6 Ĺďěăńìŋëě áĺáâěňë ć ąőńìæňăŋőćáłőň ŕàĺąńĺęě- ŋĺĺ Ŕàĺňěŋĺň âěŕěàì őąéãî áåěňã áâăâĺáâĺçěáłőčő őŕĺáăŋĺï ł őŕàěďěńěŋŋőňã łńăááã áĺáâěň, łőâőàëě ŋăğëćăîâ ĺďěăńìŋëňĺ. İâő áĺáâěňë, ć łőâőàëå ćğăĺňőďěľáâćĺěň ňěęďã áőáâăćńïîéĺňĺ áĺáâěňã ňőęŋő ŕàěŋěąàěçì. Čăňĺńìâőŋĺăŋ ĺďěăńìŋőľ áĺáâěňë ňőęŋő ŕàěďáâăćĺâì ć ćĺďě Ĥ =^∑_j Ĥ_j , čďě j – ŋăąőà łćăŋâőćëå çĺáěń łőŋěçŋőčő çĺáńă áâěŕěŋěľ áćőąőďë, őŕĺáëćăîéĺå áâàãłâãàŋãî ěďĺŋĺæã áĺáâěňë. Šăłőľ ěďĺŋĺæěľ ňőęěâ ąëâì ăâőň, ňőńěłãńă ĺńĺ łćăğĺçăáâĺæă. Ć ńîąőň áńãçăě ŋăğőćěň ŋăąőà j çăáâĺæěľ. Őáŋőćŋőě áćőľáâćő ĺďěăńìŋőľ áĺáâěňë – ăďďĺâĺćŋőáâì čăňĺńìâőŋĺăŋă – ŕàĺćőďĺâ ł âőňã, çâő íćőńîæĺï N-çăáâĺçŋőľ áĺáâěňë ňőęěâ ąëâì áćěďěŋă ł N ŋěğăćĺáĺňëň őďŋőçăáâĺçŋëň íćőńîæĺïň.

Śâàőčő čőćőàï, ĺďěăńìŋăï áĺáâěňă ŋĺłőčďă ŋě áňőęěâ ďőáâĺçì àăćŋőćěáŋőčő áőáâőïŋĺï, âăł łăł ďńï íâőčő ŋěőąåőďĺňő ćğăĺňőďěľáâćĺě ňěęďã çăáâĺæăňĺ. Ąãďěň áçĺâăâì, őďŋăłő, çâő ć àăćŋőćěáŋőň áőáâőïŋĺĺ ňăńëň ćłńăďőň íâőčő ćğăĺňőďěľáâćĺï ć íŋěàčĺî áĺáâěňë ňőęŋő ŕàěŋěąàěçì.

6.1 Śâăâĺáâĺçěáłăï áãňňă áĺáâěňë ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ

Ŕãáâì áĺáâěňã őąàăğãîâ N ŋěćğăĺňőďěľáâćãîéĺå ĺďěŋâĺçŋëå çăáâĺæ. Śŕěłâà íŋěàčĺĺ íâőľ áĺáâěňë ěáâì áãňňă áŕěłâàőć íŋěàčĺĺ őâďěńìŋëå çăáâĺæ: E_m ≡ E_{m1m2···mN} =^{N∑}_{j=1} ε_{mj} , čďě m_j – ŋăąőà łćăŋâőćëå çĺáěń, åăàăłâěàĺğãîéĺå áőáâőïŋĺě (íŋěàčěâĺçěáłĺľ ãàőćěŋì) j–ľ çăáâĺæë.

Ěáńĺ âěŕěàì ğăŕĺáăâì áâăâáãňňã ć ćĺďě

Z_N =^∑_{m1}^∑_{m2} · · ·^∑_{mN} exp −β^{N∑}_{j=1} ε_{mj} , âő ňë ŕőńãçĺň ŋěŕàăćĺńìŋëľ àěğãńìâăâ, ŕőáłőńìłã ğăďăŋŋőě àăáŕàěďěńěŋĺě ŕő àăğńĺçŋëň őďŋőçăáâĺçŋëň áőáâőïŋĺïň, åăàăłâěàĺğãěňőě çĺáńăňĺ ğăŕőńŋěŋĺï n_k (çĺáńő çăáâĺæ ć ł–ň áőáâőïŋĺĺ), ňőęŋő ŕőńãçĺâì N!/^∏_k n_k! ŕěàěáâăŋőćłăňĺ çăáâĺæ ňěęďã áőąőľ, ĺ ćáě őŋĺ ć áĺńã âőęďěáâćěŋŋőáâĺ (ŋěàăğńĺçĺňőáâĺ) çăáâĺæ ŕàěďáâăćńïîâ őďŋő áőáâőïŋĺě. Ŕőíâőňã ŕőď ğŋăłőň áãňň ć Z_N ďőńęěŋ áâőïâì ňŋőęĺâěńì^∏_k n_k!/N!. Ěáńĺ âěňŕěàăâãàă âěàňőáâăâă ďőáâăâőçŋő ćëáőłă ďńï âőčő, çâőąë çĺáńő ďőŕãáâĺňëå íŋěàčěâĺçěáłĺå ãàőćŋěľ ąëńő őçěŋì ąőńìèĺň, ă ŕńőâŋőáâì çĺáńă çăáâĺæ ďőáâăâőçŋő ŋĺğłă, çâőąë áàěďŋĺě ğăáěńěŋŋőáâĺ ãàőćŋěľ ąëńĺ ňăńëňĺ, âő ňőęŋő ŕàĺŋïâì, çâő n_k! = 1. Ć íâőň ŕàĺąńĺęěŋĺĺ, łőâőàőě ŋăğëćăîâ ćëáőłőâěňŕěàăâãàŋëň ĺńĺ ąőńìæňăŋőćáłĺň, łăŋőŋĺçěáłăï áâăâáãňňă ŕàĺŋĺňăěâ ćĺď 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} ). (1)

(Ňë ćőğćàăâĺňáï ěéě ł áňëáńã íâőčő ŕàĺąńĺęěŋĺï ŕàĺ ąőńěě áâàőčőň ãçěâě áćőľáâć áĺňňěâàĺĺ ćőńŋőćëå äãŋłæĺľ ňŋőčőçăáâĺçŋëå áĺáâěň.)

Ćáě áőňŋőęĺâěńĺ ć (1) àăćŋë, âăł łăł ćëàăęěŋĺě, áâőïéěě ŕőď ğŋăłőň ŕàőĺğćěďěŋĺï, ŋě ğăćĺáĺâ őâ ĺŋďěłáă j ďńï őďĺŋăłőćëå çăáâĺæ, ŕőíâőňã

Z_N = 1 N! (Z_1)^N ,

čďě Z_1 – őďŋőçăáâĺçŋăï áâăâĺáâĺçěáłăï áãňňă: Z_1 =^∑_m exp(−βε_m) (2)

(ĺŋďěłá j őŕãéěŋ łăł ĺğńĺèŋĺľ).

Ĺŋďěłá m ïćńïěâáï áńőęŋëň, áőáâăćńěŋŋëň ĺğ łćăŋâőćëå çĺáěń n, őâćěçăîéĺå ŕőáâãŕăâěńìŋëň áâěŕěŋïň áćőąőďë (ďćĺęěŋĺě çăáâĺæë łăł æěńőčő), ĺ łćăŋâőćëå çĺáěń ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë {i} : {m} = {n} ⊕ {i}. Šőčďă (2) ňőęŋő ğăŕĺáăâì ć ćĺďě ŕàőĺğćěďěŋĺï âàăŋáńïæĺőŋŋőľ áâăâáãňňë Z^t_1 ĺ áâăâáãňňë ćŋãâàěŋŋĺå áâěŕěŋěľ áćőąőďë Z^{in}_1 : Z_1 = Z^t_1Z^{in}_1 , čďě Z^t_1 =^∑_n exp(−βε_n), Z^{in}_1 =^∑_{{i}} exp(−βε_{{i}}).

Ďńï čăğă ąěááâàãłâãàŋëå çăáâĺæ áâăâĺáâĺçěáłăï áãňňă ěáâì

Z_N = 1 N! ( Z^t_1^{)N} .

6.2 Łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě ďńï ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë

Ŕàĺ őâáãâáâćĺĺ ćŋěèŋĺå ŕőńěľ ć ŋěàěńïâĺćĺáâáłőň áńãçăě – ε_p = p^2/2m, čďě áőąáâćěŋŋëě ğŋăçěŋĺï łőňŕőŋěŋâ ĺňŕãńìáă çăáâĺæë őŕàěďěńěŋë áőőâŋőèěŋĺïňĺ p_{nx(y,z)} = (h/L_{x(y,z)})n_{x(y,z)} (łćăŋâőćăŋĺě ć ïéĺłě V = L_xL_yL_z). Šőčďă

Z^t_1 =^∑_{nx}^∑_{ny}^∑_{nz} exp −β h^2 2m n^2_x L^2_x + n^2_y L^2_y + n^2_z L^2_z , (3) čďě n_{x(y,z)} = 0, ±1, ±2, . . . Ć ňăłàőáłőŕĺçěáłőľ áĺáâěňě Δp = h/L ïćńïěâáï őçěŋì ňăńőľ ćěńĺçĺŋőľ. Ěáńĺ ććěáâĺ ć łăçěáâćě ňăáèâăąă ”âěŕńőćőľ” ĺňŕãńìá p_T = √ 2πmkT , âő ňăńőáâì Δp őğŋăçăěâ: Δp/p_T = h/(L √ 2πmkT ) ≪ 1. (4) Ććěďěň ŕăàăňěâà, ĺňěîéĺľ àăğňěàŋőáâì âěňŕěàăâãàë T_p = h^2/(2πmkL^2), – åăàăłâěàĺáâĺçěáłãî âěňŕěàăâãàã ďńï ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë. Šőčďă ãáńőćĺě (4) ŕàĺňěâ ćĺď T ≫ T_p. Šăł łăł T_p ∼ 10^{−10}K, âő (4) ŕàăłâĺçěáłĺ ćáěčďă ćëŕőńŋïěâáï, â. ě. íŋěàčěâĺçěáłĺľ áŕěłâà çăáâĺæë ïćńïěâáï łćăğĺŋěŕàěàëćŋëň, ĺ ŕőáâãŕăâěńìŋőě ďćĺęěŋĺě çăáâĺæë ňőęŋő áçĺâăâì łćăğĺłńăááĺçěáłĺň.

Šăłĺň őąàăğőň, áãňňĺàőćăŋĺě ć (3) ňőęŋő ğăňěŋĺâì ĺŋâěčàĺàőćăŋĺěň ŕő őďŋőçăáâĺçŋőňã äăğőćőňã ŕàőáâàăŋáâćã: ∑ n_x ∑ n_y ∑ n_z → ∫ dxdydzdp_xdp_y dp_z /(2πh̄)^3, ĺ Z^t_1 = V (2πh̄)^3 ∫ d^3p exp − p^2 2mkT . (5) Şďőąŋő ć (5) ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő íŋěàčĺĺ. Ććěďěň ďńï íâőčő íŋěàčěâĺçěáłãî ŕńőâŋőáâì áőáâőïŋĺľ D(ε) = dγ(p(ε)) dε = dγ(p) dp dp dε = V (2πh̄)^3 4πp^2 dp dε , (6) čďě γ(p) =^V_{(2πh̄)3}^∫_{p′<p} d^3p^′ – çĺáńő áőáâőïŋĺľ çăáâĺæë á ĺňŕãńìáăňĺ p^′ < p.

İâő őąéěě ćëàăęěŋĺě ďńï íŋěàčěâĺçěáłőľ ŕńőâŋőáâĺ áőáâőïŋĺľ çăáâĺæë (łćăğĺçăáâĺæë) ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňë (őâáãâáâćĺě ćŋěèŋĺå ŕőńěľ). Ďńï àăááňăâàĺćăěňőčő áńãçăï ε_p = p^2/2m (6) ňőęŋő ğăŕĺáăâì łăł D(ε) = 2πV (2m)^{3/2}

(2πh̄)^3 √ ε. (7) Šěŕěàì ćëàăęěŋĺě (5) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě

Z^t_1 = ∞∫

0 exp (−βε) D(ε)dε. (8) Ŕőďáâăćĺć (7) ć (8) ĺ ŕàőĺğćěďï ĺŋâěčàĺàőćăŋĺě, ŕőńãçĺň:

Z^t_1 = V (2πmkT/h^2)^{3/2}.

Ěáńĺ ććěáâĺ Λ = h/p_T = h/ √ 2πmkT – ďńĺŋã ”âěŕńőćőľ” ćőńŋë ďě Ąàőľńï, âő Z^t_1 = V/Λ^3.

6.3 Şàăćŋěŋĺï áőáâőïŋĺï ąőńìæňăŋőćáłőčő čăğă

Ćëçĺáńĺň âěŕěàì ćłńăď ć áćőąőďŋãî íŋěàčĺî ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë F = −kT ln Z_N = −kT ln^[(1/N!)(V/Λ^3)^{N ]} , ĺ ŋăľďěň ďăćńěŋĺě P = −(∂F/∂V )_T = NkT/V. İâő ŋe çâő ĺŋőě, łăł ãàăćŋěŋĺě Łńăŕěľàőŋă – Ňěŋďěńěěćă ĺńĺ âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï ĺďěăńìŋőčő čăğă.

Ŋăľďěň íŋâàőŕĺî čăğă: S = − ( ∂F ∂T ) T = Nk { ln [( 2πmkT h^2

)^{3/2} V N )] + 5 2 } = = Nk { 3 2 ln T + ln( V N ) + 3 2 ln ( 2πmkT h^2 ) + 5 2 } .

Ŕőńãçěŋŋőě ćëàăęěŋĺě ŋăğëćăîâ äőàňãńőľ Śăłãàă – Šěâàőďě.

Ćŋãâàěŋŋîî íŋěàčĺî ŋăľďěň ńĺąő ĺğ ãàăćŋěŋĺï F = U − T S, ńĺąő ĺğ őŕàěďěńěŋĺï U ≡ ⟨E⟩ = − ∂ ln Z_N ∂β = 3NkT 2 . Šăłĺň őąàăğőň, ňë ŕőńãçĺńĺ ãàăćŋěŋĺï áőáâőïŋĺï, őŕĺáëćăîéĺě âěàňőďĺŋăňĺłã ĺďěăńìŋőčő čăğă őďŋőăâőňŋëå ňőńěłãń. U ňőęŋő ŋăľâĺ âăłęě ĺáåőďï ĺğ àăćěŋáâćă U = ⟨E⟩ = N⟨ε⟩, ă áàěďŋîî łĺŋěâĺçěáłãî íŋěàčĺî ňőńěłãńë ňőęŋő ćëçĺáńĺâì ŕő äőàňãńě ⟨ε⟩ = ∞∫

0 εf_M (ε)dε, čďě f_M (ε) = D(ε) exp(−βε)/Z^t_1 – ŕńőâŋőáâì ćěàőïâŋőáâĺ çăáâĺæě ĺňěâì íŋěàčĺî ćąńĺğĺ ε (ňăłáćěńńőćáłőě àăáŕàěďěńěŋĺě ŕő íŋěàčĺĺ).

6.4 Řăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă

Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă ďńï ĺďěăńìŋőľ áĺáâěňë ňőęěâ ąëâì ŕàěďáâăćńěŋő ć ćĺďě ŕàőĺğćěďěŋĺï

P_m =^{N∏}_{j=1} exp(−βε_{mj} ) Z_1 , łăęďëľ áőňŋőęĺâěńì łőâőàőčő ěáâì ćěàőïâŋőáâì ŋăåőęďěŋĺï őâďěńìŋőľ çăáâĺæë ć áőáâőïŋĺĺ á íŋěàčĺěľ ε_{mj} :

P^{M B}_1 = exp(−βε_{mj} ) Z_1

. (9)

İâő ĺ ěáâì àăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă (çăéě ěčő ŋăğëćăîâ àăáŕàěďěńěŋĺěň Ąőńìæňăŋă ďńï ďĺáłàěâŋőčő áŕěłâàă). Ĺňěï ć ćĺďã łćăğĺŋěŕàěàëćŋőáâì áŕěłâàă íŋěàčĺĺ ŕőáâãŕăâěńìŋëå áâěŕěŋěľ áćőąőďë ĺ ŕàěďŕőńăčăï őâáãâáâćĺě ćŋěèŋĺå ŕőńěľ (ε_p = p^2/2m), ćëŕőńŋĺň ŕěàěåőď

P^{M B}_1 → dw^{M B}_1 = exp(−βε_p) Z_1 d^3rd^3p/(2πh̄)^3, (10) čďě Z^t_1 = V (2πmkT/h^2)^{3/2} – őďŋőçăáâĺçŋăï áâăâáãňňă.

Ěáńĺ âěŕěàì ŕàőĺŋâěčàĺàőćăâì (10) ŕő łőőàďĺŋăâăň, âő ŕőńãçĺň ćëàăęěŋĺě ďńï ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă ĺňěěâ ĺňŕãńìá ć ĺŋâěàćăńě (⃗p, ⃗p + d⃗p) : dw^M_1 (⃗p) = f_M (⃗p)d^3p, čďě

f_M (⃗p) = exp(−⃗p^2/2mkT ) (2πmkT )^{3/2} − àăáŕàěďěńěŋĺě Ňăłáćěńńă ŕő łőňŕőŋěŋâăň ĺňŕãńìáă ⃗p ≡ (p_x, p_y, p_z ). Ěáńĺ ć (10) ŕěàěľâĺ ł áäěàĺçěáłőľ áĺáâěňě łőőàďĺŋăâ d^3p = p^2dp sin ϑdϑdφ ĺ ŕàőĺŋâěčàĺàőćăâì ŕő ãčńőćëň ŕěàěňěŋŋëň, âő ć àěğãńìâăâě ŕőńãçĺň àăáŕàěďěńěŋĺě Ňăłáćěńńă ŕő ăąáőńîâŋőľ ćěńĺçĺŋě ĺňŕãńìáă

f̃_M (p) = 4π (2πmkT )^{3/2} p^2 exp − p^2 2mkT . Ĺğ ŕőáńěďŋěčő ńěčłő ŕőńãçĺâì äãŋłæĺî àăáŕàěďěńěŋĺï Ňăłáćěńńă ŕő ăąáőńîâŋőľ ćěńĺçĺŋě áłőàőáâĺ f(v) = 4π ( m 2πkT )3/2 v^2 exp − mv^2 2kT . [Łăł ąãďěâ ćëčńïďěâì àăáŕàěďěńěŋĺě Ňăłáćěńńă ŕő íŋěàčĺĺ f̃_M (ε)? Ŋăľďĺâě á ŕőňőéìî àăáŕàěďěńěŋĺï Ňăłáćěńńă ⟨v⟩, ⟨ε⟩ ĺ ŋăĺąőńěě ćěàőïâŋëě áłőàőáâì v_m ĺ íŋěàčĺî ε_m çăáâĺæë čăğă.]

Ŕãáâì čăğ ŕőňěéěŋ ćő ćŋěèŋěě ŕőńě u(⃗r). Ŕőďáâăćĺň ε(⃗p, ⃗r) = p^2/2m + u(⃗r) ć (10) ĺ ŕàőĺŋâěčàĺàãěň ŕő ĺňŕãńìáŋőľ çăáâĺ äăğőćőčő őąêěňă:

dw̃^B_1 = ∫ (p) dw^{M B}_1 = exp (−u(⃗r)/kT ) d^3r/(2πh̄)^{3 ∫} exp(−p^2/2mkT )d^3p (2πmkT/h^2)^{3/2 ∫} exp (−u(⃗r)/kT ) d^3r = f_B (⃗r)d^3r, čďě f_B (⃗r) – ŕńőâŋőáâì ćěàőïâŋőáâĺ ďńï çăáâĺæë ĺňěâì łőőàďĺŋăâë ⃗r ĺńĺ – áőąáâćěŋŋő àăáŕàěďěńěŋĺě Ąőńìæňăŋă: f_B(⃗r) = exp (−u(⃗r)/kT ) ∫ exp (−u(⃗r)/kT ) d^3r . (11)

6.5 Šěőàěňă ő àăáŕàěďěńěŋĺĺ íŋěàčĺĺ ŕő áâěŕěŋïň áćőąőďë

Ć łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłě àăáŕàěďěńěŋĺě Čĺąąáă ĺňěěâ ćĺď ϱ_N (X) = 1 Z_N exp (−βH (X)) , čďě Z_N – áâăâĺáâĺçěáłĺľ ĺŋâěčàăń:

Z_N = ∫ exp (−βH (X)) dX = ∫ exp (−βH (x_1, . . . , x_{2s})) dx_1 · · · dx_{2s} = = ∫ exp (−βH (q_1, . . . q_s, p_1, . . . , p_s)) dq_1 · · · dq_sdp_1 · · · dp_s. Ďőłăęěň ãâćěàęďěŋĺě, çâő ěáńĺ ŕàĺ x_i → ±∞, H → +∞ (x_i ≡ (q_i, p_i), i = 1, s, s – çĺáńő áâěŕěŋěľ áćőąőďë), âő ⟨ x_i ∂H ∂x_i ⟩ = kT. (12)

Ćőğìňěň ĺŋâěčàăń ŕő őďŋőľ ĺğ ŕěàěňěŋŋëå x_i ŕő çăáâïň ć ãáńőćĺĺ ŋőàňĺàőćłĺ 1 Z_N ∫ exp (−βH) dx_1 · · · dx_{2s} = 1 : 1 Z_N ∫ [x_i exp (−βH)]^{+∞}_{−∞} dx_1 · · · dx_{i−1}dx_{i+1} · · · dx_{2s} + + β ∫ x_i ∂H ∂x_i exp (−βH) Z_N dx_1 · · · dx_i · · · dx_{2s} = 1. (13)

Ŕěàćőě áńăčăěňőě ć (13) őąàăéăěâáï ć ŋãńì ŋă ćěàåŋěň ĺ ŋĺęŋěň ŕàěďěńăå ĺŋâěčàĺàőćăŋĺï, ŕőíâőňã ĺňěěâ ňěáâő (12): ∫ x_i ∂H ∂x_i ϱ_N dx_1 · · · dx_i · · · dx_{2s} = kT (14) Ěáńĺ x_i = q_i, âő ĺňěěň âěőàěňã ő áàěďŋěň ćĺàĺăńě ⟨ q_i ∂H ∂q_i ⟩ = kT. (15)

Ďńï x_j = p_j – âěőàěňã ő áàěďŋěľ łĺŋěâĺçěáłőľ íŋěàčĺĺ ⟨ p_j ∂H ∂p_j ⟩ = kT. (16) Řăááňőâàĺň ć łăçěáâćě äãŋłæĺĺ Čăňĺńìâőŋă áãňňã őďŋőàőďŋëå äőàň áâěŕěŋěľ r_1 ĺ r_2 H = H^{(1)} + H^{(2)}; H^{(1)} = s_p∑ i=1 a_ip^{r1}_i ; H^{(2)} = s_q∑ j=1 b_jq^{r2}_j . Ćëçĺáńĺň áàěďŋěě őâ H: ⟨H⟩ =^⟨H^{(1)⟩} +^⟨H^{(2)⟩} .

Ŕő âěőàěňě İľńěàă őą őďŋőàőďŋëå äőàňăå ∑ i p_i ∂H^{(1)} ∂p_i = r_1H^{(1)},^∑_j q_j

∂H^{(2)} ∂q_j = r_2H^{(2)}.

Ś ďàãčőľ áâőàőŋë, ŕő âěőàěňě ő àăáŕàěďěńěŋĺĺ íŋěàčĺĺ s_p∑ i=1 ⟨ p_i ∂H^{(1)} ∂p_i ⟩ = s_pkT, s_q∑ j=1 ⟨ q_j ∂H^{(2)} ∂q_j ⟩ = s_qkT, ŕőíâőňã ⟨H⟩ = s_p kT r_1 + s_q kT r_2

. (17) Šăłĺň őąàăğőň, łăęďăï äőàňă áâěŕěŋĺ n, ćåőďïéăï ć äãŋłæĺî Čăňĺńìâőŋă, ďăěâ ćłńăď ćő ćŋãâàěŋŋîî íŋěàčĺî, àăćŋëľ kT/n.

[Őæěŋĺâě: 1) âěŕńőěňłőáâì áĺáâěňë N ãńìâàăàěńïâĺćĺáâáłĺå çăáâĺæ; 2) âěŕńőěňłőáâì áĺáâěňë N ŋěàěńïâĺćĺáâáłĺå çăáâĺæ, ŋăåőďïéĺåáï ć ŕőńě âïčőâěŋĺï ćąńĺğĺ ŕőćěàåŋőáâĺ Ğěňńĺ.]