBIM. UTOGbI
NOHATb MPHYHHY 3TOrO, BBEJAEM TPH XapaKTEPHBIX BPeMeHH: s(pdeKTHB-
HyIO JVIHTEIbHOCTb COYAAPEHHH Ty ~ ro/U, CpefiHee BPeMs MeX/y CTOMK-
HOBEHHSMH

T~ 2 2 r“ >‘Eo
U BpeMs MaKpOCKOINHYecKol pejakcauun T, KOTOpoe PasjlHyHO B pas-
JIMYHBIX (DH3HUECKHX 3ajayaX, HO, KaK NPABWIO, MHOTO GOJbILE T.

Hrak, Mbl HmeeM
T LTLT. (68.9)

Kak BupHO H3 ypaBHeHus (68.6), omHcbBaiolmEero H3MeHeHHe BO
BpeMeHH (ByHKUMH F; B HyJeBoM NpPHGIIXKEHHH MO IapameTpy ri/o,
3TO YypaBHEHHe He CONEPXKHT IIOTEHIHAJ] MeXKMOJIEKYIsPHbIX CHJ
4 (riz). DTO 3HAUHMT, YTO 33 BPeMeHa Mopsika T, GyHKuus F; He HCIbI-
ThIBaeT CYNICCTBEHHBIX H3MEHEHHH 3a CYET MEXMOJIEKYJsPHBIX B3aH-
MOJIefiCTBHH  (CTONKHOBEHHH) M MOXeT TNPHGJHKEHHO CUYHTaTbCs
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noctosiHoi. OHAKO, KaK MOKa3bIBaeT aHa/H3 IONPABOYHOTO YJeHa
B npaBoii yacTH (68.6) [16], 3a Bpemsi nopsiika T U3MeHeHHs QYHKLUHH
F, cTaHOBATCA yXe CYIIECTBEHHBIMH H Das/oxeHHe MO CTENeHsM rj/®
nepecraer GbITb JOCTATOYHBIM.

B npoTHBONOMOKHOCTL 3TOMY, ypaBHeHHe (68.7), omuchiBamwollee
3BOJIIOLHIO BO BpeMeHH F, (4, BooOule, ypaBHenus (68.5) npu n = 2),
YK€ B HYJIEBOM NPHOIHKEHHH 110 TapaMeTpy #§/® COAEPXKHT NOTEHIHAI
MEKMOJIEKY/ISiPHBIX CHJI (B CaaraeMbix Wi, (0F,/0v;) oneparopa [la-
MHJbTOHAa ), YTO NPHBOAMT K «OBICTPHIM» peNaKCAllHOHHBIM H3MeHe-
HusaM GyHkuuii Fy, Fs, ... 3a BpeMs mopsiika t,. OnHako Ha «rpyGoi»
IIKaJe BPeMeHH, YYHThIBaloLleH TOJNLKO M3MEHEHHs 3a BpeMeHa { =T,
3TH GBICTPble H3MeHeHHs1 yHKUM F, (n = 2) ycpeaHsIOTCs H OCTaercst
JMIIb NUIaBHasi 3BoJIOUMS 3THX ¢yHkuuil. IlpeacraBasiercs BecbMa
PaBJIONOAOGHBIM CYHTATh MPH 3TOM, YTO MeJ/IEHHAs SBOIOLHS MHOrO-
yacTHYHBIX QYHKUHH pacnpejeseHus (moc/ie NepBOHAYaJbHOrO 3Tana
GLICTPOH XaOTH3AlMH 3a BPEMS T,) IOMHOCTBIO ONpeJle/sieTcsl Me/lJIeHHOM
3BOJIIOLIHEH OHOYaCTHYHOH GYHKUMH Fy (x, f).

BBHAy 3TOro MeTOl TPAaKTOBKH CHCTeMbl ypaBHeHHil (68.5), mpea-
JIOXKeHHBII BOoro/mo6OBEIM, 3aKMOYaeTcs B CJeLYIOMEM:

1) Ipexnonaraercsi, 4To Bce MHOrOYacTHYHble QYHKLUMH pacnpese-
JIeHHs! 3aBHCSAT OT BPeMeHH moabko uepes dyukuuio Fy (€, f):

Fr(Xneeer % O =Fy (%3, %, | F1 &, ). (68.10)

OrmernM, yto dyHKuMs F, (Xy, ..., X, | F;) He 3aBHCHT OT apryMeHTa §
¢yukuun F; (€, f) (Mbl crmeunanabHO oGo3HayaeM IepBbIH apryMeHT
¢yHKunK F; cuMBoJIOM §, YTOGH! He GbIJIO ONAaCHOCTH CNYTaTh €ro C OHHM
H3 apryMeHTOB X, ..., X,). Kaxnoi ¢ynxyuu Fy (§, ¢) conocraBnsiercs
He 3aBHcsimee OT & 4ucao Fp (xy, ..., X, ) (32BHCSIIee TapaMeTPHYECKH
OT Xy, ..., X, U f). Takas 3aBHCHMOCTb Ha3bIBAaeTCs (HYHKYUOHANLHOL,
a cama ¢yHKuus F, HaswiBaercsi ghynkyuonasom or Fy;. Ml orlensiem
B ¢opmyJie (68.10) u Bo Bcex mocaenyiomux ¢popmysax ¢yHKIHOHAb-
HbIfi apryMeHT F; OT OObIYHBIX apTYMEHTOB X, ..., X, BEPTHKaJbHOM
uepToii H GyJeM At KPaTKOCTH YacTo OMyCKaTh apryMeHTH GyHKUuH F;.

MoxHO nokasaTb, yTo camasi obuiast gopMa ¢yHKUHOHANbHOMH 3aBH-
CHMOCTH NPOH3BOJIBHOH GYHKUHH § (Xy, ..., X, | F1) ot F; naetcs ¢op-
My10#

Pp (X, 00,y x,,}Fl)=SA(x1,..., Xn, §) @ (F(§, #) d§, (68.11)

rae A (%, ..., X, E) u @ (y) — HEKOTOpBIE, NOBOJIBHO NPOH3BOJIBHbIE
(GYHKIMH CBOMX apTyMeHTOB (TakHue, yro HHTerpaa B (68.11) cyme-
CTBYET).

2) ®yukunnu F, (xy, ..., x, | Fy) npun = 2 (Ko He dyukuus F; (, {)!)
PEeACTaBIISIIOTCS BHPHAJIBLHBIMH Pa3lioXKEHHsIMH 110 cTeneHsM 1/o (pak-
THYECKH 3TH DasJIoXKeHHs HAYT IO cTemeHsM Geapa3MepHOro napa-
meTpa r§/®, HO GOpManbHO YJOGHO 3amHCHIBaTh HX KaK pa3/ioXeHHs
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no l/o):
Fa(ty oo % F)=F8 (o, %o | F) o+ P (8, oo, Xl F)
(68.12)

Mel niepexoauM Tenepb K BbIBOAY YPaBHEHUS, OIHMCBIBAIOLIErO Mel-
JIEHHYIO 3BOJIIOLHIO (YyHKUUH F; (X, ), — KHHETHYECKOTo ypaBHEHHS.
Toxacrasss BupHabHoe pasyioxenye (68.12) 1is dyHKUUH Fy (x4, X, | Fy)
B NpaBylo YacTb ypaBHeHus (68.6), moayunm

aFl (xll t) +H1F1 (xlv )___l_ S Wy, OFy (xlullel:l) dx -

1
— S w, LG RID) gy p L (68.19)

Takum 06pasoM, Mbl NOJYYHM KHHETHYECKOe ypaBHEHHe: C TOuY-
HOCTBIO 10 BeJIMYHH NepBOro Nopsiika 1o r§/w, ecau HafineM QyHKIHO-
Ha/bHYl0 3aBHCHMOCTb F(® oT F;; ¢ TOYHOCTBIO O WY/IEHOB MNOPSAKA
(r3/®)?, ecnu HafizeM (yHKUHOHANbHYIO 3aBHCHMOCTBF() or Fj, H,
BOOGLIE, C TOYHOCTBIO JI0 WIEHOB (r/®)*, ec/u HalileM GyHKIHOHAIbLHYIO
3aBrcuMocTb F¢—" ot F,. TloctaBnm nepen co6oii 3a1auy: BHIBECTH KHHe-
THYECKOE ypaBHEHHE C TOYHOCTBIO 0 YJEHOB IePBOro Nopsiiika 1o rj/o
(XOTst HAMETHM NYTb HAXOXJEHHs H CJENYIOUHX YICHOB B 3TOM YpaB-
Henun). Uurareneii, HHTepecyloHXCcs Goslee JeTaNbHbiM H3J0KEHHEM,
Mbl OTCbiiaeM K MoHorpagusm [7, 15, 16] u KypHaJbHEIM CTaThbsiM
(MOBO/IbHO TIOMHBIH CIHCOK JIHTEpaTypbl Hmeercst B [16]).

3anuwem ypaBHeHue (68.13) B Bmle

LD 1y (1, F) b Ly Oy [P+ g Ly (w [ F) 4.y (68.19)
rae .
Ly (11, Fy) =— HiFy (1, 8), (68.15)
Lin|F) == § w, LEEen N gy, (68.16)
OFy! N F
Li(n |F1) — | w, LGl gy, (68.17)

JIJis janbHefiliero HaM HyXHO HalTH BbIpaXKeHHe JJIs1 IPOH3BOAHOM
10 BpeMEHH NPOU3BOILHOH GyHKUMH P (X, ..., X, | Fy), 3aBHCAWEd OT
BpEMEHH TOJIBKO NMOCPEICTBOM (yHKIHOHaJbHOrO aprymenra Fy (&, f).
C nomoutpio dopmys (68.11) u (€8.14) Haxomum

F={aw nyoEe g Dpla-
=§ A, % DO FE ) Lo F)ds+
+ g YA 5 DO EG DLEIFR) .. (68.18)
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Orciona BHAHO, UTO NpPOM3BOAHAS GY/@f MOXeT OBITb NpeicTaBieHa
C [OMOLIbIO BHPHAJIBHOTO DPasioKeHusl

20— Dy~ D+, (68.19)

rae Dy, D, ... — dopmaibuble onepartopbi AudxpepeHuHpOBaHUA P
no #, nocpencrsoM Fy (€, #) ¢ mocieayiomell 3aMeHoO#l NPOU3BOAHOH
oF,/0t Benuuunamu Ly (€, F), L, €| Fy), ...

Bepuemcs Tenepb x ypaBHenuio (68.7), onuchiBaloleMy 3BOIOLUIO
BO BpeMeHH GYHKUMH Fy (xy, Xg, £):

Ll mnd 4 foFy (5 50 =

1 OFg (%1, %y, X3, OFg (%1, X3, X3, ¢
=— S [ww B(xla:: *3 )‘l"'wzs s (¥ 0:2, *3, 8) ]dxs (68.7)

M NOJCTaBMM B Hero BMpMa/bHBble pasJoxenus (68.19) u (68.12) pas
0F,/3t u F,. Co6upas B no/Jy4YeHHOM ypaBHEHHH YJIEHBI C ONHHAKOBBIMU
creneHsMH 1/, ncayyum

DoF$'+ H,F' =0, (68.20)

a A A ™ aFa‘jl aFlﬁ)
DFs 4 HoFs = — DiFy = { [ wia i g T |ax, (8.2

Ilns peutenus nocTap/ieHHOH HaMM 3ajaud (HafiTH BHI KMHETHYe-
ckoro ypaBheHHs (68.14) ¢ TOYHOCTBIO 1O WIEHOB ~ rj/®) HaM Halo
Halith dynkunonan L, (x;, F;) W, crenoBarenbHo, corjacho (68.16)
HaiiTH pynkumonan FQ or F.Jlas 3TOro 10CTaTOYHO PELIUTb ypaBHEHHE
(68.20). 9o ypaBHeHHe ABAseTCS YHKUHOHANBLHHIM (BCIOMHHM onpe-

nesenye oneparopos Do, D, ... (68.19)). Tlokamem, cierys merory
Boroso6osa, kak 3To ypaBHeHHe MOXeET GbiTh Npeo6pasoBaHoO B Audpe-
peHuxanbHoe. BBeneM anst aTOro oneparop AHHaMHYECKOrO CABHra ha

BpeMsl T B BaMKHymol CHCTeMe n 4acTHll S, (X5, ..., Xp T):
Su(Xpyerey Xp 1) =0 (o), (68.22)
Mbl NOHHMaeM NpU 3TOM 3KCNOHEHUHANbHYIO QYHKUMIO OT onepa-
Topa H, Kak pan Maknopena 1is 3ToH ¢yHKUHH
# A 2 A
e =1+l + 3 Hit...
3aMeTHM, uTO TMOCKObKY OnepatopHble claraeMeie H, He KomMy-
THUPYIOT APYr ¢ ApyroM ((v; (8/07) M Wim (rem) (6/69,) npu k =i

WIH m = i), SKCTIOHEHTY e"''n He/b3si IPENCTABHTh KAK MPOU3BEACHHE
SKCIIOHEHT, COOTBETCTBYIOIUX CJlaraeMbiM H,.
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Oneparopst S, (t) 061aal0T TeM CBOACTBOM, uTO, AeHCTBYS Ha KOOp-
JMHATBI U CKOPOCTH 73 M ; (i = 1, 2, ..., n), CHCTEMBI 72 YACTHIL B MOMEHT
BpemMeHH ¢ npeofpasyioT HX B KOODJHMHATH M CKOPOCTH B MOMEHT Bpe-
menH (¢ 4 t) (npH ycaoBHM, uTO CHCTeMa SIBIISeTCS 3aMKHYTOH). [leii-

CTBUTEJIbHO, HampuMep, A4 omeparopa S; (t) umeeM
A 0 .
H1"1=’01¢ﬁ"1=‘1’1v
ﬁf’ﬁ:%% 2,=0, H0,=0,
OTKyna
Si@n=etrn=(+,)n=rtos,

§1 () o= e"?""’l =

(A ORHO¥ M30MMPOBAHHON YACTHIILI CKOPOCTb €CTb MHTErpas ABHKe-
HHS, M [IBHXEHHE 3TOH YaCTHIBE PaBHOMEPHO), TaK UTO

8@, v, H=V(r+oT, 04 0). (68.23)

Ilns onepatopa S, (t) ¢ TIPOM3BONILHBIM 11 == | HMeeM
n n
i a 4 a
H"—Zl Vige + 2 Wit 5o =
i=
n

i k=1
n
B C RN )
_'l dt or; dtav.v,-_‘ldt x;
i= i=

u, cjJenoBaTeaLHO, IJs MaJjoro l'lpOMe)KyTKa Bpemeﬂu 5‘[
(UHBTH) Y (51, -+s %ny D= (%485, ..., %,+6x,, 8),

rae éx.-——npnpameﬂue BEJIMYHMHBL X; 32 BpeMms dr, TMPpOUCXOAsILIEee
B CHJTy 3aKOHOB JIMHAMHKH B H3OJ[HpOBaHHOﬁ cucreme n yacruu. Orciona
Haxoaum, pasﬁmaaﬂ BpeMA T Ha TNPOMEXKYTKH 6‘[,

ey (e, 2 ) =lim (14 8 (g ., Xmy £) =

=Y (X1, -0y Xny 1)
TakuM o6pa3oM, eciii HMeercsi HekoTopas (DYHKIHA THHAMHYECKHX
nepeMeHHbIX 3aMKHYTOH CHCTeMBbl 7 4acTHIL Y (Xy, ..., X, £), TO

Sa@(kseves Xy )= (Sp (V) 51, .., Su(®) %y )=
=9 (Xy,eey Xnp8), (68.24)

rae X; eCTb COBOKYNMHOCTb BesHuMH R;, V; — KOOpAHHAT M CKOPOCTEH,
KOTOpBIE HMeJIH Gbl YaCTHIbI CHCTEMbI CITYCTSI BPeMsi T, €CJIH Gbl CHCTeMa
n vactHi Obl1a 3amkHyTOfl. BenmHumnbl X; oueBHpHBIM 0GpasoM,
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3aBHCAT, KPOMe T, OT BceX BequuuH x; Onepatopsl S, (t) omucw-
BalOT, TakMM 00pa3oM, 3BOMIOLUMIO BO BpPeMEeHH JIOOLIX (yHKUHMH
KOOpJHHAT M CKopocTefl 3aMKHyTOH cHcTeMbl. OHM obGnajaior cie-
JYIOIIMMH OYEBHIHBIMH CBOHCTBaMH:

S (1) 84 (1) =8, (m + 1),
$n () Su(—7)=8,(0)=1.
Jais Toro yroGsl mpeoGpasoBath ypaBHeHHe (68.20) B auddpepeHmHanb-
HOe, 3aMeTHM Telepb, YTO corvacHo dopmyJse (68.15)
4 (S @ (5 ) = (@ Fy (x, 1) =
=H.8, () Fy(x, 1) =—Lo(x, Sy (1) Fy).
Hanee, cornacuo (68.18), (68.19) umeem
DiFs (1, %2 8, (0) Fr (5, 8) = )
=§A(x, % 5O (S1()FLE, 1) LiE Si(0)F,E, 1) dE=

= {4 )0 GORE 0 £ G@RE D=
—— LA 0w O G WA E 0)d=
= — 2P, |8, (0 F).  (68.25)

Tax kax B ypaBHennn (68.20) apryments! pynkuuu Fy (byHkumo-
HalbHBIH apryment ¢ynkuMu FO (x;, X, | F;)) npousBOIbHBI, TO,
samensss Fy (5, ¢) ma S, (v) Fy (§, {), noayunm auddepenunanbuoe
ypaBHeHHe

P (%, %0l 8y (W) F) — HoFS' (31, |81 (v) F) =0, (68.26)

(hOpMaJIbHOE pellieHHe KOTOPOTo MOXKET ObITb HalHCaHO Cpady C NOMOMLbIO
oneparopa S, (t):
F (%1, %3| S1 () Fy) =Py (%1, % | Fy) = 85 (1) FY" (11, %o | Fy).
(68.27)

UYToGbl HaHTH «IOCTOSIHHYI HHTErpHpoBaHusy F{® (xy, xp | Fy),
Hajo 3ajaTh HayadbHOe ycaoBue Aast F{O (xy, x, | Sy (v) Fy) Kak QyHK-
LHMIO OT T. 3T0 HayaJbHOe yCJoBHe coryacHo BoromoGoBy BhiGHpaercs
caeayomuM cnocoboM. Ecnu npeneGpeub BOSMOXKHOCTbIO «CAHIAHHs»
MosleKyn B Gosee CJIOXKHBIE KOMIUIEKCHI (CUMTATh MOTEHUHMAN U (ri)
MOHOTOHHO YOBIBAIOIHM C POCTOM rj, H TNPaKTHUECKH PaBHLIM HYJIIO
pH riy = rp), TO B 3aMKHYTOM CHCTEMe M3 JBYX YaCTHL{ BBINONHSETCS
ycJI0BHE )

lim Sy (1) |[r—ry =0,

T
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COFJIaCHO KOTOPOMY, KaKOBO Obl HH OBbIJIO B3aHMHOE DAcCTOSIHHE Ty
IBYX 4YaCTHIl B JaHHBIi MOMEHT BpeMeHH, B GECKOHEUHOM MPOLIIOM
H B GecKOHeyHO GynyuleM OHH GYNyT HaXOAHTbCS Ha BeCbMa GOJIBIIOM
PacCTOSIHHH APYT OT Apyra M, BO BCSKOM Ciydyae, He GyAyT B3aHMO-
ZieHicTBOBaTh APYT C APYroM. EcrecTBEHHO MOSTOMY CYHTaTh, YTO COCTOS-
HHsI ABYX YacTHL NpH { —> = 0o CTAaTHCTHYECKH HE3aBHCHMBI Apyr OT
Ipyra. D10 faeT BO3MOXKHOCTb HaJOKHTb Ha F{O (x;, x,, ) HaualbHOE
YCJIOBHE OJHOTO M3 [BYX THIIOB:

lim S,(—7) [FS' (t1, % £)—F1 (xy, O)Fy (% H] =0 (68.28)

HJIH
lim 8, (v) [F5" (%1, %o, £)— Fy (%3, 1) Fy (x5, )] =0.  (68.29)
T—00

3ameTHM, YTO 5TH YC/IOBHSI HE HMEIOT JHHAMHYECKOil MPHPOJBI, a Tpel-
CTaBJSIOT COGOH Cyry60 CTaTHCTHYECKHE, BEPOSTHOCTHbIE IOCTYJATHI.
Oka3biBaeTcsl, YTO K NPaBHJIbHOMY KHHETHUECKOMY ypaBHEHHIO, ofec-
NeYHBAIOIEMY HYKHBI XapakTep HeOOPaTHMOCTH MaKPOCKOMHYECKOro
npoitecca (POCT SHTPONHH CO BpeMeHeM), NMPHBOXHMT ycioBhe (68.28),
KOTOPBIM Mbl B JaJIbHeliIIeM H moJb3yemcsi. ¥YcioBHe (68.29) mpusoaut
K KHHETHYECKOMY yPaBHEHHIO C H3MEHEHHbIM 3HAKOM HHTEerpaja CTOJK-
HOBEHHI1, 4TO O3Haya/o Obl HeBepPHHIHl XapakTep HeoOpaTHMOCTH (yObi-
BaHHE SHTPONHH CO BpeMeHeM).

3amernM, uto GpyHKuHS F{O (x;, X, | F;) 3aBHCHT (yHKIHOHAIBHBIM
obpasom or F; (§, ¢) u ycioBHe (68.28) HOMKHO BBIMOJHSATBCS NPH
JoGoM  BEIGOpE apryMeHTOB (€, ?). Mbl MOXeM IO3TOMY 3aMeHHTb
F, , t) na S, (v) F, (§, {) u 3anHcaTh OKOHYATeJIbHO HayaJbHOE yCJIO-
BHe I/1s1 ypaBHeHHs (68.27) B BHIe

11irg So (=) [F#' (%1, %5 | 81 () F (&, 1)) — 81 (v) Fy (x1, £) Fy (%, )] =0.
(68.30)
| 4K] ypaBHeHus (68.27), LefictByst Ha ero JeBylo M NpaBylo 4aCTb
oneparopoM S, (—1t), HaxXOAUM
FY' (5, % | FY) = 8o (— 1) F ¥ (1, %] 8, (1) Fy)-

Tak kak JieBasi 4aCThb 3TOrO PaBEHCTBA He CONEPXKHT T, OHA CIpaBef-
nuBa npu Jobbix T. Ilepexons K mpepeny nmpH T —> 0o H NOJAb3YsCh
(68.30), Haiinem

FP' (xy, %o | Fy) = 11im 8y (—1) S, () Fy (xy, t)Fy (x5, £). (68.31)

Takum obpasoM, ¢yHkunoHan L, (cM. (68.16)) pasen
. Y a
L Fy) == \ @i - [F1 (X3, ) Fy (X, ) dra,
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Il KHHeTHUecKoe ypasHenue (68.14) ¢ TOYHOCTBIO A0 UJAEHOB ~ri/®
IIPHEAMACT BHJ

6}"1():1, +H1r1(/‘1» )=

It
|
\[._
s
8
]

(F1 (X0, HF(Xo, ) dx,, (68.32)
rune R )
Xi=lim & (1) 8 (1) xi. (68.33)
T— X

Tipex/e yem nepexofuth K GoJiee AeTaJbHOMY PacCMOTPEHHIO ypabie-
Hia (68.32), noxaxem, UTO METOL, H3JIOXKEHHBI BbIILE, NO3BOJSET
HaXOIUTb H CJACAYIOLLHE WIEHLI B KIIHETHUECKOM YypaBHEHIH, UMEOIHe
nopsanok (rj/o)?, (rf/®)* u .1

JleHicTBHTeNbHO, A8 HAXOXIEHHs, HaupaMep, GyHKIHOHAKA
L, (x | F}) B xuneriyeckoM ypaBhenuH (68.14) nano corsiacuo (68.17)
BailTH QyEKIHOHANbHYIO 3aBHCHMOCTE F{" or Fy. 310 MOXHO cleiaTh
¢ romompblo yparenus (68.21), npeepartun ero B andipepeHuHanbHoe
YPaBHEHHE TaK e, KaK Mp! 3TO Jienatu ¢ ypasuenuem (68.20). dynk-
uHio F{*), BXOASAILYIO B €r0 NPABYIO Y4CThb, MOKHO HAHTH K3 yPaBHEHHS

WF + HyFg' =0,
3alaB nayajbHOE YCJIOBHE
lim Sy (= DFS (5, % 53, 0) = Fu(a, Oy (0 OFy (3, 0] =0.

Taum OG])aBOM, OTKPbIBACTCHA BO3MOKHOCTb HaHTH KMHETHYecKoe ypas-
HeHHe ¢ YYeTOM YJIeHOB NopsjKa (ro/u))’ 1, rae k — uegoe 4icio, T. €.
C YYeTOM k-YaCTHUHBIX COYAapeHHil.

Bepuencs Tenepb K ypaprcHHIO (68.32) 1 moKakeM, 4TO B CllelHalb-
HOM ¢Jlyyae NpoCTPaHCTBEIIHO OXHOPOAHOH cHeTeMbl (Fy He 3aBHCHT OT
KOOPAHAT #;) 5TO ypaBHeHHe TOYHC COBNANAeT ¢ KHHETHUYCCKHM ypaB-
HeHHeM BOJ’IbLl!\!ﬂl[a‘ npexme BCEr0 3amMeTHM, 4TO B IIPOCTPAHCTBEHHO
OHOPOJNOM Cayuae

Fi=F, (v, t), H:Fy (F1)=0.

=2 6r
Jlanee oreparop S, (t) st MPOCTPAHCTBEHHO OXHOPOAHBIX (HYHKIHIL
CTAHOBHTCS ONEPATOPOM TOXKJIECTBEHHOro npeobpasoBanus (cuM. (68.23))
H MOXeT ObiTb ONYINEH. Ypamleuue (68.32) npuunHMaeT BHI

Ofx(_‘_l*_’_) _ .(: g w”a'“ [Fy(Vy, ) Fy(Vy, O] dPry dbo,,  (68.34)
rae : .
Vi= lim 8,(—1)v: (68.35)
T+

IMoxpinTerpanproe Bhipaxenue B (68.34) moxet ObiTh Aajee rpeoGpaso-
BaHO cJelylomkM obpasoM. Beamunnn V; npesctaBasior coGoi npe-
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JeIbHbIe 3HAueHHUs (MPH [ —> — 00) CKOPOCTel 4acTHll, HMEBLIMX MPH
¢t = 0 CKOPOCTH @; il B3aHMHOE PACCTOSIHHE Iy (H 0GPA3YIOMIHX 3aMKHY-
TYyIO cHcTeMy). BeseactBue storo Beauuubl V; He 3aBHCAT OT BpeMeHH
u dyukunn Fy (Vi, {) 3aBHCAT OT BpeMenn ToMbKO NOCPEACTBOM apry-
MeHTa {. TO 3HAYNT, YTO NOMHAS NPON3BOAHAS 110 BPEMEHH OT yHKIHHU
Fy (Vi, {) coBnajaer ¢ yactHoli npousBoanoil. C Apyroii CTOpoHBI,
Vi 1V, BejeicTBHe AMHAMHYECKHX yDaBHEHHIl JBHXKEHHS SIBJISIOTCS
OJAHO3HAYHBIMA (DYHKIMSAMH HaYaJbHbLIX YCJIOBHi, T. €. BENHUHH Dy,
0y 1 rp. Tlostomy, cunrtas aprysentsl ViV, BbipaKeHHbIMH Yepes
Uy, Uy, Iy, MMEEM JUIS DA3HOCTH MOMHON M YacTHOI NPOH3BOJHOH Mo
Bpemenu or npoussenenus Fy (Vy, f) Fy (V,, {) Boipaxeuue

[dvl a doy, 0 driy 0, drs 0 Fy (Vi O)F, (Vs 1) =

@ oo, U@ g0 Tt o ot ors

2 PR
Wiz g+ W gy -rq‘ElFx(Vh 0)F1(Vy 1) =0,

rae @ = ©, — ¥; — OTHOCHTeJbHAsA CKOPOCTb YaCTHIL.
Mbl MozeM, TakHM 06pa3oM, 3aMeHHTb 0bIHTErpaJIbiyio ByHKIHIO
B (68.34) Bbipaxcennem

a [Py (Vi O Fy (Ve ),

an 3TOM HHTerpas Ot BTOPOro cJjaraemoro 06pa'ru'rc;( B HYJb BCJeJ-
cTBHe Teopembl [aycca (WHTerpas oT JAHBEPreHIHH B NPOCTPANCTBe
CKOpoCTeil), H Mbl 1107YyYIIM

.
= Vaa [P (v 0 RV 0] dr o, (68.36)
® daryy

(Mbl MepeLLTi OT HHTErPHPOBAHHS 110 d*y K MHTErPHPOBAHHIO MO d*f ,.
SlkoGuan 3Toro npeoGpasoBanus pasen eiunuue). Bomoanny B (68.36)
HHTerpHpoBaiiie no d’ry,, nepexoas K UHIHHAPHYECKOIT CHCTEME KOOp-
JMHAT € 0CbIO, HaNpaBJ/IeHHOI BJ0JIb OTHOCHTEAbHOI cKopocTH. OGo3Ha-
yast KOOpAHHATY M0 3T0i1 OCH Yepes £, KOOPAHHATY MO NepreHAHKYJIspHOI
eil ocH yepes O H NMOJASPHBIL yroa yepes ¢, Moayyns

Saaal B 0BV 0| =

[

= (S aododg § 2P (Vi 0PV 0 ae=

=WalF (Vi 0 F (Ve o= o= Fy (Vis O Fy (Vo £) =] p dp dop.

(68.37)

3ameTHM Tenepb, Yto npu § — — oo yacTHUb | 0 2 HaXoAsTCA HA pac-

CTOSIHHH, 3aBE/ONMO NpPEBbIIAIONIEM f(, I He B3aHMOAEHCTBYIOT Apyr

¢ apyrom. Ilpu stom jeficTBue onepartopa 32 (—1) (npojo/kenHe
12 10. B. Pywep, M. I Pusgun
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B MPOLUIIOE Ha BPeMsi —T) He NMpHBEJEeT HX K CTONKHOBEHHIO, TaK Kak
HanpasJieHHe OTHOCHTebHOH CKOPOCTH ¢ BHIGDAHO HaMH BLOJAb OCH {
M [pH NPOAOJIKEHHH B MNPOLLIOE OTHOCHTEJNbHOE IBHXKEHHE YaCTHIL
1 1 2 Beler K yBe/HUEHHIO aGCOMOTHOTO 3HaueHus {. ClleloBaTe/bHO,
npeneabHele 3HaueHHst V; u V, pu § — — 00 JIO/MKHBI GHITh OTOXIECT-
BJIEHBI CO CKOPOCTSIMH MosieKyJ 1 H 2 «io ynapa» @, u @,. [Ipu { — oo
MoJsiekyJsl | U 2 Takxe He B3aHMOAEHCTBYIOT Apyr ¢ apyrom. Ho mpo-
JIOJKeHHE B MPOLLIOE Ha JOCTAaTOYHO Gosiblioe BpeMs T (HeficTBHe orme-
patopa S, (—T)) 06si3aTe/bHO NMPHBEET K CTOAKHOBEHHIO, TaK Kak
OTHOCHTEJIbHOE JBHKeHHE YaCTHIL NIPH MPOJO/IKEHHH B MPOLIIOE yMEHb-
waer a6CcomoTHoe 3HaueHHe [. IlosTomy mpenenbHbie 3HaueHust V;
1 V, pH { — 0o JO/KHBEI ObITb OTOXAECTBJEHH CO CKOPOCTSIMH MoJle-
Kya 1 u 2 «nocsie ynapa» 9, ¥,. 3aMeTHM Jajiee, 4TO CKOPOCTH «rocJje
yAapa» 9, U Uy ABJISAOTCA QYHKUHAMH CKOPOCTefl «I0 ylapa» ©; U U,
H NPHLEJbHOTO paccTosiius p. MHrerpupoBanue no p B (68.37) npak-
THYECKH OTPAHUYEHO BEJHYHHOH ~7, (IpH p > r, «ylap» (paKTHUECKH
He MPOHCXOJHUT, YaCTHILLI He BCTYNalH BO B3aHMONEHCTBHE U PA3sHOCTb

Fl(‘{’lv t)Fl(‘az, t)—Fy (o, ) Fy (o, t)

ofpailiaercss B HyJb), TaK YTO HHTETpa] MO P CXOLHTCH.

Ilast Toro uTo6H CpaBHMBaTh NMOJYYEHHOE HaMH B 3TOM naparpage
KHHETHYeCKOe ypaBHeHHe ¢ ypaBHeHHeM Bosibumana B dopme (67.22),
CJlefyeT yuecTb, uto GyHKuHs Fy (7, ©, {) u dynkuus f (r, o, ), pury-
pupytomasi B (67.22), NOZYMHEHBI Da3HBIM YCJIOBHSIM HOPMHPOBKH:
ans ¢ynkuun Fy (r, 0, t) umeem corsacHo (68.1) u (68.3)

(Fu(r, 0, H)d*rdo=V,
B TO BpeMsl Kak s QyHKuUHH [ (7, 0, f) uMeeM (cM. (64.2))
Sf (r, 0, )d®rd®v=N,
orkyla caeayer, uro F; = fV/N = fo.
YuuTHBasi BCe CKasaHHOe BHILE, MBI [0Jy4YaeM B NMPOCTPAHCTBEHHO

OJIHOPOJIHOM CJlydae KHHETHUeCKoe ypaBHeHHe st GyHKuuu f (7, 9, 1)
B BHIe

LD (a0, (§a1f @0 01 @0 i)~
— (@3, )[ (2, t)]p dp dp.  (68.38)

Mbl MOXeM NepeiiTH B 5TOM BHIPAXKEHHH OT HHTErPHPOBAHHS 1O MPH-
LeJbHOMY PacCTOSIHMIO P M YTy ¢ K HHTEPHPOBAHHIO O HampasJe-
HHSM €IHHHYHOTO BEKTOPA €, KOJJIHHEapDHOTO H3MEHEHHIO CKOPOCTH
¥, — ©;, NOJbB3YSCh TEM, YTO 3aJaHHbLIM 3HAYEHHSIM V), Uy U P COOT-
BEeTCTBYET OJIHO3HAYHO OMpe/ieieHHOe AMHAMHKON yJlapa HampaBieHHe
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BeKTopa e. Beoas oGo3Hauenue
gp dp do = Y (v, 0, €)dQ

(dQ — snemeHT TeqecHOro yraa AJsi HanpaB/eHHs BEKTOpa e), MmoJy-
yim u3 (68.38) ypasHenue

LD § a0, dQ 2w, 00 0) (F — '), (68.39)

TOYHO COBMajaioulee (445 NPOCTPAHCTBEHHO OAHOPOAHON CHCTEMbI
B OTCYTCTBHH BHELIHEro MoJis) ¢ ypaBHeHHeM Bosbumana (67.22).

Ecau oTKasatbcst OT YCJOBHSI MPOCTPAHCTBEHHONH OAHOPONHOCTH H
cuMTaTh GYHKUHIO [ 3aBHCHLLEH TaKXKe OT KOOPAHHAT, TO, KaK I0Kasal
Boro.i060B, BO3HHKaeT ypaBHelHe, HECKOJIbKO OT/IHYAIONIEecst OT ypas-
HeHust Bosblimana.

§ 69. 3aKoHbl coXpaHeHHsi H 3aKOH BO3PaCTaHHS IHTPONMHH

Kunernueckoe ypasienne DBosbuMana nosBo/isieT BbIBECTH psilt
BaXXHbIX CJEICTBHH, KacaiomMXCsi H3MEHEHHs B NPOCTPAaHCTBE H BO
BpEMeHH CpEIHHX 3HaueHHil (u3MYecKHX BeaHuMH. [lycTb HMeeTcs
HeKoTopas (H3HYecKas BeJHYHHA Vp, aCCOUHMPOBAHHAsi C MOJIEKY.JIOH,
KOTOPYIO Mbl GyJeM CUHTaTh GyHKLHeHl TOUKH B W-IIPOCTPAHCTBE H Bpe-
MeHH P = (r, ©, {). Haiinem 3Hauenne P, ycpeHeHHOEe IO CKOPOCTSIM.
Ilo onpenenenuio,

— {0 0f(r 0 o
P (r, 1) =i——.—————— ’
\ fir, o, tyd%o
UM
p(r, )% (r, =y, o, O (r, v, () d%, (69.1)
rae p (r, 1) = [f (v, 0, {)d® — npocTpaHCTBeHHas IJOTHOCTb YHC/IA
yactHu. Bocnosnbayemcs ypaBHenueM Dosbumana B dopme (67.9)

T+ aa 00+ g, ) = .
={{{p (@ Y15, &) ([~ d' Eo . (61.9)

YMHOX UM 06€ YacTH 3TOro ypaBHeHHsl Ha P (7, ©, {) U IPOHHTETPHPYeM
no v. IlpeoGpasyem npu 3TOM JIEBYIO YacTb IOJYYEHHOTO ypaBHEHHs
cefytomHuM o6pasoM:

$0[ 5+ oz (o0 + gz o) | doo=
= {1300 + o) + 2 oo) —

‘[Ot - * 3y "Ovh]} : ®-2)
12
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Tperbe cnaraeMoe B 5TOM BHIPaXKEHHH MOXET GhITh NpeoGpasoBaHo
€ nomouibto TeopeMsl aycca B NMOBEpPXHOCTHBIH HHTErpas

ﬁ fyw, do,

(do — OpHEHTHPOBAHHEI 3/€MEHT IIOWAAH TOBEPXHOCTH B U-TPO-
CTPAHCTBE) U HCYE3AET INPH HHTETPHPOBAHHHM 1O BCEMY NPOCTPAHCTBY
cxopocreit (f (7, v, ) —» 0, korga® — oo0).

B nepBbIX JBYX c/laraeMblX CHMBOJIBI NPOM3BOJHBIX 0/0f W 0/0x,
MOXXHO BBIHECTH 33 3HAK HHTEerpaja H BCIO JIEBYIO 4acTb (69.2) MOXHO
3amucarh B BHje

9, 9, —— ) ] a
57 O0) + 2= (0%00) — § F[ %0 + 57 (b + 5o () o (69.3)
Tlepeiinem K npeoGpasoBaHHIO NPaBOil YaCTH ypaBHEHHs, MOJyYeH-
Horo u3 (67.9) ymHoxenuem Ha  (r, , f) H HHTErPHPOBAHHEM IIO V:
§585P (@, o0, ) (T =) ¥ (7, ©, ) d®0 d®’ d?0 d%0". (69.4)

HamennM oGo3HaueHHsl MepeMEHHBbIX HHTErPHPOBAHHS B STOM BhIpae-
HHH TpeMsl crocoGaMu:

1) 950, V>0, 00 9 >0,
2) V-9, ‘Zl—»‘v, >0, v >0
3) 0>, 'Z;'—»'v, ' >0, V>0

TlpencraBum (69.4) B BHe CyMMbl YETHIDEX MOJNYYEHHBIX BbIpaXkeHHil,

Jeslennofl Ha ueTbipe. YuuTbiBas cBoiicTBa cumMerpuu P (v, ¥'[9, ¥')
(popmyanr (67.8) u (67.10)), noayuum smecto (69.4)

1

(88§ P o113, 90 G — i x

X P+ —p—V) diod’ dod',  (69.5)
rie
Y=%(r, 0,8, V=y0 0,8, b= 0,8, $=0@7, 1.

OKoHUYaTeNbHO NMOMyYaeM ¢ MoMotbio popmy.1 (69.3) u (69.5) cootHowute-
HHE

5 00 + 57 0% — § 7[5 + o2 (how) + 2 ()| dvo =
= {§§ P oo, o7 -1 x
X (b9 —p—1P') d d’ do ddo’. (69.6)
PaccmotpuM Temepb uacTHble caydanm: § = 1, P = v;, P = 0%
Bo Bcex sTHX cayyasx npasas yacTb ypasHenus (69.6) obpawiaercs
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B HyJb — B [€PBOM C/lyYae TPHBHANbHEIM 0GPa3oM, BO BTOPOM H
B TPETbeM C/yyae — B CHIY 3aKOHOB COXPAHEHHS HMIYJ/IbCa H SHEPTHH
npu yaape. B seBoit wactn (69.6) Hmeem

npu P = 1
I a =
o+ (08) =0, (69.7)
npu P = o;
é, 9, —
3 (07) + 5 (pvive) =pwy, (69.8)
npu ¢ = v*
d 2 3 /pviv, _
7 (5) + 2 (252 = oo (69.9)

HerpyaHo yCTaHOBHTb (H3HUECKHH CMbICJ CcOOTHomeHu# (69.7),
(69 8), (69.9). byznem cunTaTh A MPOCTOTH MAcCy MOJIEKYJ] rasa pas-
HOlt e/IMHHULE, TaK YTO_p NPEJCTaB/seT COGOH CPENHION MIOTHOCTh Ta3a,
a BENMUHHBL (Up, PUTg, PU/2, PUU4/2, PW,, (UL, — CPENHHII HM-
yJIbC, CPEIHIO MPOEKIHIO NOTOKA HMIYJIbCA, CPEHIO KHHETHYECKYIO
9HEPTHIO, CPe/iHee 3HaYeHHe MPOEKIHH NMOTOKa KHHEeTHYEeCKOH SHepTHH,
CHJIY M CPEJIHIOI0 MOIIHOCTb CHJIbI, COOTBETCTBEHHO, OTHECEHHbIe K eJlH-
Hune oobeMa raza. Torna ypaBHenue (69.7) npencrasisier coGoit ypas-
HEHHe HeMpepbIBHOCTH JUIS MUVIOTHOCTH M BBIPAXKaeT 3aKOH COXPaHeHHs
maccbl. MHTerpupys (69.7) no HekoropoMmy o6bemy V H mosmb3ysich Teo-
pemoit I'aycca, Haxoaum

i (§§§oer)=— (Fovido.. (69.10)

310 ypaBHeHHe BbIpaKaeT TOT (GaKT, YTO H3MEHeHHe KOJHYecTBa Bele-
crBa B of6beMe V 3a eIMHHMIly BpPeMEHH DaBHO KONHYECTBY BellecTBa,
BBITEKAIOIETO HJH BTEKAIOero 3a TO JKe BpeMsl yepe3 TPaHHMIy 3TOTO
obbema.

VpasHenue (69.8) npejncrapiisier co6oi 3aKOH H3MEHEHHs HMMYJIbCa.
WHrerpupys no oGbemy V u nosb3ysick Teopemoit I'aycca, umeem ypas-

d—'j(s S Spﬁ,«d”r): — F oon do,+ S S S pw; ¥, (69.11)

KOTOpOe MOKA3bIBAaeT, YTO H3MeHeHHe HMIyjbca B oGbeme V mpouc-
XOJMT 33 CYET BTEKAHHSI MJIM BbITEKAHHS] HMMYyJbca Yepe3 TpaHHIy
obbema V (BMecTe ¢ MOTOKOM rasa) M 3a cueT NefiCTBHs Ha YaCTHLbI Ta3a
cuan F; = pw;. Takum o6pasom, (69.11) npencraBasier coGoii 3anuch
BTOpOro 3aKoHa HbioToHa.

Haxowen, ypaBHenue (69.9) npencraBisier co6oii 3aKOH H3MEHEHHs!
KHHETHUecKOii 3Hepruu rasa. ViMeeM, WHTErpHpYsl 3TO PaBEHCTBO MO
o6beMy H nosb3ysick Teopemoit aycca,

78885 0 ) = )= @W”” do,+ { § { pwionair. (69.12)
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HMamenenne KHHeTHUECKOH 5HepTHH B o6beMe V MPOHMCXONHMT 3a cuer ee
BTEKaHHs UJIH BbITEKaHUS Yepe3 rpaHulibl o6beMa V (BMecTe ¢ MOTOKOM
ra3a) ¥ 3a cyeT paGOTbl BHELIHHX CHJL.

Bocrionb3yemcsi Tenepb KHHETHYECKHM YpaBHEHWeM /s JO0Ka3a-
Te/bCTBA TEOPEMBl O BO3PACTAaHHH SHTPONHH NPH NEPEXOAEe U3 HEPABHO-
BECHOTO B PaBHOBECHOE COCTOsIHHE. (DTa TeopeMma, Aoka3auHasi J1. Boib-
IIMaHOM, HOCHT Ha3BaHHe H-TeopeMbl, TaK Kak BosbliMaH BBOAM/ BMECTO
SHTPONUH BeJHYHHY F, OT/IHYA IOILYIOCS OT SHTPONHH TONBKO 3HAKOM.)

Jloka3aTe/IbCTBO 5TOM Teope MBI TaKXKe OCHOBaHO Ha popmyde (69.6),
HO TIpH MHOM BhI6Ope BeJMYHHH ¢ (7, ©, ). Kaxnofi vactune rasa mbl
MOJKeM CONOCTABHTb B KAYeCTBE BeJIHUHHBI Y (7,9, f) ee HHAHBUAYabHbIE
XapaKTepPHCTHKH: MacCy /m, KOMHYECTBO ABHIKEHHS M0 U KHHETHUECKYIO
SHEPTHio my?/2 YaCTHIbl, He 3aBHCSILHE OT COCTOSIHHS OCTA/NbHBIX Ya-
crun. Korza Mbl nepexofuM K OINHCAHHMIO ra3a KaK LEJNOro, 3THM BeJH-
YHHAM CONOCTABJISIIOTCS MaKPOCKONHYECKHE XaPAKTEPUCTHKH, MEHSIO-
IHecs CO BPeMEHeM M OT TOYKHM K TOUKe: IJIOTHOCTb Macchl p (, f),
IJIOTHOCTh HMMIyJbCA PO W IVIOTHOCTb KHHETHYECKO! 3HEPTHH po®/2.

YpesBbiuafiHo BaXKHO, OJHAKO, YTO Mbl MOXKEM COMOCTAaBUTb KAXKAOK
YacTHIe B KayecTBe BeJHYHHH Y (¥, ¥, [) dyHKIHMIO, 3aBHCALLYIO He
TOJIBKO OT CKOPOCTH STOH YaCTHIIbI, HO H OT ee MOJIOXKeHHsI B NPOCTPaH-
CTBe # U MoMeHTa BpeMeHH {. Bonee Toro, ¢ (7, v, f) MoxeT comepxaTh
HHGPOPMAILIHIO He TOJbKO O COCTOSIHHM NaHHOW YaCTHIBI, HO H (KOCBEH-
HBIM 06pa30M) O COCTOSIHHH Ta3a B LIeJIOM, €CJIH OHO 3aBHCHT OT KOOp-
ZIMHAT, CKOpOCTeHl ¥ BpeMeHH NOCPEACTBOM GYHKUMH pacnpenelieHus
f(ro,t), 1. e.9 (r,0,t) = F (f(r,9,t)). Kak Ml BHgesu, u B 3ToM Gostee
ofleM cayyae AJ1s1 H3MeHeHHs B NPOCTPAHCTBE H BpeMeHH (yHKIHH
oy (7,9, t) 1 ee motoka povY (¥, v, {) ¥ Noayyaercs ypasHeHue (69.6).

TTokaxkeM Temepb, YTO €C/IH CONMOCTaBHTb KaXIOH YaCTHIe B Kaye-
cTBe BEJIMUHHB Y (7, , {) byHKuH0 —In f (7,9, ), TO OHa (C TOYHOCTBIO
JIO IOCTOSTHHOTO MHOXKHTEJIS1) PeCTaBJsieT COGOH «IHTPOIHIO» YaCTHILBL.
St10 cilenyer HeMelleHHO H3 dopmyJnbl (47.8):

n n
S=—=4 2 Finl.
N, V,i

Tonarast B sTo#t popmyne N u V (HKCHPOBAHHBIMH, 3aMeHss BEPOST-
HOCTH /L yepes pyHKIHIO pacnpencnenus f (7, v, ) ¥ nepexons oT cym-
MHPOBaHHS NO i K HMHTETPHPOBAHHIO MO W-TPOCTPAHCTBY, MOJydaeM

S=—A{fInfd%dr, (69.13)

rie A — nocrosinHas (A = km®/h®).
Orciofa Asisl IPOCTPAHCTBEHHOH IVIOTHOCTH SHTPONIHH HMeEM

ps=—A§[In/dv=— ApIn} (69.14)
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W ANS TIUIOTHOCTH NOTOKA SHTPOMHH
pos=—A{foinfd*o=— ApvIn}. (69.15)

M3 3Tux ¢opMys BHIHO, YTO MBI MOXEM PaccMaTpHBATh BHIpaXeHHe
—A Inf KaK SHTPONHIO OJHON YaCTHIUBL.

Bephemcsi Teneps K ypasHenHio (69.6) u nonoxumy = —In f (r, v, t).
B sToM cnyuae BTOpoe c/araeMoe B JIEBOH 4acTH B 3TOM YpaBHEHHH
obpauiaercs B Hy/b. JleiCTBHTENBHO, HMeeM

§ a7+ on s Fon g | nF o= ([ + 52 (Fou) + 52 (o) oo =

= [F + 5 (o] o= + 52 (o) =0

B CHNy ypaBHeHHs HenpephiBHOCTH (69.7). [Toatomy ypasHenue (69.6)
MOKeT GbITh 3aMHCaHO B BHAE

d, . a —

at (PS)+ g (psv) =

-4 S S S S P (o, v |9, &) (' —ff) In arw v ao . (69.16)
[MocnenHee ypaBHeHHe HMeeT BHA yPaBHEHHs HENMpEPLIBHOCTH st

TIJIOTHOCTH 3HTPONHUH C HUCTOYHHKAMH B npaBoﬁ YacTH

7 (05)+ a%; (psv) =Q, (69.17)

npHYeM B CHJy OYEBHMIHOTO HepaBeHCTBa (¥ — y) In (x/y) = 0 muor-
HOCTb MCTOYHHMKOB HeOTpHuaTeabHa, T. €. Q == 0. Hurerpupys (69.17)
110 HEKOTOPOMY (HKCHPOBaHHOMY 06beMy V 1 mpHuMeHsist Teopemy [ayc-
ca, MOJyYHuM

a(§Sesar) = — (Hosondon+ ({ (aar.  (@0.18)

CornlacHO 3TOMy COOTHOLUEHHIO SHTPOMHS 06beMa V rasa MOXeT HaMe-
HATLCS 32 CUET BTeKAaHHs WJM BHITEKaHHs SHTPOMHH (BMeCTe C MoJe-
Ky/NaMH Ta3a) yepe3 TDaHHMIbI BbIICJIEHHOTO OGbeMa H y6eAUMUBAMbCA
3a Cyer MPOAYLHPOBAHHS SHTPONHH BHYTPH 06beMa HCTOYHHKAMH SHTPO-
nun Q:

1 ~a, Ff ~ o~
Q=+ S S S P (o, |3, 9) (ff — ) InE d v ao vy, (69.19)
B yacTHOCTH, 1151 3aMKHYTOH CHCTEMBI SHTPOMHSI MOXKET TOJNBKO yBe-
JIMYMBATLCS MJIM, €C/IH MMeeT MecTo paBeHCTBO ff = ff’, ocraBaTbes
TIOCTOSTHHOI.

”TaK, MBI MTOJTYYHJIH H3BECTHBIH M3 TEPMOAHHAMHKH 3aKOH BO3pa-
CTaHHs SHTPONHH, MPHYEM KHHETHUECKHIi BBIBOJ 3TOrO 3aKOHa JaeT HaM
BhIpaXKeHHe I MCTOYHHMKOB sHTpomuu (69.19) (cM. moapoGhee § 71).
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§ 70*. JlokasnbHoe pacnpenenesue Makceeata—Boabumana

BblsicHUM Ternepb, MPH KaKOM YCJOBHH HCTOYHHKH SHTDOIHH mepe-
CTal0T MPOAYUHMPOBATL SHTPOIHIO H pacrpejie/leHHe CTAHOBHTCS paB-
HoBecHbIM. M3 Bbipaxkenust (69.19) Mbl BHAHM, YTO 5TO YCJIOBHE HMeeT
BHJ

T = (70.1y

l'lpu 3ToM B ypaBHeHnH Bosbumana

2
6xk (Fou) + Qv (o) = "
=TT @ ¥ |9, o) ([ —iF) &0 a0 d*
ofpauaercss B HyJ1b TpaBasi 4acTb, a, CJ€J0BaTeJbHO, H JeBast
dg a a
&+ o (on) + 5o (o) =O. (70.2)
Ycaosue (70.1) Moxer GbITb 3alHCaHO B BHJE
Inf+inf=Inf+inf

H 03HAYaeT, YTO 110 OTHOILEHHIO K COyAapeHHsM BeqHuHHa In f ecTb az-
JIMTHBHBIN HHTerpas JABHxKeHHs. IIpH mapHBIX ynpyrHx coynapeHHsx
CYLILECTBYET TOJNbKO NSATb TAKHX HHTEIPAJOB: TPH MPOEKUHH CKOPOCTH
E, m, {, oHeprus e = mv*/2 W BeJMYHHA, He 3aBHCAIIAST OT CKOPOCTH.
MoxHO mokasatb (cM., Hanpumep, [1]), 4To 5THMH BesMYMHAMH amau-
THBHbE MHTErPaJIbl HCUEPMBLIBAIOTCS H In f MOXKeT GBITH TOJBKO JIHHEH-
HOH KOMGHHAlHel 3THX BeJHYHH

f=ea+biv,.+cv§
(Mo TMOBTOPSIIOLIMMCA HHJAEKCAM TOJAPa3yMeBaeTcss CYMMHDOBaHHe).

Jlns Hamux ueselt yIOOHO 3amHcaTh 5TO BbIpaXKeHHe CJIeyIOLHM 06-
pasom:

P T (70.3)

B TakoM BHJle 5TO pacrpejlesieHHe MOXKHO HHTEPNPETHPOBaTh KakK pac-
npeniesienre MaKcBe/1a co CPeIHHMH 3HAYEHHSIMH TPOEKLHI CKOPOCTH
v; = u;. Beanunnsl a, B ¥ u; B (70.3) npencrasisiior coGoi B obuieM
cnyuae QYHKUHH KOODJHHAT M BPeMeHH (TaK KaK IPH «MIHOBEHHbIX»
coy/iapeHHsiX KOOPAHHATbl HEe HCIBITHIBAIOT CKAauKOOOPasHbIX H3MeHe-
HH, B OTVIHYHE OT CKOPOCTH M 5Hepruu). ITosTomy B KaxIoii Touke
NPOCTPAHCTBA CYIIECTBYET CBOSI JIOKAJIbHAsl CPEIHsIsi CKOPOCTh (CKOPOCTb
NOTOKA rasa), H3MeHsiowasicsi, B OGleM cydae, ¢ TeueHHeM BPEeMEeHH.
Boipaxkenne (70.3) NOMKHO yJIOBJIETBOPSTb, KPOME TOrO, yPaBHEHHIO
(70.2). Mopacrasass Buipaxenue { B (70.2) u npHpaBHUBas B NOJyYeH-
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HOH dopMyJie HY/ 0 KOSPPHUHEHTH! NPH ULU], Ux0;, Uy H CJIaraemble, He
cozieprKaliHe vy, MOJYYHM TOCJHe HEKOTOPHIX NpeoGpasoBaHMil ypas-

HeHus
0|

%=0, (70.4)

B Ou; du
Eou=Gn + 58, (70.5)

e [ 1 m ,
Fk_m(uk+3uk)+36x;(a—ﬁfu;), (70.6)
2

5 (a— B+ BuFu—0. (70.7)

TMepBoe u3 3THX ypaBHeHHil NIOKa3bIBAET, YTO BeJHUHHA B wiau Tem-
neparypa B ¢opMyJe JIOKalbHOTO pacnpenenenuss Makcsenna (70.3)
HMeeT OfIHO M TO JKe 3HaueHHe BO BCEX TOUKAX NMPOCTPAHCTBA, HO MOXKET
MEHSITbCS CO BpeMeHeM.

YpaBHenue (70.5) onpenensier noJe JOKaJbHbIX CKOPOCTeH NOTOKA
rasa. OG6iee pelieHHe €ro HMeeT BHI

u= 2% r+lor]+ u; (t). (70.8)

Buipaxenue (70.8) ynosaerBopsieT ypasHeHnHwo (70.5) npu o, He 3a-
BHCSILLEH OT KOOPAMHAT, HO 3aBHCslledl NMPOH3BONBHBIM 0Gpa3oM OT
BpemeHH. [TokaxeM, UTO eC/IH MoJ€, B KOTOPOM HaXORUTCS Ta3, MOTEH-
HHaJbHO, T. €. F = —grad Z (), To yrnoBasi CKOPOCTb @ JOJIKHA Me-
HSITBCST CO BpeMeHeM MPONOPUHOHANbHO TeMnepatype, @ (f) P (f) = const.
VYpashenne (70.6) 115 TNOTEHUHAJBHOTO MOJAS MOXeT GHTb 3amHCaHO

B BHIE
[ 1 2
5 (Bu)=— - grad [a —B%S B (r)]. (70.9)
Orciona cenyer ¢ yuetom (70.8)
a 2 a
rot (Pu) =rot {‘—37 (ﬁ[mr])} =2 o (Bo), otkyma Pe = const.
TaxkuM o6pa3oM, MakpOCKOINHYECKOe IBH)KEHHe rasa, B ofLieM cay-
yae, NpeiCTaBjsieT cOGOM CYNMepIO3HUHMIO PaAMa/JbHOTO PacIIMpEeHHs

(cKatus) €O cKopocTblo Pr/2B, mioCKOTO BpalmeHHss C  yrJIoBOH
CKOpOCTBIO @ (f), ONMHAKOBOH BO BCEX TOUKAX M MeHsomefics npo-
TMOPIHOHANLHO TeMNepaType, H MNOCTYNATEbHOrO ABHIKEHHS CO CKO-
pocTbio #y, (t).

VYpashenns (70.6) u (70.7) HaKJIanLIBAIOT HEKOTOPLIE OTpaHHUeHHs HA XapakTep
cunoBoro nosist F = — grad Z(r) u Ha 3aBHCHMOCTb OT BPeMeHH BeJHUHH a U #. [Toka-
3KeM, YTO V1Al BeChMa LIMPOKOrO KJacca MOTEHIHanoB, o(JIajialouikX TeM CBOHCTBOM,
9TO HX Pa3/ONeHHE N0 CTeNeHAM KOOPAHHAT X; COJEPKHT WIEHH TpPeTbel CTeNeHH
H Bhitlle (Hapsaay, GRITb MOXKET, H ¢ GoJlee HH3KHMH CTEMEHSIMH), HMEIOT MeCTO COOTHO-

—Bu(r
wennss ® = 0, B = const u a = const ¢ B, Taxum 06pasoM, Js TAKUX NOTEH-

uuano Qopmyna (70.3) mpunumaer BHA OObiuHOrO pacrnpegenenns Makcsenna—
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BoslbiMaka ¢ MOCTOSHHLIM MOAYJIEM B M CpeaHelt CKOPOCTbIO ®, PaBHOH HYJO:

f=const e—s[’"ﬂ—w*—wﬂ]'

HefictButensto, U3 (70.9) u (70.8) umeem

mu? 1 I} [ a
wrad [a—pTy" 1B ()| =—m g Guy=—m [ -+ 5 GBu ).
BbIYMCIMM KPUBOJIMHEHHEI HHTErPan OT JeBolt U MpaBoil uacTell B mpejenax oT
HayaJjia KOOpJAMHAT N0 TOYKH C paauyC-BEKTOPOM r

2
mu}

a— B 82 () =a—b T By O —m [ £ 24 S G, 1 r]. @010)

Iubdepenunpys Bup a—Pmu?/2 no Bp # nogcrapss B (70.7), noayuum

5|85t b @ -z o) —pugrat 2 ) =m[ § 1+ Ty Guir 07,

THe & J0/KHO GHITh BIpaxeHo no dopmyse (70.8) uepes B, B, @ u #,,. Ecau nogcra-
BHTb B JIEBYIO YacTb 3TOrO ypaBHeHHs pasnoxeHue X (r) — % (0), TO uieHHn BHxa
X; Xp X;, COfepIKallue TPETbH CTeNeHH X;, 6YAyT MPHCYTCTBOBATb TOJIbKO B JeBOH
uact. [IpupaBHUBas KOS(QHUMEHTE! IPH HUX HYJIO, Mbl TOJYYHM LECSTb JHHEHHBIX
OfHOp 1X yp % aas ceMu HBIX Benuuun B/P, @, #,,. Takas cucrema
HMeeT TOIbKO HYJIeBbIe pellleHHs!, H Mbl Mosyyaem B = 0, f = const, ® = 0, &;, = 0.
Orcionta coraacko (70.8) caenyeT 4 = 0 u coraacHo (70.10)

a=ay-+PU (0)—PBX (r)=const— P (r).

33M€’I‘HM, 4YTO K PacCMOTPEHHOMY KJacCy MOTEHIMaJO0B OTHOCATCA BCe MOTEHIH-
anbl, JI0CTaTOYHO GBLICTPO BO3PACTAIOIIHE TPH YAAMeHHH OT ToukH r = 0, u, B yacr-
HOCTH, MOTEHIHAJ MoJs CTeHOK cocyna. OﬂHaKO Hapsaay C 3THM eCTb BaxKHble YaCTHbie
ClyyaH CHJIOBHIX l'lOJIeﬂ, A1 KOTOPBIX NOKAa3aHHAsl TeOpeMa HeBepHA M CMpaBeLIHBO
JnoKanbHOe pacnpefienene MaxkcBensna (70.3). K HHM OTHOCATCS, HampuMep,
nocrogHHOe Nose X = const, ogHoponHoe nose X (z) = kz, OCUMJJIATOPHBIA MOTEH-

wnan % (r) = (kx® -+ kay? -+ ky2?)/2.
l’Ipe;maBuM CKOpPOCTb ¥; B BHJE CyMMBI JIBYX CJlaraeMbiX

Vi=u;+¢; (70.11)
rle, N0 Ompefe/eHuio,
vi=u;, ¢i=0. (70.12)

C TOYKH 3PeHHST MEXAHHKH, eCTeCTBEHHO HHTEPIIPETHPOBATh U; KaK CKO-
POCTb LEHTPa HHEPIMH Majoro obbema rasa, a ¢; — Kak OTHOCHTEJIb-
HYIO CKOPOCTb €ro Mosiekys. B craTucTHuecKo#t (u3HKe Mbl GyneM HH-
TEpPNPETHPOBATh 4; KaK JOKAJbHYIO CKOPOCTb MaKPOCKOMHYECKOTro
JIBHMEHHS CPelbl, a ¢; — KaK CKOPOCTb XaOTHYECKOro (TerJoBOTo)
JBMXeHHs Mogekya. IIpu 3ToM paBHoBecHoe pacnpefenenue (70.3)
NPHHHMaeT BHI
me?
s &
T

f=¢" (70.13)
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3aMeTHM, YTO COIJIaCHO MOC/IENHHM (OpPMyJaM paBHOBECHOE pacrpe-
Jle/IeHHe MOJIEKYJ MO CKOPOCTSIM (TEMJIOBbIM) BCeria sBisieTcst ce-
PHUECKH CHMMETPHYHBIM B NPOCTPAHCTBE CKopocrefl (f 3aBHCHT TOMb-
KO OT ¢j).

§71% Vp 5T i

INokaxkeM, KakuM o6pa3oM KHHeTHuecKoe YpaBHeHHe Bosblmana
no3BosieT BecbMa o6LHM 06Pa3oM MOMYUHTb Y PaBHEHHS KJIaCCHUECKOMN
rasoBofl AMHaMHKH. Mb GyjaeM HCXOIHTb H3 (OPMyJ, NONyYeHHBIX
HaMH B § 69:

o, 9,
o+ o (00) =0, (71.1)
a, 4, —
a7 (00) + 5 (pvive) = pwi =F, (71.2)
vl 3 [potus i -
7 <p§) + o, (pvzv") =0, =04Fy, (71.3)

ONMUCHIBAIOWHX H3MEHEHWe MJOTHOCTH rasa, MJOTHOCTH WMIYJAbCa H
MJIOTHOCTH 3HEpTHU. BOCHO/b3yeMCsl Pas/oXKeHHEeM CKOPOCTH Movie-
KyJIBl Ha JIOKAMbHYI0 CKOPOCTb MOTOKA 4; H X4OTHYHYIO (TEMIOBYIO)
CKOPOCTb C;, BBE/ICHHbIM B MpE/bAYIIeM naparpade, U BHIYHCIHM ILIOT-
HOCTb TOTOKOB MAacCChl UMMYJIbCA M 3HEPTHH, BXOASILHX B ypaBHEHHsS
(71.1)—(71.3). Mveen
o0 = pu;, (71.4)

POV, = Uty + PCiCr, (71.5)
020;
B = LW T 2upey) (i F i) =

=& @+ w+§ @+ 2mi). (71.6)

BBeeM 0Go3HaueHHs .
pcicy = P8ip — iy, (71.7)
3 00=L;, (71.8)
rae P — nasienue rasa, a cmbica BenuuuH II;,, L; Gyjer ycraHoBjieH

B nanbHefimieM. Tak Kak B PaBHOBECHOM COCTOSIHHH (yHKLHs pacrpe-
JieNleHust fo 3aBHCHT TOJIBKO OT ¢2, HaXOJAHM

peic; = an (c?) c%; d%c =0
(B CHJTy HEYETHOCTH MOJBIHTErPaNbHOH QYHKIHH) H
PE = ]3 Pﬁéik =Pdy

(corsiacHo M3BecTHO! QopMyJie 3/1eMeHTapHOH KHHEeTHUECKOH TeopHH
rasoB P = pC%*3). BeeacTBre 3TOr0 B paBHOBECHOM COCTOSIHHH TEH30p
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I, v BexTOp L; 06pamaiorcs B Hy/b. 3aMETUM, YTO, MO ONpeAeNeHHIo,
rensop II;, cummerpuuen: II,; = II;, Toraa u3 (71.7) nonyuaem

pU=t=3p_1m, (71.9)
I =Sp I, =TI, (71.10)

ree U — BHYTDEHHsISl 3HepTHsl eAuHHLbl o6beMa. C yueroM o6Go3Haue-
uuit (71.7) u (71.8) dopmyast (71.5) u (71.6) nawor

PO = putty + P8y — Ty, (71.11)
0L 0L 1 o0 (71.12)
0001 . 08 iyt p U+ Li — Mgt (71.13)

VYpapuenus (71.1), (71.2), (71.3) npuHAMAIOT Tenepb BUA

9, a
5+ o (Gu0) =0, (71.14)

apu) , 0 _ oP
or T oy (ouits) =Fi— 5o+ S0k, (71.15)
a [pu? [ u?u; a ., 5 [ "
{3; («_r) + % (P T)} + {y (PU)+ 5 (puuh)} =
= Fat— - (Li—Tlatg) = . (Pu). (71.16)

IMepBoe u3 3THX ypaBHeHHil MNpeAcTaBAsieT COGOH XOPOIIO H3BECTHOE
ypaBHeHHe HenpepLIBHOCTH, BhIpaX<aiolllee 3aKOH COXPaHEHHs! BellecTBa
(maccer).

YpaBHeHHe HENMPePHBHOCTH OTKPHLIBAeT BO3MOXKHOCTb BaXKHOTO
npeoGpasoBanus. [TycTh HMeeTcss HeKOTopasi BequunHa A, 3aBHcslas
OT KOOPAHHAT U BpeMeHH. BLUHC/INM ee MOMHYI0 MPOM3BOAHYIO MO Bpe-
MeHH, H306pakaiollylo MOJMHOe H3MeHeHHe BeJHUMHBl A CO BpeMeHeM,
KaK BCJEJCTBHE H3MeHeHHMsl A B JaHHOH TOuKe npocrpaHcTBa AA/6f,
TaK M BC/AEACTBHE M3MEHEHMs! C TeUeHHeM BPEeMeHH KOOpAMHAT X;:

04 | 0Adx; 0A | 04

a Toma = o Tont
TpeoGpasyem 3TO COOTHOIUEHHE, YMHOXHMB 0Ge YacTH MpeJBapHTeNbHO
Ha , CJeyIoUUM 06pa3om:

0[5 + g s) = 57 (A0)+ 5 (Apu) — A (% + 57 (ous).

Tak kak nocJejHee cjaraemMoe B npaBoﬁ 4acCTH TOXKAECTBEHHO PABHO
HYJIIO, BC/IEACTBHE YDaBHEHHS HENMPEepbIBHOCTH HMeeM

o5 + o wa) = 37 (AP)+ 5y (Apw). (71.17)
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(3amerum, uto 3TOT NpHeM, GasHPYIOMMACT Ha 3aKOHE COXPaHEHHS
‘BEIl[eCTBA, Ype3BbIYaiHO HANOMHHAET BO3MOXKHOCTb BBLIHECEHHsS HIH

BHECEHHs] MacChl N0J 3HaK NPOU3BOAHOH 1O BPEMEHH mdﬁ“ = a(m-“)

B ypaBHeHHsX MeXaHHKH HbIOTOHa, OCHOBaHHYIO Ha IIOCTOSIHCTBE
Macchl.)

VYpasuenue (71.15) npexcrasasier coGoit sanuch 11 3axona Heiorona
JJIs1 IMHHIbI 00beMa rasa. TIpounTterpupyem obe 4acTH STOTO ypaBHe-
HHS 110 HEKOTOpOMY (HKCHPOBaHHOMY o6beMy V M BOCHO/Nb3yeMcs Teo-
pemoit T'aycca. Tlonyuum

’J_‘H\S SSP“id3’>+ ff__ﬁpuiukdck=

= SSS F‘idar—l-ﬁ(nw—Pé,»k) do,.  (71.18)

B neBoit yactH STOrO BbIpaXKEHHs CTOMT H3MEHEHHe HMIyJbca
B ofbeme V 3a | cex, npoHcxojsiiee KakK BC/IEACTBHE H3MEHEHHS HM-
nyJbca B GUKCHPOBAHHOH TOYKe (IepPBOe C/araeMoe), TaK M BCJIEJCTBHE
JIBMXKEHHS] YaCTHI| rasa (BTOpoe c/laraeMoe — IIOTOK HMIyJbca uepe3
rpanuiny o6bema V).

Bripaxkenue, crosimee B npapoil yactH (71.18), npexncrabasier coboit
CYMMYy BCEX CHJI, IeHCTBYIOIHX Ha BblAe/IeHHbl 00beM. DTH CHJIbI CKJla-
IILIBAIOTCST U3 BhelHeHl oGbeMHOH cHuibl F; (Hanpumep, IpaBHTALMOH-
Hasi cuiia) U noBepxHoctHo# cuasl (I1;, — P8;;). B paBHOBecHOM cocTos-
uun I, = 0, W NOBepXHOCTHAs CuWJa NEpPIEeHAUKYJspHA MJolIafKe
do u paBHa —P do.

B HepaBHOBECHOM COCTOSIHMHM Ha 3/eMEHT IJomaiu do IedcTByeT
nonoHuTeabHO cuna dF; = I1;,do,, umeromas KacarteJbHble NPOEKIHH
(cs1araeMbie ¢ i 5= k). 11 NPOEKLHH H300pPaKaIoOT, OYEBUIHO, CHIY BA3-
KOTo TpeHus. JIsi Toro 4To6bl HX SIBHO BBIIENHTb, YAOGHO MPEACTABHThL
teH3op I1;, B BHAE CyMMbI IBYX CJlaraeMbiX:

1Ty, = T+ 117, (71.19)
rae IIj, — Gecciiennast 4acTh TeH30pa BSI3KOCTH
= My~ M8,  Sp Ljz=0
(M =Sp My = M), (71.20a)
a IIj, — nuaronabHas €ro 4yacTb
I}, = Nby,. (71.206)
Torpa cuna dF; = Ilj,do, B cpelHem npejcTaBisier co0oi Kacaresb-

HYIO K [I0BEPXHOCTH CHJIy BSI3KOTO TpeHHs. JIeHCTBUTENbHO, €C/IH yCpen-
HUTH CKaJsipHOe NpOH3BeAeHHe dF;n; N0 BCEBO3MOXKHBIM OPHEHTALHAM
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HOPMa/u n; K maomanke do, MoJyuHM B CHIy GOpMyabl nin, = /304
= 1 — 1 1
dFim= (M — 5 Ma,.,,) ity do = 5 MuSi — o M85 =0.

Cnaraemoe xe
dF; =11}, do, = N do;

JlaeT HepaBHOBeCHOe Jo6aBouHoe naBneHue AP = N.
B paBHOBecHOM cocTOSiHHH ypaBHeHue (71.15) npeacrapasier coboit
M3BeCTHOE ypaBHeHHe Jilnepa

a a P
o (Pi) + 5 (oitty) + 5 = Fi (71.21)

JUIS CXKMMaeMOro Tas3a, eclii B KauecTBe BTOPOTO YPaBHEHHsI Mbl IPHCOe-
JHHSieM K HeMy ypaBHeHHe HenpepbiBHOCTH B oOleii ¢opme, AN Ans
HeC)XXHMaeMoii XXHKOCTH, eC/IH Mbl ToaraeM o = const, du;/0x; = 0 (ycio-
BHe HecXkHMaeMocTH). (B panbHefiieM Mbl 1Js1 KpaTKOCTH Be3jie rOBO-
PHM O rase, XOTsl BCe NOJy4YeHHble YPABHEHHS ONMHCLIBAIOT B HEKOTOPOM
NpHOJIHKEHHH W IBHXEHHe >XKHIKOCTefl.)

B HepaBHOBECHOM COCTOSIHMM HEOGXOIMMO YYHMTHIBATb CHJIbI BSI3-
KOro TpeHHsi. B mnepBoM npHOGMMXEHHH KOMIOHEHTHl TeH3opa Il
JIO/KHB GBITh TPOMOPIIHOHA/IbHEl KOMIIOHEHTaM TpajHeHTa MpOeKIHIi
CKOPOCTH, TaK KaK Bfi3KOe TPEHHe COCEJHHX CJOeB BO3HHKAeT B TOM
c/yyae, ec/lH CKOPOCTH HAmlpaBJIeHHOTO IBHXKEHHSI B STHX CJIOSIX pas-
JINYHbl. YUHTHIBasi yci0BHe CHMMeTpHH TeH3opa Il;, u pas6uBasi BHOBb
Tensop I1;, Ha GeccieHytO U JMArOHAIbHYIO YaCTH, HMeeM

. fe] a 2 d
M=o (Je 00— 20us,), (71.22)
ka=n§% Sy (71.23)

rJle BETHYHHBI o H 1] Ha3bIBAIOTCS CABHTOBBLIM H OGBEMHBIM KOI(pHIIHEH-
TOM BSI3KOCTH COOTBETCTBEHHO H 3aBHCSIT OT CBOMCTB rasa. B sTom npu6-
nmkeHun ypasHenue (71.15) sanumercst A5t BA3KOTO CKHMaeMOro rasa
B BHJIE

0 (pu;) a ) oP 0% L N\ up _ p
_at—‘ + ox,, (puat) + ox; & oxg ("] +3 “)ax,. oxp Fi, (71.249)
a sl BAI3KOH H HECXKHMMaeMOH >XHAKOCTH B BHJE
Olpui) | Olpuiny) 4 P _ 0w p
ot + Oxy, + 7 oxj, Fa. (71.25)

VYpasuenusi (71.24) n (71.25) HocaT HasBanue ypasrenut Haeve —
Cmoxca.
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Takum 06pa3oM, Mbl NIPHLLIHK K BaxKHefillleMy BbIBOLY: 6 JAGHOBECHOM
(6 MepMOOUHAMUUECKOM CMbICAE CA08Q) COCMOAHUU 6Ce 2a3bi ABAAIOMCA
HesasKumu (XOTSl Mbl MOXKEM CYMTaTb Ta3 CXKHMaeMbiM HJIH HecXKHMae-
MbIM B 3aBHCHMOCTH OT TOTO, MOXXHO /I CYHTATh B JaHHOH KOHKDPETHOMN
3ajjaue BeJHYHMHY Ou;/0x; paBHOH Hymo uau Her). HaoGopor,
8 HEPABHOBECHOM COCMOAR UL 6C€ 2A3bl ABARIOMCA BA3KUMU, TIPHYEM OTIHUHE
ot Hyas TeHsopa I;, NPHBONKT K ABYM C/IeICTBHSAM: K NOSIBJEHHIO J06a-
BOYHOrO (HEpaBHOBECHOTO) JaBJeHHs, ONPENE/seMOro AHAarOHaNbHOM
uacTbio TeH3opa 17, H K NOSIBJIEHHIO CHJI BS3KOrO TPEHHsl, onpejesie-
MbIX GecclieHofi yacTbio TeH3opa Ilj.

OGparumcst Tenepb K ypaBHeHHwo (71.16). HerpynHo Bumers, uTo
OHO ONHCbIBaeT H3MEHEHHe SHEPTHH C TeueHHeM BpeMeHH. MHTerpupys
o6e YaCTH IO HEKOTOPOMY (HKCHpOBaHHOMY oGbeMy H MOJb3YsCh
TeopeMmoii 'aycca, nosyuum

(555 +o0)e)+ £ 500t
= (0§ Fuar - §F @~ Pow wy do— §§ Lidor. (71.26)

B /1eBOii yaCTH 3TOTO ypaBHEHHs CTOMT INOJIHOE W3MeleHHe SHepriH,
3aKJIloueHHOH B o6beMe 1/, 3a elMHHLLy BpeMeHH. DTa 5HEPTHsI COCTOMT
U3 ABYX yacTell — KHHETHUeCKasi SHepTHsl pu?/2 W BHYTPEHHSIS SHepPTHs
pU. Tlepsoe cniaraemoe B npasoii wactu (71.26) npencraBisier coGoit
paGoTy BHEWHHX (OGBEMHBIX) CHJI, a BTOpoe — paGoTy NOBEPXHOCTHBIX
CHJI, BKJIIOYAIOMYI0 paGoTy CHJI JaBJeHHs (paBHOBECHOTO P M HepaBHO-
BecHoro Il = Sp II;;) u paboTy cuJ BA3KOro TpeHHsl; NOC/eNHee clarae-
MOe 110 CBOeH MaTeMaTHYeCKOH CTPYKType ecTb NOTOK BeKTopa L; uepe3
rpaHHuHylo noBepxHocTb. OHO 0GYC/IOBJMBaeT H3MeHeHHe 3SHEPTHH
B o6beMe V jaxke P OTCYTCTBHH BHEIUHHMX CHJl H CHJI BSI3KOTO TPeHHSI.
TakuM 06pasoM, MOKHO HHTepIPETHPOBATh 3TO CJlaraeMoe Kak MOTOK
TemJla, BTEKAlOUIMH WM BbiTeKalolui yepes rpaHuuy obbema V 3a
1 cex BelelicTBHE TEMIONPOBOJHOCTH, a caM BEKTOpP L; KaK BEKTOp ILIOT-
HOCTH TIOTOKa Telia.

Tenaonposo0rocme, Kax Me eudeau, cyujecmsyem MmoabKoO 8 HepasHo-
8ECHOM COCMOAHUL. 3TO COTJIaCyeTCst C SMIHPHYECKHMH haKkTaMu — Lnst
CyIIeCTBOBAHMS TOTOKA TelJa HEOGXONHMMO CYLIECTBOBaHHe I'palheHTa
TeMmnepaTypbl. B nepBoM npuGiuKeHHH KOMIOHEHTbI BeKTopa L;
JIOMKHBI GBITh TIPONOPLHOHA/bHBI NIPOEKIHSM BEKTOPa TPajiHeHTa TeM-
neparypbl

aT
Li=—xgr, (71.27)

rae ® > 0 — Ko3(pHUHEHT TENONPOBOAHOCTH, 3aBHCSILIHA OT CBOHCTB
JKHAKOCTH.

¥YpaBHenue (71.26) MOXKHO TaKxKe 3anHcaTb B TAKOM BHJE, YTOGHI
B Npapofl YaCTH OCTa/JHCb, KPOMe BHewHedl CHJbl, TONbKO BEIHSHHL!
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I, u L;, o6pamaiomyiecs: B Hy.b B paBHOBECHOM cocTosinuH. [lepenocs
Pu;do; B N1€BYI0 4acTb, MOSyYHM

;7(8 S S <P—;2+90>d3f+ @ (951+90+P> u;do,~> =
\ Fusaor + §§ Wi dos — §§ 1, o, (71.28)

O35patim BHMMaHHe Ha TO, YTO BTOPOE C/1AraeMoe B JIeBOH YacTH mpes-
CTaB/isieT coGOi MOTOK TeMIOCOAepKAHHS eAMHHLB ofbeMa.
Ypasuenne (71.15) nosBossieT BHIBECTH 3aKOH H3MeHEHHS! KHHETH-
4eCKOH 3HepPrHH eMHHIbl 0GbeMa KHAKOCTH, Y MHOXKHM 06€ YacTH 3TOro
ypaBHeHHs Ha u;:
0 (pui) | O (puiup) | OP oIl
i HG2 4 )y S| = Pt G
IMpeoGpasyem JBa MepBblX C/araeMbiX JI€BOH YacTH 3TOTO ypaBHEHHS,
noab3ysicb qopmyaon (71.17)
0 (pu; 0 (pu;u 0 (pu® 0 (puu;
ui_(Pz)_l__(P.k) (p)+(| i)
ot 0xy

(71.29)

0
pu.\ e+ ukaﬁ;)

0(9u~) a(pu u.) (9 (pwi) | O (pujup)
+ — (‘at + o, )
Orciofia HaxoAuM

ey, Q‘fﬂ)
o) | dpuu\ _°\2) | O\
wil=gr + “on ) =" T &,
H, noxcrasasis B (71.29), nonyvyaem ypaBHenHe

lpu?’ {putu;
°05) o)
ot 0x;
B npaBoii 4acTH 3TOro ypaBHeHHs!, OMHCHIBAIOUIETO H3MeHeHHe MJIOT-
HOCTH MeXaHHUEeCKOIl SHePIHH KHAKOCTH, QUIYPHPYET yxKe TOJAbKO pa-
6ora OGBEMHBIX M MOBEPXHOCTHBIX CHJI. Ilocje WHTErpHpoOBaHHS MO
o6beMy Mbl HaXOAHM

10§
= S S S Fau; dor + gf:ﬁ (I — P8y) i do. (71.31)

Hckaounm reneps 13 ypasuenuit (71.30) u (71.16) cinaraemble, cofepxa-
e MeXaHHYeCKYI0 SHEePTHIO >KHIKOCTH, H BbIBEJEM YpaBHeHHe, OMH-
chiBalolee HMaMmeHeHne BHyTpennel sueprun pU. Boiunras (71.30)
u3 (71.16), noayunm

0(p0) | 9(pUus) _ _ 0Ly Ouk
T 'I' 0xk 03‘/1 'I' ( ik “Paxk) (7]‘32)

= Futitus o (M — P8y).  (71.30)
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WHTerpupys 3To ypaBHEHHE MO 00beMY, HMEeM
‘—%(S S S pUd"r) + ﬁ oUu; do; =
- ﬁL,dﬁ;—SSSP%d"r—]-SSSH,—,,gZ—:dSr. (71.33)

IMocniennee ypaBHeHHe MOKA3biBaeT, YTO NPHYHHAMH M3MEHEHHs| BHYT-
penHel sHepruu B oObeme V SBASAIOTCS MOMHMO KOHBEKIIHOHHOTO NOTOKA
SHEPrHH uepe3 rPaHHIly (BTOpOe cJiaraemoe JIeBOH YacTH) HaHUHE Mo-
TOKa TelJia (1IepBoe c/laraeMoe B NMpPaBoi 4acTH), paboTa CHJ JaBJAeHUs
(BTOpOE c/1araeMoe B MPaBoii 4acTH) H paboTa BA3KHX CHJI (TPeTbe ciarae-
Moe). Bsi3KocTb Beerzia MpHBOAMT K yMEHBLIEHHIO MEXaHHYECKOH H yBe-
JIMYEHHIO BHYTPEHHeHl SHepruM, mnosTomy BeauunHa Il (0ui/0x,)
JIO/KHA GBITh OJIOXKHTENBHOM (HJIH PABHOI HYJIIO B PaBHOBECHOM COCTOSI-
HuH). Hcnonbsys dopmyant (71. 22) u (71.23), naxomum

. 6u¢ (?u, Ouk> Ou; +( >0u, 5. Ou; —

o \Oxg Oxp, ax; 'tk oxy
_ l Ou; Qup 2 Ou;\2
- Sofie s - 34
IepBoe cnaraeMoe B 5TOM BBIPaX€HHH HEOTpHUATEJbHO, el & == 0,
a Bropoe, eci n = ?/y. Takum 06pa3soM, ycJIOBHE HEOTPHIATENbHOCTH
Boipaxkenus II;, (Gui/0x,) HaknaJblBaeT H3BECTHble OIPaHHYEHHs
Ha o M 1.

TMosnyunM, HakoHell, YHCTO TePMOAHHAMHYECKHM IyTeM ypaBHeHHe,
ONHUChIBAIOLLee H3MeHeHHe SHTPONHH. [IpH HEGOJBIIHX OTKJIOHEHHsX
OT PaBHOBECHOI'O COCTOSIHHSI MBI MOXKEM CUMTaTh, YTO B KaXIOM (pH3H-
YeckH MaJioM ofbeMe COCTOSIHHE PaBHOBECHO M TOJIKO 3HaueHHsl mapa-
METpOB, ONHCHLIBAIOLUX COCTOSIHHE (TeMnepaTypa, MJOTHOCTD, AaBJeHHe,
SHTPONHUS H T. A.), MEAJEHHO MEHSIOTCS BO BPEMEHH H OT TOUKH K TOUKe.

10 NMO3BOSIET HAM HanmMcaTh As An(depeHIHana SHTPONHH elH-
HHILBI MacChl XKMAKOCTH (JIOKJIbHOH) OOBIYHOE TEPMOAHHAMHUECKOE Bbl-
paxkeHHe

50 PdV _dU _ Pdp (71.34)

BO&MO}KHOCTL TAKOro OIHCaHHs OGYCJ]OBJIEHa T€M, 4TO, KaK Mbl YBHIHM
HHxe (popmy.a (71.37)), MOIHOCTD HCTOYHHKOB SHTPOMHH (Hapyllaio-
WHX CIPaBeAJHBOCTb COOTHOWEHHS (71.34)), KBajpaTHYHa MO TpajH-
€HTaM, BCJIEACTBHE Yero B NMEPBOM MNPHGJIHKEHHH MPOAYLHPOBaHHEM
SHTPOMHH MOXHO mpeHeGpeub. OTciofa HMeeM

s 1@2 P
o T T oF T Tpr ot

a_S‘_gkag_mop

Bk Gy = T Oxp ~ Tp® 0xy'
13 10, B. Pymep, M. [ Punkin
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CKaajpiBasi 5TH COOTHOIUEHHsI, YMHOXasi MOJNYYEHHOE PaBEHCTBO Ha
© u noanayscb dopmyaoit (71.17), monyuum
0(p8) | 3(PSup) _ 1[0(pU) | 0 (pUuy)
ot on T[ or T "ox ] o (ar ting ) (71.35)
IMpeoGpasyem nepBoe cllaraeMoe B NPaBoii YaCTH C OMOLLBIO YPaBHEHHsI
(71.32), a BTOPOE — C MOMOLIBIO YPABHEHHsI HENMpPepPHIBHOCTH
3(pS) | 3(pSu 1 au
2D 4 2P _ L[t (L — PO Gk ] +
Oup _ 0Ly
Pouy _ *ox; — dx
+ T ox, T N

Boipaxenue, crosilliee B MPaBoii YacTH, €CTb IJIOTHOCTb HCTOYHHKOB
SHTPOMHH, U Mbl BH/HM, YTO OHA OTJIHYHA OT HYJIsl TObKO B HEpaBHOBEC-
HOM COCTOSIHMH, KOTJia CYHIECTBYeT TEIIONPOBOAHOCTb M BSI3KOCTb.
Ipounterpupyem obe uacru (71.36) mo o6bemy

¢%<SSSp§d3’>=—ﬁpsukdck_ﬁg;ﬂ+

TYE LVt ] P

(71.36)

Mbl BUAUM, YTO H3MeHEHHe SHTPOMHH o6beMa XKHUAKOCTH V ckaambi-
Baercs M3 Tpex yacreii. IlepBoe cnaraemoe B mpaBoil 4acTH MpeacTaB-
Jis1eT co60ii KOHBEKLHOHHBIH MOTOK SHTPOMHH, BO3HHKAIOIWIHI BCAEICTBHE
nmepeHoca SHTPOIMHH BMeCTe C Maccoil XKUAKocTH. BTopoe ciiaraemoe siB-
NsieTcsl CJIEACTBHEM TeMJIOMPOBOAHOCTH M MpEACTaBJsieT coGoil MOTOK
SHTPOINHH, CBSAI3aHHBIH C HOTOKOM TemJa B COOTBETCTBHH C (OpMyJoi

= 0Q/T. 10T NOTOK B 3aBHCHMOCTH OT HampaBjeHHs Bektopa L;,
T. €. B 3aBHCHMOCTH OT HaNpaBJIeHHs TpajHeHTa TeMnepaTypbl, MOXeT
ObITh (TaK XK€ KaK M KOHBEKIHOHHBIH MOTOK SHTPOIHMH) H MOJOXKHTENb-
HBIM, M OTpHUaTenbHbIM. HakoHel, Tperbe cnaraemoe OMHCHIBAaeT BO3-
HHKHOBEHHE SHTPONMHH BCJEJACTBHE MPOLECca BSI3KOrO TPEHHS] H $iB-
JisleTcsl HeOTPHUATENbHBIM B COIVIaCHH C 3aKOHOM BO3PacTaHHsl SHTPO-
nuH. Mbl BHAHM, YTO 3TO c/laraeMoe MPONMOPLHOHANBLHO KBajpaTaM rpa-
JIMEHTOB CKOpOCTeli, 4TO OmnpaBAbiBaeT clejanHoe B (71.34) nomyueHue
KBa3HPaBHOBECHOCTH Mpouecca.

Takum 06pasoM, B 3aMKHYTOlH CHCTeMe, B KOTOPOH OTCYTCTBYeT H
KOHBEKTHBHBIl NOTOK SHTPOMHH, H NMOTOK Temaa (MacCOHempOHHLaeMble
W TeNVIOHeNpPOHHLLAEeMble CTEHXH), SHTPOMHs BO3pacTaeT BCJEICTBHE
HeoOpaTHMbIX MPOLECCOB Bsi3KOoro Tpenusi. Ecau chcrema paBHOBecHa,
TO W BTOpOE M TPeTbe C/laraeMbie mpaBoii uactH (71.37) paBHbI HyJIO, H
SHTPOMHS MOXET TONbKO MepeTekaTh BMECTe C XKHAKOCTbIO M3 OIHHX
TOYeK B JApyrHe (B YaCTHOCTH, NMPH HENPOHHIAEMbIX CTEHKAaX IHTPOMHS
obbema V MHAKOCTH OCTAaeTCsl MOCTOSIHHOM),
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TonyuenHble HaMH B 3TOM naparpage ypaBHeHHs! Ta30Boi AHHAMHKH
cojiepKaT MaKCHMaJbHYIO HHOPMALHIO O MaKPOCKONHYECKOM ABHKe-
HHH rasa, KOTOPYIO MOXKHO H3B/I€Yb H3 KHHETHYECKOrO ypaBHeHUs Boub-
uMaHa, He pewas ezo. TIpH 3TOM B ypaBHEHHSX MOABAAIOTCS TPH deHo-
MEHOJIOTHUeCKHX Ko>(HuKenTa: aABa Kos(dHIHEHTa BA3KOCTH o H 1
H KO3(XHLHEHT TENIONPOBOXHOCTH %, 3aBHCHMOCTb KOTOPHIX OT TeM-
nepaTypsl H JaBJEHHSl OCTaeTcsi HEeH3BECTHOH.

CunTasi OTK/IOHEHHSI COCTOSIHHSI JABHXYIIETOCsl rasa OT paBHOBec-
HOrO MaJ/IbIMH, MOXHO HafiTH NPHO/IMKEHHble pelleHHs YpaBHEHHS
Bonbumana. Stn pelienus cywecTBeHHO 3aBHCAT OT BHAA B3aHMojeii-
CTBHSI MEXAy YacTHUamH (BennyuHa II (v, /9, ©') B unTerpane coy-
JlapenHit) H Mo3BOJSIOT HANTH 3aBHCHMOCTb KOS(XDHIHEHTOB o, 1 H %
OT JiaBJIeHHs U TemnepaTypbl. [ToApOGHOCTH pacueToB YHTaTe/lb MOXET
na#a B [1] u [7].

§ 72. MNpuGauxeHne BpeMenH penakcauun. TensonpoBoxHOCTH
H 9JIEKTPONPOBOAHOCTL 3JIEKTPOHHOrO rasa

Huterpan cTonKHOBeHHH B KHHETHYECKOM ypaBHEHHH Bosbumana
CYIIECTBEHHO YMNpOIIAETCsl, €C/IM CTOJNKHOBEHMSIMH YaCTHIL rasa Apyr
C ApYTOM MOXHO mpeHe6peub, a 3BOJIOLHS COCTOSHHSI rasa ONpese-
JISIeTCs1 CTOJIKHOBEHHSIMH YacTHII ra3a ¢ 4acTHIaMH APYroro Copra, 3Ha-
YHTEJBHO GO/ee TSKENBIMH, YeM YaCTHUb rasa. TakHMH 4acTHLAMH
MOTYT GBITb MOJIEKYJIbI HJIH aTOMBI IPHMECH, HMeiowelicsi B rase, HOHbI
KPHCTa/VIHYECKOH DEILeTKH, eCJH peyb HAET 06 3/MeKTPOHHOM rase
B Merajje, H T. I.

B sTom cayuae BhpaxeHHe AJIsl IVIOTHOCTH BEPOSITHOCTH Mepexofa
YACTHUBI 32 H3 COCTOSIHHSI CO CKOPOCTBIO ¥ B COCTOSIHHE CO CKOPOCTBIO
o' paBHoO (cM. § 60, dpopmyaa (60.52))

o (2, ¥)f(0) (1 = (2)), (72.1)
/i€ BePXHHH 3HAK OTHOCHTCS K CHCTeMe GO30HOB, HHXKHHI — K CHCTeMe
¢epmuonoB. Bennunna o (v, 9') umeer pasmepHOCTb O6pPaTHOTO Bpe-
MeHH H 3aBHCHT OT JeTajiell MeXaHH3Ma B3aMMOJEfiCTBHSl YaCTHIL rasa
€ TSXEJNbIMH YacTHIAMH. [TIOTHOCTb BEPOATHOCTH OGPATHOrO mepexosa

HMeeT BUA
0 (@', o)f (v") (1 =1 (v)). (72.2)

Crenaem jonyiieHHe, 4TO CTONKHOBEHHsI YaCTHL, ra3a C TSIKEJbIMH
YaCTHUAMH B CHJYy GOJIBIIOA MAacChl NOCJEAHHX SBJSIOTCS YNPYTHMH
(mpoucxoasT 6es mepefaud sHepruu), Tak uto ¥° = ®. Toraa B cHay
MPHHUHNA JIeTaNbHOTO PAaBHOBECHS 6 (V, ©') sIBJSIETCS] CHMMETPHYHON
(yHKUHEH CBOHX aprymeHToB. JlefCTBHTE/NbHO, B PaBHOBECHOM COCTOSI-
HHH, Kora f (9) = f, (v), BopaxeHus (72.1), (72.2) ZOMKHEI paBHATHCS
Ipyr APYTY, OTKYAa cJenyer

g (v, 9)=0(v, ¥').
13+
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Hnurerpan coynapenuit monyunM, Beuutas (72.1) u3 (72.2) u uHTerpH-
Pys 1O BCEM HaNpaBJeHHSM

I={o (2, v)[f (@) —f ()] d2, (72.3)

a KMHeTHYeCKoe ypaBHeHHe NPUHUMaeT BHJ
ﬂ+v—0f—+wg——So‘v 4 ') — 191 72.4
of 1ax’. lav’,— ( »0)[f(0) f(ﬂ)] . ( . )

ITycTs H30TpONKs rasa HapylleHa TeM, 4TO BAOJb ocH Oz HaNpaBJIeHO
BHEIllHee NoJIe WIH HMEIOTCS TPajHeHTH TeMIepaTypel, [JIOTHOCTH WM
CKOPOCTH HaNpaBJIeHHOrO JABHXKEHHs ra3a. B paBHOBECHOM COCTOSIHHH
dynkuus pacnpeienenus f, GyAeT B 5TOM cayuae QyHKuHel z H a6co-
JIOTHOH BeTMYMHBI CKopocTH v. HepaBHoBecHast GpyHKuMs pacnpenese-
HHSL OCTaeTCsi CHMMeTpHYHOH ¢yHKuMell npoekuu#i ckopoctd & u 1,
HO, OYEBHAHO, MOXKET 3aBHceTh OT {. Takum o6pasoM, f Gyaer pyHKuHel
apryMeHTOB 2, 0, {. Jlns HeGO/IBILMX OTKJIOHEHHH OT DPABHOBECHOTO
COCTOSIHHSI €CTECTBEHHO MCKaTh [ B BHJe

f=fo+fi(z 0) (72.5)
TloncraBnsisi 9TO BHIpaXKeHHe B HHTErpasl CTOJKHOBEHHIi, MONyYUM
J=f1(z, v)§o (v, ) —7)de,
rle 6 — yroa Mexjay BeKTopamH ® U ©' (sicHO, 4TO O (0, g: ) 3aBHCHT
TOJIbKO OT MOAYJst ® H yraa §). OGo3HauuM yepes & yroa v,z H yepes
@ — yroa Mexay miockoctsmH (v02) u (vOv’). Toraa umeem
{=vcosa, { =uv(cosbcosa-sinbsina cosq)

, uHTerpupys no ¢ or 0 1o 21 u mo § or 0 1o 7, NonTyyHM

J=—1f1(z v) § o (v, 6) (1 —cos8) 27 sin 6 df. (72.6)
0

OGo3Hayast HHTerpaJ B 3TOM BHIPaXEHHH (MMeEIOUIHil pPa3MepHOCTb,
06paTHYI0 Pa3MEPHOCTH BpeMeHH) T, MONyYHM KHHETHYECKOe ypaB-
HeHHe B ¢opme o o . i
—Io
ar T Vigg T Wi = — (72.7)
BennunHy T NpUMHATO HA3bIBaTh 6peMeHeMm penaKcayuu. DTO HasBaHHe
CBSI3aHO C TeM, YTO €CJIH CYHTaTh cHay F He 3aBucsiuuell OT BpeMeHH,
a T He 3aBHCALIMM OT CKOpocTH (t = const), To yacTHoe peleHue
(72.7), nonyyaeMoe METOJOM pasie/eHHs IepeMeHHBX [ — f, =
= @ ()} (», v), saBuCHT OT BpeMeHH N0 3akoHy @ = D™/ u Jeii-
CTBHTEJIbHO OIHCHIBaeT NMPHOJHMKEHHe K COCTOSHHIO paBHOBeCHs (pe-
JlaKcallMio) ¢ XapaKTepHbIM BpeMeHeM T, BBoas BMecTo T JJIHHY CBO-
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GonHoro mpoGera A coriacho ¢opmysie T = A/v, 3anuuleM ypaBHEHHE
(72.7) B BHZE

I oL ~ o d =ik, (72.72)

Mel o/KHBEI Tenepb y6eIHTbCs B TOM, YTO BhipaxeHHe (72.5) npu
MasblX OTKJOHEHHSIX OT pPaBHOBeCHs JEACTBHTENbHO MPEACTaBJsieT
co6oji pellleHHe KHHETHYeCKOro ypaBHeHHs. Cle/laeM 3TO Ha KOHKpeT-
HOM NpHMepe 3JeKTPOHHOro ra3a B MeTaJe. JlONyCTHM, YTO paBHOBec-
Hast GYHKUHS pacrnpe/ie/leHHst NpeicTaBasieT coGolt OObIYHYIO ByHKIHIO
®epmu — Jlupaka

1
fo=s=a—> (72.8)
cFT® 4|

B KOTOPOIl TeMnepaTypa H XHMHYECKHIl OTEHIIHA/ MEHSIOTCS BAOIb OCH
Oz, u GyneM CuHTaTb NpPOLECC CTAaLHOHApHbIM: Of/dt =

TIpu ManbIX OTK/IOHEHHSX OT PaBHOBECHS! npasasi, a, CIe/0BaTelbHO,
U JeBas yacThb (72.7a) MaJbl, H Mbl MOXeM B JIEBOH 4acTH ¢ TO’-IHOCTbIO
JI0 ManblX CAeAyIOlero MopsjiKa MaJoCTH MOAcTaBHTb [ = fo. Toraa
noAy4nM (NOACTaBAS @ = — e6/m, rae & — HANPSIKEHHOCTb 3/eK-

TPHYECKOTO I0J1s1) N g
a e6 0
f—fo=—2[t5— % %]

% _ %% _ e
o dear Mo

f—fo=—t%[5—e& 5]l (712.9)

3ameuasi, yto

HMeeM

YTO ONpaBjbiBaeT clenaHHOe B dopmyse (72.5) nonmylieHHe, Tak Kak
npaBasi 4acTh JeHCTBHTENBLHO €CTh NPOH3BeJeHHe § Ha (YHKIMIO apry-
MEHTOB z H U,

3aMeruM Ternepb, YTO

9
% = e B=Fo)

O _ e d Ay [n— dp1dT
"“)z'r(z)('c6 fo)[T(z) d‘Hdz a_:[r(z;'“ﬁ daz*
Orciopa HvMeeM
f— f.,_hg[< 4ot >%+eg]?,’;“. (72.10)

Hatinem NIOTHOCTb 3/1EKTPHYECKOFO TOKA j, (OCTa/jbHBE KOMIOHEHTHI
j paBHbl, oYeBHAHO, HyMo). Tak Kak TOK B DPaBHOBECHOM COCTOSIHHH
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paBeH HyJ/o, HMeeM

jl_._2—eh—';'3 S S S d*f (2,0, §) =
ARk Gty
+7 5 ((( aottels),

(LlonosHUTeNbHbIH MHOMXHTEIb 2 B 3TOM BHIPAXKEHHH BO3HHKaeT 3-32
ZIByX BO3MOXKHBIX 3HAUeHWII NMPOEKIHH CIIMHA 3JeKTpoHa.) [Tepexons
K MHTETPHPOBAHHIO TIO HEPTHH € H YIiy § C MOMOLIBI BopMya

= (%‘f)l/‘ , {=wvcos¥,

. 2\% ,
d3v =2nsin 8 d6v? dv = sin6 df (F) e': de

H BBINOJIHASA HHTETPUPOBAHHE IO yTIJyiaM, HaXOAUM
—1 d ¢
;,=%’ﬂ{[<d~;_—) +e$]g7»eafod _,_sz eff,i;de}.(n.u)

BBenem oGo3HaueHue M,,=§ A(e) e” @J—; de. Toraa nocsensee BhH-
pakeHHe NPHUMET BHJ

o Lo {[@ _ %y‘% + eE]M1+ T M) (12.12)

AnasorHuHbIM 06pa3oM MoXeT GbiTh BHIYHCJIEH NOTOK SHEPrHH (Temvia)
BIOJb ocH Oz:

VL 4

) dz

q:=27”;iSSSd”veCf(z,v,§)=2_;zn;{[(ﬁ T
e8] §§§ a2 LT ({22203 7219

v Oe

BHIMONHSAS HHTETPHPOBAHHE TIO YTy § M MEPEXOAs K HHTErpPHpPOBa-
HHIO 10 SHEPTHH, HaXOAHM

(- 1) T s ST} 2

Byznem monb3oBarbes dopmysoit (H.6) «Maremarnueckoro mnpuioxe-
HHfi», COMJIaCHO KoTopol mpu RT/p, <L 1

SF(e)‘%de—_F(m = (kT)z(w\e oo (215)
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Hajinem npexae Bcero IJIOTHOCTb TOKA B MeTalle NPH OTCYTCTBHH
TeMIepaTypHOro rpanuenta. Mmeem corsacHo (72.12)

fo=— l6ne’m ng

Ipu BriuncaeHHH M; MBI MOXKeM OTPAHHUMTbCS NEPBBIM YJIEHOM PasJio-
JKEHHs U NOJOXHTE My = — Ay (Ag — MJIHHA cBOGOAHOTO MpoGera npu
= o). Ionyunm
__ 16me®mhopg 1
= e

KosdipuineHT npH HanpsiKeHHOCTH TOJsS €CTh 3/IEKTPONPOBORHOCTDH
0, KoTopas paBHa

o= 16me2md oty

3

HcKiouHM M3 5TOrO BbIpaxKeHHA KBAHTOBYIO MOCTOSIHHYIO f, BHIpa3HB
ee (M p,) Yepes MaKCHMaJbHYIO cKopocTb sjektpona npu T = 0° K
(ckopocTb Ha moBepXHocTH depMH) v, ¢ nOMOLLbIO GOPMYJIBI
_mvy (3N \s h?
Ho="5" (8nV> om*
OKOHUaTeJIbHO NOJTydaeM
_ Ny
=V muy*

(72.16)

Haiinem xosdduinent tensonpoogHoctd. st 3TOro cijeayer Bbi-
YHC/IHTD TNOTOK TENJa ¢, B OTCYTCTBHE 3/IEKTPHUECKOrO TOKa (MOZYepK-
HEeM, UTO IIPH 3TOM 3JIEKTpHYECKOe INOjie He PaBHO HYJIO — T'DafHEeHT
TeMIepaTypbl MHAYIMPYeT B NpPOBOJHHKe 3jeKTpHueckoe nose). Ilo
dopmyae (72.12) umeem npu j, = 0

H, nojcrasiss B (72.14), Haxopum
16um dT  MyM; — M3
=TT &2 My *
— M2
Jlerko BMIETb, UTO NMPH BLIYHCJIEHHHM UHCAHTENs APOGH M—‘——Ai—
Hajio YYMTHIBaTh, MO KpaiiHell Mepe, JBa WieHa DasjiokeHHs IO kT s
B dopMyde (72.15), Tak Kak useHbl, He copepxkauue T, B3aHMHO yHHY-
TOXKAIOTCSL.
Bbiuncnsasi, HaXoanM
MMy —M§ 72 (RT)? Aopg
M, -7 3 ’

OTKyZa
gr=—= 9L, (72.17)
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rae KO3(hHIMEHT TenJONPOBOXHOCTH % DPaBeH
1673mA k2T 2 N Aok?
- 93 T3V mo, (72.18)

CpaBHHBasl BbIPaXeHHst A/ KOS(UIHEHTOB 3/EKTPONPOBOAHOCTH H
TerIonpoBofHOCTH (72.16) H (72.18), HaxomHM AJsl OTHOILEHHS %/0
BbIpaXeHHe

% n2(k\2

o (7) T. (72.19)
Mbl BHIHM, YTO OTHOILEHHE %/G OAHHAKOBO JJIsl BCEX METa/lJIoB (OHO
COJIEPKHT TOIbKO YHHBepCaJ/bHbe IOCTOSIHHbIC, a BCe BEIHYHHBI, XapakK-
TepHbIe 1715 JaHHoro Meradia: N/V, Ay, vy, Bbiajiu) H NPOMNOPUHOHA/BHO
temneparype. CoorHowenue (72.19) sbipaxaer saxon Budemana —
@Dpanya. 3aMeTHM, YTO KJIaCCHYECKOE BHIYHCIEHHE X/G MPHBOJHT TaKKe
K (opMyJsie BHAA (72.19), HO ¢ YHC/IEHHBIM KO3DODHIHEHTOM 2 BMECTO
n?/3. Cor/lacHe C ONMBITOM, KaK H CJeJ0Baj0 OXHIATb, FOpasio Jyule
npu Kosdpuuuenre m?/3.

§ 73 *. MaTpHua MJIOTHOCTH M ee M3MeHEeHHe CO BpPeMeHeM

Kpome MeTon0B pelleHHs 3a1ay KMHETHKH, PACCMOTPEHHBIX B mpe-
JBIAYHHX Taparpadax, B MocaefHHe roabl 6bl1 Pa3BHT BecbMa IJIOAO-
TBOPHBIH KBaHTOBOMEXaHHYECKHI METOJl, OCHOBAHHbIH Ha HCIIOJb30Ba-
HHH TaK Ha3biBaeMOH MAaTpHLbl IJOTHOCTH.

[TpencraBuM ceGe MaKpOCKONHYECKYIO MOACHCTEMY, SIBJISIOLLYIOCS
YacThlo MOJHOH CHCTeMbl (mocHcTeMa muioc cpefa). C TOUKH 3peHHst
KBAHTOBOH MeXaHHKH OIHCAaHHe MOJACHCTeMbl € MOMOLIbIO BOJHOBOMH
(YHKIHH,32BHCSILLEH OT KOOPAUHAT BCEX YACTHLL CHCTEMBI Y (#1,Fy,.., V1),
6blI0 Gbl BO3MOMKHO B TOM cJydae, ecqH Gbl HaGaiofatesb MOr Nnpo-
H3BECTH H3MepeHHe MOJIHOrO0 Habopa MeXaHHYeCKHX BeJHYHH, OIHChI-
BAIOUMX MHKPOCOCTOSIHHE nojcHcTeMbl. JIJsi MaKPOCKOMHYECKHX MOJA-
CHCTEM TaKoe M3MepPeHHe MPaKTHYeCKH HeBoaMoxHO. Bosee Toro, eciu
6bl TaKOe H3MepeHHe B MOMEHT BpeMeHH ¢ = 0 M Gbl10 MPOH3BEIEHO,
TO NOJIyYeHHast § (7, 7y, ..., Fp, ¢ = 0) He MOrJ1a Gbl ObITh MPONOJIKEHA
BO BpeMeHH, H60 Giarojapsi HalHYHIO B3aHMOJAEHCTBHS MEXJY 4acTH-
LaMH NOJACHCTEMbl M CpPeibl HMEeT CMBICJ TOJbKO BOJHOBash (QyHKUHs
MOJIHOH CHCTEMHI.

B cBfI3H ¢ 3THM COCTOSIHHE MaKPOCKONMHYECKOH MOACHCTEMbI JOJIKHO
OIHCHLIBATBCSA HE B TEPMHHAX BOJHOBOH ()YHKIIHMH, & C MOMOLUbIO ApY-
roro MaTeMaTHYeCKOTO ammapara — annapaTta MaTpHIbl IUIOTHOCTH.
Mycts V@ (7, 7y, ..., ¥,) — HAGOP MTHOBEHHBIX «BOJIHOBBIX (QYHKIH»
MOJICHCTEMb], B KOTOPbIX MOACHCTEMa MOT/ia Gbl HAXOAMTHCS, ecaH Obl
B3aHMOJIEfiICTBHE CO Cpefloi B JaHHBI MOMEHT BPEMEHH OTCYTCTBOBAJIO.
(CumBosioM i 3fiech 06o3HayeH HaGoOp KBAHTOBBIX YHCeJ, ONMpEesio-
LHX MTHOBEHHOE COCTOsiHMe mnoAcHcteMbl.) Ecam 6bl B3aumopeficTsHe
0CTaBa/oCh BBIKJIOUEHHBIM H B JajibHeiillleM, NOACHcTeMa HMesaa Obl
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CTalHOHAPHYIO BOJIHOBYIO yHKIHIO Y. B 3TOM cayyae mpHHsATO ro-
BOPHTb O «IHCTOM» COCTOSIHHH. B peasibHOM »Ke ciyyae MOACHCTeMbI,
B3aHMOAEHCTBYIOLLIEN CO CPeNIofl, MBI MOKEM JIMIIB YKa3aTh JJIsl KaxkI0TO
M3 YHCTBIX COCTOSIHHI CTaTHCTHUeCKHe Beca Pj, ¢ KOTOPEIMH OHH BXOAAT
B HCTHHHOE COCTOSIHHE MOJCHCTEMBHI, Ha3blBa€MOE B 3TOM CJyuae «CMe-
waHHbIM». CllelyeT, ONHAKO, MOAYEPKHYTb, YTO Koa(dHuUHeHTH P;
NPHINCHIBAIOTCS. NIPH 3TOM He BOJIHOBBIM yHKUMSAM P (KOMGHHAUHsS
> Pap) B cHily NPHHINMA CYNEPNO3HUHH ONATH NMPeACTaBAsNa Gkl CO-

i

6oft BOJIHOBYIO (YHKLHIO M COOTBETCTBOBaJa Obl «YHCTOMY» COCTOSI-
HHIO), a UX GHIHHENHBIM KOMGHHauMaM. HanpuMep, nIoTHOCTb BeposT-
HOCTH, OIpeJeJIeHHOH KOHHIypalHH CHCTEMBI, KOTOpasi B YHCTOM CO-
CTOSIHHH paBHa | Y@ [2, B CMELIAHHOM COCTOSIHHH NMPHHHMAETCsi PaBHOM

p= P:lpE, X Pi=1, (73.1)
i i
a cpejHee 3HaueHHe GU3NYECKON BeJHYHHBI L paBHO
<L> = Z szi = Z p; S 1p(l)* z\p(‘) &ry, (73.2)
i i

rae (L) o603HauaeT cpeiHee 3HAUYeHHe BEJHYHHBI B (CMEILUAHHOM» CO-

CcTOsiHNN, a L; — cpeliHee 3HaueHHe ee B i-M «IHCTOM» cocTosHHH. TTycth
P, — HEKOTOpHIA NOJIHBI HAG0p OPTOHOPMHPOBAHHBIX (GYHKUMIl (Ha-
npHMep, Ha60p COGCTBEHHBIX QYHKIHHA NIPOH3BONBEHOTO SPMHTOBA ONepa-
topa M). Torna B M-npeicTaBieHuH As L; HMeeM BEIpakeHHe

() *q ()
Li = Z a, ay an
n,m

0]

rne ay — Ko3(hdHUHEHTb! pasokeHHs P(*) =Z al,, a  Lymw—

MaTpHYHbIE 3JIEMEHTHI oflepaTopa LorelL nm = S‘ll],,*L‘\Pm d*r. Orciona
nast (L) Haxomum

(Ly=3) Pia®*a® Loy (73.3)
Ln,m
BBeneM MaTpHIly p C /eMEHTAMH P,
= 2 Pia®*a®, (73.4)

KOTOpYIO Mbl Gy/ieM Ha3blBaTh MaTpHIel MIOTHOCTH. Toraa BeIpaxKeHHe
(73.3) pas (L) npumer BHA

(Ly= me,. am = Z(pL)mm—Sp(pL) (73.5)
Takum 06pa3oM, 3Hasi MAaTPHILY IJIOTHOCTH, MOXKHO HAaHTH CpelHee

3HayeHHe J06O# (DH3MYECKON BeNHYMHBI, M MO3TOMY MaTpHua MJOT-
HOCTH TMOJIHOCTBIO XapaKTepH3yeT «CMelUaHHble» COCTOSTHHS.
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DJ1eMeHTbl MaTPHILbLl MVIOTHOCTH MOAYHHEHH ONPEJeJeHHBIM COOTHO-
weHnaM, U3 onpenenennst (73.4) ciaenyer spMHTOBOCTb MaTpHULI f:

- (73.6)
Iasee, BHIGpaB B KauecTse onepatopa [, enuHuuHbIH onepatop Lyn,
Mbl JIOJKHBI TIOJYYHTH CPelHee 3HaueHWe, DAaBHOE eIMHHIE, OTKYJa
crenyer
Spp=1. @3.7)
D10 ycloBHe HMeeT mpocTolt (U3HYecKHH cMbics. BesnuunHa pg, =
2
=31P;|a]" naer BeposTHOCTL TOTO, UTO MOXCHCTEMA HAXOAHTCS
i

B COCTOSIHHH C BOJIHOBOH (yHKuHeH P,. [lostomy Zp,, = Sp p ectb
BEepOSITHOCTb TOTO, YTO MOACHCTEMA HAXOAUTCSI B KAKOM-JIHGO U3 COCTOS-
HUt mosiHoro HaGopa V,. 3aMeTHM, Y4TO LINYp MaTPHUIbl HHBAapHAHTEH
10 OTHOIUEHHIO K YHHTAapHBIM NpeoGpasoBaHHSM, H NOITOMY YCJIOBHE
(73.7) u dopmyna (73.5) ocTaloTCsl HEH3MEHHBIMH B JIIOGOM IPEACTAB-
JieHud. YHcJIo CTPOK M CTOJIGIOB MATpPHIIb MJIOTHOCTH 3aBHCHT OT TOTO,
CKOJIbKO He3aBHCHMBIX COCTOSTHHI P, HCTIONIb3YeTCst /IS XapaKTePHCTHKH
YHCTOrO coCTOsiHMs. Hampumep, Misi CHCTEMBl CIHHOBBIX MOMEHTOB
(s = 1/2) BO3MOXKHbBI TOJILKO JBa COCTOSIHHS ¢ PAa3JHUHBIMH 3HAYEHHSIMH
MPOEKIMH CHHA Ha W3GpaHHOe HampaBJieHHe Py K1 U MaTpHLa MJIOT-
HOCTH SIBJISIETCS ABYXPSIAHOM.

3aMeTHM JaJjiee, YTO ONHCAHHE C IOMOILBIO MATPHIBI NJOTHOCTH
BO3MOKHO H B TOM CJ1yyae, KOIJa paccMaTpHBaeMast CHCTeMa H30JIHpPO-
BaHa OT OKpY»Kaloweil cpebl H HaXOAUTCSl B YHCTOM COCTOsIHHH. Bousee
TOTO, €C/IH peub HAET O MaKPOCKOMHYECKOH CHCTeMe, 3HAHHe BOJIHOBOH
GYHKIHH YHCTOTO COCTOSIHHSI (DaKTHYECKH HEJOCTHKHMO (IIOCKOJBKY
NPaKTHYECKH HEBO2MOXKHO M3MepeHHe MOJIHOro HaGopa BeJHYMH, ONH-
CHIBAIOIMX COCTOSIHHE CHCTEMBI) H He HYXKHO (IIOCKOJIBKY Hac HHTepe-
CyeT MaKpPOCKOIHYeCKOoe COCTOSIHHe CHCTeMBl, XapaKTepHayeMoe cpel-
HHUMH 3HAYeHHSIMH). 3HaHHe e MAaTPULBl IVIOTHOCTH TpeGyeT 3HAUM-
TeJbHO MeHbliefi HHPOPMALIMK H, C APYTOH CTOPOHBI, NaeT ajeKBaTHOe
TepPMOJAHHAMHYECKOe OMHCaHHe NMOBEJEHHS] MaKPOCKOMHYECKOH CHCTeMbI
B TEPMHHAX CPEJHHX 3HAueHHIl.

YKaxKeM Ha HaJHYHe NPOCTOrO KPHTEPHsi, MO3BOJISIOLIEr0 MO Mat-
pHILe IVIOTHOCTH CYAHTD O TOM, SIBJISIETCS JIH COCTOSIHHE CHCTEMbI YHCTBIM
WM CMellaHHBIM. B ciyuae uucroro coctosinust Py = 8, H, ciaenoba-
TeJIbHO, M3 (72.4) HAXOMUM Qp, = aia,, OTKyIa

(©*mn = melpln Zaf AmQRa = ARy = Omp, WIH p"=p‘.

B cayuae e CMeIIaHHOrO COCTOSIHHS NOJOGHOTO COOTHOIIEHHS He
CYILeCTBYeT.

BuiBeieM ypaBHeHHe NBHMEHHS! JJIfi MaTpHLE!l MJOTHOCTH B CJy-
uae OTCYTCTBHMS B3aHMOJEHCTBHS C OKpyxalowmell cpeloil. Hmeem
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corJiacHo (73.4)

Lor— 37 P [ “ag+apr 2 ] (73.8)
ot

i

Us pasnoxenns Y= Zaﬁ?lp,, u ypaeuenns [lIpenunrepa
n

if (0p0/08) = Hy® naxomum
Ba")

=3z (73.9)

rae H, — mMaTpHYHBI 3/MEeMeHT TraMHJIbTOHHAHA MOACHCTeMbl (Ge3

yeTa B3aHMOAEHCTBHSI CO CPenoii): H,‘1=S¢‘,.$'H1|J,dsr.HOJICTaBJIﬂil
(73.9) B (73.8), no.ryyaem

. Of
iR = H 1010 — Hit0 = Hynttn— OmiH 1a = (Hp — 0H)nn

(MBI BOCNIO/Ib30BAJIHCL 3PMHTOBOCTBIO omnepaTtopa H). CienoBarenbho,
H3MeHeHHe MaTpHUbl MJOTHOCTH {5 C TeYeHHeM BPEMEHH OMHChIBaeTCs
ypaBHeHHeM

n®=Ap—ph=(8, pl. (73.10)

Takum o6pasoM, B CTALHOHAPHOM COCTOSIHHH 3aMKHYTOH CHCTeMHl
MaTpHIA TJOTHOCTH KOMMYTHPYeT C FaMHJIbTOHHAHOM 3TOH CHCTEMH.

§ 74*. Meron Ky6o

Mgt o6HapyxuaH B maparpagax, MOCBSIEHHbIX KHHETHKE sIBMeHHH
B MJIOTHBIX Ta3axX, YTO KHHETHYeCKHe yPaBHEHMs, ONMHCHIBAKOLIHE H3Me-
HeHHe QYHKUHMH pacnpeliesieHHs, yAaeTcsi MOJNYYHTb TOJbKO B HEKOTO-
PBIX TpeNeJbHBIX CyyasiX, ajseko He HCYePMBIBAIOIMX MHOrooGpasue
BO3MOXHBIX (pH3HUeCKHX Yc/IoBHH. Ky6o NpeiJIoXkHI MeTON pelleHusi
3ajlay KHHETHKH 6e3 HCMOJIb30BAaHHS KHHETHYeCKHX ypaBHEHHil, CBSi-
3aHHBIH C HENOCPeCTBEHHbIM HCTIOTb30BAaHHEM yPaBHEHHS! JUIsi MATPHIBI
TJIOTHOCTH.

Pemnm 3anayy o6 H3MeHeHHH MaTPHIB! NJOTHOCTH MaKpPOCKONHYe-
CKOMl CHCTeMEI MOJL JieficTBHeM BHeIHero BosMywmatomero noas. ITycrs
TaMHJIbTOHHAH CHCTEMBl paBeH i+ #, rne % — BHewHee nose, KOTo-
poe B JanbHelinem GyieT paccMaTpPHBAaThCsl KaK BO3MYILEHHe.

Bynem cyuTaTh CHCTeMy ¢ raMHJAbTOHHaHOM H - Z He BroOJIHe H30-
JIHPOBaHHOH OT BHemHeH cpefbl. BosjeficTBHe BHewHeil cpeas! nposis-
nseTcss B TOM, YTO CHCTeMa, MpelocTaB/eHHast caMoil ceGe (BHellHee
nojie BEIK/IOYEHO), peJaKCHPYeT, MpHOIHKaeTcs K PaBHOBECHOMY CO-
CTOSIHHIO C PABHOBECHOIT MaTpHLell MJIOTHOCTH (5., ( (5.,, H] = 0) ¢ xapak-
TEPHBIM BpeMeHeM peJiaKCalHH T,



380 SJIEMEHTH KMHETHKH [ra. vt

3anumem YpaBHEHHe Jil MaTpUUBbl NJIOTHOCTH B BHIE
2% 4[5, A42]4 2e=ed =0, (74.1)

TAe MNOC/EAHHH YjleH ONMCHIBAeT MpolLecC peJiakCalMH B pesyabTare
B3auMOJIeficTBHS €O cpefloil. B KoHIe pacuera MBI yCTpaHMM 3TOT u/ieH
(ycTpeMHB T K GeCKOHEYHOCTH) M GYJeM CYMTaTh CHCTeMY BHOBb H30JH-
poBanHo#i. Takum o6pasom, BBeleHHe uneHa ifi (p — py)/T B ypaBHe-
Hue (74.1) npuoGperaer cMbica GOPMAJILHOTO NpHeMa, 06ecTeyHBaIOLIero
CXOIMMOCTb HHTErpasioB, GUIYPHPYIOWHX B TEOPHH Ha MPOMEKYTOU-
HBIX 3Tanax.

ITpeoGpasyem ypaBHenue (74.1) B MHTerpanbHoe, BBOAS MOHSTHE
reliseHGepropckoro o6pasa. [efisenGeproBckMM 06pPasoM MPOH3BOJIb-

Horo onepatopa A HasbiBaeTcs onepa'rop A, onperensieMbtii GopMyJoft
- ﬁt

A ™ he (74.2)
OquHﬂHO, HMEeT MeCTO H OGPETHOG COOTHOILIEHHEe
Ao i fa (74.3)

3amerum, uyto ecad A KommyTHpYyeT ¢ ramuabTonnanom H,To A = A.
Il MaTpHIbl TIOTHOCTH HMeeM

(" Ly
I L L *’ — Hp—pli 4 ine T ‘3" e
H, TOJCTABJIsIST B ypaBHEHHe (74.1), TMOJTYYUM
aé 2 A [f\/l«]
(4 P —0 .
Frien T" 4222 = 0. (74.4)

Tak Kak paBHOBEeCHasi MaTpHla MJOTHOCTH He 3aBHCHT OT BpPEMEHH,
MBI MOXE€M 3anucatb 3TO ypaBHEHHE B BHJE

o (5 _: 2 2 L[~
(p o) 4 b b =7[p, 7. (74.5)
Byzem GopMaiIbHo paccMaTpuBaTL MpaByo YacTh KaK HEORHOPOAHOCTD.

Toraa peleHHe ypaBHEHHS NepBOro Nopsiika ans ( p— po), YAOBNETBO-
PSIONIET0 HAya/JbHOMY YCJOBHIO p — p0 =0 npu {— — oo, HUMeeT

BHI

(o 7@le. o

BosBpamasice ¢ HoMolblo cooTHowenus (74.3) oT refizeHGepropcKUX
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06pa3oB K omepaTopaM f H @ [OJTy4HM
{ {
a a - - -1
p—bo=te e d T, 2@l & (74.7)
-_— 0

Tepexonst ot § K mepeMeHHolt | = { — E, uMeeM

e

V-3 l i

PSRN Sty , i fm
p(t)=pa+7§e e " p—m), Zt—n)d dn.  (74.8)

Hrak, Mbl HaluIM HHTErpajibHOe ypaBHeHHe JJIsi MaTPHIbI IJIOTHOCTH
p (f). Pemasi ero mMeToioM HTepalMii H OTPaHHYHBASICh NMEPBBLIM MpPH-
GJIH>KeHHEM, TIOJYYHM /i N06aBKH NepBOTO MOPsiAKa MaJIOCTH K Mat-
pHLe IUIOTHOCTH

©
-1 - 'I

i
b (t)——S R el M ao)
CoorHoulenne (74.9) Haamae‘rcs( popmyroti Kybo.

B kauecTBe mpumepa npuMeHenHs Qopmysnl Ky6o paccMoTpuM
3alayy O HAXOX/EHUH TeH30pa NMPOBOAMMOCTH BelecTBa. I1ycTb BOaMy-
lleHHe TPeiCTaBAseT COGOH OAHOPOAHOE 3/EKTPHUECKOe MOJie, MeHso-
Ieecsi CO BPeMeHeM MO TapMOHHYECKOMY 3aKOHY:

Zl(t) _ qur(l) eu.:t:_ Z qg xg) iot

(no uHuekey a =1, 2, 3 nonpa3yMeBae'rcs{ CyMMHpOBaHHe, j — Homep
yacTHIbl). Toraa corsacHo (74 9)

© _1_1_ H i
pl(t)——’—"em"g§ ﬂleo. 01T M aa10)

Haiinem CpeHee 3HaueHHe BeKTopa l'lJlOTHOCTH TOKa B CHCTEME 3apsiKeH-
HBIX YaCTHI{ C 3apsiioM ¢ H Maccoit m:

Gioy= 290y =31 X (=11 Fsp (653’)-125p (6:59).

(74.11)
(Msl BocnoNb30BaAKCh hopmyJiot (73.5), a TakKe TeM, U4TO B PaBHOBEC-

HOM COCTOSIHHH 6€3 NOMIA TOK OTCYTCTBYeT ZJSP (pop) = 0-)
CorsiacHo (74.10) Haxonaum
(ja) = Oagbpe®, (74.12)

rje TeH30p l'lPOBOIlHMOCTH a, paBeH
i

2 i .
= Hn ..
Oos =7 OS 2 Sp {P‘ )[po, P ]}dn. (74.13)
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Orciona nonyunm Ajisi 0,, SKBHBaJEHTHOE BbIpaXeHHe

k4 “DTI— S - a
Oap =%§ 2 Sp (1o Wl an (7419

(om0 0CHOBAHO HA BOSMOXHOCTH UHMKJHYECKO! NEPECTAHOBKH Omepato-
POB 1o 3HAKOM Sp H Ha KOMMYTAaTHBHOCTH OTIepaTopoB g u f).

Moxer, HaKkoHell, OKa3aTbcs YNOGHBIM CLeJaTh npeoGpasoBaHue

0 (500 — 58050 b =Sp (38500 — 5034 )=

=sp{[30, o] 5o},

TaK 4TO TEH30D NMPOBOAHMOCTH MOXET ObITh 3alHCaH TaKKe B BHJE

o
2 0"]—'— a
oo =705 \ € 2 sp{l&, p®lputan.  (74.15)
0
B npocrefiem c.rlyqae rasa Heaaanmoneucmylomux YaCTHIL

5 ()? 2 N
2 k) Q
VP ( p& )‘

Torna, yuuthiBas, 4TO [x”) PP = ih8,.84;, momywum Ans Tensopa
MPOBOAMMOCTH H30TPOITHOE BBIPaKEHHE

© N b
2 —ion—— 2

Gap =2 844 Se = b (74.16)

: s ]

T
(n — 4HCJI0 3IEKTPOHOB B ellHHHUIIE 061eMa). [To/0XKUB T—> co, HaXOAHM
ng?

Oap =66qﬁ, G—-m (74.17)

IockoJbKY NPOBOJAMMOCTb BXOIHT BMECTe C JH3JEKTPHYECKOH MPOHH-
1[aeMOCTBIO B KOMILIEKCHYIO JHU3JIEKTPHYECKYIO TPOHHIAEMOCTh B KOM-
6uHaUMK & 4n0/iw, STOT pesyJbTaT NPHBOAHT K BKJANy 3JEKTPOHOB
B JH3JIEKTPHYECKYIO TPOHHIIAeMOCTb, PaBHOMY

et

§ 75. TIpHHUMN CHMMeTpHH KHHETHYECKHX KO3({HLHEHTOB

PaccMOTpHM B 3aK/IOueHHe BajKHOe CBOHCTBO HEPaBHOBECHHIX MPO-
I1eCCOB, HMeloLlee MHOTOYHCJIeHHBIe (H3HUECKHE NPHJIOKEHHS, Hasbl-
Baemoe npunyunom Ox3azepa WM NPUHUUNOM CUMMEMPUL KUHemuue-
cKux Koaghurjuenmos.

Ilyctb a; — HekoTopHIt PpH3HUECKHIT MapameTp, KOTOPHIi B HEPABHO-
BECHOM COCTOSIHHH MEHsIeTCst OT TOYKH K Touke. Hanuume rpanuenra
5TOrO NapameTpa BhI3BIBa€T HEKOTOPLIH OCHOBHOM NpOLECC NepeHoca.
Tak, HanpuMep, CYILIECTBOBaHHE IDajHEHTa TeMNepaTypsl MOPOKAAET
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B KauecTBe OCHOBHOTO NPOIeCCa IepeHoca TelIONPOBOAHOCT — Mepe-
HOC Temsia, MPONOPLHOHAMbHBI VT'; CyIIeCTBOBaHHE TPajMeHTa MJIOT-
HOCTH BbI3bIBaeT AU(QY3HIO — MepeHoC Macthl, MPONOPLUHOHANbHBI V p;
CYIIECTBOBaHHE TpPAJMEHTa 3JIeKTPHYECKOTo MNOTeHuHana (HanpsiKeH-
HOCTH MOJI) MOPOXKJAeT 3JEKTPHUECKHH TOK — MepeHoc 3apsja,
NPONOPUHOHAbHBIH V@ = — &; H T. A.

OnHako HapsANy ¢ STUMH «OCHOBHBIMH» NPOIeCCaMH MePeHoca Cyme-
CTBYIOT H «II0GOYHbIE» IPOLECCH, HEPA3PBIBHO CBS3AHHbIE C <OCHOBHBIMH,
Tak, Hanpumep, nepeHoc 3apsifa NMOA AEHCTBHEM 3J€KTPHYECKOTO MOJIs
(HanpuMep, JBHXKEHHE HOHOB B 3JIEKTPOJHTE WJH 3JEKTPOHOB B Me-
TaJll€) 03HAYaeT OJHOBPEMEHHO M IIePEHOC HX KHHETHYeCKOH SHEpruu
(renia) U Macchl (aubdysHst), NpHYUEM 3TH «COMPSIKEHHBIE» NPOLECCHI
nepeHoca ToXe B NepBOM NPHOIHXKEeHHH NPONnopuHoHabHe Vo. Hao6o-
POT, MepeHoC Macchl NOJ IeHCTBHEM IpajiieHTa IJIOTHOCTH HJIH NepeHoC
Tensa MOA JeHCTBHEM TIpajiHeHTa TeMIepaTyphbl O3HauaeT (ec/aH peub
HJIET O CHCTEME 3apsIKEHHBIX 4acTHII) OHOBPEMEHHO H MepeHOC 3apsija,
1 BO3HHKHOBEHHE 3JIEKTPOABHKYIIEH CHJIBI, MPONOPIHOHAIBHOI B 3THX
IBYX CJyYasiX FPafiHeHTy MJIOTHOCTH V p H rpafHeHTy Temnepatypsl V7.
Jlnst mOAOGHBIX CONMPSKEHHBIX IMPOIECCOB HMeeT MecTo npuHuun Ousa-
repa, KOTOpbuli Mbl ceffyac M JIOKa)keM B OGILEM BHJE.

ITycTb B COCTOSIHHM PaBHOBECHsI NMapaMeTphl a; MPUHHMAIOT 3Haye-
HHUA @'}’. DHTPOMNHS 3aMKHYTO! CHCTEMBI CTb (YHKUHs MapaMeTpos a;,
NpHYEM B COCTOSTHHH PaBHOBECHsI OHa MaKCHMaJlbHa H, CJ€/0BaTe/bHO,
(0S/0a;), = 0. Bynem paccMaTpHBaTh CKOPOCTH da;/dt H3MeHeHHs! napa-
MeTpoB @;. Tak Kak no Mepe NMPHOIMKEHHS K COCTOSIHHIO PaBHOBECHA
napaMeTphbl @; MPUOJIHXKAIOTCS K MOCTOSIHHBIM 3HAYEHUsIM a'f’, TO B CO-
CTOSIHHH paBHOBecHs (da;/df), = 0. Orciona ciefyer, 4TO C TOYHOCThIO
JI0 MasibiX MepBOro Nopsiika Mexay a; = da;/dt u 8S/da, nomxHa
CYILeCTBOBATh JIHHEHHasi 3aBHCHMOCTb

. S
@="Yik g - (75.1)
(nonpa3yMmeBaeTcsi CyMMHpOBaHHE MO k).

IMpunuun Ousarepa yTBepJaeT, YTO KOI(GDHIUEHTH i, 06/1afal0T
CBOMCTBOM CHMMETDHH
Yri = Yie- (75.2)

JIns 0Kas3aTesbCTBA STOrO YTBEPXKAEHHS PAaCCMOTPHM MPOHM3BEleHHe
a; (f) a, (t + 7), Te T — QU3HYECKH Masblii MPOMEXYTOK BpeMeHH,
TaK 4TO C XOpOIUeli TOYHOCTbIO HMeeM

(147 =0 (1) + 7y = a, () + Tvu o (75.3)

3anaHHe 3HaueHHs a; (f) He OMpeAeNsieT OHO3HAYHO COCTOSTHHE CHCTEMBI
B MOMEHT BpeMeHH ! -+ T, TaK Kak CYIECTBYET elle psjl NapaMeTpoB
a, () (k5=i), u TeM GoJee He omnpeienseT 3uauenue a (¢ -+ ),
TaK Kak NpH 3ajlaHHOM a; (f) 603MOjceH PSIA NPOLECCOB, BEAYIIHX
K pasHom BHawenusm a, (f + v). Haifinem cpenHee 3HaueHue
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BhIpaxeHus a; (f) a, (£ + 1):

oS
a; (f) a, () = a; (t) a, (£) + vywac (£) e
BocrosibayeMcst BbipaXkeHHeM DaBHOBECHOM (YHKUHH paclpeleeHus
p = Ae"—EVET =~ AeS/* (B paBHOBECHOM COCTOSIHUH SHEPTHs CHCTeMbl E

¢ GonbuIOH TOYHOCTBIO COBNAN@eT C BHyTpeHHell sHepruell U = E).
HiMeem otciona

—_— S S

@ (t)g%=A S a () g%ek dU'= Ak g adt)%(e”)dl‘.
TIpouHTErpHpyeM 3TO BHIpaXKEHHE MO YaCTSM H BOCIIONb3yeMCS TeM,
4TO BEPOATHOCTh AeS/% OTK/IIOHEHHSI OT PaBHOBECHS OYeHDb ObICTPO Ma-
JlaeT C POCTOM 3TOr0 OTKJOHEHHsl, TaK YTO BHEMHTEIpaJIbHbI uYjeH
MOXET CYMTAThCS PaBHBIM HYJI0. BenencTsHe 3TOro mosyunm

3% 2 oa;

ai (t) g = — Ak S ek S0 4T = —kty

(rak xak 9a;/da; = 8 u AfeS*dl’ =1 B cuTy yc10BUS HOPMHPOBKH).
Wrak, Mbl HMeeM

G () ar (1) = a1 () ay () — by (75.4)
Cosepmel-mo AHaJIOTHYHO MBI MOXEM IIOJITYYHTb COOTHOLIEHHE
a, () ai (1 +7) = a, () i (t) — kyu. (75.5)

Ecan mapamerps! a;, @, TaKCBHI, YTO OHH He MEHSIOTCS NIPH H3MEHEHHH
3HaKa BCeX CKopocTeil, TO B CHJYy CHMMETPHH yPaBHEHHil MeXaHHKH
TI0 OTHOLIEHHIO K OTepalHH OTPaXKeHHs BpPeMeHH Ge3pas/HyHO, KaKyio
U3 BeJIMYHH ;, @, MBI GepeM B GoJiee paHHHH, a KaKyio B 6oJiee MO3AHHI
MOMEHT BPEMEHH, H, CJ/e[loBATeNbHO,

ap(t)ai(t+7v)=ai(t) ap ({ +7).
Orciona caepyer dopmyna (75.2). D10 COOTHOLUEHHE CIPaBEAJIHBO H
B TOM CcJyyae, ec/u o6e BENHYHHBI @; H @) TPONOPLHOHANBHBI TEpBOf
(1, BoOOIIe, HEUETHOH) CTeNeHH CKOPOCTH H MEHSOT 3HAK MpH
OTpaXKeHHH BpeMeHH. Eciim ke TpH 3TOM TOMBKO OJHA M3 BEJHYHH Q;
HJH @), MeHseT 3HaK, TO

Vi = — YVri- (75.6)

Hakownen, cienyer oTMETHTb, YTO MPH HAJHYHH MAarHHTHOTO MOJS

ypaBHeHHs JBHKEHHST CHMMETPHYHbI 110 OTHOILEHHIO K H3MEHEHHIO 3HaKa

BpEMEHH TOJbKO IPH OJHOBPEMEHHOM H3MEHEHHH 3HAKa HaIpsiKeH-

HOCTH MarHHTHOTO TNONS %" H PHHLIUI CHMMETPHH KHHETHUECKHX KO3¢-
(ULHEHTOB 3aMHIIETCS NPH 3TOM B BHIE

V()= pui (— K. (75.7)



MATEMATHYECKOE NPWJIO)KEHHE

A. SlkoGHaHbl ((YHKLHOHAJBHBIC ONpENETHTENH)

PaccMOTpHM Ha MJIOCKOCTH TeEpeMeHHbIX (X, y) ABa ceMelicta mps-
Mmbix: E-cemelicTBo (§ = const) u n-ceMefictBo (n = const), rae & u
OTIPEeNeNsIoTcsl yPaBHEHHAMI

tE=Ax+By, n=Cx+Dy ¥
(A.1)
(puc. 81, a). HaoGopor, Ha
IJIOCKOCTH niepeMenHbIx (§, 1)
Mbl HMeeM fBa ceMelcTBa mpsi-
MbiX x = const W y = const
(puc. 81, 6), rre x H y Haxo-
asTest M3 ypaBHeHuil (A.1)
x=AE-+Bn, y=CEt+Dn
(A.la)
U MaTpHua l': Z. SIBJISIETCS. MaT- 9
AB 7 Yy =const
pHuuel, o6paTHO# |55’,

Hafizem naowmane mnapas- -
JlefiorpaMma,  0Gpa3oBaHHOTO
TIPH NIEpPeCeYeHHH ABYX MPSIMBIX
E-cemeiicTBa:

Ax+By=t u
Ax+By=t+A¢ L L
¢ BYMs! TIPSIMBIMH 1)-ceMeficTBa £
Cx+Dy=n n 8
Cx+Dy=n+nn Puc. 81.

(biliesied Ha puc. 81, a xupHoli nunueil). Mmeem

7 =const

& =const

x=const

Ao =Uly | sin 0] =1l |sin (&, — a,) | = {y]5]sin o cOS @y — cOS @ SiN QL) |,

(A.2)
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Tak Kak
lysina,=Ayg, lycosay=Ax;, [ysinoy=Ay,, [ cosa,=Ax,

(MHIEKCH § H M 03HAualoT, KaK OGBIYHO, MOCTOSIHCTBO & H 1) COOTBETCT-
BeHHO), To H3 (A.2) mosyunm

Ao = | Axg Ayy— Axq Ay | =} AD — BC | A% An=ng g" A Ay,
(A.3)

[TycTh Temeph Ha TJIOCKOCTH NEPEMEHHBIX (X, y) 3ajaHbl JBE CHCTEMbI
KPHBBIX C TOMOLibIo ypaBHeHH#l § = const, n = const (puc. 82), rze

E=E(x, 4). n=n(x y), (A.4)

H, 06paTHO, Ha mJocKocTH (€, M) 3alaHbl KpHBble ¥ = const, y = const,
rze x (€, m), y (§, M) — byHKuuH, obpaTHble QyHKuHsM (A.4)

x=x(E n), y=y(E n) (A.4a)

ByneM mpu 3TOM CuHTaTh COOTBETCTBHE Mex<1y mapamu (x, y), (€, )

B3aHMHO OJHO3HAYHBIM — KaXKIOH TOYKe (X, Y)-TJIOCKOCTH COOTBETCT-

BYET OIHZ H TOJNbKO OJHA TOY-

ka (§, m)-nmaockocTH (3TO 3Ha-

YHT, YTO KpHBble § = const He

nepeceKawTcs APYr ¢ APYroM,

KpHBble 1M = const Takxe He

TiepeceKaioTcsi ApYyr ¢ APYroM H

KaxzJasi KpHBasi E-ceMeiicTBa

nepeceKaeTcst ¢ Kaxmo#l Kpu-

BOH 7m-ceMeficTBa B OJHOH H

T ToAbKO ofiHOH Touke). Toraa us

Puc. 82. (A.4a) HaxomuMm (C TOYHOCTBIO

J0 MasblX MepBOro NopsiaKa)

JIMHeliHoe (/10KaJbHOE) COOTHOLIEHHEe MeXAy AH(pepeHnHantaMu BeJH-
uHH X, y, § N

¥

7 =const

& =caonst

)] 9x (€, m)
dx= & dg+ —on dn,
dy=20G& W gy HED gy, (A5)

MbI BHIHM, YTO IJIOMafb GECKOHEYHO MAJIOrO NapaJlienorpamMma, o6pa-
30BaHHOTO ME€PECEYeHHEM KPHBBIX

Ex 9)=8 &, p=8t+dt

n(x, y)=n, n(x, y)=n-+dn,

MoxeT GbiTh HaiiieHa mo ¢opmyJse (A.3), ecan 3aMeHHTb KO3bHIH-
entsl A, B, C, D Ha 0x/0E, dx/0m, dy/d, dy/dn cootBeTcTBEHHO. MBI

C KpPHUBbIMH
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TIPUXOAMM TOTAa K NOHATHIO (YHKUHOHANBLHOIO OmpefenuTess (siKo-
6uaHa) 11 ABYX IepeMeHHBIX, KOTOphfi oGosHaunmM GykBoil D:

9x 0%
_ Oy _ |9 On|_ oxdy _ox oy
D=3gw = G oy |T % m " m % (A.6)
9; oOn

TeoMeTpHuecKHil €ro CMbIC/ 3aKJI0YaeTCst B TOM, 4TO a6COMOTHAS! BEJH-
uyuHa D naer KosdHUHEHT H3MEHeHHsl 3/eMEHTapPHOH IJIOMAAH MpH
nepexofe OT (X, y)-MaockocTH K (&, 1)-NJIOCKOCTH: 3J€MeHTapHast IJIo-
manp dx dy nmepexoauT B

do=|D|dEdn. (A7)
OTMeTHM HeKOTOpble BaKHble CBOMCTBA SIKOGHAHOB:
vy __ _0wx) _ _ 9y
Dsem="36w = "o (A8)
2) Teopema yMHOXKeHHsI sTKOGHaHOB
O(x,y) __ O(x,y) 9 m) (A.9)

0w, 0) — 9EM 9w, )"
TeopeMa ciielyeT H3 H3BECTHBIX (GOpMyJ AHGdepeHIHaIbHOTO HCYHC-
JIEHUSA
ax\ (e (T L (0% (2
(G) = (G b (G0, + {30k (B
o) _(3x) (&) L (2x) (o
(&) = G (3e) + (55 (50
M aHAaJNOTHYHO AJISI TIPOU3BOAHBIX (0y/0u)v, (0Y/0V),.
IMoxcTaBuB 3TH BblpaxKeHHs B IpaByio yacTb (A.9), nonyuum Toxze-

ctBo. Ma (A.9) BbiTeKaeT, B YaCTHOCTH, BbIpaKeHHe AJsi 06paTHOTO
siKoGHaHa. [ToNoXKHB 4 == X, v = y, HMeeM

0, m) _ 1
3) a(x, gy~ dxy ° (A-10)
N 9E ) N
= 99N _ 9 =
4) IMTonoxum y =n. Toraa (aé)“ 0, (M)g 1,
ox
200 Mgl Of_ox
3E Y = (0)“ . =(%), (A.11)
U aHaJOTHYHO
O(x, y) __ (9y
76 = (). (A-11a)

[oBenienue ako6HaHa npeoGpasoBanus (x, y) — (E, M) Ha IJIOCKOCTH
nepeMeHHbIX (X, y) (unu (E, M)) MMeeT HENnoCPeACTBEHHOE OTHOLIEHHe
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K BONPOCY O CBOHCTBAX OJHO3HAYHOCTH HJIH HEOAHO3HAYHOCTH COOT-
BETCTBUSI MeXNY ToukamH (x, y)- u (E, m)-myocKocteil. JToT Bompoc
HMeeT NepPBOCTENEeHHOe 3HaueHHe B TePMOJHHAMHKe B CBSI3H C LIMpO-
KHM HCMOJIb30BAHHEM B Hell FeOMETPHYECKHX 06pas’oB (TOUKH, JIMHHH,
IJIOWaAK U T. A.) Ha miockoersx (P, V), (T, S), (T, V), (T, P)ur. n.

Vimeer MecTo cienyiomasi BaxkHast Teopema €C/IH B TOUKE (Xo, Yo)
TUIOCKOCTH (X, y) (KoTopoli cooTBeTcTByeT TouKa (§,, 1o) NJIOCKOCTH

(€, M) AKOGHAHBI gg ;1)) " % OTIHYHBL OT HYJS, TO CYmeCT-

ByeT B3aHMHO OJHO3HaYHOE COOTBETCTBHE MEXAY TOUKAMH HEKOTOpPOil
MaJloi OKPECTHOCTH TOYKH (Xg, 4o) H TOYKAMH COOTBETCTBYIOLLEH MaJIoit
OKpecTHOCTH TouKH (§g, M). Kaxknaoil Touke nepBoii 06/1acTH COOTBETCT-
BYeT OfIHa H TOJIbKO Of{Ha TOYKa BTOPOI 06/1aCTH H 06paTHO. DTa Teopema
SIBJISIETCS TIPOCTHIM C/IEJACTBHEM M3BeCTHOH TeopeMbl Kpamepa asreGpbt
JNMHeHHbIX ypaBHeHH#H. CucreMa ypaBHeHHH (A.D) MMeeT mpH yc/0BHH
azx: :"?) # 0 O&HO ompefeNeHHOe pelleHHe OTHOCHTEJbHO HEH3BECT-
HBIX dE, dn (npu 3amaHHBIX dX, dy). DTO 3HAYHT, YTO ONpeJeJeHHOMY
nepeMeIleHHI0 Ha TIOCKOCTH (X, i) (B OKPECTHOCTH TOUKH (Xo, ¥o)) COOTBET-
CTBYeT OJHO OINpefie/leHHOe NepeMelleH e Ha mockoctH (€, M) (B oKpect-
HocTH ToukH (§g, Mo)). B uacTHocTH, npu dx = 0, dy = 0 cucrema (A.5)
HMeeT efMHCTBeHHOe pelieHHe df = 0, dn = 0.

To e caMoe MOXHO YTBepXJIaTb AJsi CHCTeMBl, 06paTHO# (A.5),

ecay KoGHaH %:i‘—;)) OTJIHYEH OT HYJS B Touke &y, 1,.

o 9 (x
HanoxeHHast Teopema HMeeT JIOKaJbHbIH XapaKTep, HO eCJH 9y

d(& n)

% OTJIMYHBI OT HYJS NMO BCell NJIOCKOCTH NEepeMeHHbX X, § W

£, M, TO CyIeCTBYET B3AHMHO OJHO3HAYHOE COOTBETCTBHE MEXKAY TOUKAMH
MaJIblX OKpecTHOCTell JIIOGbIX TOYeK 3THX mjockocTel. /st TOro uToGbl
clie/laTh BBIBOJ O TOM, YTO CYUIECTBYET B3aHMHO OJHO3HAYHOE COOTBET-
CTBHE KOHEUHBbIX (He GECKOHEUHO MaJblx) obsacteit (x, y)- u (§, n)-mio-
CcKocTeli, TpeGyIoTCsl HEKOTOpble JONOJIHHTE/bHbE YCJOBHSI, B OOCYXKAE-
HHe KOTOPHIX Mbl He BJlaeMcsl, HO 6yJeM CYUTaTh, YTO B TEPMOAHHAMHKE
OHH TOYTH BCerja (C KpaiiHe PeIKHMH HCKJIOUEHHSIMH) BbIIIOJIHEHHL,

B. ®opmyna Crupaunra

®opmysa Crupaunra jgaer npuG/HkKeHHOe 3Hauenuwe ajas N| mpu
6oabwnx N. Mbl nMeeM

N
InNl= Y Inn,. (B.1)
n=1

Ouennm a1y cymmy aast N > 1. Pacemotpum rpaduk ¢GyHKUHMH
= Inx (puc. 83).
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Cymma (B.1) ecTh mJomanb, orpaHHYeHHasi MyHKTHPHOMN JOMaHO#
H ocblo aberuce. J11s1 OUEHKH 5TOH MJIOMAAH 3aMEeHHM JIOMaHYIO JTHHHIO
HenpepeIBHO! KpHBoi. Toraa mJowajnb, orpaHHYeHHasi 3TOH KpPHBOMH
H OCBIO X, BBIP2XKaeTCsl HHTErpajioM, H MOXKHO NpPHGIHKEHHO 3amHcaTh
N N
InNl~{Inxdc=x(Inx—1)|=NInN-N+41.
1 1
Ora ¢opmysaa cnpaBeaauBa npH GosblMX N, KOrJa JOMaHasi JIHHHs
annpoKCHMHPYeTCsl HemnpephIBHOH KPHBOH ¢ XOpoweH TOYHOCTBIO.
Ipu N > 1 enuHuueii MOXHO mnpeHe-
Gpeub, H HMeeM lnz
InN!=NInN—N, (B.2)
HIH

N\N
Nl=<—e—) . (B.3)
Bosiee TouHbIH BBIBOA, KOTOPHIA NPHBO-
JHUTCS B MaTeMaTHYeCKoi JIHTEeparype,
JlaeT pe3yJbTaT, OTJHYAWOWHHCA OT
(B.3) muoxureneM )/ 2nN:

r— [ N\N
NI=V 2N <?> M Puc. 83.
OnHako B BhIpaXKeHHH AJs In N1 5TO NPHBOAHT K MOSIBJEHHIO CJa-

1
raeMoro 5 In (2nN), cywecTBEHHO MeHbIUEro, YeM INepBoe, H Mbl GyneM
HM npeHeGperatb.

C. Meron Jlarpanka OTbICKAHHSI YCJOBHOTO 3KCTpeMyma

PaccMoTpuMm  3ajady 06 OTHICKAQHHH — 3KCTpeMyMa  (DYHKIHH

v Ny ..., Np) DPH HEKOTOPHIX JOMOJHHTE/NbHBIX YCJOBHSX,

HaJIOXKeHHBIX Ha nepeMeHHble Ny, N,, ..., Ny, T. €. 3ajlauy Ha ycJoB-

Helff 9KcTpeMyM. HamnoMHHM, 4TO OTHICKaHHe 3KCTpeMyMa (byHKLHH
f(Ny, Ng, ..., Np) 1pH HEKOTOPHX YCJIOBHSAX

@i(Ny, Noy...y Np)=0, n<m; i=1,2,...,n, (C.1)

MOXeT OLITb OCYLIECTBJIEHO C NOMOIIbIO crnocofa MHoxkHTeselt Jlar-

paHxKa, CYIHOCTb KOTOPOrO CBONHTCS K cuenyomeMy. [Ipu Hannuuu n

yeaouit (C.1) TonbKo (m — n) BennuHH N; siBASIOTCS HE3aBHCHMBIMH,

a ocTaJbHble 7 MOTYT OHITh HaijeHbl H3 ycaoBHit (C.1). Mbl MoxkeM Ge3

HapyLeHHs! OGLIHOCTH CYHTaTb 3aBHCHMBEIMH, Hampumep, Ny, ..., N,.
CocraBuM mepBele  auddepenunans  ¢yukunit  f (Ny, ..., Ny) H
@i (Ny, ..y Np). B Touke 3KCTpeMyMa HMeeM

m

af=Y gjé—de,,:o (€.2)

k=1
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u B cuny yeaoeuit (C.1)

dq,,: a“" L 4N, =0. (C.3)

YMHOXHM Kaxkaoe H3 cooTHouweHuit (C.3) Ha NPOM3BOJBHBIE MOKA MHO-
xutenn A; 1 BoluteM H3 (C.2). ITomyunm

d(i— "ZW‘)= Z [ - Zx, a]ave=0.  C
i=1 k= i=

IMonGepem Tenepb uHCIa A; TaK, 4TOGbl OOPATHJHCH B HYJb KOIMQHUILH-
eHTHI MpH 7 3aBHCHMBIX AH(depeHnHaNaX, T. €. H3 YCJIOBHI

9p; _ _
Ex,aN k=1,2.., n

Tak kak ocranbhbie Ny (B = n -+ 1, n 4 2, ..., m) sBAsIOTCA HE3aBH-
CHMBIMH, TO KO3())HUHEHTB! NPH HUX B BblpaxkeHHH (C.4) TaKKe LOJIKHbI
obpawarbcsi B HyJb, H MBI HMeEM

0tv
= 2 Mg = (C.5)

npHu Mo6oM k OT eAMHHUB! 10 M.
Takum 06pasoM, HaXoXJeHHe YCIOBHOro 3KcTpemyMa f (N;) npu
yeaoBusx (C.1) cBOAMTCS K HaXOXKJIEHHIO G€3yC/JOBHOrO 3KCTPeMyMa

n

\

yHKUHH (f — Z 7..,-cp,~), J11151 HaXOXK IeHHs1 n-}- M HEU3BECTHBIX (M KOOp-
i=1

JMHAT ToukH aKkcTpemyma Ny, N9, ..., N u n mHOXHuTenell Jlar-

paHka Ay, ..., A,) HMeeM CTO/IBKO Ke ypaBHeHuii: m ypasHeHuit (C.5)

u n ycaoeuit (C.1).

D. Hurerpans J,

PaccMOTpHM HHTErpan BHAA
©
Jo=§ xe— e dx, (D.1)
0
[le n — UeJoe HEeOTpHUaTeJbHOe YHCJO. C IOMOIIBIO TOACTAHOBKH
y = Gx® 5TOT MHTErpa/] MPHBOAMTCS K BHLY
atle a1 ni

1
Jp=ta 2 Se‘J’y 2 dy=%a 2 I‘(";’l). (D.2)
0
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[Mpyu ueTHHIX 3HAYEHHSAX N, KOTAA n = 2m, UMeeM
(2m—1t E
Jon="Zmm— | (D.3)
H NpH HEYeTHBIX n, Koraa n = 2m + 1,
(D.4)

. ml
Jom+i = 5oz -

o

Hurerpan Jp= S x"¢= % dx paBeH HY/IO NIPH HEYETHOM n U paBeH
2J, NpH YeTHOM _nc°

E. Unrerpaasl K, u Kg

BblyncauMm uHTerpasn Bupa K,= § rie n > 0 — uesoe HIH

x"dx
ef—1"

nosnyuenoe ukico. Mmeem
@
(e"— 1)—1 =e“”(l _e—x)—l - Z e—U+Dx

=0

OTKyNa

© oo ©
K"=S 3 K ttDrdy= E S she— G+ D xdy —
0 1=o =00

= }‘_, (t+l)'"'1§ e dt=T(n+1) z (+1)"t=

—I‘(n+1)§(n+l) (E.1)

®

rae $(x)= XI%, {— dynxuus Pumana.
=1

B uacTHOCTH, HMeeM:

o

1) n=3, Ks=§ 2

Ho ' (4) = 3! u { (4) = n*/90 (cm., nanpumep, [20]), cienosatensHo,
(E.2)

e
Ke= 15

b = [ 225 (8)e(3).

0
%)—2,612 (cm., nanpumep, [21]).
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Orciona
K., =2,33. (E.3)
3 n=% K= [ S —r(3)e(3).
0
Hveem r(%)=%r(%)= EUE ;(%)=1,341. Orciona
Kv, = 1,78. (E.4)

Hafinem Tak:ke MHTerpajbl BHAa

=
, Ng* d;
Ko § i o> 1
Hmeem

© )

Ko=) (41§ xe @40 rdx=
0 0

)

= ﬁ: (1)t dt =T (n+1)(n). (E.5)
=0 0
B yacrhoctH,

Ki,,:I‘(%)t,(%):&w, K;/,=F<%>§<%)=4,45. (E.6)

F. Menbra-dynkuus Hdupaka 8 (X) u crynenvaTas ¢yHkuus ¢ (x)

Bpeniem B paccMoTpeHHe GyHKIHIO § (x) (HeCOGCTBEHHYIO HJIH 0606-
LEHHYIO), ONpeJeNeHHyI0 TpeGoBaHHAMH

0 mpu x3£0,
6(x)={oo npu  x=0, (F.1)
b =
Sé(x) dx=jl mpu x=0&(aq, b), (F.2)

H \0 mpu x=0¢(a, b).

Tounce roBopsi, pyHKuHs § (x) 1oMKHA GbITh ONpefeNeHa Kak mpe-
Jesl TOH MJH MHOH HenpephiBHOH GyHKuUMH & (x, o), HMelowel pe3KHit
MaKkCHMyM mpH x = 0, ¢ nuomansio, paBHoil exuHuue (puc. 84), Koraa
napameTp ¢ CTPEMHTCA K HyJIIO (MPH 3TOM BBICOTA MHKA JO/JKHA HEOrpa-
HHYEHHO BO3PAacTaTh, a WHPHHA €ro — HeorpaHHYeHHO yGbiBaTh). Ilo-
3TOMY, CTPOro T0BOps, O-GYHKIHS HMeeT CMbICA TOJBKO MOJX 3Ha-
KOM HHTeTpana, NpHYeM mnpejenbHblfl nepexol o — 0 JoikeH ObITh
NpoBefieH TMoCJ/le BLIYHC/EHHA HHTerpajia. OnHAaKo B MOAABJSAIOLEM
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GosbuMHCTBE CayyaeB obpaiyeHue ¢ 8-pyHKiHel Kak ¢ 06baHOI QyHK-
LHeH K/1acCHYeCKOro aHa/ih3a He NMPHBOJAMT HH K KaKHM OLIHOKaM.

IpuBeneM HECKONBKO NMPHMEPOB HeNpephBHHIX YHKuHH & (x, a),
nepexoAsiiux B mpegene o — 0 B 6-pyHKUHIO:

d (1
8 (x, a)=—n(xz—°_°'_az—) = (—ﬁ arctg %), (F.3)
il d 1
8 @)= a@ fe E(e—”/ﬂ-q-l)' (F-4)

O-pyHKIHST MOMET paccMaTpHBaThCsi KaK IPOH3BOJHAS DAas3phIBHOM
(GYHKUMH ¢ — cTyneHYaToll (yHKIHMH, onpeflesleHHOH paBEeHCTBOM

npy x>0, 5(z2)

a(x):fl (F.5)

0 mpu x<oO.

Herpyaso BH)eTh, 4YTO mpefensl MpH
a — - 0 BblpaxeHHH, CTOSIIUHX NOZ 3Ha-
KOM MpPOH3BOAHBIX B npaBoi yacTH (F.3)
u (F.4), nawor o-pyHKUHIO

1

. 1 X
Ll—%iarctg—a— =0(x)— 5, (F.6)
-— x
lim (1 _\_ ‘
G0 <e_x/°+ 1) o (). (FD) Puc. 84.

YacTo nob3yIOTCS TaKiKe BbIPAXKEHHSIMH AIsi 8-QYHKUHH U O-(yHK-

LHH:
©

Scoskxdk:% S et dp, (F.8)
— 00

0

o(x)=

L
w

o)=1 § UL (F.9)

KOTOpblE NON1y4aloTCsl, ec/Id BBeCTH B HHTerpasbl IpaBoi YacTH MHOXKH-
Teab €% U 3ateM nepeiiTH K mpeneny o — 0. [NpuBesem Ges nokasa-
TeJIbCTBA HEKOTOphie OCHOBHBIE CBOMCTBA 8-pyHKIMI:
1. 8(—x)=06(x). (F.10)
[ o
2. §8(x—x)](x)dx ={8 (x— ') (x') dx =
a

a

_ f(x) npp x=x"e&(a, b),
_{ 0 x=x'" & (a, b). (F-10)
3. 8(p (1)) = Y 2= (F.12)

o' x|’
T
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rie X, — NMpOCThle KOPHH ypaBHeHHs @ (x) = 0, sexamue B obiacTh
HHTEerpHpoBaHHus. IlostoMy HMeeM

b
4. S F (%) 8 (@ () dx = &4'(?;3)1 . (F.13)
B uacTHOCTH, ¢ ’
5. 8 (ax)= - 8.(x), (F.14)
6. 800 —a)=20=gtleta) (F.15)

AHanoruyHbLIM 06pa3oM MoxKeT GhITh OnpejiesieHa Kak npejes HeKo-
TOpO# HenpepbiBHO! GYHKUHH NpoH3BOAHasi 8 (x), A1st KoTOpoli crpa-
BeJVIHBb (HOPMYJIBL:

7. 8 (—x)=—08(x), (F.16)

8. §f(x) 8 (x—x")dx=

={ - (%>x=x, npu 1 & (a, b),
0 npu  x' & (a, b).

TMonsiTue 8-QyHKUHH MOXeT GBITb PacNpOCTPaHEHO Ha MpPOCTPaH-
CTBO 7 H3MepeHH C TOMOIIBIO GOPMYJIbI
8 (v, %o oeey Xa)=08(x1) 8 (x2) ... 8 (xs), (F.18)

I0C/IE YEro NPAaKTHUECKHE peasnH3aliH §-pyHKIHH H ee CBONCTBA JIETKO
MOTYT GbITb NEPEHECEHbl B 7i-MEPHbI€ INPOCTPAHCTBA.

(F.17)

G. Hurerpamn L,
BeluHcaMM MHTerpai
oo
x"dx
L= § e

Pasnarasi (¢ + 1) B psiil no CTeneHsM e™*, HaXOAUM

©0 o
2 (=1 S xne ¥ dy = (—,_(:1)1,.):, S ettndt =
=0 =

=I(n+1) 2 ([(_l_~—l;2!+1 G.1)

CymMa psina B (G.1) Moxer GbiTh BblpaxeHa uepe3 {-hyHKIHIO PuMana.
JLns1 3roro NpHGaBHM K HCKOMO# CyMMe H BHIYTEM H3 Hee TaKylo XKe CyMMy
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no HeueTHbIM 3HaueHHAM /. Tlosyuum

—1

V(=1 -
(l+l)"'” 2(—[__?1)—714-—1"’2 Z(zm+2)n+1_‘§(n+l)(l_ )

H, noxcraeasis B (G.1), Haxonum
Ly=(1=-2"T(n+1)¢(n+1). (G.2)

Buipaxenue (G.2) craHoBHTCs HeonpefesneHHbIM mpH n = 0 (§ (1) =
= 00), HO HpH n = 0 uMeeM

d d

= L2 W _
Lo__§gx I_S 1)._|112,
Tlpu n =1 u n = 3 Haxomum

L=1T@1@=T L=fT@iW=15 (G3)

H. Uuterpan M
Bbluncanm unTerpan

=°§tp(s)f(s)de, (H.1)

rie f(e)l——¢epMneBcKas| ¢yHkuMs  pacnpenenenus [ (e) =

= E=wAT cunurasi kT/p << 1. IHTerpupyst no yacTsM, noay-
e

uHM
M=F(°°)f(°0)—F(0)f(0)~§F(5) g—éds, (H.2)
rze
F(e)= § ¢ (¢) de. (H.3)

Bo BceX NpakTHYeCKH HHTEPECHBIX CJy4YasiX BHEHHTErpaJbHbli ujieH
B (H.2) paBen nymo, Tak kak f (c0) = 0 u F (0) = 0 (Gosiee cTporo
CnpaBeJlIHBOCTb 3TOTO YTBEP:KAeHHsi TpeGyer, uToOb (YHKUHsS @ (g)
npH & —- co He Bo3pacTaja GeicTpee, yeM e&/*T, a npu & — 0 He BO3-
pacrana GbicTpee, yeM €!). CuHTasi STH YCJOBHs BbIIOJHEHHBHIMH,
HMeeM

M= Q o(e)f (e) de = — § Fe) L de. (H.49)
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Ilepeiinem x nepemenHo# HHTerpHpoBaHust x = (8 — p)/kT:

©
M=— S F(u+4T%) L dx. (H.5)

B

kT
PaccmoTpuM cBoficTBa dyHKIMHU Of/dx = —e*/(e* + 1)2. Jlerko BUmeTS,
4TO 3Ta GYHKUHMS, BO-TIEPBBIX, fABJAsETCS ueTHOH e*/(¢™ + 1)? =
= €*/(¢* + 1)%, Bo-BTOPHIX, GBICTPO (Kak ¢l #1) yGrBaer ¢ pocToM abeo-
JIOTHOM BeJIHYMHBL X, TaK YTO OHA 3aMETHO OT/IHYHA OT HYJS TOJBbKO
B6u3H ToukH x = 0 (¢ = p). BceaencrBue sToro samerHmill BKJag
B uHTerpas (H.5) BHOCAT TO/IBKO MaJible |x|, H Mbl MOXeM Pas/OKHThb
F(u + kTx) B psil mo CTemeHAM X, OrpaHHYHBAsICh HECKOJbKHMH
nepBEIMHU YIeHaMH pasJioxkeHHs. [1pu 37oM B cunly HepaBeHcTBa p/kT 1
MBI MOXXeM 6e3 CYIIeCTBEHHOH MOrpelIHOCTH 3aMeHHTb HHXKHHI Npeses

HHTErpHPOBaHUSI Ha — oo. Toraa mnoJyyHM

M=— S [F () + T (@) 45 BT )+ ] I ax—

=F (@) ( (— 00) — f(c0) =g (RTPF" () { 2 dy ..

—

HmeeM f (00) == 0, f(— oo) = 1. Hdanee, S X %dx= 0 (B cusy Heyer-

—o

HOCTH NMOJBIHTErpaibHON GYHKIHMH), H, HHTErPHPYS IO 4acTSM, HaXo-

LM

¢ Lo C Lo ¢ rdx a2
2 9y — 2 =g\ 2 =y =T

S xaxdx—2§x0xdx 4Se"+l 4L, T

—c0 0
INoxcrapass 3nauenue F () u3 (H.3), mosyyaeM oKoHUaTeJLHO pe3yJib-
Tar, KOTOPblfi Mbl NPEeACTaBHM B JABYX (opMax:

M= § ¢ (e)f (e) de= S o () e+ (kT (E) _, +...., ()

M=—§F(e)§£de=1=(p)+%’(kr)z (z—Zf) 4o (H)

e=p
Ecau @ () ecTb crenensast GpyHkuus ¢ () = €”, 1o popmyisa (H.6)

NpHHHMaeT BHA
-

Mn=§e»f(e)de=$[1+%(’%)’]. (H.8)

®opmyna (H.8) ucnosnbayercs B § 44, a dpopmyna (H.7) — s § 70.



MATEMATHYECKHUE TIPHJIOXEHUS 397

J. CaoitcTea dynkumu 6 (x)= 3 e~""*
n=— oo
JloKaxkeM cripaBeIHBOCTb (byHKuHOHaJ[bHoro ypaBHeHHs (41.13) nas
odyukuun 0 (x). Beemem ¢ynkumo S (y, X,

S (y, x)= e lntotx, (J1.1)

n=—o0

Kak QyHKUHS OT y, OHA ABJIAETCS NEPHOJHUECKOH C IEPHOLOM, PABHBIM
e[MHHLE, H MOXeT GHTb pasjoxeHa B psig Pypee

S (y, )= de (x) e2rimy J.2)
e @ ()= SS (¢, x) e—2rimidt— SZe—"("*'”'*—?’””" dt.  Menss
0 n=—o0

NOPSZIOK CYMMHpOBaHHsi H HHTETPHPOBAHHS W JOMHOMXas NOABIHTe-
rpam,uyro (byHKumo Ha e 2minm = [, noayth

. (x)_z Se—n(n-i—t)*x 2nimn+0) ff— Z §e—nzlx —2timz (fp—

n=—00 0 n=-—c0 n
© mm? oo _rm?
— S e—TRX—2MmE ffp—p X S e—nx(z+ e dZ— L (J's)
— —t Vx
©+4io
(Tak KaK S e~*?*dz, B3ATHII BAOMb NpPSIMOH, NMapasJenbHON Aeil-
—0c04{o

CTBHTE/IbHOH OCH, paBeH V —"—). INoxcrasasis (J.3) B (J.2), nmeem

Sy, H)=—e -—-"J’"—'+2nimy
W, D=~ m;_w i (J.4)
oTKyla npu y = 0 mosyyaeM ypaBHeHHe (4.3)
=1 S _Mm !
O(x)—Vng:‘we V“ ( ) (3.5)

K. MpeoGpasosanns Jlaniaca

Iyctb Ha BemlecTBeHHOH ocH 3alaHa QyHKuHs Z (A), BCIOAy Hempe-
pbiBHas H AuddepeHuupyeMas (KpoMe OTAENbHBIX TOueK, rue Z (A) u
Z’ (M) MOTYT HMeTb KOHeuHble cKaukH). [Tyctb, nanee, Z (A) Boapacraer
npu A — oo He GHICTpee, UeM e%*, i mpH A — — oo He GHICTpee, YeMm b,

-3

Tax 4To S e=**Z (\)d (\) abCoMOTHO CXOAMTCS NpH P > 0 > a.,
—co
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PaccmMoTpHM TpH 3THX YC/IOBHUAX (YHKIHIO KOMIIEKCHOH TepeMeH-
Ho#t E, onpeneneHHylo paBeHCTBOM

©
p(E)={ eEZ() d, p>A>a, (K.1)
—co
H [IOCTaBHM [e/Nbl0 HaliTH o6paulenue 3ToH (GopMyJHl, T. €. BbIPa3UTh
Z (A) uepes p (E). Bynem ucxomuth u3 npeoGpasoBanus Pypbe

f) = S @ (p) e~ dp, (K.2)

o) = S ) efex dh, (K.3)
M3 KOTOPHIX BHITEKaeT HHTerpajbHas gopmyina Pypbe

=g § dpg«wg Foye av. K.4)

Moxncrapum B (K.4) f(A) = e™°* Z(A), Torna
ez (x)=— Sdp-e““"s Z()e e dv= o Sdp.e"l*‘ (o—ip).
BBojsi nepeMeHHYO umerpnpoaannﬁ E = 6 — ip, noayuaeM

20 =gt S o ()0 dE, §> >0, (K.5)
o —ico
T. e. HckoMoe oGpamenue dopmyan (K.1). ®opmyan (K.1) u (K.5)
HasbiBaloTCsl (POPMyJIaMH JBYCTOPOHHero npeoGpasosanus Jlamsiaca.
Ecan Z (A)=0 npu A < 0, monywaem u3 (K.1), (K.5) ¢popmynn

b(B) = e 52 () b, A, (K.6)
0
o+ i
Z0)= g | ¢ e(B)dE, K1)

KOTOpbI€ HA3bIBAIOTCS OAHOCTOPOHHHMH ﬂpeOﬁpaSOBaHHﬂMH Jlanaaca.

L. Hurerpann x § 57
PaccmorpuM  unterpan (0 << ReAh << 1) u mpounterpupyeM mo
YacTaM
® B 1 Ce M
_&ln(l +eée-tdi= 5§ o L.
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C nomompio noACTaHOBKH e—8=x/(1 —x), d& = — dx/x (1 — x) npuse-
1

JieM €ro K BHLY % S x*=1 (1 — x)~*dx. CpaBHuBasi ¢ ¢opMyJIoii 3ite-
0

1
= P (] —) 71 gy — T I
poBa HHTerpaja mnepsoro pora B (p,q) § XY (1—x)?1dx ToT0

(cM., Hampumep, [22]), umeeM

«©
JIn(+eyertd=1 BR, 1+0)="0OL0D
— 00
Toabsysich cBoficteoM I'-pynkuuu T Q)T (1 — 1) =n/sin ad, noayunm
©
§In(lfeb)e s di=

—o0

n
A sin 7 * (*.2)
TIpuMeHsist K 5TOMY HHTerpany npeoGpasoBanue Jlanaaca (K.5), Hafinem

otico A
. 1 A
InQ+e) =7 | G b -3
o

T. e. opmyay (57.8) u3 § 57. Tenmepb pPaccCMOTPHM HHTerpal

Ay _ §’ I _ §’ I
sche-t- (E2 e 822 ) Fpet e

2 — o

H clleJlaeM MOJACTAHOBKY ef = x/(1 — x), dt = dx/x (1 — x), Toraa

«©

r . 1

j & d: ={#(1l—x—de=B(1+), 1_)\)=P_"L":}rl(%(_l____)‘)_=
_W4ch77 0

A
sinwA *

=TT (1 —}) = (L.4)

Mol nonyuunu dopmyay (57.10) us § 57. Vimeem oueBHIHOE PABEHCTBO

=t di = | o (§) e 8,
0 —oo
umeHsisi Gopmyay oGpaumenus unTerpasa Jlanaaca (K.5), nomyunm
)yTHowenue (57.9) us § 57:
ot
1

ico 3
s ) =) (L.5)
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