4 Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă

4.1 Łćăŋâőćëě áĺáâěňë

Ŕěàěľďěň âěŕěàì ł áĺáâěňăň, ŋăåőďïéĺňáï ćő ćğăĺňőďěľáâćĺĺ áő áćőĺň őłàãęěŋĺěň. Ŕãáâì ŋăèă áĺáâěňă ïćńïěâáï ňăńőľ çăáâìî ąőńìèőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë á íŋěàčĺěľ E_U , łőâőàăï őŕĺáëćăěâáï ňĺłàőłăŋőŋĺçěáłĺň ăŋáăňąńěň. Ŋăèă áĺáâěňă ňőęěâ őąňěŋĺćăâìáï íŋěàčĺěľ á ćŋěèŋĺň ňĺàőň (áćőĺň ďőŕőńŋěŋĺěň ďő : S ⊕ = ). Ąãďěň áçĺâăâì: 1 ≪ N_S ≪ N_W ; V_S ≪ V_W . İŋěàčĺî áĺáâěňë ňőęŋő ğăŕĺáăâì ć ćĺďě áãňňë âàěå áńăčăěňëå: E_U = E_S + E_W + I_{SW} , čďě I_{SW} – íŋěàčĺï ćğăĺňőďěľáâćĺï ĺ . Ŕàĺ àăğãňŋëå ŕàěďŕőńőęěŋĺïå ő ŕőâěŋæĺăńě ňěęňőńěłãńïàŋőčő ćğăĺňőďěľáâćĺï áńăčăěňëň I_{SW} ňőęŋő ŕàěŋěąàěçì. Ŕãáâì ňőďěńìŋëľ ŕőâěŋæĺăń ĺňěěâ ćĺď φ = ∞, r < d, −φ_0, d < r < R_0, 0, r > R_0 . Őæěŋĺň íŋěàčĺî ćğăĺňőďěľáâćĺï ňőńěłãń ć őąêěňě V : | I |∼ φ_0× (çĺáńő ňőńěłãń) × (ňăłáĺňăńìŋőě çĺáńő ňőńěłãń ć ŕàěďěńăå àăďĺãáă ďěľáâćĺï áĺń ŕàĺâïęěŋĺï) ∼ φ_0nV R^3_0/d^3_0. Šăł łăł łĺŋěâĺçěáłăï íŋěàčĺï ŕàőŕőàæĺőŋăńìŋă çĺáńã ňőńěłãń, ă áńěďőćăâěńìŋő, őąêěňã V (ŕàĺ ğăďăŋŋőľ ŕńőâŋőáâĺ çĺáńă çăáâĺæ), âő E_S ∼ V_S , E_W ∼ V_W . Ďńï őæěŋłĺ I_{SW} ğăňěâĺň, çâő ćğăĺňőďěľáâćãîâ ňőńěłãńë ĺğ áńőï âőńéĺŋőľ R_0 ćąńĺğĺ čàăŋĺæë ĺ ; őąêěň íâőčő áńőï ∼ L^2_S R_0 , čďě L_S – ńĺŋěľŋëľ àăğňěà ŋăèěľ áĺáâěňë. Ŕőíâőňã ďńï L_S → ∞ |I_{SW} /E_S | ∼ R_0/L_S → 0, â. ě. ďńï ąőńìèĺå áĺáâěň E_U ∼= E_S +E_W .

Šěŕěàì ŕőáâăćĺň ğăďăçã ŋăľâĺ ćěàőïâŋőáâì P_m ŋăåőęďěŋĺï áĺáâěňë ć ğăďăŋŋőň łćăŋâőćőň áőáâőïŋĺĺ m, ěáńĺ áĺáâěňă ŕàěďáâăćńěŋă ňĺłàőłăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň. (Ő áâăæĺőŋăàŋëå áőáâőïŋĺïå áĺáâěňë ňőęŋő čőćőàĺâì ńĺèì ć áĺńã ŕàěŋěąàěęĺňőáâĺ I_{SW} .)

Ćŋěèŋĺľ ňĺà ňőęěâ ŋăåőďĺâìáï ć ńîąőň ĺğ áőáâőïŋĺľ á íŋěàčĺïňĺ ňěęďã E_W = E_U − E_m ĺ E_W + ΔE; çĺáńő âăłĺå áőáâőïŋĺľ őąőğŋăçĺň çěàěğ Ω_W . İâă ćěńĺçĺŋă áőćŕăďăěâ á çĺáńőň âăłĺå łőŋäĺčãàăæĺľ áĺáâěňë , ć łőâőàëå E_S = E_m ĺ őďŋőćàěňěŋŋő E_W = E_U − E_m. Ć áĺńã ŕàĺŋæĺŕă àăćŋëå ăŕàĺőàŋëå ćěàőïâŋőáâěľ ćáě áőáâőïŋĺï, ďăîéĺě ćłńăď ć Ω_W , àăćŋőćěàőïâŋë, ŕőíâőňã

P_m =

Ω_W (E_U − E_m; ΔE) Ω_U (E_U ; ΔE)

. (1)

Ğďěáì Ω_U (E_U ; ΔE) – áâăâĺáâĺçěáłĺľ ćěá áĺáâěňë . Řăğńőęĺň ln Ω_W ŕő áâěŕěŋïň ňăńőľ ćěńĺçĺŋë E_W − E_U = −E_m (E_m ≪ E_W ), őčàăŋĺçĺćăïáì ńĺŋěľŋëň ŕő E_m ćłńăďőň ć őłàěáâŋőáâĺ E = E_U :

ln Ω_W (E_U − E_m; ΔE) = ln Ω_W (E_U , ΔE) −

(∂ ln Ω_W ∂E ) E=E_U E_m + · · · (2)

Oąőğŋăçĺň: β = ( ∂ ln Ω_W ∂E ) E=E_U . (3) Ŕőďáâăćĺć (2) ć ćëàăęěŋĺě ďńï ln P_m, ŋăľďěň:

P_m =

Ω_W (E_U ; ΔE) Ω_U (E_U ; ΔE) exp(−βE_m). (4)

Ććěďěň őąőğŋăçěŋĺě Z_N =

Ω_U (E_U ; ΔE) Ω_W (E_U ; ΔE) , ĺ ĺáłőňőě àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ, łőâőàőě ŋőáĺâ ŋăğćăŋĺě łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï Čĺąąáă, ŕàĺňěâ ćĺď

P_m = 1 Z_N exp(−βE_m), (5)

čďě Z_N á ãçěâőň^∑_m P_m = 1 ňőęŋő ŕěàěŕĺáăâì ć ćĺďě

Z_N =^∑_m exp(−βE_m). (6)

Ćěńĺçĺŋã Z_N ŋăğëćăîâ łăŋőŋĺçěáłőľ áâăâĺáâĺçěáłőľ áãňňőľ; őŋă ğăćĺáĺâ őâ β ĺ ćŋěèŋĺå ŕăàăňěâàőć (ŋăŕàĺňěà V ). Ĺŋďěłá N ć Z_N ŋăŕőňĺŋăěâ ŋăň, çâő àăááňăâàĺćăěňăï áĺáâěňă ïćńïěâáï ğăłàëâőľ, â. ě. N_S = const.

Śâăâĺáâĺçěáłăï áãňňă Z_N łăŋőŋĺçěáłőčő ăŋáăňąńï ïćńïěâáï ćăęŋěľèěľ ćěńĺçĺŋőľ, łőâőàăï ŕőğćőńïěâ ŋăľâĺ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń áĺáâěňë, ă áńěďőćăâěńìŋő, ĺ ãàăćŋěŋĺï áőáâőïŋĺï.

Ćëàăęěŋĺě (5) – íâő ďĺăčőŋăńìŋëě íńěňěŋâë ňăâàĺæë ŕńőâŋőáâĺ. Ć ŕàőĺğćőńìŋőň ŕàěďáâăćńěŋĺĺ (čďě Ĥ ŋě ïćńïěâáï ďĺăčőŋăńìŋëň) áâăâĺáâĺçěáłĺľ őŕěàăâőà ňőęěâ ąëâì ğăŕĺáăŋ łăł

ϱ̂ = 1 Z_N exp(−βĤ), (7) čďě Z_N = T r ( e^{−βĤ} ) . (8)

4.2 Łćăğĺłńăááĺçěáłĺľ ŕàěďěń

Ĺáŕőńìğãï âã ęě ńőčĺłã, çâő ĺ ć ńěłæĺĺ 3 (ŕ.3), ňőęŋő őáãéěáâćĺâì ŕěàěåőď^∑_m →^∫ dX/(2πh̄)^{αN} , čďě α – çĺáńő ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë çăáâĺæë. Őďŋăłő ŕàĺ íâőň ŋěőąåőďĺňő ěéě ãçěáâì ŋěàăğńĺçĺňőáâì çăáâĺæ, łőâőàăï ŕàĺćőďĺâ ł âőňã, çâő łőŋäĺčãàăæĺĺ, ŕőńãçěŋŋëě ć àěğãńìâăâě N! ŕěàěáâăŋőćőł çăáâĺæ, ïćńïîâáï íłćĺćăńěŋâŋëňĺ ĺ ďőńęŋë áçĺâăâìáï ğă őďŋã, ŕőíâőňã

Z_N → Z^{łć.łń}_N = 1 N! ∫ exp[−βH(X)]dX/(2πh̄)^{αN} (9) ĺ P_m → ϱ_N dΓ = 1 N!Z^{łć.łń.}_N exp[(−βH(X)]dX/(2πh̄)^{αN} . (10) Śâàőčő àěğãńìâăâë (9), (10) ňőčãâ ąëâì ŕőńãçěŋë á ŕőňőéìî àăğńőęěŋĺï łćăŋâőćőľ áâăâáãňňë (8) ŕő áâěŕěŋïň h̄ ŕàĺ h̄ → 0.

4.3 Ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ

Ňë ěéě ŋĺçěčő ŋě áłăğăńĺ ő ŕăàăňěâàě β, őŕàěďěńěŋĺě łőâőàőčő (3), ŕő áãâĺ ďěńă áőćŕăďăěâ á ćëàăęěŋĺěň ďńï őąàăâŋőľ âěňŕěàăâãàë (áň.(3.6)). Řăááňőâàĺň ďćě áĺáâěňë –_1 ĺ_2 , ŋăåőďïéĺěáï ć àăćŋőćěáĺĺ á ąőńìèőľ áĺáâěňőľ – âěàňőáâăâőň. İŋěàčěâĺçěáłĺě áŕěłâàë E_n ĺ E_m íâĺå áĺáâěň ŕőáńě ãáâăŋőćńěŋĺï àăćŋőćěáĺï ąãďěň áçĺâăâì ŋěğăćĺáĺňëňĺ:

P_{nm} = P_nP_m; P_{nm} = 1 Z^{S1S2}_N exp(−βE_{nm}) = 1 Z^{S1}_{N1} exp(−β_1E_n) 1 Z^{S2}_{N2} exp(−β_2E_m).

Śçĺâăï E_{nm} = E_n + E_m, ŕőńãçĺň: β_1 = β_2 = β ĺ Z^{S1S2}_N = Z^{S1}_{N1} · Z^{S2}_{N1} . Ŕěàćőě ŕőďâćěàęďăěâ, çâő ŕăàăňěâà β ïćńïěâáï âěňŕěàăâãàŋëň ŕăàăňěâàőň, ă ŕőáńěďŋěě – çâő ln Z^{S1S2}_N ěáâì ăďďĺâĺćŋăï äãŋłæĺï.

Ćőğìňěň ć łăçěáâćě ĺáåőďŋőčő áőőâŋőèěŋĺï őŕàěďěńěŋĺě íŋâàőŕĺĺ (3.5), ć łőâőàőě ŕőďáâăćĺň łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă: S = −k^∑_m P_m ln P_m = −k^∑_m P_m(−βE_m − ln Z_N ) = kβ^∑_m P_mE_m + k ln Z_N .(11)

Ŕő őáŋőćŋőňã ŕőáâãńăâã ćŋãâàěŋŋïï íŋěàčĺï ěáâì ãáàěďŋěŋŋăï ŕő ăŋáăňąńî íŋěàčĺï áĺáâěňë U ≡ ⟨E⟩ =^∑_m P_mE_m, ĺ (11) ŕěàěŕĺèěâáï ć ćĺďě −(1/β) ln Z_N = U − S/(kβ). Ć ŕőáńěďŋěň ňőęŋő ãğŋăâì őŕàěďěńěŋĺě áćőąőďŋőľ íŋěàčĺĺ F = U − T S, ěáńĺ 1/(kβ) = T ĺńĺ β = 1/kT ĺ F = − 1 β ln Z_N = −kT ln Z_N . (12)

Šő ěáâì áćőąőďŋãî íŋěàčĺî áĺáâěňë ňőęěň ŋăľâĺ, ćëçĺáńĺć áâăâĺáâĺçěáłãî áãňňã; ćëçĺáńěŋĺě ęě ćáěå őáâăńìŋëå âěàňőďĺŋăňĺçěáłĺå åăàăłâěàĺáâĺł áĺáâěňë ãęě ŋě ŕàěďáâăćńïěâ âàãďă. Ňőęŋő ŕőńãçĺâì őáŋőćŋőě ãàăćŋěŋĺě âěàňőďĺŋăňĺłĺ, ŋăåőďï ďĺääěàěŋæĺăń íŋâàőŕĺĺ ć (11): dS = Ukdβ + kβdU + kd ln Z_N . (13) Śçĺâăï ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëňĺ β ĺ V , ŋăľďěň:

d ln Z_N = 1 Z_N ∂Z_N ∂β dβ + 1 Z_N ∂Z_N ∂V dV =

= 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, (14) čďě ⟨− ∂E ∂V ⟩ =^∑_m ( − ∂E_m ∂V ) P_m − áàěďŋïï őąőąéěŋŋăï (âěàňőďĺŋăňĺçěáłăï) áĺńă, áőŕàïęěŋŋăï őąêěňã, â. ě. ďăćńěŋĺě P ≡ ⟨− ∂E ∂V ⟩. (Ćěńĺçĺŋã −∂E_m/∂V ňőęŋő áçĺâăâì ”ŕăàæĺăńìŋëň” ďăćńěŋĺěň, â. ě. ćłńăďőň áőáâőïŋĺï m áĺáâěňë ć ďăćńěŋĺě.) Šăłĺň őąàăğőň, 1 β d ln Z_N = − 1 β Udβ + P dV. Ŕőďáâăćĺć ŕőáńěďŋěě ć (13), ŋăľďěň: 1 kβ dS = dU + P dV, (15) â. ě. ŕőńãçĺň őáŋőćŋőě ãàăćŋěŋĺě âěàňőďĺŋăňĺłĺ, ěáńĺ 1/β = kT .

Ŋěŕőáàěďáâćěŋŋëň ćëçĺáńěŋĺěň ňőęŋő ŕőłăğăâì, çâő P = kT ∂ ln Z_N ∂V ĺ S =

∂(kT ln Z_N ) ∂T , çâő áőćŕăďăěâ á âěàňőďĺŋăňĺçěáłĺňĺ őŕàěďěńěŋĺïňĺ P = −∂F/∂V, S = −∂F/∂T, ěáńĺ F = −kT ln Z_N .