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IFJTABA

OCHOBHBIE MPHHILUNB CTATHCTUKH

§ 1. Cratucrudeckoe pacnpenelieHue

[Tpenmer crarucruuweckoll u3uxu, UJIH, KaK roBOpAT AJS Kpar-
KOCTH, IIPOCTO CTATUCTUKYU, COCTaBJsAeT H3y4eHHe ocoboro tuma sa-
KOHOMEDHOCTeH, . KOTOPbIM MOAYHHAITCA TINOBejeHHe H CBOHCTBA
MAKPOCKOMHYECKHX Tena, T. €. TeJs, COCTOAMIHX H3 KOJIOCCAJbHOTO
KOJIHYeCTBAa OTHAENbHEIX YACTHI — aTOMOB H MoJekyJ. O6mui xa-
paKTep 3THX 3aKOHOMepHOCTeH B 3HAYHTEJNbHOH CTENeHH He 3aBHCHT
OT TOro, KaKOH MeXaHHKOH ONHCHIBaeTCs JBHXKeSHHE OTAENLHBIX Ya-
CTHI, Tejla — KJacCHYecKoH WM KBaHTOROH. HMx o6ocHoBaHHe, of-
Hako, Tpe6yeT B 3THX IBYX CJyUasfx pas3jHYHBIX pacCyXAeHUH; AJd
yao6cTBa H3J0XeHUs1 Mul OyleM cHayaJjla MpOBOAUTb BCe paccyXje-
HudA, NpeinoJsiarasd, YTO ClpaBelJiiBa KJaccHYeCKash MexaHHKa.

CocraB/ifil ypaBHeHHS [BHXXeHHSI MexXaHHYecKOH CHCTeMhEl B
YyUCJe, paBHOM 4YHCAy cTeneHed cBOGOAH, H HHTErPHpPYyS HX, MH
JIPHHUHNIMAABHO MOXeM NOJYYHTh HCYepNhBalOliHe CBeleHER O ABH-
XXeHHH cHcTeMH. OJHaKO ec/qd HaM NPUXOAHTCS HMeThb AeJjo C CH-
CTeMOH, XOTA H NOAUHHAKINEHCS 3aKOHAM KJacCHYeCKOH MeXaHHKH,
HO o6nafamiue KoJocCalbHRIM YHCJAOM cTeneHeH CBOGOLE], TO NpH
NpaKTHYECKOM MpHMEHEeHHH MeTOJOB MeXaHHWKH MHEl CTaJKHBaeMcs
C Heo6XOAHMMOCTBIO COCTABHThH H pellUTh TakKoe Xe 4Yucao audde-
PeHUHAXbHHX YpaBHeHHH, 4TO npeacTasnsercs,  Booflie rosopf,
NpaKTHUECKH HeocyllecTBUMHM. Chenyer NOAYEpKHYTb, UTO eCJH
OHl JaMe H 'MOXHO OHIJIO mpOMHTErpHpOBaTh B 06IEM BHAE 3TH ypa-
BHEHHA, TO COBEplIeHHO HEeBO3MOXHO GHIJIO GH NMOACTaBHTh B O6Iee
pelHeHue Ha'—IaJIEHbIe YCJIOBHS OJIs5 CKOPOCTeil ¥ KOOpAMHAT BCeX ua-
CTHIL.

Ha nepmi#l B3rafg oTciofia MOXHO GHJO GH 3aKJMIOYHTb, HTO
C yBeJHUEHHeM YHCJIa -YacTHL JOJIKHE- HeBOO6pa3HMO BO3pacTaThb
CJIOJKHOCTb H 3aNyTAaHHOCTb CBOHCTB MeXaHHYECKOH CHCTeMBl H UTO
B NOBeJleHHH MAKPOCKONHYECKOro TeJla MHl He CMOXKeM HaHTH H Cle-
J0B KaKo-1u60 3akoHoMepHocTdH. ONHAKO 3TO He Tak, U MH YBH-
AMM B jajbHe#lleM, UTO NpPH BecbMa GOJbLIOM YHCIe HaCcTUL NOSB-
NAIOTCS HOBEle CBOEOGpa3HEe 3aKOHOMEPHOCTH.

OTH — TaK Ha3nBaeMhle (CTATUCTU4EeCKUe — 3aKOHOMepPHOCTH,
00ycJOBNEHHEE UMEHHO HaJHYHeM GOJbLIOTO YHCAA COCTaBJAAIILIKX
TeJIO YaCTHIl, HH B KaKOH CTeneHH He MOryT OHITb CBejeHH K YHCTO



MexaHHYeCKHM 3aKOHOMepHOcTAM. MX crenudHyHOCTb MposBJseTcs
B TOM, YTO OHH TepSIIOT BCAKOe cOJdepXKaHHe I[pH lepexoje K Me-
XaHHYEeCKHM cHCTeMaM ¢ HeGOAbIIMM UYHCJIOM cTeneHeH cBoGopbl Ta-
KM o6pa3oM, XOTS [OBHIKeHHe CHCTeM C OrpOMHBIM YHCJOM cTele-
Hell cBo6oAbl MOAYHHAETCS TEM Xe 3aKOHAM MeXxaHHKH, YTO U JBH-
JKeHHe CcHCTeM M3 HeBOJILUIOTO YHCAa YacTHU, HAdJauuHe GOJbINOTO
YHC/1a CTeneHed cBOGOAL! MPHBOIAHMT K KAYeCTBEHHO HOBHIM 3aKOHO-
MepHOCTSIM.

3HayeHHe CTATHCTHUECKOH cbnsmm B pSoy APYTHX Pasiesos
TeopeTHuecKOH (PH3HKM ollpefesisieTcl TeM, YTO B NpHpPOZe Mbl MO-
CTOSIHHO BCTpeyYaeMcsi ¢ MAKpPOCKONHYECKMMH TeJaMH, NoBeleHHe
KOTOPHIX N0 YKa3aHHLIM NPHYHHAM He MOXeT 6bITb HCYepMHBAKOILE
OMHCAHO YHCTO MEeXaHHYECKHUMH MeTOJaMH H KOTOpble NMOAYHHSIOTCH
CTATHCTHYECKHM 3aKOHOMEpPHOCTSIM.

[Tepexoas K QOpPMYJHPOBAHHIO OCHOBHOH 3aJ4auH KJIacCHYECKOH

CTATHCTHKH, MBI JIOJXKHBEI, IpeXJe BCero, BBECTH MOHATHe ¢a308020
npoCTPAHCTBA, KOTOPBIM HaM NpHAeTcA B AaibHeHlleM MNOCTOSHHO
I10JIb30BATHCH. '
- TIlyctb paccMaTpHBaeMasi MaKpOCKONMHYecKas MexaHHYyecKas CH-
cTeMa HMeeT s cTelleHeH cBo6oAbl. [[pyrHMH CJIOBaMH, NOJOXKEHHe
TOYEK 3TOH CHCTEeMH! B NPOCTPAHCTBE XADAKTEPH3YeTc S KOOpAH-
HaTaMH, KOoTophle Mbl 6yaeM o603HayaTe 6yKBaMH ¢, T'Ae HHIEKC i
npoberaer 3Hauenus 1, 2, ..., s. Toraa cocTosinue 3TOA CHCTEeMBbI B
LaHHBIH MOMeHT OyneT onpenensiThCsd 3HAUEHHSIMH B 3TOT JKe MO-
MEHT § KOOpPJAHHAT ¢; H S COOTBETCTBYIOIUHX HM CKopocTeH g:.. B cra-
THCTHKE TNPHHATO MNOJMb30BATLCA [JA XaPAKTEPHCTHKH CHCTEMH ee
KOOpAHHATAMH H HMIYJbCAMH p;, a He CKODOCTSIMH, TaK KaK 3TO
JaeT pAJ BeCbMa CyUleCTBEHHBIX NpeHMylecTB. Pa3nuyHble cOCTOSA-
HHSl CHCTEMbl MOXHO MaTeMaTHYeCKH NpPeACTABHTb TOYKAMH B TaK
Ha3blBaeMOM (430BOM [POCTpPaHCTBe (ABJSAIOLIEMCH, KOHEYHO, YHCTO
MaTeMaTHYeCKHM IOHATHEM); Ha KOOpPIZHHATHHIX OCfX 3TOrO Ipo-
CTPAHCTBA OTKJAABIBAIOTCH 3HaYeHHA KOOPAMHAT H MMINYJbCOB JAaH-
HOA cucrembl. IIpn 9TOM Kaxzas CHCTeMa HMeeT CBOe COGCTBEHHOe
(a30BOe NMPOCTPAHCTBO, YHC/IO H3MEpeHHH KOTOPOro paBHO YIBOEH-
HOMY 4YMCJy ee cTeneHed cBo6oianl. Bcesikad Touka ¢asosoro mpo-
CTPAHCTBA, COOTBETCTBYsl ONpeAeJEeHHbHIM 3HAYeHHAM KOOPAMHAT
CHCTEMH ¢; W ee HMNYJbCOB p; M300pakaer cofo#t ompeneneHnoe
COCTOsIHHE 3TOH cHcTeMbl. C-TeyeHHeM BpeMeHH COCTOSHHE CHCTEeMA
H3MeHseTcs, H, COOTBETCTBEHHO, H306palkaiolasi COCTOSHHE CHCTe-
MBI TOYKa (pa30BOro npocrtpanctBa (Mbl 6yieM. HHXKe TOBOpPHTb NpoO-
cTo «(pa3oBas TOYKA CHCTEMBI») 6YAeTr ONHCHBATL B HeM HeKOTOpYio
JIMHHIO, Ha3biBaeMylo $ha30B0# TpaeKkTopHed.

PaccMoTpuM Tenepn Kakoe-JH60 MaKpPOCKONHYECKOEe TeHO HJH
cucteMy Tei. [IpeanoJsioxKuM, UTO CHcTEMa 3aMKHyTa, T. €. He B3a-
HMOJeHcTByeT HH C KaKHMH APYTHMH TellaMH. BHAeJHM MBICJEHHO
H3 3TOM CHCTeMHl HEKOTOpPYIO YacTh, BeCbMa MaJlyl0 HO CPpaBHEHHIO



co BCell CHCTeMOH, HO B TO e BpeMs MaKpOCKONHYECKYIO; SCHO,
yTO NPH AOCTATOUHO GOJBLIOM YHCJE YAaCTHIL BO BCEH CHCTEME YMCJIO
y4CTHI, B ee MaJjoll yacTH MoxeT elle ObTh O4eHb 6oJbmHM. Ta-
Kie OTHOCHTEeJbHO MaJble, HO MaKPOCKONHUYECKHe YacTH Mbl OyAeM
Ha3plBaTh nodcucremamu. [loacucteMa ecTh ONsATh MexaHHYecKas
CHCTEMA, HO yXKe OTHIOJIb He 3aMKHyTas, a, HalpOTHB, HCIAIThIBAIO-
jiasl BCEBO3MOXHBe BO3JeACTBHS CO CTOPOHBI OCTa/JbHBIX udcTeH
cHcTeMBl. DJlaroaapsi OrpoMHOMY 4YHCJY CcTeleHeH CBOGOABI 3THX
ocTaJbHBIX uacTed, 3TH B3auMojedcTBUs OyAyT HMeTb BechMa
CJIOXKHBIM W 3amyTaHHbIA xapakrep. [Io3ToMy M cocTOosiHHe paccma-
TpUBaeMOH nmojcHCTeMbl GyLeT MeHSATbCH CO BDEMEHEM BecbMa CJIOXK-
HHIM H 3aNyTaHHbIM ofpa3oM. |

Tounoe pelueHHe 3agaud O NOBELEHHH HOACHCTEMEl -BO3MOXKHO
TOJBKO TyTEM DelueHHs] 3aJaud MeXaHHKH [/ BCed 3aMKHyTOH CH-
CTEMBI, T. €. IIyTe€M COCTABJIEHUS H pelleHHs Bcex AMPdepeHUHaNb-
HbIX YpaBHEeHHH ABMXKEHHS [pH JAHHBIX HA4aJbHbLIX YCJIOBHSX, YTO,
KaK yXe OTMeuajioch, NpeiCcTaBJsieT COO0H HEBLHINOJHHMYIO 3ajauvy.
Ho, K cuacrtbio, HMEHHO TOT Ype3BBhIYaiHO CJOXKHKIA X0 U3MEHEHHS
COCTOSIHMS TOJACHCTEM, KOTODBHI J[ejaeT HENPHUMEHHMBIMH METOHI
MeXaHHKH, LaeT BOSMOXHOCTb MOJOHTH K PelleHHI0 3aJayu ¢ Apyrou
CTOpPOHBL. -

OcHOBOH /st 5TOr0 nNoAxojna sBaAfAeTcst TO 06CTOSATENLCTBO, 4TO,
B CHJy 4pe3BbIUaHHOH CJIOXKHOCTH U 3aNyTAHHOCTH BHEWIHHX BO3-
Ie#CTBHH CO CTODOHBI OCTAJIbHBIX uyacTed, 33 AOCTATOYHO GOJBIIOH
IPOMEXYTOK BPDEMEHH BbIEJEHHAs HAMM NOJACHCTEeMa NoOGHBIBaeT N0O-
CTATOYHO MHOTO pas BO BCeX BO3MOXHBIX CBOMX COCTOSHHAX. Tou-
Hee 3TO OOCTOSATENBCTBO HAAO0 cHOpMYJHPOBATH clelylOmuM obpa-
oM. O603HauuM nocpencTBOM Ap Ag HeKOTODHIH Manbld yd4acToK
«06beMa» (a30BOro0 MpPOCTPAHCTBA NMOACHCTEME], COOTBETCTBYIOLIMIL
3HAYeHHUSM ee KOOPIHHAT ¢; ¥ UMIYJbCOB p;, T€KAUIHMH B HEKOTOpbIX
Manbix HHTepBanax Ag; u Ap;. MOXHO yTBepKzAaTh, YTO B TEueHHE
JOCTATOYHO O6O0JIBIIOTO NpOMeXYTKa BpeMeHH 7 upe3BeluadHO 3a-
nyTaHHass ¢asoBasi TPAEKTOPHUS MHOIO pas NpoHAeT dYepe3d BCSAKHH
TaKOH yyacTOK ¢asoBoro npoctpaHctBa. [lyctb Af ecTb Ta uacThb
NOJIHOTrO BpeMeHH 7, B TeueHHe KOTODOH NOACHCTEMA «HAXOAUJIACh»
B JAHHOM yuyacTke ¢a3oBoro npoctpaHnctBa Ap Ag!). Ilpu Heorpa-
HHYEeHHOM YBeJIHYeHHH NMOJHOro BpeMenu I orHoliueHue Af/T. 6ymer
CTPEMHTbCSA K HEKOTOPOMY mpeleny

w=lim 5. (1,1)
Tooo

1) Hans xpaTtkocTH ™Mbl OyJeM OGBIYMO T'OBOPHMTh, KaK B3TO MPHHATO, O TOM,
4TO cHCTeMa «HaxoauTcH B yuactke Ap Ag ¢a3gsBoro mpocTpakceTBa», mojpa3yme-
Bay NPH 3TOM, YTO CHCTEMa HaXOJHTCA B COCTOSIHHHX, u3obpaxaomuxca ¢aso-
BHIMH TOYKAMH B STOM Y4acTKe.



DTy BeJHYHHY MOXHO, OYEBHJHO, pdaCCMaTpPHBaTh KaK BEpOSTHOCTDb
TOTQ, YTO IIpH Haﬁmo,u,euuu MOACHCTEMH B HEKOTOPHIH NPOH3BOJIb-
HHIi MOMEHT BpeMeHH MH OGHapyXHM ee HaxojslleHcs B HaHHOM
yuacTKe Ap Ag $as3obporo nNpocTpaHcTRa.
I[lepexonsi Kk GeCKOHeYHO ManoMy ‘3jieMeHTy (azoBoro o6b-
emal)
dgdp==dq,dq, ... dg,dp dp, ... dps, (1,2)

MH MOXEM BEECTH BepOATHOCTb dw COCTOSIHHH, HSOﬁpa}KaIOLIlHXCﬂ
TOUKAMH B 3TOM 3JIeMeHTe, T. €. BepOATHOCTb KOOpAHHATaM ¢; H
MMIIyJIbcaM p; UMeTh 3HAaueHHs, JeXalllue B 3aJaHHHIX GeCKOHeyHo

MaJibiX MHTepBalax MeXIy q;, pi ¥ gi -+ dgi, p: + dp:. STy BeposAT-
HOCTbh d®@ MOXHO HanmucaThb B BHJe

dw=p(p,,..., Ps» ql-"n'qs)dpdqs (lrS)

roe o(p1, --., Ps, G1, «- ., Gs) €CTh PYHKUHA BCEX KOOPAMHAT H HM-
nyJbCOB (MH OyzeM OORIYHO NMHUCATh. COKpalieHHO p(p, g) HJH gaxe
npocto p). PyHKUHIO p, HTPAIOULYIO POJIb «IJIOTHOCTH» pacnpenede-
HHS BepPOATHOCTH B (Pa30BOM INPOCTPAHCTBE, Ha3hIBAIOT yHKyuel
CTATUCTUYECK020 pacnpedesenun (Ka¥ npocto PYHKUHeH pacnpene-
JeHHs) paHHoro Tesa. @yHKIHsS pacrnpeleleHHs p.omKHa OYeBHHO,
VAOBJETBOPATb YCAOBUIO HOPMUPOBKU

{odpdg=1 (1,4)

(uHTerpan Gepercs Mo BceMy ¢a30BOMY MPOCTPAHCTBY), BHpaXKalw-
meMy coBoH pOCTO TOT (QAKT, YTO cymMa BepOsITHOCTEH Bcex BO3-
MOMHKIX COCTOAHHUH AOJ/XKHA OHITh paBHA eNHHHLE.

Upe3BrialHO CYIIECTBEHHEIM JJifl CTAaTHCTHKH SABJAETCA clie-
Aytolmee obcTroAaTeNbcTBO. - CTAaTHCTHYECKOE pacnpepesieHHe JNaHHOH
IIOJICHCTEMHEl He 3aBHUCHT OT HAUaJbHOI'o COCTOSIHHA KakoH-nubo Apy-
roll Majo#l 4acTH TOH e CHCTEMH, TAK KaK BJHWAHHEe 3TOrc HayaJb-
HOro COCTOSHUS GyjeT B TeueHHe NOCTATOYHO GOJMBIIOrO NMPOMEXYT-
Ka BpeMeHH COBepUIeHHO BHITECHEHO BJHSHHEM OCTaJbHHX, rOpasao
GoJlee OOLIHpHHIX YacTed cucreMhl. OHO He 3aBHCHT TaKXe OT Ha-
YaJbHOTO COCTOAHUS CcaMol BHOeJeHHOH HaMH MaJiod YacTH, Io-
CKOJIbKY OHA C TedeHHeM BpPEMEHH NPOXOAMT Yepe3 BCe BO3MOXKHHIE
COCTOSIHHSI H Kaxioe M3 HUX MoxeT OHTb BHIOpaHO B KauyecTBe Ha-
gaabHoro. IToaToMy cTaTHCTHYeCKOe pacnpefeseHHe AJs MaJkIX ya-
CTeH CHCTEMBl MOXHO HaHTH, He pelllas 3aJaul MeXaHUKH O 3TOH
CHCTEMHl C Y4YeTOM HaYaJbHHIX YCJOBHH. '

HaxoxpeHre cTatHcTHYeCKOro pacrnpeaesieHHs Ijs JoGod nog-
CHCTEeMH H fIBNseTcs OCHOBHOH 3ajavyed cTaTHCTHKH. ['oBops o «Ma-

1} B nanerefiimem Mu Gygem Bcerma ycJoBHO 0Go3HayaTh TOCPELCTBOM dp

U dq npoHaBelenua AuddepeHUHANOB COOTBETCTBEHHO BCeX HMNYJABCOB M BCeX
KOOpAHHAT CHCTEMKl,



AbIX YAaCTAAX» 3aMKHYTOH CHCTeMBI, cjelyeT HMeTb B BUAY, YTO Ma-
KPOCKONIHYecKHe Tejd, ¢ KOTOPhIMH HaM MNpHXOAUTCH HMeTb AeJo,
OGBLIYHO y2Ke caMH NO cebe SABJAIOTCA TAKHUMH «MaJbIMH YACTAMH»
GOJbIIOH 3aMKHYTOH CHCTEMBI, COCTOsIIeH H3 3THX TeJ BMeCTe ¢
BHellHe# cpefol, B KOTOPYIO OHH NOTPYXKeHBDL.

Ecau ykasaHHas 3ajpaua pelleHa M CTATHCTHUeCKOe pacrpepede-
Hile JAHHOH MOJCHCTEeMbl H3BeCTHO, TO MOXXHO BLIYHCJHTbL BepOsT-
HOCTH Pa3JIMuHbIX 3HAauyeHHHA MOObIX (U3HUECKHUX BeJHYUH, 3aBHCH-
I[HX OT COCTOSIHMS 3TOH MOJCHCTEMEl (T. e. OT 3HAYeHHH ee KOOp-
IHHAT ¢ H MMOYJbcOB p). Mmu MOXeMm TakXKe BBIYHCJHTb CDelHee
3HaueHHe NI060H TakoM BeJHuMHH [(p, g), nojsyuaplneecs NyTeM
YMHOXXE€HHS ee BO3MOXHBIX 3HaYeHUH HA COOTBETCTBYIOLUHE BepOsT-
HOCTH M HHTErDHPOBAHHA NO BCEM COCTOAHHSM. O603Hauas ycpen-
HeHHEe YepTOH Haj G6YyKBOH, MOXHO HamucaTb (GOpMYJy

F=\f, q)o(p, 9 dpda, (1,5)

0 KOTOPOH BBHIYHMCJSIOTCS cpefjHHe 3HaueHHUs] PasjHYHBIX BeJUYHH
¢ NOMOmIbI0 QYHKLUUH CTATHCTHUECKOrO pacnpefesneHus!).
YcpenHenue ¢ noMoulblo QyHKUMHM pacnpejeieHus (Mau, Kak ro-
BODSAT, CTATUCTUYECKOe YyCcpeOdHerHue) OcBOOOXKAAeT HAC OT HeobXo-
JHMOCTH cJleAHTh 3a M3MeHeHHEeM HCTHHHOIO 3HaueHHS (u3HyecKoH
BeJUuuHEl f(p, g) cO BpeMeHeM C LeJbIO OHpEILEJIeHHH ee CpeagHero
3HaueHHs. B TO XXe BpeMs OueBHAHO, YTO B CHJIY CaMOro OInpele-
JeHua NMOHATHUS BEpPOSITHOCTH, corjacHo dopmyae (1,1), craTtucthue-
CKOe yCpeJHeHHe IMOJHOCThI0O 3KBHBAJEHTHO YCpeIHEHHIO [0 Bpe-
MeHH. [locaennee o3Hauano 6wl, yTO, CJEAs 32 XO4OM H3MeHeHHA Be-
JIMMHHBI CO BpeMeHeM, Mbl JOJXKHB ObJIH Gbl MOCTPOHUTH PYHKIHIO
f=1{(t), nociie yero Hckomoe CpeAHee 3HAuEHKe OMpeLeHIOoCh OR

Kak
T

F= lim -;—Sf(t)dt.

T>o 0

W3 u3/0XXEeHHOro SCHO, YTO BHIBOABI H MNpejCKa3aHUA O IMOBe-
JleHHH MaKPOCKOMHMYeCKHX TeJ, KOTOphle IO3BOJISeT AenaTp CTa-
THCTHKA, HWMeET BepPOATHOCTHRIH XapakTtep. IJTHM CTaTHCTHKA
OTJIMYAETCH OT MeXaHMKH (K/JaccHyecKoH), BHBOAR — KOTOPOH
MMeoT BIOJIHE ONHO3HAaYHHH xapakrep. Cuaelyer, OAHaKo, IOA-
YepKHYTb, YTO BEPOSTHOCTHHIH XapakTep pe3yJbTaTOB KjacCHUeCKOH
CTATHCTHKH caM 10 cefe OTHIOAb He JeXHT B CaMOH INpHpoxe
paccMaTpHBaeMHIX €10 OOBEKTOB, a CBA3aH JHWbL C TEM, YTO 3TH

1) B aroit xuure Mbl 6yaeM o6o3HayaTh YCpeZHeHHe 4epToi Haj GYKBOH HJH
yraoBuiMu cKo6kaMH: [ unu {f), PYKOBOACTBYACh NPH 3TOM HCKIIOYHTENbHO
yao6erBom 3anucu GopMyd; BTOpoil cnoco® NpeANOYTHTENbHEe IAS 3aNMCH Cpel-
IiMX 3HaueHMH I'DOMO3JAKHX BLIpAXKEHHH.



Pe3yJbTATH NOJYYAIOTCH Ha OCHOBAHHMM IOpa3J0 MeHbUIEro KoJiHye-
CTBA JAHHHIX, YeM 3TO HYKHO 6b170 6B A/ MOJHOrO MEXaHMYyeCKOro
onucaHus (He TpeGylOTCA HauyaJjbHble 3HAYeHHs BceX KOOpPAHHAT H
UMIYJIbCOB). '

ITpakTHueckH, OZHAKO, IIPH NPHUMEHEHHH CTATHCTHKH K MAaKpO-
CKOIIMUECKUM TeJaM ee BepOSATHOCTHHIH xapakrep o6GbIYHO COBEp-
HIeHHO He nposiBasieTcs. Iedo B ToM, uTo ecau Habawonath Jwboe
MAaKpOCKOMHYeCKOe TeJO (HaxoAslleecss B CTALLHOHAPHEIX, T. €. He
3aBHCAIIMX OT BpeMeHH, BHEeIIHUX YCJIOBHAX) B TedeHHe AOCTATOYHO
60JIbILIOr0 NPOMeXyTKa BPeMEHH, TO OKa)XeTCs, YTO BCe XapaKTepH-
3ywinre 3TO TeJo (u3uyeCKHe BeJHYHHBl SIBJASIOTCA MPaKTHUYECKHU
NOCTOSHHLIMK (paBHBIMH CBOMM CPefHHM 3HayeHHsM) M JMIUb CPaB-
HUTEJNbHO OY€Hb PEeJKO HCNLITHIBAIOT CKOJbKO-HHOYAb 3aMeTHHE OT-
KJOHEHHS; NPH 3TOM pasyMeeTcsl, pedb HAET O MAKPOCKONUYECKUX
BeJHYHHAX, XAPAKTEPUIYIOIIMX TeJO B LEJOM WUJH ere OTHelbHble
MaKpPOCKONHUECKHe JKe 4acTH, HO He OTHAeNbHHE yacTHUbI!). 3TO
OCHOBHOE AJd CTATUCTHKH OOCTOfITEJbCTBO CJeAyeT K3 BecbMa 006-
WX coobpaKeHuit (M3JOKeHHHIX B CJeLylOlleM naparpade) U TeM
6oJsiee CpaBedJJIUBO, ueM CJOXHee u 60Jblle paccMaTpHUBaeMoe Te-
Jo. B TepMHHaX CTATHCTHYECKOTO pacnpejeseHHss MOMKHO CKa3aTh,
YTO ecJH ¢ NOMOUIbI0 QYHKUHMM p(p, g) NOCTPOHTb (QPYHKLUHIO pac-
npefeseHuss BepOATHOCTeH pas3/uuHBIX 3HauYeHMH BedauvHHH f(p, q),
TO 3Ta QyHKuMst 6yldeT MMeTh YpPe3BBLIUAHO pe3KHd MaKCHMYM MpH
f=1], 6yayun cKo.JbKO-HuGyAb 3aMETHO OTJIMYHOH OT HYJA JHIUbL B
caMoi HenocpeAcCTBeHHOH OJH30CTH K TOYKe MaKCHMyMa.

Taxkum o6paz3oM, faBasi BO3SMOXHOCTh BLIUHC/SITL CPEAHHME 3Ha-
UEHHS BeJIMYMH, XapaKTEpPH3YIOLIMX MaKpOCKONHYecKHe TeJia, CTa-
THCTHKA TeM CaMbIM II03BOJIRET JeJaTb MpeAcKa3aHHsi, onpaBfikl-
Baromuecs ¢ BecbMa 60JbIIOH TOYHOCTbIO AJSA NOAABJAIOMIEH uacTh
J1060ro NpoMexyTKa BpeMeHH — HacTO/JbKO 6GoJblloro, 4yTto6hl II0J-
HOCTbIO CIVIaJHJIOCh BJHSIHWE HA4YaJbHOIO COCTOSIHHMS Tena. B 3aTom
CMBIC/Ie NpelACKa3aHHs CTATHCTHKH NPHOODETaIoT NpaKTHYECKH OIl-
pelesieHHHH, 4 He BepOATHOCTHHH xapakTep. (Mmess Bce 370 B BH-
Ay, Mbl B JanbHeHUleM IpHU ynotpebGJeHHH cpeNHHX 3HAYeHHH Ma-
KPOCKOMHYECKHX BeJHYHH NMOUTH HHKOraa He 6yjleM MUCATb 4epThl
Hax GyKBOH).

Ecin 3aMkHyTasi MaKpOCKONMHYecKas cHCTeMa HaXOAMTCS B Ta-
KOM COCTOSIHHH, B KOTOpPOM JAJif JI0GOH ee 4yacTH, ABJAAOIIEHCH ca-
MOH no cefe MaKpPOCKONHMYECKHM TEJOM, MaKpOcKONHuecKHe (HU3H-

'} ITpuBerem npumep, HarARAHO NOKa3bBAKLIMIL, C KaKoit orpoMHOH TOY-
HOCThI0 BBLUIOAHAETCA 3TO NpasBHI0. Ecin BmIeanTb B KakoM-AHGO rale ydacTok,
cojepxalunii, cxaxem, Bcero 1/100 rpaMM-MOJEKYJbl, TO - OKa3blBAETCH, YTO
CpefHee OTHOCHTEJIBHOE OTKJIOHEHHE, HCHBITHIBAeMOe SHEPrHefl 3TOro KOJMHUYECTBA
BellleCTBa, OT CBOEro CpeAHero sHaueHus cocrasaserT Bcero ~10-1!, BeposarHocTb
e HaHTH (NpH OAHOKpPaTHOM HaOMIOAEHHH) OTHOCHTENLHOE OTKJIOHEHHE, CKaeM,
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yecKHe BeJHYMHEI ¢ 60JIbIIOK OTHOCHTENLHOH TOYHOCTBIO PABHEl CBO-
MM CpellHMM 3HaueHHsIM, TO rOBOPSAT, YTO CHCTeMa HaXOAHTCH B CO-
CTOSIHMM CTATUCTUYECKO20 pasHosecus (0 HeM TOBOPAT TaKXKe Kak
0 TepMOOuUHAMU4ECKOM WK Tenaosom paBHoeecuu). M3 npepwiay-
U1ero BHAHO, YTO €CJHM 3aMKHYTa#l MakKpOCKOMHMYecKas CHCTeMa Ha-
6aomaeTcsl B TeueHHe JOCTATOYHO OOJbUIOIO MPOMEXKYTKa BpeMeHH,
TO MNOAABJSIIOIYI0 YAaCThb 3TOTO IPOMeKYTKa OH4 NPOBOAHUT B .CO-
CTOSHHM CTATUCTHYECKOrO paBHOBeCHA. Ecau B KakO#-HHOyAb Ha-
yaJbHBII MOMEHT BpeMeHH 3aMKHYTas MaKDPOCKONHYECKAasi CHCTeMa
He HaxXOJHJach B COCTOSHHM CTATHCTHYECKOro paBHOBeCHs (HampH-
Mep, OblJ1a HCKYCCTBEHHO BblBE€IeHA M3 TaKOrO COCTOSIHHS BHEIUHH-
MH BO3JeHCTBUSIMH, mociie yero OblJIa BHOBb MpefocTaBJeHa caMoii
ce6e, T. €. BHOBb CTaJjla 3aMKHYTOH cHCTeMOH), TO B [aJjbHelIlieM
oHa o6A3aTenbHO NepedjeT B COCTOsHHe paBHOoBecHus. [IpoMekyTOK
BpEMEHH, B TeYeHHe KOTOpOro JoJiKeH 006f3aTejlbHO NPOH3OHTH Ie-
pPEXOL K CTATHCTHYECKOMY D4BHOBECHIO, HA3bIBAIOT 8pemerem pesak-
cayuu. [oBOpsl Bhllle O «AOCTATOYHO GOJbIUKHX» NPOMEXYTKax Bpe-
MeHHM, Mbl O CYIIecTBY HMeNH B BUAY BPeMeHa, 60JIbU.IHe no cpas-
HEHHIO CO BpeMeHeM peslakCauuH.

TeopH0 NpoLecCOB, CBA3aHHBIX C MepexojOoM B COCTOSIHHWE paB-
HOBeCHs, Ha3bIBAIOT KUHETUKOL; OHA He pacCMaTpHBaerca cobcTBeH-
HO CTATHCTHKOH, H3yuaiouled CHCTeMbl, HaXOASILIKHeCs] B CTATHCTHYe-
CKOM paBHOBECHH. '

§ 2. CratucTHyeckas He3aBUCUMOCTD

[logcucteMbl, 0 KOTOpHIX WJa peyb B § 1, He aBAsAOTCA caMu
no cebe 3aMKHyThIMH. Hanporus, OH# [OABEpPralTCA HelpepbiB-
HOMY BO3JI€HCTBHIO. CO CTODOHBI NPOYHX yacTed cucrteMu. Ho 6Gaa-
rogaps TOMY, YTO 3TH Y4CTH, MaJible N0 CPaBHeHHIO cO Bced BoJib-
UIOH CHCTEMOH, SIBJAIOTCA CAMH N0 cefe ToXe MaKDOCKONHYECKHMH
TeJaMH, MBI MOXEM BCe e CYHTaTb, YTO B TeyeHHe He CJUIIKOM
GOJbIIKX NPOMEXKYTKOB BDEMeHH OHHM BelAyT cebd NPUOBIH3IHTENLHO
KaK 3aMKHYTbie CHCTeMbl. ‘B caMOM Jejie, BO B3aUMOJAEHCTBHH MOA-
CHCTEMBI C OKDYKAMOUIHMH YacTAMH Y4acCTBYIOT NPEHMYLIECTBEHHO
T€ YACTHILE, KOTOphle HaxojaTcs BOJM3M ee NMoBepXxHocTH. Ho ot-
HOCHTEJIbHOE UYHCJO 3THX YACTHI IO CPABHEHHIO ¢ [OJHHEM 4YHCJIOM
YACTHI B NOACHCTEMe GLICTPO NajaeT TIpH YBeJHYEHHH pa3Mepos Io-
cjefHeli, H IpH NOCTAaTOYHOH BeJHYHHe NMOACHCTEMK IHepruUs ee B3a-
HMOJeHCTBHS C OKPYXAIOLIHMH YaCTAMH 6ymer MaJja no cpapHe-
HHIO C ee BHyTPeHHeH s3Heprueid. Takum 06pasoM, MOXKHO CKa3aTh,
YTO MOACHCTEMBI SIBJAAIOTCH kBa3udamkhyTeimu. [loguepkHeM JuuI-
HUH pas, YyTO KBAa3U3aMKHYTOCThb TMOACHCTEM. HMeeT MeCTO JIMIIb Ha
NPOTSAXEHUN He CAHIUKOM IJHTEIbHEIX NPOMEXYTKOB BpeMeHH. B re-
UeHHe e J0CTAaTOYHO OGOJbIIOrO IPOMeXYTKA BpPEMEeHH BJHSHHE
B3aUMOJAEHCTBUSA MOJCHCTEM — CKOJh Ok OHO HHM OBIO ciaBhIM —



BCE PaBHO NposiBUTcsA. BoJablle TOro, HMeHHO 3TO CpaBHHTC/ABLHO CJa-
60e B3aMMOAGHCTBHE W NPHBOJAUT B KOHLE KOHUOB K YCTAHOBJIGHHIO
CTAaTHCTHUYECKOrO PaBHOBECHS.

Tor ¢akt, uTo pasaHyHBIe NOACHCTEMBl MOXHO cUYHMTaTh cJabo
B3aHMOJAGHCTBYIOLUMMH ApPYr C APYTrOM, NPUBOAUT K TOMY, 4TO HUX
MOXHO CUHTATb HE32BUCMMBIMH TaK¥e U B CTATHCTUYCCKOM CMBI-
crae. Crarucruveckas He3a8UCUMOCTS O3HauaeT, YTO COCTOSHHE, B
KOTODOM HaxOAHTCH OJHA H3 NOACHCTEM, HUKAaK He BJHSET Ha Be-
DOATHOCTH pas3J/JHYHBIX - COCTOSIHHH JApPYTHX TOACHCTEM.

PaccmoTpuM xakue-nu6o ABe noicucrtembl, H nycts dp'Pdg) u
dpPdg? — snemenTrl o6bema HX ¢a3oBblx npoctpaHeTe. Ecau pac-
CMaTpHBaTb COBOKYNMHOCTb O6EHX IOACHCTEM KakK OAHY COCTaBHYIO
NOACHCTEMY, TO C MaTeMaTHYecKOH TOUKH 3peHUs CTaTHCTHUYecKas
He32BUCHMOCTb INOACHCTEM O03HAayaeT, UYTO BEpPOSTHOCThL COCTaBHOMH
NOACHCTEME HAXOAUTbCA B SJeMeHTe ee Ghas3oporo o6beMa
dp'?dg(?d = dpWdg . dpPdg® pazbuBaercs Ha nmpou3BeleHUE Be-
POSITHOCTEH HAXOMXJAEGHHA KaXJAOH U3 NOACUCTEeM COOTBETCTBEHHO B
dpWdg™ u dp?dg'®, npuueM Kaxaas U3 5THX BePOATHOCTeH 3aBH-
CHT TOJIbKO OT KOOPAHHAT W UMMNYJbCOB AAHHOK nmoAcucTeMbl. TakUM
06pa30oM, MOXKHO HANMHUCATH:

P12 dpt1? dgi? = p, dpM) dgq®V - p, dp) dg®?,
HUJIH
P12 = P1P2, (2,1)

rje pjg — CTaTHUCTHYECKOE paclpeieseHHe COCTAaBHOH NOACHUCTEMEl, a
P1, P2— GYHKUMHM pacnpeiefeHdsl OTAeNbHBIX TOACHCTEM; aHaJo-
rHYHOe COOTHOLIEGHHE MOXHO HamuieaTh W AJA COBOKYNHOCTH He-
CKOJIbKUX TnoAcHcTeM ).

MoxHo, OUeBHAHO, YTBEpXKAaThb M 0OpaTHOE: eCJii pacipeAeeHHe
BEPOATHOCTE! AJs HEKOTOPOH CJOKHOW CHCTeMBI pacnajlaeTcs Ha
IIPOH3BEJCHHE MHOXKHTENEH, KaKAblH M3 KOTOPHBIX 3aBHCHT TOJBKO
OT BEJHUYHH, ONKHCHIBAIOIIHX OJHY H3 uyacTed CHCTEMEl, TO 3TO 3Ha-
YUT, 4TO 3TH YACTU CTATHCTHUECKH HE3aBUCHMBI, NpUYeM KaXKIbI#
M3 MHOXHTEJEeH NpPOoNnOpUHOHAJEH BEPOSTHOCTH COCTOSIHHH COOTBET-
CTBYIOWLEH YacTH.

Ecau f| u fo— ABe dHU3HUCCKHE BEJHYHHBI, omocaumecn K ,ILBYM
pas3JIUUHBIM NojcUcTeMaM, To U3 (2.1) ¥ onpeneseHHs CpeAHUX 3HA-
yeHH# corsacHo (1,5) HemocpeAcCTBEHHO ci/eAyeT,YTO CpefiHee 3Haue-
HMe TpPOH3BeleHHs [,fy paBHO INpPOH3BEeJEGHUIO CpeIHUX 3HauyeHui
KaXXJ0H U3 BEeJHUHH f; U fy B OTAGNBHOCTH: '

ﬁf;—*—ﬂ : ]E2- (2,2)

1) Tlpu ycnoBuHu, KoHeyHo, 4TO6H COBOKYNHOCTb 3TUX NOACHCTEM BCE elIe
COCTaBJANA MaJyIO YacTh BCeil 3aMKHYTOH CHCTEMHL.




PaccMOTpUM Kakylo-nu00 BeJNHYHHY f, OTHOCAWYIOCS K HEKOTO-
POMY MAaKPOCKONHYECKOMY TeJly HJH ero oTAedbHo# uyacTd. C Tedye-
HHeM BpPEMEeHH 3Ta BeJHUMHA MeHAeTCs, KoJieBJssch BOKDYF CBOEro
cpefiHero 3HaueHus. BpejeM Be/MuuHy, XapaKTepH3YIOULYIO B cpen-
HeM [IMpUHY HHTepBaJa 3TOro H3MeHeHHd. B kauecTBe TakoH xa-
DAKTEPHCTHKM HeJb3sl B3fThb CpejHee 3HaueHHe pasHocTh Af =
= f—f, Tak KaK BeJHYHHA [ OTKJOHAETCH OT CBOEro cpejiHero 3Ha-
yeHHs KaK B Ty, TAK U B APYryio CTOPOHY, H Cpe/iHee 3HaucHHE pas-
HocTu [ — f, MONEpPEMEHHO TO MOJIOXKHTENbHON, TO OTpHUATERbHCH,
OKaXXeTCS pPaBHBIM HYJIO HE3aBHCHMO OT TOrO, HACKOJAbKO 4acto f
MCIBITHIBAJA 3HAYMTEJAbHBEIE OTK/JOHEHHS OT CpPelHEero 3HaueHuS.
B xauecTBe MCKOMOH XapaKTepUCTHKH YAOOHO B3ATH cpe/lHee 3Haye-
HHe KBaapaTa 5To# pa3noctu. Tak kak BennuumHa (Af)? Bcerpa no-
JOXKHTE/bHA, TO €€ CpelHee 3HAUYGHHE CTPEMHTCS K HYJI0 JHIIb
ecJd OHAa caMa CTPEMHTCH K HYJ10;, APYTMMHU CJ0OBaMH, OHO OK2XKEeT-
CSl MaJjblM TOJMBKO TOrZa, KOrAa 3HauyHTeJbHBE OTKJAOHeHHA [ OT |
o6aanaoT MaJsoH BeposiTHocTbio. Benunuuny ((Af)2)!1/2 naseipalor

cpedHeld keadparudHol ¢aykryayued penwuuHbl f. Fackpeip KBaj-
pat (f —f)2, nanpewm, uto '

(A =P —F, (2,3)

T. e. CpeiHAsl KBajpaTHyHasl QAYKTyauus ONnpeiesieTcs] pa3sHOCTbIO
MEXAY CPpeAHHM KBa,upaTOM BEJHYHHEI ¥ KBajApaTOM ee CPEeAH2ro
3HaYeHHUS.

OtHowenne ((Af)2)Y/2/f Ha3HBAWT oTHOCUTeAbHOU GayKTYa-
yueil Besuuunsl f. UeM 3TO OTHOULIeHUE MeHble, TeM GoJsiee HUYTOXK-
HYIO 4yaCTb BpeMEHH TeJIO NPOBOJAHT B TaKHX COCTOSHHUSIX, B KOTODBIX
OTKJIOHEHHe BeJHUWHBl f OT ee CpeJHeroc 3HaueHHs COCTaBJAET 3a-
METHYIO YacTb 3TOT0 MOCJEAHero.

[loxaxeM, uTO OTHOCHTe/NbHaf (AYKTYaUHA (PH3HMYECKHMX BEJH-
YWH OBICTPO YMEHBLIAGTCS MPH YREJNWYEHWH pa3MepoB (uyucaa ya-
CTHLL) TeJ, X KOTOPblM OHM OTHOcsTCs. IS 3TOro 3aMeTUM InpeaBa-
pPHTENbHO, UYTO OOJIBIULMUHCTBO BEJAWYMH, MpeAcTaBjafAlowmx ¢dH3HUe-
CKMH WHTepec, SBJASIOTCH aJJUTHBHHIMH; 3TO0 0GCTOATE/bCTBO —
CHeACTBHE KBa3U3aMKHYTOCTH OTHAGAbHBIX YacTed TeJa M COCTOHT B
TOM, 4TO 3HayeHWe TaKOH BEJHYHHBl AJS BCEro Teja pPaBHO CyMMe
3HayeHu#l 5TOH BEJUYUHBL JJIA OTAGABHBIX €ro (MakKpOCKOMUYEeCKHX)
yacteil. lefCTBHTENBHO, MOCKOJIbKY, HanpHmep, BHYTPEHHHe 3Hep-
PHU 3THX YacTeH, COIVIacHO CKa3aHHOMY BHIIe, BeJHKU MO cpaBHe-
HHUIO C SHEpPTrHSMH HMX B3aMMOJeACTBUS, TO 5HEPrHUI0 BCEro Tesia MO-
XHO C [JOCTAaTOYHOH TOYHOCTBIO CUMTAThb PaBHOK CyMMe SHEpPrHH ero
yacred.

Ilycte f— Takas apanTHBHaa BeJuydHa. Pa3obbeM MEICJACHHO
paccMaTpuBaeMmoe Tes0 Ha Oojbiloe uncio N NpHMepHO OAMHAKO-



BLIX MaJblix uyactei. Torga
N
= Z fn
i=1

rjae BEJHYHHBL [; OTHOCSITCH K OTAEJAbHBIM YacTAM TeJa.

 $lcHo, uTO C yBeandYeHHeM pa3MepoB Teja [ pacTeT NPUMEpPHO
nponopuyxonanbao N. Iasee, onpefenuM CpefHION KBaApaTHUHYIO
daAyKTyauHo BeJUYHHH f. Umeem

wm={((2 2 Aff)2> :

Ho B cumny CTATUCTHYECKOM HE3aBHUCUMOCTH pﬂSJ’IH‘IHbIX yacted Tena
CpeAHHEe 3HAUYCHHA ﬂpOHBBeJleHHH

Afi Ay =Af; - Af,=0 (i # k)

(nocxouabKy Kaxaoe Af; =0). C/efoBaTesbHo,

(AFPYy= 2 (AF7). (2,4)

Orciofa CleAyeT, 4To NpH yBeanueHHu N cpennnit kpazapat < (Af)2)
TOXKe OyaeT pact nponopuuonanbuo N. OTHOCHTebHAs XKe QUIyK-

Tyaiius Oyner, TakuMm obpasom, 06paTHO NPONOPUUOHAJNbLHA A/N;
@py' . 1

= 0 =

f VN
C JApyroil CTOPOHBI, €CJH YCJAOBHTLCA pasieNsTh OAHODOLHOE TeNo
Ha Yy4acTKM ONpeJeJACHHON MaJiod BeJHYMHBI, TO SICHO, YTO YHCJO
TaKMX yacredd O6yfeT NpONOpLHOHANBHO NOJHOMY YHUCAY YacTHL (Mo-
JexkyJ) B tese. [loatoMy nonydeHHBIH pe3yabTaT MOXXHO chopmyJiu-
pOBAaThb TAaKXe, CKa3aB, 4YTO OTHOCHUTeJbHAf (QJYKTyauHs BCAKOH
aJJUTHBHOHA BeJMYUHEL [ y6bIBaeT 0OpaTHO MpONOpUHOHANbHO KBaj-
pPaTHOMY KOpHIO H3 YMcJa YacTHLU MaKPOCKONHYECKOro Teja, a Io-
TOMY NMpPH AOCTaTOYHO GOJbLIOM HX YHCJe Camas BeJIHYHHA [ MOXKeT
CUHTaThCA NpPaKTHYECKH IOCTOAHHON BO BpPeMEHH H PaBHOH cBOeMY
CpeJHeMy 3HaYyeHHI0. DTOT BHIBOL OB y¥XKe HCNOJMb30BaH B NpPEAbI-
oyuiem naparpade.

(2,9)

§ 3. Teopema JluyBquﬁ

BepueMmcs kK JajbHeHlliemy H3y4YeHHIO CBOHCTB ¢yHKUHH CTaTH-
CTHYECKOI0 pacnpejeseHus.

[Ipeanonoxum, yTo Mbl HabJOaaeM B TEUCHHME BeCbMa AJIUTE/b-
HOrO NPOMEXYTKa BPEMEHH HEKOTOPYIO MOACHCTeMy. Pasfiendm 3T1OT
MPOMEXYTOK BpeMeHH Ha ouYeHb GoJblioe (B mpejeje — 6eCKOHeY-
HOe) KOJIMYeCTBO OJMHAKOBBIX MaJslllX HHTEDPBAJIOB, Da3/le/leHHBIX



MOMEHTaMH BpEMEHH £, fs, ... B KaXXKablH 43 3THX MOMEHTOB pac-
cMaTpuBaemas INoAcHcTeMa H300pa3uTCca B ee (Pa30BOM HNPOCTPaH-
cTBe TOYKOH (Ha3oBeM 3TH TOYKH A;, A, As, ...). COBOKYIHOCTB
MOJYYCHHBIX TOYEK pachpelenuTcs B (a30BOM NPOCTPAHCTBE C MJAOT-
HOCTbIO, B INpejesje NPONOpLUHOHAJbHOH B KaXXAOM NaHHOM MeECTe
3HayeHHI0 QYHKUHUH paclipeaesedns p(p, g), IO CaMOMY CMBICJY NO-
caefHed, KaK onpefesiolied BepOATHOCTH pAa3JJHYHBIX COCTOSAHHH
MOACUCTEMBI.

BumecTo TOro utobnl paccMaTpHUBaTh TOUKH, H306paXxaioliue co-
CTOSIHHS OJAHOH MOACHCTEMBl B PpAa3/IMUYHEIE MOMEHTBl BpEMEHH fi,
ty, ..., MOXHO (hopmanbHblM 06pa3oM BBeCTH B PaceMOTPEHHE OJ-
HOBP@MEHHO OYeHb 6oJiblloe (B mMpefesne — ORCKOHRYHOR) YHCJO CO-
BEPUIEGHHO OAHHAKOBBIM 06pa30M yCTpPOeHHbIX NMOACHCTeM !), Haxonsd-
IUXCA B HEKOTOpPbIH MoMeHT BpeMmeHH (ckaxew, {=0) B cocros-
HUAX, U306paxaomuxcsa Toukamu A, A,, ...

bynem Temepp cnegHTh 3a AalbHeHllum nepegpuxKeHHem Paso-
BBIX TOYEK, U306parKalolMX COCTOSHHS 3THUX NOJACHCTEM, B TEYEHUE
He CJHIWIKOM 60JbLIOrO NPOMEKYTKa BpeMeHH — TaKOoro, 4ToObl
KBA3U3aMKHYTYI0O NOACHCTEMY MOMHO OBLJIO C AOCTAaTOYHOM TOY-
HOCTbIO PacCMATPHBATh KaK 3aMKHyTywo. [lepenBuKeHHe (a3oBEIX
ToyeX OyAerT INPOUCXOAWTH TOTAa COIJIACHO YpaBHEHHSAM Mexa-
HHKH, COAepXKaumdM KOOpAHWHATH H HMHyJIbeI TOJBKO HaCTHl NOA-
CUCTEMHI.

jlcHO,.4TO B Ka:KAbli MOMEHT BpeMeHH f C TeM Xe mpaBoM, YTO
H B MOMeHT £ =0, BCce 3TH TOYKHM OyAyT pacmpefeseHbl B ¢a3soBoM
NpoCTpAaHCTBE COrJacHo TOH XKe (YHKUHMH pacnpefiesiedust p{p, q),
JIpyruMH cJoBaMH, NepeiBHrasich C TEUeHHEM BpeMeHH, (a30Bble
TOYKH OCTalOTCH paclpefie/leHHBIMU C HeH3MEeHHOH B KaXKIOM HAaH-
HOM MecTe IIJIOTHOCTbIO, MpPOMOPHMOHAJILHON COOTBETCTBYIOLIEMY
3HAYEeHHIO P. '

Hucro dopManbHeiM 06pasoM 3TO nepejiBMeHHe (PA30BHIX TO-
YeK MOXHO paccMaTpHBaTh KaK CTAUMOHADHOE Te4YeHHE «ra3a» B
2s-MepHOM (Pa30BOM NPOCTPAHCTBE M NMPHUMEHHTb K HeMYy U3BECTHOE
ypaBHeHHe HenpephIBHOCTH, BbIpaxKawiuee coboél HeH3aMeHHOCTb 06-
Ero 4dcaa «dacTHu» (B AaHHOM chyuae — (asoBblX TOYEK) raasa.
O6biuHOE YpaBHEHHE HENPEepPhIBHOCTH UMEET BHI

dp : —
= T div (pv) =20

(p — naOTHOCTB, V — CKOPOCTD rasa), a AJs CTAUMOHAPHOTO TeYeHHS

div (pv) =

') Taxyio BooGpakaemyio COBOKYNHOCTB ONHHAKOBLIX CHCTEM o6nYHO Ha-
BLIBAIOT CTATUCTUHECKUM AHCAMOAEM,



OGo611eHHe TIOCAENHEro COOTHOLIEHHA Ha cayya#d 2s-mepHOro mnpo-

CTpaHCTBa
. 28

d .
>, 5y (ov)=0.
j=1 ¢
B JlaHHOM ciaydae CKOOpﬂHHﬂTﬁMH) X; ABJAKTCSH KOOpILHHaThI q H
HMIYJIBCH P, @ «CKOPOCTSMH» U; = X; — NPOH3BOJAHbIE N0 BpEeMEHH

¢ u p, onpellelsieMEe YpaBHEHHAMH MexaHHKu. Takum oGpasow,
HMeeM:

[W (04) + 55~ (03] =0.

PackphiBas NpOH3BOAHHE, NMHLIEM:

§

Z[q: 3, + P55 ap, ]+PZ[ZZ: p']=0. 3,1

{m=]
Hanncas ypapHeHus MexaHHKH B ¢opme 'amuibroHa
oH . oH

§i=>" 1= — 3

p‘ ] aq‘ ]

roie H=H(p, q) — dyuxunsa I'aMHAbTOHa paccMaTpHBaeMoil noAa-
CHCTEMHl, MH BHAHM, YTO

94, o’H ap‘

3q,  0q,0p, op,"

ITosroMy BrOpoit uieH B (3,I) TOMAecTBEHHO OGpalllaeTcs B HYJb,
[TepBeti e ysneH ecTb He YTO HHOe, KAaK MOJHAs NMpPOH3BOAHAS OT
(GYHKUHH paclpefesleHHs MO BpeMeéHH. TakHM o6pasoM, HMeeM:

"—2’=§;( T i+ 5 i) =0. (3,2)

Mu npuxoanMm, cneaoBaTeNbHO, K CYLUECTBEHHOMY BHIBOAY, YTO
byHKUHNA pacnpenefeHHA IOCTOAHHA BAOJb (a30BHIX TpPaeKTOPHH
nojACHcTeMBl (TaK HaswBaeMas Teopema Jluysuian), HaNOMHHM,
YTO MQCKOJbKY MH rOBOPHM O KBa3H3aMKHYTHIX MOACHCTEMaXx, TO
NONYYEHHBH pe3y/JbTAT CIPaBeMJIMB JHNIb AJA He CHHIIKOM G60Jb-
INAX APOMEKYTKOB BPEMeHH, B Te4eHHe KOTOPhIX MOACHCTEMA C J0:
CTATOYHOMH TOYROCTLIO BefleT Ce6Sl KaK 3aMKHyTasl.

§ 4. PoJb oHEpPruu.

W3 Teopemn JIuyBHAS HeNMOCPpeACTBEHHO CERYET, YTO (YyHKIHS
pacnpefiesieHusi JOJXHA BhIpaXKaTbCsl JIHIUb yepe3 TaKHE KOMGHHA-
UHH TNepeMeéHHWX p, ¢, KOTOpble NpH ABHXEHHH IOACHCTEMHl KakK



3aMKHYTOH OCTAlOTCH NMOCTOSHHBIMH. DTO — TaK Ha3blBaeMble MeXxa-
HHYECKWEe HWHBADHUAHTHl WJW uHTe2paas. O8uieHus, SBJAOHecH,
KaK HU3BECTHO, NepBbIMH HHTErpajaMM ypaBHeHHH ABHxeHHsA. Mox-
HO, CJeAOBATEJbHO, CKa3aTh, YTO (PYHKLHA pachnpefe/cHUs, ABJSIACD
(YHKUHEH MeXaHHYeCKMX WHBAPHAHTOB, CaMa eCTb HHTErpan [ABH-
A EHHUSI.

OkasblBaeTcs BO3MOXKHBIM Upe3BBIYANHO CY3HWTb YHCJIO HHTerpa-
JIOB JBUXEHHS, OT KOTODBIX MOKeT 3aBHceTb (PYHKUHMS pacnpeje-
uug. Jlasi 3TOro Haflo yuecTh, UTO paclpefiesieHue Py, S COBOKYI-
HOCTH JABYX IIOACHUCTEM paBHO IpOM3BeAeHMuI0 PYHKUMH paclpepete-
HUSL O; U Pp STHX NOACHCTEM B OTHEJBHOCTH: P12 = pP;P2. [lo3TOMY

In pjs =Inp; + Inp,, 4,1)

T. €. Jorapupm QyHKUHH pacnpejejeHUs ecTb BeNHYHMHA aJAHTHB-
Had. Mbl npHUXx0oaUM, CAeI0BATENbHO, K 3aKJAOUEHHIO, YTO JOorapHdm
(byHKLMH pacnpejeseHdss AOMKEH OBITb He MPOCTO WHTErpaJsoM ABH-
JKEHHA, HO M aAJUTHUBHBIM HHTErpaJsoM IABHXKeHHA.

Kak H3BeCcTHO M3 MeXxaHHKH, CYILIECTBYET BCEro ceMb HE3aBHCH-
MbIX AJAJMTHBHbIX UHTErPaJIOB ABHUXKCHHSA: SHEPrHUs, TPU KOMIIOHEHTH
BeKTOpAa MMIyJbca M TPH KOMIIOHEHTH BEKTOpa MOMEHTA HMOYJ/bCa.
O603HayuM 5TH BEJWYHHBI AJs @-H NOACHCTEMH (KakK QYHKIHH KO-
OpPAMHAT ¥ HMOYJLCOB €e YACTUIL) COOTBETCTBEHHO I[OCPEACTBOM
Ea(p, q), Palp, q), Ma(p, ¢g). EnMHCTBeHHAA aAAUTHBHAA e KOM-
GMHALHA 3THX BETHYHH eCTh JHHEHHAas KOMOHHAUMA BHAA

Inp,=a, 4+ BE,(p, q) +vP.(p, ) + OM,(p, 9) (4,2)

C NOCTOAHHBIMU KO3(DHHUIHEHTAMH aq, f, ¥,.9, anqu B, v, 8 poJ-
)KHbl ObITh OAMHAKOBBIMH JJIs BCEX MOACHCTEM AAHHOH 3aMKHYTOH
CHCTEMBbI.

K noapot6Homy H3yueHHo pacnpefiejiends (4,2) Mbl BepreMcHd
B gaabHefiueM (ra. III). 3Aecy xe AAA Hac CYWECTBEHHO JIHLIb
cienyrouee obcrostesbcTBo. Kospduuredr o, ecThb poCTO HOPMH-

POBOYHAA NOCTOAHHASA, ONpeARIAIOILANACS YCAOBHEM S Pa dp(“) dgle) =

== 1. IlocTosinHble Xke P, y, 8 —Bcero cemMb HE3aBHCHUMBIX BeJH-
YHH — MOTYT, O4eBHAHO, OBITh ONpefeseHbl 10 CeMH XKe NOCTOSHHBIM
3HAYEHHAM AAAMTHBHBIX MHTErpaJioB ABHMXKEHHS BCel 3aMKHYTOH CH-
CTEMB.- ' _

Takum o6paszoM MBI NpHXOAHMM K BaXKHeAlleMy AJS CTATHCTHKH
BEIBOAY. 3HAuGHHMS aJAHTHBHBIX HHTErpasioB ABHMIKEHHS — 3HEpTUH,
MMIyJbca M MOMEHTAa — [IOJIHOCTBIO OINpEeneNsioT CTaTHCTHUECKHE
cBOficTBA 3aMKHYTOH CHCTEMBI, T. €. CTATHCTHUECKHE paCNpelescHHS
JA100bIX ee NOACHCTEM, a C HHMH Y CpEAHHE 3HAaYeHHA NOOHX HX (u-
3WYECKHX BEJWYHMH. DTH CeMb AAJUTHBHEIX UHTETPaJOB ABHXKEHHS 3a-
MCHSI0T cOB0H TO HEeBOOOpPa3UMOE MHOXKECTBO AAHHBIX (HAYAJBHEIX



yCa0BHE), KoTOpoe TpeGoBafnoch OBl NpPH MEXaHHYeCKoMm TOA-
XOJie.

‘H3noxennble coobpaXeHUsI HEIOCPEACTBEHHO NO3BOJISIIOT COCTa-
BHTb AJA 3aMKHYTOH CHCTeMBl NPOCTYIO PYHKUMIO paclpeneseHud,
IIPUTOJHYIO AJIS ONHCAHUSA ee CTATHCTHYeCKHUX cBoicTB. IlocKosbKy,
KaK ME Tenepb 3HaeM, 3HaU€HHs HEaJNMTUBHBIX HHTErpaJjoB ABH-
’KEGHHA He OKa3bIBAIOT BJHSHHA Ha 3TH CBOKMCTBA, TO AJS OMHUCAHHA
NOCJAeLHHX MOXHO BOCMOJb30BaThCsl JI000H (yHKUHEH p, 3aBHCH-
ILeH TOMbKO OT 3HAYEHHH ajJHMTHUBHBIX HHTETpaJioB ABHXKEHHS cucCTe-
MBI M yaoBJeTBopswoluell teopeMme JImyBuass. Ilpocreifiieit Takoi
byHKuHeH sABJasercs PYHKUHA, paBHAsg p = const Aaa Bcex ToYek
¢a30BOr0 NMpOCTPAHCTBA, COOTBETCTBYIOUIHX 32JaHHBIM NOCTOSHHBIM
3HayenusM 3Heprud (Ey), umnysnbca (Py) u momentra (Mg) cHeTeMbl
(BHE 32aBHCHMOCTH OT 3HaueHHMH HeaIAMTHUBHBIX HHTErpaJjos),u p==0
JUIL BCeX NpOUYHUX ToueK. SICHO, UTO onpeAeseHHas TakuMm obpasom
(DYHKUUS BO BCSAKOM cCJy4yae OCTaeTcss IOCTOSHHOA BHoJb $ha3oBOU
TPAGKTOPDHH CHCTEME], T. €. YAOBJETBopsAeT TeopeMme JInyBUIMA.

HanHas ¢opMmynupopka, Bnpouem, He BOoJHe ToyHA. /leso B TOM,
YTO TOYKH, ONpEAe/AeMbIC YpPaBHEHHAMH.

E(p. )=E, P(p,9)=P, M(p, )=M,  (4,3)

06pa3yloT HeKOTOpoe MHOrooGpasue Bcero 28 — 7 uaMepenuit (a He
2s U3MepeHHH, Kak ¢aszoBblii ob6vem). [lostomy, Ans TOoro utobu!

MHTErpaJ Spdp dg Obl1 oTaMueH OoT HyJs, dyHKUHS p(p, ¢) AOIK-

Ha o6pauwaTbCcsl B 3TUX.TOYKaX B OeckoHeuHocThb. [lpaBHsibHasA 3a-
NHCh (PYHKUHH pacnpenesieHHst 3aMKHYTOH CHCTEMBI TJIACUT:

o =const-8(E — Ey) 8 (P — Py 6 (M — M,). (4,4)

Hanuuue 6-pysxkumit!) obecneuuBaer ofpalieHHe p B HYJb BO BCEX
TOYKax (a30BOr0 NPOCTPAHCTBA,.B KOTOPBIX XOTs OB OfHaA H3 Be-
Juuun £, P, M He paBHa cBoemy 3aJaHHOMY 3HaueHHIO £y, Py, M.
Hurerpan xe oT p no scakomy ¢azoBomy 08beMy, 3aK/AI0YAIOMIEMY
B cefe x0T 6Bl 4acTh YKA32HHOIO Bbillie MHOrOOGpa3HsA TOYEK, KO-
HeueH. Pacnpenenenne (4,4) Ha3bIBaeTCd MUKPOKAHOHUYECKUM?).

HMmnyasc B MOMEHT 3aMKHYTOH cHCTeMbl CBA33HBI C ee JBHXKe-
HHEeM KaK 1e/0ro — DaBHOMEDHBIM IMOCTYNATEJbHBIM [BHXKEHHEM H
paBHOMEpHBIM BpalleHHeM. [Jo3TomMy MOXKHO CKas3aTb, 4TO CTaTH-
CTHYECKOE COCTOSIHME CHCTEMBl, COBepllaloniell 3afaHdoe ABMXKEHHe,

Y Onpepenelue u cBoiictBa §-GysKuuH — cM., nanpumep, 111, § 5.

2) IlopuepkHeM JWUIHWM pas, 4To 3TO pacnpefie]eHHe OTHIOAb He ABJAercs
HCTHHHEIM CTATHCTHYECKHM pacrpefeneHdeM 3aMKHyTol cucreMsl. [IpuaHaHue ero
MCTHHHLEIM SKBHBAJEHTHO YTBEPMAEHWIO, uTQo (ha3oBas TPAeKTOPHS 3aMKHYTOR
CHCTEMBI B TedeHHe [OCTATOYHO MJHTENBHOTO BpeMeHH NPOHAET CKoJb . YTOAHO
6an3ako K Jaiofoil Touxe MHorooGpaaus, ompegensieMoro ypaBHeuusamu (4,3). Ho
TaKoe yTBepiKAeHHe (H3BeCTHOe MOJ Ha3BaHHem 3peoduueckor 2unoTtesvt) B 00-
leM caydae 3aBeJOMO HENpaBHILHO.



32BHCHT TOJIBKO OT ee 3Hepruu. bsaropaps stomy 3Hepras npHoOb-
peraer B CTATHCTHKE COBEpLUGHHO HCKJIOYHTENbHYIO pPOJib.

Hss Toro uto6ul B AajibHeALIEM COBCEM HCKJIYHTb H3 PaccMo-
TPEHHSA MOMEHT W HMMOYJbC, MOXHO NPHMEHHTb CACAYIOUIHA NpUEM:
Oysem npeActaBasTh cebe CHCTEMY 3aKJ4eHHod B TBepblii
«SIMAK» K MOJIb30BAThCA CHCTEMOH KOODAMHAT, B KOTOPOH <SILLUK»
NOKOUTCA. B TaKHX ycCJOBHAX MOMEHT H HMMNYJbC Boobiie He Oy-
AYT YXe HHTerpasaMmu JBHIKEHHS, H EJHHCTBEHHBIM aAJHTHBHBIM
MHTErpaJjoM ABHXKEHHSA OCTAHETCS SHeprus; B TO Ke BpeMs Ha cra-
THCTHYECKHX CBOHCTBAX MaJblX yacTeHd CHCTeMBl (MOJACHCTEM) HaJH-
yhe «fILHKa», OueBHAHO, BOOOlle He CKaxercs. [ToaTomy AJdA Jyora-
pudmoB GyHKUHA pacnpelesieHdA HoicHcTem OGyAeM HMETb BMECTO
(4,2) emie Gojiee MpoOCThHe BBHIPAXKEHHSA:

In Pe=10,; + ﬁEa (P, q)' (4n5)

MuKpoKaHOHHYECKOE XKe DACHpeAeseHHe JAJs BCEH CHCTEeMbl HAMH-
HnieTcs B BUJAE
p=const - 6 (E — Ep). (4,6)

Jo cux nop Mm npeianoJdarafy, 4YTo BcA 3aMKHyTasi CHCTeMa Ha-
XOJIHTCA B CTATHCTHUGCKOM paBHOBeCHH. [Ipyrumu cjoBaMy, MBI
paccMaTpHBAJH ee B TeyeHHe BpeMeH, GOJbUIMX [0 CPAaBHEHHIO C ee
BpemMeHeM pejakcauvd. Ha npakTHke, oflHako, OOBIYHO BO3HHKaeT
Heo6X0HMOCTh. PACCMATPHBATh CHCTEMY B TEUEeHHE BpPeMeH, €paB-
HHUMBIX HJH da)e MaJiblx MO CpaBHEHHIO CO BPEMEHEM peslaKCalHu.
Jnsi 60JbIIKMX CHCTEM 3TO OKA3bIBaeTCA BO3MOXHBIM OJarogaps cy-
ILeCTBOBAHHKIO HAPAAY C MOJHBIM CTATHCTHYECKHM paBHOBECHEM Bcef
3aMKHYTOH CHCTEMBbl TaK HAa3bIBAGMBIX HEMNOJHLIX (HJHM YACTHYHEIX)
PaBHOBECHH.

Heno B ToM, uTO BpeMsi peNdKCanMH pacTeT C YBeJHYCHHEM
pasMepoB CHcTeMH. B cHiy '3TOro 06¢TOATRILCTBA OTAQIBHBIE MAJIBIE
YaCTH CHCTEMBl caMH no cebe NPHUXOAAT B paBHOBECHOE COCTOA-
HHe 3HAYHTENbHO OBbICTpee, 4eM MNPOHCXOAHMT YCTAaHOBJEHHE PABHO-
BeCHS MEXAY pa3JHYHBIMH MaJbiMH 4acTAMH. DTO 3HAUHUT, YTO KaX-
Jasi MaJjias 4yacTb CHCTEeMH ONMHUCHBaercs cBoedl dyHKLUEH pacrnpene-
neHus puaa (4,2), Ho 3HaueHUs MapaMeTpPoB pacnpefesieHus f, vy,
8 pasanuAbl A48 pasHelx yactef. B TakoMm cayuae roBopsT, YTO CH-
CTEMa HaXOHHTCS B HenoaHom pasrogecuu. C TeyeHHEM BpEMEHH
HermoJHoe paBHOBECHE MOCTENEeHHO MEepeXOJHT B MOJHOe, NpHYeM mna-
paMmerpsl {3, y, 8§ AJ8 KaXKAOH MaJjiod 4yacTH, MeAJIeHHO HM3MEHSSCH
CO BpeMeHeM, B KOHUE KOHIOB CTaHOBATCH OJAHHAKOBBIMH BIOJb
BCeHl 3aMKHYTOH CHCTEMHI. '

HacTo NpUXOAHMTCA HMeThb Jlel0 C HEeNOJHBIMH paBHOBeCHSAMH
TaKXe H JApyroro poja. 3T0 — HENOJHbE PABHOBECHS, NMPOHCXOXK-
JeHUEe KOTOPHIX CBSI3aHO He C 6O0JbLIOH pasHUUEH B AJHUTRNHLHOCTH
BpeMEH peJaKCcauMu AJsd BCef CHCTeMH H ee Majblx yacTed, a



C pasHHLel B CKOPOCTAX BCEBOBMO}KHI:IX npoLeccos, HAYLHUX BO BCEH
cicreme. HarasnHelM NpUMEpPOM MOXKET SIBHTbCS HENOJIHO@ paBHOBE-
CHe B CMECH HECKO/IbKHX BEIICCTB, MEKIY KOTOPHIMH HJET XHMHUe:
CKasi peakUus. Bﬂaronapﬂ CP2BHHTENbHOH MeA/JCHHOCTH TeYeHHs
XHMHYECKHX PeakUHH paBHOBECHe MO OTHOMIEHHIO K ABHXKEHHIO MO-
JIeKyJl YCTAaHABJHMBaeTCs, Boollle roBops, 3HAUYMTeNbHO OHICTpEE,
yeM pPaBHOBECHEe IO OTHOIIEHHIO KO B3aHMHBIM TNpPEBPAILEHHAM MO-
JIEKYJ, T. €. 10 OTHOWEHHIO K COCTaBy cMeCH. DTO OBCTOSATENbCTBO
A2eT BO3MOXHOCTb ‘PACCMATPHBATH HENOJIHblE PABHOBECHS CMECH
KaK pAaBHOBECHs NpH 33aJaHHOM (B JeHCTBHTeNBbHOCTH HepaBHOBeEC-
HOM) ee XMMHUYECKOM COCTaBe.

Hanvune HenmoJHBIX paBHOBeCUH IN03BOJIET BBECTH MOHATHE
0 MAKPOCKONUMECKUX COCTOAHUAX cHcTeMbl. MMeHHO, B OT/JHYHE OT
MEXAaHHYeCKOro MHKDOCKONHYECKOro OfHCAaHMA (T. €. 3aJaHHA Ko-
OpAHHAT M HMIYJbCOB BCeX YaCTHL CHCTEMbI), MAKPOCKOIHYECKUM
Ha3bIBAETCS ONMCAHHE CUCTEMBl 33flaHHeM CPeJHUX 3HAueHHH ¢usu-
YECKHMX BEeJHYHH, ONpefensiolluX TO HJH HHOE ee HemnoJIHOEe paBHO-
Becue. Hanpumep, 3T0 Moryr OnITh cpefiHHe 3HaueHHS BEJHUYUH,
XapaKTepHU3YIOIHUX OTAe/bHble JOCTATOYHO MaJble, HO MaKpPOCKOMH-
YyeCKHe 4YacTH CHCTeMbl, KaXAYI0 H3 KOTOPBIX MOXHO CYHTaThb
Haxoasuleicad B HEKOTOPOM CBOEM HaCTHOM DPABHOBECHH.

§ 5. CratucTHueckaa MaTpuua

[Tepexoass k Bompocy 06 0coGeHHOCTAX KBAHTOBOH CTATHCTHKH,
OTMETHM, NMpexKae BCero, 4To YHCTO MEXaHHYECKHH NMOAXOM K 3ajaue
06 onpene/eHHH MOBEACHHSA MaKPOCKONMHYECKOTO T&jla B KBAHTOBOMH
MexaHuKe, pasyMeercs, CTOJMb Ke Oe3HaleXeH, Kak ¥ B KJaccHye-
CKoit mexaHuke. [Ip# Takom nmoaxoie tpebogajock 6bl pemartb ypa-
BHeHHe lllpeauHrepa A/ CHCTeMBI, COCTOSIIIEH H3 BCEX YACTHI[ Te-
Jla, — 3ajaya, ecJli MOXHO TaK BbIpa3uThcs, elle Gojiee Ge3Hapgex-
Hasl, YyeM VHTerpUpPOBAHME KJIAaCCHYECKUX ypaBHeHH# ABuxeHus. Ho
Jgaxe ecaH 6bl 0K23aJ0Ch BO3MOXHBIM B TOM HJIH UHOM CJyuae Ha#-
TH 061iee peileHue ypaBHeHHsi lllpenunrepa, 6u10 6B a6COMIOTHO
HEBO3MOXHBIM BHIGpaTh M 3amnHcaTh YAOBJAECTBOPSIOLIEE AAHHBIM
KOHKDEeTHBIM YCJOBUAM 33Jlaud 4Y4CTHOE pelleHUe, XapaKTepH3yIo-
meecss onpelejeHHbIMH 3HAYEHHAMH TPaHINO3HOIO YHCJa PasfiHy-
HbIX KBAHTOBHIX uYucesa. DoJjblle Toro, ™Mbl YBHAHM HHXe, 4YTO
IJIST MaKpOCKOMHUYECKOro Teda IOHATHE O CTAHIHOHApHBIX COCTOSA-
HHAX BooOlle CTaHOBHMTCH B HM3BECTHOM CMBIC/E YCJOBHEIM, — 00-
CTOSITENBCTBO, HMEIOlllee CYLIeCTBEeHHOe, MPHHLUNHATBHOE 3HAYCHHE.

BhisicHUM TIpeBAPUTENbHO HEKOTOpble OCOBEHHOCTH, KOTOphIe
XapaKTepH3yIOT C YHCTO KBATOBOMEXaHHYECKOM TOYKH 3pEHHA Ma-
KPOCKOMHYECKHE Teja N0 CPABHEHWIO C CHCTEMaMH, COCTOSLUUMHU M3
CPaBHHUTE/JNbHO MAJIOTO YHCJA YACTHIL.



DTH 0COBEHHOCTH CBOAATCA K HeobblyaifiHOM rycToTe pacnpefe-
JIEHHS] YPOBHeH B CrneKTpe COOGCTBEHHBIX 3HAYEHHUH 3HEPTHMH MaKpo-
CKONHYecKoro Tesa. IIpUYHHY TAKOM TCyCTOTH JIECKO MNMOHATb, €CJH
3aMEeTHTh, 4TO 6J1arojaps KoJoCCaJbHOMY YHCJY 4AacTHIL B TeJe BCS-
Kasi 3HEepTus MOXeT OblTh, rpy6o roBops, «pacnpefe/ieHa no pas-
JIMYHBIM YaCTHLUAM OeCuHMCJeHHBIM 4YMCJOM crnoco6oB. CBA3L 3TOrO
0o0CTOATRNBCTBA C T'YCTOTOH YPOBHEH CTaHOBUTCS B OCOOEGHHOCTH fic-
HOH, eclH pacCMOTpeTb JAJis MNpHMEpa. MAaKpOCKOMHMYeCcKoe TeJo,
npeAacTabnasollee cobol «ras» U3 N coBeplleHHO HeB3aHMoOzeHCT-
BYIOLUHX YAaCTHL, 3aKJAIOYEHHBIX B HeKOTOpom o6beMe. YpOBHH
SHepPTHH TaKOM CHCTeMbl MPEeACTaBJAIOT COBOH NPOCTO CyMMBI 3HEp-
rMi OTAe/NbHBIX 4aCTHI, NpHYeM 3Heprufd KaxKAod yacTuubl lpobe-
raer OeCKOHeYHHIA psAJ AHCKPETHHIX 3HaveHH# !). flcHo, uto, BHIGH-
pas BCeMH pasJMYHBIMH cnocobaMy 3HaueHUss N 4YJeHOB 3TOH CyM-
MAl, MBl MOJNYYHM BO BCSIKOM CKOJIbKO-HHUOYAb 3aMETHOM KOHEYHOM
YY4acTKe CHeXTpa OrpOMHOE YHUCJAO BO3MOXKHBIX 3HAyeHHH 3Hepru
cUCTeMBl, KOTOpBIE, CJefoBaTeNbHO, 'OYAYyT pacnoJoXeHbl O4YeHb
O6JM3KO ApPYTr K APYTY..

MoxHo noxasate (cM. (7, 18)), BooOuie, yTo 4YMCJIO YPOBHeH B
3alaHHOM KOHEYHOM HHTEepBa.e JHEepPreTHYeCKOro CHeKTpa MaKpo:
CKOTIHYECKOTO Tejla BO3pACTAET C YBeJHYEGHHEM YHCJIa COAepKAIIHX:
cA B HEM YacTHL N0 3KCNOHEHIHAJbHOMY 3aKOHY, a PACCTOAHHA Me-
XKAY YPOBHAMH BBIpaKarotcs uucaamd Buaa 10—¥ (rme .N — yucio
NMOPSAiKA BeJHYHHBl YHC/JA2 YacTHL B Tese), 6e3pasiHyHO, B KAKHX
eIMHULAX, TAK KAK pasHHULA MEeXIYy pa3NHYHbBIMH elMHUIAMH 3Hep-
I'MH COBEpUIGHHO He CYLUIeCTBEHHA AJs TakOoro 4YyJAOBHLIHO MaJioro
yucsaa ?).

Bcanepcreie upesBblUaWHOH TYCTOTHI YPOBHEH MaKpOCKONHYe-
CKOe TeJIO HUKOTAa He MOXeT (aKTHYeCKH HaXOAUThCS B CTPOro
CTalHOHapHOM COCTOSIHHH. [[pexae Bcero ACHO, YTO 3HAYEGHHe 5HEp-
THH CHUCTEMBl BO BCAKOM Cjydae OYAeT «pasMBITHIM» Ha BeJIHYHUHY
Nopsiika 3HEpPTHY B3AHMOAEHCTBHSI CHCTEMBl C OKPYXawUHUMH Te-
naMi. Ho nocnennss HenaMepHMMO Be/HMKa MO CPABHEHHIO C paccTosl-
HHAMH MEX/y YpOBHSIMH, NPHYEM He TOJBKO AJ51 «KKBa3M3aMKHYTBIX»

1) Mnrteppanbl MeMAY COCEIHHMH YPOBHSMH 3HeprHH OTAEALHOH 4YaCTHULI
o6paTHO NMPONOPLHOHAJNBHBl KBagpaTy JltHefiHbix paamepoB L oObeMa, B KOTOpPOM
oHa 3akmoueHa (~ K%/mL% r@e m—wMacca vuYacTHUB, J — KBaHTOBaf IO-
CTOSIHHAN). :

) Cneayer OroBOPHTb, YTO H3JOMKEHHHE pPACCYIKAEHHS HENpHMEHHMBl K ca-
MOMY HadaJbHOMY YyYacTKy 3HepreTHYeCKOrOo cNeKTpa; pPAacCTOSIHHS MexXJy Nep-
BbIMH YPOBHAMH 3HEPrHH MaKpPOCKOUHMYECKOro Tefa MOryT [a’e OKa3aThbcH He
3aBuCAILUMY OT paaMepoB Ttena. (Hanpumep, B 3sjexkTponHOoM chexTpe Od3JeK-
TpuKa — ¢m. [X.) 3Orto obcToATeNbcTBO, ONHAKO, COBepIIeHHO He CYLIECTBEHHO
AN JaNbHeHWAX BHIBOAOB: OYAYyYH OTHECEHH X OJHOH 4YacTHUe, pacCTOSAHHA
MeX/y NepBeIMH YPOBHSMH AJS MaXpOCKONHYECKOIO Teja HHYTOXKHO MaJbl, H
YKasaHHas B TeKCTe TycToTa YPOBHeH [OCTHrAeTcs yxKe IPH COBePIUEHHO He3Ha-
YHTEJBHbLIX, OTHECEHHEIX K OJHOH YacTHUe, 3HEpTHAX.



NOACHCTEM, -HO M AJs TaKHX CHCTeM, KOTOphle MK CO BCAKOH
HHOH TOYKH 3peHHs MOTJH OBl CUHTATb CTPOro 3aMKHYTHIMH. B npu-
pole, pasyMeercs, HeT INOJHOCThIO 3aMKHYTBIX CHCTEM, B3aHMOJeH-
CTBHE KOTOPBIX C JIOOBIM ADYTHM TeJOM PaBHO B TOYHOCTH HYJIO;
BCAKOE Xe (DaKTHUeCKH OcTalolleecs B3aHMOAEHCTBHE, KOTOpPOE MO-
XKeT OHITh AdXe HAacTOJAbKO MaJhiM, YTO He OTPaAXaeTcsd HH Ha Ka-
KMX JPYrHX CBOHCTBax CHcTeMbl, OyJeT BCe elle upe3BHYaHHO Be-
JIMKO II0 CPABHEHHIO C HCYe3aloule MaJblMH HHTEpBajaMH ee SHep-
reTHYeCcKOro CHeKTpa.

Ho u moMumo 3TOro cyuecrsyer Apyras riay6okas NpPHYHHE, B
CHJIy KOTOPOH MAaKpPOCKONHYECKOe TesO He MOXeT (aKTHYeCKH Ha-
XOAHThCS B CTAUMOHApHOM cocTOAHHMHM. Kak H3BeCcTHO H3 KBaHTO-
BOH MeXdaHHKH, COCTOSIHHE€ CHCTEMBI, OMHCBIBAIOLleeCcs HEeKOTOPOH
BOJIHOBOH (PyHKUHeHd, BOSHHKAET B Pe3y/JbTAaTe HEKOTOPOI'O IIpollecca
B3aHUMOAEHCTBUSA 3TOH CHCTEMBEI C APYroH CHCTEMOH, KOTOpas C JHO-
CTATOYHOH TOYHOCThIO NOAUMHSETCH KJaaccuuecKOH mexanuke. Oco-
OBIMH CBOHCTBaMH OO6JafiaeT [PH 3TOM BO3HHKHOBEHHE CTalHOHAp-
HOro COCTOSIHUAl. 3Jecb HeOGXOAMMO paa/jiHuaTh 3HayeHHe 3SHeprHH
CHCTEMBl [0 B3auMMOJAeiicTBHS E W 3Hepruio E’ cocTOAHMA, BO3HH-
Kawuero B peayabTtarte B3auMoaeHcTBusf. Kak mu3pectHo (cm. III,
§ 44), "HeroyHoctd AE u AE’ Benuwyus E w E’ cBs3aHEl ¢ nponoJ-
XUTeJbHOCTBI0 Af nponecca B3auMoAeHCTBHS COOTHOLIEHHEM

|AE — AE|~ 2.

O6e norpew”oct, AE u AE’, Boof11e roBops, OAHHAKOBOIO MOPSK-
Ka BeJHUYHHBH, H aHAJH3 [OKA3bIBAET, YTO HeAb3s AOOHThCH, YTOOH
610 AE’ < AE. Tlosatomy MOXHO yTBepXkaarh, uTo U AE" ~ B /AtL.
Ho pnst Toro uto6nl COCTOSIHME MOXHO OblJIO paccMaTpHBATh Kak
CTaLHOHApHOE, HeTOuHOCTb AE’ [OJMMKHAa BO BCAKOM cJayuae OHTBH
MaJIOH IO CPaBHEHHIO C PACCTOAHHMSAMHU A0 coceAHUX YpoBHed. B cu-
Jy 4pe3BblYaHHOH MaJOCTH MNOCJAeAHHX Mhl BHAUM, UTO AJS NpHBe-
JeHHS MakKpOCKOIHYEecKOro TesJa B Kakoe-aub0 OnpeleneHHOe CTa-
[LHOHAPpHOEe COCTOSIHMe MNoTpefoBajoch Gbl HeH3MepDHMO  GoJiblloe
BpeMst At ~ R/AE’. IpyruMu cJ0BaMH, Mbl CHOBA NpDHXOAHUM K BHI-
BOAY O HEBO3MOXHOCTH OCYIIECTBJIEHHSI CTPOro CTalHOHAPHHIX CO-
CTOAHHH MaKPOCKOMHYEeCKOro TeJa.

Boo6llle onucaHde COCTOSHHUS MAKPOCKOIHUYECKOTo Tesa ¢ no-
MOIUbIO BOJHOBOH (PYHKLUHH HeOCyllleCTBHMO, H60 (PpaKTHUECKH BO3-
MOXHBEIH 3anac AaHHBIX O COCTOSHHH TAKOI0' Tesla JaJieKO He COOT-
BETCTBYeT IOJHOMY Ha60py JaHHBIX, HEOOXOLHMOMY AJ5 HOCTPOEHHS
ero BOJHOBOH ¢yHKUMH. [lonoXeHue 3fech B H3BECTHOM CMBLIC]eE
AHAJOrHYHO TOMY, KOTOpPOe HMeeT MecTO B KJaccHuecko#l cra-
THCTUKE, Ile HeBO3MOXHOCTb YYera Haya/lbHBIX YCJIOBHH A/ BCEX
YACcTHL TeNld MPHBOLUT K HEBO3MOXHOCTH TOYHOI'O MeXaHHYECKOro
ONHCaHUA ero noBejeHHsA; aHaJOrHs, BNpoYeM, HENOJHAS, TaK Kak



HEBO3MOXHOCThL IIOJTHOIO KBAaHTOBO-MEeXaHHYECKOI'0 -OIIHCAHHS M OT-
CYTCTBHE BOJIHOBOH (YHKIHH, ONHCHLIBAKOU(EH MaKpOCKOIHYeCKoe
TeJ 0, MOTYT, KaK MBI BHAEJH, HMETb ropasfo 6oJiee ray60KHe OCHO-
BaHHA. |

KsanToBoMexaHHueckoe ONucaHHe, OCHOBAHHOE Ha HEIOJJHOM
Haope [aHHHIX O CHCTEME, OCYyLIECTBJfAETCSl, KaK "H3BECTHO, IIO-
CPeICTBOM TaK Ha3biBaeMoil marpuyet naornoctu (cm. III, § 14).
3HaHHe MaTPHLbl NJAOTHOCTH MMO3BOJAET BHIUHCJAATL CPefiHee 3Haue-
HHe J1000H BeJMUMHH, XapakTepH3ylolle#l cHCTEeMY, a TaKKe Be-
POSAAITHOCTH pas3JUuHbIX 3HAa4eHHH 3TuUX BeauuuH. HenosHora omuca-
HUS 3aKJAKOYaeTCs IIPH 3TOM B TOM, YTO Pe3yJbTaThl PAa3JHYHOrO po-
Ja HU3MepeHHH, KOTOpble MOXHO NpeAcKa3aTb Ha OCHOBAHHH 3HAHUA
MAaTPHIhL TJIOTHOCTH C HEKOTOPOH JoJiell BEDOSTHOCTH, MOIJIH 6B,
BO3MOXHO, OBITh MNpeACKa3aHbl ¢ OOJblled HJAM [AaxKe TOJHOH J0-
CTOBEPHOCTbIO HAa OCHOBAHHMM NOJHOro Habopa CBeIeHHH O CHCTeMe,
AOCTRTOYHOTO JJISI MOCTPOEHHsI €€ BOJHOBOH (YHKUHUH.

Mbl He cTaHeM BbIIHCHIBATH 3JeCh M3BECTHHIX M3 KBAHTOBOH Me-
XaHUKH (OPMYJ, OTHOCHIIHXCH K MAaTpHLUe NJOTHOCTH B KOOpAHHAT-
HOM MpeACTaBJeHHH, TaK KaK 3TO NpeACTaBjdeHHe (aKTHUeCKH HeE
npHMeHseTcA B craTHcTHKe. [lokaxem, OAHako, KakUM o6pa3oMm
MOXHO HeNOCPeACTBEHHO BBECTH MAaTPHLY IIJIOTHOCTH B 3Hepre-
THYECKOM IMpeACcTaB/JeHHH, HeoOXOAMMOM AJf CTATHCTHYECKUX MPH-
MeHEeHHH.

PaccMOTpHM HEKOTOPYIO MOACHCTEMY H BBeJeM IOHATHE O ee
«CTALHOHAPHBIX COCTOSHHAX» KAK O COCTOAHHAX, MOJy4aloUHXcH
NpH IIOJHOM IpeHeOpeXeHHHW BCeMHM B3aHMOJEHCTBUAMMU HAaHHOH
MOACHCTEMEI C OKPYMKAXOUIMMH YacTAMH 3aMKHyTOd cucreMsl [TycTb
Pr(g) 6YAYT HOPMHDOBAHHBIE BOJIHOBhIe (PYHKLUHH 3THX COCTOAHHI
(6e3 BpeMeHHOI'0O MHOXHTe/d), Tlie g yCJIOBHO 0603Ha4yaeT COBOKYII-
HOCTb BCeX KOODAMHAT MOJCHCTEMBl, @ HHHEKC N — COBOKYIHOCTb
BCeX KBAHTOBHIX YHCeJ, OTJIMYAKUMX pasjJHYHble CTallHOHADHBIE CO-
CTOSIHHSl;, 9HEPruH I3TUX COCTOAHMM OyneM 0003HauaTbh MOCpel-
cTBOM E,.

[IpeAnosOoXUM, 4YTO B JaHHBIH MOMEHT BpeMEHH MOJCHCTEMA Ha-
XOJHTCH B HEKOTOPOM IIOJIHO ONUCAHHOM COCTOSIHHH € BOJIHOBOH
dyakuved §. ITocaeHIO MOXHO PasyOXHTb [0 06pa3ylOUIHM I0JI-
HYIO cHCTeMy QYHKUMAM. {Pr(g). Hanuwem 3T0 pasjoxeHHe B BHAe

= Z CpPn- (5,1)

CpejgHee 3HaueHHe J1I0GOH BeJAMYHHE [ B TaHHOM COCTOSHHHM MOXKeT
ObITb, KAK H3BECTHO, BHIUHCJAEHO N0 KO3Q@QHUUHUEHTaM C, C IOMOIIbIO

dopMyJbl .
=3 Cnfoms 5.2)



roe

Fom—\ W31, dq (5,3)

— MaTpHYHbLle 2JeMeHThl BedWuduHbl [ (f — coOoTBeTCTBYIOWIMHE e
onepaTop).

[Tepexog OT MOJAHOr0O K HENOJHOMY KBAaHTOBOMEXaHHYECKOMY
ONUCAHHIO NOACHCTEMBl MOXHO PAacCMaTPHBATb B HEKOTOPOM CMbi-
C/le KaK YCDeIHEHWE N0 ee DPa3/IHYHBIM Y-COCTOAHHMAM. B peay.-
TaTe TaKoro ycpeJHeHHs INPOH3BeNeHHs ¢ ¢,  HaAyT ABOHHOH (mo

IBYM HHAeKcaM) Habop HeKOTODhIX BeJNHYHH, KOTOpble MHEl 0003Ha-
YYM IOCPEICTBOM W, H KOTODBEIE HE MOTYT y2e ObITb BhIpaKeHH
B BUJE NMPOU3BEAEHUH KakKHX-TMO0 BeJHUHH, 00pa3yrolHX OpAHHAD-
Helif HaGop. CpelHee 3HauYeHHe BEJHYHHBI [ BEIpasHTCA Tenepb $op-
MyJo# BHAa

f:Z wmnfnm- (5:4)

mn

COBOKYNHOCTb BeJHUHH @Wpm, (BOOOILE TOBOPS, (PYHKUHHA BpeMeHH)
M IpelcTaBJasieT COO0H MATDHUY IJIOTHOCTH B 3HEPTETHUYECKOM INpel-
CTABJeHHH, B CTATHCTHKE €€ HA3blBAWT CTATUCTU4CCKOL MATpU-
yelil).

Ecau paccmaTpuBaTh Wm, KaK MAaTPUYHbIE 3JIeMEHTHl HEKOTO-

POTO CTATUCTUYECKO20 ONEparopa W, TO CYMMa 2, Wmnfam OYAET
n

JHaroHaJbHBIM MAaTPHYHHIM 3J€MEHTOM MNPOH3BENEeHHS ONepPaTOpPOB
@f, a cpelHee 3HAUYeHHe | HANMUIETCS B BHAe cadefa (CyMMbl AHAro-
HaJbHBIX 3J1eMEHTOB) 3TOT0 ONnepaTtopa

f =2 (@f)u=Sp (@), (5,5)

Takas dopma 3anucu obJjajaeT Tem [PEHUMYIECTBOM, YTO JaeT BO3-
MOXHOCTb IIPOH3BOJAHTH BBIYUHUCJEHHS C NOMOLIBX IIPOH3IBOJLHOLO
IIOJTHOTO HaGopa B3aHMHO ODPTOTOHAJ/JLHBIX H HOPMHUPOBAHHBIX BOJ-
HOBBIX (QYHKUHMH: cJjel ONeparopa He 3aBHCHT OT BblOOpa CHUCTEMBI
QYHKLUHHA, MO OTHOWEHHIO K KOTOPBIM OfIpefefsiioTcd MaTpHuHbIe
saneMenTsl (cM. 111, § 12).

') Mbl roBopuM 006 3HepreTHuYecKOM IMPeICTaBJeHMH, TaK KaK HMMEHHO OHO
06bluHo mpHMeHsieTcs B craTHcTHKe., OAHAKO 10 CHX MOP MB €llle Hurje He BOC-
NOJb30BAJHCh HEeNOCPeACTBEHHO TeM, YTO P, — BOAHOBbE PYHKUHKM CTAUHOHAPHLIX
cocTOAHHN. $ICHO MO3TOMY, 4TO TeM JKE€ CaMhM Cnoco60M MOXKHO OnpedesHTh
MAaTPULY IJIOTHOCTH NO OTHQUWIEHHIO K JiIoGoit MNoOJHOH cHcTeMe BOJHOBBIX
GhyuKuUi.

Yxka)keM Takxe, uyTo OOGBYHAA KOOPJAMHATHAast MaTpulla njaotwoctd p(g, ¢')
(cm. III, § 14) BeIpaXcaercs 4epes MaTPHUY @Wm. (HOPMYJIOH

(g, ¢)Y=), @, (g) ¥, ().



AHanornueslM 06p330M BHAOH3MEHHAIOTCHA H ,U.pyr‘H'e KBaHTOBO-
MeXaHHYeCKHe BbBIpaxeHHsA, B KOTOPBIE BXOAAT BEJHYHHbI Cn, — BCS-
Kufl pa3 NPOU3BENeHHS ¢, HOJKHB 3aMEHATHCH HAa «ycpelHeH-
Hple 3HAYCHHAY Wmn:

*
Cnc.m—}wmn.

Tak, BepOATHOCTh MOACHCTEME HAXOAHTBCH B N-M COCTOSHUM OYIET
pPaBHA COOTBETCTBYIOLIEMY AHATOHAJAbHOMY 3/eMeHTY W,, MaTPHIbI
NJOTHOCTH (BMECTO KBaJpara -MOAY/S C;Cn)- OueBHAHO, YTO' 3TH

9JIeMEHTBl, KOTOpPble Mbl 6yAeM 0003Ha4aTh HHXKe IOCPEACTBOM W,
BCETLa IOJIOKHTENbHB

W, =W,, >0 (5,6)
¥ YHAOBJETBOPSIIOT YCJAOBHIQ HODMHPOBKH

(COOTBei‘CTByromeMy ycaoBHIO .| ¢, = 1).
' n

Heo6x0AHMO MOAYEPKHYTb, 4YTO YCpPeJHEHHe IO Pa3/IHYHBIM
$-COCTOSHUAM, KOTOphle MBI BBeJH C LEeJALIO CAeJaTh HArJIAAHBIM Ile-
PEX0J OT NOJHOTO KBAHTOBOMEXAHHYECKOTO OMHCAHHA K HENOJHOMY, -
MMeeT JIHIL BecbMa YCJOBHBIA cMBlca. B vacTHOCTH, 6BlI0 OBl CO-
BCPLIEHHO HenpaBUJbHBIM CUHTATb, UTO OMHCAHHE C MOMOILBID MaT-
PHLBI IIJIOTHOCTH COOTBETCTBYET TOMY, YTO NOACHCTEMa MOXKeT C
PA3NHYHBIMK BepOATHOCTHMH HAXOALMTbLCH B Pa3JHYHBIX P-COCTOA-
HYAX, a NPOH3BOAHMOE ycpelHeHHe €CTb yCpedHeHHe MO 3THM Be-
POSITHOCTSIM; TaKOe yTBep KAeHHe BOOOUIIe NPOTHBOPEUYHJI0 GBI OCHOB-
HbIM MPpHHUHIAM KBaHTOBOH MeXaHHKH. _

CoCTOSAHHA KBAHTOBOH CHCTEMBl, ONUCHLIBAIOLIHECH BOJHOBBIMH
bGYHKUHAMH, HHOTJA HA3bIBAKT HUCTHIMU COCTORHUAMUI B OTJHYHE
OT CMELIOHAHbLX COCTOAHUE, ONUCHIBAOUIUXCA MaTpHUeH NJOTHOCTH.
Cuoenyer, oiHaKo, npefocTepedyb OT HENPaBUJALHOTO MOHHMAHHS IO-
CAeJHHUX B YKa3aHHOM BhIlie CMBLICJIE. '

YcpenHeHHe ¢ MOMOLUBIO CTATHCTHYECKOH MaTpHUBI, ONpelelsie-
Moe opmyqaoit (5,4), uMmeer ABOsAKYI npupony. OHO BKJIOUYaeT B
ce6 KaK ycpelHeHHe, CBSI3aHHOe C BEPOSITHOCTHBIM XapakTepoM
KBAaHTOBOTO ONMUCAHMs — Aa)e HauboJee NOJHONO — camoro 1o cebe,
TaK ¥ CTATHCTHYECKOE ycpelHeHHe, HeO6XOJHMOCTE B KOTODOM BO3-
HHKAeT B Pe3yJbTaTe HEMOJHOTH HALIMX CBeleHHH O paccMaTpHBae-
MoM OoO0beKTe. B cnyuae 4MCTOrO COCTOSIHHS OcTaeTcs JIMWb MepBOe
yCpeHeHHe, B CTATHCTHYECKHX JKe CJAyuasX BCerfia NMpUCYTCTBYIOT
o6a snemeHta ycpeiHeHusa. Heo6xoaumo, OAHAKO, HMETb B BHAY,
YTO 3TH 3JeMeHTHl OTHIOAb He MOTYT ObIThb OTHEJeHBl APyl OT ApY-
ra; Bce ycpelHeHHe NPOH3BOAUTCA eAHHBIM 00pa3oM, M ero HeBO3-
.MOXHO NpeICTaBHTh KaK Pe3yAbTAT NOCAeL0BaTEbHO NIPOU3BOAUMEIX



YUCTO KBAHTOBOMEXAHHYECKOrO M YHCTO CTaTHCTHYECKOTO ycpen-
HEHHUH.

CraTHCTHUecKasl MaTpHLLA 3aMEHfieT B KBAHTOBOH CTaTHCTHKE
QYHKUWIO pacnpeleleHHS] KJaCCHYECKOH CTAaTHCTHKH. Bce cxasaH-
HOe B IMpeAblAYILIUX Naparpagax NPUMEHUTeJbHO K KJacCHYecKOH
CTATHCTHKE IO NOBOAY NPaKTHUECKH ONpefeJeHHOr0 Xapakrepa Je-
JaeMbiX €10 NpelCKa3aHu# NOJHOCTBI0 OTHOCHTCS M K KBAHTOBOH
craTHcTHKe. M3noxeHnoe B § 2 A0Ka3aTeNbCTBO CTPEMJEHHS] K HY-
Jio (0pH yBETHUEHMH YMCJAa YacCTHL) OTHOCHTE/bHBIX (DJAYKTyalHi
aAAHTHBHBIX (H3HUECKHX BeJHUYHMH BOOOIIE He HCIOJb30BAJO Ka-
KHX-JIM60 ocobeHHOCTeH, clelHPHUECKHX IJa KJIaCCHYECKOH Mexa-
HUKH, M INOTOMY IIOJTHOCTbIO OTHOCHTCSI ¥ K KBAaHTOBOMY CJyualo.
Mu MoxeM, cjefOBaTe/NbHO, NO-NPEXHEMY YTBEpPXJAaTb, YTO Ma-
KPOCKOIHYECKHEe BeJJHUHHBI OCTAIOTCA NMPAKTHYECKH PAaBHHIMH CBOHUM
CpeAHHM 3HAUEeHHSM.

B kJaaccuHueckod cTaTHCTHKeE (PYHKUHMS pacnpefesedus p(p, q)
HelnoCpPeACTBEHHO JAaeT pacnpeflelleHHe BepOSITHOCTEH pas3JMYHBIX
3HaueHHH KOOpPAMHAT M MMIYJ/JbCOB YacTHIl TeJa. B KBaHTOBOH Xe
CTATUCTHKE 3TO He TaK: BeJHYHHB @, JAlOT JHIUb BepPOSITHOCTH
Ha#TH TeJO B TOM HJHM HHOM KBAaHTOBOM COCTOSIHUH, 6€3 BCSKOTro
HellOCPeCTBEHHOr0 YKa3aHHA Ha 3Ha4yeHHA KOOPAMHAT HAU HM-
MyJibCOB YacCTHII. !

B cuny caMo# IIpHPOLBI KBaHTOBOH MeXaHHKH, B OCHOBaHHOH Ha
Hell cTAaTHCTHKE peYb MOXET MATH JIMIIb O HaxOXKIAEHHUM pacnpeje-
JIEHHSI BepOSiITHOCTEH MHJI KOOPAHMHAT HJAM HMIYJIbCOB B OTACABHO-
CTH, @ He Tex M LPYCHX BMECTE, NOCKOJbKY KOOPJAHHATH U UMIYJb-
Chl YACTHUBI BOOOUIe He MOTYT OJHOBPEMEHHO HMeTh OlpefeseHHBIX
3HaueHui. MckoMble pacnpegesneHust BepOSITHOCTEH HOJIKHBI YUHUTHI-
BaTh KakK CTAaTHCTHYeCKYO0 HeONpeleleHHOCTb, TAK H HeOolpeleJseH-
HOCTb, NPHUCYILYI KBAHTOBOMEXAHHWYECKOMY OMHCAHHIO cCaMOMy IO
cefe. Ins HaxOKAeHHUA 3THX pacnpeleseHHH CHOBA BOCNOJb3yeMCH
NpUMeHeHHEIM Bhlile crocofoM paccyxaeHdd. [IpennosoxuM cHa-
yaJja, yTo TEeJO HAXOAUTCHA B YUCTOM KBAHTOBOM COCTOSIHUH C BOJI-
HoBO# dyukuueii (5,1). Pacnpenesenne BepoATHOCTeH ANA KOOPAH-
HaT onpejensieTcsl Ip¥ 9TOM KBaJApaTOM MOLYJS: '

0P =2 2 cie, Wby,

TaK 4TO BePOSITHOCTE KOODAMHATAM HWMETh 3HAYEHHA B HAaHHOM HH-
dg = dgq\d d aBHa dw, = |V|3dg. TI

TepBaJe aqg qiage ... 4Ag4s P q qg. epexon K

cmema}momy COCTOAAHHIQ NMPOH3BOIHUTCS nyTeM 3aMeHBl NIPOH3Befe-

HUlL C .C,. 2JeMEHTAMH Wmn CTaTUCTHYECKOH MAaTPHIK, B pe3yJib-

taTe yero |{|2 mepexoqHT B CYMMy

; ; wmnw:tlpm'



Ho no onpefiefeHHI0 MAaTPHYHLIX 3JeMEHTOB MOXHO HaIlHCATh:

2. W == Dy,

Z Z w, Py = Z lb;tfvlb,,

TakuM 06pasoM, HaXOAHM CJEAYIOUYI (OpMYJIy AJs pacnpe-
JieJleHHsl BEpOATHOCTel MO KOOpAHMHATaM:

dwq == Zﬂ: PP - dg. (5,8)

[TosToMy

B HanucaHHOM B TakOoH ¢oOpMe BBbIpa)X€HHH MOXKHO I[0Jb30BAThCH
B KauecTBe (QYHKUMH 1P, JIOO0H NOJHOH CHCTEMOH HOPMHPOBaHHKIX
BOJIHOBBIX (PYHKUHH.

anee, onpeneaum pacnpeneneﬂue BEPOSITHOCTEeH HOJA HMIMYJb-
coB. KBanTOBEIE COCTOSIHHSA, B KOTOPHIX BCE MMIYJbCHl HMEKT OIpe-
JeJleHHbIe - 3HAUeHHA, COOTBETCTBYIOT CBOOOLHOMY JHBHXKEHHK BcCeX
yacTdl. O603HAauYMM BOJIHOBBIE (YHKUHH 3THX COCTOSHUH mOCpex-
cTBOM Yp(g), FAe HHIEKC p YCJAOBHO 0603HAYAaeT COBOKYNHOCThL 3Ha-
YeHHH BCEX HUMNYJabcOoB. Kak MBI 3HaeM, AHAaroHa/bHbIE 3/E€MEHTHI
MaTpUlbl [JOTHOCTH IPEACTABJASIOT COO0H BEDPOATHOCTH HaxOoxe-
HWS CHCTeMbl B COOTBETCTBYIOLUIMX KBAaHTOBBIX COCTOSIHUAX. [loaTo-
MYy, OIpeles B MaTpHILY IIJIOTHOCTH MO OTHOWIEHHIO K CHCTEME C])YHK-

UMH Pp, Mbl NOJYYHM HCKOMOE pachnpelejeHHe BepOSATHOCTeH [/
HMIYJbCOB 10 dopmyse!)

dw, =w, dp=dp- S v dv dg, (5,9)

rue dp—dpldpz .- dps
JlroGoneiTHO, 4TO 06a pacrnpeieseHus — N0 KOOPAMHATAM H IO

UMIYJAbCAM — MOTYT OBITb MNOJYUeHHl "MHTerpUpOBaHHeM OAHOH H
TOH Xe PYHKUHH

I(g, p)=",(q) @V, (). (5,10)

[TIpounTterpupoBan ee no dg, Mbl NOJYYHM pacrpefeleHde 10 HM-
nyascam (5,9). VIHTerpupoBaHnue e 1no dp Kaet

dw,—dq - \ ¥} () o, (9) dp (5,11)

B corjiacku »c obwuM onpefesendem (5,8). OTMeTHM TakKe, 4TO
¢Gyukuusa (5,10) moxer O6bITh BbIpax(eHa yepe3 KOOPAWHATHYIO MaT-
puLy nJOTHOCTH p(¢g, ¢') corsaacHo

g, D=4, 0@ ¢)v,@)d7. (5,12)

1) OyHKUHH YPp(g) -— NIOCKHe BOJHE B KOH(GUrypaUHOHHOM NPOCTPaHCTBE
CHCTEMBLI; OHM TIPEAMNOJNAaraloTCid HOPMHPOBAHHLIMH Ha §-QYHKIUHH Becex WMNYJILCOB.




[lonyepkHeM, OAHAKO, UTO CKa3aHHOE OTHIOAb HE O3HAYaeT, 4YTO
byukuuo /(g, p) MOXHO paccCMaTpUBATb KakK pachpejefeHHe Be-
POATHOCTEH AJA KOOpPAHHAT W MMIIYJbCOB OAHOBPEMEHHO; HE roBOpA
yXC O TOM, YTO ‘TAaKass TOMKA 3pEHUs BOOOLIEe NMPOTHBOpEYUNA Obl

OCHOBHHIM I[PUHLHIAM KBAaHTOBOH MexaHHKH, BbipamxeHue (5,10)
KOMIJIeKCcHO !).

§ 6. CraTtucTHYecKoe pacnpepeneHHe B KBAHTOBOH CTaTHCTHKe

B KBaHTOBO# MexaHHKe MOMXHO AOKa3aThb TeOpeMy, aHaJIOTHy-
Hy1o TeopeMe JIMYBHJLIA, NMOJyYeHHOH B § 3 Ha OCHOBAHHM KJACCH-
yeCKOH MeXaHHKH.

15 3TOro BhIBellgM NpedBapuTe/ibHO ofllee KBAaHTOBOMEXaHH-
yecKoe ypaBHeHHe, onpeaensioulee NPOH3BOAHYIO MO BPEeMEHH OT
CTATMCTHYECKOH MAaTpHIbI 10008 (3aMKHyTOH) cHcrembl?). Cuaenys
MeToAy, IpUMeHEeHHOMY B NpelblAYILIeM naparpage, OpellioJOXHM
CHAuaJa, YTO CHCTEMA HUXOAUTCH B YHCTOM COCTOSIHHM C BOJTHOBOH
¢yHKIHeHR, npedcTaBIcKHOH B Buae paga (b,1). Beuay 3amkHyTO-
CTH CHCTeMbl €€ BOJIHOBAf (YHKUHA OYAeT UMeTb TAKOH Xe BHI H
BO Bce IOCJeNyIOLIHE MOMEHTH BpPEeMEHH, NPUYEM TOJbKO Ko3ddu-
U HeHTh ¢, OYAYT Tenepb PYHKUHUAMH BPEeMEHH, NPOMNOPLUHOHAJbLHEI-
MH MHOXHTENAM exp (—_iEnt/h). [TosTomMy uMeeM

d

?C Crm (En—Em) C:zcm

Y Beupy otcytcreus y (¢, p) npaMoro ¢u3I4ecKoro cMbic/aa ecTecTBEeHHO,
yTQ onpeleneHne GyHKuHu, obnaparleil ykasalnuag CBONWCTBaMH, HEOAHO3HAY-
Ho. Tag, pacnpelesieHHS MO ¢ K N0 p MOrYT OLITh MOJAYUeHH TeM e cnocobom
n3 Q)yHKuHH

fw(q.p)—S o(g+3a=5) o (a+5) % (1-5) & Goa

rie £ oOo3HauaeT COBOKYMHOCTb BCIOMOTATedbHEIX MNepeMeHHuhX &;, ..., Es, 2
dt = dE, ... d&s (E. Wigner, 1932). HeAcTBHTENbHO, IQCKONBKY

Vs (a4 2) 0, (- 5)ar=s (st £ g+ L) =000,

#HHTEerpaJg S Iwdp=op(gq, g). Unterpan xe S [y dgq mnociie 3aMeHbl NepeMeHHBIX

q+E2—q, g—E/2>¢q COBMNAJaeT C HHTErpaioM S I'dg. B ornnyue ot

I{q, p), dynkuua Iw(q, p) memecrsensa (B uemM Jerkc yGefHTbCs C Y4eTOM
s3pMuTOBOCTH MaTpHubl P(g,4’)), KO, BOOOlle roBOpsi, He Beaje MNOJOKHTENbHA.

?) B npeawmayweM naparpade Mbl TrOBOPDHAH O MaTpHLE MNAOTHOCTH MOLCH-
CTeMbl, HMes B BHAY ee OCHOBHHIE CTaTHCTHYeCKHe NpPHMeHeHua. Paaymeercs,
MaTpHUEHd TMJIOTHOCTH MOXeT OMHUCHIBATLCH M 3aMKHYTas CHCTeMa, Haxonfallancs
B CMEWaHHOM COCTOAHHMH.



[lepexon k CTATHCTHYECKOH MaTpHlle B o0uleM cayuae cmemaﬁﬂbm
COCTOSIHHH NMPOU3BOAUTCA TeNepb IyTeM 3aMEHH NPOH3BeldeHHi c 2Con

Ha Wmn. TaKUM 06paaom no.nyqaevvx HCKOMOE YpaEHeHHe

Z"'.vnv'r.n, h (E m) Wmn- (6:1)

IT0 ypaBHeHHE MOXHO TlepenHcaTh B OGLIEM ONepaTOpHOM BHJE,
3aMeTUB, YTO :

(En - Em) Wnp = ZI: (wmlfjln - Hm‘lwln),

rae Hmn— 3/eMeHTHl MAaTpHUBI FaMUJIbTOHHAHa H cucTembl, IHaro-
HaJIbHOH B MNDHHATOM HaMM 3HepPreTHuYeckoM rnpexacraBjeHHHd. Ilo-
STOMY

= = (0H — H®). (6,2)

(O6paTum BHUMaHHe Ha TO, YTO 3TO BbIpAXKeHHe OTJIHYAGTCS 3HA-
KOM OT O6blYHOrO KBAHTOBOMEXAHWYECKOTO BbIpaXKeHHs JJs onepa-
TOpa NPOU3BOAHOH OT BeJHYHMHBI MO BPEMEHH.)

Mgl BuAMM, uTo ANt obpalyeHUs B HYJAb NPOU3BOJHOH MO Bpe-
MCH{H OT CTATHCTHYECKOH MaTpHIlbl, ONepaTop @ A0JXeH OBITb KOM-
MYTATHBEH - ¢ FaMHW/JbTOHHAHOM CHCTeMbl. DTOT pe3yJbTaT H MNpel-
crasiasier cOO0H KBaHTOBOMeXaHHYEeCKHA aHaJor TeopeMul JIMYBUIIA:
B KJAaCCHYeCKOH MeXaHHKe TpeCOBaHHe CTAaLHOHAPHOCTH (QYHKUHH
pacnpefefieHdsi NIPUBOJHT K TOMY, 4TO @ OKa3biBAeTCA HHTErpasjsom
ABHXKEHHS; KOMMYTATHBHOCTD Ke OllepaTopa KakoH-HG0 BeJHYUHE
C TAaMHUJbTOHHAHOM KaK pa3 H SIBASETCH KBAHTOBOMEXaHHYECKHM Bbl-
paKeHHeM COXPaHAEeMOCTH 3TOH BeJIHYWHBL.

B vHTepecylolleM Hac 2HepreTHYeCKOM NpeAcTaBJeHU!! VCJIOBUE
CTaMOHAapHOCTYU OpMyJIHpYyeTcs B OCO6EHHOCTH NMPOCTO: KAK BHIHO
W3 (6,1), MaTpuna @,, AOJKHA ObiTh JHATOHAJbHON, — ONSIThL-TAKH
B COOTBETCTBHH C OOBIYHBIM MATPHUHHLIM BhIpa)KeHHeM KBaHTOBOMe-
XaHMYyeCKOH COXDaHAeMOCTH BeJWYHHH (MaTpHUa coxpaHsiouedcs
BCJYMYHHBI NPHBOAHTCH K ,ILHaI"OHaJ'IbHOMy BULY OLHOBpPEMEHHO ¢ ra-
MHJAbTOHHAHOM).

IMono6Ho TOMY Kak 3To GbIO clefaHo B § 3, MBI MOXeM TENEpb
NPUMEHUT!> NO.1yYeHHble pe3yJabTaThl K KBa3sU3aMKHYTHIM MOACHCTE-
MaM, pPaccMaTpHBas NPOMeXXYTKH BpeMeHH, B TeueHHe KOTOPBIX OHH
BeAyT cebsl C AOCTATOYHOH TOYHOCTBIO KaK 3aMKHYTHe. [IOCKOJIBKY
CTATUCTHYECKHE pacnpenenedHust (34ecb-— CTATUCTHIECKHE MATpPH-
LLI} MOACHCTEM AOJXKHH GBITh II0 CAMOMY ONPEAeSeHHUI0 CTATHCTH-
YeCKOTO DaBHOBECHS CTALLMOHAPHEIMH, TO MBI, IIpeXJAe BCEro, 3aKiio-
yaeM, 4TO MAaTPHUB Wm, BCeX NOACHCTEM AMArOHaNbHBIM!). 3agaua

!) Tlockoarky 3To yTBepKAeHHe CBA33aHO B H3BECTHOM CMbicde ¢ npeHefpe-
/KCHHEM B3aUMOJEHCTBUAMM NOACHCTEM APYr C J(PYroM, TO TOUHEE MOXKHO CKa-
3aTh, 49TQ UEANArQHANAbHBIE JIEMEHTbl @Wmn CTPEMSTCA K HYJK N0 Mepe yMelb-
IICHHS OTHOCITENBLHOH DPOJW 3THX BialiMOAeHdcTBHH, a chegoBaTesnbHO, IO MEpC
YBGAHYEHHS YHCAA uacTH B MQLCHCTEMaX.



00 onpefe/eHHH CTaTHCTHYECKOrO pacnpeieseHHs] CBORUTCH, ClelO-
BaTeJbHO, K BbIYHCJEHHIO BEPOATHOCTEN W, = Wpan, KOTOPBIE H Ipel-
CTaBJSIOT COOOH «(YHKIUHUIO paclpefiejleHUsA» B KBAHTOBOH CTaTH-
ctuke. Popmyna (5,4) Aaa cpeiHero 3HaueHMA KaKoH-1HOO BeJH-
YHHBL [ yIpolLiaeTcs M IJIACHT:

f: Z wnfrm; (6w3)
B Hee BXOAAT Tenepb TOJNbBKO JAHAaroHaJbHble MaTPHYHble 3J¢€-
MEHTBI [nn.

Iajlee, YUHTBIBAS, YTO @ HAOJIXKHO ObiTh KBAHTOBOMEXaHUYECKHM
HHTErpasoOM JBHXXeHHS H HCIOJb3ys KBa3HHEe3aBHCHMOCTb ITOJCH-
CT€M, aHaJIOTHUHO BHIBOAY ¢GopMmyJsl (4,5) HaigeM, YTO JOorapHpM
QYHKUKHH pacnpeneseHus MOACHCTEM HAOJKEH HMETb BHJA

In w!*) = a'@ 4 BE@ (6,4)

(UHAeKC g OTJMYaeT pas3JjudyHbie nofcucTeMbl). TakuM o6pas3oM, Be-
POATHOCTH @, MOCYT ObITb BBIpaXeHb! B BHAE (YHKUHK TOJbKO OT
BeJHYMHBL. YPOBHS 3HEPTHU: W, = w (£,).

Hakoxel, MOJHOCTbIO COXPAHSIIOT CBOW CHJY BCe M3JO0XKeHHbIe
B § 4 coobpaxKeHus O poJid afAHTHBHLEIX HHTelDaJlOB HABHKEHHSH, B
0COOEHHOCTH 3HEPTHH, KaK ONpelessIOIMHX BCE CTAaTHCTHYECKHE
CBOMCTBA 3aMKHYTOH cHcTeMbl. JTO CHOBa [2eT BO3MOXHOCTb CO-
CTAaBUTb AJS 3aMKHYTOH cHCTeMbl MpPOCTYI0 (QYHKLHIO pacnpefese-
HUS, NMPUrOAHYXO AJAS ONUCAHHUA ee CTAaTUCTHYECKHX CBOHCTB, XOTH
OTHIOAb U He SABJSIOUYICH (KaK H B KJIAaCCHYECKOM c/y4ae) HCTHH-
HOH (yHKUHeH pacnpefeseHus.

s marematuueckoit (OpMyJUPOBKH 3TOC0 «KBAHTOBOTO MHK-
POKaHOHHUECKOrO pacnpefeseHHsi» HAA0 NPHMEHHTb CJedyloumuH
npueM.: iMes B BHAY «MOYTH HENPepbIBHOCTb» 3HEPreTHYECKOrO cile-
KTpa MakpOCKOMHYECKHX TeJl, BBefieM MOHATHE O YHCJ/Je KBAHTOBHIX
COCTOSIHMH 3aMKHYTOH CHCTEMbl, «NPHXONSUIUXCA» Ha OIpeaeseH-
HHH GecKOHEYHO MaJiblii MHTepBaJ 3HayeHH# ee 3Heprun '). O603Ha-
YUM 3TO 4UCJO nocpeAcTBOM dI'; OHO HrpaeT 3Jech poJib, ‘aHaJo-
FMYHy10 posiu sJeMenta ¢asoBoro o6bemMa dpdg B KJacCHYECKOM
chyyae.

Ecau paccmaTpuBaTh 3aMKHYTYIO CHCTEMY Kak COCTOSILYK U3
noJgcHcTeM, npeHebperas MpH 3TOM B3aHMOAEHCTBHEM MNOCJEJHHX, TO
KaX<[0€ COCTOSIHHE CHCTEMbI B LEJOM MOXHO XapaKTepH30BaTb 3a-
NaHHEM COCTOSHMH BCeX OTIAE/]bHBIX NMOACHCTeM, W 4uCaO dI' mpei-
CTABHUTCS B BHIE NPOH3BeleHHs

dr =TT ar, 6,5)

1) Hanomuum, uto Mbl ychgoBuauch (§ 4) NOJHOCTLIO HCKJIOYATL W3 ' pac-
CMOTPEHHS HMMYJbC H MOMEHT CHCTEMbl KaK LEJ0re, AJf uero AQCTaTOYHO mpef-
cTapaaTh cefe CHUCTEMY 3aKJKOYEHHOM B TBepAbIfl <«HMK», PacCMaTPHBAEMBLIH B
CHCTEMe KOOPJHHAT, B KOTOPOH OH MOKOHTCA. :



yucesl dl'; KBAHTOBLIX COCTOSHUH NOACHCTEM (TaKHX, UTOOBI CyMMa
5Hepru#l Bcex MOACHCTEM JieXaja Kak pa3 B pacCMaTpHBaeMOM HH-
TepBaJle 3HAYeHUH SHepPrHH BCeH 3aMKHYTOH CHCTEMBI).

Mbi MoXeM Tenepb chopMyJHPOBATD MHKDOKaHOHHUECKOE pac-
npeaeseHde B BUAE, aHAJOTHUHOM KJacCHUecKOoMY BeIpaxeHno (4,6),
HaluCaB AJS BEPOSTHOCTH dw HAXOXLEHHS CHCTEMBI B KAKOM-JHOO
u3 dI' COCTOAHHA caelylOllee BhIpaXKeHUe:

dw=const- 8 (E — Ey) [] dT,. (6,6)

§ 7. OuTponus

ByaeM paccMaTpuBaTh 3aMKHYTYIO CHCTeMY B TeueHHE BpPEMEHH,
GOMBIIOrO MO CPAaBHEHHIO C ee BpPEMeHeM DpeJ/laKCalMH; TeM CaMEIM
MoApa3yMeBaeTcs, YTO CHCTEMa HaxOAUTCH B IIOJHOM CTaTUCTHYe- .
CKOM PaBHOBECHH. '

[IpoBesem HUKecJeAyWOIIHe pACCYXJeHUR cHauana AJs KBaH-
TOBOH CTATHCTHKH. PasfeNHB cHcTeMy HA OOJbIUIOE YHCAO MaKpo-
CKONMHYECKHX 4YacTed (moacucreM), OYAeM paccMaTpHUBaThk KakKylo-
au6o oaHy u3 nux. [lycts w, ecTb QYyHKUHS pacnpelelieHHs 3TO#H
NOACHCTEMBI; AJS YHNpPOUeHUust GopMysa OYAeM IOKa ONycKaThb Y @Wn
(M Apyrux BeJWUYMH) HHOAEKC, OTJvYawuuilt noacucreMs. C no-
MOUbI0 (QYHKLUHM @, MOXHO, B YAaCTHQCTH, BbIUHCJAHTL pacnpenene-
Hue BEPOSATHOCTe!H /Il Pa3JHYHbIX 3HAYEHHUH 5HepruH E noAcHCTeMbl.
Mbl BHAENH, YTO W, MOXeT ObITb HAanMCcaHO KaK (YHKIHA TOJb-
KO OT 3Heprud w,=w(E,). Iaa Toro 4TobH NOJY4YHUTb BEPOAT-
Hoctb W (E)dE nopcucteMe HMeTb 3HeprHIO B HHTepBaJde mMexnay E
u E+ dE, Hafgo yMHOXKUTL w (E) Ha uMC/I0 KBAHTOBHIX COCTOSIHHEH C
SHEPTHSAMH, JEXAaUUMH B 3TOM HHTepBaJe, MBI [TOJb3yeMcs 3J]ech
TEM XK€ MNpeAcTaB/ieHHEM O «pa3Ma3aHHOM» 3HepreTHUYeCKOM CHeK-
Tpe, KOTOpoe OBLIO BBEeJACHO B KOHLE INpeIdblAyllero naparpadga.
O6o3naunuM nocpefcteoM I'(E) unc/io KBAHTOBHLIX COCTOSHHH C 5Hep-
MMM, MEHBIUMMY M paBHHIMH E;, TOrAa HHTepecywlllee Hac 4ucjao
COCTOSIHUHA ¢ sHeprued Mexny E m E + dE MOXHO HamKcaTb B BHAE

dT (E)
——5— dE,

a pacnpepeJieHHe BepOATHOCTEH IO 3HEpPTHH OGyAeT

dT (E
W (E) =57 w (). 7,1)
YclIoBHE HOPpMHPOBKH
\ W (E)dE=1

O3Ha4aeT reOMETPUECKH, 4TO MJOLab, 3aKJI0YeHHAA O/ KpUBO#H
W = W (E), paBHa eAUHHIE.



B cooTBeTCTBHH C OOIIHMH yTBepH{J_LeHHﬂMH cAacsanHbiMKu B § 1,
dbyrkuus W (E) uMeeT upesBbyaiito pPesKHi MaKCHMYM NpH E= F
OYAYUYH CKOJbKO-HMOYAb 3aMETHO OTJIMUHOH OT HYJf JHIIb B Hemno-
CpelCTBeHHO} O/1M30CTH OT 3TOH TOUYKH. BBeieM «WIMpHHY» AE KpH-
Boii W = W (L), onpenesuB ee KakK LIHPHHY NPSAMOYTOJbHHKA, BbI-
cOTa KOTOpPOro paBHa 3HaueHU (yHkumu W (E) B TOUKe MaKCH-
MyMa, a Jomajnb paBHa eguHHLe: '

W (E)AE=1. (7,2)

IlpunumMan Bo BHMMaHHe BhIpaxkeHve (7,1), MOXKHO mepenucaTb
5TO ONpejeseHue B BUJe

w(E)Al =1, (7,3)
rae
dT (E)
AT == AE (7,4)

ecTb YUCJO KBAHTOBBIX COCTOSIHUH, COOTBETCTBYIOIlee HHTepBaay AE
3HaueHH# sHeprud. O6 onpenesieHHOl TakuM o6pa3oMm BesnuHHe AT
MOJKHO CKa3aTb, YTO OHa XapakTepH3yeT «CTelleHb Pa3Ma3aHHOCTH»
MaKpPOCKONHYECKOrQ COCTOAHHS MOACHCTEMHl IO ee’ MHKPOCKOINHYe-
CKHM cocTosiHusM. UTo e kacaercs unTepBana AE, To no .nopsiaky
BEJMYUHBI OH COBNajaer co cpefHe#l dJaykTyauHed SHepru¥ NOJCH-
CTeMBI.

CnesanHble onpefe/ieHUs HEHOCpEﬂCTBeHHO epeHocATcs B KJac-
CHYECKYIO CTATHCTHKY, HO TOJIbKO BMECTO (PyHKIIHH w (L) vano ro-
BOPHTb O KJaCCHUEGCKOH (QYHKUHH pacnpejejens p, a smecro Al —
06 obGbeMe yuacTka (a3oBOro NpOCTpaHCTBa, olpehejseMoM ¢op-
MYJIOH

o(E)ApAg=1. (7,5)

®a3zosnil 06veM Ap Ag ananorHuno AI' xapakrepu3yeT pas3Mmepbl
TOM o6JiacTH (a30BOro MNpPOCTpPaHCTBa, B KOTOPOH JaHHasi I[OACH-
cTeMa NPUBOAMT NOYTH BCE BpeMH.

He npexcraBasieT TpyAa yCTaHOBUTb cBSIsb Mexay ATl u Ap Aq
IpH NpeAesbHOM Tepexojfe OT KBAHTOBOH TEOpPHH K KJaCCHYECKOH.
Kak ussectno (cm. III, § 48), B KBa3HK/AaCCHUECKOM CJjydae MOIKHO
YCTaHOBUTb ONpeje/ieHHOe COOTBeTCTBHe MeXay ofbeMoM KaKo#-
JH60 06JsacTyn ¢$aszoBOro NpOCTPaHCTBa U «MpHXOLSALIHMCA» Ha HEro
YUCJAOM KBAHTOBBIX COCTOSHHH; MMeHHO, MOXHO CKa3aTb, 4YTO Ha
Ka){Jjoe KBaHTOBOe COCTOSIHME IMPHXOLUTCS B cl)asoBOM NpocTpaH-
CTBe KJeTKa ¢ o6bemMoM (2mh)° (s— uHcsa0 cTeneHeil cBobojbl CH-
CTeMBbl). HoaTomy SICHO, YTO B KBa3MKJACCHUYECKOM CJyuyae YUCJIO
cocTossHUH Al MOXKHO HandcaTtb B BHIE

Ap Ag

Al'= (2rnm)s *

(7,6)



rae §— YMCJAO cTeneHed .cBoBoAbl AaHHOH MoAacHcTeMbl. Dta ¢(op-
MyJia H yCTaHaBiuBaeT UCKOMoe cooTBeTcTBHe Mexay A u ApAg.

Besuuuny AT Ha3HBAOT cTATUCTUYECKUM BeCOM MAKPOCKONHYe-
CKOM'0 COCTOSiHMS NOACHMCTEMBI, a ee Jorapudm

S=InAT (7,7)

HA3bIBAKOT 3H,Tp0flu€11 noagcHcTeMbl. B kaaccHueckoM cJyuae 3HTPO-
[THd ONMpenessieTCd, COOTBETCTBEHHO, BbipaXK€HHEM

Ap Ag
OnpenesneHHas TakuM 006pa3oM SHTDOINMS, KaK H CaMbli CTaTHUCTH-
uecKkH# Bec, ecTb 6Ge3paszMmepHas BeaHuydHa. [locKoJbKy u4uc/ao co-
cTrosiHuil AT' BO BCSAKOM c/ydae He MeHblle eJMHHIIB, TO SHTPONUA He
MoXeT OHTbL OTpHuaTesbHOH. [loHATHE SHTPONHH — OHO M3 BaX-
HEHILIMX B CTATHCTHKE.

YMeCTHO OTMeTHTh, HTO eCJH OCTaBAThbCS LEJHKOM Ha TIO3HIHSX
KJAaCCUYeCKOH CTAaTHUCTHKH, TO HHKAaKOTO NOHATHA O «YHCJAe MHKpPO-
CKOMUUYLCKHX COCTOAHWHY BOOOLIe HeNb3si BBECTH, M Mbl ObAH OB
MPUHYXAEHb! ONpPEeAeJHTh CTATHCTHYECKHE BeC NPOCTO KakK BeJHUHHY
Ap Agq. Ho sta BeiuuuHa, KaKk M BCAKHH oO6beM ¢a3zoBoro mpo-
CTP2HCTBA, HMEET pa3sMepHOCTb MPOH3BEAEHHS § UMMYJbCOB H CTOJb-
KHX K€ KOOpAHHAaT, T. e. pasMepHOCTb S-H cTemeHd AeHcTBHSA:
(spr-c)s. DHrponusi, onpegeseHHas kak InApAg, umena 6nl npu
5TOM cBO€oOpa3Hylo pa3MepHOCTb Jorapucdma aefcTBHs. ITO 3Ha-
YWT, 4TO NPH H3MeHeHHH EAHHHL AeHCTBHUA SHTPONHS H3MeHHJacb
Obl Ha AJAMTHBHVIO [OCTOSHHYI: eC/JH H3MEHMTb eJUHHUIY AeHcT-
BUA B a pas, To ApAg mnepefiper B aApAg, a InApAg—n
InApAg+ sina. TlosToMy B 4YHCTO KJAACCHUECKOH CTaTHCTHKE 3H-
TPONHUS NpeAcTaBJsieT cOO0H BeJUUUHY, ONpeleseHHYI0 JHIb ¢ TOU-
HOCTBKO A0 aAJAUTHBHOH INOCTOSIHHOH, 3aBHCsLleH OT BbiGOpa-edHHUI.
OJHO3HAaYHBIMU. BeIUYHHAMH, HEe 3aBHCAIUIHMU OT Bhi6Opa eIUHHI,
SIBJSIIOTCS [IPY 3TOM JIMUIb Pa3HOCTH SHTPONUM, T. €. H3MEHEHUs 3H-
TPONMU NPH TOM HJH MHOM IIpOLIECCE.

C 5THM OGCTOSTEJbCTBOM H CBS3aHO IOSIBAEHHE KBaHTOBOH MO-
CTOSIHHOH /A B onpepesieHHd (7,8) auTponud aJis Kjaaccuyeckol cra-
THCTHKH. JIMUIb NOHATHE O uyMcAe AUCKPeTHHBX KBaHTOBHIX COCTOS-
HHH, HeM306eXHO cBA3aHHOoe C OTJAHMUYHOH OT HyJsA KBaHTOBOH IO-
CTOSIHHOH, MO3BOJIfieT BBeCTH 6e3pasMepHBIl CTaTHUCTHUeCKHH Bec H
T€M CaMbiM ONpeae/JUTb SHTPONHIO KaK BIOJHE OJLHO3HAYHYIO .BeJU-
YUHY.

HanumeM onpeneseHse 3HTPONHH B APYrOM BHIe, BbIpa3HB ee
HEMOoCpeACTBEHHO yepe3 ¢YHKUHMIO pacnpendeneHus. CorsiachHo (6,4)
Jorapu@m (QYHKUHH paclpefe/leHHsi NOACHCTEMEl MUMEET BHJ

Inw(E,) =oa -+ BE,.



Beuay MHHEAHOCTH 3TOTO BbipaXKeHus Mo L, BeJHUHHA

Inw (E) =a+ BE

MoxeT ObIThL HanucaHa M Kak cpefHee 3HayeHue {Inw(E,)>. Ilo-
stoMy aHTponHio S = InATl' = —Inw(E) (coraacuo (7,3)) MOXKHO
HanucaTh B BHJe

S= —{nw(E,)), (7,9)

T. € MOXHO ONpelaeJHTb SHTPONHIO- KaK (B3aTOe ¢ 06paTHBIM 3Ha-
KOM) cpeaHee 3HaueHWe Jorapudma (YHKUHH pacnpefesieHHds MOJL-
cuctembl. [lo cMblcsly cpeaHero 3HayeHUsi HMeeM

S=— ) w,lnw,; (7,10)

3TO BhIpaXKEHHE MOXKHO HANHCaTh B O6LIEM ONEpPaTOPHOM BHIE, He
3aBHcsilleM OT BbIGODa CHCTeMbl BOJIHOBHIX (PYHKLUMH, C MOMOILBIO
KOTODBHIX OMNpeAessiOTCst 3JeMeHThl CTaTUCTHYECKOH MaTpHUBI!):

S=— Sp (@ n B). (7,11)

AnasiornyHsiMm 06pasoM B KJacCHYeCKOM CTaTHCTHKE omlpejele-
HHe, SHTPONHH MOXKeT 6bITb HANIHCAHO B BHAE

$=—(n[@n)yoly=—\pIn[@nnyoldpdg.  (7,12)

BepueMcs Temnepb K 3aMKHYTOH CHCTeMe B Ile/ioM, H mycTb AT,
AT, ...—cCTaTHCTHYECKME Beca ee pasJH4YHbIX NoAcHcTeMm. Ecau
Ka)jas U3 MOJCHCTEM MOXeT HaxoAuThcsi B ogHoM H3 Al'g KBanTO-
BbIX COCTOSHUH, TO 3TOMY, OYEBHAHO, COOTBETCTBYET

AT =[] AT, (7,13)

pPasJ/JHYHLIX COCTOSIHHM CcHCTEMBbl B' IeJJloM. JTa BeJMYHHA Ha3H-
BaeTcsl CTaTHCTHYECKHM BecoM, a ee Jorapugpm — sHTponded S
3aMKHYTOH cHcTeMbl. SIcHO, yTO

S=).8S,, (7,14)

T. €. 'onpeneneHHhﬂ TaKHM 06p330M SHTPONHSA siBJisieTCS BeJHYHHOH
aJIuTHBHOM: SHTPOMUS CAOKHOH CHCTEMbl PaBHA CyMMe SHTpOMU#
ee yacrell.

Hasi sscHOro noHMMaHHs crnocofa ONpeaeseHUsi SHTPONMH BaXKHO
HMETb B BHAY cJeaywllee 06CTOATENbCTBO. JHTPONHIO 3aMKHYTOM

1) Oncparop In@ B coOTBeTCTBUHH ¢ OOLIMMH NPABHIaMH HaA0 NOHMMATbh Kak
onepatop, coficTBeHHbie 3HAYEeHHA KOTOPOro PaBHbI JorapHmam CcoOCTBEHHbIX
3llaueHHd " onepatopa @, a coGcTBellHble QYHKUHMH COBMNAfAlOT C COGCTBEHHBIMH
QYHKUHAMH NOCACHHErO.



cucTeMbl (MOJIHYIO 3HEPTHIO KOTOPOH ofosnauuM Kak Eg), Haxons-
Iefcs B IOJHOM CTATHCTHYECKOM DaBHOBECHHM, MOMHO ONpPEAE/NHTDb
H HelmoCpejCTBEHHO, He Npuberas K pasiefieHUr CHCTeMbl Ha MOA-
cucteMbl. [as sToro npejcrasum cebe, 4TO paccMaTpuBaeMas CH-
cTeMa siBAsieTcsi B AefiICTBHTENbHOCTH JHIIb MaJoH 4acTb0 HEKOTO-
poH BooOparkaeMoll oueHb OoJblIOH cHcTeMBl (O KOTODOH B 3TOMH
CBSI3M TOBOPST KaK O Tepmocrare). TepmocTaT npeanoJaraercs Ha-
XOAALMMCS B NOJHOM DABHOBECHH, IIPHYEM TAKOM, YTOOBI CpelHss
2HeprHs Hallledl CHCTeMbI (ABJSIOLIEHCS Telepb HEe3AMKHYTOH MOA-
CHCTEMOH TepMOCTaTa) KaK pa3 CoBMajaJia C UCTUHHBIM 3HAUYEHHEM
svepruu Eq. Torma moxxHO ¢dopMasbHO NMpHIHCAThb Hallled cHCTeMe
(byHKUHIO pacnpejesieHdsi TOro e BHAa, YTO H JJisi BCAKOH ee MNOJ-
CHCTEMBI, ¥ C IIOMOUILIO 3TOrO paclpefeseHusi ONpPEeAe/NHTbL ee cTa-
THCTHYecKMH Bec ATY, a ¢ HUM H 3HTPOIIMIO, HENOCPEACTBEHHO 10 TeM
Ke dopmynaMm (7,3—12), KOTOpBIMH MBI NO/Nb30BAJKCH AJISE MOKCH-
cTeM. $ICHO, YTO HaJIMYyHe TepmocTaTa BOOOIle He CKa3blBaeTcs Ha
CTATHCTHUECKHX CBOACTBAX OTAEJbHBIX MaJblX uacTedl (nmoaecucrem)
Halled CHCTEMBbI, KOTOpble U §e3 TOro He 3aMKHYTHl M HAXOASTCH B
PABHOBECHH C OCTa/bLHBIMK YacTAMH cHCTeMbl. [losTOMY HalHuHe
TepMOCTaTa He H3MEHHT CTaTUCTHUecKHX BecoB Al'; 3THxX vacrefl, u
onpejAeNeHHbI! TOJBKO YTO YyKa3aHHBIM clocoboM CTaTHCTHUYECKHH
Bec OyAer cosnafaTb C MpPEXHHM ONpele/eHHEM B BHAE NpOHU3Be-
nenusi (7,13). :

o cux nop Mbl NpeanoJaraji, 4To 3aMKHyTas CHCTeMa Haxo-
JAUTCS B TOJHOM CTAaTHUCTHYECKOM paBHOBecHHM. Temnepb cieayeT o6-
O6UIUTh CAelaHHble ONpeAe/eHHs Ha CUCTeMbl, HaXxOAdAllHecH B TpO-
H3BOJIbHBIX MAKPOCKONMUECKHX COCTOSHUSIX (HENOJIHHIX paBHOBE-
CHSX).

Hrak, npeanosoxum, 4TO CHCTEM3 HaXOAHTCA B HEKOTOPOM
HemOJHOM paBHOBecHH, H OyldeM paccMaTpPHBATb ee B TeyeHHe IpO-
MEXYTKOB BpemMeHU Af, Ma/blX 110 CpaBHEHHMIO CO BpeMeHeM pedlakK-
CaiUMM NOJHOTO parHOoBecHsi. Toraa Agsi oIpeaeseHUss SHTPONUH
Hago MNOCTYIHTb cJeAyoliHM o6pasoM. Paspfe/HM MbICJAEHHO CH-
CTeMy Ha YacTM, HAacCTOJbKO MaJble, YTO HUX COBCTBEHHHIE BpeMeHa
peflakcallud OKasajucbh Obl MaJjibIMM 10 CPaBHEHMIO C IIPOMEXYT-
KaMu BpeMeHH A{ (HalnoOMHHMM, YTO BpeMeHa peJiaKcallMH, BoOOLIe
roBOpSi, YMEHbIIATCSA C YMeHbLUIeHHeM pa3MepoB CHCTeMbl). Takue
MOACHCTEMBI MOXKHO CYHTATh HAaXOASIIIMMHCH B TeueHHe BpemeHu Af
B HEKOTOpPbIX CBOHX YaCTHbIX DPaBHOBECHSX, ONMCHIBAKLUIHXCHA OINpe-
JeleHHBIMH (YHKUMAMH pachpepesedds. [Io3ToMy K HUM MOXKHO
NIPpHMEHHTH NIpeXkHee olpefesieHHe craTUCTHYecKHX BecoB AT, H, Ta-
KHM 06pa3oM, BHIUMCIUTb HX IHTpONHH Sg. CratHcTuueckHid Bec AT
BCel cHUCTEeMbl ONpeleNsieTcsi 3aTeM Kak npoH3BeseHHe (7,13) =,
COOTBETCTBEHHO, SHTpPOMNHsA S -——KaK cymMMma 3HTponuil S,.

HO,LU—IEPKHEEM OJLHAKO, YTO SHTPOINHS HepaBHOBECHOH CUCTEMHBI,
onpépeneHHas TakKUM oOpa3oM KaK CyMMa 3SHTPONMUHA ee yacTeH



(YLOBJETBOPSHIOUIMX TOCTABJIEHHOMY BHILIE YCMOBHIO), HEe MOMKET
ObITb Temepb BHIYHC/AEHA C MOMOLIBIO MpPeACTaBJAeHHS O TepMOCTaTe,
6e3 pasze/ieHUsa CHCTEMbl Ha 4acTH. B To »xe Bpems 3To onpepgeJe-
HHe BIIOJIHE OJHO3HAaYHO B TOM CMBbICJE, YTO AaJjbHefilllee pasieJe-
HHe TOACHCTEM Ha eme OoJsee MeJKMe YacTH He H3MeHHT 3HayeHHs
SHTPOIMH, NMOCKOJ/bKY Kaxaas MoACHCTEMa YXXe HaXxOAMTCA cama Io
cefe B CBOCM «IIOJIHOM» DaBHOBECHH. |

Crnenyer B 0co6eHHOCTH OOpaTHTb BHHMaHHe HAa pPOJIb BpeMeHH
B OMNpeeJeHHH SHTpOHHH IJHTPONUSI ecTh BeJHUYHHA, XapaKTepu-
3ywlilas cpelHHe CBOHCTBA TesJa 3a HEKOTOPhIl OT/IHYHBLIA OT HYJA
NpoMeXyToK BpeMeHHd Af. 3agaB Af, Mbl AOJXKHBI A5 OTNpeJeeHust
S MBICJEHHO pa3fe/iUTh TeJO Ha 4acTH, HACTOJBKO MaJble, YTOObI
X COOCTBeHHbie BpeMeHa pejakcaudyd OblJM MaJjbl [0 CPABHEHHIO
c At. TTockoJibKy B TO e BpeMs 3TH YacTH M CaMHU [AOJIKHBI OBIThH
MaKpOCKONIHYEeCKHMH, TO $iCHO, YTO AJH CJAULIKOM MaJbiX HHTepBa-
JioB A{ NOHATHe SHTPONWH BOOOIIE TepseT CMbICJ; B UYacCTHOCTH,
HesAb3d FOBOPUTb O MFCHOBEHHOM €€ 3HaueHHH. ‘

flaB, takuMm o6pas3om, [OJiHOe OfpejaesieHHe 3HTPONHH, obpa-
THMCS Telepb K BLISICHEHHIO BaKHeHUIMX CBOHCTB M OCHOBHOro ¢hH-
3MYEeCKOro cMbicJa 3TOH BeJHuHHB. JlAsi 3TOro Hago NpHBJEUb
MHKPOKaHOHHYECKOe pacnpefesJeHHe, COTAAacHO KOTOPOMY AJIs OMNH-
CaHHs CTaTHCTHYECKHX CBOHCTB 3aMKHYTOH CHCTeMBbl MOXKHQ I0Jib-
3oBaThCcs (DyHKUHEH pacnpeneseHusi Buaa (6,6)

dw=const - 6 (E — Ey) - || dI,.

3neck dl'; MOXHO NOHHMaTh Kak Auddepenunan byHkuun g (EL),
npeAcTaBasAomedl cofofd YHCAO KBAHTOBBIX COCTOSHHH MOACHCTEMBI
C SHeprUsMH, MEHbIIHMH HJH paBHBLIMH Ea; nependileM dw B BHAE

dw=-const-d (E — Eo) "dE (7,15)

Cratucruueckuit Bec Al'y; 1o caMoMy cBoeMy onpejeneHHIo ecTb
(GYHKUHS OT cpefHed sHeprdd E; NOJACHCTEMBI; TO K€ OTHOCHTCH U
K Sa= S4(Es;). bynem tenepn cdopmanbHo paccMatpuBath Al 1
Sa Kak GYHKIUH MCTUHHOIO 3HauyeHUs 3HepTUH E; (Te Ke '(BYHKUMUH,
KOTOPLIMH OHH B JAEHCTBHTEeJBHOCTH sABAAIOTCA OT E;). Torma bl
Moxem saMeHuTb B (7,15) npousBoanwsie dl's(£;)/dE; oTHOUIEHHS-
MH Al'z/AE,, roe AT;— noHumMaeMasi B YKasaHHOM cMbicje (YHK-
nust ot E, a AE,— coorsercTBylomuit Al MHTepBaj 3HayeHuH

S, (E
SHepTHH (ToXe c])yn_mmﬁ ot E,). Hakoneu, 3amenupAT', wa e2(%a),
NOAYIUM

dEa

dw = const - 8 (E — EO)eSH " (7,16)



rie S= Y, S (E.) — SHTPONHS Bcedl 3aMKHYTOH CHCTEMBbI, MOHH-
MaeMasi Kak GOYHKUHS TOUYHBLIX 3HAueHU# 3Hepruil ee yacre#. MHo-
XHTeAb €%, B KCNOHEHTEe KOTOPOrO CTOMT AaAAHTHBHAs BeJHUYHHA,
ecTb OYeHb OLICTPO MeHspUlascad GpyHKuus sHepruii E, Ilo cpaBHe-
HHIO C 3TOH (YHKUHMEHR 3aBUCHMOCTb OT 3Heprud Bequuuubl Il AE,
COBEpDIIeHHO HecyllecTBeHHa, M I[O03TOMY C OYeHb OOJbIIOH TOY-
HOCTbI0 MOXXHO 3aMeHHUTb (7,16) Bhipaxennem ' '

dw = const - 8 (E — Ey) eS || dE,. (7,17)

Ho dw, BripaxeHHoe B BHAe, NpONOPLUHOHAJBHOM MNpoH3Bele-
HHIO AuddepeHunanos BceX dE,, ecTb He 4YTO WHHOe, KaK BEpOsT-
HOCTb BCeM MOACHCTEMaM HMeTb JHEepTrHH, JeXallie B 3aJlaHHbIX HH-
TepBanax Mexay Eq, u Eq-+ dE; Takum oﬁpasom Mbl BHAHUM, YTO
5Ta BEPOATHOCTD onpeensieTcsi SHTPOMHeH CHCTeMBl Kak byHKuHel
3HepTHH noacHcTeM; MHOXHTesb 6 (E — Ey) obecneynBaer paBeH-

CTBO CYMMBl E = ). E, 3a1aHHOMY 3HAYEHHIO E, SHEPTHH CHCTEMBI.
OTO CBOACTBO 3HTPONMH, KakK Mbl YBUIUM B JaJsibHeHllleM, JIEKUT
B OCHOBE ee CTaTHCTHYECKUX [PHMEHEeHHH.

Mul 3HaeM, yTo HauboJiee BEepOATHBIMH 3HAUEHUAMH sHepruit £,
ABJNSIOTCA HX CcpelHHe 3HaueHHs E, 3TO 3HAUHUT, YTO GYHKLUA
S(Ey, E; ...) nonxHa uMeTb Npu E, — E; MaKCUMaJ/bHO BO3MOK-

Hoe (MpW 3aflaHHOM 3HAaYeHHH cyMMBl ), E,— E;) snauenwe. Ho
E; ecTh Kax pas Te 3HAYEHHA SHepruil MOACHUCTEM, KOTOpbie COOTBET-
CTBYIOT IIOJIHOMY CTaTHCTHYECKOMY paBHOBECHlO cHcTeMbl. TakuM
o6pa3oM, Ml MPUXOAKM K CJENYIOUIeMY BaXHeHlleMy BBIBOAY: 3H-
TPONUA 3aMKHYTOH CHCTeMbl B COCTOSIHHH IOJIHOTO CTATHCTHYECKOTO
paBHOBECHsSi HMeeT HaKhOoJbliee BO3MOXHOe ([IpH 3agaHHON SHepTHH
CHCTeMbl)} 3HauyeHHe.

HaxoHen, ykaxem elle OLHO HHTEpecHOe HCTONIKOBAHHUE byHK-
uMu § = S (£)— suTponuu Kako#-nu60 NOACUCTEMBl UJIH 3aMKHYTOH
cucTeMbl (B MOcJdefHEM ciaydae npeAnogaraercs, YTo CHCTEMa Haxo-
JUTCSL B IIOJIHOM DaBHOBeCHH, B pe3yJ/bTaTe Yero ee 3HTPOMHUS MO-
KeT ObIThb BhipaMeHa KaK (YHKLUHUS OT OAHOH JHUIL €e [OJHOH
sHeprun). Cratrncruueckuil Bec Al = e5(®) o camoMy cBoemy ompe-
Je/eHHI0 ecTh 4HCJO YpoBHeH >SHeprHH, NPHXOAALIHXCS Ha HHTEp-
Ban AE, onpemeseHnbiM o6pa3oM XxapakTepH3YHOHIHH LIMPHHY pac-
npefiejieHUa BeposiTHocTed no sHeprun. Pasngenup AE ua AT, Mbl
NOJYUYUM Cpe/liee pacCTOAHHMe MeXKJy COCeIHHMH YDOBHSIMH B JdaH-
HOM yuacTKe (yyacToK BOJIM3M 3HaueHUs £) 5HepreTHUECKOTO clex-
Tpa paccMmaTpuBaeMoll cucteMbl. OB6o03HauMB 3TO paccTOAHHe Kak
D(E), MoxeM Hanucarb:

D(E)=AE - =S, (7,18)

Taxum o6pasom, ¢yukuua S(E) onpepenser rycrory ypoBHed
DHEPreTHYECKOTO - CMeKTpa MaKpOcKomuyeckoii cucreMbl. Bauay

,



afIMTHBHOCTH SHTPOMUH MOXKHO CKA3aTb, UTO CPEAHHE PACCTOSHHS
MeXX/y YPOBHSIMH MaKpPOCKOIHYECKOIO Tejla IKCMOHEHUHaJbHO yOb-
BAIOT C yBEeJIHYEHHEM ero pa3MepoB (T. €. YHCJa YacTHI[ B HeM).

§ 8. 3aKoH BO3pacTaAHUA IHTPONHUH

- Ecnun samkHyTas cHcreMa He HaXOAHUTCA B COCTOSIHHH CTaTHCTH-
YeCKOTr0 paBHOBECHs, TO C TeYEHHEeM BPEMEHH ee MaKpPOCKONHYECcKoe
COCTOsiIHHe OyAeT H3MEHATbCS, [OKa CUCTEMa B KOHIe ‘KOHLOB He
NpUJeT B COCTOSIHHE IOJHOTO paBHOBecHs. XapakKTepH3ys KaxKiaoe
MaKpOCKONHYeCKOe COCTOsiHHe CHCTEéMbl pacnpefefeHUeM 3HEepTHH
MeXJy pa3jHYHBIMHM MNOACHCTEMaMH, MBI MOXEM cKas3aTb, 4TO pal
TIOCJeA0BATeJbHO MPOXOAUMEIX CHCTEMOH COCTOSIHHH COOTBETCTBYET
Bce 0ojiee BEPOSATHOMY pacnpepefeHUI0 SHepHH. DTO BO3pacTaHHe
BEpOATHOCTH, BOOOUIE TOBOpPS, Upe3BbLIYailHO BEMHKO B CHUJY BHIAC-
HEHHOrO B MpeAbiaylieM naparpacde .3KCIOHeHUHANbHOTO ee Xapak-
Tepa. MMeHHO, MBI BHAeJH, YTO BepOATHOCTb ONpeje/ifeTcss Bblpa-
XKeHHeM e5, B HKCIIOHEHTe KOTOPOTO CTOWT aAAMTHBHAs BeJHYMHA —
SHTPONHS CUCTeMbl. Mbl MOXEM NO3TOMY CKa3aTb, YTO IPOLECCHI,
NIpOTeKalollie B HepaBHOBECHOH 3aMKHYTOH CHCTeMe, MAYT TaKHUM
o6pasom YTO CHCTEMa HeMpEpPBIBHO MEepeXOAUT U3 COCTORHUH C MeHb-
el B COCTOSAHHs ¢ GosibUled SHTPONHEH, MoKa, HaKOHel, SHTPOMHS
He JOCTUTHET HauBOJbLIEr0 BO3MOXKHOTO 3HAYEHMHS, COOTBETCTBYIO-
11ero NOJHOMY CTaTUCTHYECKOMY paBHOBECHIO.

Taxkum obpasom, ecniu 3aMKBYTasl CHCTeMa B HEKOTOpPBIH MOMEHT
BpeMeHH HaxOAHTCS B HEPAaBHOBECHOM MaKpOCKOMHYECKOM COCTOfA-
HMH, TO HauboJiee BEPOATHLIM CJAEACTBHEM B lOCAeAYKOLIHEe MOMEH-
Thl BpeMeHH OyZeT MOHOTOHHOe BO3pacTaHHe 3HTPOIHUH CHCTEMBI.
JTO — TaK Ha3blBaeMBI#l 3AKOH 803pACTAHUA SHTPONUU HIH 8TOpPOL
3akox tepmoduramuru, OH Obl1 oTKphIT Kuiaysuycom (R. Clausius,
1865), a ero cratHcTHyecKoe oOOCHOBaHue Oblno aaHo BonbumaHom
(L. Boltzmann, 1870-e roaml). _

I'oBops o0 «HauGonee BepOSITHOM» CJEACTBMH, Hago HMeTh B
BUAY, YTO B AeHCTBHUTENbHOCTH BEPOSITHOCThL Nepexofa B COCTOSIHUS
¢ GoJbllell 3HTPONHEeH HAcTONbKO NMOAABASIOLIE BeJUKa [0 CpaBHe-
HUIO C BEpPOSITHOCTbIO CKOJbKO-HUOYAb 3aMeTHOIO ee yMEHbUIeHHH,
UTO INocjepHee BooOme ¢aKTHUeCKH HHKOrZa He MOoKeT HabJiro-
natbecsi B npupope. OTBJjeKasich OT yMeHblUIeHHH SHTPOINHH, CBsi3aH-
HblX ¢ COBEpPUICHHO HUUTOXHBIMH (JAYKTYaUHUsiMH, Mbl MOXeM IIO-
3TOMY c(hopMyJHpPOBaTh 3aKOH BO3pacTaHHs SHTPONHUH CJAEAYIOUINM
o6pa3oM: ec/iM B HEKOTOpHH MOMEHT BpeMEeHM SHTPONHS 3aMKHY-
TOH CHCTEMBbl OT/IHYHA OT MAaKCHMaJbHOH, TO B INOCJACAYIOIIHE MO-
MEHTBl JHTPONUA He yObiBaeT — yBeJHuMBaeTCs WAH B IpelesbHOM
cayyae OCTAaeTcHd [OCTOSHHOM.

B ToM, Yyro u3JjoMeHHEle NpocThle (OpMYJTHPOBKH COOTBETCT-
BYIOT peaJbHOM A€HCTBHUTENbHOCTH, — HET HMKAKOrO COMHeHHs; OHH



MOATBEP}KAaOTCH BCEMH HalUHMH EXEAHeBHbIMM HaBJIOJeHHAMH,
OnHako npu OoJsiee BHHMaTe/bHOM DacCMOTPEHHH BOIpOCA O (PHU3H-
YeCKOH NpHpOAe M NMPOUCXOXKIAEHHH 3THX 3aKoHoMepHocTedl obHapy-
KHBAIOTCA CYlLleCTBeHHbIC 3aTPYAHEHHN, B H3BeCTHOH Mepe A0 Ha-
CTOSILLIETO BpEMEeHH ellie HE NpeooJieHHEIe.

[Ipexxne Bcero, ecjud Mbl NONBITaeMcd NPHMEHHTb CTAaTHCTHKY
K MHPY KaK LeJioMy, paccMaTpHBaeMOMY KaK eAHHasi 3aMKHyTas
cHCcTeMa, TO Mbl Cpa3dy e CTOJIKHEeMCS C pasuTeJbHbIM I[IpOTHBOpeE-.
yHeM MeXAYy TeopHell W onbitoM. CorsacHo pesy/dbTaTaM CTaTH-
CTHKH BCEJIeHHAS N0JXKHa Obljia Gbl HAXOAHUTbCA B COCTOSHHM II0J-
HOr'O CTATHCTHYeCKoro paBHOBecHs. TouHee, moJKHa 6biia 66 Haxo-
JUTbCS B paBHOBeeHH Ji0oOasi ckoJab yroaHo 6oJiblllasi, HO KOHEYHas
ee obsaacTb, BpeMs pesaKcalld¥ KOTOPOH BO BCAKOM cJiyuae KoHeY-
rHo. Mexay TeM exelHeBHHIH ONbIT yb6exaaeT HaC B TOM, YTO CBOH-
CTBa NPUPOABl He UMEKT HUuero obllero co CBOHCTBaMH paBHOBeC-
HOM cCHCTeMbl, @ acTPOHOMHUECKHe AaHHble MOKashlBalOT, UTO TO XKe
camoe OTHOCHTCS M KO BceH AOCTYNHOH HalleMmy HaGJOLeHHIO KO-
JoccanabHol ob6aactu BeesieHHOR. '

Boixon H3 cosparowierocs TakMM o0pasoM NPOTHBOpeYHs cJe-
AyeT UcKaTb B 00HIeH TeopUM OTHOcHTeJbHOcTH. Ieso B TOM, uTO
NpY pacCMOTpeHHH Oosblikx: obJjacTedl BceJeHHOH BaXHYH pOJb
HaydHalT HrpaTh CYUIeCTBYWI(HE B HHUX TpaBHTALlUOHHBIE TNOJS.
Kak n3BecTHO, MocJejHHe MpeACTaBJsOT cob0i He 4YTO HHOe, Kak
H3MEHEHHe TIpPOCTpaHCTBeHHO-BpeMeHHOH MeTpuKH. Ilpu usyueHHu
CTaTHCTHUECKHX CBOHCTB TeJ MeTpHMUecKHe cBOHCTBA NMPOCTPAHCTBa-
BpeMEHHM MOXKHO B H3BeCTHOM CMEIC/iE paccMaTpHBaTb KakK «BHeELU-
HHe YCJOBHsi», B KOTOPHIX 3TH Tena Haxonastcsa. Ho yTeepxienue
0O TOM, YTO 3aMKHyTas cUcTeMa AO0JIXKHA B TeyeHHe JOCTATOYHO K-
TeJbHOMO BpeMeHM INepeHTH B COCTOSIHHE pPaBHOBECHS, pa3yMeeTcd,
OTHOCHUTCSI JIHUIb K CHCTEMe, HAaXOJASLIeHCS B CTAaUMOHAPHLIX BHell-
HUX YycJOBHAX. MeXay TeMm ofliee KOCMOJOTHYECKOe paclliHpeHHe
BCeJIeHHOH 03HauaeT, YTO ee METPHKa CYLIecTBEHHO 3aBHCHT OT Bpe-:
MEeHH, TaK 4YTO «BHeILlHHe YCJOBHfA» OTHIOAb HE SIBASIOTCA B JAaHHOM
ciaydyae ctauHoHapHbiMH. [Ipu 3TOM cyllecTBeHHOQ, YTO T'paBHTALHOH-
HOe rnoJie He MOXeT ObiTb CAMO BKJIOUEHO B COCTAB 3aMKHYTOH CH-
CTeMbl BBHAY TOr0, YTo NpH 3TOM oOpaTHaUCh OBl B TOXKAECTBO 3a-
KOHEl COXpAaHeHHsi, ABJAIOUHecs, KaK Mbl BUIEJH, OCHOBOH CTaTH-
CTHKH. Dbusaromaps stomy B oOlllefi TEOPHH OTHOCHTEJNbHOCTH MHp
KaK UeJoe A0JIKeH paccMaTpMBaTbCsi HE KAaK 3aMKHYTasi CHCTeMa,
a KaK CHCTeMa, HaxojsAllasics B NepeMeHHOM TPaBUTaUHOHHOM [MO-
Jie; B CBSA3M C 3THM [PHMEHEHHE 3aKOHa BO3pacTaHHs SHTPONHH He
IPUBOAUT K BEIBOLY O HEOOXOAMMOCTH CTaTUCTHYECKOTO PaBHOBECHS.

TaxuMm o6pasom, B U3JOXEHHOH YacCTH BONpPOCa O MHpE Kak le-
JIOM fiCHH (DM3HYeCKHe KOPHM KaXKyulMxcs fOporuBopeumnit. Cyilecr-
BYIOT, OJHAKO, ellle ¥ APYTHe TPYAHOCTH B NOHMMAHHH (PU3UYECKOH
NpHpPOALI 3aKOHA BO3pACTAHHUA SHTPOIHH.



'

Kak u3BecTHo, KJsaccHueckasd MexaHHKa caMa no cebe mnoil-
HOCTbIO CHMMETPHYHA 110 OTHOLUGHHIO K OGOHM HanpaBJeHUAM Bpe-
MEHH. YpaBHEHHs MEXaHHUKH OCTAKTCH HEH3MEHHBIMH IIpH 3aMcHe
BpPEMEHH { Ha —¢, 103TOMY, €CJIM 3TH YPaBHEeHUsS [OMYCKalT Kakoe-
JU60 NBUXKEHHE, TO OHH K€ JOMNYCKAKT H NPAMO NPOTHBONOJOMNHOE,
IpU KOTOPOM MexaHHYECKas CHCTeMa IIPOXOAMT Yepe3 Te XKe camble
KOH(pHrypauHy B oO6paTHOM nopaake. EcTecTBeHHO, YTO Takas CHM-
MCTPHS JOJMHA COXPAHHTbCSl U B OCHOBAHHOH Ha KJaCCHUECKOH Me-
xaHuke cratuctuke. [loaTomy, ecsiu Bo3MOXKeH KakoU-AM60 ripouecc,
COHpOBO}Kﬂ,aIOLuPIHLH BO3pacTaHMeM 3HTPONHH 3aMKHYTOH Makpo-
CKOTMYECKOH CHCTEMBI, TO JMAOJKeH ObTh BO3MOXeH U oOpaTHHIH
npouece, NPH KOTOPOM 3HTpONUs cHcTeMbl yObiaeT. IlpuBenenHas
BhIllle (POpMYJIHPOBKA 3akOHa BO3pacTaHHUA 3HTPOINHHU cama no cebe
elle He NPOTHBOPEYHT 3TOH CHUMMETPHH, TaK KakK B HEH HJET peub

JUIIbL O HaHboJiee BEPOATHOM CJEACTBHH

S
A MaKpOCKOIHUECKH OIHMCAaHHOIO COCTOS-
S HUS. JIpYTHMH CAGBaMH, €CJIH JaHO HEKO-
max
————— -/ TOpOe HepaBHOBECHOE MaKpOCKOMHYECKOe
S 12 COCTOSIHHEe, TO 3aKOH BO3DPACTaHUSI 3H-

TPONUH YTBEpXKJAaeT JHIIb, 4TO M3 BCeX
MHUKPOCKOIIHYECKHX COCTOSIHHH, yaoBae-
TBOPSIOIIAX TAHHOMY MaKPOCKOMHYECKO-
MYy ONHMCaHHIO, NonasJasitollee OOJbILIHH-
Puc. 1 CTBO IpPHBEACT B CJeAYIOUHe MOMEHTH
BpPEMEHH K BO3PaCTaHHIO 3HTPOIIMH.

[IpoTuBOpeure BO3HHMKAET, OJHAKO, €CJH O6paTHTb BHHMaHHe Ha
APYTYIO CTOPOHY 3Toro Bompoca. PopMyqaHpysi 3aKOH BO3pacTaHHUA
3HTPONHH, MBl FOBODHJIH O HauboJiee BEpPOSTHOM CJCACTBHHM 3afaH-
HOTO B HEKOTOPBIH MOMEHT BPEMEHHM MaKpOCKOIHYECKOro COCTOSA-
nus. Ho 310 cocTosiHMe camMO AOJIKHO OblIO BO3HMKHYTb H3 KakKHX-TO
LPYTHX COCTOSHHH B pesy/bTaTe NPOMCXOASWIMX B NPHPOAE MpO-
‘neccoB. CHMMETpHS TO OTHOLIEHUIO K O60OHMM HalpaBJeHHSM Bpe-
MEeHH O3HauaeT, UTO BO BCAKOM IIPOH3BOJLHO BLIOD@HHOM -B HEKOTO-
PhHIH MOMEHT BpeMeHH [ ==[; MaKpOCKOIIMYeCKOM COCTOSAHHH 3aMK-
HYTOH CHCTEeMbl MOXHO YTBEPXAaTh He TOJBbKO, 4YTO I[0JAaBJAKIOLIEC
BCPOSITHBIM €ro CJeACTBHeM INpH { > fy; Oy[eT yBeJHYEHHC 3SHTPO-
IMH, HO M YTO NOMAABJIAIILIE BEPOATHO, YTO OHO CaMO BO3HHKJO H3
COCTOSIHMH ¢ Gonbluedl SHTpONMEH; APYTHMH CJOBAMH, NOAABJAIOLILE
BEPOATHO J0/KHO ObITh HA/MHIME MHHMMYMa Y SHTPOINHH Kak byHK-
UM BPEMEHH B MOMEHT { = f;, B hOTOprH MaKPOCKOIIHIECKOE CO-
CTOfIHHE BBIOUpAeTCA HAMH NPOU3IBOJLHO 1). ‘

=+Y

1y s ayuimero ysicHeHust 3Tol cUMMerpuM u306pasMM CXEMAaTHUECK: KPH-
BYI0O M3MEHEHHS 3HTPOMNHMHU CHCTEMBI, 3aMKHYTOH B TEUEHHE I'DOMAJHOTO MpOMe-
KyTka Bpemenu (puc. 1). Ilyctb B Tako#t cHcreme HabJaromaeTcsi MaKpoOCKOMUYe-
CKOe COCTosiHHe ¢ 3HTponue# S = S| <C Smax, BO3HHKILEGe B pe3yJbTaTe HEKOTO-
poii (kpaiiiie masosepoATHoft) Goabwoil Gaysryauun. Torpa MoAI0 YTBEPXKAETD,



Ho Ttakoe yTBepXiaeHHe, pasymeeTcs, HH B KakOH CTCMNEHH HE
5KBHBAJEHTHO 3aKOHY BO3pacTaHHA 3HTPOIHH, COIJIACHO. KOTOPOMY
BO BCeX peaJlbHO OCYLIeCTBJASAKIIHXCA B NPHPOAE 3aMKHYTbIX CH-
CTeMaX 3HTPONMA HHKOraa He yOblBaeT (0TBJeKasCb OT COBEPUIEHHO
HHUTOXHBIX pAyKTyauuit). Mexay TeM HMeHHO 3Ta obuas ¢opmy-
JIMPOBKA 3aKOHa BO3paCTaHHA SHTPONUH TNOJHOCTLI MOATBEpPIKAaeT-
C5l BCEMHU NPOMCXOASIIIHUMH B NpHPOAe siBjeHuaMH. [lofuepkHeM, UTO
OHZ OTHIOAb He 3KBHUBaJeHTHa (OpMYJHpPOBKe, AAHHOH B HayaJe
3TOTO naparpada, kak 370 Morsao 6bl nokasaTtbes. s Toro ytobbl
MOJIYUUTb OAHY (OpPMYJHUPOBKY U3 APYroH, HyXHO 6bl10 OB BBECTH
IOHATHE O HabJparene, HCKYCCTBEHHO <«HU3TOTOBHMBILIEM» B HEKO-
TOPBII MOMEHT BpeMeHH 3aMKHYTYIO CHCTeMy, TaK, 4YToObl BOIpOC
O ee MpeablaylleM NoBeAeHAM BooOlle OTNaAaJj; Takoe CBA3biBaHHE
(HU3UUYECKUX 3aKOHOB CO CBOHCTBaMM HabawopaTesst, pa3yMmelrcs,
COBepLUeHHO HeAOMYCTHMO.

Bpsin au chopmysHpoBaHHBA TakuM o6pa3oM 3aKoH BO3pacTa-
HHSL 3HTPONHHU BOOOIIe MOXeT ObLITh BbIBEJECH Ha QOCHOBe KJaccHue-
CKOH MexaHHKH. K ToMy »Ke, BBHAY HHBapHaHTHOCTH YpaBHEHHH
KJ1aCCHYeCKOM MeXaHHKH MO OTHOUIEHHIO K H3MEHEHHI 3HakKa Bpe-
MeHH, peuyb Morya Obl MATHU JHIIb O BLIBOAE MOHOTOHHOrO H3MeHe-
HHA UTponuu. Jlsisi TOro YTOOHL NOJYYHTb 3aKOH €e MOHOTOHHOTO
BO3pacTaHHs, Mbl A0JIXKHbB OblJiM Obl ONpeae/iuTh HallpaBJeHHe Bpe-
MeHH KaK TO, B KOTOpOM MPOHCXOAMT Bo3pacTaHHe sHTponuu. [lpu
5TOM BO3HMKJa Obl elle npobjeMa AoKa3aTeJbCTBa TOXKAECTBEHHO-
CTH TAKOr0 TEPMOJMHAaMHUECKOro OMpelesieHHst ¢ KBaHTOBOMEXaHH-
yecKHM (CM. HHXKe).

B xBaHTOBOH MexaHHUKe [I0JIOXKEHUE CYLICCTBEHHO MEHAeTCH.
Kak M3BeCTHO, OCHOBHOE YypaBHeHHe KBaHTOBOH MEXaHHKH — ypas-
Henne Hlpeaunrepa —caMo no ce6e CHMMETPHYHO [0 OTHOLIEHHIO
K HM3MCHEHHIO 3Haka BpeMeHH (NpH YCJIOBUM OAHOBpEMEHHOH 3a-
MeHBbl, BOJHOBOHA ¢yHKuuu W Ha W *). IT0 3HAUUT, 4TO €cJH B He-
KOTOPBIH MOMEHT BpeMeHH { = {; BoJiHOBas (GYHKLHs 3apana, VW =
= W(#), u, cornacHo ypaBHeHuto Hlpeauurepa, B Apyrof MOMEHT
BpeMeHM [ =1, OHa AO0JXHA cTaTb paBHOH W ({), To mepexonm oOT
W (#) x W(t2) o6bpaTUM; APpYrMMH CJAOBaMHM, ec/JM B HayaJbHBHIH MO-
MeHT { =1, Obi0 661 ¥ = ¥*(¢y), To B MOMeHT { = ¢, byger ¥ =
= ¥*(¢,). HecmoTps, oaHako, Ha 3Ty CHMMETPHIO, KBAHTOBas Mexa-
HHKa B [AEHCTBHUTENbHOCTH CcYlleCTBeHHbIM 00pasoM COAEpPXKHT He-
5KBHMBaJIEHTHOCTh O0OKX HamnpaBJeHWH BpeMEeHH. 3Ta He3KBHUBAJEHT-
HOCTb NIPOSABJAGTCA B CBSAI3H C OCHOBHBLIM 1/ KBaHTOBOH MeXaHHUKH
NpOLeCcCOM B32aHMOAEGHCTBUA KBAHTOBOMEXaHHYECKOTO 0ObeKTa C CH-
CTEMOH, MOoJuHHsloweAcss ¢ A0CTAaTOYHON CTEleHbI TOYHOCTH KJac-

UTO ¢ MOAABJAKLIEH BEPOATHOCThIO 3To Oyner Toyka thna [ (B KoTopoH 3HTpO-

NHA YIKe JOCTHIJIa MHHHMYMa). a lle THNa 2, 3a Kotopoll aHTponua ewe Oyager
MpPOAOJIKATD YOLIBATH.



CUYeCKOH MexaHuke. MMEHHO, eC/iM ¢ JaHHBIM KBAHTOBHIM O0BEKTOM
NOCJe0BATeNbHO NIPOUCXOJAT JBa INpollecca B3auMOJeHcTBHA (Ha-
soBeM Ux A u B), TO yTBepXjeHHe, UTO BEPOATHOCTb TOrO: HAH WHO-
ro pesyabTaTa npouecca B onpenensiercs pesysabTaToM mnpouecca A,
MOXeT OhITb CIpaBelJuBO JUlIb B TOM CJyuae, eclud Mpolecc A
HMes mecTo panblie mpouecca B (cm. takxke lII, § 7).

Takum o06pa3oMm, B KBAaHTOBOH MexaHHMKe HMeeTcsl (PH3HYecKast
HE3KBMBAJIEHTHOCTL OOOMX HANpPaBJEHWH BPEMEHH, W B IPUHIHIC
3aKOH BO3pacTaHus 3HTPONHM MOT OHl ObITE €e MaKpPOCKOIHYECKUM
BHpa)keHHeM. B Takom cJiyuae J0JXKHO Obla0 Obl CYLI€CTBOBATH CO-
JlepiKaniee KBaHTOBYIO IIOCTOAHHYIO i HepaBeHCTBO, 00ecneyuBalo-
iee CrpaBeJJIHBOCTh 3TOr0 3aKOHA M BLIMOJHAKOLIEeCS B peaJibHOM
mupe. OJNHaKo 10 HacTosUleroc BpeMeHH HHKOMY He YAajocCh
CKOJIbKO-HHOYlb ybenuTeNbHbIM 06pa3oM MNpOCAEeIHTh TAaKylo CcBA3b
M 110Ka34aTh, YTO OHA JefiICTBUTENbHO HMEeT MeCTo.

Bonpoc o ({H3HYeCKHX OCHOBAaHHAX 3dKOHd MOHOTOHHOTO BO3-
pacTaHus 3HTPONHM oOcraercs, TakuM o6pa3oM, OTKpHTHM. He
MMEET JIM ero IPOUCXOXKIEeHHE KOCMOJIOTHYECKOM MNDPHPOABI H He
CBA3aHO JIM OHO c obwel nmpobaeMO#l HAYAJNbHBIX YCJAOBHH B KOCMO-
goruu? Hrpaer Ju, u Kakylo poJib, B 3TOM BOIpOCe HapyllleHHe Bpe-
MEHHOH CIIMMETPHH B HEKOTOpHIX Mpoueccax cJlabuix B3aHMofen-
CTBHE MOy 3JeMeHTapHhIMM uacTHUuamu? Bo3MOXHO, 4TO Ha
nojofuble BONpOCH 6YAYT NOJNYYEHBl OTBETH JHILb B IIpOLEcce falb-
Hedluero cuHTe3a PU3NYecKUx TeOpUH.

Pesromupys, eue pa3 noBropuM o0yl GopMyJHPOBKY 3aKoHa
BO3pACTAHHA 3JHTDOIMH: BO BCEX OCYLIECTBASAIOMIMXCS B IpUpOJe
3aMKHYTBIX CHCTE€Max 3HTDOMHS HHKOTJIa He y6blBaeT—-0Ha yBe-
JUYHBaeTCs HJH, B NpeleibHOM cayyae, ocTaercsl nmoctosHHoH. Co-
OTBETCTBEHHO 3THM JABYM BO3MOXHOCTfIM. BCe NPOHCXOAAIIHME C MAK-
POCKOMHYECKHMHK TeJaMH IIpOLLeCChl NPHHATO LeNHTh Ha KeobpaTumsie
U obparumeie. [log mnepBBIMH NOJApa3yMeBalOTCA MPOLECCH, CO-
TPOBOXKA2I01lHeCcH BO3pacTaHHEeM 3HTPONHH Bced 3aMKHYTOH cHCTe-
MBl; TIPOLECCH, KOTOphie Ol SIBASJINCh HMX MOBTOpEeHHAMH B ofpar-
HOM MOpSLKE, HE MOTYT IPOMUCXOJHTh, TAK KaK NPH 3TOM 3HTPONHSA
AOJKHA Onlla 6bl YMeHbIIHThCA. OﬁpaTHMbIMH ’Ke Ha3blBAKTCA
npouecchl, NpH KOTOPLIX 3IHTPONHS 3aMKHYTOH CHCTEMBI OCTAeTcs
MOCTOAHHON }) W XOTOpHIe, C/Ne/JOBATENbHO, -MOTYT IPOHCXOJIHTb U B
o6paTHOM HampaBJseHiH. CTporo o6paTHMBIH Npouecc IpeNcTaBJaser
co6ofi pasymeercsl, HJeaNbHbI} NpeJeNbHBH cayyai; peansbHO MpPO-
HCXOJIALHE B NMPHPOJE NMpolecch MOTYT ObiTh OGpAaTHMBIMH JIHIIL
¢ GoJiblIeH HJIHM MeHblIeR CTeMeHbI0 TOYHOCTH,

) HO,H.‘[QPKHEM, UTO 3HTPONHH OTOECJBHBIX 4acTted cUCTeMBl IIpH 3TOM OTHHIBL
e OOJDOKHEL TOME OCTaBaTbcH MOCTOAHHBLIMH.



"TJABA 11

TEPMOJAHWHHAMHYECKHE BEJIHUHHDbI

§ 9. Temnepartypa

dusuyeckue BeNAYUHBl, XapaKTepH3YIOUlHe MaKpOCKOMHUecKHe
COCTOSIHHSI TeJ, Ha3blBalOT TepmoduHamuieckumy. Cpegu 3THX Be-
JHYHH €CTb Takue, KOTOpble HapANy C TepMOAMHAMHYECKHM HMEIOT
TaKXKe M YUCTO MEXAHHUECKHH CMBICJ; TAKOBH, HAlpMMep, 3Heprus
u o6beM. CyuiecTBYIOT, OZHAKO, H APYroro poja BeJWYHHBI, MOSAB-
JAOLHEeCs] HMEHHO KaK pe3yJbTaT YHUCTO CTATHCTHYECKHX 3aKOHO-
MepHOCTell M BOOOlIe He HMEIOUIHe CMbic]a B NpUMeHeHHH K He-
MaKpPOCKOIHYECKHM CHCTéMaM; TaKOBa HalpHMep, SHTPOIMHA.

B naabgeiimiemM Mbl BBeAeM LENbIH pSAA COOTHOUIGHHH MeXAy
TePMOJHHAMHYECKHUMH BeNHYMHAMM, KOTOpPhIe HMET MeCTO He3aBH-
CHMO OT TOTO, K KaKHM HMEHHO KOHKDEeTHBEIM Te/JaM 3TH BeJHYHHBI
OTHOCATCA. Takue COOTHOLIEHHS! HA3LIBAXOT TEPMOJHMHAMHUYECKHMH.

[Ipn wcnoAb30BaHHW TEepMOAMHAMHYECKMX BeJHYUH OOLIYHO He
NMpeACTABASIOT HUKAKOrO MHTEepeca T HHUUTOXHBIE QAYKTYalHH, KO-
TOopble OHU HMCNBITHIBAIOT. COOTBETCTBEHHO 3TOMY Mbl U -6yneM noJ-
HOCTbIO NpeHe6peraTh 3THMH (PJAYKTyaluHsiMH, paccMaTpuBasi TepMo-
AMHAMHYECKHe BeJIHYHMHBI KaK MEHSIOL[HecHd JHWIIb IPH HW3MeHEHHH
MaKpPOCKONHYECKOTO COCTOSAHUA Teaal).

Paccmorpum 1Ba Tena, HaxoAslHecs B TEMJOBOM paBHOBECHH
Ipyr c Opyrom, npuyem ofa Tesa BMeCTe COCTABJSIOT 3aMKHYTYIO
cucremy. Toraa SHTPOMHA S 5TOM cuCTeMBI HMeeT HauGodbliee BO3-
MOXKHOe (nmpu faHHOH sHeprunm E cucremsl) 3HayeHue. JHeprus E
ecTb cyMma 3Hepruit £, u E, kaxnaoro u3 ren: £E=E, + E,. To xe
camMoe KacaeTcss SHTPONMH S CHCTEMBI, PHYEM SHTPOMHA KaXKIOTro
U3 TeJs ABJfAerca QYHKUHeH sHepTHM 3TOoro Xke teaa: S=S;(E;) +
+ So(Ey). Tlockoabky Ey=FE—E,, rzme E—HOCTOHHH&H TO S
eCTh B JEeHCTBHUTENbHOCTH (PYHKIMA OJHOM HEe3aBHCHMOH MepeMeH-
HOH, H HeoOXOLWUMOe YCJOBHEe MaKCHMyMa MOXHO HamucaTh B BHIE

ds ds. + dS, dE, __ dS, 45, _ 4
d.El d.Ez dEI dEl dEg T
OTKyza '
dSy __ dS,
dE;, — dE,’

1) daykTyaunn e TePMOAHHAMHYECKHX BeJHYMH GYAYyT pPacCMOTpEHH B Cle-
IHaJBHO MOCBALeHHOH 3ToMy raape XII



StoT BHIBOJA 6Ge3 Tpyda o6obuiaeTcs Ha caydai JqioGOro yucaa ted,
HaXOASIMXCA B PAaBHOBECHH APYr C ApPYroM.

Takum o6pa3oM, ecau cuUcTeMa HAXOJAHTCH B COCTOSIHHH TEpMO-
IHHAMHYECKOTO paBHOBECHS, TO IIPOM3BOJHASA SHTDOMHWHU MO SHEPrHH
JJIsl BceX ee yacTtefi OAMHAKOBa, T. €. MOCTOsAHHA BAOJb BceH cucTe-
Mbl. Benuyuny,.o6paTHYO MpOM3BOAHOH 3IHTPOMHU Tena S MO ero
sHepruu E, Ha3blBalOT ero abCcoAOTHOL TeMneparypoli, Uau MpOCTOo
Temnepartypoi T:
| O § 9,1)
dETT ®,

TemnepaTyphi Tes], HAXOLALIMXCSA B PABHOBECHH JPYT C APYTOM, ce-
JNOBATEIbHO, ONUHAKOBE: T =T,

Kak W 3HTponus, TemnepaTypa sBJsieTCH, OYEBHIHO, BeJHYHHOMN -
YHCTO CTATHCTHYECKOTO XapaKTepa HMeued CMbICA HCKJAYHUTENb-
HO /I MAaKpPOCKOMHUECKHX Ted.

PaccmoTpuM, jaJiee, [Ba TeJa, COCTABJAIOUINE BMECTe 3aMKHY-
TYIO CHCTeMY, HO He HaXxoAsllHecs B DaBHOBECHH JADPYr ¢ JPYrom.
Hx temnepatypsl Ty u Ty pasauuubl. C TeyeHHeM BpPEGMCHH MeXAy
TeJamu 6YyJNeT ycTaHaBJAHBATbC paBHOBecHe, IIPHYEM HX TcMmOepa-
Typbl 6yAyT MocTeneHHO BblpaBHMBaThcA. Mx obwas sutponus S ==

=S+ S, JoaXKHA NpM 3TOM BO3pACTaTh, T. €. €€ NMPH3BOJAHAA I
BpEeMeHH NOJOXKHTeJbHA: '

4s a31 _dS, dE, , dS, dE2
i — ar T dt = 4E. af T 4k, > 0.

[TocKkoAbKy noJiHasi SHEpTHS COXpAaHACTCH, TO dE, -+ dE, = (), Tak
Y p xp ’ at i '
YTO

dS [ dS,  dS, d51 _ dEl
( T[ - > 0

“dt ~ \dE, = dE, Ty
[Tyctp TemmepaTypa BTOpPOrO Tesa Bblllle TEMIepaTyphl NEepPBOro
(Te > T;). C yueTOM IOJIOKHTEJBbHOCTH TEMNepaTyphl (CcM. cJledylo-
wHH naparpad) wumeem Torma dE,/di™>0 (cooTBeTcTBEHHO
dEs/dt <C 0).. IIpyrdiMM CcJOBaMH, SHEpTHsl BTOpPOTO TeJa . yMEHb-
1aeTcst, 4 3HEpPTHsl NepBOro yBenuW4YHBaeTcA. DTO CBOHCTBO TeMIe-
paTypbl MOXHO c(OpPMYJHPOBATh TAaK: 3HEPrHS NEpexoAHT OT TeJ
c 6osee BBICOKOH K TesaM c OoJiee HH3KOH TeMmepaTypoil.
JHTponus S ecTh Ge3pa3mepHas BeqauyHuHa. [losTomy u3 omnpe-
penenus (9,1) cnenyer, 4yto TemnepaTypa MMeeT pa3MepHOCTb 2Hep-
FHM M NOTOMY MOXET U3MepAThbCS B EIWHUIIAX SHEPTHH, HalpuMep B
sprax. OIHaKO 3pr OKa3blBaeTCA B OOBLIYHBIX YCJAOBHAX CJAUIIKOM
GOoJILLIOH BeJWYUHON ¥ HAa NMpPAKTHKE NPUHATO HU3MEpPATb TemIepa-
TYpy B OCOGbIX eNHHHLAX, Ha3biBaeMblXx epadycamu Kearssurna wunu
npocto epadycamu. IlepeBogHol KOa(puUHEHT MeX<KAy 3IpramH H
rpajycamu, T. €. YHCJO 3pProB B rpajyce, Ha3bIBAETES! HOCTOAHHOL



Boasymana v o60o3nayaercs o6uluHo OyKBOH k; OoHa paBHal)
k=1,38-10"'° spr/rpax.

Mpubl ycaoBuMcA B JajbHedllleM BO BceX ¢opMmyJiax Moapasy-
MeBaThb TeMIlepaTypy H3MepeHHOM B 3HepreTHYecKHUX enuuuuax. das
nepexofia IPH YHCJAEHHBIX pacyeTax K TeMmiepaType, H3MepeHHOH B
rpajaycax, HocTaToyHo npocro 3ameHutb T Ha k7. [locTosiHHOe Xe
HCIIOJb30BAHHE MHOMXHUTEJNS R, eIHHCTBEHHOe Ha3HauyeHHEe KOTOPOTro
COCTOHT B HaNOMHHaHMM 06 YCJOBHBIX €JIHHHLAX H3MepeHHA TemIe-
paTypsl, JUUb 3arpOMOXKIaN0 Obl chpmyJIbl

Ecau nosab3oBaTbes TemIepaTypoil B rpajycax, TO Bo H3bexa-
HHe MOABJEHHs NOCTOAHHOH R B OOIMMX TepMOJIHHAMHYECKHX COOT-
HOUIEHHAX NMPHUHITO BBOAUTb 3TOT MHOXKHTENb TaKXe U B ONpelese-
Hye 3HTPOMHUHU, HAMHCAB

S=~FkInAT (9,2)

Bmecto (7,7). Toraa dopmyna (9,1) ompenenennst TeMnepaTtypH, a
C Helo W Bce oflLlHe TEepMOAMHAMHUYECKHE COOTHOLIEHHS, MNoJayqae-
MBIE HHJXKE€ B 3TOH IJaBe,” He U3MEHATCS NPH Mepexoje K rpalycam.

Taxkum oGpasom, nMpaBuio nmepexoja K rpanycam COCTOHT B 3a-
MeHe B c])opmynax

T—kT, S— —i— (9,3)

§ 10. Makpockonuueckoe ABHUKeHHe

B oT/MyHe OT MHKPOCKOMHYECKOTO NBHXKEHUS MOJEKYJ, MaKpo-
CKONHYECKUM ‘Ha3blBAIOT ABHXKEHHEe, B KOTOPDOM YydYacTBYIOT Kak lie-
JIO€ OTAesNbHble MaKPOCKONMHYeCcKHe yacTH Tena. Pacemorpum Bonpoc
O BO3MOXXHOCTH MaKpPOCKONHYECKOrO ABUXKEHHSI B COCTOSHUH TEpMO-
JHHAMHYECKOTO pPABHOBECHH. , '

Pazgenum Teno Ha 6oJblIoe YHCJIO MaJsblx (HO MaKpocKOomHye-
cKkux) uacredt, u nyctb M,, Eas, P, o603HayaloT maccy, 3Heprui H
HMIYJAbC a-# yacTu. DHTPONUA S, KaxKJOH 4acTH ecThb (DYHKLHSA ee
BHyTpeHHeiHl 3Hepruf, T. €. pa3sHOCTH MeXXJy ee IOJHOH sHeprueit E,

W KHHeTHYeCKOH QHGPFHeﬁ P2/2M ee MaKpOCKONHYECKOTO JBHKe-
Hun ?). [T03TOMY MOJIHYIO SHTPOMHIO Tela MOXKHO HAMHCATbL B BH,ILe

S=ZSG(EG—2—M"Z . (10,1)

) Ykaxem AJA cnpaBok elle nMepeBoAHOH kod(duuuent Mexay Tpaaycamu
H 3JIEKTPOUOBOJBETAMH:

I aB = 11 606 rpaa.

2) Tor daxr, 4To 3HTPOMHA Tesa ecTb (GYHKUMA TONBKO OT €ro BHYTPeHHeH
JHePTHH, cJejyeT HeNocpeAcTBEHHO M3 TPHHIMNA OTHOCHTEeJbHoCTE [ anauies;
YHCAO KBAHTOBBIX COCTOSHHH, a4 MOTOMY M CTATHCTHYecKHit Bec (sorapudmy Ko-
TOPOrO PaBHA JHTPOMHA) AOMKHBL ObITb OJHHAKOBLIMH BO BCeX HHePLHaJbHBIX
CHCTeMaX OTCHeTa, 'B YACTHOCTH W B TOH, B KOTODOH TeJNO MOKOHTCH.



ByneMm npenmoJsaratbh Tteqo 3aMKHYTHIM. Torma HapsLy c sHep-
riefl COXpaHAIOTCA INOJHBIH HMNYJbC H MOJHbIH MOMEHT HMIIyJbca
Tena: ' ,
' Z P, = const, E [r,P,] = const (10,2)
a a

(ro — pamuychl-BeKTOpBl uacTel Tesaa). B cocrosHuM pasHOBecH:
noJHas 3HTponusA S Tena KakK PyHKUMSA UMnyabcoB P, mmeer mak-
CUMYM Mnpu AononHuTenbHux ycaosuax (10,2). Caenysa useecTHOMY
MeTOJy HeolpeJesNeHHBIX MHOXuTeseH JlarpaHika, Haijem HeoOXo-
JUMEBIe YCJOBHA MaKCHMyMa, NMPUPABHAB HYJIO NpousBoAHble no Pg
OT CyMMHB '

2. {Sa+aP,+br.P.l}, (10,3)

Tae a, b— mocrosiuubie BekTophl. duddepeHunposranue S; no P, ')
JacT B CHJY OIpe/lesIeHUs TEMIIEPATYPHI:

a v
aP, Sa (‘Ea T 2M,

(Va = Po/M; — ckopocTb a-it uactu Tena). [lostomy, auddepesuu-
pysa (10,3), natigem: —v,/T + a4 [brg] =0, nau

Vo= 1u + [Qrﬂ]i (10’4)

rae u=Ta, @ = Tb — nocTrosiHHbIe BEKXTOPHI.

[TonyyeHHBI# pe3yabTaT HMMeeT MNPOCTOH (PH3UUECKHH CMBICI.
Ecnu cxopocTu Bcex yacreil Tena onpelensiorca dopmynoit (10,4)
C OAMHAKOBBIMH I/ Bcex yacTedl u u @, TO 3TO 3HAYHUT, YTO MBI
HMeeM JeNo ¢ HOCTYNaTeNbHHM ABHXKEHHEeM Tesa Kak 1eJioro ¢ Io-
CTOSSHHOH CKOPOCTbHIO U W €ro BpaieHHeM KakK LeJoro ¢ NOCTOAHHOH
yraoBo#t ckopoctbio Q. Takum 06pa3om, Mbl MPUXOAUM K CYLIECTBEH-
HOMY pe3yJbTATYy: B TEPMOAHHAMHYECKOM paBHOBECHH 3dMKHYTas
CHUCTEeMa MOJKeT COBepluaThb JHUUbL PaBHOMEpPHOE INOCTyNaTeNbHOe H
BpauiaTe/NbHOe ABHXKEHHE KaK LeJoe; HUKaKie BHYTpEHHHe MaKpo-
CKOMHYECKHE JBHKEHHS B COCTOSHHH DABHOBECHS HEBO3MOXHHI %).

) TlpouspoAnylo 1O BEKTOPY HafA0 NOHHMAaTbh KaK BEKTOp, COCTaBJAIOLLHE
KOTOPOro pPaBHbl MPOM3BOJAHLIM MO COCTABJAIOIUMM BEKTOPA, MO KOTOPOMY NPOH3-
BOAHTCA AU depPeHLHPOBaAHHE,

2) Bo wuabexaHue Hepopa3yMeHMH OTMETHM CYLIECTBYIOLlEe HCKJAIYEHHE M3
3TOro IPaBHJA: CBEPXTEKY4YMH >KHAKHH relufi He MoOMXKeT BpalllaTbCA Kak Lenoe.
JT10 nBAeHWe Oyner paccMoTpeHo B ToMe IX 3Toro Kypca: 3j4ech YKaMeM
JHIUb, YTO MPOBEACHHOe AOKA3aTeJbCTBO B 3TOM CJydae HEIPHrOJHO, TaK Kak
pacnpeneneHue CKkopocTed MOAYMHSAETCA JOMOJHHTENDHOMY YCJOBHIO (MOTEHLHA/b-

HOCTH CBEPXTEKYYero ABHIKEHHA), NIPM KOTOPOM M OOJIKEH OTLICKMBATBCH MAKCH-
MYM 3HTPOIHH. '



B nanbHeiimem Mbl 6yleM 06LIYHO pacCMaTpUBATh HEMOABUIKHbIE
Tena, COOTBETCTBeHHO, 3Heprust £ Oyaer mpeAcTaB/siTh co6oil BHY-
TPEHHIO 3HEPIuio TeJsa.

Jlo cux nop Hcrnoab3oBaloch JHlb HEOO6XOJMMOE YCJOBHE MaK-
CUMaJbHOCTH SHTPONHMH KaK (PYHKIMH WMIIYJbCOB, HO He JOCTATOY-
HOe YCJOBHe, Hajaraemoe Ha ee BTOpble IIPOM3BOJAHble. JIeTKO BH-
JleTb, UTO mocJjejHee MPUBOAUT. K BecbMa BAXKHOMY 3aKJIOYEHHI O
TOM, YTO TeMIIepaTypa MOXKeT ObITb TOJbKO NOJNOXUTeAbHOH: T > 01!).
Jas 3TOr0 HeT paxe HeoOXOAHMOCTH (paKTHUECKH BBIYHCJATL BTO-
pble IIPOH3BOAHble, @ AOCTATOYHO NPOU3BECTH cJeaylollee paccy-
XKJCHHE.

PaccMoTpuM HeNOABHIKHOE KaK uesoe 3aMkHyToe Teno. Ecan 6nl
Temnepatypa Oblna OTpHILLATENbHOH, TO 3HTPONMS BO3pacrana Okl
MpH yMeHbUIEHHHM CBOero aprymeHnTa. BBuay cTpemJeHHS SHTPONHH
K BO3PACTAaHHIO TeJO CTPEMHJOCHh OBl CAMOMPOH3BOJbLHO pPacnacTbes

Ha paasJseralolrecss (C CyMMapHBIM HMIYJbCOM Z P, =_0) YyacTH,

TaK YTOGbLl apryMeHT Kaxao# us S; B cymme (10,1) npuusa no Bos-
MOXHOCTH MaJsoe 3HaueHue. dpyrumu cnosamu, npu 7 < 0 6blno 6bl
BOOGIIle HEBO3MOXHO CYyII€CTBOBAHHE DABHOBECHBIX TeJ.

OTmeTuM, OgHAKO, yKe 3Jech ciaeaywilee obcroaTenscTBo. XOTH
TeMOepaTypa Tella WAH KakoH-1H60 ero oTAeNbHON 4YacTH HHKOrja
He MOXeT ObITh OTPHUATEJbHOH, MOTYT 0Ka3aTbCA BO3MOMHBIMH Ta-
KHe HENOJHbIe PaBHOBECHs, MPH KOTOPBIX OTpHLATeNbHAa TeMmIepa-
Typa, COOTBETCTBYIOUIAsi OINpeHeJeHHOH YacTH creneHed cBOGOALI
tTesaa (nogpob6Hee 06 sTom cm. § 73).

§ 11. ApnabatHyeckui npouecc

Cpeln pasnnyHOro pojfa BHEUIHUX BO3NEHCTBHH, HCIBITHIBAEMBIX
TeJIOM, OCcODOyI0 rpymny COCTaBAAIT BO3JMeHACTBHSA, CBOASIIMECH K
H3MEHEeHHIO BHELIHHX YyCJOBHWH, B KOTOPBIX 3T0 Tejo Haxoaurtcs. Ilop
BHEIIHHMH YCJOBHAMM Mbl NOHHMAaeM B LIMPOKOM CMBICJAE Da3Jjuy-
Hble BHeIIHHWe NoJfA. [IpakTHyecKM HauboJee 4acTO poOJib BHELIHHMX
YCJIOBUH WrpaeT BHeWIHe 3aJaHHbI# o6beMm Tena. B mu3aBecTHOM cMbl-
clle 3TOT cayuyall TOXXe MOXHO paccMaTpHBaTh Kak ocoboro pojna
BHelllHee MoJie, TaK KaK OrpaHdyMBalomue 06beM CTeHKH 3KBHUBa-
JIGHTHBI MO CBOeMY IeHCTBHMIO NOTEHUHaJhHOMY Oapbepy, HPEHHTCT-
'BYIOLLIEMY BbIXOLY MOJEKYJ TeJa HapyXKy.

EcaH Teno He noJBepraercs HUKAKHUM OPYIUM BOS,H.QHCTBHHM
KDOME H3MEeHEHHS BHeIIHWUX YCJOBHH, TO TOBOPHAT, YTO TeJJNO TenAo-
usoauposano. [loguepkHeMm, YyTO XOTS TENMJOU3OJHPOBAHHOE TeJO H
He B3aUMOJEHCTBYeT HENOCPENCTBEHHO ¢ KAKHMH-JHGO Jpyrumu

97;)Igegnepa1ypa T = 0 (abconmoTHbi Hyab) nexur mo wkaste [leancus npn



TeJaMH, OHO, BooOlie roBopsl, He fABJAFETCA 3aMKHYTbIM, U €ro 3Hep-
TH5l.MOYeT cO BpEMEHEeM MEHSTbCH, '

C 4McTO MeXaHMYecKOH TOYKHM 3pEHHA TelJOU30JHpPOBAHHOE
TENO OTJAHYAETC OT 3aMKHYTOrO JHIIb TeM, uTo 6Jarojaps HaJjH-
YUIO [IepeMeHHOro BHellHero nods ero PpyHkuus amunbrona (2Hep-
rHa) 3aBHCUT fABHO.OT Bpemenu: £ = E(p, ¢, t). Ecaun 66l Teno B3a-
MMOIEHCTBOBAJMO TaKXKe H HEeMOCPeACTBEHHO C APYTHMMH TelaMi, TO
OHO caMo no cebe BOBCe He HMeJo Obl PYyHKUMH ['aMuabTOHA, Tak
KaK B3aWMOJEHCTBHE 3aBHCENO Obl He TOJBKO OT KOOPAHMHAT MOJIEKY.I
JaHHOTO Tesja, HO M OT KOOPAHMHAT MOJIeKyJ OpYyTux Tell.

DTO O6GCTOATENbCTBO NPHBOJLHT K TOMY, YTO 3aKOH BO3pacCTaHHSA
SHTPOMHUM OKAa3blBAeTCS CHPABeAJHBBIM He TOJbKO IJNS 3aMKHYTBIX
CHCTEM, HO H JAJIA. TEMJOH3OJHPOBAHHBIX TesJ. [JeHcTBUTENbHO, MbI
paccMaTpMBaeM 3JeCh BHEIIHee MOJe KakK MOJHOCTbi0 3aJaHHYIo
¢YHKUHIO KOODAHUHAT H BpeMeHM, NpeHebperas,, B 4acTHOCTH, obparT-
HbIM JeHCTBHEM CaMOIO TeJsa Ha noJe. ILpyrumu cjoBamu, noJe siB-
JsleTCsl 3eCh. YUCTO MEXaHHYEeCKHM, a He CTaTHCTHYEeCKHM OObex-
TOM, M B 3TOM CMbIC/I€ MOXKHO CKa3aTh, YTO €ro SHTPOMNUS paBHa
Hyno. OTciofa M BbITEK3aeT CAeNaHHOe Bhllle YTBepXKAeHHe.

[TpennosoxKum, 4YTO TEJO TEMJOU3OJHPOBAHO M YTO BHELIHHe YC-
JOBHSA, B KOTOPHIX HaXOAMTCA TesJO, MEHFAIOTCA JOCTAaTOYHO Mel-
nenno. Tako#i mpouecc HOcUT HasBauue aduabaruueckoeo. Tloka-
XKeM, YyTo NpH agumaBaTHYeCKOM MOpOllecce SHTPONHUS TeJla OCTaeTCs
HEH3MeHHOMH, T. €. IIpoLecc OOpPAaTHM., |

Dynem xapakTepu3oBaTh BHEUIHHe YCJOBHS HEKOTOPHEIMH Mapa-
MeTpaMH, SIBJASIOLIMMHCH 3aJaHHBIMH (QVHKUMAMU BpeMeHH. [lycTs,
HalpuMep, MMEEeTCA BCero OAMH Takoi mapamerp, KOTOpb 0603Ha-
yuM OyxBod A. [lpousBomHas suTponuu no BpemeHu dS/dt Gyner
Kak-To 3aBHceTb OT ckopoctd d)\/df usMmenenusi mapamerpa A. [lo-
CKOMbKY d)\/df Mano, MONCHO pas3noXuTtb dS/df B psR Mo cTeneHAM
dh/dt. HyneBoi ujieH 3TOrOo pas/oXeHHs, He cogepxaiiui di/di,
HCcye3aeT, TaK KaxK MpH dh/dt 0 mosHO OBITH H dS/dt-—-O no-
CKOJIbKY 3HTpPOMHUA 3aMKHYTOH CHCTeMBbl, HaxoAsllelhcs B TEpMOIH-
HAMHUYECKOM PaBHOBECHH, MPH NMOCTOAHHBIX BHEIUHHX YCJOBHAX A0J-
JKHa ocTaBatbhes ‘HeusMeHHOH. Ho w usen mepBoro nopsaka, npo-
nopuHoHaAbHbIH dA/dt, noaxeHn obpauiatecs B HyJb. B camoMm Aere,
3TOT UJieH MeHSIeT CBOH 3HakK MPH W3MeHeHHM 3Haka dA/df, mexny
TeM KakK, COTJIacHO 3aKOHY Bo3pacTaHWd 3HTponuHu, dS/df Bcerna
noJoXnTeabHo, OTcIOfa caeldyeT, 4TO pasJoXeHue dS/df HauuHaeT-
csl C 4jeHa BTOpPOro nopsjKka, T. €. NpU Maabx di/dt umeem

dS dl \2
=1 (717) *

dS dA
= A

OTKyZa



CanepoBaTenbHo, Korpa dA/dt crpemurcss K Hynawo, obpaulaercsi B
HynAb U dS/dA, uyTo mOKa3mBaeT oOpaTHMOCTb anuabaTHyecKoro
npolecca.

[TopuepkHeMm, UTO XOTsl aguHabaTuyeckudl npouecc o6paTHM, OT-
HIOAb He BcAKHE ofpaTUMmblil npouecc agHabatuueH. Yciaosue obpa-
THMOCTH npoltecca TpebyeT JHIIb IOCTOAHCTBA MOJHOH 2HTPOMHM
BCell 3aMKHYTOH CHCTEMbl, 4 3HTPOIHH €e OTHEJbHBbIX yacTeld MOTYT
KaK BO3pacraTh, Tak H YObBaTL. [IpH afgHabaTHYeCKOM e MNpo-
Lecce BLIMOJHAETCA 0o0Jee CHAbHOE YCJIOBHE — OCTaeTCA NOCTOSAH-
HOMl TaKXe W 3HTPONHUA JAaHHOrQ TeJa, KOTOpoe camo mo cebe co-
CTaBJSeT JHUb YaCTh 3aMKHYTOH CHCTEMHI.

Bhilile Mhbl onpefenuau aguabaTHuecKHi Npolecc Kak JocTaTou-
HO MelncHHBIA. TOYHee, BHEUWIHHE YCJOBHS JOJIKHBI MEHATbCH Ha-
CTOJbKO MENJEeHHO, YTOObl B KaXAblli MOMEHT BpeMEHH MOXKHO OblJO
CUMUTATh TeNO HAXOASILUMCH B COCTOSHHM paBHOBECHS, COOTBETCT-
BYIOLILEr0 HMMEIOIMMCH B 3TOT MOMEHT BHEWIHMM YycsaoBHAM. Ipy-
FMMH CJOBaMHu, pouecc A0JXKeH GbITb MelIeHHBIM MO CPaBHEHHIO C
IpOLECCAMH yCTaHOBJIEHHS] paBHOBECHS B JAHHOM Tedqe ).

Brieesem ¢dopmyany, KOTOpas MO3BOJAET BHIYHCASTb YHCTO Tep-
MOAHHAMHYECKUM [yTeM pas3juyHble cpelHue 3Hauenus. [dna srtoro
NpennoJOXHUM, YTO TeJo coBepliaeT aauabaTHyecKUH mpouecc, H ofl-
penenuM npousBoAHyw dE/df ot ero sHepruu no epemenu. [lo on-
peleleHHl0 TepMoanMHamuyeckas aueprus £ =E(p, ¢g; 1), rie E(p,
g; A) — dyukuua amunbToHa Tesa, 3aBMcsALlasd OT A KakK OT mapa-
merpa. Kak u3BectHo U3 mexaHuku (cm. I, § 40), nosnas npous-

BOAHasA no BpemeHH OT (YHKUHu ['amunbToHa paBHA ee 4acTHOM
NIPOH3BOJHOH IO BPEMEHH: - '

dE(p, ;M) __ 0E(p, q; A)
- dt T ot

B nanHom caydae E(p, g; A) 3aBHCHT ABHO OT BPEMEHH IIOCDEJCT-
BOM A (f), NO3TOMY MOXXHO HamHCaThb:

dE(p, ¢; M) __ OE (p, ¢; ) d
dt — A dt

1) daxTHYeckH 3TO YCJOBHE MOXKET 0Ka3aTbCsl O4YeHb CJabbiM, TAK YTO «Mef-
JIeHHbIR» agnabaTHyeCKHH mpolecc MOJKET MPaxKTHUecKH ObITb AOBOJBHO «OHICT-
puim». Tak, uwaupnmep, npu pacuwdpennn rasa (ckakem, B UWJIHHAPe C BbLIJBH-
raloliHMCca NOPpuIeM) TKOPOCTb NOPIUHS AOMMHZ ObITb MaJoi JHiIb MO cpasHe-
IIMI0 CO CKOPOCTbIO 3BYKA B rase, T.e. NpaKTHYECKH MOKeT ObITb O4YeHb OOJbLIOH.

- B obwux xypcax ¢H3HKH aaumabMTHYSCKOE PacliHpeHHe (HAM CAcAaTHE) YyacTo
ONpeflensieTest Kak <«AOoCTaToyHO ObicTpoe». Ilpu 3ToM nmeeTca B BHAY Apyrasf
CTOpoHA BONpOCa — NPOLECC HOJMKEeH MNPOH30HTH HAcTONbKO ObicTpo, 4TOOL 3a
ITO BPEMA TEJO HEe YCNeJo BCTYNMHMTb B Teloo6MeH ¢ oKpyawoue# cpenoi. Ta-
KMM oOpa3om, umeeTCss B BHAY YCJOBHME, KOTOpOe AC/JKHO NpakTHuyecku obecne-
YHTb TENJIOH3OJMPOBAHHOCTH TEJa, a YCJOBHE MEIJEeHHOCTH MO CPaBHEHHW C Mpo-
LucccaMil YCTAHOBJEHHR DABHOBECHA MOJYaNMBO IMO4Da3yMEBAeTCA BBIMOJIHEINILIM.



[TockosbKy onmepauusa ycpeiHEeHUsA N0 CTATUCTUYECKOMY pacnpepene-
HHIO ¥ onepauus AU(QdepeHUUpPOBAHUA N0 BPEMEHH MOTYT, OUEBH]-
HO, IPOM3BOJHUTbCA B NPOH3BOJbBHOM MODAAKE, HMeeM

dE dE(p,q; N\ 0E(p, q;-A) dA (11 1)
dt dt T dA dt A

di
(nponsaom{aﬂ —; ©CTb 3ajaHHad (YHKUHA BpeMeHU U MOXKET

OBITb BhIHECEHA W3-TOJ, 3H4AKa cpeﬂ,Hero) .
QOuenb CYLI_LECTBEHHO, 4YTO 6JIaFO,ILapH aguabaTHYHOCTH nponecca

crosiulee B (11,1) cpennee 3nauenue npouaaonﬂon—%
MOHUMATbCA KaK CpPeJlHee NO CTATHCTHYECKOMY pacnpenelsleHHIo, co-
OTBETCTBYIOLIEMY DAaBHOBECHIO NMpH LAHHOM 3HAUEHUHU napameTpa A,
T. €. IPU UMEIIMXCA B NAaHHBIH MOMEHT BpE€MEHH BHEIIHHX YCJO-
BUSIX.

MOKET

IIpousBonnywo —; MOXKHO HanmucaTth W B IPYrOM BHJE, paccMmar-

puBasi TepMOJHHAMHYECKYIO BenH4YuWHYy £ Kak (yHKILHIO OT 3HTpO-
nuM Teja S ¥ BHeHMX mapametrpoB A. [TockoJbky mpH aauabartu-
YeCKOM Ipouecce 3HTPOMHS S ocTaercs nocmﬂHHoﬁ, TO HMeeM

= (o) ar (11,2

rie 6ykBa mnoji cko6KaMHM MOKa3biBaeT, YTO MPOH3BOAHAA Oepercs
NpH MOCTOSHHOM S.

CpasuuBas (11,1) ¢ (11,2), Haxonum
| aE(p.q,A) — (45

(11,3)

9TO W ecTh HCKOMas (popmyJIa. Ol-ia MO3BOJISET BHIUUCAATL TEPMO-
JUHAMHYECKHUM IyTeM ¢cpefiHHe (II0 paBHOBECHOMY CTATHCTHUECKOMY

- OL (p. g; A)
pacnpefeseHdio) 3HaYeHHs BeJHYHH BHAA — C
BEJHYHHAMH CIJIOWb H PAAOM NMPHXOAUTCH MMETb AEJO NpH U3yye-
HHHM CBOHCTB MaKpOCKOMHYECKHX TeN, B CBA3H ¢ uyeM dopmyna (11,3)
UrpaeT B CTAaTHCTHKEe BecbMa BaXHYIO poJsib. Clojla OTHOCHTCH Bbl-
YUCEeHHe pa3JHYHBIX CHJA, NeHCTBYIOIIHMX Ha Teno (mpHyem Mhapa-
MeTpaMu A ABJAIOTCH KOOpAMHATH TOH HJM HHOH 4YacTH Tena; cM.
B cleAylowdm mnaparpade O NaBjeHHH), BBIYUCJIEHHE MATHHTHOrO
MJIM 3JIEKTPHYECKOTO MOMeEHTa Tes (IpHYeM MmapamMeTrpaMu A SB-
JAIOTCA HAMNpPSXKEHHOCTH MACHUTHOTO WJH 3J@KTPHUECKOTO II0JA)
M T. I '

Bce paccyxpeHusi, KOTOpbie Mbl NPOBEJN 3AeCh [As KNacCHYe-
CKOH MeXaHHMKH, MOJHOCTbIO IIEPEHOCATCA U B KBAHTOBYIO TEOpHIO,
TOJNbKO BMecTO 3Heprud. E (p, g; A) Hamo Be3je rOBOPHTb O MaMHJDL-

TaKHMH



toHHaHe H. ®opmyna (1]0,3)_npnme1‘. P4 3TOM BHJ,

T (), (114

rie yepra O3HauvaeT MOJHOe CTATUCTHUYECKOe YCpEJHEHHE, aBTOMAaTH-
JeCKH BKJAKYAawLiee B cebs KBAHTOBOMEXaHHYECKOEe YyCpeldHEeHHe.

§ 12. JlaBaeHue

OHeprua Ttela E Kak TepMOIMHAMWuecKas BeNHYMHa obJjapmaer
CBOMNCTBOM aJJIMTUBHOCTH; SHEpPrus Teja paBHa CyMMe 3Heprud Or-
JAeNbHBIX . (MaKpockonuyeckux) ero yacreti!). Tem »xe cBoHcTBOM
ob6iajaeT U Apyras OCHOBHAas TEPMOJHHAaMHYecKas BeJHYHHA — 3H-
TPONHS.

AZLIHTHBHOCTD SHEPrMH U 3JHTPONMM MPUBOAMT K CJAEAYIOLIEMY
Ba)XHOMY pesysabTaTy. Ecau Tesfo HaxoAHMTCA B TEIJIOBOM paBHOBe-
CHH, TO MOXHO yTBEpXIaTh, YTO €ro HTPONHA NpPH 3aJlaHHOM 3HA-
YEeHHH SHEpPrHH (MJIM 3HEeprus NpH 3aJaHHOM SHTPONHH) 3aBHCHT
TOJLKO OT ob6wema Tena, HO He OT ‘ero- opmbl2). IeltcTBUTENBHO,
U3MeHeHHe (OpMbl TeJa MOXKHO INpeNCTaBUTh KaK NepecTaHOBKY OT-
AeNbHBbIX ero yacTei, OTYero SHTPONHS U 3Heprusa, Oyayuu BeNHyH-
HAMMU AJJUTUBHBIMHU, He U3MeHAITCA. [IpU 3TOM, KOHEYHO, npeano-
JlaraeTcs, YTO TeJO He HAaXOIAUTCA BO BHellHEM CHJOBOM MOJe, TakK
YTO TIepeMelleHHe yacTed Tena B HNPOCTPAHCTBE He CBA3AHO C MH3-
MEHEHHEeM HX DHEpruu.

Taxkum 06pa3oM, MaKpOCKONHYECKOE COCTOSHHE Ha X0/ Erocs
B PABHOBECHH HENOJBHXKHOrO TE€Ja NOJHOCTbIO OIpelessieTcsl BCero
ABYMSA BeJMYHHAMH, HalpuMmep o6beMOM W 3Heruei. Bce ocranbHble
TEPMOAHHAMHYECKUEe BeJUYUHBl MOryT OHITh Bblpa{eHbl KakK (pyHK-
UMK 3THX ABYX. Pasymeercs, B CUJy TaKOd B3aWMHOH 3aBHCHMOCTH
pasJHyYHbBIX TEPMOAHMHAMHYECKHX BEJNHYMH B KayeCcTBe HE3aBUCHMBIX
nepeMeHHBIX MOXHO MOJb30BAaThLCeA W J060H Apyro#l Hx mapoi.

Hafigem Tenepb cHNy, ¢ KOTOPOH TenO JAeHCTBYeT Ha IpaHHILY
cBoero o6nema. CornacHo H3BecTHHIM (OpMyJsiaM MeXaHHKH CcHJa,
AeficTByIONIas Ha HEKOTOPHH 3JeMeHT ITOBepXHOCTH ds, paBHa

F—_ 9560
or

1) TlocTonbky, NOcKoJbKY MH npeHebperaeM sHepruefl B3aHMOREHWCTBHA 3THX
yacTeli; 3TOrC HeJIb3A JeJaTh, eC/H Hac HHTepecyloT Kak pa3 Te SABJEeHHs, KOTO-
Pble CBA3aHBl C HAJHYHEM [OBEDXHOCTEH pa3sfeNa MeXAY PasIHYHbIMH TeJlaMH
(H3yuyeHni0 3THX WBJIEHHA NocBAleHa IyaBa XV).

2) OTH yTBepMAcHHA (PAKTHYECKH NPHMEHHMB K XHIKOCTAM M ra3aM, HO He
K TBepabiM TesiaM. MameHerue dopmbl (medopmupoBanue) TBepmoro Teha tpebyer
3aTpaThl HEKOTOPO# pabOTH, T.€. 3HepPrusA Tela MPH 3TOM MeHAeTcA. DTo 06CTOSA-
TeJbCTBO CBA3aHO C TeM, uTo AeOpMHMPOBAHHOE COCTOAHHE TBEPAOro Teja fB-
JIAETCA, CTPOTO roBOPA, HEMOJNHHIM TePMOXHHAMHYECKHM DaBHOBecHem (HO Bpems
pesaxkcauMu ANA YCTaHOBJEHMA NOJHONO DPABHOBECHA HACTOJNBKO BEJHKO, YTO BO
MHOTMX OTHOWEHHAK AedopMHPOBaHHOE Teso BejeT cefs Kak DPaBHOBeCHoE).




rae E(p, g; r) —>3Heprus Teja Kak GYHKUHS KOOPAHHAT H HMIYJib-
COB €ro YyacTHIl, a TaKXe pajuyca-BeKTopa HaHHOro 3JIeMeHTa MNo-
BEPXHOCTH, Hrpampllero B AaHHOM cJyyae poJb BHELIHEro Iapa-

MeTpa. YCpPeAHSAS 3TO PaBEHCTBO H  BOCMNOJb30BaBLUIHCh (POpMY.JIOil
(11,3), nonyyum

P TEGET (%) (%) %,

rie V — ob6beM. Tak kak H3MeHeHHe o6beMa paBHO ds dr, rie ds —
3J1€MEHT NOBEPXHOCTH, TO @V/dr = ds ¥ INOTOMY

()ds

Orciona BHAHO, YTO CpeIHAS cHJa, ACHCTBYWOIas HA 3JEMEHT Io-
BEDXHOCTH, HaNpasJjeHa MO HOpMaJdH K 3TOMY 3JIEMEHTY H NpOMNop-
LHOHaJbHa ero muowanu (3axon IMackaan). AGconoTHas BelHUYHHA
CHJIBI, JeHCTBYIOIEH Ha eAHWHHIlY MOLIAAH NMOBEDXHOCTH, paBHa

P_—( ) (12,1)

DTa BeJHYHHA Ha3bIBAeTCH Ja8AEeHUEM.

[Ipn onpeneneHun temnepartypbl ¢opmyao# (9,1) peub ura no
CYILIECTBY O TEJ€, HENOCPEACTBEHHO He CONDHKACaKIIEMCA HH C Ka-
KHMH RDYCMMH TelaMH H, B YaCTHOCTH, HE OKDYXEHHOM HHKAaKOH
BHEWIHeH cpefod. B 3THX YCJAOBHAX MOXHO OBJIO rOBOPHTbL 00 H3-
MEHEHHHM 3HEPrMH H 3HTPONHH TeJja, He YTOUHAA Xxapakrtepa Ipo-
necca. B obuiem XKe ciayyae Tesa, HaXoAfAIIerocss BO BHellHeH cpefne
(MMM OKpYXKEHHOrO cTeHKaMM cocyna), dopmyna (9,1) monxkHa
OblTb yTOuHeHA. JleficTBHTENbHO, €c/lH B XOAe Mpollecca MEHsAeTcs
00b€M AAaHHOTO TeJsa, TO 3TO HEH36EMHO OTPA3UTCHA M Ha COCTOAHHH
CONPHKACAOWHKXCA ¢ HAM Tes, W AJSl ONpelesieHHsl TeMIepaTypbl
Hano 6610 6B paccMaTpHUBaTh OJHOBDEMEHHO BCe conpukacamouue-
cAd Teja (HanpHMep, TeJNO BMECTE C COCYAOM, B KOTOpbIHi OHO 3a-
KJAIUEeHO). Ecsil XKe MBl XOTHM ONpenenHTb TEMNEpaTypy NO TepMo-
IWHAMHYECKHM BEJHYMHAM OJXHOIO TOJBKO XAaHHOro Teja, TO Hago
CyHTaTh 06bE€M ITOr0 TeJa HeH3MEHHbIM. [IpyrdMH cloBaMH, TemIe-
paTtypa ompeAesHTCs KaK NPOU3BOAHAA OT 2HEpPrHH Teja Io ero 3H-
TPOMNHH, B3SATasA NPHU MOCTOAHHOM 06beMe

— (g—g)v (12,2)

PaseHnctsa (12,1—2) MoryT GbiThb 3amHcaHbl BMECTE B' BHAE clie-.
AYIOIEro COOTHOIUeHHS MeXny auddepeHnHasaMH:

dE=TdS—PdV. (12,3)

DTO — OAHO U3 BaXKHEHIIHX TEPMOAHHaMHUYECKHX COOTHOLIEHHH,

H



Hasaesus HaxomAIHXCA APYr ¢ APYrOM B paBHOBECHH TeJ paB-
Hbl JPYyr ApPyry. DTO cJeAyeT Ye HEeNOCPeACTBEHHO M3 TOro, 4To
TENJOBOE PaBHOBECHE BO BCAKOM CJydyae NpeAnoJjaraer HajJHyHe Me-
XaHHYECKOTO DaBHOBecHs; MHaye rOBOPS, CHJB, ¢ KOTODHIMH neil-
CTBYIOT ApYr Ha Apyra Jwobbe ABa 43 3THX Tead (10 NOBEDXHOCTH
MX COIPHKOCHOBEHHN), AOJIKHBI B3aHMHO KOMIIEHCHDOBATbCs, T. €.
ObTb PABHBIMH 110 aB6CONIOTHOH BEJHMUYHMHE H NMPOTHBOINOJOXKHBIMH IO
HaMpaBJeHHUIO.

PareHcTBO AaBJeHHH NpH PaBHOBECHHM MOXKHO BBIBECTH TaKKe H
M3 YCJOBHA MakcHMyMa 3HTPOIHH, NMOJOOHO TOMY Kak MBI AOKa3aJH
B § 9 paseHcTBO TeMmueparyp. s 3TOro paccMOTpHM ABe CONpPH-
KacamwIiluecs yacTH HaxoAslnedcs B paBHOBECHH 3aMKHYTOH cHCTe-
Mbel. OZHUM K3 HeOOXOAWMBIX YCJOBHH MaKCHMaJbHOCTH 3SHTPOIHH
SIBAAETCA YCJOBHE MaKCHMaJbHOCTH IO OTHOWIEHHKD K HM3MEHEHHIO
o6beMos V; U V, 3THX ABYX yacTe#l NpH HEH3MEHHBIX COCTOSIHHSIX
OCTaNbHbIX 4acTell; MocjefHee O3HAUYAET, B YACTHOCTH, YTO OCTAETCS
HeM3aMeHHOH M cymma V, 4+ V,. Ecin Sy, Sp — 3nTponun obeux ua-
cTel, TO UMeeM '

IS _ 3S, , 88, 9V, 38, 9S,
av, — aV, ' @V, av,  avV, oV,

=0,

Ho u3 cootHowenus: (12,3), nepenHcalHoro B BHAe

| P
dS=-wdE+ - dV,

BunHO, uT0 9S/0V = P/T, tak uro P,/T, = P,/T,. Tak Kak TteM-
nepatypbl Ty u Ty IpH paBHOBECHH OLHMHAKOBH, TO MBI TIOJyyaeM
OTCIOAa HUCKOMOE PaBeHCTBO AaBJeHHH: P = Ps.

Cyiefyer MMeThb B BHAY, YTO NPH YCTAHOBJEGHHH TEHJOBOrO paB-
HOBECHSI PaBeHCTBO JAaBJeHWH (T. €. MexaHHYeckoe paBHOBecHe)
ycTaHap/HBaeTcss ropasfo GbicTpee, YEM paBeHCTBO TeMIepartyp; Ho-
3TOMY YacTO BCTPEUAIOTCH CJydYyad, KOrga AasjdeHHe BAOJb TeJja IOo-
CTOSIHHO, XOTHA TeéMIlepaTtypa u He nocrossHHa. Ileso B TOM, uTO He-
NOCTOSIHCTBO JAaBJEGHHUS CBA3aHO ¢ HaJHYHEM HEKOMIIEHCHDOBaHHHIX
CHJI, MPHBOASAIIHX K IMOABJEHHIO MAaKPOCKONIMYECKOTO JBHMKEHHUS, BbI-
pPaBHHUBAIOIIEro AaBJeHHE ropasgo ObicTpee, YeM NPOMCXOUHT Bhipa-
BHHBaHHe TeMIlepaTyp, KOTODOe He CBSi3aHO C MaKPOCKONHYECKHM
ABUKEHHEM. |

Jlerko BHAeTb, UTO BO BCAKOM PaBHOBECHOM COCTOSIHHH HaBJIeHHE
TeJia - JOJIKHO ObITb HOJOXHTENbHBIM. [efictBuTenbHO, mpu P > 0
umeeM (dS/0V)e >0, u anTponust Morsja Obl yBeJHUHTbCS JHIIb
NpH pacllHpeHHUH TeJMd, YEeMy, OJHAKO, MellaloT OKpPYMXKAalOLIHE ero
tesa. Hanpotus, npu P << 0 6wi0 661 (0S/3dV) e <0, u Teno crpe-
MHJIOCh OBl CaMOTIPOM3BOJIbHO CXHUMAaThCH, l'lOChOJIbe 3TO COIPOBO-
2K Aa/J0Ch 6Bl BO3pacTaHHEM 3HTPOIHH. -



HMeercsi, OAHAKO, CYLIECTBEHHOE pasJjuuyHe MexKAy . TpeboBa-
HHAMH TOJIOXKHTENbHOCTH TEMMEPaTyphl H MOJOXHTEJIbHOCTH AaBJIe-
Hua. Tena c oTpHuaresbHO# TeMnepatypoi Oblid Obl COBEpPIIEHHO
HeyCTOHUYHBH! ¢ BOOOILEe HE MOTYT cyllecTBOBaTh B npupoie. Cocros-
HUSl XK€ (HepaBHOBECHBIC) € OTpHILATEJbHBM AaBJEHHEM MOTYT OCy-
LWECTBJAATECA B MpUpoAe, o06sanas OrpaHHYeHHOH YCTOHYHBOCTDIO.
Heno B TOM, YTO CAMOINPOHU3BOJbHOE CXKAaTHE TeJa CBA33aHO ¢ €ro
«OTPBIBOM» OT CTEHOK COCYZAa MJH ¢ 0Opa3oBaHHEM [OJOCTEH BHY-
TPH Hero, T. €. ¢ ofpa3oBaHHeM HOBOH NMOBEPXHOCTH; 3TO 00cCTOs-
TEJbCTBO H NPHBOAHT K BO3MOXXHOCTH OCYILECTBJICHHS OTPHIATEJb-
HbIX AABJGHHA B TaK Ha3blBaeMblX MeTacTaOWJ/bHbIX COCTOSAHHSAX !).

§ 13. PabGora 1 xoanyecTBo TenJja

[IpunoXeHHbIE K TeJy BHEIUHHe CHJIBI MOLYT MPOH3BOAHMTbL -HAX
HUM pabory, KOTOpas onpejensiercds No oOIIHUM OpaBuUJiaM Mexa-
HUKH MpPOH3BEACHUSMH 3THX CHJ Ha BbI3blBaeMbie HMH NepeMelle-
HusA. DTa paboTa MOMKET TPaTHTbCS Ha IIPHBEJEeHHe Tejga B COCTOfA-
HHE MAaKPOCKOIHYECKOro MOBHIKeHHS (BooOmie Ha H3MEHEHHE ero
KHHEeTHYECKOH 3HEeprHH), Ha MNEpeMelleHHe TeJsa: BO- BHELIHEM IIoJie
(Hampumep, Ha NOAHATHe ero B noJje TaxecTH). Hac, ognako, Gyner
6oablle BCero WHTEpPECOBAaThb cJyual, KOrga B pesyJbTare IPOH3BE-
JEeHHOU Hanx TejqoM paboThl MeHsercss ero o6beM (T. e. BHellHHe
CHJbl TIPOM3BOJAAT CXKaTHe TeJa, OCTABJAfAA ero Kak LeJsoe Heno-
JBUXHBIM) .

YcnoBuMcs Be3Ae B AadbHefllleM CYHTATb MOJOXKHTEJbHOH pa-
60Ty R, NpOH3BOAHMYIO BHEIIHHMH CHJIaMH Hal AaHHBIM TeJjioM. Ort-
pumartenbHas e paborta, R < 0, 6yleT coOoTBeTCTBEHHO O3Ha4aTh,
YTO AaHHOE TeJO CaMoO IPOH3BOAMT paboty (paBHyw |R|) Hap Ka-
KUMH-IHO0 BHEWHHMH OoObeKraMH (HanpuMmep, NMPHU CBOEM pacllH-
peHuH).

HMess B BHAy, uTO cHJa, AGHCTBYIOINAA Ha EeAHHHLY [JOLLAAH
NOBEPXHOCTH TeJa, ecTh AABJEHHE M YTO: [IPOH3BENeHHE TJIoIalu
3JIeMEHTa MOBEPXHOCTH Ha €ro MepeMelleHHE eCcTb OIHChIBaeMbIH
3THM 3JieMeHTOM 00beM, HaligeM, uto pa6ora, NpoU3BeAEHHAs Hal
TeJOM MPH H3MEHEHHHM ero o6bema (OTHeceHHas K eJMHHIE Bpe-
MEHH), ecThb

ar -~ U Tdr
(npu cxatuu tena dV/dt < 0, tak uro dR/df > 0). dra dopmyna
NPHMEHUMA KaK K OGDATHMHIM, TaK H K HeoSpaTHMHM Ipoleccam;
NpH 3ToM TpebyeTcsa cOBII0ACHHE JHLIb ONHOTO YCIOBHS — B TeEUE-
HHE BCEr0 Mpollecca TeJ0 AOJKHO HAaXOAHTbCH B COCTOAHHH MeXa-

: dR dv (13,1)

1y O6 onpeaenenun metacTaGuIbHEX cOCTORHME cM. § 21



HHYGCKOTO PaBHOBECHS, T. €. B KaxKAblH MOMEHT BpPEMEHH HaBJICHHE
JOJIX)KHO ObITh MOCTOSIHHALIM BAOJIL BCErO TeJia.

Ecau TesN0 TenJIOH30JHPOBaHO, TO BCe H3MEHEHHE ero 3HEpPrdH
CBA3aHO C NPOU3BOAMMON Haj HUM pabotoi. B obiueM xke cayuae
HETEMJIOM30JIHPOBaHHOrO Tejia, [OMHUMO pa6oTel, TEJO MOJYyYaer
(111 OTA2eT) 3JHEpruio ¥ NyTeM HENOCPEACTBEHHOH neperaud or
IpYTUX CONpHKAcarmwIAXcd ¢ HUM TeJM. DTa yacTb U3MEGHeHMs SHeEp-
MM HasblBaeTcs KOJHYECTBOM IMOJYUYEHHOro (MM OTAaHHOrO) Te-
JoM Tenaa Q. Takum oOpa3oM, H3IMEGHEGHHE 3HEepPrud Tena (B edH-
HUIY BPEMEHH) MOXHO HanmucaTb B BHAE

dE dR dQ

TR TR TR (13,2)
[Togo6HO pabore, ycJIOBUMCS CUATATb NOJOXKHUTEJAbHBIM TENJO, IOo-
Jy4yaeMoe TeJOM OT MOCTOPOHHUX HCTOUHHKOB.

Iox sueprueii £ B (13,2) Hago, BooGuie roBops, NOKUMATh MOJ-
HYI0 3HEpTHIO TeJja, BKAKYAKIIYI0 KHHETHYECKYIO 2HEpridid MakKpo-
CKOMUYeCcKoro ABHKEeHHA. Meul, omnako, 6yaem O6GBIYHO paccMaTpH-
BaTbh paboTy, CBS3aHHYIO ¢ H3MeHeHHEeM o0OGbEMa HENOABHKHOIO
TeJa; B TAKOM cJy4yae 3Heprusl CBOAMTCH K BHYTpEHHEN 3Hepruu
Teaa. _

B ycaoBusix, korga pabora onpegensierca gopmyaoin (13,1),
HMeEeM /s KOJHuyecTBa TerJa

dQ __ dE dV
o = t P (13,3)

[IpeAnonoKuMm, UYTO0 B TEYEHHE BCEr0 Npolecca TeJ0 MOMHO CyH-
TaTh HAXONAUIMMCA B Ka*XABH NaHHBIE MOMEHT BpEMEHH B COCTOS-
HMH TEIJIOBOIO PAaBHOBECHS, COOTBETCTBYIOLIEM 3HAUEHHSIM 3HEPTUM
u o6beMa Tena B STOT MOMEHT (MOAYEGPKHEM, 4TO 3TO HE O3HAUaer,
YTO MpolEecC 06S3aTENbHO AONKEH GbITh O6pPATHMBIM, TaK KaK TEJO
MOXET He HAXOAHUThCS B DABHOBECHH C OKPYXKAIOLIMMH TeslaMH).
Torpa moXHO HamucaThb Ha OCHOBaHMHM cooTHoweHHs (12,3), omnpe-
nenslomero auddepedunan ¢yukuun E£(S, V) —oneprun Tena B
PaBHOBECHOM COCTOSIHHH: . '

dE dS dav
a =T —Par
CpasHuBas ¢ (13,3), Haxo0aANM AJS KOJMMYECTBA TenJa
dQ .
5 T (13,4)

Pabora dR u KoJMuuyecTBO TeMJaa dQ MOJYYaeMble TeJOM MpPH
6EeCKOHEYHO MaJjioM H3MEHEHHH ero COCTOSHHS, He NpPEeACTaBaAIT
coboit .nonHbIX OHPpdepeHUHaNOB KaKUX-THOO BeJmLmHI). Tonbko
cymMa dQ -+ dR, T. e. H3MeHenwe >sHepruun dE, ecTh TNOJHBIH

1) B 3ToM cmuiciie 0603HaueHua dR ¥ 4Q He BIOJHE TOUYHB, H IMOSTOMY MULL-
uaberaeM HMH TIOJb30BATLCA.



auddepeniat. [loaToMy MOXKHO roBopUTE 06 3Hepruu £ B JaHHOM
COCTOSIHHH, HO HEJb3s1 TOBOPHTb, HANPHMEDP, O KOJHUECTBE TEIJad, KO-
TOpbIM O6Jafaer B AaHHOM COCTOSSHHM Teqo. IpyruMu ciroBamy,
SHEPrH TeJa HeJb3s JAeJHUTb Ha TEIJOBYK H MEXaHHYECKYIO. Ta-
KOe JeJeHHE BO3MOXHO JIHIUb KOMAa peub HAET 06 H3MEHEGHHH 3Hep-
rup. MI3MeHeHHe 3Hepruu Nnpu Nepexoje Tesga H3 OJHOr0 COCTOAHUSA
B ApPyroe MOXHO pa3AeNUTh Ha KOJHYECTBO TenJa, NoJyuyeHHoe (HJH
OTZaHHOE) Tea0oM, ¥ paboTy, NIPOH3BEAECHHYIO HaA HHUM (HJIH [POU3-
BeIGHHY0 WM CaMHM Hajx APYTHMH TejJaMH). ITO pasielecHHE He
onpepessieTcss OLHO3HAYHO HauaJbHBHIM M KOHEYHBIM COCTOSHHUAMH
Tesja, a 3aBHCHT OT Xapakrepa camoro npouecca. Hpyrumu cjo-
BaMH, pabora M KOJIHYECTBO TeMJa SBJAAITCA (QYHKUHAMH Ipollecca,
NPOHCXOASIIEra ¢ TeJAOM, a HE TOJbKO HayaJbHOro H KOHeyHOro co-
CTOSHHH Tesa. DTO 0cOOeHHO Har/JsiIHO NMpOMABJSETCS B cJjyyae, KOr-
Ja ¢ TeJOM IPOHCXOAHMT KpYTrOBOH Npoliecc, HaUHHAIOWINiCA U KOH-
YAl HAcs B OTHOM H TOM K€ cOCTOSHHHU. [leficTBHTENIBHO, IDH 3TOM
H3MeHeHHe 3HePrHH PAaBHO HYJIIO, B TO BPEMS KaK TEJO MOXKeT Nojy-
YUTL (MAH OTZaTh) HEKOTOPOE KOJHYecTBO Tensa (uau padoThl).
MaTemMaTHyecKH 3TO BHIpaXaercs TEM, YTO HHTerpasj Io 3aMKHYy-
TOMY KOHTYpPY OT noJHoro auddepeHunana dE papeH HyJ0O, a HH-
tTerpanl oT. dQ uau dR, He SABASAOILMXCS [10JTH b MH aHddepeHuHa-
JIaMH, OTJIHYECH OT HyJd.

- Konuyectso Tensia, npH NOJAYYGHHH KOTOpPOrO TeMlepaTrypa Tena
NOBHILIAETCH Ha GAWHHILY TeMmlepaTypbl, HOCHT Ha3BaHHE Tenaoem-
kocty. OUYeBHIHO, YTO TEMJIOEMKOCTh TeJla 3aBHCHT OT TOrO, B KaKHX
YCJAOBHAX NPOHCXOAHT ero HarpepaHHe. OOBIYHO pasyHYamT TEMJO-
eMkKocTb Cy TIpH NOCTOAHHOM o6beMe H TemnaoeMmkocts Cp, MpH mo-
CTOSIHHOM paBaeHuu. OyeBHAHO, YTO

C,—T (ﬁ) , (13,5)
—T( ) | (13,6)

OcTaHOBUMCSA Ha Tex cayyasx, korga ¢opmynaa (13,4) mas xo-
JIUYECTBA TeMJd HEeIPDHMEHHMA U B TO XK€ BPEMS OKa3blBaeTCs BO3-
MOXHBIM YCTaHOBUTb [JISI 3TOH BEJHUYHHBI HEKOTODLIE HEPaBEHCTBA.
CyuecTBYIOT NPOLECCH, NPH KOTOPHIX TGO HE HAXOXHUTCH B TEMJIO-
BOM PaBHOBECHM, XOTS TeMNeparypa (M AaBJieHHE) NOCTOSHHA BAOJb
Tend. TakoBbl, HApUMEpP, XUMHYECKHE PEAKUHH B ONHOPOXHOH cMe-
CH pearupywiuux APyr ¢ Apyrom BeulecTB. Biaromaps HaJauuyHio B
CaMOM TeJie Heo6paTHMOro Inpolecca (XAMHUUYECKOH peaKUHH) 9H-
TPOIIUS TeJad BO3pacTaeT TaKXKe M HEe3aBHCHMO OT NOJYYaeMOro UM
TelJja, TakK yTO MOXKHO YyTBepXKJAaTb, UTO OYHACT CNpaBeiJIMBO Hepa-
BEHCTBO

49 78 . (13,7)



Hpyroil cayyaii, Korga MOXeT 6bITb HaNHCAaHO aHaJOTHYHOE He-
pPaBEHCTBO, NPEACTaBJAACT HeoOpaTHMBbIi Npouecc, B Pe3yJNbTaTe KO-
TOPOTrO TEJO MEepexofHT M3 OAHOTO pPABHOBECHOTO COCTOSIHHSI B APY-
roe paBHOBECHOE Xe COCTOsIHHe, OJIH3KOEG K HCXOZHOMY, HO B Teue-
HHE IIpollecca TeJO He HaxomguTcsd B paBHoBecHH ). Torpa mexny
KOJMHYecTBOM Tensa 8@, MoJiyyeHHOro TeIOM B TeueHHe 3TOro Ipo-
ecca, H M3MGHEGHHEM €ro 3HTPONHH 8S HMeeTcsi HepaBeHCTBO

5Q << T 8S. (13,8)

§ 14. Tennosas dhyHKuunA

Ecnu npu mnpouecce ocraercst NOCTOSHHEIM 06GBeM Teda, TO
dQ = dE, T. e. KONHYECTBO NOJY4YaeMOro TeJOM TeJa DaBHO H3Me-
HEHHIO ero 3HepruH. Ecim e mpouecc NPOHCXOAHT NMPH MOCTOSH-
HOM JaBJieHWH, TO KOJHUECTBO TeNJa MOXeT 6biTb HamnHCaHo B BUIE
auddeperLHana

dQ=d(E+ PV)=dW (14,1)

HEKOTOPOH BEJHUYHHBEI

W =E-+4PV, L (14,2)

KOTOpasi HOCHT Ha3BaHWe Tenaosod pyuxyuu tena ?). MameHeHue
TensIoBOH (PYHKUMH NpH INpoleccax, NPOHCXOASINHX NPH MNOCTOSH-
HOM JaBJeHWH, paBHO, CJEAOBAaTeJbHO, KOJHYECTBY TemJia, MHOoJy-
YeHHOTO 3TUM TeJIOM. _

Jlerko HaHTH, uyeMy paBeH MNOJHBLIH AHG@EepeHIHAN TemJoBOH
¢yakunn. Ilopcrasnaags dE=TdS—PdV B dW=dE 4 PdV +
+ V dP, HaxonmM

dW =TdS + V dP. (14,3)

( ) g_lg_)s' (14,4)

Ecin Tesmo TenjoM30MHPOBAHO (HAaMOMHHUM, YTO 3TO BOBCE He
O3HayaeT, YTO OHO 3aMKHYTO), TOo dQ =0, u u3a (14,1) caenyer,
YTO TIPH TpolLeccax, NPOHCXOAAIHX € TENJIOH3O0JHPOBAHHHIM TeJOM
[Ipd NOCTOSTHHOM [JaBJIeHHH,

OTcroa BHITEKAEGT, YTO

W = const, (14,5)

T. €. COXpaHseTcA ero Tenjosast QPyHKuus.
TenynoeMkocth Cy MOXKHO Ha OCHOBaHHY cooTHOLeHU dE =
=TdS — PdV unanucarth B BHAE

c—( ) (14,6)

1) IlpumepoM sBAseTCs TaK HaawpaeMulil mpoilecc Jln{oy.nﬂ—Tomcona (cm.
§ 18) ¢ He(ONbIIMM H3MeHeHHeM AaBJieHH . _
%) Ee HaaupaioT TAKXKE JHTaAbnuell WK TenaAoCco0epHantem.




Ons renynoemkoctd Cp, HMeeM aHAJIOrHYHO

C —( ) (14,7)

Mbl BHAHM, YTO NPH NMOCTOSHHOM JAaBJIECHHH TeNJoBas pyHKIHS
o6JsagaeT CBOMCTBaAMH, aHAJOTHYHHIMH TEM, KOTOpble HMEET 3Hep-
THs NpH NOCTOSIHHOM ofbeMe.

§ 15. CBoGonHas 9Hepruss M TEPMOAHHAMHYECKHH NMOTeHUHMAN

Paboty, npou3BeleHHYIO HaA TeJOM NpH OECKOHEYHO MaJioM H30-
TEpMUYECKOM 06paTHMOM H3MGHEHHH €ro COCTOSHHS, MOXHO HamnH-
caTh B BHJe AHDPepeHIHaNna HeKOTOPOH BEJHUHHEL

dR=dE — dQ=dE —T dS=d(E —TS)
AR — dF, (15,1)
F=E—TS (15,2)

HJIH

rac

€CTb HOBas (PYHKIHMS COCTOSIHHS TeJsla, Ha3biBaeMas ero cg8of0dHod
snepeued. Takum obpa3om, pabora, NTPpOH3BOAMMASN HAX TEAOM IIpH
o6paTuMOM HM3OTEPMHUECKOM Mpolecce, paBHa H3MEHEHHIO €ro CBO-
OOXHOH 3HEpPTHH.

Haiigem puddepenunan csobonnoit sneprau. Iloacrapnsas dE =
=T7TdS—PdV B dF =dE—TdS — S8 dT, noayyum

dF = =S dT — PdV. (15,3)

OTcrona CJAEeIYIOT OUCBHAHDIC paBEeHCTBA:

¢ AF -
==(5) P=— (&), (12.4)
[Toab3sysach cooTHouienneM E-=F + TS, MoxHO BBIPA3HTbL IHEPrHIO
yepe3 cBOOOAHYIO 3HEPIUO B BHAE

EFT() T25F

or T

®opmyant (12,1—2), (14,4), (15,4) nokaawiBalT, 4YTO, 3HAaf
Kakywo-nn6o u3 sequund £, W unmn F (kak dyHKUHIO COOTBETCTBYIO-
IMX JABYX INEpeMeHHbIX) ¥ COCTaBJIAIA G€ uacTHble IpPOW3BOJHLIE,
MOXHO OMNpeAeNUTb BCE OCTaNlbHhHE TepMOAHHAMHUYECKHE BEJIHYHMHEL
ITo 3toit npuuuHe BesuuuHbl £, W, F HRa3nBawT BoOGILE Tepmodu-
Hamuueckumu norenyuanramy (MO aHAJOTHH C MEXaHHYECKHM MOTEH-
LLHaJIOM) WJIH XapakTepHCcTHYUECKHMH GyHKUHSMH: 3Hepruio E —mo
OTHOUIEHHI0 K nepeMeHHeIM S, V| Tennoryw ¢yHkuuw W —no or-
HouweHHo x S, P, cBoGoaHylo aHeprHw F—no otHoweHnuw K V, 7.

(15,5)



Y Hac He XBaTaeT elle TEPMOAHHAMHUYECKOrO TNOTeHILHaJa o
OTHOIIEeHHIO K nepeMeHHbIM P, T. [Ins ero nmosy4yeHHs mMoACTaBJSEM

(15,3) PdV =d(PV)—V dP u, neperocs d(PV) B nesyio.cro-
DOHY DABEHCTBA, NOJNYy4yaeM

d® = —SdT + V dP, (15,6)
raie speaeHa Horasd BeJHYHHA .
®=F —TS+PV—=F+PV=W—TS, (15,7)

Ha3biBaeMas TepModuUHamudeckum noTeryuasom (B Y3KOM CMBICHE
caosa) ).
M3 (15,6) nMeeM OYeBHAHLIC paBeHCTBA

s=-(3), v=(3),  ws

TensioBast pyHkuHs BhIpaxaercd yepe3 @ aHamoruudo tomy, xax E
BbipaxKaercsa yepe3d F:

W—=00—T aT) — T2 (15,9)

(dT T

Ecii noMuMO 06beMa, CYIIECTBYIOT elle # ApPYTHe Mapamerphl
Ai, onpejejslOlIMEe COCTOSIHME CHCTEMBI, TO BhIpaXKeHue aas AH(D-
(¢epeHUHaNa 3HEPrHH AOJIKHO ObLITL NONOJNHEHO YJjieHaMH, Mponop-
L1MOHaNbHBIMH AU depeHunanam di;:

dE=TdS—PdV + 2, A, dh, " (15,10)

rie A; — HeKoTopble GYHKUHH COCTOSIHHS Tena. ITOCKOJbKY Npeos-
pa3oBaHHE K ADYTHM MOTEHUHAJaM He 3aTParHBaeT NepeMeHHBIX A;,
TO SICHO, YTO TaKHe XKE UJCHH ,uoﬁaBﬂTCH B nncpcpepeHuHa.nax F,
0, W:

dF = —SdT — PdV+ ZA dX,;,

v T. n. IlosTtoMy BeqHYHHB A; MOXKHO NOJMY4YHTbh AHddeEepeHuHpoBa-
HHEM 110 A; JI060ro M3 noteHUHas os (MpH 3TOM HAaAO NOMHHTb, Ka-
KHe ApYyrve nepeMeHHbIe cyHTaloTCAa NMpH AUPdepCHUMPOBAHHH MO-
CTOSAHHBIMH). BcenoMuHas Ttakxe -dpopmyay (11,3), MOXHO Hanmu-
CaTh aHaJOrHYHOE COOTHOLIEHHE

aE(”""” ( )TV (15,11)

BhipaiKamwiiee cpefHee 3HauyeHHE MPHU3BOAHOH OT raMHJbTOHOBOH
GyHKuUMH Tesa no KakoMy-nu6o napaMmMeTpy uyepe3 NPOH3BOAHYIO MO

') B HHocTpanHOfi JuTepaType BenuuuHe F u @ 4YacTo HA3HBAIOT TaKKe

CoOTBeTCTBEHHO c¢poGoaunoii 3Hepruel Ieabmrosbua u  cBoBofHOH 3Heprucii
T'i66ca. '



TOMYy XKC lapaMeTpy OT cBOGOAHOH 3HeprvH (aHaJsol11MIl0— Yyepes
npousBogHbie OoT @O uan W).

OtMmeruMm cnenywuice obcrositenbcTBO. EcaM 3HaueHus napa-
METpOB A; HEMHOro M3MeHATcs, To BenHuunbl E, F, W, @ Takxe uc-
NuiTaloT HeboabliHe u3MeHeHHs. OUeBHAHO, YTO HX H3MeHeHUdA 6y-
OyT paBHbl ApPYrC OPYTy, €Cc/IH KaXJoe M3 HHX paccMarpHBaTb MNpH
COOTBETCTBYIOILIEH Mape MOCTOSHHBIX BeJHYHH:

(0E)s,y = (0F)r,y = (0W)s p = (8D)r, p. (15,12)

DTO yTBEpKAeHHe, KOTOpOe Ha3oBeM Teopemol o mansix dobas-
kax, OyAeT B maJjbHeHIleM HeOZHOKPAaTHO HCIOJb30BaHO.

CBOGOJIHELH 3HeDPrua H TEepMOJAHHAMHUECKHH noTeHuHan ob.ja-
Jlal0T BaXKHBIM CBOMCTBOM, ONpENEJAIOUIHM HalpaBJeHHS HX H3Me-
HEHHA TMpH pasjHuHbIX HeoOpaTHMBIX npoueccax. Mcxogum H3 He-
paBeHcrBa (13,7); noamcrasasifi-B HEro dQ/dt u3 (13,3), moayuum

dt—]—P <T . (15,13)

ITpeanosoXKHM, UTO MPONECC NMPOHCXOAHUT H30TEPMHUYECKH H NPH MO-
crosiiHoM o6beMme (T =const, V = const). Toraa 3To0 HepaBeHcTBO
MOXKHO HalHcaTk B BHAE

d(E—TS)  dF
dt 4t

<0. (15,14)

Takum o0pa3oM, HeoGpaTHUMbIE MPOLLECCH, NPOHCXOAALIHE MNPH no-
CTOSIHHRIX TeMmrnepatype # o0beMe, CONPOBOXKIAAIOTCH YMEHbLICHHEM
CBOGOKHON HEPTHHU TeJa.

AranoruyHo npu P = const u T = const HepaBeHCTBO (15,13)

npuobperaer BHA

dod .
=<0, - (15,15)

T. €. HeoOpaTHMble NpOIeCCH, NPOHCXOAAILHE MPH IOCTOAHHBIX
TEMIIEpaType H HKaBJIGHHH, CONPOBOXKAAKTCH YMEHLIIGHHEM TEpMO-
JHHaMHYECKOTO NOTeHIlHaJMa 1),

COOTBETCTBEHHO B COCTOSIHHH TEIJIOBOTO pDaBHOBECHS CBOGOA-
Hasl HEPrHA W TEPMOAHHAMHYECKHH MNOTEeHUHaJJ TeJa MHHHMAJb-
Hbl — NEepBasi N0 OTHOLIGHHIO KO BCEM HM3MEHEGHHAM COCTOSIHHS MpDH
nocTosHHEIX T u V, a BTOpO# — MO OTHOUIEHHMIO K HM3MEHEHHSAM CO-
CTOSIHUS MPH MOCTOSHHBIX T u P

') Hanomumvl ytTo B ofomx cuyuasx peys MAET o Npoleccax (Hanpumep,
XHMHYECKHX- peaKunﬂx) TPH KOTOPBIX TEJO HE HAXOANTCA B PaBHOBECHH, TaK uTO

€ro COCTOSIHHe Ile OnpelefsieTcd OAHO3HAYHO TeMIepaTypod u obGbeMoM (JLH
AaBJeHkem).



3amaua .

KakuM 06pa3zoM MOXKIO BbIYHCAHTL CPCLHION KHHernquKyK:BHeerK)qaCTHu
tesa, 3nag dopmyay aas-ero cBoboLHOH 3Hepruu?

PewelkHe. Oyukunns [amuabtona (uMaM onepatop [amuabTOHA B KBalTO-
BOM cJlyyac) MoxeT OniTh HanucaHa B BHEe E(p, q) = U(q) + K(p), rae
U(g) — noTcHuHaJbHAsT 3HEPrust B3auMoleHcTBUs uvacTHU Tesaa, K(p) — ux KH-
uernueckas 3ueprusi. [locaepunsa ecTs KBaapaTHullaad (PYHKUHS HMNYJAbCOB, OG-
paTHO MpONOpUHOHAJbHAfA Macce /M 4acTHL (A/nd Teja, COCTOALUEro H3 OAHHa-
koBbiXx vactnu). ITostomMy wmoxuO HariMcaTb, paccMaTpHBadg /i Kak IapaMmerp:

dE(p, g, m) _ 1
om == X )

Takum o6pasom, npumenss dopmyay (15,11), nosyunM CPemHiol0 KHHETHYECKYK)
SHEPTHIO

—_— ar
K=K p)=—ﬂ1(—m r V.

§ 16. CooTHomeHns MeXxay NPOU3BOAHBIMH
TepMOJAHHAMHYECKUX BEJIHYHH

HauBosee ynotpebuTesbHbl H YAOGHHB HAa MPAaKTHKE mapbl Tep-
MOAUHaMHueckux nepemcHHeix T, V u T, P. B cBsi3u-c 3THM BO3-
HHKaeT HeoBX0AHMOCTh B npeoﬁpaaoBaHHH Pa3/JUYHBIX TPOH3BOJ-
HBIX TEPMOAHHAMMUCCKHX BEJHYHH ApPYr MO APYry K APYTHM Tepe-
MCHHBIM — KaK 3aBUCHMbBIM, TaK 1 HE3aBUCHMBIM. -

Ecin B KauecTBe HE3aBHCHMBIX MEpeMEHHBIX HCIOJAb3YOTCS V
H T, To pesyabTaTh npeoGpa3oBaHus YNOOHO BhlpakaTb yepe3 AaB-
jdcHue P u rennoeMkocts C, (kaxk ¢yHkuuu V u T). ¥YpaBHeHHe,
CBA3HIBaloLlee AaBJieHHe, 06beM M TeMmIepaTypy, Ha3blBalwT ypas-
HenlUem COCTOAHUA AaHHOro Tcsaa. TakuMm o6pa3oM, GOpMyJIbl, O KO-
TOPBIX 3/eCh WJCT pedb, AOJKHBI A4aTb BO3MOKHOCTb BBIYHCJATb
pPa3iuyHble MPOM3BOAHbIE TEPMOAMHAMHYECKHX BEJIHYMH MO YPaB-
HeHHIO COCTOAHHUSA M TEIIOEMKOcTH Cy. _ _

AnanoruuHo, npu Beibope P u T B KayecTBe OCHOBHLIX MepeMeH-
HEIX pe3yJbTaThl Npeo0fpa3oBaHus clelyeT Bupaxarbh yepes V u Cp
(kak dyukuun P u T).

Chnepyer npH 3TOM HMeTb B BHAY, YTO 3aBAcuMocth C, ot V
uin Cp, ot P (HO He OT TeMIepaTyphi) caMa MOXeT ObITh ONpeje-
JleHa No ypaBHeHHIO cocTOosAHHSA. IeficTBHTENbHO, JIGTKO BAAETH, YTO
npousBogHas (3C,/dV)r Moxer 6nith npeofpa3oBaHa K BHAY, B
KOTOpoOM OHa onpegeautrcs no ¢yukuun P(V, T). Bocnosb3osas-

LIUCh TeM, UYTO S = (6F/6T)v. HMEeM
3Cy #F o * (OF
( C?VC?T T6V6T2_ 'T@Tz (aV)T
H, TTOCKOJBKY (—W)T= —P, DOJNYYHM HCKOMYIO cbOpmyJIy

(57, =7 (&), s



AnanornyupiM o6pa3oM Hailiaem q)opmy.ny

(5, =G, - 15,2

(npn npeo6pa3oBaHHU HaJ0 BOCHOJAb30BaTLCSI popmyaamu (15,8)).

[TokaxemMm, kakuM 06pa3oM MOXKHO npcolpa3oBaTb HEKOTOphbIe
H3 HapboJee YacTO BCTPEYAIUXCH TepMOAIIHAMHYECKHUX NPOU3BOJ-
HbIX.

[Ipon3BoaHBle OT 3HTPONHH NO O00BeMy HJH NaBJEHHID MOTYT
O6bITb BBHIYMCJEHB N[O YpaBHEHHIO COCTOSIHHA C MNOMOILBIO CJleAylo-
mux GopmyJ, ABJAIOIIMXCA HeNOCpeACTBEHHbIM CJeJCTBHEM BHIpa-
KeHUH Ans JuddepeHlnalop TepMOAHMHAMHUYECKHX BeJWYMH.

Hmeem _
== (), == (5,
oV Jr OV aT oV

), (%), e
AnanoryydsiM o6pa3om
%)Tm OP( ) (%)T'
I COR (16,9

[Ipoussoanass (GE/0V)r BbluHCAsieTCH Ha OCHOBAaHHWM DaBEHCTBA
dE=TdS — PdV xak

(35,5, ~7

U, noacrasass (16,3),

(3),=7 (%), > 165

AHanornyselM 06pa3oM MOMKHO .HaWTH cieaylolnue ¢GopMyJabl:

() =(), P,
), —r (), + V(). (), -7 ~7(25), 6
( 7),=C—P(%r),. (5 ), =CotV(5F),. (168

Hakonel, noxaxem, kakuM 06pasoM MOXHO BBIYHCJHTb TeNJO-
eMKOocTh Cp no TennoeMKoCTH Cp, ¥ YPaBHEHHIO COCTOSIHHS, MOJb-
3yfACb B KayecTBe OCHOBHHIX MepeMeHHBIMH T, P. Hocxonbxy Co=
= T(dS/0T)y, TO peub ujeT 3aechb 0O npeoﬁpasoaaﬂun nponsao,uﬂou
(0S/0T)y x ApyrHM HesaBHCHMBIM INepeMeHHbIM. Takoro poja

HJIH

HJTH



npeoﬁpaaoaauue npolle BCEro OCYWIECTBJIAETCH C MOMOWbIO HKO-

GuaHoB ').
[TumemM:
o (0SY . 0(S. V)
c=T(5r), =T 577 =

TS?? 7 (57). ), —(a—S)T (%?)p:CP_T(@) (),
(T.V
d'(r, P; ( ) ( )
[loncrasasis cloaa (16,4), moay4uM HCKOMYIO (pOpMyJy
e

AHanorvuHbiM 06pasoM, npeobpasys Cp==7‘(€§L)P K MepeMeH-
asiM T, V, MOXKHO nOJYyYUTh cpopmyﬂy

C,—C,= ( )
[Ipoussoaras (JP/dV)r Bcerpa OTpHIIaTeNbHA — MPH H30TEPMH-
4eCKOM pacll¥peHHH Tesa ero JasJjeHue Bcerja napaer (s § 21 ato

(16,9)

(16,10)

1) SIxoBuanom %u:;—;— Ha3bLBalOT ONpefeauTENb
ou  Ou
a(u, v) ox 0Oy M
(x, y) | 9o du |’
dx Jy
On o6namaet caeaylout: g aiesIAIBIMK _csoﬁchaMﬂ:
" Oy, u) 0 (u, v) 1
J(x, y) d(x, )’ : .)-
o (u, y) __( ou 111
d(x, y) \ dx )y' (h

Hajee uMeloT MecTo caepymulke COOTHONICHHS::

d(u,v) 0(u, v) (L, s)
d(x, y) 9t s) d(x, y)’

(IV)

d 3z v) a(dt’ ) ('dt )
dt a(x, )  0(x p) (x, )



obcToATenbeTBO OydeT pokasano crporo). HMs. dopmyanr (16,10)
cleAyeT NO3TOMY, YTO AJg BCEX TeJ

C,>C,. (16,11)

Ilpn apuaGaTuueckoM pacUIMpeHHH (MJM CKaTHM) Tesa OcTaeT-
Csl HeM3MeHHOH ero sHrtpornus. [loatomy cBs3b MeXny TeMmIeparty-
poit, o6beMOM M [aBJieHHeM TesJa NMpH aauabaTHYeCKOM I[pollecce
onpenessieTcs Pas/JMYHbIMK NMPOM3BOAHLIMH, B3SITHIMHU NPH MOCTOSH-
HOH sHTpomHH. BbieaeM ¢opmynbl, MO3BOJSIOLHE BBIYHCAUTL 3TH
NPOU3BOJAHBIE MO YpaBHEHHIO COCTOSHHUSH Tesa U ero TEMJIOEMKOCTH.

Ins npoussoaHoH OT TeMmmepaTypel MO O0beMy HMeeM, Tiepe-
XOJH K He3aBUCHMLIM nepeMeHHbIM V, T:

aT _a(T,S)_'-a_((%_ ( )
(57) -5 (&),

s o(V,S)  a,hS)
| a(V,T) ( )
uiy, noacrasass (16,3):
aT \
==, 1512
AHanoruunbiM o6pa3oM HaiaeM q)opmyﬂy
oT
)=, (5r), (16,13

M3 stHx opMys BHAHO, YTO e¢CcaM KO3(pDULUEHT TenJoBOro pac-
mwupenus (dV/9T)p nonoxureneH (oTpHliaTeseH), TO NpH aauaba-
THYECKOM paclIMpeHHH TeMIllepaTypa Tesna najaer (poapacrtaer) !).

Hanee, Beruncanm aauabaTHueckylo cxkumaemocTh Tesa. [Tnmem:

a (v, S) % AV, T) (—g%)v oV
( ) (ap )T’

(P, S)  90(P, S) a(P.,T)_(ﬁ)
3P T)
. aV Cu oV ‘
(57)s=2 (57 ), (16,14)

Beuny Hepapencrsa C, > C, oTcioAa cJeAyeT, uTo aanabaTHueckast
CXHMaeMoCTh MO 36COJ1}0THOH BeJHYMHe BCEerAa MeHblle H30TepPMH-
YeCKOH CXKMMaeMOCTH.

Hcnonr3yst dopmyaibl (16,9—1_0), MOXKHO NOAYUYHTh u3 (16,14)

COOTHOIIEHHHA a7 . ,
()=, +% (0 oo

(57)s= (&)= o (Gr),- (16.16)

'y B § 21 6yaer nokasano cTporo, 4to Beerna Cy, > 0, a noromy u Cp > 0.




§ 17. TepmMoanHamMHyecKasn LIKAJAA TEMIEPATYPbI

[lokaxem, KakMM 06pasoM MOXHO, O KpaliHeH Mepe B IDHH-
uMne, MOCTPOHTL TEePMOAMHAMHYECKYH [IKaJy TeMlepatyphl, HC-
noJab3ys AJsi 3TOrO NMPOMU3BOJIbHOE TeJO, YpaBHEHHE COCTOAHHA KO-
TOPOTrO 3apaHee He NMpeAnoJaraercs M3BeCTHBIM. JpyruMu caoBamHy,
3ajaya COCTOHT B TOM, 4TOObLI C [MOMOINBIO 3TOrO TeJa YCTAHOBHUTH
3aBucuMocTb T = T (1) mexxay abcoJlloOTHOH WIKaJo# TeMmmepaTyphl
T u HeKOTOpO¥M 4YMCTO YCJOBHOH lIKajoH 1, onpejensieMOl NPOH3-
BOJIbHO MpajyHpPOBaHHbIM «T€PpMOMETPOM>.

I 3T0r0 MCXoAMM W3 cJelyloluero cOOTHOLIeHHS (Bce BeJH-
YUHbl OTHOCATCS K JaHHOMY Teqy):

), =T (55), =T (3r),

P )r— 9P

(Mbl Hcrmoab3oBanun (16,4)). Ilockeabky <t M T cBAsaHBI APYT C
JIPyroM B3aUMHO OIHO3HayHo, To 06e3pa3NuyHOo — MucaTh JW Mpo-

oV
U3BOAHYIO NMpH mocTosiHHOM T uau t. [Ipouspoanyio xe (W)p

penyuchiBaeM B BHAe
( ) _( )p a7

(‘g%)f_ ( )pdT'
awr __ (50),
dt ( )

B npaso#t cTopoHe pElBeHCTBa CTOSIT BEJHYHHBI, KOTODHIE -MOTYT
OHTb HeNnoCpeACTBEHHO M3MepeHbl KaK (PYHKUHH YCNOBHOH TeMIiepa-
TYpH 1: (0Q/0P) . onpenensiercs KOJAUUeCTBOM TelJja, KOTOpoe AOJ-
KHO ObITb COOBIIEHO Teqy AJs TOro, yTOOHL -MPH pacllMpeHHH: NOA-
JepxaTb ero TeMIlepaTypy NOCTOsIHHOH, a npoussofHas (AdV/d1)p
onpejensiercd HM3MeHeHHeM o00beMa Tejja NpU HarpeBaHHH. Takum
o6pasoM, ¢opmyna  (17,1) peillaerT nocTasieHHylo 3ajnady, IO3BO-
JAsl ONpeAeNHUTh HCKOMYKO 3aBucumocts T =T (7).

[Ipy 3TOM Haj0 uMeTb B BHAY, 4TO -HHTErpupOBaHHe COOTHOILe-
Hus (17,1) onpepenster In 7T ¢ TOYHOCTbIO A0 afAUTHBHOH MOCTOSAH-
Ho#. Otcioma caMa Temnepatypa I ONpeReNUTCA € TOYHOCTbIO AO
NPOU3BOJBLHOIO NOCTOSIHHOTO MHOXMTeas. Pasymeercs, Tak M J0J-
}HO ObITb — BbIGOD eoHHUL U3MepeHHs abCoJNIOTHON TeMIlepaTyphl
OCTaercs] NMPOM3BOJbHBIM, YTO 3KBHUBAJEHTHO HAJUUYHIO IPOU3BOJb-
II0r0 MHUsKHTEAA B 8aBUCUMOCTH T =T (1)

Torna umeem

HJIH

(17,1)



§ 18. IIpounecc Jxoyass — Tomcona

PaccmoTprm mpouece, 3aK/HYaloUMiicss B TOM, YTO ras (HJu
KHJAKOCTb), HaxOASWHACS NOJ pasiesueM P, crauMoHapHbiM 06-
pa3oM NepeBOAUTCS B COCYA, A€ ero AarjeHue ecTb P, Craumo-
HapHOCTh NpOLECcca 03HayaeT, YTO B NPOACJIKEHHE BCEro npouecca
napjaeuusds P; u P, ocraloTcs Io-
crosHHBIMH. Takoil mpouyecc MOMXKHO

——3  cXeMaTH4YeCcKH TMpeicTaBuTh Kak

" mepexoJ| rasa yepes MNOPHCTYIO™ Ie-

peropofKy {a Ha puc. 2), npHueM

OCTOSIHCTBO  JlaBJeHHH 1o obe

Puc. 2 CTODOHBLl TeperopoiKH MOALEepKH-

' BaeTcsl COOTBETCTBEHHO BJABHIAIO-

MAMCSH ¥ BbIABUTAWINMMCS NopHiHsaMu. Ecau oTBepcTus B mepero-

pOAKE AOCTATOYHO MaJbl, TO CKOPOCTh MaKPOCKOIHYECKOTO TeuYeHHUSH

rasa MOXHO CYMTaTb paBHOH HYyJl0. Dynem TakxKe npeamnoJjararts,
YTO I'a3 TenJOMW30JHPOBaH OT BHEUIHEH Cpeakl.

Onucaugbll npouecc Haswpaercsi npoyeccom Hwcoyas — Tom-
coxa. TloguepKHeM, YTO 3TOT INpoIecc HeOGpaTHM, YTO BHIHO VXKe
M3 HaJIMuMsl TePEerOpoiKH C MaJleHbKMMH OTBEPCTHSMHM, KOTOpas
coznaer OoJiblloe TPEHHMe, YHHUTOXamllee CKOPOCTb rasa.

[IycTs HekoTOpOe KOJHYECTBO ra3a, 3aHMMaBllee NPH AaBJeHUH
P, o6vem V|, nepexoaur (TennoM3oJHpoBaHHO) B 06BeM Vi, mnpH-
yeM [aBJeHHe CTAaHOBHMTCH paBHHM P, lM3MeHeHue 3Hepruu £,—FE,
3TOre rasa OyneT paBHO paboTe, NMpPOM3BeAEHHOH Haj rasoM nJs
TOro, 4To6bl BBHITECHMTh €ro us obwema V), (3ta pabora paBHa
P,Vi), muuyc ta pabora, koTOpasi IPOM3BOAHTCH CaMHM ras3oMm QJs
TOro, 4TOOH 3aHATh 06beM V, NpH NasjeHuu P, (aTa pabora paBHa
P;Vs). Takum obpazom, uMeeM: Eo— Ey = P Vi— PyV,, T. e. £+
+ P1V1 :E2+ P2V2 HJIH -

W]

NN

Takum obpasom, npu npouecce ﬂ}KoyJ]H—TOMCOHa coxpaHsieTcs
TellJIoBasi PyHKIIHA rasa.

HsMeHeHne TemnmepaTyphl NpH MaJoM H3MeHEHHMHM [aBJEHHS B
pesyJabrtaTe npouecca xkoynas — TomcoHa onpegnessieTcsi NpOU3BOA-
Hoit dT /0P, B3ATO! NpM NOCTOSHHOH TenJomoi ¢yHKuMH. [Ipeobpa-
3yeM 5Ty MNPOU3BOAHYIO, nepexo,uﬂ K HEe3aBUCHMbIM IepeMeHHbIM P,

. Umeem

T .= T, W) __ a((g’, 17{7)) _ %)T
( )W a (P, W) d (P, W) awy
a(P, T) ( aT )

OTKyZla ¢ IOMOIIbIO CbOpMy.}I (147 u (16,7) monyuaem

)= 17 (o), =] 182



VI3MeHeHHe SHTDPONMHU onpenpenserca NpOH3BOAHOH | (0S/0P) .
M3 cootHomenns dW =TdS + V dP, HAalHCaHHOTO 'B BHIE dS =
=dW/T —V dP/T, umeem

( ) . (18,3)

JTa BeJHUYHMHa Bceraga OTpHHaTeN]bHa, KaKk H JOJXKHO ObLAO OLITh:
nepexol], rasa K MeHbUIeMY [aBJeHHIO NyTeM Heo6paTHMOro
npouecca  [oyas— ToMcoHa  cONpoOBOXKAAeTcsl YBeJHYeHHEM
3HTPOIHKH.

CxaxXeM HeCKOJbKO CJOB O Npouecce, 3akJlYalOlIeMcsl B TOM,
UTO a3, NePBOHAYAJbHO HaXOAMBIIMHCA B OINHOM M3 JBYX COO00-
ILAOLIMXCH COCYAOB, pacliupsieTcss BO BTOPOHM COCYH; 3TOT NpoOLece,
pasyMeeTcs, He CTauMOHapeH, W JaBjeHHs B oboux cocylax Me-
HAIOTCSA, MMOKa He CpaBHAIOTCS ApYyr ¢ apyroM. IIpM Takom pacuiu-
PEHHHU rasa B NYCTOTY coxpaHsieTcsl ero sHeprusi £. Ecian B pesyib-
TaTe paclidpeHus oOIIMH 06beM MeHseTCHd JUIIb HE3HAUYUTeJbHO, TO

. oT ;
H3MeEHEHHE TEMIIepaTypbl OIIpeneasieTCsd Npou3BOJHOH (_CW_)E I[Te-

pCxXonst B 9TOH NPOM3BOAHOH K He3aBHCHMbIM nepeMmeHHbM V, T, no-
Jyuum QopMyay

)= 1P —1(5).] (18,4)
st u3MeHeHHsT SHTPOIIHU HMeeM .
%)b_:% (18,5)

Kax u ciienoBasio, SHTPONUs BO3pacTaeT MPH PaCUIMDeHHUH.

§ 19. MakcumanbHaga paboTta

PaccMOTpUM TeNJOM30JMPOBAHHYIO CHCTEMY, COCTOSILIYIO M3 He-
CKOJIbKMX TeJ, He HaXOASINMXCS APYr C APYTOM B TEIJOBOM paBHO-
BecHu. B TedeHHe mpolecca yCTaHOBJEHHS paBHOBeCHS CHCTeMa MO-
XeT copepmaTh pafoty (Hag KakHMH-IMO0 BHELIHHMH O0beKTaMH).
[lepexoa B paBHOBecHe MOKeT, ONHAKO, COBepUIATbCH Pa3JHUYHBLIM
o6pasoM, npuuyeM OyAyT pasNHYHLIMH M OKOHYaTe/JbHble pPapBHOBeC-
Hbleé COCTOSHMS CHCTeMBbl; B YaCTHOCTH, OYAYT pas3JIHYHLIMH ee 3Hep-
TS M SHTPOMNHUSL

CooTBeTCTBEHHO 3TOMY mnosHas paGoTa, KOTOPYIO MOXHO noay-
YATb OT HEPaBHOBECHOH cucTeMbl, Gyner 3aBuceTh OT crmocoba ycra-
HOBJIEHHS] DaBHOBECHS, H MOJXKHO MOCTaBUTb BONPOC O TOM, KaKHM
o6pa3soM HAOJXKeH NPOM30HTH NepexoA B PaBHOBECHOE - COCTOAHHE,
IAst TOrO 4TOOHl cHCTeMa MPOH3Besa HaubOJAbIIYI0 BO3MOXKHYIO pa-
6ory. Ilpu 3ToM MBI HHTepecyeMcsi UMEHHO Toil paboToH, KoTopas
NIDOM3BOJAHTCS 33 CYeT HepaBHOBECHOCTH CHCTEMBl; 3TO 3HAuyHT, 4TO



HaJ0 HMCKJIOYNTL padboTy, koTopast Morja Onl OnlTb NpOM3BeJeHa 3a
cueT oblLero paCLHHpeHHH CHCTeMBI, — Takas paGoTa Moria Oml mpo-
H3BOJUTbCS H CHCTEMOH, HaxonsiieHlca camoi no cefe B paBHOBe-
..CHH. _COOTBeTCTBeHHo.aTomy 6yneM IpeanoJiaraTb, YTO B pe3yJb-
TaTe npouecca o6LMi 06beM CHCTEeMbl OCTaeTCH HEeH3MEHHbIM (XOTs
H MOXeT MeHsIThCH B TeYeHHe npouecca).

[lycTb nmepBOHauyasbHasi 3HeEPTHH CHCTeMbl ecTb Ey, a SHepI‘HH
B COCTOSIHUM DaBHOBecHsl KaK (PYHKUHS OT 3HTPONHUH CHCTEMbl B
atoM coctosinuy £(S). Beneacreie Tensou30AupOBaHHOCTH CHCTEME
npousBelleHHas el palora paBHa NPOCTO HU3MEHEHHMID 3HEpPTHH:

IRI=E,— E(S)

(b nuuiem |[R|, Tak kak MO NPUHATOMY Hamu ycjosHio R <0,
ec/]y paboTa NPOU3BOJHTCH CaMOM CHCTEMOR).

- duddepenunpys |R| no sHTponmuu S KOHEYHOro COCTOSIHMSA,

HMeeM
6IRI__ ( )

roe 7T — TeMnepaTypa KOHEYHOrO COCTOSHHS; NMPOM3BOJAHas OGepercd
NpH 3aJaHHOM 3HauyeHHH oObeMa CHCTeMbl B KOHEYHOM COCTOSHHUH
(coBnapatounieM ¢ ero HayanbHOH BeNHuUMHOM). MBI’ BUAMM, uTO 3Ta
NPOH3BOJHasl OTPHIATe/bHA, T. €. |R| yMeHbllaercs ¢ ypelHuYeHHEM
S.  Ho 3xTponmsi TennousonupoBaHHOH cucTeMbl He MOXKeT YObl-
BaTh. [l03TOMy HauGoJiblliee BO3MOXHOe |R| OyldeT HOCTHTHYTO,
ecJM S oCTaHeTcH B TeUeHHe BCero Ipolecca HEeH3MCHHOMH.

Takum o6pas3oM, MBl NMPHUXOAMM K BBIBOAY, YTO CHCTeMa NPOH3-
BOAMT MaKCHMaJ/bHyl0 paboTy B TOM cJiyuae, KOrAa ee SHTPONHUA
OcTaeTcs IMOCTOSTHHOH, T. €. I[epexol B paBHOBECHOE COCTOSIHHE
coBepluaeTcd 006paTUMBIM 0Opa3oMm.

OnpenenuM MakcuMaJbHylO paboTy, KoTopas MOXKeT OhITh Npo-
u3BeneHa npy obOmMeHe MaJlbiM KOJIHYECTBOM 3HEPTrHH MEXAy NBYMS
TelaMH C pas3aduHbBIMH Temnepatypamu T; U Ty, nycts Ty > Ty
Ilpexnpe Bcero nogyepkHeM, 4To ecid Obl Mepenaya 3HEPTHH NPOMC-
XOAMJ2 HeNnocpeiCTBEHHO NMPH CONPHKC.HOBEHHMHM OOOHX Tes, TO HH-
- Kako# paboThl BooOule He 6bl10 Obl npousBenero. Ilpouecc 6bl1 6bi
HeoGpaTHMBIM (3HTponus oboux Tesa yBenauuyndack 6ul Ha 8E(1/T{—
— 1/Tg), roe 6E — nepeHeceHHOe KOJHMYECTBO 3HEPTHH).

[lostomy nss TOro, 4ToOBl OCYLIECTBUTL OOGpPaTHMBIH NepeHOC
3HepPruM M, COOTBeTCTBEHHO, MOJYYUTh MakcuMaJbHyw paboTy, He-
06X0IWMO BBeCTH B CHCTeMYy elle OLHO BCIIOMOraTtesabHoe Teno (pa-
6ouee Teno0), coBepllalolliee ONpeneNeHHBIH OOPATHMBLIA KpPyroBO#
npouecc. [Ipoiecc 3TOT JoMKeH OCYLIECTBAATLCS TakkMM 06pasowm,
. 4TOOB! Teja, MeXAY KOTOPBLIMH NMPOMCXOIUT HeNOCpeACTBeHHLIH 06-
-MeH 3HeprHel, HAXOAUJHCh NPH OAHHAKOBOH TeMmnepatype. MMeHHO,
paboyee Teno npu TeMmnepartype Ty NPpUBOAMTCA B COMPHKOCHOBEHHE




c TeJoM ¢ TeMmmepatypoit Tp M H30TepMHuYecKd NOJydaeT OT HEro
onpejeJeHHYI0O 3HeprHio. 3aTeM OHO ‘andabaTHYeCKHM OXJAa’Kaaercs
10 Temnepatypel I, OTRaeT NpH 3TOH TeMmIepaType SHEPTHIO Teay
c Temnepatypo# T, u, HakoHell, aanabaTHYeCcKH BO3BpallaeTcd B
epBOHaYaJibHOe cocTOsTHHe. [Ipu pacluupeHMsAX, CBA3AHHBIX C 3THM
npoieccoMm, paboyce TeJI0 NPOH3BOAHUT pPaboTy HaA BHeIIHUMH 00b-
exTaMHi. OnucaHHbIM KPyroBoi mpouecc HasbiBaercs yuxaom Kapro.

[lepexoass K BHIUHCJAEHHI0 NOJyyalolieiics MakCHMaJbHOR pa-
60THI, 3aMeyaeM, YTO pafoyec TeJO MOXHO [PH 3TOM He paccMa-
TPHUBATb, MOCKOJbKY OHO BO3BpallaeTcsi B pe3yJbTaTe lpouecca B
HCXOLHOE cocTosinMe.. [1ycTh 6oJlee HarpeToe BTOPOE TEJO TepsAeT KO-
JH4ecTBO 3Heprum —8Ey = —T50S2, 2 mepBoe NoJyyaeT MpPU 3TOM
snepruio 6£, =T,6S,. Beuny o6paTuMOCTH mnpouecca cymma .3H-
Tponu#l o60UX Tesn OCTaeTCH NMOCTOSIHHOH, T. e. 68| = —388,. Ilpous-
BefleHHasi pafoTa paBHAa yMeHbLIEHMIO NMOJHOH sHepruu oboux Ted,
T. €.

[ OR lnax = —8E| — 8E = —T 85 — Tp0S; = — (T, — T) 85,

HJH

To—T .
l 6R Imax . '_2772_1— ] 6E‘2 l (19,1)

OTHOWIEeHHe COBEpIIeHHOH pPaboTHl K KOJHYECTBY 3aTpayeHHOMH
SHEepTHH Ha3blBaloT Ko3duyuenTom nosesnozo Oeticreusn v. Mak-
CHUMasbHbIA KOS(QQUUMEHT MOJNE3HOTO- ACHCTBUS NPH Nepexoae Hep-
MU OT GOJlee HarpeTOro K MeHee HarpeTOMy Teay paBeH, COTJIaCHO
(19,1),

T2'_T1
—_ . 19,2
TIHIEIX T2 ( )
bonee yno6Hoit BeNMUMHOH SABASieTCA K03 PuyUenT UChoA6308AHUSA
n, OHpeﬂe.ﬂHeMbIﬁ KaKk OTHOUIeHHe NPOH3BeNeHHOH DaboThl K MakK-
cCHMaJbHOH paboTe, KoTOpas MOXeT OBITb MOJiyyeHa B AABHBIX yC-
JN0BHAX. O4eBHIHO, Y4TO 11 =1 /Nmax. :

§ 20. MakcumaabnHas pa60'ra, NPOM3BOAHMAs TEJIOM,
HaXOAALWUMCSH BO BHEUIHEH cpeae

PaccmorpuM Tenepb BOnpoc 0 MakcHMaJbHOM paGoTe B Apyroi
noctanoBke. IlycTb Teno HaxoauTcss BO BHelUHed cpele, OpHUEM
TeMNepaTypa T M JaBieHue Py cpeibl OTJHYHHE OT TeMllepaTypel T
W naeieHus P tesna. Tesno MoxeT coBeplliaTh paBoTy Haj HEKOTO-
PHIM 00BbeKTOM, KOTOPLIHA MpeAnoaaraercs TenJ0H30JUpOBaHHBIM KaK
OT Cpelbl, TaK H OT JAaHHOro Tena. Cpela BMecTe C HaXOASIIMMHCS
B Heil TeJOM H 06beKTOM paboThl o6pasyeT 3aMKHYTYIO CHCTEMY.
Cpena o6nagaer HacTONbKO GOJAbIIMMH O6BEMOM ‘M 3HepTHeH, 4TO
II3MeHeHHe 3THX BeJIHYMH B pe3yJabTaTe MPOHCXOAALIHX C TeJOM



NPOLECCOR He MPHUBOAHT K CKOJBLKO-HWOYAbL 3aMETHOMY H3MEHeHHIO
TeMIepaTyphbl M JaBJieHHs Cpejbl, KOTOPble MOXHO, CJ1eI0BaTeNhHO,
CUUTATb MOCTOSHHBIMH.

Ecau 651 cpepbl He O6blLI0, TO pafora, NMpoM3BefeHHasd TeJOM
Haj TelJOU30JUPOBAHHBEIM OOBEKTOM INPH 3aLaHHOM HM3MEHEeHHH CO-
CTOAHUSA TesJa (T. e. 3aflaHHBIX HayaJbHOM M KOHEYHOM COCTOf-
HUsIX), Oblla Obl BIOJHE ONpeneJeHHOH BeJIHYWHOH, paBHOH H3Me-
HEeHHMIO 3HeprHH Teja. Hananmuue ke cpenbl, TOXe yyacTBylouied B
npouecce, pAeJaer pe3yJbTaT HEONHO3HAYHLIM, H BO3HHKAET BOII-
poc 0 TOM, KakKOBa MakcHMaJbHas paboTa, KOTOPYIO MOXKeT [POM3-
BECTH TeJO NPH JaHHOM H3MEHEHUH ero COCTOSHHS. .

Eciu npu mepexoje M3 OLHOTO COCTOSIHHS B JpYroe TeJsio MpO-
M3BOAHT paboTy Hal BHeUIHUM 0OBEKTOM, TO Npu ofpaTHOM Mepe-
'XoJe H3 BTOPOro COCTOSIHHS B NepBOe KAKOH-JIHO0 BHEIHHH HCTOY-
HUK paboThl HNOJIXKEH IpOM3BOAMTE pabory Han TtejoMm. Illpamomy
mepexoly, CONMDOBOXAAMOIIEMYCS COBEPUICHHEM TeNOM MaKCHMAalb-
HOH paboOTHl |R|max, COOTBETCTBYET 06paTHbm nepexoj, ocylecTnJe-
Hue KOTOoporo Tpebyer 3aTpaThl BHEUIHHM' HCTOYHHKOM MHHHMAJlb-
HOH paboThl Rmin. OueBHIHO, uTO PaBoThl |R|max M Rmin COBNA-
JlalT APYr ¢ APYIOM, TakK 4TO 3aja4d 00 MX BLIYHCJAEHHH MOJHOCTHIO
SKBHBAJICHTHBI, ¥ HHMXe MBI FOBOPUM O paboTe, NPpOU3BOAMMOH Han
TeJOM TelJIOU3OJUDPOBAHHBIM BHEUIHUM MCTOYHMKOM paboThl.

B Teuenue npouecca TeJO MOXeT o6MeHHBATLCS TEMJOM M pa-
6otoit co cpenoil. Pabora, NpOH3BEJeRHAR HAL TeIOM cpenon 100J1-
JHa ObITb, KOHEYHO, BBIAGJEeHa M3 NOJHOH MPOH3BedeHHOH Haj Te-
JoM pafboTH, TakK Kak HaC HMHTepecyeT JiHilib Ta pabora, KoTOopas
MPOM3BOAUTCH HAHHBIM BHCIIHUM  HCTOYHMKOM. TakuM o6pasom,
IOJIHOEe H3MeHeHUe 3Heprud tesa AE npu HekotopoM (He obsi3a-
TeJbHO MaJoM) HM3MeHeHHMH ero COCTOSHHS CKJalblBaeTcs U3 Tpex
yacTed: U3 NPOH3BeNeHHOH HajA TeJqoM pabOThl BHeWHEro UCTOYHHKA
R, u3 paboThl, Ipou3BeleHHOH cpelioil, U U3 MOJYYEHHOTO OT Cpelb!
tenja. Kak yke G6nJo ykaszaHo, Guaromapsi OOJBUIMM pasMepaMm
CpeAbl ee TeMMepaTypy M HaBJjeHHe MOXKHO CYMTATh NOCTOSHHBLIMH;
IIO3TOMY IIpOM3BeJleHHas e Hal TeJoM pabora ectb PoAVy, a ot-
JaHHOE el KOJIM4ecTBO TemJa paBHO — ToASp (OYKBBI C MHIEKCOM'

HY/Tb OTHOCATCH K cpelle, a 6e3 uHAeKca — K Tesly). Takum o6pasom,
UMeeM: '

AE = R - PAV, — T,AS,.

ITockonbsKky 06beM cpefbl BMECTe C TeJOM OCTAaeTCHd HeH3MEHHHIM, TO
AVo=—AV. [lanee, B cuJy 3aKOHa BO3PACTAHUH SHTPOIHH
uMeeM: AS + ASo = 0 (sHTpoOnUsA Tena0H30JHPOBAHHOTO HCTOYHHKA
pafoThl Booblie He MeHsercsi), Tak uto AS, = —AS. [ToaTomy u3
R =AE — PyAVy + ToASq Haxonum

R=AE — TS + PAV. (20,1)



3HaK paBeHCTBa AOCTUraercs npu ob6paTHMOM mpouecce. TakuM
0o6pa3oM, Mbl CHOBA NMPHUXOAMM K BbIBOJLY, UTO Mepexoj COoBeplIaercs
C MHHHMaJbHOH 3aTpaTod paboThl (M, COOTBETCTBEHHO, OOGpaTHBIII
nepexoj—C MakKCHMaJbHbHIM  MPOM3BOACTBOM pa60Tb1) ec/ii OH
npoucxodHUT o6paTumo. BenvunHa MHHUMANbHOH paboThl ompeje-
JfeTCH Q)opmy.norl

Rinin=A(E —T,S —I— PyV) (20,2)

(To © Pp KaK NOCTOSAAHHble BEJUYHHBl MOIYT GbITb BHECEHB NMOJ 3HAaK
A), 1. e. atra paboTa paBHa H3MeHeHHI0 BeJUuuHbl £ — TS + PoV.
Hns MakcumadbHOH paboTel ¢popmysia AOMKHA 6bITh, OYEBUAHO, Ha-
nucaHa ¢ O6paTHLIM 3HAKOM:

I R Imax = —A (E - TOS -+ POV)s (20’3)

TaKk KakK HayaJjJbHOe W KOHEYHOe COCTOSHHS MEHSIOTCS MeCTaMH.
Ecniu B TeueHue mpouecca TeNO HAXONUTCS B KaXObli AaHHBIH
MOMEHT B PABHOBECHOM COCTOSIHUH (HO, KOHEYHO, He B PABHOBECHH
CO cpenoi), TO A1 GECKOHeYHO MaJioro M3MeHeHHs cOCTOAHHA (op-
Myay (20,2) MOXHO HamWcaTb B JpyroM BHAe;, NOACTaBUB dE =
=TdS—PdV B dRmin=dE — Ty dS + PydV, Haxogum

dR = (T — To) dS — (P — Py)dV. (20,4)

OTMeTHM JBa BaxXHbIX wacTHhIX cayuas. Ecau ob6beM U TeM-
NepaTypa Tesaa OCTAIOTCH HeH3MeHHbIMH, NpPHYEeM IOCJeNHHAs DaBHa
TeMnepatype cpenbl, T0 H3 (20,2) umeeM: Rmin=A(E —TS), nau

Rmin = AF; (20,5)

T. € MHHUMaJbHas pa0oTa paBHa HM3MEHEHHIO CBOOOINHOHM 3SHEpruH
TeNa. Ecau XKe NOCTOAHHEI TeMIepaTypa H JaBJeHHe Tesa, NpHUEM
T =T, P= Py, To uMeeM

Roin = A®, (20,6)

T. €. paboTa, MpoH3BeJdeHHas BHEIIHHM HCTOYHHKOM, paBHa H3Me-
HEHHIO0 TepMOAHHAMHUYECKOro MOTeHIlHaJla Tejaa.

ITopuepkHeM, UTO B OBOHX 3THX YACTHHIX CJy4asx pedb HOJXKHA
MATH O TeJle,r KOTOpOe He HAXOAUTCH B PaBHOBECHH, W MO3TOMY €ro
COCTOSIHMe He onpefessercd OOHUMM TONbKO T u V (uau P); B mpo-
THBHOM CJly4Yae MOCTOAHCTBO 3THX BeJHYUH 03HA4aso Obl, YTO HHKa-
KOro npouecca poo6ilie He NpoHcxoauT. Peub MOXeT WATH, Hanpu-
Mep, O XMMHYeCKON peaKUHH B CMeCH peaTHPYIOLUHX APYr C ApPYroM
BELLeCTB, O IpOLlecce PaCTBOPEHHS U T. II. _

IlpennosioXum Tenepb, UTO Haxopdslleecsi BO BHelIHeH cpene
T€J10' IPEAOCTaBJeHO caMoMy cefe ¥ Hal HUM He NPOM3BOAMTCHA HH-
Kakoit paborh. B 3toM Tene OyAyT NPOHCXOAHTb CaMOIPOH3BOJIb-
Hble Heo6paTHMble [polecchl, NPHBOASILKE €ro B -paBHOBecHE.



B Hepasetncrse (20,1) Hajo Teneps NOJOKHTDH R=0, O3TOMY oyner
' A{E — TS 4 PyV) < 0. (20,7)

ITO 3HAUMT, UYTO B pe3yJ/bTaTe NPOHCXOAAHIHX C TEJOM I[IpOIECCOB
BesnunHa E — TS + PoV 6yner y6niBaTh, TaK UTO B PaBHOBECHH
OHa JOCTUTHET MHHHUMYMA.

B uyacTHOCTH, NPH CaMONPOH3BOJLHLIX [poleccax C IOCTOSH-
HbiMH Temnepatypodl T =T, u pasneHneM P = P, y6blBaeT TepMO-
JHHaAMHYecKUH noTeHuHaa teja @, a [IpH Ipoueccax ¢ NOCTOSHHLIMH
Temnepatypoll T =T, u o6veMOM Tesa YyObiBaeT ero CBOGOAHAS
3Heprus F. DTH pe3yJ bTaThl OBJIH YyXKe NOJyYeHbl ¢ APYFOHd TOUKH'
3perus B § 15. OTMeruM, uTo Npou3BeJeHHBIA 34eCh BLIBOL IO CY-
IleCTBY He HIpejloJiaraer, 4To TeMmiepartypa M o6beM (HJn AasJe-
HHe) TesJa OCTAIOTCS INOCTOSIHHBIMH B TeueHMe BCEro npoiecca:
MOXHO YTBEpXKAATb, 4YTO TePMOJAHHAMHYECKMH NOTeHUHa  (HJH
cBOOOAHAA 3HEPTHs) TesJa YMEHLIUWTCS B pe3y/bTaTe BCAKOrO Npo-
ilecca, B HauaJie H KOHLE KOTODOro TemliepaTypa W HaBJjieHHe (HJH
o6beM) OJHHAKOBH (H paBHBI TeMIepaType H AaBJeHHIO cpelhl),
Jaxe ecsJii OHH B Te€UeHHe Npollecca MeHSJIHCh.

MuHuMaNbHOH pafoTe MOXHO NPHIKCATbL eule U APYrod Tepmo-
JHHaMHUYECKHH cMblci. TlycThb S, ecTh noJHas 3HTPONMS Tesaad BMe-
CTe CO CpeloH; ec/H TeJO HaXOAUTCH B PABHOBECHH CO CDeJOH, TO
Sk Sy ectp ¢yHKUHMS OT HMX NOJHOH 3Hep-
n ruu En:

Sn — Sn (En)

[lycTs Teso He HaXOAWTCA B PaBHOBecHH
CO CcpelloH; TOrja uX CyMMapHas 3HTPO-
nusl - oTaKHuaercs OT 3HadeHusa Sgy(Ey)
(mpu TOM Xe 3Ha4YeHHH HX CYyMMapHOH
SHepruk £,) Ha HEKOTOPYyIO BeNHYHHY
AS: < 0. Ha puc. 3 cnjoluHas JIHHHS
n3obpaxaer dyHkukwe Sp(E.), a Bep-
THKAJbHBIH  OTPe30K @b — BeJHUHHY
Puc. 3 —AS. TopusoHTanbHBIA Xe OTpe3ok bc
eCTb H3MCHeHHe TOJHOH 2HEpTHH NpH
o6paTHMoM nepexo,ue TeJa K3 COCTOAHWS DaBHOBECHS CO CPelloH B
COCTOfIHHE, COOTBETCTBYIOMlee TOUKe b. I pYyruMu cl10BamH, 3ToT OT-
pe30K H300paxKaeT MHHHMAaJbHYKO paboTy, KOTOPYIO JOJIKEH 3aTpa-
THTb HEKOTODbIH BHEWHHH HCTOUHHK [Js NpHBeJEHHS TeJa H3 Cco-
CTOSIHHsI DAaBHOBecHs cO CpelJoH B [JaHHOE, COCTOSIHME DaBHOBECHS,
O KOTODOM IIDH- 9TOM HJeT peub (TOYKa ¢ Ha pHc. 3), pasymeercs,
He COBNaJaeT C COCTOSHHEM DaBHOBECHS, COOTBETCTBYIONIHM JaH-
HOMY 3HaueHuio E, (Touka a).
ITockoanbky ™ Teo npeAcTaBJ/sier coboi BCecbMa MaJylo 4acTb
BCEH CHCTEMBI, TO NPOHMCXOASLIHE ¢ HHM IPOI«cCbl NPUBOAAT JIMIIb

Ty



K OTHOCHTE&JILHO HHYTOMHBLIM H3MEHEHHSM HOJHBEX SHEePrUu U SHTPO-
nuu. M3 rpaduka Ha puc. 3 caefyeT No3TOMY, 4TO

. dSy (En)
ASn - dE, len'-

Ho npoussonuasi dE,/dS, ecTb paBHOBecHas TeMmliepaTypa cHCTe-
MBI, T. €. TeMIepaTypa cpelnl To. Takum o6pasom,

AS,=—Lmin — L (AE —T,AS 4 PAV). (20,8)
0 0

Sra ¢GopMmyaa onpejenser, HACKOALKO OTIHYAETCS SHTPOMMS 3aMK-
HyTOH CHCTEMBl (TeJO -+ Ccpefa) OT CBOEro HaMOOJBLIETO BO3MOXK-
HOTO 3HAaUeHHUs], €CJU TeJO He HaXOMHTCH B PaBHOBECHH CO CDeMOH;
npu 31oM AE, AS u AV — pa3HoCTH MeXAy SHeprxeH, SHTPONUEHR H
00bEMOM Tejla ‘M UX 3HAUEHUSIMU B COCTOAHHH IO.THOTO DPaBHOBECHA.

§ 21. TepmoauHamMuuecKkne HepaBeHCTBA

[lonyuas ycJAOBHSI TeNJIOBOTO PaBHOBECHS 113 YCJOBHS MakKCH-
MaJbHOCTH SHTPONHUU, MHl [0 CUX NOP pacCMaTpuBaJ/H JUIUL ee Mep-
Bble NPOM3BOAHEIE. Tpebys o6pauieHdsi B HYJb MPOH3BOAHBLIX IO
SHeprHu M o6beMy, MH noayuuan (§§°9, 12) B kauectBe ycioBuH
PA2BHOBECHSl yCJIOBHS paBeHCTBa TeMIlepaTyp M [AaBJeHHH BO BCeX
yactax tena. OZHAKO PaBEHCTBO HYJK NepBHX NPOW3BOAHHBIX $B-
JseTcs JHIIb Heo6XOAMMBLIM YCJAOBHEM 3KCTpeMyMa H He obeclieyu-
BAeT TOr0, 4YTOObI SHTPONHS HMeNa HMEHHO MaKCUMYM. BrisicHeHue
Xe JOCTaTOUHBEIX YCJOBMH MakcHUMyMa TpeQyeT, KakK HM3BECTHO, HC-
C/el0BaHHUA BTOpOro JuddeperluHana QyHKUHH.

OTO ucclieJoBaHUe, OJHAKO, yioOHee NMPOH3BECTH, HCXOAA He He-
OCpe[CTBEHHO M3 YCJOBHA MaKCHMAaJbHOCTH, 3HTPOIIHM 3aMKHYTOH
CHCTEeMBl, a M3 JPYroro, SKBHUBaJIeHTHOTO eMy ycaoBus ). Boiaenum
U3 paccMaTpHBaeMOro Teda HeKOTOpYyIo MaJyk (HO MakpocKolHye-
CKyl) uacTth. [lo OoTHoWIeHHIO K 3TOH 4YacTH OcTajbHble O6J1acTH
TejJa MOJMKHO- paccMaTpPHUBaTh KakK BHEWHIOW cpely. Toraa, Kak Mbl
BHAeNM B NpeAbiiynieM naparpade, MOXKHO yTBePXKAaTh, UTO B pPaB-
HOBECHH HMeeT MHHHMYM Be/YuHa

E—ToS+ PV,

rane E, S, V—oHeprus, sHTponusa W 006beM MLAHHOH 4YacTH Teia, a
Ty, Po— teMnepartypa M AaBJjeHHe CpelHl, T. €. OCTaJbHHX udacTeH
tena. To u Py ABJASIOTCS, OUEBUJHO, B .TO e BpeMsl TeMIepatTypoH
U JaBJieHHeM pacCMaTpHBaeMOH 4YacTH B COCTOSIHHM PaBHOBECHA.

1) Hrto Kacaercs 3aBHCHMOCTH 3HTDONHH OT HMIYJbCOB MaKPOCKOIHYECKOTO
ABHIKeHHS, TO AJAs Hee HaMp yxe ObWIM HCCIeAO0BaHbl YCJAOBHS, HaJjlaraeMble Kak
Ha nepBHe, Tak H Ha BTOpue npoussoxnbtie (§ 10), B pesynbrare yero Ouur
Ha¥peHbl Tpe6GOBaHHA OTCYTCTBHS BHYTPEHHHX MAKPOCKOMHYECKHX HABH)KEeHHH B
Tesie U Tpe(GOBaHHE TOJNOKHUTENLHOCTH TEeMIEepaTyphl.



Takum o6pa3om, IpU BCAKOM MaJjiOM OTKJOHEHHHM OT paBHOBecHH
H3MeHeHHe BeNHYUHbl £ — TS + PoV A0MXHO 6BITH MONOMHTENLHO,
T. €. :

8E — THS 4 PV > 0. 21,1)

Jpyrumu caoBamMHu, MOXHO CKa3aTh, YTO MUHUMAaJbHass paboTa, KO-
TODYIO HaA0 34TPaTHTb AJA TOrQ, YTOOGHI NIepeBecTH AaHHYIO uyacTh
TeJa U3 COCTORAHHA paBHOBecHd B Joboe gpyroe 6JIH3KOe COCTOSA-
HHe, JOJXHa ObITb NOJOXUTENAbHA.

B AanbrefiwieM BO BCex KO3 dHUHEHTAX, CTOALIMX IPH OTKJOHE-
HHAX TEpMOAMHAMHUECKHX BEJHYHH OT WX PAaBHOBeCHbIX 3HAuUCHHH,
OyayT NoApa3yMeBaThbcAd DAaBHOBECHbIe 3HAYEHHS, COOTBETCTBEHHO
yeMy MHAEKCHl HYJb 6YAyT ONYCKAaTbhCH.

Pasnaras 8E B psx (paccMmarpuBas E kKak ¢yHkuuio S u V),
nonyan C TOYHOCTBIO A0 YJIEHOB BTOpPOIO nopﬂm{a -

1
0F = 95 <= £ 8S + aV E v+ L = 682 £ oaszu

£ 8v7).

Ho 0E/0S =T, 0E/0V = —P, Tak 410 uJileHbl NepBOro MnopfjaKa
3fiecb paBHbl 78S — PS8V u npu noacrasoske 6E B (21, I) COKpa-
mawTca. Takum obpazowm, nonyqaeM yCJIOBHe

0’E

e 02—

asav 3S 8V 4+ 25 avg E 12> 0. (21,2)
Kal( H3BECTHO, OJA TOro ‘-ITOébi TaKo€ HEpaBE€HCTBO HMe&/J0O MeCTO

Mpy NpoU3BOJbHBIX 6S u 8V, HeoGXOAKMMO cobal0feHHe ABYX YcJO-
BHI1):

92E

7L >0, (21,3)
GE 3E . [ 3E \2
35T oV \3S av) > 0. (21,4)

Ilockoabky
E ( aT) .
sz — \aS Jy
To yciosue (21,3) mpuobperaer Bua T/Co >0 nan
C,>0, (21,5)

T. €. TEIVIOEMKOCTL NPH MOCTOAHHOM OOLCMC hiceria MoJoXHTeNbHa.
Ycnosue (21,4) MOXHO HamnucaTh B BHAC KOOHAHA

o[(55), (37)] _ 8@, P

S, ) A TR

1) Oco6ulit cnyvaii, Korga B {21,4) cront 3nak paBeHcTBa, 6yAer paccMoTpel
L paJjgbpHeiwemM, B § 152.



[Tepexons k.nepemendulx 7 U V, nMeem

an s (), .
(S, V)~ dS, V) ( ) CU( )T<0.
3 (T, V)

[Tockoasky Cy > 0, 35TO paBHOCHJIbHO YCJIOBHIO

(—g%)T <0, (21,6)

T. €. yBeJHuYeHUe 06beMa NpH MOCTOAHHON Temmeparype Bceraa co-
IPOBOXK/aeTcsl YMeHbUIeHHEeM JaBJ/eHHus.

Yenosust (21,5) um (21,6) Ha3HBAWOTCA TEPMOOUHAMUHECKUMU
HEpasencTeamu. CoCTOsHUA, B KOTOPBIX 3TH YCJOBHS He BbIIOJHEHHI,
HEeYCTOHYHBLI H B PHPOAE CYLLECTBOBATb HE MOTYT.

B § 16 6B0 yXKe OTMeueHO, YTO B CHJy HepaseHcrsa (21,6)
n dopmyasl (16,10) Bcerna C, > C,. Beuay (21,5) MoXHO mnoato-
MY 3aKJIOUHTb, UTO BCETAA U '

C,>0. (21,7)

[TosnoxurenpHoctb- C; 1 C, 03HAuaer, yto 2HEPTrHA ecTb MOHO-
TOHHO BO3pacraluas QyHKUHUS TeMrnepaTypbl TMpPH MNOCTOAHHOM
o6beMe, a TemioBas PyHKUHS — Takasi XKe QYHKUHs TeMIepaTypH,
HO NpPHM IOCTOSHHOM [4BJEHHH. DHTPONHS Ke MOHOTOHHO BO3pa-
cTaeT C TeMepaTypOH Kak MpH NOCTOAHHOM o0beMe, TdK M IPH IO-
CTOTHHOM A aBJIEHUH. )

Ycnosusa (21,6—6), BHBeaeHHbIE A4 AI0G0H MaJol yacTH Tena,
crpaBelJIuBbl, KOHEUHO, ¥ JAJs BCEro Teja B 1eJOoM, TaK KaK B pPas-
HOBECHH TEMIIEPATYPbl W AABJEHHs BCEX uyacTedl paBHBL APYT APYTY.
[lpu 3TOM npeanoJaraercs, 4TO TeJO0 OAHOPOLHO (TOJLKO Takue
TesMa- Mbl NMOKa U paccMarpuBaeM). IloguyepKHeEM, UYTO BHINOJIHEHHE
yeaoBult (21,5—6) cBA3aHO HMEHHO ¢ OJLHOPOAHOCTbIO Tesma. Mox-
HO, HampuMmep, paccMOTpeTb TeJd0, YaCTHIB KOTOPOro yAepXH-
BAIOTCSI BMECTE TDABHTAlLlMOHHBIMH CHJIAMU; Takoe TeJo Oyner, oue-
BHAHO, HEOJHOPOAHBLIM, — OHO OyleT YIJIOTHEHO N0 HaNpaBJeHHIO
K ueHrpy. /g Takoro Tesa B LeJOM TeNJIOEMKOCTh MOXKET OBITh U
MeHbIlle HyJIf, T. € TEJ0 MOXET HarpeBaThCs MO Mepe yMeHbUIEHHS
9Heprud. 3aMeTUM, 4YTO 3TO HE NPOTHBOPEUUT TOMY, YTO TEIJOEM-
KOCTb IOJIOXKHTE/NbHA A8 KaXA0H MaJoH 4acTH Tela, TaK Kak sHep-
CHSl BCEro Tea B TAKHX YCJAOBHAX HE paBHA CyMMe JHEpPTHH ero ua-
cTeil — CylecTBYeT ellle JONOMHUTe/IbHAs SHEPTHSA IpaBHTALUOHHOrO
B3aHMOJEHCTBUS MEXAY 3THMHU YaCTAMH.

BriBegeHHEle HAMH HepaBeHCTBa SABJSAIOTCA YCJOBHAMH pPAaBHO-
Becust. Ux BpImosiHeHHe, OAHAKO, eure HeLOCTATOYHO AJfA TOrO, 4YTO-
OBl paBHOBecHe HBIJIO NOMHOCTb) yCTOHUMBBIM. |



MMeHHO, MOTYT CYLIeCTBOBAaTH TaKue COCTOSHMSA, NpH Oecko-
HEYHO MaJ/IOM OTKJIOHEHHH. OT KOTOPbIX IHTPOIHA YMEHbLIATCH, TaK
YTO TEJIO BCJe[ 32 3THM BO3BPAUIAETCS B HCXOLHOE COCTOSHHE, B TO
BPeMsI KakK NMPH HEKOTOPOM KOHEUHOM OTKJIOHEHHH SHTPONHUS MOMNeT
oKasaTtbcA OGoablied, yeM B HCXOJAHOM coctosHuu. Ilpu TakoMm ko-
HEeYHOM OTKJIOHEHHH Tello He BepHeTCs B HCXOAHOe CcOCTOsHHe, a Ha-
o6opoT, OYHAET CTPEeMHUTbCH NEepeidTH B HEKOTOpOe JPYroe COCTOsIHHE
paBHOBECHA, COOTBETCTBYIOIEE MAKCHMYMYy ZHTPOINHH, GoablUemy,
yeM MakCHMyM 3HTPONMUH B NepBOHAuaJbHOM cocTossHHH. CooTBer-
CTBEHHO 3TOH BO3MOXKHOCTH CPelH COCTOSTHHH paBHOBecHs Halo pas-
JHYaTh TaK HasblBaeMble meTacradbilseHoie U CTabuabHsle COCTOS-
Hus. Ecan Teno HaxoAuTcss B MeTacTaGHAbHOM COCTOSIHUH, TO TIPH
LOCTATOYHOM OTKJIOHEHHHM OT Hero TeJO MOXeT He BEepHYTbCHA B HC-
XoJHOe cocTtosiHhe. XOTA MeracTaBuJbHOE COCTOAHHE B H3BCCTHBIX
[pefenax yCTOHYWBO, HO PAHO MJIM MO3JAHO TeJIO BCE PABHO Mepen-
_IeT U3 Hero B Jpyroe, crabuibHoe cocTosiuue. lociefnee cooTper-
CTBYeT HaHOBOJbLUIEMY H3 BCEX BO3MOIILIX MAaKCHMYMOB 3HTPOIMMH;
BhIBeJleHHOe M3 TAKOrO COCTOSIHMS TC0 Dilll0 HJAH MO3LHO BepHETCA
B Hero obpaTHo.

§ 22. MNpnuuun Jle-lNlarease

PaccMOTpHM 3aMKHYTYIO- CUCTEMY, COCTOSILLYI0 H3 CpPedbl H IO-
rpyXeHHoro B Hee TeJa. [IlycTh § ecTb noJHas SHTPOINHS CHCTEMB,
a y— HeKOoTOpas BeJWYyHHa, OTHOcsAUlasca K TeJy, IpHYeM TakKas,
YTO YCJOBHE MakcUMyMa S N0 OTHOIIEHWIO K Hell, T. e. dS/0y = 0,
O3Hauaer, UYTO TeJ0 caMo MO cefe HAXQAUTCS B PaBHOBECHH, He Ha-
XOJsiCh TIpH 3TOM .06si3aTeNbHO B paBHOBecHH co cpemod. I[lycTb,
lajee, x eCTb Apyrad TepMOJUHAMHUecKas BeJHUMHA, OTHOCALLAACS
K TOMY Xe TeJy, IIpHYeM Takaf, 4TO ecsaH, Hapsay c¢ dS/dy =0,
HMeeT MecTo Takxe H d5/dx =0, TO 3TO 03HauaeT, YTO TEJO HAXO-
IUTCA He TOJIBKO B CBOEM BHYTPeHHEM paBHOBECHH, HO Takxe H
B PABHOBECHH CO CpeAoH.

BeeneM o603HayeHusd s

J oS
X——W, Y_—W- (22,1)

[1px moJsiHOM TepMOAMHAMHYECKOM DABHOBECHH SHTpPOMHS S AOJIKHA
6bITh MakcuMaJdbHa. sa aroro, KpoMe yciaoBuit

X=0, Y=0, (22,2)
=ﬂ,0ﬂ}KHbI BBEIITIOJTHATBCA TaK¥e HepaBEHCTiaa
oX oY
(5),>0 (57).>0 (22:8)

puYyeM

(50 (5),— (5. >0 (22,4



[IpeanoJoXuM Tenepb, 4YTO NYyTeM Kakoro-Ju60 He3HAYUTEJb-
HOro BHeIUHero BO3JelCTBHS Hapyllaercss paBHOBecHe Teja co cpe-
LOH, npHueM HeCKOJbKO H3MeHseTcs BeJIHYUMHA X W Hapyllaercs yc-
aoBue X =0; o BeJHuUMHe Xe y TNpeldnojaraeMm, YTO OHa AAHHBEIM
BO3JeHCTBHEeM HeNOcpeAcTBEeHHO He 3atparuBaercs. [Iycts Ax.ectb
¥3MeHeHHe BeJMUMHBl X; TOrjJa U3MeHeHHe BeJUUUHB X B MOMEHT
Bo3LedcTBHA Oyaer

(AX), = (z—f)y-Ax.

M3mMeHeHMe x IPH NOCTOAHHOM y NMPUBOAHT, KOHEUHO, K Hapylle-
HHIO TakXe W ycsnoBusi ¥ =0, T. e. BHyTpEeHHEro paBHOBECHS TeJa.
[Tocie TOro Kak 3TO paBHOBeCHe CHOBA BOCCTAHOBHTCSH, BEJNUUYHHA
X = AX 6yjger uMeTb 3HaueHlie

(AX)y- o—( o), A%

rie Npou3BOAHAasT Geperca IpH .I'IOC’I‘OSIHHOM, pPABHOM HYJIO, 3Haue-
HuY Y.

CpaBHuM o6a 3HayeHnsa AX. [loabsysach cBoHcTBaMU AKOGHAHOB,
HMeeM

a(Xx,r) 0X
XY oY) _ TGy )
(ax y=o O0(x,Y) a(xY) ( )
| 9 (x, ) ( )

3HaMeHaTe/b BTOPOTQ 4JeHa B 3TOM BhIpAXEHHH HOJIOXKHTEJEH co-
rJacHO ycJoBHIO (22,3); yyumThiBasl TakXe HepaBeHcTso (22,4), Ha-

XOJMM, YTO
( ) > (2 ) >0, (22,5)

[(AX)y | >1(AX)y—o |- (22,6)

Hepapencrsa (22,5) nnu (22,6), cocTaBasioT colepxkaHHe Tak
HasbiBaemoro npunyuna Jle-lllarenve.

ByneM - paccMaTpuBaTh H3MeHeHMe AX BeJUYHHBl X KaK Mepy
BHELIHero BO3JeHCcTBHA Ha Teao, a AX — Kak Mepy H3MeHeHHS
CBOfiCTB Tena INOL BJAHSHHEM 3TOro Bo3fgelicTBus. HepaseHeTBo
(22,6) noxasmiBaeT, UTO NpH BOCCTAHOBJIEHHH BHYTpEHHEro pasHOBe-
CHfl TeJla IIOCJe BHeLlHero BO3MeHCTBHA, BLIBOAALLETO ero M3 3TOro
paBHOBecHs, 3HaueHue AX yMmeHblaercs. HoaTomy npuHUuI- Jle-
llaTtenbe MoXHO copMyIHpOBaTE TAK:

.BHelllHee Bo3fellcTBHEe, BHIBOAfLLEe TeJO H3 pPAaBHOBECHS, CTH-
MyJUpYeT B HeM npouecc:bl CTpeMsllHecs OcNabuTh pesyJbTaThl
3TOr0 BO3AeHCTBHS. '

[TosicHUM cKasaHHOe NpuMepaMHu.

HJIH



[Ipexze BCero yaAo6HO HCCKOJIbKO BHAOH3MEHHTb ONpeLescHHe Be-
anund X u Y, Bocmosb3oBaBwiuck dopmynci (20,8), corsaacHo
KOTOPOH H3MeHeHUe SHTPONHH CHCTEMBI Cpela -+ TeJo PpaBHO
—Rmin/Ty, Tae To — Temnepatypa cpeflbl, 8 Rmin — MHHHMAaJbHaA
pa6ora, HeoGXOAMMAaA AJA INPHBeLEeHHS TeJa M3 COCTOSHHS paBHO-
Becus co cpenoli B faHHOe. [loaTomMy MOXHO HanucaThb:

1 aRmin -1 ORmin .
| X_ To ax ’ Y_-T; Ty— (22,7)
Jna GeckOHEYHO MaJioro HU3MeHeHHsl COCTOSHHA Tesja HMeeM (CM.
(20,4))
dRmin - (T — T, dS — (P - PD) dVr
BCE BeJHUMHBI 6e3 HHIeKCa 3,1cCh M HHXKe OTHOcATCA K Teqy, a C
uHaekcoM 0 — K cpefie.

Ilyets x ectb sHTponus teiaa S, Torma X = (T — Ty) /To. Yeno-
Bue papHoBecusd X =0 pacr T =T, T. e. paBEHCTBO TeMIeparyp
Teqa U cpennl. HepasencrBa (22,5) u (22,6) mpHHHMAIOT BHJ

oT - oT
(6—S)y > (ﬁ)m >0, (22,8)
[ (AT), | > | (AT )y o . (22,9)

CMBICA 3THX HepaBeHCTB 3akJouaetrcs p ciaeldymouieM. HMamene-
HHe BeJIMYMHBl X — 3HTPONHUHM Tesaa — 03HayaeT, uYTO TeJy coob-
mwaerca (MJAH OT Tella OTHHMaeTcd) HEKOTOpOe KOJHYEeCTBO TelJa.
B pesynbrate Hapywaercs paBHOBecHe CaMOro TeJsa M, B YACTHOCTH,
usMeHserca ero temnepatrypa (Ha senuuuHy (AT),). Boccranosae-
HHe paBHOBecHdA B TeJie MPUBOAUT K TOMY, UTO H3MEHEHHEe ero TeM-
nepaTypsl o aBCco/IOTHOH BeJUWYUHE YMEeHbUIHTCH (C’I‘aHe’I‘ pPaBHbIM
(AT) v=0), T. e. Kak 6bl ocsnabasieTrca pe3yabTaT BO3AEHCTBHS, BHI-
BOAALIErO TeJ0 M3 paBHOBecHA. MOMXHO CKa3aTb, YTO HarpesaHHe
(oxmaxmeHne) Tena CTHMYyJHpPYeT B HeM IIPOLECCH, CTpeMsuiHecs
MOHH3UTL (NOBBICUTH) €r0 TeMIEepaTypy.

ITycts Teneps x ecTh o6bem Tesna V. Torna X = (P— Py) /Ty.
B pasHoBecun X =0, 1. e. P = Py. HepaBencrsa (22,5) u (22,6)

JaloT .
%)y < (%)1&0 <9, (22'10)'

| (AP), 1> [ {(AP)y |- (22,11)

Ecnu Teno BBIBOAMTCA M3 paBHOBecHsT NyTeM M3MeHeHHs ero
o6beMa (NpH HeM3MEeHHOH TeMmepaType), TO MEHSeTcs, B YaCTHO-
CTH, €ro JaBJjieHHe; BOCCTAHOBJIEHHe DABHOBECHS B TeJe NpPHBOJLHT K
YMeHbILIEeHHIO abCoJIOTHOH BEeAHYMHB M3MeHeHUs nasjaeHusa. Mmes
B BMIY, 4TO yMeHbllleHHe ob6bema Teja yBeJUUUBAaeT €ro JaBjeHHe
(1 Hao6opoT), MOXKHO cKa3aTb, 4YTO yMeHbLICHHe (yBeJHueHHe)
o0bemMa Tejla CTHMYJIMpYeT B HeM IIpotecchl, CTpeMsiHecss yMeHb-
WHTL (YBEJHYHTb) ero AaBJjieHHe.



B pasnbHellleM Mbl BCTPETHMCS C UeJBIM PAAOM pasIHUHBIX NTPH-
MEeHEeHUH 3TUX Pe3ynbTaToB (K pPacTBOPaM, XHMHYECKHM PEaKUHM
HT. I.). .

OTMeTUM elle, YTO €cad B HepaBeHcTBax (22,8) B xKauecTse Be-
JIUYHHBL i B3ATb 06beM Tesia, TO 6yLeM HMEThb

(), )= (&)= (5). =5

NOCKOJIbKY yCJOBHE Y—O Oo3HayaeT B 3TOM cayuae P =P, T. e.
MOCTOSIHCTBO JaBjieHHss. TakHM 06pa3oM, Mbl CHOBA MoOJlydaem U3-
BeCTHble y:Ke HaM HepaBeHctBa C, > Cy, > 0.

AHanoruuHo, eciu B (22,10) B KauecTBe y B3ATh YHTPOMHIO Tea,
To ycnoBhe Y =0 6ymer o3HauaTb NOCTOAHCTBO TeMmepaTtyphl I =

— Ty, 1 MBI HalijieM
opP opP
(57)s < (&), <0
— TOXEe M3BECTHLIH yXe HaM pe3yJbTar.

§ 23. Teopema Hepnucra

Tor dakr, uro rennoemkocrs C, MONOXHTENbHA, 03HAUAET, YTO
SHEPTUA ecTb MOHOTOHHO BO3pacramoilds ¢GYHKUHSA TeMIepaTyphl.
HanpoTtus, npu najedHH TeMmMnepaTyphl SHEprHs MOHOTOHHO yMeHb-
lmaercs, H, CJAefOBaTeNbHO, NPH HaHMeHblIed BO3MOXKHOH TeMmepa-
TYpe, T. €. NpU abCOJIOTHOM HYJe, Tea0 AOJKHO HaXOAHMTbCA B CO-
CTOSHHU C HaWMeHbIIeH BO3MOMHOH 3Hepruell. Ecam paccmartpu-
BATb SHEPrHUIO TesJa KaK CYMMY 2HeprHH yacTeil, Ha KOTOpble MOXHO
MBICJI@HHO ero pasfie/iiTb, TO MOXHO YTBEpKJAaTb, UTO U KaxKjaas
U3 3THX 4YacTteHd OyJaeT HAaXOJAHThCS B COCTOSTHHH C HaHMeHblUeH sHep-
riefl; scHO, YTO MHHHUMAJIbHOMY 3HAYEHHI0 CYMMbl JOJIXKHBI COOT-
BETCTBOBATb H MHHHMAaJbHHle 3HAYEHHS BCEX ee cJaraeMbIX.

Takum o6pas3oM, nmpd abCONIOTHOM HyJe Jilo6Hasd yactb teda JA0J-
KHa HaxXOAUTbCA B OJHOM OllpefeseHHOM — OCHOBHOM — KBaHTOBOM
COCTOSTHHH. - [[pyTHMH CJMIOBaMH, CTaTHCTHUYECKHe Beca 3THX dacTei
paBHbl eJHHHIle, & TOTOMY pPaBHO eAMHHLIE M HX NPOM3BeLeHHe, T. e.
CTaTHCTHYCCKHH BEC MAKPOCKONHYECKOr0 COCTOAHUA TeJla B LEJOM.
DHTPONUS Ke Teja — JIorapupM ero CTaTHCTHUYECKOro Beca — paB-
Ha, CJIeJOBaTeNLHO, HYJIO.

[ToaTOMYy MBI OpUXOAMM K CJeLYHIOLEeMYy BaxKHOMY 3aKJ/IOUeHHIO:
SHTPONUSA BCAKOrO Tesja obpauiaercss B HYJib PH aB6CONIOTHOM HyJie

TeMnepaTypbl ') (Tak HasbiBaemas Teopema Hepuncra (W. Nernst,
1906). '

1) Bo uabexkalun lleA0pAa3yMEHHA NMOAYEPKHEM, YTO peyb HAET O CTPEMJICHHH
TEMNEpaTypL! K 1YJ0 MPH KAKHUX-NM60 B OCTaNbHOM HEH3MEHHBIX YCIOBHAX —
cxka)<em, NMpH TOCTOAIIHOM oGBeMe WJIH NOCTOAHHOM AaBJeHWH. Ecan ke, HanpH-
MEp, CTPEMHTb K HYJIO TeMNepaTypy rasa OJHOBPeMEHHO € HeorpaHHueNlibiM
yMCliblLIeHHeM ero MAOTHOCTH, TO dHTPONMUA MoXKeT H le obpaTuTbcs B HYJb.




[MoguepxHeM, UTO 3Ta TeopeMa ABJAAETCH CJACACTBHCM KBaHTOBOH
CTAaTUCTHKH, B KOTOPOH CYIIECTBEHHYIO POAb UrpACT MOHATHE O AH-
CKPETHbIX KBAaHTOBHIX coCTOSHHAX. OHa He MOXKCT ObITb - JOKa3aHa
B ‘UYHCTO KJAaCCHUECKOH CTAaTHCTHKe, B KOTOpPOH 3HTpONHA ~BOOOIIE
onpenensercs JUIWEb ¢ TOYHOCTbIO A0 NPOHM3BOJILHOH aJAJiMTHBHOH IO-
cTofHHOH (cM. § 7).

Teopema Hepncra nossoJsier cle/aTh 3aKJIOUYCHIA 11 O TIOBeJe-
HHH HEKOTOpBIX APYTHX TepMOAMHaMHuecKMX Benauutin npu T —0.
Taxk, serko sugers, yro npd 7 =0 obpawanTcs B HYJ/b TelJOeMKo-
ctd — Kak Cp, Tak H Cy:

C,=C,=0 npn T=0. (23,1)

DTo clelyeT HeNOCPEACTBEHHO H3 ONpeleieHHs TENJOeMKOCTH, 3a-
NYCAHHOTO B BHAE

C—T oS _ aS .
oT dinT :
[Ipp T—0 umeem: InT—>-—oco, a NOCKOJbKY S cTpeMHUTCH K IO-
CTOAHHOMY npefeay (K HyJ10), sSICHO, YTO HalHCaHHasi NPOM3BOAHAS
CTPEMHTCH K HYJIO.
Hanee, obpawmaercst B HYJdb KO3(Q(UIHEHT TelJOBOro pacild-
peHus

( ) —0 npu T=0. (23,9)

HeficrBuTeNbHO, 3Ta POU3BOAHAN paBHa NpPOHU3BOAHON — (3S/0P)r
(cm. (16,4)), obpamatomedics npu T =0 B HyJb, 'TIOCKOJIbKY S=0
npu 7 =0 1 IpOU3BOTHHOM [ABJEHHH.

AHanoruyHo y6e>K;Laemcs_I B TOM, 4TO H

( ) =0 mpn T=0. (23,3)

"OB6bIYHO 3HTponnﬁ"06pamaeTCf{ npu 7'—0 B HYJb IO CTENEH-
HOMY 3aKOHy, T. €. Kak S =aT" rine a — GyHKUHA JaBjeHHs Uil
o6beMa. OuyeBHAHO, YTO B 3TOM cCJyyae TEIJIOEMKOCTH H BEJHYUHHI
(0V/dT)p, (0P/OT)y obpawmaiwtcs B HyAb MO TOMY 3Ke 3aKOHY (c
TEeM Xe n).

Haxonen, moxHo Bugers, yro pasHocts Cp—Cy o6pamaeTC${
B HYJb GuicTpee, 4eM CaMble TEMJIOeMKOCTH, T. €.

————=0 npu T =0, (23,4)

JefictBuTenbHo, mycts npH T—>0 3HTPOMHA CTPCMUTCH K HYJIO IO
3akoHy S ~ 7. Uz dopmynu (16,9) BumHo, uro torga Cp,— Cy ~
~ T2+ tag yto (Cp, — Co) /€,y ~ T7+! (clenyeT HMETh B BHAY, UTO
cxnumaemocth (GV/OP)r ocraercs mpu T =0, Boofiue rosops, oT-
JIUYHOH OT HYJS KOHEYHOH BeJHUYHHOH).



Eciu m3BecTHa TelsloeMKOCTb TeJa BO BCeM -14ala3OHC H3MCHe-
HUSl TeMIlepaTypkl, TO IHTPONUA MOXKeT OBLITb BhIUHCJ/AEHA NYTCM HH-
TErpApOBaHus, npuueM TeopeMa HepHcra nospossier YCTaHOBHTH
3HaYeHHe TIOCTOSIHHOH HMHTerpupoBaHusi. Tak, 3aBUCUMOCTb SHTPOIMUU
OT TEMIIepaTyphl HpH 3aJaHHOM 3HauYeHHH J[aBJeHHA OnpeAeNuTCs
no gopmyae

T
' c
. S= S ——dT. (23,5)
5 .
Jlisa TenysoBoH (QYHKUHMHM aHAJOrHYHAsi QopMmyJa TJacHT:
. T
W=w,+\cC,ar, (23,6)

B
rne Wo— 3Havenue Ttennosoit ¢pyukuun npu 7 =0. Has tepmoan-
Hamyueckoro mnortedHuuansa ® =W — 7S cooTBeTcTBEHHO HMeeM

{ T T
C
CD=W0—]—SdeT—TSTpdT. (23,7)
0 0 '

§ 24. 3aBNCUMOCTb TEPMOJIHHAMHUYECKUX BEJIUYHH
OT YHCJa 4YacTHL, '

Hapspy c aHepruefi u sxTponMell cBOHCTBOM  aJAAHTHBHOCTH 0O6-
JafalT TakXe H Takue TepMOJHHaMHuYeckKe.BedHYyuHbl, kak F, @,
W (kak 3TO cielyeT HeNOCPEACTBEHHO H3 HUX OIpEJEJeHHS; ec/H
yuyecTb, UTO JaBjeHHe H TeMIepaTrypa MNOCTOSHHH BJAOJbL HaxXOAs-
1erocsl B paBHOBECHM Tesa). DTO CBOHCTBO I03BOJISIET cleflaTb Oll-
pefe/ieHHble 3aKJAIOUEHHS O XapaKTepe 3aBHCHMOCTH BCeX 3THX Be-
JUYHH OT uHcAa yacTHl, B Tese. Mbl 6yleM paccMaTpHBarh 34ech
Tena, COCTOSNIME M3 OAHHAKOBBIX UYACTHL (MOJeKyJ); Bce pe3yJib-
TATHl MOTYT OBITb HEMOCPCACTRCHHO 0O0OLIEeHH Ha Teja, COCTOALIHE
M3 pa3/HuHbIX yacTH — cMecH (cM. § 85).

AIIMTHBHOCTD BEJHUHHLl O3HayaeT, YTO MPH H3MEHEHHH KOJIHU-
yecTBa BemlecTBa {a ¢ HUM M yHcJaa YacTHuy N) B HEKOTOpOE YHCJIO
pa3 3Ta BeJIMUHHA MeHSeTCH BO CTOJBKO Xe pa3. [{pyruMu ciosamy,
MOXHO CKa3aTb, uTO aJAWTHBHas TepMOAHHAMHYecKad BeENHYHHA
AOM¥KHA OLITb OLHOPOAHON (PYHKUHEH nepBoro nopﬂm{a OTHOCH-
TEJbHO aJANTHBHLIX MepeMeHHEIX. :

Bripasum 3Hepruio tena B BHAC cpyHKLum 3HTPOI‘IHH u 06beMa,
a Takxe uncaa uvactull. Tax xak S 11 V camu mo cebe TOMe ajIH-
TUBHBI, 3Ta (PYHKUHUS HOJXKHA HMCTh BT

E=ni (S E), e



YyTO SIBJASETCS HauboJee OOLUIMM BHAOM OAHOPOAHOH GYHKIIMM Hep-
sBoro nopsaka or N, § u V. CsoboaHas sHeprus F ectb QPyHKUHS OT
N, TulV. Hocxoany TeMIepaTypa NOCTOSIHHA BJOJb Tesa, a 06beM
aJIUTHBEH, TO M3 TeX Xe coo0paXeHHH MOXKHO Hanucath

F=Nf (7\7’ T) : (24.9)

CoBepUICHHO aHaJIOTMYHO AJs TenJoBOH ¢yHKuuu W, soipaKeH-
HOH B BHAe dyHKUMHM oT N, S u ngasjeHuHda P, nojyuum

W=ni(% P) (24:3)

HaxoHel, Assi TepMOAHMHAMHUYECKOTrO NOTEHIHANA KaK (QYHKLHH
oT N, P, T umeem
O =Nf(P, T). (24,4)

B npeapayumeM H3J0XeHMH MBI 110 CYLIECTBY pacCMaTpliBaju
YHUCJO YaCTHI KaK NapaMeTp, MMeLIHHA AJs KaXXJoro Tena 34/aH-
HOe [OCTOfHHOe 3HauecHMe. byaem Teneps ¢dopmManbHO paccMaTpH-
BaTh N Kak elle 0AHY He3aBUCHMYIO mepeMeHHYw. Toraa B BbipaKe-
HUSL A1 Auddeperuunanos TepMOAHHAMHUUCCKHX NOTEHLUHAJIO0B. A0J-
XHbl ObITh f06aBJIEHBl YJeHbl, NponopuHoHansHele dN. Hanpumep,
A1 nojHoro Auddepedunana sHepru# OyaeM MHCATh:

dE=—TdS—PdV + udN, (24,5)
rie NMOCPeACTBOM | Mbl OBO3HAUMIM YACTHYIO NMPOH3BOAHYIO
oF
b= (57,— sy (24,6)

BenuunHa yu Ha3blBAeTCH XuMUYECKUM nOTexyuarom Tena. AHago-
THYHO HMEEeM Teleph

dW =T dS+ V dP -+ udN, (24,7)
dF — —SdT — PdV + pdN, (24,8)
dD — —SdT + V dP + udN (24,9)
¢ TeM Xe p. M3 aTux dopmya cienyer, uTo
p.——( )s P W)T y ( ' (24,10

T. €. XHMHUECKHH NOTEHUHa] MOMHO MOJYYUTh ,uudacpepeﬂuuposa-
HueM /11060 13 Beanuud E, W, F, ® mo yucsay uacTHi, OLHAKO NpH
3TOM OH OKaXeTCsl BbIpaXEHHBIM Yyepe3 pasJHyHble NepeMeHHBIE.
Hduddepenuupys @, HamucanHoe B Bule (24, 4), HaliieM, UTO

p—OCI)/ON__f(P T), T.e. | _
O = Npu. (24,11)



TakuMm 00pa3oM, XHMHYECKHH NMOTeHUHaAJ Tena (cocTOsIEero U3 OnLH-
HAaKOBhIX YaCTHL) €cTh He YTO HHOe, KaK ero TepMOJHHaMHYecKni
IIOTEHI AN, OTHeCeHHHH K OAHOH MoJeKyJe. DyAyun BhIpaXeH B
¢yHKHK oT P u T, XUMHYecKHHl noTeHUMaAN He 3aBUCHUT oT N. [dasa
aubdepeHurana XUMHYECKOro NMOTEHLUHMAaNa MOXHO, clefoBaTeNbHO,
cpa3y HallHCaTh CJeAYHollee BhlpaXKeHue:

du = —sdT 4 v dP, (24,12)

rfie S ¥ U — 3HTPONHUS ¥ o6beM, OTHECeHHbIe K OJHOH MoJeKyJe.

Ecau paccmatpuBaTh (Kak Mbl 40 CHX Nop OOBIYHO Aenanu) on-
pele/eHHOe KOJMHYECTBO BELIECTBA, TO YHCJ/IO YACTHL B HeM eCThb 3a-
NAaHHAas MOCTOXHHAs BEAHYHHA, 4 ero o06beM — BeJHYHHA NepeMeH-
Had. BelgesnM Tenepb BHYTPH TeJlda HEKOTOPLIH onpelcieHHbd 00b-
eM H OyleM paccMaTpHBaTh TO BELIECTBO, KOTOPOE 32K/JIHUYEHO B
3ToM obbeMe; NMPH 3TOM NMEPEMCHHON BeJUYHHOH Oyaer yucao ya-
cruy, N, a obvem V Gyrer nocrosinibim. Toraa, HanpuMep, paseH-
CTBO (24 8) cBedercs K

AF = —8dT 4 pdN.

3mech He3aBHUCHMbBIMH TepeMeHHbIMH siBasiioTcs T W N; BBEleM Ta-
KOH TepMOAWHAMHYECKHH NOTEHUMAN, AJs1 KOTOPOro BTOpPO#l He3aBH-
cuMoi nepeMeHHOM Owio Obl He N, -a p. [as 3Toro noAacrasJjsem
udN =d (uWN) — N dp 4 nonyuaem

d(F— uN)=-—8dT — N dp.

Ho uN=®, a F— ® = —PV. Takum ob6pa3om, HOBBIH TepMOIH-
HaMHUecKuil nmotenuuan (KoTophbli Mbl 0603HauuM OykBoi §2) pasen
[IpoCTO '
Q= —PV, (24,13)
MpHyeM _
dQ= —8dTl — N dp. (24,14)

Uncno yactuu mnosnysaercs AupdepeHuupoBanuem no Xumuye-
CKOMY NOTEHUHANy MPH MNOCTOSIHHBIX TeMIepaType M obbeme:

V= _( )r v ( )r v’ (24,15)

[Topo6HO TOMYy, Kak ObIJIO AOKA3aHO paBeHCTBO MeXJAy cofoi
HefonbWKHX HaMmeHenuit £, W, F u @ (Npy NOCTOSIHHBIX COOTBETCT-
BYIOIIMX Mapax BEJHYHH) Jerko Moka3aTh, 4To HaMeHeHue (0Q)r , v

npu nocrosHubx T, p, V obaagaer Tem xe cBoiictsoM. MHbIMH cll0-
BaAMH,

(55)3 v,n=08F)r v, N (‘5(1))7* pon=08W)s p,y= (6Q)r,v, - (24, 16)

3TH paBeHCTBA, yTqumoT W paclUUPSIOT TeOpeMy O MaJnx pobas-
Kax (15,12).



HaxoHel, aHaJorMyHO TOMY, KakK 3T0 6bl10 chenaHo B §§ 15 u
20 mast cBobopHOH, SHEPrHH M TEPMOAHHAMHUECKOrO TOTEHLHANa,
MOMHO II0Ka3aTb, yTo paboTa nMpu oB6paTHMOM NpOLECcCce, NpOHCXO-
AAUIEM TpY NMOCTOSHHBIX T, V' M |, paBHa M3MEHEHHIO IOTeHUMaNa
Q. B COCTOSIHUM e TEenJoBOTO PaBHOBECHA MOTEHUMAJ Q UMEeT MH-
HUMaJbHOE 3HAaYeHHe 10 OTHOIIEHUI0 KO BCAKOMY H3MEHEHHIO CO-
CTOSIHMsI NpY MOCTOsIHHRIX T, V, p.

"3anava

" Ilonyunth BhipaxeHwe masi remnoemkocrit Ce B mepemennnix T, u, V.
Pewenue. [lpeo6pasyem mpousBonuyw ¢u = T(0S/0T)v, v K nepeMeHHbIM
T, V, u, nns yero nuwem (paccMarpuBasi V Bce BpeMs KaK NOCTOSHHYIO):

. SN _ ST (&), Gr)
( ) a(T N; (T x)) ( )u— lu‘(éj?r_f\f) -
0(T ) ou Jr

o (25, = o2 = (4, s

- (M

§ 25. PaBHoBecHE TeJa BO BHELIHEM NToJe

PaccMoTpuM Teslo, Haxoasiuieecs B NOCTOSIHHOM (BO BpeMeHH)
BHELWIHeM MoJie. Pasinudble YacTH Tesa HaXOASITCS TIPH 3TOM B pas-
JUUHBIX YCJOBHSX, NMO3TOMY TeJjo O6yAer HCOAHOPOAHHIM.. OLHHM H3
YCJIOBHA PaBHOBECHA TAKOTO TeJa SBJAETCH MO-MpeXHeMY NOCTOSH-
CTBO TeMIepaTyphl BAOJb TeNa; AaBleHde xKe Oyaer Tenepb pas-
JUYHO B Pa3JIHYHBIX €ro TOUKaXx.-

JJs1. BBIBOAA BTOPOro YCJ/JOBHSI pPaBHOBECHs BbI,ELEJIHM U3 Tena
ABa ONpeAeJeHHEIX colpuKacawuuxcsa odbema H -notpebyem Mak-
CUMaJIbHOCTH MX 3SHTponHu S =3; + S, np® HeH3MeHHOM cCOcCTOS-
HUH OCTaJbHbIX yacTed Tena. OAHO M3 HeOOXOAHMMHX YCJOBHH MakK-
CHMYyMa 3aKJIOuyaeTcs B paBeHCTBe HyJ 1 npoussofrod 4S/dN,. Ilo-
CKOJBKY obuiee uucao vactuy N, 4 No B IBYX AaHHBIX yacTaX Tena
paccMaTpHBaeTcsl Kak NMOCTOAHHOE, HMeeM o '

as __ a§, 0S8, dN, _ 38, 35, —0
oN, — ON, " 8N, N, ON, OoN, -

Ho u3 paseHncrsa dE — T dS + wdN, HanHcaHHOrO B BH/E

dE

[t
dS — -=dN,



oS .
MBI BHAMM, UTO NPOU3BOAHAR —%r (npu nocrosHkwx £ u V) pas-

ua— /7. Takum obpazom, umeem: py/Ty = py/T>. Ho mpu pasHo-
BecUu Ty = Ty, Tak uTO H w1 = Po. Mbl NMpUXOANM, CJIelOBATENBHO,
K Pe3y/bTaTy, YTO NPH PAaBHOBECHM BO BHEUIHeM I0Je, KPOME IIOCTO-
SHCTBA TeMIepaTyphl LOJMXKHO cob0RaThCs yC/a0BHE

u = const, (25,1)

T. €. XHMHUECKHe NOTEeHUHaJ bl BCEeX dYacTeH Tenaa HAO/KHbH OHIThb
paBHbl Apyr Apyry. IlpH 3TOM XHMMHMUECKHH NOTeHUHaJ KaXXJ0H ua-
CTH eCTb (PYHKUUA ee TeMUepaTyphl U AAaBJeHUA, a TaKXKe lapaMer-
pOB, ONpeAe/]AIOUIMX BHellHee nosae. Ecau noje OTCYTCTBYET, TO
M3 TOCTOSSHCTBA pw H T  aBTOMATIIUCCKH CJelyeT M TOCTOSAHCTBO
JaBJEHHUS. ‘

"B noJie TATOTEHUS  [OTEHUHAIbHAS SHeprusd MOJIEKy.HbI U ecTb
GYHKIHA TOJBKO KOOPAHHAT X, Y, Z €€ LEeHTpa TsXecTH (M He 3a-
BHCHT OT PACIOJIOXXEHUS aTOMOB BHYTPH MoJieKYyJbl). B atom cayuae
M3MeHeHHe TepMOJUHaMUUCCKHX BCJIHYHH Tesa CBOAUTCA K AobasJie-
HUI0 K €ro 3Hepruy NOTEHUHaJbHOH 3HEPrHH MOJIeKysa B IIoJe.
B uyacTHOCTH, XUMHYeCKHH NOoTeHuuasa (TepMOAMHAMHYECKUH [OTeH-
a4/, OTHECEHHBIH K OAHOH MOJieKyJe) NpPUMeT BHUA U= ug-+ u(x,
Y, 2), rae pwo(P, T) ecTb XMMHUECKHH NMOTEHLUHAN B OTCYTCTBHE MOJA.
Taxum o6pasoM, yci0BHe paBHOBeCHS B NOJIe TATOTEGHUS MOXKHO Ha-
nHcaTh B BHAE

wo(P, T) 4 u(x, y, 2) =const. (25,2)

B yacTHocTH, B ONHOPOAHOM flONe TSXKECTH u = mgz (m — mac-
ca MOJIEKYJbl, § — YCKOpeHHe CHJbl TAMKECTH, Z — BepTHKaJbHAA KO-
opauHata). duddepeHunpys paBeHCTBO (25,2) N0 KOODAUHATE Z
IIPY MOCTOAHHOR TeMiepaType, NOJY4YUM '

vdP = —mgdz,

rne v = (Opo/0P)r — yAenbpHHH 00beM. IIpH HeSOJBLIMX H3MeHe-
HUSIX JaBJeHMS v MOXHO CYMTaTh NOCTOSHHBIM. BBOAS MJOTHOCTH
0 =m/v M UHTETPHUpYH, NOJYUUM

P-=const-— pgz,

T. € 00buHy QopMysay AJas THAPOCTAaTHUECKOTO AaBJEHHS B He-
CHUMAaEeMOH KUAKOCTH.
§ 26. Bpawawoupecs Teaa

L)

B cocTosiHMM TemN0BOro' paBHOBECHHA BO3MOXHO, KaK MHl BH/EJH
B § 10, sumb paBHOMepHOE NOCTynaTeabHOe ABHMXKEHHE H paBHO-
MepHOe BpalleHHe TesNa Kak IeJoro. PaBHOMepHoe NMOCTylaTesbHOe
ABMXKEHHMe HHUKAKOro 0cob0ro paccMoTpeHHs He TpebyeT, Tak Kak



COrJaCHO NPHHUUNY OTHOCHTENbHOCTH [anuies OoHO HHKAK He CKa-
'3bIBA€TCH HA MeXaHMUYeCKHX, a MOTOMY H TepMOAHMHAaMUYECKHUX CBOM-
CTBaxX TeJa, H €ro TepMOAMHAMHYECKHE BEeJHUMHbl MEHSITCH JIHIIb
B TOM CMBICJIE, YTO K SHEpPruu Ro0DaBAAeTCA KMHETHUECKAd 3IHEprus
Tena.

PaccMoTpHM Teno, paBHOMEpPHO Bpallawlieecss BOKPYT HeNo-
JBHXHOH ock.c yryioBo# ckopoctbhio Q. [Iyers £(p, g) ecTs aHeprus
TeJla B HENOJABUXXHOH cUcTeMe KOOpAMHAT, a E£'(p, g) — 3Heprus B
CHCTeMeé KOOpAMHAT, Bpalujawlleiica BMecTe ¢ TeJoM. Kak H3BeCTHO
M3 MeXaHMKHM, 3TH BEJHYMHBI CBA3aHbl APYr C APYrOM COOTHOLIe-

HUEM
E'(p, 9)=E(p, 9) — M (p, q), (26,1)

rae M(p, g) — MoMeHT UMnyJbca Teaal).
Taxum o6pasom, aHeprua E’(p, q) 3aBUCAT, KaK OT mapamerpa,
OT YrN10BOH CKOpPOCTH 2, mpuuemM

JdE" (p,
LD — —mp, 9.

Ycpenuss 3TO paBEHCTBO 110 CTATHCTHYECKOMY pacnpeneneﬂmo 7
BOCMOJIb30BaBIIUCh popmynod (11,3), moayuum

(£ oOF": (26,2)

rpe E'=FE (p, 9), M= M (p, q) — cpejlHHe (TepMOAMHaAMHYECKHE)
SHEpPrUsi H MOMEHT UMMYyJbca Tena.

Ha ocHoBaHUM 3TOrO0 COOTHOLUCHHUS MBI MOXeM HalHcaTb AuP-
dbepeHUUAN 2HEPTMH BpaulalOUIErocs Tesa MNpH 3afaHHOM oO6beMe
B BHJE

dE' —=TdS — M dQ. (26,3)

Hns csobonuoit sHeprun F' = E’— TS (Bo Bpaujaimoueiicss cHcTeMe
KOODPJAMHAT) COOTBETCTBEHHO UMeeM

dF = —SdT — M d9. (26,4)
Vepenuss pasectso (26,1), noayuum
E'=FE—MQ. (26,5)

HuddepeHuupys 3To. paBeHCTBO M NoAcTasasad (26,3), Noayuum
AuddepeHunan IHeprH¥ B HeEMOABHXKHOH CHCTeMe KOOpAKHAT

dE =T dS 4 Q dM. " (26,6)

1y Cm. 1, § 39. Xorst npousbenernnii TaM BhiBog dopmyant (39,13) ocHoBau
‘Ha KJIacCHYECKOH MeXaHHKe, HO B KBAHTOBOA TeOPHH B TOYHOCTH T€ K€ COOTHO-
WeHHA cNpaBeiJIMBH [IIS OMEpPAaTOPOB COOTBeTCTBYOmMHX BenuyuH. [loatoMy Bce
BBHIBOJHMMble HHXKe TepMOIMHaMHYECKHEe COOTHOLUEHHS He 3aBHCAT OT TOro, KakoH
MeXaHHMKOH ONUCHBAeTCHA ABHMCEHHE UacTHL Tena.



Ins coboanoit sHeprHH F = FE — TS COOTBETCTBEHHO HMeeM

dF = —SdT + Q dM. (26,7)

TakiM 06pasoM, B 3THX COOTHOIIEHHSIX He3aBHCHMOH mepeMeHHOR
SIBJSETCSI He YrJjioBasi cKOpOCTb, a2 MOMEHT MMIyJbCa, NPpHUYeM

2= (i), = (G), (26.8)

S T
Kak u3BecTHO M3 MeXaHHMKH, paBHOMEpPHOE BpalleHHe B H3BeCT-
HOM CMBICJe 3KBHBAJEHTHO NOSIBJEHHUIO JABYX CHUJOBHIX MoJel: NoJs
JLeHTPOOEXHBIX CHJ M INOJS KOPHOJHCOBRIX cHJA. LleHTpobexkHble
CHJB MPOMOpPLIHOHAJbHEI Da3MepaM Tena (OHM COMepXKaT paccTos-
HHe 0 OCH BpalleHMs); CHabl e KopHonuca ot pa3mepos Tena He
34BHCAT BOBce. byarogapsi aToMy 06CTOATELCTBY BJAUSHUE NOCJRA-
HHX Ha TEPMOJHHAMHYECKHe CcBOHCTBA Bpaujalwlllerocs MaKpOCKO-
MHYeCKOro Teja COBEpPLIEHHO HHYTOXHO TIO CPaBHEHUK C BJHSHUEM
MepBBIX, H HMH OOBIYHO MOXHO MOJHOCTHIO NpeHebpeus!). [Toatomy
yc/J0BHe TEMJOBOrO0 PaBHOBECHS BpallalulerQcs Tena MHoJAYYUTCs
NPOCTO MOACTaHOBKOH B (25,2) B kauvectBe u(x,y,z) UeHTPO6EKHOH
IJHEPTUH YACTHLL
. Q22

o (P, T) — 55—

g = const, (26,9)

TAe Wop— XUMHHUEeCKHH MOoTeHUMasa MOKoslierocs TeJsa, fm— Mmacca
MOJIEKYJ/Ibl, ¥ — PACCTOsIHHE [0 OCH BpauleHHdA. [lo ToH e npHuuHe
NOJIHYI0 3HepTruio Bpallapuierocs Tena £ MOXHO HanUcaTh B BUAE
CyMMbI €ro BHYTpPeHHeld SHeprum (KoTopyio Mbi 0603HayUM 37ecb
mocpeacTBOM Egzy) W KMHETHYECKOH 3HepruM BpalleHUs:

E=Fuut 5 (26,10)

rie / — MOMEHT HHepLMM TesJa OTHOCUTENLHO ocH Bpauuenus. Hago
¥MeTb B BHAY, YTO BpalllcHHe, BOOOLe rOBOpPs, MEHSET pacrnpejene-
HUEe MacC B TeJe, M0O3TOMY MOMCHT HHEpPUMH ¥ BHYTPEHHAA IHEPTUA
Tesa camH, Boo6lie rosops, 3aBucaT oT Q (uau ot M). Jluws npu
JLOCTaTOYHO MeAJIeHHOM BpAalLUEHHH STH BeJHYMHBL MOXHO CYHTaTh
MOCTOSIHHLIMH, He 3aBUCALIMMH OT Q.

Paccmorpum M301HMpOBaHHOE paBHOMEpPHO Bpalllalolleecsi TBep-
J0e Tesno C 3aJlaHHBIM pacnpejejeHHeM Macc B HeM. [[ocKOnbKY 9H-
TPONHSA TeJla eCTh (PYHKUHS ero BHYTPEHHEH 3HepldH, TO B JaHHOM
cayuae

S=S(E—-f—f .

') MoxHo nOKas3aTh, 4TO B KJACCHYECKOM CTATHCTHKE KOPHONMCOBHL CHJEL
pooflle He BJAHAWT HAa. CTATHCTHYECKHE CBOMCTBa Teqaa — cM. § 34.



BenecTBre 3aMKHYTOCTH Tesla €ro IOJHAf SHEPrUsi ¥ MOMEHT Bpa-
LIEeHHsT COXPaHAKTCA, a 3HTPONHUA JOJXKHA HUMeTh MaKCHMaJbHOe
3HayeHHe, BOIMOXHoe TpH naHHbx M u E. Iloatomy MBI npuxoanm
K BhIBOAY, YTO paBHOBECHOE BpallleHHe TeJsa NpPOUCXOAHT BOKDYT OCH,
OTHOCHTEJBHO KOTOpPO# MOMEHT MHEepUHH HMeeT HauboJjbllee BO3-
MOXHOe 3HaueHue. TeM camblM aBTOMATHUECKH NOJApPa3yMEBAETCH,
YTO OCb BPalleHUs] BO BCAKOM Ciayuae sIBJfeTCH OCbIO HHEpLHH Teda.
[locnenHee o6cTOATENBCTBO, BIpOYEM, 3apaHee OYEBUAHO: eCaH TeJO
Bpal[AETCs] BOKPYT OCH, He ABJAIOLIEHCS OCbI0 HHEepUHH, TO, KaK Ha-
BECTHO H3 MEXaHMKM, OCb BpalleHUsi cama Oygmer cmeulatbes (mpe-
LeCCHPOBATh) B NPOCTPAHCTBE, T. €. BpalleHHe OyaeT Hep aBHOMep-
HbIM, a MOTOMY M HepaBHOBECHHIM.

§ 27. TepMognHaMHYeCKHE COOTHOILIEHHSA
B PEASATUBUCTCKOI 00aacTH

r

PensituBucTcKkass MeXaKMK3 IPHBOAHT K PAAY H3MeHeHHH B 0OblY-
HEIX TEpMOAHHAMHYeCKHX COOTHOWEHHAX. Mbl paccMOTpUM 3fech
Te H3 3THX U3MCHEHUH, KOTOphle NpeACTaBJAIOT HauOOJbLUIMH HH-
Tepec.

Ecnu MHKpOCKOl‘[H'—IECKOQ ABHXKEHHE YacTHIL, COCTaBJAAKLINX
TeJs0, CTAHOBUTCH PEISTHUBHCTCKUM, TO ofumiHe TepMOAUHAMHUYECKHE
COOTHOWIEHHUS He H3MEHSIIOTCHA, HO BO3HHKAEeT BaXXHoe HepaBeHCTBO
MEeXJAY LaBJeHHeM H 3HepTHel Tena

P < (27,1)

SV '
rpe £ — 3Heprusi Tena, BKJoyaoulas B cebs 3HePrHI MOKOSA BXO-
LALUMX B €ro cocTas yacTuu !).

IIpyHUMIHANbHBIA HHTEpeC TNPeACTaBJSAIT H3MeHEHUs, BHOCH-
Mble 0O0Lled TeopHell OTHOCHUTEJbHOCTH B YCJOBHs TENJOBOro pas-
HOBECHS NpH yueTe cO3/JaBaeMOr0 caMHM TeJOM TPaBHTALHOHHOTO
noJas. PaccMOTpUM HEmoABHXHOE MaKpPOCKOMHYECKOEe TeJso; ero rpa-
BHTAalHOHHOe noJje Oyaer, pasyMmeercd, NOCTOAHHBIM. B nocrtosiH-
HOM IPaBHTALMOHHOM IOJe Halo OTJNMUYAThb COXpaHSIOLLYIOCHA 3Hep-
ruio Ey kakol-iubo MajoH YyacTH Tella OT 3Hepriu E, vaMepeHHOH
HabaogaTeneM, HaxoAsIIUMes B LAHHOM MeCTe, 3TH [Be BeJHYHHH
CBSI3aHbl APYT C APYTOM COOTHOIIEHHEM

| Ey=E 4/ guo»
rie goo— BpeMeHHas KOMIIOHEHTa MeTpuuyeckoro Tensopa (cm. II,
§ 88; dopmyna (88,9) ¢ v =0, mc>=FE). Ho no camomy cmucnay

1Y Cm. 11, § 35. HanomHum, OAHAKO, 4TO OOLIEr0 AOKA3aTeJbCTBA 3TOTD He-
P2BeHCTBa, TMPHTOAHOTO MJsA BceX CYIIECTBYIOLIHX B TPHPOZe (HEe TOABKO 3JIeK-
TPOMATHUTHLIX) THMOB B3AMMOAEHCTBHA MeXAY YACTHUAMH, B HACTOMLLEE BpeMd
HE CYILEeCTBYET.



NMpHBEACHHOrO B § 9 A0KaszaTesbCcTBa NOCTOSHCTBA TeMIlepaTyphl
BAOJb HAaXOASLIErocs B paBHOBeCHH Teaa $SCHO, YTO AOJXKHA OHITb
NOCTOSIHHA BeJNHYHHA, noayyaruasica AuddepeHIHpOBAHUEM IHTPO-
IHY M0 COXpaHsUIEeHCs 3HepTruu Eo. TeMHepaTypa xe T, usmepeH-
Has HabawgaTesem, HaxoAfWMMCA B AaHHOA TOYKE NMPOCTPAHCTBA,
nosyyaercs Av@@epesnnpoBaHHeM SHTPONHM no 3Hepruu E H, chie-
J0oBaTelbHO, 6YAeT pa3/jHuHa B Pa3HBIX TOYKAX TeJa.

JJna BHIBOZA KOJHUECTBEHHOIO COOTHOIIEHHA 3aMmeyaeM, 4YTO
SHTPONUSA MO CYUIECTBY CBOEro ONpeJesNeHHsA 3aBHCHT UCKJIIOUHTEJb-
HO OT BHYTPEHHEro COCTOSHUS Te/a W MOTOMY He W3MEHSETCs IpH
NOSIBJeHHH TpaBUTALMOHHOro nojs (B TOH Mepe, B KOTOpOH 3TO MO-
Je He BJMSIET HAa BHYTpeHHHe cBOMcTBa Tesa, — ycJOBHE, KOTOpOe
¢bakTHyecku Bceraa BelnoaHeHo). [losToMy npou3BogHas Mo 3HTPO-

IIHH OT COXpaHsAwulefica aHeprun £, Oyler paBHa T'\/g00 H, TaKHM
o6pa3oM, OHO U3 YCJOBHH TENJOBOr0 paBHOBeCHst TpebyeT NOCTOSH-
CTBa BJAOJIb Te/1a BeJHUUHBI

Tf\/£= const. (27,2)

AunanornuHeiM 06pa3oM BHIOU3MEHSIETCS BTOPOE YCJOBHE paBHO-
BECUSl — MOCTOSIHCTBO XHMHYECKOTO MOTeHinuansa. XuMHUecKuit mno-
TEHUHAJ ONpefensieTcss’ KaK NMPOU3BOAHAS OT JHEPTHH MO YHCIY Ya-
ctull. [Tocko/MbKY YHCJIO YacTHI, pa3yMeeTcs, rpaBHTALHOHHBIM IIO-
JeM He MeHsIeTCH, TO AJH9 XHMMHYeCKOro NOoTeHIHaja, ¥3MepeHHOro

B KaXJI0H AaHHOH TOUKe, .IIOJyyaeM . TAKOe Xeé COOTHOUIeHHe, KaK
H )51 TeMIepaTyphl: '

1 4/ goo = const. (27,3)

3aMEeTHM, YTO COOTHOMWEeHHs (27,2—3) MONKHO HalIHCaTh B BHIE
‘. . dx® dx®
I'=const: —, n=const-——,

(27,4)

NO3BOASAIONIEM paccMaTPHBaTh Tel0 He TObKO B TOH cuHcTeMme OT-
cyeTa, B KOTOPOl OHO HENMOJBHIKHO, HO H B TaKHX, B KOTODHX OHO
ABUXKETCS (Bpal.l.laeTCﬂ KakK uenoe) [Ipu atom NpOM3BOAHAS dx°/ds
AON¥Ha GpaTbcs MO MMPOBOH JHHMM, ONMUCHIBAEMOH HaHHOH TOYKOH
Tena.

B cna6om (HbIOTOHOBCKOM) rpasHTalHOHHOM none goo = 1
+ 2¢/c2, roe @ — rpaButaunorHufl noreHuuan (cm. II, § 87). Iloa-
CTaBJAAA 3TO BhlpaxeHue B (27,2) W H3BJIeKas KOpeHb, HalHJeM B
TOM e NPHOIMIKEeHHH '

T=const- (1 —=%). (27.5)



HUwmest B BUAY, uto uto @ << 0, HAXOAMM, UTO IIpH paBHOBECHH TEM-
nepaTypa BhILIE B Te€X MecTax Tesaa, B KOTOpPHX |@| Gosblue, T. e.
B rayOuHe Tena. IIpu npesensHOM NEpeXoje K HepeasiTHBUCTCKOM
MexaHHKe (c—oo) (27,5) nepexoayT, Kak ¥ cJaefosato, B 7 =
— const. '

AnanoruyHeiM ob6pasoM MOXHO Npeofpa3oBaTbh ycaosue (27,3),
NMpHYeM HaJ0 MMETh B BHAY, UTO DPEJATHBUCTCKHA XHUMHYECKHH mno-
TeHIMaJ NpH NpeleNbHOM INepexofe K KJacCHyeCKOH MeXaHHKe-Ile-
DPEXOAUT He HeNocpelCTBEHHO B OO6blYHOe (HepessiTHBUCTCKOE) BbHI-
paxkeHue AJA XHMHYECKOTrO NOTEHLMAJa B OTCYTCTBHE MOJS, KOTOpOe
Mbl 00O3HAUUM 3/eck IOCPEACTBOM Ug, @ B ug -+ mc?, rae mc?2—
HEPrus NMoKos oTAeabHOH yacTHIbl Tena. [TloaTomy nMeem

b VeEm = (o + me) (145 ) = o+ me* + ma,

TaK YTO ycsaosue (27,3) mepexoduT B
u, -+ me == const,

uyTO COBNajaeT, Kak W cjenosaJo, ¢ (25,2).

HakoHel, ykaxeMm I10Jie3HOe COOTHOILIEHHe, SIBJASKOILIEECS HEeMNo-
CpeJCTBEHHBIM CJeAcTBHeM ycaosuifl (27,2) u (27,3). Pasgenus
OLHO Ha jpyroe, Haifem, uto /T =-const, OTKyaa cJjenyer:
du/uw=dT/T. C ppyro# crtoponsl, cornacHo (24,12), npu nocrosiu-

HOM (paBHOM eAHHHIE) oObemMe HMeeM
dP=S8dT + Ndu,

rae S, N —2HTpONHA U YHCJO YacTHU eAHHHUH o6beMa Tena. [Toa-
crapnsa cwopa dT = (T/u)dw u 3samedas, uyro pN | ST=0 +
+ ST ==¢ + P (e —sHepriis, oTHeceHHas K eAHHHLe obbeMa), Hall-
JleM HCKOMOE COOTHOLIeHHe !):

du dP

R (27,6)

1) B HepeJNATHBHCTCKOM ciyyae, IOJOXKHB MU = mc2 e~ pc2>» P (p—
MNOTHOCTB), flonydum du = vdP (v = m/p — 06beM, OTHeceHHbLIH K onHOH ua-
CTHLE), KaK M AoaXHO Bww0 6biTh npH T = const.



TTABA 1l

PACINNIPEAEJIEHHUE TUBBCA -

§ 28. Pacnpepenende 'nb66ca

[lepefinem Tenepb K mocTaBJsieHHO# B rnaBe | aapaue o Haxo-
KAeHHU (PYHKUHH pacrpeleseHHs AAs J060ro MaKpOCKOMHYECKOrd
Tedsa, SAIBJAAIOLIEr0Cs MAaJioOH 4acThl0 KaKOH-JHO0 .60JbIION 3aMKHY-
To#l cuctemsl (noxacucremoi). Hanbosee yno6ueiit u obwui crnocob
NOAXOA&a K pelleHUI0O 3TOY 3allayd OCHOBaH Ha NpHUMeHEeHMM KO BCei
cHCTeMe MHKPOKAaHOHHUECKOro paclpejeseHHUs.

BoijenuM M3 3aMKHYTOH CHCTEMbl HHTepecyloljee HAac Teao U By-
JieM paccMaTpPHBaTh CHCTEMY KaK COCTABJEHHYIO M3 ABYX YacTeH: U3
JLAHHOro TeJla M BCeH ocTaJbHOH ee 00671acTH, KOTOPYW. Mbl Oyaem
HA3bIBATb 110 OTHOILUEHUIO K TeNy «CpeJoH».

MukpokaHoHHuecKoe pacnpefeneHue (6,6) Hanuilercs B BHE

dw = const - 8 (E 4 E — EOY (T dI”, (28,1)

rie E, dI' u E’, dI OTHOCATCH COOTBETCTBEHHO K TeNy H cpelle, a
E® — 3afaHHOe 3HaueHHe SHEPTHH 3aMKHYTOH CHCTEMbl; 3TOMY 3Ha-
YCHHIO HOJXKHA GHIThb paBHa cymma E 4 E/ 3Hepruit Tesa u cpenbl.
Hamei uenbio sBAseTCS HaxOXJAeHHE BEPOSITHOCTH W, TAKOTO
COCTOSIHHSI Bceil CHCTeMbl, IpH KOTOPOM J[aHHOE TeJO HaxOJIHTcs B
HEKOTOPOM OIpele/JeHHOM KBAaHTOBOM COCTOSHHH (C sHepruedl E,),
T. €. B COCTOSIHHH, OMHCAHHOM MMKDPOCKOMHuecKum obpa3om. Mukpo-
CKOMHYECKHUM JKe COCTOSHHEM Cpelbl MBI IPH 2TOM HE HHTepecyeMcs,
T. e. 6yZLeM cuuTaTh, UTO OHA HAXOAUTCS B HEKOTOPOM MaKPOCKOMHU-
UEeCKH ONMHCaHHOM cocTosikuH. [lyctb AIY ecTb cTaTUCTHYecKHH Bec
MaKPOCKOIMHYECKOr0 COCTOSHHS Cpe/lbl; 0003HAYnM TaK¥Ke MOcpen-
ctBoM AL’ uHTepBaJ 3HayeHUM SHEPTHH Cpe/bl, COOTBETCTBYIOLIHH
vHTepBaay AT KBaHTOBLIX COCTOSTHUH B YKa3aHHOM B § 7 cMbICTE.
Hckomyw BeposTHOCTs w, Mbl Haluem, 3amesus B (28,1) 4T
eAuuuueit, nonoxus £ =FE, u nponuterpuposas mo dI:

, = const - S 6 (E,+ E' — EO) daT”.

IMycts IV(E’) — MoJiHOE 4MCJA0 KBAHTOBBIX COCTOSIHMI cpeabl ¢ 2Hep-
ruefl, MeHolled nad paBHoH E’. TlocKONbKY NOABIHTErpaibHOE Bbi-
PaxeHHe 3aBHCHT TOJbKO OT £/, MOKHO NMepedTH K HHTErpHpOBAHHIO



no dE’, Hanucas:

r__ AU (E) ry
dl = —g—dE" ,
ITponssonuyo —= 3aMmensem (cp. § 7) oTHOLleHHeM
ar’ 5"
dE’ ~  AE

roe S’(E’) —sHTponus cpenbl Kak GyHKUNWS ee 5HepTHH (hyBKuHed
E’ saBasercs, koHeuHo, Takxe U AE"). Takum o6pasowm,

S

—— 8(E' + E, — EO} dE'.

w, = const - S
Bnarogaps Hajauuuio 8-QyHKLUHM WHTErDHPOBAHHE CBOZHUTCSH K 3a-
MeHe E” pa E® — E,, v nosiydaem

@, = const - (- AE,)E, s (28,2)

YuyTem Tenepb, 4TO BCJEACTBHE MAaJIOCTH Teja ero sHeprus E,
MaJa no cpapHeHuto ¢ E®, Beawunna AE’ OTHOCHTEJHHO OYEHb
MaJio MeHsieTCS NIpK He3HAYHTENbHOM H3MeHeHuH E’; mosToMy B HeH
MOXKHO IpPOCTO NOJOXHTb E'=FE® nocse yero ona npeBpaTHTCH
B He 3aBHCAILYIO OT £, MOCTOAHHYIO. B 5KCNOHEHLHMAJIBLHOM e MHO-
x)urtesne e5 Hapmo pasnoxuTb S’ (E® —E,) no creneusam E,, coxpa-
HUB TaKXe H JHHEeHHBIH 4Jen: (5

, A dS’ (EO)
S (E(OJ - En) — S (b(O)) —_ E —m—.

Ho npousBoxgsas or sHTpOnuu S’ 1O SHEPTHH €CTh HE UTO HHOe, KaK
1/T, rae T— TeMnepaTypa CHCTEMH (TeMneparypa TeJla U Cpelbl
OIMHAKOBA, TAK KaK CHCTEMa NpEANOJaraeTcs HaXOonslleHcs B pas-
HOBECHH).

Taxum o6pasoM, nonyqaeM OKOHYATENbHO A W, CJeAyollee
BhIpaXKeHHE:
En

2r), (28,3)

w,= Aexp| —
roe A — He 3aBucAwas or E, HOpMHDOBOUHAS IOCTOSHHAA. DTO —
OIHA W3 BaXHeHUuIMX (OPMyJ CTATHCTHKH; OHa OIpenessieT cTa-
THCTHYECKOE pachnpejeneHHe JOOrQ MaxKpPOCKONMHUYECKOro TeJa,
ABJIAIOLLErOCS CPaBHHTENbHO MaJsofl 4YacTbld HEKOTOPOH O6OJbUIOH
3aMKHYTOH cuctembl. Pacnpenenenve (28,3) HaswiBaeTcs pacnpede-
aeruem 'ubbca wnum KaHoHu4deckum pacnpedeseruem;, OHO ObLIO

OoTKpHTO I'm66com (J. W. Gibbs) nns xkjpaccuyecKOH CTaTHCTHKH
B 1901 r. :



HopmupoBounass 1NOCTOsHHast A  omnpejensercs  yCJOBHEM

Y, w, =1, otKyna
=) e Fll. (28,4)

CpenHee 3HaueHHe JIO60M (GH3MYECKON BENHYWHBL [, XapaKTepH3YIO-
el faHHOe Tesio, MOXeT ObITh BHIYHCJIEHO ¢ NOMOLLILIO pacrpenese-
vust 'ub6ca no popmyse

f= Z wnfnn= < : (28’5)

B kJjacCHYeCcKOW CTaTHCTHKE BLIpaXKeHHe, B TOUHOCTH COOTBET-
creyolllee ¢popmyne (28,3), nonydaercs AaA PYHKUHH paclpepese-
HUSA B (pa30BOM I[IPOCTPAHCTBE!

p(p, q)= Ae"EP- DT, (28,6)

rac E(p, q) —oHeprHs Tesa Kak (PYHKLUHS €ro KOOpPOHHAT ¥ HM-
nyabcoB’). HopmupoBounas nocTosHHas A onpelnessieTcss yciOBHeEM

S odpdg= AS e~ EP. DT dpdg= 1. (28,7)

Ha npakrvke 4acTo NpHXOAHTCS HMEThb HeJ0 CO ClydasiMH, KOr-
Jla KBa3HKJACCHUECKHM SIBJSETCS HE BCE MHKDPOCKOMHUYECKOE IBHXKE-
HHE YacTHI, 4 JHWIIb JABHMKeHHE, COOTBETCTBYIOLlEE UaCTH CTeleHed
cBo6OIEl, B TO BpeMS KaK IO OCTAJbHEIM CTeneHAM CBOGOLH ABHIKe-
HHUe siBJseTcs KBAaHTOBHIM (Tak, Hamnpumep, MomeT OBIThL KBa3Hu-
KJACCHUYECKHM IIOCTYIaTeJbHOE IBIKEHH® MOJIEKYJ I[IpH KBAHTOBOM
XapakKTepe BHYTPHMOJIEKYJISIPHOTO ABHKEHHSA aTOMOB). B Takowm ciy-
yae YpPOBHH 3HEPrUH TeJla MOXHO HanucaTh B BHAe (QYHKUHE OT
KBA3HKJaCCHUECKHX KOODAMHAT M uMnyabcos: £, =E,(p, q), rie n
0603HayaeT COBOKYNHOCTb KBAHTOBHIX YHCEJ, ONpeneJSIOUIHX «KBaH-
TOBYIO 4acTh» NBHIKEHHUS, AJSA KOTOPOrO 3HAYEHHA P H ¢ HIpamoT
pospr mnapametpoB. Popmyna pacnpeneneHuss I'mb66ca BanuueTrca
TOT/la B BHIE

dw, (p, ) = Ae Er " dp . dge,, (28,8)

rae dpkadqea — Npou3BeleHHe IH(P(hEpeHIHaNoB «KBasumaccnqe-
CKHX» KOOPAHHAT H HMIIYJbCOB.

Hakower, HeO6XOAHMO CHenaTh Ciaelyiolliee 3aMedaHHe M0 MO-
BOLY Kpyra BOIPOCOB, AJsi PEUIEHHA KOTOPBIX MOXHO IPHMEHSTh

) Bo naGexanne HelopasyMeHHil JMWHHA pas HAMOMHHM, YTO @, (HaH p)
ABJNAIOTCA MOHOTOHHBIMH (PYHKUHAMH 3HEPrHH H OTHIOAb He AOJNNHH HMeTb MakK-
cumyma npu £ = E. Ocrpulii maxcumywm npu E = E umMeer @yHKUHs pacmpe-
Ac/eHNa 10 IHePrHH, NoAyvallladAcH yMHOXeHHeM w, Ha dI'(E)/dE.



pacnpenenenre I'n66ca. Mbl Bce BpeMs TOBOPHAH O NOCJAELHEM Kak
O CTaTHCTHUECKOM paclpelesNeBHH AJS TOJACHCTEMBl, KAKOBbHIM OHO
B JCHCTBHTEJbHOCTH H ABJSeTcd. BecbMa BaXXHO, OLHAKO, 4YTO 3TO
XKe pacrpefeseHHe MOXHO C IOJIHBIM YCINEeXOM MDPHMEHSTb H M4
ONpele/€HUst OCHOBHBIX CTaTHCTHYECKHX CBOHCTB 3aMKHYTHIX TeJl.
[leficTBHTENBbHO, TaKHe CBOHCTBA TeJia, KAK 3HAUEHHUS ero TepMOoAH-
HAMHUECKHX BEJHUHH WM paclpeleseHHs BepOATHOCTEH HJsi KOoop-
IWHAT H CKOpOCTefl OTAENbHBIX ero 4acTHl, OUYEeBHAHO, HE 3aBHCAT
OT TOro, paccMaTpuBaeM JIM Mbl TeNO KaK 3aMKHYTO€ HJIM KAk [oMe-
1ieHHoe B BooGpaxkaemblit TepmocTtat (§ 7). B nocnegnem cayuae,
OLHAKO, TeJO CTAHOBHUTCHA <«IOIACHCTEMOH» U pacnpeneneHue ['u66ca
NPHMEHHMO K HeMy OykBaJbHo. OTJHYHe 3aMKHYTOro Teja oT He-
3aMKHYTOro NpoOsBJAeTcs NPH NpUMeHeHWn pacnpepeneHus ['n66ca
M0 CYULEeCTBY JIUIIb [IPU PACCMOTPEHHH CPaBHHTENbHO Majio HHTepec-
HOro sonpoca o0 GJyKTyaUHsx [OJHOH dHepruu tesa. Pacnpepese-
Hue I'u66ca naer Anas cpefaHed QAYKTyanmuH 3TOH BEJHUHHBI OTJHY-
HOe OT HYJs 3HAueHHe, KOTOpOe A/ Tead, HaXOLSLIerocs B CPene,
HMeeT peaJsbHbiH .CMBbICJ, a A 3aMKHYTOTO Tesa — COBEPIUEHHO
(PHKTHBHO, TaK KaK sHEprust TaKOro Teja no OMNpeAeJIEHHIO IOCTOSAH-
Ha ¥ He QIAYKTYHpYeT.

BosMoHOCTE NIpUMEHeHus (B yKa3aHHOM CMBICJE) pacnpejgese-
Hust [u66ca K 3aMKHYThIM TeJaM BHIHA TaKXKe M H3 TOrO, UTO OHO
0 CyUleCcTBY OdeHb cJjii060 OTJNHYAETCH OT MHUKDOKAHOHWUECKOro (M
B TO )€ BPeMsl HeCpaBHEHHO yAOoGHee A/d NPOBENEHHS KOHKPETHbLIX
pacueroB). JlefcTBUTENBHO, MUKPOKAHOHHYECKOE pacnpeleseHHe K-
BHBAJIEHTHO, 'PyGO roBops, NPH3HAHHIO PABHOBEPOATHLIMU BCEX MH-
KPOCOCTOSTHHH TeJia, OTBeYall(HX 3aJaHHOMY 3HaueHHIO ero 3Hep-
rud. Kanonnueckoe Xe pacnpejeneHye «pa3MasaHo» [0 HEKOTOPOMY
UHTepBaNy 3HaueHUH SHEpPruH, UIMPHHA KOTOPOTO (NOpHAIKA BeJH-
YUHBE cpelHell GUIYKTyauHu 3HepruM), 0JHaKO, AJA MAaKpOCKOIHYye-
CKOrO Tesia HHUUTOXXHO MaJa.

.

§ 29. Pacnpeaenenne MakcBeana

Jueprus E(p, q) B dopmyne pacnpenenenns ['n66ca kmaccuye-
CKOH CTaTHCTHKH BCerga MoeT ObiTb IpeAcTaBJeHa KaK CyMMma
IBYX YacTed — KHHETHUEeCKOH M INOTEeHIHaJbHOH 3Heprud. M3 HuxX
nepBas ecTh KBaApaTHYHad QYHKUHA OT HMIIYJbCOB aTOMOBl)
BTOpasd — (PYHKUHSA OT HX KOODIHMHAT, MPHYEM BHA 3TOH (.IZ)]HKU,HH
3aBUCHT OT 3aKOHa B3aHMOJLEACTBHY YacCTHU BHYTpH Tend (M OT
BHEUIHETO MNOJIS,, eCJH Takoe umeeTcs). EcaM KuHeTHueckyio H IIO-
TeHUHAJbHble 3HepPrud OGO3HAYMTH COOTBETCTBEHHO Kak K(p) H

U(q), ro E(p, q) = K(p)+ U(g), u BeposiTHOCTb dw = p(p, q)dp dq

1) Ilpennosaraercs, 4TO Mbl MOJAb3YeMCA AEKAPTOBHIMH KOOPAHHATAME,



HanvmeTcs B BHAE

U . K{
dw.:Aexp(— ;q) — Tp))dpdq,

7. e. pa3buBaeTca HA MPOHU3BeJEHHE ABYX MHOXHTENeH, H3 KOTOPhIX
OJIMH 3aBHCHT TOJbKO OT KOOpPAMHAT, 4 APYroH — TOJIBKO OT HM-
NyJ6COB. DTO 03HAYAET, YTO BEPOATHOCTH AJS HMIIYNLCOB H KOOD-
JHHAT HE3aBHCHMbI ADYr OT JApyra B TOM CMBICJE, YTO OINpEAeseH-
nble 3HAaYeHWs HMMIYJbCOB HHKaK He BJHAIT HA BEPOATHOCTH Tex
HJH HHBIX 3HauyeHUH koopmuHaT, ¥ obpatHo. Takum o6Gpasom, Be-
POSTHOCTb DA3JIMYHBIX 3HAUEHHH HMIYJbCOB MOXeT GbiTh HANMHCaHa
B BHIE

dw,=ae"K(PIT dp, (29,1)
4 pacnpegeneHie BEPOSTHOCTH AJA KOOpPAHUHAT
dw, = be~U@IT dg. (29,2)

Tak Kak cymma BepOsATHOCTeH BCeX BO3MOXKHEIX 3HAUEHHH HM-
nyJbcoB (K TO Xe caMoOe IJf KOOPAWHAT) HOJKHA ObITh paBHA eflH-
HUlLE, TO KaxXAad U3 BepOsiTHOCTeH dw, M dw, JojxkHA ObITb HOp-
MHpPOBaHa, T. € HX HHTErpaJbel N0 BCEM BO3MOXHBEIM IS AaHHOTO
Tesla 3HAYEHHUSAM HMIYJbCOB HJU KOOPAMHAT AOJMKHBI GBITH PaBHEI
eqnHuue. M3 aTUX YCIOBHIA MOXHO ONpenesuTh NMOCTOSHHBIE @ H b
B (29,1) u (29,2).

3afimeMcss M3yueHHeM pachpefieJeHHs BepOATHOCTEH AN HM-
MyJbCOB, €Ule pas3 MOAYEpPKHYB NpPH 3TOM BeCbMa CYLIECTBEHHBIH
dakT, KTO B KJiacCHUeCKOH CTATHUCTHKe TaKOe pacnpefeseHdHe HHU-
CKOJIbKO HEe 3aBUCHT OT pOJa B3aUMOIeHCTBHS YacTHL BHYTPH CH-
CTEMbl HJIM OT poJa BHEUIHEro NOJAsA H [MOTOMY pachipeneseHue Mo-
JKeT GbITh BBIpAXKEHO B BHAe, NMPHTOLHOM I JIOObIX Tedl).

KHHeTHuecKas sHeprusg BCEro TejMia paBHA CyMMe KHHETHYECKHX
SHEPrHH Ka)JAOoro H3 BXOAAWMX B HEro atoMoOB, H BEePOATHOCTH
onaATh pa36uBaeTcd Ha MNpoM3BeLeHHE MHOXHTesJeH, U3 KOTOPBIX
KaXXIblH 3aBHCHT OT HMNYJbCOB TOJBKO OFHOTO H3 4TOMOB. IJTO
BHOBb 03Ha4aeT, YTO BepOSTHOCTH HMIYJbCOB DA3JIHYHBIX aTOMOB
He 3aBHCAT APYr OT APYra, T. €. UMIYyJbC OJHOIO H3 HHX HHKAK HE
BJIHAeT Ha BEPOSTHOCTH HMIYJbCOB BCeXx Apyrux. I103aToMy MOXHO
MHCAaTb paclpeneseHue BepOsATHOCTEH NJIst HMIYJbCOB KaXJa0ro arto-
Ma B OTIEJIbHOCTH. '

Jdnsa aroMa ¢ Maccol m KHHeTHYUeCKasl 3HeDPTrHs paBHa
(pi—l—p’;‘,—[—pﬁ)/Qm, rae p,, P, P,— AEKapTOBBl COCTaBJSMLIHE
€ro MMIyJbca, a pacrnpejeseHHe BepPOATHOCTEH HMeeT BH[

1
dw, = aexp[— 5 (P24 P2+ pg)] dp,dp, dp,.

') B KBaHTOBOM cTaTHCTHKE 3T0 yTBepMJ=HHe, Boo6lue roBOps, HE Chpa-
BeLNNNO,



[TocTosiHHas @ omnpepensieTcsl ycJoBHeM HOPMHPOBKH. VHTerpupoBa-
HUS 10 dpx, dpy, dp- PA3LENANTCA U NPOUIBOAATCS C NOMOLLBIO H3-

BECTHOH -HDOpMY.JIHI
+ o0

T
S. e dx = /\/— .
a

— o0

B pesynnrate HaxomuM a = (2nm7T)—%/2, yu MH nNoJiyuaeM OKOHYa-
TeJIbHOE paclnpefie/ieHre BepOsATHOCTEH [JIl HMIYJbCOB B BHUJE
2 2 2
dw,—=————-¢€x [— dp,dp,dp,. 29,3

[lepexoast OT UMIYJABCOB K CKOPOCTAM (p == mv), MOXHO HaIHCaTh
4aHAJIOTHYHOE pacnpelle/ieHHe AJST CKOPOCTEH:

a2 ( 2 2 A \
m m 'Ux—|-0y +vz)
dwvz(m) exp [— T ’ du, dvy duv,. (29,4)
10— TaK HasbiBaeMoe pacnpedesenue Maxcseana (J. C. Max-
well, 1860). 3aMeTuM, 4TO OHO CHOBA pacnagaeTcsi Ha NpOH3BEe-
HHEe TpeX He3aBHCHMBIX MHOXKHTEJEH:

03/2T
m —m .
dwux = /\/2—3?77 e dv,, ..., (29,5)

KaXXJIblH H3 KOTOPHIX OIpEeNeJssieT paclpefe/eHHe BEpPOsTHOCTeH A4
OTHeJbHOH KOMITOHEHThHI CKOPOCTH.

EcaM Tesno cOCTOMT u3 MOJEKyJ (HanpuMep, MHOTOaTOMHHIMA
ras), To HapAny ¢ pacnpefenesuemM MakcBenna IJs OTAENbLHBIX aToO-
MOB TaxoOe Xe paclpeje/ieHne UMeeT MeCTO W JJIsS NOCTYyNAaTesJbHOro
NBHMKEHHUSA MOJIEKYJ Kak uedbix. [leAcTBHTENbHO, U3 KHHETHUYECKOH
SHEPTHH MOJIEKYJIBl MOXHO BBIGJHTb B BHJE CJaraeMoro 3HEprHi
NOCTYNaTenbHOrO JABHXKEHHs, B pe3yJsbTaTe Yero HCKOMOe pacrpene-
JICHHe BBIJEJHTCA B BHAe BHpaxeHus (29,4), B koTopoM MOA ‘m
Hazo OydeT NOHMMATh MOJHYK Maccy MOJEKYJH, a NOL Ux, Uy, Uz —
KOMIOHEHTHl CKOPOCTH ee LEHTpa WHepuwHu. [loguepkHeMm, 4yTO pac-
npereneHne MaxcBesnsia 478 NOCTYNATE/NbHOrO ABHKEHHS MOJIEKYJ
MOXeT ¥MeThb MeCcTO BHE 3aBHCHMOCTH OT XapaKTepa BHYTPHMOJEKY-
JIIPHOTO IBHXKEHHS aTOMOB (M BpalleHHS MOJIEKYJH), B TOM 9HCJE
H B cJydae, KOrja nocjefmee AOJXKHO ONHCHIBATBCS KBAaHTOBHIM 006-
pasom!). ,

Bripakenue (29,4) HanucaHo B JeKapTOBBIX KOOPAMHATax B
«MIPOCTPAHCTBE CKOpocTei», Ecnu 0T OekapTOBLIX KOOPAMHAT NepeH-
TH K COEPHYECKHM, TO NOJYUHTCS

dw, = (5 )" e=m2Tv2 5in 0 - 6 do do, (29,6)

') ‘Pacnpenenenne Makcsesnia CnpaBefj#BO, OYEBHAHO, M AJA TaK HasLiBae-
MOro OPOYHOBCKOrO ABHXKEHHS B3BELIEHHHX B MHIKOCTH YaCTHIL.



rge v — abCoJIOTHAA BEJHYHHA CKOPOCTH, @ B W ¢ — NOJAPHBIN yroa
¥ a3MMYT, ONpelesflole HalpaB/jeHHe ckopocTH. HMHTerpupys no

yrjaM, HaifeM pacnpefe/ieHHe BEDOSTHOCTeH Lasi abCoOJNIOTHOH Be-
JIMUHHBI CKOPOCTH -

dw, = 4n (%)3/2 e~ M 2Ty? do, (29,7)

HMuoraa GniBaer ynoOGHO mOJb30BATbCH HHJAHHAPHYECKHMH KOOp-
JMHATaMu B IpoCTpaHcTBe ckopocTeil. Torpa

m /2 m (v2 4 07)
dw‘,:(w exp[-— (QT_ r ]vrdvrdvqua, (29,8)

rgpe vz— KOMIIOHEHTa CKOpPOCTH IIO OCH 2, U,— IepIeHAUKYJ/IsIpHas

K OCH Z KOMIIOHEHTd. CKOpPOCTH, a ¢ — yroJ, ONpelensiolHi Hanpa-
RJACHHE TIOCJeAHEH.

BoiynesuMm cpenHee 3HaYeHHe KMHETHYECKOH sHepruum atoma. Co-
racHO ONpeHeseHHI0 CPeJHMX 3HadeHMB u NoJab3yschk (29,0), Ha-
X0O¥M OJs J0O0H eKapTOBOH KOMIIOHEHTHI CKODOCTH !)

-- oo
— — —m?
v = '\/QT:T S vie " dvx=% . (29,9)

-—= 0O

1} [IpuBeseM jJs COPABOK 3HAYEHHWA 4YacTO BCTpeYalOIIHXCA NPH IpPHMeHe-
HHAX pacnpeaenedns MaxcBessa MHTerpajioB BHAA

n4l = n—1 n

+1 -
I = _ ' 1 - n+1
=ge P\ T ay=ga T T (250,

rre I'{x) —raMMa-cpyHKuHa. B wacrtrocth, ecay n=2r, r >0, TO

I — (2r — NI 4
2’_? Q2

rie (2r—1)! =1-3-5... (2r—1). Ecau r = 0, TO

fa = g

Ecimn we n = 2r 4 1, TO

"Tor e MHTerpal B NpegesaX OT —o0 A0 4-00 PaBeH B MOCHELHEM c.nyqae HYJIIO,
a B NMepBHIX ABYX — Y/ABOEHHOMY HHTerpasay ot 0 go oo,



[TosToMy cpenHee 3HaueHHe KHHETHYECKOH 3HEPTHH aToMa paBHO
3T /2. MoxHo, cl1ef0BaTeNbHO, CKa3aTbh, YTO CPeAHAs KWHEeTHYeCcKas
SHEeprusl BCeX YacCTHL Tesla B KJACCHYECKOH CTaTHCTHKe BCErja pas-
Ha 3NT/2, rae N — NoJIHOe YHCJO YacCTHLL.

3anauu

1. HafiTu cpeaHee 3nayeude n-il cTenedu aGCONIOTHOH DBeNUYMHLI CKOPOCTI.
Pewewnue. [oapaysce (29,7), Haxoanm :

(vn>=4n( z )mg g Mo/ 2 gy 2 ——) I‘ +3)
Ly
0

Va \ m

B wacTiocTH, ecan n— YeTHoe 4Hcao (n = 2r), TO
. T N\T
Ny = =— I
(v*") ( m) (2r + 1)1t

2r+1
@+ =—-j§ (—” 2 (e 1)t
m ,

2. Ha#itn cpeaunit kBaapat PAYKTyaUuHH CKOPOCTH.
Pewenune, [lonbaysacs pesynbTaToM 3ajaud | uma n=1 u n=2, Ha-
X0LHM '

Ecan e n = 2r 4+ 1, 'r;:)

(1B0)7) = 57— 9 = L(s-2). :

3. Haiiti cpenuiolo 3uepruio, cpefHnii KBaapaT 3HEPriH ¥ CpepHHfi KBajpar
GAYKTYauHH KHHeTHYecKofl 3HepriH atoMma.

Pewenwne Tlonbaysach peayabraTamu aaﬂ.aqn 1, naxomum d
_ — ar - 1B 3
—_ % = 2 =_"T2 N — T2
E 5 5 € 1 T2, {((Ae) ). 5 T2,

4. Hahtin pacnpesesenHe BepOSTHOCTE!l L/ KWHETHYeCKOH 3IHEPrHy aToMa.
Pemenne.

e
T V% de,

2
dwe=73t_' Fe

5. Hailty pacnpegenenne BepoATHocTefl AJS Yr/IOBLIX CKOPOCTefl BpAallEHHA
MOJIEK Y.

Pewenwune [lo Tem xe NPHYHHAM, YTO M AJIS MOCTYNATeNbHOrO NBHIKEHHS,
MOXHO MHcaTh (B KJaaccuiecKol CTaTHCTHKE) pacnpejefieHle BEPOATHOCTEH A4
BPAlIEHHA KaXKA0H MOJIEKYJIl B OTAENBHOCTH. KuueTHyeckana 3Heprus sBpauleHMs
'MOJIEKYJIb, PaCCMATPHBAEeMOK KaK TBEpPAOE TeJO (4TO BO3MOXKHO B CHNY MAaJsoCTH
BHYTPHMOJIEKYNAPHBIX KoneBaHUH aTOMOB), paBHa

& ._i(z QF + 1,95 + 1,Q7) = LM, M + Mg

Bp - 9 1°%1 27 | 3¥3) " o Il+12 I, J’

rae 1), I, Iy —raasusie MoMenthl HHepuHn, @i, Qi Qi — npoekuus yrnosofi cxo-
POCTH Ha rnaBHBlE OCH HHepUHH, a M, = [1Q, Mz = [.Q,, M3 = [3Q3 — xkoM-
TOHEHTHI MOMEHTA BpaWEHHsA, HrpalolllHe pojb 0606UIeHHBIX HMMYJIBCOB AJA CKO-
pocted 4, Q;, Q3. HopmupoBanHoe pacnpejeneiue BEPOATHOCTEH IJA KOMIOHEHT




MOMellTa eCTb

2 2 2
3 1 ! Ml M2 M3
—(2nT) 2(I.1.1) 2e 2T YV g am. am
wy = 2al) * ([1,0y) “e | GMg ¥y,

a JINf YrioBO# CKOPOCTH

-3 - 2r (1 Q2+ 792 +1 92)

dwg=02nT) * (],I,1,)* dQ, dQ, dQ,,

6. Haittn cpeanne KBajgpaTkl alcoMIOTHOl BeNHYHHH YRJIOBOM CKOPOCTH
MOMEHT2 BpallleHHA MOJEKYJbl. |
Pewenne C noMoupio HafifieHHEIX pacnpegeseHHil monydum

| 1 |
@ =T (++7) WI=T+I+1y).

§ 30. PacnpeneneHue BepoATHOCTEN JJA OCHHAAATOPA

PaccMOTpUM Tesno, aToMBl KOTOPOTO COBEpLIAIOT Masble KoJeba-
MMA OTHOCHTENbHO HEKOTOPHIX MOJOXKEeHH! paBHoBecHs. Peub MoXxer
HATH O KOJeGaHHAX aTOMOB KpHCTaJdaa HJId O KOJebGaHHfAX aToMOB
B MoJIeKyJax rasa (B IocJAegHeM ciydae ABHXKEHHE MOJIEKYJbl KakK
11eJIOr0 HE BJAMsieT HA KOJMeOaHHS aTOMOB B Hell M He CKasbiBaeTcsd
Ha pe3yJbTaTax). -

Kak H3BeCTHO U3 MeXaHHKH, q)yHKuHﬂ F'amunabTOHA (2Heprus)
CHCTEMBbl, COCTOSLIEH H3 MPOM3BOJBHOIO YHCJA YACTHL, COBEpLIA-
WHX MaJbple KonebaHud, Moxer ObITb NpeAcTaBJieHa B BHAE CYMMBI

E(p, )=y (pL+ 02g2),

a.

rie ¢, — TaK Ha3blBaeMble HOpMaJbHblE KOODAHHATH KOJeGaHHH (B
TOUKax paBHoBecHs ¢, =0), p, = g, — COOTBeTCTByWOUIHE HM 06-
o6leHHBle HMMNYJbCH, 8 ©, — 4acTOTH Kose6aHui. Ipyrumu cio-
BaMH, £ (p, g) pacnmajmaercss Ha CyMMY He3aBHCHMbIX YJIEHOB, KaX-
JObId M3 KOTOPBIX COOTBETCTBYET OTIEJbHOMY HOpPMAajbHOMY KoJeba-
HHIO (MJH, KaK FOBOPAT, OCHUAAATOPY). B KkBaHTOBOH MexaHHKe TO
Xe caMmoe HMMeeT MeCTO IJs cnepaTopa ['aMHJAbTOHa CHCTEMBE, TakK
YTO KaXJAbid OCUHJJNATOP KBAHTYETCH HE3aBHCHMO, H YDOBHH 3Hep-
THH CHCTEMBI NIPEACTABILOTCH CYMMaMH

Z Aw, (na -+ %)
(g — Hensie yucsa).

B cuay 3THX 0OCTOSTENLCTB paclpeneseHue 1“1»166(:3 nnﬂ CHCTe-
MBI B II€JIOM paclajaeTcsd HAa MNpPOU3BEAEHHE HE3aBHCHMEBEIX MHOXH-
Tesied, KaXXOblll U3 KOTOPBIX ONpelensieT CTATHCTHYECKOe pacrnpepe-
JIEHHe JUISL OTAGNLHOTO OCLHJ/UIATODA. Ha stoM ocHoBaHuH MBIl pac-
CMaTpHBaeM HHKE€ OTAENbHBII OCUHJJIATOP.



OnpenenuM pacnpenesieHne BepoOsSITHOCTEH JJIsT KOOPIHHATH ¢
ocuusansitopal) (uHEEKC &, YKa3bIBAMOUIHH HOMEP OCUMJJISATOPE, B
JaJbHeHllleM Be3jle onyckaeM). B KjaccHYeCKOH CTaTHCTHKE 3TOT
BOMNpoc pewrancd Obl COBCEM MPOCTO: IMOCKOJAbKY TNOTEHUHaNMbHAsA

SHEPTHs OCUHJIATOpPA ecTh !/,w2g?, TO pacnpeneseHne BepOATHOCTeH
naetcs popmyJion
— Ap—0%q%2
dw, = Ae-2"¢"/?T dg,

WM, onpegensst A u3 ycioBus HdpMHpOBKH,
dow, ——— e““’qi’/?T-dq 30,1
d A/2nT ( )

(uHTErpHpOBaHKHe N0 dg MOXHO INPOU3BOAMTL BBHAY OHICTPOH CXO-
JHMOCTH HHTErpaJia B Ipefiejax oT —oo A0 ~oo).

. O6paTHMCSsl K pelUIeHHIO NTOCTaBJIEHHON 3aJaun B KBAHTOBOM CJY-

yae. Ilycte ¥,(g) — BoNIHOBHE (DYHKUMH CTAlHOHADHBIX COCTOSHHH
OCIHJIJIATOPE, COOTBETCTBYIOIIHE YPOBHAM 3HEPTHH

£, = hw (n —I—%)

Ecau OCHHJNSATOP HAXOAHTCS B NM COCTOSIHHH, TO KBaHTOBOMe-
XaHHYecKoe pacrpejleleHHe BepOATHOCTeH 1Js ero KOOpPIHHATHI OI-
penensiercs ksagpatom Y2 (B JaHHOM caydae GYHKUHH P, BELLECT:

BEHHBI, W T03TOMY Mbl NHUIEM Npocro P2 BMECTO KBaApaTa MOAYJd
|, ). Hckomoe craTnerryeckoe pacnpefieneHHe BEPOATHOCTEH NO-
Jy9HTCS, ECH YMHOMXKHTH P2 HA BEPOATHOCTb W, HAWTH OCUHJIA-

“TOp B n-M COCTOHHHH, a 3aTeM CYMMHpOBaTb Mo sceM BO3MOXKHBIM
COCTOHAHHAM.

CorsachHo pacnpeneneﬂnm I'n66ca w, uMeeT BUA
- T
w, == ae” /",

roe @ — nocrodHHas. Takum obpasoM, nosyuaem dopmyay ’

dw,—adg Z e ulTy?, (30,2)

KOTOpas Haxonmca pasymeercsi, B NOJHOM COOTBETCTBHM C Ofuiei
dbopmynoi- (5,8). :

Jnsi BBIYMCJACHHSI CTOSILEH 3Jech CYMMH MOXHO TPHMEHHTb
creaymouui npuem. BBoaum o6o3HaueHue dw, = pgdg H COCTAB-
JIieM IpOH3BOAHYIO ‘

dpq - -8 /T dlbn
"Ef=2“z e "y g5 -

1) Hopmanenag xoopAauHaTa g HMeEeT pa3mMepHOCTb cM-ri/Z,



Benst onepaTtop uMnynabca p=— —ih d/dg W NOMHS, YTO HMIIYJbC
OCUHJIJIATOPA MMeeT OTJIHYHBIE OT HYJIS MATPHYHbIE SJEMEHTH JHWb
gns nepexonos ¢ n—n =+ 1 (cm. 111, § 23), nuwem:

d » ' ' '
O o = (Bacs, w0t + Pt ) =

. 0
= ) (qn-—l, n¢n—1 — dn+1, n'lpn.+l)
'(PICI'IOJTbSOBaHbI COOTHOUIEHHSA

Po1,n=—— imqn—-l, ny Prtl,n =041, n

MeXJAy MAaTPHYHBIMU 3JIEMEHTaMM HMIyJjbca M KoopAuHarnl). Ta-
KHM 00pas3oM, HMeeM

oo o
dp 2am _ e T e T
dqq h {Z qn—l.nwn'll’n—le nlt — E: qn+1,n"~pn¢n+le o/ .
n=0 ' -n=0

B nepBoi#t cymMme MeHséM O6GO3HaueHHE HHIAEKCa CYMMHDOBAaHHSA
(h—n-4 1) u, npuHUMasaA BO BHUMAaHHe COOTHOLIEHHS

E"r.',+1='E"n—|_ﬁ(0’ qn+l,n=qn,n+l’ q-—l,D_O’

HaxoguMm
dpq 2a

0]
dg h

(1— e—km/T_) Z dn, n+1"~pn"~pn+13_8nlr-

n=0
AnanorvunbiM 06pa30oM HaHIEM PaBEHCTBO

qog=a(l+e" 3, qu, nbubnie” .

CpaBHuB o6a paBeHCTBa, MOJYYHM YpaBHEHHE

dp, 2@ A
g — (7t 2T)qp‘?’

OTKyZa
p, = const - exp (— qz%th—g%

Omnpenessasi NOCTOSHHYK M3 YCJIOBHS HOPMHDOBKH, NOJYYHM
OKOHYaTeJbHO chaeaywoulyo ¢opmyay (F. Bloch, 1932): -

dw, — (Ew?{ th _;21%)1/2 exp (— q2% th —g—?—) dq. (30,3)

Takum 06pa3oM, M B KBaHTOBOM cCJiydae BEePOATHOCTH pasIHUHBIX
3HauYeHHH KOODAHMHATHI OCHMJIJISTOPA paclpejeseHHl M0 3aKOHY BHAA
exp (—ag?), HO ¢ APYTHM MO CPABHEHHIO C KJACCHYECKOH CTATHCTH-
KOH 3HayeHHeM KO3 (pHuHeHTa o« B mpenesbHoM cayuyae ho < T,
KOrza KBAaHTOBaHuEe Y3Ke He Mrpaer pousd, ¢popmyna (30,3), kak u
cnepoBano, nepexonut B (30,1).



B o6paTHOM npejenbHOM cayyae A > T dopmyaa (30,3) mepe-

XOAUT B
_ W —a?wlk
wq—/\/—mz e~ dolhdg,

T. €. B YUCTO KBaHTOBOE pacnpejeseHde BePOATHOCTEH KOOPAHHATHI
B HOpMaJIbHOM COCTOSIHMYU OCUUAJAATOPA !). DTO COOTBETCTBYET TOMY,
yto npd T < fiw KoJebBaHUA OCUUJANATOpPA TNpAaKTHUeCKH He BO3-
Oy K AEHBI.

Pacnpesienenne BepoATHOCTEH IJ UMIYJabca OCUHANATOPE MO-
)KHO HanucaTbh no aHajgorud ¢ (30,3), He NpOBOAS BLIYHCJAEHUH 3a-
HOBO. Jlelo B TOM, UTO 3ajaya O KBAHTOBAHMU OCLUJAATOpPA MOJ-
HOCTbIO CHMMETPHYHA B OTHOWIEHUHU KOODAMHATHI H WUMIYJabcad, H
BOJHOBHIe (DYHKUHH OCUMAJNATOPA B pP-NMPEACTABJACHUH COBMNAJAOT C
ero O6bIYHBIMH KOOPAWHATHBIMH BOJHOBHIMH (PYyHKUHAMH (C 3ame-
HO#l ¢ Ha p/w; cm. 11, § 23, 3anaua 1). [Tostomy nckomoe pacnpe-
JeJleHue eCTb

1

o hao \1/2 p? . Ro
dw,= (= th o) exp(——2-th T) dp. (30,4)

B xnaccuueckoM mnpeaesbHOM caydae (fiw <K T) OHO NEpexoiHT B
obbiyHOe pacnipesnenenne Makceenana

dw, = (2xT)™ "2~ P1% dp, (30,5)

3angaua

Onpefe/HTs KOOPAHHATHYKO MATPHLY INJOTHOCTH TapMOHHYECKOro OCLHJLIA-
Topa.

Pewetne KoopmuuaTiasi MaTpHLa OAOTHOCTH OCUMANATORA, OTBeYarou(as
CTATHCTHYECKOMY DaBHOBecHio, onpejelsercs GopMyaci

p(g.9)=a) e, () i (@)
n=0

(cp. npumeuanne Ha ctp. 34). Tlonoxum g=r+s, ¢  =r—s H BHUYHCIHM
npoussoauyio (9p/ds),. [lono6HO aHANOrMYHOMY BBIYMCAEHHMIO B TEKCTE, NOJYUYHM

ap __,69 ap . aw ~#w/T - ,
= s == M) Y g [y @ 0, @) —

n=0

—, (g) b, (@)]

Buluncine Takum ke o6pa3om peauuusy sp = (§—q’)p/2 u cpaBHuB c Haﬁ,ELEH-
HOH NpPOX3BOJANOMH, NOJYYHM

Y 0 e
(35),=—so7-cth g7

') D10 ectb KBaApaT Moay/is BoAHOBOH (QYHUKUHH HOPMaJbHOTO COCTOSHHA
ocuuMIATOpA.




oTKyaAa
fiw

~no_ 2w nw
plg. ) =Alexp (—s2 2 cth ).

dyukuua A(r) onpegensietca rtpeboBaHiem, utobu npy § =0, Te. =g =7r
HaronanbLHbLle 3JeMeHTL» MaTpulbl mjaoTHocTH P(g, g) cosmaganu ¢ (30,3).
OkollyaTeablio:

_ ﬁm 12 0(g+4g)? . ke wol@g—g¢) | e
0 (g, ') ( - th exp{-— 2 2 ,cthzT}.

§ 31. CeoGoanas sneprus B pacnpeaenenun N'66¢ca

Cornacxo dopmyne (7,9) SHTPONMHS Tena MOMKeT GEITb BbIYHC-
JeHa Kax cpellHee 3HauyeHHe Jjorapugma .ero (PpyHKUHH pacrnpene-
JeHN4: ' '

S=—{(lnw,).

[loncramus ciopa pacnpepenenue I'n66ca (28,3), moayuum

S=—InA+=,

orkyia InA = (E—TS)/T. Ho CpeliHss 3Heprus E ectp Kax pas
TO, 4TO NOHWMAeTca IOJi 3JHepruedl B TepMOJHHAMUKE, NMO3TOMY
E—TS=F u lnA=F/T, T. e. HOpMHPOBOUHAs NOCTOAHHAs pac-
npejesieHHsT HEeNoOCPeJCTREHHO CBA3aHa co CBOOOJHOH 3Hepruef
Tena.

Takum o6pasom, pacnpefenenue ['u66ca MOXKHO HamUCaTb B
BHAE .

w, __exp(—_—E“), (31,1)

B KOTODOM OHO HauboJee yacTO W npHUMeHsercsl. TeM Xe crnoco6oM
NoJIyudM B KJaccHyecKoM ciyudae ¢ nomompbm (7,12) BhipaXKeHue

s . [F—E,
p = (2nh)*exp | 20 ], (31,2)

Ycnoryue HOpMUPOBKY A5 pacnpeleneHdsa (31,1) raacur:

DL
n n

F=—Tln Y e Enl (31,3)
n

HJH .

ITta dopmyJaa sIBJASETCS OCHOBOH AJS TEPMOJUHAMHUYECKHX NpUMe-
HeHdH pacnpepnenenus ['u66ca. OHa JaeT B NpuHLUUNE BO3MOXKHOCTD
BBIUUCJAUTL TepMOJMHAMUUECKHe (YHKuHM Jr060T0 Tesa, €caH H3-
BECTeH ero 3HepreTHYeCKUH CreKkTp.

Crosmywo B (31,3) mon 3Haxom Jorapupma cymMmy oOHUHO Ha-
3HBAKT crartucruveckod cymmod. OHa npeAcTapasier cOGOH He 4TO



HHOe, 'KaK cJjen omnepatopa exp(—H/T), rone A — raMuJbTOHHAH
JAHHOTO Tesal):

Z=Y e Enll =gp(e-HiT). (31,4)

Takast dopma 3anucu o6aaaaeT TeM NPeUMYINECTBOM, UTO JJs BH-
YHCJEHHUSI CaAefa MOXHO I0Jb30BAThCA JIOO0H NOJHOH CHCTEeMON
BOJTHOBLIX GQYHKUHUA.

AHanornyHasi opmyaa B KJACCUYECKOH  CTAaTHUCTHKE MOJyYaeTcs
M3 YCJOBUS HOPMHPOBKH AJs pacnpepenenus (31,2). Ilpeppapu-
TeJbHO, OJAHAKO, HeOOXOAHMO YuecTb cielymoulee 00CTOATEJNbCTBO,
KOoTopoe OBbLIO HecymecTBEHHO A0 Tex Nop, NMOKA MB HHTepecoBa-
JIUCh cpyHKuMeH pacnpejeneHuss KaKk TAKOBOH W He CBA3bIBAJH HOD-
MHUDOBOYHBIH Koscpqmunem Cc onpenejieHHOH KOJHYeCTBEHHOH Xxa-
paKTepUCTHKOH Tesa — ero cpobGogHod 3Heprued. Ecau, Hanmpumep,
MepeMeHHTb MeCTaMHM JBa OAHHAKOBBIX 4aTOMa, TO MOCJHe TAKOH
nepeCTaHOBKH MHUKPOCOCTOsIHHe Tesa Oyner H300paXKaTbCsad IpYroH
¢ a30B0H TOUKOH, MOJYyYarOLleHcsd U3 MepBOHAYAIbHOH 3aMEHOH KOOp-
JUHAT M UMIOYJbCOB OJHOrO aToMa KOODAUHATAMHU U UMIYJIbCAMH
apyroroe. C apyro#i. cTOPOHH, BBUAY OJAHHAKOBOCTH TNepecTaB/sieMbIX
aToMop 06a COCTOAHHUSA Teaa (PU3HUECKH ToXKJecTBeHHBb. Takum 06-
pa3oM, OJIHOMY H TOMY XKe (Gu3u4YeCKOMY MHKDOCOCTOSTHHIO TeJa B
$asoBOM MPOCTPAHCTBE COOTBETCTBYET UMbl pAl Touek. Mexay TeM
npd HHTErpUpOBaHUM pacnpejeneHds (31,2) kaxpoe cocrosiHue
JOJMHO, pa3yMmeeTcs, YUMTHIBATLCS JHIUb OAHOKpAaTHO 2). IIpyrumHu
CJOBaMH, Mbl JOJKHLI HHTETpUPOBATh JAULIb MO TeM obJacTaM da-
30BOTO NpPOCTPAHCTBA, KOTOpPblE COOTBETCTBYIOT (GU3HYECKH pasiuy-
HbIM COCTOAHUSIM Tesna;, Mbl OyaemM oTMedaTb 3TO OOCTOATENbCTRO
LITPUXOM Y 3HaKa HHTerpaJa.

Takum o6pasom, noayyum dopmyay

F=—TIn S’e‘E“’- T 4T'; (31,5)

34eCb M Be3Jie B aHAJOTHUHBIX CAyvyasx HuXKe nocpejacrsom dI' obo-
3Hayaercs 3JemMeHT obbema (aseBoro MNPOCTPAHCTBA, HeJeHHbIH

) B coorBercTBuM ¢ ob6wuMu npaBunramu nog exp(—HA/T) noHumaercs one-
patop, coGcTBeHHBle PYHKLUHH KOTOPOTO COBNAfAOT ¢ COGCTBEHHBIMH DYHKUMAMU
onepa'ropa H, a cobeTBettble 3HayeHus paBHH exp(—FE./T).

2) D10 06CTOATENBCTBO CTAHOBUTCH B OCOBEHHOCTH QUEBMIHBLIM, '€CAH paccma-
TPHBATh KJACCHYeCKHH CTAaTHCTHUeCKMH MHTerpaa KakK mnpeaesl KBaHTOBOH cTaTH-
CTHYeCKOH cyMMbl. B nocjeaHell cyMMHpPoBaHHE NPOH3BOIAHTCH NG BCEM pPa3JjHy-
HBIM KBAHTOBBIM COCTOAHMAM, M HHKAaKOro Bollipoca Booblie He Bo3HHKaeT (Ha-
NOMHHM, YTO B CHJY KBaHTOBOMeXaHHYECKOro INPHHLHIA CHMMETPHH BOJIHOBBIX
GbyHKUHH KBaHTOBOe COCTOSIHME BOOOIUE He MeHseTcsi OT lepecTaHOBOK OJMHAKO-
BHIX YAaCTHIL).

C 4xCcTO KaacCHYeCKOH TOYKHM ‘3peHHs HeoGXONHMMOCTD -TaKOTO TMOHMMAaHHA CTa-
THCTHUECKOTO HHTErpHPOBaHHMS cBf3aMa C TEM, YTC B INDOTHBHOM CJyuae Hapy-
Haace 68l MYJBTUNNHKATHBHOCTL CTAaTHCTMYECKOrO Beca, a ¢ HHUM H ajAUTHB-
IIOCTh 2HTPONKM H APYTHX TEPMOAMHAMHYECKHX BEJHYHMH. ' '



Ha (2nhk)s:

dpd
dr:@i—mi- (31,6)

Taxum o6pa3oM, CTaTHCTHYeCKass CYyMMa KBaHTOBOH (OpPMYJIH
(31,3) 3ameHseTcs crarucTuteckum unrezpasom. Kak yxe yxasbl-
pasoch B § 29, knaccuueckas aHeprus E(p, g) Bcerma MoxeT GBITh
IpeacTaRjJeHa B BHJIE CyMMbl KHHeTuueckoi K (p) M noTeHLHaJb-
ot U(g) suepruit. KuneTnuueckas 3Heprus .ecTb KBaJpaTHuHas
(YHKUHS HMIYJbCOB, U. UHTETPHPOBAHUE 110 HUM MOXKeT ObiTb NpPO-
n3BeleHo B obluem Bupae. [ToaToMy 3a7a4ya O BBIYHCJIEHHH CTATHCTH-
yecKOro MHTErpaJia B JAeHCTBUTENbHOCTH CBOJAHTCA K 3amaue 06 UH-
terpupoBanun GyHkuuu exp[—U(g)/T] no KoopauHaTaMm.

[Ipy ¢axTuyeckomM BHIYHCJIEHHH CTATHCTHYECKOrO0 HHTerpaJa
06biyHO OblpaeT YAOOGHBIM pAacCIIHPUTH O6GJACTb HHTErpHPOBAaHMUS,
BBOASA TIPH 3TOM COOTBeTCTRYIOIIUH TONPABOYHBIA MHOXKHTEJb.
Ilyctb, HanpHMep, peub WJeT O rase, cocTosimmeM U3 N OAMHAKOBLIX
aToM0B. TOrga MoOXHO NMPOH3BOJAUTb HHTEIpUPOBAaHHe MO KOOpJHHA-
TaM Ka»@JOro 4aTtoMa He3aBHCHUMO, PaCHpPOCTPaHHMB HHTETpPHPOBAaHME
no BCeMy 3aHUMaeMOMy rasom ofObeMy; pe3y/nbTaT, OQHAKO, HAJO
OymerT pasAe/UTb Ha YHCIAO BO3MOXKHBIX IepecTaHOBOK N aToOMOB,

4
T.e. Ha N! [IpyruMu cioBaMmu, HHTETpas S MOXKHO 3aMeHHUThb Ie-
JeHHbIM Ha N! uHTerpasnom mo Bcemy (pa3oBoMy NpPOCTPAHCTBY:

! |
) S ...dI‘=WS...dI‘. (31,7)

) : P
AnanoruuneiM o6pasomM yao0HO pacCIUMpUThL 06GJACTb HHTErpUpPO-

BaHMA AJd rasa, coCToslero u3 N OAHHAKOBBIX MOJIEKYJ: MO KOOp-
IMHATAM MOJIEKYJ KaK ueablx (IO KOODAMHATAM HX LEHTPOB HHeEp-
IIMK) UHTErpupyeM He3aBUCHMO MO BceMy 00BeMY, a MO BHYTPHMO-
JIeKYJSIPHEIM KOOpAHHATAaM aTOMOB — B KaXJIOH MOJeKyJe .o ee
co6cTBeHHOMY «06Bbemy» (T. e. o HeGosblIOH 06J1aCTH, B KOTOpOH
MOTYT ellle C 3aMeTHOH BepOSTHOCTbIO HAXOJHUTLCH COCTaBJSAKOLIHE

MOJIEKY/NYy aTOMbl); MOCJe 3TOro WHTerpaJ CHOBa AOMKeH OHTh no-
JesieH Ha N

3anaumn

1. lloTeHunaneHafl 3Heprus B3aNMOLEWCTBHA YalTwl Tesa ecTh OMHOPOAHASA
(byHKUHSA n-ro mopsjKa OT HX KoOopAauHaT. Bocnoap3oRaBiuHce coobpaXeHHAMH No-
A06HA, onpelefHTb, KaKoH BHUJI HoJXHa HMeTb CBOOGOAHAsT dHepPrug TAKOro TeJsa
B KJacCHYeCKo#l cTaTHCTHKE.

Pemeunne. B crarucTHUECKOM HHTerpaje

K(p)+Uq)
/7
2 = S e . ar



3aMeHMM Bce § Ha Ag W Bce p Ha A%2p (rme A — NPOHM3BOJBHAA NOCTOSNHAA).
Ecnu onnoBpemenno samennts T Ha A®T, To mopbldTerpajbloe Bhipajkellne ocTa-
[ieTcsl HeH3MeHHbiM. M3MeHsTcs, ofHaKo, npeieinl HITerpHPoOBaHHS NO KOOPAH-
HaTaMm — JHHellHle pa3mephl o6JacTH HHTerDUpPOBaHHs H3MeHATcs B 1/A pas,
YTg CBOAHMTCA K TNogoGHOMY H3MeHeHu o6bema B A—3 pa3; Ans Toro uToOwl
OCTaB{TL Mpefesbl HUTErpuPOBaHHA I1ieH3IMEHHHIMH, Hafo, CAEAOBATENbHO, OXHO-
Bpemendo 3aMenuTb V Ha A3V, Ilocne Bcex 3THXx 3aMeH HHTErpaJd YMHOXKHTCA
etie Ha A3NU+2/2) o1 npeofpasopadus nepemeHdHbX B dI' (s = 3N rkoopauuat u
CTOJIBKO e UMNYALcoB, N — ynucjo vyacTHL B Tede). Takum obpasom, MBI NpuXo-
AMM K BBLIBOLY, YTO TNPH 3aMeHe

VAW, T>A"T

, aN (1 +§—)
Z—>2X Z.
HauGonee obwuit Bupg dyakuun Z(V, T), obdnagawowmeil 3TUM CBOHCTBOM, eCTh

7= @) (r7),

rie [ — npoHaBo/ibHas PYHKUHA OAHOH TepeMeHHOM.
OTclopa HaXxOAHM AJSl CBOOOAHONH SHEDrHH BLipasKeHHE BHAA

I/n
Fe—3 (-;— ! )NT 1nT+NTcp(L), (1y

B KOTODPOe BXOAMT BCero OHHAa HeH3BecTHAs QYHKUHA OT OAHOH NepeMeHHOoM
(uncnio N BBeneHo BO BTOpoH uieH B (1) TakuM obpa3som, ytobn F obnrapaJo
LOJKHBIM CBOHCTBOM aJLJHTHBLOCTH). '

2. Broisectn TeopeMy BHpHada AJAf MaKPOCKOMOHYECKOTo Tonla, vV KOTOPOro
NOTelLHANLIIaA >SHEepPrHA  B3aHMOAEHCTBHA HaCTill ecTh OAHOPogHas (QyHKUuA
n-ro nopsiika oT HX KOopHHHaT.

Pewenne. Cregys meroly BLIBOZA Teopemhl BHPHana B mexanuke: (cm. I,

10), BLIYECASIEM MPOM3BOAHYK TIO BPEMEHH OT CYMMLbI TP, rae r W p —pa-
p Y

HHMYCH-BEKTOpHL M MMIYJbCH 4YacTuiu Ttena. Hmesn's Buay, uto r == 0K(p)/dp" u
4To f((p) ecTb oAHOpoAHAs ¢YHKUHA BTOPOrO MOPS/AKa OT MMIYJbCOB, HaXOAHUM

v er Zpd“p +er-—2K(p)+er

YacTHULl Tesla COBepwaloT ABHXKeHHe B KoHeyHoH ob6aacTy nmpocTpadcTBa CO CKO-
pocTaMH, He ofpamanluuMucs B GeckoHneuHocTh. [loaTomy BeanynHa Z rp orpa-
HHYeHa, H CPellee 3HayeHHe ee NPOK3BOILHON NO BpeMeHH o6painaerci B HYJb,

TdK 4TO .
2K+<Z rp>=0

{rne K = (K(p))>). TlpousBonHble p onpenefsitoTcs CHJAEZMH, JHCTBYIOUWHMH Ha
yacTiuel Tena. [Ipu cymMMupoBaliMk Mo BCeM 4YacTHLUAM HAAO YYecTb Hapamgy ¢
CHAAMH B3ZNMMOJBHCTBHSA 3THX YACTHL, HPYT C APYroM TaKXXe ¥ CHJBI, JEHCTBYIO-
uiHe Ha TeJo (ro ero MOBepPXHOCTH) CO CTOPOMbI OKPYIKAIOIIMX TeJ:

<zr"->=_<zri%g>—f’@W’f=—'nU—3PV

‘(uHTErpaJs mo moBepxXHOCTH mpeoGpasyeM B HHTerpaj no o6beMy H 3aMeyaeM, 4TO
divr = 3) TaKHM obpazom, noayuum 2K — nl — 3PV = 0 uau, BROAA NOJHYIO

siiepruio £ = U 4 K, ‘ .
(n+2) K = nE + 3PV, )

CTAaTHCTHYECKIH HHTEerpaJ



Dro M ectb HcKoMas Teopema. Ona crpaBeAsiMBa HE TOJBKO B KJAacCHye-
ckoil, Ho # B KBaHTOBOM TeopHH. I3 KiaccHuecKOM chayuae cpellisifi KUHeTHYecKasd
aueprust X = 3NT/2 w cooTHowenne (2) naer

E+%PV=3(%+%)NT- (3)

I1y (opMysay MOKHO ObLisio 6Ll BuiBecTH H M3 BbIpa)kenHa (1) ans ceoGomHoH
3MCPTHH, TOJYYEeHHOro B 3ajaue .
B caydae B3auMoIedCTBHS vacTHU mno 3akody Kynowa (n = —1) HmeeM
3 (2)
K=—E+43PV.

~

DTC COOTHOUIEHHE fIBNsieTcH npelnejbHbIM CJyYaeM PEeJATHBHCTCKOrO COOTHOLICHHA

Y
E——3PV=ch2 ,\/1—2—2,

B KOTOpOM 3lieprHsi £ BKJloyaeT B ceOfl TaKKe M S1IEPTHI0 TOKOA YacTHL TeJa
{cum. 11, § 35).

§ 32. TepMmoanHaMUyecKas TeOpUsi BO3MYLUEHUH

ITpu KOHKPETHOM BBIYHCJEHHH TEPMOIUMHAMHYECKHX BeJUYUH Gbl-
BalT cayuad, xoraa sHeprus E (p, g) Tesa COLEPIKHT OTHOCHTENbHO
MaJibie YJeHbl, KOTOPBIMH MOXHO B HCXOJHOM NpHOJHIKEHHU IpeHe-
6peub. Posb Takux ManblXx UyJeHOB MOXeT HrpaTh, HaMmpHMep,. Mmo-
TEeHIHaJbHas JHepTHs YacTHL, Tead BO BHewHeM noJe (00 ycnoBHsX,
NO3BOJAKUIKK CUMTATb Kakue-Ju60 4Y/eHb MaJblMU, CM. HHXKe).

B aTux cayuasax. DOnycTuMa CBOGTO pOJAa Teopus BO3IMYUIeHHH
AJST BHIYHCJEHHA TepmoAuuaMuueckux senuuuH (R. Peierls, 1932).
[ToxaxKeM cHauaJia, KaK 3TO JOJIKHO OBbITh cHellaHO B CJyuae MpH-
MEHUMOCTH KJacCHyecKoro pacnpepenerus I'mb6ca.

Hanuwem suepruto E(p, g) B BHAE

E(p, )=Es(p, )+ V (p, 9), (32,1)

rne V usobpaxaer coboli Manwle ugeHb. [Js BHuHCAeHUS cB0o6OI-
HOH{ 3HeprHH Tela MHIIEM:

_F r __Edilp, g)+V (p, q) r_ _Eo v Ve 9
e T——_Se T 'dl"zge T(l——T——|—2T2)dF, (32,2)
NpHUeM B PAa3JIOXKEeHHH N0 cTeneHsaM V 31ech M HUXKe MBI OrpaHUYH-
BaeMcsd 4YJeHamd. BTOpOro Mopsijka, uMes B BUAY BBIYUCJAHTb MO-
NpaBKM JHLb [epBOro W BTOPOro npubavxeHud. Jlorapudpmupys
H CHOBA pa3faras B psf, ¢ TOH Xe TOYHOCTbIO HMeeM

Fo—Eu(p, q)

’ V2 1 7 Fo—Eo(p, q) 2
F__=F0+S (V_—? e T dF—|—§T[S Ve T dI‘],

rie Fp 6603HayaeT «HEeBO3MYILEHHY» CBOGOAHYIO JHepPTruio, BbIYHC-
Jennyw npu V =0.



[TosyuuBuinecst uHTerpaJsel NPeACTABAAIT COO0OH cpefHHe 3HA-
YeHHS COOTBETCTBYHIOIIUX BeJHYUH, BBHIUHCAEHHEE C NOMOLIbIO «He-
BO3MYIIeHHOro» pacnpeaeneHusa I'm66ca. [lonumas ycpeaHeHue B

3TOM cMhic/e U 3ameuad, uto V22— V2={((V — V)?, nuiem. OKOH-
yaTeJabHO: '

F= FO—|—V~——(V V). (32,3)

Takum obpasom, nonpasKa [epBOTO anGJIH}KeHuﬂ K CBOBGOAHOH
S5HepruM paBHA INPOCTO CpelHeMy 3HaYeHHIO BO3Myllamolel 3Hep-
ruu V. [lonpaBka e BTOpOro npulbJHXeHHS Bcerja OTpHIATeNbHA
¥ ONpelensieTCsa CPelHUM KBaJpaToM OTKJOHeHHA | oT cBoero cpeg-
Hero 3HaueHus. B yactHOCTH, ecsqiu cpenHee 3HaueHne V ob6pamaert-
c B HyJb, TO B pe3y/bTaTe BO3MyIeHUs cBOGOAHAsA 3Heprus yMeHb-
aeTcsl.

CpaBHeHHe uJleHa BTOPOTO NOpAJAKa C YJeHOM IepBOro Nopaaka

B (32,3) no3BoJsieT BHISICHUTDL YCJOBHE NPUMEHUMOCTH H3J0XKeHHOro
METO}J,EI BoamyileHH#d. [Ipy 9TOM Hajo MMeTb B BHAY, YTO KaK Cpel-
Hee 3Hauenme V, Tak w cpepnuit ksaapat {(V— V)?2) o0a, rpy6o
roBops, NMPONOPUHOHAJLHEI YucaAy uactul, (cM. ckaszanHoe B § 2 o
CpeqHUX KBaJpPATHUHBIX (PIYKTYyaUUsX TepMOAMHAMUYECKUX BeJUUHH
MaKpocKonmuueckux Tten). IlosToMy MoXHO CPOpPMYJHPOBATL HMCKO-
Moe ycloBHe KakK TpeOOBaHHe MAJOCTU OTHECeHHOH K OJHOH ua-
CTHle 3HepPTrHH BO3MYILIeHUs no cpaBHeHHo ¢ T 1).

[Ipon3BeneM Ternepb aHAJOTWYHble BBIYUCJIEHHS AJSI KBAHTOROTO

cayuasa. BMecro (32,1) 3pmech Halo mMcaThb aHAJOTHYHOE BhIpaxKe-
HUe [AJ9 FaMHJbTOHUAHA

CornacHo KpaHTOBOHM Teopuu BoaMymieHuit (cm. III, § 38) yporHm

5HepPrHd BO3MYILEHHOH CHCTEMBI, ¢ TOYHOCTbIO 10 NONPaBOK BTOPOro
NpHOJUIKEHU, ONpPeleNsIoTCs BhIpaXKeHHeM

' / Vn, 2 :
En = EJ(VE) + Vnn + Z EI(OJ _m‘!E(OJ ro. (3234)
m n m

rie E® — HeBO3MYyLIeHHEIe YpOBHH SHeprHu (Mo MNpejfnoJoxKe-

HUIO — HeBHIpOXKJAEeHHHE); IITPpUX Y 3HAKA CyMMBl O3Hayaer, 4TO
AoJiKeH GbITb ONmyl{eH 4YJaeH ¢ m = n. ATO BHpaXKeHHe HaJ0 MOACTa-
BUTEL B (DOpMYaY

e~ FIT Z o~ EnlT

1) Tlpu paanoxeHHy NOABIHTErpajbHOro BbipaXeHHs B (32,2) MH, CTporo
FOBOPA, pasjaraJe no Beaduude V/T, nponopudonalbiod 4HCAY YacTHIL H Mo~
TOMY OTHIOAb He Majoii. OZHako JorapudMHpoBaHHe W NOBTOPHOE PasJjlo)KeHHe
NPUBOAAT KO B3aHMHOMY cOKpaumeHHio OOJBLIMX Y4JEHOB, B pe3ynbraTe 4Yero Imo-
JyyaeTcs PAJN [0 CTENEHAM MaJlOH BEJHYHHBL.

.od



U NPOH3BECTH TaKoe 2Ke pasJjJoXxeHHe, KaKOe Ob110 YIDOH3BEJEHO
BEIIIE. HpOCTOe BbIYHCJ/JE€HHE TIPDHBOAHT K CJIEAYIOLIeMY DPE3yJbTaTy:

F— Fo+vawn+ZZ o 5

ZVM w, %(Z Vmwn)2, (32,5)

rae w,=exp {(Fy— E®)/T} — neBo3mymeHHOE pacrnpeneneHde
['n66¢ca. . ‘

JluaroHaJbHBIH MATPHYHBLIA 3JeMeHT V., eCTb He YTO HHOe, KakK
cpegHee 3HauyeHWUe BO3MYyILlawonled 3Hepruu V B JaHHOM (n-M)
KBAHTOBOM COCTOSAHHH. [ToaToMy cyMma

Z Vnn,wn = I—/qrm',

ecTb NMOJHOCTbIO YCpelHeHHOe 3HayeHHe V -— ycpelHeHHOe Kak IO
KBAHTOBOMY COCTOSIHHIO Tesa, TaK M IO (HeBO3MYIIeHHOMY) CTaTH-
CTHYECKOMY pacnpeleneHd0 MO pAas3jJUYHBIM KBAHTOBBIM COCTOS-
HUSIM. DTUM 3Ha4YeHUEM OfpeleNsaeTcs NolpaBKa MEepBOro NpUOJIH-
KeHHa K ¢Bo6oJHOH 3Hepruu — pesynbrat, GOpMaJJbHO COBHajaro-
INMA C NMOJYYEeHHBIM BhilLe KJIACCHYECKHM.

®opmyny (32,5) MOXKHO NepenHcaTh B BHJE

(7 1 "N Vam P{om — w, 1 2
-F__‘ FO + Vrm __2— Z Z l _E(lo) fE(O) = ) — 9T ((Vnn - Vnn)2>-
n (32,6)

Bce usleHHl BTOPOro IOPSiAKA B 3TOM "BhIPAXKEHHH OTPHIATEIbHHI
(MOCKOMBKY Wm — W, UMEET TOT XKe 3HAK, 4T0 U EQ) — EQ). Takum

ofpas3oM, MonpaBKa BTOPOro NpHOJHXKeHHUs K cBOOOAHOH 3Hepruu
OTPHLATEIbHA H B KBAHTOBOM CJy4Yae.

Kak u B KjaccuYecKOM cJyuyae, YCJIOBHE NPHUMEHHUMOCTH 3TOTO
MeTOJa 3aKJI0YaeTcs B MAaJOCTH SHEPrHH BO3MYLIEHUA (OTHeCeHHOH
K OJHOHA 4yacTuue) mo cpaBHeHHIO ¢ 7. Mexay Tem ycCaoBHe NMpHMe-
HHMOCTH OOBIYHOH KBAaHTOBOMEXAHHUECKOH TEOpPHH BO3MYUIEHUH
(natouiefi Buipaxenue (32,4) pas E,) 3axawouaercs, KaK HM3BECTHO,
B MaJOCTH MAaTPHYHHIX 3/MeMEHTOB BO3MYIIeHHA MO CPAaBHEHHIO ¢
Pa3HOCTAMH COOTBETCTBYIOLUMX YpOBHEH SHepruu; rpybo rosops,
SHeprus BO3MYIUIeHHA LONXKHa GEITb Maja MO CpaBHEHHIO C pPasHo-
CTSIMU TeX YpOBHeH 3HepruM, MeXJRy KOTODEIMH B OCHOBHOM BO3-
MOXXHBHI Tepexoinl !). |

STH 1Ba yCJOBHSl OTHIOAb He COBNAJalOT ApPYr C APYroM — TEM-
epaTypa He MMeeT HWKAKOro OTHOLIEHHS K YPOBHAM SHEPTHH Tela.

1} 3710, BOO6LLE roBops, Nepexofhl, PH KOTOPHIX MEHAKTCH COCTOSHHS JHIIbL
He6oNBWIOrD YHCA4 YyacTHL TeJa. .



MoXeT 0Ka3aTbCsdl, UTO 3HepTHA BO3MYIEHHA MaJa MO CParRHEHHIO
¢ 7, HO B TO e BpeMs He MaJa UJH Jaxe BelUKa N0 CpaBHEHHIO
C CYULeCTBEHHHIMH Da3HOCTSIMH YpPOBHeH 3Hepruu. B TaKux cayuasx
«TeOpHUS BO3MYIEHHH» [Js TepMOLHHAMHUYECKHX BeJHUYHH (T. e.
dopmyna (32,6)) 6yner npuMeHHMAa, MeXJy TeM KaK Teopud BO3-
MYLIeHHH /1A caMUX YPOBHeH 3Hepru (7. e. popmyna (32,4)) oka-
3bIBAGTCS HENPHMEHHMOH; APYTHMH CJOBAaMH, Npelebl CXOAHMOCTH
pPa3JoXeHHs, NpeAcTaBasemMoro (GopmyJol (32 6), MOTYT.O0OKa3aTh-
csl IIHpe, YeM Ipefesbl CXOAMMOCTH pasfoxeHus (32,4), U3 KOTO-
poro oHO 6blJIO0 BHIBEJEHO.

Bo3MOXHB, KOHEUHO, M 06paTHbIe caydyan (MpH JOCTATOYHO HHU3-
KHX TeMIepaTypax).

@opmysna (32,6) 3HaUUTENbHO YNPOIAeTCs, €CJAH He TOJbKO
3HEepTHS BO3MYILIEGHHS, HO U PA3HOCTH YPOBHEH 3HePrHH MaJbl MO
cpaBHeHH ¢ T. Pasnarad pasHocTb wm — w, B (32,6) no crene-
Ham (EY) — EW)/T, nalinem B 3TOM Ccayyae

- 1 r o —
F:F0+ Vrm —.Q_T- { Z (Ivnmll_>+<(vnn - Vnn)2>} .
Ho no npapuny ymMHOXeHHST MATPHIL HMeeM
;, | Vnm |2 + Vin — ; | Vrun’ - Z Vnm mn "~ (VQ)rm’

H MBI IIOJyYaeMm BHIpaXKeHue, POPMAJIbHO NOMHOCTHIO COBMAAAIOlLEe
c opmynoit (32,3). Takum obpasom, B 3TOM CJIydae KBAHTOBOMeXa-
Huyeckas gopmysaa ¢opMadbHO NepexoJHT B KJacCHYecKyio !).

§ 33. PassioxkeHne no cteneHdam £

Gopmyna (31,5) npeacrargasier co60i 1O CYIECTRBY NepBhIH, OC-
HOBHOH uJieH pa3JioXKeHHs KBaHTOBOMEXaHHYeCKOTO BhipaXKeHus
(31,3) mast cBOOGOAHOH 3HEpPrHu NO CTeneHAM F B KBa3uK/acCHYe-
ckom cJayuyae. [IpeacTamasieT cyllecTBEHHBIE HHTepeC BLIYHCIEHHE
TaKXe W CJeLYIOIEero HeHcye3alollero ujeHa 3TOT0 pasJfoKeHUs
(E. Wigner, G. E. Uhlenbeck, L. Gropper, 1932).

3ajaya O BHIUHCAEHHH CBOﬁOILHOH 3HEPrHM CBOJHTCS K BbIYMC-
MEHHI0 CTATHCTMYECKOH cymmbl. [las aT0f menu BocnoJdibayemes

TeM, YTo TOC/efHss NpeAcTapaseT coboit ciel onepatopa e—P7 (cMm.
(31,4)); soaum obo3Havenue f = 1/T oas ynpomeHus 3amucH rpo-
MO3JKHX BHIpa)KeHHH. BbiyHCIeHHWe e cJiefa QmepaTopa MOXKeT
NPOH3BOAHTLCSH C NMOMOIILIO JIOO0H MOJHOH CHCTEMBl OPTOrOHAJIbHBIX
H HOpMHDOBAHHbBIX BOJHOBBIX (pyHKUHH. B KauecTBe TakoBhbIX yHAOO-

') Bosee MmowHnle MeToAb Tak Ha3uBaemoil AHarpaMMHON TeXHWUKH, T03BO-

JAAIOWKHE PACCMAaTPHBATL Becb DAL TEOPHH BO3MYIWEHHH AJA TepMoAHHAMUYECKHX
BeJIMYHH, OyAyT Halomedsl B Tome IX atoro Kypca.



HO BbIGpAaThb BQJHOBbIE (GDYHKLUHK CBOGOAHOIrO ABHIKECHHSA CHCTEMBI U3 N
HEeR3AHMOJEHCTBYIOIMX YAaCTHU, HAXOAALIMXCA B HeKoTopoMm O0Jb-
woM (HO KOHeuHOM) ob6neme V.

IDTH QYHKUUH UMeEIOT BH]

1 .
by = = X (% Zpiqi). (33,1)

rae ¢; — AeKapTOBbl KOODAMHATBI YACTHI, a pP; — COOTBETCTBYIOLLHE
M- MMIIYJbChl; Mbl HyMepyeM HMX HHAeKcoM, lpeferamoumum 3Haue-
Hua t=1 2, ..., §, rae s = 3N — uucsao crenedefl ¢cBofoabl CHCTE-
Mbl N 9acTHIL

JlanbHelIle BBIYUCAEHUA OTHOCSTCA B DABHOH CTeNeHH K CHCTe-
MaM, COJlep:KalmHM KakK OJMHAKOBbIe, TaK H pas3JHuHble YaCTHLHI
(atoMbl). nst Toro 4to66l yyecTh B ofuieM Buje BO3MOMXKHOS pa3Jiu-
ukWe YacCTul, NpHOHIIEeM MAacce YACTHUB HHAEKC, YKA3bBAIOIHHA HO-
Mep cTeneHH cBoOoabl: m; (pa3ymeercs, 3HaYeHUs Tpex M, COOT-
BETCTBYIONMX OAHOH M TOH e YACTHIE, BO BCIKOM CJyyae OJHHAa-
KOBBI).

Hannune OAUHAKOBBIX Y4aCTHL B Teje NPHBOAMT B KBAHTOBOMH
TEOPHH K HeoOXONUMOCTH Y4YecTb T4K Ha3biBaeMble of6MeHHBle 30-
(pCKTBI. DTO 3HAUUT, NMpeXKae BCero, 4TO BOJHOBHIE QyHKuUMH (33,1)
JOKHbB 6bl1H OBl ObITb CHMMETPHM30BaHbL MJAM 4AHTHCHMMETPH30-
BaHbl 1O KOOPJAMHATAM YacTHI — CMOTPA [0 TOMY, KaKOH CTATH-
CTHKE NOAYUHSAIOTCA uacTHlbl. OkasblBaercd, OAHAKO, YTO 3TOT 3d-
(pexT NPpUBOAUT K MOABJCHUI B CBOOOAHOH 3HepTHMH JHIIL 3KCIO-
HEHUHWAJbHO MaJblX YJEeHOB M MOTOMY He TpeACTaBJIfAeT HUKAKOTO
HHTepeca. Kpome TOro, KBaHTOBGMeXaHMYeCKass TOXIECTBEHHOCTb
YaCTHI CKa3biBaeTcfi Ha cnocofe, KOTOPBIM JAQJ2KHO NPOH3BOAHTLCSA
CYMMHpPOBaHHe NOQ pPAa3JHYHBIM 3HAUYEHHSM HMIYJIbCOB YacTHIL — C
3TMM Ham MpPHAETCS CTOJKHYTbCs B AaJjbHeHlleM, HalpUMep Ipd
BbIUUCTEHHH CTATHCTHYECKHX CYMM [/ KBaHTOBOTO HAeaJbHOTO
rasa. ItoT sddeKT NPHBOAHUT K NOSIBJIEHHIO B CBOGOLHOH 3Hepruu
yJeHa TpeTbero nopsAaka no A (cM. HHIKe) W NOTOMY TOXKe He CKa-
3bIBAETCA HA 4YJeHax nopsiaka %2, koTopble OYAYT HaMH 3[eCb BhI-
yicaeHbl. TakuM o6pa3oM, MpU BHIUHCIEHUSAX MBI MOXeM BOBCE He
YUUTHIBATb HUKAKHX 0OMeHHBIX 3¢ deKToR.

B kaxnmoit u3 BosHOBBIX (yHKuu# (33,1) HMOYJABCH p; HMEIOT
OnpefeseHHble IMOCTOAHHbIE 3HAUeHWs. Bce BO3MOXKHbie 3HAUeHHs
KaXJ0ro U3 p; 06pasyroT T'yCTOH AUCKPEeTHHIH pAA (paccTOsHUA Me-
XYy COCeAHUMH 3HAYEHNWAMH 0O6pAaTHO MPONOPUHOHAJNbHbl JUHEHHbIM
pasmepam 3aHHMaeMoro cucremod o6wema). [loaTomy cymmupoBsa-

HHe MaTpHYHbIX 3JemeHToB (¢~P7) . 1O BCEM BO3MOXHbIM 3Haye-

HUAM HMINYJbCOB' MOXHO 34MEHHTb HHTerpHpOBaHUeM MO dp =
=dp,dp, ... dps, yuTa TIPH 3TOM, YTO YHCJO KBAHTOBBIX COCTOSTHHH,