Ňĺŋĺáâěàáâćő őąàăğőćăŋĺï ĺ ŋăãłĺ Řőááĺľáłőľ Ťěďěàăæĺĺ Ťěďěàăńìŋőě čőáãďăàáâćěŋŋőě ąîďęěâŋőě őąàăğőćăâěńìŋőě ãçàěęďěŋĺě ćëáèěčő ŕàőäěááĺőŋăńìŋőčő őąàăğőćăŋĺï “ĹŘŁŞŠŚŁĹĽ ČŐŚŞĎĂŘŚŠĆĚŊŊŻĽ ŞŊĹĆĚŘŚĹŠĚŠ” Ťĺğĺçěáłĺľ äăłãńìâěâ

Ś. İ. ŁŐŘĚŊĄŃĹŠ, Ś. Ĺ. ŚĹŊĚČŐĆŚŁĹĽ

ŁŐŊŚŔĚŁŠ ŃĚŁŰĹĽ ŔŐ ŚŠĂŠĹŚŠĹŮĚŚŁŐĽ ŤĹĞĹŁĚ

Şçěąŋőě ŕőáőąĺě (2-ě ĺğďăŋĺě, ĺáŕàăćńěŋőě ĺ ďőŕőńŋěŋőě)

ĹŘŁŞŠŚŁ 2023

ŞĎŁ 531.19+536.75

Ŕěçăâăěâáï ŕő àěèěŋĺî àěďăłæĺőŋŋő–ĺğďăâěńìáłőčő áőćěâă Ĺàłãâáłőčő čőáãďăàáâćěŋŋőčő ãŋĺćěàáĺâěâă

Řěæěŋğěŋâë: ď–à äĺğ.-ňăâ. ŋăãł, ŕàőä. Ć. Ă. Ňăğãà (ĹŚĞŤ ŚŐ ŘĂŊ), ď–à äĺğ.-ňăâ. ŋăãł, ŕàőä. Ć. Ń. Ůěàŋïł (Ĺ§Ť ŚŐ ŘĂŊ).

Łőàěŋąńĺâ Ś.İ., Śĺŋěčőćáłĺľ Ś.Ĺ. Łőŋáŕěłâ ńěłæĺľ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě: Şçěą. ŕőáőąĺě.– Ĺàłãâáł: Ĺàłãâ. ãŋ–â, 2005, 2023. – 202 c. Ĺğďăŋĺě 2-ě, ĺáŕàăćńěŋŋőě ĺ ďőŕőńŋěŋŋőě.

Ć ãçěąŋőň ŕőáőąĺĺ ĺğńăčăîâáï őáŋőćŋëě ĺďěĺ ĺ ňěâőďë łńăááĺçěáłőčő ĺ łćăŋâőćőčő őŕĺáăŋĺï áćőľáâć ňăłàőáłőŕĺçěáłĺå áĺáâěň ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï ĺ ŕàĺňěàë ŕàĺňěŋěŋĺï íâĺå ňěâőďőć ł őŕĺáăŋĺî łőŋłàěâŋëå äĺğĺçěáłĺå áĺáâěň, áőőâćěâáâćěŋŋő, ŕàĺ ćëáőłĺå ĺ ŋĺğłĺå âěňŕěàăâãàăå. Ć őáŋőćě ŕőáâàőěŋĺï łãàáă ńěęĺâ łőŋæěŕæĺï áâăâĺáâĺçěáłőčő ăŋáăňąńï Čĺąąáă. Ŕàőáńěęěŋő, łăł łćăŋâőćăŋĺě íŋěàčěâĺçěáłőčő áŕěłâàă ĺ áćőľáâćă áĺňňěâàĺĺ ćőńŋőćëå äãŋłæĺľ ĺďěăńìŋëå áĺáâěň ŕőğćőńïîâ: àăğàěèĺâì łńăááĺçěáłãî ”ğăčăďłã” ŕőâěàïŋŋëå áâěŕěŋěľ áćőąőďë ŕàĺ ćëçĺáńěŋĺĺ âěŕńőěňłőáâĺ čăğă ňŋőčőăâőňŋëå ňőńěłãń, őŕĺáăâì àăćŋőćěáŋőě áőáâőïŋĺě íńěłâàőňăčŋĺâŋőčő ŕőńï, ïćńěŋĺě ąőğě-łőŋďěŋáăæĺĺ, ŕőćěďěŋĺě âěŕńőěňłőáâĺ âćěàďőčő âěńă, âěàňőďĺŋăňĺçěáłĺě ĺ ňăčŋĺâŋëě áćőľáâćă íńěłâàőŋŋőčő čăğă ĺ ćőğŋĺłŋőćěŋĺě áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ. Ŋă ŕàĺňěàě ğăďăçĺ ő łőńěąăŋĺïå łàĺáâăńńĺçěáłőľ àěèěâłĺ àăááňőâàěŋő ćăęŋőě ďńï äĺğĺłĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ŕàěďáâăćńěŋĺě ő łćăğĺçăáâĺæăå. Ć ğăłńîçĺâěńìŋëå ńěłæĺïå àăááňőâàěŋë łńăááĺçěáłĺě ĺ łćăŋâőćëě áĺáâěňë á ćğăĺňőďěľáâćĺěň ĺ áőőâćěâáâćãîéĺě ĺň ňěâőďë çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï ĺ áăňőáőčńăáőćăŋŋőčő ŕőńï ć ŕàĺąńĺęěŋĺïå Ţăàâàĺ – Ťőłă ĺ Šőňăáă – Ťěàňĺ.

Ŕàěďńăčăěâáï ć łăçěáâćě ãçěąŋőčő ŕőáőąĺï áâãďěŋâăň äĺğĺçěáłĺå áŕěæĺăńìŋőáâěľ ãŋĺćěàáĺâěâőć ŕő ćâőàőľ çăáâĺ łãàáă “Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă”.

Šăąń. 1. Ĺń. 17. Ąĺąńĺőčà. 61 ŋăğć.

© Łőàěŋąńĺâ Ś. İ., Śĺŋěčőćáłĺľ Ś. Ĺ., 2023 © Ĺàłãâáłĺľ čőáãŋĺćěàáĺâěâ, 2023

Ŕěçăâăěâáï ć ăćâőàáłőľ àěďăłæĺĺ

Ŕőďŕĺáăŋő ć ŕěçăâì 28.08.19. Ťőàňăâ 60x94 1/8 Ŕěçăâì âàăäăàěâŋăï. Şáń. ŕěç. ń. 11 Šĺàăę 100 íłğ. Ŕńăŋ 2023 č. Ŕőğ. 70 Řěďăłæĺőŋŋő ĺğďăâěńìáłĺľ őâďěń Ĺàłãâáłőčő čőáãďăàáâćěŋŋőčő ãŋĺćěàáĺâěâă 664003, Ĺàłãâáł, ąãńìćăà Čăčăàĺŋă, 36

—3— “Ć íŕőåăå, ć ãňăå, ć łőàĺďőàăå, čďě àăğãň, łăŋőŋ, čăąăàĺâ – ěáâì őąńăáâĺ, áłàëćèĺáì ć łőâőàëå, àăğŋãğďăŋŋëľ åăőá æăàĺâ.” Ĺčőàì Čãąěàňăŋ

Ŕàěďĺáńőćĺě

Űěńìî ďăŋŋőčő Łőŋáŕěłâă ńěłæĺľ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě ïćńïěâáï ĺğńőęěŋĺě őáŋőćŋëå ĺďěľ ĺ ňěâőďőć âěőàĺĺ àăćŋőćěáŋëå łńăááĺçěáłĺå ĺ łćăŋâőćëå áâăâĺáâĺçěáłĺå ăŋáăňąńěľ Čĺąąáă ĺ ŕàĺňěàőć ĺå ŕàĺňěŋěŋĺï ł łőŋłàěâŋëň äĺğĺçěáłĺň áĺáâěňăň ŕàĺ ćëáőłĺå ĺ ŋĺğłĺå âěňŕěàăâãàăå. Ŕőáłőńìłã ć ďěľáâćãîéěň ãçěąŋőň ŕńăŋě äĺğĺçěáłăï łĺŋěâĺłă ćëďěńěŋă ć áăňőáâőïâěńìŋãî ďĺáæĺŕńĺŋã, ğăćěàèăîéãî łãàá âěőàěâĺçěáłőľ äĺğĺłĺ, ğďěáì őâáãâáâćãîâ ááëńłĺ ŋă łĺŋěâĺçěáłĺľ ŕőďåőď.

Řăááňőâàěŋë âàĺ ćăęŋěľèĺå ăŋáăňąńï Čĺąąáă: ňĺłàőłăŋőŋĺçěáłĺľ, łăŋőŋĺçěáłĺľ ĺ ąőńìèőľ łăŋőŋĺçěáłĺľ. İłćĺćăńěŋâŋőáâì àăćŋőćěáŋëå ăŋáăňąńěľ őąáãęďăěâáï łăł á âőçłĺ ğàěŋĺï áćïğĺ ňěęďã íŋâàőŕĺěľ ĺ ćěàőïâŋőáâìî ĺ ŕàĺŋæĺŕă Ŋěàŋáâă, âăł ĺ ć àăňłăå âěàňőďĺŋăňĺçěáłőľ âěőàĺĺ äńãłâãăæĺľ. Ŕőďàőąŋő ŕàőáńěęěŋë ŕěàěåőďë őâ łćăŋâőćëå áâăâĺáâĺçěáłĺå ăŋáăňąńěľ ł łńăááĺçěáłőňã (ąőńìæňăŋőćáłőě ŕàĺąńĺęěŋĺě) ĺ áćïğăŋŋëě á ŋĺňĺ àăğńĺçĺï ć áŕőáőąăå ãçěâă łćăŋâőćőňěåăŋĺçěáłőľ âőęďěáâćěŋŋőáâĺ çăáâĺæ ć ĺďěăńìŋëå łćăğĺłńăááĺçěáłĺå ĺ łćăŋâőćëå ąőğě- ĺ äěàňĺ- áĺáâěňăå (ŋěàěńïâĺćĺáâáłĺľ ąőğě-čăğ, àăćŋőćěáŋőě ĺğńãçěŋĺě, äőŋőŋë ć łàĺáâăńńě, íńěłâàőŋë ć ňěâăńńě ĺ ŕőńãŕàőćőďŋĺłě), ă âăłęě ŋă ŕàĺňěàăå ŕăàă- ĺ ďĺăňăčŋěâĺğňă íńěłâàőŋŋőčő čăğă, őąňěŋŋőčő ćğăĺňőďěľáâćĺï ńőłăńĺğőćăŋŋëå áŕĺŋőć čěľğěŋąěàčőćáłőčő äěààőňăčŋěâĺłă ĺ íńěłâàőŋŋőčő čăğă á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň ć ňěâőďăå Ţăàâàĺ, Ţăàâàĺ – Ťőłă.

Ňőâĺćăňĺ ŋăŕĺáăŋĺï ďăŋŋőčő ŕőáőąĺï ŕőáńãęĺńĺ, ćő-ŕěàćëå, ĺŋâěŋáĺäĺłăæĺï ãçěąŋőčő ŕàőæěááă, ŋěőąåőďĺňőáâì ŕőďçěàłŋãâì ĺďěľŋőě ěďĺŋáâćő àăğńĺçŋëå ŋă ŕěàćëľ ćğčńïď ŕőďåőďőć ĺ ňěâőďőć ĺ ŕőïáŋĺâì ďěâăńĺ ĺáŕőńìğãěňëå ŕàĺąńĺęěŋĺľ ĺ ćëçĺáńěŋĺľ, ă ćő-ćâőàëå, áŋĺęěŋĺě őąéěčő ãàőćŋï ŕőďčőâőćńěŋŋőáâĺ ŋëŋěèŋĺå áâãďěŋâőć, ć âőň çĺáńě, ł áăňőáâőïâěńìŋőľ àăąőâě á ńĺâěàăâãàőľ.

Ďăŋŋëľ âěłáâ, åőâï ĺ ïćńïěâáï ćŕőńŋě ğăňłŋãâëň ĺğńőęěŋĺěň őáŋőć àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ äĺğĺłĺ, ŋě ŕàěâěŋďãěâ ŋă ğăňěŋã áőąőľ áâăŋďăàâŋëå ãçěąŋĺłőć, ĺ ňőęěâ áńãęĺâì áłőàěě áŕàăćőçŋëň ŕãâěćőďĺâěńěň ŕő ŕàěďňěâã ĺ áőőâćěâáâćãîéěľ ńĺâěàăâãàě, áŕĺáłĺ łőâőàőľ ŕàĺćěďěŋë ć łőŋæě łăęďőľ ńěłæĺĺ^1.

Ůăáâì ňăâěàĺăńă ćëŋěáěŋă ć ğăďăçĺ, łőâőàëě ïćńïîâáï ŋěőâêěňńěňőľ çăáâìî łãàáă. Ğăďăçĺ âăłęě áŋăąęěŋë ŕőďàőąŋëňĺ ńĺâěàăâãàŋëňĺ ááëńłăňĺ ĺ áőáâăćńïîâ őáŋőćã őąïğăâěńìŋëå ğăďăŋĺľ ĺ íłğăňěŋăæĺőŋŋëå ćőŕàőáőć.

Ăćâőàë ąńăčőďăàŋë Ĺ.Ă. Ŕěàěćăńőćőľ, Ć.Ŕ. Ńőňőćã, Ă.Ă. Śěňěŋîł ğă âéăâěńìŋőě ćëŕőńŋěŋĺě àĺáãŋłőć.

Ś.İ. Łőàěŋąńĺâ, Ś.Ĺ. Śĺŋěčőćáłĺľ

1Ńěłæĺĺ, őâňěçěŋŋëě ğćěğďőçłőľ ŕàěďŋăğŋăçěŋë ŕàěęďě ćáěčő ďńï áâãďěŋâőć-âěőàěâĺłőć

—4— Ŋěłőâőàëě őąőğŋăçěŋĺï:

c, c - áłőàőáâì áćěâă ĺ áàěďŋïï (őąàăâŋő łãąĺçěáłăï) áłőàőáâì ğćãłă; N_A = 6, 02 · 10^{23} (1/ňőńì) - çĺáńő Ăćőčăďàő; k_B ≡ k = 1, 38 · 10^{−23}Ďę/Ł - ŕőáâőïŋŋăï Ąőńìæňăŋă; R = k_BN_A = 8, 31441 Ďęňőńì_K - čăğőćăï ŕőáâőïŋŋăï; h = 2πh̄ - ŕőáâőïŋŋëě Ŕńăŋłă;

μ_B = |e|h̄ 2mc - ňăčŋěâőŋ Ąőàă;

Ęĺàŋëě áĺňćőńë: p, q, x, k, r, p, q, r, X, ĺ â.ď. – 3-å ĺńĺ -2s -ňěàŋëě ćěłâőàă; ^G_t(X^0), ^ϱ(t), ^H, ^u, ĺ â.ď. – őâőąàăęěŋĺï; őŕěàăâőàë; ãáńőćŋëě, ŕàőňěęãâőçŋëě, àăğàëćŋëě äãŋłæĺĺ ĺńĺ őŕěàăæĺĺ;

≪E≫, E – áàěďŋĺě ŕő ăŋáăňąńî, ĺńĺ ćàěňěŋĺ, ĺńĺ ŋăĺąőńěě ćěàőïâŋőě ğŋăçěŋĺï E; D_2(E) – ăąáőńîâŋăï ďĺáŕěàáĺï E (9.2) ; σ_2(E) – őâŋőáĺâěńìŋăï ďĺáŕěàáĺï E (9.4);

Śĺňćőńë ⇒, =⇒, ⇐=, ⇐⇒ – őğŋăçăîâ: “áćőďĺâáï ł; ŕàěőąàăğãěâáï ć; ŕàĺŋĺňăěâ ćĺď”. Śĺňćőńë −→, → – őğŋăçăîâ: “ğăňěŋïěâáï ŋă...; áâàěňĺâáï ł...”. Śĺňćőńë , −→, , → – őğŋăçăîâ: “ŕàĺćőďĺâ ł...; ďăěâ...”. Śĺňćőń ∀ – őğŋăçăěâ “ďńï ńîąëå...; ďńï ćáěå...; ďńï łăęďőčő...”. Śĺňćőń ∃ – őğŋăçăěâ “áãéěáâćãěâ...; ďńï ŋěłőâőàőčő...”.

Śĺňćőńë →, ← – őğŋăçăîâ “ŕàĺŋĺňăěâáï; ŕàĺąńĺęěŋŋő ŕőńăčăěâáï ĺńĺ ğăňěŋïěâáï”.

Ěďĺŋĺæë ĺğňěàěŋĺï: č - čàăňň;

łč - łĺńőčàăňň; ň - ňěâà;

áň - áăŋâĺňěâà; mm - ňĺńńĺňěâà; áěł - áěłãŋďă; ňĺŋ - ňĺŋãâă;

mm àâ. áâ - ňĺńńĺňěâà àâãâŋőčő áâőńąă; ăâň - ăâňőáäěàă;

ăěň - ăâőňŋăï ěďĺŋĺæă ňăááë;

ňőńì - łőńĺçěáâćő ćěéěáâćă ć N_A ěčő ňőńěłãńăå; ŋ - Ŋìîâőŋ; K - Łěńìćĺŋ; Ďę - Ďęőãńì; Ćâ - Ćăââ;

íĆ - íńěłâàőŋćőńìâ; 1 íĆ = 1, 6 · 10^{−19} Ďę = k_B · 1, 16 · 10^4 K; ŇíĆ - ňěčăíńěłâàőŋćőńìâ = 10^6 íĆ; ČíĆ - čĺčăíńěłâàőŋćőńìâ = 10^9 íĆ.

Śőłàăéěŋĺï:

İŇŔ - íńěłâàőňăčŋĺâŋőě ŕőńě; İČ - íàčőďĺçěáłăï čĺŕőâěğă;

ŚŊČ - áőőâŋőèěŋĺě ŋěőŕàěďěńěŋŋőáâěľ Čěľğěŋąěàčă.

—5— Ő Č Ń Ă Ć Ń Ě Ŋ Ĺ Ě

Ŕàěďĺáńőćĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 Ńěłæĺï 1 Ňěâőď ăŋáăňąńěľ ć áâăâĺáâĺçěáłőľ ňěåăŋĺłě 8 1 Űěńĺ áâăâĺáâĺçěáłőčő őŕĺáăŋĺï ć âěàňőďĺŋăňĺłě . . . . . . 8 2 Ŕőŋïâĺě áâăâĺáâĺçěáłőčő ăŋáăňąńï . . . . . . . . . . . . . . 9 2.1 Ťăğőćőě ŕàőáâàăŋáâćő áâăâĺáâĺçěáłőľ áĺáâěňë . . . . . . . 11 2.2 Šěőàěňă ĺ ãàăćŋěŋĺě Ńĺãćĺńńï . . . . . . . . . . . . . . . . 12 3 Řăćŋőćěáŋăï äăğőćăï ŕńőâŋőáâì . . . . . . . . . . . . . . . . 14 3.1 Őáŋőćŋőľ ŕőáâãńăâ áâăâĺáâĺçěáłőľ äĺğĺłĺ . . . . . . . . . . 15 3.2 Őąőáŋőćăŋĺě őáŋőćŋőčő ŕőáâãńăâă: İàčőďĺçŋőáâì? Ŕěàěňěèĺćăŋĺě. Ŋěőąàăâĺňőáâì? Ŋěãáâőľçĺćőáâì. . . . . . . . . . 16 Ńěłæĺï 2 Ňăâàĺæă ŕńőâŋőáâĺ łćăŋâőćőčő ăŋáăňąńï 21 1 Śâăâĺáâĺçěáłĺľ őŕěàăâőà ĺńĺ Ňăâàĺæă ŕńőâŋőáâĺ . . . . . . 21 2 Şàăćŋěŋĺě äőŋ Ŋěľňăŋă . . . . . . . . . . . . . . . . . . . . 24 3 Őáŋőćŋőľ ŕőáâãńăâ łćăŋâőćőľ áâăâäĺğĺłĺ . . . . . . . . . . 25 4 Ŕàĺňěàë ňăâàĺæë ŕńőâŋőáâĺ . . . . . . . . . . . . . . . . . 26 Ńěłæĺï 3 Ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě 28 1 Ŕàĺŋæĺŕ àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ . . . . . . . . . . 28 2 Ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ . . . . . . . . . . . 30 3 Łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě . . . . . . . . . . . . . . . . 31 4 İŋâàőŕĺï ĺ ćěàőïâŋőáâì . . . . . . . . . . . . . . . . . . . . 35 5 İŋâàőŕĺï ĺ ĺŋäőàňăæĺï . . . . . . . . . . . . . . . . . . . . 37 6 Ĺďěăńìŋëľ čăğ ć ňĺłàőłăŋőŋĺçěáłőň ăŋáăňąńě. . . . . . . . 38 7 Ŕàĺňěàë ĺğ âěőàĺĺ ĺŋäőàňăæĺĺ ĺ łőďĺàőćăŋĺï. . . . . . . . 41 Ńěłæĺï 4 Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă 43 1 Šěŕńőćőě àăćŋőćěáĺě ĺ ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě . 43 2 Łćăŋâőćëě áĺáâěňë . . . . . . . . . . . . . . . . . . . . . . . 44 3 Łćăğĺłńăááĺçěáłĺľ ŕàěďěń . . . . . . . . . . . . . . . . . . . 48 4 Őŕàěďěńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ . . . . . . . . . . 49 Ńěłæĺï 5 Ąőńìèőľ łăŋőŋĺçěáłĺľ ăŋáăňąńì 52 1 Ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă . . . . . . . . 52 2 Ňěâőď ŋăĺąőńěě ćěàőïâŋőčő àăáŕàěďěńěŋĺï . . . . . . . . . . 55 3 İŋâàőŕĺï ĺ Šěőàěňă Ŋěàŋáâă . . . . . . . . . . . . . . . . . 57 4 Ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ . . . . . . . . . . . 57

—6— 5 Ťăğë ć ąőńìèőň ăŋáăňąńě . . . . . . . . . . . . . . . . . . . 59 Ńěłæĺï 6 Řăáŕàěďěńěŋĺě Ąőńìæňăŋă ďńï ĺďěăńìŋëå áĺáâěň 61 1 Šěőàěňă ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ ŕő áâěŕěŋïň áćőąőďë 61 2 Śâăâĺáâĺçěáłăï áãňňă ĺďěăńìŋőľ áĺáâěňë . . . . . . . . . . 63 3 Łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě ďńï ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4 Řăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă . . . . . . . . . . . . 67 5 Şàăćŋěŋĺï áőáâőïŋĺï ąőńìæňăŋőćáłőčő čăğă . . . . . . . . . 69 Ńěłæĺï 7 Ŕőáâãŕăâěńìŋëě ĺ ćŋãâàěŋŋĺě áâěŕěŋĺ áćőąőďë 71 1 Śŕĺŋ. Ŕńőâŋőáâì áőáâőïŋĺľ ňĺłàőłăŋőŋĺçěáłőčő ăŋáăňąńï ďńï ĺďěăńìŋőľ áĺáâěňë. . . . . . . . . . . . . . . . . . . . . . 71 2 Śâěŕěŋì ĺőŋĺğăæĺĺ čăğă. Ťőàňãńă Śăåă . . . . . . . . . . . 72 3 Šěŕńőěňłőáâì čăğă ňŋőčőăâőňŋëå ňőńěłãń . . . . . . . . . . 75 3.1 Ćàăéăâěńìŋëě áâěŕěŋĺ áćőąőďë . . . . . . . . . . . . . . . . 76 3.2 Łőńěąăŋĺï ňőńěłãń . . . . . . . . . . . . . . . . . . . . . . . 78 Ńěłæĺï 8 Śâăâĺáâĺłă łćăŋâőćëå áĺáâěň 81 1 Śĺňňěâàĺĺ ćőńŋőćëå äãŋłæĺľ . . . . . . . . . . . . . . . . . 81 2 Ŕàěďáâăćńěŋĺě çĺáěń ğăŕőńŋěŋĺï . . . . . . . . . . . . . . . . 84 3 Ąőńìèăï áâăâáãňňă łćăŋâőćőľ áĺáâěňë . . . . . . . . . . . 89 4 Śâăâĺáâĺłă Ąőğě - İľŋèâěľŋă ĺ Ťěàňĺ - Ďĺàăłă . . . . . . 91 5 Čăàňőŋĺçěáłĺľ őáæĺńńïâőà ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 Ńěłæĺï 9 Ťńãłâãăæĺĺ âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ 97 1 İłćĺćăńěŋâŋőáâì àăćŋőćěáŋëå ăŋáăňąńěľ . . . . . . . . . . . 97 2 Ťńãłâãăæĺĺ íŋěàčĺĺ . . . . . . . . . . . . . . . . . . . . . . . 98 3 Ťńãłâãăæĺĺ ŕőńŋőčő çĺáńă çăáâĺæ . . . . . . . . . . . . . . 98 4 Ťńãłâãăæĺĺ äěàňĺ- ĺ ąőğě- çĺáěń ğăŕőńŋěŋĺï . . . . . . . . 100 5 Šěàňőďĺŋăňĺçěáłăï âěőàĺï äńãłâãăæĺľ . . . . . . . . . . . 101 Ńěłæĺï 10 Ĺďěăńìŋëľ łćăŋâőćëľ čăğ 107 1 Śćïğì ďăćńěŋĺï á ćŋãâàěŋŋěľ íŋěàčĺěľ čăğă . . . . . . . . . 108 2 Ŕăàăňěâàĺçěáłăï ğăŕĺáì ãàăćŋěŋĺï áőáâőïŋĺï . . . . . . . . 109 3 Ąőńìæňăŋőćáłĺľ ŕàěďěń ãàăćŋěŋĺï áőáâőïŋĺï łćăŋâőćőčő čăğă110 4 Ćëàőęďěŋĺě ąőğě – čăğă ňăááĺćŋëå çăáâĺæ ĺ

łőŋďěŋáăæĺï Ąőğě – İľŋèâěľŋă ŕàĺ T → 0 . . . . . . . . . . 112

—7— Ńěłæĺï 11 Řăćŋőćěáŋőě ĺğńãçěŋĺě 117 1 Ćőńŋőćëě ĺ łćăŋâőćëě áćőľáâćă İŇŔ. Ťőâőŋë . . . . . . . 117 2 Ĺďěăńìŋëľ čăğ äőâőŋőć ĺ äőàňãńă Ŕńăŋłă . . . . . . . . . . 120 3 Şàăćŋěŋĺï áőáâőïŋĺï äőâőŋŋőčő čăğă . . . . . . . . . . . . . 122 4 Ğăłőŋ Łĺàåčőäă . . . . . . . . . . . . . . . . . . . . . . . . . 124 5 “Ňőńěłãńïàŋő-łĺŋěâĺçěáłőě” ďőŕőńŋěŋĺě. . . . . . . . . . . 126 Ńěłæĺï 12 Šěŕńőěňłőáâì łàĺáâăńńőć 133 1 Ťőŋőŋë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 2 Ňőďěńì İľŋèâěľŋă . . . . . . . . . . . . . . . . . . . . . . . 137 3 Ňőďěńì Ďěąăï . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 4 Łőŋæěŕæĺï łćăğĺçăáâĺæ . . . . . . . . . . . . . . . . . . . . . 141 Ńěłæĺï 13 Šěŕńőěňłőáâì íńěłâàőŋŋőčő čăğă 146 1 Ŕàĺąńĺęěŋĺě áćőąőďŋëå íńěłâàőŋőć . . . . . . . . . . . . . . 146 2 Ĺďěăńìŋëľ äěàňĺ–čăğ ŕàĺ T = 0 . . . . . . . . . . . . . . . 147 3 Šěàňőďĺŋăňĺçěáłĺě áćőľáâćă áĺńìŋő, ŋő ŋě ăąáőńîâŋő ćëàőęďěŋŋőčő äěàňĺ–čăğă . . . . . . . . . . . . . . . . . . . . . 149 4 İńěłâàőŋë ć çĺáâőň ŕőńãŕàőćőďŋĺłě . . . . . . . . . . . . . 152 Ńěłæĺï 14 Ňăčŋěâĺğň 158 1 Ňăčŋěâĺğň – ňăłàőáłőŕĺçěáłőě łćăŋâőćőě ïćńěŋĺě . . . . . 158 2 Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă . . . . . . . . . . . . . . . . . 159 2.1 Ŕăàăňăčŋěâĺğň Ŕăãńĺ . . . . . . . . . . . . . . . . . . . . . . 159 2.2 Ďĺăňăčŋěâĺğň Ńăŋďăã . . . . . . . . . . . . . . . . . . . . . . 163 2.3 Ŕńőâŋőáâì çĺáńă ãàőćŋěľ Ńăŋďăã . . . . . . . . . . . . . . . 167 3 Ňăčŋěâĺğň ńőłăńĺğőćăŋŋëå áŕĺŋőć ĺ áàěďŋěě “ňőńěłãńïàŋőě” ŕőńě Ćěľááă . . . . . . . . . . . . . . . . . . . . . . . . . 169 Ńěłæĺï 15 Łńăááĺçěáłĺľ ŋěĺďěăńìŋëľ čăğ 177 1 Čăğ Ćăŋ-ďěà-Ćăăńìáă: áĺńìŋőě ćğăĺňőďěľáâćĺě . . . . . . . . 178 2 Łńăááĺçěáłĺľ čăğ á ŕăàŋëň ćğăĺňőďěľáâćĺěň . . . . . . . . 180 Ńěłæĺï 16 Łćăŋâőćëě áĺáâěňë á ćğăĺňőďěľáâćĺěň^∗ 188 1 Ŕàĺąńĺęěŋĺě Ţăàâàĺ-Ťőłă . . . . . . . . . . . . . . . . . . . 188 2 Śâăâĺáâĺçěáłăï ňőďěńì Šőňăáă-Ťěàňĺ . . . . . . . . . . . . 194 Ńĺâěàăâãàă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 Ďőŕőńŋĺâěńìŋăï ńĺâěàăâãàă . . . . . . . . . . . . . . . . . . . . . 203

Ńěłæĺï 1

Ňěâőď ăŋáăňąńěľ ć áâăâĺáâĺçěáłőľ ňěåăŋĺłě

1 Űěńĺ áâăâĺáâĺçěáłőčő őŕĺáăŋĺï ć âěàňőďĺŋăňĺłě

Ĺâăł, ŕőćěďěŋĺě âěàňőďĺŋăňĺçěáłőľ áĺáâěňë ŕàĺ ŕàőĺğćőńìŋëå ŕàőæěááăå ãŕàăćńïěâáï ğăłőŋőň áőåàăŋěŋĺï íŋěàčĺĺ ć ćĺďě I-čő ŋăçăńă âěàňőďĺŋăňĺłĺ, ŕàĺ ãáńőćĺĺ, çâő ěě ćŋãâàěŋŋïï íŋěàčĺï ïćńïěâáï äãŋłæĺěľ âőńìłő ěě áőáâőïŋĺï, ŋěĺğňěŋŋőľ ďńï ńîąëå ğăňłŋãâëå ŕàőæěááőć ω: dU = δQ − δA, â.ě. ∮ ω dU = 0, ŕàĺ: ∮ ω δQ = ∮ ω δA = W_ω ≠ 0. Ćëàăęěŋĺě ďńï íńěňěŋâăàŋőľ àăąőâë âěàňőďĺŋăňĺçěáłőľ áĺáâěňë ŋăď ćŋěèŋĺňĺ âěńăňĺ ć łćăğĺáâăâĺçěáłĺå – àăćŋőćěáŋëå ŕàőæěááăå ĺŋâěčàĺàãěâáï á ŕőňőéìî ĺğćěáâŋëå ĺğ ňěåăŋĺłĺ ćëàăęěŋĺľ: δA = P dV =⇒ ∑ m Y_mdy_m, čďě őąőąéěŋŋëě áĺńë P, Y_m ĺ őąőąéěŋŋëě łőőàďĺŋăâë V, y_m âőęě ãęě ěáâì äãŋłæĺĺ (ŕăàăňěâàë) âőńìłő áőáâőïŋĺï áĺáâěňë.

Őáŋőćŋőľ âěàňőďĺŋăňĺçěáłĺľ Ğăłőŋ ŕàĺàőďë – II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ – áőáâőĺâ ć âőň, çâő ćëàăęěŋĺě ďńï íńěňěŋâăàŋőčő łőńĺçěáâćă ŕőďćěďěŋŋőčő ł áĺáâěňě âěŕńă ďńï łćăğĺáâăâĺçěáłĺå – őąàăâĺňëå ŕàőæěááőć ć ńîąőľ áĺáâěňě âăłęě ĺŋâěčàĺàãěâáï ŕãâěň ććěďěŋĺï ěéě ďćãå äãŋłæĺľ (ŕăàăňěâàőć) áőáâőïŋĺï: âěňŕěàăâãàë T ĺ íŋâàőŕĺ́ĺ S: δQ = T dS, â.ě.: dU = T dS − P dV, (1.1) ă ďńï ŋěàăćŋőćěáŋëå ŕàőæěááőć: δQ ≤ T dS. Ůâőąë ŕàőĺŋâěčàĺàőćăâì ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě (1.1) ďăęě ďńï ğăďăŋŋőčő łćăğĺáâăâĺçěáłőčő ŕàőæěááă φ(·, ·) = const, áćïğëćăîéěčő ńîąëě ďćă ŋěğăćĺáĺňëå ŕăàăňěâàă ĺğ ĺå ŕőńŋőčő ŋăąőàă {T, S, P, V, [Y_m, y_m]} → (·, ·), ŋěőąåőďĺňő

—9— âőçŋő ğŋăâì ć (1.1) åőâï ąë ďćă áńăčăěňëå ĺğ âàěå. Ŋăŕàĺňěà, âěàňĺçěáłőě ĺ/ĺńĺ łăńőàĺçěáłĺě ãàăćŋěŋĺï áőáâőïŋĺï, áőőâćěâáâćěŋŋő, ćĺďă:

P = P (T, V ), ĺ/ĺńĺ: U = U(T, V ), ĺńĺ: S = S(T, V ), ĺńĺ: (1.2)

C_φ = T ( ∂S ∂T ) φ , ŕàĺ: δQ T = dS(T, φ) = dT ( ∂S ∂T ) φ + dφ ( ∂S ∂φ ) T , (1.3) âő ěáâì: T dS ⇒ (δQ)_φ = C_φdT ≡ C_φ(T, φ)dT, (1.4) čďě C_φ ïćńïěâáï âěŕńőěňłőáâìî ďăŋŋőčő ŕàőæěááă φ(·, ·) = const.

Ňěâőďë áâăâĺáâĺçěáłőľ äĺğĺłĺ ŕàĺğćăŋë àěèăâì ďćãěďĺŋãî ğăďăçã: • ćëçĺáńïâì âěàňőďĺŋăňĺçěáłĺě ãàăćŋěŋĺï áőáâőïŋĺï (1.2) ĺáåőďï ĺğ ŕàěďáâăćńěŋĺľ ő ňĹłàőáłőŕĺçěáłőň ãáâàőľáâćě áĺáâěňë: ĺğ çěčő őŋă áőáâőĺâ ĺ łăł ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ ěě ňĹłàőáőáâăćńïîéĺě; • ĺááńěďőćăâì ćğăĺňőďěľáâćĺě íâĺå ňĹłàőáőáâăćńïîéĺå, ĺáåőďï ĺğ àěğãńìâăâőć ĺğňěàěŋĺï ňĂłàőáłőŕĺçěáłĺå ćěńĺçĺŋ, ćåőďïéĺå ć (1.2)–(1.4).

Ć őáŋőćě ŕàěďáâăćńěŋĺľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ńěęĺâ

2 Ŕőŋïâĺě áâăâĺáâĺçěáłőčő ăŋáăňąńï

Łńăááĺçěáłăï ňěåăŋĺçěáłăï áĺáâěňă, ĺňěï ć őâáãâáâćĺě ďĺááĺŕăâĺćŋëå ĺ ŋě-

áâăæĺőŋăàŋëå áĺń s áâěŕěŋěľ áćőąőďë őąőąéěŋŋëå łőőàďĺŋăâ ĺ ĺňŕãńìáőć,

ğăďăîéĺå ěě äăğőćãî âőçłã (q^t_i , p^t_i)^s_{i=1} = {x^t_j }^{2s}_{j=1} ≡ X^t ć 2s - ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě, őŕĺáëćăěâáï áĺáâěňőľ 2s čăňĺńìâőŋőćëå ãàăćŋěŋĺľ,

á äãŋłæĺěľ Čăňĺńìâőŋă: H ({qi}s1; {pi}s1; t) ≡ H(X; t) ⇒ H(X) : (1.5)

Ẋ^t≡{ẋ^t_j}= q̇_i

ṗ_i = ∂H(X) ∂p_i − ∂H(X) ∂q_i ≡V(X^t)⇐= ( V(X^t)·∇_Xt^)X^t = ⇒^{H(X^t), X^{t}} , (1.6)

çìĺ àěèěŋĺï: qi ⇒ qti = ~qi(X 0, t), pi ⇒ pti = ~pi(X 0, t), X t = ^Gt(X 0), (1.7) ğăćĺáïâ őâ ŋăçăńìŋëå ďăŋŋëå: X 0 = (q0i , p0i )si=1, ŕàĺ t = t0 → 0. (1.8)

Ĺáŕőńìğãï ïćŋëě ćëàăęěŋĺï (1.6) ďńï 2s łőňŕőŋěŋâ ćěłâőàŋőčő ŕőńï áłőàőáâěľ äăğőćőľ âőçłĺ V(X^t), ńěčłő ŋăľâĺ ãàăćŋěŋĺě Čăňĺńìâőŋă ďńï ńîąőľ ŋěğăćĺáïéěľ ïćŋő őâ t ďĺŋăňĺçěáłőľ ćěńĺçĺŋë b(X) ⇒ b(X^t): ḃ ≡ db(X^t) dt =^{2s∑}_{j=1} ẋ^t_j ∂b(X^t) ∂x^t_j ≡^{s∑}_{i=1} ∂H ∂p^t_i ∂b ∂q^t_i − ∂H ∂q^t_i ∂b ∂p^t_i =⇒ (1.9)

=⇒^(V(X^t) · ∇_Xt b(X^t)^) ≡^{H(X^t), b(X^t)^} , - áłőąłă Ŕãăááőŋă. (1.10)

—10— Łăğăńőáì ąë, àěèĺć íâã ğăďăçã Łőèĺ (1.6)–(1.8), ňőęŋő ŕőńãçĺâì ĺğ (1.9), (1.10) őŕĺáăŋĺě ćáěå áćőľáâć ňĂłàőáłőŕĺçěáłőčő őąêěłâă. Őďŋăłő, ďćě ŕàĺŋæĺŕĺăńìŋëě ŕàőąńěňë ćáâăîâ ŋă íâőň ŕãâĺ, ďěńăï ěčő ąěáŕěàáŕěłâĺćŋëň. Ĺ ďěńő ŋě ć ćëçĺáńĺâěńìŋëå âàãďŋőáâïå, ŕőáłőńìłã áőćàěňěŋŋëě İĆŇ “ŕőğćőńïîâ ďěâăńìŋő” ŕàőáńěďĺâì ňőńěłãńïàŋãî ďĺŋăňĺłã áĺáâěň, áőáâőïéĺå ĺğ 100 ĺ ąőńěě çăáâĺæ. Ďěńő ć âőň, çâő: • Ťĺğĺçěáłĺľ áňëáń ćěńĺçĺŋ ŋă ňĹłàőãàőćŋě őâńĺçěŋ őâ ĺå áňëáńă ŋă ňĂłàőãàőćŋě. Ŋăŕàĺňěà, łăł ďĺŋăňĺçěáłăï äãŋłæĺï b(X, r) łőőàďĺŋăâ őâďěńìŋëå çăáâĺæ áĺáâěňë, ňĹłàőŕńőâŋőáâì ćěéěáâćă ć âőçłě r (15.20) ŕàěďáâăćńïěâáï áĺŋčãńïàŋőľ äãŋłæĺěľ:^^n_1^({q}^N_{ℓ=1}; r^) =^{N∑}_{j=1} δ_3(q_j − r), â.ě. áĺńìŋő äńãłâãĺàãîéěľ ć ŕàőáâàăŋáâćě ćěńĺçĺŋőľ, âőčďă łăł ŋă ňĂłàőáłőŕĺçěáłőň ãàőćŋě íâő čńăďłăï ŋěŕàěàëćŋăï äãŋłæĺï, ğŋăçěŋĺï łőâőàőľ n_1 (r) ⇒ n ć àăćŋőćěáŋëå áőáâőïŋĺïå ğăďăîâáï ńĺèì ŋěąőńìèĺň çĺáńőň ňĂłàőŕăàăňěâàőć n = n(T, P ) = N/V , ŋő ŋĺłăł ŋě ąěğãňŋëň çĺáńőň ňĹłàőŕăàăňěâàőć (q^0_i , p^0_i )^s_1, ğăďăîéĺå ĺáåőďŋãî ňĹłàőłőŋäĺčãàăæĺî. Ůâőąë áćïğăâì íâĺ ďćă ŕőŋïâĺï ŕńőâŋőáâĺ, ŋěőąåőďĺňő áäőàňãńĺàőćăâì őąéěě ŕàăćĺńő áőőâćěâáâćĺï n_1 (r) ⇐⇒ ≪^^n_1^({q}^N_{ℓ=1}; r^)≫, ãáâăŋőćĺć őďŋőğŋăçŋãî ćğăĺňőáćïğì ňĂłàőáłőŕĺçěáłĺå ćěńĺçĺŋ ĺ őâćěçăîéĺå ĺň ďĺŋăňĺçěáłĺå äãŋłæĺľ őâ ňĹłàőáłőŕĺçěáłĺå ŕěàěňěŋŋëå (q_i, p_i)^s_1. • Ďàãčőě ŕàőïćńěŋĺě íâőčő àăğńĺçĺï áőáâőĺâ ć âőň, çâő ğăďăŋĺě ňĂłàőáłőŕĺçěáłĺå ŋăçăńìŋëå ãáńőćĺľ (E, V, N) ćőćáě ŋě őŕàěďěńïěâ őďŋőğŋăçŋő ňĹłàőáłőŕĺçěáłĺě ňěåăŋĺçěáłĺě ŋăçăńìŋëě ãáńőćĺï X^0 (1.8). Ś ğăďăŋŋëňĺ ňĂłàőãáńőćĺïňĺ áőćňěáâĺňő ŋěőąőğàĺňő ąőńìèőě çĺáńő ňĹłàőłőŋäĺčãàăæĺľ X^0(α), α ∈ A. Šăł çâő ňěåăŋĺçěáłőě ňĹłàőőŕĺáăŋĺě ňĂłàőáĺáâěňë ĺ ěě áćőľáâć ŋă őáŋőćě ãàăćŋěŋĺľ ďćĺęěŋĺï (1.6)–(1.8) ďńï őâďěńìŋëå áâěŕěŋěľ áćőąőďë áőáâăćńïîéĺå íâã áĺáâěňã çăáâĺæ ïćńïěâáï ĺğąëâőçŋő ĺŋäőàňăâĺćŋëň. Ćáě ňěåăŋĺçěáłĺě ŋăçăńìŋëě ňĹłàőãáńőćĺï X^0(α), áőćňěáâĺňëě ŕàĺ α ∈ A á ďăŋŋëňĺ ňĂłàőáłőŕĺçěáłĺňĺ ãáńőćĺïňĺ (E, V, N), áńěďãěâ àăááňăâàĺćăâì łăł ąőńěě ĺńĺ ňěŋěě àăćŋőŕàăćŋëě.

Őďĺŋ ĺğ ćőğňőęŋëå áŕőáőąőć àěăńĺğăæĺĺ âăłőčő àăćŋőŕàăćĺï áőáâőĺâ ć âőň, çâő ćáěň ňĹłàőáőáâőïŋĺïň, ďőáâãŕŋëň àăááňăâàĺćăěňőľ áĺáâěňě ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ, ŕàĺŕĺáëćăěâáï őŕàěďěńěŋŋëľ ćěá. Ŋăŕàĺňěà, ňőęŋő ğăďăâì őďĺŋăłőćëľ ŋěŋãńěćőľ ćěá ćáěň ňĹłàőáőáâőïŋĺïň X^0(α), áőćňěáâĺňëň ŕàĺ α ∈ A á ďăŋŋëňĺ ňĂłàőãáńőćĺïňĺ (E, V, N), ă ćáěň ŋěáőćňěáâĺňëň, ŕàĺ α /∈ A, ŕàĺŕĺáăâì ŋãńěćőľ ćěá. Ŋĺęě íâő ďăěâ ňĹłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ďńï ĺğőńĺàőćăŋŋőľ áĺáâěňë.

—11—

2.1 Ťăğőćőě ŕàőáâàăŋáâćő áâăâĺáâĺçěáłőľ áĺáâěňë

Š.ő., ć âő ćàěňï łăł ŕàĺ ďěâăńìŋőň ďĺŋăňĺçěáłőň őŕĺáăŋĺĺ, ňĹłàőáőáâőïŋĺě áĺáâěňë ŕàěďáâăćńïěâáï őďŋőľ âőçłőľ X^t, ďćĺęãéěľáï ć 2s-ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě, čďě s- çĺáńő áâěŕěŋěľ áćőąőďë áĺáâěňë, á äăğőćőľ áłőàőáâìî V(X^t) (1.6), ć áâăâĺáâĺçěáłőň ŕőďåőďě ňĂłàőáőáâőïŋĺě áĺáâěňë ğăďăěâáï áőćőłãŕŋőáâìî âőçěł X^t(α) ć íâőň ŕàőáâàăŋáâćě, čďě łăęďăï ĺğ ŋĺå åăàăłâěàĺğãěâáï őŕàěďěńěŋŋëň ćěáőň. Šăłãî áőćőłãŕŋőáâì âőçěł á ćěáőň ŋăğëćăîâ áâăâĺáâĺçěáłĺň ăŋáăňąńěň A ∋ α.

Š.ě. áâăâĺáâĺçěáłĺľ ăŋáăňąńì, íâő ňŋőęěáâćő A łőŕĺľ “α” àăááňăâàĺćăěňőľ áĺáâěňë, ŕàěďáâăćńïîéĺå ćáě ěě àăğńĺçŋëě ćőğňőęŋëě ňĹłàőáłőŕĺçěáłĺě áőáâőïŋĺï X^t(α), α ∈ A, ć ďăŋŋëľ ňőňěŋâ ćàěňěŋĺ t.

Ĺńĺ, ćňěáâő âőčő çâőąë áńěďĺâì ğă N âőçłăňĺ áĺáâěňë ć äăğőćőň ŕàőáâàăŋáâćě őďŋőľ çăáâĺæë àăğňěàŋőáâĺ 2d = d_q + d_p, ňë, ćő-ŕěàćëå, ŕàěďŕőçńĺ áńěďĺâì ğă őďŋőľ ĺğőąàăęăîéěľ âőçłőľ ćáěľ áĺáâěňë ć ěě äăğőćőň ŕàőáâàăŋáâćě {X} àăğňěàŋőáâĺ 2s = N 2d. Őďŋăłő, őáőğŋăć ĺğąëâőçŋőáâì ŕőâőçěçŋőčő őŕĺáăŋĺï, ňë, ćő-ćâőàëå, őčàăŋĺçĺńĺáì ńĺèì ãłăğăŋĺěň őąńăáâĺ O^t_A =^⋃_{α∈A} {X^t(α)} äăğőćőčő ŕàőáâàăŋáâćă, čďě á âőľ ĺńĺ ĺŋőľ ćěàőïâŋőáâìî ňőęŋő ŋăľâĺ íâã âőçłã ć ňőňěŋâ t. İâă őąńăáâì ĺ ğăďăěâáï âőńìłő ğŋăçěŋĺïňĺ ãęě ŋěąőńìèőčő çĺáńă ňĂłàőŕăàăňěâàőć âĺŕă E, V, N ĺ łőŋěçŋőľ âőçŋőáâìî ĺå ĺğňěàěŋĺï ΔE, ΔV, ΔN. Ć ĺâőčě ŕàĺåőďĺň ł ŕőŋïâĺî ăŋáăňąńï łăł łőŋâĺŋãăńìŋőčő ňŋőęěáâćă łőŕĺľ áĺáâěňë, àăáŕàěďěńěŋŋëå ćő ćáěň äăğőćőň ŕàőáâàăŋáâćě á ŋěłőâőàőľ ŕńőâŋőáâìî ϱ_H (X^t; t), ĺ ł ŕőŋïâĺî áňěèăŋŋőčő ňĹłàőáőáâőïŋĺï íâőčő ăŋáăňąńï, ğăďăŋŋőčő ćěàőïâŋőáâìî d^^W (X^t, t): ŕàĺ ďăŋŋëå ňĂłàőŕăàăňěâàăå őąŋăàãęĺâì áĺáâěňã ć ňőňěŋâ ćàěňěŋĺ t ć íńěňěŋâě őąêěňă d^{2s}X^t äăğőćőčő ŕàőáâàăŋáâćă {X} ćąńĺğĺ çĺáâőčő ňĹłàőáőáâőïŋĺï ć âőçłě X^t. Ćěàőïâŋőáâì őŕàěďěńïěâáï íâőľ äăğőćőľ ŕńőâŋőáâìî ćěáőć ăŋáăňąńï łăł:

d^^W (X^t, t) = d^{2s}X^tϱ_H (X^t; t), ϱ_H (X^t; t)≡ϱ_H^({q^t_i }^s_1; {p^t_i}^s_1; t^) > 0, (1.11) ∫ {X} d^^W (X^t; t) = ∫ {X} d^{2s}X^t ϱ_H (X^t; t) = ∫ {X} d^{2s}X^0 ϱ_H (X^0; 0) = 1. (1.12)

Řăğńĺçŋëň łőŕĺïň áĺáâěňë, áőáâăćńïîéĺň ăŋáăňąńì, őâćěçăîâ àăğŋëě ŋăçăńìŋëě ãáńőćĺï X^0(α). Ćőğćàăâ ł ŕőńŋőáâìî ďěâěàňĺŋĺàőćăŋŋőňã

(A ⇒ 1) çĺáâőňã łńăááĺçěáłőňã ňĹłàőáőáâőïŋĺî ~X t őğŋăçăěâ, çâő äăğőćăï

ŕńőâŋőáâì őâńĺçŋă őâ ŋãńï âőńìłő ć íâőľ âőçłě äăğőćőčő ŕàőáâàăŋáâćă:

ϱ_H (X^t; t) =⇒_{determ}δ_{2s}(X^t −^~X^t) ≡ δ_{2a}(X^t_1 −^~X^t_1)δ_{2b}(X^t_2 −^~X^t_2), a + b = s, (1.13)

ĺ íâő çĺáâőě áőáâőïŋĺě áĺáâěňë őğŋăçăěâ çĺáâëě áőáâőïŋĺï ńîąëå ěě ŕőďáĺáâěň.

—12—

2.2 Šěőàěňă ĺ ãàăćŋěŋĺě Ńĺãćĺńńï

Ďńï łńăááĺçěáłĺå áĺáâěň, ŕőďçĺŋïîéĺåáï čăňĺńìâőŋőćőľ ďĺŋăňĺłě (1.6), ĺňěěâ ňěáâő âěőàěňă Ńĺãćĺńńï ő áőåàăŋěŋĺĺ ćěńĺçĺŋë “ğăŋĺňăěňőčő áĺáâěňőľ äăğőćőčő őąêěňă”. Ŕãáâì ć ňőňěŋâ ćàěňěŋĺ t = 0 äăğőćëě âőçłĺ á łőőàďĺŋăâăňĺ X^0 = (q^0_i , p^0_i )^s_1, i = 1÷s, čďě s – çĺáńő áâěŕěŋěľ áćőąőďë, ŋěŕàěàëćŋő ğăŕőńŋïîâ ćáñ äăğőćőě ŕàőáâàăŋáâćő á ŕńőâŋőáâìî ϱ_H (X^0; 0). Ć áĺńã ãàăćŋěŋĺľ Čăňĺńìâőŋă, q^t_i ĺ p^t_i ïćńïîâáï äãŋłæĺïňĺ t ĺ ŋăçăńìŋëå ďăŋŋëå q^0_i , p^0_i , ŕőíâőňã, ĺğňěŋěŋĺě ćő ćàěňěŋĺ ňěàë ĺŋâěčàĺàőćăŋĺï, ć áőőâćěâáâćĺĺ á (1.6)–(1.7), őŕàěďěńïěâáï ïłőąĺăŋőň D^t = det ||^^G_t|| ŕàěőąàăğőćăŋĺï^^G_t (1.7) őâ X^0 ł→ X^t, â.ě., őâ x^0_j ł→ x^t_j, ďńï j = 1 ÷ 2s:

d^{2s}X =^{2s∏}_{j=1}dx_j , D^t = d^{2s}X^t d^{2s}X^0 = | | | | | | ∂x^t_k ∂x^0_j | | | | | | = ϵ_{j1...j2s} ∂x^t_1 ∂x^0_{j1} ... ∂x^t_{2s} ∂x^0_{j2s} = ∂(x^t_1, ..., x^t_{2s}) ∂(x^0_1, ..., x^0_{2s}) , (1.14) čďě ϵ_{j1...j2s} őŕàěďěńěŋő ć (8.22). Ďĺääěàěŋæĺàãï ŋěğăćĺáïéěě őâ ćàěňěŋĺ ãáńőćĺě ŋőàňĺàőćłĺ (1.12), ĺňěěň, çâő ∀ t: 0 = d dt ∫ {X} d^{2s}X^0D^tϱ_H (X^t; t) = ∫ {X} d^{2s}X^0 [ D^t d dt ϱ_H (X^t; t) + ϱ_H (X^t; t) d dt D^t ] , őâłãďă: ( d dt D^t = 0 ) ⇐⇒ ( d dt ϱ_H (X^t; t) = 0 ) , ŕàĺ: D^t ≠ 0. (1.15)

Š.ě. ĺŋćăàĺăŋâŋőáâì (ŋěĺğňěŋŋőáâì) ňěàë ĺŋâěčàĺàőćăŋĺï őłăğëćăěâáï ěáâěáâćěŋŋëň őąàăğőň íłćĺćăńěŋâŋă ŋěáęĺňăěňőáâĺ “äăğőćőľ ęĺďłőáâĺ”: d dt ϱ_H (X^t; t) ≡

∂ϱ_H (X^t; t) ∂t +^{2s∑}_{j=1} ẋ^t_j

∂ϱ_H (X^t; t) ∂x^t_j =⇒ 0. (1.16)

Ďőłăęěň, ŋăŕàĺňěà, ŕěàćőě ĺğ àăćěŋáâć (1.15). Ŕőáłőńìłã ďĺääěàěŋæĺàőćăŋĺě őŕàěďěńĺâěńï (1.14) áćőďĺâáï ł áãňňě őŕàěďěńĺâěńěľ á ŕàőĺğćőďŋëňĺ őâ łăęďőčő áâőńąæă (ĺńĺ áâàőłĺ), áőőâćěâáâćãîéĺå ďĺääěàěŋæĺàőćăŋĺî őâďěńìŋëå x^t_j, âő ďńï ŕàőĺğćőďŋőľ őâ ěčő ńőčăàĺäňă ĺňěěň: d ln D^t dt = 1 D^t dD^t dt = ∂(x^0_1, ..., x^0_{2s}) ∂(x^t_1, ..., x^t_{2s}) 2s∑ j=1 ∂(x^t_1, ..., ẋ^t_j , ..., x^t_{2s}) ∂(x^0_1, ..., x^0_{2s}) = =^{2s∑}_{j=1} ∂(x^t_1, ..., ẋ^t_j , ..., x^t_{2s}) ∂(x^t_1, ..., x^t_j , ..., x^t_{2s}) =^{2s∑}_{j=1} ∂ẋ^t_j ∂x^t_j ≡^{s∑}_{i=1} ∂q̇^t_i ∂q^t_i + ∂ṗ^t_i ∂p^t_i =⇒ (1.17) =⇒^{s∑}_{i=1} ∂^2H ∂q^t_i ∂p^t_i − ∂^2H ∂p^t_i∂q^t_i =⇒ 0, ďńï ŋěŕàěàëćŋëå ∂q̇^t_i ∂q^t_i , ∂ṗ^t_i ∂p^t_i , (1.18)

—13— čďě ĺáŕőńìğőćăŋë čăňĺńìâőŋőćë ãàăćŋěŋĺï (1.6) ĺ âőâ äăłâ, çâő ŕàĺàăéěŋĺě äãŋłæĺĺ Čăňĺńìâőŋă łőŋáěàćăâĺćŋőľ áĺáâěňë (1.5) ïćńïěâáï ŕőńŋëň ďĺääěàěŋæĺăńőň, â.ě. ĺňěěâáï àăćěŋáâćő ćâőàëå áňěèăŋŋëå ŕàőĺğćőďŋëå (åőâï ćâőàőľ ďĺääěàěŋæĺăń d^2H(X) ňőęěâ ŋě áãéěáâćőćăâì):

H(X^t; t) ⇒ H(X^t) = H(X^0) ⇒ H(X), δH(X) =⇒ dH(X). (1.19) Šő ěáâì âěőàěňă Ńĺãćĺńńï (1.15) áŕàăćěďńĺćă ńĺèì ďńï ŕàőňěęãâłőć ćàěňěŋĺ τ, ć âěçěŋĺě łőâőàëå áĺáâěňã ňőęŋő áçĺâăâì łőŋáěàćăâĺćŋőľ ĺńĺ łćăğĺğăňłŋãâőľ, ă őâćěçăîéĺě ĺň ŕàěőąàăğőćăŋĺï^^G_t – łăŋőŋĺçěáłĺňĺ. Ĺğ (1.18) ŕőńãçăěň ln D^t = const, ă, á ãçěâőň ŋăçăńìŋëå ďăŋŋëå D^t|_{t=0} = 1, ŋăåőďĺň, çâő D^t ≡ 1. Ćëâěłăîéěě őâáîďă ãàăćŋěŋĺě (1.16) íłćĺćăńěŋâŋő âőčďă ãâćěàęďěŋĺî ő áőåàăŋěŋĺĺ ŕńőâŋőáâĺ äăğőćëå âőçěł łăł ŋěĺğňěŋŋőáâĺ áâăâĺáâĺçěáłőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï ŋă äăğőćëå âàăěłâőàĺïå X^t (1.7), ďőŕãáłăěňëå ãàăćŋěŋĺïňĺ Čăňĺńìâőŋă (1.6):

ϱ_H (X^0; 0) = ϱ_H (X^t; t) = ϱ_H (X^τ ; τ), 0 < t < τ . (1.20) Ěáńĺ ęě, ŋăőąőàőâ, ŕőńìğãïáì áŕěàćă ńĺèì áőåàăŋěŋĺěň (ŋěŕàěàëćŋőáâìî) ŕőâőłă äăğőćőľ ŕńőâŋőáâĺ ćěàőïâŋőáâĺ, łăł ďńï ŕőâőłă “ęĺďłőáâĺ” łőŕĺľ ăŋáăňąńï, àăááňőâàěâì ŕàőĺğćőńìŋëľ äĺłáĺàőćăŋŋëľ łőŋěçŋëľ őąêěň O äăğőćőčő ŕàőáâàăŋáâćă, őčàăŋĺçěŋŋëľ ŕőćěàåŋőáâìî Σ_O, âő ãąëńì ćěàőïâŋőáâĺ ğă áçěâ ćëâěłăŋĺï ĺğ ŋěčő ŋăàãęã ŕőâőłă j(X, t) íâőľ “äăğőćőľ ęĺďłőáâĺ”, á ãçěâőň 2s- ňěàŋőľ âěőàěňë Čăãááă, àăćŋă: − d dt ∫ O d^{2s}Xϱ_H(X; t) = ∮ Σ_O (dΣ · j(X, t)) =⇒ =⇒ − ∫ O d^{2s}X ∂ϱ_H (X; t) ∂t = ∫ O d^{2s}X (∇_X · j(X, t)) . (1.21)

∀ O íâő ŕőğćőńïěâ ğăŕĺáăâì ãęě ďńï ńîąëå X ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ: 0 ≡ ∂ϱ_H (X, t) ∂t + (∇_X · j(X, t)) =⇒ ∂ϱ ∂t +^{2s∑}_{l=1} ∂(ẋ^t_l ϱ) ∂x^t_l ??=⇒ dϱ dt , (1.22)

ć 2s-ňěàŋőň ŕàőáâàăŋáâćě, čďě ćâőàőě áńăčăěňőě^1 ěáâì ďĺćěàčěŋæĺï ćěłâőàă ŕńőâŋőáâĺ ŕőâőłă äăğőćőľ ęĺďłőáâĺ, çìĺ łőňŕőŋěŋâë ĺ ŋă ŕàőĺğćőńìŋëå âàăěłâőàĺïå X =⇒ X^t, őçěćĺďŋő, àăćŋë j(X, t)=⇒Ẋ^tϱ_H (X^t, t). Ŕàěőąàăğãï ďăńěě ŕàĺ ϱ ≡ ϱ_H (X^t; t) íâã ďĺćěàčěŋæĺî, ďńï Čăňĺńìâőŋőćëå âàăěłâőàĺľ (1.7), ŕőďáâăŋőćłőľ ãàăćŋěŋĺľ (1.6) ć âőęďěáâćő:

1Ğăćĺáĺňőáâì őâ t őąńăáâĺ O → O^t ć (1.21) ŕàĺćőďĺâ áàăğã łő ćâőàőňã ãàăćŋěŋĺî (1.22)

—14— 2s∑ j=1 ∂(ẋ^t_j ϱ) ∂x^t_j =^{2s∑}_{j=1} ϱ ∂ẋ^t_j ∂x^t_j + ẋ^t_j ∂ϱ ∂x^t_j =⇒^(V(X^t) · ∇_Xt ϱ_H (X^t, t)^) ,

ŕő (1.17), (1.18), ŕàĺćőďĺň (1.22) ł ŕőńŋőľ ŕàőĺğćőďŋőľ ŕő ćàěňěŋĺ (1.16), áãâì ŋěáęĺňăěňőáâĺ (1.20), ă ć áĺńã (1.9), (1.10), ł ãàăćŋěŋĺî Ńĺãćĺńńï: ∂ϱ_H (X; t) ∂t = − (V(X) · ∇_X ϱ_H (X; t)) ≡ − {H(X), ϱ_H (X; t)}, (1.23)

ãęě ďńï ńîąëå X, â.ł. áőčńăáŋő (1.6), (1.19), V(X) ğăćĺáĺâ ïćŋő âőńìłő őâ X ĺ áńěćă áâőĺâ çăáâŋăï ŕàőĺğćőďŋăï ŕő t, çâő ŕàĺćőďĺâ ł őâńĺçĺî ć ğŋăłě őâ ãàăćŋěŋĺï Čăňĺńìâőŋă (1.9). Şàăćŋěŋĺě (1.23) (ďăŋő Čĺąąáőň) őŕĺáëćăěâ íćőńîæĺî áâăâĺáâĺçěáłőčő ăŋáăňąńï łńăááĺçěáłĺå áĺáâěň.

3 Řăćŋőćěáŋăï äăğőćăï ŕńőâŋőáâì

Ć áâăâĺáâĺçěáłőľ äĺğĺłě, ć őâńĺçĺě őâ łĺŋěâĺłĺ, őčàăŋĺçĺćăîâáï àăááňőâàěŋĺěň âőńìłő àăćŋőćěáŋëå ăŋáăňąńěľ. Ŕőáłőńìłã, ć àăćŋőćěáŋőň áőáâőïŋĺĺ áĺáâěňă, ŕő őŕàěďěńěŋĺî, őáâăěâáï áłőńì ãčőďŋő ďőńčő, ěňã őâćěçăîâ âőńìłő áâăæĺőŋăàŋëě àěèěŋĺï ãàăćŋěŋĺï Ńĺãćĺńńï (1.23): ∂ϱ_H (X; t) ∂t = 0, {H, ϱ} = 0 = {H, ln(ϱ)}, â.ě. ϱ_H (X; t) =⇒ ϱ(X), (1.24)

– ŋě ğăćĺáïéĺľ őâ t ĺŋâěčàăń ďćĺęěŋĺï, â.ě. ğăćĺáïéĺľ, ćőőąéě čőćőàï őâ ćáěå 2s−1 ĺŋâěčàăńőć áĺáâěňë (1.6). Őďŋăłő ć àăćŋőćěáĺĺ çĺáńő âăłĺå ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ã ϱ(X) ňőęŋő áãéěáâćěŋŋő áőłàăâĺâì!

Ďńï íâőčő őâňěâĺň ćăęŋőě ĺ çăáâő ĺáŕőńìğãěňőě ŋĺęě áćőľáâćő “áăňőŕőďőąĺï” àăćŋőćěáŋëå áĺáâěň. Ńîąăï ňĂłàőŕőďáĺáâěňă 1 àăćŋőćěáŋőľ áĺáâěňë 1+2 âăłęě ŋăåőďĺâáï ć àăćŋőćěáĺĺ ĺ ŕőâőňã őłăğëćăěâáï ŕő áãâĺ áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňőľ őâ őáâăńìŋőľ çăáâĺ 2 ŕőńŋőľ áĺáâěňë 1+2, ŕőáłőńìłã ćŋãâàěŋŋĺě íŋěàčĺĺ ŕőďáĺáâěň E_1 ĺ E_2 ŕàőŕőàæĺőŋăńìŋë ĺå őąêěňăň, ă íŋěàčĺï ĺå ćğăĺňőďěľáâćĺï ε ŕàőŕőàæĺőŋăńìŋă ńĺèì ŕńőéăďĺ àăğďěńïîéěľ ĺå ŕőćěàåŋőáâĺ ĺ ŕàěŋěąàěęĺňő ňăńă^2 ďńï ňĂłàőŕőďáĺáâěň, â.ě. E ∼= E_1 + E_2. İâő őğŋăçăěâ äăłâőàĺğăæĺî ćěàőïâŋőáâĺ áőáâőïŋĺï áĺáâěňë ć ŕàőĺğćěďěŋĺě ćěàőïâŋőáâěľ ŋěğăćĺáĺňëå áőáâőïŋĺľ ŕőďáĺáâěň, ĺ, ć áĺńã äăłâőàĺğăæĺĺ íńěňěŋâă äăğőćőčő őąêěňă ŕàĺćőďĺâ ł äăłâőàĺğăæĺĺ äăğőćőľ ŕńőâŋőáâĺ, â.ě. ł ăďďĺâĺćŋőáâĺ ěě ńőčăàĺäňă:

ϱ(X) d^{2s}X = d^^W (X) =⇒ d^^W_1(X_1)d^^W_2(X_2) = ϱ_1(X_1) dX_1ϱ_2(X_2) dX_2, (1.25)

2E_{1,2} ∼ uR^3, ε ∼ σR^2, ŋő σ = uℓ, čďě ℓ- âőńéĺŋă ŕőćěàåŋőáâĺ àăğďěńă, â.ě.: ε/E_{1,2} ∼ ℓ/R.

—15— čďě, â.ł.: d^{2s}X = dX_1dX_2, âő: ϱ(X) =⇒ ϱ_1(X_1)ϱ_2(X_2), â.ě.: (1.26) ln ϱ =⇒ ln ϱ_1 + ln ϱ_2, çâő ćňěáâě á: E =⇒ E_1 + E_2, P = P_1 + P_2, (1.27) ĺ â.ď. ŕőďáłăğëćăěâ, çâő: ln ϱ(X)=⇒ −λ − βE − (κ · P) − (h · L) , (1.28)

– ěáńĺ áçĺâăâì ϱ(X) őąëçŋőľ (ŋě őąőąéěŋŋőľ) äãŋłæĺěľ. Š.ě. ć àăćŋőćěáĺĺ, ć áĺńã íâőčő áćőľáâćă (1.26), őáâăěâáï ěě ğăćĺáĺňőáâì ńĺèì őâ 7-ňĺ ĺğćěáâŋëå ć ňěåăŋĺłě ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï ãàăćŋěŋĺľ (1.6): H(X) = E, P, ĺ L. Ďńï ŋěŕőďćĺęŋőľ áĺáâěňë ňőęŋő ĺáłńîçĺâì ĺğ àăááňőâàěŋĺï ŕőńŋëľ ĺňŕãńìá P ĺ ŕőńŋëľ ňőňěŋâ ĺňŕãńìáă L. Šőčďă, ć őâáãâáâćĺě ĺŋëå ăďďĺâĺćŋëå ĺŋâěčàăńőć, àěèěŋĺě ãàăćŋěŋĺï (1.24) ďńï ńîąőčő àăćŋőćěáŋőčő ăŋáăňąńï ěáâì äãŋłæĺï âőńìłő őâ čăňĺńìâőŋĺăŋă:

ϱ(X) =⇒ w (H(X)) , â.ě. ńĺèì őâ íŋěàčĺĺ áĺáâěňë H(X) = E ! (1.29) Ć ďăńìŋěľèěň ňë łőŋłàěâĺğĺàãěň ãáńőćĺï ďńï áĺáâěň, łőâőàëň őâćěçăîâ àăğńĺçŋëě ćëàăęěŋĺï äăğőćőľ ŕńőâŋőáâĺ ćĺďă (1.28), (1.29).

3.1 Őáŋőćŋőľ ŕőáâãńăâ áâăâĺáâĺçěáłőľ äĺğĺłĺ

Şáâăŋőćĺň âěŕěàì áőőâćěâáâćĺě ňěęďã ďĺŋăňĺçěáłĺňĺ äãŋłæĺïňĺ b(X, r) ĺ ňĂłàőáłőŕĺçěáłĺňĺ ŋăąńîďăěňëňĺ B(r, t). Ŋă ňĹłàőãàőćŋě ĺňěîâáï ćőőąéě čőćőàï áĺŋčãńïàŋëě ďĺŋăňĺçěáłĺě äãŋłæĺĺ b(X, r) ŋă äăğőćőň ŕàőáâàăŋáâćě őâ X = ({q_i}^s_1, {p_i}^s_1) ĺ r, âőčďă łăł ŋă ňĂłàőãàőćŋě ćőğňőęŋë ńĺèì čńăďłĺě äãŋłæĺĺ łőőàďĺŋăâ âőçłĺ r ĺ ćàěňěŋĺ t, – äĺğĺçěáłĺě ŕőńï B(r, t) ć ŕàőáâàăŋáâćě-ćàěňěŋĺ. Ŋěőąåőďĺňő őŕàěďěńĺâì őâőąàăęěŋĺě äãŋłæĺľ ŋă äăğőćőň ŕàőáâàăŋáâćě ć ňŋőęěáâćő äĺğĺçěáłĺå ŕőńěľ ŋă ŕàőáâàăŋáâćě-ćàěňěŋĺ, â.ě. ŕőáâàőĺâì äãŋłæĺőŋăń, áâăćïéĺľ ć áőőâćěâáâćĺě łăęďőľ äãŋłæĺĺ b(X, r) ŕàĺ äĺłáĺàőćăŋŋëå r, t ŋěłőâőàőě çĺáńő: b(X, r) −→ B(r, t). Ěáâěáâćěŋŋő ŕőâàěąőćăâì ńĺŋěľŋőáâĺ íâőčő áőőâćěâáâćĺï ĺ ŋěĺğňěŋŋőáâĺ ŕőáâőïŋŋëå C: B(r, t) =⇒ ≪b(X^t, r)≫,

≪b_1(X^t) + C b_2(X^t)≫ = ≪b_1(X^t)≫ + C≪b_2(X^t)≫, ≪C≫ = C. (1.30)

Šőčďă, ŕő âěőàěňě Řĺááă-Ťàěèě [42] ćáïłĺľ âăłőľ ńĺŋěľŋëľ ŋěŕàěàëćŋëľ äãŋłæĺőŋăń ŋă äăğőćőň ŕàőáâàăŋáâćě ňőęŋő ŕàěďáâăćĺâì ć ćĺďě ĺŋâěčàăńă ŕő ŋěłőâőàőľ ŋőàňĺàőćăŋŋőľ ŕőńőęĺâěńìŋőľ ňěàě d^^W (X, t) ćĺďă (1.11), (1.12), őŕàěďěńïěňőľ ŋěłőâőàőľ [äăğőćőľ] ŕńőâŋőáâìî ϱ(X, t): B(r, t) = ≪b(X^t, r)≫ = ∫ {X} d^^W (X, t) b(X, r) ≡ (1.31)

—16— ≡ ∫ {X} d^{2s}X ϱ(X, t) b(X, r) = ∫ {X} d^{2s}X^0 ϱ(X^0, 0) b(X^t, r), čďě: (1.32)

X ⇒X^t ⇒X^t(X^0) =^^G_t(X^0), ∫ {X} d^^W (X, t) = ∫ {X} d^{2s}X ϱ(X, t) = 1. (1.33)

Śőčńăáŋő (1.11), (1.12), äãŋłæĺî ϱ(X^t, t) ňőęŋő ĺŋâěàŕàěâĺàőćăâì łăł ŕńőâŋőáâì ćěàőïâŋőáâĺ ŋăľâĺ áĺáâěňã ć ňőňěŋâ ćàěňěŋĺ t ć áňěèăŋŋőň ňĹłàőáőáâőïŋĺĺ ćąńĺğĺ âőçłĺ X^t äăğőćőčő ŕàőáâàăŋáâćă {X}, â.ě. łăł äăğőćãî ŕńőâŋőáâì ćěàőïâŋőáâĺ ŋěłőâőàőčő áâăâĺáâĺçěáłőčő ăŋáăňąńï.

Ťőàňãńë (1.31), (1.32), (1.33) ćëàăęăîâ őáŋőćŋőľ ŕőáâãńăâ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ: ńěćăï çăáâì äőàňãńë (1.32) – ć łăàâĺŋě Ńĺãćĺńńï (1.23), ă ěě ŕàăćăï çăáâì – ć łăàâĺŋě Čăňĺńìâőŋă (1.9). Őąě łăàâĺŋë áćïğăŋë ňěęďã áőąőľ ğăňěŋőľ ŕěàěňěŋŋëå (1.33), á ãçěâőň ĺŋćăàĺăŋâŋőáâĺ (1.15) őâŋőáĺâěńìŋő íâĺå łăŋőŋĺçěáłĺå ŕàěőąàăğőćăŋĺľ ńőłăńìŋőľ ňěàë ĺŋâěčàĺàőćăŋĺï d^{2s}X (1.14) ĺ äăğőćőľ ŕńőâŋőáâĺ (1.20) (âěőàěňă Ńĺãćĺńńï), ă âăłęě ŕőńŋőčő äăğőćőčő ŕàőáâàăŋáâćă {X}. Šăł çâő: ňĂłàőáőáâőïŋĺě àăćŋőćěáŋőľ áĺáâěňë ŕőńŋőáâìî őŕàěďěńïěâáï ğăďăŋĺěň äăğőćőľ ŕńőâŋőáâĺ^3 ěě ňĹłàőáőáâőïŋĺľ ϱ(X, t) ć ďăŋŋëľ ňőňěŋâ ćàěňěŋĺ t, ă ŋăąńîďăěňëě ňĂłàőćěńĺçĺŋë B(r, t) ěáâì äăğőćëě áàěďŋĺě (1.32) őâ áőőâćěâáâćãîéĺå ďĺŋăňĺçěáłĺå äãŋłæĺľ b(X, r). Ĺ åőâï ć âăłőň ŕőďåőďě ŋěćőğňőęŋő ďăâì ďěâăńìŋőě ŕàěďáłăğăŋĺě àěğãńìâăâőć łăęďőčő őâďěńìŋőčő íłáŕěàĺňěŋâă, őďŋăłő, àěğãńìâăâ, ãáàěďŋěŋŋëľ ŕő ąőńìèőňã çĺáńã íłáŕěàĺňěŋâőć, ćëŕőńŋěŋŋëå ŕàĺ őďĺŋăłőćëå ňĂłàőãáńőćĺïå, őłăğëćăěâáï ŕàěďáłăğăŋ ćěàŋő.

3.2 Őąőáŋőćăŋĺě őáŋőćŋőčő ŕőáâãńăâă: İàčőďĺçŋőáâì?

Ŕěàěňěèĺćăŋĺě. Ŋěőąàăâĺňőáâì? Ŋěãáâőľçĺćőáâì.

Ŕőŕëâłĺ őąőáŋőćăŋĺï őáŋőćŋőčő ŕőáâãńăâă (1.31)–(1.33), ĺáåőďï ĺğ ŕàěďńőęěŋŋőčő Ń. Ąőńìæňăŋőň łńăááĺçěáłőčő őŕàěďěńěŋĺï ňĂłàőáłőŕĺçěáłőľ ćěńĺçĺŋë, łăł áàěďŋěčő őâ âőľ ęě ďĺŋăňĺçěáłőľ äãŋłæĺĺ b(X^t, r) ďńï äĺŋĺâŋőčő ďćĺęěŋĺï |x^t_j | < ∞ ŕő ąěáłőŋěçŋőňã ĺŋâěàćăńã ćàěňěŋĺ τ → ∞:

B(r) = b(X^t, r) = lim_{τ →∞}B^τ (r)≡ lim_{τ →∞} 1 τ τ∫

0 dt b^(X^t(X^0), r^) , X^t(X^0) =^^G_t(X^0),

(1.34) (X^0- ŋăçăńìŋëě ďăŋŋëě (1.8) á t_0 = 0), ŕàĺćěńĺ ł âăł ŋăğëćăěňőľ íàčőďĺçěáłőľ čĺŕőâěğě, áőčńăáŋő łőâőàőľ, ďńï ńîąőľ ďőŕãáâĺňőľ äĺłáĺàőćăŋŋőľ

3“àăğňăğëćăŋĺï” ć ňőňěŋâ ćàěňěŋĺ t ěě ňĂłàőáőáâőïŋĺï ŕő ňĹłàőáőáâőïŋĺïň

—17— íŋěàčĺĺ E äăğőćăï âőçłă X^t íàčőďĺçěáłőľ áĺáâěňë ć (1.34), ŕàĺ t → ∞ ğăňěâăěâ (ŕàőąěčăěâ) ŕőçâĺ ćáě âőçłĺ ŕőďŕàőáâàăŋáâćă^4 ğăďăŋŋőľ íŋěàčĺĺ H(X) = E, ă âőçŋěě (łćăğĺíàčőďĺçěáłăï čĺŕőâěğă), ŕàőåőďĺâ áłőńì ãčőďŋő ąńĺğłő ł ńîąőľ ĺğ ŋĺå. Ĺğ ŋěě, ć áćőî őçěàěďì, ąëńă ćëćěďěŋă íàčőďĺçěáłăï âěőàěňă Ąĺàłčőäă ĺ äőŋ Ŋěľňăŋă, łőâőàăï čńăáĺâ, çâő: 1) áàěďŋěě ŕő ćàěňěŋĺ b(X^t, r) (1.34) ĺňěěâ őďŋő ĺ âő ęě ğŋăçěŋĺě ŕőçâĺ ćáîďã ć äăğőćőň ŕàőáâàăŋáâćě, â.ě. á âőçŋőáâìî ďő ňŋőęěáâćă ňěàë ŋãńì őŋő ŋě ğăćĺáĺâ őâ t_0 ĺ X^0 = {x^0_j }^{2s}_{j=1}, â.ě. ĺ őâ 2s−1 ĺŋâěčàăńőć ďćĺęěŋĺï áĺáâěňë (1.6) {x^0_j }^{2s−1}_{j=1} ∋ E, äĺłáĺàãîéĺå 1-ňěàŋãî łàĺćãî X^t(X^0) ěě Čăňĺńìâőŋőćőľ âàăěłâőàĺĺ (1.7) ć 2s-ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě {X}; 2) őŋő áőćŕăďăěâ áő áàěďŋĺň (1.32) ŕő àăćŋőćěáŋőňã ăŋáăňąńî^5 ŕőçâĺ ∀ t:

B(r, t) = ≪b(X^t, r)≫ =⇒_{ϱ(X)} ≪b(X^0, r)≫ ≡ B(r) ⇐⇒ b(X^t, r) = B(r). (1.35)

İàčőďĺçěáłăï čĺŕőâěğă, ŕőňĺňő (1.24), (1.29), ŕàěďŕőńăčăěâ âăłęě ňěâàĺçěáłãî ŋěàăğńőęĺňőáâì ďőáâãŕŋőčő áĺáâěňě äăğőćőčő őąêěňă ŋă ďćě ĺńĺ ąőńěě ĺŋćăàĺăŋâŋëě őąńăáâĺ ŋěŋãńěćőľ ňěàë. İâő ãęě ŕàăłâĺçěáłĺ ŋě őáâăćńïěâ èăŋáőć ďàãčĺň, łàőňě íŋěàčĺĺ, ŋěğăćĺáĺňëň ĺŋâěčàăńăň ďćĺęěŋĺï {x^0_j }^{2s−8}_{j=1} : ĺňěľáï âăłőľ ŋěğăćĺáĺňëľ ĺŋâěčàăń, őŋ őąïğăŋ ŕàĺŋĺňăâì åőâï ąë ďćă àăğŋëå ğŋăçěŋĺï ć àăğŋëå çăáâïå äăğőćőčő őąêěňă, ŋő íâő őğŋăçăńő ąë àăğńőęĺňőáâì ŕőáńěďŋěčő ŋă ďćě ĺŋćăàĺăŋâŋëě çăáâĺ. Őâáîďă ŕő áãâĺ ŋěŕőáàěďáâćěŋŋő [2] áńěďãěâ ãâćěàęďěŋĺě 1). Ďńï ďőłăğăâěńìáâćă 2) ďőáâăâőçŋő âőčďă ćğïâì äăğőćőě áàěďŋěě őâ áàěďŋěčő ŕő ćàěňěŋĺ B^τ (r) (1.34), ňěŋïï ŕőàïďőł íâĺå őŕěàăæĺľ, á ãçěâőň őŕàěďěńěŋĺľ b(X^t, r) ĺ ≪b(X^t, r)≫ (1.31)–(1.33), (1.12) ĺ âěőàěňë Ńĺãćĺńńï: 1·B(r) ⇐=_{τ →∞} ∫ {X} d^{2s}X^0ϱ(X^0, 0) B^τ (r) = 1 τ τ∫ 0 dt ∫ {X} d^{2s}X^tϱ(X^t, t) b(X^t, r) = 1 τ τ∫ 0 dtB(r, t) =⇒_{ϱ(X)} B(r). Őďŋăłő ďńï áĺáâěňë áćïğăŋŋëå ńĺŋěľŋëå őáæĺńńïâőàőć ĺ ďàãčĺå äĺğĺçěáłĺå áĺáâěň íàčőďĺçěáłăï čĺŕőâěğă őłăğăďăáì ŋě ćěàŋă. Šőčďă łăł ďőłăğăŋă âěőàěňă őą íàčőďĺçŋőáâĺ (Śĺŋăľ, 1970) ãęě ďńï áĺáâěň á N ≥ 2 çăáâĺæ, łőčďă ŋĺ ő łăłĺå áâăâĺáâĺçěáłĺå áćőľáâćăå čőćőàĺâì ěéě ŋě ŕàĺåőďĺâáï: őŋĺ ŕàőïćńïîâáï ńĺèì ŕàĺ N ≫ 1 (áň. (3.34), (4.44)).

Šăł çâő íàčőďĺçěáłăï čĺŕőâěğă áăňă ŕő áěąě ŋě ïćńïěâáï ŋĺ ŋěőąåőďĺňőľ, ŋĺ ďőáâăâőçŋőľ ďńï őąőáŋőćăŋĺï áâăâĺáâĺçěáłĺå áćőľáâć áĺáâěňë, ŕőáłőńìłã őŋă ŋě ďăěâ őâćěâă ŋă čńăćŋëľ ćőŕàőá: łăł ĺ ŋă łăłőľ áâăďĺĺ íćőńîæĺĺ áĺáâěňë ćőğŋĺłăîâ íâĺ áćőľáâćă ĺ áćïğăŋŋăï á ŋĺňĺ ňĂłàőáłőŕĺçěáłăï ŋěőąàăâĺňőáâì ěě àăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï?

4â.ě. ^G_t(X^0) (1.33) őâőąàăęăěâ ∀ t ćáě {X} ŕőçâĺ ŋă ćáě {X}, â.ł. X^t(X^0) ĺňěěâ ňěàã ŋãńì! 5â.ě. ŕàĺ ϱ(X, t) → ϱ(X) (1.29) őąă áŕőáőąă ãáàěďŋěŋĺï (1.32) ĺ (1.34) ďĺŋăňĺçěáłĺå äãŋłæĺľ ŕőçâĺ ćáîďã íłćĺćăńěŋâŋë. Ŋő: ≪E≫ ≢ E ∈ X^0 ĺğ İČ, ă X^t(X^0) ŋě ěáâì łàĺćăï Ŕěăŋő.

—18— Ďńï ăąáőńîâŋő âőçŋő ğăďăŋëå ŋăçăńìŋëå ãáńőćĺľ X^0 ŕàĺ t = t_0 ãàăćŋěŋĺï Čăňĺńìâőŋă (1.6) őďŋőğŋăçŋő ŕàěďáłăğëćăîâ ňĹłàőáőáâőïŋĺě X^t. Őďŋăłő ŕàĺ ğăďăŋĺĺ ŋăçăńìŋëå ňĹłàőãáńőćĺľ áő áłőńì ãčőďŋő ňăńőľ, ŋő łőŋěçŋőľ ŋěőŕàěďěńěŋŋőáâìî ΔX^0 ĺňěîâáï ďćě ćőğňőęŋőáâĺ: 1) àăáåőęďěŋĺě âàăěłâőàĺľ ΔX^t á âěçěŋĺěň ćàěňěŋĺ t őáâăěâáï áâőńì ęě ňăńëň; 2) àăáåőęďěŋĺě âàăěłâőàĺľ áő ćàěňěŋěň őłăğëćăěâáï áłőńì ãčőďŋő ąőńìèĺň. Ć ŕőáńěďŋěň áńãçăě čőćőàïâ ő ŋěãáâőľçĺćőáâĺ ňěåăŋĺçěáłőčő ďćĺęěŋĺï ĺ ő ŕěàěňěèĺćăŋĺĺ ć áĺáâěňě. Ŕàĺ őçěŋì ąőńìèőň, íłáŕőŋěŋæĺăńìŋőň àăáåőęďěŋĺĺ âàăěłâőàĺľ ĺňěěâ ňěáâő áâőåăáâĺğăæĺï: áĺáâěňă ąëáâàő – ğă ćàěňï àěńăłáăæĺĺ τ_0, “ğăąëćăěâ” áćőĺ ŋăçăńìŋëě ãáńőćĺï X^0, çâő őğŋăçăěâ ŋěŕàěďáłăğãěňőáâì ěě ŕőćěďěŋĺï ŋă őáŋőćě ďĺŋăňĺçěáłőľ âěőàĺĺ ĺ áĺńìŋőě ĺáłăęěŋĺě ŋăçăńìŋőľ äőàňë íńěňěŋâőć ěě äăğőćőčő őąêěňă ć äăğőćőň ŕàőáâàăŋáâćě. Šőçŋőáâì ğăďăŋĺï ňĂłàőŕăàăňěâàőć ΔE ŕàĺ íâőň ćőćáě ŋĺ łăł ŋě ğăćĺáĺâ őâ t. Šőčďă ěďĺŋáâćěŋŋő ćőğňőęŋëň őłăğëćăěâáï áâăâĺáâĺçěáłőě őŕĺáăŋĺě ńĺèì ŋăĺąőńěě ćěàőïâŋőčő ŕőćěďěŋĺï áĺáâěňë, â.ě. âőńìłő ěě áàěďŋĺå åăàăłâěàĺáâĺł. Ĺňěŋŋő ïćńěŋĺï ŋěãáâőľçĺćőáâĺ ĺ ŕěàěňěèĺćăŋĺï, ă ŋě íàčőďĺçŋőáâì áăňă ŕő áěąě, ńěęăâ ć őáŋőćě ćőğŋĺłŋőćěŋĺï áâăâĺáâĺçěáłĺå ğăłőŋőňěàŋőáâěľ^6.

Ŋő ć áăňĺå ãàăćŋěŋĺïå ďĺŋăňĺłĺ ŋě áőďěàęĺâáï ŋĺłăłőčő ňěåăŋĺğňă őčàãąńěŋĺï ŋăçăńìŋëå ňĹłàőãáńőćĺľ ΔX^0, ďăęě ěáńĺ íâő ďĺŋăňĺłă łćăŋâőćăï! Š.ě. ŕő őâŋőèěŋĺî ł ãàăćŋěŋĺïň (1.6) âăłăï ŕàőæěďãàă őčàãąńěŋĺï őłăğëćăěâáï ŋěłĺň ďőŕőńŋĺâěńìŋő ŕàĺćŋěáěŋŋëň “ŕàĺŋæĺŕőň”.

Ďàăňăâĺğň íâőčő èăčă ć łńăááĺçěáłőľ ňěåăŋĺłě ćáłàëćăěâáï ćőğćàăâŋőľ âěőàěňőľ Ŕãăŋłăàě ĺ Űěàňěńő, łőâőàăï ďěňőŋáâàĺàãěâ őâŋőáĺâěńìŋëľ áňëáń áăňőčő ŕőŋïâĺï ňĂłàőáłőŕĺçěáłőľ ŋěőąàăâĺňőáâĺ. Ĺąő á âőçłĺ ğàěŋĺï ďăęě Ěďĺŋáâćěŋŋőčő, ŋő ęĺćãéěčő ćěçŋő Ŋăąńîďăâěńï ŋĺłăłőľ ŋěőąàăâĺňőáâĺ ćőćáě ŋě áãéěáâćãěâ, ŕőáłőńìłã, áőčńăáŋő íâőľ âěőàěňě, ďńï áőćěàèăîéěľ äĺŋĺâŋőě ďćĺęěŋĺě N- çăáâĺçŋőľ áĺáâěňë, ŕàăłâĺçěáłĺ ńîąăï äăğőćăï âőçłă X^t(X^0) ŕő ĺáâěçěŋĺĺ ďőáâăâőçŋő ąőńìèőčő ŕàőňěęãâłă ćàěňěŋĺ t = τ_N (X^0, ϵ) ćőğćàăéăěâáï áłőńì ãčőďŋő ąńĺğłő ł áćőěňã ĺáåőďŋőňã ğŋăçěŋĺî:^|X^τN − X^{0|} < ϵ, ŕàĺçěň: τ_N (X^0, ϵ) → ∞, ŕàĺ ϵ → 0. Š.ě. ďćĺęěŋĺě âăłőľ áĺáâěňë ŋă áăňőň ďěńě łćăğĺŕěàĺőďĺçŋő, çâő őğŋăçăěâ, çâő áăňă ŕőďëŋâěčàăńìŋăï äãŋłæĺï b^(X^t(X^0), r^) ć (1.34) ğăćěďőňő ãęě ŋě ĺňěěâ ŕàěďěńă ŕàĺ t → ∞, łăł ć (1.38).

Šőçŋăï äőàňãńĺàőćłă íâőľ âěőàěňë âăłőćă: çĺáńő äăğőćëå âőçěł ĺğőńĺàőćăŋŋőľ áĺáâěňë, ć ěďĺŋĺæã ćàěňěŋĺ ąěğćőğćàăâŋő ŕőłĺďăîéĺå ŕàĺ áćőěň ďćĺęěŋĺĺ äĺłáĺàő-

6Ňőęŋő ŕőłăğăâì [1], çâő ŕěàěňěèĺćăŋĺě ãęě ŕàěďŕőńăčăěâ ňěâàĺçěáłãî ŋěàăğńőęĺňőáâì.

—19—

ćăŋŋëľ äăğőćëľ őąêěň^7 g = g(ϵ) “àăďĺãáă” ϵ, ć àăćŋőćěáĺĺ á âěçěŋĺěň ćàěňěŋĺ ąãďěâ ňěŋìèě ńîąőľ áłőńì ŋĺąãďì ğăňěâŋőľ ďőńĺ ŕőńŋőčő çĺáńă ěě äăğőćëå âőçěł.

Ďńï ďőłăğăâěńìáâćă àăááňőâàĺň äăğőćëľ ăŋáăňąńì, ćáě âőçłĺ łőâőàőčő ŋě ćëåőďïâ ğă ŕàěďěńë čĺŕěàŕőćěàåŋőáâĺ ŕőáâőïŋŋőľ íŋěàčĺĺ H(X) = E, őåćăâëćăîéěľ łőŋěçŋëľ äăğőćëľ őąêěň O(E). Ćëďěńĺň ć íâőň őąêěňě ŋěłőâőàëľ ňăńëľ őąêěň g(ϵ), őčàăŋĺçěŋŋëľ äĺłáĺàőćăŋŋőľ ŕőćěàåŋőáâìî σ. Ŕàőáńěďĺň ğă äăğőćëňĺ âőçłăňĺ, ćâěłăîéĺňĺ ĺ ćëâěłăîéĺňĺ ĺğ g çěàěğ σ. Śłőàőáâì V(X) (1.6) ŕěàěňěéěŋĺï äăğőćőľ âőçłĺ ŕő äăğőćőľ âàăěłâőàĺĺ ğăćĺáĺâ ïćŋő âőńìłő őâ äăğőćëå łőőàďĺŋăâ X: |V(X)| ≡ |∇_X H(X)|, âőçŋěě: (V(X))_j ≡ η_j (∇_X H(X))_{ℓ(j)}, ďńï ℓ(j) = j + η_j s, η_j = ±1, (3.63), (3.64), ĺ áőčńăáŋő (1.21), ŕàĺ j(X) = V(X)ϱ(X), çĺáńő âőçěł ∫ ( dσ_{(+)}(X) · V(X) ) ϱ(X), ćëâěłăîéĺå (+) ć ěďĺŋĺæã ćàěňěŋĺ çěàěğ äĺłáĺàőćăŋŋãî ŕőćěàåŋőáâì σ, ŋě ğăćĺáĺâ âőčďă őâ ćàěňěŋĺ. Ŕãáâì ąěğćőğćàăâŋő ćëâěłăîéĺě ĺğ g ć ěďĺŋĺæã ćàěňěŋĺ âőçłĺ ğăŋĺňăîâ ńĺèì (ŕőáâőïŋŋëľ!) őąêěň υ. Šőčďă, ąěğćőğćàăâŋő ćëâěłèĺľ ğă ćàěňï τ ĺå őąêěň τ υ ďőńęěŋ ŕőáâěŕěŋŋő ğăŕőńŋïâì őáâăńìŋãî çăáâì ŕőńŋőčő äăğőćőčő őąêěňă O(E) áĺáâěňë. Ŋő ŕő âěőàěňě Ńĺãćĺńńï “äăğőćăï ęĺďłőáâì” ŋěáęĺňăěňă, ŕőíâőňã ãęě ćëâěłèĺľ ĺğ g őąêěň ŋě ňőęěâ ŕàěćëèăâì âőâ őąêěň, ć łőâőàëľ őŋ ćâěłăěâ: τ υ < O(E) − g < O(E), â.ě. υ < O(E)/τ . Šăł łăł ŕőńŋëľ őąêěň O(E) łőŋěçěŋ, âő, ŕàĺ τ → ∞, íâő ŋěàăćěŋáâćő âàěąãěâ, çâőąë υ → 0. Ďńï ŕàőĺğćőńìŋő ňăńőčő g(ϵ) íâő âő, çâő ĺ âàěąőćăńőáì ďőłăğăâì.

Šăłĺň őąàăğőň, ďńï ńîąëå ĺğőńĺàőćăŋŋëå áĺáâěň á łőŋěçŋőľ íŋěàčĺěľ E ĺ łőŋěçŋëň çĺáńőň çăáâĺæ N ňĂłàőáłőŕĺçěáłăï ŋěőąàăâĺňőáâì ňőęěâ ĺňěâì ňěáâő ńĺèì ďńï őčàăŋĺçěŋŋëå ĺŋâěàćăńőć ćàěňěŋĺ. Őďŋăłő áłőńì ąë ćěńĺłĺ őŋĺ ŋĺ ąëńĺ, ďńï ěéě ąő́ńìèĺå ŕàőňěęãâłőć ćàěňěŋĺ ďőńęŋë ŕàőĺáåőďĺâì ćőğćàăâë ł ĺáåőďŋőňã áőáâőïŋĺî ĺ ćőááâăŋőćńěŋĺě ňĹłàőáłőŕĺçěáłőľ őąàăâĺňőáâĺ, łőâőàăï ğăńőęěŋă ć ĺňěîéěľáï áĺňňěâàĺĺ ãàăćŋěŋĺľ ďćĺęěŋĺï (1.6) őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ: ŕőáłőńìłã X^t =^^G_t(X^0) (1.7) ćńěçěâ X^0 =^^G_{−t}(X^t), q^0 =^~q(X^t, −t), ĺ â.ď.

Łăęãéěěáï ŕàőâĺćőàěçĺě ňěęďã ňĹłàőáłőŕĺçěáłőľ őąàăâĺňőáâìî ĺ ňĂłàőáłőŕĺçěáłőľ ŋěőąàăâĺňőáâìî áŋĺňăěâáï ŕőďàăğãňěćăěňëň ćáěčďă ć áâăâĺáâĺçěáłőľ äĺğĺłě äőàňăńìŋëň ŕěàěåőďőň ł âěàňőďĺŋăňĺçěáłőňã ŕàěďěńã (âàď. ŕàď.): N → ∞, V → ∞, n = N/V = const. Ŕàĺ íâőň áőőâćěâáâćãîéĺľ łćăğĺŕěàĺőď τ_N (X^0, ϵ) íłáŕőŋěŋæĺăńìŋő áâàěňĺâáï ł ąěáłőŋěçŋőáâĺ âăłęě ĺ á àőáâőň çĺáńă çăáâĺæ ć áĺáâěňě ĺ ŕàěćëèăěâ ńîąőě ňëáńĺňőě ćàěňï ŋăáâãŕńěŋĺï ňĂłàőáłőŕĺçěáłőľ ŋěőąàăâĺňőáâĺ (àěńăłáăæĺĺ) τ_0 ≪ τ_N (X^0, ϵ) → ∞, ŕàĺ N → ∞, ćłńîçăï ĺ ćàěňï ęĺğŋĺ Ćáěńěŋŋőľ: τ_U ≪ τ_N (X^0, ϵ) → ∞, ŕàĺ N → ∞.

([2], [4] §§4–9, [5] §60, [6] §§3,4, [7], [20], [36], ([32], [38].) Ğăďăçĺ

7â.ě. ŋĺłőčďă ąőńěě ŋě ćőğćàăéăîéĺåáï ć ŋěčő ć ŕőáńěďãîéĺě ňőňěŋâë ćàěňěŋĺ.

—20— 7.1. Ĺáåőďï ĺğ ãàăćŋěŋĺľ (1.6) á ãçěâőň ďĺááĺŕăâĺćŋëå áĺń F^d_i ŕőłăğăâì,

çâő: dH(X^t; t) dt = ∂H(X^t; t) ∂t +^{s∑}_{i=1} F^d_i q̇_i, ([32] §42).

7.2. Ďőłăğăâì ćâőàőě ĺğ ãàăćŋěŋĺľ (1.22) (ŋěŕàěàëćŋőáâĺ), áçĺâăï ć (1.21) O −→ O^t, ğăćĺáïéĺň őâ t ([4] §8).

7.3. Ŕàőćěàĺâì âěőàěňã Ńĺãćĺńńï ďńï ãŕàãčőčő áőãďăàěŋĺï ďćãå çăáâĺæ, ďćĺęãéĺåáï ŕő őďŋőľ ŕàïňőľ; ďńï ăąáőńîâŋő ŋěãŕàãčőčő ãďăàă ďćãå èăàőć ([4] §8). Ŕőłăğăâì, çâő ć (1.6): (V(X^t) · ∇_Xt ) X^t = V(X^t). 7.4. Łăłőćő áőáâőïŋĺě ŕőďáĺáâěň ã áĺáâěňë ć çĺáâőň áőáâőïŋĺĺ (1.13)? 7.5. Ďńï ŕàőĺğćőńìŋőľ äãŋłæĺĺ F(ϱ) ĺ ŕàőĺğćőńìŋőľ äăğőćőľ ŕńőâŋőáâĺ ϱ_H (X, t), ãďőćńěâćőàïîéěľ ãàăćŋěŋĺî Ńĺãćĺńńï (1.23), ŕàĺ ãáńőćĺïå, F(0) = 0, H(X) = K({p}) + Π({q}) ĺ H(X) → +∞, ŕàĺ |x_i| → ∞ ([4] §8),

ďőłăğăâì, çâő: d dt ∫ {X} d^{2s}X^0 F^(ϱ_H (X^0, t)^) = 0,

ĺ áàăćŋĺâì á: d dt ∫ {X} d^{2s}X^t F^(ϱ_H (X^t, t)^) =?, ďńï ńîąőľ F.

7.6. Ďőłăğăâì ŋěàăćěŋáâćő Čĺąąáă ďńï äãŋłæĺőŋăńőć Y ĺ^~Y őâ äãŋłæĺľ ϱ(X) ĺ^~ϱ(X), ãďőćńěâćőàïîéĺå ãáńőćĺïň: ∫ {X} d^{2s}X ϱ(X) = ∫ {X} d^{2s}X^~ϱ(X), ϱ(X),^~ϱ(X) ≥ 0 : Y ≥^~Y, (1.36)

čďě: Y = ∫ {X} d^{2s}X ϱ(X) lnϱ(X),^~Y = ∫ {X} d^{2s}X ϱ(X) ln^~ϱ(X), ććőďï äãŋłæĺî g(X) > 0 âăł, çâő ϱ(X) =^~ϱ(X)g(X), ĺ ãçĺâëćăï, çâő ∀ g > 0 ĺňěěň: g ln g − g + 1 =^{g∫}_1 ln fdf ≥ 0 [2].

7.7. Őŕàěďěńĺâì ïćŋëľ ćĺď ĺ åăàăłâěàŋëě áćőľáâćă äãŋłæĺĺ a_E(H):

a_E(H) = E+ΔE ∫ E dE δ(H − E), ĺ ŋăľâĺ: lim_{ΔE→0} a_E(H) ΔE . (1.37)

7.8. Ć çăň őâńĺçĺě łćăğĺíàčőďĺçěáłőľ čĺŕőâěğë őâ âěőàěňë Ŕãăŋłăàě- Űěàňěńő?

7.9. Ŋăľâĺ áàěďŋěě (1.34) őâ ďĺŋăňĺçěáłőľ äãŋłæĺĺ b^(X^t(X^0), r^) =^∑_n A_n(r) sin^{2 [}ω_n^(X^0, r^) t^] . (1.38)

Ńěłæĺï 2

Ňăâàĺæă ŕńőâŋőáâĺ łćăŋâőćőčő ăŋáăňąńï

Ć ŕàěďëďãéěľ ńěłæĺĺ ąëń ććěďěŋ ăŋáăňąńì łńăááĺçěáłĺå áĺáâěň, ğăďăćăěňëľ áćőěľ äãŋłæĺěľ äăğőćőľ ŕńőâŋőáâĺ ϱ (X; t) ć äăğőćőň ŕàőáâàăŋáâćě {X}. Ć łćăŋâőćőľ ňěåăŋĺłě őâďěńìŋőě çĺáâőě ňĹłàőáőáâőïŋĺě áĺáâěňë |φ_i⟩ ğăďăěâáï ěě ćőńŋőćőľ äãŋłæĺěľ φ_i^({x_a}^N_{a=1}^) = ⟨{x_a}^N_{a=1}|φ_i⟩, ãďőćńěâćőàïîéěľ N- çăáâĺçŋőňã ãàăćŋěŋĺî Ÿàěďĺŋčěàă. Őďŋăłő ďńï N ≫ 1 - çăáâĺçŋőľ áĺáâěňë ğăďăçă ŋăåőęďěŋĺï íâőľ ćőńŋőćőľ äãŋłæĺĺ çàěğćëçăľŋő áńőęŋă. Ąőńěě âőčő, ŕàĺ ğăďăŋŋëå ňĂłàőáłőŕĺçěáłĺå ŋăçăńìŋëå ãáńőćĺïå ćŋőćì ŋăľďěâáï őčàőňŋőě çĺáńő âăłĺå áőćňěáâĺňëå á íâĺňĺ ňĂłàőãáńőćĺïňĺ ćőńŋőćëå äãŋłæĺľ ňĹłàőáőáâőïŋĺľ, łăęďőľ ĺğ łőâőàëå ąãďãâ őâćěçăâì áćőĺ, őâńĺçăîéĺěáï ďàãč őâ ďàãčă łćăŋâőćőňěåăŋĺçěáłĺě áàěďŋĺě. Ć ĺâőčě, łăł ĺ ć łńăááĺçěáłőň áńãçăě, őďŋĺå âőńìłő çĺáâëå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ |φ_i⟩ őłăğëćăěâáï ŋěďőáâăâőçŋő ďńï őŕĺáăŋĺï łćăŋâőćőľ áâăâĺáâĺçěáłőľ áĺáâěňë. Ĺ ďńï ŋěě âăłęě ŋěőąåőďĺňő ććőďĺâì áňěèăŋŋëě ňĹłàőáőáâőïŋĺï, çìě ŕőáńěďőćăâěńìŋőě őŕĺáăŋĺě [41] ďăěâ

1 Śâăâĺáâĺçěáłĺľ őŕěàăâőà ĺńĺ Ňăâàĺæă ŕńőâŋőáâĺ

Ŕãáâì ćěłâőà |Ψ⟩ ğăďăěâ çĺáâőě áőáâőïŋĺě ĺğőńĺàőćăŋŋőľ ğăňłŋãâőľ łćăŋâőćőľ áĺáâěňë, áőáâőïéěľ ĺğ ŋěłőâőàőľ ŕőďáĺáâěňë 1 ĺ ěě őłàãęěŋĺï, – “âěàňőáâăâă” 2. Řăğńőęĺň íâő áőáâőïŋĺě ŕő ŕőńŋëň ŋăąőàăň ćěłâőàőć áőáâőïŋĺľ ŕőďáĺáâěňë |φ_i⟩ ĺ ćěłâőàőć áőáâőïŋĺľ “âěàňőáâăâă” |θ_J ⟩: |Ψ⟩ =^∑_{i,J} |φ_i⟩|θ_J ⟩C_{iJ} ,^∑_i |φ_i⟩⟨φ_i| =^^I_1,^∑_J |θ_J ⟩⟨θ_J | =^^I_2, ⟨θ_L|θ_J ⟩ = δ_{LJ} . (2.1) C_{iJ} - ăňŕńĺâãďă ćěàőïâŋőáâĺ âőčő, çâő ŕőďáĺáâěňă 1 őłăęěâáï ć áőáâőïŋĺĺ |φ_i⟩, łőčďă ěě őłàãęěŋĺě 2 ŕàěąëćăěâ ć áőáâőïŋĺĺ |θ_J ⟩;^^I_1,^^I_2 - ěďĺŋĺçŋëě őŕěàăâőàë ć ŕőďŕàőáâàăŋáâćăå áőáâőïŋĺľ íâĺå ŕőďáĺáâěň 1 ĺ 2.

—22— Ěáńĺ ŕőďáĺáâěňă 1 ňăńă, ŕő áàăćŋěŋĺî á âěàňőáâăâőň 2, âő ěčő ňĹłàőáőáâőïŋĺï á íŋěàčĺïňĺ E_J :^^H_2|θ_J ⟩ = E_J |θ_J ⟩ ŕàăłâĺçěáłĺ ŋě ğăćĺáïâ őâ íŋěàčĺĺ áőáâőïŋĺľ ŕőďáĺáâěňë 1. Őďŋăłő àăğńőęěŋĺě (2.1) ŕàěďŕőńăčăěâ ćőğňőęŋëň čőćőàĺâì âăłęě ĺ ő áŕěłâàě áőąáâćěŋŋëå ňĹłàőáőáâőïŋĺľ áăňőľ ŕőďáĺáâěňë 1:^^H_1|φ_i⟩ = E_i|φ_i⟩, â.ě. ěéě ĺ ő ěě łćăğĺğăňłŋãâőáâĺ, ćŕőńŋě őŕàăćďăŋŋőľ, ńĺèì ěáńĺ őŋă ŋăåőďĺâáï ć àăćŋőćěáĺĺ á âěàňőáâăâőň, łőâőàëľ âőčďă âăłęě áńăąő ćńĺïěâ ŋă ěě áőáâőïŋĺï, ĺ ĺå ćğăĺňőďěľáâćĺěň ε = |H_{int}| ≪ |H_1| ≪ |H_2| ćŋőćì ňőęŋő ŕàěŋěąàěçì.

Ŕàĺ T ≫ 0 ĺ ńîąőľ łőŋěçŋőľ ňĂłàőáłőŕĺçěáłőľ âőçŋőáâĺ ĺğňěàěŋĺï ΔE(E) ğŋăçěŋĺľ íŋěàčĺĺ âěàňőáâăâă E ć ĺŋâěàćăńě á íŋěàčĺïňĺ E_J ∈ (E, E + ΔE) ć áĺńã łćăğĺŋěŕàěàëćŋőáâĺ ěčő áŕěłâàă őłăęěâáï őčàőňŋőě çĺáńő ěčő ćőğňőęŋëå ňĹłàőáőáâőïŋĺľ |θ_J ⟩, őâćěçăîéĺå őďŋĺň ĺ âěň ęě ňĂłàőŕăàăňěâàăň àăćŋőćěáŋőčő áőáâőïŋĺï 1 ⊕ 2. Ńĺèì áăňőě ŋĺęŋěě, őáŋőćŋőě łćăŋâőćőě ňĹłàőáőáâőïŋĺě âěàňőáâăâă, ć łőâőàőě őŋ ŕěàěľďěâ ŕàĺ T → 0, ĺňěěâ áâàőčő őŕàěďěńěŋŋãî ňĂłàőíŋěàčĺî E_0 á ΔE(E_0) = 0.

Ŋăľďěň âěŕěàì őąëçŋőě łćăŋâőćőňěåăŋĺçěáłőě áàěďŋěě ŕő áőáâőïŋĺïň ŕőńŋőľ áĺáâěňë (2.1) őâ őŕěàăâőàă^^b ŋěłőâőàőľ ďĺŋăňĺçěáłőľ ćěńĺçĺŋë B, őâćěçăîéěčő ńĺèì ŕőďáĺáâěňě 1 ĺ ďěľáâćãîéěčő, őçěćĺďŋő, âőńìłő ć ŕőďŕàőáâàăŋáâćě ěě áőáâőïŋĺľ, á ňăâàĺçŋëňĺ íńěňěŋâăňĺ ⟨φ_l|^^b|φ_i⟩ = b_{li}: B = ⟨Ψ|^^b|Ψ⟩ =^∑_{i,J}^∑_{l,L} C^∗_{lL}⟨θ_L|⟨φ_l|^^b|φ_i⟩|θ_J ⟩C_{iJ} =⇒ (2.2) =⇒^∑_{i,J}^∑_{l,L} C^∗_{lL}C_{iJ} ⟨φ_l|^^b|φ_i⟩⟨θ_L|θ_J ⟩ =^∑_{i,J}^∑_{l,L} C^∗_{lL}C_{iJ} b_{li}δ_{LJ} =^∑_{i,J}^∑_l C^∗_{lJ} C_{iJ} b_{li}. Šăłĺň őąàăğőň, ďńï ćëçĺáńěŋĺï íâőčő áàěďŋěčő ŋăň ŋě ŋãęŋő ć (2.2) ğŋăâì őâďěńìŋëě áőáâőïŋĺï |θ_J ⟩ “âěàňőáâăâă” 2, ă ŋãęŋë ńĺèì őŕàěďěńěŋŋëě áãňňë ŕàőĺğćěďěŋĺľ ăňŕńĺâãď íâĺå áőáâőïŋĺľ ĺğ àăğńőęěŋĺï (2.1): ϱ_{il} =^∑_J C^∗_{lJ} C_{iJ} ≡^∑_J C_{iJ} C^∗_{lJ} =⇒ ⟨φ_i|^^ϱ|φ_l⟩, (2.3) łőâőàëě ďăńěě ňőęŋő áçĺâăâì ňăâàĺçŋëňĺ íńěňěŋâăňĺ ŋěłőâőàőčő őŕěàăâőàă ^ϱ, âăłęě ďěľáâćãîéěčő ãęě âőńìłő ć ŕőďŕàőáâàăŋáâćě áőáâőïŋĺľ ŕőďáĺáâěňë 1 (ĺŋďěłáë i, l), ŋő ãçĺâëćăîéěčő ćńĺïŋĺě ěě őłàãęěŋĺï – “âěàňőáâăâă” 2, ŕőáàěďáâćőň áãňňĺàőćăŋĺï ŕő J ć (2.3). Ŋă ňăâàĺçŋőň ïğëłě ćëàăęěŋĺě (2.2) ďńï áàěďŋěčő őâ őŕěàăâőàă^^b ŕàĺőąàěâăěâ ćĺď: ⟨Ψ|^^b|Ψ⟩ =^∑_{i,l} ϱ_{il}b_{li} =⇒^∑_i^{( ^}ϱ^^b^)_{ii} ≡ Sp{^^ϱ^^b} , (2.4) â.ě. á őŕàěďěńěŋŋëň áőčńăáŋő (2.3) őŕěàăâőàőň ^ϱ íâő áàěďŋěě (2.4) ňőęŋő ŕàěďáâăćĺâì ãęě łăł áâăâĺáâĺçěáłőě áàěďŋěě âőńìłő ďńï ŕőďáĺáâěňë 1:

—23— ⟨Ψ|^^b|Ψ⟩ =^∑_{i,l} ⟨φ_i|^^ϱ|φ_l⟩⟨φ_l|^^b|φ_i⟩ =^∑_i ⟨φ_i|^^ϱ^^b|φ_i⟩ = T r(^^ϱ^^b) = ≪^^b≫, (2.5) čďě ĺáŕőńìğőćăŋă ŕőńŋőâă (2.1) áőáâőïŋĺľ ŕőďáĺáâěňë 1 ďńï őŕěàăâőàőć, ďěľáâćãîéĺå âőńìłő ć ěě ŕőďŕàőáâàăŋáâćě, ă ćëàăęěŋĺě T r(^^ϱ^^b) őğŋăçăěâ áãňňã ďĺăčőŋăńìŋëå íńěňěŋâőć – áńěď (2.4) ňăâàĺçŋőčő ŕàěďáâăćńěŋĺï őŕěàăâőàŋőčő ŕàőĺğćěďěŋĺï ^ϱ^^b. Ĺğ őŕàěďěńěŋĺï (2.3) ïćŋő ćĺďŋő, çâő

ϱ^∗_{ki} ≡^( ^ϱ^{∗⊤)}_{ik} = ϱ_{ik}, â.ě.: ^ϱ^{∗⊤} ≡ ^ϱ^† = ^ϱ, â.ě.: (2.6)

^ϱ – áăňőáőŕàïęěŋŋëľ (íàňĺâőć) őŕěàăâőà, ă ěčő ďĺăčőŋăńìŋëě ňăâàĺçŋëě íńěňěŋâë ćěéěáâćěŋŋë ĺ ŕőńőęĺâěńìŋë:

⟨φ_i|^^ϱ|φ_i⟩ ≡ ϱ_{ii} =^∑_J |C_{iJ} |^2 ≡ w_i ≥ 0, ă, âăł łăł: (2.7)

⟨Ψ|Ψ⟩ = 1, âő: T r( ^ϱ) =^∑_i w_i = 1, â.ě.: ≪^^I_1≫ = 1, (2.8)

Śćőľáâćă (2.7), (2.8) ŕőğćőńïîâ ĺŋâěàŕàěâĺàőćăâì ďĺăčőŋăńìŋëľ íńěňěŋâ w_i őŕěàăâőàă^^ϱ łăł ćěàőïâŋőáâì âőčő, çâő ŕőďáĺáâěňă 1 ŋăåőďĺâáï ć i- âőň áőáâőïŋĺĺ á ćőńŋőćőľ äãŋłæĺěľ φ_i({x}) = ⟨{x}^s_1|φ_i⟩ íâőčő ŕàőĺğćőńìŋőčő ŕőńŋőčő ŋăąőàă (2.1) (s = Nd). Őŕěàăâőà^^ϱ áő áćőľáâćăňĺ (2.5)–(2.8) ŋăğëćăîâ áâăâĺáâĺçěáłĺň őŕěàăâőàőň ĺńĺ ňăâàĺæěľ ŕńőâŋőáâĺ.

Ć áĺńã íàňĺâőćőáâĺ őŕěàăâőàă ^ϱ ěčő áőąáâćěŋŋëě ćěłâőàë |χ_k⟩ âăłęě őąàăğãîâ ŕőńŋëľ őàâőčőŋăńìŋëľ ŋăąőà, ćőőąéě čőćőàï ŋěěďĺŋáâćěŋŋëľ^1: ^ϱ|χ_k⟩ = w_k|χ_k⟩,^∑_k |χ_k⟩⟨χ_k| =^^I_1, ⟨χ_j|χ_k⟩ = δ_{jk}, (2.9) âőčďă áâăâĺáâĺçěáłĺľ őŕěàăâőà ĺ ěčő áâěŕěŋĺ ňőęŋő ŕàěďáâăćĺâì ć ćĺďě:

^ϱ =^∑_k |χ_k⟩ w_k ⟨χ_k|,^∑_k w_k = 1, (^^ϱ)^n =^∑_k |χ_k⟩ (w_k)^n ⟨χ_k|. (2.10)

Őŕěàăâőà^^ϱ (2.10) őŕĺáëćăěâ áňěèăŋŋőě ňĹłàőáőáâőïŋĺě ŕőďáĺáâěňë 1, łőâőàőě, áőčńăáŋő (2.5), őâćěçăěâ çĺáâőňã ňĹłàőáőáâőïŋĺî |Ψ⟩ áőćőłãŕŋőľ łćăŋâőćőľ áĺáâěňë 1 ⊕ 2, ć őâńĺçĺě őâ łńăááĺçěáłőľ, çìě çĺáâőě áőáâőïŋĺě (1.13) ćáěčďă ŕőďàăğãňěćăěâ çĺáâëě áőáâőïŋĺï ěě ŕőďáĺáâěň. Ńĺèì ŕàĺ ćáěå łàőňě őďŋőčő w_{k>1} = 0, âăł, çâő ńĺèì w_{k=1} = 1, ŕőďáĺáâěňă 1 őłăęěâáï âăłęě ć çĺáâőň ňĹłàőáőáâőïŋĺĺ |χ_1⟩, ŕàőěłâőàőň ŋă łőâőàőě ïćńïěâáï âőčďă ěě ňăâàĺæă ŕńőâŋőáâĺ^^ϱ_1 = |χ_1⟩⟨χ_1|, ğăďăćăï âőčďă çĺáâő ďĺŋăňĺçěáłőě, ă ŋě ćěàőïâŋőáâŋőě őŕĺáăŋĺě ěě íćőńîæĺĺ:

1Ć áňëáńě ŕàĺňěàă (2.25) ĺ łàăâŋőáâĺ áŕěłâàă ^I|χ_k ⟩ = 1_{(k)}|χ_k ⟩ ěďĺŋĺçŋőčő őŕěàăâőàă ∀ |χ_k⟩. Śőčńăáŋő âěőàěňě Łńěľŋă–äőŋ Ŋěľňăŋă [39]: T r (^ϱ ln ^ϱ) ≡ ∑ k w_k ln w_k ≥ ∑ i w_i ln w_i (áà. (1.36)).

—24— |χ_1⟩ ≡ |χ⟩,^^ϱ_c = |χ⟩⟨χ|, ⟨χ|χ⟩ = 1,^^ϱ_c = (^^ϱ_c)^2 = (^^ϱ_c)^n , n > 2. (2.11) Ĺáŕőńìğãï ŋěğăćĺáĺňőáâì áńěďă őŕěàăâőàă őâ ćëąőàă ŕàěďáâăćńěŋĺï, áàăćŋĺň ćëàăęěŋĺï ďńï áàěďŋěčő ğŋăçěŋĺï őŕěàăâőàă^^b ć ěčő áőąáâćěŋŋőň ąăğĺáě |φ_i⟩ á ãçěâőň (2.7) ĺ ć ŕàěďáâăćńěŋĺĺ ćěłâőàőć |χ_k⟩ (2.9). Ŕàĺ^^b^† =^^b, ^b|φ_i⟩ = b_i|φ_i⟩, â.ě.^^b =^∑_i |φ_i⟩b_i⟨φ_i|, w_i = ⟨φ_i| ^ϱ|φ_i⟩, ⟨φ_i|φ_k⟩ = δ_{ik}, (2.12) ĺňěěň: ≪^^b≫ = T r( ^ϱ^^b) =^∑_i w_i b_i =^∑_k w_k⟨χ_k|^^b|χ_k⟩ ≡^∑_k w_k b^{(k)}, (2.13)

čďě: b^{(k)} ≡ ⟨χ_k|^^b|χ_k⟩ =^∑_i ⟨χ_k|φ_i⟩b_i⟨φ_i|χ_k⟩ ≡^∑_i b_i o^{(k)}_i , ďăîâ, ŕàĺ (2.14)

o^{(k)}_i = |⟨χ_k|φ_i⟩|^2, w_i =^∑_k w_k o^{(k)}_i , – “ďćăęďë ćěàőïâŋőáâŋőě” őŕĺáăŋĺě. (2.15) Ć (2.13) ≪^^b≫ ďăěâáï ĺńĺ łăł áàěďŋěě őâ áőąáâćěŋŋëå ğŋăçěŋĺľ b_i (2.12), àěăńĺğãěňëå á ćěàőïâŋőáâïňĺ w_i, ĺńĺ łăł áâăâĺáâĺçěáłőě áàěďŋěě őâ łćăŋâőćőňěåăŋĺçěáłĺå áàěďŋĺå b^{(k)} (2.14) őŕěàăâőàă^^b ŕő ăŋáăňąńî (2.10) çĺáâëå áőáâőïŋĺľ |χ_k⟩⟨χ_k| ŕőďáĺáâěňë 1, àěăńĺğãěňëå ć íâőň ăŋáăňąńě á ćěàőïâŋőáâïňĺ w_k. Ńĺèì ć áńãçăě áâăâĺáâĺçěáłĺ çĺáâőčő áőáâőïŋĺï á w_1 = 1, w_{k≠1} = 0, ≪^^b≫ áćőďĺâáï ł łćăŋâőćőňěåăŋĺçěáłőňã áàěďŋěňã, őŕàěďěńïěňőňã ãęě çĺáâő ďĺŋăňĺçěáłĺň łćăŋâőćëň őŕĺáăŋĺěň:

|χ_1⟩ =^∑_i |φ_i⟩⟨φ_i|χ_1⟩, ≪^^b≫ ⇒ b^{(1)} = ⟨χ_1|^^b|χ_1⟩ =^∑_i b_i o^{(1)}_i . (2.16) Š.ě. çĺáâőě áőáâőïŋĺě łćăŋâőćőľ ŕőďáĺáâěňë őŕĺáëćăěâáï ŋě ćěłâőàőň, ă őŕěàăâőàőň-ŕàőěłâőàőň^^ϱ_{c,k} (2.11) ŋă íâő áőáâőïŋĺě. Ćğăĺňőďěľáâćĺě á ďàãčőľ ŕőďáĺáâěňőľ (âěàňőáâăâőň) “àăğňěèĺćăěâ” íâĺ çĺáâëě łćăŋâőćëě ňĹłàőáőáâőïŋĺï ć ěě áňěèăŋŋőě ňĹłàőáőáâőïŋĺě^^ϱ (2.10) ăŋáăňąńï âăłĺå çĺáâëå áőáâőïŋĺľ, łăł ăŋáăňąńï ŋăåőďïéĺåáï ć ŋĺå ŕőďáĺáâěň (áà. (5.15)).

2 Şàăćŋěŋĺě äőŋ Ŋěľňăŋă

Ć ŕàěďáâăćńěŋĺĺ Ÿàěďĺŋčěàă ğăćĺáĺňőáâì ćěłâőàă áőáâőïŋĺï őâ ćàěňěŋĺ t ğăďăěâáï ãàăćŋěŋĺěň Ÿàěďĺŋčěàă ih̄∂_t|χ_k(t)⟩ =^^H|χ_k(t)⟩, íłćĺćăńěŋâŋëň ćëàăęěŋĺî: |χ_k(t)⟩ = exp^(−i^^Ht/h̄^) |χ_k(0)⟩. Ĺáŕőńìğãï ŕàěďáâăćńěŋĺě (2.10), ŋăľďěň ňăâàĺæã ŕńőâŋőáâĺ ^ϱ(t) łăł äãŋłæĺî t ć ćĺďě:

^ϱ(t) =^∑_k |χ_k(t)⟩w_k⟨χ_k(t)| = exp^(−i^^Ht/h̄^{) ^}ϱ(0) exp^(i^^Ht/h̄^) . (2.17)

Ďĺääěàěŋæĺàőćăŋĺěň ŕő t á ãçěâőň ŕěàěáâăŋőćőçŋőáâĺ^^H ĺ exp(i^^Ht/h̄), ŕőńãçĺň: ∂^^ϱ(t)/∂t = −(i^^H/h̄) exp(−i^^Ht/h̄)^^ϱ(0) exp(i^^Ht/h̄) + + exp(−i^^Ht/h̄)^^ϱ(0) exp(i^^Ht/h̄)(i^^H/h̄) = −(i/h̄)[^^H^^ϱ(t) −^^ϱ(t)^^H], (2.18) – ãàăćŋěŋĺě äőŋ Ŋěľňăŋă íćőńîæĺĺ áâăâĺáâĺçěáłőčő őŕěàăâőàă, ĺńĺ ć

—25— âěàňĺŋăå ěčő łőňňãâăâőàă á čăňĺńìâőŋĺăŋőň,^^H^^ϱ(t) −^^ϱ(t)^^H ≡ [^^H,^^ϱ(t)]: ∂ ^ϱ(t) ∂t = − i h̄ [^^H,^^ϱ(t)], ć őâńĺçĺě őâ:

d^^O_H (t) dt = i h̄ [^^H,^^O_H (t)]. (2.19) Š.ě. ăŋăńőčĺçŋő àăğńĺçĺî łńăááĺçěáłĺå ãàăćŋěŋĺľ Čăňĺńìâőŋă (1.9) ĺ Ńĺãćĺńńï (1.23), ãàăćŋěŋĺï ďćĺęěŋĺï őŕěàăâőàőć^^O_H(t) ĺğőńĺàőćăŋŋőľ łćăŋâőćőľ áĺáâěňë ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ ć (2.19) âăłęě őâńĺçăîâáï åăàăłâěàőň ŕàőĺğćőďŋőľ ĺ őâŋőáĺâěńìŋëň ğŋăłőň áâőàőŋ.

3 Őáŋőćŋőľ ŕőáâãńăâ łćăŋâőćőľ áâăâäĺğĺłĺ

Śńěďãï äőŋ Ŋěľňăŋã [41], ŋăńőęĺň ãáńőćĺï (1.30), (2.8) ŋă áőőâćěâáâćĺě ≪. . .≫ ňěęďã łćăŋâőćëňĺ őŕěàăâőàăňĺ^^b ĺ ŋăąńîďăěňëňĺ B. Ććőďï ć ŕàőĺğćőńìŋőň őàâőŋőàňĺàőćăŋŋőň ąăğĺáě (2.1), (2.12) ŕőďáĺáâěňë 1 őŕěàăâőàŋőğŋăçŋãî ňăâàĺæã ĺğ őŕěàăâőàőć^^Π ⇒^^Π_{li} = |φ_l⟩⟨φ_i| á àăćŋëň 1 ěďĺŋáâćěŋŋëň ŋěŋãńěćëň l, i-âëň ňăâàĺçŋëň íńěňěŋâőň, ĺ ∀^^b ğăŕĺáăć ć ŋěň:^^b ≡^^I_1^^b^^I_1 =^∑_{i,l} b_{li}^^Π_{li} á b_{li} = ⟨φ_l|^^b|φ_i⟩, ććěďěň ňăâàĺæã ϱ_{il}(t) = ≪^^Π_{li}≫. Šőčďă: ňĂłàőáőáâőïŋĺě ŕőďáĺáâěňë ć ňőňěŋâ ćàěňěŋĺ t ŕőńŋőáâìî őŕàěďěńïěâáï ğăďăŋĺěň áâăâĺáâĺçěáłőčő őŕěàăâőàă^^ϱ(t) – ňăâàĺæë ŕńőâŋőáâĺ ěě ňĹłàőáőáâőïŋĺľ, ă ŋăąńîďăěňăï B ěáâì áàěďŋěě ŕő âăłőňã áőáâőïŋĺî őâ őŕěàăâőàă^^b íâőľ ďĺŋăňĺçěáłőľ ćěńĺçĺŋë B, łőâőàőě ďăěâáï äőàňãńőľ (2.5), čďě á ãçěâőň ŕőńŋőâë (2.1), ŕàĺ

T r(^^ϱ) = ≪Sp{^^Π}≫^{!!}≡ ≪^^I_1≫ = 1 : B = ≪^^b≫ =^∑_{i,l} b_{li}ϱ_{il} ≡T r(^^b^^ϱ). (2.20) Łńăááĺçěáłĺľ ŕàěďěń h̄ → 0 ãàăćŋěŋĺï äőŋ Ŋěľňăŋă (2.19) ďăěâ ãàăćŋěŋĺě Ńĺãćĺńńï, á ãçěâőň ŕàăćĺńă áőőâćěâáâćĺï: (i/h̄)[^H, ^ϱ] → {H, ϱ}, ňěęďã łőňňãâăâőàőň ĺ áłőąłőľ Ŕãăááőŋă. Ŕàĺ íâőň äőàňãńë (2.20) ěáâěáâćěŋŋő ŕěàěåőďïâ ć łńăááĺçěáłĺě äőàňãńë ďńï äăğőćőčő áàěďŋěčő (1.32) ĺ ŋőàňĺàőćłĺ äăğőćőľ ŕńőâŋőáâĺ (1.33). Őďŋăłő ććěďěŋŋăï ćëèě ňăâàĺæă ŕńőâŋőáâĺ ŋě ĺňěěâ áćőĺň łńăááĺçěáłĺň ŕàěďěńőň ŋěŕőáàěďáâćěŋŋő äăğőćãî ŕńőâŋőáâì ϱ ({q^t}^s_1; {p^t}^s_1; t). Őďĺŋ ĺğ ňŋőčĺå áŕőáőąőć ěě ŕőńãçěŋĺï áőáâőĺâ ć ŕěàěåőďě ł äãŋłæĺĺ Ćĺčŋěàă, őŕàěďěńïîéěľ áâăâĺáâĺçěáłĺľ őŕěàăâőà ć áňěèăŋŋőň ⟨{q}^s_1|, |{p}^s_1⟩ ŕàěďáâăćńěŋĺĺ á ŕőňőéìî ãŕőàïďőçěŋŋőčő ŕő Ćěľńî őŕěàăâőàŋőčő ŕàěőąàăğőćăŋĺï Ťãàìě łőőàďĺŋăâŋőľ ňăâàĺæë ŕńőâŋőáâĺ, ^q_i áńěćă őâ ^p_i, ŕàĺ ^q_i → q^t_i , ^p_i → p^t_i: R^t ({x}^s_1; {y}^s_1) = ⟨{x}^s_1|^^ϱ(t)|{y}^s_1⟩ =^∑_k ⟨{x}^s_1|χ_k(t)⟩ w_k ⟨χ_k(t)|{y}^s_1⟩, ^W ({^^q}^s_1; {^^p}^s_1; t) = ∫ d^sz R^t ({^^q + z/2}^s_1 ; {^^q − z/2}^s_1) e^{−i(^p·z)/h̄}, ϱ (X; t) = ϱ ({q}^s_1; {p}^s_1; t) = ⟨{q}^s_1|^^W ({^^q}^s_1; {^^p}^s_1; t) |{p}^s_1⟩. (2.21)

—26—

4 Ŕàĺňěàë ňăâàĺæë ŕńőâŋőáâĺ

Řăááňőâàĺň, ŋăŕàĺňěà, ňăâàĺæã ŕńőâŋőáâĺ ďńï ŕőńïàĺğőćăŋŋőčő áćěâă. Ďńï ŕãçłă, àăáŕàőáâàăŋïîéěčőáï ćďőńì őáĺ Z, ććěďěň ćěłâőàë áőáâőïŋĺľ: |φ_1⟩ á ŕőńïàĺğăæĺěľ ćďőńì őáĺ X ĺ |φ_2⟩ – á ŋěľ ęě ćďőńì őáĺ Y :

|φ_1⟩ = 1 0 , |φ_2⟩ = 0 1 . (2.22)

Ńîąőě çĺáâőě áőáâőïŋĺě |Φ⟩ ěáâì őďŋőğŋăçŋăï ńĺŋěľŋăï áãŕěàŕőğĺæĺï íâĺå őàâőčőŋăńìŋëå ďàãč ďàãčã ćěłâőàőć |φ_1⟩ ĺ |φ_2⟩, ⟨φ_i|φ_j⟩ = δ_{ij} :

|Φ⟩ = C_1|φ_1⟩ + C_2|φ_2⟩ = C_1 C_2

, ⟨Φ| = (C^∗_1 , C^∗_2 ) , (2.23)

á ăňŕńĺâãďăňĺ C_1 = ⟨φ_1|Φ⟩, C_2 = ⟨φ_2|Φ⟩, ŕàĺ ⟨Φ|Φ⟩ = |C_1|^2 + |C_2|^2 = 1. 1. Ŋăľďěň ňăâàĺçŋëě íńěňěŋâë ^ϱ ć âăłőň çĺáâőň áőáâőïŋĺĺ ^ϱ_c = |Φ⟩⟨Φ|: (^^ϱ_c)_{il} = ⟨φ_i|^^ϱ_c|φ_l⟩ =⇒ ⟨φ_i|Φ⟩⟨Φ|φ_l⟩, â.ě. ŕàĺ: C_1 = cos ϑ, C_2 = sin ϑ. Š.ł.: ^ϱ_c = |Φ⟩⟨Φ| =⇒_{!!!} C_1 C_2

(C^∗_1 , C^∗_2 ) =

C_1C^∗_1 C_1C^∗_2 C_2C^∗_1 C_2C^∗_2 =^^ϱ_{c,ϑ}, âő: áćěâã, ŕőńïàĺğőćăŋŋőňã ćďőńì őáĺ X, ŕàĺ ϑ = 0 (C_1 = 1; C_2 = 0), őâćěçăěâ ňăâàĺæă ŕńőâŋőáâĺ: ^ϱ^X_c = 1 0 0 0 =^^ϱ_{c,0} ⇒ |φ_1⟩⟨φ_1|, áőáâőïŋĺî ŕőńïàĺğăæĺĺ ćďőńì őáĺ Y , ŕàĺ ϑ = π/2 (C_1 = 0; C_2 = 1): ^ϱ^Y_c = 0 0 0 1 =^^ϱ_{c,π/2} ⇒ |φ_2⟩⟨φ_2|, áőáâőïŋĺî ŕőńïàĺğăæĺĺ ŕőď ãčńőň ϑ = π/4 ł őáĺ X (C_1 = C_2 = 1/ √ 2): ^ϱ_{c,π/4} = 1/2 1/2 1/2 1/2 ⇒ |Φ_{π/4}⟩⟨Φ_{π/4}|, ă ŕőńïàĺğăæĺĺ ŕőď ãčńőň ϑ = 3π/4 ł őáĺ X (C_1 = −C_2 = −1/ √ 2): ^ϱ_{c,3π/4} = 1/2 −1/2 −1/2 1/2 ⇒ |Φ_{3π/4}⟩⟨Φ_{3π/4}|.

—27— 2. Śőčńăáŋő (2.10), áňěèăŋŋëě áőáâőïŋĺï ňőęŋő ŕàĺčőâőćĺâì, “áňěèăć” íâĺ çĺáâëě áőáâőïŋĺï á áőőâćěâáâćãîéĺňĺ ćěáăňĺ w_k:

^ϱ =^∑_k w_k^^ϱ_{c,k},^∑_k w_k = 1. (2.24)

Ďńï ŕãçłă, ïćńïîéěčőáï áňěáìî áőáâőïŋĺľ 0, 5ϱ^X_c ĺ 0, 5ϱ^Y_c , ĺńĺ ďńï áňěáĺ 0, 5^^ϱ_{c,π/4} á 0, 5^^ϱ_{c,3π/4}, ŕàĺåőďĺň ł őďŋőľ ĺ âőľ ęě ňăâàĺæě ŕńőâŋőáâĺ^^ϱ:

^ϱ = 0, 5^^ϱ^X_c + 0, 5^^ϱ^Y_c = 0, 5^^ϱ_{c,π/4} + 0, 5^^ϱ_{c,3π/4} = 1/2 0 0 1/2

, (2.25)

ĺ íâĺ ďćă áňěèăŋŋëå áőáâőïŋĺï őłăğëćăîâáï äĺğĺçěáłĺ ŋěàăğńĺçĺňë:^^ϱ ć (2.25) ŕàěďáâăćńïěâ ěďĺŋãî áňěáì çĺáâëå áőáâőïŋĺľ á őâŋőáĺâěńìŋëň ãčńőň ŕőńïàĺğăæĺĺ π/2 ĺ ćěáăňĺ w_1 = w_2 = 0, 5. Š.ě. ć íâőň ěďĺŋőň áňěèăŋŋőň áőáâőïŋĺĺ ãâěàïŋă çăáâì ĺŋäőàňăæĺĺ ő áŕőáąě ŕàĺčőâőćńěŋĺï áĺáâěňë, ŕő áàăćŋěŋĺî á ńîąëň ĺğ ěě çĺáâëå áőáâőïŋĺľ (2.23).

Ńîąăï íàňĺâőćă 2 × 2 ňăâàĺæă á ěďĺŋĺçŋëň áńěďőň ŕàěďáâăćĺ́ňă łőňąĺŋăæĺěľ ěďĺŋĺçŋőľ 1 ĺ âàěå ňăâàĺæ Ŕăãńĺ σ^† = σ ⇒ (σ_{1,2,3}) [30]§50: 1 = 1 0 0 1 , σ_1 = 0 1 1 0 , σ_2 = 0 −i i 0 , σ_3 = 1 0 0 −1

, (2.26)

σ^2_j = 1, T r(σ_j ) = 0,^^ϱ = 1 2 [1 + (ξ · σ)] ≡ 1 2 1 + ξ_3 ξ_1 − iξ_2 ξ_1 + iξ_2 1 − ξ_3

. (2.27)

Őçěćĺďŋő, T r(^^ϱ) = 1. Šőčďă ďńï ńîąőľ âăłőľ íàňĺâőćőľ ňăâàĺæë ćěłâőà 3-å ćěéěáâćěŋŋëå ŕăàăňěâàőć Śâőłáă ξ → (ξ_{1,2,3}) (ćňěáâő ĺňěćèĺåáï 8) ŕőńŋőáâìî åăàăłâěàĺğãěâ áőáâőïŋĺě áő áňěèăŋŋőľ ŕőńïàĺğăæĺěľ: σ_lσ_j = ϵ_{ljk}σ_k | | | | l≠j , ξ_j = 1 2 T r (^^ϱσ_j) , det(^^ϱ) = 1 4 ( 1 − ξ^{2)} . (2.28)

Ć çĺáâőň áőáâőïŋĺĺ det( ^ϱ) = 0, â.ě. ξ^2 = 1, ă áâěŕěŋì ŕőńïàĺğăæĺĺ áňěèăŋŋőčő áőáâőïŋĺï ξ^2 < 1. Ďěľáâćĺâěńìŋő, â.ł. áőąáâćěŋŋëě ğŋăçěŋĺï íâőľ ňăâàĺæë^^ϱ: 0 < w_1, w_2 < 1, T r(^^ϱ) = w_1 + w_2 = 1, det(^^ϱ) = w_1w_2, âő:

ξ^2 = 1 − 4 det(^^ϱ) = (w_1 + w_2)^2 − 4w_1w_2 = (w_1 − w_2)^2 ≤ 1. (2.29)

([6] §5, [7], [9], [39], [41]) Ğăďăçĺ 8.1. Ĺáŕőńìğãï (2.10), (2.11), ŕàĺ n ≥ 2, ŕőłăğăâì, çâő T r ( ^ϱ^n) ≤ 1, čďě àăćěŋáâćő őâćěçăěâ âőńìłő çĺáâőňã áőáâőïŋĺî.

8.2. Ŋăľâĺ őąéĺľ ćĺď ξ ĺ |Ω⟩, âăłĺå, çâő ďńï ňăâàĺæë (2.27)^^ϱ|Ω⟩ = 0.

Ńěłæĺï 3

Ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě

Ŕěàěľďěň ł ĺğãçěŋĺî łőŋłàěâŋëå àăćŋőćěáŋëå áâăâĺáâĺçěáłĺå áĺáâěň. Śőőâćěâáâćãîéăï łńăááĺçěáłăï áâăâĺáâĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ϱ(X) ŕőďçĺŋïěâáï áâăæĺőŋăàŋőňã ãàăćŋěŋĺî Ńĺãćĺńńï (1.24) ĺ, áőčńăáŋő (1.29), ïćńïěâáï ŋěłőâőàőľ äãŋłæĺěľ, ϱ(X) = w (H(X)), âőńìłő őâ čăňĺńìâőŋĺăŋă áĺáâěňë. Šő ęě őâŋőáĺâáï ĺ ł ãàăćŋěŋĺî äőŋ Ŋěľňăŋă ďńï ňăâàĺæë ŕńőâŋőáâĺ àăćŋőćěáŋőčő, áãâì áâăæĺőŋăàŋőčő ňĂłàőáőáâőïŋĺï: ∂^^ϱ ∂t = 0, â.ě. [^^H,^^ϱ] = 0 ⇐= [^^H, ln^^ϱ],^^ϱ = w(^^H). (3.1)

Őďŋăłő íâő ŕőçâĺ ŋĺłăł ŋě őąńěčçăěâ ğăďăçã ŋăåőęďěŋĺï ϱ(X) ĺńĺ^^ϱ ć łńăááě, ćőőąéě čőćőàï, őąőąéěŋŋëå äãŋłæĺľ, âăł łăł őáâăěâáï ŕàőĺğćőń ć ćëąőàě áăňőľ äãŋłæĺĺ w(E). Ŋă ŕőňőéì ŕàĺåőďïâ íćàĺáâĺçěáłĺě áőőąàăęěŋĺï, ïćŋő áäőàňãńĺàőćăŋŋëě Ř. Šőńňěŋőň, łăł

1 Ŕàĺŋæĺŕ àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ

Řăááňőâàĺň ćŋőćì ĺğőńĺàőćăŋŋãî łćăŋâőćőňěåăŋĺçěáłãî áĺáâěňã, ğăłńîçěŋŋãî ć áőáãď őąêěňőň V ≫ V_{ňőń} ∼ 10^{−24}áň^3, á çĺáńőň çăáâĺæ N ≫ 1. Ć àăćŋőćěáĺĺ âăłăï áĺáâěňă ňĂłàőáłőŕĺçěáłĺ åăàăłâěàĺğãěâáï ŕőáâőïŋŋőľ íŋěàčĺěľ E. Ŕàăłâĺçěáłĺ ęě íâő őğŋăçăěâ, çâő ŋěőŕàěďěńěŋŋőáâì ΔE(E) ěě íŋěàčĺĺ ňĂłàőáłőŕĺçěáłĺ ŋěŋăąńîďăěňă: ΔE ≪ E. Ŋő ã áĺáâěňë á őčàőňŋëň çĺáńőň áâěŕěŋěľ áćőąőďë çĺáńő ňĹłàőáőáâőïŋĺľ ŋă ěďĺŋĺçŋőň íŋěàčěâĺçěáłőň ĺŋâěàćăńě ŋăáâőńìłő ćěńĺłő, çâő áàěďŋěě àăááâőïŋĺě ňěęďã ŋĺňĺ δ(E_m) ≪ ΔE, ă ŕőâőňã íâőâ ňĂłàőáłőŕĺçěáłĺ ňăńëľ ĺŋâěàćăń íŋěàčĺĺ ΔE ěéě áőďěàęĺâ őčàőňŋőě ňŋőęěáâćő àăğńĺçŋëå áőąáâćěŋŋëå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ áĺáâěňë |m⟩ áő áŕěłâàőň íŋěàčĺľ E_m ć ĺŋâěàćăńě E < E_m < E + ΔE ĺ ŕőńŋëň ŋăąőàőň {m} łćăŋâőćëå çĺáěń, åăàăłâěàĺğãîéĺå łăęďőě ĺğ íâĺå ňĹłàőáőáâőïŋĺľ.

—29— Ŕőáłőńìłã ŋĺ őďŋő ĺğ âăłĺå őâďěńìŋëå ŋěćëàőęďěŋŋëå ňĹłàőáőáâőïŋĺľ |m⟩ ňĂłàőáłőŕĺçěáłĺ ŋĺçěň ŋě ćëďěńěŋő, ã ŋăá ŋěâ őáŋőćăŋĺľ áçĺâăâì, çâő ćłńăď íâĺå áőáâőïŋĺľ ć ăŋáăňąńì àăğńĺçěŋ. Ŕőíâőňã ćáěň ŋěćëàőęďěŋŋëň łćăŋâőćëň ňĹłàőáőáâőïŋĺïň |m⟩, áőćňěáâĺňëň á ďăŋŋëňĺ ňĂłàőãáńőćĺïňĺ, ěáâěáâćěŋŋő ŕàĺŕĺáăâì ĺğŋăçăńìŋő őďĺŋăłőćëě ěďĺŋĺçŋëě ćěáă a_E(E_m), ă ğŋăçĺâ, ĺ àăćŋëě ćěàőïâŋőáâĺ, ă ćáěň ŋěáőćňěáâĺňëň – ŋãńěćëě ćěáă ĺ ćěàőïâŋőáâĺ. İâő ĺ ěáâì ŕàĺŋæĺŕ Šőńňěŋă àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ ďńï ňĹłàőłăŋőŋĺçěáłőčő łćăŋâőćőčő ăŋáăňąńï ŕàĺ δ(E_m) ≪ ΔE(E) ≪ E (Řĺá. 3.1) (áà. á (1.37)):

a_E(E_m) = 1, E_m ∈ (E, E + ΔE) 0, E_m /∈ (E, E + ΔE) = θ(E + ΔE − E_m) θ(E_m − E) . (3.2) Šőčďă àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ âőčő ĺńĺ ĺŋőčő ŋěćëàőęďěŋŋőčő ňĹłàőáőáâőïŋĺï ĺğőńĺàőćăŋŋőľ áĺáâěňë łăł ďĺăčőŋăńìŋëå íńěňěŋâőć ňăâàĺæë ŕńőâŋőáâĺ w_m = ϱ_{mm} âăłőčő ňĹłàőłăŋőŋĺçěáłőčő łćăŋâőćőčő ăŋáăňąńï, åăàăłâěàĺğãěňőčő ć (1.37) íŋěàčěâĺçěáłőľ èĺàĺŋőľ ΔE, ěáâì:

w_m ⇒ w_Ω(E_m) = a_E(E_m) Ω(E, ΔE) ≡ 1 Ω(E, ΔE) E+ΔE ∫ E dE^′ δ(E_m − E^′) . (3.3)

Ŕőáâőïŋŋãî Ω(E, ΔE) ŋăľďěň ĺğ ãáńőćĺï ŋőàňĺàőćłĺ, čďě áőčńăáŋő (3.2), ćëàőęďěŋŋëě ŕő íŋěàčĺĺ E_m áőáâőïŋĺï áĺáâěňë {|m⟩_i}^g_{i=1} ćłńăďëćăîâ ć áãňňã áâőńìłő àăğ, łăłőćă ĺå őąéăï łàăâŋőáâì ćëàőęďěŋĺï g(E_m):

1 =^∑_m w_m =^∑_E m g∑ i=1 w_Ω(E_m) =⇒^∑_E m g(E_m)w_Ω(E_m), őâłãďă: (3.4)

Ω(E, ΔE) =^∑_m a_E(E_m) =^∑_E m g(E_m) a_E(E_m) . (3.5) Ćěńĺçĺŋă Ω ŋăğëćăěâáï áâăâĺáâĺçěáłĺň ćěáőň ňĂłàőáőáâőïŋĺï áĺáâěňë ĺ àăćŋă çĺáńã ěě łćăŋâőćëå ňĹłàőáőáâőïŋĺľ, áőąáâćěŋŋëě ğŋăçěŋĺï íŋěàčĺľ łőâőàëå ŕőŕăďăîâ ć ĺŋâěàćăń (E, E + ΔE). Ŕőáłőńìłã, ŕàĺ łćăŋâőćăŋĺĺ íŋěàčĺĺ ć ïéĺłě őąêěňőň V = L^3: E_m ∝ q^2_n, q_n = 2πn/L, ĺ E_m = E_m(V ), âő áâăâĺáâĺçěáłĺľ ćěá ğăćĺáĺâ őâ ňĂłàőáłőŕĺçěáłĺå ŕăàăňěâàőć: Ω = Ω(E, V, N; ΔE). Őŋ ïćńïěâáï őáŋőćŋőľ åăàăłâěàĺáâĺłőľ, őŕàěďěńïîéěľ âěàňőďĺŋăňĺçěáłĺě áćőľáâćă ĺğőńĺàőćăŋŋőľ áĺáâěňë^1.

1ĺ ďăěâáï çĺáńőň ćáěå ňĹłàőáőáâőïŋĺľ, ŕàěďáâăćńïîéĺå ďăŋŋőě àăćŋőćěáŋőě ňĂłàőáőáâőïŋĺě, ă ć áĺńã (3.5) ŕàĺ ΔE = 0 ňőęěâ áćőďĺâìáï ł łàăâŋőáâĺ ćëàőęďěŋĺï g(E_m) őďŋőčő (ŋăŕàĺňěà, őáŋőćŋőčő) ňĹłàőáőáâőïŋĺï á ďăŋŋőľ íŋěàčĺěľ E_m ⇒ E, â.ě. ΔE ⇒ ΔE(E).

—30—

2 Ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ

Őáâăćĺć ďńï ŕàőáâőâë ńĺèì ŋěğăćĺáĺňëě ŕăàăňěâàë E ĺ V àăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï ĺğőńĺàőćăŋŋőľ áĺáâěňë áàăćŋĺň ďĺääěàěŋæĺăń íŋâàőŕĺĺ dS ć ãàăćŋěŋĺĺ II-čő Ŋăçăńă âěàňőďĺŋăňĺłĺ (1.1) ŕàĺ U → E: dS(E, V ) = 1 T dE + P T dV, á ŕőńŋëň ďĺääěàěŋæĺăńőň: (3.6)

d ln Ω(E, V ) =

( ∂ ln Ω ∂E ) V dE + ( ∂ ln Ω ∂V ) E dV. Šőčďă ŕőńăčăï: (3.7)

S = k ln Ω ĺ ŕàĺ: 1 T = ( ∂S ∂E ) V = ( ∂k ln Ω ∂E ) V ĺňěï: (3.8) P T = ( ∂S ∂V ) E = ( ∂k ln Ω ∂V ) E = ∂ (k ln Ω, V ) ∂ (V, E) · ∂ (ln Ω, E) ∂ (ln Ω, V ) = − 1 T · ( ∂E ∂V ) ln Ω

, (3.9)

ãğŋăñň ć (3.7) íâő ęě őáŋőćŋőě ãàăćŋěŋĺě âěàňőďĺŋăňĺłĺ (3.6) łăł ( ∂E ∂ ln Ω ) V d ln Ω = dE − ( ∂E ∂V ) ln Ω⇒S dV =⇒ T dS = dE + P dV. (3.10) Ťőàňãńë (3.8), (3.9) áćïğëćăîâ ňĹłàőłăŋőŋĺçěáłĺľ ăŋáăňąńì á âěàňőďĺŋăňĺłőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë. Ŕőáâőïŋŋăï Ąőńìæňăŋă k ≡ k_B = 1, 38 · 10^{−23}Ďę/Ł őąěáŕěçĺćăěâ âěàňőďĺŋăňĺçěáłãî àăğňěàŋőáâì íŋâàőŕĺĺ Ďę/Ł. Ďńï ąěğàăğňěàŋőľ ćěńĺçĺŋë íŋâàőŕĺĺ âěňŕěàăâãàă θ = kT ĺňěěâ àăğňěàŋőáâì íŋěàčĺĺ. Ťőàňãńă Ąőńìæňăŋă (3.8) ďăěâ őďŋő ĺğ áâăâĺáâĺçěáłĺå őŕàěďěńěŋĺľ íŋâàőŕĺ́ĺ àăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï, łăł ńőčăàĺäňĺçěáłőľ ňěàë çĺáńă ŕàěďáâăćńïîéĺå ěčő ňĹłàőáőáâőïŋĺľ: S(E, V, N) = k ln Ω(E, V, N; ΔE), Ω(E, V, N; ΔE) = e^{S(E,V,N )/k}. (3.11) Őďŋăłő äãŋłæĺï ln Ω ŕőłă ŋĺçěň ŋě őŕàăćďăŋă. Ěě ãňěáâŋőáâì ćëïćńïěâáï àăááňőâàěŋĺěň ŋěàăćŋőćěáŋőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë, áőáâăćńěŋŋőľ ĺğ ďćãå ãęě àăćŋőćěáŋëå ŕőďáĺáâěň 1 ĺ 2, çìï àěńăłáăæĺï ł àăćŋőćěáĺî áőŕàőćőęďăěâáï ãćěńĺçěŋĺěň ěě íŋâàőŕĺĺ łăł ňěàë çĺáńắ ćáěå ďőáâãŕŋëå ěľ ňĹłàőáőáâőïŋĺľ, ă àăćŋőćěáŋőňã ňĂłàőáőáâőïŋĺî őâćěçăěâ ĺå ňăłáĺňãň, â.ě. ňăłáĺňãň ěě áâăâĺáâĺçěáłőčő ćěáă: δΩ = 0. Ŋő áŕěłâàë E_{1m,2n} ≈ E_{1,2} áőáâőïŋĺľ àăćŋőćěáŋëå ňĂłàőŕőďáĺáâěň ĺ ćŋě ĺå őąéěčő àăćŋőćěáĺï őáâăîâáï ŕàăłâĺçěáłĺ ŋěğăćĺáĺňë, ă áâăâĺáâĺçěáłĺľ ćěá ćáěľ ŋěàăćŋőćěáŋőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë ćáě ěéě áćőďĺâáï ł ŕàőĺğćěďěŋĺî áâăâćěáőć ěě àăćŋőćěáŋëå ňĂłàőŕőďáĺáâěň, ĺ âő ęě – ďńï ćěàőïâŋőáâěľ (3.3) ďőáâãŕŋëå ĺň ňĹłàőáőáâőïŋĺľ:

Ω =⇒ Ω_1 Ω_2, çâő ŕő (3.3) ĺ őğŋăçăěâ: w_Ω(E_{mn}) = w_{Ω1}(E_{1m}) w_{Ω2}(E_{2n}), (3.12)

—31— łăł ĺå áâăâĺáâĺçěáłãî ŋěğăćĺáĺňőáâì (1.26) ďăęě ć “őâłńőŋěŋŋëå őâ àăćŋőćěáĺï” ňĹłàőáőáâőïŋĺïå ćáěľ ĺğőńĺàőćăŋŋőľ áĺáâěňë^2. Šőčďă ln Ω ĺ íŋâàőŕĺï (3.11) ěáâì ăďďĺâĺćŋëě äãŋłæĺĺ őâ íŋěàčĺľ łăęďőľ ĺğ ŕőďáĺáâěň S^{ne}(E_1, E_2) ≠ S(E). Ďńï ňăńëå őâłńőŋěŋĺľ őâ àăćŋőćěáĺï ĺğ (3.12): ln Ω = ln Ω_1 + ln Ω_2, â.ě.: S^{ne}(E_1, E_2) = S_1(E_1) + S_2(E_2), (3.13) ĺ: 0 ⇐ δΩ ≡ Ωδ ln Ω = δ [Ω_1 (E_1, V_1) Ω_2 (E_2, V_2)] ≡ Ω_1Ω_2 δ ln (Ω_1Ω_2) ,

čďě (áà. (3.7)), ŕàĺ i = 1, 2 : δ ln Ω_i (E_i, V_i) =

∂ ln Ω_i ∂E_i δE_i + ∂ ln Ω_i ∂V_i δV_i. Ŕàĺ E_{mn} = E_{1m} + E_{2n} ≈ E_1 + E_2 = E = const ĺ V_1 + V_2 = V = const, ć áĺńã ŕàőĺğćőńìŋőáâĺ ćăàĺăæĺľ δE_1 = −δE_2, δV_1 = −δV_2, íâő ďăěâ:

δΩ = Ω_1Ω_2 [( ∂ ln Ω_1 ∂E_1 − ∂ ln Ω_2 ∂E_2 ) δE_1 + ( ∂ ln Ω_1 ∂V_1 − ∂ ln Ω_2 ∂V_2 ) δV_1 ] =⇒ 0, 1 kT_1 ≡ ∂ ln Ω_1 ∂E_1 = ∂ ln Ω_2 ∂E_2 ≡ 1 kT_2 , P_1 kT_1 ≡ ∂ ln Ω_1 ∂V_1 = ∂ ln Ω_2 ∂V_2 ≡ P_2 kT_2 . (3.14)

Ňë ãğŋăñ́ň ć (3.14) ãáńőćĺï àăćŋőćěáĺï ďćãå çăáâěľ őďŋőàőďŋőľ áĺáâěňë: T_1 = T_2, P_1 = P_2, (3.15) ěáńĺ àăćěŋáâćă (3.8), (3.9) ĺňěîâ ňěáâő ďńï łăęďőľ ĺğ ŕőďáĺáâěň 1 ĺ 2.

3 Łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě

İŋěàčěâĺçěáłĺľ áŕěłâà ňĂłàőáĺáâěňë áőčńăáŋő ŕãŋłâã 1 ïćńïěâáï łćăğĺŋěŕàěàëćŋëň, ĺ ěéě ąőńìèě łćăŋâőćëå ňĹłàőáőáâőïŋĺľ Ω(E, dE) ŕőŕăďăěâ ć äĺğĺçěáłĺ ąěáłőŋěçŋő ňăńëľ ĺŋâěàćăń ěě íŋěàčĺľ E ≫ dE ≫ ΔE. Ććőďï íŋěàčěâĺçěáłãî ŕńőâŋőáâì D(E, V, N) áőáâőïŋĺľ łăł ĺå çĺáńő ŋă ěďĺŋĺçŋőň ĺŋâěàćăńě íŋěàčĺĺ, ŋăľďěň áâăâĺáâĺçěáłĺľ ćěá áĺáâěňë łăł çĺáńő ňĹłàőáőáâőïŋĺľ, “àăğňăğăŋŋëå” ć ĺŋâěàćăńě (E, E + ΔE): D(E, V, N) = Ω(E, V, N; dE) dE , Ω(E, V, N; ΔE) = D(E, V, N)ΔE. (3.16) İâőňã ĺŋâěàćăńã őâćěçăěâ áőčńăáŋő (3.37) ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ ŋěłőâőàëľ âőŋłĺľ áńőľ ∝ ΔE âőńéĺŋë ć äăğőćőň ŕàőáâàăŋáâćě, čďě ć áĺńã áőőâŋőèěŋĺï ŋěőŕàěďěńěŋŋőáâěľ Čěľğěŋąěàčă: ΔqΔp ≥ h łăęďőě ĺğ àăćŋőďőáâãŕŋëå ŕő (3.2) łćăŋâőćëå ňĹłàőáőáâőïŋĺľ |m⟩_i á íŋěàčĺěľ E_m ≈ E ğăŋĺňăěâ őďŋã ïçěľłã őąêěňőň h^s = (2πh̄)^s. Šőčďă ŕőńŋőě çĺáńő ^dΓ ćáěå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ ć ňĂłàőáłőŕĺçěáłĺ ňăńőň íńěňěŋâě

2ϱ(X) → w_Ω; ćáě, ć âőň çĺáńě “őâłńőŋěŋŋëě őâ àăćŋőćěáĺï” ňĹłàőáőáâőïŋĺï ňĹłàőłăŋőŋĺçěáłőčő ăŋáăňąńï, ĺňěîâ őďĺŋăłőćãî ćěàőïâŋőáâì (3.3) (áň. (9.44) Ğăď. 15.5., [8] §I.3).

—32— őąêěňă d^{2s}X (3.17) łńăááĺçěáłőčő äăğőćőčő ŕàőáâàăŋáâćă, ĺ ĺå íŋěàčěâĺçěáłãî ŕńőâŋőáâì (3.16) ďńï íŋěàčĺĺ E ňőęŋő á âőçŋőáâìî ďő őŕěàăæĺĺ ĺŋâěčàĺàőćăŋĺï ⇀↽ ŕő íâőňã áńőî ć (3.39), (3.40) ŋăľâĺ ŕő äőàňãńăň: d^{2s}X =^{s∏}_{i=1} dq_idp_i,^^dΓ≡ d^{2s}X h^s ≡ ^dΓ dE dE ⇀↽ ∂Γ ∂E dE = Ω(E, dE), ć áňëáńě: (3.17) ^dΓ dE ⇀↽ ∂Γ(E) ∂E V,N ≡ D(E, V, N), čďě: Γ(E) = O(E) h^s = ∫ H(X)≤E ^dΓ, (3.18)

ěáâì ŕőńŋőě çĺáńő łćăŋâőćëå ňĹłàőáőáâőïŋĺľ ć őąêěňě O(E) (3.38) äăğőćőčő ŕàőáâàăŋáâćă, ğăŋïâőň łńăááĺçěáłĺň ăŋáăňąńěň ĺğőńĺàőćăŋŋőľ áĺáâěňë ĺ őčàăŋĺçěŋŋőň ŕőćěàåŋőáâìî ŕőáâőïŋŋőľ íŋěàčĺĺ H(X) = E. Őŕěàăæĺï ĺŋâěčàĺàőćăŋĺï ŕő áńőî ⇀↽ ć äăğőćőň ŕàőáâàăŋáâćě (3.16) – (3.18) ďăěâ áćïğì ďĺáłàěâŋőľ ćěàőïâŋőáâĺ ňĹłàőáőáâőïŋĺï (3.3) á łćăğĺłńăááĺçěáłőľ ďĺääěàěŋæĺăńìŋőľ ćěàőïâŋőáâìî áňěèăŋŋőčő ňĹłàőáőáâőïŋĺï (1.11): âőčő çâő áĺáâěňă őłăęěâáï ć íńěňěŋâě őąêěňă äăğőćőčő ŕàőáâàăŋáâćă ćąńĺğĺ âőçłĺ X = {x_j }^{2s}_1 , őâćěçăîéěľ ğŋăçěŋĺî íŋěàčĺĺ ňĹłàőáőáâőïŋĺï E_m ≈ E ŋă čĺŕěàŕőćěàåŋőáâĺ á ďăŋŋőľ íŋěàčĺěľ H(X) = E, ćŋãâàĺ áńőï E ∈ (E, E + ΔE), ŕàĺ Ω(E, ΔE) = D(E, V )ΔE, ĺ Ω(E, dE) = D(E, V )dE (Řĺá. 3.2); ă âăłęě á ďĺääěàěŋæĺăńìŋőľ ćěàőïâŋőáâìî ňĂłàőáőáâőïŋĺï á íŋěàčĺěľ ć íâőň ęě ĺŋâěàćăńě (Řĺá. 3.1): d^^W (X, t) ⇒ d^^W (X) ≡ ϱ(X) d^{2s}X h^s = w_Ω(H(X))^^dΓ ⇀↽ (3.19) ⇀↽ w_Ω(E)Ω(E, dE) = dW (E) ≡^~W(E)dE = a_E(E) dE ΔE , (3.20)

čďě ϱ(X) = w_Ω(H(X)) = w_Ω(E) ⇒ w_Ω(E) (3.21)

– ąěğàăğňěàŋăï áâăâĺáâĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ, ŕőáâőïŋŋăï ŕő ćáěňã áńőî. Ŕàĺ ΔE → 0 ćáě áőáâőïŋĺï áőáàěďőâőçěŋë ŋă áăňőľ íâőľ čĺŕěàŕőćěàåŋőáâĺ^3 á çĺáńőň ĺğňěàěŋĺľ 2s−1, ŋă ěďĺŋĺæã ňěŋìèĺň àăğňěàŋőáâĺ äăğőćőčő ŕàőáâàăŋáâćă. Ďńï ćëŕőńŋěŋĺï ãáńőćĺï ŋőàňĺàőćłĺ (1.12) ŋěőąåőďĺňő őąàăéěŋĺě ϱ(X) ć ąěáłőŋěçŋőáâì ŋă íâőľ čĺŕěàŕőćěàåŋőáâĺ: ϱ(X) ≡ w(H(X)) ⇒ Cδ^(H(X) − E^), çâő, áőčńăáŋő (3.3), (1.37), (3.16), ĺńĺ, á ãçěâőň (3.17) – (3.21), őŕàěďěńïěâ áőőâćěâáâćãîéãî łőŋáâăŋâã ŋőàňĺàőćłĺ C (áà. (3.40)):

3Ĺŋâěčàĺàőćăŋĺě ŕő áńőî ćëàőęďăěâáï ć ĺŋâěčàĺàőćăŋĺě ŕő čĺŕěàŕőćěàåŋőáâĺ H(X) = E.

—33— 1 = ∫ ^dΓϱ(X) ≡ ∫ dE w(E) ∫ ^dΓ dE ≡ ∫ dE w(E) ∂Γ(E) ∂E ⇒ C ∫ dEδ(E − E)D(E, V ) = (3.22) = ∫ dW (E) ⇐⇒ ∫ dE w(E) ∫ ^dΓ δ (E − H(X)) , čďě: 1 ≡ ∫ dE δ (E − H(X)) , (3.23) ć ćĺďě: C = 1 D(E, V ) , â.ě.: ϱ(X) = 1 D(E, V ) δ ( H(X) − E ) , ĺ, ŕàĺ íâőň (3.24) ϱ(X) ^dΓ ⇀↽ w(E) ∂Γ(E) ∂E dE = dW (E) = ~W(E)dE, â.ě. ~W(E) ⇒ δ(E − E)⇐ a_E(E) ΔE . (3.25)

(3.19)–(3.25) àěăńĺğãěâ ŕěàěåőď őâ àăáŕàěďěńěŋĺï ćěàőïâŋőáâěľ ŕő íŋěàčĺïň őâďěńìŋëå ňĹłàőáőáâőïŋĺľ ϱ(X) ⇒ w(E) ł őçěćĺďŋőňã àăáŕàěďěńěŋĺî ćěàőïâŋőáâěľ ŕő íŋěàčĺĺ ňĂłàőáőáâőïŋĺľ ĺğőńĺàőćăŋŋőľ áĺáâěňë. İŋâàőŕĺï (3.11) łăł ńőčăàĺäňĺçěáłăï ňěàă çĺáńă ďőáâãŕŋëå áĺáâěňě ňĹłàőáőáâőïŋĺľ ňőęěâ ąëâì ćëçĺáńěŋă ŕő ńîąőľ ĺğ áńěďãîéĺå äőàňãń:

S(E) = k ln ΔΓ(E) ≡ k ln Ω(E, ΔE) ≡ k ln [D(E, V, N)ΔE] , (3.26) S(E) = k ln Γ(E) ≡ S(E, V, N) = k ln Γ(E, V, N), (3.27) S(E, V, N) = k ln D(E, V, N) ≡ k ln ∂Γ(E, V, N) ∂E V,N , âőčďă: (3.28) 1 kT = ∂S(E) k ∂E V = ∂ ln Ω(E, ΔE) ∂E V = ∂ ln Γ(E, V ) ∂E V = D(E, V ) Γ(E, V ) . (3.29)

Řăğńĺçŋëě ćëàăęěŋĺï ďńï íŋâàőŕĺĺ (3.26) – (3.28), łăł ĺ ďńï âěňŕěàăâãàë (3.29), ňĂłàőáłőŕĺçěáłĺ íłćĺćăńěŋâŋë ďńï àăćŋőćěáŋëå áĺáâěň á âőçŋőáâìî ďő ăďďĺâćŋëå ŕőŕàăćőł ∼ ln N, â.ě. őâŋőáĺâěńìŋëå ŕőŕàăćőł ∼ N^{−1} ln N, ĺáçěğăîéĺå ć âěàňőďĺŋăňĺçěáłőň ŕàěďěńě N → ∞. Ŕàĺňěà 1. Řăááňőâàĺň áĺáâěňã ĺğ N áŕĺŋőć 1/2, łăęďëľ ĺğ łőâőàëå ňőęěâ ŋěğăćĺáĺňő őâ ďàãčĺå ŋăåőďĺâìáï ć ďćãå áőáâőïŋĺïå á őŕàěďěńěŋŋőľ ŕàőěłæĺěľ ŋă ŕàőĺğćőńìŋő ćëąàăŋŋãî őáì z, àăćŋőľ s_z = ±1/2. Śńěďőćăâěńìŋő, łăęďőňã áŕĺŋã ďőáâãŕŋő γ = 2 áőáâőïŋĺï. Ŕőńŋőě çĺáńő ďőáâãŕŋëå áĺáâěňě ňĹłàőáőáâőïŋĺľ: Γ_N = (γ)^N = 2^N . Ěě ňăłáĺňăńìŋăï íŋâàőŕĺï (3.27): S_N = k ln Γ_N = kN ln 2.

Ŋăľďěň âěŕěàì áâăâĺáâĺçěáłĺľ ćěá Ω_{N,eq} àăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï. Ć őâáãâáćĺě ćŋěèŋěčő ŕőńï ć áőáâőïŋĺĺ àăćŋőćěáĺï ŕőńőćĺŋă N_+ = N/2 áŕĺŋőć ĺňěěâ ŕàőěłæĺî s_z = +1/2, ă ŕőńőćĺŋă N_− = N/2 áŕĺŋőć – ŕàőěłæĺî s_z = −1/2. Šőčďă ŕěàěáâăŋőćłĺ ŕő őâďěńìŋőáâĺ łăł âěå, âăł ĺ ďàãčĺå N_±! ⇒ (N/2)! ãęě ŕăàăńńěńìŋëå ňěęďã áőąőľ áŕĺŋőć ŋě ďăîâ ŋőćëå ňĹłàőáőáâőïŋĺľ áĺáâěňë ĺ ďőńęŋë ąëâì ĺáłńîçěŋë ĺğ ŕőńŋőčő çĺáńă N! ŕěàěáâăŋőćőł ćáěå áŕĺŋőć ŕàĺ ŕőďáçěâě áâăâĺáâĺçěáłőčő ćěáă Ω_{N,eq} łăł çĺáńă ŋěíłćĺćăńěŋâŋëå, ŋěğăćĺáĺňëå ňĹłàőłőŋäĺčãàăæĺľ:

—34— Ω_{N,eq} ≡ ΔΓ_{N,eq} = N! N_+!N_−! ⇒ N! [(N/2)!]^2

= C^{N/2}_N , (3.30)

âőčďă ŕàĺąńĺęěŋĺě: ln N! ≈ N ln N − N + 1 2 ln(2πN), ďăěâ: (3.31) S_{N,eq} = k ln ΔΓ_{N,eq} ≈ k [ N ln 2 − 1 2 ln ( πN 2 )] −→_{N →∞} kN ln 2 = S_N , (3.32)

(áà. á (9.44)). Šő ěáâì ã ńîąőľ áńőęŋőľ áĺáâěňë ćáěčďă ěáâì íŋâàőŕĺï! Ěáńĺ ęě ã ŋěě ěáâì ěéě ĺ íŋěàčĺï, âő ňőęŋő őŕàěďěńĺâì ĺ àăćŋőćěáŋãî âěňŕěàăâãàã (3.29). Ĺ åőâï ć âàď. ŕàď.: S ∼ N, E ∼ N, ΔE ∼ N, ŋő ŕàĺ ΔE ≪ E ćáě áőáâőïŋĺï àăćŋőćěáŋőľ áĺáâěňë őłăğëćăîâáï áőáàěďőâőçěŋë ćąńĺğĺ ŕőćěàåŋőáâĺ ŕőáâőïŋŋőľ íŋěàčĺĺ H(X) = E ć âőŋłőň áńőě äăğőćőčő ŕàőáâàăŋáâćă âőńéĺŋőľ ∝ ΔE (ĺ âěň ąőńěě, ďńï ΔE → dE): Ŕàĺňěà 2. Ďěľáâćĺâěńìŋő, çĺáńő íâĺå áőáâőïŋĺľ áãâì ğăŋĺňăěňëľ áĺáâěňőľ äăğőćëľ őąêěň âăłőčő áńőï (Řĺá. 3.2), ŋăŕàĺňěà, ć áńãçăě ĺďěăńìŋőčő čăğă (3.52) ŕàĺ^{s∑}_{i=1} p^2_i ≤ 2mE, čďě s = 3N, ňőęŋő ďńï

Γ_N (E) = A_N E^{32 N} , ŕőáłőńìłã, 1 N ≪ ΔE E ≪ dE E ≪ 1, őæěŋĺâì łăł: (3.33) Ω_N (E, ΔE) ≡ ΔΓ_N (E) = Γ_N (E) − Γ_N (E − ΔE) =

= Γ_N (E) 1 − ( 1 − ΔE E )^3_2 N

= Γ_N (E) [ 1 − exp ( 3N 2 ln ( 1 − ΔE E ))] ≈ ≈ Γ_N (E) [ 1 − exp ( − 3N 2 ΔE E )] ≈ Γ_N (E) ≈ ΔΓ_N (E), čďě: (3.34) ln ( 1 − ΔE E ) ≃ − ΔE E , ŋő exp ( − 3N 2 ΔE E ) ≪ 1 ŕàĺ N → ∞. Š.ě. ć s = 3N ≫ 1- ňěàŋőň äăğőćőň ŕőďŕàőáâàăŋáâćě őąêěň èăàőćőčő áńőï, ŕő áãâĺ, áőćŕăďăěâ á őąêěňőň áăňőčő èăàă ĺ ŋě ğăćĺáĺâ ãęě őâ âőńéĺŋë áńőï! Ěáńĺ çăáâĺæë âőęďěáâćěŋŋë, âő, áőčńăáŋő Ŕàĺňěàã 1, ćáě őąńăáâĺ âăłőčő ĺğőíŋěàčěâĺçěáłőčő äăğőćőčő ŕőďŕàőáâàăŋáâćă, őâńĺçăîéĺěáï ńĺèì ŕěàěáâăŋőćłőľ çăáâĺæ, ďőńęŋë ãçĺâëćăâìáï łăł őďŋă őąńăáâì, ĺ łőŋáâăŋâă A_N ć (3.33), (3.52) őłăğëćăěâáï ěéě ć N! àăğ ňěŋìèě. Šő ěáâì ć N- çăáâĺçŋőň áńãçăě ŕàĺ j = 1 ÷ N, s = Nd ć (3.17) ĺňěěň: ^dΓ =⇒ 1 N! d^{2s}X h^s ≡ 1 N! s∏ i=1 { dq_idp_i h } ≡ 1 N! N∏ j=1 dγ_j , dγ_j = d^dq_j d^dp_j h^d

. (3.35)

Ć ŕőáńěďőćăâěńìŋő łńăááĺçěáłőň őŕĺáăŋĺĺ áâăâĺáâĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ĺğőńĺàőćăŋŋőľ áĺáâěňë á äãŋłæĺěľ Čăňĺńìâőŋă H(X), ŕő

—35— áãâĺ, áőćŕăďăěâ á (3.24): ϱ_{cl}(X) = δ^(H(X) − E^)/G(E). Őďŋăłő ćěńĺçĺŋă G(E) áćïğăŋă ğďěáì ãęě ńĺèì á ňěàőľ dΣ = n_Σ|dΣ| ćěłâőàŋőčő íńěňěŋâă ŕńőéăďĺ čĺŕěàŕőćěàåŋőáâĺ ŕőáâőïŋŋőľ íŋěàčĺĺ H(X) = E, ŕăàăńńěńìŋőčő ćěłâőàã ěě čàăďĺěŋâă, ćďőńì łőâőàőčő, ďńï ćěłâőàă ŕàĺàăéěŋĺï dX: (dX ·∇_X H(X)) ≡ dH(X) = dE, ĺ â.ł.: dΣ ≡ ∇_X H(X) |∇_X H(X)| |dΣ| , (3.36)

âő: d^{2s}X =⇒ (dX · dΣ) | | | | H(X)=E = |dΣ| dH(X) |∇_X H(X)| = |dΣ| dE |∇_X H(X)| , (3.37)

ĺ ďńï ŕőńŋőčő äăğőćőčő őąêěňă, ďőáâãŕŋőčő łńăááĺçěáłőňã ăŋáăňąńî: O(E) ≡ ∫ H(X)≤E d^{2s}X ≡ ∫ {X} d^{2s}X θ(E − H(X)), ŋăľďěň (Řĺá. 3.2): (3.38) d^{2s}X dE ⇀↽ ∂ O(E) ∂E = ∮ H(X)=E d^{2s}X dE = ∮ H(X)=E |dΣ| |∇_X H(X)| ≡ G(E). (3.39)

Ć íâőň áńãçăě ãęě ŋěńìğï őďŋőğŋăçŋő őŕàěďěńĺâì íŋâàőŕĺî á ŕőňőéìî äőàňãńë ćĺďă (3.27): S^{??}=⇒ k ln O(E), âăł łăł O(E) ïćńïěâáï àăğňěàŋőľ ćěńĺçĺŋőľ. Ĺňěŋŋő ŋěćőğňőęŋőáâì ćëçĺáńĺâì íŋâàőŕĺľŋãî łőŋáâăŋâã ïćńïěâáï ŕàĺŋæĺŕĺăńìŋëň ŋěďőáâăâłőň łńăááĺçěáłőčő áâăâĺáâĺçěáłőčő őŕĺáăŋĺï ĺ, ŕőňĺňő N! ć (3.35), áćïğăŋă á ŕàőąńěňőľ “őąěğàăğňěàĺćăŋĺï őçěŋì ąőńìèőľ àăğňěàŋőáâĺ” h^s ďńï ćěńĺçĺŋ ć (3.18), (3.24), (3.23):

ϱ(X) = h^sϱ_{cl}(X), Γ(E) = O(E) h^s , D(E, V ) = G(E) h^s = ∫ {X} ^dΓδ(E − H(X)), čďě N! → 1 ĺ ć áőőâćěâáâćĺĺ á (3.38), (3.39): ∂ ∂E θ(E − H(X)) = δ(E − H(X)). (3.40)

Ĺŋâěčàăń (3.40) → (3.39) ĺ ğăďăěâ ŕěàěåőď ⇀↽ ć (3.17), (3.18), “áőąĺàăï” áňěèăŋŋëě ňĹłàőáőáâőïŋĺï ŕő áńőî ΔE ć őďŋő ňĂłàőáőáâőïŋĺě ŋă čĺŕěàŕőćěàåŋőáâĺ á íŋěàčĺěľ E ć (3.22) ć áňëáńě (3.19) = (3.25) ŕàĺ E ≈ E.

4 İŋâàőŕĺï ĺ ćěàőïâŋőáâì

Őçěćĺďŋő, ďńï ňĹłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï (3.25) áàěďŋěě ğŋăçěŋĺě íŋěàčĺĺ ≪E≫ àăćŋő ěě ŋăĺąőńěě ćěàőïâŋőňã ğŋăçěŋĺî E, őâćěçăîéěňã ňăłáĺňãňã äãŋłæĺĺ^~W(E). Ěáńĺ ćŋőćì “àăğňăğăâì” íâã ďěńìâăäãŋłæĺî, ğăňěŋĺć ãğłĺň ŕàïňőãčőńìŋĺłőň (3.19) ćëáőâë^~W(E), èĺàĺŋőľ “àăğňăğłĺ” ΔE(E) ≪ E, ćŋãâàĺ łőâőàőľ ćáě ğŋăçěŋĺï E_m ≈ E àăćŋőćěàőïâŋë, âő, áőčńăáŋő (3.2), (3.3), ĺğ (3.16), (3.19), (3.25), ĺňěěň [20]:

—36— 1 = ∫ dW (E) = ∫ dE^~W(E) =⇒ΔE(E)^~W(E) = ΔΓ(E)w_Ω(E), čďě: (3.41) ~W(E) ≡ w_Ω(E)D(E, V ), ΔΓ(E)≡Ω(E, V ; ΔE) = ΔE(E)D(E, V ), (3.42) – áâăâĺáâĺçěáłĺľ ćěá âăłőčő àăáŕàěďěńěŋĺï, ă ěčő íŋâàőŕĺï (3.26) àăćŋă:

S(E) = k ln ΔΓ(E) =⇒ −k ln w_Ω(E) ≡ −k ΔE(E)^~W(E) ln w_Ω(E). (3.43) Ŕàĺçěň, áàěďŋěě àăááâőïŋĺě ňěęďã ěčő áőáěďŋĺňĺ łćăŋâőćëňĺ ãàőćŋïňĺ á íŋěàčĺěľ áĺáâěňë E_m ≈ E ğăďăěâ ěčő łőŋáâăŋâã ŋőàňĺàőćłĺ C (3.24): δ(E) ≡ ΔE(E) ΔΓ(E) ≡ 1 D(E, V, N) = C =⇒ ΔE(E) exp − S(E) k . (3.44)

Šőçŋőě áâăâĺáâĺçěáłőě őŕàěďěńěŋĺě íŋâàőŕĺĺ ńĺèì ąőńěě ăłłãàăâŋő ãçĺâëćăěâ ćőğŋĺłăîéĺľ ć (3.43) ŕàĺ “àăáŕńëćăŋĺĺ” íâőčő ŕàïňőãčőńìŋĺłă (3.3), (3.19) ćłńăď ňăńőćěàőïâŋëå áőáâőïŋĺľ – ć ćĺďě áàěďŋěčő őâ ńőčăàĺäňă ćěàőïâŋőáâĺ őâďěńìŋëå ňĹłàőáőáâőïŋĺľ: S(E) k =−≪lnw(E)≫≡−^∑_m w(E_m) ln w(E_m)=−^∑_E m g(E_m) w(E_m) ln w(E_m) =⇒_{(4.19)} − ∫ Ω(E, dE) w(E) ln w(E) = − ∫ dE^~W(E) ln w(E) , (3.45) ŕàĺ ãáńőćĺïå, çâő: δ(Em) ⇒ δ(E) ≃ δ(E) ≪ ΔE(E) ≪ dE ≪ E ∼ E, čďě ćłńăď ć áãňňã ćáěå ćëàőęďěŋŋëå ŕő íŋěàčĺĺ E_m ⇒E ňĹłàőáőáâőïŋĺľ {|m⟩_i}^g_{i=1}, áőčńăáŋő (3.3), (3.4), (3.19), őŕàěďěńïěâáï ĺå őąéěľ łàăâŋőáâìî ćëàőęďěŋĺï g(E_m)⇒Ω(E, dE). İâő őŕàěďěńěŋĺě ćőğćàăéăěâáï ł (3.43) ďńï ćěàőïâŋőáâĺ (3.3), čďě w ln w|_{w=0} = 0, ă âăłęě, ďńï ŕàěďáłăğăŋŋőľ ć (1.28), (1.29) ńĺŋěľŋőľ ğăćĺáĺňőáâĺ ěě ńőčăàĺäňă őâ íŋěàčĺĺ^4 (áà. (4.32)):

ln w(E) =⇒ −λ − βE, ěáńĺ, ŕő ŕàěęŋěňã: ≪E≫ =⇒ E. (3.46) Ŋă ïğëłě áâăâĺáâĺçěáłőčő őŕěàăâőàă – ňăâàĺæë ŕńőâŋőáâĺ (2.3), ĺńĺ äăğőćőľ ŕńőâŋőáâĺ (3.19) őŕàěďěńěŋĺě íŋâàőŕĺĺ (3.45) ŕàĺŋĺňăěâ ćĺď: S k = −≪ln^^ϱ≫ = −T r (^^ϱ ln^^ϱ) ⇒ −≪ln ϱ(X)≫ = − ∫ ^dΓϱ(X) ln ϱ(X), (3.47)

ă ŕàĺ ϱ(X)⇒ϱ_1ϱ_2 : S = −k ∫ ^dΓ_1ϱ_1^^dΓ_2ϱ_2(ln ϱ_1 + ln ϱ_2)=⇒S_1 + S_2, (3.48)

ććĺďã (1.26) ĺ ãáńőćĺï ŋőàňĺàőćłĺ (3.22), ŕàĺ^^dΓ =^^dΓ_1^^dΓ_2. Š.ě. íŋâàőŕĺï áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëå ŕőďáĺáâěň ăďďĺâĺćŋă, çâő ŕőğćőńïěâ 4Šăł łăł âőčďă: ≪ln w(E)≫ =⇒ ≪−λ − βE≫ = −λ − β≪E≫ = ln w(≪E≫) =⇒ ln w(E).

—37— őŕàěďěńĺâì ěě íâĺň áàěďŋĺň (3.47) őâ ln^^ϱ ŕő^^ϱ ĺ ć őąéěň áńãçăě ďńï ŋěàăćŋőćěáŋëå áőáâőïŋĺľ [2], [36]. Őŕàěďěńěŋĺï íŋâàőŕĺĺ (3.45), (3.47) ąãďãâ őąőáŋőćăŋë ŋĺęě ć (5.23) á ŕőňőéìî ňěâőďă ăŋáăňąńěľ Čĺąąáă.

Šăł łăł ćáïłăï áĺáâěňă áâàěňĺâáï ć áćőě ŋăĺąőńěě ćěàőïâŋőě ňĂłàőáőáâőïŋĺě á ŋăĺąőńěě ćěàőïâŋőľ E → E, ŕàĺ w(E) ≪ 1, âő, ć áĺńã (3.25), (3.26) íâőâ ňăłáĺňãň ćĺďă (3.25) ã^~W(E) ≈ e^{S(E)}w(E)/ΔE(E), ć ŕěàěåőďě (3.45) → (3.43) őğŋăçăěâ ćőğàăáâăŋĺě ŋěàăćŋőćěáŋőľ íŋâàőŕĺĺ (3.13) ğăňłŋãâőľ áĺáâěňë łăł äőàňăńìŋőľ äãŋłæĺĺ S(E) (3.26) ŕőńŋőľ íŋěàčĺĺ E, ć áňëáńě [6] §112 ĺ (Řĺá. 9.1), ĺ ěě ňăłáĺňãň S(E) ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï, â.ě. ćâőàőě ŋăçăńő âěàňőďĺŋăňĺłĺ ć ćĺďě (9.23) á âőçłĺ ğàěŋĺï âěàňőďĺŋăňĺçěáłőľ âěőàĺĺ äńãłâãăæĺľ.

5 İŋâàőŕĺï ĺ ĺŋäőàňăæĺï

Śâăâĺáâĺçěáłőě őŕàěďěńěŋĺě íŋâàőŕĺĺ (3.8), (3.45) ĺňěěâ čńãąőłĺľ áňëáń âăłęě á ĺŋäőàňăæĺőŋŋőľ âőçłĺ ğàěŋĺï. Ŕãáâì ćňěáâő (3.3) àăğńĺçŋëě ňĹłàőáőáâőïŋĺï áĺáâěňë 1, · · · , i, · · · àěăńĺğãîâáï á àăğńĺçŋëňĺ ćěàőïâŋőáâïňĺ w_1, · · · , w_i, · · ·. Ććěďěň ŋěőŕàěďěńěŋŋőáâì ňĹłàőáőáâőïŋĺľ łăł äãŋłæĺî őâ ĺå ćěàőïâŋőáâěľ w_i, ãďőćńěâćőàïîéãî áńěďãîéĺň ãáńőćĺïň: 1) áőáâőïŋĺě, ćěàőïâŋőáâì łőâőàőčő àăćŋă 1, ĺňěěâ ŋãńěćãî ŋěőŕàěďěńěŋŋőáâì: σ (w = 1) = 0, ĺ σ(w_i) > 0 ŕàĺ 0 ≤ w_i < 1; 2) ďńï w_k > w_i ĺňěěň σ (w_k) < σ (w_i); 3) ŋěőŕàěďěńěŋŋőáâì áőáâőïŋĺï áĺáâěňë, áőáâőïéěľ ĺğ ďćãå ŋěğăćĺáĺňëå ŕőďáĺáâěň, ěáâì áãňňă ŋěőŕàěďěńěŋŋőáâěľ áőáâőïŋĺľ íâĺå ŕőďáĺáâěň: σ (w_k w^′_i) = σ (w_k) + σ (w^′_i). İâĺň ãáńőćĺïň 1) – 3) ãďőćńěâćőàïěâ ěďĺŋáâćěŋŋăï ćěéěáâćěŋŋăï äãŋłæĺï – ńőčăàĺäň: σ_i = σ(w_i) = −c ln w_i, á ńîąëň çĺáńőň c > 0. Ĺňěï ŋěőŕàěďěńěŋŋőáâì i-čő áőáâőïŋĺï áĺáâěňë σ_i, ğăďăďĺň ŋěőŕàěďěńěŋŋőáâì ćáěľ áĺáâěňë áàěďŋĺň őâ σ_i ŕő àăáŕàěďěńěŋĺî ćěàőïâŋőáâěľ w_i łăł äãŋłæĺőŋăń:

≪σ≫ ≡^∑_i w_iσ_i = σ({w_i}) = −c^∑_i w_i ln w_i. (3.49)

Ŕàĺ c = k íâă äőàňãńă ćŋőćì áőćŕăďăěâ á őŕàěďěńěŋĺěň (3.45) íŋâàőŕĺĺ áĺáâěňë, ć łőâőàőľ ďőŕãáâĺňë ĺ ŋěàăćŋőćěàőïâŋëě áőáâőïŋĺï w_i ≠ w_j.

Ć áńãçăě àăćŋëå (ăŕàĺőàŋëå) ćěàőïâŋőáâěľ ćŋőćì ńěčłő ãćĺďěâì, çâő ěáńĺ

w_1 = w_2 = · · · = w_Ω = 1 Ω , âő: σ = −c ln w_Ω = c ln Ω, čďě Ω = ∑ i 1_{(i)}, (3.50)

çâő ŕàĺ c = k őŕïâì ęě áőćŕăďăěâ á íŋâàőŕĺěľ ĺğőńĺàőćăŋŋőľ áĺáâěňë (3.8), (3.26).

—38— Ŕőłăęěň, ŕőńìğãïáì ňěâőďőň ŋěőŕàěďěńěŋŋëå ňŋőęĺâěńěľ Ńăčàăŋęă, çâő ĺňěŋŋő íâő àăćŋőćěàőïâŋőě àăáŕàěďěńěŋĺě ďăěâ ňăłáĺňãň äãŋłæĺĺ ŋěőŕàěďěńěŋŋőáâĺ áĺáâěňë σ({w_i}) = −^∑_i w_i ln w_i, ŕàĺ ãáńőćĺĺ^∑_i w_i = 1: Φ({w_i}) = α ∑ i w_i − 1 + σ, ∂Φ ∂w_l = α^∑_i ∂w_i ∂w_l + ∂σ ∂w_l = α − 1 − ln w_l = 0. (3.51) Őâłãďă w_l = exp(α − 1). Šăł łăł 1 =^∑_i w_i =^∑_i exp(α − 1) = Ω exp(α − 1), âő w_i = w_Ω = 1/Ω, – ŋěğăćĺáĺňő őâ ćěńĺçĺŋë c, çâő ĺ âàěąőćăńőáì. [Ğăňěçăŋĺě I. Ŕőńăčăï ć (3.49) c = 1/ ln 2, ŕőńãçĺň ćëàăęěŋĺě ďńï ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ ć ąĺâăå: ≪σ≫ = −^∑_i w_i (ln w_i/ ln 2) = −^∑_i w_i log_2 w_i. İâő ğŋăçěŋĺě íŋâàőŕĺĺ ďăěâ őæěŋłã áŋĺğã ďńï áàěďŋěčő çĺáńă ćőŕàőáőć, ğăďăćăěňëå ďńï ŕàěďćăàĺâěńìŋőčő őŕàěďěńěŋĺï àěğãńìâăâă ĺáŕëâăŋĺï ć áńãçăľŋőľ áåěňě á łőŋěçŋëň çĺáńőň i-ëå ĺáåőďőć: 1 ≤ i ≤ Ω, ŕàĺ ãáńőćĺĺ, çâő ŋă ćáě íâĺ ćőŕàőáë ěáâì âőńìłő ďćă őâćěâă: “ďă” ĺńĺ “ŋěâ”. İâő ĺ ěáâì âěőàěňă ő łőďĺàőćăŋĺĺ ďńï łăŋăńă ąěğ èãňă ć âěőàĺĺ ĺŋäőàňăæĺĺ. Ŕàĺ c = 1 ĺŋäőàňăæĺőŋŋăï íŋâàőŕĺï ĺğňěàïěâáï ć ŋăâăå. ]

6 Ĺďěăńìŋëľ čăğ ć ňĺłàőłăŋőŋĺçěáłőň ăŋáăňąńě.

Ć ŕàěŋěąàěęěŋĺĺ áâőńłŋőćěŋĺïňĺ ĺ ňěęňőńěłãńïàŋëň ćğăĺňőďěľáâćĺěň àăğàěęěŋŋëľ ĺ ãęě őâàěńăłáĺàőćăćèĺľ ł àăćŋőćěáĺî àěăńìŋëľ čăğ ćëčńïďĺâ ŕőçâĺ łăł ĺďěăńìŋëľ čăğ, ďńï łőâőàőčő, áőčńăáŋő (3.35), ĺňěěň^5: d=3, s=3N, H(X)=^{3N∑}_{i=1} p^2_i 2m , Γ(E, V, N)= 1 N! ∫ H(X)≤E s∏ i=1 dq_idp_i h =⇒

=⇒ V^N N!h^{3N} ∫ ∑ p^2_i ≤2mE dp_1 . . . dp_{3N} = V^N (2mE)^32^N N!h^{3N} B_{3N} ≡A_N E^{32 N} , čďě: (3.52)

p_i = x_i √ 2mE, B_n = ∫ n∑ i=1 x^2_i ≤1 dx_1 . . . dx_n = B_{n−1} B ( 1 2 , n + 1 2 ) = π^{n/2} (n/2)! , (3.53)

– őąêěň ěďĺŋĺçŋőčő n-ňěàŋőčő èăàă, n! ≃ ( n e )n , ln n! ≃ n ln n − n, 5ĺŋâěčàăń ć (3.53): B_n =^1 ∫ −1 dx_1 ∫ n∑ i=2 x^2_i ≤1−x^2_1

dx_2 . . . dx_n = B_{n−1}^1 ∫ −1 dx_1(1 − x^2_1)^{(n−1)/2}.

—39— Γ(E, V, N) = V^N (2mπE)^32^N N!h^{3N} (3N/2)! ≃ ( V N )N ( 2mE 3N )^3_2 N

(2π)^32 e^52

h^3 N , (3.54) S(E, V, N) = k ln Γ = Nk ln V N + 3 2 ln ( 2E 3N ) + ln

(2πm)^{32} e^{52}

h^3

. (3.55) 1 kT = 1 k ∂S(E, V, N) ∂E V,N = 3N 2E , â.ě. E = 3 2 NkT = 3N kT 2 = s kT 2 ,(3.56) P T = ( ∂S ∂V ) E,N = Nk V , S(T, V, N) = Nk ln V e^{5/2} N ( 2πmkT h^2 )3/2 , (3.57) μ kT = − 1 k ( ∂S ∂N ) E,V ⇒ − ln V N (2πmkT h^2 )3/2 ≡ ln^[nΛ^3(T )^] , (3.58) n = N V , Λ^3(T )= h^2 2πmkT 3/2 , dS = dE T + P T dV − μ T dN. (3.59)

([4] §10, [5] §61, [6] §§6,7,8, [7], [13], [15], [36]) Ğăďăçĺ 9.1. Ś ãçěâőň (3.35), (3.38), (3.39), ćëàăğĺâì ŕőńŋőě çĺáńő áőáâőïŋĺľ Nçăáâĺæ ĺďěăńìŋőčő čăğă Γ(E, V, N) (3.52) çěàěğ çĺ́áńă áőáâőïŋĺľ łăęďőľ ĺğ ŋĺå γ(ε_j , V ): Γ(E, V, N) = 1 N! N∏ j=1 ∞∫

0 dε_j D(ε_j , V ) θ E −^{N∑}_{j=1} ε_j , (3.60)

D(ε_j , V ) = d dε_j ∫

p^2_j ≤2mε_j d^3q_jd^3p_j h^3 ≡ dγ(ε_j , V ) dε_j = A_{3/2} √ ε_j . (3.61)

9.2. Ŕàőćěàĺâì (3.45) ďńï (3.3), ćëćěďï ĺğ (1.37), (3.5), (3.16), çâő: D(E, V ) =^∑_m δ(E − E_m) =^∑_E m g(E_m)δ(E − E_m), (3.62)

9.3. Ŕő łăłőňã ăŋáăňąńî ďőńęŋő ćëŕőńŋïâìáï ãáàěďŋěŋĺě ć íàčőďĺçěáłőľ âěőàěňě (1.35)? Ŕàőćěàĺâì ěě ďńï ňĹłàőłăŋőŋĺçěáłőčő ăŋáăňąńï, ĺáŕőńìğãï (3.17), (3.18), (3.39) ĺ ćëâěłăîéěě ĺğ (1.6) ćëàăęěŋĺě ďńï áłőàőáâĺ ŕěàěňěéěŋĺï l(t) äăğőćőľ âőçłĺ ćďőńì äăğőćőľ âàăěłâőàĺĺ ([20] §II.2): dl(t) dt ≡ | | | |Ẋ^{t|} = |V(X^t)| =^|∇_{Xt} H(X^t)^| , â.ł.: ẋ^t_j = η_j ∂H(X^t) ∂x^t_{ℓ(j)} , â.ě.: (3.63)

(V(X))_j = η_j(∇_X H(X))_{ℓ(j)}, ℓ(j)=j + η_js, η_j = +1, j =1÷s, −1, j =s+1÷2s. (3.64)

—40— 9.4. Ŋăľâĺ áâăâĺáâĺçěáłĺľ ćěá ŋěàăćŋőćěáŋőľ ĺďěăńìŋőľ áĺáâěňë, áőáâăćńěŋŋőľ ĺğ k-ëå ŕőďáĺáâěň á N_k ≫ 1 çăáâĺæăňĺ ć łăęďőľ, ŋăåőďïéĺňĺáï ć G_k ≫ 1 àăğńĺçŋëå áőáâőïŋĺïå á ąńĺğłĺňĺ ĺńĺ őďĺŋăłőćëňĺ íŋěàčĺïňĺ ε_k, ěáńĺ: ć őďŋőň áőáâőïŋĺĺ ňőęěâ ŋăåőďâìáï âőńìłő őďŋă äěàňĺ-çăáâĺæă; çĺáńő ąőğě-çăáâĺæ ć őďŋőň áőáâőïŋĺĺ ŋĺçěň ŋě őčàăŋĺçěŋő. Ŋăľâĺ ŋěàăćŋőćěáŋãî íŋâàőŕĺî ćĺďă (8.74), łăł äãŋłæĺî ĺå “áàěďŋĺå çĺáěń ğăŕőńŋěŋĺï” ⟨n_k⟩ = N_k/G_k ĺ àăćŋőćěáŋëě àăáŕàěďěńěŋĺï (8.51), ćőğŋĺłăîéĺě ĺğ ãáńőćĺï ěě ňăłáĺňãňă ŕàĺ ãáńőćĺïå (6.16) ŋă ŕőńŋëě çĺáńő çăáâĺæ ĺ íŋěàčĺî áĺáâěňë. Ŋăľâĺ ŕàěďěń ⟨n_k⟩ ≪ 1 ([6] §55,40, [36] §5.3, 3.3).

Ω^Ť_k = C^{Nk}_{Gk} =

G_k!

N_k!(G_k − N_k)!

, Ω^Ą_k = C^{Gk−1}_{Nk+Gk−1} =

(N_k + G_k − 1)! (G_k − 1)!N_k!

, (3.65)

Ω =^∏_k Ω_k, S =^∑_k G_k [η(1 + η⟨n_k⟩) ln(1 + η⟨n_k⟩) − ⟨n_k⟩ ln ⟨n_k⟩] , (3.66)

η = −1, ďńï äěàňĺ-çăáâĺæ; η = +1, ďńï ąőğě-çăáâĺæ; ⟨n_k ⟩ ≪ 1, “ćňěáâő” η = 0.

—41—

7 Ŕàĺňěàë ĺğ âěőàĺĺ ĺŋäőàňăæĺĺ ĺ łőďĺàőćăŋĺï.

1. Ŕàĺňěà áńãçăľŋőľ áåěňë á łőŋěçŋëň çĺáńőň ĺáåőďőć N: Ŕãáâì ğăčăďăŋő őďŋő çĺáńő x ĺğ N = 16 = 2^4 ŕőáńěďőćăâěńìŋëå çĺáěń (ŋăŕàĺňěà 1 ÷ 16). §áŋő, çâő ăŕàĺőàĺ, ćáě őŋĺ ňőčãâ ąëâì ğăčăďăŋë á àăćŋőľ ćěàőïâŋőáâìî w_i = 1/N. Ććěďěň čàăŋĺæã n_1 < N âăł çâőąë:

n_1∑ i=1 w_i =^{N∑}_{i=n1+1} w_i =⇒ 1 2 , ŕàĺ:^{N∑}_{i=1} w_i = 1. (3.67)

Ćőŕàőá: “x < n_1 ?” ĺňěěâ âőńìłő ďćă őâćěâă “ďă” ĺńĺ “ŋěâ”. Ć ğăćĺáĺňőáâĺ őâ őâćěâă, ŕőďěńĺň ŕő âőňã ęě ŕàĺŋæĺŕã (3.67) áőďěàęăéĺľ x ĺŋâěàćăń ŋőćőľ čàăŋĺæěľ n_2, ĺ áŋőćă ğăďăďĺň âőâ ęě ćőŕàőá, ĺ â.ď. Śàěďŋěě çĺáńő âăłĺå èăčőć – ćőŕàőáőć, ğăďăćăěňëå ďńï ŕàěďćăàĺâěńìŋőčő őŕàěďěńěŋĺï ĺáåőďă ĺáŕëâăŋĺï ĺ ãłăğăŋő łăł:

≪σ≫ = −^{N∑}_{i=1} w_i log_2 w_i.

2. Ŕàĺňěà âěőàěňë ő łőďĺàőćăŋĺĺ:

Ŕàĺŕĺèěň łăęďőľ ĺğ N ąãłć ăńäăćĺâă áćőî ćěàőïâŋőáâì w_i ć áőőâćěâáâćĺĺ á çăáâőâőľ ěě ŕőïćńěŋĺï, ŋăŕàĺňěà, ć “Ěćčěŋĺĺ Őŋěčĺŋě”, ĺ ãŕőàïďőçĺň íâĺ ąãłćë ŕő ãąëćăŋĺî ĺå ćěàőïâŋőáâĺ, â.ě. i < j −→ w_i > w_j. Řăğďěńĺň âěŕěàì íâő ãŕőàïďőçěŋŋőě ňŋőęěáâćő ąãłć ŋă ďćě čàãŕŕë áőčńăáŋő łàĺâěàĺî (3.67). Ŕàĺŕĺèěň łăęďőľ ĺğ ąãłć 1, ěáńĺ i < n_1, ĺńĺ 0, ěáńĺ i > n_1. Łăęďãî ĺğ íâĺå ďćãå čàãŕŕ áŋőćă àăğďěńĺň ŋă ďćě ć áőőâćěâáâćĺĺ á łàĺâěàĺěň (3.67) á ŕőňőéìî ŋőćëå čàăŋĺæ n_2, n^′_2. Śŋőćă ŕàĺŕĺèěň “1” ąãłćăň ć čàãŕŕăå á i < n_2, i < n^′_2, ĺ ŕàĺŕĺèěň “0” ć čàãŕŕăå á i > n_2, i > n^′_2, ĺ â.ď. Ć àěğãńìâăâě łăęďőľ ąãłćě áőŕőáâăćĺâáï ãŋĺłăńìŋëľ łőď ć ćĺďě ŕőáńěďőćăâěńìŋőáâĺ ĺğ N ŋãńěľ ĺ ěďĺŋĺæ. Őâąàăáëćăěŋĺě ćáěå ŋãńěľ ŕőáńě łàăľŋěľ ŕàăćőľ ěďĺŋĺæë ŋě ŋăàãèĺâ őďŋőğŋăçŋőáâĺ íâőčő łőďă. Šěőàěňă ő łőďĺàőćăŋĺĺ ãâćěàęďăěâ, çâő íâő őŕâĺňăńìŋëľ łőď ďńï łăŋăńă ąěğ èãňă, ć áňëáńě ňĺŋĺňãňă áĺňćőńőć ďńï ěčő ŕěàěďăçĺ, ĺ ŋěćőğňőęŋőáâĺ àăáèĺäàőćłĺ. Őďŋăłő ďőáâăâőçŋő őďŋőčő ŋěćěàŋőčő áĺňćőńă “0” ĺńĺ “1” (èãňă), çâőąë àăáèĺäàőćłă ćáěľ ďăńìŋěľèěľ âăłőľ ŕőáńěďőćăâěńìŋőáâĺ áâăńă ŋěćőğňőęŋőľ.

Řĺá. 3.1. Ăŕàĺőàŋëľ ćěá a_E (E) ňĹłàőáőáâőïŋĺľ á íŋěàčĺěľ E, ĺ őâćěçăîéăï ěňã ŕńőâŋőáâì ćěàőïâŋőáâĺ ňĂłàőáőáâőïŋĺï á íŋěàčĺěľ E: ~W (E) ⇒ a_E(E) ΔE −→ δ(E − E) ŕàĺ ΔE → 0.

Řĺá. 3.2. Ĺŋâěčàĺàőćăŋĺě ŕő àăğńĺçŋëň áńőïň ć äăğőćőň ŕàőáâàăŋáâćě, čďě ŕőçâĺ ćěáì őąêěň 3N- ňěàŋőčő ăŕěńìáĺŋă (3.52) áőáàěďőâőçěŋ ć ěčő áłőńì ãčőďŋő âőŋłőľ łőàłě ∼ ΔE.

Ńěłæĺï 4

Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă

1 Šěŕńőćőě àăćŋőćěáĺě ĺ ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě

Ć ŕàěďëďãéěľ ńěłæĺĺ ňë ŕàĺąńĺęěŋŋő ŕàĺŋĺňăńĺ, çâő ćąńĺğĺ àăćŋőćěáĺï íŋěàčěâĺçěáłĺě áŕěłâàë ňĂłàőŕőďáĺáâěň ŕàăłâĺçěáłĺ ãęě ŋě ćńĺïîâ ďàãč ŋă ďàãčă ĺ áâăâĺáâĺçěáłĺľ ćěá ňĂłàőáĺáâěňë áćőďĺâáï ł ŕàőĺğćěďěŋĺî áâăâĺáâĺçěáłĺå ćěáőć ěě àăćŋőćěáŋëå ňĂłàőŕőďáĺáâěň, çâő ïćńïěâáï ãáńőćĺěň ĺå áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ. Şâőçŋĺň âěŕěàì ŋăèě ŕàěďáâăćńěŋĺě ő âěŕńőćőň łőŋâăłâě ĺ âěŕńőćőň àăćŋőćěáĺĺ [18].

Ďćě ŕőďáĺáâěňë 1 ĺ 2 ŋăåőďïâáï ć àăćŋőćěáŋőň âěŕńőćőň łőŋâăłâě, ěáńĺ ćğăĺňőďěľáâćĺě ňěęďã ŋĺňĺ H_{int}, ãďőćńěâćőàïï ãáńőćĺïň (áà. (1.26)):

H = H_1 + H_2 + H_{int}, ε = |H_{int}| ≪ (|H_1|, |H_2|) , â.ě. E ∼= E_1 + E_2, (4.1)

ŕőğćőńïěâ, ć âőęě ćàěňï, íâĺň ŕőďáĺáâěňăň ďőáâăâőçŋő ąëáâàő őąňěŋĺćăâìáï ňăńëňĺ ŕőàæĺïňĺ íŋěàčĺĺ (áň. (4.8)), áŕőáőąŋëňĺ ŕőďďěàęĺćăâì ĺå ć íâőň áőáâőïŋĺĺ âěŕńőćőčő àăćŋőćěáĺï. Šőčďă áâăâĺáâĺçěáłĺľ ćěá łăł çĺáńő ňĹłàőáőáâőïŋĺľ ŕőńŋőľ áĺáâěňë ć ĺŋâěàćăńě (E, E + ΔE) ąőńěě âőçŋő, á ãçěâőň ćłńăďă ňăńőćěàőïâŋëå áőáâőïŋĺľ (áà. á (3.43), (3.45)) ąãďěâ őŕàěďěńïâìáï ãęě ĺŋâěčàăńőň őâ ŕàőĺğćěďěŋĺï áâăâĺáâĺçěáłĺå ćěáőć ŕőďáĺáâěň (3.12), ŕàĺ dE_{1,2} ≪ ΔE: Ω(E, ΔE) ≡ D(E, V )ΔE = ∫ ∫ Ω_1(E_1, dE_1) Ω_2(E_2, dE_2) = (4.2) = ∫ E≤E_1+E_2≤E+ΔE ∫ dE_1dE_2D_1(E_1, V_1) D_2(E_2, V_2) =

= E+ΔE ∫ E dE ∫ dE_1D_1(E_1, V_1) D_2(E − E_1, V_2), čďě: E = E_1 + E_2.

—44— Ŕàĺ ΔE → 0 ňőęŋő ŕő âěőàěňě ő áàěďŋěň ćáîďã ğăňěŋĺâì E → E. Š.ě. ć D_2(E_2, V_2): E_2 = E − E_1 → (E − E_1) (á V = V_1 + V_2 ĺńĺ V = V_1 = V_2), ĺ Ω(E, ΔE) =⇒ ΔE ∫ dE_1D_1(E_1, V_1) D_2(E − E_1, V_2), őâłãďă: (4.3) D(E, V ) = E∫

0 dE_1D_1(E_1, V_1) D_2(E − E_1, V_2), ěáńĺ E_1 > 0, E_2 > 0, (4.4)

ĺńĺ: D(E, V ) = E−E^0_2 ∫ E^0_1

dE_1 D_1(E_1, V_1) D_2(E − E_1, V_2),

ěáńĺ E_1 > E^0_1 , E_2 > E^0_2 , čďě E^0_1 , E^0_2 , – őáŋőćŋëě áőáâőïŋĺï ŕőďáĺáâěň 1,2.

Š.ě. íŋěàčěâĺçěáłăï ŕńőâŋőáâì áőáâőïŋĺľ áőáâăćŋőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë ěáâì áćěàâłă ŕńőâŋőáâěľ áőáâőïŋĺľ áőáâăćńïîéĺå ěě ŕőďáĺáâěň, ŋăåőďïéĺåáï ć âěŕńőćőň łőŋâăłâě (áà. (3.60)).

Ěáńĺ ŕőńŋăï íŋěàčĺï ćáěľ áĺáâěňë ńěęĺâ ć ĺŋâěàćăńě (E, E + ΔE), âő ŕàĺ łăęďőň äĺłáĺàőćăŋŋőň ğŋăçěŋĺĺ E_1 ĺ E_2 = E − E_1 ŕőďáĺáâěňă 2 ĺňěěâ íŋěàčĺî ć ĺŋâěàćăńě (E_2, E_2 + ΔE). Šőčďă áőőâćěâáâćãîéăï őŕàěďěńěŋĺïň (3.3), (3.12) ãáńőćŋăï ćěàőïâŋőáâì [3], [19] őąŋăàãęĺâì ŕőďáĺáâěňã 1 ć ňĂłàőáőáâőïŋĺĺ á íŋěàčĺěľ ć ĺŋâěàćăńě (E_1, E_1 + dE_1) ŕàĺ

ãáńőćĺĺ, çâő ŕőďáĺáâěňă 2 ĺňěěâ íŋěàčĺî ć ĺŋâěàćăńě (E_2, E_2 + ΔE), àăćŋă:

dW_1(E_1) = w_{Ω1}(E_1) Ω_1(E_1, dE_1) = w_Ω(E, ΔE) w_{Ω2}(E_2, ΔE)

Ω_1(E_1, dE_1) = (4.5) = Ω_2(E − E_1, ΔE) Ω_1(E_1, dE_1) Ω(E, ΔE) = D_2(E − E_1, V_2) D(E, V ) D_1(E_1, V_1) dE_1. (4.6)

Ŕőáłőńìłã, äãŋłæĺï Ω_1(E_1, dE_1) (3.34), (3.33) àěğłő ćőğàăáâăěâ á àőáâőň E_1, ă äãŋłæĺï Ω_2(E − E_1, ΔE) ŕàĺ íâőň âăłęě àěğłő ãąëćăěâ, ĺå ŕàőĺğćěďěŋĺě ć ćěàőïâŋőáâĺ (4.6) ďăěâ őáâàëľ ňăłáĺňãň ŕàĺ E_1 = E_1 á dW_1(E_1) ≃ 1, őâćěçăîéĺľ áőáâőïŋĺî âěŕńőćőčő àăćŋőćěáĺï ć (3.12), łőâőàőě, áőčńăáŋő (3.13), ďőáâăćńïěâ ňăłáĺňãň íŋâàőŕĺĺ ćáěľ áĺáâěňë łăł ln Ω =⇒ ln[Ω_1Ω_2]. Ĺááńěďãěň ěčő ŕőďàőąŋěě, àăááňőâàěć áŕěàćă

2 Łćăŋâőćëě áĺáâěňë

Ŕãáâì ňĂłàőŕőďáĺáâěňă 1 őąňěŋĺćăěâáï íŋěàčĺěľ á âěàňőáâăâőň łăł ňĂłàőŕőďáĺáâěňőľ 2, ïćńïïáì ńĺèì ňăńőľ çăáâìî ěďĺŋőľ áőáâăćŋőľ ĺğőńĺàőćăŋŋőľ ňĂłàőáĺáâěňë 1 ⊕ 2 á ŕőńŋőľ íŋěàčĺěľ E, łőâőàăï őŕĺáëćăěâáï ãęě ňĹłàőłăŋőŋĺçěáłĺň ăŋáăňąńěň. Šăł çâő ć ďőŕőńŋěŋĺě ł (4.1) ąãďěň ŕőńăčăâì, çâő: V_1 ≪ V_2 ≤ V , E_1 ≪ E_2 ≤ E, ĺ 1 ≪ N ≡ N_1 ≪ N_2.

—45—

Ć ŕàěďáâăćńěŋĺ (4.1) ŕőńŋőľ íŋěàčĺĺ ćáěľ áĺáâěňë ć ćĺďě áãňňë âàěå áńăčăěňëå ć âàď. ŕàď. ňőęŋő ćŋőćì ŕàěŋěąàěçì ćłńăďőň H_{int} ŕàĺ àăğãňŋëå ŕàěďŕőńőęěŋĺïå ő ŕőâěŋæĺăńě ŕăàŋőčő ňěęňőńěłãńïàŋőčő ćğăĺňőďěľáâćĺï φ(r). Ěčő ŕàĺňěàŋăï ňőďěńì łăł äãŋłæĺï àăááâőïŋĺï r ĺňěěâ ćĺď: φ(r) = ∞, r < 2r_0, −φ_0, 2r_0 < r < R_0, 0, r > R_0.

(4.7)

Ŕőáłőńìłã ćğăĺňőďěľáâćãîâ ńĺèì ňőńěłãńë ĺğ âőŋłőčő ŕőčàăŋĺçŋőčő áńőï âőńéĺŋë R_0 ňěęďã ŕőďáĺáâěňăňĺ 1 ĺ 2, á őąêěňőň V_{int} ∼ L^2_1R_0, čďě L_{1,2} – ńĺŋěľŋëě àăğňěàë ŕőďáĺáâěň 1, 2, âő, łăł ĺ ŕàĺ ćëćőďě (1.26), ďńï ěďĺŋőľ ŕőáâőïŋŋőľ ŕńőâŋőáâĺ çĺáńă çăáâĺæ n ĺňěěň őæěŋłĺ^1: |H_{int}| ∼ V_{int}, E_{1,2} ∼ V_{1,2} ∼ L^3_{1,2}. Ć âàď. ŕàď.: L_{1,2} → ∞, ĺ: |H_{int}| E_{1,2} ∼ R_0 L_{1,2} −→ 0, âőçŋěě: |H_{int}| E_{1,2} ∼ 1 2 ( R_0 2r_0

)_3 φ_0 k_B T R_0 L_{1,2} ≪ 1. (4.8)

Š.ě. ďńï ňĂłàőŕőďáĺáâěň E ∼= E_1 + E_2, ć áőőâćěâáâćĺĺ á (1.28), (4.1).

Ŋăľďěň ćěàőïâŋőáâì w_{1m} őąŋăàãęĺâì ŕőďáĺáâěňã 1 ć őâďěńìŋőň ğăďăŋŋőň łćăŋâőćőň ňĹłàőáőáâőïŋĺĺ |1, m⟩, łőčďă ŕőńŋăï áĺáâěňă 1 ⊕ 2 ŕàěďáâăćńěŋă ňĹłàőłăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň. Ő âăłőň áőáâőïŋĺĺ ŕőďáĺáâěňë 1 ňőęŋő čőćőàĺâì, łăł ő áâăæĺőŋăàŋőň, ńĺèì ć ŕàěŋěąàěęěŋĺĺ ćğăĺňőďěľáâćĺěň H_{int} ňěęďã ŋĺňĺ. Š.ł. áâăâćěá âăłőčő ŋěćëàőęďěŋŋőčő ňĹłàőáőáâőïŋĺï á ďăŋŋőľ íŋěàčĺěľ ŕőďáĺáâěňë E_1 = E_{1m} àăćěŋ ěďĺŋĺæě: Ω_1 ⇒ 1, âő ďńï ãáńőćŋőľ ćěàőïâŋőáâĺ őąŋăàãęĺâì ŕőďáĺáâěňã 1 ć íâőň ďĺáłàěâŋőň ňĹłàőáőáâőïŋĺĺ, ĺğ àăćěŋáâć (4.5), (4.6) ŕàĺ dW_1(E_1) → w_{1m}(E_{1m}), á ãçěâőň (3.11), ŕőńãçăěň ćëàăęěŋĺě ć ćĺďě ďőńĺ áőáâőïŋĺľ âěàňőáâăâă ć ŕőńŋőň çĺáńě áőáâőïŋĺľ ćáěľ áĺáâěňë: (k_B = 1)

w_{1m}(E_{1m}) =

Ω_2(E − E_{1m}, ΔE) Ω(E, ΔE) = D_2(E − E_{1m}, V_2) D(E, V ) , (4.9)

ln [w_{1m}(E_{1m})] = S_2(E − E_{1m}) − S(E), E − E_{1m} ≡ E_2, (4.10) čďě ć áĺńã ŕàĺŋæĺŕă àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ (3.2) ćáě ŋěĺŋâěàěáŋëě ŋăň àăćŋőćěàőïâŋëě áőáâőïŋĺï âěàňőáâăâă áãňňĺàãěîâáï ć ěčő áâăâćěá Ω_2(E_2, ΔE). Řăğńăčăï S_2 = ln Ω_2(E_2), őčàăŋĺçĺňáï ŋĺğèĺňĺ áâěŕěŋïňĺ ňăńőľ ćěńĺçĺŋë E_{1m} = E − E_2 ≪ E ć őłàěáâŋőáâĺ E_2 = E:

S_2(E − E_{1m}) ≃ S_2(E) − E_{1m}

∂S_2(E_2) ∂E_2 E_2=E

V_2 + E^2_{1m} 2 ∂^2S_2(E_2) ∂E^2_2

E_2=E

V_2 + . . . . (4.11)

1İŋěàčĺï ćğăĺňőďěľáâćĺï ňőńěłãń ć őąêěňě V_{int}: |H_{int}| ≃^1_2 φ_0×(çĺáńő ňőńěłãń ć ŋěň)× (ňăłáĺňăńìŋőě çĺáńő ňőńěłãń, őďŋőćàěňěŋŋő ŋăåőďïéĺåáï ć ğőŋě àăďĺãáă ďěľáâćĺï áĺń ŕàĺâïęěŋĺï) =^1_2 φ_0 · (nV_{int}) · (R^3_0/(2r_0)^3), âőčďă łăł: E_{1,2} ∼ C_{V 1,2}T ∼ k_BnV_{1,2}T .

—46— Ććőďï ăąáőńîâŋãî âěňŕěàăâãàã ĺ âěŕńőěňłőáâì âěàňőáâăâă àăćěŋáâćăňĺ:

∂S_2(E_2) ∂E_2 E_2=E

V_2

= β = 1 T_2

, E^2_{1m}

∂^2S_2(E_2) ∂E^2_2

E_2=E

V_2

= E^2_{1m} ( ∂ ∂E_2 1 T_2 ) V_2

= (4.12) = − E^2_{1m} T^2_2 ( ∂T_2 ∂E_2 ) V_2 = − E^2_{1m} T^2_2 1 C_{V 2} ≃ − E_{1m} T_2 E_{1m} E , â.ł.: C_{V 2}T_2 ≃ E_2 = E, (4.13)

ĺ ŕàěŋěąàěčăï ć (4.11) ŕőáńěďŋĺň áńăčăěňëň, áőčńăáŋő (4.12) → (4.13), ććĺďã áâőńì őčàőňŋőľ âěŕńőěňłőáâĺ âěàňőáâăâă, ă ğăâěň, ŕőńăčăï:

S_2(E) − S(E) ≡ ln

Ω_2(E, ΔE) Ω(E, ΔE) ≡ ln

D_2(E, V_2) D(E, V ) = − ln Z_N , (4.14)

ĺ ŕőďáâăćńïï (4.11), (4.12), (4.14) ć ćëàăęěŋĺě ďńï ln w_{1m} (4.10), ŋăľďěň ãęě ãłăğăŋŋőě àăŋěě ć (1.28), (3.46) ĺğ áőőąàăęěŋĺľ ăďďĺâĺćŋőáâĺ ńőčăàĺäňă äăğőćőľ ŕńőâŋőáâĺ àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ, ŋăğëćăěňőě łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň Čĺąąáă ďńï ğăłàëâőľ áĺáâěňë ć âěàňőáâăâě:

ln w_{1m}(E_{1m}) = S_2(E − E_{1m}) − S(E) =⇒ − ln Z_N − βE_{1m}, (4.15)

w_{1m}(E_{1m}) = 1 Z_N e^{−βE1m} ≡ 1 Z_N exp { − E_{1m} T_2 } = ϱ_{mm}(E_{1m}), (4.16) ∑ m w_{1m}(E_{1m}) = 1, â.ě.: Z_N (β, V_1) =^∑_m e^{−βE1m} =^∑_E 1m e^{−βE1m} g(E_{1m}). (4.17)

Ć áãňňăå ŕő m (4.17) łăęďëľ íŋěàčěâĺçěáłĺľ ãàőćěŋì á íŋěàčĺěľ E_{1m} ćłńăďëćăěâ, łăł ĺ ć (3.4), (3.45), áâőńìłő àăğ, łăłőćă ěčő łàăâŋőáâì ćëàőęďěŋĺï g(E_{1m}), łőâőàăï ŕő áćőěňã áňëáńã ĺğ (3.5) áőćŕăďăěâ áő áâăâĺáâĺçěáłĺň ćěáőň ćáěå ďĺáłàěâŋëå ňĹłàőáőáâőïŋĺľ {|m⟩_i}^g_{i=1} á ďăŋŋőľ íŋěàčĺěľ E_{1m}, ćőğćàăéăï ŋăá, ŕő áãâĺ, ł ćěàőïâŋőáâĺ (4.5), łőâőàăï á ŕěàěåőďőň ⇐⇒ ł ŋěŕàěàćëŋőňã áŕěłâàã E_{1m} ⇐⇒ E_1 ŕàĺŋĺňăěâ ćĺď:

w_{1m}(E_{1m}) ⇐⇒ w_1(E_1), g(E_{1m}) ⇐⇒ Ω_1(E_1, dE_1) = D_1(E_1, V_1)dE_1, (4.18) (4.5) =⇒ w_{1m}(E_{1m}) g(E_{1m}) ⇐⇒ w_1(E_1) Ω_1(E_1, dE_1) =^~W_1(E_1) dE_1 ≡ (4.19) ≡ 1 Z_N e^{−βE1} Ω_1(E_1, dE_1) = 1 Z_N e^{−βE1} D_1(E_1, V_1)dE_1 ≡ dW_1(E_1), (4.20)

čďě:^∑_m w_{1m}(E_{1m}) =^∑_E 1m w_{1m}(E_{1m}) g(E_{1m}) ⇐⇒ ∞∫

0 dW_1(E_1) = 1, (4.21)

ĺ: Z_N ( β = 1 T_2

; V_1 ) =^∑_E 1m e^{−βE1m} g(E_{1m}) ⇐⇒ ∞∫

0 e^{−βE1} D_1(E_1, V_1) dE_1. (4.22)

—47— Ćěńĺçĺŋã Z_N (β, V ) ŋăğëćăîâ łăŋőŋĺçěáłőľ áâăâĺáâĺçěáłőľ áãňňőľ. Őŋă ğăćĺáĺâ őâ β ĺ ćŋěèŋĺå ŕăàăňěâàőć, ŋăŕàĺňěà, őąêěňă V , ă ĺŋďěłá N őğŋăçăěâ, çâő àăááňăâàĺćăěňăï ŕőďáĺáâěňă 1 őáâăěâáï ŕő-ŕàěęŋěňã ğăłàëâőľ, â.ě. N_1 = N = const. Šőčďă ěďĺŋáâćěŋŋőľ ćěńĺçĺŋőľ, åăàăłâěàĺğãîéěľ ćğăĺňőďěľáâćĺě á âěàňőáâăâőň, ïćńïěâáï ěčő âěňŕěàăâãàă T_2 = T . Śâăâáãňňă łăŋőŋĺçěáłőčő ăŋáăňąńï Z_N (β, V ) ïćńïěâáï ćăęŋěľèěľ ćěńĺçĺŋőľ, łőâőàăï ŕőğćőńïěâ ŋăľâĺ âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë áĺáâěňë, ă áńěďőćăâěńìŋő, ĺ ěě ãàăćŋěŋĺï áőáâőïŋĺï.

Ćěàőïâŋőáâì (4.16) ěáâì ďĺăčőŋăńìŋëľ íńěňěŋâ ňăâàĺæë ŕńőâŋőáâĺ. Ć ďàãčĺå ŕàěďáâăćńěŋĺïå, čďě čăňĺńìâőŋĺăŋ^^H ŋě ïćńïěâáï ďĺăčőŋăńìŋëň, ĺňěěň áâăâĺáâĺçěáłĺľ őŕěàăâőà ĺ áâăâáãňňã (4.17), (4.22) ć ćĺďě: ^ϱ = 1 Z_N exp(−β^^H), čďě âěŕěàì Z_N (β, V ) = T r ( e^{−β ^H} ) . (4.23)

Őŕàěďěńěŋĺě ŕăàăňěâàă β (4.12) ŕàĺ ŕěàěåőďě őâ (4.10) ł (4.15), ŕő áãâĺ, áőćŕăďăěâ á ćëàăęěŋĺěň ďńï őąàăâŋőľ âěňŕěàăâãàë (3.8). Řăááňőâàĺň áŋőćă ĺğőńĺàőćăŋŋãî áĺáâěňã, áőáâăćńěŋŋãî ĺğ ďćãå ŕőďáĺáâěň 1 ĺ 2, ŋăåőďïéĺåáï ć âěŕńőćőň àăćŋőćěáĺĺ ŕàĺ âěňŕěàăâãàě 1/β. Ĺğ (4.22) ŋăåőďĺň ěě łăŋőŋĺçěáłãî áâăâáãňňã łăł ŕàěőąàăğőćăŋĺě Ńăŕńăáă áćěàâłĺ ŕńőâŋőáâěľ (4.4) ňĹłàőłăŋőŋĺçěáłĺå àăáŕàěďěńěŋĺľ ŕőďáĺáâěň, äăłâőàĺğãîéěěáï ć ŕàőĺğćěďěŋĺě áőőâćěâáâćãîéĺå łăŋőŋĺçěáłĺå áâăâáãňň:

Z^{1+2}_N (β) = ∞∫

0 dEe^{−βE} D(E, V ) = ∞∫

0 dEe^{−βE} E∫

0 dE_1D_1(E_1, V_1)D_2(E − E_1, V_2) = ∞∫

0 e^{−βE1} D_1(E_1, V_1) dE_1 ∞∫

0 e^{−βE2} D_2(E_2, V_2) dE_2 = Z^1_{N1} (β) Z^2_{N2} (β). (4.24)

Šăł çâő ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï áĺáâěňë 1 ⊕ 2:

β_1 = β_2 = β, ln Z^{1+2}_N (β) = ln Z^1_{N1} (β) + ln Z^2_{N2} (β). (4.25)

Ŕěàćőě àăćěŋáâćő ŕőďâćěàęďăěâ, çâő ŕăàăňěâà β ěáâì âěňŕěàăâãàŋëľ ŕăàăňěâà, ă ćâőàőě – çâő ln Z^{1+2}_N (β) ěáâì ăďďĺâĺćŋăï äãŋłæĺï ďńï áőáâăćŋőľ áĺáâěňë 1 ⊕ 2. Ŋő ĺ ďńï áĺáâěňë 1 ⊕ 2 ć âěàňőáâăâě 3, áőčńăáŋő (1.26), ć àăćŋőćěáĺĺ íŋěàčěâĺçěáłĺě áŕěłâàë ňĹĺłàőáőáâőïŋĺľ E_{1m} ĺ E_{2n} őâďěńìŋëå ňĂłàőŕőďáĺáâěň, ă áńěďőćăâěńìŋő, ĺ ćěàőïâŋőáâĺ ĺå àěăńĺğăæĺĺ ňőęŋő áçĺâăâì, ăŋăńőčĺçŋő (3.12), áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëňĺ:

w^{1+2}_{mn} = w_{1m} w_{2n} =⇒ exp(−βE_{mn}) Z^{1+2}_N (β) = exp(−β_1E_{1m}) Z^1_{N1} (β_1) exp(−β_2E_{2n}) Z^2_{N2} (β_2)

. (4.26)

—48— Ŕàĺ E_{mn} =⇒ E_{1m} + E_{2n} ≡ x + y íâő ďăěâ ćëàăęěŋĺě ďńï łőŋáâăŋâë:

const ≡

Z^1(β_1)Z^2(β_2) Z^{1+2}(β)

= exp [x(β − β_1) + y(β − β_2)] −→ 1,

ć áĺńã ŕàőĺğćőńìŋőáâĺ x, y, çâő ćŋőćì ŕàĺćőďĺâ ł àăćěŋáâćăň (4.25).

3 Łćăğĺłńăááĺçěáłĺľ ŕàěďěń

Ďńï ŕěàěåőďă ł łćăğĺłńăááĺçěáłőňã ŕàĺąńĺęěŋĺî ŋãęŋő ćŋőćì ğăňěŋĺâì áãňňã ŕő áőáâőïŋĺïň ć (4.17) ĺŋâěčàăńőň ŕő ŋěŕàěàëćŋőňã áŕěłâàã íŋěàčĺľ (4.22) ĺ ďăńěě ĺŋâěčàăńőň ŕő äăğőćőňã őąêěňã (3.22), (3.23). Ŕàĺ íâőň ďńï őďĺŋăłőćëå çăáâĺæ ćŋőćì ŕàĺåőďĺň ł âőňã, çâő łőŋäĺčãàăæĺĺ âőęďěáâćěŋŋëå, ŋő ěéě àăğńĺçĺňëå çăáâĺæ, ŕőńãçěŋŋëě ć àěğãńìâăâě N! ŕěàěáâăŋőćőł íâĺå çăáâĺæ ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě, ïćńïîâáï íłćĺćăńěŋâŋëňĺ ĺ ďőńęŋë áçĺâăâìáï ğă őďŋã. Šőčďă, ŕőáłőńìłã ďńï ńîąőľ äãŋłæĺĺ F(E) [ć áőőâćěâáâćĺĺ á (3.4), (3.19), (3.35), ĺ (4.19), (4.22), ĺńĺ, áőčńăáŋő (3.62), ă âăłęě (3.22), (3.45)] ŕàĺ ϱ_N (X) = w(H(X)) ĺňěěň: ∑ m F(E_m) =^∑_{Em} F(E_m)g(E_m)⇐⇒ ∞∫

0 F(E)D(E, V )dE = ∫ {X} F(H(X))^^dΓ, (4.27)

čďě, ć áĺńã (3.23), (3.40): D(E, V ) = ∫ {X} δ ( E − H(X) ) ^dΓ, âő ĺ: (4.28) w(E_m)g(E_m)⇐⇒w(E)Ω(E, dE)⇀↽ ϱ_N (X)^^dΓ_N ≡ exp [−βH(X)] d^{2s}X Z^{qs.cl}_N N! h^s ,(4.29) ĺ: Z_N ⇐⇒ Z^{qs.cl}_N = ∞∫

0 e^{−βE} D(E, V )dE = ∫ {X} exp [−βH(X)] d^{2s}X N! h^s , (4.30)

čďě s = Nd, ă d – çĺáńő ŕàőáâàăŋáâćěŋŋëå áâěŕěŋěľ áćőąőďë çăáâĺæë. Śâàőčő àěğãńìâăâë (4.29), (4.30) ŕőńãçăîâáï àăğńőęěŋĺěň łćăŋâőćőľ áâăâáãňňë (4.23) ć ŕàěďáâăćńěŋĺïå âĺŕă (2.21) ŕő áâěŕěŋïň h̄ ŕàĺ h̄ → 0.

Ŕńőâŋőáâì àăáŕàěďěńěŋĺï àăğńĺçŋëå ğŋăçěŋĺľ B ńîąőľ ďĺŋăňĺçěáłőľ ćěńĺçĺŋë b(X) ć àăćŋőćěáŋőň ňĂłàőáőáâőïŋĺĺ, åăàăłâěàĺğãěňőň ńîąőľ äăğőćőľ ŕńőâŋőáâìî ϱ_N (X), ďăěâáï áàěďŋĺň (1.31)–(1.32) ć ćĺďě: f(B) = ⟨⟨ δ ( B − b(X) )⟩⟩ = ∫ {X} δ ( B − b(X) ) ϱ_N (X)^^dΓ_N . (4.31)

—49—

4 Őŕàěďěńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ

Śâăàâãï âěŕěàì á őŕàěďěńěŋĺï íŋâàőŕĺĺ (3.45), ŕőďáâăćĺň ć ŋěčő ńőčăàĺäň ćěàőïâŋőáâĺ łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï Čĺąąáă (4.15):

S = −k^∑_m w_m ln w_m = k^∑_m w_m(βE_m + ln Z_N )= kβ^∑_m w_mE_m + k ln Z_N .(4.32)

Ŕő őáŋőćŋőňã ŕőáâãńăâã ćŋãâàěŋŋïï íŋěàčĺï ěáâì ãáàěďŋěŋŋăï ŕő ăŋáăňąńî íŋěàčĺï ňĹłàőáőáâőïŋĺľ áĺáâěňë, ĺ (4.32) ŕěàěŕĺèěâáï ć ćĺďě: ∑ m w_mE_m ≡ ≪E≫ = U, čďě^∑_m w_m = 1, ĺ − 1 β ln Z_N = U − S kβ . (4.33)

Ć íâőľ äőàňãńě ńěčłő ãğŋăâì ćëàăęěŋĺě ďńï áćőąőďŋőľ íŋěàčĺĺ, ěáńĺ 1 kβ = T, β = 1 kT , F = − 1 β ln Z_N = −kT ln Z_N = U − T S. (4.34)

Š.ě. áćőąőďŋăï íŋěàčĺï ćŕőńŋě őŕàěďěńïěâáï áâăâĺáâĺçěáłőľ áãňňőľ łăł Z_N (T, V ), őâłãďă ãęě ąěğ âàãďă ćëçĺáńïîâáï őáâăńìŋëě âěàňőďĺŋăňĺçěáłĺě åăàăłâěàĺáâĺłĺ áĺáâěňë. Ŋăľďěň ćłńăď ďĺääěàěŋæĺăńă ln Z_N ć ŕőńŋëľ ďĺääěàěŋæĺăń íŋâàőŕĺĺ ćĺďă (4.32): dS = kd(βU) + kd ln Z_N = Ukdβ + kβdU + kd ln Z_N . (4.35) Ŕàĺ N = const, ďńï äãŋłæĺĺ Z_N (β, V ) ŋěğăćĺáĺňëå ŕěàěňěŋŋëå β, V :

d ln Z_N = 1 Z_N ∂Z_N ∂β dβ + 1 Z_N ∂Z_N ∂V dV ≡ d ln ( ∑ m e^{−βEm} ) = = 1 Z_N ∑ m (−E_m) exp(−βE_m)dβ + β Z_N ∑ m ( − ∂E_m ∂V ) exp(−βE_m)dV ≡ ≡ − ≪E≫ dβ + β ⟨⟨ − ∂E ∂V ⟩⟩ dV = d ln Z_N , čďě w_m = e^{−βEm} Z_N , (4.36)

ĺ ŕàĺ łćăŋâőćăŋĺĺ íŋěàčĺĺ ć ïéĺłě ćáě E_m ∝ q^2_n á q_n = 2πn/L ğăćĺáïâ âőńìłő őâ ěčő őąêěňă V = L^3: E_m = E_m(V ); ă â.ł. ≪E≫ = U(S, V, N) ŕàĺ dU = T dS − P dV + μdN, âő, łăł ĺ ć (3.9), (3.10), ĺ ğďěáì^2: ⟨⟨ − ∂E ∂V ⟩⟩ ≡^∑_m w_m ( − ∂E_m ∂V ) =⇒ [w_m= const] − ( ∂≪E≫ ∂V ) S,N = P, (4.37)

ĺ ěáâì áàěďŋïï őąőąéěŋŋăï áĺńă, âěàňőďĺŋăňĺçěáłĺ áőŕàïęěŋŋăï őąêěňã, â.ě. ďăćńěŋĺě łăł ăďĺăąăâĺçěáłĺľ őâłńĺł áĺáâěňë ŋă ĺğňěŋěŋĺě őąêěňă.

2â.ě. ŕàőĺğćőďŋăï ≪E≫ = (4.33) ŕàĺ w_m = const ěáâì ŕàőĺğćőďŋăï ŕàĺ S = (4.32) = const.

—50— Šőčďă − ∂E_m/∂V ïćńïěâáï “ŕăàæĺăńìŋëň” ćłńăďőň ć ďăćńěŋĺě őâďěńìŋőčő ňĹłàőáőáâőïŋĺï |m⟩ á íŋěàčĺěľ áĺáâěňë E_m. Š.ě. ĺğ (4.36), (4.37): 1 β d ln Z_N = − 1 β Udβ + P dV, ĺ ŕàĺ 1 β = kT, 1 T = kβ (4.38)

ŕőďáâăćĺć íâő ć (4.35), ŕàĺďěň ł őáŋőćŋőňã ãàăćŋěŋĺî âěàňőďĺŋăňĺłĺ: 1 kβ dS = dU + P dV, Šőčďă á ãçěâőň β ∂∂β = −T ∂∂T , T ∂∂T + 1 = ∂∂T T , äőàňãńë (4.32)–(4.34) ĺ (4.36)–(4.38) ŋěŕőáàěďáâćěŋŋő ćőáŕàőĺğćőďïâ ćáě áőőâćěâáâćãîéĺě âěàňőďĺŋăňĺçěáłĺě őŕàěďěńěŋĺï ďńï Z_N = Z_N (β, V ):

F =⇒_{(4.34)} −kT ln Z_N , U =⇒_{(4.36)} − ( ∂ ln Z_N ∂β ) V,N =⇒_{(4.34)} −T^2 ( ∂ ∂T ( F T )) V,N , (4.39)

P =⇒_{(4.38)} kT ( ∂ ln Z_N ∂V ) T,N = − ( ∂F ∂V ) T,N , C_V =⇒_{(4.39)} kβ^2

∂^2 ln Z_N ∂β^2 V,N , (4.40)

S =⇒_{(4.34)} U − F T =⇒_{(4.39)} − ( T ∂ ∂T + 1 ) F T ≡ − ( ∂F ∂T ) V,N = ∂(kT ln Z_N ) ∂T V,N . (4.41)

Ćěàőïâŋőáâì w_m = w(E_m) = 1 Z_N exp (−βE_m) ≡ exp (βF − βE_m) , (4.42) ŋăľâĺ àăćŋőćěáŋãî áĺáâěňã ć ňĹłàőáőáâőïŋĺĺ á ŕőńŋőľ íŋěàčĺěľ E_m ŕàĺ âěňŕěàăâãàě T áőčńăáőćăŋă á ŋăľďěŋŋëňĺ àăŋěě ćěàőïâŋőáâïňĺ łăł (3.3), (3.46), âăł ĺ á (3.25), ŕőáłőńìłã ćěàőïâŋőáâì őŕàěďěńěŋŋőčő ğŋăçěŋĺï íŋěàčĺĺ ňĂłàőáőáâőïŋĺï ć (4.20) ĺňěěâ ŕő-ŕàěęŋěňã àěğłĺľ ŕĺł ŕàĺ ŋăĺąőńěě ćěàőïâŋőň ğŋăçěŋĺĺ íŋěàčĺĺ E, łőâőàőě ŕő-ŕàěęŋěňã ŕàăłâĺçěáłĺ áőćŕăďăěâ ŕàĺ N ≫ 1 á ěě áàěďŋĺň ğŋăçěŋĺěň E ≈ ≪E≫ = U. Ŋăŕàĺňěà, ďńï ĺďěăńìŋőčő čăğă (3.33) á ãçěâőň (3.25) −→ (4.19), (4.20) ŋăåőďĺň: ~W_N (E) = w(E) ∂Γ_N (E) ∂E =^~A_N exp(−βE) Z_N E^{32 N −1}, d dE ~W_N (E) = 0, (4.43)

őâłãďă E = ( 3 2 N − 1 ) kT, ≪E≫ = ∫ E^~W_N (E) dE ∫ ~ W_N (E) dE = 3 2 NkT. (4.44) Ć âő ęě ćàěňï ďńï őďŋőľ çăáâĺæë ŕàĺ N = 1 íâĺ ğŋăçěŋĺï àăğńĺçăîâáï ć âàĺ àăğă! Őæěŋłă őâŋőáĺâěńìŋőľ èĺàĺŋë ŕĺłă ąãďěâ ŕàőćěďěŋă ŋĺęě, ć (9.2). Őŋă âăłęě áãéěáâćěŋŋő ğăćĺáĺâ őâ N ĺ ĺňěěâ ŕőàïďőł ćěńĺçĺŋë (áàăćŋĺ á (4.11), (4.13)):

σ_2(E) ≡ √ ≪(ΔE)^2≫ ≪E≫ ≈ k C_V ∼ 1 √ N ≪ 1. (4.45)

—51— ([1] §§4.1-4.4, [4] §§11–13, [5] §61, [6] §§28,31,36, [7], [36])

Ğăďăçĺ 10.1. Šěŕńőěňłőáâì ŋěłőâőàőľ áĺáâěňë áőáâőïéěľ ĺğ ąőńìèőčő çĺáńă çăáâĺæ ĺňěěâ ćĺď C_V = aT^n. Ŋăľâĺ ĺ áàăćŋĺâì íŋěàčěâĺçěáłãî ŕńőâŋőáâì áőáâőïŋĺľ ĺ ŕőńŋëľ ďőáâãŕŋëľ âăłőľ áĺáâěňě äăğőćëľ őąêěň, ěáńĺ őŋă: ă) ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋă; ą) ŋăåőďĺâáï ć âěàňőáâăâě [24]. 10.2. Ĺáåőďï ĺğ (4.31), ŋăľâĺ ŕńőâŋőáâì àăáŕàěďěńěŋĺï ćěàőïâŋőáâĺ àăğńĺçŋëå ğŋăçěŋĺľ íŋěàčĺĺ f(E) =^~W_N (E) ďńï ĺğőńĺàőćăŋŋőľ áĺáâěňë ĺ áĺáâěňë ć âěàňőáâăâě.

10.3. Ďĺääěàěŋæĺàãï áàěďŋěě ŕő łăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî őâ ńîąőľ ďĺŋăňĺçěáłőľ ćěńĺçĺŋë b(X, a), čďě X = {q_i, p_i}^s_{i=1}- äăğőćëě łőőàďĺŋăâë, ďőłăğăâì ďćě ńěňňë Čĺąąáă [4] §13 (áàăćŋĺ á (4.37), (5.31)): çâő ŕàĺ T dS = d≪E≫ +^∑_k ≪A_k≫da_k, dF (T, a) = −SdT −^∑_k ≪A_k≫da_k, (4.46) ϱ_N (X) = w(H(X, a)) = exp {β[F (T, a) − H(X, a)]} , čďě: a = {a_k},(4.47) ≪E≫≡≪H(X, a)≫, ≪b≫≡≪b(X, a)≫, F (T, a) = ≪E≫ − T S, (4.48) ≪A_k≫≡ ⟨⟨ − ∂H(X, a) ∂a_k ⟩⟩ = − ( ∂≪E≫ ∂a_k ) S,a_j≠a_k = − ∂F (T, a) ∂a_k T,a_j ≠a_k , (4.49)

ĺňěěň: ( ∂≪b≫ ∂a_k ) T − ( ∂≪b≫ ∂a_k ) S (4.37)

=⇒_{??} ∂≪b≫ ∂a_k − ⟨⟨ ∂b(X, a) ∂a_k ⟩⟩ = (4.50) = − 1 T ⟨⟨( b(X, a) − ≪b≫ ) ∂H(X, a) ∂a_k − ⟨⟨ ∂H(X, a) ∂a_k ⟩⟩ ⟩⟩ , (4.51) ( ∂≪b≫ ∂T ) a = 1 T^2 ⟨⟨( b(X, a) − ≪b≫ )( H(X, a) − ≪E≫ )⟩⟩ , (4.52)

â.ł. ≪b≫ = B(T, a). Ŕőńãçĺâì őâáîďă äőàňãńë ďńï äńãłâãăæĺľ àăğńĺçŋëå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ćĺďă (9.2).

10.4. Ŋőàňĺàãï ćěàőïâŋőáâì ňĂłàőáőáâőïŋĺï (4.43) ŋă ěďĺŋæã, ŋăľâĺ äãŋłæĺî^~W_N (E) ĺ łăŋőŋĺçěáłãî áâăâáãňňã ĺďěăńìŋőčő čăğă (áň. (3.59)):

~W_N (E) = e^{−E/(kT )}E^32^{N −1} (kT )^{3N/2}Γ(3N/2)

, Z_N = 1 N! V Λ^3(T ) N . (4.53)

Ŕàĺ N = 1 ĺ Γ(3/2) = √ π/2 áàăćŋĺâì á^~f_T (ε) (6.30), (10.27).

Ńěłæĺï 5

Ąőńìèőľ łăŋőŋĺçěáłĺľ ăŋáăňąńì

Őąőąéĺň áåěňã, łőâőàăï ŕàĺćěńă ŋăá ł łăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî Čĺąąáă, ŋă áńãçăľ ŕőďáĺáâěňë 1, őąňěŋĺćăîéěľáï á “âěàňőáâăâőň” 2 ŋě âőńìłő íŋěàčĺěľ, ŋő ĺ ćěéěáâćőň, łőčďă ĺ ěě çĺáńő çăáâĺæ N_1, – ŕěàěňěŋŋăï ćěńĺçĺŋă. Łăłőćă ćěàőïâŋőáâì őąŋăàãęĺâì ŕőďáĺáâěňã 1 ć łćăŋâőćőň áőáâőïŋĺĺ |m, N⟩ á íŋěàčĺěľ E_{1m} ⇒ E_{mN} ĺ çĺáńőň çăáâĺæ N_1 ⇒ N? Őâćěâ ŋă íâőâ ćőŕàőá ďăěâ

1 Ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă

Ćŋőćì áãňňĺàãï ŕő ćáěň àăćŋőćěàőïâŋëň ć áĺńã ŕàĺŋæĺŕă àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ ŋěĺŋâěàěáŋëň ŋăň áőáâőïŋĺïň âěàňőáâăâă 2 ć ĺŋâěàćăńăå íŋěàčĺĺ (E −E_{mN} = E_2, E_2 +ΔE) ĺ çĺáńă çăáâĺæ (N_0 −N = N_2, N_2 + ΔN_0) ĺ áńěďãï àăááãęďěŋĺïň (4.5) – (4.10), ćŋőćì ŋăľďěň ĺáłőňãî ćěàőïâŋőáâì őâďěńìŋőčő ňĹłàőáőáâőïŋĺï ŕőďáĺáâěňë 1 łăł ďőńî íâĺå áőáâőïŋĺľ âěàňőáâăâă 2 ć ŕőńŋőň çĺáńě áőáâőïŋĺľ ćáěľ áĺáâěňë 1 ⊕ 2, őŕàěďěńïěňãî áŋőćă őâŋőèěŋĺěň ĺå áâăâĺáâĺçěáłĺå ćěáőć: (k_B = 1) w_{mN} = Ω_2 (E − E_{mN} , ΔE; N_0 − N, ΔN_0) Ω (E, ΔE; N_0, ΔN_0)

= e^{S2(E2;N2)−S(E;N0)}, (5.1)

ln w_{mN} = ln Ω_2(E − E_{mN} ; N_0 − N) − ln Ω(E; N_0), ln w_{mN} = S_2(E − E_{mN} ; N_0 − N) − S(E; N_0). (5.2)

Šăł łăł E_{mN} ≪ E, N ≪ N_0, âő ć àăğńőęěŋĺĺ S_2(E_2, N_2) = ln Ω_2(E_2, N_2) ňőęŋő ćŋőćì őčàăŋĺçĺâìáï áńăčăěňëňĺ ŕěàćőľ áâěŕěŋĺ ŕő E_{mN} = E − E_2 ĺ N = N_0 − N_2, őâąàăáëćăï ćłńăďë őâŋőáĺâěńìŋőčő ŕőàïďłă O(N/N_0):

S_2(E −E_{mN} ; N_0 −N) = S_2(E; N_0)−E_{mN} ( ∂S_2 ∂E_2 )E_2=E V_2,N_2 −N ( ∂S_2 ∂N_2 )N_2=N_0

V_2,E_2 +. . . . (5.3)

—53— Ŕőńăčăï âěŕěàì S(E; N_0) − S_2(E; N_0) = ln Q ĺ ććőďï, łăł ĺ ŕàěęďě β = 1 kT = ( ∂S_2 ∂E_2 )E_2=E V_2, N_2=N_0

ŕàĺ γ = − ( ∂S_2 ∂N_2 )N_2=N_0

V_2, E_2=E

, (5.4)

ĺáłőňőě àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ, ŕőďáâăćńïï (5.3), (5.4) ć (5.1), ğăŕĺèěň ďńï w_{mN} ⇐⇒ w(E_{mN} ), g_{mN} ⇐⇒ g(E_{mN} ) őłőŋçăâěńìŋő ć ćĺďě: w_{mN} = exp(−βE_{mN} + γN) Q(β, V, γ) ,^∑_{N,m} w_{mN} ≡^{∞∑}_{N =0}^∑_{EmN} w_{mN} g_{mN} = 1, (5.5)

á őŕàěďěńïěňőľ íâĺň ãáńőćĺěň ŋőàňĺàőćłĺ ąőńìèőľ áâăâáãňňőľ Q:

Q(β, V, γ) =^{∞∑}_{N =0}^∑_m exp(−βE_{mN} + γN) =^{∞∑}_{N =0} e^{γN ∑}_m exp(−βE_{mN} ). (5.6)

Ćěńĺçĺŋă Q(β, V ; γ) łăł äãŋłæĺï ŕăàăňěâàőć β, V, γ ĺčàăěâ ğďěáì âăłãî ęě ćăęŋãî àőńì, łăł áâăâáãňňă Z_N (β, V ) ć łăŋőŋĺçěáłőň ăŋáăňąńě.

Śőőâćěâáâćãîéăï ňăâàĺæă ŕńőâŋőáâĺ^^ϱ âăłőčő ăŋáăňąńï ć ńîąőň ŋěďĺăčőŋăńìŋőň ŕàěďáâăćńěŋĺĺ á [^^H,^^N] ≠ 0 ňőęěâ ąëâì ğăŕĺáăŋă ć ćĺďě: ^ϱ = exp(−β^^H + γ^^N) Q , čďě: T r^{{^}ϱ^} = 1, Q = T r^{exp(−β^^H + γ^^N)^} , (5.7)

âőčďă łăł ğăŕĺáì E = E_{mN} ãęě ŕàěďŕőńăčăńă, çâő [^^H,^^N] = 0.

Ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ áŋőćă ĺňěěň äăğőćãî ŕńőâŋőáâì ć íńěňěŋâě N- çăáâĺçŋőčő äăğőćőčő őąêěňă á s = Nd áâěŕěŋïňĺ áćőąőďë, čďě:

w_{mN} g_{mN} ⇀↽ ϱ_N (X)^^dΓ_N ,^^dΓ_N = d^{2N d}X N! h^{N d} , ĺ ϱ_N (X) = exp(−βH(X) + γN) Q(β, V ; γ) (5.8) – ăŋăńőčĺçŋăï (4.29) áâăâĺáâĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ďńï ąőńìèőčő łăŋőŋĺçěáłőčő ăŋáăňąńï, ă ąőńìèăï áâăâáãňňă âěŕěàì ĺňěěâ ćĺď: ∞∑ N =0 ∫ ϱ_N (X)^^dΓ_N = 1, Q =^{∞∑}_{N =0} 1 N! ∫ exp(−βH(X) + γN) d^{2N d}X h^{N d} , (5.9)

ĺ ć őąőĺå áńãçăïå (5.6), (5.9) ŕàěďáâăćĺňă ć ćĺďě áâěŕěŋŋőčő àïďă:

Q(β, V ; ζ) =^{∞∑}_{N =0} ζ^N Z_N (β, V ), (5.10)

—54— čďě ζ = exp γ – ăłâĺćŋőáâì áĺáâěňë, ă Z_N – łăŋőŋĺçěáłăï áâăâáãňňă. Ĺğ (5.10) őçěćĺďŋő, çâő ąőńìèãî áâăâĺáâĺçěáłãî áãňňã Q(ζ) ňőęŋő àăááňăâàĺćăâì łăł ŕàőĺğćőďïéãî äãŋłæĺî ďńï łăŋőŋĺçěáłĺå áâăâáãňň Z_N (β, V ), àěčãńïàŋãî ć łőňŕńěłáŋőľ ŕńőáłőáâĺ ζ ć őłàěáâŋőáâĺ âőçłĺ ζ = 0, çâő, ć áĺńã ĺŋâěčàăńìŋőľ äőàňãńë Łőèĺ ďńï ŕàőĺğćőďŋőľ, ďăěâ ćëàăęěŋĺě łăŋőŋĺçěáłőľ áâăâáãňňë ŕãâěň őąàăéěŋĺï àïďă (5.10):

Z_N (β, V ) = 1 N! ∂^N Q(ζ) ∂ζ^N ζ=0 ≡ 1 2πi ∮ C Q(ζ) ζ^{N +1} dζ (5.11)

– ć ćĺďě łőŋâãàŋőčő ĺŋâěčàăńă, čďě ğăňłŋãâëľ łőŋâãà Ś ćőłàãč âőçłĺ ζ = 0 ďőńęěŋ őâďěńïâì ěě őâ ćáěå őáőąëå âőçěł ζ_j ≠ 0 äãŋłæĺĺ Q(ζ).

Śňëáń ććěďěŋŋëå ŕăàăňěâàőć β ĺ γ ćëâěłăěâ ŋěŕőáàěďáâćěŋŋő ĺğ äőàňãń (5.4). Őŕàěďěńěŋĺě β âő ęě, çâő ĺ ć áńãçăě łăŋőŋĺçěáłőčő ăŋáăňąńï: β = 1/kT . Őŕàěďěńěŋĺě ęě γ ãłăğëćăěâ ŋă áćïğì íâőľ ćěńĺçĺŋë á åĺňĺçěáłĺň ŕőâěŋæĺăńőň, ŕőáłőńìłã íâőâ ŕăàăňěâà åăàăłâěàĺğãěâ ĺŋâěŋáĺćŋőáâì őąňěŋă çăáâĺæăňĺ ŕőďáĺáâěňë 1 á âěàňőáâăâőň 2 łăł őâŋőáĺâěńìŋãî áłőàőáâì ĺğňěŋěŋĺï áâăâĺáâĺçěáłőčő ćěáă Ω_2 á ĺğňěŋěŋĺěň N_2.

Řăááňőâàĺň ďćě ŕőďáĺáâěňë 1 ĺ 2, ŋăåőďïéĺěáï ć âěàňĺçěáłőň ĺ åĺňĺçěáłőň àăćŋőćěáĺĺ ďàãč á ďàãčőň ĺ á őçěŋì ąőńìèĺň âěàňőáâăâőň - àěğěàćãăàőň 3. Ć áĺńã áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ àăćŋőćěáŋëå ŕőďáĺáâěň 1, 2, 1 ⊕ 2, ĺ 3 ć àăćŋőćěáĺĺ ĺ âàăŋğĺâĺćŋőáâĺ àăćŋőćěáŋőčő áőáâőïŋĺï, ŕàěŋěąàěčăï íŋěàčĺïňĺ ćğăĺňőďěľáâćĺï ćáěå ŕőďáĺáâěň 1, 2, 3 ďàãč á ďàãčőň, ĺğ (5.5), ŋăåőďĺň, çâő, ăŋăńőčĺçŋő (1.26), (3.12), (4.26), ŕàĺ

E^{1+2}_{mN} = E_{m1N1} + E_{m2N2} ≡ x + y, N^{1+2} ≡ N = N_1 + N_2 ≡ u + v : (5.12)

w^{1+2}_{mN} =⇒ w^1_{m1N1} w^2_{m2N2} , ĺńĺ: w^{1+2}_{mN} = 1 Q^{1+2} exp(−βE_{mN} + γN) =⇒ =⇒ 1 Q^1 exp(−β_1E_{m1N1} + γ_1N_1) 1 Q^2 exp(−β_2E_{m2N2} + γ_2N_2), â.ě.: (5.13)

const ≡

Q^1(β_1; γ_1)Q^2(β_2; γ_2) Q^{1+2}(β; γ) = e^{x(β−β1)+y(β−β2 )+u(γ1−γ)+v(γ2 −γ)} −→ 1, ć áĺńã ŕàőĺğćőńìŋőáâĺ x, y, u, v, ěáńĺ γ = γ_1 = γ_2 ĺ β = β_1 = β_2 ć àăćŋőćěáĺĺ, ïćńïïáì ĺŋâěŋáĺćŋëňĺ ŕăàăňěâàăňĺ, ă ln Q- ăďďĺâĺćŋőľ ćěńĺçĺŋőľ:

Q^{1+2} = Q^1 Q^2, â.ě. ln Q^{1+2} = ln Q^1 + ln Q^2. (5.14)

—55—

2 Ňěâőď ŋăĺąőńěě ćěàőïâŋőčő àăáŕàěďěńěŋĺï

Ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě, łăł ĺ łăŋőŋĺçěáłőě, ňőęŋő ŕőńãçĺâì, ïćŋő ĺáŕőńìğãï ŕőŋïâĺě ăŋáăňąńï ĺ ŕőńăčăï, çâő àăćŋőćěáŋőňã áőáâőïŋĺî áĺáâěňë őâćěçăěâ ŋě ŕàőáâő ěě ŋăĺąőńěě ćěàőïâŋăï íŋěàčĺï (3.46), (4.44) ć ďăŋŋőň ăŋáăňąńě ĺ ć (3.24), (3.43), áőčńăáŋő łőŋæã ŕ. 3.4., ŋő ĺ ňăłáĺňãň çĺáńă áŕőáőąőć àăáŕàěďěńěŋĺï ŕőńŋőľ íŋěàčĺĺ E = const ĺ ŕőńŋőčő çĺáńă çăáâĺæ N = const ć ąőńìèőň ăŋáăňąńě áàěďĺ ćáěå ěčő ~ν = const łőŕĺľ íâőľ áĺáâěňë. Š.ě. ŋăĺąőńěě ćěàőïâŋőě àăáŕàěďěńěŋĺě łăł ňăłáĺňãň çĺáńă àěăńĺğăæĺľ âăłőľ łőŋäĺčãàăæĺĺ. Ěáńĺ ćáě łőŕĺĺ íâőčő ăŋáăňąńï àăğąĺâë ŋă čàãŕŕë ŕő ν_{mN} łőŕĺľ ć łăęďőľ, čďě ĺŋďěłáë {mN} őğŋăçăîâ, çâő ďăŋŋăï łőŕĺï ŕàěďáâăćńïěâ ŋěćëàőęďěŋŋőě ňĹłàőáőáâőïŋĺě |m, N⟩ áĺáâěňë á íŋěàčĺěľ E_{mN} , çĺáńőň çăáâĺæ N, ĺ őďŋőğŋăçŋëň (ŕőńŋëň) ŋăąőàőň ěčő łćăŋâőćëå çĺáěń m, âő, ćő-ŕěàćëå, ŕőńŋőě çĺáńő łőŕĺľ, ŕőńŋăï íŋěàčĺï ĺ ŕőńŋőě çĺáńő çăáâĺæ ć ăŋáăňąńě àăćŋë: ∞∑ N =0 ∑ m ν_{mN} =^~ν,^{∞∑}_{N =0}^∑_m ν_{mN} E_{mN} = E,^{∞∑}_{N =0}^∑_m ν_{mN} N = N . (5.15)

Ćő-ćâőàëå, őąéěě çĺáńő âăłĺå áâăâĺáâĺçěáłĺ àăğńĺçĺňëå łőŋäĺčãàăæĺľ ĺ ąãďěâ łăł àăğ àăćŋő çĺáńã àăğńĺçŋëå áŕőáőąőć àăğąĺěŋĺï ŕőńŋőčő çĺáńă^~ν → ∞ łőŕĺľ ć ăŋáăňąńě ŋă čàãŕŕë ŕő ν_{mN} łőŕĺľ ć łăęďőľ^1, áãâì áâăâĺáâĺçěáłőňã ćěáã ćáěčő ăŋáăňąńï łăł ĺďěăńìŋőčő čăğă âăłĺå łőŕĺľ, àăáŕàěďěńěŋŋëå ŕő àăğŋëň čàãŕŕăň ν_{mN} àăğŋëå áőáâőïŋĺľ |m, N⟩ (3.30): ~Ω ({ν_{mN} }) =^~ ν! ∏ m,N (ν_{mN} !)

= C^{[νmN ]}_{~ν} , ĺ: Ω =^{[~}Ω ({ν_{mN} })^{]1/~ν} (5.16)

– ěáâì âőčďă áàěďŋĺľ áâăâĺáâĺçěáłĺľ ćěá, ŕàĺåőďïéĺľáï ŋă őďŋã łőŕĺî^2. Ďńï ln^~Ω ŕő ŕàĺąńĺęěŋŋőľ äőàňãńě Śâĺàńĺŋčă ŕàĺ ν_{mN} ≫ 1 ŕőńãçĺň^3

ln^~Ω ({ν_{mN} })= ln^~ν! −^{∞∑}_{N =0}^∑_m ln ν_{mN} ! ≈^~ν ln ( ~ν e ) −^{∞∑}_{N =0}^∑_m ν_{mN} ln ( ν_{mN} e )

(⋆) . (5.17)

1Łőŋěçŋőáâì N ĺ E ć (5.15) őğŋăçăěâ, çâő áãňňë ŕő N àěăńìŋő ďőńęŋë őąàëćăâìáï ŋă áłőńì ãčőďŋő ĺ ŋěćőőąàăğĺňő ąőńìèőň, ŋő łőŋěçŋőň ğŋăçěŋĺĺ ~N, â.ě.: ν_{mN} ∝ θ( ~N − N).

2Ć áňëáńě áàěďŋěčő čěőňěâàĺçěáłőčő, â.ł. áőčńăáŋő (3.12) áâăâĺáâĺçěáłĺě ćěáắ ŋěğăćĺáĺňëå ŕőďáĺáâěň ŕěàěňŋőęăîâáï, łăł ďńï ĺğőńĺàőćăŋŋőľ áőćőłãŕŋőľ áĺáâěňë, áőáâăćńěŋŋőľ ĺğ ŋěćğăĺňőďěľáâćãîéĺå łőŕĺľ ăŋáăňąńï, łăł ĺďěăńìŋőčő čăğă íâĺå łőŕĺľ. Ć (5.17) e → 1 → ~ν .

3Ŕàĺ ν ≫ 1, â.ł.: ln ν! =^ν ∑ s=1 ln s ≈^ν ∫ 0 ds ln s = ν ln ν − ν ≡ ν ln ( ν e ) , âő: d dν ln ν! ≈ ln ν.

—56— Ůâőąë ŋăľâĺ ŋăĺąőńěě ćěàőïâŋãî łőŋäĺčãàăæĺî ăŋáăňąńï, ŋãęŋő őâëáłăâì ňăłáĺňãň ln^~Ω({ν_{mN} }) (5.17) ŕàĺ ãáńőćĺïå (ãàăćŋěŋĺïå áćïğĺ) (5.15). İâă ğăďăçă ŋă ãáńőćŋëľ íłáâàěňãň ăŋăńőčĺçŋă (3.49)–(3.51) ĺ áćőďĺâáï ł őâëáłăŋĺî ąěğãáńőćŋőčő íłáâàěňãňă ćáŕőňőčăâěńìŋőľ äãŋłæĺĺ Ńăčàăŋęă

Ψ({ν_{mN} }) = ln^~Ω({ν_{mN} }) + α ∞∑ N =0 ∑ m ν_{mN} −^~ν − − β ∞∑ N =0 ∑ m ν_{mN} E_{mN} − E + γ ∞∑ N =0 ∑ m ν_{mN} N − N , čďě α, β, γ – ŋěőŕàěďěńěŋŋëě ňŋőęĺâěńĺ Ńăčàăŋęă, łőâőàëě ďőńęŋë őąěáŕěçĺâì őąàăéěŋĺě ć ŋãńì łőíääĺæĺěŋâőć ŕàĺ δν_{mN} łăł ŕàĺ ćăàĺăæĺïå ãęě ŋěğăćĺáĺňëå ŕěàěňěŋŋëå:

δΨ = δ ln^~Ω +^{∞∑}_{N =0}^∑_m (α − βE_{mN} + γN) δν_{mN} = 0, (5.18)

δ ln^~Ω =^{∞∑}_{N =0}^∑_m

∂ ln^~Ω ∂ν_{mN} δν_{mN} ≈ −^{∞∑}_{N =0}^∑_m ln ν_{mN} δν_{mN} . (5.19)

Ŕőďáâăćĺć (5.19) ć (5.18) ĺ ŕàĺàăćŋïć ł ŋãńî łőíääĺæĺěŋâë ŕàĺ δν_{mN} , ŕőńãçĺň ŋăąőà ν_{mN} = exp (α − βE_{mN} + γN) , őąěáŕěçĺćăîéĺľ ňăłáĺňãň ln^~Ω. Šăł łăł, áőčńăáŋő ŕěàćőňã àăćěŋáâćã (5.15), ğăŕĺáăŋŋőňã łăł ãáńőćĺě ŋőàňĺàőćłĺ, ćěàőïâŋőáâì ŋăľâĺ áĺáâěňã ć ňĹłàőáőáâőïŋĺĺ |m, N⟩ á N çăáâĺæăňĺ ĺ íŋěàčĺěľ E_{mN} ěáâì őâŋőáĺâěńìŋőě çĺáńő ŋăåőďïéĺåáï ć ŋěň ěě łőŕĺľ ćáěčő íâőčő (ćőğňőęŋő, ďăęě ŋěàăćŋőćěáŋőčő) ăŋáăňąńï: ∞∑ N =0 ∑ m w_{mN} = 1, w_{mN} ≡ ν_{mN} ~ν =⇒ ν_{mN} ~ν = 1 ~ν exp (α − βE_{mN} + γN) , (5.20) âő, ĺáłńîçăï α ĺ^~ν á ŕőňőéìî ãáńőćĺï ŋőàňĺàőćłĺ, ŕàĺďěň ł ğŋăłőňőľ äőàňě (5.5), (5.6) àăćŋőćěáŋőčő ąőńìèőčő łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï: w_{mN} =⇒ 1 Q exp (−βE_{mN} + γN) ≡ exp [β(J − E_{mN} + μN)] , (5.21)

ĺ ł őąéĺň ćëàăęěŋĺïň ďńï áàěďŋĺå ŕő ăŋáăňąńî ğŋăçěŋĺľ íŋěàčĺĺ ĺ çĺáńă çăáâĺæ, łőŋěçŋëň ć âàď. ŕàď.: ~ν →∞, ν_{mN} →∞, E →∞, N →∞: ≪E≫ = E ~ν =^{∞∑}_{N =0}^∑_m w_{mN} E_{mN} , ≪N≫ = N ~ν =^{∞∑}_{N =0}^∑_m w_{mN} N, (5.22)

á őçěćĺďŋőáâìî ćëâěłăîéĺň âőčďă ĺğ ŕőáńěďŋĺå ďćãå àăćěŋáâć (5.15).

—57—

3 İŋâàőŕĺï ĺ Šěőàěňă Ŋěàŋáâă

Őŕàěďěńïï íŋâàőŕĺî áĺáâěňë ńőčăàĺäňőň áâăâĺáâĺçěáłőčő ćěáă ćáěčő ăŋáăňąńï (5.15) łăł ĺğőńĺàőćăŋŋőčő őąêěłâă, ln^~Ω (5.17), őâŋěáěŋŋëň ł őďŋőňã íłğěňŕńïàã áĺáâěňë, â.ě. ln Ω (5.16), ćŋőćì ŋăľďěň ďńï ŋěě ćëàăęěŋĺě (3.45), ŋő łăł ŕàĺčőďŋőě ãęě ĺ ć ŋěàăćŋőćěáŋőň áńãçăě (5.20): S k = ln^~Ω ~ν = ln Ω (⋆)/~ν = −^{∞∑}_{N =0}^∑_m ν_{mN} ~ν ln ( ν_{mN} ~ν ) = −^{∞∑}_{N =0}^∑_m w_{mN} ln w_{mN} . (5.23)

Ŕàĺ T → 0 ćáě łőŕĺĺ áĺáâěňë ŕěàěåőďïâ ć ěě őáŋőćŋőě áőáâőïŋĺě á m ∈ 0 ĺ ν_{m>0,N} = 0. Ěáńĺ őŋő á łàăâŋőáâìî g ćëàőęďěŋŋő âăłęě ŕő çĺáńã çăáâĺæ N, E_{0N} = E_0(⇒ 0), âő âăłőňã ňĂłàőáőáâőïŋĺî áĺáâěňë őâćěçăěâ ãęě ňĹłàőłăŋőŋĺçěáłĺľ ăŋáăňąńì (3.2) á ΔE(E_0) = 0 ĺ ćáěňĺ őďĺŋăłőćëňĺ âőčďă ćěáăňĺ ν_{0N} = ν_0 ŕàĺ N ≤^~N, ĺ ν_{0N} = 0 ŕàĺ N >^~N, őâłãďă ŕàĺ ∑ m∈0 1=g_0 :^~ν =^{∞∑}_{N =0}^∑_{m∈0}ν_{0N} =^{∞∑}_{N =0}θ(^~N − N)^∑_{m∈0}ν_0 =(^~N + 1)g_0ν_0 ≡ gν_0, (5.24)

w_{0N} = ν_{0N} ~ν = 1 g θ(^~N − N), lim_{T →0} S = −k^{∞∑}_{N =0}^∑_{m∈0}w_{0N} ln 1 g = k ln g > 0, (5.25)

ďńï 1 < g = (^~N + 1)g_0 < ∞, ŋő lim_{T →0} S = 0 ďńï g = 1. Š.ě. íŋâàőŕĺï áĺáâěňë ć ŋěćëàőęďěŋŋőň őáŋőćŋőň áőáâőïŋĺĺ àăćŋă ŋãńî ĺ ŕőńőęĺâěńìŋă ďńï ćëàőęďěŋŋőčő őáŋőćŋőčő áőáâőïŋĺï. Ć ŕőáńěďŋěň áńãçăě áĺáâěňă ąëćăěâ ŋěãáâőľçĺćă ŕő őâŋőèěŋĺî ł áŕőŋâăŋŋőňã ŋăàãèěŋĺî áĺňňěâàĺĺ, çâő áőŕàőćőęďăěâáï äăğőćëň ŕěàěåőďőň ŕàĺ T > 0 ĺ àěďãłæĺěľ ňŋőčĺå őďŋőçăáâĺçŋëå áâěŕěŋěľ áćőąőďë ł łőńńěłâĺćŋëň, ćŋőćì ŕàĺćőďïéěľ ěě ŕàĺ T = 0 ć ŋěćëàőęďěŋŋőě őáŋőćŋőě áőáâőïŋĺě á ŋãńěćőľ íŋâàőŕĺěľ [56].

4 Ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ

Ŕőłăęěň, çâő −(1/β) ln Q ŕàěďáâăćńïěâ ŕàĺ γ = βμ ąőńìèőľ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń áĺáâěňë J. Ŕőďáâăćĺň (5.21) ć őŕàěďěńěŋĺě íŋâàőŕĺĺ (5.23). Ś ãçěâőň őŕàěďěńěŋĺľ (5.22) áàěďŋĺå íŋěàčĺĺ ĺ çĺáńă çăáâĺæ:

S = −k^{∞∑}_{N =0}^∑_m w_{mN} ln w_{mN} = −k^{∞∑}_{N =0}^∑_m w_{mN} (−βE_{mN} + γN − ln Q) = = kβ≪E≫ − kγ≪N≫ + k ln Q, â.ě. ŕàĺ β = 1 kT , γ = βμ = μ kT : (5.26) − 1 β ln Q = ≪E≫ − 1 kβ S − γ β ≪N≫ =⇒ U − T S − μN ≡J = −P V, (5.27)

—58— čďě ŕő őáŋőćŋőňã ŕőáâãńăâã áâăâĺáâĺçěáłőľ äĺğĺłĺ (2.20), ěáńĺ U – ćŋãâàěŋŋïï íŋěàčĺï, r – áàěďŋěě çĺáńő ňőńěľ, n – áàěďŋïï ŕńőâŋőáâì çĺáńă çăáâĺæ, âő, ďăęě ěáńĺ ŕőńŋőě çĺáńő çăáâĺæ N áâàőčő äĺłáĺàőćăŋő,

ĺňěěň łăł U = E = ≪E≫, âăł ĺ V n = rN_A = N = ≪N≫, (5.28)

ĺ U − T S ć (5.27) ďăěâ áćőąőďŋãî íŋěàčĺî F (4.34), ă ćáě ćëàăęěŋĺě (5.27) ďăěâ ĺğćěáâŋőě ć âěàňőďĺŋăňĺłě ŕàěďáâăćńěŋĺě ąőńìèőčő âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă J. Ć âő ęě ćàěňï ďĺääěàěŋæĺăń d(−(1/β) ln Q) ďńï áâăâáãňňë Q = Q(β, V ; ζ) ćĺďă (5.6)=(5.10) ďěľáâćĺâěńìŋő ïćńïěâáï ďĺääěàěŋæĺăńőň íâőčő ąőńìèőčő âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă J, ŕőáłőńìłã ďńï ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ζ, β, V ĺňěěň ŕàĺ d ( − 1 β ln Q ) = ln Q β dβ β − 1 β d(ln Q), w_{mN} = ζ^N exp(−βE_{mN} ) Q , (5.29)

çâő: d(ln Q) = ∂ ln Q ∂ζ dζ + ∂ ln Q ∂β dβ + ∂ ln Q ∂V dV =^∑_N Nζ^{N −1}Z_N Q dζ + +^∑_N^∑_m (−E_{mN} )ζ^N exp(−βE_{mN} ) Q dβ + β^∑_N^∑_m ζ^N exp(−βE_{mN} ) Q ( − ∂E_{mN} ∂V ) dV =^∑_N^∑_m Nw_{mN} dζ ζ −^∑_N^∑_m E_{mN} w_{mN} dβ + β^∑_N^∑_m ( − ∂E_{mN} ∂V ) w_{mN} dV =⇒ =⇒ ≪N≫ dζ ζ − ≪E≫dβ + β ⟨⟨ − ∂E ∂V ⟩⟩ dV = d(ln Q), (áà. (4.36)), (5.30)

áőčńăáŋő őŕàěďěńěŋĺî áàěďŋĺå (5.22). Ĺğ ∂N/∂V ≡ 0, ăŋăńőčĺçŋő (4.37): ⟨⟨ − ∂E ∂V ⟩⟩ ≡^{∞∑}_{N =0}^∑_m w_{mN} ( − ∂E_{mN} ∂V ) [w_{mN} = const] =⇒ [≪N≫= const] − ( ∂≪E≫ ∂V ) S,≪N≫ = P (5.31)

ćŋőćì ěáâì ďăćńěŋĺě ć áĺáâěňě ĺ, ŕőďáâăćĺć (5.30), (5.27) ć (5.29), ŋăľďěň: d ( − ln Q β ) = − ≪N≫ d ln ζ β + ≪E≫ dβ β − P dV + ( −≪E≫ + S kβ + + γ β ≪N≫ ) dβ β = − ≪N≫ d ln ζ β − P dV + S dβ kβ^2 + ≪N≫ γ β^2 dβ, ă âăł łăł d ln ζ = dγ = d(βμ) = βdμ + μdβ ĺ dβ = −kβ^2dT , ŕőńãçĺň: d ( − 1 β ln Q ) = − ≪N≫dμ − P dV − SdT =⇒ dJ(T, V, μ). (5.32)

—59— Š.ě. áŕàăćă ć (5.32) ĺňěěň ĺğćěáâŋőě ĺğ âěàňőďĺŋăňĺłĺ ćëàăęěŋĺě ďńï ďĺääěàěŋæĺăńă ąőńìèőčő âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă, ă ŕőâőňã: J(T, V, μ) = −kT ln Q(T, V, μ) = −P V, ζ ≡ exp(γ) = exp(βμ), (5.33) P = kT ( ∂ ln Q ∂V ) T,μ = − ( ∂J ∂V ) T,μ ≡ − J V =⇒_{!!!} P (T, μ), (5.34) ≪N≫ V = kT V ( ∂ ln Q ∂μ ) T,V = − 1 V ( ∂J ∂μ ) T,V = ( ∂P ∂μ ) T =⇒_{!!!} n(T, μ), (5.35) S = S(T, V, μ) = ∂(kT ln Q) ∂T V,μ = − ( ∂J ∂T ) V,μ =⇒_{!!!} V ( ∂P ∂T ) μ . (5.36)

Ĺğ (5.30): ≪E≫ = − ( ∂ ln Q ∂β ) V,ζ = ∂(βJ) ∂β V,ζ = V T ( ∂P ∂T ) ζ − P . (5.37)

Šăłĺň őąàăğőň, ĺ ďăćńěŋĺě, ĺ ŕńőâŋőáâĺ çĺáńă çăáâĺæ, íŋěàčĺĺ ĺ íŋâàőŕĺĺ ïćńïîâáï ĺŋâěŋáĺćŋëňĺ äãŋłæĺïňĺ âőńìłő âěňŕěàăâãàë T ĺ åĺňŕőâěŋæĺăńă μ. Šěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï ŕőńãçăěâáï ĺáłńîçěŋĺěň åĺňŕőâěŋæĺăńă μ ĺğ ãàăćŋěŋĺľ (5.34) ĺ (5.35), ă łăńőàĺçěáłőě – ĺáłńîçěŋĺěň åĺňŕőâěŋæĺăńă μ ĺğ (5.35) ĺ (5.36), ĺńĺ ĺğ (5.35) ĺ (5.37).

5 Ťăğë ć ąőńìèőň ăŋáăňąńě

Śăňő ŕőŋïâĺě őâďěńìŋőľ äăğë ŕàěďŕőńăčăěâ, çâő íâĺ äăğë ňőęŋő ć ŕěàćőň ŕàĺąńĺęěŋĺĺ áçĺâăâì áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëňĺ, ĺ ąőńìèăï áâăâáãňňă ćáěľ áĺáâěňë ďăěâáï ŕàőĺğćěďěŋĺěň (5.14) áâăâáãňň ďńï łăęďőľ äăğë. Šőčďă ãáàěďŋěŋĺě áãňň (5.12) ŕő őŕàěďěńěŋĺïň (5.22), (5.23), (5.35)– (5.37) ŕàĺćőďĺâ ł âěàňőďĺŋăňĺçěáłĺň ãáńőćĺïň àăćŋőćěáĺï ŕàĺ V = V_1 + V_2 : U = U_1 + U_2, N = ≪N_1≫ + ≪N_2≫, S = S_1 + S_2, (5.38) őŕĺáëćăîéĺň àăćŋőćěáĺě ďćãå äăğ ć őďŋőłőňŕőŋěŋâŋőľ áĺáâěňě, ă ĺğ áăňőčő áŕőáőąă ĺå ŕőńãçěŋĺï ïáŋő, çâő ăďďĺâĺćŋőáâì íâĺå âěàňőďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå ěáâì ŕàïňőě áńěďáâćĺě áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ (5.13), (5.14) ŕőďáĺáâěň 1 ĺ 2 ć őŕàěďěńěŋĺïå áàěďŋĺå (5.22), (5.23), áőőâćěâáâćãîéĺå ć âőň çĺáńě ĺ łăęďőľ őâďěńìŋőľ äăğě.

Ěáńĺ ŕëâăâìáï ĺğćńěçì ćáî âěàňőďĺŋăňĺłã áĺáâěňë ŋěŕőáàěďáâćěŋŋő ĺğ ćëàăęěŋĺï (5.6) = (5.10) ďńï Q^{1+2}, âő ćőğŋĺłăěâ áńőęŋăï ŕàőąńěňă őŕàěďěńěŋĺï áőáâőïŋĺľ łăŋőŋĺçěáłőčő ăŋáăňąńï, ć łőâőàëå ŕàĺ ãáńőćĺïå (5.38) N_1 çăáâĺæ ĺğ N ŋăåőďïâáï ć äăğě 1, ğăŋĺňăï őąêěň V_1, ă N_2 çăáâĺæ ŋăåőďïâáï ć äăğě 2, ğăŋĺňăï őąêěň V_2. Őďŋăłő âăłăï ěě äőàňãńĺ-

—60— àőćłă łćăğĺłńăááĺçěáłĺ ŕàěďŕőńăčăěâ ćőğňőęŋőáâì “ŕőňěâĺâì” çăáâĺæë åőâï ąë ĺğ àăğŋëå äăğ, çâő ćŋőćì őğŋăçăěâ äăłâőàĺğăæĺî, ŋő ãęě łăŋőŋĺçěáłőľ áâăâáãňňë Z^{1+2}_N ⇒ Z^1_{N 1}Z^2_{N 2} łăł áńěďáâćĺě áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ äăğ ć łăŋőŋĺçěáłőň ăŋáăňąńě (4.25), (4.26). Łăł ęě íâő áőčńăáőćăŋő áő áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâìî ŕőďáĺáâěň 1 ĺ 2 ć ąőńìèőň ăŋáăňąńě (5.13), (5.14)? Šăł łăł, áőčńăáŋő (5.10),

Q^1Q^2 =^{∞∑}_N 1=0 ζ^{N1}_1 Z^1_{N1}^{∞∑}_N 2=0 ζ^{N2}_2 Z^2_{N2} ⇒Q^{1+2} =^{∞∑}_{N =0}ζ^N Z^{1+2}_N , ă: 1=^{∞∑}_{N =0}δ_{N,N1+N2} ,

âő: Z^{1+2}_N =^{∞∑}_{N1=0}^{∞∑}_{N2=0}Z^1_{N1} Z^2_{N2} δ_{N,N1+N2} =^{N∑}_{N1=0}Z^1_{N1} Z^2_{N −N1} =⇒ Z^1_{N 1} Z^2_{N 2} , (5.39)

čďě áőáâőïŋĺî âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï őâćěçăěâ ζ_1 = ζ_2 = ζ ĺ N ⇒ N, ĺ, ăŋăńőčĺçŋő ğăćĺáĺňőáâĺ őâ E_1 ć (4.4), (4.6), ć ŕőáńěďŋěľ áãňňě ŕő N_1 âăłęě ğăňěâŋő őâńĺçŋő őâ ŋãńï ěďĺŋáâćěŋŋőě áńăčăěňőě á äĺłáĺàőćăŋŋëňĺ àăćŋőćěáŋëňĺ ğŋăçěŋĺïňĺ N_1 = N_1, N_2 = N_2 = N −N_1.

Ěáńĺ ęě àăááňăâàĺćăâì ŕőďáĺáâěňë 1 ĺ 2 łăł ğăćĺáĺňëě, ãçĺâëćăï âőęďěáâćěŋŋőáâì çăáâĺæ ĺğ àăğŋëå äăğ, âő ŕàĺ ŕőŕëâłě ćłńîçěŋĺï íâőľ ĺŋäőàňăæĺĺ ć ŕőńŋãî ćőńŋőćãî äãŋłæĺî áőáâőïŋĺï ćáěľ áĺáâěňë ŕàĺďěň ł ěéě ąőńěě áńőęŋőľ łćăŋâőćőľ ğăďăçě ňŋőčĺå âěń ĺğ Ńěłæĺĺ 16.

([1] §§4.1-4.5, [4] §19, [5] §62, [6] §35, [7], [36]) Ğăďăçĺ 11.1. Ŕőńãçĺâì łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă (4.42) ňěâőďőň ŋăĺąőńěě ćěàőïâŋőčő àăáŕàěďěńěŋĺï [5], [43].

11.2. Ďńï ĺďěăńìŋőčő čăğă (6.45) ŕàőćěàĺâì äőàňãńë (5.35)–(5.37) ć ćĺďě: ≪E≫ = −V β ( ∂P ∂β ) γ + P , ( ∂≪E≫ ∂V ) T,ζ = T ( ∂P ∂T ) γ − P . (5.40)

ć çěň ĺå őâńĺçĺě őâ ćëàăęěŋĺï: ( ∂U ∂V ) T,N = ( T ( ∂P ∂T ) υ − P ) ? 11.3. Ůâő ğŋăçĺâ ć (5.24), (5.25) áãňňă ŕő m ∈ 0, ĺ çâő àăćŋőćěáŋőě áőáâőïŋĺě “àăğňăğăŋő” ŕő ŋăĺąőńìèěňã ćőğňőęŋőňã çĺáńã łőŕĺľ ăŋáăňąńï? 11.4. Ć ąőńìèőň ăŋáăňąńě ŋăľâĺ ćěàőïâŋőáâì őąŋăàãęĺâì áĺáâěňã ć áőáâőïŋĺĺ á ďăŋŋëň çĺáńőň çăáâĺæ N. Ŋăľâĺ, çâő ďńï ĺďěăńìŋëå áĺáâěň (ć őąêěňě V áň. (4.53)) őŋă áćőďĺâáï ł àăáŕàěďěńěŋĺî Ŕãăááőŋă [24]: ~w_N = ζ^N Z_N Q −→ e^{−≪N≫} ≪N≫^N N! , čďě: ≪N≫ −→ ζZ_1 ⇒ ζ V Λ^3(T )

. (5.41)

Ńěłæĺï 6

Řăáŕàěďěńěŋĺě Ąőńìæňăŋă ďńï ĺďěăńìŋëå áĺáâěň

1 Šěőàěňă ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ ŕő áâěŕěŋïň áćőąőďë

Őďĺŋ âőçŋëľ àěğãńìâăâ łćăğĺłńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ áńěďãěâ ãęě ĺğ łńăááĺçěáłőčő àăáŕàěďěńěŋĺï Čĺąąáă áő áâăâĺáâĺçěáłĺň ĺŋâěčàăńőň ďńï s áâěŕěŋěľ áćőąőďë (4.30), Z^{qs.cl}_N → Z_N , ŕàĺ N!h^s → 1:

ϱ_N (X) = 1 Z_N exp (−βH(X)) = exp (βF − βH(X)) , β = 1 kT , (6.1)

Z_N = ∫ d^{2s}X exp (−βH (X)) , x_i = {{q_k}^s_1, {p_j }^s_1}, i = 1 ÷ 2s, (6.2) d^{2s}X = dq_1 · · · dq_sdp_1 · · · dp_s = dx_1 · · · dx_{2s} ≡ d^{2s}X dx_i dx_i , ∀ i (ŋěâ áãňňë).(6.3)

Ďńï ńîąőľ čńăďłőľ äãŋłæĺĺ F(X) ĺ ćőğàăáâăîéěľ ďő ąěáłőŋěçŋőáâĺ ŕàĺ x_i → ±∞, ∀ i = 1 ÷ 2s, äãŋłæĺĺ Čăňĺńìâőŋă:

H(X) = H (x_1, . . . x_{2s}) ≡ H (q_1, . . . q_s; p_1, . . . p_s) → +∞, (6.4)

őŋ čńăáĺâ, çâő: ⟨⟨ F(X) ∂H ∂x_i ⟩⟩ = kT ⟨⟨ ∂F(X) ∂x_i ⟩⟩ . (6.5) Ďěľáâćĺâěńìŋő, ĺŋâěčàĺàãï ńěćãî çăáâì íâőčő àăćěŋáâćă ŕő ŕěàěňěŋŋőľ x_i ŕő çăáâïň, ć áĺńã ĺáçěğŋőćěŋĺï ćŋěĺŋâěčàăńìŋőčő çńěŋă, ŕőńãçĺň: ∫ d^{2s}X F(X) ∂H ∂x_i exp (−βH(X)) Z_N ≡ −kT ∫ d^{2s}X dx_i F(X)dx_i ∂ϱ_N (X) ∂x_i =⇒ −kT ∫ d^{2s}X dx_i F(X)ϱ_N (X) | | | | x_i=+∞ x_i=−∞ + kT ∫ d^{2s}Xϱ_N (X) ∂F(X) ∂x_i = kT ⟨⟨ ∂F(X) ∂x_i ⟩⟩ , çâő, ŕő őŕàěďěńěŋĺî, áőćŕăďăěâ á ŕàăćőľ çăáâìî (6.5). Ŕàĺ F(X) = x_n ŕőńãçăěň âěőàěňã ő “àăćŋőàăáŕàěďěńěŋĺĺ” íŋěàčĺĺ ŕő áâěŕěŋïň áćőąőďë:

—62— ∫ d^{2s}X x_n ∂H ∂x_i ϱ_N (X) ≡ ⟨⟨ x_n ∂H ∂x_i ⟩⟩ = kT ⟨⟨ ∂x_n ∂x_i ⟩⟩ = kT δ_{ni}. (6.6)

Ŕàĺ x_i = q_i íâő âěőàěňă ő áàěďŋěň ćĺàĺăńě, ă ďńï x_i = p_j , j = i − s, íâő âěőàěňă ő “áàěďŋěľ łĺŋěâĺçěáłőľ íŋěàčĺĺ”: (ŋěâ áãňňĺàőćăŋĺï ŕő i, j) ⟨⟨ q_i ∂Π({q}) ∂q_i ⟩⟩ ⇐= ⟨⟨ q_i ∂H ∂q_i ⟩⟩ = kT = ⟨⟨ p_j ∂H ∂p_j ⟩⟩ =⇒ ⟨⟨ p_j ∂K({p}) ∂p_j ⟩⟩ . (6.7)

Şáńőćĺï (6.4) íâőľ âěőàěňë ćáěčďă ćëŕőńŋïîâáï, ěáńĺ łĺŋěâĺçěáłăï íŋěàčĺï áĺáâěňë ěáâì ćőğàăáâăîéăï ďő ąěáłőŋěçŋőáâĺ äãŋłæĺï ĺňŕãńìáőć ĺ áĺáâěňă őčàăŋĺçěŋă áâěŋłăňĺ ïéĺłă, ğă łőâőàëňĺ ŕőâěŋæĺăńìŋăï íŋěàčĺï ąěáłőŋěçŋă, ĺ łőâőàëě, áâăńő ąëâì, âăłęě ď.ą. ćłńîçěŋë ć Čăňĺńìâőŋĺăŋ H(X). Ďàãčĺň ŕàĺňěàőň ïćńïěâáï ćëçĺáńěŋĺě áàěďŋěčő őâ Čăňĺńìâőŋĺăŋă H(X) = K({p}) + Π({q}) łăł áãňňë őďŋőàőďŋëå äãŋłæĺľ áâěŕěŋěľ ℓ ĺ r áőőâćěâáâćěŋŋő, ℓ, r > 0, ĺ K({λp}) = λ^ℓK({p}), ŋăŕàĺňěà: K({p}) ⇒ s_K∑ j=1 a_j p^{ℓ/α}_j α , Π({q}) ⇒ s_Π∑ i=1 b_iq^{r/η}_i η , α, η ńîąëě (6.8)

ĺ s_K , s_Π ≤ s. Šőčďă ŕő âěőàěňě İľńěàă őą őďŋőàőďŋëå äãŋłæĺïå: s_K∑ j=1 p_j ∂K({p}) ∂p_j =⇒ ℓ K({p}),^{sΠ∑}_{i=1} q_i ∂Π({q}) ∂q_i =⇒ r Π({q}), (6.9) ĺ, ãáàěďŋïï íâő, ŕő âěőàěňě ő àăćŋőàăáŕàěďěńěŋĺĺ (6.7) ŋăåőďĺň: ℓ≪K≫ =^{sK∑}_{j=1} ⟨⟨ p_j ∂K ∂p_j ⟩⟩ = s_K kT, r≪Π≫ =^{sΠ∑}_{i=1} ⟨⟨ q_i ∂Π ∂q_i ⟩⟩ = s_Π kT, (6.10) őâłãďă: ≪E≫ ≡ ≪H≫ = ≪K≫ + ≪Π≫ =⇒ kT s_K ℓ + kT s_Π r . (6.11)

Š.ě. łăęďăï őďŋőàőďŋăï äőàňă łőőàďĺŋăâë áâěŕěŋĺ r, ĺńĺ ĺňŕãńìáă áâěŕěŋĺ ℓ (6.9), ćåőďïéăï ć äãŋłæĺî Čăňĺńìâőŋă^1, ďăěâ ćő ćŋãâàěŋŋîî íŋěàčĺî (6.11) ćłńăď, àăćŋëľ, áőőâćěâáâćěŋŋő, kT/r ĺ kT/ℓ.

Ďńï ĺďěăńìŋőčő čăğă (3.52): s_K = s = 3N, s_Π = 0, ℓ = 2, (α = 1) ĺ áàěďŋïï íŋěàčĺï ≪E≫ ⇒ ≪K≫ = 3NkT/2 = C_V T , ć áőčńăáĺĺ á (3.56).

1Řăğńőęěŋĺě ćĺďă (6.11) ŋă ćłńăďë àăğŋëå őďŋőàőďŋëå äãŋłæĺľ ňőęŋő ŕàőďőńęĺâì, ŋăŕàĺňěà, ŕàĺ Π({q}) =⇒ Π^{s1}_r ({q}) + Π^{s2}_n ({q}), s_Π = s_1 + s_2, ĺňěěň ≪Π≫ = kT (s_1/r + s_2/n) .

—63—

2 Śâăâĺáâĺçěáłăï áãňňă ĺďěăńìŋőľ áĺáâěňë

Śâăâĺáâĺçěáłőě őŕĺáăŋĺě ŕàőćőďĺâáï ďő łőŋæă ďńï ĺďěăńìŋëå áĺáâěň. Čăňĺńìâőŋĺăŋ ĺďěăńìŋőľ áĺáâěňë ŋě áőďěàęĺâ ćğăĺňőďěľáâćĺï ňěęďã áőáâăćńïîéĺňĺ ěě çăáâïňĺ, ĺ ěčő ňőęŋő ŕàěďáâăćĺâì ć ćĺďě áãňňë:

^H_N =^{N∑}_{j=1}^^h_j , őâďěńìŋëå ŋěğăćĺáĺňëå őďĺŋăłőćëå áńăčăěňëå^^h_j, (6.12)

łăęďőě ĺğ łőâőàëå ěáâì čăňĺńìâőŋĺăŋ ŋěłőâőàőľ j- őľ áâàãłâãàŋőľ ěďĺŋĺæë áĺáâěňë, őâćěçăîéĺľ łőŋěçŋőňã çĺáńã áâěŕěŋěľ áćőąőďë. Šăłőľ ěďĺŋĺæěľ ňőęěâ ąëâì ăâőň, ňőńěłãńă ĺńĺ łćăğĺçăáâĺæă. Ŋăğőćěň íâã áâàãłâãàŋãî ěďĺŋĺæã çăáâĺæěľ. Őáŋőćŋőě áćőľáâćő ĺďěăńìŋőľ áĺáâěňë – ăďďĺâĺćŋőáâì ěě čăňĺńìâőŋĺăŋă (6.12) – áćőďĺâ ĺğãçěŋĺě íćőńîæĺĺ âăłőľ N-çăáâĺçŋőľ áĺáâěňë ł ĺğãçěŋĺî őďŋőçăáâĺçŋőľ íćőńîæĺĺ, ãŕàăćńïěňőľ őâďěńìŋëň őďŋőçăáâĺçŋëň čăňĺńìâőŋĺăŋőň^^h_j =^^h_1, j = 1 ÷ N.

Ć ŕàěŋěąàěęěŋĺĺ ćğăĺňőďěľáâćĺěň, ŕěàěàăáŕàěďěńïîéĺň íŋěàčĺî ňěęďã àăğŋëňĺ çăáâĺæăňĺ, â.ě. ňěęďã àăğńĺçŋëňĺ áâěŕěŋïňĺ áćőąőďë, ĺďěăńìŋăï áĺáâěňă, áâàőčő čőćőàï, ŋĺłőčďă ŋě áňőęěâ ďőáâĺçì àăćŋőćěáŋőčő áőáâőïŋĺï. Őďŋăłő őâàěńăłáĺàőćăćèăï ł àăćŋőćěáĺî àěăńìŋăï áĺáâěňă ŕàĺ ŋěłőâőàëå ãáńőćĺïå ćëčńïďĺâ ŕőçâĺ łăł ĺďěăńìŋăï, ĺ ňăńëň ćłńăďőň íâőčő ćğăĺňőďěľáâćĺï ć ŕőńŋãî íŋěàčĺî áĺáâěňë ć àăćŋőćěáŋőň áőáâőïŋĺĺ ãęě ňőęŋő ŕàěŋěąàěçì (áň. ĺďěăńìŋëľ čăğ ć (3.52)–(3.61)). Ŕãáâì łćăŋâőćăï áĺáâěňă áőáâőĺâ ĺğ N “ŋěćğăĺňőďěľáâćãîéĺå” ĺďěŋâĺçŋëå çăáâĺæ. Ţőâï íŋěàčĺï E_{[m]} ňĹłàőáőáâőïŋĺï |[m]⟩ ćáěľ áĺáâěňë, ć áĺńã (6.12), ćŕőńŋě őŕàěďěńïěâáï íŋěàčĺïňĺ őâďěńìŋëå çăáâĺæ, íâő ãęě ŋě âăł ďńï áőőâćěâáâćãîéĺå łàăâŋőáâěľ ćëàőęďěŋĺï. Ŕőáłőńìłã ěě çĺáâőě áőáâőïŋĺě ŋě áćőďĺâáï ńĺèì ł çĺáâëň áőáâőïŋĺïň íâĺå çăáâĺæ, ŋăåőďïéĺåáï, ćőőąéě čőćőàï, ć áňěèăŋŋëå áőáâőïŋĺïå (áň. âěłáâ ŕőáńě (2.10)), âő łćăŋâőćëě çĺáńă ěě ňĹłàőáőáâőïŋĺľ [m] ≠ {m_1. . .m_N }; â.ě.:

E_{[m]} =⇒ E_{{m1...mj ...mN }} ≡^{N∑}_{j=1} ε_{mj} , ŋő: G(E_{[m]}) ≠^{N∏}_{j=1}^{g(ε_{mj} )^} , (6.13)

čďě łćăŋâőćëě çĺáńă m_j åăàăłâěàĺğãîâ àăğńĺçŋëě áőáâőïŋĺï |m_j ⟩ őâďěńìŋőľ j-őľ çăáâĺæë á íŋěàčĺěľ ε_{mj} , ă áőőâćěâáâćãîéăï ĺň äőàňăńìŋăï ŕěàěğăŕĺáì áâăâáãňňë (4.17) ĺ áăň ŋăąőà [m] ŋãęďăîâáï ć ãâőçŋěŋĺĺ:

Z_N ≡^∑_{{m}} exp^(−βE_{[m]}^) ≠^∑_{m1}^∑_{m2} · · ·^∑_{mN} exp −β^{N∑}_{j=1} ε_{mj} . (6.14)

—64— Ďěńő ć âőň, çâő ć áĺńã âőęďěáâćěŋŋőáâĺ – ĺďěŋâĺçŋőáâĺ ĺ ćőğňőęŋőľ ŋěàăğńĺçĺňőáâĺ çăáâĺæ ĺå íŋěàčěâĺçěáłĺě áŕěłâàë ĺ łàăâŋőáâĺ âăłęě

ĺďěŋâĺçŋë ∀ j: |m_j⟩⇒|k⟩, ε_{mj} ⇒ε_k, g(ε_{mj} )⇒g(ε_k), ă ŕőâőňã (6.15) ğăďăŋŋőě àăáŕàěďěńěŋĺě çăáâĺæ ŕő àăğŋëň (ŋěćëàőęďěŋŋëň) őďŋőçăáâĺçŋëň áőáâőïŋĺïň |k⟩ åăàăłâěàĺğãěâáï ńĺèì çĺáńăňĺ ğăŕőńŋěŋĺï n_k íâĺå áőáâőïŋĺľ łăł çĺáńăňĺ çăáâĺæ ć łăęďőň âăłőň ŋěćëàőęďěŋŋőň őďŋőçăáâĺçŋőň áőáâőïŋĺĺ á ε_k, ĺ ğăäĺłáĺàőćăŋŋőě ńĺèì ŕőńŋëň çĺáńőň N íâĺå çăáâĺæ ĺ ĺå ŕőńŋőľ íŋěàčĺěľ E_{[m]} ć ňĹłàőáőáâőïŋĺĺ |[m]⟩ ćáěľ áĺáâěňë:

łăł: N ≡ N∑ j=1 1 =^∑_k n_k ≡ N [n_k], E_{[m]} ≡^{N∑}_{j=1} ε_{mj} =^∑_k n_kε_k ≡ E [n_k], (6.16)

őŋő ďőŕãáłăěâ àěăńĺğăæĺî C^{[nk]}_N = N! ∏ k (n_k!)

àăğńĺçŋëňĺ áŕőáőąăňĺ, (6.17)

ŕàěďáâăćńïîéĺňĺ ŋă áăňőň ďěńě őďŋő ĺ âő ęě łćăŋâőćőě ňĹłàőáőáâőïŋĺě |[n_k]⟩ = |[m]⟩ ćáěľ áĺáâěňë, łőâőàőě áâőńìłő ęě àăğ ĺ ćáâàěçăěâáï ć ŕàăćőľ çăáâĺ (6.14). Ŕőíâőňã ńěćăï çăáâì (6.14) ďěľáâćĺâěńìŋő àăğŋëå ňĹłàőáâăâĺáâĺçěáłĺ àăğńĺçĺ́ňëå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ |[m]⟩ ⇒ |[n_k]⟩ ĺďěăńìŋőľ N- çăáâĺçŋőľ áĺáâěňë, áőďěàęĺâ ćő áâőńìłő ęě, C^{[nk]}_N àăğ ňěŋìèě^2, çěň ćáï N- łàăâŋăï áãňňă ć ŕàăćőľ çăáâĺ (6.14), çâő ďăěâ (áà. (8.37)–(8.39)): Z_N ≡^∑_{{n} k} exp (−βE[n_k]) δ_{N, N [nk]} =^∑_{m1}^∑_{m2} · · ·^∑_{mN} exp −β^{N∑}_{j=1} ε_{mj} ∏ k (n_k!) N! . (6.18)

[Ğăňěçăŋĺě II. Śőčńăáŋő (3.30) ĺ (5.15), (5.16), äőàňăńìŋő âăłőľ ęě łőňąĺŋăâőàŋőľ ćěńĺçĺŋőľ (6.17) → (5.16) őŕàěďěńïěâáï çĺáńő ćáěå (ňĹłàő) łőŋäĺčãàăæĺľ – áâăâćěá ňĂłàőáőáâőïŋĺï (6.16) áĺáâěňë (→ ăŋáăňąńï), łăł łàăâŋőáâì ćëàőęďěŋĺï íâőčő ęě ěě (→ ěčő) ňĹłàőáőáâőïŋĺï (6.16) á ŕőńŋőľ íŋěàčĺěľ E[n_k] (→ E (5.15)), àăáŕàěďěńěŋŋőľ ňěęďã N âőęďěáâćěŋŋëňĺ çăáâĺæăňĺ (→^~ν łőŕĺïňĺ), ŕàĺ ğăďăŋŋëå ğăáěńěŋŋőáâïå n_k – çĺáńăå çăáâĺæ (→ ν_{mN} łőŕĺľ) ŋă łăęďőň ŋěćëàőęďěŋŋőň őďŋőçăáâĺçŋőň (→ őďŋőáĺáâěňŋőň) íŋěàčěâĺçěáłőň ãàőćŋě |k⟩(→ |m, N⟩) á ε_k(→ E_{mN} ).

Š.ě. ŕőńŋőě çĺáńő (6.17) àăğńĺçŋëå áŕőáőąőć àăááăďĺâì N àăğńĺçĺňëå çăáâĺæ ŕő àăğŋëň k-âëň áőáâőïŋĺïň ŕő n_k çăáâĺæ ć łăęďőň áőćŕăďăěâ áő áâăâćěáőň (5.16), łăł á çĺáńőň àăğńĺçŋëå ĺ àăğńĺçĺňëå ňĹłàőáőáâőïŋĺľ, ŕőáàěďáâćőň łőâőàëå àěăńĺğãěâáï

2Ăŋăńőčĺçŋő âőňã, łăł, áàěďĺ ćáěå N! ŕàőáâàăŋáâćěŋŋëå ŕěàěáâăŋőćőł, ŕàőĺğćěďěŋĺě ∏ k (n_k !) ŕěàěáâăŋőćőł ňěęďã áőąőľ âőńìłő çăáâĺæ, ŋăåőďïéĺåáï ŋă łăęďőň őâďěńìŋőň őďŋőň ĺ

âőň ęě k-őň ŋěćëàőęďěŋŋőň őďŋőçăáâĺçŋőň ãàőćŋě ŕàěďáâăćńïěâ, ŋă áăňőň ďěńě, őďĺŋ ĺ âőâ ęě áŕőáőą àăáŕàěďěńěŋĺï, ãňěŋìèăï ćő áâőńìłő ęě àăğ áăňő çĺáńő àăğńĺçŋëå áŕőáőąőć (6.17).

—65—

ňĂłàőáőáâőïŋĺě á âőľ ęě íŋěàčĺěľ ĺ çĺáńőň çăáâĺæ (6.16)(→ (5.15)), łăł á łàăâŋőáâìî ćëàőęďěŋĺï íâőčő ňĹłàőáőáâőïŋĺï. Śőčńăáŋő (4.22), ć íâőň áńãçăě ŋă ŋěčő (ŋă ŋěě) ŋăďő, ŋăőąőàőâ, ãňŋőęĺâì, ĺ ŕőâőňã ěčő ĺ ŋěâ ć ńěćőľ çăáâĺ (6.18)! Š.ě. ĺňěěâáï ŕàĺŋæĺŕĺăńìŋăï àăğŋĺæă ňěęďã âőęďěáâćěŋŋőáâìî őâďěńìŋëå ňĹłàőçăáâĺæ, ŋěàăğńĺçĺňëå ć őąêěňě ňĂłàőáĺáâěňë, ĺ âőęďěáâćěŋŋőáâìî – ćëàőęďěŋŋőáâìî őâďěńìŋëå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ [m] → [n_k] ćáěľ íâőľ ňĂłàőáĺáâěňë (áà. (8.21), (8.34), (8.54)).]

Ŕàĺ ďőáâăâőçŋő ŋĺğłőľ ŕńőâŋőáâĺ çĺáńă çăáâĺæ ĺ ďőáâăâőçŋő ćëáőłőľ âěňŕěàăâãàě áĺáâěňë ňŋőęěáâćő ďőáâãŕŋëå ěě çăáâĺæăň őďŋőçăáâĺçŋëå áőáâőïŋĺľ {|m_j⟩} = {|k⟩} ćő ňŋőčő àăğ ŕàěćőáåőďĺâ äĺłáĺàőćăŋŋőě çĺáńő áăňĺå çăáâĺæ N. Šőčďă ŕàăłâĺçěáłĺ ďńï ćáěå ěě ňĹłàőáőáâőïŋĺľ ğăáěńěŋŋőáâĺ n_k = 0,1, ĺ ňőęŋő áçĺâăâì ćáě n_k! = 1. İâő ŕőğćőńïěâ ŕàĺŋïâì ğă ŋăąőà ěě łćăŋâőćëå çĺáěń [m] ãęě áăň ŋăąőà {m_j }^N_{j=1}. Ć íâőň ćëáőłőâěňŕěàăâãàŋőň – ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ łăŋőŋĺçěáłăï áâăâáãňňă

ĺďěăńìŋőľ áĺáâěňë (6.18), ćëčńïďĺâ ãęě łăł ŕěàěåőď őâ (4.30) ł (4.53): Z_N =⇒ 1 N! ∑ m_1 ∑ m_2

· · ·^∑_{mN} exp −β^{N∑}_{j=1} ε_{mj} = 1 N! N∏ j=1 ∑ m_j exp(−βε_{mj} ) , (6.19) â.ě.: [m] → {mj}N1 , ZN =⇒ 1 N! (Z_1)^N , čďě: Z_1 =^∑_k exp(−βε_k), (6.20)

ŕőáłőńìłã ćáě áãňňë ŕő m_j ć (6.19) őďĺŋăłőćë ĺ ć áĺńã (6.15) ŕőáńě áãňňĺàőćăŋĺï ďńï őďĺŋăłőćëå çăáâĺæ ãęě ŋě ğăćĺáïâ őâ ĺŋďěłáă j. Šăłĺň őąàăğőň, àăğńőęĺňőáâì ŕőńŋőčő čăňĺńìâőŋĺăŋă ŋă áãňňã (6.12) őďĺŋăłőćëå őďŋőçăáâĺçŋëå čăňĺńìâőŋĺăŋőć ŕàĺćőďĺâ ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ ł äăłâőàĺğăæĺĺ ŕőńŋőľ łăŋőŋĺçěáłőľ áâăâáãňňë (6.20) ć ŕàőĺğćěďěŋĺě őďĺŋăłőćëå őďŋőçăáâĺçŋëå áâăâáãňň Z_1. Ŕàĺąńĺęěŋĺě (6.19) ãâőçŋïěâáï áćőľáâćăňĺ áĺňňěâàĺĺ ć.ä. ć (8.53) – (8.56) ĺ (10.23) – (10.26).

Ĺŋďěłá őďŋőçăáâĺçŋëå áőáâőïŋĺľ {k} ïćńïěâáï ěéě áńőęŋëň ĺ áőáâăćńěŋ ĺğ łćăŋâőćëå çĺáěń {p}, őâćěçăîéĺå ŕőáâãŕăâěńìŋëň áâěŕěŋïň áćőąőďë ďćĺęěŋĺï őâďěńìŋőľ çăáâĺæë łăł æěńőčő, ĺ łćăŋâőćëå çĺáěń ěě ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë {i}: {k} = {p} ⊕ {i}. Ŕőłă íâĺ áâěŕěŋĺ áćőąőďë ŋěğăćĺáĺňë, â.ě. ŋě ćğăĺňőďěľáâćãîâ, áőőâćěâáâćãîéăï íâőňã ăďďĺâĺćŋőáâì ãęě őďŋőçăáâĺçŋőčő čăňĺńìâőŋĺăŋă^^h_j = K_j +Π_j ŕàĺćőďĺâ ł ďăńìŋěľèěľ äăłâőàĺğăæĺĺ őďŋőçăáâĺçŋőľ áâăâáãňňë (6.20) ć ćĺďě ŕàőĺğćěďěŋĺï âàăŋáńïæĺőŋŋőľ áâăâáãňňë Z^{tr}_1 ĺ áâăâáãňňë ďńï ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë Z^{in}_1 : â.ł. ε_k ⇒ ε_p + ε_i, âő Z_1 ⇒ Z^{tr}_1 Z^{in}_1 , ŕàĺçěň:

Z^{tr}_1 =^∑_p exp(−βε_p), Z^{in}_1 =^∑_i exp(−βε_i), ĺ Z_N =⇒ 1 N! ( Z^{tr}_1^{)N} , (6.21)

—66— ďńï čăğă ąěááâàãłâãàŋëå çăáâĺæ. Ůâőąë ŕěàěľâĺ ł łćăğĺłńăááĺçěáłőňã ŕàěďěńã (4.30), ŋěőąåőďĺňő àăááňőâàěâì, ŕő áãâĺ, ćáěčďă ďőŕãáâĺňőě

3 Łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě ďńï ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë

Ć őâáãâáâćĺě ćŋěèŋĺå ŕőńěľ őďŋőçăáâĺçŋăï ŋěàěńïâĺćĺáâáłăï íŋěàčĺï ε_p ⇒ p^2/2m, čďě áőąáâćěŋŋëě ğŋăçěŋĺï łőňŕőŋěŋâ i = x, y, z = 1, 2, 3 ćěłâőàă p ĺňŕãńìáă çăáâĺæë ŕàĺ łćăŋâőćăŋĺĺ ć ïéĺłě V = L_1L_2L_3 őŕàěďěńěŋë áőőâŋőèěŋĺïňĺ: p_i(ν) = h(ν_i/L_i), ν_i = 0, ±1, ±2, . . ., h = 2πh̄.

Šőčďă: Z^{tr}_1 =^∑_p exp(−βε_p) ⇒^∑_{ν1ν2ν3}exp − β h^2 2m ν^2_1 L^2_1 + ν^2_2 L^2 + ν^2_3 L^2_3

. (6.22)

Ć ňĂłàőáłőŕĺçěáłőľ áĺáâěňě ğďěáì ďńï ŕőďăćńïîéěčő çĺáńă áńăčăěňëå ν_i ≫ Δν_i ≡ 1, ă ŕàĺ ćëáőłĺå âěňŕěàăâãàăå èăč łćăŋâőćăŋĺï ĺňŕãńìáă Δp_i = h/L_i ąãďěâ ŕàěŋěąàěęĺňő ňăń ŕő áàăćŋěŋĺî á åăàăłâěàŋëň ĺňŕãńìáőň âěŕńőćőčő ďćĺęěŋĺï p_T = √ 2πmkT ≡ p_T √ π ć łăçěáâćě ňăáèâăąă: 1≫ Δp p_T = h L √ 2πmkT ≡ Λ(T ) L ≡ ( T_L T )1/2 , Λ(T ) = h p_T , T_L = Δε_L kπ , (6.23)

čďě Δε_L = (Δp_i)^2/2m ĺ ćňěáâő p_T ććěďěŋë ďńĺŋă Λ(T ) ĺ åăàăłâěàĺáâĺçěáłăï âěňŕěàăâãàă ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë T_L = h^2/(2πmkL^2). Š.ł. T_L ∼ 10^{−16}K, ãáńőćĺě T ≫ T_L ć (6.23), ŕő áãâĺ, ćáěčďă ćëŕőńŋïěâáï. Šăł çâő íŋěàčěâĺçěáłĺľ áŕěłâà çăáâĺæë ïćńïěâáï łćăğĺŋěŕàěàëćŋëň, ă ěě ŕőáâãŕăâěńìŋőě ďćĺęěŋĺě ňőęŋő ŕőçâĺ ćáîďã áçĺâăâì łćăğĺłńăááĺçěáłĺň ĺ, ăŋăńőčĺçŋő (4.27), ğăňěŋĺâì áãňňĺàőćăŋĺě ć (6.22) ĺŋâěčàĺàőćăŋĺěň ŕő őďŋőçăáâĺçŋőňã äăğőćőňã ŕàőáâàăŋáâćã^3: ν_i = L_ip_i/h, 1 ≡ dν_i, ∑ ν_1ν_2ν_3

1^3 ⇒ ∫ V dxdydz ∫ dp_xdp_y dp_z h^3

, Z^{tr}_1 (T, V )^{def}==_{∀ εp} V h^3 ∫ d^3p exp − ε(p) kT . (6.24)

Ŕěàěåőďï ć (6.24) ł ĺŋâěčàĺàőćăŋĺî ŕő íŋěàčĺĺ, áőčńăáŋő (3.18), (4.27), ććěďěň ŕőńŋőě çĺáńő áőáâőïŋĺľ çăáâĺæë á ĺňŕãńìáăňĺ |p| = p ≤ p(ε): γ(p(ε)) = γ(ε, V ) = ∫ V d^3r ∫ p<p(ε) d^3p h^3 = V h^3 ∫ p<p(ε) d^3p = V h^3

4πp^3(ε) 3 , âőčďă: (6.25) D(ε, V ) = dγ(p(ε)) dε = dγ(p) dp dp dε = V h^3

4πp^2(ε) dp(ε) dε = V h^3 4π p^2(ε) v(ε) , (6.26)

3dν_i = L_idp_i/h, â.ł. ŕńőáłőćőńŋőćőě áőáâőïŋĺě á ĺňŕãńìáőň p_i ğăŋĺňăěâ ćěáì “őąêěň” L_i.

—67— ďăěâ őąéěě ćëàăęěŋĺě ďńï íŋěàčěâĺçěáłőľ ŕńőâŋőáâĺ áőáâőïŋĺľ (łćăğĺ) çăáâĺæë ć ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňě ć őâáãâáâćĺě ćŋěèŋĺå ŕőńěľ. Ŕàĺ ε ≡ ε_p ⇒ p^2/2m, ĺňěěň: p(ε) ⇒ √ 2mε, ĺ ŕńőâŋőáâì (6.26) ĺ őďŋőçăáâĺçŋăï âàăŋáńïæĺőŋŋăï áâăâáãňňă (6.24) ŕàĺŋĺňăîâ ćĺď (3.61): D(ε, V ) =⇒_{D3/2} D_{3/2}(ε, V ) = 2πV ( 2m h^2 )3/2√ ε ≡ A_λ ε^{λ−1}, λ = 3 2 , ĺ: (6.27) Z_1(T, V ) ≡ ∞∫

0 dε D(ε, V ) exp (−βε) =⇒_{D3/2} Z^{tr}_1 = V ( 2πmkT h^2 )3/2 = V Λ^3(T )

, (6.28)

čďě, ŕőďáâăćĺć (6.27) ć (6.28) ĺ ŕàőĺğćěďï ĺŋâěčàĺàőćăŋĺě, ĺáŕőńìğãěň ĺğ (6.23) ďńĺŋã “âěŕńőćőľ” ćőńŋë ďě Ąàőľńï Λ(T ) = h/p_T = h/ √ 2πmkT . Ğă- ŕĺáăć (6.28) łăł ãáńőćĺě ŋőàňĺàőćłĺ ňăłáćěńńőćáłőčő àăáŕàěďěńěŋĺï ŕő íŋěàčĺĺ^~f_T (ε) ďńï ŕńőâŋőáâĺ ćěàőïâŋőáâĺ őąŋăàãęĺâì çăáâĺæã á łĺŋěâĺçěáłőľ íŋěàčĺěľ ćąńĺğĺ ε ć ĺŋâěàćăńě dε, á ŕőňőéìî (6.26) ňőęŋő ŋăľâĺ áàěďŋîî łĺŋěâĺçěáłãî íŋěàčĺî (âăłęě ĺ ŋěàěńïâĺćĺáâáłőľ (6.27)) çăáâĺæë:

~f_T (ε) = exp(−βε) Z_1 D(ε, V ), őâłãďă: ≪ε≫ = ∞∫

0 ε^~f_T (ε)dε =⇒_{D3/2} 3 2 kT, (6.29)

čďě ~f_T (ε) =⇒_{D3/2} 2 √ ε e^{−βε} √ π(kT )^{3/2} , ĺ ć (6.24): Z^{tr}_1 = V h^3 ∞∫ −∞ dp_1e^{−αp21} 3 = V h^3 ( π α )_{3/2} = V Λ^3(T )

. (6.30)

4 Řăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă

Ğăŕĺáăć ęě æěńĺłőň ąőńìæňăŋőćáłőě ŕàĺąńĺęěŋĺě (6.19) łăł ãáńőćĺě ŋőàňĺàőćłĺ á ćëàăęěŋĺěň (6.20) ďńï Z_N ĺ áőłàăéăï ŋă N!, ŋăľďěň:

1 =^∑_{{m} 1...m_N } 1 Z_N N! N∏ j=1 exp(−βε_{mj} ) =⇒^∑_{{m} 1...m_N } W_{{m1...mN }}, (6.31) çâő ć “áőáâőïŋĺĺ” |m_1 . . . m_N ⟩, łăł ć çĺáâőň ňĹłàőáőáâőïŋĺĺ |[m]⟩ ĺďěăńìŋőľ áĺáâěňë á íŋěàčĺěľ E_{[m]} (6.13), łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ćěàőïâŋőáâĺ Čĺąąáă áćőďĺâáï ł ŕàőĺğćěďěŋĺî ćĺďă (4.26), łăęďëľ áőňŋőęĺâěńì łőâőàőčő ěáâì Čĺąąáőćáłăï ęě ćěàőïâŋőáâì w^1_{mj} ŋăåőęďěŋĺï őâďěńìŋőľ j-őľ çăáâĺæë ć áőáâőïŋĺĺ á íŋěàčĺěľ ε_{mj} : â.ł. Z_N N! = Z^N_1 , âő: W_{{m1...mN }} = exp^(−βE_{{m1...mN }}^) Z_N N! ≡^{N∏}_{j=1} w^1_{mj} , w^1_{mj} = exp(−βε_{mj} ) Z_1

. (6.32)

İâő ĺ ěáâì łńăááĺçěáłőě àăáŕàěďěńěŋĺě Ąőńìæňăŋă (ĺńĺ Ň-Ą) ďńï ďĺáłàěâŋőčő áŕěłâàă, őâàăęăîéěě, áőčńăáŋő (1.26), áâăâĺáâĺçěáłãî ŋěğăćĺáĺňőáâì ãęě őâďěńìŋëå çăáâĺæ ĺďěăńìŋőčő čăğă, łăł ćáě ěéě ŋěğăćĺáĺňëå

—68— ć íâőň ŕàĺąńĺęěŋĺĺ “ňĂłàőŕőďáĺáâěň”. Ć őâáãâáâćĺĺ ćŋěèŋĺå ŕőńěľ ć ŋěň ňőęŋő ŕěàěľâĺ ł łćăğĺŋěŕàěàëćŋőňã àăáŕàěďěńěŋĺî w^1_{mj} = w^1(ε_{mj} ) ŕő őďŋőçăáâĺçŋőňã áŕěłâàã ε_{mj} ⇒ ε_p → p^2/2m íŋěàčĺĺ ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë, čďě, áőčńăáŋő (3.25), (4.29)

w^1_{mj} g(ε_{mj} )⇀↽ dw^1_{M B}(ε_p)= exp(−βε_p) Z_1 d^3r d^3p

h^3

, ă: Z_1 ⇒_{D3/2} V (2πmkT h^2 )3/2 , (6.33)

áćőďĺâáï âőčďă ł őďŋőçăáâĺçŋőľ âàăŋáńïæĺőŋŋőľ áâăâáãňňě (6.24), (6.30). Ĺŋâěčàĺàãï (6.33) âőńìłő ŕő łőőàďĺŋăâăň, ŕőńãçĺň ćëàăęěŋĺě ďńï ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă ĺňěěâ ĺňŕãńìá ć łãąĺłě d^3p → (p; p + dp) łăł àăáŕàěďěńěŋĺě Ňăłáćěńńă ŕő łőňŕőŋěŋâăň ĺňŕãńìáă p ⇒ (p_x, p_y, p_z ):

dw^1_M (p) = f_T (p) d^3p, f_T (p) = exp^(−p^2/2mkT^) (2πmkT )^{3/2} ≡ e^{−p2/p2T} π^{3/2}p^3_T

, ĺńĺ: (6.34)

dw^1_M (v) = f_T (v) d^3v, f_T (v) = e^{−v2/v2T} π^{3/2}v^3_T

, v_T = 2kT m , ďńï v = p m , (6.35)

Ŕěàěåőďï ć (6.34) ł áäěàĺçěáłĺň łőőàďĺŋăâăň p = pn_p, d^3p = p^2dp dΩ(n_p) ĺ ĺŋâěčàĺàãï ŕő ãčńőćëň ŕěàěňěŋŋëň n_p(ϑ, φ) íńěňěŋâă âěńěáŋőčő ãčńă dΩ(n_p) = sin ϑdϑdφ, ŕőńãçĺň àăáŕàěďěńěŋĺï Ňăłáćěńńă ŕő ăąáőńîâŋőľ ćěńĺçĺŋě ĺňŕãńìáă p = |p| ŕàĺ p_T = √ 2mkT ≡ mv_T ĺ áłőàőáâĺ v = |v|:

d^~w^1_M (p) =^~f_T (p)dp d^~w^1_M (v) =^~f_T (v)dv

,^~f_T (p) = 4π p^2e^{−p2/p2T} π^{3/2}p^3_T

,^~f_T (v) = 4π v^2e^{−v2/v2T} π^{3/2}v^3_T

, (6.36)

őâ łőâőàëå ŕàĺ ε_p ⇒ mv^2/2 ńěčłő ćěàŋãâìáï ł ňăłáćěńńőćáłőňã àăáŕàěďěńěŋĺî ŕő łĺŋěâĺçěáłőľ íŋěàčĺĺ (6.30). Ćłńîçěŋĺě ćŋěèŋěčő ŕőńï u(r) ŋě ŋăàãéăěâ ĺďěăńìŋőáâì čăğă (6.12), ĺ ć (6.33) ćňěáâő ε_p ŋěőąåőďĺňő ŕőďáâăćĺâì ŕőńŋãî íŋěàčĺî őďŋőľ çăáâĺæë ć íâőň ŕőńě ε(p, r) = ε_p + u(r):

p^2 2m ⇒ ε_p → ε(p, r), ŕàĺ: Z_1 = ∫ d^3x e^{−βu(x)}

∫ d^3p h^3 e^{−βεp} =⇒_{∀ εp} Z^{(u)}_1 Λ^3(T )

. (6.37)

Řăáŕàěďěńěŋĺï (6.34)–(6.36) ŕő ĺňŕãńìáăň ĺ áłőàőáâïň őáâăîâáï ć áĺńě. Ŕàőĺŋâěčàĺàőćăć (6.33) ŕő ĺňŕãńìáŋőľ çăáâĺ äăğőćőčő őąêěňă, ŕőńãçĺň: ∫ {p} dw^1_{M B} (ε(p, r)) ≡ dw^1_B (r) =⇒ exp (−βu(r)) d^3r ∫ exp (−βu(x)) d^3x ∫ d^3p f_T (p) 1 =

= e^{−βu(r)} Z^{(u)}_1 d^3r = f_B (r)d^3r = n(r) N d^3r −→_{^u} d^3r V , čďě Z^{(u)}_1 = ∫ d^3x e^{−βu(x)}, (6.38)

– áőąáâćěŋŋő, àăáŕàěďěńěŋĺě Ąőńìæňăŋă ďńï ŕńőâŋőáâĺ ćěàőïâŋőáâĺ f_B (r)

—69— ŋăľâĺ çăáâĺæã âăłőčő àăćŋőćěáŋőčő ĺďěăńìŋőčő čăğă ć íńěňěŋâě őąêěňă d^3r ćőłàãč âőçłĺ r, čďě ŕàĺňěàőň ćŋěèŋěčő ŕőńï u(x) ňőčãâ áńãęĺâì ĺ áăňĺ áâěŋłĺ őąêěňă V :^^u(x) = 0, x ∈ V ;^^u(x) = +∞, x /∈ V , (15.11) (áàăćŋĺ á ãáńőćĺěň (6.4) âěőàěňë ő “àăćŋőàăáŕàěďěńěŋĺĺ” (6.5)).

5 Şàăćŋěŋĺï áőáâőïŋĺï ąőńìæňăŋőćáłőčő čăğă

Ć łăçěáâćě ŕàĺňěàă ŋăľďěň ćłńăď ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë ĺďěăńìŋőčő čăğă (6.21), (6.28) ć ěčő áćőąőďŋãî íŋěàčĺî: F = −kT ln Z_N , F = −kT ln 1 N! ( V Λ^3(T ) )_N ≃ −NkT ln eV N ( 2πmkT h^2 )_{3/2} ≡ −NkT ln [ e nΛ^3(T ) ] ,

F = −NkT ln ( eV N ) − C_V T ln(kT ) − NkT ξ, čďě: n = N V , ξ = 3 2 ln ( 2πm h^2 ) , (6.39)

– åĺňĺçěáłăï ŕőáâőïŋŋăï čăğă, ĺ ŕőńãçĺň ďăćńěŋĺě, åĺňŕőâěŋæĺăń, íŋâàőŕĺî, ĺ âěŕńőěňłőáâì íâőčő čăğă (áà. á (3.55)–(3.58)): c_P = c_V + k, P = − ( ∂F ∂V ) T,N = NkT V = nkT, μ = ( ∂F ∂N ) T,V = kT ln^[nΛ^3(T )^] , (6.40) S = − ( ∂F ∂T ) V,N = Nk 5 2 + ln V N ( 2πmkT h^2 )3/2 ≡ C_P − Nμ T = (6.41) = Nk { ln (eV N ) + 3 2 ln(kT ) + ξ + 3 2 } , C_V = T ( ∂S ∂T ) V,N = 3 2 Nk. (6.42)

İâő ŋe çâő ĺŋőě, łăł, áőőâćěâáâćěŋŋő, âěàňĺçěáłőě – Łńăŕěľàőŋă – Ňěŋďěńěěćă, ĺ łăńőàĺçěáłőě – Śăłãàă – Šěâàőďě, ãàăćŋěŋĺï áőáâőïŋĺï ĺďěăńìŋőčő čăğă. Šőčďă (6.39) ŕàěďáâăćńïěâ áőőâŋőèěŋĺě F = Nμ − P V. Ćŋãâàěŋŋîî íŋěàčĺî U ňőęŋő ŋăľâĺ âěŕěàì ńĺąő ĺğ ěě őŕàěďěńěŋĺï, ńĺąő ĺáåőďï ĺğ (6.29) ĺ àăćěŋáâćă U = ≪E≫ ⇒ N≪ε≫, ńĺąő ĺğ ãàăćŋěŋĺï U = F +T S, ĺ, ć áőőâćěâáâćĺĺ á âěőàěňőľ ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ (6.11), ŕàĺ ℓ = 2, s = s_K = 3N, s_Π = 0, ćŋőćì ŕőńãçĺâì: U ≡ ≪E≫ = − ( ∂ ln Z_N ∂β ) V = −T^2 ( ∂ ∂T F T ) V ⇒ 3N kT 2 = C_V T. (6.43)

Ĺâăł, ŋăľďěŋë ćáě ãàăćŋěŋĺï áőáâőïŋĺï, őŕĺáëćăîéĺě âěàňőďĺŋăňĺłã őďŋőăâőňŋőčő ąőńìæňăŋőćáłőčő ĺďěăńìŋőčő čăğă. Ĺå ňőęŋő âăłęě ŕőńãçĺâì, ĺáåőďï ĺğ ćëàăęěŋĺľ ďńï ąőńìèőčő ŕőâěŋæĺăńă (5.33) ĺ ĺğ (5.35), (5.37), łăł −J = P V = kT ln Q ŕàĺ ζ = e^{βμ} ĺ ( ∂ ∂(βμ) ) β = ∂ ∂γ = ζ ∂ ∂ζ :

—70—

Q(T, V ; ζ) =^{∞∑}_{N =0} ζ^N Z_N =⇒^{∞∑}_{N =0}

(ζZ^{tr}_1 )^N N! = exp^(ζZ^{tr}_1^) , Z^{tr}_1 = V Λ^3(T )

, (6.44) P kT = ln Q V ⇒ ζ V Z^{tr}_1 = e^{βμ} ( 2πmkT h^2 )3/2 ⇐ ζ V ( ∂ ln Q ∂ζ ) T,V = ≪N≫ V = n, (6.45) ≪E≫ ≡ − ( ∂ ln Q ∂β ) V,ζ =⇒ − ζ ∂Z^{tr}_1 ∂β V = 3 2 ζ Z^{tr}_1 β = 3 2 ≪N≫ kT. (6.46) Ğďěáì ŕàőĺğćőďŋăï ŕő β ŕàĺ ζ = const, áőčńăáŋő (5.33), (5.37), ŋě áőćŕăďăěâ á ŕàőĺğćőďŋőľ ŕő β ŕàĺ μ = const! Ŕàĺ ≪N≫ → N: (6.45) →(6.40).

([4] §17, [5] §36,37,40-43,63, [6] §§40-46, [7], [36], [43]) Ğăďăçĺ 12.1. Őæěŋĺâì âěŕńőěňłőáâì áĺáâěň: 1) N ãńìâàăàěńïâĺćĺáâáłĺå çăáâĺæ; 2) N ŋěàěńïâĺćĺáâáłĺå çăáâĺæ ć ŕőńě âïęěáâĺ ã ŕőćěàåŋőáâĺ Ğěňńĺ. 12.2. Ďńï d- ňěàŋëå ăŋăńőčőć àăáŕàěďěńěŋĺľ Ňăłáćěńńă (6.35), (6.29): ă) ğăŕĺáăâì àăáŕàěďěńěŋĺě ŕő łőňŕőŋěŋâăň áłőàőáâěľ ĺ ŋăľâĺ áàěďŋĺě ğŋăçěŋĺï ≪v^2_x≫, ≪v^2≫, ≪v≫, ≪p≫, ĺ ŋăĺąőńěě ćěàőïâŋëě ğŋăçěŋŋĺï v, p ăąáőńîâŋëå ćěńĺçĺŋ áłőàőáâĺ ĺ ĺňŕãńìáă, áà. (15.61)–(15.63); ą) ğăŕĺáăâì àăáŕàěďěńěŋĺě ŕő łĺŋěâĺçěáłőľ íŋěàčĺĺ ε = ε_p. Ŋăľâĺ ŋăĺąőńěě ćěàőïâŋőě ε ĺ áàěďŋěě ≪ε≫ ğŋăçěŋĺï íŋěàčĺĺ, ăąáőńîâŋãî D_2(ε) ĺ őâŋőáĺâěńìŋãî σ_2(ε) ďĺáŕěàáĺĺ (9.2), ĺ áàăćŋĺâì ĺå á (4.44), (4.45). Ŋăľâĺ, çâő ŕàĺ d=3: ε = kT/2, ≪ε≫ = 3kT/2, D_2(ε) = 3(kT )^2/2, σ_2(ε) =^√2/3; ć) ŋăľâĺ áàěďŋěě ćàěňï, ŋěőąåőďĺňőě ďńï ŕàőńěâă àăááâőïŋĺï ℓ ć ŕàěŋěąàěęěŋĺĺ áâőńłŋőćěŋĺïňĺ çăáâĺæ ňěęďã áőąőľ; ŕàĺćěáâĺ çĺáńěŋŋãî őæěŋłã ŕàĺ ℓ ∼ 10^{−6} ň ďńï ćőğďãåă ŕàĺ ŋ.ã.: n ≈ 3 · 10^{19}cm^{−3}; č) őŕàěďěńĺâì ŕőńŋãî ŕńőâŋőáâì ŕőâőłă çăáâĺæ J_Σ(N_Σ) ĺğ ňăńőčő őâćěàáâĺï Σ ć áâěŋłě áőáãďă á àăğàěęěŋŋëň ĺďěăńìŋëň čăğőň ŕàĺ âěňŕěàăâãàě T ĺ ŕńőâŋőáâĺ n = const; ŋăľâĺ áàěďŋîî íŋěàčĺî ĺ áàěďŋîî ăąáőńîâŋãî áłőàőáâì çăáâĺæ ć íâőň ŕőâőłě; łăłőćő áàěďŋěě ćàěňï ŕàěąëćăŋĺï çăáâĺæë ć áőáãďě á ãçěâőň ĺğňěŋěŋĺï ŕńőâŋőáâĺ n ⇒ n(t) (11.53), [3] §I.7; ď) ãąěďĺâìáï, çâő ćëàăęěŋĺě ďńï áàěďŋěľ ďńĺŋë áćőąőďŋőčő ŕàőąěčă:

ℓ_d = ≪v≫ ≪u≫σ_dn_d = 1 √ 2 σ_dn_d

, (6.47)

ŋě ğăćĺáĺâ őâ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă d. Ğďěáì ≪u≫ – áàěďŋěě ăąáőńîâŋőľ ćěńĺçĺŋë őâŋőáĺâěńìŋőľ áłőàőáâĺ, σ_d – áěçěŋĺě àăááěïŋĺï. 12.3. Ďńï àăáŕàěďěńěŋĺï Ňăłáćěńńă ŕő łĺŋěâĺçěáłőľ íŋěàčĺĺ (6.29) ŋăľâĺ ćěàőïâŋőáâì w_M (ε_0) őąŋăàãęĺâì çăáâĺæã á íŋěàčĺěľ ąőńìèě (ňěŋìèě) ε_0.

Ńěłæĺï 7

Ŕőáâãŕăâěńìŋëě ĺ ćŋãâàěŋŋĺě áâěŕěŋĺ áćőąőďë

1 Śŕĺŋ. Ŕńőâŋőáâì áőáâőïŋĺľ ňĺłàőłăŋőŋĺçěáłőčő ăŋáăňąńï ďńï ĺďěăńìŋőľ áĺáâěňë.

Şâőçŋĺň ćěńĺçĺŋã ŕńőâŋőáâĺ áőáâőïŋĺľ ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë ďńï çăáâĺæë ć ŕőâěŋæĺăńìŋőň ćŋěèŋěň ŕőńě u(r) ŕàĺ ŋăńĺçĺĺ ã ŋěě âăłőľ ćŋãâàěŋŋěľ åăàăłâěàĺáâĺłĺ, łăł áŕĺŋ. Ć őâáãâáâćĺĺ ňăčŋĺâŋőčő ŕőńï íŋěàčĺï çăáâĺæë ŋě ğăćĺáĺâ őâ áŕĺŋă, ĺ ěě áőáâőïŋĺï á ďăŋŋőľ íŋěàčĺěľ ćëàőęďěŋë ŕő ğŋăçěŋĺïň ŕàőěłæĺĺ áŕĺŋă á łàăâŋőáâìî ćëàőęďěŋĺï ďńï ňăááĺćŋëå çăáâĺæ á m ≠ 0 àăćŋőľ g_s = 2s + 1, čďě s- æěńőě ĺńĺ ŕőńãæěńőě áŕĺŋőćőě łćăŋâőćőě çĺáńő. Ś ãçěâőň íâĺå ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë ŕőńŋőě çĺáńő áőáâőïŋĺľ çăáâĺæë á íŋěàčĺěľ ε_p < ε, â.ě. á ĺňŕãńìáăňĺ |p| = p < p(ε) (6.25) ĺ ŕńőâŋőáâì áőáâőïŋĺľ (6.26) ∀ ε_p áőőâćěâáâćěŋŋő^1, ěáâì: γ(ε, V ) =^{s∑}_{σ=−s} ∫ V d^3r

∫ d^3p h^3 θ (p(ε) − p) = g_sV h^3 4π 3 p^3(ε), ĺ: (7.1) D(ε, V ) = dγ(ε, V ) dε = d dε g_s h^3 ∫ V d^3r ∫ d^3p θ (ε − ε_p) = g_sV h^3

4πp^2(ε) dp(ε) dε , (7.2)

çâő ńĺèì ňŋőęĺâěńěň g_s őâńĺçăěâáï őâ (6.25), (6.26). Ďńï áĺáâěňë ćő ćŋěèŋěň ŕőńě u(r), ŋě áŋĺňăîéěň áŕĺŋőćőčő ćëàőęďěŋĺï ĺ ňěŋïîéěňáï ďőáâăâőçŋő ňěďńěŋŋő, çâőąë ãáńőćĺï łćăğĺłńăááĺçěáłőčő ŕàĺąńĺęěŋĺï |∇λ(ε, r)| ≪ 1 ćëŕőńŋïńĺáì ĺ ďńï őďŋőçăáâĺçŋőľ íŋěàčĺĺ (6.37) ŕàĺ:

ε_p ⇒ ε(p, r) = ε_p + u(r), ĺ: λ(ε, r) = h p(ε, r) =⇒_{D3/2} h √ 2m [ε − u(r)]

(7.3)

1θ (p(ε) − p) = θ (ε − ε_p), â.ł. ε = ε_p ĺ p = p(ε) – ćğăĺňŋő őąàăâŋëě äãŋłæĺĺ.

—72— ćňěáâő (7.2) ĺňěěň: D^{(u)}(ε, V ) = g_s h^3 ∫ V d^3r ∫ d^3p δ (ε − ε(p, r)) =⇒_{ε(|p|,r)} (7.4) =⇒ ε(|p|,r) 4πg_s h^3 ∫ V d^3r ∫ dε_p p^2(ε_p) ∂p(ε_p) ∂ε_p δ(ε − u(r) − ε_p) ==_{∀ εp} (7.5) = 4πg_s h^3 ∫ V d^3r p^2(ε_p) v(ε_p) | | | | | ε_p= ε−u(r)) ==_{∀ εp} D^{(u)}(ε, V ), čďě |p| = p(ε, r), (7.6)

=⇒_{D3/2} D^{(u)}_{3/2}(ε, V ) =

2πg_s(2m)^{3/2} h^3 ∫ V d^3r^√ε − u(r) , ěáńĺ: ε_p =⇒_{D3/2} p^2 2m , (7.7)

ă v(p) = ∂ε(|p|, r)/∂p ≡ ∂ε_p/∂p – áłőàőáâì çăáâĺæë (áà. (6.26)). Ńěčłő ćĺďěâì, çâő ňŋőęĺâěńì g_s ć D(ε, V ) ŋě ňěŋïěâ ãàăćŋěŋĺľ áőáâőïŋĺï čăğă (6.40), (6.43), áłăğëćăïáì ńĺèì ŋă łőŋáâăŋâě ξ (6.39) ć (6.40) – (6.42).

Ŋăľďěň ŕőńŋëľ áâăâĺáâĺçěáłĺľ ćěá ňĹłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï ĺ ŕőńŋãî ŕńőâŋőáâì áőáâőïŋĺľ ĺďěăńìŋőľ áĺáâěňë ć âěàňĺŋăå őďŋőçăáâĺçŋőľ ŕńőâŋőáâĺ (7.2), (7.4). Ğăňěâĺň, çâő ć âěàňőďĺŋăňĺçěáłőň àăćŋőćěáĺĺ âăłőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë äĺłáĺàőćăŋă ńĺèì ŕőńŋăï íŋěàčĺï E ćáěå ěě őâďěńìŋëå, áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëå çăáâĺæ. Ś ãçěâőň (3.38), (3.40), â.ě. dθ(E)/dE = δ(E), őâćěâ ďăěâáï âőčďă őçěćĺďŋëň őąőąéěŋĺěň (3.60) äőàňãń (7.1), (7.2), (7.4) ĺ äőàňãńë áćěàâłĺ^2 (4.4) ∀ D(ε): Γ(E, V, N) D(E, V, N) = 1 N! N∏ j=1 ∞∫

0 dε_j D(ε_j, V ) θ ( E −^{N∑}_{j=1} ε_j )

δ ( E −^{N∑}_{j=1} ε_j ) , őâłãďă: (7.8)

Z_N = ∞∫

0 dE D(E, V, N) e^{−βE} = (Z_1)^N N! , Z_1 = ∞∫

0 dε D(ε, V ) e^{−βε}, (7.9) ăŋăńőčĺçŋő (4.24) ĺ ć áőőâćěâáâćĺĺ á (4.28) → (7.4), ĺ (6.20), (6.26), (6.28).

2 Śâěŕěŋì ĺőŋĺğăæĺĺ čăğă. Ťőàňãńă Śăåă

Ŕàĺňěà ĺáŕőńìğőćăŋĺï (7.9) ďăěâ àăáçěâ çĺáńă ĺőŋőć áàěďĺ ŋěľâàăńìŋëå ăâőňőć čăğă, ĺőŋĺğőćăŋŋőčő ŕàĺ ďăŋŋőľ âěňŕěàăâãàě T . Řăááňăâàĺćăï ŕàőæěáá őďŋőíńěłâàőŋŋőľ ĺőŋĺğăæĺĺ łăł åĺňĺçěáłãî àěăłæĺî: A^+ + e^− − A^0 = 0, (7.10) őąőğŋăçĺň łăł N_0, N_+, N_e áőőâćěâáâćãéĺě çĺáńă ŋěľâàăńìŋëå ăâőňőć, ĺőŋőć ĺ íńěłâàőŋőć. Šőčďă ĺňěěň ďćă őçěćĺďŋëå áőőâŋőèěŋĺï:

2ğăŕĺáăŋŋőľ ć ćĺďě:^E ∫ 0 dE_1 D_1(E_1) D_2(E − E_1) =^∞ ∫ 0 dE_1^∞ ∫ 0 dE_2 D_1(E_1) D_2(E_2) δ(E − E_1 − E_2).

—73— N_+ = N_e ≤ N = N_0 + N_+ ⇒ const, (7.11) čďě N – ŕőńŋőě çĺáńő ăâőňőć ĺ ĺőŋőć (ĺńĺ ăâőňőć ěéě ŋĺ àăğã ŋě ĺőŋĺğőćăŋ-

ŋőčő čăğă). Ěéě őďŋő áőőâŋőèěŋĺě áńěďãěâ ĺğ ãáńőćĺï ňĺŋĺňãňă áćőąőďŋőľ

íŋěàčĺĺ ŕàĺ åĺňĺçěáłőň àăćŋőćěáĺĺ, â.ł. áâăâáãňňă âěàňĺçěáłĺ àăćŋőćěáŋőľ áňěáĺ ĺďěăńìŋëå čăğőć – ĺğ ăâőňőć, ĺőŋőć ĺ íńěłâàőŋőć àăćŋă: Z^{tot} = Z_e Z_+ Z_0 , čďě őâďěńìŋëě áâăâáãňňë ďńï a = e, +, 0, ĺ (7.12)

Z_a =

(Z_{1a})^{Na}

N_a!

, àăćŋë: Z_e =

(Z_{1e})^{Ne} N_e!

, Z_+ =

(Z_{1+})^{N+} N_+!

, Z_0 =

(Z_{10})^{N0} N_0!

, (7.13)

ŕàĺ: Z_{1a} = g_{sa}V ( 2πm_akT h^2 )3/2 e^{−ε0a/(kT )} ≡ g_{sa}V Λ^3_a(T ) e^{−ε0a/(kT )}. (7.14)

İŋěàčĺï “ăâőňă” ε_{pa} = p^2/(2m_a) + ε_{0a}, čďě ε_{0a} – íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï ŕőłőïéěčőáï ăâőňă, ĺőŋă, íńěłâàőŋă. Ćëàăęěŋĺï ďńï Z_{1e}, Z_{1+}, Z_{10} ďăîâáï ğăňěŋőľ a → e, +, 0. Ňŋőęĺâěńĺ g_{sa} ŕőłăğëćăîâ çĺáńő ćőğňőęŋëå áŕĺŋőćëå áőáâőïŋĺľ, ć çăáâŋőáâĺ, ďńï íńěłâàőŋă e g_{se} = 2, ă ďńï ćőďőàőďă H g_{s+} = 2, g_{s0} = 4. Ŕőïćńěŋĺě ŕőáńěďŋěčő ňŋőęĺâěńï ć (7.14), ŋěőąåőďĺňő ďńï áőčńăáőćăŋĺï ŋăçăń őâáçěâă íŋěàčĺľ ã àăğńĺçŋőčő ćĺďă “ăâőňőć”, ćáâãŕăîéĺå ć àěăłæĺî. Šőčďă ňĺŋĺňăńìŋő ŋěőąåőďĺňăï ďńï ĺőŋĺğăæĺĺ íŋěàčĺï – ŕőâěŋæĺăń ĺőŋĺğăæĺĺ – ěáâì àăğŋőáâì íŋěàčĺľ őáŋőćŋëå áőáâőïŋĺľ ŕőłőïéĺåáï ĺőŋĺğőćăŋŋőčő ĺ ŋěľâàăńìŋőčő ăâőňőć:

â.ě. ďěäěłâ ňăáá: J0 = ε0e + ε0+ − ε00 ≡ mec2 + m+c2 − m0c2 > 0, (7.15)

Śćőąőďŋăï íŋěàčĺï áňěáĺ àăćŋă áãňňě áćőąőďŋëå íŋěàčĺľ łőňŕőŋěŋâ:

F^{tot} = −kT ln Z^{tot} = F_e(N_e) + F_+(N_+ = N_e) + F_0(N_0 = N − N_e) . (7.16) Ŕàĺŋĺňăï, çâő čăğë ŋăåőďïâáï ć âěàňőáâăâě ĺ ĺňěîâ ğăďăŋŋëľ őąêěň V , ćěńĺçĺŋã N_e ąãďěň áçĺâăâì ćăàìĺàãěňëň ŕăàăňěâàőň ĺ ŕőâàěąãěň ćëŕőńŋěŋĺï ãáńőćĺľ íłáâàěňãňă ďńï áňěáĺ, ŕőńăčăï: (ln N_a!)^′_{Na} ⇒ ln N_a, ∂F^{tot} ∂N_e = 0, ŕàĺ dN_e = dN_+ = −dN_0, ∂F_e ∂N_e = − ∂ ∂N_e (kT ln Z_e) = = −kT ∂ ∂N_e (N_e ln Z_{1e} − ln N_e!) =⇒ −kT (ln Z_{1e} − ln N_e) = −kT ln

( Z_{1e} N_e ) , ∂F^{tot} ∂N_e = −kT ln ( Z_{1e}Z_{1+} Z_{10}

N_0 N_eN_+ ) = 0, â.ě.:

N_eN_+ N_0 = Z_{1e}Z_{1+} Z_{10} ; g_{s+}g_{se} g_{s0} ≡^~g, çâő ĺ ďăěâ âàěâìě áőőâŋőèěŋĺě ďńï őŕàěďěńěŋĺï çĺáěń çăáâĺæ ã łőňŕőŋěŋâ áňěáĺ. Ććőďï őâŋőáĺâěńìŋãî áâěŕěŋì ĺőŋĺğăæĺĺ α, ŕőńãçĺň ŕàĺ 0 ≤N_+ = αN ≤N, N_0 =N − N_+ =N(1 − α), J_0 = kI_0, â.ł. m_+ ≃ m_0 :

—74— N_eN_+ N_0N ≡ α^2 1 − α = Z_{1e}Z_{1+} Z_{10}N ≡ G(T ) 2 e^{−I0/T} ≃ V ~g NΛ^3_e(T ) e^{−J0/(kT )} (7.17)

– ğăłőŋ ďěľáâćãîéĺå ňăáá, őŕàěďěńïîéĺľ, áőčńăáŋő Śăåă, âěňŕěàăâãàã ĺőŋĺğăæĺĺ T_1. Řăŋěě ć (6.23) T ≫ T_{Le}. Ĺ ğďěáì ćěáì ŕěàćëľ áőňŋőęĺâěńì G(T ) 2 =^~ g nΛ^3_e (T )

Λ^3_0(T ) Λ^3_+(T ) ≃^~ g nΛ^3_e (T )

=^~g V N ( 2πm_ekT h^2 )3/2 ≡^~g ( T T_e )3/2 ≫ 1 (7.18) ďőńęěŋ ąëâì őçěŋì ąőńìèĺň, çâőąë čăğ ąëń ąőńìæňăŋőćáłĺň^3: T ≫ T_e, V ≫ NΛ^3_e (T ), ĺ ěéě ąőńìèě çâőąë ćőőąéě ňőęŋő ąëńő čőćőàĺâì őą ĺőŋĺğăæĺĺ (^~g ∼ 1). Šőčďă ăŋăńĺğ ğăćĺáĺňőáâĺ (7.17) őâ T ďăěâ, çâő, ć áőőâćěâáâćĺĺ áő áâăâĺáâĺçěáłĺň áňëáńőň ŕőŋïâĺï àăćŋőćěáŋőľ âěňŕěàăâãàë T , ĺőŋĺğăæĺï ŕàőĺáåőďĺâ ŕàĺ âěňŕěàăâãàăå, őâćěçăîéĺå áàěďŋĺň łĺŋěâĺçěáłĺň íŋěàčĺïň çăáâĺæ, čőàăğďő ňěŋìèĺň, çěň ŕőâěŋæĺăń ĺőŋĺğăæĺĺ! Ďěľáâćĺâěńìŋő, α = 1/2 ŕàĺ âěňŕěàăâãàě T_1 = I_0/ ln G(T_1). Ĺ, âăł łăł ln G(T_1) ≫ 1, âő T_1 ≪ I_0. Ŕőď ğŋăłőň ęě ńőčăàĺäňă ďńï őæěŋłĺ á åőàőèěľ âőçŋőáâìî ňőęŋő ğăňěŋĺâì T_1 ŋă I_0. Ĺŋâěàćăń âěňŕěàăâãà δ T_1 ŕěàěåőďă őâ ňăńőľ ĺőŋĺğăæĺĺ ł ŕőçâĺ ŕőńŋőľ őæěŋĺćăěâáï łăł ĺŋâěàćăń ĺğňěŋěŋĺï ŋă ěďĺŋĺæã ćěńĺçĺŋë y_1 ≡ ln G(T_1) = I_0/T_1 ĺ ďńï ln G(T_1) ≃ ln G(I_0) ≫ 1, â.ě. y_1 ≫ 1, δy_1 ≈ 1, őłăğëćăěâáï őçěŋì ãğłĺň:

|δ ln G(T_1)| = I_0 δT_1 T^2_1 ≈ 1, δT_1 ≈ T^2_1 I_0 ≃ I_0 [ln G(I_0)]^2

≪ T_1 ≃

I_0 ln G(I_0) ≪ I_0. Ąãďì ĺőŋĺğăæĺï őąïğăŋă áőãďăàěŋĺïň âőńìłő áő áâěŋłăňĺ, âő ć àăćŋőćěáĺĺ ŕàĺ T = T_1: α = N_+ N ≃ w_M (ε > J_0) = ∞∫ J_0 dε ~f_{T1} (ε) = ∞∫ y_1 dy 2 √ y e^{−y} √ π ≈ 2 √ y_1e^{−y1} √ π ≃ √ ln G(T_1) G(T_1) ≪ 1. Š.ě. ŕàĺçĺŋă áâőńì ŋĺğłőľ âěňŕěàăâãàë ĺőŋĺğăæĺĺ ć N(N −1)/2 áâőńłŋőćěŋĺïå ăâőňőć, â.ě. ć áăňőň ŕàőæěááě âěàňăńĺğăæĺĺ – ćëàăćŋĺćăŋĺï âěňŕěàăâãàë íâőčő čăğă. Łăçěáâćěŋŋő âăłőľ çăáâĺçŋő ĺőŋĺğőćăŋŋëľ čăğ ăŋăńőčĺçěŋ ăŋáăňąńî íääěłâĺćŋëå ďćãåãàőćŋěćëå áĺáâěň, ć łőâőàëå íńěłâàőŋ ňőęěâ ŋăåőďĺâìáï ńĺąő ć áćïğăŋŋőň áőáâőïŋĺĺ á íŋěàčĺěľ ~ε_{1e} = 0 ĺ łàăâŋőáâìî ćëàőęďěŋĺï g_{se} = g_1, ńĺąő ć áćőąőďŋőň áőáâőïŋĺĺ á íŋěàčĺěľ ~ε_{2e} = J_0 ĺ ąőńìèőľ őâŋőáĺâěńìŋőľ łàăâŋőáâìî ćëàőęďěŋĺï g_2/g_1 ≈ G(T ) ≫ 1. Śâăâáãňňă łăęďőľ âăłőľ áĺáâěňë Z = ∑ i g_ie^{−β}~^{εie} = g_1 + g_2e^{−βJ0} ŕàĺćőďĺâ ł åăàăłâěàŋőňã ãğłőňã ŕĺłã ć ğăćĺáĺňőáâĺ ěě âěŕńőěňłőáâĺ őâ âěňŕěàăâãàë (âěŕńőěňłőáâì Ÿőââłĺ) á ňăłáĺňãňőň C_{V m} ≃ k(ln G)^2 ŕàĺ kT_m ≃ J_0/ ln G ≪ J_0, ć őąńăáâĺ èĺàĺŋőľ δT_m ≃ J_0/C_{V m} ≃ J_0/k(ln G)^2 = T_m/ ln G ≪ T_m, čďě T_m ⇒ T_1 ŕàĺ ln G ≫ 1 [5, 13, 24].

3áà. á ãáńőćĺěň (10.29): T_e = N^{2/3}T_{Le} = n^{2/3}h^2/(2πkm_e) ∼ 1K, ŕàĺ N_e ≤ N ∼ 10^{24}.

—75—

3 Šěŕńőěňłőáâì čăğă ňŋőčőăâőňŋëå ňőńěłãń

Ěáńĺ çăáâĺæăňĺ čăğă ïćńïîâáï ňŋőčőăâőňŋëě ňőńěłãńë, âő ŋěőąåőďĺňő ãçěáâì ćłńăďë ĺå ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë, őąãáńőćńěŋŋëå ćàăéěŋĺěň ňőńěłãń ć ŕàőáâàăŋáâćě ĺ łőńěąăŋĺïňĺ ăâőňőć ć ňőńěłãńě. Ć ŕěàćőň ŕàĺąńĺęěŋĺĺ ćàăéăâěńìŋëě ĺ łőńěąăâěńìŋëě áâěŕěŋĺ áćőąőďë ŋěğăćĺáĺňë őâ ŕőáâãŕăâěńìŋëå ĺ ďàãč őâ ďàãčă, őâłãďă ε_{{i=j⊕ν}} = ε_j + ε_ν, čďě ε_j – ćàăéăâěńìŋëľ, ă ε_ν – łőńěąăâěńìŋëľ áŕěłâàë ňőńěłãń áőőâćěâáâćěŋŋő. Šőčďă ćŋãâàěŋŋïï őďŋőçăáâĺçŋăï áâăâáãňňă (6.21) äăłâőàĺğãěâáï ďăńěě ć ŕàőĺğćěďěŋĺě: Z^{in}_1 = Z^r_1 Z^v_1 , ĺ ćłńăďë ćàăéěŋĺľ ĺ łőńěąăŋĺľ ć áćőąőďŋãî íŋěàčĺî, íŋâàőŕĺî, ćŋãâàěŋŋîî íŋěàčĺî, âěŕńőěňłőáâì

ĺ â.ď. ćŋőćì ăďďĺâĺćŋë: F^{in}_N = −NkT (ln Z^r_1 + ln Z^v_1 ) = F^{(r)}_N + F^{(v)}_N . (7.19)

Š.ł. áŕěłâàë ε_j , ε_ν ć íâőň ŕàĺąńĺęěŋĺĺ ğăćĺáïâ âőńìłő őâ ćŋãâàĺňőńěłãńïàŋëå ŕăàăňěâàőć: âěŋğőàă ňőňěŋâă ĺŋěàæĺĺ I ĺ åăàăłâěàĺáâĺçěáłĺå çăáâőâ ω_α, âő ďőąăćłĺ F^{(r),(v)}_N (T ) ć (7.19) ł F (T, V, N) (6.39) ěáâì äãŋłæĺĺ âőńìłő âěňŕěàăâãàë ĺ ŋě ğăćĺáïâ őâ őąêěňă, ğăŋĺňăěňőčő čăğőň. Ŕőíâőňã âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï (6.40), P = nkT őáâăŋěâáï ŕàěęŋĺň, ă łăńőàĺçěáłőě ãàăćŋěŋĺě (6.43) ĺğňěŋĺâáï, ĺ âěŕńőěňłőáâì ĺďěăńìŋőčő čăğă őłăęěâáï äãŋłæĺěľ T . Ŕàĺçĺŋőľ ŕőïćńěŋĺï íâőľ ěě ŋěâàĺćĺăńìŋőľ âěňŕěàăâãàŋőľ ğăćĺáĺňőáâĺ ïćńïěâáï ďĺáłàěâŋëľ åăàăłâěà áőőâćěâáâćěŋŋő łćăŋâőćăŋŋëå íŋěàčěâĺçěáłĺå áŕěłâàőć ňőńěłãńë.

Ěáńĺ âěňŕěàăâãàă âăłőćă, çâő kT ≪ Δε_i = ε_{i+1} − ε_i, âő ŕěàěåőďë ňőńěłãńë ć ćőğąãęďěŋŋőě áőáâőïŋĺě ŕàőĺáåőďïâ łàăľŋě àěďłő ĺ áőőâćěâáâćãîéĺě áâěŕěŋĺ áćőąőďë ŋě ďăîâ ćłńăďă ć áćőąőďŋãî íŋěàčĺî ĺ âěŕńőěňłőáâì C_V , â.ě. ïćńïîâáï “ğăňőàőęěŋŋëňĺ”. Őąàăâŋő, ŕàĺ kT ≫ Δε_i áőãďăàěŋĺï ňőńěłãń áő áâěŋłăňĺ ĺ ďàãč á ďàãčőň ćëğëćăîâ ĺŋâěŋáĺćŋëě ŕěàěåőďë ć ćëáőłőćőğąãęďěŋŋëě áőáâőïŋĺï ε_i ďăŋŋőčő âĺŕă, çěľ áŕěłâà ňőęŋő ŋăőąőàőâ áçĺâăâì âőčďă łćăğĺŋěŕàěàëćŋëň ć áĺńã őâŋőáĺâěńìŋőľ ňăńőáâĺ íŋěàčěâĺçěáłőčő “ğăğőàă” Δε_i. Śâăńő ąëâì, C_V á àőáâőň T ąãďěâ áâàěňĺâìáï ł ŕőáâőïŋŋőňã ğŋăçěŋĺî, áőőâćěâáâćãîéěňã ěě łńăááĺçěáłőňã ŕàěďěńã, ŕőłă ŋě ŕàőïćĺâáï ćłńăď ŋőćëå àăğňőàăęĺćăîéĺåáï áâěŕěŋěľ áćőąőďë. Ŕő ňěàě ãćěńĺçěŋĺï âěňŕěàăâãàë ćáě ąő́ńìèěě çĺáńő àăğňőàőęěŋŋëå áâěŕěŋěľ áćőąőďë ąãďěâ ďăćăâì ğăňěâŋëľ ćłńăď ć C_V .

Ăŋăńőčĺçŋő T_L (6.23), ĺ ďńï łăęďőčő âĺŕă α ćŋãâàěŋŋěľ áâěŕěŋĺ áćőąőďë ňőńěłãńë ãďőąŋő ććěáâĺ áćőî åăàăłâěàĺáâĺçěáłãî âěňŕěàăâãàã, őŕàěďěńïěňãî ŋăĺňěŋìèĺň èăčőň łćăŋâőćăŋĺï ěě íŋěàčĺĺ θ_α = Δε_α/k.

—76— Šőčďă áàăćŋěŋĺě âěňŕěàăâãàë áĺáâěňë T á íâĺň ŕăàăňěâàőň ŕőğćőńĺâ áãďĺâì ő áâěŕěŋĺ “ğăňőàőęěŋŋőáâĺ” áőőâćěâáâćãîéĺå ŕěàěåőďőć: T ≪ θ_α – ŕěàěåőďë ğăňőàőęěŋë; T ≫ θ_α – łćăğĺłńăááĺçěáłĺľ àěęĺň.

3.1 Ćàăéăâěńìŋëě áâěŕěŋĺ áćőąőďë

Ćłńăď ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë ďćãxăâőňŋőľ čěâěàőïďěàŋőľ (ĺğ àăğŋëå ăâőňőć) ňőńěłãńë á ęěáâłőľ áćïğìî ďăěâáï ňőďěńìî àőâăâőàă – őďŋőľ âőçěçŋőľ ŕàĺćěďěŋŋőľ ňăááë m^∗ ŋă áäěàě àăďĺãáă R = |r_1 − r_2| á ňőňěŋâőň ĺŋěàæĺĺ I = m^∗R^2. Ć ěě ŞŸ á čăňĺńìâőŋĺăŋőň^^H: ^H |j, j_z ⟩ = ( ^L^{)2} 2I |j, j_z ⟩ = ε_j |j, j_z ⟩ ,^^L = h̄^^J, ε_j = h̄^2 2I j(j + 1), (7.20)

łćăŋâőćőě çĺáńő j = 0, 1, 2, ... őâćěçăěâ őŕěàăâőàã łćăďàăâă ãčńőćőčő ňőňěŋâă:^^J^2 |j, j_z ⟩ = j(j+1) |j, j_z ⟩ . Śőáâőïŋĺě á őŕàěďěńěŋŋëň j ćëàőęďěŋŋő ŕő z-ŕàőěłæĺĺ j_z ãčńőćőčő ňőňěŋâă á łàăâŋőáâìî ćëàőęďěŋĺï g_j = 2j +1. Ŕőíâőňã áâăâáãňňë (4.17) ŕő áőáâőïŋĺïň |m⟩ = |j, j_z ⟩ ĺ (4.22) ŕő ãàőćŋïň ε_j âăłőćë:

Z^r_1 =^{∞∑}_{j=0} j∑ j_z=−j exp (−βε_j ) =^{∞∑}_{εj =0} g_j exp (−βε_j )≡^{∞∑}_{j=0} (2j + 1) exp [ − θ_r T j(j + 1) ] , (7.21) čďě θ_r = h̄^2/(2Ik) – åăàăłâěàĺáâĺçěáłăï âěňŕěàăâãàă ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë. [Ďńï ňőńěłãńë ĺğ ďćãå őďĺŋăłőćëå ăâőňőć àěèěŋĺï ĺ ćàăéăâěńìŋëľ áŕěłâà ãàăćŋěŋĺï (7.20) ĺňěîâ ďőŕőńŋĺâěńìŋőě ŕàăćĺńő őâąőàă ŕő çěâŋőáâĺ (−1)^j , ćďćőě ãňěŋìèăï çĺáńő áńăčăěňëå ć (7.21).] Ćëçĺáńĺň Z^r_1 ć ďćãå ŕàěďěńìŋëå áńãçăïå: T ≪ θ_r ĺ T ≫ θ_r. Ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå, T ≪ θ_r, íłáŕőŋěŋâă ąëáâàő ãąëćăěâ á àőáâőň j, ĺ őáŋőćŋőľ ćłńăď ć áâăâáãňňã (7.21) ďăîâ ŕěàćëě ďćă ěě çńěŋă [20]:

x = θ_r/T = βkθ_r ≫ 1, Z^r_1 ≃ 1 + 3e^{−2x}, ln Z^r_1 ≃ 3e^{−2x}. (7.22) Śàěďŋïï íŋěàčĺï ćàăéăâěńìŋőčő ďćĺęěŋĺï ňőńěłãńë őŕàěďěńïěâáï łăł: ≪ε^r≫ = − ∂ ln Z^r_1 ∂β ≡ −kθ_r ∂ ln Z^r_1 ∂x ≃ 6kθ_re^{−2x}, (7.23)

ĺ ć ŕěàěáçěâě ŋă őďŋã ňőńěłãńã ćłńăď ć âěŕńőěňłőáâì ĺňěěâ ćĺď [5]:

c^r_V (T ) = ∂≪ε^r≫ ∂T ≡ kx^2 ∂^2 ln Z^r_1 ∂x^2 ≃ 12kx^2e^{−2x}, ĺ: c^r_V (T ) −→_{T →0} 0, (7.24)

ŕőďçĺŋïïáì ğăłőŋã Ŋěàŋáâă ŕàĺ x = θ_r/T = βkθ_r → +∞ ĺ T ∂_T = −x∂_x.

—77— Ŕàĺ ćëáőłĺå âěňŕěàăâãàăå T ≫ θ_r, â.ě. x = βkθ_r ≪ 1, áãňňĺàőćăŋĺě ć (7.21) ćëŕőńŋïěâáï á ŕőňőéìî ăáĺňŕâőâĺçěáłőľ äőàňãńë İľńěàă [11]:

Z^r_1 ≡^{∞∑}_{j=0} f(j) ≈ ∞∫

0 f(j) dj + 1 2 f(0) − 1 12 f^′(0) + 1 720 f^{′′′}(0) + · · · , (7.25)

łőâőàăï ďăěâ åőàőèěě ŕàĺąńĺęěŋĺě ďńï íâőčő àïďă, ěáńĺ f(j) ňăńő ĺğňěŋïěâáï ŋă őďŋőň èăčě, j → j + 1. Š.ł. (2j + 1)dj = d(j(j + 1)), âő:

f(j) dj = (2j + 1) exp [−xj(j + 1)] dj = − 1 x d (exp [−xj(j + 1)]) , ĺ

Z^r_1 ≃ 1 x + 1 2 − 1 12 (2 − x) + 1 720 (−12x) + O^(x^{2)} ≃ 1 x 1 + x 3 + x^2 15 , (7.26)

őâłãďă: ln Z^r_1 ≃ ln 1 x + ln 1 + x 3 + x^2 15 ≃ ln 1 x + x 3 + x^2 90 , (7.27)

čďě ŕěàćëě áńăčăěňëě ćáîďã – łćăğĺłńăááĺçěáłĺľ ćłńăď (7.41) łăł ĺŋâěčàăńă ŕő dj ć (7.25), ă (7.27) ďăěâ ćłńăď ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë ćő ćŋãâàěŋŋîî íŋěàčĺî őďŋőľ ďćãåăâőňŋőľ ňőńěłãńë ŕàĺ T ≫ θ_r [11]: ≪ε^r≫ = kT^2 ∂ ln Z^r_1 ∂T = −kθ_r ∂ ln Z^r_1 ∂x ≃ kT 1 − x 3 − x^2 45 , (7.28)

ĺ ďńï N ňőńěłãń ŕàĺ x = kθ_r/(kT ) ć ŕàěďěńě T → ∞ ŕàĺŋĺňăěâ ćĺď:

â.ł.: U^r = ≪E^r≫ = N≪ε^r≫, âő: U^r ≃ NkT − Nkθ_r/3 , (7.29) çâő őâńĺçăěâáï łőŋáâăŋâőľ őâ łńăááĺçěáłőčő áâăâĺáâĺçěáłőčő őŕĺáăŋĺï, čďě U^r_{cl} ⇒ NkT ŕàĺ ńîąëå T . Ďńï âěŕńőěňłőáâĺ C^r_V ĺğ (7.28), ŕàĺ T ≫ θ_r, ŋăåőďĺň ăŋőňăńìŋőě ŕőćěďěŋĺě, őğŋăçăîéěě ŋăńĺçĺě ã ŋěě ňăłáĺňãňă ŕěàěď ćëåőďőň ŋă łńăááĺçěáłĺľ àěęĺň [11], [20]: x = θ_r/T = βkθ_r → 0,

C^r_V = ∂U^r ∂T ≡ Nkβ^2 ∂^2 ln Z^r_1 ∂β^2 ≡ Nkx^2 ∂^2 ln Z^r_1 ∂x^2 ≃ Nk 1 + x^2 45 , (7.30)

łőâőàëľ ĺňěěâ âã ęě “ďćãåãàőćŋěćãî” ŕàĺàőďã, őŕĺáăŋŋãî ć àăğďěńě 2. Ŕàěďěń T → ∞ ďăěâ łńăááĺçěáłĺľ àěğãńìâăâ C^r_V = Nk, áàăğã áńěďãîéĺľ ĺğ âěőàěňë ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ (6.11). Ďćă ãčńă, ğăďăîéĺå ŋăŕàăćńěŋĺě ćěłâőàă R = Rn(ϑ, φ) ŕőńőęěŋĺï ŕàĺćěďěŋŋőľ ňăááë íâőľ “čăŋâěńĺ” ŋă áäěàě – íâő ďćě łćăďàăâĺçŋëě łĺŋěâĺçěáłĺě áâěŕěŋĺ áćőąőďë àőâăâőàă: (ϑ̇)^2, (φ̇)^2, łőâőàëě ĺ ďăîâ ć áàěďŋîî íŋěàčĺî ćłńăď, àăćŋëľ 2(kT/2) = kT . Šőčďă ć őąéěň áńãçăě, á âàěňï ãčńăňĺ İľńěàă, åăàăłâěàĺğãîéĺňĺ őàĺěŋâăæĺî ŕàőĺğćőńìŋőľ ňőńěłãńë ãęě łăł őąêěňŋőčő ćőńçłă [31], ąãďěâ áćïğăŋ ćłńăď 3(kT/2).

—78—

3.2 Łőńěąăŋĺï ňőńěłãń

Łőńěąăŋĺï ć ňŋőčőăâőňŋëå ňőńěłãńăå ć čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ ňőęŋő ŕàěďáâăćĺâì łăł áãŕěàŕőğĺæĺî f ŋőàňăńìŋëå łőńěąăŋĺľ α = 1 ÷ f á åăàăłâěàĺáâĺçěáłĺňĺ çăáâőâăňĺ ω_α. Ůĺáńő f łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë ã ňőńěłãńë, áőáâőïéěľ ĺğ ℓ ăâőňőć, àăćŋő ŕőńŋőňã çĺáńã ĺå áâěŕěŋěľ áćőąőďë 3ℓ ğă ćëçěâőň 5–6 ŕőáâãŕăâěńìŋëå ĺ ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë ďćĺęěŋĺï ĺå łăł æěńőčő: f = { 3ℓ − 5, ńĺŋěľŋăï æěŕőçłă ăâőňőć, łăł 2-å ăâőňŋăï ňőńěłãńă; 3ℓ − 6, ŋěńĺŋěľŋăï łőŋäĺčãàăæĺï ăâőňőć, 2-å, 3-å ňěàŋăï.

(7.31)

Ć ŕěàćőň áńãçăě ŕőďàăğãňěćăěâáï, çâő ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë âőńìłő ďćě: ćàăéěŋĺě ćőłàãč őáĺ, ŕàőåőďïéěľ çěàěğ æěŋâàë ăâőňőć, ďăěâ ŕàěŋěąàěęĺňő ňăńëľ ćłńăď, âăł łăł ňăááă ăâőňă áőáàěďőâőçěŋă ć őąńăáâĺ 10^{−13} áň, çâő ć 10^5 àăğ ňěŋìèě åăàăłâěàŋëå ňőńěłãńïàŋëå àăğňěàőć.

Śőąáâćěŋŋëě ğŋăçěŋĺï íŋěàčĺĺ čăàňőŋĺçěáłőčő őáæĺńńïâőàă, ŕàěďáâăćńïîéěčő ćłńăď őďŋőľ ŋőàňăńìŋőľ ňőďë łőńěąăŋĺľ á çăáâőâőľ ω_α, ďăîâáï äőàňãńőľ (8.66) ε^α_ν =^(ν +^1_2^) h̄ω_α, čďě ν = 0, 1, 2, . . ., ĺ ěčő áâăâĺáâĺçěáłăï áãňňă, á åăàăłâěàĺáâĺçěáłőľ âěňŕěàăâãàőľ α-ňőďë łőńěąăŋĺľ kθ_α = h̄ω_α, àăćŋă:

Z^α_1 =^{∞∑}_{ν=0}exp (−βε^α_ν ) =^{∞∑}_{ν=0} exp [ −βh̄ω_α ( ν + 1 2 )] = e^{−yα/2} 1 − e^{−yα} = 1 2 sh(y_α/2) . (7.32) Łőńěąăâěńìŋăï áâăâáãňňă ćáěľ ňőńěłãńë ěáâì âőčďă ĺå ŕàőĺğćěďěŋĺě:

Z^v_1 (β) =^{f∏}_{α=1}Z^α_1 =^{f∏}_{α=1}^{∞∑}_{ν=0}e^{−βεαν} =^{f∏}_{α=1} [ 2 sh ( y_α 2 )]−1 , y_α = βh̄ω_α = θ_α T = βkθ_α, (7.33) ĺ ćłńăď ć íŋěàčĺî ćáěå łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë ć áãňňě ďăěâ: ≪ε^v≫=− ∂ ln Z^v_1 ∂β = ∂ ∂β f∑ α=1 ln ( 2 sh y_α 2 ) =^{f∑}_{α=1} h̄ω_α 2 cth y_α 2 ≡^{f∑}_{α=1}≪ε^v_α≫, (7.34)

čďě őâ őďŋőčő őáæĺńńïâőàă ć áàěďŋîî íŋěàčĺî ĺ ć âěŕńőěňłőáâì ĺňěěň: (y_α = y), ≪ε^v_α≫ = h̄ω_α 2 cth y 2 = h̄ω_α 2 + h̄ω_α e^y − 1

, c_α = ∂≪ε^v_α≫ ∂T = (7.35)

= ky^2

∂^2 ln Z^α_1 ∂y^2 = k y^2 e^y (e^y − 1)^2 = k E(y), E(y) = y/2 sh (y/2) 2 . (7.36)

—79— Ğďěáì ćëďěńěŋ ćłńăď ŋãńěćëå łőńěąăŋĺľ h̄ω_α/2, ĺ E(y) – äãŋłæĺï İľŋèâěľŋă őâ y = βh̄ω_α = βkθ_α = θ_α/T . Ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå, T ≪ θ_α, ĺğ (7.36) ćŋőćì ŋăåőďĺň, çâő, ć áőčńăáĺĺ á ğăłőŋőň Ŋěàŋáâă, ŕàĺ T → 0 c_α ≃ k y^2 e^{−|y|} −→_{y→+∞} 0. (7.37) Ŕàĺ ćëáőłĺå âěňŕěàăâãàăå, àăğńăčăï cth z ŕàĺ z = y/2 → 0, ĺňěěň:

cth z ≃ 1 z + z 3 , ≪ε^v_α≫ ≃ kT 1 + y^2 12 −→_{T →∞} kT, (y → 0), (7.38) c_α ≃ k 1 − y^2 12 −→_{T →∞} k = k 2 + k 2 , â.ě. íâă âěŕńőěňłőáâì (7.39)

(áà. (7.30)) áâàěňĺâáï ł áćőěňã łńăááĺçěáłőňã ğŋăçěŋĺî k áŋĺğã. Ŕő âěőàěňě ő àăćŋőàăáŕàěďěńěŋĺĺ, őďŋőľ őáæĺńńïâőàŋőľ ňőďě őâćěçăîâ ďćă łćăďàăâĺçŋëå áńăčăěňëå ć Čăňĺńìâőŋĺăŋě (łăł ĺ ďńï àőâăâőàă): ε_α(p, q) = p^2 2m + mω^2_αq^2 2 , ε^r(p_ϑ, p_φ) = 1 2I p^2_ϑ + p^2_φ sin^2 ϑ

. (7.40)

İłáŕěàĺňěŋâăńìŋő θ^{CCl4}_α = 1116K, θ^{H2}_α = 6100K, â.ě. θ^{(v)}_α ∼ 10^3K, ĺ ŕàĺ łőňŋăâŋëå âěňŕěàăâãàăå łőńěąăâěńìŋëě áâěŕěŋĺ áćőąőďë, ŕő áãâĺ, ğăňőàőęěŋë. Ďńï ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë θ^{N2}_r =2, 86K, θ^{H2}_r =85, 4K, â.ě. θ_r ≤ 100K, ĺ âě ęě ãáńőćĺï őâćěçăîâ ãęě ĺå łńăááĺçěáłőľ őąńăáâĺ, ŕàĺćőďï ł âěŕńőěňłőáâĺ čăğă ďćãåăâőňŋëå ňőńěłãń C_V = 5R/2, c_V = 5k/2, ŋěőąêïáŋĺňőľ ć àăňłăå łńăááĺçěáłőľ áâăâĺáâĺłĺ.

([5] §§46-50, [6] §§47-51, [13], [36]) Ğăďăçĺ 13.1. Ĺáåőďï ĺğ őďŋőçăáâĺçŋőčő àăáŕàěďěńěŋĺï Ňăłáćěńńă ŕő íŋěàčĺĺ (6.30), áâăâĺáâĺçěáłőčő áňëáńă ŕőŋïâĺï àăćŋőćěáŋőľ âěňŕěàăâãàë ĺ áćïğĺ ňĹłàőŕàőæěááőć ĺőŋĺğăæĺĺ ĺ âěàňăńĺğăæĺĺ őąêïáŋĺâì ňăńőáâì âěňŕěàăâãàë ĺőŋĺğăæĺĺ T_1 ≃ I_0/ ln G(I_0) ≪ I_0 ŕő áàăćŋěŋĺî á íŋěàčĺěľ ĺőŋĺğăæĺĺ J_0 = kI_0 (7.15) ćğăĺňŋëňĺ N(N − 1)/2 áâőńłŋőćěŋĺïňĺ ăâőňőć. 13.2. Ăâőňë čěńĺï ăďáőàąĺàãîâáï ŕőćěàåŋőáâìî ňěâăńńă. Ŋăľâĺ áàěďŋěě çĺáńő ăâőňőć n_M , ăďáőàąĺàőćăŋŋëå ěďĺŋĺæěľ ŕńőéăďĺ ŕőćěàåŋőáâĺ, ŕàĺ àăćŋőćěáŋőň ďăćńěŋĺĺ P ĺ âěňŕěàăâãàě T , áçĺâăï ďćĺęěŋĺě ĺå ŕő ŕőćěàåŋőáâĺ ĺ ŋăď ŋěľ áćőąőďŋëň, àăąőâã ćëåőďă ĺğ ňěâăńńă àăćŋőľ A, ă ŕőńŋőě çĺáńő çăáâĺæ äĺłáĺàőćăŋŋëň ([25] N 8.8).

13.3. Ćáńěďáâćĺě âěàňőíńěłâàőŋŋőľ íňĺááĺĺ ŕàőâĺć àăąőâë ćëåőďă íńěłâàőŋă ĺğ ňěâăńńă àăćŋőľ A ć ŕőńőáâĺ ňěâăńńă őąàăğőćăńáï àăćŋőćěáŋëľ íńěłâàőŋŋëľ čăğ ŕàĺ âěňŕěàăâãàě T . Śçĺâăï ěčő ąőńìæňăŋőćáłĺň ĺďě-

—80— ăńìŋëň čăğőň, ŋăľâĺ ěčő ŕńőâŋőáâì n_g: ă) ŕàĺŋĺňăï íńěłâàőŋŋëľ čăğ ć âőńéě ňěâăńńă âăłĺň ęě čăğőň á ďàãčĺň μ; ą) áçĺâăï çĺáńő íńěłâàőŋőć ć ŕőńőáâĺ ŋě äĺłáĺàőćăŋëň ĺ ğăďăćăěňëň ńĺèì ãáńőćĺěň àăćŋőćěáĺï. Ćőğňőęŋő ńĺ, ĺ çâő őğŋăçăěâ àăćěŋáâćő őąőĺå ŕőńãçěŋŋëå ćëàăęěŋĺľ? 13.4. Ŋăľâĺ ŕěàćëľ çńěŋ ćàăéăâěńìŋőľ áâăâáãňňë (7.26) łăł łćăğĺłńăááĺçěáłĺľ áâăâĺŋâěčàăń ďćãåăâőňŋőľ ňőńěłãńë á łĺŋěâĺçěáłőľ íŋěàčĺěľ ćàăéěŋĺï (7.40): ε^r = I(ϑ̇^2 + (sin ϑ)^2φ̇^2)/2, p_q = ∂ε^r/∂q̇, q = ϑ, φ ([5], [6]):

Z^r_1 ≈ h^{−2} 2π∫

0 dφ π∫

0 dϑ ∞∫ −∞ dp_ϑ ∞∫ −∞ dp_φ exp [−βε^r(p_ϑ, p_φ)] = T/θ_r = 1/x. (7.41)

13.5. Ŋăľâĺ C_V ĺ àăćŋőćěáŋëě őâŋőèěŋĺï çĺáńă ňőńěłãń őàâő- (S = 1) ĺ ŕăàă- (S = 0) ćőďőàőďă H_2 ŕàĺ T ≪ θ_r ĺ T ≫ θ_r ([5]§47, [20]V§4, [24]145). 13.6. Ŋăľâĺ áćőąőďŋãî F_N (T, ℓ) ĺ ćŋãâàěŋŋîî U_N (T, ℓ) íŋěàčĺî, ďăćńěŋĺě P (T, z ≤ ℓ), âěŕńőěňłőáâì C_N (T, ℓ) áâőńąă őďŋőăâőňŋőčő ĺďěăńìŋőčő čăğă ĺğ N ăâőňőć ňăááë m, ćëáőâë ℓ, ć ŕőńě âïęěáâĺ g, ŕàĺ âěňŕěàăâãàě T . Ŋăľâĺ ĺå ŕàěďěńìŋëě áńãçăĺ: mgℓ ≪ kT ĺ mgℓ ≫ kT ([24] N 41, 42)? 13.7. Ŋăľâĺ áćőąőďŋãî íŋěàčĺî F_N (T, R), ďăćńěŋĺě P (T, r) ŕàĺ r ≤ R ćő ćàăéăîéěľáï áĺáâěňě, ĺ ćŋãâàěŋŋîî íŋěàčĺî^~U_N (T, R) ĺ âěŕńőěňłőáâì ~C_N (T, R) ć áĺáâěňě ŕőłőï, ďńï őďŋőăâőňŋőčő ĺďěăńìŋőčő čăğă ĺğ N ăâőňőć ňăááë m, àăćŋőňěàŋő ćàăéăîéěčőáï á ãčńőćőľ áłőàőáâìî ω ć æěŋâàĺäãčě àăďĺãáă R, ćëáőâë ℓ, ŕàĺ âěňŕěàăâãàě T ([24] N 24, 25). 13.8. Ŋăľâĺ ãàăćŋěŋĺě áőáâőïŋĺï čăğă ć áőáãďě ŕőď ňăááĺćŋëň ŕőàèŋěň ć ŕőńě âïęěáâĺ, ŋěďěľáâćãîéěň ŋă ňőńěłãńë čăğă. Ś łăłĺň âěàňőďĺŋăňĺçěáłĺň ŕőâěŋæĺăńőň áćïğăŋă áâăâáãňňă íâőľ áĺáâěňë ([24] N 53, [5])? 13.9. Ŋăľâĺ ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì ϵ(T ) ąőńìæňăŋőćáłőčő čăğă ŕőńïàŋëå ňőńěłãń á áőąáâćěŋŋëň íńěłâàĺçěáłĺň ďĺŕőńìŋëň ňőňěŋâőň d_0, ŕőňěéěŋŋőčő ćő ćŋěèŋěě őďŋőàőďŋőě íńěłâàĺçěáłőě ŕőńě E. Ĺááńěďőćăâì áńãçăĺ áńăąőčő, d_0E/kT ≪ 1, ĺ áĺńìŋőčő, d_0E/kT ≫ 1, íńěłâàĺçěáłőčő ŕőńï. Ćëçĺáńĺâì ďőŕőńŋĺâěńìŋãî âěŕńőěňłőáâì, ŕàĺőąàěâăěňãî íâĺň čăğőň ć áńăąőň íńěłâàĺçěáłőň ŕőńě. Łăł ĺğňěŋïâáï íâĺ àěğãńìâăâë á ãçěâőň ŕőńïàĺğãěňőáâĺ ňőńěłãń čăğă: d = d_0 + αE ([24] N 49,50)? 13.10. Şâőçŋĺâì âěňŕěàăâãàã ĺőŋĺğăæĺĺ T_1 ≪ I_0 ďńï G(T ) =^~GT^λ ć (7.18), ŕàĺ ξ_0 = ln G(I_0) ≫ 1, ŕőńăčăï: ξ = ln G(T_1) = I_0/T_1 ⇒ ξ_0(1 − δ), őâłãďă: ξ = ξ_0 − λ ln ξ −→ ξ_0δ = λ ln ξ_0 + λ ln(1 − δ), δ =?. 13.11.* Őąőáŋőćăâì čăňĺńìâőŋĺăŋë (7.20), (7.40), ĺáåőďï ĺğ ãàăćŋěŋĺï Ÿàěďĺŋčěàă ďńï ďćãåăâőňŋőľ ňőńěłãńë ([46, 60]). Ŋăľâĺ ŕàĺąńĺęěŋŋőě ğŋăçěŋĺě ňăłáĺňãňă ěě ćàăéăâěńìŋőľ áâăâáãňňë (7.21) ([11]).

Ńěłæĺï 8

Śâăâĺáâĺłă łćăŋâőćëå áĺáâěň

“Ć áâăâĺáâĺçěáłőľ âěàňőďĺŋăňĺłě ĺňěěâáï, ć áãéŋőáâĺ, ńĺèì őďŋă ŕàőąńěňă: àăáŕàěďěńěŋĺě ğăďăŋŋőčő łőńĺçěáâćă íŋěàčĺĺ E ňěęďã N âőęďěáâćěŋŋëňĺ áĺáâěňăňĺ.” İàćĺŋ Ÿàěďĺŋčěà [43]

20^{10} “Ŋěőďĺŋăłőćëě ćěáë, ŋěőďĺŋăłőćăï ňěàă, âő ĺ ďàãčőě – ňěàğőáâì ŕěàěď Čőáŕőďőň.” Ŕàĺâçĺ Śőńőňőŋă [41]

Ĺğ-ğă őâáãâáâćĺï âőçŋőľ ńőłăńĺğãěňőáâĺ ć łćăŋâőćőľ ňěåăŋĺłě âőęďěáâćěŋŋőáâì çăáâĺæ ňőęěâ ŕàĺćőďĺâì ł ĺå ŋěàăğńĺçĺňőáâĺ. Ŕőíâőňã ąőńìæňăŋőćáłőě ŕàĺąńĺęěŋĺě őłăğëćăěâáï ŋěŕàĺčőďŋëň ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ĺ/ĺńĺ ćëáőłĺå ŕńőâŋőáâïå áőáâăćńïîéĺå áĺáâěňã çăáâĺæ, łőčďă áãéěáâćěŋŋãî àőńì ŋăçĺŋăěâ ĺčàăâì ĺå łćăŋâőćăï ŕàĺàőďă. Ć çăáâŋőáâĺ, ŋăńĺçĺě ã ŋĺå æěńőčő ĺńĺ ŕőńãæěńőčő áŕĺŋă áćïğăŋő áő áćőľáâćăňĺ áĺňňěâàĺĺ ćőńŋőćőľ äãŋłæĺĺ ćáěľ áĺáâěňë őâŋőáĺâěńìŋő ŕěàěáâăŋőćłĺ âőęďěáâćěŋŋëå çăáâĺæ, ŕàĺćőďïéĺňĺ ł ãňěŋìèěŋĺî ŕőńŋőčő çĺáńă ěě ďőŕãáâĺňëå áőáâőïŋĺľ. (Šěőàěňă Ŕăãńĺ ő áćïğĺ áŕĺŋă áő áâăâĺáâĺłőľ)

1 Śĺňňěâàĺĺ ćőńŋőćëå äãŋłæĺľ

Ŕàőáńěďĺň íâő ŋă ŕàőáâőň ŕàĺňěàě ďćãå çăáâĺæ, ňőčãéĺå ŋăåőďĺâìáï ć ďćãå àăğńĺçŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺïå: {|f⟩} = {|α⟩, |β⟩} á íŋěàčĺïňĺ ε_f ĺ ćőńŋőćëňĺ äãŋłæĺïňĺ, ğăćĺáïéĺňĺ őâ łőőàďĺŋăâ çăáâĺæ x_1, x_2:

⟨x_j |f⟩ = ψ_f (x_j) ≡ ψ_f (j), ŕàĺ: ε_f = {ε_α, ε_β }, ĺ ďăńěě: x_j ⇐⇒ j. (8.1)

Ŕàĺ ε_α ≠ ε_β , ⟨α|β⟩ = δ_{αβ} ďńï áőáâőïŋĺľ áĺáâěňë àăğńĺçĺ́ňëå çăáâĺæ á ŕőńŋőľ íŋěàčĺěľ E = ε_α + ε_β ćőğňőęŋë ńĺèì ďćă ćăàĺăŋâă ĺ ńĺèì ŕàĺ őąőĺå ğăŋïâëå, ŕő őďŋőľ çăáâĺæě ć łăęďőň, áőáâőïŋĺïå f = {α, β}. Š.ł.

—82— E ≠ 2ε_α ≠ 2ε_β , âő φ_{E{αβ}}(1, 2) = [ĺńĺ ψ_α(1)ψ_β (2), ĺńĺ ψ_α(2)ψ_β(1)], (8.2) ĺńĺ ďćě ńîąëě ĺå ńĺŋěľŋő ŋěğăćĺáĺňëě łőňąĺŋăæĺĺ. Ŋő ďńï áĺáâěňë âőęďěáâćěŋŋëå, ńĺèěŋŋëå ĺŋďĺćĺďãăńìŋőáâĺ, ŋěàăğńĺçĺňëå çăáâĺæ ćőğňőęŋő âőńìłő őďŋő áőáâőïŋĺě: á âăłőľ ńĺŋěľŋőľ łőňąĺŋăæĺěľ áőáâőïŋĺľ (8.2) ć łăçěáâćě ŋőàňĺàőćăŋŋőľ ćőńŋőćőľ äãŋłæĺĺ, łőâőàăï ńĺąő áĺňňěâàĺçŋă φ^+_E, ńĺąő ăŋâĺáĺňňěâàĺçŋă φ^−_E ŕő ŕěàěáâăŋőćłě^^Sj íâĺå çăáâĺæ: φ^±_{E{αβ}}(1, 2) = 1 √ 2 [ψ_α(1)ψ_β (2) ± ψ_α(2)ψ_β (1)] , â.ě.: Γ_2 −→

Γ_2 2 , (8.3)

čďě őąě íâĺ “ďćőľłĺ”: 2 = 2! = 2! 1!1!

= C^{[1,1]}_2 , ĺ őłăğëćăîâáï (8.4)

ć âőçŋőáâĺ ŋăľďěŋŋëň àăŋěě áâăâĺáâĺçěáłĺň äăłâőàőň (6.17).

Ŕãáâì âěŕěàì φ = φ(x_1, . . . , x_N ) – ćőńŋőćăï äãŋłæĺï âàěåňěàŋőľ áĺáâěňë N ŋěćğăĺňőďěľáâćãîéĺå őďĺŋăłőćëå çăáâĺæ, čďě x_j – ŕàőáâàăŋáâćěŋŋëě łőőàďĺŋăâë j-ľ çăáâĺæë. Ć áĺńã âőęďěáâćěŋŋőáâĺ çăáâĺæ čăňĺńìâőŋĺăŋ^^H_N ĺďěăńìŋőľ áĺáâěňë (6.12) ĺ ěčő áŕěłâà E = E_{{m}} (6.13):

^H_N =^{N∑}_{j=1}^^h(j),^^H_N φ_E(x_1, .., x_N ) = E_{{m}}φ_E(x_1, .., x_N ), ŕàĺ (8.5)

^h(j)ψ_{fj} (j) = ε_{fj} ψ_{fj} (j), čďě ⟨ψ_{f 1} (j)|ψ_{f 2} (j)⟩ = ⟨f_1|f_2⟩ = δ_{f 1,f 2} , (8.6)

ĺ ãáńőćĺĺ ĺå őďŋőçăáâĺçŋőľ ŕőńŋőâë: ∞∑ f=0 ψ_f (x)ψ^∗_f (y) = δ_3(x − y), (8.7)

ŋě ňőčãâ ğăćĺáěâì őâ ŋãňěàăæĺĺ çăáâĺæ, â.ě. őâ âőčő, łăłãî ĺğ ŋĺå áçĺâăâì 1-ľ, 2-ľ ĺ â.ď. Ŕőíâőňã^^H_N ďőńęěŋ ąëâì áĺňňěâàĺçěŋ ŕő őâŋőèěŋĺî ł ńîąëň ŕěàěáâăŋőćłăň çăáâĺæ, â.ě. łőňňãâĺàőćăâì áő ćáěňĺ őŕěàăâőàăňĺ ŕěàěáâăŋőćőł^^S: [^^H_N ,^^S] = 0. Ć őâáãâáâćĺě ïćńěŋĺï áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ ćáïłăï áĺňňěâàĺï čăňĺńìâőŋĺăŋă áĺáâěňë ďőńęŋă ćőáŕàőĺğćőďĺâìáï áĺňňěâàĺěľ ěčő áőąáâćěŋŋëå áőáâőïŋĺľ φ_E(x_1, . . . , x_N ).

Ńîąãî ŕěàěáâăŋőćłã^^S ňőęŋő őáãéěáâćĺâì łăł ŕőáńěďőćăâěńìŋőáâì łőŋěçŋőčő çĺáńă P_S ŕăàŋëå âàăŋáŕőğĺæĺľ^^T_{ij} =^^T_{ji}, - ŕěàěáâăŋőćőł ňěęďã áőąőľ łőőàďĺŋăâ âőńìłő i-őľ ĺ j-őľ çăáâĺæë:^^S =^^T^{(PS)}_{ab} · · ·^^T^{(1)}_{ij} . Ŕőáłőńìłã ŕàĺ N > 2 ŋě ćáě N(N − 1)/2 őŕěàăâőàőć^^T_{ij} łőňňãâĺàãîâ^1 ňěęďã áőąőľ, [^^T_{ab},^^T_{ij}] ≠ 0, ďńï ŋĺå ŋě áãéěáâćãěâ őąéěľ ŕőńŋőľ áĺáâěňë ĺğ N! ćëàőęďěŋŋëå áőąáâćěŋŋëå ćěłâőàőć čăňĺńìâőŋĺăŋă^^H_N [33]. Őďŋăłő ŕàĺ ^T_{ij}φ = λφ ĺğ^^T^2_{ij} φ = λ^2φ = φ áńěďãěâ, çâő λ = ±1, â.ě. ćáěčďă ěáâì őďŋă ĺğ ďćãå, ăŋăńőčĺçŋëå (8.3), áőąáâćěŋŋëå äãŋłæĺľ, őąéăï ďńï ćáěå^^T_{ij} , ă

1Ŕàĺ: ^T_{12}^1⊓^2⊙^3△ =^1⊙^2⊓^3△, ĺňěěň: [ ^T_{13} ^T_{12} − ^T_{12} ^T_{13}

]_1

⊓^2⊙^3△ =^1△^2⊓^3⊙ −^1⊙^2△^3⊓ ≠ 0.

—83— ğŋăçĺâ ĺ ďńï ńîąëå^^S: ěáńĺ^^T_{ij} φ^+ = φ^+, âő ćőńŋőćăï äãŋłæĺï ŕőńŋőáâìî áĺňňěâàĺçŋă, ĺ^^Sφ^+ = φ^+; ěáńĺ ęě^^T_{ij} φ^− = −φ^−, âő ćőńŋőćăï äãŋłæĺï ŕőńŋőáâìî ăŋâĺáĺňňěâàĺçŋă, ĺ^^Sφ^− = (−1)^{PS} φ^−. Š.ł. [^^H_N ,^^S] = 0, íâĺ áćőľáâćă áĺňňěâàĺĺ ŋě ňěŋïîâáï á âěçěŋĺěň ćàěňěŋĺ ĺ P_S - ĺŋâěčàăń ďćĺęěŋĺï. Şłăğăŋŋëě ďćě ćőğňőęŋőáâĺ ŕàĺćőďïâ ł ďćãň âĺŕăň áâăâĺáâĺłĺ: áâăâĺáâĺłă Ąőğě – İľŋèâěľŋă őâćěçăěâ áőáâőïŋĺïň á áĺňňěâàĺçŋëňĺ ćőńŋőćëňĺ äãŋłæĺïňĺ φ^+, ă áâăâĺáâĺłă Ťěàňĺ – Ďĺàăłă őâćěçăěâ áőáâőïŋĺïň á ăŋâĺáĺňňěâàĺçŋëňĺ ćőńŋőćëňĺ äãŋłæĺïňĺ φ^−. Ğăŕĺèěň ćőńŋőćãî äãŋłæĺî (8.3) ć âăłőň ďĺáłàěâŋőň f_j ŕàěďáâăćńěŋĺĺ: φ^±_{E{αβ}}(1, 2) =^{^∑} {f_j}^2_1≡{f_1,f_2}∈{f_k}^2_1≡{α,β} Φ^±_{E{αβ}}(f_1, f_2) ψ_{f1}(x_1)ψ_{f2} (x_2), (8.8) čďě: Φ±E{αβ}(f1, f2) = 1 √ 2 [δ_{f1α}δ_{f2β} ± δ_{f2α}δ_{f1β}] , ĺ ěáâì âőčďă áãňňă ŕő (8.9)

ŕěàěáâăŋőćłăň: Φ±E{αβ}(f1, f2) = 1 √ 2 ^∑ {^^Sfj} | | | |[ n_{fk} ](−1)^{PS(1∓1)/2 ^}S_{fj} δ_{f1f 1} δ_{f2f 2} .(8.10)

Ğăňěâĺň, çâő ĺ ć (8.8), ĺ ć (8.11) ŕěàěáâăŋőćłã łőőàďĺŋăâ {x_j}^N_1 ćáěčďă ňőęŋő ğăňěŋĺâì ŕěàěáâăŋőćłőľ ĺŋďěłáőć {f_j}^N_1 áőáâőïŋĺľ j-å çăáâĺæ, âőčďă łăł ć (8.10) áãňňă ŕő ŕàěáâăŋőćłăň íâĺå ĺŋďěłáőć áőáâőïŋĺľ j-å çăáâĺæ íłćĺćăńěŋâŋă áãňňě ŕő ŕěàěáâăŋőćłăň ĺŋďěłáőć {f_k}^2_1 ≡ {α, β} ďőáâãŕŋëå ĺň őńŋőçăáâĺïŋëå áőáâőïŋĺľ: {^^Sf_j}^2_1 → {^^Sf_k}^2_1. Ŋő âăł ąëćăěâ ŋě ćáěčďă. Ěáńĺ őąě çăáâĺæë ŋăåőďïâáï ć őďŋőň ĺ âőň ęě őďŋőçăáâĺçŋőň áőáâőïŋĺĺ, ŋăŕàĺňěà, f_1 = α ŕàĺ ŕőńŋőľ íŋěàčĺĺ áĺáâěňë E = 2ε_α, âő:

φ^+_{E{αα}}(1, 2) = ψ_α(x_1)ψ_α(x_2) =^{^∑}

{f_j}^2_1∈{f_k}^2_1

Φ^+_{E{αα}}(f_1, f_2) ψ_{f1} (x_1)ψ_{f2} (x_2), (8.11)

čďě Φ^+_{E{αα}}(f_1, f_2) = δ_{f1α}δ_{f2α} ≡ δ_{f1f 1} δ_{f2f 1} áĺňňěâàĺçŋă ąěğ ŕěàěáâăŋőćőł. (8.12) Šőčďă ŕěàěáâăŋőćłă {^^Sf_j}^2_1 ĺŋďěłáőć f_j ŋě ďăěâ ŋőćőčő áőáâőïŋĺï, ă ŕěàěáâăŋőćłă {^^Sf_k}^2_1 ďńï őďŋőčő ĺŋďěłáă f_k ⇒ f_1 ćőćáě ŋěćőğňőęŋă. Š.ě. ĺŋâěàěáãîéěě ŋăá çĺáńő àăğńĺçŋëå, ŋěíłćĺćăńěŋâŋëå, ŋěğăćőáĺňëå ŕěàěáâăŋőćőł ć áńãçăě (8.10) àăćŋő 2, ă ć áńãçăě (8.12) àăćŋő 1, ă ŕőâőňã ĺ ŋĺęě ćáěčďă áőćŕăďăěâ ĺňěŋŋő á çĺáńőň ŋěíłćĺćăńěŋâŋëå ŕěàěáâăŋőćőł ĺŋďěłáőć {^^Sf_j}^N_1 – ńĺèì ňěęďã àăğŋëňĺ čàãŕŕăňĺ ďőáâãŕŋëå ĺň őďŋőçăáâĺçŋëå áőáâőïŋĺľ á ĺŋďěłáăňĺ {f_k}^s_1. Š.ě., ŕőâěàïć ćőğňőęŋőáâì àăğńĺçăâì, ŋãňěàőćăâì ĺ ãŕőàïďőçĺćăâì çăáâĺæë ŕő ĺå łőőàďĺŋăâăň x_j, ňë àěăńĺğãěň őáâăćèãîáï ćőğňőęŋőáâì – àăğńĺçăâì, ŋãňěàőćăâì ĺ ãŕőàïďőçĺćăâì ńĺèì łćăŋâőćëě çĺáńă f ĺ íŋěàčĺĺ ε_f ďőáâãŕŋëå ĺň őďŋőçăáâĺçŋëå áőáâőïŋĺľ ĺáŕőńìğãï ďńï íâőčő ďăńěě

—84—

2 Ŕàěďáâăćńěŋĺě çĺáěń ğăŕőńŋěŋĺï

Őąőąéěŋĺě łőŋáâàãłæĺĺ (8.3) ŋă áńãçăľ N ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ, çìĺ áőáâőïŋĺï {|f_j⟩}^N_1 ğăŋĺňăîâ, őçěćĺďŋő őďŋőćàěňěŋŋő ŋě ąőńěě s ≤ N ĺŋďĺćĺďãăńìŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ {|f_k⟩}^s_1, â.ě. {f_j }^N_1 ∈ {f_k}^s_1, ãŕőàïďőçěŋŋëå, ŋăŕàňěà, ŕő ćőğàăáâăŋĺî ĺå íŋěàčĺľ ε_{f k} ∈ (0, E) łăł ℓ ≺ k, â.ě. f_ℓ ≺ f_k ŕàĺ ε_{f ℓ} < ε_{f k} , áőáâőĺâ ć ăŋăńőčĺçŋőň ŕěàěåőďě őâ ćőńŋőćőľ äãŋłæĺĺ φ^±_{E{f k}}(x_1, .., x_N ) ćĺďă (8.3) ŋěŕàěàëćŋőčő łőőàďĺŋăâŋőčő x_j - ŕàěďáâăćńěŋĺï ł ďĺáłàěâŋőňã f_j ⇀↽ f_k- ŕàěďáâăćńěŋĺî ć ąăğĺáě, ŕőáâàőěŋŋőň ĺğ ŋěğăćĺáĺňëå ŕàőĺğćěďěŋĺľ őďŋőçăáâĺçŋëå ćőńŋőćëå äãŋłæĺľ ŕőďåőďïéěľ ŕőńŋőľ őàâőŋőàňĺàőćăŋŋőľ áĺáâěňë őďŋőçăáâĺçŋëå áőáâőïŋĺľ ψ_{f k} (x_j) (8.6), (8.7) [37] (^{^∑} âőńìłő ŕő {f_j}^N_1 ∈ {f_k}^s_1): φ^±_{E{f k}}(x_1, .., x_N ) =^{^∑} {f_j}^N_1 ∈{f_k}^s_1 Φ^±_{E{f k}}({f_j}^N_1 ) ψ_{f1}(x_1) · · · ψ_{fN} (x_N ), â.ě.: (8.13)

Φ^±_{E{f k}}({f_j}^N_1 ) = ∫ ψ^∗_{f1} (x_1) · · · ψ^∗_{fN} (x_N ) φ^±_{E{f k}}(x_1 . . . x_N )d^3x_1 · · · d^3x_N . (8.14)

Ğďěáì f_j = (p_j , σ_j )- (łćăğĺ) ďĺáłàěâŋëľ ĺŋďěłá łćăŋâőćëå çĺáěń f_k ćőńŋőćőľ äãŋłæĺĺ ψ_{fj} (x_j ) őďŋőçăáâĺçŋőčő áőáâőïŋĺï |f_k⟩, ğăŋïâőčő j- őľ çăáâĺæěľ ŕàĺ f_j = f_k, â.ě. ŕàĺ ŋăńĺçĺĺ δ_{fj, f k} ć Φ^±_{E{f k}}({f_j}^N_1 )- łăł ćőńŋőćőľ äãŋłæĺĺ ćáěľ áĺáâěňë ć íâőň ďĺáłàěâŋőň f_j- ŕàěďáâăćńěŋĺĺ, ăłłãňãńĺàãîéěľ ć áěąě âăłĺň őąàăğőň ćáě ãáâăŋőćńěŋŋëě ćëèě áćőľáâćă áĺňňěâàĺĺ ŕő ĺŋďěłáăň f_j. Ťãŋłæĺï Φ^+_{E{f k}}({..f_i..f_j ..}^N_1 ) áĺňňěâàĺçŋă ŕő ŕěàěáâăŋőćłě {f_i, f_j } ńîąőľ ŕăàë ĺŋďěłáőć ďńï áĺáâěňë ąőğőŋőć, ă Φ^−_{E{f k}}([..f_i..f_j..]^N_1 ) ŕőńŋőáâìî ăŋâĺáĺňňěâàĺçŋă ŕő ŕěàěáâăŋőćłě [f_i, f_j] ńîąőľ ŕăàë ĺŋďěłáőć ĺ ŕőâőňã őąàăéăěâáï ć ŋãńì ŕàĺ ĺå áőćŕăďěŋĺĺ, ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň Ŕăãńĺ ďńï áĺáâěňë äěàňĺőŋőć:^^T_{ij}Φ^±_E = ±Φ^±_E.

Śőčńăáŋő (6.13), (6.14), ĺğąëâőçŋëľ ŋăąőà {f_j}^N_{j=1} łćăŋâőćëå çĺáěń f_j(← m_j) áőáâőïŋĺľ őâďěńìŋëå j-ëå çăáâĺæ ŋě ğăďăěâ çĺáâőě ňĹłàőáőáâőïŋĺě [m] ćáěľ áĺáâěňë. Ĺğ-ğă ĺğćěáâŋőľ ĺğ (6.15) őďĺŋăłőćőáâĺ ŋăąőàőć ğŋăçěŋĺľ łćăŋâőćëå çĺáěń {f_j}^N_1 ≡ {f_k}^s_1, â.ě. {ε_{fj} }^N_1 ≡ {ε_{f k} }^s_1, á 1 ≤ k ≤ s ≤ N, ďőáâãŕŋëå łăęďőľ ĺğ N âőęďěáâćěŋŋëå çăáâĺæ ĺďěăńìŋőľ áĺáâěňë, ěě ćőńŋőćăï äãŋłæĺï f_j - ŕàěďáâăćńěŋĺï Φ^±_E (8.14) ćĺďă (8.9), (8.10), (8.12) ňőęěâ ğăćĺáěâì ŋă áăňőň ďěńě âőńìłő őâ, ćőőąéě čőćőàï, ąěáłőŋěçŋőčő ŋăąőàă łćăŋâőćëå çĺáěń łăł çĺáěń ğăŕőńŋěŋĺï [m] ⇒ [n_f ]^∞_{f=0} – ğăáěńěŋŋőáâěľ łăęďőčő ĺğ őâďěńìŋëå ŋěćëàőęďěŋŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ |f_k⟩ ⇒ |f⟩ = |f⟩ ŕőńŋőľ áĺáâěňë (8.7) á őďŋőçăáâĺçŋőľ íŋěàčĺěľ ε_f , äĺłáĺàãěňëå ńĺèì ćëèěőŕĺáăŋŋëňĺ áćőľáâćăňĺ ěě áĺňňěâàĺĺ

—85— ĺ ňĹłàőãáńőćĺïňĺ (6.16) ŋă ŕőńŋőě çĺáńő çăáâĺæ N ĺ, ćőğňőęŋő, ěéě ŋă ŕőńŋãî íŋěàčĺî E íâőčő ňĹłàőáőáâőïŋĺï, ğăďăŋŋëňĺ âěŕěàì ć ćĺďě:

N =^{N∑}_{j=1} 1 =^{s∑}_{k=1} n_{f k} ⇒^∑_f n_f ≡ N [n_f ], (áà. (8.19) ŋĺęě) (8.15)

E = E_{[m]} =^{N∑}_{j=1} ε_{fj} =^{s∑}_{k=1} ε_{f k} n_{f k} ⇒^∑_f ε_f n_f ≡ E[n_f ],^(⇀↽ [n_f ], {f_k}^s_1^) . (8.16)

Ğďěáì çĺáńă {n_{f k} }^s_{k=1} ≥ 1 ⇒ [n_f ]^∞_{f=0} ≥ 0 ŕőłăğëćăîâ, áłőńłő àăğ őâďěńìŋőě ŋěćëàőęďěŋŋőě őďŋőçăáâĺçŋőě áőáâőïŋĺě {f_k}^s_{k=1} ⇒ {f}^∞_{f=0} ćáâàěçăěáï ć ďăŋŋőň äĺłáĺàőćăŋŋőň ŋăąőàě áőáâőïïŋĺľ {f_j}^N_{j=1} àăğńĺçŋëå j- ëå çăáâĺæ, ŕàĺçěň ćłńăď ŋěğăŋïâëå áőáâőïŋĺľ á n_f = 0 ć ŕőáńěďŋĺå áãňňăå ŕő ŕőńŋőňã ŋăąőàã {f}^∞_0 áőáâőïŋĺľ (8.7) ăćâőňăâĺçěáłĺ ĺáçěğăěâ.

Ťãŋłæĺőŋăń N [n_f ] ğăćěďőňő ćğăĺňŋő ŋěőďŋőğŋăçěŋ. Šőčďă łăł ćğăĺňŋăï őďŋőğŋăçŋőáâì äãŋłæĺőŋăńă E[n_f ], łăł áőőâćěâáâćĺï ńîąőčő E á [n_f ] ŕàěďŕőńăčăěâ ěéě ćğăĺňŋãî ĺààăæĺőŋăńìŋőáâì àăğńĺçŋëå ğŋăçěŋĺľ ε_f ĺ ŋăńĺçĺě áàěďĺ ŋĺå áłőńì ãčőďŋő ňăńëå ćěńĺçĺŋ.

Ďńï äěàňĺ - áâăâĺáâĺłĺ, ć áĺńã ŕàĺŋæĺŕă Ŕăãńĺ s ≡ N: ã ăŋâĺáĺňňěâàĺçŋőľ Φ^−_E ć (8.8)–(8.14) ćáě {f_j }^N_1 ⇀↽ {f_k}^N_1 ďőńęŋë ąëâì àăğńĺçŋëňĺ. Łăłőě-ńĺąő áőáâőïŋĺě f_k ćáâàěçăěâáï ć íâőň ŋăąőàě âőńìłő őďĺŋ àăğ ĺ ěčő ğăáěńěŋŋőáâì n_{f k} = 1. Š.ě. ďńï ńîąőčő f: n_f = 0, 1. Šăłĺě çăáâĺæë ĺňěîâ ŕőńãæěńëľ áŕĺŋ ŋěçěâŋő łàăâŋëľ h̄/2 ĺ ŋăğëćăîâáï äěàňĺőŋăňĺ.

Ďńï ąőğě - áâăâĺáâĺłĺ 1 ≤ s ≤ N, â.ł. ďńï áĺňňěâàĺçŋőľ ćőńŋőćőľ äãŋłæĺĺ Φ^+_E ć (8.8)–(8.14) ć ŋăąőàě {f_j}^N_1 ⇀↽ {f_k}^s_1 ňőęěâ áőćŕăďăâì ńîąőě çĺáńő áőáâőïŋĺľ {f_j}^N_1 → f_k, â.ě. f_k ňőęěâ ćáâàěâĺâìáï ć íâőň ŋăąőàě n_{f k} = 1, 2, . . . , N àăğ, ă ∀ f ğăáěńěŋŋőáâì ňőęěâ ąëâì ńîąőľ: n_f = 0, 1, 2, . . .. Šăłĺě çăáâĺæë ĺňěîâ æěńëľ áŕĺŋ łàăâŋëľ h̄ ĺ ŋăğëćăîâáï ąőğőŋăňĺ.

Ŋěŕőáàěďáâćěŋŋőě őąőąéěŋĺě (8.10), (8.12) ďńï ćőńŋőćőľ äãŋłæĺĺ ďĺáłàěâŋőčő ŕàěďáâăćńěŋĺï (8.14), á ğăďăŋŋëňĺ N [n_f ] = N ĺ E[n_f ] = E, ĺ á çěâŋőáâìî P_S ŕěàěáâăŋőćőł^^Sf_j ŕàĺ {f_ℓ}^N_1 ≡ {f_k}^s_1, ĺňěěâ ćĺď:

Φ^±_{E{f k}s1}({f_j}^N_1 ) = δ_{N, N [nf ]} √ C[n_f ] ^∑ {^Sf_j }^N_1 | | | |[ n_{fk} ](−1)^{PS(1∓1)/2 ^}S_{fj}^{N∏}_{ℓ=1} { δ_{fℓ, f ℓ} } , â.ě.: (8.17)

Φ^±_{E{f k}s1}({f_j}^N_1 ) = δ_{N, N [nf ]} √ C[n_f ]

Υ^±_{E{f k}s1}[n_f ], çìĺ ≠ 0 łőňŕőŋěŋâë ć ąăğĺáě (8.6) (8.18)

Υ^±_{E{f k}s1}[n_f ] ≡ Υ^±_{E{f k}s1}[n_0, n_1, ..n_{f 1} , ..n_{f s} , ..n_f , ..] ⇒ [±1] ďńï ğăďăŋŋëå (8.19)

ŋăąőàőć {f_j }^N_1 ĺ {f_k}^s_1, ă ^ ∑ ěáâì áãňňă ńĺèì ŋěíłćĺćăńěŋâŋëå ŕěàěáâăŋőćőł {^Sf_j }^N_1

—86—

áàěďĺ N áőáâőïŋĺľ àăğńĺçŋëå j- ëå çăáâĺæ, àăáŕàěďěńïěňëå ŕő s àăńĺçŋëň čàãŕŕăň àăğŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ {f_k}^s_1 á [n_{f k} ]^s_1 íńěňěŋâăňĺ (áőáâőïŋĺïňĺ) ć łăęďőľ.

Ğăďăŋŋëľ ŋăąőà {f_j}^N_1 áőáâőïŋĺľ őâďěńìŋëå j- ëå çăáâĺæ őďŋőğŋăçŋő őŕàěďěńïěâ ŋăąőà ďőŕãáâĺňëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ {f_k}^s_1 ĺ áĺáâěňã ĺå çĺáěń ğăŕőńŋěŋĺï [n_{f k} ]^s_1. Őąàăâŋő ęě, ŕàĺ ğăďăŋŋőľ áĺáâěňě [n_{f k} ]^s_1, ŕőďçĺŋěŋŋőľ âěŕěàì âőńìłő ãáńőćĺî (8.15), áőőâćěâáâćãîéĺľ ŋăąőà {f_j}^N_1 őŕàěďěńěŋ ńĺèì á âőçŋőáâìî ďő ĺğćěáâŋőčő ãęě çĺáńă (6.17) (á k → f_k), ĺňěîéěčő ğďěáì, őďŋăłő, áőćěàèěŋŋő ĺŋőľ áňëáń! Ďěľáâćĺâěńìŋő:

Ŕőáłőńìłã ĺğ ŋăąőàă łăł ňŋőęěáâćă íńěňěŋâőć {f_j }^N_1 áőáâőïŋĺľ N őâďěńìŋëå j- ëå çăáâĺæ n_{f 1} íńěňěŋâőć (áőáâőïŋĺľ) àăćŋë f_1, n_{f k} íńěňěŋâőć (áőáâőïŋĺľ) àăćŋë f_k ĺ â.ď. á k = 1 ÷ s, âő ńîąőě àăáŕàěďěńěŋĺě íâĺå N áőáâőïŋĺľ (íńěňěŋâőć) {f_j}^N_1 ŕő s čàãŕŕăň {f_k}^s_1 á [n_{f k} ]^s_1 íńěňěŋâăňĺ (áőáâőïŋĺïňĺ) ć łăęďőľ ŕàĺćőďĺâ ł âőľ ęě áĺáâěňě çĺáěń ğăŕőńŋěŋĺï [n_{f k} ]^s_1. Š.ě. íâă áĺáâěňă [n_{f k} ]^s_1 őŕàěďěńïěâ ŋăąőà áőáâőïŋĺľ {f_j}^N_1 á âőçŋőáâìî ďő ŋěğăćĺáĺňëå, ŋěíłćĺćăńěŋâŋëå ŕěàěáâăŋőćőł N íńěňěŋâőć (áőáâőïŋĺľ!) ŕő s čàãŕŕăň ĺğ [n_{f k} ]^s_1 áőáâőïŋĺľ (íńěňěŋâőć) ć łăęďőľ, ă ŕőâőňã çĺáńő ćáěå ćőğňőęŋëå ŋăąőàőć {f_j }^N_1 , őâćěçăîéĺå ďăŋŋőľ áĺáâěňě ğăáěńěŋŋőáâěľ [n_{f k} ]^s_{k=1} ⇒[n_f ]^∞_{f=0} ĺ àăćŋő [37] çĺáńã íâĺå ŕěàěáâăŋőćőł, łăł ĺ ć (8.10), (8.12) őŕàěďěńïîéěňã âăłęě ĺ łőŋáâăŋâã ŋőàňĺàőćłĺ ć (8.17), (8.18): C[n_f ] =^{^∑} {^Sf_j }^N_1 ∈{f_k}^s_1 | | | | [n_{fk} ]^s_{k=1} 1 =⇒^{^∑} {^Sf_j }^N_1 ∈{f}^∞_0 | | | | [n_f ]^∞_{f=0}

1 = (8.20) = N! s∏ k=1 ( n_{f k} ! ) ⇒ N! ∞∏ f=0 (n_f !)

≡ C^{[nf ]}_N , â.ł. ã ŋěğăŋïâëå áőáâőïŋĺľ 0! = 1, (8.21)

čďě ĺğ ŕőńŋőčő çĺáńă N! ŕěàěáâăŋőćőł N íńěňěŋâőć {f_j}^N_1 ŋěőąåőďĺňő ĺáłńîçĺâì ćáě^{s∏}_{k=1} ( n_{f k} ! ) ŕěàěáâăŋőćőł őďĺŋăłőćëå íńěňěŋâőć ćŋãâàĺ łă-

ęďőľ ĺğ s čàãŕŕ {f_k}^s_1, ă ãçěâ ŋěğăŋïâëå áőáâőïŋĺľ ãęě ŋĺłăł ŋě ĺğňěŋĺâ íâőâ àěğãńìâăâ. Š.ě. ć ąăğĺáě {f_j }^N_1 łćăŋâőćëå çĺáěń áőáâőïŋĺľ őâďěńìŋëå çăáâĺæ łăęďőě ňĹłàőáőáâőïŋĺě ćáěľ áĺáâěňë (8.15), (8.16), ğăďăŋŋőě ńĺèì ŋăąőàőň łćăŋâőćëå çĺáěń ğăŕőńŋěŋĺï [n_{f k} ]^s_1 ⇒ [n_f ]^∞_0 , őłăğëćăěâáï ćëàőęďěŋő á łàăâŋőáâìî^2 ćëàőęďěŋĺï (8.21) = (6.17) łăł áâăâĺáâĺçěáłĺň ćěáőň ňĂłàőáőáâőïŋĺï (8.15), (8.16). Ŕőâőňã ć (6.13), (6.14) őŋő ĺ ŋě ğăďăěâáï őďŋőğŋăçŋő íâĺň ŋăąőàőň łćăŋâőćëå çĺáěń {f_j}^N_1 (← {m_j }^N_1 ).

2Śň. (3.30), (5.16) ĺ Ğăňěçăŋĺě II ŕőáńě (6.18).

—87— Ďńï ğăďăŋŋőčő ŋăąőàă őďŋőçăáâĺçŋëå áőáâőïŋĺľ ĺ çĺáěń ĺå ğăŕőńŋěŋĺï {f_k}^s_1 ⇀↽ [n_{f k} ]^s_1 ćőńŋőćăï äãŋłæĺï Φ^±_E (8.18) ĺďěăńìŋőľ áĺáâěňë ŋěáěâ ĺŋäőàňăæĺî âőńìłő ő ěě áĺňňěâàĺĺ, ă łőőàďĺŋăâŋăï äãŋłæĺï φ^−_E (8.13), (8.17) äěàňĺ-áĺáâěňë ć őąőğŋăçěŋĺïå (8.1) ěáâì ŕàőáâő ŋőàňĺàőćăŋŋëľ őŕàěďěńĺâěńì (8.23), ďńï N = 2 àăćŋëľ (8.3) (áő ğŋăłőň [−]): φ^−_{E{f k}N1} (1, . . . , N) | | |[ n_{fk} ]= 1 √ N! ^∑ {f_j }^N_1 ∈{f_k}^N_1 ϵ_{f1···fN} ψ_{f1} (1) · · · ψ_{fN} (N) ≡ (8.22) ≡ 1 √ N! det ||ψ_{f k} (j)|| ≡ 1 √ N! ^∑ {^Sf_j }^N_1 | | |[ n_{fk} ](−1)^{PS ^}S_{fj} ψ_{f1} (1) · · · ψ_{fN} (N), (8.23)

čďě: C[n_f ]⇒N!, Φ^−_{E{f k}N1} ({f_j}^N_1 )= δ_{N, N [nf ]} √ N! Υ^−_{E[nf ]}({f_j}^N_1 )⇒ ϵ_{f1···fN} √ N! , (8.24)

ă ϵ_{f1···fN} - ěďĺŋĺçŋëľ ŕőńŋőáâìî ăŋâĺáĺňňěâàĺçŋëľ âěŋğőà àăŋčă N (8.75), (ϵ_{1···N} = 1 ć őáŋőćŋőň áőáâőïŋĺĺ (8.24)), ĺ^^S_{fj} - âőâ ęě őŕěàăâőà ŕěàěáâăŋőćłĺ áőáâőïŋĺľ {f_j}^N_{j=1} àăğńĺçŋëå j-ëå çăáâĺæ ňěęďã àăğŋëňĺ ďőáâãŕŋëňĺ ĺň őďŋőçăáâĺçŋëňĺ áőáâőïŋĺïňĺ {f_k}^N_{k=1}. Šőçŋěě (áà. (8.19)):

Υ^−_{E[nf ]}({f_j}^N_1 ) =^{^∑} {^Sf_j }^N_1

| | | | |[ n_{fk} ](−1)^{PS ^}S_{fj}^{N∏}_{ℓ=1} { δ_{fℓ, f ℓ} } ≡ det | | | | | |δ_{fj , f k} | | | | | | = (8.25)

= ϵ_{f 1···f N} ϵ_{f1···fN} , čďě ϵ_{f 1···f N} ⇒ 1 ďńï ãŕőàïďőçěŋŋőčő ŋăąőàă {f_k}^N_{k=1}. (8.26)

Ďńï ąőğőŋőć: φ+E{f_k}_{s1}(1, . . . , N) | | | |[ n_{fk} ]= 1 √ C[n_f ] perm ||ψ_{f k} (j)||, čďě: ŕàĺ (8.27)

s = N, C[n_f ] = N!; s = N − 1, C[n_f ] = N!/2; s = 1, C[n_f ] = 1. (8.28)

Š.ě. ďńï ğăďăŋŋőčő N ĺ E łăł ŋăąőàă őďŋőçăáâĺçŋëå áőáâőïŋĺľ ĺ çĺáěń ĺå ğăŕőńŋěŋĺï {f_k}^s_1 ⇀↽ [n_{f k} ] áãňňă (8.13) ćáěčďă áćěďěâáï ł áãňňě ŕő ŕěàěáâăŋőćłăň ćĺďă (8.23), (8.27).

Ś ãçěâőň őàâőŋőàňĺàőćăŋŋőáâĺ (8.6), ćőńŋőćăï äãŋłæĺï Υ^±_E[n_f ] (8.18) ŋőàňĺàőćăŋă ãęě ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï ňŋőęĺâěńěň^√C[n_f ]. Őŋ őąěáŕěçĺćăěâ áőåàăŋěŋĺě ŋőàňë ĺ áłăńïàŋőčő ŕàőĺğćěďěŋĺï ŕàĺ ŕěàěáâàőľłě ŋěğăćĺáĺňëå áãňňĺàőćăŋĺľ ŕő ćáěň áőáâőïŋĺïň àăğńĺçŋëå çăáâĺæ ć ąăğĺáě {|f_j⟩}^N_{j=1} ł áãňňě ŕő ğăćĺáĺňëň ć áĺńã (8.15) â.ě. δ_{N, N [nf ]} ğăáěńěŋŋőáâïň {n_f }^∞_{f=0} àăğŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ {|f⟩}^∞_{f=0}.

Šăłĺě áãňňë ćőğŋĺłăîâ ć őąéĺå Ťãàìě - ŕàěďáâăćńěŋĺïå âĺŕă (8.13) – ãęě ďńï ŕàőĺğćőńìŋëå N- çăáâĺçŋëå áőáâőïŋĺľ âĺŕă ćőńŋőćëå ŕăłěâőć, ŋě áćïğăŋŋëå ąőńěě ãáńőćĺěň (8.16), â.ě. ŋě ĺňěîéĺå őŕàěďěńěŋŋőľ íŋěàčĺĺ E = E[n_f ] ĺ áâăńő ąëâì őŕàěďěńěŋŋőľ áĺáâěňë {f_k}^s_1 ⇀↽ [n_{f k} ]:

φ(x_1 . . . x_N ) =^∑ {f_j}^N_1 ∈{f_k}^s_1∈{f}^∞_0 Φ(f_1 . . . f_N ) ψ_{f1} (x_1) · · · ψ_{fN} (x_N ). (8.29)

—88— Ŕőáłőńìłã ćłńăď ŋěğăŋïâëå áőáâőïŋĺľ c n_f = 0 ćáě àăćŋő ćáîďã ăćâőňăâĺçěáłĺ ĺáçěğăěâ, ććěďěŋĺě ğăáěńěŋŋőáâěľ n_f ŕőğćőńïěâ ŕàěďáâăćĺâì ĺ íâĺ ŋăĺąőńěě őąéĺě łőŋěçŋőłàăâŋëě áãňňë ŕő f_j ∈ {f}^∞_{f=0} - ŕő ćáěň, ŕàőĺğćőńìŋëň, őčàăŋĺçěŋŋëň ńĺèì ãáńőćĺěň (8.15) àăğńĺçŋëň ŋăąőàăň {f_k}^s_1 ĺğ s ≤ N àăğńĺçŋëå ğăŋïâëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ {f_j}^N_1 ∈ {f_k}^s_1 ∈ {f}^∞_{f=0}, á ŕàőĺğćőńìŋőľ âěŕěàì íŋěàčĺěľ E (8.16), ć ćĺďě ąěáłőŋěçŋőłàăâŋëå áãňň (8.32) ŕő {n_f } ĺğ ĺå ŕőńŋőčő ŋăąőàă (8.7) á {f}^∞_{f=0} ∋ {f_j}^N_1 (ĺ ŕàő s ĺ {f_k }^s_1 âěŕěàì ňőęŋő ğăąëâì). Šőčďă ďńï áłăńïàŋőčő ŕàőĺğćěďěŋĺï áőáâőïŋĺľ (8.29), á ãçěâőň őďŋőçăáâĺçŋőľ őàâőčőŋăńìŋőáâĺ (8.6) ĺ ŋăńĺçĺï âőńìłő δ_{fj , f k} ć ŕàěďáâăćńěŋĺïå (8.17) – (8.19) ĺňěěň:

(φ_1, φ_2) =⇒ (Φ_1, Φ_2) ≡^∑ {f_j }^N_1 ∈{f_k}^s_1∈{f}^∞_0 Φ^∗_1(f_1 . . . f_N ) Φ_2(f_1 . . . f_N ) = (8.30)

=^∑ {f_j }^N_1 ∈{f}^∞_0 1 √ C[n_f ]

Υ^∗_1[n_f ] 1 √ C[n_f ]

Υ_2[n_f ] δ_{N, N [nf ]} =⇒ (Υ_1, Υ_2)^{def}== (8.31)

=^∑_{n0=0}^∑_{n1=0}· · ·^∑_{n∞=0}Υ^∗_1[n_f ]Υ_2[n_f ]δ_{N, N [nf ]} ≡^{∞∏}_{f=0} ∑ n_f =0

Υ^∗_1[n_f ]Υ_2[n_f ]δ_{N, N [nf ]} ≡ (8.32) ≡^∑_{{n} f } Υ^∗_1[n_f ] Υ_2[n_f ] δ_{N, N [nf ]} ⇐=^∑_{{n} f } Υ^∗_1[n_f ] Υ_2[n_f ] δ_{N, N [nf ]} C[n_f ] ^∑ {^Sf_j }^N_1 | | | | [n_f ]

1, (8.33)

čďě:^∑ {f_j }^N_1 ∈{f}^∞_0 ⇐⇒^∑_{{n} f } ^∑ {^Sf_j }^N_1 | | | | [n_f ] , ĺ^{^∑} {^Sf_j }^N_1 | | | | [n_f ]

1⇒ C[n_f ] = N! ∏ f (n_f !)

≡ C^{[nf ]}_N , (8.34)

Ŕěàćőě áőőâŋőèěŋĺě (8.34) ŕàěďáâăćńïěâ ŕěàěáâàőľłã ŋěğăćĺáĺňëå áãňňĺàőćăŋĺľ ŕő áőáâőïŋĺïň őâďěńìŋëå j-ëå çăáâĺæ {f_j }^N_1 ∈{f}^∞_0 ć (8.30), (8.31) ć áãňňĺàőćăŋĺě ŕő ŋěğăćĺáĺňëň ŕěàěáâăŋőćłăň {^^Sf_j}^N_1 áőáâőïŋĺľ ŕàĺ äĺłáĺàőćăŋŋëå ğăáěńěŋŋőáâïå [n_f ] á ŕőáńěďãîéĺň áãňňĺàőćăŋĺěň ŕő ćáěň ćőğňőęŋëň àăğŋëň áĺáâěňăň çĺáěń ğăŕőńŋěŋĺï {n_f }. Ŕőáłőńìłã ŕàőĺğćěďěŋĺě äãŋłæĺľ Υ^∗_1[n_f ]Υ_2[n_f ] (8.17) – (8.19), (8.25) ďńï äĺłáĺàőćăŋŋőľ áĺáâěňë ğăáěńěŋŋőáâěľ [n_f ] ãęě áĺňňěâàĺçŋő ŕő ńîąëň ŕěàěáâăŋőćłăň^3, őŋő ćëŋőáĺâáï ĺğ ŕőď ĺå áãňňë ŕàĺ íâőň ŕěàěåőďě őâ (8.31) ł (8.33). Śãňňĺàőćăŋĺě 1-ĺæ ć (8.34) ŕő àăğńĺçŋëň ňĹłàőłőŋäĺčãàăæĺïň {^^Sf_j }^N_1 , őâńĺçăîéĺňáï ŕěàěáâăŋőćłăňĺ áőáâőïŋĺľ ňěęďã ĺå àăğńĺçŋëňĺ čàãŕŕăňĺ {f_k}^s_1 → {f}^∞_0 ďăěâ ć áőâćěâáâćĺĺ á (8.20), (8.21) âã ęě áăňãî łőŋáâăŋâã ŋőàňĺàőćłĺ łăł ŕőńŋőě çĺáńő âăłĺå ŋěğăćĺáĺňëå ŋěíłćĺćăńěŋâŋëå ŕěàěáâăŋőćőł ŕàĺćőďï ć ĺâőčě (8.33) ł (8.32).

3Ĺğ (8.17)–(8.19) őçěćĺďŋő, çâő őŋő ćőćáě ŋě ğăćĺáĺâ ĺ őâ áăňĺå ğŋăçěŋĺľ ŕőńŋőľ íŋàčĺĺ E.

—89—

3 Ąőńìèăï áâăâáãňňă łćăŋâőćőľ áĺáâěňë

Łăł áńěď áâăâĺáâĺçěáłőčő őŕěàăâőàă (4.23), łăŋőŋĺçěáłăï áâăâáãňňă ŋě ğăćĺáĺâ őâ ćëąőàă ŕàěďáâăćńěŋĺï. Šőčďă, ć ŕàěďáâăćńěŋĺĺ (8.29), á ãçěâőň (8.6), (8.15)–(8.19), áńěďãï (8.30)–(8.34), ňőęŋő ćŋőćì ćőáŕàőĺğćěáâĺ (6.18) łăł ěě őŕàěďěńěŋĺě (6.14) ďńï ŋăąőàă łćăŋâőćëå çĺáěń [m] ⇒ [n_f ]: Z_N = T r { e^{−β ^H} } =^∑_{[m]} exp^(−βE_{[m]}^) ⟨[m]|[m]⟩ =^∑_φ ⟨φ|e^{−β ^H} |φ⟩ = (8.35) =^∑ {f_1···f_N }∈{f}^∞_0 ⟨Φ(f_1 . . . f_N )| exp −β^{N∑}_{j=1} ε_{fj} |Φ(f_1 . . . f_N )⟩ = (8.36)

=^∑ {f_j}^N_1 ∈{f}^∞_0 exp −β^{N∑}_{j=1} ε_{fj} δ_{N, N [nf ]} C[n_f ]

Υ^∗[n_f ]Υ[n_f ] = [(6.18), fj ← mj ] (8.37) =^∑_{{n} f } exp −β^∑_f ε_f n_f δ_{N, N [nf ]} C[n_f ] ^∑ {^Sf_j}^N_1 | | | [n_f ]

1 =^∑_{{n} f } δ_{N, N [nf ]}^∏_f e^{−βεf nf} ≡ (8.38) ≡^∑_{{n} f } exp (−βE[n_f ]) 1 δ_{N, N [nf ]} = Z_N ≡ (6.14) ≡ (8.35) ďńï [m] ≡ [n_f ], (8.39)

čďě (8.39) = (8.37) ⇒ áőćŕăďăěâ á (6.18), â.ł. áőčńăáŋő (8.17) – (8.19), (8.25) őâńĺçŋëě őâ ŋãńï łćăďàăâë łőňŕőŋěŋâ Υ^∗[n_f ]Υ[n_f ] = |Υ[n_f ]|^2 ≡ 1. Ćëçĺáńěŋĺě áńěďă (8.35) ŕő ćáěň ğŋăçěŋĺïň E = E[n_f ] (8.16), ąńăčőďăàï ďĺăčőŋăńìŋőáâĺ čăňĺńìâőŋĺăŋă, áćőďĺâáï ł áãňňĺàőćăŋĺî ć (8.39) ŕő ćáěň ďőŕãáâĺňëň ńĺèì ãáńőćĺěň (8.15) ğŋăçěŋĺïň çĺáěń ğăŕőńŋěŋĺï ć ŋăąőàăå {n_f }, őďĺŋăłőćëň ďńï ćáěå őďŋőçăáâĺçŋëå áőáâőïŋĺľ |f⟩. Śãňňă (8.20) ŕő ŕěàěáâăŋőćłăň {^^Sf_j}^N_1 áőáâőïŋĺľ çăáâĺæ ć (8.38) ćŋőćì ďăěâ łőŋáâăŋâã ŋőàňĺàőćłĺ^4 (8.21), (8.34), C[n_f ] = C^{[nf ]}_N , ĺğ (8.18), (8.33).

Šăł łăł ŕőńŋőě çĺáńő çăáâĺæ N [n_f ] = N ć ňĹłàőáőáâőïŋĺïå (8.15) őáâăěâáï äĺłáĺàőćăŋŋëň, ğăáěńěŋŋőáâĺ {n_f } ć (8.39) ŋě ïćńïîâáï ŋěğăćĺáĺňëňĺ ĺŋďěłáăňĺ áãňňĺàőćăŋĺï, ĺ âőçŋăï łăŋőŋĺçěáłăï áâăâáãňňă

4Śćőďïáì ł łőňąĺŋăâőàŋőľ ğăďăçě (5.15)–(5.16) ĺ Ğăňěçăŋĺî II őą őŕàěďěńěŋĺĺ łàăâŋőáâĺ ćëàőęďěŋĺï łćăŋâőćőčő ňĹłàőáőáâőïŋĺï (8.15), (8.16) łăł áâăâĺáâĺçěáłőčő ćěáă âĺŕă (3.30) ňĂłàőáőáâőïŋĺï (8.15), (8.16) – áãâì çĺáńă (8.21) ŕàěďáâăćńïîéĺå ěčő ňĹłàőáőáâőïŋĺľ ć ňĹłàőłăŋőŋĺçěáłőň ăŋáăňąńě áĺáâěň á ğăďăŋŋőľ (8.16)=(6.16) ŕőńŋőľ íŋěàčĺěľ ĺ çĺáńőň N (8.15) őďĺŋăłőćëå çăáâĺæ ŕàĺ äĺłáĺàőćăŋŋëå ğăáěńěŋŋőáâïå [n_f ] ĺå àăğńĺçŋëå őďŋőçăáâĺçŋëå áőáâőïŋĺľ |f⟩. Ěáńĺ áăňĺ áőáâőïŋĺï |f⟩ ŋěćëàőęďěŋë: g(ε_f ) = 1, ε_f ′ ≠ ε_f , ĺ ∀ {n_f } ≠ {n^′_f }: ∑ f (n_f − n^′_f )ε_f ≠ 0, âő ĺ ňĹłàőáőáâőïŋĺï ćáěľ áĺáâěňë á íŋěàčĺěľ E_{[m]} = E[n_f ] ć (8.39)=(6.18) ąãďãâ ŋěćëàőęďěŋë: G(E[n_f ]) → 1. Ŕěàěåőď őâ ŋăąőàă çĺáěń {n_f } ć (8.38) ł áőáâőïŋĺïň f_j àăğńĺçŋëå çăáâĺæ ć (8.37), ă ğăâěň ĺ łăł áőáâőïŋĺïň àăğńĺçĺňëå çăáâĺæ [m] → {f_j } ć (6.20) ćŋőćì “őęĺćńïěâ” ć (8.54) ⇒ (6.19) íâã áãňňã ŕő ŕěàěáâăŋőćłăň áőáâőïŋĺľ (8.21), (8.34) [7] (â.2) łăł âã ęě łàăâŋőáâì ćëàőęďěŋĺï: G(E[n_f ]) → C[n_f ] = C^{[nf ]}_N .

—90— (8.38), (8.39) ŕő íâĺň ňĹłàőáőáâőïŋĺïň ŋě äăłâőàĺğãěâáï, çâő ĺáłńîçăěâ ćőğňőęŋőáâì ěě âőçŋőčő ćëçĺáńěŋĺï ć őąéěň ćĺďě. İâã âàãďŋőáâì ňőęŋő ńěčłő őąőľâĺ ŕěàěåőďőň ł ąőńìèőňã łăŋőŋĺçěáłőňã ăŋáăňąńî.

Śőčńăáŋő (5.10), ąőńìèãî áâăâĺáâĺçěáłãî áãňňã âăłőľ áĺáâěňë ŕàĺ ζ = exp(βμ) ňőęŋő ğăŕĺáăâì łăł:

Q =^{∞∑}_{N =0} ζ^N Z_N =^{∞∑}_{N =0}^∑_{{n} f } exp −β^∑_f (ε_f − μ)n_f δ_{N,}^∑_{f nf} . (8.40) Ŕőáłőńìłã őčàăŋĺçěŋĺě ŋă çĺáńő çăáâĺæ âěŕěàì áŋïâő, łăł^∑_f n_f ≡ N [n_f ]

ć (8.40), őŋő ňőęěâ ŕàĺŋĺňăâì ńîąëě ğŋăçěŋĺï, ĺ áãňňĺàőćăŋĺï ŕő àăğńĺçŋëň n_f , ć őâńĺçĺě őâ (8.39), ćëŕőńŋïîâáï áőćěàèěŋŋő ŋěğăćĺáĺňő. Šőčďă ćáï ąőńìèăï áâăâáãňňă ŕàĺňěâ ćĺď ŕàőĺğćěďěŋĺï: Q =^∑_{{n} f } exp −β^∑_f (ε_f − μ)n_f =^∏_f ∑ n_f =0

exp [−β(ε_f − μ)n_f ]

=^∏_f Q_f , (8.41)

Q_f =^∑_{nf =0} exp [−β(ε_f − μ)n_f ] =^∑_{nf =0}^(e^{βμ)nf} exp [−βE_f (n_f )] , (8.42)

łăęďëľ áőňŋőęĺâěńì Q_f łőâőàőčő ěáâì áăň ŕő áěąě ąőńìèăï áâăâáãňňă (5.6), őâŋőáïéăïáï^5 ãęě ł őâďěńìŋőňã ŋěćëàőęďěŋŋőňã őďŋőçăáâĺçŋőňã áőáâőïŋĺî |f⟩, ğăáěńěŋŋőňã ŕěàěňěŋŋëň çĺáńőň n_f çăáâĺæ á íŋěàčĺïňĺ ε_f , â.ě. á ŕőńŋőľ íŋěàčĺěľ E_f (n_f ) = ε_f n_f ĺ ĺňěîéěňã âěŕěàì áňëáń őâďěńìŋőľ âěàňőďĺŋăňĺçěáłőľ ŕőďáĺáâěňë, ŋăåőďïéěľáï ć âěàňĺçěáłőň ĺ ć åĺňĺçěáłőň àăćŋőćěáĺĺ á őáâăńìŋëňĺ çăáâĺæăňĺ áĺáâěňë – ć ďàãčĺå őďŋőçăáâĺçŋëå áőáâőïŋĺïå |f^′ ⟩ á íŋěàčĺïňĺ ε_f ′ ≠ ε_f .

Ďńï Ťěàňĺ-áĺáâěňë n_f = 0, 1, ĺ ąőńìèăï őďŋőãàőćŋěćăï áâăâáãňňă (8.42) ŕő íâĺň n_f çăáâĺæăň ć őďŋőçăáâĺçŋőň áőáâőïŋĺĺ |f⟩ á íŋěàčĺěľ ε_f :

Q^F_f =^{1∑}_{nf =0} exp [−β(ε_f − μ)n_f ] = 1 + exp [−β(ε_f − μ)] . (8.43)

Ďńï Ąőğě-áĺáâěňë n_f = 0, 1, 2, . . ., ĺ ŕőâőňã őďŋőãàőćŋěćăï áâăâáãňňă:

Q^B_f =^{∞∑}_{nf =0} exp [−β(ε_f − μ)n_f ] = 1 1 − exp [−β(ε_f − μ)]

. (8.44)

Ďĺáłàěâŋëľ ŕăàăňěâà η = +1 ďńï Ąőğě- ĺ η = −1 ďńï Ťěàňĺ-áĺáâěňë ŕőğćőńïěâ ğăŕĺáăâì ąőńìèĺě áâăâáãňňë (8.41) – (8.44) ěďĺŋëň őąàăğőň:

ln Q^{(η)}_f = ln ( 1 − η exp [− β (ε_f − μ) ] )−η , ĺ Q ⇒ Q_η =^∏_f Q^{(η)}_f . (8.45)

5Ćňěáâő őâďěńìŋőľ çăáâĺæë ďńï ąőńìæňăŋőćáłőľ łăŋőŋĺçěáłőľ áâăâáãňňë (6.20).

—91— Śőčńăáŋő (5.33), ŕőáńěďŋïï ćěńĺçĺŋă őŕàěďěńïěâ ąőńìèőľ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń J ĺ ďăćńěŋĺě P ć ĺďěăńìŋőľ łćăŋâőćőľ áĺáâěňě łăł: −J(T, V, μ) = P V = kT ln Q_η = kT^∑_f ln Q^{(η)}_f . (8.46)

4 Śâăâĺáâĺłă Ąőğě - İľŋèâěľŋă ĺ Ťěàňĺ - Ďĺàăłă

Ťőàňãńë (8.41), (8.42) ńěčłő ŕàěćàăâĺâì ć ąőńìèĺě łăŋőŋĺçěáłĺě àăáŕàěďěńěŋĺï ćĺďă (5.5). Ćěàőïâŋőáâì ňĹłàőáőáâőïŋĺï [m] ĺďěăńìŋőľ łćăŋâőćőľ ňĂłàőáĺáâěňë á ğăďăŋŋëň ŋăąőàőň łćăŋâőćëå çĺáěń [m] = [n_f ] äăłâőàĺğãěâáï ć ŕàőĺğćěďěŋĺě (5.13) őďŋőãàőćŋěćëå ćěàőïâŋőáâěľ^6:

1 =^∑_{{n} f } W [n_f ] , čďě: W [n_f ] = 1 Q exp [ −β ( E[n_f ] − μN [n_f ] )] = (8.47) = 1 Q exp −β^∑_f (ε_f − μ)n_f ≡^∏_f w_{nf} , ă, â.ł. Q = Q_η =^∏_f Q^{(η)}_f , (8.48)

âő^∑_{nf =0} w_{nf} = 1, čďě w_{nf} = 1 Q^{(η)}_f exp [−β(ε_f − μ)n_f ] (8.49)

ěáâì ćěàőïâŋőáâì âőčő, çâő őâďěńìŋőě ŋěćëàőęďěŋŋőě áőáâőïŋĺě |f⟩ á őďŋőçăáâĺçŋőľ íŋěàčĺěľ ε_f ŕàĺ àăćŋőćěáŋőľ âěňŕěàăâãàě kT = 1/β ğăáěńěŋő n_f çăáâĺæăňĺ, á ŕőńŋőľ íŋěàčĺěľ E_f (n_f ) = ε_f n_f . Šőčďă áàěďŋïï ğăáěńěŋŋőáâì íâőčő áőáâőïŋĺï ŕő (5.35): ≪n_η(ε_f )≫ ≡ ≪n^η_f≫ =^∑_{nf =0} n_f w_{nf} ≡ ∂ ln Q^{(η)}_f ∂(βμ) β . (8.50)

Ŕőďáâăćńïï ć (8.50) ćëàăęěŋĺï (8.43), (8.44) ĺńĺ (8.45), ŋăľďěň àăáŕàěďěńěŋĺě Ťěàňĺ – Ďĺàăłă ĺ àăáŕàěďěńěŋĺě Ąőğě – İľŋèâěľŋă ć ćĺďě: ≪n^η_f≫= 1 exp [β(ε_f − μ)] − η = ≪n^{η=−1}_{Ť–Ď} (ε_f )≫ ≪n^{η=+1}_{Ą–İ} (ε_f )≫ = 1 exp [β(ε_f − μ)] ± 1

, (8.51)

čďě âőčďă ĺğ (8.45): ln Q^{(η)}_f = ln ( 1 + η ≪n^η_f≫ )η . (8.52) Šő ěáâì àăğńĺçĺě ć łćăŋâőćëå áćőľáâćăå çăáâĺæ, áőáâăćńïîéĺå ąőğěĺńĺ äěàňĺ-áĺáâěňã, ŕàĺćőďĺâ ńĺèì ł ăďďĺâĺćŋőľ ěďĺŋĺæě á àăğŋëňĺ ğŋăłăňĺ ć ğŋăňěŋăâěńïå łćăŋâőćëå àăáŕàěďěńěŋĺľ: ł +1 – ďńï áĺáâěňë äěàňĺőŋőć á ŕőńãæěńëň áŕĺŋőň; ĺ ł −1 – ďńï áĺáâěňë ąőğőŋőć á æěńëň áŕĺŋőň. Ć ãáńőćĺïå, łőčďă íâőľ ěďĺŋĺæěľ ňőęŋő ŕàěŋěąàěçì: ŕàĺ

6Ćňěáâő őďŋőçăáâĺçŋëå ćěàőïâŋőáâěľ (6.32) ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ.

—92— exp(−βμ) ≫ 1 ďńï ε_f > 0, ŕőńãçĺň ŋěğăćĺáïéěě őâ łćăŋâőćőľ ŕàĺàőďë çăáâĺæ àăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă, äőàňăńìŋő – á η = 0:

≪n^{Ť–Ď}_{Ą–İ} (ε_f )≫ −→_{η=0} ≪n^{η=0}_{Ň–Ą}(ε_f )≫ = exp [−β(ε_f − μ)] ≪ 1. (8.53) Ĺğ (8.38) ïćŋő ćĺďŋă ŕàĺàőďă ŋěŕőáńěďőćăâěńìŋőáâĺ íâőčő – ąőńìæňăŋőćáłőčő ŕàĺąńĺęěŋĺï. Őŋő ŕàěďŕőńăčăěâ ğăňěŋã őâćěçăîéěčő ŕěàěáâăŋőćłě çăáâĺæ äăłâőàă C[n_f ] −→ N! ć ğŋăňěŋăâěńě (8.38) ŕàĺ áőåàăŋěŋĺĺ őâćěçăîéěčő ŕěàěáâăŋőćłě áőáâőïŋĺľ äăłâőàă C[n_f ] = C^{[nf ]}_N ć çĺáńĺâěńě (8.38), čďě ∀f: n_f ∈ {n_0 ÷ n_∞} ≤ N, ãçĺâëćăîéãî âőęďěáâćěŋŋőáâì çăáâĺæ ąěğ ãçěâă ĺå áâăâĺáâĺłĺ, çâő ĺ ŕàĺćőďĺâ ŕő äőàňãńě ŕőńĺŋőňă Ŋìîâőŋă^7 ł łăŋőŋĺçěáłőľ áâăâáãňňě (6.19), (6.20) (áà. á (5.39)): Z_N =⇒ 1 N! ∑ {n_f } δ_{N,}^∑_{f nf} exp −β^∑_f ε_f n_f C^{[nf ]}_N ≡ 1 N! ∑ f e^{−βεf} N ≡ (8.54) ≡^∑_{{n} f } δ_{N,}^∑_{f nf}^∏_f ( e^{−βεf )nf} n_f ! ⇐=^∑_{{n} f } δ_{N,}^∑_{f nf}^∏_f^{Z_{nf} (β, ε_f )^} ≡ Z_N , (8.55)

čďě: Zn_f (β, εf ) =

e^{−βεf nf} , âőęďěáâćěŋŋëě, ŋěàăğńĺçĺňëě (8.38); e^{−βεf nf} n_f !

, âőęďěáâćěŋŋëě, àăğńĺçĺňëě (8.54).

(8.56)

Š.ě. ĺďěăńìŋëľ łćăŋâőćëľ čăğ N çăáâĺæ ŕàěďáâăćńěŋ ąőńìèĺň ăŋáăňąńěň (5.15) ĺ Ğăňěçăŋĺï II ĺğ őďŋőçăáâĺçŋëå f- áőáâőïŋĺľ á íŋěàčĺïňĺ ε_f łăł ăŋáăňąńěň ŋăåőďïéĺåáï ć íâĺå áőáâőïŋĺïå n_f - çăáâĺçŋëå ŕőďáĺáâěň á ŕőńŋëňĺ íŋěàčĺïňĺ E_f (n_f ) = ε_f n_f . Ŕàĺ íâőň ćłńăď őďŋãàőćŋěćëå łăŋőŋĺçěáłĺå áâăâáãňň Z_{nf} (β, ε_f ) (8.56) ć ŕőńŋãî łăŋőŋĺçěáłãî áâăâáãňňã ĺďěăńìŋőčő čăğă Z_N (8.38) ⇒ (8.55) őâ n_f ŋěàăğńĺçĺňëå çăáâĺæ á íŋěàčĺïňĺ ε_f ěáâì e^{−βεf nf} ≡ (e^{−βεf} )^{nf} , ă ćłńăď őâ n_f àăğńĺçĺňëå çăáâĺæ, łőâőàëě ňőęŋő ŕàőŋãňěàőćăâì ĺ ŕěàěáâăćńïâì, ěáâì e^{−βεf nf} /(n_f !), čďě íâőâ ŕőïćĺćèĺľáï n_f ! ć Z^B_{nf} (β, ε_f ) ąěğ ĺŋëå łàăâŋőáâěľ ŕő äőàňãńě ŕőńĺŋőňă Ŋìîâőŋă čěŋěàĺàãěâ ăŋăńőčĺçŋëľ N! ć Z_N (8.55) ⇒ (8.54). Ćłńăďë ŋěğăŋïâëå áőáâőïŋĺľ á n_f = 0 ć ńîąőň áńãçăě ćáîďã ĺáçěğăîâ.

Řăáŕàěďěńěŋĺï Ť-Ď (η = −1), Ą-İ (η = 1), Ň-Ą (η = 0) (8.51), (8.53) ŕőğćőńïîâ ćëçĺáńïâì ŋăąńîďăěňëě ćěńĺçĺŋë ŕńőâŋőáâĺ çĺáńă çăáâĺæ n_η ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ U_η ĺďěăńìŋőľ áĺáâěňë łăł áàěďŋĺě őâ (8.15), (8.16):

V n_η ≡ ≪N≫ =^∑_f ≪n_η(ε_f )≫, U_η ≡ ≪E≫ =^∑_f ε_f ≪n_η(ε_f )≫ . (8.57)

7Ć ąĺŋőňě ŕàĺ f = 1, 2 ĺňěěň:^∞ ∑ n_1 =0 ∞∑ n_2=0 C^{[n1,n2]} N δ_{N,n1+n2} a^{n1}_1 a^{n2}_2 = (a_1 +a_2)^N , C^{[n1,n2 ]}_N = N! n_1!n_2! . Šőčďă łăł ŕàĺ f = 0 ÷ ∞ ŕőńãçăěň: (∑ f a_f )_N = ∑ {n_f } C^{[nf ]}_N δ_{N,} ∑ f n_f ∏ f (a_f )^{nf} , čďě a_f = e^{−βεf} .

—93—

5 Čăàňőŋĺçěáłĺľ őáæĺńńïâőà ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï

Ŕàőĺńńîáâàĺàãěň ŕőŋïâĺě çĺáěń ğăŕőńŋěŋĺï (ğăáěńěŋŋőáâěľ) ŋă ŕàĺňěàě ğăďăçĺ őą őďŋőňěàŋőň čăàňőŋĺçěáłőň őáæĺńńïâőàě. Łćăŋâőćëľ čăňĺńìâőŋĺăŋ^^H_1 ďńï őáæĺńńïâőàă (7.40):

^H_1 =^^ p^2 2m + mω^2 2^^ q^2 = − h̄^2 2m d^2 dq^2 + mω^2 2 q^2, (8.58)

ććěďěŋĺěň ąěğàăğňěàŋőľ łőőàďĺŋăâë ξ = (mω/h̄)^{1/2} q ŕàĺćőďĺâ áâăæĺőŋăàŋőě ãàăćŋěŋĺě Ÿàěďĺŋčěàă ł ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî ^H_1Ψ = ϵΨ, −→ h̄ω 2 − d^2 dξ^2 + ξ^2

Ψ = ϵΨ, (8.59)

łőâőàőě ňőęŋő âőęďěáâćěŋŋő ŕàěďáâăćĺâì ć ćĺďě h̄ω 2 [( − d dξ + ξ ) ( d dξ + ξ ) + ( d dξ ξ − ξ d dξ )] Ψ = ϵΨ, ĺ ććőďï ńěáâŋĺçŋëě

őŕěàăâőàë a a^+ = 1 √ 2 ( ξ ± d dξ ) á ãçěâőň ĺå łőňňãâăâőàőć [ a, a^{+]} ≡aa^+ − a^+a = [ d dξ , ξ ] = d dξ ξ − ξ d dξ =1, [a, a]=^[a^+, a^{+]} =0, (8.60)

ğăŕĺáăâì ěčő łăł^^H_1Ψ = h̄ω ( a^+a + 1 2 ) Ψ ≡^(h̄ω a^+a + ϵ_0^) Ψ = ϵΨ, (8.61)

â.ě. á čăňĺńìâőŋĺăŋőň ć ŋőàňăńìŋőľ äőàňě çěàěğ ŕőŋĺęăîéĺľ a ĺ áőŕàïęěŋŋëľ ěňã ŕőćëèăîéĺľ a^+ őŕěàăâőàë ŕàĺ ⟨a^+a⟩ ≥ 0 ĺ íŋěàčĺî őáŋőćŋőčő âőčďă áőáâőïŋĺï ϵ_0 = h̄ω/2 (ğăćĺáĺňőáâì őâ ňăááë m ĺáçěğńă).

Ůâőąë ŋăľâĺ áőąáâćěŋŋëě ćěłâőàë ĺ áŕěłâà íŋěàčĺĺ ϵ_n, őŕàěďěńĺň őáŋőćŋőě áőáâőïŋĺě (ćăłããň) | 0⟩, ć áőőâćěâáâćĺĺ á (8.61), łăł áőáâőïŋĺě, ăŋŋĺčĺńĺàãěňőě ŕőŋĺęăîéĺň őŕěàăâőàőň a, çâő ďăěâ ŕàőáâőě ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï ćőńŋőćőľ äãŋłæĺĺ ć ξ- ŕàěďáâăćńěŋĺĺ:

a|0⟩ = 0, â.ě. ( d dξ + ξ ) Ψ_0(ξ) = 0, ⟨ξ |0⟩ = Ψ_0(ξ) = √ 2 π^{1/4} exp − ξ^2 2 .(8.62)

Ć áĺńã łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ (8.60) ńîąőľ ćěłâőà |n⟩ áőáâőïŋĺï á áőąáâćěŋŋëň ğŋăçěŋĺěň ϵ_n ŕőńãçăěâáï ŕãâěň ŕőáńěďőćăâěńìŋőčő ŕàĺňěŋěŋĺï ł ćăłããňã (8.62) ŕőćëèăîéěčő őŕěàăâőàă “àőęďěŋĺï” a^+: |n⟩ = c_n^(a^{+)n} |0⟩,

—94— čďě c_n őąěáŕěçĺćăîâ ěďĺŋĺçŋãî ŋőàňĺàőćłã ńîąőčő ćěłâőàă |n⟩. Ďěľáâćĺâěńìŋő, ĺğ (8.60) ïćáâćãěâ, çâő ŕàĺ n = 0, 1, 2, 3, . . . [ a ,^(a^{+)n]} =^{n∑}_{i=1}^(a^{+)i−1 [}a, a^{+] (}a^{+)n−i} =⇒ n^(a^{+)n−1} , őâłãďă 1 = ⟨n|n⟩ = |c_n|^2⟨0| (a)^{n (}a^{+)n} |0⟩ = |c_n|^2⟨0| (a)^{n−1} a^(a^{+)n} |0⟩ = = |c_n|^2⟨0| (a)^{n−1} [( a^{+)n} a + n^(a^{+)n−1} ] |0⟩ = n |c_n|^2 |c_{n−1}|^2 ⟨n − 1|n − 1⟩, â.ě. |c_n|^2 = 1 n |c_{n−1}|^2 = 1 n(n − 1) |c_{n−2}|^2 = · · · = 1 n! |c_0|^2 = 1 n! . Šăłĺň őąàăğőň, ďěľáâćĺě őŕěàăâőàőć a^+ ĺ a őŕàěďěńïěâáï ãàăćŋěŋĺïňĺ |n⟩ = 1 √ n! ( a^{+)n} |0⟩ = a^+ √ n |n − 1⟩, âő ěáâì (8.63) a^+|n − 1⟩ = √ n|n⟩ ĺ a|n⟩ = √ n|n − 1⟩, a|0⟩ = 0, (8.64) ( â.ł. ⟨n − 1|a|n⟩ = √ n⟨n|n⟩^) , őâłãďă: a^+a |n⟩ = n |n⟩ , (8.65) âő ěáâì ^n = a^+a ěáâì íàňĺâőć őŕěàăâőà á áőąáâćěŋŋëňĺ ğŋăçěŋĺïňĺ, àăćŋëňĺ n, â.ě. ïćńïěâáï őŕěàăâőàőň ŋőňěàă n áőáâőïŋĺï őáæĺńńïâőàă ĺ őŕàěďěńïěâ ćáě áőąáâćěŋŋëě ğŋăçěŋĺï ϵ_n ğăďăçĺ (8.59), (8.61) łăł h̄ω ( a^+a + 1 2 ) |n⟩ = ϵ_n|n⟩, čďě ϵ_n = h̄ω ( n + 1 2 ) (8.66)

ěáâì áŕěłâà íŋěàčĺľ őáæĺńńïâőàă, ă n = 0, 1, 2, . . . – ĺŋďěłá áőőâćěâáâćãîéěčő ãàőćŋï íŋěàčĺĺ, ĺ ąëń ĺáŕőńìğőćăŋ àăŋěě ć (7.32).

Ŕàěďáâăćńěŋĺě çĺáěń ğăŕőńŋěŋĺï, ĺńĺ ŕàěďáâăćńěŋĺě ćâőàĺçŋőčő łćăŋâőćăŋĺï, őáŋőćăŋő ŋă áńěďãîéěľ ĺŋâěàŕàěâăæĺĺ őŕěàăâőàőć (8.64), (8.65). Śőáâőïŋĺě |0_f ⟩ ěáâì ćăłããň f- âőčő őáæĺńńïâőàă, ďěľáâćĺěň ŋă łőâőàëľ őŕěàăâőàőň a^+_f ŕőńãçăěâáï őďŋőçăáâĺçŋőě áőáâőïŋĺě |1_f ⟩ c őďŋőçăáâĺçŋőľ ęě íŋěàčĺěľ ε_f = h̄ω_f . Őŕěàăâőà a_f ãŋĺçâőęăěâ íâő áőáâőïŋĺě |1_f ⟩:

a_f |0_f ⟩ = 0, a^+_f |0_f ⟩ = |1_f ⟩ , a_f |1_f ⟩ = |0_f ⟩ , ⟨n_f |m_f ′ ⟩ = δ_{ff} ′ δ_{nm}. (8.67) Śőáâőïŋĺě, ğăďăćăěňőě ćěłâőàőň |. . . n_f . . . n_k . . .⟩, âőčďă ěáâì áőáâőïŋĺě á n_f = 0, 1, 2, . . . çăáâĺæăňĺ á íŋěàčĺěľ ε_f = h̄ω_f łăęďăï, n_k = 0, 1, 2, . . . çăáâĺæăňĺ á íŋěàčĺěľ ε_k = h̄ω_k łăęďăï ĺ â.ď., a őŕěàăâőà^^n_f ≡ a^+_f a_f âőčďă ěáâì őŕěàăâőà çĺáńă çăáâĺæ ć áőáâőïŋĺĺ f:^^n_f |. . . n_f . . .⟩ = n_f |. . . n_f . . .⟩, â.ě. ěčő ğăáěńěŋŋőáâĺ. Šăłĺň őąàăğőň, n_f çăáâĺæăň ŋă f- âőň őďŋőçăáâĺçŋőň ãàőćŋě ε_f áőŕőáâăćńïěâáï n_f - âëľ ãàőćěŋì łćăŋâőćőčő őáæĺńńïâőàă á çăáâőâőľ ω_f . Śőőâćěâáâćãîéĺě őŕěàăâőàë a^+_f ĺ a_f ŕőďçĺŋïîâáï âěŕěàì łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň ćĺďă (8.60) ŋăď őąéĺň ćăłããňőň |0⟩:

—95—

|0⟩ =^∏_f |0_f ⟩ , [ a_f , a^+_f ′ ] = δ_{ff} ′ ,^[a_f , a_f ′^] = [ a^+_f , a^+_f ′ ] = 0 (8.68)

ĺ ĺŋâěàŕàěâĺàãîâáï łăł ąőğě-őŕěàăâőàë áőőâćěâáâćěŋŋő àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï őďŋőľ çăáâĺæë ć áőáâőïŋĺĺ á łćăŋâőćëňĺ çĺáńăňĺ f, ε_f = h̄ω_f .

Ďńï áĺáâěňë äěàňĺőŋőć âăłęě ňőęŋő ććěáâĺ őŕěàăâőàë àőęďěŋĺï b^+_f ĺ ãŋĺçâőęěŋĺï b_f á ăŋăńőčĺçŋőľ (8.64), (8.67) ĺŋâěàŕàěâăæĺěľ ĺ áćőľáâćăňĺ, őąãáńőćńěŋŋëňĺ âěŕěàì ăŋâĺáĺňňěâàĺçŋőáâìî ćőńŋőćőľ äãŋłæĺĺ (8.22), âő ěáâì ŕàĺŋæĺŕőň Ŕăãńĺ. Şŕőàïďőçĺň ěě çĺáńă ğăŕőńŋěŋĺï {n_f } = 0 ÷ 1 łăł n_k ≺ n_f (n_k ŕàěďèěáâćãěâ n_f ) ŕàĺ k ≺ f ďńï ε_k < ε_f . Šőčďă őąőąéěŋĺě (8.64) ĺ (8.67) á ĺáŕőńìğőćăŋĺěň ćňěáâő łőňňãâăâőàă (8.60) ăŋâĺłőňňãâăâőàă {a, b} = ab + ba ďăěâ, çâő: b_f |0_f ⟩ = 0, { b_f , b^+_f ′ } = δ_{ff} ′ ,^{b_f , b_f ′^} = { b^+_f , b^+_f ′ } = 0, â.ě. b^2_f = (b^+_f )^2 = 0, (8.69) b^+_f |. . . n_k . . . n_f . . .⟩ =^√1 − n_f (−1) ∑ k<f n_k |. . . n_k . . . n_f + 1, . . .⟩ , (8.70) b_f |. . . n_k . . . n_f . . .⟩ = √ n_f (−1) ∑ k<f n_k |. . . n_k . . . n_f − 1, . . .⟩ . (8.71) Ĺğ (8.70) ćĺďŋő, çâő, ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň Ŕăãńĺ, ěáńĺ áőáâőïŋĺě ğăŋïâő äěàňĺőŋőň: n_f = 1, âő b^+_f |. . . 1_f . . .⟩ = 0. Őŕěàăâőàë çĺáńă çăáâĺæ ć áőáâőïŋĺĺ f âěŕěàì ěáâì^^n^{(+)}_f = a^+_f a_f ĺńĺ^^n^{(−)}_f = b^+_f b_f , ă őďŋőãàőćŋěćëě äěàňĺ- ĺ ąőğě- čăňĺńìâőŋĺăŋë áőőâćěâáâćěŋŋő àăćŋë:

H^F_f = ε_f ( b^+_f b_f − 1 2 ) , H^B_f = ε_f ( a^+_f a_f + 1 2 ) , H^{(η)}_f = ε_f ( ^n^{(η)}_f + η 2 ) . (8.72)

Čăňĺńìâőŋĺăŋ áĺáâěňë N ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ (8.6) ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï, áőčńăáŋő (8.16), ěáâì âőčďă áãňňă âăłĺå ĺŋďĺćĺďãăńìŋëå, őďŋőãàőćŋěćëå, ňőŋőçăáâőâŋëå čăňĺńìâőŋĺăŋőć (8.72) ğă ćőğňőęŋëň ćëçěâőň áãňňë E_0 íŋěàčĺľ ĺå őáŋőćŋëå áőáâőïŋĺľ:

^H − E_0 =^∑_f H^{(η)}_f − E^{(η)}_0 =^∑_f ε_f^^n^{(η)}_f , E^{(η)}_0 = η^∑_f ε_f 2 ≡ ±^∑_f h̄ω_f 2 . (8.73)

([5] §34,35,63,64, [6] §§40,53-55, [7], [33], [36], [43], [48], [49] ) Ğăďăçĺ 14.1. Ŕőłăğăâì, çâő őďŋă äĺłáĺàőćăŋŋăï łőňŕőŋěŋâă ćőńŋőćőľ äãŋłæĺĺ (8.13), (8.18) ĺďěăńìŋőľ áĺáâěňë N ąőğőŋőć Φ^+_E (f_1 . . . f_N ) = 1/^√C[n_f ] (áň. (8.9), (8.17), (8.27) [perm – ŕěàňăŋěŋâ], [14, 38, 35, 46, 48].) 14.2. Ĺáŕőńìğãï (8.63), ŋăľâĺ ćőńŋőćãî äãŋłæĺî φ^+ ĺďěăńìŋőľ áĺáâěňë N âőęďěáâćěŋŋëå ąőğőŋőć ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï ĺ

—96— ŕàőćěàĺâì ć ŋěň ãáńőćĺě ŋőàňĺàőćłĺ (8.30), (8.33) ([14, 38, 35, 46, 48].) 14.3. Ŋăľâĺ íŋâàőŕĺî ĺďěăńìŋëå łćăŋâőćëå čăğőć, łăł äãŋłæĺî áàěďŋĺå çĺáěń ğăŕőńŋěŋĺï ([5] §34,35,63, [6] §40,55, [10], [24] N 130). Ĺğňěŋĺâáï ńĺ ěě ćëàăęěŋĺě ďńï ŋěàăćŋőćěáŋőčő áńãçăï (3.66) ĺ ďńï čăğă Ň-Ą (8.53)?

S^(⟨⟨n^η_f ⟩⟩^) = k^∑_f^[η^(1 + η ⟨⟨n^η_f ⟩⟩^) ln^(1 + η ⟨⟨n^η_f ⟩⟩^) − ⟨⟨n^η_f ⟩⟩ ln ⟨⟨n^η_f ⟩⟩^] . (8.74) 14.4. Ďőłăğăâì, çâő ďńï ěďĺŋĺçŋőčő ŕőńŋőáâìî ăŋâĺáĺňňěâàĺçŋőčő âěŋğőàă N-čő àăŋčă (8.25) ϵ_{f1···fN} −→ ϵ_{k1···kN} , ĺňěîâ ňěáâő âőęďěáâćă: N∑ k_1=1 · · ·^{N∑}_k N =1 ϵ_{k1···kN} ϵ_{k1···kN} = N!,^{N∑}_k 2=1 · · ·^{N∑}_k N =1 ϵ_{k1k2···kN} ϵ_{j1k2···kN} = (N − 1)!δ_{k1j1} , N∑ k_3=1 · · ·^{N∑}_k N =1 ϵ_{k1k2k3···kN} ϵ_{j1j2k3···kN} = (N − 2)! (δ_{k1j1} δ_{k2j2} − δ_{k1j2} δ_{k2j1} ) . (8.75) 14.5. Ś ŕőňőéìî (8.75) ŋăľâĺ ćĺď ďĺăčőŋăńìŋëå ňăâàĺçŋëå íńěňěŋâőć őďŋő- ĺ ďćãåçăáâĺçŋëå őŕěàăâőàőć ŕő N- äěàňĺőŋŋëň áőáâőïŋĺïň (8.22), čďě áãňňă ĺďěâ ńĺèì ŕő ğăŋïâëň őďŋőçăáâĺçŋëň áőáâőïŋĺïň ([33, 46]): ⟨ φ^−_{EN} | | | | | | N∑ a=1 ^h(a) | | | | | | φ^−_{EN} ⟩ =^{N∑}_{k=1}⟨λ_k|^^h|λ_k⟩ ≡^∑_λ n_λ⟨λ|^^h|λ⟩, (8.76) ⟨ φ^−_{EN} | | | | | | N∑ 1=a N∑ ≠b=1

^W(a, b) | | | | | | φ^−_{EN} ⟩ =^∑_λ^∑_γ n_λn_γ^[⟨λ, γ|^^W|λ, γ⟩−⟨λ, γ|^^W|γ, λ⟩^] = =^{N∑}_{k=1}^{N∑}_{r=1}^[⟨λ_k, λ_r|^^W|λ_k, λ_r⟩ − ⟨λ_k, λ_r|^^W|λ_r, λ_k⟩^] , čďě: (8.77) ⟨λ|^^h|γ⟩ = ∫ d^31 ψ^∗_λ(1)^^h(1) ψ_γ (1), (8.78) ⟨λ, γ|^^W|ζ, ν⟩ = ∫ d^31 ∫ d^32 ψ^∗_λ(1)ψ^∗_γ(2)^^W(1, 2) ψ_ζ (1)ψ_ν(2). (8.79) 14.6. Ďőłăğăâì, çâő (áà. (10.9), (10.10), (10.45), (12.43), (13.11), (13.53), (14.46),

(14.48), (14.90)) ďńï ńîąőčő æěńőčő j, ńîąőľ čńăďłőľ äãŋłæĺĺ D(ε) ĺ γ(ε) = ε∫

0 dϖD(ϖ), Y^{[j]}_γ (ε) = ε∫

0 dε_j ε_j∫

0 dε_{j−1} · · · ε_2∫

0 dε_1γ(ε_1) ≡ Y^{[j+1]}_D (ε) : (8.80)

−J^T_η (μ) = ∞∫

0 dεγ(ε)≪n_η(ε)≫ = ( ∂ ∂μ )j ∞∫

0 dεY^{[j]}_γ (ε)≪n_η(ε)≫, čďě (8.81)

Y^{[j]}_γ (ε) = ε∫

0 dϖγ(ϖ) (ε − ϖ)^{j−1} (j − 1)! = ε∫

0 dϖD(ϖ) (ε − ϖ)^j j! = Y^{[j+1]}_D (ε). (8.82)

Ć d-ňěàĺĺ (12.36)–(12.44): γ(ε, V_d)≡V_d g_sB_d h^d p^d(ε) → A_λ λ ε^λ, čďě (8.83) ε(p) → ap^ℓ, λ = d ℓ , őâłãďă D(ε) → D_λ(ε) = A_λε^{λ−1}, P V → U λ . (8.84)

Ńěłæĺï 9

Ťńãłâãăæĺĺ âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ

Ĺâăł, âàĺ àăğńĺçŋëå áâăâĺáâĺçěáłĺå ăŋáăňąńï: ňĹłàőłăŋőŋĺçěáłĺľ, łăŋőŋĺçěáłĺľ ĺ ąőńìèőľ łăŋőŋĺçěáłĺľ, áőőâćěâáâćãîâ àăğŋëň äĺłáĺàőćăŋŋëň ňĂłàőáłőŕĺçěáłĺň ãáńőćĺïň, ğăďăŋŋëň àăğńĺçŋëňĺ ŋăąőàăňĺ ňĂłàőŕăàăňěâàőć, őŕàěďěńïîéĺå ć àăćŋőćěáĺĺ àăğńĺçŋëě âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë: S(E, V, N), F (T, V, N), J(T, V, μ) áőőâćěâáâćěŋŋő. Ŕőłăęěň âěŕěàì, çâő ć ďěľáâćĺâěńìŋőáâĺ ňőęŋő ğăąëâì őą íâĺå őčàăŋĺçěŋĺïå, ŕőáłőńìłã àěğãńìâăâë àăáçěâă âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ŕàĺ ĺáŕőńìğőćăŋĺĺ łăęďőčő ĺğ âàěå ňěâőďőć őłăğëćăîâáï ŋěàăğńĺçĺňő ąńĺğłĺňĺ, ĺ ćëąĺàăâì âőâ ĺńĺ ĺŋőľ ăŋáăňąńì ňőęŋő, àãłőćőďáâćãïáì âőńìłő ãďőąáâćőň ŕàăłâĺçěáłĺå ćëçĺáńěŋĺľ. Š.ě. ĺňěěâ ňěáâő ŕőńŋăï

1 İłćĺćăńěŋâŋőáâì àăćŋőćěáŋëå ăŋáăňąńěľ

Ŕàĺçĺŋă íłćĺćăńěŋâŋőáâĺ ăŋáăňąńěľ – ć ňăńőáâĺ őâłńőŋěŋĺľ ňĂłàőćěńĺçĺŋ őâ ĺå áàěďŋĺå ğŋăçěŋĺľ, â.ě. ć ňăńőáâĺ äńãłâãăæĺľ ć àăćŋőćěáŋőň áőáâőïŋĺĺ. Šăł, ěáńĺ ć ňĹłàőłăŋőŋĺçěáłőň ăŋáăňąńě íŋěàčĺï E = E áĺáâěňë äĺłáĺàőćăŋă, âő ć łăŋőŋĺçěáłőň ăŋáăňąńě őŋă ňőęěâ ąëâì ńîąőľ, åőâï ňĂłàőáłőŕĺçěáłĺ áĺáâěňă ć àăćŋőćěáĺĺ åăàăłâěàĺğãěâáï áàěďŋĺň ğŋăçěŋĺěň ≪E≫ (4.33). Őďŋăłő ďńï ďőáâăâőçŋő ąőńìèőľ áĺáâěňë ćěàőïâŋőáâì ŋăľâĺ ć ăŋáăňąńě ěě łőŕĺî ć áőáâőïŋĺĺ á íŋěàčĺěľ ćďăńĺ őâ ≪E≫ ąãďěâ ŋĺçâőęŋő ňăńă. Šăł çâő ŕőďăćńïîéěě ąőńìèĺŋáâćő ěě łőŕĺľ ć łăŋőŋĺçěáłőň (ĺ ąőńìèőň łăŋőŋĺçěáłőň) ăŋáăňąńě čàãŕŕĺàãěâáï ŕő íŋěàčĺĺ ć őłàěáâŋőáâĺ íâőčő áàěďŋěčő ğŋăçěŋĺï, áőćŕăďăîéěčő á łőńőááăńìŋőľ âőçŋőáâìî á ŋăĺąőńěě ćěàőïâŋëň ğŋăçěŋĺěň ≪E≫ = E (4.44). Šő ęě áăňőě őâŋőáĺâáï ĺ ł áàěďŋěňã çĺáńã çăáâĺæ ≪N≫ = N ć àăćŋőćěáŋőľ áĺáâěňě ć ąőńìèőň łăŋőŋĺçěáłőň ăŋáăňąńě ŕàĺ ãáńőćĺĺ, çâő N ≫ 1.

—98—

2 Ťńãłâãăæĺĺ íŋěàčĺĺ

Ďěľáâćĺâěńìŋő, ĺáŕőńìğãï łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě (4.42), á ãçěâőň (4.40) ďńï íŋěàčĺĺ U(β, V, N) (4.39) (čďě: −kT^2∂/∂T = ∂/∂β) ĺňěěň: Z_N (β, V )=^∑_m e^{−βEm} , U(β, V, N)=≪E≫ ≡^∑_m w_mE_m = − ( ∂ ln Z_N ∂β ) V , (9.1)

D_2(E) ≡ ≪(ΔE)^2≫ ≡ ≪(E − ≪E≫)^2≫ = ≪E^2≫ − (≪E≫)^2 = (9.2) = 1 Z_N ∂^2Z_N ∂β^2 V − 1 Z^2_N (∂Z_N ∂β )2 V ≡ ∂^2 ln Z_N ∂β^2 = − ( ∂≪E≫ ∂β ) V = kT^2C_V . (9.3)

Ťőàňãńë (9.2), (9.3) ćëàăęăîâ äńãłâłăæĺî íŋěàčĺĺ łăł ěě ăąáőńîâŋãî ďĺáŕěàáĺî D_2(E) çěàěğ ĺğňěàïěňãî ćěńĺçĺŋã âěŕńőěňłőáâĺ C_V ≃ kN. Őâŋőáĺâěńìŋăï ďĺáŕěàáĺï ŕàĺ ≪E≫ ≃ C_V T âőčďă àăćŋă:

σ_2(E) ≡ √ D_2(E) ≪E≫ ≈ k C_V ∼ 1 √ N ≪ 1, (9.4)

â.ě. ďńï áĺáâěň á N ≫ 1 őâŋőáĺâěńìŋăï äńãłâãăæĺï ňăńă, ŕőáłőńìłã łăł ≪E≫ ∼ N, âăł ĺ C_V ∼ N, ă σ_2(E) ∼ 1/ √ N −→ 0 ŕàĺ N → ∞ (áà. (4.45)).

3 Ťńãłâãăæĺĺ ŕőńŋőčő çĺáńă çăáâĺæ

Ňěâőď ąőńìèőčő łăŋőŋĺçěáłőčő ăŋáăňąńï (5.5), (5.6) ŕàĺňěŋĺ́ň âăłęě ł áĺáâěňăň á äĺłáĺàőćăŋŋëň çĺáńőň çăáâĺæ N, łőâőàőě ďőńęŋő âőčďă áőćŕăďăâì á ≪N≫. Ŋăľďěň äńãłâãăæĺĺ N ć ąőńìèőň ăŋáăňąńě, ĺáŕőńìğãï ğăďăćăěňőě ĺň ćëàăęěŋĺě ďńï ćěàőïâŋőáâĺ ŋăľâĺ ć áĺáâěňě N çăáâĺæ:

Q =^{∞∑}_{N =0} Z_N exp (γN) , ĺ 1 =^{∞∑}_{N =0}^~w(N),^~w(N) = Z_N Q exp (γN) . (9.5)

Š.ě. (áà. (5.33)–(5.35)), ăŋăńőčĺçŋő (9.1), ŕàĺ γ = βμ, J = −P V ŋăåőďĺň: ≪N≫ ≡^{∞∑}_{N =0} N^~w(N) =⇒ 1 Q ( ∂Q ∂γ ) T,V = ( ∂ ln Q ∂γ ) T,V = (9.6) = 1 β ( ∂ ln Q ∂μ ) T,V = − ( ∂J ∂μ ) T,V ⇐= V ( ∂P ∂μ ) T ≡ V n(T, μ). (9.7) Ťńãłâãăæĺěľ N ąãďěň âăłęě ŋăğëćăâì ďĺáŕěàáĺî – áàěďŋěłćăďàăâĺçŋőě őâłńőŋěŋĺě N őâ ěčő áàěďŋěčő ğŋăçěŋĺï, âő ěáâì, łăł ĺ ćëèě ć (9.2)

D_2(N) ≡ ≪(ΔN)^2≫ = ≪(N − ≪N≫)^2≫ = ≪N^2≫ − (≪N≫)^2 ⇒ (9.8)

—99— ⇒ 1 Q ∂^2Q ∂γ^2 T,V − ( 1 Q ∂Q ∂γ )2 T,V = ∂^2 ln Q ∂γ^2 T,V = 1 β^2

∂^2 ln Q ∂μ^2 T,V =⇒ =⇒ ( ∂≪N≫ ∂γ ) T,V = 1 β ( ∂≪N≫ ∂μ ) T,V = kT V ( ∂n ∂μ ) T ⇐ ≪(ΔN)^2≫, (9.9)

ć áĺńã (9.7). Šàĺ ĺŋâěŋáĺćŋëå ŕăàăňěâàă T, P, μ ïćńïîâáï ğăćĺáĺňëňĺ, áőčńăáŋő ãàăćŋěŋĺî Čĺąąáă-Ďîčěňă: μ = μ(T, P ), ĺńĺ (5.34) P = P (T, μ), ă, ŕő ãàăćŋěŋĺî áőáâőïŋĺï ć ćĺďě (5.35), n = n(T, μ) = n(T, P ) áćïğăŋë ňěęďã áőąőľ ĺ âàĺ ĺŋâěŋáĺćŋëå ćěńĺçĺŋë T, P, n, ŕőíâőňã: ( ∂n ∂μ ) T = ( ∂n ∂P ∂P ∂μ ) T = ( ∂P ∂μ ) T ( ∂n ∂P ) T ≡ n ( ∂n ∂P ) T = n^2K_T , (9.10)

âăł łăł, ŕàĺ n ≡ N V : K_T = − 1 V ( ∂V ∂P ) T,N = 1 n ( ∂n ∂P ) T , (9.11)

ěáâì ĺğőâěàňĺçěáłăï áęĺňăěňőáâì. Šăł çâő (áàăćŋĺ á (9.36)):

≪(ΔN)^2≫ = kT ( ∂≪N≫ ∂μ ) T,V = n^2kT V K_T ≡ (≪N≫)^2 kT K_T V . (9.12)

Šőčďă ăŋăńőčĺçŋăï (9.4) őâŋőáĺâěńìŋăï äńãłâãăæĺï âăłęě áâàěňĺâáï ł ŋãńî ć âàď. ŕàď., łőčďă N, V → ∞, ĺ kT/V ⇒P/N (ŕàĺ P V = NkT ):

σ_2(N) ≡ ≪(ΔN)^2≫ (≪N≫)^2 = kT K_T V ≡ ∂(kT/V ) ∂P 1/2

T,N ∼ 1 √ N → 0. (9.13)

Ňăńőáâì σ_2(N) őğŋăçăěâ, çâő őŕàěďěńïîéĺľ ąőńìèãî áâăâáãňňã àïď Q(ζ) =^{∞∑}_{N =0} ζ^N Z_N áőďěàęĺâ (áà. (5.39)) ňăłáĺňăńìŋëľ çńěŋ á^~w(N) ≈ 1 ĺğ (9.5), ďăîéĺľ őáŋőćŋőľ ćłńăď, áãéěáâćěŋŋő ŕàěćëèăîéĺľ ćłńăďë őáâăńìŋëå N, ćëďěńïï ć íâőľ áãňňě áńăčăěňőě á ŋăĺąőńěě ćěàőïâŋëň (őŋő ęě áàěďŋěě) ğŋăçěŋĺěň çĺáńă çăáâĺæ ć áĺáâěňě ≪N≫ = N ≫ 1, ďńï łőâőàőčő F = J + Nμ. Şáńőćĺě íâőčő ňăłáĺňãňă ğăďăěâ åĺňŕőâěŋæĺăń μ: ∂^~w(N) ∂N = 0, →, ∂^(e^{βμN} Z_N^) ∂N T,V,μ = 0, μ = −kT ∂ ln Z_N ∂N = ( ∂F ∂N ) T,V . (9.14)

Ćëçĺáńĺň łőŋâãàŋëľ ĺŋâěčàăń (5.11) ŕő ζ = exp(βμ), őŕàěďěńïîéĺľ łăŋőŋĺçěáłãî áâăâáãňňã Z_N çěàěğ ąőńìèãî áâăâáãňňã Q(ζ) = exp(−βJ), ĺáŕőńìğãï ňěâőď ŕěàěćăńă ć łőňŕńěłáŋőľ ŕńőáłőáâĺ μ ŕàĺ N ≫ 1:

e^{−βF} = Z_N = 1 2πi ∮ C Q(ζ) ζ^{N +1} dζ = β 2πi ∮ ~C dμ exp {−β [J(T, V, μ) + Nμ]} . (9.15)

—100— Śěďńőćăï âőçłă ğăďăěâáï őąàăéěŋĺěň ć ŋãńì ŕěàćőľ ŕàőĺğćőďŋőľ őâ äãŋłæĺĺ ć ŕőłăğăâěńě íłáŕőŋěŋâë: ∂(J + Nμ)/∂μ = 0, ĺńĺ N = −∂J/∂μ. Śàăćŋĺć ŕőáńěďŋěě á őŕàěďěńěŋĺěň ≪N≫ = −∂J/∂μ, ćĺďĺň, çâő ć íâőň ŕàĺąńĺęěŋĺĺ N ⇒ ≪N≫, ă Z_N ∝ exp(−βF ), čďě ćŋőćì F = J + Nμ ěáâì áćőąőďŋăï íŋěàčĺï áĺáâěňë.

Ťńãłâãăæĺĺ N ŋě ćáěčďă ąëćăîâ ňăńëňĺ. Šăł, ćąńĺğĺ łàĺâĺçěáłőľ âőçłĺ äăğőćőčő ŕěàěåőďă ć łàĺâĺçěáłãî äăğã áęĺňăěňőáâì čăğă ŋěőčàăŋĺçěŋŋő ćőğàăáâăěâ, áńěďőćăâěńìŋő, ŋěőčàăŋĺçěŋŋő àăáâãâ ĺ äńãłâãăæĺĺ çĺáńă çăáâĺæ ĺ őąêěňă (9.12), (9.36). Ďàãčőľ łőŋâàŕàĺňěà ďăîâ

4 Ťńãłâãăæĺĺ äěàňĺ- ĺ ąőğě- çĺáěń ğăŕőńŋěŋĺï

Śőčńăáŋő (8.49), ćěàőïâŋőáâì âőčő, çâő ŋă ãàőćŋě |f⟩ á őďŋőçăáâĺçŋőľ íŋěàčĺěľ ε_f ŋăåőďĺâáï n_f çăáâĺæ á ŕőńŋőľ íŋěàčĺěľ E_f (n_f ) = ε_f n_f , àăćŋă: w_{nf} = 1 Q_f exp [−β(E_f (n_f ) − μn_f )] = 1 Q_f exp [−β(ε_f − μ)n_f ] . (9.16)

İâĺ ćëàăęěŋĺï őğŋăçăîâ, çâő n_f çăáâĺæ ć łăęďőň ŋěćëàőęďěŋŋőň őďŋőçăáâĺçŋőň áőáâőïŋĺĺ |f⟩ á íŋěàčĺěľ ε_f őąàăğãîâ łćăğĺŋěğăćĺáĺňãî ŕőďáĺáâěňã, ŋăåőďïéãîáï ć âěàňĺçěáłőň ĺ åĺňĺçěáłőň àăćŋőćěáĺĺ á őáâăńìŋëňĺ çăáâĺæăňĺ áĺáâěňë, łăł á âěàňőáâăâőň, ĺ ŕőâőňã ŕőďçĺŋïîâáï ąőńìèőňã łăŋőŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî (5.5), (5.6). Ťńãłâãăæĺĺ çĺáěń ğăŕőńŋěŋĺï n_f , łăł ĺ áàěďŋěě (8.50), ňőęŋő, ăŋăńőčĺçŋő (9.8), (9.9), ćëàăğĺâì çěàěğ ŕàőĺğćőďŋëě ln Q^{(η)}_f ŕő γ = βμ. Šăł łăł, áőčńăáŋő (8.50): ≪n^η_f≫ ≡ ≪n_η(ε_f )≫ = ∂ ln Q^{(η)}_f ∂γ β = 1 e^{βεf −γ} − η , âő ĺňěěň: (9.17)

D^{(η)}_2 (n_f ) ≡ ≪(Δn^η_f )^2≫ = ≪(n_f )^2≫ −^(≪n^η_f≫^{)2} =

∂^2 ln Q^{(η)}_f ∂γ^2 β , (9.18)

â.ě.: D^{(η)}_2 (n_f ) = ∂≪n^η_f≫ ∂γ = ≪n^η_f≫^(1 + η ≪n^η_f≫^), η = ±1= Ąİ ŤĎ , (9.19) čďě ∂ ∂γ 1 (e^{βε−γ} − η) = e^{βε−γ} − η + η (e^{βε−γ} − η)^2 . Ďńï áâăâĺáâĺłĺ Ň-Ą η = 0.

Šőčďă őâŋőáĺâěńìŋëě äńãłâãăæĺĺ ğăáěńěŋŋőáâěľ ≪n^η_f≫ á η = ±1 àăćŋë:

σ^η_2 (n_f ) =

D^{(η)}_2 (n_f ) ( ≪n^η_f≫^{)2} = 1 ≪n^η_f≫ + η ≡ √ e^{β(εf −μη (T ))} −→_{ε0=0} √ e^{−βμη (T )}, (9.20) ĺńĺ: σ^{F−}_2 (n_f ) = 1 ≪n^−_f ≫ − 1, σ^{B+}_2 (n_f ) = 1 ≪n^+_f ≫ + 1, (9.21)

ĺ ĺå ŕőćěďěŋĺě ŕàĺ áâàěňńěŋĺĺ T → +0, β → +∞, ł őáŋőćŋëň áőáâőïŋĺïň f = 0, ε_0 = 0, ã äěàňĺ- ĺ ąőğě- áĺáâěň ąãďěâ ć ŕàĺŋæĺŕě àăğŋëň. Ć äěàňĺ-áĺáâěňě: 0 ≤ ≪n^−_f ≫ ≤ 1, D^−_2 (n_f ) = ≪n^−_f ≫^(1 − ≪n^−_f ≫^) ≤ 1/4. Šőčďă ďńï áőáâőïŋĺľ á 0 ≤ ε_f < μ^−_F (0) äńãłâãăæĺĺ ćőőąéě őâáãâáâćãîâ: σ^F_2 (n_f ) → 0, ĺ ć (9.17)–(9.21) ≪n^−_f ≫|_{T =0} → 1, çâő őğŋăçăěâ ŕőńŋãî ďěâěàňĺŋĺàőćăŋŋőáâì, âőčďă łăł ďńï ε_f >μ^−_F (0) ĺňěěň ≪n^−_f ≫→0 ĺ σ^F_2 (n_f )→∞. Ć ąőğě-áĺáâěňě: μ^+_B (T ) ≤ 0, â.ł. ≪n^+_0 ≫ > 0, ĺ ŕàĺ T → 0 äńãłâãăæĺĺ D^+_2 (n_f ) = ≪n^+_f ≫^(1+≪n^+_f ≫^) ňőčãâ ŋěőčàăŋĺçěŋŋő ćőğàăáâăâì, â.ł. ğăáěńěŋŋőáâì őáŋőćŋőčő áőáâőïŋĺï ε_0 = 0 áâăŋőćĺâáï ňĂłàőáłőŕĺçěáłőľ: ≪n^+_0 ≫∼N, â.ě. D^+_2 (n_0)∼(≪N≫)^2 ĺ σ^B_2 (n_0)→1, çâő ãłăğëćăěâ ŋă ŋăńĺçĺě äăğőćőčő ŕěàěåőďă – łőŋďěŋáăæĺî ąőğőŋőć ć őáŋőćŋőň áőáâőïŋĺĺ. Šăł łăł ŕàĺ íâőň e^{−βμ(T )} → 1, âő ŋěőąåőďĺňő, çâőąë ãęě: μ^+_B (T_B ≥ T > 0) ≡ 0.

5 Šěàňőďĺŋăňĺçěáłăï âěőàĺï äńãłâãăæĺľ

Ćěàőïâŋőáâĺ őâďěńìŋëå ŋěćëàőęďěŋŋëå àăćŋőćěáŋëå łćăŋâőćëå ňĹłàőáőáâőïŋĺľ áĺáâěňë á íŋěàčĺěľ E_m: w_m = w(E_m), (3.3), (4.42), (5.21) çãďőćĺéŋő ňăńë. Ć ćěàőïâŋőáâĺ dW^{eq}(E) =^~W^{eq}(E)dE àăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï (3.20), (3.25), (4.19), (4.43) ŕàĺ E_m ≈ E ć ĺŋâěàćăńě (E, E+dE) íâĺ ňăńőáâĺ łőňŕěŋáĺàãîâáï čàőňăďŋëň çĺáńőň ΔΓ(E) ĺńĺ Ω(E, dE) = dE [ΔΓ(E)/ΔE(E)] âăłĺå ňĹłàőáőáâőïŋĺľ ć ňĂłàőáłőŕĺçěáłĺ ňăńőň ĺŋâěàćăńě ΔE(E) (3.5), (3.42) ĺńĺ dE (3.16)–(3.18), ŕàěďáâăćńïîéĺå íâő ňĂłàőáőáâőïŋĺě. Őâłńőŋěŋĺě íâőľ ćěàőïâŋőáâĺ őâ áćőěčő ňăłáĺňăńìŋőčő ŕàĺ E = E àăćŋőćěáŋőčő ğŋăçěŋĺï ć ŋěàăćŋőćěáŋőň ňĂłàőáőáâőïŋĺĺ á âőľ ęě ŕőńŋőľ íŋěàčĺěľ E( = EΠ), ŕàĺ^~W^{eq}(E) ≃^~W(E): dW^{eq}(E) = w(E) ΔΓ(E) ΔE(E) dE^{n.e.}−→_{E=E} dW (E) ∝ w(E) ΔΓ(E) ΔE(E) ΔΓ^{ne}(E) ΔΓ(E) dE, (9.22)

őąãáńőćńěŋő àěğłĺň ĺğňěŋěŋĺěň ěčő áâăâĺáâĺçěáłőčő ćěáă^1 (3.11)→(3.12), (5.16) ΔΓ^{ne}(E) = exp (S^{ne}/k) á íŋâàőŕĺěľ S^{ne} ŋěàăćŋőćěáŋőčő áőáâőïŋĺï: (3.26), (3.43)→(3.13), (5.23) ńĺèì łăł äőàňăńìŋőľ äãŋłæĺěľ ŕőńŋőľ íŋěàčĺĺ E ć áňëáńě [6] §112 ĺ (Řĺá. 9.1): S^{ne}|_E = S(E) < S(E), čďě E < E.

[Ŋă (Řĺá. 9.1): S^{ne}|_E ⇒ S^{ne}_Π = S_Π, E ⇒ E_Π, E ⇒ E_Π = E_Π − ΔR_{min}, S(E) ⇒ S_Π(E_Π).]

Ŕàĺ k = 1, ΔS(E) = S(E) − S(E) < 0, őâłńőŋěŋĺě (9.22) ŕàĺňěâ ćĺď [8]:

1åăàăłâěàĺğãîéěčő “áâěŕěŋì àăğňăğăŋŋőáâĺ” (3.5) ňĂłàőáőáâőïŋĺï ŕő ňĹłàőáőáâőïŋĺïň.

—102— dW (E) ∝^~W^{eq}(E)e^{ΔS(E)}dE, łőâőàëľ, łăł: dW (x) = Ae^{ΔS(x)}dx, (9.23) ąãďěâ áŕàăćěďńĺć ĺ ďńï ńîąőľ âěàňőďĺŋăňĺçěáłőľ ćěńĺçĺŋë x, åăàăłâěàĺğãîéěľ áĺáâěňã ć àăćŋőćěáĺĺ. Őâćńěłăïáì őâ ŋěĺğćěáâŋőľ ŋőàňĺàőćłĺ A =^~W(x), áőčńăáŋő (3.27), (3.34), ňőęŋő ğăňěŋĺâì çĺ́áńă áőáâőïŋĺľ ΔΓ ć áńőïå ΔE(E) ĺ ΔE(E) ŋă ĺå ŕőńŋëě çĺ́áńă Γ (3.18), âăł çâő e^{ΔS(E)} = Γ^{ne}(E)/Γ(E) őłőŋçăâěńìŋő ćőğćàăéăěâ ŋăá ł “àăğňăğăŋŋőňã” ňĹłàőłăŋőŋĺçěáłőňã ăŋáăňąńî (3.3), (3.41) á ěčő ŕőńŋëň àăćŋőŕàăćĺěň àăćŋőćěáŋëå ĺ “őâłńőŋěŋŋëå őâ àăćŋőćěáĺï” ňĹłàőáőáâőïŋĺľ (3.12), (3.13) [8] ĺ ć áĺńã (9.4) ćŋőćì ďěňőŋáâàĺàãěâ ěčő íłćĺćăńěŋâŋőáâì ć àăćŋőćěáĺĺ ńîąőňã ĺğ àăćŋőćěáŋëå ăŋáăňąńěľ. Šăł łăł ć áőáâőïŋĺĺ áâăâĺáâĺçěáłőčő àăćŋőćěáĺï ŕàĺ x = x ĺňěěň^~W(x) = max{^~W(x)} ĺ, ŕő ćâőàőňã ŋăçăńã âěàňőďĺŋăňĺłĺ, íŋâàőŕĺï âăłőľ ğăňłŋãâőľ áĺáâěňë ňăłáĺňăńìŋă, âő ćąńĺğĺ íâőčő ňăłáĺňãňă ŕő ŕěàěňěŋŋőľ −∞ ≤ x ≤ ∞ áőčńăáŋő ğăłőŋã ćőğàăáâăŋĺï íŋâàőŕĺĺ ŕàĺ x = ≪x≫ â.ě. ≪x − x≫ = 0:

S(x) = S(x) + ΔS = S(x) − α 2 (x − x)^2, ĺ, â.ł. ∫ dW (x) = 1, čďě (9.24)

dW (x) = A exp(ΔS)dx = A exp { − α 2 (x − x)^2 } dx ≡^~W(x)dx, âő: (9.25) A = √ α 2π =^~W(x)≃^~W^{eq}(x), D_2(x)≡≪(Δx)^2≫ = ≪(x−x)^2≫ = 1 α (9.26)

ěáâì âă ęě ďĺáŕěàáĺï àăćŋőćěáŋëå àăáŕàěďěńěŋĺľ (9.2), (9.8), åăàăłâěàĺğãîéăï àăćŋőćěáŋőě áőáâőïŋĺě ŋěğăćĺáĺňő őâ áŕőáőąă ěě ćëçĺáńěŋĺï^2. Ć áńãçăě ℓ ŕěàěňěŋŋëå ďńï x_i ↔ Δx_i, â.ě. x_i = 0 ŕàĺ i = 1 ÷ ℓ ĺňěěň: S(x) = S − 1 2 ℓ∑ i,k=1 α_{ik}x_ix_k,^~W(x)=Ae^{ΔS} =A exp − 1 2 ℓ∑ i,k=1 α_{ik}x_ix_k , (9.27) ^α =^^O^{T ^~}α^^O, 1 A = ∫ d^ℓy exp − 1 2 ℓ∑ i=1 ~α_{ii}y^2_i =^{ℓ∏}_{i=1} 2π ~α_{ii} =⇒ (2π)^{ℓ/2} √ det[^^α]

, (9.28)

čďě áĺňňěâàĺçŋãî ŕőńőęĺâěńìŋő őŕàěďěńěŋŋãî^{ℓ∑}_{i,k=1} α_{ik}x_ix_k łćăďàăâĺç-

ŋãî äőàňã ć (9.27) ćáěčďă ňőęŋő ŕőćőàőâőň y_i = (^^Ox)_i ŕàĺćěáâĺ ł ďĺăčőŋăńìŋőňã ćĺďã (9.28), ć łőâőàőň ěě ďěâěàňĺŋăŋâ ãęě ěáâì ŕàőĺğćěďěŋĺě ěě áőąáâćěŋŋëå ğŋăçěŋĺľ^~α_{ii} ĺ ŋě ğăćĺáĺâ őâ íâőľ ğăňěŋë ŕěàěňěŋŋëå, â.ł. det[^^O] = 1, ă ĺŋâěčàĺàőćăŋĺě ŕő d^ℓy ⇐ d^ℓx őáâăěâáï àăáŕàőáâàăŋěŋő ŋă ćáě ŕàőáâàăŋáâćő (ĺňěï ć ćĺďã ĺ ąëáâàãî áåőďĺňőáâì čăãááőćëå ĺŋâěčàăńőć).

2Śâàőčő íâő ďăěâ äńãłâãăæĺőŋŋő-ďĺááĺŕăâĺćŋăï âěőàěňă äĺğĺçěáłőľ łĺŋěâĺłĺ [1, 6]

—103— Šěŕěàì ŋěâàãďŋő ŋăľâĺ ŕàőĺğćőńìŋãî áàěďŋěłćăďàăâĺçŋãî łőààěńïæĺî ŕěàěňěŋŋëå ≪x_ix_k≫, ŕőńăčăï, çâő ŕő-ŕàěęŋěňã ≪x_i≫ ≡ x_i = 0: ≪x_ix_k≫ = ∫ x_ix_k^~W(x)d^ℓx = −2A ∂ ∂α_{ik} ∫ d^ℓx exp − 1 2 ℓ∑ n,j=1 α_{nj} x_nx_j = = −2A ∂ ∂α_{ik} 1 A = ∂ ln A^2 ∂α_{ik} = 1 det[ ^α]

∂ det[^^α] ∂α_{ik} =^( ^α^{−1)}_{ik} = ≪x_kx_i≫, (9.29)

(áà. (9.26)). Ğďěáì^{( ^}α^{−1)}_{ik} - íńěňěŋâë ňăâàĺæë, őąàăâŋőľ ł^^α, ćëàăęěŋŋëě çěàěğ ěě ďěâěàňĺŋăŋâ det[^^α] ĺ âàăŋáŕőŋĺàőćăŋŋãî ňăâàĺæã ăńčěąàăĺçěáłĺå ďőŕőńŋěŋĺľ ∂ det[ ^α]/∂α_{ik}. Ďńï ńîąőľ čńăďłőľ äãŋłæĺĺ φ(x) ŕàĺ

Δφ(x) = φ(x) − φ(0) =⇒^{ℓ∑}_{i=1} x_i ∂φ ∂x_i | | | | | x=0 âőčďă ĺňěěň: (9.30)

≪(Δφ(x))^2≫ = ⟨⟨ ℓ ∑ i,k=1 x_ix_k ∂φ ∂x_i ∂φ ∂x_k | | | | x=0 ⟩⟩ =^{ℓ∑}_{i,k=1}^{( ^}α^{−1)}_{ik} ∂φ ∂x_i ∂φ ∂x_k | | | | x=0 . Ś ãçěâőň áĺňňěâàĺĺ α_{jk} = α_{kj} ĺ ć áĺńã (9.27) ďńï ćěńĺçĺŋ X_k âěàňőďĺŋăňĺçěáłĺ ćğăĺňŋëå ł ŕěàěňěŋŋëň x_k ć âőň áňëáńě, çâő:

dS = −^{ℓ∑}_{k=1} dx_k X_k, â.ě. X_k ≡ − ∂S ∂x_k =⇒^{ℓ∑}_{j=1} α_{kj}x_j , (9.31)

ŋăľďěň: ≪X_kx_i≫ =^{ℓ∑}_{j=1} α_{kj} ≪x_jx_i≫ =^{ℓ∑}_{j=1} α_{kj}^{( ^}α^{−1)}_{ji} = δ_{ik}, (9.32)

≪X_iX_k≫ =^{ℓ∑}_{j=1} α_{ij} ≪x_jX_k≫ =^{ℓ∑}_{j=1} α_{ij} δ_{jk} = α_{ik}. (9.33)

Śőčńăáŋő İľŋèâěľŋã, ć (9.23) ćěàőïâŋőáâì^~W ∝ exp(ΔS_Π) őâłńőŋěŋĺï őâ àăćŋőćěáĺï ğăňłŋãâőľ, âěŕńőĺğőńĺàőćăŋŋőľ áĺáâěňë őŕàěďěńïěâáï ĺğňěŋěŋĺěň ŕàĺ äńãłâãăæĺĺ ěě ŕőńŋőľ íŋâàőŕĺĺ: ΔS_Π = ΔS_0 +ΔS < 0, čďě áńăčăěňőě ΔS_0 őâćěçăěâ àăćŋőćěáŋőľ çăáâĺ áĺáâěňë łăł áàěďë – âěàňőáâăâă á ŕăàăňěâàăňĺ T_0, P_0, E_0, V_0, ă ΔS, E, V őâćěçăîâ ŕőčàãęěŋŋőľ ć íâã áàěďã àăááňăâàĺćăěňőľ ňăńőľ äńãłâãĺàãîéěľ ŕőďáĺáâěňě, őâďěńěŋŋőľ őâ ŋěě âőŋłĺňĺ ŕőďćĺęŋëňĺ áâěŋłăňĺ. Ĺğňěŋěŋĺě íŋâàőŕĺĺ àăćŋőćěáŋőľ áàěďë őŕàěďěńïěâáï łőńĺçěáâćőň ŕěàěďăŋŋőčő ŕőďáĺáâěňě âěŕńă δQ = −δQ_0 ŕàĺ äńãłâãăæĺïå ĺå íŋěàčĺľ ΔE = −ΔE_0 ĺ őąêěňőć ΔV = −ΔV_0 ďńï ŕőáâőïŋŋëå E_Π = E_0 + E ĺ V_Π = V_0 + V . Ĺ ďńï ďćãå àăğńĺçŋëå ŕãâěľ ćĺàâãăńìŋőčő ŕěàěåőďă ĺğ àăćŋőćěáŋőčő áőáâőïŋĺï T_0, P_0 ŕőńŋőľ áĺáâěňë ć ŋěàăćŋőćěáŋőě áőáâőïŋĺě “b” ŋă (Řĺá.9.1) ĺňěěň,

—104—

â.ł. ńőłăńìŋő: ΔS_Π = − dS_Π(E_Π) dE_Π ΔR_{min} ≡ − 1 T_0

ΔR_{min} = ΔS_0 + ΔS,

ĺ ã àăćŋőćěáŋőľ áàěďë: ΔS_0 = δQ_0 T_0 = ΔE_0 + P_0ΔV_0 T_0 = −ΔE − P_0ΔV T_0 , âő:^~W ∝ exp(ΔS_Π) ≡ exp [ − ΔR_{min} T_0 ] ⇒ exp [ − ΔE − T_0ΔS + P_0ΔV T_0 ] , čďě ΔR_{min} > 0 – ňĺŋĺňăńìŋăï ŕőńőęĺâěńìŋăï àăąőâă^3, ŋěőąåőďĺňăï ďńï ŕőńãçěŋĺï őąàăâĺňëň ŕãâěň (Řĺá.9.1) âěå ęě ĺ ďăęě ŋě ňăńëå äńãłâãăæĺľ ΔE, ΔS, ΔV ŕăàăňěâàőć ŕőďáĺáâěňë. Řăğńăčăï ΔE ć àïď ďő ćâőàőčő ŕőàïďłă ŕő ňăńëň őâłńőŋěŋĺïň őâ àăćŋőćěáĺï ěě ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ΔS, ΔV , ŋăľďěň: ΔE(S, V ) = dE + 1 2 d^2E ≡ dE + 1 2 d(dE) = (ŕàĺ dS ⇒ ΔS ĺ dV ⇒ ΔV ) = ( ∂E ∂S ) V ΔS + ( ∂E ∂V ) S ΔV + 1 2 [ ΔS d ( ∂E ∂S ) V + ΔV d ( ∂E ∂V ) S ] =⇒ =⇒ T_0ΔS − P_0ΔV + 1 2 [ΔSΔT − ΔV ΔP ] , čďě, ćąńĺğĺ àăćŋőćěáĺï: (∂E ∂S ) V = T_0, ( ∂E ∂V ) S = −P_0, d ( ∂E ∂S ) V =⇒ ΔT, d ( ∂E ∂V ) S =⇒ −ΔP, ĺ, ćěàŋãć ŕőáâőïŋŋãî Ąőńìæňăŋă k, ŕàĺďěň (ŕàĺ T_0 → T ) ł ąăğőćőľ äőàňãńě ďńï ćëçĺáńěŋĺï äńãłâãăæĺľ âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ: ~W ∝ exp (ΔS_Π k ) = exp [ − ΔR_{min} kT ] ⇒ exp [ − ΔT ΔS − ΔP ΔV 2kT ] , (9.34)

á ňăâàĺæěľ ãáâőľçĺćőáâĺ ć ŕőłăğăâěńě íłáŕőŋěŋâë. Őŋă àăąőâăěâ ŕàőáâő.

Ŋăŕàĺňěà, ďńï ćëçĺáńěŋĺï äńãłâãăæĺľ âěňŕěàăâãàë T ĺ őąêěňă V ŕőďáâăćĺň ć ŋěě àăğńőęěŋĺï őáâăńìŋëå ćěńĺçĺŋ ŕő ĺå ŕàĺàăéěŋĺïň:

ΔS = ( ∂S ∂T ) V ΔT + ( ∂S ∂V ) T ΔV = C_V T ΔT + ( ∂P ∂T ) V ΔV, ΔP = ( ∂P ∂T ) V ΔT + ( ∂P ∂V ) T ΔV, ĺ, ŕő őŕàěďěńěŋĺî, ≪T≫ ≡ T.

Ŕőńãçĺň:^~W ∝ exp [ − C_V 2kT^2

(ΔT )^2 + 1 2kT ( ∂P ∂V ) T (ΔV )^2 ] . (9.35)

Śàăćŋěŋĺě á (9.26), (9.29) á ãçěâőň (9.4), (9.13) ŋěňěďńěŋŋő ďăěâ, çâő:

3ďőŕőńŋĺâěńìŋőčő ćĺàâãăńìŋőčő âěŕńőĺğőńĺàőćăŋŋőčő ćŋěèŋěčő ĺáâőçŋĺłă àăąőâë.

—105—

≪(ΔT )^2≫ = kT^2 C_V , ≪(ΔV )^2≫ = −kT ( ∂V ∂P ) T = kT V K_T , (9.36)

≪ΔV ΔT≫ = 0, σ_2(T ) ≡ √ ≪(ΔT )^2≫ T^2 = √ k C_V ≈ σ_2(E) ∼ 1 √ N , (9.37)

σ_2(V ) ≡ √ ≪(ΔV )^2≫ V^2 = √ kT K_T V ≡ ( ∂(kT/V ) ∂P )_{1/2} T ≡ σ_2(N) −→ 1 √ N (9.38)

– ďńï ĺďěăńìŋőčő čăğă á ãàăćŋěŋĺïňĺ áőáâőïŋĺï: P V = NkT , C_V ∼ kN, S = C_P −Nμ/T .

Ăŋăńőčĺçŋő ďńï ćëçĺáńěŋĺï äńãłâăæĺĺ íŋâàőŕĺĺ S ć ŕăàě á äńãłâãăæĺěľ ďăćńěŋĺï P ŕőďáâăćĺň ć (9.34) àăğńőęěŋĺě ŕő ŋĺň ćăàĺăæĺľ őáâăńìŋëå ćěńĺçĺŋ:

ΔT = ( ∂T ∂S ) P ΔS + ( ∂T ∂P ) S ΔP = T C_P ΔS + ( ∂V ∂S ) P ΔP, ( ∂T ∂P ) S = ( ∂V ∂S ) P , ΔV = ( ∂V ∂S ) P ΔS + ( ∂V ∂P ) S ΔP, ĺ, â.ł. ( ∂V ∂P ) S = −V K_S , ŕőńãçĺň: ~W ∝ exp [ − (ΔS)^2 2kC_P − V K_S 2kT (ΔP )^2 ] . Śàăćŋěŋĺě á (9.26), (9.29) á ãçěâőň (9.4), (9.13) âěŕěàì ďăěâ, çâő:

≪(ΔS)^2≫ = kC_P , ≪(ΔP )^2≫ = −kT ( ∂P ∂V ) S = kT V K_S , ≪ΔSΔP≫ = 0, (9.39)

σ_2(S) ≡ √ ≪(ΔS)^2≫ S^2 = √ kC_P S ≃ √ k C_P −→ 1 √ N , (9.40)

σ_2(P ) ≡ √ ≪(ΔP )^2≫ P^2 = √ kT P V 1 P K_S ≡ − kT P V ( ∂ ln P ∂ ln V ) S −→ 1 √ N . (9.41)

Řĺá. 9.1. Ňĺŋĺňăńìŋăï àăąőâă ΔR_{min} > 0 ŕàĺ őąàăâĺňőň ãåőďě ć áőáâőïŋĺě b, čďě ŕőńŋăï íŋâàőŕĺï őáâăěâáï àăćŋőľ S^{ne}_Π ≡ S_Π = S_Π(E_Π − ΔR_{min}), ĺ äńãłâãăæĺï ŕőńŋőľ íŋâàőŕĺĺ S^{ne}_Π |_{EΠ} − S_Π(E_Π) = ΔS_Π < 0 ŕěàěď ŋěőąàăâĺňëň ćőğćàăâőň ŋă łàĺćãî àăćŋőćěáĺï S_Π(E_Π).

—106— ([3] §X.10, [4] §20-22, [5] §71–73, [6] §6,7,8,20,110–112, [7] §I.4, [8] §I.3, [56]) Ğăďăçĺ 15.1. Őąêïáŋĺâì àěğãńìâăâë (9.37), ĺáŕőńìğãï E(T ) ≈ C_V T , N(V ) = nV . 15.2. Ŕőłăğăâì, çâő (őâŋőáĺâěńìŋëě) äńãłâãăæĺĺ ŕńőâŋőáâĺ ĺğ (9.13) ĺ âěňŕěàăâãàë (9.37) áćïğăŋë áőőâŋőèěŋĺïňĺ ([24] N 153-162).

≪(Δn)^2≫

n^2 = kT K_T V , ≪(ΔT )^2≫

T^2 = ≪(Δn)^2≫ n^2 C_P − C_V C_V α^2_P T^2

, (9.42)

α_P = 1 V ( ∂V ∂T ) P , – łőíääĺæĺěŋâ őąêěňŋőčő àăáèĺàěŋĺï.

15.3. Ĺáŕőńìğãï (9.30), ŋăľâĺ äńãłâãăæĺî ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ, łăł äãŋłæĺĺ âěňŕěàăâãàë T ĺ ŕńőâŋőáâĺ n: ϵ = ϵ(n, T ) ([57], §2.1). 15.4. Ŕőńãçĺâì őąőąéěŋĺě ąăğőćőľ äőàňãńë (9.34) ďńï äńãłâãăæĺľ N, μ:

~W = A exp [ − ΔT ΔS − ΔP ΔV + ΔNΔμ 2kT ] . (9.43) 15.5. Ďńï ğăňłŋãâőľ áĺáâěňë N áŕĺŋőć 1/2 ĺğ Ŕàĺňěàă 1, (3.30)–(3.32), ŋăľâĺ ćěàőïâŋőáâì őâďěńìŋőčő ŋěćëàőęďěŋŋőčő ňĹłàőáőáâőïŋĺï w_m. Ŋăľâĺ áâăâĺáâĺçěáłĺľ ćěá Ω_N (m) ŋěàăćŋőćěáŋőčő, ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï, ňĂłàőáőáâőïŋĺï á N_+ áŕĺŋăňĺ ćďőńì ĺ N_− áŕĺŋăňĺ ŕàőâĺć őáĺ z, á ŕőńŋëň ňăčŋĺâŋëň ňőňěŋâőň M = mμ_B . Ŕőłăğăâì çâő ćěàőïâŋőáâì âăłőčő ŋěàăćŋőćěáŋőčő ňĂłàőáőáâőïŋĺï (äńãłâãăãæĺĺ) ŕàĺ m ≪ N áâàěňĺâáï ł čăãááőćã àăáŕàěďěńěŋĺî (9.25) (áà. á Ğăď. 20.5.) ([21] §6):

~W_N (m) =

Ω_N (m)

Γ_N = ( 1 2 )N N! N_+!N_−! −→ 1 2πN exp − m^2 2N , (9.44)

1 =^{N∑}_{m=−N}^~W_N (m) ≡^{N∑}_N +=0 ~W_N (2N_+ − N) = ( 1 2 + 1 2 )N , (Δm = 2). (9.45)

15.6. Ĺáŕőńìğãï ňěâőď ŕěàěćăńă ŕàĺ őąàăéěŋĺĺ áâăâĺáâĺçěáłőčő ĺŋâěčàăńă, ćëïáŋĺâì, łăł ŕńőâŋőáâì àăćŋőćěáŋőčő àăáŕàěďěńěŋĺï^~W^{eq}(x) âěàňőďĺŋăňĺçěáłőľ ćěńĺçĺŋë x áőčńăáőćăŋă ŕàĺ N → ∞ á čăãááőćëň àăáŕàěďěńěŋĺěň ěě äńãłâãăæĺľ^~W(x) ć áňëáńě (9.26) ([7] §I.4) (áà. (9.44)):

~W^{eq}(x) ≃^~W(x) =^(2π≪(x − x)^2≫^{)−1/2} ≡^(2π≪(Δx)^2≫^{)−1/2} .

15.7. ∀ ňĂłàőćěńĺçĺŋë E =^{N∑}_{j=1} ε_j łăł áãňňë ňĹłàőćěńĺçĺŋ ε_j áő áàěďŋĺňĺ ďńï j ≠ l : ≪ε_j ε_l≫ ⇒ ≪ε_j≫≪ε_l≫ ⇒ (≪ε≫)^2 , ĺ ≪ε^2_j≫ ⇒ ≪ε^2≫, (9.46) ĺňěěň: ≪E≫ = N≪ε≫, ≪(ΔE)2≫ = N≪(Δε)2≫, σ2(E) = σ_2(ε) √ N .

Ńěłæĺï 10 Ĺďěăńìŋëľ łćăŋâőćëľ čăğ

1 Śćïğì ďăćńěŋĺï á ćŋãâàěŋŋěľ íŋěàčĺěľ čăğă

Śőčńăáŋő (8.57), (8.46) ďńï ĺďěăńìŋőčő łćăŋâőćőčő čăğă: ≪N≫≡^∑_f ≪n_η(ε_f )≫, ≪E≫≡^∑_f ε_f ≪n_η(ε_f )≫, P_ηV ≡kT^∑_f ln Q^{(η)}_f .(10.1) Śãňňë ŕő ŋěćëàőęďěŋŋëň ďĺáłàěâŋëň ãàőćŋïň f ğďěáì ňőęŋő ğăňěŋĺâì áãňňőľ ŕő àăğńĺçŋëň ε_f á łàăâŋőáâìî ćëàőęďěŋĺï g(ε_f ), ă ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ – ĺŋâěčàăńăňĺ ŕő íŋěàčĺĺ ε_f ⇒ ε á ŕńőâŋőáâìî áőáâőïŋĺľ ŋă ěďĺŋĺçŋőň ĺŋâěàćăńě íŋěàčĺĺ (7.2), (7.4) ŕàĺ {f} → {p, σ}:

d^dx d^dp h^d ⇀↽dεD(ε, V )= dγ(ε, V ), γ(ε, V )= ε∫

0 dε^′D(ε^′, V ), γ(0, V )= 0, (10.2) ∑ f =^∑_{εf} g(ε_f ) ⇒ ∞∫

0 dε D(ε, V ), ε_f = ε_p =⇒_{D3/2} p^2 2m , D(ε, V )=⇒_{D3/2} A_{3/2} ε^{1/2},(10.3) ≪N≫ V ⇒_{{?}} n_η = 1 V ∞∫

0 dε D(ε, V ) ≪n_η(ε)≫ =⇒_{D3/2} 1 V ∞∫

0 dε A_{3/2} ε^{1/2} exp [β(ε − μ)] − η , (10.4) ≪E≫⇒U_η = ∞∫

0 dε D(ε, V ) ε ≪n_η(ε)≫ =⇒_{D3/2} ∞∫

0 dε A_{3/2} ε^{3/2} exp [β(ε − μ)] − η . (10.5)

Ăŋăńőčĺçŋő ďńï ďăćńěŋĺï, ĺğ (8.45), (8.46) ďńï ŕńőâŋőáâĺ áŕěłâàă (10.3): P_η V ⇒ 1 β ∞∫

0 dε D(ε, V ) ln Q^{(η)}(ε) =⇒_{D3/2} 1 β ∞∫

0 dε A_{3/2} ε^{1/2} ln Q^{(η)}(ε), (10.6)

Q^{(η)}_f = Q^{(η)}(ε) = ( 1 − η exp [−β(ε − μ)] )−η , A_{3/2} = g_s2πV ( 2m h^2 )3/2 . (10.7)

Ĺŋâěčàĺàőćăŋĺě (10.6) ŕő çăáâïň (10.2), (10.7) ĺ áàăćŋěŋĺě á (10.5) ďăěâ,

â.ł. á ãçěâőň (9.17):

∂ ln Q^{(η)}(ε) ∂ε ≡ − ∂ ln Q^{(η)}(ε) ∂μ = −β≪n_η(ε)≫, (10.8) çâő: P_η V = ∞∫

0 dε γ(ε, V ) ≪n_η(ε)≫ =⇒_{D3/2} 2 3 ∞∫

0 dε A_{3/2} ε^{3/2} exp [β(ε − μ)] − η , (10.9)

â.ě.: P_ηV = 2 3 U_η ĺńĺ P_η = 2 3 U_η V = 2 3 ≪u(T )≫. ( ŕàĺ ε_p ∼ p^ℓ_{(d)}: 2 3 → ℓ d ) (10.10)

Ćâőàőě ãàăćŋěŋĺě ć (10.10) áćïğëćăěâ ďăćńěŋĺě á ŕńőâŋőáâìî ćŋãâàěŋŋěľ íŋěàčĺĺ ≪u(T )≫ ĺďěăńìŋőčő čăğă. Őŋő áŕàăćěďńĺćő ďńï ĺďěăńìŋëå ŋěàěńïâĺćĺáâáłĺå äěàňĺ-, ąőğě- ĺ ňăłáćěńńőćáłőčő čăğőć (6.27) → (10.27).

—109—

2 Ŕăàăňěâàĺçěáłăï ğăŕĺáì ãàăćŋěŋĺï áőáâőïŋĺï

Ććőďï ąěğàăğňěàŋëě ŕěàěňěŋŋãî x = βε ĺ ŕăàăňěâà z = e^{βμ}, ŕàěďáâăćĺň ãàăćŋěŋĺě P = P (T, n) ŕàĺ Λ(T ) = h/(2πmkT )^{1/2} ć ŕăàăňěâàĺçěáłőň ćĺďě łăł ŕńőâŋőáâì n_η(T, μ) (10.4) ĺ ďăćńěŋĺě P_η(T, μ) (10.9): n_η(T, μ) = g_sz Λ^3(T ) 2 √ π ∞∫

0 dx x^{1/2} exp(x) − ηz = g_s Λ^3(T ) zΦ_{3/2}(ηz) ⇐=_{{?}} ≪N≫ V ,(10.11) P_η(T, μ) = g_sz Λ^3(T ) kT 4 3 √ π ∞∫

0 dx x^{3/2} exp(x) − ηz = g_s Λ^3(T ) kT zΦ_{5/2}(ηz). (10.12)

Řăğďěńĺć (10.12) ŋă (10.11), á ãçěâőň (10.15) ŋăľďěň ďàãčőľ ěčő ćĺď: P_η(T, μ) = n_η(T, μ)kT Φ_{5/2}(ηz) Φ_{3/2}(ηz) ≡ n_η kT { z d dz ln^(z Φ_{5/2}(ηz)^) }−1 , (10.13)

čďě á ãçěâőň ğŋăçěŋĺľ Γ(s) -äãŋłæĺĺ İľńěàă ĺ ζ(s) -äãŋłæĺĺ Řĺňăŋă, äãŋłæĺï Φ_s(y) őŕàěďěńěŋă ďńï s ≥ 0, −∞ < y < 1, ĺńĺ s > 1, y ≤ 1, ĺŋâěčàăńìŋëň ŕàěďáâăćńěŋĺěň ĺ àïďőň [ďăîéĺňĺ ćáě àăćěŋáâćă ĺğ (10.14)–

(10.17)], čďě őŋă ŕőńőęĺâěńìŋă ĺ ňőŋőâőŋŋő ćőğàăáâăěâ: Φ0(y) = (1 − y)−1,

Φ_s(y) = 1 Γ(s) ∞∫

0 dx x^{s−1} exp(x) − y

= Φ_s(−y) + y 2^{s−1} Φ_s(y^2) =⇒_{|y|≤1}^{∞∑}_{j=0} y^j (j + 1)^s

, (10.14) d dy ( yΦ_s(y) ) = Φ_{s−1}(y), yΦ_1(y)= ln ( 1 1 − y ) , Φ_s(y)> 0, Φ^′_s(y)> 0. (10.15)

Š.ł.: x^{s−1} Γ(s)

−→_{s→0} δ(x), âő: ∀ s ≥ 0 : Φ_s(1) = ζ(s), Φ_s(0) = 1, (10.16)

1> Φ_s(−1) =^(1 − 2^{1−s)} ζ(s) ≥ 1 2 = Φ_0(−1) = −ζ(0), Φ_s(−∞) = 0. (10.17)

Γ(s) = ∞∫

0 t^{s−1}e^{−t}dt, Γ(s + 1) = sΓ(s), Γ (3 2 ) = √ π 2 , Γ(1) = 1. (10.18) ζ(1) = ∞, ζ ( 3 2 ) ≈ 2, 61, ζ(2) = π^2/6 ≈ 1, 645, ζ (5 2 ) ≈ 1, 34, (10.19)

ζ(3) ≈ 1, 202, ζ(4) = π^4/90 ≈ 1, 082, ζ(5) ≈ 1, 037, ζ(∞) = 1. Φ_s(y) ïćńïěâáï ăŋăńĺâĺçěáłőľ äãŋłæĺěľ y, àěčãńïàŋőľ ć ŕńőáłőáâĺ á àăğàěğőň ŕàĺ y > 1, ćěéěáâćěŋŋőľ ŕàĺ y ≤ 1. Ŕěàěáâăŋőćłă ĺŋâěčàăńă ĺ áãňňë ğăłőŋŋă, ěáńĺ àïď ŕő y ŕőď ĺŋâěčàăńőň áåőďĺâáï àăćŋőňěàŋő, â.ě. 1 e^x − y = e^{−x ∞∑}_{j=0}(ye^{−x})^j , y = ηz, ŕàĺ ãáńőćĺĺ: ze^{−x} = e^{β(μ−ε)} < 1, (10.20)

—110— ĺńĺ μ < ε, ŕàĺ β = 1/kT , çâő ďńï ŕàőĺğćőńìŋëå ε ≥ 0 őğŋăçăěâ: μ < 0, â.ě. z = e^{βμ} < 1. Śńãçăľ μ = 0 ŕőâàěąãěâ őâďěńìŋőčő ĺğãçěŋĺï.

3 Ąőńìæňăŋőćáłĺľ ŕàěďěń ãàăćŋěŋĺï áőáâőïŋĺï łćăŋâőćőčő čăğă

Ąőńìæňăŋőćáłĺľ (łńăááĺçěáłĺľ) ŕàěďěń P = nkT ďńï ãàăćŋěŋĺï (10.13) àěăńĺğãěâáï, ěáńĺ őâŋőèěŋĺě ć áłőąłě^{{ }} → 1. Ĺğ (10.14), (10.16) ńěčłő ćĺďěâì, çâő íâő ĺňěěâ ňěáâő ŕàĺ 0 ≤ z ≪ 1, łőčďă ňőęŋő ŕàěŋěąàěçì ćáěňĺ çńěŋăňĺ àïďă, łàőňě ŕěàćőčő: Φ_s(0) = 1. Ćěńĺçĺŋă z = e^{βμ} ňăńă, őçěćĺďŋő, âőńìłő ć áńãçăïå, łőčďă ŕàőĺğćěďěŋĺě βμ < 0 ĺ ćěńĺłő ŕő ăąáőńîâŋőľ ćěńĺçĺŋě. Ł âăłőňã ãáńőćĺî ňë ãęě ŕàĺåőďĺńĺ. Ďńï ŕőńãçěŋĺï àăáŕàěďěńěŋĺï Ň-Ą (8.53) ĺğ àăáŕàěďěńěŋĺľ Ą-İ ĺ Ť-Ď (8.51) ŋěőąåőďĺňő ĺ ďőáâăâőçŋő, çâőąë e^{−βμ} ≫ 1, â.ě. μ → −∞. Ğăŕĺèěň ĺå âěŕěàì ć ŕàĺąńĺęěŋĺĺ ŋěŕàěàëćŋőčő áŕěłâàă (10.3) á ŕàőĺğćőńìŋőľ D(ε, V ), ććőďï ŕőńŋőě áàěďŋěě çĺáńő çăáâĺæ ć ĺŋâěàćăńě íŋěàčĺľ (ε, ε + dε) á η = ±1, 0:

dN_η(ε, T ) = ≪n_η(ε)≫ D(ε, V ) dε ≡^^F_η(ε)dε, á ŕńőâŋőáâìî (10.21)

àăáŕàěďěńěŋĺï: ^Fη(ε) = dN_η(ε, T ) dε = D(ε, V ) exp [β(ε − μ)] − η = V F^T_η (ε), (10.22)

– áàăćŋĺ á (11.55). Šőčďă ć ąőńìæňăŋőćáłőň ŕàěďěńě e^{−βμ} ≫ 1 ŕőńãçĺň, ěáâěáâćěŋŋő, àăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă ćĺďă (6.29), (6.33), âăłęě áőőâćěâáâćãîéěě ğďěáì äőàňăńìŋőňã ŕěàěåőďã ć (8.53) ł η = 0, ŋő, ć őâńĺçĺě őâ (6.28), ŋőàňĺàőćăŋŋőě ãęě ŋă ŕőńŋőě çĺáńő çăáâĺæ:

N^{{?}}=⇒ ≪N_η(T )≫,^^F_{η=0}(ε) ≡^^F_{M B} (ε) = D(ε, V ) exp [−β(ε − μ)] , (10.23) ≪N_η(T )≫ = ∞∫

0 ^F_η(ε)dε =⇒_{η=0} e^{βμ} ∞∫

0 e^{−βε}D(ε, V )dε ≡ e^{βμ}Z_1(T, V ), (10.24) (áà. (11.57), (11.58)) őâłãďă: βμ ≡ ln z = ln ( N Z_1 ) , μ = kT ln ( nV Z_1 ) .(10.25)

Řăğďěńĺć (10.23) ŋă (10.24), ŕőńãçĺň ćěàőïâŋőáâŋőě àăáŕàěďěńěŋĺě (6.29), čďě, ć őâńĺçĺě őâ (10.22), åĺňŕőâěŋæĺăń μ ãęě ŕőńŋőáâìî ĺáçěğăěâ

ďńï η = 0: ^F_{M B} (ε) ≪N_0(T )≫ = dw_{M B}(ε) dε ≡^~f_T (ε) = e^{−βε} Z_1

D(ε, V ). (10.26)

Ďńï D_{3/2}(ε, V ) ćĺďă (10.3) ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï ćŋőćì ŕàĺďěň ł àăáŕàěďěńěŋĺî Ňăłáćěńńă (6.27), (6.29) ŕő łĺŋěâĺçěáłĺň íŋěàčĺïň:

ε = ε_p =⇒_{D3/2} p^2 2m ,^~f_T (ε)=⇒_{D3/2} 2 √ ε exp{−ε/(kT )} √ π(kT )^{3/2} = 2 √ π (βε)^{3/2} ε e^{−βε}. (10.27)

—111— Őŕàěďěńĺň ğăćĺáĺňőáâì z = e^{βμ} = z(n, T ), ŕàěďŕőńăčăï, çâő ć (10.11), (10.14) 0 < z ≪ 1 (łćăŋâőćëě áĺáâěňë ŋĺęě ňőčãâ àăğàëćăâì íâã áćïğì {?}): N V ≡ n =⇒_{{?}} n_η(T, μ) ≡ n_0(T, μ)Φ_{3/2}(ηz) ≃ g_s z Λ^3(T ) ( 1 + ηz 2^{3/2} ) . (10.28)

Őâąàăáëćăï áŕěàćă ć (10.28) ĺ áńăčăěňőě O(z^2), ŕőńãçĺň (áà. (7.18)), çâő: N V ≡ n ⇒ n_0(T, μ) ≡ g_s z Λ^3(T ) , z ≈ δ(n, T ) ≡ n g_s Λ^3(T ) ≡ 2 √ π Nβ^{3/2} A_{3/2} . (10.29)

Šăłĺň őąàăğőň, ňăńőáâì z őąãáńőćńěŋă ĺňěŋŋő ňăńőáâìî ŕăàăňěâàă ćëàőęďěŋĺï δ(n, T ) ≪ 1, őğŋăçăîéěľ ňăńãî ŕńőâŋőáâì çăáâĺæ ĺ/ĺńĺ ćëáőłãî âěňŕěàăâãàã čăğă. Ŕěàćőě ęě ćëàăęěŋĺě (10.29) ïćńïěâáï âőçŋëň ďńï ąőńìæňăŋőćáłőčő čăğă ć áőčńăáĺĺ á (10.25) ŕàĺ Z_1 ⇒ Z^{Blm}_1 = g_sV/Λ^3(T ) (áà. á (6.40) ĺńĺ á (6.44), (6.45)), őâłãďă: μ ≡ kT ln z =⇒ kT ln δ(n, T ) ≡ kT ln [ n g_s Λ^3(T ) ] −→_{δ→0} −∞, (10.30) ďńï łőâőàőčő âőčďă ĺ ć (10.11) – (10.13), (10.28) ňőęŋő ŕàĺŋïâì η = 0. Ĺâăł, ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ δ(n, T ) ≪ 1, ă áăň åĺňĺçěáłĺľ ŕőâěŋæĺăń ŕàĺŋĺňăěâ ąőńìèĺě őâàĺæăâěńìŋëě ğŋăçěŋĺï: μ → −∞.

Ŋĺğèĺě ŕőŕàăćłĺ ŋă łćăŋâőćãî áâăâĺáâĺłã ł ąőńìæňăŋőćáłőňã ãàăćŋěŋĺî áőáâőïŋĺï ğăďăîâáï ńĺŋěľŋëňĺ ŕő ηz çńěŋăňĺ, ŋő ŋě ć (10.12), ă ĺňěŋŋő {!!} ć (10.13), čďě ğăâěň z ąěàěâáï ć ŕàĺąńĺęěŋĺĺ (10.29): P_η(T, μ) = n_ηkT 1 + ηz/2^{5/2} + o(z) 1 + ηz/2^{3/2} + o(z) =⇒_{{!!}} n_ηkT [ 1 − ηz 2^{5/2} + o(z) ] . (10.31)

Ďńï ĺďěăńìŋëå ąőğě-, äěàňĺ- ĺ ňăłáćěńń-ąőńìæňăŋőćáłőčő čăğőć ŋăľďěň: P_η(T, n_η) =⇒_{{!!}} n_ηkT 1 − ηδ(n_η, T ) 2^{5/2} + o(δ) , η = ±1, 0 = Ąİ ŤĎ , ŇĄ.(10.32)

Š.ě. íâă łćăŋâőćăï ďőąăćłă ł ďăćńěŋĺî őłăğëćăěâáï ŕőńőęĺâěńìŋă ďńï äěàňĺőŋőć ć áőőâćěâáâćĺĺ á ĺå ćğăĺňŋëň őââăńłĺćăŋĺěň ŕő ŕàĺŋæĺŕã Ŕăãńĺ ĺ őâàĺæăâěńìŋă ďńï âïčőâěîéĺå ł áńĺŕăŋĺî ąőğőŋőć. Ŕàĺňěŋěŋĺě ęě (10.12): P_η(T, μ) = n_0(T, μ)kT Φ_{5/2}(ηz) ŕàĺćěńő ąë ğďěáì ł ŕàőâĺćőŕőńőęŋëň – őèĺąőçŋëň ćëćőďăň. Š.ě. ŕàĺ η ≠ 0: n_η ⇐⇒ n ≠ n_0, {!!}.

Łńăááĺçěáłőňã ŕàěďěńã h → 0 ć áĺńã (10.29) őâćěçăěâ δ =⇒ 0, ĺ ńĺèì äőàňăńìŋő η = 0; ć ŕőáńěďŋěň áńãçăě P_Ą ⇒ P_Ť ⇒ P_Ň = nkT . Łăł àïď ŕő áâěŕěŋïň ŕńőâŋőáâĺ, (10.32) ăŋăńőčĺçěŋ ćĺàĺăńìŋőňã àăğńőęěŋĺî ďńï łńăááĺçěáłőčő ŋěĺďěăńìŋőčő čăğă (15.45), àăááňőâàěŋŋőňã ŋĺęě.

—112— Ŕőŕàăćłĺ ŋă łćăŋâőćãî áâăâĺáâĺłã áâăŋőćïâáï áãéěáâćěŋŋëňĺ á àőáâőň ŕăàăňěâàă ćëàőęďěŋĺï ãęě ŕàĺ δ ≥ 1, (δ ≃ 5). Ŕàĺ g_s ≃ 1 íâőâ ŕăàăňěâà ŕàěďáâăćńïěâ, ŕő áãâĺ, ďőńî łćăŋâőćőčő őąêěňă NΛ^3(T ) ćáěå ≪N≫ ≡ N çăáâĺæ ć ŕőńŋőň őąêěňě V čăğă: δ = Λ^3(T )/υ, čďě υ = V/N. Šăł łăł áàěďŋěe ňěęçăáâĺçŋőě àăááâőïŋĺě r ∼ υ^{1/3}, âő δ ∼ (Λ/r)^3 ŕőłăğëćăěâ, łăł ćěńĺłă ŕő áàăćŋěŋĺî áő áàěďŋĺň àăááâőïŋĺěň ňěęďã çăáâĺæăňĺ čăğă łćăŋâőćăï ŋěőŕàěďěńěŋŋőáâì Λ(T ) łőőàďĺŋăâë çăáâĺæë á íŋěàčĺěľ ŕőàïďłă kT . Ěáâěáâćěŋŋő, çâő łćăŋâőćëě íääěłâë (ćëàőęďěŋĺě čăğă) ŋěőąåőďĺňő ŕàĺŋĺňăâì ćő ćŋĺňăŋĺě, łőčďă ćőńŋőćëě äãŋłæĺĺ çăáâĺæ ňőčãâ ŕěàěłàëćăâìáï: r ∼ Λ(T ) ĺ δ ∼ 1. Ěáńĺ ęě r ćěńĺłő: r ≫ Λ(T ), âő: δ ∼ (Λ/r)^3 ≪ 1, ĺ áŕàăćěďńĺćő ąőńìæňăŋőćáłőě ŕàĺąńĺęěŋĺě. Řěğîňĺàãï, ňőęŋő áłăğăâì, çâő ąőńìæňăŋőćáłĺľ čăğ – íâő čăğ âïęěńëå çăáâĺæ á ŋĺğłőľ ŕńőâŋőáâìî ĺ ąőńìèĺň áŕĺŋőň, ŋăčàěâëľ ďő ćëáőłĺå âěňŕěàăâãà. Ŕěàěåőď (10.22) → (10.26) ćáłàëćăěâ őŕàěďěńěŋŋëľ “łćăŋâőćëľ áňëáń” åĺňĺçěáłőčő ŕőâěŋæĺăńă μ, á łőâőàëň áćïğăŋő âăłęě

4 Ćëàőęďěŋĺě ąőğě – čăğă ňăááĺćŋëå çăáâĺæ ĺ łőŋďěŋáăæĺï Ąőğě – İľŋèâěľŋă ŕàĺ T → 0

Ĺğãçěŋĺě âěàňőďĺŋăňĺçěáłĺå áćőľáâć áĺńìŋő ćëàőęďěŋŋőčő ĺďěăńìŋőčő ąőğě - čăğă ŋăçŋěň á ãáńőćĺï ćëàőęďěŋĺï δ(n, T ) > 1, łőâőàőě, áőčńăáŋő (10.29), ňőęŋő ŕàěďáâăćĺâì, łăł T < T_B (n). Şâőçŋĺň íâã T_B (n), ğăäĺłáĺàőćăć ŕńőâŋőáâì n ĺ ŕőŋĺęăï âěňŕěàăâãàã T ć (10.11) (η = +1) łăł δ(n, T ) ≡ n g_s Λ^3(T ) ≡ n g_s h^2 2πmkT 3/2 ≡ ζ ( 3 2 ) T_B (n) T 3/2 = zΦ_{3/2}(z), (10.33)

čďě z Φ_{3/2}(z) ≤ Φ_{3/2}(1) ć áĺńã (10.15), (10.16), áãéěáâćãěâ łăł ćěéěáâćěŋŋăï ĺ őďŋőğŋăçŋăï äãŋłæĺï âőńìłő ŕàĺ z ≤ 1, ŕàĺŋĺňăï ć z = 1 â.ě. μ = 0 áćőě ňăłáĺňăńìŋőě ćěéěáâćěŋŋőě ğŋăçěŋĺě (10.19). Š.ě. ãàăćŋěŋĺě (10.33) àăğàěèĺňő ńĺèì ŕàĺ T ≥ T_B (n). Śőłàăâĺć ć ŋěň ŋă T^{−3/2}, ĺńĺ ŕőńőęĺć T = T_B ŕàĺ z = 1, ďńï äĺłáĺàőćăŋŋőčő ŕőńŋőčő çĺáńă çăáâĺæ N ≡ ≪N≫ (10.1) ĺ n = N/V ŋăľďěň:

Φ_{3/2}(1) ≡ ζ ( 3 2 ) ≡ δ(n, T_B ) ≡ n g_s Λ^3(T_B) ≡ n g_s h^2 2πmkT_B 3/2 , (10.34)

â.ě.: kT_B ≡ kT_B (n) = h^2 2πm n g_sζ(3/2) 2/3 = 2N A_{3/2} ζ(3/2) √ π 2/3 . (10.35)

—113— Ć âő ęě ćàěňï ĺğ àăáŕàěďěńěŋĺï Ąőğě – İľŋèâěľŋă ćĺďŋő, çâő áàěďŋïï ğăáěńěŋŋőáâì őáŋőćŋőčő ãàőćŋï çăáâĺæ ĺďěăńìŋőčő ąőğě - čăğă, á ε = ε_0 = 0:

≪n_+(0)≫ ≡ ≪n^+_0 ≫ ≡ 1 exp(−βμ) − 1 ≡ ( 1 z − 1 )−1 = z 1 − z , (10.36)

ŕàĺ z → 1 áâăŋőćĺâáï: ≪n^+_0 ≫ ∼ ≪N≫ ≡ N → ∞ ĺ ňĂłàőáłőŕĺçěáłĺ ćěńĺłă. Ĺ őąàăâŋő (áň. âěłáâ ŕőáńě (9.21)), âăł łăł ŕàĺ íâőň, ĺğ (10.36): μ ≡ −kT ln 1 z = −kT ln ( 1 + 1 ≪n^+_0 ≫ ) ≃ −kT 1 ≪n^+_0 ≫ −→ −0, âő, ŕàĺ ≪n^+_0 ≫ → ≪N≫, åĺňĺçěáłĺľ ŕőâěŋæĺăń áâăŋőćĺâáï ňĂłàőáłőŕĺçěáłĺ ňăńőľ ćěńĺçĺŋőľ, ĺáçěğăîéěľ ć âěàňőďĺŋăňĺçěáłőň ŕàěďěńě ≪N≫ ≡ N → ∞. Š.ě. ąãďãçĺ őâàĺæăâěńìŋëň μ < 0 ć áĺńã ãáńőćĺï ≪n^+_0 ≫ ≥ 0, åĺňĺçěáłĺľ ŕőâěŋæĺăń áĺáâěňë ďőńęěŋ áâàěňĺâìáï ł ŋãńî: z → 1 − 0, μ = kT ln z → −0 ŕàĺ T → T_B + 0, ĺ μ ≡ 0, ŕàĺ 0 < T < T_B .

Şćěńĺçĺŋĺě ŕńőâŋőáâĺ n ŕàĺ äĺłáĺàőćăŋŋőľ âěňŕěàăâãàě ćëïćńïěâ íâőâ äăğőćëľ ŕěàěåőď łăł ŋăńĺçĺě łàĺâĺçěáłőľ ŕńőâŋőáâĺ n_c(T )Λ^3(T )/g_s ≡ δ(n_c, T ) = ζ(3/2) âăłőľ, çâő ğŋăçěŋĺï n > n_c(T ) = g_sζ(3/2)/Λ^3(T ) ãęě ŋěáőćňěáâĺňë á ãàăćŋěŋĺěň (10.33).

Őčàăŋĺçěŋŋőáâì őŕĺáăŋĺï ãàăćŋěŋĺïňĺ (10.4) = (10.11) = (10.33) őąïğăŋă ĺáçěğŋőćěŋĺî ŕàĺ ε → 0 łćăğĺłńăááĺçěáłőľ ŕńőâŋőáâĺ áőáâőïŋĺľ (10.3): D_{3/2}(ε, V ) ∼ ε^{1/2} → 0. Šăł çâő ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ ďńï łćăğĺŋěŕàěàëćŋőčő íŋěàčěâĺçěáłőčő áŕěłâàă ćłńăď őáŋőćŋőčő őďŋőçăáâĺçŋőčő áőáâőïŋĺï á f = 0, ε_0 = 0 őłăğăńáï ćëąàőèěŋ ĺğ áãňň ŕő áŕěłâàã (10.1) → (10.3). Ŋő ĺğ (9.19), (9.21), (10.36) ćĺďŋő, çâő äńãłâãăæĺĺ çĺáńă çăáâĺæ ć íâőň őáŋőćŋőň áőáâőïŋĺĺ ŕàĺ T → 0 ŋěőčàăŋĺçěŋŋő ćőğàăáâăîâ, ŕőáłőńìłã łőčďă ŕàĺ T → 0 ćáï áĺáâěňă áâàěňĺâáï ŕěàěľâĺ ć áćőě őáŋőćŋőě áőáâőïŋĺě á ŕőńŋőľ E = 0, áàěďŋïï ğăáěńěŋŋőáâì n^+_{f=0} (10.36) őáŋőćŋőčő ãàőćŋï á f = 0, ε_0 = 0 ĺďěăńìŋőčő ąőğě - čăğă ŋěőčàăŋĺçěŋŋő ćőğàăáâăěâ, â.ł. çĺáńő ąőğőŋőć ć őďŋőň áőáâőïŋĺĺ ŋĺçěň ŋě őčàăŋĺçěŋő. Š.ě. ŕàĺ T ≤ T_B ćłńăď íâőčő őďŋőçăáâĺçŋőčő ãàőćŋï ć âěàňőďĺŋăňĺłã ćáěľ áĺáâěňë (10.1) → (10.3) → (10.4) áâăŋőćĺâáï őŕàěďěńïîéĺň.

Ĺáŕàăćńěŋĺě ěě őŕĺáăŋĺï áőáâőĺâ ć âőň, çâőąë, ćěàŋãćèĺáì őâ (10.4), (10.28) ł âőçŋőľ áãňňě ć (10.1), (10.3), ïćŋő ãçěáâì ć ŋěľ íâőâ ćłńăď őáŋőćŋőčő ãàőćŋï á f = 0, ĺ áçĺâăâì, çâő ŕàĺ T ≤ T_B : μ ≡ 0, z ≡ 1, ă ãàăćŋěŋĺï (10.4) = (10.11) ≡ (10.33), łăł ĺ (10.5), (10.9), (10.12), ğăďăîâ ćłńăďë âőńìłő ćőğąãęďěŋŋëå áőáâőïŋĺľ á ε > 0. Šăł çâő ŕàĺ äĺłáĺàőćăŋŋőň ŕőńŋőň çĺáńě çăáâĺæ ≪N≫ ≡ N = nV áàěďŋěě çĺáńő çăáâĺæ ≪N_>(T )≫ âĺŕă (10.21) – (10.24), ŋő á íŋěàčĺěľ ε > 0 ŕàĺ T < T_B àăćŋő:

—114—

N − ≪n^+_0 ≫ = ≪N_>(T )≫ = ∞∫

0 D_{3/2}(ε, V )dε e^{βε} − 1 = V g_sΦ_{3/2}(1)

Λ^3(T )

≡V n_c(T ). (10.37)

Ŕőďáâăćńïï áîďă ćëàăęěŋĺï ďńï Λ^3(T ) ĺ T_B ĺğ (10.33) – (10.35), ŕőńãçĺň áàěďŋěě çĺáńő ćőğąãęďěŋŋëå çăáâĺæ ≪N_>(T )≫ (10.37) ĺ áàěďŋîî ğăáěńěŋŋőáâì őáŋőćŋőčő áőáâőïŋĺï (10.36) ŕàĺ T < T_B łăł àăğàëć áćïğĺ {?}: ≪N_>(T )≫ = nV Λ(T_B ) Λ(T ) 3 ≡ N ( T T_B )3/2 = √ π 2 A_{3/2}ζ ( 3 2 ) (kT )^{3/2} , (10.38)

≪n^+_0 ≫ = N − ≪N_>(T )≫ = N 1 − ( T T_B )3/2 −→_{T →0} N. (10.39) §ćńěŋĺě ŕěàěåőďă ňĂłàőáłőŕĺçěáłőľ ďőńĺ çăáâĺæ ąőğě–čăğă ć őáŋőćŋőě áőáâőïŋĺě ŋăğëćăîâ łőŋďěŋáăæĺěľ Ąőğě – İľŋèâěľŋă, ă áőőâćěâáâćãîéãî âěňŕěàăâãàã ŕěàěåőďă T = T_B , (10.35), ïćńïîéãîáï łőàŋěň ãàăćŋěŋĺľ z(n, T_B ) = 1, μ(n, T_B ) = 0, ŕàĺ łőâőàőľ łőŋďěŋáăâ ćőğŋĺłăěâ (ĺáçěğăěâ), ≪N_>(T_B )≫ = N, ŋăğëćăîâ âěňŕěàăâãàőľ ąőğě - łőŋďěŋáăæĺĺ. Ŕőńőęĺć ć (10.10) – (10.13) z → 1 ŕőńãçĺň ćëàăęěŋĺï á ≪N≫ → ≪N_>(T )≫ (10.37), (10.38) ďńï ćŋãâàěŋŋěľ íŋěàčĺĺ ĺ ďăćńěŋĺï ąőğě-čăğă ŕàĺ T < T_B : ≪N≫ kT Φ_{5/2}(z) Φ_{3/2}(z) ⇐=_{T >TB} 2 3 U ≡ P V^∗=⇒_{T <TB} ≪N_>(T )≫ kT ζ(5/2) ζ(3/2) , (10.40)

őąãáńőćńěŋŋëå âőńìłő çăáâĺæăňĺ ć áőáâőïŋĺïå á ε > 0; ĺďěăńìŋëľ ąőğěčăğ łőŋďěŋáĺàãěâáï ńĺèì ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě^1. Ŕőďáâăćĺć (10.38) ć (10.40), ĺ â.ł. F^{μ=0}=⇒ J = −P V ćńěçěâ (4.41)^{μ=0}=⇒ (5.36), âő ăŋăńőčĺçŋő ŋăáëéěŋŋőňã ŕăàã ĺ ĺğńãçěŋĺî, ŋăľďěň, çâő ďăćńěŋĺě, ă âăłęě őąêěňŋëě ŕńőâŋőáâĺ ćŋãâàěŋŋěľ íŋěàčĺĺ, íŋâàőŕĺĺ ĺ âěŕńőěňłőáâĺ ćëàőęďěŋŋőčő ąőğě-čăğă, łăł ĺ ěčő n_>(T ) = n_c(T ), ŋě ğăćĺáïâ őâ ěčő ŕőńŋőľ łőŋæěŋâàăæĺĺ n (őâ ěčő őąêěňă), ŋő âőńìłő őâ ěčő âěňŕěàăâãàë T [14]: 2U_∗ 3V ∗=⇒ T <T_B P ∗(T ) = n kT ζ(5/2) ζ(3/2) ( T T_B )3/2 ≡ g_sζ (5 2 )( 2πm h^2 )3/2 (kT )^{5/2}, (10.41) S_∗ V = ( ∂P ∂T ) μ ∗=⇒ T <T_B 5 2 P_∗(T ) T , C_{V ∗} =T ( ∂S ∂T ) V ∗=⇒ T <T_B 3 2 S_∗ = 15 4 P_∗(T )V T . (10.42)

Š.ě., ć őâńĺçĺě őâ ĺğńãçěŋĺï ĺ äőŋőŋőć {?}, ŕőńŋăï łőŋæěŋâàăæĺï – ŕńőâŋőáâì çĺáńă çăáâĺæ n ≡ N/V ĺ ďńï ćëàőęďěŋŋőčő ąőğě–čăğă őáâăěâáï ŋěğăćĺáĺňőľ âěàňőďĺŋăňĺçěáłőľ ŕěàěňěŋŋőľ, ă ŕőćěďěŋĺě ŕàĺ T → 0:

1Šăłãî áĺáâěňã ňőęŋő ŕàěďáâăćĺâì, łăł áňěáì łőŋďěŋáăâă ĺ ŋőàňăńìŋőčő čăğă á ε > 0. Ůĺáńő çăáâĺæ ć ŋőàňăńìŋőľ äăğě ŋě áőåàăŋïěâáï: őŋĺ ňőčãâ ãåőďĺâì ć łőŋďěŋáăâ, čďě ĺáçěğăěâ ĺå ćłńăď ć ďăćńěŋĺě ĺ ćŋãâàěŋŋîî íŋěàčĺî, ĺ ŕàĺåőďĺâì ĺğ ŋěčő. Ć âăłőľ áĺáâěňě μ ≡ 0.

—115— U_∗ ∼ P_∗ ∼ T^{5/2}, S_∗ ∼ C_{V ∗} ∼ ≪N_>(T )≫ ∼ T^{3/2} → 0 (10.43) áőčńăáőćăŋő á ğăłőŋőň Ŋěàŋáâă. Šőčďă łăł^{Φ_{5/2}(z)/Φ_{3/2}(z)^} −→_{z→0} 1, ĺ ŕàĺ T ≫ T_B (n), z ≪ 1 áŋőćă ŕàĺåőďĺň ł łńăááĺçěáłĺň ćëàăęěŋĺïň (6.45): U = 3 2 NkT, P (T, μ) = e^{βμ} ( 2πm h^2 )3/2 (kT )^{5/2} = nkT, ≪N_>(T )≫ → N. Ćąńĺğĺ âőçłĺ łőŋďěŋáăæĺĺ ŕàĺ T ≥ T_B , z ≤ 1 åĺňŕőâěŋæĺăń őŕàěďěńïěâáï àăğŋőáâìî ãàăćŋěŋĺľ (10.34) ĺ (10.33): Φ_{3/2}(1)−zΦ_{3/2}(z), àăćŋőľ ζ ( 3 2 ) 1 − ( T_B T )3/2 = 2 √ π ∞∫

0 x^{1/2}dx [ 1 e^x − 1 − 1 e^{x−βμ} − 1 ] =⇒ łőâőàăï, őďŋăłő, ŋě àăğńăčăěâáï ŕő æěńëň áâěŕěŋïň μ, ĺńĺ z −1, â.ł., áőčńăáŋő (10.15), (10.14), ěě ŕàőĺğćőďŋăï −Φ_{1/2}(z) ŋě áãéěáâćãěâ ŕàĺ z = 1. Ŕőáłőńìłã ćąńĺğĺ âőçłĺ ŕěàěåőďă åĺňŕőâěŋæĺăń |μ| őçěŋì ňăń, őáŋőćŋőľ ćłńăď ć íâőâ ĺŋâěčàăń ĺďěâ ĺğ őąńăáâĺ ňăńëå x, čďě ć őąőĺå áńăčăěňëå ŕőď ĺŋâěčàăńőň: e^{ϕ(x)} −1 ≈ ϕ(x). Őâłãďă ŕàĺ μ < 0 âăł łăł ćěáì ĺŋâěčàăń őáâăěâáï áåőďïéĺňáï, ŕőńăčăï x = β|μ|t^2, ĺňěěň: ⇒ 2β|μ| √ π ∞∫

0 dx x^{1/2}(x + β|μ|) = 2^√πβ|μ|, μ(T ) kT = − ζ^2(3/2) 4π 1 − ( T_B T )3/2 2 . Őâáîďă á ãçěâőň (10.11), (10.12), (5.33)-(5.36) ňőęŋő ŋăľâĺ ŕőćěďěŋĺě ďàãčĺå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ. Ďńï âěŕńőěňłőáâĺ á ãçěâőň (6.42), (10.35) ŋăľďěň (áà. (10.42)):

C_V = T ( ∂S ∂T ) V,N = T ( ∂S ∂T ) V,μ − (∂N/∂T )^2_{V,μ} (∂N/∂μ)_{V,T} =⇒_{D3/2} 15P V 4T − 9N^2 4T ( ∂μ ∂N ) V,T | | | | |_{T =TB} .(10.44)

Ěáńĺ μ(T ) ≡ 0 (áň. ŋĺęě äőâőŋë, äőŋőŋë), âő čăğ ćëàőęďěŋ ŕàĺ ńîąőľ âěňŕěàăâãàě, ĺ äőàňăńìŋëě T_B = ∞, ≪n^+_0 ≫ = ≪N≫ ≡ N ⇒ ∞ âěàïîâ áňëáń. Őďŋăłő äőàňãńë (10.38) – (10.43) á łőŋěçŋëň NT^{−3/2}_B = A ĺğ (10.35) ďăîâ âěàňőďĺŋăňĺłã ĺďěăńìŋőčő čăğă ňăčŋőŋőć áő áŕěłâàőň (10.3) ć äěààőňăčŋěâĺłě (ŕěàěćőàőâ áŕĺŋă – ćáěčďă æěńőě çĺáńő) ĺ ğăłőŋ Ąńőåă [49] ďńï ŋăňăčŋĺçěŋŋőáâĺ: M(0) − M(T ) = gμ_B ≪N_>(T )≫ = gμ_B AT^{3/2}.

Łőŋďěŋáăæĺï ĺďěăńìŋőčő ąőğě-čăğă ŕàőïćńïěâáï ć áćěàåâěłãçěáâĺ ęĺďłőčő čěńĺï He^4. Ńĺèì ćłńîçěŋĺě ŕàĺâïęěŋĺï ňěęďã çăáâĺæăňĺ ŕàĺćőďĺâ ł ŋăąńîďăěňőáâĺ ąőğě-łőŋďěŋáăæĺĺ ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě. ([5] §34,35,37,38,63, [6] §40,53-56,62, [7], [10], [13], [24] N107, [33], [36], [49]) Ğăďăçĺ 16.1. Ŕőńãçĺâì (10.44) ďńï C_V . Ŋăľâĺ ŕàĺ T = T_B ± 0 ŕőćěďěŋĺě ŕàőĺğćőďŋëå áęĺňăěňőáâĺ ĺ âěŕńőěňłőáâĺ ĺ åăàăłâěà äăğőćőčő ŕěàěåőďă. Łăł

—116— őŋ ňěŋïěâáï ŕàĺ ćłńîçěŋĺĺ ćŋěèŋěčő ŕőńï âïęěáâĺ (7.7) ([6] §62, [13])? 16.2. Ďńï ĺďěăńìŋőčő d- ňěàŋőčő łćăŋâőćőčő čăğă çăáâĺæ á ğăłőŋőň ďĺáŕěàáĺĺ ε_p = ap^ℓ á ŕőáâőïŋŋëňĺ a ĺ ℓ ŋăľâĺ ćĺď ďăćńěŋĺï P (T, μ), íŋâàőŕĺĺ S(T, V, μ), âěŕńőěňłőáâĺ C_V ĺ ãàăćŋěŋĺľ ăďĺăąăâë, ć âőň çĺáńě, łăł äãŋłæĺľ âěňŕěàăâãàë T ĺ ŕńőâŋőáâĺ çĺáńă çăáâĺæ n = N/V , N = const. 16.3. Ŕőłăğăâì, çâő ďăćńěŋĺě íâőčő čăğă áćïğăŋő á ŕńőâŋőáâìî íŋěàčĺĺ łăł λP = U/V ≡ ≪u(T )≫, λ = d/ℓ. Şąěďĺâìáï, çâő: U + P V = T S + μN, D(ε, V_d) ≡ g_sV_dC_d h^d p^{d−1}(ε) υ(ε) ⇒A_λε^{λ−1}, A_λ = g_sV_dC_d ℓh^da^λ , C_d =

2π^{d/2} Γ(d/2)

. (10.45)

16.4. Ŋăľâĺ åĺňĺçěáłĺě ŕőâěŋæĺăńë, ãàăćŋěŋĺï áőáâőïŋĺï ĺ ŕăàăňěâà ćëàőęďěŋĺï ĺďěăńìŋëå ãńìâàăàěńïâĺćĺáâáłĺå őďŋőňěàŋëå łćăŋâőćëå čăğőć ąěááŕĺŋőćëå ąőğőŋőć, ĺ äěàňĺőŋőć áő áŕĺŋőň 1/2, á ŕńőâŋőáâìî n_{(B),(F )} = N_{(B),(F )}/L, ŕàĺ âěňŕěàăâãàě T . Śàăćŋĺâì ĺå íŋěàčĺĺ, ďăćńěŋĺï ĺ íŋâàőŕĺĺ ďńï åĺňŕőâěŋæĺăńă μ_{(F ),(B)} = 0. ([61]) 16.5. Ŋăľâĺ ğăćĺáĺňőáâì íŋâàőŕĺĺ S ĺ âěŕńőěňłőáâĺ C_V ĺďěăńìŋőčő ćëàőęďěŋŋőčő ąőğě-čăğă őâ T ĺ V , áçĺâăï ĺğćěáâŋëň ěčő ďăćńěŋĺě P . 16.6. Ŕőńãçĺâì łćăŋâőćãî ŕőŕàăćłã ł ãàăćŋěŋĺî áőáâőïŋĺï ĺďěăńìŋőčő čăğă ć âěàňĺŋăå őďŋőçăáâĺçŋőľ áâăâáãňňë Z_1(β) (6.20) ([4] N VI.10): P_η = n_ηkT 1 − η 2 N Z_1(2β) Z^2_1 (β)

, čďě: Z_1(β) =^∑_f exp(−βε_f ). (10.46)

16.7. Řěèěŋĺě ŕăàăďőłáă Čĺąąáă (Ğăď. 5.3.) ŋă ïğëłě ňăâàĺæë ŕńőâŋőáâĺ (2.9)–(2.11) ďńï őŕĺáăŋĺï áŕĺŋőćëå áâěŕěŋěľ áćőąőďë çăáâĺæ ĺďěăńìŋëå čăğőć łăł áàěďŋěčő ăàĺäňěâĺçěáłőčő ňăâàĺæ őâďěńìŋëå łőňŕőŋěŋâ, ŕàĺ őďĺŋăłőćëå P, V, T . Ďńï çĺáâëå áőáâőïŋĺľ ďćãå łőňŕőŋěŋâ |ψ_a⟩, |ψ_b⟩ áłăçěł íŋâàőŕĺĺ ŕàĺ ĺå áňěèĺćăŋĺĺ ŕàĺŋĺňăěâ ćĺď [39], [41]:

ΔS_{ab} −→ −2kN T r (^^ϱ ln^^ϱ) = −2kN^∑_{σ=±} λ_σ ln λ_σ, čďě (10.47) ^ϱ_a = |ψ_a⟩⟨ψ_a|,^^ϱ =^^ ϱ_a + ^ϱ_b 2 , ĺ: λ_± = 1 ± |⟨ψ_a|ψ_b⟩| 2 , ěáâì, (10.48)

áőőâćěâáâćěŋŋő, ňăâàĺæă ŕńőâŋőáâĺ áňěáĺ ĺ ěě áőąáâćěŋŋëě ğŋăçěŋĺï. Ŕàĺ ⟨ψ_a|ψ_b⟩ = 0 ĺňěěň ΔS_{ab} = 2kN ln 2, ŕàĺ ⟨ψ_a|ψ_b⟩ = 1 ĺňěěň ΔS_{aa} = 0.

16.8. Ŋăľâĺ áćïğì łőŋáâăŋâë A ğăłőŋă Ąńőåă á ŕăàăňěâàăňĺ áŕěłâàă ňăčŋőŋőć [49]. 16.9. Šőçŋëě áćïğĺ {?} ŕàĺćőďïâ ł àăğŋőľ áãďìąě ďőąăćőł ć âàď. ŕàď., ĺňěï ćĺď [14]:

n = n_0(T, μ)Φ_{3/2}(z) + 1 V z (1 − z) , P (T, μ) kT = n_0(T, μ)Φ_{5/2}(z) − 1 V ln(1 − z). (10.49)

16.10. Ŕőłăğăâì, çâő (10.42) ěáâì ãàăćŋěŋĺě Łńăŕěľàőŋă-Łńăãğĺãáă äăğőćőčő ŕěàěåőďă 1-čő àőďă ŕàĺ υ_c = 1/n_c, ŋő á υ_0 = 0 ĺ s_0 = 0 – ďńï łőŋďěŋáăâă [14] Čń. 12 §3.

Ńěłæĺï 11

Řăćŋőćěáŋőě ĺğńãçěŋĺě

Ćăęŋãî àőńì ŕàĺ ğăàőęďěŋĺĺ łćăŋâőćőľ âěőàĺĺ ć ŋěďàăå âěàňőďĺŋăňĺłĺ ĺ áâăâĺáâĺçěáłőľ äĺğĺłĺ áëčàăńă äãŋďăňěŋâăńìŋăï ğăďăçă ő âěŕńőćőň àăćŋőćěáĺĺ ćěéěáâćă ĺ ĺğńãçěŋĺï. Ĺňěŋŋő ěě àěèěŋĺěň ïćĺńăáì äőàňãńă ďńï áŕěłâàăńìŋőľ ŕńőâŋőáâĺ íŋěàčĺĺ ĺğńãçěŋĺï ăąáőńîâŋő çěàŋőčő âěńă (Ŕńăŋł, 1900) ŋă őáŋőćě ŕàěďáâăćńěŋĺï ő ďĺáłàěâŋőáâĺ íŋěàčĺĺ őáæĺńńïâőàőć İŇŔ ĺ áãéěáâćőćăŋĺĺ ãŋĺćěàáăńìŋőčő łćăŋâă ďěľáâćĺï h̄ ĺ ŕàěďáâăćńěŋĺě őą ĺğńãçěŋĺĺ łăł ő äőâőŋŋőň čăğě (İľŋèâěľŋ, 1909). Ńĺŋěľŋőáâì ãàăćŋěŋĺľ íńěłâàőďĺŋăňĺłĺ (ŕàĺŋæĺŕ áãŕěàŕőğĺæĺĺ) őğŋăçăěâ őâáãâáâćĺě ćğăĺňőďěľáâćĺï äőâőŋőć – őŋĺ őąàăğãîâ ďěľáâćĺâěńìŋő ĺďěăńìŋëľ ąőğě-čăğ. Ěčő âěàňăńĺğăæĺï ĺ ŕőďďěàęăŋĺě ć àăćŋőćěáĺĺ őąïğăŋë ńĺèì ŕàőæěááăň ĺáŕãáłăŋĺï ĺ ŕőčńőéěŋĺï äőâőŋőć áâěŋłăňĺ őąêěňă V .

1 Ćőńŋőćëě ĺ łćăŋâőćëě áćőľáâćă İŇŔ. Ťőâőŋë

Ŕőáłőńìłã ćěłâőàë ŋăŕàïęěŋŋőáâĺ íńěłâàĺçěáłőčő E(r, t) ĺ ňăčŋĺâŋőčő H(r, t) ŕőńěľ ć čăãááőćőľ áĺáâěňě ěďĺŋĺæ ĺňěîâ őďĺŋăłőćãî àăğňěàŋőáâì, ãàăćŋěŋĺï áćőąőďŋőčő İŇŔ ć ćăłããňě ğăŕĺáëćăîâáï ć ćĺďě: (∇ × E) = − 1 c ∂H ∂t , (∇ × H) = 1 c ∂E ∂t , (11.1)

(∇ · E) = 0, (∇ · H) = 0. (11.2)

Ąěàï àőâőà őâ ŕěàćőľ ŕăàë ãàăćŋěŋĺľ Ňăłáćěńńă (11.1) á ãçěâőň ćâőàőľ ŕăàë (11.2) ŕàĺ (∇ × (∇ × E)) = ∇ (∇ · E) − ∇^2E =⇒ −∇^2E, ŕàĺåőďĺň ł ńĺŋěľŋëň ćőńŋőćëň ãàăćŋěŋĺïň á őŕěàăâőàőň Ďăńăňąěàă □ ćĺďă:

□E(r, t) = 0, □H(r, t) = 0, □A(r, t) = 0, čďě □ = ∇^2 − 1 c^2

∂^2 ∂t^2 , (11.3)

ĺňěîéĺň áćőĺň çăáâŋëň àěèěŋĺěň ć áĺáâěňě ŕőłőï áőďěàęăéěčő íâő ĺğńãçěŋĺě őąêěňă V ŕńőáłãî ňőŋőåàőňăâĺçěáłãî ćőńŋã, àăáŕàőáâàăŋïîéãîáï áő áłőàőáâìî áćěâă c ć ŋăŕàăćńěŋĺĺ ćőńŋőćőčő ćěłâőàă k á çăá-

—118— âőâőľ ω_k = c|k| = ck, á àăğňěàŋëňĺ ăňŕńĺâãďăňĺ íńěłâàĺçěáłőľ E ĺ ňăčŋĺâŋőľ H ŋăŕàïęěŋŋőáâěľ İŇŔ, áćïğăŋŋëňĺ á ěčő ćěłâőà-ŕőâěŋæĺăńőň A(r, t) ãáńőćĺěň ĺå čàăďĺěŋâŋőľ ĺŋćăàĺăŋâŋőáâĺ [30] ŕàĺ ěčő łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå á ńîąőľ čńăďłőľ äãŋłæĺěľ łőőàďĺŋăâ χ(r) ćĺďă

A(r, t) −→ A^′(r, t) = A(r, t) + ∇χ(r), A^′_0(r, t) = A_0(r, t) ≡ 0, A_{kσ} = a_{kσ}(t)e^{i(k·r)}, ä_{kσ}(t) + ω^2_ka_{kσ}(t) = 0, a_{kσ}(t) = e_{kσ} √ V e^{−iωkt}, (11.4) E_{kσ} = − 1 c ∂A_{kσ} ∂t = ikA_{kσ}, H_{kσ} = (∇ × A_{kσ}) = i (k × A_{kσ}) , (11.5)

čďě a_{kσ}(t)- ěě ŋőàňĺàőćăŋŋăï ŋă őąêěň ăňŕńĺâãďă, ă e_{kσ}- ěďĺŋĺçŋëľ ćěłâőà ŕőńïàĺğăæĺĺ ćőńŋë, ć áĺńã (11.2) őŕàěďěńïîéĺľ ŋăŕàăćńěŋĺï łőńěąăŋĺľ ćěłâőàőć A_{kσ}, E_{kσ}, H_{kσ} łăł ŕőŕěàěçŋëě ł ćőńŋőćőňã ćěłâőàã k:

(∇· E_{kσ}) ∝ (∇·A_{kσ}) = i(k·A_{kσ}) = 0, (k· e_{kσ}) = 0 = (k·(k × e_{kσ})). (11.6)

Š.ě. ĺňěîâáï âőńìłő ďćě ŋěğăćĺáĺňëě äĺğĺçěáłĺě ŕőńïàĺğăæĺĺ ŕńőáłőľ ćőńŋë σ = 1, 2 ć ŕńőáłőáâĺ, ŕěàŕěŋďĺłãńïàŋőľ ŋăŕàăćńěŋĺî ěě àăáŕàőáâàăŋěŋĺï. Ćőńŋă ŋăğëćăěâáï ńĺŋěľŋő ŕőńïàĺğőćăŋŋőľ, ěáńĺ ŋăŕàăćńěŋĺě łőńěąăŋĺľ őáâăěâáï ŕőáâőïŋŋëň. Ŋăŕàĺňěà, ďńï ćőńŋë, àăáŕàőáâàăŋïîéěľáï ć ŋăŕàăćńěŋĺĺ őáĺ Z, ŕőńïàĺğăæĺï ćďőńì őáěľ X ĺ Y ğăďăěâáï, áőőâćěâáâćěŋŋő, ćěłâőàăňĺ e_{k1} = (1, 0, 0)^⊤ ĺ e_{k2} = (0, 1, 0)^⊤ (áà. á (2.22), (2.23)). Śãŕěàŕőğĺæĺï ae_{k1} + be_{k2} ńĺŋěľŋëå ŕőńïàĺğăæĺľ c łőňŕńěłáŋëňĺ łőíääĺæĺěŋâăňĺ a, b, |a|^2 + |b|^2 = 1 ďăěâ ŕàăćő-R ĺńĺ ńěćő-L - íńńĺŕâĺçěáłãî ŕőńïàĺğăæĺî. Łàãčőćőľ ŕőńïàĺğăæĺĺ őâćěçăîâ ćěłâőàë: e_{kR} e_{kL} = 1 √ 2 (1, ±i, 0)^⊤ . (11.7)

Őąéěě àěèěŋĺě ćőńŋőćőčő ãàăćŋěŋĺï (11.3) ěáâì ćěéěáâćěŋŋăï áãŕěàŕőğĺæĺï ŕńőáłĺå ňőŋőåàőňăâĺçěáłĺå ŕőńïàĺğőćăŋŋëå íńěłâàőňăčŋĺâŋëå ćőńŋ – ćőńŋőćőľ ŕăłěâ E(r, t) (ĺ áőőâćěâáâćěŋŋő, ďńï H(r, t)) ćĺďă:

E(r, t) =^∑_{k,σ} [f_σ(k)E_{kσ} + (ł.á.)] = i^∑_{k,σ} k [f_σ(k)A_{kσ} − f^∗_σ (k)A^∗_{kσ}] , (11.8)

čďě σ = 1, 2 ĺńĺ σ = R, L. Ďńï İŇŔ ć ïéĺłě łőŋěçŋőčő őąêěňă k = k_ν ŕàĺŋĺňăěâ ďĺáłàěâŋëě ğŋăçěŋĺï ŕàĺ ŋăńőęěŋĺĺ ŕěàĺőďĺçěáłĺå čàăŋĺçŋëå ãáńőćĺľ: ćďőńì łăęďőčő àěąàă ïéĺłă V = L_1L_2L_3 ďőńęŋő ãłńăďëćăâìáï L_i = ν_iλ_{νi} æěńőě çĺáńő ν_i ďńĺŋ ćőńŋ λ_{νi} , i = 1, 2, 3. Šőčďă ćőńŋőćőľ ćěłâőà k_ν ĺ áőőâćěâáâćãîéěě ãáńőćĺě ŋőàňĺàőćłĺ ăňŕńĺâãď A_{kσ} (11.4) ć ïéĺłě á ãçěâőň őàâőčőŋăńìŋőáâĺ ćěłâőàőć ŕőńïàĺğăæĺĺ ŕàĺňãâ ćĺď:

—119—

(k_ν )_i = k_i(ν) = 2π λ_{νi} = 2π L_i ν_i, ν ≡ (ν_1, ν_2, ν_3), (e^∗_{kσ} · e_{kσ}′ ) = δ_{σσ}′ , (11.9) ∫ V exp [ i(k − k^′ ) · r ] d^3r = V δ_{kk}′ ≡V δ_{νν}′ , ∫ V (A^∗_k′_σ′ ·A_{kσ}) d^3r = δ_{σσ}′ δ_{kk}′ .(11.10)

Šăł łăł L_i ňĂłàőáłőŕĺçěáłĺ ćěńĺłĺ, âő ŕőďăćńïîéěě çĺáńő áńăčăěňëå ćő ćáěå áãňňăå (11.8) ĺňěěâ ν_i ≫ dν_i ≡ 1, ĺ őâŋőáĺâěńìŋëľ èăč ďĺáłàěâĺğăæĺĺ dν_i/ν_i ąãďěâ ňăń ĺ ďńï ćőńŋőćëå çĺáěń (11.9): k_i ≫ Δk_i = 2π/L_i −→_{L→∞} 0, ĺ őâ áãňňĺàőćăŋĺï ŕő k_ν ć (11.8) ňőęŋő ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî, ăŋăńőčĺçŋő ŕàăćĺńã (6.24) ďńï ďĺáłàěâŋëå ğŋăçěŋĺľ ĺňŕãńìáă: ∑ σ ∑ k_ν

≡^∑_σ^∑_{ν1ν2ν3} 1^3 −→^∑_σ ∫ d^3ν ≡^∑_σ V (2π)^3 ∫ d^3k =⇒ gV (2π)^3 ∫ d^3k, (11.11)

čďě g – çĺáńő ŋěğăćĺáĺňëå ŕőńïàĺğăæĺľ σ = 1, 2, ... łăęďőľ ćőńŋë. Šăł çâő çĺáńő àăğńĺçŋëå ňőŋőåàőňăâĺçěáłĺå ćőńŋ ć łãąĺłě d^3k á (k; k + dk) ĺ ć ĺŋâěàćăńě ăąáőńîâŋëå ğŋăçěŋĺľ (k, k + dk) ěáâì, áőőâćěâáâćěŋŋő: g1^3 −→_{1=dνi} gd^3ν = gV (2π)^3 d^3k ≡^~D(k, V )d^3k, g =^∑_{σ=1,2} 1 =⇒ 2, (11.12) ĺ^~D(k, V )dk = 2π∫

0 dφ π∫

0 dϑ sin ϑ^~D(k, V )k^2dk = g 4πV k^2 (2π)^3 dk. (11.13)

Ŕěàěåőďï ł æĺłńĺçěáłőľ çăáâőâě ω_k = ck, ŋăľďěň ŕőńŋőě çĺáńő ŕńőáłőćőńŋőćëå ňőď ć ĺŋâěàćăńě çăáâőâ (ω, ω + dω), â.ě., çĺáńő àăğńĺçŋëå őáæĺńńïâőàőć ŕőńï ć íâőň ĺŋâěàćăńě çăáâőâ: ~D(k, V )dk = D(ω, V )dω = 2 4πV ω^2 (2π)^3c^3 dω = V ω^2 π^2c^3 dω. (11.14)

Ŕàőæěďãàă łćăŋâőćăŋĺï áćőąőďŋőčő İŇŔ, łăł ćáïłőčő ćőńŋőćőčő (łőńěąăâěńìŋőčő) ŕàőæěááă (11.3), (11.4) á çăáâőâőľ ω_k, áćőďĺâáï ł łćăŋâőćăŋĺî áĺáâěňë čăàňőŋĺçěáłĺå őáæĺńńïâőàőć (8.58), ĺ ďńï ŕőńŋëå íŋěàčĺĺ E ĺ ĺňŕãńìáă P İŇŔ ãęě ĺğćěáâŋë ćâőàĺçŋő łćăŋâőćăŋŋëě őâćěâë (8.73): E = ∫ V d^3r

E^2(r, t) + H^2(r, t) 8π , P = ∫ V d^3r (E(r, t) × H(r, t)) 4πc , (11.15)

E =⇒^∑_{k,σ} n_{kσ}h̄ω_k, P =⇒^∑_{k,σ} n_{kσ}h̄k, (11.16)

ěáńĺ ŕàĺ ŕàěåőďě őâ (11.15) ł (11.16) ğăňěŋĺâì âăň ĺ ć (11.8) f_σ(k) →^^a_{kσ}, â.ě. |f_σ(k)|^2 →^^a^+_{kσ}^^a_{kσ} =^^n_{kσ} → n_{kσ}, őâąàőáĺć ąěáłőŋěçŋãî ćăłããňŋãî íŋěàčĺî İŇŔ, àăćŋãî, áőčńăáŋő (8.73), áãňňě íŋěàčĺľ őáŋőćŋëå áőáâőïŋĺľ ąěáłőŋěçŋőčő çĺáńă őáæĺńńïâőàőć ŕőńï: E_0 =^∑_{k,σ} h̄ω_k/2 → ∞, â.ě. ěě

—120— ĺ ŕàĺŋïć ğă ŋăçăńő őâáçěâă íŋěàčĺĺ E ć (11.16). Őďŋăłő íâă àăáåőďïéăïáï áãňňă ďńï E_0 çãćáâćĺâěńìŋă ł áňěŋě čàăŋĺçŋëå ãáńőćĺľ ŋă áâěŋłăå őąêěňă V , çâő ŕàĺćőďĺâ ł ŋăąńîďăěňőňã íääěłâã ŕàĺâïęěŋĺï Łăğĺňĺàă, ĺ âăłőľ àěæěŕâ ąőàìąë á íâőľ àăáåőďĺňőáâìî âàěąãěâ ãâőçŋěŋĺï [13].

Śőčńăáŋő (8.68)–(8.73), äőàňãńë (11.16) ŕőğćőńïîâ čőćőàĺâì ő łćăŋâăå İŇŔ ĺńĺ äőâőŋăå (İľŋèâěľŋ, 1909) łăł ő çăáâĺæăå, íŋěàčĺï ĺ ĺňŕãńìá łőâőàëå őŕàěďěńïîâáï áőőâŋőèěŋĺïňĺ ε_k = h̄ω_k, p = h̄k. Šăł łăł ω_k = ck, âő áćïğì íŋěàčĺĺ äőâőŋă á ěčő ĺňŕãńìáőň ε_p = cp őğŋăçăěâ, çâő äőâőŋ – çăáâĺæă á ŋãńěćőľ ňăááőľ ŕőłőï m = 0. Ůĺáńő ğăŕőńŋěŋĺï n_{kσ} âěŕěàì ĺňěěâ áňëáń çĺáńắ äőâőŋőć ć áőáâőïŋĺĺ |k, σ⟩ á íŋěàčĺěľ ε_k = h̄ω_k, ĺňŕãńìáőň p = h̄k ĺ őŕàěďěńěŋŋőľ ŕàőěłæĺěľ áŕĺŋă, ğăďăŋŋőľ ŕőńïàĺğăæĺěľ σ. Ćőńŋőćăï äãŋłæĺï äőâőŋă A_{kσ} (11.4) – ćěłâőà, ĺ İŇŔ, łăł ćěłâőàŋőě ŕőńě, ŋěáěâ ňőňěŋâ, àăćŋëľ ěďĺŋĺæě. Őďŋăłő ěčő ąěğňăááőćőáâì çěàěğ ãáńőćĺě ěčő ŕőŕěàěçŋőáâĺ (11.6) őáâăćńïěâ âőńìłő ďćě ŋěğăćĺáĺňëě áŕĺŋőćëě áâěŕěŋĺ áćőąőďë ĺğ âàěå. Ĺň ĺ őâćěçăîâ ďćă ğŋăçěŋĺï áŕĺàăńìŋőáâĺ – ŕàőěłæĺĺ áŕĺŋă ŋă ŋăŕàăćńěŋĺě ĺňŕãńìáă, áőőâćěâáâćãîéĺě ďćãň ŋěğăćĺáĺňëň łàãčőćëň ŕőńïàĺğăæĺïň (11.7): ŕàőěłæĺĺ áŕĺŋă ŋă ŋăŕàăćńěŋĺě ĺňŕãńìáă, àăćŋőľ +1, áőőâćěâáâćãěâ ŕàăćőłàãčőćăï ŕőńïàĺğăæĺï e_{kR} ŕńőáłőľ ňőŋőåàőňăâĺçěáłőľ ćőńŋë, ă ŕàőěłæĺĺ, àăćŋőľ −1 – ńěćőłàãčőćăï ŕőńïàĺğăæĺï e_{kL}, čńïďï ćáńěď ãńěâăîéěňã äőâőŋã, ĺ łàăâŋőáâì ćëàőęďěŋĺï ŕő áŕĺŋã ďńï äőâőŋă g_s = g = 2. Ďńï áćőąőďŋőčő İŇŔ ŋě áãéěáâćãěâ äőâőŋă á àăćŋőľ ŋãńî ŕàőěłæĺěľ áŕĺŋă ŋă ŋăŕàăćńěŋĺě ĺňŕãńìáă. Š.ł. áŕĺŋ àăćěŋ 1, âő äőâőŋ ïćńïěâáï ąőğě- çăáâĺæěľ.

2 Ĺďěăńìŋëľ čăğ äőâőŋőć ĺ äőàňãńă Ŕńăŋłă

Ĺâăł, àăćŋőćěáŋőě íńěłâàőňăčŋĺâŋőě ĺğńãçěŋĺě ňőęŋő àăááňăâàĺćăâì łăł ĺďěăńìŋëľ čăğ äőâőŋőć, ŋăåőďïéĺåáï ć őąêěňě V ŕàĺ âěňŕěàăâãàě T . Őáőąěŋŋőáâì íâőčő čăğă ć âőň, çâő âěŕńőćőě àăćŋőćěáĺě ć ŋěň ãáâăŋăćńĺćăěâáï ŋě ğă áçěâ ćëłńîçăěňőčő ć àăćŋőćěáĺĺ ćğăĺňőďěľáâćĺï ďàãč á ďàãčőň ć čăğě N ňăááĺćŋëå çăáâĺæ, ă ğă áçěâ ŋěŕàěłàăéăîéěčőáï ĺáŕãáłăŋĺï ĺ ŕőčńőéěŋĺï äőâőŋőć áâěŋłăňĺ őąêěňă V . Ŕőíâőňã ŕőńŋőě çĺáńő äőâőŋőć N, ŋě ïćńïïáì äĺłáĺàőćăŋŋëň ć ŕàĺŋæĺŕě, őŕàěďěńïěâáï ĺğ ãáńőćĺï àăćŋőćěáĺï ďńï ŕăàăňěâàőć T, V, N ňĺŋĺňãňőň áćőąőďŋőľ íŋěàčĺĺ: (∂F/∂N)_{T,V} = μ = 0. Ŋő, â.ł. íâă ęě ŕàőĺğćőďŋăï őŕàěďěńïěâ åĺňĺçěáłĺľ ŕőâěŋæĺăń, âő μ ≡ 0, ĺ àăćŋőćěáŋëľ äőâőŋŋëľ čăğ ćěďěâ áěąï łăł ŋăáëéěŋŋëľ ŕăà: P (T, μ) → P (T ), (11.26), ĺ n(T, μ) → n(T ) (11.27), ĺ

—121— ć íâőň áňëáńě ćëàőęďěŋ ŕàĺ ńîąőľ âěňŕěàăâãàě, ěáńĺ ãáńőćŋő áőŕőáâăćĺâì

ŕőčńőéěŋĺě äőâőŋőć áâěŋłăňĺ ĺå ãåőďã ć ąőğě - łőŋďěŋáăâ (áň., őďŋăłő, (11.34) ĺ ŋĺęě).

Š.ě., ć őâńĺçĺě őâ (10.37), ŋĺ ďăćńěŋĺě, ŋĺ ŕńőâŋőáâì (11.68) ŋě ïćńïîâáï ąőńěě ŋěğăćĺáĺňëňĺ ĺŋâěŋáĺćŋëňĺ âěàňőďĺŋăňĺçěáłĺňĺ ŕěàěňěŋŋëňĺ: P = P (T ) =^~P (n), ă áàěďŋěě çĺáńő äőâőŋőć ≪n_{kσ}≫ ć áőáâőïŋĺĺ |k, σ⟩ ďăěâáï ∀ T äőàňãńőľ àăáŕàěďěńěŋĺï Ąőğě-İľŋèâěľŋă á μ ≡ 0:

≪n_{kσ}≫ = ≪n_+(ε_{kσ})≫ ⇒ [exp(βε_{kσ}) − 1]^{−1} , ε_{kσ} = h̄ω_k. (11.17) Łćăğĺłńăááĺçěáłőě çĺáńő äőâőŋŋëå áőáâőïŋĺľ á íŋěàčĺïňĺ ε = cp, ďńï ĺå ŋěŕàěàëćŋőčő ŕàĺ V → ∞ áŕěłâàă ć ĺŋâěàćăńě (ε, ε + dε), àăćŋő: D(ε, V )dε ≡ gV (h)^3 ∫ Ω=4π dΩ d^3p dΩ ≡ g 4πV p^2 (2πh̄)^3 dp ⇒ V ε^2 π^2(h̄c)^3 dε, (11.18)

ăŋăńőčĺçŋő (6.24), (6.26). Ŕěàěåőďï ł çăáâőâăň: ε = h̄ω, ŕőńãçĺň ćëàăęěŋĺě, áőćŕăďăîéěě á łńăááĺçěáłĺň ćőńŋőćëň àěğãńìâăâőň (11.14): D(ε, V )dε =⇒ D(ω, V )dω = V ω^2 π^2c^3 dω. Ćáîďã ďăńěě: βε ≡ h̄ω k_B T . (11.19)

Ěáńĺ, ĺáåőďï ĺğ âěőàěňë ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ ŕő áâěŕěŋïň áćőąőďë, ŕàĺŕĺáăâì ğďěáì łăęďőľ ŋěğăćĺáĺňőľ ćőńŋőćőľ őáæĺńńïâőàőľ ňőďě ω_k ćłńăď k_B T , âő áãňňăàŋăï íŋěàčĺï ĺğńãçěŋĺï ć àăňłăå âăłőčő łńăááĺçěáłőčő áâăâĺáâĺçěáłőčő őŕĺáăŋĺï őłăğëćăěâáï àăáåőďïéěľáï ćěńĺçĺŋőľ: U ≡≪E≫^?−→_{ε→∞} k_B T ε∫

0 dε^′D(ε^′, V )=k_BT γ(ε, V )≡ k_B T V 3π^2 ( ε h̄c )3 → ∞.(11.20)

Ŕőíâőňã ěáńĺ ŋě áőňŋěćăâìáï ć áăňőľ ćőğňőęŋőáâĺ áőáâőïŋĺï âěŕńőćőčő àăćŋőćěáĺï ďńï ĺğńãçěŋĺï ĺ ć ŕàĺňěŋĺňőáâĺ ł ŋěňã íâőľ âěőàěňë, âő ŕàĺ ε → ∞ ďőńęŋő ćĺďőĺğňěŋĺâìáï áăňő ŕőŋïâĺě ěčő áâěŕěŋěľ áćőąőďë. Ďěľáâćĺâěńìŋő, ĺğ (11.17) á ãçěâőň (11.19) ŋăåőďĺň áàěďŋĺě çĺáńő çăáâĺæ (10.21) ĺ ĺå íŋěàčĺî ć čăğě, ŕàĺåőďïéĺěáï ŋă áŕěłâàăńìŋëľ ĺŋâěàćăń dε: dN_ε(T ) = ≪n_+(ε)≫ D(ε, V )dε ≡ V π^2(h̄c)^3 ε^2 [exp(βε) − 1] dε, (11.21) dE_ε(T ) = εdN_ε(T ) = V u(ε, T )dε ≡ V π^2(h̄c)^3 ε^3 [exp(βε) − 1] dε, (11.22)

Řăğďěńĺć dE_ε(T ) (11.22) ŋă V ĺ dε, ŕőńãçĺň áŕěłâàăńìŋãî ŕńőâŋőáâì íŋěàčĺĺ àăćŋőćěáŋőčő ĺğńãçěŋĺï ĺńĺ ğŋăňěŋĺâëľ Ŕńăŋłőćáłĺľ “ğăłőŋ àăáŕàěďěńěŋĺï íŋěàčĺĺ ć ŋőàňăńìŋőň áŕěłâàě ĺğńãçěŋĺï” (Řĺá. 11.3). dE_ε(T ) V dε = u(ε, T ) = ≪n_+(ε)≫ ε D(ε, V ) V = 1 π^2(h̄c)^3 ε^3 [exp(βε) − 1]

. (11.23)

—122—

3 Şàăćŋěŋĺï áőáâőïŋĺï äőâőŋŋőčő čăğă

Ĺğ (5.34), (5.37) ďńï μ ≡ 0 ćŋőćì łăł ďńï áĺáâěňë á ŋãńěćëň ŕőâěŋæĺăńőň Čĺąąáă Φ ≡ 0, â.ě. F = J + μN ⇒ J = −P V , ĺňěěň: (∂P/∂V )_T ⇒ 0 ŕàĺ P ≡ − ( ∂F ∂V ) T =⇒_{!!!} P (T ), ( ∂U ∂V ) T ≡ T dP (T ) dT − P (T ) =⇒_{!!!} U V , (11.24)

ă ĺŋâěčàĺàőćăŋĺě ŕő dε ŕő çăáâïň ćŋőćì ŕàĺćőďĺâ (10.9) á ãçěâőň (11.18)– (11.20), (11.22) ł ãàăćŋěŋĺî áőáâőïŋĺï âĺŕă (10.10) ďńï äőâőŋŋőčő čăğă: V dP_ε(T ) = ≪n_+(ε)≫ γ(ε, V )dε, ĺ â.ł. γ(ε, V ) = ε D(ε, V ) 3 , âő (11.25) dP_ε(T ) dε = 1 3V dE_ε(T ) dε = 1 3 u(ε, T ), ĺ P (T ) = 1 3 U V ≡ 1 3 ⟨⟨u(T )⟩⟩. (11.26) Řěèěŋĺě ãàăćŋěŋĺľ (11.24), (11.26): T ∂_T P (T ) = 4P (T ), ňőęŋő ćőáŕàőĺğćěáâĺ ĺŋâěčàĺàőćăŋĺěň (11.21), (11.22), (11.25) á ãçěâőň (10.14)–(10.19): nV ≡≪N(T )≫ = ∫ dN_ε(T )= V π^2(h̄c)^3 ∞∫

0 dε ε^2 [exp(βε) − 1] = V (k_B T )^3 π^2(h̄c)^3

I_3, (11.27) U≡≪E(T )≫ = ∫ dE_ε(T )= V π^2(h̄c)^3 ∞∫

0 dε ε^3 [exp(βε) − 1] = V (k_B T )^4 π^2(h̄c)^3

I_4, (11.28)

čďě: I_s = ∞∫

0 x^{s−1}dx exp(x) − 1

= Γ(s)Φ_s(1) = Γ(s)^{∞∑}_{ℓ=1} 1 ℓ^s = Γ(s)ζ(s), â.ě.: (11.29)

I_3 = Γ(3)ζ(3) = 2!ζ(3) ≈ 2, 40; I_4 = Γ(4)ζ(4) = 3!ζ(4) = π^4 15 ≈ 6, 49, (11.30)

ĺ, ŕőďáâăćĺć ć (11.28), ŕőńãçĺâì ğăłőŋ ĺ łőŋáâăŋâã Śâěäăŋă – Ąőńìæňăŋă U = σT^4V, σ = π^2k^4_B 15(h̄c)^3

= 7, 56 · 10^{−15} íàč · áň^{−3} · Ł^{−4}, ă â.ł.: (11.31) −F =⇒ P V = U 3 , âő ĺ: S ≡ U − F T ≡ V ( ∂P ∂T ) μ =⇒ 4 3 σT^3V (11.32)

– íŋâàőŕĺî äőâőŋŋőčő čăğă, ãďőćńěâćőàïîéĺě ğăłőŋã Ŋěàŋáâă: S −→ 0_{T →0} . İŋěàčĺï, ŕàĺåőďïéăïáï ć áàěďŋěň ŋă őďŋã çăáâĺæã (áà. (10.40)), àăćŋă: ≪E(T )≫ ≪N(T )≫ = I_4 I_3 k_B T = 3 ζ(4) ζ(3) k_B T, ⟨⟨u(T )⟩⟩ 3 = P = ζ(4) ζ(3) n(T )k_B T, (11.33)

čďě:

ζ(4) ζ(3)

≈ 0, 900 → 1. Ĺńĺ

I_4 I_3 → 3, â.ě. ≪E(T )≫ 3≪N(T )≫ → k_B T, (11.34)

—123— ŕàĺ I_s → Γ(s) – á őâąàăáëćăŋĺěň 1 ć ğŋăňěŋăâěńïå (11.27)–(11.29) – ć őąńăáâĺ ćëáőłĺå çăáâőâ ĺ ŋĺğłĺå âěňŕěàăâãà, čďě äőâőŋŋëľ čăğ (11.33) őłăğëćăěâáï őçěŋì ŕőåőęĺň ŋă łńăááĺçěáłĺľ ĺďěăńìŋëľ čăğ á ŕőńŋëň çĺáńőň ≪N(T )≫ (11.27) çăáâĺæ, á íŋěàčĺěľ ε_p = c|p|. Ťőàňãńă (11.34) ŕőłăğëćăěâ, çâő ŕàĺ íâőň ć áàěďŋěň ŋă őďŋã łőàŕãáłãńïàŋãî áâěŕěŋì áćőąőďë íâőčő čăğă, ć áőčńăáĺĺ á âěőàěňőľ ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ (6.7), (6.10), ŕàĺåőďĺâáï ŕőçâĺ k_B T , łăł ĺ ŋă őďŋã őáæĺńńïâőàŋãî ćőńŋőćãî ňőďã (11.4) İŇŔ ć (11.20). Šő ěáâì ŕàĺ ćëáőłĺå çăáâőâăå ąěáłőŋěçŋőě çĺáńő ćőńŋőćëå áâěŕěŋěľ áćőąőďë ŕńăćŋő àěďãæĺàãîâáï ł łőŋěçŋőňã çĺáńã 3≪N(T )≫ łőàŕãáłãńïàŋëå áâěŕěŋěľ áćőąőďë. Šăł çâő áőčńăáŋő ďćőľáâćěŋŋőľ ŕàĺàőďě İŇŔ, ĺňěîâáï ďćă łńăááĺçěáłĺå ŕàěďěńă ğăłőŋă Ŕńăŋłă:

• Kńăááĺçěáłĺľ łőàŕãáłãńïàŋëľ ŕàěďěń äőàňãńë (11.23): βε ≡ h̄ω k_B T ≫ 1, ≪n_+(ε)≫ = [exp (βε) − 1]^{−1} =⇒ exp (−βε) , u(ε, T ) =⇒ εD(ε, V ) V exp (−βε) = ε^3 π^2(h̄c)^3 exp (−βε) , (11.35)

ĺğćěáâŋëľ łăł äőàňãńă Ćĺŋă. İâőâ ćëáőłőçăáâőâŋëľ ĺ ć âő ęě ćàěňï ŋĺğłőâěňŕěàăâãàŋëľ ŕàěďěń, âěň ŋě ňěŋěě, ŕàĺ μ = 0 őâćěçăěâ ąőńìæňăŋőćáłőňã ŕàĺąńĺęěŋĺî ďńï çăáâĺæ á íŋěàčĺěľ ε = cp = h̄ω ĺ ŕńőâŋőáâìî áőáâőïŋĺľ (11.18) ĺ ãďőćńěâćőàĺâěńìŋő őŕĺáëćăěâ íłáŕěàĺňěŋâăńìŋëě ďăŋŋëě ć őąńăáâĺ ňăńëå ďńĺŋ ćőńŋ λ, â.ě. ćëáőłĺå çăáâőâ ω = 2πc/λ.

• Kńăááĺçěáłĺľ ćőńŋőćőľ ŕàěďěń äőàňãńë (11.23): βε ≡ h̄ω k_B T ≪ 1, exp (βε) − 1 =⇒ βε, ε ≪n_+(ε)≫ =⇒ 1 β = k_B T, u(ε, T ) ⇒ D(ε, V ) V β = ε^2 k_B T π^2(h̄c)^3 , u(ω, T ) ≡ h̄u(ε, T ) ⇒ ω^2 π^2c^3 k_B T, (11.36)

őŋ ęě – ďńĺŋŋőćőńŋőćëľ (ŋĺğłőçăáâőâŋëľ), őŋ ęě – ćëáőłőâěňŕěàăâãàŋëľ ŕàěďěń ğăłőŋă Ŕńăŋłă, ĺğćěáâŋëľ łăł äőàňãńă Říńěï-Ďęĺŋáă. Ŕőŕëâłă àăáŕàőáâàăŋěŋĺï íâőľ äőàňãńë ŋă őąńăáâì ćëáőłĺå çăáâőâ ćőğćàăéăěâ ŋăá ł “ãńìâàăäĺőńěâőćőľ łăâăáâàőäě” àăáåőďĺňőáâĺ ĺŋâěčàăńă ć (11.20). Ć áńěďãîéěľ ńěłæĺĺ ăŋăńőč (12.6) íâőčő ĺŋâěčàăńă ďńï łőŋěçŋőčő çĺáńă áâěŕěŋěľ áćőąőďë äőŋőŋŋőčő ŕőńï őłăğëćăěâáï łőŋěçěŋ ĺ äőàňãńőľ (12.10) łőààěłâŋő ćőáŕàőĺğćőďĺâ ğăłőŋ àăćŋőàăáŕàěďěńěŋĺï íŋěàčĺĺ (6.10) ć ćĺďě (11.34) ďńï łàĺáâăńńă, ŋő ŕàĺ ćëáőłĺå âěňŕěàăâãàăå.

—124—

4 Ğăłőŋ Łĺàåčőäă

Ğăďăçã ŋăåőęďěŋĺï ãŋĺćěàáăńìŋőľ äãŋłæĺĺ őâŋőèěŋĺï ĺğńãçăâěńìŋőľ ĺ ŕőčńőéăâěńìŋőľ áŕőáőąŋőáâěľ âěńă áäőàňãńĺàőćăń ĺ àěèĺń Č. Łĺàåčőä (1860). Ĺğńãçăâěńìŋăï áŕőáőąŋőáâì âěńă e(ω) ěáâì áŕěłâàăńìŋăï ŕńőâŋőáâì ŕőâőłă íŋěàčĺĺ, ĺğńãçěŋŋőčő âěńőň ŋăàãęã á ěďĺŋĺæë ŕńőéăďĺ ěčő ŕőćěàåŋőáâĺ ŕő ćáěň ŋăŕàăćńěŋĺïň ć ĺŋâěàćăńě (ω, ω + dω) ğă 1 áěł. Ŕãáâì ŋă íâã ęě ěďĺŋĺæã ŕőćěàåŋőáâĺ âěńă ğă 1 áěł. ŕăďăěâ őâőćáîďã ŕőńŋëľ ŕőâőł íŋěàčĺĺ ĺğńãçěŋĺï á ŕńőâŋőáâìî I_ω, çăáâì I^a_ω łőâőàőčő ŕőčńőéăěâáï, çăáâì I^r_ω őâàăęăěâáï, ĺ çăáâì I^d_ω ŕàőåőďĺâ áłćőğì âěńő: I^a_ω I_ω + I^r_ω I_ω + I^d_ω I_ω = a + r + d = 1, (Śâàőčő íâő ćěàŋő [6] âőńìłő ďńï ∞∫ 0 I_ωdω). (11.37)

čďě a – łőíääĺæĺěŋâ ŕőčńőéěŋĺï, ĺńĺ ŕőčńőéăâěńìŋăï áŕőáőąŋőáâì âěńă; r – łőíääĺæĺěŋâ őâàăęěŋĺï; d – łőíääĺæĺěŋâ ŕàőğàăçŋőáâĺ âěńă.

Ć áőáâőïŋĺĺ âěŕńőćőčő àăćŋőćěáĺï á ĺğńãçěŋĺěň âěńő ĺğńãçăěâ áâőńìłő ęě íŋěàčĺĺ, áłőńìłő ŕőčńőéăěâ: e(ω) = I^a_ω = aI_ω. Ěáńĺ a = 0, r = 0, d = 1, âő âěńő ŋăğëćăîâ ăąáőńîâŋő ŕàőğàăçŋëň (ć ďăŋŋőň áŕěłâàăńìŋőň ĺŋâěàćăńě); ěáńĺ a = 0, r = 1, d = 0 – ăąáőńîâŋő ğěàłăńìŋëň; ěáńĺ ęě a = 1, r = 0, d = 0, âő Łĺàåčőä ŋăğćăń ěčő ăąáőńîâŋő çěàŋëň.

Řăááňőâàĺň ďćě ąěáłőŋěçŋëě ŕńőáłĺě ŕńăáâĺŋë A_1 ĺ A_2, á ğěàłăńìŋëňĺ ćŋãâàěŋŋĺňĺ ĺ âěŕńőĺğőńĺàőćăŋŋëňĺ ćŋěèŋĺňĺ áâőàőŋăňĺ, àăáŕőńőęěŋŋëě ŕăàăńńěńìŋő, ŋă ŋěłőâőàőň àăááâőïŋĺĺ ďàãč őâ ďàãčă. Ĺå d_1 = d_2 = 0, ă ĺğńãçăâěńìŋëě ĺ ŕőčńőéăâěńìŋëě áŕőáőąŋőáâĺ őąőğŋăçĺň áőőâćěâáâćěŋŋő e_1, a_1 ĺ e_2, a_2. Ŕàőæěáá ãáâăŋőćńěŋĺï âěŕńőćőčő àăćŋőćěáĺï ŕńăáâĺŋ ĺ ĺğńãçěŋĺï ć ŕőńőáâĺ ňěęďã ŋĺňĺ ŋă łăęďőľ ěďĺŋĺæě ŕńőéăďĺ ŕőćěàåŋőáâĺ ŕńăáâĺŋ ňőęŋő ŕàěďáâăćĺâì áńěďãîéĺň őąàăğőň. Ĺğ ŕőâőłă íŋěàčĺĺ e_1, ĺğńãçěŋŋőčő âěńőň A_1, âěńő A_2 ŕőčńőâĺâ a_2e_1 ĺ őâàăğĺâ (1 − a_2)e_1. Šěńő ęě A_1 ŕőčńőâĺâ a_1(1 − a_2)e_1, ĺ őâàăğĺâ (1 − a_1)(1 − a_2)e_1; ć áćőî őçěàěďì, âěńő A_2 ŕőčńőâĺâ a_2(1−a_1)(1−a_2)e_1, ă őâàăğĺâ (1−a_1)(1−a_2)^2e_1, ĺ â.ď. Ŕőçâĺ âő ęě áăňőě ňőęŋő áłăğăâì ĺ ő âőľ çăáâĺ ŕőâőłă íŋěàčĺĺ ĺğńãçěŋĺï e_2, łőâőàăï ĺáŕãáłăěâáï âěńőň A_2. Ŕőáńě őâàăęěŋĺï őâ A_1 ł A_2 ćőğćàăéăěâáï (1−a_1)e_2, ŕőčńőéăěâáï a_2(1−a_1)e_2 ĺ â.ď. Śãňňĺàãï íâĺ ďćě čěőňěâàĺçěáłĺě ŕàőčàěááĺĺ, ŋăľďěň ćěáì ŕőâőł íŋěàčĺĺ ĺğńãçěŋĺï, ŕőčńőéăěňëľ ć 1 áěł. ŕńăáâĺŋőľ A_2 ĺğ ŕăďăîéěčő ŋă ŋěě ŕőńŋőčő ŕőâőłă íŋěàčĺĺ I^{A2}_ω :

I^{a2}_ω = a_2 [I^{e1}_ω + (1 − a_1)I^{e2}_ω ] = a_2 [ e_1 ∞∑ k=0 q^k + (1 − a_1)e_2 ∞∑ k=0 q^k ] , â.ě.

I^{a2}_ω = a_2I^{A2}_ω = a_2 [e_1 + (1 − a_1)e_2] ∞∑ k=0 q^k = a_2e_1 + a_2(1 − a_1)e_2 1 − q , (11.38)

čďě ğŋăňěŋăâěńì ŕàőčàěááĺĺ q = (1 − a_1)(1 − a_2) < 1, ă I^{ei}_ω – ŕőńŋëľ ŕěàěĺğńãçěŋŋëľ – ŕěàěőâàăęěŋŋëľ ŕőâőł íŋěàčĺĺ á ěďĺŋĺæë ŕńőéăďĺ i -őľ ŕńăáâĺŋë. Ŕőďáâăćńïï (11.38) ć ãáńőćĺě âěŕńőćőčő àăćŋőćěáĺï âěńă A_2 á ĺğńãçěŋĺěň, e_2 = I^{a2}_ω , ŋăľďěň ğăłőŋ Łĺàåčőäă:

—125—

e_2 = a_2 e_1 + (1 − a_1)e_2 1 − (1 − a_1)(1 − a_2)

, ĺńĺ: I^{A2}_ω ≡ e_2 a_2 = e_1 a_1 ⇒ e a ≡ e_0(ω, T ), â.ě.:. (11.39)

Őâŋőèěŋĺě ĺğńãçăâěńìŋőľ áŕőáőąŋőáâĺ âěńă ł ŕőčńőéăâěńìŋőľ ć áőáâőïŋĺĺ âěŕńőćőčő àăćŋőćěáĺï á ĺğńãçěŋĺěň ïćńïěâáï ŋěłőâőàőľ ãŋĺćěàáăńìŋőľ, ŋěğăćĺáïéěľ őâ âěńă äãŋłæĺěľ e_0(ω, T ) âőńìłő őâ ω ĺ T .

Ŕàĺ a = 1 ĺňěěň ãŋĺćěàáăńìŋãî äãŋłæĺî e_0(ω, T ) ğăłőŋă Łĺàåčőäă (11.39) łăł ĺğńãçăâěńìŋãî áŕőáőąŋőáâì ăąáőńîâŋő çěàŋőčő âěńă. Őŋă ćëàăęăěâáï çěàěğ áŕěłâàăńìŋãî ŕńőâŋőáâì ĺğńãçěŋĺï u(ω, T ) àăćěŋáâćőň, ăŋăńőčĺçŋëň äőàňãńě ďńï ŕőńŋőľ ŕńőâŋőáâĺ ŕőâőłă ňăłáćěńńőćáłőčő čăğă J_Σ(N_Σ) = n ≪v_Nθ(v_N)≫ ĺğ őâćěàáâĺï Σ ć áőáãďě á ğăďăŋŋőľ ŕńőâŋőáâìî n çĺáńă çăáâĺæ čăğă: J_Σ(N_Σ) = n ≪v≫/4, čďě v_N = v cos ϑ (Ğăď. 12.2.),

(Řĺá.11.1). Ďěľáâćĺâěńìŋő, ğăŕĺèěň ćëàăęěŋĺě ďńï íŋěàčĺĺ, ĺğńãçěŋŋőľ

çěàŋëň âěńőň ć áŕěłâàăńìŋőň ĺŋâěàćăńě dω ğă ćàěňï Δt á ŕńőéăďłĺ Σ ć ŋăŕàăćńěŋĺĺ ćěłâőàă n(ϑ, φ), ŕőď ãčńőň ϑ ł ŋőàňăńĺ N_Σ ł íâőľ ŕńőéăďłě, cos ϑ = (n · N_Σ), ć íńěňěŋâ âěńěáŋőčő ãčńă dΩ = dΩ(n) = sin ϑdϑdφ: dE^{ϑ,φ}_{ωΣ} = u(ω, T )dω ΔV_ϑ dΩ 4π ⇒ dI^{ϑ,φ}_{ωΣ} ΔtΣdω = I_ω(n) cos ϑdΩΔtΣdω, (11.40)

čďě (Řĺá.11.1): I_ω(n) ≡ I_ω(r = 0, n) =⇒ c 4π u(ω, T ) = I^0_ω, – ěáâì (11.41)

ńãçěćăï ĺŋâěŋáĺćŋőáâì ŋă Σ ĺğńãçěŋĺï ć ěďĺŋĺæã âěńěáŋőčő ãčńă ć ŋăŕàăćńěŋĺĺ ćěłâőàă n, ć àăćŋőćěáĺĺ ŋě ğăćĺáïéăï őâ n. Ć őąéěň áńãçăě I_ω(r, n) - ěáâì ńãçěćăï ĺŋâěŋáĺćŋőáâì [58] ĺğńãçěŋĺï ć âőçłě r, ć ŋăŕàăćńěŋĺĺ ćěłâőàă n, ŕàĺèěďèěčő ć ŋěě ĺğ âőçłĺ r = 0 ŋă àěăńìŋőľ ĺńĺ ćőőąàăęăěňőľ ĺğńãçăîéěľ ŕőćěàåŋőáâĺ Σ, ă ΔV_ϑ = cΔtΣ cos ϑ – őąêěň łőáőčő æĺńĺŋďàă, łőâőàëľ ğăŕőńŋïîâ ğă ćàěňï Δt ĺğńãçěŋŋëě ć dΩ äőâőŋë. Ĺğńãçăâěńìŋãî áŕőáőąŋőáâì – ŕńőâŋőáâì I_{ωΣ}(N_Σ) ŕőâőłă íŋěàčĺĺ ĺğńãçěŋĺï, őâŋěáěŋŋãî ł áŕěłâàăńìŋőňã ĺŋâěàćăńã dω, ŕőńãçĺň, ŕàőĺŋâěčàĺàőćăć (11.40) ŕő ćáěň ćőğňőęŋëň ŋăŕàăćńěŋĺïň ĺğńãçěŋĺï n á őďŋőľ áâőàőŋë ŕńőéăďłĺ ĺ àăğďěńĺć àěğãńìâăâ ŋă ΔtΣdω: [u(ω, T )dω = u(ε, T )dε],

I_{ωΣ}(N_Σ)= ∫ dI^{ϑ,φ}_{ωΣ} = 1 4πΔtΣ 2π∫

0 dφ π/2∫

0 sin ϑ dϑ ΔV_ϑ u(ω, T )^{!!!}= e_0(ω, T )= (11.42)

= ∫ I_ω(n)(n · N_Σ)dΩ = I^0_ω 2π∫

0 dφ π/2∫

0 cos ϑ sin ϑ dϑ = πI^0_ω = c 4 u(ω, T ), (11.43)

â.ě.: ≪v≫ → c, n → u(ω, T ), J_Σ(N_Σ) → I_{ωΣ}(N_Σ), (áà. (11.64)).

—126—

5 “Ňőńěłãńïàŋő-łĺŋěâĺçěáłőě” ďőŕőńŋěŋĺě.

Ňŋőęěáâćő ĺďěăńìŋëå áĺáâěň, čďě ć àăćŋőćěáĺĺ P V/U = λ = ąěğàăğňěàŋőľ const (Ğăď. 2.11., 16.3.) őâŋîďì ŋě ŕãáâő. Ć ĺå çĺáńě: ĺďěăńìŋëľ čăğ âőçěçŋëå çăáâĺæ á λ = 2/3, ĺğńãçěŋĺě ĺ čăğ äőŋőŋőć ć łàĺáâăńńě á λ = 1/3, ĺ â.ď., ă âăłęě čĺŕőâěâĺçěáłăï “âěňŋăï íŋěàčĺï” á λ = −1. Ďăćńěŋĺě P ĺ íŋěàčĺï U íâĺå áĺáâěň őąïğăŋë ńĺèì łĺŋěâĺçěáłĺň áâěŕěŋïň áćőąőďë áőáâăćńïîéĺå ĺå “çăáâĺæ” á íŋěàčĺěľ ε = ε_p ć őâáãâáâćĺě ĺå áâőńłŋőćěŋĺľ ĺ ćğăĺňőďěľáâćĺľ. Ŋő ěáńĺ âěàňăńĺğăæĺï (àěńăłáăæĺï ł àăćŋőćěáĺî) äőâőŋőć ĺğńãçěŋĺï ĺńĺ äőŋőŋőć łàĺáâăńńă ŕàőĺáåőďĺâ ğă áçěâ ĺå ŕőčńőéěŋĺï ĺ ĺáŕãáłăŋĺï áâěŋłăňĺ őąêěňă ĺńĺ łàĺáâăńńĺçěáłőľ àěèěâłőľ, âő ďńï âőçěçŋëå çăáâĺæ ĺďěăńìŋőčő čăğă ćőğňőęŋë âőńìłő ãŕàãčĺě áâőńłŋőćěŋĺï áő áâěŋłăňĺ, ĺ ćőŕàőá ő ěčő âěàňăńĺğăæĺĺ őáâăěâáï őâłàëâëň.

Ŕãáâì ĺňěěâáï N âăłĺå çăáâĺæ ć őąêěňě V á àăćŋőćěáŋőľ ŕńőâŋőáâìî n. Ěáńĺ d ~w_T (ε) =^~f_T (ε)dε – ěáâì ďĺääěàěŋæĺăńìŋăï ćěàőïâŋőáâì ć ńîąőľ ňőňěŋâ ćàěňěŋĺ t ŋăľâĺ ć íâőň čăğě őďŋã çăáâĺæã á łĺŋěâĺçěáłőľ íŋěàčĺěľ ć ĺŋâěàćăńě (ε, ε + dε), ĺ F(ε)dε = n^~f_T (ε)dε – ěáâì âőčďă áàěďŋěě çĺáńő çăáâĺæ á âăłőľ íŋěàčĺěľ ć ěďĺŋĺæě őąêěňă, ă ΔV F(ε)dε – ěáâì áàěďŋěě ĺå çĺáńő ć őąêěňě ΔV , âő áàěďŋïï íŋěàčĺï őďŋőľ çăáâĺæë ≪ε≫, ěě áàěďŋïï ăąáőńîâŋăï áłőàőáâì ≪υ≫ ĺ áàěďŋïï íŋěàčĺï ć ěďĺŋĺæě őąêěňă – őąêěňŋăï ŕńőâŋőáâì íŋěàčĺĺ ⟨⟨u(T )⟩⟩ ŕàĺ âěňŕěàăâãàě T àăćŋë: ≪ε≫ = ∞∫

0 dε ε^~f_T (ε), ≪υ≫ = ∞∫

0 dε υ(ε)^~f_T (ε), ∞∫

0 dε^~f_T (ε) = 1, (11.44) ≪n≫ = ∞∫

0 dεF(ε)⇐=_{{?}} n ≡ N V , ⟨⟨u(T )⟩⟩ = ∞∫

0 dε εF(ε)= n≪ε≫ = U V . (11.45)

Śőčńăáŋő čĺŕőâěğě ňőńěłãńïàŋőčő åăőáă, ćáńěďáâćĺě őďŋőàőďŋőáâĺ ĺ ĺğőâàőŕŋőáâĺ ŕàőáâàăŋáâćă ĺ ćàěňěŋĺ ć àăćŋőćěáĺĺ, çĺáńő çăáâĺæ á íŋěàčĺïňĺ ć âőň ęě ĺŋâěàćăńě dε, ćëńěâăîéĺå ĺğ ňĂłàőáłőŕĺçěáłĺ ňăńőčő őąêěňă ΔV ć íńěňěŋâ âěńěáŋőčő ãčńă dΩ(n) = sin ϑdϑdφ ć ŋăŕàăćńěŋĺĺ ěďĺŋĺçŋőčő ćěłâőàă n(ϑ, φ) = e_1 sin ϑ cos φ + e_2 sin ϑ sin φ + e_3 cos ϑ (Řĺá.11.2) ğă ćàěňï dt àăćŋő dℵ(ε, n) = ΔV F(ε)dεdΩ(n)/4π. Ŕàĺçěň ć àăćŋőćěáĺĺ àőćŋő áâőńìłő ęě çăáâĺæ ğă âő ęě ćàěňï ćńěâăěâ ć íâőâ ęě ňăńëľ őąêěň çěàěğ âőâ ęě ĺńĺ âăłőľ ęě âěńěáŋëľ ãčőń, łăł ć âőň ęě, âăł ĺ ć ŕàőâĺćőŕőńőęŋőň −n = n(π − ϑ, φ + π) ĺńĺ ć ńîąőň ďàãčőň ŋăŕàăćńěŋĺĺ. Š.ě. ć áĺńã ňăńőáâĺ ΔV ćńěâăîéĺě ĺ ćëńěâăîéĺě ĺğ ŋěčő ć őďŋőň ĺ âőň ęě ŋăŕàăćńěŋĺĺ ć ěďĺŋĺæã ćàěňěŋĺ ĺńĺ ğă ňăńëľ ĺŋâěàćăń ćàěňěŋĺ dt çăáâĺæë őłăğëćăîâáï ŕő áãâĺ ŋěàăğńĺçĺňë ňěęďã áőąőľ.

—127— Ŕàĺ ćáâàěçě áő áâěŋłőľ ŋă ŕńőéăďłě dΣ = NdΣ á ŋőàňăńìî N, łăł ŋă őáŋőćăŋĺĺ őąêěňă łőáőčő æĺńĺŋďàă (Řĺá.11.1) ΔV = υ_εdt dΣ cos ϑ ć ŋăŕàăćńěŋĺĺ ćěłâőàă n(ϑ, φ), čďě cos ϑ = (N · n), łăęďăï ĺğ çăáâĺæ, ĺňěîéăï ć ŋěň ăąáőńîâŋãî áłőàőáâì υ_ε ĺ ăąáőńîâŋëľ ĺňŕãńìá p_ε ć ŋăŕàăćńěŋĺĺ ćěłâőàă −n, ŕěàěďăěâ íâőľ áâěŋłě ć ŋăŕàăćńěŋĺĺ ćěłâőàă ŋőàňăńĺ −N ĺňŕãńìá: őâ 2p_ε cos ϑ – ŕàĺ ăąáőńîâŋő ãŕàãčőň ãďăàě ć áńãçăě ĺďěăńìŋőčő čăğă âőçěçŋëå çăáâĺæ ňăááë m, ďő p_ε cos ϑ – ŕàĺ ăąáőńîâŋő ŋěãŕàãčőň ãďăàě ĺ ŕőčńőéěŋĺĺ ć áńãçăě äőâőŋőć àăćŋőćěáŋőčő ĺğńãçěŋĺï á ăąáőńîâŋő çěàŋëň âěńőň (Řĺá.11.1). Őďŋăłő ć ŕőáńěďŋěň áńãçăě àăćŋőćěáĺě őğŋăçăěâ âăłęě ĺğńãçěŋĺě áâěŋłőľ á ŕńőéăďłĺ dΣ àőćŋő âőčő ęě çĺáńă âăłĺå ęě äőâőŋőć ć ŋăŕàăćńěŋĺĺ ćěłâőàă n ğă âőâ ęě ĺŋâěàćăń ćàěňěŋĺ dt, łăęďëľ ĺğ łőâőàëå “ďőąăćńïěâ” ł ŕěàěďăçě ĺňŕãńìáă ěéě p_ε cos ϑ, ćőááâăŋăćńĺćăï àěğãńìâăâ ăąáőńîâŋő ãŕàãčőľ ŕěàěďăçĺ. Š.ě. ďńï ńîąëå ďĺääěàěŋæĺăńìŋëå ŕőâőłőć àăćŋőćěáŋőčő ĺğńãçěŋĺï (ĺ ŋě őąïğăâěńìŋő çěàŋőâěńìŋőčő [7]!): dJ_{ŕăď} + dJ_{ĺáåőď} = 0, ĺ ğěàłăńìŋő (ãŕàãčő) őâàăęěŋŋëě, ďĺääãğŋő àăááěïŋŋëě, ŕőčńőéěŋŋëě ĺ ĺğńãçěŋŋëě äőâőŋë ŕěàěàăáŕàěďěńïîâáï ňěęďã áőąőľ “ćŋãâàĺ” íâőľ 2-łĺ, őáâăćńïï ěě ŋěĺğňěŋŋőľ!

Łőňŕőŋěŋâë ŕěàěďăçĺ ĺňŕãńìáă ŕăàăńńěńìŋëě áâěŋłě ćő ćáěå áńãçăïå ăćâőňăâĺçěáłĺ łőňŕěŋáĺàãîâáï ŕàőâĺćőŕőńőęŋëňĺ ćłńăďăňĺ á ŋăŕàăćńěŋĺľ á âěň ęě ϑ, ŋő á φ → φ + π, â.ě. Δp(ε, ϑ) = 2p_ε cos ϑ, íâő ŕőńŋëľ ĺňŕãńìá, ŕěàěďăŋŋëľ áâěŋłě “ć áàěďŋěň őďŋőľ çăáâĺæěľ” ć àăćŋőćěáĺĺ. Ćěńĺçŋă dΣ cos ϑ ŋă (Řĺá.11.1) ĺ ć ćëàăęěŋĺĺ ďńï ΔV ěáâì ć âőçŋőáâĺ ŕńőéăďì őáŋőćăŋĺï łőŋãáă âěńěáŋőčő ãčńă dΩ(n) ŋă (Řĺá.11.2), â.ě. çăáâĺæë ć (ĺğ) ΔV ŕàĺńěâăîâ (ãńěâăîâ) ĺğ (ć) dΩ(n). Šőčďă ŕőńŋăï ŕěàěďăçă ĺňŕãńìáă áâěŋłě dp_ε(n) ğă ćàěňï dt ćáěňĺ çăáâĺæăňĺ ĺğ őąêěňă ΔV ĺ áőőâćěâáâćãîéĺě áĺńă dF_ε(n) ĺ ďăćńěŋĺě dΠ_ε(n) àăćŋë:

dp_ε(n) = Δp(ε, ϑ)dℵ(ε, n) = 2p_ευ_εF(ε)dε cos^2 ϑ dΩ(n) 4π dΣdt, (11.46)

dF_ε(n) = dp_ε(n) dt , dΠ_ε(n) = dF_ε(n) dΣ = 2p_ευ_εF(ε)dε cos^2 ϑ dΩ(n) 4π ,(11.47)

â.ě.: dP_ε(T ) = ∫ 2π dΠ_ε(n) = 2p_ευ_εF(ε)dε 4π 2π∫

0 dφ π/2∫

0 dϑ sin ϑ cos^2 ϑ, (11.48)

ĺńĺ: dP_ε(T ) = 1 3 p_ευ_εF(ε)dε, P (T ) = 1 3 ∞∫

0 p_ευ_εF(ε)dε. (11.49) Ŕőńãçěŋŋëě ćëàăęěŋĺï čőďïâáï ďńï ńîąőčő őďŋőçăáâĺçŋőčő áŕěłâàă ε(p) ĺ àăćŋőćěáŋőčő àăáŕàěďěńěŋĺï F(ε). Ďńï ŋěàěńïâĺćĺáâáłőčő ĺďěăńì-

—128— ŋőčő čăğă âőçěçŋëå çăáâĺæ p_ε = mυ_ε ĺ p_ευ_ε = 2ε. Ďńï čăğă ãńìâàăàěńïâĺćĺáâáłĺå çăáâĺæ ĺ äőâőŋőć p_ευ_ε = p_εá = ε. Šőčďă áőčńăáŋő (11.45):

P_g(T ) = 2 3 ∞∫

0 εF(ε)dε= nm≪υ^2≫ 3 ≡ 2 3 U V , P_r(T ) = 1 3 ∞∫

0 εF(ε)dε= 1 3 U V . (11.50)

(Ďńï âěňŋőľ íŋěàčĺĺ äőàňăńìŋő ĺňěěň p_ευ_ε → −3ε, â.ě. υ_ε = dε/dp, ε_p = Cp^{−3}).

Ěáńĺ dΣ ěáâì ŕńőéăďì őâćěàáâĺï ć áâěŋłě áőáãďă á ŋőàňăńìî N, âő ďĺääěàěŋæĺăńìŋëľ íńěňěŋâ ŕőâőłă dJ_N(n) çěàěğ ŋěčő çăáâĺæ ć ŋăŕàăćńěŋĺĺ ćěłâőàă n(ϑ, φ) ěáâì âő ęě çĺáńő çăáâĺæ dℵ(ε, n) ć őąêěňě âőčő ęě łőáőčő æĺńĺŋďàă ΔV (Řĺá.11.1). Ăŋăńőčĺçŋő (11.46) – (11.49), ďńï ŕńőâŋőáâĺ ŕőâőłă çăáâĺæ dj_N(ε) ć äãŋłæĺĺ ńĺèì íŋěàčĺĺ ε íâő ďăěâ: dJ_N(n) = dℵ(ε, n) = ΔV F(ε)dε dΩ(n) 4π = υ_εF(ε)dε cos ϑ dΩ(n) 4π dΣdt, (11.51)

dj_N(ε) = ∫ 2π dJ_N(n) dΣdt = υ_εF(ε)dε 4π 2π∫

0 dφ π/2∫

0 dϑ sin ϑ cos ϑ = υ_εF(ε)dε 4 . (11.52)

Š.ě.: ≪j_N≫ ≡ ≪n υ_Nθ(υ_N)≫ = ∞∫

0 dj_N(ε) = 1 4 ∞∫

0 υ_εF(ε)dε = n≪υ≫ 4 , (11.53)

áőčńăáŋő őŕàěďěńěŋĺïň (11.44), ěáâì ŕőńŋăï ŕńőâŋőáâì ŕőâőłă çăáâĺæ, ćëŋőáĺňëå çěàěğ íâő őâćěàáâĺě ć ŋăŕàăćńěŋĺĺ ćěłâőàă ŋőàňăńĺ N. Šăł çâő őďŋă äãŋłæĺï àăáŕàěďěńěŋĺï F(ε) ŕőğćőńïěâ őŕĺáăâì ćáî łĺŋěâĺłã ĺďěăńìŋőľ àăćŋőćěáŋőľ áĺáâěňë, ŋěğăćĺáĺňő őâ ěě ŕàĺàőďë. Ŕńőâŋőáâì ćěàőïâŋőáâĺ àăğńĺçŋëå ğŋăçěŋĺľ ε ć áăňőň ćëŋőáĺňőň ŕőâőłě àăćŋă:

d^~w_j(ε) = dj_N(ε) ≪j_N≫ = υ_ε ≪υ≫ d^~w_T (ε) = υ_ε ≪υ≫ ~f_T (ε)dε. (11.54)

Ďńï ĺďěăńìŋőčő łćăŋâőćőčő čăğă ńîąőľ áâăâĺáâĺłĺ η = ±1, 0 ĺğ őŕàěďěńěŋĺľ (6.26), (10.21) – (10.24), (10.45), (11.44), (11.45), (11.53) ŕàĺ

F(ε) ⇒ F^T_η (ε) = D(ε, V ) V ≪n_η(ε)≫ =⇒_{d=3} g_s 4π h^3 p^2(ε) υ(ε) ≪n_η(ε)≫, (11.55)

â.ě.: F^T_η (ε) = D(ε, V ) V [e^{β(ε−μ)} − η] , ĺ z = e^{βμ}, ŋăåőďĺň, çâő: (11.56) ≪n≫_η ≡ n_η(T, z) = ∞∫

0 F^T_η (ε)dε =⇒_{d=3} g_s 4π h^3 ∞∫

0 p^2(ε) υ(ε) ≪n_η(ε)≫dε, ĺ: (11.57) ≪nυ_ε≫_η ≡ n_η(T, z) ≪υ≫_η = ∞∫

0 υ_εF^T_η (ε)dε=⇒_{d=3} g_s 4π h^3 ∞∫

0 p^2(ε)≪n_η(ε)≫dε,(11.58)

—129— n_η(T, z) ≪υ≫_η =⇒_{D3/2} g_s 8πm h^3 ∞∫

0 εdε [e^{β(ε−μ)} − η] = n_0(T, z) ≪υ≫_0 Φ_2(ηz), (11.59)

čďě á ãçěâőň (10.11) – (10.16), (10.28) ĺ â.ł. η = 0 őâćěçăěâ áâăâĺáâĺłě Ąőńìæňăŋă, ĺňěěň ďńï z → ξ = e^{βw} = ze^{−βW} á àăąőâőľ ćëåőďă W, ŕàĺ:

n_η(T, z) =⇒_{D3/2} n_0(T, z)Φ_{3/2}(ηz), υ_η(T, z)^{{!!}}=⇒_{D3/2} ≪υ≫_0

Φ_2(ηz) Φ_{3/2}(ηz)

, (11.60) čďě: ≪υ≫_η ≡ υ_η(T, z), ≪υ≫_0 =⇒_{D3/2} ( 8kT πm )1/2 , n_0(T, z) ≡ g_sz Λ^3(T )

, (11.61)

çâő: ≪j_N≫_η^{{!!}}== 1 4 n_η(T, ξ)υ_η(T, ξ) =⇒_{D3/2} 1 4 n_0(T, ξ) ≪υ≫_0 Φ_2(ηξ), (11.62)

ěáâì łćăŋâőćăï äőàňãńă Řĺçăàďáőŋă ďńï ≪j_N≫_η = ≪n υ_Nθ(υ_N − υ^0_N)≫_η

(áà. (11.53)), čďě ĺ ŕő áňëáńã: μ → w = μ − W, z → ξ ŕàĺ W = m ( υ^0_N^{)2} /2.

Ďńï àăćŋőćěáŋőčő ĺğńãçěŋĺï äĺğĺçěáłĺľ áňëáń ĺňěěâ ńĺèì ŕńăŋłőćáłăï äãŋłæĺï áŕěłâàăńìŋőľ ŕńőâŋőáâĺ àăáŕàěďěńěŋĺï íŋěàčĺĺ ε = h̄ω:

εF(ε) =⇒_{(11.23)} u(ε, T ) = 1 π^2(h̄c)^3 ε^3 [exp(βε) − 1] = u(ω, T ) h̄ , (11.63)

łőâőàăï ĺ ŕàĺáãâáâćãěâ ć (11.50). Š.ě. ďńï ŋěčő ĺňěěâ áňëáń ŋě ŕńőâŋőáâì ŕőâőłă çăáâĺæ, çĺáńő łőâőàëå ŋĺłăł ŋě äĺłáĺàőćăŋő {?}, ă âőńìłő ŕńőâŋőáâì ŕőâőłă íŋěàčĺĺ, çâő ŕàĺ υ_ε → c ć (11.51)–(11.53) őâćěçăěâ ğăňěŋě F(ε) → εF(ε) ĺ ďăńěě (11.63). Šă ęě čěőňěâàĺï äőàňãń Řĺçăàďáőŋă (11.52), (11.53), (11.62) ďńï âőłă âěàňőíńěłâàőŋŋőľ íňĺááĺĺ á ãçěâőň (11.45) ďăěâ ćŋőćì ğăłőŋ Łĺàåčőäă (11.43) ďńï ďĺääěàěŋæĺăńìŋőľ ĺ ŕőńŋőľ ŕńőâŋőáâěľ ŕőâőłă íŋěàčĺĺ ĺğńãçěŋĺï ăąáőńîâŋő çěàŋőčő âěńă: e_0(ε, T ) =⇒ ε dj_N(ε) dε = υ_ε 4 εF(ε) =⇒ c 4 u(ε, T ), ĺ (11.64)

J^0_N(T ) = ∞∫

0 e_0(ε, T )dε =⇒ ∞∫

0 εdj_N(ε) = 1 4 ∞∫

0 υ_εεF(ε)dε =⇒ (11.65) =⇒ c 4 ∞∫

0 u(ε, T )dε = c 4 ⟨⟨u(T )⟩⟩ = J^0_N(T ). (11.66)

Ďěńő ć âőň, çâő ŕàěďáâăćńěŋĺě ő ďćĺęãéěňáï áő áłőàőáâìî áćěâă c äőâőŋě, łăł ő ńőłăńĺğőćăŋŋőľ ć ŕàőáâàăŋáâćě çăáâĺæě ŋě ïćńïěáï łőààěłâŋëň ććĺďã ŕàĺŋæĺŕĺăńìŋő ŕőńěćőľ ŕàĺàőďë ĺğńãçěŋĺï, łăł ćâőàĺçŋő łćăŋâőćăŋŋőčő ŕőńï. Ŕàĺ íâőň äőâőŋ, łăł łćăŋâ íâőčő ąěğňăááőćőčő ŕőńï á őŕàěďěńěŋŋőľ íŋěàčĺěľ ε = h̄ω ĺ á őŕàěďěńěŋŋëň ĺňŕãńìáőň p = h̄k ŋă áăňőň ďěńě (âăłęě łăł ĺ äőŋőŋ) ğăŋĺňăěâ ćěáì ŕàěďőáâăćńěŋŋëľ íâőňã

—130— ŕőńî ĺğńãçěŋĺï ňĂłàőáłőŕĺçěáłĺľ őąêěň V łăł ćőńŋă á çăáâőâőľ ω = kc, ĺňěï ěáâěáâćěŋŋő áćőěľ ćőńŋőćőľ äãŋłæĺěľ ŕńőáłãî ćőńŋã (11.4).

Řĺá. 11.1. Ďăćńěŋĺě łăł ŕěàěďăçă ĺňŕãńìáă áâěŋłě ĺ ŕńőâŋőáâì ŕőâőłă çěàěğ őâćěàáâĺě.

Řĺá. 11.2. Čĺŕőâěğă ňőńěłãńïàŋőčő åăőáă.

—131— ([5] §52, [6] §63, [7], [10], [12], [13], [36]) Ğăďăçĺ 17.1. Ŕőńãçĺâì ĺáåőďŋãî äőàňãńã (11.40) ĺğ (11.21)–(11.23), ć àăňłăå čĺŕőâěğë ňőńěłãńïàŋőčő åăőáă: Δℵ_{ω,ΔV,dΩ} = N_ω(ΔV/V )(dΩ/4π) ([3] §I.6). 17.2. Ŕőńãçĺâì ŕàěďáâăćńěŋĺï (11.16) ĺğ (11.15), (11.4), (11.8) ([12]). 17.3. Ąãďěâ ńĺ âěőàěňă ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ (6.10) ć ŕàĺąńĺęěŋĺĺ âĺŕă Ćĺŋă (11.35) ďńï äőâőŋőć á íŋěàčĺěľ ε_p = c^√p^2_x + p^2_y + p^2_z , (â.ě. I_s → Γ(s)), ćěàŋă ĺ ďńï äőâőŋőć á ε_p = c (|p_x| + |p_y| + |p_z|) (áň. (6.8))? 17.4. Ďőłăğăâì ŋěĺğňěŋŋőáâì ńãçěćőľ ĺŋâěŋáĺćŋőáâĺ ĺğ äőàňãńë (11.40), ďńï áćőąőďŋőčő ĺğńãçěŋĺï ć ŋăŕàăćńěŋĺĺ n ćďőńì íâőčő ęě ŋăŕàăćńěŋĺï: I_r = I(r = rn, n) = const, (I_{r1}dΣ_1dΩ_2 = I_{r2}dΣ_2dΩ_1) ([3] §I.7, [58] §7.2). 17.5. Śőńŋæě ĺğńãçăěâ łăł àăćŋőćěáŋőě çěàŋőě âěńő á ĺŋâěŋáĺćŋőáâìî (11.41) á ěďĺŋĺæë ŕőćěàåŋőáâĺ, ŋěğăćĺáïéěľ őâ ŋăŕàăćńěŋĺï ĺğńãçěŋĺï v, â.ě. I_ω(r, v) = I^0_ω, ŕàĺ |r| = a_⊙. Ŋăľâĺ ğăćĺáĺňőáâì őâ r = rn ŕńőâŋőáâĺ íŋěàčĺĺ ĺğńãçěŋĺï u(r) = ≪u(T_r)≫ ĺ ŕőńŋőľ àăďĺăńìŋőľ ŕńőâŋőáâĺ ŕőâőłă J_r(n) =^∫ dωI_{ωr}(n), čďě I_{ωr}(n) – áŕěłâàăńìŋăï ŕńőâŋőáâì ŕőâőłă ćĺďă (11.42), ĺ ãáâăŋőćĺâì áćïğì ňěęďã ŋĺňĺ ŕàĺ |r| ≫ a_⊙, ĺ |r| = a_⊙. Śçĺâăï Ğěňńî çěàŋëň âěńőň, ŋăåőďïéĺňáï ŋă ěě őàąĺâě ć âěŕńőćőň àăćŋőćěáĺĺ á ĺğńãçěŋĺěň Śőńŋæă, çěľ ćĺďĺňëľ á ŋěě ãčńőćőľ ďĺăňěâà 2β ≈ 0.01, ŋăľâĺ áćïğì âěňŕěàăâãà ĺå ŕőćěàåŋőáâěľ ([25] N 7.17, [58] §7.2.). 17.6. Ŋăľâĺ ďőŕńŋĺâěńìŋëľ ňŋőęĺâěńì: n^3(ω) [1 + d ln n(ω)/d ln ω], ŕàĺőąàěâăěňëľ áŕěłâàăńìŋőľ ŕńőâŋőáâìî íŋěàčĺĺ ĺğńãçěŋĺï (11.23) ć áàěďě á ŕőłăğăâěńěň ŕàěńőňńěŋĺï n(ω) ([24] N 149).

17.7. Řăááěïŋĺě áćěâă ć ćőďě ćëğćăŋő äńãłâãăæĺïňĺ ěě ŕőłăğăâěńï ŕàěńőňńěŋĺï n(ω), â.ě. ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ ϵ(ω, T, n), őąïğăŋŋëňĺ äńãłâãăæĺïň âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ (Ğăď. 15.3.). Ĺáåőďï ĺğ ăŋăńőčă ãàăćŋěŋĺľ Ňăłáćěńńă (11.1), (11.2), ďńï ňőŋőåàőňăâĺçěáłőľ ćőńŋë ć áàěďě, ŋăľâĺ ăňŕńĺâãďã àăááěïŋĺï ([58] §2.4) ĺ ĺŋâěŋáĺćŋőáâì àăááěïŋŋőčő áćěâă ŋă àăááâőïŋĺĺ r őâ àăááěĺćăîéěčő őąêěňă V ([57] §2.1, [13]). 17.8. Ŋăľâĺ čěőňěâàĺçěáłãî áćïğì ćěńĺçĺŋ (11.40)–(11.41) á ďăćńěŋĺěň (11.26) àăćŋőćěáŋőčő ĺğńãçěŋĺï ŋă çěàŋãî ĺńĺ ğěàłăńìŋãî áâěŋłã ([7]â.1 §I.5), ĺ á ćěłâőàőň Şňőćă-Ŕőľâĺŋčă (11.15) ([58] §7.8).

17.9. Ňőęŋő ńĺ ŋăľâĺ őâŋőáĺâěńìŋãî ďĺáŕěàáĺî çĺáńă äőâőŋőć ĺáåőďï ĺğ ćëàăęěŋĺï ćĺďă (áň. (9.7), (9.9), [5] §§71,72,73):

σ_2(N) =

∂^2 ln Q ∂μ^2 T,V / ( ∂ ln Q ∂μ )2 T,V

1/2 ? (11.67)

—132— 17.10. Ŋăľâĺ áàěďŋĺě äńãłâãăæĺĺ íŋěàčĺĺ ĺ çĺáńă äőâőŋőć çěàŋőâěńìŋőčő ĺğńãçěŋĺï ć ğăďăŋŋőň ĺŋâěàćăńě çăáâőâ Δω ((9.19), [3] §X.9, [20]). 17.11. Ŕőłăğăâì, çâő áàěďŋěě çĺáńő àěńĺłâőćëå äőâőŋőć ć 1 cm^3 Ćáěńěŋŋőľ àăćŋő 398, ěáńĺ âěňŕěàăâãàă íâőčő àăćŋőćěáŋőčő çěàŋőâěńìŋőčő àěńĺłâőćőčő ĺğńãçěŋĺï àăćŋă 2, 7 K ĺ, áőčńăáŋő (11.27), (11.30):

n(T ) =

Γ(3)ζ(3) π^2

(k_B T )^3 (h̄c)^3 ≈ 2, 40 π^2 ( k_B T h̄c )3 , čďě, ŕàĺ T = 1K : (11.68)

k_B T = k_B 1K = 1, 38 · 10^{−23}Ďę = 1, 38 · 10^{−16} íàč = 8, 61 · 10^{−5} íĆ, (11.69) 1 íàč = 10^{−7}Ďę = 624 · 10^9 íĆ, 1 íĆ = k_B 1, 16 · 10^4K, (11.70) 1 íĆ = 1, 6 · 10^{−19}Ďę, ă ŕàĺ h̄ = c = 1: 1 íĆ = 5, 068 · 10^4 áň^{−1}. (11.71) 17.12. Ŋăľâĺ d-ňěàŋőě őąőąéěŋĺě äőàňãń (11.18)–(11.35) ďńï ĺğńãçěŋĺï ĺ áàăćŋĺâì ćëâěłăîéĺě ĺğ (11.35) ğăłőŋë áňěéěŋĺï Ćĺŋă ŕő ω ĺ ŕő λ.

17.13. Őąàăğőćăŋĺě ăâőňőć ćőďőàőďă ć àăŋŋěľ Ćáěńěŋŋőľ áőŕàőćőęďăńőáì àăćŋőćěáŋëň ĺğńãçěŋĺěň á T ≈ 3000 K. Ćő áłőńìłő àăğ Őŋă àăáèĺàĺńăáì, ěáńĺ âěŕěàì ěčő T ≈ 3 K?

Řĺá. 11.3. Ğăłőŋë Říńěï-Ďęĺŋáă (11.36) ∼ x^2 ĺ Ćĺŋă (11.35) ∼ x^3e^{−x}, ĺ ğăłőŋ Ŕńăŋłă ďńï áŕěłâàăńìŋőľ ŕńőâŋőáâĺ ĺğńãçěŋĺï (11.23), łăł äãŋłæĺĺ ŕěàěňěŋŋőľ x = h̄ω/(k_B T ), ŕàĺ àăğńĺçŋëå ğŋăçěŋĺïå âěňŕěàăâãàë T .

Šăłĺň őąàăğőň, ŕńőâŋőáâì çĺáńă çăáâĺæ n ďńï ŕőńï ĺğńãçěŋĺï (11.27), (11.68) łăł ąë “àăáâćőàĺńăáì” ć äãŋłæĺĺ F^T_η (ε) (11.55) – (11.58) ĺ ć ŕőŋïâĺĺ çĺáěń ğăŕőńŋěŋĺï.

Ńěłæĺï 12

Šěŕńőěňłőáâì łàĺáâăńńőć

Ğăłőŋ Ďîńőŋčă - Ŕâĺ (1819) ďńï âěŕńőěňłőáâĺ âćěàďőčő âěńă Ś_V = 3Nk ŕőńãçĺń őąêïáŋěŋĺě ć àăňłăå łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ äĺğĺłĺ ĺňěŋŋő łăł áńěďáâćĺě åőâì ĺ őçěŋì ąőńìèőčő, ŋő łőŋěçŋőčő çĺáńă 3N áâěŕěŋěľ áćőąőďë ćáěå N ăâőňőć ŕàőáâőčő łàĺáâăńńă. Ŕő âěőàěňě ő àăćŋőàăáŕàěďěńěŋĺĺ łăęďăï âăłăï ěčő łőńěąăâěńìŋăï áâěŕěŋì áćőąőńë ďăěâ ćő ćŋãâàěŋŋîî íŋěàčĺî U ćłńăď, àăćŋëľ kT , â.ě. U = (3N − 6)kT ≈ 3NkT . Őďŋăłő Ś^{ňőń}_V ≈ 3R őłăğăńőáì ńĺèì ć ďőćőńìŋő ãğłőň ĺŋâěàćăńě łőňŋăâŋëå âěňŕěàăâãà. Ć áőőâćěâáâćĺĺ á ğăłőŋőň Ŋěàŋáâă ŋăĺąőńěě áĺńìŋăï ğăćĺáĺňőáâì őâ T ąëńă őąŋăàãęěŋă ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå. Ěě łăçěáâćěŋŋőě őąêïáŋěŋĺě ąëńő ďăŋő Ă.İľŋèâěľŋőň (1907) ŕãâěň àăáŕàőáâàăŋěŋĺï ĺďěľ Ŕńăŋłă ŋă łőńěąăŋĺï ăâőňőć ć łàĺáâăńńĺçěáłőľ àěèěâłě ĺ ïćŋőčő ŕàěďŕőńőęěŋĺï ő łćăŋâőćăŋĺĺ íŋěàčĺĺ čăàňőŋĺçěáłőčő őáæĺńńïâőàă. Šćěàďőě âěńő àăááňăâàĺćăńőáì ĺň łăł áőćőłãŕŋőáâì 3N áőćěàèěŋŋő őďĺŋăłőćëå ŋěáćïğăŋŋëå čăàňőŋĺçěáłĺå őáæĺńńïâőàőć á őďŋőľ ĺ âőľ ęě åăàăłâěàĺáâĺçěáłőľ çăáâőâőľ ω_∋. Łőńĺçěáâćěŋŋőě áőčńăáĺě á ŋăąńîďăěňőľ ŕàĺ T → 0 âěŕńőěňłőáâìî C_V ∼ T^3 ąëńő ďőáâĺčŋãâő ć ňőďěńĺ Ŕ. Ďěąăï (1912). Ĺğńőęěŋŋëě ŋĺęě àěğãńìâăâë âěőàĺľ İľŋèâěľŋă ĺ Ďěąăï őáŋőćăŋë, ć łőŋěçŋőň áçěâě, ŋă łőŋæěŕæĺĺ ąőğě-łćăğĺçăáâĺæ – äőŋőŋőć.

1 Ťőŋőŋë

Śâàãłâãàŋőľ ěďĺŋĺæěľ łàĺáâăńńă ïćńïěâáï íńěňěŋâăàŋăï ïçěľłă, ŕěàĺőďĺçěáłőě ŕőćâőàěŋĺě łőâőàőľ Y ≫ 1 àăğ ćőáŕàőĺğćőďĺâ ćáî łàĺáâăńńĺçěáłãî àěèěâłã. Őâáîďă ćĺďŋő, çâő őáŋőćŋőě äãŋďăňěŋâăńìŋőě áćőľáâćő áĺňňěâàĺĺ łàĺáâăńńă áćïğăŋő á őŕěàăæĺěľ ĺ á áőőâćěâáâćãîéĺň ěľ őŕěàăâőàőň âàăŋáńïæĺĺ T_{la} ŋă ćěńĺçĺŋã la, â.ě. l- łàăâŋãî ňĺŋĺňăńìŋëň ćěłâőàăň àěèěâłĺ a_{1,2,3}. Ďěľáâćĺě ěčő ŋă ćőńŋőćãî äãŋłæĺî ŕàőĺğćőńìŋőčő ăâőňă, á ãçěâőň ŋăńőęěŋŋëå ŋă ŋěě æĺłńĺçěáłĺå ŕő L_j = N_ja_j čàăŋĺçŋëå ãáńőćĺľ, ŕěàěćőďĺâ ěě ć âã ęě ćőńŋőćãî äãŋłæĺî âőčő ęě ăâőňă,

—134— ŕàěďáâăćĺ́ňãî ć ćĺďě âőľ ęě áãŕěàŕőğĺæĺĺ âěå ęě ŕńőáłĺå ćőńŋ a_j → a: T_{N a}ψ(x) = exp(N(a·∇))ψ(x) = ψ(x + Na)=⇒ψ(x) =^∑_k f(k)e^{i(k·x)}. (12.1)

Ďńï őďŋőňěàŋőčő łàĺáâăńńă íâő ãáńőćĺě ŕěàĺőďĺçŋőáâĺ^1 ć äőàňě Ąőàŋă – Łăàňăŋă ŕàĺňěâ ćĺď: exp(ikaN) = 1, ĺńĺ k_ν = 2πν/(aN), čďě ν = 0, ±1, ±2, .., +N/2. Š.ě. ďńï æěŕőçłĺ ďńĺŋőľ L = aN ĺğ N ăâőňőć ĺňěěâáï àőćŋő N ŋěíłćĺćăńěŋâŋëå ğŋăçěŋĺľ ćőńŋőćőčő çĺáńă k ŋă ĺŋâěàćăńě (−π/a, π/a) ć àőńĺ ŕěàćőľ ğőŋë Ąàĺńńîíŋă őďŋőňěàŋőčő łàĺáâăńńă. Ś ćěłâőàőň őąàăâŋőľ àěèěâłĺ b_i = ϵ_{ijl}(a_j × a_l)/v ⇒ a_i/a^2, (b_i · a_j ) = δ_{ij} ŕàĺ |a_i| ⇒ a ĺ őąêěňőň íńěňěŋâăàŋőľ ïçěľłĺ v = |(a_3 · (a_1 × a_2))| ⇒ a^3 ć ŕàőáâőľ łãąĺçěáłőľ àěèěâłě íâőľ ğőŋě őâćěçăěâ ăŋăńőčĺçŋëľ (11.9) ŕàĺ L_i = a_iN_i ćőńŋőćőľ ćěłâőà á łőňŕőŋěŋâăňĺ (k_ν )_i ⇒ 2πν_i/L_i, ć ąăğĺáě

e_i = a_ib_i : k_ν = 2π^{3∑}_{i=1} ν_i N_i b_i, − 1 2 N_i < ν_i ≤ 1 2 N_i, ŕàĺ: N_1N_2N_3 = N (12.2)

– ŕőńŋőň çĺáńě ăâőňőć. Ŋő, ć őâńĺçĺě őâ ĺğńãçěŋĺï őŋ őŕàěďěńěŋ ğďěáì ńĺèì á âőçŋőáâìî ďő ŕàőĺğćőńìŋőčő æěńőčő ćěłâőàă őąàăâŋőľ àěèěâłĺ:

g = 2π^{3∑}_{i=1} m_ib_i, (m_i = 0, ±1, ...) (Řĺá. 12.3). Šăł çâő: k → k^′ = k + g, (12.3)

őâćěçăěâ ŕàőæěááã ŕěàěąàőáă, čďě p = h̄k_ν , ŋě áőåàăŋïïáì łăł őąëçŋëľ ĺňŕãńìá, áőåàăŋïěâáï ńĺèì ŕő ňőďãńî h̄Δk = h̄g, łăł łćăğĺĺňŕãńìá.

Śçĺâăï łàĺáâăńń äőàňăńìŋő őďŋőľ ąőńìèőľ ňŋőčőăâőňŋőľ “ňőńěłãńőľ”, ďńï łőńěąăŋĺľ àěèěâłĺ ć čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ, ăŋăńőčĺçŋő (7.32)–(7.39), á f = 3N − 6 ⇒ 3N łőńěąăâěńìŋëňĺ áâěŕěŋïňĺ áćőąőďë ĺňěěň áŕěłâà ŋőàňăńìŋëå łőńěąăŋĺľ α- âőčő őáæĺńńïâőàă áŋőćă ć ćĺďě: ε^α_n = h̄ω_α ( n_α + 1 2 ) , čďě: n_α = 0, 1, 2, . . . , α = 1 ÷ f. (12.4)

Őďŋăłő, á őďŋőľ áâőàőŋë, őčàőňŋőě çĺáńő N ∼ Y ≫ 1 ăâőňőć ĺ áőőâćěâáâćãîéěě ěňã çĺáńő f = 3N ňőď ŋőàňăńìŋëå łőńěąăŋĺľ k_ν (12.2), ă, á ďàãčőľ áâőàőŋë, ŋăńĺçĺě ã łàĺáâăńńă őŕàěďěńěŋŋőľ áĺňňěâàĺĺ ŕàĺćőďïâ ł áãéěáâćěŋŋëň őâńĺçĺïň. Őŋĺ áőáâőïâ ć âőň, çâő ŕàĺ çĺáńě ïçěěł Y ≫ 1 ć łàĺáâăńńě ć âàď. ŕàď. L_i → ∞ ňőęŋő ŕěàěľâĺ őâ áãňňë ŕő α = (ν, σ) c ν = (ν_1, ν_2, ν_3) â.ě. ćőńŋőćëň çĺáńăň k_ν (12.2) ł ĺŋâěčàĺàőćăŋĺî d^3k ŕő łćăğĺŋěŕàěàëćŋőňã ňŋőęěáâćã ĺå ğŋăçěŋĺľ ĺ áőőâćěâáâćãîéěňã ŋěŕàěàëćŋőňã àăáŕàěďěńěŋĺî ŕő çăáâőâăň ω àăğńĺçŋëå őáæĺńńïâőàőć. İâő ććőďĺâ ăŋăńőčĺçŋãî ĺğńãçěŋĺî (11.14) ňěàã áŕěłâàă ŋőàňăńìŋëå

1Š.ě. ∀ j : e^{i(k·aj )Nj} = 1. Ďńï őďŋőňěàŋőčő łőńìæă ĺğ N ăâőňőć: e^{ikν a} = łőàŋïň (1)^{1/N} .

—135— łőńěąăŋĺľ łàĺáâăńńă łăł ŕńőâŋőáâì D(ω, V ) çĺáńă ŋőàňăńìŋëå ňőď ŋă ěďĺŋĺæã çăáâőâë ω_α = ω ć ĺŋâěàćăńě (ω, ω+dω) á: 1^3 = d^3ν, |k_ν| = k_{(σ)}(ω), f∑ α=1 (..)≡^{f∑}_{σ,k}(..)≡^{f∑}_{σ,ν}(..)⇒^∑_σ N_i/2∫

−N_i/2 d^3ν(..)= V (2π)^3 ∑ σ ∫ d^3k_{(σ)}(..)= ∫ dωD(ω, V )(..). (12.5) Ğďěáì, ć őâńĺçĺě őâ ĺğńãçěŋĺï, ã łàĺáâăńńă, ćő ŕěàćëå, ćőğŋĺłăîâ àăğńĺçŋëě ŋěŕàěàëćŋëě ćěâćĺ łőńěąăâěńìŋőčő áŕěłâàă, â.ě. ω_α → ω_{kσ} á |k_ν| ⇒ k_{(σ)}(ω). Ěáńĺ çĺáńő íńěňěŋâăàŋëå ïçěěł, áőáâăćńïîéĺå ďăŋŋëľ őąàăğěæ, àăćŋő Y , ă çĺáńő ăâőňőć ć łăęďőľ íńěňěŋâăàŋőľ ïçěľłě àăćŋő ℓ, N = Y ℓ, âő ŕőńŋőě çĺáńő ćěâćěľ σ = 1 ÷ 3ℓ. Ĺğ íâĺå 3ℓ ćěâćěľ 3 ĺ âőńìłő âàĺ, σ = 1, 2, 3 – ăłãáâĺçěáłĺě ćěâćĺ, ć ďńĺŋŋőćőńŋőćőň ŕàěďěńě, ŕàĺ k → 0, ĺňěîâ ćĺď ω_{kσ} ≈ c_σk → 0. Őŋĺ ğăďăîâ ňőďë âàěå ăłãáâĺçěáłĺå (ğćãłőćëå) ćőńŋ: őďŋőľ ŕàőďőńìŋőľ ĺ ďćãå ŕőŕěàěçŋëå, àăáŕàőáâàăŋïîéĺåáï âăłęě ć áŕńőèŋőľ âćěàďőľ áàěďě [ďńï łőâőàőľ [45] ć (12.2) ai → 0,

N_i → ∞ ŕàĺ äĺłáĺàőćăŋŋőň N_ia_i = L_i, ă ć (12.3) k^′ ⇒ k ć áňëáńě g → ∞. Ć ęĺďłőáâĺ ĺ čăğě őáâăŋěâáï ńĺèì őďŋă ŕàőďőńìŋăï ăłãáâĺçěłăï ňőďă.] Ăłãáâĺçěáłĺě ćěâćĺ

ŕàěďáâăćńïîâ łőńěąăŋĺï íńěňěŋâăàŋőľ ïçěľłĺ łăł æěńőčő, őâćěçăï 3Y - áâěŕěŋïň áćőąőďë łàĺáâăńńă ĺğ 3N. Őáâăńìŋëě őŕâĺçěáłĺě 3(ℓ−1) ćěâćĺ á ω_{kσ} > 0, ∀ k ŕàěďáâăćńïîâ őáâăćèĺěáï 3Y (ℓ − 1) ňőď łőńěąăŋĺľ ăâőňőć ćŋãâàĺ őâŋőáĺâěńìŋő æěŋâàőć ňăáá íńěňěŋâăàŋëå ïçěěł (ğăď. 18.1). Ćő ćâőàëå, ŋěŕàěàëćŋőáâì ćěâćěľ ĺ ŋăńĺçĺě ã łăęďőľ ĺå ŋĺå ňăłáĺňăńìŋőčő ćőńŋőćőčő ćěłâőàă ćĺďă k_{max} ≃ √ 3 π/a őğŋăçăěâ ŋăńĺçĺě ã łăęďőľ ćěâćĺ ĺ ňăłáĺňăńìŋőľ çăáâőâë ω_{kσ} ≤ ω^{max}_σ ĺ ω_M = max_σ ω^{max}_σ . Š.ě. áŕěłâà áőąáâćěŋŋëå łőńěąăŋĺľ łàĺáâăńńă ω_{kσ} őąêěďĺŋïěâ ć áěąě áćőľáâćă áŕěłâàőć ĺğńãçěŋĺï ĺ ňŋőčőăâőňŋőľ ňőńěłãńë (áň. Řĺá. 12.2).

Ďăńěě, łăł ĺ ć áńãçăě ĺğńãçěŋĺï, ňőęŋő ććěáâĺ ŕőŋïâĺě łćăŋâă íŋěàčĺĺ ε_{kσ} = h̄ω_{kσ} = h̄ω_σ(k). Ć ďăŋŋőň áńãçăě íâő łćăŋâë àăáŕàőáâàăŋïîéĺåáï ŕő àěèěâłě ćőńŋ ãŕàãčĺå ăłãáâĺçěáłĺå ĺńĺ őŕâĺçěáłĺå łőńěąăŋĺľ. Šăłĺě łćăŋâë (łćăğĺçăáâĺæë) ŋăğëćăîâ äőŋőŋăňĺ. Ć áŕěłâàě (12.4), ŕàĺ ğăňěŋě ĺŋďěłáă α → (k, σ): ε_{kσ} = h̄ω_{kσ} – ěáâì íŋěàčĺï őďŋőčő äőŋőŋă ć áőáâőïŋĺĺ |k, σ⟩, ă n_α → n_{kσ} – ěáâì çĺáńő äőŋőŋőć ć íâőň áőáâőïŋĺĺ.

Ţőâï äőŋőŋë ŕőåőęĺ ŋă łćăŋâë İŇŔ, ĺňěîâáï ĺ áãéěáâćěŋŋëě őâńĺçĺï. Ĺňŕãńìá äőŋőŋă ŋě őŕàěďěńěŋ, ŋő á äőŋőŋőň ŋőàňăńìŋőľ ňőďë k_ν ňőęŋő áćïğăâì łćăğĺĺňŕãńìá h̄k_ν (12.2), łőâőàëľ, ğă ĺáłńîçěŋĺěň àěďłĺå ŕàőæěááőć ŕěàěąàőáă (12.3), áőåàăŋïěâáï ŕàĺ íńěłâàőŋ–äőŋőŋŋëå, äőâőŋ– äőŋőŋŋëå ĺ äőŋőŋ–äőŋőŋŋëå ćğăĺňőďěľáâćĺïå. Łőŋěçŋőě çĺáńő 3ℓ ćěâćěľ

—136— áŕěłâàă ω_σ(k) őğŋăçăěâ, çâő ďńï łăęďőčő äőŋőŋă ćőğňőęŋë ãęě 3 áőáâőïŋĺï ŕőńïàĺğăæĺĺ ĺ áãéěáâćãěâ ňăłáĺňăńìŋăï çăáâőâă ω_M , ćëèě łőâőàőľ äőŋőŋőć ŋěâ ĺ ć (12.5) D(ω, V ) ≡ 0 ŕàĺ ω > ω_M . Ŕàĺçěň çĺáńő ŋőàňăńìŋëå ňőď čăàňőŋĺçěáłőľ áĺáâěňë àăćŋő çĺáńã ěě áâěŕěŋěľ áćőąőďë, łőâőàőě ğďěáì, ć őâńĺçĺĺ őâ ŕőńï ĺğńãçěŋĺï (11.20), ïćńïěâáï łőŋěçŋëň ĺ àăćŋëň ŕőńŋőňã çĺáńã ŋěğăćĺáĺňëå őáæĺńńïâőàőć ŕőńï äőŋőŋőć:

3Y ℓ = f =^{f∑}_{α=1} 1 =^{f∑}_{σ,k} 1^3 =^{f∑}_{σ,ν} 1^3 ⇒^∑_σ N_i/2∫

−N_i/2 d^3ν = ω_M∫

0 dω D(ω, V ) = 3N, (12.6) Šăłĺň őąàăğőň, ćőğŋĺłăěâ ćőğňőęŋőáâì ĺááńěďőćăâì ćłńăď łőńěąăŋĺľ ć âěàňőďĺŋăňĺłã łàĺáâăńńă ć ŕěàćőň – čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ ĺğãçăï áćőľáâćă čăğă ŋěćğăĺňőďěľáâćãîéĺå łćăğĺçăáâĺæ – ĺďěăńìŋőčő čăğă äőŋőŋőć. Őâáãâáâćĺě ćğăĺňőďěľáâćĺï äőŋőŋőć ďàãč á ďàãčőň őąãáńőćńěŋő ĺňěŋŋő čăàňőŋĺçěáłĺň ŕàĺąńĺęěŋĺěň (12.31) ďńï âőçŋőčő ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï áőáěďŋĺå ăâőňőć łàĺáâăńńĺçěáłőľ àěèěâłĺ. Ţĺňŕőâěŋæĺăń âăłőčő čăğă łăł ĺ ć áńãçăě àăćŋőćěáŋőčő ĺğńãçěŋĺï, ěáâěáâćěŋŋő, àăćěŋ ŋãńî: μ_{pn} ≡ 0, âăł łăł äőŋőŋë ŕőáâőïŋŋő ŕőàőęďăîâáï ĺ ŕőčńőéăîâáï àěèěâłőľ. Śàěďŋĺě çĺ́áńă äőŋőŋőć ňőďë ε_{kσ} = h̄ω_{kσ} ć áőáâőïŋĺĺ |k, σ⟩ ďăîâáï âőčďă áőőâćěâáâćãîéĺň àăáŕàěďěńěŋĺěň Ąőğě – İľŋèâěľŋă: ≪n_{kσ}≫ = 1 exp(βε_{kσ}) − 1

, ă Z_{kσ} = 1 2sh (βε_{kσ}/2) ĺ Z_N =^{f∏}_{k,σ} Z_{kσ} (12.7)

– łăŋőŋĺçěáłăï áâăâáãňňă äĺłáĺàőćăŋŋőčő (12.6) çĺáńă f őáæĺńńïâőàőć. Ś ãçěâőň áâăâáãňňë Z_{kσ} (7.32) ĺ áàěďŋěľ íŋěàčĺĺ (7.35) őâďěńìŋőčő őáæĺńńïâőàă ćŋãâàěŋŋïï íŋěàčĺï (4.39) âăłőčő ĺďěăńìŋőčő čăğă: U(T, V ) ≡ ≪E≫ = − ( ∂ ln Z_N ∂β ) V =^{f∑}_{k,σ} h̄ω_{kσ} ( ≪n_{kσ}≫ + 1 2 ) = (12.8)

=^{f∑}_{k,σ} h̄ω_{kσ} exp(βh̄ω_{kσ}) − 1 + h̄ω_{kσ} 2 =^{f∑}_{k,σ} h̄ω_{kσ} 2 cth ( βh̄ω_{kσ} 2 ) =⇒_{(12.5)} (12.9)

=⇒_{(12.5)}

ω_M (V ) ∫ 0 dω D(ω, V ) h̄ω 2 cth ( h̄ω 2k_B T ) = ∂ ∂(1/T ) F (T, V ) T V , [→] (12.10)

F (T, V ) = −k_B T ln Z_N = k_B T

ω_M (V ) ∫ 0 dω D(ω, V ) ln [ 2 sh ( h̄ω 2k_B T )] , (→) (12.11)

čďě ĺ ć F (T, V ) âăłęě ãçâěŋ łőŋěçŋëľ ğďěáì ćłńăď íŋěàčĺĺ ŋãńěćëå łőńěąăŋĺľ, łőâőàëľ ŋě ćńĺïěâ ŋă âěŕńőěňłőáâì čăğă äőŋőŋőć (x = βh̄ω):

—137—

C_V = ∂U(T, V ) ∂T V = k_B β^2

∂^2 ln Z_N ∂β^2 V = k_B ω_M∫

0 dωD(ω, V )E ( h̄ω k_B T ) , (12.12)

čďě: E(x) = −x^2 d^2 dx^2 ln (sh (x/2)) = −x^2 d dx 1 (e^x − 1) = x^2e^x (e^x − 1)^2 = [ x/2 sh (x/2)

]_2

(12.13)

– äãŋłæĺï İľŋèâěľŋă (7.36), çìě ŕőćěďěŋĺě á ãçěâőň (12.6) čăàăŋâĺàãěâ ćëŕőńŋěŋĺě ć (12.12) ğăłőŋă Ďîńőŋčă - Ŕâĺ, ćőáŕàőĺğćőďï âěň áăňëň âěőàěňã ő àăćŋőàăáŕàěďěńěŋĺĺ ŕő áâěŕěŋïň áćőąőďë ďńï íŋěàčĺĺ (12.10) ŕàĺ ćëáőłĺå âěňŕěàăâãàăå ŋěğăćĺáĺňő őâ ïćŋőčő ćĺďă äãŋłæĺĺ D(ω, V ): E(x) −→_{x→0} 1 − x^2 12 + x^4 240 + . . . , E(x) −→_{x→∞} x^2 exp(−|x|). (12.14) 2 Ňőďěńì İľŋèâěľŋă

Ŕàěďŕőńőęĺň, çâő ćáě łőńěąăâěńìŋëě ňőďë łàĺáâăńńă ĺňěîâ őďŋã ĺ âã ęě åăàăłâěàĺáâĺçěáłãî çăáâőâã ω_∋, â.ě. íŋěàčĺï äőŋőŋőć ŋě ğăćĺáĺâ őâ ĺňŕãńìáă h̄k: ε_{kσ} = h̄ω_{kσ} → h̄ω_∋ = ε_∋ = const. Šőčďă àăćěŋáâćă (12.6), (12.13) äőàňăńìŋő őğŋăçăîâ, çâő ć (12.12) (ĺ ąěğ ãçěâă ăłãáâĺçěáłĺå ňőď)

D_∋(ω, V ) =⇒ 3^~Nδ(ω − ω_∋), ŋő^~N = Y (ℓ − 1)^?−→ N, â.ě. (12.15)

C_V ≡ k_B x^2

∂^2 ln Z_N ∂x^2 V =⇒ 3^~Nk_B E(x), čďě: x ⇒ h̄ω_∋ k_B T = θ_∋ T , (12.16)

ă θ_∋ = h̄ω_∋/k_B – åăàăłâěàĺáâĺçěáłăï “íľŋèâěľŋőćáłăï âěňŕěàăâãàă”. Ć áĺńã (12.14) ŕàĺ T ≫ θ_∋ ŕőŕàăćłă ł ğăłőŋã Ďîńőŋčă - Ŕâĺ âăłőćă: C_V ≃ 3^~Nk_B 1 − x^2 12 ?−→ 3Nk_B , čďě: x → 0, ŕàĺ T → ∞. (12.17) Ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå, T ≪ θ_∋, ćëŕőńŋïěâáï ğăłőŋ Ŋěàŋáâă (7.37):

C_V ≃ 3^~Nk_B x^2 e^{−x} −→ 0, čďě: x → +∞, ŕàĺ T → 0. (12.18)

İâĺ ćëàăęěŋĺï ďăîâ ńĺèì łăçěáâćěŋŋőě áőčńăáĺě á íłáŕěàĺňěŋâőň (Řĺá. 12.1), ă ğăňěŋã^~N → N ć (12.15) ňőęŋő őŕàăćďăâì âőńìłő ŕàĺ ℓ ≫ 1. Ŋă áăňőň ďěńě ĺğ ćáěå 3N = 3Y ℓ łőńěąăŋĺľ ĺňěŋŋő őâąàőèěŋŋëě ğďěáì 3Y ·1 áâěŕěŋěľ áćőąőďë łàĺáâăńńă, ğăłńîçěŋŋëě ć âàěå ăłãáâĺçěáłĺå ňőďăå, ĺ őŕàěďěńïîâ ŕőćěďěŋĺě âěŕńőěňłőáâĺ ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå.

—138—

3 Ňőďěńì Ďěąăï

Š.ě. ňőďěńì İľŋèâěľŋă áńĺèłőň čàãąă, â.ł. ŋă áăňőň ďěńě âàĺ ăłãáâĺçěáłĺå ćěâćĺ ω_σ(k) ∼ c_σk, őâćěçăîéĺě âàěň ćőğňőęŋëň ŕőńïàĺğăæĺïň, ćőğąãęďăîâáï ŕàĺ áłőńì ãčőďŋő ŋĺğłĺå âěňŕěàăâãàăå. Ďőŕãáâĺň, çâő: • őŕâĺçěáłĺě ćěâćĺ, ŋăőąőàőâ, ĺńĺ ćőćáě őâáãâáâćãîâ ŕàĺ ℓ = 1, ĺńĺ ŋě ćőğąãęďăîâáï ĺğ-ğă ŋĺğłőľ âěňŕěàăâãàë T ≤ 10 K;

• ďńï âàěå ăłãáâĺçěáłĺå ćěâćěľ áŕàăćěďńĺćő ďńĺŋŋőćőńŋőćőě ŕàĺąńĺęěŋĺě á ńĺŋěľŋőľ ğăćĺáĺňőáâìî őąéěľ çăáâőâë őâ ćőńŋőćëå çĺáěń (ćőńŋőćëå ćěłâőàőć) ã őďŋőľ ŕàőďőńìŋőľ ĺ ďćãå ŕőŕěàěçŋëå ŕőńïàĺğăæĺľ: ω = c_lk_{(l)}, ω = c_⊥k_{(⊥)}, â.ě. |k_{(σ)}| = k_{(σ)}(ω) = ω/c_σ .

Ŕàĺ ğăňěŋě áãňňë ŕő ćőńŋőćëň çĺáńăň (ćěłâőàăň) k_{(σ)} ĺŋâěčàĺàőćăŋĺěň ŕő ŕàăćĺńã (12.5) ďńï çĺáńă äőŋőŋŋëå ňőď á çăáâőâăňĺ ć ĺŋâěàćăńě (ω, ω + dω) ć âěńěáŋőň ãčńě Ω = 4π ćňěáâő (11.12)–(11.14) ĺňěěň:

dγ(ω, V ) =^∑_{σ,Ω} 1^3 ⇒V^∑_σ ∫ Ω d^3k_{(σ)} (2π)^3 = 4πV (2π)^3 3∑ σ=1 k^2_{(σ)}dk_{(σ)} = V ω^2 2π^2 1 c^3_l + 2 c^3_⊥ dω, őâłãďă: D_D(ω, V ) = dγ(ω, V ) dω = 3 2 V ω^2 π^2c̄^3

, ŕàĺ: 3 c̄^3 = 1 c^3_l + 2 c^3_⊥

, (12.19)

c̄ - áàěďŋïï őąàăâŋő-łãąĺçěáłăï áłőàőáâì ğćãłă. İâő őâńĺçăěâáï őâ äőàňãń (11.14) ďńï äőâőŋőć ńĺèì ğăňěŋőľ c → c̄ ĺ őâŋőèěŋĺěň çĺáńă ŕőńïàĺğăæĺľ äőŋőŋőć ĺ äőâőŋőć: g_{pn}/g_{pt} = 3/2. Ĺğ (12.6) ňőęŋő ŋăľâĺ âőčďă ňăłáĺňăńìŋãî çăáâőâã ω_M ĺ äãŋłæĺî D_D(ω, V ) łăł:

3N = ω_M∫

0 dωD_D(ω, V ) = V ω^3_M 2π^2c̄^3 , D_D(ω, V ) = 9N ω^2 ω^3_M

, ω_M = c̄^(6π^2n^{)1/3},

(12.20) n = N/V . Ďńï âěŕńőěňłőáâĺ ĺğ (12.12) ŋăåőďĺň, ććőďï ŕàĺ ω_M = ω_M (V ) âěňŕěàăâãàã Ďěąăï θ_D(V ) ĺ äãŋłæĺî Ďěąăï Δ(x) ĺ ŕőńăčăï t = βh̄ω,

k_B θ_D = h̄ω_M , x = βh̄ω_M = h̄ω_M k_B T = θ_D T , ω ω_M = t T θ_D = t x : (12.21)

C_V = 9Nk_B ω^3_M ω_M∫

0 dω ω^2E (βh̄ω) = 9Nk_B ( T θ_D )3 θ_D /T∫

0 t^2E(t)dt, (12.22)

C_V = 3Nk_B Δ ( θ_D T ) , Δ(x) = 3 x^3 x∫

0 t^2E(t)dt ≡ 3 1∫

0 ξ^2E(xξ)dξ. (12.23)

Ŕàĺ T → ∞ (x → 0) ĺğ (12.14), (12.23): Δ(0) = 1 = E(0), ĺ ŋěňěďńěŋŋő ŕàĺåőďĺň áŋőćă ł ğăłőŋã Ďîńőŋčă-Ŕâĺ: C_V ≈ 3Nk_B (1 − o(1)), âăł łăł:

—139—

Δ(x) =⇒ 3 1∫

0 dξ ξ^2 1 − x^2ξ^2 12 = 1 − x^2 20 , x → 0, T → ∞, 3 x^3 x∫

0 t^2E(t) dt = 4π^4 5x^3 [ 1 − O(e^{−x})^] , x → ∞, T → 0, (12.24)

čďě: ∞∫

0 t^2E(t) dt = − ∞∫

0 t^4d ( 1 e^t − 1 ) = 4I_4 = 4 Γ(4)ζ(4) =

4 π^4 15 , (12.25)

őâłãďă: C_V =⇒_{T →0}

12π^4 5 Nk_B ( T θ_D )3 ( 1 − O(e^{−x})^) , âő ěáâì, (12.26)

ŕàĺ T → 0 (x → ∞) ććĺďã áåőďĺňőáâĺ ŕőáńěďŋěě ćëàăęěŋĺě (12.24), ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő çăáâïň (12.25) á ãçěâőň (12.13), (11.29) ďăěâ ğăłőŋ Ďěąăï T^3 (12.26), áőčńăáãîéĺľáï á ğăćĺáĺňőáâìî C_V őâ T ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå. Ťőàňãńă Ďěąăï (12.23) őłăğëćăěâáï ŕàăćĺńìŋőľ ć ďćãå ŕàěďěńìŋëå áńãçăïå (12.24) ĺ ňőęěâ àăááňăâàĺćăâìáï łăł ĺŋâěàŕőńïæĺőŋŋăï ďńï ŕàőĺğćőńìŋëå âěňŕěàăâãà (áàăćŋĺ E(x), Δ(x), ŋă Řĺá. 12.1).

Řĺá. 12.1. Šěŕńőěňłőáâì Ďěąăï Δ(θ_D/T ) ĺ âěŕńőěňłőáâì İľŋèâěľŋă E(θ_∋/T ).

Al Mg Cu Zn Ag Au θ_D, K ĺğ c̄ 399 385,6 344,4 328 226,4 161,1 θ_D, K ĺğ C_V 394 404 345,2 305 226,0 164,7 Šěňŕěàăâãàă Ďěąăï θ_D őŕàěďěńïěâáï ŋěğăćĺáĺňő ŕő ĺğňěàěŋĺïň łăł áłő-

—140— àőáâĺ ğćãłă c̄ ć (12.20), âăł ĺ âěŕńőěňłőáâĺ C_V (12.26). Šěáŋăï ąńĺğőáâì íâĺå ďăŋŋëå ãłăğëćăěâ ŋă áăňőáőčńăáőćăŋŋőáâì ňőďěńĺ Ďěąăï.

Ć őâńĺçĺě őâ ĺğńãçěŋĺï, ć âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï ďńï äőŋőŋőć ďőŕőńŋĺâěńìŋãî ğăćĺáĺňőáâì őâ őąêěňă ć F (12.11) ćŋőáïâ: íŋěàčĺï ŋãńěćëå łőńěąăŋĺľ ĺğ (12.9) ĺ ğăćĺáïéăï őâ ŋěčő ňăłáĺňăńìŋăï çăáâőâă ω_M (V ) (12.6), (12.20). Őďŋăłő ŕàĺ ŋăńĺçĺĺ ěďĺŋáâćěŋŋőčő àăğňěàŋőčő ŕăàăňěâàă ω_M ąěğàăğňěàŋőáâì ćěńĺçĺŋë ω_M D(ω, V ) = Ψ(ω/ω_M ) őâçăáâĺ äăłâőàĺğãěâ íâã ğăćĺáĺňőáâì (Ğăď. 18.3.) łăł ďńï áćőąőďŋőľ íŋěàčĺĺ, âăł ĺ ďńï ďăćńěŋĺï, ĺ ć ňőďěńĺ Ďěąăï ćňěáâő (11.26) ĺğ (12.11), áńěďãï (12.21), (12.22) ĺ ãçĺâëćăï (12.10), (12.20), ŋăåőďĺň^2, ŕàĺ x = θ_D/T : (→) F (T, V ) = 9Nk_B T ( 1 x )3 x∫

0 t^2 ln [ 2 sh ( t 2 )] dt ≡ 9Nk_B T R(x), (12.27) P = − ∂F (T, V ) ∂V T =⇒ −9Nk_B R^′(x) dθ_D(V ) dV = λ(V ) U(T, V ) V , (12.28) [→] â.ł. U(T, V ) ⇒ 9Nh̄ω_M R^′(x), λ(V ) = − d ln [ω_M (V )] d ln V =⇒ (12.20) 1 3 , (12.29)

– ŕăàăňěâà Čàîŋăľğěŋă, k_B θ_D(V ) = h̄ω_M (V ), ĺ âő ęě ďńï ňőďěńĺ (12.15).

Ŕěàěŋőáĺňëľ äőŋőŋőň áàěďŋĺľ ĺňŕãńìá łăł ŕěàěďăŋŋëľ ăâőňăňĺ áâěŋłě łàĺáâăńńă ğă ŕěàĺőď ć čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ àăćěŋ ŋãńî: ⟨⟨m_iv_i⟩⟩ = 0 łăł áàěďŋěě őâ ŕěàĺőďĺçěáłőľ äãŋłæĺĺ ŕő ŕěàĺőďã. Ŕàőĺğćőďŋăï λ(V ) őâ çăáâőâë ŕő őąêěňã ć (12.28) őğŋăçăěâ, çâő ďăćńěŋĺě äőŋőŋŋőčő čăğă æěńĺłőň őąïğăŋő ăŋčăàňőŋĺçŋőáâĺ łőńěąăŋĺľ ăâőňőć łăł ğăćĺáĺňőáâĺ ĺå çăáâőâë őâ ĺå ăňŕńĺâãďë [13]. İâă ęě łãąĺçěáłăï ăŋčăàňőŋĺçŋőáâì ňěęăâőňŋőčő ŕőâěŋæĺăńă u(x) = γx^2/2−ηx^3 ŕàĺ ãáàěďŋěŋĺĺ á e^{−βu(x)} [55] ŕàĺćőďĺâ ł âěŕńőćőňã àăáèĺàěŋĺî âćěàďëå âěń: aT α_P /3 ≡ ⟨⟨x⟩⟩ ⇒ 3ηk_B T/γ^2 ĺ áćïğĺ łőíääĺæĺěŋâă őąêěňŋőčő àăáèĺàěŋĺï α_P á ŕăàăňěâàőň Čàîŋăľğěŋă: V α_P = λ(V )C_V K_T (ğăď. 18.7.), â.ł. íâő àăáèĺàěŋĺě ĺ ćëğćăŋő àőáâőň ďăćńěŋĺï äőŋőŋőć P_{pn} (12.28) á âěňŕěàăâãàőľ.

Ĺâăł, ãáńőćĺě μ_{pn} ≡ 0 ŋě ŕàĺćőďĺâ ğďěáì ł ãàăćŋěŋĺî áőáâőïŋĺï (11.24) P = P (T ) ćňěáâő (12.28). Ğăňěâĺň, çâő, ć őâńĺçĺě őâ àěăńìŋëå čăğőć ĺ ĺğńãçěŋĺï, ğăŋĺňăîéĺå ćáěčďă ćěáì ŕàěďőáâăćńěŋŋëľ ĺň őąêěň ĺ ãďěàęĺćăěňëå ć ŋěň ńĺèì ćŋěèŋĺňĺ áĺńăňĺ ěčő áâěŋőł, ęĺďłőáâĺ ĺ, âěň ąőńěě, âćěàďëě âěńă – łàĺáâăńńë – áăňĺ őčàăŋĺçĺćăîâ áćőľ őąêěň ğă áçěâ ďőŕőńŋĺâěńìŋőčő ďăćńěŋĺï áőąáâćěŋŋëå áĺń ŕőćěàåŋőáâŋőčő ŋăâïęěŋĺï. Ŕőćěàåŋőáâŋăï íŋěàčĺï, ąãďãçĺ ŋěőâêěňńěňőľ çăáâìî ćŋãâàěŋŋěľ ĺ

2Š.ě.: (→) F (T, V ) = k_BT x∫ 0 dt x Ψ ( t x ) ln [ 2 sh ( t 2 )] ≡ k_BT ^R(x), ĺ P V = λ(V )U(T, V ).

—141— áćőąőďŋőľ íŋěàčĺĺ łàĺáâăńńă, ïćńïěâáï ďőŕőńŋĺâěńìŋëň ĺáâőçŋĺłőň ĺå ğăćĺáĺňőáâĺ őâ àăğňěàőć (ŕőćěàåŋőáâĺ). Ţőâï íâă ŕőćěàåŋőáâŋăï íŋěàčĺï ňŋőčő ňěŋìèě ãçâěŋŋőľ ćëèě őąêěňŋőľ íŋěàčĺĺ, ěě ŕàőĺğćőďŋëňĺ, â.ě. ďăćńěŋĺěň, ĺ ŕàĺàăéěŋĺïňĺ, â.ě. íńěňěŋâăàŋőľ àăąőâőľ íâĺå áĺń δA_Σ = −σ(x)dΣ, ãęě ŋěńìğï ŕàěŋěąàěçì ŕàĺ őŕĺáăŋĺĺ ŕőćěàåŋőáâŋëå ïćńěŋĺľ. Šőčďă ŕőńŋëľ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ďćãåäăğŋőľ áĺáâěňë (5.38) àăćěŋ: J = −P_1V_1 − P_2V_2 + ∮ σ(x)dΣ, ĺ ĺğ ãáńőćĺï ěčő ňĺŋĺňãňă ŕàĺ äĺłáĺàőćăŋŋőň V_1 + V_2 ĺňěěň: P_Σ = P_1 − P_2 = σ(dΣ/dV_1). Ŕàĺ äĺłáĺàőćăŋŋëå őąêěňě V_1 ĺ âěňŕěàăâãàě T ňĺŋĺňãň ěčő ŕőćěàåŋőáâŋőľ çăáâĺ J_Σ = ∮ σ dΣ őŕàěďěńïěâ àăćŋőćěáŋãî őčàăŋłã łàĺáâăńńă áőčńăáŋő âěőàěňě Ćãńìäă: ć àăćŋőćěáĺĺ ć łàĺáâăńńě áãéěáâćãěâ âőçłă, àăááâőïŋĺï ℓ_i łőâőàőľ őâ ŕńőáłőáâěľ čàăŋěľ Σ_i á ãàăćŋěŋĺïňĺ (N_{Σi} · x) = ℓ_i ĺ ŕőćěàåŋőáâŋëňĺ ŋăâïęěŋĺïňĺ σ_i âăłőćë, çâő σ_i/ℓ_i = const (Řĺá. 12.4) [6].

Š.ě. äőŋőŋŋëľ čăğ, ïćńïïáì čăğőň čĺŕőâěâĺçěáłĺå çăáâĺæ, őŕĺáëćăěâ ńĺèì çăáâì P_{pn} (12.28) ŕőńŋőčő ďăćńěŋĺï P_{cr} = P_{pn} + P_Σ, áőğďăćăěňãî łőńěąăŋĺïňĺ àěăńìŋëå ăâőňőć łàĺáâăńńă. Ŕőíâőňã ŋãńěćőľ åĺňŕőâěŋæĺăń íâőčő čăğă μ_{pn} = 0 ŋě ĺňěěâ ŋĺłăłőčő őâŋőèěŋĺï ŋĺ ł åĺňŕőâěŋæĺăńã μ_{cr} ăâőňőć ć łàĺáâăńńě, ŋĺ ł ěčő ąőńìèőňã âěàňőďĺŋăňĺçěáłőňã ŕőâěŋæĺăńã ĺ ŕőńŋőňã ďăćńěŋĺî P_{cr} ćŋãâàĺ áăňőčő łàĺáâăńńă (Ğăď. 18.4.): μ_{cr} = ∂F_{cr}(T, V, N) ∂N V,T , J_{cr}(T, V, μ_{cr}) = F_{cr}(T, V, N) − Nμ_{cr} = −P_{cr}V. (12.30) Šăłőě ŕàěďáâăćńěŋĺě ő äőŋőŋăå łăł ő ŋěłőâőàëå àăáŕàőáâàăŋïîéĺåáï ŕő àěèěâłě ćőğąãęďěŋĺïå – łćăğĺçăáâĺæăå – ïćńïěâáï çăáâŋëň áńãçăěň őąéěčő ŕőŋïâĺï, ĺčàăîéěčő ćăęŋãî àőńì ć łćăŋâőćőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋëå áĺáâěň, çìĺň ďăńìŋěľèĺň őąőąéěŋĺěň ïćńïěâáï

4 Łőŋæěŕæĺï łćăğĺçăáâĺæ

Ćáïłőě áńăąő ćőğąãęďěŋŋőě áőáâőïŋĺě ňĂłàőáłőŕĺçěáłőčő âěńă ňőęŋő àăááňăâàĺćăâì łăł áőćőłãŕŋőáâì őâďěńìŋëå íńěňěŋâăàŋëå ćőğąãęďěŋĺľ, łőâőàëě ćěďãâ áěąï, łăł ŋěłőâőàëě łćăğĺçăáâĺæë, ďćĺęãéĺěáï ć ğăŋĺňăěňőň âěńőň őąêěňě. Ŕőłă ĺå çĺáńő őáâăěâáï ňăńő́, őŋĺ ŋě ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ ĺ ĺå áőćőłãŕŋőáâì ňőęŋő àăááňăâàĺćăâì łăł ĺďěăńìŋëľ čăğ. Ŕőŋïâĺě íńěňěŋâăàŋőčő ćőğąãęďěŋĺï – łćăğĺçăáâĺæë – ććőďĺâáï łăł áŕőáőą őŕĺáăŋĺï łőńńěłâĺćŋőčő ďćĺęěŋĺï ćğăĺňőďěľáâćãîéĺå ďàãč á ďàãčőň ăâőňőć âěńă ŕãâěň ďĺăčőŋăńĺğăæĺĺ ĺå ćğăĺňőďěľáâćĺï ł ŋőàňăńìŋëň – ŋěćğăĺňőďěľáâćãîéĺň ňőďăň ĺ ŋĺłăł ŋě ăááőæĺĺàãěâáï á őâďěńìŋëň ăâőňőň ĺńĺ ňőńěłãńőľ [60].

—142— Ś łőńěąăŋĺïňĺ àěèěâłĺ áćïğăŋő ňŋőęěáâćő àăğŋőőąàăğŋëå ïćńěŋĺľ, âăłĺå łăł ŋěãŕàãčőě àăááěïŋĺě áćěâă ŋă őŕâĺçěáłĺå äőŋőŋăå (íääěłâ Řăňăŋă), íääěłâĺćŋőě ŕàĺâïęěŋĺě íńěłâàőŋőć, őąãáńőćńěŋŋőě íńěłâàőŋ– äőŋőŋŋëň ćğăĺňőďěľáâćĺěň (čăňĺńìâőŋĺăŋ Ťàěńĺåă) ĺ ŕàĺćőďïéěě ć łőŋěçŋőň áçěâě ł áćěàåŕàőćőďĺňőáâĺ. Ś ŕàőæěááăňĺ ŕěàěąàőáă ĺ ŕěàěďăçěľ ĺňŕãńìáă łàĺáâăńńã łăł æěńőňã áćïğăŋë ňěåăŋĺğň âěŕńőŕàőćőďŋőáâĺ ĺ àěğőŋăŋáŋőě ŕőčńőéěŋĺě ąěğ őâďăçĺ γ-łćăŋâă ïďàőň ć łàĺáâăńńě ć íääěłâě Ňěááąăãíàă, ĺ ňŋőčőě ďàãčőě. Řăğŋëě ćěâćĺ łőńěąăŋĺľ àěèěâłĺ ćńĺïîâ ŋă àăğńĺçŋëě ŕàőæěááë: őŕâĺçěáłĺě (ąőàŋőćáłĺě) ćěâćĺ – ŋă ŕőčńőéěŋĺě ĺ ĺáŕãáłăŋĺě ĺŋäàăłàăáŋőčő ĺğńãçěŋĺï ĺ ěčő łőňąĺŋăæĺőŋŋőě àăááěïŋĺě; ŕàőďőńìŋëě ăłãáâĺçěáłĺě ćěâćĺ – ŋă àăááěïŋĺě ŋěľâàőŋőć.

Ćőâ ńĺèì ŋěłőâőàëě ŕàĺňěàë łćăğĺçăáâĺæ, áćïğăŋŋëå âăł ĺńĺ ĺŋăçě á àăğńĺçŋëňĺ ćěâćïňĺ łőńěąăŋĺľ àěèěâłĺ [60]:

ŕőńïàĺâőŋ – łćăŋâ áňěáĺ őŕâĺçěáłĺå äőŋőŋőć ĺ äőâőŋőć (łćăŋâ ŕőŕěàěçŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï, ćőğąãęďăěňőčő ŕàĺ ŕőŕěàěçŋëå őŕâĺçěáłĺå łőńěąăŋĺïå ĺőŋőć àěèěâłĺ);

ŕńăğňőŋ – łćăŋâ ŕàőďőńìŋőľ íńěłâàőňăčŋĺâŋőľ ćőńŋë, ćőğŋĺłăîéěľ ŕàĺ łãńőŋőćáłőň ćğăĺňőďěľáâćĺĺ íńěłâàőŋőć á ĺőŋăňĺ àěèěâłĺ (ć ňěâăńńăå ĺ ŕőńãŕàőćőďŋĺłăå);

ŕőńïàőŋ – ăćâőńőłăńĺğőćăŋŋőě áőáâőïŋĺě íńěłâàőŋă, őâćěçăîéěě ćğăĺňőďěľáâćĺî íńěłâàőŋă á őŕâĺçěáłĺň äőŋőŋőň, â.ě. íńěłâàőŋ, ďćĺęãéĺľáï ć łàĺáâăńńě ćňěáâě á ńőłăńìŋőľ ŕőńïàĺğăæĺěľ (íńěłâàőŋ + őąńăłő ćĺàâãăńìŋëå őŕâĺçěáłĺå äőŋőŋőć);

ňăčŋőŋ – łćăŋâ áŕĺŋőćëå ćőńŋ, â.ě. àăáŕàőáâàăŋïîéĺåáï ć łàĺáâăńńě ŋăàãèěŋĺľ ãŕőàïďőçěŋŋőáâĺ (ŕěàěćőàőâă) áŕĺŋőć (áň. âěłáâ ŕőáńě (10.44)). ([5] §53, [6] §64-71,154-156, [7], [10], [11], [12], [13], [36], [60]) Ğăďăçĺ 18.1. Ťãŋłæĺĺ Čăňĺńìâőŋă őďŋőňěàŋőľ ńĺŋěľŋőľ æěŕőçłĺ Ąőàŋă - Łăàňăŋă á őďŋĺň ĺ ďćãňï ăâőňăňĺ ć íńěňěŋâăàŋőľ ïçěľłě ŕàĺ N_1 = 1 × Y ĺ N_2 = 2 × Y áőőâćěâáâćěŋŋő, ć čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ ĺňěîâ ćĺď:

H_1 =^{N1∑}_{ℓ=1} p^2_ℓ 2m + γ 2 (ξ_ℓ − ξ_{ℓ−1})^2

, H_2 =^{Y∑}_{ℓ=1} p^2_{1ℓ} 2m_1 + p^2_ℓ 2m_2

+ (12.31) + γ 2 Y∑ ℓ=1 [ (ξ^{(1)}_ℓ − ξ^{(2)}_ℓ )^2 + (ξ^{(1)}_ℓ − ξ^{(2)}_{ℓ−1})^2 + (ξ^{(2)}_ℓ − ξ^{(1)}_{ℓ+1})^2 ] , ďĺăčőŋăńĺğãïáì

ćňěáâő (11.4): ξ (i) ℓ (t) = 1 √ N ∑ k q^{(i)}_k (t)e^{ikℓa}, ŕàĺ q^{(i)}_k (t) = A^{(i)}_k e^{−iωkt}, (12.32) γ- łőŋáâăŋâă ãŕàãčőľ áćïğĺ áőáěďŋĺå ăâőňőć; ξ^{(i)}_ℓ - áňěéěŋĺě őâŋőáĺâěńìŋő ŕőńőęěŋĺï àăćŋőćěáĺï ℓ- čő ăâőňă, ĺńĺ (i)- čő ăâőňă ć ℓ-őľ ïçěľłě. Łőőàďĺŋăâë ξ_ℓ ãďőćńěâćőàïîâ æĺłńĺçěáłĺň ãáńőćĺïň Ąőàŋă-Łăàňăŋă: ξ_ℓ = ξ_{ℓ+N} , ňőďěńĺàãîéĺň ĺďěăńìŋãî ŕěàĺőďĺçěáłãî áâàãłâãàã; p_{iℓ} = m_iξ̇^{(i)}_ℓ .

Řĺá. 12.2. Ćĺď ăłãáâĺçěáłőľ ω_{ac}(k) ĺ őŕâĺçěáłőľ ω_{opt}(k) ćěâćěľ ŕàĺ m_2 = 2m_1.

Ŕőłăğăâì, çâő ğăłőŋ ďĺáŕěàáĺĺ ďńï łőńěąăŋĺľ æěŕőçłĺ, â.ě. ğăćĺáĺňőáâì çăáâőâë łőńěąăŋĺľ ω őâ ćőńŋőćőčő çĺáńă k, ć ŕěàćőň áńãçăě: ω_{ac}(k) = 2γ m [1 − cos(ka)] = 2 ( γ m )1/2 | | | |sin ka 2 | | | | | =⇒_{k→0} ( γ m )1/2 |ka|, (12.33) ă ćő ćâőàőň áńãçăě:

ω_s(k) = ( γ μ )1/2 1 + (−1)^s 1 − 4μ (m_1 + m_2) sin^2 ( ka 2 ) 1/2 , čďě: (12.34)

s = 1, 2, ă ŕàĺćěďěŋŋăï ňăááă íńěňěŋâăàŋőľ ïçěľłĺ μ = m_1m_2/(m_1 + m_2), ĺ ŕőâőňã ňŋőęĺâěńì ŕěàěď łćăďàăâőň áĺŋãáă 4μ^2/(m_1m_2) ≤ 1. Š.ě., ďńï őďŋőňěàŋőľ æěŕőçłĺ ďćãåăâőňŋëå ïçěěł ĺňěěâáï ďćě ćěâćĺ łőńěąăŋĺľ: 1) ăłãáâĺçěáłăï ćěâćì, s = 1, ăŋăńőčĺçŋăï (12.33), čďě ω_{ac}(0) = 0; 2) őŕâĺçěáłăï ćěâćì, s = 2, ďńï łőâőàőľ ω_{opt}(0) =^√2γ/μ. Ć ŕàěďěńě m_1 → m_2, á ãçěâőň ğăňěŋë (a/2) → a, (12.34) ŕěàěåőďĺâ ć (12.33). Š.ł. ğăćĺáĺňőáâì őâ k ćő ćáěå áńãçăïå ïćńïěâáï ŕěàĺőďĺçěáłőľ,

—144— ěě ňőęŋő őčàăŋĺçĺâì ŕěàćőľ ğőŋőľ Ąàĺńńîíŋă |k| < π/a ([12], [44]). 18.2. Ć ňőďěńĺ Ďěąăï (12.14), (12.23) ĺ İľŋèâěľŋă (12.17) ŋăľâĺ łćăŋâőćëě ŕőŕàăćłĺ ł ğăłőŋã Ďîńőŋčă ĺ Ŕâĺ, ĺ ŕőŕàăćłã ł ğăłőŋã Ďěąăï (12.26). Ŕőçěňã ŕàĺąńĺęěŋĺě Ďěąăï (12.20) ďăěâ ŕàăćĺńìŋëľ őâćěâ ĺ ŕàĺ ćëáőłĺå âěňŕěàăâãàăå, čďě őŋő ğăćěďőňő ŋěŕàĺčőďŋő (áň.(6.7))? 18.3. Śćőąőďŋăï íŋěàčĺï d-ňěàŋőčő łàĺáâăńńă ć (12.30) áőďěàęĺâ ďőąăćłã ł (12.11), őŕàěďěńïîéãî äőàňã łàĺáâăńńă F_Σ = ∮ σ(x)dΣ ŕàĺ T = 0.

Ŋăľâĺ ăŋăńőčĺ: ŕàěďáâăćńěŋĺï (12.27) ďńï F_{cr} = F_{pn} + F_Σ, ãàăćŋěŋĺï áőáâőïŋĺï Čàîŋăľğěŋă (12.28) P_{cr} = P_{pn} + P_Σ ĺ ěčő łőŋáâăŋâë (12.29), ěáńĺ áŕěłâàăńìŋăï ŕńőâŋőáâì D(ω, V ) = ND(ω, v) ĺğ áőőąàăęěŋĺľ àăğňěàŋőáâĺ ğăďăěâáï ěďĺŋáâćěŋŋëň àăğňěàŋëň ŕăàăňěâàőň ω_M (V ), ăŋăńőčĺçŋő (12.20), (12.27); ă âăłęě ŕàĺ c̄ ⇒ const (12.19); ŕàĺ α_P = P β_V K_T ć ğăď. 18.7.; ŕàĺ L = Na ć ğăď. 18.9. (áà. Ğăď. 16.3.) ([11], [18] II N 22, [24]). 18.4. Ŕőńãçĺâì őâáîďă åĺňŕőâěŋæĺăń âćěàďőčő âěńă (12.30) ć ćĺďě:

μ_{cr} = −q_0 − k_B T ln G_s + k_B T ω_M∫

0 dωD(ω, v) ln^(1 − e^{−βh̄ω)} , (12.35) čďě: G_s - áâăâáãňňă ćŋãâàĺňőńěłãńïàŋëå áâěŕěŋěľ áćőąőďë,

q_0 = −(ε_0 + P_0v), v = V N , ( ∂ ∂N ) V = − v N ∂ ∂v , ( ∂ ∂V ) N = 1 N ∂ ∂v , q_0– áłàëâăï âěŕńőâă áãąńĺňăæĺĺ, v– ãďěńìŋëľ őąêěň, ă P_0– ďăćńěŋĺě ŕàĺ ăąáőńîâŋőň ŋãńě. Łăłőľ ćłńăď ïćńïěâáï ğďěáì őáŋőćŋëň ([3] §IX.3.)? 18.5. Ŋăľâĺ áàěďŋěłćăďàăâĺçŋőě áňěéěŋĺě ăâőňă ďěąăěćáłőčő łàĺáâăńńă ĺğ ŕőńőęěŋĺï àăćŋőćěáĺï, ŕàěďŕőńăčăï áâăâĺáâĺçěáłãî ŋěğăćĺáĺňőáâì őâďěńìŋëå ćàěňěŋŋë́å Ťãàìě čăàňőŋĺł áňěéěŋĺï, â.ě. áâăâĺáâĺçěáłãî ŋěğăćĺáĺňőáâì őâďěńìŋëå ŋőàňăńìŋëå łőńěąăŋĺľ. Řăááňőâàěâì ŕàěďěńìŋëě áńãçăĺ T ≪ θ_D ĺ T ≫ θ_D. ([5] §53, [24] N 147, [7]).

18.6. Śàăćŋĺâì áàěďŋĺě çĺ́áńă ≪N(T )≫ äőŋőŋőć ĺ äőâőŋőć (11.27), ă âăłęě ĺå ďăćńěŋĺï ĺ âěŕńőěňłőáâĺ ŕàĺ ćëáőłĺå ĺ ŋĺğłĺå âěňŕěàăâãàăå. 18.7. Śćïğăâì ŕăàăňěâà Čàîŋăľğěŋă λ(V ) á őąêěňŋëň łőíääĺæĺěŋâőň âěŕńőćőčő àăáèĺàěŋĺï α_P : V α_P = λ(V )C_V K_T ([11], [24] N 134, [13], [55]). 18.8. Ś ãçěâőň Φ = F + P V , ŕőłăğăâì: V α_P = C_P (d ln θ_M (P )/dP )_S ([56]). 18.9. Ŋăľâĺ, çâő áàěďŋïï âěŕńőćăï àăğďćĺęłă áőáěďŋĺå ăâőňőć ⟨⟨x⟩⟩ ⇒ aT α_P /3 ⇒ 3ηk_B T/γ^2 ć ŕàőáâőľ łãąĺçěáłőľ àěèěâłě L = aN c ŕőâěŋæĺăńőň u(x) = γx^2/2 − ηx^3 = mω^2(x)x^2/2 ŕàĺ |x| ≤ a. Őæěŋĺâì λ(L^3) ([13]). 18.10. Łăłőćă äőàňă “őčàăŋłĺ łàĺáâăńńă” á ŕőáâőïŋŋëň σ(x) = const?

Řĺá. 12.3. Ćěłâőàë őąàăâŋőľ àěèěâłĺ. Řĺá. 12.4. Ł âěőàěňě Ćãńìäă.

18.11. Ĺáŕőńìğãï (10.45), ďńï Ğăď. 16.2., 16.3. ŋăľâĺ, çâő ďńĺŋă âěŕńőćőľ ćőńŋë ďě-Ąàőľńï Λ_{λ(d)}(T ), ĺ őąőąéěŋĺï (10.11) – (10.13), (11.58) – (11.61) ĺňěîâ ćĺď, ŕàĺ őąêěňě ěďĺŋĺçŋőčő èăàă B_d = C_d/d, ε_p = ap^ℓ, λ = d/ℓ: B_dΛ^d_{λ(d)}(T )

h^d = ( a kT )λ 1 Γ(λ + 1)

, Λ_{λ(d)}(T ) = h √ π ( a kT )1/ℓ Γ^{(d}_2 + 1^) Γ(λ + 1) 1/d , (12.36)

n_η(T, μ) = n_0(T, μ)Φ_λ(ηz), n_0(T, μ) = g_s z Λ^d_{λ(d)}(T )

, B_d = π^{d/2} Γ^{( d}_2 + 1^)

, (12.37) P_η(T, μ) = n_0(T, μ) kT Φ_{λ+1}(ηz) = n_η(T, μ) kT Φ_{λ+1}(ηz) Φ_λ(ηz)

, (12.38) ≪nυ_ε≫_η ≡ n_η(T, z) ≪υ_ε≫_η =⇒_{Dλ} n_0(T, z) ≪υ_ε≫_0 Φ_{λ+1−1/ℓ}(ηz), (12.39) čďě ≪υ_ε≫_η ≡υ_η(T, z) =⇒_{Dλ} ≪υ_ε≫_0 Φ_{λ+1−1/ℓ}(ηz) Φ_λ(ηz)

, ŕàĺ p_ευ_ε = ℓε, (12.40) υ_ε =⇒_{Dλ} ℓa^{1/ℓ}ε^{1−1/ℓ}, ĺ ≪υ_ε≫_0 =⇒_{Dλ} ℓ Γ(λ + 1 − 1/ℓ) Γ(λ) a^{1/ℓ}(kT )^{1−1/ℓ}. (12.41)

Ŕàĺ ε_p = cp, â.ě. ℓ = 1 ĺňěěň ∀ d, η = ±1, 0, çâő ≪υ_ε≫_η = υ_ε = c = a.

Őďŋăłő ĺ ∀ ε_p : g_s Λ^d(T ) ≡ g_s ∫ d^dp h^d e^{−βεp} = ∞∫

0 dε D(ε, V ) V e^{−βε}, čďě (12.42) D(ε, V_d)≡ dγ(ε, V_d) dε ≡V_d g_sC_d h^d p^{d−1}(ε) υ(ε) , F^T_{η=0}(ε) = D(ε, V ) V e^{−β(ε−μ)}, (12.43) ĺ: ≪n≫_0 ≡ ∞∫

0 dεF^T_{η=0}(ε) ≡ n_0(T, z) ≡ g_s z Λ^d(T )

, z = e^{βμ}. (12.44)

Ńěłæĺï 13

Šěŕńőěňłőáâì íńěłâàőŋŋőčő čăğă

Ğăâàãďŋěŋĺï łńăááĺçěáłőľ âěőàĺĺ ć őŕĺáăŋĺĺ âěŕńőěňłőáâĺ âćěàďëå âěń ŋě ĺáçěàŕëćăńĺáì ěě àěèěâőçŋőľ çăáâìî. Ć łńăááĺçěáłőľ âěőàĺĺ íńěłâàőŋŋőľ ŕàőćőďĺňőáâĺ ňěâăńńőć Ďàãďě – Ńőàěŋæă (1904) ćłńăď ć âěŕńőěňłőáâì áćőąőďŋëå ćăńěŋâŋëå íńěłâàőŋőć ŕàőćőďĺňőáâĺ, áőčńăáŋő âěőàěňě ő àăćŋőàăáŕàěďěńěŋĺĺ: C^{łń}_{eV} = (3/2)N_ek, ĺ ďőńęěŋ ąëâì áőŕőáâăćĺň á àěèěâőçŋőľ âěŕńőěňłőáâìî, ă ďńï őďŋőćăńěŋâŋëå ňěâăńńőć á N_e = N ĺå áãňňă C_V = 3Nk + C^{łń}_{eV} ďőńęŋă ŕàěćëèăâì àěèěâőçŋãî âěŕńőěňłőáâì ć 1,5 àăğă. Őďŋăłő íłáŕěàĺňěŋâăńìŋő âăłőľ ćłńăď ŋě ąëń őąŋăàãęěŋ ŋĺ ŕàĺ łăłĺå àăğãňŋő ďőáâĺęĺňëå âěňŕěàăâãàăå. İâă “łăâăáâàőäă” á íńěłâàőŋŋőľ âěŕńőěňłőáâìî ňěâăńńőć ąëńă ãáâàăŋěŋă ńĺèì ŕàĺňěŋěŋĺěň łćăŋâőćőľ áâăâĺáâĺłĺ Ťěàňĺ – Ďĺàăłă (Ğőňňěàäěńìď, 1928).

1 Ŕàĺąńĺęěŋĺě áćőąőďŋëå íńěłâàőŋőć

Ŕěàćőě ŕàĺąńĺęěŋĺě ć âěőàĺĺ ňěâăńńőć áćïğăŋő á ŕàěďáâăćńěŋĺěň ő ŕőńŋőáâìî ďěńőłăńĺğőćăŋŋëå íńěłâàőŋăå, ŕàĺŋăďńěęăéĺå łàĺáâăńńã ć æěńőň. Ć íâőň ŕàĺąńĺęěŋĺĺ ňěâăńń áçĺâăěâáï áőáâőïéĺň ĺğ ĺőŋŋëå őáâőćőć, őłàãęěŋŋëå łăęďëľ őąőńőçłőľ áĺńìŋő áćïğăŋŋëå íńěłâàőŋőć, ĺ ĺğ ąőńìèőčő çĺáńă ŕàăłâĺçěáłĺ áćőąőďŋëå íńěłâàőŋőć – íńěłâàőŋŋőčő čăğă ć ïéĺłě. Ţőâï ŕőáńěďŋĺě ć àěăńìŋëå ňěâăńńăå őâŋîďì ŋě ïćńïîâáï àěăńìŋő áćőąőďŋëňĺ, ćğăĺňőďěľáâćãï ğă áçěâ ďăńìŋőďěľáâćãîéĺå łãńőŋőćáłĺå áĺń ĺ ďàãč á ďàãčőň, ĺ á ĺőŋŋëňĺ őáâőćăňĺ, ĺňěîâáï áńěďãîéĺě äăłâőàë, ŕőğćőńïîéĺě àăááňăâàĺćăâì ć ŋĺå íâĺ ćăńěŋâŋëě íńěłâàőŋë, łăł áćőąőďŋëě: 1) Ć ďőáâăâőçŋő ąőńìèőň őąêěňě ňěâăńńă ğăàïďë ĺőŋőć ć áàěďŋěň łőňŕěŋáĺàãîâ ğăàïďë íńěłâàőŋőć; ŕőâěŋæĺăń őâďěńìŋőčő íńěłâàőŋă íłàăŋĺàãěâáï ďàãčĺňĺ íńěłâàőŋăňĺ, çâő áãéěáâćěŋŋő ãňěŋìèăěâ őąńăáâì, ć łőâőàőľ ĺå ćğăĺňőďěľáâćĺě ŋěőąåőďĺňő ãçĺâëćăâì; 2) Ŋě áňőâàï ŋă ğőŋŋëľ åăàăłâěà áŕěłâàă íńěłâàőŋőć ć ŕěàĺőďĺçěáłőň ŕőńě ĺőŋŋőľ àěèěâłĺ (Řĺá. 13.1), ćěàåŋïï ĺğ ğăŕőńŋěŋŋëå – ćăńěŋâŋëå – ğőŋ

—147— ğăŕőńŋěŋă ńĺèì çăáâĺçŋő, ïćńïïáì ć âő ęě ćàěňï ŋĺęŋěľ ğőŋőľ ŕàőćőďĺňőáâĺ. Šăł, ďńï őďŋőćăńěŋâŋëå ňěâăńńőć ŕàĺ T → 0 çĺáńő ćăńěŋâŋëå íńěłâàőŋőć àăćŋő ńĺèì ŕőńőćĺŋě çĺáńă ãàőćŋěľ íâőľ ğőŋë, ĺ ćáï ďăńìŋěľèăï ğőŋŋăï áâàãłâãàă ĺå áŕěłâàă ć ŕěàĺőďĺçěáłőň ŕőńě àěèěâłĺ ŋě ĺčàăěâ áãéěáâćěŋŋőľ àőńĺ; 3) íŋěàčĺï íńěłâàőŋă ğăćĺáĺâ łćăďàăâĺçŋő őâ ćőńŋőćőčő ćěłâőàă: ε_k = γk^2, ŕő łàăľŋěľ ňěàě, ćąńĺğĺ łàăěć ğőŋë (13.59); 4) ć ĺďěăńìŋőň ŕěàĺőďĺçěáłőň ŕőâěŋæĺăńě íńěłâàőŋë ŊĚ ĺáŕëâëćăîâ áőŕàőâĺćńěŋĺï ŕàĺ ďćĺęěŋĺĺ, àăááěĺćăïáì âőńìłő ŋă ŕàĺňěáïå ĺ ŋěőďŋőàőďŋőáâïå àěèěâłĺ; 5) ć ĺâőčě ćńĺïŋĺě íâőčő ŕőâěŋæĺăńă áćőďĺâáï ł ĺğňěŋěŋĺî ńĺèì ĺŋěàâŋëå áćőľáâć íńěłâàőŋă m → m^∗ (áň. Ğăď. 19.10.).

Šăłőľ “íńěłâàőŋ” ĺ ąãďěň áçĺâăâì áćőąőďŋőľ çăáâĺæěľ á łćăğĺĺňŕãńìáőň p = h̄k (12.2) ĺ íŋěàčĺěľ ε = p^2/2m^∗, čďě m^∗ = h̄^2/2γ – íääěłâĺćŋăï ňăááă íńěłâàőŋă; γ – ŕőáâőïŋŋăï, ğăćĺáïéăï őâ ěčő ćğăĺňőďěľáâćĺï á łàĺáâăńńĺçěáłőľ àěèěâłőľ. Ţőâï m^∗ ≠ m, ŋő ĺå őâńĺçĺě ďőćőńìŋő ňăńő́. Ŋăŕàĺňěà, ďńï Li m^∗/m = 1, 19, ă ďńï Na m^∗/m ≈ 1, 0. Ŕàĺąńĺęěŋĺě áćőąőďŋëå íńěłâàőŋőć ďăěâ åőàőèĺě àěğãńìâăâë ďńï éěńőçŋëå ňěâăńńőć ĺ ŋěŕńőåĺě – ďńï ąńăčőàőďŋëå. Ďăńěě ćáîďã ćŋőćì ŕőńăčăěň k_B ≡ k.

Ŋă őáŋőćě łőŋæěŕæĺĺ łćăğĺçăáâĺæ Ń.Ď. Ńăŋďăã (1956) ŕőłăğăń, çâő íŋěàčěâĺçěáłĺľ áŕěłâà ćőğąãęďěŋĺľ “íńěłâàőŋŋőľ ęĺďłőáâĺ” őáŋőćŋőčő áőáâőïŋĺï ćăńěŋâŋëå íńěłâàőŋőć ć ňěâăńńăå ŕőďőąěŋ áŕěłâàã ĺďěăńìŋőčő äěàňĺ–čăğă ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ áő áŕĺŋőň 1/2: ćąńĺğĺ őáŋőćŋőčő áőáâőïŋĺï, â.ě. – ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå, ćőğąãęďěŋŋëě áőáâőïŋĺï âăłőľ łćăŋâőćőľ ęĺďłőáâĺ ňőęŋő àăááňăâàĺćăâì łăł áőćőłãŕŋőáâì ŋěćğăĺňőďěľáâćãîéĺå äěàňĺ-łćăğĺçăáâĺæ (Řĺá. 13.2).

2 Ĺďěăńìŋëľ äěàňĺ–čăğ ŕàĺ T = 0

Řăááňőâàĺň âěàňőďĺŋăňĺçěáłĺě áćőľáâćă ĺďěăńìŋőčő äěàňĺ-čăğă, ĺňěï ć ćĺďã čăğ ŋěćğăĺňőďěľáâćãîéĺå äěàňĺ-łćăğĺçăáâĺæ – íńěňěŋâăàŋëå ćőğąãęďěŋĺľ íńěłâàőŋŋőľ äěàňĺ-ęĺďłőáâĺ ć ŕàěďěńě áĺńìŋőčő ćëàőęďěŋĺï, łőčďă ďńï ŕăàăňěâàă ćëàőęďěŋĺï (10.29) ć áĺńã (10.11), (10.15)–(10.17): 1 ≪ δ(n, T ) ≡ n g_s Λ^3(T ) =⇒_{D3/2} n g_s h^2 2πmkT 3/2 ≪ δ(n, T ) Φ_{3/2}(−z)

= z = e^{βμ}, (13.1)

ŕàĺ μ ≫ 0 ĺ g_s = 2 ďńï łćăğĺíńěłâàőŋőć. Ąãďěň łàăâłő ŋăğëćăâì íâĺ łćăğĺçăáâĺæë íńěłâàőŋăňĺ ĺ ŕĺáăâì m ćňěáâő m^∗ âăň, čďě íâő ćőğňőęŋő.

Śőčńăáŋő (9.20), (9.21), ć őáŋőćŋőň áőáâőïŋĺĺ ŕàĺ T = +0, (z = +∞), íńěłâàőŋë á 2s_z = σ = ±1, ć áĺńã ŕàĺŋæĺŕă Ŕăãńĺ, ŕőŕăàŋő ğăŕőńŋïîâ

—148— ćáě ďőáâãŕŋëě ãàőćŋĺ íŋěàčĺĺ: őâ ŋĺğèěčő ε_{pσ} = 0 ďő čàăŋĺçŋőčő ε_F , łőâőàëľ ŋăğëćăěâáï ãàőćŋěň Ťěàňĺ. Ěňã őâćěçăěâ àăďĺãá p = p_F áäěàë ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě: ćáě ŕàőáâàăŋáâćő c p < p_F , ćŋãâàĺ äěàňĺ – áäěàë ğăŕőńŋěŋő, ă ćŋěèŋĺě áőáâőïŋĺï p > p_F – áćőąőďŋë. Šăł çâő àăáŕàěďěńěŋĺě Ťěàňĺ – Ďĺàăłă ŕàĺ T = 0 ĺňěěâ ćĺď áâãŕěŋçăâőľ äãŋłæĺĺ Ţěćĺáăľďă θ(p_F − p) = θ(ε_F − ε_{pσ}), ćőğŋĺłăîéěľ łăł ŕàěďěń íâőčő àăáŕàěďěńěŋĺï ŕàĺ T → +0, β = 1/(kT ) → +∞:

≪n_−(ε_{pσ})≫ = {exp [β(ε_{pσ} − μ)] + 1}^{−1} , μ ≡ μ(T, n), (Řĺá. 13.2), (13.2) ≪n_−(ε_{pσ})≫ =⇒_{T →0} θ(ε_F − ε_{pσ}) ≡ 1, ε_{pσ} < ε_F , 0, ε_{pσ} > ε_F , ε_F =⇒_{D3/2} p^2_F 2m , čďě (13.3)

åĺňĺçěáłĺľ ŕőâěŋæĺăń ŕàĺ T = 0 ĺ őŕàěďěńïěâ ãàőćěŋì íŋěàčĺĺ Ťěàňĺ: ε_F = ε_σ(p_F ) = μ_F (T = 0, n) = μ_0(n) ≡ μ_0 > 0, (13.4) ć áőőâćěâáâćĺĺ á (9.20), (9.21). Ĺğ (10.3), (10.4) ŋăľďěň ε_F ć čăğě á ğăďăŋŋëň çĺáńőň ĺ ŕńőâŋőáâìî íńěłâàőŋőć N ≡ V n = V n(T, μ)^{T =0}== V n(0, μ_0): V n(T, μ) = ∞∫

0 dε D(ε, V ) ≪n_−(ε)≫^{T =0}== ε_F∫

0 dε D(ε, V ) ≡ γ(ε_F , V ) ≡ (13.5) ≡ V n(0, μ_0) ≡ N =⇒_{D3/2} A_{3/2} ε_F∫

0 ε^{1/2}dε = 2 3 A_{3/2} ε^{3/2}_F = 2 3 ε_F D_{3/2}(ε_F , V ), (13.6)

őâłãďă D_{3/2}(ε_F , V ) ≡ A_{3/2} √ ε_F =⇒ 3 2 N ε_F , A_{3/2} ≡ 4πV ( 2m h^2 )3/2 , (13.7)

ĺ ε_F = 3N 2A_{3/2} 2/3 = h^2 2m ( 3 8π )2/3 n^{2/3} = h̄^2 2m (3π^2n)^{2/3} ≡ B n^{2/3} = μ_0. (13.8)

Ć őâńĺçĺě őâ ąőğě–áĺáâěňë (10.41), ćŋãâàěŋŋïï íŋěàčĺï U_0 ĺ ďăćńěŋĺě P_0 âăłőčő ăąáőńîâŋő ćëàőęďěŋŋőčő äěàňĺ-čăğă á ãçěâőň (10.5)–(10.10) ŋě àăćŋë ŋãńî (ŕàĺ m → m^∗, ĺňěěň áőőâćěâáâćěŋŋő B → B^∗, ε_F → ε^∗_F ): U(T, V, N)=V ⟨⟨u(T )⟩⟩ = ∞∫

0 dεD(ε, V )ε ≪n_−(ε)≫ =⇒_{T =0} ε_F∫

0 dεD(ε, V )ε≡ (13.9) ≡ U_0(V, N) =⇒_{D3/2} 2 5 A_{3/2} ε^{5/2}_F = 3 5 Nε_F = 3 5 V n ε_F = 3 5 V B n^{5/3}, (13.10) P (T, μ) = 1 V ∞∫

0 dε γ(ε, V ) ≪n_−(ε)≫ =⇒_{T =0} 1 V ε_F∫

0 dε γ(ε, V ) = P_0(μ_0) = (13.11)

= P_0(n) =⇒_{D3/2} 2 3 U_0(V, N) V = 2 5 nε_F = 4 15 A_{3/2} V μ^{5/2}_0 = 2 5 B n^{5/3}. (13.12)

—149—

3 Šěàňőďĺŋăňĺçěáłĺě áćőľáâćă áĺńìŋő, ŋő ŋě ăąáőńîâŋő ćëàőęďěŋŋőčő äěàňĺ–čăğă

Şáńőćĺě áĺńìŋőčő ćëàőęďěŋĺï 1 ≪ δ ć (13.1) ŕàĺ T > 0 á ãçěâőň (13.8) ňőęŋő áŋőćă ğăŕĺáăâì łăł ŋěàăćěŋáâćő á åăàăłâěàŋőľ âěňŕěàăâãàőľ T_F :

1 ≪^(δ^{)2/3} ≡ h^2 2πmkT ( n g_s )2/3 = ε_F kT 1 π ( 8π 3 )2/3 = T_F T 4 (9π)^{1/3}

, (13.13)

â.ě. T ≪ T_F , čďě: T_F = ε_F k = 1 k h^2 2m ( 3 8π )2/3 n^{2/3} = B k n^{2/3}, (13.14)

– âěňŕěàăâãàă ćëàőęďěŋĺï äěàňĺ–čăğă, ĺ ĺňěěâ âăłãî ęě ğăćĺáĺňőáâì őâ ňăááë ĺ ŕńőâŋőáâĺ, çâő ĺ âěňŕěàăâãàă ąőğě – łőŋďěŋáăæĺĺ T_B (10.35).

Šěŕńőćőě ćőğąãęďěŋĺě ŕàĺ 0 < T ≪ T_F àăğňőàőğĺâ ńĺèì ňăńãî çăáâì ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë íńěłâàőŋőć ć ãğłőň áńőě dε ≃ ℓkT ã ŕőćěàåŋőáâĺ Ťěàňĺ. Ŕàĺ íâőň ĺáåőďŋăï äěàňĺ-áâãŕěŋìłă (13.3) “ŋăłńőŋïěâáï”, ă èĺàĺŋă íâőľ őąńăáâĺ “àăğňëâĺï” ∀ T ěáâì 2ℓkT , ℓ = (2 ÷ 3). Ŕàĺŋæĺŕ Ŕăãńĺ őŕàěďěńïěâ çĺáńő ćëåőďïéĺå ğă ŕàěďěńë áäěàë Ťěàňĺ íńěłâàőŋőć çĺáńőň ğăŋĺňăěňëå ŕàĺ íâőň ĺňĺ, áőčńăáŋő (13.5) – (13.7), áőáâőïŋĺľ (Řĺá. 13.2) áő áàěďŋěľ ğăáěńěŋŋőáâìî ≪n_−(ε_F )≫ = 1/2: ΔN(T ) ≈ D(ε_F , V ) ℓkT ≪n_−(ε_F )≫ =⇒_{D3/2} 3 2 N ε_F ℓkT 1 2 = 3 2 N ℓ 2 T T_F . (13.15)

Šăł łăł łăęďëľ ĺğ íâĺå íńěłâàőŋőć ĺňěěâ íŋěàčĺî, ć áàěďŋěň ŕàěćëèăîéãî äěàňĺěćáłĺľ äőŋ ŋă ćěńĺçĺŋã ŕőàïďłă ≃ (ℓ/2)kT , âő áőőâćěâáâćãîéěě ŕàĺàăéěŋĺě ćŋãâàěŋŋěľ íŋěàčĺĺ ŕàĺ T ≪ T_F (Řĺá. 13.2):

ΔU ≡ U(T ) − U_0 ≈ ΔN(T ) ℓ 2 kT =⇒_{D3/2} 3 2 N ε_F (ℓkT 2 )2 , (13.16)

ŕőíâőňã á ãçěâőň (13.14) âěŕńőěňłőáâì íńěłâàőŋŋőčő čăğă àăćŋă

C_{eV} = ( ∂U ∂T ) V,N ≈ 3 2 Nk ℓ^2 2 T T_F = C^{łń}_{eV} ℓ^2 2 T T_F , â.ě. C_{eV} −→_{T →0} 0, (13.17)

ć áőčńăáĺĺ á ğăłőŋőň Ŋěàŋáâă, ĺ ňăńắ ć áàăćŋěŋĺĺ á ŕàěďáłăğăŋĺěň łńăááĺçěáłőľ âěőàĺĺ, ŕőáłőńìłã T/T_F ≪ 1, â.ł. T_F ∼ 10^4K ďńï ąőńìèĺŋáâćă ňěâăńńőć, őâłãďă C_{eV} /C^{łń}_{eV} ∼ 10^{−2}. Őâďěńĺâì íâã íńěłâàőŋŋãî âěŕńőěňłőáâì ŋăď àěèěâőçŋőľ (12.26) ňőęŋő ńĺèì ŕàĺ âěňŕěàăâãàăå T ≤ T_1:

łőčďă: C_{pn,V} (T ) ≤ C_{eV} (T ), čďě: T_1 ≃ θ_D π √ 5 θ_D T_F ≃ (1 ÷ 10) K. (13.18)

—150— Ğďěáì ĺáŕőńìğőćăŋő âőçŋőě ğŋăçěŋĺě ℓ ć âěŕńőěňłőáâĺ (13.17). Őŋĺ őŕàěďěńïîâáï ŕàĺąńĺęěŋŋëň ćëçĺáńěŋĺěň ŕàĺ βμ ≫ 1 ĺŋâěčàăńă (13.57):

≡ I^T_g (μ) = ∞∫

0 g(ε)dε exp [β(ε − μ)] + 1

, ŋăŕàĺňěà, àăğąĺěŋĺěň ěčő ŋă ďćă: (13.19)

I^T_g (μ) = ∞∫ μ g(ε)dε exp [β(ε − μ)] + 1 + μ∫

0 g(ε)dε exp [β(ε − μ)] + 1

, čďě (13.20)

g(ε) - ńîąăï čńăďłăï ć őłàěáâŋőáâĺ ε = μ äãŋłæĺï. Ć ŕěàćőň ĺŋâěčàăńě ŕőńőęĺň ε = μ + x. Ćő ćâőàőľ ęě ŕőďáâăćĺň âőęďěáâćő (13.60): 1 exp [β(ε − μ)] + 1 ≡ 1 − 1 exp [β(μ − ε)] + 1

, ŕàĺ μ∫

0 g(ε)dε ≡ I^0_g (μ), (13.21)

ĺ ε = μ − y : I^T_g (μ) = μ∫

0 g(ε)dε + ∞∫

0 g(μ + x)dx exp(βx) + 1 − μ∫

0 g(μ − y)dy exp(βy) + 1

. (13.22)

Ŕőáłőńìłã βμ ≫ 1 íłáŕőŋěŋæĺăńìŋăï áåőďĺňőáâì ŕőğćőńïěâ ć âàěâìěň ĺŋâěčàăńě âăłęě ğăňěŋĺâì ćěàåŋĺľ ŕàěďěń μ ŋă +∞, ă âőčďă ĺ y → x:

I^T_g (μ) = μ∫

0 g(ε)dε + ∞∫

0 dx g(μ + x) − g(μ − x) exp(βx) + 1

+ O^(e^{−βμ)} . (13.23)

Řăğńăčăï čńăďłãî äãŋłæĺî g(μ ± x) ć âőçłě μ ć àïď Šěľńőàă ĺ ŕőńăčăï ğăâěň βx = t, ŕőńãçĺň á ãçěâőň (10.14), (10.16) (áà. á (13.57)):

I^T_g (μ) ≈ I^0_g (μ) + 2^{∞∑}_{n=1} g^{(2n−1)}(μ) β^{2n} Φ_{2n}(−1), čďě: g^{(2n−1)}(μ) ≡ I^{0(2n)}_g (μ), (13.24)

Φ_{2n}(−1) = ( 1 − 1 2^{2n−1} ) ζ(2n), ζ(2) = π^2 6 , ζ(4) = π^4 90 , â.ě.: (13.25)

I^T_g (μ) ≈ I^0_g (μ) + π^2 6 (kT )^2g^′(μ) +

7π^4 360 (kT )^4g^{′′′}(μ) + . . . , ĺńĺ: (13.26)

I^T_g (μ) ≡ ∞∫

0 dε g(ε) ≪n_−(ε)≫ ≈ I^0_g (μ) + π^2 6 (kT )^2g^′(μ) + O^((kT )^{4)} . (13.27)

Ďńï àăğŋőáâĺ ĺŋâěčàăńőć (13.19) á T > 0 ŕàĺ μ = μ(T, n) ĺ á T = 0 ŕàĺ μ_0 = μ(0, n), ŕő 1-őľ âěőàěňě ő áàěďŋěň, á ãçěâőň (13.4) ŋăåőďĺň:

I^T_g (μ) − I^0_g (μ_0) ≈ I^0_g (μ) − I^0_g (μ_0) + π^2 6 (kT )^2g^′(μ) = (13.28) = μ∫ μ_0 dεg(ε) + π^2 6 (kT )^2g^′(μ) ≈ (μ − μ_0)g(μ_0) + π^2 6 (kT )^2g^′(μ_0), (13.29)

â.ě. I^T_g (μ) − I^0_g (μ_0) ≈ g(μ_0) μ − μ_0 + π^2 6 (kT )^2 d ln g(μ_0) dμ_0 . (13.30)

—151— Ŋăľďěŋŋëě ćëàăęěŋï ŕőğćőńïîâ ŋăľâĺ ğăćĺáĺňőáâì őâ âěňŕěàăâãàë âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ íńěłâàőŋŋőčő čăğă ć ŕěàćőň ŕőàïďłě ŕő (kT )^2. Ŋăçŋěň á ćëçĺáńěŋĺï ěčő åĺňŕőâěŋæĺăńă μ(T, n). Ŕőńăčăï g(ε) = D(ε) ć (13.27)–(13.30), á ãçěâőň (13.4)–(13.6), ďńï ğăďăŋŋëå çĺáńă çăáâĺæ N ĺ ŕńőâŋőáâĺ ĺňěěň âěŕěàì N ≡ I^T_D (μ) ≡ V n(T, μ) = V n(0, μ_0) ≡ I^0_D(μ_0). Ĺ ďńï ńîąőľ čńăďłőľ D(ε) ≠ 0, ĺğ (13.30) ŕàĺ μ_0 = μ_0(n), á âőçŋőáâìî ďő O ( kT μ_0 )4 ≈ 0 ≡ I^T_D(μ) − I^0_D(μ_0): μ − μ_0 ≈ − π^2 6 (kT )^2 d ln D(μ_0) dμ_0 , (13.31)

â.ě.: μ(T, n) = μ_0 1 − π^2 6 ( kT μ_0

)2 d (ln D(μ_0)) d(ln μ_0) , čďě kT μ_0 ≡ T T_F . (13.32)

Šăłĺň őąàăğőň, ňë ŕőńãçĺńĺ ćëàăęěŋĺě ďńï åĺňŕőâěŋæĺăńă ć ćĺďě àăğńőęěŋĺï ŕő çěâŋëň áâěŕěŋïň ňăńőčő ŕăàăňěâàă (T/T_F ). Ŕàĺ D(ε) ⇒ Aε^{1/2}, áőčńăáŋő (13.5) – (13.8), ŋăåőďĺň, çâő μ_0 ≡ ε_F ≡ kT_F ⇒ Bn^{2/3}, μ(T, n) =⇒_{D3/2} ε_F 1 − π^2 12 ( T T_F )2 + O ( T T_F )4 < μ_0, B^{3/2} = 3 2 V A . (13.33)

Ŕőďáâăćńïï (13.31) ć (13.30), ćŋőćì ďńï ńîąőľ čńăďłőľ g(ε) âěŕěàì ĺňěěň:

I^T_g (μ) − I^0_g (μ_0) ≈ π^2 6 ( kT μ_0 )2 μ_0 g(μ_0) d d(ln μ_0) ln g(μ_0) D(μ_0)

. (13.34)

Ŕőńăčăï ğďěáì g(ε) = ε D(ε) á ŕàőĺğćőńìŋőľ D(ε) = D(ε, V ), ĺňěěň ŕàĺàăéěŋĺě íŋěàčĺĺ (13.9) ĺ âěŕńőěňłőáâì ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă:

ΔU(T ) ≡ U(T ) − U_0 ≈ π^2 6 (kT )^2D(μ_0), C_{eV} ≈ π^2 3 kD(μ_0) kT, (13.35)

ĺ ďńï (13.5)–(13.10) ŋăľďěň ŕńőâŋőáâì íŋěàčĺĺ ĺ âěŕńőěňłőáâì ć ćĺďě: U(T ) V = U_0 + ΔU(T ) V =⇒_{D3/2} 3 5 n μ_0 1 + 5π^2 12 ( T T_F )2 + O ( T T_F )4 , (13.36)

C_{eV} =⇒_{D3/2} π^2 2 Nk kT μ_0 = π^2 2 Nk T T_F ŕàĺ D_{3/2}(μ_0) = 3 2 N μ_0

. (13.37)

Ć áőčńăáĺĺ á Ğăď. 19.9., ć őæěŋłě (13.17) íâő őâćěçăěâ ℓ = π^√2/3 = 2, 565.

Ďńï éěńőçŋëå ňěâăńńőć μ_0 = ε_F – ŕőàïďłă ŋěáłőńìłĺå íńěłâàőŋćőńìâ: ε^{Li}_F = 4, 72 íĆ, ε^{N a}_F = 3, 12 íĆ ĺ, áőőâćěâáâćěŋŋő: T^{Li}_F = 5, 48 · 10^4K, T^{N a}_F = 3, 62 · 10^4K, čďě, áőčńăáŋő (11.70), 1 íĆ = k_B 1, 16 · 10^4K, ŕőíâőňã ďăęě ďńï “łőňŋăâŋëå” âěňŕěàăâãà ŕăàăňěâà T/T_F ňăń, ĺ íńěłâàőŋŋëľ

—152— čăğ ïćńïěâáï ćëàőęďěŋŋëň ĺ ŕàăłâĺçěáłĺ ŋě ďăěâ ćłńăďă ć âěŕńőěňłőáâì íâĺå ňěâăńńőć. Řěğãńìâăâ (13.37) – ąőńìèőľ ãáŕěå łćăŋâőćőľ áâăâĺáâĺłĺ, őąêïáŋĺćèěľ łăğăćèĺěáï ğăčăďőçŋëňĺ áćőľáâćă ňěâăńńőć. Ňěâăńń ïćńïěâáï ŋăĺąőńěě àăáŕàőáâàăŋěŋŋëň őąêěłâőň, łőâőàëľ ć ŋőàňăńìŋëå ãáńőćĺïå őąŋăàãęĺćăěâ ňĂłàőáłőŕĺçěáłĺě łćăŋâőćëě áćőľáâćă.

Ďăćńěŋĺě íńěłâàőŋŋőčő čăğă ŋăľďěň, ŕőďáâăćńïï ć (10.10) ćëàăęěŋĺě ďńï ćŋãâàěŋŋěľ íŋěàčĺĺ (13.36), çâő, ć áőčńăáĺĺ á (13.12), ďăěâ: P (T, n) = 2U 3V = 2 5 nε_F 1 + 5π^2 12 ( T T_F )2 = 2 5 B n^{5/3} + π^2 6 (kT )^2 B n^{1/3}, (13.38)

čďě: μ_0 = ε_F = B n^{2/3}, ĺ: P ∼ P_0(n) ∼ ε^{5/2}_F ∼ n^{5/3}, â.ě.: n ∼ P^{3/5}. (13.39)

Ĺáŕőńìğãï őæěŋłã ŕńőâŋőáâĺ çĺáńă íńěłâàőŋőć ć ňěâăńńăå n ∼ 10^{22}cň^{−3}, ŋăľďěň, çâő áőőâćěâáâćãîéěě ďăćńěŋĺě íńěłâàőŋŋőčő čăğă ć ŋőàňăńìŋëå ãáńőćĺïå őçěŋì ćěńĺłő: P ∼ 10^4 ăâň. Ćëáőłăï ŕàőçŋőáâì ňěâăńńă ć ğŋăçĺâěńìŋőľ áâěŕěŋĺ őąïğăŋă ĺňěŋŋő ňăńőľ áęĺňăěňőáâĺ (9.11) ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă ć őáŋőćŋőň áőáâőïŋĺĺ (łăł äěàňĺ-ęĺďłőáâĺ):

K^{(e)}_T = − 1 V ( ∂V ∂P ) T,N = 1 n ( ∂n ∂P ) T = ( ∂ ln n ∂P ) T ≃ 3 5P ∼ 10^{−4} ăâň^{−1}. (13.40)

Ŕàĺ T ≪ T_F , ĺğ ãàăćŋěŋĺï áőáâőïŋĺï (13.38) ŋăľďěň ďńï ŋěě, âăł łăł ( ∂P ∂n ) T = 2 3 B n^{2/3} + π^2 18 (kT )^2 Bn^{2/3} = 2 3 μ_0 1 + π^2 12 ( kT μ_0 )2 , çâő (13.41)

K^{(e)}_T (T, n) = 1 n ( ∂n ∂P ) T ≈ 3 2 1 nμ_0 1 − π^2 12 ( kT μ_0 )2 , K^{(e)}_T =⇒_{T =0}

D(μ_0) V n^2 , (13.42)

çâő ŋãęŋő áàăćŋĺâì á őąéĺňĺ ćëàăęěŋĺïňĺ (13.53) – (13.56) ∀ D(ε).

4 İńěłâàőŋë ć çĺáâőň ŕőńãŕàőćőďŋĺłě

Ć łàĺáâăńńě çĺáâőčő ŕőńãŕàőćőďŋĺłă ğőŋŋăï áâàãłâãàă íŋěàčěâĺçěáłőčő áŕěłâàă íńěłâàőŋőć ć ŕěàĺőďĺçěáłőň íńěłâàőáâăâĺçěáłőň ŕőńě ĺőŋŋőľ àěèěâłĺ ĺčàăěâ ãęě ąőńěě áãéěáâćěŋŋãî àőńì. Ćěàåŋïï ćăńěŋâŋăï i -ğőŋă ĺ áńěďãîéăï ğă ŋěľ α -ğőŋă ŕàőćőďĺňőáâĺ àăğďěńěŋë ğăŕàěéěŋŋőľ ğőŋőľ – éěńìî èĺàĺŋë Δ ≃ 0.5 ÷ 3 íĆ. Ćëáèĺě ęě ğőŋë ãęě ŋě áãéěáâćěŋŋë. Ŕàĺ ŋãńěćőľ âěňŕěàăâãàě, ć őâńĺçĺě őâ ňěâăńńőć, ćáě ãàőćŋĺ ćăńěŋâŋőľ i -ğőŋë ğăŋïâë íńěłâàőŋăňĺ, ă ćáě ãàőćŋĺ α -ğőŋë ŕàőćőďĺňőáâĺ áćőąőďŋë, â.ě. ãàőćěŋì Ťěàňĺ μ_0 = μ(T = 0) ńěęĺâ ć ğăŕàěéěŋŋőľ ğőŋě, ĺ

—153— łàĺáâăńń ĺňěěâ ŋãńěćãî ŕàőćőďĺňőáâì, â.ł. ŕěàěŋőá íńěłâàőŋăňĺ ďőŕőńŋĺâěńìŋőľ íŋěàčĺĺ (ŕàőćőďĺňőáâĺ) ć íâőň áńãçăě ŋěćőğňőęěŋ (ąěğ ŕàőąőï ğăŕàěéěŋŋőľ ğőŋë). Ś ŕőćëèěŋĺěň âěňŕěàăâãàë çăáâì íńěłâàőŋőć ŕěàěåőďĺâ ć ćěáìňă áćőąőďŋãî α -ğőŋã ŕàőćőďĺňőáâĺ, ă ć ćăńěŋâŋőľ i -ğőŋě ŋă ĺå ňěáâě ćőğŋĺłăîâ “ďëàłĺ”, ĺňěîéĺě ŕàőâĺćőŕőńőęŋëľ ğăàïď ĺ, ćőőąéě čőćőàï, ĺŋãî íääěłâĺćŋãî ňăááã m_i = m_+ ≠ m_α = m_− (Řĺá. 13.3). Šăłĺň őąàăğőň, ŕőńãŕàőćőďŋĺł ŕàĺőąàěâăěâ łăł íńěłâàőŋŋãî, âăł ĺ ďëàőçŋãî ŕàőćőďĺňőáâì, łőâőàëě áłńăďëćăîâáï ć ěčő áőąáâćěŋŋãî ŕàőćőďĺňőáâì. Ŕőáłőńìłã ŕőńŋőě çĺáńő N íńěłâàőŋőć ŋě ňěŋïěâáï á àőáâőň âěňŕěàăâãàë T , ĺ N = N|_{T =0} = N|_{T >0}, âő ŕàĺ β = (kT )^{−1} ĺňěěň: N | | | | T =0

≡^∑_i 1_{(i)} ≡^∑_{εi} g_i^{T >0}==^∑_{εi} g_i e^{β(εi−μ)} + 1 +^∑_{εα} g_α e^{β(εα−μ)} + 1 ≡ N | | | | T >0 . (13.43)

Ğďěáì g_{i(α)}- łàăâŋőáâĺ ćëàőęďěŋĺï (ŕńőâŋőáâĺ áőáâőïŋĺľ) őďŋőçăáâĺçŋëå íŋěàčěâĺçěáłĺå ãàőćŋěľ ε_{i(α)} ć áőőâćěâáâćãîéĺå ğőŋăå. Śőąĺàăï ćłńăďë àăğŋëå ğőŋ á àăğŋëå áâőàőŋ àăćěŋáâćă (13.43), ĺğ (13.21) ĺňěěň:

N_− =^∑_{εα} g_α e^{β(εα−μ)} + 1 =^∑_{εi} [ g_i − g_i e^{β(εi−μ)} + 1 ] =^∑_{εi} g_i e^{β(μ−εi )} + 1 = N_+.(13.44)

İâő ãáńőćĺě íńěłâàőŋěľâàăńìŋőáâĺ: çĺáńő íńěłâàőŋőć ć ğőŋě ŕàőćőďĺňőáâĺ N_− àăćŋő çĺáńã ćőğŋĺłèĺå ć ćăńěŋâŋőľ ğőŋě ďëàőł N_+ łăł áńěďáâćĺě áőåàăŋěŋĺï ŕőńŋőčő ğăàïďă ŕőńãŕàőćőďŋĺłă àăćŋëň ŋãńî.

Ŕěàěåőďï ğďěáì ł ĺŋâěčàĺàőćăŋĺî ŕő ŋěŕàěàëćŋőňã áŕěłâàã íńěłâàőŋőć ĺ ďëàőł, ąãďěň őâáçĺâëćăâì ĺå íŋěàčĺĺ őâ ďŋă ğăŕàěéěŋŋőľ ğőŋë. Šőčďă ďńï łćăďàăâĺçŋőčő ğăłőŋă ďĺáŕěàáĺĺ ğăňěŋïï ććĺďã ąëáâàőľ áåőďĺňőáâĺ ĺŋâěčàăńőć ćěàåŋĺě ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ąěáłőŋěçŋőáâìî, ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ ďńï çĺáěń ğăŕőńŋěŋĺï ć (13.44) ŕőńãçĺň:

ŕàĺ ε_α = Δ + ε_−, ε_i = −ε_+, ε_± = p^2 2m_± , g_α = g_−, g_i = g_+, (13.45)

g_± =⇒ D^±_{3/2}(ε_±, V ) = A^±_{3/2} √ ε_±, A^±_{3/2} = g_s2πV ( 2m_± h^2 )3/2 , çâő (13.46)

n_∓ = N_∓ V ⇒ A^∓_{3/2} V e^{β(μ−Δ)} e^{−βμ} ∞∫

0 e^{−βε∓} √ ε_∓ dε_∓ =2 (2πkT m_∓ h^2 )3/2 e^{β(μ−Δ)} e^{−βμ} .(13.47)

İâő ŕàĺąńĺęěŋĺě ć (13.44), â.ě. ĺ ğďěáì, őŕàăćďăŋő âőńìłő ěáńĺ ğďěáì

łăł ďńï (−): e^{β(Δ−μ)} ≫ 1, âăł ĺ ďńï (+): e^{βμ} ≫ 1. (13.48)

—154— Ĺğ ãáńőćĺï íńěłâàőŋěľâàăńìŋőáâĺ ĺ (13.47) ŕàĺ m = √ m_−m_+ ĺňěěň ğăłőŋ ďěľáâćãîéĺå ňăáá, őâćěçăîéĺľ àăćŋőćěáĺî ŕàĺ âěňŕěàăâãàě T , ĺ åĺňŕőâěŋæĺăń, őâáçĺâăŋŋëľ őâ ďŋă ğăŕàěéěŋŋőľ ğőŋë, ć ćĺďě

n_−(T ) = n_+(T ) = √ n_−n_+ = 2 ( 2πmkT h^2 )3/2 e^{−Δ/(2kT )} = 2 e^{−Δ/(2kT )} Λ^3_m(T )

, (13.49) ( m_− m_+ )3/2 e^{β(2μ−Δ)} = 1, μ(T ) = Δ 2 + 3 4 kT ln ( m_+ m_− ) ≈ Δ 2 , Δ 2kT ≫ 1, (13.50)

â.ě. ďő âěå ŕőà, ŕőłă ćâőàőě áńăčăěňőě ğďěáì ňăńő́ ć áàăćŋěŋĺĺ á ŕěàćëň. Šőčďă őąă ãáńőćĺï (13.48) ŋěćëàőęďěŋŋőáâĺ őąőĺå äěàňĺ-čăğőć íńěłâàőŋőć ĺ ďëàőł áőćŕăďăîâ ĺ ŕàĺŋĺňăîâ ćĺď ŋěàăćěŋáâćă e^{Δ/(2kT )} ≫ 1, â.ě. (13.50), łőâőàőě ćëŕőńŋïěâáï ćŕńőâì ďő T ≤ 10^3 K (Řĺá. 13.3).

([5] §55-58, [6] §56-58,61, [7], [10], [34], [36], [52], [53], [54]) Ğăďăçĺ 19.1. Ŋăľâĺ áłőàőáâì ğćãłă ć ćëàőęďěŋŋőň äěàňĺ – čăğě ŕàĺ T = 0. 19.2. Ŋăľâĺ åĺňŕőâěŋæĺăń, ãàăćŋěŋĺě ăďĺąăâë, ĺ ćëćěáâĺ ćëàăęěŋĺï ďńï âěŕńőěňłőáâĺ ĺ ďăćńěŋĺï ďćãňěàŋőčő ŋěàěńïâĺćĺáâáłőčő äěàňĺ čăğă, łăł äãŋłæĺĺ őâ âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ.

19.3. Ŋăľâĺ âőçŋëľ ąőńìèőľ ŕőâěŋæĺăń, ďăćńěŋĺě P (T, μ), íŋâàőŕĺî S(T, μ), ŕőńŋëľ ğăàïď ĺ ćŋãâàěŋŋîî íŋěàčĺî ãńìâàăàěńïâĺćĺáâáłőčő íńěłâàőŋ-ŕőğĺâàőŋŋőčő äěàňĺ čăğă, ŋăåőďïéěčőáï ć ďĺŋăňĺçěáłőň àăćŋőćěáĺĺ á çěàŋőâěńìŋëň ĺğńãçěŋĺěň ŕàĺ âěňŕěàăâãàě T . Řăááňőâàěâì ŕàěďěńìŋëě áńãçăĺ T ≫ μ, T ≪ μ. (Ĺáŕőńìğőćăâì áĺáâěňã ěďĺŋĺæ, ć łőâőàőľ h̄ = c = k_B = 1.) Şłăğăŋĺě: ćëàăğĺâì F^η_3 (y) + F^η_3 (−y) çěàěğ F^η_0 (±y) ĺ F^η_{0,1,2,3}(0), ãáâăŋőćĺć ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň, çâő: dF^η_λ (y) dy = λF^η_{λ−1}(y) , ďńï F^η_λ (y) = ∞∫

0 x^λ dx exp(x − y) + η

. (13.51)

Ćőğňőęŋő ńĺ ğďěáì η = −1, ĺ ŕőçěňã? Ŋăľâĺ ŕàăćĺńìŋőě ćëàăęěŋĺě ďńï ďăćńěŋĺï ąőğőŋőć ĺ ăŋâĺąőğőŋőć. ([6] §105, [3] §VII.9, [25] N 1.14, [59]) 19.4. Ŋăľâĺ ãàăćŋěŋĺě ăďĺăąăâë ć âăłőň àăćŋőćěáŋőň čăğě, ŋăčàěâőň ďő âăłőľ âěňŕěàăâãàë, çâő ěčő ďăćńěŋĺě ć 7/4 àăğă ćëèě ďăćńěŋĺï ĺğńãçěŋĺï: P_e− + P_e+ = (7/4)P_γ ; ňőęěâ ńĺ őŋő ąëâì ňěŋìèě íâőľ ćěńĺçĺŋë?. Łăłőćă áłőàőáâì ğćãłă v_{ğć} =^√(∂P/∂ρ)_S ć âăłőň čăğě ([6] §105, [3] §VII.9.)? 19.5. Ŋăľâĺ àăğńőęěŋĺě ŕő áâěŕěŋïň m/T ąőńìèőčő ŕőâěŋæĺăńă àěńïâĺćĺáâáłőčő íńěłâàőŋ-ŕőğĺâàőŋŋőčő äěàňĺ čăğă, ŋăåőďïéěčőáï ć àăćŋőćěáĺĺ á çěàŋőâěńìŋëň ĺğńãçěŋĺěň ŕàĺ âěňŕěàăâãàě T ([59]).

—155— 19.6. Ŋăľâĺ T_F , âěŕńőěňłőáâì, ďăćńěŋĺě ćëàőęďěŋŋőčő čăğă ãńìâàă àěń. ŋěľâàőŋőć á ğăďăŋŋőľ ŕńőâŋőáâìî n ĺ àăŋőćěáŋëľ àăďĺãá ŋěľâàőŋŋőľ ğćěğďë. Łăłőćő ãáńőćĺě ćëàőęďěŋŋőáâĺ âăłőčő čăğă?

19.7. Ŋăľâĺ íńěłâàőŋŋő-ďëàőçŋãî ćŋãâàěŋŋîî íŋěàčĺî ĺ âěŕńőěňłőáâì çĺáâőčő ŕőńãŕàőćőďŋĺłă, áàăćŋĺć ěě á âěŕńőěňłőáâìî àěèěâłĺ ([5] §58). 19.8. Ĺğ (13.5), (13.19), (13.27), (13.34) ďńï ńîąőľ D(ε) ĺ D_λ(ε) = Aε^{λ−1}, ŕàĺ λ > 1, (ĺ á λ = 1), ŋăľâĺ, çâő ďăćńěŋĺě P (T, n) (13.11) ĺ áęĺňăěňőáâì: [P (T, n) − P_0(n)] V ≈ − π^2 6 (kT )^2γ(μ_0) d dμ_0 ln d ln γ(μ_0) dμ_0 , T T_F ≪ 1; (13.52)

V n^2K^{(e)}_T = (∂N ∂μ ) T,V =⇒ I^T_D′ (μ) ≡ ∞∫

0 dε ≪n_−(ε)≫ ∂D(ε) ∂ε , ⇐ { ŕàĺ (13.53)

D(0) = 0, ≪n_−(ε)≫ = f(ε − μ), ĺ ěáâì } ≈ D(μ) + π^2 6 (kT )^2D^{′′}(μ) (13.54)

≈ D(μ_0) + D^′(μ_0)(μ − μ_0) + π^2 6 (kT )^2D^{′′}(μ_0), čďě (13.31) ďăěâ:

V n^2K^{(e)}_T = V ∂n(T, μ) ∂μ T ≈ D(μ_0) 1 + π^2 6 (kT )^2 d^2 ln D(μ_0) dμ^2_0

, (13.55)

D_λ(μ_0) V = λ n μ_0 , ( ∂n ∂μ ) T =⇒_{Dλ} λ n μ_0 1 − (λ − 1) π^2 6 (kT μ_0 )2 ; (13.56)

ĺ ğďěáì, łőŋěçŋő:

d^2 ln D(μ_0) dμ^2_0 = D^{′′}(μ_0) D(μ_0) − D^′(μ_0)

D(μ_0) 2 . 19.9. Ďőłăğăâì ćëàăęěŋĺě ĺŋâěčàăńă I^T_g (μ) (13.19) çěàěğ I^0_g (μ):

I^T_g (μ) = ∞∫

−βμ dζ I^0_g (μ + ζ/β) 4 ch^2(ζ/2)

, čďě: I^0_g (μ) = μ∫

0 dε g(ε), β = 1 kT . (13.57)

Ůâő őŋő ďăěâ ďńï âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ĺďěăńìŋőčő äěàňĺčăğă? Śàăćŋĺć ěčő á (14.90) ĺ [5]§59, őąêïáŋĺâì ŕàĺçĺŋã ĺå àăğńĺçĺï. 19.10. Ŋăľâĺ áŕěłâà ŕěàĺőďĺçěáłőľ á ŕěàĺőďőň a = d + b æěŕőçłĺ ĺğ N ≫ 1 ĺďěŋâĺçŋëå ŕàïňőãčőńìŋëå ŕőâěŋæĺăńìŋëå ïň èĺàĺŋë d, čńãąĺŋë U, őâďěńěŋŋëå ąăàìěàăňĺ èĺàĺŋë b, ěáńĺ ć őâďěńìŋő ćğïâőľ ïňě ąëńő âőńìłő őďŋő áćïğăŋŋőě áőáâőïŋĺě á íŋěàčĺěľ ε, őâáçĺâăŋŋőľ őâ ďŋă ïňë, ă ăňŕńĺâãďë âãŋěńĺàőćăŋĺï, łăł ňăâàĺçŋëě íńěňěŋâë ŕőńŋőčő čăňĺńìâőŋĺăŋă ňěęďã áőáěďŋĺňĺ ïňăňĺ, àăćŋë ω ([34] §8.7, [52], [53], [54]).

Ŕãáâì |j⟩ - ć.ä. Ćăŋìě áćïğăŋŋőčő áőáâőïŋĺï, ńőłăńĺğőćăŋŋőčő ć j- őľ ïňě, ŕàĺ ⟨j|j^′⟩ = δ_{jj}′ , j = 1 ÷ N. Šőčďă àěèěŋĺě ŞŸ^^H|Ψ⟩ = E|Ψ⟩ á

—156— čăňĺńìâőŋĺăŋőň ć íâőň “j”- ŕàěďáâăćńěŋĺĺ:^^H = εδ_{jj}′ + ω(δ_{jj}′_{+1} + δ_{jj}′_{−1}) ĺňěěâ ćĺď ĺå áãŕěàŕőğĺæĺĺ, ďĺăčőŋăńĺğãîéěľ íâã N × N ňăâàĺæã:

|Ψ⟩ =^{N∑}_{j=1} y_j|j⟩, őâłãďă: (ε − E)y_j + ω(y_{j+1} + y_{j−1}) = 0.

İâő ďăěâ “ŋőćãî łőőàďĺŋăâŋãî” ć.ä. ć ćĺďě y_j = Y e^{jξ}, čďě áőčďăáŋő âěőàěňě Ąńőåă, ŕàĺ r → aj: u_k(r) = u_k(r + a_i) → Y , ξ = ika; ĺ áŕěłâà:

ψ_k(r) = e^{i(k·r)}u_k(r) −→ y_j = Y e^{ikaj} , E(k) = ε + 2ω cos ka. (13.58) Š.ě. N- łàăâŋő ćëàőęďěŋŋëľ ãàőćěŋì ε àăáèĺàïěâáï ďő àăğàěèěŋŋőľ íŋěàčěâĺçěáłőľ ğőŋë: ε − 2ω ≤ E(k) ≤ ε + 2ω, “ğăąĺâőľ” N/2 ãàőćŋïňĺ á àăğńĺçŋëňĺ łćăğĺĺňŕãńìáăňĺ k = k_ν = 2πν/(Na), −N/2 < ν ≤ N/2, â.ě. |k_νa| < π, ć őąě áâőàőŋë ďćĺęěŋĺï, á “ĺňŕãńìáŋëňĺ” ć.ä.: ⟨Ψ_ν|Ψ_ν′⟩ = δ_{νν}′,

|Ψ_ν⟩ = 1 √ N N∑ j=1 exp ( i 2πν N j ) |j⟩, |j⟩ = Y N/2∑ ν=−N/2 exp ( −i 2πν N j ) |Ψ_ν⟩. Ćąńĺğĺ łàăěć ğőŋë ĺňěěň, ŕàĺ ±ka → 0, ĺńĺ ±ka = (π − qa), qa → +0:

E(k) ≈ ε + 2ω − ωa^2k^2, ĺńĺ: E ( ± ( π a − q )) ≈ ε − 2ω + ωa^2q^2. (13.59) Šăł çâő ďěľáâćĺâěńìŋő, ćąńĺğĺ łàăěć ğőŋë áŕěłâà: ε_q ≈ γq^2, ŕàĺ γ = ωa^2.

Ŕàĺ b → 0, U → ∞, Ub = λ > 0 ŕőńãçĺň δ-čàěąěŋłã ([54]N:29,19-21): ^H = − h̄^2∂^2_x 2m + V (x), V (x) = Λ^{N∑}_{j=1} δ(x − ja), Λ = h̄^2 m λ, łőâőàăï, ŕàĺ: V (x) → Λ^{∞∑}_{j=−∞} δ(x − ja) = Λ a ∞∑ l=−∞ e^{2iπlx/a}, ŕàĺćőďĺâ ãęě ł ąěáłőŋěçŋőľ ğőŋŋőľ áâàãłâàě áŕěłâàă á àěďěîéĺňĺ á àőáâőň ε_q = h̄^2q^2/(2m) ğăŕàěéěŋŋëňĺ ğőŋăňĺ: cos k_ν a = cos qa + λ q sin qa. Ěáńĺ őâáçĺâëćăâì íŋěàčĺî ε őâ łàăï ïňë, âő ŕàĺ d → 0, U → ∞, ďńï −Ud = −λ < 0, ŕőńãçĺň ąěáłőŋěçŋãî čàěąěŋłã ĺğ δ-ïň ([54]): ^H = − h̄^2∂^2_x 2m + V (x), V (x) = −Λ^{N∑}_{j=1} δ(x − ja), Λ = h̄^2 m λ, łőâőàăï, ŕàĺ: V (x) → −Λ^{∞∑}_{j=−∞} δ(x − ja), ĺňěěâ ŕő-ŕàěęŋěňã őďŋã ğőŋã ćĺďă (13.58), ŕőàőęďěŋŋãî ěďĺŋáâćěŋŋëň áćïğăŋŋëň áőáâőïŋĺěň őďŋőľ őâďěńìŋőľ δ-ïňë.

Řĺá. 13.1. Ğőŋŋăï áâàãłâãàă áŕěłâàă íńěłâàőŋőć ć ňěâăńńě

19.11. Şąěďĺâìáï çĺáńěŋŋő, çâő ďńï łàĺćőľ àăáŕàěďěńěŋĺï Ťěàňĺ-Ďĺàăłă ŋă (Řĺá. 13.2), ŕàĺ ε − μ = ±ℓkT , ℓ = (2 ÷ 3), čďě, á ãçěâőň (13.21), ∀ℓ: (e^{−ℓ} + 1)^{−1} ≡ 1 − (e^ℓ + 1)^{−1}, ĺňěěň: (e^ℓ + 1)^{−1} = (0, 119 ÷ 0, 047) ([55]). Čďě ĺňěěâ ňěáâő őçěćĺďŋőě âőęďěáâćő ∀ ζ: 1 1 ± ζ + 1 1 ± 1/ζ ≡ 1. (13.60)

19.12. Ďńï âőłă ≪j_N≫_η = ≪n υ_Nθ(υ_N − υ^0_N)≫_η ŕőńãçĺâì äőàňãńë Řĺçăàďáőŋă (11.59) – (11.62). Őąáãďĺâì ĺŋâěàŕàěâăæĺî n_η(T, ξ) ĺ υ_η(T, ξ). Łăł ŕàăćĺńìŋő őŕàěďěńïâì łćăŋâőćëě ŕőŕàăćłĺ ł łńăááĺçěáłőľ äőàňãńě?

Řĺá. 13.2. Řăáŕàěďěńěŋĺě Ťěàňĺ-Ďĺàăłă ŕàĺ T ≥ 0, (13.2), (13.3), ℓ = (2 ÷ 3).

Řĺá. 13.3. Ğőŋŋăï áâàãłâãàă áŕěłâàă íńěłâàőŋőć ć ŕőńãŕàőćőďŋĺłě.

Ńěłæĺï 14

Ňăčŋěâĺğň

1 Ňăčŋěâĺğň – ňăłàőáłőŕĺçěáłőě łćăŋâőćőě ïćńěŋĺě

Řěńïâĺćĺáâáłĺľ åăàăłâěà İŇŔ ĺ ňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï á ŋĺň ğăàïęěŋŋëå çăáâĺæ ŕàěďŕőńăčăěâ ěčő âőçěçŋőáâì [30] §16. Ć ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłě őŋő âăłęě őŕàěďěńěŋő âőńìłő łăł ćğăĺňőďěľáâćĺě âőçěçŋőľ çăáâĺæë á ćŋěèŋĺň ŕőńěň A(r) ć âőçłě r [31] §111.

Ŕő ğăłőŋã Ńěŋæă, áãâì ŕàĺŋæĺŕã ŃŸĄ, ďćĺęãéĺěáï ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě H = (∇ × A) ŕő “ŕőçâĺ” ğăňłŋãâëň âàăěłâőàĺïň ğăàïęěŋŋëě çăáâĺæë áőğďăîâ ŕàőâĺćőŕőńőęŋëľ íâőňã ŕőńî ňăčŋĺâŋëľ ňőňěŋâ. Őďŋăłő ŕőáńěďőćăâěńìŋőě łńăááĺçěáłőě őŕĺáăŋĺě âăłĺå áĺáâěň ďćĺęãéĺåáï ğăàïęěŋŋëå çăáâĺæ ŕőńŋőáâìî ĺáłńîçăěâ ïćńěŋĺě ňăčŋěâĺğňă: ŕő âěőàěňě Ąőàă-ćăŋ Ńñćěŋ (Ą-ć-Ń), ňăčŋĺâŋëľ ňőňěŋâ łńăááĺçěáłőľ áĺáâěňë ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï àăćěŋ ŋãńî! İâő áńěďãěâ ĺğ ćëçĺáńěŋĺï łćăğĺłńăááĺçěáłőčő áâăâĺŋâěčàăńă Z_N [A].

Ŕãáâì H({r_j, p_j }) – äãŋłæĺï Čăňĺńìâőŋă áĺáâěňë N çăáâĺæ á ğăàïďőň e, j = 1 ÷ N. Ŕőňěáâĺň ěě ć áâăæĺőŋăàŋőě ňăčŋĺâŋőě ŕőńě, ğăďăŋŋőě ćěłâőàŋëň ŕőâěŋæĺăńőň A(r). İâő ĺğňěŋĺâ łăŋőŋĺçěáłĺě ŕěàěňěŋŋëě áĺáâěňë: (p_j , r_j ) → (P_j , r_j), čďě P_j = p_j + (e/c)A(r_j ) – ŋőćëľ łăŋőŋĺçěáłĺľ őąőąéěŋŋëľ ĺňŕãńìá j-őľ çăáâĺæë, łăŋőŋĺçěáłĺ áőŕàïęěŋŋëľ âěŕěàì ěě łőőàďĺŋăâě r_j ć áňëáńě ãàăćŋěŋĺľ (1.6) á čăňĺńìâőŋĺăŋőň ~H({r_j, P_j }) = H({r_j , P_j − (e/c)A(r_j)}). Śâăâĺŋâěčàăń Z_N [A] àăćěŋ:

h^{3N} N! Z_N [A] =^{N∏}_{j=1} ∫ V d^3r_j ∫ d^3P_j exp [ −βH ({ r_j , P_j − e c A(r_j) })] . (14.1)

Š.ł. ŕő őąőąéěŋŋëň ĺňŕãńìáăň P_j ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ąěáłőŋěçŋë, âő, áďćĺčăï íâĺ ŕěàěňěŋŋëě, ć (14.1) ňőęŋő ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő ŕàěęŋĺň łĺŋěâĺçěáłĺň ĺňŕãńìáăň p_j ≡ mv_j = P_j − (e/c)A(r_j ), ŕàĺćěďï ĺŋâěčàăń (14.1) ł âăłőňã ęě ěčő ćĺďã ŕàĺ A = 0, Z_N [A]^{łć.łń}=⇒ Z_N [0]:

—159—

h^{3N} N! Z_N [0] =^{N∏}_{j=1} ∫ V d^3r_j ∫ d^3p_j exp (−βH({r_j, p_j})) . (14.2) Š.ě. łćăğĺłńăááĺçěáłĺľ áâăâĺŋâěčàăń ćőćáě ŋě ğăćĺáĺâ őâ A, ă áńěďőćăâěńìŋő ĺ őâ H, ĺ áâăńő ąëâì, ňăčŋĺâŋëľ ňőňěŋâ ěďĺŋĺæë őąêěňă – ŋăňăčŋĺçěŋŋőáâì áĺáâěňë őłăğëćăěâáï àăćěŋ ŋãńî: M = M V = − 1 V ( ∂F_H ∂H ) T,V,N = kT V ∂ ln Z_N [A] ∂H T,V,N h̄=0=⇒ łć.łń 0. (14.3) Ğďěáì F_H = U^∗ − T S − (M · H), â.ě. dF_H = −SdT − P dV − (M · dH) + μdN . (14.4) Ťĺğĺçěáłăï ŕàĺçĺŋă íâőčő áőáâőĺâ ć âőň, çâő ńőłăńìŋő ŕőáâőïŋŋőě őďŋőàőďŋőě ňăčŋĺâŋőě ŕőńě ŋě ňěŋïěâ ŋĺ łĺŋěâĺçěáłőľ íŋěàčĺĺ (ňőďãńï áłőàőáâĺ) őàąĺâăńìŋőčő ďćĺęěŋĺï ğăàïęěŋŋëå çăáâĺæ, ŋĺ őďŋőàőďŋőáâĺ ĺå ŕàőáâàăŋáâćěŋŋőčő àăáŕàěďěńěŋĺï: çěàěğ łăęďãî âőçłã ćáě âăłęě ŕàőåőďïâ ĺå âàăěłâőàĺĺ (ćłńîçăï őâàăęěŋŋëě őâ čàăŋĺæ őąêěňă áĺáâěňë) ćáěćőğňőęŋëå ŋăŕàăćńěŋĺľ ĺ áłőàőáâěľ (Řĺá.11.2), ĺ ĺå áàěďŋĺľ áãňňăàŋëľ âőł ćáě âăłęě àăćěŋ ŋãńî. İâĺ àăááãęďěŋĺï ŋě őâňěŋĺâì ŋĺ ğăňěŋőľ àăáŕàěďěńěŋĺï Čĺąąáă ńîąëň ĺŋëň àăćŋőćěáŋëň àăáŕàěďěńěŋĺěň, ŋĺ ãçěâőň (łãńőŋőćáłőčő) ŕőâěŋæĺăńă ŕăàŋőčő ćğăĺňőďěľáâćĺï ňěęďã ğăàïďăňĺ U(r_{ij} ) → e^2/|r_{ij} |.

Ŋăąńîďăěňëě ŕăàă- ĺ ďĺăňăčŋěâĺğň ĺňěîâ çĺáâő łćăŋâőćãî ŕàĺàőďã ĺ őąïğăŋë ďćãň ŋěğăćĺáĺňëň çĺáâő łćăŋâőćëň äăłâőàăň (Ğăď. 20.16.): 1) ŋăńĺçĺî áőąáâćěŋŋőčő áŕĺŋőćőčő ňăčŋĺâŋőčő ňőňěŋâă ğăàïęěŋŋőľ çăáâĺæë, łćăŋâőćăŋŋőě ćğăĺňőďěľáâćĺě łőâőàőčő á ňăčŋĺâŋëň ŕőńěň ŕàĺćőďĺâ ł ãňěŋìèěŋĺî íŋěàčĺĺ áĺáâěňë ć ŕőńě ĺ ŕăàăňăčŋĺâŋőňã íääěłâã; 2) ďĺáłàěâŋőáâĺ íŋěàčěâĺçěáłőčő áŕěłâàă ć łćăŋâőćőľ áâăâáãňňě, ğăňěŋïîéěľ áâăâĺŋâěčàăń (14.1), őąïğăŋŋőľ äĺŋĺâŋőňã åăàăłâěàã őàąĺâăńìŋőčő ďćĺęěŋĺï ğăàïęěŋŋőľ çăáâĺæë ć ňăčŋĺâŋőň ŕőńě ĺ ŕàĺćőďïéěľ ł ãćěńĺçěŋĺî íŋěàčĺĺ áĺáâěňë ć íâőň ŕőńě ĺ ďĺăňăčŋĺâŋőňã íääěłâã.

2 Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă

2.1 Ŕăàăňăčŋěâĺğň Ŕăãńĺ

Łńăááĺçěáłăï âěőàĺï Ŕ. Ńăŋęěćěŋă (1905) ďńï ŕăàăňăčŋĺâŋëå ćěéěáâć ďăěâ ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì^^χ_T ≡^(∂M/∂H^)_T ć áńãçăě áńăąëå ňăč-

ŋĺâŋëå ŕőńěľ ć ćĺďě χ_T = Θ T > 0. İâő ĺğćěáâŋľ ğăłőŋ Łîàĺ (1895) ĺ

ąãďěâ ćőáŕàőĺğćěďěŋ ŋĺęě. Őďŋăłő ďńï àïďă ňěâăńńőć ć èĺàőłőň ĺŋâěàćăńě

âěňŕěàăâãà ąëńő őąŋăàãęěŋő ĺŋőě – ŋě áőčńăáãîéěěáï á ŋĺň ŕőćěďěŋĺě χ_T ≃ const > 0. Őąêïáŋěŋĺě íâőčő íääěłâă ďăń Ć. Ŕăãńĺ (1927) ć ŕàěďŕőńőęěŋĺĺ, çâő ŕăàăňăčŋěâĺğň ňěâăńńőć őąãáńőćńěŋ ŋě ňăčŋĺâŋëňĺ

—160— ňőňěŋâăňĺ μ_{nc} ĺőŋőć àěèěâłĺ, ă áćőľáâćăňĺ μ_e ≫ μ_{nc} čăğă ŕőçâĺ áćőąőďŋëå íńěłâàőŋőć ć ňěâăńńě, çìï ňăááă ć ∼ 2000 àăğ ňěŋìèě çěň ïďěà.

Řăááňőâàĺň áĺáâěňã N çăáâĺæ áő áŕĺŋőň S = 1/2 ć őďŋőàőďŋőň ňăčŋĺâŋőň ŕőńě H. Őďŋőçăáâĺçŋëľ őŕěàăâőà Čăňĺńìâőŋă ĺňěěâ ćĺď

^H_1 =^^ p^2 2m − (μ · H) , čďě μ = e mc s, s = h̄σ 2 . (14.5)

μ – őŕěàăâőà áőąáâćěŋŋőčő ňăčŋĺâŋőčő ňőňěŋâă, áćïğăŋŋëľ á őŕěàăâőàőň áŕĺŋă s, σ – ňăâàĺæë Ŕăãńĺ (2.26). Ŋăŕàăćńïï őáì Z ćďőńì H, ŕőńãçĺň íŋěàčěâĺçěáłĺľ áŕěłâà áőąáâćěŋŋëå ğŋăçěŋĺľ őŕěàăâőàă^^H_1 ć ćĺďě: ε_p → → ε_{pσ}(H) = p^2 2m − σμ_B H, σ ⇒ ±1, μ_B = |e|h̄ 2mc - ňăčŋěâőŋ Ąőàă, (14.6)

čďě σ = +1 őâćěçăěâ őàĺěŋâăæĺĺ ňăčŋĺâŋőčő ňőňěŋâă μ ćďőńì ŋăŕàăćńěŋĺï ňăčŋĺâŋőčő ŕőńï H, σ = −1 – őàĺěŋâăæĺĺ ŕàőâĺć ŕőńï, ă ćńĺïŋĺěň H ŋă őàąĺâăńìŋőě ďćĺęěŋĺě çăáâĺæ ŕàěŋěąàěčăěň. Šăł çâő ćŋěèŋěě ňăčŋĺâŋőě ŕőńě áŋĺňăěâ ćëàőęďěŋĺě ŕő áŕĺŋã, ĺ łăęďőňã ğŋăçěŋĺî p âěŕěàì őâćěçăîâ ďćă íŋěàčěâĺçěáłĺå ãàőćŋï ε_{pσ} á çĺáńăňĺ ğăŕőńŋěŋĺï n^σ_p = n^±_p .

Ŕőáłőńìłã áŕĺŋë ąãďãâ ŕěàěćőàăçĺćăâìáï ĺ ćő ćŋěèŋěň ŕőńě, âő çĺáńă çăáâĺæ áő áŕĺŋőň ćďőńì ŕőńï N^+ ĺ ŕàőâĺć ŕőńï N^− ňőčãâ ňěŋïâìáï, ĺ ěáâěáâćěŋŋő őŕĺáëćăâì íâã áĺáâěňã ąőńìèĺň łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň á ąőńìèĺň âěàňőďĺŋăňĺçěáłĺň ŕőâěŋæĺăńőň J^{(1/2)}_H (μ) ŕàĺ áàěďŋěň çĺáńě ćáěå çăáâĺæ, àăćŋőň ĺå äĺłáĺàőćăŋŋőňã ŕőńŋőňã çĺáńã N: ≪N≫ ≡ − ∂J^{(1/2)}_H (μ) ∂μ V,T = ≪N^+≫ + ≪N^−≫ ≡ N. (14.7)

Š.ł. áŕĺŋë ćğăĺňőďěľáâćãîâ á ćŋěèŋĺň ŕőńěň ŋěğăćĺáĺňő ďàãč őâ ďàãčă, âő ąőńìèăï áâăâáãňňă łăęďőčő őâďěńìŋőčő őďŋőçăáâĺçŋőčő áőáâőïŋĺï |p, σ⟩, ćěàőïâŋőáâì ğăáěńěŋĺï ěčő n^σ_p çăáâĺæăňĺ ĺ áàěďŋěě çĺáńő çăáâĺæ ć íâőň áőáâőïŋĺĺ ĺňěîâ ćĺď (8.42), (8.49) ĺ (8.50) áőőâćěâáâćěŋŋő^1: Q^{(σ)}_p =^∑_{nσ}

p =0

exp^[−β (ε_{pσ} − μ) n^σ_p^] , 1 =^∑_{nσ}

p =0

w^σ_nσ_p , á ε_{pσ} − μ = ε_p − μ^σ, (14.8)

w^σ_nσ_p = exp^[−β (ε_p − μ^σ) n^σ_p^] Q^{(σ)}p , ≪n^σ_{εp}≫ ≡^∑_{nσ} p =0

n^σ_p w^σ_nσ_p = ∂ ln Q^{(σ)}_p ∂(βμ^σ) β , (14.9)

čďě, áőčńăáŋő (14.6), ŕàĺ ε_p = p^2/(2m) = p^2/(2m) ĺ σ = ±1 (14.10) ĺňěěň: μ^σ = μ + σμ_B H; âő ěáâì μ^± = μ ± μ_B H – łăł (14.11)

1Ćěàåŋĺľ ŕàěďěń áãňň ŕő n^σ_p ćáîďã őŕàěďěńïěâáï âőńìłő âĺŕőň áâăâĺáâĺłĺ.

—161— íääěłâĺćŋëě åĺňĺçěáłĺě ŕőâěŋæĺăńë áŕĺŋőćëå ŕőďáĺáâěň çăáâĺæ, őàĺěŋâĺàőćăŋŋëå, áőőâćěâáâćěŋŋő, ćďőńì ŕőńï (+) ĺ ŕàőâĺć ŕőńï (−). Śőőâćěâáâćãîéĺě ŕőńŋëě ąőńìèĺě áâăâáãňňë íâĺå ŕőďáĺáâěň ĺ ąőńìèăï áâăâáãňňă ćáěľ áĺáâěňë ćŋőćì ďăîâáï âőčďă ŕàőĺğćěďěŋĺïňĺ ćĺďă (8.41):

Q^{(σ)} =^∏_p Q^{(σ)}_p ≡^∑ {n^σp } exp −β^∑_p (ε_p − μ^σ) n^σ_p , Q_H =^∏_{σ=±} Q^{(σ)}, (14.12)

â.ě. Q_H =^∑ {n^+p } ∑ {n^−p } exp −β^∑_p^{[(}ε_p − μ^{+)} n^+_p +^(ε_p − μ^{−)} n^−_p^]

(14.13)

ĺńĺ Q_H =^∏_{σ=±} Q^{(σ)} =^∑ {n^+p ,n^−p } exp^{−β^[E_{[n}+_{p ,n}−_{p ]} − μN_{[n}+_{p ,n}−_{p ]}^{]}} , (14.14)

čďě ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï ć łăęďőň ňĹłàőáőáâőïŋĺĺ ŕőńŋőľ áĺáâěňë: |{m}⟩ = |{n^+_p , n^−_p }⟩ ğăďăŋë áőąáâćěŋŋëě ğŋăçěŋĺï őŕěàăâőàőć ŕőńŋőľ íŋěàčĺĺ^^H ĺ ŕőńŋőčő çĺáńă çăáâĺæ^^N ć ćĺďě (8.16), (8.15):

^H → E_{[n}+_{p ,n}−_{p ]} =^∑_{p,σ} ε_{pσ}n^σ_p ≡^∑_p^[(ε_p − μ_B H) n^+_p + (ε_p + μ_B H) n^−_p^] , (14.15)

^N → N_{[n}+_{p ,n}−_{p ]} =^∑_{p,σ} n^σ_p ≡^∑_p^(n^+_p + n^−_p^) , ĺ J^{(1/2)}_H (μ) = − 1 β ln Q_H (14.16)

łăł ąőńìèőľ ŕőâěŋæĺăń ďńï áĺáâěňë (14.14) ğďěáì ěáâì áãňňă ďćãå áńăčăěňëå, łăęďőě ĺğ łőâőàëå őâŋőáĺâáï ł őŕàěďěńěŋŋőľ őàĺěŋâăæĺĺ áŕĺŋă σ = ±1 ĺ ňőęěâ ąëâì äőàňăńìŋő ğăŕĺáăŋő, łăł J_H(μ) ŕàĺ H = 0, ŋő á ŕěàěőŕàěďěńěŋŋëň íääěłâĺćŋëň åĺňŕőâěŋæĺăńőň (14.11) (áà. á (14.86)):

J^{(1/2)}_H (μ) =⇒ J_H(μ) = 1 2 ∑ σ=± J_0(μ^σ) ≡ 1 2 [ J_0(μ^+) + J_0(μ^−)^] , (14.17)

čďě ňŋőęĺâěńì 1/2 ãçĺâëćăěâ, çâő ć őŕàěďěńěŋĺě J_0(μ) ćåőďĺâ äăłâőà g_s = 2S + 1, ĺáçěğăîéĺľ áő áŋïâĺěň áŕĺŋőćőčő ćëàőęďěŋĺï ŕőńěň H.

Ŕőłăęěň, çâő áàěďŋĺľ ňăčŋĺâŋëľ ňőňěŋâ ěďĺŋĺæë őąêěňă, â.ě. ŋăňăčŋĺçěŋŋőáâì áĺáâěňë M (14.3), ňőęŋő âăłęě ŋăľâĺ ŕőáńěďőćăâěńìŋő ĺáŕőńìğãï őŕàěďěńěŋĺï (14.7) – (14.16) ŕő äőàňãńăň: J_H(μ) = F_H − μN, dJ_H(μ) = −SdT − P dV − Ndμ − V MdH, âő ěáâì ŕàĺ dμ/dH ≡ 0: (14.18) M = M V = − 1 V ∂J_H(μ) ∂H T,V,μ = kT V ( ∂ ln Q_H ∂H ) T,V,μ . Ďěľáâćĺâěńìŋő: (14.19) kT V ∂ ln Q_H ∂H ⇒ 1 V ∑ σ=± ∂μ^σ ∂H ∂ ln Q^{(σ)} ∂(βμ^σ) β,V ⇒^∑_{σ=±} σμ_B V ∑ p ∂ ln Q^{(σ)}_p ∂(βμ^σ) β,V ⇒ (14.20)

—162— =⇒^∑_{σ=±}^∑_p σμ_B V Q^{(σ)}p ∑ n^σ_p =0 n^σ_p e^{−β(εp−μσ )nσp} =^∑_{σ=±} σμ_B V ∑ p ∑ n^σ_p =0

n^σ_p w^σ_nσ_p =⇒

(14.21) =⇒ μ_B V ∑ p ( ≪n^+_{εp}≫ − ≪n^−_{εp}≫ ) = μ_B V ( ≪N^+≫ − ≪N^−≫ ) =⇒ M (14.22)

– ĺ ěáâì ŋăňăčŋĺçěŋŋőáâì łăł áàěďŋïï ŕàőěłæĺï ňăčŋĺâŋőčő ňőňěŋâă ěďĺŋĺæë őąêěňă ŋă ŋăŕàăćńěŋĺě ćŋěèŋěčő ŕőńï ć áĺáâěňě, áőáâőïéěľ ĺğ ďćãå ŕőďáĺáâěň (14.7): á ≪N^+≫ çăáâĺæăňĺ á ŕàőěłæĺěľ áŕĺŋă +1/2 ĺ íääěłâĺćŋëň åĺňŕőâěŋæĺăńőň μ^+ = μ + μ_B H; ĺ á ≪N^−≫ çăáâĺæăňĺ á ŕàőěłæĺěľ áŕĺŋă −1/2 ĺ íääěłâĺćŋëň åĺňŕőâěŋæĺăńőň μ^− = μ − μ_B H.

Řăğńăčăï ąőńìèĺě ŕőâěŋæĺăńë J_0(μ^±) ć áãňňě (14.17) ć ŕàĺąńĺęěŋĺĺ áńăąőčő ŕőńï μ_B H ≪ kT ć âőçłě μ ć àïďë ŕő áâěŕěŋïň áőőâćěâáâćãîéĺå àăğŋőáâěľ μ^± − μ = ± μ_B H ĺ őčàăŋĺçĺćăïáì ŕěàćëňĺ ŋěĺáçěğăîéĺňĺ ć ŋěľ çńěŋăňĺ ćâőàőčő ŕőàïďłă ŕő ŕőńî H, ŕàĺ dμ/dH ≡ 0 ĺňěěň:

J_0(μ ± μ_B H) ≈ J_0(μ) ± μ_B H ∂J_0(μ) ∂μ T,V + 1 2 (μ_B H)^2

∂^2J_0(μ) ∂μ^2 T,V . (14.23)

Ŕőďáâăćĺć (14.23) ć (14.17), ďńï àăááňăâàĺćăěňőčő áŕĺŋă S = 1/2 ŋăľďěň:

J_H(μ) ≈ J_0(μ) + 1 2 (μ_BH)^2

∂^2J_0(μ) ∂μ^2 T,V . (14.24)

Łăł ŕàőĺğćőďŋăï ŕő H őâ M (14.19) ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì àăćŋă: ^χ_T = ∂M ∂H T,V,μ = − 1 V ∂^2J_H ∂H^2 T,V,μ =⇒_{S= 1} 2 − 1 V μ^2_B

∂^2J_0(μ) ∂μ^2 T,V , (14.25)

ă â.ł. − 1 V ∂J_0(μ) ∂μ T,V = n(T, μ), âő^^χ^{(1/2)}_T = μ^2_B ∂n(T, μ) ∂μ T . (14.26)

Ćëçĺáńĺň ∂n/∂μ, ćáŕőňĺŋăï ćëàăęěŋĺï ďńï áęĺňăěňőáâĺ (9.10), (13.40), ćëâěłăîéĺě ĺğ n(T, μ) = n (T, P (T, μ)). Ĺňěěň, áőőâćěâáâćěŋŋő: ( ∂n ∂μ ) T = n ( ∂n ∂P ) T = n^2K_T (T, n),^^χ^{(1/2)}_T (T, n) = μ^2_B n^2K^{(e)}_T (T, n). (14.27)

Šőčďă ďńï ćëàőęďěŋŋőčő äěàňĺ–čăğă ŕàĺ T ≪ T_F á ãçěâőň (13.42) ĺ/ĺńĺ (13.56) ŕàĺ μ_0 ≡ ε_F = kT_F = Bn^{2/3} (čďě ε_F → ε^∗_F ŕàĺ B → B^∗, ŋő μ_B őáâăěâáï ĺğ (14.6)) ŋăåőďĺň:

χ^{(1/2)}_T ≈ 3 2 μ^2_B n ε_F 1 − π^2 12 ( T T_F )2 =⇒_{T →0} 3 2 μ^2_B n ε_F = 3 2 μ^2_B n^{1/3} B ⇐ μ^2_B D(μ_0) V . (14.28)

—163— Š.ě. áŕĺŋőćëľ ňăčŋĺâŋëľ ňőňěŋâ çăáâĺæ ćëàőęďěŋŋőčő ŕàĺ T ≪ T_F äěàňĺ - čăğă ğăďăěâ ŕăàăňăčŋěâĺğň χ^{ŕăpăň}_T = χ^{(1/2)}_T (T, n) ≃ χ^{(1/2)}_T (0, n) > 0.

Ŕàĺćěďěŋŋëě àăááãęďěŋĺï ŕàïňő őąőąéăîâáï ďńï őąěĺå áâăâĺáâĺł ĺ ŕàőĺğćőńìŋëå ğŋăçěŋĺľ áŕĺŋă S (14.86). Ńěčłő ãąěďĺâìáï, çâő ěáńĺ ąë ďńï íńěłâàőŋőć ňőęŋő ąëńő àěăńĺğőćăâì ãáńőćĺï ŕàĺňěŋĺňőáâĺ ąőńìæňăŋőćáłőčő ŕàĺąńĺęěŋĺï T ≫ T_F (8.53), (10.23), âő, ć áőőâćěâáâćĺĺ á (6.45), (10.24), ďńï íâőľ ćőáŕàĺĺňçĺćőáâĺ (14.26) ŕőńãçĺńáï ąë ğăłőŋ Łîàĺ: ≪n(ε)≫=⇒e^{β(μ−ε)}, n(T, μ)=⇒ e^{βμ} V ∞∫

0 dεD(ε, V )e^{−βε} = e^{βμ} V Z_1(β, V ), (14.29)

őâłãďă ∂n(T, μ) ∂μ T =⇒ βn(T, μ) = n(T, μ) kT , â.ě. χ^{ŕăpăň}_{T ≫TF} = nμ^2_B kT . (14.30)

2.2 Ďĺăňăčŋěâĺğň Ńăŋďăã

Šăł łăł ďćĺęěŋĺě íńěłâàőŋőć ć ŕńőáłőáâĺ, ŕěàŕěŋďĺłãńïàŋőľ ňăčŋĺâŋőňã ŕőńî, áâăŋőćĺâáï äĺŋĺâŋëň, íâő ŕàĺćőďĺâ ł ďĺáłàěâŋőňã íŋěàčěâĺçěáłőňã áŕěłâàã ďńï ŕőŕěàěçŋëå áâěŕěŋěľ áćőąőďë. Šăłăï ğăňěŋă áâăâĺŋâěčàăńă (14.1) áâăâáãňňőľ ĺ ïćńïěâáï ŕàĺçĺŋőľ ďĺăňăčŋĺâĺğňă.

Ŕãáâì çăáâĺæă á ğăàïďőň e ďćĺęěâáï ć ŕőáâőïŋŋőň őďŋőàőďŋőň ňăčŋĺâŋőň ŕőńě, ŋăŕàăćńěŋŋőň ŕő őáĺ Z. Ćěłâőàŋëľ ŕőâěŋæĺăń^2 ňőęŋő ćëąàăâì ć ćĺďě A = (0, A_Y = Hx, 0), ŕàĺ íâőň H = (∇ × A) ⇒ He_Z , ĺ e_Z – ěďĺŋĺçŋëľ ćěłâőà, ŋăŕàăćńěŋŋëľ ŕő őáĺ Z. Šăł łăł ňăčŋĺâŋőě ŕőńě ŋě ňěŋïěâ łĺŋěâĺçěáłőľ íŋěàčĺĺ, â.ě. ăąáőńîâŋőľ ćěńĺçĺŋë áłőàőáâĺ, âő äãŋłæĺï Čăňĺńìâőŋă ĺğ (14.1) ďńï őďŋőľ çăáâĺæë ŕàĺňěâ ćĺď:

H_1 ≡ mv^2 2 = 1 2m ( P − e c A )2 = 1 2m P^2_X + ( P_Y − e c Hx )2 + P^2_Z

, (14.31)

čďě P_j = mv_j + (e/c)A_j – őąőąéěŋŋëě ĺňŕãńìáë (j = x, y, z). Šăł łăł H_1 ŋě ğăćĺáĺâ őâ y ĺ z, âő Ṗ_Y = 0, Ṗ_Z = 0. Ŕàĺçěň P_Z ≡ p_Z = const, P_Y = const, ă P_X ≡ p_X . Ŕőďáâăćĺć íâĺ ĺŋâěčàăńë ďćĺęěŋĺï ć (14.31)

łăł P_Y = e c Hx_0, ŋăľďěň: H_1 ≡ p^2 2m = p^2_Z 2m + p^2_X 2m + mω^2(x − x_0)^2 2 , (14.32)

łń. æĺłńőâàőŋŋãî çăáâőâã ω = |e|H mc , ĺ x_0 = cP_Y eH = |P_Y | mω ≤ L_X . (14.33)

Š.ě. 0 ≤ |P_Y | = const = mωx_0 ≤ mωL_X , čďě L_X – X- ćőě àěąàő ïéĺłă.

2ć łăńĺąàőćłě (∇ · A) = 0. Ďńï őŕěàăâőàă ęě áłőàőáâĺ ąãďěň ĺňěâì: (v × v) = 2iμ_B H/m.

—164— Ćëďěńïï ĺğ H_1 (14.32) čăňĺńìâőŋĺăŋ ŕőŕěàěçŋëå áâěŕěŋěľ áćőąőďë H_{1⊥}, ŕőńãçĺň äãŋłæĺî Čăňĺńìâőŋă őďŋőňěàŋőčő őáæĺńńïâőàă (8.58):

H_1 = p^2_Z 2m + H_{1⊥}, čďě H_{1⊥} ≡ p^2_⊥ 2m = p^2_X 2m + mω^2(x − x_0)^2 2 , (m → m^∗). ,(14.34) Łńăááĺçěáłăï âàăěłâőàĺï çăáâĺæë á čăňĺńìâőŋĺăŋőň (14.32) ěáâì ćĺŋâőćăï ńĺŋĺï: àăćŋőňěàŋőě ďćĺęěŋĺě ćďőńì őáĺ Z ĺ ćàăéăâěńìŋőě – ć ŕńőáłőáâĺ XY á çăáâőâőľ ω. Ĺňŕãńìá P_Y ğăďăěâ àăááâőïŋĺě x_0 (14.33) őáĺ ćĺŋâőćőľ ńĺŋĺĺ őâ áâěŋłĺ ZY (x = 0) ïéĺłă őąêěňőň V = L_X L_Y L_Z .

Łćăŋâőćăŋĺě ŕőŕěàěçŋőčő čăňĺńìâőŋĺăŋă H_{1⊥} (14.34) ďăěâ ďĺáłàěâŋëľ áŕěłâà (8.66) “ŕőŕěàěçŋőľ” íŋěàčĺĺ á ŕőáâőïŋŋëň èăčőň Δε_{n⊥}: ε_{n⊥} = ( n + 1 2 ) h̄ω = (2n + 1)μ_B H, Δε_{n⊥} = h̄ω = |e|h̄ mc H = 2μ_B H, (14.35)

čďě |e|h̄/(mc) = 2μ_B – ňăčŋĺâŋëľ ňőňěŋâ őàąĺâăńìŋőčő ďćĺęěŋĺï ğăàïďă. Őďŋőçăáâĺçŋăï áâăâáãňňă ďńï ŕőŕěàěçŋëå áâěŕěŋľ áćőąőďë ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ âăłęě ŕőçâĺ áőćŕăďăěâ á őáæĺńńïâőàŋőľ (7.32):

Z^⊥_1 =^{∞∑}_{n=0}G^⊥_n exp [ −βh̄ω ( n + 1 2 )] ⇒ G^⊥(H) 2 sh (βh̄ω/2) ⇒ ΩH 2 sh (βμ_B H)

, (14.36)

čďě, áőčńăáŋő Ą-ć-Ń (14.3), ŕàĺ h̄ → 0, βμ_B H ≪ 1 ěě ğăćĺáĺňőáâì őâ H ďőńęŋă ĺáçěğăâì, çâő ĺ ďăěâ ďńï łàăâŋőáâĺ ćëàőęďěŋĺï ŕőŕěàěçŋëå áâěŕěŋěľ áćőąőďë: G^⊥(H) = ΩH [13]. Šőčďă ďńï ŋăňăčŋĺçěŋŋőáâĺ ŋă őďŋã çăáâĺæã, â.ě. ěě áàěďŋěčő ňăčŋĺâŋőčő ňőňěŋâă, ĺğ (ćňěáâő) (14.3), ĺňěěň: M N = M n = ≪|m|≫ = − ∂F^⊥_1 ∂H = kT ∂ ln Z^⊥_1 ∂H = −μ_B L_∞(y), y = βμ_B H, (14.37) őâłãďă ďńï ďĺăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ á ãçěâőň (7.38) ŋăåőďĺň:

L_∞(y) = ( cth y − 1 y ) , χ^{ďĺăň}_T = ∂M ∂H | | | | H=0 ⇒ −L^′_∞(0)nμ^2_Bβ = − 1 3 nμ^2_B kT , (14.38) â.ł. L_∞(y) = y 3 + O(y^3). Š.ě. (14.38) ńĺèì ňŋőęĺâěńěň − 1 3 őâńĺçăěâáï őâ ąőńìæňăŋőćáłőľ ŕăàăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ (14.30). Ć áńăąëå ŕőńïå íâő őâńĺçĺě ŋě ğăćĺáĺâ őâ áâěŕěŋĺ ćëàőęďěŋĺï äěàňĺ-čăğă. Ď-ŋő:

Śŕěłâà ŕőńŋőčő őďŋőçăáâĺçŋőčő čăňĺńìâőŋĺăŋă (14.32) łăł äãŋłæĺï áőåàăŋïîéĺåáï łćăŋâőćëå çĺáěń n (14.35) ĺ p_Z ďăěâáï äőàňãńőľ Ńăŋďăã:

ε = ε_n(p_Z ) = ε_{n⊥} + p^2_Z 2m , ĺ őąàăâŋő: p_{Zn}(ε) = ±^√2m(ε − ε_{n⊥}), (14.39)

—165— á ãçěâőň őąőĺå ŋăŕàăćńěŋĺľ őáĺ Z. Śŕĺŋőćőě àăáéěŕńěŋĺě σ = ±1 (14.6) łăęďőčő ãàőćŋï á ďăŋŋëň p_Z ŋă ďćă ĺ áćïğăŋŋëľ á ŋĺň ćëèě ŕăàăňăčŋěâĺğň Ŕăãńĺ ğďěáì ŋě ãçĺâëćăěâáï. Ďńï ïéĺłă ňĂłàőáłőŕĺçěáłĺå àăğňěàőć ďćĺęěŋĺě ćďőńì őáĺ Z áçĺâăěâáï łćăğĺłńăááĺçěáłĺň, ĺ ĺğ (14.39) á ãçěâőň (14.32) ĺ őąéěčő őŕàěďěńěŋĺï (7.4) ďńï ŕńőâŋőáâĺ çĺáńă áőáâőïŋĺľ D_H(ε) á íŋěàčĺïňĺ ć ĺŋâěàćăńě (ε, ε + dε) ćëâěłăěâ ćëàăęěŋĺě:

D_H(ε) = g_s ∫ d^3P h^3 ∫ d^3x δ (ε − ε(P, x)), ĺ â.ł. ∫ dp_X h ∫ dx⇐⇒^∑_n , âő (14.40) D_H(ε) =^∑_{σ, n} y,P_Y ;z,p_Z δ (ε − ε_n(p_Z )) ≡ 2 L_Y L_Z h^2 ∞∑ n=0 ∞∫ −∞ dp_Z δ (ε − ε_n(p_Z )) mωL_X ∫ 0 dP_Y =

= 2V mω h^2 ∞∑ n=0 2 ∞∫

0 dp_Z δ ε − ε_{n⊥} − p^2_Z 2m , çâő ŕàĺ p_Z =^√2mξ, h = 2πh̄, dp_Z = √ 2m dξ 2 √ ξ ; √ 2m ∞∫

0 dξ 2 √ ξ δ (ε − ε_{n⊥} − ξ) = √ 2m θ(ε − ε_{n⊥}) 2 √ ε − ε_{n⊥} ďăěâ:

D_H(ε) = 2πV (2m)^{3/2}h̄ω h^3 ν(ε)∑ n=0 θ(ε − ε_{n⊥}) √ ε − ε_{n⊥} = A_{3/2} 2 h̄ω ν(ε)∑ n=0 θ(ε − ε_{n⊥}) √ ε − ε_{n⊥} , (14.41)

čďě ν(ε) = [ ε h̄ω − 1 2 ] , m √ 2m (ε − ε_{n⊥}) = d|p_{Zn}(ε)| dε = 1 |v_{Zn}(ε)| . (14.42)

Ŕàěďěń H → 0, â.ě. ω → 0, á ãçěâőň (14.35) ćőáŕàőĺğćőďĺâ, ć áőčńăáĺĺ á (10.3), (13.7), ěě ćĺď ďńï áćőąőďŋëå íńěłâàőŋőć: h̄ω ≡ Δε_{n⊥} =⇒ dε_⊥, h̄ω ν(ε)∑ n=0 θ(ε − ε_{n⊥}) √ ε − ε_{n⊥} =⇒_{ω→0} ε∫

0 dε_⊥ √ ε − ε_⊥ = 2 √ ε, D_H(ε) =⇒_{ω→0} D_{3/2}(ε) = (14.43) = 4πV (2m)^{3/2} √ ε h^3 = A_λε^{λ−1}, λ = 3 2 , A_{3/2} = 4πV ( 2m h^2 )3/2 . (14.44)

Ćëçĺáńĺň ąőńìèőľ ŕőâěŋæĺăń ĺďěăńìŋőľ äěàňĺ-áĺáâěňë (13.11) ďćãåłàăâŋëň ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň á ãçěâőň (10.6)–(10.9), (14.90): J^T_H(μ) = −kT ln Q_H = −kT ∞∫

0 dε D_H(ε) ln [1 + exp ((μ − ε)/kT )] = (14.45) = − ∞∫

0 dε ≪n_−(ε)≫ ε∫

0 dε^′ D_H(ε^′) = − ∞∫

0 dε J^0_H(ε) ∂ ∂ε ≪n_−(ε)≫, ĺ, (14.46) â.ł. ∀μ: ≪n_−(ε)≫ =⇒_{T →0} θ(μ − ε), âő: − ∂ ∂ε ≪n_−(ε)≫ =⇒_{T →0} δ(ε − μ), (14.47)

—166—

ĺ: J^0_H(μ) ≡ − μ∫

0 dε ε∫

0 dε^′D_H(ε^′) =⇒ −A_{3/2}h̄ω μ∫

0 dε ν(ε)∑ n=0 (ε − ε_{n⊥})^{1/2} = (14.48) = − 2 3 A_{3/2}h̄ω ν(μ)∑ n=0 (μ − ε_{n⊥})^{3/2} ≡ −h̄ω ν(μ)∑ n=0 f ( n + 1 2 ) = −h̄ω ℓ_μ∑ ℓ=1/2 f(ℓ). (14.49)

Ŕàĺ áĺńìŋőň ćëàőęďěŋĺĺ kT ≪ μ ≃ ε_F ć (13.27). Ŕőíâőňã ŕőńăčăěň T → 0, ĺŋâěàěáãïáì ńĺèì ğăćĺáĺňőáâìî őâ åĺňŕőâěŋæĺăńă μ (14.48). Ďńï áńăąëå ŕőńěľ: 2μ_B H ≪ kT ≪ μ, ãáńőćĺě h̄ω/μ ≪ 1 ć (14.42) őáâăćńïěâ ć áãňňě (14.49) ąőńìèőě çĺáńő áńăčăěňëå á 0 ≤ n ≤ ν(μ), čďě äãŋłæĺï f ( n + 1 2 ) ≡ f(ℓ) ≡ F (μ − h̄ωℓ) , ŕàĺ F(y)^{[ω→0]}==_{[D3/2]} 2 3 A_{3/2} y^{3/2}, (14.50)

ňăńő ňěŋïïáì ŋă őďŋőň èăčě ℓ → ℓ + 1, ŕőğćőńïěâ ŋăľâĺ íâã áãňňã ŕő äőàňãńě İľńěàă – Ňăłńőàěŋă (7.25), łőâőàãî, ŕàĺ ℓ_μ = μ/(h̄ω) ≫ 1, â.ł. f(ℓ_μ) = f^′(ℓ_μ) = 0, y = μ − h̄ωℓ, àăğńăčăï ć ℓ = 0 ć àïď äãŋłæĺî f(ℓ), ěě ŕěàćőőąàăğŋãî ĺ ŕàőĺğćőďŋãî, ŕàěďáâăćĺň ć ćĺďě^3 (ℓ_μ = ν(μ) + 1/2): ℓ_μ∑ ℓ=1/2 f(ℓ) ≈ ℓ_μ∫

0 f(ℓ)dℓ − 1/2∫

0 f(ℓ)dℓ + 1 2 f ( 1 2 ) − 1 12 f^′ ( 1 2 ) + . . . ≈

≈ ℓ_μ∫

0 f(ℓ)dℓ + 1 24 f^′(0) = 1 h̄ω μ∫

0 f ( μ − y h̄ω ) dy + 1 24 f^′(0). (14.51)

Ŕőďáâăćńïï (14.51) ć (14.49), ŋăľďěň, çâő á âàěąãěňőľ âőçŋőáâìî ďő H^2 ( dℓ = − dy h̄ω ) : J^0_H(μ) = −h̄ω ℓ_μ∑ ℓ=1/2 f(ℓ) ≈ − μ∫

0 F(y)dy + 1 24 (h̄ω)^2 ∂F(μ) ∂μ .(14.52)

Ŕěàćőě áńăčăěňőě ć (14.52) ćőćáě ŋě ğăćĺáĺâ őâ H ĺ ŕàěďáâăćńïěâ ąőńìèőľ ŕőâěŋæĺăń J^0_0 (μ) ćëàőęďěŋŋőčő ĺďěăńìŋőčő äěàňĺ - čăğă ŕàĺ H = 0, T = 0. Ć ěčő âěàňĺŋăå á ãçěâőň (14.35) àăćěŋáâćő (14.52) ŕàĺŋĺňăěâ ćĺď:

J^0_H(μ) ≈ J^0_0 (μ) − 1 24 (h̄ω)^2

∂^2J^0_0 (μ) ∂μ^2 = J^0_0 (μ) − 1 6 (μ_B H)^2

∂^2J^0_0 (μ) ∂μ^2 , (14.53)

â.ł. ∀ F(y) : ∂F(μ) ∂μ = − ∂^2J^0_0 (μ) ∂μ^2 , ěáńĺ F(μ) = −

∂J^0_0 (μ) ∂μ , (14.54)

čďě J^0_0 (μ) ≡ − μ∫

0 F(y)dy ==_{D3/2} − 2 3 A_{3/2} μ∫

0 y^{3/2}dy = − 4 15 A_{3/2}μ^{5/2} (14.55)

3f^′(1/2) ⇒ f^′(0), f(1/2) ⇒ f(0) + 1 2 f^′(0), 1/2∫ 0 f(ℓ)dℓ ⇒ 1 2 f(0) + 1 8 f^′(0); d dℓ = −h̄ω d dy .

—167— – ďńï äãŋłæĺĺ (14.50) ĺ áćőąőďŋőľ ŕńőâŋőáâĺ áőáâőïŋĺľ D_{3/2}(ε) (14.44) ć (14.48). Śàăćŋĺć J_H(μ) (14.53) á (14.24) ć őŕàěďěńěŋĺĺ (14.25) á âěň ęě J_0(μ), ŋăľďěň ďńï ćőáŕàĺĺňçĺćőáâĺ (14.26), (14.28) ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì łăł −16 = −13 · 12. Őďŋăłő ďńï íńěłâàőŋőć, ďćĺęãéĺåáï ćŋãâàĺ ňěâăńńă, ćńĺïŋĺě ŕěàĺőďĺçěáłőčő ŕőâěŋæĺăńă àěèěâłĺ ć ŕěàćőň ŕàĺąńĺęěŋĺĺ ãçĺâëćăěâáï ğăňěŋőľ ĺå ňăááë ŋă íääěłâĺćŋãî, m → m^∗, μ_B → μ^∗_B, âőčďă, łăł ňăááă ć “ŕăàăňăčŋĺâŋőň” ňăčŋěâőŋě Ąőàă ŋě ňěŋïěâáï, â.ě.:

χ^{ďĺăň}_T = − 1 3 ( m m^∗ )2 χ^{ŕăpăň}_T =⇒_{T =0} −

(μ^∗_B )^2 n 2ε_F , μ^∗_B = |e|h̄ 2m^∗c = μ_B ( m m^∗ ) .(14.56)

Ďĺääěàěŋæĺàãï (14.55) ć (14.53) łăł (14.48) ŕàĺ μ = ε_F , á ãçěâőň (13.7), ćňěáâő (14.28),

ŋăľďěň: χďĺăň_T = − 1 V ( ∂^2J_H ∂H^2 ) T,V ⇒ − μ^2_B 3 D_{3/2}(ε_F ) V ⇒ − (μ^∗_B)^2 n 2ε_F , â.ł.: D_{3/2}(ε_F ) = 3N 2ε_F . Ŕőńŋăï ćőáŕàĺĺňçĺćőáâì őáâăěâáï ŕăàăňăčŋĺâŋőľ, ěáńĺ (ŕàĺ ε_F → ε^∗_F ):

χ_T = χ^{ŕăpăň}_T + χ^{ďĺăň}_T = 1 − 1 3 ( m m^∗ )2 χ^{ŕăpăň}_T > 0. (14.57)

Őâŋőèěŋĺě |χ^{ďĺăň}_T /χ^{ŕăpăň}_T | = (1/3)(m/m^∗)^2 > 1 ńĺèì ďńï ďĺăňăčŋĺâŋëå ňěâăńńőć âĺŕă ćĺáňãâă ĺńĺ áãàìňë á ňăńëňĺ íääěłâĺćŋëňĺ ňăááăňĺ íńěłâàőŋőć m^∗ < m/ √ 3. Ŕőńìğãïáì (14.46) = (14.90) ňőęŋő ãćĺďěâì, çâő ć áńăąëå ŕőńïå h̄ω ≪ kT , ŕőłă ŕàĺňěŋĺňő (14.51), ŕàěďáâăćńěŋĺě (14.53) ĺ ěčő áńěďáâćĺï (14.56), (14.57) áŕàăćěďńĺćë ďńï âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă J^T_H(μ) ŋěğăćĺáĺňő őâ áâěŕěŋĺ ćëàőęďěŋĺï íńěłâàőŋŋőčő čăğă [6], [36], ĺ, ć áőčńăáĺĺ á Ń.Ď. Ńăŋďăã (1930), łćăŋâőćăŋĺě őàąĺâăńìŋőčő ďćĺęěŋĺï áćőąőďŋëå íńěłâàőŋőć ŕàĺćőďĺâ ł ďĺăňăčŋĺâŋőňã íääěłâã á ďĺăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâìî (14.38), (14.56), àăćŋőľ −1/3 ĺå áŕĺŋőćőľ ŕăàăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ ŕàĺ ńîąőľ âěňŕěàăâãàě T .

2.3 Ŕńőâŋőáâì çĺáńă ãàőćŋěľ Ńăŋďăã

Ŕńőâŋőáâì áőáâőïŋĺľ D_H(ε) áćïğăŋă á çĺáńőň áőáâőïŋĺľ á ĺňŕãńìáăňĺ ćąńĺğĺ ğăďăŋŋőčő p_Z ĺ á łàăâŋőáâìî ćëàőęďěŋĺï áőáâőïŋĺľ ŕőŕěàěçŋőčő ďćĺęěŋĺï G^⊥(H) ć (14.36). Ěáńĺ łćăďàăâ ŕőŕěàěçŋőčő ĺňŕãńìáă ć íâĺå áőáâőïŋĺïå p^2_⊥^H=⇒ (p^2_X + p^2_Y )_n = 2mε_{n⊥}, âő ć ïéĺłě őąêěňőň V = L_xL_y L_z , á ãçěâőň áŕĺŋőćőľ łàăâŋőáâĺ ćëàőęďěŋĺï g_s = 2, çĺáńő àăğńĺçŋëå ŕőŕěàěçŋëå łćăğĺďĺáłàěâŋëå áőáâőïŋĺľ áćőąőďŋőľ çăáâĺæë ňěęďã ďćãňï áőáěďŋĺňĺ ãàőćŋïňĺ Ńăŋďăã łćăğĺłńăááĺçěáłĺ őŕàěďěńïěâáï ŕńőéăďìî łőńìæă Σ ňěęďã łàãčăňĺ àăďĺãáőć p_{n−1⊥} < p_⊥ < p_{n⊥} ŋă ŕńőáłőáâĺ (p_X , p_Y ), ŕàĺ p^2_{n⊥} = 2mε_{n⊥}:

—168—

G^⊥_n (H) = g_s L_xL_y h^2 ∫ Σ ∫ dp_X dp_Y = g_s 2πL_xL_y h^2 p_{n⊥}∫

p_{n−1⊥} p_⊥dp_⊥ = g_s L_xL_y h^2 π ( p^2_{n⊥} − p^2_{n−1⊥} ) = (14.58) = g_s 2πmL_xL_y h^2 (ε_{n⊥} − ε_{n−1⊥}) = g_s 2πmL_xL_y h^2 h̄ω = g_s L_xL_y hc eH ≡ ΩH =⇒ G^⊥(H), (14.59)

ĺ ďěľáâćĺâěńìŋő ŋě ğăćĺáĺâ őâ n. Š.ě. ć äőàňãńăå (14.36), (14.60) G^⊥(H) (14.59) ěáâì łàăâŋőáâì ćëàőęďěŋĺï áőáâőïŋĺï á ďăŋŋëň n, àăćŋăï çĺáńã áćőąőďŋëå őďŋőçăáâĺçŋëå ãàőćŋěľ łćăğĺŋěŕàěàëćŋőčő ŕàĺ H = 0 áŕěłâàă, áőąàăćèĺåáï ć őďĺŋ n- ëľ ãàőćěŋì Ńăŋďăã ŕàĺ H > 0 ĺ G^⊥(H) ≪ N. Őŋă őâàăęăěâ ŕàőĺğćőń ć ćëąőàě x_0 âőçłĺ ŕěàěáěçěŋĺï őáĺ ćĺŋâőćőľ ńĺŋĺĺ á ŕńőáłőáâìî XY . Ůĺáńő áőáâőïŋĺľ á ĺňŕãńìáăňĺ ćąńĺğĺ |p_Z | = |p_{Zn}| (14.39) – ŕàĺ ďăŋŋőň n á ãçěâőň ćëàőęďěŋĺï ŕő ďćãň ŋăŕàăćńěŋĺïň őáĺ Z ĺ íâőľ łàăâŋőáâĺ ćëàőęďěŋĺï, àăćŋő: ~D_n(p_Z )d|p_Z | =⇒ G^⊥(H) 2 L_z h d|p_{Zn}| = 4πV m h^3 h̄ω 2 d|p_{Zn} | = D_n(ε) dε. Şçĺâëćăï (14.39), (14.42), ďńï ŕńőâŋőáâĺ çĺáńă áőáâőïŋĺľ ćŋőćì ŕàĺåőďĺň ł (14.41):

D_H(ε) = ν(ε)∑

n=0 D_n(ε) = ν(ε)∑

n=0 ~D_n(p_{Zn}) d|p_{Zn}(ε)| dε ≡ ν(ε)∑

n=0 ~D_n(p_{Zn}) |v_{Zn}(ε)| = L_z h ν(ε)∑

n=0 2G^⊥(H) |v_{Zn}(ε)| . (14.60)

Ďńï áĺńìŋëå ŕőńěľ h̄ω ≥ kT , âěŕńőćőě “àăğňëâĺě” ãàőćŋï Ťěàňĺ áâăŋőćĺâáï ňěŋìèě àăááâőïŋĺï ňěęďã áőáěďŋĺňĺ ãàőćŋïňĺ Ńăŋďăã ĺ áãňňĺàőćăŋĺě ć (14.49) ŕő äőàňãńě (14.51) ŋě łőààěłâŋő. Ěě ğăňěŋă âőçŋőľ äőàňãńőľ Ŕãăááőŋă ŕőłăğëćěâ, çâő ďĺáłàěâŋëľ åăàăłâěà áŕěłâàă őàąĺâăńìŋőčő ďćĺęěŋĺï ŕàőïćńïěâáï ć ŋăàãèěŋĺĺ ňőŋőâőŋŋőáâĺ ŋăňăčŋĺçěŋŋőáâĺ ĺ åĺňŕőâěŋæĺăńă, łăł äãŋłæĺľ H. Š.ł. ć áĺńìŋëå ŕőńïå âőńìłő ďćĺęěŋĺě ŕő őáĺ Z őáâăěâáï áćïğăŋő á íääěłâĺćŋőľ ňăááőľ m^∗_‖, âő ć ŕàőáâěľèěň áńãçăě, áçĺâăï ěě ĺáçěğăîéě ňăńőľ, ŕàěŋěąàěęěň ćőğąãęďěŋĺěň łćăğĺŋěŕàěàëćŋëå ãàőćŋěľ ŕàőďőńìŋőčő ďćĺęěŋĺï: p^2_Z /(2m^∗_‖) → ∞, őâćńěłăïáì ŕő-ŕàěęŋěňã ĺ őâ áŕĺŋőćőčő àăáéěŕńěŋĺï. Šőčďă, ŕàĺ H > N/Ω, ćáě N íńěłâàőŋőć őłăğëćăîâáï ŋă ŋĺęŋěň ãàőćŋě (14.35), á n = 0, ĺ íŋěàčĺï áĺáâěňë ěáâì ŕàőáâő E_H = h̄ωN/2 = μ_B HN, ă ŕőńŋăï ŋăňăčŋĺçěŋŋőáâì M = −∂E_H/∂H = −μ_B N. Ś ãňěŋìèěŋĺěň ŕőńï, ć łăęďőľ âőçłě H_n = N/(nΩ), čďě næěńőě çĺáńő, ŋăçĺŋăěâ ğăŕőńŋïâìáï áńěďãîéĺľ n-ëľ ãàőćěŋì Ńăŋďăã. Ŋăŕàĺňěà, ŕàĺ: N 2Ω < H < N Ω , ĺňěěň: N = N_0 + N_1, N_0 = ΩH, E_{H0} = μ_B HN_0 = μ_BΩH^2,

E_{H1} = 3μ_B HN_1, őâłãďă: E_H = E_{H0} + E_{H1} = 3μ_B NH − 2μ_B ΩH^2, ĺ (Řĺá. 14.4): M = −∂E_H/∂H = 4μ_B ΩH − 3μ_B N, ňěŋïěâáï ňěęďã: − μ_B N < M < μ_BN, (14.61)

ĺ âő ęě ąãďěâ ŕàĺ n < N/(ΩH) < (n+1). Šăł çâő ć áĺńìŋëå ŕőńïå ãęě ŋěńìğï àăğďěńĺâì őàąĺâăńìŋëě (ďĺă) ĺ áŕĺŋőćëě (ŕăàă) ňăčŋĺâŋëě íääěłâë, ŕàĺćőďïéĺě áőćňěáâŋő ł őáæĺńńïæĺïň (14.61) ďě Ţăăğă–ćăŋ Ăńìäěŋă [5], [6], [7], [14], [36] (Ğăď. 20.12-13.).

Šăłĺň őąàăğőň, łăł ĺ ć áńãçăě ąőğ-łőŋďěŋáăæĺĺ (10.1), (10.39), ĺňěŋŋő ďĺáłàěâŋőáâì őďŋőçăáâĺçŋőčő íŋěàčěâĺçěáłőčő áŕěłâàă őŕàěďěńïěâ âě ĺńĺ ĺŋëě áãéěáâćěŋŋő łćăŋâőćëě áćőáâćă âőľ ĺńĺ ĺŋőľ ĺďěăńìŋőľ áĺáâěňë.

—169—

3 Ňăčŋěâĺğň ńőłăńĺğőćăŋŋëå áŕĺŋőć ĺ áàěďŋěě “ňőńěłãńïàŋőě” ŕőńě Ćěľááă

Řăááňőâàĺň ňăčŋĺâŋëě áćőľáâćă ăŋáăňąńï N ńőłăńĺğőćăŋŋëå – ŋěŕőďćĺęŋëå áŕĺŋőć, ŕőňěéěŋŋëå ć őďŋőàőďŋőě ćŋěèŋěě ňăčŋĺâŋőě ŕőńě H. Ŕàĺ S = 1/2, g = 2, őŋ ïćńïěâáï ăŋáăňąńěň ďćãåãàőćŋěćëå áĺáâěň: ε_σ = −σgμ_B H, −S ≤ σ = S_z ≤ S, w_{σT} = e^{−βεσ} Z_1 = e^{βσgμB H} Z_1

, (14.62)

ĺ ďńï S = 12 : σ ⇒ ±12, ε_± = ∓Δ = ∓μ_B H, ε_− − ε_+ = 2Δ. (14.63) Šăł łăł łăęďëľ ĺğ íâĺå áŕĺŋőć ćğăĺňőďěľáâćãěâ á ćŋěèŋĺň ŕőńěň ćďőńì őáĺ z ŋěğăćĺáĺňő őâ ďàãčĺå, âěàňőďĺŋăňĺłă âăłőľ áĺáâěňë ŕàĺ âěňŕěàăâãàě T őŕàěďěńïěâáï łăŋőŋĺçěáłőľ áâăâáãňňőľ ć (14.3) ąěğ ďěńĺâěńï N!

ććĺďã őâáãâáâćĺï ŕěàěáâăŋőćőł ńőłăńĺğőćăŋŋëå áŕĺŋőć ĺ ěě ŋěğăćĺáĺňőáâĺ őâ V :

Z_N (T, H) =⇒ (Z_1)^N , Z_1(T, H) =⇒_{S=1/2} e^{βΔ} + e^{−βΔ} = 2 ch(βΔ), (14.64)

őâłãďă: F (T, H) = −kT ln Z_N =⇒ −NkT ln (2 ch(βΔ)) , (14.65) M(T, H) = − 1 V ∂F ∂H = N V μ_B e^{βΔ} Z_1 − μ_B e^{−βΔ} Z_1 ≡ 2nμ_B 1/2∑ σ=−1/2 σ w_{σT} . (14.66)

Š.ě.: M(T, H) = nμ_B th(βΔ) ≡ nμ_B th ( μ_B H kT ) ⇐=_{S=1/2} ngμ_B ≪S_z≫ (14.67)

– ŋăňăčŋĺçěŋŋőáâì ěďĺŋĺæë őąêěňă. Ŕàĺ T → 0 (H → ∞), th(βΔ) → 1, őŋă ćëåőďĺâ ŋă ŋăáëéěŋĺě: M −→_{H→∞} M_0 = nμ_B ⇐=_{S=1/2} ngμ_B S, ă ŕàĺ T → ∞ (H → 0) ďăěâ ğăłőŋ Łîàĺ (14.30) á ąěğàăğňěàŋőľ łőŋáâăŋâőľ A: M(T, H) = nμ^2_B H kT ⇐=_{S=1/2} AM^2_0H nkT , χ_T = ∂M ∂H T = nμ^2_B kT ⇐=_{S=1/2} AM^2_0 nkT . (14.68)

Ćğăĺňőďěľáâćĺě áŕĺŋőćëå ňăčŋĺâŋëå ňőňěŋâőć ňěęďã áőąőľ ïćńïěâáï ãęě ŋěńĺŋěľŋëň íääěłâőň: łăęďëľ áŕĺŋ ŋăåőďĺâáï, ŋă áăňőň ďěńě, ć ňĹłàőáłőŕĺçěáłőň ŕőńě H_{eff} = H + δH, áőğďăŋŋőň, ć âőň çĺáńě, ćáěňĺ őáâăńìŋëňĺ áŕĺŋăňĺ. Śőčńăáŋő Ćěľááã, ĺňěîéăïáï ŋăňăčŋĺçěŋŋőáâì ĺ ğăďăěâ íääěłâĺćŋő íâő ďőŕőńŋĺâěńìŋőě ŕàőŕőàæĺőŋăńìŋőě ěľ áăňőľ ňăčŋĺâŋőě ŕőńě, δH =⇒ γM, âăł çâő: M(T, H) =⇒ M(T, H + γM_s) = M_s. Ŕőńŋőě íääěłâĺćŋőě ŕőńě H_{eff} áåőďŋő á ňĂłàőáłőŕĺçěáłőľ ňăčŋĺâŋőľ ĺŋďãłæĺěľ B = H + 4πM, ŋő őŋő ïćńïěâáï áăňőáőčńăáőćăŋŋëň ć âőň áňëáńě, çâő áăňă ćěńĺçĺŋă M_s ŋăňăčŋĺçěŋŋőáâĺ őŕàěďěńïěâáï ĺğ ãàăćŋěŋĺï (14.67) ãęě á íâĺň áàěďŋĺň “ňőńěłãńïàŋëň” ŕőńěň Ćěľááă H_{eff}

—170— ć ăàčãňěŋâě äãŋłæĺĺ Ńăŋęěćěŋă, 0 = L_S (0) ≤ L_S (y) ≤ L_S (∞) = 1, łăł áâăæĺőŋăàŋăï âőçłă íâőčő őâőąàăęěŋĺï: M(T, H) = M_0 L_S M_0 n (H + γM) kT =⇒_{S=1/2} nμ_B th ( μ_B kT H_{eff} ) . (14.69) y = βgμ_B SH⇒ M_0H_{eff} nkT ⇒ M_0δH nkT ⇒ M_0γM nkT ≡ γM^2_0 nkT M M_0

> 0. (14.70) Ŕàĺ H = 0 íâő ďăěâ âàăŋáæěŋďěŋâŋőě ãàăćŋěŋĺě ďńï áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ M⇒M_s, őâćěçăîéěľ äěààőňăčŋĺâŋőňã áőáâőïŋĺî [5]§78: M M_0 = L_S M_0 n γM kT , ĺńĺ: T Θ y = L_S (y) =⇒_{S=1/2} th y ≈ y − y^3 3 , čďě: (14.71) y = Θ M T M_0 =⇒_{S=1/2} μ_B γM kT , Θ = γM^2_0 n k =⇒_{S=1/2} γnμ^2_B k , M_0 n = gμ_B S =⇒_{S=1/2} μ_B . (14.72)

Ŕàĺ T < T_C ≡ ΘL^′_S (0), łàőňě y ≡ 0, ćőğŋĺłŋěâ àěèěŋĺě á y_C ≠ 0 (Řĺá. 14.1). Ă â.ł. y_C ≪ 1 ďńï T ≃ T_C , âő ĺğ (14.71), (14.72) ĺ L_S (−y) = −L_S (y): T Θ y = L_S (y) ≈ L^′_S (0)y − by^3, y_C (T ) ≈ ±

L^′_S (0) b ( 1 − T T_C ) ≈ M(T ) L^′_S (0)M_0 . (14.73) Ďĺääěàěŋæĺàãï ãàăćŋěŋĺě (14.69) ŕő H ĺ ŕőńăčăï H = 0 á ãçěâőň y_C (T ) ŋăľďěň őâáîďă ŕőćěďěŋĺě ćőáŕàĺĺňçĺćőáâĺ ďńï ńîąëå T : ^χ_T = M^2_0 n kT L^′_S (y)(1 + γ^^χ_T ) | | | | | y=y_C (T )

,^^χ_T =

ΘL^′_S (y) γ (T − ΘL^′_S (y)) | | | | | y=y_C (T )

. (14.74)

Ŕàĺ T ≥ T_C ĺňěěň ć (14.73) ńĺèì àěèěŋĺě á y_C(T ) ≡ 0, â.ě. (Řĺá. 14.2):

L^′_S (y) | | | T ≥T_C =⇒ L^′_S (0), çâő ďăěâ ğăłőŋ:^^χ_T | | | H=0 T >T_C = T_C γ (T − T_C ) (14.75)

– Łîàĺ-Ćěľááă (áà. (14.68)) á âěňŕěàăâãàőľ Łîàĺ T_C äăğőćőčő ŕěàěåőďă 2-čő àőďă ĺğ ŕăàăňăčŋĺâŋőčő áőáâőïŋĺï ŕàĺ T > T_C ć äěààőňăčŋĺâŋőě ŕàĺ T < T_C čďě ćőáŕàĺĺňçĺćőáâì (14.74) âěàŕĺâ àăğàëć 2-čő àőďă (14.75). Ćëàăęěŋĺě (14.72) ć ćĺďě kT_C ≃ kΘ = γH_{μμ} ĺŋâěàŕàěâĺàãěâáï ć âěàňĺŋăå íŋěàčĺĺ ňăčŋĺâŋőčő ďĺŕőńì-ďĺŕőńìŋőčő ćğăĺňőďěľáâćĺï H_{μμ} ŋă åăàăłâěàŋëå ňěęăâőňŋëå àăááâőïŋĺïå a ∼ a_B, őŕàěďěńïěňëå ŕńőâŋőáâìî n = N V ≃ 1 a^3

, ŕàĺ: μ_B = eh̄ 2mc ≡ e 2 λ_e, a_B = h̄^2 me^2 = λ_e α , α = e^2 h̄c ≈ 1 137 , łőâőàőě ĺňěěâ ŕőàïďőł: H_{μμ} = μ_1μ_2 a^3 ≃ nμ^2_B ∼ μ^2_B a^3_B ∼ mc^2α^4 ∼ k 1K.

Řĺá. 14.1. Ćőğŋĺłŋőćěŋĺě áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ ŕàĺ T < T_C , L_S (y) = th y.

Řĺá. 14.2. Ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì χ_T (14.75) ćëèě âěňŕěàăâãàë Łîàĺ T_C .

Ěáâěáâćěŋŋő őęĺďăâì àăğàãèěŋĺï ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï ŕàĺ âěňŕěàăâãàăå kT_C , áàăćŋĺňëå á íŋěàčĺěľ ěčő ćğăĺňőďěľáâćĺï. Ŕőáłőńìłã ňë ğŋăłőňë á ňăčŋěâĺğňőň ŕàĺ łőňŋăâŋëå âěňŕěàăâãàăå, íâő őğŋăçăěâ, çâő ć àěăńìŋőň ňăčŋěâĺłě ňĹłàőáłőŕĺçěáłőě γ ∼ 10^3 ÷ 10^4, ćňěáâő ňĂłàőáłőŕĺçěáłőčő ğŋăçěŋĺï γ = 4π ∼ 10^1 ďńï B ć őąëçŋőľ áàěďě. Śâăńő ąëâì, ňěåăŋĺğň ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï ďőńęěŋ áãéěáâćěŋŋő őâńĺçăâìáï őâ ŕàőáâőčő ďĺŕőńì-ďĺŕőńìŋőčő ćğăĺňőďěľáâćĺï H_{μμ}. Ć ňăčŋěâĺłě ąőńìèőčő őąêěňă ňăčŋĺâŋëľ ňőňěŋâ ěčő ňĂłàőáłőŕĺçěáłĺå çăáâěľ M = MV ŕàőŕőàæĺőŋăńěŋ ĺå őąêěňã V ∼ r^3, ĺ íŋěàčĺï ĺå ďĺŕőńì-ďĺŕőńìŋőčő ćğăĺňőďěľáâćĺï H_{M M} = M^2/r^3 ∼ M^2V àăáâěâ âăłęě ąëáâàő. Šőčďă íŋěàčěâĺçěáłĺ ćëčőďŋěě, çâőąë ňăčŋěâĺł àăğąĺńáï ŋă ąőńěě ňěńłĺě ňĂłàőőąńăáâĺ áő ćáâàěçŋëňĺ ńőłăńìŋëňĺ ŋăŕàăćńěŋĺïňĺ ŋăňăčŋĺçěŋŋőáâĺ âăł çâőąë áàěďŋĺľ ňĂłàőáłőŕĺçěáłĺľ ňăčŋĺâŋëľ ňőňěŋâ ąëń ąë ≈ 0 [45]. Šăłĺě őąńăáâĺ ŋăğëćăîâ ďőňěŋăňĺ. Šőńéĺŋă d ďőňěŋă V = rℓd ć łãáłě ňăčŋěâĺłă rℓr_1 ğăďăěâáï ňĺŋĺňãňőň ąăńăŋáă ŕőćěàåŋőáâŋőľ őąňěŋŋőľ íŋěàčĺĺ ěčő áâěŋłĺ Σ = rℓ á ŕńőâŋőáâìî σ ŋă ěďĺŋĺæã ěčő ŕőŕěàěçŋőčő áěçěŋĺï S = ℓd łăł σΣ/S = σr/d; ĺ âőľ ęě ěčő őąêěňŋőľ íŋěàčĺĺ ăŋĺğőâàőŕĺĺ KV = ξM^2_0V ŋă ěďĺŋĺæã ŕńőéăďĺ Σ íâőľ áâěŋłĺ: KV/Σ = Kd. Šőčďă

E(d) = σr/d + Kd, ĺ E^′(d) = 0 ďăěâ d_1 =^√σr/K [45]. Š.ł. d_1 = r_1/N , âő N = r_1^√K/σr, ĺ ďńï r_1 → r ⇒ N^2σ/K. Ďńï N → 1 ğďěáì r → d_1 = σ/K.

Ňěåăŋĺğň ãŕőàïďőçěŋĺï ćŋãâàĺ ďőňěŋőć ąëń ŋăľďěŋ Čěľğěŋąěàčőň ć ňőďěńĺ őąňěŋŋőčő ćğăĺňőďěľáâćĺï, őąïğăŋŋőčő ãçěâã ćŋőćì łćăŋâőćőňěåăŋĺçěáłőľ âőęďěáâćěŋŋőáâĺ áćïğăŋŋëå íńěłâàőŋőć ĺ íńěłâàőŋőć ŕàőćőďĺ-

Řĺá. 14.3. Ďőňěŋŋăï áâàãłâãàă ňăčŋěâĺłă rℓr_1, àăğąĺćèěčőáï ŋă N ďőňěŋőć V = rℓd.

ňőáâĺ. Ŕőáńěďŋĺě, ąãďãçĺ “àăğňăğăŋë” ŕő ćáěňã őąêěňã łàĺáâăńńă, ćő ćâőàőň ŕőàïďłě łćăŋâőćőňěåăŋĺçěáłőľ âěőàĺĺ ćőğňãéěŋĺľ ŕàĺćőďïâ ł łőáćěŋŋőňã őąňěŋã ňěęďã íńěłâàőŋăňĺ ňăčŋĺâŋëå ĺőŋőć, ŋăåőďïéĺňĺáï ć àăğńĺçŋëå ãğńăå àěèěâłĺ f ≠ q. İâőâ őąňěŋ őŕàěďěńïěâ ğŋăçěŋĺï őąňěŋŋëå ĺŋâěčàăńőć I(q − f) ć áŕĺŋőćőň čăňĺńìâőŋĺăŋě Čěľğěŋąěàčă: ^H^I_N = −gμ_B [N]∑ f (S(f) · H) − [N ]∑ f [N ]∑ q≠f I(q − f) (S(f) · S(q)) , čďě: [N ]∑ f 1 = N

(14.76) – ěáâì ŕőńŋőě çĺáńő áŕĺŋőć ć ďőňěŋě, ă 1 ≤ Z_f ≤ N − 1 – ěáâì çĺáńő ćğăĺňőďěľáâćãîéĺå á ŕàőĺğćőńìŋëň áŕĺŋőň S(f) ąńĺęăľèĺå áőáěďěľ. Ććĺďã âàăŋáńïæĺőŋŋőľ ĺŋćăàĺăŋâŋőáâĺ őąňěŋŋëě ĺŋâěčàăńë áĺňňěâàĺçŋë ŕő ãğńăň: I(q − f) = I(f − q), ă íŋěàčĺï ćğăĺňőďěľáâćĺï ńîąőľ ŕăàë áŕĺŋőć àăćŋă^^H_{12} = −2I(1 − 2) (S(1) · S(2)) (áà. [9], [18]). Šăł łăł I(δ) ≠ 0 ŕàĺ 0 < |δ| < |Z|, â.ě. {q} ∈ [Z]_f , âő ďěľáâćãîéěě ŋă ćëďěńěŋŋëľ áŕĺŋ S(f) íääěłâĺćŋőě ŕőńě őŕàěďěńïěâáï ãáàěďŋěŋĺěň őŕěàăâőàă^4: ^H^I_N ≡ − [N ]∑ f ( m(f) ·^^H^f_{eff} ) ,^^H^f_{eff} = H + 1 gμ_B [Z]_f∑ δ≠0 I(δ)S(f + δ q ), (14.77)

ğăćĺáïéěčő őâ őŕěàăâőàőć ćáěå Z_f áőáěďŋĺå á ŋĺň áŕĺŋőć. Ć ŕàĺąńĺęěŋĺĺ áàěďŋěčő ŕőńï ŕàěďŕőńăčăěâáï, çâő őâŋőáĺâěńìŋőě ćńĺïŋĺě łăęďőčő

4[N]- ňŋőęěáâćő ćěłâőàőć ćáěå ãğńőć ďőňěŋă; [Z]_f - ňŋőęěáâćő ãğńőć ąńĺęăľèĺå ł f áőáěďěľ; m(f) = gμ_BS(f)- ňăčŋĺâŋëľ ňőňěŋâ őďŋőčő áŕĺŋă ć ãğńě f (áà. (14.37)); q = f + δ.

—173— őâďěńìŋőčő áőáěďă ŋă ćëďěńěŋŋëľ áŕĺŋ S(f) ŋěćěńĺłő, ă ŕőâőňã íâő íääěłâĺćŋőě áàěďŋěě ŕőńě ćőćáě ŋě ďőńęŋő ğăćĺáěâì őâ ãğńă àěèěâłĺ f. İâő ďőáâĺčăěâáï ğăňěŋőľ ć (14.77) őŕěàăâőàă áŕĺŋă S(q) áàěďŋĺň áŕĺŋőň S ŋă őďĺŋ ãğěń q àěèěâłĺ (ć ďőňěŋě), ãęě ŋě ğăćĺáïéĺň őâ ŕőńőęěŋĺï íâőčő ãğńă ĺ áćïğăŋŋëň á ŋăňăčŋĺçěŋŋőáâìî (14.66), (14.67) ďăŋŋőčő ďőňěŋă: M = [N ]∑ f m(f) = Nm = gμ_B [N ]∑ f S(f) = gμ_B NS ⇒ V M(T, H), âő (14.78)

ěáâì S ≡ 1 N [N ]∑ f S(f)^{V →∞}=⇒_{N →∞} e_z^{S∑}_{σ=−S}σ w_{σT} = ≪S≫ | | | T,H ⇐= M(T, H) gμ_B n , (14.79)

ĺńĺ m ≡ 1 N [N]∑ f m(f) ≡ gμ_B S, nm^{V →∞}=⇒_{N →∞} M(T, H), n = N V , (14.80) â.ł., áőčńăáŋő őáŋőćŋőňã ŕőáâãńăâã áâăâĺáâĺçěáłőľ äĺğĺłĺ (1.31)–(1.35), (2.20), áàěďŋĺľ áŕĺŋ ŕő àěèěâłě ć âàď. ŕàď. N → ∞ áőćŕăďăěâ áő áâăâĺáâĺçěáłĺň áàěďŋĺň (14.66), (14.79) ŕő ăŋáăňąńî áŕĺŋőć ŕàĺ ďăŋŋőľ âěňŕěàăâãàě T , â.ł. àěèěâłă áŕĺŋőć ĺ ěáâì ĺå ăŋáăňąńì.

Ć àěčãńïàŋőň łàĺáâăńńě çĺáńő ćğăĺňőďěľáâćãîéĺå áőáěďěľ őďĺŋăłőćő ã ćáěå áŕĺŋőć: Z_f = Z, ĺ ãáàěďŋěŋĺě őğŋăçăěâ âăłęě ğăňěŋã ć (14.77) S(q) ⇒ ξS, á 1 ≤ ξ ≡ ξ(T ) ≤ 2, ćőőąéě čőćőàï. Šőčďă á ãçěâőň (14.79) íääěłâĺćŋőě ŕőńě, łőŋáâăŋâă γ ĺ âěňŕěàăâãàă Łîàĺ (14.72) ŕàĺňãâ ćĺď: ≪^^H^f_{eff} ≫ =⇒ H_{eff} = H + ξ≪S≫ gμ_B [Z]∑ δ≠0 I(δ) = H + γM(T, H), (14.81)

â.ě. γ = ξI^z g^2nμ^2_B =⇒_{S=1/2} ξI^z 4nμ^2_B ≫ 1 ŕàĺ ξI^z = ξ [Z]∑ δ≠0 I(δ) ⇒ kΘ S^2

, â.ł. (14.82) Θ = γM^2_0 n k = S^2 ξI^z k =⇒_{S=1/2} ξI^z 4k ⇒ T_C ,^^H^I_N ⇒ −V^(M · H_{eff}^) . (14.83) I^z -íääěłâĺćŋëľ őąňěŋŋëľ ĺŋâěčàăń áő ćáěňĺ Z ąńĺęăľèĺňĺ áőáěďïňĺ.

Ŕàĺ T = 0, H = 0, čăňĺńìâőŋĺăŋ Čěľğěŋąěàčă (14.76), ňőęěâ ŕàĺćőďĺâì ł àăğńĺçŋëň âĺŕăň ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï á íŋěàčĺěľ E_0 [36]:

• Ŕàĺ I(q) > 0 ć őáŋőćŋőň áőáâőïŋĺĺ ćáě áŕĺŋë ŕăàăńńěńìŋë, â.ě. ŋěğăćĺáĺňő őâ ãğńă f: S(f ) → S = S, çâő ďăěâ äěààőňăčŋĺâŋőě ãŕőàïďőçěŋĺě á íŋěàčĺěľ: (y ⇒ βgμ_BSH)

E_0 = −S^2 [N]∑ f

[Z]_f∑

q≠f I(q − f ) ⇒ −NS(S + 1)I^z = −N ( 1 + 1 S ) kΘ ξ_C = − 3 ξ_C NkT_C , â.ł. (14.84)

Ğăď. 20.5.: L_S (y) = ( 1 + 1 2S ) cth ( y ( 1 + 1 2S )) − 1 2S cth ( y 2S ) −→_{y→0} 1 3 ( 1 + 1 S ) y. (14.85) Ĺğ H_{12} ŕàĺ T ≥ T_C áńěďãěâ ξ_> = 2, ŋő łăł ćĺďĺň, ξ_<(0) = 1. İâő ďăěâ ŋěŕàěàëćŋőáâì ć T → T_C ± 0 (14.74) {χ_T |T/T_C − 1|}^{−1} = γ_> ⇔ 2γ_< , ěáńĺ ξ_< = 1 ŕàĺ T ≤ T_C (ğăď. 22.10).

—174— • Ŕàĺ I(q) < 0 ć őáŋőćŋőň áőáâőïŋĺĺ áőáěďŋĺě áŕĺŋë ăŋâĺŕăàăńńěńìŋë, łăł ã ďćãå ćáâăćńěŋŋëå ďàãč ć ďàãčă äěààőňăčŋĺâŋëå ŕőďàěèěâőł á ŕàőâĺćőŕőńőęŋëňĺ áŕĺŋăňĺ, – ăŋâĺäěààőňăčŋĺâŋőě ãŕőàïďőçěŋĺě. • Ďńï ăŋĺğőâàőŕŋőčő łàĺáâăńńă ć (14.76): I(q)δ_{il} → (I(q))_{il}, ĺńĺ ğăćĺáĺňőáâĺ ğŋăłă I(q) őâ q ćőğňőęŋő äěààĺňăčŋĺâŋőě ĺ ćĺŋâőćőě ãŕőàïďőçěŋĺě, ŕàěďáâăćĺňëě áãňňőľ ãęě ŋěáłőńìłĺå äěààőňăčŋĺâŋëå ŕőďàěèěâőł. • Ňăčŋĺâŋăï ăŋĺğőâàőŕĺï äěŋőňěŋőńőčĺçěáłĺ őâćěçăěâ (I(0))_{33} ≠ 0 [49].

([5] §51,59,78, [6] §52,59,60, [7], [9], [10], [15], [18], [36], [48], [49], [50]) Ğăďăçĺ 20.1. Őæěŋĺâì âőł ć ňőńŋĺĺ, ěáńĺ âàãąçăâëľ ňěďŋëľ čàőňőőâćőď ŕàĺ ãďăàě ňőńŋĺĺ ŕàěćàăéăěâáï ć áŕńőèŋőľ áâěàęěŋì (Ŕ.Ń. Łăŕĺæă). 20.2. Őąőąéăï ćëćőď (14.5)–(14.26), ŋăľâĺ ďńï čăğă çăáâĺæ ŕàőĺğćőńìŋőčő áŕĺŋă S ĺ áâăâĺáâĺłĺ ([6] §52,59), çâő ŕàĺ μ^σ = μ + gσμ_B H: (g = 2),

J^{(S)}_H (μ) = 1 2S + 1 S∑ σ=−S J^{(S)}_0 (μ^σ ), S∑ σ=−S σ^2 =

S(S + 1)(2S + 1) 3 , χ^{(S)}_T = 4 3 S(S + 1)χ^{(1/2)}_T .(14.86)

20.3. Ŋăľâĺ ćĺď őďŋőíńěłâàőŋŋőľ ćőńŋőćőľ äãŋłæĺĺ čăňĺńìâőŋĺăŋőć (14.31), (14.32) çěàěğ áőąáâćěŋŋãî äãŋłæĺî Φ_n(x) čăňĺńìâőŋĺăŋă (14.34): Ψ_{n,PY ,pZ} (x, y, z) = e^{iPY y/h̄} √ L_Y e^{ipZ z/h̄} √ L_Z Φ_n(x). (14.87)

20.4. Ŕőńìğãïáì (14.46), (14.90) ŋăľâĺ áćïğì ćőáŕàĺĺňçĺćőáâěľ (14.56), őąőąéĺć (14.53) ć áńăąëå ŕőńïå (14.51) ŕàĺ ńîąëå T ([6]§59, [36]). 20.5. Ŋăľâĺ ïćŋëľ ćĺď (14.85) äãŋłæĺĺ Ąàĺńńîíŋă L_S (y) ć âěőàĺĺ Ćěľááă (14.63)–(14.75) ďńï ŕàőĺğćőńìŋëå áŕĺŋă S ĺ čĺàőňăčŋĺâŋőčő çĺáńă g. Łăłőňã ğŋăçěŋĺî S ŕàĺ h̄ → 0 őâćěçăěâ łńăááĺçěáłăï äãŋłæĺï Ńăŋęěćěŋă (14.38)? Ŋăľâĺ ćëàăęěŋĺï ďńï γ ĺ kT_C = ξ_CI^zS(S + 1)/3 ć ňőďěńĺ Čěľğěŋąěàčă, čďě ξ_C = ξ(T_C) ([5] §51, [18] II ğăď. 9, V ŕà. 1, [36]). 20.6. Ćëàăğĺâì ąěğàăğňěàŋãî łőŋáâăŋâã A (14.68) çěàěğ äãŋłæĺî L_S (y). 20.7. Ŋăľâĺ łăŋőŋĺçěáłãî áâăâáãňňã ŕàĺ âěňŕěàăâãàě T ďńï áĺáâěňë ĺğ N áŕĺŋőć 1/2, àăćŋőőâáâőïéĺå ćďőńì őďŋőľ ńĺŋĺĺ, ěáńĺ ćğăĺňőďěľáâćãîâ âőńìłő ŕőŕăàŋő áőáěďŋĺě áŕĺŋë á íŋěàčĺěľ −J ďńï ŕăàăńńěńìŋëå ĺ +J ďńï ăŋâĺŕăàăńńěńìŋëå ([25] N 8.13, [7], [14], [18] V ğăď. 16). 20.8. Śĺáâěňă N áŕĺŋőć 1/2 ĺğ Ŕàĺňěàă 1 ĺ Ğăďăçĺ 15.5. ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě H (14.63) ĺňěěâ íŋěàčĺî E(m) = −mμ_B H. Őŕàěďěńĺâì ďńï ğăňłŋãâőľ áĺáâěňë: íŋâàőŕĺî S(m), àăćŋőćěáŋãî âěňŕěàăâãàã T (m) ĺ áćőąőďŋãî íŋěàčĺî F (m) ŕàĺ m ≪ N ([21] §6). Ĺáŕőńìğãï (14.66), (9.44),

—175— őŕàěďěńĺâì ďńï łăŋőŋĺçěáłőčő ăŋáăňąńï: ćěàőïâŋőáâì àăğńĺçŋëå áőáâőïŋĺľ őâďěńìŋőčő áŕĺŋă w^1_+ + w^1_− = 1, ćěàőïâŋőáâì w_m = w(E(m)) őâďěńìŋőčő àăćŋőćěáŋőčő ňĹłàőáőáâőïŋĺï á ďăŋŋőľ íŋěàčĺěľ áĺáâěňë, ćěàőïâŋőáâì àăćŋőćěáŋëå ňĂłàőáőáâőïŋĺľ á àăğńĺçŋëňĺ ğŋăçěŋĺïňĺ ěě íŋěàčĺĺ ~W_N (m), ≪m≫, ≪(Δm)^2≫, σ_2(m), ≪m^4≫, ĺ ŋăľâĺ ŕàĺ m ≪ N ŋăĺąőńěě ćěàőïâŋőě ğŋăçěŋĺě m ([8] §I.1, ğăď. 5, [21] §11).

20.9. Ŋăľâĺ, çâő ďńï őąéěčő ćĺďă áŕěłâàă ć (14.6), ε_{pσ}(H) = ε_p + Δ^σ(H):

V n^{(σ)}(T, μ) ≡ ≪N^{(σ)}≫ =^∑_p ≪n^σ_{εp}≫, M = −^∑_σ Δ̇^σ(H) n^{(σ)}(T, μ), (14.88) ^χ_T = ∂M ∂H T,μ =^∑_σ ( Δ̇^σ(H)^{)2} ∂n^{(σ)}(T, μ) ∂μ T,H − Δ̈^σ(H) n^{(σ)}(T, μ)

, (14.89)

áőőâćěâáâćěŋŋő, áàěďŋěě çĺáńő çăáâĺæ á ňăčŋĺâŋëň łćăŋâőćëň çĺáńőň σ ĺğ (14.86) ĺńĺ σ = n^′ ĺğ (14.92), ŋăňăčŋĺçěŋŋőáâì ĺ ćőáŕàĺĺňçĺćőáâì, ă âőçłă – ŕàőĺğćőďŋăï ŕő ŕőńî H. Ŕőńãçĺâì őâáîďă äőàňãńã Ćăŋ Ťńěłă ďńï áńăąëå ŕőńěľ ć ąőńìæňăŋőćáłőň ŕàěďěńě (14.29), (14.30). 20.10. Ŋăľâĺ áćïğĺ: âěŕńőěňłőáâĺ C_{eV} (13.35) c ćőáŕàĺĺňçĺćőáâìî (14.57) ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă; âěŕńőěňłőáâěľ á ćőáŕàĺĺňçĺćőáâìî ĺğ (14.94): C_H − C_M ⇒^^χ_T H^2/T , ďńï ńăŋęěćěŋőćáłĺå ŕăàăňăčŋěâĺłőć. 20.11. Ĺňŕãńìá Ťěàňĺ ăąáőńîâŋő ćëàőęďěŋŋőčő d-ňěàŋőčő äěàňĺ-čăğă ć ŋőàňăńìŋőľ äăğě àăćěŋ p_F . Ŕőçěňã ć äěààőňăčŋĺâŋőľ äăğě (ăŋăńőčĺçŋőľ (14.84)) őŋ àăćěŋ p^{fm}_F = 2^{1/d}p_F ?

20.12. Ćëćěáâĺ őąőąéěŋĺě áőőâŋőèěŋĺľ (13.57), (14.46) ňěęďã ąőńìèĺňĺ ŕőâěŋæĺăńăňĺ J_H(V, μ, T ) (14.45) ĺ J_H(V, μ, 0) (14.49) ĺďěăńìŋőčő äěàňĺčăğă ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě H, ĺ őąêïáŋĺâì ĺå őâńĺçĺě őâ [5]§59: J_H(V, μ, T ) = ∞∫ ε_0 dε β J_H(V, ε, 0) 4 ch^2 (β(ε − μ)/2) , lim_{β→∞} β 4 ch^2 (βx/2)

= δ(x). (14.90)

22.13. Ŕãáâì D_H(ε) őŕàěďěńïěâáï äőàňãńőľ ćĺďă (14.41) = (14.60) ďńï âőçŋőčő áŕěłâàă íńěłâàőŋă ć ŕőńě H, łőâőàëľ, á ãçěâőň (14.6), (14.35), (14.39), ĺ àăćěŋáâćă őàąĺâăńìŋőčő ĺ áŕĺŋőćőčő ňăčŋěâőŋőć ć áĺńìŋőň ŕőńě H, àăğàëćăîéěň áćïğì á íńěłâàĺçěáłĺň ŕőńěň àěèěâłĺ, ĺňěěâ ćĺď:

ε = ε_{nσ}(p_Z ) = p^2_Z 2m^∗ + ε_{n⊥} + σμ_B H = p^2_Z 2m^∗ + (2n + 1 + σ)μ_B H =⇒ (14.91) ⇒ p^2_Z 2m^∗ + 2n^′μ_B H, čďě, ŕàĺ σ = ±1: n^′ = 0, 1, 2, . . . , m^∗ = m^∗_‖, (14.92)

ĺ áőáâőïŋĺě á n^′ = 0 ěďĺŋáâćěŋŋő, ă áőáâőïŋĺï á n^′ ≠ 0 ćŋőćì ďćãåłàăâŋő

—176— ćëàőęďěŋë. Ŕőńãçĺâì őâáîďă őáæĺńńïæĺĺ ŋăňăčŋĺçěŋŋőáâĺ ćĺďă (14.61) ŕàĺ àăğńĺçŋëå âěňŕěàăâãàăå ([5], [6], [7], [14], [36], [45], [49], [51]). 20.14. Ŋăľâĺ ŕőâěŋæĺăń J_H(V, μ, 0) (14.46), (14.49) ć áĺńìŋëå ŕőńïå ([2]). 20.15. Ĺáŕőńìğãï ãáńőćĺï łćăŋâőćăŋĺï Ąőàă-Ğőňňěàäěńìďă ďńï ŕőŕěàěçŋőčő ďćĺęěŋĺï ć čăňĺńìâőŋĺăŋě (14.31), ŕőłăğăâì, çâő ŕěàĺőď őáæĺńńïæĺľ Δ (1/H) áćïğăŋ á ŕńőéăďìî Σ(ε, p_Z ) íłáâàěňăńìŋëå áěçěŋĺľ ŕőćěàåŋőáâĺ (Ťěàňĺ ďńï íńěłâàőŋőć ć ňěâăńńě) ε = const, ŕńőáłőáâìî ŕěàŕěŋďĺłãńïàŋőľ ňăčŋĺâŋőňã ŕőńî H, äőàňãńőľ [5]§59, čďě, ŕàĺ Δn = 1, cΣ(ε, p_Z ) eh̄H = n, Δ ( 1 H ) = eh cΣ(ε, p_Z ) , Σ(ε, p_Z ) = ∮ p_X dp_Y . 20.16. Ďńï âőçŋőčő áŕěłâàă (14.92) ŋăľâĺ ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ e^{β(μ−ε)} ≪ 1: âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń (8.46), (8.45), (14.45), åĺňŕőâěŋæĺăń, ĺ ŋăňăčŋĺçěŋŋőáâì ĺďěăńìŋőčő íńěłâàőŋŋőčő čăğă. Łăłőćă ăáĺňŕâőâĺłă äãŋłæĺĺ Ńăŋęěćěŋă á ãçěâőň łăł ďĺă- âăł ĺ ŕăàă-ňăčŋĺâŋőčő íääěłâőć ([5] §59)? Śàăćŋĺâì á áãňňőľ (14.71) ĺğ (14.67) ĺ (14.37) ĺğ (14.38), ŕàĺ: M_0 = μ_B n, y = βμ_B H, L_{1/2}(y) = th y, L_∞(y) = cth y − 1/y : M(T, H) M_0

= L_B(y) = 1 y − 2 sh 2y

= L_{1/2}(y) − L_∞(y) =⇒_{H→0} ( 1 − 1 3 ) y. (14.93)

Ůâő ŕőńãçĺâáï ďńï ďàãčĺå ğŋăçěŋĺľ áŕĺŋă S? Ůâő ďăáâ ğăňěŋă łćăŋâőćăŋĺï ŕàőěłæĺĺ áŕĺŋă σ ŋă őáì Z ŋěŕàěàëćŋëň àăáŕàěďěńěŋĺěň ěě ğŋăçěŋĺľ σ/S → ??: L_S (y) → ??. Śàăćŋĺâì á âěőàěňőľ Ą-ć-Ń.

20.17. Ĺğ (14.93) ŋăľâĺ àăğŋőáâì ćőáŕàĺĺňçĺćőáâěľ, áà. (10.44), (14.89)):

^χ_T (μ) −^^χ_T (n) ≡ ∂M ∂H T,μ − ∂M ∂H T,n = ( ∂n ∂μ ) T,H ( ∂μ ∂H )2 T,n , ĺğ (14.94)

(14.18): ∂M ∂μ T,H = ( ∂n ∂H ) T,μ = − ( ∂n ∂μ ) T,H ( ∂μ ∂H ) T,n ≠ 0, čďě âěŕěàì (14.95) μ = μ(T, n, H), â.ě. n = n(T, μ, H), M(T, H, μ) ⇔ M(T, H, n). (14.96) Š.ł. őŋă őâńĺçŋă őâ ŋãńï, âő ć áĺńìŋëå ŕőńïå ŕőńăčăîâ χ_T = M/H [5].

Řĺá. 14.4. İääěłâ ďě Ţăăğă-Ćăŋ-Ăńìäěŋă (14.61).

Ńěłæĺï 15

Łńăááĺçěáłĺľ ŋěĺďěăńìŋëľ čăğ

Ć áńãçăě ćëáőłőľ ŕńőâŋőáâĺ çăáâĺæ ĺ ďőáâăâőçŋő áĺńìŋőčő ćğăĺňőďěľáâćĺï ňěęďã ŋĺňĺ ŕàĺąńĺęěŋĺě ĺďěăńìŋőčő čăğă őłăğëćăěâáï ŋěďőáâăâőçŋëň. Ŋěőąåőďĺňőáâì ãçěâă ćğăĺňőďěľáâćĺï ňěęďã áőáâăćńïîéĺňĺ (ňőńěłãńăňĺ) ïćńïěâáï æěŋâàăńìŋőľ ŕàőąńěňőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ć ćĺďã ěě çàěğćëçăľŋőľ áńőęŋőáâĺ, ğďěáì ňőęŋő čőćőàĺâì âőńìłő ő ŕàĺąńĺęěŋŋëå ňěâőďăå àěèěŋĺï âăłĺå ğăďăç.

Ťãŋłæĺï Čăňĺńìâőŋă áĺáâěňë N çăáâĺæ ć őąéěň áńãçăě àăáŕăďăěâáï ńĺèì ŋă áãňňã łĺŋěâĺçěáłőľ ĺ ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ (6.11), ŕàĺćőďï ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ ł áőőâćěâáâćãîéěľ äăłâőàĺğăæĺĺ (łćăğĺ) łńăááĺçěáłőčő áâăâĺáâĺçěáłőčő ĺŋâěčàăńă (6.2), (4.30): X = {p, q}^N_{ℓ=1},

H(X) = K({p}^N_{ℓ=1}) + Π({q}^N_{ℓ=1}) ≡^{N∑}_{ℓ=1} p^2_ℓ 2m + Π^({q}^N_{ℓ=1}^) , (15.1)

Z^{cl}_N =^{N∏}_{j=1} ∫ V d^3q_j ∫ d^3p_j exp [ −βK({p}^N_{ℓ=1}) − βΠ^({q}^N_{ℓ=1}^) ] , (15.2)

Z_N = Z^{cl}_N h^{3N} N!

= Z^{(0)}_N Ξ_N = g_s Λ^3(T )

N V^N Ξ_N h^{3N} N!

, čďě: Z^{(0)}_N =

(Z^{tr}_1 )^N N! , (15.3)

ĺ: Z^{tr}_1 = g_sV Λ^3(T ) = g_sV ( 2πmkT h^2 )3/2 = √ π 2 A_{3/2}(kT )^{3/2} (15.4)

– áőőâćěâáâćěŋŋő ŕőńŋëľ ĺ âàăŋáńïæĺőŋŋëľ őďŋőçăáâĺçŋëľ áâăâĺáâĺçěáłĺě ĺŋâěčàăńë ĺďěăńìŋőľ áĺáâěňë ĺğ (6.20), ĺ (6.28), (6.33), ă

Ξ_N = 1 V^N N∏ j=1 ∫ V d^3q_j exp^(−βΠ^({q}^N_{ℓ=1}^{))} , ( Ξ_N^{Π=0}=⇒ 1 ) (15.5)

– ąěğàăğňěàŋëľ łőŋäĺčãàăæĺőŋŋëľ ĺŋâěčàăń, ć łőâőàőň ğăłńîçěŋă ćáï ĺŋäőàňăæĺï ő ćğăĺňőďěľáâćĺĺ ć áĺáâěňě. Ł ćëçĺáńěŋĺî Ξ_N ĺ áćőďĺâáï, âăłĺň őąàăğőň, őáŋőćŋăï ğăďăçă áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ (áà. ğăď. 21.4.).

—178—

1 Čăğ Ćăŋ-ďěà-Ćăăńìáă: áĺńìŋőě ćğăĺňőďěľáâćĺě

Ć áńãçăě áĺńìŋőčő ćğăĺňőďěľáâćĺï ňőńěłãń őâŋőáĺâěńìŋőě ćńĺïŋĺě ŋă őďŋã ĺğ ŋĺå ńîąőľ ďàãčőľ ĺğ őáâăńìŋëå ňőńěłãń ąãďěâ áŋőćă ŋěğŋăçĺâěńìŋëň. Šőçŋő âăłăï ęě áĺâãăæĺï àăááňőâàěŋă ć ŕàěďëďãéěľ ńěłæĺĺ ďńï áŕĺŋ-áŕĺŋőćőčő ćğăĺňőďěľáâćĺï ć ňőďěńĺ Čěľğěŋąěàčă. Šăł ęě, łăł âăň, ěě ňőęŋő ŕàĺąńĺęěŋŋő őŕĺáăâì, ŕőńăčăï, çâő ŋă łăęďãî ℓ-âãî çăáâĺæã ćňěáâő Π^(q_ℓ, {q_j }^N_{j≠ℓ}^) ďěľáâćãěâ áőğďăŋŋőě ćáěňĺ őáâăńìŋëňĺ íääěłâĺćŋőě “őďŋőçăáâĺçŋőě” áăňőáőčńăáőćăŋŋőě ćŋěèŋěě ŕőńě u(q_ℓ), ć łőâőàőň íâă çăáâĺæă ć àăćŋőćěáĺĺ ďćĺęěâáï ãęě ŋěğăćĺáĺňő őâ ćáěå őáâăńìŋëå. Ăŋăńőčĺçŋő (15.2), (15.3), íâő ŕőğćőńïěâ ŕàĺ Π^({q}^N_{j=1}^) →^{∑N}_{j=1} u(q_j) ŋěňěďńěŋŋő äăłâőàĺğőćăâì łőŋäĺčãàăæĺőŋŋëľ ĺŋâěčàăń (15.5) ć ŕàőĺğćěďěŋĺě őďŋőçăáâĺçŋëå ąőńìæňăŋőćáłĺå ĺŋâěčàăńőć (6.37) ĺğ (6.38), (15.25):

V^N Ξ_N =⇒ [∫

V d^3q exp (−βu(q)) ]N ≡ ( Z^{(u)}_1 )N , á Z_1(V, T ) =

Z^{(u)}_1 (V, T ) Λ^3(T ) (15.6) ć łăçěáâćě ŕőńŋőľ őďŋőçăáâĺçŋőľ áâăâáãňňë. Ďńï łăęďőľ ňőńěłãńë ć őąêěňě V áãéěáâćãěâ ïćŋő ŋěďőáâãŕŋëľ ěľ őąêěň V_0 = Nb, ğăŋïâëľ őáâăńìŋëňĺ N − 1 ≈ N ňőńěłãńăňĺ: u(q) = +∞, q ∈ V_0. Ć őáâăćèěňáï ďőáâãŕŋëň ěľ őąêěňě q ∈ (V − Nb) íâő íääěłâĺćŋőě ŕőńě ďńï ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ âàăŋáńïæĺőŋŋő áĺňňěâàĺçŋőľ áĺáâěňë (15.26) ăŋăńőčĺçŋő (15.22), (15.25), (16.19), ŋő ŕàĺ b > 0, ĺ ňőęěâ áćőďĺâìáï ć íâőň ŕàĺąńĺęěŋĺĺ âőńìłő ł ŕőáâőïŋŋőňã ŕőâěŋæĺăńã ŕàĺâïęěŋĺï – ŕàïňőãčőńìŋőľ ŕőâěŋæĺăńìŋőľ ïňě ćĺďă (4.7), ćő ćáěň őąêěňě V −Nb, ŕàőŕőàæĺőŋăńìŋőňã âőčďă ŕńőâŋőáâĺ n = N/V çĺáńă çăáâĺæ: u(q) ⇒ −an = const [5] §77. Š.ě. Z^{cl}_N ⇒ (Z_1)^N , ĺ ć (15.6) (g_s → 1):

Z_1(V, T ) = 1 Λ^3(T ) ∫ V −N b d^3q exp ( aN V kT ) = (V − Nb) Λ^3(T ) exp ( aN V kT ) , (15.7) P =⇒ kT ∂ ln (Z_1)^N ∂V T = NkT ∂ ∂V [ ln(V − Nb) + aN V kT ] , â.ě. (15.8) P = NkT V − Nb − aN^2 V^2 , U =⇒ − ∂ ln (Z_1)^N ∂β V = C_V T − aN^2 V , (15.9)

çâő ć âőçŋőáâĺ ćőáŕàőĺğćőďĺâ őąă ãàăćŋěŋĺï áőáâőïŋĺï čăğă Ćăŋ-ďěà- Ćăăńìáă. Ćëâěłăîéěě ĺğ (15.6), (15.7) ćëàăęěŋĺě ďńï łőŋäĺčãàăæĺőŋŋőľ áâăâáãňňë Z^{(u)}_1 , áďćĺčăï ŋãâàěŋŋîî íŋěàčĺî ĺďěăńìŋőčő čăğă (6.43) ŋă ćěńĺçĺŋã −aN^2/V , ŋě ďăěâ ćłńăďă ŋĺ ć íŋâàőŕĺî, ŋĺ ć âěŕńőěňłőáâì.

—179— Ć őąéěň áńãçăě ňőęŋő ŕőŕëâăâìáï ĺğćńěçì őąă ãàăćŋěŋĺï áőáâőïŋĺï ĺğ âěőàěň ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ ĺ ő ćĺàĺăńě (6.7), (6.10), (6.11) ć ćĺďě: U = ≪E≫ = ⟨⟨H(X)⟩⟩ = 3 2 NkT + ≪Π^({q}^N_{ℓ=1}^)≫, (15.10) 3NkT =^{N∑}_{j=1} ⟨⟨ q_j · ∂^~Π^({q}^N_{ℓ=1}^) ∂q_j ⟩⟩ ,^~Π^({q}^N_{ℓ=1}^) =Π^({q}^N_{ℓ=1}^)+^{N∑}_{j=1}^^u(q_j ), (15.11)

čďě, áőčńăáŋő (6.4)–(6.7),^~Π ć íâőň ćĺàĺăńě (15.11) ćłńîçăěâ ćáě 3N áâěŕěŋěľ áćőąőďë âăłęě ĺ ďńï áłăçłőőąàăğŋőčő ćğăĺňőďěľáâćĺï áő áâěŋłăňĺ, ğăŕĺàăîéěčő ňőńěłãńë ć őąêěňě V . Śőőâćěâáâćãîéĺľ ěňã őďŋőçăáâĺçŋëľ ŕőâěŋæĺăń^^u(q) ćŋěèŋěčő ŕőńï ĺğ (6.38) ćŕőńŋě ăŋăńőčĺçěŋ àăááňőâàěŋŋőňã ćëèě ŕőâěŋæĺăńã u(q), ŋő àăćěŋ ŋãńî ćŋãâàĺ őąêěňă V ĺ ąěáłőŋěçŋőáâĺ ćŋě ěčő, ă ŕőâőňã ŋě ďăěâ ćłńăďă ćő ćŋãâàěŋŋîî íŋěàčĺî (15.10), ŋő ŕàĺáãâáâćãěâ ć ćĺàĺăńě (15.11) ć ćĺďě áĺńë F_j = ṗ_j , ďěľáâćãîéěľ ŋă őâďěńìŋãî j-âãî ňőńěłãńã áő áâőàőŋë áâěŋłĺ: ∂^~Π^({q}^N_{ℓ=1}^) ∂q_j = ∂Π^({q}^N_{ℓ=1}^) ∂q_j − F_j , F_j = −

∂^^u(q_j) ∂q_j ≡ −∇_{qj}^^u(q_j ). (15.12)

Ěáńĺ n - ćŋěèŋïï ŋőàňăńì ł ŕőćěàåŋőáâĺ áőáãďă, âő ć őâáãâáćĺě ćŋěèŋěčő ŕőńï (âïęěáâĺ) ćáîďã őďĺŋăłőćőě, áőčńăáŋő ğăłőŋã Ŕăáłăńï, ďăćńěŋĺě P čăğă ć ŋěň őŕàěďěńïěâáï ãáàěďŋěŋĺěň áãňňë ćáěå áĺń −F_j , á łőâőàëňĺ j- âëě ňőńěłãńë “ďăćïâ” ŋă ňăńëľ íńěňěŋâ dΣ ŕőćěàåŋőáâĺ áâěŋłĺ Σ_V .

Š.ě. ŕàĺ q ⇐= q_j ∈ dΣ :^{N∑}_{j=1} ≪−F_j≫ | | | q_j∈dΣ =⇒ d (−F) | | | q∈dΣ = P n dΣ. Šőčďă ć ćĺàĺăńě (15.11):^{N∑}_{j=1}≪(q_j · (−F_j))≫ | | | | q_j ∈Σ =⇒ ∮ Σ_V (q·d (−F)) = = P ∮ Σ_V (q · n) dΣ ≡ P ∮ Σ_V (q · dΣ) = P ∫ V d^3q (∇_q · q) = 3P V, (15.13)

ŕő âěőàěňě Čăãááă. Ŕőďáâăćńïï (15.12), (15.13) ć (15.11), ŕőńãçĺň ãàăćŋěŋĺě áőáâőïŋĺï ć ćĺďě âěőàěňë ćĺàĺăńă ďńï ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï: P V = NkT − 1 3 N∑ j=1 ⟨⟨ q_j · ∂Π^({q}^N_{ℓ=1}^) ∂q_j ⟩⟩ , (15.14)

čďě ďăćńěŋĺě őłăğëćăěâáï àěğãńìâăâőň ãáàěďŋěŋĺï âőńìłő ćĺàĺăńă őâ ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï ňőńěłãń âőńìłő áő áâěŋłăňĺ őąêěňă V .

—180—

2 Łńăááĺçěáłĺľ čăğ á ŕăàŋëň ćğăĺňőďěľáâćĺěň

Ć áńãçăě ďőáâăâőçŋő àăğàěęěŋŋőčő čăğă, áçĺâăï łàăľŋě ňăńőćěàőïâŋëň áőąëâĺěň áâőńłŋőćěŋĺě áàăğã âàěå ĺ ąőńěě ňőńěłãń, ňőęŋő őčàăŋĺçĺâìáï ãŕàőéěŋŋőľ ňőďěńìî ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ ĺå ćğăĺňőďěľáâćĺï łăł áãňňőľ ńĺèì ŕăàŋëå ŕőâěŋæĺăńőć ϕ(q_i, q_j) = ϕ(q_j, q_i):

Π^({q}^N_{ℓ=1}^) =⇒^∑_{i<j} ϕ(q_i, q_j ) ≡^{N∑}_{i=1}^{N∑}_{j=i+1}ϕ(q_i, q_j) = 1 2 N∑ 1=i N∑ ≠j=1 ϕ(q_i, q_j ). (15.15)

Ůâőąë ćëďěńĺâì łőňąĺŋăâőàĺłã, ŋě ğăćĺáïéãî őâ äőàňë ŕőâěŋæĺăńă ϕ(q_i, q_j), ŕàěďáâăćĺň ŕàăćãî çăáâì (15.15) âőęďěáâćěŋŋő ć ćĺďě ĺŋâěčàăńă á áĺŋčãńïàŋőľ äãŋłæĺěľ ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå q_i, q_j: 1 2 N∑ 1=j N∑ ≠i=1 ϕ(q_i, q_j ) ≡ 1 2 ∫ V d^3r_1 ∫ V d^3r_2 ϕ(r_2, r_1)^^n_2^({q}^N_{ℓ=1}; r_1, r_2^) , (15.16)

čďě âőčďă^^n_2^({q}^N_{ℓ=1}; r_1, r_2^) =^{N∑}_{1=j}^{N∑}_{≠i=1} δ_3(q_j − r_1)δ_3(q_i − r_2) (15.17)

őŕàěďěńïěâ^~n_2 (r_1, r_2) =^~n_2 (r_2, r_1) = ≪^^n_2^({q}^N_{ℓ=1}; r_1, r_2^)≫ (15.18) – áàěďŋîî ďćãåâőçěçŋãî (ďćãåçăáâĺçŋãî) ŕńőâŋőáâì. Řăááňőâàĺň áŕěàćă ąőńěě ŕàőáâãî őďŋőçăáâĺçŋãî (őďŋőâőçěçŋãî) ŕńőâŋőáâì ć őąéěň łăŋőŋĺçěáłőň ăŋáăňąńě łńăááĺçěáłĺå áĺáâěň (15.1)–(15.5) ≡ (6.1) – (6.3). Ŕőáłőńìłã ĺňěěâáï N ćőğňőęŋőáâěľ ćëąàăâì çăáâĺæã 1- ćőľ ĺğ N, âő ŕàĺ ϱ_N (X) = exp { −β [ K({p}) + Π({q}) ]}/ Z^{cl}_N , ∫ d^{2s}Xϱ_N (X) = 1: (15.19)

^n_1^({q}^N_{ℓ=1}; r_1^) ≡^{N∑}_{j=1} δ_3(q_j − r_1), n_1 (r_1) ≡ ≪^n_1^({q}^N_{ℓ=1}; r_1^)≫ ≡ (15.20) ≡ ∫ d^{2s}Xϱ_N (X)^^n_1^({q}^N_{ℓ=1}; r_1^) = N ∫ d^{2s}X d^3q_1 ϱ_N (X) | | | | q_1=r_1

≡ NP_1(r_1) = (15.21) = N Ξ_N 1 V^N ·^{N∏}_{j=2} ∫ V d^3q_j exp^(−βΠ^({q}^N_{ℓ=1}^{))} | | | | q_1=r_1

Π=0=⇒

(15.26) N V ≡ n. (15.22)

Ťăğőćăï ŕńőâŋőáâì łńăááĺçěáłőčő ăŋáăňąńï ϱ_N (X) ďăěâ àăáŕàěďěńěŋĺě ćěàőïâŋőáâĺ ŕő łőőàďĺŋăâăň ĺ ĺňŕãńìáăň ćáěå çăáâĺæ. Ěě ĺŋâěčàĺàőćăŋĺě ŕő ćáěň łőőàďĺŋăâăň ĺ ĺňŕãńìáăň ćáěå çăáâĺæ, łàőňě 1- ćőľ, őŕàěďěńïěâ ŕńőâŋőáâì ňăłáćěńńőćáłőčő àăáŕàěďěńěŋĺï ćěàőïâŋőáâĺ ŕő ĺňŕãńìáã íâőľ çăáâĺæë ć łãąĺłě d^3p_1: (p_1, p_1 +dp_1) (6.34). Šőčďă ĺŋâěčàĺàőćăŋĺě ϱ_N (X) ć (15.21) ŕő ćáěň ĺňŕãńìáăň ĺ łőőàďĺŋăâăň ćáěå çăáâĺæ, łàőňě 1- ćőľ, őŕàěďěńïěâ ŕńőâŋőáâì ćěàőïâŋőáâĺ P_1(r_1) őąŋăàãęĺâì őďŋã ĺğ N çăáâĺæ

—181— ć íńěňěŋâě őąêěňă d^3r_1 ćőłàãč âőçłĺ r_1, áćőďïéãîáï ć áńãçăě ćŋěèŋěčő ŕőńï (15.6), ł őďŋőçăáâĺçŋőňã àăáŕàěďěńěŋĺî Ąőńìæňăŋă f_B(r_1) (6.38): ∫ d^{2s}X d^3p_1 ϱ_N (X) | | | | p_1=p_1 ∀ Π(q) === dw^1_M (p_1)

d^3p_1 = exp(−p^2_1/2mkT ) (2πmkT )^{3/2} ≡ f_T (p_1), (15.23) ∫ d^{2s}X d^3q_1 ϱ_N (X) | | | | q_1=r_1 = dw^1_B (r_1) d^3r_1

≡_{(15.20)} n_1 (r_1) N ≡_{(15.21)} P_1(r_1) −→_{(15.6)} f_B (r_1), (15.24)

â.ě.: dw^1_B (r_1) ≡ n_1 (r_1) N d^3r_1 ≡ P_1(r_1)d^3r_1 ĺńĺ=⇒_{(15.6)} e^{−βu(r1)} Z^{(u)}_1 d^3r_1^{u=0}=⇒_{(15.26)} d^3r_1 V .(15.25)

Ŕőáńěďŋĺě áőŕőáâăćńěŋĺï ć (15.22), (15.25) őğŋăçăîâ, çâő ĺ ďńï ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňë őďŋőçăáâĺçŋëě ŕńőâŋőáâì ĺ ćěàőïâŋőáâì ŕőáâőïŋŋë: n_1 (r_1) ⇒ n. Ďěľáâćĺâěńìŋő, âőčďă íŋěàčĺï ćğăĺňőďěľáâćĺï ğăćĺáĺâ őâ N(N − 1)/2 ćěłâőàőć ńĺèì őâŋőáĺâěńìŋëå ŕőńőęěŋĺľ ňőńěłãń ć áĺńã ěě âàăŋáńïæĺőŋŋőľ ĺŋćăàĺăŋâŋőáâĺ: r_{ℓi} = q_ℓ − q_i, i<ℓ= 2 ÷N, Π^({q}^N_{j=1}^) ⇒Π ( {r_{ℓi}}^{N (N −1)/2} i<ℓ=2÷N ) ⇒Π^({r_{ℓ1}}^N_{ℓ=2}^), (15.26) ĺğ łőâőàëå ŋěğăćĺáĺňë âőńìłő N − 1 ćěłâőàőć, ŋăŕàĺňěà, r_{ℓ1}. Ŕěàěåőďï ł íâĺň ŋěğăćĺáĺňëň ŕěàěňěŋŋëň, ďńï łőŋäĺčãàăæĺőŋŋőčő ĺŋâěčàăńă Ξ_N (15.5) ć ğŋăňěŋăâěńě (15.22) ŕőńãçĺň âăłőě ęě ćëàăęěŋĺě, łăł ĺ ďńï łőŋäĺčãàăæĺőŋŋőčő ĺŋâěčàăńă ć çĺáńĺâěńě (15.22), ŋő ãňŋőęěŋŋőě ŋă V :

V^N Ξ_N = N∏ j=1 ∫ V d^3q_j exp ( −βΠ ( {q}^N_{ℓ=1} )) =⇒ (15.26) V N∏ j=2 ∫ V d^3r_{j1} exp ( −βΠ ( {r_{ℓ1}}^N_{ℓ=2} )) , âăł łăł ŕőďĺŋâěčàăńìŋëě äãŋłæĺĺ (15.26) ć çĺáńĺâěńě ĺ ć ğŋăňěŋăâěńě ŋě ğăćĺáïâ ąőńěě őâ q_1, ă őąńăáâì ĺŋâěčàĺàőćăŋĺï ŕő ŕěàěňěŋŋëň r_{j1} (15.26) őáâăŋěâáï ŕàěęŋěľ ďńï q_1 = 0, ă âăłęě ć âàď. ŕàď. V → ∞.

Ćőğćàăéăïáì ł ďćãåâőçěçŋőľ ŕńőâŋőáâĺ (15.18), ĺňěěň, ăŋăńőčĺçŋő N − 1 ćőğňőęŋőáâì ćëąàăâì çăáâĺæã 2-őľ ĺğ N − 1 őáâăćèĺåáï:

~n_2 (r_1, r_2)=N(N − 1) ∫ d^{2s}X d^3q_1d^3q_2 ϱ_N (X) | | | | q_2=r_2

q_1=r_1

= N(N − 1)P_2(r_2, r_1)= (15.27) = N(N − 1) V^N Ξ_N N∏ j=3 ∫ V d^3q_j exp^(−βΠ^({q}^N_{ℓ=1}^{))} | | | | q_2=r_2

q_1=r_1 =⇒ (15.26)

n_2(r_{21}), (15.28)

čďě P_2(r_1, r_2) ěáâì ŕńőâŋőáâì ćěàőïâŋőáâĺ őąŋăàãęĺâì őďŋã ĺğ N çăáâĺæ ć őłàěáâŋőáâĺ r_1, łőčďă ńîąăï ĺğ őáâăńìŋëå N − 1 çăáâĺæ ŋăåőďĺâáï ć őłàěáâŋőáâĺ r_2 – őâáîďă ňŋőęĺâěńì N(N − 1). Ŕőáńěďŋěě áőŕőáâăćńěŋĺě ć (15.28) ćŋőćì őâćěçăěâ ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňě (15.26).

—182— Ńĺŋěľŋőáâì őŕěàăæĺĺ ãáàěďŋěŋĺï ĺ íłćĺćăńěŋâŋőáâì àăğńĺçŋëå ŕăà ŕőğćőńïîâ ďńï ŕăàŋőčő ćğăĺňőďěľáâćĺï (15.15), (15.16) ć őďŋőàőďŋőľ áĺáâěňě (15.26) á ϕ(r_1, r_2) =⇒ ϕ(r_{12}) á ãçěâőň (15.17), (15.18), (15.27), (15.28) ŕàěďáâăćĺâì áàěďŋîî ŕőâěŋæĺăńìŋãî íŋěàčĺî ć (15.10) ć ćĺďě ŕàőĺğćěďěŋĺï (çĺáńă ŕăà) × (áàěďŋěě ďńï őďŋőľ ŕăàë) á ≪ϕ≫→≪ϕ(r_{12})≫:

≪Π^({q}^N_{ℓ=1}^)≫ =⇒_{(15.15)} ≪^∑_{i<j} ϕ(q_i, q_j )≫ = 1 2 N(N − 1) ≪ϕ(q_1, q_2)≫ ≡ (15.29)

≡_{(15.16)} 1 2 ∫ V d^3r_1 ∫ V d^3r_2 ϕ(r_1, r_2)^~n_2 (r_1, r_2) =⇒_{(15.26)} V 2 ∫ V d^3r_{12}ϕ(r_{12})n_2(r_{12}). (15.30)

Š.ě. U = 3 2 NkT + 2πV ∞∫

0 dr r^2ϕ(r)n_2(r), ĺ n_1(r_1) ⇒ n = const, (15.31)

čďě r_{12} = r_1 − r_2, r_{12} = r, ĺ 1 2 N∑ 1=j N∑ ≠i=1 1 = 1 2 N(N − 1) ≡ C^2_N (15.32)

– ěáâì, őçěćĺďŋő, ŕőńŋőě çĺáńő àăğńĺçŋëå ćğăĺňőďěľáâćãîéĺå ŕăà.

Ćëàăęěŋĺě ďńï ćĺàĺăńă ć (15.14) ãŕàőéăěâáï ăŋăńőčĺçŋő, âěň ąőńěě, ěáńĺ ćğăĺňőďěľáâćĺě ğăćĺáĺâ âőńìłő őâ őâŋőáĺâěńìŋőčő àăááâőïŋĺï r_{21} = r_{12} = |r_{12}| ≡ |q_1 − q_2|, âăł łăł^1 ((q_1 · ∇_1) + (q_2 · ∇_2)) r_{12} = r_{12} ⇔ r∂_rr, âő: N∑ j=1 ⟨⟨ q_j · ∂Π^({q}^N_{ℓ=1}^) ∂q_j ⟩⟩ =⇒ (15.15) ⟨⟨ ∑ i<l ((q_i · ∇_i) + (q_l · ∇_l)) ϕ(q_i, q_l) ⟩⟩ = (15.33) = 1 2 N(N − 1) ≪((q_1 · ∇_1) + (q_2 · ∇_2)) ϕ(q_1, q_2)≫ =⇒_{(15.26)} (15.34) =⇒ (15.26) 1 2 N(N − 1) ⟨⟨ r_{12}

∂ϕ(r_{12}) ∂r_{12} ⟩⟩ (15.30)

≡_{(15.16)} V 2 ∫ d^3r r ϕ^′(r) n_2(r), (15.35)

â.ě. ŕàĺ n = const, r_{12} = r : P = nkT − 2π 3 ∞∫

0 dr r^3ϕ^′(r) n_2(r) (15.36)

– âěőàěňă ćĺàĺăńă áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Őŋă ćëâěłăěâ âăłęě ĺğ ïćŋëå äőàňãń ďńï áâăâáãňňë Z_N ∼ V^N Ξ_N ĺ őŕàěďěńěŋĺï ďăćńěŋĺï (4.40):

(áà. (15.14)) ⇐⇒: P = kT ( ∂ ln Z_N ∂V ) T = kT N V + 1 Ξ_N

∂ Ξ_N (V ) ∂V T ,(15.37)

á ĺáŕőńìğőćăŋĺěň ňăáèâăąŋőčő ŕàěőąàăğőćăŋĺï q_j → λq_j ďńï łőŋäĺčãàăæĺőŋŋőľ áâăâáãňňë (15.5), á ğăćĺáïéĺň âőńìłő őâ őâŋőáĺâěńìŋőčő àăááâőïŋĺï ŕőâěŋæĺăńőň (15.26) ŕăàŋőčő ćğăĺňőďěľáâćĺï (15.15):

1ŕàĺ: ∇_1|q_1 − q_2| ≡ ∇_1r_{12} = r_{12}/r_{12}, ă ∇_2r_{12} = −r_{12}/r_{12}; ĺ (x · ∇_x) = r∂_r ŕàĺ r = |x|.

—183—

Ξ_N (λ^3V ) =⇒_{(15.26)} =⇒_{(15.15)} λ^{3N} (λ^3V )^N N∏ j=1 ∫ V d^3q_j exp −β^∑_{i<ℓ} ϕ (λr_{iℓ}) , (15.38)

ĺ őçěćĺďŋőčő âőęďěáâćă:

∂ Ξ_N (V ) ∂V = 1 3V ∂ Ξ_N (λ^3V ) ∂λ | | | | λ=1 , â.ł.: (15.39)

∂ ln Ξ_N (λ^3V ) ∂λ =^{N∏}_{j=1} ∫ V d^3q_j e^{−β} ∑ i<ℓ ϕ(λr_{iℓ}) V^N Ξ_N −β^∑_{s<k} r_{sk}ϕ^′(λr_{sk}) =⇒_{λ=1} (15.40)

=⇒_{λ=1} −β^∑_{i<ℓ} ≪r_{iℓ}ϕ^′(r_{iℓ})≫ = −C^2_N β ≪r_{12}ϕ^′(r_{12})≫, ďńï^~W(r_{iℓ}), łăł (15.41)

ćěàőïâŋőáâĺ, â.ě. áőćŕăďăěâ á (15.35), (15.36) ć áĺńã (15.14), (15.33), (15.37).

Ďńï ďćãåâőçěçŋőľ ŕńőâŋőáâĺ (15.18), (15.28) ć őďŋőàőďŋőľ áĺáâěňě (15.26) ć ŕàĺąńĺęěŋĺĺ ŕăàŋőčő ćğăĺňőďěľáâćĺï (15.15) ĺňěěň:

n_2(r_{12}) =⇒_{(15.15)} N(N − 1) V^N Ξ_N N∏ j=3 ∫ V d^3q_j exp −β^∑_{i<ℓ} ϕ (r_{iℓ}) | | | | | q_2=r_2

q_1=r_1

, čďě: (15.42) −β^∑_{i<ℓ} ϕ(r_{iℓ}) | | | | | q_2=r_2

q_1=r_1

= −βϕ(r_{12})−β^{N∑}_{ℓ=3} [ϕ(r_{1ℓ}) + ϕ(r_{2ℓ})]−β^∑_{3≤i<ℓ} ϕ(r_{iℓ}). (15.43)

Šăł łăł ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï Ξ_N ⇒ 1 ĺ n_2(r) ⇒ n^2, âő, őâąàăáëćăï ć ŕőłăğăâěńě (15.43) íłáŕőŋěŋâë (15.42) áãňňã^{N∑}_{ℓ=3} [ϕ(r_{1ℓ}) + ϕ(r_{2ℓ})] łăł ãçěâ áąńĺęěŋĺï áàăğã âàěå çăáâĺæ 1, 2, ℓ ŕàĺ ŋĺğłĺå ŕńőâŋőáâïå, łőčďă r_{1ℓ}, r_{2ℓ} ≫ |r_{12}| = r_{12} = r, ĺ ŕàěŋěąàěčăï ďńï N ≫ 1 àăğńĺçĺěň ňěęďã Ξ_N ć ğŋăňěŋăâěńě ĺ ćőğŋĺłèĺň ć àěğãńìâăâě Ξ_{N −2} ć çĺáńĺâěńě á ãçěâőň (15.57) ŕàĺćěďěň (15.28) ⇒ (15.42) ŕàĺ n = const ł ćĺďã:

n_2(r_{12})⇒n_2(r) =

N(N − 1)V^{N −2}Ξ_{N −2}

V^N Ξ_N e^{−βϕ(r)} = n^2 Ξ_{N −2} Ξ_N e^{−βϕ(r)} ⇒n^2e^{−βϕ(r)}. (15.44) Šăłőě àăğńőęěŋĺě ćĺàĺăńă (15.33) ŕő áâěŕěŋïň őďŋőçăáâĺçŋőľ ŕńőâŋőáâĺ n ć ãàăćŋěŋĺĺ áőáâőïŋĺï (15.36) ŋăğëćăîâ ćĺàĺăńìŋëň àăğńőęěŋĺěň:

P = nkT^(1 + nB(T ) + n^2C(T ) + . . .^) , çěľ łőíääĺæĺěŋâ: (15.45) B(T ) = − 2π 3 β ∞∫

0 dr r^3ϕ^′(r) e^{−βϕ(r)} = − 2π 3 ∞∫

0 r^3 d^(1 − e^{−βϕ(r))} , (15.46)

â.ł. ϕ(r) −→_{r→∞} 0, âő ěáâì: B(T ) = 2π ∞∫

0 dr r^{2 (}1 − e^{−βϕ(r))} , (15.47)

ŋăğëćăěâáï ćâőàëň (ĺ âăł ďăńěě) ćĺàĺăńìŋëň łőíääĺæĺěŋâőň. Ć áĺńã (15.22) á Π (15.26) ŕńőâŋőáâì n = const – åőàőèĺľ ŕăàăňěâà àăğńőęěŋĺï.

—184— Ćëçĺáńĺň ŕàĺąńĺęěŋŋő B(T ), áçĺâăï, çâő ŋă àăááâőïŋĺïå r ≤ 2r_0 ćěńĺł ŕőâěŋæĺăń őââăńłĺćăŋĺï ĺ e^{−βϕ(r)} ≈ 0, ă ŕàĺ r > 2r_0 ĺňěěâáï áńăąőě ŕàĺâïęěŋĺě: |ϕ| ≤ |ϕ_0| ≪ kT (áà. (4.7)), ĺ e^{−βϕ(r)} ≃ 1 + |ϕ| /kT :

B(T ) = 2π

2r_0∫

0 1 − exp − ϕ(r) kT r^2dr + 2π ∞∫

2r_0

1 − exp − ϕ(r) kT r^2dr, őâłãďă B(T ) ≈ B_{ab}(T ) =

2π(2r_0)^3 3 − 2π kT ∞∫

2r_0 |ϕ(r)| r^2dr ≡ b − a kT , (15.48)

â.ě. b – ćłńăď áĺń őââăńłĺćăŋĺï ŋă ňăńëå àăááâőïŋĺïå, −a/kT – ćłńăď áĺń ŕàĺâïęěŋĺï ŋă ąőńìèĺå àăááâőïŋĺïå. Ŕőďáâăŋőćłă ć (15.45) ďăěâ: P ≈ nkT (1 + nB_{ab}(T )) = nkT + bn^2kT − an^2, ĺńĺ:^(P + an^{2)} = nkT (1 + nb) , čďě, áçĺâăï, çâő: nb ≪ 1, ďńï n ≡ N/V ćŋőćì ŕőńãçăěň:^(P + an^{2)} (1 − nb) = nkT, (15.49) ãàăćŋěŋĺě áőáâőïŋĺï Ćăŋ-ďěà-Ćăăńìáă (15.9) á ŕăàăňěâàăňĺ a ĺ b, őďŋăłő, ć őâńĺçĺě őâ (15.9), ćőğŋĺłăîéěě âěŕěàì ć ŕàĺąńĺęěŋĺĺ àăğàěęěŋŋőčő čăğă łăł őďŋő ĺğ ćőğňőęŋëå âěàňőďĺŋăňĺçěáłĺå ãàăćŋěŋĺľ áőáâőïŋĺï čăğă áő áńăąëň ŕăàŋëň ćğăĺňőďěľáâćĺěň ňěęďã çăáâĺæăňĺ.

Šěňŕěàăâãàă Ąőľńï T_b őŕàěďěńïěâáï ãáńőćĺěň B(T ) = 0, çâő ďńï B_{ab}(T ) = 0 (15.48) ďăěâ: kT_b =⇒ a/b. Řěăńìŋőě ŕőćěďěŋĺě B(T ) ĺňěěâ ňăłáĺňãň ŕàĺ ŋěłőâőàőľ âěňŕěàăâãàě T_m > T_b ĺ ňěďńěŋŋőě áâàěňńěŋĺě ł ŋãńî ŕàĺ T → ∞, (Řĺá. 15.2). Őŋő ćőáŕàőĺğćőďĺâáï ďàãčőľ ďćãåŕăàăňěâàĺçěáłőľ ňőďěńìî ŕőâěŋæĺăńă ňěęňőńěłãńïàŋőčő ćğăĺňőďěľáâćĺï Ńěŋŋăàďă-Ďęőŋáă ϕ(r) “(6-12)” (Řĺá. 15.1), (Ğăď. 21.2.): ϕ(r) = A r^{12} − D r^6 ≡ 4ϵ (σ r )12 − ( σ r )6 , čďě: A 4ϵ = D 4ϵ = σ^6, (15.50)

ĺ ćłńăď ∼ −r^{−6} ěáâì ŕőâěŋæĺăń áĺń ňěęňőńěłãńïàŋőčő ŕàĺâïęěŋĺï Ćăŋ-ďěà-Ćăăńìáă.

Őçěćĺďŋőě őąőąéěŋĺě (15.17)–(15.28) ěáâì k- çăáâĺçŋăï ŕńőâŋőáâì:

~n_k (r_1, . . . r_k) = ⟨⟨ N ∑ 1=j_1 N∑ ≠j_2=1 . . .^{N∑}_{≠j} k=1 k∏ ν=1 δ_3(q_{jν} − r_ν) ⟩⟩ , â.ě. (15.51)

~n_k (r_1, . . . r_k) = N! (N − k)! ∫ d^{2s}X d^3q_1 . . . d^3q_k ϱ_N (X) | | | | q_k=r_k ... ... q_1=r_1

≡ (15.52) ≡ N! (N − k)! N∏ j=k+1 ∫ V d^3q_j N∏ j=1 {∫ d^3p_j } ϱ_N (X) | | | | | q_k=r_k ... ... q_1=r_1

= (15.53)

—185— = N! (N − k)! V^N Ξ_N N∏ j=k+1 ∫ V d^3q_j exp^(−βΠ^({q}^N_{ℓ=1}^{))} | | | | | q_k=r_k ... ... q_1=r_1

. (15.54)

Šăłĺň őąàăğőň, áàěďŋěě őâ ńîąőľ ďĺŋăňĺçěáłőľ äãŋłæĺĺ, ğăćĺáïéěľ őâ łőŋěçŋőčő çĺáńă k äăğőćëå ŕěàěňěŋŋëå, ŋăŕàĺňěà q_j á 1 ≤ j ≤ k, ňőęŋő őŕàěďěńĺâì, ŕőńìğãïáì ńĺèì łőŋěçŋëň ŋăąőàőň k -çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï (15.51)–(15.54). Őŕĺáăŋĺě á ŕőňőéìî çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï íłćĺćăńěŋâŋő áâăâĺáâĺçěáłőňã őŕĺáăŋĺî ŋă ïğëłě äãŋłæĺĺ äăğőćőľ ŕńőâŋőáâĺ àăáŕàěďěńěŋĺï ϱ_N (X), ŋő őąńăďăěâ őŕàěďěńěŋŋëň ŕàěĺňãéěáâćőň ďńï áĺáâěň áő ćğăĺňőďěľáâćĺěň, ŕő łàăľŋěľ ňěàě, ć ďćãå ŕàěďěńìŋëå áńãçăïå: łőčďă ćğăĺňőďěľáâćĺě ňěęďã çăáâĺæăňĺ ňăńő́ ĺńĺ łőčďă ňăńắ ŕńőâŋőáâì, ă ćğăĺňőďěľáâćĺě ŕàőĺğćőńìŋő, ŋő ŋě ŕàĺćőďĺâ ł őąàăğőćăŋĺî áćïğăŋŋëå áőáâőïŋĺľ. Ŕőáłőńìłã ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï Ξ_N =⇒ 1, âő ć íâőň ŕàěďěńìŋőň áńãçăě k – çăáâĺçŋăï ŕńőâŋőáâì (15.54) ć âàď. ŕàď. áćőďĺâáï ł ŕàőĺğćěďěŋĺî őďŋőçăáâĺçŋëå:

~n_k (r_1, . . . r_k) =⇒_{(Π→0)} N! (N − k)! V^k =⇒ (N,V →∞) N^k V^k = (n)^k =⇒^{k∏}_{i=1} n_1(r_i). (15.55)

Ă âăł łăł ĺ ŕàĺ ŋăńĺçĺĺ ćğăĺňőďěľáâćĺï ć áĺáâěňě őŋő âěň ŋě ňěŋěě ąëáâàő łăł (15.50) ŕăďăěâ á àőáâőň őâŋőáĺâěńìŋőčő àăááâőïŋĺï |r_{iℓ}| ňěęďã áőáâăćńïîéĺňĺ ěě ňőńěłãńăňĺ, âő ĺ ďńï ŕàőĺğćőńìŋőčő ăŋáăňąńï ć (15.51) – (15.54) ŕàĺ ğăňěŋě ŕàěďěńìŋőčő ŕěàěåőďă Π → 0 ŕàěďěńìŋëň ŕěàěåőďőň |r_{iℓ}| → ∞ ć áőőâŋőèěŋĺĺ (15.55) őŋő őłăğëćăěâáï çăáâŋëň áńãçăěň őąéěčő ŕàĺŋæĺŕă ŕàőáâàăŋáâćěŋŋőčő őáńăąńěŋĺï łőààěńïæĺľ, ŕőńőęěŋŋőčő Ŋ.Ŋ. Ąőčőńîąőćëň ć őáŋőćã ŕőáâàőěŋĺï ćáěľ áâăâĺáâĺçěáłőľ äĺğĺłĺ łăł àăćŋőćěáŋëå, âăł ĺ ŋěàăćŋőćěáŋëå áĺáâěň [38].

([1], [2], [5] §65,77, [6] §74-76, [7], [18], [20], [36]) Ğăďăçĺ 21.1. Ŕőńãçĺâì ćëàăęěŋĺě (15.47) ďńï ćâőàőčő ćĺàĺăńìŋőčő łőíääĺæĺěŋâă, àăğńăčăï łőŋäĺčãàăæĺőŋŋëľ ĺŋâěčàăń (15.5), (15.38) ŕő áâěŕěŋïň äãŋłæĺĺ Ňăľěàă: f_{iℓ}(r_{iℓ}) = exp [−βϕ(r_{iℓ})] − 1 ([5]§65,[6],[12],[15]), ć ćĺďě:

exp^[−βΠ^({q}^N_{ℓ=1}^{)]} =⇒_{(15.15)} exp −β^∑_{i<ℓ} ϕ(r_{iℓ}) =^∏_{i<ℓ} (1 + f_{iℓ}) =⇒ (15.56) =⇒ 1 +^∑_{i<ℓ} f_{iℓ} +^∑_{i<ℓ}^∑_{k<j} f_{iℓ}f_{kj} + . . . , čďě:^{N∏}_{j=3} ∫ V d^3q_j

= V^{N −2}, (15.57)

Ξ_N ≈ 1 + V^{N −2} V^N ∑ i<ℓ ∫ d^3q_i ∫ d^3q_ℓf_{iℓ} = 1 + N(N − 1) 2V^2 ∫ d^3q_1 ∫ d^3q_2f_{12}, (15.58)

—186— ∫ d^3q_1 ∫ d^3q_2f_{12} =⇒_{(15.26)} V ∫ d^3r_{12}f_{12}(r_{12}) =⇒ 4πV ∞∫

0 r^2drf(r), (15.59)

ln Ξ_N ≈ 2π

N^2 V ∞∫

0 r^2drf(r), ĺ: P = nkT + kT ∂ ln Ξ_N (V ) ∂V T . (15.60)

Őąáãďĺâì łőňąĺŋăâőàĺłã ćëáèĺå čàãŕŕőćëå ĺŋâěčàăńőć, áãéěáâćőćăŋĺě ĺå ŕàěďěńă ŕàĺ V → ∞, ĺ ćëàăęěŋĺě çěàěğ ŋĺå ąőńìèőľ áâăâáãňňë. 21.2. Ňőďěńĺàãï “ïéĺł”^^u, ďńĺŋë L, á N çăáâĺæăňĺ őďŋőňěàŋőčő ĺď. čăğă, łăł ŕàěďěń, ŕàĺ n → ∞ ćŋěèŋěčő ŕőńï u(q) = α (2q/L)^{2n} ŕàĺ |q| < L/2, ŋăľâĺ, ĺáŕőńìğãï âěőàěňë ő àăćŋőàăáŕàěďěńěŋĺĺ íŋěàčĺĺ ĺ ćĺàĺăńě, áàěďŋîî áĺńã, ďěľáâćãîéãî ŋă áâěŋłã áő áâőàőŋë őďŋőľ çăáâĺæë, âěàňőďĺŋăňĺçěáłĺ áőŕàïęěŋŋãî “őąêěňã” “L”: ≪f≫ = ≪−∂^^u/∂L≫, ěčő ŕőńŋãî ćŋãâàěŋŋîî íŋěàčĺî ĺ ďăćńěŋĺě.

21.3. Ďńï čăğă N ňăááĺćŋëå çăáâĺæ ć ïéĺłě őąêěňőň V , á őďŋőàőďŋőľ äãŋłæĺěľ ňěęňőńěłãńïàŋőčő ćğăĺňőďěľáâćĺï Π({q}) áâěŕěŋĺ n ŋăľâĺ őąéĺľ ćĺď áâăâáãňňë, áćőąőďŋőľ ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ, íŋâàőŕĺĺ ĺ ďăćńěŋĺï: Z_N (T, V ), F_N (T, V ), S_N (T, V ), U_N (T, V ), P_N (T, V ). Ŕàőćěàĺâì âěőàěňã ćĺàĺăńă (15.14) ĺ őąéěě ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě áâăâĺáâĺçěáłőľ áãňňë ŕàĺ N → ∞, őąãáńőćńěŋŋőě ăďďĺâĺćŋőáâìî áćőąőďŋőľ íŋěàčĺĺ: Z_N (T, V ) =⇒ [ξ(T, v)]^N , v = V/N, – ãďěńìŋëľ őąêěň ([24] N 26). 21.4. Śŕàăćěďńĺćő ńĺ ćëàăęěŋĺě áàěďŋěľ ďńĺŋë áćőąőďŋőčő ŕàőąěčă (6.47) ďńï ŋěĺďěăńìŋőčő čăğă (15.1), ďńï áěçěŋĺï ŋě ğăćĺáïéěčő őâ áłőàőáâĺ? Ŋăľâĺ ěčő őąőąéěŋĺě ďńï áěçěŋĺï ğăćĺáïéěčő őâ áłőàőáâĺ. 21.5. Ŋăľâĺ, çâő ďńï àăáŕàěďěńěŋĺï Ňăłćěńńă ć d- ňěàŋőň ŕàőáâàăŋáâćě:

d^~w^{(d)}_T (ε) = (βε)^{d/2} Γ(d/2) e^{−βε} dε ε = 2 Γ(d/2) ( υ υ_T )d e^{−υ2/υ2T} dυ υ = d^~w^{(d)}_T (υ), (15.61)

υ_T = 2kT m , ≪υ^n≫_{(d)} = υ^n_T

Γ((d + n)/2) Γ(d/2)

, ≪ε≫_{(d)} = d 2 kT, (15.62)

≪ε^2≫_{(d)} = d 2 ( d 2 + 1 ) (kT )^2, ≪(Δε)^2≫_{(d)} = d 2 (kT )^2, σ^{(d)}_2 (ε)= 2 d . (15.63)

21.6. Ŕőńìğãïáì (11.54) ŋăľâĺ àăáŕàěďěńěŋĺě ŕő íŋěàčĺïň çăáâĺæ ć ŕőâőłě ĺğ őâćěàáâĺï ć áâěŋłě 3-å ňěàŋőčő áőáãďă á ňăłáćěńńőćáłĺň àăáŕàěďěńěŋěň (15.61) ŕő ĺå íŋěàčĺïň ć ŋěň. Ŋăľâĺ áàěďŋîî íŋěàčĺî çăáâĺæ ć íâőň ŕőâőłě ĺ àăğňěàŋőáâì d, ďńï łőâőàőľ ŕőńãçěŋŋőě àăáŕàěďěńěŋĺě ć ŕőâőłě ïćńïěâáï âăł ęě ňăłáćěńńőćáłĺň (15.61). Ŕőńìğãïáì (15.61), (15.62), (15.69) àěèĺâì âã ęě ğăďăçã ďńï ńîąőľ àăğňěàŋőáâĺ áőáãďă d.

Řĺá. 15.1. Ŕőâěŋæĺăń ϕ(r) Ńěŋŋăàďă-Ďęőŋ-áă “(6-12)” (15.50) (ďńï ϵ = 10, ŕàĺ σ = 1). Ĺňěěâ ŋãńì ϕ(r) = 0 ŕàĺ r = σ ĺ ňĺŋĺňãň ϕ(r_0) = −ϵ ŕàĺ r_0 = 2^{1/6}σ, čďě 2^{1/6} ≈ 1.122. §ćńïěâáï ŋăĺąőńěě àěăńĺáâĺçŋőľ ćěàáĺěľ ňőďěńìŋőčő ŕőâěŋæĺăńă âĺŕă (4.7).

Řĺá. 15.2. Ćâőàőľ ćĺàĺăńìŋëľ łőíääĺæĺěŋâ B(T ) (15.64) ć ěďĺŋĺæăå 2πr^3_0/3 ďńï ŕőâěŋæĺăńă Ńěŋŋăàďă - Ďęőŋáă (15.50) (Řĺá. 15.1), ĺ ěčő čàãąőě ŕàĺąńĺęěŋĺě B_{ab}(T ) (15.48) á âőľ ęě âěňŕěàăâãàőľ Ąőľńï ĺ ňăłáĺňãňőň, ďńï ňőďěńìŋőčő ŕőâěŋæĺăńă âĺŕă (4.7).

21.7. Ďńï ŕàőĺğćőńìŋőčő ŕőâěŋæĺăńă Ńěŋŋăàďă-Ďęőŋáă (15.50) ŋăľâĺ àăğńőęěŋĺě ćâőàőčő ćĺàĺăńìŋőčő łőíääĺæĺěŋâă (15.47) ć àïď ŕő áâěŕěŋïň √ λ ([2] §V.1), ŕàĺćěďï ěčő ŕàěęďě ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ł ćĺďã:

B(T ) = 2π 3 r^3_0 J (λ), λ = ϵ kT , r^6_0 = 2σ^6, (15.64)

J (λ) = λ^{1/4} Γ (3 4 ) − 1 4 ∞∫

0 dt e^{−t} t^{5/4} [ exp ( 2 √ λt ) − 1 ] . (15.65) 21.8. Ŋăľâĺ őąőąéěŋĺě čěőňěâàĺçěáłĺå łőíääĺæĺěŋâőć 1/3 ĺğ (11.48), (11.49) ĺ 1/4 ĺğ (11.52), (11.53) ďńï ŕàőáâàăŋáâćă d- ĺğňěàěŋĺľ, čďě:

dΩ_d = sin^{d−2} ϑ_{d−2}dϑ_{d−2} . . . sin ϑ_1dϑ_1dφ, ∫ dΩ_d =

2π^{d/2} Γ(d/2)

= C_d. (15.66)

dP_ε(T ) = 2p_ευ_εF(ε)dε C_d π/2∫

0 dϑ cos^2 ϑ

∫ dΩ_d dϑ , á ϑ ≡ ϑ_{d−2}, â.ě.: (15.67)

dP_ε(T ) = 2p_ευ_εF(ε)dε C_{d−1} C_d π/2∫

0 dϑ cos^2 ϑ sin^{d−2} ϑ = p_ευ_εF(ε)dε d , (15.68)

dj_N(ε) = υ_εF(ε)dε C_{d−1} C_d π/2∫

0 dϑ cos ϑ sin^{d−2} ϑ = υ_εF(ε)dε

C_{d+1} 2π C_d

. (15.69)

Ńěłæĺï 16

Łćăŋâőćëě áĺáâěňë á ćğăĺňőďěľáâćĺěň∗

1 Ŕàĺąńĺęěŋĺě Ţăàâàĺ-Ťőłă

Ć áńőęŋëå áĺáâěňăå, áőáâőïéĺå ĺğ ąőńìèőčő çĺáńă áĺńìŋő ćğăĺňőďěľáâćãîéĺå ňěęďã áőąőľ çăáâĺæ, âőçŋőě àěèěŋĺě, łăł ŕàăćĺńő, ŋěćőğňőęŋő. Ěáńĺ ćğăĺňőďěľáâćĺě ŋě ïćńïěâáï áńăąëň, âő âěőàĺï ćőğňãéěŋĺľ ŕő ŋěňã ŋě ŕàĺňěŋĺňă. Ă ŕőáłőńìłã âőçŋëľ čăňĺńìâőŋĺăŋ ŋě àăáŕăďăěâáï ŋă áãňňã íŋěàčĺľ ŋěğăćĺáĺňëå çăáâĺæ, ěčő ŕőńŋăï ćőńŋőćăï äãŋłæĺï ŋě àăğńăčăěâáï ć áãňňã ŕàőĺğćěďěŋĺľ őďŋőçăáâĺçŋëå ćőńŋőćëå äãŋłæĺľ. Ć íâĺå ãáńőćĺïå ňőęŋő ŕőŕëâăâìáï őŕĺáăâì àěăńìŋãî áĺáâěňã ćğăĺňőďěľáâćãîéĺå çăáâĺæ, łăł áőáâőïéãî ĺğ (ćőőąéě čőćőàï, ĺŋëå) ŋěğăćĺáĺňëå íääěłâĺćŋëå (łćăğĺ) çăáâĺæ, ďćĺčăîéĺåáï ć ŋěłőâőàőň, ğăàăŋěě ŋěĺğćěáâŋőň, íääěłâĺćŋőň ćŋěèŋěň ŕőńě. İâő íääěłâĺćŋőě (áăňőáőčńăáőćăŋŋőě) ŕőńě ćëąĺàăěâáï âăł, çâőąë ŋăĺńãçèĺň (áăňőáőčńăáőćăŋŋëň) őąàăğőň ăŕŕàőłáĺňĺàőćăâì áőáâőïŋĺï àěăńìŋőľ áĺáâěňë φ^±_{EN} áãňňőľ áőőâćěâáâćěŋŋő áĺňňěâàĺğőćăŋŋëå ŕàőĺğćěďěŋĺľ őďŋőçăáâĺçŋëå ćőńŋőćëå äãŋłæĺľ ć íâőň ćŋěèŋěň ŕőńě. Š.ě. ćňěáâő áńőęŋőčő čăňĺńìâőŋĺăŋă, ŋăŕàĺňěà, ŕăàŋőčő ćğăĺňőďěľáâćĺï ćáěå N çăáâĺæ ďàãč á ďàãčőň àăááňăâàĺćăěâáï “ăŕŕàőłáĺňĺàãîéĺľ” čăňĺńìâőŋĺăŋ ŋěłőâőàőľ ĺďěăńìŋőľ áĺáâěňë âĺŕă (8.5), łăł áãňňă N őďĺŋăłőćëå íääěłâĺćŋëå ãáàěďŋěŋĺľ ^H_a ŕőńŋőčő őŕěàăâőàă Čăňĺńìâőŋă ŕő áőáâőïŋĺïň N − 1 çăáâĺæë.

Őąàăéăïáì ďăńěě ł àăááňőâàěŋĺî äěàňĺ – áĺáâěň á čăňĺńìâőŋĺăŋőň:

^H_N =^{N∑}_{a=1}^^h(a) + 1 2 N∑ 1=a N∑ ≠b=1

^W(a, b),^^h(a) = p^2_a 2m + u_0(x_a), (16.1)

ćő ćŋěèŋěň ŕőńě u_0(x), ŕàěďŕőńőęĺň, çâő, ńĺąő ćğăĺňőďěľáâćĺě ć áĺáâěňě ďăńìŋőďěľáâćãîéěě (łãńőŋőćáłĺě áĺáâěňë íńěłâàőŋőć ć ňěâăńńě,

—189— ć âïęěńëå ăâőňăå ĺńĺ ć ŕńăğňě), ńĺąő çâő ĺå ŕńőâŋőáâì ďőáâăâőçŋő ćëáőłă (ăâőňŋőě ïďàő, ęĺďłĺľ^3He). Ć őąőĺå áńãçăïå łăęďăï ďăŋŋăï a-ï çăáâĺæă őďŋőćàěňěŋŋő ŕőďćěàčăěâáï ćőğďěľáâćĺî ąőńìèőčő çĺáńă ďàãčĺå çăáâĺæ, ŕőćěďěŋĺě łőâőàëå, ć áćőî őçěàěďì, őŕàěďěńïěâáï ćğăĺňőďěľáâćĺěň áő ćáěňĺ őáâăńìŋëňĺ çăáâĺæăňĺ, ćłńîçăï ďăŋŋãî. Ć íâĺå ãáńőćĺïå őâŋőáĺâěńìŋőě ćńĺïŋĺě ńîąőľ őâďěńìŋőľ çăáâĺæë ŋă ďăŋŋãî aî ŋě ćěńĺłő ĺ ăŋăńőčĺçŋő čĺŕőâěğě “áàěďŋěčő ŕőńï” (14.81), (15.6) ňőęŋő áçĺâăâì, çâő łăęďăï ĺğ ŋĺå ďćĺęěâáï ć ŋěłőâőàőň áăňőáőčńăáőćăŋŋőň íääěłâĺćŋőň ćŋěèŋěň ŕőńě^~U(x_a). Šăł çâő ŋőćëľ íääěłâĺćŋëľ čăňĺńìâőŋĺăŋ ãęě áćőďĺâáï ł áãňňě őďŋőçăáâĺçŋëå čăňĺńìâőŋĺăŋőć^^H_a:

^H_N −→^~H =⇒^{N∑}_{a=1}^^H_a,^^H_a =^^h(a) +^~U(x_a), čďě ďăńěě: x_a ⇐⇒ a. (16.2) Ćőńŋőćăï äãŋłæĺï őáŋőćŋőčő áőáâőïŋĺï N- íńěłâàőŋŋőľ áĺáâěňë ĺňěěâ ćĺď ďěâěàňĺŋăŋâă Śńěľâěàă (8.22), ŕőáâàőěŋŋőčő ĺğ áőőâćěâáâćãîéĺå őďŋőíńěłâàőŋŋëå äãŋłæĺľ ψ_λ(x) = ⟨x|λ⟩, őąàăğãîéĺå ŕőńŋãî őàâőŋőàňĺàőćăŋŋãî áĺáâěňã, őďĺŋăłőćãî, őçěćĺďŋő, ďńï ćáěå^^H_a (áà. (8.6), (8.7)):

^H_aψ_λ(x_a) = ε_λψ_λ(x_a), ⟨ψ_λ|ψ_γ ⟩ = δ_{λγ} ,^∑_λ |ψ_λ⟩⟨ψ_λ| =^^I_1, (16.3) φ^−_{EN} (1, . . . , N) = 1 √ N! N∑ k_1=1 · · ·^{N∑}_k N =1 ϵ_{k1···kN} ψ_{λk1} (1) · · · ψ_{λkN} (N), (16.4) İŋěàčĺĺ E^0_N őáŋőćŋőčő áőáâőïŋĺï őâćěçăěâ áãňňĺàőćăŋĺě âőńìłő ŕő ğăŋïâëň N ŋĺğèĺň áőáâőïŋĺïň λ_k, k = 1 ÷ N, á ε_λ ≥ 0, n_λ =⇒ θ(ε_F − ε_λ):

E = E[n_λ] =^∑_λ ε_λn_λ ⇒^{N∑}_{k=1} ε_{λk} = E^0_N , N [n_λ] =^∑_λ n_λ ⇒^{N∑}_{k=1} 1 = N. (16.5) Ŕőáâàőěŋĺě áăňőáőčńăáőćăŋŋőčő ŕőńï Ţăàâàĺ-Ťőłă ŋăçŋěň á ćëçĺáńěŋĺï áàěďŋěčő ğŋăçěŋĺï âőçŋőčő čăňĺńìâőŋĺăŋă (16.1) ŕő “ŕàőąŋëň” ćőńŋőćëň äãŋłæĺïň (16.4) = (8.22), ĺáŕőńìğãï àěğãńìâăâë (8.75)–(8.79) ńěłæĺĺ 8: ⟨ φ^−_{EN}^|^^H_N^| φ^−_{EN}^⟩ =⇒ F [ψ_λ] ≡ 1 N! N∑ k_1=1 · · ·^{N∑}_k N =1 ·^{N∑}_{j1=1}· · ·^{N∑}_{jN =1} ϵ_{k1···kN} ϵ_{j1···jN} · (16.6) · ⟨ ψ_{λk1} (1) · · · ψ_{λkN} (N) | | | | | N∑ a=1 ^h(a) + 1 2 N∑ 1=a N∑ ≠b=1

^W(a, b) | | | | | ψ_{λj1} (1) · · · ψ_{λjN} (N) ⟩ = =^{N∑}_{k=1}⟨λ_k|^^h|λ_k⟩ + 1 2 N∑ k=1 N∑ r=1 [ ⟨λ_k, λ_r|^^W|λ_k, λ_r⟩ − ⟨λ_k, λ_r|^^W|λ_r, λ_k⟩^] (16.7) =⇒^∑_λ n_λ⟨λ|^^h|λ⟩ + 1 2 ∑ λ ∑ γ n_λn_γ^[⟨λ, γ|^^W|λ, γ⟩ − ⟨λ, γ|^^W|γ, λ⟩^] , (16.8) čďě ŕőď 2N- łàăâŋëňĺ áãňňăňĺ (16.6) ŕő łćăŋâőćëň çĺáńăň λ_{ka} ĺ λ_{jb} :

—190— N∑ a=1 ⟨λ_{ka} |^^h(a)|λ_{ka}⟩ =⇒ N⟨λ_{k1} |^^h|λ_{k1}⟩,^{N∑}_{a=1} 1 = N, ψ_{λka} (a) ⇒ |λ_{ka}⟩, N∑ 1=a N∑ ≠b=1 ⟨λ_{ka} , λ_{kb} |^^W|λ_{ka/b}, λ_{kb/a} ⟩ =⇒ N(N − 1)⟨λ_{k1} , λ_{k2} |^^W|λ_{k1/2}, λ_{k2/1}⟩, ⟨λ|^^h|γ⟩ = ∫ d^31 ψ^∗_λ(1)^^h(1) ψ_γ (1),^{N∑}_{1=a}^{N∑}_{≠b=1} 1 = N(N − 1), (16.9) ⟨λ, γ|^^W|ζ, ν⟩ = ∫ d^31 ∫ d^32 ψ^∗_λ(1)ψ^∗_γ(2)^^W(1, 2) ψ_ζ (1)ψ_ν(2). (16.10) Š.ě. áőčńăáŋő (8.75), áãňňë ŕő N őďĺŋăłőćëň “a”-âëň äěàňĺ-çăáâĺæăň âàăŋáäőàňĺàőćăńĺáì ć áãňňë ŕő ğăŋïâëň ĺňĺ N őďŋőçăáâĺçŋëň áőáâőïŋĺïň (8.76), (8.77), őŕàěďěńïěňëň çĺáńăňĺ ğăŕőńŋěŋĺï n_λ íâĺå áőáâőïŋĺľ.

Ćőáŕőńìğãěňáï âěŕěàì ćăàĺăæĺőŋŋëň ŕàĺŋæĺŕőň łćăŋâőćőľ ňěåăŋĺłĺ, áőčńăáŋő łőâőàőňã âőçŋőě àěèěŋĺě ãàăćŋěŋĺï Ÿàěďĺŋčěàă ďńï őáŋőćŋőčő áőáâőïŋĺï E^0_N :^^H_N |Φ^0_N ⟩ = E^0_N |Φ^0_N ⟩, íłćĺćăńěŋâŋő ňĺŋĺňĺğăæĺĺ äãŋłæĺőŋăńă F[Φ^0_N ] ≡ ⟨Φ^0_N |^^H_N |Φ^0_N ⟩, ŕàĺ ěďĺŋáâćěŋŋőň ãáńőćĺĺ ⟨Φ^0_N |Φ^0_N ⟩ = 1.

Śńěďãîéěě áőáâőïŋĺě ďăěâ ňĺŋĺňĺğăæĺï âőčő ęě äãŋłæĺőŋăńă F[Φ^1_N ] ŋă ćěłâőàăå Φ^1_N , ãďőćńěâćőàïîéĺå ãęě ďćãň ãáńőćĺïň: ⟨Φ^1_N |Φ^1_N ⟩ = 1 ĺ ⟨Φ^0_N |Φ^1_N ⟩ = 0, ĺ â.ď.

Ŋă “ŕàőąŋëå äãŋłæĺïå” (16.4) ŕàĺąńĺęěŋĺï Ţăàâàĺ-Ťőłă íâőâ äãŋłæĺőŋăń ğăňěŋïěâáï ŕàĺąńĺęěŋŋëň äãŋłæĺőŋăńőň F [ψ_λ] (16.6)–(16.10). Šăł łăł àěğãńìâĺàãîéěě áăňőáőčńăáőćăŋŋőě ŕőńě, ć łőŋěçŋőň áçěâě, ňőęěâ ąëâì àăğŋëň ďńï àăğŋëå áőáâőïŋĺľ ψ_λ, őŋĺ ŋě ïćńïîâáï ąőńěě ăćâőňăâĺçěáłĺ őàâőčőŋăńìŋëňĺ, ĺ ŋěőąåőďĺňő ďőŕőńŋĺâěńìŋő ŋăńőęĺâì N +C^2_N = N(N + 1)/2 ãáńőćĺľ őàâőŋőàňĺàőćăŋŋőáâĺ ĺğ (16.3), ă ćňěáâő őďŋőčő ŋěőŕàěďěńěŋŋőčő ňŋőęĺâěńï Ńăčàăŋęă E^0_N âőçŋőľ ğăďăçĺ, ććěáâĺ áâőńìłő ęě ŋěğăćĺáĺňëå ńăčàăŋęěćëå ŕăàăňěâàőć ŕàĺąńĺęěŋŋőľ ğăďăçĺ, łăł íńěňěŋâőć áőőâćěâáâćãîéěľ áĺňňěâàĺçŋőľ ňăâàĺæë ε_{λγ} = ε_{γλ}, γ ≤ λ:

0 = δ^{F[Φ^0_N ] − E^0_N ⟨Φ^0_N |Φ^0_N ⟩^} → δ F [ψ_λ]−^∑_{γ≤λ} n_λn_γ ε_{γλ}⟨ψ_λ|ψ_γ ⟩ = 0. (16.11)

Ďńï ŋěğăćĺáĺňőľ őâ ψ_λ ćăàĺăæĺĺ (16.11) ŕő δψ^∗_λ, ĺğ (16.9), (16.10) ĺňěěň: δ_ψ∗_λ ⟨γ|^^h|ν⟩ = δ_{λγ} ∫ d^31 δψ^∗_λ(1)^^h(1) ψ_ν(1); ă ĺğ^^W(1, 2) =^^W(2, 1) : (16.12) δ_ψ∗_λ ⟨μ, γ|^^W|ζ, ν⟩ = ∫ d^31 δψ^∗_λ(1) [ δ_{λμ}w_{γν} (1)ψ_ζ (1) + δ_{λγ} w_{μζ} (1)ψ_ν(1) ] , (16.13) w_{γν} (1) = ∫ d^32 ψ^∗_γ (2)^^W(1, 2) ψ_ν(2), çâő ŕőď^∑_λ n_λδψ^∗_λ(1) ďăěâ : (16.14)

^h(1)ψ_λ(1) +^∑_γ { n_γ [ w_{γγ} (1)ψ_λ(1) − w_{γλ}(1)ψ_γ (1) ] − n_γ ε_{γλ}ψ_γ (1) } = 0, (16.15) áĺáâěňã ŋěńĺŋěľŋëå ĺŋâěčàőďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ Ţăàâàĺ-Ťőłă.

—191— Ěáńĺ ŕàěŋěąàěçì őąňěŋŋëň ćłńăďőň ćâőàőčő çńěŋă w_{γλ}(1) áãňňë ŕő γ (16.15) ŕàĺ γ ≠ λ ĺ ŋěőàâőčőŋăńìŋőáâìî äãŋłæĺľ ψ_λ, őáâăćĺć ć âàěâìěň çńěŋě íâőľ áãňňë ńĺèì ãáńőćĺě ĺå ŋőàňĺàőćłĺ: n_γ ε_{γλ} →^~ε_{(λ)}δ_{γλ}, âő ŕàĺďěň ł őďŋőçăáâĺçŋőňã ãàăćŋěŋĺî Ţăàâàĺ (16.3) á őďŋőçăáâĺçŋëň ęě čăňĺńìâőŋĺăŋőň (16.2), ŋő á ğăćĺáïéĺň őâ λ íääěłâĺćŋëň ŕőâěŋæĺăńőň: ~U(1) ⇒^~U_λ(1) =^∑_{γ≠λ}n_γ w_{γγ} (1), â.ł. ćłńăď á γ = λ ćáě ęě ĺáçěğăěâ. (16.16)

Řěèěŋĺě ć őąőĺå áńãçăïå ĺéěâáï ĺâěàăæĺïňĺ: ŕőďáâăŋőćłă ŕàěďëďãéěľ ĺâěàăæĺĺ àěèěŋĺľ ďńï ψ_λ ć (16.14) ĺ (16.16) őŕàěďěńïěâ “ŕőâěŋæĺăńë”, á łőâőàëňĺ àěèăîâáï ãęě ńĺŋěľŋëě ãàăćŋěŋĺï (16.15) ĺńĺ (16.3), (16.2) ďńï áńěďãîéěľ ĺâěàăæĺĺ ψ_λ. Ňŋőęĺâěńĺ Ńăčàăŋęă ε_{γλ} őŕàěďěńïîâáï ğăâěň ěě ŕőďáâăŋőćłőľ ć N(N + 1)/2 (ĺńĺ N) ãáńőćĺľ őàâőŋőňĺàőćăŋŋőáâĺ ĺğ (16.3). Ŕàőæěáá ŕàőďőńęăěâáï ďő âěå ŕőà, ŕőłă ĺâěàăæĺĺ ψ_λ ŋě ŕěàěáâăŋãâ ğăňěâŋő ňěŋïâìáï, çâő ğăćĺáĺâ őâ âőçŋőáâĺ “ŋãńěćőľ” ĺâěàăæĺĺ.

Ŋěáňőâàï ŋă áńőęŋőáâì áĺáâěňë (16.15), őŋă ďőŕãáłăěâ ćőğňőęŋőáâì âőçŋőčő àěèěŋĺï [33]. Ŕãáâì ćŋěèŋěě ŕőńě u_0(x) áćőďĺâáï ł áâěŋłăň (6.38) ^u(x) “ïéĺłă” őąêěňőň V čďě ŋăåőďïâáï íńěłâàőŋë, âőčďă ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï ŕàĺ^^W(1, 2) =⇒ 0 őďŋőçăáâĺçŋăï ćőńŋőćăï äãŋłæĺï:

ψ_λ(x) → ψ_{k,σ}(x) = e^{i(kx)} √ V χ_σ, ěáâì ŕńőáłăï ćőńŋă: |λ⟩ → |k, σ⟩, (16.17)

á ĺňŕãńìáőň: p = h̄k, ĺ íŋěàčĺěľ: ε_λ =⇒ ε_{kσ} = h̄^2k^2/2m. (16.18) Ćğïć ĺå ŋěŕőáàěďáâćěŋŋő ć łăçěáâćě ŕàőąŋőčő ŋăąőàă őďŋőçăáâĺçŋëå ćőńŋőćëå äãŋłæĺľ ψ_λ(x) (16.3), (16.4) ďńï ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ łćăŋâőćőľ áĺáâěňë (15.26) á ŕăàŋëň ćğăĺňőďěľáâćĺěň, â.ł. ďńï ŋĺå:

^W(1, 2)=⇒W (x_1 − x_2), f(q) = ∫ d^3x W (x) e^{−i(qx)}, âő ĺňěěň: w_{γλ}(1) = = w_{ρτ,kσ}(x) = ⟨χ_τ |χ_σ⟩ ∫ d^3y e^{−i(ρy)} √ V W (x − y) e^{i(ky)} √ V = δ_{τ σ} e^{i(x,k−ρ)} V f(k − ρ). Őâáîďă, ďńï ŕńőâŋőáâĺ n ĺ őâďěńìŋëå áãňň ć (16.15) á çĺáńăňĺ ğăŕőńŋěŋĺï n_λ =⇒ n_{kσ}, n_γ =⇒ n_{ρτ} , á ãçěâőň (16.5), (16.17) ŋăåőďĺň (áà. (15.22)): ∑ γ n_γ w_{γγ} (1)ψ_λ(1) =⇒ ψ_{k,σ}(x) 1 V ∑ ρ,τ n_{ρτ} f(0) = ψ_{k,σ}(x) n f(0), (16.19) ∑ γ n_γ w_{γλ}(1)ψ_γ (1) =⇒^∑_{ρ,τ} n_{ρτ} δ_{τ σ} e^{i(x,k−ρ)} V f(k − ρ) χ_τ e^{i(ρx)} √ V = = ψ_{k,σ}(x) 1 V ∑ ρ n_{ρσ}f(k − ρ), ŕàĺ n ≡^∑_γ n_γ |ψ_γ|^2 =^∑_γ n_γ V = N V . (16.20)

—192— Ŕőáłőńìłã áĺáâěňă ŕàőąŋëå äãŋłæĺľ (16.17) ãęě őàâőŋőàňĺàőćăŋă, âő ć áőőâćěâáâćĺĺ á (16.11): n_γ ε_{γλ} →^~ε_{(λ)}δ_{γλ}, ĺ ŕőďáâăŋőćłă ćáěčő íâőčő ć (16.15) ďăěâ ŋőćëě áőąáâćěŋŋëě ğŋăçěŋĺï őďŋőçăáâĺçŋőľ íŋěàčĺĺ ďńï őďŋőçăáâĺçŋëå áőáâőïŋĺľ (16.17) á âěň ęě áŕĺŋőň ĺ ĺňŕãńìáőň (16.18):

~ε_{(λ)} =⇒^~ε_{kσ} = h̄^2k^2 2m + nf(0) − 1 V ∑ ρ n_{ρσ}f(k − ρ). (16.21)

Ŋěĺğňěŋŋőáâì ćőńŋőćëå äãŋłæĺľ ψ_{k,σ}(x) ĺ Ťãàìě-őąàăğ f(k−ρ) ŕőâěŋæĺăńă ŕăàŋőčő ćğăĺňőďěľáâćĺï ãłăğëćăîâ ŋă 1-ľ ŕőàïďőł áőőâćěâáâćãîéěľ âěőàĺĺ ćőğňãéěŋĺľ. Ŋő ďńï łőŋěçŋëå áĺáâěň áőáâăćńïîéĺě ĺå ć íâőň ŕàĺąńĺęěŋĺĺ ŋěğăćĺáĺňëě łćăğĺçăáâĺæë áãâì âőçŋëě àěèěŋĺï (16.17), áãéěáâćěŋŋő őâńĺçăîéĺěáï őâ “ğăâàăćőçŋëå” çăáâĺæ ĺďěăńìŋőčő äěàňĺčăğă (16.18) ğăłőŋőň ďĺáŕěàáĺĺ: ε_{kσ} −→^~ε_{kσ} (16.21) ĺ őâłńĺłőň ŋă ćŋěèŋěě ŕőńě. Ćłńăď nf(0) (16.19) őâćěçăěâ ćĺàâãăńìŋőňã àăááěïŋĺî ćŕěàěď ŋă “àăğňăğăŋŋőň” ŕő ćáěňã őąêěňã V àăáŕàěďěńěŋĺĺ ğăàïďă ćáěľ áäěàë Ťěàňĺ łăł æěńőčő, ąěğ ŕěàěďăçĺ ěňã ĺňŕãńìáă – “ąěğ őâďăçĺ”. Őďŋăłő, ďńï ďăńìŋőďěľáâćãîéěčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ğăàïďőć^1:

^W(1, 2) =⇒ W (x_1 − x_2) =⇒ e^2 |x_1 − x_2|

, (16.22)

âăłăï áĺáâěňă ąãďěâ ãáâőľçĺćă âőńìłő ŕàĺ ććěďěŋĺĺ łőňŕěŋáĺàãîéěčő äőŋă ŕőńőęĺâěńìŋőčő ğăàïďă. Ěáńĺ, ŋě ĺŋâěàěáãïáì íääěłâăňĺ łàĺáâăńńĺçěáłőľ àěèěâłĺ, áçĺâăâì ěčő àăćŋőňěàŋő łăł ć ŕńăğňě àăğňăğăŋŋëň ŕő ćáěňã őąêěňã V á âőľ ęě, łăł őçěćĺďŋő âőčďă, ŕőáâőïŋŋőľ ŕńőâŋőáâìî n, âő àăááěïŋĺě ŋă ŋěň ďăáâ ć íŋěàčĺî (16.21) ěéě ć âőçŋőáâĺ âăłőľ ęě ćłńăď á ŕàőâĺćőŕőńőęŋëň ğŋăłőň: (−1)nf(0). Ć ĺâőčě ć ćëàăęěŋĺĺ ďńï ŋěě őáâăěâáï, łàőňě ŕěàćőčő, ńĺèì ŕőáńěďŋĺľ ćłńăď (16.20), őŕĺáëćăîéĺľ àăááěïŋĺě íńěłâàőŋă ĺğćŋě áäěàë Ťěàňĺ ŋă őâďěńìŋőň íńěłâàőŋě ćŋãâàĺ áäěàë Ťěàňĺ á ŕěàěďăçěľ ěňã ĺňŕãńìáă q = k − ρ ć âőň ęě áŕĺŋőćőň áőáâőïŋĺĺ χ_σ ĺ ğăňěŋőľ ĺå ňěáâăňĺ, â.ě. őąňěŋŋëľ ćłńăď: p = h̄ρ, ~ε_{kσ} =⇒ h̄^2k^2 2m − 1 V ∑ ρ n_{ρσ}f(k − ρ) =⇒ h̄^2k^2 2m − 4πe^2 V ∑ ρ n_{ρσ} |k − ρ|^2 , (16.23)

ĺ ŕàĺ n_{ρσ} = θ(p_F − p), κ_F = p_F h̄ , n =⇒ 2 p_F∫ d3p (2πh̄)^3 ≡ κ^3_F 3π^2

, (16.24)

ŋăåőďĺň: Π_{kσ} ≡ 1 V ∑ ρ n_{ρσ} |k − ρ|^2 =⇒ ∫ d^3ρ (2π)^3 θ(κ^2_F − ρ^2) [ρ^2 + k^2 − 2(k · ρ)] = 1Ć áĺńã ŚŊČ ε_p ∼ n^{2/3} ŕàĺ |W | ∼ n^{1/3}. Š.ě. çěň łãńőŋőćáłĺľ čăğ ŕńőâŋěě, âěň őŋ áćőąőďŋěě.

—193—

= 2π κ_F∫

0 ρ^2dρ (2π)^3 1∫

−1 dc [ρ^2 + k^2 − 2kρc] = 2π (2π)^3k κ_F∫

0 ρdρ ln | | | | | k + ρ k − ρ | | | | | , őâłãďă:

~ε_{kσ} = h̄^2k^2 2m − 4πe^2Π_{kσ} , Π_{kσ} = κ_F (2π)^2 1 + κ^2_F − k^2 2κ_F k ln | | | | | k + κ_F k − κ_F | | | | | . (16.25)

İâĺ ćëàăęěŋĺï ŕàĺčőďŋë łăł ŕàĺ k ≥ κ_F , âăł ĺ ŕàĺ k < κ_F . Ďńï ďőąăćłĺ ł U_0 (13.10), â.ě. ŕőńŋőľ őąňěŋŋőľ (ãçâĺ 1/2) íŋěàčĺĺ ćëàőęďěŋŋőčő łãńőŋőćáłőčő čăğă ŕàĺ ŋăńĺçĺĺ łőňŕěŋáĺàãîéěčő äőŋă ĺğ (16.25) ŋăåőďĺň:

E_{őąň} ≡ 1 2 ∑ k,σ n_{kσ}^(−4πe^2Π_{kσ}^) ≡ − 4πe^2 2V ∑ k,σ ∑ ρ n_{kσ}n_{ρσ} |k − ρ|^2 =⇒ (16.26) =⇒ −V 4πe^2 ∫ d^3k

(2π)^3 ∫ d^3ρ (2π)^3 θ(κ^2_F − k^2)θ(κ^2_F − ρ^2) |k − ρ|^2 . (16.27)

Ŕàőéě, őďŋăłő, ŕàőćěáâĺ ŕàïňőě ćëçĺáńěŋĺě íâőčő ĺŋâěčàăńă, ŕőńăčăï:

k = z + q 2 , ρ = z − q 2 , ŕàĺ d^3k d^3ρ = d^3q d^3z, κ_F = (3π^2n)^{1/3}, (16.28)

â.ě. =⇒− V 4πe^2 (2π)^6

∫ d^3q

q^2 ∫ d^3z θ κ^2_F − ( z + q 2 )2 θ κ^2_F − ( z − q 2 )2 . (16.29)

Ĺŋâěčàăń ŕő d^3z → F(q^2) ŕàĺ äĺłáĺàőćăŋŋőň q ěáâì őąêěň ŕěàěáěçěŋĺï ďćãå èăàőć àăďĺãáă κ_F àăğŋěáěŋŋëå ŋă àăááâőïŋĺě q ňěęďã æěŋâàăňĺ – łăł őąêěň ďćãå áäěàĺçěáłĺå áěčňěŋâőć ćëáőâë ξ čďě q/2 ≡ h ≤ ξ ≤ κ_F :

E_{őąň} = − V 4πe^2 (2π)^6 · 4π · 2 κ_F∫

0 dh · 2 κ_F∫

h dξπ(κ^2_F − ξ^2) = ((Řĺá.16.1), (Řĺá.16.2))

= − V e^2 π^3 κ_F∫

0 dξ(κ^2_F − ξ^2) ξ∫

0 dh = − V e^2 4π^3 κ^4_F = − 3 4π Ne^2κ_F . (16.30)

Ťőàňãńă (16.30) őŕàěďěńïěâ âăłęě őąňěŋŋãî íŋěàčĺî ćëàőęďěŋŋőľ íńěłâàőŋŋőľ ŕńăğňë áâőńì ŋĺğłőľ âěňŕěàăâãàë, çâő ěě íńěłâàőŋŋăï łőňŕőŋěŋâă ãęě ŕőńŋőáâìî ćëàőęďěŋă, ă ĺőŋŋăï – ěéě ŋěâ. Ğăňěŋĺć ć (16.26), (16.27) äěàňĺ-áâãŕěŋìłĺ çĺáěń ğăŕőńŋěŋĺï n_{kσ} (16.24) àăáŕàěďěńěŋĺïňĺ Ťěàňĺ ≪n(ε_k)≫ (13.2) ŕàĺ âěňŕěàăâãàě T á ãçěâőň âěőàěňë Ŕăãńĺ ŕãâěň ďĺääěàěŋæĺàőćăŋĺï (16.1) ĺ E_{őąň} (16.27) ŕő ğăàïďã e^2 ([6] §80): ( ∂J ∂e^2 ) T,V,μ = ⟨⟨ ∂H ∂e^2 ⟩⟩ ⇒ 1 e^2 ⟨⟨ ∑ a<b ^W ⟩⟩ , ãąěďĺňáï, çâő: − E_{őąň} ⇒ (16.31) ⇒ V 4πe^2 ∫ d^3k

(2π)^3 ∫ d^3ρ (2π)^3 ≪n(ε_k)≫≪n(ε_ρ)≫ |k − ρ|^2 = −J_{őąň}(T, V, μ) = P_{őąň}V.

—194— Š.ě. ďńï áńăąőŋěĺďăńìŋőľ ćëàőęďěŋŋőľ ŕńăğňë ĺňěŋŋő őąňěŋŋăï íŋěàčĺï ďăěâ őáŋőćŋőľ ćłńăď ć ŕőŕàăćłĺ ł ąőńìèőňã ŕőâěŋæĺăńã ĺ âěàňőďĺŋăňĺçěáłĺň ćěńĺçĺŋăň ĺďěăńìŋőčő äěàňĺ-čăğă. Ŋăŕàĺňěà, őâàĺæăâěńìŋăï ćěńĺçĺŋă őąňěŋŋőľ íŋěàčĺĺ ďěńăěâ ćëčőďŋőľ ŕăàăńńěńìŋãî őàĺěŋâăæĺî íńěłâàőŋŋëå áŕĺŋőć, çâő ŕàĺćőďĺâ ł àőáâã ŕăàăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ íńěłâàőŋŋőčő čăğă (14.25) ĺ őâłàëćăěâ ćőğňőęŋőáâì ŕěàěåőďă ć äěààőňăčŋĺâŋőě áőáâőïŋĺě (14.75) [49]: χ_T = χ^0_T [1 + 2E_{őąň}/(3Nε_F )]^{−1}, â.ě. χ_T > χ^0_T - ćőáŕàĺĺňçĺćőáâĺ ĺďěăńìŋőčő čăğă (14.28), â.ł. E_{őąň} < 0.

2 Śâăâĺáâĺçěáłăï ňőďěńì Šőňăáă-Ťěàňĺ

Ĺâăł âàăŋáńïæĺőŋŋăï áĺňňěâàĺï (16.22) ŋăłńăďëćăěâ ćěáìňă ęěáâłĺě őčàăŋĺçěŋĺï ŋă àěèěŋĺï ãàăćŋěŋĺľ Ţăàâàĺ-Ťőłă (16.15). Ć âïęěńëå ęě ăâőňăå ĺ ĺőŋăå, ĺńĺ ďńï ćŋěáěŋŋőčő ć ŋěľâàăńìŋãî ŕńăğňã ŕàőąŋőčő ğăàïďă ŋăńĺçĺě ćëďěńěŋŋőčő æěŋâàă, ãáâàăŋïï âàăŋáńïæĺőŋŋãî ĺŋćăàĺăŋâŋőáâì, ŕőğćőńïěâ àăáçĺâëćăâì ńĺèì ŋă áäěàĺçěáłãî áĺňňěâàĺî ğăďăçĺ.

Ěáńĺ äěàňĺ-áĺáâěňă áőáâőĺâ ĺğ ďőáâăâőçŋő ąőńìèőčő çĺáńă çăáâĺæ âő ŕőďăćńïîéăï ĺå çăáâì, ŋăŕàĺňěà, ć ăâőňě, ŋăåőďĺâáï ć áćïğăŋŋëå áőáâőïŋĺïå á ćëáőłĺňĺ łćăŋâőćëňĺ çĺáńăňĺ, ĺňěï őçěŋì ňăńëě ďńĺŋë ćőńŋ ć ňăáèâăąăå ĺğňěŋěŋĺï ŕőâěŋæĺăńă, â.ě. ďőńęŋă åőàőèő őŕĺáëćăâìáï łćăğĺłńăááĺçěáłĺ. Ŕőíâőňã ňőęŋő ŋě ãçĺâëćăâì ć (16.15) ćłńăď őąňěŋŋőčő ćğăĺňőďěľáâćĺï őčàăŋĺçĺćèĺáì ãàăćŋěŋĺěň Ţăàâàĺ (16.2), (16.3) á áăňőáőčńăáőćăŋŋëň ŕőâěŋæĺăńőň (16.16), čďě ćňěáâő ŕőáâőïŋŋëå ŕńőâŋőáâĺ n (16.20) ĺ ŕőâěŋæĺăńă ć (16.19), áőčńăáŋő (16.14), (16.22), âěŕěàì ĺňěěň ć ŋĺå ãąëćăîéĺě á àăááâőïŋĺěň r = |x| ćőńŋőćëě äãŋłæĺĺ áćïğăŋŋëå áőáâőïŋĺľ, “őęĺćńïîéĺě” ĺ áăň ŕőâěŋæĺăń (16.16):

n(x) =^∑_γ n_γ |ψ_γ (x)|^2,^~U(x)= ∫ d^3y^^W(x, y)n(y)⇒ e^2 ∫ d^3y n(y) |x − y| , (16.32)

U(x) ≡ u_0(x) +^~U(x) ≡ − Ze^2 r + e^2 ∫ d^3y n(y) |x − y| , (16.33)

őâłãďă: ∇^2U(x) =⇒ 4πe^2 ( Zδ_3(x) − n(x) ) , U(∞) = 0. (16.34)

İâő ŕőğćőńïěâ ŕàĺďăâì ĺďěě áăňőáőčńăáőćăŋŋőčő ŕőńï^~U(x) őáőąãî äőàňã ňěâőďă Šőňăáă-Ťěàňĺ, ěáńĺ ĺŋâěàěáőćăâìáï ŋě ďěâăńïňĺ, ŋăŕàĺňěà őąőńőçěçŋőľ áâàãłâãàë, ă ńĺèì ãáàěďŋěŋŋëňĺ åăàăłâěàĺáâĺłăňĺ, ğăćĺáïéĺňĺ őâ áàěďŋěľ ŕńőâŋőáâĺ íńěłâàőŋőć n(x), łőâőàăï ďőáâăâőçŋő ćěńĺłă ćáîďã, łàőňě łàăľŋěľ ŕěàĺäěàĺçěáłőľ őąńăáâĺ ăâőňă (ĺőŋă).

—195— Ěáńĺ áçĺâăâì ŕőâěŋæĺăń (16.33) ŕńăćŋőľ (ĺ ďăńěě, áäěàĺçěáłĺ áĺňňěâàĺçŋőľ) äãŋłæĺěľ U(r), âő łćăğĺłńăááĺçěáłĺľ åăàăłâěà ďćĺęěŋĺï íńěłâàőŋőć őğŋăçăěâ, çâő őąêěň ăâőňă ňőęŋő àăğąĺâì ŋă ňĂłàőáłőŕĺçěáłĺ ňăńëě ïçěľłĺ, ćŋãâàĺ łăęďőľ ĺğ łőâőàëå íńěłâàőŋë ĺňěîâ áćőľ łćăğĺłńăááĺçěáłĺľ äĺłáĺàőćăŋŋëľ ńőłăńìŋëľ ĺňŕãńìá p_F (r). Ăŋăńőčĺçŋő ïéĺłã á ŕńőáłĺň ďŋőň (16.24), ć łăęďőľ ĺğ ŋĺå, ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň Ŕăãńĺ, ãáâăŋăćńĺćăěâáï âőčďă áćőě ńőłăńìŋőě àăáŕàěďěńěŋĺě Ťěàňĺ (T = 0) á ńőłăńìŋőľ ŕńőâŋőáâìî n(r), ŋő á ěďĺŋőľ ďńï ćáěå ïçěěł čàăŋĺçŋőľ íŋěàčĺěľ Ťěàňĺ ε_F , â.ł. ğăćĺáĺňőáâì ε_F őâ r ŕàĺćěńă ąë ł ŕěàěâěłăŋĺî “íńěłâàőŋŋőľ ęĺďłőáâĺ” ć őąńăáâì ěě ňĺŋĺňãňă, çâő ŕàőâĺćőàěçĺâ áâăæĺőŋăàŋőáâĺ áőáâőïŋĺï ăâőňă ć âăłőľ “łăŕěńìŋőľ” ěčő ňőďěńĺ:

ε_F = p^2_F (r) 2m + U(r), (16.35) n(r) ≡ 2 p_F (r)∫ d^3p (2πh̄)^3 ≡ p^3_F (r) 3π^2h̄^3 =⇒ (2m)^{3/2} 3π^2h̄^3 ( ε_F − U(r) )3/2 . (16.36)

Ŕőďáâăćńïï íâő ć ãàăćŋěŋĺě Ŕãăááőŋă (16.34) ŕàĺďěň ł ŋěńĺŋěľŋőňã ãàăćŋěŋĺî áăňőáőčńăáőćăŋĺï ďńï ŕőâěŋæĺăńă U(r) (ŋěâ ŕàĺŋæĺŕă áãŕěàŕőğĺæĺĺ):

∇^2U(x) = 4πe^2Zδ_3(x) −

4e^2(2m)^{3/2} 3πh̄^3 ( ε_F − U(r) )3/2 . (16.37)

Ďěńìâă äãŋłæĺî ć ŕàăćőľ çăáâĺ ğďěáì ňőęŋő àěďãæĺàőćăâì ć čàăŋĺçŋőě ãáńőćĺě χ(x(r))→1, ŕàĺ r → 0, ďńï ąěğàăğňěàŋőľ äãŋłæĺĺ χ(x), ŕőńăčăï:

p^2_F (r) 2m = ( ε_F − U(r) ) ≡ Ze^2 r χ(x(r)), ďńï łőâőàőľ, ŕàĺ r ≠ 0 : (16.38) − 1 r ∂^2_r ( rU(r) ) = 4πe^2n(r) =⇒ Ze^2 r d^2χ dr^2 = 4e^2 3π 2m h̄^2 Ze^2 r χ 3/2 , (16.39)

ĺńĺ, ďńï b =

2^{7/3} (3π)^{2/3}

, a_B = h̄^2 me^2 : d^2χ dr^2 = ( Z r )1/2 [ b χ a_B ]3/2 , (16.40)

ĺ, ŕàĺ r = r(x) = a_B x b Z^{1/3} , ĺňěěň:

d^2χ(x) dx^2 = χ^{3/2}(x) √ x , x = x(r), (16.41)

– ãŋĺćěàáăńìŋőě ãàăćŋěŋĺě Šőňăáă-Ťěàňĺ ŕő ąěğàăğňěàŋőľ ŕěàěňěŋŋőľ x á őçěćĺďŋëňĺ čàăŋĺçŋëňĺ ãáńőćĺïňĺ ĺ âőçŋëň àěèěŋĺěň áőčńăáőćăŋŋëň ńĺèì á ăáĺňŕâőâĺçěáłĺň ãáńőćĺěň ŕàĺ x → ∞: (12)^2 = 144, χ(x) −→_{x→0} 1, χ(x) −→_{x→∞} 0, χ_∞(x) = A x^s =⇒ 144 x^3

. (16.42)

—196— Ďńï ŕőńőęĺâěńìŋëå ĺőŋőć ŕàěőąńăďăŋĺě ğăàïďă ïďàă Z > N ďőńęŋő ŕàĺćőďĺâì ł áęăâĺî íńěłâàőŋŋőľ őąőńőçłĺ, ĺ íńěłâàőŋŋăï ŕńőâŋőáâì ąãďěâ áŕăďăěâì áâőńì ąëáâàő, çâő ňőęŋő čőćőàĺâì ő čàăŋĺçŋőľ ŕőćěàåŋőáâĺ r = r_0 ğă łőâőàőľ n(r ≥ r_0) = 0 ⇐ χ(r ≥ r_0) â.ě. U(r ≥ r_0) = ε^{(N )}_F ĺ ćáě N íńěłâàőŋőć ŋăåőďïâáï ŕőď ŋěľ, ă ć áĺńã âěőàěňë Čăãááă ŕőńě ğă ŋěľ ďőńęŋő áőćŕăďăâì á łãńőŋőćáłĺň ŕőńěň ŕőńŋőčő ğăàïďă ĺőŋă (Z − N)e^2: N ≡ r_0∫

d^3x n(r) = 4π

r_0∫

0 r^2dr Z 4πr d^2χ dr^2 = Z(r∂_rχ − χ) | | | r=r_0 + Zχ(0), (16.43)

ć áĺńã (16.39), E = − ∂U(r) ∂r | | | | r=r_0 ≡ Ze^2 r^2 (r∂_rχ − χ) | | | | r=r_0 ⇒ − (Z − N)e^2 r^2_0

, (16.44)

ńîąőě ĺğ íâĺå ãáńőćĺľ ďăěâ: (r∂rχ − χ) | | | r=r_0 ⇒ xχ^′(x) | | | x=x_0 = − Z − N Z . (16.45)

Ďńï ŋěľâàăńìŋőčő ăâőňă N = Z, ĺ (16.34), (16.44) őğŋăçăîâ, çâő ĺ áăň ŕőâěŋæĺăń U(r ≥ r_0) = 0, ĺ áőčńăáŋő (16.36), ε^{(Z)}_F ≡ 0. Ŕőáłőńìłã ŕő áňëáńã íŋěàčĺĺ Ťěàňĺ ε_λ < ε^{(Z)}_F őâáîďă ĺňěěň ε_λ < 0, çâő ěáâěáâćěŋŋő ďńï ćáěå áćïğăŋŋëå áőáâőïŋĺľ |λ⟩ íńěłâàőŋőć ŋěľâàăńìŋőčő ăâőňă. Š.ł. χ(x_0) = 0, âő (16.45) ĺ (16.41) âěŕěàì őğŋăçăîâ ĺáçěğŋőćěŋĺě ćáěå ěě ŕàőĺğćőďŋëå ć âőçłě x = x_0, çâő ďńï łőŋěçŋëå x_0 ďăěâ ńĺèì âàĺćĺăńìŋőě àěèěŋĺě χ(x) ≡ 0. Ŋěâàĺćĺăńìŋãî íńěłâàőŋŋãî ŕńőâŋőáâì á χ(x), áŕăďăîéěľ ŕő ğăłőŋã (16.42) ŕőńãçĺň ńĺèì ŕàĺŋïć, çâő ďńï ŋěľâàăńìŋőčő ăâőňă x_0 = ∞. Ć ŕőńőęĺâěńìŋëå ĺőŋăå, ŋăŕàőâĺć, ĺňěěň ε_λ < ε^{(N )}_F < 0, ĺ áőőâćěâáâćěŋŋő łőŋěçŋëľ àăďĺãá àăáŕàěďěńěŋĺï r_0 ĺğ ãáńőćĺï (16.45).

Šăł çâő àăáŕàěďěńěŋĺï ğăàïďă ćő ćáěå âïęěńëå ŋěľâàăńìŋëå ăâőňăå őŕàěďěńïîâáï àěèěŋĺěň ãŋĺćěàáăńìŋőčő ãàăćŋěŋĺï (16.41), (16.42) ĺ ŕőďőąŋë ďàãč ďàãčã á ğăćĺáïéĺň őâ Z łőíääĺæĺěŋâőň ŕőďőąĺï. Šăł őąêěň, ćŋãâàĺ łőâőàőčő ŋăåőďĺâáï ąőńìèĺŋáâćő íńěłâàőŋőć (ŋő ŋě ćáě!) őŕàěďěńïěâáï ĺğ (16.40), (16.41), łăł ℓ^3 ∼ r^3(x) ŕàĺ x ∼ 1, ĺńĺ ℓ ∼ a_BZ^{−1/3} ĺ áęĺňăěâáï á àőáâőň Z łăł 1/Z. Śőőâćěâáâćěŋŋő ďńï áàěďŋěľ áłőàőáâĺ v, áàěďŋĺå łĺŋěâĺçěáłőľ ε_K ĺ ŕőâěŋæĺăńìŋőľ ε_Π íŋěàčĺľ ĺ ŕőńŋőľ íŋěàčĺĺ ĺőŋĺğăæĺĺ ăâőňă E_I ∼ ZJ_0 (áň. (7.15)) ŕő ŚŊČ ĺňěěň őæěŋłĺ ďńï Z ≫ 1: v = p m ∼ h̄ mℓ ∼ h̄Z^{1/3} ma_B = e^2Z^{1/3} h̄ = αcZ^{1/3}, ŕàĺ: α ≡ e^2 h̄c ≈ 1 137 , (16.46)

ε_K = mv^2 2 ∼ mc^2α^2Z^{2/3} ≪ |ε_Π| ∼ Ze^2 ℓ ∼ e^2Z^{4/3} a_B = mc^2α^2Z^{4/3}, ĺ (16.47)

(áà. őæěŋłĺ ł (16.22)): EI ∼ ZJ0 ∼ Z |εK + εΠ| ∼ Z |εΠ| = mc2α2Z7/3. (16.48)

—197— Ňěâőď Šőňăáă-Ťěàňĺ ŕàĺňěŋĺ́ň âăłęě ł áĺáâěňě íńěłâàőŋőć ć ąőńìèőň őąêěňě V ŕàĺ ŋăńĺçĺĺ łőňŕěŋáĺàãîéěčő äőŋă n^+_0 = const. Ć àăćŋőćěáĺĺ íâă áĺáâěňă ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋă ĺ ćŋőćì, áőčńăáŋő (16.36):

n^−(r) =⇒ n^−_0 = 1 3π^2 ( p_F h̄ )3 ≡ 1 3π^2 ( 2mε_F h̄^2 )3/2 ⇐= n^+_0 , (m = m_e). (16.49)

Ćŋěáěň ć ŋăçăńő łőőàďĺŋăâ íâőľ łćăğĺłńăááĺçěáłőľ íńěłâàőŋŋőľ ŕńăğňë ćŋěèŋĺľ âőçěçŋëľ ğăàïď e_0. Ć ğăćĺáĺňőáâĺ őâ ğŋăłă, ćąńĺğĺ ŋěčő ćőğŋĺłŋěâ őąńăłő ĺğąëâőçŋőčő ğăàïďă ŕàőâĺćőŕőńőęŋőčő ğŋăłă, áćïğăŋŋőčő á ãćěńĺçěŋĺěň ĺńĺ ãňěŋìèěŋĺěň íńěłâàőŋŋőľ ŕńőâŋőáâĺ. Ŋőćőě, ãęě ŋěőďŋőàőďŋőě ŕàőáâàăŋáâćěŋŋőě àăáŕàěďěńěŋĺě íńěłâàőŋőć n^−(r) ąãďěâ âăłĺň, çâőąë ŕőâěŋæĺăń ϕ(r) àěğãńìâĺàãîéěčő íńěłâàĺçěáłőčő ŕőńï ãďőćńěâćőàïń ãàăćŋěŋĺïň áăňőáőčńăáőćăŋĺï (16.34), (16.36) á U(r) = eϕ(r):

∇^2ϕ(r) =⇒_{r≠0} −4πe^[n^−(r) − n^+_0^] ⇒−

4e(2m)^{3/2} 3πh̄^3 [ (ε_F − eϕ(r))^{3/2} − ε^{3/2}_F ] ,(16.50)

ĺ, ŕàĺ: | | | | | eϕ ε_F | | | | | ≪ 1, r ≠ 0: 1 r ∂^2_r ( rϕ(r) ) ≈ ζ^2ϕ(r), čďě: (16.51)

ζ^2 =

2e^2 πε_F ( 2mε_F h̄^2 )3/2 ≡ 2e^2 πε_F 3π^2n_0 = 3 ω^2_D v^2_F

, ω^2_D = 4πn_0 e^2 m , v_F = p_F m , (16.52)

– ěáâì őąàăâŋëľ ďěąăěćáłĺľ àăďĺãá íłàăŋĺàőćăŋĺï ζ, ďěąăěćáłăï çăáâőâă ŕńăğňěŋŋëå łőńěąăŋĺľ ω_D, ĺ äěàňĺěćáłăï áłőàőáâì v_F áőőâćěâáâćěŋŋő. Řěèěŋĺě ãàăćŋěŋĺï (16.51) á čàăŋĺçŋëňĺ ãáńőćĺïňĺ (16.38), (16.42):

rϕ(r) =⇒_{r→0} e_0, ŕàĺ 1 ζ = v_F √ 3 ω_D ≡ ϱ_D, ϕ(r) = e_0 r e^{−ζr}, (16.53)

őŕĺáëćăěâ áâăâĺçěáłőě íłàăŋĺàőćăŋĺě ćŋěèŋěčő ğăàïďă e_0 ć íńěłâàőŋŋőň čăğě ŋă àăááâőïŋĺĺ ϱ_D. Ŋă íâő àăááâőïŋĺě áňěéăîâáï ć áàěďŋěň ğăàïďë e áàěďë, çâőąë ćáï áĺáâěňă ć æěńőň őáâăńăáì ć àăćŋőćěáĺĺ. Ĺğ (16.53) ïáŋő, çâő ϱ_D ěáâì àăááâőïŋĺě, ŋă łőâőàőě àăáŕàőáâàăŋïěâáï ćőğňãéěŋĺě ć íńěłâàőŋŋőň čăğě ğă ćàěňï ŕőàïďłă ŕěàĺőďă ŕńăğňěŋŋëå łőńěąăŋĺľ 2π/ω_D.

Ŕőáłőńìłã ŕàĺ ćëáőłĺå âěňŕěàăâãàăå őâńĺçĺě ŕńőâŋőáâĺ n(r) őâ n_0 ďăěâáï àăáŕàěďěńěŋĺěň Ąőńìæňăŋă, ŕőćâőàĺć ćëçĺáńěŋĺï (16.50)–(16.53), ŕàĺďěň ł âăłőňã ęě àěğãńìâăâã (16.53) á ğăňěŋőľ äěàňĺ-áłőàőáâĺ ŋă áàěďŋěłćăďàăâĺçŋãî: v^2_F → ≪v^2≫ ≡ 3k_B T/m ĺ ζ^2 → ζ^2_T = 4πn_0e^2/(k_B T ), â.ł. ć (16.50), ĺňěěň ŕàĺ íâőň ãáńőćĺĺ, çâő: | | | | | eϕ k_B T | | | | | ≪1, 1 r ∂^2_r ( rϕ(r) ) ⇒−4πe n_0 exp − eϕ(r) k_B T − n_0 ≈ mω^2_D k_B T ϕ(r)= ζ^2_T ϕ(r).

—198— ([6] §80, [7], [31] §70, [33], [35]) Ğăďăçĺ 22.1. Ćëćěáâĺ ŕàăćĺńă áãňň ŠŘŁ ďńï “áĺń őáæĺńńïâőàőć” F^{(x,y,z)}_{fi} ć ăâőňě á Z íńěłâàőŋăňĺ:

F^{(x)}_{fi} =

2m(E_f − E_i) h̄^2 | | | | | | ⟨ i | | | | | | Z∑ a=1 x_a | | | | | | i ⟩| | | | | 2 ,^{∞∑}_{f=1} F^{(x)}_{fi} =?, (16.54)

áŕàăćěďńĺćëě ďńï ńîąőľ áĺáâěňë, čďě áĺńë ğăćĺáïâ âőńìłő őâ őâŋőáĺâěńìŋëå àăááâőïŋĺľ ňěęďã ğăàïďăňĺ ĺ ŋě ğăćĺáïâ őâ ĺå őâŋőáĺâěńìŋëå áłőàőáâěľ. Łăł ĺğňěŋïâáï íâĺ ŕàăćĺńă áãňň ŠŘŁ ďńï íńěłâàőŋőć ć ăâőňě ĺńĺ ŋãłńőŋőć ć ïďàě ŕàĺ ãçěâě ŕàĺŋæĺŕă Ŕăãńĺ ([31], [33])? 22.2. Ŋăľâĺ ŕàăćĺńő áãňň ďńï äńãłâãăæĺĺ ŕńőâŋőáâĺ íńěłâàőŋőć ć ăâőňě, ěáńĺ ďěľáâćãîéĺě ŋă ŋĺå áĺńë ŋě ğăćĺáïâ őâ áłőàőáâěľ ([31], [33]): ∞∑ n=0 2m h̄^2

(E_n − E_0) | | | | |⟨n| Z∑ a=1 e^{i(k·}X^{a)} |0⟩ | | | | | 2 = ??, čďě: V_Z = −^{Z∑}_{a=1} Ze^2 |X_a|

, (16.55) ( ^H_Z + V_Z^) |n⟩ = E_n |n⟩,^^H_Z =^{Z∑}_{a=1}

P^2_a 2m + 1 2 Z∑ 1=a Z∑ ≠b=1

U_{ab}(X_a − X_b). (16.56)

22.3. Ňěęďã Z ŕàőâőŋăňĺ ĺ N ŋěľâàőŋăňĺ ć ïďàě á A = Z + N ŋãłńőŋăňĺ, ąńăčőďăàï őąňěŋã ğăàïęěŋŋëň ŕĺ- ňěğőŋőň, áãéěáâćãîâ, łàőňě őąëçŋëå, ěéě ŕàőáâàăŋáâćěŋŋő őąňěŋŋëě áĺńë, ŕěàěćőďïéĺě ŋěľâàőŋ ν ć ŕàőâőŋ π ĺ őąàăâŋő ďěľáâćĺěň áőőâćěâáâćãîéěčő őąňěŋĺćăîéěčő őŕěàăâőàă^^P_{νπ}. Łăł ĺğňěŋïâáï ŕàăćĺńă áãňň ŠŘŁ (16.54) ďńï ŋãłńőŋőć ć ïďàě c ãçěâőň áőőâćěâáâćãîéěľ ďőąăćłĺ ł Čăňĺńìâőŋĺăŋã ĺå ćğăĺňőďěľáâćĺï ćĺďă (16.56)^^H_A, ŕàĺ Z → A = Z + N, ĺ:

ΔH_{őąň} = −^{N∑}_{ν=1}^{Z∑}_{π=1} U(r_{νπ})^^P_{νπ}, r^2_{νπ} = (x_ν − x_π)^2, ĺ ěáńĺ R = 1 A A∑ a=1 x_a,

– őŕěàăâőà àăďĺãá-ćěłâőàă æěŋâàă ňăáá, łőâőàëľ ŋě ňőęěâ ćëğëćăâì ćŋãâàěŋŋĺě ćőğąãęďěŋĺï ïďàă, ŋăŕàĺňěà, ć ěčő áĺáâěňě ŕőłőï ([33]), ŋăľâĺ őŕěàăâőà íääěłâĺćŋőčő ďĺŕőńìŋőčő ňőňěŋâă ïďàă.

22.4. Ĺáŕőńìğãï ňőďěńì Šőňăáă-Ťěàňĺ ŋăľâĺ ğŋăçěŋĺě Z ŕàĺ łőâőàőň ć ăâőňě ŋăçĺŋăîâ ğăŕőńŋïâìáï áőáâőïŋĺï á ďăŋŋëň ğŋăçěŋĺěň őàąĺâăńìŋőčő ňőňěŋâă l ([31] §70, [35] §71).

22.5. Ŕőńãçĺâì (16.36) ŋěŕőáàěďáâćěŋŋő ĺğ őŕàěďěńěŋĺï (16.32) ĺ ĆŁĄ ŕàĺąńĺęěŋĺï ďńï ćőńŋőćëå äãŋłæĺľ ŋěľâàăńìŋőčő ăâőňă ([31]).

—199— 22.6. Ŋăľâĺ ŋőàňĺàőćăŋŋãî äãŋłæĺî àăáŕàěďěńěŋĺï çăáâĺæ ĺďěăńìŋőčő ćëàőęďěŋŋőčő äěàňĺ-čăğă ŕő őâŋőáĺâěńìŋőňã ĺňŕãńìáã q = (p_1 − p_2)/2: w(q) = ∫ d^3p_1 (2π)^3

∫ d^3p_2 (2π)^3 n_{p1} n_{p2} δ_3 ( q − p_1 − p_2 2 ) , w(q) = 24 q^2 p^3_F 1 − 3q 2p_F + q^2 2p^2_F , p_F∫

0 dqw(q) = 1. 22.7. Ďńï áĺáâěňë çăáâĺæ á Čăňĺńìâőŋĺăŋőň^^H_N (16.56) ďőłăğăâì, çâő ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ ďńï őŕěàăâőàă ŕńőâŋőáâĺ âőłă J(x) ćëâěłăěâ ĺğ ãàăćŋěŋĺï Čěľğěŋąěàčă ďńï őŕěàăâőàă ŕńőâŋőáâĺ çĺáńă çăáâĺæ ϱ(x):

ϱ(x) =^{N∑}_{a=1} δ_3(x − x_a), ıh̄ϱ̇(x) =^[ϱ(x),^^H_N^] , p = −ih̄∇,

J(x) = 1 2m N∑ a=1 { p_aδ_3(x − x_a) + δ_3(x − x_a)p_a } , ϱ̇(x) + (∇_x · J(x)) = 0.

22.8. Śçĺâăï ãďěńìŋëľ őąêěň őďŋőčő íńěłâàőŋă V/N = 4πa^3/3, – èăàőň àăďĺãáă a, ŋăľâĺ, łăł äãŋłæĺĺ ąěğàăğňěàŋőčő őâŋőèěŋĺï ρ_s = a/a_B, åăàăłâěàĺáâĺłĺ ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă: ĺňŕãńìá p_F ĺ íŋěàčĺî Ťěàňĺ ε_F , áàěďŋîî łĺŋěâĺçěáłãî íŋěàčĺî (13.10) ŋă őďĺŋ íńěłâàőŋ ε = U_0/N, ĺ őâŋőèěŋĺě ł ŋěľ áàěďŋěľ łãńőŋőćáłőľ íŋěàčĺĺ e^2/a. Łăł ňěŋïěâáï íâő őâŋőèěŋĺě, åăàăłâěàĺğãîéěě őâŋőáĺâěńìŋőě ćńĺïŋĺě łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï, á àőáâőň ŕńőâŋőáâĺ čăğă n? Ŕàĺŋïâì, çâő: a_B = 0, 53^oA, čďě 1^oA = 10^{−8} áň, őâłãďă:

2 · Ry = I_0 = mc^2α^2 = e^2 a_B = me^4 h̄^2

= 27, 21 íĆ = 4, 36 · 10^{−11} íàč. (16.57)

κ_F = p_F h̄ = 3, 64 ρ_s ( o A )−1 , ε_F = p^2_F 2m = 3, 62 ρ^2_s Ry, e^2 a = Ry ρ_s , (16.58) ε = 3 5 ε_F =

2, 21 ρ^2_s Ry, e^2/a ε = 0, 90ρ_s ∼ (V/N)^{1/3} = (n)^{−1/3}. (16.59)

Łăł ĺğňěŋïâáï íâĺ őæěŋłĺ ďńï d-ňěàŋőčő äěàňĺ-čăğă?

22.9. Ŕàĺćńěłăï (13.10), (16.30) ł Ğăď. 20.10. ĺ Ğăď. 22.8. ďńï őæěŋłĺ ŕàőĺčàëèă ć áàěďŋěľ łĺŋěâĺçěáłőľ íŋěàčĺĺ ε ĺ ćëĺčàëèă ć őąňěŋŋőľ íŋěàčĺĺ ŋă őďŋã çăáâĺæã E_{őąň}/N ďńï ŋőàňăńìŋőľ ĺ äěààőňăčŋĺâŋőľ äăğ ćëàőęďěŋŋőčő äěàňĺ-čăğă, ŋăľâĺ ć âěàňĺŋăå ρ_s łàĺâĺçěáłãî ŕńőâŋőáâì ďńï ěčő ŕěàěåőďă ć äěààőňăčŋĺâŋőě áőáâőïŋĺě:

ε(p^{fm}_F ) − ε(p_F ) =??, 1 N ( E_{őąň}(p^{fm}_F ) − E_{őąň}(p_F ) ) =??

—200— Ůâő ďăîâ íâĺ őæěŋłĺ ďńï ćőğňőęŋőáâĺ äěààőňăčŋĺâŋőľ äăğë ŕàĺ àăğńĺçŋëå àăğňěàŋőáâïå d?

22.10. Ĺáåőďï ĺğ (14.73), (14.74) ŋăľâĺ ŕőćěďěŋĺě ćőáŕàĺĺňçĺćőáâĺ ŕàĺ T ≤ T_C . Ŕőłăğăâì, çâő á ãçěâőň (14.75) ěě ćëçěâ ć ŕőńîáě T = T_C àăćěŋ 1/γ ďńï T_C + 0, ŋő 1/(2γ) ďńï T_C − 0, ďńï őďŋőčő ĺ âőčő ęě γ ĺňěï áłăçěł. Śńěďãï (14.84), ŕőłăğăâì ćőğňőęŋőáâì “ãáâàăŋěŋĺï” íâőčő áłăçłă ć ňőďěńĺ Čěľğěŋąěàčă æěŋőľ “àăğňăğłĺ” TC ∼ ξ ŕàĺ 1 ≤ ξ ≤ 2. Ŕàĺ T > TC áŕĺŋë ňőčãâ

ěéě ąőńěě ĺńĺ ňěŋěě àăćŋőćěàőïâŋő ĺňěâì ńîąãî ŕàőěłæĺî őâ 0 ďő S ćďőńì ŕőńï, â.ě. ć áàěďŋěň |≪S≫| ≃ S/2. Šőčďă łăł ŕàĺ T < T_C őŋĺ ãęě ćëáâàőěŋë ŕőçâĺ ŕăàăńńěńìŋő, â.ě. |≪S≫| ≃ S. Ňőęŋő, łőŋěçŋő, ŕàőáâő őŕàěďěńĺâì T_C ŕàěďěńőň áćěàåã ŕàĺ ξ_> = 2.

22.11. Ć ŕàĺąńĺęěŋĺĺ Ąàíččă-Ćĺńìïňáă [5, 8, 14, 18, 20] őàĺěŋâăæĺőŋŋăï

íŋěàčĺï ğăďăěâáï çĺáńőň ŕăà ŕăàăńńěńìŋëå áŕĺŋőć ćďőńì ĺ ŕàőâĺć ŕőńï N_{±±}, ĺ çĺáńőň àěăńĺğãîéĺåáï ďćãňï áŕőáőąăňĺ ŕăà ăŋâĺŕăàăńńěńìŋëå áŕĺŋőć N_{+−}, ć áãňňě àăćŋëå ŕőńŋőňã çĺáńã ćğăĺňőďěľáâćãîéĺå ŕăà ąńĺęăľèĺå áőáěďěľ ć őâáãâáćĺě ã ŋĺå ąńĺęŋěčő ŕőàïďłă łăł ŋěğăćĺáĺňőáâĺ ćěàőïâŋőáâěľ őàĺěŋâăæĺľ őâďěńìŋëå áŕĺŋőć w_± = N_±/N:

N_{++} + N_{−−} + N_{+−} = NZ 2 , E_{or} = −I(N_{++} + N_{−−} − N_{+−})⇒− NZ 2 IX^2, čďě ŕàĺ N+ + N− = N: N ±± ≈ NZ 2 w^2_±, X =

N_+ − N_− N = M M_0 ≡ M M_0 , ěáâì ŕăàăňěâà ďăńìŋěčő ŕőàïďłă ŕàĺ Z ≤ (N − 1), ZI → I^z. Ŕőłăğăâì, çâő ć íâőň ŕàĺąńĺęěŋĺĺ ćőáŕàőĺğćőďïâáï ćáě àěğãńìâăâë âěőàĺĺ ňőńěłãńïàŋőčő ŕőńï Ćěľááă ďńï ŋăňăčŋĺçěŋŋőáâĺ, ćőáŕàĺĺňçĺćőáâĺ ĺ âěŕńőěňłőáâĺ ŕàĺ äăğőćëå ŕěàěåőďăå 2-čő àőďă. 22.12. Ňőęŋő ńĺ ŋăľâĺ ĺğ (14.76) ăŋăńőčĺçŋő (15.29) íŋěàčĺî ďőňěŋă łăł (çĺáńő ćğăĺňőďěľáâćãîéĺå ŕăà)×(áàěďŋěě ďńï őďŋőľ ŕăàë) = (NZ/2) ≪H_{12}≫, čďě ≪..≫ =? ?

Řĺá. 16.1. Őąńăáâì ĺŋâěčàĺàőćăŋĺï ć (16.29).

Řĺá. 16.2. Őąńăáâì ĺŋâěčàĺàőćăŋĺï ć (16.30).

—201—

Ńĺâěàăâãàă

[1] Ąăńěáłã Ř. Řăćŋőćěáŋăï ĺ ŋěàăćŋőćěáŋăï áâăâĺáâĺçěáłăï ňěåăŋĺłă. Š.1., T.2. M.

“Ŋăãłă”. 1978.

[2] Ĺáĺåăàă Ă. Śâăâĺáâĺçěáłăï äĺğĺłă. Ň. “Ňĺà”, 1973.

[3] Ţĺà Ł. Śâăâĺáâĺçěáłăï ňěåăŋĺłă, łĺŋěâĺçěáłăï âěőàĺï ĺ áâőåăáâĺçěáłĺě ŕàőæěááë. Ň. “Ňĺà”, 1976.

[4] Šěàńěæłĺľ §.Ŕ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ň. “Ćëáèăï èłőńă”. 1973. [5] Řãňěà đ.Ą., Řëćłĺŋ Ň.Ÿ. Šěàňőďĺŋăňĺłă, áâăâĺáâĺçěáłăï äĺğĺłă ĺ łĺŋěâĺłă.

Ň. “Ŋăãłă”. 1977.

[6] Ńăŋďăã Ń.Ď., Ńĺäèĺæ Ě.Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.V, Śâăâĺáâĺçěáłăï äĺğĺłă.

Ůăáâì 1. M. “Ŋăãłă”. 1976.

[7] Łćăáŋĺłőć Ĺ.Ă. Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă: Š1 – Šěàňőďĺŋăňĺłă, Š2 – Šěőàĺï àăćŋőćěáŋëå áĺáâěň. Ň. “ŞŘŚŚ”, 2002.

[8] Łćăáŋĺłőć Ĺ.Ă. Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă: Š3 – Šěőàĺï ŋěàăćŋőćěáŋëå áĺáâěň. Ň. “ŞŘŚŚ”, 2003.

[9] Ťěľŋňăŋ Ř. Śâăâĺáâĺçěáłăï ňěåăŋĺłă. Ň. “Ňĺà”. 1975.

[10] Ğěńěćĺŋáłĺľ Ć.Č. Łćăğĺçăáâĺæë ć łćăŋâőćőľ äĺğĺłě. Ĺğď-ćő ŊČŞ, Ŋőćőáĺąĺàáł, 1978.

[11] Ŕăćĺŋáłĺľ Ŕ.Ŕ. Ććěďěŋĺě ć âěàňőďĺŋăňĺłã ĺ áâăâĺáâĺçěáłãî äĺğĺłã. Ĺğď-ćő ŃČŞ, Ńěŋĺŋčàăď, 1984.

[12] Śĺŋěčőćáłĺľ Ś.Ĺ. Śâăâĺáâĺçěáłăï äĺğĺłă àăćŋőćěáŋëå áĺáâěň. Ĺğď-ćő ĹČŞ, Ĺàłãâáł, 1994.

[13] Łőâłĺŋ Č.Ń. Ńěłæĺĺ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě. R&C Dynamics, Ňőáłćă-Ĺęěćáł, 2006.

[14] Ţãăŋč Ł. Śâăâĺáâĺçěáłăï ňěåăŋĺłă. M. “Ňĺà”. 1966.

[15] Čĺŋğąãàč Ĺ.Ť. Ććěďěŋĺě ć äĺğĺłã âćěàďőčő âěńă. Ůăáâì II, Ĺğď-ćő ŊČŞ, Ŋőćőáĺąĺàáł, 2001.

[16] Ńěćĺç Ć.Č. Ććěďěŋĺě ć áâăâĺáâĺçěáłãî äĺğĺłã. Ň. “Ŋăãłă”, 1954. [17] Ńěőŋâőćĺç Ň.Ă. Śâăâĺáâĺçěáłăï äĺğĺłă. Ň. “Ŋăãłă”, 1983. [18] Łãąő Ř. Śâăâĺáâĺçěáłăï ňěåăŋĺłă. Ň. “Ňĺà”. 1967.

[19] Łàěňěà Ŋ.Ÿ. Šěőàĺï ćěàőïâŋőáâěľ ĺ ňăâěňăâĺçěáłăï áâăâĺáâĺłă. Ň.: UNITY, 2000.

[20] Ăŋáěńìň Ă.Ĺ. Őáŋőćë áâăâĺáâĺçěáłőľ äĺğĺłĺ ĺ âěàňőďĺŋăňĺłĺ. Ň. “Ŋăãłă”, 1973.

—202—

[21] Łĺââěńì Ů. İńěňěŋâăàŋăï áâăâĺáâĺçěáłăï äĺğĺłă, Ň. ĹŃ. 1960. [22] Łĺââěńì Ů. Śâăâĺáâĺçěáłăï âěàňőďĺŋăňĺłă. Ň. “Ŋăãłă”, 1977. [23] Ńăŋďáąěàč Ŕ. ĺ ďà. Ğăďăçĺ ŕő âěàňőďĺŋăňĺłě ĺ áâăâĺáâĺçěáłőľ äĺğĺłě. Ň. “Ňĺà”, 1972.

[24] Čàěçłő Ń.Č. ĺ ďà. Śąőàŋĺł ğăďăç ŕő âěőàěâĺçěáłőľ äĺğĺłě. Ň. “Ćëáèăï èłőńă”, 1972.

[25] Łàőŋĺŋ Ďę., Čàĺŋąěàč Ď., Šěńěčďĺ Ć. Śąőàŋĺł ğăďăç ŕő äĺğĺłě á àěèěŋĺïňĺ. Ň.

Ăâőňĺğďăâ, 1975.

[26] Łőŋďàăâìěć Ă.Ś., Řőňłőć Ć.Ś. Ğăďăçĺ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě. Ň. “Ćëáèăï èłőńă” 1992.

[27] Ąăğăàőć Ĺ.Ŕ., Čěćőàłïŋ İ.Ć., Ŋĺłőńăěć Ŕ.Ŋ. Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă. Ň. ŇČŞ. 1989.

[28] Łńĺňőŋâőćĺç đ.Ń. Śâăâĺáâĺçěáłăï äĺğĺłă. Ň. “Ŋăãłă”, 1982. [29] Ńăŋďăã Ń.Ď., Ńĺäèĺæ Ě.Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.IX, Śâăâĺáâĺçěáłăï äĺğĺłă.

Ůăáâì 2. Ň. Ŋăãłă, 1978.

[30] Ńăŋďăã Ń.Ď., Ńĺäèĺæ Ě.Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.II, Šěőàĺï ŕőńï. Ň. “Ŋăãłă”, 1978.

[31] Ńăŋďăã Ń.Ď. Ńĺäèĺæ Ě.Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.III, Łćăŋâőćăï ňěåăŋĺłă. Ň.

“Ŋăãłă”, 1978.

[32] Őńìåőćáłĺľ Ĺ.Ĺ. Łãàá âěőàěâĺçěáłőľ ňěåăŋĺłĺ ďńï äĺğĺłőć. Ň. “Ŋăãłă”, 1970. [33] Ğěńěćĺŋáłĺľ Ć.Č. Ńěłæĺĺ ŕő łćăŋâőćőľ ňěåăŋĺłě. Śĺąĺàáłőě ãŋĺćěàáĺâěâáłőě ĺğďăâěńìáâćő ŊČŞ, Ŋőćőáĺąĺàáł 2002.

[34] Ğěńěćĺŋáłĺľ Ć.Č. Łćăŋâőćăï Ťĺğĺłă. Šőň 1. Ĺğďăâěńìáâćő ŊČŞ, Ŋőćőáĺąĺàáł 2014. [35] Ńěćĺç Ć.Č., Ćďőćĺŋ đ.Ă., Ňïňńĺŋ Ć.Ă. Łãàá âěőàěâĺçěáłőľ äĺğĺłĺ, Šőň II. Ň.

“Ŋăãłă”, 1971.

[36] Śăďőćáłĺľ Ň.Ć. Ńěłæĺĺ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě. Ĺğď-ćő ŞàČŞ, Ěłăâěàĺŋąãàč, 1999.

[37] Ąőčőďîąőć Ŋ.Ŋ., Ąőčőďîąőć Ŋ.Ŋ. (ňń), Ććěďěŋĺě ć łćăŋâőćãî áâăâĺáâĺçěáłãî ňěåăŋĺĺłã. Ň. “Ŋăãłă”, 1984.

[38] Ăåĺěğěà Ă.Ĺ., Ŕěńěâňĺŋáłĺľ Ś.Ć. Ňěâőďë áâăâĺáâĺçěáłőľ äĺğĺłĺ. Ň. “Ŋăãłă”, 1977.

[39] Čěńìäěà §.Ň., Ńîąőèĺæ Ć.Ń. Ŕőďčőàěæłĺľ Ň.Ĺ. Ŕăàăďőłá Čĺąąáă ĺ âőęďěáâćěŋŋőáâì çăáâĺæ ć łćăŋâőćőľ ňěåăŋĺłě. Ň. “Ŋăãłă”, 1975.

[40] Ťăďďěěć Ń.Ď., §łãąőćáłĺľ Ő.Ă. Ńěłæĺĺ ŕő łćăŋâőćőľ ňěåăŋĺłě ďńï áâãďěŋâőć – ňăâěňăâĺłőć. Ĺğď-ćő ŃČŞ, Ńěŋĺŋčàăď 1980.

—203—

Ďőŕőńŋĺâěńìŋăï ńĺâěàăâãàă

[41] Ąěńőłãàőć Ć.Ć., Šĺňőäěěćáłăï Ő.Ď., Ţàãáâăńěć Ő.Ă. Łćăŋâőćăï âěńěŕőàâăæĺï – őąëłŋőćěŋŋőě çãďő. Ĺęěćáł, R&C Dynamics, 2000.

[42] Řĺáá Ť., Śěłěäăńìćĺ-Ŋăďì Ą. Ńěłæĺĺ ŕő äãŋłæĺőŋăńìŋőňã ăŋăńĺğã. Ň. “Ňĺà”, 1979.

[43] Ÿàěďĺŋčěà İ. Ńěłæĺĺ ŕő äĺğĺłě. Ĺęěćáł, R&C Dynamics, 2001. [44] Ďăćëďőć Ă.Ś. Šěőàĺï âćěàďőčő âěńă. Ň. “Ŋăãłă”, 1976. [45] Łĺââěńì Ů. Ććěďěŋĺě ć äĺğĺłã âćěàďőčő âěńă. Ň. “Ŋăãłă”, 1978. [46] Ďăćëďőć Ă.Ś. Łćăŋâőćăï ňěåăŋĺłă. Ň. “Ŋăãłă”, 1973. [47] Ăèłàőäâ Ŋ. Ňěàňĺŋ Ŋ. Ťĺğĺłă âćěàďőčő âěńă. Š1, Š2, Ň.”Ňĺà”, 1979. [48] Šïąńĺłőć Ś.Ć. Ňěâőďë łćăŋâőćőľ âěőàĺĺ ňăčŋěâĺğňă. Ň. “Ŋăãłă”, 1965. [49] Şăľâ Ř.Ň. Łćăŋâőćăï âěőàĺï ňăčŋěâĺğňă. Ň. “Ňĺà”, 1972. [50] Ćőŋáőćáłĺľ Ś.Ć. Ňăčŋěâĺğň. Ň. “Ŋăãłă”, 1971.

[51] Ăąàĺłőáőć Ă.Ă. Ććěďěŋĺě ć âěőàĺî ŋőàňăńìŋëå ňěâăńńőć. Ň. “Ŋăãłă”, 1972. [52] Ăąàĺłőáőć Ă.Ă. Őáŋőćë âěőàĺĺ ňěâăńńőć. Ň. “Ŋăãłă”, 1987. [53] Ţăłěŋ Ţ. Łćăŋâőćăï âěőàĺï âćěàďőčő âěńă. Ň. “Ŋăãłă”, 1980. [54] Ťńîččě Ğ. Ğăďăçĺ ŕő łćăŋâőćőľ ňěåăŋĺłě. Šőň 1. Ň. “Ňĺà”, 1974. [55] Ÿăńĺňőćă Ł.Ć., Ťĺğĺłă ŕőńãŕàőćőďŋĺłőć. Ň. “İŋěàčĺï”, 1976. [56] Ğăľæěć Ř.Ă., Ććěďěŋĺě ć áőćàěňěŋŋãî áâăâĺáâĺçěáłãî äĺğĺłã. Ň. ŁőňŁŋĺčă, 2006. [57] Őŕâĺłă őłěăŋă. Š.1. Śą. ŕőď àěď. Ă.Ś. Ňőŋĺŋă, Ň. “Ŋăãłă”, 1983. [58] Ĺáĺňăàã Ă. Řăáŕàőáâàăŋěŋĺě ĺ àăááěïŋĺě ćőńŋ ć áńãçăľŋő- ŋěőďŋőàőďŋëå áàěďăå.

Š.1, Š.2, Ň. “Ňĺà”, 1981.

[59] Ąńĺŋŋĺłőć Ś.Ĺ. Śĺąĺàáłĺľ äĺğĺçěáłĺľ ęãàŋăń, N1, 1993. áâà. 20-25. [60] Ąàăŋďâ Ŋ.Ą., Łãńìąăçĺŋáłĺľ Ć.Ă. Łćăğĺçăáâĺæë ć äĺğĺłě łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï. Ň. “Ťĺğňăâńĺâ”, 2016.

[61] Gómez Nicola A. Steer D.A. Thermal bosonisation in the sine-Gordon and massive Thirring models. Prep. FT/USM/1-98, DAMTP-1998-145 (hep-ph/9810519). V.V. Semenov, S.E. Korenblit. Finite temperature Thirring model: from linearization through canonical transformations to correct normal form of thermofield solution. [hepth/1109.2278v1]