9 Ĺďěăńìŋëľ łćăŋâőćëľ čăğ

9.1 Śćïğì ďăćńěŋĺï á ćŋãâàěŋŋěľ íŋěàčĺěľ čăğă

Ć łćăğĺłńăááĺçěáłőň ŕàěďěńě áãňňë ŕő f ć (8.32)^∑_f ≡^∑_{p,σ} ğăňěŋïěň ĺŋâěčàĺàőćăŋĺěň ŕő íŋěàčĺĺ á ŕńőâŋőáâìî áőáâőïŋĺľ

D(ε) = g_s2πV/(2πh̄)^3(2m)^{3/2}ε^{1/2} : n = 1 V ∞∫

0 ⟨n(ε)⟩ D(ε)dε = g_s 2π h^3

(2m)^{3/2} ∞∫

0 ε^{1/2} exp [(ε − μ)/kT ] − η dε. (1)

U = ∞∫

0 ε ⟨n(ε)⟩ D(ε)dε = g_s 2π h^3

(2m)^{3/2} V ∞∫

0 ε^{3/2} exp [(ε − μ)/kT ] − η dε. (2) Šőçŋő âăł ęě ŕőáâãŕĺň á ćëàăęěŋĺěň ďńï ďăćńěŋĺï (8.26): P =−ηkT g_s 2π h^3

(2m)^{3/2} ∞∫

0 ε^{1/2} ln [1 − η exp (−(ε − μ)/kT )] dε. (3)

Ćëŕőńŋïï ć (3) ĺŋâěčàĺàőćăŋĺě ŕő çăáâïň, ŕőńãçĺň: P = g_s 2π h^3

(2m)^{3/2} 2 3 ∞∫

0 ε^{3/2} exp [(ε − μ)/kT ] − η dε, â. ě. P = 2 3 U V . (4)

Ćâőàőě ĺğ ãàăćŋěŋĺľ (4), áćïğëćăîéěě ďăćńěŋĺě á ćŋãâàěŋŋěľ íŋěàčĺěľ ĺďěăńìŋőčő čăğă, áŕàăćěďńĺćő łăł ďńï ąőğě–, âăł ĺ äěàňĺ–áĺáâěň. Őŋő áőåàăŋïěâáï ĺ ć àăňłăå łńăááĺçěáłőčő áâăâĺáâĺçěáłőčő őŕĺáăŋĺï.

9.2 Ŕăàăňěâàĺçěáłăï ğăŕĺáì ãàăćŋěŋĺï áőáâőïŋĺï

Ććőďï ąěğàăğňěàŋãî ŕěàěňěŋŋãî x = βε, ŕěàěŕĺèěň (1) ĺ (4) ć ćĺďě n = g_s Λ^3 2 √ π ∞∫

0 x^{1/2} exp x/z − η dx, (5)

P = g_s Λ^3 kT 4 3 √ π ∞∫

0 x^{3/2} exp x/z − η dx, (6) čďě Λ = h/(2πmkT )^{1/2}, z = exp(μ/kT ). Ĺŋâěčàăńë (5), (6) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě àïďőć, ĺáŕőńìğãï àăğńőęěŋĺě 1 e^x/z − η = ze^{−x ∞∑}_{ℓ=0}(ηze^{−x})^ℓ =^{∞∑}_{ℓ=1} η^{ℓ−1}z^ℓe^{−ℓx}. (7) (Řïď áåőďĺâáï àăćŋőňěàŋő ŕàĺ ãáńőćĺĺ z exp(−x) = exp [−(ε − μ)/kT ] < 1; ďńï ŕàőĺğćőńìŋëå ε íâő őğŋăçăěâ, çâő ďőńęŋő ćëŕőńŋïâìáï ãáńőćĺě exp(μ/kT ) < 1, â. ě. μ < 0. Śńãçăľ μ = 0 âàěąãěâ őáőąőčő àăááňőâàěŋĺï.)

Ŕőďáâăćĺň (7) ć (5) ĺ (6) ĺ ŕàőĺŋâěčàĺàãěň ŕőçńěŋŋő: n Λ^3 g_s = 2 √ π ∞∫

0 x^{1/2} ∞∑ ℓ=1 η^{ℓ−1}z^ℓ exp(−ℓx) dx = = 2 √ π ∞∑ ℓ=1 η^{ℓ−1}z^ℓ ∞∫

0 x^{1/2} exp(−ℓx)dx = 2 √ π ∞∑ ℓ=1 η^{ℓ−1}z^ℓ Γ(3/2) ℓ^{3/2} =^{∞∑}_{ℓ=1} η^{ℓ−1}z^ℓ ℓ^{3/2} ,

P Λ^3 g_skT = 4 3 √ π ∞∫

0 x^{3/2} ∞∑ ℓ=1 η^{ℓ−1}z^ℓ exp(−ℓx) dx = = 4 3 √ π ∞∑ ℓ=1 η^{ℓ−1}z^ℓ Γ(5/2) ℓ^{5/2} =^{∞∑}_{ℓ=1} η^{ℓ−1}z^ℓ ℓ^{5/2} . Ććőďï őąőğŋăçěŋĺï

Y_{3/2}(z) ≡^{∞∑}_{ℓ=1} η^{ℓ−1}z^ℓ ℓ^{3/2} , Y_{5/2}(z) ≡^{∞∑}_{ℓ=1} η^{ℓ−1}z^ℓ ℓ^{5/2} , (8)

ŕőńãçĺň n = g_s Λ^3

Y_{3/2}(z), P = g_s Λ^3 kT Y_{5/2}(z). (9) Őłőŋçăâěńìŋő âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï ğăŕĺèěň ć ćĺďě P = nkT Y_{5/2}(z) Y_{3/2}(z)

. (10)

Ĺğ (10) ćĺďŋő, çâő ŕàĺ Y_{5/2}(z)/Y_{3/2}(z) → 1 ňë ąãďěň ĺňěâì ąőńìæňăŋőćáłĺľ (łńăááĺçěáłĺľ) ŕàěďěń P = nkT . Łăł ńěčłő ãćĺďěâì ĺğ (8), íâő ĺňěěâ ňěáâő ŕàĺ z ≪ 1, łőčďă ňőęŋő ŕàěŋěąàěçì ćáěňĺ çńěŋăňĺ àïďă, łàőňě ŕěàćőčő: Y_{3/2}(z) ≃ z ĺ Y_{5/2}(z) ≃ z.

9.3 Ąőńìæňăŋőćáłĺľ ŕàěďěń ãàăćŋěŋĺï áőáâőïŋĺï łćăŋâőćőčő čăğă

Ŕàĺ łăłĺå ęě ãáńőćĺïå ňăńă ćěńĺçĺŋă exp(βμ)? Őçěćĺďŋő, âőńìłő ć áńãçăïå, łőčďă μ ćěńĺłő ŕő ăąáőńîâŋőľ ćěńĺçĺŋě, ŋő ĺňěěâ őâàĺæăâěńìŋëľ ğŋăł. (Ğăňěâĺň, çâő ł âăłőňã ćëćőďã ňë ãęě ŕàĺåőďĺńĺ: ďńï ŕőńãçěŋĺï (8.31) ĺğ (8.29) ĺ (8.30) ŋěőąåőďĺňő, çâőąë exp(−βμ) ≫ 1.)

Ŋăľďěň z = z(n, T ), ŕàěďŕőńăčăï ć (9) z ≪ 1: n ≃ g_s Λ^3 z ( 1 + ηz 2^{3/2} ) . (11)

Őâąàăáëćăï ć (11) áńăčăěňëě O(z^2), ŕőńãçĺň: z ≈ nΛ^3 g_s = n g_s h^2 2πmkT 3/2 . (12)

Šăłĺň őąàăğőň, ňăńőáâì z őąãáńőćńěŋă ňăńőáâìî ŕăàăňěâàă δ = n g_s h^2 2πmkT 3/2 , (13)

ă ãáńőćĺě δ ≪ 1 őğŋăçăěâ ňăńãî ŕńőâŋőáâì çăáâĺæ ć áĺáâěňě ĺ (ĺńĺ) ćëáőłãî âěňŕěàăâãàã. Ŕőłăęěň ŋěŕőáàěďáâćěŋŋëň ćëçĺáńěŋĺěň, çâő ďńï ąőńìæňăŋőćáłőčő čăğă ďěľáâćĺâěńìŋő ĺňěěâ ňěáâő (12): Z̃ =^{∞∑} N =0

z^N Z_N =^{∞∑}_{N =0} z^N N! ( g_sV Λ^3 )N = exp ( z g_sV Λ^3 ) . (14)

Ŕőáłőńìłã J = −kT ln Z̃, âő n = − 1 V ∂J ∂μ = g_s Λ^3 exp ( μ kT ) . (15)

Ĺâăł, ć ąőńìæňăŋőćáłőň ŕàĺąńĺęěŋĺĺ (δ ≪ 1) åĺňĺçěáłĺľ ŕőâěŋæĺăń ŕàĺŋĺňăěâ ąőńìèĺě őâàĺæăâěńìŋëě ğŋăçěŋĺï: μ = kT ln n g_s h^2 2πmkT 3/2 = kT ln δ −→_{δ→0} −∞ . (16)

Ŕőńãçĺň âěŕěàì ŕőŕàăćłĺ ŋă łćăŋâőćãî áâăâĺáâĺłã ł ąőńìæňăŋőćáłőňã ãàăćŋěŋĺî áőáâőïŋĺï. Őčàăŋĺçĺćăïáì ć (10) ńĺŋěľŋëňĺ ŕő z çńěŋăňĺ P = nkT 1 + ηz/2^{5/2} + o(z) 1 + ηz/2^{3/2} + o(z)

= nkT^[1 − ηz/2^{5/2} + o(z)^] (17)

ĺ ŕőďáâăćńïï ć (17) ŕàĺąńĺęěŋŋőě ćëàăęěŋĺě (12) ďńï z, ŋăľďěň ďńï ąőğě– ĺ äěàňĺ–áĺáâěň P_Ą = nkT^[1 − δ/2^{5/2} + o(δ)^] , (18)

P_Ť = nkT^[1 + δ/2^{5/2} + o(δ)^] . (19) Ňë ćĺďĺň, çâő ãçěâ łćăŋâőćőľ áâăâĺáâĺłĺ ŕàĺćőďĺâ ć íâőň ŕàĺąńĺęěŋĺĺ ł ňěŋìèěňã – ć áńãçăě ąőğőŋőć, ĺ ł ąőńìèěňã – ć áńãçăě äěàňĺőŋőć, ğŋăçěŋĺïň ďăćńěŋĺï ŕő áàăćŋěŋĺî á łńăááĺçěáłĺň àăáçěâőň á δ = 0 (çâő őâćěçăěâ h̄ → 0; ć ŕőáńěďŋěň áńãçăě P_Ą = P_Ť = nkT ). Ğăňěâĺň, çâő (18) ĺ (19) ŕő äőàňě ŋăŕőňĺŋăîâ ćĺàĺăńìŋőě àăğńőęěŋĺě ďńï łńăááĺçěáłőčő ŋěĺďěăńìŋőčő čăğă – àïď ŕő áâěŕěŋïň ŕńőâŋőáâĺ.

Ćěńĺçĺŋã δ ŋăğëćăîâ ŕăàăňěâàőň ćëàőęďěŋĺï łćăŋâőćőčő čăğă: ŕőŕàăćłĺ ŋă łćăŋâőćãî áâăâĺáâĺłã áâăŋőćïâáï áãéěáâćěŋŋëňĺ ŕàĺ δ ≥ 1. Ŕăàăňěâà ŕàěďáâăćńïěâ, ŕő áãâĺ ďěńă, ďőńî łćăŋâőćőčő ”őąêěňă” ćáěå N çăáâĺæ ć ŕőńŋőň őąêěňě áĺáâěňë: δ = (NΛ^3)/V (ğďěáì ňë ŕőńőęĺńĺ g_s = 1). Šăł łăł áàěďŋěe ňěęçăáâĺçŋőě àăááâőïŋĺě r̄ ∼ (V/N)^{1/3}, âő δ ∼ (Λ/r̄)^3 ŕőłăğëćăěâ, łăł ćěńĺłă ŕő áàăćŋěŋĺî áő áàěďŋĺň àăááâőïŋĺěň ňěęďã çăáâĺæăňĺ čăğă ŋěőŕàěďěńěŋŋőáâì Λ łőőàďĺŋăâë çăáâĺæë á íŋěàčĺěľ ŕőàïďłă kT. Ěáâěáâćěŋŋő, çâő łćăŋâőćëě íääěłâë (ćëàőęďěŋŋëľ čăğ) ŋěőąåőďĺňő ŕàĺŋĺňăâì ćő ćŋĺňăŋĺě, łőčďă ćőńŋőćëě äãŋłæĺĺ çăáâĺæ ňőčãâ ŕěàěłàëćăâìáï: r̄ ∼ Λ ĺ δ ∼ 1. Łőčďă r̄ ćěńĺłő, â. ě. r̄ ≫ Λ , âő δ ∼ (Λ/r̄^3) ≪ 1, ĺ âőčďă áŕàăćěďńĺćő ąőńìæňăŋőćáłőě ŕàĺąńĺęěŋĺě. Řěğîňĺàãï, ňőęŋő áłăğăâì, çâő ąőńìæňăŋőćáłĺľ čăğ – íâő čăğ âïęěńëå çăáâĺæ á ŋĺğłőľ ŕńőâŋőáâìî ĺ ąőńìèĺň áŕĺŋőň, ŋăčàěâëľ ďő ćëáőłĺå âěňŕěàăâãà.

Ćőğćàăéăïáì ł àăáŕàěďěńěŋĺïň Ąőğě – İľŋèâěľŋă ĺ Ťěàňĺ – Ďĺàăłă, ŕěàěŕĺèěň (8.29), (8.30) ć ŕàĺąńĺęěŋĺĺ ŋěŕàěàëćŋőčő áŕěłâàă – ⟨n_f ⟩ ⇒

⇒ dN(ε) = f(ε)dε, čďě dN(ε) = D(ε)dε exp [(ε − μ)/kT ] − η ; f(ε) = dN(ε) dε = D(ε) exp [(ε − μ)/kT ] − η . (20)

Ć ąőńìæňăŋőćáłőň ŕàěďěńě (exp(−μ/kT ) ≫ 1) ŕőńãçĺň àăáŕàěďěńěŋĺě Ňăłáćěńńă – Ąőńìæňăŋă

f(ε) ⇒ f_{M B} (ε) = D(ε) exp [−(ε − μ)/kT ] , (21)

ŋőàňĺàőćăŋŋőě ć ďăŋŋőň áńãçăě ŋă ŕőńŋőě çĺáńő çăáâĺæ ⟨N⟩ = ∞∫

0 f_{M B} (ε)dε. (22) Ćěàőïâŋőáâŋőě àăáŕàěďěńěŋĺě ŕőńãçĺň, àăğďěńĺć (21) ŋă (22):

f̃_{M B}(ε) = 1 ⟨N⟩ f_{M B}(ε). (23)

Ŕàĺ őâáãâáâćĺĺ ćŋěèŋěčő ŕőńï ďńï D(ε) = Aε^{1/2} ŋăľďěň àăáŕàěďěńěŋĺě Ňăłáćěńńă ŕő łĺŋěâĺçěáłĺň íŋěàčĺïň ε :

f̃_M (ε) = 2 √ ε √ π(kT )^{3/2} exp(−ε/kT ). 9.4 Ćëàőęďěŋŋëľ ąőğě–čăğ. Łőŋďěŋáăæĺï Ąőğě – İľŋèâěľŋă

Řăááňőâàĺň âěàňőďĺŋăňĺçěáłĺě áćőľáâćă áĺńìŋő ćëàőęďěŋŋőčő ĺďěăńìŋőčő čăğă. Şáńőćĺě ćëàőęďěŋŋőáâĺ δ ≫ 1 ňőęŋő ğăŕĺáăâì ĺ łăł T ≪ (n/g_s)^{2/3}h^2/(2πmk). Ğăäĺłáĺàãěň ŕńőâŋőáâì çĺáńă çăáâĺæ n ć (9) ĺ ąãďěň ŕőŋĺęăâì âěňŕěàăâãàã. Ťãŋłæĺï

Y_{3/2}(z) = nΛ^3 g_s = (n/g_s)^(h^2/2πmkT^{)3/2} (24)

áãéěáâćãěâ âőńìłő ŕàĺ z ≤ 1, ŕàĺŋĺňăï ŕàĺ z = 1 ňăłáĺňăńìŋőě ğŋăçěŋĺě Y_{3/2}(1) = ζ(3/2), čďě ζ(3/2) ≡^{∞∑}_{ℓ=1} 1 ℓ^{3/2} ≈ 2, 61 − ğŋăçěŋĺě ďğěâă–äãŋłæĺĺ Řĺňăŋă őâ ăàčãňěŋâă 3/2. Ŕőíâőňã (24) ŋě áőďěàęĺâ àěèěŋĺľ á T < T_B , čďě

T_B = h^2 2πmk n g_sζ(3/2) 2/3 . (25)

Ŕàĺ íâőň åĺňĺçěáłĺľ ŕőâěŋæĺăń áĺáâěňë, ąãďãçĺ őâàĺæăâěńìŋëň (íâő áńěďãěâ ĺğ ãáńőćĺï ⟨n_f ⟩ ≥ 0) ŕàĺ T → T_B ďőńęěŋ áâàěňĺâìáï ł ŋãńî: μ = kT ln z^{T →TB}−→_{z→1} −0 Ŕàĺğŋăłĺ äăğőćőčő ŕěàěåőďă ňőęŋő ãćĺďěâì ĺ ŋă ďàãčőň ŕãâĺ: äĺłáĺàãï âěňŕěàăâãàã ĺ ãćěńĺçĺćăï n, őąŋăàãęĺň, çâő áãéěáâćãěâ ŋěłőâőàăï łàĺâĺçěáłăï ŕńőâŋőáâì, n_c = g_s^(2πmkT/h^{2)3/2} ζ(3/2), âăłăï, çâő ğŋăçěŋĺï n > n_c ãęě ŋě ãďőćńěâćőàïîâ ãàăćŋěŋĺî (24).

Ŕàĺçĺŋă őčàăŋĺçěŋŋőáâĺ őŕĺáăŋĺï, őáŋőćăŋŋőčő ŋă ãàăćŋěŋĺïå (9) ğăłńîçăěâáï ć âőň, çâő ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ ďńï íŋěàčěâĺçěáłőčő áŕěłâàă ćłńăď őáŋőćŋőčő áőáâőïŋĺï á ε = 0 ŋě ãçâěŋ, âăł łăł D(ε) ∼ ε^{1/2}. Ŕőíâőňã ŕàĺ ãáńőćĺïå, łőčďă áĺáâěňă áâàěňĺâáï ŕěàěľâĺ ć őáŋőćŋőě áőáâőïŋĺě (Š → 0), ğăáěńěŋŋőáâì őáŋőćŋőčő ãàőćŋï ćőğàăáâăěâ (ć ąőğě–áĺáâěňě ć őďŋőň áőáâőïŋĺĺ ňőęěâ ŋăåőďĺâìáï ŕàőĺğćőńìŋőě çĺáńő çăáâĺæ), ĺ ćłńăď íâőâ ć âěàňőďĺŋăňĺłã ąőğě–čăğă áâăŋőćĺâáï ŕàĺŋæĺŕĺăńìŋëň.

Ĺáŕàăćĺâì áåěňã őŕĺáăŋĺï âěàňőďĺŋăňĺłĺ ąőğě–čăğă á ãçěâőň íâőčő őąáâőïâěńìáâćă ňőęŋő, ěáńĺ ãçěáâì ćłńăď áőáâőïŋĺï á ε = 0 őâďěńìŋő. Ĺğ àăáŕàěďěńěŋĺï Ąőğě – İľŋèâěľŋă ćĺďŋő, çâő áàěďŋïï ğăáěńěŋŋőáâì őáŋőćŋőčő ãàőćŋï ⟨n_0⟩ = 1 exp(−βμ) − 1 = z 1 − z (26)

áâăŋőćĺâáï ňăłàőáłőŕĺçěáłőľ ćěńĺçĺŋőľ: ⟨n_0⟩ ∼ ⟨N⟩ ŕàĺ z → 1. Ďěľáâćĺâěńìŋő, âăł łăł μ = −kT ln(1 + 1/⟨n_0⟩), âő ŕàĺ ⟨n_0⟩ → ⟨N⟩ åĺňĺçěáłĺľ ŕőâěŋæĺăń áâăŋőćĺâáï ňăłàőáłőŕĺçěáłĺ ňăńőľ ćěńĺçĺŋőľ: μ ≃ −kT/ ⟨N⟩ → 0 ć âěàňőďĺŋăňĺçěáłőň ŕàěďěńě ⟨N⟩ → ∞.

Šăłĺň őąàăğőň, ćáě ĺáŕàăćńěŋĺï áćőďïâáï ł âőňã, çâő ŕàĺ Š ≤ Š_B ŋěőąåőďĺňő ŕőńőęĺâì μ = 0 ĺ áçĺâăâì, çâő ãàăćŋěŋĺï (9) ãçĺâëćăîâ âőńìłő ćłńăď ćőğąãęďěŋŋëå áőáâőïŋĺľ á ε > 0 . Šőčďă áàěďŋěě çĺáńő çăáâĺæ á ε ≠ 0 ěáâì ⟨N^∗⟩ = ⟨N⟩ − ⟨n_0⟩ = ∞∫

0 D(ε)dε exp(ε/kT ) − 1 = g_s V Λ^3 ζ(3/2) = nV (Λ_B Λ )3 . (27)

(Ňë ćőáŕőńìğőćăńĺáì áőőâŋőèěŋĺěň ζ(3/2) = nΛ^3_B/g_s, čďě Λ_B ≡ Λ(T = T_B ).)

Ŕőďáâăćńïï áîďă őŕàěďěńěŋĺě (25) Š_B , ŕőńãçĺň: ⟨N^∗⟩ = ⟨N⟩ ( T T_B )3/2 , (28)

ĺ áàěďŋïï ğăáěńěŋŋőáâì őáŋőćŋőčő áőáâőïŋĺï ěáâì ⟨n_0⟩ = ⟨N⟩ 1 − ( T T_B )3/2 −→_{T →0} ⟨N⟩ . (29) §ćńěŋĺě ŕěàěåőďă ňăłàőáłőŕĺçěáłőľ ďőńĺ çăáâĺæ ąőğě–čăğă ć őáŋőćŋőě áőáâőïŋĺě ŋăğëćăîâ łőŋďěŋáăæĺěľ Ąőğě – İľŋèâěľŋă, ă âěňŕěàăâãàã ŕěàěåőďă Š_B – âěňŕěàăâãàőľ ąőğě-łőŋďěŋáăæĺĺ; íâă âěňŕěàăâãàă ïćńïěâáï łőàŋěň ãàăćŋěŋĺï μ(n, T_B ) = 0.

Ĺğ (4) ĺ (9) ńěčłő ŕőńãçĺâì ćëàăęěŋĺě ďńï ćŋãâàěŋŋěľ íŋěàčĺĺ ąőğěčăğă ŕàĺ T ≤ T_B : U = 3 2 ⟨N⟩ kT Y_{5/2}(z) Y_{3/2}(z) = 3 2 ⟨N^∗⟩ kT ζ(5/2) ζ(3/2) , (30)

čďě ζ(5/2) ≡^{∞∑}_{ℓ=1}^1_{ℓ5/2} ≈ 1, 34. Ŕőďáâăćńïï (28) ć (30), ŋăľďěň

U = 3 2 ⟨N⟩ kT_B ζ(5/2) ζ(3/2) ( T T_B )5/2 , P = nkT_B ζ(5/2) ζ(3/2) ( T T_B )5/2 , (31)

C_V = 15 4 ⟨N⟩ k ζ(5/2) ζ(3/2) ( T T_B )3/2 . (32)

Ĺâăł, ŕàĺ T → 0 ĺňěěň åăàăłâěàŋőě ďńï ąőğě–áĺáâěňë ŕőćěďěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ U ∼ T^{5/2}, P ∼ T^{5/2}, C_V ∼ T^{3/2} → 0. Ğăňěâĺň, çâő ŕàĺ T ≫ T_B (z ≪ 1), Y_{5/2}(z)/Y_{3/2}(z) −→_{z→0} 1, ĺ ďńï âěàňőďĺŋăňĺçěáłĺå åăàăłâěàĺáâĺł ŕőńãçăěň łńăááĺçěáłĺľ ŕàěďěń : U = 3 2 ⟨N⟩ kT, P = nkT, C_V = 3 2 ⟨N⟩ k.