ŃĚŁŰĹĹ ŔŐ ŚŠĂŠĹŚŠĹŮĚŚŁŐĽ ŤĹĞĹŁĚ

Ň. Ć. Śăďőćáłĺľ

Ĺŋáâĺâãâ İńěłâàőäĺğĺłĺ ŞàŐ ŘĂŊ, Ěłăâěàĺŋąãàč, 620016, Řőááĺï, E-mail: sadovski@iep.uran.ru

cflŇ.Ć.Śăďőćáłĺľ, 1999

Ŕàěďĺáńőćĺě

Ĺğńăčăěňëľ ŋĺęě ňăâěàĺăń ŕàěďáâăćńïěâ áőąőľ ŋěáłőńìłő àăáèĺàěŋŋëľ łőŋáŕěłâ ńěłæĺľ ŕő őďŋőáěňěáâàőćőňã łãàáã \Śâăâĺáâĺçěáłăï äĺğĺłă", çĺâăěňëå ăćâőàőň ŋă äĺğĺçěáłőň äăłãńìâěâě Şàăńìáłőčő Čőáãďăàáâćěŋŋőčő Şŋĺćěàáĺâěâă, ŋăçĺŋăï á 1992 čőďă. Łãàá ŕàěďŋăğŋăçěŋ ďńï ćáěčő ŕőâőłă áâãďěŋâőć, áŕěæĺăńĺğĺàãîéĺåáï ŕő äĺğĺłě, ĺ áőáâăćńïěâ çăáâì őąéěčő łãàáă âěőàěâĺçěáłőľ äĺğĺłĺ. Ć íâőň áňëáńě őŋ őàĺěŋâĺàőćăŋ ŋě âőńìłő ŋă áâãďěŋâőć{âěőàěâĺłőć, ŋő áőďěàęĺâ ć áěąě âőâ ňĺŋĺňãň ğŋăŋĺľ, łőâőàëľ ŋěőąåőďĺň, ć ŋăáâőïéěě ćàěňï, ĺ äĺğĺłăň{ íłáŕěàĺňěŋâăâőàăň. Ŋãęŋő őâňěâĺâì, çâő őáőąěŋŋőáâĺ ŕàőčàăňňë őąãçěŋĺï áâãďěŋâőć ŋă äĺğĺçěáłőň äăłãńìâěâě ŞàČŞ âăłőćë, çâő áâăâĺáâĺçěáłőľ äĺğĺłě őâćőďĺâáï ćěáìňă ŋěğŋăçĺâěńìŋőě ćàěňï. Ŕőíâőňã ŕěàěď ăćâőàőň áâőïńă ğăďăçă ďăâì ďőáâăâőçŋő łőňŕăłâŋőě ĺğńőęěŋĺě ňăâěàĺăńă, łőâőàőě, âěň ŋě ňěŋěě, áőďěàęăńő ąë őáŋőćŋëě ŕàĺŋæĺŕë ĺ ŕàĺńőęěŋĺï áâăâĺáâĺçěáłőľ äĺğĺłĺ ł ğăďăçăň âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï. Ţőâï áăň ăćâőà ŕàĺďěàęĺćăěâáï âőçłĺ ğàěŋĺï, ćŕěàćëě ćëáłăğăŋŋőľ ć äãŋďăňěŋâăńìŋőň łãàáě Ńăŋďăã ĺ Ńĺäèĺæă, ő ŋěőąåőďĺňőáâĺ ŕàěŕőďăćăŋĺï âěàňőďĺŋăňĺłĺ ć áőáâăćě łãàáă áâăâĺáâĺçěáłőľ äĺğĺłĺ, ğďěáì íâă áåěňă őâąàőèěŋă, őŕïâì ęě ć áćïğĺ á őáőąěŋŋőáâïňĺ ŕàőčàăňňë őąãçěŋĺï ć ŞàČŞ, čďě çĺâăěâáï őâďěńìŋëľ łãàá äěŋőňěŋőńőčĺçěáłőľ âěàňőďĺŋăňĺłĺ.

Ďăŋŋëě ńěłæĺĺ ŋě ïćńïîâáï őàĺčĺŋăńìŋëňĺ ĺ ŕàăłâĺçěáłĺ ŕőńŋőáâìî őáŋőćăŋë ŋă ĺğćěáâŋëå äãŋďăňěŋâăńìŋëå ãçěąŋĺłăå ĺ ňőŋőčàăäĺïå [1, 2, 3, 4]. Ăćâőàã ŕàĺŋăďńěęĺâ âőńìłő őâąőà ňăâěàĺăńă, łàőňě âőčő ğďěáì ďőąăćńěŋő őąáãęďěŋĺě àïďă őâďěńìŋëå ćőŕàőáőć, őáŋőćăŋŋőě ŋă ĺáŕőńìğőćăŋĺĺ ňăâěàĺăńă, ćğïâőčő ĺğ ďàãčĺå ĺáâőçŋĺłőć, łőâőàëě ąãďãâ æĺâĺàőćăâìáï ŕő åőďã ĺğńőęěŋĺï. Ććĺďã ãŕőňïŋãâőčő ŋěďőáâăâłă ćàěňěŋĺ, ĺğńőęěŋĺě őčàăŋĺçěŋő àăááňőâàěŋĺěň ďőáâăâőçŋő âàăďĺæĺőŋŋëå ğăďăç. Ŋěłőâőàőľ őáőąěŋŋőáâìî ïćńïěâáï âőńìłő ŕőŕëâłă ďăâì íńěňěŋâăàŋőě ĺ łàăâłőě ććěďěŋĺě ć ňěâőďë áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ŕàěďŕàĺŋïâăï ć áăňőň łőŋæě łãàáă.

Őáŋőćŋőľ ňăâěàĺăń, ŕàěďŋăğŋăçěŋŋëľ ďńï áâãďěŋâőć ćáěå áŕěæĺăńĺğăæĺľ, ĺğńăčăěâáï ŕőáńěďőćăâěńìŋő. Řïď ąőńěě áŕěæĺăńìŋëå ćőŕàőáőć, ąőńěě őàĺěŋâĺàőćăŋŋëå ŋă áâãďěŋâőć{âěőàěâĺłőć, ćëŋěáěŋ ć Ŕàĺńőęěŋĺï ĺ ć àăğďěńë, őâňěçěŋŋëě \ğćěğďőçłőľ". Ťăłâĺçěáłĺ, íâĺ ćőŕàőáë àăááňăâàĺćăîâáï ăćâőàőň ŋă ńěłæĺïå{áěňĺŋăàăå á čàãŕŕőľ âěőàěâĺłőć. Šőâ äăłâ, çâő łãàá őáŋőćăŋ ŋă àïďě àăğŋëå ĺáâőçŋĺłőć, ŋěĺğąěęŋő ŕàĺćěń ł ŋěłőâőàőňã \àăğŋőąőî" ć áâĺńě ĺğńőęěŋĺï ĺ őąőğŋăçěŋĺïå, ĺáŕőńìğőćăŋŋëå ć àăğŋëå àăğďěńăå. Ăćâőà őáőąěŋŋő ŋě áâăàăńáï ŋăćěáâĺ âãâ ďőáâăâőçŋëľ ŕőàïďőł. Ć íâőň áňëáńě, ŕàěďáâăćńěŋ ĺňěŋŋő ňăâěàĺăń ńěłæĺľ, ă ŋě ďăŋő äőàňăńìŋő áâàőčőě ĺğńőęěŋĺě, ąőńěě ŕàĺŋïâőě ć ãçěąŋĺłăå. Ŋěłőâőàőľ őáőąěŋŋőáâìî ďăŋŋëå ńěłæĺľ ïćńïěâáï âăłęě ŋăńĺçĺě ďőćőńìŋő ąőńìèőčő çĺáńă ááëńőł ŋă őàĺčĺŋăńìŋëě ňőŋőčàăäĺĺ, ć łőâőàëå ňőęŋő ŋăľâĺ ąőńěě ďěâăńìŋőě ĺğńőęěŋĺě àïďă ãŕőňĺŋăěňëå ć łãàáě ćőŕàőáőć.

Řăğãňěěâáï, çâěŋĺě ďăŋŋőčő ňăâěàĺăńă ŋě ňőęěâ ğăňěŋĺâì ãčńãąńěŋŋőčő ĺğãçěŋĺï ŕàěďňěâă, łőâőàőě ĺňěěâ áňëáń ćěáâĺ, ŕőńìğãïáì ãŕőňïŋãâëňĺ łńăááĺçěáłĺňĺ łŋĺčăňĺ. Šěň ŋě ňěŋěě, ăćâőà ŋăďěěâáï, çâő ŕàěďńăčăěňőě çĺâăâěńî łàăâłőě ĺğńőęěŋĺě ňőęěâ ŕàěďáâăćĺâì ŋěłőâőàëľ áăňőáâőïâěńìŋëľ ĺŋâěàěá ĺ őąńěčçĺâ ŕőŋĺňăŋĺě ąőńěě äãŋďăňěŋâăńìŋëå ãçěąŋĺłőć ĺ ňőŋőčàăäĺľ.

Ň.Ć.Śăďőćáłĺľ, Ěłăâěàĺŋąãàč, 1999 č.

2

Śőďěàęăŋĺě

1 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 7 Ććěďěŋĺě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 Ťãŋłæĺĺ àăáŕàěďěńěŋĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 Śâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì. . . . . . . . . . . . . . . . . . . . . . . . . . . 13 Šěőàěňă Ńĺãćĺńńï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 Řőńì íŋěàčĺĺ, ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě. . . . . . . . . . . . . . . . 19 Ůăáâĺçŋëě äãŋłæĺĺ àăáŕàěďěńěŋĺï^∗. . . . . . . . . . . . . . . . . . . . . . . 22 Ňăâàĺæă ŕńőâŋőáâĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 Ůĺáâëľ ăŋáăňąńì. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 Śňěèăŋŋëľ ăŋáăňąńì. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 Łćăŋâőćőě ãàăćŋěŋĺě Ńĺãćĺńńï. . . . . . . . . . . . . . . . . . . . . . . . . . 30 Ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć łćăŋâőćőľ áâăâĺáâĺłě. . . . . . . . . . 31 Ůăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ^∗. . . . . . . . . . . . . . . . . . . . . . . . . . 32 İŋâàőŕĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 Čĺąąáőćáłăï íŋâàőŕĺï. İŋâàőŕĺï ĺ ćěàőïâŋőáâì. . . . . . . . . . . . . . 35 Ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ. . . . . . . . . . . . . . . . . . . . . . . . . 38

2 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 45

Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă. . . . . . . . . . . . . . . . . . . . . . . 45 Řăáŕàěďěńěŋĺě Ňăłáćěńńă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 Śćőąőďŋăï íŋěàčĺï ć àăáŕàěďěńěŋĺĺ Čĺąąáă. . . . . . . . . . . . . . . . . . . 52 Řăáŕàěďěńěŋĺě Čĺąąáă á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ. . . . . . . . . . . . . . 53 Ćëćőď âěàňőďĺŋăňĺçěáłĺå áőőâŋőèěŋĺľ ĺğ àăáŕàěďěńěŋĺï Čĺąąáă. . . . . . 55

3 ĹĎĚĂŃĲŊŻĽ ČĂĞ 61 Řăáŕàěďěńěŋĺě Ąőńìæňăŋă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 Řăáŕàěďěńěŋĺě Ąőńìæňăŋă ć łńăááĺçěáłőľ áâăâĺáâĺłě. . . . . . . . . . . . . 62 Ŋěàăćŋőćěáŋëľ ĺďěăńìŋëľ čăğ. . . . . . . . . . . . . . . . . . . . . . . . . . . 64 Śćőąőďŋăï íŋěàčĺï ąőńìæňăŋőćáłőčő ĺďěăńìŋőčő čăğă. . . . . . . . . . . . . . 67 Şàăćŋěŋĺě áőáâőïŋĺï ĺďěăńìŋőčő čăğă. . . . . . . . . . . . . . . . . . . . . . . 68 Ĺďěăńìŋëľ čăğ á ŕőáâőïŋŋőľ âěŕńőěňłőáâìî. . . . . . . . . . . . . . . . . . . 69 Ğăłőŋ àăćŋőàăáŕàěďěńěŋĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 Őďŋőăâőňŋëľ ĺďěăńìŋëľ čăğ. . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4 ŚŐĎĚŘĘĂŊĹĚ

4 ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ 75

Őâłńőŋěŋĺě čăğőć őâ ĺďěăńìŋőáâĺ. . . . . . . . . . . . . . . . . . . . . . . . . 75 Ťőàňãńă Ćăŋ-ďěà-Ćăăńìáă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 Šěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë łńăááĺçěáłőľ ŕńăğňë. . . . . . . . . . . . . . 80

5 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 83 Řăáŕàěďěńěŋĺě Ťěàňĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 Řăáŕàěďěńěŋĺě Ąőğě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 Ŋěàăćŋőćěáŋëě äěàňĺ{ ĺ ąőğě{čăğë. . . . . . . . . . . . . . . . . . . . . . . . 85 Őąéĺě áćőľáâćă äěàňĺ{ ĺ ąőğě{čăğőć. . . . . . . . . . . . . . . . . . . . . . . 87 Ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ. . . . . . . . . . . . . . . . . . . . . . . . . . 89 Řěńïâĺćĺáâáłĺľ ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ^∗. . . . . . . . . . . . . . . . 92 Šěŕńőěňłőáâì ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă. . . . . . . . . . . . . . . . . 93 Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă. Śńăąëě ŕőńï. . . . . . . . . . . . . . . . . . . 95 Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă. Śĺńìŋëě ŕőńï^∗. . . . . . . . . . . . . . . . . . 98 Ćëàőęďěŋŋëľ ąőğě{čăğ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 Śâăâĺáâĺłă äőâőŋőć. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 6 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 107

Šćěàďëě âěńă. Ŋĺğłĺě âěňŕěàăâãàë. . . . . . . . . . . . . . . . . . . . . . . . 107 Šćěàďëě âěńă. Ćëáőłĺě âěňŕěàăâãàë. . . . . . . . . . . . . . . . . . . . . . . 110 Ťőàňãńă Ďěąăï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 Łćăŋâőćăï ęĺďłőáâì. Śŕěłâà ąőğěćáłőčő âĺŕă. . . . . . . . . . . . . . . . . . 114 Śćěàåâěłãçěáâì. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 Ťőŋőŋë ć (ąőğě){ęĺďłőáâĺ^∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 Ćëàőęďěŋŋëľ ąőğě{čăğ á ćğăĺňőďěľáâćĺěň. . . . . . . . . . . . . . . . . . . . 124 Łćăŋâőćăï ęĺďłőáâì. Śŕěłâà äěàňĺěćáłőčő âĺŕă. . . . . . . . . . . . . . . . 127 İńěłâàőŋŋăï äěàňĺ{ęĺďłőáâì ňěâăńńőć^∗. . . . . . . . . . . . . . . . . . . . 132

7 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 135

Łãŕěàőćáłăï ŋěãáâőľçĺćőáâì. . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 Śćěàåâěłãçĺľ äěàňĺ-čăğ. İŋěàčěâĺçěáłĺľ áŕěłâà. . . . . . . . . . . . . . . . 137 Śćěàåâěłãçĺľ äěàňĺ{čăğ. Šěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë. . . . . . . . . . . 145 Şçěâ łãńőŋőćáłőčő őââăńłĺćăŋĺï^∗. . . . . . . . . . . . . . . . . . . . . . . . . 148 Šěőàĺï Čĺŋğąãàčă { Ńăŋďăã. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

8 ŤŃŞŁŠŞĂŰĹĹ 159 Řăáŕàěďěńěŋĺě Čăãááă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 Ťńãłâãăæĺĺ őáŋőćŋëå äĺğĺçěáłĺå ćěńĺçĺŋ. . . . . . . . . . . . . . . . . . . 162 Ťńãłâãăæĺĺ ć ĺďěăńìŋőň čăğě. . . . . . . . . . . . . . . . . . . . . . . . . . . 165

9 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 169

Ňěâőď ňőńěłãńïàŋőčő ŕőńï ć âěőàĺĺ ňăčŋěâĺğňă. . . . . . . . . . . . . . . . 169 Łćăğĺáàěďŋĺě^∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 Ťńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă. . . . . . . . . . . . . . . . . . . . . . . . . . 178 Śłěľńĺŋč. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

ŚŐĎĚŘĘĂŊĹĚ 5

10 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 191

Ńĺŋěľŋăï àěăłæĺï áĺáâěňë ŋă ňěåăŋĺçěáłőě ćőğňãéěŋĺě. . . . . . . . . . . 191 İńěłâàőŕàőćőďŋőáâì ĺ ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì. . . . . . . . . . . . . . . 196 Śŕěłâàăńìŋëě ŕàěďáâăćńěŋĺï ćàěňěŋŋëå łőààěńïâőàőć ĺ ďćãåćàěňěŋŋëě äãŋłæĺĺ Čàĺŋă^∗. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 Ďĺáŕěàáĺőŋŋëě áőőâŋőèěŋĺï Łàăňěàáă{Łàőŋĺčă ĺ ŕàĺŋæĺŕ áĺňňěâàĺĺ Őŋ- áăčěàă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 11 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂ- ŚŠĹŰ 207

Ňěâőď łćăğĺçăáâĺæ ĺ äãŋłæĺĺ Čàĺŋă. . . . . . . . . . . . . . . . . . . . . . . 207 Ďĺăčàăňňŋëľ ňěâőď ć ŕàőąńěňě ňŋőčĺå âěń. . . . . . . . . . . . . . . . . . . 215 Şàăćŋěŋĺě Ďăľáőŋă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218 İääěłâĺćŋőě ćğăĺňőďěľáâćĺě ĺ ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì. . . . . . 221 Ťãŋłæĺĺ Čàĺŋă ŕàĺ łőŋěçŋőľ âěňŕěàăâãàě. . . . . . . . . . . . . . . . . . . . 224

Ă Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.229 İàčőďĺçŋőáâì. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 Šěőàěňă ćőğćàăâă Ŕãăŋłăàě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234 Ŋěãáâőľçĺćőáâì âàăěłâőàĺľ ĺ ŕěàěňěèĺćăŋĺě. . . . . . . . . . . . . . . . . . 236

Ą Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ. 239

Śćïğì àăáŕàěďěńěŋĺľ Čĺąąáă á ňăłáĺňãňőň ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ. . . 239 \Ďěňőŋ" Ňăłáćěńńă ĺ ěčő ĺğčŋăŋĺě. . . . . . . . . . . . . . . . . . . . . . . . 243

Ć Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 247

Łĺŋěâĺçěáłőě ãàăćŋěŋĺě Ąőńìæňăŋă. . . . . . . . . . . . . . . . . . . . . . . . 247 H { âěőàěňă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 Łćăŋâőćëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. . . . . . . . . . . . . . . . . . . . . . . . 254 İńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě. . . . . . . . . . . . . . . . . . . . 255 İńěłâàőŋ { íńěłâàőŋŋőě ćğăĺňőďěľáâćĺě. . . . . . . . . . . . . . . . . . 259

6 ŚŐĎĚŘĘĂŊĹĚ

Čńăćă 1

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂ- ŠĹŚŠĹŁĹ

Ňë ňőęěň ŕàěďáâăćĺâì áěąě ąőńìèőě çĺáńő áĺáâěň őďĺŋăłőćőľ ŕàĺàőďë, ŋő àăğńĺçŋëå ŕő łőŋäĺčãàăæĺïň ĺ áłőàőáâïň, łőâőàëňĺ őŋĺ őąńăďăîâ ć ďăŋŋëľ ňőňěŋâ ĺ àăğńĺçŋëå ŋě âőńìłő ąěáłőŋěçŋő ňăńő, ŋő âăł, çâő őåćăâëćăěâáï łăęďăï ňëáńĺňăï łőňąĺŋăæĺï łőŋäĺčãàăæĺľ ĺ áłőàőáâěľ. Ŕàĺ íâőň ňë ňőęěň ŕőáâăćĺâì áěąě ğăďăçěľ ŋě ŕàőáńěęĺćăâì őŕàěďěńěŋŋãî áĺáâěňã çěàěğ ćáî ŕőáńěďőćăâěńìŋőáâì ěě łőŋäĺčãàăæĺľ, ă ãáâăŋőćĺâì, łăł ąãďěâ àăáŕàěďěńěŋő ćáě çĺáńő áĺáâěň ňěęďã àăğńĺçŋëňĺ ćőğňőęŋëňĺ łőŋäĺčãàăæĺïňĺ ĺ áłőàőáâïňĺ ć ńîąőľ âàěąãěňëľ ňőňěŋâ, ěáńĺ âăłőě àăáŕàěďěńěŋĺě ąëńő ğăďăŋő ďńï łăłőčő-ńĺąő ňőňěŋâă ćàěňěŋĺ. Őáŋőćŋëň ãâćěàęďěŋĺěň ŕàĺ âăłőň ĺááńěďőćăŋĺĺ ïćńïěâáï ãàăćŋěŋĺě, ďăîéěě áłőàőáâì ĺğňěŋěŋĺï çĺáńă áĺáâěň, ğăłńîçěŋŋëå ćŋãâàĺ őŕàěďěńěŋŋëå ňăńëå čàăŋĺæ łőŋäĺčãàăæĺĺ ĺ áłőàőáâĺ. Šăłĺě ĺááńěďőćăŋĺï Ňăłáćěńń ŋăğëćăń áâăâĺáâĺçěáłĺňĺ. Őŋĺ ŕàĺŋăďńěęăâ ł őâàăáńĺ ňěåăŋĺłĺ, őąïğăŋŋőľ áćőĺň ŕàőĺáåőęďěŋĺěň áâàěňńěŋĺî őąêïáŋĺâì ğăłőŋë âěàňőďĺŋăňĺłĺ ĺáåőďï ĺğ ňěåăŋĺçěáłĺå ŕàĺŋæĺŕőć, ĺ őáŋőćăŋŋőľ, čńăćŋëň őąàăğőň, Łńăãğĺãáőň, Ňăłáćěńńőň ĺ Ąőńìæňăŋőň.

Ďęőğăľă Ćĺńńăàď Čĺąąá, Ŋìî-Ţíľćěŋ, 1901 č. [5]

8 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Ććěďěŋĺě.

Šàăďĺæĺőŋŋő ŕőďàăğãňěćăěâáï, çâő áâăâĺáâĺçěáłăï äĺğĺłă (áâăâĺáâĺçěáłăï ňěåăŋĺłă) àăááňăâàĺćăěâ áĺáâěňë, áőáâőïéĺě ĺğ ąőńìèőčő çĺáńă çăáâĺæ, ďćĺęãéĺåáï áőčńăáŋő ğăłőŋăň łńăááĺçěáłőľ ĺńĺ łćăŋâőćőľ ňěåăŋĺłĺ. Ĺáâőàĺçěáłĺ őŋă ćőğŋĺłńă ć łőŋæě XIX ćěłă ĺğ ŕőŕëâőł ŕàőćěáâĺ ňěåăŋĺáâĺçěáłőě őąőáŋőćăŋĺě ğăłőŋőć âěàňőďĺŋăňĺłĺ ć àăąőâăå Ďę.Ňăłáćěńńă ĺ Ń.Ąőńìæňăŋă. Ŕàăłâĺçěáłĺ ŕőńŋőě ğăćěàèěŋĺě äőàňăńìŋëľ ăŕŕăàăâ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ŕőńãçĺń ć äãŋďăňěŋâăńìŋőň âàãďě Ďę.Ć.Čĺąąáă [6], ŕőïćĺćèĺňáï ć áăňőň ŋăçăńě XX ćěłă. Ğăňěçăâěńìŋőľ őáőąěŋŋőáâìî ňěâőďă Čĺąąáă, áőğďăŋŋőčő ğăďőńčő ďő ŕőïćńěŋĺï áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ, őłăğăńăáì ŕàĺňěŋĺňőáâì ěčő ĺ ł łćăŋâőćëň áĺáâěňăň. Ć ŋăáâőïéěě ćàěňï áâăâĺáâĺçěáłăï äĺğĺłă ćëèńă ďăńěłő ğă àăňłĺ ŕěàćőŋăçăńìŋëå ğăďăç őąőáŋőćăŋĺï âěàňőďĺŋăňĺłĺ ĺ ěě ňěâőďë ĺ ĺďěőńőčĺï ŕàőŋĺğëćăîâ, äăłâĺçěáłĺ, ćáě őáŋőćŋëě àăğďěńë áőćàěňěŋŋőľ âěőàěâĺçěáłőľ äĺğĺłĺ. Ŕőŋĺňăěňăï ãğłő, łăł âěőàĺï áĺáâěň ňŋőčĺå (ćğăĺňőďěľáâćãîéĺå) çăáâĺæ, őŋă ĺňěěâ čńãąőłĺě áćïğĺ á áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺěľ ŕőńï, ïćńïîéěľáï ŋăĺąőńěě äãŋďăňěŋâăńìŋőľ âěőàĺěľ ňăâěàĺĺ. Ć âőęě ćàěňï, őłăğăńőáì, çâő ĺ ŕàĺ őŕĺáăŋĺĺ ňěåăŋĺçěáłőčő ďćĺęěŋĺï áĺáâěň, áőáâőïéĺå ĺğ áàăćŋĺâěńìŋő ŋěąőńìèőčő çĺáńă çăáâĺæ, ďăęě ć àăňłăå łńăááĺçěáłőľ ňěåăŋĺłĺ, ňë ğăçăáâãî ďőńęŋë ĺáŕőńìğőćăâì áâăâĺáâĺçěáłĺě ňěâőďë, çâő áćïğăŋő á łàăľŋě áńőęŋëň (ŋěãáâőľçĺćëň) åăàăłâěàőň ďćĺęěŋĺï ć ąőńìèĺŋáâćě ŋěâàĺćĺăńìŋëå áńãçăěć. Ĺďěĺ ĺ ňěâőďë áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ïćńïîâáï őáŋőćőľ ďńï ŕőŋĺňăŋĺï ŕàőæěááőć ć âćěàďëå âěńăå, čăğăå, ęĺďłőáâïå ĺ ŕńăğňě, ă áőćàěňěŋŋăï âěőàĺï ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ (ãŕőňïŋãâăï ćëèě łćăŋâőćăï âěőàĺï ŕőńï) ïćńïěâáï, á áăňőčő ŋăçăńă, âěőàĺěľ áĺáâěň á ąěáłőŋěçŋëň çĺáńőň áâěŕěŋěľ áćőąőďë, čďě áâăâĺáâĺçěáłĺě ňěâőďë ĺčàăîâ őáŋőćőŕőńăčăîéãî àőńì. Ł áőęăńěŋĺî, ć àăňłăå ďăŋŋőčő łãàáă ňë ńĺèěŋë ćőğňőęŋőáâĺ áłőńìłő-ŋĺąãďì ŕőďàőąŋőčő őąáãęďěŋĺï ćáěå íâĺå áćïğěľ ĺ őčàăŋĺçĺňáï ńĺèì ďőáâăâőçŋő âàăďĺæĺőŋŋëňĺ ŕàőąńěňăňĺ őŕĺáăŋĺï ŕàőáâëå ňőďěńěľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ [1, 2, 4], łőâőàëě, âěň ŋě ňěŋěě, ïćńïîâáï őáŋőćőľ áőćàěňěŋŋőčő ŕőŋĺňăŋĺï ĺ čőàăğďő ąőńěě áńőęŋëå ğăďăç.

Ťãŋłæĺĺ àăáŕàěďěńěŋĺï.

Řăááňőâàĺň áĺáâěňã ĺğ N őďĺŋăłőćëå (ďńï ŕàőáâőâë) ćğăĺňőďěľáâćãîéĺå çăáâĺæ, ŋăåőďïéĺåáï ć łőŋěçŋőň, ŋő ňăłàőáłőŕĺçěáłĺ ďőáâăâőçŋő ąőńìèőň őąêěňě V . Ďńï ŕàőáâőâë âăłęě áçĺâăěň, çâő çăáâĺæë ŋě őąńăďăîâ ćŋãâàěŋŋĺňĺ áâěŕěŋïňĺ áćőąőďë. Ěáńĺ ďćĺęěŋĺě çăáâĺæ őŕĺáëćăěâáï ğăłőŋăňĺ łńăááĺçěáłőľ ňěåăŋĺłĺ, âő áőáâőïŋĺě k-őľ çăáâĺæë ğăďăěâáï ğŋăçěŋĺïňĺ ěě łőőàďĺŋăâ q_k ĺ ĺňŕãńìáă p_k, ă áőáâőïŋĺě ćáěľ áĺáâěňë | ğăďăŋĺěň ğŋăçěŋĺľ ćáěå łőőàďĺŋăâ q_1, q_2, ..., q_N ĺ ĺňŕãńìáőć p_1, p_2, ..., p_N. Šăłĺň őąàăğőň áőáâőïŋĺě áĺáâěňë ňőęěâ ąëâì őŕĺáăŋő ğăďăŋĺěň âőçłĺ ć 6N {ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě: (q_1, q_2, ..., q_N, p_1, p_2, ..., p_N) | äăğőćőľ âőçłĺ. Ďĺŋăňĺçěáłăï íćőńîæĺï áĺáâěňë őŕàěďěńïěâáï ãàăćŋěŋĺïňĺ ďćĺ-

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 9

ęěŋĺï Čăňĺńìâőŋă:^1 dqk dt = ∂H ∂pk dpk dt = − ∂H ∂qk^, (1.1) čďě H = H(q_1, q_2, ..., q_N , p_1, p_2, ..., p_N) ≡ H(p, q) (1.2) ŕőńŋëľ čăňĺńìâőŋĺăŋ áĺáâěňë. Řăááňőâàĺň ŕàőáâěľèĺľ áńãçăľ, łőčďă çăáâĺæë ćğăĺňőďěľáâćãîâ ŕőáàěďáâćőň ŕăàŋőčő æěŋâàăńìŋő-áĺňňěâàĺçŋőčő ŕőâěŋæĺăńă U (|q_i −

qk|), âăł çâő čăňĺńìâőŋĺăŋ áĺáâěňë ĺňěěâ ćĺď: H = N∑ k=1 p^2_k 2m + 1 2 ∑ i≠k U (|q_i − q_k|) (1.3)

Šőčďă ãàăćŋěŋĺï ďćĺęěŋĺï ĺňěîâ ćĺď:

_qk = p^k_m _pk = −^∑_{i≠k}^{∂U} (^|q^{i −} q^{k|})_∂q_k = Fk, (1.4)

čďě Fk{áĺńă, á łőâőàőľ ŋă k-î çăáâĺæã ďěľáâćãîâ ćáě őáâăńìŋëě. §áŋő, çâő ďńï

áłőńìłő-ŋĺąãďì ğăňěâŋőčő ğŋăçěŋĺï N àěèěŋĺě áĺáâěňë ãàăćŋěŋĺľ (1.4) ŋě ŕàěďáâăćńïěâáï ćőğňőęŋëň, ďăęě çĺáńěŋŋëňĺ ňěâőďăňĺ. Łàőňě âőčő, ďăęě ěáńĺ ąë ňë ňőčńĺ ŋăľâĺ âăłőě àěèěŋĺě, âő ĺ ŕőńìğë őâ ŋěčő ąëńő ąë ŋě âăł ãę ňŋőčő. Ďěńő ć âőň, çâő àěăńìŋăï âàăěłâőàĺï ďćĺęěŋĺï łăęďőľ ĺğ çăáâĺæ áłőàěě ćáěčő őłăğăńăáì ąë ćěáìňă ğăŕãâăŋŋőľ. Ąőńěě âőčő, àěèăâì ãàăćŋěŋĺï (1.4) ŋãęŋő, ěáâěáâćěŋŋő, á ŋěłőâőàëňĺ ŋăçăńìŋëňĺ ãáńőćĺïňĺ, ă àěèěŋĺě, łăł ŕàăćĺńő, őłăğëćăěâáï łàăľŋě çãćáâćĺâěńìŋëň ł ćëąőàã íâĺå ãáńőćĺľ, âőçŋőě ğŋăŋĺě łőâőàëå ć àěăńìŋőľ áĺâãăæĺĺ őâáãâáâćãěâ. Ć áĺńã àăğćĺćăîéěľáï ć ąőńìèĺŋáâćě áńãçăěć ŋěãáâőľçĺćőáâĺ ďćĺęěŋĺï, àěèěŋĺï (âàăěłâőàĺĺ), áőőâćěâáâćãîéĺě ďăęě ćěáìňă ąńĺğłĺň ŋăçăńìŋëň ãáńőćĺïň, ć âěçěŋĺě ćěáìňă łőàőâłőčő ćàěňěŋĺ ŋăçĺŋăîâ íłáŕőŋěŋæĺăńìŋő őâńĺçăâìáï ĺ ŋě ĺňěîâ ŋĺçěčő őąéěčő. Ć àěğãńìâăâě, ĺğ âăłĺå àěèěŋĺľ ňë ňăńő çâő ňőęěň ãğŋăâì ő ňăłàőáłőŕĺçěáłĺå áćőľáâćăå áĺáâěňë ĺğ ąőńìèőčő çĺáńă N çăáâĺæ, łőâőàëě, áőąáâćěŋŋő čőćőàï, ŋăá ĺ ĺŋâěàěáãîâ. Ťăłâĺçěáłĺ, ŕàőąńěňë, áćïğăŋŋëě á ŋěãáâőľçĺćőáâìî âàăěłâőàĺľ ćőğŋĺłăîâ ãęě ć áńãçăě áĺáâěň, áőáâőïéĺå ćáěčő ĺğ ŋěáłőńìłĺå çăáâĺæ. Ĺňěŋŋő íâĺ őąáâőïâěńìáâćă ĺ ćëŋãęďăîâ ŋăá ŕàĺąěčŋãâì ł áâăâĺáâĺçěáłőňã ăŋăńĺğã.

Ĺâăł, ãàăćŋěŋĺï ďćĺęěŋĺï (1.4) őŕàěďěńïîâ ďćĺęěŋĺě äăğőćőľ âőçłĺ ć äăğőćőň ŕàőáâàăŋáâćě, çâő ĺ őŕàěďěńïěâ ňěåăŋĺçěáłőě áőáâőïŋĺě áĺáâěňë. Šàăěłâőàĺï äăğőćőľ âőçłĺ ć äăğőćőň ŕàőáâàăŋáâćě ŋăğëćăěâáï äăğőćőľ âàăěłâőàĺěľ. Ďńï łőŋáěàćăâĺćŋëå áĺáâěň íŋěàčĺï áőåàăŋïěâáï, âăł çâő:

H(q, p) = E (1.5)

Śńěďőćăâěńìŋő, äăğőćăï âàăěłâőàĺï ďőńęŋă ńěęăâì ŋă ŕőćěàåŋőáâĺ ŕőáâőïŋŋőľ íŋěàčĺĺ ć äăğőćőň ŕàőáâàăŋáâćě, őŕàěďěńïěňőľ ãáńőćĺěň (1.5) | âăł ŋăğëćăěňőľ íàčőďĺçěáłőľ ŕőćěàåŋőáâĺ.^2

1Ĺŋâěàěáŋő ğăňěâĺâì, çâő ňěâőď Čĺąąáă ŕőńŋőáâìî őáŋőćăŋ ŋă ĺáŕőńìğőćăŋĺĺ ĺňěŋŋő čăňĺńìâőŋőćőľ, ă ŋě ńăčàăŋęěćőľ äőàňãńĺàőćłĺ łńăááĺçěáłőľ ňěåăŋĺłĺ.

2Ćăęŋãî àőńì ć őŕàěďěńěŋĺĺ áâàãłâãàë äăğőćőčő ŕàőáâàăŋáâćă ĺčàăěâ âěőàěňă Łőèĺ ő ěďĺŋáâćěŋŋőáâĺ àěèěŋĺľ áĺáâěňë őąëłŋőćěŋŋëå ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ. Ŕàĺ ďőćőńìŋő ňïčłĺå ãáńőćĺïå ŋă ŕàăćëě çăáâĺ ãàăćŋěŋĺľ (1.4), áãéěáâćãěâ ěďĺŋáâćěŋŋőě ć ńîąőľ ňőňěŋâ ćàěňěŋĺ àěèěŋĺě. İâă âěőàěňă ăćâőňăâĺçěáłĺ ĺáłńîçăěâ ŕěàěáěçěŋĺě ďćãå àăğŋëå âàăěłâőàĺľ ć ńîąőľ àěčãńïàŋőľ âőçłě äăğőćőčő ŕàőáâàăŋáâćă (łàőňě ŋěŕőďćĺęŋëå âőçěł, áőőâćěâáâćãîéĺå àăćěŋáâćã ŋãńî ŕàăćëå çăáâěľ (1.4)).

10 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Łőčďă ňăłàőáłőŕĺçěáłăï áĺáâěňă ŋăåőďĺâáï ć (âěàňőďĺŋăňĺçěáłőň) àăćŋőćěáĺĺ, ěě ňăłàőáłőŕĺçěáłĺě åăàăłâěàĺáâĺłĺ őáâăîâáï ŕőáâőïŋŋëňĺ ćő ćàěňěŋĺ (âěňŕěàăâãàă, őąêěň, ďăćńěŋĺě ĺ â.ŕ.), őďŋăłő á ňĺłàőáłőŕĺçěáłőľ âőçłĺ ğàěŋĺï ěě áőáâőïŋĺě ćáě ćàěňï ňěŋïěâáï ĺ ňë ŋě ğŋăěň, ć łăłőň łőŋłàěâŋő ňĺłàőáőáâőïŋĺĺ áĺáâěňă ŋăåőďĺâáï ć ďăŋŋëľ ňőňěŋâ (â.ě. čďě łőŋłàěâŋő ć ďăŋŋëľ ňőňěŋâ ŋăåőďĺâáï äăğőćăï âőçłă ŋă íàčőďĺçěáłőľ ŕőćěàåŋőáâĺ). Śâăâĺáâĺçěáłĺľ ŕőďåőď ğăłńîçăěâáï ć âőň, çâő ňë ňőęěň ŕőŕëâăâìáï őŕàěďěńĺâì ćěàőïâŋőáâì àěăńĺğăæĺĺ áőćőłãŕŋőáâĺ ćáěå ćőğňőęŋëå ňĺłàőáőáâőïŋĺľ áĺáâěňë, őâćěçăîéĺå ďăŋŋőňã ěě ňăłàőáőáâőïŋĺî. Śńěďãï Čĺąąáã, ŕàĺŋïâő àăááňăâàĺćăâì ŋě ďăŋŋãî łőŋłàěâŋãî áĺáâěňã, ă áőćőłãŕŋőáâì ąőńìèőčő (ć ŕàěďěńě N → ∞ ąěáłőŋěçŋőčő!) çĺáńă ěě łőŕĺľ, ŋăåőďïéĺåáï ć ňăłàőáłőŕĺçěáłĺ âőęďěáâćěŋŋëå ãáńőćĺïå, ŕàěďáâăćńïîéĺå âăł ŋăğëćăěňëľ ăŋáăňąńì Čĺąąáă, őŕĺáëćăîéĺľ ňăłàőáłőŕĺçěáłőě áőáâőïŋĺě áĺáâěňë. Šőęďěáâćěŋŋőáâì ćŋěèŋĺå ãáńőćĺľ ć ňăłàőáłőŕĺçěáłőň áňëáńě őğŋăçăěâ, çâő ćáě íłğěňŕńïàë ăŋáăňąńï åăàăłâěàĺğãîâáï őďĺŋăłőćëňĺ ğŋăçěŋĺïňĺ áőőâćěâáâćãîéĺå ňăłàőáłőŕĺçěáłĺå ŕăàăňěâàőć (á âőçŋőáâìî ďő ďőáâăâőçŋő ňăńëå äńãłâãăæĺľ) ĺ őďĺŋăłőćëňĺ âĺŕăňĺ łőŋâăłâőć á őłàãęăîéĺňĺ âěńăňĺ (àěğěàćãăàăňĺ íŋěàčĺĺ ĺńĺ çăáâĺæ, ŕőàèŋïňĺ, áâěŋłăňĺ ĺ â.ŕ.). Ć àěğãńìâăâě ćőğŋĺłăîâ őŕàěďěńěŋŋëě őčàăŋĺçěŋĺï ŋă łőőàďĺŋăâë ĺ ĺňŕãńìáë çăáâĺæ, łőâőàëě ć őáâăńìŋőň ďőáâăâőçŋő ŕàőĺğćőńìŋë.

Śâăâĺáâĺçěáłĺľ ăŋáăňąńì ğăďăěâáï äãŋłæĺěľ àăáŕàěďěńěŋĺï ρ(p, q, t), ĺňěîéěľ áňëáń ŕńőâŋőáâĺ ćěàőïâŋőáâĺ àăáŕàěďěńěŋĺï áĺáâěň ć äăğőćőň ŕàőáâàăŋáâćě, âăł çâő: dw = ρ(p, q, t)dpdq (1.6) ŕàěďáâăćńïěâ áőąőľ ćěàőïâŋőáâì ŋăľâĺ áĺáâěňã (ĺğ ăŋáăňąńï Čĺąąáă!) ć ňőňěŋâ ćàěňěŋĺ t ć íńěňěŋâě äăğőćőčő őąêěňă dpdq ćąńĺğĺ âőçłĺ (p, q) ≡ (p_1, ..., p_N, q_1, ..., q_N). Ťãŋłæĺï àăáŕàěďěńěŋĺï ďőńęŋă ãďőćńěâćőàïâì őçěćĺďŋőňã ãáńőćĺî ŋőàňĺàőćłĺ: ∫ dpdqρ(p, q, t) = 1, (1.7) ŕőáłőńìłã áãňňă ćěàőïâŋőáâěľ ćáěå ćőğňőęŋëå áőáâőïŋĺľ ďőńęŋă àăćŋïâìáï ěďĺŋĺæě. Ĺňěŋŋő âăłăï ŋőàňĺàőćłă äãŋłæĺĺ àăáŕàěďěńěŋĺï ĺáŕőńìğãěâáï ć łãàáě Ńăŋďăã ĺ Ńĺäèĺæă. Őçěŋì çăáâő ŕőńìğãîâáï ďàãčĺň ćăàĺăŋâőň ãáńőćĺï ŋőàňĺàőćłĺ. Ťăłâĺçěáłĺ, ňë ğăàăŋěě ŕőŋĺňăěň, çâő łńăááĺçěáłăï áâăâĺáâĺłă ěáâì ŕàěďěńìŋëľ áńãçăľ łćăŋâőćőľ (łăł ňë ãćĺďĺň ŕőğďŋěě, íâőâ ŕěàěåőď ŕàőĺáåőďĺâ ŕàĺ ďőáâăâőçŋő ćëáőłĺå âěňŕěàăâãàăå, łőčďă łćăŋâőćëňĺ íääěłâăňĺ ňőęŋő ŕàěŋěąàěçì). Ĺğ łćăŋâőćőľ ňěåăŋĺłĺ ĺğćěáâŋő [7], çâő ŕőŋïâĺě łőőàďĺŋăâë ĺ ĺňŕãńìáă łńăááĺçěáłőľ ňěåăŋĺłĺ ňőęŋő ććěáâĺ âőńìłő ć àăňłăå łćăğĺłńăááĺçěáłőčő ŕàĺąńĺęěŋĺï. Ňĺŋĺňăńìŋëľ àăğňěà äăğőćőľ ïçěľłĺ ďńï őďŋőňěàŋőčő ďćĺęěŋĺï i-ľ çăáâĺæë ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ àăćěŋ h = 2π—h:^3

´q^x_i ´p^x_i ≥ h (1.8)

3Łćăğĺłńăááĺçěáłőě ãáńőćĺě łćăŋâőćăŋĺï Ąőàă-Ğőňňěàäěńìďă ć őďŋőňěàŋőň áńãçăě ĺňěěâ ćĺď: ∮ pdq = (n +^1_2 )h. Ĺŋâěčàăń ğďěáì ŕàěďáâăćńïěâ ŕńőéăďì, őåćăâëćăěňãî ğăňłŋãâőľ łńăááĺçěáłőľ äăğőćőľ âàăěłâőàĺěľ. Řăğďěńĺć íâã ŕńőéăďì ŋă łńěâőçłĺ ŕńőéăďìî 2π—h, ŕőńãçĺň n łńěâőł. Ŋő n ğďěáì | çĺáńő łćăŋâőćëå áőáâőïŋĺľ, á íŋěàčĺïňĺ ŋě ŕàěćëèăîéĺňĺ ğăďăŋŋőčő ěě ğŋăçěŋĺï, áőőâćěâáâćãîéěčő àăááňăâàĺćăěňőľ âàăěłâőàĺĺ. Šăłĺň őąàăğőň, łăęďőňã łćăŋâőćőňã áőáâőïŋĺî áőőâćěâáâćãěâ łńěâłă ć äăğőćőň ŕàőáâàăŋáâćě ŕńőéăďìî 2π—h. Ěáńĺ ććěáâĺ ćőńŋőćőľ ćěłâőà çăáâĺæë k = p/—h, âő ŕőńãçĺň^{ΔpΔq}_{2πh̄} =^{ΔkΔq}_{2π} , çâő áőőâćěâáâćãěâ ĺğćěáâŋőňã ćëàăęěŋĺî ďńï çĺáńă áőąáâćěŋŋëå łőńěąăŋĺľ ćőńŋőćőčő ŕőńï [8].

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 11

Śńěďőćăâěńìŋő, ňĺŋĺňăńìŋëľ àăğňěà ïçěľłĺ ć äăğőćőň ŕàőáâàăŋáâćě őďŋőľ çăáâĺæë àăćěŋ h^3 = (2π—h)^3, ă ć äăğőćőň ŕàőáâàăŋáâćě N çăáâĺæ őŋ àăćěŋ (2π—h)^{3N} . Ćěńĺçĺŋă (2π—h)^{3N} ïćńïěâáï ěáâěáâćěŋŋőľ ěďĺŋĺæěľ ďńï äăğőćőčő őąêěňă. Ŕőíâőňã çăáâő ąëćăěâ ãďőąŋëň ććěáâĺ äãŋłæĺî àăáŕàěďěńěŋĺï, ŋőàňĺàőćăŋŋãî ŋă ěďĺŋĺæã ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ąěğàăğňěàŋőňã äăğőćőňã őąêěňã^{dpdq}_{(2πh̄)3N} .

Łàőňě âőčő, ŕàĺ àăááňőâàěŋĺĺ áĺáâěňë N őďĺŋăłőćëå çăáâĺæ áńěďãěâ ãçěáâì, çâő ŕěàěáâăŋőćłă âőęďěáâćěŋŋëå çăáâĺæ ć łćăŋâőćőľ ňěåăŋĺłě ŋě ňěŋïěâ áőáâőïŋĺï áĺáâěňë. Ŕőáłőńìłã çĺáńő ŕěàěáâăŋőćőł ďńï N âőęďěáâćěŋŋëå çăáâĺæ àăćŋő N !, âő íńěňěŋâ äăğőćőčő őąêěňă ŋãęŋő ãňěŋìèĺâì ć N ! àăğ, âăł łăł ŋãęŋő ãçĺâëćăâì âőńìłő äĺğĺçěáłĺ àăğńĺçŋëě áőáâőïŋĺï.

Šăłĺň őąàăğőň, äãŋłæĺî àăáŕàěďěńěŋĺï çăáâő ãďőąŋěě őŕàěďěńïâì á ŕőňőéìî áőőâŋőèěŋĺï: dw = ρ(p, q, t) dpdq N !(2π—h)^{3N}

, (1.9)

ă ãáńőćĺě ŋőàňĺàőćłĺ ğăŕĺáëćăâì ć ćĺďě: ∫ d`ρ(p, q, t) = 1, (1.10) čďě: d` = dpdq N !(2π—h)^{3N}

(1.11)

{ ąěğàăğňěàŋëľ íńěňěŋâ äăğőćőčő őąêěňă. Ĺŋâěčàĺàőćăŋĺě ć (1.10) áőőâćěâáâćãěâ áãňňĺàőćăŋĺî ŕő ćáěň àăğńĺçŋëň łćăŋâőćëň áőáâőïŋĺïň áĺáâěňë.^4 Ěáńĺ äãŋłæĺï àăáŕàěďěńěŋĺï ρ(p, q, t) ĺğćěáâŋă, âő ňë ňőęěň, ć ŕàĺŋæĺŕě, ćëçĺáńĺâì ćěàőïâŋőáâĺ ĺ áàěďŋĺě ğŋăçěŋĺï ńîąëå äĺğĺçěáłĺå ćěńĺçĺŋ, ğăćĺáïéĺå őâ łőőàďĺŋăâ ĺ ĺňŕãńìáőć çăáâĺæ, áőáâăćńïîéĺå àăááňăâàĺćăěňãî áĺáâěňã. Śàěďŋěě ğŋăçěŋĺě âăłőľ äĺğĺçěáłőľ ćěńĺçĺŋë f(p, q) őŕàěďěńïěâáï łăł: < f >= ∫ d`ρ(p, q, t)f(p, q) (1.12) { äăğőćőě áàěďŋěě. Şáàěďŋěŋĺě á ŕőňőéìî äãŋłæĺĺ àăáŕàěďěńěŋĺï őáćőąőęďăěâ ŋăá őâ ŋěőąåőďĺňőáâĺ áńěďĺâì ğă ĺğňěŋěŋĺěň ĺáâĺŋŋőčő ğŋăçěŋĺï äĺğĺçěáłőľ ćěńĺçĺŋë f(p, q) áő ćàěňěŋěň á ŕőáńěďãîéĺň őŕàěďěńěŋĺěň ěě áàěďŋěčő ğŋăçěŋĺï ŕő ćàěňěŋĺ. Ŕőáńěďŋěě őğŋăçăńő ąë, çâő áńěďï ğă ĺğňěŋěŋĺěň ŋăèěľ ćěńĺçĺŋë áő ćàěňěŋěň (ŕàőćőďï ěě ĺğňěàěŋĺï ć àăğŋëě ňőňěŋâë ćàěňěŋĺ), ňë ďőńęŋë ąëńĺ ąë ŕőáâàőĺâì äãŋłæĺî f = f(t), ŕőáńě çěčő ĺáłőňőě áàěďŋěě őŕàěďěńïńőáì ąë łăł:

~f = lim_{T →∞} 1 T ∫_T 0 dtf(t) (1.13)

{ ćàěňěŋŋőě áàěďŋěě. Ćőőąéě čőćőàï, ďőłăğăâěńìáâćő íłćĺćăńěŋâŋőáâĺ äăğőćőčő ĺ ćàěňěŋŋőčő ãáàěďŋěŋĺï ŕàěďáâăćńïěâ áőąőľ ćěáìňă áńőęŋãî (ĺ ŋě àěèěŋŋãî ďő łőŋæă) ŕàőąńěňã, áőáâăćńïîéãî áőďěàęăŋĺě âăł ŋăğëćăěňőľ íàčőďĺçěáłőľ âěőàĺĺ, ïćńïîéěľáï őďŋĺň ĺğ àăğďěńőć áőćàěňěŋŋőľ ňăâěňăâĺłĺ [10, 11]. Ć ŕőáńěďŋĺě

4Őâňěâĺň ğăňěçăâěńìŋëľ äăłâ, çâő ňŋőęĺâěńì N! ć ğŋăňěŋăâěńě äăğőćőčő őąêěňă, ğăďőńčő ďő ŕőïćńěŋĺï łćăŋâőćőľ ňěåăŋĺłĺ, ććőďĺń ěéě Čĺąąá, çâőąë ĺğąěęăâì âěàňőďĺŋăňĺçěáłőčő ŕăàăďőłáă, ŋőáïéěčő ěčő ĺňï | ćőğàăáâăŋĺï íŋâàőŕĺĺ ŕàĺ áňěèěŋĺĺ őďĺŋăłőćëå čăğőć ŕàĺ őďĺŋăłőćőľ âěňŕěàăâãàě ĺ őďĺŋăłőćőň ďăćńěŋĺĺ [9].

12 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

ďěáïâĺńěâĺï ğďěáì ďőáâĺčŋãâë ąőńìèĺě ãáŕěåĺ, ŋő áőőâćěâáâćãîéĺľ ňăâěàĺăń ćëåőďĺâ ďăńěłő ğă àăňłĺ ŋăèěčő łãàáă. Šěň ŋě ňěŋěě, ŋĺęě ňë ěéě ćěàŋěňáï ł íńěňěŋâăàŋőňã őąáãęďěŋĺî íâĺå ćőŕàőáőć.

Ťĺğĺçěáłĺľ áňëáń ŕőďåőďă Čĺąąáă ňőęŋő łăçěáâćěŋŋő ŕőïáŋĺâì áńěďãîéĺň őąàăğőň. Ćëďěńĺň ĺğ ŋăèěľ ğăňłŋãâőľ áĺáâěňë ŋěłőâőàãî ŕőďáĺáâěňã, ňăńãî ŕő áàăćŋěŋĺî áő ćáěľ áĺáâěňőľ, ŋő ćáě ěéě ňăłàőáłőŕĺçěáłãî. Ŕőďáĺáâěňă ŕàěďáâăćńïěâ áőąőľ őŕïâì ňěåăŋĺçěáłãî áĺáâěňã, ŋő ãęě ŋěğăňłŋãâãî, ă ĺáŕëâëćăîéãî ćáěćőğňőęŋëě ćőğďěľáâćĺï áő áâőàőŋë őáâăńìŋëå çăáâěľ ąőńìèőľ áĺáâěňë. Ŕőíâőňã áőáâőïŋĺě àăááňăâàĺćăěňőľ ŕőďáĺáâěňë ąãďěâ ňěŋïâìáï áő ćàěňěŋěň ćěáìňă ğăŕãâăŋŋëň őąàăğőň. Ć áĺńã íâőľ áńőęŋőáâĺ ĺ ğăŕãâăŋŋőáâĺ, ğă ďőáâăâőçŋő ąőńìèőľ ŕàőňěęãâőł ćàěňěŋĺ ćëďěńěŋŋăï ŕőďáĺáâěňă ŕőąëćăěâ ďőáâăâőçŋő ňŋőčő àăğ ćő ćáěå áćőĺå ćőğňőęŋëå áőáâőïŋĺïå. Šőçŋěě, őąőğŋăçĺň ´p´q ŋěłőâőàëľ ňăńëľ ãçăáâőł őąêěňă äăğőćőčő ŕàőáâàăŋáâćă ŕőďáĺáâěňë. Ňőęŋő ŕőńăčăâì, çâő ć âěçěŋĺě ďőáâăâőçŋő ďńĺâěńìŋőčő ćàěňěŋĺ T çàěğćëçăľŋő ğăŕãâăŋŋăï äăğőćăï âàăěłâőàĺï ŕőďáĺáâěňë ňŋőčő àăğ ŕàőľďěâ çěàěğ ćáïłĺľ âăłőľ ãçăáâőł äăğőćőčő ŕàőáâàăŋáâćă. Ŕãáâì ´t ěáâì âă çăáâì ŕőńŋőčő ćàěňěŋĺ T , ć âěçěŋĺě łőâőàőčő ŕőďáĺáâěňă ŋăåőďĺńăáì ć ďăŋŋőň őąêěňě äăğőćőčő ŕàőáâàăŋáâćă ´p´q. Ŕàĺ ŋěőčàăŋĺçěŋŋőň ãćěńĺçěŋĺĺ T őâŋőèěŋĺě ´t/T ąãďěâ áâàěňĺâìáï ł ŋěłőâőàőňã ŕàěďěńã:

´w = lim_{T →∞} ´t T (1.14)

łőâőàëľ ĺ ňőęŋő àăááňăâàĺćăâì łăł ćěàőïâŋőáâì âőčő, çâő ŕàĺ ŋăąńîďěŋĺĺ ŕőďáĺáâěňë ć ŋěłőâőàëľ ŕàőĺğćőńìŋëľ ňőňěŋâ ćàěňěŋĺ ňë őąŋăàãęĺň ěě ŋăåőďïéěľáï ć ďăŋŋőň ãçăáâłě äăğőćőčő ŕàőáâàăŋáâćă. Ŕěàěåőďï ł ŕàěďěńã ąěáłőŋěçŋő ňăńőčő íńěňěŋâă őąêěňă äăğőćőčő ŕàőáâàăŋáâćă ňë ććőďĺň äãŋłæĺî àăáŕàěďěńěŋĺï ρ(p, q, t) ĺ ć áĺńã áăňőčő őŕàěďěńěŋĺï (1.14) áâăâĺáâĺçěáłőě (äăğőćőě) ãáàěďŋěŋĺě (1.12) ŕàěďáâăćńïěâáï ćŕőńŋě íłćĺćăńěŋâŋëň ãáàěďŋěŋĺî ŕő ćàěňěŋĺ (1.13). Ťĺğĺłăň, őąëçŋő, ďőáâăâőçŋő âăłĺå ŕàőáâëå áőőąàăęěŋĺľ. Ć çăáâŋőáâĺ, Ńăŋďăã áçĺâăń [1], çâő ğŋăçěŋĺě íàčőďĺçěáłőľ ŕàőąńěňë ćőőąéě ŕàěãćěńĺçĺćăěâáï ňăâěňăâĺłăňĺ. Ŋěáňőâàï ŋă ŕàőďőńęăîéĺěáï ďĺáłãááĺĺ ŋă íâã âěňã, á ŕàăčňăâĺçěáłőľ âőçłĺ ğàěŋĺï ŕőďåőď Čĺąąáă ŋě ćëğëćăěâ ŋĺłăłĺå áőňŋěŋĺľ, âăł łăł ćáě őáŋőćŋëě ćëćőďë, ŕőńãçěŋŋëě ć àăňłăå áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ŕőńãçăîâ ŕőńŋőě íłáŕěàĺňěŋâăńìŋőě ŕőďâćěàęďěŋĺě.

Ć ğăłńîçěŋĺě őâňěâĺň ěéě őďŋő łăçěáâćěŋŋőě őąáâőïâěńìáâćő, ĺňěîéěě ąőńìèőě ğŋăçěŋĺě ďńï ŕőŋĺňăŋĺï őáŋőć áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Śâăâĺáâĺçěáłőě àăáŕàěďěńěŋĺě ďăŋŋőľ ŕőďáĺáâěňë, łăł ŕàăćĺńő, ŋě ğăćĺáĺâ őâ ŋăçăńìŋőčő áőáâőïŋĺï łăłőľ-ńĺąő ďàãčőľ ňăńőľ çăáâĺ âőľ ęě áĺáâěňë, âăł łăł ćńĺïŋĺě íâőčő ŋăçăńìŋőčő áőáâőïŋĺï ć âěçěŋĺě ďőáâăâőçŋő ąőńìèőčő ŕàőňěęãâłă ćàěňěŋĺ áőćěàèěŋŋő ćëâěáŋïěâáï ćńĺïŋĺěň ňŋőęěáâćă ďàãčĺå çăáâěľ áĺáâěňë. Őŋő ŋě ğăćĺáĺâ âăłęě őâ ŋăçăńìŋőčő áőáâőïŋĺï áăňőľ ćëďěńěŋŋőľ ŋăňĺ ŕőďáĺáâěňë, ŕőáłőńìłã őŋă á âěçěŋĺěň ćàěňěŋĺ ŕàőåőďĺâ çěàěğ ćáě ćőğňőęŋëě áőáâőïŋĺï ĺ łăęďőě ĺğ ŋĺå ňőęěâ ąëâì ćëąàăŋő ć łăçěáâćě ŋăçăńìŋőčő (ŕőâěàï \ŕăňïâĺ").

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 13

Śâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì.

Řăááňőâàĺň ŋěłőâőàëě ŕàőáâëě àěğãńìâăâë ňăâěňăâĺçěáłőľ áâăâĺáâĺłĺ, łőâőàëě ŕàĺčőďïâáï ć ďăńìŋěľèěň. Ćő ňŋőčĺå áńãçăïå, ğăňłŋãâăï ňăłàőáłőŕĺçěáłăï áĺáâěňă ňőęěâ ąëâì \àăğąĺâă" ŋă àïď ŕőďáĺáâěň, łőâőàëě ďőáâăâőçŋő áńăąő ćğăĺňőďěľáâćãîâ ďàãč á ďàãčőň, ĺ ć âěçěŋĺě ďőáâăâőçŋő ąőńìèĺå ŕàőňěęãâłőć ćàěňěŋĺ ćěďãâ áěąï ŕàĺąńĺğĺâěńìŋő łăł ğăňłŋãâëě áĺáâěňë, â.ě. ïćńïîâáï łćăğĺğăňłŋãâëňĺ. Śâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì âăłĺå ŕőďáĺáâěň őğŋăçăěâ, çâő áőáâőïŋĺě, ć łőâőàőň ŋăåőďĺâáï őďŋă ĺğ ŕőďáĺáâěň, ŋĺłăł ŋě ćńĺïěâ ŋă ćěàőïâŋőáâĺ àăğńĺçŋëå áőáâőïŋĺľ ďàãčĺå ŕőďáĺáâěň.

Řăááňőâàĺň ďćě âăłĺě ŕőďáĺáâěňë, ĺ ŕãáâì dp^{(1)}dq^{(1)} ĺ dp^{(2)}dq^{(2)} { íńěňěŋâë őąêěňă ĺå äăğőćëå ŕàőáâàăŋáâć. Ěáńĺ àăááňăâàĺćăâì áőćőłãŕŋőáâì őąěĺå ŕőďáĺáâěň łăł őďŋã áőáâăćŋãî áĺáâěňã, âő á ňăâěňăâĺçěáłőľ âőçłĺ ğàěŋĺï áâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì ŕőďáĺáâěň őğŋăçăěâ, çâő ćěàőïâŋőáâì âőčő, çâő áőáâăćŋăï áĺáâěňă ŋăåőďĺâáï ć íńěňěŋâě ěě äăğőćőčő őąêěňă dp^{(12)}dq^{(12)} = dp^{(1)}dq^{(1)}dp^{(2)}dq^{(2)} àăğąĺćăěâáï ŋă ŕàőĺğćěďěŋĺě ćěàőïâŋőáâěľ:

ρ_{12}dp^{(12)}dq^{(12)} = ρ_1dp^{(1)}dq^{(1)}ρ_2dp^{(2)}dq^{(2)}, (1.15)

âăł çâő ρ_{12} = ρ_1ρ_2, (1.16)

čďě ρ_{12} { äãŋłæĺï àăáŕàěďěńěŋĺï áőáâăćŋőľ áĺáâěňë, ă ρ_1 ĺ ρ_2 { äãŋłæĺĺ àăáŕàěďěńěŋĺï őâďěńìŋëå ŕőďáĺáâěň.

Ňőęŋő ãâćěàęďăâì ĺ őąàăâŋőě | äăłâőàĺğăæĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï őğŋăçăěâ, çâő áĺáâěňă áőáâőĺâ ĺğ áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëå ŕőďáĺáâěň. Ěáńĺ f_1 ĺ f_2 { ďćě äĺğĺçěáłĺě ćěńĺçĺŋë, őâŋőáïéĺěáï ł ďćãň àăğńĺçŋëň ŕőďáĺáâěňăň, âő ĺğ (1.15) ĺ (1.12) áàăğã ęě áńěďãěâ, çâő áàěďŋěě ğŋăçěŋĺě ŕàőĺğćěďěŋĺï f_1f_2 àăćŋő ŕàőĺğćěďěŋĺî áàěďŋĺå:

< f_1f_2 >=< f_1 >< f_2 > . (1.17)

Řăááňőâàĺň łăłãî-ńĺąő äĺğĺçěáłãî ćěńĺçĺŋã f, őâŋőáïéãîáï ł ňăłàőáłőŕĺçěáłőňã âěńã ĺńĺ ěčő çăáâĺ. Ś âěçěŋĺěň ćàěňěŋĺ őŋă ňěŋïěâáï (äńãłâãĺàãěâ) ćőłàãč áćőěčő áàěďŋěčő ğŋăçěŋĺï < f >. Ć łăçěáâćě ňěàë äńãłâãăæĺľ ŋěńìğï ćğïâì ŕàőáâő ´f = f− < f >, ŕőáłőńìłã ĺğ-ğă ćőğňőęŋőáâĺ äńãłâãăæĺľ őąőĺå ğŋăłőć ćáěčďă ĺňěěň < ´f >= 0. Ć łăçěáâćě âăłőľ ňěàë őąëçŋő àăááňăâàĺćăîâ ćěńĺçĺŋã < (´f)^2 >. Ŕàĺ íâőň ĺňěěň < (´f)^2 >≥ 0, ŕàĺçěň íâő áàěďŋěě áâàěňĺâáï ł ŋãńî âőńìłő ŕàĺ f →< f >, â.ě. łőčďă őâłńőŋěŋĺï f őâ < f > őąńăďăîâ ňăńőľ ćěàőïâŋőáâìî. Ćěńĺçĺŋă: √ < (´f)^2 > = √ < (f− < f >)^2 > (1.18)

ŋăğëćăěâáï áàěďŋěłćăďàăâĺçŋőľ äńãłâãăæĺěľ ćěńĺçĺŋë f. Ńěčłő ćĺďěâì, çâő:

< (´f)^2 >=< f^2 − 2f < f > + < f >^2> (1.19) =< f^2 > −2 < f >< f > + < f >^2=< f^2 > − < f >^2,

âăł çâő áàěďŋěłćăďàăâĺçŋăï äńãłâãăæĺï őŕàěďěńïěâáï àăğŋőáâìî ňěęďã áàěďŋĺň łćăďàăâőň ćěńĺçĺŋë ĺ łćăďàăâőň ěě áàěďŋěčő ğŋăçěŋĺï. Ŕàĺ íâőň őâŋőèěŋĺě

14 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ √ < (´f)^2 >/ < f > ŋăğëćăěâáï őâŋőáĺâěńìŋőľ äńãłâãăæĺěľ ćěńĺçĺŋë f. Ŋěâàãďŋő ãąěďĺâìáï, çâő őâŋőáĺâěńìŋëě äńãłâãăæĺĺ ąőńìèĺŋáâćă äĺğĺçěáłĺå ćěńĺçĺŋ ąëáâàő ãňěŋìèăîâáï á àőáâőň àăğňěàőć (çĺáńă çăáâĺæ) âěńă. Ć áăňőň ďěńě, ąőńìèĺŋáâćő äĺğĺçěáłĺå ćěńĺçĺŋ ïćńïîâáï ăďďĺâĺćŋëňĺ, çâő ïćńïěâáï áńěďáâćĺěň łćăğĺğăňłŋãâőáâĺ őâďěńìŋëå çăáâěľ âěńă: ğŋăçěŋĺě âăłőľ ćěńĺçĺŋë ďńï ćáěčő âěńă ïćńïěâáï áãňňőľ ğŋăçěŋĺľ íâőľ ćěńĺçĺŋë ďńï őâďěńìŋëå ěčő çăáâěľ. Ŕãáâì f ěáâì âăłăï ăďďĺâĺćŋăï ćěńĺçĺŋă. Řăğőąìěň âěńő ŋă ąőńìèőě çĺáńő N ŕàĺňěàŋő őďĺŋăłőćëå çăáâěľ (çăáâő íâő ňőęěâ ąëâì ŕàőáâő çĺáńő çăáâĺæ, ĺğ łőâőàëå áőáâőĺâ áĺáâěňă). Šőčďă: f = N∑ i=1 f_i, (1.20)

čďě f_i őâŋőáĺâáï ł őâďěńìŋëň çăáâïň. Őçěćĺďŋő, çâő ďńï áàěďŋěčő ğŋăçěŋĺï ĺňěěň:

< f >= N∑ i=1 < f_i > . (1.21)

Ś àőáâőň N ćěńĺçĺŋă < f > àăáâěâ ŕàĺňěàŋő ŕàőŕőàæĺőŋăńìŋő N : < f >∼ N . Ŕőďáçĺâăěň áàěďŋěłćăďàăâĺçŋãî äńãłâãăæĺî f:

< (´f)^2 >=< ( ∑ i ´f_i)^2 > . (1.22)

Ć áĺńã áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ àăğńĺçŋëå çăáâěľ âěńă:

< ´f_i´f_k >=< ´f_i >< ´f_k >= 0 (i ≠ k) (1.23)

ŕőáłőńìłã łăęďőě < ´f_i >= 0. Šőčďă:

< (´f)^2 >= N∑ i=1 < (´f_i)^2 > (1.24)

Őâáîďă ïáŋő, çâő á àőáâőň N ĺňěěň âăłęě ĺ < (´f)^2 >∼ N . Šőčďă, őâŋőáĺâěńìŋăï äńãłâãăæĺï: √ < (´f)^2 > < f > ∼ √ N N = 1√ N . (1.25)

Ćĺďĺň, çâő őâŋőáĺâěńìŋăï äńãłâãăæĺï ńîąőľ ăďďĺâĺćŋőľ ćěńĺçĺŋë ãąëćăěâ őąàăâŋő ŕàőŕőàæĺőŋăńìŋő łćăďàăâŋőňã łőàŋî ĺğ çĺáńă çăáâěľ (çăáâĺæ) ňăłàőáłőŕĺçěáłőčő âěńă, ă ŕőâőňã ŕàĺ ďőáâăâőçŋő ąőńìèőň ğŋăçěŋĺĺ N (ŋăŕàĺňěà N ∼ 10^{22}) áăňă ćěńĺçĺŋă f ňőęěâ áçĺâăâìáï ŕàăłâĺçěáłĺ ŕőáâőïŋŋőľ ćő ćàěňěŋĺ ĺ àăćŋőľ áćőěňã áàěďŋěňã ğŋăçěŋĺî. Ěáńĺ N ŋě áńĺèłőň ćěńĺłő, ŋăŕàĺňěà N ∼ 10^6, âő őâŋőáĺâěńìŋëě äńãłâãăæĺĺ ãęě ŋě âăł ňăńë ĺ ćŕőńŋě ŋăąńîďăěňë. Šăłĺě áĺáâěňë ŕàĺŋïâő ŋăğëćăâì ňěğőáłőŕĺçěáłĺňĺ.

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 15

Řĺá. 1-1 Ĺğňěŋěŋĺě ŋăçăńìŋőčő őąêěňă G_0 ć äăğőćőň ŕàőáâàăŋáâćě, őąãáńőćńěŋŋőě ďćĺęěŋĺěň ćåőďïéĺå ć íâőâ őąêěň ĺğőąàăęăîéĺå âőçěł ăŋáăňąńï, ć áőőâćěâáâćĺĺ á âěőàěňőľ Ńĺãćĺńńï.

Šěőàěňă Ńĺãćĺńńï.

Ćőğňőęŋőáâì ććěďěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï łăł ŕńőâŋőáâĺ ćěàőïâŋőáâĺ őáŋőćăŋă ŋă âěőàěňě Ńĺãćĺńńï | çĺáâő ňěåăŋĺçěáłőľ âěőàěňě, ŋě áőďěàęăéěľ łăłĺåńĺąő áâăâĺáâĺçěáłĺå áőőąàăęěŋĺľ. Śőčńăáŋő íâőľ âěőàěňě ďńï áĺáâěň, ŕőďçĺŋïîéĺåáï ãàăćŋěŋĺïň Čăňĺńìâőŋă: dq_k dt = ∂H ∂p_k dp_k dt = − ∂H ∂q_k (1.26)

äăğőćëľ őąêěň áĺáâěňë őáâăěâáï ŕőáâőïŋŋëň ć ŕàőæěááě ďćĺęěŋĺï. Šő ěáâì, ěáńĺ ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ äăğőćëě âőçłĺ (p^0, q^0), áőáâăćńïîéĺě ăŋáăňąńì Čĺąąáă, ŋěŕàěàëćŋő ğăŕőńŋïńĺ ŋěłőâőàãî őąńăáâì ŋăçăńìŋëå ğŋăçěŋĺľ G_0 ć äăğőćőň ŕàőáâàăŋáâćě, ă ć ňőňěŋâ t őŋĺ ğăŕőńŋïîâ őąńăáâì G_t, âő áőőâćěâáâćãîéĺě äăğőćëě őąêěňë àăćŋë ňěęďã áőąőľ: ∫ G0 dp^0dq^0 = ∫ G_t dpdq (1.27) ĺńĺ, ďńï ąěáłőŋěçŋő ňăńëå íńěňěŋâőć äăğőćőčő őąêěňă:

dp^0dq^0 = dpdq (1.28)

Ďàãčĺňĺ áńőćăňĺ, ďćĺęěŋĺě äăğőćëå âőçěł, ĺğőąàăęăîéĺå áĺáâěňë ć äăğőćőň ŕàőáâàăŋáâćě, ŕőďőąŋő ďćĺęěŋĺî ŋěáęĺňăěňőľ ęĺďłőáâĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá.1.1 { \łăŕńï", őąàăğőćăŋŋăï äăğőćëňĺ âőçłăňĺ, ŕàěďáâăćńïîéĺňĺ áĺáâěňë ĺğ ăŋáăňąńï ňőęěâ łăł ãčőďŋő ďěäőàňĺàőćăâìáï ć ŕàőæěááě ďćĺęěŋĺï, ŋő ěě őąêěň áőåàăŋïěâáï.

16 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Ůâőąë ďőłăğăâì âěőàěňã Ńĺãćĺńńï, ŕàěőąàăğãěň ĺŋâěčàăń ć ŕàăćőľ çăáâĺ (1.27) á ŕőňőéìî ğăňěŋë ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï p^0, q^0 ŋă p, q. Šőčďă, áőčńăáŋő ĺğćěáâŋëň ŕàăćĺńăň ŕàěőąàăğőćăŋĺï łàăâŋëå ĺŋâěčàăńőć: ∫ G_t dpdq = ∫ G0 ∂(p, q) ∂(p^0, q^0) dp^0dq^0, (1.29) čďě^{∂(p,q)} ∂(p0,q0) { áőőâćěâáâćãîéĺľ ïłőąĺăŋ ŕàěőąàăğőćăŋĺï. Ŋăŕőňŋĺň, çâő ïłőąĺă-

ŋőň ŋăğëćăîâ ďěâěàňĺŋăŋâ ćĺďă (őčàăŋĺçĺňáï ďćãňěàŋëň áńãçăěň, őąőąéěŋĺě ŋă ňŋőčőňěàŋëľ őçěćĺďŋő): ∂(u, v) ∂(x, y) = | | | | | ∂u ∂x ∂u ∂y ∂v ∂x ∂v ∂y | | | | | . (1.30)

Őŋ őąńăďăěâ áńěďãîéĺňĺ őçěćĺďŋëňĺ áćőľáâćăňĺ: ∂(u, v) ∂(x, y) = − ∂(v, u) ∂(x, y) (1.31) ∂(u, y) ∂(x, y) = ∂u ∂x (1.32)

Ĺňěîâ ňěáâő âăłęě áńěďãîéĺě áőőâŋőèěŋĺï: ∂(u, v) ∂(x, y) = ∂(u, v) ∂(t, s) ∂(t, s) ∂(x, y) (1.33) d dt ∂(u, v) ∂(x, y) = ∂(^{du}_{dt} , v) ∂(x, y) + ∂(u,^{dv}_{dt} ) ∂(x, y) . (1.34)

Ŕőłăęěň, çâő ïłőąĺăŋ ć (1.29) ć áĺńã ãàăćŋěŋĺľ Čăňĺńìâőŋă àăćěŋ ěďĺŋĺæě: ∂(p, q) ∂(p^0, q^0)

= 1. (1.35)

Ďńï íâőčő ďőłăęěň, çâő ŕőńŋăï ŕàőĺğćőďŋăï íâőčő ïłőąĺăŋă ŕő ćàěňěŋĺ àăćŋă ŋãńî: d dt ∂(p, q) ∂(p^0, q^0)

= 0. (1.36)

Őâáîďă ąãďěâ áńěďőćăâì, çâő ïłőąĺăŋ àăćěŋ ŕőáâőïŋŋőľ, ă ĺňěŋŋő ěďĺŋĺæě, â.ł. őŋ ąëń àăćěŋ ěďĺŋĺæě ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ. Ďńï łàăâłőáâĺ ŕàőćěďěň ďőłăğăâěńìáâćő ďńï áńãçăï ďćãňěàŋőčő äăğőćőčő ŕàőáâàăŋáâćă, łőčďă ĺňěěâáï âőńìłő őďŋă łőőàďĺŋăâă q ĺ őďĺŋ ĺňŕãńìá p. Śőčńăáŋő áćőľáâćã (1.34) ňőęěň ŋăŕĺáăâì: d dt ∂(p, q) ∂(p_0, q_0) = ∂( _p, q) ∂(p_0, q_0) + ∂(p, _q) ∂(p_0, q_0)

. (1.37)

Ďăńěě, áőčńăáŋő (1.32) ĺ (1.33) ĺňěěň: ∂(p, _q) ∂(p_0, q_0) = ∂(p, _q) ∂(p, q) ∂(p, q) ∂(p_0, q_0) = ∂ _q ∂q ∂(p, q) ∂(p_0, q_0)

(1.38)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 17 ∂( _p, q) ∂(p_0, q_0) = ∂( _p, q) ∂(p, q) ∂(p, q) ∂(p_0, q_0) = ∂ _p ∂p ∂(p, q) ∂(p_0, q_0)

(1.39) d dt ∂(p, q) ∂(p_0, q_0) = ( ∂ _p ∂p + ∂ _q ∂q ) ∂(p, q) ∂(p_0, q_0)

(1.40)

Ćĺďŋő, çâő áãňňă ć áłőąłăå ć ŕàăćőľ çăáâĺ àăćŋă ŋãńî ć áĺńã ãàăćŋěŋĺľ ďćĺęěŋĺï:

_q = ∂H ∂p ; _p = − ∂H ∂q (1.41)

âăł, çâő ∂ _q ∂q = ∂^2H ∂q∂p = − ∂ _p ∂p (1.42) ĺ, áőőâćěâáâćěŋŋő ( ∂ _p ∂p + ∂ _q ∂q ) = 0 (1.43) çâő ĺ ďőłăğëćăěâ áďěńăŋŋëě ćëèě ãâćěàęďěŋĺï.

Šěőàěňă Ńĺãćĺńńï { çĺáâő ňěåăŋĺçěáłăï âěőàěňă ĺ áâăâĺáâĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ŕőłă ěéě ŋĺčďě ŋě äĺčãàĺàőćăńă. Őďŋăłő, äăłâĺçěáłĺ, á ŕőňőéìî äãŋłæĺĺ àăáŕàěďěńěŋĺï ňőęŋő ďăâì ďàãčãî äőàňãńĺàőćłã âěőàěňë Ńĺãćĺńńï. Ŕàĺ ďćĺęěŋĺĺ ć äăğőćőň ŕàőáâàăŋáâćě \łăŕńĺ", ŕàěďáâăćńïîéěľ ăŋáăňąńì Čĺąąáă (Řĺá.1.1), çĺáńő äăğőćëå âőçěł ć ŋěľ (çĺáńő áĺáâěň ć ăŋáăňąńě), ěáâěáâćěŋŋő, ŋě ĺğňěŋïěâáï { ćáě äăğőćëě âőçłĺ, ŋăåőďïéĺěáï ć ňőňěŋâ t ć íńěňěŋâě őąêěňă dpdq, ŕěàěľďãâ ć ňőňěŋâ t^′ ć íńěňěŋâ dp^′dq^′. Śőőâćěâáâćěŋŋő, ňőęěň ŋăŕĺáăâì: ρ(p, q, t)dpdq = ρ(p^′, q^′, t^′)dp^′dq^′, (1.44) ă ŕőáłőńìłã ć áĺńe âěőàěňë Ńĺãćĺńńï ĺňěěň dpdq = dp^′dq^′, âő ŕőńãçăěň: ρ(p, q, t) = ρ(p^′, q^′, t^′) (1.45) âăł, çâő äãŋłæĺï àăáŕàěďěńěŋĺï ρ ŕőáâőïŋŋă ćďőńì äăğőćëå âàăěłâőàĺľ { íâő ĺ ěáâì ăńìâěàŋăâĺćŋëľ ćăàĺăŋâ äőàňãńĺàőćłĺ âěőàěňë Ńĺãćĺńńï, ĺáŕőńìğãîéĺľ ŕőŋïâĺě äãŋłæĺĺ àăáŕàěďěńěŋĺï, ŋő ŕő ŕàěęŋěňã ïćńïîéĺľáï çĺáâő ňěåăŋĺçěáłĺň ãâćěàęďěŋĺěň.

Ĺáŕőńìğãï ďőłăğăŋŋëě ŕőńőęěŋĺï, ňőęŋő ćëćěáâĺ ãàăćŋěŋĺě Ńĺãćĺńńï, äăłâĺçěáłĺ ïćńïîéěěáï ãàăćŋěŋĺěň ďćĺęěŋĺï ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï. Ŕőńăčăï ňőňěŋâ ćàěňěŋĺ t ąěáłőŋěçŋő ąńĺğłĺň ł t^′ = t + dt ĺğ (1.45) ĺňěěň: ρ(p, q, t) = ρ(p + _pdt, q + _qdt, t + dt) (1.46) Ŕàěďŕőńăčăï ďĺääěàěŋæĺàãěňőáâì ρ, ŕőńãçăěň ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě: dρ dt = ∂ρ ∂t + 3N∑ k=1 ( ∂ρ ∂p_k _p_k + ∂ρ ∂q_k _q_k) = 0 (1.47)

çâő á ãçěâőň ãàăćŋěŋĺľ Čăňĺńìâőŋă áćőďĺâáï ł: ∂ρ ∂t = ∑ k ( ∂H ∂q_k ∂ρ ∂p_k − ∂H ∂p_k ∂ρ ∂q_k ) (1.48)

18 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Śãňňă ć ŕàăćőľ çăáâĺ (1.48) ŕàěďáâăćńïěâ áőąőľ áłőąłã Ŕãăááőŋă ďńï H ĺ ρ: {H, ρ} = ∑ k ( ∂H ∂q_k ∂ρ ∂p_k − ∂H ∂p_k ∂ρ ∂q_k ) (1.49)

âăł, çâő ãàăćŋěŋĺě Ńĺãćĺńńï ňőęŋő ğăŕĺáăâì ć ćĺďě: ∂ρ ∂t = {H, ρ}. (1.50) İâő ãàăćŋěŋĺě ïćńïěâáï őáŋőćŋëň ãàăćŋěŋĺěň ďćĺęěŋĺï ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï, őáâăîéĺňáï áŕàăćěďńĺćëň łăł ć àăćŋőćěáŋőň, âăł ĺ ć ŋěàăćŋőćěáŋőň áńãçăïå. Ć ŕàĺŋæĺŕě, őŋő ďăěâ ćőğňőęŋőáâì ćëçĺáńĺâì ρ ć ńîąőľ ňőňěŋâ ćàěňěŋĺ t, ěáńĺ őŋă ĺğćěáâŋă ć ňőňěŋâ ćàěňěŋĺ t = t_0, őŋő ęě, łăł ňë ãćĺďĺň ćŕőáńěďáâćĺĺ, ŕőğćőńïěâ ŋăľâĺ àěăłæĺî áâăâĺáâĺçěáłĺå áĺáâěň ŋă ćŋěèŋěě ćőğňãéěŋĺě.

Ŋěâàãďŋő ãąěďĺâìáï, çâő ãàăćŋěŋĺě Ńĺãćĺńńï ĺňěěâ ćĺď ãàăćŋěŋĺï ŋěŕàěàëćŋőáâĺ ďńï ďćĺęěŋĺï äăğőćëå âőçěł ć äăğőćőň ŕàőáâàăŋáâćě. Ć áăňőň ďěńě, àăááňőâàĺň ďćĺęěŋĺě âőçěł ć 6N -ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě łăł ďćĺęěŋĺě \ęĺďłőáâĺ" á ŕńőâŋőáâìî ρ. Śłőàőáâì âěçěŋĺï ŕàěďáâăćĺâáï ćěłâőàőň

( _p1, _p2, ..., _pN; _q1, _q2, ..., _qN ) ć íâőň ŕàőáâàăŋáâćě. Śńěďőćăâěńìŋő, áőőâćěâáâćãîéěě

ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ ĺňěěâ ćĺď: ∂ρ ∂t + ∑ k [ ∂ ∂p_k (ρ _p_k) + ∂ ∂q_k (ρ _q_k)] = 0 (1.51)

čďě ćëàăęěŋĺě ć áłőąłăå ŕàěďáâăćńïěâ áőąőľ ďĺćěàčěŋæĺî ćěłâőàă ŕőâőłă. Řăáłàëćăï ŕàőĺğćőďŋëě, ğăŕĺèěň íâő áńăčăěňőě ć ćĺďě: ∑ k [ _p_k ∂ρ ∂p_k + _q_k ∂ρ ∂q_k ] + ρ ∑ k [ ∂ _p_k ∂p_k + ∂ _q_k ∂q_k ] (1.52)

Ć áĺńã ãàăćŋěŋĺľ ďćĺęěŋĺï Čăňĺńìâőŋă ćâőàőě áńăčăěňőě ć íâőň ćëàăęěŋĺĺ âőęďěáâćěŋŋő àăćŋő ŋãńî, âăł çâő (1.51) áćőďĺâáï ł: ∂ρ ∂t + ∑ k [ _p_k ∂ρ ∂p_k + _q_k ∂ρ ∂q_k ] = 0 (1.53)

çâő áőćŕăďăěâ á (1.47). Őâáîďă, ć çăáâŋőáâĺ, áńěďãěâ, çâő ďćĺęěŋĺě \ęĺďłőáâĺ" äăğőćëå âőçěł ŋěáęĺňăěňő. Ďńï áńãçăï áĺáâěň, ŋăåőďïéĺåáï ć áâăâĺáâĺçěáłőň (âěàňőďĺŋăňĺçěáłőň) àăćŋőćěáĺĺ, ρ ĺ H ŋě ğăćĺáïâ ïćŋő őâ ćàěňěŋĺ^5, âăł çâő (1.50) ŕàěćàăéăěâáï ć:

{H, ρ} = 0 (1.54) ă äãŋłæĺï àăáŕàěďěńěŋĺï ρ ŕàěďáâăćńïěâ áőąőľ ĺŋâěčàăń ďćĺęěŋĺï. Łăł ňë ãćĺďĺň ŋĺęě, íâő őąáâőïâěńìáâćő àăďĺłăńìŋő ãŕàőéăěâ àăááňőâàěŋĺě àăćŋőćěáŋëå áâăâĺáâĺçěáłĺå ăŋáăňąńěľ.

5Ć íâőň áńãçăě ŋěâ ïćŋőľ ğăćĺáĺňőáâĺ őâ ćàěňěŋĺ ĺ ã áőőâćěâáâćãîéĺå áàěďŋĺå ğŋăçěŋĺľ ńîąëå äĺğĺçěáłĺå ćěńĺçĺŋ, àăááňăâàĺćăěňëå łăł äãŋłæĺĺ łőőàďĺŋăâ ĺ ĺňŕãńìáőć çăáâĺæ, áőáâăćńïîéĺå áĺáâěňã, çâő ïćńïěâáï őçěćĺďŋëň áćőľáâćőň àăćŋőćěáŋőčő áőáâőïŋĺï.

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 19

Řőńì íŋěàčĺĺ, ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě.

Ĺâăł, ňë ãąěďĺńĺáì, çâő ďńï âěàňőďĺŋăňĺçěáłĺ àăćŋőćěáŋőľ áĺáâěňë äãŋłæĺï àăáŕàěďěńěŋĺï ć äăğőćőň ŕàőáâàăŋáâćě ïćńïěâáï ĺŋâěčàăńőň ďćĺęěŋĺï, â.ě. ćëàăęăěâáï çěàěğ âăłĺě łőňąĺŋăæĺĺ ŕěàěňěŋŋëå p ĺ q, łőâőàëě ŕàĺ ďćĺęěŋĺĺ ğăňłŋãâőľ áĺáâěňë őáâăîâáï ŕőáâőïŋŋëňĺ. Ůĺáńő ŋěğăćĺáĺňëå ĺŋâěčàăńőć ďćĺęěŋĺï ďńï ğăňłŋãâőľ ňěåăŋĺçěáłőľ áĺáâěňë á s áâěŕěŋïňĺ áćőąőďë àăćŋő 2s − 1 [8]. Ďńï áĺáâěňë, áőáâőïéěľ ĺğ N çăáâĺæ, áőćěàèăîéĺå ďćĺęěŋĺě ć âàěåňěàŋőň ŕàőáâàăŋáâćě s = 6N (çĺáńő ćáěå łőňŕőŋěŋâ łőőàďĺŋăâ ĺ ĺňŕãńìáőć çăáâĺæ), âăł çâő çĺáńő ĺŋâěčàăńőć ďćĺęěŋĺï őčàőňŋő. Őłăğëćăěâáï, őďŋăłő, çâő ňőęŋő àăďĺłăńìŋő áãğĺâì çĺáńő ĺŋâěčàăńőć ďćĺęěŋĺï, őâ łőâőàëå ňőęěâ ğăćĺáěâì äãŋłæĺï àăáŕàěďěńěŋĺï. Ďńï íâőčő ňőęŋő ćőáŕőńìğőćăâìáï áâăâĺáâĺçěáłĺňĺ (ă ŋě ňěåăŋĺçěáłĺňĺ!) áőőąàăęěŋĺïňĺ. Ćëèě ňë ćĺďěńĺ, çâő äãŋłæĺï àăáŕàěďěńěŋĺï ρ_{12} ďńï áőćőłãŕŋőáâĺ ďćãå ŋěğăćĺáĺňëå (ŋěćğăĺňőďěľáâćãîéĺå) ŕőďáĺáâěň àăćŋă ŕàőĺğćěďěŋĺî äãŋłæĺľ àăáŕàěďěńěŋĺï ρ_1 ĺ ρ_2 íâĺå ŕőďáĺáâěň ć őâďěńìŋőáâĺ: ρ_{12} = ρ_1ρ_2. Ŕőíâőňã:

ln ρ_{12} = ln ρ_1 + ln ρ_2 (1.55)

â.ě. ńőčăàĺäň äãŋłæĺĺ àăáŕàěďěńěŋĺï ïćńïěâáï ăďďĺâĺćŋőľ ćěńĺçĺŋőľ. Śőőâćěâáâćěŋŋő, ńőčăàĺäň äãŋłæĺĺ àăáŕàěďěńěŋĺï àăćŋőćěáŋőľ áĺáâěňë ďőńęěŋ ąëâì ŋě ŕàőáâő ĺŋâěčàăńőň ďćĺęěŋĺï, ŋő ăďďĺâĺćŋëň ĺŋâěčàăńőň ďćĺęěŋĺï.

Ć ňěåăŋĺłě ŕőłăğëćăěâáï [8], çâő ĺğ ćáěčő ňŋőęěáâćă ĺŋâěčàăńőć ďćĺęěŋĺï ğăňłŋãâőľ áĺáâěňë âőńìłő ŋěáłőńìłő őąńăďăěâ áćőľáâćőň ăďďĺâĺćŋőáâĺ. İâő ĺŋâěčàăńë ďćĺęěŋĺï, áćïğăŋŋëě á őáŋőćŋëňĺ áćőľáâćăňĺ ŕàőáâàăŋáâćă ĺ ćàěňěŋĺ { ěčő őďŋőàőďŋőáâìî ĺ ĺğőâàőŕŋőáâìî: íŋěàčĺï, ĺňŕãńìá ĺ ňőňěŋâ ĺňŕãńìáă^6. Őąőğŋăçĺň íâĺ ćěńĺçĺŋë ďńï a-ľ ŕőďáĺáâěňë çěàěğ E_a(p, q), P_a(p, q) ĺ M_a(p, q). Ěďĺŋáâćěŋŋăï ăďďĺâĺćŋăï łőňąĺŋăæĺï íâĺå ćěńĺçĺŋ ěáâì ńĺŋěľŋăï łőňąĺŋăæĺï ćĺďă:

ln ρ_a = α_a + βE_a(p, q) + γP_a(p, q) + δM_a(p, q) (1.56)

á ŕőáâőïŋŋëňĺ łőíääĺæĺěŋâăňĺ α_a, β, γ, δ, ŕàĺçěň β, γ, δ ďőńęŋë ąëâì őďĺŋăłőćëňĺ ďńï ćáěå ŕőďáĺáâěň ďăŋŋőľ ğăňłŋãâőľ áĺáâěňë, â.ł. âőńìłő ć íâőň áńãçăě ćëŕőńŋïěâáï áćőľáâćő ăďďĺâĺćŋőáâĺ (1.55). Łőíääĺæĺěŋâ α_a ŕàĺ íâőň ïćńïěâáï ŕàőáâő ŋőàňĺàőćőçŋőľ ŕőáâőïŋŋőľ, őŕàěďěńïěňőľ ĺğ ãáńőćĺï ∫ d`_aρ_a = 1. Ŕőáâőïŋŋëě β, γ, δ ňőčãâ ąëâì ăŋăńőčĺçŋő őŕàěďěńěŋë ŕő áőőâćěâáâćãîéĺň ŕőáâőïŋŋëň ğŋăçěŋĺïň ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï ćáěľ áĺáâěňë (ŕãâěň ćëçĺáńěŋĺï áőőâćěâáâćãîéĺå áàěďŋĺå á äãŋłæĺěľ àăáŕàěďěńěŋĺï (1.56)).

Šăłĺň őąàăğőň, ňë ŕàĺåőďĺň ł ćăęŋěľèěňã ćëćőďã: ğŋăçěŋĺï ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï { íŋěàčĺĺ, ĺňŕãńìáă ĺ ňőňěŋâă ĺňŕãńìáă { ŕőńŋőáâìî őŕàěďěńïîâ áâăâĺáâĺçěáłĺě áćőľáâćă ğăňłŋãâőľ áĺáâěňë ĺ áâăâĺáâĺçěáłĺě àăáŕàěďěńěŋĺï ńîąëå ěě ŕőďáĺáâěň, ă á ŋĺňĺ ĺ áàěďŋĺě ğŋăçěŋĺï ńîąëå ĺå äĺğĺçěáłĺå ćěńĺçĺŋ ć

6Ăďďĺâĺćŋőáâì íŋěàčĺĺ áńěďãěâ ĺğ ěě őąéěčő ćëàăęěŋĺï çěàěğ äãŋłæĺî Ńăčàăŋęă E = ∑ k _q_k^{∂L}_{∂qk} − L ĺ ĺğ ăďďĺâĺćŋőáâĺ ŕőáńěďŋěľ, ćëàăęăîéěľ âőâ äăłâ, çâő ãàăćŋěŋĺï ďćĺęěŋĺï łăęďőľ ĺğ ŋěćğăĺňőďěľáâćãîéĺå çăáâěľ ŋě ňőčãâ áőďěàęăâì ćěńĺçĺŋë, őâŋőáïéĺěáï ł ďàãčĺň çăáâïň áĺáâěňë. Ăďďĺâĺćŋőáâì ĺňŕãńìáă áĺáâěňë çăáâĺæ őçěćĺďŋă P = ∑ k m_kv_k, ŕàĺçěň ć őâńĺçĺě őâ íŋěàčĺĺ ĺňŕãńìá áĺáâěňë àăćěŋ áãňňě ĺňŕãńìáőć őâďěńìŋëå çăáâĺæ ŋěğăćĺáĺňő őâ ćőğňőęŋőáâĺ ŕàěŋěąàěęěŋĺï ĺğ ćğăĺňőďěľáâćĺěň ďàãč á ďàãčőň. Ăŋăńőčĺçŋăï áĺâãăæĺï ĺňěěâ ňěáâő ĺ ďńï ňőňěŋâă ĺňŕãńìáă áĺáâěňë M = ∑ k[rkpk].

20 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő (áâăâĺáâĺçěáłőčő) àăćŋőćěáĺï. İâĺ áěňì (ŕő çĺáńã łőňŕőŋěŋâ) ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï ğăňěŋïîâ áőąőľ ŋěćőőąàăğĺňőě ňŋőęěáâćő ŕěàěňěŋŋëå, őâ łőâőàëå ňőęěâ ğăćĺáěâì äãŋłæĺï àăáŕàěďěńěŋĺï ć őąéěň (ŋěàăćŋőćěáŋőň) áńãçăě, ĺ łőâőàőě âàěąãěâáï ŕàĺ \ŕőńŋőň" ňěåăŋĺçěáłőň őŕĺáăŋĺĺ ňŋőčőçăáâĺçŋőľ áĺáâěňë.

Ůĺáńő áãéěáâćěŋŋëå ĺŋâěčàăńőć ďćĺęěŋĺï ãňěŋìèăěâáï, ěáńĺ á áăňőčő ŋăçăńă őčàăŋĺçĺâìáï àăááňőâàěŋĺěň ŕőłőïéĺåáï áĺáâěň. Šőčďă ŕőńŋëľ ĺňŕãńìá ĺ ňőňěŋâ ĺňŕãńìáă áĺáâěňë, őçěćĺďŋëň őąàăğőň, àăćŋë ŋãńî, ĺ àăćŋőćěáŋăï äãŋłæĺï àăáŕàěďěńěŋĺï ğăćĺáĺâ âőńìłő őâ őďŋőľ ŕěàěňěŋŋőľ { ŕőńŋőľ íŋěàčĺĺ áĺáâěňë:

ρ = ρ(E) (1.57)

Šăłĺň őąàăğőň, ććěďěŋĺě ŕàőáâěľèĺå ŕàěďáâăćńěŋĺľ ő áâăâĺáâĺçěáłĺå áćőľáâćăå àăćŋőćěáŋëå áĺáâěň ďěľáâćĺâěńìŋő ŕàĺćőďĺâ ł àăďĺłăńìŋőňã áőłàăéěŋĺî çĺáńă áãéěáâćěŋŋëå ŕěàěňěŋŋëå ĺ ćőğňőęŋőáâĺ ŕőáńěďőćăâěńìŋőčő ŕőáâàőěŋĺï àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ŕőďçěàłŋěň ěéě àăğ, çâő íâĺ àăďĺłăńìŋëě ćëćőďë őáŋőćăŋë ŋă ććěďěŋĺĺ áâăâĺáâĺłĺ ĺ, ć íâőň áňëáńě, \ŋě ćëćőďĺňë" ĺğ ňěåăŋĺłĺ. Řăğãňěěâáï, äãŋłæĺï àăáŕàěďěńěŋĺï ňőęěâ ěéě ğăćĺáěâì őâ \ćŋěèŋĺå" ŕăàăňěâàőć, őŕàěďěńïîéĺå ňăłàőáłőŕĺçěáłĺě ãáńőćĺï ďńï àăááňăâàĺćăěňőčő ăŋáăňąńï, ĺ łőâőàëě áçĺâăîâáï ŕőáâőïŋŋëňĺ ďńï ćáěå łőŕĺľ áĺáâěňë ć ăŋáăňąńě (ŋăŕàĺňěà őâ őąêěňă, çĺáńă çăáâĺæ ĺ â.ŕ.).

Ŕěàěľďěň ł ïćŋőňã ŕőáâàőěŋĺî äãŋłæĺĺ áâăâĺáâĺçěáłőčő àăáŕàěďěńěŋĺï ğăňłŋãâőľ àăćŋőćěáŋőľ áĺáâěňë^7. Ćŕěàćëě ćĺď âăłőčő àăáŕàěďěńěŋĺï ŕàěďńőęĺń Čĺąąá. Řăááňőâàĺň áâăâĺáâĺçěáłĺľ ăŋáăňąńì ğăňłŋãâëå íŋěàčěâĺçěáłĺ ĺğőńĺàőćăŋŋëå áĺáâěň á ŕőáâőïŋŋëň őąêěňőň V , â.ě. ăŋáăňąńì áĺáâěň á ŕőáâőïŋŋëň çĺáńőň çăáâĺæ N , ŋăåőďïéĺåáï ć ăďĺăąăâĺçěáłőľ (ć âěàňőďĺŋăňĺçěáłőň áňëáńě) őąőńőçłě ĺ ĺňěîéĺå őďĺŋăłőćãî íŋěàčĺî E á âőçŋőáâìî ´E ≪ E. Śńěďãï Čĺąąáã ŕàěďŕőńőęĺň, çâő äãŋłæĺï àăáŕàěďěńěŋĺï ρ(p, q) ďńï âăłőčő ăŋáăňąńï ŕőáâőïŋŋă ć áńőě äăğőćőčő ŕàőáâàăŋáâćă ňěęďã ďćãňï ĺğőíŋěàčěâĺçěáłĺňĺ ŕőćěàåŋőáâïňĺ, áőőâćěâáâćãîéĺňĺ íŋěàčĺïň E ĺ E + ´E, ĺ àăćŋă ŋãńî ćŋě íâőčő áńőï: ρ(p, q) = { [˙(E, N, V )]^{−1} ŕàĺ E ≤ H(p, q) ≤ E + ´E 0 ćŋě íâőčő áńőï (1.58)

Šăłőě àăáŕàěďěńěŋĺě (ăŋáăňąńì) ŋăğëćăěâáï ňĺłàőłăŋőŋĺçěáłĺň. Řăáŕàěďěńěŋĺě (1.58) ćëàăęăěâ ŕàĺŋæĺŕ àăćŋőćěàőïâŋőáâĺ ňĺłàőáőáâőïŋĺľ ğăňłŋãâőľ àăćŋőćěáŋőľ áĺáâěňë, áőőâćěâáâćãîéĺå ďăŋŋőňã ňăłàőáłőŕĺçěáłőňã áőáâőïŋĺî. Ťăłâĺçěáłĺ { íâő ŕàőáâěľèěě ňëáńĺňőě ŕàěďŕőńőęěŋĺě, ňë áçĺâăěň, çâő ŋĺ őďŋő ĺğ ňĺłàőáőáâőïŋĺľ ŋě ïćńïěâáï łăł-âő ćëďěńěŋŋëň, ćáě àăćŋőŕàăćŋë, ă áĺáâěňë ĺğ ăŋáăňąńï, ć åőďě áćőěčő ďćĺęěŋĺï ć äăğőćőň ŕàőáâàăŋáâćě, ăąáőńîâŋő áńãçăľŋő őłăğëćăîâáï âő ć őďŋőň, âő ć ďàãčőň ňĺłàőáőáâőïŋĺĺ ć ŕàěďěńăå áńőï èĺàĺŋőľ ´E, ć łőâőàőň ŕàěąëćăîâ ĺå äăğőćëě âàăěłâőàĺĺ. Řăáŕàěďěńěŋĺě (1.58) ŕő áãâĺ ŕàěďáâăćńïěâ áâăâĺáâĺłã \ĺčàăńìŋőľ łőáâĺ" á ˙ čàăŋïňĺ. Ěáâěáâćěŋŋő, çâő ćëćěáâĺ íâő àăáŕàěďěńěŋĺě ĺğ çĺáâő ňěåăŋĺçěáłĺå áőőąàăęěŋĺľ ŕàăłâĺçěáłĺ ŋěćőğňőęŋő, ă ěčő őŕàăćďăŋĺěň ňőęěâ ąëâì âőńìłő áőőâćěâáâćĺě ěčő áńěďáâćĺľ á íłáŕěàĺňěŋâőň.

Ňăłàőáłőŕĺçěáłőě áőáâőïŋĺě áĺáâěň ć ňĺłàőłăŋőŋĺçěáłőň ăŋáăňąńě őŕàěďěńïěâáï âàěňï íłáâěŋáĺćŋëňĺ ŕăàăňěâàăňĺ E, N, V . Łőŋáâăŋâă ˙(E, N, V ) ŋăğëćăěâáï

7Ćëàăęěŋĺě (1.56) äăłâĺçěáłĺ ãęě ďăěâ ïćŋëľ ćĺď äãŋłæĺĺ àăáŕàěďěńěŋĺï ŕàőĺğćőńìŋőľ ŕőďáĺáâěňë, ŋăåőďïéěľáï ćŋãâàĺ ąőńìèőľ ğăňłŋãâőľ áĺáâěňë ĺ áńăąő ćğăĺňőďěľáâćãîéěľ á őłàãęěŋĺěň. Ł őąáãęďěŋĺî íâőčő ćăęŋěľèěčő áńãçăï ňë ćěàŋěňáï ŋĺęě.

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 21

áâăâĺáâĺçěáłĺň ćěáőň ĺ őŕàěďěńïěâáï ĺğ ãáńőćĺï ŋőàňĺàőćłĺ: ∫ dpdq N !(2π—h)^{3N} ρ(p, q) = 1 ∫ E≤H(p,q)≤E+ΔE dpdq N !(2π—h)^{3N} 1 ˙(E, N, V ) = 1 (1.59)

ŕàěďáâăćńïï áőąőľ, âăłĺň őąàăğőň, ąěğàăğňěàŋëľ äăğőćëľ őąêěň ĺńĺ çĺáńő łćăŋâőćëå áőáâőïŋĺľ ć áńőě ´E (çâő ĺ ďăěâ, ěáâěáâćěŋŋő, çĺáńő čàăŋěľ ŋăèěľ \ĺčàăńìŋőľ" łőáâĺ): ˙(E, N, V ) = 1 N !(2π—h)^{3N} ∫ E≤H(p,q)≤E+ΔE dpdq (1.60) Ć áńãçăě łńăááĺçěáłőľ áâăâĺáâĺłĺ ćáěčďă ňőęŋő ŕěàěľâĺ ł ŕàěďěńã ´E → 0 ĺ ğăŕĺáăâì: ρ(p, q) = ˙^{−1}(E, N, V )δ(H(p, q) − E) (1.61) čďě ˙(E, N, V ) = 1 N !(2π—h)^{3N} ∫ dpdqδ(H(p, q) − E) (1.62) Łáâăâĺ, őâáîďă ćĺďŋő, çâő ˙ ĺňěěâ âăłęě áňëáń ŕńőâŋőáâĺ áőáâőïŋĺľ ŋă ŕőćěàåŋőáâĺ ŕőáâőïŋŋőľ íŋěàčĺĺ ć äăğőćőň ŕàőáâàăŋáâćě. Ć łćăŋâőćőň ŕőďåőďě ŕőďőąŋőňã ŕàěďěńìŋőňã ŕěàěåőďã ňěèăěâ ĺğćěáâŋőě áőőâŋőèěŋĺě ŋěőŕàěďěńěŋŋőáâěľ íŋěàčĺï{ ćàěňï: ´E´t ∼ —h. Ć ďăńìŋěľèěň ňë ćáěčďă, ďăęě ŕàĺ àăááňőâàěŋĺĺ łńăááĺçěáłőľ áâăâĺáâĺłĺ, ąãďěň ĺáŕőńìğőćăâì ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć ćĺďě (1.58), ŕőďàăğãňěćăï łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě łćăŋâőćőľ ňěåăŋĺłĺ.

Čĺŕőâěğă ő âőň, çâő ňĺłàőłăŋőŋĺçěáłĺľ ăŋáăňąńì ďěľáâćĺâěńìŋő őŕĺáëćăěâ ňăłàőáłőŕĺçěáłőě áőáâőïŋĺě ğăňłŋãâőľ, íŋěàčěâĺçěáłĺ ĺğőńĺàőćăŋŋőľ áĺáâěňë, â.ě. çâő áàěďŋĺě, ćëçĺáńěŋŋëě á ŕőňőéìî äãŋłæĺĺ àăáŕàěďěńěŋĺï (1.58), áőćŕăďăîâ á ŋăąńîďăěňëňĺ ğŋăçěŋĺïňĺ äĺğĺçěáłĺå ćěńĺçĺŋ, áãâì őďĺŋ ĺğ őáŋőćŋëå ŕőáâãńăâőć àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ćëèě ãęě őâňěçăńőáì, çâő ŋăąńîďăěňëě ğŋăçěŋĺï äĺğĺçěáłĺå ćěńĺçĺŋ f(p, q) ňőęŋő ćëçĺáńïâì ĺ łăł áàěďŋĺě ŕő ŋěłőâőàőňã ćàěňěŋĺ ŋăąńîďěŋĺï, ă ŕàőąńěňă őąőáŋőćăŋĺï ćőğňőęŋőáâĺ ğăňěŋë áàěďŋĺå ŕő ćàěňěŋĺ áàěďŋĺňĺ ŕő äăğőćőňã ŕàőáâàăŋáâćã ŋőáĺâ ŋăğćăŋĺě íàčőďĺçěáłőľ ŕàőąńěňë. Ś íâőľ âőçłĺ ğàěŋĺï, ğăďăçă őąőáŋőćăŋĺï ňĺłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï áőáâőĺâ ć âőň çâőąë ďőłăğăâì, çâő ďńï ğăňłŋãâëå, íŋěàčěâĺçěáłĺ ĺğőńĺàőćăŋŋëå áĺáâěň ĺňěěâ ňěáâő áńěďãîéěě àăćěŋáâćő: lim_{T →∞} 1 T ∫_T 0 dtf(p(t), q(t)) = 1 N !(2π—h)^{3N} ∫ dpdqρ(p, q)f(p, q) (1.63) čďě ρ(p, q) őŕàěďěńïěâáï ňĺłàőłăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň (1.58). İâă ŕàőąńěňă ćěáìňă áńőęŋă ĺ, ŋěáňőâàï ŋă àïď ćăęŋëå àěğãńìâăâőć, ŕőńãçěŋŋëå, ć őáŋőćŋőň ňăâěňăâĺłăňĺ, ěéě ŋě àěèěŋă. Ťĺğĺçěáłĺ íâőâ àěğãńìâăâ őąëçŋő áćïğëćăîâ á íàčőďĺçěáłőľ čĺŕőâěğőľ ő âőň, çâő äăğőćăï âàăěłâőàĺï ğăňłŋãâőľ áĺáâěňë ć âěçěŋĺě ďőáâăâőçŋő ďńĺâěńìŋőčő ćàěňěŋĺ őąïğăâěńìŋő ŕàőåőďĺâ áłőńì ãčőďŋő ąńĺğłő ł ńîąőľ ğăďăŋŋőľ âőçłě ŋă íàčőďĺçěáłőľ ŕőćěàåŋőáâĺ. Ć Ŕàĺńőęěŋĺĺ Ă ňë àăááňőâàĺň ŋěłőâőàëě ćőŕàőáë, őâŋőáïéĺěáï ł íâőľ ŕàőąńěňăâĺłě ŋă ďőáâăâőçŋő íńěňěŋâăàŋőň ãàőćŋě. Ąőńěě áâàőčőě àăááňőâàěŋĺě á ňăâěňăâĺçěáłőľ âőçłĺ ğàěŋĺï ňőęŋő ŋăľâĺ

22 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

ć [10], ă áőćàěňěŋŋőě áőáâőïŋĺě ćőŕàőáă ĺğńăčăěâáï ć [11]. Ğďěáì ęě ňë âőńìłő őâňěâĺň, çâő ć ŕőáńěďŋĺě čőďë ŕàőąńěňă őąőáŋőćăŋĺï áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ŕőńãçĺńă ŋőćőě àăğćĺâĺě ć áćïğĺ á őâłàëâĺěň àőńĺ áâőåăáâĺçěáłőľ ŋěãáâőľçĺćőáâĺ (åăőâĺğăæĺĺ) ďćĺęěŋĺï ć æěńőň àïďě ŕàőáâëå ďĺŋăňĺçěáłĺå áĺáâěň á ŋěąőńìèĺň çĺáńőň áâěŕěŋěľ áćőąőďë [14]. Őłăğăńőáì, çâő áâăâĺáâĺçěáłőě őŕĺáăŋĺě ïćńïěâáï áőćěàèěŋŋő ŋěőąåőďĺňëň ĺ ďńï âăłĺå áĺáâěň, łőâőàëě á ŕěàćőčő ćğčńïďă łăęãâáï ćŕőńŋě \àěèăěňëňĺ" ć àăňłăå łńăááĺçěáłőľ ňěåăŋĺłĺ. Śőőâćěâáâćãîéĺě ćőŕàőáë ŋă íńěňěŋâăàŋőň ãàőćŋě âăłęě àăááňăâàĺćăîâáï ć Ŕàĺńőęěŋĺĺ Ă. Ć íâőň áňëáńě, á áőćàěňěŋŋőľ âőçłĺ ğàěŋĺï âàěąőćăŋĺě ąőńìèőčő çĺáńă áâěŕěŋěľ áćőąőďë ćőćáě ŋě ïćńïěâáï ŋěőąåőďĺňëň ďńï ććěďěŋĺï áâăâĺáâĺçěáłĺå ňěâőďőć, ąěğ ŋĺå ŋěńìğï őąőľâĺáì ĺ ć ďőáâăâőçŋő \ŕàőáâëå" áĺáâěňăå, čďě áőćěàèěŋŋő âĺŕĺçŋëň ïćńïěâáï łàăľŋïï çãćáâćĺâěńìŋőáâì ćĺďă äăğőćëå âàăěłâőàĺľ ł ŋăçăńìŋëň ãáńőćĺïň, ćěďãéăï ł ŋěãáâőľçĺćőáâĺ ĺ ğăŕãâăŋŋőáâĺ łăàâĺŋë ďćĺęěŋĺï ć äăğőćőň ŕàőáâàăŋáâćě. Ŕàěáńőćãâëľ ńăŕńăáőćáłĺľ ďěâěàňĺŋĺğň őłăğëćăěâáï ĺńńîğőàŋëň ďăęě ć àăňłăå łńăááĺçěáłőľ ňěåăŋĺłĺ âăłĺå áĺáâěň.

Ůăáâĺçŋëě äãŋłæĺĺ àăáŕàěďěńěŋĺï�.

Ğŋăŋĺě őąéěľ äãŋłæĺĺ àăáŕàěďěńěŋĺï (1.6), ğăćĺáïéěľ őâ ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå ćáěå N çăáâĺæ ŕőğćőńïěâ őŕàěďěńĺâì àăğńĺçŋëě ňăłàőáłőŕĺçěáłĺě åăàăłâěàĺáâĺłĺ áĺáâěňë. Ŋăŕàĺňěà ŕńőâŋőáâì ćěéěáâćă ć âőçłě r, ŕő őŕàěďěńěŋĺî, àăćŋă ρ(t, r) = ∫ ^ρ(r)ρ(t, r1, ..., pN)dr1...dpN (1.64) čďě ^ρ(r) { őŕěàăâőà ŕńőâŋőáâĺ (ğďěáì ãďőąŋő ććěáâĺ őŕěàăâőàë äĺğĺçěáłĺå ćěńĺçĺŋ ďăęě ć łńăááĺçěáłőň áńãçăě):

^ρ(r) =^{N∑}_{i=1} miδ(r − ri), (1.65)

čďě m_i { ňăááă i-ľ çăáâĺæë. Ăŋăńőčĺçŋëň őąàăğőň, ŕńőâŋőáâì ŕőâőłă (ĺňŕãńìáă) ć âőçłě r àăćŋă:

J(r) = ∫ ^J(r)ρ(t, r1, ..., pN)dr1...dpN (1.66) čďě ^J(r) { őŕěàăâőà ŕńőâŋőáâĺ ŕőâőłă:

^J(r) =^{N∑}_{i=1} piδ(r − ri). (1.67)

Ŕńőâŋőáâì łĺŋěâĺçěáłőľ íŋěàčĺĺ ć âőçłě r àăćŋă: E(t, r) = ∫ ^E(r)ρ(t, r1, ..., pN)dr1...dpN (1.68)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 23

čďě ^E(r) { őŕěàăâőà łĺŋěâĺçěáłőľ íŋěàčĺĺ:

^E(r) =^{N∑}_{i=1}^{p2i}2_{mi} δ(r − ri). (1.69)

Ďńï ğăàïęěŋŋëå çăáâĺæ ňőęŋő ććěáâĺ ěéě ĺ ŕńőâŋőáâì íńěłâàĺçěáłőčő âőłă:

j(t, r) = ∫ ^j(r)ρ(t, r1, ..., pN)dr1...dpN (1.70) čďě ^j(r) { őŕěàăâőà ŕńőâŋőáâĺ íńěłâàĺçěáłőčő âőłă:

^j(r) =^{N∑}_{i=1}^{ei}_{mi} piδ(r − ri), (1.71)

čďě e_i { ğăàïď i-ľ çăáâĺæë.

Ťãŋłæĺï àăáŕàěďěńěŋĺï ρ(t, r_1, ..., p_N) ïćńïěâáï äãŋłæĺěľ ŕàăłâĺçěáłĺ ąěáłőŋěçŋőčő çĺáńă ăàčãňěŋâőć. Őďŋăłő ŕàĺ ćëàăęěŋĺĺ ňăłàőćěńĺçĺŋ çěàěğ ňĺłàőåăàăłâěàĺáâĺłĺ ŕő őąéěľ äőàňãńě A(t, r) = ∫ ^A(r)ρ(t, r1, ..., pN)dr1...dpN (1.72) áńěďãěâ ãçěáâì, çâő ŕőďăćńïîéěě ąőńìèĺŋáâćő őŕěàăâőàőć äĺğĺçěáłĺå ćěńĺçĺŋ, ŕàěďáâăćńïîéĺå ĺŋâěàěá, ŕàěďáâăćńïîâáï ć ćĺďě:

^A(r) =^{N∑}_{j=1} ^A(rj, pj)δ(r − rj), (1.73)

â.ě. ćëàăęăîâáï áãňňőľ őŕěàăâőàőć, ďěľáâćãîéĺå ŋă ďĺŋăňĺçěáłĺě ŕěàěňěŋŋëě âőńìłő őďŋőľ çăáâĺæë (őďŋőçăáâĺçŋëě őŕěàăâőàë). Ůăáâŋëňĺ áńãçăïňĺ âăłĺå ćěńĺçĺŋ ïćńïîâáï àăááňőâàěŋŋëě ćëèě őŕěàăâőàë ^ρ, ^J, ^E ĺ ^j. Śãéěáâćěŋŋő àěęě ćáâàěçăîâáï őŕěàăâőàë ďćãåçăáâĺçŋőčő âĺŕă:

^A(r, r^′) = 12^∑_{i≠j} ^A(ri, rj, pi, pj)δ(r − ri)δ(r^′ − rj ). (1.74)

Ŕàĺňěàőň âăłőčő őŕěàăâőàă ïćńïěâáï őŕěàăâőà ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ áĺáâěňë çăáâĺæ, ćğăĺňőďěľáâćãîéĺå ŕő æěŋâàăńìŋőňã ğăłőŋã:

^U (r^′, r^{′′}) = 1 2 ∑ i≠j U (|r_i − r_j|)δ(r^′ − r_i)δ(r^{′′} − r_j ). (1.75)

Őŕěàăâőàë, áőáâăćńěŋŋëě ĺğ ńĺŋěľŋëå łőňąĺŋăæĺľ őŕěàăâőàőć, ďěľáâćãîéĺå ŋă ďĺŋăňĺçěáłĺě ŕěàěňěŋŋëě âàěå, çěâëàěå ĺ ąőńìèěčő çĺáńă çăáâĺæ, ć àěăńìŋëå (ŕàěďáâăćńïîéĺå ĺŋâěàěá) ğăďăçăå ŕàăłâĺçěáłĺ ŋě ćáâàěçăîâáï.

Ŕőíâőňã ć ąőńìèĺŋáâćě áńãçăěć ŋăň, äăłâĺçěáłĺ, ŋě âàěąãěâáï ğŋăâì ŕőńŋãî N -çăáâĺçŋãî äãŋłæĺî àăáŕàěďěńěŋĺï

F_N (t, r_1, ..., p_N) ≡ ρ(t, r_1, ..., p_N), (1.76)

24 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

ğăćĺáïéãî őâ ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå čàőňăďŋőčő çĺáńă çăáâĺæ, ă ďőáâăâőçŋő ŋăľâĺ łăłĺň-ńĺąő áŕőáőąőň őďŋőçăáâĺçŋãî F_1(t, r_i, p_j) ĺ ďćãåçăáâĺçŋãî F_2(t, r_i, r_j, p_i, p_j) äãŋłæĺĺ àăáŕàěďěńěŋĺï, łőâőàëě ãďőąŋő őŕàěďěńĺâì áńěďãîéĺň őąàăğőň (V {őąêěň áĺáâěňë) [15, 16]: F_1(t, r_i, p_i) = (1.77) V ∫ F_N (t, r_1, ..., p_N)dr_1...dr_{i−1}dr_{i+1}...dr_N dp_1...dp_{i−1}dp_{i+1}...dp_N, F_2(t, r_i, r_j, p_i, p_j) = (1.78)

V^2 ∫ F_N (t, r_1, ..., p_N)dr_1...dr_{i−1}dr_{i+1}...dr_{j−1}dr_{j+1}...dr_Ndp_1...dp_{i−1} dpi+1...dpj−1dpj+1...dpN. ĺńĺ, ć őąéěň áńãçăě, s-çăáâĺçŋãî äãŋłæĺî àăáŕàěďěńěŋĺï

F_s(t, r_1, ..., r_s, p_1, ..., p_s) = V^s ∫ F_N (t, r_1, ..., p_N)dr_{s+1}...dr_Ndp_{s+1}...dp_N. (1.79)

Ĺğ őçěćĺďŋőčő ãáńőćĺï ŋőàňĺàőćłĺ 1 V^s ∫ F_s(t, r_1, ..., p_s)dr_1...dp_s = 1 (1.80)

ćëâěłăěâ, çâő^1_{V s} F_s(t, r_1, .., p_s) ŕàěďáâăćńïěâ áőąőľ ćěàőïâŋőáâì âőčő, çâő s çăáâĺæ áĺáâěňë, áőáâőïéěľ ĺğ N çăáâĺæ ć ňőňěŋâ ćàěňěŋĺ t ąãďěâ ŋăåőďĺâìáï ć íńěňěŋâăàŋőň äăğőćőň őąêěňě dr_1...dp_s 6s-ňěàŋőčő äăğőćőčő ŕàőáâàăŋáâćă őłőńő âőçłĺ

(r1, ..., ps). Ňěęďã íâĺňĺ çăáâĺçŋëňĺ äãŋłæĺïňĺ àăáŕàěďěńěŋĺï ĺňěîâáï áńěďãî-

éĺě áőőâŋőèěŋĺï, ćëâěłăîéĺě ŋěŕőáàěďáâćěŋŋő ĺğ őŕàěďěńěŋĺï:

F_s(t, r_1, ..., p_s) = 1 V ∫ F_{s+1}(t, r_1, ..., p_{s+1})dr_{s+1}dp_{s+1}. (1.81)

Ĺáŕőńìğőćăŋĺě âăłĺå äãŋłæĺľ àăáŕàěďěńěŋĺï ŕőğćőńïěâ ćëçĺáńĺâì áàěďŋĺě ğŋăçěŋĺï őďŋőçăáâĺçŋëå, ďćãåçăáâĺçŋëå ĺ â.ď. őŕěàăâőàőć äĺğĺçěáłĺå ćěńĺçĺŋ. Ŋăŕàĺňěà, ďńï ňăłàőćěńĺçĺŋë, őŕĺáëćăěňőľ őŕěàăâőàőň (1.73), ĺňěěň: A(t, r) = 1 V N∑ j=1 ∫ ^A_j(r, p_j)F_1(t, r, p_j)dp_j (1.82)

Ěáńĺ ćáě ^A_j őďĺŋăłőćë, â.ě. ^A_j = ^a(j = 1, 2, ..., N ), âő A(t, r) = N V ∫ ^a(r, p)F1(t, r, p)dp (1.83)

Ďńï ňăłàőćěńĺçĺŋ, őŕĺáëćăěňëå ďćãåçăáâĺçŋëňĺ őŕěàăâőàăňĺ âĺŕă (1.74) ĺňěěň:

A(t, r^′, r^{′′}) = 1 2 ∑ i≠j 1 V^2 ∫ ^A_{ij}(r^′, p_i, r^{′′}, p_j)F_2(t, r^′, r^{′′}, p_i, p_j)dp_idp_j. (1.84)

Ěáńĺ ćáě ^A_{ij} őďĺŋăłőćë, â.ě. ^A_{ij} = ^a, âő

A(t, r^′, r^{′′}) = N (N − 1) 2V^2 ∫ ^a(r^′, p^′, r^{′′}, p^{′′})F2(t, r^′, r^{′′}, p^′, p^{′′})dp^′dp^{′′} (1.85)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 25

čďě àăğãňěěâáï ňőęŋő áçĺâăâì (N − 1) ≈ N .

Šăłĺň őąàăğőň ďńï őáŋőćŋëå ňăłàőćěńĺçĺŋ, àăááňőâàěŋŋëå ćëèě, ŕőńãçăěň ďńï áĺáâěň, áőáâőïéĺå ĺğ őďĺŋăłőćëå çăáâĺæ: ρ(t, r) = m N V ∫ F_1(t, r, p)dp (1.86)

J(t, r) =^N_V ∫ pF1(t, r, p)dp (1.87) E(t, r) = 1 2m N V ∫ p^2F1(t, r, p)dp (1.88)

j(t, r) =^e_m^N_V ∫ pF1(t, r, p)dp. (1.89)

Ğăďăçă áćőďĺâáï, âăłĺň őąàăğőň, ł ŋăåőęďěŋĺî ïćŋőčő ćĺďă őďŋőçăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï.

Őąéĺľ ŕőďåőď ł ŋăåőęďěŋĺî çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï ňőęěâ ąëâì áäőàňãńĺàőćăŋ áńěďãîéĺň őąàăğőň. Ŕàőĺğćőńìŋăï N -çăáâĺçŋăï äãŋłæĺï àăáŕàěďěńěŋĺï (1.76) ŕőďçĺŋïěâáï àăááňőâàěŋŋőňã ćëèě ãàăćŋěŋĺî Ńĺãćĺńńï (1.47),(1.48),(1.50): ∂F_N ∂t = {H, F_N } (1.90)

Ŕàőĺŋâěčàĺàőćăć ãàăćŋěŋĺě (1.90) ŕő äăğőćëň ŕàőáâàăŋáâćăň N − s çăáâĺæ, á ãçěâőň (1.79), ŕőńãçăěň: 1 V^s ∂F_s(t, r_1, ..., p_s) ∂t = ∫ {H, F_N }dr_{s+1}...dp_N. (1.91) Ŕàĺŋĺňăï čăňĺńìâőŋĺăŋ áĺáâěňë ćğăĺňőďěľáâćãîéĺå çăáâĺæ ć ŕàőáâěľèěň ćĺďě: H = 1 2m N∑ i=1 p^2_i + 12^∑_{i≠j} U (|ri − rj|), (1.92)

ŕőáńě ďőćőńìŋő ŕàőáâëå, ŋő ŋěáłőńìłő čàőňőğďłĺå ŕàěőąàăğőćăŋĺľ [16], ŕőńãçăěň ĺğ (1.91): ∂F_s ∂t = {H^{(s)}, F_s} + N V s∑ i=1 ∫ ∂U (|r_i − r_{s+1}|) ∂ri ∂F_{s+1} ∂pi^dr^{s+1d}p^{s+1} (1.93)

čďě H^{(s)} őąőğŋăçăěâ čăňĺńìâőŋĺăŋ ŕőďáĺáâěňë ĺğ s çăáâĺæ.

Ćăęŋěľèěľ őáőąěŋŋőáâìî ãàăćŋěŋĺï (1.93) ïćńïěâáï âő őąáâőïâěńìáâćő, çâő ãàăćŋěŋĺě ďćĺęěŋĺï ďńï s-çăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï áőďěàęĺâ çńěŋ, łőâőàëľ áćïğăŋ á ćğăĺňőďěľáâćĺěň ŕőďáĺáâěňë ĺğ s çăáâĺæ á őáâăńìŋőľ çăáâìî N -çăáâĺçŋőľ áĺáâěňë ĺ ğăćĺáïéĺľ őâ s + 1-çăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï F_{s+1}. Šăłĺň őąàăğőň, ŕàĺ ŕőáâàőěŋĺĺ ãàăćŋěŋĺľ ďćĺęěŋĺï ďńï çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï, ňë äăłâĺçěáłĺ ŕőàőęďăěň ąěáłőŋěçŋãî áĺáâěňã ĺŋâěčàőďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ, çăáâő ĺňěŋãěňãî æěŕőçłőľ Ąőčőńîąőćă. Ŕàĺ áâàőčőň ŕőďåőďě áńěďőćăńő-ąë àěèăâì ćáî íâã æěŕőçłã ãàăćŋěŋĺľ, çâő, àăğãňěěâáï, ŋĺçěň ŋě ńěčçě, çěň àěèăâì őąéěě ãàăćŋěŋĺě Ńĺãćĺńńï ďńï N -çăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï. Ďěńő ć âőň, őďŋăłő, çâő ć àïďě áńãçăěć ŋă őáŋőćě ňőďěńìŋëå

26 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

äĺğĺçěáłĺå ŕàěďŕőńőęěŋĺľ ãďăěâáï \őąőàćăâì" íâã ąěáłőŋěçŋãî æěŕőçłã ŋă łőŋěçŋőň çĺáńě, ćëàăğĺć ŋăŕàĺňěà F_{s+1} çěàěğ F_s,F_{s−1} ĺ â.ď. Šőčďă őáâăěâáï ğăňłŋãâăï áĺáâěňă s ãàăćŋěŋĺľ ďńï F_1,F_2,...,F_s. Ć çăáâŋőáâĺ, őáőąëľ ĺŋâěàěá ŕàěďáâăćńïěâ ŕőńãçěŋĺě ğăňłŋãâőčő ãàăćŋěŋĺï ďńï őďŋőçăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï ćĺďă: ∂F_1 ∂t = L(F_1) (1.94)

čďě L { ŋěłőâőàëľ őŕěàăâőà. Śőáâăćńěŋĺě ĺ àěèěŋĺě íâőčő, âăł ŋăğëćăěňőčő łĺŋěâĺçěáłőčő, ãàăćŋěŋĺï ïćńïěâáï æěŋâàăńìŋőľ ğăďăçěľ łĺŋěâĺçěáłőľ âěőàĺĺ ĺńĺ äĺğĺçěáłőľ łĺŋěâĺłĺ. Ć ąőńìèĺŋáâćě áńãçăěć àěèěŋĺě łĺŋěâĺçěáłĺå ãàăćŋěŋĺľ ňőęŋő ŕàőćěáâĺ âőńìłő ŕàĺąńĺęěŋŋëňĺ ňěâőďăňĺ [17]. Ć àěğãńìâăâě ňőęŋő ćëçĺáńĺâì ŕőćěďěŋĺě áàěďŋĺå őâ àăğńĺçŋëå äĺğĺçěáłĺå ćěńĺçĺŋ, ćłńîçăï ďăęě ĺå ïćŋãî ğăćĺáĺňőáâì őâ ćàěňěŋĺ, â.ě. ć ŋěàăćŋőćěáŋőň áńãçăě. Ąőńìèăï çăáâì ŋăèĺå ńěłæĺľ ŕőáćïéěŋă őďŋăłő àăćŋőćěáŋëň ğăďăçăň. Ťőàňăńĺğň çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï ňőęěâ ąëâì ŕőńőęěŋ ć őáŋőćã ŕőáâàőěŋĺï ĺ àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ [18, 19], ŋő ć ďăńìŋěľèěň ňë ĺáŕőńìğãěň ąőńěě âàăďĺæĺőŋŋëě ŕőďåőďë.

Ňăâàĺæă ŕńőâŋőáâĺ.

Ďő áĺå ŕőà ňë àăááňăâàĺćăńĺ łńăááĺçěáłãî áâăâĺáâĺçěáłãî ňěåăŋĺłã, ć łőâőàőľ áőáâőïŋĺě áĺáâěňë őŕĺáëćăńőáì âőçłőľ (p, q) ć 6N -ňěàŋőň äăğőćőň ŕàőáâàăŋáâćě łőőàďĺŋăâ ĺ ĺňŕãńìáőć ćáěå çăáâĺæ, ă íćőńîæĺï ćő ćàěňěŋĺ őŕàěďěńïńăáì ãàăćŋěŋĺïňĺ Čăňĺńìâőŋă. Ć łćăŋâőćőľ ňěåăŋĺłě âăłőě őŕĺáăŋĺě áâăŋőćĺâáï ŋěćőğňőęŋëň, åőâï ąë ŕőâőňã, çâő áőčńăáŋő ŕàĺŋæĺŕã ŋěőŕàěďěńěŋŋőáâĺ ňë ŋě ňőęěň őďŋőćàěňěŋŋő őŕàěďěńĺâì łőőàďĺŋăâã ĺ ĺňŕãńìá łćăŋâőćőľ çăáâĺæë. Őâáîďă ïáŋő, çâő ć őąéěň áńãçăě âàěąãěâáï ŕőáâàőěŋĺě áŕěæĺăńìŋőčő ăŕŕăàăâă łćăŋâőćőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ğăňěçăâěńìŋő, őďŋăłő, çâő őáŋőćŋëě ŕőńőęěŋĺï ňěâőďă Čĺąąáă őáâăîâáï áŕàăćěďńĺćëňĺ ĺ ŕàĺ łćăŋâőćőň ŕőďåőďě.

Ůĺáâëľ ăŋáăňąńì.

Ć łćăŋâőćőľ ňěåăŋĺłě áőáâőïŋĺě ňŋőčőçăáâĺçŋőľ áĺáâěňë őŕĺáëćăěâáï ćőńŋőćőľ äãŋłæĺěľ ψ(x_1, ..., x_N, t), ğăćĺáïéěľ őâ ćàěňěŋĺ ĺ łőőàďĺŋăâ çăáâĺæ x_1, ..., x_N (ĺńĺ őâ ďàãčőľ áĺáâěňë őďŋőćàěňěŋŋő ĺğňěàĺňëå ćěńĺçĺŋ, ŋăŕàĺňěà ĺňŕãńìáőć). İćőńîæĺï áőáâőïŋĺï ćő ćàěňěŋĺ őŕàěďěńïěâáï ãàăćŋěŋĺěň Ÿàěďĺŋčěàă: i—h ∂ψ ∂t = Hψ (1.95)

Ŋăŕàĺňěà, ďńï áĺáâěňë ĺğ N őďĺŋăłőćëå çăáâĺæ á ňăááőľ m, ŋě őąńăďăîéĺå ćŋãâàěŋŋĺňĺ áâěŕěŋïňĺ áćőąőďë ĺ ćğăĺňőďěľáâćãîéĺå ňěęďã áőąőľ á ŕőňőéìî ŕăàŋőčő ŕőâěŋæĺăńă U (|x|), ãàăćŋěŋĺě Ÿàěďĺŋčěàă ĺňěěâ ćĺď: i—h ∂ψ ∂t = − —h^2 2m N∑ j=1 ∇^2_j + 1 2 ∑ j≠k U (|x_j − x_k|) ψ (1.96)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 27

Şàăćŋěŋĺě Ÿàěďĺŋčěàă ŕőńŋőáâìî őŕàěďěńïěâ ćőńŋőćãî äãŋłæĺî ψ ć ňőňěŋâ ćàěňěŋĺ t, ěáńĺ őŋă ĺğćěáâŋă ć ŋăçăńìŋëľ ňőňěŋâ t = 0. Ŋăŕàĺňěà, ďńï ĺğőńĺàőćăŋŋőľ áĺáâěňë, łőčďă H ŋě ğăćĺáĺâ ïćŋő őâ ćàěňěŋĺ:

ψ(t) = e^{īh Ht}ψ(0) (1.97)

{ äőàňăńìŋőě àěèěŋĺě ãàăćŋěŋĺï Ÿàěďĺŋčěàă.

Ďĺŋăňĺçěáłĺě ŕěàěňěŋŋëě ć łćăŋâőćőľ ňěåăŋĺłě ŋě ěáâì äãŋłæĺĺ áőáâőïŋĺï ďĺŋăňĺçěáłőľ áĺáâěňë, ă ŕàěďáâăćńïîâáï ńĺŋěľŋëňĺ áăňőáőŕàïęěŋŋëňĺ (íàňĺâőćëňĺ) őŕěàăâőàăňĺ ďěľáâćãîéĺňĺ ć čĺńìąěàâőćőň ŕàőáâàăŋáâćě ćőńŋőćëå äãŋłæĺľ. Śŕěłâà ĺå áőąáâćěŋŋëå ğŋăçěŋĺľ őŕàěďěńïěâ ćőğňőęŋëě ğŋăçěŋĺï ŋăąńîďăěňëå äĺğĺçěáłĺå ćěńĺçĺŋ. Ğăďăŋĺě łćăŋâőćőňěåăŋĺçěáłőčő áőáâőïŋĺï áĺáâěňë ψ, ŋě őğŋăçăěâ âőçŋőčő ğŋăŋĺï ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå. Ğŋăŋĺě ćőńŋőćőľ äãŋłæĺĺ (ćěłâőàă áőáâőïŋĺï ć čĺńìąěàâőćőň ŕàőáâàăŋáâćě) ŕőğćőńïěâ ćëçĺáńïâì ńĺèì áàěďŋĺě ğŋăçěŋĺï ďĺŋăňĺçěáłőľ ŕěàěňěŋŋőľ, ŕàěďáâăćńïěňőľ őŕěàăâőàőň A ć áőáâőïŋĺĺ ψ: < A >= (ψ^⋆, Aψ) (1.98)

čďě, łăł őąëçŋő, áçĺâăěň ćőńŋőćëě äãŋłæĺĺ ŋőàňĺàőćăŋŋëňĺ ŋă ěďĺŋĺæã:

(ψ^⋆, ψ) = 1 (1.99)

ă áłőąłĺ őąőğŋăçăîâ áłăńïàŋőě ŕàőĺğćěďěŋĺě ćěłâőàőć ć čĺńìąěàâőćőň ŕàőáâàăŋáâćě:

(ψ^⋆, ϕ) = ∫ dxψ^⋆(x)ϕ(x) (1.100)

čďě, ďńï łàăâłőáâĺ, őąőğŋăçăěň çěàěğ x ćáî áőćőłãŕŋőáâì łőőàďĺŋăâ x_1, ..., x_N. Ńĺèì ć çăáâŋőň áńãçăě, łőčďă ψ ěáâì áőąáâćěŋŋăï äãŋłæĺï őŕěàăâőàă A, äőàňãńă (1.98) ďăěâ âőçŋőě ğŋăçěŋĺě ćěńĺçĺŋë A ć áőáâőïŋĺĺ ψ.

Śőáâőïŋĺě, őŕĺáëćăěňőě ćőńŋőćőľ äãŋłæĺěľ ŋăğëćăěâáï çĺáâëň áőáâőïŋĺěň. Śőőâćěâáâćãîéĺľ áâăâĺáâĺçěáłĺľ ăŋáăňąńì, â.ě. ąőńìèőě çĺáńő ŋěćğăĺňőďěľáâćãîéĺå \łőŕĺľ" ďăŋŋőľ áĺáâěňë, ŋăåőďïéĺåáï ć ďăŋŋőň łćăŋâőćőň áőáâïŋĺĺ, ŋăğëćăěâáï çĺáâëň ăŋáăňąńěň. Ůĺáâőě áőáâőïŋĺě (ăŋáăňąńì) ďăěâ ňăłáĺňăńìŋő ŕőńŋőě őŕĺáăŋĺě áĺáâěňë ć àăňłăå łćăŋâőćőľ ňěåăŋĺłĺ.

Ćëàăęěŋĺï ďńï áàěďŋĺå ğŋăçěŋĺľ äĺğĺçěáłĺå ćěńĺçĺŋ ć çĺáâőň ăŋáăňąńě ãďőąŋő ğăŕĺáăâì á ŕőňőéìî ŕàőěłæĺőŋŋőčő őŕěàăâőàă. Ğăŕĺèěň ńĺŋěľŋëľ őŕěàăâőà A ć ňăâàĺçŋőň x-ŕàěďáâăćńěŋĺĺ, őŕàěďěńĺć ěčő á ŕőňőéìî ňăâàĺçŋëå íńěňěŋâőć: Aψ(x) = ∫ dx^′A(x, x^′)ψ(x^′) (1.101)

Ŕőďáâăćĺć (1.101) ć (1.98), ŕőńãçĺň: < A >= ∫ dxdx^′A(x, x^′)P(x^′, x) = Sp(AP) (1.102) čďě:

P(x, x^′) = ψ(x)ψ^⋆(x^′) (1.103)

{ ŕàőěłæĺőŋŋëľ őŕěàăâőà ŋă áőáâőïŋĺě ψ. Ňőęŋő áłăğăâì, çâő çĺáâëľ ăŋáăňąńì őŕĺáëćăěâáï ŕàőěłæĺőŋŋëň őŕěàăâőàőň (1.103), ă áàěďŋĺě ŕő ăŋáăňąńî ćëçĺáńïîâáï

28 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

á ŕőňőéìî (1.102). Ěáâěáâćěŋŋő, çâő âăłőě őŕĺáăŋĺě áőćěàèěŋŋő íłćĺćăńěŋâŋő őŕĺáăŋĺî á ŕőňőéìî ćőńŋőćőľ äãŋłæĺĺ.

Śăňő ŋăğćăŋĺě ŕàěłæĺőŋŋëľ őŕěàăâőà áćïğăŋő á âěň, çâő ďěľáâćĺě őŕěàăâőàă P ŋă ŕàőĺğćőńìŋëľ ćěłâőà φ ć čĺńìąěàâőćőň ŕàőáâàăŋáâćě ŕàőěłâĺàãěâ ěčő ŋă \ŋăŕàăćńěŋĺě" ćěłâőàă ψ: Pφ = ∫ dx^′P(x, x^′)φ(x^′) = (ψ^⋆, φ)ψ(x) (1.104)

Ŕàőěłæĺőŋŋëľ őŕěàăâőà íàňĺâőć, çâő ćĺďŋő ĺğ ěčő őŕàěďěńěŋĺï (1.103):

P^⋆(x, x^′) = P(x^′, x) (1.105)

Łàőňě âőčő ĺňěěň áćőľáâćő:

P^2 = P (1.106) çâő áńěďãěâ ĺğ (1.104) { ŕőáńě őďŋőľ őŕěàăæĺĺ ŕàőěłâĺàőćăŋĺï, ćáě ŕőáńěďãîéĺě ŕàőěłâĺàőćăŋĺï ŋă âőęě \ŋăŕàăćńěŋĺě" ãęě ŋě ŋĺçěčő ŋě ňěŋïîâ. Łàőňě âőčő, ćáěčďă ĺňěěň:

SpP = 1 (1.107) çâő áńěďãěâ ĺğ (1.102) ŕőáńě ŕőďáâăŋőćłĺ ćňěáâő A ěďĺŋĺçŋőčő őŕěàăâőàă ĺńĺ ĺğ őŕàěďěńěŋĺï (1.103) á ãçěâőň ãáńőćĺï ŋőàňĺàőćłĺ (1.99).

Śňěèăŋŋëľ ăŋáăňąńì.

Łćăŋâőćăï áâăâĺáâĺçěáłăï ňěåăŋĺłă áâàőĺâáï ŋă őáŋőćě àăááňőâàěŋĺï ăŋáăňąńï ąőńěě őąéěčő ćĺďă, ŋěęěńĺ àăááňőâàěŋŋëľ ćëèě çĺáâëľ ăŋáăňąńì, ă ĺňěŋŋő áňěèăŋŋőčő ăŋáăňąńï, őáŋőćăŋŋőčő ŋă ŋěŕőńŋőň ŋăąőàě ďăŋŋëå ő łćăŋâőćőňěåăŋĺçěáłőľ áĺáâěňě. Řăááňőâàĺň ąőńìèőě çĺáńő âőęďěáâćěŋŋëå ŋěćğăĺňőďěľáâćãîéĺå łőŕĺľ ďăŋŋőľ áĺáâěňë, łőâőàëě ňőčãâ ŋăåőďĺâìáï ć àăğńĺçŋëå łćăŋâőćëå áőáâőïŋĺïå. Ć áňěèăŋŋőň ăŋáăňąńě őŕàěďěńěŋë ńĺèì ćěàőïâŋőáâĺ w_1, w_2, ... őąŋăàãęĺâì áĺáâěňã ć áőőâćěâáâćãîéĺå ěě âőçŋëå łćăŋâőćëå áőáâőïŋĺïå ψ_1, ψ_2, .... Ňë, âăłĺň őąàăğőň, ŋě ğŋăěň âőçŋő ć łăłőň ĺňěŋŋő ĺğ áćőĺå ćőğňőęŋëå áőáâőïŋĺľ áĺáâěňă àěăńìŋő ŋăåőďĺâáï, ć íâőň áňëáńě ŋăèě ğŋăŋĺě ĺ ïćńïěâáï ŋěŕőńŋëň, ğŋăěň ňë ńĺèì ãłăğăŋŋëě ćěàőïâŋőáâĺ. Őďŋăłő ĺ ć áňěèăŋŋőň ăŋáăňąńě ňë ňőęěň, ć ŕàĺŋæĺŕě, ŋăľâĺ áàěďŋěě ğŋăçěŋĺě ńîąőľ äĺğĺçěáłőľ ćěńĺçĺŋë, ŕàěďáâăćńïěňőľ őŕěàăâőàőň A: < A >= ∑ k w_k(ψ^⋆_k, Aψ_k) (1.108)

ŕàĺçěň ∑ k w_k = 1; w_k ≤ 0. (1.109)

İâő ćëàăęěŋĺě őçěćĺďŋő, ŕőáłőńìłã (ψ^⋆_k, Aψ_k) ŕàěďáâăćńïěâ áőąőľ łćăŋâőćőňěåăŋĺçěáłőě áàěďŋěě őŕěàăâőàă A ć áőáâőïŋĺĺ ψ_k. Ůĺáâëľ ăŋáăňąńì ěáâì çăáâŋëľ áńãçăľ áňěèăŋŋőčő, łőčďă àăćŋë ŋãńî ćáě ćěàőïâŋőáâĺ w_k łàőňě őďŋőľ, àăćŋőľ ěďĺŋĺæě. Šőčďă (1.108) áćőďĺâáï ł (1.98).

Ďńï ĺğãçěŋĺï áňěèăŋŋëå ăŋáăňąńěľ ãďőąŋő ććěáâĺ áâăâĺáâĺçěáłĺľ őŕěàăâőà, ŕàěďńőęěŋŋëľ ŋěğăćĺáĺňő äőŋ-Ŋěľňăŋőň ĺ Ńăŋďăã. Ćěàŋěňáï ł ńĺŋěľŋőňã őŕěàăâőàã A ć ňăâàĺçŋőň x-ŕàěďáâăćńěŋĺĺ (1.101). Ŕőďáâăćńïï (1.101) ć (1.108), ŕőńãçĺň: < A >= ∫ dxdx^′A(x, x^′)ρ(x^′, x) (1.110)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 29 ĺńĺ < A >= Sp(ρA) (1.111) čďě ρ(x, x^′) = ∑ k w_kψ_k(x)ψ^⋆_k(x^′) (1.112)

{ áâăâĺáâĺçěáłĺľ őŕěàăâőà ć ňăâàĺçŋőň x-ŕàěďáâăćńěŋĺĺ ĺńĺ ňăâàĺæă ŕńőâŋőáâĺ.

Ňăâàĺæă ŕńőâŋőáâĺ ğăćĺáĺâ őâ 2N ŕěàěňěŋŋëå x_1, ..., x_N , x^′_1, ..., x^′_N ĺ ŕőďçĺŋïěâáï ãáńőćĺî ŋőàňĺàőćłĺ:

Spρ = 1, (1.113) łőâőàőě őçěćĺďŋő ĺğ őŕàěďěńěŋĺï: Spρ = ∫ dxρ(x, x) = ∑ k w_k(ψ^⋆_k, ψ_k) = 1 (1.114)

čďě ŕőáńěďŋěě àăćěŋáâćő áńěďãěâ ĺğ (ψ^⋆_k, ψ_k) = 1 ĺ ∑ k w_k = 1. Şáńőćĺě (1.113) ěáâì ăŋăńőč ãáńőćĺï ŋőàňĺàőćłĺ äãŋłæĺĺ àăáŕàěďěńěŋĺï ć łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłě.

Ğăŕĺáì ć ćĺďě (1.111) ãďőąŋă ć âőň őâŋőèěŋĺĺ, çâő èŕãà ňăâàĺæë ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ãŋĺâăàŋëå ŕàěőąàăğőćăŋĺľ. Ŕőíâőňã äőàňãńă (1.111) äăłâĺçěáłĺ ŋě ğăćĺáĺâ őâ ĺáŕőńìğãěňőčő ŕàěďáâăćńěŋĺï őŕěàăâőàőć A ĺ ρ, őŋă áŕàăćěďńĺćă ŕàĺ ńîąőň, ă ŋě âőńìłő ŕàĺ ĺáŕőńìğőćăćèěňáï ćëèě x-ŕàěďáâăćńěŋĺĺ őŕěàăâőàőć. Ŋăŕàĺňěà, ć ďĺáłàěâŋőň n-ŕàěďáâăćńěŋĺĺ: < A >= ∑ mn A_{mn}ρ_{nm} (1.115)

čďě A_{mn} { ňăâàĺçŋëě íńěňěŋâë őŕěàăâőàă A ć n-ŕàěďáâăćńěŋĺĺ, ρ_{nm} { ňăâàĺæă ŕńőâŋőáâĺ ć n-ŕàěďáâăćńěŋĺĺ.

Ňăâàĺæă ŕńőâŋőáâĺ (áâăâĺáâĺçěáłĺľ őŕěàăâőà) íàňĺâőćă:

ρ^⋆(x, x^′) = ρ(x^′, x) (1.116)

çâő áńěďãěâ ŋěŕőáàěďáâćěŋŋő ĺğ őŕàěďěńěŋĺï (1.112). Ś ŕőňőéìî ŕàőěłæĺőŋŋőčő őŕěàăâőàă (1.103) áâăâĺáâĺçěáłĺľ őŕěàăâőà (1.112) ňőęŋő ğăŕĺáăâì ć ćĺďě: ρ = ∑ k w_kP_{ψk} ; ∑ k w_k = 1; w_k ≥ 1 (1.117)

čďě P_{ψk} { ŕàőěłæĺőŋŋëľ őŕěàăâőà ŋă áőáâőïŋĺě ψ_k. Ć çăáâŋőň áńãçăě, łőčďă àăćŋë ŋãńî ćáě w_k, łàőňě őďŋőčő, àăćŋőčő ěďĺŋĺæě, áâăâĺáâĺçěáłĺľ őŕěàăâőà (1.117) ŕàőáâő áőćŕăďăěâ á ŕàőěłæĺőŋŋëň őŕěàăâőàőň (1.103).

Ć ğăłńîçěŋĺě ŕőłăęěň, çâő áâăâőŕěàăâőà ŕőńőęĺâěńìŋő őŕàěďěńěŋ, â.ě. ŋě ĺňěěâ őâàĺæăâěńìŋëå áőąáâćěŋŋëå ğŋăçěŋĺľ. Ŕőáłőńìłã ρ íàňĺâőć, ãáńőćĺě ŕőńőęĺâěńìŋőľ őŕàěďěńěŋŋőáâĺ ěčő áőąáâćěŋŋëå ğŋăçěŋĺľ ğăŕĺáëćăěâáï ć ćĺďě:

< A^2 >= Sp(ρA^2) ≥ 0 (1.118)

čďě A { ŕàőĺğćőńìŋëľ íàňĺâőć őŕěàăâőà. Ć áăňőň ďěńě, ŕàĺćőďï ρ ł ďĺăčőŋăńìŋőňã ćĺďã, çâő ćőğňőęŋő ĺğ-ğă ěčő íàňĺâőćőáâĺ, ğăŕĺèěň (1.118) ć ćĺďě: ∑ nk ρ_{nn}A_{nk}A_{kn} = ∑ nk ρ_{nn}|A_{nk}|^2 ≥ 0, (1.119)

30 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

çâő ćńěçěâ ρ_{nn} ≥ 0. Ďńï ňăâàĺæë ŕńőâŋőáâĺ (1.112) áćőľáâćő (1.118) ćëŕőńŋěŋő, â.ł.

< A^2 >= ∑ k w_k(A^2)_{kk} = ∑ km w_kA_{km}A_{mk} = ∑ km w_k|A_{km}|^2 ≥ 0 (1.120)

âăł çâő áâăâĺáâĺçěáłĺľ őŕěàăâőà ŕőńőęĺâěńìŋő őŕàěďěńěŋ. Ňőęŋő âăłęě ŕőłăğăâì, çâő ćáě ňăâàĺçŋëě íńěňěŋâë ňăâàĺæë ŕńőâŋőáâĺ őčàăŋĺçěŋë [4]: Spρ^2 = ∑ mn |ρ_{mn}|^2 ≤ 1. (1.121)

Łćăŋâőćőě ãàăćŋěŋĺě Ńĺãćĺńńï.

Řăááňőâàĺň ćàěňěŋŋãî íćőńîæĺî ňăâàĺæë ŕńőâŋőáâĺ (áâăâőŕěàăâőàă) ďńï ăŋáăňąńï áĺáâěň á čăňĺńìâőŋĺăŋőň H, łőâőàëľ ŋě ğăćĺáĺâ ïćŋő őâ ćàěňěŋĺ. Ć ňőňěŋâ ćàěňěŋĺ t áâăâőŕěàăâőà (1.112) ĺňěěâ ćĺď: ρ(x, x^′) = ∑ k w_kψ_k(x, t)ψ^⋆_k(x^′, t) (1.122)

čďě ćáï ğăćĺáĺňőáâì őâ ćàěňěŋĺ áőďěàęĺâáï ć ćőńŋőćëå äãŋłæĺïå, ă ćěàőïâŋőáâĺ w_k ŋě ğăćĺáïâ őâ t, â.ł. őŋĺ áőőâćěâáâćãîâ àăáŕàěďěńěŋĺî áĺáâěň ć ăŋáăňąńě ŕàĺ t = 0. Ćőńŋőćëě äãŋłæĺĺ ψ_k(x, t) ŕàěďáâăćńïîâ áőąőľ àěèěŋĺï ãàăćŋěŋĺï Ÿàěďĺŋčěàă, ãďőćńěâćőàïîéĺě ŋăçăńìŋëň ãáńőćĺïň: ψ_k(x, t)|_{t=0} = ψ_k(x) (1.123) čďě ψ_k(x) - ŋěłőâőàăï áĺáâěňă ćőńŋőćëå äãŋłæĺľ, őŕàěďěńïîéĺå ňăâàĺæã ŕńőâŋőáâĺ ŕàĺ t = 0: ρ(x, x^′) = ∑ k w_kψ_k(x)ψ^⋆_k(x^′) (1.124)

Ěáńĺ ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ őâŋőáĺâěńìŋőě çĺáńő w_k ďĺŋăňĺçěáłĺå áĺáâěň ŋăåőďĺńőáì ć áőáâőïŋĺĺ ψ_k(x, 0), âő ć ňőňěŋâ ćàěňěŋĺ t âăłőě ęě çĺáńő áĺáâěň ąãďěâ ŋăåőďĺâìáï ć áőáâőïŋĺĺ ψ_k(x, t).

Ĺğňěŋěŋĺě áőáâőïŋĺï ψ_k(x, t) ćő ćàěňěŋĺ őŕàěďěńïěâáï ãàăćŋěŋĺěň Ÿàěďĺŋčěàă: i—h ∂ψ_k(x, t) ∂t = Hψ(x, t) (1.125) ĺńĺ, ć ňăâàĺçŋőň x-ŕàěďáâăćńěŋĺĺ: i—h ∂ψ_k(x, t) ∂t = ∫ dx^′H(x, x^′)ψ_k(x^′, t) (1.126)

Śőőâćěâáâćěŋŋő, ňăâàĺæă ŕńőâŋőáâĺ ãďőćńěâćőàïěâ ãàăćŋěŋĺî: i—h ∂ρ(x, x^′, t) ∂t = = ∫ dx^{′′} ∑ k [H(x, x^{′′})w_kψ_k(x^{′′}, t)ψ^⋆_k(x^′, t) − w_kψ_k(x, t)ψ^⋆_k(x^{′′}, t)H(x^{′′}, x^′)] = = ∫ dx^{′′} [H(x, x^{′′})ρ(x^{′′}, x^′, t) − ρ(x, x^{′′}, t)H(x^{′′}, x^′)] (1.127)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 31

čďě ĺáŕőńìğőćăńĺ íàňĺâőćőáâì čăňĺńìâőŋĺăŋă H^⋆(x, x^′) = H(x^′, x). Šăłĺň őąàăğőň ňë ŕőńãçăěň ãàăćŋěŋĺě ďćĺęěŋĺě ďńï ňăâàĺæë ŕńőâŋőáâĺ | łćăŋâőćőě ãàăćŋěŋĺě Ńĺãćĺńńï. Ć őŕěàăâőàŋőň ćĺďě ğăŕĺáëćăěň ěčő łăł: i—h ∂ρ ∂t = [H, ρ] (1.128) čďě 1 i—h [H, ρ] = 1 i—h (Hρ − ρH) ≡ {H, ρ} (1.129) { łćăŋâőćëě áłőąłĺ Ŕãăááőŋă.

Ďńï áĺáâěň, ŋăåőďïéĺåáï ć áâăâĺáâĺçěáłőň àăćŋőćěáĺĺ ρ ŋě ğăćĺáĺâ ïćŋő őâ ćàěňěŋĺ ĺ łćăŋâőćőě ãàăćŋěŋĺě Ńĺãćĺńńï ŕàĺőąàěâăěâ ćĺď:

[H, ρ] = 0 (1.130)

âăł çâő ρ łőňňãâĺàãěâ á čăňĺńìâőŋĺăŋőň ĺ ïćńïěâáï ĺŋâěčàăńőň ďćĺęěŋĺï, ăŋăńőčĺçŋő áĺâãăæĺĺ ć łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłě. Łőňňãâăâĺćŋőáâì őŕěàăâőàőć ρ ĺ H ĺ ĺå íàňĺâőćőáâì őğŋăçăîâ, çâő őŋĺ ĺňěîâ őąéãî áĺáâěňã áőąáâćěŋŋëå äãŋłæĺľ. Ŕőíâőňã áâăâőŕěàăâőà àăćŋőćěáŋőľ áĺáâěňë ňőęŋő ŕàěďáâăćĺâì ć ćĺďě: ρ(x, x^′) = ∑ k w(E_k)ψ_k(x)ψ^⋆_k(x^′) (1.131)

čďě ćőńŋőćëě äãŋłæĺĺ ãęě ěáâì áőąáâćěŋŋëě äãŋłæĺĺ čăňĺńìâőŋĺăŋă (áâăæĺőŋăàŋőčő ãàăćŋěŋĺï Ÿàěďĺŋčěàă):

Hψ_k = E_kψ_k (1.132)

Ć łćăŋâőćőľ ňěåăŋĺłě ŋě ćáě áőąáâćěŋŋëě äãŋłæĺĺ ïćńïîâáï ďőŕãáâĺňëňĺ, ă ńĺèì âě, łőâőàëě ãďőćńěâćőàïîâ ŋěőąåőďĺňëň áćőľáâćăň áĺňňěâàĺĺ. Ŋăŕàĺňěà, ďńï áĺáâěňë äěàňĺőŋőć ďőŕãáâĺňë âőńìłő ăŋâĺáĺňňěâàĺçŋëě, ă ďńï ąőğőŋőć { áĺňňěâàĺçŋëě (áćïğì áŕĺŋă ĺ áâăâĺáâĺłĺ). Ŕőíâőňã ć (1.131) ŕàěďŕőńăčăěâáï áãňňĺàőćăŋĺě ŋě ŕő ćáěň, ă âőńìłő ŕő ďőŕãáâĺňëň łćăŋâőćëň áőáâőïŋĺïň áĺáâěňë.

Ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć łćăŋâőćőľ áâăâĺáâĺłě.

Őáŋőćŋëě ĺďěĺ âěőàĺĺ áâăâĺáâĺçěáłĺå ăŋáăňąńěľ Čĺąąáă ŋěŕőáàěďáâćěŋŋő ňőčãâ ąëâì őąőąéěŋë á łńăááĺçěáłőčő ŋă łćăŋâőćëľ áńãçăľ. Ć áőáâőïŋĺĺ àăćŋőćěáĺï ňăâàĺæă ŕńőâŋőáâĺ ňőęěâ ğăćĺáěâì ńĺèì őâ ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï, ŕő ŕàĺçĺŋăň, áőćěàèěŋŋő ăŋăńőčĺçŋëň àăááňőâàěŋŋëň ćëèě ďńï łńăááĺçěáłőčő áńãçăï (äăłâőàĺğăæĺï ňăâàĺæë ŕńőâŋőáâĺ ďńï áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëå áĺáâěň ĺ ăďďĺâĺćŋőáâì ěě ńőčăàĺäňă). Ć łćăŋâőćőľ ňěåăŋĺłě âăłĺňĺ ĺŋâěčàăńăňĺ ďćĺęěŋĺï őŕïâì ęě ïćńïîâáï: ŕőńŋăï íŋěàčĺï áĺáâěňë (őŕěàăâőà Čăňĺńìâőŋă H), ŕőńŋëľ ĺňŕãńìá P ĺ ŕőńŋëľ ňőňěŋâ ĺňŕãńìáă M (áőőâćěâáâćãîéĺě őŕěàăâőàë, ďěľáâćãîéĺě ć ŕàőáâàăŋáâćě ćőńŋőćëå äãŋłæĺľ). Śőőâćěâáâćěŋŋő, àăćŋőćěáŋăï ňăâàĺæă ŕńőâŋőáâĺ ňőęěâ ąëâì äãŋłæĺěľ âőńìłő őâ H, P, M:

ρ = ρ(H, P, M) (1.133)

32 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Ěáńĺ çĺáńő çăáâĺæ N ăŋáăňąńě ŋě ğăďăŋő, âő ěčő ŋãęŋő ãçěáâì łăł ďőŕőńŋĺâěńìŋëľ ăďďĺâĺćŋëľ ĺŋâěčàăń ďćĺęěŋĺï:

[N, H] = 0 (1.134)

čďě N { őŕěàăâőà, ŕàĺŋĺňăîéĺľ æěńëě ŕőńőęĺâěńìŋëě ğŋăçěŋĺï 0, 1, 2, .... Šőčďă:

ρ = ρ(H, P, M, N ) (1.135)

Ďńï ŋěŕőďćĺęŋőľ áĺáâěňë P = M = 0 ĺ ĺňěěň:

ρ = ρ(H) ĺńĺ ρ = ρ(H, N ) (1.136)

Łàőňě âőčő áâăâőŕěàăâőà ňőęěâ ğăćĺáěâì, łăł őâ ŕăàăňěâàőć, őâ ćěńĺçĺŋ, łőâőàëě ğăďăŋë ďńï áĺáâěň ć ăŋáăňąńě, ŋăŕàĺňěà őâ őąêěňă V .

Ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć łćăŋâőćőľ áâăâĺáâĺłě ňőęŋő ććěáâĺ âőçŋő âăłęě, łăł ĺ ć łńăááĺçěáłőľ. Řăááňőâàĺň ďńï íâőčő ăŋáăňąńì ğăňłŋãâëå, íŋěàčěâĺçěáłĺ ĺğőńĺàőćăŋŋëå áĺáâěň á ŕőáâőïŋŋëň őąêěňőň V ĺ ŕőńŋëň çĺáńőň çăáâĺæ N , ĺňěîéĺå őďĺŋăłőćãî íŋěàčĺî á âőçŋőáâìî ďő ´E ≪ E. Ŕàěďŕőńőęĺň, çâő ďńï âăłĺå áĺáâěň ćáě łćăŋâőćëě áőáâőïŋĺï ć íŋěàčěâĺçěáłőň áńőě E, E + ´E àăćŋőćěàőïâŋë. Šőčďă:

w(E_k) = { [˙(E, N, V )]^{−1} ŕàĺ E ≤ E_k ≤ E + ´E 0 ćŋě íâőčő áńőï (1.137)

çâő ĺ ŋăğëćăěâáï ňĺłàőłăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň łćăŋâőćőľ áâăâĺáâĺłĺ. Šãâ ćáě ăŋăńőčĺçŋő łńăááĺçěáłőňã áńãçăî, âőńìłő áâăâćěá ˙(E, N, V ) ŋě àăćěŋ äăğőćőňã őąêěňã, ă ŕàïňő ŕàěďáâăćńïěâ áőąőľ çĺáńő łćăŋâőćëå áőáâőïŋĺľ ć áńőě E, E + ´E ďńï áĺáâěňë á çĺáńőň çăáâĺæ N ĺ őąêěňőň V . İâő áàăğã áńěďãěâ ĺğ ãáńőćĺï ŋőàňĺàőćłĺ ∑ k w(E_k) = 1. Ňĺłàőłăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî áőőâćěâáâćãěâ áâăâőŕěàăâőà (ňăâàĺæă ŕńőâŋőáâĺ): ρ(x, x^′) = ˙^{−1}(E, N, V ) ∑ 1≤k≤Ω ψ_k(x)ψ^⋆_k(x^′) (1.138)

çâő ňőęŋő ğăŕĺáăâì ĺ ć őŕěàăâőàŋőň ćĺďě:

ρ = ˙^{−1}(E, N, V )´(H − E) (1.139)

čďě ´(x) ŕàěďáâăćńïěâ áőąőľ äãŋłæĺî, őâńĺçŋãî őâ ŋãńï ŋă ĺŋâěàćăńě 0 ≤ x ≤ ´E, čďě őŋă àăćŋă ěďĺŋĺæě, ĺ àăćŋãî ŋãńî ćŋě íâőčő ĺŋâěàćăńă.

Ŕőďçěàłŋěň, çâő ŕàěďŕőńőęěŋĺě ő àăćŋőćěàőïâŋőáâĺ łćăŋâőćëå áőáâőïŋĺľ á őďĺŋăłőćőľ íŋěàčĺěľ ďńï ğăňłŋãâőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë ïćńïěâáï ŕàőáâěľèĺň, ŋő őâŋîďì ŋě áăňőőçěćĺďŋëň ŕàěďŕőńőęěŋĺěň. Ŕàőąńěňă őąőáŋőćăŋĺï íâőľ čĺŕőâěğë áőáâăćńïěâ áãâì łćăŋâőćőňěåăŋĺçěáłőľ íàčőďĺçěáłőľ ŕàőąńěňë.

Ůăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ�.

Ăŋăńőčĺçŋő áĺâãăæĺĺ, àăááňőâàěŋŋőľ ćëèě ć łńăááĺçěáłőň áńãçăě, ğŋăŋĺě ŕőńŋőľ ňăâàĺæë ŕńőâŋőáâĺ N -çăáâĺçŋőľ áĺáâěňë, ć ąőńìèĺŋáâćě ŕàăłâĺçěáłĺå ğăďăç

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 33

ćőćáě ŋě âàěąãěâáï. Ťăłâĺçěáłĺ, ŋăĺąőńěě ćăęŋãî ĺŋäőàňăæĺî ő áĺáâěňě ňőęŋő ŕőńãçĺâì, ĺğãçăï áâăâĺáâĺçěáłĺě őŕěàăâőàë (ŋěąőńìèĺå) łőňŕńěłáőć çăáâĺæ ĺńĺ çăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ [20]. Řăááňőâàĺň őŕïâì ŕàőĺğćőńìŋãî áĺáâěňã, áőáâőïéãî ĺğ N őďĺŋăłőćëå çăáâĺæ. Ąãďěň őąőğŋăçăâì çěàěğ x_1, x_2, ...x_N ŕěàěňěŋŋëě íâĺå çăáâĺæ (íâő ňőčãâ ąëâì ĺå łőőàďĺŋăâë, ĺňŕãńìáë ĺ.â.ŕ.). Ćőńŋőćëě äãŋłæĺĺ ćáěľ áĺáâěňë ïćńïîâáï äãŋłæĺïňĺ íâĺå ŕěàěňěŋŋëå: ψ_n(x, t) = ψ_n(x_1, ..., x_N, t) (1.140) čďě n őąőğŋăçăěâ \ŋőňěà" (ŋăąőà łćăŋâőćëå çĺáěń) ďăŋŋőčő áőáâőïŋĺï áĺáâěňë. Őŕěàăâőàë äĺğĺçěáłĺå ćěńĺçĺŋ ŕàěďáâăćńïîâ áőąőľ őąőąéěŋŋëě ňăâàĺæë áńěďãîéěčő ćĺďă:

A = A(x_1, ..., x_N; x^′_1, ..., x^′_N) (1.141) Řăááňőâàĺň áâăâőŕěàăâőà N -çăáâĺçŋőľ áĺáâěňë: ρ(x_1, ..., x_N; x^′_1, ..., x^′_N; t) = ∑ n w_nψ_n(x_1, ..., x_N, t)ψ^⋆_n(x^′_1, ..., x^′_N, t) (1.142) Ć áńãçăě çăáâĺæ, ŕőďçĺŋïîéĺåáï áâăâĺáâĺłě Ąőğě: P ψ_n(x_1, ..., x_N, t) = ψ_n(x_1, ..., x_N, t) (1.143) čďě P { őŕěàăâőà ŕěàěáâăŋőćłĺ ŕěàěňěŋŋëå x_i (i = 1, 2, ..., N ). Ć áńãçăě çăáâĺæ, ŕőďçĺŋïîéĺåáï áâăâĺáâĺłě Ťěàňĺ:

P ψ_n(x_1, ..., x_N, t) = (−1)^P ψ_n(x_1, ..., x_N, t) (1.144) čďě (−1)^P = 1 ďńï çěâŋëå ŕěàěáâăŋőćőł ĺ (−1)^P = −1 { ďńï ŋěçěâŋëå. Ŕőíâőňã ć őąőĺå áńãçăïå P ρ = ρP ĺńĺ P ρP^{−1} = ρ. (1.145) Ŕàĺ ćëçĺáńěŋĺĺ áàěďŋĺå ğŋăçěŋĺľ ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå őąëçŋő ŕàĺåőďĺâáï ĺňěâì ďěńő á őŕěàăâőàăňĺ, ğăćĺáïéĺňĺ őâ ŕěàěňěŋŋëå őďŋőľ, ďćãå,..., sçăáâĺæ: A_1 = ∑ 1≤r≤N^A (r) (1.146)

A_2 = ∑ 1≤r1<r2≤N^A (r1, r2) (1.147) ...... A_s = ∑ 1≤r1<r2<...<rs≤N^A (r1, r2, ..., rs) (1.148)

čďě çěàěğ r_i őąőğŋăçěŋă ğăćĺáĺňőáâì őâ łőőàďĺŋăâ i-ľ çăáâĺæë. Śàěďŋĺě ğŋăçěŋĺï âăłĺå őŕěàăâőàőć ćëçĺáńïîâáï çěàěğ çăáâĺçŋëě áćěàâłĺ ňăâàĺæë ŕńőâŋőáâĺ ρ (â.ě. çěàěğ èŕãàë őâ ρ ŕő çăáâĺ ŕěàěňěŋŋëå). Ć áăňőň ďěńě, ãçĺâëćăï áćőľáâćă áĺňňěâàĺĺ őŕěàăâőàă ρ őâŋőáĺâěńìŋő ŕěàěáâăŋőćőł çăáâĺæ (1.145), ŕőńãçăěň: < A_1 >= N Sp_1{A(1)ρ_1(1)} (1.149)

< A_2 >= N (N − 1) 2! Sp_{1,2}{A(1, 2)ρ_2(1, 2)} (1.150) ...... < A_s >= N (N − 1)...(N − s + 1) s! Sp_{1,2,...,s}{A(1, 2, ..., s)ρ_s(1, 2, ..., s)} (1.151)

34 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

čďě ććěďěŋë őąőğŋăçěŋĺï: ρ_1(1) = Sp_{2,...,N} ρ(1, 2, ..., N ) (1.152) ρ_2(1, 2) = Sp_{3,...,N} ρ(1, 2, ..., N ) (1.153) ...... ρ_s(1, 2, ..., s) = Sp_{s+1,...,N} ρ(1, 2, ..., s, s + 1, ..., N ) (1.154) čďě ďńï łàăâłőáâĺ ĺáŕőńìğőćăŋë őąőğŋăçěŋĺï ρ_2(1, 2) ≡ ρ_2(x_1, x_2; x^′_1, x^′_2, t), Sp_2ρ_2(1, 2) = Sp_{x2} ρ_2(x_1, x_2; x^′_1, x^′_2; t) ĺ â.ď. Ćěńĺçĺŋë ρ_s ŋăğëćăîâáï áâăâĺáâĺçěáłĺňĺ őŕěàăâőàăňĺ łőňŕńěłáőć s çăáâĺæ ĺńĺ s-çăáâĺçŋëňĺ ňăâàĺæăňĺ ŕńőâŋőáâĺ.

Ďńï őŕěàăâőàőć ρ_s, ć áĺńã (1.145), ĺňěîâ ňěáâő áőőâŋőèěŋĺï: P_sρ_sP^{−1}_s = ρ_s (1.155) čďě P_s { őŕěàăâőà ŕěàěáâăŋőćłĺ s çăáâĺæ, ρ_s(1, 2, ..., s) = Sp_{s+1}ρ_{s+1}(1, ..., s, s + 1) (1.156) çâő ďăěâ ćëàăęěŋĺě s-çăáâĺçŋőľ ňăâàĺæë ŕńőâŋőáâĺ çěàěğ s + 1-çăáâĺçŋãî.

Ŕěàěľďěň őâ őŕěàăâőàőć ρ_s ł őŕěàăâőàăň F_s: F_s(1, ..., s) = N (N − 1)...(N − s + 1)ρ_s(1, ..., s) (1.157) Ďńï ŋĺå, áőčńăáŋő (1.156), ĺňěîâ ňěáâő áńěďãîéĺě áőőâŋőèěŋĺï: F_s(1, ..., s) = 1 N − s Sp_{s+1}F_{s+1}(1, ..., s, s + 1) (1.158)

Ć ŕàěďěńě N → ∞ ŕàĺ äĺłáĺàőćăŋŋőň s ňőęŋő ŕàěŋěąàěçì s ć ğŋăňěŋăâěńě, âăł çâő: F_s(1, ..., s) = 1 N Sp_{s+1}F_{s+1}(1, ..., s, s + 1) (1.159) Ćěńĺçĺŋë F_s, ŕő ăŋăńőčĺĺ á łńăááĺçěáłĺň áńãçăěň, ąãďěň ŋăğëćăâì s-çăáâĺçŋëňĺ äãŋłæĺïňĺ àăáŕàěďěńěŋĺï. Ŕàĺ ŕěàěáâăŋőćłăå, őçěćĺďŋő, ĺňěěň: P_sF_sP^{−1}_s = F_s. Ŕàĺ íâőň ĺğ (1.151) áàěďŋĺě äĺğĺçěáłĺå ćěńĺçĺŋ ŕàĺŋĺňăîâ ćĺď: < A_s >= 1 s! Sp_{1,...,s}{A(1, ..., s)F_s(1, ..., s)} (1.160) Ğăŕĺèěň őŕěàăâőà A_s áâăŋďăàâŋëň őąàăğőň ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï: A_s = 1 s! ∑ {f,f^′ } A(f_1, ..., f_s; f^′_s, ..., f^′_1)a^+_{f1} ...a^+_{fs} a_f ′_s ...a_f ′_1 (1.161)

čďě a^+_f , a_f { őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï çăáâĺæ ć ŋěłőâőàëå őďŋőçăáâĺçŋëå áőáâőïŋĺïå, åăàăłâěàĺğãěňëå łćăŋâőćëňĺ çĺáńăňĺ f, a A(f_1, ..., f_s; f^′_s, ..., f^′_1) { áőőâćěâáâćãîéĺľ ňăâàĺçŋëľ íńěňěŋâ őŕěàăâőàă ďĺŋăňĺçěáłőľ ŕěàěňěŋŋőľ A. Šőčďă, ćëçĺáńïï áàěďŋĺě ŕő ăŋáăňąńî, ŕőńãçăěň ĺå ć ćĺďě: < A_s >= 1 s! ∑ {f,f^′ } A(f_1, ..., f_s; f^′_s, ..., f^′_1) < a^+_{f1} ...a^+_{fs} a_f ′_s ...a_f ′_1 > (1.162)

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 35

Càăćŋěŋĺě á (1.160) ďăěâ âőčďă áńěďãîéěě őąéěě ćëàăęěŋĺě ďńï s-çăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï:

F_s(1, ..., s) =< a^+_{f1} ...a^+_{fs} a_f ′_s ...a_f ′_1 > (1.163)

őçěŋì ãďőąŋőě ŕàĺ àěèěŋĺĺ łőŋłàěâŋëå ğăďăç łćăŋâőćőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ĺ èĺàőłő ĺáŕőńìğãěňőě ć áőćàěňěŋŋőľ âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ^8. Ťăłâĺçěáłĺ, ćëçĺáńěŋĺě íâĺå ćěńĺçĺŋ ć àăğŋëå äĺğĺçěáłĺå áĺâãăæĺïå ĺ ïćńïěâáï őáŋőćŋőľ ğăďăçěľ íâőľ âěőàĺĺ. Őďŋĺň ĺğ ňěâőďőć âăłĺå ćëçĺáńěŋĺľ ïćńïěâáï ŕőáâàőěŋĺě áĺáâěňë ğăæěŕńïîéĺåáï ãàăćŋěŋĺľ ďńï âăłĺå äãŋłæĺľ àăáŕàěďěńěŋĺï (æěŕőçłĺ Ąőčőńîąőćă), ăŋăńőčĺçŋőľ łńăááĺçěáłőňã áńãçăî, ĺ ěě ŕàĺąńĺęěŋŋőčő àěèěŋĺï âěň ĺńĺ ĺŋëň áŕőáőąőň. Ŕőďőąŋëľ ŕőďåőď ĺáŕőńìğãěâáï, ć çăáâŋőáâĺ, ŕàĺ ćëćőďě łćăŋâőćëå łĺŋěâĺçěáłĺå ãàăćŋěŋĺľ.

Ďńï àïďă ğăďăç, ă âăłęě ďńï őąáãęďěŋĺï áőőâćěâáâćĺï á łńăááĺçěáłĺň áńãçăěň, çăáâő ććőďïâ âăł ŋăğëćăěňãî äãŋłæĺî àăáŕàěďěńěŋĺï Ćĺčŋěàă ć \áňěèăŋŋőň" łőőàďĺŋăâŋő{ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ. Ďńï íâőčő àăááňőâàĺň őďŋőçăáâĺçŋãî ňăâàĺæã ŕńőâŋőáâĺ ρ_1(1) = ρ(x, x^′), čďě x { łőőàďĺŋăâë çăáâĺæë ĺ őŕàěďěńĺň ćĺčŋěàőćáłãî äãŋłæĺî àăáŕàěďěńěŋĺï łăł:

f(x, p) = 1(2_π)_3 ∫ dξe^{īh} p^ξρ ( x +^ξ2, x −^ξ2 ) (1.164)

â.ě. ŕàőćěďï ŕàěőąàăğőćăŋĺě Ťãàìě ŕő àăğŋőáâĺ łőőàďĺŋăâ ξ = x − x^′. Ĺŋâěčàăńë őâ íâőľ äãŋłæĺĺ ŕő x ĺ p ĺňěîâ ćĺď ďĺăčőŋăńìŋëå íńěňěŋâőć ňăâàĺæë ŕńőâŋőáâĺ ć

x ĺ p { ŕàěďáâăćńěŋĺĺ:

ρ(x, x) = ∫ dpf(x, p) ρ(p, p) = ∫ dxf(x, p) (1.165)

çâő ńěčłő ŕőńãçăěâáï ĺğ őŕàěďěńěŋĺï ŕőáńě áőőâćěâáâćãîéĺå ğăňěŋ ŕěàěňěŋŋëå. Řăğãňěěâáï, äãŋłæĺî àăáŕàěďěńěŋĺï f(x, p) ŋěńìğï àăááňăâàĺćăâì łăł äãŋłæĺî àăáŕàěďěńěŋĺï ŕő łőőàďĺŋăâăň ĺ ĺňŕãńìáăň (áőőâŋőèěŋĺï ŋěőŕàěďěńěŋŋőáâĺ!). Ŋő ěě ĺŋâěčàăńë ďăîâ ŕő őâďěńìŋőáâĺ äãŋłæĺĺ àăáŕàěďěńěŋĺï ŕő łőőàďĺŋăâăň ĺ ĺňŕãńìáăň. Śăňă ęě ćĺčŋěàőćáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ňőęěâ ąëâì ďăęě őâàĺæăâěńìŋőľ ĺ ŋě ĺňěěâ áňëáńă őąëçŋőľ (łńăááĺçěáłőľ) äãŋłæĺĺ àăáŕàěďěńěŋĺï.

İŋâàőŕĺï.

Čĺąąáőćáłăï íŋâàőŕĺï. İŋâàőŕĺï ĺ ćěàőïâŋőáâì.

Ćěàŋěňáï ł áńãçăî łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ĺ àăááňőâàĺň ńőčăàĺäň äãŋłæĺĺ àăáŕàěďěńěŋĺï á őąàăâŋëň ğŋăłőň:

η = − ln ρ(p, q, t) (1.166)

8Ŕőďçěàłŋěň, çâő ãčńőćëě áłőąłĺ őąőğŋăçăîâ ğďěáì ãáàěďŋěŋěŋĺě (ćëçĺáńěŋĺě èŕãàă) á ŕőńŋőľ N-çăáâĺçŋőľ ňăâàĺæěľ ŕńőâŋőáâĺ!

36 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

İâă ćěńĺçĺŋă ĺčàăěâ őáőąãî àőńì, ćëèě ňë ãęě ćĺďěńĺ, çâő őŋă ăďďĺâĺćŋă ďńï äăłâőàĺğãîéĺåáï äãŋłæĺľ àăáŕàěďěńěŋĺï ŋěğăćĺáĺňëå ŕőďáĺáâěň, çâő ăŋăńőčĺçŋő áćőľáâćã ăďďĺâĺćŋőáâĺ íŋâàőŕĺĺ ć âěàňőďĺŋăňĺłě. Śàěďŋěě ğŋăçěŋĺě íâőľ ćěńĺçĺŋë ŋăğëćăěâáï čĺąąáőćáłőľ íŋâàőŕĺěľ: S =< η >= − ∫ dpdq (2π—h)^{3N} N ! ρ(p, q, t) ln ρ(p, q, t) (1.167) Ćëçĺáńĺň íâã íŋâàőŕĺî ďńï ňĺłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï (1.58) àăćŋőćěáŋőľ ğăňłŋãâőľ áĺáâěňë. Ŕőďáâăćńïï ć (1.167) äãŋłæĺî àăáŕàěďěńěŋĺï ć ćĺďě (1.58): ρ(p, q) = { [˙(E, N, V )]^{−1} ŕàĺ E ≤ H(p, q) ≤ E + ´E 0 ćŋě íâőčő áńőï (1.168) čďě ˙(E, N, V ) = 1 N !(2π—h)^{3N} ∫ E≤H(p,q)≤E+ΔE dpdq (1.169) ŕőńãçăěň: S(E, N, V ) = − ∫ E≤H(p,q)≤E+ΔE dpdq (2π—h)^{3N} N ! 1 ˙(E, N, V ) ln[˙(E, N, V )]^{−1} =

= ln ˙(E, N, V ) (1.170)

Šăłĺň őąàăğőň, ďńï àăćŋőćěáŋőčő ňĺłàőłăŋőŋĺçěáłőčő ăŋáăňąńï íŋâàőŕĺï àăćŋă ńőčăàĺäňã áâăâĺáâĺçěáłőčő ćěáă, â.ě. ńőčăàĺäňã çĺáńă łćăŋâőćëå áőáâőïŋĺľ ć íŋěàčěâĺçěáłőň áńőě èĺàĺŋőľ ´E, áőőâćěâáâćãîéĺå ďăŋŋőňã ňăłàőáőáâőïŋĺî ŋăèěľ áĺáâěňë^9.

Ć łćăŋâőćőľ áâăâĺáâĺłě ňőęŋő ăŋăńőčĺçŋëň őąàăğőň ććěáâĺ őŕěàăâőà íŋâàőŕĺĺ, łăł ńőčăàĺäň ňăâàĺæë ŕńőâŋőáâĺ:

η = − ln ρ (1.171)

Ćëèě ňë ćĺďěńĺ, çâő áâăâĺáâĺçěáłĺľ őŕěàăâőà ρ íàňĺâőć ĺ ŕőńőęĺâěńìŋő őŕàěďěńěŋ. Śńěďőćăâěńìŋő, ěčő ńőčăàĺäň íàňĺâőć, ă őŕěàăâőà íŋâàőŕĺĺ ŕőńőęĺâěńìŋő őŕàěďěńěŋ. Ć áăňőň ďěńě, ěáńĺ w_1, w_2, ... { áőąáâćěŋŋëě ğŋăçěŋĺï őŕěàăâőàă ρ, âő áőąáâćěŋŋëě ğŋăçěŋĺï őŕěàăâőàă η àăćŋë áőőâćěâáâćěŋŋő − ln w_1, − ln w_2, ..., âăł łăł áőąáâćěŋŋëě ğŋăçěŋĺï äãŋłæĺĺ őâ őŕěàăâőàă àăćŋë íâőľ ęě äãŋłæĺĺ őâ áőąáâćěŋŋëå ğŋăçěŋĺľ. Ĺğ 0 ≤ w_k ≤ 1 ŕàĺ íâőň áńěďãěâ, çâő − ln w_k ≥ 0.

Őŕěàăâőà íŋâàőŕĺĺ őąńăďăěâ áćőľáâćőň ăďďĺâĺćŋőáâĺ { ěáńĺ őŕěàăâőà ρ ěáâì ŕàïňőě ŕàőĺğćěďěŋĺě őŕěàăâőàőć ρ_1 ĺ ρ_2:

ρ = ρ_1 × ρ_2 (1.172)

9Śâăâĺáâĺçěáłĺľ ćěá ˙(E, N, V ) = exp S(E, N, V ) ŕő áăňőňã őŕàěďěńěŋĺî ěáâì çĺáńő ãàőćŋěľ íŋěàčĺĺ, ŕàĺåőďïéĺåáï ŋă ĺŋâěàćăńě íŋěàčĺĺ ´E, åăàăłâěàĺğãîéĺľ èĺàĺŋã àăáŕàěďěńěŋĺï ćěàőïâŋőáâěľ ŕő íŋěàčĺĺ. Řăğďěńĺć ´E ŋă ˙(E, N, V ) őçěćĺďŋő ŕőńãçĺň áàěďŋěě àăááâőïŋĺě ňěęďã őâďěńìŋëňĺ ãàőćŋïňĺ ŋă ďăŋŋőň ãçăáâłě áŕěłâàă áĺáâěňë ćąńĺğĺ E. Őąőğŋăçăï íâő àăááâőïŋĺě D(E) ĺňěěň: D(E) = ´E exp(−S(E)). Šăłĺň őąàăğőň, ćěńĺçĺŋă íŋâàőŕĺĺ S(E) őŕàěďěńïěâ čãáâőâã ãàőćŋěľ íŋěàčěâĺçěáłőčő áŕěłâàă ňăłàőáłőŕĺçěáłőľ áĺáâěňë. Ććĺďã ăďďĺâĺćŋőáâĺ íŋâàőŕĺĺ ňőęŋő ãâćěàęďăâì, çâő áàěďŋěě àăááâőïŋĺě ňěęďã ãàőćŋïňĺ âăłőľ áĺáâěňë íłáŕőŋěŋæĺăńìŋő ãąëćăěâ á ãćěńĺçěŋĺěň çĺáńă çăáâĺæ , âăł çâő áŕěłâà ňăłàőáłőŕĺçěáłőčő âěńă, äăłâĺçěáłĺ, ïćńïěâáï ŋěŕàěàëćŋëň [1, 2].

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 37 âő η = − ln ρ_1 − ln ρ_2 = η_1 + η_2 (1.173)

Šěŕěàì ňë áŋőćă ňőęěň ććěáâĺ čĺąąáőćáłãî íŋâàőŕĺî łăł áàěďŋĺľ ńőčăàĺäň ňăâàĺæë ŕńőâŋőáâĺ áő ğŋăłőň ňĺŋãá: S =< η >= − < ln ρ >= −Spρ ln ρ (1.174) İŋâàőŕĺï { ŕőńőęĺâěńìŋő őŕàěďěńěŋŋăï ćěńĺçĺŋă, ć ďĺăčőŋăńìŋőň ŕàěďáâăćńěŋĺĺ őŋă ĺňěěâ ćĺď: S = − ∑ k w_k ln w_k ≥ 0 (1.175)

Ńĺèì ć çăáâŋőň áńãçăě, łőčďă áâăâőŕěàăâőà őŕĺáëćăěâ çĺáâőě áőáâőïŋĺě ĺňěěň: S = 0. Ěáńĺ ρ őŕĺáëćăěâ áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëě ăŋáăňąńĺ (1.172), âő őçěćĺďŋő S = S_1 + S_2, čďě S_1 = −Spρ_1 ln ρ_1 ĺ S_2 = −Spρ_2 ln ρ_2, âăł çâő čĺąąáőćáłăï íŋâàőŕĺï őąńăďăěâ áćőľáâćőň ăďďĺâĺćŋőáâĺ, ăŋăńőčĺçŋő íŋâàőŕĺĺ ć âěàňőďĺŋăňĺłě.

Őąáãďĺň áâăâĺáâĺçěáłĺľ áňëáń íŋâàőŕĺĺ. Ŕãáâì ňăłàőáłőŕĺçěáłőě áőáâőïŋĺě áĺáâěňë, łàőňě ğŋăçěŋĺľ E, N, V åăàăłâěàĺğãěâáï łăłĺňĺ-ńĺąő ŕăàăňěâàăňĺ x ĺńĺ (x_1, x_2, ..., x_n). Ŕãáâì áâăâĺáâĺçěáłĺľ ćěá áőáâőïŋĺï á äĺłáĺàőćăŋŋëňĺ ğŋăçěŋĺïňĺ íâĺå ŕăàăňěâàőć àăćěŋ ˙(E, N, V, x). Šőčďă ćěàőïâŋőáâì àěăńĺğăæĺĺ áőáâőïŋĺï (E, N, V, x), áőčńăáŋő ŕàĺŋæĺŕã àăćŋőľ ćěàőïâŋőáâĺ áőáâőïŋĺľ ć ňĺłàőłăŋőŋĺçěáłőň àăáŕàěďěńěŋĺĺ àăćŋă: w(x) = ˙(E, N, V, x) ∑ x ˙(E, N, V, x) = C exp(S(E, N, V, x)) (1.176) čďě S(E, N, V, x) = ln ˙(E, N, V, x) (1.177) { íŋâàőŕĺï áőáâőïŋĺï (E, N, V, x).

Ć ąőńìèĺŋáâćě áńãçăěć ŋăĺąőńěě ćěàőïâŋőě ğŋăçěŋĺě x^∗ ĺ áàěďŋěě ğŋăçěŋĺě < x > ćěńĺçĺŋë x áőćŕăďăîâ ďàãč á ďàãčőň, âăł łăł ćěàőïâŋőáâì w(x) ĺňěěâ őáâàëľ ňăłáĺňãň ŕàĺ x = x^∗, ěáńĺ áĺáâěňă ďőáâăâőçŋő ćěńĺłă. Ŋăĺąőńěě ćěàőïâŋőě ğŋăçěŋĺě x^∗ őŕàěďěńïěâáï ĺğ ãáńőćĺï ňăłáĺňãňă w(x):

S(E, N, V, x) = M ax ŕàĺ x = x^∗ (1.178) ĺńĺ ∂S(E, N, V, x^∗_1, ..., x^∗_n) ∂x^∗_j = 0 j = 1, 2, ..., n (1.179)

Ŋěâàãďŋő áőőąàăğĺâì, çâő ćěńĺçĺŋă w(´x) = C^′ exp{S(E, N, V, x^∗ + ´x) − S(E, N, V, x^∗)} (1.180) őŕàěďěńïěâ ćěàőïâŋőáâì őâłńőŋěŋĺľ (äńãłâãăæĺľ) ´x ŕăàăňěâàőć x őâ ĺå ŋăĺąőńěě ćěàőïâŋëå (áàěďŋĺå, àăćŋőćěáŋëå!) ğŋăçěŋĺľ^{10}. İâő áćőľáâćő íŋâàőŕĺĺ ńěęĺâ ć őáŋőćě ěě áâăâĺáâĺçěáłĺå ŕàĺńőęěŋĺľ (ŕàĺŋæĺŕ Ąőńìæňăŋă), ć çăáâŋőáâĺ ŋă ŋěň áâàőĺâáï ćáï âěőàĺï äńãłâãăæĺľ (İľŋèâěľŋ).

10Ć áăňőň ďěńě: w(x^∗ + ´x) = C exp{S(x^∗ + ´x)} = C^′exp{S(x^∗ + ´x) − S(x^∗)}, čďě C^′ = C exp{S(x^∗)} { ŋőćăï łőŋáâăŋâă ŋőàňĺàőćłĺ.

38 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ.

Ĺğ âěàňőďĺŋăňĺłĺ ĺğćěáâŋő, çâő íŋâàőŕĺï ĺğőńĺàőćăŋŋőľ áĺáâěňë ćőğàăáâăěâ, ĺńĺ, ć áńãçăě âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï, ŕőáâőïŋŋă. Ďńï àăćŋőćěáŋőčő áńãçăï čĺąąáőćáłőě őŕàěďěńěŋĺě íŋâàőŕĺĺ ŋě ćëğëćăěâ áőňŋěŋĺľ, ŋĺęě ňë ěéě ãąěďĺňáï, çâő őŋő ćŕőńŋě íłćĺćăńěŋâŋő âěàňőďĺŋăňĺçěáłőľ íŋâàőŕĺĺ. Ĺŋăçě őąáâőĺâ ďěńő ěáńĺ äãŋłæĺï àăáŕàěďěńěŋĺï ρ(p, q, t) ğăćĺáĺâ őâ ćàěňěŋĺ. Ŋěâàãďŋő ãąěďĺâìáï, çâő ďńï ĺğőńĺàőćăŋŋőľ áĺáâěňë čĺąąáőćáłăï íŋâàőŕĺï ćőőąéě ŋě ğăćĺáĺâ őâ ćàěňěŋĺ, ă ŕőâőňã ĺ ŋě ňőęěâ ćőğàăáâăâì. Ć áăňőň ďěńě, ŕãáâì ŕàĺ t = 0 äãŋłæĺï àăáŕàěďěńěŋĺï àăćŋă ρ(p^0, q^0, 0), ă ć ňőňěŋâ t őŋă àăćŋă ρ(p, q, t), čďě (p, q) ńěęĺâ ŋă äăğőćőľ âàăěłâőàĺĺ, ŕàőåőďïéěľ çěàěğ (p^0, q^0) ĺ őŕàěďěńïěňőľ ãàăćŋěŋĺïňĺ Čăňĺńìâőŋă. Śőčńăáŋő âěőàěňě Ńĺãćĺńńï ĺňěěň (1.45):

ρ(p^0, q^0, 0) = ρ(p, q, t), (1.181)

âőčďă čĺąąáőćáłăï íŋâàőŕĺï ć ňőňěŋâ t àăćŋă: S = − ∫ dpdq (2π—h)^{3N} N ! ρ(p, q, t) ln ρ(p, q, t) = = − ∫ dp^0dq^0 (2π—h)^{3N} N !

ρ(p^0, q^0, 0) ln ρ(p^0, q^0, 0) (1.182)

âăł łăł áőčńăáŋő âěőàěňě Ńĺãćĺńńï ő áőåàăŋěŋĺĺ äăğőćőčő őąêěňă ĺňěěň ĺ dpdq = dp^0dq^0. Ŕőíâőňã čĺąąáőćáłăï íŋâàőŕĺï ŋě ňőęěâ áńãęĺâì ć łăçěáâćě őąéěčő őŕàěďěńěŋĺï íŋâàőŕĺĺ ŕàőĺğćőńìŋőčő ŋěàăćŋőćěáŋőčő áőáâőïŋĺï. Ć íâőň ŕăàăďőłáě ğăłńîçěŋă ŕàĺŋæĺŕĺăńìŋăï âàãďŋőáâì őąőáŋőćăŋĺï ŋěőąàăâĺňőčő âěàňőďĺŋăňĺçěáłőčő ŕőćěďěŋĺï ŋă őáŋőćě őąàăâĺňëå ćő ćàěňěŋĺ ãàăćŋěŋĺľ ňěåăŋĺłĺ, ćëğëćăćèăï ąőńìèĺě ďĺáłãááĺĺ ć ŕěàĺőď áâăŋőćńěŋĺï áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ (Ąőńìæňăŋ, Űěàňěńő, Ŕãăŋłăàě, Čĺąąá).

Šěň ŋě ňěŋěě, ŋă őáŋőćě àïďă àăŋŋĺå ĺďěľ Čĺąąáă ňőęŋő ŕàěďńőęĺâì ŋěłőâőàőě őąőąéěŋĺě, ďěňőŋáâàĺàãîéěě ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ. Ćŕěàćëě őŋő ąëńő àăááňőâàěŋő ć ĺğńăčăěňőľ ŋĺęě äőàňě İàěŋäěáâőň ĺ Ăäăŋăáìěćőľ-İàěŋäěáâ. Őŋĺ ŕàěďńőęĺńĺ \őčàãąĺâì" čĺąąáőćáłőě őŕàěďěńěŋĺě íŋâàőŕĺĺ, ććěďï ćňěáâő ĺáâĺŋŋőľ (\ňěńłőáâàãłâãàŋőľ") äãŋłæĺĺ àăáŕàěďěńěŋĺï ρ(p, q, t) \őčàãąńěŋŋãî" (\łàãŕŋőáâàãłâãàŋãî") ŕńőâŋőáâì ćěàőïâŋőáâĺ: ~ρ(p, q, t) ≡ ρ_i = 1 ω_i ∫ ω_i dpdqρ(p, q, t) (1.183) čďě ĺŋâěčàĺàőćăŋĺě ćěďěâáï ŕő äĺłáĺàőćăŋŋëň ňăńëň ïçěľłăň äăğőćőčő ŕàőáâàăŋáâćă ω_i. Šăłăï őŕěàăæĺï ãáàěďŋěŋĺï (őčàãąńěŋĺï) äãŋłæĺĺ àăáŕàěďěńěŋĺï őğŋăçăěâ, çâő ňë ććőďĺň ŋěłőâőàãî ěáâěáâćěŋŋãî łőŋěçŋãî âőçŋőáâì, á łőâőàőľ ňë ňőęěň àěăńìŋő ĺááńěďőćăâì ďćĺęěŋĺě áĺáâěňë ć äăğőćőň ŕàőáâàăŋáâćě. Ŋăŕàĺňěà, á ãçěâőň łćăŋâőćëå íääěłâőć, łăł ãęě őâňěçăńőáì ćëèě, áãéěáâćãěâ ŋĺęŋïï čàăŋĺæă ďńï őąêěňă ïçěľłĺ ω_i, łőâőàăï ŋě ňőęěâ ąëâì ňěŋìèě (2π—h)^{3N} ć áőőâćěâáâćĺĺ á âàěąőćăŋĺïňĺ ŕàĺŋæĺŕă ŋěőŕàěďěńěŋŋőáâĺ^{11}. Őčàãąńěŋŋăï äãŋłæĺï àăáŕàěďěńěŋĺï

11Ć æěńőň áĺâãăæĺï ć łćăŋâőćőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłě ć őâŋőèěŋĺĺ àăááňőâàěŋĺï ćàěňěŋŋőľ íćőńîæĺĺ íŋâàőŕĺĺ áőćěàèěŋŋő ăŋăńőčĺçŋă ĺ ňë őčàăŋĺçĺňáï ŋĺęě ăŋăńĺğőň łńăááĺçěáłőčő áńãçăï, őâáëńăï ğăĺŋâěàěáőćăŋŋëå ł áőőâćěâáâćãîéěľ áåěňě àăááňőâàěŋĺï łćăŋâőćőľ íŋâàőŕĺĺ ć łŋĺčě Ğãąăàěćă [4].

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 39

(1.183) őçěćĺďŋëň őąàăğőň ŕőáâőïŋŋă ćŋãâàĺ áőőâćěâáâćãîéěľ ïçěľłĺ ω_i, őłàãęăîéěľ ďăŋŋãî âőçłã (p, q). Śőőâćěâáâćěŋŋő, ńîąőľ ĺŋâěčàăń á äãŋłæĺěľ àăáŕàěďěńěŋĺï ŕő ćáěňã äăğőćőňã ŕàőáâàăŋáâćã ňőęěâ ąëâì ğăŕĺáăŋ ć ćĺďě: ∫ dpdqρ(p, q)... = ∑ i ρ_iω_i... = ∑ i ∫ ω_i dpdqρ(p, q)... = ∫ dpdq ~ρ(p, q)... (1.184) Čĺąąáőćáłăï íŋâàőŕĺï, ŕőáâàőěŋŋăï ŋă őáŋőćě őčàãąńěŋŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï, ãęě, ćőőąéě čőćőàï, ŋě ŕőáâőïŋŋă ćő ćàěňěŋĺ ĺ ňőęěâ ćőğàăáâăâì. Ůâőąë ãąěďĺâìáï ć íâőň, áàăćŋĺň ğŋăçěŋĺï čĺąąáőćáłőľ íŋâàőŕĺĺ, ćëçĺáńěŋŋőľ ďńï łàãŕŋőáâàãłâãàŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï ć ňőňěŋâë ćàěňěŋĺ t ĺ t = 0, ŕőńăčăï, çâő ć ŋăçăńìŋëľ ňőňěŋâ ĺáâĺŋŋăï ŕńőâŋőáâì àăáŕàěďěńěŋĺï áőćŕăďăěâ á őčàãąńěŋŋőľ:

ρ(p^0, q^0, 0) = ~ρ(p^0, q^0, 0) (1.185)

Ĺňěěň:

S_t − S_0 = = − ∫ d`~ρ(p, q, t) ln ~ρ(p, q, t) + ∫ d`_0ρ(p^0, q^0, 0) ln ρ(p^0, q^0, 0) = = − ∫ d` {ρ(p, q, t) ln ~ρ(p, q, t) − ρ(p, q, t) ln ρ(p, q, t)} (1.186) čďě ĺáŕőńìğőćăńĺ âěőàěňã Ńĺãćĺńńï ć ćĺďě d`_0 = d` ĺ (1.181), ă âăłęě áŋïńĺ âĺńìďã ã äãŋłæĺĺ àăáŕàěďěńěŋĺï, ŋě áâőïéěľ ŕőď ğŋăłőň ln, çâő áőčńăáŋő (1.184) ćáěčďă ňőęŋő áďěńăâì ŕőď ğŋăłőň ĺŋâěčàăńă^{12}.

Ďńï ńîąëå ďćãå ŋőàňĺàőćăŋŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï ρ ĺ ρ^′, őŕàěďěńěŋŋëå ć őďŋőň äăğőćőň ŕàőáâàăŋáâćě, ĺňěěâ ňěáâő áńěďãîéěě ŋěàăćěŋáâćő Čĺąąáă^{13}: ∫ d`ρ ln ( ρ ρ^′ ) ≥ 0 (1.187)

ŕàĺçěň ğŋăł àăćěŋáâćă ĺňěěâ ňěáâő ńĺèì ŕàĺ ρ = ρ^′. Šőčďă ĺğ (1.186) (ŕőńăčăï ~ρ = ρ^′) áàăğã ŕőńãçăěň:

S_t ≥ S_0 (1.188) Ŕãáâì ρ(p^0, q^0, 0) ŋě áőőâćěâáâćãěâ áâăâĺáâĺçěáłĺ àăćŋőćěáŋőňã ăŋáăňąńî, âőčďă ć ňőňěŋâ ćàěňěŋĺ t: ρ(p, q, t) ≠ ~ρ(p, q, t) (1.189) âăł łăł åőâï ρ(p, q, t) ĺ ŋě ĺğňěŋïěâáï ćďőńì äăğőćőľ âàăěłâőàĺĺ, ŋő ć ďăŋŋãî ïçěľłã ω ćąńĺğĺ ŕàőĺğćőńìŋőľ âőçłĺ (p, q) ąãďãâ ŕàĺåőďĺâì ĺ ãåőďĺâì äăğőćëě

12Ďěľáâćĺâěńìŋő: ∫ dpdq~ρ(p, q) ln ~ρ(p, q) = ∑ i ρ_iω_i ln ρ_i = ∑ i [∫ ω_i dpdqρ(p, q) ln ρi ] = ∫ dpdqρ(p, q) ln ~ρ(p, q), çâő ĺ ĺáŕőńìğőćăŋő ć (1.186). 13Ďăŋŋőě ŋěàăćěŋáâćő ěáâì áńěďáâćĺě ŋěàăćěŋáâćă ln (_ρ ρ^′ )_≥ 1 −^{ρ′}_ρ (ρ > 0, ρ^′ > 0), čďě ğŋăł àăćěŋáâćă ĺňěěâ ňěáâő ńĺèì ŕàĺ ρ = ρ^′. İâő ïáŋő ĺğ áŕàăćěďńĺćőčő ďńï x > 0 ŋěàăćěŋáâćă ln x ≥ 1−^1_x (àăćěŋáâćő ŕàĺ x = 1), čďě ŕőńăčăěň x =^ρ_{ρ′} . Ŕőáńě ãňŋőęěŋĺï ŋă ρ ĺ ĺŋâěčàĺàőćăŋĺï ŕő äăğőćőňã ŕàőáâàăŋáâćã, ŕőńãçăěň: ∫ ρ ln (_ρ ρ^′ ) d` ≥ ∫ ρ ( 1 −^{ρ′}_ρ ) d` = 0, čďě ãçńĺ ãáńőćĺě ŋőàňĺàőćłĺ, çâő ĺ ďőłăğëćăěâ (1.187.)

40 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

âőçłĺ ĺğ ďàãčĺå ïçěěł ĺ íâĺ ŕàőæěááë, ćőőąéě čőćőàï, ŋě łőňŕěŋáĺàãîâáï. Šăłĺň őąàăğőň ŕàőĺáåőďĺâ ŕàőæěáá \ŕěàěňěèĺćăŋĺï" äăğőćëå âőçěł ŕő äăğőćëň ïçěľłăň. Ś ãçěâőň (1.189) ĺğ (1.188) áńěďãěâ:

S_t > S_o (1.190)

â.ě. íŋâàőŕĺï, őŕàěďěńěŋŋăï á ŕőňőéìî łàãŕŋőáâàãłâãàŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï, ćőğàăáâăěâ áő ćàěňěŋěň. İâő ğăłńîçěŋĺě ćěàŋő, ěáńĺ ďćĺęěŋĺě äăğőćëå âőçěł ĺňěěâ ŕěàěňěèĺćăîéĺľ åăàăłâěà ć ãłăğăŋŋőň ćëèě áňëáńě. Ŕěàěňěèĺćăîéĺľ åăàăłâěà ďćĺęěŋĺï őłăğëćăěâáï âěáŋő áćïğăŋŋëň á ńőłăńìŋőľ ŋěãáâőľçĺćőáâìî äăğőćëå âàăěłâőàĺľ, ćőğŋĺłăîéěľ (łăł ŕàăćĺńő!) ďńï ŋěâàĺćĺăńìŋëå äĺğĺçěáłĺå áĺáâěň, ďăęě á ňăńëň çĺáńőň çăáâĺæ [14]. İâă ŋěãáâőľçĺćőáâì ŕàőïćńïěâáï ć íłáŕőŋěŋæĺăńìŋő ąëáâàőň \àăğąěčăŋĺĺ" ďăęě ĺğŋăçăńìŋő ąńĺğłĺå âőçěł áőáěďŋĺå äăğőćëå âàăěłâőàĺľ. Ąőńěě ŕőďàőąŋő íâĺ ĺ àïď áňěęŋëå ćőŕàőáőć àăááňőâàěŋë ć Ŕàĺńőęěŋĺĺ A.

Ććěďěŋĺě łàãŕŋőáâàãłâãàŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï ŋěńìğï, őďŋăłő, àăááňăâàĺćăâì ć łăçěáâćě ćŕőńŋě ãďőćńěâćőàĺâěńìŋőčő àěèěŋĺï ŕàőąńěňë. Ďěńő ć âőň, çâő çěň ňěŋìèě ňăáèâăą őčàãąńěŋĺï, âěň ćőğàăáâăŋĺě íŋâàőŕĺĺ S_t ňěŋìèě, ć ŕàěďěńě ω → 0 őŋő âăłęě áâàěňĺâáï ł ŋãńî. Ćőğàăáâăŋĺě ęě äĺğĺçěáłőľ íŋâàőŕĺĺ ŋě ňőęěâ ğăćĺáěâì őâ ňăáèâăąă őčàãąńěŋĺï, ŋăŕàĺňěà, ěáńĺ ąë ňë ŕàĺŋïńĺ ω ∼ —h^{3N} , ĺáåőďï ĺğ âàěąőćăŋĺľ łćăŋâőćőľ ňěåăŋĺłĺ, âő àőáâ íŋâàőŕĺĺ őŕàěďěńïńáï ąë ćěńĺçĺŋőľ ŕőáâőïŋŋőľ Ŕńăŋłă —h, ă íâő őçěćĺďŋő ŋě âăł. Šãâ ňőęŋő ćëáłăğăâì àăğŋëě âőçłĺ ğàěŋĺï, ŋăŕàĺňěà ďőńčőě ćàěňï áçĺâăńőáì [4], çâő ŕàĺňěŋïï őŕěàăæĺî łàãŕŋőáâàãłâãàŋőčő ãáàěďŋěŋĺï, ňë ďőńęŋë áőćěàèăâì ďćă ŕàěďěńìŋëå ŕěàěåőďă: őąëçŋëľ âěàňőďĺŋăňĺçěáłĺľ ŕàěďěń áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ N → ∞, V → ∞ ŕàĺ N/V = const, ă ãęě ŕőáńě íâőčő ŕàěďěń ω → 0. Śőćàěňěŋŋăï âőçłă ğàěŋĺï [14] áőáâőĺâ ć âőň, çâő âěàňőďĺŋăňĺçěáłĺľ ŕàěďěń âãâ ŋěáãéěáâćěŋ. Śćőľáâćő ŕěàěňěèĺćăŋĺï (ŕőńőęĺâěńìŋőáâì íŋâàőŕĺĺ Łőńňőčőàőćă - Śĺŋăï, áň. Ŕàĺńőęěŋĺě A) ďőáâăâőçŋă ďńï ďńï őąěáŕěçěŋĺï \ŕàăćĺńìŋőčő" áâăâĺáâĺçěáłőčő ŕőćěďěŋĺï ãęě ďńï áĺáâěň á çĺáńőň áâěŕěŋěľ áćőąőďë N > 2. Ĺğőńĺàőćăŋŋăï áĺáâěňă, ŋěğăćĺáĺňő őâ ŋăçăńìŋëå ãáńőćĺľ, ďőáâĺčăěâ àăćŋőćěáŋőčő áőáâőïŋĺï, ć łőâőàőň ěě ňőęŋő àăćŋőćěàőïâŋő őąŋăàãęĺâì ć ńîąőň ĺğ ěě ćőğňőęŋëå áőáâőïŋĺľ (íàčőďĺçěáłőě ŕőćěďěŋĺě).

Ďàãčăï âőçłă ğàěŋĺï [1, 2] ŋă őŕàěďěńěŋĺě íŋâàőŕĺĺ ŋěàăćŋőćěáŋőčő áőáâőïŋĺï őáŋőćëćăěâáï ŋă ŋěáőňŋěŋŋő ćěàŋőň őŕàěďěńěŋĺĺ àăćŋőćěáŋőľ íŋâàőŕĺĺ (1.170). Ŕàěďŕőńőęĺň, çâő áĺáâěňă ŋăåőďĺâáï ć ŋěłőâőàőň áőáâőïŋĺĺ ŋěŕőńŋőčő àăćŋőćěáĺï ĺ ąãďěň àăááňăâàĺćăâì ěě ć âěçěŋĺě ŕàőňěęãâłőć ćàěňěŋĺ ´t. Řăğďěńĺň áĺáâěňã ňëáńěŋŋő ŋă çăáâĺ, ŋăáâőńìłő ňăńëě, çâő ĺå áőąáâćěŋŋëě ćàěňěŋă àěńăłáăæĺĺ ňăńë ŕő áàăćŋěŋĺî á ´t (ćàěňěŋă àěńăłáăæĺĺ őąëçŋő ãňěŋìèăîâáï á ãňěŋìèěŋĺěň àăğňěàőć áĺáâěňë). Šăłĺě ŕőďáĺáâěňë ňőęŋő áçĺâăâì ŋăåőďïéĺňĺáï ć âěçěŋĺě ćàěňěŋĺ ´t ć ŋěłőâőàëå áćőĺå çăáâŋëå àăćŋőćěáĺïå, őŕĺáëćăěňëå áőőâćěâáâćãîéĺňĺ ňĺłàőłăŋőŋĺçěáłĺňĺ äãŋłæĺïňĺ àăáŕàěďěńěŋĺï. Ł ŋĺň ňőęŋő ŕàĺňěŋĺâì ďăŋŋőě ćëèě őŕàěďěńěŋĺě áâăâĺáâĺçěáłőčő ćěáă ĺ ćëçĺáńĺâì ĺå íŋâàőŕĺĺ. Śâăâĺáâĺçěáłĺľ ćěá áĺáâěňë ć æěńőň őŕàěďěńïěâáï łăł ŕàőĺğćěďěŋĺě ˙ = ∏ i ˙_i áâăâćěáőć őâďěńìŋëå ŕőďáĺáâěň, ă íŋâàőŕĺï S = ∑ i S_i. Ŕàĺ âăłőň àăááňőâàěŋĺĺ íŋâàőŕĺï ěáâì ćěńĺçĺŋă, åăàăłâěàĺğãîéăï áàěďŋĺě áćőľáâćă âěńă ğă ŋěłőâőàëľ őâńĺçŋëľ őâ ŋãńï ŕàőňěęãâőł ćàěňěŋĺ ´t. §áŋő, çâő ć íâőň ŕőďåőďě ďńï áńĺèłőň ňăńëå ŕàőňěęãâłőć ćàěňěŋĺ ´t ŕőŋïâĺě íŋâàőŕĺĺ ćőőąéě âěàïěâ áňëáń, ć çăáâŋőáâĺ ŋěńìğï čőćőàĺâì ő ěě ňčŋőćěŋŋőň ğŋăçěŋĺĺ.

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 41

Ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ ć âăłőň ŕőďåőďě ňőęŋő ŕàőăŋăńĺğĺàőćăâì áńěďãîéĺň őąàăğőň. Řăááňőâàĺň ğăňłŋãâãî ňăłàőáłőŕĺçěáłãî áĺáâěňã ć ňőňěŋâ ćàěňěŋĺ t. Ěáńĺ ňë àăğőąìěň íâã áĺáâěňã ŋă őâŋőáĺâěńìŋő ňăńëě çăáâĺ, âő łăęďăï ĺğ ŋĺå ąãďěâ ĺňěâì áćőî äãŋłæĺî àăáŕàěďěńěŋĺï ρ_i. İŋâàőŕĺï S ćáěľ áĺáâěňë ć íâőâ ňőňěŋâ ćàěňěŋĺ àăćŋă: S = − ∑ i < ln ρ_i >= − < ln ∏ i ρ_i > (1.191)

Ŕőáłőńìłã ňë áçĺâăěň ŋăèĺ ŕőďáĺáâěňë łćăğĺŋěğăćĺáĺňëňĺ, ňőęŋő ććěáâĺ äãŋłæĺî àăáŕàěďěńěŋĺï ďńï ćáěľ áĺáâěňë ć ćĺďě: ρ = ∏ i ρ_i (1.192)

Ďńï âőčő, çâőąë ŕőńãçĺâì äãŋłæĺî àăáŕàěďěńěŋĺï ć ąőńěě ŕőğďŋĺľ ňőňěŋâ ćàěňěŋĺ t^′, ŋăďő ŕàĺňěŋĺâì ł ρ ãàăćŋěŋĺï ňěåăŋĺłĺ ďńï ďćĺęěŋĺï ğăňłŋãâőľ áĺáâěňë, âőčďă ρ ŕěàěľďěâ ć ňőňěŋâ ćàěňěŋĺ t^′ ć ŋěłőâőàãî äãŋłæĺî ρ^′. Ďńï âőčő, çâőąë ŕőńãçĺâì äãŋłæĺî àăáŕàěďěńěŋĺï ć ňőňěŋâ t^′ ďńï őďŋőľ âőńìłő i-ľ çăáâĺ, ŋăďő ŕàőĺŋâěčàĺàőćăâì ρ^′ ŕő ćáěň äăğőćëň őąêěňăň ćáěå ŕőďáĺáâěň, łàőňě i-čő. Ěáńĺ íâã äãŋłæĺî àăáŕàěďěńěŋĺï őąőğŋăçĺâì ρ^′_i, âő ďńï ŋěě ć ňőňěŋâ t^′ ŕőńãçĺň:

ρ^′_i = ∫ 1 ∫ 2 ... ∫ i−1 ∫ i+1 ...d`_1d`_2...d`_{i−1}d`_{i+1}...ρ^′ (1.193)

Ğăňěâĺň, çâő ρ^′, ćőőąéě čőćőàï, ãęě ŋě àăćŋő ŕàőĺğćěďěŋĺî ćáěå ρ^′_i. İŋâàőŕĺï ć ňőňěŋâ ćàěňěŋĺ t^′ ěáâì, áőčńăáŋő ŕàĺŋïâőňã őŕàěďěńěŋĺî:

S^′ = − ∑ i < ln ρ^′_i > (1.194)

čďě ãáàěďŋěŋĺě < ... > ŕőŋĺňăěâáï ãęě á äãŋłæĺěľ àăáŕàěďěńěŋĺï ρ^′. Ćőáŕőńìğãěňáï âěŕěàì ŋěàăćěŋáâćőň ln x ≤ x − 1, áŕàăćěďńĺćëň ďńï x > 0. Ŕőďáâăćĺň áîďă x = ∏ i ρ^′_i ρ^′ ĺ ŕőńãçĺň:

− ln ρ^′ + ∑ i ln ρ^′_i ≤ ∏ i ρ^′_i ρ^′ − 1 (1.195)

Ěáńĺ ãáàěďŋĺâì őąě áâőàőŋë íâőčő ŋěàăćěŋáâćă á ŕőňőéìî äãŋłæĺĺ àăáŕàěďěńěŋĺï ρ^′, âő ŕàăćăï çăáâì ďăáâ ŋãńì, âăł łăł ∫ d`_1d`_2... ∏ i ρ^′_i = ∏ i ∫ d`_iρ_i = 1 ć áĺńã ãáńőćĺľ ŋőàňĺàőćłĺ. Ńěćăï ęě çăáâì áćőďĺâáï ł < − ln ρ^′ > + ∑ i < ln ρ^′_i >, âăł çâő ŕőńãçăěň:

− < ln ρ^′ > −S^′ ≤ 0 (1.196)

Ć áĺńã âěőàěňë Ńĺãćĺńńï äãŋłæĺï àăáŕàěďěńěŋĺï ρ ŋě ňěŋïěâáï ŕàĺ ďćĺęěŋĺĺ ŕő ğăłőŋăň ňěåăŋĺłĺ, ŕőíâőňã ćěńĺçĺŋă − < ln ρ^′ > őáâăěâáï àăćŋőľ − < ln ρ >, łőâőàăï ěáâì ŋăçăńìŋăï íŋâàőŕĺï S. Šăłĺň őąàăğőň ŕőńãçăěň:

S^′ ≥ S, (1.197)

çâő ďőłăğëćăěâ ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ: ěáńĺ áőáâőïŋĺě ğăňłŋãâőľ áĺáâěňë ć ŋěłőâőàëľ ňőňěŋâ ćàěňěŋĺ ğăďăŋő ňăłàőáłőŕĺçěáłĺň őąàăğőň, âő ŋăĺąőńěě ćěàőïâŋëň áńěďáâćĺěň ć ŋěłőâőàëľ ďàãčőľ ňőňěŋâ ćàěňěŋĺ ąãďěâ ćőğàăáâăŋĺě íŋâàőŕĺĺ.

42 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

Şàăćŋěŋĺï ňěåăŋĺłĺ åăàăłâěàĺğãîâáï áĺňňěâàĺěľ ŕő őâŋőèěŋĺî ł ğăňěŋě t ŋă −t. Ŕőíâőňã, ěáńĺ ğăłőŋë ňěåăŋĺłĺ ďőŕãáłăîâ ŋěłőâőàëľ ŕàőæěáá, áőŕàőćőęďăîéĺľáï, ŋăŕàĺňěà, ćőğàăáâăŋĺěň íŋâàőŕĺĺ, âő őŋĺ ďőńęŋë ďőŕãáłăâì ĺ ŕàïňő ŕàőâĺćőŕőńőęŋëľ ŕàőæěáá, łőčďă áĺáâěňă ŕàőåőďĺâ çěàěğ âě ęě áăňëě łőŋäĺčãàăæĺĺ ć őąàăâŋőň ŕőàïďłě ĺ ěě íŋâàőŕĺï ãąëćăěâ. Łăğăńőáì ąë, íâő ŕàőâĺćőàěçĺâ ğăłőŋã ćőğàăáâăŋĺï íŋâàőŕĺĺ. Ŋă áăňőň ęě ďěńě âőńìłő çâő ŕàĺćěďěŋŋăï ěčő äőàňãńĺàőćłă ŋĺáłőńìłő ŋě ŕàőâĺćőàěçĺâ áĺňňěâàĺĺ ŕő őâŋőèěŋĺî ł őąàăéěŋĺî ćàěňěŋĺ, âăł łăł ć ŋěľ čőćőàĺâáï âőńìłő ő ŋăĺąőńěě ćěàőïâŋőň áńěďáâćĺĺ ňăłàőáłőŕĺçěáłĺ őŕàěďěńěŋŋőčő áőáâőïŋĺï. İâő áâăŋőćĺâáï ěéě ïáŋěě, ěáńĺ őąàăâĺâì ćŋĺňăŋĺě, çâő ŕàĺ ŕàőćěďěŋŋőň ćëèě ďőłăğăâěńìáâćě ňë ćőćáě ŋě ŕőńìğőćăńĺáì âěň, çâő t^′ > t. Ăŋăńőčĺçŋëě àăááãęďěŋĺï ŕőłăğëćăîâ, çâő S^′ ≥ S ĺ ŕàĺ t ≤ t^′. Ĺŋëňĺ áńőćăňĺ, ŕàĺŋæĺŕ ćőğàăáâăŋĺï íŋâàőŕĺĺ őğŋăçăěâ âőńìłő âő, çâő ěáńĺ ďăŋő ŋěłőâőàőě ňăłàőáłőŕĺçěáłĺ őŕĺáăŋŋőě áőáâőïŋĺě, âő ĺğ ćáěå ňĺłàőáłőŕĺçěáłĺå áőáâőïŋĺľ, ãďőćńěâćőàïîéĺå ďăŋŋőňã ňăłàőáłőŕĺçěáłőňã áőáâőïŋĺî, ŕőďăćńïîéěě ąőńìèĺŋáâćő ďăěâ ć áńěďãîéĺě ňőňěŋâë ćàěňěŋĺ ćőğàăáâăŋĺě íŋâàőŕĺĺ (ĺńĺ âã ęě áăňãî íŋâàőŕĺî).

Ńãçèě ŕőŋïâì áĺâãăæĺî ňőęŋő á ŕőňőéìî ğăňěçăâěńìŋőľ íćàĺáâĺçěáłőľ ňőďěńĺ, ŕàěďńőęěŋŋőľ, ć áćőě ćàěňï, Ŕ. ĺ Š.İàěŋäěáâăňĺ. Ŕãáâì ĺňěěâáï 2R èăàőć, ŕàőŋãňěàőćăŋŋëå őâ 1 ďő 2R, àăğńőęěŋŋëå ŕő ďćãň ïéĺłăň A ĺ B. Ŕãáâì ć ďĺáłàěâŋëľ ňőňěŋâ ćàěňěŋĺ s ďăâçĺł áńãçăľŋëå çĺáěń ćëďăěâ ŋěłőâőàőě æěńőě çĺáńő ĺğ ĺŋâěàćăńă ňěęďã 1 ĺ 2R. Šőčďă èăà á áőőâćěâáâćãîéĺň ŋőňěàőň ŕěàěłńăďëćăěâáï ĺğ ïéĺłă, čďě őŋ ńěęĺâ, ć ďàãčőľ. Ğăâěň íâă ŕàőæěďãàă ňŋőčő àăğ ŕőćâőàïěâáï. Ć ŋăèě ćàěňï, âăłőľ ŕàőæěáá ŕàőéě ćáěčő àěăńĺğőćăâì á ŕőňőéìî łőňŕìîâěàă. Ĺŋâãĺâĺćŋő áőćěàèěŋŋő ïáŋő, çâő ąãďěâ ŕàőĺáåőďĺâì. Ŕãáâì, ďńï ŕàőáâőâë, ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ ćáě èăàë ŋăåőďïâáï ć ïéĺłě A. Šőčďă ŋă ŕěàćőň èăčě ňë őąïğăâěńìŋő ŕěàěŋěáěň èăà ĺğ A ć B. Ŋă ćâőàőň èăčě ňë ňőęěň ćěàŋãâìáï ł ŋăçăńìŋőňã áőáâőïŋĺî, ŋő ćěàőïâŋőáâì íâőčő àăćŋă (2R)^{−1}. Ŋő ěáńĺ çĺáńő 2R ďőáâăâőçŋő ćěńĺłő, âő á ŕőďăćńïîéěľ ćěàőïâŋőáâìî 1 − (2R)^{−1}, ć ïéĺł B ŕőŕăďěâ ĺ áńěďãîéĺľ èăà. Ĺ ćőőąéě, ŕőłă n_A (çĺáńő èăàőć ć ïéĺłě A) ąãďěâ ňŋőčő ąőńìèě n_B (çĺáńă èăàőć ć ïéĺłě B), ňë \ŕàăłâĺçěáłĺ ćáěčďă" ąãďěň ŋăąńîďăâì ŕěàěåőďë âőńìłő ĺğ A ć B. Ć áăňőň ďěńě, àăááňőâàĺň íâőâ ŕàőæěáá ŋěňŋőčő ŕőďàőąŋěě. Ŕãáâì ć ňőňěŋâ ćàěňěŋĺ s ć ïéĺłě A ŋăåőďĺâáï n_A(s) èăàőć, ă ć ïéĺłě B áőőâćěâáâćěŋŋő ĺå âőčďă 2R−n_A. Ćěàőïâŋőáâì ŕőïćńěŋĺï ć áńěďãîéĺľ ňőňěŋâ s +1 èăàă á ŋőňěàőň, ńěęăéĺň ć ïéĺłě A ěáâì^{nA}_{2R} , ă ćěàőïâŋőáâì ŕőïćńěŋĺï èăàă ĺğ ïéĺłă B, őçěćĺďŋő, ěáâì^{2R−nA}_{2R} . Ŋő ŕőłãďă n_A > 2R−n_A, âő \őâŋőáĺâěńìŋăï ćěàőïâŋőáâì"^{nA}_{2R−nA} ŕőïćńěŋĺï èăàă ĺğ A, ŕő őâŋőèěŋĺî ł ŕőïćńěŋĺî èăàă ĺğ B, őçěćĺďŋő ąőńìèě 1. Ŕőíâőňã ąőńěě ćěàőïâěŋ ŕěàěåőď A → B ĺ àăğŋőáâì ňěęďã çĺáńăňĺ èăàőć ć őąőĺå ïéĺłăå ãňěŋìèăěâáï. İâă âěŋďěŋæĺï áãéěáâćãěâ ŕőłă ŋě ŋăáâãŕĺâ àăćěŋáâćő n_A − (2R − n_A) = 0, ĺ őŋă ćáě áńăąěě ŕő ňěàě âőčő, łăł íâă àăğŋőáâì áâàěňĺâáï ł ŋãńî. Šăłĺň őąàăğőň, ŕő ňěàě ãàăćŋĺćăŋĺï çĺáńă èăàőć ć őąőĺå ïéĺłăå, ćěàőïâŋőáâĺ ŕőïćńěŋĺï èăàőć ĺğ A ĺńĺ B ćáě ąőńěě ŕàĺąńĺęăîâáï ďàãč ł ďàãčã ĺ àěğãńìâăâ áâăŋőćĺâáï ćáě ňěŋěě ïáŋëň. Ć àěğãńìâăâě ćëŋĺňăŋĺï őçěàěďŋőčő èăàă ňőęěâ ŕàőĺğőľâĺ ďăńìŋěľèěě ćëàăćŋĺćăŋĺě çĺáńă èăàőć ć őąőĺå ïéĺłăå, ŋő ňőęěâ ŕàőĺğőľâĺ ĺ ŕàőâĺćőŕőńőęŋőě. Ŋă Řĺá.1.2 ŕőłăğăŋ àěğãńìâăâ łőŋłàěâŋőľ àěăńĺğăæĺĺ âăłőčő íłáŕěàĺňěŋâă á 40 èăàăňĺ. Ćĺďŋő, çâő áŋăçăńă ŕàőæěáá łăęěâáï ŋěőąàăâĺňëň, ŋő ćąńĺğĺ \ŕőńőęěŋĺï àăćŋőćěáĺï" ćőğŋĺłăîâ łőńěąăŋĺï (äńãłâãăæĺĺ!) àăğŋőáâĺ çĺáńă èăàőć, ãłăğëćăîéĺě ŋă âő, çâő ć ďěľáâćĺâěńìŋőáâĺ ňë ĺňěěň ďěńő á őąàăâĺňëň ŕàőæěááőň^{14}. Ňë

14Ŋă ŋăèěň àĺáãŋłě íâĺ äńãłâãăæĺĺ ćáěčďă ŕőńőęĺâěńìŋë, ŕőáłőńìłã ŕő őáĺ őàďĺŋăâ őâńőęěŋ

ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ 43

Řĺá. 1-2 Šĺŕĺçŋăï àěăńĺğăæĺï \H-łàĺćőľ" İàěŋäěáâőć. Ŕő őáĺ őàďĺŋăâ őâńőęěŋő ğŋăçěŋĺě |n_A(s) − n_B(s)| = 2|n_A(s) − R|.

ŋě ňőęěň áłăğăâì, çâő íâă àăğŋőáâì ãąëćăěâ ćáěčďă, ŋő ňë ňőęěň ąëâì ãćěàěŋë, çâő ŕàĺ ąőńìèĺå çĺáńăå èăàőć 2R, őŋă ãąëćăěâ \ŕőçâĺ ćáěčďă", ŕőłă ňë ďăńěłĺ őâ \àăćŋőćěáĺï". Ŕőćěďěŋĺě íŋâàőŕĺĺ ŋěàăćŋőćěáŋőľ ňŋőčőçăáâĺçŋőľ áĺáâěňë ĺňěŋŋő âăłőě (á őąàăâŋëň ğŋăłőň)!

Ňőďěńì İàěŋäěáâőć ŕőğćőńïěâ ńěčłő őâćěâĺâì ŋă ćáě ćőğàăęěŋĺï ŕàőâĺć őąőáŋőćăŋĺï âěàňőďĺŋăňĺçěáłőľ ŋěőąàăâĺňőáâĺ ŋă őáŋőćě áâăâĺáâĺçěáłĺå áőőąàăęěŋĺľ. Ć çăáâŋőáâĺ, ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň ňĺłàőáłőŕĺçěáłőľ őąàăâĺňőáâĺ, ćŕőńŋě ćőğňőęěŋ ŕàőæěáá, łőčďă ŕőáńě \őąàăéěŋĺï ćàěňěŋĺ" ďćĺęěŋĺě èăàőć ŕőľďěâ ć âőçŋőáâĺ őąàăâŋő ćďőńì âőľ ęě \H-łàĺćőľ". Ŋő łőŋěçŋő ęě, ŕàĺ ąőńìèĺå R íâőâ ŕàőæěáá áőćěàèěŋŋő ŋěćěàőïâěŋ. Ćěàőïâŋőáâì âőčő, çâő \łőčďă { ŋĺąãďì" ćáě èăàë áŋőćă őłăęãâáï ć őďŋőň ïéĺłě ćőćáě ŋě àăćŋă ŋãńî, ŋő őçěŋì ňăńă (ŋěćěàőïâŋő ňăńă ŕàĺ ğŋăçěŋĺïå R ∼ 10^{22}!). Ĺňěŋŋő âăłőľ áňëáń ĺňěěâ âěàňőďĺŋăňĺçěáłăï ŋěőąàăâĺňőáâì ĺ ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ.

Ĺâăł, őąéěŕàĺŋïâăï âőçłă ğàěŋĺï áőáâőĺâ ć âőň, çâő àïď ŕőáńěďőćăâěńìŋő ŕàőåőďĺňëå ĺğőńĺàőćăŋŋőľ áĺáâěňőľ áőáâőïŋĺľ áőőâćěâáâćãěâ ćáě ąőńěě ćěàőïâŋőňã àăáŕàěďěńěŋĺî. İâő ćőğàăáâăŋĺě ćěàőïâŋőáâĺ çàěğćëçăľŋő ćěńĺłő, ć áĺńã äăłâőàă exp(S), čďě ć íłáŕőŋěŋâě áâőĺâ ăďďĺâĺćŋăï ćěńĺçĺŋă. Ŕőíâőňã ŕàőæěááë, ŕàőâěłăîéĺě ć ŋěàăćŋőćěáŋőľ ğăňłŋãâőľ áĺáâěňě, ĺďãâ âăłĺň őąàăğőň, çâő áĺáâěňă ŋěŕàěàëćŋő ŕěàěåőďĺâ ĺğ áőáâőïŋĺľ á ňěŋìèěľ ć áőáâőïŋĺě á ąőńìèěľ íŋâàőŕĺěľ, ŕőłă, ŋăłőŋěæ, íŋâàőŕĺï ŋě ďőáâĺčăěâ ŋăĺąőńìèěčő ćőğňőęŋőčő ğŋăçěŋĺï, áőőâćěâáâćãîéěčő ŕőńŋőňã áâăâĺáâĺçěáłőňã àăćŋőćěáĺî. Čőćőàï ő \ŋăĺąőńěě ćěàőïâŋőň" ŕőćěďěŋĺĺ, áńěďãěâ ĺňěâì ć ćĺďã, çâő ć ďěľáâćĺâěńìŋőáâĺ ćěàőïâŋőáâì ŕěàěåőďă ć áőáâőïŋĺě á ąőńìèěľ íŋâàőŕĺěľ ŋăáâőńìłő ŕőďăćńïîéě ćěńĺłă ŕő áàăćŋěŋĺî á ćěàőïâŋőáâìî áłőńìłő ŋĺąãďì ğăňěâŋőčő ěě ãňěŋìèěŋĺï, çâő ŕőáńěďŋěě ćőőąéě äăłâĺçěáłĺ ŋĺłőčďă ŋě ňőęěâ ŋăąńîďăâìáï ć ŕàĺàőďě (łàőňě ňăńëå äńãłâãăæĺľ). İâő äőàňãńĺàőćłă ğăłőŋă ćőğàăáâăŋĺï íŋâàőŕĺĺ ć çĺáâő ćěàőïâŋőáâŋőň áňëáńě (Ąőńìæňăŋ). \Ćàïď-ńĺ áäőàňãńĺàőćăŋŋëľ âăłĺň őąàăğőň ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ ćőőąéě ňőč ąë ąëâì ćëćěďěŋ ŋă őáŋőćě łńăááĺçěáłőľ ňěåăŋĺłĺ"[1, 2]^{15}. Ć àăňłăå áőćàěňěŋ-

ňőďãńì àăğŋőáâĺ çĺáńă èăàőć ć ïéĺłăå A ĺ B.

15Ńăŋďăã ŕàĺŋăďńěęĺâ ĺŋâěàěáŋőě ğăňěçăŋĺě ő âőň, çâő ć łćăŋâőćőľ ňěåăŋĺłě ŕőńőęěŋĺě ŋě-

44 ŐŚŊŐĆŊŻĚ ŔŘĹŊŰĹŔŻ ŚŠĂŠĹŚŠĹŁĹ

ŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ŋěàăćŋőćěáŋëå áĺáâěň [4, 18] ĺ äĺğĺçěáłőľ łĺŋěâĺłĺ [15, 16, 17] ãďăěâáï ïćŋő ŕàőďěňőŋáâàĺàőćăâì ćőğàăáâăŋĺě íŋâàőŕĺĺ ŋă æěńőň àïďě łőŋłàěâŋëå áâăâĺáâĺçěáłĺå ňőďěńěľ.

áłőńìłő ňěŋïěâáï. Ţőâï ãàăćŋěŋĺě Ÿàěďĺŋčěàă áăňő ŕő áěąě ĺŋćăàĺăŋâŋő ŕő őâŋőèěŋĺî ł ĺğňěŋěŋĺî ğŋăłă ćàěňěŋĺ (ŕàĺ őďŋőćàěňěŋŋőľ ğăňěŋě ψ ŋă ψ^⋆), łćăŋâőćăï ňěåăŋĺłă áőďěàęĺâ ć áěąě ŋěłãî ŋěíłćĺćăńěŋâŋőáâì őąőĺå ŋăŕàăćńěŋĺľ ćàěňěŋĺ. İâă ŋěíłćĺćăńěŋâŋőáâì ŕàőïćńïěâáï ć áćïğĺ á ćăęŋěľèĺň ďńï łćăŋâőćőľ ňěåăŋĺłĺ ŕàőæěááőň ćğăĺňőďěľáâćĺï łćăŋâőćőčő őąêěłâă á łńăááĺçěáłőľ áĺáâěňőľ. Ă ĺňěŋŋő, ěáńĺ á ďăŋŋëň łćăŋâőćëň őąêěłâőň ŕőáńěďőćăâěńìŋő ŕàőĺáåőďïâ ďćă ŕàőæěááă A ĺ B, âő ãâćěàęďěŋĺě, çâő ćěàőïâŋőáâì âőčő ĺńĺ ĺŋőčő àěğãńìâăâă ŕàőæěááă B őŕàěďěńïěâáï àěğãńìâăâőň ŕàőæěááă A, ňőęěâ ąëâì áŕàăćěďńĺćő ńĺèì ć âőň áńãçăě, ěáńĺ ŕàőæěáá A ĺňěń ňěáâő àăŋìèě ŕàőæěááă B. Šăłĺň őąàăğőň, ć łćăŋâőćőľ ňěåăŋĺłě ĺňěěâáï äĺğĺçěáłăï ŋěíłćĺćăńěŋâŋőáâì őąőĺå ŋăŕàăćńěŋĺľ ćàěňěŋĺ, ĺ ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ ňőč ąë ąëâì ěě ňăłàőáłőŕĺçěáłĺň ćëàăęěŋĺěň. Őďŋăłő, ć âăłőň áńãçăě ďőńęŋő ąëńő ąë áãéěáâćőćăâì áőďěàęăéěě —h ŋěàăćěŋáâćő, őąěáŕěçĺćăîéěě áŕàăćěďńĺćőáâì íâőčő ğăłőŋă. Ďő áĺå ŕőà ŋĺłőňã ěéě ŋě ãďăńőáì ŕàőáńěďĺâì âăłãî áćïğì ĺ ŕőłăğăâì, çâő őŋă ďěľáâćĺâěńìŋő ĺňěěâ ňěáâő. Śîďă ęě ňőęŋő őâŋěáâĺ ĺ ćőğňőęŋőáâì őąêïáŋěŋĺï âěàňőďĺŋăňĺçěáłőľ ŋěőąàăâĺňőáâĺ ŋă őáŋőćě íłáŕěàĺňěŋâăńìŋő ãáâăŋőćńěŋŋőčő ć áőćàěňěŋŋőľ äĺğĺłě íńěňěŋâăàŋëå çăáâĺæ çàěğćëçăľŋő áńăąőčő ŋăàãèěŋĺï âăł ŋăğëćăěňőľ CP -áĺňňěâàĺĺ, ŋěĺğąěęŋő ŕàĺćőďïéěčő ł őçěŋì áńăąőňã ŋăàãèěŋĺî T -ĺŋćăàĺăŋâŋőáâĺ ć ŕàőæěááăå ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ.

Čńăćă 2

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă.

Ŕěàěľďěň ł àăááňőâàěŋĺî ćăęŋěľèěľ, á ŕàăłâĺçěáłőľ âőçłĺ ğàěŋĺï, ğăďăçĺ ő ŋăåőęďěŋĺĺ äãŋłæĺĺ àăáŕàěďěńěŋĺï ŕàőĺğćőńìŋőčő ňăłàőáłőŕĺçěáłőčő âěńă, ïćńïîéěčőáï ňăńőľ çăáâìî łăłőľ-ńĺąő ąőńìèőľ ğăňłŋãâőľ áĺáâěňë. Ćëďěńĺň ĺğ ğăňłŋãâőľ áĺáâěňë ĺŋâěàěáãîéěě ŋăá âěńő ĺ ąãďěň àăááňăâàĺćăâì áĺáâěňã łăł áőáâăćńěŋŋãî ĺğ ďćãå çăáâěľ: ĺğ ďăŋŋőčő âěńă (ŕőďáĺáâěňë) ĺ ćáěľ őáâăńìŋőľ ěě çăáâĺ (őłàãęăîéěľ ĺŋâěàěáãîéěě ŋăá âěńő), łőâőàãî ąãďěň ŋăğëćăâì âěàňőáâăâőň ĺńĺ áàěďőľ (Śň. Řĺá. 2-1). Ŕőďàăğãňěćăěâáï, çâő âěàňőáâăâ ŕàěďáâăćńïěâ áőąőľ áĺáâěňã á ąőńìèĺň çĺáńőň áâěŕěŋěľ áćőąőďë, áŕőáőąŋãî őąňěŋĺćăâìáï íŋěàčĺěľ á àăááňăâàĺćăěňőľ ŕőďáĺáâěňőľ, ŕàĺçěň áçĺâăěň, çâő őŋ ŋăáâőńìłő ćěńĺł, çâő ěčő áőáâőïŋĺě ŕàĺ âăłőň ćğăĺňőďěľáâćĺĺ ŋě ňěŋïěâáï^1.

Ŕàőćěďěň àăááňőâàěŋĺě áŋăçăńă ŋă őáŋőćě łćăŋâőćőľ áâăâĺáâĺłĺ. Śőćőłãŕŋőáâì ďăŋŋőľ áĺáâěňë ĺ âěàňőáâăâă ąãďěň àăááňăâàĺćăâì łăł ěďĺŋãî, íŋěàčěâĺçěáłĺ ĺğőńĺàőćăŋŋãî ğăňłŋãâãî áĺáâěňã á čăňĺńìâőŋĺăŋőň

H = H_1 + H_2 (2.1)

čďě H_1 { čăňĺńìâőŋĺăŋ ĺğãçăěňőľ áĺáâěňë, H_2 { čăňĺńìâőŋĺăŋ âěàňőáâăâă, łőâőàëľ ŕàěďŕőńăčăěâáï ğŋăçĺâěńìŋő ąőńìèĺň, çěň ĺŋâěàěáãîéăï ŋăá áĺáâěňă. Ćğăĺňőďěľáâćĺě ňěęďã áĺáâěňőľ ĺ âěàňőáâăâőň ŕàěďŕőńăčăěň őçěŋì ňăńëň, ŋő, áâàőčő čőćőàï,

1Ŕőáńěďãîéěě ĺğńőęěŋĺě, ć őáŋőćŋőň, áńěďãěâ [4]. Řïď ćőŕàőáőć ĺğńőęěŋ ŕő [1, 2].

46 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

Řĺá. 2-1 Śĺáâěňă (1) ć âěàňőáâăâě (áàěďě) (2).

ŋě àăćŋëň ŋãńî, ŕőáłőńìłã őŋő ďőńęŋő őąěáŕěçĺâì ŕőáâőïŋáâćő íŋěàčĺĺ ŕőńŋőľ áĺáâěňë (ć čăňĺńìâőŋĺăŋě (2.1) őŋő ćőőąéě ŋě äĺčãàĺàãěâ)^2. Ć âăłőň áńãçăě, ćőńŋőćăï äãŋłæĺï, áőőâćěâáâćãîéăï čăňĺńìâőŋĺăŋã (2.1), àăáŕăďăěâáï ŋă ŕàőĺğćěďěŋĺě ćőńŋőćëå äãŋłæĺľ âěàňőáâăâă (áĺáâěňă 2) ĺ ĺğãçăěňőčő âěńă (áĺáâěňă 1):

ψ_{ik}(x, y) = ψ_k(x)ψ_i(y) (2.2)

čďě ψ_k(x) { áőąáâćěŋŋëě äãŋłæĺĺ H_1, ψ_i(y) { áőąáâćěŋŋëě äãŋłæĺĺ H_2, ă x ĺ y { áőćőłãŕŋőáâì łőőàďĺŋăâ áĺáâěňë ĺ âěàňőáâăâă áőőâćěâáâćěŋŋő.

Şàőćŋĺ íŋěàčĺĺ ŕőńŋőľ áĺáâěňë (á ãçěâőň äăłâĺçěáłőčő ŕàěŋěąàěęěŋĺï íääěłâăňĺ ŕőćěàåŋőáâŋőčő ćğăĺňőďěľáâćĺï) àăćŋë áãňňě ãàőćŋěľ áĺáâěň (1) ĺ (2):

E_{ik} = E_i + E_k (2.3)

čďě E_k { ãàőćŋĺ áĺáâěňë (1), E_i { ãàőćŋĺ íŋěàčĺĺ âěàňőáâăâă (2).

Śâăâĺáâĺçěáłĺľ őŕěàăâőà (ňăâàĺæă ŕńőâŋőáâĺ) ŕőńŋőľ (ğăňłŋãâőľ!) áĺáâěňë ĺňěěâ ćĺď: ρ(xy; x^′y^′) = ∑ ik w_{ik}ψ_{ik}(x, y)ψ^⋆_{ik}(x^′, y^′) (2.4) čďě w_{ik} őŕàěďěńïěâáï, ć áőőâćěâáâćĺĺ á ŋăèĺň őáŋőćŋëň ŕőáâãńăâőň, ňĺłàőłăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň (1.58): w(E_{ik}) = { [˙(E)]^{−1} ŕàĺ E ≤ E_{ik} ≤ E + ´E 0 ćŋě íâőčő áńőï (2.5)

2Ŋăŕàĺňěà, âěŕńőćőľ łőŋâăłâ âěńă á âěàňőáâăâőň őáãéěáâćńïěâáï çěàěğ áâěŋłĺ áőáãďă ĺ ïćńïěâáï ňăńëň ŕőćěàåŋőáâŋëň íääěłâőň.

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 47

Ňăâàĺæã ŕńőâŋőáâĺ ĺğãçăěňőľ áĺáâěňë (1) ŕőńãçĺň, ćëçĺáńĺć èŕãà őâ ŕőńŋőčő áâăâőŕěàăâőàă ŕő łőőàďĺŋăâăň âěàňőáâăâă (áĺáâěňë (2))^3:

ρ(x, x^′) = Sp_2ρ(xy; x^′y^′) = ∑ ik w_{ik} ∫ dyψ_{ik}(x, y)ψ^⋆_{ik}(x^′, y) (2.6) őâłãďă, á ŕőňőéìî (2.2) ĺ ĺáŕőńìğãï őàâőŋőàňĺàőćăŋŋőáâì ćőńŋőćëå äãŋłæĺľ, ŋěňěďńěŋŋő ŕőńãçăěň: ρ(x, x^′) = ∑ k w_kψ_k(x)ψ^⋆_k(x^′) (2.7) čďě w_k = ∑ i w_{ik} (2.8)

Őâáîďă ïáŋő, çâő ďńï âőčő çâőąë ŋăľâĺ àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ àěăńĺğăæĺĺ áőáâőïŋĺľ ć áĺáâěňě (1), ŋãęŋő ŕàőáãňňĺàőćăâì àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ć ŕőńŋőľ áĺáâěňě ŕő ćáěň áőáâőïŋĺïň âěàňőáâăâă (ďăńěě őąőğŋăçăěň ďńï łàăâłőáâĺ E_{ik} = E):

w(E_k) = ∑ i w(E_i + E_k)|_{Ei +Ek =E} = 1 ˙(E) ∑ i 1|_{Ei=E−Ek} . (2.9) §áŋő, çâő (2.9) áćőďĺâáï ł: w(E_k) =

˙_2(E − E_k) ˙(E)

(2.10)

čďě ˙_2(E − E_k) { çĺáńő łćăŋâőćőňěåăŋĺçěáłĺå áőáâőïŋĺľ âěàňőáâăâă, áőőâćěâáâćãîéĺå íŋěàčĺĺ E − E_k, ă ˙(E) { çĺáńő áőáâőïŋĺľ ŕőńŋőľ áĺáâěňë, áőőâćěâáâćãîéĺå íŋěàčĺĺ E.

Ććőďï íŋâàőŕĺî âěàňőáâăâă S_2(E) ĺ íŋâàőŕĺî ćáěľ áĺáâěňë S(E) á ŕőňőéìî (1.170) ŕěàěŕĺèěň (2.10) ć ćĺďě:

w(E_k) = exp{S_2(E − E_k) − S(E)} (2.11)

Şçĺâëćăï, çâő ŋăèă áĺáâěňă (1) ňăńă ŕő áàăćŋěŋĺî á âěàňőáâăâőň, âăł çâő ĺ E_k ≪ E, ŕàőćěďěň àăğńőęěŋĺě:

S_2(E − E_k) ≈ S_2(E) − ∂S_2 ∂E E_k (2.12)

Ŕőďáâăćńïï (2.12) ć (2.11) ŕőńãçăěň:

w(E_k) = A exp ( − E_k T ) (2.13)

čďě ććěńĺ âěňŕěàăâãàã T (âěàňőáâăâă!) łăł: 1 T = ∂S_2(E) ∂E = ∂ ln ˙_2(E) ∂E (2.14)

Šăłőě őŕàěďěńěŋĺě (őąàăâŋőľ) âěňŕěàăâãàë áőćŕăďăěâ á âěàňőďĺŋăňĺçěáłĺň, ěáńĺ őâőęďěáâćĺâì ŋăèã áâăâĺáâĺçěáłãî íŋâàőŕĺî á âěàňőďĺŋăňĺçěáłőľ. Ć (2.13) A =

3İâő ćŕőńŋě ăŋăńőčĺçŋő âőňã, łăł ćëèě ňë ŕőńãçăńĺ, ŋăŕàĺňěà, őďŋőçăáâĺçŋãî ňăâàĺæã ŕńőâŋőáâĺ ĺğ ďćãåçăáâĺçŋőľ.

48 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

exp{S_2(E) − S(E)} = const, ŋě ğăćĺáïéăï őâ E_k, â.ě. őâ áőáâőïŋĺï ĺŋâěàěáãîéěľ ŋăá áĺáâěňë (1), łőâőàãî, äăłâĺçěáłĺ ąãďěň őŕàěďěńïâì ĺğ ãáńőćĺï ŋőàňĺàőćłĺ. Ćëàăęěŋĺě (2.13) { őďŋă ĺğ ćăęŋěľèĺå äőàňãń áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ, őŋă őŕàěďěńïěâ áâăâĺáâĺçěáłőě àăáŕàěďěńěŋĺě ďńï ŕàőĺğćőńìŋőčő ňăłàőáłőŕĺçěáłőčő âěńă, ïćńïîéěčőáï áàăćŋĺâěńìŋő ňăńőľ çăáâìî ŋěłőâőàőľ ąőńìèőľ ğăňłŋãâőľ áĺáâěňë (ă íâő, ŕő áãâĺ ďěńă, ěáâì ŋăĺąőńěě őąéĺľ áńãçăľ, á łőâőàëň ŕàĺåőďĺâáï ĺňěâì ďěńő ŕàĺ àěèěŋĺĺ àěăńìŋëå ğăďăç { őłàãęăîéăï áàěďă ćáěčďă ěáâì!). Ćëàăęěŋĺě (2.13) ŋăğëćăěâáï łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň Čĺąąáă.

Ŋőàňĺàőćőçŋăï ŕőáâőïŋŋăï A őŕàěďěńïěâáï ãáńőćĺěň ∑ k w_k = 1, őâłãďă ĺ ĺğ (2.13) áàăğã ŕőńãçăěň: 1 A ≡ Z = ∑ k e^{− EkT} . (2.15)

Ććěďěŋŋãî ğďěáì ćěńĺçĺŋã Z ŋăğëćăîâ áâăâĺáâĺçěáłőľ áãňňőľ. Ś ŕőňőéìî âăłőčő őąőğŋăçěŋĺï łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě (2.13) ŕěàěŕĺáëćăěâáï ć áńěďãîéěň áâăŋďăàâŋőň ćĺďě^4:

w(E_k) = Z^{−1} exp ( − E_k T ) (2.16)

Śàěďŋěě ğŋăçěŋĺě ńîąőľ äĺğĺçěáłőľ ćěńĺçĺŋë, őŕĺáëćăěňőľ őŕěàăâőàőň f, ňőęŋő âěŕěàì áőáçĺâăâì á ŕőňőéìî àăáŕàěďěńěŋĺï Čĺąąáă łăł: < f >= ∑ k w_kf_{kk} = ∑ k f_{kk}e^{− EkT} ∑ k e^{− Ek}T (2.17)

čďě f_{kk} { ďĺăčőŋăńìŋëľ ňăâàĺçŋëľ íńěňěŋâ f ŕő ćőńŋőćëň äãŋłæĺïň, áőőâćěâáâćãîéĺň âőçŋëň ãàőćŋïň íŋěàčĺĺ áĺáâěňë E_k.

Ć łńăááĺçěáłőľ áâăâĺáâĺłě ňőęŋő ďěľáâćőćăâì áőćěàèěŋŋő ăŋăńőčĺçŋëň őąàăğőň. Ćëďěńĺň ĺğ ğăňłŋãâőľ łńăááĺçěáłőľ áĺáâěňë ňăńãî çăáâì (ŕőďáĺáâěňã), âőčďă íńěňěŋâ őąêěňă d`_0 äăğőćőčő ŕàőáâàăŋáâćă ćáěľ (ŕőńŋőľ) áĺáâěňë ňőęŋő ğăŕĺáăâì ć ćĺďě d`_0 = d`^′d`, čďě d` őâŋőáĺâáï ł ŋăèěľ ŕőďáĺáâěňě, ă d`^′ ł âěàňőáâăâã (őłàãęăîéěľ áàěďě). Ŋăá ĺŋâěàěáãěâ äãŋłæĺï àăáŕàěďěńěŋĺï ďńï ŕőďáĺáâěňë, ă čďě ŋăåőďĺâáï ć äăğőćőň ŕàőáâàăŋáâćě âěàňőáâăâ ŋăá ŋě ĺŋâěàěáãěâ, ŕőíâőňã ŕő ŕěàěňěŋŋëň âěàňőáâăâă ŋãęŋő ŕàőĺŋâěčàĺàőćăâì. Šőčďă ŕő ŕàĺŋæĺŕã àăćŋőćěàőïâŋőáâĺ áőáâőïŋĺľ ć ňĺłàőłăŋőŋĺçěáłőň ăŋáăňąńě (őŕĺáëćăîéěň ŕőńŋãî ğăňłŋãâãî áĺáâěňã { ŕőďáĺáâěňă + âěàňőáâăâ) ŕàőáâő ŕőńãçăěň:

dw ∼ ˙^′d` (2.18)

čďě ˙^′ { äăğőćëľ őąêěň (áâăâćěá) âěàňőáâăâă. Ŕěàěŕĺèěň âěŕěàì íâőâ áâăâćěá çěàěğ íŋâàőŕĺî:

˙^′ ∼ exp{S^′(E_0 − E(p, q))} (2.19)

čďě E_0 { íŋěàčĺï ćáěľ ğăňłŋãâőľ áĺáâěňë, ă E(p, q) { íŋěàčĺï ŕőďáĺáâěňë. Ŕőáńěďŋïï ğăŕĺáì ŕàőáâő ãçĺâëćăěâ, çâő íŋěàčĺï âěàňőáâăâă E^′ = E_0 − E(p, q), âăł łăł E_0 = E^′ + E(p, q), ěáńĺ ćğăĺňőďěľáâćĺěň ŕőďáĺáâěňë ĺ âěàňőáâăâă ňőęŋő ŕàăłâĺçěáłĺ ŕàěŋěąàěçì. Šěŕěàì ćáě ŕàőáâő: dw = ρ(p, q)d` ∼ exp{S^′(E_0 − E(p, q))}d` (2.20) 4Ěáńĺ ĺğňěàïâì âěňŕěàăâãàã ć čàăďãáăå, ă ŋě ć íŋěàčěâĺçěáłĺå ěďĺŋĺæăå, łăł íâő ďěńăěň ňë ćő ćáěň łãàáě, âő ćěğďě ŋăďő áďěńăâì ğăňěŋã T → k_BT , čďě k_B = 1.38 10^{−16}íàč čàăď { ŕőáâőïŋŋăï Ąőńìæňăŋă. Ć çăáâŋőáâĺ âőčďă k_B ďőąăćĺâáï ĺ ć őŕàěďěńěŋĺě íŋâàőŕĺĺ: S = k_B ln ˙.

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 49

âăł çâő ρ(p, q) ∼ exp{S^′(E_0 − E(p, q))} (2.21) Łăł ĺ ćëèě ŕàőćěďěň àăğńőęěŋĺě: S^′(E_0 − E(p, q)) ≈ S^′(E_0) − E(p, q) dS^′(E_0) dE_0 = S^′(E_0) − E(p, q) T (2.22)

čďě őŕïâì ććěńĺ âěňŕěàăâãàã âěàňőáâăâă T . Ć ĺâőčě ŕőńãçăěň łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě: ρ(p, q) = Ae^{− E(p,q)T} (2.23) čďě E(p, q) { íŋěàčĺï ĺğãçăěňőčő âěńă (ŕőďáĺáâěňë ć âěàňőáâăâě), łăł äãŋłæĺï ěčő łőőàďĺŋăâ ĺ ĺňŕãńìáőć. Ŋőàňĺàőćőçŋăï ŕőáâőïŋŋăï A őŕàěďěńïěâáï ãáńőćĺěň: ∫ d`ρ(p, q) = A ∫ d`e^{− E(p,q)T} = 1 Z = A^{−1} = ∫ d`e^{− E(p,q)T} (2.24) čďě Z ňőęŋő ŋăğëćăâì áâăâĺáâĺçěáłĺň ĺŋâěčàăńőň.

Ćěàŋěňáï ł łćăŋâőćőňã áńãçăî. Łăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî Čĺąąáă áőőâćěâáâćãěâ áâăâĺáâĺçěáłĺľ őŕěàăâőà (ňăâàĺæă ŕńőâŋőáâĺ) ćĺďă: ρ(x, x^′) = Z^{−1} ∑ k e^{− EkT} ψ_k(x)ψ^⋆_k(x^′) (2.25)

čďě x { áőćőłãŕŋőáâì łőőàďĺŋăâ (ĺ ćőğňőęŋő áŕĺŋőć) çăáâĺæ (ěáńĺ àăąőâăěň ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ), ψ_k(x) { áőąáâćěŋŋëě äãŋłæĺĺ čăňĺńìâőŋĺăŋă H.

Ććěďěň őŕěàăâőà exp ( −^H_T ) . Šőčďă ňőęŋő ğăŕĺáăâì łőňŕăłâŋőě őŕěàăâőàŋőě ćëàăęěŋĺě ďńï łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï:

ρ = Z^{−1} exp ( − H T ) (2.26)

ĺ ďńï áâăâáãňňë: Z = Sp exp ( − H T ) (2.27)

Ďăŋŋőě ćëàăęěŋĺě ďńï áâăâáãňňë őçěŋì ãďőąŋő, âăł łăł ĺğ-ğă ĺŋćăàĺăŋâŋőáâĺ őŕěàăæĺĺ Sp őâŋőáĺâěńìŋő ŕàěďáâăćńěŋĺï ňăâàĺæ őŋő ŋě ğăćĺáĺâ őâ ćëąőàă äãŋłæĺľ ψ_k(x), łőâőàëě ňőčãâ ĺ ŋě ąëâì áőąáâćěŋŋëňĺ äãŋłæĺïňĺ H.

Ďő áĺå ŕőà ňë čőćőàĺńĺ ő łăŋőŋĺçěáłőň àăáŕàěďěńěŋĺĺ Čĺąąáă łăł ő áâăâĺáâĺçěáłőň àăáŕàěďěńěŋĺĺ ďńï ŕőďáĺáâěňë ćŋãâàĺ ąőńìèőľ ğăňłŋãâőľ áĺáâěňë. Ğăňěâĺň, çâő ćëèě ć (1.56) ňë, äăłâĺçěáłĺ, ãęě ŕőńãçăńĺ ěčő ŕőçâĺ \ĺğ ŋĺçěčő", ŕàĺ őąáãęďěŋĺĺ àőńĺ íŋěàčĺĺ ĺ ďàãčĺå ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï. Ŕàőćěďěŋŋëľ âăň ćëćőď, ć ŕàĺŋæĺŕě, ćŕőńŋě ŕàăćĺńěŋ, ŋő őŋ ŋě ćŕőńŋě àăáłàëćăěâ äĺğĺçěáłĺľ áňëáń íâőčő àăáŕàěďěńěŋĺï. Ćăęŋő ŕőďçěàłŋãâì, çâő łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ňőęŋő á ãáŕěåőň ŕàĺňěŋïâì ĺ ďńï őŕàěďěńěŋĺï őáŋőćŋëå áâăâĺáâĺçěáłĺå áćőľáâć ğăňłŋãâëå áĺáâěň. Ďěľáâćĺâěńìŋő, ğŋăçěŋĺï âěàňőďĺŋăňĺçěáłĺå åăàăłâěàĺáâĺł âěń ŋě ğăćĺáïâ őâ âőčő, àăááňăâàĺćăěň-ńĺ ňë âěńő łăł ğăňłŋãâőě ĺńĺ łăł ŕőňěéěŋŋőě ć ćőőąàăęăěňëľ âěàňőáâăâ. Őâńĺçĺě ğăňłŋãâőčő âěńă őâ ŋěğăňłŋãâőčő ŕàőïćńïěâáï,

50 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

ŕő áãéěáâćã, ńĺèì ŕàĺ àăááňőâàěŋĺĺ áàăćŋĺâěńìŋő ňăńő ĺŋâěàěáŋőčő ćőŕàőáă ő äńãłâãăæĺïå ŕőńŋőľ íŋěàčĺĺ âěń. Łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ďăěâ ďńï áàěďŋěľ äńãłâãăæĺĺ íâőľ ćěńĺçĺŋë őâńĺçŋőě őâ ŋãńï ğŋăçěŋĺě, łőâőàőě ďńï âěńă, ŋăåőďïéěčőáï ć áàěďě, ĺňěěâ àěăńìŋëľ áňëáń, ă ďńï ğăňłŋãâőčő âěńă äĺłâĺćŋő, ŕőáłőńìłã íŋěàčĺï âăłőčő âěńă ŕő őŕàěďěńěŋĺî ŕőáâőïŋŋă ĺ ŋě äńãłâãĺàãěâ. Ć âőęě ćàěňï, łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă ŋěáàăćŋěŋŋő ãďőąŋěě ďńï ŕàőćěďěŋĺï łőŋłàěâŋëå àăáçěâőć, ŋěęěńĺ ňĺłàőłăŋőŋĺçěáłőě. Ĺňěŋŋő őŋő àěăńìŋő ĺ ĺáŕőńìğãěâáï, áőáâăćńïï őáŋőćã ăŕŕăàăâă áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ.

Řăáŕàěďěńěŋĺě Ňăłáćěńńă.

Ć łăçěáâćě ŕàĺňěàă ŕàőáâěľèěčő, ŋő ćăęŋőčő, ŕàĺňěŋěŋĺï łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï àăááňőâàĺň ćëćőď á ěčő ŕőňőéìî àăáŕàěďěńěŋĺï Ňăłáćěńńă. İŋěàčĺï E(p, q) ć łńăááĺçěáłőň áńãçăě ćáěčďă ňőęěâ ąëâì ŕàěďáâăćńěŋă ć ćĺďě áãňňë łĺŋěâĺçěáłőľ ĺ ŕőâěŋæĺăńìŋőľ íŋěàčĺľ. Łĺŋěâĺçěáłăï íŋěàčĺï ĺňěěâ ćĺď łćăďàăâĺçŋőľ äőàňë ŕő ĺňŕãńìáăň őâďěńìŋëå ăâőňőć âěńă, ă ŕőâěŋæĺăńìŋăï ďăěâáï ŋěłőâőàőľ äãŋłæĺěľ ĺå łőőàďĺŋăâ, ğăćĺáïéěľ őâ ğăłőŋă ćğăĺňőďěľáâćĺï ĺ ćŋěèŋěčő ŕőńï, ěáńĺ âăłőćőě ĺňěěâáï:

E(p, q) = K(p) + U (q) (2.28)

âăł çâő ćěàőïâŋőáâì dw = ρ(p, q)dpdq ğăŕĺáëćăěâáï ć ćĺďě: dw = Ae^{− K(p)T} e^{− U(q)T} dpdq (2.29) â.ě. àăğąĺćăěâáï ŋă ŕàőĺğćěďěŋĺě ďćãå ňŋőęĺâěńěľ, ĺğ łőâőàëå őďĺŋ ğăćĺáĺâ âőńìłő őâ ĺňŕãńìáőć, ă ďàãčőľ { âőńìłő őâ łőőàďĺŋăâ. İâő őğŋăçăěâ, çâő àăáŕàěďěńěŋĺï ćěàőïâŋőáâěľ ďńï ĺňŕãńìáőć (áłőàőáâěľ) ĺ łőőàďĺŋăâ ŋěğăćĺáĺňë ďàãč őâ ďàãčă. Ŕőíâőňã ňőęŋő ŋăŕĺáăâì: dw_p = ae^{− K(p)T} dp (2.30) dw_q = be^{− U(q)T} dq (2.31) Łăęďăï ĺğ íâĺå äãŋłæĺľ àăáŕàěďěńěŋĺï ňőęěâ ąëâì ŋőàňĺàőćăŋă ŋă ěďĺŋĺæã, çâő ĺ őŕàěďěńĺâ ŋőàňĺàőćőçŋëě łőŋáâăŋâë a ĺ b.

Řăááňőâàĺň àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ďńï ĺňŕãńìáőć (áłőàőáâěľ), łőâőàőě, ć àăňłăå łńăááĺçěáłőčő ŕőďåőďă, ŋě ğăćĺáĺâ őâ ćĺďă ćğăĺňőďěľáâćĺï çăáâĺæ ćŋãâàĺ áĺáâěňë ĺńĺ őâ ćŋěèŋěčő ŕőńï ĺ ïćńïěâáï, ć íâőň áňëáńě, ãŋĺćěàáăńìŋëň. Ďńï ăâőňă á ňăááőľ m ĺňěěň^5:

dw_p = a exp ( − 1 2mT (p^2_x + p^2_y + p^2_z) ) dp_xdp_ydp_z (2.32)

őâłãďă, ć çăáâŋőáâĺ, ćĺďŋő, çâő ĺ àăáŕàěďěńěŋĺï őâďěńìŋëå łőňŕőŋěŋâ ĺňŕãńìáă âăłęě ŋěğăćĺáĺňë. Ŕőáâőïŋŋãî a őŕàěďěńĺň ĺğ ãáńőćĺï ŋőàňĺàőćłĺ. Ś ŕőňőéìî

5Łĺŋěâĺçěáłăï íŋěàčĺï ćáěčő âěńă { áãňňă łĺŋěâĺçěáłĺå íŋěàčĺľ łăęďőčő ĺğ ćåőďïéĺå ć ŋěčő ăâőňőć, âăł çâő ćěàőïâŋőáâì őŕïâì àăáŕăďăěâáï ŋă ŕàőĺğćěďěŋĺě ňŋőęĺâěńěľ, łăęďëľ ĺğ łőâőàëå ğăćĺáĺâ őâ ĺňŕãńìáőć őďŋőčő ăâőňă.

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 51

ĺğćěáâŋőľ äőàňãńë Ŕãăááőŋă-Čăãááă^6: I = ∫_∞ −∞ dxe^{−αx2} = √ π α (2.33)

ŋăåőďĺň a ∫_∞ −∞ dp_x ∫_∞ −∞ dp_y ∫_∞ −∞ dp_z exp [ − 1 2mT (p^2_x + p^2_y + p^2_z) ] = = a (∫_∞ −∞ dpe^{−p2/2mT} )_3 = a(2πmT )^{3/2} âăł çâő:

a = (2πmT )^{−3/2} (2.34) Őłőŋçăâěńìŋő àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ďńï ĺňŕãńìáőć ĺňěěâ ćĺď: dw_p = 1 (2πmT )^{3/2} exp ( − p^2_x + p^2_y + p^2_z 2mT ) dp_xdp_ydp_z (2.35)

Ŕěàěåőďï őâ ĺňŕãńìáőć ł áłőàőáâïň, ňőęŋő ŋăŕĺáăâì ăŋăńőčĺçŋőě àăáŕàěďěńěŋĺě ďńï áłőàőáâěľ:

dwv =^{( m}2_{πT}^{)3/2} exp ( − m(v^2_x + v^2_y + v^2_z ) 2T ) dv_xdv_ydv_z (2.36)

İâő ĺ ěáâì àăáŕàěďěńěŋĺě Ňăłáćěńńă { őďĺŋ ĺğ ŕěàćëå àěğãńìâăâőć łńăááĺçěáłőľ áâăâĺáâĺłĺ. Ťăłâĺçěáłĺ, őŋő àăáŕăďăěâáï ŋă ŕàőĺğćěďěŋĺě âàěå ŋěğăćĺáĺňëå ňŋőęĺâěńěľ: dw_{vx} = √ m 2πT e^{− mv} 2_x 2T dv_x... (2.37) łăęďëľ ĺğ łőâőàëå őŕàěďěńïěâ àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ďńï őâďěńìŋőľ łőňŕőŋěŋâë áłőàőáâĺ.

Ğăňěâĺň, çâő àăáŕàěďěńěŋĺě Ňăłáćěńńă ĺňěěâ ňěáâő ĺ ďńï ŕőáâãŕăâěńìŋőčő ďćĺęěŋĺï ňőńěłãń (ŋăŕàĺňěà, ć ňŋőčőăâőňŋőň čăğě), ćŋě ğăćĺáĺňőáâĺ őâ åăàăłâěàă ćŋãâàĺňőńěłãńïàŋőčő ďćĺęěŋĺï ăâőňőć (m ć íâőň áńãçăě { ňăááă ňőńěłãńë), őŋő ęě áŕàăćěďńĺćő ďńï ąàőãŋőćáłőčő ďćĺęěŋĺï çăáâĺæ, ćğćěèěŋŋëå ć ęĺďłőáâĺ.

Ěáńĺ őâ ďěłăàâőćëå łőőàďĺŋăâ ć ŕàőáâàăŋáâćě áłőàőáâěľ ŕěàěľâĺ ł áäěàĺçěáłĺň, ŕőńãçĺň:

dwv =^{( m}2_{πT}^{)3/2} e^{− mv22T} v^2 sin θdθdφdv (2.38)

čďě v { ăąáőńîâŋăï ćěńĺçĺŋă áłőàőáâĺ, ă θ ĺ φ { ŕőńïàŋëľ ĺ ăğĺňãâăńìŋëľ ãčńë, őŕàěďěńïîéĺě ŋăŕàăćńěŋĺě ćěłâőàă áłőàőáâĺ v. Ĺŋâěčàĺàãï ŕő ãčńăň, ŋăåőďĺň àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ďńï ăąáőńîâŋőľ ćěńĺçĺŋë áłőàőáâĺ: dw_v = 4π ( m 2πT )_{3/2} e^{− mv22T} v^2dv (2.39)

6Ńěčłő ćĺďěâì, çâő I^2 = ∫_∞ −∞ dxe^{−αx2} ∫_∞ −∞ dye^{−αy2} = ∫_∞ −∞ dx ∫_∞ −∞ dye^{−α(x2 +y2)} = 2π ∫_∞ 0 dρρe^{−αρ2} = π ∫_∞ 0 dze^{−αz} = π/α, çâő ĺ ďőłăğëćăěâ äőàňãńã Ŕãăááőŋă-Čăãááă

52 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

Ć łăçěáâćě ŕàőáâőčő ŕàĺňěàă ŕàĺňěŋěŋĺï àăáŕàěďěńěŋĺï Ňăłáćěńńă, ćëçĺáńĺň áàěďŋěě ğŋăçěŋĺě łĺŋěâĺçěáłőľ íŋěàčĺĺ ăâőňă. Ďńï ńîąőľ ĺğ ďěłăàâőćëå łőňŕőŋěŋâ áłőàőáâĺ ĺňěěň^7:

< v^2_x >= √ m 2πT ∫_∞ −∞ dv_xv^2_xe^{− mv} 2_x

2T = T m (2.40)

Ŕőíâőňã áàěďŋěě ğŋăçěŋĺě łĺŋěâĺçěáłőľ íŋěàčĺĺ ăâőňă àăćŋő 3T /2, â.ě. 3k_BT /2 ŕàĺ ĺğňěàěŋĺĺ âěňŕěàăâãàë ć čàăďãáăå. Šőčďă áàěďŋïï łĺŋěâĺçěáłăï íŋěàčĺï ćáěå çăáâĺæ âěńă ć łńăááĺçěáłőľ áâăâĺáâĺłě ćáěčďă àăćŋă 3N T /2, čďě N { ŕőńŋőě çĺáńő ăâőňőć.

Śćőąőďŋăï íŋěàčĺï ć àăáŕàěďěńěŋĺĺ Čĺąąáă.

Ć áőőâćěâáâćĺĺ á ćëàăęěŋĺěň (1.175) íŋâàőŕĺï âěńă ňőęěâ ąëâì ćëçĺáńěŋă łăł áàěďŋěě ğŋăçěŋĺě ńőčăàĺäňă äãŋłæĺĺ àăáŕàěďěńěŋĺï:

S = − < ln w_k >= − ∑ k w_k ln w_k (2.41)

Ŕőďáâăćńïï áîďă łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć ćĺďě (2.16), ŕőńãçăěň, çâő: − < ln w_k >= ln Z +^1_T ∑ k w_kE_k = ln Z +^{<E>}_T , čďě < E >= ∑ k w_kE_k { áàěďŋïï íŋěàčĺï. Ŕőáłőńìłã áàěďŋïï íŋěàčĺï < E > { íâő łăł àăğ âő, çâő ŕőŋĺňăěâáï ŕőď íŋěàčĺěľ âěńă E ć âěàňőďĺŋăňĺłě, ňőęěň ŋăŕĺáăâì (2.41) ć ćĺďě: S = ln Z +^E_T , ĺńĺ, ãçĺâëćăï, çâő áćőąőďŋăï íŋěàčĺï ć âěàňőďĺŋăňĺłě F = E − T S:

F = −T ln Z = −T ln ∑ k e^{− EkT} (2.42)

İâő ćëàăęěŋĺě ďăěâ őáŋőćŋãî äőàňãńã àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ { ćëàăęěŋĺě ďńï áćőąőďŋőľ íŋěàčĺĺ ŕàőĺğćőńìŋőľ áĺáâěňë çěàěğ ěě áâăâĺáâĺçěáłãî áãňňã. Ťăłâĺçěáłĺ, íâőâ äãŋďăňěŋâăńìŋëľ àěğãńìâăâ őğŋăçăěâ, çâő ďńï ćëçĺáńěŋĺï áćőąőďŋőľ íŋěàčĺĺ âěńă ďőáâăâőçŋő ğŋăâì ěčő âőçŋëľ íŋěàčěâĺçěáłĺľ áŕěłâà. Ŕàĺ íâőň ğŋăŋĺï, áłăęěň, ćőńŋőćëå äãŋłæĺľ ŋě âàěąãěâáï, ă ğăďăçă ŋăåőęďěŋĺï áŕěłâàă ãàăćŋěŋĺï Ÿàěďĺŋčěàă, ć ŕàĺŋæĺŕě, ŕàőéě ŕőńŋőľ łćăŋâőćőňěåăŋĺçěáłőľ ğăďăçĺ, ćłńîçăîéěľ ĺ ŋăåőęďěŋĺě ćőńŋőćëå äãŋłæĺľ (áőąáâćěŋŋëå ćěłâőàőć).

Ĺğ (2.42) ćĺďŋő, çâő ŋőàňĺàőćőçŋëľ ňŋőęĺâěńì ć àăáŕàěďěńěŋĺĺ Čĺąąáă (2.16), äăłâĺçěáłĺ, ćëàăęăěâáï çěàěğ áćőąőďŋãî íŋěàčĺî:^1_Z = e^FT , âăł çâő (2.16) ňőęěâ ąëâì ğăŕĺáăŋő ć ćĺďě:

w_k = exp ( F − E_k T ) (2.43)

ć łőâőàőň őŋő çăáâő ĺ ŕàĺňěŋïěâáï.

7Ďńï ĺŋâěčàăńă őąéěčő ćĺďă In = ∫_∞ 0 dxx^ne^{−αx2} ĺňěěň: In =^1_2 α^{− n+1}2`

(_{n+1} 2 ) , čďě `(x) { `-äãŋłæĺï, ğŋăçěŋĺï łőâőàőľ ŕàĺ ŕőńãæěńëå ğŋăçěŋĺïå ăàčãňěŋâă åőàőèő ĺğćěáâŋë.

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 53

Ăŋăńőčĺçŋëň őąàăğőň, ć łńăááĺçěáłőň áńãçăě, ĺáŕőńìğãï (1.167), (2.23) ĺ (2.24), ŕőńãçăěň:

ρ(p, q) = exp ( F − E(p, q) T ) (2.44) čďě F = −T ln ∫ d` exp ( − E(p, q) T ) (2.45)

čďě d` =^{dpdq}_{(2πh̄)3N N!} . Šăłĺň őąàăğőň ć łńăááĺłě áâăâáãňňă ğăňěŋïěâáï áâăâĺáâĺçěáłĺň ĺŋâěčàăńőň. Ś ãçěâőň âőčő, çâő E(p, q) ćáěčďă ňőęěâ ąëâì ŕàěďáâăćńěŋă ć ćĺďě áãňňë łĺŋěâĺçěáłőľ K(p) ĺ ŕőâěŋæĺăńìŋőľ U (q) íŋěàčĺĺ, ă łĺŋěâĺçěáłăï íŋěàčĺï ěáâì łćăďàăâĺçŋăï äőàňă ŕő ĺňŕãńìáăň, ĺŋâěčàĺàőćăŋĺě ŕő ĺňŕãńìáăň ć áâăâĺáâĺçěáłőň ĺŋâěčàăńě ňőęŋő ćëŕőńŋĺâì ć őąéěň ćĺďě (áà. ćëèě ćëćőď àăáŕàěďěńěŋĺï Ňăłáćěńńă!). Ŕőíâőňã ğăďăçă ő ćëçĺáńěŋĺĺ áâăâĺáâĺçěáłőčő ĺŋâěčàăńă áćőďĺâáï ł ğăďăçě ĺŋâěčàĺàőćăŋĺï ŕő ćáěň łőőàďĺŋăâăň äãŋłæĺĺ e^{− U(q)}T , çâő, łőŋěçŋő, ć őąéěň áńãçăě ŋěćőğňőęŋő áďěńăâì âőçŋő.

Řăáŕàěďěńěŋĺě Čĺąąáă á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ.

Ďő áĺå ŕőà ňë ňőńçăńĺćő ŕàěďŕőńăčăńĺ, çâő çĺáńő çăáâĺæ ć âěńě ěáâì ŋěłőâőàăï ğăďăŋŋăï ŕőáâőïŋŋăï ćěńĺçĺŋă. Ć ďěľáâćĺâěńìŋőáâĺ, ňěęďã àăğńĺçŋëňĺ ŕőďáĺáâěňăňĺ ąőńìèőľ áĺáâěňë ňőęěâ ŕàőĺáåőďĺâì őąňěŋ çăáâĺæăňĺ. Ůĺáńő çăáâĺæ N ć ŕőďáĺáâěňě ąãďěâ äńãłâãĺàőćăâì ćąńĺğĺ áćőěčő áàěďŋěčő ğŋăçěŋĺï. Ťãŋłæĺï àăáŕàěďěńěŋĺï ğăćĺáĺâ âěŕěàì ŋě âőńìłő őâ íŋěàčĺĺ łćăŋâőćőčő áőáâőïŋĺï, ŋő ĺ őâ çĺáńă çăáâĺæ N ć âěńě, ŕàĺçěň áăňĺ ãàőćŋĺ íŋěàčĺĺ E_{kN} âőęě àăğńĺçŋë ŕàĺ àăğŋëå N . Ćěàőïâŋőáâì âěńã áőďěàęăâì N çăáâĺæ ĺ ŋăåőďĺâìáï ŕàĺ íâőň ć k-ň áőáâőïŋĺĺ ąãďěň őąőğŋăçăâì w_{kN} . Ćĺď íâőľ äãŋłæĺĺ ňőęŋő őŕàěďěńĺâì ć âőçŋőáâĺ âěň ęě áŕőáőąőň, łăłĺň ćëèě ąëńă ŕőńãçěŋă äãŋłæĺï w_k.

Ŕãáâì ğăňłŋãâăï áĺáâěňă á íŋěàčĺěľ E^{(0)} ĺ çĺáńőň çăáâĺæ N^{(0)} áőáâőĺâ ĺğ ďćãå áńăąő ćğăĺňőďěľáâćãîéĺå ŕőďáĺáâěň á íŋěàčĺïňĺ E^′ (âěàňőáâăâ) ĺ E_{kN} (ňăńăï ŕőďáĺáâěňă) ĺ çĺáńăňĺ çăáâĺæ N^′ (âěàňőáâăâ) ĺ N (ŕőďáĺáâěňă):

E^{(0)} = E_{kN} + E^′ N^{(0)} = N + N^′ (2.46)

Ŕàěďŕőńăčăěň, çâő ĺŋâěàěáãîéăï ŋăá ŕőďáĺáâěňă ňăńă ŕő áàăćŋěŋĺî á âěàňőáâăâőň (àěğěàćãăàőň çăáâĺæ):

E_{kN} ≪ E^′ N ≪ N^′ (2.47) Ŕőáłőńìłã ŕőńŋăï áĺáâěňă áçĺâăěâáï ğăňłŋãâőľ, ł ŋěľ ňőęŋő őŕïâì ŕàĺňěŋĺâì ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě. Ăŋăńőčĺçŋő âőňã, łăł íâő ďěńăńőáì ćëèě ŕàĺ ćëćőďě łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï, ŋăľďěň àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ć ňăńőľ ŕőďáĺáâěňě w_{kN} , ŕàőáãňňĺàőćăć ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ŕőńŋőľ áĺáâěňë ŕő ćáěň áőáâőïŋĺïň âěàňőáâăâă. Ć ŕőńŋőľ ăŋăńőčĺĺ á (2.10) ŕőńãçĺň: w_{kN} = ˙^′(E^{(0)} − E_{kN} , N^{(0)} − N )

˙^{(0)}(E^{(0)}, N^{(0)})

(2.48)

54 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

čďě ˙^′ { áâăâćěá âěàňőáâăâă, ˙^{(0)} { áâăâćěá ćáěľ ğăňłŋãâőľ áĺáâěňë. Ĺáŕőńìğãï őŕàěďěńěŋĺě íŋâàőŕĺĺ ŋěňěďńěŋŋő ŕőńãçăěň: w_{kN} = Const exp { S^′(E^{(0)} − E_{kN} , N^{(0)} − N ) } (2.49)

Ďăńěě ňőęŋő áŋőćă àăğńőęĺâì S^′ ŕő áâěŕěŋïň E_{kN} ĺ N , őčàăŋĺçĺćăïáì ńĺŋěľŋëňĺ çńěŋăňĺ:

S^′(E^{(0)} − E_{kN} , N^{(0)} − N ) ≈ S^′(E^{(0)}, N^{(0)}) − ( ∂S^′ ∂E ) V,N E_{kN} − ( ∂S^′ ∂N ) E,V N + ... (2.50)

Ćáŕőňŋĺň âěŕěàì âěàňőďĺŋăňĺçěáłĺě áőőâŋőèěŋĺï ďńï áĺáâěňë á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ: dE = T dS − P dV + μdN ; μ = ( ∂E ∂N ) S,V (2.51) ĺńĺ dS = dE T + P T dV − μ T dN, (2.52) őâłãďă ŕőńãçăěň: ( ∂S ∂E ) V,N = 1 T ; ( ∂S ∂N ) E,V = − μ T (2.53)

Šőčďă àăğńőęěŋĺě (2.50) ŕěàěŕĺáëćăěâáï ć ćĺďě:

S^′(E^{(0)} − E_{kN} , N^{(0)} − N ) ≈ S^′(E^{(0)}, N^{(0)}) − E_{kN} T + μN T (2.54)

ŕàĺçěň ŋãęŋő ĺňěâì ććĺďã, çâő åĺňĺçěáłĺľ ŕőâěŋæĺăń μ ĺ âěňŕěàăâãàă T ďńï âěńă (ŕőďáĺáâěňë) ĺ âěàňőáâăâă áőćŕăďăîâ ć áĺńã ãáńőćĺľ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï.

Šăłĺň őąàăğőň, ŕőńãçăěň äãŋłæĺî àăáŕàěďěńěŋĺï ć ćĺďě:

w_{kN} = A exp ( μN − E_{kN} T ) (2.55)

Ŋőàňĺàőćőçŋăï ŕőáâőïŋŋăï A őŕïâì ňőęěâ ąëâì ćëàăęěŋă çěàěğ âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë. Ďńï íâőčő ćëçĺáńĺň íŋâàőŕĺî âěńă: S = − < ln w_{kN} >= − ln A − μ T < N > + 1 T < E > (2.56) ĺńĺ T ln A =< E > −T S − μ < N > . (2.57) Őâőęďěáâćńïï < E > á âěàňőďĺŋăňĺçěáłőľ íŋěàčĺěľ âěńă E, ă < N > á âěàňőďĺŋăňĺçěáłĺň çĺáńőň çăáâĺæ N ĺ ãçĺâëćăï, çâő E − T S = F , ă F − μN ěáâì, ŕő őŕàěďěńěŋĺî, âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ˙^8, ĺňěěň T ln A = ˙, âăł çâő (2.55) ŕěàěŕĺáëćăěâáï ć ćĺďě:

w_{kN} = exp ( ˙ + μN − E_{kN} T ) (2.58)

8Ŋě ŕãâăâì áő áâăâĺáâĺçěáłĺň ćěáőň!

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 55

İâő ĺ ěáâì őłőŋçăâěńìŋăï äőàňă àăáŕàěďěńěŋĺï Čĺąąáă ďńï áĺáâěňë á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ, łőâőàăï ŋăğëćăěâáï ąőńìèĺň łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň.

Şáńőćĺě ŋőàňĺàőćłĺ àăáŕàěďěńěŋĺï (2.58) ĺňěěâ ćĺď: ∑ N ∑ k w_{kN} = e^{ΩT} ∑ N ( e^{μNT} ∑ k e^{− EkNT} ) = 1 (2.59)

Őâáîďă ŕőńãçăěň őąéěě ćëàăęěŋĺě ďńï âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ˙:

˙ = −T ln ∑ N ( e^{μNT} ∑ k e^{− EkNT} ) (2.60)

čďě ćëàăęěŋĺě ć ŕàăćőľ çăáâĺ ňőęŋő ŋăğćăâì ąőńìèőľ áâăâĺáâĺçěáłőľ áãňňőľ.

Ćëàăęěŋĺï (2.42) ĺ (2.60) őŕàěďěńïîâ âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë ŕàőĺğćőńìŋëå áĺáâěň, ŋăåőďïéĺåáï ć áőáâőïŋĺĺ àăćŋőćěáĺï. Ŕàĺ íâőň áćőąőďŋăï íŋěàčĺï F őŕàěďěńïěâáï (2.42) łăł äãŋłæĺï T , N ĺ V , ă âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń˙ őŕàěďěńïěâáï ĺğ (2.60) łăł äãŋłæĺï T , μ ĺ V .

Ăŋăńőčĺçŋő ŕàěďëďãéěňã, ć łńăááĺçěáłőľ áâăâĺáâĺłě ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ĺňěěâ ćĺď: dw_N = exp ( ˙ + μN − E_N (p, q) T ) dp^{(N)}dq^{(N)} (2π—h)^{3N} N !

≡ ρ_N d`_N (2.61)

Ŕěàěňěŋŋãî N ŕĺèěň ğďěáì ć ćĺďě ĺŋďěłáă ã äãŋłæĺĺ àăáŕàěďěńěŋĺï ĺ ã íńěňěŋâă äăğőćőčő őąêěňă, çâőąë ŕőďçěàłŋãâì, çâő łăęďőňã ğŋăçěŋĺî N áőőâćěâáâćãěâ áćőě äăğőćőě ŕàőáâàăŋáâćő (áő áćőĺň çĺáńőň ĺğňěàěŋĺľ 6N ). Ťőàňãńă ďńï ŕőâěŋæĺăńă ˙ ĺňěěâ âěŕěàì ćĺď:

˙ = −T ln { ∑ N e^{μNT} ∫ d`_N exp ( − E_N (p, q) T )} (2.62)

§áŋő, çâő ŕàĺ őŕàěďěńěŋĺĺ ćáěå áâăâĺáâĺçěáłĺå áćőľáâć âěńă, łàőňě äńãłâãăæĺľ ŕőńŋőčő çĺáńă çăáâĺæ ć ŋěň, łăŋőŋĺçěáłőě ĺ ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺï Čĺąąáă áőćěàèěŋŋő íłćĺćăńěŋâŋë. Ŕàĺ ŕàěŋěąàěęěŋĺĺ äńãłâãăæĺïňĺ çĺáńă çăáâĺæ N ĺňěěň ˙ + μN = F ĺ íâĺ àăáŕàěďěńěŋĺï ŕàőáâő áőćŕăďăîâ.

Ĺáŕőńìğőćăŋĺě âőčő ĺńĺ ĺŋőčő àăáŕàěďěńěŋĺï ć ąőńìèĺŋáâćě ğăďăç ïćńïěâáï ńĺèì ćőŕàőáőň ãďőąáâćă ćëçĺáńěŋĺľ. Ťăłâĺçěáłĺ, ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ïćńïěâáï áăňëň ŋěãďőąŋëň, ă ŋăĺąőńěě ãďőąŋëň çăáâő őłăğëćăěâáï ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě.

Ćëćőď âěàňőďĺŋăňĺçěáłĺå áőőâŋőèěŋĺľ ĺğ àăáŕàěďěńěŋĺï Čĺąąáă.

Ğăćěàèĺň âěŕěàì ŋăèě áâăâĺáâĺçěáłőě őąőáŋőćăŋĺě âěàňőďĺŋăňĺłĺ ćëćőďőň ěě őáŋőćŋëå áőőâŋőèěŋĺľ ĺğ àăáŕàěďěńěŋĺï Čĺąąáă. Ěéě ŕàĺ őąáãęďěŋĺĺ àőńĺ ăďďĺâĺćŋëå ĺŋâěčàăńőć ďćĺęěŋĺï ĺ ćëćőďě (1.56), ïćńïîéěčőáï, äăłâĺçěáłĺ, łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň Čĺąąáă, ňë őâňěçăńĺ, çâő ňŋőęĺâěńì β ŕàĺ íŋěàčĺĺ ć

56 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

(1.56) őďĺŋăłőć, ďńï ćáěå ŕőďáĺáâěň ďăŋŋőľ ğăňłŋãâőľ áĺáâěňë. Şçĺâëćăï, çâő ć łăŋőŋĺçěáłőň àăáŕàěďěńěŋĺĺ β = −1/T , ňë ŕàĺåőďĺň ł ćëćőďã, çâő íâő ãáńőćĺě íłćĺćăńěŋâŋő őąëçŋőňã âěàňőďĺŋăňĺçěáłőňã ãáńőćĺî àăćěŋáâćă âěňŕěàăâãà ďńï ćáěå çăáâěľ áĺáâěňë, ŋăåőďïéěľáï ć àăćŋőćěáĺĺ^9. Ŋěâàãďŋő ŕőŋïâì, çâő âěňŕěàăâãàă T > 0, âăł łăł ĺŋăçě ŋěĺğąěęŋő àăğőľďěâáï ŋőàňĺàőćőçŋăï áãňňă ∑ k w_k, ŕőáłőńìłã íŋěàčĺĺ ãàőćŋěľ E_k ňőčãâ ŕàĺŋĺňăâì áłőńì ãčőďŋő ąőńìèĺě ğŋăçěŋĺï. Ćáě íâĺ áćőľáâćă áőćŕăďăîâ á őáŋőćŋëňĺ áćőľáâćăňĺ âěàňőďĺŋăňĺçěáłőľ âěňŕěàăâãàë.

Ŕàĺ ćëćőďě őáŋőćŋëå âěàňőďĺŋăňĺçěáłĺå áőőâŋőèěŋĺľ ňőęŋő ŕőáâãŕăâì ŕő àăğŋőňã. Ğăŕĺèěň łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć őŕěàăâőàŋőň ćĺďě łăł:

ρ = e^{F −HT} (2.63)

Šőčďă ãáńőćĺě ŋőàňĺàőćłĺ Spρ = 1 ňőęŋő ŕěàěŕĺáăâì âăł: e^{− FT} = Sp ( e^{− HT} ) (2.64)

çâő, ŕő áãâĺ ďěńă, ïćńïěâáï őŕàěďěńěŋĺěň áćőąőďŋőľ íŋěàčĺĺ. Ŕàőďĺääěàěŋæĺàãěň íâő àăćěŋáâćő ŕő T , âőčďă ( F T^2 − 1 T ∂F ∂T ) e^{− FT} = 1 T^2 Sp ( He^{− HT} ) (2.65)

Şňŋőęăï íâő àăćěŋáâćő ŋă T^2e^FT ĺ ãçĺâëćăï < H >= E, ŕőńãçăěň őáŋőćŋőě âěàňőďĺŋăňĺçěáłőě áőőâŋőèěŋĺě Čĺąąáă-Čěńìňčőńìæă: F = E + T ∂F ∂T (2.66)

Śàăćŋĺćăï íâő ćëàăęěŋĺě á őŕàěďěńěŋĺěň F = E − T S, ŕőńãçăěň S = − ∂F ∂T = − 1 T (F − < H >) (2.67)

Ćëèě ć (1.174) ňë ćĺďěńĺ, çâő ć őŕěàăâőàŋőň ćĺďě íŋâàőŕĺï ğăŕĺáëćăěâáï łăł:

S = −Spρ ln ρ (2.68)

Šőęďěáâćěŋŋőáâì íâőčő ćëàăęěŋĺï ďńï S á ŕàěďëďãéĺň ćĺďŋă ĺğ âőčő, çâő áőčńăáŋő (2.63) ĺňěěň ln ρ =^1_T (F − H), őáâăńìŋőě őçěćĺďŋő.

Ć ďàãčőň ćăàĺăŋâě àăááãęďěŋĺľ, àăááňőâàĺň ãáńőćĺě ŋőàňĺàőćłĺ ć ćĺďě: ∑ k e^{F −EkT} = 1 (2.69)

ĺ ŕàőďĺääěàěŋæĺàãěň íâő àăćěŋáâćő, àăááňăâàĺćăï ěčő ńěćãî çăáâì łăł äãŋłæĺî T ĺ ŋěłőâőàëå ćěńĺçĺŋ λ_1, λ_2, ..., åăàăłâěàĺğãîéĺå ćŋěèŋĺě ãáńőćĺï, ć łőâőàëå ŋăåőďĺâáï àăááňăâàĺćăěňőě âěńő. İâĺ ćěńĺçĺŋë ňőčãâ, ŋăŕàĺňěà, őŕàěďěńïâì äőàňã

9Ćëàăęěŋĺě (1.56) áőćŕăďăěâ á łăŋőŋĺçěáłĺň àăáŕàěďěńěŋĺěň (2.43), ěáńĺ áçĺâăâì âăłęě, çâő α = F/T ĺ àăááňăâàĺćăâì ŕőłőïéãîáï áĺáâěňã.

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 57

ĺ àăğňěàë ğăŋĺňăěňőčő âěńőň őąêěňă, ğăďăćăâì ćŋěèŋĺě ŕőńï ĺ â.ŕ. Şàőćŋĺ íŋěàčĺĺ áĺáâěňë E_k ğăćĺáïâ őâ λ_1, λ_2, ... łăł őâ ŕăàăňěâàőć. Ďĺääěàěŋæĺàãï ŕőńãçĺň (ďńï łàăâłőáâĺ ŕĺèěň őďĺŋ ŕăàăňěâà λ)^{10}: ∑ k w_k T [ dF − ∂E_k ∂λ dλ − F − E_k T dT ] = 0 (2.70)

Őâáîďă ĺňěěň: dF ∑ k w_k = dλ ∑ k w_k ∂E_k ∂λ + dT T (F − ∑ k w_kE_k) (2.71)

Şçĺâëćăï âěŕěàì ∑ k w_k = 1, ∑ k w_kE_k =< E >= E ĺ ∑ k w_k^{∂Ek}_{∂λ} =^{∂<Ek>}_{∂λ} , ă âăłęě F − E = −T S ĺ áőőâŋőèěŋĺě^{11}: ∂ < E_k > ∂λ = ∂ < H > ∂λ (2.72)

ŕőńãçăěň őłőŋçăâěńìŋő: dF = −SdT + ∂ < H > ∂λ dλ = −SdT + ∂E ∂λ dλ (2.73)

çâő ěáâì őąéĺľ ćĺď ďĺääěàěŋæĺăńă áćőąőďŋőľ íŋěàčĺĺ ć âěàňőďĺŋăňĺłě.

Ăŋăńőčĺçŋëň őąàăğőň, ĺğ ãáńőćĺï ŋőàňĺàőćłĺ ąőńìèőčő łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï^{12} (2.59) ňőęŋő ŕőńãçĺâì őąéĺľ ćĺď ďĺääěàěŋæĺăńă âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ˙: d˙ = −SdT − N dμ + ∂ < H > ∂λ dλ (2.74)

Ćëèě ŕőďàăğãňěćăńőáì, çâő ćŋěèŋĺě ŕăàăňěâàë λ_1, λ_2, ... ňăłàőáłőŕĺçěáłĺ åăàăłâěàĺğãîâ áőáâőïŋĺě áâăâĺáâĺçěáłőčő àăćŋőćěáĺï àăááňăâàĺćăěňőľ áĺáâěňë. Šăłĺňĺ ŕăàăňěâàăňĺ ňőčãâ ąëâì őąêěň áőáãďă, ŋăŕàïęěŋŋőáâì ćŋěèŋěčő íńěłâàĺçěáłőčő ĺńĺ ňăčŋĺâŋőčő ŕőńï ĺ â.ď. İâĺ ŕăàăňěâàë λ_1, λ_2, ... áçĺâăîâáï ňěŋïîéĺňĺáï áâőńì ňěďńěŋŋő, çâő ğă ćàěňï ŕőàïďłă ćàěňěŋĺ àěńăłáăæĺĺ áĺáâěňë ł àăćŋőćěáŋőňã áőáâőïŋĺî ĺå ňőęŋő áçĺâăâì ŕàăłâĺçěáłĺ ŕőáâőïŋŋëňĺ. Šőčďă ňőęŋő áçĺâăâì, çâő ć łăęďëľ ňőňěŋâ ćàěňěŋĺ áĺáâěňă ŋăåőďĺâáï ć áőáâőïŋĺĺ àăćŋőćěáĺï, ŋěáňőâàï ŋă ĺğňěŋěŋĺě ćŋěèŋĺå ŕăàăňěâàőć. Šăłőľ ŕàőæěáá ĺğňěŋěŋĺï ćŋěèŋĺå ŕăàăňěâàőć ŋăğëćăěâáï łćăğĺáâăâĺçěáłĺň. Ěáńĺ àăááňăâàĺćăâì ŕăàăňěâàë λ_1, λ_2, ... łăł őąőąéěŋŋëě łőőàďĺŋăâë, âő áőőâćěâáâćãîéĺě őąőąéěŋŋëě áĺńë àăćŋë:

~_i = − ∂H ∂λ_i (2.75)

10Šőçŋěě, ğăŕĺèěň ŕőńŋëľ ďĺääěàěŋæĺăń ńěćőľ çăáâĺ (2.69): d ∑ k e^{F −Ek}T = ∑ k w_k d (_{F −Ek} T ) = 0, çâő ĺ ďăáâ (2.70)

11Ěáńĺ čăňĺńìâőŋĺăŋ H, ă á ŋĺň ĺ ěčő áőąáâćěŋŋëě ğŋăçěŋĺï E_k, ğăćĺáïâ őâ ŕăàăňěâàă λ, âő ∂E_k ∂λ = (_{∂H} ∂λ ) kk, őâłãďă ŕőáńě ãáàěďŋěŋĺï ĺ áńěďãěâ (2.72) 12Ğăňěâĺň, çâő ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě âăłęě ňőęŋő ŕőńãçĺâì ĺğ àăááãęďěŋĺľ, ĺáŕőńìğőćăŋŋëå ŕàĺ ćëćőďě (1.56), ěáńĺ àăááňőâàěâì çĺáńő çăáâĺæ N łăł ďĺŋăňĺçěáłãî ŕěàěňěŋŋãî, łőâőàăï, őçěćĺďŋő, âăłęě ïćńïěâáï ăďďĺâĺćŋëň ĺŋâěčàăńőň ďćĺęěŋĺï. Šőčďă, ďńï ŕőłőïéěľáï áĺáâěňë ňőęŋő ŋăŕĺáăâì: ln w_{kN} = α + βE_{kN} + γN, čďě γ ĺ β ďőńęŋë ąëâì őďĺŋăłőćë ďńï ćáěå çăáâěľ àăćŋőćěáŋőľ áĺáâěňë. Ŕőńăčăï α = ˙/T , β = −1/T ĺ γ = μ/T ŕőńãçăěň ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě. Ŕàĺ íâőň, őçěćĺďŋő, ŕőńãçăěň ĺ ĺğćěáâŋőě ãáńőćĺě àăćěŋáâćă åĺňĺçěáłĺå ŕőâěŋæĺăńőć ŕőďáĺáâěň, ŋăåőďïéĺåáï ć àăćŋőćěáĺĺ.

58 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

Ďńï łćăğĺáâăâĺçěáłőčő ŕàőæěááă ŋăąńîďăěňőě ğŋăçěŋĺě őąőąéěŋŋëå áĺń àăćŋő áàěďŋěňã ğŋăçěŋĺî ŕő àăćŋőćěáŋőňã áâăâĺáâĺçěáłőňã ăŋáăňąńî ćĺďă:

< ~_i >= Sp(ρ~_i) = − ∂ < H > ∂λ_i (2.76)

Řăááňőâàĺň ŋěłőâőàëě ŕàĺňěàë. Ć çăáâŋőň áńãçăě, ěáńĺ ć łăçěáâćě őąőąéěŋŋőčő ćŋěèŋěčő ŕăàăňěâàă ćëąĺàăěâáï őąêěň áĺáâěňë V , őąőąéěŋŋăï áĺńă ěáâì ďăćńěŋĺě: P = − ∂ < H > ∂V = − ∂E ∂V (2.77)

Šőčďă (2.73) ŕàĺŋĺňăěâ ĺğćěáâŋëľ ćĺď: dF = −SdT − P dV (2.78) Ěáńĺ ć łăçěáâćě őąőąéěŋŋőčő ŕăàăňěâàă ćëąĺàăěâáï ćŋěèŋěě íńěłâàĺçěáłőě ŕőńě E, âő őąőąéěŋŋăï áĺńă ěáâì ćěłâőà ŕőńïàĺğăæĺĺ (ŕőńŋëľ íńěłâàĺçěáłĺľ ďĺŕőńìŋëľ ňőňěŋâ âěńă) P: dF = −SdT − PdE; P = − ∂ < H > ∂E (2.79)

Ďńï ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï H ăŋăńőčĺçŋő ĺňěěň ć łăçěáâćě őąőąéěŋŋőľ áĺńë ŕőńŋëľ ňăčŋĺâŋëľ ňőňěŋâ (ŋăňăčŋĺçěŋŋőáâì) âěńă M: dF = −SdT − MdH; M = − ∂ < H > ∂H (2.80)

Šăłĺň őąàăğőň, äăłâĺçěáłĺ ŋăň ãďăńőáì ŕőńãçĺâì ŕőńŋőě áâăâĺáâĺłő - ňěåăŋĺçěáłőě őąőáŋőćăŋĺě őáŋőćŋëå áőőâŋőèěŋĺľ âěàňőďĺŋăňĺłĺ. Ŋăŕőňŋĺň, çâő ĺáâőàĺçěáłĺ ćőğŋĺłŋőćěŋĺě áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ áćïğăŋő ĺňěŋŋő á ŕőŕëâłăňĺ àěèěŋĺï íâőľ ğăďăçĺ.

Ŕőáńěďŋĺľ ćőŕàőá, łőâőàëľ őáâăńőáì ěéě àăááňőâàěâì ć áćïğĺ á ŕàőąńěňőľ őąőáŋőćăŋĺï âěàňőďĺŋăňĺłĺ, íâő ćőŕàőá ő âěőàěňě Ŋěàŋáâă, ŋăğëćăěňőľ, ĺŋőčďă, âàěâìĺň ŋăçăńőň âěàňőďĺŋăňĺłĺ. Ğăňěâĺň áàăğã ęě, çâő ć őâńĺçĺě őâ ŕěàćőčő ĺ ćâőàőčő ŋăçăń, łőâőàëě ŋěŕőáàěďáâćěŋŋő áńěďãîâ, łăł ňë ćĺďěńĺ ĺğ àăáŕàěďěńěŋĺï Čĺąąáă, áâőńì ęě őąéěě ďőłăğăâěńìáâćő âěőàěňë Ŋěàŋáâă őâáãâáâćãěâ, åőâï ďńï ćáěå \àăğãňŋëå" ňőďěńěľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ őŋă ćëŕőńŋïěâáï. Ć áăňőň ďěńě, àăááňőâàĺň ćőŕàőá ő âőň, ł çěňã áâàěňĺâáï àăáŕàěďěńěŋĺě Čĺąąáă:

w_k = e^{F −EkT} (2.81) ŕàĺ T → 0. Ĺáŕőńìğãï ćëàăęěŋĺě ďńï íŋâàőŕĺĺ ć ćĺďě S = 1 T (< H > −F ), (2.82)

ğăŕĺèěň w_k = exp{−S +^1_T (< H > −E_k)}, ĺńĺ:

w_k = exp { −S + < H > −E_0 T + E_0 − E_k T } (2.83)

čďě E_0 { íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï áĺáâěňë, âăł çâő E_k > E_0 ŕàĺ k ≠ 0. Ćëçĺáńïï ŕàěďěń ćëàăęěŋĺï (2.83) ďńï T → 0, ŕőńãçĺň:

lim_{T →0} w_k = w_k(0) = exp{−S(0) + C_V (0)}δ_{Ek −E0} (2.84)

ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ 59 čďě δ_{Ek −E0} = { 1 ŕàĺ E_k = E_0 0 ŕàĺ E_k ≠ E_0 (2.85)

Ć (2.84) C_V (0) = (_{∂<H>} ∂T ) T =0 ŕàěďáâăćńïěâ áőąőľ âěŕńőěňłőáâì âěńă ŕàĺ T = 0 ĺ

ŕőáâőïŋŋőň őąêěňě. Ŋő ĺğ ćëàăęěŋĺï (2.82), ŕő ŕàăćĺńã Ńőŕĺâăńï, áńěďãěâ, çâő ŕàĺ T → 0:

S(0) = ( ∂ < H > ∂T − ∂F ∂T ) T →0 = C_V (0) + S(0) (2.86)

âăł çâő C_V (0) = 0 (Ŋěàŋáâ). Śőőâćěâáâćěŋŋő, ćëàăęěŋĺě (2.84) áćőďĺâáï ł:

w_k(0) = exp{−S(0)}δ_{Ek −E0} (2.87)

çâő, äăłâĺçěáłĺ, ĺňěěâ ćĺď ňĺłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï:

w_k(0) = 1 ˙_0 δ_{Ek−E0} (2.88)

čďě ˙_0 { łàăâŋőáâì ćëàőęďěŋĺï őáŋőćŋőčő áőáâőïŋĺï. Őâáîďă ïáŋő, çâő íŋâàőŕĺï ŕàĺ T = 0:

S(0) = ln ˙_0 (2.89)

Ďńï ąőńìèĺŋáâćă ĺğćěáâŋëå áĺáâěň (łàĺáâăńńë, łćăŋâőćëě čăğë ĺ ęĺďłőáâĺ ĺ â.ŕ.) őáŋőćŋőě áőáâőïŋĺě ïćńïěâáï ŋěćëàőęďěŋŋëň, âăł çâő ˙_0 = 1, ĺ íŋâàőŕĺï áâàěňĺâáï ł ŋãńî ŕàĺ T → 0. Ďăęě ěáńĺ ˙_0 ≫ 1, ŋő ŕàěďěń lim_{N→∞}^1_N ln ˙_0 = 0 (íŋâàőŕĺï, ć àăáçěâě ŋă őďŋã çăáâĺæã), âő ňőęŋő áçĺâăâì, çâő S(0) = 0, çâő ĺ áőáâăćńïěâ áőďěàęăŋĺě âěőàěňë Ŋěàŋáâă^{13}.

Ł áőęăńěŋĺî, ďěńő őąáâőĺâ ŋě âăł ŕàőáâő ĺ äĺğĺçěáłăï áãéŋőáâì âěőàěňë Ŋěàŋáâă áćïğăŋă ŋě ŕàőáâő á őâáãâáâćĺěň ćëàőęďěŋĺï őáŋőćŋőčő áőáâőïŋĺï, ŋő á őáőąěŋŋőáâïňĺ íŋěàčěâĺçěáłőčő áŕěłâàă áĺáâěňë ŕàĺ ňăńëå ćőğąãęďěŋĺïå, ă ěě ŕàőïćńěŋĺï ŋăçĺŋăîâ őéãéăâìáï ãęě ŕàĺ âěňŕěàăâãàăå T , łőâőàëě áãéěáâćěŋŋő ŕàěćëèăîâ àăğŋőáâì ŕěàćőčő ćőğąãęďěŋŋőčő ĺ őáŋőćŋőčő ãàőćŋěľ áĺáâěňë. Ćëèě ňë ãęě őâňěçăńĺ, çâő íŋěàčěâĺçěáłĺľ áŕěłâà ňăłàőáłőŕĺçěáłőčő âěńă ňőęŋő áçĺâăâì ŕàăłâĺçěáłĺ ŋěŕàěàëćŋëň, âăł çâő íâă ćěńĺçĺŋă ŕàăłâĺçěáłĺ ŋěŋăąńîďăěňő ňăńă. Ŋăŕàĺňěà, ďńï ĺďěăńìŋőčő čăğă ăâőňőć á ňăááőľ m, ŋăåőďïéĺåáï ć őąêěňě V = L^3, ňőęŋő őæěŋĺâì:

E_1 − E_0 ∼

—h^2 2m k^2_{min} = h^2 2mV^{2/3} čďě k_{min} = 2π L (2.90)

ŕàĺçěň őąêěň V → ∞. Ťăłâĺçěáłĺ ęě, ďńï âőčő ęě ĺďěăńìŋőčő čăğă, ŕàőïćńěŋĺï âěőàěňë Ŋěàŋáâă áâăŋőćïâáï ğăňěâŋëňĺ ŕàĺ âěňŕěàăâãàăå ŕőàïďłă âăł ŋăğëćăěňőľ âěňŕěàăâãàë ćëàőęďěŋĺï T_0 ∼^{h̄2}_m (_N V )_{2/3} . Ďńï âőčő, çâőąë ďőłăğăâì âěőàěňã Ŋěàŋáâă ďńï őąéěčő áńãçăï, ŋãęŋő ąëńő ąë ĺááńěďőćăâì àăáŕàěďěńěŋĺě E_k ćąńĺğĺ őáŋőćŋőčő ãàőćŋï, â.ě. ĺááńěďőćăâì ŕőćěďěŋĺě áâăâĺáâĺçěáłőčő ćěáă ˙(E, N, V ) ćąńĺğĺ E = E_0 ć őąéěň ćĺďě. Ďő ŋăáâőïéěčő ćàěňěŋĺ âăłőě ĺááńěďőćăŋĺě ãďăćăńőáì áďěńăâì ńĺèì ďńï őŕàěďěńěŋŋëå ňőďěńěľ.

13Šěőàěňă Ŋěàŋáâă ŋěŕàĺňěŋĺňă ł ăňőàäŋëň âěńăň (áâěłńăň) ĺńĺ ŋěãŕőàïďőçěŋŋëň áŕńăćăň, łőâőàëě ŋě ŋăåőďïâáï ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï, ŋő ňőčãâ áãéěáâćőćăâì ŕàĺ âěňŕěàăâãàăå T → 0, őáâăćăïáì \ğăňőàőęěŋŋëňĺ" ć őďŋőň ĺğ ňŋőčĺå ćőğňőęŋëå ďńï ŋĺå ňěâăáâăąĺńìŋëå áőáâőïŋĺľ á őçěŋì ąőńìèĺň (ĺŋőčďă ŕàăłâĺçěáłĺ ąěáłőŋěçŋëň!) ćàěňěŋěň àěńăłáăæĺĺ.

60 ŘĂŚŔŘĚĎĚŃĚŊĹĚ ČĹĄĄŚĂ

Ňőęŋő áłăğăâì, çâő ćő ćáěå áńãçăïå, łőčďă áńăąëě ćőğąãęďěŋĺï áĺáâěňë ŕàěďáâăćńïîâáï ć ćĺďě ĺďěăńìŋőčő čăğă łćăğĺçăáâĺæ, âěőàěňă Ŋěàŋáâă őłăğëćăěâáï ćëŕőńŋěŋŋőľ. Ć ďăńìŋěľèěň, ňë ąãďěň ĺňěâì ďěńő âőńìłő á âăłĺňĺ áĺáâěňăňĺ.

Ŋă íâőň ğăćěàèăěâáï ĺğńőęěŋĺě őáŋőć čĺąąáőćáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ćáě ďăńìŋěľèěě ĺğńőęěŋĺě, ŕő áãâĺ ďěńă, ąãďěâ ŕàĺňěŋěŋĺěň íâőčő őąéěčő ŕőďåőďă ł àăğńĺçŋëň łőŋłàěâŋëň ğăďăçăň âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ.

Čńăćă 3

ĹĎĚĂŃĲŊŻĽ ČĂĞ

Řăáŕàěďěńěŋĺě Ąőńìæňăŋă.

Ć łăçěáâćě ŕàőáâěľèěľ áĺáâěňë, ŋă łőâőàőľ åőàőèő ĺńńîáâàĺàãěâáï ŕàĺňěŋěŋĺě őąéĺå ňěâőďőć áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ, àăááňőâàĺň ĺďěăńìŋëľ čăğ, áőáâőïéĺľ ĺğ ŋěćğăĺňőďěľáâćãîéĺå ăâőňőć ĺńĺ ňőńěłãń^1. İâă ňőďěńì áëčàăńă ąőńìèãî àőńì ŋă ŋăçăńìŋőň íâăŕě àăğćĺâĺï áâăâĺáâĺçěáłőľ äĺğĺłĺ^2.

Őâáãâáâćĺě ćğăĺňőďěľáâćĺï ňěęďã ăâőňăňĺ (ňőńěłãńăňĺ) ĺďěăńìŋőčő čăğă ŕőğćőńïěâ áćěáâĺ łćăŋâőćőňěåăŋĺçěáłãî ğăďăçã őŕàěďěńěŋĺï ãàőćŋěľ íŋěàčĺĺ E_n ćáěčő čăğă ć æěńőň ł ğăďăçě őą őŕàěďěńěŋĺĺ ãàőćŋěľ íŋěàčĺĺ őâďěńìŋőčő ăâőňă (ňőńěłãńë). İâĺ ãàőćŋĺ ąãďěň őąőğŋăçăâì ε_k, čďě k { ŕàěďáâăćńïěâ áőąőľ ŋăąőà łćăŋâőćëå çĺáěń, őŕàěďěńïîéĺå áőáâőïŋĺě ăâőňă (ňőńěłãńë). İŋěàčĺĺ E_n ćëàăęăîâáï, ććĺďã őâáãâáâćĺï ćğăĺňőďěľáâćĺï, ć ćĺďě áãňň íŋěàčĺľ łăęďőľ ňőńěłãńë. Őąőğŋăçĺň n_k çĺáńő çăáâĺæ ć čăğě, ŋăåőďïéĺåáï ć k-ň łćăŋâőćőň áőáâőïŋĺĺ. Ćëçĺáńĺň áàěďŋěě ğŋăçěŋĺě < n_k > ć ćăęŋőň ŕàěďěńìŋőň áńãçăě

< n_k >≪ 1. (3.1)

Ťĺğĺçěáłĺ íâőâ áńãçăľ áőőâćěâáâćãěâ áĺńìŋő àăğàěęěŋŋőňã čăğã. Ŕàĺňěŋĺň ł ňőńěłãńăň čăğă łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă, àăááňăâàĺćăï őâďěńìŋãî ňőńěłãńã ć łăçěáâćě ŕőďáĺáâěňë ć âěàňőáâăâě. Šőčďă ïáŋő, çâő ćěàőïâŋőáâì ňőńěłãńě ŋăåőďĺâìáï ć k-ň áőáâőïŋĺĺ, ă ŕőâőňã ĺ áàěďŋěě çĺáńő < n_k > ňőńěłãń ć íâőň áőáâőïŋĺĺ

1Řăğãňěěâáï, ďńï ãáâăŋőćńěŋĺï âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï ćáěčďă ŋěőąåőďĺňő áãéěáâćőćăŋĺě ŋěłőâőàőčő, åőâï-ąë őçěŋì áńăąőčő, ćğăĺňőďěľáâćĺï (ŋăŕàĺňěà őçěŋì àěďłĺå áâőńłŋőćěŋĺľ ăâőňőć (ňőńěłãń)). Ŕàĺ ćëçĺáńěŋĺĺ àăćŋőćěáŋëå âěàňőďĺŋăňĺçěáłĺå áćőľáâć ć ňőďěńĺ ĺďěăńìŋőčő čăğă őą íâőň ćğăĺňőďěľáâćĺĺ ňőęŋő ğăąëâì.

2Ŕőáńěďãîéěě ĺğńőęěŋĺě ŕőçâĺ æěńĺłőň őáŋőćăŋő ŋă [1, 2].

62 ĹĎĚĂŃĲŊŻĽ ČĂĞ

∼ e^{− εkT} , âăł çâő < n_k >= ae^{− εkT} (3.2) čďě łőíääĺæĺěŋâ a őŕàěďěńïěâáï ĺğ ãáńőćĺï ŋőàňĺàőćłĺ: ∑ k < n_k >= N (3.3)

čďě N { ŕőńŋőě çĺáńő çăáâĺæ ć čăğě. Řăáŕàěďěńěŋĺě (3.2) ŋăğëćăěâáï àăáŕàěďěńěŋĺěň Ąőńìæňăŋă.

Ŕàĺćěďěň ďàãčőľ ćăàĺăŋâ ćëćőďă íâőčő àăáŕàěďěńěŋĺï, őáŋőćăŋŋëľ ŋă ŕàĺňěŋěŋĺĺ ąőńìèőčő àăáŕàěďěńěŋĺï Čĺąąáă ł áőćőłãŕŋőáâĺ ćáěå çăáâĺæ čăğă, ŋăåőďïéĺåáï ć ďăŋŋőň łćăŋâőćőň áőáâőïŋĺĺ (àăááňăâàĺćăěňőľ łăł ŕőďáĺáâěňă ć âěàňőáâăâě). Ŕőńăčăï ć őąéěľ äőàňãńě àăáŕàěďěńěŋĺï Čĺąąáă á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ (2.58) E = n_kε_k, N = n_k ĺ ŕàĺŕĺáëćăï ĺŋďěłá k ěéě ĺ ćěńĺçĺŋě ˙, ŕőńãçĺň: w_{nk} = e^{Ωk+nk (μ−εk)T} (3.4) Ć çăáâŋőáâĺ, w_0 = e^{Ωk}T ŕàěďáâăćńïěâ áőąőľ ćěàőïâŋőáâì ŕőńŋőčő őâáãâáâćĺï çăáâĺæ ć ďăŋŋőň áőáâőïŋĺĺ. Ć ĺŋâěàěáãîéěň ŋăá ŕàěďěńě < n_k >≪ 1, ćěàőïâŋőáâì w_0 = e^{ΩkT} ≈ 1, ŕőíâőňã ĺğ (3.4) ňőęŋő ŕőńãçĺâì:

w_1 = e^{μ−εkT} (3.5)

Ůâő ęě łăáăěâáï ćěàőïâŋőáâĺ ğŋăçěŋĺľ n_k > 1, âő őŋĺ ć âőň ęě ŕàĺąńĺęěŋĺĺ ďőńęŋë ąëâì ŕőńőęěŋë àăćŋëňĺ ŋãńî. Ŕőíâőňã ć áãňňě, őŕàěďěńïîéěľ < n_k >, őáâăěâáï âőńìłő őďŋő áńăčăěňőě: < n_k >= ∑ n_k w_{nk} n_k = w_1, (3.6)

ĺ ňë ŕőńãçăěň: < n_k >= e^{μ−εkT} (3.7) Šăłĺň őąàăğőň, łőíääĺæĺěŋâ ć äőàňãńě (3.2) őłăğëćăěâáï ćëàăęěŋŋëň çěàěğ åĺňĺçěáłĺľ ŕőâěŋæĺăń čăğă, łőâőàëľ őŕàěďěńïěâáï ć ŋěïćŋőň ćĺďě ĺğ ãáńőćĺï ŋőàňĺàőćłĺ ŋă çĺáńő çăáâĺæ (3.3).

Řăáŕàěďěńěŋĺě Ąőńìæňăŋă ć łńăááĺçěáłőľ áâăâĺáâĺłě.

Ŕàěďëďãéěě àăááňőâàěŋĺě ćěńőáì ŋă łćăŋâőćőň ïğëłě. Ŕőáňőâàĺň, łăł ćáě íâő ŕěàěŕĺáëćăěâáï ć łńăááĺłě. Ććěďěň dN { áàěďŋěě çĺáńő ňőńěłãń, ğăłńîçěŋŋëå ć íńěňěŋâě őąêěňă äăğőćőčő ŕàőáâàăŋáâćă ňőńěłãńë dpdq = dp_1...dp_rdq_1...dq_r (ğďěáì r { çĺáńő áâěŕěŋěľ áćőąőďë ňőńěłãńë). Ŋăŕĺèěň ěčő ć ćĺďě: dN = n(p, q)dτ dτ = dpdq (2π—h)^r (3.8)

ĹĎĚĂŃĲŊŻĽ ČĂĞ 63

čďě n(p, q) ŕńőâŋőáâì ćěàőïâŋőáâĺ ć äăğőćőň ŕàőáâàăŋáâćě. Šőčďă: n(p, q) = e^{μ−ε(p,q)T} (3.9) čďě ε(p, q) { íŋěàčĺï ňőńěłãńë łăł äãŋłæĺï łőőàďĺŋăâ ĺ ĺňŕãńìáőć ěě ăâőňőć.

Ďńï čăğă ŋě ŋăåőďïéěčőáï ć łăłőň-ńĺąő ćŋěèŋěň ŕőńě őâáîďă ďőńęŋő, őçěćĺďŋő, ŕőńãçĺâìáï àăáŕàěďěńěŋĺě Ňăłáćěńńă^3: dN_p = N V (2πmT )^{3/2} e^{− p} 2_x +_p2_y +_p2_z 2mT dp_xdp_ydp_z (3.10)

dN_v = N V ( m 2πT )_{3/2} e^{− m(v} 2_x +_v2_y +_v2_z )

2T dv_xdv_ydv_z (3.11)

čďě m { ňăááă ňőńěłãńë. Śàăćŋěŋĺě (3.10) ĺ (3.9) ďăěâ e^μT =^N_V (2π)^{3/2}—h^3(mT )^{−3/2}, âăł çâő åĺňŕőâěŋæĺăń ąőńìæňăŋőćáłőčő čăğă:

μ = T ln ( N V (2π)^{3/2}—h^3 (mT )^{3/2} ) (3.12)

İâőâ àěğãńìâăâ ňőęŋő ŕőńãçĺâì ĺ ŋěŕőáàěďáâćěŋŋő ĺğ ãáńőćĺï ŋőàňĺàőćłĺ (3.9) ŋă ŕőńŋőě çĺáńő çăáâĺæ ć ěďĺŋĺæě őąêěňă (3.3). Ć áăňőň ďěńě, ć łńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ ε_k =^{p2x+p2y +p2z}_{2m} , âăł çâő (3.3) ğăŕĺèěâáï łăł: ∑ k e^{μ−εkT} = N ĺńĺ e^{μT} ∫ d^3p (2π—h)^3 e^{− p} 2_x +_p2_y +_p2_z 2mT = N V (3.13)

çâő ĺ ďăěâ (3.12) ŕőáńě ćëçĺáńěŋĺï íńěňěŋâăàŋőčő čăãááőćă ĺŋâěčàăńă:

μ = T ln { N V (∫ d^3p (2π—h)^3 e^{− p} 2_x +_p2_y +_p2_z 2mT )_{−1}} = T ln ( N V (2π)^{3/2}—h^3 (mT )^{3/2} ) (3.14)

Šăłĺň őąàăğőň åĺňĺçěáłĺľ ŕőâěŋæĺăń čăğă ŕőńŋőáâìî őŕàěďěńïěâáï ŕńőâŋőáâìî çăáâĺæ čăğă ĺ âěňŕěàăâãàőľ.

Řăááňőâàĺň âěŕěàì čăğ, ŋăåőďïéĺľáï ćő ćŋěèŋěň ŕőńě, ć łőâőàőň ŕőâěŋæĺăńìŋăï íŋěàčĺï ňőńěłãńë ğăćĺáĺâ âőńìłő őâ łőőàďĺŋăâ ěě æěŋâàă ĺŋěàæĺĺ: U = U (x, y, z). Ŋăŕàĺňěà àěçì ňőęěâ ąëâì ő čàăćĺâăæĺőŋŋőň ŕőńě. Ňăłáćěńńőćáłőě àăáŕàěďěńěŋĺě ŕő áłőàőáâïň őáâăěâáï, łăł ňë ćĺďěńĺ ćëèě, ŋěĺğňěŋŋëň, ă àăáŕàěďěńěŋĺě ŕő łőőàďĺŋăâăň æěŋâàă ĺŋěàæĺĺ őŕàěďěńïěâáï äőàňãńőľ: dN_r = n_0e^{− U(x,y,z)T} dV (3.15) çâő ĺ ďăěâ çĺáńő ňőńěłãń ć íńěňěŋâě ŕàőáâàăŋáâćěŋŋőčő őąêěňă dV = dxdydz. Ŕàĺ íâőň ćěńĺçĺŋă

n(r) = n0e^{− U(}r^{)T} (3.16)

ŕàěďáâăćńïěâ áőąőľ ŕńőâŋőáâì çĺáńă çăáâĺæ ć âőçłě r. Ŕőáâőïŋŋăï n_0 ěáâì ŕńőâŋőáâì ć âőçłăå, čďě U = 0. Ćëàăęěŋĺě (3.16) ŋăğëćăěâáï äőàňãńőľ Ąőńìæňăŋă.

3Ć őâńĺçĺě őâ ğăŕĺáĺ íâőčő àăáŕàěďěńěŋĺï, àăááňőâàěŋŋőľ ćëèě, ğďěáì ććěďěŋ ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì N/V , áćïğăŋŋëľ á ŋőàňĺàőćłőľ ŋă ŕńőâŋőáâì çĺáńă çăáâĺæ.

64 ĹĎĚĂŃĲŊŻĽ ČĂĞ

Ć łăçěáâćě ŕàĺňěàă àăááňőâàĺň čăğ ć őďŋőàőďŋőň čàăćĺâăæĺőŋŋőň ŕőńě (Ğěňńĺ), ŋăŕàăćńěŋŋőň ćďőńì őáĺ z, âăł çâő U = mgz (g { ãáłőàěŋĺě áćőąőďŋőčő ŕăďěŋĺï) ĺ ďńï àăáŕàěďěńěŋĺï ŕńőâŋőáâĺ čăğă ŕőńãçăěň ąăàőňěâàĺçěáłãî äőàňãńã:

n(z) = n_0e^{− mgzT} (3.17)

čďě n_0 { ŕńőâŋőáâì ŋă ãàőćŋě z = 0 (ŋă ãàőćŋě ňőàï).

Ŋěàăćŋőćěáŋëľ ĺďěăńìŋëľ čăğ.

Řăááňőâàĺň ĺďěăńìŋëľ čăğ ć ŕàőĺğćőńìŋőň (ŋěőąïğăâěńìŋő àăćŋőćěáŋőň) áőáâőïŋĺĺ. Ŕàěďŕőńőęĺň, çâő ćáě łćăŋâőćëě áőáâőïŋĺï őâďěńìŋőľ çăáâĺæë ňőęŋő àăáŕàěďěńĺâì ŕő ŋěłőâőàëň čàãŕŕăň, łăęďăï ĺğ łőâőàëå áőďěàęĺâ ąńĺğłĺě ŕő íŋěàčĺïň áőáâőïŋĺï, ŕàĺçěň łăł çĺáńő áőáâőïŋĺľ ć łăęďőľ čàãŕŕě, âăł ĺ çĺáńő ŋăåőďïéĺåáï ć ŋĺå çăáâĺæ ćáě ęě őçěŋì ćěńĺłĺ^4. Ŕěàěŋãňěàãěň íâĺ čàãŕŕë áőáâőïŋĺľ ŋőňěàăňĺ j = 1, 2, ... ĺ ŕãáâì G_j ěáâì çĺáńő áőáâőïŋĺľ ć j-ľ čàãŕŕě, ă N_j { çĺáńő çăáâĺæ ć íâĺå áőáâőïŋĺïå. Šőčďă ŋăąőà çĺáěń N_j ąãďěâ ŕőńŋőáâìî åăàăłâěàĺğőćăâì ňăłàőáőáâőïŋĺě čăğă, ă ĺå ŕàőĺğćőńìŋőáâì ĺ őğŋăçăěâ, çâő áőáâőïŋĺě, á łőâőàëň ňë ĺňěěň ďěńő, ïćńïěâáï ŕàőĺğćőńìŋëň ŋěàăćŋőćěáŋëň áőáâőïŋĺěň.

Ćëçĺáńĺň íŋâàőŕĺî âăłőčő áőáâőïŋĺï, çâő áćőďĺâáï ł ğăďăçě őą őŕàěďěńěŋĺĺ áâăâĺáâĺçěáłőčő ćěáă ˙ ďăŋŋőčő ňăłàőáőáâőïŋĺï, â.ě. çĺáńă ňĺłàőáłőŕĺçěáłĺå áŕőáőąőć, łőâőàëňĺ íâő áőáâőïŋĺě ňőęěâ ąëâì őáãéěáâćńěŋő. Řăááňăâàĺćăï łăęďãî čàãŕŕã ĺğ N_j çăáâĺæ łăł ŋěğăćĺáĺňãî ŕőďáĺáâěňã ĺ őąőğŋăçăï çěàěğ ˙_j ěě áâăâćěá, ĺňěěň: ˙ = ∏ j ˙_j (3.18)

Šěŕěàì ŋăďő áőáçĺâăâì ˙_j . Ć áâăâĺáâĺłě Ąőńìæňăŋă áàěďŋĺě çĺáńă ğăŕőńŋěŋĺï ćáěå łćăŋâőćëå áőáâőïŋĺľ ňăńë ŕő áàăćŋěŋĺî á ěďĺŋĺæěľ. İâő ğŋăçĺâ, çâő N_j ≪ G_j, åőâï áăňĺ ŕő áěąě N_j ćáě ęě őçěŋì ćěńĺłĺ. Ňăńőáâì çĺáěń ğăŕőńŋěŋĺï ŕőğćőńïěâ áçĺâăâì, çâő ćáě çăáâĺæë àăáŕàěďěńěŋë ŕő àăğńĺçŋëň áőáâőïŋĺïň ŋěğăćĺáĺňő ďàãč őâ ďàãčă. Ŕőňěéăï łăęďãî ĺğ N_j çăáâĺæ ć őďŋő ĺğ G_j áőáâőïŋĺľ ŕőńãçĺň ćáěčő G^{Nj}_j ćőğňőęŋëå àăáŕàěďěńěŋĺľ, áàěďĺ łőâőàëå ěáâì őďŋăłő âőęďěáâćěŋŋëě, őâńĺçăîéĺěáï âőńìłő ŕěàěáâăŋőćłőľ (őďĺŋăłőćëå) çăáâĺæ. Ŕőíâőňã áőőâćěâáâćãîéěě çĺáńő ŋãęŋő ěéě ŕőďěńĺâì ŋă N_j !, âăł çâő:

˙_j = G^{Nj}_j N_j !

(3.19)

Šőčďă íŋâàőŕĺï čăğă ćëçĺáńïěâáï łăł:

S = ln ˙ = ∑ j ln ˙_j = ∑ j (N_j ln G_j − ln N_j !) (3.20)

4İâő ŕàěďŕőńőęěŋĺě, ŕő áãâĺ ďěńă, ŋě ïćńïěâáï őčàăŋĺçěŋĺěň őąéŋőáâĺ ŋăèěčő ăŋăńĺğă.

ĹĎĚĂŃĲŊŻĽ ČĂĞ 65

Ćőáŕőńìğãěňáï äőàňãńőľ Śâĺàńĺŋčă, áŕàăćěďńĺćőľ ŕàĺ N ≫ 1^5:

ln N ! ≈ N ln ( N e ) (3.21)

ĺ ŕőńãçĺň: S = ∑ j N_j ln eG_j N_j (3.22)

İâă äőàňãńă őŕàěďěńïěâ íŋâàőŕĺî ĺďěăńìŋőčő čăğă, ŋăåőďïéěčőáï ć ŕàőĺğćőńìŋőň ňăłàőáłőŕĺçěáłőň áőáâőïŋĺĺ, őŕàěďěńïěňőň ŋăąőàőň çĺáěń N_j. Ŕěàěŕĺèěň ěě, ććěďï áàěďŋĺě çĺáńă < n_j > çăáâĺæ ć łăęďőň ĺğ łćăŋâőćëå áőáâőïŋĺľ j-ľ čàãŕŕë < n_j >= N_j /G_j. Šőčďă: S = ∑ j G_j < n_j > ln e < n_j > (3.23)

Ěáńĺ ďćĺęěŋĺě çăáâĺæ ňőęŋő àăááňőâàěâì łćăğĺłńăááĺçěáłĺ, ňőęěň ŕěàěľâĺ ł àăáŕàěďěńěŋĺî çăáâĺæ ć äăğőćőň ŕàőáâàăŋáâćě. Řăğďěńĺň äăğőćőě ŕàőáâàăŋáâćő ŋă őąêěňçĺłĺ ´p^{(j)}´q^{(j)}, łăęďëľ ĺğ łőâőàëå ňăń, ŋő áőďěàęĺâ ćáě ęě ąőńìèőě çĺáńő çăáâĺæ. Ůĺáńă łćăŋâőćëå áőáâőïŋĺľ, ŕàĺåőďïéĺåáï ŋă íâĺ őąêěňçĺł, àăćŋë (r { çĺáńő áâěŕěŋěľ áćőąőďë ňőńěłãńë čăğă, ďńï őďŋőăâőňŋőčő čăğă r = 3):

G_j =

´p^{(j)}´q^{(j)} (2π—h)^r = ´τ^{(j)}, (3.24)

ă çĺáńă çăáâĺæ ć íâĺå áőáâőïŋĺïå ŋăŕĺèěň ć ćĺďě N_j = n(p, q)´τ^{(j)}. Ŕőďáâăćńïï íâĺ ćëàăęěŋĺï ć (3.23), ŕőńãçăěň: S = ∫ dτ n(p, q) ln e n(p, q) (3.25)

{ ąőńìæňăŋőćáłãî íŋâàőŕĺî ĺďěăńìŋőčő čăğă ć ŕàőĺğćőńìŋőň ŋěàăćŋőćěáŋőň áőáâőïŋĺĺ, őŕàěďěńïěňőň őďŋőçăáâĺçŋőľ äãŋłæĺěľ àăáŕàěďěńěŋĺï n(p, q)^6.

Łăł áćïğăŋă ąőńìæňăŋőćáłăï íŋâàőŕĺï (3.25) á čĺąąáőćáłőľ (1.167)? Ć čĺąąáőćáłőľ íŋâàőŕĺĺ: S = − ∫ dpdq (2π—h)^{3N} N ! ρ(p, q, t) ln ρ(p, q, t) (3.26) ρ(p, q) őąőğŋăçăěâ ŕőńŋãî N -çăáâĺçŋãî äãŋłæĺî àăáŕàěďěńěŋĺï, ğăćĺáïéãî őâ łőőàďĺŋăâ ĺ ĺňŕãńìáőć ćáěå N ňőńěłãń ć čăğě. Ďńï ĺďěăńìŋőčő čăğă, ć łőâőàőň çăáâĺæë ŋě ćğăĺňőďěľáâćãîâ, íâă äãŋłæĺï àăáŕàěďěńěŋĺï őçěćĺďŋëň őąàăğőň äăłâőàĺğãěâáï (áâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì { őâáãâáâćĺě ćğăĺňőďěľáâćĺï!) ŋă ŕàőĺğćěďěŋĺě (őďŋőçăáâĺçŋëå) äãŋłæĺľ àăáŕàěďěńěŋĺï őâďěńìŋëå çăáâĺæ: ρ(p, q) = N ! N^N N∏ i=1 n(p_i, q_i) (3.27)

5Ŕàĺ N ≫ 1 áãňňă ln N! = ln 1 + ln 2 + ... + ln N ŕàĺąńĺęěŋŋő áćőďĺâáï ł ∫_N 0 dx ln x, őâłãďă ĺ áńěďãěâ (3.21).

6Ťãŋłæĺï àăáŕàěďěńěŋĺï n(p, q) ňőęěâ ğăćĺáěâì őâ ćàěňěŋĺ, áőőâćěâáâćãîéăï ğăćĺáĺňőáâì ňőęěâ ąëâì àăááçĺâăŋă á ŕőňőéìî łĺŋěâĺçěáłőčő ãàăćŋěŋĺï Ąőńìæňăŋă. Ĺňěŋŋő ďńï íŋâàőŕĺĺ (3.25) ć àăňłăå łĺŋěâĺçěáłőľ âěőàĺĺ ďőłăğëćăěâáï H-âěőàěňă Ąőńìæňăŋă, őŕĺáëćăîéăï ćőğàăáâăŋĺě (3.25) á àőáâőň ćàěňěŋĺ.

66 ĹĎĚĂŃĲŊŻĽ ČĂĞ

čďě őďŋőçăáâĺçŋëě äãŋłæĺĺ àăáŕàěďěńěŋĺï n(p_i, q_i) ŋőàňĺàãěň łăł (ĺňěěň ććĺďã őďŋőăâőňŋëľ čăğ, â.ě. r = 3.): ∫ dp_1dq_1 (2π—h)^3 n(p_1, q_1) = N (3.28)

Ňŋőęĺâěńì N !/N^N ć (3.27) áőčńăáőćëćăěâ íâã ŋőàňĺàőćłã á ŕàĺŋïâőľ ćëèě ďńï ρ(p, q): ∫ d`ρ(p, q) = { 1 N ∫ dp_1dq_1 (2π—h)^3 n(p_1, q_1) }_N = 1 d` = dpdq (2π—h)^{3N} N !

(3.29)

Šőčďă ĺáŕőńìğãï (3.27), (3.21) ć (3.26), ŕőńãçăěň: S = − ∫ dp_1dq_1 (2π—h)^3 n(p_1, q_1) ln n(p_1, q_1) e (3.30)

çâő áőćŕăďăěâ á (3.25).

Ć áőáâőïŋĺĺ àăćŋőćěáĺï íŋâàőŕĺï ďőńęŋă ĺňěâì ňăłáĺňăńìŋőě ğŋăçěŋĺě. Ĺğ íâőčő âàěąőćăŋĺï ňőęŋő ŋăľâĺ àăćŋőćěáŋãî äãŋłæĺî àăáŕàěďěńěŋĺï. Ŋăľďěň âăłĺě < n_j >, ŕàĺ łőâőàëå áãňňă (3.23) ĺňěěâ ňăłáĺňãň, ŕàĺ ćëŕőńŋěŋĺĺ ďőŕőńŋĺâěńìŋëå ãáńőćĺľ ŕőáâőïŋáâćă çĺáńă çăáâĺæ ĺ áàěďŋěľ íŋěàčĺĺ: ∑ j N_j = ∑ j G_j < n_j >= N (3.31)

∑ j ε_j N_j = ∑ j ε_j G_j < n_j >= E (3.32)

Ćőáŕőńìğãěňáï ňěâőďőň ŋěőŕàěďěńěŋŋëå ňŋőęĺâěńěľ Ńăčàăŋęă ĺ àăááňőâàĺň ãáńőćĺě: ∂ ∂n_j (S + αN + βE) = 0 (3.33)

čďě α ĺ β { ŋěłőâőàëě ŕőáâőïŋŋëě. Ŕàőćőďï ďĺääěàěŋæĺàőćăŋĺě, ŋăåőďĺň:

G_j(− ln < n_j > +α + βε_j ) = 0 (3.34)

őâłãďă ln < n_j >= α + βε_j , ĺńĺ

< n_j >= exp(α + βε_j ) (3.35)

İâő őŕïâì ěáâì àăáŕàěďěńěŋĺě Ąőńìæňăŋă, ă ŕőáâőïŋŋëě α ĺ β áćïğăŋë á T ĺ μ: α = μ/T , β = −1/T . Ŕőáńěďŋěě ïáŋő, ć çăáâŋőáâĺ, ĺ ĺğ âőčő őąáâőïâěńìáâćă, çâő (3.33) ňőęŋő ğăŕĺáăâì ć ćĺďě áőőâŋőèěŋĺï ňěęďã ďĺääěàěŋæĺăńăňĺ: dS + αdN + βdE = 0, çâő ďőńęŋő áőćŕăďăâì á ĺğćěáâŋëň ĺğ âěàňőďĺŋăňĺłĺ ćëàăęěŋĺěň ďńï ďĺääěàěŋæĺăńă ćŋãâàěŋŋěľ íŋěàčĺĺ (ŕàĺ äĺłáĺàőćăŋŋőň őąêěňě) dE = T dS +μdN .

ĹĎĚĂŃĲŊŻĽ ČĂĞ 67

Śćőąőďŋăï íŋěàčĺï ąőńìæňăŋőćáłőčő ĺďěăńìŋőčő čăğă.

Ŕàĺňěŋĺň őáŋőćŋãî äőàňãńã áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ:

F = −T ln Z = −T ln ∑ n e^{− EnT} (3.36)

ďńï ćëçĺáńěŋĺï áćőąőďŋőľ íŋěàčĺĺ ĺďěăńìŋőčő čăğă, ŕőďçĺŋïîéěčőáï áâăâĺáâĺłě Ąőńìæňăŋă. Şàőćŋĺ íŋěàčĺĺ áĺáâěňë ć æěńőň E_n ŕàěďáâăćńïîâ áőąőľ áãňňë íŋěàčĺľ ε_k, łőâőàëě ć ąőńìæňăŋőćáłőň áńãçăě ňőęŋő áçĺâăâì ćáě àăğńĺçŋëňĺ ňěęďã áőąőľ (ŕőáłőńìłã ć łăęďőň áőáâőïŋĺĺ ĺňěěâáï ŋě ąőńěě őďŋőľ ňőńěłãńë). Šőčďă, ğăŕĺáëćăï e^{− En}T ć ćĺďě ŕàőĺğćěďěŋĺï ňŋőęĺâěńěľ e^{− εk}T ďńï łăęďőľ ĺğ ňőńěłãń ĺ áãňňĺàãï ŋěğăćĺáĺňő ŕő ćáěň áőáâőïŋĺïň łăęďőľ ňőńěłãńë, ŕőńãçĺň ďńï áâăâáãňňë čăğă áńěďãîéěě ćëàăęěŋĺě^7:

Z ∼ ( ∑ k e^{− εkT} )_N (3.37)

İâő ćëàăęěŋĺě ŋăďő ěéě àăğďěńĺâì ŋă N ! { çĺáńő ŕěàěáâăŋőćőł âőęďěáâćěŋŋëå çăáâĺæ (ňőńěłãń). Šőčďă ĺňěěň:

Z = ∑ n e^{− EnT} = 1 N ! ( ∑ k e^{− εkT} )_N (3.38)

Ŕőďáâăćńïï íâő ćëàăęěŋĺě ć (3.36), ŕőńãçăěň: F = −T N ln ∑ k e^{− εkT} + T ln N ! (3.39)

ĺńĺ, ćőáŕőńìğőćăćèĺáì áŋőćă ln N ! ≈ N ln N/e, ĺňěěň: F = −N T ln { e N ∑ k e^{− εkT} } (3.40)

Ć łńăááĺçěáłőľ áâăâĺáâĺłě ňőęŋő áàăğã ŋăŕĺáăâì: F = −N T ln e N ∫ dτ e^{− ε(p,q)T} dτ = d^rpd^rq (2π—h)^r (3.41)

čďě r őŕïâì çĺáńő áâěŕěŋěľ áćőąőďë ňőńěłãńë čăğă.

7Ĺňěěň e^{− En}T = e^{− εk1}T e^{− εk2}T ...e^{− εkN}T , čďě ćáěčő N ňŋőęĺâěńěľ, ŕàĺçěň ćáě k_L(L = 1, 2, ..., N) àăğŋëě. Ğăâěň ćëçĺáńïěň ∑ k1 ∑ k2 ... ∑ k_N → (∑ k )_N , çâő ĺ ďăěâ (3.37)

68 ĹĎĚĂŃĲŊŻĽ ČĂĞ

Şàăćŋěŋĺě áőáâőïŋĺï ĺďěăńìŋőčő čăğă.

İŋěàčĺî ňőńěłãńë čăğă ňőęŋő ğăŕĺáăâì ć ćĺďě:

ε_k(p_x, p_y, p_z) = p^2_x + p^2_y + p^2_z 2m + ε^′_k (3.42)

čďě ŕěàćëľ çńěŋ { łĺŋěâĺçěáłăï íŋěàčĺï ŕőáâãŕăâěńìŋőčő ďćĺęěŋĺï, ă ε^′_k { ćŋãâàěŋŋĺě ãàőćŋĺ íŋěàčĺĺ ňőńěłãńë (áőőâćěâáâćãîéĺě, ŋăŕàĺňěà, ěě ćàăéěŋĺî, łőńěąăŋĺïň ăâőňőć ćąńĺğĺ ĺå ŕőńőęěŋĺľ àăćŋőćěáĺï, ćŋãâàĺăâőňŋëň ãàőćŋïň ĺ â.ď.). Ŕàĺ íâőň ćăęŋő, çâő ε^′_k ŋě ğăćĺáïâ őâ ĺňŕãńìáőć (áłőàőáâěľ) ĺ łőőàďĺŋăâ æěŋâàă ĺŋěàæĺĺ ňőńěłãńë. Šőčďă áãňňă, áâőïéăï ŕőď ğŋăłőň ln ć (3.40), àăćŋă^8: ∑ k 1 (2π—h)^3 e^{− ε} ′ k T ∫ V dV ∫_∞ −∞ dp_x ∫_∞ −∞ dp_y ∫_∞ −∞ dp_ze^{− p} 2_x+_p2_y +_p2_z 2mT = = V ( mT 2π—h^2

)_{3/2} ∑ k e^{− ε} ′ k T (3.43)

Šőčďă áćőąőďŋăï íŋěàčĺï čăğă ğăŕĺáëćăěâáï łăł: F = −N T ln [ eV N ( mT 2π—h^2

)_{3/2} ∑ k e^{− ε} ′ k T ] = −N T ln [ eV N ( mT 2π—h^2 )_{3/2} Z^′ ] (3.44)

čďě ććěńĺ \ćŋãâàěŋŋîî" áâăâáãňňã ňőńěłãńë Z^′ = ∑ k e^{− ε} ′ k T . İâă áãňňă ŋě ňőęěâ ąëâì ćëçĺáńěŋă ć őąéěň ćĺďě, âàěąãěâáï ğŋăŋĺě ćŋãâàěŋŋĺå ãàőćŋěľ íŋěàčĺĺ ňőńěłãń ďăŋŋőčő čăğă. Ćăęŋő, őďŋăłő, çâő őŋă ŕàěďáâăćńïěâ áőąőľ ŕàőáâő ŋěłőâőàãî äãŋłæĺî âěňŕěàăâãàë, âăł çâő (3.44) ďăěâ ŕőńŋőě őŕĺáăŋĺě ğăćĺáĺňőáâĺ áćőąőďŋőľ íŋěàčĺĺ őâ őąêěňă. Ćëďěńïï ć (3.44) çńěŋ ğăćĺáïéĺľ âőńìłő őâ őąêěňă, ĺňěěň: F = −N T ln eV N + N f(T ); f(T ) = −T ln ( mT 2π—h^2 )_{3/2} Z^′ (3.45)

Šőčďă ďńï ďăćńěŋĺï čăğă ŋěňěďńěŋŋő ŕőńãçăěň: P = − ∂F ∂V = N T V ĺńĺ P V = N T (3.46)

ĺńĺ ãàăćŋěŋĺě áőáâőïŋĺï ĺďěăńìŋőčő čăğă. Ěáńĺ ĺğňěàïâì âěňŕěàăâãàã ć čàăďãáăå:

P V = N k_BT = RT (3.47)

Ďńï čàăňň{ňőńěłãńë čăğă N = 6.023 10^{23} (çĺáńő Ăćőčăďàő), R = 8.314 10^7íàč/čàăď, k_B = 1.3804 10^{−16}íàč/čàăď.

Ğŋăï F , ňőęŋő ŋăľâĺ ĺ ďàãčĺě âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë. Ŋăŕàĺňěà, âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń Čĺąąáă ěáâì: ˘ = F + P V = E − T S + P V = W − T S = −N T ln eV N + N f(T ) + P V (3.48)

8Ĺŋâěčàăń ŕő dV ğďěáì áćïğăŋ á ĺŋâěčàĺàőćăŋĺěň ŕő łőőàďĺŋăâăň æěŋâàă ĺŋěàæĺĺ ňőńěłãńë ĺ ďăěâ ŕàőáâő ŕőńŋëľ őąêěň, ğăŋĺňăěňëľ čăğőň V .

ĹĎĚĂŃĲŊŻĽ ČĂĞ 69

čďě W { íŋâăńìŕĺï. Ğăňěŋïï V çěàěğ P ĺ T á ŕőňőéìî ãàăćŋěŋĺï áőáâőïŋĺï (3.46), çâőąë ćëàăğĺâì ˘ łăł äãŋłæĺî P ĺ T (ŋăŕőňŋĺň, çâő d˘ = −SdT + V dP ) ĺ ććőďï ŋőćãî äãŋłæĺî âěňŕěàăâãàë χ(T ) = f(T ) − T ln T , ŕőńãçăěň:

˘ = N T ln P + N χ(T ) (3.49)

İŋâàőŕĺï čăğă (ŋăŕőňŋĺň, çâő dF = −SdT − P dV ): S = − ∂F ∂T = N ln eV N − N f^′(T ) (3.50)

ĺńĺ, łăł äãŋłæĺï P ĺ T : S = − ∂˘ ∂T = −N ln P − N χ^′(T ) (3.51)

Ćŋãâàěŋŋïï íŋěàčĺï čăğă:

E = F + T S = N f(T ) − N T f^′(T ) (3.52)

ĺ ïćńïěâáï äãŋłæĺěľ őďŋőľ âőńìłő âěňŕěàăâãàë, âő ęě ćěàŋő ĺ ďńï íŋâăńìŕĺĺ W = E + P V = E + N T . İâő ňőęŋő ńěčłő ŕőŋïâì { ňőńěłãńë ĺďěăńìŋőčő čăğă ŋě ćğăĺňőďěľáâćãîâ, âăł çâő ĺğňěŋěŋĺě áàěďŋěčő àăááâőïŋĺï ňěęďã ŋĺňĺ ŕàĺ ĺğňěŋěŋĺĺ őąéěčő őąêěňă ŋě ňőęěâ áłăğăâìáï ŋă ěčő íŋěàčĺĺ. Ćňěáâě á E ĺ W äãŋłæĺïňĺ T ïćńïîâáï ĺ âěŕńőěňłőáâĺ C_v = (_{∂E} ∂T ) V ĺ C_p = (_{∂W} ∂T ) P . Ůăáâő ĺáŕőńìğãîâ âěŕńőěňłőáâĺ ć àăáçěâě ŋă őďŋã ňőńěłãńã: C_v = N c_v ĺ C_p = N c_p. Ďńï ĺďěăńìŋőčő čăğă W − E = N T , âăł çâő àăğŋőáâì c_p − c_v ĺňěěâ ãŋĺćěàáăńìŋőě ğŋăçěŋĺě:

c_p − c_v = 1 ĺńĺ c_p − c_v = k_B (3.53)

Ć àăáçěâě ŋă čàăňň-ňőńěłãńã C_P − C_V = R.

Ĺďěăńìŋëľ čăğ á ŕőáâőïŋŋőľ âěŕńőěňłőáâìî.

İłáŕěàĺňěŋâăńìŋő ĺğćěáâŋő, çâő ć èĺàőłőň ĺŋâěàćăńě ďőáâăâőçŋő ćëáőłĺå âěňŕěàăâãà âěŕńőěňłőáâì čăğőć őłăğëćăěâáï ŕőáâőïŋŋőľ ćěńĺçĺŋőľ, ŋě ğăćĺáïéěľ őâ T . Ťĺğĺçěáłĺě ŕàĺçĺŋë íâőčő áâăŋãâ ïáŋë ŋĺęě, ă áěľçăá ňë ŕőłăęěň, çâő ć ŕàěďŕőńőęěŋĺĺ ŕőáâőïŋáâćă âěŕńőěňłőáâĺ, âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë čăğă ňőčãâ ąëâì ćëçĺáńěŋë ć őąéěň ćĺďě. Ă ĺňěŋŋő, ňőęěâ ąëâì őŕàěďěńěŋă ć őąéěň ćĺďě ŋěĺğćěáâŋăï äãŋłæĺï âěňŕěàăâãàë f(T ), ććěďěŋŋăï ćëèě ć (3.45). Őłăğëćăěâáï, çâő ć íâőň áńãçăě ŋăň ŋě ŋãęŋő ćëçĺáńïâì ćåőďïéãî ć ŋěě \ćŋãâàěŋŋîî" áâăâáãňňã Z^′. Ć áăňőň ďěńě, ďĺääěàěŋæĺàãï ŕő âěňŕěàăâãàě ćëàăęěŋĺě (3.52) ďńï ćŋãâàěŋŋěľ íŋěàčĺĺ ŋăåőďĺň:

c_v = −T f^{′′}(T ) (3.54)

Śçĺâăï âěŕńőěňłőáâì łőŋáâăŋâőľ, őŕàěďěńïěňőľ ĺğ íłáŕěàĺňěŋâă, ĺŋâěčàĺàãěň (3.54) ďćăęďë ĺ ŕőńãçăěň:

f(T ) = −c_vT ln T − ζT + ε_0 (3.55)

70 ĹĎĚĂŃĲŊŻĽ ČĂĞ

čďě ζ ĺ ε_0 ďćě łőŋáâăŋâë ĺŋâěčàĺàőćăŋĺï. Šőčďă ĺğ (3.45) ŕőńãçăěň áćőąőďŋãî íŋěàčĺî ć ćĺďě:

F = N ε_0 − N T ln eV N − N c_vT ln T − N ζT (3.56) Ŕőáâőïŋŋăï ζ ŋăğëćăěâáï åĺňĺçěáłőľ ŕőáâőïŋŋőľ čăğă, ďńï łőŋłàěâŋőčő čăğă őŋă, âăłęě łăł ĺ âěŕńőěňłőáâì, ňőęěâ ąëâì őŕàěďěńěŋă íłáŕěàĺňěŋâăńìŋő. Őâáîďă, á ŕőňőéìî (3.52), ŕőńãçăěň ćŋãâàěŋŋîî íŋěàčĺî ć ćĺďě ńĺŋěľŋőľ äãŋłæĺĺ âěňŕěàăâãàë:

E = N ε_0 + N c_vT (3.57)

Šěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń Čĺąąáă ŕőńãçăěâáï ŕàĺąăćńěŋĺěň ł (3.56) ćěńĺçĺŋë P V = N T , ŕàĺçěň ŋăďő ćëàăğĺâì őąêěň čăğă çěàěğ ďăćńěŋĺě ĺ âěňŕěàăâãàã. Ŕőńãçăěň:

˘ = N ε_0 + N T ln P − N c_pT ln T − N ζT (3.58)

İŋâăńìŕĺï W = E + P V àăćŋă:

W = N ε_0 + N c_pT (3.59)

Ďĺääěàěŋæĺàãï (3.56) ĺ (3.58) ŕő T , ŕőńãçĺň íŋâàőŕĺî, ćëàăęěŋŋãî áőőâćěâáâćěŋŋő çěàěğ T ĺ V ĺńĺ T ĺ P : S = − ( ∂F ∂T ) V = −N ln eV N + N c_v ln T + (ζ + c_v)N (3.60) S = − ( ∂˘ ∂T ) P = −N ln P + N c_p ln T + (ζ + c_p)N (3.61)

Ĺğ íâĺå ćëàăęěŋĺľ ňőęŋő ŕőńãçĺâì ğăćĺáĺňőáâì, áćïğëćăîéãî őąêěň, âěňŕěàăâãàã ĺ ďăćńěŋĺě ĺďěăńìŋőčő čăğă (á ŕőáâőïŋŋőľ âěŕńőěňłőáâìî) ŕàĺ ěčő ăďĺăąăâĺçěáłőň àăáèĺàěŋĺĺ ĺńĺ áęăâĺĺ (ăďĺăąăâă Ŕãăááőŋă). Ŕőáłőńìłã ŕàĺ ăďĺăąăâĺçěáłőň ŕàőæěááě íŋâàőŕĺï őáâăěâáï ŕőáâőïŋŋőľ, âő ĺğ (3.61) ĺňěěň: −N ln P + N c_p ln T = const, őâłãďă T^{cp} /P = const, ĺńĺ, ĺáŕőńìğãï c_p − c_v = 1:

T^γ P^{1−γ} = const (3.62)

čďě γ = c_p/c_v. Ĺáŕőńìğãï ãàăćŋěŋĺě áőáâőïŋĺï P V = N T , ŕőńãçăěň áőőâŋőèěŋĺï ňěęďã T ĺ V ĺ ňěęďã P ĺ V : T V^{γ−1} = const P V^γ = const (3.63) Ğăłőŋ àăćŋőàăáŕàěďěńěŋĺï.

Řăááňőâàĺň ğăďăçã ő âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋăå čăğőć á âőçłĺ ğàěŋĺï łńăááĺçěáłőľ áâăâĺáâĺłĺ. Ňőńěłãńă čăğă ŕàěďáâăćńïěâ áőąőľ łőŋäĺčãàăæĺî ăâőňőć, áőćěàèăîéĺå ňăńëě łőńěąăŋĺï ćąńĺğĺ ŕőńőęěŋĺľ àăćŋőćěáĺï, áőőâćěâáâćãîéĺå ňĺŋĺňãňã ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ ćğăĺňőďěľáâćĺï:

U = ε_0 + r_{osc}∑

i,k=1 a_{ik}q_iq_k (3.64)

ĹĎĚĂŃĲŊŻĽ ČĂĞ 71

čďě ε_0 { ŕőâěŋæĺăńìŋăï íŋěàčĺï ćğăĺňőďěľáâćĺï ăâőňőć, łőčďă ćáě őŋĺ ŋăåőďïâáï ć ŕőńőęěŋĺïå àăćŋőćěáĺï, r_{osc} { çĺáńő łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë.

Ćěńĺçĺŋã r_{osc} ňőęŋő ŋăľâĺ ŕő çĺáńã ăâőňőć n ć ňőńěłãńě. n{ăâőňŋăï ňőńěłãńă ĺňěěâ ćáěčő 3n áâěŕěŋěľ áćőąőďë. Ĺğ ŋĺå âàĺ áőőâćěâáâćãîâ ŕőáâãŕăâěńìŋőňã ďćĺęěŋĺî ňőńěłãńë łăł æěńőčő ĺ âàĺ ěě ćàăéěŋĺî łăł æěńőčő. Őáâăńìŋëě áâěŕěŋĺ áćőąőďë { łőńěąăâěńìŋëě ĺ r_{osc} = 3n − 6. Ěáńĺ ćáě ăâőňë àăáŕőńőęěŋë ŕő őďŋőľ ŕàïňőľ (ć çăáâŋőáâĺ ã ďćãåăâőňŋőľ ňőńěłãńë), âő ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë ćáěčő ďćě. Ć íâőň áńãçăě r_{osc} = 3n − 5. Ŕàĺ n = 1 łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë ŋěâ.

Ŕőńŋăï íŋěàčĺï ε(p, q) ňőńěłãńë ěáâì áãňňă ŕőâěŋæĺăńìŋőľ ĺ łĺŋěâĺçěáłőľ íŋěàčĺľ. Ŕőáńěďŋïï ïćńïěâáï łćăďàăâĺçŋőľ äãŋłæĺěľ őâ ćáěå ĺňŕãńìáőć, çĺáńő łőâőàëå àăćŋő ŕőńŋőňã çĺáńã 3n áâěŕěŋěľ áćőąőďë. Ŕőíâőňã íŋěàčĺï ε(p, q) = ε_0 + f_{II} (p, q), čďě f_{II} (p, q) { łćăďàăâĺçŋăï äãŋłæĺï ĺňŕãńìáőć ĺ łőőàďĺŋăâ, ŕőńŋőě çĺáńő ŕěàěňěŋŋëå ć íâőľ äãŋłæĺĺ ěáâì l = 6n − 6 (ďńï ŋěńĺŋěľŋőľ ňőńěłãńë) ĺńĺ l = 6n − 5 (ďńï ńĺŋěľŋőľ). Ş őďŋőăâőňŋőčő čăğă l = 3, łőőàďĺŋăâë ćőőąéě ŋě ćåőďïâ ć ćëàăęěŋĺě ďńï íŋěàčĺĺ.

Ć àěğãńìâăâě ďńï áćőąőďŋőľ íŋěàčĺĺ čăğă ĺğ (3.41) ĺňěěň: F = −N T ln ee^{− ε0T} N ∫ dτ e^{− fII (p,q)T} (3.65) Ŕàőĺğćěďěň ğďěáì ğăňěŋã ŕěàěňěŋŋëå p = p^′ √ T ,q = q^′ √ T ďńï ćáěå l ŕěàěňěŋŋëå őâ łőâőàëå ğăćĺáĺâ äãŋłæĺï f_{II} (p, q). Ćáńěďáâćĺě łćăďàăâĺçŋőáâĺ äãŋłæĺĺ f_{II} (p, q) ĺňěěň:

f_{II} (p, q) = T f_{II} (p^′, q^′) (3.66)

ĺ T ć ŕőłăğăâěńě íłáŕőŋěŋâë ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ áőłàăéăěâáï. Ăŋăńőčĺçŋőě ŕàěőąàăğőćăŋĺě ďĺääěàěŋæĺăńőć íâĺå ŕěàěňěŋŋëå, ćåőďïéĺå ć dτ ďăáâ ňŋőęĺâěńì T^{l/2}, łőâőàëľ ćëŋőáĺâáï ğă ĺŋâěčàăń. Ĺŋâěčàĺàőćăŋĺě ŕő łőńěąăâěńìŋëň łőőàďĺŋăâăň q ŕàőĺğćőďĺâáï ŕő âőľ őąńăáâĺ ĺå ğŋăçěŋĺľ, łőâőàăï áőőâćěâáâćãěâ łőńěąăŋĺïň ăâőňőć ćŋãâàĺ ňőńěłãńë. Őďŋăłő, ććĺďã ąëáâàőľ áåőďĺňőáâĺ (łćăďàăâĺçŋăï äãŋłæĺï ć íłáŕőŋěŋâě), ĺŋâěčàĺàőćăŋĺě ŕő p^′ ĺ q^′ ňőęŋő àăáŕàőáâàăŋĺâì őâ −∞ ďő ∞, âőčďă ĺŋâěčàăń áćěďěâáï ł ŋěłőâőàőľ łőŋáâăŋâě, ŋěğăćĺáïéěľ őâ âěňŕěàăâãàë. Şçĺâëćăï ěéě, çâő ĺŋâěčàĺàőćăŋĺě ŕő łőőàďĺŋăâăň æěŋâàă ĺŋěàæĺĺ ňőńěłãńë ďăáâ őąêěň V , ğăŋĺňăěňëľ čăğőň, ŕőńãçĺň ďńï áćőąőďŋőľ íŋěàčĺĺ áńěďãîéěě ćëàăęěŋĺě: F = −N T ln AV e^{− ε0T} T^{l/2} N A = const (3.67) Řăáłàëćăï ńőčăàĺäň, ŕőńãçăěň:

F = N ε_0 − N T ln eV N − N l 2 T ln T − N T ln A (3.68)

çâő ć âőçŋőáâĺ áőćŕăďăěâ á (3.56), ěáńĺ ŕőńőęĺâì:

c_v = l 2 (3.69)

ĺ ζ = ln A. Śőőâćěâáâćěŋŋő:

c_p = c_v + 1 = l + 2 2 (3.70)

72 ĹĎĚĂŃĲŊŻĽ ČĂĞ

Šăłĺň őąàăğőň, çĺáâő łńăááĺçěáłĺľ ĺďěăńìŋëľ čăğ őąńăďăěâ ŕőáâőïŋŋőľ âěŕńőěňłőáâìî, ŕàĺçěň ŋă łăęďãî ŕěàěňěŋŋãî ć íŋěàčĺĺ ňőńěłãńë ε(p, q) ŕàĺåőďĺâáï ŕő àăćŋőľ ďőńě 1/2 ć âěŕńőěňłőáâĺ c_v (ĺńĺ k_B/2 ć őąëçŋëå ěďĺŋĺæăå), ĺńĺ ęě ŕő àăćŋőľ ďőńě T /2 (k_BT /2 ŕàĺ ĺğňěàěŋĺĺ T ć čàăďãáăå) ć ěčő íŋěàčĺĺ. İâő ŕàăćĺńő ŋăğëćăěâáï ğăłőŋőň àăćŋőàăáŕàěďěńěŋĺï ĺ ïćńïěâáï ćěáìňă őąéĺň ãâćěàęďěŋĺěň łńăááĺçěáłőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ, ć çăáâŋőáâĺ, łăł ňë ãćĺďĺň ŋĺęě, őŋ ńěčłő őąőąéăěâáï ĺ ŋă áńãçăľ łőŋďěŋáĺàőćăŋŋëå âěń^9.Ĺňěï ććĺďã, çâő őâ ŕőáâãŕăâěńìŋëå ĺ ćàăéăâěńìŋëå áâěŕěŋěľ áćőąőďë ć ε(p, q) ćåőďïâ âőńìłő áőőâćěâáâćãîéĺě ĺňŕãńìáë, ňőęŋő áłăğăâì, çâő łăęďăï ĺğ íâĺå áâěŕěŋěľ áćőąőďë ćŋőáĺâ ć âěŕńőěňłőáâì ćłńăď 1/2. Őâ łăęďőľ ęě łőńěąăâěńìŋőľ áâěŕěŋĺ áćőąőďë ć ε(p, q) ćåőďïâ ďćě ŕěàěňěŋŋëě (łőőàďĺŋăâă ĺ ĺňŕãńìá) ĺ ěě ćłńăď ć âěŕńőěňłőáâì àăćěŋ 1.

Őďŋőăâőňŋëľ ĺďěăńìŋëľ čăğ.

Řăááňőâàĺň őďŋőăâőňŋëľ ĺďěăńìŋëľ čăğ. Ŕőńŋőě ćëçĺáńěŋĺě áćőąőďŋőľ íŋěàčĺĺ âăłőčő čăğă âàěąãěâ łőŋłàěâŋőčő ćëçĺáńěŋĺï \ćŋãâàěŋŋěľ" áâăâáãňňë Z^′, ććěďěŋŋőľ ć (3.44): Z^′ = ∑ k e^{− εkT} (3.71)

čďě ε_k { ćŋãâàěŋŋĺě ãàőćŋĺ íŋěàčĺĺ ăâőňă. İâĺ ãàőćŋĺ ňőčãâ ąëâì ćëàőęďěŋŋëňĺ, âőčďă áőőâćěâáâćãîéěě áńăčăěňőě ćőľďěâ ć áâăâáãňňã g_k àăğ, čďě g_k { łàăâŋőáâì ćëàőęďěŋĺï (áâăâćěá ãàőćŋï). Šőčďă:

Z^′ = ∑ k g_ke^{− εkT} (3.72)

Śćőąőďŋăï íŋěàčĺï čăğă, áőčńăáŋő (3.44), ěáâì: F = −N T ln [ eV N ( mT 2π—h^2 )_{3/2} Z^′ ] (3.73)

Łăł ĺğćěáâŋő, ăâőňŋëě âěàňë (őâćńěłăïáì őâ ĺå âőŋłőľ áâàãłâãàë) àăáŕőńőęěŋë âăł, çâő àăááâőïŋĺě őâ őáŋőćŋőčő ďő ŕěàćőčő ćőğąãęďěŋŋőčő ãàőćŋï áàăćŋĺňő ŕő ćěńĺçĺŋě á íŋěàčĺěľ ĺőŋĺğăæĺĺ ăâőňă I_{ion}, çâő ďńï àăğńĺçŋëå ăâőňőć ŋăåőďĺâáï ć ŕàěďěńăå I_{ion}/k_B ∼ 5 − 28 10^4K. Ŕőíâőňã, ŕàĺ âěňŕěàăâãàăå T ≪ I_{ion}, ŕàěďáâăćńïîéĺå őáŋőćŋőľ ĺŋâěàěá, ć čăğăå ŕàăłâĺçěáłĺ őâáãâáâćãîâ ŋě âőńìłő ĺőŋĺğőćăŋŋëě, ŋő ĺ ćőğąãęďěŋŋëě ăâőňë. Ŕőíâőňã ćáě ăâőňë čăğă ňőęŋő áçĺâăâì ŋăåőďïéĺňĺáï ć őáŋőćŋőň áőáâőïŋĺĺ.

Řăááňőâàĺň ŕàőáâěľèĺľ áńãçăľ ăâőňőć, łőâőàëě ć őáŋőćŋőň áőáâőïŋĺĺ ŋě őąńăďăîâ ŋĺ őàąĺâăńìŋëň ňőňěŋâőň, ŋĺ áŕĺŋőň (L = S = 0), âăłőćë, ŋăŕàĺňěà, ăâőňë ąńăčőàőďŋëå čăğőć^{10}. Ŕàĺ íâőň őáŋőćŋőě áőáâőïŋĺě ŋěćëàőęďěŋő ĺ \ćŋãâàěŋŋïï"

9Ŕàĺ ŕőŋĺęěŋĺĺ âěňŕěàăâãàë ŋăąńîďăîâáï áãéěáâćěŋŋëě őâłńőŋěŋĺï őâ ğăłőŋă àăćŋőàăáŕàěďěńěŋĺï. Őçěćĺďŋő, çâő ŕőáâőïŋáâćő âěŕńőěňłőáâĺ ŕàőâĺćőàěçĺâ ĺ âěőàěňě Ŋěàŋáâă. Ĺáâőàĺçěáłĺ, ŋăàãèěŋĺě ğăłőŋă àăćŋőàăáŕàěďěńěŋĺï ąëńő őďŋĺň ĺğ ćăęŋëå ãłăğăŋĺľ ŋă ŋěďőáâăâőçŋőáâì łńăááĺçěáłőčő àăááňőâàěŋĺï, çâő, ć ĺâőčě, ŕàĺćěńő ł áőğďăŋĺî łćăŋâőćőľ ňěåăŋĺłĺ.

10Ŕőďàőąŋőě őąáãęďěŋĺě ąőńěě áńőęŋëå áńãçăěć, âăłęě łăł ĺ ňŋőčőăâőňŋëå (ňőńěłãńïàŋëå) čăğőć, ňőęŋő ŋăľâĺ ć [1, 2]

ĹĎĚĂŃĲŊŻĽ ČĂĞ 73

áâăâáãňňă áćőďĺâáï ł őďŋőňã áńăčăěňőňã: Z^′ = e^{− ε0T} . Šőčďă ĺğ (3.73) áàăğã ŕőńãçăěâáï ćëàăęěŋĺě ďńï áćőąőďŋőľ íŋěàčĺĺ âĺŕă (3.56) á ŕőáâőïŋŋőľ âěŕńőěňłőáâìî:

c_v = 3/2 (3.74)

ĺ åĺňĺçěáłőľ ŕőáâőïŋŋőľ: ζ = 3 2 ln m 2π—h^2

(3.75)

{ äőàňãńă Śăłãàă-Šěâàőďě.

Ŕőńãçěŋŋëě ćëàăęěŋĺï ŕőğćőńïîâ ŋăľâĺ łàĺâěàĺľ ŕàĺňěŋĺňőáâĺ áâăâĺáâĺłĺ Ąőńìæňăŋă. Ćëèě ňë ŕőńãçĺńĺ àăáŕàěďěńěŋĺě Ąőńìæňăŋă ć ŕàěďŕőńőęěŋĺĺ ňăńőáâĺ áàěďŋĺå çĺáěń ğăŕőńŋěŋĺï ãàőćŋěľ: < n_k >= e^{μ−εkT} ≪ 1. (3.76) Őçěćĺďŋő, çâő ďőáâăâőçŋő ŕőâàěąőćăâì ćëŕőńŋěŋĺï ãáńőćĺï:

e^{μT} ≪ 1, (3.77)

őâłãďă, łáâăâĺ, ïáŋő, çâő åĺňŕőâěŋæĺăń ąőńìæňăŋőćáłőčő čăğă ćáěčďă őâàĺæăâěńěŋ ĺ ćěńĺł ŕő ăąáőńîâŋőľ ćěńĺçĺŋě. Ŋăľďěň åĺňŕőâěŋæĺăń ĺğ őŕàěďěńěŋĺï μ = ˘/N , ćőáŕőńìğőćăćèĺáì ćëàăęěŋĺěň ďńï âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă Čĺąąáă (3.58), ŕőďáâăćĺć âãďă c_p = c_v + 1 = 5/2 ĺ ζ ĺğ (3.75). Ŕőńãçăěň:

μ = T ln [ P T^{5/2} ( 2π—h^2 m )3/2] = T ln [ N V ( 2π—h^2 mT )3/2] (3.78)

çâő, őçěćĺďŋő, áőćŕăďăěâ á ŋăľďěŋŋëň ćëèě ďàãčĺň áŕőáőąőň ćëàăęěŋĺěň (3.12). Šőčďă ĺğ (3.77),(3.78) ŕőńãçăěň łàĺâěàĺľ ŕàĺňěŋĺňőáâĺ ąőńìæňăŋőćáłőľ áâăâĺáâĺłĺ ć ćĺďě: N V ( —h^2 mT )3/2 ≪ 1 ĺńĺ T ≫

—h^2 m ( N V )_{2/3} . (3.79)

Šăłĺň őąàăğőň, áâăâĺáâĺłă Ąőńìæňăŋă ŕàĺňěŋĺňă, ěáńĺ čăğ ďőáâăâőçŋő àăğàěęěŋ, ă âěňŕěàăâãàë ďőáâăâőçŋő ćëáőłĺ. Ţăàăłâěàŋăï âěňŕěàăâãàă (íŋěàčĺï), áâőïéăï ć ŕàăćőľ çăáâĺ ŕőáńěďŋěčő ŋěàăćěŋáâćă ć (3.79) ŋăğëćăěâáï âěňŕěàăâãàőľ (íŋěàčĺěľ) ćëàőęďěŋĺï čăğă. Őŋă âěň ćëèě, çěň ąőńìèě ŕńőâŋőáâì čăğă. Ťĺğĺçěáłĺľ áňëáń íâőčő łàĺâěàĺï ŋěâàãďŋő ŕőŋïâì ĺğ áńěďãîéĺå ŕàőáâëå őæěŋőł. Śàěďŋěě ňěęăâőňŋőě àăááâőïŋĺě ć àăááňăâàĺćăěňőň čăğě a ∼ (V /N )^{1/3}. Łćăŋâőćăï ŋěőŕàěďěńěŋŋőáâì íŋěàčĺĺ ăâőňă, áőőâćěâáâćãîéăï ěčő ńőłăńĺğăæĺĺ ŋă âăłĺå àăááâőïŋĺïå, ŕőàïďłă E_0 ∼^{h̄2}_{ma2} ∼^{h̄2}_m (N/V )^{2/3}. Şáńőćĺě T ≫ E_0 (3.79) őğŋăçăěâ, çâő łćăŋâőćëňĺ íääěłâăňĺ ňőęŋő ŕàěŋěąàěçì. Ŋăŕàőâĺć, ŕàĺ T < E_0 łćăŋâőćëě íääěłâë áâăŋőćïâáï áãéěáâćěŋŋëňĺ ĺ őâ áâăâĺáâĺłĺ Ąőńìæňăŋă ŋãęŋő ŕěàěåőďĺâì ł łćăŋâőćőľ áâăâĺáâĺłě ĺďěăńìŋëå čăğőć^{11}.

11Ŋěãďőćńěâćőàĺâěńìŋőáâì ŕőńãçěŋŋëå ćëèě ćëàăęěŋĺľ ďńï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ĺďěăńìŋőčő čăğă ïáŋă ãęě ĺ ĺğ őçěćĺďŋőčő ŕàőâĺćőàěçĺï á âěőàěňőľ Ŋěàŋáâă: ŋĺ íŋâàőŕĺï, ŋĺ âěŕńőěňłőáâì ŋě őąàăéăîâáï ć ŋãńì ŕàĺ T → 0.

74 ĹĎĚĂŃĲŊŻĽ ČĂĞ

Čńăćă 4

ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ

Őâłńőŋěŋĺě čăğőć őâ ĺďěăńìŋőáâĺ.

Ć àěăńìŋëå čăğăå, ěáâěáâćěŋŋő, ăâőňë (ňőńěłãńë) ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ. Ąãďěň áçĺâăâì čăğ ďőáâăâőçŋő àăğàěęěŋŋëň, âăł çâőąë ňőęŋő ąëńő ŕàěŋěąàěçì âàőľŋëňĺ, çěâćěàŋëňĺ ĺ â.ď. áâőńłŋőćěŋĺïňĺ ňőńěłãń ĺ ŕàěďŕőńőęĺâì, çâő ĺå ćğăĺňőďěľáâćĺě őáãéěáâćńïěâáï ńĺèì ŕãâěň ŕăàŋëå áâőńłŋőćěŋĺľ^1.

Ďńï ŕàőáâőâë àăááňőâàĺň őďŋőăâőňŋëľ àěăńìŋëľ čăğ. Ďćĺęěŋĺě ěčő çăáâĺæ ąãďěň àăááňăâàĺćăâì łńăááĺçěáłĺ, âăł çâő ěčő íŋěàčĺï ğăŕĺèěâáï ć ćĺďě: E(p, q) = N∑ i=1 p^2_i 2m + U (4.1)

Ş őďŋőăâőňŋőčő čăğă íŋěàčĺï ćğăĺňőďěľáâćĺï ěáâì äãŋłæĺï âőńìłő ćğăĺňŋëå àăááâőïŋĺľ ňěęďã ăâőňăňĺ. Śâăâĺáâĺçěáłĺľ ĺŋâěčàăń ∫ d`e^{− E(p,q)T} àăğąĺćăěâáï ŋă ŕàőĺğćěďěŋĺě ĺŋâěčàăńă ŕő ĺňŕãńìáăň ăâőňőć ĺ ĺŋâěčàăńă ŕő ĺå łőőàďĺŋăâăň. Ŕőáńěďŋĺľ ĺňěěâ ćĺď: ∫ dV_1... ∫ dV_N e^{− UT} (4.2)

Ďńï ĺďěăńìŋőčő čăğă U = 0 ĺ íâőâ ĺŋâěčàăń àăćěŋ ŕàőáâő V^N . §áŋő, çâő ŕàĺ ćëçĺáńěŋĺĺ áćőąőďŋőľ íŋěàčĺĺ áőčńăáŋő (2.45) ňë ŕőńãçĺň: F = F_{id} − T ln 1 V^N ∫ dV_1... ∫ dV_N e^{− UT} (4.3)

1Ŕőáńěďãîéěě ĺğńőęěŋĺě æěńĺłőň áńěďãěâ [1, 2].

76 ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ

čďě F_{id} { áćőąőďŋăï íŋěàčĺï ĺďěăńìŋőčő čăğă. Ŕàĺąăćńïï ĺ ćëçĺâăï ĺğ ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ŕő ěďĺŋĺæě ĺ ãçĺâëćăï ∫ dV_1... ∫ dV_N = V^N , ŕěàěŕĺèěň (4.3) ć ćĺďě: F = F_{id} − T ln { 1 V^N ∫ dV_1... ∫ dV_N ( e^{− UT} − 1 ) + 1 } (4.4)

Ŕãáâì čăğ ŋě âőńìłő ďőáâăâőçŋő àăğàěęěŋ, ŋő ĺ łőńĺçěáâćő ěčő ďőáâăâőçŋő ňăńő, âăł çâő őďŋőćàěňěŋŋő ć ŋěň áâăńłĺćăěâáï ŋě ąőńěě őďŋőľ ŕăàë ăâőňőć. İâő ŋě ěáâì őčàăŋĺçěŋĺě őąéŋőáâĺ, âăł łăł ć áĺńã ăďďĺâĺćŋőáâĺ áćőąőďŋőľ íŋěàčĺĺ F = N f(T, V /N ). Ćğăĺňőďěľáâćĺě ňěęďã ăâőňăňĺ ŋě őçěŋì ňăńő âőńìłő âőčďă, łőčďă ďćă ăâőňă ŋăåőďïâáï őçěŋì ąńĺğłő ďàãč ł ďàãčã (áâăńłĺćăîâáï). Ŕőíâőňã ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (4.4) ğăňěâŋő őâńĺçŋő őâ ŋãńï âőńìłő ć âěå áńãçăïå, łőčďă łăłĺě-ńĺąő ďćă ăâőňă őçěŋì ąńĺğłĺ ďàãč ł ďàãčã. İâőňã ãáńőćĺî ňőęěâ ãďőćńěâćőàĺâì őďŋőćàěňěŋŋő ŋě ąőńìèě őďŋőľ ŕăàë ăâőňőć (ěáńĺ čăğă ďőáâăâőçŋő ňăńő), ŕàĺçěň íâã ŕăàã ňőęŋő ćëąàăâì ĺğ N ăâőňőć^1_2 N (N − 1) áŕőáőąăňĺ. Ćáńěďáâćĺě íâőčő ĺŋâěčàăń ć (4.4) ňőęŋő ŋăŕĺáăâì ć ćĺďě: N (N − 1) 2 ∫ dV_1... ∫ dV_N ( e^{− U12T} − 1 ) (4.5)

čďě U_{12} { íŋěàčĺï ćğăĺňőďěľáâćĺï ďćãå ăâőňőć (łăłĺå ĺňěŋŋő { ŋěćăęŋő ć áĺńã ĺå őďĺŋăłőćőáâĺ). Ŕő ćáěň őáâăńìŋëň łőőàďĺŋăâăň (łàőňě łőőàďĺŋăâ ăâőňőć 1 ĺ 2) ĺŋâěčàĺàãěň, çâő ďăěâ ŕàőáâő V^{N−2}. Łàőňě âőčő N (N − 1) ≈ N^2 ć áĺńã N ≫ 1, âăł çâő (4.5) áćőďĺâáï ł:

N^2V^{N−2} ∫ dV_1 ∫ dV_2 ( e^{− U12T} − 1 ) . (4.6)

Ŕőďáâăćńïï íâő ćëàăęěŋĺě ć (4.4) ĺ ĺáŕőńìğãï ln(1 + x) ≈ x ŕàĺ x ≪ 1, ĺňěěň: F = F_{id} − T N^2 2V^2 ∫ dV_1 ∫ dV_2 ( e^{− U12T} − 1 ) (4.7)

čďě ćâőàőě áńăčăěňőě ďăěâ ňăńãî ŕőŕàăćłã ł áćőąőďŋőľ íŋěàčĺĺ ĺďěăńìŋőčő čăğă ĺğğă ćğăĺňőďěľáâćĺï. Ŕőâěŋæĺăń ćğăĺňőďěľáâćĺï U_{12} ğăćĺáĺâ őâ àăááâőïŋĺï ňěęďã ăâőňăňĺ. Ŕőíâőňã ć (4.7) ňőęŋő ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő àăğŋőáâĺ łőőàďĺŋăâ ďćãå ăâőňőć ĺ ŕő łőőàďĺŋăâě ĺå æěŋâàă ĺŋěàæĺĺ. Ŕőáńěďŋěě ďăáâ áŋőćă őąêěň V . Őłőŋçăâěńìŋő ŕőńãçăěň: F = F_{id} +

N^2T B(T ) V (4.8) čďě:

B(T ) = 1 2 ∫ dV ( 1 − e^{− U12T} ) (4.9)

Őâáîďă ŋăåőďĺň ďăćńěŋĺě: P = − ∂F ∂V = N T V ( 1 + N B(T ) V ) (4.10)

čďě ãçâěŋő, çâő P_{id} = N T /V . İâő ěáâì ãàăćŋěŋĺě áőáâőïŋĺï čăğă ć àăááňăâàĺćăěňőň ŕàĺąńĺęěŋĺĺ.

Ĺğ âěàňőďĺŋăňĺłĺ ĺğćěáâŋő, çâő ĺğňěŋěŋĺï áćőąőďŋőľ íŋěàčĺĺ ĺ âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ŕàĺ ňăńëå ĺğňěŋěŋĺïå ćŋěèŋĺå ãáńőćĺľ àăćŋë ďàãč ďàãčã,

ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ 77

Řĺá. 4-1 Ţăàăłâěàŋëľ ćĺď ŕőâěŋæĺăńă ňěęăâőňŋőčő ćğăĺňőďěľáâćĺï.

ŕàĺçěň őďŋő ąěàěâáï ŕàĺ ŕőáâőïŋŋőň őąêěňě, ă ďàãčőě ŕàĺ ŕőáâőïŋŋőň ďăćńěŋĺĺ. Ěáńĺ àăááňőâàěâì őâłńőŋěŋĺě čăğă őâ ĺďěăńìŋőáâĺ łăł âăłőě ĺğňěŋěŋĺě, âő ĺğ (4.8) ňőęŋő ŕőńãçĺâì áőőâćěâáâćãîéěě ćëàăęěŋĺě ďńï ˘. Ŋãęŋő âőńìłő ć ŕőŕàăćőçŋőň çńěŋě ćëàăğĺâì őąêěň çěàěğ ďăćńěŋĺě, ŕàĺçěň íâő áńěďãěâ áďěńăâì á ŕőňőéìî ãàăćŋěŋĺï áőáâőïŋĺï ĺďěăńìŋőčő čăğă. Šőčďă:

˘ = ˘_{id} + N B(T )P (4.11)

Őâáîďă ňőęŋő ćëàăğĺâì őąêěň çěàěğ ďăćńěŋĺě: V = N T P + N B(T ) (4.12)

Ćáě ŕőńãçěŋŋëě äőàňãńë ĺňěîâ áňëáń ńĺèì ŕàĺ ãáńőćĺĺ, çâő ĺŋâěčàăń (4.9) áåőďĺâáï. Ďńï íâőčő ŋãęŋő, çâőąë áĺńë ćğăĺňőďěľáâćĺï ďőáâăâőçŋő ąëáâàő ãąëćăńĺ á àăááâőïŋĺěň. Ěáńĺ ŋă ąőńìèĺå àăááâőïŋĺïå U_{12} ∼ r^{−n}, âő ŋãęŋő n > 3. Ďńï őďŋőăâőňŋëå čăğőć U_{12} ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá.4-1. Čńãąĺŋă ŕőâěŋæĺăńìŋőľ ïňë U_0 őąëçŋő ŕőàïďłă łàĺâĺçěáłőľ âěňŕěàăâãàë ďăŋŋőčő ćěéěáâćă. Ŕàĺ ćëáőłĺå âěňŕěàăâãàăå T ≫ U_0 ćő ćáěľ őąńăáâĺ r > 2r_0 ĺňěěň |U_{12}|/T ≪ 1 ĺ ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (4.9) ąńĺğłő ł ŋãńî. Ŕőíâőňã ğŋăçěŋĺě ĺŋâěčàăńă ć (4.9) ć őáŋőćŋőň őŕàěďěńïěâáï őąńăáâìî r < 2r_0, čďě U_{12}/T ŕőńőęĺâěńìŋő ĺ ćěńĺłő, áőőâćěâáâćěŋŋő ŕőńőęĺâěńěŋ ĺ ćěáì ĺŋâěčàăń. Šăłĺň őąàăğőň, ŕàĺ ćëáőłĺå âěňŕěàăâãàăå ĺňěěň B(T ) > 0. Ŋăŕàőâĺć, ŕàĺ ŋĺğłĺå T ≪ U_0 őáŋőćŋãî àőńì ć ĺŋâěčàăńě ĺčàăěâ őąńăáâì r > 2r_0, čďě âěŕěàì U_{12}/T őâàĺæăâěńìŋő ĺ ćěńĺłő ŕő ăąáőńîâŋőľ ćěńĺçĺŋě. Ŕőíâőňã, ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå ĺňěěň B(T ) < 0, ă ğăćĺáĺňőáâì B(T ) őâ âěňŕěàăâãàë őŕàěďěńïěâáï, ć őáŋőćŋőň, ňŋőęĺâěńěň e^{− U0}T . Ĺğ íâĺå àăááãęďěŋĺľ ïáŋő, çâő ŕàĺ ŋěłőâőàőľ âěňŕěàăâãàě B(T ) ŕàőåőďĺâ çěàěğ ŋãńì: B(T_B ) = 0 (âőçłă Ąőľńï).

Şàăćŋěŋĺě áőáâőïŋĺï (4.10), ŕő áãéěáâćã, ďăěâ ŕěàćëľ ŕőŕàăćőçŋëľ çńěŋ ł àăğńőęěŋĺî ďăćńěŋĺï ŕő áâěŕěŋïň 1/V , áńěďãîéěčő ćĺďă: P = N T V ( 1 + N B(T ) V + N^2C(T ) V^2 + ... ) (4.13)

78 ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ

Ŕěàćëľ ŕőŕàăćőçŋëľ çńěŋ ğďěáì áćïğăŋ á ŕăàŋëňĺ áâőńłŋőćěŋĺïňĺ ăâőňőć, ćâőàőľ { á âàőľŋëňĺ ĺ â.ď. Ąěğàăğňěàŋëľ ňăńëľ ŕăàăňěâà íâőčő àăğńőęěŋĺï { őâŋőèěŋĺě N v_0/V \őąêěňă" őďŋőčő ăâőňă v_0 ł ŕàĺåőďïéěňãáï ŋă őďĺŋ ăâőň őąêěňã čăğă V /N . Łőíääĺæĺěŋâë B, C, ... ŋăğëćăîâáï ćĺàĺăńìŋëňĺ łőíääĺæĺěŋâăňĺ, ă (4.13) { ćĺàĺăńìŋőě àăğńőęěŋĺě. Ňőęŋő ŕőłăğăâì, çâő őąéăï áâàãłâãàă ćĺàĺăńìŋőčő àăğńőęěŋĺï ĺňěěâ ćĺď: P = T ∞∑ n=1 J_n n! ξ^n (4.14)

čďě ξ = P_{id}/T = N/V , ă ćĺàĺăńìŋëě łőíääĺæĺěŋâë:

J_1 = 1 (4.15)

J_2 = ∫ dV_2 ( e^{− U12T} − 1 ) (4.16)

J_3 = ∫ dV_2 ∫ dV_3 ( e^{− U123T} − e^{− U12T} − e^{− U13T} − e^{− U23T} + 2 ) (4.17)

ĺ â.ď. Ĺŋâěčàăńë ć J_n ŕőáâàőěŋë ŕő őçěćĺďŋőňã ğăłőŋã: ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć J_n őâńĺçŋő őâ ŋãńï, ńĺèì ěáńĺ n ăâőňőć ąńĺğłĺ ďàãč ł ďàãčã, â.ě. ŕàĺ áâőńłŋőćěŋĺĺ n ăâőňőć.

Ťőàňãńă Ćăŋ-ďěà-Ćăăńìáă.

Šěőàĺï ęĺďłőáâěľ ŕàěďáâăćńïěâ áőąőľ őáőąěŋŋő áńőęŋëľ àăğďěń áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ŕàăłâĺçěáłĺ ŋěćőğňőęŋő ãáâăŋőćĺâì łăłĺě-ńĺąő őąéĺě äőàňãńë, łőńĺçěáâćěŋŋő őŕĺáëćăîéĺě áćőľáâćă ęĺďłőáâěľ. Őďŋăłő, ňőęŋő ďőáâăâőçŋő ńěčłő ŕőńãçĺâì ŋěłőâőàãî ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã, łăçěáâćěŋŋő őŕĺáëćăîéãî ŕěàěåőď ňěęďã ęĺďłőáâìî ĺ čăğőň ĺ ïćńïîéãîáï ďőáâăâőçŋő åőàőèĺň ĺ ŕàăłâĺçŋëň ãàăćŋěŋĺěň áőáâőïŋĺï áĺáâěňë čăğ { ęĺďłőáâì. Řěçì ĺďěâ őą ĺğćěáâŋőľ äőàňãńě Ćăŋ-ďěà-Ćăăńìáă.

Őŕĺáăŋŋëľ ćëèě åăàăłâěà ćğăĺňőďěľáâćĺï ăâőňőć čăğă ŕőğćőńïěâ őŕàěďěńĺâì ćĺď ŕěàćëå çńěŋőć àăğńőęěŋĺï B(T ) ŕő áâěŕěŋïň őąàăâŋőľ âěňŕěàăâãàë, ŕàěďŕőńăčăï ňăńőáâì őâŋőèěŋĺï: U_0 T ≪ 1 (4.18)

Ĺňěï ććĺďã, çâő U_{12} ěáâì äãŋłæĺï àăááâőïŋĺï r ňěęďã ăâőňăňĺ, ğăŕĺèěň ć (4.9) dV = 4πr^2dr ĺ àăğőąìěň őąńăáâì ĺŋâěčàĺàőćăŋĺï ŋă ďćě çăáâĺ:

B(T ) = 2π

∫_{2r0} 0 drr^2 ( 1 − e^{− U12T} ) + 2π ∫_∞ 2r0 drr^2 ( 1 − e^{− U12T} ) (4.19)

Ŕàĺ ğŋăçěŋĺïå r ∈ [0, 2r_0] íŋěàčĺï ćğăĺňőďěľáâćĺï U_{12} őçěŋì ćěńĺłă. Ŕőíâőňã ć ŕěàćőň ĺŋâěčàăńě ňőęŋő ŕàěŋěąàěçì çńěŋőň e^{− U12}T ŕő áàăćŋěŋĺî á ěďĺŋĺæěľ. Šőčďă íâőâ ĺŋâěčàăń àăćěŋ b = 16πr^3_0/3 > 0 ĺ ŕàěďáâăćńïěâ áőąőľ ãçěâćěàěŋŋëľ \őąêěň" ăâőňă. Ćő ćâőàőň ĺŋâěčàăńě ćěğďě |U_{12}|/T ≤ U_0/T ≪ 1. Ŕőíâőňã ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ňőęŋő àăğńőęĺâì ŕő áâěŕěŋïň U_{12}/T ĺ őčàăŋĺçĺćèĺáì ŕěàćëň ŋěĺáçěğăîéĺň

ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ 79

çńěŋőň ğăŕĺáăâì: − 2π T ∫_∞ 2r0 drr^2|U_{12}| = − a T (4.20)

čďě a = const > 0. Šăłĺň őąàăğőň ŋăåőďĺň: B(T ) = b − a T (4.21)

Śőőâćěâáâćěŋŋő ĺğ (4.8),(4.11) ŋăåőďĺň:

F = F_{id} +

N^2 V (bT − a) (4.22)

˘ = ˘_{id} + N P (b − a/T ) (4.23) Ĺáłőňãî ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã ňőęŋő ŕőńãçĺâì ĺğ (4.22), łőâőàăï áăňă ŕő áěąě ŋě ãďőćńěâćőàïěâ ŋěőąåőďĺňëň ãáńőćĺïň, âăł łăł ŋě ãçĺâëćăěâ őčàăŋĺçěŋŋőáâì áęĺňăěňőáâĺ ćěéěáâćă. Ŕőďáâăćĺň ć (4.22) áćőąőďŋãî íŋěàčĺî ĺďěăńìŋőčő čăğă ć ćĺďě (3.45) F_{id} = −N T ln^{eV}_N + N f(T ) ĺ ŕőńãçĺň: F = N f(T ) − N T ln e N − N T ( ln V − N b V ) − N^2a V (4.24)

Ěáńĺ čăğ ďőáâăâőçŋő àăğàěęěŋ, àăááâőïŋĺï ňěęďã ăâőňăňĺ ğŋăçĺâěńìŋő ąőńìèě, çěň ĺå àăğňěàë, áőőâćěâáâćěŋŋő V ≫ N b. Šőčďă ĺňěěň:

ln(V − N b) = ln V + ln ( 1 − N b V ) ≈ ln V − N b V (4.25)

Šěŕěàì áďěńăěň àěèăîéĺľ èăč ĺ ğăňěŋĺň ńőčăàĺäň ć (4.24) ŋă ńőčăàĺäň, áâőïéĺľ ć ńěćőľ çăáâĺ ŕàĺąńĺęěŋŋőčő àăćěŋáâćă (4.25). Šőčďă (4.24), äăłâĺçěáłĺ á âőľ ęě âőçŋőáâìî, ğăŕĺèěâáï łăł: F = N f(T ) − N T ln e N (V − N b) − N^2a V = F_{id} − N T ln ( 1 − N b V ) − N^2a V (4.26)

Ć âăłőň ćĺďě íâă äőàňãńă ãęě ãďőćńěâćőàïěâ ŕőáâăćńěŋŋőňã ãáńőćĺî: ŕàĺ ąőńìèĺå V őŋă ŕěàěåőďĺâ ć ćëàăęěŋĺě ďńï ĺďěăńìŋőčő čăğă, ă ŕàĺ ňăńëå V őŋă ďěňőŋáâàĺàãěâ ŋěćőğňőęŋőáâì ąěáŕàěďěńìŋőčő áęăâĺï čăğă (ŕàĺ V < N b ăàčãňěŋâ ln áâăŋőćĺâáï őâàĺæăâěńìŋëň). Ďńï ďăćńěŋĺï ŕőńãçăěň: P = − ∂F ∂V = N T V − N b − N^2a V^2

(4.27)

ĺńĺ ( P + N^2a V^2 ) (V − N b) = N T (4.28)

{ ãàăćŋěŋĺě áőáâőïŋĺï Ćăŋ-ďěà-Ćăăńìáă. Ĺğ (4.26) ňőęŋő ŋăľâĺ íŋâàőŕĺî:

S = S_{id} + N ln ( 1 − N b V ) (4.29)

80 ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ

ă âăłęě ćŋãâàěŋŋîî íŋěàčĺî E = F + T S: E = E_{id} − N^2a V (4.30)

Őâáîďă ćĺďŋő, çâő âěŕńőěňłőáâì C_v = (∂E/∂T )_V áőćŕăďăěâ á âěŕńőěňłőáâìî ĺďěăńìŋőčő čăğă. Ćâőàőľ çńěŋ ć (4.30) áőőâćěâáâćãěâ íŋěàčĺĺ ćğăĺňőďěľáâćĺï ăâőňőć čăğă, őŋ őâàĺæăâěńěŋ, âăł łăł ňěęďã ăâőňăňĺ ć áàěďŋěň ŕàěőąńăďăîâ áĺńë ŕàĺâïęěŋĺï.

Şàăćŋěŋĺě Ćăŋ-ďěà-Ćăăńìáă ŕàěďáâăćńïěâ áőąőľ łàăľŋě ãďăçŋëľ ŕàĺňěà ĺŋâěàŕőńïæĺőŋŋőčő ãàăćŋěŋĺï áőáâőïŋĺï, ćŕőńŋě ďőáâăâőçŋőčő ďńï łăçěáâćěŋŋőčő ăŋăńĺğă ćő ňŋőčĺå àěăńìŋëå áĺâãăæĺïå.

Šěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë łńăááĺçěáłőľ ŕńăğňë.

Ĺğńőęěŋŋëľ ćëèě ňěâőď ćëçĺáńěŋĺï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ŋěĺďěăńìŋőčő čăğă ğăćěďőňő ŋěŕàĺňěŋĺň ďńï čăğă, áőáâőïéěčő ĺğ ğăàïęěŋŋëå çăáâĺæ, ćğăĺňőďěľáâćãîéĺå ŕő ğăłőŋã Łãńőŋă, âăł łăł ć íâőň áńãçăě ćåőďïéĺě ć ŋăèĺ äőàňãńë ĺŋâěčàăńë ŕàőáâő àăáåőďïâáï (U_{12} ∼ r^{−1}). Ć íâőň ćăęŋőň áńãçăě âàěąãěâáï áŕěæĺăńìŋőě àăááňőâàěŋĺě.

Ĺâăł, àăááňőâàĺň ŕőńŋőáâìî ĺőŋĺğőćăŋŋëľ čăğ (ŕńăğňã). Ğăàïďë çăáâĺæ (ĺőŋőć) ąãďěň őąőğŋăçăâì Z_ae, čďě ĺŋďěłá a őâńĺçăěâ áőàâă ĺőŋőć (e { íńěňěŋâăàŋëľ ğăàïď, Z_a { ŕőńőęĺâěńìŋëě ĺ őâàĺæăâěńìŋëě çĺáńă). Ŕãáâì n_a { çĺáńő ĺőŋőć a-čő áőàâă ć ěďĺŋĺæě őąêěňă čăğă. Ć æěńőň čăğ ŋěľâàăńěŋ: ∑ a Z_an_{a0} = 0 (4.31)

Ŕãáâì őâłńőŋěŋĺï őâ ĺďěăńìŋőáâĺ ňăńë. Ďńï íâőčő ŋãęŋő, çâőąë áàěďŋïï íŋěàčĺï łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ďćãå ĺőŋőć ∼ (Ze)^2/r(r ∼ n^{−1/3}) ąëńă ňăńă ŕő áàăćŋěŋĺî áő áàěďŋěľ łĺŋěâĺçěáłőľ íŋěàčĺěľ ∼ T . Šăłĺň őąàăğőň ďőńęŋő ćëŕőńŋïâìáï ŋěàăćěŋáâćő:

(Ze)^2n^{1/3} ≪ T ĺńĺ n ≪ ( T Z^2e^2

)_3 (4.32)

Ććĺďã ãáńőćĺï íńěłâàőŋěľâàăńìŋőáâĺ (4.31) áàěďŋěě ğŋăçěŋĺě íŋěàčĺĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï çăáâĺæ ŕńăğňë ŕàĺ őďŋőàőďŋőň àăáŕàěďěńěŋĺĺ çăáâĺæ ć ŕàőáâàăŋáâćě őąàăéăěâáï ć ŋãńì. Ŕěàćëě ŕőŕàăćłĺ ć âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋăå ŕńăğňë ćőğŋĺłăîâ âőńìłő ŕàĺ ãçěâě łőààěńïæĺĺ ňěęďã ŕőńőęěŋĺïňĺ àăğńĺçŋëå çăáâĺæ (łőààěńïæĺőŋŋëě ŕőŕàăćłĺ).

Ďńï ŋăåőęďěŋĺï ŕőŕàăćłĺ E_{corr} ć íŋěàčĺĺ ŕńăğňë ğăŕĺèěň: E_{corr} = V 1 2 ∑ a Z_aen_{a0}φ_a (4.33)

čďě φ_a { ŕőâěŋæĺăń ŕőńï, ďěľáâćãîéěčő ŋă ĺőŋ a-čő áőàâă áő áâőàőŋë őáâăńìŋëå ğăàïďőć. Śńěďãï ňěâőďã, ŕàěďńőęěŋŋőňã Ďěąăěň ĺ Ţîłłěńěň ğăňěâĺň, çâő łăęďëľ

ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ 81

ĺğ ĺőŋőć áőğďăěâ ćőłàãč áěąï ŋěłőâőàőě (áäěàĺçěáłĺ áĺňňěâàĺçŋőě) ŋěàăćŋőňěàŋő ğăàïęěŋŋőě ĺőŋŋőě őąńăłő (\èãąã"). Őąőğŋăçĺň ŕńőâŋőáâì àăáŕàěďěńěŋĺï ĺőŋőć (a-čő áőàâă) ć íâőň őąńăłě n_a. Ŕőâěŋæĺăńìŋăï íŋěàčĺï ńîąőčő ĺőŋă a-čő áőàâă ć íńěłâàĺçěáłőň ŕőńě ćőłàãč ğăďăŋŋőčő ĺőŋă, áłăęěň âĺŕă b, ěáâì Z_aeφ, čďě φ { ŕőâěŋæĺăń, áőğďăćăěňëľ íâĺň äĺłáĺàőćăŋŋëň ĺőŋőň. Śőčńăáŋő äőàňãńě Ąőńìæňăŋă (3.16):

n_a(r) = n_{a0} exp ( − Z_aeφ(r) T ) (4.34)

Łőíääĺæĺěŋâ ğďěáì àăćěŋ n_{a0} ŕőáłőńìłã ćďăńĺ őâ æěŋâàă ĺőŋă b (čďě φ → 0) ŕńőâŋőáâì őąńăłă ďőńęŋă ŕěàěåőďĺâì ć áàěďŋîî ŕńőâŋőáâì ć čăğě. Ŕőâěŋæĺăń φ ŕőńï ć ĺőŋŋőň őąńăłě áćïğăŋ á ŕńőâŋőáâìî ğăàïďă ć őąńăłě ãàăćŋěŋĺěň Ŕãăááőŋă:

∇^2φ(r) = 4πe ∑ a Z_an_a(r) (4.35)

Şàăćŋěŋĺï (4.34), (4.35) őąàăğãîâ áĺáâěňã ãàăćŋěŋĺľ, őŕàěďěńïîéãî áăňőáőčńăáőćăŋŋőě íńěłâàĺçěáłőě ŕőńě ć áĺáâěňě ĺőŋőć.

Ŕàĺ áďěńăŋŋőň ŕàěďŕőńőęěŋĺĺ őą őâŋőáĺâěńìŋőľ áńăąőáâĺ ćğăĺňőďěľáâćĺï ĺőŋőć íŋěàčĺï Z_aeφ ňăńă ŕő áàăćŋěŋĺî á T ĺ (4.34) ňőęŋő ğăŕĺáăâì ć ćĺďě:

n_a(r) = n_{a0} − Z_aen_{a0} T φ(r) (4.36)

Ŕőďáâăćńïï íâő ćëàăęěŋĺě ć (4.35) ĺ ĺňěï ććĺďã ãáńőćĺě íńěłâàőŋěľâàăńìŋőáâĺ (4.31), ŕőńãçăěň:

∇^2φ − κ^2φ = 0 (4.37) čďě κ^2 = 4πe^2 T ∑ a Z^2_a n_{a0} (4.38)

Ćěńĺçĺŋă κ ĺňěěâ àăğňěàŋőáâì őąàăâŋőľ ďńĺŋë.

Śäěàĺçěáłĺ áĺňňěâàĺçŋőě àěèěŋĺě ãàăćŋěŋĺï (4.37) ĺňěěâ ćĺď: φ(r) = const e^{−κr} r (4.39)

Ćąńĺğĺ őâ æěŋâàă ĺőŋă őŋő ďőńęŋő ŕěàěåőďĺâì ć őąëçŋëľ łãńőŋőćáłĺľ ŕőâěŋæĺăń: φ ≈ Z_be/r, âăł çâő ć (4.39) const = Z_be ĺ ňë ĺňěěň: φ(r) = Z_be e^{−κr} r (4.40)

Ŕőńě íłáŕőŋěŋæĺăńìŋő áŕăďăěâ ŕàĺ r ≫ κ^{−1}. Ďńĺŋă 1/κ íääěłâĺćŋő őŕàěďěńïěâ àăğňěàë ĺőŋŋőčő őąńăłă ĺ ŋăğëćăěâáï ďěąăěćáłĺň àăďĺãáőň íłàăŋĺàőćăŋĺï (ďńĺŋőľ íłàăŋĺàőćłĺ). İâő ïćńěŋĺě íłàăŋĺàőćăŋĺï ďăńìŋőďěľáâćãîéěčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï, ŕàěćàăéăîéěčő ěčő ć íääěłâĺćŋő łőàőâłőďěľáâćãîéěě, ĺčàăěâ őçěŋì ąőńìèãî àőńì ć äĺğĺłě ŕńăğňë, äĺğĺłě íńěłâàőńĺâőć ĺ ć äĺğĺłě âćěàďőčő âěńă.

Řăğńăčăï (4.40) ć àïď ŕàĺ ňăńëå κr, ŋăľďěň: φ(r) = Z_be r − Z_beκ + ... (4.41)

82 ŊĚĹĎĚĂŃĲŊŻĚ ČĂĞŻ

Őŕãéěŋŋëě çńěŋë áâàěňïâáï ł ŋãńî ŕàĺ r → 0. Ŕěàćëľ çńěŋ ěáâì łãńőŋőćáłőě ŕőńě áăňőčő ďăŋŋőčő ĺőŋă b. Ćâőàőľ çńěŋ ŕőíâőňã ĺňěěâ áňëáń ŕőâěŋæĺăńă, áőğďăćăěňőčő ćáěňĺ őáâăńìŋëňĺ ĺőŋăňĺ ć âőçłě ŋăåőęďěŋĺï ďăŋŋőčő ĺőŋă, â.ě. âã áăňãî ćěńĺçĺŋã φ_a, łőâőàãî ňë ććěńĺ ć (4.33): φ_a = −Z_aeκ.

Šăłĺň őąàăğőň ŕőńãçăěň áńěďãîéěě ćëàăęěŋĺě ďńï łőààěńïæĺőŋŋőľ íŋěàčĺĺ ŕńăğňë: E_{corr} = − V 2 κe^2 ∑ a Z^2_a n_{a0} = −V e^3 √ π T ( ˚_aZ^2_a n_{a0} )_{3/2} (4.42)

ĺńĺ, ććőďï ŕőńŋëě çĺáńă àăğńĺçŋëå ĺőŋőć ć čăğě N_a = n_{a0}V : E_{corr} = −e^3 √ π T V ( ˚_aN_aZ^2_a )_{3/2} (4.43)

Ĺŋâěčàĺàãï âěàňőďĺŋăňĺçěáłőě áőőâŋőèěŋĺě Čĺąąáă{Čěńìňčőńìæă (2.66), ğăŕĺáăŋŋőě ć ćĺďě^E_{T 2} = −^∂_{∂T}^F_T , ňőęŋő ŋăľâĺ ĺğ E_{corr} áőőâćěâáâćãîéãî ďőąăćłã ł áćőąőďŋőľ íŋěàčĺĺ: F = F_{id} − 2e^3 3 √ π T V ( ∑ a N_aZ^2_a )_{3/2} (4.44)

Ŕőáâőïŋŋãî ĺŋâěčàĺàőćăŋĺï ňőęŋő ŕőńőęĺâì àăćŋőľ ŋãńî, ŕőáłőńìłã ŕàĺ T → ∞ ďőńęŋő ąëâì F = F_{id}. Őâáîďă ŕőńãçăěň ďăćńěŋĺě: P = N T V − e^3 3V^{3/2} √ π T ( ∑ a N_aZ^2_a )_{3/2} (4.45)

čďě N = ∑ a N_a. Ăŋăńőčĺçŋő, łăł ĺ ćëèě, ňőęŋő ŋăľâĺ:

˘ = ˘_{id} −

2e^3 3T ( πP N )_{1/2} (∑ a N_aZ^2_a )_{3/2} (4.46)

İâő ŕőńãçăěâáï, ěáńĺ àăááňőâàěâì ćâőàőľ çńěŋ ć (4.44) łăł ňăńãî ďőąăćłã ĺ ćëàăğĺâì ěě á ŋãęŋőľ âőçŋőáâìî çěàěğ ŕěàěňěŋŋëě P ĺ T .

Čńăćă 5

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Řăáŕàěďěńěŋĺě Ťěàňĺ.

Ćëèě ňë ćĺďěńĺ, ŕàĺ ŕőŋĺęěŋĺĺ âěňŕěàăâãàë ĺďěăńìŋőčő čăğă (ŕàĺ ğăďăŋŋőľ ŕńőâŋőáâĺ), áâăâĺáâĺłă Ąőńìæňăŋă áâăŋőćĺâáï ŋěŕàĺňěŋĺňőľ ĺğ-ğă łćăŋâőćëå íääěłâőć (áà. (3.79)). Ŕőíâőňã, ďńï őŕĺáăŋĺï áőőâćěâáâćãîéěľ őąńăáâĺ âěňŕěàăâãà (ŕńőâŋőáâěľ) ďőńęŋă ąëâì ŕőáâàőěŋă ďàãčăï áâăâĺáâĺłă, ć łőâőàőľ áàěďŋĺě çĺáńă ğăŕőńŋěŋĺï àăğńĺçŋëå łćăŋâőćëå áőáâőïŋĺľ ŋě ŕàěďŕőńăčăîâáï ňăńëňĺ^1. İâă áâăâĺáâĺłă őłăğëćăěâáï àăğŋőľ, ć ğăćĺáĺňőáâĺ őâ âőčő, ĺğ çăáâĺæ łăłőčő àőďă áőáâőĺâ čăğ. Ŋăĺąőńěě äãŋďăňěŋâăńìŋëň ďěńěŋĺěň çăáâĺæ ŋă łńăááë ć áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ïćńïěâáï ĺå ďěńěŋĺě ŋă äěàňĺőŋë (çăáâĺæë á ŕőńãæěńëň áŕĺŋőň) ĺ ąőğőŋë (çăáâĺæë á æěńëň áŕĺŋőň). Ćőńŋőćëě äãŋłæĺĺ áĺáâěňë N âőęďěáâćěŋŋëå äěàňĺőŋőć ăŋâĺáĺňňěâàĺçŋë őâŋőáĺâěńìŋő ŕěàěáâăŋőćőł çăáâĺæ, ă ąőğőŋőć { áĺňňěâàĺçŋë.

Ďńï áĺáâěňë çăáâĺæ, őŕĺáëćăîéĺåáï ăŋâĺáĺňňěâàĺçŋëňĺ ćőńŋőćëňĺ äãŋłæĺïňĺ (äěàňĺőŋőć), áŕàăćěďńĺć ŕàĺŋæĺŕ Ŕăãńĺ, áâăâĺáâĺłă, őáŋőćăŋŋăï ŋă íâőň ŕàĺŋæĺŕě ŋăğëćăěâáï áâăâĺáâĺłőľ Ťěàňĺ (Ťěàňĺ{Ďĺàăłă). Łăł ĺ ćëèě, ŕàĺ ćëćőďě àăáŕàěďěńěŋĺï Ąőńìæňăŋă ĺğ ąőńìèőčő łăŋőŋĺçěáłőčő ăŋáăňąńï (áà. (3.4){ (3.7)), ŕàĺňěŋĺň àăáŕàěďěńěŋĺě Čĺąąáă ł áőćőłãŕŋőáâĺ ćáěå çăáâĺæ, ŋăåőďïéĺåáï ć ďăŋŋőň łćăŋâőćőň áőáâőïŋĺĺ (ŕőďáĺáâěňă ć âěàňőáâăâě). Śŋőćă őąőğŋăçĺň ˙_k âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń íâőľ áĺáâěňë çăáâĺæ, âőčďă ĺğ (2.60), ãçĺâëćăï, çâő

1Ňăâěàĺăń íâőľ čńăćë ŕőńŋőáâìî őáŋőćăŋ ŋă [1, 2].

84 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

ďńï čăğă áćőąőďŋëå çăáâĺæ E_{nk} = n_kε_k, ŕőńãçăěň:

˙_k = −T ln ∑ n_k ( e^{μ−εkT} )_{nk} (5.1)

čďě n_k { çĺáńő çăáâĺæ ć k-ň łćăŋâőćőň áőáâőïŋĺĺ. Śőčńăáŋő ŕàĺŋæĺŕã Ŕăãńĺ çĺáńă ğăŕőńŋěŋĺï łăęďőčő áőáâőïŋĺï äěàňĺőŋăňĺ ňőčãâ ŕàĺŋĺňăâì ńĺèì ğŋăçěŋĺï 0 ĺńĺ 1. Śőőâćěâáâćěŋŋő ć áãňňě ŕő n_k ć (5.1) őáâăěâáï âőńìłő ďćă çńěŋă ĺ ňë ĺňěěň:

˙_k = −T ln ( 1 + e^{μ−εkT} ) (5.2)

Ŕőáłőńìłã áàěďŋěě çĺáńő çăáâĺæ ć áĺáâěňě àăćŋő ŕàőĺğćőďŋőľ őâ ŕőâěŋæĺăńă ˙_k ŕő åĺňŕőâěŋæĺăńã μ, ćğïâőľ á őąàăâŋëň ğŋăłőň, âő: < n_k >= − ∂˙_k ∂μ = e^{μ−εkT} 1 + e^{μ−εk}T (5.3)

ĺńĺ: < n_k >= 1 e^{εk −μ}T + 1 (5.4)

çâő ĺ ŋăğëćăěâáï äãŋłæĺěľ àăáŕàěďěńěŋĺï Ťěàňĺ. Ŋěâàãďŋő ćĺďěâì, çâő ćáěčďă < n_k >≤ 1, ă ŕàĺ e^{μ−εkT} ≪ 1 ĺğ (5.4) ŕőńãçăěň àăáŕàěďěńěŋĺě Ąőńìæňăŋă^2.

Şáńőćĺě ŋőàňĺàőćłĺ ďńï àăáŕàěďěńěŋĺï Ťěàňĺ ğăŕĺáëćăěâáï łăł: ∑ k 1 e^{εk −μ}T + 1 = N (5.5)

čďě N { ŕőńŋőě çĺáńő çăáâĺæ ć čăğě. İâő àăćěŋáâćő, äăłâĺçěáłĺ, ïćńïěâáï ŋěïćŋëň ãàăćŋěŋĺěň, őŕàěďěńïîéĺň åĺňŕőâěŋæĺăń čăğă μ, łăł äãŋłæĺî T ĺ N .

Šěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ˙ čăğă ć æěńőň, őçěćĺďŋő, ŕőńãçăěâáï ĺğ ˙_k (5.2) áãňňĺàőćăŋĺěň ŕő ćáěň łćăŋâőćëň áőáâőïŋĺïň: ˙ = −T ∑ k ln ( 1 + e^{μ−εkT} ) . (5.6)

Řăáŕàěďěńěŋĺě Ąőğě.

Ŕěàěľďěň âěŕěàì ł őąáãęďěŋĺî áâăâĺáâĺłĺ, łőâőàőľ ŕőďçĺŋïěâáï ĺďěăńìŋëľ čăğ, áőáâőïéĺľ ĺğ çăáâĺæ á æěńëň áŕĺŋőň (ąőğőŋőć), őŕĺáëćăîéĺåáï áĺňňěâàĺçŋëňĺ ćőńŋőćëňĺ äãŋłæĺïňĺ { áâăâĺáâĺłě Ąőğě (Ąőğě{İľŋèâěľŋă).

Ůĺáńă ğăŕőńŋěŋĺï łćăŋâőćëå áőáâőïŋĺľ ďńï ąőğőŋőć ŋĺçěň ŋě őčàăŋĺçěŋë ĺ ňőčãâ ŕàĺŋĺňăâì ńîąëě ğŋăçěŋĺï. Ăŋăńőčĺçŋő (5.1) ĺňěěň:

˙_k = −T ln ∑ n_k ( e^{μ−εkT} )_{nk} (5.7)

2Ěáńĺ ŕőâàěąőćăâì ćëŕőńŋěŋĺï íâőčő ŋěàăćěŋáâćă ďńï ńîąëå ε_k, âő őŋő áćěďěâáï ł e^{μ/T} ≪ 1, çâő áőćŕăďăěâ á łàĺâěàĺěň ŕàĺňěŋĺňőáâĺ ąőńìæňăŋőćáłőľ áâăâĺáâĺłĺ, ğăŕĺáăŋŋëň ć (3.77).

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 85

Śâőïéĺľ ğďěáì àïď ŕàěďáâăćńïěâ áőąőľ čěőňěâàĺçěáłãî ŕàőčàěááĺî ĺ áåőďĺâáï ŕàĺ e^{μ−εkT} < 1. Ŕőáłőńìłã íâő ãáńőćĺě ďőńęŋő ĺňěâì ňěáâő ŕàĺ ńîąëå ε_k, ïáŋő, çâő

μ < 0 (5.8)

â.ě. åĺňŕőâěŋæĺăń ąőğě-čăğă ćáěčďă őâàĺæăâěńěŋ. Ćëèě ňë ćĺďěńĺ, çâő ďńï ąőńìæňăŋőćáłőčő čăğă μ < 0 ĺ ćěńĺł ŕő ăąáőńîâŋőľ ćěńĺçĺŋě. Ŋĺęě ňë ãąěďĺňáï, çâő ďńï äěàňĺ-čăğă μ ňőęěâ ąëâì ńîąőčő ğŋăłă.

Śãňňĺàãï ŕàőčàěááĺî ć (5.7), ŕőńãçăěň:

˙_k = T ln ( 1 − e^{μ−εkT} ) (5.9)

Őâáîďă ďńï < n_k >= −^{∂Ωk}_{∂μ} ĺňěěň: < n_k >= 1 e^{εk −μ}T − 1 (5.10)

{ àăáŕàěďěńěŋĺě Ąőğě. Śŋőćă, ŕàĺ e^{μ−εk}T ≫ 1 ĺňěěň ŕěàěåőď ł ąőńìæňăŋőćáłőľ áâăâĺáâĺłě.

Şáńőćĺě ŋőàňĺàőćłĺ őŕïâì ĺňěěâ ćĺď: N = ∑ k 1 e^{εk−μ}T^{−1} (5.11)

ĺ ŋěïćŋő őŕàěďěńïěâ åĺňĺçěáłĺľ ŕőâěŋæĺăń.

Ŕőńŋëľ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ˙ ďńï ćáěľ áĺáâěňë. ăŋăńőčĺçŋő (5.6) ěáâì: ˙ = T ∑ k ln ( 1 − e^{μ−εkT} ) . (5.12)

Ŋěàăćŋőćěáŋëě äěàňĺ{ ĺ ąőğě{čăğë.

Řăááňőâàĺň íŋâàőŕĺî ŋěàăćŋőćěáŋëå äěàňĺ- ĺ ąőğě-čăğőć ĺ ŕőńãçĺň äãŋłæĺĺ àăáŕàěďěńěŋĺï Ťěàňĺ ĺ Ąőğě ĺğ ãáńőćĺï ěě ňăłáĺňăńìŋőáâĺ ć àăćŋőćěáŋőň áőáâőïŋĺĺ. Ăŋăńĺğ ňőęŋő ŕàőćěáâĺ áőćěàèěŋŋő ăŋăńőčĺçŋő âőňã, łăł âăłăï ęě ğăďăçă àěèăńăáì ćëèě ďńï ąőńìæňăŋőćáłőčő čăğă. Őŕïâì àăáŕàěďěńĺň ćáě łćăŋâőćëě áőáâőïŋĺï őâďěńìŋőľ çăáâĺæë čăğă ŕő čàãŕŕăň, łăęďăï ĺğ łőâőàëå áőďěàęĺâ ąńĺğłĺě ŕő íŋěàčĺĺ áőáâőïŋĺï ĺ ŕěàěŋãňěàãěň íâĺ čàãŕŕë ŋőňěàăňĺ j = 1, 2, .... Ŕãáâì G_j { çĺáńő áőáâőïŋĺľ ć j-ľ čàãŕŕě, ă N_j { çĺáńő çăáâĺæ ć íâĺå áőáâőïŋĺïå. Ŋăąőà çĺáěń N_j ŕőńŋőáâìî åăàăłâěàĺğãěâ ňĺłàőáłőŕĺçěáłőě áőáâőïŋĺě čăğă.

Ć áńãçăě áâăâĺáâĺłĺ Ťěàňĺ ć łăęďőň ĺğ łćăŋâőćëå áőáâőïŋĺľ ňőęěâ ŋăåőďĺâìáï ŋě ąőńěě őďŋőľ çăáâĺæë, ŋő çĺáńă N_j ŋě ňăńë, ă âőčő ęě ŕőàïďłă, çâő ĺ G_j. Ůĺáńő ćőğňőęŋëå áŕőáőąőć àăáŕàěďěńĺâì N_j őďĺŋăłőćëå çăáâĺæ ŕő G_j áőáâőïŋĺïň, ŋě ąőńěě çěň ŕő őďŋőľ ć łăęďőň, ěáâì çĺáńő áŕőáőąőć, łőâőàëňĺ ňőęŋő ćëąàăâì N_j ĺğ G_j áőáâőïŋĺľ, â.ě. çĺáńő áőçěâăŋĺľ ĺğ G_j íńěňěŋâőć ŕő N_j :

˙_j =

G_j!

N_j !(G_j − N_j )!

. (5.13)

86 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Ńőčăàĺäňĺàãï ĺ ĺáŕőńìğãï ďńï ćáěå âàěå äăłâőàĺăńőć ć (5.13) äőàňãńã Śâĺàńĺŋčă ln N ! ≈ N ln(N/e), ŋăåőďĺň íŋâàőŕĺî: S = ∑ j {G_j ln G_j − N_j ln N_j − (G_j − N_j ) ln(G_j − N_j )}. (5.14)

Ććőďï őŕïâì áàěďŋĺě çĺáńă ğăŕőńŋěŋĺï < n_j >= N_j/G_j ŕőńãçĺň áńěďãîéěě ćëàăęěŋĺě ďńï íŋâàőŕĺĺ ŋěàăćŋőćěáŋőčő äěàňĺ-čăğă: S = − ∑ j G_j[< n_j > ln < n_j > +(1− < n_j >) ln(1− < n_j >)] (5.15)

Ĺğ ãáńőćĺï ňăłáĺňăńìŋőáâĺ íâőčő ćëàăęěŋĺï ŕàĺ ďőŕőńŋĺâěńìŋëå ãáńőćĺïå: ∑ j N_j = ∑ j G_j < n_j >= N ; ∑ j ε_jG_j < n_j >= E (5.16)

â.ě. ŕő ňěâőďã ŋěőŕàěďěńěŋŋëå ňŋőęĺâěńěľ Ńăčàăŋęă ĺğ: ∂ ∂ < n_j > [S + αN + βE] = 0 (5.17)

ŕőńãçăěň äãŋłæĺî àăáŕàěďěńěŋĺï Ťěàňĺ < n_j >= [e^{α+βεj} + 1]^{−1}, čďě α = −μ/T , β = 1/T . Ć áńãçăě áâăâĺáâĺłĺ Ąőğě ć łăęďőň łćăŋâőćőň áőáâőïŋĺĺ ňőęěâ ŋăåőďĺâáï ńîąőě çĺáńő çăáâĺæ, âăł çâő áâăâĺáâĺçěáłĺľ ćěá ˙_j ěáâì çĺáńő ćáěå áŕőáőąőć àăáŕàěďěńĺâì N_j çăáâĺæ ŕő G_j áőáâőïŋĺïň:

˙_j =

(G_j + N_j − 1)! (G_j − 1)!N_j !

(5.18)

Ć áăňőň ďěńě, àěçì ĺďěâ ő çĺáńě áŕőáőąőć àăğňěéěŋĺï N_j őďĺŋăłőćëå èăàőć ŕő G_j ïéĺłăň. Ĺğőąàăğĺň èăàë ć ćĺďě àïďă ŕőáńěďőćăâěńìŋő àăáŕőńőęěŋŋëå âőçěł, ă ïéĺłĺ ŕěàěŋãňěàãěň ĺ ĺğőąàăğĺň čàăŋĺæë ňěęďã ŋĺňĺ G_j − 1 ćěàâĺłăńìŋëňĺ çěàâőçłăňĺ. Ćáěčő çĺáńő ňěáâ (ŋă łőâőàëå ŋăåőďïâáï âőçłĺ ĺńĺ çěàâőçłĺ) ć íâőľ ŕőáńěďőćăâěńìŋőáâĺ ěáâì G_j + N_j − 1. Ĺáłőňőě çĺáńő àăğňěéěŋĺľ èăàőć ŕő ïéĺłăň ěáâì çĺáńő áŕőáőąőć, łőâőàëňĺ ňőęŋő ćëąàăâì G_j − 1 ňěáâ ďńï çěàâőçěł, â.ě. çĺáńő áőçěâăŋĺľ ĺğ N_j + G_j − 1 íńěňěŋâőć ŕő G_j − 1, őâłãďă ĺ ŕőńãçăěâáï (5.18).

Ńőčăàĺäňĺàãï łăł ĺ ćëèě ĺ ŕàěŋěąàěčăï ěďĺŋĺæěľ ŕő áàăćŋěŋĺî á ąőńìèĺňĺ çĺáńăňĺ G_j + N_j ĺ G_j, ŕőńãçĺň: S = ∑ j {(G_j + N_j ) ln(G_j + N_j ) − N_j ln N_j − G_j ln G_j} (5.19)

Ććőďï < n_j > ğăŕĺèěň íŋâàőŕĺî ŋěàăćŋőćěáŋőčő ąőğě-čăğă ć ćĺďě: S = ∑ j G_j[(1+ < n_j >) ln(1+ < n_j >)− < n_j > ln < n_j >]. (5.20)

Ĺğ ãáńőćĺï ňăłáĺňãňă íâőčő ćëàăęěŋĺï, âăłęě łăł ĺ ćëèě ć äěàňĺěćáłőň áńãçăě, ňőęŋő ŕőńãçĺâì àăáŕàěďěńěŋĺě Ąőğě.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 87

Ŕàĺ N_j ≪ G_j (5.15), (5.20) ěáâěáâćěŋŋő ŕěàěåőďïâ ć ąőńìæňăŋőćáłãî äőàňãńã (3.23): S = ∑ j G_j < n_j > ln e < n_j > = ∑ j G_j[< n_j > (1 − ln < n_j >)]; < n_j >≪ 1. (5.21)

Ć őąàăâŋőň ŕàěďěńìŋőň áńãçăě, łőčďă N_j ≫ G_j , â.ě. < n_j >≫ 1, íŋâàőŕĺï ąőğě-čăğă (5.20) áćőďĺâáï ł: S = ∑ j G_j ln eN_j G_j , (5.22)

ă áâăâĺáâĺçěáłĺľ ćěá (5.18) ˙_j =^N Gj −1 j (G_j −1)! .

Őąéĺě áćőľáâćă äěàňĺ{ ĺ ąőğě{čăğőć.

Ňŋőčĺě őąéĺě ćëàăęěŋĺï ďńï ďńï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ äěàňĺ- ĺ ąőğě-čăğă ňőęŋő ćëŕĺáăâì ć őąéěň ćĺďě. Ŋĺęě, ć íâőň àăğďěńě, ćěàåŋĺľ ğŋăł áőőâćěâáâćãěâ áâăâĺáâĺłě Ťěàňĺ, ă ŋĺęŋĺľ { Ąőğě.

İŋěàčĺï áćőąőďŋőľ (íńěňěŋâăàŋőľ) çăáâĺæë ĺňěěâ ćĺď:

ε_p = 1 2m (p^2_x + p^2_y + p^2_z) = p^2 2m . (5.23)

Ŕàĺ ďăŋŋőň ğŋăçěŋĺĺ ĺňŕãńìáă áőáâőïŋĺě çăáâĺæë őŕàěďěńïěâáï âăłęě ŋăŕàăćńěŋĺěň ěě áŕĺŋă. Ŕőíâőňã çĺáńő çăáâĺæ ć íńěňěŋâě äăğőćőčő ŕàőáâàăŋáâćă dp_xdp_ydp_zdV ňőęŋő ŕőńãçĺâì ãňŋőęěŋĺěň àăáŕàěďěńěŋĺï Ťěàňĺ (Ąőğě) ŋă çĺáńő áőáâőïŋĺľ ć íâőň íńěňěŋâě äăğőćőčő őąêěňă: gdτ = g dp_xdp_ydp_zdV (2π—h)^3 g = 2s + 1 (5.24)

čďě s { áŕĺŋ çăáâĺæë. Ŕőíâőňã ĺňěěň: dN_p = gdτ e^{εp−μ}T ± 1 . (5.25)

Ĺŋâěčàĺàãï ŕő dV ŕőńãçăěň ŕàőáâő ŕőńŋëľ őąêěň čăğă V . Šőčďă ďńï àăáŕàěďěńěŋĺï ŕő ĺňŕãńìáăň, ŕěàěåőďï ł áäěàĺçěáłĺň łőőàďĺŋăâăň ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě (dp_xdp_ydp_z → 4πp^2dp), ŕőńãçăěň: dN_p = gV p^2dp 2π^2—h^3 ( e^{εp −μ}T ± 1 ) (5.26)

ĺńĺ àăáŕàěďěńěŋĺě ŕő íŋěàčĺĺ: dN_ε = gV m^{3/2} √ 2π^2—h^3 √ εdε e^{ε−μ}T ± 1 = N (ε)dε e^{ε−μ}T ± 1 (5.27)

88 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

čďě ććěńĺ őçěŋì ŕőńěğŋãî ćěńĺçĺŋã:

N (ε) = gV m^{3/2} √ 2π^2—h^3 √ ε = gV mp_ε 2π^2—h^3

; čďě p_ε = √ 2mε (5.28)

{ ŕńőâŋőáâì áőáâőïŋĺľ çăáâĺæë ć ĺŋâěàćăńě íŋěàčĺľ ε, ε+dε. Ŕőńãçěŋŋëě äőàňãńë ğăňěŋïîâ łńăááĺçěáłőě àăáŕàěďěńěŋĺě Ňăłáćěńńă.

Ĺŋâěčàĺàãï (5.27) ŕő dε, ŕőńãçĺň: N = ∫_∞ 0 dε N (ε) e^{ε−μ}T ± 1 = gV m^{3/2} √ 2π^2—h^3 ∫_∞ 0 dε √ ε e^{ε−μ}T ± 1 (5.29)

Ććőďï ąěğàăğňěàŋãî ŕěàěňěŋŋãî ε/T = z, ğăŕĺèěň: N V = g(mT )^{3/2} √ 2π^2—h^3 ∫_∞ 0 dz √ z e^{z− μT} ± 1 (5.30)

çâő ć ŋěïćŋőň ćĺďě őŕàěďěńïěâ åĺňŕőâěŋæĺăń μ łăł äãŋłæĺî T ĺ ŕńőâŋőáâĺ çăáâĺæ N/V . Śőćěàèăï ăŋăńőčĺçŋëň őąàăğőň ŕěàěåőď őâ áãňňĺàőćăŋĺï ŕő áőáâőïŋĺïň ł ĺŋâěčàĺàőćăŋĺî ŕő íŋěàčĺïň ć (5.6), (5.12) ŕőńãçĺň:

˙ = ∓ gV T m^{3/2} √ 2π^2—h^3 ∫_∞ 0 dε √ ε ln ( 1 ± e^{μ−εT} ) (5.31)

Ĺŋâěčàĺàãï ŕő çăáâïň, ŋăåőďĺň:

˙ = − 2 3 gV m^{3/2} √ 2π^2—h^3 ∫_∞ 0 dε ε^{3/2} e^{ε−μ}T ± 1 (5.32)

İâő ćëàăęěŋĺě áőćŕăďăěâ á âőçŋőáâìî ďő ňŋőęĺâěńï −2/3 á ŕőńŋőľ íŋěàčĺěľ čăğă, àăćŋőľ: E = ∫_∞ 0 εdN_ε = gV m^{3/2} √ 2π^2—h^3 ∫_∞ 0 dε ε^{3/2} e^{ε−μT} ± 1 . (5.33)

Łăł ĺğćěáâŋő ĺğ âěàňőďĺŋăňĺłĺ ˙ = −P V , âăł çâő ĺğ (5.32), (5.33) ŕőńãçăěň őąőąéěŋŋőě ãàăćŋěŋĺě áőáâőïŋĺï łćăŋâőćőčő ĺďěăńìŋőčő čăğă ć ćĺďě: P V = 2 3 E (5.34)

Ć ŕàěďěńìŋőň áńãçăě čăğă Ąőńìæňăŋă ĺňěěň E = 3N T /2 (ğăłőŋ àăćŋőàăáŕàěďěńěŋĺï) ĺ (5.33) ŕěàěåőďĺâ ć ãàăćŋěŋĺě Łńăŕěľàőŋă: P V = N T .

Ŕěàěŕĺáëćăï ãàăćŋěŋĺě (5.32) ć ćĺďě (áà. (5.30)): P = g √ 2m^{3/2}T^{5/2} 3π^2—h^3 ∫_∞ 0 dz z^{3/2} e^{z− μ}T ± 1 (5.35)

ŕőńãçăěň ŕăàăňěâàĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï (ŕăàăňěâà μ!), â.ě. áćïğì ňěęďã P , V ĺ T , ŕàĺ ďăŋŋőň ğŋăçěŋĺĺ μ.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 89

Řăááňőâàĺň ňăńëě łćăŋâőćëě ŕőŕàăćłĺ ł ąőńìæňăŋőćáłőňã ãàăćŋěŋĺî áőáâőïŋĺï. Ďńï íâőčő ŋãęŋő ćőáŕőńìğőćăâìáï e^{μ/T} ≪ 1 (ąőńìæňăŋőćáłĺľ ŕàěďěń) ĺ àăğńőęĺâì ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (5.35) ŕő áâěŕěŋïň e^{(μ/T )−z} , áőåàăŋïï ďćă ŕěàćëå çńěŋă àăğńőęěŋĺï. Šőčďă: ∫_∞ 0 dz z^{3/2} e^{ε−μ}T ± 1 ≈ ∫_∞ 0 dzz^{3/2}e^{μT −z} ( 1 ∓ e^{μT −z} ) = 3 √ π 4 e^{μT} ( 1 ∓ 1 2^{5/2} e^{μT} ) . (5.36)

Šőčďă (5.35) ňőęŋő ŕěàěŕĺáăâì łăł: ˙ = −P V = − gV m^{3/2}T^{5/2} (2π—h^2)^{3/2} e^{μT} ( 1 ∓ 1 2^{5/2} e^{μT} ) (5.37)

İâő ćëàăęěŋĺě, äăłâĺçěáłĺ, ĺňěěâ ćĺď: ˙ = ˙_{Boltz} ± gV m^{3/2}T^{5/2} 16π^{3/2}—h^3 e^{2μT} . (5.38)

Ňăńëě ďőąăćłĺ ł âěàňőďĺŋăňĺçěáłĺň ŕőâěŋæĺăńăň, ćëàăęěŋŋëě çěàěğ áőőâćěâáâćãîéĺě ŕěàěňěŋŋëě, őďĺŋăłőćë. Ŕőíâőňã, ćëàăęăï á ŕőňőéìî áőőâćěâáâćãîéĺå ąőńìæňăŋőćáłĺå ćëàăęěŋĺľ, ŋăľďěŋŋãî ŕőŕàăćłã ł ˙ çěàěğ T ĺ V (ćëłńăďłĺ őŕãáłăěň), ńěčłő ŕőńãçĺâì áćőąőďŋãî íŋěàčĺî čăğă ć ćĺďě: F = F_{Boltz} ± π^{3/2} 2g N^2—h^3 V T^{1/2}m^{3/2}

. (5.39)

Őâáîďă ŋěâàãďŋő ŋăľâĺ: P V = N T { 1 ± π^{3/2} 2g N —h^3 V (mT )^{3/2} } (5.40)

Ćĺďĺň, çâő łćăŋâőćëě ŕőŕàăćłĺ (őąàăéăîéĺěáï ć ŋãńì ŕàĺ —h → 0) ŕàĺćőďïâ ł ďőŕőńŋĺâěńìŋőňã àőáâã ďăćńěŋĺï ć äěàňĺ-čăğě ĺ ěčő ãňěŋìèěŋĺî ć ąőğě-čăğě. Ć íâőň ŕàőïćńïěâáï ěáâěáâćěŋŋőě áâàěňńěŋĺě äěàňĺőŋőć \ĺğąěčăâì" ďàãč ďàãčă (ŕàĺŋæĺŕ Ŕăãńĺ!), âőčďă łăł ďńï ąőğőŋőć ĺňěěâ ňěáâő őąàăâŋőě ŕőćěďěŋĺě.

Ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ.

Ćăęŋőě ŕàĺŋæĺŕĺăńìŋőě ğŋăçěŋĺě ĺňěěâ ĺğãçěŋĺě áćőľáâć äěàňĺ-čăğă ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå, łőâőàëě, łáâăâĺ áłăğăâì, ŕàăłâĺçěáłĺ ňőčãâ őłăğăâìáï őçěŋì ćëáőłĺňĺ. Ĺňěï ććĺďã ŋăĺąőńěě ćăęŋëě ŕàĺňěŋěŋĺï áâăâĺáâĺłĺ Ťěàňĺ, ąãďěň čőćőàĺâì ŋĺęě őą íńěłâàőŋŋőň čăğě, áőőâćěâáâćěŋŋő ŋĺęě ŕőńăčăěň g = 2(s = 1/2).

Ŋăçŋěň á àăááňőâàěŋĺï áĺâãăæĺĺ ŕàĺ T = 0. İâő áńãçăľ âăł ŋăğëćăěňőčő ŕőńŋőáâìî ćëàőęďěŋŋőčő äěàňĺ-čăğă. Ŕőáłőńìłã ć łăęďőň łćăŋâőćőň áőáâőïŋĺĺ ňőęěâ ŋăåőďĺâìáï ŋě ąőńěě őďŋőčő íńěłâàőŋă, âő, äăłâĺçěáłĺ, őŋĺ ĺ ğăŕőńŋïîâ ćáě áőáâőïŋĺï á íŋěàčĺïňĺ őâ ŋăĺňěŋìèěľ (àăćŋőľ ŋãńî) ďő ŋěłőâőàőľ ŋăĺąőńìèěľ (ŋăğëćăěňőľ íŋěàčĺěľ Ťěàňĺ), ćěńĺçĺŋă łőâőàőľ ŕàőáâő őŕàěďěńïěâáï çĺáńőň çăáâĺæ (ŕńőâŋőáâìî) ć čăğě.

90 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Ůĺáńő łćăŋâőćëå áőáâőïŋĺľ íńěłâàőŋőć, ďćĺęãéĺåáï ć őąêěňě V á ăąáőńîâŋőľ ćěńĺçĺŋőľ ĺňŕãńìáă ć ĺŋâěàćăńě p, p + dp àăćŋő: 2 4πp^2dpV (2π—h)^3

. (5.41)

İńěłâàőŋë ğăŕőńŋïîâ ćáě áőáâőïŋĺï á ĺňŕãńìáőň őâ ŋãńï ďő ňăłáĺňăńìŋőčő ĺňŕãńìáă p = p_F (ĺňŕãńìá Ťěàňĺ). Ŕőńŋőě çĺáńő íńěłâàőŋőć ć íâĺå áőáâőïŋĺïå őŕàěďěńïěâáï ĺğ^3: N = V π^2—h^3 ∫_{pF} 0 p^2dp = V p^3_F 3π^2—h^3

. (5.42)

Šőčďă ďńï ĺňŕãńìáă Ťěàňĺ ŕőńãçăěň:

p_F = (3π^2)^{1/3} ( N V )_{1/3} —h (5.43)

ĺ ĺňŕãńìá Ťěàňĺ âěň ąőńìèě, çěň ąőńìèě ŕńőâŋőáâì čăğă. Ŋěâàãďŋő áőőąàăğĺâì, çâő ĺğ (5.43) ŕőńãçăěâáï ŕàőáâăï őæěŋłă p_F ∼ —h/a, čďě a { áàěďŋěě àăááâőïŋĺě ňěęďã çăáâĺæăňĺ ć čăğě.

Śőőâćěâáâćěŋŋő, íŋěàčĺï Ťěàňĺ àăćŋă^4:

ε_F = p^2_F 2m = (3π^2)^{2/3}

—h^2 2m ( N V )_{2/3} ∼ —h^2 ma^2 (5.44)

Ěáâěáâćěŋŋő, çâő őŋă âăłęě àăáâěâ á àőáâőň ŕńőâŋőáâĺ čăğă ∼ (N/V )^{2/3}.

Ťãŋłæĺï àăáŕàěďěńěŋĺï Ťěàňĺ:

n_p = 1 e^{εp −μ}T + 1 (5.45)

ŕàĺ T → 0 ŕàěćàăéăěâáï ć \áâãŕěŋìłã Ťěàňĺ":

n_p = { 1 ŕàĺ p ≤ p_F 0 ŕàĺ p > p_F (5.46) ĺńĺ n_ε = { 1 ŕàĺ ε ≤ μ = ε_F 0 ŕàĺ ε > μ = ε_F (5.47) Ţĺňŕőâěŋæĺăń čăğă Ťěàňĺ ŕàĺ T = 0 áőćŕăďăěâ á čàăŋĺçŋőľ íŋěàčĺěľ Ťěàňĺ:

μ = ε_F (T = 0) (5.48)

3Ťăłâĺçěáłĺ âãâ ŕàőáâő ćëçĺáńïěâáï őąêěň áäěàë Ťěàňĺ V_F =^{4πp3F}_3 , ă çĺáńő íńěłâàőŋőć őŕàěďěńïěâáï çĺáńőň ďőáâãŕŋëå ĺň áőáâőïŋĺľ \ćŋãâàĺ" íâőľ áäěàë łăł: N = 2V^{VF}_{(2πh̄)3} , çâő ĺ ďăěâ (5.42). Ŕőćěàåŋőáâì áäěàë Ťěàňĺ ŋăğëćăěâáï ŕőćěàåŋőáâìî Ťěàňĺ. Ć ňěâăńńăå, čďě íŋěàčěâĺçěáłĺľ áŕěłâà íńěłâàőŋőć ňőęěâ áãéěáâćěŋŋő őâńĺçăâìáï őâ àăááňăâàĺćăěňőčő ğďěáì áŕěłâàă áćőąőďŋëå íńěłâàőŋőć, ŕőćěàåŋőáâì Ťěàňĺ ňőęěâ ćőćáě ŋě ąëâì áäěàĺçěáłőľ. Čěőňěâàĺï (ĺ âőŕőńőčĺï) ŕőćěàåŋőáâěľ Ťěàňĺ ĺčàăěâ őçěŋì ąőńìèãî àőńì ć âěőàĺĺ ňěâăńńőć [21]. Śőőâćěâáâćěŋŋő, ŕàĺćőďĺňëě ğďěáì ŕàőáâëě őæěŋłĺ ŕàĺčőďŋë, áâàőčő čőćőàï, âőńìłő ďńï ŕàőáâëå ňěâăńńőć (ŋăŕàĺňěà éěńőçŋëå ĺ ąńăčőàőďŋëå).

4Ğăňěâĺň, çâő ćěńĺçĺŋă íŋěàčĺĺ Ťěàňĺ, ŕàăłâĺçěáłĺ, áőćŕăďăěâ á ććěďěŋŋőľ ćëèě âěňŕěàăâãàőľ (íŋěàčĺěľ) ćëàőęďěŋĺï čăğă (3.79).

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 91

Řĺá. 5-1 Ťãŋłæĺï àăáŕàěďěńěŋĺï Ťěàňĺ ďńï àăğńĺçŋëå âěňŕěàăâãà ŕàĺ ε_F /k_B = 50000K.

Ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå T ≪ ε_F (áĺńìŋő ćëàőęďěŋŋëľ čăğ) áâãŕěŋìłă Ťěàňĺ \àăğňëćăěâáï" ć őąńăáâĺ íŋěàčĺľ ∼ T (áň. Řĺá.5-1). Ŋěâàãďŋő ŕőŋïâì, çâő á àőáâőň âěňŕěàăâãàë, ŕàĺ T ≫ ε_F àăáŕàěďěńěŋĺě Ťěàňĺ ŕěàěåőďĺâ ć àăáŕàěďěńěŋĺě Ąőńìæňăŋă. Śőőâćěâáâćěŋŋő, á àőáâőň âěňŕěàăâãàë åĺňŕőâěŋæĺăń ŋăçĺŋăěâ ãňěŋìèăâìáï őâ ŕőńőęĺâěńìŋőľ ćěńĺçĺŋë ŕőàïďłă ε_F ĺ áâăŋőćĺâáï őâàĺæăâěńìŋëň ć ąőńìæňăŋőćáłőľ őąńăáâĺ T ≫ ε_F .

Ŕőńŋăï íŋěàčĺï čăğă ŕàĺ T = 0 ŕőńãçăěâáï ãňŋőęěŋĺěň (5.41) ŋă p^2/2m ĺ ĺŋâěčàĺàőćăŋĺěň ŕő ćáěň ĺňŕãńìáăň ďő p = p_F : E = V 2mπ^2—h^3 ∫_{pF} 0 dpp^4 = V p^5_F 10mπ^2—h^3

(5.49)

ĺńĺ, á ãçěâőň (5.43) E = 3(3π^2)^{2/3} 10 —h^2 m ( N V )_{2/3} N (5.50)

Ś ŕőňőéìî őąéěčő áőőâŋőèěŋĺï (5.34) ŋăåőďĺň ãàăćŋěŋĺě áőáâőïŋĺï ŕőńŋőáâìî ćëàőęďěŋŋőčő čăğă: P = (3π^2)^{2/3} 5 —h^2 m ( N V )_{5/3} (5.51)

âăł çâő ŕàĺ T = 0 ďăćńěŋĺě äěàňĺ-čăğă ∼ (N/V )^{5/3}.

Ťăłâĺçěáłĺ, ćáě íâĺ äőàňãńë ŕàĺňěŋĺňë ĺ ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå T ≪ ε_F . Ŕőŕàăćłĺ ł ŋĺň ĺňěîâ ŕőàïďőł ćěńĺçĺŋë (T /ε_F )^2. Šěňŕěàăâãàă Ťěàňĺ (âěňŕěàăâãàă ćëàőęďěŋĺï) T_F ≈ ε_F ďńï íńěłâàőŋŋőčő čăğă á ŕńőâŋőáâìî N/V ∼ 10^{22}áň^{−3}, âĺŕĺçŋőľ, ŋăŕàĺňěà ďńï ňěâăńńőć, ĺ ňăááőľ çăáâĺæ m ∼ m_e, čďě

92 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

m_e { ňăááă áćőąőďŋőčő íńěłâàőŋă^5, ńěęĺâ, łăł ŋěâàãďŋő ŕőáçĺâăâì, ć ĺŋâěàćăńě 10^4 − 10^5K. Ŕőíâőňã íńěłâàőŋŋëľ čăğ ć ňěâăńńăå ć ŋőàňăńìŋëå ãáńőćĺïå ćáěčďă áĺńìŋő ćëàőęďěŋ. Ć ŕőńãŕàőćőďŋĺłăå, čďě łőŋæěŋâàăæĺï (ŕńőâŋőáâì) íńěłâàőŋőć ňőęěâ ňěŋïâìáï ć ćěáìňă èĺàőłĺå ŕàěďěńăå, íâő ŋě âăł. Ć ŋĺå çăáâő áâăâĺáâĺłă ŋőáĺâěńěľ âőłă ąëćăěâ ąőńìæňăŋőćáłőľ.

Ć ğăłńîçěŋĺě áďěńăěň ŋěłőâőàëě ğăňěçăŋĺï ő àőńĺ ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï. Ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ âěň \ĺďěăńìŋěľ", çěň ąőńìèě ěčő ŕńőâŋőáâì. Ć áăňőň ďěńě, åăàăłâěàŋăï łĺŋěâĺçěáłăï íŋěàčĺï íńěłâàőŋőć ŕőàïďłă íŋěàčĺĺ Ťěàňĺ: ε_F ∼^{h̄2}_m (N/V )^{2/3} ∼^{h̄2}_{ma2} , čďě a ňěęíńěłâàőŋŋőě àăááâőïŋĺě (ć ňěâăńńăå ŕàăłâĺçěáłĺ áőćŕăďăîéěě á åăàăłâěàŋëň ňěęăâőňŋëň àăááâőïŋĺěň). Ć âőęě ćàěňï åăàăłâěàŋăï ćěńĺçĺŋă łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï U ∼^{e2}_a . Šőčďă ąěğàăğňěàŋëľ ŕăàăňěâà âěőàĺĺ ćőğňãéěŋĺľ ŕő ćğăĺňőďěľáâćĺî ŕàőáâő őŕàěďěńïěâáï őâŋőèěŋĺěň U ε_F ∼ e2 h̄ ma h̄ ∼^{e2}_{h̄}^m_{pF} =^{e2}_{h̄vF} , čďě ććěńĺ áłőàőáâì íńěłâàőŋőć ŋă ŕőćěàåŋőáâĺ (ãàőćŋě) Ťěàňĺ v_F = p_F /m. Őâáîďă ćĺďŋő, çâő çěň ňěŋìèě ćěńĺçĺŋă a (áőőâćěâáâćěŋŋő, çěň ąőńìèě ŕńőâŋőáâì čăğă ĺńĺ áłőàőáâì Ťěàňĺ), âěň íâőâ ąěğàăğňěàŋëľ ŕăàăňěâà ňěŋìèě ĺ ňěŋìèě àőńì íääěłâőć ćğăĺňőďěľáâćĺï. Ćáŕőňŋĺň âěŕěàì, çâő ŕőáâőïŋŋăï âőŋłőľ áâàãłâãàë^{e2}_{h̄c} ≈^1_{137} ∼ 10^{−2}, čďě c ≈ 3 10^{10}áň/áěł { áłőàőáâì áćěâă ć ćăłããňě. Ć ňěâăńńăå (ŕàĺ âĺŕĺçŋëå ŕńőâŋőáâïå íńěłâàőŋŋőčő čăğă), łăł ńěčłő őæěŋĺâì, v_F ∼ 10^8áň/áěł. Ŕőíâőňã, äăłâĺçěáłĺ, ć àěăńìŋëå ňěâăńńăå ŕăàăňěâà âěőàĺĺ ćőğňãéěŋĺľ ŕő ćğăĺňőďěľáâćĺî ćáěčďă ŋě ňăń:^{e2}_{h̄vF} ∼ 1! Šőńìłő ŕàĺ ŕńőâŋőáâïå, čőàăğďő ąőńìèĺå ňěâăńńĺçěáłĺå, čăğ íńěłâàőŋőć ňőęŋő àăááňăâàĺćăâì łăł ŕőçâĺ áćőąőďŋëľ (ĺďěăńìŋëľ). Ŕőíâőňã áâăŋőćĺâáï ŋěŕőŋïâŋëň, ŕőçěňã ŕàĺąńĺęěŋĺě ŕőçâĺ áćőąőďŋëå íńěłâàőŋőć âăł åőàőèő őŕĺáëćăěâ ňŋőčĺě őáŋőćŋëě áćőľáâćă ňěâăńńőć. Ŕőńŋőě àěèěŋĺě íâőľ ŕàőąńěňë ďőáâĺčăěâáï âőńìłő ć àăňłăå âěőàĺĺ äěàňĺ-ęĺďłőáâĺ, íńěňěŋâë łőâőàőľ ąãďãâ àăááňőâàěŋë ŋăňĺ ŕőğďŋěě.

Řěńïâĺćĺáâáłĺľ ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ�.

Ŕő ňěàě áęăâĺï íńěłâàőŋŋőčő čăğă áàěďŋïï íŋěàčĺï íńěłâàőŋőć (ĺ íŋěàčĺï Ťěàňĺ ε_F ) ãćěńĺçĺćăěâáï ĺ, àăŋő ĺńĺ ŕőğďŋő, áâăŋőćĺâáï áàăćŋĺňőľ á íŋěàčĺěľ ŕőłőï mc^2 ĺ ŕőâőň ďăęě ŕàěćëèăěâ ěě. Šőčďă áâăŋőćïâáï áãéěáâćěŋŋëňĺ àěńïâĺćĺáâáłĺě íääěłâë. Řăááňőâàĺň ćëàőęďěŋŋëľ ãńìâàăàěńïâĺćĺáâáłĺľ čăğ, íŋěàčĺï çăáâĺæ łőâőàőčő ćěńĺłă ŕő áàăćŋěŋĺî á mc^2. Ć íâőň áńãçăě íŋěàčěâĺçěáłĺľ áŕěłâà íńěłâàőŋőć ĺňěěâ ćĺď: ε_p = √ c^2p^2 + m^2c^4 ≈ cp. (5.52)

Ďńï çĺáńă łćăŋâőćëå áőáâőïŋĺľ, ă áőőâćěâáâćěŋŋő ĺ ďńï ĺňŕãńìáă Ťěàňĺ ĺňěěň ŕàěęŋĺě äőàňãńë: 2 4πp^2dpV (2π—h)^3

. (5.53)

5Ŋăŕőňŋĺň, çâő ňăááă íńěłâàőŋă ć ňěâăńńě ŋě őąïğăâěńìŋő áőćŕăďăěâ á ňăááőľ áćőąőďŋőčő íńěłâàőŋă.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 93 N = V π^2—h^3 ∫_{pF} 0 p^2dp = V p^3_F 3π^2—h^3

. (5.54)

p_F = (3π^2)^{1/3} ( N V )_{1/3} (5.55)

Őďŋăłő, ďńï íŋěàčĺĺ Ťěàňĺ ćőğŋĺłăěâ ãęě áőćáěň ďàãčőě ćëàăęěŋĺě:

ε_F = cp_F = (3π^2)^{1/3}—hc ( N V )_{1/3} (5.56)

Śőőâćěâáâćěŋŋő, ŕőńŋăï íŋěàčĺï čăğă: E = cV π^2—h^3 ∫_{pF} 0 dpp^3 = V cp^4_F 4π^2—h^3

(5.57) ĺńĺ E = 3(3π^2)^{1/3} 4 —hcN ( N V )_{1/3} (5.58)

Ďăćńěŋĺě ňőęŋő ŕőńãçĺâì ďĺääěàěŋæĺàőćăŋĺěň ŕő őąêěňã: P = E 3V = (3π^2)^{1/3} 4 —hc ( N V )_{4/3} (5.59)

ĺ őŋő őłăğëćăěâáï ŕàőŕőàæĺőŋăńìŋëň ŕńőâŋőáâĺ ć áâěŕěŋĺ 4/3.

Śőőâŋőèěŋĺě P V = E 3 (5.60)

ĺňěěâ ňěáâő ďńï ãńìâàăàěńïâĺćĺáâáłőčő čăğă ŋě âőńìłő ŕàĺ ăąáőńîâŋőň ŋãńě, ŋő ĺ ŕàĺ ćáěå âěňŕěàăâãàăå. Ďěľáâćĺâěńìŋő, ŕàĺ ε_p = cp ĺğ (5.6), ŕěàěåőďï őâ áãňňĺàőćăŋĺï ŕő ĺňŕãńìáăň ł ĺŋâěčàĺàőćăŋĺî ŕő íŋěàčĺĺ, ŕőńãçăěň:

˙ = − T V π^2c^3—h^3 ∫_∞ 0 dε ln ( 1 + e^{μ−εT} ) (5.61)

őâłãďă ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ŋăľďěň: ˙ = −P V = − V 3π^2c^3—h^3 ∫_∞ 0 dε ε^3 e^{ε−μ}T + 1 (5.62)

Őâňěâĺň, çâő áńěďãîéěě őâáîďă ďăćńěŋĺě ïćńïěâáï ŕàěďěńìŋëň ďăćńěŋĺěň, łőâőàőě ňőęěâ ĺňěâì łăłőě-ńĺąő ňăłàőáłőŕĺçěáłőě âěńő [8].

Šěŕńőěňłőáâì ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă.

Ćëèě ňë ãęě őâňěçăńĺ, çâő ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå őąńăáâì \àăğňëâĺï" áâãŕěŋìłĺ Ťěàňĺ ∼ T . Ŋăľďěŋŋëě ŋăňĺ ćëàăęěŋĺï ďńï T = 0, äăłâĺçěáłĺ, ïćńïîâáï

94 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

çńěŋăňĺ ŋãńěćőčő ŕőàïďłă ŕő ňăńőňã (ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå) ŕăàăňěâàã T /ε_F . Ŕőáňőâàĺň, łăł ňőęŋő ŋăľâĺ ŕěàćëě âěňŕěàăâãàŋëě ŕőŕàăćłĺ ŕő íâőňã ŕăàăňěâàã. Ćëàăęěŋĺě ďńï âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă íńěłâàőŋŋőčő čăğă, ć áőőâćěâáâćĺĺ á (5.32), ĺňěěâ ćĺď:

˙ = − 4 3 V m^{3/2} √ 2π^2—h^3 ∫_∞ 0 dε ε^{3/2} e^{ε−μT} + 1 (5.63)

Řăááňőâàĺň ĺŋâěčàăń őąéěčő ćĺďă á äãŋłæĺěľ àăáŕàěďěńěŋĺï Ťěàňĺ: I = ∫_∞ 0 dε f(ε) e^{ε−μT} + 1 (5.64)

čďě f(ε) { ŋěłőâőàăï äãŋłæĺï, âăłăï, çâő ĺŋâěčàăń áåőďĺâáï. Ć çăáâŋőň áńãçăě (5.63) ĺňěěň f(ε) = ε^{3/2}. Ĺááńěďőćăŋĺě (5.64) ňőęŋő ŕàőćěáâĺ ć őąéěň ćĺďě [1, 2] ĺ ŕőńãçĺâì ďńï ŋěčő áńěďãîéěě àăğńőęěŋĺě: I ≈ ∫_μ 0 dεf(ε) + π^2 6 T^2f^′(μ) +

7π^4 360 T^4f^{′′′}(μ) + ... (5.65)

łőâőàőě, äăłâĺçěáłĺ, őŕàěďěńïěâ àăğńőęěŋĺě ćáěå äĺğĺçěáłĺå ćěńĺçĺŋ âĺŕă (5.63) ć àïď ŕő áâěŕěŋïň ňăńőčő ŕăàăňěâàă T /ε_F .

Ŕőńăčăï ğďěáì f(ε) = ε^{3/2} ŋăåőďĺň ĺğ (5.63):

˙ = ˙_0 − V T^2 √ 2μm^{3/2} 6—h^3

(5.66)

čďě ŕěàćőě áńăčăěňőě őâćěçăěâ ćłńăďã T = 0. Řăááňăâàĺćăï ćâőàőě áńăčăěňőě łăł ňăńãî ŕőŕàăćłã ł ˙_0 ĺ ćëàăęăï ć ŋěň μ çěàěğ N ĺ V á ŕőňőéìî \ŋãńěćőčő" ŕàĺąńĺęěŋĺï (5.48) μ = ε_F = (3π^2)^{2/3 h̄2}_{2m} (N/V )^{2/3}, ňőęěň ŋěŕőáàěďáâćěŋŋő ćëŕĺáăâì ćëàăęěŋĺě ďńï áćőąőďŋőľ íŋěàčĺĺ^6:

F = F_0 − B 2 N T^2 ( V N )_{2/3} (5.67)

čďě ććěńĺ őąőğŋăçěŋĺě B = (π/3)^{2/3}m/—h^2. Őâáîďă ŋăåőďĺň íŋâàőŕĺî: S = BN T ( V N )_{2/3} (5.68)

ĺ âěŕńőěňłőáâì: C = T ∂S ∂T = BN T ( V N )_{2/3} , (5.69)

âăł çâő âěŕńőěňłőáâì ćëàőęďěŋŋőčő äěàňĺ-čăğă ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ńĺŋěľŋă ŕő âěňŕěàăâãàě (âěŕńőěňłőáâì Ŕăãńĺ). Ĺáŕőńìğãï ŕàĺćěďěŋŋőě ćëèě ćëàăęěŋĺě ďńï ŕńőâŋőáâĺ áőáâőïŋĺľ (5.28) á g = 2, ńěčłő ãąěďĺâìáï, çâő (5.69) ňőęŋő ŕěàěŕĺáăâì łăł: C = π^2 3 ν_F T (5.70)

6Ğďěáì ňë áŋőćă ĺáŕőńìğãěň âěőàěňã ő ňăńëå ďőąăćłăå ł âěàňőďĺŋăňĺçěáłĺň ŕőâěŋæĺăńăň: (δ˙)_{T,V,μ} = (δF )_{T,V,N} = (δ˘)_{T,P,N} = (δE)_{S,V,N} = (δW )_{S,P,N}

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 95

čďě ććěńĺ ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ŋă ŕőćěàåŋőáâĺ Ťěàňĺ:

ν_F = N (ε = ε_F ) = mp_F π^2—h^3

V (5.71)

İâő łőŋěçŋő ŋě áńãçăľŋő. Ćëàăęěŋĺě (5.71) ńěčłő ĺŋâěàŕàěâĺàőćăâì \ŋă ŕăńìæăå". Ňë ãęě ćĺďěńĺ, çâő ć ćëàőęďěŋŋőň äěàňĺ-čăğě âěňŕěàăâãàă, äăłâĺçěáłĺ, ğăâàăčĺćăěâ ńĺèì ãğłĺľ áńőľ íŋěàčĺľ ∼ T ć őłàěáâŋőáâĺ ãàőćŋï Ťěàňĺ. Ůĺáńő íńěłâàőŋőć ć íâőň áńőě δN ∼ ν_F T . Ŕàĺ ŋăčàěćăŋĺĺ áĺáâěňë ŋă δT čàăďãáőć, âőńìłő íâĺ íńěłâàőŋë ĺ ňěŋïîâ áćőî íŋěàčĺî ŋă ćěńĺçĺŋã ∼ δT łăęďëľ. Šőčďă ĺğňěŋěŋĺě íŋěàčĺĺ áĺáâěňë ŕàĺ ŋăčàěćăŋĺĺ δE ∼ ν_F T δT , ă âěŕńőěňłőáâì C = δE/δT = ν_F T . İâă ŋăčńïďŋăï ĺŋâěàŕàěâăæĺï łăçěáâćěŋŋő őąêïáŋïěâ, łăł ć äěàňĺ-čăğě áŋĺňăěâáï ŕàőâĺćőàěçĺě łńăááĺçěáłőčő ğăłőŋă àăćŋőàăáŕàěďěńěŋĺï ĺ âěőàěňë Ŋěàŋáâă. Ťăłâĺçěáłĺ, ŕàĺ T → 0 ŋě ćáě íńěłâàőŋë ãçăáâćãîâ ć âěŕńőćëå ŕàőæěááăå, ă ńĺèì âě, áőáâőïŋĺï łőâőàëå ŕàĺŋăďńěęăâ ãŕőňïŋãâőľ ŕőńőáłě ćąńĺğĺ ãàőćŋï Ťěàňĺ, ĺ íâő çĺáńő áâàěňĺâáï ł ŋãńî ŕàĺ T → 0. Řěğãńìâăâ (5.70) őçěŋì ćăęěŋ. Ťăłâĺçěáłĺ, őŋ ďăěâ őďĺŋ ĺğ íłáŕěàĺňěŋâăńìŋëå áŕőáőąőć ĺğňěàěŋĺï ćěńĺçĺŋë ŕńőâŋőáâĺ áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ć ňěâăńńě ĺğ ĺğňěàěŋĺľ íńěłâàőŋŋőčő ćłńăďă ć âěŕńőěňłőáâì. Ć ŕàőáâěľèěň áńãçăě, łőčďă ňőęŋő ŕőńìğőćăâìáï ćëàăęěŋĺěň (5.71) (íâő ňőęŋő ďěńăâì ć ńîąőň ňěâăńńě á ŕőçâĺ áäěàĺçěáłőľ ŕőćěàåŋőáâìî Ťěàňĺ), őâáîďă áàăğã ŕőńãçăěň íłáŕěàĺňěŋâăńìŋëľ ňěâőď őŕàěďěńěŋĺï ňăááë íńěłâàőŋă ć ňěâăńńě (łőâőàăï, łăł ňë ğŋăěň, ŋěőąïğăâěńìŋő àăćŋă ňăááě áćőąőďŋőčő íńěłâàőŋă).

Ŕàĺćěďěň ďńï ŕőńŋőâë âăłęě ĺ ćëàăęěŋĺě ďńï íŋěàčĺĺ ćëàőęďěŋŋőčő äěàňĺčăğă:

E = E_0 + B 2 N T^2 ( V N )_{2/3} = E_0 [ 1 + 0.18 ( mT —h^2

)_2 ( V N )_{4/3}] (5.72)

čďě E_0 ďăěâáï ćëàăęěŋĺěň (5.49). Őâáîďă, łáâăâĺ, ńěčłő ćĺďěâì, çâő őâŋőáĺâěńìŋăï âěňŕěàăâãàŋăï ŕőŕàăćłă ł íŋěàčĺĺ áĺáâěňë, ŋă áăňőň ďěńě, ĺňěěâ ňăńőáâì (T /ε_F )^2. Řăáçěâ âěŕńőěňłőáâĺ ĺğ C =^{∂E}_{∂T} ďăěâ, àăğãňěěâáï, ŕàěęŋĺľ àěğãńìâăâ (5.69).

Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă. Śńăąëě ŕőńï.

Ŋăňăčŋĺçěŋŋőáâì íńěłâàőŋŋőčő čăğă ć áńăąëå ňăčŋĺâŋëå ŕőńïå áłńăďëćăěâáï ĺğ ďćãå çăáâěľ: ĺğ ŕăàăňăčŋĺâŋőľ ŋăňăčŋĺçěŋŋőáâĺ, áćïğăŋŋőľ á áőąáâćěŋŋëň áŕĺŋőćëň ňăčŋĺâŋëň ňőňěŋâőň íńěłâàőŋőć (Ŕăãńĺ) ĺ ĺğ ďĺăňăčŋĺâŋőľ ŋăňăčŋĺçěŋŋőáâĺ, áćïğăŋŋőľ á łćăŋâőćăŋĺěň őàąĺâăńìŋőčő ďćĺęěŋĺï íńěłâàőŋőć ć ňăčŋĺâŋőň ŕőńě (Ńăŋďăã).

Ć ďăńìŋěľèěň ąãďěň àăááňăâàĺćăâì ćëàőęďěŋŋëľ čăğ íńěłâàőŋőć: T ≪ ε_F . Şáńőćĺě áńăąőáâĺ ňăčŋĺâŋőčő ŕőńï ŕőŋĺňăěâáï ć áňëáńě ŋěàăćěŋáâćă: μ_B H ≪ T , čďě μ_B =^{|e|h̄}_{2mc} { ňăčŋěâőŋ Ąőàă.

Ćëçĺáńěŋĺï ãďőąŋő ŕàőćőďĺâì á ŕőňőéìî âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ˙, â.ě. ć ŕěàěňěŋŋëå T, V, μ. Šőčďă ňăčŋĺâŋëľ ňőňěŋâ áĺáâěňë őŕàěďěńïěâáï łăł:

M = − ( ∂˙ ∂H ) T,V,μ (5.73)

96 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Ğăľňěňáï áŋăçăńă ŕăàăňăčŋĺâŋőľ çăáâìî ŋăňăčŋĺçěŋŋőáâĺ. Ďőŕőńŋĺâěńìŋăï áŕĺŋőćăï çăáâì íŋěàčĺĺ íńěłâàőŋă ć ňăčŋĺâŋőň ŕőńě àăćŋă ±μ_B H, ďńï ďćãå ěčő áŕĺŋőćëå ŕàőěłæĺľ ∓1/2. Śőőâćěâáâćěŋŋő, ć ŕőńě íŋěàčĺï íńěłâàőŋă ε_p = p^2/2m ğăňěŋïěâáï ŋă ε_{p∓} = p^2/2m ± μ_B H. Ŕőáłőńìłã ε ćåőďĺâ ć äãŋłæĺî àăáŕàěďěńěŋĺï Ťěàňĺ ćáěčďă ć łőňąĺŋăæĺĺ ε − μ, íłćĺćăńěŋâŋőě ŕàěďëďãéěňã ãâćěàęďěŋĺě áćőďĺâáï ł ğăňěŋě ćěğďě μ → μ ∓ μ_B H. Ŕőíâőňã, ďńï ŕőâěŋæĺăńă ˙ áĺáâěňë ć ŕőńě ňőęŋő áàăğã ŋăŕĺáăâì:

˙(μ) = 1 2 ˙_0(μ + μ_B H) + 1 2 ˙_0(μ − μ_BH) (5.74)

čďě ˙_0(μ) { ŕőâěŋæĺăń ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï. Ňŋőęĺâěńì 1/2 ŕàőáâő ãçĺâëćăěâ ãňěŋìèěŋĺě ć ďćă àăğă çĺáńă łćăŋâőćëå áőáâőïŋĺľ íńěłâàőŋă ŕàĺ äĺłáĺàőćăŋŋőľ ŕàőěłæĺĺ áŕĺŋă.

Řăğńőęĺň (5.74) ŕő áâěŕěŋïň H ĺ ŕőńãçĺň (çńěŋë ŕěàćőčő ŕőàïďłă, őçěćĺďŋő, áőłàăéăîâáï):

˙(μ) = ˙_0(μ) + 1 2 μ^2_B H^2

∂^2˙_0(μ) ∂μ^2 (5.75)

Őâáîďă ŕőńãçăěň ňăčŋĺâŋëľ ňőňěŋâ (5.73) ć ćĺďě:

M = −μ^2_B H^{∂2}˙^0(^μ)_{∂μ2} (5.76)

Ŋő ŕàőĺğćőďŋăï^{∂Ω0}_{∂μ} = −N ĺ ŕăàăňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì, őâŋěáěŋŋăï ł ěďĺŋĺæě őąêěňă čăğă, ěáâì:

χ_p = − μ^2_B V ∂^2˙_0(μ) ∂μ^2 = μ^2_B V ( ∂N ∂μ ) T,V (5.77)

Ŕàěŋěąàěčăï ňăńëňĺ ŕàĺ T ≪ ε_F âěňŕěàăâãàŋëňĺ íääěłâăňĺ, â.ě. áçĺâăï čăğ ŕőńŋőáâìî ćëàőęďěŋŋëň, ĺňěěň μ = ε_F = (3π^2)^{2/3 h̄2}_{2m} (N/V )^{2/3}, ĺ áőőâćěâáâćěŋŋő: N = V (2mμ)^{3/2} 3π^2—h^3

(5.78)

çâő ŕőáńě ďĺääěàěŋæĺàőćăŋĺï ć (5.77) ďăěâ:

χ_p = μ^2_B (2m)^{3/2} √ μ 2π^2—h^3 = μ^2_B mp_F π^2—h^3

≡ μ^2_B ν_F (5.79)

{ ŕăãńĺěćáłãî ŕăàăňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì. Šăłĺň őąàăğőň, ŕăàăňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì ćëàőęďěŋŋőčő íńěłâàőŋŋőčő čăğă ŋě ğăćĺáĺâ őâ âěňŕěàăâãàë (ŕàĺ T ≪ ε_F ) ĺ ŕàőŕőàæĺőŋăńìŋă ŕńőâŋőáâĺ áőáâőïŋĺľ íńěłâàőŋőć ŋă ãàőćŋě Ťěàňĺ. İâőâ àěğãńìâăâ áćïğăŋ ŕàőáâő á âěň, çâő ćŋěèŋěě ňăčŋĺâŋőě ŕőńě ŕàĺćőďĺâ ł ŋěàăćěŋáâćã çĺáńă íńěłâàőŋőć áő áŕĺŋăňĺ ŕő ĺ ŕàőâĺć ŕőńï: N_↑ − N_↓ ∼ ν_F μ_B H, ă íâő áőőâćěâáâćãěâ ŋăňăčŋĺçěŋŋőáâĺ ćďőńì ŕőńï M = μ_B (N_↑ − N_↓) ∼ μ^2_B ν_F H, çâő ĺ ďăěâ ćőáŕàĺĺňçĺćőáâì(5.79)^7.

7Śãéěáâćãîâ íłáŕěàĺňěŋâăńìŋëě ňěâőďë, ŕőğćőńïîéĺě ŋěŕőáàěďáâćěŋŋő ĺğňěàïâì ĺňěŋŋő âőńìłő ŕăàăňăčŋĺâŋãî çăáâì ćőáŕàĺĺňçĺćőáâĺ ć ňěâăńńě (ŋăŕàĺňěà ĺğňěàěŋĺï áďćĺčă Ŋăľâă ć §ŇŘ{íłáŕěàĺňěŋâăå) ĺ ŕőńãçăâì, âăłĺň őąàăğőň, ŋěŕőáàěďáâćěŋŋãî ĺŋäőàňăæĺî ő ćěńĺçĺŋě ŕńőâŋőáâĺ áőáâőïŋĺľ, ăŋăńőčĺçŋő ĺğňěàěŋĺïň íńěłâàőŋŋőčő ćłńăďă ć âěŕńőěňłőáâì.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 97

Ŕěàěľďěň âěŕěàì ł ćëçĺáńěŋĺî ďĺăňăčŋĺâŋőľ çăáâĺ ćőáŕàĺĺňçĺćőáâĺ, áćïğăŋŋőľ á őàąĺâăńìŋëň ďćĺęěŋĺěň íńěłâàőŋőć. Şàőćŋĺ íŋěàčĺĺ őàąĺâăńìŋőčő ďćĺęěŋĺï íńěłâàőŋă ć ňăčŋĺâŋőň ŕőńě ŕàěďáâăćńïîâ áőąőľ âăł ŋăğëćăěňëě ãàőćŋĺ Ńăŋďăã [7]: ε_{n,pz} = —hω_c(n + 1 2 ) + p^2_z 2m = (2n + 1)μ_BH + p^2_z 2m (5.80)

čďě ω_c =^{|e|H}_{mc} { æĺłńőâàőŋŋăï çăáâőâă, n = 0, 1, 2, ..., p_z { ĺňŕãńìá íńěłâàőŋă ŕő ŋăŕàăćńěŋĺî ŕőńï. Ŕàĺ íâőň çĺáńő áőáâőïŋĺľ ć ĺŋâěàćăńě dp_z ŕàĺ äĺłáĺàőćăŋŋőň ğŋăçěŋĺĺ n àăćŋő [7]: 2 V |e|H (2π—h)^2c dp_z (5.81)

Šőčďă ĺğ (5.6) ĺňěěň: ˙ = −T ∞∑ n=0 2 V |e|H (2π—h)^2c ∫_∞ −∞ dp_z ln [ 1 + exp ( μ − (n + 1/2)—hω_c − p^2_z/2m T )] (5.82) ĺńĺ ˙ = 2μ_BH ∞∑ n=0 f[μ − (2n + 1)μ_B H] (5.83) čďě f(μ) = − T mV 2π—h^3 ∫_∞ −∞ dp_z ln [ 1 + exp ( μ T − p^2_z 2m )] (5.84)

Śãňňĺàőćăŋĺě ŕő n ğďěáì ňőęŋő ŕàőćěáâĺ á ŕőňőéìî áńěďãîéěľ äőàňãńë [1, 2]: ∞∑ n=0 F (n) ≈ ∫_∞ 0 dxF (x) + 1 24 F^′(0) (5.85)

Şáńőćĺě ěě ŕàĺňěŋĺňőáâĺ áőáâőĺâ ć ňăńőáâĺ őâŋőáĺâěńìŋőčő ĺğňěŋěŋĺï äãŋłæĺĺ F ŋă őďŋőň èăčě n → n + 1. Ć ŋăèěň áńãçăě íâő ãáńőćĺě áćőďĺâáï ł âàěąőćăŋĺî μ_BH ≪ T . Ŕàĺňěŋïï (5.85) ł (5.83), (5.84), ŕőńãçăěň:

˙ = 2μ_BH ∫_∞ 0 dxf(μ − 2μ_BHx) + 2μ_BH 24 ∂f(μ − 2nμ_BH) ∂n |_{n=0} = = ∫_μ −∞ dxf(x) − (2μ_B H)^2 24 ∂f(μ) ∂μ (5.86)

Ŕěàćőě áńăčăěňőě ğďěáì ŋě áőďěàęĺâ H ĺ, őçěćĺďŋő, áćőďĺâáï ł ˙_0(μ) ć őâáãâáâćĺě ŕőńï. Šăłĺň őąàăğőň:

˙ = ˙_0(μ) − 1 6 μ^2_BH^2

∂^2˙_0(μ) ∂μ^2 (5.87)

őâłãďă, łăł ĺ ćëèě ć ŕăàăňăčŋĺâŋőň áńãçăě, ŋăåőďĺň ďĺăňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì ć ćĺďě: χ_d = μ^2_B 3V ∂^2˙_0(μ) ∂μ^2 = − 1 3 χ_p (5.88)

98 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

čďě ŕőáńěďŋěě àăćěŋáâćő ŕőńãçěŋő áàăćŋěŋĺěň á (5.77). Šăłĺň őąàăğőň, ďĺăňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì (ďĺăňăčŋěâĺğň Ńăŋďăã) íńěłâàőŋŋőčő čăğă àăćŋă 1/3 ŕăàăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ (ŕăàăňăčŋěâĺğň Ŕăãńĺ.). Ć æěńőň, ćëàőęďěŋŋëľ íńěłâàőŋŋëľ čăğ őłăğëćăěâáï ŕăàăňăčŋĺâŋëň ĺ ěčő ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì àăćŋă

χ = χ_p + χ_d = 2 3 χ_p. (5.89)

Śńěďãěâ, ćŕàőçěň, ĺňěâì ććĺďã, çâő íâĺ áőőâŋőèěŋĺï ňěęďã χ_p ĺ χ_d áŕàăćěďńĺćë âőńìłő ďńï ŕàőáâěľèěľ ňőďěńĺ áćőąőďŋëå íńěłâàőŋőć, àăááňőâàěŋŋőľ ćëèě. Ć àěăńìŋëå ňěâăńńăå, čďě ćĺď áŕěłâàă íńěłâàőŋőć ňőęěâ áãéěáâćěŋŋő őâńĺçăâìáï őâ ŕàőáâěľèěčő, íâĺ áőőâŋőèěŋĺï ňőčãâ ďőćőńìŋő áĺńìŋő ŋăàãèăâìáï. Ĺňěŋŋő ŕőíâőňã, ŕàĺ őąáãęďěŋĺĺ íłáŕěàĺňěŋâőć ŕő ĺğňěàěŋĺî ňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ ňěâăńńőć, ćőğŋĺłăěâ ďőćőńìŋő áńőęŋăï ŕàőąńěňă àăğďěńěŋĺï ŕăàăňăčŋĺâŋőčő ĺ ďĺăňăčŋĺâŋőčő ćłńăďőć.

Řăğãňěěâáï áãňňăàŋãî ćőáŕàĺĺňçĺćőáâì ňőęŋő ćëçĺáńĺâì ĺ áàăğã. Ďńï íâőčő ŋăďő ąëńő-ąë ğăŕĺáăâì ãàőćŋĺ íŋěàčĺĺ íńěłâàőŋă ć ćĺďě ε_{n,pz ,±} = (2n + 1)μ_BH + p^2_z/2m ∓ μ_BH, ćłńîçĺć áŕĺŋőćőě àăáéěŕńěŋĺě ć áŕěłâà Ńăŋďăã. İâã áőćőłãŕŋőáâì ãàőćŋěľ ňőęŋő ŕàěďáâăćĺâì ć ćĺďě: ε_{n,pz} = 2nμ_BH + p^2_z/2m (n = 0, 1, 2...), ŕàĺçěň łăęďőě ğŋăçěŋĺě á n ≠ 0 ćáâàěçăěâáï ďćăęďë, ă c n = 0 { őďĺŋ àăğ. Šőčďă, ăŋăńőčĺçŋő ŕàěďëďãéěňã àăááňőâàěŋĺî, ńěčłő ŕőńãçĺâì:

˙ = 2μ_B H { 1 2 f(μ) + ∞∑ n=1 f(μ − 2μ_BHn) } (5.90)

ă ďńï ćëçĺáńěŋĺľ ćőáŕőńìğőćăâìáï äőàňãńőľ áãňňĺàőćăŋĺï [1, 2]: 1 2 F (0) + ∞∑ n=1 F (n) = ∫_∞ 0 dxF (x) − 1 12 F^′(0) (5.91)

Ŋěŕőáàěďáâćěŋŋëě ćëçĺáńěŋĺï ŕàĺćőďïâ ł àěğãńìâăâã ďńï ŕőńŋőľ ćőáŕàĺĺňçĺćőáâĺ (5.89).

Ňăčŋěâĺğň íńěłâàőŋŋőčő čăğă. Śĺńìŋëě ŕőńï�.

Řăááňőâàĺň âěŕěàì őąńăáâì âăł ŋăğëćăěňëå łćăŋâãîéĺå ňăčŋĺâŋëå ŕőńěľ, ďńï łőâőàëå:

T < μ_BH = —hω_c ≪ ε_F = μ (5.92)

Ć íâĺå ãáńőćĺïå áâăŋőćĺâáï áãéěáâćěŋŋőľ ďĺáłàěâŋőáâì ãàőćŋěľ Ńăŋďăã, áőőâćěâáâćãîéĺå ďćĺęěŋĺî íńěłâàőŋă ć ŕńőáłőáâĺ, őàâőčőŋăńìŋőľ ňăčŋĺâŋőňã ŕőńî^8. Šěŕěàì ãęě ŋěńìğï őâďěńĺâì ďàãč őâ ďàãčă őàąĺâăńìŋëě ĺ áŕĺŋőćëě íääěłâë ĺ ŕàĺ

8İâő ďćĺęěŋĺě ć łńăááĺłě ěáâì ŕàőáâő æĺłńőâàőŋŋőě ćàăéěŋĺě íńěłâàőŋă á çăáâőâőľ ωc ćőłàãč ŋăŕàăćńěŋĺï ŕőńï. Ć łćăŋâőćőň áńãçăě íâő ćàăéěŋĺě őŕĺáëćăěâáï łăł őąëçŋëľ őáæĺńńïâőà á âőľ ęě çăáâőâőľ, çâő ĺ ŕàĺćőďĺâ ł ŕőïćńěŋĺî ŕěàćőčő (őáæĺńńïâőàŋőčő) áńăčăěňőčő ć áŕěłâàě Ńăŋďăã (5.80). Ćâőàőě áńăčăěňőě ć (5.80) áőőâćěâáâćãěâ áćőąőďŋőňã ďćĺęěŋĺî íńěłâàőŋă ćďőńì ŋăŕàăćńěŋĺï ŕőńï.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 99

ćëçĺáńěŋĺïå ŋãęŋő ĺáåőďĺâì ĺğ őąéěľ äőàňãńë (5.90). Łăł ąãďěâ łàăâłő ŕőłăğăŋő ŋĺęě, ŕàĺ —hω_c = μ_B H > T ŋăňăčŋĺçěŋŋőáâì íńěłâàőŋŋőčő čăğă áőďěàęĺâ őáæĺńńĺàãîéãî łăł äãŋłæĺï H çăáâì, ŕàĺçěň ăňŕńĺâãďă íâĺå őáæĺńńïæĺľ ŋě ňăńă. Ňë őŕãáłăěň àïď ŕőďàőąŋőáâěľ ć ćëçĺáńěŋĺïå, łőâőàëě ňőęŋő ŋăľâĺ ć [1, 2].

Ŕàĺ àăáçěâě (5.90), ć ãáńőćĺïå (5.92) ãęě ŋěńìğï ŕőńìğőćăâìáï ŕàőáâëňĺ äőàňãńăňĺ áãňňĺàőćăŋĺï âĺŕă (5.91), ŕőáłőńìłã áãňňĺàãěňăï äãŋłæĺï ňőęěâ àěğłő ňěŋïâìáï ŕàĺ ŕěàěåőďě őâ n ł n + 1. Śâăŋďăàâŋëľ ŕàĺěň áőáâőĺâ ć ĺáŕőńìğőćăŋĺĺ äőàňãńë áãňňĺàőćăŋĺï Ŕãăááőŋă^9: 1 2 F (0) + ∞∑ n=1 F (n) = ∫_∞ 0 dxF (x) + 2Re ∞∑ k=1 ∫_∞ 0 dxe^{2πikx}F (x) (5.93) Šőčďă (5.91) ňőęŋő ŕàěďáâăćĺâì ć ćĺďě:

˙ = ˙_0(μ) + T mV π^2—h^3 Re ∞∑ k=1 I_k (5.94) čďě I_k = −2μ_BH ∫_∞ −∞ dp_z ∫_∞ 0 dxe^{2πikx} ln [ 1 + exp ( μ T − p^2_z 2mT − 2xμ_BH T )] (5.95)

Ŋăá ĺŋâěàěáãěâ âőńìłő őáæĺńńĺàãîéăï ŕő ŕőńî çăáâì ĺŋâěčàăńőć,łőâőàãî ąãďěň őąőğŋăçăâì ~I_k. Ŕőáńě ŕőďåőďïéĺå ğăňěŋ ŕěàěňěŋŋëå ĺğ (5.95) ňőęŋő ŕőńãçĺâì:

~I_k = − ∫_∞ −∞ dp_z ∫_∞ 0 dε ln [ 1 + exp ( μ − ε T )] exp ( iπkε μ_BH ) exp ( − iπkp_z 2mμ_BH ) . (5.96)

Ĺŋâěčàăń ŕő p_z ğďěáì ňőęěâ ąëâì ćëçĺáńěŋ [1, 2], ŕőáńě çěčő ĺňěěň: ~I_k = −e^{−i π}4 √ 2mμ_BH k ∫_∞ 0 dεe^{iπkεμ}B^H ln [ 1 + e^{μ−εT} ] . (5.97)

Ğďěáì ňőęŋő ďćăęďë ŕàőćěáâĺ ĺŋâěčàĺàőćăŋĺě ŕő çăáâïň ĺ ŕěàěľâĺ ł ŕěàěňěŋŋőľ ξ = (ε − μ)/T . Őŕãáłăï ŋěőáæĺńńĺàãîéãî ŕő ŕőńî çăáâì, ňőęŋő ŋăŕĺáăâì [1, 2]:

~I_k = √ 2m(μ_B H)^{5/2} T π^2k^{5/2} exp ( iπkμ μ_B H − iπ 4 ) ∫_∞ −∞ dξ e^ξ (e^ξ + 1)^2 exp ( iπkT μ_B H ξ ) . (5.98)

Ŕàĺ μ_BH > T őŕàěďěńïîéãî àőńì ć őáâăćèěňáï ĺŋâěčàăńě ĺčàăěâ őąńăáâì ξ ∼ 1, â.ě. őłàěáâŋőáâì ãàőćŋï Ťěàňĺ ε−μ ∼ T , çâő ŕőğćőńĺńő ŋăŕĺáăâì ěčő ć ąěáłőŋěçŋëå ŕàěďěńăå. Ťăłâĺçěáłĺ, ĺŋâěčàăń âěŕěàì ąěàěâáï ŕő äőàňãńě [1, 2]: ∫_∞ −∞ dξe^{iαξ} e^ξ (e^ξ + 1)^2 = πα sh(πα) . (5.99)

9Ťőàňãńă Ŕãăááőŋă ŕőńãçăěâáï ĺğ àăćěŋáâćă: ∑_∞ n=−∞ δ(x − n) = ∑_∞ k=−∞ e 2πikx. Śãňňă δ- äãŋłæĺľ, áâőïéăï áńěćă, ěáâì ŕěàĺőďĺçěáłăï äãŋłæĺï á ŕěàĺőďőň 1, ă áãňňă áŕàăćă ěáâì àăğńőęěŋĺě íâőľ äãŋłæĺĺ ć àïď Ťãàìě. Şňŋőęăï íâő àăćěŋáâćő ŋă ŕàőĺğćőńìŋãî äãŋłæĺî F (x) ĺ ĺŋâěčàĺàãï ŕő x őâ 0 ďő ∞, ŕőńãçăěň äőàňãńã Ŕãăááőŋă. Ŕàĺ íâőň ŋăďő âőńìłő ěéě ãçěáâì, çâő çńěŋ áãňňë á n = 0 àăćěŋ ∫_∞ 0 dxF (x)δ(x) = F (0)/2.

100 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Őłőŋçăâěńìŋő, ďńï őáæĺńńĺàãîéěľ çăáâĺ ŕőâěŋæĺăńă ˙ ŕőńãçăěň:

~˙ = √ 2(mμ_B H)^{3/2}T V π^2—h^3 ∞∑ k=1 cos (_{πμ} μ_B H k − π 4 ) k^{3/2}sh (_{π2kT} μ_B H ) . (5.100)

Ŕàĺ ćëçĺáńěŋĺĺ ňăčŋĺâŋőčő ňőňěŋâă łăł ŕàőĺğćőďŋőľ őâ (5.100) ŕő ŕőńî, ŋãęŋő ďĺääěàěŋæĺàőćăâì âőńìłő ŋăĺąőńěě ąëáâàő ňěŋïîéĺěáï ňŋőęĺâěńĺ cos ć çĺáńĺâěńïå çńěŋőć áãňňë. İâő ďăěâ àěğãńìâăâ Ńăŋďăã: ~M = − √ 2μ_Bm^{3/2}μT V π—h^3 √ H ∞∑ k=1 sin (_{πμ} μ_B H k − π 4 ) √ ksh (_{π2kT} μ_B H ) . (5.101)

Ŕőńãçěŋŋőě ćëàăęěŋĺě őáæĺńńĺàãěâ, ŕěàĺőďĺçŋőáâì ĺňěěâáï ğďěáì ŕő őąàăâŋőňã ŕőńî 1/H. Ŕěàĺőď ŕő ŕěàěňěŋŋőľ 1/H ěáâì: ´ ( 1 H ) = 2μ_B μ (5.102)

ĺ ŋě ğăćĺáĺâ őâ âěňŕěàăâãàë. Ŕàĺ íâőň ´(1/H)H ∼ μ_BH/μ ≪ 1, â.ě. őáæĺńńïæĺĺ ŕàőĺáåőďïâ á ąőńìèőľ \çăáâőâőľ". Šăłĺě őáæĺńńïæĺĺ ňăčŋĺâŋőčő ňőňěŋâă ć ŕőńě ŋăąńîďăîâáï ć ňěâăńńăå ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå ĺ \çĺáâëå" őąàăğæăå ĺ ŋăğëćăîâáï íääěłâőň ďě-Čăăğă { ćăŋ-Ăńìäćěŋă. Ŕàĺ μ_B H ∼ T ăňŕńĺâãďă łőńěąăŋĺľ ňăčŋĺâŋőčő ňőňěŋâă ~M ∼ V μH^{1/2}(mμ_B )^{3/2}—h^{−3}. Ňőŋőâőŋŋăï çăáâì ŋăňăčŋĺçěŋŋőáâĺ M őŕàěďěńïěâáï ćëçĺáńěŋŋőľ ćëèě ćőáŕàĺĺňçĺćőáâìî (5.89), âăł çâő M ∼ V μ^{1/2}Hm^{3/2}μ^2_B —h^{−3}. Ŕőíâőňã ~M /M ∼ (μ/μ_BH)^{1/2} ≫ 1 ĺ ăňŕńĺâãďă őáæĺńńĺàãîéěľ çăáâĺ ćěńĺłă ŕő áàăćŋěŋĺî á ňőŋőâőŋŋőľ. Ŋăŕàőâĺć, ŕàĺ μ_B H ≪ T íâă ăňŕńĺâãďă íłáŕőŋěŋæĺăńìŋő ãąëćăěâ łăł exp(−π^2T /μ_B H) ĺ áâăŋőćĺâáï ŕàěŋěąàěęĺňő ňăńőľ.

Ćëàăęěŋĺě ďńï ŕěàĺőďă (5.102) ňőęŋő ŕěàěŕĺáăâì áńěďãîéĺň őąàăğőň: ´ ( 1 H ) = |e|—h mc 1 ε_F = 2|e|—h c π πp^2_F = 2π|e|—h cS_F (5.103)

čďě S_F = πp^2_F { ŕńőéăďì ňăłáĺňăńìŋőčő \áěçěŋĺï" áäěàĺçěáłőľ ŕőćěàåŋőáâĺ Ťěàňĺ čăğă áćőąőďŋëå íńěłâàőŋőć. Őłăğëćăěâáï, çâő ŕőáńěďŋěě ćëàăęěŋĺě ŕàĺňěŋĺňő ĺ ďńï ňěâăńńőć á ŕàőĺğćőńìŋëňĺ ŕőćěàåŋőáâïňĺ Ťěàňĺ, ěáńĺ ŕőď S_F ŕőŋĺňăâì ŕńőéăďì ńîąőčő íłáâàěňăńìŋőčő áěçěŋĺï áńőęŋőľ ŕőćěàåŋőáâĺ Ťěàňĺ [21]. Ŕőáłőńìłã âăłĺå áěçěŋĺľ ã àěăńìŋőľ ŕőćěàåŋőáâĺ Ťěàňĺ ňőęěâ ąëâì ŋěáłőńìłő, ćőğŋĺłăěâ ĺ ŋěáłőńìłő ŕěàĺőďőć őáæĺńńïæĺľ ďě-Čăăğă | ćăŋ-Ăńìäćěŋă. İłáŕěàĺňěŋâăńìŋőě ĺğãçěŋĺě íâĺå őáæĺńńïæĺľ ŕőğćőńïěâ ŋăľâĺ íłáâàěňăńìŋëě áěçěŋĺï ŕőćěàåŋőáâĺ Ťěàňĺ àěăńìŋőčő ňěâăńńă ĺ ãáâăŋőćĺâì, âăłĺň őąàăğőň, ěě äőàňã ĺ âőŕőńőčĺî.

İääěłâ ďě-Čăăğă { ćăŋ-Ăńìäćěŋă ïćńïěâáï ŕěàćëň ć æěńőň àïďã őáæĺńńïæĺőŋŋëå ïćńěŋĺľ ć ňěâăńńăå, ŋăåőďïéĺåáï ć łćăŋâãîéěň ňăčŋĺâŋőň ŕőńě ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå. Şŕőňïŋěň, ŋăŕàĺňěà, ăŋăńőčĺçŋëě őáæĺńńïæĺĺ íńěłâàőáőŕàőâĺćńěŋĺï ňěâăńńőć (íääěłâ Ÿãąŋĺłőćă { ďě-Čăăğă). Ćáě íâĺ íääěłâë áćïğăŋë á ńăŋďăãćáłĺň łćăŋâőćăŋĺěň áŕěłâàă íńěłâàőŋőć ć ňăčŋĺâŋőň ŕőńě (5.80) ĺ á \ŕàőåőęďěŋĺěň" ďĺáłàěâŋëå ãàőćŋěľ ŕőŕěàěçŋőčő ďćĺęěŋĺï çěàěğ ãàőćěŋì Ťěàňĺ ŕàĺ ĺğňěŋěŋĺĺ ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï [21]. İłáŕěàĺňěŋâăńìŋőě ŋăąńîďěŋĺě íâĺå íääěłâőć ïćńïěâáï ňőéŋëň áàěďáâćőň ćőááâăŋőćńěŋĺï čěőňěâàĺĺ àěăńìŋëå ŕőćěàåŋőáâěľ Ťěàňĺ ňěâăńńőć.

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 101

Ćëàőęďěŋŋëľ ąőğě{čăğ.

Ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå áćőľáâćă ąőğě-čăğă àăďĺłăńìŋő őâńĺçăîâáï őâ áćőľáâć äěàňĺ-čăğă. Ŕàĺ T = 0 ćáě çăáâĺæë čăğă ğăŋĺňăîâ áőáâőïŋĺě á ŋăĺňěŋìèěľ íŋěàčĺěľ ε = 0, őčàăŋĺçěŋĺľ, áćïğăŋŋëå á ŕàĺŋæĺŕőň Ŕăãńĺ ďńï ŋĺå ŋěâ. Řăááňőâàĺň ãàăćŋěŋĺě ďńï ŕőńŋőčő çĺáńă çăáâĺæ, őŕàěďěńïîéěě åĺňŕőâěŋæĺăń (5.30) ć ąőğěćáłőň áńãçăě: N V = g(mT )^{3/2} √ 2π^2—h^3 ∫_∞ 0 dz √ z e^{z− μ}T − 1 (5.104)

Ěáńĺ ŕàĺ ğăďăŋŋőľ ŕńőâŋőáâĺ čăğă N/V ŕőŋĺęăâì âěňŕěàăâãàã, âő ĺğ (5.104) ćĺďŋő, çâő åĺňĺçěáłĺľ ŕőâěŋæĺăń μ, őáâăćăïáì őâàĺæăâěńìŋëň, ãňěŋìèăěâáï ŕő ăąáőńîâŋőľ ćěńĺçĺŋě. Ŕàĺ íâőň őŋ őąàăéăěâáï ć ŋãńì ŕàĺ łőŋěçŋőľ âěňŕěàăâãàě, őŕàěďěńïěňőľ àăćěŋáâćőň: N V = g(mT )^{3/2} √ 2π^2—h^3 ∫_∞ 0 dz √ z e^z − 1

(5.105)

Śâőïéĺľ ğďěáì ĺŋâěčàăń ěáâì ŕàőáâő ąěğàăğňěàŋăï łőŋáâăŋâă ≈ 2.315. Šőčďă, àěèăï (5.105) őâŋőáĺâěńìŋő T , ŕőńãçăěň åăàăłâěàŋãî âěňŕěàăâãàã T_0^{10}:

T_0 =

3.31 g^{2/3} —h^2 m ( N V )_{2/3} (5.106)

ŋăğëćăěňãî âěňŕěàăâãàőľ ąőğě-łőŋďěŋáăæĺĺ. Ťĺğĺçěáłĺľ áňëáń íâőčő âěàňĺŋă, âăłęě łăł ĺ ćőğŋĺłăîéěčő ŕàĺ íâőľ âěňŕěàăâãàě íääěłâă ňőęŋő ŕőŋïâì ĺğ áńěďãîéĺå àăááãęďěŋĺľ.

Ŕàĺ T < T_0 ãàăćŋěŋĺě (5.105) ŋě ĺňěěâ őâàĺæăâěńìŋëå àěèěŋĺľ ďńï μ, âőčďă łăł ć áâăâĺáâĺłě Ąőğě åĺňŕőâěŋæĺăń ďőńęěŋ ąëâì, łăł ŕőłăğăŋő ćëèě, őâàĺæăâěńìŋëň ŕàĺ ńîąëå âěňŕěàăâãàăå. İâő łăęãéěěáï ŕàőâĺćőàěçĺě áćïğăŋő á âěň, çâő ć ďăŋŋëå ãáńőćĺïå ŋěğăłőŋěŋ ŕěàěåőď őâ áãňňĺàőćăŋĺï ŕő łćăŋâőćëň áőáâőïŋĺïň ć (5.11) ł ĺŋâěčàĺàőćăŋĺî ŕő ŋěŕàěàëćŋőľ ŕěàěňěŋŋőľ (íŋěàčĺĺ) ć (5.30), (5.104). Ć áăňőň ďěńě, ŕàĺ âăłőň ŕěàěåőďě, ŕěàćëľ çńěŋ ć áãňňě ŕő k ć (5.11), áőőâćěâáâćãîéĺľ ãàőćŋî á ε_k = 0, ãňŋőęăěâáï ŋă √ ε = 0 (áà. äőàňãńã ďńï ŕńőâŋőáâĺ áőáâőïŋĺľ (5.28)) ĺ ŕàőáâő ćëŕăďăěâ. Ŋă áăňőň ęě ďěńě, ŕàĺ ŕőŋĺęěŋĺĺ âěňŕěàăâãàë T ąőğěçăáâĺæë ąãďãâ áłăŕńĺćăâìáï ĺňěŋŋő ć íâőň áőáâőïŋĺĺ á ŋăĺňěŋìèěľ íŋěàčĺěľ, ŕőłă ŕàĺ T = 0 ŋě ŕőŕăďãâ âãďă ćáě.

Ŕőíâőňã, ć ďěľáâćĺâěńìŋőáâĺ, ŕàĺ T < T_0 ďěńő őąáâőĺâ áńěďãîéĺň őąàăğőň. Ůăáâĺæë á íŋěàčĺěľ ε > 0 àăáŕàěďěńěŋë ŕő äőàňãńě (μ = 0!): dN_ε = gm^{3/2}V √ 2π^2—h^3 √ εdε e^{εT} − 1 (5.107)

Śőőâćěâáâćěŋŋő, ŕőńŋőě çĺáńő çăáâĺæ á íŋěàčĺïňĺ ε > 0 àăćŋő:

N_{ε>0} = ∫ dN_ε = gV (mT )^{3/2} √ 2π^2—h^3 ∫_∞ 0 dz √ z e^z − 1 = N ( T T_0 )_{3/2} (5.108)

10Ğăňěâĺň, çâő âăł ęě łăł ĺ ć áńãçăě âěňŕěàăâãàë Ťěàňĺ, ďăŋŋőě ćëàăęěŋĺě ŕő ŕőàïďłã ćěńĺçĺŋë, äăłâĺçěáłĺ, áőćŕăďăěâ á âěňŕěàăâãàőľ ćëàőęďěŋĺï čăğă (3.79).

102 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Őáâăńìŋëě

N_{ε=0} = N [ 1 − ( T T_0 )_{3/2}] (5.109)

çăáâĺæ ŋăåőďïâáï ć áőáâőïŋĺĺ á ŋĺğèěľ íŋěàčĺěľ ε = 0. İâő ïćńěŋĺě ŋăłőŕńěŋĺï ňăłàőáłőŕĺçěáłőčő çĺáńă çăáâĺæ (łőŋěçŋőľ çăáâĺ ŕőńŋőčő çĺáńă çăáâĺæ) ŋă ŋãńěćőň ãàőćŋě ĺ ŋăğëćăěâáï łőŋďěŋáăæĺěľ Ąőğě { İľŋèâěľŋă. Ŕőďçěàłŋěň, çâő àěçì ĺďěâ ő \łőŋďěŋáăæĺĺ" ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě (p = 0), ŋě ĺňěîéěľ ŋĺçěčő őąéěčő á őąëçŋőľ łőŋďěŋáăæĺěľ čăğă. Ůăáâĺæë ć ąőğě-łőŋďěŋáăâě őąàăğãîâ ňăłàőáłőŕĺçěáłőě łćăŋâőćőě áőáâőïŋĺě á ćěáìňă áŕěæĺäĺçěáłĺňĺ áćőľáâćăňĺ.

İŋěàčĺï čăğă ŕàĺ T < T_0 őŕàěďěńïěâáï çăáâĺæăňĺ á ε > 0 (áà. äőàňãńã (5.33), ğăŕĺáăŋŋãî ďńï μ = 0): E = gV (mT )^{3/2}T √ 2π^2—h^3 ∫_∞ 0 dz z^{3/2} e^z − 1 ≈ 0.770N T ( T T_0 )_{3/2} = 0.128g m^{3/2}T^{5/2} —h^3

V (5.110)

Őâáîďă ŕőńãçăěň âěŕńőěňłőáâì:

C_v = ( ∂E ∂T ) V = 5E 2T ∼ T^{3/2} (5.111)

Ĺŋâěčàĺàãï âěŕńőěňłőáâì, ŋăåőďĺň íŋâàőŕĺî: S = ∫_T 0 C_v T dT = 5E 3T (5.112)

ĺ áćőąőďŋãî íŋěàčĺî F = E − T S: F = − 2 3 E (5.113)

Ďńï ďăćńěŋĺï čăğă ĺňěěň: P = − ( ∂F ∂V ) T ≈ 0.0851g m^{3/2}T^{5/2}

—h^3

(5.114)

Ć áăňőľ âőçłě T = T_0 ćáě àăááňőâàěŋŋëě äĺğĺçěáłĺě ćěńĺçĺŋë ŋěŕàěàëćŋë, ŋő ňőęŋő ŕőłăğăâì, çâő ŕàőĺğćőďŋăï âěŕńőěňłőáâĺ ŕő T ĺáŕëâëćăěâ ć íâőľ âőçłě áłăçőł [1, 2]. Ŕőíâőňã, âőçłă ąőğě-łőŋďěŋáăæĺĺ, äăłâĺçěáłĺ, ïćńïěâáï âőçłőľ ŋěłőâőàőčő äăğőćőčő ŕěàěåőďă. Ğăňěâĺň, ćŕàőçěň, çâő áćőľáâćă íâőčő ŕěàěåőďă áãéěáâćěŋŋő ğăćĺáïâ őâ ćğăĺňőďěľáâćĺï çăáâĺæ, łőâőàëň ňë ŕőńŋőáâìî ŕàěŋěąàěčăńĺ.

Ć âěçěŋĺě ňŋőčĺå ńěâ ïćńěŋĺě ąőğě-łőŋďěŋáăæĺĺ ć čăğăå őáâăćăńőáì çĺáâő âěőàěâĺçěáłĺň àěğãńìâăâőň, åőâï ćăęŋőáâì íâőčő ïćńěŋĺï ŕàěłàăáŋő őáőğŋăćăńăáì ĺ, äăłâĺçěáłĺ, ïćńěŋĺě ąőğě-łőŋďěŋáăæĺĺ ŋăąńîďăńőáì ć ïćńěŋĺïå áćěàåâěłãçěáâĺ ĺ áćěàåŕàőćőďĺňőáâĺ ć łőŋďěŋáĺàőćăŋŋëå âěńăå (čďě, łőŋěçŋő, àőńì ćğăĺňőďěľáâćĺï ïćńïěâáï őŕàěďěńïîéěľ). İâĺ ŕàőąńěňë ąãďãâ őąáãęďăâìáï ŋĺęě. Ć ŕőáńěďŋĺě čőďë, őďŋăłő, ïćńěŋĺě ąőğě-łőŋďěŋáăæĺĺ ãďăńőáì ŋěŕőáàěďáâćěŋŋő ŋăąńîďăâì ć ãŋĺłăńìŋëå íłáŕěàĺňěŋâăå á ŕăàăňĺ éěńőçŋëå ňěâăńńőć, őåńăęďěŋŋëňĺ ďő àěłőàďŋő ŋĺğłĺå âěňŕěàăâãà ∼ 10^{−7}K ć áŕěæĺăńìŋëå ňăčŋĺâŋëå ńőćãèłăå. İâĺ áĺáâěňë, łăł őłăğăńőáì, ďőćőńìŋő åőàőèő őŕĺáëćăîâáï ĺňěŋŋő ňőďěńìî ŕőçâĺ ĺďěăńìŋőčő ąőğěčăğă. İâĺ ĺááńěďőćăŋĺï ïćńïîâáï áěľçăá őďŋőľ ĺğ ŋăĺąőńěě ĺŋâěàěáŋëå ĺ ăłâĺćŋő àăğćĺćăîéĺåáï őąńăáâěľ äĺğĺłĺ áĺáâěň ňŋőčĺå çăáâĺæ [22].

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 103

Śâăâĺáâĺłă äőâőŋőć.

Ćăęŋěľèĺň őąêěłâőň ŕàĺňěŋěŋĺï áâăâĺáâĺłĺ Ąőğě ïćńïěâáï íńěłâàőňăčŋĺâŋőě ĺğńãçěŋĺě, ŋăåőďïéěěáï ć àăćŋőćěáĺĺ (â.ŋ. ĺğńãçěŋĺě çěàŋőčő âěńă), â.ě. áâăâĺáâĺłă äőâőŋőć. Ńĺŋěľŋőáâì ãàăćŋěŋĺľ (ŕàĺŋæĺŕ áãŕěàŕőğĺæĺĺ) íńěłâàőďĺŋăňĺłĺ őğŋăçăěâ őâáãâáâćĺě ćğăĺňőďěľáâćĺï äőâőŋőć { őŋĺ őąàăğãîâ ĺďěăńìŋëľ čăğ. Ć áĺńã æěńőçĺáńěŋŋőáâĺ áŕĺŋă äőâőŋőć (s = 1) íâő ěáâì čăğ ąőğőŋőć. Ťăłâĺçěáłĺ ć ďăŋŋőľ ğăďăçě ŕőďàăğãňěćăěâáï ŋăńĺçĺě áńăąőčő ćğăĺňőďěľáâćĺï äőâőŋőć á ćěéěáâćőň, ŋěőąåőďĺňőě ďńï ãáâăŋőćńěŋĺï âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï. Ňěåăŋĺğň, őąěáŕěçĺćăîéĺľ ãáâăŋőćńěŋĺě àăćŋőćěáĺï áőáâőĺâ ć ŕőčńőéěŋĺĺ ĺ ĺáŕãáłăŋĺĺ äőâőŋőć ćěéěáâćőň^{11}. İâő őąáâőïâěńìáâćő ŕàĺćőďĺâ ł ćăęŋőľ őáőąěŋŋőáâĺ äőâőŋŋőčő čăğă: çĺáńő çăáâĺæ N ć ŋěň ŋě áőåàăŋïěâáï ĺ ďőńęŋő őŕàěďěńïâìáï ĺğ ãáńőćĺľ âěŕńőćőčő àăćŋőćěáĺï. Šàěąãï ňĺŋĺňăńìŋőáâĺ áćőąőďŋőľ íŋěàčĺĺ (ŕàĺ ğăďăŋŋëå T ĺ V ), ŕőńãçăěň őďŋő ĺğ ãáńőćĺľ íâőčő ňĺŋĺňãňă ć ćĺďě: (_{∂F} ∂N ) T,V = μ = 0, âăł çâő åĺňŕőâěŋæĺăń čăğă äőâőŋőć:

μ = 0. (5.115)

Ťãŋłæĺï àăáŕàěďěńěŋĺï äőâőŋőć ŕő łćăŋâőćëň áőáâőïŋĺïň á őŕàěďěńěŋŋëňĺ ğŋăçěŋĺïňĺ ĺňŕãńìáă —hk ĺ íŋěàčĺĺ —hω = —hck (ĺ őŕàěďěńěŋŋëňĺ ŕőńïàĺğăæĺïňĺ { ŕàőěłæĺïňĺ ĺå áŕĺŋă) ďăěâáï äőàňãńőľ Ąőğě á μ = 0:

n_k = 1 e^{h̄ω}T − 1 (5.116)

çâő ŋăğëćăěâáï àăáŕàěďěńěŋĺěň Ŕńăŋłă.

Śçĺâăï őąêěň V ďőáâăâőçŋő ąőńìèĺň, ŕěàěľďěň őąëçŋëň őąàăğőň őâ ďĺáłàěâŋőčő ł ŋěŕàěàëćŋőňã àăáŕàěďěńěŋĺî áőąáâćěŋŋëå çăáâőâ ĺğńãçěŋĺï. Ůĺáńő łőńěąăŋĺľ á łőňŕőŋěŋâăňĺ ćőńŋőćőčő ćěłâőàă k ć ĺŋâěàćăńăå d^3k = dk_xdk_ydk_z àăćŋő, łăł ĺğćěáâŋő, V^{d3k}_{(2π)3} [8]. Ůĺáńő łőńěąăŋĺľ á ăąáőńîâŋőľ ćěńĺçĺŋőľ ćőńŋőćőčő ćěłâőàă ć ĺŋâěàćăńě k, k + dk ěáâì: V (2π)^3

4πk^2dk. (5.117)

Ĺáŕőńìğãï ω = ck ĺ ãňŋőęăï ŋă 2 (ĺňěěâáï ďćă ŋěğăćĺáĺňëå ŋăŕàăćńěŋĺï ŕőńïàĺğăæĺĺ), ŕőńãçăěň çĺáńő łćăŋâőćëå áőáâőïŋĺľ äőâőŋőć á çăáâőâăňĺ ć ĺŋâěàćăńě ω, ω + dω: V ω^2dω π^2c^3

. (5.118)

Šőčďă çĺáńő äőâőŋőć ć ďăŋŋőň ĺŋâěàćăńě çăáâőâ: dN_ω = V π^2c^3 ω^2dω e^{h̄ω}T − 1 (5.119)

Şňŋőęăï ŋă —hω, ŕőńãçĺň íŋěàčĺî ĺğńãçěŋĺï, ğăłńîçěŋŋãî ć íâőň ãçăáâłě áŕěłâàă: dE_ω = V —h π^2c^3 ω^3dω e^{h̄ω}T − 1 (5.120)

{ äőàňãńã Ŕńăŋłă. Śőőâćěâáâćãîéĺľ čàăäĺł ŕőłăğăŋ ŋă Řĺá.5-2. Ćëàăęăï ćáě

11Ţőàőèĺľ ŕàĺňěà âăłőľ áĺáâěňë { \àěńĺłâőćőě" ĺğńãçěŋĺě ćő Ćáěńěŋŋőľ, őáâăćèěěáï ŕőáńě \ąőńìèőčő ćğàëćă".

104 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Řĺá. 5-2 Ťãŋłæĺï Ŕńăŋłă^{x3}_{ex−1} ; x =^{h̄ω}_T .

çěàěğ ďńĺŋã ćőńŋë λ =^{2πc}_ω , ĺňěěň: dE_λ = 16π^2c—hV λ^5 dλ e^{2πh̄c}T λ − 1 . (5.121)

Ŕàĺ ňăńëå çăáâőâăå —hω ≪ T ĺğ (5.120) ŕőńãçăěň äőàňãńã Říńěï { Ďęĺŋáă: dE_ω = V T π^2c^3 ω^2dω (5.122)

Ğďěáì ŋěâ ğăćĺáĺňőáâĺ őâ —h, íâő łńăááĺçěáłĺľ ŕàěďěń, łőâőàëľ ňőęŋő áàăğã ęě ŕőńãçĺâì ãňŋőęěŋĺěň (5.118) ŋă T , â.ě. ŕàĺňěŋěŋĺěň ğăłőŋă àăćŋőàăáŕàěďěńěŋĺï ł łăęďőňã őáæĺńńïâőàã íńěłâàőňăčŋĺâŋőčő ŕőńï^{12}. Ć őąàăâŋőň ŕàěďěńìŋőň áńãçăě —hω ≫ T (łćăŋâőćëľ ŕàěďěń) ĺğ (5.120) ŕőńãçăěň äőàňãńã Ćĺŋă: dE_ω = V —h π^2c^3 ω^3e^{− h̄ωT} dω (5.123)

Ŕńőâŋőáâì áŕěłâàăńìŋőčő àăáŕàěďěńěŋĺï íŋěàčĺĺ çěàŋőčő ĺğńãçěŋĺï ŕő çăáâőâăň dE_ω/dω ĺňěěâ ňăłáĺňãň ŕàĺ ω = ω_m, őŕàěďěńïěňőľ àăćěŋáâćőň: —hω_m T ≈ 2.822 (5.124)

12Ŋěâàãďŋő ćĺďěâì, çâő ĺŋâěčàăń (5.122) ŕő ćáěň çăáâőâăň àăáåőďĺâáï, âăł çâő íŋěàčĺï äőâőŋŋőčő čăğă őłăğëćăěâáï ąěáłőŋěçŋőľ. İâő âăł ŋăğëćăěňăï ãńìâàăäĺőńěâőćăï łăâăáâàőäă, łőâőàăï ąëńă őďŋĺň ĺğ áĺńìŋëå ãłăğăŋĺľ ŋă ŋěďőáâăâőçŋőáâì łńăááĺçěáłőľ âěőàĺĺ, çâő ĺ ŕàĺćěńő Ŕńăŋłă ł ććěďěŋĺî łćăŋâőć. Ğăňěâĺň, çâő Ŕńăŋł ŕàěďńőęĺń áćőî äőàňãńã (5.120), łăł ŕàőáâěľèãî ĺŋâěàŕőńïæĺî ňěęďã (5.122) ĺ íłáŕěàĺňěŋâăńìŋő őâłàëâëň ğăłőŋőň (5.123).

ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ 105

Šăłĺň őąàăğőň, ŕàĺ ŕőćëèěŋĺĺ âěňŕěàăâãàë ňăłáĺňãň àăáŕàěďěńěŋĺï áňěéăěâáï ć áâőàőŋã ąőńìèĺå çăáâőâ ŕàőŕőàæĺőŋăńìŋő T (ğăłőŋ áňěéěŋĺï)^{13}.

Ćëçĺáńĺň âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë äőâőŋŋőčő čăğă. Ŕàĺ μ = 0 áćőąőďŋăï íŋěàčĺï F = ˘ − P V = N μ + ˙. Šőčďă, ŕőńăčăï μ = 0 ĺ ŕěàěåőďï őâ áãňňĺàőćăŋĺï ŕő k ł ĺŋâěčàĺàőćăŋĺî ŕő ω ć (5.12), ŕőńãçăěň: F = T V π^2c^3 ∫_∞ 0 dωω^2 ln ( 1 − e^{− h̄ωT} ) (5.125)

Ććőďï x = —hω/T ĺ ĺŋâěčàĺàãï ŕő çăáâïň, ŕőńãçĺň: F = −V T^4 3π^2—h^3c^3 ∫_∞ 0 dx x^3 e^x − 1

. (5.126)

Ĺŋâěčàăń ğďěáì àăćěŋ π^4/15 [1, 2], âăł çâő: F = −V π^2T^4 45(—hc)^3 = − 4σ 3c V T^4 (5.127)

čďě łőíääĺæĺěŋâ σ (ŕőáâőïŋŋăï Śâěäăŋă { Ąőńìæňăŋă) àăćěŋ: σ = π^2k^4_B 60—h^3c^2

(5.128)

ěáńĺ ĺğňěàïâì T ć čàăďãáăå. İŋâàőŕĺï äőâőŋŋőčő čăğă: S = − ∂F ∂T = 16σ 3c V T^3. (5.129)

Ŕőńŋăï íŋěàčĺï ĺğńãçěŋĺï:

E = F + T S = 4σ c V T^4 = −3F (5.130)

{ ğăłőŋ Ąőńìæňăŋă. Šěŕńőěňłőáâì čăğă äőâőŋőć:

C_v = ( ∂E ∂T ) V = 16σ c T^3 ∼ T^3. (5.131)

Ďăćńěŋĺě ĺğńãçěŋĺï: P = − ( ∂F ∂V ) T = 4σ 3c T^4 (5.132)

âăł çâő \ãàăćŋěŋĺě áőáâőïŋĺï": P V = E 3 (5.133)

çâő åăàăłâěàŋő ĺňěŋŋő ďńï àěńïâĺćĺáâáłőčő čăğă áő áŕěłâàőň ω = ck. Ŕőńŋőě (áàěďŋěě) çĺáńő äőâőŋőć ŕàĺ ďăŋŋőľ âěňŕěàăâãàě ěáâì: N = V π^2c^3 ∫_∞ 0 dω ω^2 e^{h̄ω}T − 1 = V T^3 π^2c^3—h^3 ∫_∞ 0 dx x^2 e^x − 1

≈ 0.244 ( T —hc )_3 V. (5.134)

13Ďńï łőáňőńőčĺçěáłőčő \àěńĺłâőćőčő" ĺğńãçěŋĺï íâőâ ňăłáĺňãň áőőâćěâáâćãěâ T ≈ 3K.

106 ŘĂŚŔŘĚĎĚŃĚŊĹ§ ŤĚŘŇĹ Ĺ ĄŐĞĚ

Čńăćă 6

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Šćěàďëě âěńă. Ŋĺğłĺě âěňŕěàăâãàë.

Ć łàĺáâăńńăå ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ăâőňë áőćěàèăîâ ňăńëě łőńěąăŋĺï ćąńĺğĺ ŋěłőâőàëå ŕőńőęěŋĺľ àăćŋőćěáĺï, őąàăğãîéĺå łàĺáâăńńĺçěáłãî àěèěâłã. Ťăłâĺçěáłĺ, âăłăï ęě áĺâãăæĺï ĺňěěâ ňěáâő ĺ ć ăňőàäŋëå âćěàďëå âěńăå, čďě àăćŋőćěáŋëě ŕőğĺæĺĺ ŋěãŕőàïďőçěŋë ć ŕàőáâàăŋáâćě^1.

Ŕãáâì N { ěáâì çĺáńő ňőńěłãń (ăâőňőć), őąàăğãîéĺå âćěàďőě âěńő, ν { çĺáńő ăâőňőć ć ňőńěłãńě (ν = 1, ěáńĺ âěńő áőáâőĺâ ĺğ ăâőňőć). Šőčďă ŕőńŋőě çĺáńő ăâőňőć àăćŋő N ν. Ĺğ őąéěčő çĺáńă 3N ν áâěŕěŋěľ áćőąőďë âàĺ áőőâćěâáâćãîâ ŕőáâãŕăâěńìŋőňã ĺ âàĺ ćàăéăâěńìŋőňã ďćĺęěŋĺî âěńă łăł æěńőčő. Ŕőíâőňã çĺáńő łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë ěáâì 3N ν − 6. Ś ãçěâőň âőčő, çâő çĺáńő 3N ν őčàőňŋő, ňőęŋő áŕőłőľŋő ŕàěŋěąàěçì çĺáńőň 6 ĺ áçĺâăâì çĺáńő łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë àăćŋëň ŕàőáâő 3N ν.

Ŋĺęě ňë ŋě ãçĺâëćăěň ćőćáě íńěłâàőŋŋëě áâěŕěŋĺ áćőąőďë, âăł çâő ćěáì ĺğńăčăěňëľ ňăâěàĺăń őâŋőáĺâáï, áâàőčő čőćőàï, ł ďĺíńěłâàĺłăň. Ć ŕàőáâěľèěň ŕàĺąńĺęěŋĺĺ, ć ňěâăńńăå ňőęŋő áçĺâăâì, çâő íńěłâàőŋŋëě ćłńăďë ćő ćáě âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë ŕàőáâő ďőąăćńïîâáï ăďďĺâĺćŋő.

Ś ňěåăŋĺçěáłőľ âőçłĺ ğàěŋĺï áĺáâěňã á 3N ν łőńěąăâěńìŋëňĺ áâěŕěŋïňĺ áćőąőďë ňőęŋő àăááňăâàĺćăâì łăł ŋăąőà 3N ν ŋěğăćĺáĺňëå őáæĺńńïâőàőć, łăęďëľ ĺğ łőâőàëå (ć čăàňőŋĺçěáłőň ŕàĺąńĺęěŋĺĺ) áőőâćěâáâćãěâ őâďěńìŋőňã ŋőàňăńìŋőňã łőńěąăŋĺî [13]. Ĺğ łćăŋâőćőľ ňěåăŋĺłĺ ĺğćěáâŋő [7], çâő íŋěàčĺï čăàňőŋĺçěáłőčő

1Ąőńìèăï çăáâì ŕőáńěďãîéěčő ňăâěàĺăńă őáŋőćăŋă ŋă [1, 2].

108 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

őáæĺńńïâőàă ĺňěěâ ćĺď: ε_n = —hω ( n + 1 2 ) (6.1)

čďě —hω { łőńěąăâěńìŋëľ łćăŋâ, n = 0, 1, 2... { łőńěąăâěńìŋőě łćăŋâőćőě çĺáńő. Šőčďă áâăâáãňňă őďŋőčő őáæĺńńïâőàă őŕàěďěńïěâáï łăł: Z_{osc} = ∞∑ n=0 e^{− h̄ωT (n+1/2)}. (6.2)

Ąãďěň őâáçĺâëćăâì íŋěàčĺî őáæĺńńïâőàă őâ ŋăĺąőńěě ŋĺğłőčő (n = 0) łőńěąăâěńìŋőčő ãàőćŋï, ćłńîçĺć ŋãńěćãî íŋěàčĺî ć ŕőáâőïŋŋãî ε_0, őŕàěďěńïîéãî ŋăçăńő őâáçěâă íŋěàčĺĺ. Šőčďă: Z_{osc} = ∞∑ n=0 e^{− h̄ωT n} = 1 1 − e^{− h̄ω}T , (6.3)

ă áćőąőďŋăï íŋěàčĺï: F_{osc} = T ln ( 1 − e^{− h̄ωT} ) . (6.4)

Śőőâćěâáâćěŋŋő, áćőąőďŋãî íŋěàčĺî âćěàďőčő âěńă ňőęŋő ŋăŕĺáăâì ć ćĺďě:

F = N ε_0 + T ∑ α ln ( 1 − e^{− h̄ωαT} ) , (6.5)

čďě áãňňĺàőćăŋĺě ĺďěâ ŕő ćáěň 3N ν ŋőàňăńìŋëň łőńěąăŋĺïň, łőâőàëě ŋãňěàãîâáï ĺŋďěłáőň α. Ğďěáì N ε_0 { íŋěàčĺï ŋãńěćëå łőńěąăŋĺľ, łőâőàăï, őçěćĺďŋő, ŕàőŕőàæĺőŋăńìŋă çĺáńã ňőńěłãń âěńă, ă ε_0 { íŋěàčĺï, őâŋěáěŋŋăï ł őďŋőľ ňőńěłãńě ŕàĺ T = 0.

Řăááňőâàĺň ŕàěďěńìŋëľ áńãçăľ ŋĺğłĺå âěňŕěàăâãà. Ŕàĺ ňăńëå T ć áãňňě ŕő α ĺčàăîâ àőńì ńĺèì çńěŋë á ňăńëňĺ çăáâőâăňĺ —hω ∼ T . Łőńěąăŋĺï ňăńëå çăáâőâ ć âćěàďőň âěńě { íâő őąëçŋëě ğćãłőćëě ćőńŋë. Ďńĺŋă ğćãłőćőľ ćőńŋë λ = u/ω, čďě u { áłőàőáâì ğćãłă. Ďńï ğćãłőćëå ćőńŋ ďńĺŋă ćőńŋë ćěńĺłă ŕő áàăćŋěŋĺî á ŕőáâőïŋŋőľ àěèěâłĺ łàĺáâăńńă (ĺńĺ áàěďŋĺň ňěęăâőňŋëň àăááâőïŋĺěň ć ăňőàäŋőň âćěàďőň âěńě): λ ≫ a. Śőőâćěâáâćěŋŋő, ĺå çăáâőâë ω ≪ u/a. Ďńï âőčő, çâőąë ňőęŋő ąëńő àăááňăâàĺćăâì áãéěáâćěŋŋëě ďńï ŋăá łőńěąăŋĺï łăł ğćãłőćëě ćőńŋë, âěňŕěàăâãàă áĺáâěňë ďőńęŋă ãďőćńěâćőàïâì ãáńőćĺî: T ≪ —h u a . (6.6)

Ŕãáâì âěńő ĺğőâàőŕŋő (íâő ćěàŋő ďńï ăňőàäŋëå âěń). Šőčďă ć ŋěň ňőčãâ àăáŕàőáâàăŋïâìáï ŕàőďőńìŋëě (áłőàőáâì u_l) ĺ ŕőŕěàěçŋëě (áłőàőáâì u_t) ğćãłőćëě ćőńŋë. Ŕàĺ íâőň ďńï ĺå çăáâőâ ĺňěěň:

ω = u_lk ĺ ω = u_tk (6.7)

čďě k = |k| { ňőďãńì ćőńŋőćőčő ćěłâőàă.

Ůĺáńő áőąáâćěŋŋëå łőńěąăŋĺľ ć áŕěłâàě ğćãłőćëå ćőńŋ á ăąáőńîâŋőľ ćěńĺçĺŋőľ ćőńŋőćőčő ćěłâőàă ć ĺŋâěàćăńě k, k + dk ĺ á ďăŋŋőľ ŕőńïàĺğăæĺěľ àăćŋő: V 4πk^2dk (2π)^3

. (6.8)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 109

Ŕőńăčăï ďńï ŕàőďőńìŋőľ ŕőńïàĺğăæĺĺ k = ω/u_l, ă ďńï ďćãå ŕőŕěàěçŋëå { k = ω/u_t, ŋăåőďĺň, çâő ć ĺŋâěàćăńě çăáâőâ ω, ω + dω ĺňěěâáï áńěďãîéěě çĺáńő łőńěąăŋĺľ: V ω^2dω 2π^2 ( 1 u^3_l + 2 u^3_t ) . (6.9)

Ććěďěň ŋěłőâőàãî áàěďŋîî áłőàőáâì ğćãłă u á ŕőňőéìî áńěďãîéěčő áőőâŋőèěŋĺï: 3 u^3 = 2 u^3_t + 1 u^3_l

(6.10)

Šőčďă (6.9) ğăŕĺèěâáï ć ćĺďě: V 3ω^2dω 2π^2u^3

. (6.11)

Ć âăłőň ćĺďě íâő ćëàăęěŋĺě ŕàĺňěŋĺňő ŋě âőńìłő ł ăňőàäŋëň âěńăň, ŋő ĺ ł łàĺáâăńńăň, ěáńĺ ŕőď u ŕőŋĺňăâì őŕàěďěńěŋŋëň őąàăğőň ãáàěďŋěŋŋãî áłőàőáâì ğćãłă ć łàĺáâăńńě ďăŋŋőľ áĺňňěâàĺĺ. Šőčďă, ŕěàěåőďï á ŕőňőéìî (6.11) őâ áãňňĺàőćăŋĺï ŕő α ć (6.5) ł ĺŋâěčàĺàőćăŋĺî ŕő ω, ŕőńãçĺň:

F = N ε_0 + 3V T 2π^2u^3 ∫_∞ 0 dωω^2 ln ( 1 − e^{− h̄ωT} ) (6.12)

čďě ĺŋâěčàĺàőćăŋĺě ňőęŋő ćěáâĺ ďő ąěáłőŋěçŋőáâĺ ććĺďã ąëáâàőľ áåőďĺňőáâĺ ĺŋâěčàăńă ŕàĺ ňăńëå T . Őâćńěłăïáì őâ ćłńăďă N ε_0, ćĺďĺň, çâő íâő ćëàăęěŋĺě őâńĺçăěâáï őâ ćëàăęěŋĺï (5.125) ďńï áćőąőďŋőľ íŋěàčĺĺ äőâőŋŋőčő čăğă ńĺèì ğăňěŋőľ áłőàőáâĺ áćěâă c ŋă áłőàőáâì ğćãłă ĺ ňŋőęĺâěńěň 3/2, áćïğăŋŋëň á âěň, çâő ã ğćãłă âàĺ ŕőńïàĺğăæĺĺ, ă ã äőâőŋőć { ďćě. Śőąáâćěŋŋő, čőćőàï, ãęě áěľçăá ïáŋő, çâő ňőęŋő áłăğăâì, çâő âěàňőďĺŋăňĺłă âćěàďőčő âěńă őŕàěďěńïěâáï łćăŋâăňĺ ğćãłőćëå łőńěąăŋĺľ { äőŋőŋăňĺ. Ğďěáì ňë ćŕěàćëě áâăńłĺćăěňáï á áĺâãăæĺěľ, łőčďă őŕĺáăŋĺě ňŋőčőçăáâĺçŋőľ áĺáâěňë (ćğăĺňőďěľáâćãîéĺå!) ăâőňőć (ňőńěłãń) őłăğëćăěâáï ćőğňőęŋëň áćěáâĺ ł ňőďěńĺ ĺďěăńìŋőčő čăğă łćăğĺçăáâĺæ.

Šăłĺň őąàăğőň, ňőęŋő ŕàőáâő ćőáŕőńìğőćăâìáï ŕőńãçěŋŋëňĺ ćëèě äőàňãńăňĺ ďńï äőâőŋŋőčő čăğă á áőőâćěâáâćãîéĺňĺ ğăňěŋăňĺ. Ňë, őďŋăłő, ŕőćâőàĺň ćëçĺáńěŋĺï ć ïćŋőň ćĺďě. Őŕïâì ććőďĺň ąěğàăğňěàŋãî ŕěàěňěŋŋãî x = —hω/T ĺ ĺŋâěčàĺàãï (6.12) ŕő çăáâïň, ŕőńãçăěň:

F = N ε_0 − V

T^4 2π^2—h^3u^3 ∫_∞ 0 dx x^3 e^x − 1

= N ε_0 − V π^2T^4 30(—hu)^3

. (6.13)

İŋâàőŕĺï áĺáâěňë ěáâì: S = − ∂F ∂T = V 2π^2T^3 15(—hu)^3

. (6.14)

İŋěàčĺï E = F + T S: E = N ε_0 + V π^2T^4 10(—hu)^3

. (6.15)

Šěŕńőěňłőáâì âćěàďőčő âěńă, ć íâőň ŕàĺąńĺęěŋĺĺ (ŋĺğłĺě âěňŕěàăâãàë!), őłăğëćăěâáï àăćŋőľ: C = ( ∂E ∂T ) = 2π^2 5(—hu)^3

V T^3 ∼ T^3. (6.16)

Šěŕńőěňłőáâĺ C_p ĺ C_v ğďěáì ňőęŋő ŋě àăğńĺçăâì, ŕőáłőńìłã ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ĺå àăğŋőáâì C_p − C_v ∼ T^7, â.ě. ïćńïěâáï ćěńĺçĺŋőľ ąőńěě ćëáőłőčő ŕőàïďłă ňăńőáâĺ, çěň áăňă âěŕńőěňłőáâì [1, 2].

110 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Šćěàďëě âěńă. Ćëáőłĺě âěňŕěàăâãàë.

Ŕěàěľďěň ł àăááňőâàěŋĺî őąàăâŋőčő ŕàěďěńìŋőčő áńãçăï ćëáőłĺå âěňŕěàăâãà T ≫ —hu/a. Šőčďă ňőęěň ğăŕĺáăâì: 1 − e^{− h̄ωαT} ≈ —hω_α T (6.17)

âăł çâő ĺğ (6.5) ĺňěěň:

F = N ε_0 + T ∑ α ln —hω_α T = N ε_0 − 3N νT ln T + 3N νT ln —h < ω > (6.18)

čďě ććěńĺ áàěďŋěńőčăàĺäňĺçěáłãî çăáâőâã łőńěąăŋĺľ (äőŋőŋőć) < ω > łăł: ln < ω >= 1 3N ν ∑ α ln ω_α (6.19)

Ĺğ (6.18) ŋăåőďĺň íŋěàčĺî âěńă E = F − T^{∂F}_{∂T} :

E = N ε_0 + 3N νT. (6.20)

Śńãçăľ ćëáőłĺå âěňŕěàăâãà áőőâćěâáâćãěâ łńăááĺçěáłőňã àăááňőâàěŋĺî łőńěąăŋĺľ ăâőňőć, âăł çâő (6.20) áőčńăáãěâáï á ğăłőŋőň àăćŋőàăáŕàěďěńěŋĺï { ŋă łăęďãî ĺğ 3N ν łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë ŕàĺåőďĺâáï íŋěàčĺï T . Ďńï âěŕńőěňłőáâĺ ĺňěěň:

C = N c = 3N ν, (6.21) čďě c = 3ν { âěŕńőěňłőáâì ŋă őďŋã ňőńěłãńã^2. Šăłĺň őąàăğőň, ŕàĺ ďőáâăâőçŋő ćëáőłĺå âěňŕěàăâãàăå âěŕńőěňłőáâì âćěàďëå âěń ŕőáâőïŋŋă ĺ ğăćĺáĺâ âőńìłő őâ çĺáńă ăâőňőć ć âěńě. Ć çăáâŋőáâĺ őďĺŋăłőćă ĺ àăćŋă 3 (ć őąëçŋëå ěďĺŋĺæăå 3k_B) ăâőňŋăï âěŕńőěňłőáâì ńîąëå íńěňěŋâőć (ν = 1) { ğăłőŋ Ďîńőŋčă { Ŕâĺ. Ŕàĺ ŋőàňăńìŋëå âěňŕěàăâãàăå íâőâ ğăłőŋ ŋěŕńőåő ŕőďâćěàęďăěâáï ŋă íłáŕěàĺňěŋâě^3.

Ĺáŕőńìğãï (6.21) ğăŕĺèěň áćőąőďŋãî íŋěàčĺî ĺ íŋěàčĺî âěńă ć ćĺďě:

F = N ε_0 − N cT ln T + N cT ln —h < ω > (6.22) E = N ε_0 + N cT. (6.23)

İŋâàőŕĺï âěńă àăćŋă: S = − ∂F ∂T = N c ln T − N c ln —h < ω > e (6.24)

Řăğãňěěâáï, äőàňãńã (6.18) ňőęŋő ćëćěáâĺ ĺ ŋěŕőáàěďáâćěŋŋő ĺğ łńăááĺçěáłőľ áâăâĺáâĺłĺ, ĺáåőďï ĺğ ćëàăęěŋĺï: F = −T ln ∫ d`e^{− E(p,q)T} . (6.25) 2Śŋőćă ŕĺèěň ŕàőáâő C, ŕőáłőńìłã ã âćěàďëå âěń àăğŋĺæă ňěęďã Cp ĺ Cv ŋěğŋăçĺâěńìŋă [1, 2] 3Ďńï áńőęŋëå áőěďĺŋěŋĺľ (ν > 1) ğăłőŋ Ďîńőŋčă { Ŕâĺ ŕàăłâĺçěáłĺ ŋě ďőáâĺčăěâáï { ŕńăćńěŋĺě ćěéěáâć ĺńĺ ĺå àăğńőęěŋĺě ŋăáâãŕăěâ àăŋìèě.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 111

Ŕőďáâăćńïï áîďă: E(p, q) = 1 2 ∑ α (p^2_α + ω^2_αq^2_α) (6.26)

ĺ ãçĺâëćăï, çâő d` =^1_{(2πh̄)3Nν} ∏ α dp_αdq_α, ćĺďĺň, çâő ĺŋâěčàăń àăğąĺćăěâáï ŋă ŕàőĺğćěďěŋĺě 3N ν őďĺŋăłőćëå ĺŋâěčàăńőć ćĺďă: ∫_∞ −∞ dp_α ∫_∞ −∞ dq_α exp ( − p^2_α + ω^2_αq^2_α 2T ) = 2πT ω_α (6.27)

ĺ, ć ĺâőčě, ŕőńãçăěň (6.18). Ğăňěâĺň, çâő ĺŋâěčàĺàőćăŋĺě ğďěáì ňőęŋő ćěáâĺ ć ąěáłőŋěçŋëå ŕàěďěńăå ććĺďã ąëáâàőľ áåőďĺňőáâĺ ĺŋâěčàăńă, åőâï äĺğĺçěáłĺ ăâőňë áőćěàèăîâ ňăńëě łőńěąăŋĺï ć őłàěáâŋőáâĺ ãğńă àěèěâłĺ. Śőőâćěâáâćěŋŋő, ćáě őąńăáâĺ ĺŋâěčàĺàőćăŋĺï őâćěçăîâ, äăłâĺçěáłĺ, äĺğĺçěáłĺ àăğńĺçŋëň ňĺłàőáőáâőïŋĺïň ĺ ŋĺłăłőčő ďőŕőńŋĺâěńìŋőčő ňŋőęĺâěńï âĺŕă N ! ć őŕàěďěńěŋĺě äăğőćőčő őąêěňă ććőďĺâì ŋě ŋăďő.

Ťőàňãńă Ďěąăï.

Ďěąăľ ŕàěďńőęĺń őçěŋì åőàőèãî ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã ďńï âěŕńőěňłőáâĺ âćěàďëå âěń, ŕàĺčőďŋãî ďńï ńîąëå âěňŕěàăâãà. Ąãďěň ĺáåőďĺâì ĺğ ňőďěńĺ, ć łőâőàőľ ćáě łőńěąăâěńìŋëě çăáâőâë âćěàďőčő âěńă àăáŕàěďěńěŋë ŕő ğăłőŋã (6.11), åőâï, ŋă áăňőň ďěńě, íâő ćëàăęěŋĺě áŕàăćěďńĺćő âőńìłő ďńï ňăńëå çăáâőâ. Śŕěłâà çăáâőâ ŋãęŋő őčàăŋĺçĺâì áćěàåã, ŕőáłőńìłã çăáâőâă łőńěąăŋĺľ ć âćěàďőň âěńě ŋě ňőęěâ ŕàěćëèăâì ŋěłőâőàãî ŕàěďěńìŋãî çăáâőâã, łőâőàãî ňőęŋő őŕàěďěńĺâì ĺğ ãáńőćĺï àăćěŋáâćă ŕőńŋőčő çĺáńă łőńěąăŋĺľ ŕőńŋőňã çĺáńã łőńěąăâěńìŋëå áâěŕěŋěľ áćőąőďë 3N ν: 3V 2π^2u^3 ∫_{ωD} 0 dωω^2 = V ω^3_D 2π^2u^3

= 3N ν (6.28)

âăł çâő çăáâőâă Ďěąăï ω_D àăćŋă^4:

ω_D = u ( 6π^2N ν V )_{1/3} ∼ u/a (6.29) Śőőâćěâáâćěŋŋő, àăáŕàěďěńěŋĺě çăáâőâ, ĺńĺ ŕńőâŋőáâì áőáâőïŋĺľ äőŋőŋőć, ć ňőďěńĺ Ďěąăï ĺňěěâ ćĺď: ρ(ω) = { 9N ν^{ω2}_ω3_D ŕàĺ ω ≤ ω_D 0 ŕàĺ ω > ω_D

(6.30)

čďě ňë ćëàăğĺńĺ u çěàěğ ω_D á ŕőňőéìî (6.29).

Řăğãňěěâáï, áő ćàěňěŋ Ďěąăï ć äĺğĺłě âćěàďőčő âěńă ďőáâĺčŋãâ ąőńìèőľ ŕàőčàěáá, ĺ àěăńìŋăï ŕńőâŋőáâì áőáâőïŋĺľ äőŋőŋőć ć âćěàďëå âěńăå áěľçăá ĺğňěàïěâáï

4Śãéěáâćőćăŋĺě âăłőľ ŕàěďěńìŋőľ çăáâőâë, ŕő áãâĺ ďěńă, ĺ őâńĺçăěâ ğăďăçã ő áâăâĺáâĺłě äőŋőŋőć őâ áâăâĺáâĺłĺ äőâőŋőć, ďńï łőâőàëå ŋĺłăłőľ ŕàěďěńìŋőľ çăáâőâë ŋě áãéěáâćãěâ. İńěłâàőňăčŋĺâŋőě ŕőńě { áĺáâěňă á ąěáłőŋěçŋëň çĺáńőň áâěŕěŋěľ áćőąőďë ĺ ć ŕàőáâàăŋáâćě { ćàěňěŋĺ Ňĺŋłőćáłőčő ŋě áãéěáâćãěâ ŋĺłăłőľ ňĺŋĺňăńìŋőľ ďńĺŋë âĺŕă ŕăàăňěâàă àěèěâłĺ a.

112 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Řĺá. 6-1 Ŕńőâŋőáâì áőáâőïŋĺľ äőŋőŋőć ć ňěďĺ. Śŕńőèŋăï łàĺćăï ŕőáâàőěŋă ŕő àěğãńìâăâăň íłáŕěàĺňěŋâőć ŕő ŋěãŕàãčőňã àăááěïŋĺî ŋěľâàőŋőć. Ÿâàĺåőćăï łàĺćăï áőőâćěâáâćãěâ ňőďěńĺ Ďěąăï ĺ ŕàőćěďěŋă âăłĺň őąàăğőň, çâő ŕńőéăďĺ ŕőď íâĺňĺ ďćãňï łàĺćëňĺ őďĺŋăłőćë. Šěňŕěàăâãàă Ďěąăï θ_D = 340K.

íłáŕěàĺňěŋâăńìŋő, ŋăŕàĺňěà, ć íłáŕěàĺňěŋâăå ŕő ŋěãŕàãčőňã àăááěïŋĺî ŋěľâàőŋőć. Ŕàĺ íâőň, ć őąńăáâĺ ňăńëå çăáâőâ őŋă, ěáâěáâćěŋŋő, ćáěčďă ĺňěěâ ďěąăěćáłãî ğăćĺáĺňőáâì ∼ ω^2, ŋő ŕàĺ ŕőćëèěŋĺĺ çăáâőâë ňőęěâ áâăâì ďőáâăâőçŋő áńőęŋőľ (áň. ŋăŕàĺňěà Řĺá.6-1.). Ŕàěďěńìŋăï çăáâőâă, łőŋěçŋő, áãéěáâćãěâ ćáěčďă, ŋő (6.29) őŕàěďěńïěâ ěě âőńìłő ŕő ŕőàïďłã ćěńĺçĺŋë. Šěň ŋě ňěŋěě, ňőďěńì Ďěąăï, ć ąőńìèĺŋáâćě áńãçăěć, ďăěâ őçěŋì ŋěŕńőåőě őŕĺáăŋĺě âěŕńőěňłőáâĺ âćěàďëå âěń. Ďěąăěćáłăï çăáâőâă ŕàĺ íâőň àăááňăâàĺćăěâáï łăł ŕőďčőŋőçŋëľ ŕăàăňěâà { åăàăłâěàĺáâĺłă ďăŋŋőčő âćěàďőčő âěńă, őŕàěďěńïěňëľ ĺí íłáŕěàĺňěŋâă.

Ŕěàěåőďï áŋőćă ć (6.12) őâ áãňňĺàőćăŋĺï ł ĺŋâěčàĺàőćăŋĺî, ŕőńãçĺň áćőąőďŋãî íŋěàčĺî âćěàďőčő âěńă ć ćĺďě:

F = N ε_0 + T 9N ν ω^3_D ∫_{ωD} 0 dωω^2 ln ( 1 − e^{− h̄ωT} ) (6.31)

Ććěďěň âěŕěàì ěéě ďěąăěćáłãî âěňŕěàăâãàã:

θ_D = —hω_D (6.32)

Šőčďă:

F = N ε_0 + 9N νT ( T θ_D )_3 ∫_{θD /T} 0 dzz^2 ln ( 1 − e^{−z} ) (6.33)

čďě ććěńĺ ąěğàăğňěàŋãî ŕěàěňěŋŋãî z =^{h̄ω}_T . Ĺŋâěčàĺàãï ŕő çăáâïň ĺ ććőďï äãŋłæĺî Ďěąăï: D(x) = 3 x^3 ∫_x 0 dz z^3 e^z − 1

(6.34)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 113

Řĺá. 6-2 Šěňŕěàăâãàŋăï ğăćĺáĺňőáâì âěŕńőěňłőáâĺ ć ňőďěńĺ Ďěąăï.

ňőęŋő ğăŕĺáăâì (6.33) ć ćĺďě:

F = N ε_0 + N νT { 3 ln ( 1 − e^{− θDT} ) − D ( θ_D T )} . (6.35)

Šőčďă íŋěàčĺï E = F − T^{∂F}_{∂T} ěáâì:

E = N ε_0 + 3N νT D ( θ_D T ) (6.36)

ă âěŕńőěňłőáâì: C = 3N ν { D ( θ_D T ) − θ_D T D^′ ( θ_D T )} (6.37)

Ŋă Řĺá.6-2 ŕàĺćěďěŋ čàăäĺł ğăćĺáĺňőáâĺ^C_{3Nν} őâ^T_{θD} .

Ŕàĺ T ≪ θ_D ăàčãňěŋâ äãŋłæĺĺ Ďěąăï ćěńĺł^{θD}_T ≫ 1 ĺ ňőęŋő ğăňěŋĺâì ćěàåŋĺľ ŕàěďěń ĺŋâěčàăńă ŋă ąěáłőŋěçŋőáâì, âőčďă ĺŋâěčàăń àăćěŋ^{π4}_{15} , âăł çâő D(x) ≈ π^4 5x^3

. (6.38)

Šőčďă ĺğ (6.37) ŕőńãçĺň: C ≈ 12N νπ^4 5 ( T θ_D )_3 (6.39)

çâő áőćŕăďăěâ á (6.16).

Ŕàĺ T ≫ θ_D ăàčãňěŋâ äãŋłæĺĺ Ďěąăï ňăń (x ≪ 1), âăł çâő ć ŕěàćőň ŕàĺąńĺęěŋĺĺ D(x) ≈ 1 ĺ (6.37) ďăěâ C = 3N ν, â.ě. ğăłőŋ Ďîńőŋčă { Ŕâĺ.

114 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Šăąńĺæă 6.1 Šěňŕěàăâãàë Ďěąăï ŋěłőâőàëå ćěéěáâć (K). P b N a KBr Ag N aCl Ga Cu Al M o SiO_2 Si LiF 105 158 180 225 280 320 340 430 450 470 645 732

Ğăňěâĺň, çâő äăłâĺçěáłĺľ ćĺď äãŋłæĺĺ Ďěąăï D(x) âăłőć, çâő łàĺâěàĺěň ŕàĺňěŋĺňőáâĺ ŕàěďěńìŋëå ćëàăęěŋĺľ ďńï âěŕńőěňłőáâĺ ïćńïěâáï őâŋőáĺâěńìŋăï ćěńĺçĺŋă T ĺ θ_D /4 { âěŕńőěňłőáâì ŕàĺňěàŋő ŕőáâőïŋŋă ŕàĺ T ≫ θ_D /4 ĺ ∼ T^3 ŕàĺ T ≪ θ_D /4. Ć ňěâăńńăå, ć őąńăáâĺ ŋĺğłĺå âěňŕěàăâãà T ≪ θ_D/4 ŋăçĺŋăěâ ŕàőïćńïâìáï ńĺŋěľŋëľ ŕő T ćłńăď ć âěŕńőěňłőáâì őâ áćőąőďŋëå íńěłâàőŋőć (5.70), łőâőàëľ ďőáâăâőçŋő ňăń ŕő ćěńĺçĺŋě ĺ ąëáâàő \ňăáłĺàãěâáï" àěèěâőçŋëň ćłńăďőň ŕàĺ ćëáőłĺå âěňŕěàăâãàăå. Ďńï ěčő ćëďěńěŋĺï ãďőąŋő áâàőĺâì íłáŕěàĺňěŋâăńìŋãî ğăćĺáĺňőáâì âěŕńőěňłőáâĺ ňěâăńńőć őâ âěňŕěàăâãàë ć őąńăáâĺ ŋĺğłĺå âěňŕěàăâãà ć łőőàďĺŋăâăå C/T, T^2. Ŕőáłőńìłã ć ňěâăńńě ŕàĺ íâőň C = γT +βT^3, âő^C_T = γ+βT^2, ĺ ŕő ćěńĺçĺŋě C/T ŕàĺ T → 0 ńěčłő őŕàěďěńĺâì łőíääĺæĺěŋâ γ, łőâőàëľ, äăłâĺçěáłĺ, ďăěâ, áőčńăáŋő, (5.70) ćěńĺçĺŋã ŕńőâŋőáâĺ íńěłâàőŋŋëå áőáâőïŋĺľ ňěâăńńă ŋă ãàőćŋě Ťěàňĺ^5.

Ć Šăąńĺæě 6-1 ŕàĺćěďěŋë ğŋăçěŋĺï âěňŕěàăâãàë Ďěąăï, ŋăľďěŋŋëě ĺğ ĺğňěàěŋĺľ âěŕńőěňłőáâĺ àěăńìŋëå âćěàďëå âěń. Ěáńĺ ĺáłńîçĺâì àïď őáőąëå áńãçăěć, âĺŕă ăńňăğă, ã łőâőàőčő θ_D ∼ 2000K, âěňŕěàăâãàë Ďěąăï ąőńìèĺŋáâćă âćěàďëå âěń ńěęăâ ć ĺŋâěàćăńě 10^2K.

Łćăŋâőćăï ęĺďłőáâì. Śŕěłâà ąőğěćáłőčő âĺŕă.

Ć őâńĺçĺě őâ čăğőć ĺ âćěàďëå âěń ďńï ęĺďłőáâěľ ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ć őąéěň ćĺďě ŕàăłâĺçěáłĺ ŋěćőğňőęŋő ććĺďã áĺńìŋőčő ćğăĺňőďěľáâćĺï ňěęďã ăâőňăňĺ ĺ ňőńěłãńăňĺ ĺ őâáãâáâćĺï ňăńőáâĺ łőńěąăŋĺľ, åăàăłâěàŋőľ ďńï âćěàďëå âěń. Őďŋăłő, őąéěě âěőàěâĺçěáłőě àăááňőâàěŋĺě őłăğëćăěâáï ćőğňőęŋëň ďńï âăł ŋăğëćăěňëå łćăŋâőćëå ęĺďłőáâěľ, ŋăåőďïéĺåáï ćąńĺğĺ ćąńĺğĺ ăąáőńîâŋőčő ŋãńï âěňŕěàăâãàë, łőčďă áĺáâěňă ŋăåőďĺâáï ćąńĺğĺ őáŋőćŋőčő áőáâőïŋĺï. Ťăłâĺçěáłĺ ć ŕàĺàőďě áãéěáâćãěâ âőńìłő őďŋă àěăńìŋăï ęĺďłőáâì, łőâőàăï ŋě łàĺáâăńńĺğãěâáï ćŕńőâì ďő ăąáőńîâŋőčő ŋãńï { íâő čěńĺľ. Ćăęŋěľèĺň ŕàĺňěàőň łćăŋâőćőľ ęĺďłőáâĺ ïćńïîâáï íńěłâàőŋë ŕàőćőďĺňőáâĺ ć ňěâăńńăå. Śãéěáâćãěâ ěéě àïď ŕàĺňěàőć ąőńěě íłğőâĺçěáłőčő åăàăłâěàă, ŋăŕàĺňěà ŋãłńőŋë ć ăâőňŋőň ïďàě, ćěéěáâćő ć ŋěľâàőŋŋëå ğćěğďăå ĺ â.ŕ. Ňŋőčĺě áćőľáâćă íâĺå áĺáâěň őçěŋì ŋěőąëçŋë, ć ŋĺå, ŋăŕàĺňěà, ŋăąńîďăîâáï âăłĺě ğăňěçăâěńìŋëě ïćńěŋĺï łăł áćěàåâěłãçěáâì ĺ áćěàåŕàőćőďĺňőáâì. Ć æěńőň, âěőàĺï łćăŋâőćëå ęĺďłőáâěľ ŕàěďáâăćńïěâ ŕàĺŋæĺŕĺăńìŋëľ ĺŋâěàěá ĺ ïćńïěâáï őďŋĺň ĺğ æěŋâàăńìŋëå àăğďěńőć áőćàěňěŋŋőľ âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ.

5Ğăňěâĺň, çâő ć ăňőàäŋëå áâěłńăå, ďăęě ďĺíńěłâàĺçěáłĺå, âăłęě çăáâő ŋăąńîďăěâáï ńĺŋěľŋëľ ŕő âěňŕěàăâãàě ćłńăď ć âěŕńőěňłőáâì, áćïğăŋŋëľ á ćłńăďőň âăł ŋăğëćăěňëå âãŋŋěńìŋëå áőáâőïŋĺľ (ďćãåãàőćŋěćëå áĺáâěň). Őďŋăłő àăááňőâàěŋĺě áőőâćěâáâćãîéĺå ćőŕàőáőć ćëåőďĺâ ğă ŕàěďěńë ŋăèĺå ńěłæĺľ.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 115

Ňë ćĺďěńĺ, çâő ćëçĺáńěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ âàěąãěâ ğŋăŋĺï áŕěłâàă ãàőćŋěľ íŋěàčĺĺ ďăŋŋőčő âěńă. Ć áńãçăě áĺáâěň áĺńìŋő ćğăĺňőďěľáâćãîéĺå çăáâĺæ, âăłĺå łăł łćăŋâőćëě ęĺďłőáâĺ, àěçì ňőęěâ ĺďâĺ âőńìłő őą ãàőćŋïå, áőőâćěâáâćãîéĺå ćáěľ ęĺďłőáâĺ ć æěńőň, ă őâŋîďì ŋě áőáâăćńïîéĺå ěě őâďěńìŋëå ăâőňőć. Ŕàĺ ćëçĺáńěŋĺĺ áâăâáãňňë ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ďőáâăâőçŋő ãçěáâì ńĺèì ãàőćŋĺ, áőőâćěâáâćãîéĺě áńăąëň ćőğąãęďěŋĺïň áĺáâěňë ŋăď ěě őáŋőćŋëň áőáâőïŋĺěň, çâő áãéěáâćěŋŋő ãŕàőéăěâ âěőàěâĺçěáłőě àăááňőâàěŋĺě.

Őáŋőćŋăï ĺďěï Ńăŋďăã áőáâőĺâ ć âőň, çâő áńăąő ćőğąãęďěŋŋëě áőáâőïŋĺï ňăłàőáłőŕĺçěáłőčő âěńă (ć ďăŋŋőň áńãçăě ęĺďłőáâĺ) ňőęŋő ŕàěďáâăćĺâì łăł áőćőłãŕŋőáâì őâďěńìŋëå íńěňěŋâăàŋëå ćőğąãęďěŋĺľ { łćăğĺçăáâĺæ, őąńăďăîéĺå őŕàěďěńěŋŋőľ íŋěàčĺěľ (áŕěłâàőň ćőğąãęďěŋĺľ). Ć ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňě (ęĺďłőáâì) łćăŋâőćëň çĺáńőň, åăàăłâěàĺğãîéĺň íâĺ ćőğąãęďěŋĺï ěáâěáâćěŋŋő ňőęŋő áçĺâăâì ĺňŕãńìá (ć łàĺáâăńńě { łćăğĺĺňŕãńìá). Ŕőłă łćăğĺçăáâĺæ ňăńő (ŋĺğłĺě âěňŕěàăâãàë) łćăğĺçăáâĺæë ŋě ćğăĺňőďěľáâćãîâ ďàãč á ďàãčőň ĺ ĺå ňőęŋő àăááňăâàĺćăâì, ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, łăł ĺďěăńìŋëľ čăğ^6.

Őďĺŋ ĺğ ćőğňőęŋëå âĺŕőć íŋěàčěâĺçěáłőčő áŕěłâàă áńăąő ćőğąãęďěŋŋëå áőáâőïŋĺľ łćăŋâőćőľ ęĺďłőáâĺ - áŕěłâà ąőğěćáłőčő âĺŕă, łőčďă íńěňěŋâăàŋëě ćőğąãęďěŋĺï ňőčãâ ŕőïćńïâìáï ĺ ĺáçěğăâì ŕőőďĺŋőçłě. Ňőňěŋâ ĺňŕãńìáă ńîąőľ łćăŋâőćőľ áĺáâěňë (ć ďăŋŋőň áńãçăě ęĺďłőáâĺ) ňőęěâ ĺğňěŋïâìáï ńĺèì ŋă æěńőě çĺáńő. Ŕőíâőňã ćőğŋĺłăîéĺě ŕőőďĺŋőçłě íńěňěŋâăàŋëě ćőğąãęďěŋĺï ďőńęŋë őąńăďăâì æěńőçĺáńěŋŋëň ňőňěŋâőň ĺ ŕőďçĺŋïâìáï áâăâĺáâĺłě Ąőğě. Ęĺďłőáâì, áőáâőïéăï ĺğ çăáâĺæ, ŕőďçĺŋïîéĺåáï áâăâĺáâĺłě Ąőğě, ďőńęŋă őąńăďăâì áŕěłâàőň ĺňěŋŋő âăłőčő âĺŕă. Ŕàĺňěà ąőğě-ęĺďłőáâĺ { ęĺďłĺľ He^4 (ŋő ŋě He^3, łőâőàëľ ïćńïěâáï äěàňĺ-ęĺďłőáâìî).

Ćăęŋěľèěľ åăàăłâěàĺáâĺłőľ łćăğĺçăáâĺæ ïćńïěâáï ĺå ğăłőŋ ďĺáŕěàáĺĺ (áŕěłâà) { ğăćĺáĺňőáâì ĺå íŋěàčĺĺ őâ ĺňŕãńìáă. Ć ąőğě-ęĺďłőáâĺ íńěňěŋâăàŋëě ćőğąãęďěŋĺï á ňăńëňĺ ĺňŕãńìáăňĺ p (ąőńìèĺňĺ ďńĺŋăňĺ ćőńŋ —h/p) áőőâćěâáâćãîâ őąëçŋëň ğćãłőćëň ćőńŋăň ć ęĺďłőáâĺ ĺ ĺå áŕěłâà:

ε(p) = up (6.40)

čďě u { áłőàőáâì ğćãłă ć ęĺďłőáâĺ. Šăłĺě íńěňěŋâăàŋëě ćőğąãęďěŋĺï (łćăğĺçăáâĺæë) ŋăğëćăîâáï äőŋőŋăňĺ. Ğŋăŋĺě áŕěłâàă ε(p) ŕàĺ ňăńëå p ŕőğćőńïěâ ćëçĺáńĺâì âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë ęĺďłőáâĺ ďńï áâőńì ŋĺğłĺå T , łőčďă ŕàăłâĺçěáłĺ ćáě íńěňěŋâăàŋëě ćőğąãęďěŋĺï ïćńïîâáï äőŋőŋăňĺ. Śőőâćěâáâćãîéĺě äőàňãńë ňőęŋő ćëŕĺáăâì áàăğã, ćőáŕőńìğőćăćèĺáì ŕőńãçěŋŋëňĺ ćëèě ćëàăęěŋĺïňĺ ďńï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ âćěàďőčő âěńă ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå. Řăğŋĺæă ńĺèì ć âőň, çâő ćňěáâő âàěå ŋěğăćĺáĺňëå ŕőńïàĺğăæĺľ ğćãłă ć âćěàďőň âěńě (ďćãå ŕőŕěàěçŋëå ĺ őďŋőľ ŕàőďőńìŋőľ), ć ęĺďłőáâĺ ćőğňőęŋő âőńìłő őďŋă (ŕàőďőńìŋăï), âăł çâő ćáě ćëàăęěŋĺï ŋãęŋő àăğďěńĺâì ŋă 3. Ŋăŕàĺňěà, ďńï áćőąőďŋőľ íŋěàčĺĺ ęĺďłőáâĺ ĺğ (6.13) ĺňěěň:

F = F_0 − V π^2T^4 90(—hu)^3

(6.41)

6Ŕőďçěàłŋěň, çâő ĺďěï ććěďěŋĺï łćăğĺçăáâĺæ ăąáőńîâŋő ŋěâàĺćĺăńìŋă. Őłőŋçăâěńìŋőě âěőàěâĺçěáłőě őäőàňńěŋĺě őŋă ŕőńãçĺńă ć àăňłăå áőćàěňěŋŋőľ âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ, őáŋőćăŋŋőľ ŋă ňěâőďě äãŋłæĺľ Čàĺŋă (áň. ŋĺęě Čń.11). Šőńìłő ć àăňłăå âăłőčő ŕőďåőďă ňőęŋő áäőàňãńĺàőćăâì łàĺâěàĺĺ áãéěáâćőćăŋĺï łćăğĺçăáâĺæ ć âőľ ĺńĺ ĺŋőľ áĺáâěňě. Śãéěáâćãîâ áĺâãăæĺĺ (áĺńìŋő łőààěńĺàőćăŋŋëě áĺáâěňë), łőčďă łćăğĺçăáâĺæë ććěáâĺ ŋěńìğï ĺ âàěąãěâáï áãéěáâćěŋŋő ąőńěě áńőęŋőě őŕĺáăŋĺě.

116 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Řĺá. 6-3 Śŕěłâà íńěňěŋâăàŋëå ćőğąãęďěŋĺľ ęĺďłőčő He^4. Šőçłĺ | íłáŕěàĺňěŋâ ŕő ŋěãŕàãčőňã àăááěïŋĺî ŋěľâàőŋőć.

čďě F_0 { áćőąőďŋăï íŋěàčĺï ęĺďłőáâĺ ŕàĺ T = 0. İŋěàčĺï ęĺďłőáâĺ:

E = E_0 + V π^2T^4 30(—hu)^3

(6.42)

ă âěŕńőěňłőáâì: C = V 2π^2T^3 15(—hu)^3

∼ T^3 (6.43)

Ŕő ňěàě ãćěńĺçěŋĺï ĺňŕãńìáă łćăğĺçăáâĺæë ğăćĺáĺňőáâì ε(p), łőŋěçŋő, őâłńőŋïěâáï őâ ńĺŋěľŋőľ, ďăńìŋěľèĺľ ěě åőď ğăćĺáĺâ őâ ćğăĺňőďěľáâćĺï çăáâĺæ ęĺďłőáâĺ ĺ ŋě ňőęěâ ąëâì őŕàěďěńěŋ ć őąéěň ćĺďě. Ŕàĺ ďőáâăâőçŋő ąőńìèĺå ĺňŕãńìáăå äãŋłæĺï ε(p) ćőőąéě ŋě ďőńęŋă áãéěáâćőćăâì, ŕőáłőńìłã íńěňěŋâăàŋëě ćőğąãęďěŋĺï á ąőńìèĺňĺ ĺňŕãńìáăňĺ ŋěãáâőľçĺćë őâŋőáĺâěńìŋő àăáŕăďă ŋă ŋěáłőńìłő ćőğąãęďěŋĺľ á ňěŋìèĺň ĺňŕãńìáőň.

Ĺáåőďï ĺğ ăŋăńĺğă íłáŕěàĺňěŋâăńìŋëå ďăŋŋëå ŕő ęĺďłőňã He^4 Ńăŋďăã ŕőáâãńĺàőćăń ćĺď áŕěłâàă íńěňěŋâăàŋëå ćőğąãęďěŋĺľ ć íâőľ áĺáâěňě, ŕőłăğăŋŋëľ ŋă Řĺá.6-3. Ć íâőň áŕěłâàě ĺňěěâáï åăàăłâěàŋëľ ňĺŋĺňãň ŕàĺ p = p_0, ćąńĺğĺ łőâőàőčő äãŋłæĺï ε(p) ňőęěâ ąëâì ŕàěďáâăćńěŋă ć ćĺďě:

ε(p) = ´ +

(p − p_0)^2 2~μ (6.44)

Łćăğĺçăáâĺæë ć íâőľ çăáâĺ áŕěłâàă ŋăğëćăîâáï àőâőŋăňĺ^7. Ć ŋăáâőïéěě ćàěňï íâőâ áŕěłâà ŕőďâćěàęďěŋ ŕàïňëňĺ íłáŕěàĺňěŋâăňĺ ŕő ŋěãŕàãčőňã àăááěïŋĺî ŋěľâàőŋőć. İňŕĺàĺçěáłĺě ğŋăçěŋĺï łőŋáâăŋâ ŋă àőâőŋŋőň ãçăáâłě:

´ = 8.5K;

p_0 —h = 1.9 10^8cm^{−1}; ~μ = 0.16m_{He} (6.45)

7İâő ŋăğćăŋĺě ĺňěěâ çĺáâő ĺáâőàĺçěáłőě ŕàőĺáåőęďěŋĺě. Ć àăŋŋĺå àăąőâăå Ńăŋďăã ŕőáâãńĺàőćăń áãéěáâćőćăŋĺě ďćãå őâďěńìŋëå âĺŕőć łćăğĺçăáâĺæ ć He^4 { äőŋőŋőć ĺ àőâőŋőć, â.ě. áãéěáâćőćăŋĺě ďćãå ŋěğăćĺáĺňëå ćěâćěľ áŕěłâàă. Ć ŕőáńěďáâćĺĺ ćëïáŋĺńőáì, çâő ĺňěěâáï ěďĺŋëľ áŕěłâà, ć łőâőàőň ňőęŋő ćëďěńĺâì äőŋőŋŋëľ ĺ àőâőŋŋëľ ãçăáâłĺ. Ćőŕàěłĺ ŋăçăńìŋőňã ňŋěŋĺî Ńăŋďăã őłăğăńőáì, âăłęě, çâő ŕàĺàőďă âăłőčő áŕěłâàă âěáŋő áćïğăŋă ć ïćńěŋĺěň ąőğě-łőďěŋáăæĺĺ.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 117

Ğăňěâĺň, çâő p_0 ∼ —ha^{−1}, čďě a { áàěďŋěě ňěęăâőňŋőě àăááâőïŋĺě ć ęĺďłőáâĺ.

Ŕőáłőńìłã íŋěàčĺï àőâőŋă áőďěàęĺâ \éěńì" ´, âő ć őąńăáâĺ âěňŕěàăâãà T < ´, â.ě. ŕàĺ âěňŕěàăâãàăå ďőáâăâőçŋő ŋĺğłĺå, çâőąë ňőęŋő ąëńő čőćőàĺâì ő àăğàěęěŋŋőň àőâőŋŋőň čăğě, ŕőáńěďŋĺľ ňőęŋő őŕĺáëćăâì ćňěáâő áâăâĺáâĺłĺ Ąőğě àăáŕàěďěńěŋĺěň Ąőńìæňăŋă. Śőőâćěâáâćěŋŋő ďńï ćëçĺáńěŋĺï \àőâőŋŋőľ" çăáâĺ âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ He^4 ňőęŋő ĺáåőďĺâì ĺğ (3.41), ŕőďáâăćĺć ć łőâőàőě áŕěłâà łćăğĺçăáâĺæ ε(p), ŋě ğăćĺáïéĺľ őâ łőőàďĺŋăâ, ŋěňěďńěŋŋő ŋăŕĺèěň: F = −N T ln eV N ∫ d^3p (2π—h)^3 e^{− ε(p)T} (6.46)

Ůĺáńő çăáâĺæ N ć čăğě àőâőŋőć ŋě ğăďăŋő, ă áăňő őŕàěďěńïěâáï ãáńőćĺěň ňĺŋĺňãňă F . Ĺğ^{∂F}_{∂N} = μ = 0 ŋăåőďĺň ďńï çĺáńă àőâőŋőć:

N_r = V (2π—h)^3 ∫ d^3pe^{− ε(p)T} (6.47)

čďě ŕàőáâő áâőĺâ àăáŕàěďěńěŋĺě Ąőńìæňăŋă á μ = 0. Ŕőďáâăćńïï N = N_r ĺğ (6.47) ć (6.46), ŕőńãçĺň:

F_r = −N_r T ln e = −T N_r = − V T (2π—h)^3 ∫ d^3pe^{− ε(p)T} (6.48)

Ćőáŕőńìğãěňáï âěŕěàì ć (6.47) ĺ (6.48) ïćŋëň ćĺďőň àőâőŋŋőčő áŕěłâàă (6.44). Ĺğ-ğă p^2_0 ≫ ~μT ňőęŋő ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ćëŋěáâĺ p^2 ≈ p^2_0 ğă ğŋăł ĺŋâěčàăńă, ă ĺŋâěčàăń ćğïâì ć ąěáłőŋěçŋëå ŕàěďěńăå. Šőčďă:

N_r =

2(~μT )^{1/2}p^2_0V (2π)^{3/2}—h^3 e^{− ΔT} ; F_r = −T N_r (6.49)

Śőőâćěâáâćěŋŋő, ćłńăď àőâőŋőć ć íŋâàőŕĺî ĺ âěŕńőěňłőáâì:

S_r = N_r ( 3 2 + ´ T ) C_r = N_r [ 3 4 + ´ T + ( ´ T )_2] (6.50)

âăł çâő âěňŕěàăâãàŋăï ğăćĺáĺňőáâì íłáŕőŋěŋæĺăńìŋă ĺ ŕàĺ T < ´ íâĺ ćłńăďë ňăńë ŕő áàăćŋěŋĺî á ŋăľďěŋŋëňĺ ćëèě äőŋőŋŋëňĺ ćłńăďăňĺ. Ŕàĺ T > ´ àőâőŋŋëě ćłńăďë ć âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë ňőčãâ ŕàěćğőľâĺ äőŋőŋŋëě, çâő ĺ ŕàőĺáåőďĺâ ŕàĺ ŕőćëèěŋĺĺ âěňŕěàăâãàë.

Śćěàåâěłãçěáâì.

Ęĺďłĺľ čěńĺľ ŕàĺ âěňŕěàăâãàăå ŋĺęě âăł ŋăğëćăěňőľ λ-âőçłĺ T_λ = 2.18K őąńăďăěâ ğăňěçăâěńìŋëň áćőľáâćőň áćěàåâěłãçěáâĺ { áćőľáâćőň âěçì ŕő ãğłĺň âàãąłăň ĺ éěńïň ŋě őąŋăàãęĺćăï ćïğłőáâĺ. İâő ïćńěŋĺě ąëńő íłáŕěàĺňěŋâăńìŋő őâłàëâő Łăŕĺæěľ ć 1938 čőďã, ă âěőàĺï íâőčő ïćńěŋĺï ąëńă ŕőáâàőěŋă çěàěğ ŋěáłőńìłő ńěâ Ńăŋďăã.

118 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Řăááňőâàĺň áŋăçăńă áĺâãăæĺî ŕàĺ T = 0. Ŕãáâì ęĺďłőáâì âěçěâ ŕő âàãąłě á ŕőáâőïŋŋőľ áłőàőáâìî v. Ŋăńĺçĺě ćïğłőáâĺ ŕàőïćĺńőáì ąë ć âőň, çâő ąńăčőďăàï âàěŋĺî ő áâěŋłĺ âàãąłĺ ĺ âàěŋĺî ćŋãâàĺ áăňőľ ęĺďłőáâĺ ŕàőĺáåőďĺńĺ ąë ŕàőæěááë ďĺááĺŕăæĺĺ łĺŋěâĺçěáłőľ íŋěàčĺĺ âěçěŋĺï ĺ ŕőáâěŕěŋŋőě ğăňěďńěŋĺě ŕőâőłă. Şďőąŋő àăááňőâàěâì âěçěŋĺě ć áĺáâěňě łőőàďĺŋăâ ďćĺęãéěľáï ćňěáâě á ęĺďłőáâìî. Ć íâőľ áĺáâěňě ęĺďłĺľ čěńĺľ ŕőłőĺâáï, ă áâěŋłĺ âàãąłĺ ďćĺęãâáï áő áłőàőáâìî

(−v). Ŕàĺ ŋăńĺçĺĺ ćïğłőáâĺ ŕőłőïéĺľáï čěńĺľ ďőńęěŋ ąëń ąë ŋăçăâì ďćĺčăâìáï.

Ś ňĺłàőáłőŕĺçěáłőľ âőçłĺ ğàěŋĺï ïáŋő, çâő ŕőïćńěŋĺě ďćĺęěŋĺï ďőńęŋő ŋăçăâìáï á ŕőáâěŕěŋŋőčő ćőğąãęďěŋĺï ćŋãâàěŋŋĺå ďćĺęěŋĺľ, â.ě. á ŕőïćńěŋĺï ć ęĺďłőáâĺ íńěňěŋâăàŋëå ćőğąãęďěŋĺľ (łćăğĺçăáâĺæ).

Ŕàěďŕőńőęĺň, çâő ć ęĺďłőáâĺ ŕőïćĺńőáì őďŋő ěďĺŋáâćěŋŋőě íńěňěŋâăàŋőě ćőğąãęďěŋĺě á ĺňŕãńìáőň p ĺ íŋěàčĺěľ ε(p). Šőčďă íŋěàčĺï ęĺďłőáâĺ E_0 áďěńăěâáï àăćŋőľ íŋěàčĺĺ íâőčő ćőğąãęďěŋĺï ε(p), ă ĺňŕãńìá P_0 { ĺňŕãńìáã p. Ŕěàěľďěň âěŕěàì őąàăâŋő ć ńăąőàăâőàŋãî áĺáâěňã łőőàďĺŋăâ, ć łőâőàőľ âàãąłă ŕőłőĺâáï. Śőčńăáŋő ĺğćěáâŋëň ĺğ ňěåăŋĺłĺ [13] äőàňãńăň ŕàěőąàăğőćăŋĺï íŋěàčĺĺ ĺ ĺňŕãńìáă ŕàĺ ŕàěőąàăğőćăŋĺïå Čăńĺńěï ĺňěěň ďńï íŋěàčĺĺ E ĺ ĺňŕãńìáă P ęĺďłőáâĺ ć ńăąőàăâőàŋőľ áĺáâěňě:

P = P0 + M v E = E0 + P0v +^{M v2}2 (6.51)

čďě M { ňăááă ďćĺęãéěľáï ęĺďłőáâĺ. Ŕőďáâăćńïï ćňěáâő E_0 ĺ P_0 ćěńĺçĺŋë ε(p) ĺ

p, ğăŕĺèěň:

E = ε(p) + pv + M v^2 2 (6.52)

Ŋő ğďěáì çńěŋ 1/2M v^2 ŕàěďáâăćńïěâ áőąőľ ŕàőáâő ŕěàćőŋăçăńìŋãî łĺŋěâĺçěáłãî íŋěàčĺî âěłãéěľ ęĺďłőáâĺ, ă ε(p) + pv âőčďă ěáâì ĺğňěŋěŋĺě íŋěàčĺĺ ęĺďłőáâĺ ąńăčőďăàï ŕőïćńěŋĺî ć ŋěľ őďŋőčő íńěňěŋâăàŋőčő ćőğąãęďěŋĺï. İâő ĺğňěŋěŋĺě ďőńęŋő ąëâì őâàĺæăâěńìŋëň, ŕőáłőńìłã íŋěàčĺï ďćĺęãéěľáï ęĺďłőáâĺ ďőńęŋă ãňěŋìèăâìáï:

ε(p) + pv < 0. (6.53)

Ŕàĺ ğăďăŋŋőň p ćěńĺçĺŋă, áâőïéăï ć ńěćőľ çăáâĺ ŋěàăćěŋáâćă, ĺňěěâ ŋăĺňěŋìèěě ğŋăçěŋĺě ŕàĺ ăŋâĺŕăàăńńěńìŋëå p ĺ v, ŕőíâőňã ć ńîąőň áńãçăě ďőńęŋő ąëâì ε(p)− pv < 0, âăł çâő: v > ε(p) p (6.54)

İâő ŋěàăćěŋáâćő ďőńęŋő ćëŕőńŋïâìáï åőâï ąë ďńï ŋěłőâőàëå ğŋăçěŋĺľ ĺňŕãńìáă p íńěňěŋâăàŋőčő ćőğąãęďěŋĺï. Ŕőíâőňã őłőŋçăâěńìŋőě ãáńőćĺě ćőğňőęŋőáâĺ ŕőïćńěŋĺï ćőğąãęďěŋĺľ ć ďćĺęãéěľáï ęĺďłőáâĺ ŕőńãçĺň, ŋăľďï ňĺŋĺňãň ćěńĺçĺŋë ε(p)/p: v_c = M in ε(p) p (6.55)

Čěőňěâàĺçěáłĺ ćěńĺçĺŋă ε(p)/p ěáâì âăŋčěŋá ãčńă ŋăłńőŋă ŕàïňőľ, ŕàőćěďěŋŋőľ ĺğ ŋăçăńă łőőàďĺŋăâ ć ŕńőáłőáâĺ ε, p ć ŋěłőâőàãî âőçłã łàĺćőľ ε = ε(p). Ěčő ňĺŋĺňãň őŕàěďěńïěâáï âőçłőľ, čďě íâă ŕàïňăï łăáăâěńìŋă ł ε(p). Ěáńĺ íâőâ ňĺŋĺňãň őâńĺçěŋ őâ ŋãńï, âő ŕàĺ áłőàőáâïå ďćĺęěŋĺï ęĺďłőáâĺ ŋě ŕàěćëèăîéĺå v_c, őŕàěďěńěŋŋőľ ć (6.55), ć ęĺďłőáâĺ ŋě áňőčãâ ŕőïćĺâìáï íńěňěŋâăàŋëě ćőğąãęďěŋĺï, â.ě. âěçěŋĺě ąãďěâ ŕàőĺáåőďĺâì ąěğ ďĺááĺŕăæĺĺ (âàěŋĺï). İâő ĺ ěáâì áćěàåâěłãçěáâì, ă ãáńőćĺě

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 119

(6.55) ŕàěďáâăćńïěâ áőąőľ łàĺâěàĺľ áćěàåâěłãçěáâĺ Ńăŋďăã. Ćěńĺçĺŋă v_c ŋăğëćăěâáï łàĺâĺçěáłőľ áłőàőáâìî, ěě áãéěáâćőćăŋĺě ŕőďâćěàęďăěâáï ŋă íłáŕěàĺňěŋâě.

Ńěčłő ćĺďěâì, çâő ŕàěďńőęěŋŋëľ Ńăŋďăã áŕěłâà íńěňěŋâăàŋëå ćőğąãęďěŋĺľ He^4 ãďőćńěâćőàïěâ łàĺâěàĺî áćěàåâěłãçěáâĺ. Ăŋăńőčĺçŋëň őąàăğőň, íâőňã łàĺâěàĺî ňőč ąë ãďőćńěâćőàĺâì áŕěłâà áő \éěńìî" ŕàĺ p = 0. Ć âőęě ćàěňï áŕěłâà áćőąőďŋëå çăáâĺæ ε(p) = p^2/2m íâőňã łàĺâěàĺî á őçěćĺďŋőáâìî ŋě ãďőćńěâćőàïěâ. Ŕő áãéěáâćã ďěńő áćőďĺâáï ł âàěąőćăŋĺî, çâőąë łàĺćăï ε(p) ŋě łăáăńăáì őáĺ ăąáæĺáá ć ŋăçăńě łőőàďĺŋăâ. Ŕőíâőňã ł áćěàåâěłãçěáâĺ ŕàĺćěďěâ ŕő áãéěáâćã ńîąőľ áŕěłâà, ć łőâőàőň ďńĺŋŋőćőńŋőćëě ćőğąãęďěŋĺï ïćńïîâáï äőŋőŋăňĺ (ĺńĺ ĺňěěâáï éěńì ŕàĺ p = 0).

Ŕàĺ T > 0 ęĺďłőáâì ŋě ŋăåőďĺâáï ć őáŋőćŋőň áőáâőïŋĺĺ ĺ ć ŋěľ ĺňěěâáï ŋěłőâőàőě çĺáńő íńěňěŋâăàŋëå ćőğąãęďěŋĺľ. Ŕàőćěďěŋŋëě łĺŋěňăâĺçěáłĺě àăááãęďěŋĺï, áăňĺ ŕő áěąě, őáâăîâáï ć áĺńě, ŕőáłőńìłã ć ŋĺå ŋě ąëńő ĺáŕőńìğőćăŋő âő őąáâőïâěńìáâćő, çâő ęĺďłőáâì ŕěàćőŋăçăńìŋő ŋăåőďĺâáï ć őáŋőćŋőň áőáâőïŋĺĺ. Ďćĺęěŋĺě ęĺďłőáâĺ őâŋőáĺâěńìŋő áâěŋőł âàãąłĺ ŕàĺ ćëŕőńŋěŋĺĺ ãłăğăŋŋëå ãáńőćĺľ ŕő ŕàěęŋěňã ŋě áňőęěâ ŕàĺćěáâĺ ł ŕőïćńěŋĺî ć ŋěľ ŋőćëå ćőğąãęďěŋĺľ. Ŋěőąåőďĺňő, őďŋăłő, ćëïáŋĺâì, łăłĺň őąàăğőň ąãďěâ ŕàőïćńïâìáï ŋăńĺçĺě ćőğąãęďěŋĺľ, ãęě áãéěáâćãîéĺå ć ęĺďłőáâĺ ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå.

Ŕàěďáâăćĺň áěąě, çâő čăğ łćăğĺçăáâĺæ ďćĺęěâáï łăł æěńőě őâŋőáĺâěńìŋő ęĺďłőáâĺ áő áłőàőáâìî v. Ťãŋłæĺï àăáŕàěďěńěŋĺï ďńï ďćĺęãéěčőáï łăł æěńőě čăğă ŕőńãçăěâáï ĺğ äãŋłæĺĺ àăáŕàěďěńěŋĺï n(ε) ŋěŕőďćĺęŋőčő čăğă ŕãâěň ğăňěŋë ε → ε−pv,

čďě p { ĺňŕãńìá łćăğĺçăáâĺæë^8. Ŕőíâőňã ŕőńŋëľ ĺňŕãńìá čăğă, őâŋěáěŋŋëľ ł ěďĺ-

ŋĺæě őąêěňă, àăćěŋ: P = ∫ d^3p (2π—h)^3 p n(ε − pv) (6.56)

Ŕãáâì áłőàőáâì v ňăńă, àăğńőęĺň âőčďă ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ŕő áâěŕěŋïň

pv = pv cos θ. Ůńěŋ àăğńőęěŋĺï ŋãńěćőčő ŕőàïďłă ĺáçěğăěâ ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő

ŋăŕàăćńěŋĺïň ćěłâőàă p (ãčńã θ), ĺ őáâăěâáï:

P = − ∫ d^3p (2π—h)^3 p

(pv)^{dn}(^ε)_{dε} . (6.57)

Ĺŋâěčàĺàãï ĺ ğďěáì ŕő ŋăŕàăćńěŋĺïň ćěłâőàă p, ŕőńãçăěň:

P = −v 4^π3 1(2_π—_h)_3 ∫ dpp^4 dn(ε) dε . (6.58)

Ŕőďáâăćńïï áîďă áŕěłâà äőŋőŋőć ε = up ĺ ĺŋâěčàĺàãï ŕő çăáâïň, ĺňěěň:

P = −v 1(2_π—_h)_3 ∫_∞ 0 dpp^4 dn(p) dp = v 16^π3_u 1(2_π—_h)_3 ∫_∞ 0 dpp^3n(p). (6.59)

Ŋő ĺŋâěčàăń 1 (2π—h)^3 ∫_∞ 0 dp4πp^2upn(p) = ∫ d^3p (2π—h)^3 εn(ε) (6.60)

8Ć áăňőň ďěńě, ŕãáâì čăğ ćőğąãęďěŋĺľ ďćĺęěâáï őâŋőáĺâěńìŋő ęĺďłőáâĺ áő áłőàőáâìî v.Řăááňőâàĺň áĺáâěňã łőőàďĺŋăâ, ć łőâőàőľ čăğ łăł æěńőě ŕőłőĺâáï, ă ęĺďłőáâì ďćĺęěâáï áő áłőàőáâìî −v. Šőčďă íŋěàčĺï ęĺďłőáâĺ E ć íâőľ áĺáâěňě áćïğăŋă á íŋěàčĺěľ E_0 ć áĺáâěňě, čďě ęĺďłőáâì ŕőłőĺâáï áőőâŋőèěŋĺěň: E = E_0 − P_0v +^{Mv2}_2 . Ŕãáâì ć áĺáâěňě ŕőłőï ęĺďłőáâĺ ŕőïćńïěâáï ćőğąãęďěŋĺě á íŋěàčĺěľ ε(p). Šőčďă ďőŕőńŋĺâěńìŋăï íŋěàčĺï ć áĺáâěňě ŕőłőï čăğă ąãďěâ ε − pv, çâő ĺ ďőłăğëćăěâ ŋăèě ãâćěàęďěŋĺě.

120 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

ŕàěďáâăćńïěâ áőąőľ íŋěàčĺî E_{ph} ěďĺŋĺæë őąêěňă äőŋőŋŋőčő čăğă, âăł çâő:

P = v 4^{Eph}3_{u2} (6.61)

Łőíääĺæĺěŋâ ŕěàěď v ğďěáì őŕàěďěńïěâ ňăááőćãî ŕńőâŋőáâì ęĺďłőáâĺ, ŕěàěŋőáĺňãî ŕőâőłőň čăğă łćăğĺçăáâĺæ. Ŋĺçâő ŋě ňěèăěâ ŋăèĺň łćăğĺçăáâĺæăň ŕàĺ íâőň ďćĺęěŋĺĺ áâăńłĺćăâìáï áő áâěŋłăňĺ âàãąłĺ ĺ őąňěŋĺćăâìáï á ŋĺňĺ ĺňŕãńìáőň, łăł íâő ŕàőĺáåőďĺâ ć ŕőâőłě őąëçŋőčő čăğă. Ŕőŋïâŋő, çâő áőőâćěâáâćãîéăï çăáâì ňăááë ęĺďłőáâĺ ćěďěâ áěąï łăł ŋőàňăńìŋăï ęĺďłőáâì. Ŋő íâő ŋě ćáï ňăááă ęĺďłőáâĺ, őáâăńìŋăï ćěďěâ áěąï łăł áćěàåâěłãçăï ęĺďłőáâì! Ć áăňőň ďěńě, ŕőďáâăćńïï ć (6.61) ćëàăęěŋĺě (6.42) ďńï íŋěàčĺĺ äőŋőŋŋőčő čăğă, ŕőńãçĺň ďńï äőŋőŋŋőľ çăáâĺ ŋőàňăńìŋőľ ŕńőâŋőáâĺ ρ_n:

(ρ_n)_{ph} =

2π^2T^4 45—h^3u^5

, (6.62)

çâő őąàăéăěâáï ć ŋãńì ŕàĺ T → 0, łőčďă ćáï ňăááă ęĺďłőáâĺ áâăŋőćĺâáï áćěàåâěłãçěľ. Ŕőíâőňã čőćőàïâ, çâő ŕőńŋăï ŕńőâŋőáâì ρ He^4 ŕàĺ T > 0 áőáâőĺâ ĺğ ŋőàňăńìŋőľ ĺ áćěàåâěłãçěľ łőňŕőŋěŋâ: ρ = ρ_n + ρ_s, ŕàĺçěň íâő łőŋěçŋő ŋě őğŋăçăěâ ćőğňőęŋőáâĺ àěăńìŋőčő àăğďěńěŋĺï ęĺďłőáâĺ ŋă ďćě çăáâĺ. Ćěáìňă áãéěáâćěŋŋő, çâő ňěęďã íâĺňĺ çăáâïňĺ ňăááë ęĺďłőáâĺ ŋě ŕàőĺáåőďĺâ ĺ ŕěàěďăçĺ ĺňŕãńìáă (ŋěâ âàěŋĺï!): ňë ŕőńãçĺńĺ íâã łăàâĺŋã ĺğ àăááňőâàěŋĺï áâăâĺáâĺçěáłőčő àăćŋőćěáĺï ć àăćŋőňěàŋő ďćĺęãéěňáï čăğě ćőğąãęďěŋĺľ. Ŋő ěáńĺ łăłőě-ńĺąő ďćĺęěŋĺě ĺňěěâ ňěáâő ć áőáâőïŋĺĺ âěŕńőćőčő àăćŋőćěáĺï, âő őŋő ŋě áőŕàőćőęďăěâáï âàěŋĺěň.

Ćëèě ŋăèńĺ äőŋőŋŋëľ ćłńăď ć ρ_n, ďńï ŋăåőęďěŋĺï àőâőŋŋőľ çăáâĺ ğăňěâĺň, çâő ŕőáłőńìłã àőâőŋë ňőęŋő őŕĺáëćăâì ąőńìæňăŋőćáłőľ áâăâĺáâĺłőľ, âő^{∂n}_{∂ε} = −^n_T ĺ ĺğ (6.58) ĺňěěň:

(ρ_n)_r = 4π 3T (2π—h)^3 ∫ dpp^4n(p) = 1 3T ∫ d^3p (2π—h)^3 p^2n(p) ≈ ≈ p^2_0 3T N_r V = 2~μ^{1/2}p^4_0 3(2π)^{3/2}T^{1/2}—h^3 e^{− ΔT} (6.63)

čďě p_0 { ĺňŕãńìá, áőőâćěâáâćãîéĺľ àőâőŋŋőňã ňĺŋĺňãňã. Ŕàĺ ãçěâě ćěńĺçĺŋë ŕăàăňěâàőć, őŕàěďěńïîéĺå àěăńìŋëľ áŕěłâà ćőğąãęďěŋĺľ ć He^4 őłăğëćăěâáï, çâő àőâőŋŋăï çăáâì ρ_n áàăćŋĺćăěâáï á äőŋőŋŋőľ ŕàĺ T ∼ 0.6K, ă ŕàĺ ąőńìèĺå âěňŕěàăâãàăå őłăğëćăěâáï ŕàěőąńăďăîéěľ.

Ŕő ňěàě ŕőćëèěŋĺï T ćáě ąőńìèăï çăáâì ňăááë ęĺďłőáâĺ áâăŋőćĺâáï ŋőàňăńìŋőľ ĺ ρ_n → ρ (čďě ρ ŕőńŋăï ŕńőâŋőáâì He^4) ŕàĺ T → T_λ áŋĺğã. Ŕńőâŋőáâì áćěàåâěłãçěľ łőňŕőŋěŋâë ρ_s → 0 ŕàĺ T → T_λ ĺ ρ_s = 0 ŕàĺ T > T_λ. Ćěńĺçĺŋă ρ_n ćąńĺğĺ λ-âőçłĺ ŋě ňőęěâ ąëâì ćëçĺáńěŋă âőçŋő, ŋő ŋěŕńőåăï őæěŋłă T_λ ŕőńãçăěâáï ĺğ ãáńőćĺï (ρ_n)_r ≈ ρ. Ĺáŕőńìğőćăŋĺě ğďěáì ćëàăęěŋĺï (6.63) ďăěâ T_λ ≈ 2.8K ć ŋěŕńőåőň áőčńăáĺĺ á íłáŕěàĺňěŋâőň.

Ŕěàěåőď He^4 ć áćěàåâěłãçěě áőáâőïŋĺě ïćńïěâáï äăğőćëň ŕěàěåőďőň II-àőďă. Šăłőľ ŕěàěåőď ćáěčďă áćïğăŋ á ŕőïćńěŋĺěň (ĺáçěğŋőćěŋĺěň) łăłőčő-ńĺąő łăçěáâćěŋŋőčő áćőľáâćă (ďăńìŋěčő ŕőàïďłă!). Ć áńãçăě λ-ŕěàěåőďă ć He^4 íâő, ŕàěęďě ćáěčő, ŕőïćńěŋĺě (ĺáçěğŋőćěŋĺě) áćěàåâěłãçěľ łőňŕőŋěŋâë ęĺďłőáâĺ. Ś ňĺłàőáłőŕĺçěáłőľ âőçłĺ ğàěŋĺï àěçì ĺďěâ őą őŕàěďěńěŋŋëå áćőľáâćăå őďŋőçăáâĺçŋőľ ňăâàĺæë ŕńőâŋőáâĺ áĺáâěňë:

ρ(r, r^′) = ∫ dq¯^⋆(r, q)¯(r^′, q) (6.64)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 121

čďě ¯(r, q) { ćőńŋőćăï äãŋłæĺï ćáěľ áĺáâěňë, ŕàĺçěň r { łőőàďĺŋăâë őďŋőľ çăáâĺæë, ă q { áőćőłãŕŋőáâì łőőàďĺŋăâ ćáěå őáâăńìŋëå çăáâĺæ, ŕő łőâőàëň ŕàőĺŋâěčàĺàőćăŋő. Ďńï ĺğőâàőŕŋőčő âěńă (ęĺďłőáâĺ) íâă ňăâàĺæă ŕńőâŋőáâĺ ğăćĺáĺâ âőńìłő őâ |r − r^′|. Ć ŋőàňăńìŋőň (ŋě áćěàåâěłãçěň) áőáâőïŋĺĺ ρ(r, r^′) → 0 ŕàĺ

|r − r^′| → ∞. İâő ŋě âăł ć áćěàåâěłãçěľ äăğě.

Řăááňőâàĺň łőňŕőŋěŋâë Ťãàìě ňăâàĺæë ŕńőâŋőáâĺ: ∫ d^3(r − r^′)e^ik^(r^−r^{′)}ρ(r, r^′), (6.65)

łőâőàëě á âőçŋőáâìî ďő ŕőáâőïŋŋőčő ňŋőęĺâěńï áőćŕăďăîâ á: ∫ dq | | | ∫ dV e^ikr¯(r, q) | | | 2 (6.66)

â.ě. őŕàěďěńïîâ àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ àăğńĺçŋëå ğŋăçěŋĺľ ĺňŕãńìáă çăáâĺæë p = —hk. Ěáńĺ ρ(r, r^′) → 0 ŕàĺ |r − r^′| → ∞, âő ŕńőâŋőáâì ćěàőïâŋőáâĺ ć

p-ŕàőáâàăŋáâćě ŕàĺ p → 0 őáâăěâáï łőŋěçŋőľ. Ěáńĺ ęě ρ(r, r^′) ĺňěěâ ŋă ąěáłőŋěç-

ŋőáâĺ łőŋěçŋőě ğŋăçěŋĺě ρ_∞ > 0, âő ĺŋâěčàăń (6.65) àăćěŋ (2π)^3δ(k). İâő áőőâćěâáâćãěâ łőŋěçŋőľ ćěàőïâŋőáâĺ çăáâĺæě ĺňěâì àăćŋëľ ŋãńî ĺňŕãńìá. Šăłĺň őąàăğőň, ć áćěàåâěłãçěľ ęĺďłőáâĺ, ć őâńĺçĺě őâ ŋěáćěàåâěłãçěľ, łőŋěçŋőě çĺáńő çăáâĺæ őąńăďăěâ àăćŋëň ŋãńî ĺňŕãńìáőň { őâłãďă ïáŋă őçěćĺďŋăï áćïğì ïćńěŋĺï áćěàåâěłãçěáâĺ á ąőğě { łőŋďěŋáăæĺěľ! Ŕőďçěàłŋěň, çâő áőćőłãŕŋőáâì íâĺå çăáâĺæ őâŋîďì ŋěńìğï őâőęďěáâćńïâì áő áćěàåâěłãçěľ çăáâìî ęĺďłőáâĺ ć ãłăğăŋŋőň ćëèě áňëáńě. Ŋěŕàăćĺńìŋőáâì íâőčő ćĺďŋă ãęě ĺğ âőčő, çâő ŕàĺ T = 0 ćáï ňăááă ęĺďłőáâĺ ïćńïěâáï áćěàåâěłãçěľ, âőčďă łăł őâŋîďì ŋě ćáě çăáâĺæë ć áĺáâěňě á ćğăĺňőďěľáâćĺěň ĺňěîâ àăćŋëľ ŋãńî ĺňŕãńìá (áà. ŋĺęě ŋă ŕàĺňěàě áńăąő ŋěĺďěăńìŋőčő ąőğě-čăğă).

Ťőŋőŋë ć (ąőğě){ęĺďłőáâĺ�.

Řăááňőâàĺň ŋěáłőńìłő ŕőďàőąŋěě ŕàőĺáåőęďěŋĺě áŕěłâàă íńěňěŋâăàŋëå ćőğąãęďěŋĺľ He^4, ŕőłăğăŋŋőčő ŋă Řĺá.6-3. İŋěàčĺï ęĺďłőáâĺ ŕàěďáâăćńïěâ áőąőľ äãŋłæĺőŋăń ěě ŕńőâŋőáâĺ ĺ čĺďàőďĺŋăňĺçěáłőľ áłőàőáâĺ, łőâőàëľ ňőęěâ ąëâì ğăŕĺáăŋ łăł:

E[ρ(r), v(r)] = 1 2 ∫ drρ(r)v^2(r) + E^{(1)}[ρ(r)] (6.67)

čďě E^{(1)} { çăáâì íŋěàčĺĺ, ŋě ğăćĺáïéăï őâ áłőàőáâĺ. Ąãďěň àăááňăâàĺćăâì ňăńëě łőńěąăŋĺï ŕńőâŋőáâĺ:

ρ(r) = ρ + δρ(r) (6.68)

čďě ρ { àăćŋőćěáŋăï ŕńőâŋőáâì, δρ(r) ĺ v(r) { ňăńëě ćěńĺçĺŋë, őŕĺáëćăîéĺě íâĺ łőńěąăŋĺï. Ŕő őŕàěďěńěŋĺî: ρ = 1 V ∫ drρ(r) ∫ drδρ(r) = 0 (6.69)

Ś âőçŋőáâìî ďő ćěńĺçĺŋ ćâőàőčő ŕőàïďłă ňăńőáâĺ ŕő δρ ĺ v äãŋłæĺï ρ(r) ć ŕěàćőň çńěŋě ŕàăćőľ çăáâĺ (6.67) ňőęěâ ąëâì ğăňěŋěŋă ěě áàěďŋĺň ρ. Ś âőľ ęě âőçŋőáâìî

122 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

E^{(1)} ğăŕĺèěâáï ć ćĺďě:

E^{(1)}[ρ(r)] = E^{(1)}(ρ) + ∫ drψ(r)δρ(r) + 12 ∫ dr ∫ dr^′φ(r, r^′)δρ(r)δρ(r^′) (6.70)

Ťãŋłæĺĺ ψ(r) ĺ φ(r, r^′) őŕàěďěńïîâáï âőńìłő áćőľáâćăňĺ ęĺďłőáâĺ, ŋě ćőğňãéěŋŋőľ łőńěąăŋĺïňĺ, â.ě. őďŋőàőďŋőľ ĺ ĺğőâàőŕŋőľ, ć áĺńã çěčő ψ(r) = ψ = const, ă φ(r, r^′) ğăćĺáĺâ âőńìłő őâ àăááâőïŋĺï |r − r^′|: φ(r, r^′) = φ(|r − r^′|). Ŕőíâőňã çńěŋ ŕěàćőčő ŕőàïďłă ć àăğńőęěŋĺĺ E^{(1)} (6.70) ŕàőŕőàæĺőŋăńěŋ ∫ dV δρ(r) = 0, ĺ őłőŋçăâěńìŋő ĺňěěň:

E^{(1)}[ρ(r)] = E^{(1)}(ρ) + 1 2 ∫ dr ∫ dr^′φ(|r − r^′|)δρ(r)δρ(r^′) (6.71)

Śłőàőáâì v áćïğăŋă á łőńěąăŋĺïňĺ ŕńőâŋőáâĺ ãàăćŋěŋĺěň ŋěŕàěàëćŋőáâĺ:

_ρ + div(ρv) = 0, (6.72)

łőâőàőě á âőçŋőáâìî ďő çńěŋőć ŕěàćőčő ŕőàïďłă ŕő δρ ĺ v ňőęŋő ğăŕĺáăâì łăł: _δρ + ρdivv = 0. (6.73)

Ŕěàěľďěň ł łőňŕőŋěŋâăň Ťãàìě:

δρ(r) = 1_V^∑

p^ρ pe^ipr v(r) = 1 V ∑ p vpe^ipr (6.74)

φ(r) = 1_V^∑ p^φ pe^ipr (6.75)

ĺ ãçâěň, çâő ňăńëě łőńěąăŋĺï ć ęĺďłőáâĺ ïćńïîâáï ŕàőďőńìŋëňĺ, âăł çâő áłőàőáâì

vp ć ćőńŋě á ćőńŋőćëň ćěłâőàőň p ŋăŕàăćńěŋë ŕő p: vp = app (6.76)

Ŕőďáâăćńïï íâĺ ćëàăęěŋĺï ć ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ ŋěňěďńěŋŋő ŕőńãçăěň:

vp = i _ρp 1_ρ p_{p2} (6.77)

âăł çâő (6.71) ŕěàěŕĺáëćăěâáï łăł:

E = E^{(1)}(ρ) + 1 V ∑ p ( | _ρp| 2ρp^2 + 1 2 φp|ρ^2p| ) . (6.78)

Ŕěàćëľ çńěŋ ć (6.78) { íŋěàčĺï ŋěćőğňãéěŋŋőľ ęĺďłőáâĺ, ćâőàőľ àăáŕăďăěâáï ŋă áãňňã çńěŋőć, łăęďëľ ĺğ łőâőàëå ŕàěďáâăćńïěâ áőąőľ íŋěàčĺî čăàňőŋĺçěáłőčő őáæĺńńïâőàă á çăáâőâőľ ω_p:

ω^2_p = ρp^2φ_p (6.79) čďě ãçńĺ, çâő ć ĺğőâàőŕŋőľ ęĺďłőáâĺ φp = φ_p, â.ě. ğăćĺáĺâ âőńìłő őâ ňőďãńï |p|. Ć łćăŋâőćőň áńãçăě íŋěàčĺï łăęďőčő âăłőčő őáæĺńńïâőàă^9: ε(p) = ω_p ( n + 1 2 ) n = 0, 1, 2... (6.80)

9Ğďěáì ňë, ďńï łàăâłőáâĺ, ŕőńìğãěňáï çăáâő ãŕőâàěąńïěňőľ âěőàěâĺłăňĺ áĺáâěňőľ ěďĺŋĺæ, ć łőâőàőľ —h = 1 ĺ áőőâćěâáâćěŋŋő ŋě àăğńĺçăěň ĺňŕãńìá ĺ ćőńŋőćőľ ćěłâőà.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 123

Śŕěłâà áĺáâěňë, äăłâĺçěáłĺ, őŕàěďěńïěâáï áŕěłâàőň íâĺå őáæĺńńïâőàőć, â.ě. áőőâŋőèěŋĺïňĺ (6.79), (6.80).

Ďńï őłőŋçăâěńìŋőčő àěèěŋĺï ğăďăçĺ ŋěőąåőďĺňő ćëàăğĺâì φ_p çěàěğ åăàăłâěàĺáâĺłĺ áĺáâěňë. Ďńï íâőčő ğăňěâĺň, çâő ć łćăŋâőćőň áńãçăě íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï ŋě áőćŕăďăěâ, łăł ć łńăááĺçěáłőň, á E^{(1)}(ρ), âăł łăł áńěďãěâ ěéě ãçěáâì íŋěàčĺî ŋãńěćëå łőńěąăŋĺľ ω_p/2. Šăłĺň őąàăğőň, íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï łćăŋâőćőľ ąőğě-ęĺďłőáâĺ őłăğëćăěâáï àăćŋőľ:

E_0 = E^{(1)}(ρ) + ∑ p 1 2 ω_p (6.81)

ŕàĺçěň, á ãçěâőň (6.78): V ω_p 2 = 1 2ρp^2 < | _ρ^2_p| > + 1 2 φ_p < |ρ_p|^2 >= φ_p < |ρ_p|^2 > (6.82)

čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ ãáàěďŋěŋĺě ŕő őáŋőćŋőňã áőáâőïŋĺî ĺ ãçâěŋő, çâő ďńï őáæĺńńïâőàă áàěďŋïï ŕő őáŋőćŋőňã áőáâőïŋĺî łĺŋěâĺçěáłăï íŋěàčĺï áőćŕăďăěâ áő áàěďŋěľ ŕőâěŋæĺăńìŋőľ. Šőčďă, ćëàăęăï ć (6.79) φ_p çěàěğ (6.82), ŕőńãçăěň:

ε(p) = ω_p = V ρ p^2 2 < |ρ_p|^2 >

(6.83) ĺńĺ ε(p) = p^2 2mS(p) (6.84)

čďě ććěńĺ: S(p) = < |ρ_p|^2 > V mρ (6.85)

{ âăł ŋăğëćăěňëľ áâàãłâãàŋëľ äăłâőà ęĺďłőáâĺ, ŕàěďáâăćńïîéĺľ áőąőľ äãàìěłőňŕőŋěŋâã łőààěńïæĺőŋŋőľ äãŋłæĺěľ ŕńőâŋőáâĺ:

S(r − r^′) = 1_n < [n(r) − n][n(r^′) − n] > (6.86)

čďě n(r) = ρ(r)/m { őąêěňŋăï ŕńőâŋőáâì çĺáńă çăáâĺæ ć âőçłě r, ă n { áàěďŋïï ŕńőâŋőáâì çĺáńă çăáâĺæ ć ęĺďłőáâĺ.

Ťőàňãńă (6.84) ćŕěàćëě ąëńă ŕőńãçěŋă Ťěľŋňăŋőň, ĺğńőęěŋŋëľ ćëèě ćëćőď ŕàĺŋăďńěęĺâ Ŕĺâăěćáłőňã. Őŋă ćëàăęăěâ áŕěłâà ćőğąãęďěŋĺľ çěàěğ áâàãłâãàŋëľ äăłâőà ęĺďłőáâĺ. Ćěńĺçĺŋă S(p) ŋě ňőęěâ ąëâì àăááçĺâăŋă ć őąéěň ćĺďě, ŋő ć àěăńìŋëå ęĺďłőáâïå őŋă ďőáâăâőçŋő ńěčłő ĺğňěàïěâáï ć íłáŕěàĺňěŋâăå ŕő àăááěïŋĺî ŋěľâàőŋőć ĺńĺ àěŋâčěŋőćáłĺå ńãçěľ.

Ć őąńăáâĺ ňăńëå ĺňŕãńìáőć, łăł ňë ãęě ćĺďěńĺ, áŕěłâà ćőğąãęďěŋĺľ ńĺŋěěŋ ŕő ĺňŕãńìáã: ε(p) ≈ up, áőőâćěâáâćěŋŋő ĺňěěň S(p) ≈ p/2mu. Ć őąńăáâĺ őçěŋì ąőńìèĺå ĺňŕãńìáőć, áãéěáâćěŋŋő ŕàěćëèăîéĺå áàěďŋěě ňěęăâőňŋőě àăááâőïŋĺě, p ≫ a^{−1}, ĺňěěň S(p) = 1, çâő áőőâćěâáâćãěâ ŋă ňăńëå àăááâőïŋĺïå S(r) = δ(r). Ć ŕàőňěęãâőçŋőľ őąńăáâĺ p ∼ a^{−1} áâàãłâãàŋëľ äăłâőà S(p) ŋăåőďĺâáï ĺğ íłáŕěàĺňěŋâă ĺ ďńï ąőńìèĺŋáâćă ęĺďłőáâěľ ĺňěěâ åăàăłâěàŋëľ ňăłáĺňãň ŕàĺ p ∼ a^{−1} (áň. Řĺá.6-4). Ŋăńĺçĺě íâőčő ňăłáĺňãňă, ŕő áãâĺ ďěńă, őâàăęăěâ áőåàăŋěŋĺě ďőáâăâőçŋő áĺńìŋëå łőààěńïæĺľ ć ŕőńőęěŋĺïå ăâőňőć ęĺďłőáâĺ ŋă àăááâőïŋĺïå ŕőàïďłă ňěęăâőňŋőčő.

124 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Řĺá. 6-4 Ţăàăłâěàŋëľ ćĺď áâàãłâãàŋőčő äăłâőàă ęĺďłőčő He^4.

Ĺğ äőàňãńë Ťěľŋňăŋă (6.84) âőčďă ïáŋő, çâő ŋă ąőńìèĺå ĺňŕãńìáăå p ≫ a^{−1} áŕěłâà ćőğąãęďěŋĺľ áćőďĺâáï ł áŕěłâàã áćőąőďŋëå çăáâĺæ: ε(p) = p^2/2m. Ć ŕàőňěęãâőçŋőľ őąńăáâĺ p ∼ a^{−1} ŋăńĺçĺě ňăłáĺňãňă S(p) ŕàĺćőďĺâ ł áãéěáâćőćăŋĺî àőâőŋŋőčő ňĺŋĺňãňă.

Śâàőčő čőćőàï, ŕàőćěďěŋŋëľ \čĺďàőďĺŋăňĺçěáłĺľ" ćëćőď äőàňãńë Ťěľŋňăŋă áŕàăćěďńĺć ńĺèì ďńï ĺňŕãńìáőć p < 1/a, â.ě. âăň, čďě ęĺďłőáâì ňőęěâ àăááňăâàĺćăâìáï łăł áŕńőèŋăï áàěďă. Őďŋăłő, íâă äőàňãńă ďăěâ ŕàăćĺńìŋëľ őâćěâ ĺ ć ŕàěďěńě p ≫ 1/a, â.ě. ŕàĺ ŕěàěåőďě ł áćőąőďŋëň çăáâĺæăň. Ŕőíâőňã ěě ňőęŋő àăááňăâàĺćăâì łăł åőàőèãî ĺŋâěàŕőńïæĺî ĺ ć őąńăáâĺ p ∼ 1/a, łăçěáâćěŋŋő őąêïáŋïîéãî äőàňã áŕěłâàă Ńăŋďăã.

Őâňěâĺň, çâő áŕěłâà łőńěąăŋĺľ ŕńőâŋőáâĺ ć őąëçŋëå (łńăááĺçěáłĺå) ęĺďłőáâïå ĺňěěâ łăçěáâćěŋŋő ăŋăńőčĺçŋëľ ćĺď, ŋő á áĺńìŋëň ğăâãåăŋĺěň łőńěąăŋĺľ ć őąńăáâĺ ćőńŋőćëå ćěłâőàőć p ∼ 1/a. Śãéěáâćőćăŋĺě ć ŋĺå \àőâőŋŋőčő" ňĺŋĺňãňă âăłęě áćïğăŋő á åăàăłâěàŋëň ňăłáĺňãňőň áâàãłâãàŋőčő äăłâőàă.

Ćëàőęďěŋŋëľ ąőğě{čăğ á ćğăĺňőďěľáâćĺěň.

Řăááňőâàĺň âěŕěàì áĺáâěňã ćğăĺňőďěľáâćãîéĺå ąőğě-çăáâĺæ á ňĺłàőáłőŕĺçěáłőľ âőçłĺ ğàěŋĺï. Őčàăŋĺçĺňáï ăŋăńĺğőň áńăąő ŋěĺďěăńìŋőčő ąőğě-čăğă, ďńï łőâőàőčő ňőęŋő ŕàőćěáâĺ ŕőáńěďőćăâěńìŋëľ ăŋăńĺğ ňěâőďőň, ŕàěďńőęěŋŋëň Ąőčőńîąőćëň.

Řăááňőâàĺň ŕàěďěńìŋő ãŕàőéěŋŋãî ňőďěńì ąőğě-čăğă á âőçěçŋëň őââăńłĺćăŋĺěň ňěęďã çăáâĺæăňĺ. Őčàăŋĺçĺňáï áńãçăěň T = 0. Čăňĺńìâőŋĺăŋ áĺáâěňë ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï ňőęěâ ąëâì ğăŕĺáăŋ łăł: H = ∑ p p^2 2m a^+pap + v_0 2V ∑ p1+p2=p^′_1+p^′_2^a

+p^′_1^{a+}p^′_2^ap2^ap1 (6.87)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 125

čďě v_0 > 0 { łőŋáâăŋâă őââăńłĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï, ă őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ąőğőŋőć ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

apa^+p′ − a^+p′ ap = δpp^′ (6.88) apap^′ − ap^′ ap = 0 a^+pa^+p′ − a^+p′ a^+p = 0

Ć őáŋőćŋőň áőáâőïŋĺĺ ĺďěăńìŋőčő ąőğě-čăğă ćáě çăáâĺæë ŋăåőďïâáï ć łőŋďěŋáăâě { áőáâőïŋĺĺ á ŋãńěćëň ĺňŕãńìáőň ĺ íŋěàčĺěľ. Ŋă ïğëłě çĺáěń ğăŕőńŋěŋĺï Np_{=0} = N_0 = N , čďě N { ŕőńŋőě çĺáńő çăáâĺæ ć čăğě, áőőâćěâáâćěŋŋő Np_{≠0} = 0. Ć áńăąő ŋěĺďěăńìŋőň ąőğě-čăğě ć őáŋőćŋőň ĺ áńăąő ćőğąãęďěŋŋëå áőáâőïŋĺïå Np_{≠0} ≠ 0, ŋő őçěŋì ňăńë ŕő áàăćŋěŋĺî á ňăłàőáłőŕĺçěáłĺň ğŋăçěŋĺěň N_0. Šőâ äăłâ, çâő a^+_0 a_0 = N_0 ≈ N ≫ 1, őğŋăçăěâ, çâő ćëàăęěŋĺě ďńï łőňňãâăâőàă őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï łőŋďěŋáăâŋëå çăáâĺæ a_0a^+_0 − a^+_0 a_0 = 1 ňăńő ŕő áàăćŋěŋĺî á áăňĺňĺ a_0, a^+_0 , âăł çâő ěďĺŋĺæěľ ć ŕàăćőľ çăáâĺ ňőęŋő ŕàěŋěąàěçì ĺ áçĺâăâì íâĺ őŕěàăâőàë c-çĺáńăňĺ: a_0 = a^+_0 = √ N_0 (6.89) Šőčďă ć čăňĺńìâőŋĺăŋě (6.87) ňőęŋő ăłłãàăâŋő ćëďěńĺâì ćáě çńěŋë, áőďěàęăéĺě łőŋďěŋáăâŋëě őŕěàăâőàë ĺ ğăňěŋĺâì ĺå ŋă (6.89), ă ďăńěě ŕőáâàőĺâì âěőàĺî ćőğňãéěŋĺľ ŕő áâěŕěŋïň ňăńëå, ć ãłăğăŋŋőň áňëáńě, ćěńĺçĺŋ ap, a^+p á p ≠ 0. Ŕàĺ íâőň čńăćŋëľ ćłńăď ďăîâ ŕàőæěááë àăááěïŋĺï (ćğăĺňőďěľáâćĺï) łőŋďěŋáăâŋëå ĺ ŋăďłőŋďěŋáăâŋëå çăáâĺæ (â.ě. ŕàőæěááë ŕěàěåőďă ć łőŋďěŋáăâ ĺ ĺğ ŋěčő), ă ŕàőæěááăňĺ àăááěïŋĺï ŋăďłőŋďěŋáăâŋëå çăáâĺæ ďàãč ŋă ďàãčě ňőęŋő ŕàěŋěąàěçì.

Ŋãńěćőľ çńěŋ ć čăňĺńìâőŋĺăŋě ćğăĺňőďěľáâćĺï áőďěàęĺâ: v_0 2V a^+_0 a^+_0 a_0a_0 = v_0 2V a^4_0 = v_0 2V N^2_0 (6.90)

Ůńěŋë ŕěàćőčő ŕőàïďłă ŕő ap, a^+p á p ≠ 0 őâáãâáâćãîâ ććĺďã ŋěćőğňőęŋőáâĺ áőąńîďěŋĺï ć ŋĺå ğăłőŋă áőåàăŋěŋĺï ĺňŕãńìáă, ãłăğăŋŋőčő ć ïćŋőň ćĺďě ć (6.87). Ůńěŋë ćâőàőčő ŕőàïďłă ĺňěîâ ćĺď: v_0 2V a^2_0 ∑ p>0 (apa−p + a^+pa^+−p + 2a^+pap + 2a^+−pa−p) (6.91)

Őčàăŋĺçĺćăïáì âőńìłő çńěŋăňĺ ćâőàőčő ŕőàïďłă ňăńőáâĺ, ňőęŋő ğăňěŋĺâì ğďěáì a^2_0 = N_0 ŋă ŕőńŋőě çĺáńő çăáâĺæ N . Ć çńěŋě ęě (6.90) ŋãęŋő ãçěáâì ąőńěě âőçŋőě áőőâŋőèěŋĺě: a^2_0 + ∑ p>0 a^+pap = N (6.92)

ĺ ćëàăğĺâì N_0 çěàěğ N ĺ ∑ p^{a+}p^ap. Ŕàőďěńëćăï ćáě íâő ïćŋő ĺ őąêěďĺŋïï (6.90) ĺ

(6.91), ŕőńãçĺň:

N^2 2V v_0 + N V v_0 ∑ p>0 (apa−p + a^+pa^+−p + a^+pap + a^+−pa−p) (6.93)

Šăłĺň őąàăğőň, čăňĺńìâőŋĺăŋ (6.87) á ĺŋâěàěáãîéěľ ŋăá âőçŋőáâìî ŕěàěŕĺáëćăěâáï ć ćĺďě: H = N^2 2V v_0 + ∑ p>0 ( N V v_0 + p 2 2m ) (a^+pap + a^+_−pa_−p) +

126 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ + N V v_0 ∑ p>0 (apa−p + a^+pa^+−p) (6.94)

Ŕőńãçěŋŋëľ čăňĺńìâőŋĺăŋ łćăďàăâĺçěŋ ŕő őŕěàăâőàăň ap ĺ a^+p ĺ ňőęěâ ąëâì ďĺăčőŋăńĺğőćăŋ á ŕőňőéìî âăł ŋăğëćăěňőčő u − v ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă. Ććěďěň ŋőćëě őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ąőğőŋőć α^+p ĺ αp, áćïğăŋŋëě á a^+p ĺ ap ńĺŋěľŋëň ŕàěőąàăğőćăŋĺěň ćĺďă: ap = upαp + vpα^+p a^+p = u_pα^+p + v_pαp (6.95)

Ŋőćëě őŕěàăâőàë ďőńęŋë ãďőćńěâćőàïâì őąëçŋëň ąőğěćáłĺň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň âĺŕă (6.89), őâłãďă ńěčłő ŕőńãçĺâì, çâő łőíääĺæĺěŋâë u_p ĺ v_p áćïğăŋë ãáńőćĺěň:

u^2_p − v^2_p = 1. (6.96) Ŕőďáâăćńïï a^+p ĺ ap ć ćĺďě (6.95) ć čăňĺńìâőŋĺăŋ (6.94), ŕőńãçăěň: H = ∑ p>0 {( p^2 2m + N v_0 V ) (u^2_p + v^2_p) + 2 N v_0 V u_pv_p } (α^+pαp + α^+_−pα_−p) + + ∑ p>0 {( p^2 2m + N v_0 V ) 2u_pv_p + N v_0 V (u^2_p + v^2_p) } (α^+pα^+_−p + αpα_−p) + + ∑ p>0 { 2 ( p^2 2m + N v_0 V ) v^2_p + 2 N v_0 V u_pv_p } + N^2v_0 2V (6.97)

Ďńï ďĺăčőŋăńĺğăæĺĺ íâőčő čăňĺńìâőŋĺăŋă ŋěőąåőďĺňő, çâőąë çńěŋë ćĺďă α^+pα^+_−p

ĺ αpα−p őâáãâáâćőćăńĺ, ŕőíâőňã ŋãęŋő ŕőâàěąőćăâì: ( p^2 2m + N v_0 V ) 2u_pv_p + N v_0 V (u^2_p + v^2_p ) = 0 (6.98)

çâő ďăěâ ćâőàőě ãáńőćĺě, őłőŋçăâěńìŋő äĺłáĺàãîéěě ćëąőà łőíääĺæĺěŋâőć u_p ĺ v_p. Řěèăï áĺáâěňã ńĺŋěľŋëå ãàăćŋěŋĺľ (6.96),(6.98), ŋăåőďĺň:

u_p = 1 √ 1 − A^2_p v_p = A_p √ 1 − A^2_p

(6.99) čďě A_p = V N v_0 { ε(p) − p^2 2m − N v_0 V } (6.100) ε(p) = √ N V p^2v_0 m + p^4 4m^2

(6.101)

Ŕőďáâăćńïï íâĺ łőíääĺæĺěŋâë ć (6.97), ŕőńãçăěň čăňĺńìâőŋĺăŋ ć ďĺăčőŋăńìŋőň ćĺďě, â.ě. ć ćĺďě čăňĺńìâőŋĺăŋă ŋőćëå ŋěćğăĺňőďěľáâćãîéĺå łćăğĺçăáâĺæ, áőőâćěâáâćãîéĺå őŕěàăâőàăň α^+p ĺ αp:

H = E_0 + ∑ p≠0^ε

(p)α^+pαp (6.102)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 127

áő áŕěłâàőň ε(p) (6.101), łőâőàëľ àăďĺłăńìŋő ĺğňěŋĺńáï ŕő áàăćŋěŋĺî áő áŕěłâàőň áćőąőďŋëå ąőğőŋőć ğă áçěâ ćğăĺňőďěľáâćĺï. İŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï:

E_0 =

N^2 2V v_0 + 1 2 ∑ p≠0 [ ε(p) − p^2 2m − N V v_0 ] (6.103)

Ŕàĺ ňăńëå ĺňŕãńìáăå íŋěàčĺï łćăğĺçăáâĺæë (6.101) ŕàěďáâăćńïěâáï ć ćĺďě: ε(p) = √ v_0 mV_0 p ≡ up (6.104)

čďě V_0 = V /N { őąêěň, ŕàĺåőďïéĺľáï ŋă őďŋã çăáâĺæã, ă ćěńĺçĺŋă u, æěńĺłőň őŕàěďěńïîéăïáï ćğăĺňőďěľáâćĺěň, ŕàěďáâăćńïěâ áőąőľ áłőàőáâì (ąőčőńîąőćáłőčő) ğćãłă. Ŕàĺ ąőńìèĺå ĺňŕãńìáăå ĺğ (6.101) ŕőńãçăěň ε(p) ≈^{p2}_{2m} +^{v0}_{V0} , â.ě. áŕěłâà áćőąőďŋëå çăáâĺæ.

Šăłĺň őąàăğőň, ć őąńăáâĺ ňăńëå ĺňŕãńìáőć, ćğăĺňőďěľáâćĺě ąőğőŋőć ŕàĺćőďĺâ ł ŕőńŋőľ ŕěàěáâàőľłě áŕěłâàă íńěňěŋâăàŋëå ćőğąãęďěŋĺľ, łőâőàëľ őłăğëćăěâáï łăçěáâćěŋŋő ąńĺğłĺň ł áŕěłâàã, ŕőáâãńĺàőćăŋŋőňã Ńăŋďăã, ĺ ãďőćńěâćőàïěâ ãáńőćĺî áćěàåâěłãçěáâĺ:

v_c = ( ε(p) p ) p→0 = √ v_0 mV_0 > 0 (6.105)

őŕàěďěńïěâ áőőâćěâáâćãîéãî łàĺâĺçěáłãî áłőàőáâì, áőćŕăďăîéãî, ć ďăŋŋőľ ňőďěńĺ, áő áłőàőáâìî ğćãłă. Ĺğ ŕàőćěďěŋŋőčő ăŋăńĺğă ïáŋő, çâő ïćńěŋĺě ąőğěłőŋďěŋáăæĺĺ ĺčàăěâ őŕàěďěńïîéãî àőńì ć ćőğŋĺłŋőćěŋĺĺ ïćńěŋĺï áćěàåâěłãçěáâĺ.

Łćăŋâőćăï ęĺďłőáâì. Śŕěłâà äěàňĺěćáłőčő âĺŕă.

Ęĺďłőáâì, áőáâőïéăï ĺğ çăáâĺæ á ŕőńãæěńëň áŕĺŋőň (äěàňĺ{ęĺďłőáâì), őąńăďăěâ áŕěłâàőň íńěňěŋâăàŋëå ćőğąãęďěŋĺľ ĺ áćőľáâćăňĺ, àăďĺłăńìŋő őâńĺçăîéĺňĺáï őâ áńãçăï ąőğě{ęĺďłőáâĺ. Ŕàĺňěàőň àěăńìŋőľ äěàňĺ{ęĺďłőáâĺ ïćńïěâáï He^3. İńěłâàőŋë ć ňěâăńńăå âăłęě őąàăğãîâ ęĺďłőáâì äěàňĺěćáłőčő âĺŕă. Ąőńěě íłğőâĺçěáłĺň ŕàĺňěàőň ňőčãâ ąëâì ŋãłńőŋë ć ăâőňŋëå ïďàăå, ćěéěáâćő ŋěľâàőŋŋëå ğćěğď ĺ â.ŕ. Ňë ãćĺďĺň, çâő íŋěàčěâĺçěáłĺľ áŕěłâà łćăŋâőćőľ ęĺďłőáâĺ äěàňĺěćáłőčő âĺŕă ć ĺğćěáâŋőň áňëáńě ăŋăńőčĺçěŋ áŕěłâàã ĺďěăńìŋőčő äěàňĺ-čăğă, ă àőńì íääěłâőć ćğăĺňőďěľáâćĺï áćőďĺâáï ł áàăćŋĺâěńìŋő ŋěąőńìèĺň \ŕěàěŋőàňĺàőćłăň" íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěňëå ćěńĺçĺŋ.

Ťěŋőňěŋőńőčĺçěáłăï âěőàĺï äěàňĺ{ęĺďłőáâĺ ąëńă ŕàěďńőęěŋă Ńăŋďăã. Ĺáåőďŋëľ ŕãŋłâ ŕàĺ ŕőáâàőěŋĺĺ íâőľ âěőàĺĺ áőáâőĺâ ć ãâćěàęďěŋĺĺ, çâő łńăááĺäĺłăæĺï ãàőćŋěľ íŋěàčĺĺ äěàňĺěćáłőľ áĺáâěňë őáâăěâáï ŋěĺğňěŋŋőľ ŕàĺ \ćłńîçěŋĺĺ" ćğăĺňőďěľáâćĺï ňěęďã çăáâĺæăňĺ, â.ě. ŕàĺ ŕěàěåőďě őâ äěàňĺ-čăğă ł äěàňĺ-ęĺďłőáâĺ. Ć íâőľ łńăááĺäĺłăæĺĺ àőńì çăáâĺæ čăğă ŕěàěåőďĺâ ł íńěňěŋâăàŋëň ćőğąãęďěŋĺïň, çĺáńő łőâőàëå áőćŕăďăěâ á çĺáńőň çăáâĺæ ĺ łőâőàëě ŕőďçĺŋïîâáï áâăâĺáâĺłě Ťěàňĺ.

128 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Ŕãáâì n_p { äãŋłæĺï àăáŕàěďěńěŋĺï łćăğĺçăáâĺæ ŕő ĺňŕãńìáăň. Őáŋőćŋőě áőáâőïŋĺě áőőâćěâáâćãěâ äãŋłæĺĺ àăáŕàěďěńěŋĺï, ć łőâőàőľ ğăŋïâë ćáě áőáâőïŋĺï łćăğĺçăáâĺæ á p < p_F (áäěàă Ťěàňĺ ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě). Ćěńĺçĺŋă p_F áćïğăŋă á ŕńőâŋőáâìî ęĺďłőáâĺ (çĺáńőň çăáâĺæ ć ěďĺŋĺæě őąêěňă) âăłőľ ęě äőàňãńőľ (5.43), łăł ĺ ć áńãçăě äěàňĺ-čăğă^{10}:

p_F = (3π^2)^{1/3} ( N V )_{1/3} —h. (6.106)

Ćăęŋő, őďŋăłő, ŕőďçěàłŋãâì, çâő ŕőńŋăï íŋěàčĺï ęĺďłőáâĺ E ŋě áćőďĺâáï ł áãňňě íŋěàčĺľ łćăğĺçăáâĺæ: E ŕàěďáâăćńïěâ áőąőľ äãŋłæĺőŋăń^{11} őâ äãŋłæĺĺ àăáŕàěďěńěŋĺï őąéěčő ćĺďă, ŋě áćőďïéĺľáï ł ∫ dτ n_pε_p, łăł íâő ĺňěěâ ňěáâő ć ĺďěăńìŋőň čăğě. Ŕěàćĺçŋëň ŕőŋïâĺěň ïćńïěâáï ĺňěŋŋő E, ŕàĺ T = 0 áőćŕăďăîéăï á íŋěàčĺěľ őáŋőćŋőčő áőáâőïŋĺï äěàňĺ-ęĺďłőáâĺ.

Ŋőàňĺàãěň äãŋłæĺî àăáŕàěďěńěŋĺï ãáńőćĺěň: ∫ dτ n_p = N V (6.109)

čďě N { çĺáńő çăáâĺæ ęĺďłőáâĺ, dτ = d^3p/(2π—h)^3. Ĺğňěŋěŋĺě E ŕàĺ ąěáłőŋěçŋő ňăńőň ĺğňěŋěŋĺĺ äãŋłæĺĺ àăáŕàěďěńěŋĺï ňőęŋő ğăŕĺáăâì ć ćĺďě: δE V = ∫ dτ ε_pδn_p (6.110)

ε_p = δE δn_p (6.111)

Ćěńĺçĺŋă ε_p ěáâì ćăàĺăæĺőŋŋăï (äãŋłæĺőŋăńìŋăï) ŕàőĺğćőďŋăï íŋěàčĺĺ ŕő äãŋłæĺĺ àăáŕàěďěńěŋĺï, őŋă áőőâćěâáâćãěâ ĺğňěŋěŋĺî íŋěàčĺĺ áĺáâěňë ŕàĺ ďőąăćńěŋĺĺ őďŋőľ łćăğĺçăáâĺæë á ĺňŕãńìáőň p. İâă ćěńĺçĺŋă áăňă ïćńïěâáï äãŋłæĺőŋăńőň äãŋłæĺĺ àăáŕàěďěńěŋĺï, â.ě. ćĺď ε_p őŕàěďěńïěâáï àăáŕàěďěńěŋĺěň ćáěå łćăğĺçăáâĺæ ć ęĺďłőáâĺ.

Ťãŋłæĺï àăáŕàěďěńěŋĺï łćăğĺçăáâĺæ ĺňěěâ (ć àăćŋőćěáĺĺ) ćĺď őąëçŋőčő àăáŕàěďěńěŋĺï Ťěàňĺ. Ć áăňőň ďěńě, ććĺďã áőćŕăďěŋĺï łńăááĺäĺłăæĺĺ ãàőćŋěľ íŋěàčĺĺ ęĺďłőáâĺ ĺ ĺďěăńìŋőčő äěàňĺ-čăğă, íŋâàőŕĺï ęĺďłőáâĺ őŕàěďěńïěâáï âěň ęě łőňąĺŋăâőàŋëň ćëàăęěŋĺěň (5.15), łőâőàőě ć áńãçăě ęĺďłőáâĺ ňőęŋő ŕěàěŕĺáăâì łăł: S = − ∫ dτ [n_p ln n_p + (1 − n_p) ln(1 − n_p)] (6.112)

10İâőâ àěğãńìâăâ ïćńïěâáï, łăł ńěčłő ŕőŋïâì, ŕàïňëň áńěďáâćĺěň áďěńăŋŋőčő ŕàěďŕőńőęěŋĺï ő łńăááĺäĺłăæĺĺ ãàőćŋěľ.

11Őąëçŋăï äãŋłæĺï őáãéěáâćńïěâ őâőąàăęěŋĺě őďŋőčő ňŋőęěáâćă çĺáěń ć ďàãčőě. Ťãŋłæĺőŋăń { íâő őâőąàăęěŋĺě ňŋőęěáâćă äãŋłæĺľ ć ňŋőęěáâćő çĺáěń. Šĺŕĺçŋëľ ŕàĺňěà äãŋłæĺőŋăńă { őŕàěďěńěŋŋëľ ĺŋâěčàăń: F [f(x)] = ∫_b a dxf(x). Ğăňěâĺň, çâő äãŋłæĺï őâ äãŋłæĺĺ ěáâì áŋőćă äãŋłæĺï, ă őâŋîďì ŋě äãŋłæĺőŋăń. Ĺáŕőńìğãěňőě ďăńěě äãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě ňőęŋő őŕàěďěńĺâì äőàňăńìŋő áńěďãîéĺň őąàăğőň: δF [f(x)] δf(y) = lim_{ε→0} F [f(x) + εδ(x^− y)]^− F [f(x)] ε . (6.107)

Ŋăŕàĺňěà, ďńï F [f(x)] ć ćĺďě őŕàěďěńěŋŋőčő ĺŋâěčàăńă: δF [f(x)] δf(y) = lim_{ε→0} 1 ε [∫ dx[f(x) + εδ(x − y)] − ∫ dxf(x) ] = ∫ dxδ(x − y) = 1 (6.108)

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 129

Ćăàìĺàãï íâő ćëàăęěŋĺě ŕàĺ ďőŕőńŋĺâěńìŋëå ãáńőćĺïå ŕőáâőïŋáâćă ŕőńŋőčő çĺáńă çăáâĺæ ĺ ŕőńŋőľ íŋěàčĺĺ, ňőęŋő łăł ĺ ć áńãçăě čăğă ŕőńãçĺâì:

n_p = 1 e^{εp −μ}T + 1 (6.113)

Ŕőďçěàłŋěň, őďŋăłő, çâő ε_p ğďěáì ïćńïěâáï äãŋłæĺőŋăńőň n_p, âăł çâő (6.113) ŕàěďáâăćńïěâ áőąőľ áńőęŋőě ŋěïćŋőě őŕàěďěńěŋĺě n_p. Ć àăňłăå ňĺłàőáłőŕĺçěáłőčő ŕőďåőďă ł âěőàĺĺ äěàňĺ-ęĺďłőáâĺ ňőęŋő ďőłăğăâì őąéěě ãâćěàęďěŋĺě ő ŋăńĺçĺĺ áłăçłă^{12} ć àăáŕàěďěńěŋĺĺ çăáâĺæ ęĺďłőáâĺ ŕàĺ ε_p = μ ŕàĺ T = 0 (âěőàěňă Ňĺčďăńă), çâő ďőłăğëćăěâ áãéěáâćőćăŋĺě ŕőćěàåŋőáâĺ Ťěàňĺ ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć. Ŕőğęě ňë ěéě ćěàŋěňáï ł íâőňã ćőŕàőáã.

Ćáŕőňŋĺň âěŕěàì ŕàő áŕĺŋ łćăğĺçăáâĺæ ⃗σ. Ć őďŋőàőďŋőľ ĺğőâàőŕŋőľ ęĺďłőáâĺ áłăńïàŋăï ćěńĺçĺŋă ε ňőęěâ ğăćĺáěâì âőńìłő őâ áłăńïàŋëå ăàčãňěŋâőć, âăł çâő ⃗σ ňőęěâ ćåőďĺâì ć íŋěàčĺî łćăğĺçăáâĺæ (ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï!) âőńìłő ć ćĺďě ^σ^2 ĺńĺ (⃗σp)^2 (ŕěàćăï áâěŕěŋì ⃗σp ŋěďőŕãáâĺňă, ŕőáłőńìłã ïćńïěâáï ŕáěćďőáłăńïàőň ĺğ-ğă ăłáĺăńìŋőáâĺ ćěłâőàă áŕĺŋă). Ďńï áŕĺŋă s = 1/2 ĺňěěň:

⃗σ^2 = 3 4 (⃗σp)^2 = 14p^2 (6.114)

âăł çâő ćěńĺçĺŋă σ ŕőńŋőáâìî ćëŕăďăěâ ĺ íŋěàčĺï łćăğĺçăáâĺæ ćőćáě ŋě ğăćĺáĺâ őâ áŕĺŋă. Śőőâćěâáâćěŋŋő, ćáě ãàőćŋĺ ďćãłàăâŋő ćëàőęďěŋë ĺ ŋãęŋő ćěğďě ŕĺáăâì dτ = 2^{d3p}_{(2πh̄)3} .

Ňë ŕàĺŕĺáăńĺ łăęďőľ łćăğĺçăáâĺæě őŕàěďěńěŋŋëľ ĺňŕãńìá. Şáńőćĺě ŕàĺňěŋĺňőáâĺ íâőčő ŕàěďŕőńőęěŋĺï âàěąãěâ, çâőąë ŋěőŕàěďěńěŋŋőáâì ĺňŕãńìáă ąëńă ňăńă ŋě âőńìłő ć áàăćŋěŋĺĺ á ćěńĺçĺŋőľ áăňőčő ĺňŕãńìáă, ŋő ĺ ŕő áàăćŋěŋĺî á èĺàĺŋőľ őąńăáâĺ \àăğňëâĺï" äãŋłæĺĺ àăáŕàěďěńěŋĺï. Ć áĺńã ŕàĺŋæĺŕă Ŕăãńĺ ćğăĺňŋő àăááěĺćăâìáï ňőčãâ âőńìłő łćăğĺçăáâĺæë ĺğ őąńăáâĺ àăğňëâĺï, ŕàĺçěň ć àěğãńìâăâě àăááěïŋĺï őŋĺ ďőńęŋë ŕěàěåőďĺâì ć áćőąőďŋëě áőáâőïŋĺï ć âőľ ęě őąńăáâĺ. Ŕőíâőňã ćěàőïâŋőáâì áâőńłŋőćěŋĺï ŕàőŕőàæĺőŋăńìŋă łćăďàăâã èĺàĺŋë ´p íâőľ őąńăáâĺ. Śőőâćěâáâćěŋŋő, ŕőàïďłă ´p^2 ĺ ŋěőŕàěďěńěŋŋőáâì ĺňŕãńìáă, áćïğăŋŋăï á ŕàőæěááăňĺ àăááěïŋĺï. Őâáîďă ïáŋő, çâő ŕàĺ ďőáâăâőçŋő ňăńőľ ´p ŋěőŕàěďěńěŋŋőáâì ĺňŕãńìáă ąãďěâ ňăńă ŋě âőńìłő ŕő áàăćŋěŋĺî á p_F , ŋő ĺ ŕő áàăćŋěŋĺî á ´p, ďőáâăâőçŋő ąńĺğłő ł ŕőćěàåŋőáâĺ Ťěàňĺ łćăğĺçăáâĺæë ćáěčďă åőàőèő őŕàěďěńěŋë.

Šăłĺň őąàăğőň ćěńĺçĺŋă ε_p ĺňěěâ ŋěŕőáàěďáâćěŋŋëľ äĺğĺçěáłĺľ áňëáń ńĺèì ć őłàěáâŋőáâĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Řăğńăčăï ěě ğďěáì ć àïď ŕő áâěŕěŋïň p−p_F , ĺňěěň:

ξ_p = ε_p − μ ≈ v_F (|p| − p_F ) μ = ε_F (6.115)

čďě v_F =^{∂εp}_{∂p} |_{p=pF} { áłőàőáâì ŋă ŕőćěàåŋőáâĺ Ťěàňĺ.

Ćëèě ãęě őâňěçăńőáì, çâő ŕàĺ àőęďěŋĺĺ łćăğĺçăáâĺæ, ňőňěŋâ ĺňŕãńìáă łćăŋâőćőľ áĺáâěňë ňőęěâ ĺğňěŋïâìáï âőńìłő ŋă æěńőě çĺáńő. Ć ŕàĺňěŋěŋĺĺ ł äěàňĺőŋăň áő áŕĺŋőň s = 1/2 íâő őğŋăçăěâ, çâő łćăğĺçăáâĺæë ňőčãâ àőęďăâìáï ŕőŕăàŋő. Ć äěàňĺ-ęĺďłőáâĺ âăł ĺ ŕàőĺáåőďĺâ: àőęďěŋĺě çăáâĺæë á íŋěàčĺěľ (6.115) ŋăď őáŋőćŋëň áőáâőïŋĺěň ĺďěâ ŕãâěň ěě ćőğąãęďěŋĺï ĺğ ğăŕőńŋěŋŋőľ áäěàë Ťěàňĺ, çâő áőŕàőćőęďăěâáï őďŋőćàěňěŋŋëň àőęďěŋĺěň ďëàłĺ (á âőľ ęě íŋěàčĺěľ) ŕőď ŕőćěàåŋőáâìî Ťěàňĺ.

12Ćěńĺçĺŋă íâőčő áłăçłă ć äěàňĺ-ęĺďłőáâĺ < 1, ć őâńĺçĺě őâ äěàňĺ-čăğă.

130 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

Ć ĺďěăńìŋőň äěàňĺ-čăğě ε_p = p^2/2m ĺ v_F = p_F /m. Ŕő ăŋăńőčĺĺ, ć äěàňĺęĺďłőáâĺ ňőęŋő ććěáâĺ ćěńĺçĺŋã

m^∗ = p_F v_F (6.116)

ĺ ŋăğćăâì ěě íääěłâĺćŋőľ ňăááőľ łćăğĺçăáâĺæ^{13}. Šőčďă âěŕńőěňłőáâì äěàňĺęĺďłőáâĺ ďăěâáï \čăğőćőľ" äőàňãńőľ (5.70) á ğăňěŋőľ m → m^∗: C = π^2 3 ν_F T ν_F = m^∗p_F π^2—h^3

(6.117)

Ŕàĺ àăááňőâàěŋĺĺ áĺáâěň á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ ãďőąŋő ĺáŕőńìğőćăâì âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ˙ = F − μN . Ŕàĺ T = 0 ĺňěěň, őçěćĺďŋő, F = E, âăł çâő ˙ = E − μN . Řăááňőâàĺň \ćőğąãęďěŋŋőě" áőáâőïŋĺě áĺáâěňë, őąàăğőćăć àăğŋőáâì:

˙ − ˙_0 = E − E_0 − μ(N − N_0) (6.118)

čďě ĺŋďěłá 0 őâŋőáĺâáï ł őáŋőćŋőňã áőáâőïŋĺî. Śőčńăáŋő čĺŕőâěğě Ńăŋďăã, ďőąăćńěŋĺě őďŋőľ łćăğĺçăáâĺæë ł őáŋőćŋőňã áőáâőïŋĺî áőőâćěâáâćãěâ ďőąăćńěŋĺî âőçŋő őďŋőľ \čőńőľ" çăáâĺæë ł àăááňăâàĺćăěňőľ äěàňĺ-áĺáâěňě: áőáâőïŋĺě á őďŋőľ ďőąăćőçŋőľ łćăğĺçăáâĺæěľ ŕőńãçăěâáï ĺğ áőáâőïŋĺï ĺďěăńìŋőľ áĺáâěňë, áőďěàęăéěľ N + 1 çăáâĺæ, ă ŕőńŋőě çĺáńő çăáâĺæ áőåàăŋïěâáï ŕàĺ ăďĺăąăâĺçěáłőň ćłńîçěŋĺĺ ćğăĺňőďěľáâćĺï. Ĺňěěň:

N − N_0 = ∑ p δn_p = ∫ dτ δn_p (6.119)

Ŕőáłőńìłã, áőčńăáŋő (6.111):

E[n_p] = E_0 + ∑ p ε_pδn_p + O(δn^2_p) (6.120)

ŕőńãçĺň: ˙ − ˙_0 = ∑ p (ε_p − μ)δn_p + O(δn^2_p) (6.121)

Ŕőáłőńìłã ňë àăááňăâàĺćăěň ŋěąőńìèĺě ćăàĺăæĺĺ δn_p ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, â.ě. ć âőŋłőň íŋěàčěâĺçěáłőň áńőě ∼ δ őłőńő ŋěě, âő ćěńĺçĺŋă ε_p − μ ∼ δ. Ŋő ĺ δn_p ∼ δ, âăł çâő ˙ − ˙_0 ∼ δ^2, ŕőíâőňã ć àăğńőęěŋĺĺ (6.121) ŋãęŋő ćëŕĺáăâì ćáě çńěŋë ∼ δ^2. Šőčďă ğăŕĺèěň:

˙ − ˙_0 = ∑ p (ε_p − μ)δn_p + 1 2 ∑ pp^′ f(p, p^′)δnpδnp′ + O(δ^3_p ) (6.122)

čďě ććěńĺ:

f(p, p^′) =^{δ2E}_{δnpδnp′} (6.123)

13Ŋăŕàĺňěà, ďńï ęĺďłőčő He^3 ĺğ íłáŕěàĺňěŋâă ĺğćěáâŋő, çâő m^∗ ≈ 2.4m_{He}3, p_F /—h ≈ 0.8 10^8áň^{−1}. Őąńăáâì ŕàĺňěŋĺňőáâĺ âěőàĺĺ äěàňĺ-ęĺďłőáâĺ ďńï He^3 őčàăŋĺçěŋă T < 0.5K.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 131

{ âăł ŋăğëćăěňãî äãŋłæĺî Ńăŋďăã, őŕĺáëćăîéãî ćğăĺňőďěľáâćĺě łćăğĺçăáâĺæ. Ć áăňőň ďěńě, ĺğ őŕàěďěńěŋĺï (6.111) ĺ (6.122) ćĺďŋő, çâő ćăàĺăæĺï δn_p ŕàĺćőďĺâ ł ĺğňěŋěŋĺî íŋěàčĺĺ łćăğĺçăáâĺæë: δεp = ∫ dτ^′f(p, p^′)δn_p′ (6.124)

łőâőàőě æěńĺłőň őŕàěďěńïěâáï äãŋłæĺěľ Ńăŋďăã. Ć íâőň čńăćŋőě őâńĺçĺě âěőàĺĺ äěàňĺ-ęĺďłőáâĺ őâ ňőďěńĺ áćőąőďŋëå äěàňĺőŋőć.

Ąãďěň áçĺâăâì äãŋłæĺî f(p, p^′) ŋěŕàěàëćŋőľ ŕàĺ p ĺ p^′ ąńĺğłĺå ł p_F . Ŕàăłâĺçěáłĺ âàěąãěâáï ğŋăâì f(p, p^′) âőńìłő ŋă áăňőľ ŕőćěàåŋőáâĺ Ťěàňĺ, â.ě. ŕàĺ

|p| = |p^′| = pF . Šőčďă f(p, p^′) ğăćĺáĺâ âőńìłő őâ ćğăĺňŋőľ őàĺěŋâăæĺĺ ćěłâőàőć p ĺ p^′ (ãčńă ňěęďã ŋĺňĺ) ĺ őâ áŕĺŋőć σ,σ^′. Şďőąŋő ğăŕĺáăâì f(p, p^′), ćëďěńĺć

ěě ŋěğăćĺáĺňëě łőňŕőŋěŋâë, áőőâćěâáâćãîéĺě ŕăàăńńěńìŋőľ ĺ ăŋâĺŕăàăńńěńìŋőľ őàĺěŋâăæĺĺ áŕĺŋőć:

f_{↑↑}(p, p^′) = f^s(p, p^′) + f^a(p, p^′) (6.125) f_{↑↓}(p, p^′) = f^s(p, p^′) − f^a(p, p^′) (6.126) (6.127)

Ňőęŋő áłăğăâì, çâő ăŋâĺáĺňňěâàĺçŋăï çăáâì f^a(p, p^′) őąãáńőćńěŋă ŋěłőâőàőľ íŋěàčĺěľ őąňěŋŋőčő ćğăĺňőďěľáâćĺï 2f^a(p, p^′), łőâőàăï ŕőïćńïěâáï ńĺèì łőčďă áŕĺŋë ŕăàăńńěńìŋë. Ć ńĺâěàăâãàě çăáâő ĺáŕőńìğãěâáï ĺ ďàãčăï äőàňă ğăŕĺáĺ äãŋłæĺĺ Ńăŋďăã:

f_{σ,σ}′ (p, p^′) = φ(p, p^′) + (^σ^σ^′)ψ(p, p^′) (6.128)

čďě ^σ ĺ ^σ^′ { áŕĺŋőćëě ňăâàĺæë ďćãå äěàňĺőŋőć.

Ĺâăł, ć ĺğőâàőŕŋőľ ęĺďłőáâĺ äãŋłæĺĺ f^a(p, p^′) ĺ f^s(p, p^′) ğăćĺáïâ âőńìłő őâ ãčńă θ ňěęďã p ĺ p^′. Šőčďă ĺå ňőęŋő àăğńőęĺâì ć àïďë ŕő ŕőńĺŋőňăň Ńěęăŋďàă:

f^{s(a)}(p, p^′) = ∞∑ l=0 P_l(cos θ)f^{s(a)}_l (6.129)

Ŕàĺ íâőň äãŋłæĺï f(p, p^′) ŕőńŋőáâìî őŕàěďěńïěâáï ŋăąőàőň łőíääĺæĺěŋâőć f^s_l ĺ f^a_l , ŋăğëćăěňëå äěàňĺ-ęĺďłőáâŋëňĺ łőŋáâăŋâăňĺ. Şďőąŋő ććěáâĺ ąěğàăğňěàŋëě łőŋáâăŋâë F^{s,(a)}_l á ŕőňőéìî:

ν_F f^{s,(a)}_l = m^∗p_F π^2—h^3 f^{s,(a)}_l ≡ F^{s,(a)}_l (6.130)

Ćěńĺçĺŋë íâĺå łőŋáâăŋâ őŕàěďěńïîâ äěàňĺ-ęĺďłőáâŋëě ŕěàěŋőàňĺàőćłĺ àïďă äĺğĺçěáłĺå åăàăłâěàĺáâĺł äěàňĺ-ęĺďłőáâĺ, áőőâćěâáâćěŋŋő åőâï-ąë çăáâì ĺğ ŋĺå ňőęŋő őŕàěďěńĺâì ĺğ íłáŕěàĺňěŋâă. Őąëçŋő őłăğëćăîâáï áãéěáâćěŋŋëňĺ âőńìłő ŋěáłőńìłő ŕěàćëå łőŋáâăŋâ. Ć çăáâŋőáâĺ, ňőęŋő ćëćěáâĺ áńěďãîéěě áőőâŋőèěŋĺě ňěęďã ĺáâĺŋŋőľ ňăááőľ çăáâĺæ ĺ íääěłâĺćŋőľ ňăááőľ łćăğĺçăáâĺæë ć äěàňĺęĺďłőáâĺ [3, 23]: 1 m = 1 m^∗ + p_F (2π—h)^3 4π ∫ d cos θ cos θf(p, p^′) (6.131)

132 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

łőâőàőě, á ãçěâőň (6.129), (6.130) ĺ áćőľáâć ŕőńĺŋőňőć Ńěęăŋďàă ďăěâ: m^∗ m = 1 +

F^s_1 3 (6.132)

Ğăňěâĺň, çâő őâáîďă á őçěćĺďŋőáâìî áńěďãěâ őčàăŋĺçěŋĺě F^s_1 > −3. Ăŋăńőčĺçŋëň őąàăğőň, ãçâï ćğăĺňőďěľáâćĺě á ćŋěèŋĺň ňăčŋĺâŋëň ŕőńěň (áň. ŋĺęě), ňőęŋő ŋăľâĺ áŕĺŋőćãî (ŕăàăňăčŋĺâŋãî) ćőáŕàĺĺňçĺćőáâì äěàňĺ-ęĺďłőáâĺ [3, 23]:

χ_p = μ^2_B m^∗p_F π^2—h^3 1 1 + F^a_0

(6.133)

łőâőàăï őâńĺçăěâáï őâ áőőâćěâáâćãîéěčő ćëàăęěŋĺï ďńï äěàňĺ-čăğă (5.79) ğăňěŋőľ m → m^∗ ĺ äěàňĺ-ęĺďłőáâŋőľ ŕěàěŋőàňĺàőćłőľ 1 + F^a_0 .

İńěłâàőŋŋăï äěàňĺ{ęĺďłőáâì ňěâăńńőć�.

Ćëèě ňë ŕőďàăğãňěćăńĺ, çâő äěàňĺ-ęĺďłőáâì áőáâőĺâ ĺğ ŋěľâàăńìŋëå çăáâĺæ (ŋăŕàĺňěà He^3), âăł çâő ĺå ćğăĺňőďěľáâćĺě ĺňěěâ łőàőâłőďěľáâćãîéĺľ åăàăłâěà. Łőčďă àěçì ĺďěâ ő íńěłâàőŋŋőľ äěàňĺ-ęĺďłőáâĺ ňěâăńńőć, áâăŋőćĺâáï áãéěáâćěŋŋőľ àőńì ďăńìŋőďěľáâćãîéěčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. Ŕàĺ ŋăńĺçĺĺ ďăńìŋőďěľáâćãîéĺå áĺń, ćőőąéě čőćőàï, ŋăàãèăěâáï őáŋőćŋőě áőőâŋőèěŋĺě âěőàĺĺ äěàňĺęĺďłőáâĺ (6.124). Őłăğëćăěâáï, őďŋăłő, çâő ňőęŋő ŕàěďńőęĺâì ŋěłőâőàëľ őąőąéěŋŋëľ ŕőďåőď ł âěőàĺĺ ğăàïęěŋŋëå äěàňĺ-ęĺďłőáâěľ (Śĺńĺŋ), łőâőàëľ łőààěłâŋő ãçĺâëćăěâ àőńì łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ĺ, ć ğŋăçĺâěńìŋőľ ňěàě, ŕàĺćőďĺâ âěőàĺî ł ćĺďã ćěáìňă ąńĺğłőňã ł âěőàĺĺ ŋěľâàăńìŋőľ äěàňĺ-ęĺďłőáâĺ.

Ŕàěęďě ćáěčő ğăňěâĺň, çâő ć őąéěň áńãçăě ńőłăńìŋőľ ćő ćàěňěŋĺ áćïğĺ ňőęŋő ğăŕĺáăâì őąőąéěŋĺě (6.124) ć ćĺďě: δε(p, r) = Spσ′ ∫ dr^′ ∫ d^3p^′ (2π—h)^3

F (p, p^′; r, r^′)δn(p^′, r^′) (6.134)

čďě ććěńĺ ïćŋãî ğăćĺáĺňőáâì őâ łőőàďĺŋăâ äãŋłæĺĺ àăáŕàěďěńěŋĺï (çâő ŋãęŋő ďńï àăááňőâàěŋĺï ŕàőáâàăŋáâćěŋŋő ŋěőďŋőàőďŋëå ćőğňãéěŋĺľ) ĺ ćëŕĺáăńĺ Sp ŕő áŕĺŋőćőľ ŕěàěňěŋŋőľ^{14}. Ćěńĺçĺŋă F (p, p^′; r, r^′) { ćâőàăï ćăàĺăæĺőŋŋăï ŕàőĺğćőďŋăï íŋěàčĺĺ äěàňĺ-ęĺďłőáâĺ, âăłęě ğăćĺáĺâ ŋě âőńìłő őâ ĺňŕãńìáőć p ĺ p^′ ĺ áŕĺŋőć, ŋő ĺ őâ łőőàďĺŋăâ r ĺ r^′. Ć ŕàőáâěľèěň áńãçăě (ŕàĺąńĺęěŋĺě áăňőáőčńăáőćăŋŋőčő ŕőńï Ţăàâàĺ), ŕàěŋěąàěčăï őąňěŋŋëňĺ íääěłâăňĺ, ďńï çăáâĺæ, ćğăĺňőďěľáâćãîéĺå ŕő æěŋâàăńìŋőňã ğăłőŋã áĺń á ŕőâěŋæĺăńìŋőľ íŋěàčĺěľ U (|r − r^′|), ĺňěěň:

F_H (p, p^′; r, r^′) = U (|r − r^′|). (6.135)

İâő ćëàăęěŋĺě ćőğŋĺłăěâ ć ŕàěŋěąàěęěŋĺĺ łőààěńïæĺőŋŋëňĺ íääěłâăňĺ, ăŋăńőčĺçŋëňĺ âěň, çâő àăááňăâàĺćăńĺáì ćëèě ďńï łńăááĺçěáłőľ ŕńăğňë. Ŋăŕàőâĺć, àăğŋőáâì F − F_H æěńĺłőň őąãáńőćńěŋă íâĺňĺ íääěłâăňĺ, ĺğ łőâőàëå ŕàőáâěľèĺň

14Ťãŋłæĺĺ àăáŕàěďěńěŋĺï łćăğĺçăáâĺæ ğďěáì ŕőďàăğãňěćăěâáï ć áňëáńě Ćĺčŋěàă, çâőąë ãçěáâì łőőàďĺŋăâŋãî ğăćĺáĺňőáâì.

ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ 133

ïćńïěâáï íääěłâ őąňěŋŋőľ łőààěńïæĺĺ. Ćăęŋő, çâő åăàăłâěàŋëě àăááâőïŋĺï, ŋă łőâőàëå ŕàőïćńïîâáï łőààěńïæĺőŋŋëě íääěłâë, ŕőàïďłă ďńĺŋë ćőńŋë íńěłâàőŋă ŋă ãàőćŋě Ťěàňĺ, â.ě. ŕőàïďłă áàěďŋěčő àăááâőïŋĺï ňěęďã çăáâĺæăňĺ (íńěłâàőŋăňĺ) (N/V )^{−1/3} ∼ 10^{−8}áň (ć ňěâăńńě). Ŕőíâőňã, ďńï ŕàăłâĺçěáłĺ ĺŋâěàěáŋőčő łàãčă ğăďăç, łőčďă åăàăłâěàŋëľ ňăáèâăą ĺğňěŋěŋĺï àăáŕàěďěńěŋĺï łćăğĺçăáâĺæ áãéěáâćěŋŋő ŕàěćëèăěâ àăďĺãá łőààěńïæĺľ, ňőęŋő ŕàĺŋïâì:

F (p, p^′; r, r^′) − FH (p, p^′; r, r^′) ≈ δ(r − r^′)f(p, p^′) (6.136)

Šőčďă (6.134) ŕěàěŕĺáëćăěâáï ć ćĺďě: δε(p, r) = Spσ′ ∫ dr^′ ∫ d^3p^′ (2π—h)^3

U (|r − r^′|)δn(p^′, r^′) + Sp_σ′ ∫ d^3p^′ (2π—h)^3

f(p, p^′)δn(p^′, r)

(6.137) Ďńï íńěłâàőŋőć ć ňěâăńńě U (r) = e^2/r. Ć àăćŋőćěáŋőň áőáâőïŋĺĺ, łőčďă àăáŕàěďěńěŋĺě çăáâĺæ ŋě ğăćĺáĺâ őâ łőőàďĺŋăâ, ŕàőáâàăŋáâćěŋŋő ŋěńőłăńìŋăï áćïğì ć ŕěàćőň áńăčăěňőň (6.137) ŋěáãéěáâćěŋŋă, âăł çâő áćőľáâćă áĺáâěňë ğăàïęěŋŋëå çăáâĺæ ć ĺğćěáâŋőň áňëáńě ŕőďőąŋë àăááňőâàěŋŋëň ćëèě áćőľáâćăň ŋěľâàăńìŋőľ äěàňĺ-ęĺďłőáâĺ. Ğăňěâĺň, çâő ŕěàćőě áńăčăěňőě ć (6.137), ěáńĺ ŕőŋĺňăâì ěčő ąãłćăńìŋő, àăáåőďĺâáï ć áńãçăě ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋëå àăáŕàěďěńěŋĺľ, İâă àăáåőďĺňőáâì, őďŋăłő, äĺłâĺćŋă, ěáńĺ ãçěáâì áãéěáâćőćăŋĺě ć ňěâăńńě őďŋőàőďŋőčő äőŋă ŕőńőęĺâěńìŋëå ĺőŋőć, őąěáŕěçĺćăîéěčő őąéãî íńěłâàőŋěľâàăńìŋőáâì áĺáâěňë. Ďńï ŕàőáâàăŋáâćěŋŋő ŋěőďŋőàőďŋëå àăáŕàěďěńěŋĺľ íâő áńăčăěňőě ňőęěâ àăááňăâàĺćăâìáï łăł ŕàőïćńěŋĺě áăňőáőčńăáőćăŋŋőčő áłăńïàŋőčő ŕőâěŋæĺăńă φ(r): eφ(r) = Spσ′ ∫ dr^′ ∫ d^3p^′ (2π—h)^3 e^2

|r − r^′|^{δn}(p^{′,} r^′)^. (6.138)

İâőâ ŕőâěŋæĺăń ňőęŋő ŋăľâĺ àěèăï ãàăćŋěŋĺě Ŕãăááőŋă: ∇^2φ(r) = −4πeSp_σ′ ∫ d^3p^′ (2π—h)^3

δn(p^′, r) (6.139)

łőâőàőě őłăğëćăěâáï ŋěőąåőďĺňőľ áőáâăćŋőľ çăáâìî âěőàĺĺ ğăàïęěŋŋőľ äěàňĺęĺďłőáâĺ Ńăŋďăã { Śĺńĺŋă.

Şçâěň ěéě ćğăĺňőďěľáâćĺě á ňăčŋĺâŋëň ŕőńěň B. Šőčďă ćëàăęěŋĺě (6.137) ďńï ğăàïęěŋŋőľ äěàňĺ-ęĺďłőáâĺ ŕěàěŕĺáëćăěâáï ć ćĺďě: δε(p, r) = −μB⃗σB + eφ(r) + Spσ′ ∫ d^3p^′ (2π—h)^3

f(p, p^′)δn(p, r) (6.140)

Ćăęŋő, çâő ćěńĺçĺŋë δε ĺ φ őŕàěďěńïîâáï âěŕěàì áĺáâěňőľ áćïğăŋŋëå ãàăćŋěŋĺľ (6.139), (6.140) áăňőáőčńăáőćăŋŋëň őąàăğőň. Ć çăáâŋőáâĺ, őâáîďă ňőęŋő ŕőńãçĺâì ĺ ïćńěŋĺě íłàăŋĺàőćłĺ ďăńìŋőďěľáâćãîéĺå łãńőŋőćáłĺå áĺń ć łćăŋâőćőľ áĺáâěňě, ăŋăńőčĺçŋőě őŕĺáăŋŋőňã ćëèě ďńï łńăááĺçěáłőľ ŕńăğňë [23].

Ć ãáńőćĺïå, łőčďă ňőęŋő ŕàěŋěąàěçì àěńïâĺćĺáâáłĺňĺ íääěłâăňĺ áŕĺŋ { őàąĺâăńìŋőčő ćğăĺňőďěľáâćĺï äãŋłæĺî f(p, p^′) ňőęŋő áŋőćă ŕàěďáâăćĺâì ć ćĺďě (6.127) ĺńĺ (6.128). Ďăńěě ňőęŋő áŋőćă ććěáâĺ äěàňĺ-ęĺďłőáâŋëě łőŋáâăŋâë (6.129), (6.130), łőâőàëě ŕőďńěęăâ őŕàěďěńěŋĺî ĺğ íłáŕěàĺňěŋâă. Ć àěğãńìâăâě, ĺ ć âěőàĺĺ ğăàïęěŋŋőľ äěàňĺ-ęĺďłőáâĺ ňőčãâ ąëâì ŕőńãçěŋë ćëàăęěŋĺï ďńï âěŕńőěňłőáâĺ (6.117), íääěłâĺćŋőľ ňăááë (6.132) ĺ áŕĺŋőćőľ ćőáŕàĺĺňçĺćőáâĺ (6.133), áőćěàèěŋŋő ăŋăńőčĺçŋëě áńãçăî ŋěľâàăńìŋőľ äěàňĺ-ęĺďłőáâĺ [23]. Ěáâěáâćěŋŋő, çâő

134 ŁŐŊĎĚŊŚĹŘŐĆĂŊŊŻĚ ŠĚŃĂ

ğŋăçěŋĺï äěàňĺ-ęĺďłőáâŋëå łőŋáâăŋâ ć àăğŋëå ňěâăńńăå àăğńĺçŋë ĺ őâńĺçăîâáï őâ âăłőćëå ć ęĺďłőň He^3, ïćńïïáì åăàăłâěàĺáâĺłőľ ćğăĺňőďěľáâćĺï łćăğĺçăáâĺæ ć ďăŋŋőň ćěéěáâćě. Łàőňě âőčő, ć ňěâăńńăå íńěłâàőŋŋăï äěàňĺ-ęĺďłőáâì ňőęěâ ąëâì ăŋĺğőâàőŕŋőľ, ă ŕőćěàåŋőáâì Ťěàňĺ ŋě áäěàĺçěáłőľ, çâő őŕàěďěńïěâáï íääěłâăňĺ łàĺáâăńńĺçěáłőľ àěèěâłĺ. Ć íâőň áńãçăě âàěąãěâáï őąőąéěŋĺě àăááňőâàěŋŋőľ ĺğőâàőŕŋőľ ňőďěńĺ.

Čńăćă 7

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Łãŕěàőćáłăï ŋěãáâőľçĺćőáâì.

Ćëèě àăááňăâàĺćăńăáì âăł ŋăğëćăěňăï ŋőàňăńìŋăï äěàňĺ-ęĺďłőáâì, ć łőâőàőľ ćğăĺňőďěľáâćĺě çăáâĺæ ŋőáĺâ őââăńłĺćăâěńìŋëľ åăàăłâěà. Őłăğëćăěâáï, çâő őáŋőćŋőě áőáâőïŋĺě äěàňĺ-ęĺďłőáâĺ áâăŋőćĺâáï ŋěãáâőľçĺćëň, ěáńĺ ĺňěěâáï, äőàňăńìŋő áłőńì ãčőďŋő áńăąőě, ŕàĺâïęěŋĺě ňěęďã łćăğĺçăáâĺæăňĺ ć őłàěáâŋőáâĺ ŕőćěàåŋőáâĺ Ťěàňĺ. İâă ŋěãáâőľçĺćőáâì, őąŋăàãęěŋŋăï Łãŕěàőň, ŕàĺćőďĺâ ł őąàăğőćăŋĺî áćïğăŋŋëå áőáâőïŋĺľ äěàňĺőŋőć (łãŕěàőćáłĺå ŕăà), â.ě. íääěłâĺćŋëå ąőğőŋőć ć äěàňĺěćáłőľ áĺáâěňě. Őŋă ïćńïěâáï łńîçěćőľ ďńï ŕőŋĺňăŋĺï âăłĺå ïćńěŋĺľ łăł áćěàåŕàőćőďĺňőáâì ňěâăńńőć ĺ áćěàåâěłãçěáâì ęĺďłőčő He^3.

Ňë ŕàőćěďěň ŋěáłőńìłő ãŕàőéěŋŋőě àăááňőâàěŋĺě łãŕěàőćáłőľ ŋěãáâőľçĺćőáâĺ, łőâőàőě ďăěâ \ŕőçâĺ" ŕàăćĺńìŋëľ őâćěâ [24]. Ďńï őŕàěďěńěŋŋőáâĺ ąãďěň ĺňěâì ććĺďã íńěłâàőŋë ć ňěâăńńě. Ćëèě ãęě őâňěçăńőáì, çâő łćăğĺçăáâĺæë ć äěàňĺęĺďłőáâĺ àőęďăîâáï ŕőŕăàŋő (çăáâĺæă ŋăď ŕőćěàåŋőáâìî Ťěàňĺ, ďëàłă ŕőď ŋěľ). Ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, ć áőőâćěâáâćĺĺ á (6.115), ĺňěěň:

ξ_p = v_F (|p| − p_F ) (çăáâĺæă)

ξ_p = v_F (p_F − |p|) (ďëàłă) (7.1)

âăł çâő íŋěàčĺî łćăğĺçăáâĺæë ňőęŋő ğăŕĺáăâì łăł |ξ_p|.

Ąãďěň ĺŋâěàěáőćăâìáï ćğăĺňőďěľáâćĺěň ďćãå çăáâĺæ (ĺńĺ ďëàőł) ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Şàăćŋěŋĺě Ÿàěďĺŋčěàă ďńï ďćãå łćăğĺçăáâĺæ, ćğăĺňőďěľáâćãîéĺå á

136 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ŕőňőéìî ŕőâěŋæĺăńă U (r1, r2), ĺňěěâ ćĺď^1:

[H_0(r1) + H_0(r2) + U (r1, r2)]ψ(r1, r2) = Eψ(r1, r2) (7.2)

čďě H_0(r) { čăňĺńìâőŋĺăŋ áćőąőďŋőľ łćăğĺçăáâĺæë:

H_0(r)ψp(r) = |ξ_p|ψp(r) (7.3)

čďě ďńï áćőąőďŋőľ łćăğĺçăáâĺæë ψp(r) =^1√_V e^ipr^{/h̄}. Ąãďěň ĺŋâěàěáőćăâìáï ćőğňőęŋőáâìî őąàăğőćăŋĺï áćïğăŋŋőčő áőáâőïŋĺï íâĺå ďćãå çăáâĺæ (łãŕěàőćáłőľ ŕăàë). Ć őáŋőćŋőň áőáâőïŋĺĺ ĺňŕãńìá áćïğăŋŋőľ ŕăàë ďőńęěŋ ąëâì àăćěŋ ŋãńî ĺ, ć ŕàőáâěľèěň áńãçăě, ďőńęěŋ ąëâì àăćěŋ ŋãńî ěě áŕĺŋ^2. Ŕăàă ąãďěâ őŕĺáëćăâìáï áãŕěàŕőğĺæĺěľ áőáâőïŋĺľ ďćãå áćőąőďŋëå łćăğĺçăáâĺæ á ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ ĺ áŕĺŋăňĺ:

ψ(r1, r2) =^∑

p^c pψp↑(r1)ψ−p↓(r2) (7.4)

Ŕőďáâăćńïï íâő ć (7.2), ŕőńãçăěň ãàăćŋěŋĺě ďńï łőíääĺæĺěŋâőć cp: 2|ξp|cp +^∑ p^{′ U} pp^′ cp^′ = Ecp (7.5)

čďě Upp′ { ňăâàĺçŋëľ íńěňěŋâ ćğăĺňőďěľáâćĺï. Ŕàĺňěň ďńï íâőčő ňăâàĺçŋőčő íńěňěŋâă áńěďãîéãî ňőďěńì:

Upp^′ = { −g ŕàĺ p_F −^{h̄ωD}_{vF} < |p|, |p^′| < p_F +^{h̄ωD}_{vF} 0 ćŋě íâőčő ĺŋâěàćăńă.

(7.6)

Ğŋăł łőŋáâăŋâë ćğăĺňőďěľáâćĺï g ćëąàăŋ áőőâćěâáâćãîéĺň ŕàĺâïęěŋĺî, ă őčàăŋĺçěŋĺě ŋă ĺňŕãńìáë őğŋăçăěâ, çâő íâő ŕàĺâïęěŋĺě áãéěáâćãěâ âőńìłő ć áńőě èĺàĺŋőľ 2—hω_D ćőłàãč ãàőćŋï Ťěàňĺ. Šő őąáâőïâěńìáâćő, çâő ğďěáì äĺčãàĺàãěâ ďěąăěćáłăï çăáâőâă, áćïğăŋő ŕàőáâő á âěň, çâő ć ąőńìèĺŋáâćě àěăńìŋëå ňěâăńńőć ňĺłàőáłőŕĺçěáłĺľ ňěåăŋĺğň âăłőčő ŕàĺâïęěŋĺï áćïğăŋ á íńěłâàőŋ { äőŋőŋŋëň ćğăĺňőďěľáâćĺěň, ă äőŋőŋë ĺ ňőčãâ âőńìłő ďěľáâćőćăâì ŋă íńěłâàőŋë ć áńőě èĺàĺŋőľ 2—hω_D ≪ ε_F ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ.

Ĺğ (7.5) ĺ (7.6) ŋăåőďĺň ćëàăęěŋĺě ďńï łőíääĺæĺěŋâă cp:

cp =^{gI}2_{|ξ}p_{| − E} (7.7) čďě I = p^′=p_F +¯^{hωD}_{vF} ∑ p^′ =p_F −¯^{hωD}_{vF} cp^′ (7.8)

1Ĺňěŋŋő ğďěáì ćőğŋĺłăěâ ŋěłőâőàőě őčàãąńěŋĺě ĺáâĺŋŋőľ ňŋőčőçăáâĺçŋőľ ğăďăçĺ { ňë àăááňăâàĺćăěň ďćě ćëďěńěŋŋëě łćăğĺçăáâĺæë ŋă äőŋě \ęěáâłő" äĺłáĺàőćăŋŋőľ ŕőćěàåŋőáâĺ Ťěàňĺ.

2Ňë ąãďěň àăááňăâàĺćăâì ãŕàőéěŋŋãî ňőďěńì á ŕőçâĺ âőçěçŋëň ŕàĺâïęěŋĺěň łćăğĺçăáâĺæ, ă ŕàĺŋæĺŕ Ŕăãńĺ ğăŕàěéăěâ ďćãň äěàňĺőŋăň ĺňěâì őďĺŋăłőćëľ áŕĺŋ ć őďŋőľ âőçłě.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 137

Śćïğăŋŋőě áőáâőïŋĺě áőőâćěâáâćãěâ őâàĺæăâěńìŋőňã ğŋăçěŋĺî íŋěàčĺĺ E = −2´(´ > 0). Ŕőďáâăćńïï íâő ć (7.7), ă (7.7) ć (7.8), ŕőńãçăěň:

I = 1 2 gI p^′ =p_F +¯^{hωD}_{vF} ∑ p^′=p_F −¯^{hωD}_{vF} 1 |ξ_p′ | +´ =

= 1 2 gIν_F ∫_{h̄ωD} −h̄ω_D dξ 1 |ξ| +´ ≈ 1 2 gIν_F ln —hω_D ´ (7.9)

čďě ňë ŕěàěèńĺ őâ áãňňĺàőćăŋĺï ŕő p ł ĺŋâěčàĺàőćăŋĺî ŕő ξ = v_F (p − p_F ), ććěďï ŕńőâŋőáâì áőáâőïŋĺľ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ν_F =^{mpF}_{π2h̄}3 ĺ ãçńĺ, çâő ´ ≪ —hω_D. Ŕőáńěďŋĺľ łőíääĺæĺěŋâ 1/2 áćïğăŋ á âěň, çâő ňë ğďěáì áãňňĺàãěň ŕő áőáâőïŋĺïň őďŋőľ ĺğ łćăğĺçăáâĺæ ŕăàë, ã łőâőàőľ ŕàőěłæĺï áŕĺŋă ğăďăŋă, âőčďă łăł ŕńőâŋőáâì áőáâőïŋĺľ ν_F ğăŕĺáăŋă ďńï őąěĺå ŕàőěłæĺľ áŕĺŋă. Śőőâćěâáâćěŋŋő, ĺğ (7.9) ŕőńãçăěň ãàăćŋěŋĺě ďńï ´: 1 = 1 2 gν_F ln —hω_D ´ (7.10)

łőâőàőě ćáěčďă (ďăęě ŕàĺ áłőńì ãčőďŋő ňăńëå ğŋăçěŋĺïå g) ĺňěěâ ŋěâàĺćĺăńìŋőě àěèěŋĺě:

´ = —hω_D exp [ − 2 gν_F ] (7.11)

őŕàěďěńïîéěě łőŋěçŋãî íŋěàčĺî áćïğĺ ŕăàë. Šăłĺň őąàăğőň, ŋăèă äěàňĺěćáłăï áĺáâěňă ŋěãáâőľçĺćă őâŋőáĺâěńìŋő őąàăğőćăŋĺï áćïğăŋŋëå ŕăà íńěłâàőŋőć ŕàĺ áłőńì ãčőďŋő áńăąőň ŕàĺâïęěŋĺĺ ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. İâő ĺ ěáâì ŋěãáâőľçĺćőáâì Łãŕěàă. Ŕàőćěďěŋŋőě àăááňőâàěŋĺě ŋěáłőńìłő ŋěâőçŋő { àěçì èńă ő ďćãå ćëďěńěŋŋëå íńěłâàőŋăå ŋă äőŋě ęěáâłőľ ŕőćěàåŋőáâĺ Ťěàňĺ, ŋő őŋő ďăěâ ŕàăćĺńìŋëľ àěğãńìâăâ ďńï íŋěàčĺĺ áćïğĺ ŕăàë ŕő ŕőàïďłã ćěńĺçĺŋë. Łãŕěàőćáłĺě ŕăàë, őçěćĺďŋő, ïćńïîâáï ąőğőŋăňĺ ĺ ňőčãâ ŕàěâěàŕěćăâì ąőğě-łőŋďěŋáăæĺî ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå, çâő ĺ ěáâì čńăćŋăï ĺďěï ć őąêïáŋěŋĺĺ ňěåăŋĺğňă áćěàåâěłãçěáâĺ ć äěàňĺ-áĺáâěňě (áćěàåŕàőćőďĺňőáâĺ).

Śćěàåâěłãçĺľ äěàňĺ-čăğ. İŋěàčěâĺçěáłĺľ áŕěłâà.

Ĺâăł, äĺğĺçěáłăï ŕàĺàőďă áćěàåŕàőćőďĺňőáâĺ ňěâăńńőć áőáâőĺâ ć áâàěňńěŋĺĺ íńěłâàőŋőć ł áŕăàĺćăŋĺî, â.ě. őąàăğőćăŋĺî áćïğăŋŋëå áőáâőïŋĺľ ĺğ ŕăà çăáâĺæ, ŋăåőďïéĺåáï (ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě) ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ĺ őąńăďăîéĺå àăćŋëňĺ ŕő ćěńĺçĺŋě ĺ ŕàőâĺćőŕőńőęŋëňĺ ŕő ŋăŕàăćńěŋĺî ĺňŕãńìáăňĺ ĺ áŕĺŋăňĺ. Ňĺłàőáłőŕĺçěáłĺľ ňěåăŋĺğň ŕàĺâïęěŋĺï ć âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłăå (á âěňŕěàăâãàőľ áćěàåŕàőćőďïéěčő ŕěàěåőďă T_c < 30K) áćïğăŋ á íńěłâàőŋ { äőŋőŋŋëň ćğăĺňőďěľáâćĺěň. Ŕàĺàőďă ŕàĺâïęěŋĺï ć ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå ŋă őáŋőćě őłáĺďőć ňěďĺ (T_c > 30K) ěéě őłőŋçăâěńìŋő ŋě ćëïáŋěŋă, áłőàěě ćáěčő őŋă áćïğăŋă á ćğăĺňőďěľáâćĺěň ŋőáĺâěńěľ âőłă á ăŋâĺäěààőňăčŋĺâŋëňĺ áŕĺŋőćëňĺ äńãłâãăæĺïňĺ. Ć áćěàåâěłãçěň He^3 (čďě ć őąńăáâĺ T < 2.610^{−3}K

138 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

áãéěáâćãěâ ŋěáłőńìłő áćěàåâěłãçĺå äăğ) íâő őąňěŋ ŕăàăňăčŋőŋăňĺ (áŕĺŋőćëňĺ äńãłâãăæĺïňĺ) ňěęďã łćăğĺçăáâĺæăňĺ ć čěńĺĺ. Ŕàěďńăčăńĺáì ĺ ďàãčĺě ňěåăŋĺğňë áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï, ŋăŕàĺňěà âăł ŋăğëćăěňëľ íłáĺâőŋŋëľ ňěåăŋĺğň. Ć ńîąőň áńãçăě àěçì ĺďěâ ő ćğăĺňőďěľáâćĺĺ ğă áçěâ őąňěŋă âěň ĺńĺ ĺŋëň łćăŋâőň łőńńěłâĺćŋëå (ąőğőŋŋëå) ćőğąãęďěŋĺľ ňěęďã äěàňĺőŋŋëňĺ łćăğĺçăáâĺæăňĺ. Ć ďăńìŋěľèěň ňë ŋě àăááňăâàĺćăěň íâĺ ňěåăŋĺğňë, őčàăŋĺçĺćăïáì őąáãęďěŋĺěň âàăďĺæĺőŋŋőľ ňőďěńĺ áćěàåŕàőćőďĺňőáâĺ ňěâăńńőć, ŋă őáŋőćě ŕàőáâěľèěľ ňőďěńĺ, ŕàěďńőęěŋŋőľ Ąăàďĺŋëň, Łãŕěàőň ĺ Ÿàĺääěàőň (ňőďěńì ĄŁŸ)^3.

Ąăàďĺŋ, Łãŕěà ĺ Ÿàĺääěà ŕàěďńőęĺńĺ áńěďãîéĺľ ňőďěńìŋëľ čăňĺńìâőŋĺăŋ áćěàåŕàőćőďŋĺłă: H = ∑ pσ^{ξpa} +pσ^apσ^{− g}_V^∑ pp^{′ a}

+p^′↑^{a+}−p^′↓^{a−}p^{↓a}p^↑ (7.12)

čďě ξ_p = v_F (|p| − p_F ) { íŋěàčĺï íńěłâàőŋă ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ć ŋőàňăńìŋőň ňěâăńńě (őâáçĺâăŋŋăï őâ ãàőćŋï Ťěàňĺ), a^+p_σ, ap_σ { őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï íńěłâàőŋă á ĺňŕãńìáőň p ĺ ŕàőěłæĺěľ áŕĺŋă σ. Ğŋăł łőŋáâăŋâë ćğăĺňőďěľáâćĺï g ćëąàăŋ áőőâćěâáâćãîéĺň ŕàĺâïęěŋĺî, ĺ őŋă áçĺâăěâáï őâńĺçŋőľ őâ ŋãńï âőńìłő ć ŋěłőâőàőň íŋěàčěâĺçěáłőň áńőě ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, łăł ć (7.6). Ğăňěâĺň, çâő íâőâ čăňĺńìâőŋĺăŋ ĺňěěâ áĺńìŋő \ãàěğăŋŋëľ" ćĺď { ćğăĺňőďěľáâćãîâ, ć áőőâćěâáâćĺĺ á ĺğńőęěŋŋőľ ćëèě łăàâĺŋőľ, âőńìłő íńěłâàőŋë á ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ ĺ áŕĺŋăňĺ, ă ćáě ŕàőçĺě ćğăĺňőďěľáâćĺï ŕàőáâő ćëąàőèěŋë^4.

Ŕàĺ ăŋăńĺğě čăňĺńìâőŋĺăŋă (7.12) ćőáŕőńìğãěňáï ňěâőďőň, ŕàěďńőęěŋŋëň Ąőčőńîąőćëň. Ććěďěň ćňěáâő çăáâĺ čăňĺńìâőŋĺăŋă (7.12), őâćěâáâćěŋŋőľ ğă ćğăĺňőďěľáâćĺě: H_{int} = − g V ∑ pp^{′ a}

+p^′↑^{a+}−p^′↓^a−p↓^ap↑ (7.13)

čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï á áăňőáőčńăáőćăŋŋëň ŕőńěň ćĺďă: H_{int} = − g V ∑ pp^′ { < a^+p_{′↑}a^+_−p_{′↓} > a_−p_↓ap_↑+ < a_−p_↓ap_↑ > a^+p_{′↑}a^+_−p_{′↓} } (7.14)

čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ ãáàěďŋěŋĺě ŕő őáŋőćŋőňã áőáâőïŋĺî ŕàĺ T = 0 ĺ áâăâĺáâĺçěáłőě áàěďŋěě ŕàĺ T > 0: < ... >= Z^{−1}Sp(e^{− H}T ...). Ć àěğãńìâăâě, ŕőńŋëľ

3Ŕàĺ íâőň ňë ąãďěň àăááňăâàĺćăâì âőńìłő áĺŋčńěâŋőě áŕăàĺćăŋĺě íńěłâàőŋőć (á ŕàőâĺćőŕőńőęŋëňĺ áŕĺŋăňĺ) ĺ ŋãńěćëň őàąĺâăńìŋëň ňőňěŋâőň ŕăàë (s-áŕăàĺćăŋĺě), åőâï ć ŋěłőâőàëå ňěâăńńăå ĺ áćěàåâěłãçěň He^3 áŕăàĺćăŋĺě ŕàőĺáåőďĺâ ć âàĺŕńěâŋőň áőáâőïŋĺĺ ŕő áŕĺŋã (ŕăàăńńěńìŋëě áŕĺŋë ć ŕăàě) ĺ ŋě őąïğăâěńìŋő ć s-áőáâőïŋĺĺ ŕő őàąĺâăńìŋőňã ňőňěŋâã. Ŋăŕàĺňěà, ć ãŕőňïŋãâëå ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå àěăńĺğãěâáï áĺŋčńěâŋőě d-áŕăàĺćăŋĺě.

4Ć àěğãńìâăâě âăłőčő ãŕàőéěŋĺï (ćëďěńěŋĺï ŋăĺąőńěě áãéěáâćěŋŋőčő ćğăĺňőďěľáâćĺï) ğăďăçã ãďăěâáï ĺááńěďőćăâì ďőáâăâőçŋő ďěâăńìŋő, ă âěőàĺï ĄŁŸ ïćńïěâáï őďŋĺň ĺğ ćëáèĺå ďőáâĺęěŋĺľ áőćàěňěŋŋőľ âěőàěâĺçěáłőľ äĺğĺłĺ, ěě őáŋőćŋëě ĺďěĺ áőåàăŋïîâ áĺńã ć ŕàĺňěŋěŋĺĺ ł áăňëň àăğŋëň áĺáâěňăň ĺ ňăáèâăąăň íŋěàčĺĺ (âěňŕěàăâãàë).Ŕőňĺňő ãęě ãŕőňïŋãâëå ŕàĺňěàőć, ãłăęěň ŋă ŕàĺňěŋĺňőáâì ěě ł ŕàőæěááăň áŕăàĺćăŋĺï ŋãłńőŋőć ć ăâőňŋëå ïďàăå, ł áćěàåâěłãçěáâĺ ïďěàŋőľ ňăâěàĺĺ ć ŋěľâàőŋŋëå ğćěğďăå, ă âăłęě ł ŋěłőâőàëň ňőďěńïň áőćàěňěŋŋőľ âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 139

čăňĺńìâőŋĺăŋ ŕàĺŋĺňăěâ ćĺď^5: H = ∑ pσ^{ξpa} +pσ^apσ +^∑ p { ´^∗ap_↑a_−p_↓ + ´a^+_−p_↓a^+p_↑ } + 1 g V |´|^2 (7.15)

čďě ććěńĺ: ´^∗ = g V ∑ p^{′ < a} +p^′↑^{a+}−p^′↓^> (7.16) ´ = g V ∑ p^{′ < a−} p^′↓ap^′↑ > (7.17)

âăł ŋăğëćăěňëě ăŋőňăńìŋëě áàěďŋĺě, âěáŋő áćïğăŋŋëě á ŕăàăňěâàőň ŕőàïďłă áćěàåŕàőćőďïéěčő ŕěàěåőďă. Łőňąĺŋăæĺĺ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï, áâőïéĺě ğďěáì ŕőď ğŋăłőň ãáàěďŋěŋĺï, ŕő áãâĺ ďěńă, ŕàěďáâăćńïîâ áőąőľ őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï łãŕěàőćáłĺå ŕăà (ąőğőŋőć!) á ŋãńěćëň ĺňŕãńìáőň, ăŋăńőčĺçŋëě (6.89). Ŕőíâőňã, ĺáŕőńìğãï ąőčőńîąőćáłãî ĺďěőńőčĺî, ŕàĺňěŋïćèãîáï ćëèě ł ąőğě-čăğã, ňë ĺ ňőęěň ğăňěŋĺâì íâĺ łőňąĺŋăæĺĺ őŕěàăâőàőć ć čăňĺńìâőŋĺăŋě (7.13) ŋă c-çĺáńă (7.16), (7.17), â.ě. ŕàěďŕőńőęĺâì, çâő łãŕěàőćáłĺě ŕăàë ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ŕàěâěàŕěćăîâ ąőğě { łőŋďěŋáăæĺî ĺ â.ď. Ąěğ őčàăŋĺçěŋĺï őąéŋőáâĺ ňőęŋő áçĺâăâì, çâő ´^∗ = ´, â.ě. ćëąàăâì äăğã łőňŕńěłáŋőčő çĺáńă ´ = |´|e^{iϕ} (ŕăàăňěâàă ŕőàïďłă) àăćŋőľ ŋãńî: ϕ = 0. Ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï íâő ňőęŋő áďěńăâì, ŕőáłőńìłã íŋěàčĺï áĺáâěňë ćáě àăćŋő őłăğëćăěâáï ŋě ğăćĺáïéěľ őâ äăğë^6. Ğăňěâĺň, çâő áãéěáâćőćăŋĺě ăŋőňăńìŋëå áàěďŋĺå âĺŕă (7.17) ïćŋő ŋăàãèăěâ ğăłőŋ áőåàăŋěŋĺě çĺáńă çăáâĺæ, ć ŋőàňăńìŋőň ňěâăńńě âăłĺě áàěďŋĺě ąěğãáńőćŋő àăćŋë ŋãńî [20]. Šăłĺň őąàăğőň, ĺå ŕőïćńěŋĺě őğŋăçăěâ ŋăàãèěŋĺě áőőâćěâáâćãîéěľ áĺňňěâàĺĺ ŕàĺ äăğőćőň ŕěàěåőďě ĺğ ŋőàňăńìŋőčő ňěâăńńă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě^7. Ďăńìŋěľèĺľ ăŋăńĺğ ďőńęěŋ ŕőłăğăâì, áăňőáőčńăáőćăŋŋëň őąàăğőň, çâő âăłĺě áàěďŋĺě ďěľáâćĺâěńìŋő őâńĺçŋë őâ ŋãńï ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå { íâő ĺ ąãďěâ ŕěàěåőď ć áćěàåŕàőćőďïéěě áőáâőïŋĺě.

Ŕőáłőńìłã čăňĺńìâőŋĺăŋ (7.15) ĺňěěâ âěŕěàì ćĺď łćăďàăâĺçŋőľ äőàňë ŕő äěàňĺőŋŋëň őŕěàăâőàăň, őŋ ňőęěâ ąëâì ďĺăčőŋăńĺğőćăŋ á ŕőňőéìî u − v{ ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă. Ŕěàěľďěň ł ŋőćëň őŕěàăâőàăň: bp↓ = upap↓ + vpa^+−p↑ bp↑ = upap↑ − vpa^+−p↓ (7.18) b^+p_↓ = u_pa^+p_↓ + v_pa_−p_↑ b^+p_↑ = u_pa^+p_↑ − v_pa_−p_↓ (7.19)

Ć áĺńã ŕàěďŕőńăčăěňőľ ĺğőâàőŕĺĺ íńěłâàőŋŋőľ ęĺďłőáâĺ łőíääĺæĺěŋâë u_p ĺ v_p ğăćĺáïâ âőńìłő őâ |p|. Ŕàěőąàăğőćăŋĺě (7.19) \őąêěďĺŋïěâ" őŕěàăâőàë łćăğĺçăáâĺæ á ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ ĺ áŕĺŋăňĺ. \Śâăàëě" őŕěàăâőàë ãďőćńěâćőàïńĺ äěàňĺěćáłĺň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň: { apσ, a^+p′σ′^} = δpp^′ δσσ^{′ {}apσ, ap^′σ^{′ }} =^{a^+pσ, a^+p′σ′^} = 0 (7.20)

5Őąàăâĺâě ćŋĺňăŋĺě ŋă áňěŋã ğŋăłă, áćïğăŋŋãî á âěň, çâő ňë ŕěàěáâăćĺńĺ ňěáâăňĺ ăŋâĺłőňňãâĺàãîéĺě äěàňĺ-őŕěàăâőàë. Łàőňě âőčő ğďěáì ãçâěŋő ŕőáńěďŋěě áńăčăěňőě, ŕőńãçăîéěěáï ŕàĺ ãáàěďŋěŋĺĺ (7.13) ć ďãåě (7.14), ŋě áőďěàęăéěě őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï, ĺ ďăîéěě ćłńăď ć íŋěàčĺî őáŋőćŋőčő áőáâőïŋĺï

6Ć ŋěïćŋőň ćĺďě íâő ęě ąëńő áďěńăŋő ĺ ć (6.89), ć ňőďěńĺ ąőğě-čăğă.

7Ğďěáì ňë áâăńłĺćăěňáï á ïćńěŋĺěň, łőâőàőě ć áőćàěňěŋŋőľ âěőàĺĺ ŋăğëćăěâáï áŕőŋâăŋŋëň ŋăàãèěŋĺěň áĺňňěâàĺĺ { ŋőćőě őáŋőćŋőě áőáâőïŋĺě áĺáâěňë (áćěàåŕàőćőďŋĺł) ĺňěěâ ąőńěě ŋĺğłãî áĺňňěâàĺî, ŋěęěńĺ čăňĺńìâőŋĺăŋ áĺáâěňë (7.12). Šăłőě ïćńěŋĺě ïćńïěâáï âĺŕĺçŋëň ďńï ńîąőčő äăğőćőčő ŕěàěåőďă II àőďă.

140 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

čďě äĺčãàŋëě áłőąłĺ őąőğŋăçăîâ ăŋâĺłőňňãâăâőàë. Ňë ďőńęŋë ŕőâàěąőćăâì, çâőąë ĺ ŋőćëě őŕěàăâőàë ãďőćńěâćőàïńĺ âăłĺň ęě áőőâŋőèěŋĺïň: { bpσ, b^+p′_σ′^} = δpp^′ δσσ^{′ {}bpσ, bp^′σ^{′ }} =^{b^+pσ, b^+p′_σ′^} = 0 (7.21)

â.ě. çâőąë \ŋőćëě" łćăğĺçăáâĺæë őáâăćăńĺáì äěàňĺőŋăňĺ. Ńěčłő ãąěďĺâìáï, çâő őâáîďă ćëâěłăěâ áńěďãîéěě ãáńőćĺě ŋă łőíääĺæĺěŋâë u ĺ v: u^2_p + v^2_p = 1 (7.22) Ŕàĺ íâőň őąàăâŋëě ŕàěőąàăğőćăŋĺï ĺňěîâ ćĺď:

ap↑ = upbp↑ + vpb^+_−p_↓ ap↓ = upbp↓ − vpb^+_−p_↑ (7.23)

a^+p_↑ = u_pb^+p_↑ + v_pb_−p_↓ a^+p_↓ = u_pb^+p_↓ − v_pb_−p_↑ (7.24)

Ŕőďáâăćńïï (7.24) ć čăňĺńìâőŋĺăŋ (7.15), ŕőńãçăěň:

H = 2 ∑ p ξ_pv^2_p − 2´ ∑ p u_pv_p + 1 g V ´^2 + + ∑ p { [ξ_p(u^2_p − v^2_p) + 2´u_pv_p](b^+p_↑bp_↑ + b^+p_↓bp_↓) } + + ∑ p { [2ξ_pu_pv_p − ´(u^2_p − v^2_p)](b^+p_↑b^+_−p_↓ + b_−p_↓bp_↑) } (7.25)

Šěŕěàì ćĺďŋő, çâő ŋãęŋő ŋăńőęĺâì áńěďãîéěě ãáńőćĺě ŋă łőíääĺæĺěŋâë u ĺ v: 2ξ_pu_pv_p − ´(u^2_p − v^2_p ) = 0 (7.26) ĺ ŋěďĺăčőŋăńìŋëě çńěŋë ć (7.25) ĺáçěğŋãâ. Šőčďă őłőŋçăâěńìŋő ŕőńãçăěň čăňĺńìâőŋĺăŋ ŋőćëå \áćőąőďŋëå" (!) łćăğĺçăáâĺæ ć ćĺďě:

H = E_0 + ∑ p ε(p)[(b^+p_↑bp_↑ + b^+p_↓bp_↓)] (7.27) čďě E_0 = 2 ∑ p [ξ_pv^2_p − ´u_pv_p] + 1 g V ´^2 (7.28)

őŕàěďěńïěâ íŋěàčĺî őáŋőćŋőčő áőáâőïŋĺï, ă ε(p) = ξ_p(u^2_p − v^2_p) + 2´u_pv_p (7.29) { íŋěàčĺî ŋőćëå łćăğĺçăáâĺæ. Ĺğ (7.22) ĺ (7.26) ńěčłő ŋăåőďĺň ïćŋëě ćëàăęěŋĺï ďńï łőíääĺæĺěŋâőć u ĺ v:

u^2_p v^2_p } = 1 2 1 ± ξ^p √ ξ^2_p + ´^2

(7.30)

Šőčďă ďńï áŕěłâàă ŋőćëå łćăğĺçăáâĺæ ĺğ (7.29) ŕőńãçăěň: ε(p) = √ ξ^2_p + ´^2 (7.31)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 141

Řĺá. 7-1 İŋěàčěâĺçěáłĺľ áŕěłâà íńěłâàőŋőć ć âěőàĺĺ ĄŁŸ.

{ áŕěłâà ĄŁŸ áő éěńìî èĺàĺŋőľ 2´ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ! Łăçěáâćěŋŋëľ ćĺď íâőčő áŕěłâàă ŕàĺćěďěŋ ŋă Řĺá.7-1. Őçěćĺďŋëň őąàăğőň, íâőâ áŕěłâà ãďőćńěâćőàïěâ ãáńőćĺî áćěàåâěłãçěáâĺ Ńăŋďăã { M in^{ε(p)}_p > 0, â.ě. őąěáŕěçĺćăěâ áćěàåŕàőćőďĺňőáâì ć áĺáâěňě ğăàïęěŋŋëå çăáâĺæ^8.

Šăłĺň őąàăğőň, ŕàĺ łőŋěçŋëå ğŋăçěŋĺïå ´ (â.ě. ŋă łăçěáâćěŋŋőň ïğëłě, ŕàĺ ŋăńĺçĺĺ ąőğě-łőŋďěŋáăâă łãŕěàőćáłĺå ŕăà) ć áĺáâěňě ćőğŋĺłăěâ áćěàåŕàőćőďĺňőáâì. Őáâăńőáì, őďŋăłő, ŕőłăğăâì, çâő âăłăï áĺâãăæĺï ćőğňőęŋă, â.ě. ŋãęŋő ŋăľâĺ ãáńőćĺï łőčďă áâăŋőćïâáï őâńĺçŋëňĺ őâ ŋãńï ăŋőňăńìŋëě áàěďŋĺě (7.16), (7.17). Śőćěàèăï ć (7.16) u − v{ŕàěőąàăğőćăŋĺě, ğăŕĺèěň: ´ = g V ∑ p < a^+_{p↑}a^+_{−p↓} >= g V ∑ p u_pv_p(1 − n_{p↑} − n_{p↓}) (7.32) čďě n_{p↑} =< b^+_{p↑}b_{p↑} > 1 − n_{p↓} =< b_{p↓}b^+_{p↓} > (7.33) Ć áăňőň ďěńě: < a^+_{p↑}a^+_{−p↓} >=< (u_pb^+_{p↑} + v_pb_{−p↓})(u_pb^+_{−p↓} − v_pb_{p↑}) >= = u^2_p < b^+_{p↑}b^+_{−p↓} > −u_pv_p < b^+_{p↑}b_{p↑} > +v_pu_p < b_{−p↓}b^+_{−p↓} > −v^2_p < b_{−p↓}b_{p↑} >= = u_pv_p(1 − n_{p↑} − n_{p↓}) (7.34)

8Ěáńĺ ć áĺáâěňě âěçěâ âőł, âő ćáï ŕőćěàåŋőáâì Ťěàňĺ áňěéěŋă ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ŋă ŋěłőâőàëľ ćěłâőà q, âăłőľ, çâő mvs = —hq, čďě vs { ďàěľäőćăï áłőàőáâì íńěłâàőŋőć. Šőčďă íŋěàčĺï íńěňěŋâăàŋőčő ćőğąãęďěŋĺï ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ĺňěěâ ćĺď ε(p) ≈ √ ξ^2_p + ´^2 + p_F vs, čďě ãçńĺ ňăńőáâì ďàěľäőćőľ áłőàőáâĺ, âăł çâő ξp+q ≈ ξp + v_F q. Ďńï íńěłâàőŋă á ĺňŕãńìáőň ŕăàăńńěńìŋëň ĺńĺ ăŋâĺŕăàăńńěńìŋëň vs ĺňěěň ε(p) ≈ √ ξ^2_p + ´^2 ± p_F vs. Šăłĺň őąàăğőň ňěęďã ďćãňï ŕàőâĺćőŕőńőęŋëňĺ âőçłăňĺ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ćőğŋĺłăěâ àăğŋőáâì íŋěàčĺľ —hω = 2p_F vs ĺ áŕěłâà ćőğąãęďěŋĺľ áâăŋőćĺâáï ŋěáĺňňěâàĺçŋëň. Őďŋăłő, ŕőłãďă —hω = 2p_F vs < 2´ éěńì ć áŕěłâàě áőåàăŋïěâáï ĺ, ŕàĺ T = 0, ćőğąãęďěŋŋëě łćăğĺçăáâĺæë ĄŁŸ őâáãâáâćãîâ! Śőőâćěâáâćěŋŋő, ŋěâ ĺ ďĺááĺŕăæĺĺ âőłă. Ŕàĺ vsp_f > ´ ćěàåŋïï ĺ ŋĺęŋïï ğőŋë łćăğĺçăáâĺæ ŋăçĺŋăîâ ŕěàěłàëćăâìáï ĺ ćőğąãęďěŋĺě łćăğĺçăáâĺæ ć ćěàåŋîî ğőŋã ćőğňőęŋő ďăęě ŕàĺ T = 0 { áćěàåŕàőćőďĺňőáâì ŕàőŕăďăěâ. Śőőâćěâáâćěŋŋő, ćőğŋĺłăěâ ĺ ŕàőáâěľèăï őæěŋłă łàĺâĺçěáłőčő âőłă áćěàåŕàőćőďŋĺłă: jc = ev^c_s =^{eΔ}_{pF} .

142 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ŕőáłőńìłã ŕàĺ ŕàăćĺńìŋőň ćëąőàě ŋőćőčő őáŋőćŋőčő áőáâőïŋĺï ďőńęŋő ćëŕőńŋïâìáï ãáńőćĺě < b^+_{p↑}b^+_{−p↓} >=< b_{−p↓}b_{p↑} >= 0, â.ě. ŋőćëě łćăğĺçăáâĺæë ŋě ďőńęŋë áăňőŕàőĺğćőńìŋő àőęďăâìáï ĺ ãŋĺçâőęăâìáï^9. Ăŋăńőčĺçŋő: < a_{p↑}a_{−p↓} >= u_pv_p(1 − n_{p↓} − n_{p↑}) =< a^+_{p↑}a^+_{−p↓} > (7.35) Ŕőďáâăćńïï ć (7.32) ïćŋëě ćëàăęěŋĺï ďńï u_p ĺ v_p ĺğ (7.30), ĺňěěň: 1 = g 2V ∑ p 1 − n_{p↑} − n_{p↓} √ ξ^2_p + ´^2

(7.36)

ãàăćŋěŋĺě ďńï íŋěàčěâĺçěáłőľ éěńĺ ć âěőàĺĺ ĄŁŸ.

Ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï, çĺáńă ğăŕőńŋěŋĺï n_{p↑} = n_{p↓} ĺ őŕàěďěńïîâáï őąëçŋëň àăáŕàěďěńěŋĺěň Ťěàňĺ çăáâĺæ áő áŕěłâàőň (7.31):

n_{p↑} = n_{p↓} = 1 e^{ε(p)}T + 1

(7.37)

Řăááňőâàĺň áŋăçăńă áńãçăľ T = 0. Ć íâőň áńãçăě, ŕàĺ ´ ≠ 0, łćăğĺçăáâĺæ ŋěâ, â.ě. n_{p↑} = n_{p↓} = 0. Ŕàĺ T > 0 őŋĺ, łőŋěçŋő, ňőčãâ ćőğąãęďăâìáï ŕőŕăàŋő (çăáâĺæă { ďëàłă) ĺ áãéěáâćãîâ ć áőőâćěâáâćãîéěň łőńĺçěáâćě ŋăď éěńìî. Šőčďă, ć (7.36) ňőęŋő ŕěàěľâĺ őâ áãňňĺàőćăŋĺï ŕő p ł ĺŋâěčàĺàőćăŋĺî ĺ ğăŕĺáăâì: 1 = g 2 ∫ d^3p (2π—h)^3 1 − 2n_p √ ξ^2_p + ´^2

(7.38)

Ŋő ŕàĺ T = 0, ć áőőâćěâáâćĺĺ áő áłăğăŋŋëň, ĺňěěň: 1 = g 2 ∫ dp (2π—h)^3 4πp^2 √ ξ^2_p + ´^2_0

(7.39)

Śàăğã ğăňěâĺň, çâő íâő ãàăćŋěŋĺě ğăćěďőňő ŋě ĺňěěâ àěèěŋĺï ďńï ´_0 ŕàĺ g < 0, â.ě. ć áńãçăě őââăńłĺćăŋĺï, â.ł. ğŋăłĺ őąěĺå çăáâěľ ãàăćŋěŋĺï ğăćěďőňő àăğŋëě. Ćáŕőňŋĺň âěŕěàì, çâő łőŋáâăŋâă ćğăĺňőďěľáâćĺï g, äăłâĺçěáłĺ, őâńĺçŋă őâ ŋãńï âőńìłő ć áńőě èĺàĺŋőľ ∼ 2ω_D ćőłàãč ŕőćěàåŋőáâĺ Ťěàňĺ (áň. (7.6)). Šőčďă ć (7.39): ∫ dpp^2 1 √ ´^2_0 + v^2_F (p − p_F )^2 ≈ p^2_F v^2_F ∫_{h̄ωD} −h̄ω_D dξ_p √ ξ^2_p + ´^2_0 ≈ 2p^2_F v^2_F ln 2—hω_D ´_0

(7.40)

Šőčďă ãàăćŋěŋĺě (7.39) ŕàĺŋĺňăěâ ćĺď: 1 = gmp_F 2π^2—h^3 ln 2—hω_D ´_0

(7.41)

àěèěŋĺě łőâőàőčő ďăěâ:

´_0 = 2—hω_D exp ( − 2 gν_F ) ≡ 2—hω_D exp ( − 1 λ_p ) (7.42)

9Ňăâěňăâĺçěáłĺ íâő áńěďáâćĺě âőčő őąáâőïâěńìáâćă, çâő ďńï ďĺăčőŋăńĺğőćăŋŋőčő čăňĺńìâőŋĺăŋă (7.27) ć ňăâàĺæě ŕńőâŋőáâĺ ĺňěîâáï âőńìłő ďĺăčőŋăńìŋëě íńěňěŋâë. Śőőâćěâáâćěŋŋő áàěďŋĺě őâ ďĺăčőŋăńìŋëå ŕàőĺğćěďěŋĺľ őŕěàăâőàőć (7.33) őâńĺçŋë őâ ŋãńï, âőčďă łăł áàěďŋĺě őâ ŋěďĺăčőŋăńìŋëå ŕàőĺğćěďěŋĺľ (7.34) àăćŋë ŋãńî.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 143

Šăąńĺæă 7.1 Šěňŕěàăâãàă áćěàåŕàőćőďïéěčő ŕěàěåőďă ďńï àïďă ňěâăńńőć (K). Al Sn In Hg P b N b N b_3Sn N b_3Ge La_{1.83}Sr_{0.17}CuO_4 Y Ba_2Cu_3O_7 1.2 3.75 3.4 4.16 7.22 7.78 18.0 23.2 37 92

čďě ν_F =^{mpF}_{π2h̄}3 { ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ, ă λ_p = gν_F /2 { ąěğàăğňěàŋăï łőŋáâăŋâă áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï. Šăłĺň őąàăğőň, ŕàĺ T = 0 íŋěàčěâĺçěáłăï éěńì ´_0 őâńĺçŋă őâ ŋãńï, äőàňăńìŋő, ŕàĺ áłőńì ãčőďŋő ňăńëå ğŋăçěŋĺïå áŕăàĺćăâěńìŋőľ łőŋáâăŋâë ćğăĺňőďěľáâćĺï λ_p^{10}.

Ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå, ŕőńăčăï ć (7.38) ´ = 0, ŕőńãçăěň ãàăćŋěŋĺě, őŕàěďěńïîéěě łàĺâĺçěáłãî âěňŕěàăâãàã áćěàåŕàőćőďïéěčő ŕěàěåőďă: 1 = g 2 ∫ d^3p (2π—h)^3 1 − 2n_p |ξ_p| = λ_p ∫_{h̄ωD} −h̄ω_D dξ_p 1 2ξ_p th ξ_p 2T_c (7.43)

àěèěŋĺě łőâőàőčő ďăěâ [24]:

T_c = 2γ π —hω_D exp ( − 1 λ_p ) (7.44)

čďě γ ≈ 1.78 { ŕőáâőïŋŋăï İľńěàă. Ŕàĺ íâőľ âěňŕěàăâãàě íŋěàčěâĺçěáłăï éěńì őąàăéăěâáï ć ŋãńì (áň. ŋĺęě), ĺ áćěàåŕàőćőďŋĺł ŕěàěåőďĺâ ć ŋőàňăńìŋőě áőáâőïŋĺě 11. Ć Šăąńĺæě 7-1 ŕàĺćěďěŋë âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă ďńï àïďă ňěâăńńőć ĺ áőěďĺŋěŋĺľ. Ć ŕőáńěďŋĺå ďćãå áâőńąæăå íâőľ âăąńĺæë ŕàĺćěďěŋë ďăŋŋëě ŕő ďćãň âĺŕĺçŋëň ćëáőłőâěňŕěàăâãàŋëň áćěàåŕàőćőďŋĺłăň (ĆŠŚŔ) ŋă őáŋőćě őłáĺďőć ňěďĺ, łőâőàëě ăłâĺćŋő ĺááńěďãîâáï c 1987 čőďă. Ňăłáĺňăńìŋăï âěňŕěàăâãàă áćěàåŕàőćőďïéěčő ŕěàěåőďă T_c ∼ 135K (ŕőď ďăćńěŋĺěň ďő ∼ 150K) ŋăąńîďăńăáì ć áĺáâěňě Hg_2Ba_2Ca_2Cu_3O_8. ĆŠŚŔ{áĺáâěňë ğăćěďőňő ŋě őŕĺáëćăîâáï íńěňěŋâăàŋőľ âěőàĺěľ ĄŁŸ, őŕĺáăŋŋőľ ćëèě. Őłőŋçăâěńìŋőčő ŕőŋĺňăŋĺï ŕàĺàőďë áćěàåŕàőćőďĺňőáâĺ ć ŋĺå ŕőłă ěéě ŋěâ, åőâï ć ŕőáńěďŋěě ćàěňï ąőńěě ĺńĺ ňěŋěě ćëïáŋĺńăáì ŋěäőŋőŋŋăï ŕàĺàőďă áŕăàĺćăŋĺï (ćğăĺňőďěľáâćĺě, őâćěâáâćěŋŋőě ğă áćěàåŕàőćőďĺňőáâì, áłőàěě ćáěčő, áćïğăŋő á ăŋâĺäěààőňăčŋĺâŋëňĺ áŕĺŋőćëňĺ äńãłâãăæĺïňĺ) ĺ ěčő ăŋĺğőâàőŕŋëľ åăàăłâěà (d-áŕăàĺćăŋĺě).

Ć âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłăå, âěőàĺï ĄŁŸ ďăěâ ďőáâăâőçŋő ŕőńŋőě őŕĺáăŋĺě íâőčő ïćńěŋĺï ĺ ŋĺłăłĺå áőňŋěŋĺľ ć íńěłâàőŋ { äőŋőŋŋőň ňěåăŋĺğňě áŕăàĺćăŋĺï ć ŋĺå ŋě áãéěáâćãěâ. Ć Šăąńĺæě 7-2 [26] ňë ŕàĺćőďĺň ğŋăçěŋĺï λ_p ĺ —hω_D ďńï àïďă âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłőć, čďě ğăćěďőňő ŕàĺňěŋĺňă àăááňőâàěŋŋăï ćëèě ňőďěńì \áńăąőľ áćïğĺ" ĄŁŸ.

10Őąàăâĺâě ćŋĺňăŋĺě ŋă ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì 2 ć (7.42), ŕő áàăćŋěŋĺî á ăŋăńőčĺçŋëň ćëàăęěŋĺěň (7.11), ŕőńãçěŋŋëň ćëèě ĺğ ąőńěě ŕàőáâëå áőőąàăęěŋĺľ. Ŋěâőçŋőáâì àěèěŋĺï (7.11) áćïğăŋă á őâňěçěŋŋőľ ćëèě čàãąőáâìî àăááňőâàěŋĺï ćğăĺňőďěľáâćĺï ďćãå íńěłâàőŋőć ŋă äőŋě ęěáâłőľ ŕőćěàåŋőáâĺ Ťěàňĺ. Ŋăľďěŋŋőě áěľçăá àěèěŋĺě (7.42) ïćńïěâáï ãęě ćŕőńŋě łőààěłâŋëň.

11Ěáńĺ ňěåăŋĺğň áŕăàĺćăŋĺï őâńĺçěŋ őâ íńěłâàőŋ { äőŋőŋŋőčő, ć íâőľ äőàňãńě ć ŕàěďíłáŕőŋěŋâě áâőĺâ åăàăłâěàŋăï çăáâőâă âěå ąőğőŋŋëå ćőğąãęďěŋĺľ, őąňěŋ łőâőàëňĺ, őâćěçăěâ ğă ŕàĺâïęěŋĺě ŋőáĺâěńěľ âőłă. Ć çăáâŋőáâĺ, ć âăł ŋăğëćăěňőň íłáĺâőŋŋőň ňěåăŋĺğňě áŕăàĺćăŋĺï ğďěáì ňőęěâ áâőïâì íŋěàčĺï ∼ E_F ≫ —hω_D, ŕőçěňã íâőâ ňěåăŋĺğň ĺ ŕàěďńăčăńáï ďńï őáãéěáâćńěŋĺï ćëáőłőâěňŕěàăâãàŋőľ áćěàåŕàőćőďĺňőáâĺ. Ć àěăńìŋëå ĆŠŚŔ { áĺáâěňăå, ŕő ćĺďĺňőňã, ğďěáì áâőĺâ åăàăłâěàŋăï íŋěàčĺï ăŋâĺäěààőňăčŋĺâŋëå áŕĺŋőćëå äńãłâãăæĺľ, ă őáŋőćŋëě ŕőńőęěŋĺï âěőàĺĺ ĄŁŸ áőåàăŋïîâáï.

144 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Šăąńĺæă 7.2 İłáŕěàĺňěŋâăńìŋëě ğŋăçěŋĺï —hω_D, T_c ĺ łőŋáâăŋâë áćïğĺ λ_p. —hω_D(K) T_c(K) λ_p Zn 235 0.9 0.18 Cd 164 0.56 0.18 Hg 70 4.16 0.35 Al 375 1.2 0.18 T l 100 2.4 0.27 Sn 195 3.75 0.25 P b 96 7.22 0.39

Łăł ãęě őâňěçăńőáì ćëèě, ć áćěàåâěłãçěň He^3 ŕàĺ âěňŕěàăâãàăå ŋĺęě 2.6mK âăłęě ŕàőĺáåőďĺâ łãŕěàőćáłőě áŕăàĺćăŋĺě łćăğĺçăáâĺæ ŋěľâàăńìŋőľ äěàňĺęĺďłőáâĺ, ğă áçěâ őąňěŋă áŕĺŋőćëňĺ ćőğąãęďěŋĺïňĺ (ŕăàăňăčŋőŋăňĺ). Ć íâőľ áĺáâěňě áãéěáâćãěâ ŋěáłőńìłő áćěàåâěłãçĺå äăğ, őâńĺçăîéĺåáï âĺŕőň áŕăàĺćăŋĺï (őàąĺâăńìŋëň ĺ áŕĺŋőćëň ňőňěŋâőć ŕăà). İâő ŕàĺćőďĺâ ł ŋěőąëçăľŋőňã ąőčăâáâćã äĺğĺçěáłĺå ïćńěŋĺľ, ŋăąńîďăěňëå ć íâőľ áĺáâěňě [27].

Ŕàěďáâăćńěŋĺî ő áćïğăŋŋëå ŕăàăå, åőâï őŋő ĺ ńěęĺâ ć őáŋőćě áőćàěňěŋŋőľ âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, ŋě áńěďãěâ ŕàĺďăćăâì áńĺèłőň ąãłćăńìŋëľ áňëáń. Šőçŋěě áńěďãěâ čőćőàĺâì ő łőààěńïæĺĺ ňěęďã áőáâőïŋĺïňĺ ŕăà çăáâĺæ ć p{ŕàőáâàăŋáâćě, ŕàĺćőďïéěľ ł łőŋěçŋőľ ćěàőïâŋőáâĺ çăáâĺæăň ĺňěâì àăćŋãî ŋãńî áãňňã ĺňŕãńìáőć ĺ áŕĺŋőć. Ć áăňőň ďěńě, àăğąàőá δp ć őąńăáâĺ íâőľ łőààěńïæĺĺ áőőâćěâáâćãěâ íŋěàčĺĺ áćïğĺ ŕăàë (éěńĺ) ∼ ´, â.ě. δp ∼ ´/v_F . Śőőâćěâáâćãîéăï ďńĺŋă ξ ∼ —h/δp ∼ —hv_F /´ őŕàěďěńïěâ åăàăłâěàŋëľ ňăáèâăą àăááâőïŋĺľ ňěęďã çăáâĺæăňĺ á łőààěńĺàőćăŋŋëňĺ ĺňŕãńìáăňĺ (àăğňěà ŕăàë). Ŕàĺ T = 0 íâă, âăł ŋăğëćăěňăï ďńĺŋă łőčěàěŋâŋőáâĺ, àăćŋă:

ξ_0 ∼ —hv_F ´_0 ∼ v_F ω_D exp ( 1 λ_p ) (7.45)

Ŕőáłőńìłã ć ňěâăńńăå âĺŕĺçŋë ğŋăçěŋĺï^{vF}_{ωD} ∼^{h̄}_{pF}^{εF}_{h̄ωD} ≫ a, čďě a { åăàăłâěàŋőě àăááâőïŋĺě ňěęďã őâďěńìŋëňĺ íńěłâàőŋăňĺ. Łàőňě âőčő ĺ íłáŕőŋěŋâă ć (7.45) ğŋăçĺâěńìŋő ŕàěćëèăěâ ěďĺŋĺæã, ŕőáłőńìłã őąëçŋő λ_p < 1. Őâáîďă ïáŋő, çâő ćáěčďă ξ_0 ≫ a, âăł çâő \ćŋãâàĺ" łăęďőľ ŕăàë ŕőňěéăěâáï ňŋőęěáâćő őâďěńìŋëå íńěłâàőŋőć, ĺńĺ, ĺŋëňĺ áńőćăňĺ ŕăàë áĺńìŋő ŕěàěłàëćăîâáï ĺ âěàïîâ áćőî ĺŋďĺćĺďãăńìŋőáâì. İâő ŋě áőćáěň âăł ć ĆŠŚŔ { áĺáâěňăå, čďě ğă áçěâ ćëáőłőčő ğŋăçěŋĺï T_c (ąőńìèőľ íŋěàčĺĺ áćïğĺ ŕăàë) ĺ őâŋőáĺâěńìŋő ňăńőľ łőŋæěŋâàăæĺĺ ŋőáĺâěńěľ àăğňěà ŕăà ńĺèì ŋě őçěŋì ğŋăçĺâěńìŋő ŕàěćëèăěâ áàěďŋěě àăááâőïŋĺě ňěęďã ŋőáĺâěńïňĺ. İâĺ áĺáâěňë ŋăåőďïâáï ć ŕěàěåőďŋőľ őąńăáâĺ őâ \àëåńëå" ŕăà âěőàĺĺ ĄŁŸ ł \łőňŕăłâŋëň" ąőğőŋăň.

Ĺâăł, ć âěőàĺĺ ĄŁŸ íńěłâàőŋë ŋőàňăńìŋőčő ňěâăńńă ŕàěćàăéăîâáï ć ŋőćëě äěàňĺőŋŋëě łćăğĺçăáâĺæë á áŕěłâàőň (7.31). Őďŋőćàěňěŋŋő ŕàőĺáåőďĺâ ĺ ŕěàěáâàőľłă őáŋőćŋőčő áőáâőïŋĺï ŋőàňăńìŋőčő ňěâăńńă. Ŕàĺćěďěň, ąěğ ćëćőďă, őáŋőćŋëě äőàňãńë ďńï őáŋőćŋőčő áőáâőïŋĺï áćěàåŕàőćőďŋĺłă [26]. İâő áőáâőïŋĺě ĺňěěâ ćĺď: |BCS >= ∏ p (u_p + v_pa^+_{p↑}a_{−p↓})|0 > (7.46)

čďě |0 > { áőáâőïŋĺě áĺáâěňë ąěğ íńěłâàőŋőć (ćăłããň), ãďőćńěâćőàïîéěě őçěćĺďŋőňã ãáńőćĺî: a_{pσ}|0 >= 0. Şáńőćĺě u^2_p + v^2_p = 1 őąěáŕěçĺćăěâ ŋőàňĺàőćłã

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 145

< BCS|BCS >= 1. Śàěďŋěě çĺáńő çăáâĺæ ć áőáâőïŋĺĺ ĄŁŸ ěáâì: < N >= ∑ pσ < BCS|a^+_{pσ} a_{pσ}|BCS >= 2 ∑ p v^2_p = V (2π—h)^3 ∫ d^3p2v^2_p (7.47)

Ŕàĺ íâőň äńãłâãăæĺï çĺáńă çăáâĺæ ć őáŋőćŋőň áőáâőïŋĺĺ ĄŁŸ őâńĺçŋă őâ ŋãńï (íâő áőáâőïŋĺě, łăł őâňěçăńőáì ćëèě, ŋăàãèăěâ ğăłőŋ áőåàăŋěŋĺï çĺáńă çăáâĺæ!):

< N^2 > − < N >^2= ∑ p 4u^2_pv^2_p (7.48)

Őâáîďă ńěčłő ćĺďěâì, çâő < N^2 > − < N >^2∼ V ∼< N >, őďŋăłő őâŋőáĺâěńìŋăï äńãłâãăæĺï:

< N^2 > − < N >^2 < N >^2 ∼ 1 < N > (7.49)

ĺ áàěďŋěłćăďàăâĺçŋăï őâŋőáĺâěńìŋăï äńãłâãăæĺï ãąëćăěâ ŕàĺ < N >→ ∞ łăł 1/ √ < N >. §ćŋëě ćëçĺáńěŋĺï ŕőłăğëćăîâ, çâő âăł őŕàěďěńěŋŋőě őáŋőćŋőě áőáâőïŋĺě ãďőćńěâćőàïěâ ãáńőćĺî b_{p↑}|BCS >= b_{p↓}|BCS >= 0, â.ě. ïćńïěâáï ŕàăćĺńìŋëň ćăłããňőň ďńï łćăğĺçăáâĺæ âěőàĺĺ ĄŁŸ, ŕőńãçěŋŋëå ĺğ łćăğĺçăáâĺæ ŋőàňăńìŋőčő ňěâăńńă ŕãâěň u − v { ŕàěőąàăğőćăŋĺï.

Śćěàåâěłãçĺľ äěàňĺ{čăğ. Šěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë.

Řăááňőâàĺň âěŕěàì áĺâãăæĺî ŕàĺ T > 0. Şàăćŋěŋĺě ďńï éěńĺ (7.38) ňőęŋő ŕěàěŕĺáăâì ć áńěďãîéěň ćĺďě:

− 1 + g 2 ∫ d^3p (2π—h)^3 1 ε(p) = g ∫ d^3p (2π—h)^3 n_p ε(p) (7.50)

čďě ε(p) ďăěâáï (7.31). Ğăňěâĺň, çâő ĺŋâěčàăń ć ńěćőľ çăáâĺ őâńĺçăěâáï őâ âăłőćőčő ć (7.39) âőńìłő ğăňěŋőľ ´ ŋă ´_0. Šőčďă, ğăňěŋïï ěďĺŋĺæã ć ńěćőľ çăáâĺ ŋă ńőčăàĺäň ĺğ (7.41), ŕěàěŕĺáëćăěň ńěćãî çăáâì (7.50) łăł g^{mpF}_{2π2h̄}3 ln^{Δ0}_Δ . Ć ŕàăćőľ çăáâĺ ŕőďáâăćńïěň äãŋłæĺî Ťěàňĺ n_p = [e^{ε(p)}T + 1]^{−1} ĺ ŕěàěåőďĺň ł ĺŋâěčàĺàőćăŋĺî ŕő dξ = v_F dp. Šőčďă (7.50) ŕàĺŋĺňăěâ ćĺď: ln ´_0 ´ = ∫_∞ −∞ dξ √ ξ^2 + ´^2 ( e √_ξ2 +Δ2 T + 1 ) = 2I ( ´ T ) (7.51)

čďě I(u) = ∫_∞ −∞ dx √ x^2 + u^2(exp √ x^2 + u^2 + 1)

(7.52)

146 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

İâőâ ĺŋâěčàăń ďőáâăâőçŋő ŕàőáâő ćëçĺáńïěâáï ć ŕàěďěńìŋëå áńãçăïå [1, 3], ĺ ňë ĺňěěň: I(u) = { (_π 2u )_{1/2} e^{−u} ŕàĺ u ≫ 1 ln (_π γu ) +^{7ζ(3)}_{8π2} u^2 ŕàĺ u ≪ 1

(7.53)

čďě γ ≈ 1.78 { ŕőáâőïŋŋăï İľńěàă, ζ(3) ≈ 1.202 { ζ-äãŋłæĺï Řĺňăŋă őâ ăàčãňěŋâă 3. Ŕőďáâăćńïï íâĺ ŕàěďěńìŋëě ćëàăęěŋĺï ć (7.51), ŕőńãçăěň ďńï őąńăáâĺ ŋĺğłĺå âěňŕěàăâãà T ≪ ´:

´ = ´_0 [ 1 − √ 2πT ´_0 e^{− Δ0T} ] , (7.54)

ă ćąńĺğĺ âőçłĺ ŕěàěåőďă ć ŋőàňăńìŋőě áőáâőïŋĺě, łőčďă ´ → 0, ĺňěěň: ln ´_0 ´ = ln πT γ´ + 7ζ(3) 8π^2

´^2 T^2

(7.55)

Ĺğ ŕőáńěďŋěčő ãàăćŋěŋĺï ćĺďŋő, çâő éěńì ´ őąàăéăěâáï ć ŋãńì ŕàĺ âěňŕěàăâãàě:

T_c = γ π ´_0 ≈ 0.57´_0 (7.56)

çâő, á ãçěâőň (7.42), áőćŕăďăěâ á (7.44). Őâňěâĺň, çâő őâáîďă ćëâěłăěâ åăàăłâěàŋőě őâŋőèěŋĺě âěőàĺĺ ĄŁŸ:^{2Δ0}_{Tc} ≈ 3.52, íłáŕěàĺňěŋâăńìŋőě ŕőďâćěàęďěŋĺě łőâőàőčő ć æěńőň àïďě âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłőć ŕőáńãęĺńő, ć áćőě ćàěňï, ćăęŋëň áćĺďěâěńìáâćőň ŕàăćĺńìŋőáâĺ íâőľ âěőàĺĺ^{12}.

Ćąńĺğĺ T_c ĺğ (7.55) ńěčłő ŕőńãçĺâì:

´(T ) = T_c [ 8π^2 7ζ(3) ( 1 − T T_c )]_{1/2} ≈ 3.06T_c √ 1 − T T_c (7.57)

çâő ďěňőŋáâàĺàãěâ åăàăłâěàŋőě łőàŋěćőě ŕőćěďěŋĺě éěńĺ, âĺŕĺçŋőě ďńï ŕăàăňěâàă ŕőàïďłă ŕàĺ äăğőćëå ŕěàěåőďăå II àőďă.

Őąéĺľ ćĺď ğăćĺáĺňőáâĺ íŋěàčěâĺçěáłőľ éěńĺ ´ őâ âěňŕěàăâãàë ć âěőàĺĺ ĄŁŸ, áńěďãîéĺľ ĺğ (7.51) ŕőłăğăŋ ŋă Řĺá. 7-2. İâă ğăćĺáĺňőáâì âăłęě ďőáâăâőçŋő åőàőèő ŕőďâćěàęďăěâáï ć íłáŕěàĺňěŋâăå ŋă âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłăå á ŋě őçěŋì ćëáőłőľ âěňŕěàăâãàőľ áćěàåŕàőćőďïéěčő ŕěàěåőďă T_c.

Ŕěàěľďěň ł àăááňőâàěŋĺî ďàãčĺå áćőľáâć áćěàåŕàőćőďŋĺłőć ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå. Ŕàĺćěďěň ąěğ ćëćőďă ćëàăęěŋĺě ďńï àăğŋőáâĺ áćőąőďŋëå íŋěàčĺľ áćěàåŕàőćőďïéěčő ĺ ŋőàňăńìŋőčő áőáâőïŋĺï ćąńĺğĺ T_c(T < T_c), ćëâěłăîéěě ĺğ âěőàĺĺ ĄŁŸ [1, 3]: F_s − F_n = −V 2mp_F T^2_c 7ζ(3)—h^3 ( 1 − T T_c )_2 , (7.58)

őâłãďă ćĺďŋő, çâő áćěàåŕàőćőďïéěě áőáâőïŋĺě ŕàĺ T < T_c ĺňěěâ ąőńěě ŋĺğłãî áćőąőďŋãî íŋěàčĺî, ŋěęěńĺ ŋőàňăńìŋőě. Ďńï àăğŋőáâĺ íŋâàőŕĺľ ĺğ (7.58) áńěďãěâ:

S_s − S_n = − ∂F ∂T = −V 4mp_F T_c 7ζ(3)—h^3 ( 1 − T T_c ) (7.59)

12Ćő ňŋőčĺå áćěàåŕàőćőďŋĺłăåŋăąńîďăîâáï ğăňěâŋëě őâłńőŋěŋĺï őâ íâőčő ŕàěďáłăğăŋĺï âěőàĺĺ ĄŁŸ. Őąéěŕàĺŋïâăï âőçłă ğàěŋĺï áőáâőĺâ ć âőň, çâő \ĺďěăńìŋőě" ğŋăçěŋĺě 3.52 ďńï őâŋőèěŋĺï ŕőńŋőľ èĺàĺŋë íŋěàčěâĺçěáłőľ éěńĺ ł ćěńĺçĺŋě Tc åăàăłâěàŋő ďńï áćěàåŕàőćőďŋĺłőć áő áńăąőľ áćïğìî (ňăńőľ ćěńĺçĺŋőľ łőŋáâăŋâë áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï), ć ŕőńŋőň áőőâćěâáâćĺěň á âěőàĺěľ ĄŁŸ.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 147

Řĺá. 7-2 Šěňŕěàăâãàŋăï ğăćĺáĺňőáâì íŋěàčěâĺçěáłőľ éěńĺ ć âěőàĺĺ ĄŁŸ.

Śőőâćěâáâćěŋŋő, ŕőńãçăěň ćěńĺçĺŋã áłăçłă âěŕńőěňłőáâĺ ć âőçłě ŕěàěåőďă:

C_s − C_n = T ∂S ∂T = V 4mp_F T_c 7ζ(3)—h^3

(7.60)

Şçĺâëćăï, çâő C_n = V mp_F T /3—h^3 (áň. (5.70)), ŕőńãçĺň: C_s(T_c) C_n(T_c) = 12 7ζ(3)

+ 1 ≈ 2.43. (7.61)

İâő ãŋĺćěàáăńìŋőě ğŋăçěŋĺě âăłęě ŕàěďáâăćńïěâ áőąőľ ďőáâăâőçŋő ńěčłő ŕàőćěàïěňőě ŋă íłáŕěàĺňěŋâě ŕàěďáłăğăŋĺě âěőàĺĺ ĄŁŸ. Őŕïâì-âăłĺ őŋő åőàőèő ŕőďâćěàęďăěâáï ć áćěàåŕàőćőďŋĺłăå áő áńăąőľ áćïğìî.

Ďńï ćëçĺáńěŋĺï âěŕńőěňłőáâĺ ć őąńăáâĺ ŋĺğłĺå âěňŕěàăâãà, ãďőąŋő ĺáåőďĺâì ĺğ áőőâŋőèěŋĺï: δE = ∑ p ε(p)(δn_{p↑} + δn_{p↓}) = 2 ∑ p ε(p)δn_p (7.62)

ďńï ĺğňěŋěŋĺï ŕőńŋőľ íŋěàčĺĺ łćăğĺçăáâĺæ ŕàĺ ćăàìĺàőćăŋĺĺ çĺáěń ğăŕőńŋěŋĺï. Řăğďěńĺć íâő ćëàăęěŋĺě ŋă δT ĺ ŕěàěåőďï őâ áãňňĺàőćăŋĺï ł ĺŋâěčàĺàőćăŋĺî, ŕőńãçĺň ďńï âěŕńőěňłőáâĺ: C = V mp_F π^2—h^3 ∫_∞ −∞ dξ_pε(p) ∂n_p ∂T (7.63)

Ŕàĺ T ≪ ´_0 ňőęŋő ŕőńőęĺâì n_p ≈ e^{− ε(p)}T ĺ ε(p) ≈ ´_0 +^{ξ2p}_{2Δ0} . Šőčďă ŕàőáâőě ĺŋâěčàĺàőćăŋĺě ďăěâ: C = V √ 2mp_F ´^{5/2}_0 π^{3/2}—h^3T^{3/2} e^{− Δ0T} (7.64)

148 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

âăł çâő ŕàĺ T → 0 âěŕńőěňłőáâì íńěłâàőŋŋőčő čăğă ć áćěàåŕàőćőďŋĺłě íłáŕőŋěŋæĺăńìŋő ňăńă, çâő ïćńïěâáï ŕàïňëň áńěďáâćĺěň áãéěáâćőćăŋĺï éěńĺ ć íŋěàčěâĺçěáłőň áŕěłâàě łćăğĺçăáâĺæ.

Ŕàĺ T = 0 ňőęŋő ŕőłăğăâì [1, 3], çâő àăğŋőáâì íŋěàčĺľ őáŋőćŋëå áőáâőïŋĺľ áćěàåŕàőćőďïéěľ ĺ ŋőàňăńìŋőľ äăğë àăćŋă: E_s − E_n = −V mp_F 4π^2—h^3

´^2_0 = − 1 4 V ν_F ´^2_0. (7.65)

Őâàĺæăâěńìŋëľ ğŋăł íâőľ àăğŋőáâĺ áőőâćěâáâćãěâ ŋěãáâőľçĺćőáâĺ \ŋőàňăńìŋőčő" őáŋőćŋőčő áőáâőïŋĺï ć áńãçăě ŕàĺâïęěŋĺï ňěęďã łćăğĺçăáâĺæăňĺ ĺ \ćëčőďŋőáâĺ" áćěàåŕàőćőďïéěčő áőáâőïŋĺï. Ťĺğĺçěáłĺľ áňëáń àěğãńìâăâă (7.65) ćŕőńŋě ïáěŋ: ć áńőě èĺàĺŋőľ ∼ ´_0 ćąńĺğĺ ãàőćŋï Ťěàňĺ ĺňěěâáï ∼ ν_F ´_0 łćăğĺçăáâĺæ, ă ğă áçěâ őąàăğőćăŋĺï éěńĺ íŋěàčĺï łăęďőľ ĺğ ŋĺå ŕőŋĺęăěâáï ŋă ćěńĺçĺŋã ∼ ´_0. Ěáńĺ őæěŋĺâì ćëĺčàëè íŋěàčĺĺ ć àăáçěâě ŋă őďĺŋ íńěłâàőŋ, ŕőńãçĺň ćěńĺçĺŋã ∼ ´^2/ε_F .

Şçěâ łãńőŋőćáłőčő őââăńłĺćăŋĺï�.

Ďő áĺå ŕőà ňë ŕàěďŕőńăčăńĺ, çâő ć áćěàåŕàőćőďŋĺłě áãéěáâćãěâ ŋěłőâőàőě ŕàĺâïęěŋĺě íńěłâàőŋőć ć áńőě èĺàĺŋőľ 2ω_D ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ^{13}. Šăłőě ŕàĺâïęěŋĺě ďěľáâćĺâěńìŋő ňőęěâ áãéěáâćőćăâì ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï. Őďŋăłő, ć ňěâăńńăå ğăćěďőňő áãéěáâćãěâ ĺ ďőáâăâőçŋő áĺńìŋőě łãńőŋőćáłőě őââăńłĺćăŋĺě ňěęďã ćáěňĺ íńěłâàőŋăňĺ, łőâőàőě, őçěćĺďŋő, ŕàěŕïâáâćãěâ őąàăğőćăŋĺî łãŕěàőćáłĺå ŕăà ĺ áćěàåŕàőćőďĺňőáâĺ. Ŕőáňőâàĺň, łăł ňőęŋő ãçěáâì íâő őââăńłĺćăŋĺě ć ãàăćŋěŋĺïå âěőàĺĺ ĄŁŸ.

Ć őąéěň áńãçăě, íŋěàčěâĺçěáłăï éěńì áćěàåŕàőćőďŋĺłă, á ãçěâőň àăğńĺçŋëå ňěåăŋĺğňőć ćğăĺňőďěľáâćĺï, őŕàěďěńïěâáï ďőáâăâőçŋő áńőęŋëň ĺŋâěčàăńìŋëň ãàăćŋěŋĺěň. Ćąńĺğĺ T_c íâő ãàăćŋěŋĺě ćáěčďă ňőęŋő ńĺŋěăàĺğőćăâì ŕő ćěńĺçĺŋě ´, ŕőáłőńìłã őŋă áâàěňĺâáï ł ŋãńî ŕàĺ T → T_c. Ć çăáâŋőáâĺ, ć ŕàĺąńĺęěŋĺĺ áńăąőľ áćïğĺ ňőęŋő ŋăŕĺáăâì áńěďãîéěě ãàăćŋěŋĺě ďńï éěńĺ ćąńĺğĺ T_c, ïćńïîéěěáï ŕàïňëň őąőąéěŋĺěň ãàăćŋěŋĺï (7.43) ĺ őŕàěďěńïîéěě âěňŕěàăâãàã áćěàåŕàőćőďïéěčő ŕěàěåőďă [26]:

´(ξ) = ∞∫ −∞ dτ V (ξ, ξ^′)N (ξ^′) 1 2ξ^′ th( ξ^′ 2T_c )´(ξ^′), (7.66)

ğďěáì N (ξ) - ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ć ŋőàňăńìŋőň ňěâăńńě (ć àăáçěâě ŋă őďŋő ŋăŕàăćńěŋĺě áŕĺŋă), ă V (ξ, ξ^′) { \ŕőâěŋæĺăń" íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï ňěęďã ŋĺňĺ. Ŕàĺ íâőň ňë áçĺâăěň, çâő ćěńĺçĺŋă ´(ξ) ïćńïěâáï ŋěłőâőàőľ ŋěĺğćěáâŋőľ äãŋłæĺěľ íŋěàčĺĺ łćăğĺçăáâĺæë ξ, łőâőàăï ŕőďńěęĺâ őŕàěďěńěŋĺî, ć ğăćĺáĺňőáâĺ őâ ŕàĺŋĺňăěňőľ ňőďěńĺ ćğăĺňőďěľáâćĺï. Ćëèě ´ áçĺâăńăáì łőŋáâăŋâőľ ĺ áőłàăéăńăáì, ŕőńŋőáâìî ćëŕăďăï ĺğ ãàăćŋěŋĺï (7.43).

İääěłâĺćŋőě íńěłâàőŋ-íńěłâàőŋŋőě ŕàĺâïęěŋĺě őŕàěďěńïěâáï, ć ďěľáâćĺâěńìŋőáâĺ, ŋěłőâőàëň ąăńăŋáőň ňěęďã áŕăàĺćăŋĺěň ğă áçěâ íńěłâàőŋ-äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ĺ łãńőŋőćáłĺň őââăńłĺćăŋĺěň. Ć łăçěáâćě \ŕőâěŋæĺăńă" íääěłâĺćŋőčő

13Ďăńěě ć íâőň ŕăàăčàăäě ňë ŕőńăčăěň —h = 1 ĺ ĺğňěàïěň ω_D ć íŋěàčěâĺçěáłĺå ěďĺŋĺæăå.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 149

ćğăĺňőďěľáâćĺï ňőęŋő ŕàĺŋïâì čàãąãî ňőďěńì áńěďãîéěčő ćĺďă^{14}:

V (ξ, ξ^′) = −V_c(ξ, ξ^′) + V_{ph}(ξ, ξ^′), (7.67) čďě V_c(ξ, ξ^′) = V_cθ(ε_F − |ξ|)θ(ε_F − |ξ^′|) (7.68) V_{ph}(ξ, ξ^′) = V_{ph}θ(ω_D − |ξ|)θ(ω_D − |ξ^′|) (7.69) { ŕőâěŋæĺăńë áőőâćěâáâćěŋŋő íńěłâàőŋ-íńěłâàőŋŋőčő ĺ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï, ω_D - ďěąăěćáłăï çăáâőâă. Łőŋáâăŋâë V_c > 0 ĺ V_{ph} > 0 őŕĺáëćăîâ áőőâćěâáâćěŋŋő őââăńłĺćăâěńìŋőě ĺ ŕàĺâïčĺćăîéěě ćğăĺňőďěľáâćĺï, ďěľáâćãîéĺě (ć áĺńã ε_F ≫ ω_D) ć áãéěáâćěŋŋő àăğńĺçŋëå ĺŋâěàćăńăå íŋěàčĺľ: äőŋőŋŋőě ŕàĺâïęěŋĺě ďěľáâćãěâ âőńìłő ŋă íńěłâàőŋë ć áńőě èĺàĺŋőľ 2ω_D ćąńĺğĺ ãàőćŋï Ťěàňĺ, ă őââăńłĺćăŋĺě ďěľáâćãěâ ňěęďã ćáěňĺ íńěłâàőŋăňĺ ŕàőćőďĺňőáâĺ, ŋă ňăáèâăąě íŋěàčĺľ ŕőàïďłă ε_F .

Ŕőáńě ŕőďáâăŋőćłĺ íâőčő ćëàăęěŋĺï ć ãàăćŋěŋĺě (7.66) ĺ ŕàěőąàăğőćăŋĺľ á ĺáŕőńìğőćăŋĺěň çěâŋőáâĺ éěńěćőľ äãŋłæĺĺ ´(ξ) ŕőńãçĺň: ´(ξ) = [V_{ph}θ(ω_D − ξ) − V_cθ(ε_F − ξ)] ω_D∫

0 dξ^′N (ξ^′) 1 ξ^′ th( ξ^′ 2T_c )´(ξ^′) −

− V_cθ(ε_F − ξ) ε_F∫

ω_D dξ^′N (ξ^′) 1 ξ^′ th( ξ^′ 2T_c )´(ξ^′). (7.70)

Řěèěŋĺě íâőčő ãàăćŋěŋĺï ąãďěň, ć čàãąőň ŕàĺąńĺęěŋĺĺ, ĺáłăâì ć \ďćãåáâãŕěŋçăâőň"ćĺďě [26]:

´(ξ) = { ´_{ph}, |ξ| < ω_D, ´_c, ω_D < |ξ| < ε_F , (7.71)

čďě ´_{ph}, ´_c - ŋěłőâőàëě łőŋáâăŋâë, ďńï őŕàěďěńěŋĺï łőâőàëå ŕőáńě ŕőďáâăŋőćłĺ (7.71) ć ãàăćŋěŋĺě (7.70) ĺňěěň őďŋőàőďŋãî áĺáâěňã ńĺŋěľŋëå ãàăćŋěŋĺľ áńěďãîéěčő ćĺďă: { 1 − (V_{ph} − V_c)N (0)K ( ω_D 2T_c )} ´_{ph} + V_cN (0) [ K ( ε_F 2T_c ) − K ( ω_D 2T_c )] ´_c = 0, V_cN (0)K ( ω_D 2T_c ) ´_{ph} + { 1 + V_cN_0(0) [ K ( ε_F 2T_c ) − K ( ω_D 2T_c )]} ´_c = 0,(7.72)

čďě ňë ğăňěŋĺńĺ ŕńőâŋőáâì áőáâőïŋĺľ ŋă łőŋáâăŋâã N (0) =^1_2 ν_F - ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ŋőàňăńìŋőčő ňěâăńńă ŋă ãàőćŋě Ťěàňĺ ĺ ććěńĺ őąőğŋăçěŋĺě K(x) = x∫ 0 dx^′ 1 x^′ th(x^′). (7.73)

14Ňěęíńěłâàőŋŋőě őââăńłĺćăŋĺě áçĺâăěň łőàőâłőďěľáâćãîéĺň ĺğ-ğă áĺńìŋőľ íłàăŋĺàőćłĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ć ňěâăńńăå.

150 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Şáńőćĺě àăğàěèĺňőáâĺ (àăćěŋáâćő ŋãńî ďěâěàňĺŋăŋâă) íâőľ őďŋőàőďŋőľ áĺáâěňë ãàăćŋěŋĺľ ďăěâ ãàăćŋěŋĺě ďńï őŕàěďěńěŋĺï T_c: (λ − μ^∗)K( ω_D 2T_c ) = 1,

μ^∗ = μ { 1 + μ [ K ( ε_F 2T_c ) − K ( ω_D 2T_c )]}_{−1} , (7.74)

čďě ććěńĺ μ^∗ - âăł ŋăğëćăěňëľ łãńőŋőćáłĺľ ŕáěćďőŕőâěŋæĺăń, μ = V_cN_0(0) - ąěğàăğňěàŋăï łőŋáâăŋâă łãńőŋőćáłőčő őââăńłĺćăŋĺï, λ = V_{ph}N_0(0) - ąěğàăğňěàŋăï łőŋáâăŋâă áŕăàĺćăŋĺï ğă áçěâ íńěłâàőŋ-äőŋőŋŋőčő ćğăĺňőďěľáâćĺï.

Ć áĺńã ŋěàăćěŋáâćă ε_F ≫ ω_D ≫ T_c ĺŋâěčàăń (7.73) ňőęŋő ćëçĺáńĺâì ŕàĺ x ≫ 1, âőčďă K(x) = ln (_{4γ} π x ) , čďě γ őŕïâì ŕőáâőïŋŋăï İľńěàă. Šőčďă ďńï âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă ŋěňěďńěŋŋő ŕőńãçăěň^{15}:

T_c = 2γ π ω_D exp ( − 1 λ − μ^∗ ) . (7.75)

çâő áőćŕăďăěâ á äőàňãńőľ ĄŁŸ (7.44), ěáńĺ ŕőńőęĺâì áŕăàĺćăâěńìŋãî łőŋáâăŋâã ćğăĺňőďěľáâćĺï λ_p = λ − μ^∗. Łãńőŋőćáłĺľ ŕáěćďőŕőâěŋæĺăń μ^∗ ďăěâáï ŕàĺ íâőň ćëàăęěŋĺěň: μ^∗ ≈ μ 1 + μ ln^{εF}_{ωD}

. (7.76)

Őâáîďă ćĺďŋő, çâő łãńőŋőćáłőě őââăńłĺćăŋĺě, ěáâěáâćěŋŋő, ňěèăěâ áŕăàĺćăŋĺî ĺ ŕőŋĺęăěâ T_c, ãňěŋìèăï ćěńĺçĺŋã λ_p ŋă ćěńĺçĺŋã μ^∗. Őďŋăłő íâőâ íääěłâ ć ňěâăńńăå ďőćőńìŋő áĺńìŋő ŕőďăćńěŋ ğă áçěâ ąőńìèőľ (ŕàĺ ε_F ≫ ω_D) ćěńĺçĺŋë ln(ε_F /ω_D) (âăł ŋăğëćăěňëľ âőńňăçěćáłĺľ ńőčăàĺäň). Ć çăáâŋőáâĺ, ćŕőńŋě ňőęěâ őłăğăâìáï, çâő ďăęě ŕàĺ λ < μ, â.ě. łőčďă ćő ćáěľ őąńăáâĺ íŋěàčĺľ ŕőńŋăï łőŋáâăŋâă ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï äőàňăńìŋő áőőâćěâáâćãěâ őââăńłĺćăŋĺî, áćěàåŕàőćőďĺňőáâì áőåàăŋïěâáï, ěáńĺ ćëŕőńŋěŋő ãáńőćĺě λ > μ^∗.

Ĺğ äőàňãńë (7.75) ćĺďŋë ŕàĺŋæĺŕĺăńìŋëě ćőğňőęŋőáâĺ ŕőćëèěŋĺï łàĺâĺçěáłőľ âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă:

1. Ňőęŋő ŕőćëèăâì ćěńĺçĺŋã ω_D ĺńĺ ŕěàěåőďĺâì ł ďàãčĺň (ŋěäőŋőŋŋëň) ňěåăŋĺğňăň áŕăàĺćăŋĺï ğă áçěâ őąňěŋă łőńńěłâĺćŋëňĺ ćőğąãęďěŋĺïňĺ á åăàăłâěàŋëňĺ çăáâőâăňĺ, ŕàěćëèăîéĺňĺ ω_D. Ŕàĺňěà íâőčő { âăł ŋăğëćăěňëľ íłáĺâőŋŋëľ ňěåăŋĺğň, ć łőâőàőň ω_D ğăňěŋïěâáï ŋă ćěńĺçĺŋã ŕőàïďłă ε_F .

2. Ś ďàãčőľ áâőàőŋë, ňőęŋő ŕëâăâìáï ãćěńĺçĺćăâì łőŋáâăŋâã áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï λ_p ğă áçěâ ãćěńĺçěŋĺï łőŋáâăŋâë ŕàĺâïęěŋĺï λ ĺńĺ ãňěŋìèěŋĺï łãńőŋőćáłőčő ŕáěćďőŕőâěŋæĺăńă μ^∗.

Śőąáâćěŋŋő čőćőàï, ćáě ŕőŕëâłĺ ŕőĺáłă ćëáőłőâěňŕěàăâãàŋőľ áćěàåŕàőćőďĺňőáâĺ èńĺ ć àăňłăå íâőľ ĺďěőńőčĺĺ. Ŋă íâőň ęě áâàőĺâáï ąőńìèĺŋáâćő őąêïáŋěŋĺľ ňěåăŋĺğňă áćěàåŕàőćőďĺňőáâĺ ć àěăńìŋëå ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå. Ğăďăçă íâő ďőáâăâőçŋő áńőęŋăï, ŕőáłőńìłã ďăęě ŋă íâőň íńěňěŋâăàŋőň ãàőćŋě ćĺďŋő, çâő ŕàĺćěďěŋŋëě ãáńőćĺï ďőáâăâőçŋő ŕàőâĺćőàěçĺćë - ŋăŕàĺňěà àőáâ ŕàěďíłáŕőŋěŋâë ω_D (7.75) ďő ćěńĺçĺŋ áőŕőáâăćĺňëå á ε_F ŋěĺğąěęŋő ćěďěâ ł áőőâćěâáâćãîéěňã àőáâã łãńőŋőćáłőčő ŕáěćďőŕőâěŋæĺăńă ğă áçěâ ãňěŋìèěŋĺï âőńňăçěćáłőčő ńőčăàĺäňă. Ś ďàãčőľ áâőàőŋë, ãćěńĺçěŋĺě íääěłâĺćŋőľ áŕăàĺćăâěńìŋőľ łőŋáâăŋâë

15İâőâ ćăęŋëľ àěğãńìâăâ ąëń ŕőńãçěŋ Šőńňăçěćëň ćáłőàě ŕőáńě áőğďăŋĺï âěőàĺĺ ĄŁŸ.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 151

áćïğĺ âàěąãěâ ćëåőďă ğă àăňłĺ ĺáŕőńìğőćăćèěčőáï ŋăňĺ ŕàĺąńĺęěŋĺï áńăąőľ áćïğĺ ŕàőáâőľ âěőàĺĺ ĄŁŸ^{16}.

Ć ğăłńîçěŋĺě ŋăèěčő őąğőàă ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ őâňěâĺň, çâő ćëèě ňë ćáîďã ŕàěďŕőńăčăńĺ, çâő łãŕěàőćáłőě áŕăàĺćăŋĺě ŕàőĺáåőďĺâ ć áĺŋčńěâŋőň áőáâőïŋĺĺ (ăŋâĺŕăàăńńěńìŋëě áŕĺŋë) ĺ á ŋãńěćëň őàąĺâăńìŋëň ňőňěŋâőň ŕăàë (s-áŕăàĺćăŋĺě). Ć àěăńìŋőáâĺ áĺâãăæĺï ňőęěâ ąëâì áńőęŋěě. İłáŕěàĺňěŋâăńìŋő ŕőłăğăŋő, çâő ć ŋěłőâőàëå áĺáâěňăå łãŕěàőćáłőě áŕăàĺćăŋĺě ŕàőĺáåőďĺâ ć âàĺŕńěâŋőň áőáâőïŋĺĺ (ŕăàăńńěńìŋëě áŕĺŋë ć ŕăàě), ă âăłęě ć áőáâőïŋĺĺ á ŋěŋãńěćëň őàąĺâăńìŋëň ňőňěŋâőň (He^3, áĺáâěňë á âăł ŋăğëćăěňëňĺ âïęěńëňĺ äěàňĺőŋăňĺ ĺ â.ŕ.). Ŋăŕàĺňěà, ć ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå ŋă őáŋőćě őłáĺďőć ňěďĺ àěăńĺğãěâáï áĺŋčńěâŋőě d-áŕăàĺćăŋĺě. Ěáâěáâćěŋŋő, çâő ďńï ňĺłàőáłőŕĺçěáłőčő őŕĺáăŋĺï âăłĺå áĺáâěň âàěąãěâáï ąőńěě áńőęŋăï âěőàĺï, őďŋăłő őáŋőćŋëě ĺďěĺ ĺ łăçěáâćěŋŋëě ćëćőďë âěőàĺĺ ĄŁŸ őáâăîâáï ć áĺńě.

Šěőàĺï Čĺŋğąãàčă { Ńăŋďăã.

Ŕőńŋăï ňĺłàőáłőŕĺçěáłăï âěőàĺï, őŕĺáëćăîéăï ŕőćěďěŋĺě áćěàåŕàőćőďŋĺłă ć ňăčŋĺâŋőň ŕőńě ďőćőńìŋő čàőňőğďłă ĺ áńőęŋă. Őłăğëćăěâáï, çâő áĺâãăæĺï áãéěáâćěŋŋő ãŕàőéăěâáï ŕàĺ T → T_c, čďě ňőęŋő ŕőáâàőĺâì äěŋőňěŋőńőčĺçěáłãî âěőàĺî Čĺŋğąãàčă { Ńăŋďăã (ČŃ), łőâőàăï ïćńïěâáï ïàłĺň ŕàĺňěàőň ŕàĺňěŋěŋĺï őąéěľ âěőàĺĺ Ńăŋďăã äăğőćëå ŕěàěåőďőć II àőďă [1, 2]^{17}.

Ć őąéěľ âěőàĺĺ Ńăŋďăã őâńĺçĺě \ŋěáĺňňěâàĺçŋőľ" äăğë őâ \áĺňňěâàĺçŋőľ" őŕĺáëćăěâáï ŕăàăňěâàőň ŕőàïďłă. Ďńï áćěàåŕàőćőďŋĺłőć ěáâěáâćěŋŋëň âăłĺň ŕăàăňěâàőň ïćńïěâáï łőňŕńěłáŋăï íŋěàčěâĺçěáłăï éěńì ĺńĺ, âőçŋěě, ăŋőňăńìŋőě áàěďŋěě (7.17), łőâőàőě ŕàőŕőàæĺőŋăńìŋő łőŋďěŋáăâŋőľ ćőńŋőćőľ äãŋłæĺĺ łãŕěàőćáłĺå ŕăà. Ć őąéěň áńãçăě íâőâ ŕăàăňěâà ŕőàïďłă ňőęěâ ąëâì ŋěőďŋőàőďŋëň ć ŕàőáâàăŋáâćě. Śçĺâăï, ďńï ŕàőáâőâë, áĺňňěâàĺî łàĺáâăńńă łãąĺçěáłőľ ğăňěâĺň, çâő áćěàåŕàőćőďïéěě áőáâőïŋĺě åăàăłâěàĺğãěâáï áłăńïàŋőľ ćěńĺçĺŋőľ n_s {

16Ć łăçěáâćě ŕàĺňěàă áőőâćěâáâćãîéěčő àăğćĺâĺï âěőàĺĺ âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłőć ŕàĺćěďěň ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã Ăńńěŋă { Ďăľŋáă ďńï Tc, ŕàĺčőďŋãî ďńï èĺàőłőčő ĺŋâěàćăńă ğŋăçěŋĺľ ąěğàăğňěàŋőľ łőŋáâăŋâë íńěłâàőŋ { äőŋőŋŋőčő áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï, ć âőň çĺáńě áãéěáâćěŋŋő ŕàěćëèăîéĺå λ ∼ 1: Tc = f_1f_2 1.20 ω_{log}exp { − 1.04(1 + λ) λ − μ^⋆(1 + 0.62λ) } (7.77) čďě f_1 = [1 + (λ/λ_1)^{3/2}]^{1/3}; f_2 = 1 +

[< ω^2 >^{1/2} /ω_{log} − 1]λ^2 λ^2 + λ^2

λ_1 = 2.46(1 + 3.8μ^⋆); λ_2 = 1.82(1 + 6.3μ^⋆)

< ω^2 >^{1/2} ω_{log} (7.78)

čďě ω_{log} { áàěďŋěńőčăàĺäňĺçěáłăï çăáâőâă äőŋőŋőć, ă < ω^2 > { áàěďŋĺľ (ŕő äőŋőŋŋőňã áŕěłâàã) łćăďàăâ ĺå çăáâőâë. İâĺ ŕăàăňěâàë ćåőďïâ ćňěáâő ćěńĺçĺŋë ω_D âěőàĺĺ ĄŁŸ, őáâăńìŋëě ŕăàăňěâàë ãęě ąëńĺ őŕàěďěńěŋë ćëèě.

17Őâňěâĺň, çâő âěőàĺï Čĺŋğąãàčă { Ńăŋďăã ňőęěâ ąëâì ćëćěďěŋă ĺğ ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ ĄŁŸ, ŋő äăłâĺçěáłĺ őŋă ąëńă ŕàěďńőęěŋă ğăďőńčő ďő ŕőïćńěŋĺï íâőľ âěőàĺĺ.

152 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ŕńőâŋőáâìî áćěàåŕàőćőďïéĺå íńěłâàőŋőć (ŕăà). Ŕőíâőňã ãďőąŋő ŋőàňĺàőćăâì łőŋďěŋáăâŋãî ćőńŋőćãî äãŋłæĺî ãáńőćĺěň |¯|^2 = n_s/2, ĺ ććěďï äăğã ϕ ğăŕĺáăâì ěě ć ćĺďě [3]: ¯ = √ n_s 2 e^{iϕ} ∼ ´ (7.79)

Šăłĺň őąàăğőň, ŕăàăňěâà ŕőàïďłă ïćńïěâáï łőňŕńěłáŋőľ (ďćãåłőňŕőŋěŋâŋőľ) ćěńĺçĺŋőľ.

Ŕő őąéĺň ŕàăćĺńăň łćăŋâőćőľ ňěåăŋĺłĺ ňőęěň âőčďă ğăŕĺáăâì ŕńőâŋőáâì áćěàåŕàőćőďïéěčő âőłă ć ćĺďě:

js = −^{ie}—^h2_m (¯^⋆∇¯ − ¯∇¯^⋆) =^e—^h2_m ns∇ϕ (7.80)

čďě ŕőáńěďŋěě àăćěŋáâćő áŕàăćěďńĺćő ďńï áńãçăï őďŋőàőďŋőľ ć ŕàőáâàăŋáâćě ŕńőâŋőáâĺ n_s, ă ãďćőěŋŋăï ňăááă ććěďěŋă çĺáâő äőàňăńìŋő, çâőąë ŕőďçěàłŋãâì, çâő ŋőáĺâěńïňĺ íâőčő âőłă ïćńïîâáï łãŕěàőćáłĺě ŕăàë.

Őâŕàăćŋëň ŕãŋłâőň âěőàĺĺ ČŃ ïćńïěâáï ćëàăęěŋĺě ďńï áćőąőďŋőľ íŋěàčĺĺ áćěàåŕàőćőďŋĺłă ć ćĺďě äãŋłæĺőŋăńă őâ ¯(r). Śŋăçăńă àăááňőâàĺň áćěàåŕàőćőďŋĺł ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï. Őçěćĺďŋő, çâő äĺğĺçěáłĺě ćěńĺçĺŋë ŋě ďőńęŋë ğăćĺáěâì őâ łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï ¯ → ¯e^{iα}. İâĺň âàěąőćăŋĺěň ĺáłńîçăîâáï çńěŋë ŋěçěâŋőľ áâěŕěŋĺ ć àăğńőęěŋĺĺ Ńăŋďăã^{18}.

Łőŋłàěâŋëľ ćĺď àăğńőęěŋĺï áćőąőďŋőľ íŋěàčĺĺ áćěàåŕàőćőďŋĺłă ŕő áâěŕěŋïň ŕăàăňěâàă ŕőàïďłă ¯ ňőęěâ ąëâì ğăŕĺáăŋ ć ćĺďě^{19}:

F = F_n + ∫ dV { —h^2 4m |∇¯|^2 + a|¯|^2 + b 2 |¯|^4 } (7.81)

Ğďěáì F_n { áćőąőďŋăï íŋěàčĺï ŋőàňăńìŋőčő áőáâőïŋĺï, łőíääĺæĺěŋâ b > 0, ă łőíääĺæĺěŋâ a ąěàěâáï, łăł ćáěčďă ć âěőàĺĺ Ńăŋďăã, ć ćĺďě:

a = α(T − T_c) α > 0 (7.82)

âăł, çâőąë ŕàĺ T < T_c ąëńő a < 0. Łőíääĺæĺěŋâ ŕàĺ |∇¯|^2 ćëąàăŋ âăł, çâőąë ďńï âőłă ć ďăńìŋěľèěň ŕőńãçĺńőáì ćëàăęěŋĺě (7.80). Őâőęďěáâćńěŋĺě m á ňăááőľ íńěłâàőŋă ŋě ĺňěěâ őáőąěŋŋő čńãąőłőčő áňëáńă ĺ ïćńïěâáï ãáńőćŋëň, łăł ĺ őŕàěďěńěŋĺě n_s.

Ć áńãçăě őďŋőàőďŋőčő ŕăàăňěâàă ŕőàïďłă ĺňěěň:

F = F_n + αV (T − T_c)|¯|^2 + bV 2 |¯|^4 (7.83)

Řăćŋőćěáŋőě ğŋăçěŋĺě |¯|^2 őŕàěďěńïěâáï ňĺŋĺňãňőň íâőčő ćëàăęěŋĺï ĺ àăćŋő:

|¯|^2 = − a b = α b (T_c − T ) (7.84)

18Ğăňěâĺň, çâő łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì áőőâćěâáâćãěâ ć łćăŋâőćőľ ňěåăŋĺłě ğăłőŋã áőåàăŋěŋĺï çĺáńă çăáâĺæ. Śăň ŕăàăňěâà ŕőàïďłă ŋě ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő íâőčő ŕàěőąàăğőćăŋĺï. Ć íâőň áňëáńě ć áćěàåŕàőćőďïéěľ äăğě íâă áĺňňěâàĺï, łăł őâňěçěŋő ćëèě, ïćńïěâáï ŋăàãèěŋŋőľ. Ŋăàãèěŋĺě áĺňňěâàĺĺ ŕàőĺáåőďĺâ ŕàĺ ńîąőň äăğőćőň ŕěàěåőďě II àőďă, ŕőíâőňã łőŋďěŋáĺàőćăŋŋăï äăğă ĺ ŋăğëćăěâáï ŋěáĺňňěâàĺçŋőľ.

19Ŋăŕőňŋĺň, çâő őáŋőćŋëň ŕőáâãńăâőň âěőàĺĺ Ńăŋďăã ïćńïěâáï ĺňěŋŋő ćőğňőęŋőáâì ŕàőćěáâĺ âăłőě àăğńőęěŋĺě, ĺáåőďï ĺğ ňăńőáâĺ ćěńĺçĺŋë ŕăàăňěâàă ŕőàïďłă ćąńĺğĺ âěňŕěàăâãàë ŕěàěåőďă [1, 2].

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 153

ŕàĺ T < T_c, ĺ ŋãńî ŕàĺ T > T_c. Ćěńĺçĺŋă ŕăàăňěâàă ŕőàïďłă |¯| őąàăéăěâáï ć ŋãńì ŕàĺ T → T_c ŕő łőàŋěćőňã ğăłőŋã, ć ŕőńŋőň áőőâćěâáâćĺĺ á (7.57). Ŕàĺ íâőň ćěńĺçĺŋă n_s ∼ |¯|^2 → 0 ŕő ńĺŋěľŋőňã ğăłőŋã.

Ŕőďáâăćńïï (7.84) ć (7.83) ŕőńãçăěň: F_s − F_n = −V α^2 2b (T − T_c)^2 (7.85)

çâő íłćĺćăńěŋâŋő (7.58)^{20}. Ďĺääěàěŋæĺàãï ŕő T ĺğ (7.85), ăŋăńőčĺçŋő (7.59), ňőęŋő ŋăľâĺ àăğŋőáâì íŋâàőŕĺľ, ă ğăâěň ĺ áłăçőł âěŕńőěňłőáâĺ ć âőçłě ŕěàěåőďă:

C_s − C_n = V α^2T_c b (7.86)

çâő áőőâćěâáâćãěâ (7.86).

Ćąńĺğĺ T_c (7.85) ŕàěďáâăćńïěâ áőąőľ ňăńãî ďőąăćłã ł áćőąőďŋőľ íŋěàčĺĺ, ă áőőâćěâáâćěŋŋő, łăł ĺğćěáâŋő ĺğ âěàňőďĺŋăňĺłĺ, íâă ęě ćěńĺçĺŋă (ćëàăęěŋŋăï çěàěğ T, P ćňěáâő T, V ) ďăěâ àăğŋőáâì âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć Čĺąąáă ˘_s − ˘_n. İâă àăğŋőáâì áőćŕăďăěâ á ćěńĺçĺŋőľ −V^{B2c}_{8π} , čďě B_c { łàĺâĺçěáłőě ňăčŋĺâŋőě ŕőńě, àăğàãèăîéěě áćěàåŕàőćőďĺňőáâì. Šőčďă ńěčłő ŕőńãçĺâì:

B_c = ( 4πa^2 b )_{1/2} = ( 4πα^2 b ) (T_c − T ). (7.87)

Ŕàĺ ŋăńĺçĺĺ ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï, ćëàăęěŋĺě (7.81) ďńï áćőąőďŋőľ íŋěàčĺĺ ňőęěâ ąëâì ğăŕĺáăŋő łăł:

F = F_n + ∫ dV { B^2 8π + —h^2 4m |(∇ − 2ie —hc A)¯|^2 + a|¯|^2 +^b2 |¯|^4 } (7.88)

čďě B = rotA. Śâàãłâãàă čàăďĺěŋâŋőčő çńěŋă ğďěáì őŕàěďěńïěâáï łăńĺąàőćőçŋőľ

(čàăďĺěŋâŋőľ) ĺŋćăàĺăŋâŋőáâìî íńěłâàőďĺŋăňĺłĺ, łőíääĺæĺěŋâ^{2ie}_{h̄c} ğďěáì ŋőáĺâ ăąáőńîâŋëľ åăàăłâěà, ć őâńĺçĺě őâ łőíääĺæĺěŋâă —h^2/4m. Ć çăáâŋőáâĺ, ŋăńĺçĺě 2e őâàăęăěâ ğăàïď łãŕěàőćáłőľ ŕăàë.

Ŋăåőďï ňĺŋĺňãň F łăł äãŋłæĺőŋăńă âàěå ŋěğăćĺáĺňëå ćěńĺçĺŋ ¯, ¯^⋆, A^{21}, ňőęŋő ŋăľâĺ ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě, őŕàěďěńïîéěě àăáŕàěďěńěŋĺě ¯ ĺ ňăčŋĺâŋőčő ŕőńï ć áćěàåŕàőćőďŋĺłě. Ćăàìĺàãï (7.88) ŕő ¯^⋆ ĺ ŕàěőąàăğãï ĺŋâěčàăń őâ (∇ − 2ieA/—hc)∇δ¯^⋆ ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň, ŕőńãçĺň: δF = ∫ dV { − —h^2 4m (∇ − 2ie —hc A)^2¯ + a¯ + b|¯|^2¯ } δ¯^⋆ +

—h^2 4m ∮ ds(∇¯ − 2^{ie}—_{hc} A¯)δ¯^⋆

(7.89)

20Šěőàĺï ČŃ ąëńă ćëćěďěŋă ĺğ ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ ĄŁŸ Čőàìłőćëň. Ŕàĺ íâőň ďńï äěŋőňěŋőńőčĺçěáłĺå łőíääĺæĺěŋâőć α ĺ b ąëńĺ ŕőńãçěŋë áőőâćěâáâćãîéĺě ćëàăęěŋĺï çěàěğ ňĺłàőáłőŕĺçěáłĺě åăàăłâěàĺáâĺłĺ áĺáâěňë. İâĺ ćëàăęěŋĺï ńěčłő ŕőńãçĺâì, áàăćŋĺćăï (7.84), (7.57) c (7.57), (7.85). Šăłĺň őąàăğőň, ďńï \çĺáâőčő" áćěàåŕàőćőďŋĺłă ąěğ ŕàĺňěáěľ ĺňěěň: α =^{6π2Tc}_{7ζ(3)εF} ĺ

b =^{αT c}_n , čďě n =^{p3F}_{3π2h̄3} { ŕńőâŋőáâì íńěłâàőŋőć, ă Tc ďăěâáï äőàňãńőľ ĄŁŸ (7.44).

21Łőňŕńěłáŋăï ćěńĺçĺŋă ¯ áőáâőĺâ ĺğ ďćãå ćěéěáâćěŋŋëå, ŕőíâőňã ãďőąŋő àăááňăâàĺćăâì ¯ ĺ ¯^⋆, łăł ŋěğăćĺáĺňëě ćěńĺçĺŋë.

154 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

čďě ćâőàőľ ĺŋâěčàăń ąěàěâáï ŕő ŕőćěàåŋőáâĺ âěńă. Ŕőńăčăï δF = 0 ŕőńãçĺň, ć łăçěáâćě ãáńőćĺï àăćěŋáâćă ŋãńî őąêěňŋőčő ĺŋâěčàăńă ŕàĺ ńîąëå δ¯^⋆, áńěďãîéěě ãàăćŋěŋĺě Čĺŋğąãàčă { Ńăŋďăã: 1 4m (−i—h∇ − 2e c A)^2¯ + a¯ + b|¯|^2¯ = 0 (7.90)

Ćăàìĺàőćăŋĺě ŕő ¯ ďăěâ łőňŕńěłáŋő áőŕàïęěŋŋőě ãàăćŋěŋĺě ďńï ¯^⋆. Ćăàìĺàőćăŋĺě (7.88) ŕő A ŕàĺćőďĺâ ł ãàăćŋěŋĺî Ňăłáćěńńă:

rotB = 4^π_c j (7.91) čďě j = −^{ie}—^h2_m (¯^⋆∇¯ − ¯∇¯^⋆) − 2^{e2}_{mc} |¯|^2A (7.92)

Ğďěáì ňë ğăŕĺáăńĺ j łăł áćěàåŕàőćőďïéĺľ âőł, ŕőáłőńìłã ć àăćŋőćěáĺĺ ŋőàňăńìŋëľ âőł őâáãâáâćãěâ.

Čàăŋĺçŋëě ãáńőćĺï ł íâĺň ãàăćŋěŋĺïň ŕőńãçăîâáï ĺğ ãáńőćĺï àăćěŋáâćă ŋãńî ŕőćěàåŋőáâŋőčő ĺŋâěčàăńă ć (7.89):

n(−i—h∇¯ − 2^e—_{hc} A)¯ = 0 (7.93)

čďě n { ćěłâőà ŋőàňăńĺ ł ŕőćěàåŋőáâĺ âěńă. Őâáîďă, łáâăâĺ, áńěďãěâ nj = 0. Şáńőćĺě

(7.93) áŕàăćěďńĺćő ŋă čàăŋĺæě áćěàåŕàőćőďŋĺłă á ćăłããňőň (ďĺíńěłâàĺłőň), ć áńãçăě čàăŋĺæë á ňěâăńńőň őŋő ĺňěěâ ďàãčőľ ćĺď. Čàăŋĺçŋőě ãáńőćĺě ďńï B áćőďĺâáï ł âàěąőćăŋĺî ŋěŕàěàëćŋőáâĺ B ŋă čàăŋĺæě.

Ć áńăąőň ňăčŋĺâŋőň ŕőńě ňőęŋő ŕàěŋěąàěçì ěčő ćńĺïŋĺěň ŋă ćěńĺçĺŋã |¯|^2 ĺ áçĺâăâì ěě àăćŋőľ (7.84). Ŕàĺ őďŋőàőďŋőň ć ŕàőáâàăŋáâćě n_s = 2|¯|^2 ĺğ (7.92) ĺňěěň (áà. (7.80)):

j = —^{he}2_m ns(∇ϕ − 2^e—_{hc} A) (7.94)

Ŕàĺňěŋïï őŕěàăæĺî rot ł őąěĺň çăáâïň íâőčő àăćěŋáâćă ĺ ĺáŕőńìğãï rotA = B, ŕőńãçăěň ãàăćŋěŋĺě Ńőŋďőŋőć:

rotj = −^{nse2}_{mc} B (7.95)

Ĺğ ãàăćŋěŋĺľ Ňăłáćěńńă (7.91) ĺ divB = 0, ŕőďáâăćńïï j ĺğ ŕěàćőčő ĺğ ŋĺå ć (7.95) ĺ ãçĺâëćăï rotrotB = grad divB − ∇^2B = −∇^2B, ŕőńãçăěň ãàăćŋěŋĺě Ńőŋďőŋőć ć ćĺďě:

∇^2B = 1 δ^2 B

(7.96) čďě δ^2 = mc^2 4πe^2n_s δ = ( mc^2b 8πe^2|a| )_{1/2} = [ mc^2b 8πe^2α(T_c − T ) ]_{1/2} . (7.97)

Ćąńĺğĺ ŕńőáłőľ ŕőćěàåŋőáâĺ áćěàåŕàőćőďŋĺłă, ćëąĺàăï ěě ć łăçěáâćě ŕńőáłőáâĺ yz ĺ ŋăŕàăćńïï őáì x ćŋãâàì âěńă, ŕàĺćěďěň (7.96) ł ćĺďã:

d^2B dx^2 = 1 δ^2 B

(7.98)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 155

őâłãďă áńěďãěâ àěèěŋĺě:

B(x) = B0e^{−x/δ}, (7.99)

čďě ćěłâőà B_0 ŕăàăńńěńěŋ ŕőćěàåŋőáâĺ. Šăłĺň őąàăğőň ŕőńãçăěň őŕĺáăŋĺě íääěłâă Ňěľááŋěàă { \ćëâăńłĺćăŋĺï" ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï ĺğ áćěàåŕàőćőďŋĺłă. Ţăàăłâěàŋăï ďńĺŋă δ ŋăğëćăěâáï čńãąĺŋőľ ŕàőŋĺłŋőćěŋĺï. İâă ćěńĺçĺŋă ïćńïěâáï ŋěŕőáàěďáâćěŋŋő ĺğňěàĺňőľ. Šĺŕĺçŋëě ěě ğŋăçěŋĺï ć àěăńìŋëå áćěàåŕàőćőďŋĺłăå ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå δ ∼ 10^{−5} − 10^{−6}áň. Ŕàĺ T → T_c őŋă àăáåőďĺâáï áőčńăáŋő (7.97), çâő áőőâćěâáâćãěâ ŕőńŋőňã ŕàőŋĺłŋőćěŋĺî ŕőńï ć ŋőàňăńìŋëľ ňěâăńń.

Ŋăàïďã á δ ć âěőàĺĺ ČŃ ćőğŋĺłăěâ ěéě őďŋă åăàăłâěàŋăï ďńĺŋă: ďńĺŋă łőčěàěŋâŋőáâĺ ĺńĺ łőààěńïæĺőŋŋëľ àăďĺãá äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă ξ(T ). Ŕő ĺğćěáâŋëň äőàňãńăň âěőàĺĺ Ńăŋďăã äăğőćëå ŕěàěåőďőć II àőďă (áň. ŋĺęě) íâőâ àăďĺãá ćëàăęăěâáï çěàěğ łőíääĺæĺěŋâë ČŃ áńěďãîéĺň őąàăğőň:

ξ(T ) = —h 2(m|a|)^{1/2} = —h 2(mα)^{1/2}(T − T_c)^{1/2} ∼ ξ_0 √ T_c T_c − T ; ξ_0 ∼ —hv_F T_c (7.100)

čďě ć ŕőáńěďŋĺå őæěŋłăå ãçńĺ ňĺłàőáłőŕĺçěáłĺě ćëàăęěŋĺï ďńï łőíääĺæĺěŋâőć ČŃ ĺ őæěŋłã ďńĺŋë łőčěàěŋâŋőáâĺ âěőàĺĺ ĄŁŸ (7.45), őŕàěďěńïîéãî àăğňěà łãŕěàőćáłĺå ŕăà. Ćĺďĺň, çâő ďńĺŋă łőčěàěŋâŋőáâĺ ξ(T ) (àăğňěà ŕăàë) âăłęě àăáåőďĺâáï ŕàĺ T → T_c (ŕăàë \àăáŕãåăîâ" ĺ àăğàãèăîâáï ŕàĺ T = T_c).

Ąěğàăğňěàŋőě őâŋőèěŋĺě åăàăłâěàŋëå ďńĺŋ: κ = δ(T ) ξ(T ) = mcb^{1/2} (2π)^{1/2}|e|—h (7.101)

őŕàěďěńïěâ âăł ŋăğëćăěňëľ ŕăàăňěâà Čĺŋğąãàčă { Ńăŋďăã. Ć ğăćĺáĺňőáâĺ őâ ěčő ćěńĺçĺŋë áćěàåŕàőćőďŋĺłĺ ďěńïâáï ŋă ďćă łńăááă á áãéěáâćěŋŋő àăğńĺçăîéĺňĺáï áćőľáâćăňĺ ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě: áćěàåŕàőćőďŋĺłĺ á κ <^1√_2 ŋăğëćăîâáï áćěàåŕàőćőďŋĺłăňĺ I àőďă, ă áćěàåŕàőćőďŋĺłĺ á κ >^1√_2 őâŋőáïâ ł II àőďã. Ł ŕőáńěďŋěňã łńăááã őâŋőáĺâáï ąőńìèĺŋáâćő ĺŋâěàěáŋëå á ŕàăłâĺçěáłőľ âőçłĺ ğàěŋĺï áĺáâěň, ć çăáâŋőáâĺ, ćáě ĺğćěáâŋëě ćëáőłőâěňŕěàăâãàŋëě áćěàåŕàőćőďŋĺłĺ.

Řăááňőâàĺň őďŋő ğăňěçăâěńìŋőě áńěďáâćĺě ćëàăęěŋĺï (7.94) ĺ íääěłâă Ňěľááŋěàă. Ŕãáâì ĺňěěâáï áćěàåŕàőćőďŋĺł ć ćĺďě âőàă, ŕőňěéěŋŋëľ ć ňăčŋĺâŋőě ŕőńě. Śçĺâăěň, çâő âőńéĺŋă âőàă ĺ ěčő ďĺăňěâà ğŋăçĺâěńìŋő ŕàěćëèăîâ čńãąĺŋã ŕàőŋĺłŋőćěŋĺï ĺ ďńĺŋã łőčěàěŋâŋőáâĺ. Ŕőłăęěň, çâő ćěńĺçĺŋă ňăčŋĺâŋőčő ŕőâőłă, ŕàőåőďïéěčő çěàěğ őâćěàáâĺě âőàă ňőęěâ ąëâì ńĺèì æěńëň łàăâŋëň ŋěłőâőàőčő íńěňěŋâăàŋőčő \łćăŋâă ŕőâőłă" (łćăŋâőćăŋĺě ŕőâőłă). Ć âőńéě âěńă (ćŋě őąńăáâĺ ŕàőŋĺłŋőćěŋĺï ŕőńï) ŕńőâŋőáâì âőłă j = 0, ă ćěłâőàŋëľ ŕőâěŋæĺăń őâńĺçěŋ őâ ŋãńï (àăćěŋ ŋãńî ńĺèì ěčő àőâőà, â.ě. ňăčŋĺâŋăï ĺŋďãłæĺï B). Ćëąěàěň łăłőľ-ńĺąő ğăňłŋãâëľ łőŋâãà C, őåćăâëćăîéĺľ áőąőľ őâćěàáâĺě âőàă ĺ ŕàőåőďïéĺľ ćŋãâàĺ âěńă ćďăńĺ őâ ěčő ŕőćěàåŋőáâĺ. Űĺàłãńïæĺï ćěłâőàă A ćďőńì łőŋâãàă C áőćŕăďăěâ á ŕőâőłőň ňăčŋĺâŋőľ ĺŋďãłæĺĺ çěàěğ ŋăâïŋãâãî ŋă łőŋâãà ŕőćěàåŋőáâì, â.ě. ŕőâőłőň˘ çěàěğ őâćěàáâĺě âőàă: ∮ Adl = ∫ rotAdf = ∫ Bdf ≡ ˘ (7.102)

Ś ďàãčőľ áâőàőŋë, ŕàĺàăćŋïć ćëàăęěŋĺě (7.94) ŋãńî ĺ ŕàőĺŋâěčàĺàőćăć ěčő ŕő łőŋâãàã, ŕőńãçĺň: ∮

Adl = —^{hc}2_e ∮ ∇ϕdl = —^{hc}2_e δϕ (7.103)

156 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

čďě δϕ { ĺğňěŋěŋĺě äăğë ćőńŋőćőľ äãŋłæĺĺ ŕàĺ őąåőďě łőŋâãàă. Ŋő ĺğ âàěąőćăŋĺï őďŋőğŋăçŋőáâĺ íâőľ äãŋłæĺĺ áńěďãěâ, çâő ĺğňěŋěŋĺě äăğë ňőęěâ ąëâì ńĺèì æěńëň łàăâŋëň őâ 2π. Šăłĺň őąàăğőň, ŕàĺåőďĺň ł àěğãńìâăâã:

˘ = nϕ_0 čďě ϕ_0 = π—hc |e| = 2 10^{−7}čá áň^2 (7.104)

čďě n { æěńőě çĺáńő. Ćěńĺçĺŋă ϕ_0 ŕàěďáâăćńïěâ áőąőľ íńěňěŋâăàŋëľ łćăŋâ ňăčŋĺâŋőčő ŕőâőłă. İâőâ ğăňěçăâěńìŋëľ àěğãńìâăâ ŕőďâćěàęďăěâáï íłáŕěàĺňěŋâăńìŋő, çâő ïćńïěâáï, ć çăáâŋőáâĺ, ŕàïňëň ďőłăğăâěńìáâćőň âőčő, çâő ŋőáĺâěńïňĺ áćěàåŕàőćőďïéěčő âőłă ïćńïîâáï łćăğĺçăáâĺæë á ğăàïďőň 2e (łãŕěàőćáłĺě ŕăàë).

Ěáńĺ àăááňőâàěâì ňăááĺćŋëľ æĺńĺŋďàĺçěáłĺľ áćěàåŕàőćőďŋĺł ćő ćŋěèŋěň ŕàőďőńìŋőň ňăčŋĺâŋőň ŕőńě B, âő áćěàåŕàőćőďŋĺł I àőďă ŕàĺ ãćěńĺçěŋĺĺ ŕőńï ĺáŕëâëćăěâ äăğőćëľ ŕěàěåőď I àőďă ŕàĺ ďőáâĺęěŋĺĺ łàĺâĺçěáłőčő ŕőńï B_c, łőâőàőě őąáãęďăńőáì ćëèě. Ďńï áćěàåŕàőćőďŋĺłőć II àőďă, ěéě ďő ďőáâĺęěŋĺï âěàňőďĺŋăňĺçěáłőčő łàĺâĺçěáłőčő ŕőńï B_c ć ŋěň őłăğëćăěâáï âěàňőďĺŋăňĺçěáłĺ ćëčőďŋëň ćőğŋĺłŋőćěŋĺě \ćłàăŕńěŋĺľ" ŋőàňăńìŋőľ äăğë ć ćĺďě őàĺěŋâĺàőćăŋŋëå ŕăàăńńěńìŋő ŕőńî âăł ŋăğëćăěňëå ćĺåàěľ Ăąàĺłőáőćă, çěàěğ łőâőàëě ŕőńě çăáâĺçŋő ŕàőŋĺłăěâ ćŋãâàì áćěàåŕàőćőďŋĺłă. Ŋĺęŋîî čàăŋĺæã ŕőńěľ, łőčďă íâő áâăŋőćĺâáï ćőğňőęŋëň, ŋăğëćăîâ ŕěàćëň (ŋĺęŋĺň) łàĺâĺçěáłĺň ŕőńěň B_{c1}. Ŕàĺ B < B_{c1} áćěàåŕàőćőďŋĺł ŋăåőďĺâáï ć âăł ŋăğëćăěňőň ňěľááŋěàőćáłőň áőáâőïŋĺĺ. Ěáńĺ ęě ŋăçăâì á ňěâăńńă ć ŋőàňăńìŋőň áőáâőïŋĺĺ ć ąőńìèőň ćŋěèŋěň ŕőńě, âő ŕàĺ ŕőŋĺęěŋĺĺ ćěńĺçĺŋë íâőčő ŕőńï ŕàĺ ďőáâĺęěŋĺĺ ŋěłőâőàőčő ćâőàőčő (ćěàåŋěčő) łàĺâĺçěáłőčő ňăčŋĺâŋőčő ŕőńï B_{c2} > B_c áâăŋőćĺâáï âěàňőďĺŋăňĺçěáłĺ ćëčőďŋëň ŕőïćńěŋĺě \ćłàăŕńěŋĺľ" áćěàåŕàőćőďïéěľ äăğë. Šăłĺň őąàăğőň, ć őąńăáâĺ ŕőńěľ B_{c1} < B < B_{c2} áćěàåŕàőćőďŋĺł II àőďă ŋăåőďĺâáï ć âăł ŋăğëćăěňőň áňěèăŋŋőň áőáâőïŋĺĺ (äăğă Ÿãąŋĺłőćă). Ťăğőćăï ďĺăčàăňňă âăłőčő áćěàåŕàőćőďŋĺłă ć ňăčŋĺâŋőň ŕőńě áåěňăâĺçěáłĺ ŕőłăğăŋă ŋă Řĺá.7-3.

Ćěńĺçĺŋã ŕőńï B_{c2} ňőęŋő ŋăľâĺ ĺğ âěőàĺĺ ČŃ. §áŋő, çâő ŕàĺ B < B_{c2}, ŋő ąńĺğłő ł ŋěňã, ğăàőďëèĺ áćěàåŕàőćőďïéěľ äăğë ĺňěîâ ňăńëě ğŋăçěŋĺï ŕăàăňěâàă ŕőàïďłă ¯ (¯ → 0 ŕàĺ B → B_{c2}). Šőčďă ňőęŋő ŋăŕĺáăâì ńĺŋěăàĺğőćăŋŋőě ãàăćŋěŋĺě ČŃ ćĺďă: 1 4m (−i—h∇ − 2e c A)^2¯ = |a|¯, (7.105)

łőâőàőě ĺňěěâ ćĺď ãàăćŋěŋĺï Ÿàěďĺŋčěàă ďńï çăáâĺæë á ňăááőľ 2m ĺ ğăàïďőň 2e ć ňăčŋĺâŋőň ŕőńě. Ŕàĺ íâőň ćěńĺçĺŋă |a| ć ŕàăćőľ çăáâĺ ĺčàăěâ àőńì ãàőćŋï íŋěàčĺĺ. Čàăŋĺçŋőě ãáńőćĺě ŕàĺ íâőň { ¯ = 0 ŋă ąěáłőŋěçŋőáâĺ. Ćáŕőňĺŋăěň ğăďăçã Ńăŋďăã ő ğăàïęěŋŋőľ łćăŋâőćőňěåăŋĺçěáłőľ çăáâĺæě ć őďŋőàőďŋőň ňăčŋĺâŋőň ŕőńě [7]. Ňĺŋĺňăńìŋőě ğŋăçěŋĺě íŋěàčĺĺ âăłőľ çăáâĺæë ěáâì E_0 = —hω_B/2, čďě æĺłńőâàőŋŋăï çăáâőâă ω_B = 2|e|B/2mc = |e|B/mc. Őâ íâőčő ğŋăçěŋĺï ŋăçĺŋăěâáï ŋěŕàěàëćŋëľ áŕěłâà íŋěàčĺľ. Ŕőíâőňã ğăàőďëèĺ áćěàåŕàőćőďïéěľ äăğë ňőčãâ áãéěáâćőćăâì âőńìłő ŕàĺ |a| > |e|—h 2mc B (7.106)

âăł çâő B_{c2} = 2mc|a| |e|—h = √ 2κB_c = ϕ_0 1 2πξ^2(T )

(7.107)

čďě ććěńĺ ϕ_0 =^{πch̄}_{|e|} { ććěďěŋŋëľ ćëèě łćăŋâ ňăčŋĺâŋőčő ŕőâőłă âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, ŕàěďáâăćńïîéĺľ ňăčŋĺâŋëľ ŕőâőł çěàěğ őďĺŋ ćĺåàì Ăąàĺłőáőćă. Ŕàĺ

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 157

Řĺá. 7-3 Ťăğőćăï ďĺăčàăňňă áćěàåŕàőćőďŋĺłă II àőďă ć ňăčŋĺâŋőň ŕőńě.

ŕőńãçěŋĺĺ ŕőáńěďŋĺå àăćěŋáâć ĺáŕőńìğőćăŋë äőàňãńë (7.87), (7.100) ĺ (7.101). Őŕĺáăŋĺě ćĺåàěćőľ áâàãłâãàë áňěèăŋŋőčő áőáâőïŋĺï áćěàåŕàőćőďŋĺłőć II àőďă Ăąàĺłőáőćëň őáâăěâáï őďŋĺň ĺğ áăňëå ïàłĺå ŕàĺňěŋěŋĺľ âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã ĺ âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ ćőőąéě, ŋő ňë őčàăŋĺçĺňáï ńĺèì íâĺň łăçěáâćěŋŋëň ĺğńőęěŋĺěň.

Ć ğăłńîçěŋĺě, łàăâłő őąáãďĺň ŕàěďěńë ŕàĺňěŋĺňőáâĺ âěőàĺĺ ČŃ. Ŕàěęďě ćáěčő, âàěąãěâáï ćëŕőńŋěŋĺě ãáńőćĺï T_c − T ≪ T_c, çâő íłćĺćăńěŋâŋő ξ(T ) ≫ ξ_0. Šőčďă ňőęŋő áâàőĺâì àăğńőęěŋĺě Ńăŋďăã. Őďŋăłő, ć őąńăáâĺ T → T_c ŕàĺňěŋĺňőáâì âěőàĺĺ âăłęě őčàăŋĺçěŋă őąéĺň ãáńőćĺěň ŕàĺňěŋĺňőáâĺ âěőàĺĺ äăğőćëå ŕěàěåőďőć Ńăŋďăã, áćïğăŋŋëň á ćőğàăáâăŋĺěň äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă ć ŋěŕőáàěďáâćěŋŋőľ őłàěáâŋőáâĺ T_c (ć âăł ŋăğëćăěňőľ łàĺâĺçěáłőľ őąńăáâĺ). Ć áńãçăě áćěàåŕàőćőďĺňőáâĺ íâő ãáńőćĺě ïćńïěâáï őçěŋì áńăąëň. Ŕàĺ őąáãęďěŋĺĺ äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă ć âěőàĺĺ Ńăŋďăã, ňë ãćĺďĺň, çâő őąńăáâì ěě ŕàĺňěŋĺňőáâĺ (ćőğňőęŋőáâì ŕàěŋěąàěęěŋĺï äńãłâãăæĺïňĺ) ćëàăęăěâáï çěàěğ łőíääĺæĺěŋâë ČŃ áńěďãîéĺň ŋěàăćěŋáâćőň: T_c − T ≫ b^2T^2_c

α(—h^2/m)^3

(7.108)

Őæěŋĺćăï ŕàăćãî çăáâì á ŕőňőéìî ğŋăçěŋĺľ łőíääĺæĺěŋâőć, ŕőńãçěŋŋëå ć âěőàĺĺ ĄŁŸ, ŕőńãçĺň: T_c − T T_c ≫ ( T_c ε_F )_4 (7.109)

Ććĺďã łàăľŋěľ ňăńőáâĺ őâŋőèěŋĺï T_c/ε_F ∼ 10^{−3} − 10^{−4} ć őąëçŋëå áćěàåŕàőćőďŋĺłăå, ňőęŋő áçĺâăâì, çâő ŕàăłâĺçěáłĺ íâő ãáńőćĺě ćőőąéě ŋěáãéěáâćěŋŋő. Śĺâãăæĺï ňěŋïěâáï ć ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå, čďě łàĺâĺçěáłăï őąńăáâì àěăńìŋő ŋăąńîďăěâáï íłáŕěàĺňěŋâăńìŋő.

158 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Čńăćă 8

ŤŃŞŁŠŞĂŰĹĹ

Řăáŕàěďěńěŋĺě Čăãááă.

Ťĺğĺçěáłĺě ćěńĺçĺŋë, åăàăłâěàĺğãîéĺě ňăłàőáłőŕĺçěáłőě âěńő, ŕàăłâĺçěáłĺ ćáěčďă á őçěŋì ąőńìèőľ âőçŋőáâìî àăćŋë áćőĺň áàěďŋĺň ğŋăçěŋĺïň. Őďŋăłő, łăł ŋĺ ňăńë őâłńőŋěŋĺï őâ íâĺå áàěďŋĺå ğŋăçěŋĺľ, őŋĺ ćáě ęě ŕàőĺáåőďïâ { äĺğĺçěáłĺě ćěńĺçĺŋë äńãłâãĺàãîâ. Ćőğŋĺłăěâ ćőŕàőá ő ŋăåőęďěŋĺĺ àăáŕàěďěńěŋĺï ćěàőïâŋőáâěľ íâĺå äńãłâãăæĺľ^1.

Řăááňőâàĺň ŕàőĺğćőńìŋãî ğăňłŋãâãî áĺáâěňã, ĺ ŕãáâì x ěáâì ŋěłőâőàăï äĺğĺçěáłăï ćěńĺçĺŋă, åăàăłâěàĺğãîéăï áĺáâěňã ć æěńőň ĺńĺ ěě çăáâì. Ďăńěě ãďőąŋő ŕőńăčăâì, çâő áàěďŋěě ğŋăçěŋĺě < x > ãęě ćëçâěŋő ĺğ x, âăł çâő ćěğďě ŋĺęě ŕàěďŕőńăčăěâáï, çâő < x >= 0. Ć ąőńìèĺŋáâćě áńãçăěć < x >= x^∗ { ŋăĺąőńěě ćěàőïâŋőňã ğŋăçěŋĺî x.

Ŕàĺ őąéěň ăŋăńĺğě ŕőŋïâĺï íŋâàőŕĺĺ ňë ćĺďěńĺ (áň. (1.180)), çâő ŕàĺ àăááňőâàěŋĺĺ íŋâàőŕĺĺ áĺáâěňë, łăł äãŋłæĺĺ ŋěłőâőàëå ňăłàőŕăàăňěâàőć x = (x_1, x_2, ..., x_n), ćěàőïâŋőáâì ĺå łőŋłàěâŋëå ğŋăçěŋĺľ őŕàěďěńïěâáï łăł: w(x) = C exp{S(E, N, V, x)} (8.1) { ŕàĺŋæĺŕ Ąőńìæňăŋă. Ŕőíâőňã ćěàőïâŋőáâì ńîąőľ äĺğĺçěáłőľ ćěńĺçĺŋě ĺňěâì ğŋăçěŋĺě ć ĺŋâěàćăńě x, x + dx ŕàőŕőàæĺőŋăńìŋă exp S(x), čďě S(x) { íŋâàőŕĺï, äőàňăńìŋő àăááňăâàĺćăěňăï łăł äãŋłæĺï âőçŋőčő ğŋăçěŋĺï x. Šăłĺň őąàăğőň, ňë äăłâĺçěáłĺ őŕàěďěńïěň áâăâĺáâĺçěáłőě àăáŕàěďěńěŋĺě ćěńĺçĺŋ x ć ŋăĺąőńěě őąéěň ćĺďě, ŕőğćőńïîéěě ŋăľâĺ ĺå áàěďŋěě ĺ äńãłâãăæĺĺ. Ťőàňãńă (8.1) ńěęĺâ ć őáŋőćě âěőàĺĺ äńãłâãăæĺľ, ŕàěďńőęěŋŋőľ İľŋèâěľŋőň.

1Ŕőáńěďãîéěě ĺğńőęěŋĺě áńěďãěâ [1, 2].

160 ŤŃŞŁŠŞĂŰĹĹ

Ěáńĺ ŋě ćëçĺâăâì < x > ĺğ x, âő áńěďãěâ ğăňěâĺâì, çâő ć àăćŋőćěáĺĺ íŋâàőŕĺï àăćŋă S_0 = S(< x >). Šőčďă ćěàőïâŋőáâì âőčő, çâő áĺáâěňă ŕőŕăďěâ ć áőáâőïŋĺě, åăàăłâěàĺğãěňőě ğŋăçěŋĺěň ŕăàăňěâàă x, ńěęăéĺň ć ĺŋâěàćăńě < x >, < x > +dx, ĺňěěâ ćĺď: dw = w(x)dx = ~C exp[S(x) − S(< x >)]dx = ~Ce^{ΔS} dx (8.2) čďě ´S { ĺğňěŋěŋĺě íŋâàőŕĺĺ ŕàĺ äńãłâãăæĺĺ dx. Ć (8.1) ćěńĺçĺŋă e^{−S(<x>)} ŕàőáâő ćłńîçěŋă ć ŋőàňĺàőćőçŋãî ŕőáâőïŋŋãî C.

Řăááňőâàĺň ŕàěďěńë ŕàĺňěŋĺňőáâĺ (8.1), (8.2). Ćáě àăááãęďěŋĺï, łőâőàëě ŕàĺćěńĺ ŋăá ł ŋěľ, ŋěïćŋő ŕőďàăğãňěćăńĺ łńăááĺçěáłĺľ åăàăłâěà ćěńĺçĺŋ x. Ŕőíâőňã ŋãęŋő ŋăľâĺ ãáńőćĺě ŕàěŋěąàěęĺňőáâĺ łćăŋâőćëňĺ íääěłâăňĺ. Ĺğ łćăŋâőćőľ ňěåăŋĺłĺ ĺğćěáâŋő [7], çâő ňěęďã łćăŋâőćőľ ŋěőŕàěďěńěŋŋőáâìî íŋěàčĺĺ ĺ łăłőľ-ńĺąő ďàãčőľ ćěńĺçĺŋë x ĺňěěâ ňěáâő áńěďãîéěě áőőâŋőèěŋĺě:

´E´x ∼ —h _x (8.3)

čďě _x { łńăááĺçěáłăï áłőàőáâì ĺğňěŋěŋĺï ćěńĺçĺŋë x^2.

Ŕãáâì τ { åăàăłâěàŋőě ćàěňï ĺğňěŋěŋĺï ćěńĺçĺŋë x, âăł çâő _x ∼ x/τ ĺ ´E´x ∼ —hx τ (8.8)

§áŋő, çâő čőćőàĺâì őą őŕàěďěńěŋŋőň ğŋăçěŋĺĺ ćěńĺçĺŋë x ňőęŋő ńĺèì ŕàĺ ãáńőćĺĺ ´x ≪ x, őâłãďă ŋěőąåőďĺňő, çâőąë ´E ≫ —h τ (8.9)

â.ě. łćăŋâőćăï ŋěőŕàěďěńěŋŋőáâì íŋěàčĺĺ ďőńęŋă ąëâì ćěńĺłă ŕő áàăćŋěŋĺî á —h/τ . İŋâàőŕĺï áĺáâěňë ąãďěâ ŕàĺ íâőň ĺňěâì ŋěőŕàěďěńěŋŋőáâì ´S ≫ —h T τ (8.10)

Ďńï âőčő, çâőąë (8.1), (8.2) ĺňěńĺ àěăńìŋëľ áňëáń, ŋěőąåőďĺňő, çâőąë ŋěâőçŋőáâì íŋâàőŕĺĺ ąëńă ňăńă ŕő áàăćŋěŋĺî á ěďĺŋĺæěľ: T ≫ —h τ τ ≫ —h T (8.11)

2Ć áăňőň ďěńě, ŕãáâì ďćě äĺğĺçěáłĺě ćěńĺçĺŋë f ĺ g, őŕěàăâőàë łőâőàëå ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋőňã áőőâŋőèěŋĺî:

^f^g_− ^g ^f =_−i—h^c (8.4) čďě ^c { ŋěłőâőàëľ őŕěàăâőà. Ć łćăğĺłńăááĺçěáłőň ŕàěďěńě —h → 0 ć ŕěàćőň ŕàĺąńĺęěŋĺĺ ^c ňőęŋő ğăňěŋĺâì c-çĺáńőň. Šőčďă:

^f^g_− ^g ^f =_−i—hc (8.5) İâő áőőâŋőèěŋĺě ăŋăńőčĺçŋő pxx−xpx = −i—h, âőńìłő —h → —hc. Ŕőáěňã, ŕő ăŋăńőčĺĺ á áőőâŋőèěŋĺěň Čěľğěŋąěàčă ´x´px ∼ —h, ňőęŋő ğăłńîçĺâì, çâő ć łćăğĺłńăááĺçěáłőň áńãçăě ďńï ćěńĺçĺŋ f ĺ g ĺňěěâ ňěáâő áőőâŋőèěŋĺě ŋěőŕàěďěńěŋŋőáâĺ:

´f´g ∼ —hc (8.6)

Ć çăáâŋőáâĺ, ěáńĺ őďŋőľ ĺğ ćěńĺçĺŋ ïćńïěâáï íŋěàčĺï f ≡ H, ă őŕěàăâőà ďàãčőľ (^g) ŋě ğăćĺáĺâ ïćŋő őâ ćàěňěŋĺ, âő áőčńăáŋő _g =^i_{h̄} ( ^H^g − ^g ^H), ŕőńãçăěň c = _g, ĺ łćăğĺłńăááĺçěáłőě áőőâŋőèěŋĺě ŋěőŕàěďěńěŋŋőáâěľ ŕàĺŋĺňăěâ ćĺď:

´E´g ∼ —h _g (8.7) çâő ŕàĺ g = x ĺ ďăěâ (8.3).

ŤŃŞŁŠŞĂŰĹĹ 161

İâő ĺ ěáâì ĺáłőňőě ãáńőćĺě. Ŕàĺ áńĺèłőň ŋĺğłĺå âěňŕěàăâãàăå ĺńĺ ŕàĺ áńĺèłőň ąëáâàőň ĺğňěŋěŋĺĺ ćěńĺçĺŋë x (ňăńëě τ !) äńãłâãăæĺĺ ŋěńìğï àăááňăâàĺćăâì âěàňőďĺŋăňĺçěáłĺ, őŋĺ áâăŋőćïâáï łćăŋâőćëňĺ. Ŋĺęě ňë őčàăŋĺçĺćăěňáï ăŋăńĺğőň ńĺèì âěàňőďĺŋăňĺçěáłĺå äńãłâãăæĺľ.

Ćěàŋěňáï ł äőàňãńě (8.1). İŋâàőŕĺï S ĺňěěâ ňăłáĺňãň ŕàĺ x =< x >= 0. Ŕőíâőňã: ∂S ∂x | | | |_{x=0} = 0,

∂^2S ∂x^2 | | | |_{x=0} < 0. (8.12)

Ćěńĺçĺŋă x ŕàĺ äńãłâãăæĺïå őçěŋì ňăńă. Řăğńăčăï S(x) ć àïď ŕő áâěŕěŋïň x ĺ őčàăŋĺçĺćăïáì çńěŋőň ćâőàőčő ŕőàïďłă, ŕőńãçĺň:

S(x) = S(0) − β 2 x^2; β > 0 (8.13)

Ŕőďáâăćńïï íâő ć (8.1), ŕőńãçăěň: w(x)dx = Ae^{− β2 x2} dx (8.14) Ŋőàňĺàőćőçŋăï ŕőáâőïŋŋăï A őŕàěďěńïěâáï ãáńőćĺěň ∫_∞ −∞ dxw(x) = 1, çâő ďăěâ A = √ β/2π. Šăłĺň őąàăğőň, àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ äńãłâãăæĺľ ćěńĺçĺŋë x őŕàěďěńïěâáï àăáŕàěďěńěŋĺěň Čăãááă: w(x) = √ β 2π e^{− β2 x2} (8.15)

Śàěďŋĺľ łćăďàăâ äńãłâãăæĺĺ àăćěŋ:

< x^2 >= ∫_∞ −∞ dxx^2w(x) = 1 β (8.16)

Ŕőíâőňã àăáŕàěďěńěŋĺě Čăãááă ňőęŋő ğăŕĺáăâì ć ćĺďě: w(x) = 1 √ 2π < x^2 > exp ( − x^2 2 < x^2 > ) (8.17)

Ťãŋłæĺï w(x) ĺňěěâ âěň ąőńěě őáâàëľ ňăłáĺňãň, çěň ňěŋìèě < x^2 >.

Ŕő ĺğćěáâŋőňã < x^2 > ňőęŋő ŋăľâĺ ăŋăńőčĺçŋãî ćěńĺçĺŋã ďńï ńîąőľ äãŋłæĺĺ φ(x). Ććĺďã ňăńőáâĺ x ĺňěěň:

< (´φ)^2 >= ( dφ dx )_2 x=0 < x^2 > . (8.18)

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő őŕàěďěńĺâì ćěàőïâŋőáâì őďŋőćàěňěŋŋőčő őâłńőŋěŋĺï àïďă âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ őâ áćőĺå áàěďŋĺå ğŋăçěŋĺľ, őąőğŋăçĺň íâĺ őâłńőŋěŋĺï x_1, x_2, ..., x_n. Ććőďĺň íŋâàőŕĺî S(x_1, x_2, ..., x_n) ĺ ŕĺèěň àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ ć ćĺďě wdx_1...dx_n ∼ exp[S(x_1, ..., x_n)]dx_1...dx_n. Řăğńăčăěň S ŕő áâěŕěŋïň x_i á âőçŋőáâìî ďő çńěŋőć ćâőàőčő ŕőàïďłă ŕőńãçăěň: ´S = − 1 2 n∑ i,k=1 β_{ik}x_ix_k = − 1 2 β_{ik}x_ix_k (8.19)

162 ŤŃŞŁŠŞĂŰĹĹ

{ áãéěáâćěŋŋő őâàĺæăâěńìŋãî łćăďàăâĺçŋãî äőàňã. Őçěćĺďŋő, çâő β_{ik} = β_{ki}. Ć ŕőáńěďŋěň àăćěŋáâćě ŕőďàăğãňěćăěâáï őąëçŋőě ŕàăćĺńő áãňňĺàőćăŋĺï ŕő ŕőćâőàïîéĺňáï ĺŋďěłáăň. Šőčďă:

w = A exp ( − 1 2 β_{ik}x_ix_k ) (8.20)

čďě A őŕàěďěńïěâáï ãáńőćĺěň ŋőàňĺàőćłĺ ∫ dx_1...dx_nw = 1. Śőőâćěâáâćãîéĺě ćëçĺáńěŋĺï ňőęŋő ŕàőćěáâĺ áńěďãîéĺň őąàăğőň. Ŕàőĺğćěďěň ŋăď ćěńĺçĺŋăňĺ x_i ńĺŋěľŋőě ŕàěőąàăğőćăŋĺě:

x_i = a_{ik}x^′_k (8.21) ďĺăčőŋăńĺğãîéěě łćăďàăâĺçŋãî äőàňã β_{ik}x_ix_k. Ďńï âőčő, çâőąë ćëŕőńŋïńőáì

β_{ik}x_ix_k = x^{′2}_i ≡ x^′_ix^′_kδ_{ik} (8.22)

ŋãęŋő, çâőąë łőíääĺæĺěŋâë ŕàěőąàăğőćăŋĺï (8.22) ãďőćńěâćőàïńĺ áőőâŋőèěŋĺïň:

β_{ik}a_{il}a_{km} = δ_{lm} (8.23)

Őŕàěďěńĺâěńì ňăâàĺæë áńěćă àăćěŋ ŕàőĺğćěďěŋĺî őŕàěďěńĺâěńěľ: βa^2 = 1 β = Detβ_{ik} a = Deta_{ik} (8.24) §łőąĺăŋ ńĺŋěľŋőčő ŕàěőąàăğőćăŋĺï x_i → x^′_i àăćěŋ a. Ŕőíâőňã ŕőáńě ŕàőćěďěŋĺï ńĺŋěľŋőčő ŕàěőąàăğőćăŋĺï (8.21) ĺŋâěčàăń àăáŕăďăěâáï ŋă ŕàőĺğćěďěŋĺě n őďĺŋăłőćëå ĺŋâěčàăńőć ĺ á ãçěâőň (8.24) ŕőńãçăěň: Aa [∫_∞ −∞ dx^′ exp ( − 1 2 x^{′2} )]_n = A √ β (2π)^{n/2} = 1 (8.25)

Šăłĺň őąàăğőň, őłőŋçăâěńìŋő àăáŕàěďěńěŋĺě Čăãááă ďńï ŋěáłőńìłĺå ćěńĺçĺŋ ĺňěěâ ćĺď: w = √ β (2π)^{n/2} exp ( − 1 2 β_{ik}x_ix_k ) β = Det|β_{ik}| (8.26) Ś ěčő ŕőňőéìî ňőęŋő ŋăľâĺ:

< x_ix_k >= β^{−1}_{ik} (8.27) čďě β^{−1}_{ik} { íńěňěŋâ ňăâàĺæë, őąàăâŋőľ ňăâàĺæě β_{ik}. Ěáńĺ äńãłâãăæĺĺ łăłĺå-ńĺąő ďćãå ćěńĺçĺŋ x_1 ĺ x_2 áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňë, âő áàěďŋěě őâ ĺå ŕàőĺğćěďěŋĺï äăłâőàĺğãěâáï: < x_1x_2 >=< x_1 >< x_2 >= 0, âăł çâő β^{−1}_{12} = 0. Ŕàĺ čăãááőćőň àăáŕàěďěńěŋĺĺ ćěàőïâŋőáâěľ áŕàăćěďńĺćă ĺ őąàăâŋăï âěőàěňă: ěáńĺ < x_1x_2 >= 0 (â.ě. β^{−1}_{12} = 0), âő äńãłâãăæĺĺ ćěńĺçĺŋ x_1 ĺ x_2 áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňë.

Ťńãłâãăæĺĺ őáŋőćŋëå äĺğĺçěáłĺå ćěńĺçĺŋ.

Ğăľňěňáï âěŕěàì ćëçĺáńěŋĺěň áàěďŋĺå łćăďàăâőć äńãłâãăæĺľ őáŋőćŋëå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ, őâŋőáïéĺåáï ł ćëďěńěŋŋőľ ć âěńě łăłőľ-ńĺąő ňăńőľ ěčő çăáâĺ. İâă ňăńăï çăáâì ďőńęŋă, àăğãňěěâáï, áőďěàęăâì ěéě ďőáâăâőçŋő ňŋőčő çăáâĺæ.

ŤŃŞŁŠŞĂŰĹĹ 163

Ďńï âăłĺå ćěńĺçĺŋ, łăł íŋěàčĺï ĺ őąêěň, ĺňěîéĺå ŋăàïďã á âěàňőďĺŋăňĺçěáłĺň âăłęě ĺ çĺáâő ňěåăŋĺçěáłĺľ áňëáń, ŕőŋïâĺě äńãłâãăæĺľ áăňőőçěćĺďŋő. Őŋő, őďŋăłő, ŋãęďăěâáï ć ãâőçŋěŋĺĺ ďńï âăłĺå ćěńĺçĺŋ, łăł íŋâàőŕĺï ĺ âěňŕěàăâãàă, őŕàěďěńěŋĺě łőâőàëå ŋěĺğąěęŋő áćïğăŋő á àăááňőâàěŋĺěň âěńă ć âěçěŋĺě łőŋěçŋëå ĺŋâěàćăńőć ćàěňěŋĺ.

Ćěàőïâŋőáâì w äńãłâãăæĺĺ ∼ exp S, čďě S { ŕőńŋăï íŋâàőŕĺï ğăňłŋãâőľ áĺáâěňë, â.ě. ćáěčő âěńă ć æěńőň. Ś âěň ęě ãáŕěåőň, łăł ňë ćĺďěńĺ ćëèě, ňőęŋő ŋăŕĺáăâì:

w ∼ exp ´S (8.28) čďě ´S { ĺğňěŋěŋĺě íŋâàőŕĺĺ ŕàĺ äńãłâãăæĺĺ. Ĺğ âěàňőďĺŋăňĺłĺ ĺğćěáâŋő [1, 2], çâő ´S = − R_{min} T_0

(8.29)

čďě R_{min} { ňĺŋĺňăńìŋăï àăąőâă, ŋěőąåőďĺňăï ďńï âőčő, çâőąë őąàăâĺňëň őąàăğőň ŕàőĺğćěáâĺ ğăďăŋŋőě ĺğňěŋěŋĺě âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ďăŋŋőľ ňăńőľ çăáâĺ âěńă (ŕàĺ äńãłâãăæĺĺ), ŕő őâŋőèěŋĺî ł łőâőàőľ őáâăćèăïáï çăáâì âěńă ĺčàăěâ àőńì áàěďë á âěňŕěàăâãàőľ T_0. Šăłĺň őąàăğőň:

w ∼ exp ( − R_{min} T_0 ) (8.30)

Ŕőďáâăćĺň áîďă (ŕàĺ äĺłáĺàőćăŋŋëå âěňŕěàăâãàě ĺ ďăćńěŋĺĺ áàěďë):

R_{min} = ´E − T_0´S + P_0´V (8.31)

čďě ´E, ´S, ´V { ĺğňěŋěŋĺï íŋěàčĺĺ, íŋâàőŕĺĺ ĺ őąêěňă ňăńőľ çăáâĺ âěńă ŕàĺ äńãłâãăæĺĺ, ă T_0 ĺ P_0 { âěňŕěàăâãàă ĺ ďăćńěŋĺě \áàěďë", â.ě. àăćŋőćěáŋëě ğŋăçěŋĺï âěňŕěàăâãàë ĺ ďăćńěŋĺï âěńă. Ŋĺęě ĺŋďěłá ŋãńì őŕãáłăěň, ŕőďàăğãňěćăï ć łőíääĺæĺěŋâăå àăćŋőćěáŋëě ğŋăçěŋĺï. Šőčďă ĺňěěň:

w ∼ exp ( − ´E − T ´S + P ´V T ) ∼ exp ( − ´˘ T ) (8.32)

čďě ´˘ { ĺğňěŋěŋĺě âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ŕàĺ äńãłâãăæĺĺ. Ŕàĺ ´V = 0, â.ě. ŕàĺ őâáãâáâćĺĺ äńãłâãăæĺľ őąêěňă, ĺňěěň:

w ∼ exp ( − ´F T ) (8.33)

čďě ´F { ĺğňěŋěŋĺě áćőąőďŋőľ íŋěàčĺĺ ŕàĺ äńãłâãăæĺĺ.

Ğăňěâĺň, çâő äőàňãńë (8.32), (8.33) ć âăłőň ćĺďě ŕàĺňěŋĺňë ł ńîąëň äńãłâãăæĺïň { łăł ŋěąőńìèĺň, âăł ĺ ğŋăçĺâěńìŋëň. Ć ŕàĺňěŋěŋĺĺ ł ňăńëň äńãłâãăæĺïň ďěľáâćãěň áńěďãîéĺň őąàăğőň. Řăğńăčăï ´E ć àïď, ŕőńãçĺň: ´E − T ´S + P ´V = 1 2 [ ∂^2E ∂S^2 (´S)^2 + 2

∂^2E ∂S∂V ´S´V + ∂^2E ∂V^2 (´V )^2 ] (8.34)

čďě çńěŋë ŕěàćőčő ŕőàïďłă ć àăğńőęěŋĺĺ ´E áőłàăâĺńĺáì á ãçěâőň^{∂E}_{∂S} = T ĺ ∂E ∂V = −P . Ŋěâàãďŋő ãąěďĺâìáï, çâő (8.34) ňőęŋő ŕěàěŕĺáăâì łăł: 1 2 [ ´S´ ( ∂E ∂S ) V + ´V´ ( ∂E ∂V ) S ] = 1 2 (´S´T − ´P ´V ). (8.35)

164 ŤŃŞŁŠŞĂŰĹĹ

Šőčďă ŕőńãçăěň ćěàőïâŋőáâì äńãłâãăæĺĺ ć ćĺďě:

w ∼ exp ( ´P ´V − ´T ´S 2T ) . (8.36)

Ĺğ íâőľ őąéěľ äőàňãńë ňőęŋő ŋăľâĺ äńãłâãăæĺĺ àăğńĺçŋëå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ.

Ćëąěàěň áŋăçăńă ć łăçěáâćě ŋěğăćĺáĺňëå V ĺ T . Šőčďă:

´S = ( ∂S ∂T ) V ´T + ( ∂S ∂V ) T ´V = C_v T ´T + ( ∂P ∂T ) V ´V (8.37)

´P = ( ∂P ∂T ) V ´T + ( ∂P ∂V ) T ´V. (8.38)

Ŕőďáâăćńïï íâĺ ćëàăęěŋĺï ć (8.36) ćĺďĺň, çâő çńěŋë á ´V ´T áőłàăéăîâáï ĺ őáâăěâáï: w ∼ exp { − C_v 2T^2

(´T )^2 + 1 2T ( ∂P ∂V ) T (´V )^2 } . (8.39)

İâő ćëàăęěŋĺě àăáŕăďăěâáï ŋă ďćă ňŋőęĺâěńï, ğăćĺáïéĺě âőńìłő őâ ´T ĺńĺ ´V . Ďàãčĺňĺ áńőćăňĺ, äńãłâãăæĺĺ âěňŕěàăâãàë ĺ őąêěňă áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňë:

< ´T ´V >= 0 (8.40)

Śàăćŋĺćăï ŕőőçěàěďŋő łăęďëľ ĺğ ďćãå ňŋőęĺâěńěľ, ŋă łőâőàëě àăáŕăďăěâáï (8.39) á őąéěľ äőàňãńőľ àăáŕàěďěńěŋĺï Čăãááă (8.17), ŋăåőďĺň áńěďãîéĺě ćëàăęěŋĺï ďńï áàěďŋĺå łćăďàăâőć äńãłâãăæĺľ âěňŕěàăâãàë ĺ őąêěňă:

< (´T )^2 >=

T^2 C_v (8.41)

< (´V )^2 >= −T ( ∂V ∂P ) T . (8.42)

Ŕőńőęĺâěńìŋőáâì íâĺå ćěńĺçĺŋ őąěáŕěçĺćăěâáï âěàňőďĺŋăňĺçěáłĺňĺ ŋěàăćěŋáâćăňĺ C_v > 0 ĺ (∂P/∂V )_T < 0 [1, 2].

Ćëąěàěň âěŕěàì ć łăçěáâćě ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ć (8.36) P ĺ S. Šőčďă:

´V = ( ∂V ∂P ) S ´P + ( ∂V ∂S ) P ´S (8.43)

´T = ( ∂T ∂S ) P ´S + ( ∂T ∂P ) S ´P = T C_p ´S + ( ∂T ∂P ) S ´P (8.44)

Ŋő áőčńăáŋő dW = T dS + V dP ĺňěěň (_{∂V} ∂S ) P =^{∂2W}_{∂P ∂S} = (_{∂T} ∂P ) S , âőčďă:

´V = ( ∂V ∂P ) S ´P + ( ∂T ∂P ) S ´S (8.45)

Ŕőďáâăćńïï ´V ĺ ´T ć (8.36), ŋăľďěň:

w ∼ exp { 1 2T ( ∂V ∂P ) S (´P )^2 − 1 2C_p (´S)^2 } (8.46)

ŤŃŞŁŠŞĂŰĹĹ 165

Łăł ĺ ćëèě, íâő ćëàăęěŋĺě àăáŕăďăěâáï ŋă ňŋőęĺâěńĺ, ğăćĺáïéĺě őâ ´P ĺ ´S. Šăłĺň őąàăğőň:

< (´S)^2 >= C_p (8.47)

< (´P )^2 >= −T ( ∂P ∂V ) S (8.48)

Ĺğ ŕőńãçěŋŋëå äőàňãń ćĺďŋő, çâő áàěďŋĺě łćăďàăâë äńãłâãăæĺľ ăďďĺâĺćŋëå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ { őąêěňă ĺ íŋâàőŕĺĺ { ŕàőŕőàæĺőŋăńìŋë àăğňěàăň (őąêěňã) âěå çăáâěľ âěńă, ł łőâőàëň őŋĺ őâŋőáïâáï. Śőőâćěâáâćěŋŋő, áàěďŋěłćăďàăâĺçŋëě äńãłâãăæĺĺ íâĺå ćěńĺçĺŋ ∼ √ V , ă őâŋőáĺâěńìŋëě äńãłâãăæĺĺ ∼ 1/ √ V . Ć âőęě ćàěňï ďńï âěňŕěàăâãàë ĺ ďăćńěŋĺï őąàăâŋő ŕàőŕőàæĺőŋăńìŋë łőàŋî ĺğ őąêěňă ãęě áăňĺ ĺå áàěďŋěłćăďàăâĺçŋëě äńãłâãăæĺĺ.

Ćëàăęěŋĺï ďńï äńãłâãăæĺľ âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ňőčãâ ąëâì ŕőńãçěŋë ĺ ŋěŕőáàěďáâćěŋŋő ĺğ àăáŕàěďěńěŋĺï Čĺąąáă. Ć łăçěáâćě ŕàĺňěàă àăááňőâàĺň äńãłâãăæĺĺ çĺáńă çăáâĺæ. Śőčńăáŋő őŕàěďěńěŋĺî ąőńìèőčő łăŋőŋĺçěáłőčő ăŋáăňąńï ĺňěěň: < N >= e^{ΩT} ∑ N N e^{μNT} ∑ n e^{− EnNT} (8.49) Ďĺääěàěŋæĺàãï íâő ćëàăęěŋĺě ŕő μ (ŕàĺ ŕőáâőïŋŋëå V ĺ T ), ŕőńãçĺň: ∂ < N > ∂μ = 1 T e^{ΩT} ∑ N ( N^2 + N ∂˙ ∂μ ) e^{μNT} ∑ n e^{− EnNT} = = 1 T ( < N^2 > + < N > ∂˙ ∂μ ) (8.50)

Ŋő ∂˙/∂μ = − < N >, âăł çâő: ∂ < N > ∂μ = 1 T (< N^2 > − < N >^2) = 1 T < (´N )^2 >, (8.51)

áőőâćěâáâćěŋŋő:

< (´N )^2 >= T (∂N/∂μ)_{T,V} . (8.52)

Ĺğ ŕőńãçěŋŋëå äőàňãń ïáŋő, çâő áàěďŋěłćăďàăâĺçŋëě äńãłâãăæĺĺ âăłĺå ćěńĺçĺŋ, łăł íŋěàčĺï, őąêěň ĺ ďăćńěŋĺě áâàěňïâáï ł ŋãńî ŕàĺ T → 0. İâő őąéěě áćőľáâćő ćáěå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ, ĺňěîéĺå âăłęě ĺ çĺáâő ňěåăŋĺçěáłĺľ áňëáń, ŋő ćőőąéě čőćőàï, ŋě őâŋőáĺâáï ł âăłĺň çĺáâő âěàňőďĺŋăňĺçěáłĺň ćěńĺçĺŋăň, łăł íŋâàőŕĺï ĺ âěňŕěàăâãàă. Śőčńăáŋő (8.41), ěáńĺ áçĺâăâì íŋěàčĺî âěńă ğăďăŋŋőľ ćěńĺçĺŋőľ, âő ŋěńìğï ŕàĺŕĺáëćăâì âěńã ćŕőńŋě őŕàěďěńěŋŋãî âěňŕěàăâãàã, őŋă äńãłâãĺàãěâ ĺ (8.41) åăàăłâěàĺğãěâ âőçŋőáâì, á łőâőàőľ ňőęěâ ąëâì ďăŋő őŕàěďěńěŋĺě âěňŕěàăâãàë ĺğőńĺàőćăŋŋőčő âěńă.

Ťńãłâãăæĺĺ ć ĺďěăńìŋőň čăğě.

Řăááňőâàĺň ćőŕàőá ő ćëçĺáńěŋĺĺ < (´N )^2 > á ŋěáłőńìłő ďàãčőľ áâőàőŋë. Śőčńăáŋő (8.42) ďńï äńãłâãăæĺľ őąêěňă ĺňěěň < (´V )^2 >= −T (_{∂V} ∂P ) T . Ďěńï őąě çăáâĺ íâőčő

166 ŤŃŞŁŠŞĂŰĹĹ

àăćěŋáâćă ŋă N^2, ŋăåőďĺň äńãłâãăæĺî őąêěňă, ŕàĺåőďïéěčőáï ŋă őďŋã çăáâĺæã:

< (´ V N )^2 >= − T N^2 ( ∂V ∂P ) T (8.53)

őâáîďă ňőęŋő ŋăľâĺ äńãłâãăæĺî çĺáńă çăáâĺæ, ŋăåőďïéĺåáï ć őŕàěďěńěŋŋőň ćëďěńěŋŋőň ć âěńě őąêěňě. Ŕőáłőńìłã ŕàĺ íâőň V ěáâì ğăďăŋŋăï ćěńĺçĺŋă, âő ĺňěěň ´^V_N = V ´^1_N = −^V_{N2} ´N , âőčďă ŕőďáâăŋőćłă ć (8.53) ďăěâ: < (δN )^2 >= −T N^2 V^2 ( ∂V ∂P ) T (8.54)

Ŕőďáâăćńïï áîďă ãàăćŋěŋĺě áőáâőïŋĺï ĺďěăńìŋőčő čăğă V = N T /P , ŕőńãçăěň:

< (´N )^2 >= N (8.55)

Šőčďă őâŋőáĺâěńìŋăï äńãłâãăæĺï ěáâì:

< (´N )^2 >^{1/2} N = 1√ N . (8.56)

Řăááňőâàĺň ďăńěě äńãłâãăæĺĺ ć àăáŕàěďěńěŋĺĺ çăáâĺæ čăğă ŕő àăğńĺçŋëň łćăŋâőćëň áőáâőïŋĺïň. Ŕãáâì n_k { çĺáńő çăáâĺæ, ŋăåőďïéĺåáï ć k-ň łćăŋâőćőň áőáâőïŋĺĺ. Ććĺďã ŕőńŋőľ áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ íâőľ áĺáâěňë çăáâĺæ őâ őáâăńìŋëå çăáâĺæ čăğă, ňőęŋő ŕàĺňěŋĺâì ł ŋěľ äőàňãńã (8.52):

< (´n_k)^2 >= T ∂ < n_k > ∂μ (8.57)

Ďńï äěàňĺ(ąőğě)-čăğă, ŕőáńě ŕőďáâăŋőćłĺ < n_k >= [e^{(εk−μ)/T} + 1]^{−1} ŕőńãçăěň:

< (´n_k)^2 >=< n_k > (1− < n_k >). (8.58)

Ăŋăńőčĺçŋëň őąàăğőň, ďńï ąőğě-čăğă:

< (´n_k)^2 >=< n_k > (1+ < n_k >). (8.59)

Ďńï ąőńìæňăŋőćáłőčő čăğă, ŕőáńě ŕőďáâăŋőćłĺ < n_k >= e^{(μ−εk)/T} ŕőńãçăěň ćëàăęěŋĺě:

< (´n_k)^2 >=< n_k > (8.60) ć łőâőàőě ŕěàěåőďïâ ŕàěďëďãéĺě äőàňãńë (8.58) ĺ (8.59) ŕàĺ n_k ≪ 1. Ŕàőáãňňĺàãěň (8.58) ĺ (8.59) ŕő čàãŕŕě ĺğ G_j ąńĺğłĺå ãàőćŋěľ, áőďěàęăéĺå N_j = ∑ n_k çăáâĺæ. Ć áĺńã áâăâĺáâĺçěáłőľ ŋěğăćĺáĺňőáâĺ äńãłâãăæĺľ àăğńĺçŋëå n_k ŕőńãçĺň:

< (´N_j)^2 >= G_j < n_j > (1∓ < n_j >) = N_j ( 1 ∓ < N_j > G_j ) (8.61)

čďě < n_j > { áàěďŋěě ğŋăçěŋĺě ąńĺğłĺå ďàãč ł ďàãčã < n_k >, < N_j >=< n_j > G_j.

İâĺ äőàňãńë ňőęŋő ŕàĺňěŋĺâì, ŋăŕàĺňěà, ł čăğã äőâőŋőć, ďńï çěčő ŕőńőęĺň ć (8.59) μ = 0. Řăááňőâàĺň áőćőłãŕŋőáâì łćăŋâőćëå áőáâőïŋĺľ äőâőŋőć (ć őąêěňě V ) á ąńĺğłĺňĺ ğŋăçěŋĺïňĺ çăáâőâ, ńěęăéĺňĺ ć ňăńőň ĺŋâěàćăńě ´ω_j. Ůĺáńő áőőâćěâáâćãîéĺå áőáâőïŋĺľ àăćŋő G_j = V ω^2_j ´ω_j/π^2c^3. Őąéăï íŋěàčĺï łćăŋâőć ć

ŤŃŞŁŠŞĂŰĹĹ 167

íâőň ĺŋâěàćăńě çăáâőâ ěáâì E_{Δωj} = N_j —hω_j . Şňŋőęăï (8.61) ŋă (—hω_j)^2 ĺ őŕãáłăï ĺŋďěłá j, ŕőńãçĺň áńěďãîéěě ćëàăęěŋĺě İľŋèâěľŋă ďńï äńãłâãăæĺĺ íŋěàčĺĺ E_{Δω} äőâőŋŋőčő čăğă ć ğăďăŋŋőň ĺŋâěàćăńě çăáâőâ ´ω:

< (´E_{Δω})^2 >= —hωE_{Δω} + π^2c^3(E_{Δω})^2 V ω^2´ω

. (8.62)

Řăááňőâàĺň ěéě ćőŕàőá ő äńãłâãăæĺĺ çĺáńă çăáâĺæ ć ćëďěńěŋŋőň őąêěňě ĺďěăńìŋőčő čăğă V . Ŕàĺ íâőň ĺňěěâ áňëáń àăááňőâàěâì ĺ ąőńìèĺě äńãłâãăæĺĺ, łőčďă N − < N > áâăŋőćĺâáï áàăćŋĺňëň á < N >. İâőâ ćőŕàőá ĺňěěâ áňëáń ńĺèì ć ŕàĺňěŋěŋĺĺ ł ąőńìæňăŋőćáłőňã čăğã, âăł łăł ć čăğăå Ťěàňĺ ĺ Ąőğě ćěàőïâŋőáâì âăłĺå äńãłâãăæĺľ ňőęěâ áâăâì ğăňěâŋőľ ńĺèì ć áâőńì ňăńëå őąêěňăå, çâő áâăŋőćïâáï áãéěáâćěŋŋëňĺ łćăŋâőćëě äńãłâãăæĺĺ. Śőčńăáŋő ąőńìèőňã àăáŕàěďěńěŋĺî Čĺąąáă, àăáŕàěďěńěŋĺě N çăáâĺæ čăğă ŕő àăğńĺçŋëň łćăŋâőćëň áőáâőïŋĺïň ŕàőŕőàæĺőŋăńìŋő exp { ˙ + μN − ∑ ε_k T } , (8.63) čďě ∑ ε_k ěáâì áãňňă íŋěàčĺľ őâďěńìŋëå çăáâĺæ. Ďńï ŕőńãçěŋĺï ĺáłőňőľ ćěàőïâŋőáâĺ w_N ŋăďő ŕàőáãňňĺàőćăâì íâő ćëàăęěŋĺě ŕő ćáěň áőáâőïŋĺïň çăáâĺæ, ŕàĺåőďïéĺňï ŋă ğăďăŋŋëľ őąêěň V . Ŕàőĺğćőďï áãňňĺàőćăŋĺě ŕő áőáâőïŋĺïň łăęďőľ çăáâĺæë ŋěğăćĺáĺňő, ŋãęŋő ěéě àăğďěńĺâì àěğãńìâăâ ŋă N !, âăł çâő ŕőńãçăěâáï:

w_N = e^{Ω/T} N ! ( ∑ k e^{μ−εkT} )_N (8.64)

Śâőïéăï ğďěáì áãňňă ŕàěďáâăćńïěâ áőąőľ ŕàőáâő áàěďŋěě çĺáńő çăáâĺæ ć àăááňăâàĺćăěňőň őąêěňě: ∑ k e^{μ−εkT} =< N > . (8.65) Šőčďă: w_N = const < N >^N N ! , (8.66)

ĺ ŋăåőďï ĺğ ãáńőćĺï ŋőàňĺàőćłĺ const = e^{−<N> 3} ŕőńãçăěň:

w_N = < N >^N e^{−<N>} N ! (8.67)

{ âăł ŋăğëćăěňőě àăáŕàěďěńěŋĺě Ŕãăááőŋă. Ś ěčő ŕőňőéìî íńěňěŋâăàŋő ŕőłăğëćăěâáï [1, 2], çâő ďńï áàěďŋěčő łćăďàăâă äńãłâãăæĺĺ çĺáńă çăáâĺæ ĺňěěň ŕàěęŋěě ğŋăçěŋĺě:

< (´N )^2 >=< N > (8.68)

âăł çâő íâő ćëàăęěŋĺě áŕàăćěďńĺćő ŋě âőńìłő ŕàĺ ąőńìèĺå, ŋő ćőőąéě ŕàĺ ńîąëå ğŋăçěŋĺïå < N >.

3İâő áćőďĺâáï ł ˙ = −P V = − < N > T , ć áőőâćěâáâćĺĺ á ãàăćŋěŋĺěň áőáâőïŋĺï ĺďěăńìŋőčő čăğă.

168 ŤŃŞŁŠŞĂŰĹĹ

Čńăćă 9

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹ- ŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Ňěâőď ňőńěłãńïàŋőčő ŕőńï ć âěőàĺĺ ňăčŋěâĺğňă.

Ďăŋŋëľ àăğďěń łãàáă ŕőáćïéěŋ íńěňěŋâăàŋőňã ććěďěŋĺî ć âěőàĺî äăğőćëå ŕěàěåőďőć II àőďă ĺ łàĺâĺçěáłĺå ïćńěŋĺľ. Ŕàőáâěľèěľ ňĺłàőáłőŕĺçěáłőľ ňőďěńìî âăłőčő ŕěàěåőďă ïćńïěâáï âěőàĺï ňőńěłãńïàŋőčő ŕőńï Ćěľááă, łăçěáâćěŋŋő őŕĺáëćăîéăï äăğőćëľ ŕěàěåőď ć äěààőňăčŋĺâŋőě áőáâőïŋĺě. Ŋă íâőň ŕàĺňěàě ńěčłő ĺğãçĺâì őáŋőćŋëě őáőąěŋŋőáâĺ ğăďăçĺ, łőâőàëě ŕàőïćńïîâáï, äăłâĺçěáłĺ, ŕàĺ äăğőćëå ŕěàěåőďăå ŕőçâĺ ć ńîąëå ďàãčĺå áĺáâěňăå.

Řăááňőâàĺň áŋăçăńă áâăâĺáâĺçěáłãî ňěåăŋĺłã áćőąőďŋëå áŕĺŋőć ć ňăčŋĺâŋőň ŕőńě (ŕăàăňăčŋěâĺł á ńőłăńĺğőćăŋŋëňĺ ňăčŋĺâŋëňĺ ňőňěŋâăňĺ). Čăňĺńìâőŋĺăŋ áĺáâěňë ĺğ N ŋěćğăĺňőďěľáâćãîéĺå áŕĺŋőć S_i ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě H, ĺňěěâ ćĺď: H = −gμ_B N∑ i=1 SiH (9.1)

čďě g { čĺàőňăčŋĺâŋőě őâŋőèěŋĺě, ă μ_B =^{eh̄}_{2mc} { ňăčŋěâőŋ Ąőàă. Ć ďăńìŋěľèěň, ďńï łàăâłőáâĺ ĺáŕőńìğãěň őąőğŋăçěŋĺě ~μ = gμ_B . Śŕĺŋőćëě áőáâőïŋĺï åăàăłâěàĺğãîâáï ěčő ŕàőěłæĺěľ ŋă ćŋěèŋěě ňăčŋĺâŋőě ŕőńě, łőâőàăï ňőęěâ ŕàĺŋĺňăâì 2S +1 ğŋăçěŋĺľ (m_i = −S, −S + 1, ..., S − 1, S).

170 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Śâăâĺáâĺçěáłăï áãňňă âăłőľ áĺáâěňë áŕĺŋőć ĺňěěâ ćĺď: Z = ∑ S exp ( − ~μ T N∑ i=1 SiH ) = m1=S∑

m1=−S ... m_N =S∑

m_N =−S exp ( x N∑ i=1 m_i ) (9.2) čďě x ≡ ~μH T (9.3)

Őŕěàăæĺï áãňňĺàőćăŋĺï ć (9.2) őáőąěŋŋő ŕàőáâă ďńï S = 1/2: Z = N∏ i=1 m_i =1/2 ∑ m_i =−1/2 exp(xm_i) = = N∏ i=1 2ch ( 1 2 x ) = 2^N ch^N ( 1 2 x ) (9.4)

Ŕàĺ ŕàőĺğćőńìŋőň S ĺňěěň: Z = { exp(−xS)[1 − exp{(2S + 1)x}] 1 − exp(x) }_N = [ sh {(S + 1/2)x} sh(x/2) ]_N (9.5)

Śőőâćěâáâćěŋŋő, ďńï áćőąőďŋőľ íŋěàčĺĺ áĺáâěňë ŕőńãçăěň: F (T, H) = −T ln Z = −N T ln [ sh {(S + 1/2)x} sh(x/2) ] (9.6)

Őâáîďă ŋăňăčŋĺçěŋŋőáâì: M (T, H) = − ( ∂F ∂H ) T = T ∂ ∂H ln Z = M_0B_S (Sx) (9.7)

čďě M_0 ≡ M (T = 0, H = 0) = N S ~μ = N Sgμ_B { ňăłáĺňăńìŋăï ćěńĺçĺŋă ŋăňăčŋĺçěŋŋőáâĺ, ă B_S (x) ≡ 2S + 1 2S cth ( 2S + 1 2S x ) − 1 2S cth ( 1 2S x ) (9.8)

{ âăł ŋăğëćăěňăï äãŋłæĺï Ąàĺńńîíŋă. İâă äãŋłæĺï áćïğëćăěâ ŋăňăčŋĺçěŋŋőáâì áĺáâěňë áŕĺŋőć ŕăàăňăčŋěâĺłă á ćěńĺçĺŋőľ ŕàĺńőęěŋŋőčő ŕőńï, őŋă ŕőłăğăŋă ŋă Řĺá. 9-1. Ć çăáâŋőň áńãçăě S = 1/2 äãŋłæĺï Ąàĺńńîíŋă àăćŋă: B_{1/2} ( 1 2 x ) = 2cth(x) − cth(x/2) = th(x/2). (9.9) Ĺğ Řĺá. 9-1 ćĺďŋő, çâő M = 0 ŕàĺ H = 0, łăł ĺ ďőńęŋő ąëâì ć ŕăàăňăčŋěâĺłě.

Ć äěààőňăčŋěâĺłăå áĺâãăæĺï ĺŋăï, áŕĺŋë ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ, ĺ ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ć áĺáâěňě ĺňěěâáï áŕőŋâăŋŋăï ŋăňăčŋĺçěŋŋőáâì, áãéěáâćãîéăï ĺ ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï, â.ě. ŕàĺ H = 0. Őáŋőćŋőě ŕàěďŕőńőęěŋĺě âěőàĺĺ ňőńěłãńïàŋőčő (áàěďŋěčő) ŕőńï áőáâőĺâ ć âőň, çâő ćğăĺňőďěľáâćĺě áŕĺŋőć ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî ŋěłőâőàőčő \ňőńěłãńïàŋőčő" ňăčŋĺâŋőčő ŕőńï H_m, łőâőàőě ďőąăćńïěâáï ł ćŋěèŋěňã ŕőńî H. Ŕàěďŕőńăčăěâáï, çâő íâő ŕőńě ŕàőŕőàæĺőŋăńìŋő ŋăňăčŋĺçěŋŋőáâĺ áĺáâěňë:

H_m = λM (T, H) (9.10)

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 171

Řĺá. 9-1 Ğăćĺáĺňőáâì őâŋőáĺâěńìŋőľ ŋăňăčŋĺçěŋŋőáâĺ ŕăàăňăčŋěâĺłă σ = M/M_0 őâ őâ ŕăàăňěâàă ~μHS/T , őŕĺáëćăěňăï äãŋłæĺěľ Ąàĺńńîíŋă ďńï àăğńĺçŋëå ğŋăçěŋĺľ áŕĺŋă S.

âăł çâő íääěłâĺćŋőě ŕőńě, ďěľáâćãîéěě ŋă łăęďëľ áŕĺŋ àăćŋő: H_{eff} = H + λM (T, H) (9.11) Ŕăàăňěâà λ > 0 ŋăğëćăěâáï ŕăàăňěâàőň ňőńěłãńïàŋőčő ŕőńï. Ćáě ŕőńãçěŋŋëě ćëèě áőőâŋőèěŋĺï őáâăîâáï âőčďă ć áĺńě, ŋãęŋő âőńìłő őáãéěáâćĺâì ğăňěŋã H → H_{eff} . Ć çăáâŋőáâĺ, ŕàĺ âăłőľ ğăňěŋě ĺğ (9.7) ŕőńãçăěň:

M = M_0B_S [ ~μS T (H + λM ) ] (9.12)

Ŕàĺ H = 0 ćőğŋĺłăěâ ãàăćŋěŋĺě ďńï ŋăňăčŋĺçěŋŋőáâĺ M :

M = M_0B_S ( ~μλM T S ) (9.13)

Čàăäĺçěáłőě àěèěŋĺě íâőčő ãàăćŋěŋĺï ĺğőąàăęěŋő ŋă Řĺá. 9-2. Şàăćŋěŋĺě (9.13) ĺňěěâ âàĺćĺăńìŋőě àěèěŋĺě M = 0 ďńï ćáěå ğŋăçěŋĺľ T . Őďŋăłő áãéěáâćãěâ ěéě ĺ ćâőàőě àěèěŋĺě M ≠ 0, łőčďă ŋăçăńìŋëľ ãçăáâőł čàăäĺłă ŕàăćőľ çăáâĺ (9.13) ĺďěâ ąőńěě łàãâő, çěň ńěćăï çăáâì. Ůâőąë ĺááńěďőćăâì íâőâ ćőŕàőá ăŋăńĺâĺçěáłĺ, ŕàőćěďěň àăğńőęěŋĺě äãŋłæĺĺ Ąàĺńńîíŋă ć àïď:

B_S (x) =

S + 1 3S x − S + 1 3S 2S^2 + 2S + 1 30S^2 x^3 + ... (9.14)

Šőčďă ŋăçăńìŋëľ ŋăłńőŋ łàĺćőľ, ĺğőąàăęăîéĺľ ğăćĺáĺňőáâì ŕàăćőľ çăáâĺ (9.13), őŕàěďěńĺâáï ćëàăęěŋĺěň:

M_0 ( S + 1 3S ) ~μSλ T = C λ T (9.15)

172 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Řĺá. 9-2 Čàăäĺçěáłőě àěèěŋĺě ãàăćŋěŋĺï ďńï ŋăňăčŋĺçěŋŋőáâĺ ć âěőàĺĺ ňőńěłãńïàŋőčő ŕőńï (β = 1/T ).

čďě ććěńĺ ŕőáâőïŋŋãî Łîàĺ: C ≡ N ~μ^2S(S + 1) 3 (9.16)

ćëàăğĺć M_0 çěàěğ ňĺłàőŕăàăňěâàë, áőčńăáŋő äőàňãńě, ŕàĺćěďěŋŋőľ ŕőáńě (9.7). Šěŕěàì ĺğ (9.15) ćĺďŋő, çâő ŋěâàĺćĺăńìŋőě àěèěŋĺě áãéěáâćãěâ ŕàĺ T < λC, őâłãďă ïáŋő, çâő łàĺâĺçěáłăï âěňŕěàăâãàă äăğőćőčő ŕěàěåőďă ć äěààőňăčŋĺâŋőě áőáâőïŋĺě ć âěőàĺĺ ňőńěłãńïàŋőčő ŕőńï àăćŋă:

T_c = λC (9.17)

Ŕàĺ âăłĺå âěňŕěàăâãàăå M ≠ 0 ďăęě ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï. Šěňŕěàăâãàă ŕěàěåőďă T_c, őçěćĺďŋő, áâàěňĺâáï ł ŋãńî ŕàĺ λ → 0, łőčďă ňë ćőğćàăéăěňáï ł áńãçăî ŕăàăňăčŋěâĺłă.

Řăááňőâàĺň ćőŕàőá ő ŕàőĺáåőęďěŋĺĺ ňőńěłãńïàŋőčő ŕőńï á ňĺłàőáłőŕĺçěáłőľ âőçłĺ ğàěŋĺï. Ć őáŋőćě ąőńìèĺŋáâćă ňőďěńěľ ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï ńěęĺâ ŕàěďáâăćńěŋĺě őą őąňěŋŋőľ ŕàĺàőďě ćğăĺňőďěľáâćĺï áŕĺŋőć, łőâőàőě ć ŕàőáâěľèěň áńãçăě őŕĺáëćăěâáï ňőďěńìî Čěľğěŋąěàčă, čăňĺńìâőŋĺăŋ łőâőàőľ ĺňěěâ ćĺď: H = − 1 2 ∑ i≠j J_{ij}S_iS_j − ~μ ∑ i SiH (9.18)

čďě J_{ij} { âăł ŋăğëćăěňëľ őąňěŋŋëľ ĺŋâěčàăń, łőâőàëľ ćëąĺàăěň ŕőńőęĺâěńìŋëň (áńãçăľ äěààőňăčŋĺâŋőčő ãŕőàïďőçěŋĺï).

Ůăáâő àăááňăâàĺćăěâáï ĺ ąőńěě ŕàőáâőľ ćăàĺăŋâ âăł ŋăğëćăěňőľ ňőďěńĺ Ĺğĺŋčă, íłćĺćăńěŋâŋëľ (9.18), ć łőâőàőľ őáâăćńěŋë âőńìłő S_z łőňŕőŋěŋâë áŕĺŋă. Ěě čăňĺńìâőŋĺăŋ őąëçŋő ğăŕĺáëćăěâáï ć ćĺďě: H = − 1 2 ∑ i≠j J_{ij}s_is_j − ~μ ∑ i s_iH (9.19)

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 173

čďě ŕěàěňěŋŋëě s_i = ±1. Ğăňěâĺň, çâő ňőďěńì Ĺğĺŋčă ňőęěâ ąëâì àěèěŋă âőçŋő ŋă ďćãňěàŋőľ àěèěâłě [1, 2]. İâő àěèěŋĺě Őŋáăčěàă ĺčàăěâ őçěŋì ąőńìèãî àőńì ć âěőàĺĺ äăğőćëå ŕěàěåőďőć, ŋő ňë ěčő àăááňăâàĺćăâì ŋě ąãďěň.

Ňőďěńì ňőńěłãńïàŋőčő ŕőńï áćőďĺâáï ł ŕàĺąńĺęěŋŋőľ ğăňěŋě (9.18) ŋă íääěłâĺćŋëľ čăňĺńìâőŋĺăŋ ćĺďă: H = − ∑ i≠j J_{ij} < S_z > S_{iz} − ~μ ∑ i S_{iz}H (9.20)

čďě ňăčŋĺâŋőě ŕőńě áçĺâăěâáï ŋăŕàăćńěŋŋëň ŕő őáĺ z, ă < S_z > őąőğŋăçăěâ áàěďŋěě ğŋăçěŋĺě z-łőňŕőŋěŋâë áŕĺŋă ŋă ńîąőň ãğńě àěèěâłĺ. §áŋő, çâő ŕàĺ (9.20) íłćĺćăńěŋâŋő àăááňőâàěŋŋőľ ćëèě ňőďěńĺ áćőąőďŋëå áŕĺŋőć, ŋăåőďïéĺåáï ć íääěłâĺćŋőň (ňőńěłãńïàŋőň) ŕőńě, ŋăŕàăćńěŋŋőň ćďőńì őáĺ z, áńěďãîéěčő ćĺďă: H_{eff} = H + J_0 ~μ < S_z >= H + J_0 N ~μ^2

M (9.21) čďě J_0 = ∑ j J_{ij} J_{ii} = 0 (9.22)

Ňőęŋő áłăğăâì, çâő ňőńěłãńïàŋőě ŕőńě ŋă ďăŋŋőň ãğńě áőğďăěâáï áăňőáőčńăáőćăŋŋëň őąàăğőň ćáěňĺ őáâăńìŋëňĺ áŕĺŋăňĺ áĺáâěňë. Śàăćŋĺćăï (9.21) á (9.11), ćĺďĺň, çâő łőŋáâăŋâă ňőńěłãńïàŋőčő ŕőńï λ őŕàěďěńïěâáï ć íâőľ ňőďěńĺ ćëàăęěŋĺěň: λ = J_0 N ~μ^2

(9.23)

Šőčďă ĺğ (9.17) áńěďãěâ, çâő łàĺâĺçěáłăï âěňŕěàăâãàă äăğőćőčő ŕěàěåőďă ć äěààőňăčŋĺâŋőě áőáâőïŋĺě àăćŋă: T_c = 1 3 J_0S(S + 1) (9.24)

Ć áńãçăě, ěáńĺ ćğăĺňőďěľáâćãîâ áŕĺŋë âőńìłő ŋă ąńĺęăľèĺå áőáěďïå ć àěèěâłě, â.ě. J_{ij} = J âőńìłő łőčďă ãğěń j ïćńïěâáï őďŋĺň ĺğ z ąńĺęăľèĺå áőáěďěľ ãğńă i, ă ć őáâăńìŋëå áńãçăïå J_{ij} = 0, ĺňěěň:

T_c = 1 3 zJS(S + 1) (9.25)

Ćěàŋěňáï ł àăááňőâàěŋĺî ŕàőáâěľèěčő áńãçăï S = 1/2. Śőčńăáŋő (9.9) ĺ (9.12) ňőęŋő ğăŕĺáăâì: M = M_0th [ 1 2T ~μ(H + λM ) ] (9.26)

Ććőďï őâŋőáĺâěńìŋëě ŕěàěňěŋŋëě σ = M/M_0 ĺ t = T /T_c, ŋăŕĺèěň (9.26) łăł: σ = th ( 1 2 ~μH T + σ t ) (9.27)

Ŕőńìğãïáì th(x + y) =^{thx+thy}_{1+(thx)(thy)} , ŕěàěŕĺèěň (9.27) ć ćĺďě: h ≡ th ( ~μH 2T ) = 1 − th(σ/t) 1 − σth(σ/t) (9.28)

174 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Ćąńĺğĺ łàĺâĺçěáłőľ âőçłĺ (H = 0, M = 0, T = T_c) ăàčãňěŋâë ćáěå čĺŕěàąőńĺçěáłĺå âăŋčěŋáőć ć (9.28) ňăńë, ĺ ňë ňőęěň ŕàőĺğćěáâĺ ĺå àăğńőęěŋĺě ć àïď: thx = x −^1_3 x^3 +^2_{15} x^5 + .... Šőčďă: h = σ ( 1 − 1 t ) + σ^3 [ 1 3t^3 + 1 − 1/t t ] (9.29)

Ĺğ íâőčő, âăł ŋăğëćăěňőčő ãàăćŋěŋĺï áőáâőïŋĺï ňăčŋěâĺłă, ňőęŋő ŕőńãçĺâì ŕőćěďěŋĺě ąőńìèĺŋáâćă ěčő äĺğĺçěáłĺå åăàăłâěàĺáâĺł ćąńĺğĺ łàĺâĺçěáłőľ âőçłĺ.

Ć łăçěáâćě ŕàĺňěàă ňë àăááňőâàĺň ŋăňăčŋĺçěŋŋőáâì ĺ ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì. Ĺğ ãàăćŋěŋĺï (9.28) ćĺďŋő, çâő ć ŋãńěćőň ŕőńě h = 0 ĺ ďńï T < T_c ãàăćŋěŋĺě (9.29) ŕàĺŋĺňăěâ ćĺď:

σ^2 = T /T_c − 1 T 3_c 3T 3 + T_c T ( 1 −^{Tc}_T ) + ... ≈ 3 ( T T_c )_2 T_c − T T_c (9.30)

Šăłĺň őąàăğőň, ŋăňăčŋĺçěŋŋőáâì ć ŋãńěćőň ŕőńě ćąńĺğĺ T_c (ŕàĺ T < T_c) ćěďěâ áěąï łăł: σ ∼ |τ |^β τ = T − T_c T_c (9.31)

čďě łàĺâĺçěáłĺľ ĺŋďěłá ŋăňăčŋĺçěŋŋőáâĺ β = 1/2.

Ĺğőâěàňĺçěáłăï ćőáŕàĺĺňçĺćőáâì ć ŋãńěćőň ŕőńě χ_T = (_{∂M} ∂H ) T ãďőćńěâćőàïěâ áőőâŋőèěŋĺî:

χ_T = ( ∂M ∂σ ) T ( ∂σ ∂h ) T ( ∂h ∂H ) T = ( 1 2 N ~μ ) ( ~μ 2T ) ( ∂σ ∂h ) T = C T ( ∂σ ∂h ) T (9.32)

čďě ďńï ŕőáâőïŋŋőľ Łîàĺ ĺáŕőńìğőćăńĺ (9.16) ďńï S = 1/2. Ďĺääěàěŋæĺàãï őąě çăáâĺ (9.29) ŕő h ŕàĺ T ≈ T_c, ŕőńãçăěň: 1 = ∂σ ∂h [( 1 − 1 t ) + 3σ^2 ( 1 3t^3 )] (9.33)

ĺńĺ, ĺáŕőńìğãï (9.32),

χ_T = C T [ τ t + σ^3 t^3 ]_{−1} . (9.34)

Ďăńěě, ďńï T > T_c ĺňěěň σ = 0 ŕàĺ H = 0 ĺ (9.34) áćőďĺâáï ł:

χ_T = C T ( T_c T T − T_c T_c )_{−1} = C T − T_c ∼ τ^{−γ} (9.35)

čďě łàĺâĺçěáłĺľ ĺŋďěłá ćőáŕàĺĺňçĺćőáâĺ γ = 1. Ŕàĺ T < T_c, áőčńăáŋő (9.30) ĺňěěň σ^2 ≈ −3τ , âăł çâő ĺğ (9.34): χ_T ≈ 1 2 C T 1 (−τ ) ∼ |τ |^{−1} (9.36)

âăł çâő łàĺâĺçěáłĺľ ĺŋďěłá ćőáŕàĺĺňçĺćőáâĺ ŕàĺ T < T_c âăłęě γ^′ = 1.

Ŕàïňëňĺ àăáçěâăňĺ ć àăňłăå ňőďěńĺ ňőńěłãńïàŋőčő ŕőńï ňőęŋő ŕőłăğăâì, çâő âěŕńőěňłőáâì áĺáâěňë ŕàĺ T = T_c ĺáŕëâëćăěâ łőŋěçŋëľ áłăçőł ´C_H = 3/2N .

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 175

Ňőęŋő ĺğãçĺâì łàĺâĺçěáłőě ŕőćěďěŋĺě ĺ àïďă ďàãčĺå åăàăłâěàĺáâĺł, åăàăłâěàĺğãîéěěáï áćőĺňĺ łàĺâĺçěáłĺňĺ ĺŋďěłáăňĺ.

Ć æěńőň, ňőďěńì ňőńěłãńïàŋőčő ŕőńï ďăěâ ŋěŕńőåőě łăçěáâćěŋŋőě őŕĺáăŋĺě äěààőňăčŋĺâŋőčő ŕěàěåőďă. Őŋă ńěčłő őąőąéăěâáï ŋă áńãçăľ ăŋâĺäěààőňăčŋĺâŋőčő ŕěàěåőďă. Ťăłâĺçěáłĺ, íâă ňőďěńì áńãęĺâ ŕàőőąàăğőň ąőńìèőčő çĺáńă ŕőďőąŋëå ňőďěńěľ áàěďŋěčő ŕőńï, ïćńïîéĺåáï ĺáåőďŋëňĺ ŕàĺ ňĺłàőáłőŕĺçěáłőň őŕĺáăŋĺĺ àăğńĺçŋëå äăğőćëå ŕěàěåőďőć ć áăňëå àăğŋëå âĺŕăå äĺğĺçěáłĺå áĺáâěň. Ŋăŕàĺňěà, àăááňőâàěŋŋăï ćëèě ňőďěńì ĄŁŸ âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, ïćńïěâáï âĺŕĺçŋëň ŕàĺňěàőň âăłőľ ňőďěńĺ áàěďŋěčő ŕőńï, ć łőâőàőľ àőńì íâőčő ŕőńï ĺčàăîâ ăŋőňăńìŋëě áàěďŋĺě (7.16), (7.17), ă čăňĺńìâőŋĺăŋ (7.14) ĺńĺ (7.15) ïćńïěâáï ŕàïňëň ăŋăńőčőň (9.20)^1. Ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ âăłőľ ŕőďåőď ďăěâ őçěŋì âőçŋőě őŕĺáăŋĺě ŕőćěďěŋĺï áĺáâěňë ćąńĺğĺ T_c. Ć ąőńìèĺŋáâćě ďàãčĺå áńãçăěć, ć çăáâŋőáâĺ ć àěăńìŋëå ňăčŋĺâŋëå áĺáâěňăå, íâő őŕĺáăŋĺě ïćńïěâáï áãčãąő łăçěáâćěŋŋëň. Ć çăáâŋőáâĺ, ćěńĺçĺŋă łàĺâĺçěáłĺå ĺŋďěłáőć ďőáâăâőçŋő áĺńìŋő őâńĺçăěâáï őâ ŕàěďáłăğăŋĺľ âěőàĺĺ áàěďŋěčő ŕőńï. Ťĺğĺçěáłăï ŕàĺçĺŋă íâĺå őâńĺçĺľ áőáâőĺâ ć ćőğàăáâăîéěľ àőńĺ äńãłâãăæĺľ ć łàĺâĺçěáłőľ őąńăáâĺ ćąńĺğĺ T_c.

Łćăğĺáàěďŋĺě�.

Ć ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ äăğőćëå ŕěàěåőďőć ćőğŋĺłăěâ ćěáìňă ćăęŋëľ ćőŕàőá ő ćëàőęďěŋĺĺ őáŋőćŋőčő áőáâőïŋĺï áĺáâěňë ĺ âěáŋő áćïğăŋŋëľ á ŋĺň ćőŕàőá ő ŕàăćĺńìŋőň őŕàěďěńěŋĺĺ áâăâĺáâĺçěáłĺå áàěďŋĺå. Řăááňőâàĺň ć łăçěáâćě ŕàĺňěàă äěààőňăčŋěâĺł Čěľğěŋąěàčă, őŕĺáëćăěňëľ čăňĺńìâőŋĺăŋőň (9.18). Ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï (ŕàĺ H = 0) íâőâ čăňĺńìâőŋĺăŋ őçěćĺďŋëň őąàăğőň ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő čàãŕŕë âàěåňěàŋëå ćàăéěŋĺľ. İâő ïáŋő ĺğ âőčő, çâő ć (9.18) ćåőďïâ âőńìłő áłăńïàŋëě ŕàőĺğćěďěŋĺï áŕĺŋőć ŋă àăğŋëå ãğńăå àěèěâłĺ. Ć âőęě ćàěňï, äěààőňăčŋĺâŋőě őáŋőćŋőě áőáâőïŋĺě ŋě ĺŋćăàĺăŋâŋő őâŋőáĺâěńìŋő íâőľ čàãŕŕë { ćěłâőà áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ ĺňěěâ ćŕőńŋě őŕàěďěńěŋŋőě ŋăŕàăćńěŋĺě ĺ őáâăěâáï ĺŋćăàĺăŋâŋőáâì âőńìłő őâŋőáĺâěńìŋő ćàăéěŋĺľ ćőłàãč íâőčő ŋăŕàăćńěŋĺï. Őçěćĺďŋő, őďŋăłő, çâő ńîąőě ďàãčőě őáŋőćŋőě áőáâőïŋĺě âőľ ęě áĺáâěňë, áőőâćěâáâćãîéěě ďàãčőňã ŋăŕàăćńěŋĺî ćěłâőàă ŋăňăčŋĺçěŋŋőáâĺ őâćěçăěâ âőľ ęě áăňőľ íŋěàčĺĺ. Śőőâćěâáâćěŋŋő, ć ğăďăçě ćőğŋĺłăěâ ąěáłőŋěçŋëľ ŋăąőà őáŋőćŋëå áőáâőïŋĺľ, őâńĺçăîéĺåáï âőńìłő ŋăŕàăćńěŋĺěň ćěłâőàă ŋăňăčŋĺçěŋŋőáâĺ. Ćŋěèŋěě ňăčŋĺâŋőě ŕőńě (ďăęě ąěáłőŋěçŋő áńăąőě) áŋĺňăěâ íâő ćëàőęďěŋĺě ĺ ŕőğćőńïěâ őďŋőğŋăçŋő àăááçĺâăâì ćáě áâăâĺáâĺçěáłĺě áàěďŋĺě. Ć äőàňăńìŋőň ăŕŕăàăâě âěőàĺĺ íâő őâàăęăěâáï ć ŋěőąåőďĺňőáâĺ ććěďěŋĺï łőŋæěŕæĺĺ łćăğĺáàěďŋĺå [25] { őďŋőčő ĺğ æěŋâàăńìŋëå ŕőŋïâĺľ âěőàĺĺ äăğőćëå ŕěàěåőďőć.

Ĺâăł, àăááňőâàĺň ďńï őŕàěďěńěŋŋőáâĺ ňőďěńì Čěľğěŋąěàčă ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï: H = − 1 2 ∑ i≠j J_{ij} S_iS_j (9.37)

1Čăňĺńìâőŋĺăŋ ĄŁŸ ďăęě ňőęŋő ŕěàěŕĺáăâì çěàěğ ŋěłőâőàëě \ŕáěćďőáŕĺŋőćëě" őŕěàăâőàë (Ăŋďěàáőŋ), łőčďă őŋ ŕőçâĺ ć âőçŋőáâĺ áćőďĺâáï ł ćĺďã (9.20)

176 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Ďńï àăááňăâàĺćăěňőľ áĺáâěňë łăęďăï ĺğ łőňŕőŋěŋâ ćěłâőàă áãňňăàŋőčő áŕĺŋă

S =^∑_j Sj (9.38)

ïćńïěâáï ĺŋâěčàăńőň ďćĺęěŋĺï.

Ćőáŕőńìğãěňáï łőňňãâăæĺőŋŋëňĺ áőőâŋőèěŋĺïňĺ: S_xS_y − S_y S_x = iS_z S_yS_z − S_z S_y = iS_x S_zS_x − S_xS_z = iS_y (9.39) Őâáîďă áńěďãěâ, çâő

iSp(S_z e^{− HT} ) = Sp[(S_xS_y − S_y S_x)e^{− HT} ] (9.40) Ŋő ŕőáłőńìłã S_x łőňňãâĺàãěâ á H, ŕőńãçĺň:

Sp(S_y S_xe^{− HT} ) = Sp(S_y e^{− HT} S_x) = Sp(S_xS_ye^{− HT} ), (9.41) ĺ ŕőíâőňã Sp(S_z e^{− HT} ) = 0. (9.42) Śőćěàèěŋŋő ăŋăńőčĺçŋő ŋăåőďĺň:

Sp(S_xe^{− HT} ) = 0 Sp(S_y e^{− HT} ) = 0 (9.43) Ććěďěň ćěłâőà ŋăňăčŋĺçěŋŋőáâĺ, őâŋěáěŋŋőľ ł ěďĺŋĺæě őąêěňă:

M = ~^μ_V^∑_j Sj = ~^μ_V S. (9.44)

Šőčďă ĺňěěň:

Sp(Me^{− HT} ) = 0 (9.45)

ĺ áàěďŋïï ŋăňăčŋĺçěŋŋőáâì:

< M >= lim_{V →∞}^{Sp}(M^{e− HT} ) Sp(e^{− H}T ) = 0. (9.46)

Ĺâăł, őąëçŋőě áâăâĺáâĺçěáłőě (čĺąąáőćáłőě) áàěďŋěě ğŋăçěŋĺě ŋăňăčŋĺçěŋŋőáâĺ áĺáâěňë ćáěčďă àăćŋő ŋãńî, çâő áőőâćěâáâćãěâ ĺğőâàőŕĺĺ áĺáâěňë őâŋőáĺâěńìŋő čàãŕŕë âàěåňěàŋëå ćàăéěŋĺľ.

Ŕőďçěàłŋěň, çâő íâőâ àěğãńìâăâ áŕàăćěďńĺć ďńï ńîąëå âěňŕěàăâãà, ć âőň çĺáńě ĺ ďńï âěňŕěàăâãà ŋĺęě âěňŕěàăâãàë Łîàĺ. Łăğăńőáì ąë ćőğŋĺłăěâ ŋěłőâőàëľ ŕăàăďőłá, ŕőáłőńìłã ŕàĺ T < T_c ć áĺáâěňě áãéěáâćãěâ áŕőŋâăŋŋăï ŋăňăčŋĺçěŋŋőáâì. Őďŋăłő, ŋăŕàăćńěŋĺě ćěłâőàă ŋăňăčŋĺçěŋŋőáâĺ ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï ŕàőĺğćőńìŋő ĺ ć íâőň áňëáńě áőáâőïŋĺě áâăâĺáâĺçěáłőčő àăćŋőćěáĺï ć àăááňăâàĺćăěňőľ áĺáâěňě ïćńïěâáï ąěáłőŋěçŋő ćëàőęďěŋŋëň.

Ćłńîçĺň âěŕěàì ćŋěèŋěě ňăčŋĺâŋőě ŕőńě νe(ν > 0, e^2 = 1), ğăňěŋĺć čăňĺńìâőŋĺăŋ (9.37) ŋă H_{νe} = H + νV eM. (9.47)

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 177

Šőčďă, ŕàĺ âěňŕěàăâãàăå ŋĺęě âőçłĺ Łîàĺ

< M >= eMν (9.48)

čďě M_ν ąãďěâ áâàěňĺâìáï ł łőŋěçŋőňã, őâńĺçŋőňã őâ ŋãńï ŕàěďěńã, łőčďă ĺŋâěŋáĺćŋőáâì ν ćŋěèŋěčő ŕőńï áâàěňĺâáï ł ŋãńî. Ś äőàňăńìŋőľ âőçłĺ ğàěŋĺï ğďěáì ćőğŋĺłăěâ \ŋěáâăąĺńìŋőáâì" őąëçŋëå áàěďŋĺå { ŕàĺ ďőąăćńěŋĺĺ ł čăňĺńìâőŋĺăŋã çńěŋă á ąěáłőŋěçŋő ňăńëň ćŋěèŋĺň ŕőńěň^2 áàěďŋěě ğŋăçěŋĺě < M > ŕàěâěàŕěćăěâ łőŋěçŋőě, őâńĺçŋőě őâ ŋãńï ŕàĺàăéěŋĺě:

em čďě m = lim_{ν→0} Mν . (9.49)

Ć áćïğĺ á íâĺň ãďőąŋő ććěáâĺ ŕőŋïâĺě łćăğĺáàěďŋěčő. Řăááňőâàĺň łăłãî { ńĺąő ďĺŋăňĺçěáłãî ćěńĺçĺŋã A, áőáâăćńěŋŋãî ĺğ áŕĺŋőćëå őŕěàăâőàőć. Šőčďă łćăğĺáàěďŋěě őâ ŋěě őŕàěďěńïěâáï łăł:

≺ A ≻= lim_{ν→0} < A >_{νe} (9.50)

čďě < A >_{νe} { őąëçŋőě áâăâĺáâĺçěáłőě áàěďŋěě őâ A ŕàĺ čăňĺńìâőŋĺăŋě H_{νe}.

Šăłĺň őąàăğőň, ŋăńĺçĺě ćëàőęďěŋĺï ŋěŕőáàěďáâćěŋŋő őâàăęăěâáï ŋă łćăğĺáàěďŋĺå ĺå ğăćĺáĺňőáâìî őâ ŕàőĺğćőńìŋőčő őàâă e. Ŋěâàãďŋő ŕőŋïâì, çâő őąëçŋőě áàěďŋěě: < A >= ∫ ≺ A ≻ de (9.51)

â.ě. ŕőńãçăěâáï ĺŋâěčàĺàőćăŋĺěň ŕő ćáěň ŋăŕàăćńěŋĺïň ćěłâőàă e. Ŕőŋïâŋő, çâő ďńï őŕĺáăŋĺï ćëàőęďěŋŋőčő áőáâőïŋĺï áâăâĺáâĺçěáłőčő àăćŋőćěáĺï łćăğĺáàěďŋĺě ąőńěě ãďőąŋë ĺ \äĺğĺçŋë", çěň őąëçŋëě áàěďŋĺě. Ťăłâĺçěáłĺ, őŋĺ ĺ ĺáŕőńìğãîâáï ć ŕàăłâĺçěáłĺå àăáçěâăå.

Ć łăçěáâćě ďàãčőčő ŕàĺňěàă ňőęŋő ãŕőňïŋãâì ňőďěńì áćěàåŕàőćőďĺňőáâĺ ĄŁŸ. Łăł ãęě őâňěçăńőáì ćëèě, áćěàåŕàőćőďïéěě áőáâőïŋĺě ŋăàãèăěâ łăńĺąàőćőçŋãî áĺňňěâàĺî, áćïğăŋŋãî á ğăłőŋőň áőåàăŋěŋĺï çăáâĺæ, çâő ŕàőïćńïěâáï ć ŕőïćńěŋĺĺ ăŋőňăńìŋëå áàěďŋĺå âĺŕă (7.16), (7.17). Ć íâőň áńãçăě őâáãâáâćãěâ àěăńìŋőě äĺğĺçěáłőě ŕőńě, ŋăàãèăîéěě íâã áĺňňěâàĺî, ŕőďőąŋő âőňã łăł ćŋěèŋěě ňăčŋĺâŋőě ŕőńě ŋăàãèăěâ ŕőńŋãî ćàăéăâěńìŋãî áĺňňěâàĺî čěľğěŋąěàčőćáłőčő ňăčŋěâĺłă. Őďŋăłő, ňőęŋő ććěáâĺ äĺłâĺćŋëľ ąěáłőŋěçŋő áńăąëľ \ĺáâőçŋĺł" łãŕěàőćáłĺå ŕăà, ďőąăćĺć ěčő ł čăňĺńìâőŋĺăŋã ĄŁŸ (7.12), ğăŕĺáăć: H_ν = H − ν ∑ p [a_−p_↓ap_↑ + a^+p_↑a^+_−p_↓] (9.52)

çâő áŋĺňăěâ ćëàőęďěŋĺě ŕő őâŋőèěŋĺî ł łăńĺąàőćőçŋőľ áĺňňěâàĺĺ, ĺńĺ, çâő âőęě áăňőě, ŋăàãèăěâ ğăłőŋ áőåàăŋěŋĺï çĺáńă çăáâĺæ. Śőőâćěâáâćěŋŋő, ćáě áàěďŋĺě, ćëçĺáńěŋŋëě ć áćěàåŕàőćőďïéěň áőáâőïŋĺĺ áńěďãěâ ŕőŋĺňăâì łăł łćăğĺáàěďŋĺě, ŕőńãçěŋŋëě á ŕőňőéìî čăňĺńìâőŋĺăŋă (9.52), á ŕőáńěďãîéĺň ŕàěďěńìŋëň ŕěàěåőďőň ν → 0. Ěáâěáâćěŋŋő, çâő ćáě âăłĺě áàěďŋĺě ğăćĺáïâ őâ ŕàőĺğćőńìŋőčő äăğőćőčő ãčńă ϕ. Ŕőńőęĺć ćëèě, ŕàĺ őąáãęďěŋĺĺ áćěàåŕàőćőďïéěčő áőáâőïŋĺï, íâã äăğã ϕ = 0, ňë, äăłâĺçěáłĺ, ŕőáâãŕĺńĺ áőćěàèěŋŋő ăŋăńőčĺçŋő âőňã, łăł ŕàĺ àăááňőâàěŋĺĺ äěààőňăčŋěâĺłă äĺłáĺàãěâáï ŕàőĺğćőńìŋő ŋăŕàăćńěŋŋăï ć őąëçŋőň ŕàőáâàăŋáâćě

2Ŕőďàăğãňěćăěâáï, çâő áŋăçăńă ŕàőćőďĺâáï ŕàěďěńìŋëľ ŕěàěåőď áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ V → ∞, ă ğăâěň ν ãáâàěňńïěâáï ł ŋãńî.

178 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

őáì z, ćďőńì łőâőàőľ őàĺěŋâĺàőćăŋő ćŋěèŋěě ňăčŋĺâŋőě ŕőńě. Ăŋăńőčĺçŋëň őąàăğőň, ňőęŋő àăááňőâàěâì ĺ ïćńěŋĺě ąőğě-łőŋďěŋáăæĺĺ [25]. Ťăłâĺçěáłĺ, ŕàĺ àăááňőâàěŋĺĺ ńîąőčő äăğőćőčő ŕěàěåőďă, ŕőďàăğãňěćăěâáï ććěďěŋĺě ąěáłőŋěçŋő ňăńőčő ąőčőńîąőćáłőčő ŕőńï ĺńĺ \ĺáâőçŋĺłă", áŋĺňăîéěčő, áőőâćěâáâćãîéãî áĺňňěâàĺî ğăďăçĺ. Šőčďă, ŕàĺ ćëçĺáńěŋĺïå ŕàĺåőďĺâáï ãçĺâëćăâì ŋěĺğąěęŋő ćőğŋĺłăîéĺě ăŋőňăńìŋëě áàěďŋĺě, łőâőàëě âăłęě ŋăàãèăîâ áĺňňěâàĺî ĺáåőďŋőčő čăňĺńìâőŋĺăŋă. Ťăğőćëľ ŕěàěåőď ŕàőïćńïěâáï ć âőň, çâő ć \łőŋďěŋáĺàőćăŋŋőľ" äăğě (ŕàĺ T < T_c) íâĺ ăŋőňăńìŋëě áàěďŋĺě, ćëçĺáńěŋŋëě áăňőáőčńăáőćăŋŋëň őąàăğőň, őáâăîâáï őâńĺçŋëňĺ őâ ŋãńï ďăęě ŕőáńě ćëłńîçěŋĺï ćŋěèŋěčő ŕőńï (ĺáâőçŋĺłă), â.ě. ŕàĺ ν → 0. Ć \ŋőàňăńìŋőľ" äăğě (ŕàĺ T > T_c) ăŋőňăńìŋëě áàěďŋĺě ŕàĺ ν → 0 áâàěňïâáï ł ŋãńî, ĺ áĺňňěâàĺï ŋě ŋăàãèăěâáï.

Ťńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă.

Ŕěàěľďěň ł àăááňőâàěŋĺî ćőŕàőáă ő äńãłâãăæĺïå ŕăàăňěâàă ŕőàïďłă. Ćëèě ãęě őâňěçăńőáì, çâő íâĺ äńãłâãăæĺĺ őłăğëćăîâáï áãéěáâćěŋŋëňĺ ćąńĺğĺ âěňŕěàăâãàë ŕěàěåőďă, áãéěáâćěŋŋő ňěŋïï łăàâĺŋã, ŕàěďáłăğëćăěňãî âěőàĺïňĺ áàěďŋěčő ŕőńï. Řăááňőâàěŋĺě ąãďěâ ćěáâĺáì ć àăňłăå âěőàĺĺ Ńăŋďăã, łăł âĺŕĺçŋőľ âěőàĺĺ áàěďŋěčő ŕőńï.

Ć ąőńìèĺŋáâćě áńãçăěć, ŕăàăňěâà ŕőàïďłă ć âěőàĺĺ Ńăŋďăã ŕàěďáâăćńïěâ áőąőľ n { łőňŕőŋěŋâŋëľ ćěłâőà ć àěăńìŋőň ĺńĺ ŋěłőâőàőň ćáŕőňőčăâěńìŋőň ŕàőáâàăŋáâćě, ć áőőâćěâáâćĺĺ á åăàăłâěàőň ŋăàãèěŋĺï áĺňňěâàĺĺ ŕàĺ äăğőćőň ŕěàěåőďě. Ŋăŕàĺňěà, ć ňőďěńĺ äěààőňăčŋěâĺłă Čěľğěŋąěàčă { íâő őąëçŋëľ âàěåłőňŕőŋěŋâŋëľ ćěłâőà (ŋăňăčŋĺçěŋŋőáâì), ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ Čĺŋğąãàčă { Ńăŋďăã { íâő łőňŕńěłáŋăï (â.ě. ďćãåłőňŕőŋěŋâŋăï) ćőńŋőćăï äãŋłæĺï łőŋďěŋáăâă łãŕěàőćáłĺå ŕăà ĺ â.ŕ. Ğďěáì ňë àăááňőâàĺň ŕàőáâěľèĺľ ćăàĺăŋâ äăğőćőčő ŕěàěåőďă, őŕĺáëćăěňőčő őďŋőłőňŕőŋěŋâŋëň ŕăàăňěâàőň ŕőàïďłă η, çâő áőőâćěâáâćãěâ, ŋăŕàĺňěà, ãŕőňïŋãâőľ ćëèě ňőďěńĺ Ĺğĺŋčă^3.

Ňĺŋĺňăńìŋăï àăąőâă, âàěąãěňăï ďńï ćëćőďă áĺáâěňë ĺğ àăćŋőćěáŋőčő áőáâőïŋĺï ŕàĺ ğăďăŋŋëå ŕőáâőïŋŋëå ğŋăçěŋĺïå ďăćńěŋĺï ĺ âěňŕěàăâãàë, àăćŋă ĺğňěŋěŋĺî ´˘ ěě âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă. Ŕőíâőňã, áőčńăáŋő (8.32), ćěàőïâŋőáâì äńãłâãăæĺĺ ŕàĺ ŕőáâőïŋŋëå P ĺ T :

w ∼ exp ( − ´˘ T ) (9.53)

Őąőğŋăçĺň àăćŋőćěáŋőě ğŋăçěŋĺě η łăł —η. Ŕàĺ ňăńőň őâłńőŋěŋĺĺ őâ àăćŋőćěáĺï:

´˘ = 1 2 (η − —η)^2 ( ∂^2˘ ∂η^2 ) P,T (9.54)

Řăćŋőćěáŋőě ğŋăçěŋĺě ŕăàăňěâàă ŕőàïďłă őŕàěďěńïěâáï àăğńőęěŋĺěň Ńăŋďăã:

˘(T, P, η) = ˘_0(P, T ) + atη^2 + Bη^4 − ηhV (9.55)

3Ňë áőćěàèěŋŋő őâćńěłăěňáï őâ őçěŋì ćăęŋëå ăáŕěłâőć âěőàĺĺ Ńăŋďăã, áćïğăŋŋëå á àőńìî áĺňňěâàĺĺ łàĺáâăńńĺçěáłőľ àěèěâłĺ [1, 2], áçĺâăï áĺáâěňã őďŋőàőďŋőľ ĺ ĺğőâàőŕŋőľ.

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 179

čďě t = T − T_c(P ), h { ćŋěèŋěě ŕőńě, áőŕàïęěŋŋőě ŕăàăňěâàã ŕőàïďłă (ŋăŕàĺňěà ňăčŋĺâŋőě ŕőńě ć ňőďěńĺ Ĺğĺŋčă). Ĺğ (9.55) őŕàěďěńïěň àăćŋőćěáŋőě ğŋăçěŋĺě ŕăàăňěâàă ŕőàïďłă —η ãáńőćĺěň: ( ∂˘ ∂η ) T,h = 0 (9.56)

çâő áćőďĺâáï ł:

2at—η + 4B —η^3 = hV (9.57) äăłâĺçěáłĺ íłćĺćăńěŋâŋëň ŕőńãçěŋŋőňã ćëèě ć âěőàĺĺ ňőńěłãńïàŋőčő ŕőńï (9.29). Řěèěŋĺě (9.57) ŕàĺ h → 0 ĺňěěâ ćĺď: —η^2 = 0 ŕàĺ t > 0 —η^2 = − at 2B ŕàĺ t < 0 (9.58)

âăł çâő łàĺâĺçěáłĺľ ĺŋďěłá ŕăàăňěâàă ŕőàïďłă àăćěŋ 1/2, ăŋăńőčĺçŋő (9.31).

Ćőáŕàĺĺňçĺćőáâì âěńă àăćŋă: χ = ( ∂ —η ∂h ) T ;h→0 (9.59)

Ďĺääěàěŋæĺàãï (9.57), ŋăåőďĺň ŕàĺ h → 0: ∂ —η ∂h = V 2at + 12B —η^2

(9.60)

Ŕőďáâăćńïï áîďă (9.58), ŕőńãçăěň: χ = V 2at ŕàĺ t > 0 χ = V −4at ŕàĺ t < 0 (9.61)

çâő ăŋăńőčĺçŋő (9.35), (9.36) ĺ ďěňőŋáâàĺàãěâ àăáåőďĺňőáâì χ ∼ |T − T_c|^{−1}, â.ě. łàĺâĺçěáłĺľ ĺŋďěłá ćőáŕàĺĺňçĺćőáâĺ γ = γ^′ = 1, łăł ĺ ćëèě. Šěőàĺï Ńăŋďăã ŕàěďáâăćńïěâ áőąőľ âĺŕĺçŋãî âěőàĺî áàěďŋěčő ŕőńï, áőőâćěâáâćěŋŋő ćáě łàĺâĺçěáłĺě ĺŋďěłáë ŕőńãçăîâáï âěňĺ ęě, çâő ĺ ć ăŋăńőčĺçŋëå ňĺłàőáłőŕĺçěáłĺå ňőďěńïå.

Ĺáŕőńìğãï (9.60) ňőęŋő ŋăŕĺáăâì ĺ âăł: χ = V [( ∂^2˘ ∂η^2 ) h=0 ]_{−1} (9.62)

Ŕőíâőňã, ćěàőïâŋőáâì äńãłâãăæĺĺ őŕàěďěńïěâáï ĺğ (9.53), (9.54) áńěďãîéĺň őąàăğőň:

´˘ = 1 2 (η − —η)^2 V χ (9.63)

w ∼ exp [ − (η − —η)^2V 2χT_c ] (9.64)

Őâáîďă, ć áőőâćěâáâćĺĺ á őąéĺň ćĺďőň àăáŕàěďěńěŋĺï Čăãááă (8.17), ŋăåőďĺň áàěďŋĺľ łćăďàăâ äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă ć ćĺďě:

< (´η)^2 >= T_cχ V ∼ 1 |t| ŕàĺ T → T_c (9.65)

180 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Šăłĺň őąàăğőň, ćěńĺçĺŋă äńãłâãăæĺľ ćąńĺğĺ T_c ćőğàăáâăěâ ĺ àăáåőďĺâáï ∼ |T − T_c|^{−1}.

Ďńï ąőńěě čńãąőłőčő ŕőŋĺňăŋĺï íâőčő ïćńěŋĺï ŋãęŋő ŋăľâĺ ŕàőáâàăŋáâćěŋŋãî łőààěńïæĺőŋŋãî äãŋłæĺî äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă. Ďńï ŋěőďŋőàőďŋőčő âěńă (ă ŕàĺ ãçěâě äńãłâãăæĺľ ć ŋěň ćőğŋĺłăîâ ŋěőďŋőàőďŋőáâĺ) âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń ŕàěďáâăćńïěâáï ć ćĺďě ˘ = ∫ dV ˘, čďě ˘ { ŕńőâŋőáâì ŕőâěŋæĺăńă (äãŋłæĺï łőőàďĺŋăâ). Űěńěáőőąàăğŋő ŕěàěľâĺ ł őŕĺáăŋĺî á ŕőňőéìî ŕőâěŋæĺăńă ˙(T, μ), őâŋőáïéěňãáï ł ŋěłőâőàőňã ćëďěńěŋŋőňã ć áàěďě őąêěňã V , áőďěàęăéěňã ŕěàěňěŋŋőě çĺáńő çăáâĺæ N . Ďńï ŕőâěŋæĺăńă ˙(T, μ, η), őâŋěáěŋŋőčő ł ěďĺŋĺæě őąêěňă, ňőęŋő ŋăŕĺáăâì àăğńőęěŋĺě, ăŋăńőčĺçŋőě (9.55):

˙(T, μ, η) = ˙_0(T, μ) + αtη^2 + bη^4 − ηh (9.66)

čďě α = a/V, b = B/V, t = T −T_c(μ). İâő àăğńőęěŋĺě őâŋőáĺâáï ł őďŋőàőďŋőľ áàěďě. Ć ŋěőďŋőàőďŋőň áńãçăě őŋő ďőńęŋő áőďěàęăâì ŕàőáâàăŋáâćěŋŋëě ŕàőĺğćőďŋëě η. Ŕàĺ íâőň ďńï ďńĺŋŋőćőńŋőćëå äńãłâãăæĺľ ňőęŋő őčàăŋĺçĺâìáï çńěŋăňĺ á ŕàőĺğćőďŋëňĺ ŋĺğèěčő ŕőàïďłă ĺ ŋăĺąőńěě ŋĺğłĺå áâěŕěŋěľ ŕő ŋĺň. Ůńěŋë, ńĺŋěľŋëě ŕő ŕàőĺğćőďŋëň ćĺďă f(η)^{∂η}_{∂xi} ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő őąêěňã ŕàěőąàăğãîâáï ć ĺŋâěčàăńë ŕő ŕőćěàåŋőáâĺ âěńă, ŕàěďáâăćńïîéĺě ŋě ĺŋâěàěáŋëě ďńï ŋăá ŕőćěàåŋőáâŋëě íääěłâë. Őčàăŋĺçĺňáï ŕàőáâěľèĺň áńãçăěň (áŕàăćěďńĺćëň ďńï łàĺáâăńńőć łãąĺçěáłőľ áĺňňěâàĺĺ), łőčďă ŕńőâŋőáâì âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ğăŕĺáëćăěâáï ć ćĺďě:

˙ = ˙_0 + αtη^2 + bη^4 + g(∇η)^2 − ηh (9.67)

Ďńï ãáâőľçĺćőáâĺ őďŋőàőďŋőčő âěńă ŋăďő ŕőâàěąőćăâì g > 0, ć ŕàőâĺćŋőň áńãçăě˙ ŋě ĺňěěâ ňĺŋĺňãňă ŕàĺ η = const.

Řăááňăâàĺćăï äńãłâãăæĺĺ ŕàĺ ğăďăŋŋëå μ ĺ T , ŋăďő ŕĺáăâì ĺå ćěàőïâŋőáâì ć ćĺďě:

w ∼ exp ( − ´˙ T ) (9.68)

ŕőáłőńìłã ňĺŋĺňăńìŋăï àăąőâă, âàěąãěňăï ć íâĺå ãáńőćĺïå ďńï ćëćőďă áĺáâěňë ĺğ àăćŋőćěáĺï ěáâì R_{min} = ´˙.

Řăááňőâàĺň äńãłâãăæĺĺ ć áĺňňěâàĺçŋőľ äăğě (ŕàĺ h = 0), łőčďă —η = 0, âăł çâő ´η = η. Őčàăŋĺçĺćăïáì çńěŋăňĺ ćâőàőčő ŕőàïďłă ŕő äńãłâãăæĺïň, ğăŕĺèěň ĺğňěŋěŋĺě ˙ ć ćĺďě^4:

´˙ = ∫ dV {αt(η)^2 + g(∇η)^2} (9.70)

Řăğńőęĺň äńãłâãĺàãîéãî ćěńĺçĺŋã η(r) ć àïď Ťãàìě:

η(r) =^∑ k ηk^{ei}kr^η−k =^{η∗}k (9.71)

4Ğăňěâĺň, çâő ăŋăńőčĺçŋëě àěğãńìâăâë ŕőńãçăîâáï ĺ ŕő ďàãčãî áâőàőŋã âőçłĺ ŕěàěåőďă { ć ŋěáĺňňěâàĺçŋőľ äăğě. Ğďěáì —η = (−αt/2b)^{1/2} ĺ ďńï ĺğňěŋěŋĺï ˙, á âőçŋőáâìî ďő ∼ (´η)^2 ŕőńãçăěâáï

´˙ = ∫ dV {−2αt(´η)^2 + g(∇η)^2} (9.69)

Ŕőíâőňã ďńï ćáěå åăàăłâěàĺáâĺł áĺáâěňë ŕőńãçăâáï ćëàăęěŋĺï, őâńĺçăîéĺěáï őâ áńãçăï áĺňňěâàĺçŋőľ äăğë ńĺèì ğăňěŋőľ αt ŋă 2α|t|.

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 181

Ďńï čàăďĺěŋâă ĺňěěň:

∇η(r) =^∑ k ikηke^ikr (9.72)

Ŕàĺ ŕőďáâăŋőćłě íâĺå ćëàăęěŋĺľ ć (9.70) ĺŋâěčàĺàőćăŋĺě ŕő őąêěňã őąàăéăěâ ć ŋãńì ćáě çńěŋë, ğă ĺáłńîçěŋĺěň âěå, łőâőàëě áőďěàęăâ ŕàőĺğćěďěŋĺï ηkη_−k =

|ηk^{|2}. Šőčďă ŕőńãçĺň:

´˙ = V ∑ k (gk^2 + αt)|ηk|^2 (9.73)

ĺ őâáîďă: < |ηk|^2 >= T 2V (gk^2 + αt)

(9.74)

{ łőààěńïâőà Őàŋèâěľŋă { Űěàŋĺłě. Őâáîďă ćĺďŋő, çâő ŕàĺ t → 0 ďěľáâćĺâěńìŋő ćőğàăáâăîâ ĺňěŋŋő ďńĺŋŋőćőńŋőćëě äńãłâãăæĺĺ á k ∼ √ αt/g. Śăňă äőàňãńă (9.74) ŕàĺňěŋĺňă ńĺèì ŕàĺ ďőáâăâőçŋő ąőńìèĺå ďńĺŋăå ćőńŋ k^{−1}, ąőńìèĺå ŕő áàăćŋěŋĺî á ňěęăâőňŋëň àăááâőïŋĺěň a.

Őŕàěďěńĺň łőààěńïæĺőŋŋãî äãŋłæĺî:

G(r1 − r2) =< η(r1)η(r2) > (9.75)

Őŋă ćëçĺáńïěâáï łăł:

G(r) =^∑ k < |ηk|^2 > e^ikr = V ∫ d^3k (2π)^3 e^ikr < |ηk|^2 > (9.76)

Šőčďă ĺğ (9.74) ŕőńãçăěň^5: G(r) = T_c 8πgr exp ( − r ξ ) (9.78) čďě ξ = √ g αt ∼ (T − T_c)^{−1/2} (9.79)

Ćěńĺçĺŋă ξ ŋăğëćăěâáï łőààěńïæĺőŋŋëň àăďĺãáőň äńãłâãăæĺľ, ĺň őŕàěďěńïěâáï ŕőàïďőł ćěńĺçĺŋë àăááâőïŋĺľ ŋă łőâőàëå íâĺ łőààěńïæĺĺ áãéěáâćěŋŋő ãąëćăîâ. Ňë ãęě áâăńłĺćăńĺáì á íâőľ ćěńĺçĺŋőľ ć âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã, čďě őŋă ŋăğëćăńăáì ďńĺŋőľ łőčěàěŋâŋőáâĺ. Řăáåőďĺňőáâì ξ ŕàĺ T → T_c(T > T_c) áőőâćěâáâćãěâ ćőğŋĺłŋőćěŋĺî ŕàĺ T = T_c ďăńìŋěčő ŕőàïďłă. Łàĺâĺçěáłĺľ ĺŋďěłá łőààěńïæĺőŋŋőčő

5Ğďěáì ĺáŕőńìğőćăŋë äőàňãńë ŕàěőąàăğőćăŋĺï Ťãàìě: ∫ dV e^{−κr} r e^ikr = 4 π k^2 + κ^2 ∫ d^3k (2π)^3 e^ikr k^2 + κ^2 = e^{−κr} 4πr (9.77)

Ĺå ŕàőéě ćáěčő ŕőńãçĺâì, ğăňěâĺć, çâő äãŋłæĺï φ(r) =^{e−κr}_{4πr} ãďőćńěâćőàïěâ ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî: ∇^2φ − κ^2φ = −4πδ(r). Şňŋőęăï íâő ãàăćŋěŋĺě á őąěĺå áâőàőŋ ŋă e^{−i}kr ĺ ĺŋâěčàĺàãï ŕő ćáěňã ŕàőáâàăŋáâćã (ŕàĺçěň ĺŋâěčàăń őâ e^{−i}kr∇^2φ ąěàěâáï ďćăęďë ŕő çăáâïň) ŕőńãçăěň âàěąãěňëľ àěğãńìâăâ.

182 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

àăďĺãáă ν = 1/2, çâő âăłęě ïćńïěâáï áâăŋďăàâŋëň àěğãńìâăâőň âěőàĺĺ áàěďŋěčő ŕőńï.

Ŕàĺ r = 0 ĺŋâěčàăń ć (9.76) őŕàěďěńïěâ áàěďŋĺľ łćăďàăâ äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă η(r) ć ďăŋŋőľ âőçłě. Ěčő àăáåőďĺňőáâì ŕàőáâő áćïğăŋă á ŋěŕàĺňěŋĺňőáâìî ćëàăęěŋĺï (9.74) ć őąńăáâĺ ąőńìèĺå k ∼ a^{−1}. Ěě ńěčłő ńĺłćĺďĺàőćăâì ććěďï őąàěğăŋĺě ĺŋâěčàăńă:

G(0) = T 4π^2 ∫_{k0} 0 dkk^2 1 gk^2 + αt (9.80)

čďě k_0 ∼ 1/a. Ğďěáì ćőğŋĺłăěâ áãéěáâćěŋŋăï ğăćĺáĺňőáâì őâ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă ć łőâőàőň àăááňăâàĺćăěâáï äăğőćëľ ŕěàěåőď. Ďńï d-ňěàŋőčő ŕàőáâàăŋáâćă ćňěáâő (9.80) ŋãęŋő ŋăŕĺáăâì: G(0) ∼ ∫_{k0} 0 dkk^{d−1} 1 k^2 + ξ^{−2}

(9.81)

İâőâ ĺŋâěčàăń ńěčłő őæěŋĺâì: G(0) ∼ ∫_{k0} ξ^−1 dkk^{d−3} ∼ k_0 − ξ^{−1} d = 3 ln(k_0ξ) d = 2 ξ −^1_{k0} d = 1

(9.82)

Őâáîďă ćĺďŋő, çâő ŕàĺ T → T_c, łőčďă ξ → ∞, áàěďŋĺľ łćăďàăâ äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă ć ďăŋŋőľ âőçłě łőŋěçěŋ ŕàĺ d = 3 ĺ àăáåőďĺâáï ďńï d = 1, 2. İâő őğŋăçăěâ ŋěćőğňőęŋőáâì áãéěáâćőćăŋĺï ďăńìŋěčő ŕőàïďłă ďńï őďŋőňěàŋëå ĺ ďćãňěàŋëå áĺáâěň [1, 2]. Ŕőďçěàłŋěň, çâő ğďěáì áãéěáâćěŋŋă àăáåőďĺňőáâì ĺŋâěčàăńă ć (9.82) ŋă ŋĺęŋěň, ă ŋě ŋă ćěàåŋěň ŕàěďěńě. Řăğňěàŋőáâì ŕàőáâàăŋáâćă d = 2 ć âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ŋăğëćăěâáï ŋĺęŋěľ łàĺâĺçěáłőľ àăğňěàŋőáâìî. Ŕàĺćěďěŋŋăï ăàčãňěŋâăæĺï ŋě ćŕőńŋě łőààěłâŋă, ŋő łăçěáâćěŋŋő ŕàăćĺńìŋă. Ąőńěě áěàìěğŋőě ďőłăğăâěńìáâćő ŋěćőğňőęŋőáâĺ ďăńìŋěčő ŕőàïďłă ć ŋĺğłőàăğňěàŋëå áĺáâěňăå âàěąãěâ ăłłãàăâŋőčő ăŋăńĺğă áĺâãăæĺĺ ŕàĺ T < T_c [28]. Ć çăáâŋőáâĺ, ŋĺęŋïï łàĺâĺçěáłăï àăğňěàŋőáâì d = 2 ńĺèì ďńï ŕěàěåőďőć, ŋăàãèăîéĺå ŋěŕàěàëćŋãî čàãŕŕã áĺňňěâàĺĺ, âőčďă łăł ďńï őďŋőłőňŕőŋěŋâŋőčő ŕăàăňěâàă ŕőàïďłă ĺğĺŋčőćáłőčő âĺŕă ŋĺęŋïï łàĺâĺçěáłăï àăğňěàŋőáâì d = 1. İâő ïáŋő, ŋăŕàĺňěà, ĺğ âőçŋőčő àěèěŋĺï Őŋáăčěàă ďńï ďćãňěàŋőľ ňőďěńĺ Ĺğĺŋčă, ďěňőŋáâàĺàãîéěčő áãéěáâćőćăŋĺě äăğőćőčő ŕěàěåőďă ďńï d = 2 [1, 2].

Ćő ĺğąěęăŋĺě ŋěďőàăğãňěŋĺľ ğăňěâĺň, çâő ćëàăęěŋĺě (9.65) őŕàěďěńïěâ äńãłâãăæĺĺ ŕăàăňěâàă η, ãáàěďŋěŋŋőčő ŕő őąêěňã V , ńĺŋěľŋëě àăğňěàë łőâőàőčő L ≫ ξ, őąőğŋăçĺň ěě < η^2 >_V . Śàěďŋěě ğŋăçěŋĺě η(r) ŕő őąêěňã V ěáâì ηk_{=0}. Ŕőíâőňã, ěáâěáâćěŋŋő, çâő ŕàĺ k = 0 (9.74) áőćŕăďăěâ á (9.65) ĺ, áőőâćěâáâćěŋŋő: χ = V T_c ∫ drG(r) (9.83)

Ćěńĺçĺŋã < η^2 >_V ňőęŋő ŋěŕőáàěďáâćěŋŋő ŕőńãçĺâì ĺ ĺğ łőààěńïæĺőŋŋőľ äãŋłæĺĺ ŕő őçěćĺďŋőľ äőàňãńě:

< η^2 >_V = 1 V^2 ∫ dr1dr2 < η(r1)η(r2) >= 1_V ∫ dV G(r) (9.84)

Šěŕěàì ňë ňőęěň áäőàňãńĺàőćăâì łàĺâěàĺľ ŕàĺňěŋĺňőáâĺ àăğćĺâőľ ğďěáì âěőàĺĺ äńãłâãăæĺľ, őáŋőćăŋŋőľ ŋă àăğńőęěŋĺĺ Ńăŋďăã (9.67). Ć łăçěáâćě âăłőčő ãáńőćĺï áńěďãěâ ŕőâàěąőćăâì, çâőąë ąëń ňăń, ŕő áàăćŋěŋĺî á àăćŋőćěáŋëň —η^2 ∼ α|t|/b,

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 183

áàěďŋĺľ łćăďàăâ äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă η, ãáàěďŋěŋŋëľ ŕő łőààěńïæĺőŋŋőňã őąêěňã ∼ ξ^3. İâă ćěńĺçĺŋă ŕőńãçăěâáï ĺğ (9.65) ŕàĺ V ∼ ξ^3, ĺ ňë ŕàĺåőďĺň ł ãáńőćĺî: T_cχ ξ^3 ≪ α|t| b (9.85)

ĺńĺ, ćğïć χ ĺ ξ ĺğ (9.61) ĺ (9.79): α|t| ≫ T^2_c b^2 g^3

(9.86)

çâő ŕàěďáâăćńïěâ áőąőľ łàĺâěàĺľ Čĺŋğąãàčă ŕàĺňěŋĺňőáâĺ âěőàĺĺ äăğőćëå ŕěàěåőďőć Ńăŋďăã^6. İâő ŋěàăćěŋáâćő őŕàěďěńïěâ àăğňěà łàĺâĺçěáłőľ őąńăáâĺ ćąńĺğĺ T_c, ćŋãâàĺ łőâőàőľ àăğćĺâëě äńãłâãăæĺĺ áãéěáâćěŋŋő ňěŋïîâ łăàâĺŋã äăğőćőčő ŕěàěåőďă, ć çăáâŋőáâĺ, ŋăľďěŋŋëě ćëèě łàĺâĺçěáłĺě ĺŋďěłáë^7. Őŕĺáăŋĺě áĺáâěňë ć łàĺâĺçěáłőľ őąńăáâĺ ïćńïěâáï ŕàěďňěâőň âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ [28]. Ć áńěďãîéěň àăğďěńě ňë àăááňőâàĺň âőńìłő őâďěńìŋëě łăçěáâćěŋŋëě ăáŕěłâë íâőľ âěőàĺĺ.

Śłěľńĺŋč.

Ć âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ććőďĺâáï áńěďãîéĺľ áâăŋďăàâŋëľ ŋăąőà åăàăłâěàĺáâĺł áĺáâěňë ĺ ĺå łàĺâĺçěáłĺå ĺŋďěłáőć, őŕàěďěńïîéĺå áĺŋčãńïàŋőáâĺ íâĺå ćěńĺçĺŋ ć âőçłě äăğőćőčő ŕěàěåőďă ć ğăćĺáĺňőáâĺ őâ ŕăàăňěâàă τ =^{T −Tc}_{Tc} → 0.

Ŕăàăňěâà ŕőàïďłă:

—η ∼ |τ |^β T → T_c − 0 (9.87)

—η ∼ h^{1δ} T = T_c (9.88)

Ćőáŕàĺĺňçĺćőáâì: χ ∼ { τ^{−γ} T → T_c + 0 |τ |^{−γ′} T → T_c − 0 (9.89) Łőààěńïæĺőŋŋăï äãŋłæĺï (d { àăğňěàŋőáâì ŕàőáâàăŋáâćă): G(r) ∼ exp (−r/ξ) r^{d−(2−η)} (9.90)

čďě łőààěńïæĺőŋŋăï ďńĺŋă: ξ ∼ { τ^{−ν} T → T_c + 0 |τ |^{−ν′} T → T_c − 0 (9.91) 6Řăğńőęěŋĺě ŕő áâěŕěŋïň t = T − Tc ć łőíääĺæĺěŋâăå àăğńőęěŋĺï Ńăŋďăã âàěąãěâ âăłęě ćëŕőńŋěŋĺï ãáńőćĺï t ≪ Tc, ă ďńï ěčő áőćňěáâĺňőáâĺ á (9.86) âàěąãěâáï, çâőąë ãďőćńěâćőàïńőáì âăłęě ŋěàăćěŋáâćő ćĺďă:^{Tc b2}_{αg3} ≪ 1.

7Ćëèě ňë ãęě áâăńłĺćăńĺáì á łàĺâěàĺěň Čĺŋğąãàčă ŕàĺ őąáãęďěŋĺĺ ãáńőćĺľ ŕàĺňěŋĺňőáâĺ âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã, čďě őłăğăńőáì, çâő ć áćěàåŕàőćőďŋĺłăå èĺàĺŋă łàĺâĺçěáłőľ őąńăáâĺ ŕàěŋěąàěęĺňő ňăńă.

184 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Ć áăňőľ łàĺâĺçěáłőľ âőçłě: G(r) ∼ 1 r^{d−(2−η)} (9.92) G(k) ∼ 1 k^{2−η} (9.93)

Ăŋăńőčĺçŋëň őąàăğőň ććőďĺâáï łàĺâĺçěáłĺľ ĺŋďěłá âěŕńőěňłőáâĺ α:

C(τ, h = 0) =

A^+ α [τ^{−α} − 1] + B^+ T → T_c + 0 (9.94)

C(τ, h = 0) = A^− α^′ [|τ |^{−α′} − 1] + B^− T → T_c − 0 (9.95)

ŕàĺ íâőň α = 0 áőőâćěâáâćãěâ ńőčăàĺäňĺçěáłőľ őáőąěŋŋőáâĺ.

Ğăďăçă âěőàěâĺçěáłőčő őŕĺáăŋĺï łàĺâĺçěáłőľ őąńăáâĺ áőáâőĺâ, ć łőŋěçŋőň áçěâě, ć ŕőďâćěàęďěŋĺĺ íâĺå ćëàăęěŋĺľ ĺ ć ćëçĺáńěŋĺĺ łàĺâĺçěáłĺå ĺŋďěłáőć α, α^′, β, γ, γ^′, δ, η, ν, ν^′. Śãéěáâćěŋŋëľ ŕàőčàěáá ć ĺğãçěŋĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ áćïğăŋ á ĺďěěľ áłěľńĺŋčă ĺńĺ ňăáèâăąŋőľ ĺŋćăàĺăŋâŋőáâĺ. Ć őáŋőćě íâőčő ŕőďåőďă ńěęĺâ ŕàěďáâăćńěŋĺě ő âőň, çâő àőáâ łőààěńïæĺőŋŋőľ ďńĺŋë ćąńĺğĺ T_c ŕàĺćőďĺâ ł áãéěáâćěŋŋőňã ćğăĺňőďěľáâćĺî äńãłâãăæĺľ, çâő ĺ őŕàěďěńïěâ őáőąěŋŋőáâĺ łàĺâĺçěáłőčő ŕőćěďěŋĺï. Ŕőáłőńìłã àăďĺãá łőààěńïæĺľ áâăŋőćĺâáï ąőńìèĺň ŕő áàăćŋěŋĺî á ăâőňŋëňĺ àăğňěàăňĺ, ňŋőčőçăáâĺçŋëě ćğăĺňőďěľáâćĺï áâăŋőćïâáï áâőńì ęě áãéěáâćěŋŋëňĺ áłőńì ĺ őďŋőçăáâĺçŋëě, ďćãåçăáâĺçŋëě ĺ â.ŕ. Ćňěáâě á âěň, ĺğ ãáńőćĺï ξ ≫ a łăğăńőáì ąë áńěďãěâ, çâő ďěâăńĺ ćğăĺňőďěľáâćĺï ŋě áâőńì áãéěáâćěŋŋë. Čĺŕőâěğă ňăáèâăąŋőľ ĺŋćăàĺăŋâŋőáâĺ (ŕőďőąĺï, áłěľńĺŋčă) ãâćěàęďăěâ, çâő áĺŋčãńïàŋăï ğăćĺáĺňőáâì äĺğĺçěáłĺå ćěńĺçĺŋ őâ T − T_c ěáâì áńěďáâćĺě àăáåőďĺňőáâĺ ξ, ĺ çâő, ďő âěå ŕőà ŕőłă àěçì ĺďěâ őą íâőľ áĺŋčãńïàŋőľ ğăćĺáĺňőáâĺ, ěďĺŋáâćěŋŋëľ áãéěáâćěŋŋëľ ŕăàăňěâà àăğňěàŋőáâĺ ďńĺŋë { íâő ξ.

Ŕàőćěďěň łăçěáâćěŋŋőě àăááňőâàěŋĺě ŋă őáŋőćě âăł ŋăğëćăěňőčő ŕőáâàőěŋĺï Łăďăŋőćă. Ďńï ŕàőáâőâë ąãďěň àăááňăâàĺćăâì áĺáâěňã ĺğ N ĺğĺŋčőćáłĺå áŕĺŋőć (áň. (9.19)) ć d-ňěàŋőľ àěèěâłě á ŕăàăňěâàőň ćğăĺňőďěľáâćĺï J, őâńĺçŋëň őâ ŋãńï âőńìłő ďńï ąńĺęăľèĺå áőáěďěľ. Ŕãáâì áĺáâěňă ŋăåőďĺâáï ć ňăčŋĺâŋőň ŕőńě H. Šőčďă čăňĺńìâőŋĺăŋ (9.19) ňőęŋő ŕěàěŕĺáăâì ć ěďĺŋĺæăå T łăł: H T = −K ∑ <ij> s_is_j − h N∑ i=1 s_i (9.96)

čďě ććěńĺ ąěğàăğňěàŋëě ŕăàăňěâàë K = J/2T ĺ h = ~μH/T .

Řăğőąìěň àěèěâłã ŋă ïçěľłĺ á ńĺŋěľŋëňĺ àăğňěàăňĺ La, čďě a { ŕőáâőïŋŋăï àěèěâłĺ, ă L { ŕàőĺğćőńìŋőě çĺáńő, čőàăğďő ąőńìèěě ěďĺŋĺæë (áň. Řĺá. 9-3). Šăłĺň őąàăğőň, ĺňěěň N = N/L^d ïçěěł, łăęďăï ĺğ łőâőàëå áőďěàęĺâ L^d áŕĺŋőć. Ć ďăńìŋěľèěň ąãďěň àăááňăâàĺćăâì őąńăáâì âěňŕěàăâãà, ďőáâăâőçŋő ąńĺğłĺå ł T_c, çâőąë łőààěńïæĺőŋŋăï ďńĺŋă ξ ąëńă čőàăğďő ąőńìèě àăğňěàă ïçěľłĺ, â.ě. ξ ≫ La. Ćáě íâő ďěńăěâáï ďńï âőčő, çâőąë łăęďăï ïçěľłă, áőďěàęăéăï L^d áŕĺŋőć, čďě 1 ≪ L ≪ ξ/a, áőďěàęăńă ąë áŕĺŋë, őàĺěŋâĺàőćăŋŋëě ńĺąő âőńìłő \ććěàå", ńĺąő âőńìłő \ćŋĺğ". Šőčďă, áãňňăàŋëľ ňăčŋĺâŋëľ ňőňěŋâ łăęďőľ ïçěľłĺ s_α (α = 1, 2, ..., N ) ćěďěâ áěąï ŋěłőâőàëň őąàăğőň ŕőďőąŋő ňőňěŋâã ŋă őďŋőň ãğńě s_i. İâő ŕàěďŕőńőęěŋĺě łăçěáâćěŋŋő áŕàăćěďńĺćő, ěáńĺ ïçěľłă æěńĺłőň àăáŕőńőęěŋă ćŋãâàĺ čàãŕŕë łőààěńĺàãîéĺå áŕĺŋőć. Řěğãńìâĺàãîéĺľ ňőňěŋâ ïçěľłĺ àăćěŋ L^d áő ğŋăłőň ŕńîá ĺńĺ ňĺŋãá.

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 185

Řĺá. 9-3 Ŕőáâàőěŋĺě Łăďăŋőćă ďńï àěèěâłĺ Ĺğĺŋčă.

Şďőąŋő ććěáâĺ ~s_α = s_α/L^d, â.ě. ŋőàňĺàőćăâì áŕĺŋ ïçěľłĺ ŋă ěďĺŋĺæã. Ŕőíâőňã, ěáńĺ ğăŕĺáăâì čăňĺńìâőŋĺăŋ łăł äãŋłæĺî ňőňěŋâőć ïçěěł s_α (ă ŋě ňőňěŋâőć ãğńőć s_i), âő ňőęŋő őęĺďăâì, çâő ěčő äőàňă ąãďěâ ŕőďőąŋă (9.96) ďńï ňőďěńĺ ãğńőć, ŋő ŕăàăňěâàë K ĺ h ąãďãâ, łőŋěçŋő, ďàãčĺňĺ, â.ě. ğăňěŋïâáï ŋă K_L ĺ h_L: H T = −K_L ∑ <α,α^′> ~s_α~s_α′ − h_L ∑ α ~s_α (9.97)

čďě áãňňĺàőćăŋĺě ĺďěâ ŕő ïçěľłăň α.

Łőčďă ňăčŋĺâŋőě ŕőńě h → 0, íääěłâĺćŋőě ŕőńě h_L ć ïçěěçŋőľ äőàňãńĺàőćłě âăłęě áâàěňĺâáï ł ŋãńî. Ăŋăńőčĺçŋő ŕàĺ T → T_c ĺňěěň K → K_c ć ĺğŋăçăńìŋőľ äőàňãńĺàőćłě, čďě K_c =^J_{2Tc} , âăł çâő ĺ K_L → K_c. Ŕőíâőňã ňőęŋő ğăŕĺáăâì áłěľńĺŋčőćëě ãáńőćĺï ŕàőŕőàæĺőŋăńìŋőáâĺ:

τ_L = τ L^y â.ě. K_L = K_c − τ L^y (9.98)

h_L = hL^x (9.99)

čďě τ = K_c − K, τ_L = K_c − K_L. Łàĺâĺçěáłĺě ğŋăçěŋĺï ŕăàăňěâàőć ćğăĺňőďěľáâćĺï őďŋĺ ĺ âě ęě ć őąőĺå äőàňãńĺàőćłăå, ŕőáłőńìłã ňë ŕőáâãńĺàőćăńĺ ĺå íłćĺćăńěŋâŋőáâì^8. Łàĺâĺçěáłĺě ĺŋďěłáë x ĺ y őáâăîâáï ŋěőŕàěďěńěŋŋëňĺ, ŋő çěàěğ ŋĺå ãďăěâáï ćëàăğĺâì ćáě őáâăńìŋëě łàĺâĺçěáłĺě ĺŋďěłáë áĺáâěňë.

Řăááňőâàĺň ĺğňěŋěŋĺě áćőąőďŋőľ íŋěàčĺĺ áĺáâěňë ŕàĺ ňăńőň ĺğňěŋěŋĺĺ h. Ŕàěďŕőńőęĺň, çâő ŕőńě ŋă àăğŋëå ãğńăå àěèěâłĺ àăğŋőě, ŋő ňěŋïěâáï ć ŕàőáâàăŋáâćě ďőáâăâőçŋő ňěďńěŋŋő, âăł çâő őŋő íääěłâĺćŋő ŕőáâőïŋŋő ć ŕàěďěńăå ďăŋŋőľ ïçěľłĺ Łăďăŋőćă. Šőčďă ĺğňěŋěŋĺě áćőąőďŋőľ íŋěàčĺĺ áĺáâěňë: δ ( F T ) = − ∑ i < s_i > δh_i = ∑ α < s_α > δh_{Lα} (9.100)

8Ŕăàăňěâà τ, őŕàěďěńěŋŋëľ ğďěáì, ĺňěěâ âőâ ęě áňëáń, çâő ĺ ćëèě ć áńãçăě J = const. Ŋő ć ŕàĺŋæĺŕě, ŕőáńěďŋěě őŕàěďěńěŋĺě ĺňěěâ ąőńěě őąéĺľ åăàăłâěà, âăł łăł äăğőćëľ ŕěàěåőď ňőęěâ ŕàőĺáåőďĺâì ĺ ŕàĺ ĺğňěŋěŋĺĺ J ŕàĺ ğăďăŋŋőľ âěňŕěàăâãàě.

186 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

čďě < s_i > { áàěďŋĺľ áŕĺŋ ŋă ãğńě, ă < s_α > { áàěďŋĺľ áŕĺŋ ïçěľłĺ. Őąă ćëàăęěŋĺï ďőńęŋë ąëâì íłćĺćăńěŋâŋë. Ŕőáłőńìłã ĺğňěŋěŋĺě ŕőńï ć ŕàőáâàăŋáâćě áçĺâăěâáï ňěďńěŋŋëň, ć ŕàěďěńăå ďăŋŋőľ ïçěľłĺ ňőęŋő ğăŕĺáăâì:

L^d < s_i > δh_i =< s_α > δh_{Lα} (9.101)

Ĺáŕőńìğãï ğďěáì (9.99), ŕőńãçăěň:

< s_i >= L^{x−d} < s_α > (9.102)

Ŕãáâì âěŕěàì ŕőńě őďŋőàőďŋő ĺ ŋě ğăćĺáĺâ őâ ŋőňěàă ãğńă i. Šőčďă ŋăňăčŋĺçěŋŋőáâì ŋă ãğńě (íłćĺćăńěŋâ ŕăàăňěâàă ŕőàïďłă —η) ěáâì äãŋłæĺï âőńìłő τ ĺ h:

< s_i >= F (τ, h) (9.103)

Ŕőáłőńìłã, ŕő ŋăèěňã őáŋőćŋőňã ŕàěďŕőńőęěŋĺî, ć âěàňĺŋăå s_α őŕĺáëćăěâáï âă ęě áăňăï áĺáâěňă, âőńìłő á ŋőćëňĺ ğŋăçěŋĺïňĺ τ_L ĺ h_L, ćěńĺçĺŋă < s_α > ŕàěďáâăćńïěâáï âőľ ęě áăňőľ äãŋłæĺěľ, ŋő őâ ŋőćëå ŕěàěňěŋŋëå:

< s_α >= F (τ_L, h_L) (9.104)

Šőčďă ĺğ (9.100), (9.102), (9.103), (9.104) ŕőńãçăěň, çâő ŕăàăňěâà ŕőàïďłă ňőęěâ ąëâì ğăŕĺáăŋ łăł: —η =< s >= F (τ, h) = L^{x−d}F (L^yτ, L^xh) (9.105) Őďŋăłő ďńĺŋă L ïćńïěâáï ńĺèì ňăâěňăâĺçěáłőľ (ňëáńěŋŋőľ) łőŋáâàãłæĺěľ ĺ ďőńęŋă áőłàăéăâìáï! İâő ćőğňőęŋő ńĺèì ć âőň áńãçăě, łőčďă äãŋłæĺï F (τ, h) ĺňěěâ ćĺď: —η = ( h |h| ) |τ |^{d−xy} f ( τ |h|^{yx} ) (9.106)

Ğďěáì äăłâőà h/|h| ďőąăćńěŋ ŕàőáâő, çâőąë őąěáŕěçĺâì áňěŋã ğŋăłă ŋăňăčŋĺçěŋŋőáâĺ ŕàĺ áňěŋě ğŋăłă ćŋěèŋěčő ŕőńï.

§ćŋëľ ćĺď äãŋłæĺĺ f(z), áâőïéěľ ć (9.106), ŋăň ŋě ĺğćěáâěŋ. Őďŋăłő, ŋăň ãďăńőáì ŕěàěľâĺ őâ ŋěĺğćěáâŋőľ äãŋłæĺĺ ďćãå ŕěàěňěŋŋëå τ ĺ h ł äãŋłæĺĺ őďŋőľ ŕěàěňěŋŋőľ z = τ /|h|^yx . İâőčő őłăğëćăěâáï ďőáâăâőçŋëň, çâőąë ćëàăğĺâì ćáě łàĺâĺçěáłĺě ĺŋďěłáë áĺáâěňë çěàěğ ĺŋďěłáë x ĺ y, ĺńĺ, ĺŋăçě čőćőàï, ćëàăğĺâì ćáě ĺŋďěłáë çěàěğ ńîąëě ďćă ĺğ ŋĺå, ŕőďńěęăéĺě őŕàěďěńěŋĺî ŋă íłáŕěàĺňěŋâě.

Ŋăŕàĺňěà, ćáŕőňĺŋăï (9.87), â.ě. —η ∼ |τ |^β, çâő áŕàăćěďńĺćő ŕàĺ ňăńëå őâàĺæăâěńìŋëå τ ĺ h → 0, ğăňěçăěň, çâő f(−∞) = const ĺ β = d − x y (9.107)

Ďĺääěàěŋæĺàãï (9.106) ŕő h ŕàĺ h → 0, ŕőńãçĺň ćőáŕàĺĺňçĺćőáâì: χ ∼ |τ |^{d−xy ∂}_{∂h} f(τ /|h|^{yx} ) ∼ |τ |^{d−xy +1}|h|^{− yx −1}f^′(z). Ŋő ğăćĺáĺňőáâì őâ h ć χ ďőńęŋă áőłàăâĺâìáï ŕàĺ h → 0. Šőčďă ïáŋő, çâő f^′(z) ∼ z^{− xy −1} ĺ χ ∼ |τ |^{−γ} ∼ |τ |^{d−2xy} . Śőőâćěâáâćěŋŋő, ĺňěěň: γ = γ^′ = 2x − d y (9.108)

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 187

Ăŋăńőčĺçŋő, ďńï τ = 0 áőčńăáŋő (9.88) ďőńęŋő ąëâì —η ∼ h^{1δ} . Śőőâćěâáâćěŋŋő ĺğ (9.106), ŕàĺ τ = 0, ďőńęŋă ćëŕăďăâì ğăćĺáĺňőáâì őâ τ , çâő ćőğňőęŋő ńĺèì ŕàĺ f(z → 0) ∼ z^{x−dy} . Šőčďă ĺğ (9.106) áàăğã ŕőńãçăěň —η ∼ |h|^{d−xx} , âăł çâő δ = x d − x (9.109)

Ĺğ íâĺå áőőâŋőèěŋĺľ ŋěňěďńěŋŋő ŕőńãçăěň:

d/y = γ + 2β = β(δ + 1) (9.110)

{ áłěľńĺŋčőćőě áőőâŋőèěŋĺě ňěęďã íłáŕěàĺňěŋâăńìŋő ĺğňěàïěňëňĺ ĺŋďěłáăňĺ β, γ, δ. Ĺŋâěčàĺàãï áőőâŋőèěŋĺě —η ∼^{∂F}_{∂h} ∼ |τ |^{d−xy} f(τ /|h|^{y/x}) ŋěâàãďŋő ŕőńãçĺâì F ∼ |τ |^{d−xy} ∫ dhf(τ /|h|^{y/x}) ∼ |τ |^{dy} ∫ dz ~f(z). Šőčďă ďńï âěŕńőěňłőáâĺ ĺňěěň: C ∼ −T ∂^2F ∂T^2 ∼ |τ |^{dy −2} (9.111)

Śàăćŋĺćăï á (9.95), ŕőńãçăěň:

α = α^′ = 2 − d y ĺńĺ d y = 2 − α (9.112)

âăł çâő áàăćŋĺćăï á (9.110) ĺňěěň ěéě:

γ + 2β = β(δ + 1) = 2 − α (9.113)

Ŕěàěľďěň ł àăááňőâàěŋĺî łőààěńïæĺőŋŋőľ äãŋłæĺĺ, łőâőàăï, ć őąéěň áńãçăě, őŕàěďěńïěâáï ďńï àăááňăâàĺćăěňőľ áĺáâěňë łăł: G(ri − rj) = G(R, τ, h) =< [si− < s >][sj− < s >] > (9.114) čďě R { àăááâőïŋĺě ňěęďã ďćãňï ćëąàăŋŋëňĺ ãğńăňĺ àěèěâłĺ: R = |r_i − r_j|/a. Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ćëŕĺáăâì łőààěńïæĺőŋŋãî äãŋłæĺî ć âěàňĺŋăå ïçěěçŋëå ŕěàěňěŋŋëå s_α, őŕàěďěńěŋŋëå ć (9.102). Śőőâćěâáâćãîéěě ćëàăęěŋĺě ďőńęŋő őąńăďăâì áâàãłâãàőľ ĺďěŋâĺçŋőľ á G(R, τ, h), ŋő á ĺğňěŋěŋĺěň ňăáèâăąőć ďńĺŋë, τ ĺ h: R → R/L τ → τ_L = τ L^y h → h_L = hL^x (9.115)

Őâáîďă áńěďãěâ: G(R, τ, h) = L^{2(x−d)} < [s_α− < s_α >][s^′_α− < s_α >] >= L^{2(x−d)}G(R/L, τ L^y, hL^x) (9.116) âăł çâő G(R, τ, h) ŋě ğăćĺáĺâ őâ ŕàőĺğćőńìŋő ćëąàăŋŋőľ L âőńìłő ć âőň áńãçăě, łőčďă őŋă ĺňěěâ ćĺď: G(R, τ, h) = |τ |^{2(d−x)/y} ~G(R|τ |^{1y} , τ /|h|^{y/x}) (9.117)

188 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

ŕàĺ R ≫ 1, |τ | ≪ 1 ĺ h ≪ 1.

Śőőâŋőèěŋĺě (9.117) őŕàěďěńïěâ łàĺâĺçěáłĺě ĺŋďěłáë ν, ν^′, η. Śàăğã ćĺďĺň (áà. (9.90), (9.91)), çâő ŕàĺ h = 0 łőààěńïæĺőŋŋăï ďńĺŋă ξ ∼ |τ |^{−1/y}. Śőőâćěâáâćěŋŋő, ěě łàĺâĺçěáłĺľ ĺŋďěłá: 1 y = ν = ν^′ = 2 − α d (9.118)

Ŋăłőŋěæ, ŕőáńěďŋĺľ łàĺâĺçěáłĺľ ĺŋďěłá η, őŕàěďěńïěâáï ĺğ (áň. (9.93)): G(R, τ = 0, h = 0) ∼ 1 R^{d−2+η} (9.119)

Šőčďă, âàěąãï áőłàăéěŋĺï τ {ğăćĺáĺňőáâĺ ć (9.117) ŕàĺ τ → 0, ŕőńãçĺň G(R) ∼ R^{2(x−d)} ∼ R^{2−d−η}, âăł çâő:

− (d − 2 + η) = 2(x − d). (9.120)

Ĺğ (9.109) ĺňěěň x =^{dδ}_{δ+1} , âőčďă ĺğ (9.120) ŕőńãçăěň á ŕőňőéìî (9.113):

d − 2 + η = 2d δ + 1 = 2dβ 2 − α = 2β ν (9.121) ĺńĺ β = 1 2 (d − 2 + η)ν (9.122)

Ĺğ (9.110) ĺ (9.118) ĺňěěň γ =^d_y − 2β = dν − 2β, çâő á ãçěâőň (9.122) ďăěâ ěéě őďŋő áłěľńĺŋčőćőě áőőâŋőèěŋĺě:

(2 − η)ν = γ. (9.123)

Ŋě ŕàěďáâăćńïěâ ąőńìèőčő âàãďă ćëćěáâĺ ĺ âăłĺě áőőâŋőèěŋĺï: dγ 2 − η = 2 − α, δ = d + 2 − η d − 2 + η . (9.124)

Ć ğăłńîçěŋĺě ŋăèěčő ăŋăńĺğă ŕàĺćěďěň áćőďłã áłěľńĺŋčőćëå áőőâŋőèěŋĺľ ňěęďã łàĺâĺçěáłĺňĺ ĺŋďěłáăňĺ ŋăĺąőńěě çăáâő ĺáŕőńìğãěňëå ć ńĺâěàăâãàě:

ν = ν^′ = γ 2 − η (9.125)

α = α^′ = 2 − νd (9.126) β = 1 2 ν(d − 2 + η) (9.127)

Őłăğëćăěâáï, çâő ćáě íłáŕěàĺňěŋâăńìŋëě ďăŋŋëě ć łàĺâĺçěáłőľ őąńăáâĺ áăňëå àăğńĺçŋëå äĺğĺçěáłĺå áĺáâěň ãďőćńěâćőàïîâ áőőâŋőèěŋĺïň ňěęďã łàĺâĺçěáłĺňĺ ĺŋďěłáăňĺ, ŕőńãçěŋŋëň ćëèě.

Šěőàěâĺçěáłăï ŕàőąńěňă àăáçěâă łőŋłàěâŋëå ğŋăçěŋĺľ łàĺâĺçěáłĺå ĺŋďěłáőć ć âěçěŋĺě ďőńčőčő ćàěňěŋĺ ąëńă őďŋőľ ĺğ áăňëå âàãďŋëå ŕàőąńěň áâăâĺáâĺçěáłőľ äĺğĺłĺ. Ťĺğĺçěáłőľ ŕàĺçĺŋőľ íâĺå âàãďŋőáâěľ ïćńïěâáï áĺńìŋőě ćğăĺňőďěľáâćĺě äńãłâãăæĺľ ć łàĺâĺçěáłőľ őąńăáâĺ, ĺ őâáãâáâćĺě ěáâěáâćěŋŋőčő ňăńőčő ŕăàăňěâàă,

ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§ 189

ŕő łőâőàőňã ňőęŋő ąëńő ąë ŕëâăâìáï áâàőĺâì łăłőľ-ńĺąő ćăàĺăŋâ âěőàĺĺ ćőğňãéěŋĺľ. Šěň ŋě ňěŋěě ğăďăçă ąëńă ãáŕěèŋő àěèěŋă Ćĺńìáőŋőň á ĺáŕőńìğőćăŋĺěň ğăĺňáâćőćăŋŋőčő ĺğ łćăŋâőćőľ âěőàĺĺ ŕőńï ňěâőďă àěŋőàňăńĺğăæĺőŋŋőľ čàãŕŕë, ŕàěďáâăćńïîéěčő áőąőľ, äăłâĺçěáłĺ, ąőńěě áâàőčãî, á ňăâěňăâĺçěáłőľ âőçłĺ ğàěŋĺï, àěăńĺğăæĺî ĺďěĺ ňăáèâăąŋëå ŕàěőąàăğőćăŋĺľ ŕő Łăďăŋőćã. Ł áőęăńěŋĺî, ňë ńĺèěŋë ćőğňőęŋőáâĺ ĺğńăčăâì íâőâ áőćàěňěŋŋëľ ćăàĺăŋâ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ [28] ć àăňłăå ďăŋŋőčő łãàáă. Őčàăŋĺçĺňáï ńĺèì ŋă ŋěłőâőàëňĺ łăçěáâćěŋŋëňĺ ğăňěçăŋĺïňĺ.

Ŕàěęďě ćáěčő ğăňěâĺň, çâő ŕőńãçěŋŋëě ćëèě ć àăňłăå âěőàĺĺ Ńăŋďăã ĺńĺ ňěâőďă ňőńěłãńïàŋőčő ŕőńï ğŋăçěŋĺï łàĺâĺçěáłĺå ĺŋďěłáőć: ν = 1 2 γ = 1 η = 0

α = 0 β = 1 2 δ = 3 (9.128)

ŋě ãďőćńěâćőàïîâ áłěľńĺŋčőćëň áőőâŋőèěŋĺïň (9.127) ĺ íłáŕěàĺňěŋâã ć àěăńìŋëå âàěåňěàŋëå áĺáâěňăå. Ć âőęě ćàěňï, ŋěâàãďŋő ãąěďĺâìáï, çâő ĺŋďěłáë âěőàĺĺ Ńăŋďăã (9.128) ãďőćńěâćőàïîâ áłěľńĺŋčőćëň áőőâŋőèěŋĺïň, ěáńĺ ć ŋĺå äőàňăńìŋő ŕőńőęĺâì d = 4. Ć íâőň áňëáńě ňőęŋő áłăğăâì, çâő âěőàĺï Ńăŋďăã ďăěâ ŕàăćĺńìŋőě őŕĺáăŋĺě łàĺâĺçěáłĺå ïćńěŋĺľ ďńï àăğňěàŋőáâĺ ŕàőáâàăŋáâćă d = 4 ĺ, łăł ŕőłăğëćăěâáï ć áőćàěňěŋŋőľ âěőàĺĺ [28], ďńï ćáěå d > 4. Řăğňěàŋőáâì ŕàőáâàăŋáâćă d = 4 ŋăğëćăěâáï ćěàåŋěľ łàĺâĺçěáłőľ àăğňěàŋőáâìî âěőàĺĺ. Ğăňěçăâěńìŋëň àěğãńìâăâőň áőćàěňěŋŋőľ âěőàĺĺ ïćńïěâáï ãâćěàęďěŋĺě őą ãŋĺćěàáăńìŋőáâĺ łàĺâĺçěáłőčő ŕőćěďěŋĺï { ćěńĺçĺŋă łàĺâĺçěáłĺå ĺŋďěłáőć ć áăňëå àăğńĺçŋëå äĺğĺçěáłĺå áĺáâěňăå őŕàěďěńïěâáï âőńìłő àăğňěàŋőáâìî ŕàőáâàăŋáâćă (áĺáâěňë), ć łőâőàőň ĺğãçăěâáï äăğőćëľ ŕěàěåőď, ĺ çĺáńőň łőňŕőŋěŋâ n ŕăàăňěâàă ŕőàïďłă (â.ě., äăłâĺçěáłĺ, âĺŕőň áĺňňěâàĺĺ, ŋăàãèăěňőľ ŕàĺ äăğőćőň ŕěàěåőďě).

Ćĺńìáőŋ ŕàěďńőęĺń őàĺčĺŋăńìŋëľ ňěâőď àăáçěâă łàĺâĺçěáłĺå ĺŋďěłáőć, őáŋőćăŋŋëľ ŋă âěőàĺĺ ćőğňãéěŋĺï ŕő ĺáłãááâćěŋŋő őŕàěďěńěŋŋőňã ňăńőňã ŕăàăňěâàã ε = 4 − d { őâłńőŋěŋĺî őâ ćěàåŋěľ łàĺâĺçěáłőľ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă d = 4, ŕàĺ łőâőàőľ ĺŋďěłáë áőćŕăďăîâ á ŕàěďáłăğëćăěňëňĺ âěőàĺěľ áàěďŋěčő ŕőńï (ε { àăğńőęěŋĺě). Ŋĺęě ňë ŕàĺćőďĺň ğŋăçěŋĺï łàĺâĺçěáłĺå ĺŋďěłáőć á âőçŋőáâìî ďő çńěŋőć ∼ ε^2 ďńï âěőàĺĺ á n { łőňŕőŋěŋâŋëň ŕăàăňěâàőň ŕőàïďłă [28]:

γ = 1 + n + 2 n + 8 ε 2 + n + 2 n + 8 n^2 + 22n + 52

(n + 8)^2 ε^2 4 + ... (9.129)

2ν = 1 + n + 2 n + 8 ε 2 + n + 2 n + 8 n^2 + 23n + 60

(n + 8)^2 ε^2 4 + ... (9.130) η = n + 2 2(n + 8)^2 ε^2 + n + 2 2(n + 8)^2 [ 6(3n + 14) (n + 8)^2 − 1 4 ] ε^3 + ... (9.131)

δ = 3 + ε + [ 1 2 − n + 2 (n + 8)^2 ] ε^2 + ... (9.132) β = 1 2 − 3 n + 8 ε 2 + (n + 2)(2n + 1) 2(n + 8) ε^2 + ... (9.133) α = 4 − n n + 8 ε 2 + ... (9.134)

190 ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ Ĺ ŁŘĹŠĹŮĚŚŁĹĚ §ĆŃĚŊĹ§

Šăąńĺæă 9.1 Łàĺâĺçěáłĺě ĺŋďěłáë ďńï ňőďěńĺ á n = 1 (Ĺğĺŋč). Ĺŋďěłá Ćĺńìáőŋ Ůĺáńěŋŋëľ áçěâ Ńăŋďăã

ν 0.626 0.642 0.5 η 0.037 0.055 0 γ 1.244 1.250 1 α 0.077 0.125 0 β 0.340 0.312 0.5 δ 4.460 5.15 3

Ć Šăąńĺæě 9.1 ŕàĺćěďěŋë ğŋăçěŋĺï ĺŋďěłáőć, ŕőńãçěŋŋëě ŕő íâĺň äőàňãńăň ďńï d = 3 (ε = 1) ĺ n = 1 (ĺğĺŋčőćáłĺľ áńãçăľ), ć áàăćŋěŋĺĺ á àěğãńìâăâăňĺ çĺáńěŋŋëå àăáçěâőć (ćëáőłőâěňŕěàăâãàŋëě àăğńőęěŋĺï) ďńï âàěåňěàŋőľ ňőďěńĺ Ĺğĺŋčă. Ŕàĺćěďěŋë âăłęě ĺ ğŋăçěŋĺï ĺŋďěłáőć âěőàĺĺ áàěďŋěčő ŕőńï (Ńăŋďăã). Ćĺďŋő, çâő ε { àăğńőęěŋĺě őąěáŕěçĺćăěâ ŋěŕńőåőě áőčńăáĺě á àěğãńìâăâăňĺ çĺáńěŋŋőčő ăŋăńĺğă 9. Śőćàěňěŋŋëě ňěâőďë àăáçěâă, áãéěáâćěŋŋő ãńãçèăîéĺě àěğãńìâăâë ŕàőáâěľèěčő ε { àăğńőęěŋĺï ğă áçěâ ãçěâă ćłńăďőć ćëáèĺå ŕőàïďłőć, ďăîâ ğŋăçěŋĺï ĺŋďěłáőć, ŕàăłâĺçěáłĺ áőćŕăďăîéĺě á àěğãńìâăâăňĺ çĺáńěŋŋëå àăáçěâőć ĺ íłáŕěàĺňěŋâă.

9Ďàãčőľ ďőáâăâőçŋő íääěłâĺćŋëľ ňěâőď àăáçěâă łàĺâĺçěáłĺå ĺŋďěłáőć ňőęěâ ąëâì őáŋőćăŋ ŋă ĺå àăğńőęěŋĺĺ ć àïď ŕő őąàăâŋëň áâěŕěŋïň çĺáńă łőňŕőŋěŋâ ŕăàăňěâàă ŕőàïďłă 1/n [28], ŕőáłőńìłã ŕàĺ n → ∞, łăł ňőęŋő ŕőłăğăâì, łàĺâĺçěáłĺě ĺŋďěłáë âăłęě őŕàěďěńïîâáï ŕàĺąńĺęěŋĺěň áăňőáőčńăáőćăŋŋőčő ŕőńï (âěőàĺěľ Ńăŋďăã).

Čńăćă 10

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠ- ŁŃĹŁĂ

Ńĺŋěľŋăï àěăłæĺï áĺáâěňë ŋă ňěåăŋĺçěáłőě ćőğňãéěŋĺě.

Őáŋőćŋăï çăáâì łãàáă ŕőáćïéěŋă ğăďăçăň àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Śãéěáâćãěâ, őďŋăłő, èĺàőłĺľ łńăáá ğăďăç, áćïğăŋŋëå á ŋěàăćŋőćěáŋëňĺ ŕàőæěááăňĺ, łőâőàëě, äăłâĺçěáłĺ, ňőčãâ ąëâì łőààěłâŋő áäőàňãńĺàőćăŋë ĺ àěèěŋë ć àăňłăå őąéěčő äőàňăńĺğňă àăćŋőćěáŋőľ âěőàĺĺ. Řěçì ĺďěâ ő àăáŕàőáâàăŋěŋŋőľ áĺâãăæĺĺ, łőčďă áĺáâěňă, ĺáåőďŋő ŋăåőďïéăïáï ć áőáâőïŋĺĺ àăćŋőćěáĺï, ćëćőďĺâáï ĺğ ŋěčő ďőáâăâőçŋő áńăąëň ćŋěèŋĺň ćőğďěľáâćĺěň. Ĺňěŋŋő á âăłĺň łńăááőň ğăďăç ĺňěěâ ďěńő âěőàĺï ńĺŋěľŋőčő őâłńĺłă, ŕàĺçěň ďńï ĺå àěèěŋĺï áãéěáâćãěâ åőàőèő àăğàăąőâăŋŋëľ őąéĺľ ŕőďåőď^1.

Ňőęŋő ćëďěńĺâì ďćă èĺàőłĺå łńăááă ćŋěèŋĺå ćőğňãéěŋĺľ, łőâőàëě ňőčãâ ďěľáâćőćăâì ŋă ŕàőĺğćőńìŋãî áĺáâěňã. Ňěåăŋĺçěáłĺňĺ ćőğňãéěŋĺïňĺ ć áâăâĺáâĺçěáłőľ âěàňőďĺŋăňĺłě ŋěàăćŋőćěáŋëå ŕàőæěááőć ŋăğëćăîâáï ćőğňãéěŋĺï, ŕàěďáâăćńïîéĺě ďěľáâćĺě ćŋěèŋĺå ŕőńěľ, łőâőàëě ňőęŋő ŕőńŋőáâìî őŕĺáăâì ďőąăćńěŋĺěň ł čăňĺńìâőŋĺăŋã áőőâćěâáâćãîéěľ íŋěàčĺĺ ćğăĺňőďěľáâćĺï áĺáâěňë á ŕőńěň. Ćőğňãéěŋĺï, łőâőàëě ŋě ďőŕãáłăîâ âăłőčő ŕàěďáâăćńěŋĺï ŋăğëćăîâ âěàňĺçěáłĺňĺ. Ŕàĺňěàőň ĺå ňőęěâ ąëâì ďěľáâćĺě âěňŕěàăâãàŋëå ĺńĺ łőŋæěŋâàăæĺőŋŋëå čàăďĺěŋâőć ĺ â.ŕ. Ŋĺęě, ĺğ áőőąàăęěŋĺľ ŕàőáâőâë, ňë ąãďěň àăááňăâàĺćăâì âőńìłő

1Ďăńìŋěľèěě ĺğńőęěŋĺě ć íâőľ čńăćě áńěďãěâ, ć őáŋőćŋőň, łŋĺčě [4].

192 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

ňěåăŋĺçěáłĺě ćőğňãéěŋĺï. Śńěďãěâ, ćŕàőçěň, ĺňěâì ććĺďã, çâő ăŕŕăàăâ, ăŋăńőčĺçŋëľ ĺğńăčăěňőňã ŋĺęě, áãéěáâćãěâ ĺ ďńï âěàňĺçěáłĺå ćőğňãéěŋĺľ.

Řăááňőâàĺň àěăłæĺî łćăŋâőćőčő áâăâĺáâĺçěáłőčő ăŋáăňąńï áĺáâěň á čăňĺńìâőŋĺăŋőň H, ŋě ğăćĺáïéĺň őâ ćàěňěŋĺ, ŋă ćŋěèŋěě ćőğňãéěŋĺě H^1_t , ğăćĺáïéěě őâ ćàěňěŋĺ. Ŕőńŋëľ čăňĺńìâőŋĺăŋ áĺáâěňë àăćěŋ:

H = H + H^1_t (10.1)

Ŕàěďŕőńőęĺň, çâő ŕàĺ t = −∞ ćŋěèŋěě ćőğňãéěŋĺě őâáãâáâćőćăńő, âő ěáâì:

H^1_t |_{t=−∞} = 0 (10.2)

Ć ąőńìèĺŋáâćě ŕàăłâĺçěáłĺå áńãçăěć ćőğňãéěŋĺě H^1_t ňőęŋő ŕàěďáâăćĺâì ć ćĺďě:

H^1_t = − ∑ j B_j F_j (t) (10.3)

čďě F_j(t) { äãŋłæĺĺ őâ ćàěňěŋĺ, ïćńïîéĺěáï c-çĺáńăňĺ (ćŋěèŋĺě ŕőńï), ă B_j { őŕěàăâőàë, ŋě ğăćĺáïéĺě ïćŋő őâ ćàěňěŋĺ, áőŕàïęěŋŋëě ŕőńïň F_j (t).

Ďńï őŕàěďěńěŋŋőáâĺ àăááňőâàĺň ăďĺăąăâĺçěáłĺ ćłńîçăîéěěáï ŕěàĺőďĺçěáłőě ćőğňãéěŋĺě ćĺďă: H^1_t = − ∑ ω e^{εt−iωt}B_ω (ε → +0) (10.4) čďě, ć áĺńã íàňĺâőćőáâĺ, B^+_ω = B_{−ω}.

Łăł ĺğćěáâŋő, áâăâĺáâĺçěáłĺľ őŕěàăâőà ρ ãďőćńěâćőàïěâ łćăŋâőćőňã ãàăćŋěŋĺî Ńĺãćĺńńï: i—h ∂ρ ∂t = [H + H^1_t , ρ] (10.5) ă ŋăçăńìŋőě ãáńőćĺě ďńï ŋěčő, őçěćĺďŋő, ŋãęŋő ćğïâì ć ćĺďě:

ρ|_{t=−∞} = ρ_0 = 1 Z e^{− HT} (10.6)

łőâőàëľ őğŋăçăěâ, çâő ŕàĺ t = −∞ áĺáâěňă ŋăåőďĺńăáì ć áőáâőïŋĺĺ áâăâĺáâĺçěáłőčő àăćŋőćěáĺï ĺ őŕĺáëćăńăáì łăŋőŋĺçěáłĺň ăŋáăňąńěň Čĺąąáă. Ć łăçěáâćě ŋăçăńìŋőčő ňőęŋő, àăğãňěěâáï, ćğïâì ĺ ąőńìèőľ łăŋőŋĺçěáłĺľ ăŋáăňąńì.

Śőćěàèĺň łăŋőŋĺçěáłőě ŕàěőąàăğőćăŋĺě áńěďãîéěčő ćĺďă: ρ_1 = e^{iHt̄h} ρe^{− iHt̄h} (10.7) Šőčďă ãàăćŋěŋĺě Ńĺãćĺńńï ŕàĺćőďĺâáï ł ćĺďã (ŕàěďáâăćńěŋĺě ćğăĺňőďěľáâćĺï): i—h ∂ρ_1 ∂t = [H^1_t (t), ρ_1] (10.8)

á ŋăçăńìŋëň ãáńőćĺěň:

ρ_1|_{t=−∞} = ρ_0 (10.9) ĺ čďě ććěńĺ H^1_t (t) = e^{iHt̄h} H^1_t e^{− iHt̄h} (10.10) { őŕěàăâőà ćőğňãéěŋĺï ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ á čăňĺńìâőŋĺăŋőň H, çâő ŕő őâŋőèěŋĺî ł ŕőńŋőňã čăňĺńìâőŋĺăŋã (10.1) ďăěâ ŕàěďáâăćńěŋĺě ćğăĺňőďěľáâćĺï.

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 193

Şàăćŋěŋĺě (10.8) á ŋăçăńìŋëň ãáńőćĺěň (10.9) ňőęŋő ğăŕĺáăâì ć ćĺďě őďŋőčő ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï:

ρ_1(t) = ρ_0 + ∫_t −∞ dt^′ 1 i—h [H^1_t′ (t^′), ρ_1(t^′)] (10.11)

ĺńĺ, ŕěàěåőďï ł ĺáåőďŋőľ ňăâàĺæě ŕńőâŋőáâĺ ρ(t) á ŕőňőéìî (10.7):

ρ(t) = ρ_0 + ∫_t −∞ dt^′e^{− iH(t−t′)h̄} 1 i—h [H^1_t′ , ρ]e^{iH(t−t′)h̄} (10.12)

čďě ĺáŕőńìğőćăńĺ (10.10).

Ěáńĺ ćőğňãéěŋĺě H^1_t ňăńő, âő àěèěŋĺě ãàăćŋěŋĺï (10.12) ňőęŋő ŕőńãçĺâì ĺâěàăæĺïňĺ, ŕàĺŋĺňăï ρ_0 ć łăçěáâćě ŋãńěćőčő ŕàĺąńĺęěŋĺï. Ć ŕěàćőň ŕàĺąńĺęěŋĺĺ ąãďěň ĺňěâì:

ρ = ρ_0 + ∫_t −∞ dt^′ 1 i—h [H^1_t′ (t^′ − t), ρ_0]. (10.13)

Ćâőàőě áńăčăěňőě ć ŕàăćőľ çăáâĺ, äăłâĺçěáłĺ, ŕàěďáâăćńïěâ áőąőľ ŋěàăćŋőćěáŋãî ďőąăćłã ł ňăâàĺæě ŕńőâŋőáâĺ, ćëçĺáńěŋŋãî ć ńĺŋěľŋőň ŕàĺąńĺęěŋĺĺ ŕő ćŋěèŋěňã ćőğďěľáâćĺî. Ŕőłă ňë ěéě ŋě ĺáŕőńìğőćăńĺ ïćŋëľ ćĺď ρ_0. Šěŕěàì ŕőàă íâő áďěńăâì, ãçĺâëćăï ïćŋëľ ćĺď łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï (10.6).

Ćőáŕőńìğãěňáï âăł ŋăğëćăěňëň âőęďěáâćőň Łãąő, áŕàăćěďńĺćëň ďńï ńîąőčő őŕěàăâőàă A: [A, e^{−βH} ] = −e^{−βH} ∫_β 0 dλe^{λH} [A, H]e^{−λH} (10.14) ďőłăğăâěńìáâćő łőâőàőčő ąãďěâ ďăŋő çãâì ŋĺęě. Šőčďă (10.13) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě:

ρ = ρ_0 { 1 − ∫_β 0 dλ ∫_t −∞ dt^′e^{λH} _H^1_t′ (t^′ − t)e^{−λH} } (10.15) čďě _H^1_{t′} (t^′ − t) = 1 i—h [H^1_t′ (t^′ − t), H] (10.16)

Ć âőň áńãçăě, ěáńĺ ρ_0 { ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě äőàňãńă (10.15) őáâăěâáï áŕàăćěďńĺćőľ, ŋő ć ŋěľ ŋăďő ğăňěŋĺâì H → H − μN .

Ćëćěďěň âěŕěàì âőęďěáâćő Łãąő. Ŕőńőęĺň

[A, e^{−βH} ] = e^{−βH} S(β) (10.17)

čďě S(β) { őŕěàăâőà, łőâőàëľ ŋăďő ŋăľâĺ. Ďĺääěàěŋæĺàãï (10.17) ŕő β, ŕőńãçăěň ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï S(β): ∂S ∂β = −e^{βH} [A, H]e^{−βH} (10.18) á ŋăçăńìŋëň ãáńőćĺěň S|_{β=0} = 0. Ĺŋâěčàĺàãï ěčő á ãçěâőň ŋăçăńìŋőčő ãáńőćĺï, ŕőńãçăěň (10.14).

194 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

Ťőàňãńë (10.13) ĺ (10.15) ŕőğćőńïîâ ćëçĺáńĺâì ć ńĺŋěľŋőň ŕàĺąńĺęěŋĺĺ ŕő H^1_t áàěďŋěě ğŋăçěŋĺě ńîąőľ ŋăąńîďăěňőľ äĺğĺçěáłőľ ćěńĺçĺŋë, ŕàěďáâăćńïěňőľ áőőâćěâáâćãîéĺň őŕěàăâőàőň A: < A >= SpρA < A >=< A >_0 + ∫_t −∞ dt^′ 1 i—h < [A(t), H^1_t′(t^′)] >_0 (10.19)

čďě ćőáŕőńìğőćăńĺáì (10.13) ĺ ãçńĺ ĺŋćăàĺăŋâŋőáâì őŕěàăæĺĺ Sp őâŋőáĺâěńìŋő æĺłńĺçěáłőľ ŕěàěáâăŋőćłĺ őŕěàăâőàőć^2, ŕàĺçěň A(t) = e^{iHt̄h} Ae^{− iHt̄h} (10.20) { őŕěàăâőà A ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ, ă < ... >_0= Spρ_0... { ãáàěďŋěŋĺě á àăćŋőćěáŋőľ ňăâàĺæěľ ŕńőâŋőáâĺ. Ŕőáńěďŋěě őąáâőïâěńìáâćő őğŋăçăěâ, ŕő áãâĺ ďěńă, çâő ŋěàăćŋőćěáŋăï ğăďăçă ńĺŋěľŋőčő őâłńĺłă áĺáâěňë áćőďĺâáï ł ğăďăçě àăćŋőćěáŋőľ âěőàĺĺ, ŕőáłőńìłã ćáě áàěďŋĺě, łőâőàëě ŋãęŋő âěŕěàì ćëçĺáńïâì, ïćńïîâáï àăćŋőćěáŋëňĺ. İâőâ ğăňěçăâěńìŋëľ àěğãńìâăâ ŕőğćőńïěâ ŕàĺňěŋĺâì ňőéŋëľ ăŕŕăàăâ àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ ďńï àěèěŋĺï âăłĺå, áńăąő ŋěàăćŋőćěáŋëå, ğăďăç.

Ćëàăęěŋĺě (10.20) őŕĺáëćăěâ àěăłæĺî (őâłńĺł) áàěďŋěčő ğŋăçěŋĺï őŕěàăâőàă A ŋă ćłńîçěŋĺě ćğăĺňőďěľáâćĺï H^1_t′ . Ğăňěâĺň, çâő ğďěáì ňë ĺňěěň ďěńő á ğăŕăğďëćăîéěľ àěăłæĺěľ { őâłńĺł ćőğŋĺłăěâ ć ňőňěŋâë ćàěňěŋĺ, áńěďãîéĺě ğă ćłńîçěŋĺěň ćğăĺňőďěľáâćĺï, çâő ïćńïěâáï ćëàăęěŋĺěň ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ. Řăáŕàőáâàăŋïï äőàňăńìŋő ĺŋâěčàĺàőćăŋĺě ŕő ćàěňěŋĺ ć (10.20) ďő +∞, çâő ňőęŋő áďěńăâì ććěďěŋĺěň àăğàëćŋőľ äãŋłæĺĺ θ(t − t^′), ãďőąŋő ŕěàěŕĺáăâì (10.20) ć ćĺďě: < A >=< A >_0 + ∫_∞ −∞ dt^′ << A(t)H^1_t′ (t^′) >> (10.21)

čďě ććěńĺ ğăŕăğďëćăîéãî ďćãåćàěňěŋŋãî (łőňňãâăâőàŋãî) äãŋłæĺî Čàĺŋă (Ąőčőńîąőć, Šïąńĺłőć), őŕàěďěńïěňãî ďńï ďćãå ŕàőĺğćőńìŋëå őŕěàăâőàőć A ĺ B łăł [29]: << A(t), B(t^′) >>= θ(t − t^′) 1 i—h < [A(t), B(t^′)] >_0 (10.22) čďě θ(t − t^′) = { 1 ŕàĺ t ≥ t^′ 0 ŕàĺ t < t^′ (10.23) Ć àěğãńìâăâě ğăďăçă áćőďĺâáï ł ćëçĺáńěŋĺî áőőâćěâáâćãîéĺå ďćãåćàěňěŋŋëå äãŋłæĺľ Čàĺŋă, ďńï çěčő áãéěáâćãěâ åőàőèő àăğàăąőâăŋŋëľ ňăâěňăâĺçěáłĺľ ăŕŕăàăâ [29].

Ćńĺïŋĺě ćŋěèŋěčő ćőğňãéěŋĺï ňőęŋő ćëàăğĺâì ĺ ć ďàãčőľ äőàňě, çěàěğ âăł ŋăğëćăěňëě ćàěňěŋŋëě łőààěńïæĺőŋŋëě äãŋłæĺĺ. Ďńï íâőčő ćőáŕőńìğãěňáï âőęďěáâćőň Łãąő (10.14). Šőčďă: < A >=< A >_0 − ∫_β 0 dλ ∫_t −∞ dt^′ < e^{λH} _H^1_t′ (t^′)e^{−λH} A(t) >_0=

=< A_0 > + ∫_β 0 dλ ∫_t −∞ dt^′ < e^{λH} H^1_t′ (t^′)e^{−λH} _A(t) >_0 (10.24)

2Ĺňěěň Sp[H^1_{t′} (t^′ − t), ρ_0]A = Spρ_0[A, H^1_{t′} (t^′ − t)] ĺ â.ď. Ćëàăęěŋĺě ďńï A(t) ćőğŋĺłăěâ ğďěáì á ãçěâőň (10.10) ĺ ŕőáńěďãîéĺå ŕěàěáâăŋőćőł őŕěàăâőàőć ŕőď ğŋăłőň Sp.

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 195 čďě ĺáŕőńìğőćăńĺ âăł ŋăğëćăěňőě ãáńőćĺě áâăæĺőŋăàŋőáâĺ: < A _H^1_t′ (t^′ − t) >_0= − < _A(t − t^′)H^1_t′ >_0 . (10.25) İâő àăćěŋáâćő áńěďãěâ ĺğ âőčő, çâő àăćŋőćěáŋőě áàěďŋěě ğŋăçěŋĺě ŕàőĺğćěďěŋĺï ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå ğăćĺáĺâ ńĺèì őâ àăğŋőáâĺ ćàěňěŋ: < AH^1_t′ (t^′ − t) >_0=< A(t − t^′)H^1_t′ >_0 (10.26) çâő ŕőńãçăěâáï æĺłńĺçěáłĺňĺ ŕěàěáâăŋőćłăňĺ őŕěàăâőàőć âĺŕă e^{iHt}h̄ ŕőď ğŋăłőň ãáàěďŋěŋĺï. Ďĺääěàěŋæĺàãï (10.26) ŕő t ŕőńãçĺň (10.25).

Ćëàăęěŋĺě (10.24) ňőęŋő âăłęě ŕěàěŕĺáăâì ć áńěďãîéěň ćĺďě: < A >=< A >_0 − ∫_β 0 dλ ∫_t −∞ dt^′ < _H^1_t′ (t^′ − i—hλ)A(t) >_0=

=< A >_0 + ∫_β 0 dλ ∫_t −∞ dt^′ < H^1_t′ (t^′ − i—hλ) _A(t) > . (10.27) Ťőàňãńë (10.21) ĺ (10.27) ďăîâ őąéĺě ćëàăęěŋĺï ďńï ńĺŋěľŋőľ àěăłæĺĺ áĺáâěňë ŋă ňěåăŋĺçěáłőě ćőğňãéěŋĺě. Ďńï ćŋěèŋěčő ćőğďěľáâćĺï ćĺďă (10.3) ĺå ňőęŋő ğăŕĺáăâì ć ćĺďě: < A >=< A >_0 − ∑ j ∫_∞ −∞ dt^′ << A(t)B_j (t^′) >> F_j (t^′) (10.28)

< A >=< A >_0 + ∑ j ∫_t −∞ dt^′ ∫_β 0 dλ < e^{λH} B_j (t^′)e^{−λH} A(t) >_0 F_j(t^′) (10.29)

İâő âăł ŋăğëćăěňëě äőàňãńë Łãąő ďńï ńĺŋěľŋőľ àěăłæĺĺ łćăŋâőćőňěåăŋĺçěáłőľ áĺáâěňë, áćőďïéĺě ŋěàăćŋőćěáŋãî ğăďăçã ł ćëçĺáńěŋĺî àăćŋőćěáŋëå łőààěńïâőàőć. Ŕőáńěďŋïï ğăďăçă, ïćńïěâáï, łőŋěçŋő, ćŕőńŋě ŋěâàĺćĺăńìŋőľ ĺ âàěąãěâ àăğàăąőâłĺ áŕěæĺăńìŋőčő äőàňăńĺğňă, ŕàĺňěàőň łőâőàőčő ňőęěâ ąëâì ăŕŕăàăâ ďćãåćàěňěŋŋëå łőňňãâăâőàŋëå äãŋłæĺľ Čàĺŋă.

Ťĺğĺçěáłĺľ áňëáń ğăŕăğďëćăîéěľ ďćãåćàěňěŋŋőľ äãŋłæĺĺ Čàĺŋă ńěčłő ŕőŋïâì, àăááňőâàěć àěăłæĺî áĺáâěňë ŋă ňčŋőćěŋŋőě δ-őąàăğŋőě ćőğňãéěŋĺě ćĺďă: H^1_t = Bδ(t − t_1) (10.30) ŕőďáâăŋőćłă łőâőàőčő ć (10.21) ďăěâ:

< A >=< A >_0 + << A(t)B(t_1) >> (10.31) Śãéěáâćãěâ ŋěáłőńìłő åőàőèő àăğàăąőâăŋŋëå ŕőďåőďőć ł àăáçěâã âăłĺå äãŋłæĺľ Čàĺŋă. Ňë łàăâłő őŕĺèěň ńĺèì ŕőďåőď, őáŋőćăŋŋëľ ŋă ňěâőďě ãàăćŋěŋĺľ ďćĺęěŋĺï (æěŕőçěł) [29]. Şàăćŋěŋĺě ďćĺęěŋĺï ďńï äãŋłæĺĺ Čàĺŋă (10.22) G_{AB}(t, t^′) ≡<< A(t), B(t^′) >>= θ(t − t^′) 1 i—h < [A(t), B(t^′)] >_0 (10.32) ńěčłő ŕőńãçĺâì ĺğ őąéěčő ãàăćŋěŋĺï ďćĺęěŋĺï ŕàőĺğćőńìŋőčő łćăŋâőćőčő őŕěàăâőàă ć ŕàěďáâăćńěŋĺĺ Čěľğěŋąěàčă: i—h dA dt = [A, H] = AH − HA (10.33)

196 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

Ŕàăćãî çăáâì íâőčő ãàăćŋěŋĺï ňőęŋő àăááçĺâăâì ć łăęďőň łőŋłàěâŋőň áńãçăě á ŕőňőéìî ïćŋőčő ćëàăęěŋĺï ďńï čăňĺńìâőŋĺăŋă ĺ ŕěàěáâăŋőćőçŋëå áőőâŋőèěŋĺľ ďńï őŕěàăâőàőć. Ďĺääěàěŋæĺàãï (10.22) ŕő t, ŕőńãçĺň ãàăćŋěŋĺě: i—h dG_{AB} dt = dθ(t − t^′) dt < [A(t), B(t^′)] >_0 + << i—h dA(t) dt , B(t^′) >> (10.34)

Şçĺâëćăï őçěćĺďŋãî áćïğì àăğàëćŋőľ äãŋłæĺĺ θ(t) á δ-äãŋłæĺěľ őâ t: θ(t) = ∫_t′ −∞ dtδ(t^′) (10.35)

ĺ ãàăćŋěŋĺï ďćĺęěŋĺï ďńï őŕěàăâőàă A (10.33), ğăŕĺèěň ãàăćŋěŋĺě ďćĺęěŋĺï ďńï äãŋłæĺĺ Čàĺŋă ć ćĺďě: i—h dG_{AB} dt = δ(t − t^′) < [A(t), B(t^′)] >_0 + << {A(t)H(t) − H(t)A(t)} , B(t^′) >> . (10.36) Ć ŕàăćãî çăáâì (10.36) ćåőďïâ ďćãåćàěňěŋŋëě äãŋłæĺĺ Čàĺŋă, ćőőąéě čőćőàï, ąőńěě ćëáőłőčő ŕőàïďłă, çěň ĺáåőďŋăï, çâő áćïğăŋő á ŋăńĺçĺěň ŋěâàĺćĺăńìŋőčő ćğăĺňőďěľáâćĺï ŕàăłâĺçěáłĺ ć ńîąőľ ňŋőčőçăáâĺçŋőľ áĺáâěňě. Ďńï íâĺå äãŋłæĺľ Čàĺŋă ňőęŋő őŕïâì áőáâăćĺâì ãàăćŋěŋĺï ďćĺęěŋĺï âĺŕă (10.36) ĺ ŕőńãçĺâì æěŕőçłã ğăæěŕńïîéĺåáï ãàăćŋěŋĺľ ďńï äãŋłæĺľ Čàĺŋă. Űěŕőçłă íâă, ćőőąéě čőćőàï, ąěáłőŋěçŋă ĺ ňë ĺňěěň âãâ ďěńő á ąěáłőŋěçŋőľ áĺáâěňőľ ĺŋâěčàő { ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ, łőâőàãî, łőŋěçŋő, ŋěńìğï àěèĺâì ć őąéěň ćĺďě. Őďŋăłő, ć ŕàăłâĺçěáłĺå áńãçăïå, íâã æěŕőçłã, łăł ŕàăćĺńő, ãďăěâáï \àăáæěŕĺâì", ćëàăğĺć, âěň ĺńĺ ĺŋëň áŕőáőąőň, ćëáèĺě äãŋłæĺĺ Čàĺŋă çěàěğ ŋĺğèĺě. Šőčďă ćőğŋĺłăěâ łőŋěçŋăï áĺáâěňă ãàăćŋěŋĺľ (ĺńĺ ďăęě őďŋő ãàăćŋěŋĺě), łőâőàãî ãęě ňőęŋő àěèĺâì. Őąéĺľ àěæěŕâ àăáæěŕńěŋĺï őâáãâáâćãěâ, íâő ćőŕàőá ĺáłãááâćă âěőàěâĺłă, àěèăîéěčő âã ĺńĺ ĺŋãî łőŋłàěâŋãî ğăďăçã. Ŕàĺňěàë ãáŕěèŋőčő àěèěŋĺï àïďă ňőďěńěľ âăłĺň ňěâőďőň ňőęŋő ŋăľâĺ ć [29].

İńěłâàőŕàőćőďŋőáâì ĺ ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì.

Řăááňőâàĺň àěăłæĺî áĺáâěňë ŋă ćŋěèŋěě íńěłâàĺçěáłőě ŕőńě. Ćőğňãéěŋĺě (10.3) ĺňěěâ ŕàĺ íâőň ćĺď:

H^1_t = − ∑ j e_j (Ex_j ) cos ωte^{εt} = −(EP) cos ωte^{εt} (10.37)

čďě e_j { ğăàïď j-ľ çăáâĺæë, x_j { àăďĺãá { ćěłâőà ěě ŕőńőęěŋĺï, E { áàěďŋěě íńěłâàĺçěáłőě ŕőńě ć áàěďě, ĺčàăîéěě àőńì ćŋěèŋěľ (c-çĺáńőćőľ) \áĺńë",

P =^∑_j ej xj (10.38)

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 197 { ćěłâőà ŕőńïàĺğăæĺĺ, àăááňăâàĺćăěňëľ łăł łćăŋâőćőňěåăŋĺçěáłĺľ őŕěàăâőà. Ŕőď ćńĺïŋĺěň íâőčő ćőğňãéěŋĺï, ć áőőâćěâáâćĺĺ á (10.21), ć áĺáâěňě ćőğŋĺłăěâ íńěłâàĺçěáłĺľ âőł: < J_α >= ∫_∞ −∞ dt^′ << J_α(t), H^1_t′ (t^′) >> (10.39) Ğďěáì ŋěâ ŕőáâőïŋŋőčő áńăčăěňőčő, âăł łăł ć áâăâĺáâĺçěáłőň àăćŋőćěáĺĺ âőł àăćěŋ ŋãńî, < J_α >= 0. Ć (10.39) ĺňěěň: H^1_t (t) = −(EP(t)) cos ωte^{εt} J_α(t) = ∑ j e_j _x_{jα}(t) = _P_α(t) (10.40)

čďě J_α { őŕěàăâőà íńěłâàĺçěáłőčő âőłă, _x_{jα} { łőňŕőŋěŋâă áłőàőáâĺ j-ľ çăáâĺæë.

Ś ãçěâőň (10.40) ćëàăęěŋĺě (10.39) ğăŕĺèěâáï ć ćĺďě: < J_α >= − ∑ β ∫_∞ −∞ dt^′ << J_α(t)P_β (t^′) >> E_β cos ωt^′e^{εt′} (10.41)

Śőőâćěâáâćěŋŋő: < J_α >= ∑ β Re{σ_{αβ}(ω)e^{−iωt+εt}}E_β (10.42) čďě σ_{αβ}(ω) = − ∫_∞ −∞ dte^{−iωt+εt} << J_αP_β(t) >> (10.43) { âěŋğőà íńěłâàőŕàőćőďŋőáâĺ ć ŕěàĺőďĺçěáłőň ŕőńě. Ŕàěďěń ε → 0 ğďěáì ćëŕőńŋïěâáï ŕőáńě âěàňőďĺŋăňĺçěáłőčő ŕàěďěńă V → ∞, N → ∞ (V /N → const).

Ĺâăł, ăďĺăąăâĺçěáłőě ćłńîçěŋĺě íńěłâàĺçěáłőčő ŕőńï ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî íńěłâàĺçěáłőčő âőłă ć áĺáâěňě á łőŋěçŋőľ íńěłâàőŕàőćőďŋőáâìî, â.ě. ŋěőąàăâĺňőčő ŕàőæěááă. Śâăâĺçěáłăï ŕàőćőďĺňőáâì ŕőńãçăěâáï ĺğ (10.43) ŕàěďěńìŋëň ŕěàěåőďőň ω → 0: σ_{αβ} = lim_{ε→0} ∫_∞ −∞ dte^{εt} << J_αP_β(t) >> (10.44) Ŕěàěŕĺèěň (10.43) ć ćĺďě (ŕěàěáâăćńïï őŕěàăâőàë ŕőď Sp): σ_{αβ}(ω) = − 1 i—h ∫_0 −∞ dte^{−iωt+εt}Sp{[P_β(t), ρ_0]J_α} (10.45) ĺ ćőáŕőńìğãěňáï âőęďěáâćőň Łãąő: [P_β(t), ρ_0] = −i—hρ_0 ∫_β 0 dλe^{λH} _P_β(t)e^{−λH} (10.46) Šőčďă ŕőńãçĺň: σ_{αβ} = ∫_β 0 dλ ∫_∞ 0 dte^{iωt−εt} < e^{λH} J_β e^{−λH} J_α(t) >_0= = ∫_β 0 dλ ∫_∞ 0 dte^{iωt−εt} < J_βJ_α(t + i—hλ) >_0 (10.47) { äőàňãńã Łãąő ďńï ŕàőćőďĺňőáâĺ.

198 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

Ć áâăâĺçěáłőň ŕàěďěńě ĺňěěň:

σ_{αβ} = lim_{ε→0} ∫_β 0 ∫_∞ 0 dte^{−εt} < J_β J_α(t + i—hλ) >_0 (10.48)

Šăłĺň őąàăğőň, ğăďăçă ćëçĺáńěŋĺï ŕàőćőďĺňőáâĺ áćőďĺâáï ł àăáçěâã ćàěňěŋŋëå łőààěńïæĺőŋŋëå äãŋłæĺľ âőłőć ć ãáńőćĺïå áâăâĺáâĺçěáłőčő àăćŋőćěáĺï. Ć łőŋłàěâŋëå áńãçăïå, íâő, łőŋěçŋő, ďőáâăâőçŋő áńőęŋăï ğăďăçă, łőâőàăï ňőęěâ àěèăâìáï àăğńĺçŋëňĺ ňěâőďăňĺ, ďńï őąáãęďěŋĺï łőâőàëå ğďěáì ŋěâ ňěáâă.

Řăááňőâàĺň âěŕěàì őâłńĺł ŋă ćłńîçěŋĺě őďŋőàőďŋőčő ć ŕàőáâàăŋáâćě ŕěàěňěŋŋőčő (ŕěàĺőďĺçěáłőčő) ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï H(t) á çăáâőâőľ ω:

H(t) = H cos ωte^{εt} = Ree^{−iωt+εt}H (10.49)

İâőňã ćőğňãéěŋĺî áőőâćěâáâćãěâ őŕěàăâőà (10.3) ćĺďă: H^1_t = −MH(t) = −MH cos ωte^{εt} (10.50)

čďě M { őŕěàăâőà ŕőńŋőčő ňăčŋĺâŋőčő ňőňěŋâă áĺáâěňë. Ŕőď ćńĺïŋĺěň íâőčő ćőğ-

ňãéěŋĺï ňăčŋĺâŋëľ ňőňěŋâ áĺáâěňë ňěŋïěâáï, áőčńăáŋő (10.21), łăł:

< M_α >=< M_α >_0 + ∫_∞ −∞ dt^′ << M_α(t)H^1_t′ (t^′) >> (10.51)

čďě < M_α >_0 { áàěďŋïï ŕàőěłæĺï ňăčŋĺâŋőčő ňőňěŋâă ŋă őáì α ć áőáâőïŋĺĺ áâăâĺáâĺçěáłőčő àăćŋőćěáĺï. Ěáńĺ ć àăćŋőćěáŋőň áőáâőïŋĺĺ ŕàĺáãâáâćãěâ ňăčŋĺâŋőě ŕőńě, âő < M_α >_0≠ 0. Ťőàňãńã (10.51) ğăŕĺèěň ć ćĺďě:

< M_α >=< M_α >_0 + ∑ β Re{χ_{αβ}(ω)e^{−iωt+εt}}H_β (10.52) čďě χ_{αβ}(ω) = − ∫_∞ −∞ dte^{−iωt+εt} << M_αM_β (t) >> (10.53) { âěŋğőà ňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ ć ŕěàĺőďĺçěáłőň ňăčŋĺâŋőň ŕőńě. Ś ŕőňőéìî âőęďěáâćă Łãąő ćëàăęěŋĺě (10.53) ňőęŋő ŕěàěŕĺáăâì âăłęě ć ćĺďě: χ_{αβ} = ∫_β 0 dλ ∫_∞ 0 dte^{iωt−εt} < _M_βM_α(t + i—hλ) > (10.54) İâĺ äőàňãńë èĺàőłő ŕàĺňěŋïîâáï, ŋăŕàĺňěà, ć âěőàĺĺ ňăčŋĺâŋőčő àěğőŋăŋáă.

Ć łăçěáâćě íńěňěŋâăàŋőčő ŕàĺňěàă ĺáŕőńìğőćăŋĺï äőàňãń Łãąő àăááňőâàĺň íńěłâàőŕàőćőďŋőáâì, ĺáåőďï ĺğ ŕàőáâěľèĺå ŕàěďŕőńőęěŋĺľ ő ŕőćěďěŋĺĺ ćàěňěŋŋëå łőààěńïæĺőŋŋëå äãŋłæĺľ. Ĺáŕőńìğãï (10.22), (10.44) ĺňěěň:

σ_{αβ} = − lim_{ε→0} 1 i—h ∫_0 −∞ dte^{εt} < [J_α, P_β(t)] >_0 (10.55)

Ŕàěďŕőńőęĺň, çâő < [J_α, P_β(t)] >_0≈< [J_α, P_β] >_0 e^{− |t|τ} (10.56)

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 199

čďě τ { ŋěłőâőàőě ćàěňï àěńăłáăæĺĺ. Łőààěńïâőà ŕàĺ áőćŕăďăîéĺå ćàěňěŋăå ŋăåőďĺâáï íńěňěŋâăàŋő: < [J_α, P_β] >_0=< [ ∑ i e m p^α_i , ∑ j ex^β_j ] >_0= = e^2 m ∑ i [p^α_i , x^β_i ] = −i—hδ_{αβ} e^2 m N (10.57)

čďě N { çĺáńő çăáâĺæ, ĺ ňë ćőáŕőńìğőćăńĺáì áâăŋďăàâŋëň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺěň [x^β_i , p^α_i ] = i—hδ_{αβ}. Ć àěğãńìâăâě ŕőńãçăěň: σ_{αβ} = N e^2 m δ_{αβ} lim_{ε→0}

∫_0 −∞ dte^{(ε+1/τ)t} = N e^2 m τ δ_{αβ} (10.58)

ĺńĺ, ć àăáçěâě ŋă ěďĺŋĺæã őąêěňă: σ_{αβ} = ne^2 m τ δ_{αβ} (10.59) çâő ŕàěďáâăćńïěâ áőąőľ őąëçŋãî äőàňãńã Ďàãďě. Ŕőďçěàłŋěň, çâő \ŋăáâőïéěľ" ğăďăçěľ ňĺłàőâěőàĺĺ ïćńïěâáï, łőŋěçŋő, ćëćőď ŕőćěďěŋĺï âĺŕă (10.56) ĺğ âőľ ĺńĺ ĺŋőľ ňőďěńĺ ĺ àăáçěâ áőőâćěâáâćãîéĺå ğăćĺáĺňőáâěľ τ őâ âěňŕěàăâãàë (ĺńĺ łőŋæěŋâàăæĺĺ ŕàĺňěáěľ) ďńï àăğńĺçŋëå ňěåăŋĺğňőć àăááěïŋĺï. Ĺňěŋŋő ğďěáì ćőğŋĺłăěâ ŋěőąåőďĺňőáâì ĺáŕőńìğőćăŋĺï áőćàěňěŋŋëå ňěâőďőć âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ, âăłĺå, łăł ňěâőď äãŋłæĺľ Čàĺŋă.

Śŕěłâàăńìŋëě ŕàěďáâăćńěŋĺï ćàěňěŋŋëå łőààěńïâőàőć ĺ ďćãåćàěňěŋŋëě äãŋłæĺĺ Čàĺŋă�.

Řăááňőâàĺň ŋěłőâőàëě őąéĺě áćőľáâćă ćàěňěŋŋëå łőààěńïæĺőŋŋëå äãŋłæĺľ. Ććěďěň, ŕő őŕàěďěńěŋĺî:

F_{AB}(t − t^′) =< A(t)B(t^′) > F_{BA}(t^′ − t) =< B(t^′)A(t) > (10.60) Ŕãáâì ψ_ν ĺ E_ν { áőąáâćěŋŋëě äãŋłæĺĺ ĺ áőąáâćěŋŋëě ğŋăçěŋĺï čăňĺńìâőŋĺăŋă àăááňăâàĺćăěňőľ áĺáâěňë:

Hψ_ν = E_νψ_ν (10.61) Šőčďă ć ïćŋőň ćĺďě ňőęŋő ŋăŕĺáăâì: < B(t^′)A(t) >= Z^{−1} ∑ ν (ψ^⋆_νB(t^′)A(t)ψ_ν )e^{− EνT} (10.62)

Ĺáŕőńìğãï áćőľáâćő ŕőńŋőâë 1 = ∑ ν |ψ_ν)(ψ_ν⋆ |, ŕěàěŕĺèěň (10.62) łăł: < B(t^′)A(t) >= Z^{−1} ∑ μν (ψ^⋆_ν B(t^′)ψ_μ)(ψ^⋆_μA(t)ψ_ν )e^{− EνT} =

= Z^{−1} ∑ μν (ψ^⋆_ν B(0)ψ_μ)(ψ^⋆_μA(0)ψ_ν )e^{− EνT} exp{ i —h (E_μ − E_ν )(t − t^′)} (10.63)

200 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

čďě ãçńĺ, çâő e^{−iHt/h̄}ψ_ν = e^{−iEν t/h̄}ψ_ν ψ^⋆_μe^{iHt/h̄} = ψ^⋆_μe^{iEν t/h̄} (10.64) Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ŕőńãçĺâì: < A(t)B(t^′) >= Z^{−1} ∑ μν (ψ^⋆_ν A(0)ψ_μ)(ψ^⋆_μB(0)ψ_ν )e^{− EνT} exp{ i —h (E_μ − E_ν)(t^′ − t)} (10.65)

Ğăňěŋïï ğďěáì ĺŋďěłáë áãňňĺàőćăŋĺï μ ⇀↽ ν ĺ áàăćŋĺćăï á (10.63), ćĺďĺň, çâő őąă łőààěńïâőàă ňőęŋő ŕàěďáâăćĺâì ć ćĺďě: < B(t^′)A(t) >= 1 2π ∫_∞ −∞ J_{BA}(ω)e^{iω(t−t′)} < A(t)B(t^′) >= 1 2π ∫_∞ −∞ J_{BA}(ω)e^{h̄ωT} e^{iω(t′−t)} (10.66) čďě ććěńĺ: J_{BA}(ω) = 2πZ^{−1} ∑ μν (ψ^⋆_μB(0)ψ_ν )(ψ^⋆_ν A(0)ψ_μ)e^{− EμT} δ( E_μ − E_ν —h − ω) (10.67)

Śőőâŋőèěŋĺï (10.66) ŋăğëćăîâáï áŕěłâàăńìŋëňĺ ŕàěďáâăćńěŋĺïňĺ, ă ćěńĺçĺŋă J_{BA}(ω) ŕàěďáâăćńïěâ áőąőľ âăł ŋăğëćăěňãî áŕěłâàăńìŋãî ŕńőâŋőáâì łőààěńïæĺőŋŋőľ äãŋłæĺĺ < B(t^′)A(t) >. Ĺğ áàăćŋěŋĺï őąőĺå ćëàăęěŋĺľ ć (10.66) ćĺďĺň ćăęŋőě áćőľáâćő:

J_{AB}(−ω) = J_{BA}(ω)e^{h̄ωT} (10.68) Ďńï ćáěå àěăńìŋëå áĺáâěň ĺňěěâ ňěáâő ğăâãåăŋĺě łőààěńïæĺľ ćő ćàěňěŋĺ, âăł çâő lim |t−t^′|→∞ < A(t)B(t^′) >=< A >< B > (10.69) čďě ŕőďàăğãňěćăěâáï, çâő ćěńĺçĺŋë (őŕěàăâőàë) A ĺ B ŋě ïćńïîâáï ĺŋâěčàăńăňĺ ďćĺęěŋĺï^3. Ěáńĺ < A >= 0 ĺ < B >= 0, âő lim |t−t^′|→∞ < A(t)B(t^′) >= 0 (10.70)

Ć őąéěň áńãçăě ňőęŋő őŕàěďěńĺâì ŋőćëě őŕěàăâőàë A(t)− < A > ĺ B(t)− < B >, ďńï łőâőàëå ćáěčďă ćëŕőńŋïěâáï ãáńőćĺě (10.70).

Śàěďŋěě ŕő ćàěňěŋĺ őâ łőààěńïæĺőŋŋőľ äãŋłæĺĺ àăćŋő ŋãńî: lim_{T →∞} 1 2T ∫_T −T dt 1 2π ∫_∞ −∞ dωJ_{BA}(ω)e^{−iωt} = = lim_{T →∞} 1 2T ∫_∞ −∞ dωδ(ω)J_{BA}(ω) = lim_{T →∞} J_{BA}(0) 2T = 0 (10.71)

ěáńĺ áŕěłâàăńìŋăï ŕńőâŋőáâì łőŋěçŋă ŕàĺ ω = 0, çâő åăàăłâěàŋő ďńï áŕěłâàă íàčőďĺçěáłőčő áńãçăľŋőčő ŕàőæěááă. Ć ďăńìŋěľèěň íâő áćőľáâćő ŕàěďŕőńăčăěâáï^4. Ŕàĺ íâőň ćěğďě ŕőďàăğãňěćăěâáï âěàňőďĺŋăňĺçěáłĺľ ŕàěďěń V → ∞ (V /N → const).

3Ěáńĺ A ĺ B ĺŋâěčàăńë ďćĺęěŋĺï, âő łőààěńïæĺőŋŋăï äãŋłæĺï, őçěćĺďŋő, ćőőąéě ŋě ğăćĺáĺâ őâ ćàěňěŋĺ.

4Ć çăáâŋőáâĺ, íâő ĺáłńîçăěâ ĺğ àăááňőâàěŋĺï őáőąěŋŋőáâĺ áŕěłâàăńìŋőľ ŕńőâŋőáâĺ âĺŕă δ(ω), åăàăłâěàŋëě ďńï áĺáâěň á ŋěíàčőďĺçěáłĺň ŕőćěďěŋĺěň [4].

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 201

Śŕěłâàăńìŋăï ŕńőâŋőáâì J_A+_A(ω) ćàěňěŋŋőčő łőààěńïâőàă, őąàăğőćăŋŋőčő ĺğ áőŕàïęěŋŋëå őŕěàăâőàőć A ĺ A^+ ŕőńőęĺâěńìŋă:

J_A+_A(ω) = 2πZ^{−1} ∑ μν (ψ^⋆_μA^+(0)ψ_ν)(ψ^⋆_ν A(0)ψ_μ)e^{− EμT} δ ( E_μ − E_ν —h − ω ) > 0 (10.72)

ŕőáłőńìłã ćáě çńěŋë ŕőď ğŋăłőň áãňňë ŕőńőęĺâěńìŋë. §áŋő, çâő ĺ J_{AA}+ (ω) > 0.

Ŕãáâì ãàăćŋěŋĺï ďćĺęěŋĺï ďńï A ĺ B ĺŋćăàĺăŋâŋë őâŋőáĺâěńìŋő őâàăęěŋĺï ćàěňěŋĺ, ŕàĺ łőâőàőň A → ε_AA, B → ε_B B, čďě ε_A, ε_B = ±1, ć ğăćĺáĺňőáâĺ őâ çěâŋőáâĺ őŕěàăâőàőć ŕàĺ őąàăéěŋĺĺ áłőàőáâěľ. Řăááňőâàĺň áŕěłâàăńìŋőě àăğńőęěŋĺě: < A(t)B(t) >= 1 2π ∫_∞ −∞ dωe^{iω(t−t′)}J_{AB}(ω) (10.73) Ć łćăŋâőćőľ ňěåăŋĺłě őŕěàăæĺï őąàăéěŋĺï ćàěňěŋĺ áćőďĺâáï ł ğăňěŋě t → −t, t^′ → −t^′, i → −i, âăł çâő ńěćăï çăáâì íâőčő àăćěŋáâćă ãňŋőęăěâáï ŋă ε_Aε_B , ă ć ŕàăćőľ çăáâĺ J_{AB}(ω) ŕěàěåőďĺâ ć J^⋆_{AB} (ω) (ćáńěďáâćĺě ğăňěŋë i → −i). Śńěďőćăâěńìŋő, ć àăááňăâàĺćăěňőň áńãçăě: J_{AB} (ω) = J^⋆_{AB}(ω)ε_Aε_B J_{AB} (ω) = J^⋆_{AB}(ω) ŕàĺ ε_Aε_B = 1 (10.74)

âăł çâő áŕěłâàăńìŋăï ŕńőâŋőáâì ďńï őŕěàăâőàőć őďĺŋăłőćőľ çěâŋőáâĺ ďěľáâćĺâěńìŋă.

Śàăćŋĺćăï (10.73) ĺ áőŕàïęěŋŋőě ěňã áőőâŋőèěŋĺě:

< B^+ (t^′)A^+(t) >= 1 2π ∫_∞ −∞ dωe^{−iω(t−t′)}J_{AB} (ω) (10.75) čďě ňë ãçńĺ ćěéěáâćěŋŋőáâì áŕěłâàăńìŋőľ ŕńőâŋőáâĺ, ãąěęďăěňáï, çâő ďńï őŕěàăâőàőć őďĺŋăłőćőľ çěâŋőáâĺ:

< A(t)B(t^′) >=< B^+(t)A^+(t^′) > (10.76)

Ěáńĺ áĺáâěňă ŋăåőďĺâáï ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě, áŕěłâàăńìŋăï ŕńőâŋőáâì ãęě ŋě ąãďěâ ćěéěáâćěŋŋă. Ŕőáłőńìłã ãàăćŋěŋĺï ďćĺęěŋĺï ĺŋćăàĺăŋâŋë őâŋőáĺâěńìŋő t → −t á őďŋőćàěňěŋŋőľ ğăňěŋőľ H → −H, âő áŕěłâàăńìŋăï ŕńőâŋőáâì ãďőćńěâćőàïěâ áćőľáâćã áĺňňěâàĺĺ:

J_{AB,}H(ω) = J^⋆_{AB,−}H(ω)ε_Aε_B (10.77)

âăł çâő < B^+(t)A^+(t^′) >H=< A(t)B(t^′) >_−H ε_Aε_B (10.78) Ŕőáłőńìłã ďćãåćàěňěŋŋëě äãŋłæĺĺ Čàĺŋă (10.22) őŕàěďěńïîâáï çěàěğ ćàěňěŋŋëě łőààěńïâőàë, őŋĺ ńěčłő ćëàăęăîâáï çěàěğ áŕěłâàăńìŋãî ŕńőâŋőáâì [4, 29]. Śőőâćěâáâćěŋŋő, ďńï ŋĺå ĺ ĺå äãàìě { őąàăğőć ŕő àăğŋőáâĺ ćàěňěŋ ŕőńãçăîâáï ăŋăńőčĺçŋëě áőőâŋőèěŋĺï áĺňňěâàĺĺ: << A(t)B(t^′) >>=<< B^+(t)A^+(t^′) >> << A|B >>_ω=<< B^+|A^+ >>_ω (10.79)

202 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï ĺ ďńï őŕěàăâőàőć őďĺŋăłőćőľ çěâŋőáâĺ. Ć ŕàĺáãâáâćĺě ňăčŋĺâŋőčő ŕőńï ĺňěěň: << B^+(t)A^+(t^′) >>H=<< A(t)B(t^′) >>_−H ε_Aε_B << B^+|A^+ >>_{ω,}H=<< A|B >>_{ω,−}H ε_Aε_B (10.80) İâĺ áćőľáâćă áĺňňěâàĺĺ őłăğëćăîâáï ćăęŋëňĺ ŕàĺ ćëćőďě ŕàĺŋæĺŕă áĺňňěâàĺĺ Őŋáăčěàă ďńï őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ.

Ďĺáŕěàáĺőŋŋëě áőőâŋőèěŋĺï Łàăňěàáă{ Łàőŋĺčă ĺ ŕàĺŋæĺŕ áĺňňěâàĺĺ Őŋáăčěàă.

Ŕãáâì ŋă áĺáâěňã ďěľáâćãěâ ğăćĺáïéěě őâ ćàěňěŋĺ ćőğňãéěŋĺě ňěåăŋĺçěáłőčő âĺŕă, ćłńîçăěňőě ăďĺăąăâĺçěáłĺ ĺ őŕĺáëćăěňőě ďőąăćłőľ ł čăňĺńìâőŋĺăŋã ćĺďă:

H^1_t = − n∑ j=1 F_j (t)B_j (10.81)

čďě F_j (t) ∼ e^{εt} ŕàĺ t → −∞, ε → +0, B_j { ŋěłőâőàëě ďĺŋăňĺçěáłĺě ŕěàěňěŋŋëě (őŕěàăâőàë), ă F_j(t) { c { çĺáńőćëě \áĺńë", á łőâőàëňĺ ćŋěèŋĺě ŕőńï ďěľáâćãîâ ŋă ŕěàěňěŋŋëě B_j . Ďńï ŕàőáâőâë ŕőńăčăěň, çâő ć áőáâőïŋĺĺ áâăâĺáâĺçěáłőčő àăćŋőćěáĺï (ŕàĺ F_j = 0) ĺňěěň < A_j >_0= 0, âăł çâő àěăłæĺî áĺáâěňë ŋă ćőğňãéěŋĺě (10.81) ňőęŋő áőčńăáŋő (10.21) ğăŕĺáăâì ć ćĺďě: < A_i >= ∫_t −∞ dt^′κ_{ij}(t − t^′)F_j(t^′) (10.82) čďě κ_{ij}(t − t^′) = − << A_i(t)B_j (t^′) >> (10.83) { őąőąéěŋŋăï ňăâàĺæă àěăłæĺĺ (őâłńĺłă). Ŕőáłőńìłã ğăŕăğďëćăîéăï äãŋłæĺï Čàĺŋă őâńĺçŋă őâ ŋãńï ńĺèì ŕàĺ ŕőńőęĺâěńìŋëå ăàčãňěŋâăå, âő κ_{ij}(t − t^′) = 0 ŕàĺ t < t^′ (10.84) çâő ïćńïěâáï ćëàăęěŋĺěň ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ: àěăłæĺï áĺáâěňë ŋě ňőęěâ ŕàěďèěáâćőćăâì ćő ćàěňěŋĺ âőňã ćőğňãéěŋĺî, łőâőàőě ěě ćëğëćăěâ.

Řăğńőęĺň F_j(t) ĺ < A_i > ć ĺŋâěčàăńë Ťãàìě: < A_i >= 1 2π ∫_∞ −∞ dωe^{−iωt}A_i(ω) (10.85)

F_j(t) = 1 2π ∫_∞ −∞ dωe^{−iωt}F_j (ω) (10.86) čďě äãàìě { łőňŕőŋěŋâë:

A_i(ω) = ∫_∞ −∞ e^{iωt} < A_i(t) > (10.87)

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 203

F_j(ω) = ∫_∞ −∞ dte^{iωt}F_j(t) (10.88) Ŕàőćőďï äãàìě { ŕàěőąàăğőćăŋĺě ć (10.82) ŕőńãçĺň ćňěáâő ĺŋâěčàăńìŋőčő ăńčěąàăĺçěáłőě ãàăćŋěŋĺě ńĺŋěľŋőľ àěăłæĺĺ:

A_i(ω) = κ_{ij} (ω)F_j(ω) (10.89) čďě κ_{ij}(ω) = ∫_∞ −∞ dte^{iωt}κ_{ij} (t) = − << A_i|B_j >>_ω = = ∫_∞ 0 dte^{−iωt−εt} ∫_β 0 dλ < _B_j A_i(t + i—hλ) > (10.90) { őąőąéěŋŋăï ňăâàĺæă ćőáŕàĺĺňçĺćőáâĺ. Ŕőáńěďŋîî äőàňãńã ĺŋőčďă ŋăğëćăîâ äńãłâãăæĺőŋŋő { ďĺááĺŕăæĺőŋŋőľ âěőàěňőľ Łãąő^5.

Ĺğ ćěéěáâćěŋŋőáâĺ A_i ĺ F_j áńěďãěâ, çâő:

A_i(ω) = A^⋆_i (−ω) F_j(ω) = F^⋆_j (−ω) (10.91) âăł çâő κ_{ij} = κ^⋆_{ij} (−ω) (10.92) őâłãďă Reκ_{ij} (ω) = Reκ_{ij}(−ω) Imκ_{ij} (ω) = −Imκ_{ij} (−ω) (10.93) âăł çâő ćěéěáâćěŋŋăï çăáâì őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ κ_{ij}(ω) çěâŋă, ă ňŋĺňăï ŋěçěâŋă ŕő ω^6.

Ĺğ áćőľáâć áĺňňěâàĺĺ äãŋłæĺľ Čàĺŋă (10.80) áńěďãěâ, çâő ďńï őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ ĺňěěň:

κ_{ij} (ω, H) = κ_{ij} (ω, −H)ε_iε_k ε_iε_k = ±1 (10.94) Ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï:

κ_{ij}(ω) = κ_{ij}(ω)ε_iε_k (10.95) Řăğąĺćăï ćőáŕàĺĺňçĺćőáâì ŋă áĺňňěâàĺçŋãî ĺ ăŋâĺáĺňňěâàĺçŋãî çăáâĺ κ^s_{ij} = 1 2 (κ_{ij} + κ_{ji}) κ^a_{ij} = 1 2 (κ_{ij} − κ_{ji}) (10.96) ãąěęďăěňáï, çâő κ^s çěâŋă, ă κ^a ŋěçěâŋă őâŋőáĺâěńìŋő őąàăéěŋĺï ňăčŋĺâŋőčő ŕőńï

H:_{κs} ij(ω, H) = κ^s_{ji}(ω, −H) κ^a_{ij} (ω, H) = −κ^a_{ji}(ω, −H) (10.97) 5Ťńãłâãăæĺőŋŋő { ďĺááĺŕăæĺőŋŋăï âěőàěňă ňőęěâ ąëâì ğăŕĺáăŋă ć àăğŋëå äőàňăå ĺ ŕàěďáâăćńïěâ áőąőľ áćïğì ňěęďã ćőáŕàĺĺňçĺćőáâïňĺ (łĺŋěâĺçěáłĺňĺ łőíääĺæĺěŋâăňĺ) ĺ áőőâćěâáâćãîéĺňĺ àăćŋőćěáŋëňĺ łőààěńïâőàăňĺ (äńãłâãăæĺïňĺ).

6Ňőęŋő ŕőłăğăâì, çâő Imκ_{ij} őŕàěďěńïěâ ďĺááĺŕăæĺî íŋěàčĺĺ ćŋěèŋěčő ŕőńï, âăł çâő Imκ_{ij} (ω > 0) > 0.

204 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ

ŕàĺ ε_iε_k = 1. İâĺ áćőľáâćă áĺňňěâàĺĺ ŋăğëćăîâáï áőőâŋőèěŋĺïňĺ áĺňňěâàĺĺ Őŋáăčěàă ďńï őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ (łĺŋěâĺçěáłĺå łőíääĺæĺěŋâőć). Őŋĺ ćëâěłăîâ ĺğ őąéěľ âěőàĺĺ ńĺŋěľŋőčő őâłńĺłă ĺ ĺŋćăàĺăŋâŋőáâĺ ãàăćŋěŋĺľ ďćĺęěŋĺï őâŋőáĺâěńìŋő t → −t, H → −H^7. Śőőâŋőèěŋĺï Őŋáăčěàă őâàăęăîâ ŋă ňăłàőáłőŕĺçěáłőň ãàőćŋě ĺŋćăàĺăŋâŋőáâì ňĺłàőáłőŕĺçěáłĺå ãàăćŋěŋĺľ ďćĺęěŋĺï őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ. Őŋĺ ĺčàăîâ őçěŋì ąőńìèãî àőńì ć âěàňőďĺŋăňĺłě ŋěőąàăâĺňëå ŕàőæěááőć.

Ććĺďã ãáńőćĺï ŕàĺçĺŋŋőáâĺ (10.84) ŕěàćëľ ĺŋâěčàăń ć (10.89) äăłâĺçěáłĺ áćőďĺâáï ł (ĺŋďěłáë i, j ďăńěě őŕãáłăěň): κ(ω) = ∫_∞ 0 dtκ(t)e^{iωt} (10.98) Őłăğëćăěâáï, çâő őâáîďă ňőęŋő ŕőńãçĺâì ŋěłőâőàëě ćěáìňă őąéĺě áőőâŋőèěŋĺï ďńï κ(ω), ĺáŕőńìğãï ăŕŕăàăâ âěőàĺĺ äãŋłæĺľ łőňŕńěłáŋëå ŕěàěňěŋŋëå. Ććěďěň łőňŕńěłáŋãî çăáâőâã ω = ω^′ + iω^{′′} ĺ ĺááńěďãěň áćőľáâćă κ(ω) ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ íâőľ ŕěàěňěŋŋőľ. Ĺğ (10.98) ĺ ĺğ äăłâă łőŋěçŋőáâĺ κ(t) ŕàĺ ćáěå ŕőńőęĺâěńìŋëå t áńěďãěâ, çâő κ(ω) ěáâì łőŋěçŋăï őďŋőğŋăçŋăï äãŋłæĺï ćő ćáěľ ćěàåŋěľ ŕőńãŕńőáłőáâĺ ω ĺ ŋĺčďě ŋě őąàăéăěâáï ć ŋěľ ć ąěáłőŋěçŋőáâì, â.ě. ŋě ĺňěěâ âăň őáőąëå âőçěł. Ďěľáâćĺâěńìŋő, ŕàĺ ω^{′′} > 0 ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ ć (10.98) ĺňěěâáï íłáŕőŋěŋæĺăńìŋő ãąëćăîéĺľ ňŋőęĺâěńì exp(−tω^{′′}), ă ŕőáłőńìłã ĺ äãŋłæĺï κ(t) łőŋěçŋă ćő ćáěľ őąńăáâĺ ĺŋâěčàĺàőćăŋĺï, âő ĺŋâěčàăń ć (10.98) áåőďĺâáï. Ŕőďçěàłŋěň, çâő ćëćőď őą őâáãâáâćĺĺ őáőąëå âőçěł ã κ(ω) ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ ïćńïěâáï, á äĺğĺçěáłőľ âőçłĺ ğàěŋĺï, áńěďáâćĺěň ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ. Ŕőáńěďŋĺľ ŕàőïćńïěâáï ć âőň, çâő ĺŋâěčàĺàőćăŋĺě ć (10.98) ĺďěâ őâ 0 ďő ∞ (ă ŋě őâ −∞ ďő ∞). Ťãŋłæĺï κ(ω) ŋě ĺňěěâ őáőąěŋŋőáâěľ ĺ ŋă áăňőľ ćěéěáâćěŋŋőľ őáĺ (ω^{′′} = 0), ğă ĺáłńîçěŋĺěň, ćőğňőęŋő, ńĺèì ŋăçăńă łőőàďĺŋăâ (ω = 0).

Ćëćěďěň âěŕěàì äőàňãńë, áćïğëćăîéĺě ďěľáâćĺâěńìŋãî ĺ ňŋĺňãî çăáâĺ äãŋłæĺĺ κ(ω) ďàãč á ďàãčőň. Ďńï íâőčő ćëąěàěň łăłőě { ńĺąő ŕőńőęĺâěńìŋőě ďěľáâćĺâěńìŋőě ğŋăçěŋĺě ω = ω_0 ĺ ŕàőĺŋâěčàĺàãěň ćěńĺçĺŋã^{κ(ω)}_{ω−ω0} ŕő łőŋâãàã C, ŕőłăğăŋŋőňã ŋă Řĺá. 10-1. Ŋă ąěáłőŋěçŋőáâĺ κ → 0 ĺ ŕőíâőňã äãŋłæĺï^{κ(ω)}_{ω−ω0} áâàěňĺâáï ł ŋãńî ąëáâàěě, çěň 1/ω. Ŕőíâőňã ĺŋâěčàăń ∫ C dω^{κ(ω)}_{ω−ω0} áåőďĺâáï, ă ŕőáłőńìłã κ(ω) ŋě ĺňěěâ őáőąëå âőçěł ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ, ĺ âőçłă ω = ω_0 ĺáłńîçěŋă ĺğ őąńăáâĺ ĺŋâěčàĺàőćăŋĺï, âő äãŋłæĺï^{κ(ω)}_{ω−ω0} ăŋăńĺâĺçŋă ćő ćáěľ őąńăáâĺ ćŋãâàĺ łőŋâãàă C, âăł çâő àăááňăâàĺćăěňëľ ĺŋâěčàăń àăćěŋ ŋãńî (âěőàěňă Łőèĺ).

Ĺŋâěčàăń ŕő ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ őąàăéăěâáï ć ŋãńì áăň ŕő áěąě (ććĺďã ďőáâăâőçŋő ąëáâàőčő ãąëćăŋĺï ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï). Šőçłã ω_0 őąåőďĺň ŕő ąěáłőŋěçŋő ňăńőľ ŕőńãőłàãęŋőáâĺ (àăďĺãáă ρ → 0). İâőâ őąåőď ŕàőĺáåőďĺâ ŕő çăáőćőľ áâàěńłě ĺ ďăěâ ć ĺŋâěčàăńě ćłńăď, àăćŋëľ −iπκ(ω_0) (ĺŋâěčàăń ŕő ŕőńŋőňã łàãęłã ďăěâ −2iπκ(ω_0)). Ěáńĺ κ(0) łőŋěçŋő, âő őąåőď ŋăçăńă łőőàďĺŋăâ ïćńïěâáï ĺğńĺèŋĺň ĺ ĺŋâěčàĺàőćăŋĺě ćďőńì ćáěľ ćěéěáâćěŋŋőľ őáĺ ďăěâ, âăłĺň őąàăğőň:

lim_{ρ→0} {∫_{ω0−ρ} −∞ dω κ(ω) ω − ω_0 + ∫_∞ ω0+ρ dω κ(ω) ω − ω_0 } − iπκ(ω_0) = 0 (10.99)

Ŕěàćëľ çńěŋ ğďěáì ěáâì ĺŋâěčàăń őâ −∞ ďő ∞, ŕőŋĺňăěňëľ ć áňëáńě čńăćŋőčő

7Šăłĺě ęě áćőľáâćă áĺňňěâàĺĺ áŕàăćěďńĺćë ĺ ďńï őâłńĺłă ŋă âěàňĺçěáłĺě ćőğňãéěŋĺï.

ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ 205

Řĺá. 10-1 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ ćëćőďě áőőâŋőèěŋĺľ Łàăňěàáă { Łàőŋĺčă.

ğŋăçěŋĺï, ŕőíâőňã ŕőńãçăěň: iπκ(ω_0) = P ∫_∞ −∞ dω κ(ω) ω − ω_0 (10.100)

İâő ęě áőőâŋőèěŋĺě áàăğã ęě ŕőńãçăěâáï ěáńĺ àăááňőâàěâì ĺŋâěčàăń őâ^{κ(ω)}_{ω−ω0+iδ} ćďőńì ćěéěáâćěŋŋőľ őáĺ, ćőáŕőńìğőćăćèĺáì ĺğćěáâŋőľ äőàňãńőľ: 1 x + iδ = P 1 x − iπδ(x) δ → +0 (10.101)

Ŕàěďëďãéĺě àăááãęďěŋĺï, ŕő áãâĺ ďěńă, ŕàěďáâăćńïîâ áőąőľ ćëćőď íâőčő ćěáìňă ŕőńěğŋőčő áőőâŋőèěŋĺï.

Ŕěàěňěŋŋăï ĺŋâěčàĺàőćăŋĺï ω ć (10.100) ŕàőąěčăěâ ńĺèì ćěéěáâćěŋŋëě ğŋăçěŋĺï. Ŕěàěőąőğŋăçĺň ěě ξ, ă çěàěğ ω őąőğŋăçĺň ğăďăŋŋőě ćěéěáâćěŋŋőě ğŋăçěŋĺě ω_0. Šőčďă, őâďěńïï ć (10.100) ďěľáâćĺâěńìŋãî ĺ ňŋĺňãî çăáâĺ, ŋăľďěň: Reκ(ω) = 1 π P ∫_∞ −∞ dξ Imκ(ξ) ξ − ω (10.102) Imκ(ω) = − 1 π P ∫_∞ −∞ dξ Reκ(ξ) ξ − ω (10.103)

{ áőőâŋőèěŋĺï Łàăňěàáă { Łàőŋĺčă. Ěďĺŋáâćěŋŋëň áćőľáâćőň äãŋłæĺĺ κ(ω), ĺáŕőńìğőćăŋŋëň ŕàĺ ćëćőďě íâĺå äőàňãń, ïćńïěâáï őâáãâáâćĺě őáőąëå âőçěł ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ^8. Ŕőíâőňã ňőęŋő áłăğăâì, çâő áőőâŋőèěŋĺï Łàăňěàáă { Łàőŋĺčă ïćńïîâáï ŕàïňëň áńěďáâćĺěň ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ.

Ćőáŕőńìğőćăćèĺáì ŋěçěâŋőáâìî äãŋłæĺĺ Imκ(ξ) ňőęŋő ŕěàěŕĺáăâì ŕěàćőě ĺğ íâĺå áőőâŋőèěŋĺľ łăł: Reκ(ω) = 1 π P ∫_∞ 0 dξ Imκ(ξ) ξ − ω + P ∫_∞ 0 dξ Imκ(ξ) ξ + ω (10.104)

8Ůâő łăáăěâáï áćőľáâćă κ → 0 ŕàĺ ω → ∞, âő őŋő ŋě ïćńïěâáï áãéěáâćěŋŋëň: ěáńĺ ąë ŕàěďěń κ∞ ąëń őâńĺçěŋ őâ ŋãńï, âő ŋăďő ąëńő ąë ŕàőáâő àăááňăâàĺćăâì àăğŋőáâì κ − κ∞ ćňěáâő κ, á áőőâćěâáâćãîéĺň ĺğňěŋěŋĺěň ćáěå äőàňãń.

206 ŠĚŐŘĹ§ ŃĹŊĚĽŊŐČŐ ŐŠŁŃĹŁĂ ĺńĺ Reκ(ω) = 2 π ∫_∞ 0 dξ ξImκ(ω) ξ^2 − ω^2

(10.105)

Ěáńĺ äãŋłæĺï κ(ω) ĺňěěâ ŕőńîá ć âőçłě ω = 0, ćąńĺğĺ łőâőàőľ κ = iA/ω, âő őąåőď íâőčő ŕőńîáă ŕő ŕőńãőłàãęŋőáâĺ ďăěâ ć ĺŋâěčàăńě ďőŕőńŋĺâěńìŋëľ ćěéěáâćěŋŋëľ ćłńăď −A/ω, łőâőàëľ ďőńęěŋ ąëâì ŕàĺąăćńěŋ ł ńěćőľ áâőàőŋě (10.100). Śőőâćěâáâćěŋŋő, âăłőľ ęě çńěŋ ŕőïćĺâáï ĺ ć (10.103): Imκ(ω) = − 1 π P ∫_∞ −∞ dξ Reκ(ξ) ξ − ω + A ω (10.106)

Śőőâŋőèěŋĺï Łàăňěàáă { Łàőŋĺčă őâŋőáïâáï ł ćăęŋěľèĺň âőçŋëň áőőâŋőèěŋĺïň, ŕőğćőńïîéĺň łőŋâàőńĺàőćăâì âěőàěâĺçěáłĺě ňőďěńĺ ĺ àăáçěâë, ă âăłęě ĺňěîéĺň ĺ ćăęŋëě íłáŕěàĺňěŋâăńìŋëě ŕàĺňěŋěŋĺï: ŕő ĺğňěàěŋĺïň Reκ(ω) ć èĺàőłőň ĺŋâěàćăńě çăáâőâ ňőęŋő ćőááâăŋăćńĺćăâì ğŋăçěŋĺï Imκ(ω) (ĺ ŋăőąőàőâ), ŕàőćőďï çĺáńěŋŋőě ĺŋâěčàĺàőćăŋĺě ŕő íłáŕěàĺňěŋâăńìŋëň ďăŋŋëň.

Čńăćă 11

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚ- ŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂ- ŚŠĹŰ

Ňěâőď łćăğĺçăáâĺæ ĺ äãŋłæĺĺ Čàĺŋă.

Ćëèě ňë ćĺďěńĺ őŕàěďěńïîéãî àőńì, łőâőàãî ć áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ĺčàăěâ łőŋæěŕæĺï łćăğĺçăáâĺæ. Ŕőńŋőě äőàňăńìŋőě őąőáŋőćăŋĺě íâă łőŋæěŕæĺï ŕőńãçăěâ ć àăňłăå äőàňăńĺğňă äãŋłæĺľ Čàĺŋă, łőâőàëľ ïćńïěâáï áâăŋďăàâŋëň ăŕŕăàăâőň áőćàěňěŋŋőľ âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ. Ňěâőď äãŋłæĺľ Čàĺŋă ďăěâ ćőğňőęŋőáâì çěâłő áäőàňãńĺàőćăâì łàĺâěàĺĺ áãéěáâćőćăŋĺï łćăğĺçăáâĺæ ć łőŋłàěâŋëå áĺáâěňăå, ă âăłęě ŕàěďáâăćńïěâ áőąőľ ãŋĺćěàáăńìŋëľ ňěâőď ŕàőćěďěŋĺï àăáçěâőć ŕàăłâĺçěáłĺ ńîąëå äĺğĺçěáłĺå åăàăłâěàĺáâĺł ňŋőčőçăáâĺçŋëå áĺáâěň á ãçěâőň àăğńĺçŋëå âĺŕőć ćğăĺňőďěľáâćĺľ. Ďăŋŋëľ ňěâőď ćőğŋĺł ć áćïğĺ á ğăďăçăňĺ łćăŋâőćőľ âěőàĺĺ ŕőńï, čďě ćŕěàćëě, ć çăáâŋőáâĺ, ąëń áäőàňãńĺàőćăŋ çàěğćëçăľŋő íääěłâĺćŋëľ ĺ ãďőąŋëľ ŕőďåőď, őáŋőćăŋŋëľ ŋă ĺáŕőńìğőćăŋĺĺ ďĺăčàăňň Ťěľŋňăŋă. Ŕőáńěďãîéěě ŕěàěŋěáěŋĺě íâĺå ĺďěľ ĺ ňěâőďőć ć âěőàĺî áĺáâěň ňŋőčĺå çăáâĺæ, ŕő áãâĺ ďěńă, ĺ ŕàĺćěńő ł áőğďăŋĺî áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï [3]. Ěáâěáâćěŋŋő, çâő ć àăňłăå ďăŋŋőčő łãàáă ňë ńĺèěŋë ćőğňőęŋőáâĺ ďăâì ŕőáńěďőćăâěńìŋőě ĺğńőęěŋĺě ňěâőďă äãŋłæĺľ Čàĺŋă, ŋăèěľ æěńìî ïćńïěâáï ńĺèì ććěďěŋĺě àïďă őáŋőćŋëå ŕőŋïâĺľ ĺ łăçěáâćěŋŋăï ĺńńîáâàăæĺï ŕàőáâëå ŕàĺňěŋěŋĺľ^1.

1Ŋăĺąőńěě ïáŋőě ĺ çěâłőě ĺğńőęěŋĺě ňěâőďă äãŋłæĺľ Čàĺŋă ĺ ďĺăčàăňňŋőľ âěåŋĺłĺ ć ŕàĺňěŋěŋĺĺ ł ğăďăçăň áâăâĺáâĺçěáłőľ äĺğĺłě ďăŋő ć łńăááĺçěáłőľ łŋĺčě [30]. Ďőáâăâőçŋő ŕőńŋőě

208 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Ŋĺęě, ć őáŋőćŋőň, àăááňăâàĺćăěâáï áńãçăľ âěňŕěàăâãàë T = 0. Őłăğëćăěâáï, çâő őąőąéěŋĺě ŕàăłâĺçěáłĺ ćáěå ãàăćŋěŋĺľ ňěâőďă äãŋłæĺľ Čàĺŋă ŋă áńãçăľ łőŋěçŋëå âěňŕěàăâãà ňőęěâ ąëâì ŕàőćěďěŋő ďőáâăâőçŋő íńěňěŋâăàŋő, áőőâćěâáâćãîéĺě ĺğňěŋěŋĺï ąãďãâ łàăâłő áäőàňãńĺàőćăŋë ć łőŋæě ŋăèěčő ĺğńőęěŋĺï. Ŋăçŋěň áő áńãçăï őďŋőľ łćăŋâőćőňěåăŋĺçěáłőľ çăáâĺæë, őŕĺáëćăěňőľ ãàăćŋěŋĺěň Ÿàěďĺŋčěàă^2: i ∂ψ(r, t) ∂t − Hψ(r, t) = 0 (11.1)

Ćňěáâő ŋěčő ňőęŋő ććěáâĺ ãàăćŋěŋĺě ďńï äãŋłæĺĺ Čàĺŋă G(r, t; r^′, t^′): i ∂G ∂t − HG = iδ(r − r^′)δ(t − t^′) (11.2)

á ŋăçăńìŋëň ãáńőćĺěň G(r, t + 0; r^′, t) = δ(r − r^′). Ťãŋłæĺï Čàĺŋă ĺňěěâ áňëáń ăňŕńĺâãďë ćěàőïâŋőáâĺ ŕěàěåőďă çăáâĺæë ĺğ âőçłĺ r^′ ć ňőňěŋâ ćàěňěŋĺ t ć âőçłã r ć ňőňěŋâ ćàěňěŋĺ t. Łćăďàăâ ňőďãńï ăňŕńĺâãďë ďăěâ áőőâćěâáâćãîéãî ćěàőïâŋőáâì ŕěàěåőďă. Ć íâőň ńěčłő ãąěďĺâìáï, ćëàăğĺć ψ-äãŋłæĺî ć ňőňěŋâ ćàěňěŋĺ t+τ çěàěğ ψ-äãŋłæĺî ć ňőňěŋâ t:

ψ(r, t + τ ) = ∫ dr^′G(r, t + τ ; r^′t)ψ(r^′, t) (11.3)

Ć áăňőň ďěńě, ńěčłő ãďőáâőćěàĺâìáï, çâő ğăŕĺáăŋŋăï âăłĺň őąàăğőň ψ(r, t + τ ) ãďőćńěâćőàïěâ ãàăćŋěŋĺî Ÿàěďĺŋčěàă (11.1), ă ŕàĺ τ → 0 őŋă ŕěàěåőďĺâ ć ψ(r, t) ĺğ-ğă ŋăçăńìŋőčő ãáńőćĺï G(r, t + 0; r^′, t) = δ(r − r^′). Łàőňě âőčő, ŕőńőęĺň, çâő G = 0 ďńï τ < 0 (ŕàĺŋæĺŕ ŕàĺçĺŋŋőáâĺ!).

Ŕãáâì ĺňěěâáï áĺáâěňă áőąáâćěŋŋëå äãŋłæĺľ ãàăćŋěŋĺï Ÿàěďĺŋčěàă:

Hφ_λ(r) = ε_λφ_λ(r) (11.4)

Ć ğăćĺáĺňőáâĺ őâ ğăďăçĺ, äĺğĺçěáłĺľ áňëáń łćăŋâőćëå çĺáěń λ ňőęěâ ąëâì àăğńĺçŋëň. Ć âàăŋáńïæĺőŋŋő { ĺŋćăàĺăŋâŋőľ áĺáâěňě λ → p, ďńï çăáâĺæë ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě íâő ŋăąőà łćăŋâőćëå çĺáěń Ńăŋďăã ĺ â.ŕ. Śěľçăá ňë àăááňőâàĺň çăáâĺæã ć ŕőâěŋæĺăńìŋőň ŕőńě: H = p^2 2m + V (r) (11.5)

İâő ňőęěâ ąëâì, ć çăáâŋőáâĺ, ĺ ćŕőńŋě ŋěâàĺćĺăńìŋăï ğăďăçă ő ŋãłńőŋăå ć ŕőâěŋæĺăńìŋőľ ïňě { ăâőňŋőň ïďàě [32], âőčďă λ ŕàěďáâăćńïîâ łćăŋâőćëě çĺáńă őąőńőçěçŋőľ ňőďěńĺ ïďàă. Ńîąőě àěèěŋĺě ãàăćŋěŋĺï Ÿàěďĺŋčěàă ňőęŋő àăğńőęĺâì ŕő íâőľ ŕőńŋőľ áĺáâěňě äãŋłæĺľ:

ψ(r, t) =^∑_λ cλ(t)φλ(r) (11.6)

ĺ ŕàěďáâăćĺâì (11.3) ć ćĺďě:

c_λ(t + τ ) = ∑ λ^′ G_{λλ}′ (τ )c_λ′ (t) (11.7)

ĺğńőęěŋĺě ďăŋő ĺ ć [2]. Ąőńěě íńěňěŋâăàŋőě ĺğńőęěŋĺě ňőęŋő ŋăľâĺ ć [31, 32], őâłãďă ĺ ćğïâ ĺğńăčăěňëľ ŋĺęě ňăâěàĺăń.

2Ŋĺęě, łăł ŕàĺŋïâő ć ąőńìèĺŋáâćě áőćàěňěŋŋëå àăąőâ, ňë ĺáŕőńìğãěň áĺáâěňã ěďĺŋĺæ, ć łőâőàőľ —h = 1. Ŕàĺ ŋěőąåőďĺňőáâĺ, —h ćáěčďă ńěčłő ćőááâăŋőćĺâì ć łőŋěçŋëå äőàňãńăå.

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 209 G_{λλ}′ (τ ) = ∫ d^3rd^3r^′G(r, r^′τ )φ^⋆_λ(r)φ_λ′ (r^′) (11.8)

{ äãŋłæĺï Čàĺŋă ć λ-ŕàěďáâăćńěŋĺĺ. Ŕőáłőńìłã φ_λ { áőąáâćěŋŋăï äãŋłæĺï čăňĺńìâőŋĺăŋă H, ŋě ğăćĺáïéěčő őâ ćàěňěŋĺ, âő ŕěàěåőďë ć ďàãčĺě áőáâőïŋĺï ŋě ŕàőĺáåőďïâ, âăł çâő c_λ(t + τ ) = e^{−iελ τ} c_λ(t), â.ě.

G_{λλ}′ (τ ) = G_λ(τ )δ_{λλ}′ = e^{−iελ τ} θ(τ ) (11.9)

čďě θ(τ ) = 1 ŕàĺ τ ≥ 0 ĺ θ(τ ) = 0 ŕàĺ τ < 0. Ŕàőćěďěň ŕàěőąàăğőćăŋĺě Ťãàìě:

G_λ(ε) = 1 i ∫_∞ −∞ dτ e^{iελτ} G_λ(τ ) (11.10)

G_λ(τ ) = i ∫_∞ −∞ dε 2π e^{−iελτ} G_λ(ε) (11.11)

Šőčďă, ŕőáńě íńěňěŋâăàŋőčő ĺŋâěčàĺàőćăŋĺï ŕőńãçăěň:

G_λ(ε) = 1 ε − ε_λ + iδ δ → +0 (11.12)

Ğŋăł δ → 0 ćëąàăŋ ğďěáì âăł, çâőąë G_λ(τ ) = 0 ŕàĺ τ < 0. Ć áăňőň ďěńě, ĺňěěň:

G_λ(τ ) = i ∫_∞ −∞ dε 2π e^{−iετ} ε − ε_λ + iδ = { e^{−iελ τ} ŕàĺ τ > 0 0 ŕàĺ τ < 0 (11.13)

Ďěľáâćĺâěńìŋő, ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ĺňěěâ ŕőńîá ŕàĺ ε = ε_λ − iδ. Šőčďă, ŕàĺ τ > 0 ňőęŋő ğăňłŋãâì łőŋâãà ĺŋâěčàĺàőćăŋĺï ŕő ε ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ (ŕőáłőńìłã ňŋőęĺâěńì e^{−iετ} őąěáŕěçĺćăěâ âőčďă íłáŕőŋěŋæĺăńìŋőě ğăâãåăŋĺě ĺŋâěčàĺàãěňőčő ćëàăęěŋĺï ŋă ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ), ŕőńîá ŕőŕăďăěâ ćŋãâàì ğăňłŋãâőčő łőŋâãàă, ĺ ĺŋâěčàăń (ŕő âěőàěňě Łőèĺ) àăćěŋ ćëŕĺáăŋŋőňã ćëàăęěŋĺî. Ŕàĺ τ < 0, ŕő âěň ęě ŕàĺçĺŋăň, áćïğăŋŋëň á ŋěőąåőďĺňőáâìî ğăŋãńĺâì ćłńăď őâ ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ, ŋãęŋő ğăňłŋãâì łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ ε. Šőčďă ćŋãâàĺ łőŋâãàă ŕőńîáă ŋěâ ĺ ĺŋâěčàăń àăćěŋ ŋãńî.

Ć áňěèăŋŋőň (r, ε) ŕàěďáâăćńěŋĺĺ ŕőńãçăěň: G(r, r^′, ε) =^∑_{λ,λ′} Gλλ′ (ε)φλ(r)φ^⋆_λ′ (r^′) = = ∑ λ φ_λ(r)φ^⋆_λ(r^′) ε − ε_λ + iδ (11.14)

Ğďěáì ć áãňňã ŕő λ ćåőďĺâ áãňňĺàőćăŋĺě ŕő ćáěň áćïğăŋŋëň áőáâőïŋĺïň çăáâĺæë ć ŕőńě ĺ 0ĺŋâěčàĺàőćăŋĺě ŕő ěě áŕńőèŋőňã áŕěłâàã. Ŕàĺ íâőň ňë ćĺďĺň, çâő G(r, r^′, ε) ĺňěěâ ŕőńîáă ŕàĺ ğŋăçěŋĺïå ε àăćŋëå ε_λ { íŋěàčĺïň áćïğăŋŋëå áőáâőïŋĺľ ĺ àăğàěğ (łőŋâĺŋããň ŕőńîáőć) ŋă âőľ çăáâĺ őáĺ ε, łőâőàăï áőőâćěâáâćãěâ ŋěŕàěàëćŋőňã áŕěłâàã.

Ŕěàěľďěň âěŕěàì ł àăááňőâàěŋĺî ňŋőčőçăáâĺçŋőľ áĺáâěňë. Ŋĺęě ŕőćáîďã ňë ŕőďàăğãňěćăěň áĺáâěňã, áőáâőïéãî ĺğ äěàňĺőŋőć. Ďńï áĺáâěňë ąőğě { çăáâĺæ

210 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

ňőęŋő ŕàőćěáâĺ ăŋăńőčĺçŋőě àăááňőâàěŋĺě, ŋő ã ŋăá ŋěâ ňěáâă ĺ ćàěňěŋĺ ďńï őąáãęďěŋĺï őáőąěŋŋőáâěľ ąőğě { áĺáâěň [2, 30]. Ďńï ŋăçăńă àăááňőâàĺň áńãçăľ ŋěćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć (äěàňĺ { čăğ). Ćëèě ňë ćĺďěńĺ, çâő íńěňěŋâăàŋëňĺ ćőğąãęďěŋĺïňĺ ć áĺáâěňě äěàňĺőŋőć ïćńïîâáï ŕőŕăàŋő àőęďăîéĺěáï çăáâĺæë (ŋăď ŕőćěàåŋőáâìî Ťěàňĺ) ĺ ďëàłĺ (ŕőď ŕőćěàåŋőáâìî Ťěàňĺ).

Ŋăľďěň äãŋłæĺî Čàĺŋă çăáâĺæë G_{λλ}′ (τ ), â.ě. ăňŕńĺâãďã ŕěàěåőďă ĺğ áőáâőïŋĺï á őďŋőľ çăáâĺæěľ ć áőáâőïŋĺĺ λ ć áőáâőïŋĺě á çăáâĺæěľ ć λ^′ ć áĺáâěňě ŋěćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć. Ŕàĺ íâőň ŋãęŋő ãçěáâì ŕàĺŋæĺŕ Ŕăãńĺ { ďőńęŋë ąëâì ĺáłńîçěŋë ŕěàěåőďë ć ğăŋïâëě áőáâőïŋĺï. Ŕőíâőňã ć őŕàěďěńěŋĺě äãŋłæĺĺ Čàĺŋă ŋãęŋő ććěáâĺ ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì (1 − n_λ), čďě

n_λ = { 1 ŕàĺ ε_λ ≤ ε_F 0 ŕàĺ ε_λ > ε_F (11.15)

{ çĺáńő çăáâĺæ ć áőáâőïŋĺĺ λ (äěàňĺěćáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ŕàĺ T = 0). Šăłĺň őąàăğőň ŕőńãçăěň:

G^+_{λλ}′ (τ ) = (1 − n_λ)δ_{λλ}′ { e^{−iελτ} ŕàĺ τ > 0 0 ŕàĺ τ < 0 (11.16)

Ŋăľďěň âěŕěàì ăŋăńőčĺçŋőě ćëàăęěŋĺě ďńï ďëàłĺ. Šăł łăł çĺáńő ďëàőçŋëå \áćőąőďŋëå" ňěáâ ŋă ãàőćŋě λ ŕàőŕőàæĺőŋăńìŋő n_λ, ŕőńãçăěň: G^−_{λλ′} (τ ) = n_λδ_{λλ}′ { e^{iελτ} ŕàĺ τ > 0 0 ŕàĺ τ < 0 (11.17)

čďě ãçńĺ, çâő íŋěàčĺï ďëàłĺ, őâáçĺâăŋŋăï őâ ãàőćŋï Ťěàňĺ, ŕàőâĺćőŕőńőęŋă ŕő ğŋăłã íŋěàčĺĺ çăáâĺæë.

Şďőąŋő ććěáâĺ äãŋłæĺî Čàĺŋă G_λ(τ ), őŕàěďěńěŋŋãî łăł ďńï τ > 0, âăł ĺ ďńï τ < 0: G_λ(τ ) = { G^+_λ (τ ) ŕàĺ τ > 0 −G^−_λ (−τ ) ŕàĺ τ < 0 (11.18)

Ťãàìě { őąàăğ íâőľ äãŋłæĺĺ ńěčłő ćëçĺáńïěâáï:

G_λ(ε) = −i(1 − n_λ) ∫_∞ 0 dτ e^{−iελτ+iετ} + in_λ ∫_0 −∞ dτ e^{iελτ+iετ} = = 1 − n_λ ε − ε_λ + iδ + n_λ ε − ε_λ − iδ (11.19)

čďě δ → +0 ŋãęŋő ććěáâĺ ďńï őąěáŕěçěŋĺï áåőďĺňőáâĺ ĺŋâěčàăńőć. İâő ćëàăęěŋĺě ãďőąŋő ŕěàěŕĺáăâì łăł:

G_λ(ε) = 1 ε − ε_λ + iδsignε_λ = = {_1 ε−ε_λ+iδ ŕàĺ ελ > εF 1 ε−ε_λ−iδ ŕàĺ ελ < εF (11.20)

čďě ććěńĺ ğŋăłőćãî äãŋłæĺî sign(x) = 1 ďńï x > 0 ĺ sign(x) = −1 ŕàĺ x < 0. Őąàăâĺň ćŋĺňăŋĺě, çâő äãàìě { őąàăğ äãŋłæĺĺ Čàĺŋă ĺňěěâ ŕőńîá ŕàĺ ε àăćŋőľ íŋěàčĺĺ çăáâĺæë (ďëàłĺ).

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 211

Ŕěàěľďěň ł áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć. Ťãŋłæĺî Čàĺŋă őďŋőľ çăáâĺæë ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć őŕàěďěńĺň ćëàăęěŋĺěň:

G^+(rt; r^′t^′)_{t>t}′ =< 0| ^ψ(rt) ^ψ^+(r^′t^′)|0 > (11.21)

čďě |0 > { âőçŋăï áőąáâćěŋŋăï äãŋłæĺï őáŋőćŋőčő áőáâőïŋĺï (\ćăłããň") áĺáâěňë, áőőâćěâáâćãîéăï ğăŕőńŋěŋŋőľ äěàňĺ { áäěàě, ^ψ(rt) { äěàňĺěćáłĺľ őŕěàăâőà ćâőàĺçŋőčő łćăŋâőćăŋĺï ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ:

^ψ(rt) = e^{iHt} ^ψ(r)e^{−iHt} (11.22)

čďě H { čăňĺńìâőŋĺăŋ àăááňăâàĺćăěňőľ ňŋőčőçăáâĺçŋőľ áĺáâěňë, ćłńîçăîéĺľ ćğăĺňőďěľáâćĺě. Őŕěàăâőà ^ψ(r) ňőęěâ ąëâì ćëàăęěŋ çěàěğ őŕěàăâőàë ãŋĺçâőęěŋĺï a_λ çăáâĺæ ć áőáâőïŋĺïå λ ( ^ψ^+ { çěàěğ őŕěàăâőàë àőęďěŋĺï a^+_λ ):

^ψ(r) =^∑_λ aλφλ(r) (11.23)

Ćëàăęěŋĺě (11.21), őçěćĺďŋő, ĺňěěâ áňëáń ăňŕńĺâãďë ŕěàěåőďă çăáâĺæë ĺğ âőçłĺ

(r^′t^′) ć âőçłã (rt).

Ăŋăńőčĺçŋëň őąàăğőň ďńï ďëàłĺ ňőęŋő ŋăŕĺáăâì:

G^−(rt; r^′t^′)_{t>t}′ =< 0| ^ψ^+(r^′t^′) ^ψ(rt)|0 > (11.24)

čďě ãçâěŋő, çâő ãŋĺçâőęěŋĺě çăáâĺæë ć ďăŋŋőľ âőçłě íłćĺćăńěŋâŋő àőęďěŋĺî ďëàłĺ.

Ćëàăęěŋĺï (11.21) ĺ (11.24) őŕàěďěńěŋë ďńï t > t^′. Ĺå ňőęŋő őąêěďĺŋĺâì ć őďŋã äãŋłæĺî Čàĺŋă, őŕĺáëćăîéãî ŕàĺ t > t^′ çăáâĺæã, ă ŕàĺ t < t^′ ďëàłã (ăŋăńőčĺçŋő (11.18)):

G(rt; r^′t^′) = { G^+(rt; r^′t^′) ŕàĺ t > t^′ −G^−(r^′t^′; rt) ŕàĺ t < t^′ (11.25)

Ĺŋăçě íâő őŕàěďěńěŋĺě ňőęŋő ğăŕĺáăâì łăł:

G(x, x^′) =< 0|T ^ψ(x) ^ψ^+(x^′)|0 > (11.26)

čďě őąőğŋăçĺńĺ x = (rt), ă őŕěàăâőà T -ãŕőàïďőçěŋĺï őğŋăçăěâ, çâő ćěńĺçĺŋë, áâőïéĺě áŕàăćă őâ T , àăáŕőńăčăîâáï ć ŕőàïďłě ãąëćăŋĺï ćàěňěŋĺ ć ăàčãňěŋâăå, á ãçěâőň áňěŋë ğŋăłă ŕàĺ ŕěàěáâăŋőćłě äěàňĺěćáłĺå őŕěàăâőàőć. Ťőàňăńìŋőě őŕàěďěńěŋĺě őŕěàăæĺĺ T -ŕàőĺğćěďěŋĺï, ćğïâőě ĺğ łćăŋâőćőľ âěőàĺĺ ŕőńï, ćëčńïďĺâ áńěďãîéĺň őąàăğőň:

T {F_1(t_1)F_2(t_2)} = { F_1(t_1)F_2(t_2) ŕàĺ t_1 > t_2 −F_2(t_2)F_1(t_1) ŕàĺ t_1 < t_2 (11.27)

{ ďńï äěàňĺěćáłĺå őŕěàăâőàőć, ĺ

T {B_1(t_1)B_2(t_2)} = { B_1(t_1)B_2(t_2) ŕàĺ t_1 > t_2 B_2(t_2)B_1(t_1) ŕàĺ t_1 < t_2 (11.28)

212 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

{ ďńï ąőğěćáłĺå őŕěàăâőàőć. Ťãŋłæĺï Čàĺŋă, őŕàěďěńěŋŋăï áőčńăáŋő (11.26) ŋăğëćăěâáï äěľŋňăŋőćáłőľ ĺńĺ ŕàĺçĺŋŋőľ (T -ãŕőàïďőçěŋŋőľ)^3.

Őčàăŋĺçĺňáï áńãçăěň ąěáłőŋěçŋőľ őďŋőàőďŋőľ (âàăŋáńïæĺőŋŋő ĺŋćăàĺăŋâŋőľ) áĺáâěňë, âőčďă G(rt; r^′t^′) = G(r − r^′, t − t^′). Śőőâćěâáâćěŋŋő ãďőąŋő ŕěàěľâĺ ł äãàìě { ŕàěďáâăćńěŋĺî ŕő t − t^′ ĺ ŕő r − r^′:

G(pτ ) = ∫ d^3rG(rτ )e^{−i}pr (11.29) čďě G(pτ ) = { < 0|ape^{−iHτ} a^+p|0 > e^{iE0τ} τ > 0 − < 0|a^+pe^{iHτ} ap|0 > e^{−iE0τ} τ < 0 (11.30) čďě E_0 { íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï.

Łćăğĺçăáâĺæë ć áĺáâěňě ňőęŋő ććěáâĺ, ěáńĺ àăááňăâàĺćăěňăï (őďŋőçăáâĺçŋăï) äãŋłæĺï Čàĺŋă ŕàěďáâăćńïěâáï ć ćĺďě (τ > 0):

G(pτ ) ≈ Ze^{−iε(}p^{)−γ(}p^{)τ} + ... ŕàĺçěň γ(p) ≪ ε(p) (11.31)

â.ě. äãŋłæĺï Čàĺŋă áőďěàęĺâ ćłńăď, ŋăŕőňĺŋăîéĺľ ŕő áâàãłâãàě äãŋłæĺî Čàĺŋă áćőąőďŋőčő äěàňĺ { čăğă, àăááňőâàěŋŋãî ćëèě. Řěğãńìâăâ (11.31) őğŋăçăěâ, çâő ć áőáâőïŋĺĺ |0 > á ăňŕńĺâãďőľ Z ŕàĺáãâáâćãěâ ŕăłěâ, ĺğőąàăęăîéĺľ łćăğĺçăáâĺæã á íŋěàčĺěľ ε(p) ĺ ğăâãåăŋĺěň γ(p), ŕàĺçěň âàěąőćăŋĺě γ(p) ≪ ε(p) őğŋăçăěâ áńăąőáâì ğăâãåăŋĺï (ĺńĺ åőàőèãî \őŕàěďěńěŋŋőáâì" łćăğĺçăáâĺæë)^4. Ăŋăńőčĺçŋëň őąàăğőň, ŕàĺ τ < 0 ňőęŋő őŕàěďěńĺâì äãŋłæĺî Čàĺŋă łćăğĺďëàłĺ. Šăłĺň őąàăğőň, ć áĺáâěňě á åőàőèő őŕàěďěńěŋŋëňĺ łćăğĺçăáâĺæăňĺ äãàìě { őąàăğ äãŋłæĺĺ Čàĺŋă (11.26) ŕàěďáâăćńïěâáï ć ćĺďě: G(pε) = Z { 1 − np ε − ε(p) + iγ(p) + np ε − ε(p) − iγ(p) + G_{reg}(pε) } = = Z ε − ε(p) + iγ(p)sign(p − p_F ) + G_{reg}(pε) (11.32)

Ćĺďĺň, çâő ŕőńîá íâőčő ćëàăęěŋĺï őŕàěďěńïěâ áŕěłâà łćăğĺçăáâĺæ ĺ ĺå ğăâãåăŋĺě. İâő ěáâì őąéěě ĺ ćăęŋěľèěě áćőľáâćő äãŋłæĺľ Čàĺŋă, ŕőğćőńïîéěě ŋăåőďĺâì á ĺå ŕőňőéìî áŕěłâà íńěňěŋâăàŋëå ćőğąãęďěŋĺľ ć ňŋőčőçăáâĺçŋőľ áĺáâěňě. Ćěńĺçĺŋă G_{reg} ć (11.32) őŕàěďěńïěâáï ćłńăďőň ňŋőčőçăáâĺçŋëå ćőğąãęďěŋĺľ ĺ, ć ąőńìèĺŋáâćě áńãçăěć, ŋě ŕàěďáâăćńïěâ őáőąőčő ĺŋâěàěáă. Ć âőęě ćàěňï, ć áĺáâěňăå á áĺńìŋëň ćğăĺňőďěľáâćĺěň (łőààěńïæĺïňĺ) ąëćăîâ áĺâãăæĺĺ, łőčďă ć äãŋłæĺĺ Čàĺŋă ŋěńìğï ćëďěńĺâì ŕőńîáŋëľ ćłńăď, áćïğăŋŋëľ á őďŋőçăáâĺçŋëňĺ íńěňěŋâăàŋëňĺ ćőğąãęďěŋĺïňĺ (łćăğĺçăáâĺæăňĺ). Šőčďă ćáě őŕàěďěńïěâáï ĺňěŋŋő ćłńăďőň G_{reg} ĺ ĺááńěďőćăŋĺě áćőľáâć áĺáâěňë áãéěáâćěŋŋő ãáńőęŋïěâáï.

3Ŕőďçěàłŋěň, çâő íâő őŕàěďěńěŋĺě ćőćáě ŋě áőćŕăďăěâ á őŕàěďěńěŋĺěň ďćãåćàěňěŋŋőľ äãŋłæĺĺ Čàĺŋă (10.22), ćőğŋĺłăîéěľ ć âěőàĺĺ ńĺŋěľŋőčő őâłńĺłă, ďăęě ěáńĺ ć ŕőáńěďŋěľ ŕěàěľâĺ ł ŕàěďěńã ŋãńěćőľ âěňŕěàăâãàë. Ŕàěĺňãéěáâćő ĺáŕőńìğőćăŋĺï äěľŋňăŋőćáłĺå äãŋłæĺľ Čàĺŋă áőáâőĺâ ć âőň, çâő ďńï ĺå ćëçĺáńěŋĺï ňőęŋő ŕőáâàőĺâì ďĺăčàăňňŋãî âěåŋĺłã, âőčďă łăł ďńï äãŋłæĺľ Čàĺŋă âĺŕă (10.22) íâő ŋěćőğňőęŋő. Śãéěáâćãěâ àïď âőçŋëå áőőâŋőèěŋĺľ ĺ ňěâőďőć, ŕőğćőńïîéĺå ćëàăğĺâì äãŋłæĺĺ Čàĺŋă âěőàĺĺ ńĺŋěľŋőčő őâłńĺłă çěàěğ äěľŋňăŋőćáłĺě äãŋłæĺĺ Čàĺŋă ŕàĺ T = 0 ĺ ĺå őąőąéěŋĺě ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà, łőâőàőě ąãďěâ àăááňőâàěŋő ć ďăńìŋěľèěň [2, 30]_4

İâő ãáńőćĺě ćëŕőńŋěŋő ć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã, čďě ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ε(p) ≈ v_F (|p − p_F |), ă γ(p) ∼ (|p| − p_F )^2.

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 213 Ğăçěň ěéě ŋãęŋë äãŋłæĺĺ Čàĺŋă? Őłăğëćăěâáï, çâő á ĺå ŕőňőéìî ňőęŋő ćëçĺáńïâì áàěďŋĺě (ŕő őáŋőćŋőňã áőáâőïŋĺî) ğŋăçěŋĺï àăğńĺçŋëå äĺğĺçěáłĺå åăàăłâěàĺáâĺł ňŋőčőçăáâĺçŋëå áĺáâěň. Řăááňőâàĺň ŕàőáâëě ŕàĺňěàë. Ś ŕőňőéìî ććěďěŋŋőľ ćëèě őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ňőęŋő àăááçĺâăâì áàěďŋĺě ŕő őáŋőćŋőňã áőáâőïŋĺî őâ őŕěàăâőàőć ćĺďă őďŋőłàăâŋőľ áãňňë ŕő ćáěň çăáâĺæăň (őďŋőçăáâĺçŋëå őŕěàăâőàőć) ćĺďă: ^A = ∑ i ^A_i(ξ_i, p_i) (11.33)

čďě ξ_i { ŋăŕàĺňěà, áőćőłãŕŋőáâì ŕàőáâàăŋáâćěŋŋëå ĺ áŕĺŋőćëå ŕěàěňěŋŋëå, ă p_i { ĺňŕãńìáë őâďěńìŋëå çăáâĺæ, áőáâăćńïîéĺå áĺáâěňã. Ŕàĺňěàë:

n(r) =^∑_i δ(r − ri) (11.34)

{ ŕńőâŋőáâì çăáâĺæ ć âőçłě r,

j(r) =^e_m^∑_i piδ(r − ri) (11.35)

{ ŕńőâŋőáâì âőłă ć âőçłě r ĺ â.ď.

Őŕěàăâőà ^A ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï ĺňěěâ ćĺď: ^A = ∫ dξψ^+(ξ)A(ξ, p)ψ(ξ) (11.36) Řăááňőâàĺň äãŋłæĺî Čàĺŋă (11.25), (11.26) ŕàĺ t = t^′ − 0: G(ξ, ξ^′, τ )|_{τ→−0} = − < 0|ψ^+(ξ^′)ψ(ξ)|0 > (11.37) Šőčďă áàěďŋěě ğŋăçěŋĺě őŕěàăâőàă ^A ŕő őáŋőćŋőňã áőáâőïŋĺî ąãďěâ àăćŋő: < A >= ∫ dξA(ξ, p)G(ξ, ξ^′, τ = −0)|_{ξ=ξ}′ = −SpAG|_{τ=−0} (11.38) Šăłĺň őąàăğőň ćěńĺçĺŋă G|_{τ=−0} á âőçŋőáâìî ďő ğŋăłă áőćŕăďăěâ á őďŋőçăáâĺçŋőľ ňăâàĺæěľ ŕńőâŋőáâĺ (áà. (1.163)) ŕàĺ T = 0:

ρ(ξ^′, ξ) =< 0|ψ^+(ξ^′)ψ(ξ)|0 >= −G|_{τ=−0} (11.39) Ďńï őŕàěďěńěŋĺï áàěďŋĺå őâ ďćãåçăáâĺçŋëå őŕěàăâőàőć ćĺďă: ^B = ∑ ik B_{ik}(ξ_ip_i; ξ_kp_k) (11.40)

ŋãęŋő ćëçĺáńïâì ďćãåçăáâĺçŋãî äãŋłæĺî Čàĺŋă: G_2(1, 2; 3, 4) =< 0|T ψ(1)ψ(2)ψ^+(3)ψ^+ (4)|0 > (11.41) ĺ â. ď.

Ĺğ (11.37) áàăğã ŕőńãçăěň àăáŕàěďěńěŋĺě çăáâĺæ ŕő ĺňŕãńìáăň ć ćĺďě: n(p) = −i ∫_∞ −∞ dε 2π G(pε)e^{−iετ} |τ→−0 (11.42)

214 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Řĺá. 11-1 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ ćëçĺáńěŋĺĺ äãŋłæĺĺ àăáŕàěďěńěŋĺï.

Ğďěáì ŋěńìğï ŕàőáâő ŕěàěľâĺ ł ŕàěďěńã τ = 0, âăł łăł G ∼^1_ε ĺ ŕàĺ ε → ∞ ĺŋâěčàăń ∫ dεG(pε) àăáåőďĺâáï. Ŕàĺ łőŋěçŋőň őâàĺæăâěńìŋőň τ ňőęŋő ğăňěŋĺâì ĺŋâěčàăń ŕő ćěéěáâćěŋŋőľ őáĺ ε ŋă ĺŋâěčàăń ŕő ğăňłŋãâőňã łőŋâãàã C, ŕőłăğăŋŋőňã ŋă Řĺá. 11-1. Ŕőáńě íâőčő ňőęŋő ŕőńőęĺâì τ = 0, âăł çâő: n(p) = −i ∫ C dε 2π G(pε) (11.43)

Ŕãáâì äãŋłæĺï Čàĺŋă ĺňěěâ ćĺď âĺŕă (11.32) (łćăğĺçăáâĺæë!):

G(pε) =^Z ε − ε(p) + iγ(p)sign(p − p_F ) + G_{reg}(pε) (11.44)

Ćĺďĺň, çâő ğăâãåăŋĺě (ňŋĺňőáâì ć ğŋăňěŋăâěńě ŕěàćőčő áńăčăěňőčő) ňěŋïěâ ğŋăł ŕàĺ p = p_F : őŋő ŕőńőęĺâěńìŋő ŕàĺ p > p_F ĺ őâàĺæăâěńìŋő ŕàĺ p < p_F . Ŕőíâőňã ŕàĺ p < p_F ćŋãâàĺ łőŋâãàă C ĺňěěâáï ŕőńîá ĺ ĺŋâěčàăń àăćěŋ Z, ă ŕàĺ p > p_F ŕőńîá ŕěàěåőďĺâ ć ŋĺęŋîî ŕőńãŕńőáłőáâì ĺ ĺŋâěčàăń ŕő C àăćěŋ ŋãńî. Ŕőíâőňã, ŕàěŋěąàěčăï àěčãńïàŋëň ňŋőčőçăáâĺçŋëň ćłńăďőň G_{reg}, ĺňěěň:

n(p_F − 0) − n(p_F + 0) = Z (11.45)

Ŕőáłőńìłã 0 ≤ n(p) ≤ 1, őâáîďă áńěďãěâ, çâő 0 < Z < 1. Őâáîďă ŕőŋïâŋő, çâő łăçěáâćěŋŋëľ ćĺď äãŋłæĺĺ àăáŕàěďěńěŋĺï äěàňĺěćáłĺå çăáâĺæ ŕàĺ T = 0 (äěàňĺ { ęĺďłőáâì!) ĺňěěâ ćĺď, ŕàěďáâăćńěŋŋëľ ŋă Řĺá. 11-2. Šăłĺň őąàăğőň, ŋěáňőâàï ŋă ćğăĺňőďěľáâćĺě ňěęďã çăáâĺæăňĺ (ŋě őąïğăâěńìŋő áńăąőě!), łőâőàőě \àăğąàăáëćăěâ" çăáâĺæë ŕő ĺňŕãńìáăň, őâ äãŋłæĺĺ àăáŕàěďěńěŋĺï Ťěàňĺ áćőąőďŋëå çăáâĺæ ć äěàňĺ { ęĺďłőáâĺ őáâăěâáï \ćőáŕőňĺŋăŋĺě" ć ćĺďě àăğàëćă (áłăçłă) ŕàĺ p = p_F . İâő ãâćěàęďěŋĺě áőáâăćńïěâ áőďěàęăŋĺě âăł ŋăğëćăěňőľ âěőàěňë Ňĺčďăńă, ïćńïîéěľáï ňĺłàőáłőŕĺçěáłĺň őŕàăćďăŋĺěň őďŋőčő ĺğ čńăćŋëå ŕàěďŕőńőęěŋĺľ äěŋőňěŋőńőčĺçěáłőľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã. Řăğãňěěâáï, ŕàőćěďěŋŋőě àăááňőâàěŋĺě ĺňěěâ áňëáń âőńìłő ďńï ĺňŕãńìáőć p ąńĺğłĺå ł p_F , čďě ŕàĺňěŋĺňő ŕőŋïâĺě łćăğĺçăáâĺæ: γ ∼ (p − p_F )^2.

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 215

Řĺá. 11-2 Łăçěáâćěŋŋëľ ćĺď äãŋłæĺĺ àăáŕàěďěńěŋĺï çăáâĺæ ć äěàňĺ { ęĺďłőáâĺ ŕàĺ T = 0.

Ďĺăčàăňňŋëľ ňěâőď ć ŕàőąńěňě ňŋőčĺå âěń.

Ňěâőď ďĺăčàăňň Ťěľŋňăŋă ěáâì íńěčăŋâŋăï ĺ łőňŕăłâŋăï äőàňãńĺàőćłă ŕàăćĺń ćëçĺáńěŋĺï äãŋłæĺľ Čàĺŋă ŕő âěőàĺĺ ćőğňãéěŋĺľ. Ł áőęăńěŋĺî, ňë ńĺèěŋë ćőğňőęŋőáâĺ ďěâăńìŋőčő ćëćőďă íâĺå ŕàăćĺń ć àăňłăå ďăŋŋőčő łãàáă, ďńï íâőčő áńěďãěâ őąàăâĺâìáï ł łŋĺčăň [30, 3], čďě ďăěâáï ďěâăńìŋőě ĺğńőęěŋĺě ňěâőďă äãŋłæĺľ Čàĺŋă. Ąőńěě íńěňěŋâăàŋőě, ŋő ćěáìňă ŕőďàőąŋőě àăááňőâàěŋĺě ňőęŋő ŋăľâĺ ć łŋĺčě [31]. Ňë őčàăŋĺçĺňáï àăááňőâàěŋĺěň ĺ äőàňãńĺàőćłőľ íńěňěŋâăàŋëå ŕàăćĺń ďĺăčàăňňŋőľ âěåŋĺłĺ (ąěğ ćëćőďă), ďőáâăâőçŋëå ďńï âőčő, çâőąë ŕàĺőąàěáâĺ ŋěłőâőàëě ŕàěďáâăćńěŋĺï ő ňěâőďě ĺ \ŋě ŕãčăâìáï" áăňőčő ćĺďă äěľŋňăŋőćáłĺå ďĺăčàăňň, łőâőàëě őçěŋì çăáâő ćáâàěçăîâáï ć áőćàěňěŋŋőľ ńĺâěàăâãàě.

Ďńï łőŋłàěâŋőáâĺ àăááňőâàĺň áĺáâěňã ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć, čăňĺńìâőŋĺăŋ łőâőàőľ ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï ĺňěěâ ćĺď: H = ∑ p^ε

(p)a^+pap + 12^∑ pqk Vk^{a+}p+k^{a+}q−k^aq^ap (11.46)

Ŕàĺ őŕàěďěńěŋĺĺ G(pτ ) ňë ĺňěěň ďěńő á ďćĺęěŋĺěň őďŋőľ çăáâĺæë. Ŕàĺ őâáãâáâćĺĺ ćğăĺňőďěľáâćĺï (áćőąőďŋăï äãŋłæĺï Čàĺŋă) ňë ňőęěň ŕàěďáâăćĺâì âăłőě ďćĺęěŋĺě ŕàïňőľ ńĺŋĺěľ, ŕàőćěďěŋŋőľ, ŋăŕàĺňěà, áŕàăćă ŋăńěćő. Ŕőáłőńìłã ŋěćőğňãéěŋŋőě őáŋőćŋőě áőáâőïŋĺě ŕàěďáâăćńïěâ áőąőľ áäěàã Ťěàňĺ, áãéěáâćãěâ âăłęě ĺ ćőğňőęŋőáâì ďćĺęěŋĺï ďëàłĺ, łőâőàőě ąãďěň ŕàěďáâăćńïâì ńĺŋĺěľ, ŕàőćěďěŋŋőľ áńěćă ŋăŕàăćő. Šăłĺň őąàăğőň, ńĺŋĺï ŕàěďáâăćńïěâ áćőąőďŋãî äãŋłæĺî Čàĺŋă G(pτ ). Ćğăĺňőďěľáâćĺě { íâő àăááěïŋĺě őďŋőľ çăáâĺæë ŋă ďàãčőľ.

Ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ŕő Vk ĺňěěâáï ďćă ćĺďă ŕàőæěááőć, ŕàěďáâăćńěŋŋëå ďĺăčàăňňăňĺ Ťěľŋňăŋă, ŕőłăğăŋŋëňĺ ŋă Řĺá. 11-3. Ŕàőæěáá (ă) | çăáâĺæă ďćĺęěâáï łăł áćőąőďŋăï ďő âěå ŕőà, ŕőłă őŋă ŋě ĺáŕëâëćăěâ ŕàïňőě àăááěïŋĺě ŋă çăáâĺæăå, ŋăåőďïéĺåáï ćŋãâàĺ äěàňĺ { áäěàë ć ňőňěŋâ ćàěňěŋĺ τ_1, ğăâěň őŋă

216 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Řĺá. 11-3 Ďĺăčàăňňë ŕěàćőčő ŕőàïďłă ďńï äãŋłæĺĺ Čàĺŋă.

Řĺá. 11-4 Ďĺăčàăňňë ćâőàőčő ŕőàïďłă ďńï äãŋłæĺĺ Čàĺŋă.

áŋőćă ďćĺęěâáï łăł áćőąőďŋăï őâ ňőňěŋâă τ_1 ďő τ . Ăłâ ćğăĺňőďěľáâćĺï ŕàěďáâăćńěŋ ćőńŋĺáâőľ ńĺŋĺěľ, łàãčőćăï ńĺŋĺï őŕĺáëćăěâ ŕàőæěáá, ŕàĺ łőâőàőň çăáâĺæă ąëńă ćëąĺâă ĺğ áőáâőïŋĺï á ďăŋŋëň ĺňŕãńìáőň ŕőď äěàňĺ { áäěàőľ, ă ğăâěň ćőğćàăâĺńăáì áŋőćă ć íâő ęě áőáâőïŋĺě. Ŕàőæěáá (ą) | őąňěŋŋőě àăááěïŋĺě ŋă çăáâĺæăå, ŋăåőďïéĺåáï ŕőď áäěàőľ Ťěàňĺ.

Ćő ćâőàőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ çĺáńő ćőğňőęŋëå ŕàőæěááőć àăááěïŋĺï ćőğàăáâăěâ, ŕàĺňěàë áőőâćěâáâćãîéĺå ďĺăčàăňňë Ťěľŋňăŋă ŕőłăğăŋë ŋă Řĺá. 11-4. Ćáě ďĺăčàăňňë, łàőňě ŕőáńěďŋěľ, ŕàěďáâăćńïîâ àăğńĺçŋëě łőňąĺŋăæĺĺ ãęě àăááňőâàěŋŋëå ŕàőæěááőć ŕěàćőčő ŕőàïďłă. Ŕőáńěďŋïï ďĺăčàăňňă őŕĺáëćăěâ ŋěçâő ŋőćőě | ć ňőňěŋâ τ_1 çăáâĺæă àăááěĺćăěâáï, àőęďăï ĺğ ŕőď äěàňĺ áäěàë ŕăàã çăáâĺæă { ďëàłă. Ć ňőňěŋâ τ_2 çăáâĺæă àăááěĺćăěâáï őŕïâì ĺ ŕàĺ íâőň ŕăàă ăŋŋĺčĺńĺàãěâ, ćőğćàăéăïáì ć ŕěàćőŋăçăńìŋőě áőáâőïŋĺě. Ťĺğĺçěáłĺ íâőâ ŕàőæěáá áőőâćěâáâćãěâ ŕőńïàĺğăæĺĺ çăáâĺæ, ŋăåőďïéĺåáï ŕőď ŕőćěàåŋőáâìî Ťěàňĺ.

Ŋăĺąőńěě ãďőąŋő ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ äőàňãńĺàãîâáï ďńï äãàìě { őąàăğă äãŋłæĺĺ Čàĺŋă G(pε). Ć íâőň áńãçăě áâàěńłĺ ŋă ńĺŋĺïå ąőńìèě ŋě őğŋăçăîâ ŋăŕàăćńěŋĺě ćàěňěŋĺ, ă ŕàőáâő áőőâćěâáćãîâ ćåőďïéĺň ĺ ćëåőďïéĺň \íŋěàčĺĺïň" ε ĺ ĺňŕãńìáăň p, łőâőàëě áőåàăŋïîâáï ć łăęďőľ ćěàèĺŋŋőľ çăáâĺ ďĺăčàăňňë (âőçłě ćğăĺňőďěľáâćĺï). Śäőàňãńĺàãěň âěŕěàì ŕàăćĺńă, ŕő łőâőàëň łăęďőľ äěľŋňăŋőćáłőľ ďĺăčàăňňě áőŕőáâăćńïîâáï ăŋăńĺâĺçěáłĺě ćëàăęěŋĺï:

1. Łăęďőľ ŕàïňőľ áŕńőèŋőľ ńĺŋĺĺ ŕàĺŕĺáëćăěâáï ğŋăçěŋĺě ĺňŕãńìáă p ĺ \íŋěà-

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 217

čĺĺ" ε ĺ áőŕőáâăćńïěâáï ćëàăęěŋĺě:

iG_0(pε) = i ε − ε(p) + iδsignε(p) . (11.47)

2. Łăęďőňã ćğăĺňőďěľáâćĺî (ćőńŋĺáâőľ ńĺŋĺĺ) áőŕőáâăćńïěâáï ňŋőęĺâěńì

−iVq (ěáńĺ ćğăĺňőďěľáâćĺě ňčŋőćěŋŋőě) ĺńĺ −iV (qω) ďńï ğăŕăğďëćăîéěčő

ćğăĺňőďěľáâćĺï.

3. Ć łăęďőľ ćěàèĺŋě ćğăĺňőďěľáâćĺï (âőçłě ŕàĺáőěďĺŋěŋĺï ćőńŋĺáâőľ ńĺŋĺĺ) áőåàăŋïěâáï íŋěàčĺï ĺ ĺňŕãńìá ŕàĺ ãáńőćĺĺ, çâő ćěńĺçĺŋë íŋěàčĺĺ ĺ ĺňŕãńìáă, ŕàĺŕĺáăŋŋëě ńĺŋĺïň, ŋăŕàăćńěŋŋëň ł ćěàèĺŋě ąěàãâáï áő ğŋăłőň ŕńîá, ă íŋěàčĺĺ ĺ ĺňŕãńìáë, ćëåőďïéĺě ĺğ ćěàèĺŋë { áő ğŋăłőň ňĺŋãá.

4. Ŕő łăęďőľ áćőąőďŋőľ (â.ě. ŋě äĺłáĺàőćăŋŋőľ ğăłőŋăňĺ áőåàăŋěŋĺï) ŕěàěňěŋ-

ŋőľ p ĺ ε ć ďĺăčàăňňě ŋěőąåőďĺňő ćëŕőńŋĺâì ĺŋâěčàĺàőćăŋĺě: 1 (2π)^4 ∫ d^3p ∫ dε... (11.48) 5. Łăęďőľ ğăňłŋãâőľ äěàňĺőŋŋőľ ŕěâńě áőŕőáâăćńïěâáï ňŋőęĺâěńì (−1). 6. Ŕàĺ áãňňĺàőćăŋĺĺ ŕő áŕĺŋăň (ŋăŕàĺňěà ć ŕěâńě) ććőďĺâáï ňŋőęĺâěńì 2.

Řăááňőâàĺň ŕàőáâěľèĺě ŕàĺňěàë ćëàăęěŋĺľ, áőŕőáâăćńïěňëå łőŋłàěâŋëň ďĺăčàăňňăň. Ŋăŕàĺňěà, čàăäĺłã Řĺá. 11-3 (ă) áőőâćěâáâćãěâ ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ćĺďă:

i^2G_0(pε)(−iV_0) { 2 (2π)^3 ∫ d^3p^′(−n(p^′)) } iG_0(pε) = G_0(pε)(−iV_0)N G_0(pε) (11.49)

čďě ć ŕěàćőň ćëàăęěŋĺĺ ãęě ãçńĺ (11.43), ă N { ŕőńŋőě çĺáńő çăáâĺæ. Šăłĺň őąàăğőň ŕőńãçăěâáï ŕőŕàăćłă Ţăàâàĺ. Čàăäĺł Řĺá. 11-3 (ą) ăŋăńőčĺçŋëň őąàăğőň ďăěâ:

i^2G_0(pε) 1 (2π)^3 ∫ d^3q(−iVq)(−n(p + q))G_0(pε) (11.50)

{ ŕőŕàăćłã Ťőłă. Ŕőáńěďŋěľ ďĺăčàăňňě ŋă Řĺá. 11-4 áőőâćěâáâćãěâ:

G_0(pε) 1 (2π)^4 ∫ d^3q ∫ dωiG_0(p − qε − ω)(−iVq)^2[−i˝_0(qω)]G_0(pε) (11.51)

čďě ććěńĺ âăł ŋăğëćăěňëľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, őŕĺáëćăěňëľ ŕàőáâőľ ŕěâńěľ ŋă àăááňăâàĺćăěňőň čàăäĺłě:

−i˝_0(qω) = 2(−i)(−1) ∫ d^3p^′ (2π)^3 ∫ dε^′ 2π (i)^2G_0(p^′ + qε + ω)G_0(p^′ε^′) = = i ∫ d^3p (2π)^3

n(p) − n(p − q) ε(p − q) − ε(p) + ω + iδsignω (11.52)

Ğăňěâĺň, çâő íâő ćëàăęěŋĺě ďăěâ ŕàőáâěľèĺľ ćłńăď ć ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, ć őąéěň áńãçăě ł ŋěňã ďőąăćńïîâáï ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 11-5.

218 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Řĺá. 11-5 Ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă.

Řĺá. 11-6 Ďĺăčàăňňŋëľ àïď ďńï ŕőńŋőľ (âőçŋőľ) äãŋłæĺĺ Čàĺŋă.

Şàăćŋěŋĺě Ďăľáőŋă.

Ğăňěçăâěńìŋőľ őáőąěŋŋőáâìî äěľŋňăŋőćáłőľ ďĺăčàăňňŋőľ âěåŋĺłĺ ïćńïěâáï ćőğňőęŋőáâì ŕàőćěďěŋĺï ŋăčńïďŋőčő čàăäĺçěáłőčő áãňňĺàőćăŋĺï ąěáłőŋěçŋëå ŕőáńěďőćăâěńìŋőáâěľ ďĺăčàăňň. Ąãďěň őąőğŋăçăâì âőçŋãî äãŋłæĺî Čàĺŋă ęĺàŋőľ ńĺŋĺěľ, ă äãŋłæĺî Čàĺŋă áćőąőďŋőľ çăáâĺæë { âőŋłőľ, łăł ĺ ćëèě. Ŕőńŋăï ăňŕńĺâãďă ŕěàěåőďă ĺğ âőçłĺ 2 ć âőçłã 1 àăćŋă, őçěćĺďŋő, áãňňě ćáěå ćőğňőęŋëå ăňŕńĺâãď ŕěàěåőďă, ćőğŋĺłăîéĺå ćő ćáěå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ, â.ě. áãňňě ćáěå ďĺăčàăňň, âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 11-6. Ŕàőłńăááĺäĺæĺàãěň íâĺ čàăäĺłĺ áńěďãîéĺň őąàăğőň. Ŕàěęďě ćáěčő őâďěńĺň ěďĺŋáâćěŋŋëľ čàăäĺł, áőőâćěâáâćãîéĺľ áćőąőďŋőňã ďćĺęěŋĺî. Ćáě őáâăńìŋëě čàăäĺłĺ ĺňěîâ âăłőľ ćĺď: ďő ŋěłőâőàőľ âőçłĺ çăáâĺæă ďćĺęěâáï áćőąőďŋő, ğăâěň ŕàőĺáåőďĺâ áâőńłŋőćěŋĺě, ć àěğãńìâăâě łőâőàőčő őąàăğãěâáï ĺ ãŋĺçâőęăěâáï ŋěáłőńìłő çăáâĺæ ĺ ďëàőł (ĺńĺ ŕàőĺáåőďĺâ àăááěïŋĺě ŋă çăáâĺæăå, ŋăåőďïéĺåáï ŕőď äěàňĺ { áäěàőľ), ă ğăâěň őŕïâì őŕïâì áćőąőďŋőě ďćĺęěŋĺě ĺ ăłâë àăááěïŋĺï ŕőćâőàïîâáï. Őąőğŋăçĺň çěàěğ ˚ áãňňã čàăäĺłőć ŋěàăğàěğăěňëå ŕő őďŋőľ ńĺŋĺĺ çăáâĺæë. Ŕàĺňěàë âăłĺå čàăäĺłőć ŕàĺćěďěŋë ŋă Řĺá.

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 219

Řĺá. 11-7 Ŕàőáâěľèĺě čàăäĺłĺ ďńï ŋěŕàĺćőďĺňőľ áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ.

Řĺá. 11-8 Ďĺăčàăňňŋëľ ćëćőď ãàăćŋěŋĺï Ďăľáőŋă.

11-7. Ćěńĺçĺŋă ˚ ŋăğëćăěâáï ŋěŕàĺćőďĺňőľ áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâìî. Ŋěâàãďŋő áőőąàăğĺâì, çâő ŕőńŋăï äãŋłæĺï Čàĺŋă őŕàěďěńïěâáï âăł ŋăğëćăěňëň ãàăćŋěŋĺěň Ďăľáőŋă, čàăäĺçěáłĺľ ćëćőď łőâőàőčő ďăŋ ŋă Řĺá. 11-8. Ć ăŋăńĺâĺçěáłőň ćĺďě íâő ěáâì áńěďãîéěě ĺŋâěčàăńìŋőě ãàăćŋěŋĺě:

G(1, 2) = G_0(1, 2) + ∫ dτ_3dτ_4G_0(1, 3)˚(3, 4)G(4, 2) (11.53)

Ěčő ĺâěàăæĺĺ őçěćĺďŋëň őąàăğőň ćőáŕàőĺğćőďïâ ćěáì àïď âěőàĺĺ ćőğňãéěŋĺľ ďńï äãŋłæĺĺ Čàĺŋă. Ŕőáńě ŕěàěåőďă ł äãàìě { ŕàěďáâăćńěŋĺî ãàăćŋěŋĺě Ďăľáőŋă ŕàěćàăéăěâáï ć ăńčěąàăĺçěáłőě:

G(pε) = G0(pε) + G0(pε)˚(pε)G(pε), (11.54)

łőâőàőě ńěčłő àěèăěâáï:

G(pε) = 1 ε − ε(p) − ˚(pε) (11.55)

čďě ãçńĺ ïćŋëľ ćĺď G_0(pε). Őâáîďă ïáŋő, çâő áőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì

˚(pε) őŕĺáëćăěâ ć łőňŕăłâŋőň ćĺďě ĺğňěŋěŋĺï, ŕàőĺáåőďïéĺě ć ďćĺęěŋĺĺ çăáâĺæë

220 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

ć àěğãńìâăâě ěě ćğăĺňőďěľáâćĺï á ďàãčĺňĺ çăáâĺæăňĺ. Ć őąéěň áńãçăě íâă ćěńĺçĺŋă áőáâőĺâ ĺğ ďěľáâćĺâěńìŋőľ ĺ ňŋĺňőľ çăáâěľ (ĺňěŋŋő ŕőíâőňã ć (11.55) őŕãéěŋă ąěáłőŋěçŋő ňăńăï ňŋĺňőáâì őâ áćőąőďŋőľ äãŋłæĺĺ Čàĺŋă iδsign(ε − ε_F )). İŋěàčĺï łćăğĺçăáâĺæë ňőęěâ ąëâì őŕàěďěńěŋă âěŕěàì łăł àěèěŋĺě ãàăćŋěŋĺï, őŕàěďěńïîéěčő ŕőńîá äãŋłæĺĺ Čàĺŋă:

ε = ε(p) + ˚(pε) (11.56) İâő ãàăćŋěŋĺě őâŋőáĺâěńìŋő ε ňőęěâ őłăğăâìáï őçěŋì áńőęŋëň!

Řăááňőâàěŋŋëň ćëèě ŕàĺňěàăň (11.49), (11.50) ĺ (11.51) áőőâćěâáâćãîâ áńěďãîéĺě ćłńăďë ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì: ˚_H = N V_0 (11.57)

˚_F = − ∫ d^3q (2π)^3

Vqn(p + q) (11.58)

˚_{pol} = ∫ d^3q (2π)^3 ∫ dω 2π V^2q˝_0(qω)G_0(p − qε − ω) (11.59)

Ćěàŋěňáï ěéě àăğ ł ćőŕàőáã ő âőň, łőčďă ć áĺáâěňě ňőęŋő ććěáâĺ åőàőèő őŕàěďěńěŋŋëě łćăğĺçăáâĺæë, â.ě. áćěáâĺ âőçŋãî äãŋłæĺî Čàĺŋă ł ćĺďã (11.32). Ć äěàňĺ { áĺáâěňě ãďőąŋő ćáě íŋěàčĺĺ őâáçĺâëćăâì őâ åĺňŕőâěŋæĺăńă μ. Ďńï áćőąőďŋëå çăáâĺæ âőčďă ĺňěěň ε(p) =^{p2}_{2m} − μ. Ć ĺğőâàőŕŋőľ áĺáâěňě ˚(pε) ğăćĺáĺâ âőńìłő őâ ňőďãńï p. Ććěďěň ćěńĺçĺŋã ĺňŕãńìáă Ťěàňĺ p_F ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć ŕő äőàňãńě: p^2_F 2m + ˚(p_F , 0) = μ (11.60) İâő őŕàěďěńěŋĺě ŕőďàăğãňěćăěâ Im˚(p, 0) → 0 ŕàĺ p → p_F , ε → 0 (äěàňĺ { ęĺďłőáâì!). Ďěľáâćĺâěńìŋő, ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć ňőęŋő ć ďőáâăâőçŋő őąéěň ćĺďě ďőłăğăâì, çâő Im˚(pε) ∼ M ax{ε^2, (p−p_F )^2}signε. Šőčďă, àăğńăčăï ˚(pε) ć àïď ŕő p−p_F ĺ ε, ŕőńãçĺň áńěďãîéěě ćëàăęěŋĺě ďńï G(pε) ćąńĺğĺ čàăŋĺæë Ťěàňĺ:

G^{−1} = ε − p^2 2m + μ − ˚(pε) ≈ ≈ ε − p^2 2m + μ − ˚(p_F , 0) − ( ∂˚ ∂p ) F (p − p_F ) − ( ∂˚ ∂ε ) F ε + iα|ε|ε = = [ 1 − ( ∂˚ ∂ε ) F ] ε − [ p_F m + ( ∂˚ ∂p ) F ] (p − p_F ) + iα^′|ε|ε (11.61)

čďě α^′ = const. Ĺğ (11.61) ćĺďŋő, çâő äãŋłæĺï Čàĺŋă ŕàěďáâăćńïěâáï ć ęěńăěňőň ćĺďě: G(pε) = Z ε − v_F (p − p_F ) + iα|ε|ε + G_{reg} (11.62)

čďě ć G_{reg} ćåőďĺâ ćáě őŕãéěŋŋőě ć (11.61) ĺ ňë őŕàěďěńĺńĺ:

Z^{−1} = 1 − ( ∂˚ ∂ε ) F = ( ∂G^{−1} ∂ε ) F (11.63)

v_F = p_F m^⋆ = p_F m + (_{∂Σ} ∂p ) F (_{∂G−1} ∂ε ) F = − (_{∂G−1} ∂p ) F (_{∂G−1} ∂ε ) F (11.64)

(11.65)

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 221

ŕàĺçěň α = Zα^′. Šăłĺň őąàăğőň, ňë ŕőńãçăěň äãŋłæĺî Čàĺŋă äěàňĺěćáłĺå łćăğĺçăáâĺæ á íääěłâĺćŋőľ ňăááőľ m^⋆, łőâőàăï, łăł ĺ ćáě őáâăńìŋőě, őŕàěďěńïěâáï ŕőćěďěŋĺěň ˚(pε) ćąńĺğĺ ãàőćŋï Ťěàňĺ. Ğăňěâĺň, çâő ć ãŕàőéěŋŋőň áńãçăě, łőčďă ˚(pε) ŋě ğăćĺáĺâ őâ p, âăł çâő (_{∂Σ} ∂p ) F = 0, ĺňěěň: p_F m^⋆ = p_F m Z â.ě. m^⋆ m = Z^{−1} (11.66)

çâő ŕàĺďăěâ ćěńĺçĺŋě Z áňëáń äăłâőàă ŕěàěŋőàňĺàőćłĺ ňăááë. Ć áĺńã őâňěçěŋŋőčő ćëèě őąéěčő áćőľáâćă Z < 1, íääěłâĺćŋăï ňăááă ć äěàňĺ { ęĺďłőáâĺ ćáěčďă ćőğàăáâăěâ ŕő áàăćŋěŋĺî áő áńãçăěň áćőąőďŋëå çăáâĺæ.

Ďěłńăàĺàőćăŋŋëě ćëèě áćőľáâćă ˚(pε) ďőáâăâőçŋő ńěčłő ŕàőćěàïîâáï ŕàĺ ăŋăńĺğě ŕàőáâěľèĺå ďĺăčàăňň Ťěľŋňăŋă ć ŕàőáâëå ňőďěńïå âőçěçŋőčő ĺńĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. Ŕőáńěďőćăâěńìŋëľ őâąőà ĺ áãňňĺàőćăŋĺě ďőňĺŋĺàãîéĺå ŕőďŕőáńěďőćăâěńìŋőáâěľ čàăäĺłőľ ãďăěâáï ŕàőćěáâĺ ć ŕàĺąńĺęěŋĺĺ ćëáőłőľ ĺńĺ ŋăőąőàőâ ňăńőľ ŕńőâŋőáâĺ äěàňĺőŋőć, łőčďă áãéěáâćãîâ áőőâćěâáâćãîéĺě ŕăàăňěâàë ňăńőáâĺ [30, 2, 31]. Ŕàĺ íâőň őáŋőćŋëě ŕőńőęěŋĺï âěőàĺĺ äěàňĺ { ęĺďłőáâĺ ŕőńãçăîâ ŕőńŋőě ňĺłàőáłőŕĺçěáłőě ŕőďâćěàęďěŋĺě. Ć őąéěň áńãçăě, őâąőà łăłőľ { ńĺąő ďőňĺŋĺàãîéěľ ŕőáńěďőćăâěńìŋőáâĺ čàăäĺłőć őłăğëćăěâáï ŋěćőğňőęŋëň (âĺŕĺçŋëľ ŕàĺňěà { íńěłâàőŋë ć ňěâăńńě!) ĺ ŕàĺåőďĺâáï ďőćőńìáâćőćăâìáï àăááňőâàěŋĺěň őąéěčő åăàăłâěàă, âĺŕă ŕàőćěďěŋŋőčő ćëèě, çâő áőáâăćńïěâ őáŋőćã ňĺłàőáłőŕĺçěáłőčő ŕőďåőďă ć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã.

Ć ŕőáńěďŋĺě čőďë ąëń ŕàěďńőęěŋ àïď ňőďěńěľ âăł ŋăğëćăěňëå áĺńìŋő łőààěńĺàőćăŋŋëå áĺáâěň, ć łőâőàëå őáŋőćŋëě ŕàěďŕőńőęěŋĺï âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã, âăłĺě ŋăŕàĺňěà, łăł ćőğňőęŋőáâì ććěďěŋĺï åőàőèő őŕàěďěńěŋŋëå łćăğĺçăáâĺæ, ňőčãâ ŋăàãèăâìáï. İâő ďőćőńìŋő âĺŕĺçŋő ďńï áĺáâěň ŕőŋĺęěŋŋőľ àăğňěàŋőáâĺ, ć çăáâŋőáâĺ ďńï őďŋőňěàŋëå áĺáâěň. Ďńï ďćãňěàŋëå áĺáâěň ćőŕàőá ěéě ŋě àěèěŋ őłőŋçăâěńìŋő, őŋĺ ïćńïîâáï, ć íâőň áňëáńě, ŕőčàăŋĺçŋëňĺ. Őďŋăłő ć ąőńìèĺŋáâćě àěăńìŋëå áĺáâěň ĺ ňőďěńěľ äěàňĺ { ęĺďłőáâŋőľ ŕőďåőď őłăğëćăěâáï çàěğćëçăľŋő ãáŕěèŋëň.

Řăğãňěěâáï, ćěáìňă ąńĺğłăï ŕő ćĺďã ďĺăčàăňňŋăï âěåŋĺłă ňőęěâ ąëâì ŕőáâàőěŋă ĺ ďńï ďàãčĺå őáŋőćŋëå âĺŕőć ćğăĺňőďěľáâćĺï łćăğĺçăáâĺæ ć ňŋőčőçăáâĺçŋëå áĺáâěňăå, âăłĺå łăł íńěłâàőŋ { äőŋőŋŋőě ĺńĺ íńěłâàőŋ { ŕàĺňěáŋőě ćğăĺňőďěľáâćĺě. Ŕàĺ íâőň, ć ğăćĺáĺňőáâĺ őâ ćĺďă ćğăĺňőďěľáâćĺï ňőęěâ ŋěáłőńìłő ňěŋïâìáï âőŕőńőčĺï ďĺăčàăňň, âăłęě łăł ĺ áňëáń ćěńĺçĺŋ, áőŕőáâăćńïěňëå őâďěńìŋëň ĺå íńěňěŋâăň. Ŋăŕàĺňěà, ć áńãçăě íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ćőńŋĺáâëě ńĺŋĺĺ őąëçŋő őąőğŋăçăîâ äőŋőŋŋëě äãŋłæĺĺ Čàĺŋă, ă ć ğăďăçě àăááěïŋĺï íńěłâàőŋőć ŋă áńãçăľŋő àăáŕőńőęěŋŋëå ŕàĺňěáïå ć čàăäĺłăå őâáãâáâćãîâ ğăňłŋãâëě ŕěâńĺ.

İääěłâĺćŋőě ćğăĺňőďěľáâćĺě ĺ ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì.

Ć łăçěáâćě ěéě őďŋőčő ŕàĺňěàă ĺáŕőńìğőćăŋĺï ďĺăčàăňňŋőčő ňěâőďă àăááňőâàĺň čàăäĺçěáłőě áãňňĺàőćăŋĺě, ŕàĺćőďïéěě ł łăàâĺŋě íääěłâĺćŋőčő (íłàăŋĺàőćăŋ-

222 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Řĺá. 11-9 Ďĺăčàăňňë Ťěľŋňăŋă ďńï íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï ňěęďã çăáâĺæăňĺ.

ŋőčő) ćğăĺňőďěľáâćĺï ć áĺáâěňě äěàňĺőŋőć. İääěłâĺćŋőě (ŕőńŋőě) ćğăĺňőďěľáâćĺě ňőęŋő őŕàěďěńĺâì čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 11-9. Ŋă Řĺá. 11-10 ŕőłăğăŋë čàăäĺłĺ ďńï ŕőńŋőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ĺ ďńï âăł ŋăğëćăěňëå ćěàèĺŋŋëå çăáâěľ, ŕàěďáâăćńïîéĺå áőąőľ áńőęŋëě ďĺăčàăňňŋëě ąńőłĺ, őŕĺáëćăîéĺě ŕàőæěááë ňŋőčőłàăâŋőčő àăááěïŋĺï äěàňĺőŋőć ďàãč ŋă ďàãčě. Ł áőęăńěŋĺî ďńï íâĺå ćěńĺçĺŋ ŋěćőğňőęŋő áäőàňãńĺàőćăâì ğăňłŋãâëě ãàăćŋěŋĺï őąéěčő ćĺďă, âĺŕă àăááňőâàěŋŋőčő ćëèě ãàăćŋěŋĺï Ďăľáőŋă. Ć łőŋłàěâŋëå ŕàĺąńĺęěŋĺïå ĺ ňőďěńïå íâő ĺŋőčďă, âěň ŋě ňěŋěě, ãďăěâáï áďěńăâì. İłàăŋĺàőćăŋŋőě íääěłâĺćŋőě ćğăĺňőďěľáâćĺě (\ęĺàŋăï" ćőńŋĺáâăï ńĺŋĺï ŋă Řĺá. 11-9) ňőęŋő áćïğăâì á ğăćĺáïéěľ őâ çăáâőâë ĺ ćőńŋőćőčő ćěłâőàă ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâìî áĺáâěňë ϵ(qω). Šőčďă ĺğ čàăäĺłőć, ŕőłăğăŋŋëå ŋă Řĺá. 11-9, ŕőńãçăěň íłàăŋĺàőćăŋŋőě ćğăĺňőďěľáâćĺě ć ćĺďě: −iV(qω) ≡ − iVq_ϵ (qω) = −iVq + (−iVq)[−i˝(qω)](−iVq) + (−iVq)[−i˝(qω)](−iVq)[−i˝(qω)](−iVq) + ... = −iVq + (−iVq)[−i˝(qω)](−iV(qω)) = = −iVq + (−iVq)[−i˝(qω)](−iVq) 1 ϵ(qω) = = −iVq { 1 − Vq˝(qω) 1 ϵ(qω) }

âăł çâő ĺňěěň: 1 ϵ(qω) = 1^{− V}q˝(q^ω) 1 ϵ(qω) (11.67)

Őâáîďă áńěďãěâ őąéěě ćëàăęěŋĺě ďńï ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ ňŋőčőçăáâĺçŋőľ áĺáâěňë çěàěğ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà:

ϵ(qω) = 1 + Vq˝(qω) (11.68)

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 223

Řĺá. 11-10 Ŕőńŋëľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ĺ ćěàèĺŋŋëě çăáâĺ.

Ć áńãçăě łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ć áĺáâěňě íńěłâàőŋőć ĺňěěň V_q =^{4πe2}_{q2} , âăł çâő:

ϵ(qω) = 1 + 4^{πe2}_{q2} ˝(qω) (11.69)

Řăááňőâàĺň ŕàőáâěľèěě ŕàĺąńĺęěŋĺě ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă (11.52)^5. Ŕőáńě ćëçĺáńěŋĺï áőőâćěâáâćãîéĺå ĺŋâěčàăńőć ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ğăŕĺèěâáï ć ćĺďě [30, 31]:

˝_0(qω) = ν_F ˘(qω) (11.70) čďě ν_F { íńěłâàőŋŋăï ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ, ă

˘(qω) = 1 2 ∫_1 −1 dx v_F qx ω − v_F qx = = 1 − ω 2v_F q ln | | | | ω + v_F q ω − v_F q | | | | + iπ ω 2v_F q θ(v_F q − ω). (11.71)

Ć çăáâŋőáâĺ ˘(q0) = 1, çâő ďăěâ:

˝(q0) = ν_F (11.72)

Šőčďă ŕőńãçăěň: ϵ(q0) = 1 + 4πe^2 q^2 ν_F = 1 + κ^2 q^2

(11.73)

5Ďăŋŋőě ŕàĺąńĺęěŋĺě őŕàăćďăŋő ć ŕàěďěńě ďőáâăâőçŋő ćëáőłőľ ŕńőâŋőáâĺ, łőčďă łãńőŋőćáłőě ćğăĺňőďěľáâćĺě ňőęŋő áçĺâăâì áńăąëň. Śőőâćěâáâćãîéĺě őæěŋłĺ ąëńĺ ŕàĺćěďěŋë ćëèě ŕàĺ őąáãęďěŋĺĺ őáŋőćŋëå áćőľáâć äěàňĺ { čăğă.

224 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ čďě κ^2 = 4πe^2ν_F (11.74) Śőőâćěâáâćěŋŋő: V(q0) = 4πe^2 q^2ϵ(q0) = 4πe^2 q^2 + κ^2

(11.75)

çâő őŕĺáëćăěâ ďěąăěćáłãî íłàăŋĺàőćłã łãńőŋőćáłőčő ŕőâěŋæĺăńă ć łćăŋâőćőľ ŕńăğňě íńěłâàőŋőć ŕàĺ âěňŕěàăâãàě T = 0. Őçěćĺďŋő, çâő ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě V(r) =^{e2}_r e^{−κr} , âăł çâő ćěńĺçĺŋă (11.74), äăłâĺçěáłĺ, őŕàěďěńïěâ àăďĺãá íłàăŋĺàőćăŋĺï κ^{−1}.

Ć őąàăâŋőň ŕàěďěńě ćëáőłĺå çăáâőâ ω ≫ v_F q ňőęŋő ãąěďĺâìáï, çâő ˘(qω) = −^{v2F q2}_{3ω2} , âăł çâő ĺňěěň:

ϵ(ω) = 1 −

4πe^2v^2_F 3ω^2 ν_F = 1 − 4πne^2 mω^2 = 1 − ω^2_p ω^2

(11.76)

čďě ãçńĺ, çâő ν_F =^3_2^n_{εF} , čďě n { łőŋæěŋâàăæĺï íńěłâàőŋőć. Ğďěáì âăłęě ććěďěŋ łćăďàăâ çăáâőâë ŕńăğňěŋŋëå łőńěąăŋĺľ:

ω^2_p = 4πne^2 m (11.77)

Şàăćŋěŋĺě ϵ(qω) = 0 őŕàěďěńïěâ çăáâőâã ŕńăğňěŋŋëå łőńěąăŋĺľ (ŕńăğňőŋőć) ďńï ćáěľ őąńăáâĺ q. Ć çăáâŋőáâĺ, ŕàĺ ňăńëå ğŋăçěŋĺïå q, łőčďă ğăâãåăŋĺě ŕńăğňőŋőć őâáãâáâćãěâ, ňőęŋő ŋăľâĺ ĺå áŕěłâà ć ćĺďě:

ω^2 = ω^2_p + 3 5 v_F q^2 (11.78)

Ťăłâĺçěáłĺ, çăáâőâă ŕńăğňőŋőć őçěŋì áńăąő ğăćĺáĺâ őâ ďńĺŋë ćőńŋë, ă ďĺáŕěàáĺï ïćńïěâáï ňăńőľ ďőąăćłőľ.

Ťãŋłæĺĺ Čàĺŋă ŕàĺ łőŋěçŋőľ âěňŕěàăâãàě.

Őąáãęďăćèăïáï ćëèě ďĺăčàăňňŋăï âěåŋĺłă ňőęěâ ąëâì ŕőçâĺ ŋěŕőáàěďáâćěŋŋő őąőąéěŋă ŋă áńãçăľ łőŋěçŋëå âěňŕěàăâãà [30]. Ŋĺęě ňë łàăâłő àăááňőâàĺň íâő őąőąéěŋĺě, őčàăŋĺçĺćăïáì áŋőćă âőńìłő áńãçăěň äěàňĺ { áĺáâěň. Šěàňőďĺŋăňĺçěáłăï äãŋłæĺï Čàĺŋă äěàňĺěćáłőľ çăáâĺæë őŕàěďěńïěâáï áőčńăáŋő Ňăæãąăàě łăł:

G(p, τ2 − τ1) = −i < T ap(τ2)a^+p(τ1) > (11.79)

čďě ŕő őŕàěďěńěŋĺî: ap(τ ) = e^{(H−μN)τ} ape^{−(H−μN)τ} (11.80) ŕàĺçěň 0 < τ_1, τ_2 < β =^1_T { ďěľáâćĺâěńìŋëě ćěńĺçĺŋë, ă ãčńőćëě áłőąłĺ őąőğŋăçăîâ ãáàěďŋěŋĺě ŕő ąőńìèőňã łăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî Čĺąąáă, łőâőàőě áěľçăá ãďőąŋő ğăŕĺáăâì łăł: < A >= SpρA Spρ čďě ρ = e^{−β(H−μN)} (11.81)

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 225

Ś ãçěâőň Z = Spρ íâő íłćĺćăńěŋâŋő őŕàěďěńěŋĺě, ĺáŕőńìğőćăćèěňãáï ćëèě. Ŕàĺçĺŋă, ŕő łőâőàőľ äãŋłæĺî Čàĺŋă G ňőęŋő àăğńőęĺâì ć âőâ ęě ďĺăčàăňňŋëľ àïď, çâő ĺ àăááňőâàěŋŋãî ćëèě ďńï áńãçăï T = 0 äãŋłæĺî G, áőáâőĺâ ć áńěďãîéěň. Ňë ćĺďěńĺ, çâő ďĺăčàăňňŋőě àăğńőęěŋĺě ďńï G ïćńïěâáï, äăłâĺçěáłĺ, äãŋďăňěŋâăńìŋëň áńěďáâćĺěň ğăćĺáïéěčő őâ ćàěňěŋĺ ãàăćŋěŋĺï Ÿàěďĺŋčěàă (11.1). Śâăâőŕěàăâőà ρ, ğăŕĺáăŋŋëľ ć ćĺďě (11.81) ãďőćńěâćőàïěâ âăł ŋăğëćăěňőňã ãàăćŋěŋĺî Ąńőåă: ∂ρ ∂β = −(H − μN )ρ (11.82)

ć çěň ńěčłő ãąěďĺâìáï ŕàïňëň ďĺääěàěŋæĺàőćăŋĺěň. Ňěęďã íâĺň ãàăćŋěŋĺěň ĺ ŋěáâăæĺőŋăàŋëň ãàăćŋěŋĺěň Ÿàěďĺŋčěàă (11.1) ĺňěěâáï őçěćĺďŋőě áőőâćěâáâćĺě: ψ ↔ ρ H ↔ H − μN it ↔ β (11.83) Šăłĺň őąàăğőň, ŕàőĺğćőďï ć äőàňãńăå ŕàěďëďãéĺå àăğďěńőć ğăňěŋã: H → H − μN it → τ (11.84) ňőęŋő ŕőńãçĺâì ďĺăčàăňňŋãî âěåŋĺłã ďńï G, ŕàăłâĺçěáłĺ âőčő ęě ćĺďă, çâő ĺ ďńï áńãçăï T = 0. Ğăňěŋă H → H − μN ŕàĺćőďĺâ ńĺèì ł áďćĺčã őďŋőçăáâĺçŋőľ íŋěàčĺĺ ŋă ćěńĺçĺŋã μ: H_0 − μN = ∑ p (ε(p) − μ)a^+pap (11.85)

Ţőâï ňăæãąăàőćáłĺě äãŋłæĺĺ Čàĺŋă G ğăćĺáïâ őâ \ňŋĺňőčő ćàěňěŋĺ" τ^6, ćáěčďă ňőęŋő ŕěàěľâĺ ĺ ł àěăńìŋőňã ćàěňěŋĺ ŕãâěň ğăňěŋë (ć łőŋěçŋëå ćëàăęěŋĺïå) τ → it, ĺńĺ, âőçŋěě, ŕãâěň ăŋăńĺâĺçěáłőčő ŕàőďőńęěŋĺï ŋă ďěľáâćĺâěńìŋãî őáì ćàěňěŋĺ.

Ćëèě őâňěçěŋő, çâő ğŋăçěŋĺï τ_1 ĺ τ_2 ć (11.79) őčàăŋĺçěŋë ĺŋâěàćăńőň őâ 0 ďő β. Ŕőíâőňã, ŕàĺ ŕěàěåőďě ł (p, ω) { ŕàěďáâăćńěŋĺî áńěďãěâ ććěáâĺ ŕěàĺőďĺçěáłĺ ŕàőďőńęěŋŋŋãî äãŋłæĺî G, ŕőńãçăěňãî ŕěàĺőďĺçěáłĺň ŕőćâőàěŋĺěň G ŋă ĺŋâěàćăńě őâ −∞ ďő ∞. Šőčďă ďńï ŋěě ňőęŋő ŋăŕĺáăâì àăğńőęěŋĺě ć àïď Ťãàìě:

G(pτ ) = 1_β^{∞∑}_{n=−∞} e^{−iωn τ} G(pωn) (11.86)

čďě áãňňĺàőćăŋĺě ĺďěâ ŕő ďĺáłàěâŋëň (ňăæãąăàőćáłĺň) çăáâőâăň ω_n = πnT . Śőőâćěâáâćěŋŋő

G(pωn) = 12 ∫_β −β dτ e^{iωnτ} G(pτ ) (11.87) Řăğŋőáâì \ćàěňěŋ" τ = τ_2 − τ_1 ğăłńîçěŋă ć ĺŋâěàćăńě (−β, β), ŕőáłőńìłã ćěńĺçĺŋë τ_1 ĺ τ_2 ŕàőąěčăîâ ĺŋâěàćăń (0, β). Śăňă äãŋłæĺï G(pτ ) ŕěàĺőďĺçěáłĺ ŕőćâőàïěâáï ŋă ĺŋâěàćăńăå (−β, β), (β, 3β), (3β, 5β), ..., (−3β, −β), .... Ďńï áĺáâěňë, áőáâőïéěľ ĺğ äěàňĺőŋőć, çěâŋëě ğŋăçěŋĺï n ćëŕăďăîâ ĺğ àïďă ďńï G(pτ ) ąńăčőďăàï \łćăğĺŕěàĺőďĺçěáłőňã" čàăŋĺçŋőňã ãáńőćĺî ćĺďă:

G(p, τ ) = −G(p, τ + β) ďńï τ < 0 (11.88)

6Ćěńĺçĺŋă τ ďěľáâćĺâěńìŋă, ŋő äãŋłæĺï Čàĺŋă G ŕőńãçăěâáï ĺğ G ğăňěŋőľ it → τ, âăł çâő äăłâĺçěáłĺ àěçì ĺďěâ ő ŕěàěåőďě ł t = −iτ { \ňŋĺňőňã ćàěňěŋĺ".

226 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Ć áŕàăćěďńĺćőáâĺ íâőčő áőőâŋőèěŋĺï ŋěâàãďŋő ãąěďĺâìáï, ćőáŕőńìğőćăćèĺáì áćőľáâćőň SpAB = SpBA. Ŕőńăčăï τ^′ − τ > 0 ĺňěěň:

G(p, τ − τ^′) =^i_Z Spe^{−β(H−μN)} a^+p(τ^′)ap(τ ) =^i_Z Spap(τ )e^{−β(H−μN)}a^+p(τ^′)e = = i Z Spe^{−β(H−μN)} e^{β(H−μN)}ap(τ )e^{−β(H−μN)} a^+p(τ^′) = i Z Spe^{−β(H−μN)} ap(τ + β)a^+p(τ^′) (11.89) ĺńĺ G(p, τ − τ^′) = −G(p, τ − τ^′ + β) (11.90)

çâő ŕàĺ τ^′ = 0 áőćŕăďăěâ á (11.88), çâő ĺ âàěąőćăńőáì ďőłăğăâì. Ğŋăł ňĺŋãá ćőğŋĺł ğďěáì ć áćïğĺ á ăŋâĺłőňňãâăæĺěľ äěàňĺěćáłĺå őŕěàăâőàőć. Ŕőďáâăćńïï (11.88) ć (11.86) ćĺďĺň, çâő ćáě áńăčăěňëě á çěâŋëňĺ n ďěľáâćĺâěńìŋő őąàăéăîâáï ć ŋãńì. Šăłĺň őąàăğőň, äăłâĺçěáłĺ, ďńï äěàňĺőŋőć ćáěčďă ĺňěěň ďěńő á ŋěçěâŋëňĺ ňăæãąăàőćáłĺňĺ çăáâőâăňĺ:

ω_n =

(2n + 1)π β = (2n + 1)πT (11.91)

Ďńï ąőğőŋőć, ăŋăńőčĺçŋëň őąàăğőň, őáâăîâáï ńĺèì çěâŋëě ňăæãąăàőćáłĺě çăáâőâë

ω_n = 2nπ β = 2nπT (11.92)

Ćáŕőňĺŋăï ćëàăęěŋĺï (11.16), (11.17) ĺ (11.18) ďńï áćőąőďŋëå äãŋłæĺľ Čàĺŋă ŕàĺ T = 0, ŋěâàãďŋő ŕőŋïâì, çâő áćőąőďŋăï ňăæãąăàőćáłăï äãŋłæĺï Čàĺŋă äěàňĺ { çăáâĺæ àăćŋă:

G_0(p, τ_2 − τ_1) = −i{θ(τ_2 − τ_1)(1 − n(p)) − θ(τ_1 − τ_2)n(p)}e^{−(ε(}p^{)−μ)(τ2−τ1)} (11.93)

čďě n(p) = [e^{β(ε(}p^{)−μ)} + 1]^{−1} { äãŋłæĺï Ťěàňĺ ŕàĺ łőŋěçŋëå T . Šăłĺň őąàăğőň, áâãŕěŋçăâëě äãŋłæĺĺ Ťěàňĺ, ćåőďïéĺě ć őŕàěďěńěŋĺě G_0 ŕàĺ T = 0 àăğňëćăîâáï íääěłâăňĺ łőŋěçŋëå T , çâő ŕàĺćőďĺâ ł âőňã, çâő ć áőáâőïŋĺĺ á ďăŋŋëň p łăł ąë őďŋőćàěňěŋŋő ňőčãâ ŋăåőďĺâìáï ĺ íńěłâàőŋ ĺ ďëàłă.

Ŕőďáâăćńïï (11.93) ć (11.87) ŋăåőďĺň:

G_0(pω_n) = i iω_n − ε(p) + μ ω_n = (2n + 1)πT (11.94)

Ś âőçŋőáâìî ďő ŕěàěåőďă ł ďĺáłàěâŋëň çăáâőâăň, łőâőàëě âăłęě \áőåàăŋïîâáï" ć ćěàèĺŋăå ćğăĺňőďěľáâćĺï, ňăæãąăàőćáłăï ďĺăčàăňňŋăï âěåŋĺłă ŕàĺ T > 0 ćŕőńŋě ĺďěŋâĺçŋă àăááňőâàěŋŋőľ ćëèě âěåŋĺłě T = 0. Ć çăáâŋőáâĺ, ŕőńŋăï (âőçŋăï) äãŋłæĺï Čàĺŋă őŕàěďěńïěâáï ãàăćŋěŋĺěň Ďăľáőŋă: G(pωn) =^i iω_n − ε(p) + μ − ˚(pω_n) ω_n = (2n + 1)πT (11.95)

Ŕőďçěàłŋěň, őďŋăłő, çâő ňăæãąăàőćáłĺě äãŋłæĺĺ Čàĺŋă ćőćáě ŋě ĺňěîâ áňëáńă äãŋłæĺľ àăáŕàőáâàăŋěŋĺï (ăňŕńĺâãď ŕěàěåőďă) łćăŋâőćőľ ňěåăŋĺłĺ!

Ćëçĺáńěŋĺě ňăæãąăàőćáłĺå äãŋłæĺľ Čàĺŋă ďăěâ ŕàĺŋæĺŕĺăńìŋãî ćőğňőęŋőáâì ŋăåőęďěŋĺï ńîąëå âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ć ňŋőčőçăáâĺçŋőľ áĺáâěňě ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå. Ć çăáâŋőáâĺ, ňőęŋő ŕőáâàőĺâì ďĺăčàăňňŋőě àăğńőęěŋĺě ďńï

ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ 227

Řĺá. 11-11 Ďĺăčàăňňŋőě àăğńőęěŋĺě âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă.

ŕőŕàăćłĺ őâ ćğăĺňőďěľáâćĺï ł âěàňőďĺŋăňĺçěáłőňã ŕőâěŋæĺăńã ˙ [30]. Śőőâćěâáâćãîéĺě ďĺăčàăňňë ŋĺğèĺå ŕőàïďłőć ŕőłăğăŋë ŋă Řĺá. 11-11. Ďńï łőŋłàěâŋőáâĺ ŕàĺćěďěŋë ďĺăčàăňňë ďńï ğăďăçĺ ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć. Řïď âěőàĺĺ ćőğňãéěŋĺľ ďńï ´˙ ĺňěěâ ćĺď ğăňłŋãâëå ŕěâěńì, ŕàĺ íâőň ŋãęŋő őčàăŋĺçĺâìáï âőńìłő áćïğăŋŋëňĺ ďĺăčàăňňăňĺ. Ŋěłőâőàăï őáńőęŋïîéăï őáőąěŋŋőáâì íâőčő àăğńőęěŋĺï áőáâőĺâ ć ŕőïćńěŋĺĺ ć íâőň àïďã łőňąĺŋăâőàŋőčő äăłâőàă^1_n ŕěàěď ćłńăďőň n-čő ŕőàïďłă. İâő ďěńăěâ àïď ďńï ´˙ ćěáìňă ŋěãďőąŋëň ďńï áãňňĺàőćăŋĺï ąěáłőŋěçŋëå ŕőáńěďőćăâěńìŋőáâěľ ďĺăčàăňň. Ć çăáâŋőáâĺ, ďńï ´˙ ŋě áãéěáâćãěâ ŋĺçěčő ŕőďőąŋőčő ãàăćŋěŋĺî Ďăľáőŋă. Ŕőáłőńìłã ˙ = −V P (μ, T ), àěçì ğďěáì äăłâĺçěáłĺ ĺďěâ ő ćëçĺáńěŋĺĺ ŕőŕàăćłĺ ł ďăćńěŋĺî ´P = P − P_0(μ, T ), čďě P_0 { ďăćńěŋĺě ć áĺáâěňě áćőąőďŋëå çăáâĺæ (ĺďěăńìŋőň čăğă), â.ě. ő ŕőŕàăćłăå őâ ćğăĺňőďěľáâćĺï ł ãàăćŋěŋĺî áőáâőïŋĺï.

Ć ğăłńîçěŋĺě őâňěâĺň, çâő áãéěáâćãěâ ďĺăčàăňňŋăï âěåŋĺłă, ŕàěďńőęěŋŋăï Łěńďëèěň, ŕàĺčőďŋăï ďńï àěèěŋĺï ğăďăç ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå ĺ, çâő ąőńěě ćăęŋő, ďńï ăŋăńĺğă ŋěàăćŋőćěáŋëå ŕàőæěááőć ć ňŋőčőçăáâĺçŋëå áĺáâěňăå ć àěăńìŋőň ćàěňěŋĺ. Ďőáâăâőçŋő ŕőďàőąŋőě ĺğńőęěŋĺě íâőčő ăŕŕăàăâă ňőęŋő ŋăľâĺ ć [17].

228 ŐŚŊŐĆŻ ŚŐĆŘĚŇĚŊŊŐĽ ŠĚŐŘĹĹ ŚĹŚŠĚŇ ŇŊŐČĹŢ ŮĂŚŠĹŰ

Ŕàĺńőęěŋĺě Ă

Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

İàčőďĺçŋőáâì.

Ĺğ łńăááĺçěáłőľ ňěåăŋĺłĺ ĺğćěáâŋő, çâő ďĺääěàěŋæĺăńìŋëě ãàăćŋěŋĺï ďćĺęěŋĺï ńîąőľ łőŋáěàćăâĺćŋőľ ňěåăŋĺçěáłőľ áĺáâěňë ňőčãâ ąëâì ğăŕĺáăŋë ć čăňĺńìâőŋőćőľ äőàňě: _q_k = ∂H ∂p_k _p_k = − ∂H ∂q_k (Ă.1)

čďě q_k, p_k { őąőąéěŋŋëě łőőàďĺŋăâë ĺ ĺňŕãńìáë (k = 1, 2, ..., n = 3N , â.ě. ćáěčő 2n = 6N ãàăćŋěŋĺľ, čďě N { çĺáńő çăáâĺæ ć áĺáâěňě, n { çĺáńő áâěŕěŋěľ áćőąőďë), H(p, q) = H(p_1, p_2, ..., p_n; q_1, q_2, ..., q_n) (Ă.2) čăňĺńìâőŋĺăŋ áĺáâěňë, àăćŋëľ ŕőńŋőľ íŋěàčĺĺ, ćëàăęěŋŋőľ łăł äãŋłæĺï őąőąéěŋŋëå łőőàďĺŋăâ ĺ ĺňŕãńìáőć. Čăňĺńìâőŋőćă äãŋłæĺï áćïğăŋă á äãŋłæĺěľ Ńăčàăŋęă L ĺğćěáâŋëň áőőâŋőèěŋĺěň: H = n∑ k=1 p_k _q_k − L (Ă.3)

Ć ďăńìŋěľèěň, ć íâőň àăğďěńě, ňë áńěďãěň, ć őáŋőćŋőň, łŋĺčě [12].

Şàăćŋěŋĺï ďćĺęěŋĺï (Ă.3) ňőęŋő ŕàőĺŋâěčàĺàőćăâì, ă àěèěŋĺï ğăŕĺáăâì ć ćĺďě:

p_k = φ_k(q^0_l , p^0_l , t) q_k = ψ_k(q^0_l , p^0_l , t) (Ă.4)

230 Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

čďě q^0_l , p^0_l { ŋăçăńìŋëě ğŋăçěŋĺï łőőàďĺŋăâ ĺ ĺňŕãńìáőć. Ŕàĺ íâőň äãŋłæĺĺ φ_k, ψ_k ŕàěďáâăćńïîâ áőąőľ (ŕő âěőàěňě ěďĺŋáâćěŋŋőáâĺ) őďŋőğŋăçŋëě ĺ ŋěŕàěàëćŋëě äãŋłæĺĺ ăàčãňěŋâőć q^0_l , p^0_l .

Ůâőąë ŕőńãçĺâì ĺŋâěčàăńë ďćĺęěŋĺï (áőåàăŋïîéĺěáï ćěńĺçĺŋë), ŕőáâãŕĺň áńěďãîéĺň őąàăğőň. Řăğďěńĺň ŋă ãàăćŋěŋĺě _p_1 = −^{∂H}_{∂q1} őáâăńìŋëě 2n − 1 ãàăćŋěŋĺľ (Ă.1). Šőčďă ŕőńãçĺň: dq_1 dp_1 = − ∂H ∂p1 ∂H ∂q1 ,..., dp_n dp_1 = − ∂H ∂q_n ∂H ∂q1 (Ă.5)

İâă áĺáâěňă ãàăćŋěŋĺľ ŋě áőďěàęĺâ ćàěňěŋĺ t (ďńï H ŋě ğăćĺáïéěčő őâ t) ĺ őŕàěďěńïěâ, âăłĺň őąàăğőň, áőåàăŋïîéĺěáï ćěńĺçĺŋë. Ćáěčő ã ŋěě ĺňěěâáï 2n−1 ĺŋâěčàăńőć, ŕàĺçěň ć íâő çĺáńő ćåőďĺâ, őçěćĺďŋő, ĺŋâěčàăń íŋěàčĺĺ, łőâőàëľ ňë őąőğŋăçĺň łăł:

˘_1(q, p) ≡ H(p, q) = α_1 = E (Ă.6) âőčďă łăł őáâăńìŋëě 2n − 2 ĺŋâěčàăńă ďćĺęěŋĺï ňőęŋő ğăŕĺáăâì łăł:

˘_2(q, p) = α_2,...,˘_n(q, p) = α_n ¯_2(q, p) = β_2,...,¯_n(q, p) = β_n (Ă.7)

čďě α_1, ..., α_n; β_2, ..., β_n { ŕőáâőïŋŋëě ĺŋâěčàĺàőćăŋĺï. Ěéě őďĺŋ ĺŋâěčàăń ďćĺęěŋĺï ňőęŋő ŕőńãçĺâì àěèăï ãàăćŋěŋĺě _p_1 = −∂H/∂q_1 ĺ ĺáŕőńìğãï (Ă.6),(Ă.7). Őŋ ňőęěâ ąëâì ğăŕĺáăŋ ć ćĺďě:

¯_1(q, p) = t + β_1 (Ă.8) Ďěľáâćĺâěńìŋő, ŕàĺąăćńěŋĺě ł t ŕàőĺğćőńìŋőľ łőŋáâăŋâë ŋě ŋăàãèăěâ ãàăćŋěŋĺľ ďćĺęěŋĺï, âăł łăł ćàěňï t ćåőďĺâ ć ŋĺå âőńìłő ŕőď ğŋăłőň ďĺääěàěŋæĺàőćăŋĺï.

Řăááňőâàĺň ŕàőáâěľèĺľ ŕàĺňěà áĺáâěňë á őďŋőľ áâěŕěŋìî áćőąőďë { čăàňőŋĺçěáłĺľ őáæĺńńïâőà. Šőčďă (ŕőńăčăï ňăááã m = 1) čăňĺńìâőŋĺăŋ ĺňěěâ ćĺď: H = 1 2 (p^2 + ω^2q^2). (Ă.9)

Şàăćŋěŋĺï Čăňĺńìâőŋă ĺňěîâ ćĺď:

_q = ∂H ∂p = p _p = − ∂H ∂q = −ω^2q (Ă.10)

ĺ ĺňěîâ áńěďãîéĺě àěèěŋĺï (ĺŋâěčàăńë):

q = q^0 cos ωt + p^0 ω sin ωt p = −ωq^0 sin ωt + p^0 cos ωt (Ă.11)

çâő ňőęŋő ŕěàěŕĺáăâì ć ćĺďě ĺŋâěčàăńă íŋěàčĺĺ

2H = p^2 + ω^2q^2 = 2E (Ă.12)

ĺ áőőâŋőèěŋĺï, őŕàěďěńïîéěčő ğăćĺáĺňőáâì p ĺ q őâ ćàěňěŋĺ: 1 ω arccos ωq √ p^2 + ω^2q^2

= t + β (Ă.13)

Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě. 231

Řĺá. Ă-1 Ťăğőćőě ŕàőáâàăŋáâćő čăàňőŋĺçěáłőčő őáæĺńńïâőàă. Ŕőłăğăŋë ĺğőíŋěàčěâĺçěáłĺě "ŕőćěàåŋőáâĺ", ŕàěďáâăćńïîéĺě áőąőľ íńńĺŕáë, áőőâćěâáâćãîéĺě őáæĺńńïâőàăň, őâńĺçăîéĺňáï ŋă ´E ŕő íŋěàčĺĺ. Ňĺłàőłăŋőŋĺçěáłăï äãŋłæĺï àăáŕàěďěńěŋĺï àăćŋă łőŋáâăŋâě, őâńĺçŋőľ őâ ŋãńï ć ŕőńőáłě ˙ ňěęďã íâĺňĺ íńńĺŕáăňĺ.

Śĺáâěňě á őďŋőľ áâěŕěŋìî áćőąőďë, ć áőőâćěâáâćĺĺ áő áłăğăŋŋëň ćëèě, őâćěçăîâ íâĺ ďćă ĺŋâěčàăńă ďćĺęěŋĺï. Śőáâőïŋĺě őáæĺńńïâőàă ňőęŋő ĺğőąàăğĺâì âőçłőľ ŋă äăğőćőľ ŕńőáłőáâĺ (p, q), ŕàěďáâăćńïîéěľ äăğőćőě ŕàőáâàăŋáâćő íâőľ ŕàőáâěľèěľ áĺáâěňë. Ďćĺęěŋĺě áĺáâěňë ŕàěďáâăćńïěâáï ŕěàěňěéěŋĺěň äăğőćőľ âőçłĺ ŕő \äăğőćőľ ŕőćěàåŋőáâĺ" (ńĺŋĺĺ ŋă ŕńőáłőáâĺ (p, q)), őŕàěďěńïěňőľ ćěńĺçĺŋőľ íŋěàčĺĺ E. İâĺ ńĺŋĺĺ ŕőáâőïŋŋőľ íŋěàčĺĺ, łăł őçěćĺďŋő ĺğ (Ă.12), ŕàěďáâăćńïîâ áőąőľ áěňěľáâćő ŕőďőąŋëå íńńĺŕáőć (áň. Řĺá.A-1). Ćâőàőľ ĺŋâěčàăń (Ă.13) őŕàěďěńïěâ áłőàőáâì ďćĺęěŋĺï äăğőćőľ âőçłĺ ŕő íâĺň łàĺćëň. Ńěčłő ćĺďěâì, çâő ĺŋâěčàăńë ãàăćŋěŋĺľ ďćĺęěŋĺï őáæĺńńïâőàă (Ă.11) á ĺáŕőńìğőćăŋĺěň (Ă.12),(Ă.13) ňőęŋő ŕěàěŕĺáăâì âăłęě ć ćĺďě: q = √ 2E ω sin ω(t + β) p = √ 2E cos(t + β). (Ă.14)

Ďńï íâőľ ŕàőáâěľèěľ áĺáâěňë áàěďŋěě ŕő ćàěňěŋĺ ćëçĺáńïěâáï íńěňěŋâăàŋő. Ć áĺńã ŕěàĺőďĺçŋőáâĺ ďćĺęěŋĺï (Ă.14) áàěďŋěě őâ ńîąőľ äãŋłæĺĺ F (q, p) ğă ąěáłőŋěçŋő ąőńìèőľ ŕàőňěęãâőł ćàěňěŋĺ ňőęěâ ąëâì áćěďěŋő ł áàěďŋěňã ŕő ŕěàĺőďã T =^{2π}_ω : ~F = ω 2π ∫ 2π_ω 0 dtF { √ 2E ω sin ω(t + β), √ 2E cos ω(t + β) } . (Ă.15)

İâő áàěďŋěě ğăćĺáĺâ őâ E, ŕàĺçěň E ĺňěěâ ğďěáì őŕàěďěńěŋŋőě ğŋăçěŋĺě. Ňőęŋő ŋě ňěŋïï ćěńĺçĺŋë (Ă.15) ćğïâì őâ ŋěčő áàěďŋěě ğŋăçěŋĺě ŕő ąěáłőŋěçŋő ňăńőňã ĺŋâěàćăńã ğŋăçěŋĺľ E:

~F = lim_{ΔE→0} 1 ´E ∫_{E+ΔE} E dE ~F = = lim_{ΔE→0} ω 2π´E ∫_{E+ΔE} E dE ∫ 2π_ω 0 dtF { √ 2E ω sin ω(t + β), √ 2E cos ω(t + β) } . (Ă.16)

232 Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

Ŕàőćěďěň ğďěáì ğăňěŋã ŕěàěňěŋŋëå { őâ E ĺ t ŕěàěľďěň ł q ĺ p. Ŕőńìğãïáì (Ă.14) ćëçĺáńïěň ïłőąĺăŋ ŕěàěåőďă: ∂(q, p) ∂(t, E) = | | | | | √ 2E cos ω(t + β)^1_ω√_{2E} sin ω(t + β) −ω √ 2E sin ω(t + β)^1√_{2E} cos ω(t + β) | | | | | = 1 (Ă.17)

Šőčďă ŕőńãçăěň: ~F = lim_{ΔE→0} ω 2π´E ∫ dq ∫ dpF (q, p) (Ă.18) čďě ĺŋâěčàĺàőćăŋĺě àăáŕàőáâàăŋěŋő ŋă ąěáłőŋěçŋő ãğłãî ŕőńőáłã ňěęďã íńńĺŕáăňĺ ŕőáâőïŋŋőľ íŋěàčĺĺ E ĺ E + ´E.

Ś ďàãčőľ áâőàőŋë ňőęŋő őŕàěďěńĺâì ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ďńï őáæĺńńïâőàă, ğăďăć ŕńőâŋőáâì ćěàőïâŋőáâĺ ρ(p, q) àăćŋőľ łőŋáâăŋâě (ŋě ğăćĺáïéěľ őâ łőŋłàěâŋëå ğŋăçěŋĺľ p ĺ q) ć ŕőńőáłě ˙ ňěęďã íńńĺŕáőň p^2 +ω^2q^2 = 2E ĺ íńńĺŕáőň p^2 + ω^2q^2 = 2(E + ´E) ĺ àăćŋőľ ŋãńî ćŋě íâőľ ŕőńőáłĺ (áň. Řĺá.A-1): ρ(p, q) = {_ω 2πΔE ŕàĺ p, q ⊂˙ 0 ŕàĺ p, q ⊄ ˙ (Ă.19)

čďě ďńï őąěáŕěçěŋĺï ŋőàňĺàőćłĺ ρ(p, q) ŋă ěďĺŋĺæã ňë ãçńĺ, çâő ŕńőéăďì ŕőńőáłĺ ˙ àăćŋă: ´(πab) =´ ( 2πE ω ) = 2π´E ω , (Ă.20)

čďě çěàěğ a ĺ b őąőğŋăçĺńĺ ŕőńãőáĺ íńńĺŕáă, áőőâćěâáâćãîéěčő íŋěàčĺĺ E. Šőčďă ňĺłàőłăŋőŋĺçěáłőě áàěďŋěě (ŕő äăğőćőňã ŕàőáâàăŋáâćã) őâ F (q, p) àăćŋő: < F >= ∫ dpdqρ(p, q)F (q, p) = lim_{ΔE→0} ω 2π´E ∫ ∫_p2_{+ω}2_q2_{=2E} p2+ω2q2=2(E+ΔE) dpdqF (q, p) (Ă.21) Śàăćŋĺćăï (Ă.18) ĺ (Ă.21) ćĺďĺň, çâő ć àăááňăâàĺćăěňőň ŕàőáâěľèěň áńãçăě áĺáâěňë á őďŋőľ áâěŕěŋìî áćőąőďë áàěďŋěě ŕő ćàěňěŋĺ ŕàőáâő áőćŕăďăěâ á ňĺłàőłăŋőŋĺçěáłĺň áàěďŋĺň.

Ć őąéěň áńãçăě ĺŋâěčàăńë ãàăćŋěŋĺľ Čăňĺńìâőŋă ňőęŋő, łăł ňë ćĺďěńĺ ćëèě, ŕàěďáâăćĺâì ć ćĺďě: p_k = φ_k(t + β_1, β_2, ..., β_n, α_1, α_2, ...α_n) q_k = ψ_k(t + β_1, β_2, ..., β_n, α_1, α_2, ...α_n) (Ă.22)

ĺńĺ ć áőłàăéěŋŋőľ ğăŕĺáĺ:

X = ˘(t + β_1, β_2, ..., β_n, α_1, α_2, ...α_n) (Ă.23)

Śàěďŋěě ŕő ćàěňěŋĺ őâ ŕàőĺğćőńìŋőľ äãŋłæĺĺ áőáâőïŋĺï áĺáâěňë F (X) àăćŋő:

~F = lim_{T →∞} 1 T ∫_∞ 0 dtF (X) = = lim_{T →∞} 1 T ∫_∞ 0 dtF {˘(t + β_1, β_2, ..., β_n, α_1, α_2, ...α_n)} (Ă.24)

Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě. 233

İâő áàěďŋěě, őçěćĺďŋő, ćőőąéě čőćőàï ğăćĺáĺâ őâ ćáěå 2n − 1 ŕőáâőïŋŋëå ĺŋâěčàĺàőćăŋĺï (ĺŋâěčàăńőć ďćĺęěŋĺï) β_2, ..., β_n, α_1, α_2, ...α_n, łàőňě β_1, őâ łőâőàőľ őŋő ŋě ğăćĺáĺâ. Ć âőęě ćàěňï, ć őáŋőćŋőľ çăáâĺ łãàáă, ňë ŕőłăğăńĺ, çâő áâăâĺáâĺłő { ňěåăŋĺçěáłĺě áàěďŋĺě őâ ńîąőľ äãŋłæĺĺ áőáâőïŋĺï ć àăćŋőćěáĺĺ ğăćĺáïâ ńĺèì őâ őďŋőčő ĺŋâěčàăńă ďćĺęěŋĺï { íŋěàčĺĺ^1. Ŕőíâőňã àăááňăâàĺćăěňëě ŋăňĺ ňŋőčőçăáâĺçŋëě áĺáâěňë ďőńęŋë őąńăďăâì âěň áŕěæĺăńìŋëň áćőľáâćőň, çâő ďńï ŋĺå áàěďŋĺě ŕő ćàěňěŋĺ őâ ńîąőľ őďŋőğŋăçŋőľ äãŋłæĺĺ áőáâőïŋĺï ğăćĺáïâ âőńìłő őâ ĺŋâěčàăńă íŋěàčĺĺ α_1 = E:

~F (X) = f_F (E) (Ă.25)

Šăłĺě áĺáâěňë ŋăğëćăîâáï íàčőďĺçěáłĺňĺ. Ďńï íàčőďĺçěáłőľ áĺáâěňë áàěďŋěě ŕő ćàěňěŋĺ őâ ńîąőľ őďŋőğŋăçŋőľ äãŋłæĺĺ áőáâőïŋĺï àăćŋő áàěďŋěňã áâăâĺáâĺçěáłőňã ŕő ňĺłàőłăŋőŋĺçěáłőňã àăáŕàěďěńěŋĺî.

Ć áăňőň ďěńě, àăááňőâàĺň ňĺłàőłăŋőŋĺçěáłőě áàěďŋěě: < F >= ∫ dXF (X)w_E (X) (Ă.26) čďě w_E (X) = δ{H(X) − E} ˙(E)

. (Ă.27)

Šăł łăł ćěńĺçĺŋă < F > őâ ćàěňěŋĺ ŋě ğăćĺáĺâ, âő áàěďŋěě ŕő ćàěňěŋĺ őâ ŋěě àăćŋő ěľ áăňőľ, âăł çâő: < F >= ~< F > = lim_{T →∞} 1 T ∫_T 0 dt ∫ dXF (X)w_E (X). (Ă.28)

Ŕěàěňěŋŋëě X őŕàěďěńïîâ áőáâőïŋĺě áĺáâěňë ć ňőňěŋâ ćàěňěŋĺ t, ğăňěŋĺň ĺå ŕěàěňěŋŋëňĺ X_0, őŕàěďěńïîéĺňĺ áőáâőïŋĺě áĺáâěňë ć ňőňěŋâ ćàěňěŋĺ t = 0. İâĺ ŕěàěňěŋŋëě áćïğăŋë ňěęďã áőąőľ àěèěŋĺïňĺ ãàăćŋěŋĺľ Čăňĺńìâőŋă, çâő ňőęŋő ğăŕĺáăâì łăł:

X = ˘(t, X_0) (Ă.29) áńěďőćăâěńìŋő F (X) = F {˘(t, X_0)} (Ă.30) Őçěćĺďŋő, çâő H(X) = H(X_0), âăł çâő

w_E (X) = δ{H(X) − E} ˙(E) = δ{H(X_0) − E} ˙(E)

= w_E(X_0), (Ă.31)

ă ŕő âěőàěňě Ńĺãćĺńńï ĺňěěň dX = dX_0. Ŕőíâőňã ŕőáńě ğăňěŋë ŕěàěňěŋŋëå ĺňěěň: < F >= lim_{T →∞} 1 T ∫_T 0 dt ∫ dX_0w_E (X_0)F {˘(t, X_0)} (Ă.32)

Ĺğňěŋĺň ŕőàïďőł ĺŋâěčàĺàőćăŋĺï ŕő t ĺ X_0, âőčďă ŕőńãçĺň: < F >= ∫ dX_0w_E (X_0) lim_{T →∞} 1 T ∫_T 0 dtF {˘(t, X_0)} = ∫ dX_0w_E (X_0) ~F (Ă.33)

1Ŕàĺ äĺłáĺàőćăŋŋëå ćŋěèŋĺå ŕăàăňěâàăå âĺŕă őąêěňă, ďăćńěŋĺï, äĺğĺçěáłĺå ŕőńěľ ĺ â.ŕ.

234 Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

Őďŋăłő, ć áĺńã ãáńőćĺï íàčőďĺçŋőáâĺ áàěďŋěě ŕő ćàěňěŋĺ ~F ğăćĺáĺâ âőńìłő őâ íŋěàčĺĺ H(X_0), ă ĺňěŋŋő:

~F = f_F [H(X_0)] (Ă.34)

ŕőíâőňã < F >= ∫ dX_0w_E (X_0)f_F [H(X_0)] (Ă.35)

Ŋő w_E (X_0) őâńĺçŋă őâ ŋãńï âőńìłő ŕàĺ H = E, âăł çâő f_F (H) ňőęŋő ćëŋěáâĺ ğă ğŋăł ĺŋâěčàăńă, ŕőńőęĺć H = E. Šőčďă ŕőńãçăěň: < F >= f_F (E) ∫ dX_0w_E (X_0) = f_F (E) = ~F (Ă.36)

čďě ãçńĺ, çâő ĺŋâěčàăń àăćěŋ ěďĺŋĺæě ŕő ãáńőćĺî ŋőàňĺàőćłĺ. Šăłĺň őąàăğőň àăćěŋáâćő ćàěňěŋŋőčő ĺ ňĺłàőłăŋőŋĺçěáłőčő áàěďŋĺå ďőłăğăŋő.

Ňőčãâ-ńĺ áãéěáâćőćăâì íàčőďĺçěáłĺě ňěåăŋĺçěáłĺě áĺáâěňë ć áňëáńě ďăŋŋőčő ćëèě őŕàěďěńěŋĺï? Łăğăńőáì-ąë ŋěâ, ŕőáłőńìłã áàěďŋěě ŕő ćàěňěŋĺ (Ă.24) ğăćěďőňő ğăćĺáĺâ ďàãčĺå ĺŋâěčàăńőć ďćĺęěŋĺï α_2, α_3, ..., β_n. Ŕãáâì őďĺŋ ĺğ ŋĺå ˘_2(X) = α_2. Śàěďŋěě ŕő ćàěňěŋĺ őâ äãŋłæĺĺ ˘_2(X) őçěćĺďŋő àăćŋő α_2 ĺ ğăćĺáĺâ ćőćáě ŋě őâ ĺŋâěčàăńă íŋěàčĺĺ E = α_1, ă őâ α_2. Ďěńő, őďŋăłő, ć âőň, çâő ďńï íàčőďĺçěáłĺå áĺáâěň ńěćëě çăáâĺ ćáěå ĺŋâěčàăńőć ãàăćŋěŋĺľ ďćĺęěŋĺï ˘_k = α_k, ¯_k = β_k (k = 2, ..., n), łàőňě ĺŋâěčàăńőć íŋěàčĺĺ, ĺňŕãńìáă ĺ ňőňěŋâă ĺňŕãńìáă ïćńïîâáï ňŋőčőğŋăçŋëňĺ äãŋłæĺïňĺ łőőàďĺŋăâ ĺ ĺňŕãńìáőć (ŕàĺçěň ĺå ŋěńìğï ŕàěőąàăğőćăâì ł őďŋőğŋăçŋëň). İâő ćáěčďă âăł ďńï áĺáâěň á ŋěàăğďěńïîéĺňĺáï ŕěàěňěŋŋëňĺ (ă áĺáâěňë á àăğďěńïîéĺňĺáï ŕěàěňěŋŋëňĺ âàĺćĺăńìŋë - őŋĺ âőçŋő àěèăîâáï ĺ ŋăğëćăîâáï âăłęě ĺŋâěčàĺàãěňëňĺ, ĺå ďćĺęěŋĺě ŋě ïćńïěâáï áńãçăľŋëň ĺ áâăâĺáâĺłă ďńï ĺå őŕĺáăŋĺï ŋě ŋãęŋă!)^2. Řăááňăâàĺćăï ŕőłőïéĺěáï ĺ ŋěćàăéăîéĺěáï ňŋőčőçăáâĺçŋëě áĺáâěňë ňë ğăąëćăěň ŕàő ĺŋâěčàăńë ĺňŕãńìáă ĺ ňőňěŋâă, çâő ęě łăáăěâáï íàčőďĺçŋőáâĺ, âő âěŕěàì áâăŋőćĺâáï ŕőŋïâŋőľ áďěńăŋŋăï ćëèě ŕàĺ ěě őŕàěďěńěŋĺĺ ćăęŋăï őčőćőàłă őą őďŋőğŋăçŋőáâĺ äãŋłæĺĺ F (q, p). Ś âőçłĺ ğàěŋĺï äĺğĺçěáłőľ ğăďăçĺ, őçěćĺďŋő, ĺňěěâ áňëáń àăááňăâàĺćăâì âőńìłő őďŋőğŋăçŋëě äãŋłæĺĺ áőáâőïŋĺï. Ŕàěďňěâőň áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ, ěáâěáâćěŋŋő, ïćńïěâáï ĺğãçěŋĺě ďőáâăâőçŋő "áńőęŋëå" (áőćěàèăîéĺå áńőęŋőě ďćĺęěŋĺě) ŋěĺŋâěčàĺàãěňëå áĺáâěň. Ć ŕőáńěďŋĺě ďěáïâĺńěâĺï ąëńő ĺğãçěŋő ďőćőńìŋő ňŋőčő łőŋłàěâŋëå ŕàĺňěàőć âăłĺå áĺáâěň, áőáâőïéĺå ďăęě ĺğ ćěáìňă ŋěąőńìèőčő çĺáńă çăáâĺæ (â.ě. áĺáâěň ďăęě á ŋěąőńìèĺň çĺáńőň áâěŕěŋěľ áćőąőďë) ĺ ŕàőïćńïîéĺå ćáě áćőľáâćă íàčőďĺçěáłőčő ďćĺęěŋĺï [14].

Šěőàěňă ćőğćàăâă Ŕãăŋłăàě.

Ŕàőďőńęĺň őąáãęďěŋĺě åăàăłâěàă ďćĺęěŋĺï ŋăèĺå áĺáâěň ć äăğőćőň ŕàőáâàăŋáâćě, ŕěàěľďï ŋă ŋěáłőńìłő ąőńěě ăąáâàăłâŋëľ ïğëł. Ŕãáâì ĺňěěâáï äăğőćăï âőçłă

2Ŕőďàőąŋěě őą íâőň ŋăŕĺáăŋő ć ŕăàăčàăäě 52 łŋĺčĺ [13], čďě ŕőłăğăŋő, çâő ć őąéěň áńãçăě áĺáâěň á ŋěàăğďěńïîéĺňĺáï ŕěàěňěŋŋëňĺ ŋăąőà őďŋőğŋăçŋëå ĺŋâěčàăńőć ďćĺęěŋĺï őčàăŋĺçĺćăěâáï âěňĺ, ŕőáâőïŋáâćő łőâőàëå ěáâì ćëàăęěŋĺě áćőľáâć őďŋőàőďŋőáâĺ ĺ ĺğőâàőŕĺĺ ŕàőáâàăŋáâćă ĺ ćàěňěŋĺ, â.ě. ğăłőŋăňĺ áőåàăŋěŋĺï íŋěàčĺĺ, ĺňŕãńìáă ĺ ňőňěŋâă

Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě. 235

(p, q). Őŕàěďěńĺň őŕěàăâőà áďćĺčă ćő ćàěňěŋĺ ^T (t) ŋă ćěńĺçĺŋã t:

(q(t), p(t)) = ^T (t)(q(0), p(0)) (Ă.37)

łőâőàëľ, äăłâĺçěáłĺ, ŕőńŋőáâìî őŕĺáëćăěâ ďćĺęěŋĺě äăğőćőľ âőçłĺ ĺ őŕàěďěńïěâáï ãàăćŋěŋĺïňĺ Čăňĺńìâőŋă. Ňë ŋě ąãďěň ğăŋĺňăâìáï ïćŋëň ŕőáâàőěŋĺěň âăłĺå őŕěàăâőàőć ďńï łőŋłàěâŋëå áĺáâěň, ïáŋő, çâő ć ŕàĺŋæĺŕě őŋĺ ćáěčďă áãéěáâćãîâ. Šěőàěňă Ńĺãćĺńńï ćëàăęăěâ áőåàăŋěŋĺě ŕàőĺğćőńìŋőčő äăğőćőčő őąêěňă ` ŕőď ďěľáâćĺěň őŕěàăâőàă ^T :

`(t) = ^T (t)`(0) = `(0) (Ă.38)

Ĺğ âěőàěňë Ńĺãćĺńńï ďőáâăâőçŋő ŕàőáâő ďőłăğëćăěâáï âěőàěňă Ŕãăŋłăàě ő ćőğćàăâě [14]. Ŕãáâì łőŋáěàćăâĺćŋăï áĺáâěňă (H ŋě ğăćĺáĺâ őâ ćàěňěŋĺ) áőćěàèăěâ äĺŋĺâŋőě (â.ě. ć őčàăŋĺçěŋŋőľ őąńăáâĺ äăğőćőčő ŕàőáâàăŋáâćă) ďćĺęěŋĺě. Řăááňőâàĺň ŋěłőâőàãî őąńăáâì (ňŋőęěáâćő âőçěł) äăğőćőčő ŕàőáâàăŋáâćă A ĺ ćëąěàěň ć ŋěľ âőçłã z_0 = (q_0, p_0) ć łăçěáâćě ŋăçăńìŋőľ. Šőčďă, łăł őłăğëćăěâáï, ňőęŋő ŕőłăğăâì, çâő ŕő ĺáâěçěŋĺĺ ŋěłőâőàőčő ćàěňěŋĺ áĺáâěňă á ŋěĺğąěęŋőáâìî ćěàŋěâáï ć őąńăáâì A (âěőàěňă Ŕãăŋłăàě). Ĺáłńîçěŋĺěň ňőęěâ ąëâì âőńìłő ňŋőęěáâćő ŋăçăńìŋëå âőçěł ĺğ A ňěàë ŋãńì. Ďőłăğăâěńìáâćő ňőęŋő ŕàőćěáâĺ őâ ŕàőâĺćŋőčő. Őąőğŋăçĺň çěàěğ B ňŋőęěáâćő ćáěå âőçěł ĺğ A, łőâőàëě ŋĺłőčďă ŋě ćőğćàăéăîâáï ć A. Ŕãáâì çěàěğ ŋěłőâőàőě ąőńìèőě ćàěňï t_1 ňŋőęěáâćő âőçěł B ŕěàěåőďĺâ ć B_1:

^T (t_1)B = B_1 (Ă.39)

Śőčńăáŋő őŕàěďěńěŋĺî B ŕěàěáěçěŋĺě B_1 ĺ A àăćŋő ŋãńî:

B_1 ∩ A = ∅ (Ă.40)

Ůěàěğ ĺŋâěàćăń t_2 = 2t_1 ĺňěěň:

^T (2t_1)B = ^T (t_1)B_1 ≡ B_2 (Ă.41)

Šőčďă ĺňěěň ĺ B_2 ∩ B_1 = ∅ (Ă.42)

Ěáńĺ ąë íâő ąëńő ŋě âăł, âő áãéěáâćőćăńĺ ąë âőçłĺ, łőâőàëě ŋě ćëåőďïâ ĺğ őąńăáâĺ B_1. Ŋő ĺğ őąàăâĺňőáâĺ ãàăćŋěŋĺľ Čăňĺńìâőŋă áńěďãěâ, çâő íâĺ âőçłĺ ŋě ňőčńĺ ąë ĺ ćőľâĺ ć B_1. İâő ŕàőâĺćőàěçĺâ ĺå ŕàőèńőňã: ŕàĺ t = 0, ŕő ŋăèěňã ŕàěďŕőńőęěŋĺî, őŋĺ ŕàĺŋăďńěęăńĺ A. Ŕàőďőńęăï ŕàĺňěŋïâì őŕěàăâőà ^T (nt_1) ł B, ŕőńãçĺň ąěáłőŋěçŋãî ŕőáńěďőćăâěńìŋőáâì B_1, B_2, ... ŋěŕěàěáěłăîéĺåáï őąàăğőć ňŋőęěáâćă B. Śőčńăáŋő âěőàěňě Ńĺãćĺńńï:

`(B) = `(B_1) = `(B_2) = ..., (Ă.43)

âăł çâő ć ŕàőæěááě ďćĺęěŋĺï âőçłĺ ĺğ B ŕőłàëćăîâ äăğőćëľ őąêěň ` = ∞. Őďŋăłő ĺğ äĺŋĺâŋőáâĺ ďćĺęěŋĺï áńěďãěâ, çâő íâă őąńăáâì ďőńęŋă ąëâì łőŋěçŋőľ. Ŕőáńěďŋěě ćőğňőęŋő ńĺèì ć áńãçăě `(B) = 0, çâő ĺ ďőłăğëćăěâ âěőàěňã Ŕãăŋłăàě.

Ĺğ âěőàěňë Ŕãăŋłăàě áńěďãěâ, çâő áĺáâěňă ąãďěâ ąěáłőŋěçŋőě çĺáńő àăğ ćőğćàăéăâìáï ć ĺáåőďŋãî őąńăáâì A. Łăğăńőáì ąë íâő ŕàőâĺćőàěçĺâ ŋěőąàăâĺňőľ íćőńîæĺĺ ňŋőčőçăáâĺçŋëå áĺáâěň, ŋăąńîďăîéěľáï ŋă íłáŕěàĺňěŋâě, ĺ ćőğňőęŋőáâĺ ěě őŕĺáăŋĺï ŋă őáŋőćě ŕàěďáâăćńěŋĺľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ŋă áăňőň ďěńě íâő

236 Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

ŋě âăł. Řăááňőâàĺň ŕőŋïâĺě áàěďŋěčő ćàěňěŋĺ ćőğćàăâă ĺńĺ ćàěňěŋĺ æĺłńă Ŕãăŋłăàě. Ŕàőćěďěň ěčő čàãąãî őæěŋłã ďńï ŕàőáâěľèěľ ňŋőčőçăáâĺçŋőľ áĺáâěňë { ĺďěăńìŋőčő čăğă [33]. Ŕãáâì ć őąêěňě V ŋăåőďĺâáï N ňőńěłãń čăğă. Ąãďěň ŕőŋĺňăâì ŕőď ćőğćàăâőň ŕőćâőàěŋĺě ŋăçăńìŋőčő áőáâőïŋĺï łăęďőľ ňőńěłãńë á âőçŋőáâìî ´v ŕő áłőàőáâĺ ĺ ´x ŕő łőőàďĺŋăâě. İâőľ âőçŋőáâĺ áőőâćěâáâćãěâ őąêěň äăğőćőčő ŕàőáâàăŋáâćă ´` = [m´v´x]^{3N} , âőčďă łăł ćáěňã ŋăąőàã áőáâőïŋĺľ čăğă á äĺłáĺàőćăŋŋőľ íŋěàčĺěľ E = ∑ i mv2_i 2 =^3_2 N T áőőâćěâáâćãěâ őąêěň^3:

` ≈ C_{3N} (m^2 ∑ i v^2_i )^{3N/2}V^N ≈ C_{3N} (3N T m)^{3N/2} V^N . (Ă.44)

Ŕàěęďě çěň ćěàŋãâìáï á ğăďăŋŋőľ âőçŋőáâìî ć ĺáåőďŋőě ŕőńőęěŋĺě, äăğőćăï âőçłă, ĺğőąàăęăîéăï áĺáâěňã ďőńęŋă ŕàőľâĺ çĺáńő áőáâőïŋĺľ, àăćŋőě ŕő ŕőàïďłã ∼^Γ_{ΔΓ} . Ŕãáâì τ { ŋěłőâőàőě åăàăłâěàŋőě ćàěňï ć čăğě, ŋăŕàĺňěà ćàěňï áćőąőďŋőčő ŕàőąěčă ňőńěłãńë. Šőčďă ďńï ćàěňěŋĺ ćőğćàăâă ňőęŋő ŋăŕĺáăâì áńěďãîéãî čàãąãî őæěŋłã: τ_R ∼ τ ` ´` ∼ C_{3N} ( V ´x^3 )_N ( 3N T m´v^2 )_{3N/2} τ ∼ ( V ´x^3 )_N ( T m´v^2 )_{3N/2} τ. (Ă.45)

Ŕãáâì ´x ∼ 0.1(V /N )^{1/3}, â.ě. ŕőàïďłă 10% ňěęçăáâĺçŋőčő àăááâőïŋĺï ć čăğě, ă ´v ∼ 0.1(T /m)^{1/2}, â.ě. ŕőàïďłă 10% áàěďŋěľ áłőàőáâĺ, âăł çâő ãáńőćĺï ŋă "ćőğćàăâ" ďőćőńìŋő ňïčłĺě. Šőčďă ŕőńãçăěň:

τ_R ∼ τ (10N )^N (10^2)^{3N/2} ∼ τ N^N (Ă.46)

Ďńï 1cm^3 čăğă ć ŋőàňăńìŋëå ãáńőćĺïå N ∼ 10^{18}, âăł çâő τ_R τ ∼ (10^{18})^{1018} ∼ 10^{2 1019} (Ă.47)

ĺ őâŋőèěŋĺě ćàěňěŋĺ ćőğćàăâă τ_R ł ćàěňěŋĺ áćőąőďŋőčő ŕàőąěčă τ ∼ 10^{−6}áěł, ł őďŋőľ áěłãŋďě, ł őďŋőňã čőďã, ĺńĺ ďăęě ł åăàăłâěàŋőňã ćàěňěŋĺ \áãéěáâćőćăŋĺï" ŋăèěľ Ćáěńěŋŋőľ (∼ 10^{10}ńěâ ∼ 10^{17}áěł) á ńőčăàĺäňĺçěáłőľ âőçŋőáâìî őďĺŋăłőćő ĺ áőáâăćńïěâ ćěńĺçĺŋã ŕőàïďłă 10^{2 1019} . Šăłĺň őąàăğőň ćàěňï æĺłńă Ŕãăŋłăàě ďăęě ďńï áâőńì ŕàőáâőľ áĺáâěňë ŋěćőőąàăğĺňő őčàőňŋő, ă ćěàőïâŋőáâì ćőğćàăâă áőőâćěâáâćěŋŋő ŋěćőőąàăğĺňő ňăńă. Ŋăĺąőńěě ćěàőïâŋëň ŕőíâőňã ïćńïěâáï ŋăąńîďăěňőě ŋă íłáŕěàĺňěŋâě ŋěőąàăâĺňőě ŕőćěďěŋĺě ňŋőčőçăáâĺçŋëå áĺáâěň.

Ŋěãáâőľçĺćőáâì âàăěłâőàĺľ ĺ ŕěàěňěèĺćăŋĺě.

Řăááňőâàĺň ďćĺęěŋĺě łăŕńĺ \äăğőćőľ ęĺďłőáâĺ" ć äăğőćőň ŕàőáâàăŋáâćě. Ţăàăłâěà íâőčő ďćĺęěŋĺï ňőęěâ ąëâì őçěŋì áńőęŋëň, á âěçěŋĺěň ćàěňěŋĺ čàăŋĺæë

3Ğďěáì C_{3N} ≈ (_{2πe} 3N )_{3N/2} áćïğăŋő á łőŋáâăŋâőľ ć ćëàăęěŋĺĺ ďńï őąêěňă n-ňěàŋőčő èăàă Vn =

CR^n, âőçŋőě ćëàăęěŋĺě Cn =^{2πn/2}_{nΓ(n/2)} ŕàĺ n ≫ 1, á ãçěâőň ăáĺňŕâőâĺłĺ `-äãŋłæĺĺ `(n/2) ≈

(2π)^{1/2}(n/2)^{(n−1)/2}e^{−n/2} ďăěâ Cn ≈ (_{2πe} n )_{n/2}

Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě. 237

Řĺá. Ă-2 Łăçěáâćěŋŋăï íćőńîæĺï äăğőćőľ łăŕńĺ ŕàĺ ŕěàěňěèĺćăŋĺĺ.

łăŕńĺ ňőčãâ ŕàĺőąàěâăâì \ăňěąőőąàăğŋãî" äőàňã, ă łăŕńï íääěłâĺćŋő ğăŕőńŋïěâ àăğńĺçŋëě őąńăáâĺ äăğőćőčő ŕàőáâàăŋáâćă (áň. Řĺá.A-2). Őąêěň łăŕńĺ ŕàĺ íâőň áőåàăŋïěâáï (âěőàěňă Ńĺãćĺńńï). Šăłőě ďćĺęěŋĺě ŋăğëćăěâáï ŕěàěňěèĺćăîéĺň. Šőçłĺ, łőâőàëě ć ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ ąëńĺ ąńĺğłĺ, á âěçěŋĺěň ćàěňěŋĺ ãďăńïîâáï ďàãč őâ ďàãčă ĺ ŋăçĺŋăîâ ďćĺčăâìáï äăłâĺçěáłĺ ŋěğăćĺáĺňő. Śćőľáâćő ŕěàěňěèĺćăŋĺï ěáâěáâćěŋŋő őęĺďăâì ã áĺáâěň, åăàăłâěàĺğãîéĺňáï ŋěãáâőľçĺćëň ďćĺęěŋĺěň, ã łőâőàëå ĺğŋăçăńìŋő ąńĺğłĺě äăğőćëě âàăěłâőàĺĺ ąëáâàő (íłáŕőŋěŋæĺăńìŋő) ãďăńïîâáï ďàãč őâ ďàãčă, ĺńĺ, ĺŋăçě čőćőàï, áłőńì ãčőďŋő ňăńëě ćőğňãéěŋĺï ŋăçăńìŋëå ãáńőćĺľ ŕàĺćőďïâ ł áłőńì ãčőďŋő áĺńìŋőňã őâłńőŋěŋĺî äăğőćőľ âàăěłâőàĺĺ őâ áćőěčő ŋěćőğňãéěŋŋőčő ćĺďă. Ěáńĺ äăğőćőě ŕàőáâàăŋáâćő ïćńïěâáï łőŋěçŋëň (ă ŋăá ĺŋâěàěáãěâ łăł àăğ âăłőľ áńãçăľ { áĺáâěňă ďćĺęěâáï ŕő čĺŕěàŕőćěàåŋőáâĺ, áőőâćěâáâćãîéěľ łőŋěçŋőľ íŋěàčĺĺ), âő äăğőćëě âàăěłâőàĺĺ ŋě ňőčãâ àăğőľâĺáì ĺğ-ğă ŋěãáâőľçĺćőáâĺ ąőńěě çěň ŋă åăàăłâěàŋëľ àăğňěà ŕàőáâàăŋáâćă ĺ ŋăçĺŋăîâ \ğăŕãâëćăâìáï". Ěáńĺ őąőğŋăçĺâì çěàěğ D(t) àăááâőïŋĺě ňěęďã ďćãňï âőçłăňĺ ć äăğőćőň ŕàőáâàăŋáâćě, ŕàĺŋăďńěęăéĺň ďćãň àăğŋëň âàăěłâőàĺïň ć ňőňěŋâ ćàěňěŋĺ t, âő äőàňăńìŋőě őŕàěďěńěŋĺě ńőłăńìŋőľ ŋěãáâőľçĺćőáâĺ ďćĺęěŋĺï ćëčńïďĺâ áńěďãîéĺň őąàăğőň [14] { áãéěáâćãěâ ŋăŕàăćńěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě ć łőâőàőň:

D(t) = D_0e^{h0t} (Ă.48)

čďě ĺŋłàěňěŋâ ŋěãáâőľçĺćőáâĺ (ŕőłăğăâěńì Ńïŕãŋőćă h_0 > 0) ïćńïěâáï, ćőőąéě čőćőàï, äãŋłæĺěľ âőçłĺ ć äăğőćőň ŕàőáâàăŋáâćě ĺ ĺňěěâ, łăł ňőęŋő ŕőłăğăâì [14], âăłęě ĺ áâăâĺáâĺçěáłĺľ áňëáń őąàăâŋőčő ćàěňěŋĺ \àăáæěŕńěŋĺï" łőààěńïæĺľ âàăěłâőàĺľ ŕàĺ ŕěàěňěèĺćăîéěň ďćĺęěŋĺĺ. Őçěćĺďŋő, çâő őąáãęďăěňăï łăàâĺŋă ĺňěěâ ŕàïňőě őâŋőèěŋĺě ł ĺďěě őŕĺáăŋĺï àőáâă íŋâàőŕĺĺ ŋă ïğëłě őčàãąńěŋŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï, àăááňőâàěŋŋőľ ć őáŋőćŋőľ çăáâĺ łãàáă. Ćőğŋĺłăěâ ćőŕàőá { ŋěńìğï-ńĺ őŕàěďěńĺâì ŕőŋïâĺě íŋâàőŕĺĺ âăł, çâőąë őŋő ňőčńő ŕàĺňěŋïâìáï ŋěŕőáàěďáâćěŋŋő ł ďĺŋăňĺçěáłĺň áĺáâěňăň, ĺáŕőńìğãï âőńìłő áćőľáâćă âàăěłâőàĺľ áĺáâěňë (ă ŋě äãŋłæĺĺ àăáŕàěďěńěŋĺï)? İâă ğăďăçă ąëńă àěèěŋă Łőńňőčőàőćëň, łőâőàëľ ććěń ŕőŋïâĺě ďĺŋăňĺçěáłőľ ĺńĺ K-íŋâàőŕĺĺ. Řăááňőâàĺň áŋőćă íćőńîæĺî

238 Ďćĺęěŋĺě ć äăğőćőň ŕàőáâàăŋáâćě, íàčőďĺçŋőáâì ĺ ŕěàěňěèĺćăŋĺě.

ŋěłőâőàőčő ŋăçăńìŋőčő íńěňěŋâă äăğőćőčő őąêěňă ´`_0. Ć áĺńã âěőàěňë Ńĺãćĺńńï:

´`(t) = ´`_0 (Ă.49)

őďŋăłő áâàãłâãàă äăğőćőľ łăŕńĺ ňěŋïěâáï áő ćàěňěŋěň (áà. Řĺá.A-2). Ć ŋěľ ŕőïćńïîâáï ŕãğëàĺ, ŕãáâőâë ĺ â.ŕ. Ś àőáâőň t \ŕãğëàçăâăï" áâàãłâãàă áâăŋőćĺâáï ćáě ąőńěě ňěńłőľ, ă őčĺąăîéăï äăğőćőľ łăŕńĺ àăáèĺàïěâáï ĺ őčàăŋĺçĺćăěâ ćáě ąőńìèĺľ őąêěň. Ćőğìňěň âěŕěàì ŋěłőâőàãî ε (àăğňěàŋőáâĺ `) ĺ \őčàãąĺň" áâàãłâãàŋãî áěâłã äăğőćőľ łăŕńĺ á âőçŋőáâìî ďő ε. Šőčďă łăçěáâćěŋŋő ïáŋő, çâő ćáě âőŋłĺě äăğőćëě \ŋĺâĺ" á âőńéĺŋőľ ňěŋìèě ε íääěłâĺćŋő \őďěŋãâáï" ĺ őčàãąńěŋŋëľ äăğőćëľ őąêěň ~´`(t) äăłâĺçěáłĺ ąãďěâ àăáâĺ áő ćàěňěŋěň. Ğŋăï (Ă.48) ŋěâàãďŋő ŕőŋïâì, çâő ~ ´`(t) = ´`_0e^{ht} (Ă.50)

čďě h { ŋěłőâőàăï ćěńĺçĺŋă, åăàăłâěàĺğãîéăï ãáàěďŋěŋŋëľ ŕő őąêěňã ĺŋłàěňěŋâ ŋěãáâőľçĺćőáâĺ äăğőćëå âàăěłâőàĺľ h_0. Šőčďă íŋâàőŕĺï:

S = ln ~´`(t) = ln(´`_0e^{ht}) = ht + ln ´`_0 (Ă.51)

Ŋăá ĺŋâěàěáãěâ őŕàěďěńěŋĺě äĺğĺçěáłĺå ćěńĺçĺŋ, ć âőň çĺáńě ĺ íŋâàőŕĺĺ S, á ćőğňőęŋő ąőńìèěľ âőçŋőáâìî. Ŕàĺ âőçŋőáâĺ őčàãąńěŋĺï ε, őçěćĺďŋő, çâő ŋě ĺňěěâ áňëáńă ćëąĺàăâì ´`_0 ňěŋìèě, çěň ε. Ŕőíâőňã ŕőńőęĺň ´`_0 = ε ĺ ŕěàěľďěň ł ŕàěďěńã ε → 0. Řăááňőâàĺň ćëàăęěŋĺě:

lim_{ε→0} lim_{t→∞} 1 t ln ~´`(t) = lim_{ε→0} lim_{t→∞} 1 t (ht + ln ε) = h (Ă.52)

İâő ćëàăęěŋĺě ĺ őŕàěďěńïěâ K-íŋâàőŕĺî h. Ŕőďçěàłŋěň, çâő ŕőàïďőł ŕàěďěńìŋëå ŕěàěåőďőć ğďěáì łàăľŋě áãéěáâćěŋ. Ŕěàěçĺáńĺň őáŋőćŋëě áćőľáâćă K-íŋâàőŕĺĺ:

1. K-íŋâàőŕĺï h őŕàěďěńïěâ áłőàőáâì ĺğňěŋěŋĺï íŋâàőŕĺĺ S ć àěğãńìâăâě çĺáâő ďĺŋăňĺçěáłőčő ŕàőæěááă ŕěàěňěèĺćăŋĺï âàăěłâőàĺľ ć äăğőćőň ŕàőáâàăŋáâćě.

2. K-íŋâàőŕĺï h, ĺŋłàěňěŋâ ńőłăńìŋőľ ŋěãáâőľçĺćőáâĺ h_0 ĺ őąàăâŋőě ćàěňï àăáæěŕńěŋĺï ćàěňěŋŋëå łőààěńïæĺľ { ćěńĺçĺŋë őďŋőčő ŕőàïďłă.

İâĺ áćőľáâćă àăáłàëćăîâ äĺğĺçěáłĺľ áňëáń íŋâàőŕĺĺ Łőńňőčőàőćă.

Łăł íŋâàőŕĺï äĺğĺçěáłőľ áĺáâěňë S ďőáâĺčăěâ ňăłáĺňãňă? Ŕàĺ ε → 0, â.ě. ŕàĺ őŕàěďěńěŋĺĺ íŋâàőŕĺĺ S(t) = ht (t → ∞) áő áłőńì ãčőďŋő ąőńìèőľ âőçŋőáâìî, íŋâàőŕĺï S ňăłáĺňãňă ŋě ďőáâĺčăěâ, ŋő ŕőńőęěŋĺě ňěŋïěâáï, ěáńĺ äĺłáĺàőćăâì łőŋěçŋëľ ŕőàïďőł őčàãąńěŋĺï ε_0. Šőčďă ĺğ (Ă.50) ńěčłő ŋăľâĺ åăàăłâěàŋőě ćàěňï t_0, ć âěçěŋĺě łőâőàőčő őąńăáâì ´`_0 = ε_0 àăáèĺàïěâáï ďő ğŋăçěŋĺï ~´` = 1:

t_0 = 1 h ln 1 ε_0

(Ă.53)

Ğă íâő ćàěňï äăğőćăï łăŕńï ε_0 àăćŋőňěàŋő àăáâěłăěâáï ŕő ćáěňã äăğőćőňã őąêěňã ĺ ďăńìŋěľèĺľ àőáâ íŋâàőŕĺĺ ŕàěłàăéăěâáï.

Ŕàĺńőęěŋĺě Ą

Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ.

Śćïğì àăáŕàěďěńěŋĺľ Čĺąąáă á ňăłáĺňãňőň ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ.

Ĺŋäőàňăæĺőŋŋăï íŋâàőŕĺï.

Ŕőŋïâĺě íŋâàőŕĺĺ ć áâăâĺáâĺçěáłőľ ňěåăŋĺłě âěáŋő áćïğăŋő á ăŋăńőčĺçŋëň ŕőŋïâĺěň ć âěőàĺĺ ĺŋäőàňăæĺĺ [34]. Śãéěáâćãěâ ďőćőńìŋő őąèĺàŋăï ńĺâěàăâãàă, čďě íâă áćïğì ďěâăńìŋő őąáãęďăěâáï [35, 36], ŋĺęě ňë őáâăŋőćĺňáï ńĺèì ŋă ŋěáłőńìłĺå ğăďăçăå, ĺńńîáâàĺàãîéĺå ŋěłőâőàëě őáŋőćŋëě ŕàĺŋæĺŕë, áćïğëćăîéĺě íâĺ äãŋďăňěŋâăńìŋëě ŕőŋïâĺï.

Ć ãğłőň ŕőŋĺňăŋĺĺ, âěőàĺï ĺŋäőàňăæĺĺ ŕàěďáâăćńïěâ áőąőľ áâăâĺáâĺçěáłãî âěőàĺî áćïğĺ, â.ě. ŕěàěďăçĺ áĺčŋăńőć, áőőąéěŋĺľ ĺ â.ŕ. [34]. Ć łăçěáâćě őáŋőćŋőčő ŕőŋïâĺï ć íâőľ âěőàĺĺ äĺčãàĺàãěâ ĺŋäőàňăæĺőŋŋăï íŋâàőŕĺï, ćëáâãŕăîéăï ć łăçěáâćě ňěàë ĺŋäőàňăæĺĺ, áőďěàęăéěľáï ć ďăŋŋőň áőőąéěŋĺĺ, âěłáâě ĺ â.ď., àăááňăâàĺćăěňëå, łăł ąőńěě ĺńĺ ňěŋěě áńãçăľŋăï ŕőáńěďőćăâěńìŋőáâì áĺňćőńőć ĺńĺ áőąëâĺľ. Šőçŋěě, ĺŋäőàňăæĺőŋŋăï íŋâàőŕĺï ŕàěďáâăćńïěâ áőąőľ ňěàã ŋěőŕàěďěńěŋŋőáâĺ ć ĺŋäőàňăæĺĺ, áőőâćěâáâćãîéěľ ďăŋŋőňã áâăâĺáâĺçěáłőňã àăáŕàěďěńěŋĺî âăłĺå áőąëâĺľ. Ŕãáâì p_k { ŋěłőâőàőě ďĺáłàěâŋőě àăáŕàěďěńěŋĺě ćěàőïâŋőáâěľ áőąëâĺľ, ŋãňěàãěňëå ĺŋďěłáőň k. Ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺěľ ŋăğëćăěâáï ćěńĺçĺŋă

240 Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ.

[34]^1: H = − n∑ k=1 p_k ln p_k; n∑ k p_k = 1 (Ą.1)

Ć áăňőň ďěńě, ćěńĺçĺŋă H àăćŋă ŋãńî, ěáńĺ łăłőě-ńĺąő ĺğ p_k = 1, ă ćáě őáâăńìŋëě p_k = 0, â.ě. łőčďă àěğãńìâăâ ĺáŕëâăŋĺï ňőęěâ ąëâì ŕàěďáłăğăŋ á ďőáâőćěàŋőáâìî ĺ ŋěőŕàěďěńěŋŋőáâì ć ĺŋäőàňăæĺĺ őâáãâáâćãěâ. Ćěńĺçĺŋă H ŕàĺŋĺňăěâ ŋăĺąőńìèěě ğŋăçěŋĺě, łőčďă ćáě p_k àăćŋë ňěęďã áőąőľ, â.ě. p_k = 1/n. Őçěćĺďŋő, çâő íâőâ ŕàěďěńìŋëľ áńãçăľ őąńăďăěâ ŋăĺąőńìèěľ ŋěőŕàěďěńěŋŋőáâìî { ŋăň ŋĺçěčő ŋě ĺğćěáâŋő őą őâďěńìŋëå áőąëâĺïå, ćáě őŋĺ àăćŋőćěàőïâŋë (â.ě. ąãłćë âěłáâă ŕőïćńïîâáï ăąáőńîâŋő áńãçăľŋő, ć ŕàĺňěŋěŋĺĺ ł äĺğĺłě ăąáőńîâŋő áńãçăľŋő àěăńĺğãîâáï âě ĺńĺ ĺŋëě áőáâőïŋĺï áĺáâěňë ĺ â.ŕ.). Ňăłáĺňăńìŋőáâì ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ áőőâćěâáâćãěâ ňăłáĺňăńìŋőáâĺ ŋăèěčő ŋěğŋăŋĺï ő áőąëâĺïå, ŋăèă ĺŋäőàňăæĺï ő ŋĺå ňĺŋĺňăńìŋă.

İŋâàőŕĺï H ăďďĺâĺćŋă ďńï áőćőłãŕŋőáâĺ ŋěğăćĺáĺňëå áőąëâĺľ, àěăńĺğãîéĺåáï á ćěàőïâŋőáâïňĺ u_i ĺ v_i, â.ł. ěáńĺ p_{ik} = u_iv_k, âő H = − ∑ ik p_{ik} ln p_{ik} = − ∑ i u_i ln u_i − ∑ k v_k ln v_k; ∑ i u_i = 1; ∑ k v_k = 1 (Ą.2)

Ďńï àăáŕàěďěńěŋĺï ćěàőïâŋőáâěľ ŋěŕàěàëćŋőľ ćěńĺçĺŋë x á ŕńőâŋőáâìî f(x) ĺŋäőàňăæĺőŋŋăï íŋâàőŕĺï àăćŋă: H = − ∫ dxf(x) ln f(x); ∫ dxf(x) = 1 (Ą.3)

Ďńï ŋěğăćĺáĺňëå áőąëâĺľ őŕïâì ĺňěěň ăďďĺâĺćŋőáâì, ěáńĺ f(x, y) = f_1(x)f_2(y), âő: H = − ∫ dx ∫ dyf(x, y) ln f(x, y) = − ∫ dxf_1(x) ln f_1(x) − ∫ dyf_2(y) ln f_2(y) (Ą.4)

Ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï ρ(p, q) ć äăğőćőň ŕàőáâàăŋáâćě čĺąąáőćáłăï íŋâàőŕĺï, ŕő áãâĺ ďěńă, ïćńïěâáï âăłęě ĺ ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺěľ: S = − ∫ d`ρ ln ρ; ∫ d`ρ = 1 (Ą.5)

ĺ ěě ňőęŋő àăááňăâàĺćăâì łăł ňěàã ŋăèěčő ŋěğŋăŋĺï (őâáãâáâćĺï ĺŋäőàňăæĺĺ) ő áőáâőïŋĺïå ňăłàőáłőŕĺçěáłőľ äĺğĺçěáłőľ áĺáâěňë.

Ďńï ăŋáăňąńěľ á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ (Ą.5) őąőąéăěâáï łăł: S = − ∑ N≥0 ∫ d`_N ρ_N ln ρ_N ; ∑ N≥0 ∫ d`_N ρ_N = 1. (Ą.6)

Ŋĺęě ňë àăááňőâàĺň íłáâàěňăńìŋëě áćőľáâćă àăáŕàěďěńěŋĺľ Čĺąąáă, ãáâăŋőćńěŋŋëě ĺň ğăďőńčő ďő áőğďăŋĺï âěőàĺĺ ĺŋäőàňăæĺĺ. Őŋĺ ńěčłő ŕőńãçăîâáï ĺğ àăááňőâàěŋŋőčő ćëèě ŋěàăćěŋáâćă Čĺąąáă (1.187): ∫ d`ρ^′ ln ( ρ^′ ρ ) ≥ 0 (Ą.7)

čďě ρ ĺ ρ^′ { ďćă ŋőàňĺàőćăŋŋëå àăáŕàěďěńěŋĺï, őŕàěďěńěŋŋëå ć őďŋőň äăğőćőň ŕàőáâàăŋáâćě. Ğŋăł àăćěŋáâćă ĺňěěâ ňěáâő ńĺèì ŕàĺ ρ = ρ^′.

1Ňë őâćńěłăěňáï őâ ŋěáãéěáâćěŋŋőčő ďńï ŋăá őąáâőïâěńìáâćă, çâő ć âěőàĺĺ ĺŋäőàňăæĺĺ ć ďăŋŋőň őŕàěďěńěŋĺĺ őąëçŋő ĺáŕőńìğãîâ ćňěáâő ln ńőčăàĺäň ŕő őáŋőćăŋĺî 2, â.ě. log_2, çâő áćïğăŋő á ĺğňěàěŋĺěň őąêěňă ĺŋäőàňăæĺĺ ć ąĺâăå

Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ. 241

İłáâàěňăńìŋőáâì ňĺłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï.

Ďőłăęěň, çâő ňĺłàőłăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě áőőâćěâáâćãěâ ňăłáĺňãňã ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ áàěďĺ ćáěå àăáŕàěďěńěŋĺľ á âěň ęě çĺáńőň çăáâĺæ ć âőň ęě áńőě íŋěàčĺĺ. Ŕãáâì ρ { äãŋłæĺï àăáŕàěďěńěŋĺï ňĺłàőłăŋőŋĺçěáłőčő ăŋáăňąńï, ă ρ^′ { ŕàőĺğćőńìŋăï äãŋłæĺï àăáŕàěďěńěŋĺï, őŕàěďěńěŋŋăï ć âőň ęě äăğőćőň ŕàőáâàăŋáâćě ĺ ć ŕàěďěńăå âőčő ęě íŋěàčěâĺçěáłőčő áńőï, ŕàĺçěň ∫ d`ρ^′ = ∫ d`ρ = 1 (Ą.8)

Ŕőďáâăćńïï ρ ĺ ρ^′ ć ŋěàăćěŋáâćő (Ą.7), ŕőńãçăěň: − ∫ d`ρ^′ ln ρ^′ ≤ − ∫ d`ρ^′ ln ρ = − ln ρ ∫ d`ρ^′ = − ∫ d`ρ ln ρ (Ą.9)

çâő ĺ âàěąőćăńőáì ďőłăğăâì. Ć (Ą.9) ňë ćőáŕőńìğőćăńĺáì ŕőáâőïŋáâćőň ňĺłàőłăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï ρ ć íŋěàčěâĺçěáłőň áńőě ĺ ãáńőćĺěň ŋőàňĺàőćłĺ ďńï ρ ĺ ρ^′.

İłáâàěňăńìŋőáâì łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï Čĺąąáă.

Ŕőłăęěň, çâő łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă áőőâćěâáâćãěâ ňăłáĺňãňã ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ ŕàĺ ğăďăŋŋőľ áàěďŋěľ íŋěàčĺĺ áĺáâěňë: < H >= ∫ d`Hρ (Ą.10)

ĺ ŕàĺ áőåàăŋěŋĺĺ ŋőàňĺàőćłĺ: ∫ d`ρ = 1. (Ą.11)

Řăááňőâàĺň łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě:

ρ = Z^{−1} exp (−βH) ; Z = ∫ d` exp (−βH) (Ą.12)

čďě β = 1/T . Ŕãáâì ρ^′ { ŋěłőâőàőě ďàãčőě ŋőàňĺàőćăŋŋőě àăáŕàěďěńěŋĺě, áőőâćěâáâćãîéěě âőľ ęě áăňőľ áàěďŋěľ íŋěàčĺĺ, çâő ĺ łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ρ: ∫ d`ρ^′H = ∫ d`ρH (Ą.13)

ă ć őáâăńìŋőň ρ^′ ŕàőĺğćőńìŋő. Ŕőďáâăćńïï (Ą.12) ć (Ą.7), ŕőńãçĺň: − ∫ d`ρ^′ ln ρ^′ ≤ − ∫ d`ρ^′ ln ρ = ln Z + β ∫ d`ρ^′H = ln Z + β ∫ d`ρH â.ě. − ∫ d`ρ^′ ln ρ^′ ≤ − ∫ d`ρ ln ρ (Ą.14)

çâő ĺ âàěąőćăńőáì ďőłăğăâì.

242 Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ.

İłáâàěňăńìŋőáâì ąőńìèőčő łăŋőŋĺçěáłőčő ăŋáăňąńï Čĺąąáă.

Ďńï àăğŋőőąàăğĺï ŕàőćěďěň ďőłăğăâěńìáâćő ďńï łćăŋâőćőčő áńãçăï. İŋâàőŕĺï łćăŋâőćőčő ăŋáăňąńï őŕàěďěńïěâáï łăł:

S = −Spρ ln ρ (Ą.15)

čďě ρ { ňăâàĺæă ŕńőâŋőáâĺ. Ć ďĺăčőŋăńìŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň (áà. (1.175)): S = − ∑ k w_k ln w_k (Ą.16)

çâő ŕàïňő ĺňěěâ ćĺď (Ą.1) ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ ďńï ďĺáłàěâŋőľ ŕőáńěďőćăâěńìŋőáâĺ áőąëâĺľ.

İłáâàěňăńìŋëě áćőľáâćă łćăŋâőćëå ăŋáăňąńěľ ňőęŋő ŕőńãçĺâì, ĺáŕőńìğãï ŋěàăćěŋáâćő:

Spρ^′ ln ρ^′ ≥ Spρ^′ ln ρ (Ą.17) čďě ρ ĺ ρ^′ { ŕàőĺğćőńìŋëě ŋőàňĺàőćăŋŋëě áâăâĺáâĺçěáłĺě őŕěàăâőàë. Řăćěŋáâćő őŕïâì ĺňěěâ ňěáâő ńĺèì ŕàĺ ρ = ρ^′. İâő ŋěàăćěŋáâćő áńěďãěâ ĺğ ln x ≥ 1 − 1/x, çâő áŕàăćěďńĺćő ŕàĺ x > 0 (àăćěŋáâćő ĺňěěâ ňěáâő ŕàĺ x = 1). Ŕőáâăćńïï áîďă x = ρ^′ρ^{−1} ĺ ãáàěďŋïï ŕő ρ^′, ĺňěěň:

Spρ^′ ln(ρ^′ρ^{−1}) ≥ Spρ^′(1 − ρρ^{′−1}) = 0 (Ą.18)

â.ł. őąě ňăâàĺæë ŕńőâŋőáâĺ ŋőàňĺàőćăŋë ŋă ěďĺŋĺæã, ă őŕěàăâőàë ŕőď ğŋăłőň Sp ňőęŋő ŕěàěáâăćńïâì.

Ŕőłăęěň âěŕěàì, çâő ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě Čĺąąáă áőőâćěâáâćãěâ ňăłáĺňãňã ĺŋäőàňăæĺőŋŋőľ íŋâàőŕĺĺ ŕàĺ ğăďăŋŋőľ áàěďŋěľ íŋěàčĺĺ: < H >= SpρH (Ą.19) ĺ áàěďŋěň çĺáńě çăáâĺæ: < N >= SpρN (Ą.20) ŕàĺ áőåàăŋěŋĺĺ ŋőàňĺàőćłĺ:

Spρ = 1. (Ą.21) Ğăŕĺèěň ąőńìèőě łăŋőŋĺçěáłőě àăáŕàěďěńěŋĺě ć ćĺďě:

ρ = exp ( ˙ − H + μN T ) ; e^{− ΩT} = Sp exp ( − H − μN T ) . (Ą.22)

Šőčďă ĺğ ŋěàăćěŋáâćă (Ą.17) ŕőńãçăěň (áçĺâăï, çâő ρ^′ { ńîąăï ďàãčăï ňăâàĺæă ŕńőâŋőáâĺ á âěňĺ ęě áàěďŋĺňĺ (Ą.19), (Ą.20),(Ą.21)): − Spρ^′ ln ρ^′ ≤ −Spρ^′ ln ρ = −Sp [ ρ^′ ( ˙ T − H T + μN T )] = −Spρ ln ρ (Ą.23)

çâő ĺ âàěąőćăńőáì! Ğďěáì ĺáŕőńìğőćăńĺ (Ą.19),(Ą.20),(Ą.21), áŕàăćěďńĺćëě ďńï ρ ĺ ρ^′, â.ě. Spρ^′H = SpρH; Spρ^′N = SpρN. (Ą.24)

Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ. 243

Řăááňőâàěŋŋëě íłáâàěňăńìŋëě áćőľáâćă áâăâĺáâĺçěáłĺå ăŋáăňąńěľ Čĺąąáă ňőęŋő ŕőńőęĺâì ć őáŋőćã ĺå őŕàěďěńěŋĺï. İâő ďăěâ ěéě őďĺŋ ŕőďåőď ł őąőáŋőćăŋĺî àăćŋőćěáŋőľ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ^2. Ĺğ íâĺå ŕőáâàőěŋĺľ ćĺďŋő, çâő íŋâàőŕĺï áěâì ňěàă ŋěďőáâăâłă ĺŋäőàňăæĺĺ ő ďěľáâćĺâěńìŋőľ áâàãłâãàě ňŋőčőçăáâĺçŋőľ áĺáâěňë. İâőâ ŋěďőáâăâőł ĺŋäőàňăæĺĺ ŕàĺćőďĺâ ł âőňã, çâő ćőğňőęŋő ąőńìèőě àăğŋőőąàăğĺě àăğńĺçŋëå ňĺłàőáőáâőïŋĺľ, łőâőàëě ňë ŕàăłâĺçěáłĺ ŋě ňőęěň őâńĺçĺâì ďàãč őâ ďàãčă. Šăłĺň őąàăğőň, ŋěďőáâăâőł ĺŋäőàňăæĺĺ áőőâćěâáâćãěâ ďěľáâćĺâěńìŋőňã ąěáŕőàïďłã ć áłàëâëå áâěŕěŋïå áćőąőďë. İâőâ ŋěďőáâăâőł ĺŋäőàňăæĺĺ ňăłáĺňăńěŋ, łőčďă áĺáâěňă ŋăåőďĺâáï ć àăćŋőćěáŋőň áőáâőïŋĺĺ, âőčďă ňë ŕàăłâĺçěáłĺ ŋĺçěčő ŋě ğŋăěň ő ďěâăńïå ěě ňĺłàőáâàãłâãàë, ćáě őŕàěďěńïěâáï ŋěąőńìèĺň çĺáńőň âěàňőďĺŋăňĺçěáłĺå ŕăàăňěâàőć. Ŕőŕëâłĺ ãâőçŋĺâì ďěâăńĺ ćŋãâàěŋŋěčő \ãáâàőľáâćă" áĺáâěňë ŋěĺğąěęŋő ąãďãâ ćëćőďĺâì ěě ĺğ àăćŋőćěáŋőčő áőáâőïŋĺï (ãňěŋìèăâì íŋâàőŕĺî).

\Ďěňőŋ" Ňăłáćěńńă ĺ ěčő ĺğčŋăŋĺě.

Ĺŋâěàěáŋëě ĺŋäőàňăæĺőŋŋëě ăáŕěłâë áâăâĺáâĺçěáłőľ âěàňőďĺŋăňĺłĺ ňőęŋő àăááňőâàěâì ŕàĺ ăŋăńĺğě ğăďăçĺ ő \ďěňőŋě" Ňăłáćěńńă [35]. Ňë âőńìłő çâő ćĺďěńĺ, çâő ŕőŕëâłĺ ćňěèăâìáï ć ňĺłàőŕàőæěááë ćŋãâàĺ ňăłàőáłőŕĺçěáłőľ áĺáâěňë, á æěńìî ŕàĺőąàěâěŋĺï ĺŋäőàňăæĺĺ ő ďěâăńïå ćŋãâàěŋŋěčő ďćĺęěŋĺï çăáâĺæ, ňőčãâ ćëćěáâĺ áĺáâěňã ĺğ áőáâőïŋĺï àăćŋőćěáĺï. Ćőğňőęŋő ŕěàćëľ ŕàĺňěà âăłĺå ďěľáâćĺľ ąëń àăááňőâàěŋ Ňăłáćěńńőň, łőâőàëľ ŕàěďńőęĺń ŕăàăďőłá ő \ďěňőŋě" (ňĺłàőáłőŕĺçěáłőň áãéěáâćě ĺńĺ ăćâőňăâě), łőâőàëľ \àăąőâăń-ąë" ŕàőâĺć ćâőàőčő ŋăçăńă âěàňőďĺŋăňĺłĺ. Ŕàőáâěľèĺľ ćăàĺăŋâ âăłőčő \ďěňőŋă" ňőęŋő ŕàěďáâăćĺâì áěąě áńěďãîéĺň őąàăğőň. Ŕãáâì ã ŋăá ĺňěěâáï áőáãď á čăğőň, ŋăåőďïéĺňáï ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï. Ŕãáâì ć íâőň áőáãďě ĺňěěâáï ŕěàěčőàőďłă (àăğďěńïîéăï áőáãď ŋă çăáâĺ A ĺ B) á őâćěàáâĺěň, łőâőàőě áŋăąęěŋő ďćěàæěľ. Šőčďă ňőęŋő ŕàěďáâăćĺâì áěąě, çâő \ďěňőŋ", àăáŕőńăčăïáì ã íâőľ ďćěàæë ňőęěâ ŕàőŕãáłăâì çěàěğ őâćěàáâĺě âőńìłő ąőńěě ąëáâàëě ňőńěłãńë čăğă, ńěâïéĺě, áłăęěň, ĺğ A ć B, ă ĺğ B ć A { âőńìłő ąőńěě ňěďńěŋŋëě ňőńěłãńë. Šőčďă ŕő ŕàőèěáâćĺĺ ŋěłőâőàőčő ćàěňěŋĺ, ŕőáńě ŋăçăńă âăłőľ ďěïâěńìŋőáâĺ, ć çăáâĺ áőáãďă, őąőğŋăçěŋŋőľ B áőąěàěâáï, ć áàěďŋěň, ąőńìèě ąëáâàëå ňőńěłãń, çěň ć çăáâĺ A. Šěàňőďĺŋăňĺçěáłőě àăćŋőćěáĺě ąãďěâ ŋăàãèěŋő, âěňŕěàăâãàă čăğă ć çăáâĺ B áâăŋěâ ćëèě âěňŕěàăâãàë čăğă ć çăáâĺ B. Šăłőľ ŕàőæěáá ïćŋő ŕàőâĺćőàěçĺâ ćâőàőňã ŋăçăńã âěàňőďĺŋăňĺłĺ, âăł ŋěâàãďŋő ğăáâăćĺâì ŕěàěåőďĺâì âěŕńő ćáě ćàěňï ĺğ ąőńěě åőńőďŋőľ őąńăáâĺ čăğă ć ąőńěě čőàïçãî. Ćăęŋő ŕőďçěàłŋãâì, çâő ć łăçěáâćě \ďěňőŋă" ńěčłő ŕàěďáâăćĺâì áěąě ŋěłőâőàőě ăćâőňăâĺçěáłőě ãáâàőľáâćő, łőâőàőě, âăłĺň őąàăğőň, ąãďěâ ŋăàãèăâì ćâőàőě ŋăçăńő. Šěň ąőńěě, łăęěâáï, çâő \ĺŋâěńńěłâãăńìŋëľ ďěňőŋ" áŕàăćĺâáï á íâőľ ğăďăçěľ ąěğ âàãďă. Ć âőęě ćàěňï, ćâőàőě ŋăçăńő ŋőáĺâ ãŋĺćěàáăńìŋëľ åăàăłâěà, ćáě ŕàőæěááë ć ŕàĺàőďě ďőńęŋë ěňã ŕőďçĺŋïâìáï. Ć ďěľáâćĺâěńìŋőáâĺ íâő âăł ĺ ěáâì { ŋĺłăłőľ \ďěňőŋ" ŋě áňőęěâ őąěáŕěçĺâì ŕàőæěáá ãňěŋìèěŋĺï íŋâàőŕĺĺ ć

2Ŕő áãâĺ ďěńă, ňë ŕàőáâő ŕőłăğăńĺ, çâő àăğŋëě ćăàĺăŋâë àăáŕàěďěńěŋĺï Čĺąąáă áőőâćěâáâćãîâ ňăłáĺňãňã âěàňőďĺŋăňĺçěáłőľ íŋâàőŕĺĺ ŕàĺ ćëŕőńŋěŋĺĺ áőőâćěâáâćãîéĺå ďőŕőńŋĺâěńìŋëå ãáńőćĺľ. İâő, ěáâěáâćěŋŋő, őŕàěďěńïěâ áőőâćěâáâćãîéĺě àăćŋőćěáŋëě áőáâőïŋĺï.

244 Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ.

Řĺá. Ą-1 Ďěňőŋ Ňăłáćěńńă.

ğăňłŋãâőľ áĺáâěňě, ćłńîçăîéěľ ěčő áăňőčő. Ŕăàăďőłá Ňăłáćěńńă ćŕěàćëě ąëń àăğàěèěŋ Śæĺńńăàďőň, ć àěğãńìâăâě ďőćőńìŋő ŕàőáâőčő ăŋăńĺğă, łőâőàëľ ŕàĺćőďĺâáï ŋĺęě [35].

Ďěńő ć âőň, çâő \ďěňőŋ" ďőńęěŋ áãňěâì ŕàőŋăąńîďăâì őâďěńìŋëě ňőńěłãńë, á æěńìî őâďěńěŋĺï \ąëáâàëå" őâ \ňěďńěŋŋëå". Ă ďńï íâőčő ěňã ŋãęŋő ćőáŕőńìğőćăâìáï, łăłĺňĺ-âő äĺğĺçěáłĺňĺ ňěâőďăňĺ ŋăąńîďěŋĺï, ŋăŕàĺňěà, ňőęŋő őáćěéăâì ňőńěłãńë \äőŋăàĺłőň" ĺ ŕőâőň âőńìłő łăł áńěďãěâ \àăááňőâàěć" ĺå ŋăçĺŋăâì ďěľáâćőćăâì. Ŕőíâőňã, ĺğőńĺàőćăŋŋăï áĺáâěňă, ł łőâőàőľ ňë ďőńęŋë ŕàĺňěŋïâì ćâőàőě ŋăçăńő, áőáâőĺâ, ŋă áăňőň ďěńě ĺğ:

• čăğă ŕàĺ ŕőáâőïŋŋőľ âěňŕěàăâãàě T = T_0, ğăłńîçěŋŋőčő ć ğăňłŋãâőň áőáãďě á ŕěàěčőàőďłőľ á őâćěàáâĺěň, àăğďěńïîéĺň áőáãď ŋă ďćě ŕőńőćĺŋë,

• ďěňőŋă, ãŕàăćńïîéěčő ďćěàæěľ ć őâćěàáâĺĺ,

• ğăàïęěŋŋőľ ąăâăàěľłĺ ĺ íńěłâàĺçěáłőľ ńăňŕőçłĺ.

Ąăâăàěľłă ŋăčàěćăěâ ŋĺâì ńăňŕë ďő ćëáőłőľ âěňŕěàăâãàë T_1 > T_0. İâő ãáńőćĺě ŋěőąåőďĺňő ďńï ŕőńãçěŋĺï áćěâă á íŋěàčĺěľ łćăŋâőć —hω_1 > T_0, çâő ŋěőąåőďĺňő ďńï âőčő, çâőąë íâĺ łćăŋâë ňőčńĺ àăáŕőğŋăćăâìáï ŋă äőŋě âěŕńőćőčő ĺğńãçěŋĺï, áãéěáâćãîéěčő ć áőáãďě á čăğőň ŕàĺ âěňŕěàăâãàě T_0. Ŋă ŕàőâïęěŋĺĺ őŕëâă ąăâăàěľłă őâďăěâ ŕőńŋãî íŋěàčĺî E, ŋĺâì ńăňŕőçłĺ ĺğńãçăěâ íâã íŋěàčĺî ĺ âěàïěâ íŋâàőŕĺî. Ĺğňěŋěŋĺě íŋâàőŕĺĺ ńăňŕőçłĺ ěáâì:

S_f = − E T_1

(Ą.25)

ĺ ććőďĺâ ć čăğ őâàĺæăâěńìŋãî íŋâàőŕĺî. Ąěğ ćňěèăâěńìáâćă ďěňőŋă, íŋěàčĺï E ŕőčńőéăěâáï ć čăğě ŕàĺ âěňŕěàăâãàě T_0 ĺ ňë ŋăąńîďăěň őąéěě ćőğàăáâăŋĺě íŋâàőŕĺĺ: S = E T_0

+ S_f = E T_0 − E T_1

> 0 (Ą.26)

Řăááňőâàĺň âěŕěàì àăąőâã ďěňőŋă. Őŋ áňőęěâ őąŋăàãęĺâì ňőńěłãńã, ěáńĺ ŕő ňěŋìèěľ ňěàě őďĺŋ łćăŋâ íŋěàčĺĺ —hω_1 àăááěĺćăěâáï ňőńěłãńőľ ĺ ŕőŕăďăěâ ć \čńăğ" ďěňőŋă (ĺńĺ ć äőâőŕàĺěňŋĺł). İâő őğŋăçăěâ, ć łőŋěçŋőň áçěâě, ãćěńĺçěŋĺě íŋâàőŕĺĺ ďěňőŋă: ´S_d = —hω_1 T_0

(Ą.27)

Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ. 245

Ŕőńãçěŋŋăï ĺŋäőàňăæĺï ňőęěâ ąëâì ĺáŕőńìğőćăŋă ďńï ãňěŋìèěŋĺĺ íŋâàőŕĺĺ áĺáâěňë. Ĺáåőďŋăï íŋâàőŕĺï áĺáâěňë àăćŋă:

S_0 = ln ˙_0 (Ą.28)

čďě ˙_0 { áâăâĺáâĺçěáłĺľ ćěá (ğăňłŋãâőľ) áĺáâěňë. Ŕőáńě ŕőńãçěŋĺï ĺŋäőàňăæĺĺ áĺáâěňă őŕàěďěńěŋă ąőńěě ŕőńŋő, ˙_0 ãňěŋìèăěâáï ŋă ŋěłőâőàãî ćěńĺçĺŋã p_0:

˙_1 = ˙_0 − p (Ą.29)

İâő ŕàĺćőďĺâ ł ãňěŋìèěŋĺî íŋâàőŕĺĺ:

´S_i = S_1 − S_0 = ln(˙_0 − p) − ln ˙_0 ≈ − p ˙_0

(Ą.30)

ŕőáłőńìłã ćő ćáěå ŕàăłâĺçěáłĺå áńãçăïå p ≪ ˙_0. Őąéĺľ ąăńăŋá íŋâàőŕĺĺ ćëàăęăěâáï áőőâŋőèěŋĺěň: ´S_d + ´S_i = —hω_1 T_0 − p ˙_0

> 0 (Ą.31)

âăł łăł —hω_1/T_0 > 1, ŋő p/˙_0 ≪ 1. Šăłĺň őąàăğőň, ć łőŋěçŋőň áçěâě, íŋâàőŕĺï ĺğőńĺàőćăŋŋőľ áĺáâěňë ćőğàăáâăěâ, łăł íâő ĺ âàěąãěâáï ĺğ ćâőàőčő ŋăçăńă âěàňőďĺŋăňĺłĺ.

Řăááňőâàĺň ćáě íâő çãâì ŕőďàőąŋěě, ŋă ŕàĺňěàě ĺáåőďŋőľ ŕőáâăŋőćłĺ ğăďăçĺ. Ŕàěďŕőńőęĺň, çâő ŕő ŕàőèěáâćĺĺ ŋěłőâőàőčő ćàěňěŋĺ, ďěňőŋ áãňěń áőğďăâì àăğŋőáâì âěňŕěàăâãà ´T :

T_B > T_A; T_B − T_A = ´T

T_B = T_0 + 1 2 ´T ; T_A = T_0 − 1 2 ´T (Ą.32)

Ďăńěě ďěňőŋ ćëąĺàăěâ ąëáâàãî ňőńěłãńã ć őąńăáâĺ A á łĺŋěâĺçěáłőľ íŋěàčĺěľ 3 2 T (1 + ε_1) ĺ ŋăŕàăćńïěâ ěě ć őąńăáâì B. Ğăâěň őŋ ćëąĺàăěâ ňěďńěŋŋãî ňőńěłãńã ć B á łĺŋěâĺçěáłőľ íŋěàčĺěľ^3_2 T (1 − ε_2) ĺ ďăěâ ěľ ŕàőŋĺłŋãâì ć A. Ďńï âőčő çâőąë ŕàőŋăąńîďăâì íâĺ ďćě ňőńěłãńë, ďěňőŋã âàěąãěâáï ďćă áćěâőćëå łćăŋâă ĺ, áńěďőćăâěńìŋő, ĺňěěâáï ãćěńĺçěŋĺě ěčő íŋâàőŕĺĺ:

´S_d = 2 —hω_1 T_0

> 2 (Ą.33)

Őąňěŋ ňőńěłãńăňĺ ŕàĺćőďĺâ ł ŕěàěŋőáã ĺğ A ć B íŋěàčĺĺ:

´Q = 3 2 T (ε_1 + ε_2) (Ą.34)

çâő, á ãçěâőň (Ą.32), áőőâćěâáâćãěâ ãňěŋìèěŋĺî ŕőńŋőľ íŋâàőŕĺĺ:

´S_i = ´Q ( 1 T_B − 1 T_A ) ≈ −´Q ´T T^2 = − 3 2 (ε_1 + ε_2) ´T T . (Ą.35)

Ćěńĺçĺŋë ε_1 ĺ ε_2 áłőàěě ćáěčő ňăńë, ´T ≪ T , ĺ ŕőíâőňã:

´S_i = − 3 2 η; η ≪ 1, âăł çâő

´S_d + ´S_i = ( 2 —hω_1 T_0 − 3 2 η ) > 0 (Ą.36)

246 Śâăâĺáâĺçěáłăï ňěåăŋĺłă ĺ âěőàĺï ĺŋäőàňăæĺĺ.

çâő áőőâćěâáâćãěâ ćâőàőňã ŋăçăńã âěàňőďĺŋăňĺłĺ.

Ňőęŋő àăááňőâàěâì ĺ ďàãčőľ ŕàĺňěà { ďěňőŋ ŕàĺ ŋĺğłőľ âěňŕěàăâãàě (ŋăŕàĺňěà ć łàĺőáâăâě), âőčďă ěčő âěňŕěàăâãàă T_2 ≪ T_0. Ŕàĺ íâőň őŋ ňőęěâ \ńőćĺâì" łćăŋâë —hω, ĺáŕãáłăěňëě ňőńěłãńăňĺ čăğă ŕàĺ âěňŕěàăâãàě T_0. Šőčďă ćňěáâő àăááňőâàěŋŋëå ćëèě ãáńőćĺľ T_1 > T_0 ĺ —hω_1 > T_0 ĺňěěň ŋěàăćěŋáâćă —hω > T_2 ĺ T_2 < T_0, á łőâőàëňĺ ćáě ŋăèĺ àăááãęďěŋĺï ŕőćâőàïîâáï. Ćáěčďă ŋãęŋă ŋěłőâőàăï àăğŋőáâì âěňŕěàăâãà, ć ŕàőâĺćŋőň áńãçăě ďěňőŋ ŋě ąãďěâ àăąőâăâì, ŋő áàăąőâăâì ŕàőâĺć ćâőàőčő ŋăçăńă őŋ ŋě áňőęěâ ŋĺłőčďă.

Ŕőńãçěŋŋëě àěğãńìâăâë ćëàăęăîâ őçěŋì ćăęŋëľ äĺğĺçěáłĺľ ğăłőŋ: äĺğĺçěáłőě ĺğňěàěŋĺě ŕàĺćőďĺâ, ć łőŋěçŋőň ĺâőčě, ł áőőâćěâáâćãîéěňã ãćěńĺçěŋĺî íŋâàőŕĺĺ. Ĺňěěâáï ŋěłőâőàëľ ŋĺęŋĺľ ŕàěďěń, ŋĺęě łőâőàőčő ĺğňěàěŋĺě áâăŋőćĺâáï ŋěćőğňőęŋëň. Čàãąő íâőâ ŕàěďěń áőőâćěâáâćãěâ ãňěŋìèěŋĺî íŋâàőŕĺĺ ∼ 1(∼ k_B). Ąőńěě âéăâěńìŋőě ĺááńěďőćăŋĺě ŕőłăğëćăěâ, çâő âőçŋőě ğŋăçěŋĺě íâőčő ŕàěďěńă ěáâì k_B ln 2 ≈ 0.7k_B ŋă őďĺŋ ąĺâ ŕőńãçěŋŋőľ ĺŋäőàňăæĺĺ [35].

İâő, őďŋăłő, ŋě łőŋěæ ĺáâőàĺĺ á ďěňőŋőň Ňăłáćěńńă. Ţőâï ćáě ŕàĺćěďěŋŋëě ćëèě àăááãęďěŋĺï ŋěáőňŋěŋŋő áŕàăćěďńĺćë, ąőńěě ŕőğďŋĺě ĺááńěďőćăŋĺï ŕőłăğăńĺ, çâő ć ŕàĺŋæĺŕě áãéěáâćãîâ áŕőáőąë őŕàěďěńěŋĺï ŕőńőęěŋĺï ňőńěłãń, ŋě áćïğăŋŋëě á ĺå őąńãçěŋĺěň áćěâőň ĺ ŋě ŕàĺćőďïéĺě ł áőőâćěâáâćãîéěňã àőáâã íŋâàőŕĺĺ [37]. Ćőőąéě őłăğăńőáì, çâő ŋěłőâőàëě őŕěàăæĺĺ őąàăąőâłĺ ďăŋŋëå, ćłńîçăï, ŋăŕàĺňěà, ŕěàěğăŕĺáì ďăŋŋëå á őďŋőčő ãáâàőľáâćă ŋă ďàãčőě, ňőčãâ ąëâì (ŕàĺ őŕàěďěńěŋŋëå ãáńőćĺïå) áćőąőďŋë őâ âěàňőďĺŋăňĺçěáłĺå őčàăŋĺçěŋĺľ. Ŕàĺçĺŋă ęě, ŕő łőâőàőľ áőőâćěâáâćãîéĺľ ďěňőŋ ćáě àăćŋő ŋě áňőęěâ ŋăàãèĺâì ćâőàőě ŋăçăńő, áőáâőĺâ ć âőň, çâő ďńï âőčő çâőąë őŕàěďěńĺâì ŕőńőęěŋĺě ňőńěłãńë, őŋ ďőńęěŋ áŋăçăńă \ğăąëâì" ő àěğãńìâăâě ŕàěďëďãéěčő ĺğňěàěŋĺï, â.ě. ãŋĺçâőęĺâì ĺŋäőàňăæĺî (\àăáŕńăâĺâìáï" ć âěàňőďĺŋăňĺçěáłőň áňëáńě)^3. Śőőâćěâáâćãîéěě őçĺéěŋĺě ŕăňïâĺ (ŋăŕàĺňěà łőňŕìîâěàă) ěáâì âěàňőďĺŋăňĺçěáłĺ ŋěőąàăâĺňăï őŕěàăæĺï, ŕàĺćőďïéăï ł őąéěňã ćőğàăáâăŋĺî íŋâàőŕĺĺ ğăňłŋãâőľ áĺáâěňë^4. Ňë ŋě ąãďěň ŕőďàőąŋő àăááňăâàĺćăâì íâĺ ĺŋâěàěáŋëě ćőŕàőáë, ďěâăńĺ ňőęŋő ŋăľâĺ ć [36, 37].

3Ńîąőě áőáâőïŋĺě ŕăňïâĺ łőňŕìîâěàă ŕàěďáâăćńïěâáï áćőĺň äĺğĺçěáłĺň áőáâőïŋĺěň (ŋăąőàőň âőłőć, ŋăŕàïęěŋĺľ, ŋăňăčŋĺçěŋŋőáâìî ĺ â.ŕ.).

4Ěáńĺ ďěňőŋ őąńăďăěâ őçěŋì ąőńìèőľ ŕăňïâìî, őŋ ňőęěâ, łőŋěçŋő, ŕàőáâő ğăŕőňŋĺâì àěğãńìâăâë ćáěå ĺğňěàěŋĺľ. Šőčďă ńőčĺçěáłĺ ŋěőąàăâĺňëě èăčĺ áőćěàèăâìáï ŋě ąãďãâ. Ŕàőąńěňă, őďŋăłő, ć âőň, çâő âăłăï ŕőáńěďőćăâěńìŋőáâì èăčőć ŋě ïćńïěâáï âěàňőďĺŋăňĺçěáłĺň æĺłńőň. Ďěňőŋ ŕàĺ íâőň ãćěńĺçĺćăěâ íŋâàőŕĺî áćőěľ ŕăňïâĺ, çâőąë ãňěŋìèĺâì íŋâàőŕĺî őłàãęăîéěľ áàěďë.

Ŕàĺńőęěŋĺě Ć

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

Łĺŋěâĺçěáłőě ãàăćŋěŋĺě Ąőńìæňăŋă.

Řăááňőâàĺň ćëćőď őáŋőćŋőčő ãàăćŋěŋĺï łĺŋěâĺçěáłőľ âěőàĺĺ čăğőć, őŕàěďěńïîéěčő äãŋłæĺî àăáŕàěďěńěŋĺï f(p, r, t) ďńï őâďěńìŋëå ăâőňőć ć őąéěň ŋěàăćŋőćěáŋőň áńãçăě^1. İâő ãàăćŋěŋĺě ïćńïěâáï őáŋőćŋëň ŕàĺ àěèěŋĺĺ ňŋőęěáâćă ğăďăç äĺğĺçěáłőľ łĺŋěâĺłĺ čăğőć [5, 17]. Ăŋăńőčĺçŋëě łćăŋâőćëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï őŕĺáëćăîâ ŋěàăćŋőćěáŋëě ŕàőæěááë ć čăğăå łćăğĺçăáâĺæ ć łćăŋâőćëå ęĺďłőáâïå ĺ âćěàďëå âěńăå ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå.

Ěáńĺ áâőńłŋőćěŋĺïňĺ ăâőňőć ňőęŋő ąëńő ąë ŕàěŋěąàěçì, âő łăęďëľ ăâőň ŕàěďáâăćńïń ąë áőąőľ ğăňłŋãâãî ŕőďáĺáâěňã ĺ ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï ąëńă ąë áŕàăćěďńĺćă âěőàěňă Ńĺãćĺńńï, ć áĺńã łőâőàőľ df dt = 0 (Ć.1)

Ŕőńŋăï ŕàőĺğćőďŋăï őğŋăçăěâ ğďěáì ďĺääěàěŋæĺàőćăŋĺě ćďőńì äăğőćőľ âàăěłâőàĺĺ ăâőňă, őŕàěďěńïěňőľ ãàăćŋěŋĺïňĺ ďćĺęěŋĺï. Ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï ćěńĺçĺŋă ĺňŕãńìáă áćőąőďŋő ďćĺęãéěčőáï ăâőňă őáâăěâáï ŕőáâőïŋŋőľ, ă ňěŋïîâáï âőńìłő ěčő łőőàďĺŋăâë r. Šőčďă df dt = ∂f ∂t + v∇f (Ć.2)

1Ćëèě, ŕàĺ àăááňőâàěŋĺĺ ąőńìæňăŋőćáłőľ áâăâĺáâĺłĺ (áň. ŋăŕàĺňěà (3.8), (3.28) ĺ â.ŕ.), íâă äãŋłæĺï àăáŕàěďěńěŋĺï őąőğŋăçăńăáì łăł n(p, q). Ďńï ŕàőáâőâë ňë őčàăŋĺçĺňáï àăááňőâàěŋĺěň őďŋőăâőňŋëå čăğőć.

248 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

čďě v { áłőàőáâì. Ěáńĺ ęě čăğ ŋăåőďĺâáï ćő ćŋěèŋěň ŕőńě U (r), âő df dt = ∂f ∂t + v∇f + F^{∂f}_∂p (Ć.3)

čďě F = −∇U { áĺńă, ďěľáâćãîéăï ŋă ăâőň áő áâőàőŋë ŕőńï. Ć ďăńìŋěľèěň ďńï

łàăâłőáâĺ ŕőńăčăěň, çâő ćŋěèŋěě ŕőńě őâáãâáâćãěâ ĺ F = 0.

Şçěâ áâőńłŋőćěŋĺľ ŋăàãèăěâ àăćěŋáâćő (Ć.1), äãŋłæĺï àăáŕàěďěńěŋĺï ŕěàěáâăěâ ąëâì ŕőáâőïŋŋőľ ćďőńì äăğőćëå âàăěłâőàĺľ ĺ ćňěáâő (Ć.1) ŋãęŋő ŋăŕĺáăâì: df dt = St f (Ć.4)

čďě áĺňćőń St f őąőğŋăçăěâ áłőàőáâì ĺğňěŋěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï ąńăčőďăàï áâőńłŋőćěŋĺïň. Ĺáŕőńìğãï (Ć.2) ňőęěň ŋăŕĺáăâì: ∂f ∂t = −v∇f + St f, (Ć.5) çâő őŕàěďěńïěâ ŕőńŋőě ĺğňěŋěŋĺě äãŋłæĺĺ àăáŕàěďěńěŋĺï ć ğăďăŋŋőľ âőçłě äăğőćőčő ŕàőáâàăŋáâćă, čďě ŕěàćőě áńăčăěňőľ ć ŕàăćőľ çăáâĺ ěáâì ãąëńì çĺáńă ăâőňőć ć ğăďăŋŋőň íńěňěŋâě äăğőćőčő ŕàőáâàăŋáâćă, áćïğăŋŋăï á ĺå áćőąőďŋëň ďćĺęěŋĺěň. Ćěńĺçĺŋã St f ŋăğëćăîâ ĺŋâěčàăńőň áâőńłŋőćěŋĺľ, ă ãàăćŋěŋĺě (Ć.4) { łĺŋěâĺçěáłĺň ãàăćŋěŋĺěň.

Łőŋěçŋő, łĺŋěâĺçěáłőě ãàăćŋěŋĺě ŕàĺőąàěâăěâ áňëáń âőńìłő ŕőáńě ãáâăŋőćńěŋĺï ïćŋőčő ćĺďă ĺŋâěčàăńă áâőńłŋőćěŋĺľ. Ďńï łăçěáâćěŋŋőčő ăŋăńĺğă łĺŋěâĺçěáłĺå ïćńěŋĺľ ć čăğě çăáâő ĺáŕőńìğãěâáï čàãąăï őæěŋłă ĺŋâěčàăńă áâőńłŋőćěŋĺľ á ŕőňőéìî ŕőŋïâĺï ćàěňěŋĺ áćőąőďŋőčő ŕàőąěčă τ { áàěďŋěčő ćàěňěŋĺ ňěęďã ďćãňï ŕőáńěďőćăâěńìŋëňĺ áâőńłŋőćěŋĺïňĺ ăâőňőć (τ { ŕàĺąńĺęěŋĺě): St f ≈ − f − f_0 τ (Ć.6)

čďě f_0 { àăćŋőćěáŋăï äãŋłæĺï àăáŕàěďěńěŋĺï. Ůĺáńĺâěńì íâőčő ćëàăęěŋĺï őąěáŕěçĺćăěâ őąàăéěŋĺě ĺŋâěčàăńă áâőńłŋőćěŋĺľ ć ŋãńì ć àăćŋőćěáŋőň áńãçăě, ă ğŋăł ňĺŋãá ćëàăęăěâ âőâ äăłâ, çâő áâőńłŋőćěŋĺï ïćńïîâáï ňěåăŋĺğňőň ãáâăŋőćńěŋĺï áâăâĺáâĺçěáłőčő àăćŋőćěáĺï, â.ě. áâàěňïâáï ãňěŋìèĺâì őâłńőŋěŋĺě äãŋłæĺĺ àăáŕàěďěńěŋĺï őâ àăćŋőćěáŋőľ. Ć íâőň áňëáńě ćěńĺçĺŋă τ ĺčàăěâ àőńì ćàěňěŋĺ àěńăłáăæĺĺ ďńï ãáâăŋőćńěŋĺï àăćŋőćěáĺï ć łăęďőň íńěňěŋâě őąêěňă čăğă.

Ŕőáńěďőćăâěńìŋëľ ćëćőď ĺŋâěčàăńă áâőńłŋőćěŋĺľ ć łńăááĺçěáłőň čăğě ňőęŋő ŕàőćěáâĺ ňěâőďőň Ąőčőńîąőćă, łőâőàëľ ďăěâ àěčãńïàŋãî ŕàőæěďãàã ŕőńãçěŋĺï ŋě âőńìłő ŕàőáâěľèěčő ãàăćŋěŋĺï Ąőńìæňăŋă (łőâőàőě ŋěáńőęŋő ŕőńãçĺâì ĺ ĺğ çĺáâő íćàĺáâĺçěáłĺå áőőąàăęěŋĺľ [17]), ŋő ĺ ŕőŕàăćőł ł ŋěňã. Ŋĺęě ňë, őďŋăłő, őčàăŋĺçĺňáï ńĺèì ćëćőďőň ĺňěŋŋő ąőńìæňăŋőćáłőčő ĺŋâěčàăńă áâőńłŋőćěŋĺľ, çěčő ćŕőńŋě ďőáâăâőçŋő ďńï ĺńńîáâàăæĺĺ őąéěčő ňěâőďă.

Ĺáåőďŋëň ŕãŋłâőň ňěâőďă Ąőčőńîąőćă ïćńïěâáï ĺáŕőńìğőćăŋĺě æěŕőçłĺ ãàăćŋěŋĺľ ďńï çăáâĺçŋëå äãŋłæĺľ àăáŕàěďěńěŋĺï (1.93): ∂F_s ∂t = {H^{(s)}, F_s} + N V s∑ i=1 ∫ ∂U (|r_i − r_{s+1}|) ∂ri ∂F_{s+1} ∂pi^dr^{s+1d}p^{s+1} (Ć.7)

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 249

Ć łőŋěçŋőň áçěâě ňë ďőńęŋë ŕőáâàőĺâì ğăňłŋãâőě ãàăćŋěŋĺě ďńï őďŋőçăáâĺçŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï f(p, r, t) =^N_V F_1(r, p, t)^2.

Ďńï F_1(r, p, t) ĺğ (Ć.7) ĺ őŕàěďěńěŋĺï áłőąőł Ŕãăááőŋă ŋěňěďńěŋŋő ĺňěěň ŕěàćőě ãàăćŋěŋĺě æěŕőçłĺ ć ćĺďě:

∂F_1(t, τ_1) ∂t + v1^{∂F1}(^{t, τ1})_∂r_1 =^N_V ∫ ∂U_{12} ∂r1 ∂F_2(t, τ_1, τ_2)

∂p1^{dτ2} (Ć.8)

čďě, ďńï łàăâłőáâĺ, ććěďěŋë ăàčãňěŋâë τ = r, p.

Ăŋăńőčĺçŋëň őąàăğőň, ćâőàőě ãàăćŋěŋĺě æěŕőçłĺ ĺňěěâ ćĺď: ∂F_2 ∂t + v1^{∂F2}_∂r_1 + v2^{∂F2}_∂r_2 −^{∂U12}_∂r_1^{∂F2}_∂p_1 −^{∂U12}_∂r_2^{∂F2}_∂p_2 = = N V ∫ dτ_3 [ ∂F_3 ∂p1 ∂U_{13} ∂r1 + ∂F_3 ∂p2 ∂U_{23} ∂r2 ] (Ć.9)

Ŋěâàãďŋő ãąěďĺâìáï, çâő ĺŋâěčàăń, áâőïéĺľ ć ŕàăćőľ çăáâĺ ŕőáńěďŋěčő ãàăćŋěŋĺï ňăń. Ć áăňőň ďěńě, ŕőâěŋæĺăń ćğăĺňőďěľáâćĺï U (r) ğăňěâŋő őâńĺçěŋ őâ ŋãńï âőńìłő ć ŕàěďěńăå àăďĺãáă ďěľáâćĺï áĺń d, â.ě. ŕàĺ r < d. Ŕőíâőňã ć àăááňăâàĺćăěňőň ĺŋâěčàăńě ŕő dτ_3 ĺŋâěčàĺàőćăŋĺě ŕő łőőàďĺŋăâăň ŕàőĺáåőďĺâ äăłâĺçěáłĺ ńĺèì ŕő őąńăáâïň |r_1 − r_3| < d ĺńĺ |r_2 − r_3| < d, â.ě. ŕő őąêěňã ∼ d^3. Ĺáŕőńìğãï (1.81) ĺňěěň^1_V ∫ F_3dτ_3 = F_2, čďě ĺŋâěčàĺàőćăŋĺě ćěďěâáï ŕő ćáěňã äăğőćőňã őąêěňã. Šőčďă ŕőńãçăěň áńěďãîéãî őæěŋłã: N V ∫ [ ∂F_3 ∂p1 ∂U_{13} ∂r1 ] dτ_3 ∼ ∂U (r) ∂r ∂F_2 ∂p_1 d^3 a^3

(Ć.10)

čďě a { áàěďŋěě àăááâőïŋĺě ňěęďã çăáâĺæăňĺ ć čăğě. Šőčďă ïáŋő, çâő ŕàăćăï áâőàőŋă ãàăćŋěŋĺï (Ć.9) ňăńă ŕő ŕăàăňěâàã (d/a)^3 (čăğ áçĺâăěâáï ďőáâăâőçŋő àăğàěęěŋŋëň!) ŕő áàăćŋěŋĺî á çńěŋăňĺ, áőďěàęăéĺňĺ ∂U/∂r ć ńěćőľ çăáâĺ. Ŕőíâőňã ěľ ňőęŋő ŕàőáâő ŕàěŋěąàěçì. Śőćőłãŕŋőáâì áńăčăěňëå ć ńěćőľ çăáâĺ ãàăćŋěŋĺï ŕàěďáâăćńïěâ áőąőľ ŕőńŋãî ŕàőĺğćőďŋãî dF_2/dt, ć łőâőàőľ r_1, r_2, p_1, p_2 àăááňăâàĺćăîâáï łăł äãŋłæĺĺ ćàěňěŋĺ, ãďőćńěâćőàïîéĺě ãàăćŋěŋĺïň ďćĺęěŋĺï ďńï ğăďăçĺ ďćãå âěń á čăňĺńìâőŋĺăŋőň:

H = p^2_1 2m + p^2 2m + U (|r_1 − r_2|) (Ć.11)

Šăłĺň őąàăğőň, ĺňěěň: d dt F_2(t, τ_1, τ_2) = 0 (Ć.12)

Ďő áĺå ŕőà ŋăèě àăááňőâàěŋĺě ŋőáĺńő çĺáâő ňěåăŋĺçěáłĺľ åăàăłâěà. Ďńï ćëćőďă łĺŋěâĺçěáłőčő ãàăćŋěŋĺï ŋěőąåőďĺňő áďěńăâì ŋěłőâőàëě ŕàěďŕőńőęěŋĺï áâăâĺáâĺçěáłőčő åăàăłâěàă. Ă ĺňěŋŋő, ŕàěďŕőńőęĺň, çâő ćáě áâăńłĺćăîéĺěáï ć àăğàěęěŋŋőň čăğě çăáâĺæë ïćńïîâáï áâăâĺáâĺçěáłĺ ŋěğăćĺáĺňëňĺ. İâő ãâćěàęďěŋĺě ąãďěâ ĺčàăâì àőńì ŋăçăńìŋőčő ãáńőćĺï ł ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî (Ć.12). Ĺňěŋŋő őŋő ćŋőáĺâ ăáĺňňěâàĺî ŕő őâŋőèěŋĺî ł őąőĺň ŋăŕàăćńěŋĺïň ćàěňěŋĺ, ć àěğãńìâăâě çěčő ĺğ ĺŋćăàĺăŋâŋëå ł őąàăéěŋĺî ćàěňěŋĺ ãàăćŋěŋĺľ ňěåăŋĺłĺ ŕőńãçăěâáï ŋěőąàăâĺňőě łĺŋěâĺçěáłőě ãàăćŋěŋĺě. Śãâì ďěńă ğďěáì ć âőň, çâő łőààěńïæĺï ňěęďã łőőàďĺŋăâăňĺ ĺ ĺňŕãńìáăňĺ çăáâĺæ čăğă ćőğŋĺłăěâ ńĺèì ć âěçěŋĺě

2Ťãŋłæĺï àăáŕàěďěńěŋĺï f(p,r) ŋőàňĺàőćăŋă ŋă ŕőńŋőě çĺáńő çăáâĺæ (3.28), ă F_1(r, p, t) ŋă ěďĺŋĺæã, áőčńăáŋő (1.80).

250 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

ďőáâăâőçŋő łőàőâłőčő ćàěňěŋĺ áâőńłŋőćěŋĺï ∼ d/v (v { áàěďŋïï áłőàőáâì çăáâĺæ čăğă) ĺ àăáŕàőáâàăŋïěâáï ŋă àăááâőïŋĺï ŕőàïďłă d.

Ŕãáâì t_0 { ŋěłőâőàëľ ňőňěŋâ ćàěňěŋĺ, ŕàěďèěáâćãîéĺľ áâőńłŋőćěŋĺî, łőčďă ďćě çăáâĺæë ŋăåőďïâáï ďőáâăâőçŋő ďăńěłő ďàãč őâ ďàãčă (|r_{10} − r_{20}| ≫ d, čďě ĺŋďěłá ŋãńì őâńĺçăěâ ğŋăçěŋĺï ćěńĺçĺŋ ć íâőâ ňőňěŋâ). Śâăâĺáâĺçěáłăï ŋěğăćĺáĺňőáâì áâăńłĺćăîéĺåáï çăáâĺæ őğŋăçăěâ, çâő ć âăłőľ ňőňěŋâ t_0 ďćãåçăáâĺçŋăï äãŋłæĺï àăáŕàěďěńěŋĺï F_2 äăłâőàĺğãěâáï ŋă őďŋőçăáâĺçŋëě äãŋłæĺĺ F_1. Ŕőíâőňã ĺŋâěčàĺàőćăŋĺě ãàăćŋěŋĺï (Ć.12) őâ t_0 ďő t ďăěâ:

F_2(t, τ_1, τ_2) = F_1(t_0, τ_{10})F_1(t_0, τ_{20}) (Ć.13)

Ğďěáì τ_{10} = (r_{10}, p_{10}) ĺ τ_{20} = (r_{20}, p_{20}) ŋãęŋő ŕőŋĺňăâì łăł âě ğŋăçěŋĺï łőőàďĺŋăâ ĺ ĺňŕãńìáőć, łőâőàëě ďőńęŋë ĺňěâì çăáâĺæë ć ňőňěŋâ t_0 ďńï âőčő, çâőąë ł ňőňěŋâã t ŕàĺőąàěáâĺ âàěąãěňëě ğŋăçěŋĺï τ_1 = (r_1, p_1) ĺ τ_2 = (r_2, p_2). Ć íâőň áňëáńě τ_{10} ĺ τ_{20} ïćńïîâáï äãŋłæĺïňĺ őâ τ_1, τ_2 ĺ t − t_0. Ąőńěě âőčő, őâ t − t_0 ğăćĺáïâ âőńìłő

r10 ĺ r20, ă ğŋăçěŋĺï p10 ĺ p20, őâŋőáïéĺěáï ł áćőąőďŋőňã ďćĺęěŋĺî çăáâĺæ ŕěàěď

áâőńłŋőćěŋĺěň, őâ ćëąőàă t − t_0 ŋě ğăćĺáïâ.

Ćěàŋěňáï ł ãàăćŋěŋĺî (Ć.8) | ąãďãéěňã łĺŋěâĺçěáłőňã ãàăćŋěŋĺî. Ěčő ńěćăï áâőàőŋă ãęě ĺňěěâ âàěąãěňëľ ćĺď, ŋő ŋăá âěŕěàì ĺŋâěàěáãěâ ŕàăćăï çăáâì, łőâőàăï ďőńęŋă ŕàěćàăâĺâìáï ć ĺŋâěčàăń áâőńłŋőćěŋĺľ. Ŕőďáâăćĺň âãďă F_2 ĺğ (Ć.13) ĺ ŕěàěľďěň őâ äãŋłæĺĺ F_1 ł f(p, r, t) =^N_V F_1(r, p, t). Šőčďă ŕőńãçĺň: ∂f(t, τ_1) ∂t + v1^{∂f}(^{t, τ1})_∂r_1 = St f (Ć.14) čďě St f = ∫ dτ_2 ∂U_{12} ∂r1 ∂ ∂p1 [^f(^{t0, τ10})^f(^{t0, τ20})] (Ć.15)

Ć ĺŋâěčàăńě (Ć.15) áãéěáâćěŋŋă âőńìłő őąńăáâì |r_2 − r_1| ∼ d | őąńăáâì, čďě ŕàőĺáåőďĺâ àěăńìŋőě áâőńłŋőćěŋĺě çăáâĺæ. Ć íâőľ őąńăáâĺ, ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ňőęŋő ćőőąéě ŕàěŋěąàěçì łőőàďĺŋăâŋőľ ğăćĺáĺňőáâìî äãŋłæĺĺ f, ŕőáłőńìłã őŋă ğăňěâŋő ňěŋïěâáï ŋă ňăáèâăąăå ŕőàïďłă ďńĺŋë ŕàőąěčă l, áãéěáâćěŋŋő ŕàěćëèăîéĺå d. Őłőŋçăâěńìŋëľ ćĺď ĺŋâěčàăńă áâőńłŋőćěŋĺľ, ŋă áăňőň ďěńě, ŋě ĺğňěŋĺâáï, ěáńĺ ňë ćőőąéě ąãďěň àăááňăâàĺćăâì ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋëľ áńãçăľ, ŕàěďŕőńőęĺć, çâő äãŋłæĺï f ŋě ğăćĺáĺâ őâ łőőàďĺŋăâ. Ć áőőâćěâáâćĺĺ áő áłăğăŋŋëň çãâì ćëèě, íâő őğŋăçăěâ, çâő ć äãŋłæĺïå f(t_0, p_{10}) ĺ f(t_0, p_{10}) ňőęŋő ŕàěŋěąàěçì ĺ ïćŋőľ (çěàěğ r_{10}(t), r_{20}(t)) ğăćĺáĺňőáâìî őâ ćàěňěŋĺ.

Ŕàěőąàăğãěň ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (Ć.15), ćőáŕőńìğőćăćèĺáì (Ć.12)) á ãçěâőň őâáãâáâćĺï ïćŋőľ ğăćĺáĺňőáâĺ őâ ćàěňěŋĺ: d dt f(t_0, p_{10})f(t_0, p_{20}) = ( v1^∂_∂r_1 + v2^∂_∂r_2 −^{∂U12}_∂r_1^∂_∂p_1 −^{∂U12}_∂r_2^∂_∂p_2 ) f(t_0, p_{10})f(t_0, p_{20}) = 0

(Ć.16) Ćëàăğĺň őâáîďă ŕàőĺğćőďŋãî ŕő p_1 çěàěğ ŕàőĺğćőďŋëě ŕő r_1, r_2 ĺ p_2 ĺ ŕőďáâăćĺň ŕőńãçěŋŋőě ćëàăęěŋĺě ć (Ć.15). Ůńěŋ á ŕàőĺğćőďŋőľ ∂/∂p_2 ĺáçěğăěâ ŕőáńě ŕàěőąàăğőćăŋĺï (ŕő âěőàěňě Čăãááă) ć ĺŋâěčàăń ŕő ŕőćěàåŋőáâĺ ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě. Ŕőáńě íâőčő ŕőńãçăěň:

St f(t, p_1) = ∫ v_{12} ∂ ∂r[^f(^{t0,} p^{10})^f(^{t0,} p^{20})]^{d3rd3p2} (Ć.17)

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 251

čďě ććěďěŋă őâŋőáĺâěńìŋăï áłőàőáâì çăáâĺæ v_{12} = v_1 −v_2 ĺ ãçâěŋő, çâő p_{10} ĺ p_{20}, ă á ŋĺňĺ ĺ ćáě ćëàăęěŋĺě ć łćăďàăâŋëå áłőąłăå, ğăćĺáïâ ŋě őâ r_1 ĺ r_2 ŕő őâďěńìŋőáâĺ, ă ńĺèì őâ àăğŋőáâĺ r = r_1 − r_2. Ććěďěň ćňěáâő r = (x, y, z) æĺńĺŋďàĺçěáłĺě łőőàďĺŋăâë z, ρ, φ á őáìî z ćďőńì v_{12}. Ğăňěçăï, çâő v_{12}∂/∂r = v_{12}∂/∂z, ĺ ĺŋâěčàĺàãï ŕő dz, ŕěàěŕĺèěň (Ć.17) ć ćĺďě:

St f(t, p_1) = ∫ [f(t_0, p_{10})f(t_0, p_{20})] | |^∞_{−∞} v_{12}ρdρdφd^3p_2 (Ć.18)

čďě ŕàěďěńë z = ±∞ ŋãęŋő ŕőŋĺňăâì łăł àăááâőïŋĺï ąőńìèĺě ŕő áàăćŋěŋĺî á d, ŋő ňăńëě ŕő áàăćŋěŋĺî á ďńĺŋőľ ŕàőąěčă l. İâő áćïğăŋő á âěň, çâő ŕàĺ ŕěàěåőďě őâ (Ć.15) ł (Ć.18) ĺáŕőńìğőćăńőáì ãàăćŋěŋĺě (Ć.16), áŕàăćěďńĺćőě ńĺèì ďő âěå ŕőà, ŕőłă àăááňăâàĺćăěňëě çăáâĺæë ŋě ĺáŕëâăîâ áńěďãîéěčő áâőńłŋőćěŋĺï.

Ćáŕőňŋĺň âěŕěàì, çâő p_{10} ĺ p_{20} { ŋăçăńìŋëě (ć ňőňěŋâ t_0) ĺňŕãńìáë çăáâĺæ, łőâőàëě ć łőŋěçŋëľ ňőňěŋâ t ĺňěîâ ĺňŕãńìáë p_1 ĺ p_2. Ěáńĺ ć łőŋěçŋëľ ňőňěŋâ ćàěňěŋĺ z = z_1 − z_2 = −∞, çăáâĺæë 1 ĺ 2 ŋăåőďïâáï ŋă àăááâőïŋĺĺ ğăćěďőňő ŕàěćëèăîéěň d ĺ ŋě ćğăĺňőďěľáâćãîâ ďàãč á ďàãčőň, áâőńłŋőćěŋĺï ěéě ŋě ąëńő, âăł çâő ŋăçăńìŋëě ĺ łőŋěçŋëě ĺňŕãńìáë áőćŕăďăîâ: p_{10} = p_1, p_{20} = p_2 ŕàĺ z = −∞. Ěáńĺ ęě ć łőŋěçŋëľ ňőňěŋâ ćàěňěŋĺ z = +∞, âő áâőńłŋőćěŋĺě ãęě ŕàőĺğőèńő, ć àěğãńìâăâě çěčő çăáâĺæë ŕàĺőąàěńĺ ĺňŕãńìáë p_1 ĺ p_2. Ć íâőň áńãçăě őąőğŋă-

çĺň p10 = p^′_1(ρ) ĺ p20 = p^′_2(ρ) ŕàĺ z = ∞. İâĺ ğŋăçěŋĺï ĺňŕãńìáőć ïćńïîâáï

äãŋłæĺïňĺ łőőàďĺŋăâë ρ, ĺčàăîéěľ àőńì ŕàĺæěńìŋőčő ŕăàăňěâàă, ă ŕàőĺğćěďěŋĺě ρdρdφ = dσ (Ć.19) ŕàěďáâăćńïěâ áőąőľ łńăááĺçěáłőě íääěłâĺćŋőě áěçěŋĺě àăááěïŋĺï [13].

Ğăňěâĺň, ŋăłőŋěæ, çâő ïćŋãî ğăćĺáĺňőáâì äãŋłæĺľ f(t_0, p_{10}) ĺ f(t_0, p_{20}) őâ t_0 ňőęŋő ğăňěŋĺâì, ć àăááňăâàĺćăěňőň ŕàĺąńĺęěŋĺĺ, âăłőľ ęě ğăćĺáĺňőáâìî őâ t. Ć áăňőň ďěńě, áŕàăćěďńĺćőáâì ãâćěàęďěŋĺï (Ć.13) âàěąãěâ ńĺèì áőąńîďěŋĺï ŋěàăćěŋáâćă t − t_0 ≫ d/v: ć ňőňěŋâ t_0 àăááâőïŋĺě ňěęďã çăáâĺæăňĺ ďőńęŋő ąëâì ćěńĺłő ŕő áàăćŋěŋĺî á àăďĺãáőň ďěľáâćĺï áĺń d. Ć âőęě ćàěňï, àăğŋőáâì t − t_0 ňőęŋő ćëąàăâì âăł, çâőąë ãďőćńěâćőàïńőáì ãáńőćĺě t − t_0 ≪ l/v, čďě l { ďńĺŋă ŕàőąěčă. Őâŋőèěŋĺě l/v ŕàěďáâăćńïěâ áőąőľ ćàěňï áćőąőďŋőčő ŕàőąěčă, łőâőàőě łăł àăğ ĺ őŕàěďěńïěâ åăàăłâěàŋőě ćàěňï ĺğňěŋěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï. Šőčďă ĺğňěŋěŋĺě äãŋłæĺĺ àăáŕàěďěńěŋĺï ğă ćàěňï t − t_0 ąãďěâ őâŋőáĺâěńìŋő ňăńëň ĺ ĺň ňőęŋő ŕàěŋěąàěçì.

Ś ãçěâőň áďěńăŋŋëå ãâćěàęďěŋĺľ ŕàĺćőďĺň (Ć.18) ł őłőŋçăâěńìŋőňã ćĺďã:

St f(t, p_1) = ∫ [f(t, p^′_1)f(t, p^′_2) − f(t, p_1)f(t, p_2)]v_{12}dσd^3p_2 (Ć.20)

ŋăğëćăěňőňã ĺŋâěčàăńőň áâőńłŋőćěŋĺľ Ąőńìæňăŋă. Łĺŋěâĺçěáłőě ãàăćŋěŋĺě (Ć.5) á âăłĺň ĺŋâěčàăńőň áâőńłŋőćěŋĺľ ŋăğëćăěâáï łĺŋěâĺçěáłĺň ãàăćŋěŋĺěň Ąőńìæňăŋă.

Ąőńìæňăŋ ŕőńãçĺń ćĺď ĺŋâěčàăńă áâőńłŋőćěŋĺľ ĺğ ŕàőáâëå íćàĺáâĺçěáłĺå áőőąàăęěŋĺľ ĺ ŋěâàĺćĺăńìŋőľ čĺŕőâěğë ő ňőńěłãńïàŋőň åăőáě. §áŋő, çâő ĺŋâěčàăń áâőńłŋőćěŋĺľ St f = —R − R, čďě —R { áłőàőáâì ãćěńĺçěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï

f(r, p1, t) ğă áçěâ áâőńłŋőćěŋĺľ ăâőňőć ć čăğě, ă R { áłőàőáâì ěě ãňěŋìèěŋĺï ğă áçěâ

íâĺå ęě áâőńłŋőćěŋĺľ. Őŕàěďěńĺň áŋăçăńă ćěńĺçĺŋã R. Ďńï íâőčő àăááňőâàĺň łăłőľ { ŋĺąãďì ăâőň ć íńěňěŋâě őąêěňă d^3r ćąńĺğĺ âőçłĺ r, ĺňŕãńìá łőâőàőčő ńěęĺâ ć íńěňěŋâě őąêěňă ĺňŕãńìáŋőčő ŕàőáâàăŋáâćă d^3p_1 ćąńĺğĺ p1. Ć âőň ęě áăňőň ŕàőáâàăŋáâćěŋŋőň őąêěňě ĺňěîâáï ăâőňë á ŕàőĺğćőńìŋëňĺ ĺňŕãńìáăňĺ p2, łőâőàëě

252 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

ňőęŋő àăááňăâàĺćăâì łăł ŕãçőł çăáâĺæ, ŕăďăîéĺå ŋă ăâőň, ĺňěîéĺľ ĺňŕãńìá p_1. Ŕńőâŋőáâì ŕőâőłă ŕăďăîéĺå ăâőňőć àăćŋă:

I = f(r, p_2, t)d^3p_2|v_1 − v_2|. (Ć.21)

Śőčńăáŋő čĺŕőâěğě ňőńěłãńïàŋőčő åăőáă, äãŋłæĺï àăáŕàěďěńěŋĺï f ć (Ć.21) áőćŕăďăěâ á àăááňăâàĺćăěňőľ ŋăňĺ äãŋłæĺěľ àăáŕàěďěńěŋĺï, ŕőďńěęăéěľ őŕàěďěńěŋĺî ĺğ łĺŋěâĺçěáłőčő ãàăćŋěŋĺï. İâő łăęěâáï ŕőçâĺ őçěćĺďŋëň, ŋő łăł àăğ íâő ĺ ěáâì őáŋőćŋőľ ňőňěŋâ ćëćőďă, ŋě ĺňěîéĺľ áâàőčőčő őąőáŋőćăŋĺï. Ůĺáńő áâőńłŋőćěŋĺľ âĺŕă p_2, p_2 → p^′_1, p^′_2, ŕàőĺáåőďïéĺå ć íńěňěŋâě őąêěňă d^3r ć ěďĺŋĺæã ćàěňěŋĺ, àăćŋő:

Idσ = f(r, p_2, t)|v_1 − v_2|dσ (Ć.22)

Śłőàőáâì ãňěŋìèěŋĺï R äãŋłæĺĺ àăáŕàěďěńěŋĺï ŕőńãçăěâáï ć àěğãńìâăâě áãňňĺàőćăŋĺï (Ć.22) ŕő ćáěň ğŋăçěŋĺïň p_2 ĺ ãňŋőęěŋĺěň ŕőńãçěŋŋőčő àěğãńìâăâă ŋă ŕàőáâàăŋáâćěŋŋãî ŕńőâŋőáâì ăâőňőć ć íńěňěŋâě őąêěňă d^3p_1 ŕàőáâàăŋáâćă áłőàőáâěľ:

R = f(r, p_1, t) ∫ d^3p_2dσ|v_1 − v_2|f(r, p_2, t) (Ć.23)

Ŕőďőąŋëň ęě őąàăğőň ňőęŋő ćëçĺáńĺâì ĺ ćěńĺçĺŋã —R. Ďńï íâőčő àăááňőâàĺň áâőńłŋőćěŋĺï p^′_1, p^′_2 → p_1, p_2, čďě ĺňŕãńìá p_1 áçĺâăěâáï äĺłáĺàőćăŋŋëň. Ŕãáâì ŋă ăâőň, ĺňěîéĺľ ĺňŕãńìá p^′_1, ŕăďăěâ ŕãçőł ăâőňőć á ĺňŕãńìáăňĺ p^′_2. Ŕńőâŋőáâì ŕőâőłă ŕăďăîéĺå ăâőňőć àăćŋă:

f(r, p^′_2, t)d^3p^′_2|v^′2 − v^′1|. (Ć.24)

Ůĺáńő áâőńłŋőćěŋĺľ àăááňăâàĺćăěňőčő âĺŕă ć ěďĺŋĺæã ćàěňěŋĺ àăćŋő:

f(r, p^′_2, t)d^3p^′_2|v^′2 − v^′1|dσ^′. (Ć.25)

Śłőàőáâì ãćěńĺçěŋĺï —R äãŋłæĺĺ àăáŕàěďěńěŋĺï őŕàěďěńïěâáï ĺŋâěčàăńőň:

—Rd^3p_1 = ∫ d^3p^′_2dσ^′|v^′_2 − v^′_1|[f(r, p^′_1, t)d^3p^′_1]f(r, p^′_2, t). (Ć.26)

Ć áĺńã őąàăâĺňőáâĺ ãàăćŋěŋĺľ ďćĺęěŋĺï ňěåăŋĺłĺ áěçěŋĺï ŕàőæěááőć àăááěïŋĺï, őąàăâŋëå ŕő őâŋőèěŋĺî ďàãč ł ďàãčã, àăćŋë: dσ = dσ^′. Łàőňě âőčő, ĺğ ğăłőŋőć áőåàăŋěŋĺï áńěďãěâ (àăááňăâàĺćăěň ãŕàãčĺě áâőńłŋőćěŋĺï!):

|v1 − v2| = |v^′1 − v^′2|

d^3p_1d^3p_2 = d^3p^′_1d^3p^′_2. (Ć.27)

Šőčďă —R = ∫ d^3p_2dσ|v_1 − v_2|f(r, p^′_1, t)f(r, p^′_2, t). (Ć.28)

Ŋěőąåőďĺňő őâňěâĺâì, çâő ğďěáì ĺňŕãńìá p_1 ğăďăŋ, âőčďă łăł p^′_1 ĺ p^′_2 ïćńïîâáï äãŋłæĺïňĺ p_1, p_2.

Őąêěďĺŋïï ŋăľďěŋŋëě ćëàăęěŋĺï ďńï R ĺ —R, ĺ ććőďï őçěćĺďŋëě áőłàăéěŋŋëě őąőğŋăçěŋĺï, ŕőńãçăěň: St f = —R − R = ∫ d^3p_2dσ|v_1 − v_2|(f^′_1f^′_2 − f_1f_2) (Ć.29)

çâő áőćŕăďăěâ á (Ć.20).

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 253

H { âěőàěňă.

Ŕàěďőáâăćńěŋŋëľ áăňőňã áěąě ŋěàăćŋőćěáŋëľ čăğ, łăł ĺ ćáïłăï ğăňłŋãâăï ňăłàőáłőŕĺçěáłăï áĺáâěňă, áâàěňĺâáï ŕěàěľâĺ ć àăćŋőćěáŋőě áőáâőïŋĺě. Śőőâćěâáâćěŋŋő íćőńîæĺï ŋěàăćŋőćěáŋőľ äãŋłæĺĺ àăáŕàěďěńěŋĺï áőčńăáŋő łĺŋěâĺçěáłőňã ãàăćŋěŋĺî ďőńęŋă áőŕàőćőęďăâìáï àőáâőň íŋâàőŕĺĺ čăğă. Ŕőłăęěň, çâő íâő ďěľáâćĺâěńìŋő âăł.

Ćëèě ňë ŕőłăğăńĺ (áň. (3.25), (3.30)), çâő íŋâàőŕĺï ĺďěăńìŋőčő čăğă, ŋăåőďïéěčőáï ć ŋěàăćŋőćěáŋőň ňăłàőáłőŕĺçěáłőň áőáâőïŋĺĺ, őŕĺáëćăîéěňáï äãŋłæĺěľ àăáŕàěďěńěŋĺï f, àăćŋă: S = ∫ f ln e f dV d^3p. (Ć.30)

Ďĺääěàěŋæĺàãï íâő ćëàăęěŋĺě ŕő ćàěňěŋĺ, ğăŕĺèěň: dS dt = ∫ ∂ ∂t ( f ln e f ) dV d^3p = − ∫ ln f ∂f ∂t dV d^3p. (Ć.31)

Ŕőáłőńìłã ãáâăŋőćńěŋĺě áâăâĺáâĺçěáłőčő àăćŋőćěáĺï ć čăğě őáãéěáâćńïěâáï áâőńłŋőćěŋĺïňĺ ňőńěłãń, âő ćőğàăáâăŋĺě íŋâàőŕĺĺ ďőńęŋő ąëâì áćïğăŋő ĺňěŋŋő áő áâőńłŋőćĺâěńìŋőľ çăáâìî ĺğňěŋěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï. Ĺğňěŋěŋĺě ęě íâőľ äãŋłæĺĺ, áćïğăŋŋőě áő áćőąőďŋëň ďćĺęěŋĺěň ăâőňőć, ŋě ňőęěâ ĺğňěŋĺâì íŋâàőŕĺĺ čăğă. Ďěľáâćĺâěńìŋő, íâă çăáâì ĺğňěŋěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï ďăěâáï (ďńï čăğă ćő ćŋěèŋěň ŕőńě) ŕěàćëňĺ ďćãňï çńěŋăňĺ ć ŕàăćőľ çăáâĺ ãàăćŋěŋĺï: ∂f ∂t = −v∇f − F^{∂f}_∂p + St f. (Ć.32)

Ĺå ćłńăď ć ŕàőĺğćőďŋãî dS/dt àăćěŋ: − ∫ ln f [ −v^{∂f}_∂r − F^{∂f}_∂p ] dV d^3p = ∫ [ v^∂_∂r + F^∂_∂p ] ( f ln f e ) dV d^3p. (Ć.33)

Ĺŋâěčàăń ŕő dV őâ çńěŋă á ŕàőĺğćőďŋőľ ∂/∂r ŕàěőąàăğãěâáï áőčńăáŋő âěőàěňě Čăãááă ć ĺŋâěčàăń ŕő ŕőćěàåŋőáâĺ, őŋ őąàăéăěâáï ć ŋãńì, ŕőáłőńìłã ğă ŕàěďěńăňĺ ğăŋĺňăěňőčő čăğőň őąêěňă f = 0. Ăŋăńőčĺçŋëň őąàăğőň, çńěŋ á ŕàőĺğćőďŋőľ ∂/∂p ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő d^3p ŕàěőąàăğãěâáï ć ĺŋâěčàăń ŕő ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőćěàåŋőáâĺ ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ĺ âőęě őąàăéăěâáï ć ŋãńì.

Šăłĺň őąàăğőň, ďńï ĺğňěŋěŋĺï íŋâàőŕĺĺ őáâăěâáï: dS dt = − ∫ ln fSt fd^3pdV. (Ć.34) Ŕőďáâăćńïï áîďă ąőńìæňăŋőćáłĺľ ĺŋâěčàăń áâőńłŋőćěŋĺľ (Ć.29), ŕőńãçăěň: dS dt = − ∫ d^3p_1 ∫ dp^3_2dσ|v_1 − v_2|(f^′_2f^′_1 − f_2f_1) ln f_1. (Ć.35)

İâőâ ĺŋâěčàăń ŋě ňěŋïěâáï ŕàĺ ćğăĺňŋőľ ŕěàěáâăŋőćłě ŕěàěňěŋŋëå p_1, p_2, ŕőáłőńìłã áěçěŋĺě àăááěïŋĺï ĺŋćăàĺăŋâŋő őâŋőáĺâěńìŋő íâőľ ŕěàěáâăŋőćłĺ. Śőćěàèăï

254 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

íâã ğăňěŋã ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï ĺ ąěàï ŕőńőćĺŋã őâ áãňňë ŋőćőčő ćëàăęěŋĺï ĺ ŕàěęŋěčő ćëàăęěŋĺï (Ć.35), ŕőńãçăěň: dS dt = − 1 2 ∫ d^3p_1 ∫ d^3p_2dσ|v_2 − v_1|(f^′_2f^′_1 − f_2f_1) ln(f_1f_2). (Ć.36)

İâőâ ĺŋâěčàăń âăłęě ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ćğăĺňŋőľ ŕěàěáâăŋőćłĺ p_1, p_2 ĺ

p^′_1, p^′_2, âăł łăł łăęďőňã ŕàïňőňã áâőńłŋőćěŋĺî áőőâćěâáâćãěâ őąàăâŋőě áâőńłŋő-

ćěŋĺě á âěň ęě áăňëň áěçěŋĺěň àăááěïŋĺï. Śńěďőćăâěńìŋő ňőęŋő ŋăŕĺáăâì: dS dt = − 1 2 ∫ d^3p^′_1 ∫ d^3p^′_2dσ^′|v^′_2 − v^′_1|(f_2f_1 − f^′_2f^′_1) ln(f^′_1f^′_2). (Ć.37)

Ğăňěçăï, çâő d^3p^′_1d^3p^′_2 = d^3p_1d^3p_2 ĺ |v^′_2 − v^′_1| = |v_2 − v_1| ĺ dσ^′ = dσ, ćőğìňěň ŕőńőćĺŋã áãňňë ćëàăęěŋĺľ (Ć.36), (Ć.37), ć àěğãńìâăâě çěčő ŕőńãçĺň: dS dt = − 1 4 ∫ d^3p_1 ∫ d^3p_2dσ|v_2 − v_1|(f^′_2f^′_1 − f_2f_1)[ln(f_1f_2) − ln(f^′_1f^′_2)]. (Ć.38)

Ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (Ć.38) ŋĺłőčďă ŋě ąëćăěâ ŕőńőęĺâěńìŋëň, çâő ïáŋő ŕőáńě ĺáŕőńìğőćăŋĺï ãęě ĺğćěáâŋőčő ŋăň ŋěàăćěŋáâćă ln x < x − 1. Śőőâćěâáâćěŋŋő, ňë ďőłăğăńĺ H{âěőàěňã Ąőńìæňăŋă:^{dS}_{dt} ≥ 0, çâő íłćĺćăńěŋâŋő ğăłőŋã ćőğàăáâăŋĺï íŋâàőŕĺĺ^3.

Ŋěâàãďŋő ŕőŋïâì, çâő^{dS}_{dt} = 0 ć âőň ĺ âőńìłő âőň áńãçăě, łőčďă ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (Ć.38) âőęďěáâćěŋŋő àăćŋő ŋãńî. İâő ĺňěěâ ňěáâő âőńìłő łőčďă ćåőďïéĺě ć ĺŋâěčàăń áâőńłŋőćěŋĺľ äãŋłæĺĺ àăáŕàěďěńěŋĺï àăćŋë ĺå àăćŋőćěáŋëň ąőńìæňăŋőćáłĺň ćëàăęěŋĺïň. Őâáîďă, łáâăâĺ, ïáŋő, çâő ŕàĺ ŕàőĺğćőńìŋëå ŋăçăńìŋëå ãáńőćĺïå äãŋłæĺï àăáŕàěďěńěŋĺï f(p, t) áâàěňĺâáï ŕàĺ t → ∞ áâàěňĺâáï ł àăćŋőćěáŋőňã ğŋăçěŋĺî.

Łćăŋâőćëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

Ŕěàěľďěň ł àăááňőâàěŋĺî łćăŋâőćëå łĺŋěâĺçěáłĺå ãàăćŋěŋĺľ. Ŋăèă ğăďăçă áőáâőĺâ ć ćëćőďě ğăňłŋãâőčő ãàăćŋěŋĺï ďńï őďŋőçăáâĺçŋőľ ňăâàĺæë ŕńőâŋőáâĺ ĺğ ąőčőńîąőćáłőľ æěŕőçłĺ ãàăćŋěŋĺľ ďńï çăáâĺçŋëå ňăâàĺæ ŕńőâŋőáâĺ âĺŕă (1.163). Řăááňăâàĺćăěňëľ ŋĺęě ćăàĺăŋâ ňěâőďă Ąőčőńîąőćă ŕàĺŋăďńěęĺâ Ğëàïŋőćã [38].

Śâăàâãěň á łćăŋâőćőčő ãàăćŋěŋĺï Ńĺãćĺńńï (1.128) ďńï ŕőńŋőľ (N { çăáâĺçŋőľ) ňăâàĺæë ŕńőâŋőáâĺ: i—h ∂ρ ∂t = [H, ρ] ≡ Hρ − ρH (Ć.39) Ąãďěň àăąőâăâì ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï, ŕőáâàőěŋŋőň ŋă áőąáâćěŋŋëå äãŋłæĺïå čăňĺńìâőŋĺăŋă \áćőąőďŋëå çăáâĺæ":

H_0 = |ν >= E_ν |ν > (Ć.40)

3Ŋăğćăŋĺě H{âěőàěňă ĺňěěâ ĺáâőàĺçěáłĺľ åăàăłâěà | ć àăąőâăå Ąőńìæňăŋă àăááňăâàĺćăńăáì ćěńĺçĺŋă H = −S.

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 255

H_0 = ∑ ν E_νa^+_ν a_ν (Ć.41)

čďě a^+_ν , a_ν | őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï äěàňĺőŋőć ĺńĺ ąőğőŋőć ć łćăŋâőćőň áőáâőïŋĺĺ |ν >. Ŕőď ν ŕőďàăğãňěćăěâáï ŋăąőà łćăŋâőćëå çĺáěń, åăàăłâěàĺğãîéĺå ďăŋŋëě ćőğąãęďěŋĺï. Ůăéě ćáěčő ĺňěîâáï ććĺďã áćőąőďŋëě çăáâĺæë, åăàăłâěàĺğãěňëě ĺňŕãńìáőň (łćăğĺĺňŕãńìáőň) ĺ áŕĺŋőň: |ν >= |p, σ >= χ_σe^ipr^{/h̄}, čďě χ_σ { áŕĺŋőćăï çăáâì ćőńŋőćőľ äãŋłæĺĺ. Ŕàĺ íâőň ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï E_ν ≡ E_p = p^2/2m. Őďŋăłő ňőęŋő àăááňőâàěâì ĺ ňěŋěě âàĺćĺăńìŋëě áńãçăĺ. Ŋăŕàĺňěà ν ňőęěâ ąëâì ŋăąőàőň łćăŋâőćëå çĺáěń Ńăŋďăã ďńï íńěłâàőŋă ć őďŋőàőďŋőň ňăčŋĺâŋőň ŕőńě: ν = {n, p_z, σ}, íâő ňőčãâ ąëâì łćăŋâőćëě çĺáńă ãàőćŋěľ ć łăłőľ-âő ďàãčőľ âőçŋő àěèăěňőľ ğăďăçě, łőčďă čăňĺńìâőŋĺăŋ ãďăěâáï ŕàěďáâăćĺâì ć ďĺăčőŋăńìŋőň ćĺďě (Ć.41).

Őŕěàăâőàë ćâőàĺçŋőčő łćăŋâőćăŋĺï ãďőćńěâćőàïîâ őąëçŋëň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

[a_ν, a^+_ν′ ]_± = δ_{νν}′ (Ć.42)

[a_ν , a_ν′ ]_± = 0 [a^+_ν , a^+_ν′ ]_± = 0 (Ć.43)

čďě ± őâŋőáĺâáï ł äěàňĺőŋăň ĺ ąőğőŋăň áőőâćěâáâćěŋŋő. Ŕàěďŕőńăčăěň, çâő íâĺ őŕěàăâőàë ćğïâë ć èàěďĺŋčěàőćáłőň ŕàěďáâăćńěŋĺĺ, â.ě. ŋě ğăćĺáïéĺňĺ őâ ćàěňěŋĺ.

Ŋăèă æěńì áőáâőĺâ ć ŕőńãçěŋĺĺ ãàăćŋěŋĺľ ďńï őďŋőçăáâĺçŋëå ňăâàĺæ ŕńőâŋőáâĺ, łőâőàëě őŕàěďěńïîâáï ĺğ (1.163) łăł: F_{1νν}′ =< ν|F_1|ν^′ >= Spρa^+_ν a_ν′ ≡< a^+_ν a_ν′ > (Ć.44) Ěáâěáâćěŋŋő, ĺňěěâáï ć ćĺďã àăááňőâàěâì áńãçăľ ćğăĺňőďěľáâćãîéĺå çăáâĺæ, łőčďă ŕőńŋëľ čăňĺńìâőŋĺăŋ áĺáâěňë ĺňěěâ ćĺď:

H = H_0 + V (Ć.45)

čďě V { ŋěłőâőàëľ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï, âăłęě ğăŕĺáăŋŋëľ ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï.

Ĺáŕőńìğãï ãàăćŋěŋĺě Ńĺãćĺńńï (Ć.39) ňőęěň ğăŕĺáăâì: i—h ∂ ∂t Spρa^+_ν a_ν′ = i—h ∂ ∂t < a^+_ν a_ν >= Sp[H, ρ]a^+_ν a_ν′ =

= Spρ[a^+_ν a_ν′ , H] =< [a^+_ν a_ν′ , H] > (Ć.46)

čďě ŕàőćěńĺ őçěćĺďŋãî æĺłńĺçěáłãî ŕěàěáâăŋőćłã őŕěàăâőàőć ŕőď ğŋăłőň Sp. Šăłĺň őąàăğőň ğăďăçă áćőďĺâáï ł ćëçĺáńěŋĺî áàěďŋěčő ğŋăçěŋĺï łőňňãâăâőàă, áâőïéěčő ć ŕàăćőľ çăáâĺ. Ŋă íâőň íâăŕě ãęě áńěďãěâ łőŋłàěâĺğĺàőćăâì âã ĺńĺ ĺŋãî ňőďěńì ćğăĺňőďěľáâćĺï.

İńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě.

Řăááňőâàĺň ŋě áăňëľ ŕàőáâőľ áńãçăľ | áĺáâěňã íńěłâàőŋőć (äěàňĺőŋőć), ŋăåőďïéĺåáï ć áőáâőïŋĺïå |ν >, ćğăĺňőďěľáâćãîéĺå á äőŋőŋăňĺ (ąőğőŋăňĺ), áőáâőïŋĺï łőâőàëå åăàăłâěàĺğãîâáï łćăğĺĺňŕãńìáőň |k >. Šőčďă:

H_0 = H^0_{el} + H^0_{ph} (Ć.47)

256 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

H^0_{el} = ∑ ν E_ν a^+_ν a_ν H^0_{ph} = ∑ k —hωk^{b+}k^bk (Ć.48) V = H_{el−ph} = ∑ ν,ν^′,k A(ν^′, ν, k)a^+_ν a_ν′ (bk + b^+_−k) (Ć.49)

čďě A(ν^′, ν, k) = gk < ν|e^ikr|ν^′ > { ňăâàĺçŋëľ íńěňěŋâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï, gk { łőŋáâăŋâă íâőčő ćğăĺňőďěľáâćĺï.

Ć àăááňăâàĺćăěňőľ áĺáâěňě ŋãęŋő, ćőőąéě čőćőàï, ŕőáâàőĺâì áĺáâěňã áćïğăŋŋëå łĺŋěâĺçěáłĺå ãàăćŋěŋĺľ ďńï őďŋőçăáâĺçŋëå ňăâàĺæ ŕńőâŋőáâĺ íńěłâàőŋőć (Ć.44) ĺ äőŋőŋőć:

N_1kk_′ =< k|N_1|k^′ >= Spρb^+kbk_′ =< b^+kbk_′ > (Ć.50) Śőőâćěâáâćěŋŋő, àăááňőâàĺň âőçŋëě ãàăćŋěŋĺï ďćĺęěŋĺï âĺŕă (Ć.46): i—h ∂ ∂t < a^+_κ a_κ′ >=< [a^+_κ a_κ′ , H^0_{el} + H^0_{ph} + H_{el−ph}] > (Ć.51) i—h ∂ ∂t < b^+kbk_′ >=< [b^+kbk_′ , H^0_{el} + H^0_{ph} + H_{el−ph}] > (Ć.52) Ďăńěě ŋěőąåőďĺňő ŋěŕőáàěďáâćěŋŋő ćëçĺáńĺâì àăğńĺçŋëě ĺňěîéĺěáï ğďěáì łőňňãâăâőàë, ĺáŕőńìğãï őáŋőćŋëě łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï (Ć.42), (Ć.43). Ć çăáâŋőáâĺ, ŋěâàãďŋő ŕőńãçĺâì áńěďãîéĺě áőőâŋőèěŋĺï:

[a^+_ν a_ν′ , a^+_κ a_κ′ ] = a^+_ν a_κ′ δ_ν′_κ − a^+_κ a_ν′ δ_{νκ}′ (Ć.53)

[b^+qbq′ , b^+kbk_′ ] = b^+qbq′ δq_′ k − b^+kbq′ δqk_′ (Ć.54) Šőčďă á ĺáŕőńìğőćăŋĺěň (Ć.53) ć (Ć.51) ŕőńãçăěň: ( i—h ∂ ∂t + E_κ − E_κ′ ) F_{1κκ}′ = ∑ νν^′q { A(ν^′, ν, q)[δ_{νκ}′ H^⋆_{κν}′q − δ_{κν}′ H^⋆_{νκ}′q] + + A^⋆(ν^′, ν, q)[δ_{νκ}′ H_{κν}′q − δ_{κν}′ H_{νκ}q] } (Ć.55)

čďě ććěńĺ:

H^⋆_{κκ}′q =< a^+_κ a_κ′ bq > H_{κκ}′ q =< a^+_κ a_κ′ b^+q > (Ć.56) Ăŋăńőčĺçŋëň őąàăğőň, á ŕőňőéìî (Ć.54) ĺğ (Ć.52) ŕőńãçĺň: ( i—h ∂ ∂t + —hωk − —hωk_′ ) N_1kk_′ = ∑ νν^′ { A^⋆(ν^′, ν, k)H_{νν′}k − A(ν^′, ν, k)H^⋆_{νν′}k_′ } (Ć.57)

Šăłĺň őąàăğőň ćőğŋĺłăîâ ŕěàćëě ãàăćŋěŋĺï ąőčőńîąőćáłőľ æěŕőçłĺ. Ŋă áńěďãîéěň íâăŕě ŋãęŋő ćëŕĺáăâì ãàăćŋěŋĺï ďćĺęěŋĺï ďńï H_{κκ}′q, H^⋆_{κ,κ}′q: i—h ∂ ∂t < a^+_κ a_κbq >=< [a^+_κ a_κ′ bq, H^0_{el} + H^0_{ph} + H_{el−ph}] > i—h ∂ ∂t < a^+_κ a_κ′ b^+q >=< [a^+_κ a_κ′ b^+q, H^0_{el} + H^0_{ph} + H_{el−ph}] > (Ć.58)

Ĺáŕőńìğãï áŋőćă (Ć.53), (Ć.54), ă âăłęě

[bq, b^+kbk] = bkδkq [b^+q, b^+kbk] = −b^+kδkq (Ć.59)

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 257

ŕőńãçăěň: ( i—h ∂ ∂t + E_κ − E_κ′ + —hωq ) H_κ′_{,κ,}q = ∑ γγ^′ q^′ A(γ^′, γ, q^′) { < a^+_κ a_γ′ bq′ b^+q > δ_{γκ}′ +

+ < a^+_κ a_γ′ b^+_−q′ b^+q > δ_{γκ}′ − < a^+_γ a_κ′ bq′ b^+q > δ_γ′_κ− − < a^+_γ a_κ′ b^+_−q′ b^+q > δ_γ′_κ− < a^+_κ a_κ′ a^+_γ a_γ′ > δqq′ } (Ć.60) ( i—h ∂ ∂t + E_κ − E_κ′ − —hωq ) H^⋆_κ′_{,κ,}q = ∑ γγ^′ q^′ A^⋆(γ^′, γ, q^′) { < a^+_κ a_γ′ bq′ bq > δ_{γκ}′ + + < a^+_κ a_γ′ b^+_−q′ bq > δ_{γκ}′ − < a^+_γ a_κ′ bq′ bq > δ_γ′_κ− − < a^+_γ a_κ′ b^+_−q′ bq > δ_γ′_κ− < a^+_κ a_κ′ a^+_γ a_γ′ > δqq′ } (Ć.61)

Ňőęŋő, łőŋěçŋő, ĺ ŕàőďőńęăâì íâőâ ŕàőæěáá, ćëŕĺáëćăï áńěďãîéĺě ãàăćŋěŋĺï æěŕőçłĺ, łőâőàëě áâăŋőćïâáï ćáě ąőńěě čàőňőğďłĺňĺ, ŋő ďńï ąőńìèĺŋáâćă ŕàăłâĺçěáłĺå ğăďăç íâĺå ãàăćŋěŋĺľ ďőáâăâőçŋő, ěáńĺ ćğăĺňőďěľáâćĺě ďőáâăâőçŋő ňăńő. Ěďĺŋáâćěŋŋëň áŕőáőąőň ğăňëłăŋĺï ąőčőńîąőćáłőľ æěŕőçłĺ ïćńïěâáï ŕàĺąńĺęěŋŋőě ćëàăęěŋĺě (\àăáæěŕńěŋĺě") ćëáèĺå łőààěńïâőàőć çěàěğ ŋĺğèĺě (äăłâőàĺğăæĺï ćëáèĺå ňăâàĺæ ŕńőâŋőáâĺ çěàěğ ŋĺğèĺě). İâă ŕàőæěďãàă, ł áőęăńěŋĺî, ŋě ïćńïěâáï ćŕőńŋě őďŋőğŋăçŋőľ ć őąéěň áńãçăě. Ć àăááňăâàĺćăěňőľ ğăďăçě ďćãåçăáâĺçŋëě łőààěńïâőàë ňőęŋő áńěďãîéĺň őąàăğőň ŕàĺąńĺęěŋŋő ćëàăğĺâì çěàěğ őďŋőçăáâĺçŋëě^4:

< a^+_κ a_κ′ b^+kbk_′ >≈ F_{1κκ}′ N_1kk_′ < a^+_κ a_κ′ bkb^+k_′ >≈< a^+_κ a_κ′ >< δkk_′ + b^+k_′ bk >= F_{1κκ}′ (δkk_′ + N_1kk_′ ) < a^+_κ a_κ′ a^+_ν a_ν′ >≈ F_{1κκ}′ F_{1νν}′ + F_{1κν}′ (δ_κ′_ν − F_{1νκ}′ ) < a^+_κ a_κ′ bk_′ bk >=< a_κa_κb^+k_′ b^+k >= 0 (Ć.62)

Ĺáŕőńìğãï (Ć.62) ć (Ć.60) ĺ äőàňăńìŋő ĺŋâěčàĺàãï íâő ãàăćŋěŋĺě, ŕőńãçăěň: H_{κκ}′ q(t) = e^{īh (Eκ −Eκ′ +h̄ω}q^{)t} { H_{κκ}′ q(t_0) + 1 i—h ∫_t t0 dt^′I^{F N}_{κκ}′ q(t^′) } (Ć.63)

čďě t_0 { ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ, ĺ ňë ŕőńőęĺńĺ:

I^{F N}_{κκ}′ q(t^′) = ∑ γγ^′ q A(γ^′, γ, q^′)[(F_{1κγ}′ δ_{γκ}′ − −F_{1γκ}′ δ_γ′_κ)(δqq′ + N_1qq′ ) − (F_{1κκ}′ F_{1κγ}′ (δ_{γκ}′ − F_{1γκ}′ ))δqq′ ]_t′ (Ć.64)

čďě ŕőáńěďŋĺľ ĺŋďěłá őğŋăçăěâ, çâő ćáě äãŋłæĺĺ àăáŕàěďěńěŋĺï (őďŋőçăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ) ć łćăďàăâŋëå áłőąłăå ćğïâë ć ňőňěŋâ ćàěňěŋĺ t^′.

4Ŋěâàãďŋő ćĺďěâì, çâő ğďěáì ćëďěńěŋë ćáě ćőğňőęŋëě łőňąĺŋăæĺĺ ŕăà (\áŕăàĺćăŋĺï") őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï, áàěďŋĺě őâ łőâőàëå ĺ ďăîâ őďŋőçăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ. Šăłőě ŕàěďáâăćńěŋĺě íłćĺćăńěŋâŋő ĺáŕőńìğőćăŋĺî â.ŋ. âěőàěňë Ćĺłă, áŕàăćěďńĺćőľ ŕàĺ ãáàěďŋěŋĺĺ ŕő àăćŋőćěáŋőľ ňăâàĺæě ŕńőâŋőáâĺ [30].

258 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

Ććěďěň âěŕěàì ąőčőńîąőćáłőě \ãáńőćĺě őáńăąńěŋĺï łőààěńïæĺľ " ć ďăńěłőň ŕàőèńőň: lim t0→−∞ H_{κκ}′ q(t_0) = 0 (Ć.65)

Ćëąőà íâőčő ãáńőćĺï ć ąěáłőŋěçŋőň ŕàőèńőň áćïğăŋ á ŕàĺŋæĺŕőň ŕàĺçĺŋŋőáâĺ, ĺ ãáńőćĺě (Ć.65) ćëďěńïěâ \ŋăŕàăćńěŋĺě ćàěňěŋĺ".

Šőčďă (Ć.64) ňőęŋő ŕěàěŕĺáăâì łăł: H_{κκ}′q(t) = 1 i—h ∫_t −∞ dt^′e^{− īh (Eκ −Eκ′ +h̄ω}q^{)(t′−t)}I^{F N}_{κκ}′ q(t^′) (Ć.66) çâő ŕőáńě ğăňěŋë ŕěàěňěŋŋőľ t^′ − t = τ ďăěâ: H_{κκ}′q(t) = 1 i—h ∫_0 −∞ dτ e^{−i(Eκ−Eκ′ +h̄ω}q^{) τ̄h} I^{F N}_{κκ}′ q(t + τ ) (Ć.67) Šăłĺň őąàăğőň, ğŋăçěŋĺě łőààěńïâőàă H_{κκ}′ q ć ňőňěŋâ t őŕàěďěńïěâáï ğŋăçěŋĺïňĺ ňăâàĺæ ŕńőâŋőáâĺ F_1 ĺ N_1 ćő ćáě ŕàěďëďãéĺě ňőňěŋâë ćàěňěŋĺ (àěèěŋĺě á \ŕăňïâìî"). Ŕàěďŕőńőęĺň, áńěďãï Ąőčőńîąőćã, çâő åăàăłâěàŋëľ ćàěňěŋŋőľ ňăáèâăą \ŕăňïâĺ" ŕőàïďłă åăàăłâěàŋőčő (ňĺłàőáłőŕĺçěáłőčő) ćàěňěŋĺ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï τ_0, ă ŕő ěčő ŕàőèěáâćĺĺ íćőńîæĺï ćáěå (łĺŋěâĺçěáłĺå) ćěńĺçĺŋ őŕàěďěńïěâáï ńĺèì ćàěňěŋŋőľ ğăćĺáĺňőáâìî őďŋőçăáâĺçŋëå ňăâàĺæ ŕńőâŋőáâĺ. Šőčďă, ĺŋâěàěáãïáì íćőńîæĺěľ áĺáâěňë ŋă ćàěňěŋăå t ≫ τ_0, ňőęŋő íääěłâăňĺ \ŕăňïâĺ" ć (Ć.67) ŕőńŋőáâìî ŕàěŋěąàěçì. Śőőâćěâáâćěŋŋő, á ĺáŕőńìğőćăŋĺěň 1 i ∫_0 −∞ dte^{∓ixt} = lim_{ε→0+} 1 i ∫_0 −∞ dte^{∓(x±iε)t} = = lim_{ε→0+} 1 x ± iε = P 1 x ∓ iδ(x) (Ć.68)

áàăğã ęě ŕőńãçăěň:

H_{κκ}′ q = lim_{ε→0+} 1 E_κ − E_κ′ + —hωq + iε ∑ κκ^′ q^′ A(γ^′, γ, q^′) { (F_{1κγ}′_{δγκ′} − −F_{1γκ}′ δ_γ′_κ)(δqq′ + N_1qq′ ) − (F_{1κκ}′ F_{1γγ}′ + F_{1κγ}′ (δ_{γκ}′ − F_{1γκ}′ ))δqq′ } (Ć.69)

Ăŋăńőčĺçŋëň őąàăğőň, ĺğ (Ć.61) ŕőńãçăěň:

H^⋆_{κκ}′q = lim_{ε→0+} 1 E_κ − E_κ′ − —hωq + iε ∑ κκ^′ q^′ A^⋆(γ^′, γ, q^′) { (F_{1κγ}′ δ_{γκ}′ (N_1q′q + δqq′ )− −F_{1γκ}′ δ_γ′_κN_1qq′ ) − (F_{1γκ}′ F_{1κγ}′ − F_{1κκ}′ F_{1γγ}′ )δqq′ } (Ć.70)

Ğăňěâĺň, çâő àěèěŋĺï (Ć.67) ĺ (Ć.67) ŋěňěďńěŋŋő áńěďãîâ ĺğ (Ć.60) ĺ (Ć.61) (á ãçěâőň àăáæěŕńěŋĺï (Ć.62)) ěáńĺ ŕàěďŕőńőęĺâì őâáãâáâćĺě ïćŋőľ ğăćĺáĺňőáâĺ H ĺ H^⋆ őâ ćàěňěŋĺ, çâő ŕőğćőńïěâ áďěńăâì ć (Ć.60) ĺ (Ć.61) äőàňăńìŋãî ğăňěŋã i—h^∂_{∂t} → iε^5.

5İâő áőőâćěâáâćãěâ čĺŕőâěğě Ąőčőńîąőćă ő âőň, çâő ŋă åăàăłâěàŋëå ďńï łĺŋěâĺłĺ ćàěňěŋăå, ćëáèĺě ňăâàĺæë ŕńőâŋőáâĺ (äãŋłæĺĺ àăáŕàěďěńěŋĺï) ğăćĺáïâ őâ ćàěňěŋĺ âőńìłő çěàěğ áőőâćěâáâćãîéãî ğăćĺáĺňőáâì őďŋőçăáâĺçŋëå ňăâàĺæ (äãŋłæĺľ àăáŕàěďěńěŋĺï).

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 259

Śőąáâćěŋŋő čőćőàï, ŕőďáâăŋőćłă (Ć.69) ĺ (Ć.70) ć (Ć.55) ĺ (Ć.57) ãęě ďăěâ ğăňłŋãâëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï ďńï F_1 ĺ N_1. Őďŋăłő ĺå őąéĺľ ćĺď áãéěáâćěŋŋő ãŕàőéăěâáï, ěáńĺ ŕàěďŕőńőęĺâì ďĺăčőŋăńìŋőáâì őďŋőçăáâĺçŋëå ňăâàĺæ ŕńőâŋőáâĺ: F_{1κκ}′ = F_{1κ}δ_{κκ}′ N_1kk_′ = N_1kδkk_′ (Ć.71) Řăğãňěěâáï, áŕàăćěďńĺćőáâì íâőčő ŕàěďŕőńőęěŋĺï ğăćĺáĺâ őâ áćőľáâć àăááňăâàĺćăěňőľ áĺáâěňë ĺ łćăŋâőćëå çĺáěń íńěłâàőŋőć ν, ă âăłęě őâ ćőğňőęŋőáâĺ ŕàěŋěąàěęěŋĺï ŕàőáâàăŋáâćěŋŋëňĺ ŋěőďŋőàőďŋőáâïňĺ ć äőŋőŋŋőň čăğě. Ěáńĺ áőőâćěâáâćãîéĺě ãáńőćĺï ćëŕőńŋěŋë, łćăŋâőćëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï ďńï íńěłâàőŋőć ĺ äőŋőŋőć ŕàĺőąàěâăîâ őłőŋçăâěńìŋëľ ćĺď: ∂F_{1κ} ∂t = 2π —h ∑ νq { |A(κ, ν, q)|^2δ(E_κ − E_ν + —hωq)[F_{1ν}(1 − F_{1κ})(N_1q + 1) − F_{1κ}(1 − F_{1ν})N_1q]

+|A(ν, κ, q)|^2δ(E_κ − E_ν − —hωq)[F_{1ν}(1 − F_{1κ})N_1q − F_{1κ}(1 − F_{1ν})(N_1q + 1)] } (Ć.72) ∂ ∂t N_1k = 2π —h ∑ νν^′ |A(ν, ν^′, k)|^2δ(E_ν′ − E_ν − —hωk) { [F_{1ν}′ − F_{1ν}]N_1k − F_{1ν}′ (1 − F_{1ν}) } (Ć.73) Ŕőńãçěŋŋëě łĺŋěâĺçěáłĺě ãàăćŋěŋĺï (ĺŋâěčàăńë áâőńłŋőćěŋĺľ) ďńï íńěłâàőŋ { äőŋőŋŋőľ áĺáâěňë ïćńïîâáï őáŋőćőľ ďńï àěèěŋĺï ňŋőčĺå ğăďăç łĺŋěâĺłĺ ć âćěàďëå âěńăå [38].

İńěłâàőŋ { íńěłâàőŋŋőě ćğăĺňőďěľáâćĺě.

Řăááňőâàĺň âěŕěàì łàăâłő ćëćőď łĺŋěâĺçěáłőčő ãàăćŋěŋĺï ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć (äěàňĺőŋőć), čăňĺńìâőŋĺăŋ łőâőàëľ ğăŕĺáëćăěâáï ć ćĺďě: H = ∑ ν E_ν a^+_ν a_ν + ∑ μμ^′νν^′ < μν|U |μ^′ν^′ > a^+_ν a^+_μ a_ν′ a_μ′ (Ć.74)

čďě ňë ŕàěďŕőńăčăěň, çâő ćğăĺňőďěľáâćĺě ĺňěěâ łőàőâłőďěľáâćãîéĺľ (íłàăŋĺàőćăŋŋëľ) åăàăłâěà (áńãçăľ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï âàěąãěâ áŕěæĺăńìŋőčő àăááňőâàěŋĺï). Ěčő ňăâàĺçŋëľ íńěňěŋâ: < μν|U (r)|μ^′ν^′ >= ∫ d^3k (2π)^3 U (k) < μ|e^ikr|μ^′ >< ν|e^ikr|ν^′ > (Ć.75) Ććěďěň áŋőćă çăáâĺçŋëě ňăâàĺæë ŕńőâŋőáâĺ: F_{1κκ}′ = Spρa^+_κ a_κ′ =< a^+_κ a_κ′ > (Ć.76) < κκ^′|F_2|νν^′ >= Spρa^+_κ a^+_κ′ a_ν a_ν′ =< a^+_κ a^+_κ′ a_ν a_ν′ > (Ć.77) Šőčďă áőőâćěâáâćãîéĺě ãàăćŋěŋĺï ďćĺęěŋĺï (æěŕőçłă) ĺňěîâ ćĺď: ( i—h ∂ ∂t + E_κ − E_κ′ ) F_{1κκ}′ = ∑ νν^′μμ^′ < μν|U |μ^′ν^′ > [< νμ|F_2|μ^′ν^′ > δ_{κμ}′ − − < νμ|F_2|μ^′κ^′ > δ_ν′_κ+ < κμ|F_2|μ^′ν^′ > δ_κ′_ν − < κν|F_2|μ^′ν^′ > δ_{μκ}′ ] (Ć.78)

260 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. ( i—h ∂ ∂t + E_κ′ + E_κ − E_γ − E_γ′ ) < κκ^′|F_2|γγ^′ >= = ∑ μμ^′ νν^′ < μν|U |μ^′ν^′ >< [a^+_ν a^+_μ a_ν′ a_μ′ , a^+_κ a^+_κ′ a_γ a_γ′ ] > (Ć.79)

Ŕőáńě ćëçĺáńěŋĺï łőňňãâăâőàőć ć (Ć.79) ćőğŋĺłăîâ áàěďŋĺě őâ ŕàőĺğćěďěŋĺï âàěå őŕěàăâőàőć àőęďěŋĺï ĺ âàěå őŕěàăâőàőć ãŋĺçâőęěŋĺï, ć łőâőàëå ňőęŋő ŕàőćěáâĺ àăáæěŕńěŋĺě ćĺďă:

< a^+_ν a^+_μ a_ν′ a^+_κ′ a_γ a_γ′ >≈ F_{1νγ}′ F_{1μν}′ F_{1κ}′_γ + F_{1νν}′F_{1μγ} F_{1κ}′_γ′ + +F_{1νγ}F_{1μγ}′ (δ_ν′_κ′ − F_{1κ}′_ν′ ) < a^+_κ a^+_ν a^+_μ a_μ′ a_γ a_γ′ >≈ F_{1μμ}′ F_{1νγ}F_{1κγ}′ + F_{1κμ}′ F_{1νγ}′ F_{1κ}′_γ′ + F_{1κγ} F_{1νμ}′ F_{1μγ}′ (Ć.80)

Šăłęě łăł ĺ ćëèě, ŕàĺ àăááňőâàěŋĺĺ ďőáâăâőçŋő ňěďńěŋŋëå łĺŋěâĺçěáłĺå ŕàőæěááőć, ňőęŋő ŕàőćěáâĺ ć (Ć.79) ğăňěŋã i—h^∂_{∂t} → iε, çâő ŕőğćőńïěâ (á ãçěâőň (Ć.80)) ŋěňěďńěŋŋő ŕőńãçĺâì ěčő àěèěŋĺě. Ŕőáńě ŕőďáâăŋőćłĺ ěčő ć (Ć.78) ŕőńãçăěň łĺŋěâĺçěáłőě ãàăćŋěŋĺě ďńï F_{1κκ}′ . Ŕàěďŕőńăčăï ďĺăčőŋăńìŋőáâì F_{1κκ}′ = F_{1κ}δ_{κκ}′ ňőęŋő ŕàĺćěáâĺ ěčő ł áńěďãîéěňã ćĺďã: ∂F_{1κ} ∂t = 2π —h ∑ νν^′κ^′ | < νν^′|U |κκ^′ > |^2δ(E_ν + E_ν′ − E_κ − E_κ′ ) [F_{1ν}(1 − F_{1κ})F_{1ν}′ (1 − F_{1κ}′ ) − F_{1κ}(1 − F_{1ν})F_{1κ}′ (1 − F_{1ν}′ )] (Ć.81)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ: |κ >= 1√ V e^{īh} pr (Ć.82)

F_{1κ} → np (Ć.83) E_κ → ε(p) = p^2/2m (Ć.84) < μ|e^ikr|ν >= 1 V ∫ dre^{īh (}p^{′−}p^+k^)r ĺ â.ď. (Ć.85)

âăł çâő łĺŋěâĺçěáłőě ãàăćŋěŋĺě ďńï íńěłâàőŋőć ğăŕĺèěâáï łăł ∂np_{∂t} = 2π (2π—h)^6—h ∫ dp^′_1dp^′_2dp2|U (p1 − p^′_1)|^2δ(p1 + p2 − p^′_1 − p^′_2)

δ(ε(p_1) + ε(p_2) − ε(p^′_1) − ε(p^′_2)) [ np^′_1 np^′_2 (1 − np1 )(1 − np2 )− −np1 np2 (1 − np^′_1 )(1 − np^′_2 )^]

(Ć.86)

čďě U (p) { äãàìě { őąàăğ ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï.

Ğăŕĺáëćăï íŋâàőŕĺî íńěłâàőŋŋőčő čăğă ăŋăńőčĺçŋő (5.15):

S = 2 ∫ d^3p (2π)^3

[(1 + np) ln(1 + np) − np ln np] (Ć.87)

ĺ ĺáŕőńìğãï (Ć.86) ňőęŋő, ŕőáńě ďőáâăâőçŋő čàőňőğďłĺå ćëçĺáńěŋĺľ, ďőłăğăâì łćăŋâőćëľ ćăàĺăŋâ H { âěőàěňë:^{dS}_{dt} ≥ 0.

Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï. 261

Řăćŋőćěáŋőě àăáŕàěďěńěŋĺě Ťěàňĺ:

n^0p = 1 e^{ε(p)−μ}T + 1 (Ć.88)

őąàăéăěâ ĺŋâěčàăń áâőńłŋőćěŋĺľ ć (Ć.86) ć ŋãńì, ć çěň ňőęŋő ãąěďĺâìáï ŋěŕőáàěďáâćěŋŋëňĺ ćëçĺáńěŋĺïňĺ, á ãçěâőň ğăłőŋă áőåàăŋěŋĺï íŋěàčĺĺ àăááěĺćăîéĺåáï çăáâĺæ, ćëàăęăěňőčő δ { äãŋłæĺěľ ć ĺŋâěčàăńě áâőńłŋőćěŋĺľ. Ŋěâàãďŋő ćĺďěâì, çâő ć (Ć.86) ŕàĺ íâőň âőęďěáâćěŋŋő őąàăéăěâáï ć ŋãńì łőňąĺŋăæĺï äãŋłæĺľ àăáŕàěďěńěŋĺï ć łćăďàăâŋëå áłőąłăå.

Ŕőńãçěŋŋőě ćëàăęěŋĺě ďńï ĺŋâěčàăńă áâőńłŋőćěŋĺľ ĺčàăěâ őŕàěďěńïîéãî àőńì ŕàĺ àăááňőâàěŋĺĺ ŋĺğłőâěňŕěàăâãàŋőľ łĺŋěâĺłĺ ć ňěâăńńăå (äěàňĺ { ęĺďłőáâĺ).

262 Łĺŋěâĺçěáłĺě ãàăćŋěŋĺï.

Ąĺąńĺőčàăäĺï

[1] Ń.Ď.Ńăŋďăã, Ě.Ň.Ńĺäèĺæ. Śâăâĺáâĺçěáłăï äĺğĺłă. \Ŋăãłă", Ň, 1964 [2] Ń.Ď.Ńăŋďăã, Ě.Ň.Ńĺäèĺæ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ůăáâì 1. \Ŋăãłă", Ň, 1976 [3] Ě.Ň.Ńĺäèĺæ, Ń.Ŕ.Ŕĺâăěćáłĺľ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ůăáâì 2. \Ŋăãłă", Ň, 1978 [4] Ď.Ŋ.Ğãąăàěć. Ŋěàăćŋőćěáŋăï áâăâĺáâĺçěáłăï âěàňőďĺŋăňĺłă. \Ŋăãłă", Ň, 1971 [5] Ďę.Ć.Čĺąąá. Őáŋőćŋëě ŕàĺŋæĺŕë áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. ČŠŠĹ, Ň, 1947 [6] Ďę.Ć.Čĺąąá. Šěàňőďĺŋăňĺłă. Śâăâĺáâĺçěáłăï ňěåăŋĺłă. \Ŋăãłă", Ň, 1982 [7] Ń.Ď.Ńăŋďăã, Ě.Ň.Ńĺäèĺæ. Łćăŋâőćăï ňěåăŋĺłă. \Ŋăãłă", Ň, 1974 [8] Ń.Ď.Ńăŋďăã, Ě.Ň.Ńĺäèĺæ. Šěőàĺï ŕőńï. \Ŋăãłă", Ň, 1973 [9] §.Ň.Čěńìäěà, Ć.Ń.Ńîąőèĺæ, Ň.Ĺ.Ŕőďčőàěæłĺľ. Ŕăàăďőłá Čĺąąáă ĺ âőęďěáâćěŋŋőáâì çăáâĺæ ć łćăŋâőćőľ ňěåăŋĺłě. \Ŋăãłă", Ň, 1975 [10] Ă.§.Ţĺŋçĺŋ. Ňăâěňăâĺçěáłĺě őáŋőćăŋĺï áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Čőáâěåĺğďăâ, Ň, 1943 [11] §.Č.Śĺŋăľ. Ććěďěŋĺě ć íàčőďĺçěáłãî âěőàĺî. \Ťăğĺá", Ň, 1996 [12] Ň.Ă.Ńěőŋâőćĺç. Ććěďěŋĺě ć âěàňőďĺŋăňĺłã. Śâăâĺáâĺçěáłăï äĺğĺłă. \Ŋăãłă", Ň, 1983 [13] Ń.Ď.Ńăŋďăã, Ě.Ň.Ńĺäèĺæ. Ňěåăŋĺłă. \Ŋăãłă", Ň, 1973 [14] Č.Ň.Ğăáńăćáłĺľ. Śâőåăáâĺçŋőáâì ďĺŋăňĺçěáłĺå áĺáâěň. \Ŋăãłă", Ň, 1984 [15] Ŋ.Ŋ.Ąőčőńîąőć. Ŕàőąńěňë ďĺŋăňĺçěáłőľ âěőàĺĺ ć áâăâĺáâĺáçěáłőľ äĺğĺłě. Čőáâěåĺğďăâ, Ň, 1946 (Ĺğąàăŋŋëě âàãďë, â.2, "Ŋăãłőćă ďãňłă", Łĺěć 1970) [16] Ł.Ŕ.Čãàőć. Őáŋőćăŋĺï łĺŋěâĺçěáłőľ âěőàĺĺ. \Ŋăãłă", Ň, 1966 [17] Ě.Ň.Ńĺäèĺæ, Ń.Ŕ.Ŕĺâăěćáłĺľ. Ťĺğĺçěáłăï łĺŋěâĺłă. \Ŋăãłă", Ň, 1979 [18] Ă.Ĺ.Ăåĺěğěà, Ś.Ć.Ŕěńěâňĺŋáłĺľ. Ňěâőďë áâăâĺáâĺçěáłőľ äĺğĺłĺ. \Ŋăãłă", Ň, 1977 [19] Ť.Ň.Łãŋĺ. Śâăâĺáâĺçěáłăï äĺğĺłă ĺ âěàňőďĺŋăňĺłă. \Ŋăãłă", Ň, 1981

264 ĄĹĄŃĹŐČŘĂŤĹ§ [20] Ŋ.Ŋ.Ąőčőńîąőć. Ńěłæĺĺ ŕő łćăŋâőćőľ áâăâĺáâĺłě. (Ĺğąàăŋŋëě âàãďë, â.2, "Ŋăãłőćă ďãňłă", Łĺěć 1970) [21] Ĺ.Ň.Ńĺäèĺæ, Ň.§.Ăğąěńì, Ň.Ĺ.Łăčăŋőć. İńěłâàőŋŋăï âěőàĺï ňěâăńńőć. \Ŋăãłă", Ň, 1971 [22] Ś.Ă.Ćăáĺńìěć. Ąőğě-łőŋďěŋáăæĺï ć ĺďěăńìŋőň čăğě. Ŕàĺàőďă, N^01, 58 (1996) [23] Ď.Ŕăľŋá, Ť.Ŋőğìěà. Šěőàĺï łćăŋâőćëå ęĺďłőáâěľ. \Ňĺà", Ň, 1967 [24] Ă.Ă.Ăąàĺłőáőć. Őáŋőćë âěőàĺĺ ňěâăńńőć. \Ŋăãłă", Ň, 1987 [25] Ŋ.Ŋ.Ąőčőńîąőć. Łćăğĺáàěďŋĺě ć ğăďăçăå áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. (Ĺğąàăŋŋëě âàãďë, â.3, "Ŋăãłőćă ďãňłă", Łĺěć 1971) [26] Ŕ.Ďě Ęěŋ. Śćěàåŕàőćőďĺňőáâì ňěâăńńőć ĺ áŕńăćőć. \Ňĺà", Ň, 1968 [27] Ć.Ŕ.Ňĺŋěěć. Śćěàåâěłãçĺľ čěńĺľ-3. \Ğŋăŋĺě", Ň, 1984 [28] Ÿ.Ňă. Śőćàěňěŋŋăï âěőàĺï łàĺâĺçěáłĺå ïćńěŋĺľ. \Ňĺà", Ň, 1980 [29] Ď.Ŋ.Ğãąăàěć. Ďćãåćàěňěŋŋëě äãŋłæĺĺ Čàĺŋă ć áâăâĺáâĺçěáłőľ äĺğĺłě. ŞŤŊ

71, 71 (1960)

[30] Ă.Ă.Ăąàĺłőáőć, Ń.Ŕ.Čőàìłőć, Ĺ.Ě.Ďğïńőèĺŋáłĺľ. Ňěâőďë łćăŋâőćőľ âěőàĺĺ ŕőńï ć áâăâĺáâĺçěáłőľ äĺğĺłě. Ťĺğňăâčĺğ, Ň, 1962 [31] Ř.Ňăââãł. Ťěľŋňăŋőćáłĺě ďĺăčàăňňë ć ŕàőąńěňě ňŋőčĺå âěń. \Ňĺà", Ň, 1969 [32] Ă.Ą.Ňĺčďăń. Łăçěáâćěŋŋëě ňěâőďë ć łćăŋâőćőľ ňěåăŋĺłě. \Ŋăãłă", 1975 [33] đ.Ą.Řãňěà, Ň.Ÿ.Řëćłĺŋ. Šěàňőďĺŋăňĺłă, áâăâĺáâĺçěáłăï äĺğĺłă ĺ łĺŋěâĺłă. \Ŋăãłă", Ň, 1977 [34] Ł.Ÿěŋŋőŋ. Ňăâěňăâĺçěáłăï âěőàĺï áćïğĺ. (Řăąőâë ŕő âěőàĺĺ ĺŋäőàňăæĺĺ ĺ łĺąěàŋěâĺłě). ĹŃ, Ň, 1963 [35] Ń.Ąàĺńńîíŋ. Ŋăãłă ĺ âěőàĺï ĺŋäőàňăæĺĺ. Ťĺğňăâčĺğ, Ň, 1960 [36] Ą.Ą.Łăďőňæěć. Ďĺŋăňĺłă ĺ ĺŋäőàňăæĺï. ŞŤŊ, Ň, 1997 [37] Ů.Č.Ąěŋŋěâ. Ďěňőŋë, ďćĺčăâěńĺ ĺ ćâőàőě ŋăçăńő âěàňőďĺŋăňĺłĺ. Ć Ňĺàě Ŋăãłĺ,N^01, 53 (1988) [38] Ŕ.Ś.Ğëàïŋőć, Ň.Ĺ.Łńĺŋčěà. Łćăŋâőćăï âěőàĺï ïćńěŋĺľ íńěłâàőŋŋőčő ŕěàěŋőáă ć łàĺáâăńńĺçěáłĺå ŕőńãŕàőćőďŋĺłăå. \Ŋăãłă", Ň, 1976