ŃĚŁŰĹĹ ŔŐ ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ň. Ć. Śăďőćáłĺľ

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

cflŇ.Ć.Śăďőćáłĺľ, 2002

Ŕàěďĺáńőćĺě

Ĺğńăčăěňëľ ŋĺęě ňăâěàĺăń ŕàěďáâăćńïěâ áőąőľ áãéěáâćěŋŋő àăáèĺàěŋŋëľ łőŋáŕěłâ ńěłæĺľ, çĺâăěňëå ăćâőàőň ŋă äĺğĺçěáłőň äăłãńìâěâě Şàăńìáłőčő Čőáãďăàáâćěŋŋőčő Şŋĺćěàáĺâěâă, ŋăçĺŋăï á 1991 čőďă. Őáŋőćŋăï ğăďăçă łãàáă | ŕőğŋăłőňĺâì áâãďěŋâőć { âěőàěâĺłőć á őáŋőćăňĺ áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ. Ŕőáłőńìłã áŕěæĺăńĺğăæĺï áâãďěŋâőć ć ŞàČŞ áćïğăŋă, čńăćŋëň őąàăğőň, á äĺğĺłőľ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ŕěàěď ăćâőàőň áâőïńă ŋěŕàőáâăï ğăďăçă ĺğńőęěŋĺï ňăâěàĺăńă ć ďőáâăâőçŋő łőňŕăłâŋőň ĺ íńěňěŋâăàŋőň ćĺďě. Ć âő ęě ćàěňï, ğăďăçěľ łãàáă ïćńïěâáï ĺğńőęěŋĺě ŋăąőàă áćěďěŋĺľ, łőâőàëě ć ŋăáâőïéěě ćàěňï ŋěőąåőďĺňő ğŋăâì łăęďőňã čàăňőâŋőňã âěőàěâĺłã, ďăęě ŋě àăąőâăîéěňã ć ďăŋŋőľ őąńăáâĺ. Ć ĺğćěáâŋőň áňëáńě, ďăŋŋëľ łãàá ğăćěàèăěâ őąéĺľ æĺłń ŕàěŕőďăćăŋĺï âěőàěâĺçěáłőľ äĺğĺłĺ.

Łćăŋâőćăï âěőàĺï ŕőńï ïćńïěâáï, ŋă áěčőďŋïèŋĺľ ďěŋì, ŋăĺąőńěě äãŋďăňěŋâăńìŋőľ âěőàĺěľ ňăâěàĺĺ. Ć ŕőáńěďŋĺě ďěáïâĺńěâĺï ć íâőľ őąńăáâĺ ďőáâĺčŋãâ ćŕěçăâńïîéĺľ ŕàőčàěáá, łőâőàëľ áćïğăŋ á ŕőáâàőěŋĺěň âőčő, çâő ŋăğëćăěâáï \áâăŋďăàâŋőľ ňőďěńìî" çăáâĺæ ĺ ĺå ćğăĺňőďěľáâćĺľ. Ć âő ęě ćàěňï, áőőâćěâáâćãîéĺľ ňăâěàĺăń ěéě ŋě őçěŋì èĺàőłő ĺğćěáâěŋ ğă ŕàěďěńăňĺ áőőąéěáâćă ńîďěľ, ŋěŕőáàěďáâćěŋŋő àăąőâăîéĺå ć äĺğĺłě çăcâĺæ. Ś ďàãčőľ áâőàőŋë, ĺďěĺ ĺ ňěâőďë łćăŋâőćőľ âěőàĺĺ ŕőńï ŋăèńĺ őçěŋì èĺàőłőě ŕàĺňěŋěŋĺě ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ĺ ąěğ ğŋăŋĺï áőőâćěâáâćãîéĺå ŕàĺŋæĺŕőć âàãďŋő íääěłâĺćŋő àăąőâăâì ć íâőľ őąńăáâĺ, łăğăńőáì ąë ďőáâăâőçŋő ďăńěłőľ őâ łàãčă ĺŋâěàěáőć âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ.

Ĺňěěâáï ďőáâăâőçŋő ąőńìèőě łőńĺçěáâćő áâăŋďăàâŋëå ãçěąŋĺłőć łćăŋâőćőľ âěőàĺĺ ŕőńï àăğŋőčő ãàőćŋï [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. Őáőąěŋŋőáâìî ąőńìèĺŋáâćă ĺğ ŋĺå (łàőňě, ŕőęăńãľ, ďőćőńìŋő áâăàëå łŋĺč [5, 6]) ïćńïěâáï ŕőáńěďőćăâěńìŋőě ďěďãłâĺćŋőě ĺğńőęěŋĺě ŕàěďňěâă ć àăňłăå ĺďěőńőčĺĺ, ŋăĺąőńěě ąńĺğłőľ ăćâőàăň. Őâńĺçĺě ďăŋŋőčő łãàáă áőáâőĺâ ć âőň, çâő ğďěáì ŕàĺŋïâ áłőàěě ĺŋďãłâĺćŋëľ ňěâőď, łőčďă őďŋĺ ĺ âě ęě ćőŕàőáë ğăçăáâãî ĺğńăčăîâáï àăğńĺçŋëňĺ áŕőáőąăňĺ. İâő ćěďěâ ł ŋěĺğąěęŋëň ŕőćâőàăň, ŋěłőâőàőňã àăğŋőąőî ć őąőğŋăçěŋĺïå ĺ â.ŕ. Őďŋăłő ăćâőàã ŕàěďáâăćńïěâáï, çâő âăłőľ, ďőáâăâőçŋő ŋěäőàňăńìŋëľ, ŕőďåőď ąőńěě ŕőńěğěŋ á âőçłĺ ğàěŋĺï ğŋăłőňáâćă á àăğŋőőąàăğĺěň ĺďěľ ĺ ňěâőďőć, ĺáŕőńìğãěňëå ŕàĺ àěèěŋĺĺĺ àěăńìŋëå ğăďăç. Ďńï ŕőŋĺňăŋĺï ąőńìèěľ çăáâĺ łãàáă âàěąãěâáï ğŋăŋĺě őáŋőć łćăŋâőćőľ ňěåăŋĺłĺ ĺ áâăâĺáâĺçěáłőľ äĺğĺłĺ. Ŋěłőâőàëě ŋãęŋëě ŕőďåőďë, ŋě ĺğńăčăîéĺěáï ć âàăďĺæĺőŋŋëå łãàáăå łćăŋâőćőľ ňěåăŋĺłĺ ĺ áâăâĺáâĺçěáłőľ äĺğĺłĺ, ąãďãâ őąáãęďěŋë ŕő åőďã ďěńă.

Ŕàĺ ŋăŕĺáăŋĺĺ ďăŋŋëå ńěłæĺľ ăćâőà ć ŋăĺąőńìèěľ áâěŕěŋĺ őŕĺàăńáï ŋă łŋĺčĺ [1, 8], ŋő ďőćőńìŋő ňŋőčő ňăâěàĺăńă ćğïâő ĺ ĺğ ďàãčĺå ĺáâőçŋĺłőć, łőâőàëě ąãďãâ æĺâĺàőćăâìáï ŕő åőďã ĺğńőęěŋĺï. Ć àïďě áńãçăěć, ňë áâăàăěňáï ŕàőćőďĺâì ăŋăńőčĺĺ á ĺğćěáâŋëňĺ ğăďăçăňĺ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ĺńĺ ŕàĺćőďĺâì ŕàĺňěàë àěèěŋĺï łőŋłàěâŋëå ğăďăç ĺğ íâőľ őąńăáâĺ, ąőńěě ąńĺğłőľ áńãèăâěńïň. Ŕàĺ íâőň áńěďãěâ ĺňěâì ć ćĺďã, çâő ĺ áőćàěňěŋŋăï âěőàĺï íńěňěŋâăàŋëå çăáâĺæ ğăĺňáâćőćăńă ňŋőčĺě ĺďěĺ ĺ ňěâőďë âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ĺ őďŋőľ ĺğ ğăďăç ďăŋŋőčő łãàáă ïćńïěâáï ďěňőŋáâàăæĺï íâőčő ěďĺŋáâćă âěőàěâĺçěáłőľ äĺğĺłĺ.

Ŋěłőâőàőľ ŋěőąëçŋőáâìî łãàáă, áćïğăŋŋőľ á őâňěçěŋŋëňĺ ćëèě ěčő őáőąěŋŋőáâïňĺ, ïćńïěâáï ďőćőńìŋő ąőńìèőě çĺáńő ńĺâěàăâãàŋëå ááëńőł. Ŕàĺ íâőň ĺňěńőáì ć ćĺďã, çâő ŋăńĺçĺě ááëńőł ŕőğćőńïěâ çĺâăâěńî, ŕàĺ ęěńăŋĺĺ, ŕěàěľâĺ ł ąőńěě ãčńãąńěŋŋőňã àăááňőâàěŋĺî âěå ĺńĺ ĺŋëå ćőŕàőáőć, âěň ąőńěě çâő çâěŋĺě ďăŋŋëå ńěłæĺľ ŋě ňőęěâ, łőŋěçŋő, ğăňěŋĺâì ĺğãçěŋĺï ąőńěě äãŋďăňěŋâăńìŋëå ãçěąŋĺłőć.

Űěŋâàăńìŋőľ ĺďěěľ łãàáă ïćńïěâáï ĺğńőęěŋĺě őáŋőć łăńĺąàőćőçŋëå âěőàĺľ ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ ĺ őáŋőć \áâăŋďăàâŋőľ ňőďěńĺ". Ć ňěâőďĺçěáłőň ŕńăŋě ďőáâăâőçŋő ŕőďàőąŋő ĺğńăčăěâáï ďĺăčàăňňŋăï âěåŋĺłă Ťěľŋňăŋă, ğŋăçěŋĺě łőâőàőľ ćëåőďĺâ ďăńěłő ğă ŕàěďěńë âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ [13], ă âăłęě äőàňăńĺğň äãŋłæĺőŋăńìŋőčő (łőŋâĺŋãăńìŋőčő) ĺŋâěčàĺàőćăŋĺï, łőâőàëľ âăłęě èĺàőłő ĺáŕőńìğãěâáï ć ŋăáâőïéěě ćàěňï ć ďàãčĺå őąńăáâïå âěőàěâĺçěáłőľ äĺğĺłĺ [14, 15]. Ňë áőğŋăâěńìŋő őčàăŋĺçĺćăěňáï íâĺň ãęě ďőáâăâőçŋő âàăďĺæĺőŋŋëň ňăâěàĺăńőň, áőáâăćńïîéĺň őáŋőćã áőćàěňěŋŋőčő ŕőŋĺňăŋĺï ćğăĺňőďěľáâćĺľ íńěňěŋâăàŋëå çăáâĺæ. Ć íâőň áňëáńě, ĺğńăčăěňëľ ňăâěàĺăń ŋě ŋőć, ćáě íâĺ àěğãńìâăâë ąëńĺ ŕőńãçěŋë ŕàĺňěàŋő ł áěàěďĺŋě 70-å čőďőć. Ňë áőğŋăâěńìŋő őáâăćńïěň ğă àăňłăňĺ ĺğńőęěŋĺï ąőńěě áőćàěňěŋŋëě, ŋő ĺ ąőńěě áŕěłãńïâĺćŋëě ćőŕàőáë, âăłĺě, áłăęěň, łăł áãŕěàáĺňňěâàĺï. Šěň ąőńěě ŋě ĺğńăčăîâáï ćěéĺ, ćëåőďïéĺě ğă àăňłĺ áőąáâćěŋŋő łćăŋâőćőľ âěőàĺĺ ŕőńï, âăłĺě łăł áâàãŋë ĺ áãŕěàáâàãŋë. Śőąáâćěŋŋő äĺğĺłě çăáâĺæ âăłęě ãďěńïěâáï ďőćőńìŋő ňăńő ňěáâă, ŕàĺćőďïâáï ńĺèì őâďěńìŋëě ŕàĺňěàë àăáçěâă âěå ĺńĺ ĺŋëå ŕàőáâěľèĺå íääěłâőć, á æěńìî ĺńńîáâàăæĺĺ ŕàĺňěŋěŋĺï őąéĺå ŕàĺŋæĺŕőć âěőàĺĺ. Ţőàőèěě ĺğńőęěŋĺě łőŋłàěâŋëå ćőŕàőáőć áőćàěňěŋŋőľ äĺğĺłĺ çăáâĺæ ňőęŋő ŋăľâĺ ć [16, 17].

Řăąőâă ŋăď âěłáâőň ńěłæĺľ çăáâĺçŋő ŕőďďěàęăŋă čàăŋâőň CRDF No. REC-005.

Ň.Ć. Śăďőćáłĺľ, Ěłăâěàĺŋąãàč, 2002 č.

.

Ş ŋăá ŋěâ ńãçèěčő áàěďáâćă ďńï őŕĺáăŋĺï íńěňěŋâăàŋëå çăáâĺæ, çěň łćăŋâőćăï âěőàï ŕőńï. Łćăŋâőćőě ŕőńě | íâő ăŋáăňąńì ąěáłőŋěçŋőčő çĺáńă ćğăĺňőďěľáâćãîéĺå čăàňőŋĺçěáłĺå őáæĺńńïâőàőć. Ćőğąãęďěŋĺï íâĺå őáæĺńńïâőàőć őâőęďěáâćńïîâáï á çăáâĺæăňĺ... Ćáě íâő őçěŋì ć ďãåě XIX áâőńěâĺï, łőčďă ńîďĺ ŕëâăńĺáì áâàőĺâì ňěåăŋĺçěáłĺě ňőďěńĺ ćáěå ïćńěŋĺľ. § ŋě ćĺęã ć íâőň ŋĺçěčő ŕńőåőčő, ŕőáłőńìłã ńîąăï ŋěâàĺćĺăńìŋăï ĺďěï ć őŕàěďěńěŋŋőň áňëáńě ćěàŋă. Ňãáőà ŕàőèńőčő çăáâő őłăğëćăěâáï áőłàőćĺéěň ŋăáâőïéěčő (ĺ ŋăőąőàőâ). Ŕőíâőňã ňë ąãďěň áňěńő ŕàĺąěčăâì ł àăğńĺçŋëň ăŋăńőčĺïň ŕàĺ őąáãęďěŋĺĺ ŋăèĺå őáŋőćŋëå ŕàőąńěň.

Ă.Ň. Ŕőńïłőć. \Łăńĺąàőćőçŋëě ŕőńï ĺ áâàãŋë", 1987, [24]

4

Śőďěàęăŋĺě

1 ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘ- ŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ 9 Ťãŋďăňěŋâăńìŋëě çăáâĺæë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 Ťěàňĺőŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 Ćěłâőàŋëě ąőğőŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 Ťãŋďăňěŋâăńìŋëě ćğăĺňőďěľáâćĺï. . . . . . . . . . . . . . . . . . . . . . . . . 12 Śâăŋďăàâŋăï ňőďěńì ĺ ŕěàáŕěłâĺćë. . . . . . . . . . . . . . . . . . . . . . . . 13

2 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮ- ŊŻĚ ŔŐŃ§ 17

Ńăčàăŋęěćă ňěåăŋĺłă çăáâĺæë. . . . . . . . . . . . . . . . . . . . . . . . . . . 17 Ďěľáâćĺâěńìŋőě áłăńïàŋőě ŕőńě. Şàăćŋěŋĺï Ńăčàăŋęă. . . . . . . . . . . . 19 Šěőàěňă Ŋěâěà. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 Łőňŕńěłáŋőě áłăńïàŋőě ĺ íńěłâàőňăčŋĺâŋőě ŕőńě. . . . . . . . . . . . . . . 26 Ŕőńï §ŋčă { Ňĺńńáă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 Čěőňěâàĺï łăńĺąàőćőçŋëå ŕőńěľ. . . . . . . . . . . . . . . . . . . . . . . . . . 37 Řěăńĺáâĺçěáłĺľ ŕàĺňěà | åàőňőďĺŋăňĺłă. . . . . . . . . . . . . . . . . . . . 44

3 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ.

ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 47 Ťőâőŋ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 Łćăŋâőćăŋĺě íńěłâàőňăčŋĺâŋőčő ŕőńï. . . . . . . . . . . . . . . . . . . . 47 Ğăňěçăŋĺï ő čàăďĺěŋâŋőľ ĺŋćăàĺăŋâŋőáâĺ ĺ áâăâĺáâĺłě Ąőğě. . . . . . 52 Ćăłããňŋëě äńãłâãăæĺĺ ĺ íääěłâ Łăğĺňĺàă. . . . . . . . . . . . . . . 55 Ąőğőŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 Śłăńïàŋëě çăáâĺæë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 Ĺáâĺŋŋő ŋěľâàăńìŋëě çăáâĺæë. . . . . . . . . . . . . . . . . . . . . . . . 60 Ŕàěőąàăğőćăŋĺï C, P, T . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 Ćěłâőàŋëě ąőğőŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 Ťěàňĺőŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 Šàěåňěàŋëě áŕĺŋőàë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 Śŕĺŋőàë čàãŕŕë Ńőàěŋæă. . . . . . . . . . . . . . . . . . . . . . . . . . . 72 Şàăćŋěŋĺě Ďĺàăłă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 Ăńčěąàă ňăâàĺæ Ďĺàăłă. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 Ŕńőáłĺě ćőńŋë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 Śćïğì áŕĺŋă ĺ áâăâĺáâĺłĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . 85 Ŕàěőąàăğőćăŋĺï C, P, T ďńï äěàňĺőŋőć. . . . . . . . . . . . . . . . . . . 87

6 ŚŐĎĚŘĘĂŊĹĚ Ąĺńĺŋěľŋëě äőàňë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 Ŋěľâàĺŋő. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘ- ŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 95

Ŋěàěńïâĺćĺáâáłăï âěőàĺï. Ťãŋłæĺĺ Čàĺŋă. . . . . . . . . . . . . . . . . . . . 95 Řěńïâĺćĺáâáłăï âěőàĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 Ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 İńěłâàőŋ ĺ ćŋěèŋěě íńěłâàőňăčŋĺâŋőě ŕőńě. . . . . . . . . . . . . . . . . . . 105 Ğăďăçă ďćãå çăáâĺæ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§ 115 Ăňŕńĺâãďă àăááěïŋĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 Łĺŋěňăâĺçěáłĺě ĺŋćăàĺăŋâë. . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 Şáńőćĺě ãŋĺâăàŋőáâĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 6 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 125

Ŕàěďáâăćńěŋĺě Ÿàěďĺŋčěàă ĺ Čěľğěŋąěàčă. . . . . . . . . . . . . . . . . . . . 125 Ŕàěďáâăćńěŋĺě ćğăĺňőďěľáâćĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . 127 Řăğńőęěŋĺě S-ňăâàĺæë. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 Ďĺăčàăňňë Ťěľŋňăŋă ďńï àăááěïŋĺï íńěłâàőŋőć ć łćăŋâőćőľ íńěłâàőďĺ- ŋăňĺłě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 Ďĺăčàăňňë Ťěľŋňăŋă ďńï àăááěïŋĺï äőâőŋă. . . . . . . . . . . . . . . . . . 140 İńěłâàőŋŋëľ ŕàőŕăčăâőà. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 Ťőâőŋŋëľ ŕàőŕăčăâőà. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 Šěőàěňă Ćĺłă ĺ őąéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ. . . . . . . . . . . . . 149

7 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 155

Őŕěàăâőàë ŕőńěľ ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ, áćïğì á ŕàěďáâăćńě- ŋĺěň ćğăĺňőďěľáâćĺï. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 Šőçŋëľ äőâőŋŋëľ ŕàőŕăčăâőà. . . . . . . . . . . . . . . . . . . . . . . . . . . 157 Šőçŋëľ íńěłâàőŋŋëľ ŕàőŕăčăâőà. . . . . . . . . . . . . . . . . . . . . . . . . 163 Ćěàèĺŋŋëě çăáâĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 Şàăćŋěŋĺï Ďăľáőŋă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 Šőęďěáâćő Şőàďă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 8 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂ- ŇĹŁĹ 175

Řăááěïŋĺě íńěłâàőŋă ŋă áâăâĺçěáłőň ğăàïďě: ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć. . 175 Ńíňąőćáłĺľ áďćĺč ĺ ăŋőňăńìŋëľ ňăčŋĺâŋëľ ňőňěŋâ. . . . . . . . . . . . . . 179 Ŕěàěŋőàňĺàőćłă | łăł íâő \àăąőâăěâ". . . . . . . . . . . . . . . . . . . . . . 184 \Ąěčãéăï" łőŋáâăŋâă áćïğĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 Ăŋŋĺčĺńïæĺï e^+e^− ć ăďàőŋë | ďőłăğăâěńìáâćő áãéěáâćőćăŋĺï łćăàłőć. . 189 Ťĺğĺçěáłĺě ãáńőćĺï ŕěàěŋőàňĺàőćłĺ. . . . . . . . . . . . . . . . . . . . . . . 191 Łńăááĺäĺłăæĺï ĺ ãáâàăŋěŋĺě àăáåőďĺňőáâěľ. . . . . . . . . . . . . . . . . . 195 Ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě äőâőŋŋőčő ŕàőŕăčăâőàă ŕàĺ ąőńìèĺå ĺňŕãńìáăå.198 Śćïğì ňěęďã \ğăâàăćőçŋëň" ĺ ĺáâĺŋŋëň ğăàïďőň. . . . . . . . . . . . . . . 201 Čàãŕŕă ŕěàěŋőàňĺàőćłĺ ć ŁİĎ. . . . . . . . . . . . . . . . . . . . . . . . . . 204 Ăáĺňŕâőâĺçěáłĺľ åăàăłâěà àïďőć âěőàĺĺ ćőğňãéěŋĺľ. . . . . . . . . . . . . 206

ŚŐĎĚŘĘĂŊĹĚ 7

9 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂ- ŊĹŁĂ 209

Ťőàňãńĺàőćłă łćăŋâőćőľ ňěåăŋĺłĺ ŋă őáŋőćě ĺŋâěčàăńőć ŕő âàăěłâőàĺïň. 209 Šěőàĺï ćőğňãéěŋĺľ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 Ťãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě. . . . . . . . . . . . . . . . . . . . . . . 222 Ŋěłőâőàëě áćőľáâćă äãŋłæĺőŋăńìŋëå ĺŋâěčàăńőć. . . . . . . . . . . . . . . 224

10 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂ- ŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 229

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áłăńïàŋëå ŕőńěľ. . . . . . . . . . . . . . . 229 Ťãŋłæĺőŋăńìŋőě ĺŋâěčàĺàőćăŋĺě. . . . . . . . . . . . . . . . . . . . . . . . . . 233 Ťãŋłæĺĺ Čàĺŋă áćőąőďŋëå çăáâĺæ. . . . . . . . . . . . . . . . . . . . . . . . . 237 Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï ćğăĺňőďěľáâćãîéĺå ŕőńěľ. . . . . . . . . . 243 Šěőàĺï φ^4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áćïğŋëå ďĺăčàăňň. . . . . . . . . . . . . . . 252 Őŕěàăâőà áőąáâćěŋŋőľ íŋěàčĺĺ ĺ ćěàèĺŋŋëě äãŋłæĺĺ. . . . . . . . . . . . . 255 Šěőàĺï łàĺâĺçěáłĺå ïćńěŋĺľ. . . . . . . . . . . . . . . . . . . . . . . . . . . . 260 Ťěàňĺőŋë ĺ äãŋłæĺőŋăńìŋëě ňěâőďë. . . . . . . . . . . . . . . . . . . . . . . 272 Ŕàőŕăčăâőàë ĺ łăńĺąàőćőçŋëě ãáńőćĺï ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. . . 278

11 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂ- ŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 281

Ŋěăąěńěćë łăńĺąàőćőçŋëě ŕőńï ĺ ňěâőď Ťăďďěěćă{Ŕőŕőćă. . . . . . . . . . 281 Ťěľŋňăŋőćáłĺě ďĺăčàăňňë ć ŋěăąěńěćőľ âěőàĺĺ. . . . . . . . . . . . . . . . . 287

12 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 295

Śŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ ĺ âěőàěňă Čőńďáâőãŋă. . . . . . . . . . . 295 Łăńĺąàőćőçŋëě ŕőńï ĺ íääěłâ Ţĺččáă. . . . . . . . . . . . . . . . . . . . . . 301 Ŕőńï §ŋčă { Ňĺńńáă ĺ áŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ. . . . . . . . . . . 304 Ňőďěńì Ćăľŋąěàčă { Śăńăňă. . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

13 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 317

Řăáåőďĺňőáâĺ ć âěőàĺĺ φ^4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 Řăğňěàŋăï àěčãńïàĺğăæĺï âěőàĺĺ φ^4. . . . . . . . . . . . . . . . . . . . . . . 321 Ŕěàěŋőàňĺàőćłă âěőàĺĺ φ^4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326 Řěŋőàňăńĺğăæĺőŋŋăï čàãŕŕă. . . . . . . . . . . . . . . . . . . . . . . . . . . . 332 Ăáĺňŕâőâĺçěáłăï áćőąőďă âěőàĺľ §ŋčă { Ňĺńńáă. . . . . . . . . . . . . . . . 338 \Ąěčãéĺě" łőŋáâăŋâë áćïğĺ ĺ \ćěńĺłőě őąêěďĺŋěŋĺě." . . . . . . . . . . . . 345

14 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 351 Šěőàĺï ŕőńï ŋă àěèěâłě. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351 İääěłâĺćŋëľ ŕőâěŋæĺăń ĺ ŕěâńěćőě àăğńőęěŋĺě. . . . . . . . . . . . . . . . 363 Ĺŋáâăŋâőŋë ć łćăŋâőćőľ ňěåăŋĺłě. . . . . . . . . . . . . . . . . . . . . . . . . 367 Ĺŋáâăŋâőŋë ĺ ŋěáâăąĺńìŋëľ ćăłããň ć âěőàĺĺ ŕőńï. . . . . . . . . . . . . . . 377

8 ŚŐĎĚŘĘĂŊĹĚ

Čńăćă 1

ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘ- ŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐ- ĎĚĽŚŠĆĹ§Ţ

Ťãŋďăňěŋâăńìŋëě çăáâĺæë.

Ŕàěęďě çěň ŕěàěåőďĺâì ł áĺáâěňăâĺçěáłőňã ĺğńőęěŋĺî ňăâěàĺăńă, æěńěáőőąàăğŋő ŕàőćěáâĺ łàăâłĺľ őąğőà ňĺàă íńěňěŋâăàŋëå çăáâĺæ, ŕàĺŋæĺŕë őŕĺáăŋĺï łőâőàőčő ĺ áőáâăćńïîâ ŋăèã čńăćŋãî ğăďăçã. Ŕàĺ íâőň ąãďěâ ććěďěŋă őáŋőćŋăï âěàňĺŋőńőčĺï äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ, łàăâłő őŕĺáăŋă ĺå łńăááĺäĺłăæĺï ĺ őâňěçěŋë ŋěłőâőàëě æěŋâàăńìŋëě ĺďěĺ, łőâőàëě ĺáŕőńìğãîâáï ŕàĺ őŕĺáăŋĺĺ ĺå ćğăĺňőďěľáâćĺľ. Ğďěáì ęě ãňěáâŋő ğăâàőŋãâì àïď ćőŕàőáőć, łőâőàëě ć ďăńìŋěľèěň ćőőąéě ŋě ąãďãâ őąáãęďăâìáï. Ąőńěě ŕőďàőąŋő á íâĺňĺ ćőŕàőáăňĺ ňőęŋő őğŋăłőňĺâìáï (ŋă ćŕőńŋě íńěňěŋâăàŋőň ãàőćŋě) ć őçěŋì åőàőèő ŋăŕĺáăŋŋëå łŋĺčě [16] ĺ őąğőàě [21]. Łàăľŋě ŕőńěğŋő ŕàőçĺâăâì íâĺ àăąőâë ďő çâěŋĺï őáŋőćŋőľ çăáâĺ ĺğńăčăěňëå ńěłæĺľ! Ăŋăńőčĺçŋőľ ŕő ďãåã ĺ áâĺńî ĺğńőęěŋĺï ïćńïěâáï ĺ łŋĺčă [17]. Ŋă ňěŋěě íńěňěŋâăàŋőň ãàőćŋě á őáŋőćŋëňĺ àěğãńìâăâăňĺ áőćàěňěŋŋőľ íłáŕěàĺňěŋâăńìŋőľ äĺğĺłĺ çăáâĺæ, âăłęě, łăł ĺ á čńăćŋëňĺ ĺďěïňĺ, ĺáŕőńìğãěňëňĺ ŕàĺ ĺå łńăááĺäĺłăæĺĺ ĺ őŕĺáăŋĺĺ ĺå ćğăĺňőďěľáâćĺľ, ňőęŋő ŕőğŋăłőňĺâìáï ć [18, 19, 20].

Ć âěçěŋĺě ňŋőčĺå ńěâ (őáőąěŋŋő ć 50{60{å čőďăå, ă ć ŕőŕãńïàŋőľ ńĺâěàăâãàě ĺ čőàăğďő ŕőğęě) ąëńő ŕàĺŋïâő čőćőàĺâì ő \łàĺğĺáě" ć äĺğĺłě íńěňěŋâăàŋëå çăáâĺæ, łőâőàëľ áćïğëćăńáï łăł á őčàőňŋëň (áőâŋĺ!) çĺáńőň íłáŕěàĺňěŋâăńìŋő őâłàëâëå

10 ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ

áãąêïďěàŋëå çăáâĺæ, âăł ĺ á âàãďŋőáâïňĺ âěőàěâĺçěáłőčő őŕĺáăŋĺï ĺå ćğăĺňőďěľáâćĺľ. Őďŋĺň ĺğ ŋăĺąőńěě ğŋăçĺâěńìŋëå ďőáâĺęěŋĺľ áőćàěňěŋŋőľ äĺğĺłĺ ïćĺńőáì çàěğćëçăľŋőě ãŕàőéěŋĺě íâőľ ğăŕãâăŋŋőľ łăàâĺŋë, łőâőàőě ĺ ćëàăęăěâáï ć áâăŋďăàâŋőľ ňőďěńĺ. Ć ŋăáâőïéěě ćàěňï íłáŕěàĺňěŋâăńìŋő ãáâăŋőćńěŋő, çâő ňĺà ĺáâĺŋŋő íńěňěŋâăàŋëå çăáâĺæ^1 ãáâàőěŋ ďőáâăâőçŋő ŕàőáâő, ă őáŋőćë áâàőěŋĺï ňăâěàĺĺ ŋăďěęŋő őŕĺáëćăîâáï âěőàěâĺçěáłĺ ć àăňłăå âăłęě âćěàďő ãáâăŋőćńěŋŋëå ŕàĺŋæĺŕőć áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ŋăĺąőńěě äãŋďăňěŋâăńìŋëň, áőčńăáŋő àěńïâĺćĺáâáłőľ łćăŋâőćőľ âěőàĺĺ, ïćńïěâáï ďěńěŋĺě íńěňěŋâăàŋëå çăáâĺæ ŋă äěàňĺőŋë ĺ ąőğőŋë. İłáŕěàĺňěŋâăńìŋő őâłàëâë ćáěčő 12 íńěňěŋâăàŋëå äěàňĺőŋőć (áő áŕĺŋőň s = 1/2) ĺ 4 ąőğőŋă (áő áŕĺŋőň s = 1). İâő, àăğãňěěâáï, ŋě áçĺâăï áőőâćěâáâćãîéĺå ăŋâĺçăáâĺæ. Ć íâőň áňëáńě ňĺà ãáâàőěŋ ďőáâăâőçŋő ŕàőáâő!

Ťěàňĺőŋë.

Ćáě ĺğćěáâŋëě äãŋďăňěŋâăńìŋëě äěàňĺőŋë (s = 1/2) ŕěàěçĺáńěŋë ć Šăąńĺæě I. Ĺğ ĺå áćőľáâć ć íâőľ ęě âăąńĺæě ãłăğăŋ ńĺèì íńěłâàĺçěáłĺľ ğăàïď. İâĺ 12 äěàňĺőŋőć ďěńïâáï ŋă âàĺ \ŕőłőńěŋĺï"^2, ć łăęďőň ĺğ łőâőàëå ĺňěěâáï ŕő ďćă ńěŕâőŋă ĺ ďćă łćăàłă^3. Ş łăęďőčő ğăàïęěŋŋőčő äěàňĺőŋă ěáâì áćőï ăŋâĺçăáâĺæă á ďàãčĺň ğŋăłőň íńěłâàĺçěáłőčő ğăàïďă. Ěáâì ńĺ ăŋâĺçăáâĺæë ã ŋěľâàĺŋő áěľçăá ŋěĺğćěáâŋő, ćőğňőęŋő, çâő őŋĺ ïćńïîâáï âăł ŋăğëćăěňëňĺ ĺáâĺŋŋő ŋěľâàăńìŋëňĺ çăáâĺæăňĺ.

Šăąńĺæă I. Ťãŋďăňěŋâăńìŋëě äěàňĺőŋë.

Ŕőłőńěŋĺï 1 2 3 Q

Łćăàłĺ u c t +2/3 (\ćěàåŋĺě" ĺ \ŋĺęŋĺě") d s b −1/3

Ńěŕâőŋë ν_e ν_μ ν_τ 0 (ŋěľâàĺŋő ĺ ğăàïęěŋŋëě) e μ τ −1

Ćáě őáâăńìŋëě áãąêïďěàŋëě çăáâĺæë ïćńïîâáï áőáâăćŋëňĺ ĺ áâàőïâáï ĺğ łćăàłőć. Łăł íâő ďěńăěâáï, ďőáâăâőçŋő åőàőèő ĺ ŕőďàőąŋő őŕĺáăŋő ć [18, 19]^4 ĺ ňë ŋě ąãďěň ãďěńïâì íâőňã ćŋĺňăŋĺï ć ďăńìŋěľèěň. Ğăňěâĺň âőńìłő, çâő ĺğ âàőěł łćăàłőć áâàőïâáï ąăàĺőŋë, â.ě. äěàňĺőŋë âĺŕă ŕàőâőŋă, ŋěľâàőŋă ĺ àăğŋőőąàăğŋëå čĺŕěàőŋőć, âőčďă łăł ĺğ ŕăà łćăàł{ăŋâĺłćăàł áâàőïâáï ňěğőŋë, â.ě. ąőğőŋë âĺŕă

1Ěáâěáâćěŋŋő, çâő ŕőď ĺáâĺŋŋő íńěňěŋâăàŋëňĺ ŕőŋĺňăîâáï çăáâĺæë, łőâőàëě ŋă áőćàěňěŋŋőň ãàőćŋě ğŋăŋĺï ĺ íłáŕěàĺňěŋâăńìŋőľ âěåŋĺłĺ ŋě áőáâőïâ ĺğ ąőńěě íńěňěŋâăàŋëå áőáâăćńïîéĺå.

2Ć âěőàĺĺ çăáâĺæ áãéěáâćãěâ ãáâőïćèăïáï âěàňĺŋőńőčĺï, ć ďăńìŋěľèěň, ŕàĺ ãŕőâàěąńěŋĺĺ áőőâćěâáâćãîéĺå âěàňĺŋőć ňë ŋě ąãďěň ĺáŕőńìğőćăâì łăćëçłĺ. Ŕàĺ íâőň, ćáě ęě, ŋãęŋő ŕőďçěàłŋãâì, çâő ćáě íâĺ ŕőŋïâĺï łőŋěçŋő ęě ŋě ĺňěîâ ŋĺłăłőčő őâŋőèěŋĺï ł őąëďěŋŋőňã áňëáńã âěå áńőć, łőâőàëňĺ őŋĺ, ğă ŋěĺňěŋĺěň ńãçèěčő, őąőğŋăçăîâáï.

3Ńěŕâőŋë, âăłĺě łăł íńěłâàőŋ ĺ íńěłâàőŋŋőě ŋěľâàĺŋő, ĺğćěáâŋë ãęě ďăćŋő. Ć ŕőŕãńïàŋőľ ĺ őąéěäĺğĺçěáłőľ ńĺâěàăâãàě, łăł ŕàăćĺńő, łćăàłĺ ĺňěŋãîâáï čĺŕőâěâĺçěáłĺňĺ çăáâĺæăňĺ. İâő ŋěćěàŋő, őŋĺ ďăćŋő ĺğãçăîâáï íłáŕěàĺňěŋâăńìŋő, ă ŋěłĺě áőňŋěŋĺï ć ĺå àěăńìŋőáâĺ ïćńïîâáï ŋăáńěďĺěň ĺå âěőàěâĺçěáłőčő \ŕàőĺáåőęďěŋĺï" ĺ áćïğăŋë á ŋěćőğňőęŋőáâìî ĺå ŋăąńîďěŋĺï ć áćőąőďŋőľ áőáâőïŋĺĺ. (łőŋäăľŋňěŋâ). Ŋãęŋő ŕőďçěàłŋãâì, çâő łćăàłĺ ăąáőńîâŋő àěăńìŋë, őŋĺ çěâłő ŋăąńîďăîâáï ćŋãâàĺ ăďàőŋőć ć ňŋőčőçĺáńěŋŋëå íłáŕěàĺňěŋâăå ŕàĺ ćëáőłĺå íŋěàčĺïå.

4Ć ĺáâőàĺçěáłőň ŕńăŋě ćőğŋĺłŋőćěŋĺě łćăàłőćőľ ňőďěńĺ åőàőèő ŕàőáńěďĺâì, çĺâăï áâăàëě őąğőàë [22, 23].

ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ 11

π-ňěğőŋőć, K-ňěğőŋőć ĺ â.ŕ. Ąăàĺőŋë ĺ ňěğőŋë őąêěďĺŋïîâáï ć łńăáá çăáâĺæ, ĺňěŋãěňëå ăďàőŋăňĺ | íâĺ çăáâĺæë ãçăáâćãîâ ćő ćáěå âĺŕăå ćğăĺňőďěľáâćĺľ, ĺğćěáâŋëå ć ŕàĺàőďě: áĺńìŋőň, íńěłâàőňăčŋĺâŋőň ĺ áńăąőň. Ńěŕâőŋë ãçăáâćãîâ âőńìłő ć íńěłâàőňăčŋĺâŋëå ĺ áńăąëå ćğăĺňőďěľáâćĺïå. Ăŋăńőčĺçŋëě çăáâĺæë ĺğ àăğŋëå ŕőłőńěŋĺľ őâńĺçăîâáï âőńìłő ŕő ňăááě, ćáě őáâăńìŋëě łćăŋâőćëě çĺáńă ã ŋĺå ŕàőáâő áőćŕăďăîâ. Ŋăŕàĺňěà, ňîőŋ μ ćő ćáěå őâŋőèěŋĺïå ăŋăńőčĺçěŋ íńěłâàőŋã, ŋő ŕàĺňěàŋő ć 200 àăğ âïęěńěě, ŕàĺàőďă íâőľ àăğŋĺæë ŋě ĺğćěáâŋă. Ć Šăąńĺæě II ŕàĺćěďěŋë íłáŕěàĺňěŋâăńìŋëě ğŋăçěŋĺï ňăáá ćáěå äãŋďăňěŋâăńìŋëå äěàňĺőŋőć (ć íŋěàčěâĺçěáłĺå ěďĺŋĺæăå), ă âăłęě ćàěňěŋă ęĺğŋĺ (ĺńĺ áőőâćěâáâćãîéĺě èĺàĺŋë àěğőŋăŋáőć) ć áńãçăě ŋěáâăąĺńìŋëå çăáâĺæ. Šăň ęě ãłăğăŋ čőď őâłàëâĺï áőőâćěâáâćãîéěľ çăáâĺæë^5. Ğŋăçěŋĺï ňăáá łćăàłőľ (âăłęě łăł ĺ ĺå ćàěňěŋă ęĺğŋĺ) ŋě áńěďãěâ ŕőŋĺňăâì áńĺèłőň ąãłćăńìŋő, ŕőáłőńìłã łćăàłĺ ŋě ŋăąńîďăîâáï ć áćőąőďŋőň ćĺďě. İâĺ ğŋăçěŋĺï åăàăłâěàĺğãîâ łćăàłĺ, ŋăåőďïéĺěáï čńãąőłő ćŋãâàĺ ăďàőŋőć.

Šăąńĺæă II. Ňăááë ĺ ćàěňěŋă ęĺğŋĺ äãŋďăňěŋâăńìŋëå äěàňĺőŋőć.

ν_e < 10 eV (1956) ν_μ < 170 KeV (1962) ν_τ < 24 MeV (1975)

e = 0.5 MeV (1897) μ = 105.7MeV, 2 · 10^{−6} s (1937) τ = 1777 MeV, 3 · 10^{−13} s (1975)

u = 5 MeV (1964) c = 1300 MeV, 10^{−12} s (1974) t = 176 GeV, ` = 2 GeV (1994)

d = 10 MeV (1964) s = 150 MeV (1964) b = 4.3 GeV, 10^{−12} s (1977)

Ğăŋïâŋő, çâő ďńï ŕőáâàőěŋĺï ćáěčő őłàãęăîéěčő ŋăá ňĺàă, áőáâőïéěčő àěăńìŋő ĺğ ăâőňőć, â.ě. ïďěà ĺ íńěłâàőŋőć, ă áőőâćěâáâćěŋŋő ĺğ âăłĺå áâăąĺńìŋëå (ĺńĺ őâŋőáĺâěńìŋő áâăąĺńìŋëå) çăáâĺæ, łăł íńěłâàőŋ, ŕàőâőŋ, ŋěľâàőŋ ĺ ŋěľâàĺŋő, ďőáâăâőçŋő çăáâĺæ âőńìłő ĺğ ŕěàćőčő ŕőłőńěŋĺï! Ğăçěň \ŋãęŋë" ěéě ďćă ŕőłőńěŋĺï | ŋěĺğćěáâŋő, ďőáâăâőçŋăï ãćěàěŋŋőáâì áãéěáâćãěâ âőńìłő ć âőň őâŋőèěŋĺĺ, çâő ďàãčĺå ŕőłőńěŋĺľ ć ŕàĺàőďě ŋěâ.

Ćěłâőàŋëě ąőğőŋë.

Ŕőňĺňő äãŋďăňěŋâăńìŋëå äěàňĺőŋőć, ïćńïîéĺåáï őáŋőćŋëňĺ \łĺàŕĺçĺłăňĺ" ňăâěàĺĺ, ĺğćěáâŋë ĺğ őŕëâă ěéě 4 ćěłâőàŋëå (s = 1) ąőğőŋă, ïćńïîéĺěáï ŕěàěŋőáçĺłăňĺ őáŋőćŋëå ćğăĺňőďěľáâćĺľ: ćáěň ĺğćěáâŋëľ äőâőŋ γ, čńîőŋ g, ŋěľâàăńìŋëľ áńăąëľ ąőğőŋ Z^0 ĺ ğăàïęěŋŋëě áńăąëě ąőğőŋë W^± (ïćńïîéĺěáï ăŋâĺçăáâĺæăňĺ ďàãč ŕő őâŋőèěŋĺî ł ďàãčã). Őáŋőćŋëě áćőľáâćă íâĺå çăáâĺæ ŕàĺćěďěŋë ć Šăąńĺæě III.

Šăąńĺæă III. Ťãŋďăňěŋâăńìŋëě ąőğőŋë, ĺå ňăááë ĺ èĺàĺŋë.

Ąőğőŋ γ (1900) g (1973) Z (1983) W (1983) Ňăááă 0 0 91.2 GeV 80.4 GeV Ÿĺàĺŋă 0 0 2.5 GeV 2.1 GeV

5Čőď őâłàëâĺï, łőŋěçŋő, őŕàěďěńěŋ ĺŋőčďă ďőáâăâőçŋő ãáńőćŋő. Ć ŋěłőâőàëå áńãçăïå ãłăğăŋ čőď âěőàěâĺçěáłőčő ŕàěďáłăğăŋĺï.

12 ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ

Ńãçèě ćáěčő ĺğãçěŋë, ěáâěáâćěŋŋő, äőâőŋë. İâő àăďĺőćőńŋë, áćěâ, àěŋâčěŋőćáłĺě ĺ γ-ńãçĺ. Ňăááă äőâőŋă àăćŋă ŋãńî, âăł çâő íŋěàčěâĺçěáłĺľ áŕěłâà áćőąőďŋőčő äőâőŋă (ğăłőŋ ďĺáŕěàáĺĺ) ĺňěěâ ćĺď^6: E = ~c|k|. Ťőâőŋë á E ≠ ~c|k| ŋăğëćăîâáï ćĺàâãăńìŋëňĺ, ŋăŕàĺňěà łãńőŋőćáłőě ŕőńě ć ăâőňě ćőďőàőďă áőğďăîâ ćĺàâãăńìŋëě äőâőŋë á ~^2c^2k^2 ≫ E^2. Ĺáâőçŋĺłőň äőâőŋőć ïćńïěâáï íńěłâàĺçěáłĺľ ğăàïď. Śőőâćěâáâćãîéăï ąěğàăğňěàŋăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï | ĺğćěáâŋăï ŕőáâőïŋŋăï âőŋłőľ áâàãłâãàë α = e^2/~c ≈ 1/137. Ćáě íńěłâàőňăčŋĺâŋëě ćğăĺňőďěľáâćĺï őąãáńőćńěŋë őąňěŋőň äőâőŋăňĺ. Šěőàĺï, őŕĺáëćăîéăï íńěłâàőňăčŋĺâŋëě ćğăĺňőďěľáâćĺï, ŋăğëćăěâáï łćăŋâőćőľ íńěłâàőďĺŋăňĺłőľ (ŁİĎ).

Ňăááĺćŋëě ćěłâőàŋëě ąőğőŋë Z ĺ W^± ïćńïîâáï ŕěàěŋőáçĺłăňĺ łőàőâłőďěľáâćãîéěčő áńăąőčő ćğăĺňőďěľáâćĺï. Ćňěáâě á äőâőŋőň őŋĺ ćåőďïâ ć ěďĺŋãî čàãŕŕã íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï. Śőőâćěâáâćãîéĺě ąěğàăğňěàŋëě łőŋáâăŋâë ćğăĺňőďěľáâćĺï α_W = g^2_W /~c ∼ α_Z = g^2_Z /~c ∼ α, â.ě. ŕőàïďłă íńěłâàőňăčŋĺâŋőľ łőŋáâăŋâë.

Čńîőŋë ïćńïîâáï ŕěàěŋőáçĺłňĺ áĺńìŋőčő ćğăĺňőďěľáâćĺï. Ĺáâőçŋĺłăňĺ čńîőŋőć ïćńïîâáï áŕěæĺäĺçěáłĺě \æćěâőćëě" ğăàïďë. Łăęďëľ ĺğ 6 áőàâőć łćăàłőć (ĺńĺ, łăł čőćőàïâ \ăàőňăâőć") u, d, c, s, t, b áãéěáâćãěâ ć âàěå æćěâőćëå àăğŋőćĺďŋőáâïå: łàăáŋőľ r, ğěńěŋőľ g, áĺŋěľ b. Ăŋâĺłćăàłĺ őąńăďăîâ áőőâćěâáâćãîéĺňĺ ăŋâĺæćěâăňĺ: —r, —g, —b. Űćěâă łćăàłőć ŋě ğăćĺáïâ őâ ĺå ăàőňăâőć. Ăďàőŋë áőáâőïâ ĺğ áĺňňěâàĺçŋëå ĺńĺ ŕàőâĺćőŕőńőęŋëå ŕő æćěâã łőňąĺŋăæĺľ łćăàłőć | őŋĺ \ąěńëě", ĺå æćěâ àăćěŋ ŋãńî. Ś ãçěâőň ăŋâĺçăáâĺæ, łćăàłőć 12, ă á ãçěâőň æćěâă | 36. Ŋő ďńï łăęďőčő ăàőňăâă àěçì ĺďěâ ŕàőáâő ő àăğŋëå ŕő æćěâã áőáâőïŋĺïå őďŋőľ çăáâĺæë. Űćěâőćăï áĺňňěâàĺï ïćńïěâáï âőçŋőľ.

Űćěâőćëě áőáâőïŋĺï čńîőŋőć áńőęŋěě. Čńîőŋ ĺňěěâ ŋě őďĺŋ æćěâőćőľ ĺŋďěłá, ă ďćă. Ćáěčő ĺňěěâáï 8 æćěâŋëå čńîőŋőć: 3 × —3 = 8 + 1, őďŋă łőňąĺŋăæĺï r—r + g—g + b—b ïćńïěâáï ąěńőľ ĺ ŋě ŋěáěâ æćěâőćőčő ğăàïďă. Ć őâńĺçĺě őâ íńěłâàőďĺŋăňĺłĺ, čďě äőâőŋë íńěłâàĺçěáłĺ ŋěľâàăńìŋë, čńîőŋë, łăł ŋőáĺâěńĺ æćěâőćëå ğăàïďőć, ćğăĺňőďěľáâćãîâ ĺ á łćăàłăňĺ ĺ ňěęďã áőąőľ, â.ě. ĺğńãçăîâ ĺ ŕőčńőéăîâ ŋőćëě čńîőŋë (\áćěâïéĺľáï áćěâ"). İâă őáőąěŋŋőáâì ïćńïěâáï őďŋőľ ĺğ ŕàĺçĺŋ łőŋäăľŋňěŋâă: ŕàĺ ŕőŕëâłě àăğćěáâĺ łćăàłĺ ĺ čńîőŋë ĺå íŋěàčĺï ćőğàăáâăěâ, çâő ĺ ŕàĺćőďĺâ ł ŋěćëńěâăŋĺî łćăàłőć. Šěőàĺï ćğăĺňőďěľáâćĺï łćăàłőć ŋăğëćăěâáï łćăŋâőćőľ åàőňőďĺŋăňĺłőľ (ŁŢĎ).

Ťãŋďăňěŋâăńìŋëě ćğăĺňőďěľáâćĺï.

Ć äĺğĺłě íńěňěŋâăàŋëå çăáâĺæ àăááňăâàĺćăěâáï âàĺ ćĺďă ćğăĺňőďěľáâćĺľ: áĺńìŋëě, íńěłâàőňăčŋĺâŋëě ĺ áńăąëě. Šěőàĺï áĺńìŋëå ćğăĺňőďěľáâćĺľ őáŋőćăŋă ŋă łćăŋâőćőľ åàőňőďĺŋăňĺłě ĺ őŕĺáëćăěâ ćğăĺňőďěľáâćĺï łćăàłőć ćŋãâàĺ ăďàőŋőć. İńěłâàőňăčŋĺâŋëě ĺ áńăąëě ćăğĺňőďěľáâćĺï őąêěďĺŋïîâáï ć ěďĺŋãî áåěňã íńěłâàőáńăąőľ âěőàĺĺ. İâĺ ćğăĺňőďěľáâćĺï åăàăłâěàĺğãîâáï ąěğàăğňěàŋëňĺ łőŋáâăŋâăňĺ ćğăĺňőďěľáâćĺï: α = e^2/~c, α_s = g^2/~c, α_W = g^2_W /~c, α_Z = g^2_Z /~c. Ťăłâĺçěáłĺ ěéě ć 50-å čőďăå ąëńő őáőğŋăŋő, çâő α = e^2/~c ≈ 1/137 ïćńïěâáï łőŋáâăŋâőľ

6Ŕőłă ňë ćëŕĺáëćăěň ć ïćŋőň ćĺďě ~ ĺ c, ŋő ć ďăńìŋěľèěň ňë ąëáâàő ŕěàěľďěň ŋă ěáâěáâćěŋŋãî ďńï łćăŋâőćőľ âěőàĺĺ ŕőńï áĺáâěňã ěďĺŋĺæ ~ = c = 1. Śćőľáâćă ĺ ŕàăćĺńă àăąőâë ć âăłőľ áĺáâěňě ŕàěłàăáŋő őŕĺáăŋë ć łŋĺęłě [16]. Łőčďă íâő ŋãęŋő, ~ ĺ c ńěčłő ćőááâăŋőćĺâì.

ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ 13

ńĺèì ŕàĺ ŋãńěćőň (âőçŋěě őçěŋì ňăńőň) łćăďàăâě ŕěàěďăćăěňőčő ć àăááňăâàĺćăěňőň ŕàőæěááě ćğăĺňőďěľáâćĺï (àěăłæĺĺ) ĺňŕãńìáă q^2. Ťăłâĺçěáłĺ, ĺğ-ğă ïćńěŋĺï ŕőńïàĺğăæĺĺ ćăłããňă ćěńĺçĺŋă α àăáâěâ á àőáâőň q^2 ĺ ŕàĺ ąőńìèĺå, ŋő łőŋěçŋëå q^2, ňőęěâ ďăęě őąàăâĺâìáï ć ąěáłőŋěçŋőáâì (ŕőńîá Ńăŋďăã { Ŕőňěàăŋçãłă). Šőčďă íâő àăááňăâàĺćăńőáì łăł ćŋãâàěŋŋïï ŕàőâĺćőàěçĺćőáâì ŁİĎ. Ŕőáńě áőğďăŋĺï ŁŢĎ ćëïáŋĺńőáì, çâő α_s(q^2), ć ŕàőâĺćőŕőńőęŋőáâì α(q^2), áâàěňĺâáï ł ŋãńî ŕàĺ q^2 → ∞, çâő áőáâăćńïěâ áãâì ïćńěŋĺï âăł ŋăğëćăěňőľ ăáĺňŕâőâĺçěáłőľ áćőąőďë. Ăáĺňŕâőâĺçěáłăï áćőąőďă ŕàĺćőďĺâ ł âőňã, çâő ŕàőæěááë ćğăĺňőďěľáâćĺï čńîőŋőć ĺ łćăàłőć ŋă ňăńëå àăááâőïŋĺïå (ąőńìèĺě q^2!), åőàőèő őŕĺáëćăîâáï âěőàĺěľ ćőğňãéěŋĺľ, łăł ĺ íńěłâàőňăčŋĺâŋëě ćğăĺňőďěľáâćĺï. Őąőàőâŋőľ áâőàőŋőľ ăáĺňŕőâĺçěáłőľ áćőąőďë ïćńïěâáï łőŋäăľŋňěŋâ, â.ě. àőáâ ćğăĺňőďěľáâćĺï łćăàłőć ĺ čńîőŋőć ŋă ąőńìèĺå àăááâőïŋĺïå. Šàãďŋőáâĺ âěőàěâĺçěáłőčő őŕĺáăŋĺï łőŋäăľŋňěŋâă (ãďěàęăŋĺï łćăàłőć) áćïğăŋë ĺňěŋŋő á ŋěŕàĺňěŋĺňőáâìî âěőàĺĺ ćőğňãéěŋĺľ ŋă ąőńìèĺå (ŕőàïďłă àăğňěàőć ăďàőŋőć) àăááâőïŋĺïå. Łőŋáâăŋâë áńăąőčő ćğăĺňőďěľáâćĺï α_W , α_Z âăłęě ňěŋïîâáï á ŕěàěďăćăěňëň ĺňŕãńìáőň | ŕàĺ àőáâě q^2 őâ ŋãńï ďő q^2 ∼ 100 GeV^2, őŋĺ ćőğàăáâăîâ (íłáŕěàĺňěŋâăńìŋő!) ŋă 1%. Šăłĺň őąàăğőň, áőćàěňěŋŋăï âěőàĺï ĺňěěâ ďěńő á âăł ŋăğëćăěňëňĺ \ąěčãéĺňĺ" łőŋáâăŋâăňĺ áćïğĺ. Ć íâőň áňëáńě, áâăàëľ ćőŕàőá ő ćěńĺçĺŋě íńěłâàĺçěáłőčő ğăàïďă, łăł äãŋďăňěŋâăńìŋőľ łőŋáâăŋâë Ŕàĺàőďë, äăłâĺçěáłĺ, ãâàăâĺń áňëáń | ğăàïď ŋě łőŋáâăŋâă, ă äãŋłæĺï åăàăłâěàŋőčő àăááâőïŋĺï, ŋă łőâőàőň àăááňăâàĺćăěâáï ćğăĺňőďěľáâćĺě çăáâĺæ. Ěáńĺ âěőàěâĺçěáłĺ ŕàőíłáâàăŕőńĺàőćăâì ďćĺęěŋĺě ćáěå łőŋáâăŋâ áćïğĺ ć áâőàőŋã ąőńìèĺå q^2, âő őłăğëćăěâáï, çâő ĺňěěâáï âěŋďěŋæĺï ł ŕěàěáěçěŋĺî áőőâćěâáâćãîéĺå ğăćĺáĺňőáâěľ ć őďŋőľ âőçłě ŕàĺ q^2 ∼ 10^{15} − 10^{16} GeV^2, čďě α ∼ α_s ∼ α_W ∼^8_3^1_{137} ≈^1_{40} . İâő ŕàĺćőďĺâ ł ŋăďěęďăň ŋă âő, çâő ŕàĺ âăłĺå ąőńìèĺå q^2 áãéěáâćãěâ ěďĺŋăï âěőàĺï íńěłâàőáńăąőčő ĺ áĺńìŋőčő ćğăĺňőďěľáâćĺï.

Śâăŋďăàâŋăï ňőďěńì ĺ ŕěàáŕěłâĺćë.

Ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ íńěňěŋâăàŋëå çăáâĺæ ńěęĺâ ŕàĺŋæĺŕ őâŋőáĺâěńìŋőáâĺ (íłćĺćăńěŋâŋőáâì ĺŋěàæĺăńìŋëå áĺáâěň őâáçěâă). Śőőâćěâáâćěŋŋő, ćáě ŕàőæěááë áçĺâăîâáï àăğëčàëćăîéĺňĺáï ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ Ňĺŋłőćáłőčő: (x, y, z, t) = (r, t). Řăááâőïŋĺě ňěęďã ďćãňï âőçłăňĺ (áőąëâĺïňĺ) A ĺ B ć íâőň ŕàőáâàăŋáâćě őŕàěďěńïěâáï çěâëàěåňěàŋëň ĺŋâěàćăńőň: s^2_{AB} = c^2(t_A − t_B )^2 − (x_A − x_B )^2 − (y_A − y_B )^2 − (z_A − z_B)^2. Ĺŋâěàćăń s^2_{AB} ≥ 0 ďńï ŕàĺçĺŋŋő áćïğăŋŋëå áőąëâĺľ (ćàěňěŋĺŕőďőąŋëľ ĺŋâěàćăń), ěáńĺ ęě âőçłĺ àăğďěńěŋë ŕàőáâàăŋáâćěŋŋő ŕőďőąŋëň ĺŋâěàćăńőň s^2_{AB} < 0, âő őŋĺ ŋě ňőčãâ ąëâì ŕàĺçĺŋŋő áćïğăŋë.

Ć őáŋőćě âěőàĺĺ ńěęĺâ łőŋæěŕæĺï ńőłăńìŋőčő łćăŋâőćőčő ŕőńï | łőňňãâăâőàë ŕőńěľ ć âőçłăå, àăğďěńěŋŋëå ŕàőáâàăŋáâćěŋŋő ŕőďőąŋëň ĺŋâěàćăńőň ćáěčďă àăćŋë ŋãńî: [ψ(x_A), ψ(x_B)] = 0 ŕàĺ s^2_{AB} < 0, çâő őğŋăçăěâ ŋěğăćĺáĺňőáâì áőőâćěâáâćãîéĺå ŕőńěľ. Ůăáâĺæë (ăŋâĺçăáâĺæë) àăááňăâàĺćăîâáï łăł łćăŋâë (ćőğąãęďěŋĺï) áőőâćěâáâćãîéĺå ŕőńěľ. Ĺğ áăňëå őąéĺå ŕàĺŋæĺŕőć àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ ĺ ãáâőľçĺćőáâĺ őáŋőćŋőčő áőáâőïŋĺï áĺáâěňë ŕőńěľ áńěďãěâ äãŋďăňěŋâăńìŋăï âěőàěňă ő áćïğĺ áŕĺŋă ĺ áâăâĺáâĺłĺ: çăáâĺæë á ŕőńãæěńëň áŕĺŋőň ŕàěďáâăćńïîâ áőąőľ äěàňĺőŋë, ă çăáâĺæë á æěńëň áŕĺŋőň | ąőğőŋë. Ć ŕàĺŋæĺŕě, ąőğőŋë ćáěčďă ňőęŋő ňëáńĺâì \áőáâăćńěŋŋëňĺ" ĺğ äěàňĺőŋőć, ć íâőň áňëáńě äěàňĺőŋŋëě ŕőńï

14 ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ

\ąőńěě äãŋďăňěŋâăńìŋë".

Őáŋőćőŕőńăčăîéãî àőńì ć âěőàĺĺ ĺčàăîâ ŕàĺŋæĺŕë áĺňňěâàĺĺ. Ŕőňĺňő ãęě ãŕőňïŋãâőľ àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ, ć áőćàěňěŋŋőľ âěőàĺĺ àăááňăâàĺćăěâáï æěńëľ àïď âőçŋëå ĺ ŕàĺąńĺęěŋŋëå áĺňňěâàĺľ (čàãŕŕ áĺňňěâàĺĺ), łőâőàëě áńěďãîâ ĺğ őąèĺàŋőčő íłáŕěàĺňěŋâăńìŋőčő ňăâěàĺăńă ŕő łńăááĺäĺłăæĺĺ çăáâĺæ ĺ ĺå ćğăĺňőďěľáâćĺïň. Śĺňňěâàĺĺ âěáŋő áćïğăŋë á áőőâćěâáâćãîéĺňĺ ğăłőŋăňĺ áőåàăŋěŋĺï (âěőàěňă Ŋěâěà), âăłĺňĺ łăł ğăłőŋë áőåàăŋěŋĺï íŋěàčĺĺ-ĺňŕãńìáă, ňőňěŋâă, àăğńĺçŋëå ğăàïďőć. Ŕàĺŋæĺŕ ńőłăńìŋőľ łăńĺąàőćőçŋőľ áĺňňěâàĺĺ ïćńïěâáï łńîçěćëň ŕàĺ ŕőáâàőěŋĺĺ âěőàĺĺ ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ. Ŋăłőŋěæ, ïćńěŋĺě áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ (äăğőćëľ ŕěàěåőď ć ćăłããňě) ćěďěâ ł ňěåăŋĺğňã čěŋěàăæĺĺ ňăáá ďńï ĺáåőďŋő ąěğňăááőćëå çăáâĺæ (ňěåăŋĺğň Ţĺččáă)^7. Ąőńìèăï çăáâì ńěłæĺľ ŕőáćïéěŋă ŕőďàőąŋőľ àăáèĺäàőćłě íâĺå, ĺ àïďă ŕőáńěďãîéĺå, ğăïćńěŋĺľ.

Ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ ńěęĺâ íłáŕěàĺňěŋâăńìŋő ãáâăŋőćńěŋŋăï ńőłăńìŋăï łăńĺąàőćőçŋăï áĺňňěâàĺï, őŕĺáëćăěňăï čàãŕŕőľ SU (3)_c ⊗ SU (2)_W ⊗ U (1)_Y . Ğďěáì SU (3)_c | áĺňňěâàĺï áĺńìŋőčő æćěâőćőčő ćğăĺňőďěľáâćĺï łćăàłőć ĺ čńîőŋőć, ă SU (2)_W ⊗ U (1)_Y őŕĺáëćăěâ íńěłâàőáńăąëě ćğăĺňőďěľáâćĺï. Ć ŋěŋăàãèěŋŋőľ áĺňňěâàĺĺ ćáě äěàňĺőŋë ĺ ćěłâőàŋëě łăńĺąàőćőçŋëě ąőğőŋë ąěğňăááőćë. Ć àěğãńìâăâě áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ SU (2)_W ⊗ U (1)_Y , ąőğőŋë | ŕěàěŋőáçĺłĺ áńăąőčő ćğăĺňőďěľáâćĺï áâăŋőćïâáï ňăááĺćŋëňĺ, ă äőâőŋ őáâăěâáï ąěğňăááőćëň. Ŕőńãçăîâ ňăááë ĺ ńěŕâőŋë (łàőňě ŋěľâàĺŋő?)^8. İńěłâàĺçěáłĺ ŋěľâàăńìŋőě åĺččáőćő ŕőńě őąńăďăěâ ŋěŋãńěćëň ćăłããňŋëň áàěďŋĺň (ćăłããňŋëľ ąőğě-łőŋďěŋáăâ). Łćăŋâë íâőčő ŕőńï (\åĺččáë") | áłăńïàŋëě çăáâĺæë áő áŕĺŋőň s = 0, ŕőłă çâő ŋě őąŋăàãęěŋë íáŕěàĺňěŋâăńìŋő. Ğăďăçă ĺå őąŋăàãęěŋĺï áâőĺâ ŋă ŕőćěáâłě ďŋï íłáŕěàĺňěŋâőć ŋă ŋőćőň ŕőłőńěŋĺĺ áâàőïéĺåáï ãáłőàĺâěńěľ. Ŕàăłâĺçěáłĺ ŋěâ áőňŋěŋĺľ, çâő \åĺččáë" ąãďãâ őâłàëâë, ŋő ďěńő őáńőęŋïěâáï ćěáìňă ŋěőŕàěďěńěŋŋëňĺ őæěŋłăňĺ ĺå ňăáá. Ąőńìèĺŋáâćő őæěŋőł ďăěâ ńĺèì čàãąëě ŋěàăćěŋáâćă âĺŕă: m_Z < m_h < 2m_Z^9. Śãéěáâćãěâ ĺŋâěàěáŋëľ ćăàĺăŋâ, łőčďă \åĺččáë" ňőčãâ őłăğăâìáï áőáâăćńěŋŋëňĺ ĺğ äěàňĺőŋőć áâăŋďăàâŋőľ ňőďěńĺ, ŋő őŋ őáâăěâáï ďőćőńìŋő ŕńőåő àăğàăąőâăŋŋëň. Ć æěńőň ŕàőąńěňă őąŋăàãęěŋĺï åĺččáőćáłĺå çăáâĺæ őáâăěâáï ŕàőąńěňőľ ŋőňěà őďĺŋ áőćàěňěŋŋőľ íłáŕěàĺňěŋâăńìŋőľ äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ. Ěě àěèěŋĺě ğăćěàèĺâ íłáŕěàĺňěŋâăńìŋőě ŕőďâćěàęďěŋĺě áâăŋďăàâŋőľ ňőďěńĺ.

Ćëèě ãęě őâňěçăńőáì, çâő áâăŋďăàâŋőľ ňőďěńĺ (ďăęě á ãçěâőň âőńìłő ŕěàćőčő ŕőłőńěŋĺï äãŋďăňěŋâăńìŋëå äěàňĺőŋőć) ãęě ďőáâăâőçŋő ďńï ŕőńŋőčő ŕőŋĺňăŋĺï âőčő, łăł \ãáâàőěŋ" őłàãęăîéĺľ ŋăá ňĺà, áőáâőïéĺľ ĺğ ăâőňőć ĺ ïďěà. Ćëåőďë ğă àăňłĺ áâăŋďăàâŋőľ ňőďěńĺ ŋőáïâ ďő áĺå ŕőà ďőáâăâőçŋő áŕěłãńïâĺćŋëľ åăàăłâěà. Śãéěáâćãěâ æěńëľ àïď ňőďěńěľ ćěńĺłőčő őąêěďĺŋěŋĺï, ć łőâőàëå ć àăňłăå ěďĺŋőľ čàãŕŕë áĺňňěâàĺĺ őŕĺáëćăîâáï ňãńìâĺŕńěâë łćăàłőć ĺ ńěŕâőŋőć. İâă áĺňňěâàĺï, ŕàěďŕőńőęĺâěńìŋő, ïćńïěâáï âőçŋőľ ć őąńăáâĺ ŕěàěďăćăěňëå ĺňŕãńìáőć (àăááâőïŋĺľ) ŕőàïďłă q^2 ∼ 10^{15}−10^{16} GeV^2, čďě, łăł őâňěçěŋő ćëèě, ŕàĺňěàŋő áàăćŋĺćăîâáï łőŋáâăŋâë ćáěå ćğăĺňőďěľáâćĺľ. İłáŕěàĺňěŋâăńìŋăï ŕàőćěàłă ňőďěńěľ ćěńĺłőčő őąêěďĺŋěŋĺï ćěáìňă ğăâàãďŋĺâěńìŋă, ŕőáłőńìłã ŕàïňëě íáŕěàĺňěŋâë ć ãłăğăŋŋőľ

7Ňěåăŋĺğň Ţĺččáă ć łćăŋâőćőľ âěőàĺĺ ŕőńï ïćńïěâáï ŕàïňëň ăŋăńőčőň íääěłâă Ňěľááŋěàă ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ Čĺŋğąãàčă { Ńăŋďăã.

8Ćőŕàőá ő ňăááě ŋěľâàĺŋő őáâăěâáï őâłàëâëň, ćőğňőęŋő, çâő őŋă ŋě ŋãńěćăï, ŋő őçěŋì ňăńěŋìłăï (áãéěáâćěŋŋő ňěŋìèě ňăááë íńěłâàőŋă).

9Ć ăćčãáâě 2000 čőďă ŕőïćĺńĺáì ŕàěďćăàĺâěńìŋëě ďăŋŋëě ĺğ CERN ő ŋăąńîďěŋĺĺ åĺččáőćáłőľ çăáâĺæë á ňăááőľ ŕőàïďłă 115 GeV.

ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ 15

őąńăáâĺ íŋěàčĺľ ćàïď ńĺ łőčďă-ńĺąő ąãďãâ ďőáâãŕŋë çěńőćěçěáâćã. Ěďĺŋáâćěŋŋëň ŕàőćěàïěňëň, ć ŕàĺŋæĺŕě, ŕàěďáłăğăŋĺěň íâĺå ňőďěńěľ ïćńïěâáï àăáŕăď ŕàőâőŋă, ŋő, ŋěáňőâàï ŋă ĺŋâěŋáĺćŋëě íłáŕěàĺňěŋâë, ćěďãéĺěáï ãęě őłőńő 20 ńěâ, őŋ âăł ĺ ŋě ąëń őąŋăàãęěŋ, çâő ğăćěďőňő ŕőğćőńïěâ őâąàőáĺâì ŕàőáâěľèĺě áåěňë ćěńĺłőčő őąêěďĺŋěŋĺï. Ŕàőćěàłă ęě ąőńěě åĺâàëå ňőďěńěľ, čďě ćàěňï ęĺğŋĺ ŕàőâőŋă őłăğëćăěâáï ŋă ŕőàïďőł ĺńĺ ďćă ąőńìèě, çěň ć ŕàőáâěľèěň áńãçăě, âăłęě áâăŋőćĺâáï őçěŋì ŕàőąńěňăâĺçŋőľ.

Ďàãčőě ăłâãăńìŋőě ŋăŕàăćńěŋĺě: ŕőĺáłĺ áãŕěàáĺňňěâàĺĺ (SUSY), őąêěďĺŋïîéěľ ć ěďĺŋëě ňãńìâĺŕńěâë äěàňĺőŋë ĺ ąőğőŋë. Ěáâì áńěďãîéĺě őáŋőćăŋĺï ďńï ćěàë ć áãéěáâćőćăŋĺě SUSY:

• áőłàăéěŋĺě ŋěłĺå àăáåőďĺňőáâěľ ć åĺččáőćáłőň áěłâőàě áâăŋďăàâŋőľ ňőďěńĺ,

• őąêěďĺŋěŋĺě ćáěå ćğăĺňőďěľáâćĺľ, ćłńîçăï čàăćĺâăæĺî (?),

• ňăâěňăâĺçěáłăï ŕàĺćńěłăâěńìŋőáâì ĺ łàăáőâă.

Ć ŕàőáâěľèěň ćăàĺăŋâě SUSY | âěőàĺĺ ã łăęďőľ ĺğ ĺğćěáâŋëå ŋăň çăáâĺæ ĺňěěâáï áőőâćěâáâćãîéĺľ \áãŕěàŕăàâŋěà", őâńĺçăîéĺľáï (ć áńãçăě âőçŋőľ SUSY) ńĺèì áŕĺŋőň: äőâőŋã á s = 1 áőőâćěâáâćãěâ äőâĺŋő á s = 1/2, íńěłâàőŋã á s = 1/2 áőőâćěâáâćãěâ íńěłâàĺŋő á s = 0, łćăàłăň á s = 1/2 | áłćăàłĺ á s = 0 ĺ â.ď. Śãŕěàáĺňňěâàĺï ğăćěďőňő áĺńìŋő ŋăàãèěŋă (ŕő ňăááě), ć ŋăáâőïéěě ćàěňï íłáŕěàĺňěŋâăńìŋëě ãłăğăŋĺï ŋă áãéěáâćőćăŋĺě áãŕěàŕăàâŋěàőć őąëçŋëå çăáâĺæ ŕàăłâĺçěáłĺ őâáãâáâćãîâ. Ć ŋăèĺå ńěłæĺïå ňë ŋě ąãďěň ğăŋĺňăâìáï ĺğńőęěŋĺěň ĺďěőńőčĺĺ áãŕěàáĺňňěâàĺĺ.

Ŋăłőŋěæ, ďőńęŋă ąëâì ěéě őďŋă çăáâĺæă, ć áãéěáâćőćăŋĺĺ łőâőàőľ ŕàăłâĺçěáłĺ ŋĺłâő ŋě áőňŋěćăěâáï. İâő čàăćĺâőŋ, â.ě. łćăŋâ ŕěàěŋőáçĺł čàăćĺâăæĺőŋŋőčő ćğăĺňőďěľáâćĺï (s = 2). Ŋő čàăćĺâăæĺï ğăćěďőňő ŋăåőďĺâáï ğă ŕàěďěńăňĺ íłáŕěàĺňěŋâăńìŋőľ äĺğĺłĺ çăáâĺæ. Ďěńő ć âőň, çâő čàăćĺâăæĺőŋŋőě ćğăĺňőďěľáâćĺě ïćńïěâáï, á âőçłĺ ğàěŋĺï äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ, őçěŋì áńăąëň. Ěčő àőńì ňőęěâ áâăâì ğăňěâŋőľ ŕàĺ ĺğãçěŋĺĺ ňĺłàőŕàőæěááőć ńĺèì ŕàĺ äăŋâăáâĺçěáłĺå, âăł ŋăğëćăěňëå ŕńăŋłőćáłĺå íŋěàčĺïå ŕőàïďłă E ∼ m_P c^2 = (~c/G)^{1/2} c^2 = 1.22 · 10^{19} GeV. Ğďěáì G | ŋìîâőŋőćáłăï łőŋáâăŋâă čàăćĺâăæĺőŋŋőčő ćğăĺňőďěľáâćĺï, ă m_P | âăł ŋăğëćăěňăï ŕńăŋłőćáłăï ňăááă (∼ 10^{−5} čàăňň!), łőâőàăï őŕàěďěńïěâ ĺ åăàăłâěàŋãî ŕńăŋłőćáłãî ďńĺŋã: ~_P ∼ ~/m_P c ∼ √ ~G/c^3 ∼ 10^{−33} cm. Ěáâěáâćěŋŋő, çâő íłáŕěàĺ-

ňěŋâë ŕàĺ âăłĺå íŋěàčĺïå ĺ àăááâőïŋĺïå âăłęě ćàïď ńĺ łőčďă-ńĺąő ąãďãâ ďőáâãŕŋë çěńőćěçěáâćã. Őďŋăłő ęě, łćăŋâőćëě čàăćĺâăæĺőŋŋëě ŕàőæěááë, ŋěáőňŋěŋŋő ĺčàăńĺ łńîçěćãî àőńì ć ňőňěŋâ Ąőńìèőčő Ćğàëćă ĺ, âăłĺň őąàăğőň, őŕàěďěńĺńĺ ąãďãéãî íćőńîæĺî Ćáěńěŋŋőľ. Ŕőíâőňã, łćăŋâőćăï čàăćĺâăæĺï ŕàěďáâăćńïěâ ŕàĺŋæĺŕĺăńìŋëľ ĺŋâěàěá ďńï àěńïâĺćĺáâáłőľ łőáňőńőčĺĺ. Ňŋőčĺě âěőàěâĺłĺ áçĺâăîâ, çâő ąěğ ŕőŋĺňăŋĺï łćăŋâőćőľ čàăćĺâăæĺĺ ŋěćőğňőęŋő àěèĺâì æěńëľ àïď ŕàĺŋæĺŕĺăńìŋëå ćőŕàőáőć âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ. Ł áőęăńěŋĺî, łćăŋâőćăï âěőàĺï čàăćĺâăæĺĺ ďő áĺå ŕőà ŋě ŕőáâàőěŋă, ĺ âőňã ĺňěěâáï æěńëľ àïď áěàìěğŋëå ŕàĺçĺŋ. Ŕőŕëâłĺ łćăŋâőćăŋĺï àěńïâĺćĺáâáłőľ âěőàĺĺ čàăćĺâăæĺĺ İľŋèâěľŋă (őąéěľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ) ŋěĺğąěęŋő ŋăâăńłĺćăîâáï ŋă ŕàăłâĺçěáłĺ ŋěŕàěőďőńĺňëě âàãďŋőáâĺ, áćïğăŋŋëě áő áńőęŋëň ŋěńĺŋěľŋëň åăàăłâěàőň íâőľ âěőàĺĺ. Łàőňě âőčő, ćő ćáěå ćăàĺăŋâăå âăłőčő łćăŋâőćăŋĺï ŕőńãçăěâáï áãéěáâćěŋŋő ŋěŕěàěŋőàňĺàãěňăï âěőàĺï, ł łőâőàőľ, ŕàăłâĺçěáłĺ, ŋěŕàĺňěŋĺňë ňěâőďë áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï. Řăğãňěěâáï, ăłâĺćŋëě ĺááńěďőćăŋĺï ć íâőľ őąńăáâĺ ćěďãâáï ãęě ňŋőčő ńěâ. Ěáâì ňŋőčő łàăáĺćëå ŕőďåőďőć ĺ őąőąéěŋĺľ őąëçŋőľ âěőàĺĺ čàăćĺâăæĺĺ, âăłĺå,

16 ŐŚŊŐĆŊŻĚ ŔŘĚĎŚŠĂĆŃĚŊĹ§ Ő ŚŠŘŞŁŠŞŘĚ İŃĚŇĚŊŠĂŘŊŻŢ ŮĂŚŠĹŰ Ĺ ĹŢ ĆĞĂĹŇŐĎĚĽŚŠĆĹ§Ţ

ŋăŕàĺňěà, łăł áãŕěàčàăćĺâăæĺï. Ěáâì łàăáĺćëě ĺďěĺ \ĺŋďãæĺàőćăŋŋőľ" čàăćĺâăæĺĺ, łőčďă âěőàĺï İľŋèâěľŋă àăááňăâàĺćăěâáï łăł ŋĺğłőíŋěàčěâĺçěáłĺľ (äěŋőňěŋőńőčĺçěáłĺľ) ŕàěďěń, ćőğŋĺłăîéĺľ ŕàĺ àăááňőâàěŋĺĺ łćăŋâőćőľ âěőàĺĺ ŕőńï ć ĺáłàĺćńěŋŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ.

Ŋăłőŋěæ, ěáâì ěéě ąőńěě äăŋâăáâĺçěáłĺě ćőğňőęŋőáâĺ. Śãéěáâćãěâ ĺďěï, çâő łćăŋâőćăï âěőàĺï ŕőńï ĺ áâăŋďăàâŋăï ňőďěńì ïćńïîâáï íääěłâĺćŋëňĺ äěŋőňěŋőńőčĺçěáłĺňĺ âěőàĺïňĺ, ŕőáâàőěŋŋëňĺ ŋă ŋőćőľ őáŋőćě äãŋďăňěŋâăńìŋőľ âěőàĺĺ áâàãŋ. Ć íâőň ŕőďåőďě, ć őáŋőćě ćáěčő ńěęăâ ŋě âőçěçŋëě çăáâĺæë, ă áâàãŋë á åăàăłâěàŋëňĺ àăğňěàăňĺ ŕőàïďłă ~_P ∼ 10^{−33} cm. İâĺ áâàãŋë ďćĺęãâáï (łőńěąńîâáï) ć ňŋőčőňěàŋëå ŕàőáâàăŋáâćăå ĺ őąńăďăîâ ąőğőŋ-äěàňĺőŋŋőľ áĺňňěâàĺěľ (áãŕěàáâàãŋë). Ŋă ïğëłě âăłĺå ŕàěďáâăćńěŋĺľ àăğàăąăâëćăěâáï \âěőàĺï ćáěčő".

Ŋő ŋăèĺ ğăďăçĺ ć ďăŋŋőň łãàáě ïćńïîâáï čőàăğďő ąőńěě áłàőňŋëňĺ. Śãéěáâćãěâ, łőŋěçŋő, ğăąăćŋăï âěàňĺŋőńőčĺï [21], áőčńăáŋő łőâőàőľ, àăąőâë, ŕőáćïéěŋŋëě çăáâĺæăň, łőâőàëě ãęě őâłàëâë ĺńĺ ąãďãâ őâłàëâë ć őąőğàĺňőň ąãďãéěň, ŋăğëćăîâáï \äěŋőňěŋőńőčĺçěáłĺňĺ", âőčďă łăł àăąőâë, ŕőáćïéěŋŋëě çăáâĺæăň, łőâőàëě ŋĺłőčďă ŋě ąãďãâ őâłàëâë íłáŕěàĺňěŋâăńìŋő, áńěďãěâ ŋăğëćăâì \âěőàěâĺçěáłĺňĺ". Ć íâőň áňëáńě ňë ćőőąéě ŋě ąãďěň ğăŋĺňăâìáï äãŋďăňěŋâăńìŋőľ âěőàĺěľ, őďŋăłő ĺ ŋă ňăâěàĺăńě, ďőáâăîéěňáï ŋăň ĺğ àěăńìŋőčő íłáŕěàĺňěŋâă, åćăâăěâ ŕőłă ĺŋâěàěáŋëå ćěéěľ.

Čńăćă 2

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮ- ŊŻĚ ŔŐŃ§

Ńăčàăŋęěćă ňěåăŋĺłă çăáâĺæë.

Ćáŕőňŋĺň áŋăçăńă őáŋőćŋëě ŕàĺŋæĺŕë łńăááĺçěáłőľ ňěåăŋĺłĺ. Řăááňőâàĺň çăáâĺæã (ňăâěàĺăńìŋãî âőçłã) á ňăááőľ m, ďćĺęãéãîáï ć ŋěłőâőàőň ŕőâěŋæĺăńě V (x). Ďńï ŕàőáâőâë àăááňăâàĺćăěň őďŋőňěàŋőě ďćĺęěŋĺě. Ć ňőňěŋâ ćàěňěŋĺ t çăáâĺæă ŋăåőďĺâáï ć âőçłě x(t) áćőěľ âàăěłâőàĺĺ, łőâőàăï áćïğëćăěâ ŋăçăńìŋãî x(t_1) ĺ łőŋěçŋãî x(t_2) âőçłĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-1(ă). İâă âàăěłâőàĺï, łăł ĺğćěáâŋő, őŕàěďěńïěâáï ĺğ àěèěŋĺï ãàăćŋěŋĺï ďćĺęěŋĺï Ŋìîâőŋă: m d^2x dt^2 = F (x) = − dV (x) dx (2.1)

á áőőâćěâáâćãîéĺňĺ ŋăçăńìŋëňĺ ãáńőćĺïňĺ. İâő ãàăćŋěŋĺě ňőęŋő \ćëćěáâĺ" ĺğ ŕàĺŋæĺŕă ŋăĺňěŋìèěčő ďěľáâćĺï. Ďńï íâőčő ććőďĺâáï äãŋłæĺï Ńăčàăŋęă, ŕàěďáâăćńïîéăï áőąőľ àăğŋőáâì łĺŋěâĺçěáłőľ ĺ ŕőâěŋæĺăńìŋőľ íŋěàčĺľ: L = T − V = m 2 ( dx dt )_2

− V (x) (2.2)

ĺ ĺŋâěčàăń ďěľáâćĺï: S = t2∫ t1 dt L(x, _x) , (2.3)

18 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Řĺá. 2-1 (ă) Šàăěłâőàĺï çăáâĺæë, ãďőćńěâćőàïîéăï ŕàĺŋæĺŕã ŋăĺňěŋìèěčő ďěľáâćĺï. (ą) Ŋăąőà ćőğňőęŋëå âàăěłâőàĺľ çăáâĺæë.

čďě, łăł őąëçŋő, _x őąőğŋăçăěâ áłőàőáâì _x = dx/dt. Ĺáâĺŋŋăï âàăěłâőàĺï çăáâĺæë őŕàěďěńïěâáï ňĺŋĺňãňőň (ć őąéěň áńãçăě { íłáâàěňãňőň) ďěľáâćĺï ŋă ňŋőęěáâćě ćáěå ňëáńĺňëå âàăěłâőàĺľ, áćïğëćăîéĺå âőçłĺ x(t_1) ĺ x(t_2), łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-1(ą). Ĺğ íâőčő ãâćěàęďěŋĺï áàăğã áńěďãîâ łńăááĺçěáłĺě ãàăćŋěŋĺï ďćĺęěŋĺï. Ć áăňőň ďěńě, àăááňőâàĺň ňăńãî ćăàĺăæĺî a(t) âàăěłâőàĺĺ ćąńĺğĺ âőľ áăňőľ ĺáâĺŋŋőľ âàăěłâőàĺĺ x(t):

x(t) → x^′(t) = x(t) + a(t) . (2.4)

Ć ŋăçăńìŋőľ ĺ łőŋěçŋőľ âőçłăå ćăàĺăæĺï, ěáâěáâćěŋŋő, ŕőńăčăěâáï àăćŋőľ ŋãńî (ğăłàěŕńěŋŋëě łőŋæë):

a(t_1) = a(t_2) = 0 . (2.5)

Ŕàĺ ŕőďáâăŋőćłě (2.4) ć ďěľáâćĺě (2.3) ŕőńãçăěň ěčő ćăàĺăæĺî ć ćĺďě:

S → S^′ = t2∫ t1 dt [m 2 ( _x + _a)^2 − V (x + a) ] =

= t2∫ t1 dt [ 1 2 m _x^2 + m _x _a − V (x) − aV^′(x) ] + O(a^2) =

= S + t2∫ t1 dt[m _x _a − aV^′(x)] ≡ S + δS , (2.6)

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 19

čďě V^′ = dV /dx, âăł çâő δS = t2∫ t1 dt[m _x_a − aV^′(x)] . (2.7) Šàěąőćăŋĺě íłáâàěňăńìŋőáâĺ ďěľáâćĺï áćőďĺâáï ł ãáńőćĺî δS = 0. Ĺŋâěčàĺàãï ŕěàćőě áńăčăěňőě ć (2.7) ŕő çăáâïň, ŕőńãçĺň: t2∫ t1 dt _x_a = _xa | | | | t2 t1 − t2∫ t1 dt a-x = − t2∫ t1 dt a-x , (2.8)

ŕőáłőńìłã ćăàĺăæĺĺ âàăěłâőàĺĺ ŋă łőŋæăå ğăłàěŕńěŋë (2.5). Šőčďă ĺňěěň: δS = − t2∫ t1 dt a[m-x + V^′(x)] = 0 , (2.9)

çâő, ććĺďã ŕàőĺğćőńìŋőáâĺ ćăàĺăæĺĺ a, áćőďĺâáï ł ğăłőŋã ďćĺęěŋĺï Ŋìîâőŋă (2.1):

m-x = −V^′(x) , (2.10)

őŕàěďěńïîéěňã ěďĺŋáâćěŋŋãî âàăěłâőàĺî ďćĺęěŋĺï łńăááĺçěáłőľ çăáâĺæë.

Ďěľáâćĺâěńìŋőě áłăńïàŋőě ŕőńě. Şàăćŋěŋĺï Ńăčàăŋęă.

Ŕěàěåőď őâ łńăááĺçěáłőľ ňěåăŋĺłĺ çăáâĺæë ł łńăááĺçěáłőľ âěőàĺĺ ŕőńï áćőďĺâáï ł ŕěàěåőďã őâ àăááňőâàěŋĺï âàăěłâőàĺĺ çăáâĺæë ł ăŋăńĺğã ŕàőáâàăŋáâćěŋŋő- ćàěňěŋŋëå łőŋäĺčãàăæĺľ ŕőńï, őŕàěďěńěŋŋőčő ć łăęďőľ âőçłě ŕàőáâàăŋáâćă- ćàěňěŋĺ. Ăŋăńőčőň łőőàďĺŋăâë çăáâĺæë łăł äãŋłæĺĺ ćàěňěŋĺ x(t) áâăŋőćĺâáï ŕőńěćăï äãŋłæĺï φ(x^μ) = φ(x, y, z, t).

Őâáâãŕńěŋĺě ő àěńïâĺćĺáâáłĺå őąőğŋăçěŋĺïå:

Ć ďăńìŋěľèěň ĺáŕőńìğãîâáï áńěďãîéĺě áâăŋďăàâŋëě őąőğŋăçěŋĺï. Ďćě ňĺàőćëå âőçłĺ (áőąëâĺï) (x, y, z, t) ĺ x + dx, y + dy, z + dz, t + dt àăğďěńěŋë ĺŋâěàćăńőň:

ds^2 = c^2dt^2 − (dx^2 + dy^2 + dz^2 ) .

Ĺŋâěàćăń ds^2 > 0 ŋăğëćăěâáï ćàěňěŋĺŕőďőąŋëň, áőőâćěâáâćãîéĺě âőçłĺ (áőąëâĺï) ňőčãâ ąëâì ŕàĺçĺŋŋő áćïğăŋë. Ĺŋâěàćăń ds^2 < 0 ŋăğëćăěâáï ŕàőáâàăŋáâćěŋŋőŕőďőąŋëň, áőőâćěâáâćãîéĺě âőçłĺ (áőąëâĺï) ŋě ňőčãâ ąëâì ŕàĺçĺŋŋő áćïğăŋë.

Ŋăąőà ćěńĺçĺŋ x^μ = (x^0, x^1, x^2, x^3) ≡ (ct, x, y, z) ğăďăěâ łőŋâàćăàĺăŋâŋëě łőňŕőŋěŋâë 4-àăďĺãá-ćěłâőàă, ă xμ = (x_0, x_1, x_2, x_3) ≡ (ct, −x, −y, −z)

20 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

ŕàěďáâăćńïěâ ěčő łőćăàĺăŋâŋëě łőňŕőŋěŋâë. Šőčďă ĺŋâěàćăń ğăŕĺáëćăěâáï ć ćĺďě:

ds^2 = 3∑ μ=0 dx^μdxμ ≡ dx^μdxμ = c^2dt^2 − dx^2 − dy^2 − dz^2 . Ĺňěěâ ňěáâő őçěćĺďŋăï áćïğì:

xμ = gμνx^ν = g_{μ0}x^0 + g_{μ1}x^1 + g_{μ2}x^2 + g_{μ3}x^3 , čďě ććěńĺ ňěâàĺçěáłĺľ âěŋğőà ć ŕàőáâàăŋáâćě-ćàěňěŋĺ Ňĺŋłőćáłőčő: gμν = g^{μν} = 1 0 0 0 0 −1 0 0 0 0 −1 0 0 0 0 −1 ; g_{μν} g^{νδ} = δ^δ_μ . Ďńï ďĺääěàěŋæĺăńìŋëå őŕěàăâőàőć ąãďěň ĺáŕőńìğőćăâì áőłàăéěŋŋãî ğăŕĺáì: ∂μ ≡ ∂ ∂x^μ = (∂_0, ∂_1, ∂_2, ∂_3) = ( 1 c ∂ ∂t , ∂ ∂x , ∂ ∂y , ∂ ∂z ) = ( 1 c ∂ ∂t , ∇ ) , ∂^μ = g^{μν} ∂ν = ( 1 c ∂ ∂t , −∇ ) , � ≡ ∂μ∂^μ =^1_{c2}^{∂2}_{∂t2} −^{( ∂2}_{∂x2} +^{∂2}_{∂y2} +^{∂2}_{∂z2}^) =^1_{c2}^{∂2}_{∂t2} − △ .

Ďńï ćěłâőàă íŋěàčĺĺ-ĺňŕãńìáă çăáâĺæë á ňăááőľ ŕőłőï m ĺňěěň:

p^μ = ( E c , p^) , pμ =^{( E}_c , −p^) ,

p^2 = pμp^μ =

E^2 c^2

− p^2 = m^2c^2 .

Ďńï âĺŕĺçŋőľ łőňąĺŋăæĺĺ, áâőïéěľ ć ĺŋâěčàăńăå Ťãàìě: px = pμx^μ = Et − p · r . Ć ďăńìŋěľèěň, ŕőçâĺ ćáěčďă, ĺáŕőńìğãěâáï ěáâěáâćěŋŋăï áĺáâěňă ěďĺŋĺæ, ć łőâőàőľ ~ = c = 1. Ŕàěĺňãéěáâćă âăłőľ áĺáâěňë, łàőňě őçěćĺďŋőčő áőłàăéěŋĺï äőàňãń, ĺ ěě áćïğì á âàăďĺæĺőŋŋëňĺ áĺáâěňăňĺ ěďĺŋĺæ åőàőèő őŕĺáăŋë ć łŋĺčě [16].

Řăááňőâàĺň ŕàőáâěľèĺľ ŕàĺňěà áćőąőďŋőčő áłăńïàŋőčő ŕőńï φ(x^μ) = φ(x, y, z, t), łőâőàőě áőŕőáâăćńïěâáï çăáâĺæăň áő áŕĺŋőň 0. İâő ŕőńě ãďőćńěâćőàïěâ ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă:

(� + m^2)φ = 0 . (2.11)

Ĺáâőàĺçěáłĺ íâő ãàăćŋěŋĺě ąëńő ŕőńãçěŋő łăł àěńïâĺćĺáâáłőě őąőąéěŋĺě ãàăćŋěŋĺï Ÿàěďĺŋčěàă. Ďěľáâćĺâěńìŋő, áçĺâăï φ(x_μ) ćőńŋőćőľ äãŋłæĺěľ çăáâĺæë ĺ ãçĺâëćăï, çâő ć àěńïâĺćĺáâáłőň áńãçăě ěě ğăłőŋ ďĺáŕěàáĺĺ (áŕěłâà) őŕàěďěńïěâáï àăćěŋáâćőň:

E^2 = p^2 + m^2 , (2.12) ňőęŋő ŕàőćěáâĺ áâăŋďăàâŋãî èàěďĺŋčěàőćáłãî ğăňěŋã ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå ŋă őŕěàăâőàë ŕő ŕàăćĺńã:

p →~_i^∂_∂r , E → i~^∂_{∂t} , (2.13)

çâő ŋěňěďńěŋŋő ďăěâ (2.11). Ěáâěáâćěŋŋő, çâő íâă ŕàőæěďãàă ŋě ěáâì ćëćőď, ąőńěě ŕőáńěďőćăâěńìŋăï áåěňă àăááňőâàěŋĺï áćőďĺâáï ł ŕőńãçěŋĺî àěńïâĺćĺáâáłĺå ŕőńěćëå ãàăćŋěŋĺľ ĺğ ćăàĺăæĺőŋŋőčő ŕàĺŋæĺŕă.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 21

Ććěďěň äãŋłæĺőŋăń ďěľáâćĺï łăł: S = ∫ d^4x L(φ, ∂_μφ) , (2.14)

čďě L | ńăčàăŋęĺăŋ (ŕńőâŋőáâì äãŋłæĺĺ Ńăčàăŋęă) àăááňăâàĺćăěňőľ áĺáâěňë ŕőńěľ. Ťãŋłæĺï Ńăčàăŋęă ěáâì L = ∫ d^3r L. Őąëçŋő ŕőńăčăîâ, çâő L ğăćĺáĺâ őâ ŕőńï φ ĺ ěčő ŕěàćëå ŕàőĺğćőďŋëå. Şàăćŋěŋĺě Łńěľŋă { Čőàďőŋă ńěčłő ćëćőďĺâáï á ŕőňőéìî ńăčàăŋęĺăŋă: L = 1 2 (∂^μφ)(∂_μφ) − m^2 2 φ^2 = 1 2 [ (∂_0φ)^2 − (∇φ)^2 − m^2φ^2 ] . (2.15)

Ć íâőň ňőęŋő ãąěďĺâìáï, ěáńĺ àăááňőâàěâì őąéĺľ ńăčàăŋęěć äőàňăńĺğň ć âěőàĺĺ ŕőńï. Őďŋăłő ŕàěęďě ŕőńěğŋő áďěńăâì ěéě

Őâáâãŕńěŋĺě ő àăğňěàŋőáâïå:

Ć àăááňăâàĺćăěňőľ áĺáâěňě ěďĺŋĺæ ~ = c = 1 àăğňěàŋőáâĺ íŋěàčĺĺ, ňăááë ĺ őąàăâŋőľ ďńĺŋë ŕàőáâő áőćŕăďăîâ: [íŋěàčĺï]=[ňăááă]=l^{−1}. Ďńï ŕőŋĺňăŋĺï ŕőáńěďŋěčő àăćěŋáâćă ďőáâăâőçŋő ćáŕőňŋĺâì, çâő łőňŕâőŋőćáłăï ďńĺŋă ćőńŋë çăáâĺæë á ňăááőľ m őŕàěďěńïěâáï łăł ~/mc. Ďěľáâćĺě S = ∫ d^4x L ĺňěěâ àăğňěàŋőáâì ~ ĺ, âăłĺň őąàăğőň, ąěğàăğňěàŋő! Šőčďă àăğňěàŋőáâì ńăčàăŋęĺăŋă [L] = l^{−4}. Śőőâćěâáâćěŋŋő, ĺğ (2.15) ŕőńãçăěň àăğňěàŋőáâì áłăńïàŋőčő ŕőńï [φ] = l^{−1}. Ŕőďőąŋëľ ăŋăńĺğ àăğňěàŋőáâěľ ŕàĺčőďĺâáï ŋăň ŋě őďŋăęďë.

Ŕãáâì ŕőńě φ ğăŕőńŋïěâ ŋěłőâőàãî őąńăáâì (őąêěň) R ć ŕàőáâàăŋáâćě-ćàěňěŋĺ Ňĺŋłőćáłőčő. Ć łăçěáâćě ŋăçăńìŋőľ ĺ łőŋěçŋőľ čĺŕěàŕőćěàåŋőáâěľ ňőęŋő ćğïâì ćàěňěŋŋëě áàěğë t = t_1 ĺ t = t_2. Řăááňőâàĺň ŕàőĺğćőńìŋëě ňăńëě ćăàĺăæĺĺ łőőàďĺŋăâ ĺ ŕőńěľ:

x^μ → x^{′μ} = x^μ + δx^μ , (2.16) φ(x) → φ^′(x) = φ(x) + δφ(x) . (2.17)

Ŕàĺ íâőň ŕőńăčăěň, çâő ćăàĺăæĺĺ δx^μ ĺ δφ(x) őąàăéăîâáï ć ŋãńì ŋă čàăŋĺæě àăááňăâàĺćăěňőľ őąńăáâĺ ~R:

δφ(x) = 0 , δx^μ = 0 , x ∈ ~R . (2.18)

Řăááňőâàĺň ďőáâăâőçŋő őąéĺľ áńãçăľ, łőčďă ńăčàăŋęĺăŋ L ïćŋő ğăćĺáĺâ őâ łőőàďĺŋăâë x^μ, çâő ňőęěâ ąëâì ć áĺâãăæĺĺ, łőčďă ĺňěěâáï ćğăĺňőďěľáâćĺě á ćŋěèŋĺňĺ ĺáâőçŋĺłăňĺ. Ŕőńŋăï ćăàĺăæĺï ŕőńï ňőęěâ ąëâì ğăŕĺáăŋă ć ćĺďě:

φ^′(x^′) = φ(x) + ´φ(x) , (2.19) čďě ´φ = φ^′(x^′) − φ(x^′) + φ(x^′) − φ(x) = δφ(x) + δx^μ(∂_μφ) . (2.20) Šőčďă ćăàĺăæĺï ďěľáâćĺï ěáâì: δS = ∫ R d^4x^′ L(φ^′, ∂_μφ^′, x^′_μ) − ∫ R d^4x L(φ, ∂_μφ, x_μ) . (2.21)

22 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ğďěáì d^4x^′ = J(x/x^′)d^4x, čďě J(x/x^′) | ïłőąĺăŋ ŕěàěåőďă őâ x ł x^′. Ĺğ (2.16) ćĺďŋő, çâő ∂x^{′μ} ∂x^λ = δ^μ_λ + ∂_λδx^μ (2.22) ĺ ďńï ïłőąĺăŋă ňőęŋő ŋăŕĺáăâì ŕàőáâőě ćëàăęěŋĺě á âőçŋőáâìî ďő çńěŋőć ŕěàćőčő ŕőàïďłă ŕő δx^μ: J(x/x^′) = Det ( ∂x^{′μ} ∂x^λ ) = 1 + ∂_μ(δx^μ) . (2.23)

Šőčďă δS = ∫ R d^4x [ δL + L∂_μδx^μ ] , (2.24) čďě δL = ∂L ∂φ δφ + ∂L ∂(∂_μφ) δ(∂_μφ) + ∂L ∂x^μ δx^μ . (2.25)

Ĺğ (2.16) ïáŋő, çâő δ(∂_μφ) = ∂_μδφ, âăł çâő ĺğ (2.24) ĺ (2.25) ŋěňěďńěŋŋő áńěďãěâ: δS = ∫ R d^4x { ∂L ∂φ δφ + ∂L ∂(∂_μφ) ∂_μ(δφ) + ∂_μ(Lδx^μ) } . (2.26)

Šàěâìě áńăčăěňőě ć äĺčãàŋëå áłőąłăå ŕàěďáâăćńïěâ áőąőľ ŕőńŋãî ďĺćěàčěŋæĺî, âăł çâő áőőâćěâáâćãîéĺľ ćłńăď ć ĺŋâěčàăń ňőęěâ ąëâì ŕàěőąàăğőćăŋ (ŕő âěőàěňě Čăãááă) ć ŕőćěàåŋőáâŋëľ ĺŋâěčàăń ŕő čàăŋĺæě őąńăáâĺ R. Ćâőàőě áńăčăěňőě ć (2.26) âăłęě ňőęŋő ŕěàěŕĺáăâì âăłĺň őąàăğőň, çâőąë ćëďěńĺâì ŕőńŋãî ďĺćěàčěŋæĺî: ∂L ∂(∂_μφ) ∂_μ(δφ) = ∂_μ { ∂L ∂(∂_μφ) δφ } − ∂_μ { ∂L ∂(∂_μφ) } δφ . (2.27)

Ć àěğãńìâăâě ŕěàěŕĺáëćăěň ćăàĺăæĺî ďěľáâćĺï (2.26) ć ćĺďě: δS = ∫ R d^4x { ∂L ∂φ − ∂_μ [ ∂L ∂(∂_μφ) ]} δφ + ∫ R̃ dσ_μ { ∂L ∂(∂_μφ) δφ + Lδx^μ } . (2.28)

Ć áĺńã ãáńőćĺï (2.18) ćăàĺăæĺĺ φ ĺ x^μ ŋă čàăŋĺæě őąńăáâĺ ĺŋâěčàĺàőćăŋĺï R àăćŋë ŋãńî, âăł çâő ŕőćěàåŋőáâŋëľ ĺŋâěčàăń ć (2.28) őąàăéăěâáï ć ŋãńì. Šőčďă ãáńőćĺě áâăæĺőŋăàŋőáâĺ ďěľáâćĺï δS = 0 ŕàĺ ŕàőĺğćőńìŋëå ćăàĺăæĺïå ŕőńï ĺ łőőàďĺŋăâ ďăěâ: ∂L ∂φ − ∂ ∂x^μ [ ∂L ∂(∂_μφ) ] = 0 . (2.29)

İâő ěáâì őąéĺľ ćĺď ãàăćŋěŋĺľ Ńăčàăŋęă (ãàăćŋěŋĺľ ďćĺęěŋĺï) ďńï ŕőńï φ^1.

Ğăŕĺèěň ńăčàăŋęĺăŋ áłăńïàŋőčő ŕőńï (2.15) ć ćĺďě ŕàőáâěľèěľ łćăďàăâĺçŋőľ äőàňë ŕő ŕőńî ĺ ěčő ŕěàćëň ŕàőĺğćőďŋëň: L = 1 2 g^{μν} (∂_μφ)(∂_ν φ) − 1 2 m^2φ^2 . (2.30)

Šőčďă ĺňěěň ∂L ∂φ = −m^2φ , ∂L ∂(∂_μφ) = g^{μν} (∂_ν φ) = ∂^μφ (2.31)

1Ŕàőćěďěŋŋëľ ćëćőď áŕàăćěďńĺć ďńï ńîąőčő ŕőńï, ŋě őąïğăâěńìŋő ďńï áłăńïàŋőčő. Ć áńãçăě ćěłâőàŋëå, âěŋğőàŋëå ĺńĺ áŕĺŋőàŋëå ŕőńěľ íâőňã ãàăćŋěŋĺî ãďőćńěâćőàïîâ ćáě łőňŕőŋěŋâë ŕőńï, łőâőàëě ŋãňěàãîâáï áőőâćěâáâćãîéĺňĺ ĺŋďěłáăňĺ.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 23

ĺ ãàăćŋěŋĺě Ńăčàăŋęă áćőďĺâáï ł ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă:

∂_μ∂^μφ + m^2φ ≡ �φ + m^2φ = 0 . (2.32)

İâő ãàăćŋěŋĺě ńĺŋěľŋő ĺ őâćěçăěâ áćőąőďŋőňã (ŋěćğăĺňőďěľáâćãîéěňã) ŕőńî. Ěáńĺ ąë ňë ŕàĺŕĺáăńĺ ł ńăčàăŋęĺăŋã (2.30) ĺŋćăàĺăŋâë ŕőńï φ ąőńěě ćëáőłĺå ŕőàïďłőć (áâěŕěŋěľ), âő ã ŋăá ćőğŋĺłńĺ ąë ŋěńĺŋěľŋëě ãàăćŋěŋĺï ďćĺęěŋĺï ďńï áăňőďěľáâćãîéěčő áłăńïàŋőčő ŕőńï.

Šěőàěňă Ŋěâěà.

Ćěàŋěňáï ł ćëàăęěŋĺî (2.28) ĺ ŕěàěŕĺèěň ŕőćěàåŋőáâŋëľ ĺŋâěčàăń ć ĺŋőň ćĺďě: δS = ∫ R d^4x { ∂L ∂φ − ∂_μ [ ∂L ∂(∂_μφ) ]} δφ + + ∫ R̃ dσ_μ { ∂L ∂(∂_μφ) [δφ + (∂_ν φ)δx^ν] − [ ∂L ∂(∂_μφ) (∂_νφ) − δ^μ_ν L ] δx^ν } , (2.33)

čďě ŕàőáâő ďőąăćńěŋő ĺ ćëçâěŋő őďŋő ĺ âőęě. Ćëàăęěŋĺě ć ŕěàćëå łćăďàăâŋëå áłőąłăå ć ŕőćěàåŋőáâŋőň ĺŋâěčàăńě ŕàěďáâăćńïěâ áőąőľ ŕőńŋãî ćăàĺăæĺî ŕőńï, őŕàěďěńěŋŋãî ć (2.20). Ćâőàăï łćăďàăâŋăï áłőąłă, łăł ňë ãąěďĺňáï ŋĺęě, őŕàěďěńïěâ âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă:

θ^μ_ν = ∂L ∂(∂_μφ) ∂_ν φ − δ^μ_ν L . (2.34)

Šěŕěàì δS ŕěàěŕĺáëćăěâáï ć ćĺďě: δS = ∫ R d^4x { ∂L ∂φ − ∂ ∂x^μ [ ∂L ∂(∂_μφ) ]} δφ + ∫ R̃ dσ_μ { ∂L ∂(∂_μφ) ´φ − θ^μ_ν δx^ν } . (2.35)

Ğăňěâĺň, çâő ŕěàćëľ ĺŋâěčàăń ğďěáì àăćěŋ ŋãńî (ŕàĺ ŕàőĺğćőńìŋëå ćăàĺăæĺïå δφ) ć áĺńã ćëŕőńŋěŋĺï ãàăćŋěŋĺľ ďćĺęěŋĺï (2.29). Řăááňőâàĺň âěŕěàì ćâőàőľ çńěŋ ć (2.35). Ŕãáâì ďěľáâćĺě S ĺŋćăàĺăŋâŋő őâŋőáĺâěńìŋő ŋěłőâőàőľ ŋěŕàěàëćŋőľ čàãŕŕë ŕàěőąàăğőćăŋĺľ x^μ ĺ φ (čàãŕŕë Ńĺ). Šőčďă ňőęŋő ğăŕĺáăâì ĺŋäĺŋĺâěğĺňăńìŋëě ŕàěőąàăğőćăŋĺï:

δx^μ = X^μ_ν δω^ν . ´φ = ˘_μδω^μ , (2.36) čďě δω^μ | ąěáłőŋěçŋő ňăńëě ŕăàăňěâàë čàãŕŕőćőčő ŕàěőąàăğőćăŋĺï (\ãčńë ŕőćőàőâă"), X^μ_ν | ŋěłőâőàăï ňăâàĺæă, ˘_μ | ŋěłőâőàëě çĺáńă. Ğăňěâĺň, çâő ć őąéěň áńãçăě, ĺŋďěłáë ŕàĺ íâĺå ćěńĺçĺŋăå ňőčãâ ąëâì ďćőľŋëňĺ, âàőľŋëňĺ ĺ â.ŕ., ć çăáâŋőáâĺ ňőęŋő àăááňőâàěâì áńãçăľ, łőčďă ĺňěěâáï ŋěłőâőàëľ ňãńìâĺŕńěâ ŕőńěľ φ_i, âăł çâő ´φ_i = ˘_{ij}δω_j , (2.37) čďě âěŕěàì ĺ ˘ ŕàěďáâăćńïěâ áőąőľ ňăâàĺæã ć ŋěłőâőàőň ăąáâàăłâŋőň (\ĺğőâőŕĺçěáłőň") ŕàőáâàăŋáâćě.

24 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Šàěąãï âěŕěàì ĺŋćăàĺăŋâŋőáâĺ ďěľáâćĺï δS = 0 ŕő őâŋőèěŋĺî ł ŕàěőąàăğőćăŋĺî (2.36), ĺğ (2.35) á ãçěâőň (2.29) ŕőńãçăěň: ∫ R̃ dσ_μ { ∂L ∂(∂_μφ) ˘_ν − θ^μ_κ X^κ_ν } δω^ν = 0 , (2.38)

çâő, ććĺďã ŕàőĺğćőńìŋőáâĺ δω^ν , ŕàĺćőďĺâ ł: ∫ R̃ dσ_μJ^μ_ν = 0 , (2.39)

čďě: J^μ_ν = ∂L ∂(∂_μφ) ˘_ν − θ^μ_κ X^κ_ν . (2.40)

Ŕő âěőàěňě Čăãááă ĺğ (2.39) ŕőńãçăěň ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ:

∂_μJ^μ_ν = 0 , (2.41)

âăł çâő ćěńĺçĺŋă J^μ_ν ŕàěďáâăćńïěâ áőąőľ áőåàăŋïîéĺľáï âőł. Šőçŋěě, áőåàăŋïîéěľáï ćěńĺçĺŋőľ ïćńïěâáï őąőąéěŋŋëľ ğăàïď:

Q_ν = ∫ σ dσ_μJ^μ_ν , (2.42)

čďě ĺŋâěčàăń ąěàěâáï ŕő ŕàőĺğćőńìŋőľ ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ čĺŕěàŕőćěàåŋőáâĺ σ. Ěáńĺ ćğïâì σ ć ćĺďě čĺŕěàŕńőáłőáâĺ t = const, âő ŕőńãçĺň ŕàőáâő ĺŋâěčàăń ŕő âàěåňěàŋőňã őąêěňã V : Q_ν = ∫ V d^3r J^0_ν . (2.43)

Őąëçŋëň őąàăğőň [25], ĺŋâěčàĺàãï (2.41) ŕő őąêěňã V , ĺňěěň: ∫ V d^3r ∂_0J^0_ν + ∫ V d^3r ∂_iJ^i_ν = 0 . (2.44)

Ćâőàőľ ĺŋâěčàăń ğďěáì ŕàěőąàăğãěâáï ŕő âàěåňěàŋőľ âěőàěňě Čăãááă ć ŕőćěàåŋőáâŋëľ, łőâőàëľ őŕàěďěńïěâ ŕőâőł ğăàïďă çěàěğ íâã ŕőćěàåŋőáâì [25]. Ďńï ğăňłŋãâőľ áĺáâěňë (Ćáěńěŋŋőľ) íâőâ ŕőâőł àăćěŋ ŋãńî ĺ ŕőńãçăěň: d dt ∫ V d^3r J^0_ν = dQ_ν dt = 0 . (2.45)

İâő ĺ ěáâì őáŋőćŋőě ãâćěàęďěŋĺě âěőàěňë Ŋěâěà: ĺŋćăàĺăŋâŋőáâì ďěľáâćĺï őâŋőáĺâěńìŋő ŋěłőâőàőľ ŋěŕàěàëćŋőľ őŕěàăæĺĺ (čàãŕŕë) áĺňňěâàĺĺ ŕàĺćőďĺâ ł áőőâćěâáâćãîéěňã ğăłőŋã áőåàăŋěŋĺï.

Řăááňőâàĺň ŕàőáâőľ ŕàĺňěà. Ŕãáâì ŕàěőąàăğőćăŋĺï áĺňňěâàĺĺ (2.36) áćőďïâáï ł ŕàőáâëň âàăŋáńïæĺïň ć ŕàőáâàăŋáâćě-ćàěňěŋĺ:

δx^μ = ε^μ , ´φ = 0 , (2.46)

âăł çâő X^μ_ν = δ^μ_ν , ˘_μ = 0 . (2.47)

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 25

Šőčďă ĺğ (2.40) ŋěňěďńěŋŋő ŕőńãçăěň:

J^μ_ν = −θ^μ_ν (2.48)

ĺ áőőâćěâáâćãîéĺľ ğăłőŋ áőåàăŋěŋĺï ĺňěěâ ćĺď: d dt ∫ V d^3r θ^0_ν = 0 , (2.49)

çâő ŕàěďáâăćńïěâ áőąőľ ğăłőŋ áőåàăŋěŋĺï íŋěàčĺĺ-ĺňŕãńìáă ĺ, łáâăâĺ, ŕőďâćěàęďăěâ ććěďěŋŋőě ćëèě őŕàěďěńěŋĺě âěŋğőàă íŋěàčĺĺ-ĺňŕãńìáă. Ŕàĺ íâőň, ćěńĺçĺŋă

P_ν = ∫ V d^3r θ^0_ν (2.50)

ŕàěďáâăćńïěâ áőąőľ 4-ĺňŕãńìá ŋăèěčő ŕőńï. İâő ŕőŋïâŋő ĺ ĺğ ŕàőáâőľ ăŋăńőčĺĺ á ňěåăŋĺłőľ. Ć çăáâŋőáâĺ, ĺğ őŕàěďěńěŋĺï (2.34) áńěďãěâ: ∫ V d^3r θ^0 = ∫ V d^3r { ∂L ∂ _φ _φ − L } , (2.51)

çâő ăŋăńőčĺçŋő ĺğćěáâŋőňã ćëàăęěŋĺî, áćïğëćăîéěňã äãŋłæĺî Ńăčàăŋęă á čăňĺńìâőŋĺăŋőň ć łńăááĺçěáłőľ ňěåăŋĺłě [26]: H = ∑ i p_i _q_i − L , p_i = ∂L ∂ _q_i , (2.52)

âăł çâő (2.51) ďăěâ íŋěàčĺî ŕőńï. Ăŋăńőčĺçŋëň őąàăğőň, ćěńĺçĺŋă ∫ d^3r θ^0_i őŕàěďěńïěâ ĺňŕãńìá ŕőńï.

Šăłĺň őąàăğőň, áőåàăŋěŋĺě íŋěàčĺĺ-ĺňŕãńìáă ĺňěěâ ňěáâő ďńï ńîąőľ áĺáâěňë, ńăčàăŋęĺăŋ (ďěľáâćĺě) łőâőàőľ ŋě ğăćĺáĺâ ïćŋő őâ x^μ.

Ďńï ńăčàăŋęĺăŋă Łńěľŋă { Čőàďőŋă (2.30) ĺğ (2.34) áàăğã ŕőńãçăěň âěŋğőà íŋěàčĺĺ ĺňŕãńìáă ć áńěďãîéěň ćĺďě:

θ^{μν} = (∂^μφ)(∂^ν φ) − g^{μν} L . (2.53)

İâő ćëàăęěŋĺě ïćŋëň őąàăğőň áĺňňěâàĺçŋő ŕő ĺŋďěłáăň θ^{μν} = θ^{νμ}. Ŋő âăł ŋě ćáěčďă ŕőńãçăěâáï, ěáńĺ ŕőńìğőćăâìáï őŕàěďěńěŋĺěň (2.34) ďńï ŕàőĺğćőńìŋőčő ńăčàăŋęĺăŋă. Ć âőęě ćàěňï ł (2.34) ćáěčďă ňőęŋő ďőąăćĺâì çńěŋ âĺŕă ∂_λf^{μλν} , čďě f^{μλν} = −f^{λμν} , âăł çâő ∂_μ∂_λf^{λμν} ≡ 0 ĺ ğăłőŋ áőåàăŋěŋĺï (2.41), (2.49) ŋě ŋăàãèăěâáï. Šăłőľ ŋěőŕàěďěńěŋŋőáâìî ňőęŋő ćőáŕőńìğőćăâìáï ĺ ććěáâĺ

T^{μν} = θ^{μν} + ∂_λf^{λμν} , (2.54)

ćëąàăć f^{λμν} âăł, çâőąë ćëŕőńŋïńőáì ãáńőćĺě áĺňňěâàĺĺ T^{μν} = T^{νμ}. Ŕőďőąàăŋŋëľ âăłĺň őąàăğőň âěŋğőà íŋěàčĺĺ- ĺňŕãńìáă ŋăğëćăěâáï łăŋőŋĺçěáłĺň. Ěáâěáâćěŋŋő, çâő ∂_μT^{μν} = ∂_μθ^{μν} = 0 . (2.55) Ŕőńŋëľ 4-ĺňŕãńìá ŕàĺ íâőň âăłęě ŋě ňěŋïěâáï, ŕőáłőńìłã ĺňěěâ ňěáâő: ∫ V d^3r ∂_λf^{λ0ν} = ∫ V d^3r ∂_if^{i0ν} = ∫ dσ_if^{i0ν} = 0 . (2.56)

26 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ŕěàćőě àăćěŋáâćő ć (2.56) áńěďãěâ ĺğ f^{00ν} = 0, ă ćâőàőě ĺğ âěőàěňë Čăãááă. Ŋãńì ć ŕàăćőľ çăáâĺ ćőğŋĺłăěâ ŕàĺ őâŋěáěŋĺĺ ŕőćěàåŋőáâĺ σ ŋă ąěáłőŋěçŋőáâì, čďě ŕőńï áçĺâăîâáï őâáãâáâćãîéĺňĺ.

Šăłĺň őąàăğőň, íŋěàčĺï ĺ ĺňŕãńìá ŕőńï őłăğëćăîâáï őŕàěďěńěŋŋëňĺ őďŋőğŋăçŋő, ŋěáňőâàï ŋă ŋěłőâőàãî ŋěőďŋőğŋăçŋőáâì ć őŕàěďěńěŋĺĺ âěŋğőàă íŋěàčĺĺĺňŕãńìáă.

Ĺňěěâáï àïď áőőąàăęěŋĺľ äĺğĺçěáłőčő åăàăłâěàă, ŕő łőâőàëň âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă áńěďãěâ ćáěčďă ćëąĺàăâì áĺňňěâàĺçŋëň [8, 25]. Őáőąěŋŋő ĺğïéŋëľ ăàčãňěŋâ őáŋőćăŋ ŋă ŕàĺćńěçěŋĺĺ őąéěľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ. Şàăćŋěŋĺï İľŋèâěľŋă ďńï čàăćĺâăæĺőŋŋőčő ŕőńï (ňěâàĺłĺ ŕàőáâàăŋáâćă gμν ) ĺňěîâ ćĺď [25]: Rμν − 1 2 gμν R = − 8 πG c^2 Tμν , (2.57) čďě Rμν | áćěàŋãâëľ âěŋğőà łàĺćĺğŋë Řĺňăŋă (âěŋğőà Řĺççĺ), R | áłăńïàŋăï łàĺćĺğŋă ŕàőáâàăŋáâćă, G | ŋìîâőŋőćáłăï łőŋáâăŋâă âïčőâěŋĺï. Ńěćăï çăáâì (2.57) áâàőĺâáï ĺğ ňěâàĺçěáłőčő âěŋğőàă gμν ĺ ěčő ŕàőĺğćőďŋëå, ïćńïïáì çĺáâő čěőňěâàĺçěáłĺň őąêěłâőň. Ŕàĺ íâőň őŋă ćáěčďă áĺňňěâàĺçŋă ŕő μ, ν [25]. Ŕőíâőňã ĺ âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă ňăâěàĺĺ, áâőïéĺľ ć ŕàăćőľ çăáâĺ ĺ ïćńïîéĺľáï ĺáâőçŋĺłőň čàăćĺâăæĺőŋŋőčő ŕőńï, ďőńęěŋ ąëâì áĺňňěâàĺçŋëň.

Łőňŕńěłáŋőě áłăńïàŋőě ĺ íńěłâàőňăčŋĺâŋőě ŕőńě.

Řăááňőâàĺň âěŕěàì áłăńïàŋőě łőňŕńěłáŋőě ŕőńě, łőâőàőě ãďőąŋő ğăŕĺáăâì ć ćĺďě: φ = 1√ 2 (φ_1 + iφ_2) , (2.58)

φ^∗ = 1√ 2 (φ_1 − iφ_2) . (2.59)

Ťăłâĺçěáłĺ ğďěáì àăááňăâàĺćăěâáï ãęě ďćă ŋěğăćĺáĺňëå áłăńïàŋëå ŕőńï φ_1, φ_2, łőâőàëě ňőęŋő àăááňăâàĺćăâì, ŋăŕàĺňěà, łăł ŕàőěłæĺĺ ŋěłőâőàőčő ďćãňěàŋőčő ćěłâőàă ŋă őáĺ 1 ĺ 2 ć ŋěłőâőàőň ĺğőâőŕĺçěáłőň^2ŕàőáâàăŋáâćě, ăááőæĺĺàãěňőň á ŋăèĺň ŕőńěň. Ś ãçěâőň âàěąőćăŋĺï ćěéěáâćěŋŋőáâĺ ďěľáâćĺï, ńăčàăŋęĺăŋ âăłőčő ŕőńï, ăŋăńőčĺçŋëľ (2.30) ňőęŋő ğăŕĺáăâì łăł:

L = (∂_μφ)(∂^μφ^∗) − m^2φ^∗φ . (2.60)

Řăááňăâàĺćăï âěŕěàì ŕőńï φ ĺ φ^∗ łăł ŋěğăćĺáĺňëě ŕěàěňěŋŋëě, ĺğ ãàăćŋěŋĺľ Ńăčàăŋęă (2.29) ŕőńãçăěň ďćă ãàăćŋěŋĺï Łńěľŋă { Čőàďőŋă:

(� + m^2)φ = 0 , (2.61) (� + m^2)φ^∗ = 0 . (2.62)

2Šěàňĺŋ ĺğőâőŕĺçěáłőě ĺáŕőńìğãěâáï ŋăňĺ ć ąőńìèĺŋáâćě áńãçăěć ćŋě ćáïłőľ áćïğĺ, ŋő ŕő ăŋăńőčĺĺ á ĺğőâőŕĺçěáłőľ áĺňňěâàĺěľ ć ïďěàŋőľ äĺğĺłě ĺ âěőàĺĺ ăďàőŋőć [27]. Řěçì ğďěáì ĺďěâ ő ŋěłőâőàőň ŕàőáâàăŋáâćě ćŋãâàěŋŋĺå łćăŋâőćëå çĺáěń ŕőńï (çăáâĺæë), áőåàăŋěŋĺî łőâőàëå áőőâćěâáâćãěâ ŋăďńěęăéăï áĺňňěâàĺï ć íâőň ŕàőáâàăŋáâćě.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 27

Ńăčàăŋęĺăŋ (2.60) őçěćĺďŋëň őąàăğőň ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő âăł ŋăğëćăěňëå čńőąăńìŋëå^3 łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ ćĺďă:

φ → e^{−iΛ}φ , φ^∗ → e^{iΛ}φ^∗ , (2.63)

čďě ~ | ŕàőĺğćőńìŋăï ďěľáâćĺâěńìŋăï łőŋáâăŋâă. Ć (2.63) ňë ĺňěěň ďěńő á âĺŕĺçŋëň ŕàěőąàăğőćăŋĺěň čàãŕŕë Ńĺ (ć ďăŋŋőň áńãçăě | čàãŕŕë U (1) ďćãňěàŋëå ćàăéěŋĺľ), áőőâćěâáâćěŋŋő, ďńï ňăńëå ~ ćáěčďă ňőęŋő ŋăŕĺáăâì:

δφ = −i~φ , δφ^∗ = i~φ^∗ (2.64)

| ĺŋäĺŋĺâěğĺňăńìŋëě łăńĺąàőćőçŋëě ŕàěőąàăğőćăŋĺï. Ććĺďã ŋěğăćĺáĺňőáâĺ ~ őâ ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋëå łőőàďĺŋăâ, ĺŋäĺŋĺâěğĺňăńìŋëě ŕàěőąàăğőćăŋĺï ŕàőĺğćőďŋëå ŕőńï ĺňěîâ âăłőľ ęě ćĺď:

δ(∂_μφ) = −i~∂_μφ , δ(∂_μφ^∗) = i~∂_μφ^∗ . (2.65)

Ć őąőğŋăçěŋĺïå (2.36) ĺňěěň:

˘ = −iφ , ˘^∗ = iφ , X = 0 , (2.66)

âăł çâő áőåàăŋïîéĺľáï ŋěâěàőćáłĺľ âőł (2.40) ĺňěěâ ć ďăŋŋőň áńãçăě ćĺď:

J^μ = ∂L ∂(∂_μφ) (−iφ) + ∂L ∂(∂_μφ^∗) (iφ^∗) . (2.67)

Ś ãçěâőň (2.60) ŕőńãçăěň:

J^μ = i(φ^∗∂^μφ − φ∂^μφ^∗) (2.68)

| ïćŋëľ ćĺď âőłă, ãďőćńěâćőàïîéěčő ãàăćŋěŋĺî:

∂_μJ^μ = 0 . (2.69)

Ć ćëŕőńŋĺňőáâĺ íâőčő ãáńőćĺï ňőęŋő ãąěďĺâìáï ĺ ŋěŕőáàěďáâćěŋŋő, ĺáŕőńìğãï ãàăćŋěŋĺï ďćĺęěŋĺï (2.62). Śőőâćěâáâćěŋŋő, ć àăááňăâàĺćăěňőľ âěőàĺĺ ćőğŋĺłăěâ áőåàăŋïîéĺľáï ğăàïď: Q = ∫ dV J^0 = i ∫ dV ( φ^∗ ∂φ ∂t − φ ∂φ^∗ ∂t ) . (2.70)

Ěáńĺ ŕőńě ďěľáâćĺâěńìŋő, âő φ = φ^∗ ĺ, őçěćĺďŋő, ĺňěěň Q = 0, âăł çâő ŕőŋïâĺě áőåàăŋïîéěčőáï ğăàïďă dQ/dt = 0 ňőęŋő ććěáâĺ âőńìłő ďńï łőňŕńěłáŋőčő ŕőńï. Ŕàĺ íâőň őŕàěďěńïîéěě ğŋăçěŋĺě ĺňěěâ U (1) áĺňňěâàĺï ńăčàăŋęĺăŋă (2.60), (2.63). Ğăňěâĺň, çâő ćáě àăááňőâàěŋĺě ŕőłă çâő őáâăěâáï çĺáâő łńăááĺçěáłĺň, áőőâćěâáâćěŋŋő Q ňőęěâ ŕàĺŋĺňăâì ńîąëě (ŋěæěńőçĺáńěŋŋëě) ğŋăçěŋĺï.

Ŕěàěŕĺèěň (2.60) á ŕőňőéìî (2.59) ć ćĺďě ăďďĺâĺćŋőľ áãňňë ńăčàăŋęĺăŋőć ŕőńěľ φ_1, φ_2: L = 1 2 [(∂_μφ_1)(∂^μφ_1) + (∂_μφ_2)(∂^μφ_2)] − 1 2 m^2(φ^2_1 + φ^2) . (2.71)

3Šěàňĺŋ čńőąăńìŋëě őğŋăçăěâ ğďěáì âő, çâő ŕàőĺğćőńìŋăï äăğă ~ ğďěáì őďĺŋăłőćă ďńï ŕőńěľ, ćğïâëå ć àăğńĺçŋëå âőçłăå ŕàőáâàăŋáâćă-ćàěňěŋĺ.

28 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Šőčďă, ććőďï ğăŕĺáì ŕőńï φ ć ćĺďě ćěłâőàă ⃗φ ć ďćãňěàŋőň ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě:

⃗φ = φ_1⃗i + φ_2⃗j , (2.72)

čďě ⃗i,⃗j | ěďĺŋĺçŋëě őàâë ć íâőň ŕàőáâàăŋáâćě, ňőęŋő ğăŕĺáăâì (2.71) łăł: L = 1 2 (∂_μ ⃗φ)(∂^μ ⃗φ) − 1 2 m^2 ⃗φ · ⃗φ , (2.73)

őâłãďă ïáŋő ćĺďěŋ čěőňěâàĺçěáłĺľ áňëáń àăááňăâàĺćăěňőľ áĺňňěâàĺĺ âěőàĺĺ (ńăčàăŋęĺăŋă). Łăńĺąàőćőçŋëě ŕàěőąàăğőćăŋĺï (2.63) ňőęŋő ğăŕĺáăâì ĺ âăł:

φ^′_1 + iφ^′_2 = e^{−iΛ}(φ_1 + iφ_2) , φ^′_1 − iφ^′_2 = e^{iΛ}(φ_1 − iφ_2) , ĺńĺ φ^′_1 = φ_1 cos ~ + φ_2 sin ~ ,

φ^′_2 = −φ_1 sin ~ + φ_2 cos ~ , (2.74)

çâő őŕĺáëćăěâ ŕőćőàőâ ćěłâőàă ⃗φ ŋă ãčőń ~ ć ŕńőáłőáâĺ 1, 2. Ńăčàăŋęĺăŋ, őçěćĺďŋő, ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő âăłĺå ŕőćőàőâőć, â.ě. őâŋőáĺâěńìŋő čàãŕŕë ďćãňěàŋëå ćàăéěŋĺľ O(2) ĺńĺ ĺğőňőàäŋőľ ěľ čàãŕŕë U (1). Ŕàěőąàăğőćăŋĺě (2.63) őçěćĺďŋő ãŋĺâăàŋő: e^{iΛ}(e^{iΛ})^∗ = 1. Čàãŕŕőćőě ŕàőáâàăŋáâćő őŕàěďěńïěâáï ňŋőęěáâćőň ćáěå ćőğňőęŋëå ãčńőć (äăğ) ~, őŕàěďěńěŋŋëå á âőçŋőáâìî ďő 2πn (n | æěńőě, ŕőćőàőâ ŋă ~ âőęďěáâćěŋ ŕőćőàőâã ŋă ~ + 2πn), ĺ âőŕőńőčĺçěáłĺ íłćĺćăńěŋâŋő őłàãęŋőáâĺ ěďĺŋĺçŋőčő àăďĺãáă.

Ĺ ćőâ âěŕěàì ňőęŋő ŕőŕëâăâìáï áďěńăâì àěèăîéĺľ èăč! Ňőęŋő ğăďăâìáï ďőáâăâőçŋő äőàňăńìŋëň ćőŕàőáőň | ŋěńìğï ńĺ áďěńăâì ŋăèã âěőàĺî ĺŋćăàĺăŋâŋőľ őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ âĺŕă (2.63), ŋő á äăğőľ (ãčńőň), ïćńïîéěľáï ŕàőĺğćőńìŋőľ äãŋłæĺěľ ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőľ âőçłĺ, ć łőâőàőľ őŕàěďěńěŋő ŋăèě ŕőńě:

φ(x) → e^{−iΛ(x)}φ(x) , φ^∗(x) → e^{iΛ(x)}φ^∗(x) . (2.75)

Őáőąëå ŕőćőďőć ďńï âăłőčő ęěńăŋĺï, ć őąéěň-âő, ŋěâ. Ŋã àăğćě çâő ňőęŋő áłăğăâì, çâő čńőąăńìŋőě ŕàěőąàăğőćăŋĺě (2.63) ŋěćăęŋő áňőâàĺâáï á âőçłĺ ğàěŋĺï őąéěľ ĺďěőńőčĺĺ àěńïâĺćĺáâáłőľ âěőàĺĺ | ňë \ćàăéăěň" ŋăèě ŕőńě ŋă őďĺŋ ĺ âőâ ęě ãčőń (ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě) ćő ćáěå âőçłăå ŕàőáâàăŋáâćă-ćàěňěŋĺ, ć âőň çĺáńě ĺ ć âěå, łőâőàëě àăğďěńěŋë ŕàőáâàăŋáâćěŋŋőŕőďőąŋëň ĺŋâěàćăńőň, â.ě. ŋě ňőčãâ ąëâì ŕàĺçĺŋŋő áćïğăŋë. Ŋő ćěďì ĺ ĺğőâőŕĺçěáłőě ŕàőáâàăŋáâćő ŋĺłăł ŕőłă ŋě áćïğăŋő á ŕàőáâàăŋáâćőň- ćàěňěŋěň. Ŋő ňë ãćĺďĺň, çâő âàěąőćăŋĺě ĺŋćăàĺăŋâŋőáâĺ âěőàĺĺ őâŋőáĺâěńìŋő (2.75) ŕőçâĺ ŋěňěďńěŋŋő ŕàĺćőďĺâ ł áőćěàèěŋŋő ğăňěçăâěńìŋëň àěğãńìâăâăň.

Ŋă ŕěàćëľ ćğčńïď ĺŋćăàĺăŋâŋőáâì âěőàĺĺ őâŋőáĺâěńìŋő (2.75) ŋěćőğňőęŋă. Řăááňőâàĺň őŕïâì áńãçăľ ąěáłőŋěçŋő ňăńëå ŕàěőąàăğőćăŋĺľ á ~(x) ≪ 1. Šőčďă (2.75) áćőďĺâáï ł: φ → φ − i~φ , δφ = −i~φ , (2.76) çâő ĺďěŋâĺçŋő á (2.64). Őďŋăłő ďńï ŕàőĺğćőďŋëå ŕőńï ćáě áńőęŋěě ć áĺńã ïćŋőľ ğăćĺáĺňőáâĺ ~(x) őâ łőőàďĺŋăâë: ∂_μφ → ∂_μφ − i(∂_μ~)φ − i~(∂_μφ) , δ(∂_μφ) = −i~(∂_μφ) − i(∂_μ~)φ , (2.77)

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 29

çâő, ěáâěáâćěŋŋő, ŋě áőćŕăďăěâ á (2.65). Ďńï łőňŕńěłáŋő áőŕàïęěŋŋőčő ŕőńï ćáě ăŋăńőčĺçŋő:

φ^∗ → φ^∗ + i~φ^∗ , δφ^∗ = i~φ^∗ , (2.78)

∂_μφ^∗ → ∂_μφ^∗ + i(∂_μ~)φ^∗ + i~(∂_μφ^∗) , δ(∂_μφ^∗) = i~(∂_μφ^∗) + i(∂_μ~)φ^∗ . (2.79)

İâã áĺâãăæĺî őąëçŋő åăàăłâěàĺğãîâ áńőćăňĺ ő âőň, çâő ŕàőĺğćőďŋëě ŕőńï φ ŕàěőąàăğãîâáï âěŕěàì (ć őâńĺçĺě őâ áăňőčő ŕőńï) ŋěłőćăàĺăŋâŋő, â.ě. ŋě ŕàőŕőàæĺőŋăńìŋő áăňĺň áěąě. Ćáě ŕőàâĺâ áńăčăěňőě á ŕàőĺğćőďŋőľ ~! Ŋĺłăłőľ ĺŋćăàĺăŋâŋőáâĺ ńăčàăŋęĺăŋă (2.60) őâŋőáĺâěńìŋő âăłĺå ŕàěőąàăğőćăŋĺľ ŕàőáâő ŋěâ. Ŕőáňőâàĺň, őďŋăłő, ŋěńìğï ńĺ ěě őąěáŕěçĺâì?

Ĺğňěŋěŋĺě ńăčàăŋęĺăŋă ŕàĺ ŕàőĺğćőńìŋëå ćăàĺăæĺïå ŕőńěľ ĺ ĺå ŕàőĺğćőďŋëå ĺňěěâ ćĺď: δL = ∂L ∂φ δφ + ∂L ∂(∂_μφ) δ(∂_μφ) + (φ → φ^∗) . (2.80)

Ŕěàěŕĺáëćăï ŕěàćőě áńăčăěňőě á ŕőňőéìî ãàăćŋěŋĺľ Ńăčàăŋęă (2.29) ĺ ŕőďáâăćńïï (2.76) ĺ (2.77), ŕőńãçĺň: δL = ∂_μ [ ∂L ∂(∂_μφ) ] (−i~φ) + ∂L ∂(∂_μφ) (−i~∂_μφ − iφ∂_μ~) − (φ → φ^∗) = = −i~∂_μ [ ∂L ∂(∂_μφ) φ ] − i ∂L ∂(∂_μφ) (∂_μ~)φ − (φ → φ^∗) . (2.81)

Ŕěàćëľ çńěŋ ğďěáì ŕàőŕőàæĺőŋăńěŋ ďĺćěàčěŋæĺĺ őâ áőåàăŋïîéěčőáï âőłă (2.67) ĺ àăćěŋ, âăłĺň őąàăğőň, ŋãńî. Ćâőàőě ęě áńăčăěňőě, á ĺáŕőńìğőćăŋĺěň ïćŋőčő ćĺďă ńăčàăŋęĺăŋă, ŕàĺőąàěâăěâ ćĺď:

δL = i(φ^∗∂^μφ − φ∂^μφ^∗)∂_μ~ = J^μ∂_μ~ , (2.82)

čďě J^μ ćáě âőâ ęě áőåàăŋïîéĺľáï âőł (2.68).

Ĺâăł, ďěľáâćĺě ŋěĺŋćăàĺăŋâŋő ŕő őâŋőèěŋĺî ł ńőłăńìŋëň łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺïň. Őłăğëćăěâáï, őďŋăłő, çâő ĺŋćăàĺăŋâŋőáâì ďěľáâćĺï ňőęŋő őąěáŕěçĺâì ŕãâěň ććěďěŋĺï ŋőćőčő ćěłâőàŋőčő ŕőńï A_μ, ŋěŕőáàěďáâćěŋŋő ćğăĺňőďěľáâćãîéěčő á âőłőň J^μ, ďőąăćĺć ł ŋăèěňã ńăčàăŋęĺăŋã áńěďãîéĺľ çńěŋ ćğăĺňőďěľáâćĺï:

L_1 = −eJ^μA_μ = −ie(φ^∗∂^μφ − φ∂^μφ^∗)A_μ , (2.83)

čďě e | ąěğàăğňěàŋăï łőŋáâăŋâă áćïğĺ. Ŕőâàěąãěň âěŕěàì, çâőąë őďŋőćàěňěŋŋő á ńőłăńìŋëňĺ łăńĺąàőćőçŋëňĺ ŕàěőąàăğőćăŋĺïňĺ ŕőńï φ (2.75) ŕőńě A_μ ŕőďćěàčăńőáì ąë čàăďĺěŋâŋőňã ŕàěőąàăğőćăŋĺî ćĺďă:

A_μ → A_μ + 1 e ∂_μ~ . (2.84)

Šőčďă ŕőńãçĺň:

δL_1 = −e(δJ^μ )A_μ − eJ^μ(δA_μ) = −e(δJ^μ )A_μ − J^μ∂_μ~ . (2.85)

Ćĺďĺň, çâő ćâőàőě áńăčăěňőě ć (2.85) łăł àăğ âőçŋő áőłàăéăěâ (2.82). Ŋő ŋãęŋő âěŕěàì ěéě ĺğąăćĺâìáï őâ ŕěàćőčő áńăčăěňőčő ć (2.85). Ś ŕőňőéìî (2.76), (2.78) ňőęŋő ŕőńãçĺâì:

δJ^μ = iδ(φ^∗∂^μφ − φ∂^μφ^∗) = 2φ^∗φ∂^μ~ , (2.86)

30 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

âăł çâő δL + δL_1 = −2eA_μ(∂^μ~)φ^∗φ . (2.87) Ŋő ďőąăćĺň ł L ěéě őďĺŋ çńěŋ:

L_2 = e^2A_μA^μφ^∗φ . (2.88) Šőčďă ŕőď ćőğďěľáâćĺěň (2.84) ĺňěěň:

δL_2 = 2e^2A_μδA^μφ^∗φ = 2eA_μ(∂^μ~)φ^∗φ . (2.89) Šěŕěàì ńěčłő ćĺďěâì, çâő δL + δL_1 + δL_2 = 0 , (2.90) âăł çâő ĺŋćăàĺăŋâŋőáâì ďěľáâćĺï őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ őąěáŕěçěŋă!

Şçâěň âěŕěàì, çâő ććěďěŋŋőě ŋăňĺ ćěłâőàŋőě ŕőńě A_μ ďőńęŋő őąńăďăâì ĺ áőőâćěâáâćãîéĺň \áćőąőďŋëň" ćłńăďőň ć ńăčàăŋęĺăŋ. İâőâ ćłńăď ďőńęěŋ ąëâì ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő čàăďĺěŋâŋëå ŕàěőąàăğőćăŋĺľ (2.84). Ŕőŋïâŋő, łăł âãâ ŋăďő ŕőáâãŕĺâì. Ććěďěň 4-ňěàŋëľ àőâőà ŕőńï A_μ: F_{μν} = ∂_μA_ν − ∂_ν A_μ , (2.91) łőâőàëľ, őçěćĺďŋő, ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő (2.84). Šőčďă ňőęŋő ŕàĺŋïâì:

L_3 = − 1 16π F^{μν}F_{μν} . (2.92)

Śőąĺàăï âěŕěàì ćáě çńěŋë ŋőćőčő ńăčàăŋęĺăŋă, ŕőńãçĺň: L_{tot} = L + L_1 + L_2 + L_3 = (∂_μφ)(∂^μφ^∗) − m^2φ^∗φ − − ie(φ^∗∂^μφ − φ∂^μφ^∗)A_μ + e^2A_μA^μφ^∗φ − 1 16π F_{μν}F^{μν} , (2.93) çâő ŕěàěŕĺáëćăěâáï ć áâăŋďăàâŋőň ćĺďě łăł: L_{tot} = − 1 16π F_{μν} F^{μν} + (∂_μ + ieA_μ)φ(∂^μ − ieA^μ)φ^∗ − m^2φ^∗φ . (2.94)

Šăłĺň őąàăğőň ňë ŕőńãçĺńĺ ńăčàăŋęĺăŋ íńěłâàőďĺŋăňĺłĺ łőňŕńěłáŋőčő áłăńïàŋőčő ŕőńï φ! Őŋ ńěčłő ŕőńãçăěâáï ĺğ ĺáåőďŋőčő ńăčàăŋęĺăŋă Łńěľŋă { Čőàďőŋă (2.60) áâăŋďăàâŋőľ ğăňěŋőľ [25] őąëçŋőľ ŕàőĺğćőďŋőľ ∂_μφ ŋă łőćăàĺăŋâŋãî ŕàőĺğćőďŋãî^4:

D_μφ = (∂_μ + ieA_μ)φ (2.95) ĺ ďőąăćńěŋĺěň çńěŋă áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï (2.92).

Ńăčàăŋęĺăŋ íńěłâàőňăčŋĺâŋőčő ŕőńï (2.92) ňőęěâ ąëâì ğăŕĺáăŋ łăł L = aFμν F^{μν} [25], čďě ŕőáâőïŋŋăï a ňőęěâ ąëâì ćëąàăŋă àăğŋőľ, ć ğăćĺáĺňőáâĺ őâ ćëąőàă áĺáâěňë ěďĺŋĺæ. Ć čăãááőćőľ áĺáâěňě ěďĺŋĺæ, ŕàĺŋïâőľ, ć çăáâŋőáâĺ, ć łãàáě Ńăŋďăã ĺ Ńĺäèĺæă, ŕőńăčăěâáï a = −1/16π. Ŋăàïďã á čăãááőćőľ, çăáâő ĺáŕőńìğãěâáï âăłęě áĺáâěňă ěďĺŋĺæ Ţěćĺáăľďă (áň., ŋăŕàĺňěà, [8]), ć łőâőàőľ a = −1/4, Ć íâőľ áĺáâěňě ć ãàăćŋěŋĺï ŕőńï ŋě ćåőďĺâ ňŋőęĺâěńì 4π, ŋő ğăâő őŋ ćőğŋĺłăěâ 4Ŕàĺ íâőň łőŋáâăŋâă e ĺňěěâ áňëáń íńěłâàĺçěáłőčő ğăàïďă.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 31

ć ğăłőŋě Łãńőŋă. Ć čăãááőćőľ áĺáâěňě ŋăőąőàőâ 4π ćåőďĺâ ć ãàăćŋěŋĺï Ňăłáćěńńă, ŋő őâáãâáâćãěâ ć ğăłőŋě Łãńőŋă. Ć ńĺâěàăâãàě ŕő łćăŋâőćőľ íńěłâàőďĺŋăňĺłě çăéě ĺáŕőńìğãěâáï áĺáâěňă Ţěćĺáăľďă. Ňë ć ďăńìŋěľèěň ąãďěň, ć őáŋőćŋőň, ŕőńìğőćăâìáï čăãááőćőľ áĺáâěňőľ, áŕěæĺăńìŋő őčőćăàĺćăï ŕěàěåőď ł áĺáâěňě Ţěćĺáăľďă ć őâďěńìŋëå áńãçăïå.

Ć őâńĺçĺě őâ ∂_μφ ćěńĺçĺŋă (2.95) ŕàěőąàăğãěâáï ŕàĺ łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå łőćăàĺăŋâŋëň őąàăğőň, â.ě. łăł áăňő ŕőńě φ: δ(D_μφ) = δ(∂_μφ) + ie(δA_μ)φ + ieA_μδφ = −i~(∂_μφ + ieA_μφ) = −i~(D_μφ) . (2.96) Ŕőńî φ áőőâćěâáâćãěâ, âăłĺň őąàăğőň, íńěłâàĺçěáłĺľ ğăàïď e, áőŕàïęěŋŋőě ŕőńě φ^∗ áőőâćěâáâćãěâ ğăàïďã (−e): ( D_μφ )_∗ = (∂_μ − ieA_μ)φ^∗ . (2.97)

Ŕőŋïâŋő, çâő ććěďěŋŋăï ćëèě ćěńĺçĺŋă F_{μν} ŕàěďáâăćńïěâ áőąőľ âěŋğőà ŋăŕàïęěŋŋőáâěľ íńěłâàőňăčŋĺâŋőčő ŕőńï [25].

Şàăćŋěŋĺï Ňăłáćěńńă áńěďãîâ ĺğ (2.94) łăł ãàăćŋěŋĺï Ńăčàăŋęă ďńï ŕőńï A_μ: ∂L ∂A_μ − ∂_ν [ ∂L ∂(∂_ν A_μ) ] = 0 , (2.98)

çâő ďăěâ: 1 4π ∂_ν F^{μν} = −ie(φ^∗ ∂^μφ − φ∂^μφ^∗) + 2e^2A^μ|φ|^2 = = −ie [ φ^∗D^μφ − φ(D^μ φ^∗) ] ≡ −eJ^μ , (2.99) čďě J^μ = i [ φ^∗D^μφ − φ(D^μφ^∗) ] (2.100)

| łőćăàĺăŋâŋăï äőàňă âőłă. Ĺğ ăŋâĺáĺňňěâàĺĺ F^{μν} áàăğã áńěďãěâ:

∂_μJ^μ = 0 , (2.101)

âăł çâő ć ŕàĺáãâáâćĺě íńěłâàőňăčŋĺâŋőčő ŕőńï áőåàăŋïěâáï âőł J^μ, ă ŋě J^μ.

Őâňěâĺň, çâő ąěğňăááőćőáâì íńěłâàőňăčŋĺâŋőčő ŕőńï őłăğëćăěâáï ŋěőąåőďĺňőľ | ěáńĺ ąë ã íńěłâàőňăčŋĺâŋőčő ŕőńï ąëńă ąë łőŋěçŋăï ňăááă M, âő ł ńăčàăŋęĺăŋã (2.92) ŋãęŋő ąëńő ąë ŕàĺŕĺáăâì çńěŋ âĺŕă: LM = 1 8π M^2AμA^μ . (2.102)

Őçěćĺďŋő, çâő âăłőľ ćłńăď ŋěĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ (2.75), (2.84).

Řăááňőâàěŋŋëľ áŕőáőą ććěďěŋĺï íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï ąëń ćŕěàćëě ĺáŕőńìğőćăŋ Ćěľńěň ŕàĺ ŕőŕëâłăå ŕőáâàőěŋĺï ěďĺŋőľ âěőàĺĺ ŕőńï ć ŋăçăńě 20-å čőďőć. İńěłâàőďĺŋăňĺłă áőőâćěâáâćãěâ ăąěńěćőľ łăńĺąàőćőçŋőľ čàãŕŕě U (1), ă íńěłâàőňăčŋĺâŋőě ŕőńě ïćńïěâáï ŕàőáâěľèĺň ŕàĺňěàőň łăńĺąàőćőçŋőčő ŕőńï.

32 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ŕőńï §ŋčă { Ňĺńńáă.

Ĺâăł, àăááňőâàěć ĺŋćăàĺăŋâŋőáâì őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ čàãŕŕë U (1), ňë ŕőńãçĺńĺ ĺğ ńăčàăŋęĺăŋă áćőąőďŋőčő ŕőńï Łńěľŋă { Čőàďőŋă áłăńïàŋãî íńěłâàőďĺŋăňĺłã, â.ě. âěőàĺî á ćěáìňă ŋěâàĺćĺăńìŋëň ćğăĺňőďěľáâćĺěň. Ňőęŋő áłăğăâì, çâő áĺňňěâàĺï \ŋăćïğăńă" ŋăň äőàňã ćğăĺňőďěľáâćĺï ĺ ŕàĺćěńă ł ŋěőąåőďĺňőáâĺ ććěáâĺ łăńĺąàőćőçŋőě ŕőńě A_μ, łăł ŕěàěŋőáçĺł íâőčő ćğăĺňőďěľáâćĺï. Řăááňőâàěŋŋăï łăńĺąàőćőçŋăï čàãŕŕă U (1) ąëńă ăąěńěćőľ. Őąőąéěŋĺě ŕàĺćěďěŋŋőčő ăŋăńĺğă ŋă áńãçăľ ŋěăąěńěćëå łăńĺąàőćőçŋëå čàãŕŕ ąëńő ŕàőćěďěŋő ć ŋăçăńě 50-å čőďőć §ŋčőň ĺ Ňĺńńáőň. Ć àěğãńìâăâě ąëńă őâłàëâă ďőàőčă ł ŕőáâàőěŋĺî èĺàőłőčő łńăááă ćěáìňă ŋěâàĺćĺăńìŋëå âěőàĺľ (ćğăĺňőďěľáâćĺľ), łőâőàëě, łăł őłăğăńőáì, ňőčãâ ąëâì ŕőńőęěŋë ć őáŋőćã áőćàěňěŋŋőčő ŕőŋĺňăŋĺï ďĺŋăňĺłĺ íńěňěŋâăàŋëå çăáâĺæ^5.

Ŕàőáâěľèĺň ćăàĺăŋâőň ŋěăąěńěćőľ łăńĺąàőćőçŋőľ čàãŕŕë, àăááňőâàěŋŋëň ěéě ć ŕěàćőľ àăąőâě §ŋčă ĺ Ňĺńńáă, ïćńïěâáï čàãŕŕă ĺğőâőŕĺçěáłőčő áŕĺŋă | SU (2), ĺğőňőàäŋăï čàãŕŕě âàěåňěàŋëå ćàăéěŋĺľ O(3). Ćëèě àăááňăâàĺćăńőáì łőňŕńěłáŋőě áłăńïàŋőě ŕőńě, łőâőàőě ŕàěďáâăćńïńőáì ďćãňěàŋëň ćěłâőàőň ⃗φ = (φ_1, φ_2). Ŕãáâì âěŕěàì ŋăèě áłăńïàŋőě ŕőńě ïćńïěâáï âàěåňěàŋëň ćěłâőàőň ć ŋěłőâőàőň \ĺğőâőŕĺçěáłőň" ŕàőáâàăŋáâćě: ⃗φ = (φ_1, φ_2, φ_3). Ĺŋćăàĺăŋâŋëľ őâŋőáĺâěńìŋő âàěåňěàŋëå ćàăéěŋĺľ ć íâőň ŕàőáâàăŋáâćě ńăčàăŋęĺăŋ łńěľŋ-čőàďőŋőćáłőčő ŕőńï őŕïâì ňőęěâ ąëâì ğăŕĺáăŋ łăł: L = 1 2 (∂_μ ⃗φ)(∂^μ ⃗φ) − 1 2 m^2 ⃗φ · ⃗φ , (2.103)

čďě ŕőńě ⃗φ ćåőďĺâ âőńìłő çěàěğ áłăńïàŋëě ŕàőĺğćěďěŋĺï. Ĺŋćăàĺăŋâŋőáâì őâŋőáĺâěńìŋő ćàăéěŋĺľ ğďěáì čńőąăńìŋăï | ŕőńě ⃗φ ňőęŋő ŕőćěàŋãâì ŋă ŕàőĺğćőńìŋëľ ãčőń ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě, őďĺŋăłőćëľ ďńï ŕőńěľ ćő ćáěå ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋëå âőçłăå. Ŋăŕàĺňěà, ňőęŋő àăááňőâàěâì ćàăéěŋĺï ć ŕńőáłőáâĺ 1 − 2 ŋă ãčőń ~_3 ćőłàãč őáĺ 3:

φ^′_1 = φ_1 cos ~_3 + φ_2 sin ~_3 ,

φ^′_2 = −φ_1 sin ~_3 + φ_2 cos ~_3 , (2.104)

φ^′_3 = φ_3 .

Ďńï ĺŋäĺŋĺâěğĺňăńìŋőčő ŕőćőàőâă ~_3 ≪ 1 ĺ ňőęŋő ŋăŕĺáăâì:

φ^′_1 = φ_1 + ~_3φ_2 ,

φ^′_2 = φ_2 − ~_3φ_1 , (2.105)

φ^′_3 = φ_3 .

Ć áńãçăě ĺŋäĺŋĺâěğĺňăńìŋőčő ŕőćőàőâă ćőłàãč ŕàőĺğćőńìŋő őàĺěŋâĺàőćăŋŋőľ őáĺ: ⃗φ → ⃗φ^′ = ⃗φ − ⃗~ × ⃗φ , δ ⃗φ = −⃗~ × ⃗φ , (2.106) čďě ćěłâőà ⃗~ ŕő ćěńĺçĺŋě àăćěŋ ãčńã ŕőćőàőâă, ă ŋăŕàăćńěŋ ćďőńì őáĺ, ćőłàãč łőâőàőľ ŕàőĺğćőďĺâáï ćàăéěŋĺě.

5Ţőàőèãî ŕőďąőàłã àăŋŋĺå őàĺčĺŋăńìŋëå áâăâěľ ŕő âěőàĺĺ ŋěăąěńěćëå łăńĺąàőćőçŋëå ŕőńěľ ňőęŋő ŋăľâĺ ć áąőàŋĺłě [28]

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 33 Řăááňőâàĺň âěŕěàì ńőłăńìŋőě ŕàěőąàăğőćăŋĺě, ŕőńăčăï ⃗~ = ⃗~(x_μ). Šőčďă ŕàőĺğćőďŋăï ŕőńï ⃗φ ŕàěőąàăğãěâáï ŋěłőćăàĺăŋâŋő: ∂_μ ⃗φ → ∂_μ ⃗φ^′ = ∂_μ ⃗φ − ∂_μ⃗~ × ⃗φ − ⃗~ × ∂_μ ⃗φ , δ(∂_μ ⃗φ) = −⃗~ × ∂_μ ⃗φ − ∂_μ⃗~ × ⃗φ . (2.107) Ŕőŕëâăěňáï áŋőćă ŕőáâàőĺâì łőćăàĺăŋâŋãî ŕàőĺğćőďŋãî, ğăŕĺáăć ěě ć ćĺďě: D_μ ⃗φ = ∂_μ ⃗φ + g ⃗W_μ × ⃗φ . (2.108) čďě ććěńĺ łăńĺąàőćőçŋőě ŕőńě (ŕőńě §ŋčă { Ňĺńńáă) ⃗W_μ, ïćńïîéěěáï ćěłâőàőň ŋě âőńìłő ć ŕàőáâàăŋáâćě Ňĺŋłőćáłőčő, ŋő ĺ ćő ćŋãâàěŋŋěň (ĺğőâőŕĺçěáłőň) ŕàőáâàăŋáâćě, ă âăłęě łőŋáâăŋâã áćïğĺ g.

Šàěąőćăŋĺě łőćăàĺăŋâŋőáâĺ ĺňěěâ ćĺď:

δ(D_μ ⃗φ) = −⃗~ × (D_μ ⃗φ) . (2.109) Łăł ďőńęŋő ŕàěőąàăğőćëćăâìáï ŕőńě ⃗W_μ, çâőąë íâő ãáńőćĺě ćëŕőńŋïńőáì? Őâćěâ: ⃗W_μ → ⃗W^′_μ = ⃗W_μ − ⃗~ × ⃗W_μ + 1 g ∂_μ⃗~ , δ ⃗W_μ = −⃗~ × ⃗W_μ + 1 g ∂_μ⃗~ . (2.110) Ć áăňőň ďěńě, ĺáŕőńìğãï (2.106), (2.107) ĺ (2.108), ŕőńãçăěň: δ(D_μ ⃗φ) = δ(∂_μ ⃗φ) + g(δ ⃗W_μ) × ⃗φ + g ⃗W_μ × (δ ⃗φ) = = −⃗~ × ∂_μ ⃗φ − ∂_μ ⃗~ × ⃗φ − g(⃗~ × ⃗W_μ) × ⃗φ + ∂_μ ⃗~ × ⃗φ − g ⃗W_μ × (⃗~ × ⃗φ) = = −⃗~ × ∂_μ ⃗φ − g[(⃗~ × ⃗W_μ) × ⃗φ + ⃗W_μ × (⃗~ × ⃗φ)] . (2.111) Ćőáŕőńìğãěňáï âěŕěàì ćěłâőàŋëň âőęďěáâćőň §łőąĺ^6: ( ⃗A × ⃗B) × ⃗C + ( ⃗B × ⃗C) × ⃗A + ( ⃗C × ⃗A) × ⃗B = 0 , (2.112) ĺğ łőâőàőčő ŕãâěň æĺłńĺçěáłĺå ŕěàěáâăŋőćőł ňőęŋő ŕőńãçĺâì: ( ⃗A × ⃗B) × ⃗C + ⃗B × ( ⃗A × ⃗C) = ⃗A × ( ⃗B × ⃗C) . (2.113) Ŕàĺňěŋïï íâő âőęďěáâćő ł ćëàăęěŋĺî ć łćăďàăâŋëå áłőąłăå ć (2.111), ŕőńãçăěň: δ(D_μ ⃗φ) = −⃗~ × (∂_μ ⃗φ + g ⃗W_μ × ⃗φ) = −⃗~ × D_μ ⃗φ , (2.114) çâő ĺ âàěąőćăńőáì!

Ŕőáňőâàĺň âěŕěàì, łăł ćëčńïďĺâ ăŋăńőč âěŋğőàă F_{μν} íńěłâàőďĺŋăňĺłĺ. Őąőğŋăçĺň ěčő ⃗W_{μν} . Ć őâńĺçĺě őâ F_{μν}, ïćńïîéěčőáï áłăńïàőň ŕő őâŋőèěŋĺî ł ŕàěőąàăğőćăŋĺïň łăńĺąàőćőçŋőľ čàãŕŕë O(2) (U (1)), ćěńĺçĺŋă ⃗W_{μν} ŕàěďáâăćńïěâ áőąőľ ćěłâőà ŕő őâŋőèěŋĺî ł O(3) (SU (2)). Śőőâćěâáâćěŋŋő, ŕàăćĺńő ŕàěőąàăğőćăŋĺï ďőńęŋő ąëâì âěň ęě, çâő ĺ ã ŕőńï ⃗φ: δ ⃗W_{μν} = −⃗~ × ⃗W_{μν} . (2.115) 6İâő âőęďěáâćő ňőęŋő ńěčłő ďőłăğăâì, ĺáŕőńìğãï ĺğćěáâŋőě ŕàăćĺńő: ( ⃗A × ⃗B) × ⃗C = ⃗B( ⃗A · ⃗C) − ⃗A( ⃗B · ⃗C)

34 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ćěńĺçĺŋă ∂_μ ⃗W_ν − ∂_ν ⃗W_μ âăł ŋě ŕàěőąàăğãěâáï: δ(∂_μ ⃗W_ν − ∂_ν ⃗W_μ) = ∂_μ ( −⃗~ × ⃗W_ν + 1 g ∂_ν ⃗~ ) − ∂_ν ( −⃗~ × ⃗W_μ + 1 g ∂_μ ⃗~ ) = = −⃗~ × (∂_μ ⃗W_ν − ∂_ν ⃗W_μ) − (∂_μ⃗~ × ⃗W_ν − ∂_ν ⃗~ × ⃗W_μ) . (2.116) Ćâőàőě áńăčăěňőě ğďěáì \ńĺèŋěě". Ğăňěâĺň âěŕěàì, çâő δ(g ⃗W_μ × ⃗W_ν ) = g ( −⃗~ × ⃗W_μ + 1 g ∂_μ⃗~ ) × ⃗W_ν + g ⃗W_μ × ( −⃗~ × ⃗W_ν + 1 g ∂_ν ⃗~ ) , (2.117)

Ŕěàćőě ĺ âàěâìě áńăčăěňőě ğďěáì ňőęŋő őąêěďĺŋĺâì á ŕőňőéìî (2.113), çâő ďăěâ:

δ(g ⃗W_μ × ⃗W_ν ) = −g⃗~ × ( ⃗W_μ × ⃗W_ν ) + (∂_μ ⃗~ × ⃗W_ν − ∂_ν ⃗~ × ⃗W_μ) . (2.118) Ćĺďĺň, çâő ćâőàőě áńăčăěňőě ğďěáì áőćŕăďăěâ á \ńĺèŋĺň" çńěŋőň ć (2.116). Ŕőíâőňã őŕàěďěńĺň âěŋğőà ŕőńěľ §ŋčă { Ňĺńńáă łăł ⃗W_{μν} = ∂_μ ⃗W_ν − ∂_ν ⃗W_μ + g ⃗W_μ × ⃗W_ν , (2.119)

çâő ŕàěőąàăğãěâáï ŋãęŋëň őąàăğőň, â.ě. áőčńăáŋő (2.115).

Šěŕěàì ňőęŋő ćëŕĺáăâì ńăčàăŋęĺăŋ âěőàĺĺ §ŋčă { Ňĺńńáă: L = 1 2 (D_μ ⃗φ)(D^μ ⃗φ) − 1 2 m^2 ⃗φ · ⃗φ − 1 16π ⃗W_{μν} · ⃗W^{μν} . (2.120) Şàăćŋěŋĺï ďćĺęěŋĺï ćëćőďïâáï őąëçŋëň őąàăğőň ĺğ ãàăćŋěŋĺľ Ńăčàăŋęă: ∂L ∂(W^i_μ) = ∂_ν { ∂L ∂(∂_ν W^i_μ) } , (2.121)

čďě i | ćěłâőàŋëľ ĺŋďěłá ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě. Šőčďă ĺňěěň: ∂^ν ⃗W_{μν} + g ⃗W^ν × ⃗W_{μν} = 4πg [ (∂_μ ⃗φ) × ⃗φ + g( ⃗W_μ × ⃗φ) × ⃗φ ] (2.122) ĺńĺ, á ãçěâőň (2.108), D^ν ⃗W_{μν} = 4πg(D_μ ⃗φ) × ⃗φ ≡ 4πg ⃗J_μ . (2.123) Ŕő ćŋěèŋěňã ćĺďã íâĺ ãàăćŋěŋĺï ŕőåőęĺ ŋă ãàăćŋěŋĺï Ňăłáćěńńă (2.99), ŋő ć őâńĺçĺě őâ ŋĺå őŋĺ ŋěńĺŋěľŋë ŕő ŕőńî ⃗W_μ. Ć őâáãâáâćĺĺ \ňăâěàĺĺ", â.ě. ŕàĺ ⃗φ = 0 ĺğ (2.122), (2.123) ĺňěěň:

D^ν ⃗W_{μν} = 0 ĺńĺ ∂^ν ⃗W_{μν} = −g ⃗W^ν × ⃗W_{μν} , (2.124) âăł çâő ïŋč-ňĺńńáőćáłőě (ŋěăąěńěćő łăńĺąàőćőçŋőě) ŕőńě ïćńïěâáï ĺáâőçŋĺłőň áăňőčő áěąï^7 (\áćěâïéĺľáï áćěâ")! İâő àăďĺłăńìŋő őâńĺçăěâáï őâ áńãçăï ăąěńěćă łăńĺąàőćőçŋőčő (íńěłâàőňăčŋĺâŋőčő) ŕőńï, ďńï łőâőàőčő ŕàĺ φ = 0 âőł (ĺáâőçŋĺł ŕőńï) ğăŋãńïěâáï, ă ãàăćŋěŋĺï Ňăłáćěńńă ĺňěîâ ĺğćěáâŋëľ (ńĺŋěľŋëľ) ćĺď [25]:

∂^ν F_{μν} = 0 ĺńĺ div E = 0 , ∂E ∂t − rot H = 0 . (2.125)

7Śĺâãăæĺï ğďěáì ăŋăńőčĺçŋă ćőğŋĺłăîéěľ ć őąéěľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ, čďě čàăćĺâăæĺőŋŋőě ŕőńě âăłęě ïćńïěâáï ĺáâőçŋĺłőň áăňőčő áěąï ć áĺńã ŋěńĺŋěľŋőáâĺ íľŋèâěľŋőćáłĺå ãàăćŋěŋĺľ čàăćĺâăæĺőŋŋőčő ŕőńï [25].

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 35

Ć őąëçŋőľ íńěłâàőďĺŋăňĺłě ĺňěěâáï ěéě ĺ őďŋőàőďŋőě ãàăćŋěŋĺě Ňăłáćěńńă ćĺďă [25]:

∂_λF_{μν} + ∂_μF_{νλ} + ∂_ν F_{λμ} = 0 , (2.126)

ĺğ łőâőàőčő ć âàěåňěàŋëå őąőğŋăçěŋĺïå ćőğŋĺłăěâ ćâőàăï ŕăàă ãàăćŋěŋĺľ íńěłâàőňăčŋĺâŋőčő ŕőńï:

div H = 0 ,^∂H_{∂t} + rot E = 0 . (2.127)

Ć çăáâŋőáâĺ, ŕěàćőě ĺğ íâĺå ãàăćŋěŋĺľ őğŋăçăěâ őâáãâáâćĺě ňăčŋĺâŋëå ğăàïďőć (ňőŋőŕőńěľ). Ăŋăńőčĺçŋëě ãàăćŋěŋĺï áãéěáâćãîâ ĺ ć âěőàĺĺ §ŋčă { Ňĺńńáă (ĺå ćëćőď ąãďěâ ŕàĺćěďěŋ ŋěáłőńìłő ŕőğęě):

D_λ ⃗W_{μν} + D_μ ⃗W_{νλ} + D_ν ⃗W_{λμ} = 0 . (2.128)

Šěŋğőà ŋăŕàïęěŋŋőáâěľ ŕőńï §ŋčă { Ňĺńńáă ⃗W_{μν} ňőęěâ ąëâì ğăŕĺáăŋ çěàěğ áőőâćěâáâćãîéĺě ŋăŕàïęěŋŋőáâĺ ŋěăąěńěćëå \íńěłâàĺçěáłőčő" ĺ \ňăčŋĺâŋőčő" ŕőńěľ âăłęě, łăł ĺ ć íńěłâàőďĺŋăňĺłě [25]:

⃗W_{μν} = 0 ⃗E_x ⃗E_y ⃗E_z − ⃗E_x 0 − ⃗H_z ⃗H_y − ⃗E_y ⃗H_z 0 − ⃗H_x − ⃗E_z − ⃗H_y ⃗H_x 0 . (2.129)

Šőčďă ĺğ (2.128), ć çăáâŋőáâĺ, áńěďãěâ:

div ⃗H ≠ 0 , (2.130)

çâő, łőŋæě łőŋæőć, ŕàĺćőďĺâ ł áãéěáâćőćăŋĺî ć âěőàĺĺ §ŋčă { Ňĺńńáă âăł ŋăğëćăěňëå ňőŋőŕőńěľ â’Ţőőäâă { Ŕőńïłőćă [8]. Ŋő íâĺ ĺŋâěàěáŋëě àěèěŋĺï ŕőńěćëå ãàăćŋěŋĺľ ňë àăááňăâàĺćăâì ŋě ąãďěň.

Ŕőńě §ŋčă { Ňĺńńáă, ŕőďőąŋő íńěłâàőňăčŋĺâŋőňã ŕőńî, ďőńęŋő ąëâì ąěğňăááőćëň. Ěáńĺ íâő ŋě âăł, âő ł ńăčàăŋęĺăŋã (2.120) ďőąăćĺńáï ąë çńěŋ ćĺďă:

L_M = 1 8π M^2 ⃗W_μ · ⃗W^μ , (2.131)

çâő ŕàĺćěńő ąë ł ğăňěŋě (2.123) ŋă:

D^ν ⃗W_{μν} = 4πg ⃗J_μ + M^2 ⃗W_μ , (2.132)

çâő ïćŋő ŋě ĺŋćăàĺăŋâŋő ŕő őâŋőèěŋĺî ł ńőłăńìŋëň łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺïň.

Ąěğňăááőćőáâì ŕőńěľ §ŋčă { Ňĺńńáă, ć ãáńőćĺïå âőçŋőľ łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ, ć âěçěŋĺě ďőćőńìŋő ďőńčőčő ćàěňěŋĺ ïćńïńăáì áěàìěğŋëň ŕàěŕïâáâćĺěň ďńï äĺğĺçěáłĺå ŕàĺňěŋěŋĺľ őáŋőćŋőľ ĺďěĺ łăńĺąàőćőçŋëå âěőàĺľ. Ĺďěï áőáâőïńă ć âőň [28], çâő ĺğ âőľ ĺńĺ ĺŋőľ (íłáŕěàĺňěŋâăńìŋő őąŋăàãęěŋŋőľ) ćŋãâàěŋŋěľ áĺňňěâàĺĺ íńěňěŋâăàŋëå çăáâĺæ (ŋăŕàĺňěà áőåàăŋěŋĺï ąăàĺőŋŋőčő ğăàïďă ĺńĺ ĺğőâőŕĺçěáłőčő áŕĺŋă), ŕőâàěąőćăć ńőłăńìŋőľ ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő áőőâćěâáâćãîéĺå čàãŕŕőćëå ŕàěőąàăğőćăŋĺľ, ňőęŋő ŕőńãçĺâì áőćěàèěŋŋő ŋěâàĺćĺăńìŋëě ńăčàăŋęĺăŋë ćğăĺňőďěľáâćĺï á áőőâćěâáâćãîéĺňĺ (ăąěńěćëňĺ ĺńĺ ŋěăąěńěćëňĺ) łăńĺąàőćőçŋëňĺ ŕőńïňĺ. Łăńĺąàőćőçŋëľ ŕàĺŋæĺŕ ććěďěŋĺï ćğăĺňőďěľáâćĺľ ŕàěďńăčăńőáì ŕőńőęĺâì ć őáŋőćã âěőàĺĺ ćğăĺňőďěľáâćãîéĺå ŕőńěľ. Őďŋăłő âàãďŋőáâĺ âãâ ćőğŋĺłăîâ áàăğã ęě. Ąěğňăááőćőáâì ŕőńï őğŋăçăěâ ŋăńĺçĺě ďăńìŋőďěľáâćãîéĺå áĺń, áćïğăŋŋëå á íâĺň ŕőńěň. Šĺŕĺçŋëľ ŕàĺňěà

36 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

âãâ | íńěłâàőďĺŋăňĺłă (ğăłőŋ Łãńőŋă). Őďŋăłő íńěłâàőňăčŋĺâŋőě ŕőńě ïćńïěâáï, áłőàěě ćáěčő, ěďĺŋáâćěŋŋëň ďăńìŋőďěľáâćãîéĺň ŕőńěň ć Ŕàĺàőďě (ĺáłńîçăï, łőŋěçŋő, čàăćĺâăæĺî)! Ć íâőň ňőęŋő ãąěďĺâìáï á ŕőňőéìî ŕàőáâëå őæěŋőł, łőâőàëě ąëńĺ áďěńăŋë Ńĺ ĺ §ŋčőň [28].

Řăááňőâàĺň ŕàőáâěľèĺľ ŕàĺňěà ăąěńěćă łăńĺąàőćőçŋőčő ŕőńï, łőâőàőě ňőęŋő ąëńő ąë áćïğăâì á ğăłőŋőň áőåàăŋěŋĺï ąăàĺőŋŋőčő ğăàïďă. Őŋő ŕàĺćőďĺńő ąë ł ďőŕőńŋĺâěńìŋőľ ďăńìŋőďěľáâćãîéěľ B-áĺńě, ďěľáâćãîéěľ ŋă ąăàĺőŋë. Śàăćŋĺň őąëçŋëľ ŕőâěŋæĺăń ŋìîâőŋőćáłőčő âïčőâěŋĺï á ŕőâěŋæĺăńìŋőľ íŋěàčĺěľ, őąãáńőćńěŋŋőľ ćğăĺňőďěľáâćĺěň âăłőčő čĺŕőâěâĺçěáłőčő ŕőńï, ŋăŕàĺňěà, á ŋãłńőŋăňĺ ĺğ łőâőàëå áőáâőĺâ Ğěňńï. Ŕãáâì ĺňěěâáï ŕàőąŋăï çăáâĺæă p á ňăááőľ mp, ŋăåőďïéăïáï ŋăď ŕőćěàåŋőáâìî Ğěňńĺ ŋă àăááâőïŋĺĺ r őâ ěě æěŋâàă. Šőčďă: Vgr = − Gmp M_E r , (2.133)

čďě G | ŋìîâőŋőćáłăï čàăćĺâăæĺőŋŋăï ŕőáâőïŋŋăï, ă M_E | ňăááă Ğěňńĺ. Ŕãáâì ąăàĺőŋŋëľ ğăàïď íâőľ çăáâĺæë àăćěŋ Np. Ŕãáâì ňăááă ŋãłńőŋă m_N . Ďőŕãáâĺň, çâő ŕńőâŋőáâì ŋãłńőŋőć ć Ğěňńě ŕőáâőïŋŋă (ă ăŋâĺŋãłńőŋőć âăň ćőőąéě ŋěâ) ĺ àăćŋă: ρ = M_E m_N^4_3 πR^3_E

, (2.134)

čďě R_E | àăďĺãá Ğěňńĺ. Šőčďă ŕőâěŋæĺăń V_B, őąãáńőćńěŋŋëľ B-áĺńăňĺ ŋãłńőŋőć, ĺğ łőâőàëå áőáâőĺâ Ğěňńï, ňőęěâ ąëâì ŕőáçĺâăŋ łăł:

V_B = g^2_BM_E Np 4 3 πR^3_E m_N ∫ d^3r^′ |r − r^′| = g^2_BM_E Np m_N r , (2.135)

čďě ĺŋâěčàĺàőćăŋĺě ćěďěâáï ŕő őąêěňã Ğěňńĺ, ă g_B | łőŋáâăŋâă ćğăĺňőďěľáâćĺï á ŕőńěň B-áĺń. Ŕő ćŋěèŋěňã ćĺďã (2.135) áőćŕăďăěâ á ŕőâěŋæĺăńőň âïčőâěŋĺï. Ŕőíâőňã, ŕőńŋëľ ŕőâěŋæĺăń, ďěľáâćãîéĺľ ŋă ŕàőąŋãî çăáâĺæã àăćěŋ: V = −G mpM_E r + g^2_B M_E Np m_N r = −G mpM_E r [ 1 − g^2_B G Np m_N mp ] . (2.136)

Šăłĺň őąàăğőň, ŕàěęďě ćáěčő, ŕàĺ ŋăńĺçĺĺ ŕőńï B-áĺń V ≠ —V , čďě —V | ŕőâěŋæĺăń, ďěľáâćãîéĺľ ŋă ăŋâĺçăáâĺæã —p, ďńï łőâőàőľ ąăàĺőŋŋëľ ğăàïď ĺňěěâ ďàãčőľ ğŋăł: Np̄ = −Np. Ć ŕàĺŋæĺŕě, íâőâ íääěłâ ąëń ąë ŋăąńîďăěň ŕàĺ: g^2_B m^2_N

∼ G . (2.137)

Ŋă ďěńě ĺğćěáâŋő, çâő á ďőáâăâőçŋő åőàőèěľ âőçŋőáâìî âăłőľ íääěłâ ŋě ŋăąńîďăěâáï | çăáâĺæë ĺ ăŋâĺçăáâĺæë ŕăďăîâ ć ŕőńě Ğěňńĺ őďĺŋăłőćő. Őâáîďă áàăğã áńěďãěâ őæěŋłă g^2_B < 10^{−38}, ŕőáłőńìłã Gm^2_N ∼ 10^{−38}. Ŋő ďăęě ĺ áâőńì ňăńãî g_B ňőęŋő ĺáłńîçĺâì. Ďěńő ć âőň, çâő ãàăćŋěŋĺě ďćĺęěŋĺï ŕàőąŋőľ çăáâĺæë ć ŕőńě âïčőâěŋĺï ĺňěěâ, łăł ĺğćěáâŋő, ćĺď: mpg = −G mpM_E r^2

(2.138)

ĺ ňăááă mp ğďěáì áőłàăéăěâáï, âăł çâő ãáłőàěŋĺě áćőąőďŋőčő ŕăďěŋĺï g őâ ŋěě ŋě ğăćĺáĺâ (àăćěŋáâćő ĺŋěàâŋőľ ĺ âïęěńőľ ňăáá). Ěáńĺ ŕàěŋěąàěçì ňăááőľ íńěłâàőŋőć, âő mp = m_N Np − ϵ , (2.139) čďě ϵ | íŋěàčĺï áćïğĺ ć ïďàăå âőčő ćěéěáâćă, ĺğ łőâőàőčő áďěńăŋă ŋăèă ŕàőąŋăï çăáâĺæă. Őâáîďă Np = mp m_N + ϵ m_N . (2.140)

Ŕàĺ ŋăńĺçĺĺ B-áĺń ãàăćŋěŋĺě Ŋìîâőŋă ŕàĺőąàěâăěâ ćĺď: mpg = − mpM_E r^2 C + g^2_B r^2 M_E ϵ m^2_N

, (2.141)

čďě C = G − g^2_B /m^2_N ňőęŋő őâőęďěáâćĺâì á ĺğňěàïěňőľ łőŋáâăŋâőľ âïčőâěŋĺï Gexp. Ĺŋăçě čőćőàï, (2.141) ňőęŋő ŕěàěŕĺáăâì łăł mpg = − mpM_E r^2 Gexp [ 1 − g^2_B Gexpm^2_N ϵ mp ] . (2.142)

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 37

Ćâőàőě áńăčăěňőě ğďěáì ŋăàãèăěâ äăłâ áőćŕăďěŋĺï ĺŋěàâŋőľ ĺ âïęěńőľ ňăáá, łőâőàëľ ąëń ãáâăŋőćńěŋ á âőçŋőáâìî ŕőàïďłă 10^{−8} ć łńăááĺçěáłĺå íłáŕěàĺňěŋâăå İâćěèă ďńï àăğńĺçŋëå ćěéěáâć. Šĺŕĺçŋăï őæěŋłă, áńěďãîéăï ĺğ áőćàěňěŋŋőčő ćăàĺăŋâă íâĺå íłáŕěàĺňěŋâőć: g^2_B Gm^2_N ϵ mp ∼ 10^{−3} g^2_B Gm^2_N < 10^{−12} , (2.143)

čďě ňë ãçńĺ, çâő ĺğňěŋěŋĺï ϵ/mp ďńï àăğńĺçŋëå ćěéěáâć ŕőàïďłă 10^{−3}. Śőőâćěâáâćěŋŋő g^2_B Gm^2_N < 10^{−9} . (2.144)

Šăłĺň őąàăğőň ĺğ íłáŕěàĺňěŋâăńìŋő ãáâăŋőćńěŋŋőčő àăćěŋáâćă ĺŋěàâŋőľ ĺ âïęěńőľ ňăáá ćőğŋĺłăěâ őčàăŋĺçěŋĺě: g^2_B < 10^{−47}! Śőőâćěâáâćěŋŋő, B-áĺńë ŋěáàăćŋěŋŋő áńăąěě ďăęě čàăćĺâăæĺĺ. Ŕőíâőňã, ć ńîąőň ŕàăłâĺçěáłőň áňëáńě, łăğăńőáì ąë ňőęŋő ĺáłńîçĺâì áãéěáâćőćăŋĺě ąěğňăááőćëå łăńĺąàőćőçŋëå ŕőńěľ, łàőňě íńěłâàőňăčŋĺâŋőčő. İłáŕěàĺňěŋâăńìŋő ĺğćěáâŋëě ćěłâőàŋëě ňěğőŋë ňăááĺćŋë ĺ ŋăàãèăîâ, âăłĺň őąàăğőň, ńőłăńìŋãî łăńĺąàőćőçŋãî ĺŋćăàĺăŋâŋőáâì. Ŕőíâőňã áăňă ĺďěï ććěďěŋĺï ŋőćëå łăńĺąàőćőçŋëå ŕőńěľ, łăğăńőáì ąë, ŕőćĺáăěâ ć ćőğďãåě. Ć ďăńìŋěľèěň ňë ãćĺďĺň, łăł áőćàěňěŋŋăï âěőàĺï àěèăěâ íâã ŕàőąńěňã.

Čěőňěâàĺï łăńĺąàőćőçŋëå ŕőńěľ.

Ŕěàěľďěň ł ŋěłőâőàëň őąőąéěŋĺïň. Ćëèě ňë ćĺďěńĺ, çâő ŕőćőàőâ ćěłâőàă ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě ŋă ňăńëľ ãčőń ⃗~ (|⃗~| ≪ 1) ňőęěâ ąëâì ğăŕĺáăŋ ć ćĺďě (2.106): ⃗φ → ⃗φ^′ = ⃗φ − ⃗~ × ⃗φ , (2.145) çâő ïćńïěâáï ĺŋäĺŋĺâěğĺňăńìŋëň ćăàĺăŋâőň őąéěčő ğăłőŋă ŕàěőąàăğőćăŋĺï ćĺďă: ⃗φ → ⃗φ^′ = exp(i⃗I · ⃗~)⃗φ , (2.146) čďě ⃗I | ňăâàĺçŋëě čěŋěàăâőàë ćĺďă:

I_1 =

0 0 0 0 0 −i 0 i 0

, I_2 =

0 0 i 0 0 0 −i 0 0 , I_3 = 0 −i 0 i 0 0 0 0 0

. (2.147)

Śőőâćěâáâćãîéĺě ňăâàĺçŋëě íńěňěŋâë ňőčãâ ąëâì ğăŕĺáăŋë ć ćĺďě:

(I_i)_{mn} = −iε_{imn} , (2.148)

čďě ε_{imn} | ăŋâĺáĺňňěâàĺçŋëľ áĺňćőń Ńěćĺ-Ůĺćĺâă. Śőőâćěâáâćěŋŋő, ć ŕőłőňŕőŋěŋâŋőľ ğăŕĺáĺ (2.145) ňőęŋő ğăŕĺáăâì łăł:

φ^′_m = (1 + iI_i~_i)_{mn}φ_n = (δ_{mn} + ε_{imn}~_i)φ_n = φ_m − ε_{min}~_iφ_n = (⃗φ − ⃗~ × ⃗φ)_m . (2.149)

Ńőłăńìŋëě ŕàěőąàăğőćăŋĺï ĺňěîâ ćĺď: ⃗φ → ⃗φ^′ = exp ( i⃗I · ⃗~(x) ) ⃗φ = S(x)⃗φ , (2.150) čďě çěàěğ S(x) őąőğŋăçěŋ őŕěàăâőà ńőłăńìŋőčő ćàăéěŋĺï. Ňăâàĺæë I ïćńïîâáï čěŋěàăâőàăňĺ ćěłâőàŋőčő ŕàěďáâăćńěŋĺï čàãŕŕë ćàăéěŋĺľ O(3) (ĺńĺ SU (2)) ĺ ãďőćńěâćőàïîâ ĺğćěáâŋëň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň ňőňěŋâă ĺňŕãńìáă:

[I_i, I_j] = iε_{ijk}I_k = C_{ijk}I_k . (2.151)

38 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ğďěáì çěàěğ C_{ijk} őąőğŋăçěŋë áâàãłâãàŋëě łőŋáâăŋâë čàãŕŕë SU (2), ć ďăŋŋőň áńãçăě C_{ijk} = iε_{ijk}. Ěáâěáâćěŋŋő, çâő ďńï ďàãčĺå čàãŕŕ Ńĺ áâàãłâãàŋëě łőŋáâăŋâë áćőĺ, ŋő łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï ďńï čěŋěàăâőàőć ćáěčďă ĺňěîâ ćĺď (2.151).

Ďńï ŕàőĺğćőńìŋőľ čàãŕŕë Ńĺ ěě čěŋěàăâőàë ãďőćńěâćőàïîâ âőęďěáâćã §łőąĺ:

[[I_i, I_j], I_k] + [[I_j, I_k], I_i] + [[I_k, I_i], I_j] = 0 , (2.152)

çâő ďńï áâàãłâãàŋëå łőŋáâăŋâ áćőďĺâáï ł: C_{ijl}C_{lkm} + C_{jkl}C_{lim} + C_{kil}C_{ljm} = 0 . (2.153) Ďő áĺå ŕőà ňë àăááňăâàĺćăńĺ ĺğőćěłâőàŋőě ŕőńě. Ąőńěě äãŋďăňěŋâăńìŋëľ ŕőďåőď âàěąãěâáï ďńï àăááňőâàěŋĺï ĺğőáŕĺŋőàőć âőľ ęě čàãŕŕë SU (2)^8. Ćàăéěŋĺě

äãŋďăňěŋâăńìŋőčő ďćãåłőňŕőŋěŋâŋőčő áŕĺŋőàă ψ = ( ψ_1 ψ_2 ) ňőęěâ ąëâì ğăŕĺáăŋő łăł:

ψ^′ = exp [ i 2 ⃗τ · ⃗~(x) ] ψ(x) = S(x)ψ(x) , (2.154)

čďě S(x) | ňăâàĺæă 2 × 2, ă ⃗τ | ňăâàĺæë Ŕăãńĺ ć ĺğőŕàőáâàăŋáâćě, τ_i/2 ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň (2.151), ĺ ňë áàăğã ŕĺèěň ńőłăńìŋőě ŕàěőąàăğőćăŋĺě. Ďńï őąéěčő n-ňěàŋőčő áńãçăï:

ψ(x) → ψ^′(x) = exp[iM^a~^a(x)]ψ(x) = S(x)ψ(x) , (2.155)

čďě a ŕàőąěčăěâ ğŋăçěŋĺï 1, 2, 3 (čàãŕŕă SU (2)!), ψ ğďěáì ãęě n-łőňŕőŋěŋâŋëľ áŕĺŋőà, ă M^a | ňăâàĺæë n × n, ãďőćńěâćőàïîéĺě łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň âĺŕă (2.151).

Ěáńĺ ňë àăááňăâàĺćăěň ńőłăńìŋëě ŕàěőąàăğőćăŋĺï ŕőńěľ, âő ŕàőĺğćőďŋăï ∂_μψ, łăł ňë ćĺďěńĺ, ŕàěőąàăğãěâáï ŋěłőćăàĺăŋâŋő:

∂_μψ^′ = S(∂_μψ) + (∂_μS)ψ . (2.156)

Ňőęŋő áłăğăâì, çâő ŕàĺçĺŋă íâőčő ĺňěěâ çĺáâő \čěőňěâàĺçěáłĺľ" åăàăłâěà. Ďěńő ć âőň, çâő ŕőńï ψ(x) ĺ ψ(x + dx) = ψ(x) + dψ, őâŋőáïéĺěáï ł ąěáłőŋěçŋő ąńĺğłĺň âőçłăň őąëçŋőčő ŕàőáâàăŋáâćă, ĺğňěàïîâáï ŕő őâŋőèěŋĺî ł àăğńĺçŋëň (ŕőćěàŋãâëň ńőłăńìŋëň łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺěň) őáïň ć ĺğőŕàőáâàăŋáâćě, łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-2(ă). Šăłĺň őąàăğőň, ćěńĺçĺŋă dψ ŋěáěâ ĺŋäőàňăæĺî ŋě âőńìłő őą ĺğňěŋěŋĺĺ ŕőńï á àăááâőïŋĺěň ŕàĺ ŕěàěňěéěŋĺĺ ĺğ x ć x + dx, ŋő ĺ ő áőőâćěâáâćãîéěň ĺğňěŋěŋĺĺ ğă áçěâ ŕőćőàőâă őáěľ ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě. Ůâőąë ŕőáâàőĺâì łőćăàĺăŋâŋãî ŕàőĺğćőďŋãî, ŋãęŋő áàăćŋĺâì ψ(x + dx) ŋě á ψ(x), ă áő ğŋăçěŋĺěň, łőâőàőě ŕàĺŋïńő ąë ŕőńě ψ(x) ŕàĺ ŕěàěňěéěŋĺĺ ĺğ x ć x + dx ŕàĺ ŋěŕőďćĺęŋëå őáïå ć ĺğőŕàőáâàăŋáâćě ĺ łőâőàőě ňë őąőğŋăçĺň łăł ψ + δψ ĺ ąãďěň ŋăğëćăâì ŕőńãçěŋŋëň ć àěğãńìâăâě \ŕăàăńńěńìŋőčő" ŕěàěŋőáă, łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-2(ą). Ŕàěďŕőńőęĺň, çâő ćěńĺçĺŋă δψ ŕàőŕőàæĺőŋăńìŋă áăňőňã ŕőńî ψ, ă âăłęě ćěńĺçĺŋě áňěéěŋĺï dx_μ, ĺ ğăŕĺèěň ěě ć ćĺďě: δψ = igM^aA^a_μdx^μψ , (2.157) 8Ŋĺęě ňë ěéě ćěàŋěňáï ł ŕőáńěďőćăâěńìŋőňã àăááňőâàěŋĺî áŕĺŋőàőć, ă ŕőłă ďőáâăâőçŋő ćáŕőňŋĺâì łãàá łćăŋâőćőľ ňěåăŋĺłĺ.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 39

Řĺá. 2-2 (ă) Ćěńĺçĺŋă dψ ŋěáěâ ĺŋäőàňăæĺî łăł őą ĺğňěŋěŋĺĺ ψ, âăł ĺ ő ŕàěőąàăğőćăŋĺĺ łőőàďĺŋăâŋëå őáěľ ć ĺğőŕàőáâàăŋáâćě ŕàĺ ŕěàěåőďě őâ âőçłĺ x ł x + dx. (ą) Ćěńĺçĺŋă δψ, őŕàěďěńïěňăï ŕăàăńńěńìŋëň ŕěàěŋőáőň.

čďě g | ŋěłőâőàăï łőŋáâăŋâă, ă A^a_μ | łăńĺąàőćőçŋőě ŕőńě, łőâőàőě łăł ąë őŕàěďěńïěâ ć łăłőľ áâěŕěŋĺ őáĺ ć ĺğőŕàőáâàăŋáâćě ňěŋïîâáï ŕàĺ ŕěàěåőďě őâ őďŋőľ âőçłĺ ł ďàãčőľ. \Ĺáâĺŋŋăï" ĺńĺ łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï ψ őŕàěďěńïěâáï âěŕěàì àăğŋőáâìî Dψ = (ψ + dψ) − (ψ + δψ) = dψ − δψ = dψ − igM^aA^a_μdx^μψ (2.158) ĺ àăćŋă Dψ dx^μ = D_μψ = ∂_μψ − igM^aA^a_μψ . (2.159)

Śĺâãăæĺï ğďěáì ăŋăńőčĺçŋă ćőğŋĺłăîéěľ ć âěőàĺĺ čàăćĺâăæĺĺ [25], čďě łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï ćěłâőàă V^μ őŕàěďěńïěâáï łăł:

Dν V^μ = ∂ν V^μ + `^μ_{λν} V^λ , (2.160) čďě łőíääĺæĺěŋâë Łàĺáâőääěńï `^μ_{λν} áćïğëćăîâ łőňŕőŋěŋâë ćěłâőàă ć ďăŋŋőľ âőçłě á ěčő łőňŕőŋěŋâăňĺ ć áőáěďŋěľ âőçłě, ĺğ łőâőàőľ ćěłâőà ŕěàěňěéěŋ ŕãâěň ŕăàăńńěńìŋőčő ŕěàěŋőáă ć àĺňăŋőćőň ŕàőáâàăŋáâćě.

Ćëàăęěŋĺě (2.159) ďăěâ őąéěě őŕàěďěńěŋĺě łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ âěőàĺĺ §ŋčă { Ňĺńńáă ďńï ńîąőčő ŕőńï ψ, ŕàěőąàăğãîéěčőáï ŕő ŋěłőâőàőňã ŋěŕàĺćőďĺňőňã ŕàěďáâăćńěŋĺî ŕàőĺğćőńìŋőľ łăńĺąàőćőçŋőľ čàãŕŕë á čěŋěàăâőàăňĺ M^a [28]. Řăááňőâàĺň ŕàőáâěľèĺě ŕàĺňěàë:

• Čàãŕŕă U (1). φ → e^{−iΛ}φ , φ^∗ → e^{iΛ}φ^∗ , M = −1 , D_μ = ∂_μ + igA_μ g = e (2.161)

40 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ | íńěłâàőďĺŋăňĺłă.

• Čàãŕŕă SU (2).

Ćěłâőàŋőě ŕàěďáâăćńěŋĺě: (M^a)_{mn} = −iε_{amn} , (a, m, n = 1, 2, 3) , D_μφ_m = ∂_μφ_m − ig(M^a)_{mn}A^a_μφ_n = ∂_μφ_m − gε_{amn}A^a_μφ_n = (2.162) = (∂_μ ⃗φ + g ⃗A_μ × ⃗φ)_m , čďě ⃗A íâő âő áăňőě łăńĺąàőćőçŋőě ŕőńě, łőâőàőě ćëèě őąőğŋăçăńőáì łăł ⃗W . Śŕĺŋőàŋőě ŕàěďáâăćńěŋĺě: M^a = 1 2 τ^a , (a = 1, 2, 3) , D_μψ = ∂_μψ − i g 2 ⃗τ · ⃗A_μψ (2.163) | âěőàĺï §ŋčă { Ňĺńńáă.

Ĺâăł, ŕàĺ ŕàőĺğćőńìŋőň ćàăéěŋĺĺ ć ĺğőŕàőáâàăŋáâćě ŕőńě ŕàěőąàăğãěâáï łăł: ψ → S(x_μ)ψ , (2.164) ă łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï ŕàěőąàăğãěâáï łăł ŕőńě: D_μψ → D^′_μψ^′ = S(x_μ)D_μψ . (2.165) Şďőąŋő ććěáâĺ ňăâàĺçŋëě őąőğŋăçěŋĺï: ^A_μ = M^aA^a_μ , (2.166) âăł çâő (2.159) ŕàĺŋĺňăěâ ćĺď:

D_μψ = (∂_μ − ig ^A_μ)ψ . (2.167) Ŕěàěåőď ł ŋőćőľ áĺáâěňě łőőàďĺŋăâ ć ĺğőŕàőáâàăŋáâćě, á ãçěâőň (2.165), ďăěâ: (∂_μ − ig ^A^′_μ)ψ^′ = S(∂_μ − ig ^A_μ)ψ . (2.168) Ŕőńăčăï ğďěáì ψ^′ = Sψ, ŕőńãçăěň: ^A^′_μ = S ^A_μS^{−1} − i g (∂_μS)S^{−1} , (2.169) çâő ďăěâ őąéĺľ ğăłőŋ łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï ŕőńěľ §ŋčă { Ňĺńńáă (őąőąéěŋŋőě čàăďĺěŋâŋőě ŕàěőąàăğőćăŋĺě). Śŋőćă àăááňőâàĺň ŕàĺňěàë:

• Čàãŕŕă U (1). S = e^{−iΛ} , ∂_μS = −i(∂_μ~)e^{−iΛ} , A^′_μ = A_μ + 1 e ∂_μ~ (g = e, M = −1) , D_μ = ∂_μ + igA_μ . (2.170)

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 41

Řĺá. 2-3

• Čàãŕŕă SU (2).

Śŕĺŋőàŋőě ŕàěďáâăćńěŋĺě:

S = exp ( i 2 ⃗τ · ⃗~ ) , ∂_μS = i 2 ⃗τ · ∂_μ⃗~S , (2.171) ⃗A^′_μ = ⃗A_μ − ⃗~ × ⃗A_μ + 1 g ∂_μ⃗~ , (2.172)

çâő áńěďãěâ ĺğ (2.169) ŕàĺ |⃗~| ≪ 1, á ãçěâőň łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ [τ_a, τ_b] = i2ε_{abc}τ_c ĺ áőćŕăďăěâ á (2.110).

Řăááňőâàĺň âěŕěàì ŕőáńěďőćăâěńìŋő ćëŕőńŋïěňëě \ŕăàăńńěńìŋëě ŕěàěŋőáë" ŕőńï ćőłàãč ğăňłŋãâőčő łőŋâãàă ABCD, ŕőłăğăŋŋőčő ŋă Řĺá. 2-3. Ŋăçŋěň á âőçłĺ A, čďě ŕőńě áçĺâăěň àăćŋëň ψ_{A,0}, âőčďă ěčő ĺğňěŋěŋĺě ŕàĺ ŕěàěåőďě ć âőçłã B őŕàěďěńïěâáï łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ (áň. (2.165),(2.159)), çâő ďăěâ:

ψ_B = ψ_{A,0} + D_μψ_{A,0}´x^μ + 1 2 D_μD_ν ψ_{A,0}´x^μ´x^ν + ... = (1 + ´x^μD_μ + ...)ψ_{A,0} . (2.173)

Ďăńěě, áőćěàèăï ŕěàěŋőá ć âőçłã C, á âőçŋőáâìî ďő çńěŋőć ŕěàćőčő ŕőàïďłă ŕőńãçăěň:

ψ_C = ψ_B + δx^νD_ν ψ_B = (1 + δx^νD_ν )ψ_B = (1 + δx^νD_ν )(1 + ´x^μD_μ)ψ_{A,0} . (2.174)

Ŕőáńěďãîéĺľ ŕěàěŋőá ć âőçłã D ĺ ć ĺáåőďŋãî âőçłã A ďăěâ:

ψ_D = (1 − ´x^ρD_ρ)ψ_C , (2.175)

ψ_{A,1} = (1 − δx^σD_σ )ψ_D = (1 − δx^σD_σ )(1 − ´x^ρD_ρ)(1 + δx^νD_ν )(1 + ´x^μD_μ)ψ_{A,0} = = {1 + δx^μ´x^ν[D_μ, D_ν]} ψ_{A,0} , (2.176)

čďě ćőğŋĺł łőňňãâăâőà őŕěàăâőàőć łőćăàĺăŋâŋőčő ďĺääěàěŋæĺàőćăŋĺï: [D_μ, D_ν] = [∂_μ − ig ^A_μ, ∂_ν − ig ^A_ν ] = −ig { ∂_μ ^A_ν − ∂_ν ^A_μ − ig[ ^A_μ, ^A_ν] } . (2.177)

42 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Őŕàěďěńĺň âěŕěàì âěŋğőà:

G_{μν} = ∂_μ ^A_ν − ∂_ν ^A_μ − ig[ ^A_μ, ^A_ν] , (2.178) âăł çâő [D_μ, D_ν] = −igG_{μ,ν} . (2.179) Śőőâŋőèěŋĺě (2.178), äăłâĺçěáłĺ, ďăěâ őąéěě őŕàěďěńěŋĺě âěŋğőàă ŋăŕàïęěŋŋőáâěľ ŕőńěľ §ŋčă { Ňĺńńáă ďńï ŕàőĺğćőńìŋőľ łăńĺąàőćőçŋőľ čàãŕŕë. Śőőâćěâáâćěŋŋő (2.176) ŕàěďáâăćńïěâáï ć ćĺďě:

ψ_{A,1} = (1 − ig´S^{μν} G_{μν})ψ_{A,0} , ´S^{μν} = δx^μ´x^ν (2.180) ĺ ňë ŕőńãçăěň: ψ_{A,1} − ψ_{A,0} = −ig´S^{μν} G_{μν}ψ_{A,0} . (2.181) Šăłĺň őąàăğőň, ěáńĺ âěŋğőà łăńĺąàőćőçŋőčő ŕőńï őâńĺçěŋ őâ ŋãńï, âő őąåőď ŕő ğăňłŋãâőňã łőŋâãàã ďăěâ łőŋěçŋëľ äĺğĺçěáłĺľ íääěłâ ŕàőŕőàæĺőŋăńìŋëľ ŕőâőłã łăńĺąàőćőçŋőčő ŕőńï G_{μν} çěàěğ ŕńőéăďì łőŋâãàă ´S^{μν} : ŕőńě ψ ŕőćőàăçĺćăěâáï ć ĺğőŕàőáâàăŋáâćě. Ŋěâàãďŋő ãąěďĺâìáï, çâő ŕőńě G_{μν} ĺŋćăàĺăŋâŋő őâŋőáĺâěńìŋő łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ:

G_{μν} = SG_{μν} S^{−1} (2.182) ĺ ěčő ŋěńìğï áćěáâĺ ł ŋãńî ŕãâěň âăłĺå ŕàěőąàăğőćăŋĺľ. Ěáńĺ ęě ŕőńě G_{μν} àăćŋő ŋãńî ć őďŋőľ łăńĺąàőćłě, âő őŋő àăćŋő ŋãńî ĺ ćő ćáěå őáâăńìŋëå łăńĺąàőćłăå.

Řăááňőâàĺň őŕïâì ŕàőáâëě ŕàĺňěàë: • Čàãŕŕă U (1).

G_{μν} ≡ F_{μν} = ∂_μA_ν − ∂_ν A_μ (2.183) | őąëçŋëľ âěŋğőà ŋăŕàïęěŋŋőáâěľ ŕőńěľ ć íńěłâàőďĺŋăňĺłě.

• Čàãŕŕă SU (2).

[M^a, M^b] = iε_{abc}M^c , G^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + gε_{abc}A^b_μA^c_ν , (2.184) çâő ć ćěłâőàŋëå őąőğŋăçěŋĺïå ć ĺğőŕàőáâàăŋáâćě ⃗G_{μν} = ∂_μ ⃗A_ν − ∂_ν ⃗A_μ + g ⃗A_μ × ⃗A_ν (2.185)

áőćŕăďăěâ á ďăŋŋëň ćëèě őŕàěďěńěŋĺěň (2.119).

Ğďěáì ňőęŋő áŋőćă őâňěâĺâì ăŋăńőčĺî á âěőàĺěľ čàăćĺâăæĺĺ. Šěŋğőà ŕőńěľ §ŋčă { Ňĺńńáă, ć ŋěłőâőàëå őâŋőèěŋĺïå, ăŋăńőčĺçěŋ âěŋğőàã łàĺćĺğŋë Řĺňăŋă { Łàĺáâőääěńï [25]: R^κ_{λμν} = ∂ν `^κ_{λμ} − ∂μ`^κ_{λν} + `^ρ_{λμ}`^κ_{ρν} − `^ρ_{λν} `^κ_{ρμ} . (2.186) Ŕàĺ ŕăàăńńěńìŋőň ŕěàěŋőáě ŕàőĺğćőńìŋőčő ćěłâőàă V^μ ŕő ğăňłŋãâőňã łőŋâãàã ć àĺňăŋőćőň ŕàőáâàăŋáâćě àăğŋőáâì ŋăçăńìŋëå ĺ łőŋěçŋëå łőňŕőŋěŋâ ćěłâőàă àăćŋă: ´V^μ = 1 2 R^μ_{ρσλ}V^ρ´S^{σλ} , (2.187) čďě ´S^{σλ}, łăł ĺ ćëèě, őąőğŋăçăěâ ŕńőéăďì őąńăáâĺ, őčàăŋĺçěŋŋőľ łőŋâãàőň. Ćěńĺçĺŋă ´V^μ őâńĺçŋă őâ ŋãńï âőńìłő ć âőň áńãçăě, łőčďă ŕàőáâàăŋáâćő őąńăďăěâ ćŋãâàěŋŋěľ łàĺćĺğŋőľ. Ć őąéěľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ íâő áőőâćěâáâćãěâ ŋăńĺçĺî ŋěâàĺćĺăńìŋőčő čàăćĺâăæĺőŋŋőčő ŕőńï.

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 43

Řĺá. 2-4

Ăŋăńĺğĺàãï őąåőď ŕő łőŋâãàã, őłàãęăîéěňã ŕăàăńńěńěŕĺŕěď, ŕőłăğăŋŋőňã ŋă Řĺá. 2-4, Ťěľŋňăŋ ďăń ŕàőáâőľ ćëćőď áńěďãîéěčő âőęďěáâćă ďńï ŕőńï G_{μν} :

D_ρG_{μν} + D_μG_{νρ} + D_ν G_{ρμ} = 0 , (2.188)

łőâőàőě äăłâĺçěáłĺ ĺ őŕàěďěńïěâ ćâőàãî ŕăàã \ãàăćŋěŋĺľ Ňăłáćěńńă" ďńï ŋăŕàïęěŋŋőáâěľ ŕőńï §ŋčă { Ňĺńńáă (2.128). Ć áńãçăě łăńĺąàőćőçŋőľ čàãŕŕë U (1) íâő âőęďěáâćő ŕàőáâő áćőďĺâáï ł (2.126) :

∂_ρF_{μν} + ∂_μF_{νρ} + ∂_νF_{ρμ} = 0 . (2.189)

Ćëćőď, łőàőâłő čőćőàï, áćőďĺâáï ł áńěďãîéěňã àăááãęďěŋĺî. Ŋă Řĺá. 2-4 ĺğőąàăęěŋ ŕãâì őąåőďă ABCDAP SRQP A. Ĺňěěâáï ěéě ďćă ŕãâĺ âăłőčő ęě âĺŕă, ćďőńì čàăŋĺæ ďćãå ďàãčĺå ŕăà ŕàőâĺćőŕőńőęŋëå čàăŋěľ ŕăàăńńěńěŕĺŕěďă, âăł çâő ćďőńì čàăŋĺæ ćáěå èěáâĺ čàăŋěľ ŕàőåőďĺâ łőŋâãà (ABCDAP SRQP A) + (ADSP ABQRCBA) + (AP QBADCRSDA). İâőâ ŕãâì ŕàőåőďĺâ çěàěğ łăęďőě àěąàő ŕăàăńńěńěŕĺŕěďă őďĺŋăłőćőě çĺáńő àăğ ć ŕàïňőň ĺ őąàăâŋőň ŋăŕàăćńěŋĺĺ. Śőőâćěâáâćěŋŋő, ŕőńě ψ ŕàĺ âăłőň őąåőďě ŋě ňěŋïěâáï, őâłãďă ĺ áńěďãěâ âőęďěáâćő (2.188).

Ć âěőàĺĺ čàăćĺâăæĺĺ áãéěáâćãěâ ăŋăńőčĺçŋőě âőęďěáâćő Ąĺăŋłĺ ďńï âěŋğőàă Řĺňăŋă { Łàĺáâőääěńï: DρR^κ_{λμν} + DμR^κ_{λνρ} + Dν R^κ_{λρμ} = 0 . (2.190) Ăŋăńőčĺï âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ á âěőàĺěľ čàăćĺâăæĺĺ ňőęěâ ąëâì ĺğőąàăęěŋă áńěďãîéěľ âăąńĺæěľ:

Šăąńĺæă II. Ăŋăńőčĺï âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ ĺ âěőàĺĺ čàăćĺâăæĺĺ.

Łăńĺąàőćőçŋëě âěőàĺĺ Őąéăï âěőàĺï őâŋőáĺâěńìŋőáâĺ

Łăńĺąàőćőçŋëě ŕàěőąàăğőćăŋĺï Ŕàěőąàăğőćăŋĺï łőőàďĺŋăâ Łăńĺąàőćőçŋăï čàãŕŕă Čàãŕŕă ćáěå ŕàěőąàăğőćăŋĺľ łőőàďĺŋăâ

Ŕőâěŋæĺăń łăńĺąàőćőçŋőčő ŕőńï Aμ Łőíääĺæĺěŋâë áćïğŋőáâĺ `^κ_{μν}

Ŋăŕàïęěŋŋőáâì ŕőńï Gμν Šěŋğőà łàĺćĺğŋë R^κ_{λμν}

İâă ăŋăńőčĺï ĺňěěâ ďăęě ąőńěě čńãąőłĺľ áňëáń. Ěéě ŋă àăŋŋěň íâăŕě àăğćĺâĺï âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ Şâĺïňă ŕőłăğăń (áň. ŕěàěćőď íâőľ ĺŋâěàěáŋőľ àăąőâë ć áą. [28]), çâő ãàăćŋěŋĺï

44 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

őąéěľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ İľŋèâěľŋă ňőčãâ ąëâì ŕőńãçěŋë ŕő àěæěŕâã âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ §ŋčă { Ňĺńńáă, ěáńĺ ć łăçěáâćě łăńĺąàőćőçŋőľ čàãŕŕë ćğïâì čàãŕŕã Ńőàěŋæă (ŕàěőąàăğőćăŋĺľ łőőàďĺŋăâ ć áŕěæĺăńìŋőľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ) ĺ ŕőâàěąőćăâì ĺŋćăàĺăŋâŋőáâĺ âěőàĺĺ őâŋőáĺâěńìŋő áőőâćěâáâćãîéĺå ńőłăńìŋëå ŕàěőąàăğőćăŋĺľ (łőčďă ŕăàăňěâàë čàãŕŕë Ńőàěŋæă áçĺâăîâáï ŕàőĺğćőńìŋëňĺ äãŋłæĺïňĺ âőçłĺ ć ŕàőáâàăŋáâćě-ćàěňěŋĺ Ňĺŋłőćáłőčő).

Řěăńĺáâĺçěáłĺľ ŕàĺňěà | åàőňőďĺŋăňĺłă.

Ć łăçěáâćě ŕàĺňěàă àěăńĺáâĺçěáłőľ ŋěăąěńěćőľ łăńĺąàőćőçŋőľ âěőàĺĺ łàăâłő àăááňőâàĺň áâàãłâãàã łćăŋâőćőľ åàőňőďĺŋăňĺłĺ. Ć őáŋőćě åàőňőďĺŋăňĺłĺ ńěęĺâ ãęě őâňěçěŋŋőě ćő ććőďŋőľ čńăćě őąáâőïâěńìáâćő (ŋă áěčőďŋïèŋĺľ ďěŋì íâő ňőęŋő àăááňăâàĺćăâì ŕàőáâő łăł íłáŕěàĺňěŋâăńìŋëľ äăłâ!): łăęďëľ łćăàł ďăŋŋőčő \ăàőňăâă" u, d, s, c, t, b őąńăďăěâ ěéě ĺ ďőŕőńŋĺâěńìŋëň łćăŋâőćëň çĺáńőň | \æćěâőň", ŕàĺŋĺňăîéĺň âàĺ ğŋăçěŋĺï (1, 2, 3 ĺńĺ R, G, B)^9. Šăłĺň őąàăğőň, ŕőńě łăęďőčő łćăàłă ŕàěďáâăćńïěâáï äãŋďăňěŋâăńìŋëň áŕĺŋőàőň čàãŕŕë SU (3)^{10}: q = q_1 q_2 q_3

. (2.191)

Űćěâőćăï áĺňňěâàĺï âěőàĺĺ ïćńïěâáï âőçŋőľ ĺ ńăčàăŋęĺăŋ ďőńęěŋ ąëâì ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő čàãŕŕë ŕàěőąàăğőćăŋĺľ ćĺďă:

q → U q , (2.192)

čďě 3 × 3 ŕàěőąàăğőćăŋĺï U ïćńïîâáï ãŋĺâăàŋëňĺ ĺ ãŋĺňőďãńïàŋëňĺ:

U^+U = 1 , Det U = 1 ,

U = e^{iT} , T = T^+ , Sp T = 0 . (2.193)

İâĺ ňăâàĺæë (ŕàěőąàăğőćăŋĺï) ğăćĺáïâ őâ ćőáìňĺ ŕăàăňěâàőć (\ãčńőć ŕőćőàőâă") ε_a, áőőâćěâáâćěŋŋő ĺňěěâáï ĺ ćőáěňì čěŋěàăâőàőć λ_i/2 (i = 1, ..., 8):

λ_1 =

0 1 0 1 0 0 0 0 0

, λ_2 = 0 −i 0 i 0 0 0 0 0

, λ_3 =

1 0 0 0 −1 0 0 0 0 ,

λ_4 =

0 0 1 0 0 0 1 0 0

, λ_5 = 0 0 −i 0 0 0 i 0 0

, λ_6 =

0 0 0 0 0 1 0 1 0

, (2.194)

λ_7 =

0 0 0 0 0 −i 0 i 0

, λ_8 = 1√ 3 1 0 0 0 1 0 0 0 −2

9Ŋěőąåőďĺňőáâì ććěďěŋĺï âăłőčő łćăŋâőćőčő çĺáńă ąëńă ïáŋă á áăňőčő ňőňěŋâă ŕőïćńěŋĺï łćăàłőćőľ ňőďěńĺ ăďàőŋőć ďńï áŋïâĺï ŋěłőâőàëå ŕàőâĺćőàěçĺľ á ŕàĺŋæĺŕőň Ŕăãńĺ.

10Ďőáâăâőçŋő ïáŋőě ĺ łőňŕăłâŋőě ĺğńőęěŋĺě âěőàĺĺ ŋěŕàĺćőďĺňëå ŕàěďáâăćńěŋĺľ íâőľ čàãŕŕë, åőâï ĺ ć áćïğĺ á ŋěáłőńìłő ďàãčőľ ğăďăçěľ äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ (ŕàĺąńĺęěŋŋőľ áĺňňěâàĺěľ ăďàőŋőć ĺ ĺå łćăàłőćőľ áâàãłâãàőľ), ňőęŋő ŋăľâĺ ć łŋĺčě [27].

ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 45

ŕàěďáâăćńïîâ áőąőľ ŋěłőâőàőě \őąőąéěŋĺě" ňăâàĺæ Ŕăãńĺ ŋă âàĺ ĺğňěàěŋĺï. İâĺ čěŋěàăâőàë ãďőćńěâćőàïîâ áńěďãîéĺň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň: [ λ_a 2 , λ_b 2 ] = if_{abc} λ_c 2 , (2.195)

čďě őâńĺçŋëě őâ ŋãńï áâàãłâãàŋëě łőŋáâăŋâë f_{abc} àăćŋë:

f_{123} = 1 , f_{147} = −f_{156} = f_{246} = f_{257} = f_{345} = −f_{367} = 1 2 , f_{458} = f_{678} = √ 3 2 . (2.196) Śňëáń åàőňőďĺŋăňĺłĺ áőáâőĺâ ć âőň, çâőąë áçĺâăâì æćěâőćãî áĺňňěâàĺî ńőłăńìŋőľ łăńĺąàőćőçŋőľ áĺňňěâàĺěľ! Ć àěğãńìâăâě, ŕő ĺğńőęěŋŋëň ćëèě àěæěŕâăň ć âěőàĺĺ ćőğŋĺłăěâ ćőáěňì łăńĺąàőćőçŋëå ŕőńěľ (čńîőŋőć) | ŕěàěŋőáçĺłőć ćğăĺňőďěľáâćĺï ňěęďã łćăàłăňĺ. Ĺå ãďőąŋő ğăŕĺáăâì ć ćĺďě áńěďãîéěľ ňăâàĺæë (łăł ć (2.166)):

^A_μ = A^a_μ λ^a 2 = 1 2

A^3_μ + 1√ 3 A^8_μ A^1_μ − iA^2_μ A^4_μ − iA^5_μ

A^1_μ + iA^2_μ −A^3_μ + 1√ 3 A^8_μ A^6_μ − iA^7_μ

A^4_μ + iA^5_μ A^6_μ + iA^7_μ − 2√ 3 A^8_μ

. (2.197)

§ćŋëľ ćĺď âěŋğőàă ŋăŕàïęěŋŋőáâěľ čńîőŋŋőčő ŕőńï ňőęŋő ŕőńãçĺâì ĺğ (2.178) ĺńĺ ĺğ (2.184), ŕőďáâăćĺć ć ŕőáńěďŋěě ćëàăęěŋĺě ćňěáâő ε_{abc} áâàãłâãàŋëě łőŋáâăŋâë f_{abc} čàãŕŕë SU (3). Ć áőőâćěâáâćĺĺ á őąéěľ ĺďěőńőčĺěľ âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ čńîőŋë ïćńïîâáï ąěğňăááőćëňĺ, ă őâáãâáâćĺě ć íłáŕěàĺňěŋâě áőőâćěâáâćãîéĺå ďăńìŋőďěľáâćãîéĺå áĺń őąêïáŋïěâáï ïćńěŋĺěň łőŋäăľŋňěŋâă, łőâőàőě ąãďěâ àăááňőâàěŋő ąńĺęě ł łőŋæã ŋăèěčő łãàáă.

46 ŃĂČŘĂŊĘĚĆ ŤŐŘŇĂŃĹĞŇ. ŚĹŇŇĚŠŘĹĹ Ĺ ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Čńăćă 3

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂ- ŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ťőâőŋ.

Łćăŋâőćăŋĺě íńěłâàőňăčŋĺâŋőčő ŕőńï.

Šěŕěàì ŋăèă ğăďăçă áőáâőĺâ ć ŕěàěåőďě őâ łńăááĺçěáłőľ ł łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŕàőæěďãàă łăŋőŋĺçěáłőčő łćăŋâőćăŋĺï łńăááĺçěáłőčő ŕőńï ŕàőćőďĺâáï, łăł ňë ãćĺďĺň, ć ŕőńŋőľ ăŋăńőčĺĺ á ăŋăńőčĺçŋőľ ŕàőæěďãàőľ ďńï ňěåăŋĺçěáłőľ áĺáâěňë. Śŋăçăńă ňë àăááňőâàĺň łćăŋâőćãî âěőàĺî áćőąőďŋëå (ŋěćğăĺňőďěľáâćãîéĺå) ŕőńěľ, ĺ ŋăçŋěň ňë ŋě á áăňőčő ŕàőáâőčő ŕàĺňěàă áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï, çâő őŕàěďěńïěâáï ěčő ćăęŋőľ àőńìî. Ćëèě ňë ãęě ćĺďěńĺ, çâő íńěłâàőňăčŋĺâŋőě ŕőńě ïćńïěâáï ŕàĺňěàőň (ăąěńěćă) łăńĺąàőćőçŋőčő ŕőńï. Ŕőíâőňã ğďěáì ćőğŋĺłăîâ ďőŕőńŋĺâěńìŋëě áńőęŋőáâĺ, áćïğăŋŋëě á ãçěâőň łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ. Ŋő ďńï íńěłâàőňăčŋĺâŋőčő ŕőńï íâĺ ŕàőąńěňë ďőáâăâőçŋő ŕàőáâő àěèăîâáï ĺ ć àăňłăå ŕàőæěďãàë łăŋőŋĺçěáłőčő łćăŋâőćăŋĺï, âőčďă łăł ďńï ŋěăąěńěćëå ŕőńěľ §ŋčă { Ňĺńńáă ŋãęŋő ĺáŕőńìğőćăâì áãéěáâćěŋŋő ąőńěě áńőęŋãî áåěňã łćăŋâőćăŋĺï, őáŋőćăŋŋãî ŋă äãŋłæĺőŋăńìŋőň ĺŋâěčàĺàőćăŋĺĺ, ĺ łőâőàăï ąãďěâ őąáãęďăâìáï ŋăňĺ čőàăğďő ŕőğďŋěě. Ć ďăńìŋěľèěň, ć íâőľ Čńăćě, ňë áńěďãěň, ć őáŋőćŋőň, áåěňě ĺğńőęěŋĺï ŕàĺŋïâőľ ć [1].

Ś âőçłĺ ğàěŋĺï ňěåăŋĺłĺ, ŕőńě ŕàěďáâăćńïěâ áőąőľ áĺáâěňã á ąěáłőŋěçŋëň çĺ-

48 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

áńőň áâěŕěŋěľ áćőąőďë. Şďőąŋő ĺáåőďĺâì ĺğ âăłőčő łńăááĺçěáłőčő őŕĺáăŋĺï ŕőńï, łőâőàőě ĺňěěâ ďěńő á ąěáłőŋěçŋëň, ŋő ďĺáłàěâŋëň ŋăąőàőň ŕěàěňěŋŋëå. Ąãďěň àăááňăâàĺćăâì íńěłâàőňăčŋĺâŋőě ŕőńě ć âăł ŋăğëćăěňőľ łãńőŋőćáłőľ łăńĺąàőćłě, łőčďă ěčő ćěłâőà-ŕőâěŋæĺăń A(r, t) ãďőćńěâćőàïěâ ãáńőćĺî ŕőŕěàěçŋőáâĺ:

div A = 0 . (3.1)

Ŕàĺ íâőň áłăńïàŋëľ ŕőâěŋæĺăń φ = 0, ă ŕőńï E ĺ H őŕàěďěńïîâáï łăł^1:

E = − _A , H = rot A . (3.2)

Şàăćŋěŋĺï Ňăłáćěńńă áćőďïâáï, ć ďăŋŋőň áńãçăě, ł ćőńŋőćőňã ãàăćŋěŋĺî ďńï ćěłâőà-ŕőâěŋæĺăńă A:

∇^2A −

∂^2A ∂t^2 = 0 . (3.3)

Łăł ĺğćěáâŋő, èěáâì łőňŕőŋěŋâ íńěłâàőňăčŋĺâŋőčő ŕőńï ğăŕĺáëćăîâáï ć ćĺďě ăŋâĺáĺňňěâàĺçŋőčő âěŋğőàă:

F^{μν} = ∂^μA^ν − ∂^νA^μ , (3.4) őâłãďă áàăğã áńěďãîâ őďŋőàőďŋëě ãàăćŋěŋĺï Ňăłáćěńńă ć ćĺďě:

∂^λF^{μν} + ∂^μF^{νλ} + ∂^ν F^{λμ} = 0 . (3.5)

Ć ćăłããňě (ć őâáãâáâćĺě ĺáâőçŋĺłőć) ŋěőďŋőàőďŋëě ãàăćŋěŋĺï Ňăłáćěńńă ĺňěîâ ćĺď:

∂μF^{μν} = 0 (3.6) ĺńĺ 2A^ν − ∂^ν (∂μA^μ) = 0 . (3.7)

Ňë ğŋăěň, çâő íâĺ ãàăćŋěŋĺï áńěďãîâ ĺğ ćăàĺăæĺőŋŋőčő ŕàĺŋæĺŕă á ńăčàăŋęĺăŋőň

L = − 1 16π Fμν F^{μν} , (3.8) čďě A^μ àăááňăâàĺćăěâáï łăł ďĺŋăňĺçěáłőě ŕőńě. Őďŋăłő ďńï ğăďăŋŋőčő ğŋăçěŋĺï ŋăŕàïęěŋŋőáâěľ íńěłâàőňăčŋĺâŋőčő ŕőńï Fμν ćěłâőà A^μ ŋě ïćńïěâáï ěďĺŋáâćěŋŋëň, ă őŕàěďěńěŋ á âőçŋőáâìî ďő čàăďĺěŋâŋőčő ŕàěőąàăğőćăŋĺï: Aμ → A^′_μ = Aμ + ∂μ~(x) . (3.9) Ŋăńăčăï ŋă ~(x) ãáńőćĺě 2~ = −∂μA^μ, ďńï ŕàěőąàăğőćăŋŋőčő ŕő (3.9) ŕőńï ńěčłő ŕőńãçĺâì ∂μA^{μ′} = 0, ŕőáńě çěčő èâàĺå ŋăď A^μ ãęě ňőęŋő őŕãáâĺâì, ğăŕĺáăć ãáńőćĺě Ńőàěŋæă:

∂μA^μ = 0 . (3.10)

Šőčďă (3.7) ŕěàěåőďĺâ ć:

2A^ν = 0 (3.11)

| ćőńŋőćőě ãàăćŋěŋĺě ďńï ŕőâěŋæĺăńă. Şáńőćĺě Ńőàěŋæă (3.10) ďăěâ őďŋő ãàăćŋěŋĺě ďńï çěâëàěå łőňŕőŋěŋâ ŕőâěŋæĺăńă, áőłàăéăï çĺáńő ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ŕőńï ďő âàěå. Őďŋăłő íâő ãáńőćĺě ěéě ŋě őŕàěďěńïěâ ŕőâěŋæĺăń Aμ őďŋőğŋăçŋő. Őçěćĺďŋő, çâő ěáńĺ Aμ ãďőćńěâćőàïěâ ãáńőćĺî Ńőàěŋæă, âő ĺ A^′_μ = Aμ +∂μ~ ěňã âőęě ãďőćńěâćőàïěâ ć áĺńã 2~(x) = 0. Ćëąěàěň âěŕěàì ~(x) âăł, çâőąë łàőňě íâőčő ćëŕőńŋïńőáì àăćěŋáâćő^{∂Λ}_{∂t} = −φ, âőčďă ŕőńãçĺň, őçěćĺďŋő, φ^′ = 0, çâő ć áĺńã (3.10) ďăěâ ∇·A = div A = 0. Šăłĺň őąàăğőň, ňë ĺ ŕàĺåőďĺň ł łãńőŋőćáłőľ łăńĺąàőćłě, ć łőâőàőľ őáâăěâáï âőńìłő ďćě ŋěğăćĺáĺňëě łőňŕőŋěŋâë íńěłâàőňăčŋĺâŋőčő ŕőńï (ãáńőćĺě ŕőŕěàěçŋőáâĺ), áőőâćěâáâćãîéĺě àěăńìŋőňã ňĺàã.

Ŕěàěåőď ł ďĺáłàěâŋőňã ŋăąőàã ŕőńěćëå ŕěàěňěŋŋëå ŕàőĺğćőďĺâáï ŕãâěň àăááňőâàěŋĺï ŕőńï ć łőŋěçŋőň őąêěňě ŕàőáâàăŋáâćă V (ć ďăńìŋěľèěň, ďńï łàăâłőáâĺ,

1Ŋăŕőňŋĺň, çâő ňë ĺáŕőńìğãěň áĺáâěňã ěďĺŋĺæ, ć łőâőàőľ áłőàőáâì áćěâă c = 1

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 49

ćáîďã ŕőńăčăěň V = 1) [25]. Šőčďă ćěłâőà-ŕőâěŋæĺăń ŕàěďáâăćńïěâáï ć ćĺďě àïďă Ťãàìě ŕő ŕńőáłĺň ćőńŋăň:

A =^∑ k (ake^ikr + a^∗ke^{−i}kr) , (3.12)

čďě łőíääĺæĺěŋâë àăğńőęěŋĺï ak ğăćĺáïâ őâ ćàěňěŋĺ ŕő ğăłőŋã

ak ∼ e^{−iω}k^t , ωk = |k| . (3.13)

Ć áĺńã ãáńőćĺï ŕőŕěàěçŋőáâĺ (3.1) ĺňěěň:

ak · k = 0 . (3.14)

Ć (3.12) áãňňĺàőćăŋĺě ĺďěâ ŕő ąěáłőŋěçŋőňã ďĺáłàěâŋőňã ŋăąőàã k_x, k_y, k_z. Ňőęŋő, łăł őąëçŋő, ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő k_x, k_y, k_z, ććěďï^{d3}k_{(2π)3} , łăł çĺáńő ćőğňőęŋëå ğŋăçěŋĺľ k, ŕàĺåőďïéĺåáï ŋă íńěňěŋâ őąêěňă k-ŕàőáâàăŋáâćă d^3k = dk_xdk_ydk_z. Ć ĺâőčě, ŕőńě ŕőńŋőáâìî őŕàěďěńïěâáï ćěńĺçĺŋăňĺ ak, łőâőàëě àăááňăâàĺćăîâáï łăł ŋăąőà łńăááĺçěáłĺå ŕőńěćëå ŕěàěňěŋŋëå.

Ććěďěň łăŋőŋĺçěáłĺě ŕőńěćëě ŕěàěňěŋŋëě łăł:

Qk = 1√ 4π (ak + a^∗k) , (3.15)

Pk = −^{iω}k√ 4π (ak − a^∗k) = _Qk . (3.16)

Ńěčłő ćĺďěâì, çâő íâĺ ŕěàěňěŋŋëě ćěéěáâćěŋŋë. Šőčďă àăğńőęěŋĺě (3.12) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě:

A =^√4π^∑ k [ Qk cos kr − 1_ω k Pk sin kr ] . (3.17)

Ďńï ŋăåőęďěŋĺï čăňĺńìâőŋĺăŋă ŕőńï H, ćëçĺáńĺň ěčő ŕőńŋãî íŋěàčĺî: E = 1 8π ∫ d^3r(E^2 + H^2) (3.18)

ĺ ćëàăğĺň ěě çěàěğ ŕěàěňěŋŋëě Qk ĺ Pk. Ďńï íâőčő ŋăľďěň E ĺ H á ŕőňőéìî (3.2) ĺ (3.17), ŕőďáâăćĺň áőőâćěâáâćãîéĺě ćëàăęěŋĺï ć (3.18) ĺ, ćëŕőńŋĺć ĺŋâěčàĺàőćăŋĺě ŕő łőőàďĺŋăâăň, ŕőńãçĺň: H = 1 2 ∑ k ( P^2k + ω^2kQ^2k^) . (3.19)

Ŕő ãáńőćĺî ŕőŕěàěçŋőáâĺ, ćěńĺçĺŋë Pk ĺ Qk őàâőčőŋăńìŋë ćěłâőàã k, âăł çâő, äăłâĺçěáłĺ, őŋĺ ĺňěîâ ćáěčő ŕő ďćě ŋěğăćĺáĺňëě łőňŕőŋěŋâë. Ŋăŕàăćńěŋĺï íâĺå ćěłâőàőć őŕàěďěńïîâáï ŋăŕàăćńěŋĺïňĺ ŕőńïàĺğăæĺĺ áőőâćěâáâćãîéěľ ćőńŋë. Őąőğŋăçĺň ďćě łőňŕőŋěŋâë Pk ĺ Qk ć ŕńőáłőáâĺ őàâőčőŋăńìŋőľ k łăł Pk_α ĺ Qk_α, čďě α = 1, 2. Šőčďă (3.19) ňőęŋő ŕěàěŕĺáăâì łăł: H = 1 2 ∑ kα ( P^2k_α + ω^2kQ^2k_α ) . (3.20)

50 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Šăłĺň őąàăğőň, čăňĺńìâőŋĺăŋ H àăáŕăďăěâáï ŋă áãňňã ŋěğăćĺáĺňëå áńăčăěňëå, łăęďőě ĺğ łőâőàëå ĺňěěâ ćĺď čăňĺńìâőŋĺăŋă čăàňőŋĺçěáłőčő őáæĺńńïâőàă (\àăğńőęěŋĺě ŕőńï" ŋă őáæĺńńïâőàë).

Šěŕěàì ňë ňőęěň ŕěàěľâĺ ł łćăŋâőćăŋĺî. Łăł łćăŋâőćăâì őáæĺńńïâőàë åőàőèő ĺğćěáâŋő ĺğ łćăŋâőćőľ ňěåăŋĺłĺ [29]. Ŕàőæěďãàă łćăŋâőćăŋĺï áőáâőĺâ ć ğăňěŋě őąőąéěŋŋëå łőőàďĺŋăâ Qk_α ĺ őąőąéěŋŋëå ĺňŕãńìáőć Pk_α őŕěàăâőàăňĺ, ãďőćńěâćőàïîéĺňĺ áâăŋďăàâŋëň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň^2:

Qkα^Pkα^{− P}kα^Qkα^≡ [^Qkα^{, P}kα] =^{i .} (3.21)

Ďńï àăğŋëå ğŋăçěŋĺľ kα áőőâćěâáâćãîéĺě őŕěàăâőàë łőňňãâĺàãîâ. Śőőâćěâáâćěŋŋő, ŕőńï A, E, H âăłęě áâăŋőćïâáï őŕěàăâőàăňĺ.

Śőąáâćěŋŋëě ğŋăçěŋĺï čăňĺńìâőŋĺăŋă (3.20), őçěćĺďŋő, ĺňěîâ ćĺď: E = ∑ kα ( Nkα + 1 2 ) ωk^, (3.22)

čďě Nk_α | æěńëě çĺáńă, łőâőàëě ŕàěďáâăćńïîâ áőąőľ çĺáńă äőâőŋőć ć áőáâőïŋĺïå

kα. Ňăâàĺçŋëě íńěňěŋâë őŕěàăâőàă Qk_α âăłęě åőàőèő ĺğćěáâŋë ĺğ łćăŋâőćőľ ňě-

åăŋĺłĺ [29]:

⟨Nkα^{|Q}kα^{|N}kα^− 1^⟩ =^{⟨N}kα^− 1^{|Q}kα^{|N}kα^⟩ = √ Nkα 2ωk^.

(3.23)

Ňăâàĺçŋëě íńěňěŋâë Pk_α = _Qk_α őâńĺçăîâáï őâ (3.23) ňŋőęĺâěńěň ±iωk.

Ććěďěň ŋőćëě őŕěàăâőàë: ckα = 1√ 2ωk (ωk^Qkα +^{iP}kα)^{, c+}kα = 1√ 2ωk (ωk^Qkα^{− iP}kα)^. (3.24)

Šőčďă ĺğ (3.23) ĺ (3.24) ŕőńãçăěň:

⟨Nkα^− 1^{|c}kα^{|N}kα^⟩ =^{⟨N}kα^{|c+}k_α^{|N}kα^− 1^⟩ = √ Nkα^. (3.25)

Ĺğ (3.24) ĺ (3.21) ŋěňěďńěŋŋő ŕőńãçăěň łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï ďńï őŕěàăâőàőć ck_α ĺ c^+k_α:

ckα^{c+}kα^{− c+}kα^ckα^≡ [^ckα^{, c+}kα] = 1^. (3.26)

Ďńï ŋěáőćŕăďăîéĺå k ĺ α íâĺ őŕěàăâőàë ŕàőáâő łőňňãâĺàãîâ. Őŕěàăâőàë ck_α ĺ c^+k_α ŋăğëćăîâáï őŕěàăâőàăňĺ ãŋĺçâőęěŋĺï ĺ àőęďěŋĺï äőâőŋőć ć áőáâőïŋĺĺ á ćőńŋőćëň ćěłâőàőň (ĺňŕãńìáőň) k ĺ ŕőńïàĺğăæĺěľ α. Ŕàőĺáåőęďěŋĺě íâőčő ŋăğćăŋĺï őçěćĺďŋő ĺğ (3.25). Ŕő ĺáâőàĺçěáłĺň ŕàĺçĺŋăň äőàňăńĺğň, őáŋőćăŋŋëľ ŋă ĺáŕőńìğőćăŋĺĺ âăłĺå őŕěàăâőàőć, ŋăğëćăěâáï ŕàěďáâăćńěŋĺěň ćâőàĺçŋőčő łćăŋâőćăŋĺï.

Őŕěàăâőà ćěłâőà-ŕőâěŋæĺăńă, á ĺáŕőńìğőćăŋĺěň (3.12), (3.15), (3.16) ĺ (3.24), ňőęěâ âěŕěàì ąëâì ğăŕĺáăŋ ć ćĺďě:

A =^∑ kα ( ckαAkα +^{c+}kαA^∗kα)^, (3.27)

2Ŋăŕőňŋĺň, çâő ã ŋăá ćáěčďă ~ = 1

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 51 čďě Ak_α =^√4π e^{(α)}√2_ω k^e ikr_, (3.28)

čďě e^{(α)} | ěďĺŋĺçŋëľ ćěłâőà ŕőńïàĺğăæĺĺ ďńï ďăŋŋőčő ŕőńěćőčő őáæĺńńïâőàă. Őçě-

ćĺďŋő, çâő e^{(α)}·k = 0, âăł çâő őŋ őàâőčőŋăńěŋ ĺňŕãńìáã äőâőŋă k. Ńîąőňã ğŋăçěŋĺî

k áőőâćěâáâćãěâ ďćă ŋěğăćĺáĺňëå ŋăŕàăćńěŋĺï ŕőńïàĺğăæĺĺ α = 1, 2.

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ćëŕĺáăâì àăğńőęěŋĺï ďńï őŕěàăâőàőć ŋăŕàïęěŋŋőáâĺ ŕőńěľ E ĺ H:

E =^∑ kα (ckαEkα +^{c+}kαE^∗kα)^, (3.29)

H =^∑ kα (ckαHkα +^{c+}kαH^∗kα)^, (3.30) čďě Ek_α = iωkAk_α , Hk_α = [n × Ek_α] , (3.31) čďě n = k/ωk ŕàěďáâăćńïěâ áőąőľ ěďĺŋĺçŋëľ ćěłâőà ć ŋăŕàăćńěŋĺĺ àăáŕàőáâàăŋě-

ŋĺï äőâőŋă. Ććěďěŋŋëě ć (3.28) ćěłâőàă Ak_α ãďőćńěâćőàïîâ áńěďãîéěňã ãáńőćĺî őàâőŋőàňĺàőćăŋŋőáâĺ: ∫ d^3rAk_αA^∗k_{′α′} = 2π ωk^{δαα′ δ}kk^{′ ,} (3.32)

čďě ãçâěŋő, ć çăáâŋőáâĺ, çâő ďćă ŋěğăćĺáĺňëå ćěłâőàă ŕőńïàĺğăæĺĺ őàâőčőŋăńìŋë:

e^{(α)} · e^{(α′)∗} = 0. Ťăłâĺçěáłĺ, ćěńĺçĺŋë Ak_α (ŕńőáłĺě ćőńŋë) ňőęŋő âàăłâőćăâì łăł

ćőńŋőćëě äãŋłæĺĺ äőâőŋă á ĺňŕãńìáőň k ĺ ŕőńïàĺğăæĺěľ e^{(α)3}.

Ĺğ (3.32) ĺ (3.31) ŋěâàãďŋő ŕőńãçĺâì, çâő: 1 4π ∫ d^3r(Ek_αE^∗k_{′ α′} + Hk_αH^∗k_{′ α′} ) = ωkδkk_′ δ_{αα}′ . (3.33)

Ŕőďáâăćńïï (3.29), (3.30) ć (3.18) ĺ ĺáŕőńìğãï (3.33), ŋăåőďĺň: H = ∑ kα 1 2 (ckα^{c+}kα +^{c+}kα^ckα) 1 4π ∫ d^3r(Ek_αE^∗k_{′α′} + Hk_αH^∗k_{′ α′} ) = = ∑ kα 1 2 (ckα^{c+}kα +^{c+}kα^ckα)^ωk (3.34)

ĺńĺ, ĺáŕőńìğãï łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï (3.26), H = ∑ kα ( c^+k_αck_α + 1 2 ) ωk (3.35)

| őŕěàăâőà Čăňĺńìâőŋă áĺáâěňë äőâőŋőć ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï. Ĺğ áàăćŋěŋĺï á (3.22) ïáŋő, çâő

^Nkα =^{c+}k_α^ckα (3.36)

3Ŕőďçěàłŋěň, çâő íâĺ ćőńŋőćëě äãŋłæĺĺ ŋěńìğï àăááňăâàĺćăâì łăł ăňŕńĺâãďë ćěàőïâŋőáâĺ ŕàőáâàăŋáâćěŋŋőľ ńőłăńĺğăæĺĺ äőâőŋă, ŕőáłőńìłã ŕőŋïâĺě łőőàďĺŋăâë ďńï çăáâĺæë, ďćĺęãéěľáï áő áłőàőáâìî áćěâă ć ćăłããňě, ŕàőáâő őâáãâáâćãěâ

52 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

ŕàěďáâăćńïěâ áőąőľ őŕěàăâőà çĺáńă äőâőŋőć ć áőáâőïŋĺĺ kα, ňăâàĺçŋëě íńěňěŋâë łőâőàőčő ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï ďĺăčőŋăńìŋë ĺ ŕàĺŋĺňăîâ æěńőçĺáńěŋŋëě ğŋăçěŋĺï. Ğăňěâĺň, çâő (3.33) ŕàěďáâăćńïěâ áőąőľ ğăŕĺáì ŋőàňĺàőćłĺ ćőńŋőćőľ äãŋłæĺĺ \ŋă őďĺŋ äőâőŋ ć őąêěňě V = 1".

Ć łńăááĺçěáłőľ âěőàĺĺ íńěłâàőňăčŋĺâŋőčő ŕőńï, ěčő ĺňŕãńìá őŕàěďěńïěâáï łăł [25]:

P = 14_π ∫ d^3r [E × H] . (3.37)

Ğăňěŋïï E ĺ B őŕěàăâőàăňĺ (3.29), (3.30) ŕőńãçĺň:

P =^∑ kα ( c^+k_αck_α + 1 2 ) k , (3.38)

çâő áőőâćěâáâćãěâ âőňã, çâő łăęďëľ äőâőŋ ŕěàěŋőáĺâ ĺňŕãńìá k.

Ŋăńĺçĺě ć (3.35) ĺ (3.38) ćłńăďőć, ŋě ğăćĺáïéĺå őâ çĺáěń ğăŕőńŋěŋĺï (áćïğăŋŋëå áő áńăčăěňëň 1/2 ć áłőąłăå), őğŋăçăěâ ŕàĺáãâáâćĺě ąěáłőŋěçŋőčő ćłńăďă ćăłããňŋëå äńãłâãăæĺľ (\ŋãńěćëå" łőńěąăŋĺľ) íńěłâàőňăčŋĺâŋőčő ŕőńï. İâő ŕěàćëľ ŕàĺňěà âĺŕĺçŋőľ \łćăŋâőćőŕőńěćőľ" àăáåőďĺňőáâĺ, á łőâőàëň ňë áâăńłĺćăěňáï. Ć ąőńìèĺŋáâćě áńãçăěć, ć íâőľ áĺâãăæĺĺ ŕàőáâő ŕěàěåőďïâ ł ŋőćőňã ŋăçăńã őâçěâă íŋěàčĺĺ (ĺňŕãńìáă) ĺ ğăŕĺáëćăîâ: H = ∑ kα c^+k_αck_αωk , P = ∑ kα c^+k_αck_αk . (3.39)

Ŕàĺ íâőň ŋăçăńő őâáçěâă \ŕěàěŋőàňĺàãěâáï" ąěáłőŋěçŋëňĺ (\ćăłããňŋëňĺ") łőŋáâăŋâăňĺ, ŋě ğăćĺáïéĺňĺ őâ áőáâőïŋĺï ćőğąãęďěŋĺï ŕőńï. Ćňěáâě á âěň, áńěďãěâ áàăğã ŕőďçěàłŋãâì, çâő ŋăńĺçĺě ąěáłőŋěçŋőľ íŋěàčĺĺ (ĺňŕãńìáă) ćăłããňă (ŋãńěćëå łőńěąăŋĺľ) ïćńïěâáï áőćěàèěŋŋő àěăńìŋëň ŕàőïćńěŋĺěň łćăŋâőćőľ ŕàĺàőďë ŕőńï ĺ ŕàĺćőďĺâ ł łőŋěçŋëň íłáŕěàĺňěŋâăńìŋëň áńěďáâćĺïň, őďŋĺň ĺğ ńãçèĺå ŕàĺňěàőć łőâőàëå ïćńïěâáï àăááňăâàĺćăěňëľ ŋĺęě íääěłâ Łăğĺňĺàă.

Ğăňěçăŋĺï ő čàăďĺěŋâŋőľ ĺŋćăàĺăŋâŋőáâĺ ĺ áâăâĺáâĺłě Ąőğě.

Ćëąőà ŕőâěŋæĺăńőć ć íńěłâàőďĺŋăňĺłě, łăł åőàőèő ĺğćěáâŋő, ŋěőďŋőğŋăçěŋ. Ćëèě ňë ĺáŕőńìğőćăńĺ łãńőŋőćáłãî łăńĺąàőćłã (3.1). Ć őąéěň áńãçăě, łőňŕőŋěŋâë ćěłâőà-ŕőâěŋæĺăńă A_μ ňőčãâ ąëâì ŕőďćěàčŋãâë čàăďĺěŋâŋőňã ŕàěőąàăğőćăŋĺî ćĺďă:

A_μ → A_μ + ∂_μ~ . (3.40)

Ďńï ŕńőáłĺå ćőńŋ, ěáńĺ őčàăŋĺçĺâìáï ŕàěőąàăğőćăŋĺïňĺ, ŋě ňěŋïîéĺňĺ âăłőčő ćĺďă ŕőâěŋæĺăńă (â.ě. ěčő ŕàőŕőàæĺőŋăńìŋőáâĺ exp(−ik^μx_μ)), íâă ŋěőďŋőğŋăçŋőáâì áćőďĺâáï ł ćőğňőęŋőáâĺ ŕàĺąăćĺâì ł ăňŕńĺâãďě ćőńŋë ŕàőĺğćőńìŋëľ 4-ćěłâőà, ŕàőŕőàæĺőŋăńìŋëľ k^μ.

Ć áńãçăě ŕàőĺğćőńìŋőľ łăńĺąàőćłĺ, 4-ŕőâěŋæĺăń ŕőńï ŕàěďáâăćńïěâáï ć ćĺďě, őąőąéăîéěň (3.27): A^μ = ∑ kα (c_{kα}A^μ_{kα} + c^+_{kα}A^{μ∗}_{kα}) , (3.41)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 53

čďě ćőńŋőćëě äãŋłæĺĺ äőâőŋă ŕàěďáâăćńïîâáï ć ćĺďě:

A^μ_k = √ 4π e^μ √ 2ω e^{−ikν xν} , (3.42) čďě e^μ | ŕàőáâàăŋáâćěŋŋőŕőďőąŋëľ 4-ćěłâőà ŕőńïàĺğăæĺĺ, ãďőćńěâćőàïîéĺľ ãáńőćĺî e_μe^{μ∗} = −1. Ŕàőáâàăŋáâćěŋŋőŕőďőąŋëľ åăàăłâěà 4-ćěłâőàă ŕőńïàĺğăæĺĺ őçěćĺďěŋ ĺğ ãáńőćĺï çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ, ŕőáłőńìłã ćőńŋőćőľ ćěłâőà (ĺňŕãńìá) àěăńìŋőčő äőâőŋă ćáěčďă ńěęĺâ ŋă áćěâőćőň łőŋãáě. Ć âăłőľ ğăŕĺáĺ, ãŕőňïŋãâőě ćëèě łăńĺąàőćőçŋőě (čàăďĺěŋâŋőě) ŕàěőąàăğőćăŋĺě áćőďĺâáï ł

e_μ → e_μ + ~k_μ , (3.43)

čďě ~ = ~(k^μ) | ŕàőĺğćőńìŋăï áłăńïàŋăï äãŋłæĺï k^μ. Ŕőŕěàěçŋőáâì ŕőńïàĺğăæĺĺ őğŋăçăěâ, çâő ćáěčďă ćőğňőęŋă łăńĺąàőćłă, őąěáŕěçĺćăîéăï âàěåňěàŋãî ŕőŕěàěçŋőáâì, ć łőâőàőľ ćëąĺàăěâáï:

e^μ = (0, e) , e · k = 0 . (3.44)

Şáńőćĺě çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ, íłćĺćăńěŋâŋőě ãáńőćĺî Ńőàěŋæă (3.10), ğăŕĺáëćăěâáï ć ĺŋćăàĺăŋâŋőň ćĺďě:

e_μk^μ = 0 . (3.45)

İâő ãáńőćĺě, âăłęě łăł ĺ ãáńőćĺě e_μe^{μ∗} = −1, ŋě ŋăàãèăěâáï ŕàěőąàăğőćăŋĺěň (3.43) ć áĺńã âőčő, çâő ďńï àěăńìŋőčő äőâőŋă ćáěčďă ĺňěěň k^2 = 0 (àăćěŋáâćő ŋãńî ňăááë äőâőŋă, áćěâőćőľ łőŋãá!). Ĺğňěàĺňëě äĺğĺçěáłĺě ćěńĺçĺŋë, ěáâěáâćěŋŋő, ŋě ďőńęŋë ňěŋïâìáï ŕàĺ łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå.

Ťőâőŋë ŕőďçĺŋïîâáï áâăâĺáâĺłě Ąőğě. İâő őçěćĺďŋő ĺğ âőčő äăłâă, çâő çĺáńő äőâőŋőć Nk_α ć áőáâőïŋĺĺ kα ňőęěâ ŕàĺŋĺňăâì ńîąőě æěńőçĺáńěŋŋőě ğŋăçěŋĺě, ă âăłęě ĺğ ćĺďă łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ (3.26). Ąőğěćáłőě ŕőńě ňőęěâ ĺňěâì łńăááĺçěáłĺľ ŕàěďěń. Ĺğćěáâŋő, çâő áćőľáâćă łćăŋâőćőľ áĺáâěňë ŕàĺąńĺęăîâáï ł łńăááĺçěáłĺň, łőčďă ćěńĺłĺ łćăŋâőćëě çĺáńă, őŕàěďěńïîéĺě áőáâőïŋĺï áĺáâěňë. Ďńï íńěłâàőňăčŋĺâŋőčő ŕőńï íâő őğŋăçăěâ, çâő ćěńĺłĺ çĺáńă äőâőŋőć Nk_α. Ć íâőň áńãçăě, ňë ňőęěň ŕàěŋěąàěçì ěďĺŋĺæěľ ć ŕàăćőľ çăáâĺ łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ (3.26) (őçěćĺďŋő, çâő íâő áőőâćěâáâćãěâ ĺ ŕàěďěńã ~ → 0) ĺ ğăŕĺáăâì:

c^+k_αck_α ≈ ck_αc^+k_α , (3.46)

âăł çâő őŕěàăâőàë ck_α, c^+k_α ňőęŋő àăááňăâàĺćăâì łăł łńăááĺçěáłĺě ăňŕńĺâãďë ŕőńï. Őďŋăłő âãâ âàěąãěâáï ŋěłőâőàőě ãâőçŋěŋĺě, ŕőáłőńìłã ŕàĺ ćáěå Nk_α ≫ 1 ňë ŕőńãçĺň ąěáłőŋěçŋőáâì ŕàĺ áãňňĺàőćăŋĺĺ ŕő kα ć íŋěàčĺĺ ŕőńï (3.22).

Ťăłâĺçěáłĺ, äĺğĺçěáłĺľ áňëáń ĺňěěâ àăááňőâàěŋĺě ğŋăçěŋĺľ ŕőńï, ãáàěďŋěŋŋëå ŕő ŋěłőâőàëň łőŋěçŋëň ŕàőňěęãâłăň ćàěňěŋĺ ´t. Ć äãàìě-àăğńőęěŋĺĺ ãáàěďŋěŋŋőčő ŕőńï E őáŋőćŋőľ ćłńăď ďăěâ őąńăáâì çăáâőâ, ãďőćńěâćőàïîéĺå ãáńőćĺî ω´t < 1. Šăłĺň őąàăğőň, ŕàĺ ćëćőďě ãáńőćĺï łćăğĺłńăááĺçŋőáâĺ, ŋãęŋő àăááňăâàĺćăâì ńĺèì ŕőńěćëě őáæĺńńïâőàë á ω < 1/´t. Ůĺáńő őáæĺńńïâőàőć á çăáâőâăňĺ őâ ŋãńï ďő ω ∼ 1/´t, ŕő ŕőàïďłã ćěńĺçĺŋë, àăćŋő (V = 1): ( ω c )_3 ∼ 1 (c´t)^3

. (3.47)

54 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

İŋěàčĺï ŕőńï ć ěďĺŋĺæě őąêěňă ŕőàïďłă E^2. Ŕőďěńĺć íâã íŋěàčĺî ŋă çĺáńő őáæĺńńïâőàőć ĺ ŋă áàěďŋîî íŋěàčĺî äőâőŋă ∼ ~ω, ŕőńãçĺň őæěŋłã çĺáńă äőâőŋőć:

N ∼ E^2c^3 ~ω^{4 .} (3.48)

Šőčďă ĺğ ãáńőćĺï N ≫ 1 ĺ (3.47) ŕőńãçăěň: |E| ≫ √ ~c (c´t)^2

, (3.49)

çâő őŕàěďěńïěâ łàĺâěàĺľ łćăğĺłńăááĺçěáłőčő àăááňőâàěŋĺï ŕőńï^4. Ćĺďĺň, çâő ŕőńě ďőńęŋő ąëâì ďőáâăâőçŋő áĺńìŋëň, âěň áĺńìŋěě, çěň ňěŋìèě ĺŋâěàćăń ćàěňěŋĺ ´t. Ďńï ŕěàěňěŋŋőčő ŕőńï ´t ∼ ω^{−1}, âăł çâő ďőáâăâőçŋő áńăąőě ŕěàěňěŋŋőě ŕőńě ŋě ňőęěâ ąëâì łćăğĺłńăááĺçěáłĺň. Ńĺèì áâăâĺçěáłĺě ŕőńï, ďńï łőâőàëå ´t → ∞ ćáěčďă ňőęŋő áçĺâăâì łńăááĺçěáłĺňĺ.

Őą ĺğňěàĺňőáâĺ ŕőńěľ ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě.

Śãéěáâćőćăŋĺě ŕàěďěńìŋőľ áłőàőáâĺ àăáŕàőáâàăŋěŋĺï ćğăĺňőďěľáâćĺľ (áłőàőáâĺ áćěâă) ŕàĺćőďĺâ ł æěńőňã àïďã ďőŕőńŋĺâěńìŋëå őčàăŋĺçěŋĺľ ćőğňőęŋőáâěľ ĺğňěàěŋĺï àăğńĺçŋëå äĺğĺçěáłĺå ćěńĺçĺŋ ć àěńïâĺćĺáâáłőľ łćăŋâőćőľ âěőàĺĺ, ŕő áàăćŋěŋĺî á ŋěàěńïâĺćĺáâáłĺň áńãçăěň. İâőâ ćőŕàőá ąëń ŕàőăŋăńĺğĺàőćăŋ ŋă àăŋŋĺå íâăŕăå àăğćĺâĺï łćăŋâőćőľ âěőàĺĺ ŕőńï Ńăŋďăã ĺ Ŕăľěàńáőň. Łăçěáâćěŋŋőě őąáãęďěŋĺě íâĺå őčàăŋĺçěŋĺľ ňőęŋő ŋăľâĺ ćő Ććěďěŋĺĺ ł łŋĺčě [1]. Ć åőďě áćőěčő ăŋăńĺğă, Ńăŋďăã ĺ Ŕăľěàńá ŕőďŋïńĺ äãŋďăňěŋâăńìŋëľ ćőŕàőá ő ćőğňőęŋőáâĺ ĺğňěàěŋĺï áăňőčő íńěłâàőňăčŋĺâŋőčő ŕőńï. Ć çăáâŋőáâĺ, őŋĺ ãâćěàęďăńĺ, çâő ŕőáłőńìłã ĺğňěàěŋĺě ńîąőľ łőňŕőŋěŋâë íńěłâàĺçěáłőčő (ďńï őŕàěďěńěŋŋőáâĺ) ŕőńï âàěąãěâ őŕàěďěńěŋĺï ĺňŕãńìáă ğăàïęěŋŋőčő ŕàőąŋőčő âěńă, âő őąàăâŋőě ďěľáâćĺě ŕőńï, ĺğńãçěŋŋőčő ŕàĺ ćëŕőńŋěŋĺĺ âăłőľ őŕěàăæĺĺ, ćáěčďă ŕàĺćőďĺâ ł őčàăŋĺçěŋĺî âőçŋőáâĺ ĺğňěàěŋĺï ŕőńï. Śőőâćěâáâćěŋŋő âőçŋőě őŕàěďěńěŋĺě ŋăŕàïęěŋŋőáâĺ ŕőńï ŋěńìğï ććěáâĺ ć ŕàőâĺćőàěçĺĺ á àăááňőâàěŋŋëňĺ ćëèě őáŋőćăňĺ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ. İâő, ă âăłęě àïď ďàãčĺå őąáâőïâěńìáâć, łőâőàëě ňë ěéě àăááňőâàĺň ŋĺęě, ąëńĺ ŕàĺçĺŋőľ ďńĺâěńìŋőčő áłěŕâĺçěáłőčő őâŋőèěŋĺï Ńăŋďăã ł łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ąőńěě ďěâăńìŋő ćőŕàőá őą ĺğňěàĺňőáâĺ ŕőńěľ ąëń ŕàőăŋăńĺğĺàőćăŋ ć àăąőâăå Ąőàă ĺ Řőğěŋäěńìďă (áň. ĺŋâěàěáŋëľ őąğőà íâőľ ŕàőąńěňë ć áâăâìě Řőğěŋäěńìďă ć áą. [30]). Őłăğăńőáì, ć çăáâŋőáâĺ, çâő ćőŕàőá àěèăěâáï (ć ďãåě łőŕěŋčăčěŋáłőľ ĺŋâěàŕàěâăæĺĺ łćăŋâőćőľ ňěåăŋĺłĺ) ŕàĺ ĺáŕőńìğőćăŋĺĺ ŕàőâïęěŋŋëå ŕàőąŋëå âěń. Ć áăňőň ďěńě, àăááňőâàĺň ĺğňěàěŋĺě łőňŕőŋěŋâë íńěłâàĺçěáłőčő ŕőńï Ex, ãáàěďŋěŋŋőľ ŕő őąêěňã V ĺ ĺŋâěàćăńã ćàěňěŋĺ T . Ćőğìňěň ŕàőąŋőě âěńő, ğăŕőńŋïîéěě őąêěň V á àăćŋőňěàŋőľ ŕńőâŋőáâìî ğăàïďă ρ, ĺ ĺğňěàĺň ěčő ĺňŕãńìáë p^′_x ĺ p^{′′}_x ć ŋăçăńě ĺ łőŋæě ćàěňěŋŋőčő ĺŋâěàćăńă T . Śďěńăć ŕàőąŋőě âěńő ďőáâăâőçŋő âïęěńëň, ňőęŋő ŕàőĺğćőńìŋő ãňěŋìèĺâì ěčő áňěéěŋĺě ć âěçěŋĺě íâőčő ĺŋâěàćăńă ćàěňěŋĺ, ă ďńï áàěďŋěčő ğŋăçěŋĺï —E_x ŕőńãçĺâì:

—E_xρV T = p^{′′}_{x −} p^′_x . (3.50)

Őďŋăłő, őŕàěďěńěŋĺě ĺňŕãńìáă ŕàőąŋőčő âěńă ŋěĺğąěęŋő ćńěçěâ ğă áőąőľ ŋěłőâőàãî őèĺąłã ´x ć őŕàěďěńěŋĺĺ ěčő łőőàďĺŋăâë ć áőőâćěâáâćĺĺ á őąëçŋëň áőőâŋőèěŋĺěň ŋěőŕàěďěńěŋŋőáâĺ: ´px ∼

~/´x. Šőčďă ćőğŋĺłăěâ ĺ ŋěâőçŋőáâì ´^—Ex ć ğŋăçěŋĺĺ ŕőńï^—Ex, àăćŋăï łăł ŋěâàãďŋő ćĺďěâì: ´ —Ex ∼~ ρV T ´x . (3.51)

Ŋő íâő őèĺąłã ňőęŋő áďěńăâì ŕàőĺğćőńìŋő ňăńőľ, ãćěńĺçĺćăï ŕńőâŋőáâì ğăàïďă ŕàőąŋőčő âěńă.

Ăŋăńőčĺçŋëň őąàăğőň ãďăěâáï ŕàőăŋăńĺğĺàőćăâì ćőğňőęŋőáâì âőçŋëå ĺğňěàěŋĺľ ğăàïďőć ĺ âőłőć [30]. Ŕő ňŋěŋĺî Ąőàă ĺ Řőğěŋäěńìďă, âăłĺň őąàăğőň ďěňőŋáâàĺàãěâáï ŋěŕàőâĺćőàěçĺćőáâì őáŋőćŋëå ŕőŋïâĺľ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ. Ğăňěâĺň, ćŕàőçěň, çâő áăňă łőŕěŋčăčěŋáłăï ĺŋâěàŕàěâăæĺï łćăŋâőćőľ âěőàĺĺ, ĺáŕőńìğãîéăï ć łăçěáâćě áãéěáâćěŋŋőčő íńěňěŋâă çĺáâő łńăááĺçěáłĺě ŕàěďáâăćńěŋĺï, ć ŋăáâőïéěě ćàěňï ŕěàěáâăńă ąëâì őąéěŕàĺŋïâőľ (ĺńĺ, ŕő łàăľŋěľ ňěàě, ćŕőńŋě ãďőćńěâćőàĺâěńìŋőľ á âőçłĺ ğàěŋĺï ňŋőčĺå ĺááńěďőćăâěńěľ). Ăćâőàã ŋěĺğćěáâŋë àăąőâë, ć łőâőàëå ćőŕàőá őą ĺğňěàĺňőáâĺ ŕőńěľ àăááňăâàĺćăńáï ąë á ąőńěě áőćàěňěŋŋëå ŕőğĺæĺľ.

4Ďńï ŋăčńïďŋőáâĺ ć íâĺå őæěŋłăå c ĺ ~ ćëŕĺáăŋë ć ïćŋőň ćĺďě.

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 55

Řĺá. 3-1

Ćăłããňŋëě äńãłâãăæĺĺ ĺ íääěłâ Łăğĺňĺàă.

Řěăńìŋőáâì ćăłããňŋëå (\ŋãńěćëå") äńãłâãăæĺľ íńěłâàőňăčŋĺâŋőčő ŕőńï ŕàěłàăáŋő ĺńńîáâàĺàãěâáï àăááňőâàěŋĺěň âăł ŋăğëćăěňőčő íääěłâă Łăğĺňĺàă [10]. Řăááňőâàĺň ďćě ąőńìèĺě ĺďěăńìŋő ŕàőćőďïéĺě ňěâăńńĺçěáłĺě ŕńăáâĺŋë, ŕőňěéěŋŋëě ć ćăłããňě, ŋă àăááâőïŋĺĺ a ďàãč őâ ďàãčă, łăł íâő ŕőłăğăŋő ŋă Řĺá. 3-1. Ŕãáâì ŕńăáâĺŋë ŕàěďáâăćńïîâ áőąőľ łćăďàăâë áő áâőàőŋőľ L, ŕàĺçěň L ≫ a. Řăááňőâàĺň ňőďë łőńěąăŋĺľ íńěłâàőňăčŋĺâŋőčő ŕőńï ć őąêěňě L^2a. Čàăŋĺçŋëě ãáńőćĺï áőáâőïâ ć âőň, çâő ćěłâőà íńěłâàĺçěáłőčő ŕőńï E ŕěàŕěŋďĺłãńïàěŋ, ă ćěłâőà ňăčŋĺâŋőčő ŕőńï B ŕăàăńńěńěŋ ŕńăáâĺŋě ŋă ćŋãâàěŋŋěľ ŕőćěàåŋőáâĺ. Ćłńăď ć íŋěàčĺî ćŋőáïâ âőńìłő ŕőŕěàěçŋëě ňőďë. Ěáńĺ łőňŕőŋěŋâă kz , ŕěàŕěŋďĺłãńïàŋăï ŕőćěàåŋőáâĺ ŕńăáâĺŋ, őâńĺçŋă őâ ŋãńï, âő őŋă ňőęěâ ŕàĺŋĺňăâì âőńìłő ďĺáłàěâŋëě ğŋăçěŋĺï kz = nπ/a (n = 1, 2, ...), çâőąë ãğńë (ŋãńĺ) ŕőńï àăáŕőńăčăńĺáì ŋă ŕńăáâĺŋăå. Ŕàĺ íâőň ŋãęŋő ěéě ãçěáâì ďćă áőáâőïŋĺï ŕőńïàĺğăæĺĺ. Ěáńĺ ęě kz = 0, âő őáâăěâáï âőńìłő őďŋă ňőďă (íńěłâàĺçěáłăï áőáâăćńïîéăï ã íâőľ ňőďë ŕàőáâő àăćŋă ŋãńî ć áĺńã őâáãâáâćĺï âăŋčěŋæĺăńìŋőčő íńěłâàĺçěáłőčő ŕőńï ŋă ŕőćěàåŋőáâĺ ĺďěăńìŋőčő ŕàőćőďŋĺłă). Šőčďă íŋěàčĺï ŋãńěćëå łőńěąăŋĺľ íńěłâàőňăčŋĺâŋőčő ŕőńï ć àăááňăâàĺćăěňőň őąêěňě ňěęďã ŕńăáâĺŋăňĺ àăćŋă: E = ∑ kα 1 2 ~ω_{kα} =^∑_{kα}^1_2 ~c|kα| = ~^c_2 L^{2 ∫ d2k‖}_{(2π)2} [ |k_‖| + 2 ∞∑ n=1 √ k^2_‖ + n^2π^2

a^2 ] . (3.52)

İâő ćëàăęěŋĺě, łăł ńěčłő ćĺďěâì, ąěáłőŋěçŋő. Ćëçâěň, őďŋăłő, ĺğ ŋěčő ăŋăńőčĺçŋőě ćëàăęěŋĺě ďńï íŋěàčĺĺ ćăłããňŋëå äńãłâãăæĺľ ć âőň ęě őąêěňě, ŋő ć őâáãâáâćĺě ňěâăńńĺçěáłĺå ŕńăáâĺŋ:

E_0 =~ c 2 L^2 ∫ d^2k_‖ (2π)^2 a ∞∫ −∞ dkz 2π 2 √ k^2_‖ + k^2_z =~ c 2 L^2 ∫ d^2k_‖ (2π)^2 2 ∞∫ 0 dn √ k^2_‖ + n^2π^2/a^2 . (3.53)

Šőčďă ĺğňěŋěŋĺě íŋěàčĺĺ ćăłããňă, ćëğćăŋŋőě ććěďěŋĺěň ć ŋěčő ňěâăńńĺçěáłĺå ŕńăáâĺŋ, ć àăáçěâě ŋă ěďĺŋĺæã ĺå ŕőćěàåŋőáâĺ àăćŋő:

E = E^− E^0

L^2 = ~c_{2π}^{∞∫} 0 dk k k 2 + ∞∑ n=1 √ k^2 + n^2π^2/a^2 − ∞∫ 0 dn √ k^2 + n^2π^2/a^2

. (3.54)

İâő ćëàăęěŋĺě, ŕő ŕàěęŋěňã, ąěáłőŋěçŋő ĺğ-ğă ãńìâàăäĺőńěâőćëå (ŕàĺ ąőńìèĺå k) àăáåőďĺňőáâěľ. Şçâěň, őďŋăłő, çâő ďńï ďńĺŋ ćőńŋ ňěŋìèĺå, çěň àăğňěàë ăâőňă, ŕàĺąńĺęěŋĺě ĺďěăńìŋőčő ŕàőćőďŋĺłă (àăááňăâàĺćăěňőčő łăł áŕńőèŋăï áàěďă) ŋěŕàĺňěŋĺňő. Ŕőíâőňã ććěďěň ć ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć (3.54) ŋěłőâőàãî čńăďłãî äãŋłæĺî őąàěğăŋĺï f(k), łőâőàăï àăćŋă ěďĺŋĺæě ŕàĺ k < km ĺ őąàăéăěâáï ć ŋãńì ŕàĺ k ≫ km, čďě km ŕőàïďłă őąàăâŋëå ăâőňŋëå àăğňěàőć. Šőčďă

56 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

ňőęŋő ŋăŕĺáăâì:

E = ~c^{π2}_{4a3} ∞∫ 0 du [_√ u 2 f ( π a √ u ) + ∞∑ n=1 √ u + n^2f (π a √ u + n^2 )

− ∞∫ 0 dn √ u + n^2f ( π a √ u + n^2 ) , (3.55)

čďě ććěďěŋă ąěğàăğňěàŋăï ŕěàěňěŋŋăï ĺŋâěčàĺàőćăŋĺï u = a^2k^2/π^2. Ŕőáńěďŋěě ćëàăęěŋĺě ňőęŋő ŕěàěŕĺáăâì łăł:

E = ~c^{π2}_{4a3} 1 2 F (0) + F (1) + F (2) + ... − ∞∫ 0 dn F (n) , (3.56)

čďě ňë őŕàěďěńĺńĺ äãŋłæĺî:

F (n) = ∞∫ 0 du √ u + n^2f ( π a √ u + n^2 ) . (3.57)

Ŕàĺ n → ∞ ĺňěěň F (n) → 0 ć áĺńã áćőľáâć äãŋłæĺĺ őąàěğăŋĺï. Ďńï ćëçĺáńěŋĺï àăğŋőáâĺ ňěęďã áãňňőľ ĺ ĺŋâěčàăńőň, áâőïéěľ ć łćăďàăâŋëå áłőąłăå ć (3.56), ňőęŋő ćőáŕőńìğőćăâìáï äőàňãńőľ áãňňĺàőćăŋĺï İľńěàă { Ňăłńőàěŋă, ğăŕĺáăć ěě ć ćĺďě: 1 2 F (0) + F (1) + F (2) + ... − ∞∫ 0 dn F (n) = − 1 2! B_2F^′(0) − 1 4! B_4F^{′′′}(0) + ... , (3.58)

čďě äĺčãàĺàãîâ çĺáńă Ąěàŋãńńĺ Bν, őŕàěďěńïěňëě á ŕőňőéìî àïďă: y e^y − 1 = ∞∑ ν=0 Bν y^ν ν! . (3.59)

Ć çăáâŋőáâĺ, B_2 = 1/6, B_4 = −1/30, ... . Ňë ĺňěěň:

F (n) = ∞∫ n2 du √ uf ( π √ u a ) , F^′(n) = −2n^2f ( πn a ) . (3.60)

Ŕàěďŕőńăčăï, çâő f(0) = 1 ĺ ćáě ěě ŕàőĺğćőďŋëě őąàăéăîâáï ć ŋãńì ŕàĺ ŋãńěćőň ğŋăçěŋĺĺ ăàčãňěŋâă, ĺňěěň F^′(0) = 0, F^{′′′}(0) = −4, ă ŕàőĺğćőďŋëě F ąőńěě ćëáőłőčő ŕőàïďłă àăćŋë ŋãńî. Šăłĺň őąàăğőň, ć őłőŋçăâěńìŋëľ àěğãńìâăâ ŕăàăňěâà őąàěğăŋĺï ćőőąéě ŋě ćåőďĺâ, ĺ ňë ŕőńãçăěň:

E = ~cπ^2_{a3} B4_{4! = −} π^2_{720} ~c_{a3 . (3.61)}

Šőčďă áĺńă, ďěľáâćãîéăï ŋă ěďĺŋĺæã ŕńőéăďĺ ŕńăáâĺŋ, àăćŋă:

F = − π^2 240 ~c_{a4 . (3.62)}

Őâàĺæăâěńìŋëľ ğŋăł áőőâćěâáâćãěâ ŕàĺâïęěŋĺî. Ğăňěçăâěńìŋő, çâő áãéěáâćőćăŋĺě âăłőľ, çàěğćëçăľŋő áńăąőľ, áĺńë ŕàĺâïęěŋĺï, æěńĺłőň őąãáńőćńěŋŋőľ ćăłããňŋëňĺ äńãłâãăæĺïňĺ íńěłâàőňăčŋĺâŋőčő ŕőńï, ąëńő íłáŕěàĺňěŋâăńìŋő őąŋăàãęěŋő, ă äőàňãńă (3.62) ąëńă ŋěŕőáàěďáâćěŋŋő ŕàőćěàěŋă. Ěéě ąőńěě ãďĺćĺâěńìŋő, çâő áãéěáâćőćăŋĺě áĺńë Łăğĺňĺàă, ć ŋăáâőïéěě ćàěňï, ŕàĺåőďĺâáï ãçĺâëćăâì^5 ŕàĺ łőŋáâàãĺàőćăŋĺĺ ĺ őąěáŕěçěŋĺĺ àăąőâë áőćàěňěŋŋëå ňĺłàőňăèĺŋ! İâő ďőłăğëćăěâ, çâő \ŋãńěćëě" łőńěąăŋĺï íńěłâàőňăčŋĺâŋőčő ŕőńï ćŕőńŋě àěăńìŋë.

5A.Lambrecht. Physics World 15, No.9, 29 (2002)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 57

Ąőğőŋë.

Śłăńïàŋëě çăáâĺæë.

Řăááňőâàĺň çăáâĺæë áő áŕĺŋőň 0. Śőáâőïŋĺě áćőąőďŋőľ ąěááŕĺŋőćőľ çăáâĺæë ŕőńŋőáâìî őŕàěďěńïěâáï ğăďăŋĺěň ěě ĺňŕãńìáă p. Ŕàĺ íâőň ěě íŋěàčĺï εp őŕàěďěńïěâáï ĺğ: ε^2p = p^2 + m^2 ĺńĺ p^2 = m^2 (3.63)

ĺńĺ, łăł čőćőàïâ, çăáâĺæă ńěęĺâ ŋă \ňăááőćőľ ŕőćěàåŋőáâĺ". Śőåàăŋěŋĺě íŋěàčĺĺĺňŕãńìáă ïćńïěâáï áńěďáâćĺěň őďŋőàőďŋőáâĺ ŕàőáâàăŋáâćă- ćàěňěŋĺ. Ć łćăŋâőćőľ ňěåăŋĺłě âàěąőćăŋĺě áĺňňěâàĺĺ ŕő őâŋőèěŋĺî ł ŕàőĺğćőńìŋőňã áňěéěŋĺî áĺáâěňë łőőàďĺŋăâ őğŋăçăěâ, çâő ćőńŋőćăï äãŋłæĺï çăáâĺæë á 4-ĺňŕãńìáőň p ŕàőáâő ãňŋőęăěâáï ŋă äăğőćëľ ňŋőęĺâěńì, àăćŋëľ ŕő ňőďãńî ěďĺŋĺæě. İâőňã âàěąőćăŋĺî ãďőćńěâćőàïěâ ńĺèì ŕńőáłăï ćőńŋă:

const · e^{−ipx} , px = εpt − pr . (3.64)

Ćőńŋőćőě ãàăćŋěŋĺě ďńï ŋăèĺå çăáâĺæ ďőńęŋő ĺňěâì (3.64) ć łăçěáâćě çăáâŋőčő àěèěŋĺï ďńï ńîąëå p, ãďőćńěâćőàïîéĺå ãáńőćĺî (3.63). İâő ãàăćŋěŋĺě ďőńęŋő ąëâì ńĺŋěľŋëň, çâő ćëàăęăěâ ŕàĺŋæĺŕ áãŕěàŕőğĺæĺĺ: ńîąăï ńĺŋěľŋăï łőňąĺŋăæĺï àěèěŋĺľ âăłęě őŕĺáëćăěâ ćőğňőęŋőě áőáâőïŋĺě áćőąőďŋőľ çăáâĺæë. Ŋăłőŋěæ, ŕő ćőğňőęŋőáâĺ, íâő ãàăćŋěŋĺě ďőńęŋő ąëâì ďőáâăâőçŋő ŋĺğłőčő ŕőàïďłă ŕő ŕàőĺğćőďŋëň.

Śŕĺŋ çăáâĺæë | íâő ěě ňőňěŋâ ĺňŕãńìáă ć áĺáâěňě ŕőłőï, ă áőáâőïŋĺě çăáâĺæë ć áĺáâěňě ŕőłőï őŕĺáëćăěâáï ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłőľ. Šőčďă, ěáńĺ áŕĺŋ çăáâĺæë àăćěŋ s, âő ć áĺáâěňě ŕőłőï ěě ćőńŋőćăï äãŋłæĺï ďőńęŋă ĺňěâì 2s+1 łőňŕőŋěŋâã (ŕàěďáâăćńïâìáï âàěåňěàŋëň áŕĺŋőàőň àăŋčă 2s) [29]. Ůăáâĺæă áő áŕĺŋőň s = 0 ć áĺáâěňě ŕőłőï őŕĺáëćăěâáï âàěåňěàŋëň áłăńïàőň. Ŋő íâőâ âàěåňěàŋëľ áłăńïà ňőęěâ ĺňěâì ďćőïłőě çěâëàěåňěàŋőě \ŕàőĺáåőęďěŋĺě" [1]: íâő ňőęěâ ąëâì çěâëàěåňěàŋëľ áłăńïà φ, ŋő íâő ňőęěâ ąëâì ĺ ćàěňěŋŋăï łőňŕőŋěŋâă ψ_0 ćàěňěŋĺŕőďőąŋőčő 4-ćěłâőàă ψ_μ, âăłőčő, çâő ć áĺáâěňě ŕőłőï âőńìłő ψ_0 ĺ őâńĺçŋă őâ ŋãńï. âěŋğőàë ąőńěě ćëáőłőčő àăŋčă ňőęŋő ŋě àăááňăâàĺćăâì, ŕőáłőńìłã őŋĺ ŕàĺćőďïâ ł ãàăćŋěŋĺïň ąőńěě ćëáőłĺå ŕőàïďłőć.

Ďńï áćőąőďŋőľ çăáâĺæë, ěďĺŋáâćěŋŋëň ďĺääěàěŋæĺăńìŋëň őŕěàăâőàőň, łőâőàëľ ňőęěâ ćőľâĺ ć ćőńŋőćőě ãàăćŋěŋĺě, ïćńïěâáï őŕěàăâőà 4-ĺňŕãńìáă p:

p^μ = i∂^μ = ( i ∂ ∂t , −i∇ ) . (3.65)

Ćőńŋőćőě ãàăćŋěŋĺě ďőńęŋő ŕàěďáâăćńïâì áőąőľ ďĺääěàěŋæĺăńìŋãî áćïğì φ ĺ ψ_μ á ŕőňőéìî őŕěàăâőàă p^μ, ãďőćńěâćőàïîéãî ãáńőćĺî àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ. Őçěćĺďŋő, çâő ŕàőáâěľèĺľ ćăàĺăŋâ âăłőľ áćïğĺ ĺňěěâ ćĺď:

p_μφ = mψ_μ , p^μψ_μ = mφ , (3.66)

čďě m | áłăńïà, åăàăłâěàĺğãîéĺľ çăáâĺæã^6. Ŕőďáâăćńïï ψ_μ ĺğ ŕěàćőčő ãàăćŋěŋĺï ć (3.66) ćő ćâőàőě, ŕőńãçăěň:

(p^2 − m^2)φ = 0 , (3.67)

6Ććőďĺâì ďćă áłăńïàă m_1, m_2 ąěááňëáńěŋŋő, ŕőáłőńìłã ĺå ćáěčďă ňőęŋő áďěńăâì őďĺŋăłőćëňĺ áőőâćěâáâćãîéĺň ŕěàěőŕàěďěńěŋĺěň ćěńĺçĺŋ φ, ψμ

58 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

çâő áőćŕăďăěâ á àăááňőâàěŋŋëň ćëèě ãàăćŋěŋĺěň Łńěľŋă { Čőàďőŋă (2.11), (2.32) ďńï áłăńïàŋőčő ŕőńï φ. Ŕőďáâăćńïï φ ∼ e^{−ipx} ć (3.67), ĺňěěň p^2 = m^2, âăł çâő (3.63) ãďőćńěâćőàïěâáï, ă áłăńïà m ĺňěěâ áňëáń ňăááë (ŕőłőï) çăáâĺæë. Ŕőáłőńìłã (3.63) áŕàăćěďńĺćő ďńï àěńïâĺćĺáâáłőľ çăáâĺæë á ńîąëň áŕĺŋőň, ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă, äăłâĺçěáłĺ, ďőńęŋë ãďőćńěâćőàïâì łőňŕőŋěŋâë ćőńŋőćőľ äãŋłæĺĺ áćőąőďŋőľ çăáâĺæë á ńîąëň áŕĺŋőň.

Śćőľáâćă áłăńïàŋőčő ŕőńï, ãďőćńěâćőàïîéěčő ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă, ãęě ďőćőńìŋő ŕőďàőąŋő ăŋăńĺğĺàőćăńĺáì ćëèě. Ąãďěň, ďńï őąéŋőáâĺ, àăááňăâàĺćăâì áàăğã áńãçăľ łőňŕńěłáŋőčő ŕőńï. Ěčő âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă ăŋăńőčĺçŋő (2.53) ďăěâáï ćëàăęěŋĺěň:

T^{μν} = (∂^μφ^∗)(∂^ν φ) + (∂^μφ)(∂^ν φ^∗) − g^{μν} L , (3.68)

čďě ńăčàăŋęĺăŋ L őŕàěďěńěŋ ć (2.60). Ć çăáâŋőáâĺ:

T_{00} = ∂φ^∗ ∂t ∂φ ∂t + ∇φ^∗ · ∇φ + m^2φ^∗φ , (3.69)

T_{i0} = ∂φ^∗ ∂t ∂φ ∂x^i + ∂φ^∗ ∂x^i ∂φ ∂t . (3.70)

Šőčďă 4-ĺňŕãńìá ŕőńï őŕàěďěńïěâáï ĺŋâěčàăńőň:

P_μ = ∫ d^3rT_{μ0} . (3.71)

Ĺğ (3.69) ňë ćĺďĺň, çâő T_{00} > 0, âăł çâő íŋěàčĺï ïćńïěâáï ŕőńőęĺâěńìŋő őŕàěďěńěŋŋőľ, çâő, łáâăâĺ, ĺ őŕàěďěńïěâ ćëąőà ğŋăłőć ć ńăčàăŋęĺăŋě.

Ćëàăęěŋĺě (3.69) ňőęŋő ĺáŕőńìğőćăâì ďńï ŋőàňĺàőćłĺ ŕőńï. Ŕńőáłăï ćőńŋă, ŋőàňĺàőćăŋŋăï \ŋă őďŋã çăáâĺæã ć őąêěňě V = 1" ğăŕĺèěâáï łăł:

ψp = 1√ 2εp^{e−ipx .} (3.72)

Ć áăňőň ďěńě, ćëçĺáńïï (3.69) ďńï (3.72), ŕőńãçĺň T_{00} = εp, âăł çâő ŕőńŋăï íŋěàčĺï ć őąêěňě V = 1 őłăğëćăěâáï àăćŋőľ íŋěàčĺĺ őďŋőľ çăáâĺæë.

Ŕěàěľďěň ł łćăŋâőćăŋĺî. Řăááňőâàĺň àăğńőęěŋĺě ŕàőĺğćőńìŋőľ ćőńŋőćőľ äãŋłæĺĺ (ŕőńï) ŕő áőąáâćěŋŋëň äãŋłæĺïň ŕőńŋőčő ŋăąőàă ćőğňőęŋëå áőáâőïŋĺľ áćőąőďŋőľ çăáâĺæë, ŋăŕàĺňěà, ŕő ŕńőáłĺň ćőńŋăň ψ_p ĺğ (3.72): φ = ∑ p^a pψp , φ^∗ =^∑ p^a

∗p^{ψ∗}p^. (3.73)

Ŕàőæěďãàă łćăŋâőćăŋĺï áćőďĺâáï ł ğăňěŋě łőíääĺæĺěŋâőć ap, a^∗p áőőâćěâáâćãîéĺňĺ őŕěàăâőàăňĺ ãŋĺçâőęěŋĺï ĺ àőęďěŋĺï ^ap , ^a^+p.

Ŕàĺŋæĺŕĺăńìŋëň ňőňěŋâőň àěńïâĺćĺáâáłőľ âěőàĺĺ ïćńïěâáï, őďŋăłő, áãéěáâćőćăŋĺě ďćãå àěèěŋĺľ ãàăćŋěŋĺï (3.63), ĺğ łőâőàőčő ďńï íŋěàčĺĺ çăáâĺæë ŕőńãçăěň:

εp = ±^√p^2 + m^2 . (3.74)

Ťĺğĺçěáłĺľ áňëáń ĺňěîâ âőńìłő εp > 0, ŕőáłőńìłã ŋăńĺçĺě (ć ŕàĺŋæĺŕě áłőńì ãčőďŋő ąőńìèĺå) őâàĺæăâěńìŋëå íŋěàčĺľ çăáâĺæë őğŋăçăěâ ŋěãáâőľçĺćőáâì áĺáâěňë

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 59

(őâáãâáâćĺě őáŋőćŋőčő áőáâőïŋĺï). Ŕàőáâő őâąàőáĺâì àěèěŋĺï á εp < 0 ŋěńìğï, ŕőáłőńìłã őąéěě àěèěŋĺě ćőńŋőćőčő ãàăćŋěŋĺï ŕàěďáâăćńïěâ áőąőľ áãŕěàŕőğĺæĺî ćáěå ŋěğăćĺáĺňëå çăáâŋëå àěèěŋĺľ ĺ àăğńőęěŋĺě ŕőńï áńěďãěâ ćěáâĺ ŕő ŕőńŋőňã ŋăąőàã áőąáâćěŋŋëå äãŋłæĺľ. Ğăŕĺèěň: φ = ∑ p 1√ 2εp^a

(+)p^{ei(}pr^{−ε}p^{t)} +^∑ p 1√ 2εp^a

(−)p^{ei(}pr^{+ε}p^{t) ,} (3.75)

čďě ć ŕěàćőľ áãňňě áâőïâ ŕńőáłĺě ćőńŋë á ŕőńőęĺâěńìŋëňĺ, ă ćő ćâőàőľ { á őâàĺæăâěńìŋëňĺ çăáâőâăňĺ. Ğďěáì ĺ ďăńěě ćěğďě ŕőďàăğãňěćăěň, çâő εp = √ p^2 + m^2,

â.ě. ŕőńőęĺâěńìŋő őŕàěďěńěŋŋãî íŋěàčĺî äĺğĺçěáłőľ çăáâĺæë.

Řěæěŕâ ŕàăćĺńìŋőčő ŕěàěåőďă ł ŕàěďáâăćńěŋĺî ćâőàĺçŋőčő łćăŋâőćăŋĺï ňőęěâ âěŕěàì ąëâì áäőàňãńĺàőćăŋ áńěďãîéĺň őąàăğőň:

• a^{(+)}p → ^ap | őŕěàăâőà ãŋĺçâőęěŋĺï çăáâĺæë á ĺňŕãńìáőň p.

• a^{(−)}p → ^b^+_−p | őŕěàăâőà àőęďěŋĺï ăŋâĺçăáâĺæë á ĺňŕãńìáőň −p.

Ŕőáńěďŋïï ğăňěŋă ćőğŋĺłăěâ ĺğ âőčő, çâő ćàěňěŋŋăï ğăćĺáĺňőáâì ćő ćâőàőľ áãňňě ć (3.75) e^{iε}p^t = (e^{−iε}p^t)^∗ áőőâćěâáâćãěâ ŕőïćńěŋĺî őďŋőľ \ńĺèŋěľ" çăáâĺæë á íŋěàčĺěľ εp ć łőŋěçŋőň áőáâőïŋĺĺ (ŕàĺ ćëçĺáńěŋĺĺ ńîąőčő ňăâàĺçŋőčő íńěňěŋâă ŕěàěåőďă, ćłńîçăîéěčő ć áěąï ŕőńě φ). Šěŕěàì, ğăňěŋïï ćő ćâőàőľ áãňňě p → −p, ğăŕĺèěň:

^φ = ∑ p 1√ 2εp ( ^ap^{e−ipx} + ^^{b+}p^{eipx} ) , ^φ^+ = ∑ p 1√ 2εp ( ^a^+pe^{ipx} + ^bpe^{−ipx} ) . (3.76)

Šěŕěàì őŕěàăâőàë ^ap ĺ ^bp ć àăğńőęěŋĺĺ (3.76) őłăğëćăîâáï ãňŋőęěŋŋëňĺ ŋă \ŕàăćĺńìŋëě" ňŋőęĺâěńĺ e^{−iε}p^t, ă őŕěàăâőàë ^a^+p ĺ ^b^+p | ŋă łőňŕńěłáŋő áőŕàïęěŋŋëě e^{iε}p^t. Őąă ćĺďă çăáâĺæ (çăáâĺæë ĺ ăŋâĺçăáâĺæë), őŕěàăâőàë łőâőàëå ćåőďïâ ć őďĺŋ ^φ-őŕěàăâőà, őçěćĺďŋő, ĺňěîâ őďĺŋăłőćëě ňăááë.

Ŕőďáâăćńïï őŕěàăâőàŋőě àăğńőęěŋĺě (3.76) ć (3.69) ĺ ĺŋâěčàăń ∫ d^3rT_{00}, őŕàěďěńïîéĺľ íŋěàčĺî ŕőńï, ŋăåőďĺň čăňĺńìâőŋĺăŋ ć ćĺďě: H = ∑ p^ε p^(^a^+p^ap + ^bp^b^+p^) . (3.77)

Ťĺğĺçěáłĺ àăğãňŋëľ àěğãńìâăâ ďńï áőąáâćěŋŋëå ğŋăçěŋĺľ íâőčő őŕěàăâőàă (ŕőńőęĺâěńìŋăï őŕàěďěńěŋŋőáâì íŋěàčĺĺ), ŕőńãçăěâáï âőńìłő ěáńĺ őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ãďőćńěâćőàïîâ ąőğěćáłĺň łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

[^ap^, ^^{a+}p] = [^^bp^, ^^{b+}p] = 1^, [^^ap^, ^^bp] = [^^ap^, ^^{b+}p] =^{. . .} = 0^. (3.78)

Ć áăňőň ďěńě, ŕőńìğãïáì íâĺňĺ łőňňãâăæĺőŋŋëňĺ áőőâŋőèěŋĺïňĺ, ňőęŋő ŕàěďáâăćĺâì čăňĺńìâőŋĺăŋ (3.77) ć ćĺďě: H = ∑ p^ε p(a^+pap + b^+pbp + 1) . (3.79)

60 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ćëèě ňë ãęě ćĺďěńĺ, çâő ć ŕàěďáâăćńěŋĺĺ çĺáěń ğăŕőńŋěŋĺï áőąáâćěŋŋëě ğŋăçěŋĺï ąőğěćáłĺå őŕěàăâőàőć a^+pap ĺ b^+pbp àăćŋë æěńëň ŋěőâàĺæăâěńìŋëň çĺáńăň, łőâőàëě ňë ąãďěň őąőğŋăçăâì, áőőâćěâáâćěŋŋő, łăł Np ĺ —Np (çĺáńő çăáâĺæ ĺ ăŋâĺçăáâĺæ ć áőáâőïŋĺĺ á ďăŋŋëň ĺňŕãńìáőň). Šőčďă íŋěàčĺî ĺ ĺňŕãńìá ŋăèěčő ŕőńï, őâąàőáĺć (ąěáłőŋěçŋãî) íŋěàčĺî ćăłããňă, ňőęŋő ğăŕĺáăâì łăł: E = ∑ p^ε p(Np + —Np) , (3.80)

P =^∑ p p(Np + —Np) . (3.81)

Ťőàňăńìŋëľ ćëćőď ŕőáńěďŋěčő ćëàăęěŋĺï ňőęŋő ćëŕőńŋĺâì á ŕőňőéìî (3.70), (3.71). Ěáńĺ ąë ňë ŕàĺŋïńĺ ďńï őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ăŋâĺłőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï äěàňĺěćáłőčő âĺŕă, âő ćňěáâő (3.79) ŕőńãçĺńĺ ąë H = ∑ p^εp(^{a+}p^ap^{−b+}p^bp+1), â.ě. ŋě ŕőńőęĺâěńìŋő őŕàěďěńěŋŋőě ćëàăęěŋĺě (őâáãâáâćĺě

őáŋőćŋőčő áőáâőïŋĺï). Šăłĺň őąàăğőň, çăáâĺæë áő áŕĺŋőň 0 (áłăńïàŋëě çăáâĺæë), ïćńïîâáï ąőğőŋăňĺ.

Ćëèě ňë ćĺďěńĺ, çâő ďńï łőňŕńěłáŋőčő áłăńïàŋőčő ŕőńï ćëŕőńŋïěâáï ĺ ğăłőŋ áőåàăŋěŋĺï ğăàïďă (2.70). Ğăňěŋïï ć ćëàăęěŋĺĺ ďńï ŕńőâŋőáâĺ âőłă (2.68) łńăááĺçěáłĺě ŕőńï φ, φ^∗ ŋă őŕěàăâőàë ^φ , ^φ^+ ĺğ (3.76) ĺ ŕàőćőďï íńěňěŋâăàŋëě ćëłńăďłĺ, ŕőńãçĺň ĺğ (2.70): Q = ∑ p (a^+pap − bpb^+p) = ∑ p (a^+pap − b^+pbp − 1) , (3.82)

čďě ŕàĺ ŕěàěåőďě ł ŕőáńěďŋěňã àăćěŋáâćã őŕïâì ćőáŕőńìğőćăńĺáì łőňňãâăæĺőŋŋëňĺ áőőâŋőèěŋĺïňĺ (3.78). Śőąáâćěŋŋëě ğŋăçěŋĺï íâőčő őŕěàăâőàă, ğă ćëçěâőň ćăłããňŋőčő ćłńăďă, ŕàěďáâăćńïîâáï ć ćĺďě: Q = ∑ p (Np − —Np) , (3.83)

őâłãďă ćĺďŋő, çâő ğăàïďë çăáâĺæ ĺ ăŋâĺçăáâĺæ ŕàőâĺćőŕőńőęŋë. Ğăňěâĺň, çâő âěŕěàì (ŕőáńě łćăŋâőćăŋĺï) ğăàïď ňőęěâ ňěŋïâìáï âőńìłő ďĺáłàěâŋëň őąàăğőň.

Ĺáâĺŋŋő ŋěľâàăńìŋëě çăáâĺæë.

Ćëèě őŕěàăâőàë ^ap ĺ ^bp àăááňăâàĺćăńĺáì łăł őâŋőáïéĺěáï ł àăğńĺçŋëň çăáâĺæăň. İâő ŋě ćáěčďă âăł: ć çăáâŋőň áńãçăě őŕěàăâőàë, ćåőďïéĺě ć àăğńőęěŋĺě ^φ ňőčãâ őâŋőáĺâìáï ĺ ł őďŋĺň ĺ âěň ęě çăáâĺæăň (ăŋăńőčĺçŋő âőňã, łăł íâő ąëńő ďńï äőâőŋőć). Šőčďă:

^φ = ∑ p 1√ 2εp ( ^cp^{e−ipx} + ^^{c+}p^{eipx} ) , (3.84)

âăł çâő çăáâĺæă ŕàőáâő áőćŕăďăěâ áő áćőěľ ăŋâĺçăáâĺæěľ, ĺ ňë ĺňěěň ďěńő á âăł ŋăğëćăěňëňĺ ĺáâĺŋŋő ŋěľâàăńìŋëňĺ çăáâĺæăňĺ. Őŕěàăâőà ŕőńï âěŕěàì íàňĺâőć: ^φ = ^φ^+, çâő ïćńïěâáï ăŋăńőčőň ćěéěáâćěŋŋőčő ŕőńï ć łńăááĺłě. İâő ŕőńě, ěáâěáâćěŋŋő, ĺňěěâ ćďćőě ňěŋìèě áâěŕěŋěľ áćőąőďë, çěň łőňŕńěłáŋőě ŕőńě, ěčő ńăčàăŋęĺăŋ ĺňěěâ ćĺď (2.30). Śőőâćěâáâćěŋŋő, ňőęŋő ćëçĺáńĺâì âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 61

ĺ, ć çăáâŋőáâĺ, ďńï ŕńőâŋőáâĺ íŋěàčĺĺ ŕőńãçĺâì:

T_{00} = 1 2 {( ∂φ ∂t )_2 + (∇φ)^2 + m^2φ^2 } . (3.85)

Šőčďă, ŕőďáâăćńïï ć ∫ d^3rT_{00} àăğńőęěŋĺě (3.84), ŕőńãçĺň čăňĺńìâőŋĺăŋ ć ćĺďě: H = 1 2 ∑ p^ε p^(^c^+p^cp + ^cp^c^+p^) . (3.86)

Śŋőćă ćĺďŋă ŋěőąåőďĺňőáâì łćăŋâőćăŋĺï ŕő Ąőğě, âăł çâő łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï ďńï őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ĺňěîâ ćĺď:

[^cp^, ^^{c+}p] = 1^, [^^cp^, ^^cp] = [^^{c+}p^, ^^{c+}p] = 0^. (3.87)

Šőčďă čăňĺńìâőŋĺăŋ H = ∑ p^ε p ( c^+pcp + 1 2 ) , (3.88)

âăł çâő, ŕőáńě őâąàăáëćăŋĺï íŋěàčĺĺ ćăłããňă, ěčő áőąáâćěŋŋëě ğŋăçěŋĺï ŕàĺőąàěâăîâ ćĺď: E = ∑ p^ε pNp . (3.89)

Ŕőŋïâŋő, çâő ďńï íàňĺâőćă ŕőńï (âăłęě, łăł ć łńăááĺłě ďńï ćěéěáâćěŋŋőčő) ŕńőâŋőáâì âőłă ĺ ğăàïď àăćŋë âőęďěáâćěŋŋő ŋãńî.

Ğăňěâĺň, çâő ĺğ àăááňőâàěŋŋëå ďő áĺå ŕőà äĺğĺçěáłĺå çăáâĺæ, ŕàĺňěàőň ĺáâĺŋŋő ŋěľâàăńìŋőľ çăáâĺæë ąëń äőâőŋ, ă ćěéěáâćěŋŋőáâì áőőâćěâáâćãîéěčő ŕőńï őâćěçăńă äĺğĺçěáłőľ ĺğňěàĺňőáâĺ ŋăŕàïęěŋŋőáâěľ íńěłâàĺçěáłőčő ĺ ňăčŋĺâŋőčő ŕőńï.

Őâáâãŕńěŋĺě ő čàãŕŕě Ńőàěŋæă.

Śőčńăáŋő áŕěæĺăńìŋőľ âěőàĺĺ őâŋőáĺâěńìŋőáâĺ ćáě ĺŋěàæĺăńìŋëě áĺáâěňë őâáçěâă íłćĺćăńěŋâŋë. Ěáńĺ ďćě áĺáâěňë łőőàďĺŋăâ ďćĺęãâáï ďàãč őâŋőáĺâěńìŋő ďàãčă ć ŋăŕàăćńěŋĺĺ x_1 áő áłőàőáâìî v, âő áćïğì ňěęďã ŋĺňĺ ćëàăęăěâáï ŕàěőąàăğőćăŋĺěň Ńőàěŋæă [25]:

x^{′0} = γ(x^0 − βx^1) = x^0chu − x^1shu , x^{′1} = γ(x^1 − βx^0) = x^1chu − x^0shu , (3.90) x^{′2} = x^2 , x^{′3} = x^3 , čďě γ = 1√ 1 − β^2 , β = v c , thu = β . (3.91) Ć őąéěň áńãçăě, ŕőáâãńĺàãěâáï ĺŋćăàĺăŋâŋőáâì äĺğĺçěáłĺå ğăłőŋőć őâŋőáĺâěńìŋő ńĺŋěľŋëå ŕàěőąàăğőćăŋĺľ łőőàďĺŋăâ ćĺďă (ŋěőďŋőàőďŋëå ŕàěőąàăğőćăŋĺľ Ńőàěŋæă): x^μ → x^{′μ} = ~^μ_ν x^ν + a^μ , (3.92) áőåàăŋïîéĺå łćăďàăâ ĺŋâěàćăńă:

(x − y)^2 = (xμ − yμ)(x^μ − y^μ) = gμν(x^μ − y^μ)(x^ν − y^ν ) . (3.93) Ć (3.92) áňěéěŋĺě áőćěàèăěâáï ŕőáńě őďŋőàőďŋőčő ŕàěőąàăğőćăŋĺï. Ŋěőďŋőàőďŋëě ŕàěőąàăğőćăŋĺï Ńőàěŋæă ŋăğëćăîâ âăłęě ŕàěőąàăğőćăŋĺïňĺ Ŕãăŋłăàě.

62 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Śàěďĺ àăááňăâàĺćăěňëå ŕàěőąàăğőćăŋĺľ áőďěàęăâáï ŋě âőńìłő áňěéěŋĺï ĺ ćàăéěŋĺï ć ŕáěćďőěćłńĺďőćőň ŕàőáâàăŋáâćě, ŋő ĺ őâàăęěŋĺï ŕàőáâàăŋáâćă ĺ ćàěňěŋĺ, őąőğŋăçăěňëě P , T ĺ P T : P x^k = −x^k , P x^0 = x^0 , T x^k = x^k , T x^0 = −x^0 , P T x^μ = −x^μ . (3.94) Ĺŋâěàćăń (3.93) ŋě ĺğňěŋïěâáï ŕàĺ ŕàěőąàăğőćăŋĺïå (3.92) ěáńĺ ~^ν_μ~^μ_σ = δ^ν_σ , ~^ν_μ = gμρ~^ρ_β g^{βν} . (3.95) Ć ňăâàĺçŋőň ćĺďě ŕőáńěďŋěě ãáńőćĺě ğăŕĺáëćăěâáï łăł: ~~g~ = g , (3.96) čďě âĺńìďă őąőğŋăçăěâ őŕěàăæĺî âàăŋáŕőŋĺàőćăŋĺï. Őâáîďă ïáŋő, çâő Det ~ = ±1 . (3.97) Ĺğ (3.95) âăłęě áńěďãěâ: (~^{00})^2 − ∑ k (~^{0k} )^2 = 1 , (3.98)

âăł çâő (~^{00})^2 ≥ 1. Śőőâćěâáâćěŋŋő ćőğŋĺłăěâ ďćě ćőğňőęŋőáâĺ: ~^{00} ≥ 1 , ~^{00} ≤ −1 . (3.99) Šăłĺň őąàăğőň, őąéĺě ŕàěőąàăğőćăŋĺï (3.92) ŕőďàăğďěńïîâáï ŋă çěâëàě łńăááă:

1. P^↑_+: Det ~ = 1, ~^{00} ≥ 1.

Őâàăęěŋĺï ćàěňěŋĺ ĺ ŕàőáâàăŋáâćă őâáãâáâćãîâ. Şçĺâëćăîâáï âőńìłő ćàăéěŋĺï ĺ áňěéěŋĺï ć ŕáěćďőěćłńĺďőćőň ŕàőáâàăŋáâćě, őąàăğãîéĺě áőąáâćěŋŋãî őàâőåàőŋŋãî čàãŕŕã Ŕãăŋłăàě.

2. P^↓_+: Det ~ = 1, ~^{00} ≤ −1.

Ğďěáì ćłńîçěŋă őŕěàăæĺï T . Ććĺďã ãŋĺňőďãńïàŋőáâĺ ŕàěőąàăğőćăŋĺľ, őŋĺ áőďěàęăâ âăłęě ĺ őŕěàăæĺî P . Ńîąőě ŕàěőąàăğőćăŋĺě ĺğ P^↓_+ ňőęěâ ąëâì ŕàěďáâăćńěŋő ć ćĺďě ŕàőĺğćěďěŋĺï P↑+ ĺ P T . Ć çăáâŋőáâĺ, 4-ĺŋćěàáĺï P T ∈ P^↓_+, ă P ĺ T ŕő őâďěńìŋőáâĺ ŋě ćåőďïâ ć P^↓_+ ć áĺńã Det ~ = 1. Ŕàěőąàăğőćăŋĺï P^↑_+ ĺ P^↓_+ ćňěáâě őąàăğãîâ áőąáâćěŋŋãî čàãŕŕã Ŕãăŋłăàě P+.

3. P^↑_−: Det ~ = −1, ~^{00} ≥ 1.

Śőőâćěâáâćãîéĺě ŕàěőąàăğőćăŋĺï ĺňěîâ ćĺď P P^↑_+. Ćňěáâě á P^↑_+ őŋĺ őąàăğãîâ őàâőåàőŋŋãî čàãŕŕã Ŕãăŋłăàě.

4. P^↓_−: Det ~ = −1, ~^{00} ≤ −1.

Ŋăŕàăćńěŋĺě ćàěňěŋĺ ňěŋïěâáï. Ńîąőě ŕàěőąàăğőćăŋĺě íâőčő łńăááă ŕàěďáâăćńïěâáï ć ćĺďě T P^↑_+.

Őąéăï čàãŕŕă Ŕãăŋłăàě ňőęěâ, âăłĺň őąàăğőň, ąëâì ŕàěďáâăćńěŋă łăł áãňňă: P = P^↑_+ + P T P^↑_+ + P P^↑_+ + T P^↑_+ . (3.100) Ĺğ ćáěå íâĺå łőňŕőŋěŋâ čàãŕŕë Ŕãăŋłăàě âőńìłő P^↑_+ áőďěàęĺâ ěďĺŋĺçŋőě ŕàěőąàăğőćăŋĺě. Ŕőíâőňã ŕàěőąàăğőćăŋĺï, ŕàĺŋăďńěęăéĺě àăğńĺçŋëň łńăááăň, ŋě ňőčãâ ąëâì áćïğăŋë łăłĺň - ńĺąő ŋěŕàěàëćŋëň ŕàěőąàăğőćăŋĺěň, őâŋőáïéĺňáï ł P^↑_+. Ŕàěőąàăğőćăŋĺï ĺğ őďŋőčő ĺ âőčő ęě łńăááă ňőčãâ ąëâì ŕőńãçěŋë ďàãč ĺğ ďàãčă á ŕőňőéìî ŕàěőąàăğőćăŋĺľ ĺğ P^↑_+.

Ŕàěőąàăğőćăŋĺï C, P, T . Ĺŋćěàáĺï ŕàőáâàăŋáâćă.

Ć łćăŋâőćőľ âěőàĺĺ ŕőńï ĺňěîâ ąőńìèőě ğŋăçěŋĺě ďĺáłàěâŋëě áĺňňěâàĺĺ, âăłĺě łăł ĺŋćěàáĺï ŕàőáâàăŋáâćă, őâàăęěŋĺě ćàěňěŋĺ ĺ ğăàïďőćőě áőŕàïęěŋĺě (ğăňěŋă çăáâĺæ ăŋâĺçăáâĺæăňĺ). Ć çăáâŋőáâĺ, őŕěàăæĺï ĺŋćěàáĺĺ ŕàőáâàăŋáâćă őŕàěďěńïěâáï áńěďãîéĺň őąàăğőň:

P r = −r . (3.101)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 63

Ŕàĺ íâőň ŕàěőąàăğőćăŋĺĺ, àăááňăâàĺćăćèěěáï ćëèě áłăńïàŋőě ŕőńě ňőęěâ ŕàěőąàăğőćëćăâìáï áńěďãîéĺň őąàăğőň:

P φ(t, r) = ±φ(t, −r) , (3.102)

čďě ğŋăłĺ áőőâćěâáâćãîâ áńãçăî őąëçŋőčő áłăńïàă ĺ ŕáěćďőáłăńïàă. Ć ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłě ŕőćěďěŋĺě ćőńŋőćőľ äãŋłæĺĺ áĺáâěňë ŕàĺ ŕàőáâàăŋáâćěŋŋőľ ĺŋćěàáĺĺ áćïğăŋő ŕàőáâő á ěě łőőàďĺŋăâŋőľ ğăćĺáĺňőáâìî, çâő ŕàĺćőďĺâ ł ŕőŋïâĺî őàąĺâăńìŋőľ çěâŋőáâĺ [29]:

ψ(t, −r) = ±ψ(t, r) . (3.103)

Ć łćăŋâőćőľ âěőàĺĺ ŕőńï àěçì ĺďěâ ő ŕőćěďěŋĺĺ ŕőńï ć ďăŋŋőľ âőçłě ŕàőáâàăŋáâćă, ă áőőâŋőèěŋĺě (3.102) őŕàěďěńïěâ ćŋãâàěŋŋîî çěâŋőáâì áőőâćěâáâćãîéĺå çăáâĺæ. Ŕőńŋăï çěâŋőáâì áĺáâěňë çăáâĺæ àăćŋă ŕàőĺğćěďěŋĺî ĺå ćŋãâàěŋŋĺå çěâŋőáâěľ ĺ őàąĺâăńìŋőľ çěâŋőáâĺ ĺå őâŋőáĺâěńìŋőčő ďćĺęěŋĺï. \Ćŋãâàěŋŋĺě" áćőľáâćă áĺňňěâàĺĺ àăğńĺçŋëå çăáâĺæ ŕàőïćńïîâáï ńĺèì ć ŕàőæěááăå ĺå ćğăĺňŋëå ŕàěćàăéěŋĺľ.

Ć äőàňăńĺğňě ćâőàĺçŋőčő łćăŋâőćăŋĺï ćŋãâàěŋŋï çěâŋőáâì ćëàăęăěâáï ŕőćěďěŋĺěň ŕàĺ ĺŋćěàáĺĺ áőőâćěâáâćãîéĺå ^φ-őŕěàăâőàőć. Śłăńïàŋőňã ĺ ŕáěćďőáłăńïàŋőňã ŕőńî őâćěçăěâ: P ^φ(t, r) = ± ^φ(t, −r) . (3.104) Ćőğďěľáâćĺě P {őŕěàăæĺĺ ŋă ^φ{őŕěàăâőà ňőęŋő áäőàňãńĺàőćăâì ć ćĺďě áőőâćěâáâćãîéĺå ŕàăćĺń ŕàěőąàăğőćăŋĺï őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï çăáâĺæ, âăłĺå, çâőąë ć àěğãńìâăâě ćőğŋĺłăńő ĺğňěŋěŋĺě (3.104). Ĺáŕőńìğãï (3.76), ŋěâàãďŋő ŕőńãçĺâì, çâő íâĺ ŕàăćĺńă ĺňěîâ ćĺď: P : ap^{→ ±a}−p^{, b}p^{→ ±b}−p^,

a^+p → ±a^+_−p , b^+p → ±b^+_−p .

(3.105)

Ć áăňőň ďěńě, ğăŕĺáăć φ(t, r) = ∑ p 1√ 2εp ( ap^{e−iε}p^{t+i}pr +^{b+}p^{eiε}p^{t−i}pr^{) ,} (3.106)

ŕőáńě őŕěàăæĺĺ (3.105) ĺ ŕěàěőąőğŋăçěŋĺï ŕěàěňěŋŋőľ áãňňĺàőćăŋĺï p → −p ŕőńãçĺň ±φ(t, −r), çâő ĺ âàěąőćăńőáì^7. Ğăňěâĺň, çâő ŕàěőąàăğőćăŋĺě (3.105) ćŕőńŋě őçěćĺďŋő | ĺŋćěàáĺï ŕàőáâő ňěŋïěâ ğŋăł ŕőńïàŋőčő ćěłâőàă p.

Ğăàïďőćőě áőŕàïęěŋĺě.

Ğăňěŋă çăáâĺæă { ăŋâĺçăáâĺæă ŕàőĺğćőďĺâáï ć ŕőńěćőň őŕěàăâőàě (3.76) á ŕőňőéìî őçěćĺďŋőľ őŕěàăæĺĺ:

C : ap → bp , bp → ap . (3.107)

Ŕàĺ íâőň φ → φ^C , čďě φ^C (t, r) = φ^+(t, r) . (3.108)

7Ğăňěâĺň, çâő ć ďăńìŋěľèěň ňë ŕàăłâĺçěáłĺ ŋě ąãďěň ãłăğëćăâì ğŋăçőł őŕěàăâőàă ŋăď őąőğŋăçěŋĺïňĺ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï, ă âăłęě ĺ ďàãčĺå ŕőńěćëå őŕěàăâőàőć, ŋăďěïáì, çâő íâő ŋě ŕàĺćěďěâ ł ŋěďőàăğãňěŋĺïň.

64 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Śňëáń íâőčő ŕàěőąàăğőćăŋĺï ŋě ĺğňěŋïěâáï, ěáńĺ ććěáâĺ ŕàőĺğćőńìŋëľ äăğőćëľ ňŋőęĺâěńì:

ap^{→ eiαb}p^{, b}p^{→ e−iαa}p^, (3.109)

âăł çâő φ → e^{iα}φ^+ , φ^+ → e^{−iα}φ . (3.110) Ďćãłàăâŋőě ŕàĺňěŋěŋĺě ğăàïďőćőčő áőŕàïęěŋĺï ďăěâ âőęďěáâćěŋŋőě ŕàěőąàăğőćăŋĺě φ → φ. Śĺňňěâàĺï ŕő őâŋőèěŋĺî ł ğăňěŋě çăáâĺæ ŋă ăŋâĺçăáâĺæë ŋě ŕàĺćőďĺâ, ć őąéěň áńãçăě, ł ćőğŋĺłŋőćěŋĺî łăłőľ-ńĺąő ŋőćőľ åăàăłâěàĺáâĺłĺ çăáâĺæ, ă őŕěàăâőà C ŋě ĺňěěâ áőąáâćěŋŋëå áőáâőïŋĺľ ĺ áőąáâćěŋŋëå ğŋăçěŋĺľ. Ĺáłńîçěŋĺěň ïćńïěâáï áĺáâěňă, áőáâőïéăï ĺğ àăćŋőčő çĺáńă çăáâĺæ ĺ ăŋâĺçăáâĺæ. Őŕěàăâőà C ŕěàěćőďĺâ âăłãî áĺáâěňã áăňã ć áěąï, ć íâőň áńãçăě ďńï ŋěčő áãéěáâćãîâ áőąáâćěŋŋëě ğŋăçěŋĺï C = ±1 (ŕőáłőńìłã C^2 = 1). Šőęě áăňőě ćěàŋő ďńï ĺáâĺŋŋő ŋěľâàăńìŋëå çăáâĺæ, łőčďă φ^C = ±φ ĺ ćőğŋĺłăěâ ŕőŋïâĺě ğăàïďőćő çěâŋëå ĺńĺ ŋěçěâŋëå çăáâĺæ.

Ůěâëàěåňěàŋăï ĺŋćěàáĺï ĺ őąàăéěŋĺě ćàěňěŋĺ.

Ůěâëàěåňěàŋăï ĺŋćěàáĺï őŕàěďěńïěâáï őŕěàăæĺěľ:

x → −x , čďě x = (r, t) . (3.111)

İâã őŕěàăæĺî ćáěčďă ňőęŋő ŕàěďáâăćĺâì áěąě, łăł ŋěłőâőàőě çěâëàěåňěàŋőě ćàăéěŋĺě ĺńĺ, ĺŋăçě čőćőàï, łăł ŕàěőąàăğőćăŋĺě Ńőàěŋæă, ŕőáłőńìłã ďěâěàňĺŋăŋâ ňăâàĺæë ŕàěőąàăğőćăŋĺï ć ć őąőĺå áńãçăïå àăćěŋ ěďĺŋĺæě. Śĺâãăæĺï ğďěáì őâńĺçăěâáï őâ âàěåňěàŋőľ (ŕàőáâàăŋáâćěŋŋőľ) ĺŋćěàáĺĺ, ďěâěàňĺŋăŋâ łőâőàőľ àăćěŋ −1. Ŕőíâőňã ńîąőě ćëàăęěŋĺě, ĺŋćăàĺăŋâŋőě őâŋőáĺâěńìŋő őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ Ńőàěŋæă, ïćńïěâáï ĺŋćăàĺăŋâŋëň ĺ őâŋőáĺâěńìŋő çěâëàěåňěàŋőľ ĺŋćěàáĺĺ. Ŕő őâŋőèěŋĺî ł őŕěàăâőàã áłăńïàŋőčő ŕőńï (áłăńïàã, ŕő őâŋőèěŋĺî ł çěâëàěåňěàŋëň ćàăéěŋĺïň!) íâő őğŋăçăěâ: φ(t, r) → φ(−t, −r) . (3.112) Ć âěàňĺŋăå őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ŕàěőąàăğőćăŋĺě (3.112) ďőáâĺčăěâáï ŕěàěáâăŋőćłőľ łőíääĺæĺěŋâőć ŕàĺ e^{−ipx} ĺ e^{ipx} ć ćëàăęěŋĺĺ (3.76), çâő ďăěâ:

CP T : ap → b^+p , bp → a^+p . (3.113)

Šăłĺň őąàăğőň, íâő ŕàěőąàăğőćăŋĺě ćłńîçăěâ ğăňěŋã çăáâĺæë ăŋâĺçăáâĺæěľ, ă ć àěńïâĺćĺáâáłőľ âěőàĺĺ ăćâőňăâĺçěáłĺ ćőğŋĺłăěâ ĺŋćăàĺăŋâŋőáâì ŕő őâŋőèěŋĺî ł ŕàěőąàăğőćăŋĺî, ŕàĺ łőâőàőň őďŋőćàěňěŋŋő á P ĺ T ŕàőĺğćőďĺâáï âăłęě ĺ ğăàïďőćőě áőŕàïęěŋĺě C. İâő ãâćěàęďěŋĺě áőáâăćńïěâ áőďěàęăŋĺě âăł ŋăğëćăěňőľ CP T -âěőàěňë, ïćńïîéěľáï őďŋĺň ĺğ ŋăĺąőńěě őąéĺå àěğãńìâăâőć łćăŋâőćőľ âěőàĺĺ ŕőńï: ŋĺçěčő ć Ŕàĺàőďě ŋě ĺğňěŋĺâáï, ěáńĺ őďŋőćàěňěŋŋő á çěâëàěåňěàŋőľ ĺŋćěàáĺěľ (őâàăęěŋĺěň ŕàőáâàăŋáâćă-ćàěňěŋĺ) ŕàőĺğćěáâĺ ğăňěŋã ćáěå çăáâĺæ ŋă ăŋâĺçăáâĺæë! Ŕàěőąàăğőćăŋĺě (3.113) ňőęŋő ğăŕĺáăâì âăłęě ć ćĺďě:

φ^{CP T} (t, r) = φ(−t, −r) . (3.114)

Őâáîďă ńěčłő ŋăľâĺ äőàňãńĺàőćłã T -ĺŋćěàáĺĺ (őąàăéěŋĺï ćàěňěŋĺ). İâã őŕěàăæĺî ŋãęŋő őŕàěďěńĺâì âăł, çâőąë ćňěáâě á CP őŋă ďăćăńă CP T -ŕàěőąàăğőćăŋĺě (3.113). Şçĺâëćăï (3.105) ĺ (3.107), ńěčłő ŋăåőďĺň:

T : ap → ±a^+_−p , bp → ±b^+_−p , (3.115)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 65

čďě ğŋăłĺ áőőâćěâáâćãîâ ğŋăłăň ć (3.105). Šăłĺň őąàăğőň, őąàăéěŋĺě ćàěňěŋĺ ŋě âőńìłő ŕěàěćőďĺâ ďćĺęěŋĺě á ĺňŕãńìáőň p ć ďćĺęěŋĺě á ĺňŕãńìáőň −p, ŋő âăłęě ŕěàěáâăćńïěâ ŋăçăńìŋëě ĺ łőŋěçŋëě áőáâőïŋĺï ćő ćáěå ňăâàĺçŋëå íńěňěŋâăå, çâő ŕàĺćőďĺâ ł ğăňěŋě őŕěàăâőàőć ãŋĺçâőęěŋĺï çăáâĺæ á ĺňŕãńìáőň p ŋă őŕěàăâőàë àőęďěŋĺï çăáâĺæ á ĺňŕãńìáőň −p (ĺ ŋăőąőàőâ). Ĺğ (3.115) ĺ (3.106), á ŕěàěőąőğŋăçěŋĺěň p → −p, ŕőńãçăěň:

φ^T (t, r) = ±φ^+(−t, r) . (3.116)

Ťăłâĺçěáłĺ, ğďěáì ĺňěěâáï ŕőńŋăï ăŋăńőčĺï á őŕěàăæĺěľ őąàăéěŋĺï ćàěňěŋĺ ć łćăŋâőćőľ ňěåăŋĺłě [29]: ěáńĺ ŋěłőâőàőě áőáâőïŋĺě őŕĺáëćăěâáï ćőńŋőćőľ äãŋłæĺěľ ψ(t, r), âő őąàăéěŋŋőě ŕő ćàěňěŋĺ őŕĺáëćăěâáï á ŕőňőéìî ψ^∗(−t, r).

Ŕàěőąàăğőćăŋĺï T ĺ CP T ŕěàěáâăćńïîâ ŋăçăńìŋëě ĺ łőŋěçŋëě áőáâőïŋĺï ĺ ďńï ŋĺå ŋě áãéěáâćãěâ ŕőŋïâĺï áőąáâćěŋŋëå áőáâőïŋĺľ ĺ áőąáâćěŋŋëå ğŋăçěŋĺľ. Őŋĺ ŋě ŕàĺćőďïâ, âăłĺň őąàăğőň, ł áãéěáâćőćăŋĺî ŋőćëå åăàăłâěàĺáâĺł çăáâĺæ. Ć áĺńã àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ, őŕěàăâőà CP T ŕàěőąàăğőćăŋĺï ďőńęěŋ łőňňãâĺàőćăâì á ńîąëň čăňĺńìâőŋĺăŋőň (ńăčàăŋęĺăŋőň) àěńïâĺćĺáâáłőľ âěőàĺĺ ŕőńï. Ůâő ęě łăáăěâáï C ĺ P (â.ě. ĺ T ) ŕő őâďěńìŋőáâĺ, âő íâő ćőőąéě čőćőàï ŋě âăł. Ć çăáâŋőáâĺ áńăąëě ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ ŋě ĺŋćăàĺăŋâŋë ŕő őâŋőèěŋĺî ł ŕàőáâàăŋáâćěŋŋőňã őâàăęěŋĺî P , ĺ ďăęě ŕő őâŋőèěŋĺî ł łőňąĺŋĺàőćăŋŋőľ őŕěàăæĺĺ CP . Ŕőáńěďŋěě (őçěŋì áńăąőě!) ŋăàãèěŋĺě áĺňňěâàĺĺ áńăąëå ćğăĺňőďěľáâćĺľ, áőčńăáŋő CP T -âěőàěňě, őğŋăçăěâ ŋăńĺçĺě ć Ŕàĺàőďě őçěŋì áńăąőľ ŋěíłćĺćăńěŋâŋőáâĺ ŋăŕàăćńěŋĺľ ćàěňěŋĺ, çâő ĺňěěâ ćěáìňă áãéěáâćěŋŋëě łőáňőńőčĺçěáłĺě ŕőáńěďáâćĺï. Ŋăŕàĺňěà, áőčńăáŋő ĺďěě Śăåăàőćă, íâő őąáâőïâěńìáâćő ňőęěâ őąêïáŋĺâì łőńőááăńìŋőě ŕàěőąńăďăŋĺě ňăâěàĺĺ ŋăď ăŋâĺňăâěàĺěľ ć áőćàěňěŋŋőň áőáâőïŋĺĺ Ćáěńěŋŋőľ.

Ďĺáłàěâŋëě ŕàěőąàăğőćăŋĺï âőłă.

Řăááňőâàĺň őŕěàăâőà áőåàăŋïîéěčőáï âőłă áłăńïàŋőčő ŕőńï, łőâőàëľ, á ŕőňőéìî (2.68), ňőęŋő ğăŕĺáăâì ć ćĺďě:

j^μ = i(φ^+∂^μφ − φ∂^μφ^+) . (3.117) Ŕàěőąàăğőćăŋĺě (3.104), ćňěáâě á őçěćĺďŋőľ ğăňěŋőľ (∂_0, ∂) → (∂_0, −∂), ďăěâ:

P : (j^0, j)t,r → (j^0, −j)t,−r , (3.118)

łăł ĺ ďőńęŋő ąëâì ďńï ĺáâĺŋŋőčő 4-ćěłâőàă.

Ăŋăńőčĺçŋëň őąàăğőň, ŕàěőąàăğőćăŋĺě ğăàïďőćőčő áőŕàïęěŋĺï (3.108) ďăěâ:

C : (j^0, j)t,r → (−j^0, −j)t,r , (3.119)

ěáńĺ őŕěàăâőàë φ ĺ φ^+ łőňňãâĺàãîâ. Ŕàăćďă, őŋĺ ŋě łőňňãâĺàãîâ, ŋő íâő őąáâőïâěńìáâćő ŋěáãéěáâćěŋŋő | ŋěłőňňãâăâĺćŋőáâì ćőğŋĺłăěâ âőńìłő őâ ŋěłőňňãâăâĺćŋőáâĺ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï á őďĺŋăłőćëňĺ p, ă ć áĺńã áőőâŋőèěŋĺľ łőňňãâăæĺĺ ďńï íâĺå őŕěàăâőàőć, ĺå ŕěàěáâăŋőćłă ŕàĺćőďĺâ ł ŕőïćńěŋĺî çńěŋőć, ŋě ğăćĺáïéĺå őâ çĺáěń ğăŕőńŋěŋĺï, â.ě. őâ áőáâőïŋĺï ŕőńï. Őâąàăáëćăï íâĺ çńěŋë, ćáě àăćŋő ŕőńãçĺň (3.119). Ĺğ (3.119) ćĺďŋő, çâő ğăňěŋă çăáâĺæ ăŋâĺçăáâĺæăňĺ, ěáâěáâćěŋŋő, ŕàĺćőďĺâ ł ĺğňěŋěŋĺî ğŋăłă ćáěå łőňŕőŋěŋâ âőłă.

Őŕěàăæĺï őąàăéěŋĺï ćàěňěŋĺ áćïğăŋă á ŕěàěáâăŋőćłőľ ŋăçăńìŋëå ĺ łőŋěçŋëå áőáâőïŋĺľ, âăł çâő ŕàĺ ŕàĺňěŋěŋĺĺ ł ŕàőĺğćěďěŋĺî őŕěàăâőàőć őŋă ňěŋïěâ ŕőàïďőł áőňŋőęĺâěńěľ, ŋăŕàĺňěà

(φ^+∂μφ)^T = (∂μφ)^T (φ^+)^T . (3.120)

Ć áőőâćěâáâćĺĺ á âőńìłő çâő áďěńăŋŋëň ŕőáńě (3.119) ğăňěçăŋĺěň, íâő őąáâőïâěńìáâćő ŋěáãéěáâćěŋŋő, ă ćőğćàăéěŋĺě ł ĺáåőďŋőňã ŕőàïďłã ňŋőęĺâěńěľ ŋě őâàăęăěâáï ŋă àěğãńìâăâě. Şçĺâëćăï, çâő ŕàĺ T -őâàăęěŋĺĺ (∂_0, ∂) → (−∂_0, ∂), á ŕőňőéìî (3.116) ŕőńãçăěň:

T : (j^0, j)t,r → (j^0, −j)−t,r , (3.121)

66 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

âăł çâő âàěåňěàŋëľ j âőł ňěŋïěâ ğŋăł, ć áőőâćěâáâćĺĺ á łńăááĺçěáłĺň áňëáńőň íâőľ ćěńĺçĺŋë, âőčďă łăł ŕńőâŋőáâì ğăàïďă j^0 ŋě ňěŋïěâáï.

Ŋăłőŋěæ, ŕàĺ çěâëàěåňěàŋőľ ĺŋćěàáĺĺ (3.112) ńěčłő ŕőńãçĺâì: CP T : (j^0, j)t,r → (−j^0, −j)−t,−r (3.122) ć áőőâćěâáâćĺĺ áő áňëáńőň íâőľ őŕěàăæĺĺ, łăł CP T ŕàěőąàăğőćăŋĺï.

Őŕěàăâőà íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï ŕàőŕőàæĺőŋăńěŋ jμA^μ ĺ ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő CP T , łăł ĺ ćáïłőě ďàãčőě àěńïâĺćĺáâáłőě ćğăĺňőďěľáâćĺě. Śőőâćěâáâćěŋŋő, ĺáŕőńìğãï (3.118), (3.119) ĺ (3.121) ŋěâàãďŋő ŕőńãçĺâì ŕàăćĺńă ŕàěőąàăğőćăŋĺï ŕőâěŋæĺăńă íńěłâàőňăčŋĺâŋőčő ŕőńï A^μ = (A_0, A):

C : (A_0, A)t,r → (−A_0, −A)t,r

P : (A_0, A)t,r → (A_0, −A)t,−r

T : (A_0, A)t,r → (A_0, −A)−t,r

CP T : (A_0, A)t,r → (−A_0, −A)−t,−r . (3.123) Ăŋăńőčĺçŋëě ŕàăćĺńă ŕàěőąàăğőćăŋĺï ĺňěîâ ňěáâő ĺ ďńï łăńĺąàőćőçŋëå ŕőńěľ §ŋčă { Ňĺńńáă.

Ćěłâőàŋëě ąőğőŋë.

Ůăáâĺæă áő áŕĺŋőň 1 őŕĺáëćăěâáï ć áĺáâěňě ŕőłőï âàěåłőňŕőŋěŋâŋőľ ćőńŋőćőľ äãŋłæĺěľ | âàěåňěàŋëň ćěłâőàőň (ćěłâőàŋëľ ąőğőŋ). Ŕő áćőěňã çěâëàěåňěàŋőňã \ŕàőĺáåőęďěŋĺî" íâő ňőčãâ ąëâì âàĺ ŕàőáâàăŋáâćěŋŋëě łőňŕőŋěŋâë 4-ćěłâőàă ψ^μ (ŕàőáâàăŋáâćěŋŋőŕőďőąŋőčő!) ĺńĺ ęě ăŋâĺáĺňěâàĺçŋőčő âěŋğőàă ćâőàőčő àăŋčă ψ^{μν} , ã łőâőàëå ć áĺáâěňě ŕőłőï őąàăéăîâáï ć ŋãńì áőőâćěâáâćěŋŋő ćàěňěŋŋëě ψ^0 , ψ^{00} ĺ ŕàőáâàăŋáâćěŋŋëě ψ^{ik} łőňŕőŋěŋâë.

Ćőńŋőćőě ãàăćŋěŋĺě őŕïâì ňőęŋő ğăŕĺáăâì ć ćĺďě ďĺääěàěŋæĺăńìŋőľ áćïğĺ ψ^μ ĺ ψ^{μν} ć áńěďãîéěň ćĺďě:

iψ_{μν} = p_μψ_ν − p_ν ψ_μ , (3.124)

p^ν ψ_{μν} = im^2ψ_μ , (3.125)

čďě p_μ = i∂_μ | őŕěàăâőà ĺňŕãńìáă. İâĺ ãàăćŋěŋĺï ŋăğëćăîâáï ãàăćŋěŋĺïňĺ Ŕàőłă. Ŕàĺňěŋïï ł őąěĺň áâőàőŋăň (3.125) őŕěàăæĺî p^μ, ŕőńãçĺň ććĺďã ăŋâĺáĺňňěâàĺĺ ψ_{μν}: p^μψ_μ = 0 . (3.126)

Šőčďă, ĺáłńîçăï ψ_{μν} ĺğ (3.124), (3.125) (ŕőďáâăćńïï ŕěàćőě ãàăćŋěŋĺě ćő ćâőàőě), á ãçěâőň (3.126), ŕőńãçĺň:

(p^2 − m^2)ψ_μ = 0 , (3.127)

âăł çâő m, ěáâěáâćěŋŋő, ŕàěďáâăćńïěâ áőąőľ ňăááã çăáâĺæë. Šăłĺň őąàăğőň, áćőąőďŋăï çăáâĺæă áő áŕĺŋőň 1 őŕĺáëćăěâáï őďŋĺň 4-ćěłâőàőň ψ_μ, łőňŕőŋěŋâë łőâőàőčő ãďőćńěâćőàïîâ ãàăćŋěŋĺî \Łńěľŋă - Čőàďőŋă" (3.127) ĺ ďőŕőńŋĺâěńìŋőňã ãáńőćĺî âĺŕă ãáńőćĺï Ńőàěŋæă (çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ) (3.126), ĺáłńîçăîéěňã ĺğ ψ^μ \çăáâì, ŕàĺŋăďńěęăéãî áŕĺŋã 0".

Ć áĺáâěňě ŕőłőï, čďě ψ_μ ŋě ğăćĺáĺâ őâ ŕàőáâàăŋáâćěŋŋëå łőőàďĺŋăâ (p = 0), ĺ ňë ĺňěěň ŕàőáâő p^0ψ_0 = 0. Ć âőęě ćàěňï, á ãçěâőň âőčő, çâő ć áĺáâěňě ŕőłőï p^0 = m, âăł çâő p^0ψ_0 = mψ_0. Šőčďă ïáŋő, çâő ć áĺáâěňě ŕőłőï ψ_0 = 0, łăł ĺ ďőńęŋő ąëâì ďńï çăáâĺæë áő áŕĺŋőň 1. Ćňěáâě á ψ_0 ć íâőľ áĺáâěňě őąàăéăîâáï ć ŋãńì âăłęě ψ_{ik} ĺ ψ_{00}.

Ůăáâĺæă áő áŕĺŋőň 1 ňőęěâ őąńăďăâì àăğńĺçŋőľ ćŋãâàěŋŋěľ çěâŋőáâìî, ć ğăćĺáĺňőáâĺ őâ âőčő ïćńïěâáï ńĺ ψ^μ ĺáâĺŋŋëň ćěłâőàőň ĺńĺ ŕáěćďőćěłâőàőň:

P ψ^μ = (ψ^0, −ψ) ĺńĺ P ψ^μ = (−ψ^0, ψ) . (3.128)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 67

Ŕńőáłăï ćőńŋă, ŋőàňĺàőćăŋŋăï ŋă őďŋã çăáâĺæã ć őąêěňě V = 1, ŕàěďáâăćńïěâáï ć ćĺďě: ψ_μ = 1√ 2εp^{uμe−ipx , uμuμ∗} = −1 , (3.129)

čďě u_μ | ěďĺŋĺçŋëľ 4-ćěłâőà ŕőńïàĺğăæĺĺ, ŋőàňĺàőćłă łőâőàőčő őŕàěďěńïěâáï âàěąőćăŋĺěň ŕàőáâàăŋáâćěŋŋőŕőďőąŋőáâĺ ψ_μ, ãďőćńěâćőàïîéĺľ âăłęě ãáńőćĺî çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ:

u_μp^μ = 0 . (3.130)

Ğăňěâĺň, çâő ć őâńĺçĺě őâ äőâőŋőć, ćěłâőàŋëě ąőğőŋë áő áŕĺŋőň 1 ĺňěîâ âàĺ ŋěğăćĺáĺňëå ŕőńïàĺğăæĺĺ.

Ńăčàăŋęĺăŋ ćěłâőàŋőčő ŕőńï ňőęěâ ąëâì ğăŕĺáăŋ ć ćĺďě:

L = −(∂_μψ^∗_ν )(∂^μψ^ν ) + m^2ψ^∗_μψ^μ . (3.131)

Śâàãłâãàă íâőčő ńăčàăŋęĺăŋă ăŋăńőčĺçŋă áńãçăî áłăńïàŋőčő ŕőńï, ŋő őąàăâĺň ćŋĺňăŋĺě ŋă ďàãčőľ ğŋăł! Ďěńő ğďěáì ć âőň, çâő ψ_μ | ŕàőáâàăŋáâćěŋŋőŕőďőąŋëľ ćěłâőà, âăł çâő ψ^∗_μψ^μ < 0, âőčďă łăł ďńï áłăńïàŋőčő ŕőńï φ^∗φ > 0, âăł çâő ğŋăł ćëąàăŋ âăł, çâőąë őąěáŕěçĺâì ŕőńőęĺâěńìŋãî őŕàěďěńěŋŋőáâì íŋěàčĺĺ ŕőńï ć łńăááĺçěáłőň ŕàěďěńě. Ć áăňőň ďěńě, ŕàăłâĺçěáłőě ĺáŕőńìğőćăŋĺě ńăčàăŋęĺăŋă (3.131) áćőďĺâáï ŋě áâőńìłő ł ŕőáâàőěŋĺî ãàăćŋěŋĺľ ďćĺęěŋĺï, áłőńìłő ł ŋăåőęďěŋĺî âěŋğőàă íŋěàčĺĺ{ ĺňŕãńìáă ĺ âőłă. Ŋěâàãďŋő ŋăľâĺ, çâő: T_{μν} = −∂_μψ^{λ∗}∂_νψ_λ − ∂_νψ^{λ∗}∂_μψ_λ − Lg_{μν} , (3.132) j_μ = −i[ψ^∗_λ∂_μψ^λ − (∂_μψ^∗_λ)ψ^λ] . (3.133)

İâĺ ćëàăęěŋĺï ćŕőńŋě ăŋăńőčĺçŋë ŕőńãçěŋŋëň ćëèě ďńï áłăńïàŋőčő ŕőńï ĺ ŋě âàěąãîâ őáőąëå ŕőïáŋěŋĺľ.

Łćăŋâőćăŋĺě âăłęě ňőęŋő ŕàőćěáâĺ ăŋăńőčĺçŋő áłăńïàŋőňã áńãçăî. Śŋőćă, ďńï őąěáŕěçěŋĺï őçěćĺďŋőčő ĺğ äĺğĺçěáłĺå áőőąàăęěŋĺľ ãáńőćĺï T_{00} > 0 ĺ ŕàőĺğćőńìŋőáâĺ ğŋăłă ŕńőâŋőáâĺ ğăàïďă j^0, łćăŋâőćăâì ŋãęŋő ŕő Ąőğě!

Ŕőďçěàłŋěň, çâő ććĺďã m ≠ 0 čàăďĺěŋâŋăï ĺŋćăàĺăŋâŋőáâì âěőàĺĺ őâáãâáâćãěâ. Ĺňěŋŋő ŕőíâőňã ňăááĺćŋőě ćěłâőàŋőě ŕőńě ĺňěěâ âàĺ ŋěğăćĺáĺňëě łőňŕőŋěŋâë. Őâáãâáâćĺě čàăďĺěŋâŋőľ ĺŋćăàĺăŋâŋőáâĺ àăááňăâàĺćăěňőľ âěőàĺĺ őáőąěŋŋő çěâłő ćĺďŋő ĺğ ćâőàőčő ãàăćŋěŋĺï Ŕàőłă (3.125): ćěńĺçĺŋă ψ_{μν} čàăďĺěŋâŋő ĺŋćăàĺăŋâŋă, âăł çâő ńěćăï çăáâì ãàăćŋěŋĺï čàăďĺěŋâŋő ĺŋćăàĺăŋâŋă, âőčďă łăł ěčő ŕàăćăï çăáâì, őçěćĺďŋő, ňěŋïěâáï ŕàĺ čàăďĺěŋâŋëå ŕàěőąàăğőćăŋĺïå.

Ůăáâĺæë á ŕàőĺğćőńìŋëň æěńëň áŕĺŋőň.

Ćőńŋőćăï äãŋłæĺï çăáâĺæë á æěńëň áŕĺŋőň s ŕàěďáâăćńïěâ áőąőľ ŋěŕàĺćőďĺňëľ 4-âěŋğőà àăŋčă s, â.ě. âěŋğőà áĺňňěâàĺçŋëľ ŕő ćáěň áćőĺň ĺŋďěłáăň ĺ őąàăéăîéĺľáï ć ŋãńì ŕàĺ ãŕàőéěŋĺĺ (áćěàâłě) ŕő ńîąőľ ŕăàě ĺŋďěłáőć: ψ...μ...ν... = ψ...ν...μ... , ψ^{μ...}_{...μ...} = 0 . (3.134) İâőâ âěŋğőà ďőńęěŋ ãďőćńěâćőàïâì ďőŕőńŋĺâěńìŋőňã ãáńőćĺî çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ: p^μψ...μ... = 0 , (3.135) ă ńîąăï ěčő łőňŕőŋěŋâă ďőńęŋă ãďőćńěâćőàïâì ãàăćŋěŋĺî:

(p^2 − m^2)ψ...μ... = 0 . (3.136)

68 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ć áĺáâěňě ŕőłőï (3.135) ŕàĺćőďĺâ ł őąàăéěŋĺî ć ŋãńì ćáěå łőňŕőŋěŋâ 4-âěŋğőàă, áàěďĺ ĺŋďěłáőć łőâőàëå ćáâàěçăěâáï 0. Šăłĺň őąàăğőň, ć áĺáâěňě ŕőłőï ŕőńě áćőďĺâáï ł ŋěŕàĺćőďĺňőňã âàěåňěàŋőňã âěŋğőàã àăŋčă s, çĺáńő ŋěğăćĺáĺňëå łőňŕőŋěŋâ łőâőàőčő àăćŋő 2s + 1, łăł ĺ áńěďãěâ ąëâì.

Ńăčàăŋęĺăŋ, âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă ĺ ŕńőâŋőáâì âőłă ďńï ŕőńï á æěńëň áŕĺŋőň s őâńĺçăîâáï őâ ćëŕĺáăŋŋëå ćëèě ďńï áńãçăï s = 1 âőńìłő ğăňěŋőľ ψμ ŋă ψ...μ...ν... . Ŋőàňĺàőćăŋŋăï ŕńőáłăï ćőńŋă ĺňěěâ ćĺď: ψ^{μν...} = 1√ 2εp u^{μν...} e^{−ipx} , u^∗_{μν...} u^{μν} = −1 , (3.137) ŕàĺçěň u^{...μ...} pμ = 0 . (3.138) Ĺňěěâáï ćáěčő 2s + 1 ŋěğăćĺáĺňëå ŕőńïàĺğăæĺľ.

Łćăŋâőćăŋĺě ŕàőĺğćőďĺâáï őçěćĺďŋëň őąőąéěŋĺěň áńãçăěć s = 0 ĺ s = 1. Ĺğńőęěŋŋăï áåěňă ďőáâăâőçŋă ďńï őŕĺáăŋĺï áćőąőďŋëå çăáâĺæ á ŕàőĺğćőńìŋëňĺ æěńëňĺ áŕĺŋăňĺ. Ŕàĺ ććěďěŋĺĺ ćğăĺňőďěľáâćĺï áĺâãăæĺï ãáńőęŋïěâáï. Ďńï ćáěå æěńëå s > 1 őłăğëćăěâáï ŋěćőğňőęŋëň áäőàňãńĺàőćăâì ćăàĺăæĺőŋŋëľ ŕàĺŋæĺŕ á ŕőňőéìî âőńìłő őďŋőľ (âěŋğőàŋőľ) äãŋłæĺĺ ŕőńï, àăŋč łőâőàőľ áőőâćěâáâćãěâ ďăŋŋőňã áŕĺŋã. Őłăğëćăěâáï ŋěőąåőďĺňëň ććěáâĺ ćáŕőňőčăâěńìŋëě âěŋğőàŋëě (ĺńĺ áŕĺŋőàŋëě) ćěńĺçĺŋë ąőńěě ŋĺğłőčő àăŋčă. Ŕàĺ íâőň ńăčàăŋęĺăŋ ćëąĺàăěâáï âăł, çâőąë íâĺ ćáŕőňőčăâěńìŋëě ćěńĺçĺŋë őąàăéăńĺáì ć ŋãńì ć áĺńã áńěďãîéĺå ĺğ ćăàĺăæĺőŋŋőčő ŕàĺŋæĺŕă ãàăćŋěŋĺľ ŕőńï áćőąőďŋëå çăáâĺæ.

Ğăňěâĺň, ć ğăłńîçěŋĺě, çâő ćőŕàőá ő çăáâĺæăå áő áŕĺŋőň s > 1 ĺňěěâ ďőćőńìŋő \ăłăďěňĺçěáłĺľ" åăàăłâěà, ŕőáłőńìłã (ěáńĺ ğăąëâì ő čàăćĺâőŋě!) ć àăňłăå áâăŋďăàâŋőľ ňőďěńĺ âăłĺå íńěňěŋâăàŋëå çăáâĺæ ŕàőáâő ŋěâ.

Ťěàňĺőŋë.

Šàěåňěàŋëě áŕĺŋőàë.

Ŋăŕőňŋĺň, łăł őŕĺáëćăîâáï çăáâĺæë á ŕőńãæěńëň áŕĺŋőň (äěàňĺőŋë) ć àăňłăå ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłĺ [29]. Ůăáâĺæă áő áŕĺŋőň s = 1/2 őŕĺáëćăěâáï ďćãåłőňŕőŋěŋâŋőľ ćőńŋőćőľ äãŋłæĺěľ | áŕĺŋőàőň, łőâőàãî ãďőąŋő ğăŕĺáăâì ć ćĺďě áâőńąæă: ψ = ( ψ^1 ψ^2 ) = ( ψ(1/2) ψ(−1/2) ) , (3.139)

čďě łőňŕőŋěŋâë ψ^1 ĺ ψ^2 áőőâćěâáâćãîâ ŕàőěłæĺïň áŕĺŋă s^z = ±1/2. Ŕàĺ ŕàőĺğćőńìŋőň ćàăéěŋĺĺ áĺáâěňë łőőàďĺŋăâ łőňŕőŋěŋâë áŕĺŋőàă ŕàěőąàăğãîâáï ďàãč çěàěğ ďàãčă ńĺŋěľŋëň őąàăğőň:

ψ^{′1} = aψ^1 + bψ^2 , ψ^{′2} = cψ^1 + dψ^2 . (3.140)

Ĺŋăçě čőćőàï, ψ^′ = U ψ , U = ( a b c d ) . (3.141)

Łőíääĺæĺěŋâë ŕàěőąàăğőćăŋĺï (íńěňěŋâë ňăâàĺæë U ), ćőőąéě čőćőàï, łőňŕńěłáŋë ĺ ïćńïîâáï äãŋłæĺïňĺ ãčńőć ŕőćőàőâă áĺáâěňë łőőàďĺŋăâ.

Řăááňőâàĺň ąĺńĺŋěľŋãî äőàňã ćĺďă:

ψ^1φ^2 − ψ^2φ^1 , (3.142)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 69

čďě ψ ĺ φ | ďćă áŕĺŋőàă. Ŕàőáâőě ćëçĺáńěŋĺě ďăěâ:

ψ^{′1}φ^{′2} − ψ^{′2}φ^{′1} = (ad − bc)(ψ^1φ^2 − ψ^2φ^1) , (3.143)

âăł çâő (3.142) ŕàĺ ŕőćőàőâăå áĺáâěňë łőőàďĺŋăâ (3.140) ŕàěőąàăğãěâáï áăňă çěàěğ áěąï. Řăááňőâàĺň ąĺńĺŋěľŋãî äőàňã (3.142) łăł ŋěłőâőàãî ćőńŋőćãî äãŋłæĺî áőáâăćŋőľ áĺáâěňë. Ŋő ěáńĺ ĺňěěâáï ćáěčő őďŋă ćőńŋőćăï äãŋłæĺï, ŕàěőąàăğãîéăïáï ŕàĺ ŕőćőàőâăå áăňă çěàěğ áěąï, âő őŋă áőőâćěâáâćãěâ áŕĺŋã ŋãńì, â.ě. ïćńïěâáï áłăńïàőň ĺ ćőőąéě ŋě ňěŋïěâáï ŕàĺ ŕőćőàőâăå. Ŕőíâőňã ŋă łőíääĺæĺěŋâë ŕàěőąàăğőćăŋĺï áńěďãěâ ŋăńőęĺâì ãáńőćĺě:

ad − bc = 1 , Det U = 1 . (3.144)

Šőčďă (3.142) ŕàőáâő ŕàěďáâăćńïěâ áőąőľ ćőńŋőćãî äãŋłæĺî çăáâĺæë áő áŕĺŋőň s = 0, áőáâăćńěŋŋőľ ĺğ ďćãå çăáâĺæ áő áŕĺŋőň s = 1/2. Ŋő ć łćăŋâőćőľ ňěåăŋĺłě ňőęŋő ććěáâĺ ěéě őďĺŋ áłăńïà, áőáâăćńěŋŋëľ ĺğ łőňŕőŋěŋâ áŕĺŋőàă (3.139):

ψ^1ψ^{1∗} + ψ^2ψ^{2∗} (3.145)

ĺ ŕàěďáâăćńïîéĺľ áőąőľ ŕńőâŋőáâì ćěàőïâŋőáâĺ ŋăåőęďěŋĺï çăáâĺæë ć ďăŋŋőľ âőçłě ŕàőáâàăŋáâćă. Ŕàěőąàăğőćăŋĺě, őáâăćńïîéěě ĺŋćăàĺăŋâŋőľ áãňňã łćăďàăâőć ňőďãńěľ ŕàěőąàăğãěňëå ćěńĺçĺŋ, ïćńïěâáï ãŋĺâăàŋëň, âăł çâő

U^+ = ( a^∗ c^∗ b^∗ d^∗ ) = U^{−1} . (3.146)

Ś ãçěâőň (3.144) őąàăâŋăï ňăâàĺæă ŕàěőąàăğőćăŋĺï ĺňěěâ ćĺď:

U^{−1} = ( d −b −c a ) , (3.147)

âăł çâő ĺğ ãáńőćĺï ãŋĺâăàŋőáâĺ ŕőńãçăěň:

a = d^∗ , b = −c^∗ . (3.148)

Ć áĺńã ãáńőćĺľ (3.144) ĺ (3.148), ĺğ çěâëàěå łőňŕńěłáŋëå ćěńĺçĺŋ a, b, c, d (â.ě. ćőáìňĺ ćěéěáâćěŋŋëå), ŋă áăňőň ďěńě, âőńìłő âàĺ (ćěéěáâćěŋŋëå) ïćńïîâáï ŋěğăćĺáĺňëňĺ, çâő áőőâćěâáâćãěâ âàěň ãčńăň ŕőćőàőâă âàěåňěàŋőľ áĺáâěňë łőőàďĺŋăâ.

Śàăćŋĺćăï áłăńïàë (3.142) ĺ (3.145) ćĺďĺň, çâő ψ^{1∗} ĺ ψ^{2∗} ďőńęŋë ŕàěőąàăğőćëćăâìáï łăł ψ^2 ĺ −ψ^1, áőőâćěâáâćěŋŋő.

Ŋăàïďã á àăááňőâàěŋŋëňĺ ćëèě łőŋâàćăàĺăŋâŋëňĺ łőňŕőŋěŋâăňĺ áŕĺŋőàă ψ^1, ψ^2 ććőďïâ ěéě ĺ łőćăàĺăŋâŋëě łőňŕőŋěŋâë:

ψ_1 = ψ^2 , ψ_2 = −ψ^1 . (3.149)

Ĺŋćăàĺăŋâ (3.142) ğăŕĺáëćăěâáï âőčďă ć ćĺďě áłăńïàŋőčő ŕàőĺğćěďěŋĺï:

ψ^λφ_λ = ψ^1φ_1 + ψ^2φ_2 = ψ^1φ^2 − ψ^2φ^1 . (3.150)

Şçâěň âěŕěàì, çâő

ψ^λφ_λ = ψ^1φ_1 + ψ^2φ_2 = −ψ_2φ^2 − ψ_1φ^1 , (3.151)

70 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

âăł çâő ćáěčďă ćëŕőńŋïěâáï áńěďãîéěě ãáńőćĺě ăŋâĺáĺňňěâàĺĺ:

ψ^λφ_λ = −ψ_λφ^λ . (3.152)

Őâáîďă őçěćĺďŋő, çâő:

ψ^λψ_λ = 0 . (3.153)

Ňőęŋő őŕàěďěńĺâì ĺ áŕĺŋőàë ćëáèĺå àăŋčőć. Ŋăŕàĺňěà, ňőęŋő ććěáâĺ áŕĺŋőàë ćâőàőčő àăŋčă łăł:

ψ^{λμ} ∼ ψ^λφ^μ , ψ_{λμ} ∼ ψ_λφ_μ , ψ^μ_λ ∼ ψ_λφ^μ . (3.154)

Śŕĺŋőàë ąőńěě ćëáőłőčő àăŋčă őŕàěďěńïîâáï ăŋăńőčĺçŋő.

Ŕěàěåőď őâ łőŋâàćăàĺăŋâŋëå áŕĺŋőàőć ł łőćăàĺăŋâŋëň ňőęŋő ŕàőćěáâĺ á ŕőňőéìî \ňěâàĺçěáłőčő âěŋğőàă" ćĺďă:

g_{λμ} = g^{λμ} = ( 0 1 −1 0 ) , (3.155)

ŕőáłőńìłã, łăł ńěčłő ćĺďěâì, ňőęŋő ŋăŕĺáăâì:

ψ_λ = g_{λμ}ψ^μ , ψ^λ = g^{μλ}ψ_μ . (3.156)

Řăááňőâàĺň ãňŋőęěŋĺě ĺ ãŕàőéěŋĺě (áćěàâłã) áŕĺŋőàőć. Şňŋőęěŋĺě ďćãå áŕĺŋőàőć ćâőàőčő ĺ âàěâìěčő àăŋčă ψ_{λμ}ψ^{νρσ} ďăěâ áŕĺŋőà ŕïâőčő àăŋčă. Şŕàőéěŋĺě (áćěàâłă) ψ^{νρσ}_{λμ} ŕő ďćãň ĺŋďěłáăň μ ĺ ν ďăěâ áŕĺŋőà âàěâìěčő àăŋčă ψ^{μρσ}_{λμ} . Ć çăáâŋőáâĺ, ãŕàőéěŋĺě ψ^μ_λ ďăěâ áłăńïà ψ^λ. Ŕàĺ íâőň, őďŋăłő, ŋăďő ãçěáâì (3.152), (3.153), âăł çâő ψ^λ = −ψ^λ. Őâáîďă áńěďãěâ, çâő ãŕàőéěŋĺě ŕő ďćãň ĺŋďěłáăň ńîąőčő áĺňňěâàĺçŋőčő (ŕő ŕěàěáâăŋőćłě ĺŋďěłáőć) áŕĺŋőàă ďăěâ ŋãńì! Ć çăáâŋőáâĺ ďńï áĺňňěâàĺçŋőčő áŕĺŋőàă ćâőàőčő àăŋčă ψ_{λμ} = ψ_{μλ} ĺňěěň ψ^λ = 0. Śĺňňěâàĺçŋëľ ŕő ćáěň ĺŋďěłáăň áŕĺŋőà ńîąőčő àăŋčă ňőęŋő ćáěčďă áőáâăćĺâì áőőâćěâáâćãîéěľ áĺňňěâàĺğăæĺěľ (â.ě. ćğïâì áãňňã áŕĺŋőàőć áő ćáěňĺ ŕěàěáâăŋőćłăňĺ ĺŋďěłáőć). Ć áĺńã áłăğăŋŋőčő, ĺğ łőňŕőŋěŋâ áĺňňěâàĺçŋőčő áŕĺŋőàă ŋěćőğňőęŋő áőáâăćĺâì (ŕãâěň ãŕàőéěŋĺï) áŕĺŋőàë ąőńěě ŋĺğłőčő àăŋčă. Ś ňăâěňăâĺçěáłőľ âőçłĺ ğàěŋĺï âăłĺě áŕĺŋőàë àěăńĺğãîâ ŋěŕàĺćőďĺňëě ŕàěďáâăćńěŋĺï čàãŕŕë ćàăéěŋĺľ SU (2).

Ŕő őŕàěďěńěŋĺî őŕěàăâőàă ňőňěŋâă ĺňŕãńìáă (áŕĺŋă) s őŕěàăâőà 1 + iδφ(n · s) őŕĺáëćăěâ ŕőćőàőâ ŋă ãčőń δφ ŋă ąěáłőŋěçŋő ňăńëľ ãčőń δφ ćőłàãč őáĺ, őàĺěŋâĺàőćăŋŋőľ ćďőńì ěďĺŋĺçŋőčő ćěłâőàă n [29]. Ďńï áŕĺŋă s = 1/2 ĺňěěň s =^1_2 σ, čďě σ | ŋăąőà âàěå ňăâàĺæ Ŕăãńĺ:

σ_x = ( 0 1 1 0 ) , σ_y = ( 0 −i i 0 ) , σ_z = ( 1 0 0 −1 ) . (3.157)

Őŕěàăâőà ŕőćőàőâă ŋă łőŋěçŋëľ ãčőń, áőőâćěâáâćěŋŋő, ěáâì:

Un = exp ( i 2 (n · σ)φ ) , (3.158)

çâő ĺŋăçě ňőęŋő ğăŕĺáăâì łăł:

Un = cos^φ2 + i(n · σ) sin^φ2 . (3.159)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 71

Šőčďă ďńï ŕőćőàőâă ćőłàãč őáĺ z ĺňěěň:

U_z(φ) = cos φ 2 + iσ_z sin φ 2 = ( e^{iφ/2} 0 0 e^{−iφ/2} ) , (3.160)

âăł çâő ψ^{′1} = ψ^1e^{iφ/2} , ψ^{′2} = ψ^2e^{−iφ/2} . (3.161)

Őâáîďă ćĺďŋő ŋěőąëçŋőě áćőľáâćő áŕĺŋőàă ŕěàćőčő àăŋčă | ŕàĺ ŕőćőàőâě ŋă ãčőń 2π ěčő łőňŕőŋěŋâë ňěŋïîâ ğŋăł (ŋěłńăááĺçěáłăï ďćãğŋăçŋőáâì). Šăłĺň ęě áćőľáâćőň őąńăďăîâ ćáě áŕĺŋőàë ŋěçěâŋëå àăŋčőć.

Ďńï ŕőćőàőâőć ćőłàãč őáěľ x ĺ y ăŋăńőčĺçŋëň őąàăğőň ŋăåőďĺň:

U_x(φ) = cos φ 2 + iσ_x sin φ 2 = ( cos^φ_2 i sin^φ_2 i sin^φ_2 cos^φ_2 ) , (3.162)

U_y(φ) = cos φ 2 + iσ_y sin φ 2 = ( cos^φ_2 sin^φ_2 − sin^φ_2 cos^φ_2 ) . (3.163)

Śŕĺŋőćëě áćőľáâćă ćőńŋőćëå äãŋłæĺľ âőęďěáâćěŋŋë ďńï çăáâĺæë áő áŕĺŋőň s ĺ ďńï áĺáâěňë ĺğ n = 2s çăáâĺæ áő áŕĺŋăňĺ s = 1/2, ŋăŕàăćńěŋŋëňĺ âăł, çâő ŕőńŋëľ áŕĺŋ áĺáâěňë àăćěŋ 2s. Ůĺáńő ŋěğăćĺáĺňëå łőňŕőŋěŋâ áĺňňěâàĺçŋőčő áŕĺŋőàă àăŋčă 2s àăćŋő 2s + 1, ŕőáłőńìłã àăğńĺçŋë ńĺèì ěčő łőňŕőŋěŋâë, áàěďĺ ĺŋďěłáőć łőâőàëå ĺňěěâáï 2s ěďĺŋĺæ ĺ 0 ďćőěł, 2s − 1 ěďĺŋĺæ ĺ őďŋă ďćőľłă, ... , 0 ěďĺŋĺæ ĺ 2s ďćőěł. Łăł ãęě ãłăğëćăńőáì, áĺňňěâàĺçŋëě áŕĺŋőàë ŕàěőąàăğãîâáï ŕő ŋěŕàĺćőďĺňëň ŕàěďáâăćńěŋĺïň čàãŕŕë ćàăéěŋĺľ.

Ć çăáâŋőáâĺ, áŕĺŋőàë çěâŋőčő àăŋčă ŕàěőąàăğãîâáï łăł âěŋğőàă ŕőńőćĺŋŋőčő (ćďćőě ňěŋìèěčő) àăŋčă. Łőňŕőŋěŋâë íâĺå âěŋğőàőć ňőčãâ ąëâì ŋěŕőáàěďáâćěŋŋő ćëàăęěŋë çěàěğ łőňŕőŋěŋâë áőőâćěâáâćãîéĺå áŕĺŋőàőć. Ć łăçěáâćě ćăęŋőčő ŕàĺňěàă ŕàĺćěďěň ć ïćŋőň ćĺďě áćïğì łőňŕőŋěŋâ áŕĺŋőàă ćâőàőčő àăŋčă á łőňŕőŋěŋâăňĺ áőőâćěâáâćãîéěčő ćěłâőàă [29]:

ψ_{12} = i √ 2 a_z , ψ_{11} = − i √ 2 (a_x + ia_y) , ψ_{22} = i √ 2 (a_x − ia_y) , (3.164)

ψ^{12} = − i √ 2 a_z , ψ^{11} = i √ 2 (a_x − ia_y) , ψ^{22} = − i √ 2 (a_x + ia_y) (3.165)

ĺ őąàăâŋő:

a_z = i √ 2ψ^{12} = i √ 2 (ψ^{12} + ψ^{21}) , a_x = i √ 2 (ψ^{22} − ψ^{11}) , a_y = − 1√ 2 (ψ^{11} + ψ^{22}) .

(3.166) Ĺáŕőńìğãï ňăâàĺæë Ŕăãńĺ, íâĺ áőőâŋőèěŋĺï ňőęŋő ŕěàěŕĺáăâì ć ŋăčńïďŋőň ĺ łőňŕăłâŋőň ćĺďě: ψ^μ_λ = − i √ 2 a · σ^μ_λ , (3.167)

a =^i√ 2 σ^λ_μψ^μ_λ . (3.168)

Śłăńïàŋőě ŕàőĺğćěďěŋĺě ćěłâőàőć ŋěŕőáàěďáâćěŋŋő ćëàăęăěâáï çěàěğ áłăńïàŋőě ŕàőĺğćěďěŋĺě áőőâćěâáâćãîéĺå áŕĺŋőàőć łăł:

a · b = ψλμφ^{λμ} . (3.169)

72 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Śŕĺŋőàë čàãŕŕë Ńőàěŋæă.

Ĺâăł, ć ŋěàěńïâĺćĺáâáłőľ âěőàĺĺ çăáâĺæă áő áŕĺŋőň s őŕĺáëćăěâáï (2s + 1)- łőňŕőŋěŋâŋőľ ćěńĺçĺŋőľ | áĺňňěâàĺçŋëň áŕĺŋőàőň àăŋčă 2s, â.ě. ňăâěňăâĺçěáłőľ ćěńĺçĺŋőľ, àěăńĺğãîéěľ áőőâćěâáâćãîéěě ŋěŕàĺćőďĺňőě ŕàěďáâăćńěŋĺě čàãŕŕë ćàăéěŋĺľ SU (2). Čàãŕŕă ćàăéěŋĺľ ïćńïěâáï ŕőďčàãŕŕőľ čàãŕŕë Ńőàěŋæă (čàãŕŕë ćàăéěŋĺľ ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ). Őčàăŋĺçĺňáï àăááňőâàěŋĺěň áőąáâćěŋŋőľ čàãŕŕë Ńőàěŋæă (ąěğ ŕàőáâàăŋáâćěŋŋëå őâàăęěŋĺľ). Šěőàĺï çěâëàěåňěàŋëå áŕĺŋőàőć áâàőĺâáï ăŋăńőčĺçŋő âěőàĺĺ âàěåňěàŋëå áŕĺŋőàőć.

Śŕĺŋőà ξ^α ŕàěďáâăćńïěâ áőąőľ ďćãåłőňŕőŋěŋâŋãî ćěńĺçĺŋã α = 1, 2, áőőâćěâáâćěŋŋő ŕàőěłæĺïň áŕĺŋă s = ±1/2. Ŕőď ćőğďěľáâćĺěň ŕàőĺğćőńìŋőčő ŕàěőąàăğőćăŋĺï Ńőàěŋæă, łőňŕőŋěŋâë áŕĺŋőàă ŕàěőąàăğãîâáï ďàãč çěàěğ ďàãčă (ąĺŋăàŋëě ŕàěőąàăğőćăŋĺï):

ξ^{′1} = αξ^1 + βξ^2 , ξ^{′2} = γξ^1 + δξ^2 , (3.170)

čďě łőňŕńěłáŋëě łőíääĺæĺěŋâë α, β, γ, δ őŕàěďěńïîâáï ãčńăňĺ ŕőćőàőâă çěâëàěåňěàŋőľ áĺáâěňë łőőàďĺŋăâ ĺ ŕőďçĺŋěŋë ãáńőćĺî:

αδ − βγ = 1 , (3.171)

âăł çâő ďěâěàňĺŋăŋâ ŕàěőąàăğőćăŋĺï (3.170) àăćěŋ ěďĺŋĺæě, çâő ŋăłńăďëćăěâ őčàăŋĺçěŋĺě ć ćĺďě ďćãå ãàăćŋěŋĺľ ŋă çěâëàě łőňŕńěłáŋëå łőíääĺæĺěŋâă. Ŕőíâőňã őáâăěâáï 8-2=6 ćěéěáâćěŋŋëå ŕăàăňěâàőć ŕàěőąàăğőćăŋĺï ć áőőâćěâáâćĺĺ á çĺáńőň ãčńőć ŕőćőàőâă áĺáâěňë łőőàďĺŋăâ ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ (ŕőćőàőâë ć èěáâĺ łőőàďĺŋăâŋëå ŕńőáłőáâïå).

Ć áĺńã (3.171) ŕàĺ ŕàěőąàăğőćăŋĺïå (3.170) őáâăěâáï ĺŋćăàĺăŋâŋőľ ąĺńĺŋěľŋăï äőàňă:

ξ^1¨^2 − ξ^2¨^1 , (3.172)

ŕőáâàőěŋŋăï ĺğ ďćãå áŕĺŋőàőć ξ^α ĺ ¨^α, ĺ áőőâćěâáâćãîéăï áłăńïàŋőľ çăáâĺæě áő áŕĺŋőň s = 0, áőáâăćńěŋŋőľ ĺğ ďćãå çăáâĺæ áŕĺŋă s = 1/2.

Ŋăàïďã á łőŋâàćăàĺăŋâŋëňĺ áŕĺŋőàăňĺ ξ^α ććőďïâ ěéě ĺ łőćăàĺăŋâŋëě áŕĺŋőàë ξ_α:

ξ_α = g_{αβ}ξ^β , (3.173)

čďě \ňěâàĺçěáłőĺľ âěŋğőà" g_{αβ} ĺňěěâ ćĺď (3.155), âăł çâő

ξ_1 = ξ^2 , ξ_2 = −ξ^1 , (3.174)

ξ^1¨^2 − ξ^2¨^1 = ξ^α¨_α = −ξ_α¨^α . (3.175)

Ŕőłă ćáě äőàňãńë ăąáőńîâŋő âě ęě, çâő ĺ ć ŋěàěńïâĺćĺáâáłőľ âěőàĺĺ. Řăğńĺçĺě ćőğŋĺłăěâ ŕàĺ àăááňőâàěŋĺĺ łőňŕńěłáŋő áőŕàïęěŋŋëå áŕĺŋőàőć. Ć ŋěàěńïâĺćĺáâáłőľ âěőàĺĺ áãňňă ψ^1ψ^{1∗} + ψ^2ψ^{2∗}, őŕàěďěńïîéăï ŕńőâŋőáâì ćěàőïâŋőáâĺ ńőłăńĺğăæĺĺ çăáâĺæ ć ŕàőáâàăŋáâćě, ïćńïěâáï áłăńïàőň. Ŕőíâőňã, łőňŕőŋěŋâë ψ^{α∗} ďőńęŋë ŕàěőąàăğőćëćăâìáï łăł łőćăàĺăŋâŋëě łőňŕőŋěŋâë áŕĺŋőàă. Śőőâćěâáâćěŋŋő, ŕàěőąàăğőćăŋĺě (3.141), łăł ňë ćĺďěńĺ, ïćńïěâáï ãŋĺâăàŋëň. Ć àěńïâĺćĺáâáłőľ âěőàĺĺ ŕńőâŋőáâì çăáâĺæ ŋě ïćńïěâáï áłăńïàőň, ă ŕàěďáâăćńïěâ áőąőľ ćàěňěŋŋãî łőňŕőŋěŋâã 4-ćěłâőàă, ă ŋă łőíääĺæĺěŋâë ŕàěőąàăğőćăŋĺï (3.170) ŋě ŋăłńăďëćăěâáï ŋĺłăłĺå őčàăŋĺçěŋĺľ, łàőňě (3.171). Ŕőíâőňã, ć àěńïâĺćĺáâáłőľ âěőàĺĺ łőňŕńěłáŋő áőŕàïęěŋŋëě ŕàěőąàăğőćăŋĺï áŕĺŋőàőć őłăğëćăîâáï áãéěáâćěŋŋő àăğńĺçŋëňĺ. Śőőâćěâáâćěŋŋő, ğďěáì ćőğŋĺłăěâ ďćă âĺŕă áŕĺŋőàőć. Ĺŋďěłáë áŕĺŋőàőć,

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 73

ŕàěőąàăğãîéĺåáï ŕő łőňŕńěłáŋő áőŕàïęěŋŋëň äőàňãńăň (3.170) őâňěçăîâáï âőçłăňĺ (ŕãŋłâĺàŋëě ĺŋďěłáë).

Ŕő őŕàěďěńěŋĺî ĺňěěň η^{α̇} ∼ ξ^{α∗} (ğŋăçőł ∼ őğŋăçăěâ ğďěáì \ŕàěőąàăğãěâáï łăł"), ĺ ŕàăćĺńő ŕàěőąàăğőćăŋĺï áŕĺŋőàőć á ŕãŋłâĺàŋëňĺ ĺŋďěłáăňĺ ĺňěěâ ćĺď:

η^{′ ˙1} = α^∗η^{˙1} + β^∗η^{˙2} , η^{′ ˙2} = γ^∗η^{˙1} + δ^∗η^{˙2} . (3.176)

Őŕěàăæĺĺ őŕãáłăŋĺï ĺ ŕőďŋĺňăŋĺï ĺŋďěłáőć ĺňěîâ ŕàěęŋĺľ ćĺď:

η_{˙1} = η^{˙2} , η_{˙2} = −η^{˙1} . (3.177)

Ŕő őâŋőèěŋĺî ł âàěåňěàŋëň ćàăéěŋĺïň 4-áŕĺŋőàë ćěďãâ áěąï łăł âàěåňěàŋëě áŕĺŋőàë, ŕőáłőńìłã, łăł őâňěçăńőáì ćëèě, čàãŕŕă ćàăéěŋĺľ ïćńïěâáï ŕőďčàãŕŕőľ čàãŕŕë Ńőàěŋæă. Ŋő ďńï âàěåňěàŋëå áŕĺŋőàőć ψ^∗_α ∼ ψ^α. Ŕőíâőňã η_{α̇} ćěďěâ áěąï ŕàĺ ćàăéěŋĺïå łăł łőŋâàćăàĺăŋâŋëľ 3-áŕĺŋőà ψ^α.

Śŕĺŋőàë ćëáèĺå àăŋčőć őŕàěďěńïîâáï łăł áőćőłãŕŋőáâĺ ćěńĺçĺŋ, ŕàěőąàăğãîéĺåáï łăł ŕàőĺğćěďěŋĺï łőňŕőŋěŋâ ŋěáłőńìłĺå áŕĺŋőàőć ŕěàćőčő àăŋčă. Ŋăŕàĺňěà, ňőęŋő ććěáâĺ âàĺ âĺŕă áŕĺŋőàőć ćâőàőčő àăŋčă:

ξ^{αβ} ∼ ξ^α¨^β , ζ^{αβ̇} ∼ ξ^αη^{β̇} , η^{α̇β̇} ∼ η^{α̇}H^{β̇} . (3.178)

Śőőâćěâáâćěŋŋő, àăŋč áŕĺŋőàă ć àěńïâĺćĺáâáłőľ âěőàĺĺ ãłăğëćăěâáï ć ćĺďě ŕăàë çĺáěń (k, l), â.ě. çĺáńă ŋěŕãŋłâĺàŋëå ĺ ŕãŋłâĺàŋëå ĺŋďěłáőć.

Śćěàâëćăŋĺě (ãŕàőéěŋĺě) áŕĺŋőàőć ňőęěâ ŕàőĺğćőďĺâìáï ńĺèì ŕő ŕăàăň ĺŋďěłáőć őďĺŋăłőćőčő àőďă (ďćãň ŕãŋłâĺàŋëň ĺńĺ ďćãň ŋěŕãŋłâĺàŋëň), ŕőáłőńìłã áãňňĺàőćăŋĺě ŕő ŕăàě ĺŋďěłáőć àăğńĺçŋőčő àőďă ŋě ïćńïěâáï ĺŋćăàĺăŋâŋőľ őŕěàăæĺěľ. Ŕőíâőňã ĺğ áŕĺŋőàă ζ^{α1α2...αkβ̇1β̇2...β̇l} , (3.179) áĺňňěâàĺçŋőčő ŕő ćáěň k ŕãŋłâĺàŋëň ĺ l ŋěŕãŋłâĺàŋëň ĺŋďěłáăň ŋěńìğï őąàăğőćăâì áŕĺŋőà ąőńěě ŋĺğłőčő àăŋčă (ãŕàőéěŋĺě ŕő ŕăàě ĺŋďěłáőć, őâŋőáĺâěńìŋő łőâőàëå áŕĺŋőà áĺňňěâàĺçěŋ ďăěâ, á ãçěâőň (3.175), ŋãńì). Šăłĺň őąàăğőň, áĺňňěâàĺçŋëě áŕĺŋőàë àěăńĺğãîâ ŋěŕàĺćőďĺňëě ŕàěďáâăćńěŋĺï čàãŕŕë Ńőàěŋæă, ă łăęďőě âăłőě ŕàěďáâăćńěŋĺě őŕàěďěńïěâáï ŕăàőľ çĺáěń (k, l). Ŕőáłőńìłã łăęďëľ ĺğ áŕĺŋőàŋëå ĺŋďěłáőć ŕàőąěčăěâ ďćă ğŋăçěŋĺï, âő ĺňěěâáï k + 1 áãéěáâćěŋŋő^8 àăğńĺçŋëå ŋăąőàőć çĺáěń α_1, α_2, ..., α_k ć (3.179) (áőďěàęăéĺå 0,1,2,...k ěďĺŋĺæ ĺ k,k- 1,...,0 ďćőěł) ĺ l+1 ŋăąőàőć çĺáěń _β_1, _β_2, ..., _β_l. Śńěďőćăâěńìŋő, áĺňňěâàĺçŋëľ áŕĺŋőà àăŋčă (k, l) ĺňěěâ (k+1)(l+1) ŋěğăćĺáĺňëå łőňŕőŋěŋâ, çâő ĺ őŕàěďěńïěâ àăğňěàŋőáâì áőőâćěâáâćãîéěčő ŋěŕàĺćőďĺňőčő ŕàěďáâăćńěŋĺï.

Śćïğì áŕĺŋőàőć á 4-ćěłâőàăňĺ.

Śŕĺŋőà ζ^{αβ̇} ĺňěěâ 2·2=4 łőňŕőŋěŋâë, áâőńìłő ęě, áłőńìłő ĺ ã 4-ćěłâőàă a^μ. Ŕőáłőńìłã âőâ ĺ ďàãčőľ àěăńĺğãîâ őďŋő ĺ âő ęě ŋěŕàĺćőďĺňőě ŕàěďáâăćńěŋĺě áőąáâćěŋŋőľ čàãŕŕë Ńőàěŋæă, ňěęďã ĺå łőňŕőŋěŋâăňĺ áãéěáâćãěâ ńĺŋěľŋăï áćïğì:

a^1 = 1 2 (ζ^{1 ˙2} + ζ^{2 ˙1}) , a^2 = i 2 (ζ^{1 ˙2} − ζ^{2 ˙1}) ,

a^3 = 1 2 (ζ^{1 ˙1} − ζ^{2 ˙2}) , a^0 = 1 2 (ζ^{1 ˙1} + ζ^{2 ˙2}) . (3.180)

8ζ^{αβ̇} ĺ ζ^{β̇α} | íâő őďŋő ĺ âő ęě, ŕőáłőńìłã ŕàěőąàăğőćăŋĺï (3.170) ĺ (3.176) ŋěğăćĺáĺňë.

74 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ďńï ŕàőáâàăŋáâćěŋŋëå łőňŕőŋěŋâ íâă áćïğì âăłăï ęě, łăł ĺ ć âàěåňěàŋőľ čàãŕŕě ćàăéěŋĺľ, á ãçěâőň ğăňěŋë ψ^α_β → ζ^{αβ̇}. Ćëàăęěŋĺě ďńï a^0 őçěćĺďŋő ĺğ ŕàőćěďěŋŋëå ćëèě àăááãęďěŋĺľ ő ŕńőâŋőáâĺ ćěàőïâŋőáâĺ ŕàőáâàăŋáâćěŋŋőľ ńőłăńĺğăæĺĺ çăáâĺæë, łăł ćàěňěŋŋőľ łőňŕőŋěŋâë 4-ćěłâőàă. Őąàăâŋëě äőàňãńë ĺňěîâ ćĺď:

ζ^{1 ˙1} = ζ_{2 ˙2} = a^3 + a^0 , ζ^{2 ˙2} = ζ_{1 ˙1} = a^0 − a^3 ,

ζ^{1 ˙2} = −ζ_{2 ˙1} = a^1 − ia^2 , ζ^{2 ˙1} = −ζ_{1 ˙2} = a^1 + ia^2 . (3.181)

Łőíääĺæĺěŋâë ć íâĺå äőàňãńăå ŕőďőąàăŋë âăł, çâőąë áłăńïàŋőě ŕàőĺğćěďěŋĺě ğăŕĺáëćăńőáì ć ćĺďě:

a^2 = 1 2 ζ_{αβ̇}ζ^{αβ̇} , ab = 1 2 ζ_{αβ̇}ξ^{αβ̇} . (3.182)

Śőőâćěâáâćĺě ňěęďã ζ^{αβ̇} ĺ 4-ćěłâőàőň a^μ ěáâì çăáâŋëľ áńãçăľ őąéěčő ŕàăćĺńă: ńîąőľ áĺňňěâàĺçŋëľ áŕĺŋőà àăŋčă (k, k) íłćĺćăńěŋâěŋ áĺňňěâàĺçŋőňã ŋěŕàĺćőďĺňőňã (â.ě. őąàăéăîéěňãáï ć ŋãńì ŕàĺ áćěàâëćăŋĺĺ ŕő ńîąőľ ŕăàě ĺŋďěłáőć) 4-âěŋğőàã àăŋčă k.

Śćïğì áŕĺŋőàă àăŋčă (1, 1) á 4-ćěłâőàőň (3.180), (3.181) ňőęŋő ğăŕĺáăâì ć łőňŕăłâŋőň ćĺďě á ŕőňőéìî ňăâàĺæ Ŕăãńĺ:

a = 12 Sp(^ζσ) , a^0 = 12 Sp ^ζ , (3.183)

^ζ = a · σ + a^0^1 , (3.184)

čďě ^ζ | ňăâàĺæă ζ^{αβ̇}, ^1 | ěďĺŋĺçŋăï ňăâàĺæă.

Ğăŕĺèěň ŕàěőąàăğőćăŋĺě áŕĺŋőàă ξ^α ć ćĺďě:

ξ^{′α} = (Bξ)^α , čďě B = ( α β γ δ ) . (3.185)

Šőčďă^9 η^{′β̇} = (B^∗η)^{β̇} = (ηB^+)^{β̇} . (3.186)

Šőčďă ŕàěőąàăğőćăŋĺě áŕĺŋőàă àăŋčă (1, 1) ğăŕĺáëćăěâáï łăł:

ζ^′ = BζB^+ . (3.187)

Ŕàĺ ąěáłőŋěçŋő ňăńőň ŕàěőąàăğőćăŋĺĺ B = 1+λ, čďě λ { ąěáłőŋěçŋő ňăńăï ňăâàĺæă. Šőčďă ĺğ (3.187) ĺňěěň:

ζ^′ = ζ + (λζ + ζλ^+) . (3.188)

Řăááňőâàĺň âěŕěàì ŕàěőąàăğőćăŋĺě Ńőàěŋæă ł áĺáâěňě łőőàďĺŋăâ, ďćĺęãéěľáï á ąěáłőŋěçŋő ňăńőľ áłőàőáâìî δv (ąěğ ĺğňěŋěŋĺï ŋăŕàăćńěŋĺï ŕàőáâàăŋáâćěŋŋëå őáěľ). Ŕàĺ íâőň 4-ćěłâőà a^μ = (a^0, a) ŕàěőąàăğãěâáï łăł:

a^′ = a − a^0δv , a^{′0} = a^0 − a · δv . (3.189)

9Ďńï łőćăàĺăŋâŋëå łőňŕőŋěŋâ ĺňěěň ξ^′_α = ( ~B^{−1}ξ)α = (ξB^{−1})α, η^′_{α̇} = (ηB^{∗−1})α, âăł çâő áłăńïàŋőě ŕàőĺğćěďěŋĺě áŕĺŋőàőć őáâăěâáï ĺŋćăàĺăŋâŋëň.

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 75

Ĺáŕőńìğãěň âěŕěàì (3.183). Ś őďŋőľ áâőàőŋë:

a^{′0} = a^0 − aδv = a^0 − 1 2 Sp(ζσδv) , (3.190)

ă á ďàãčőľ

a^{′0} = 1 2 Sp ζ^′ = a^0 + 1 2 Sp(λζ + ζλ^+) = a^0 + 1 2 Sp ζ(λ + λ^+) . (3.191)

Śàăćŋĺćăï (3.190), (3.191) ŕőńãçăěň:

λ + λ^+ = −σδv . (3.192) Ăŋăńőčĺçŋëň őąàăğőň, àăááňăâàĺćăï ŕàěőąàăğőćăŋĺě a, ŕőńãçĺň: σλ + λ^+σ = −δv . (3.193) Řăćěŋáâćă (3.192), (3.193) ĺňěîâ àěèěŋĺě:

λ = λ^+ = − 1 2 σ · δv , (3.194)

âăł çâő ąěáłőŋěçŋő ňăńőě ŕàěőąàăğőćăŋĺě Ńőàěŋæă ďńï áŕĺŋőàă ξ^α őáãéěáâćńïěâáï ňăâàĺæěľ: B = 1 − 1 2 (σ · n)δv (3.195)

čďě n = δv/δv. Őâáîďă ňőęŋő ŕěàěľâĺ ł łőŋěçŋëň ŕàěőąàăğőćăŋĺïň. Ŕàěőąàăğő-

ćăŋĺě Ńőàěŋæă (ŕěàěåőď ł áĺáâěňě łőőàďĺŋăâ, ďćĺęãéěľáï áő áłőàőáâìî v) čěőňěâàĺçěáłĺ őğŋăçăěâ ŕőćőàőâ çěâëàěåňěàŋőľ áĺáâěňë łőőàďĺŋăâ ć ŕńőáłőáâĺ (t, n) ŋă ãčőń φ, áćïğăŋŋëľ áő áłőàőáâìî v àăćěŋáâćőň v = thφ [25]. Ąěáłőŋěçŋő ňăńőňã ŕàěőąàăğőćăŋĺî áőőâćěâáâćãěâ ãčőń δφ = δv, ă ŕőćőàőâ ŋă łőŋěçŋëľ ãčőń őáãéěáâćńïěâáï φ/δφ-łàăâŋëň ŕàĺňěŋěŋĺěň ŕőćőàőâă ŋă δφ. Ćőğćőďï (3.195) ć áâěŕěŋì φ/δφ ĺ ŕěàěåőďï ł ŕàěďěńã δφ → 0, ŕőńãçăěň:

B = exp ( − φ 2 n · σ^) . (3.196)

Şçĺâëćăï, çâő çěâŋëě áâěŕěŋĺ n · σ àăćŋë 1, ă ŋěçěâŋëě | n · σ, ĺňěěň: B = ch φ 2 − n · σsh^φ2 , thφ = v . (3.197) Őâňěâĺň íàňĺâőćőáâì ňăâàĺæë ŕàěőąàăğőćăŋĺï B = B^+. Ćëàăęěŋĺě (3.197) ĺ őŕàěďěńïěâ ńőàěŋæěćáłőě ŕàěőąàăğőćăŋĺě çěâëàěåňěàŋőčő áŕĺŋőàă ŕěàćőčő àăŋčă.

Řăááňőâàĺň âěŕěàì ąěáłőŋěçŋő ňăńëľ ŕőćőàőâ ćěłâőàă ć âàěåňěàŋőň ŕàőáâàăŋáâćě, łőčďă:

a^′ = a − [δθ × a] . (3.198)

Ć íâőň áńãçăě, ăŋăńőčĺçŋëň őąàăğőň, ŕőńãçĺň:

B = 1 + i 2 σ · δθ , (3.199)

ă ďńï ŕőćőàőâă ŋă łőŋěçŋëľ ãčőń:

B = exp ( i θ 2n · σ ) = cos θ 2 + in · σ sin^θ2 , (3.200)

čďě n ğăďăěâ ŋăŕàăćńěŋĺě őáĺ ćàăéěŋĺï. İâă ňăâàĺæă ãŋĺâăàŋă B^+ = B^{−1}, łăł ĺ

ďőńęŋő ąëâì ďńï ŕàőáâàăŋáâćěŋŋőčő ŕőćőàőâă.

76 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ĺŋćěàáĺï áŕĺŋőàőć (P -őâàăęěŋĺě).

Ć ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłě őŕěàăæĺï ĺŋćěàáĺĺ ŕàőáâàăŋáâćă ŋě ňěŋïěâ ğŋăł ăłáĺăńìŋőčő ćěłâőàă, łăłőćëň ïćńïěâáï áŕĺŋ. Ŕőíâőňã ŋě ňěŋïěâ ğŋăł ĺ ěčő ŕàőěłæĺï s^z . Šăłĺň őąàăğőň, ŕàĺ ĺŋćěàáĺĺ łăęďăï łőňŕőŋěŋâă âàěåňěàŋőčő áŕĺŋőàă ψ^α ŕàěőąàăğãěâáï âőńìłő çěàěğ áăňã áěąï:

ψ^α → P ψ^α (3.201)

Ŕàőćőďï ĺŋćěàáĺî ďćăęďë, ňë ćőğćàăéăěňáï ł ĺáåőďŋőľ áĺáâěňě łőőàďĺŋăâ. Ć áńãçăě áŕĺŋőàőć, ćőğćàăâ ł ŋăçăńìŋőňã ŕőńőęěŋĺî ňőęŋő ŕőŋĺňăâì ńĺąő łăł ŕőćőàőâ ŋă ãčőń 0, ńĺąő łăł ŕőćőàőâ ŋă ãčőń 2π. Ŋő ňë ćĺďěńĺ, çâő ďńï áŕĺŋőàőć íâő ŋě őďŋő ĺ âő ęě, ŕőáłőńìłã, áőčńăáŋő (3.161), łőňŕőŋěŋâë ψ^α ňěŋïîâ ğŋăł ŕàĺ ŕőćőàőâě ŋă 2π. Ŕőíâőňã ćőğŋĺłăîâ ďćě ăńìâěàŋăâĺćë:

P^2 = 1 , â.ě. P = ±1 , (3.202)

P^2 = −1 , â.ě. P = ±i . (3.203)

Ŕěàěľďěň ł çěâëàěåňěàŋëň áŕĺŋőàăň. Ĺŋćěàáĺï łőňňãâăâĺćŋă á ŕàőáâàăŋáâćěŋŋëňĺ ćàăéěŋĺïňĺ, ŕőáłőńìłã őŋă ńĺèì ňěŋïěâ ğŋăł x, y, z ć x, y, z, t, ŋő ŋěłőňňãâăâĺćŋă á ŕàěőąàăğőćăŋĺïňĺ, ŕőćőàăçĺćăîéĺňĺ őáì t. Ć áăňőň ďěńě, ěáńĺ L ěáâì ŕàěőąàăğőćăŋĺě Ńőàěŋæă ł áĺáâěňě, ďćĺęãéěľáï áő áłőàőáâìî v, âő P L = L^′P , čďě L^′ | ŕàěőąàăğőćăŋĺě ł áĺáâěňě, ďćĺęãéěľáï áő áłőàőáâìî −v. Šăłĺň őąàăğőň, ŕàĺ ĺŋćěàáĺĺ, łőňŕőŋěŋâë çěâëàěåňěàŋőčő áŕĺŋőàă ξ^α ŋě ňőčãâ ŕàěőąàăğőćëćăâìáï çěàěğ áăňĺå áěąï. Šăłĺň őąàăğőň, ĺŋćěàáĺï ŕàěőąàăğãěâ ξ^α çěàěğ ďàãčĺě ćěńĺçĺŋë, łăłőćëňĺ ňőčãâ ąëâì ńĺèì η^{α̇}. Ŕőáłőńìłã ĺŋćěàáĺï ŋě ĺğňěŋïěâ ğŋăł s_z , âő łőňŕőŋěŋâë ξ^1 ĺ ξ^2 ňőčãâ ŕěàěľâĺ âőńìłő ć η ˙_1 ĺ η ˙_2, áőőâćěâáâćãîéĺě âěň ęě s_z = +1/2 ĺ s_z = −1/2. Ŕőŋĺňăï ŕőď ĺŋćěàáĺěľ őŕěàăæĺî, ďăîéãî 1 ŕàĺ ďćãłàăâŋőň ŕàĺňěŋěŋĺĺ, őŕàěďěńĺň ěě äőàňãńăňĺ:

ξ^α → η_{α̇} , η_{α̇} → ξ^α ,

ξ_α → −η^{α̇} , η^{α̇} → −ξ^α (3.204)

ďńï áńãçăï P^2 = 1. Ďńï ćăàĺăŋâă P^2 = −1 ňőęŋő ŋăŕĺáăâì: ξ^α → iη_{α̇} η_{α̇} → iξ^α ξ_α → −iη^{α̇} η^{α̇} → −iξ^α (3.205)

Ďàãčőľ ğŋăł ćő ćâőàëå áâàőłăå íâĺå äőàňãń áćïğăŋ á âěň őąáâőïâěńìáâćőň, çâő őŕãáłăŋĺě ĺ ŕőďŋĺňăŋĺě őďŋőčő ĺ âőčő ęě ĺŋďěłáă ŕàőĺáåőďĺâ, áőčńăáŋő (3.174), (3.177), á àăğŋëňĺ ğŋăłăňĺ. Ŋĺęě, ďńï őŕàěďěńěŋŋőáâĺ, ćěğďě ąãďěň ŕőńìğőćăâìáï őŕàěďěńěŋĺěň (3.205).

Ŕő őâŋőèěŋĺî ł ŕőďčàãŕŕě ćàăéěŋĺľ, łăł ňë ćĺďěńĺ ćëèě, ćěńĺçĺŋë ξ^α ĺ η_{α̇} ŕàěőąàăğãîâáï őďĺŋăłőćő. Őąàăğãěň ĺå łőňąĺŋăæĺĺ:

ξ^α ± η_{α̇} . (3.206)

Ŋěâàãďŋő ćĺďěâì, çâő íâĺ łőňąĺŋăæĺĺ ŕàěőąàăğãîâáï ŕàĺ ĺŋćěàáĺĺ áăňĺ çěàěğ áěąï, łăł (3.201) á P = ±i. Őďŋăłő, íâĺ łőňąĺŋăæĺĺ ŋě ćěďãâ áěąï łăł áŕĺŋőàë ŕő őâŋőèěŋĺî łő ćáěň ŕàěőąàăğőćăŋĺïň čàãŕŕë Ńőàěŋæă.

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 77

Šăłĺň őąàăğőň, ćłńîçěŋĺě ĺŋćěàáĺĺ ć čàãŕŕã áĺňňěâàĺĺ âàěąãěâ őďŋőćàěňěŋŋőčő àăááňőâàěŋĺï ŕăàë áŕĺŋőàőć (ξ^α, η_{α̇}) | ąĺáŕĺŋőàă. Ůěâëàě łőňŕőŋěŋâë ąĺáŕĺŋőàă àěăńĺğãîâ őďŋő ĺå ŋěŕàĺćőďĺňëå ŕàěďáâăćńěŋĺľ àăáèĺàěŋŋőľ čàãŕŕë Ńőàěŋæă. Śłăńïàŋőě ŕàőĺğćěďěŋĺě ďćãå ąĺáŕĺŋőàőć ňőęěâ ąëâì őąàăğőćăŋő ďćãňï àăğŋëňĺ áŕőáőąăňĺ. Ćěńĺçĺŋă ξ^α¨_α + η_{α̇}H^{α̇} (3.207) ŕàĺ ĺŋćěàáĺĺ ŋě ňěŋïěâáï ĺ őŕàěďěńïěâ, âăłĺň őąàăğőň, ĺáâĺŋŋëľ áłăńïà. Ćěńĺçĺŋă

ξ^α¨_α − η_{α̇}H^{α̇} (3.208)

âăłęě ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő ŕőćőàőâőć çěâëàěåňěàŋőľ áĺáâěňë łőőàďĺŋăâ, ŋő ňěŋïěâ ğŋăł ŕàĺ ĺŋćěàáĺĺ, őŕàěďěńïï, âăłĺň őąàăğőň, ŕáěćďőáłăńïà.

Ďćãňï áŕőáőąăňĺ ĺğ łőňŕőŋěŋâ ďćãå ąĺáŕĺŋőàőć ňőęŋő őŕàěďěńĺâì ĺ áőőâćěâáâćãîéĺľ áŕĺŋőà ćâőàőčő àăŋčă ζ^{αβ̇}. Őŕàěďěńĺć ěčő łăł:

ζ^{αβ̇} ∼ ξ^αH^{β̇} + ¨^αη^{β̇} , (3.209)

ŕőńãçĺň ćěńĺçĺŋã, ŕàěőąàăğãîéãîáï ŕàĺ ĺŋćěàáĺĺ áőčńăáŋő ζ^{αβ̇} → ζ_{α̇β}, âăł çâő 4- ćěłâőà, íłćĺćăńěŋâŋëľ íâőňã áŕĺŋőàã ŕàěőąàăğãěâáï áőčńăáŋő (a^0, a) → (a^0, −a) ĺ ŕàěďáâăćńïěâ áőąőľ ĺáâĺŋŋëľ 4-ćěłâőà (ŕàĺ íâőň a | ŕőńïàŋëľ ćěłâőà). Ŋő ňőęŋő őŕàěďěńĺâì ζ^{αβ̇} ĺ ĺŋăçě:

ζ^{αβ̇} ∼ ξ^αH^{β̇} − ¨^αη^{β̇} . (3.210)

Šőčďă ŕàĺ ĺŋćěàáĺĺ ζ^{αβ̇} → −ζ_{α̇β} ĺ íâőňã áŕĺŋőàã áőőâćěâáâćãěâ 4-ćěłâőà, ŕàěőąàăğãîéĺľáï ŕàĺ ĺŋćěàáĺĺ łăł (a^0, a) → (−a^0, a), â.ě. 4-ŕáěćďőćěłâőà (a | ăłáĺăńìŋëľ ćěłâőà).

Şàăćŋěŋĺě Ďĺàăłă.

Ůăáâĺæă áő áŕĺŋőň 1/2 ć áĺáâěňě ŕőłőï őŕĺáëćăěâáï ďćãåłőňŕőŋěŋâŋőľ ćőńŋőćőľ äãŋłæĺěľ | âàěåňěàŋëň áŕĺŋőàőň. Ŕő áćőěňã çěâëàěåňěàŋőňã \ŕàőĺáåőęďěŋĺî" íâő ňőęěâ ąëâì łăł ŋěŕãŋłâĺàŋëľ, âăł ĺ ŕãŋłâĺàŋëľ 4-áŕĺŋőà: ξ^α ĺńĺ η_{α̇}. Ěďĺŋáâćěŋŋëľ őŕěàăâőà, ćåőďïéĺľ ć ćőńŋőćőě ãàăćŋěŋĺě , ěáâì p_μ = i∂_μ, łőâőàëľ ć áŕĺŋőàŋőň ŕàěďáâăćńěŋĺĺ ćëàăęăěâáï çěàěğ p_{αβ̇}:

p^{1 ˙1} = p_{2 ˙2} = p_z + p_0 , p^{2 ˙2} = p_{1 ˙1} = p_0 − p_z ,

p^{1 ˙2} = −p_{2 ˙1} = p_x − ip_y , p^{2 ˙1} = −p_{1 ˙2} = p_x + ip_y . (3.211)

Ĺğ âàěąőćăŋĺï àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ áàăğã ęě ňőęŋő ŋăŕĺáăâì áńěďãîéãî áĺáâěňã ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ ŕěàćőčő ŕőàïďłă: p^{αβ̇}η_{β̇} = mξ^α , p_{β̇α}ξ^α = mη_{β̇} , (3.212)

łőâőàăï ĺ ŕàěďáâăćńïěâ áőąőľ áĺáâěňã ãàăćŋěŋĺľ Ďĺàăłă ć áŕĺŋőàŋőň ŕàěďáâăćńěŋĺĺ.

Ŕőďáâăćńïï η˙_β ĺğ ćâőàőčő ãàăćŋěŋĺï (3.212) ć ŕěàćőě, ŕőńãçĺň:

p^{αβ̇}η_{β̇} = 1 m p^{αβ̇}p_{γβ̇} ξ^γ = mξ^α . (3.213)

78 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ Şçĺâëćăï p^{αβ̇}p_{γβ̇} = p^2δ^α_γ , ŕőńãçăěň ĺğ (3.213): (p^2 − m^2)ξ^γ = 0 (3.214) | ãàăćŋěŋĺě Łńěľŋă { Čőàďőŋă ďńï łăęďőľ łőňŕőŋěŋâë áŕĺŋőàă. Ŕàĺ íâőň ïáŋő, çâő ŕăàăňěâà m ĺčàăěâ àőńì ňăááë çăáâĺæë. Ğăňěâĺň, çâő ĺňěŋŋő ŋěőąåőďĺňőáâì ććěďěŋĺï ňăááë âàěąãěâ őďŋőćàěňěŋŋőčő àăááňőâàěŋĺï ďćãå áŕĺŋőàőć ξ^α ĺ η˙_β, â.ě. ććěďěŋĺï ąĺáŕĺŋőàă, ĺŋăçě ŋě ãďăěâáï áőáâăćĺâì àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋëě ãàăćŋěŋĺï, áőďěàęăéĺě àăğňěàŋëľ ŕăàăňěâà m. Ć àěğãńìâăâě, ćőńŋőćőě ãàăćŋěŋĺě őłăğëćăěâáï ăćâőňăâĺçěáłĺ ĺŋćăàĺăŋâŋëň őâŋőáĺâěńìŋő ŕàőáâàăŋáâćěŋŋőľ ĺŋćěàáĺĺ, ěáńĺ őŕàěďěńĺâì ěě łăł (áà. (3.205)):

P : ξ^α → iη_{α̇} , η_{α̇} → iξ^α . (3.215) Ŕàĺ íâőň ć (3.212) őďŋőćàěňěŋŋő p^{α̇β} → p_α˙_β.

Ś ŕőňőéìî (3.184) ĺ (3.181) ãàăćŋěŋĺï (3.212) ňőęŋő ğăŕĺáăâì łăł: (p_0 + pσ)η = mξ , (p_0 − pσ)ξ = mη , (3.216) čďě ňë ććěńĺ áâőńąæë: ξ = ( ξ^1 ξ^2 ) , η = ( η_{˙1} η_{˙2} ) . (3.217) Ďńï łőňŕńěłáŋő áőŕàïęěŋŋëå ãàăćŋěŋĺľ ãďőąŋő ććěáâĺ áâàőłĺ: ξ^∗ = (ξ^{1∗}, ξ^{2∗}) , η^∗ = (η^∗_{˙1}, η^∗_{˙2}) (3.218) ĺ ğăŕĺáăâì (á ãçěâőň p^∗_μ = −p_μ): η^∗(p_0 + pσ) = −mξ^∗ , ξ^∗(p_0 − pσ) = −mη^∗ . (3.219) Őŕěàăæĺï ĺŋćěàáĺĺ ďńï łőňŕńěłáŋő áőŕàïęěŋŋëå áŕĺŋőàőć ğăŕĺáëćăěâáï łăł: P : ξ^{α∗} → −iη^∗_{α̇} , η^∗_{α̇} → −iξ^{α∗} . (3.220) Ć ńĺâěàăâãàě, čőàăğďő çăéě ŋěęěńĺ (3.212) ĺńĺ (3.216), ĺáŕőńìğãěâáï âăł ŋăğëćăěňăï áĺňňěâàĺçŋăï äőàňă ãàăćŋěŋĺï Ďĺàăłă. Ůâőąë ŕěàěľâĺ ł ŋěľ, ććěďěň çěâëàěåłőňŕőŋěŋâŋëľ ąĺáŕĺŋőà Ďĺàăłă, áőáâăćńěŋŋëľ ĺğ áâőńąæőć (3.217): ψ = ( ξ η ) . (3.221) Šőčďă áĺáâěňã (3.216) ňőęŋő ğăŕĺáăâì łăł: p_μγ^μ_{ik}ψ_k = mψ_i (3.222) ĺńĺ, őŕãáłăï ąĺáŕĺŋőàŋëě ĺŋďěłáë:

(γ^μp_μ − m)ψ = 0 , â.ě. (iγ^μ∂_μ − m)ψ = 0 , (3.223)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 79

čďě γ^μp_μ = p_0γ^0 − p · γ = iγ^0∂_0 + iγ · ∇, ĺ ňë ććěńĺ ňăâàĺæë 4 × 4 (ňăâàĺæë Ďĺàăłă) ćĺďă: γ^0 = ( 0 ^1 ^1 0 ) , γ = ( 0 −^σ ^σ 0 ) . (3.224)

Ďěľáâćĺâěńìŋő, (3.216) ňőęŋő ğăŕĺáăâì ć ćĺďě: ( 0 p_0 + pσ p_0 − pσ 0 ) ( ξ η ) = m ( ξ η ) , (3.225)

çâő áőćŕăďăěâ á (3.223) ŕàĺ ćëąőàě γ-ňăâàĺæ ć ćĺďě (3.224).

Ć őąéěň áńãçăě γ-ňăâàĺæë ďőńęŋë ńĺèì ãďőćńěâćőàïâì ãáńőćĺïň, őąěáŕěçĺćăîéĺň àăćěŋáâćő p^2 = m^2. Ďńï ćëćőďă íâĺå ãáńőćĺľ ãňŋőęĺň (3.223) áńěćă ŋă γ^ν p_ν. Šőčďă:

(γ^ν p_ν)(γ^μp_μ)ψ = m(γ^μp_μ)ψ = m^2ψ . (3.226) Ŕőáłőńìłã p_μp_ν ŕàěďáâăćńïěâ áőąőľ áĺňňěâàĺçŋëľ âěŋğőà (łőňŕőŋěŋâë ĺňŕãńìáă łőňňãâăâĺćŋë), âő (3.226) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě: 1 2 p_μp_ν (γ^μγ^ν + γ^ν γ^μ)ψ = m^2ψ , (3.227)

âăł çâő ŋěőąåőďĺňőě ãáńőćĺě ćëŕőńŋěŋő, ěáńĺ:

γ^μγ^ν + γ^ν γ^μ = 2g^{μν} . (3.228)

Šăłĺň őąàăğőň, ŕăàë àăğŋëå ňăâàĺæ γ^μ ăŋâĺłőňňãâĺàãîâ, ă ĺå łćăďàăâë àăćŋë:

(γ^1)^2 = (γ^2)^2 = (γ^3)^2 = −1 , (γ^0)^2 = 1 . (3.229)

Ŕàĺ ŕàőĺğćőńìŋőň ãŋĺâăàŋőň ŕàěőąàăğőćăŋĺĺ łőňŕőŋěŋâ ąĺáŕĺŋőàă ψ: ψ^′ = U ψ, čďě U | ãŋĺâăàŋăï ňăâàĺæă 4 × 4, γ-ňăâàĺæë ŕàěőąàăğãîâáï łăł:

γ^′ = U γU^{−1} = U γU^+ , (3.230)

âăł çâő (γ_μp^μ − m)ψ = 0 ŕěàěåőďĺâ ć (γ^{′μ}p_μ − m)ψ^′ = 0. Ŕàĺ âăłőň ŕàěőąàăğőćăŋĺĺ áőåàăŋïîâáï őçěćĺďŋëě ĺğ (3.224) áćőľáâćă:

γ^+ = −γ , γ^{0+} = γ^0 . (3.231)

Şàăćŋěŋĺě, łőňŕńěłáŋő áőŕàïęěŋŋőě (3.223), ňőęŋő ğăŕĺáăâì ć ćĺďě:

(−p_0~γ_0 − p~γ − m)ψ^∗ = 0 . (3.232)

Ŕěàěáâăćńïï ψ^∗ á ŕőňőéìî ~γ^μψ^∗ = ψ^∗γ^μ ĺ ãňŋőęăï ćáě ãàăćŋěŋĺě áŕàăćă ŋă γ^0 (á ãçěâőň γγ^0 = −γ^0γ), ŕőńãçĺň áőŕàïęěŋŋőě ãàăćŋěŋĺě Ďĺàăłă:

—ψ(γ^μp_μ + m) = 0 , (3.233)

čďě ňë ććěńĺ:

—ψ = ψ^∗γ^0 ψ^∗ = —ψγ^0 (3.234)

| őŕěàăæĺî ďĺàăłőćáłőčő áőŕàïęěŋĺï ąĺáŕĺŋőàă ψ.

80 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ŋěâàãďŋő ćĺďěâì, çâő ãàăćŋěŋĺě Ďĺàăłă (3.223): ňőęěâ ąëâì ŕőńãçěŋő ĺğ ãàăćŋěŋĺï İľńěàă { Ńăčàăŋęă: ∂L ∂ —ψ − ∂_μ ( ∂L ∂(∂_μ —ψ) ) = 0 (3.235)

ěáńĺ ććěáâĺ ńăčàăŋęĺăŋ ďĺàăłőćáłőčő ŕőńï ć ćĺďě: L = i 2 [ —ψγ^μ(∂_μψ) − (∂_μ —ψ)γ^μψ] − m —ψψ ≡ i —ψγ^{μ ↔}∂_μ ψ − m —ψψ , (3.236) čďě çěàěğ^↔∂_μ őąőğŋăçěŋă őŕěàăæĺï ďĺääěàěŋæĺàőćăŋĺï \ćŕàăćő" ĺ \ćńěćő", őŕàěďěńěŋŋăï ćëŕĺáăŋŋëň âőęďěáâćőň. Ŕàĺ íâőň, ć ãàăćŋěŋĺïå İľńěàă { Ńăčàăŋęă —ψ ĺ ψ àăááňăâàĺćăîâáï łăł ŋěğăćĺáĺňëě ŕőńï. Śőŕàïęěŋŋőě ãàăćŋěŋĺě Ďĺàăłă (3.233) ŕőńãçăěâáï ĺğ ãàăćŋěŋĺï (3.235) ŕőáńě ğăňěŋë —ψ → ψ. Šőčďă ŋěňěďńěŋŋő ŋăåőďĺň łăŋőŋĺçěáłĺľ ĺňŕãńìá π(x) ďĺàăłőćáłőčő ŕőńï: π(x) = ∂L ∂ _ψ(x) = iψ^+(x) . (3.237)

Ć àěğãńìâăâě, ŕńőâŋőáâì čăňĺńìâőŋĺăŋă ďĺàăłőćáłőčő ŕőńï ğăŕĺáëćăěâáï łăł:

H = π _ψ − L = ψ^+γ^0(−iγ^i ∂_i + m)ψ = ψ^+γ^0(iγ^0∂_0ψ) = ψ^+i ∂ψ ∂t , (3.238)

čďě ćő ćâőàőň àăćěŋáâćě ĺáŕőńìğőćăŋő ãàăćŋěŋĺě Ďĺàăłă (3.223).

Őâáâãŕńěŋĺě ő àăğňěàŋőáâïå.

Ĺáŕőńìğãï ïćŋëľ ćĺď ńăčàăŋęĺăŋă ďĺàăłőćáłőčő ŕőńï (3.236) ĺ ĺğćěáâŋëě àăğňěàŋőáâĺ [L] = l^{−4}, [m] = l^{−1}, [∂] = l^{−1}, íńěňěŋâăàŋő ŋăåőďĺň àăğňěàŋőáâì ďĺàăłőćáłőčő ŕőńï: [ψ] = [ —ψ] = l^{−3/2} (3.239) çâő ŕàĺčőďĺâáï ć ďăńìŋěľèěň.

Ŕàěőąàăğőćăŋĺě ĺŋćěàáĺĺ (3.215) ďńï ψ ňőęŋő ğăŕĺáăâì ć ćĺďě: P : ψ → iγ^0ψ , —ψ → −i —ψγ^0 . (3.240) Ĺŋćăàĺăŋâŋőáâì ãàăćŋěŋĺï Ďĺàăłă őâŋőáĺâěńìŋő (3.240) őçěćĺďŋă: ğăňěŋïï p → −p ĺ ψ → iγ^0ψ ŕőńãçăěň (p_0γ^0 +pγ − m)γ^0ψ = 0, ă ãňŋőęăï íâő ãàăćŋěŋĺě áńěćă ŋă γ^0, ĺ ãçĺâëćăï ăŋâĺłőňňãâăâĺćŋőáâì γ^0 ĺ γ, ćőğćàăéăěňáï ł ĺáåőďŋőňã ãàăćŋěŋĺî.

Şňŋőęĺň (γ^μp_μ − m)ψ = 0 áńěćă ŋă —ψ, ă —ψ(γ^μp_μ + m) = 0 áŕàăćă ŋă ψ, áńőęĺň ĺå ĺ ŕőńãçĺň:

—ψγ^μ(p_μψ) + (p_μ —ψ)γ^μψ = p_μ( —ψγ^μψ) = 0 (3.241) | ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ ďńï 4-âőłă ďĺàăłőćáłĺå çăáâĺæ: ∂_μj^μ = 0 , j^μ = —ψγ^μψ = (ψ^∗ψ, ψ^∗γ^0γψ) , (3.242) őŕĺáëćăîéěě ğăłőŋ áőåàăŋěŋĺï ğăàïďă, ŕńőâŋőáâì łőâőàőčő j^0 = ψ^∗ψ > 0.

Şàăćŋěŋĺě Ďĺàăłă ňőęŋő ğăŕĺáăâì ć ćĺďě ãàăćŋěŋĺï Ÿàěďĺŋčěàă: i ∂ψ ∂t = Hψ , (3.243)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 81

čďě čăňĺńìâőŋĺăŋ H ĺňěěâ ćĺď:

H = αp + βm , (3.244)

čďě ďĺàăłőćáłĺě ňăâàĺæë α ĺ β:

α = γ^0γ , β = γ^0 , (3.245)

âăł çâő (3.244) áőćŕăďăěâ á ććěďěŋŋëň ćëèě (3.238). Ňăâàĺæë (3.245) ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

α_iα_k + α_kα_i = 2δ_{ik} , βα + αβ = 0 , β^2 = 1 , (3.246)

ă ĺå ïćŋëľ ćĺď: α = ( σ 0 0 −σ ) , β = ( 0 1 1 0 ) . (3.247)

Řăááňőâàĺň ŋěàěńïâĺćĺáâáłĺľ ŕàěďěń. Ŕěàěåőďï ć (3.216) ł ŕàěďěńã p → 0, ε → m, ŕőńãçĺň ξ = η, âăł çâő őąă áŕĺŋőàă ĺğ ąĺáŕĺŋőàă áőćŕăďăîâ, ŋő ćáě çěâëàě łőňŕőŋěŋâë ąĺáŕĺŋőàă őáâăîâáï ŋěŋãńěćëňĺ. Ć âőęě ćàěňï, ïáŋő, çâő ńĺèì ďćě ĺğ ŋĺå ŋěğăćĺáĺňë. Şďőąŋő ŕěàěľâĺ ł âăł ŋăğëćăěňőňã áâăŋďăàâŋőňã ŕàěďáâăćńěŋĺî, ć łőâőàőň ć ŋěàěńïâĺćĺáâáłőň ŕàěďěńě ďćě łőňŕőŋěŋâë ąĺáŕĺŋőàă őąàăéăîâáï ć ŋãńì. Ďńï íâőčő ććőďĺň: ψ = ( φ χ ) , φ = 1√ 2 (ξ + η) , χ = 1√ 2 (ξ − η) . (3.248)

Ďńï ŕőłőïéěľáï çăáâĺæë, őçěćĺďŋő, ĺňěěň χ = 0. Śłńăďëćăï ĺ ćëçĺâăï ãàăćŋěŋĺï (3.216), ŕőńãçăěň: p_0φ − pσχ = mφ , −p_0χ + pσφ = mχ , (3.249)

őâłãďă ňőęŋő ŋăľâĺ ïćŋëľ ćĺď γ-ňăâàĺæ ďńï áâăŋďăàâŋőčő ŕàěďáâăćńěŋĺï [1]. Őâňěâĺň, çâő ć (3.248) őâďěńìŋő áłńăďëćăîâáï ŕěàćëě ĺ ćâőàëě łőňŕőŋěŋâë áŕĺŋőàőć ξ ĺ η. Śőőâćěâáâćěŋŋő, ć áâăŋďăàâŋőň ŕàěďáâăćńěŋĺĺ, łăł ĺ ć àăááňőâàěŋŋőň ćëèě áŕĺŋőàŋőň, ψ_1, ψ_3 áőőâćěâáâćãîâ ŕàőěłæĺĺ s^z = +1/2, ă ψ_2, ψ_4 | ŕàőěłæĺĺ s^z = −1/2. Ňăâàĺæă 1 2 ˚ = 1 2 ( σ 0 0 σ ) (3.250)

ďăěâ âàěåňěàŋëľ őŕěàăâőà áŕĺŋă ć áâăŋďăàâŋőň ŕàěďáâăćńěŋĺĺ.

Śŕĺàăńìŋőáâì.

Ć àěńïâĺćĺáâáłőľ âěőàĺĺ őàąĺâăńìŋëľ ňőňěŋâ l ĺ áŕĺŋ s ďćĺęãéěľáï çăáâĺæë ŋě áőåàăŋïîâáï łăęďëľ ć őâďěńìŋőáâĺ. Śőåàăŋïěâáï ńĺèì ŕőńŋëľ ňőňěŋâ j = l + s. Ŕőíâőňã ŋě áőåàăŋïěâáï ĺ ŕàőěłæĺï áŕĺŋă ŋă łăłőě-ńĺąő ŋăŕàăćńěŋĺě (őáì z), âăł çâő íâă ćěńĺçĺŋă ŋě ňőęěâ áńãęĺâì ďńï ŕěàěçĺáńěŋĺï ŕőńïàĺğăæĺőŋŋëå (áŕĺŋőćëå) łőňŕőŋěŋâ ďćĺęãéěľáï çăáâĺæë. Śőåàăŋïěâáï, őďŋăłő, áŕĺàăńìŋőáâì, â.ě. ŕàőěłæĺï áŕĺŋă ŋă ŋăŕàăćńěŋĺě ďćĺęěŋĺï (ĺňŕãńìáă). Ć áăňőň ďěńě, ŕőáłőńìłã l = [r × p], âő ŕàőĺğćěďěŋĺě s · n, čďě n = p_|p_| , áőćŕăďăěâ á őçěćĺďŋő áőåàăŋïîéĺňáï ŕàőĺğćěďěŋĺěň j · n. Śőąáâćěŋŋëě ğŋăçěŋĺï áŕĺàăńìŋőáâĺ λ = −s, ..., +s. Śőőâćěâáâćěŋŋő, ćőńŋőćëě äãŋłæĺĺ áćőąőďŋőľ çăáâĺæë á ĺňŕãńìáőň p åăàăłâěàĺğãîâáï ěéě ĺ áŕĺàăńìŋőáâìî: ψp_λ. Ć áĺáâěňě ŕőłőï áőáâőïŋĺě çăáâĺæë åăàăłâěàĺğãěâáï, łăł őąëçŋő, áŕĺŋőň (ěčő ŕàőěłæĺěľ ŋă őáì z).

82 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ďńï çăáâĺæë á ŋãńěćőľ ňăááőľ ŕőłőï ŋě áãéěáâćãěâ áĺáâěňë ŕőłőï, ć ńîąőľ áĺáâěňě łőőàďĺŋăâ őŋă ďćĺęěâáï áő áłőàőáâìî áćěâă. Ŕő őâŋőèěŋĺî ł âăłőľ çăáâĺæě ćáěčďă áãéěáâćãěâ ćëďěńěŋŋőě ŋăŕàăćńěŋĺě ć ŕàőáâàăŋáâćě | ŋăŕàăćńěŋĺě ćěłâőàă ĺňŕãńìáă p. Ć íâőň áńãçăě ŋě áãéěáâćãěâ áĺňňěâàĺĺ ŕő őâŋőèěŋĺî łő ćáěľ čàãŕŕě âàěåňěàŋëå ćàăéěŋĺľ, ă áãéěáâćãěâ ńĺèì ăłáĺăńìŋăï áĺňňěâàĺï ŕő őâŋőèěŋĺî ł ŕőćőàőâăň ćőłàãč íâőľ ćëďěńěŋŋőľ őáĺ. Śőőâćěâáâćěŋŋő, áőåàăŋïěâáï âőńìłő áŕĺàăńìŋőáâì. Ěáńĺ ŕőâàěąőćăâì áĺňňěâàĺî ŕő őâŋőèěŋĺî ł őâàăęěŋĺïň ć ŕńőáłőáâïå, ŕàőåőďïéĺå çěàěğ őáì p, âő áőáâőïŋĺï, őâńĺçăîéĺěáï ğŋăłőň λ, ąãďãâ ćëàőęďěŋë, âăł çâő ŕàĺ λ ≠ 0 ĺňěěň ďćãłàăâŋőě ćëàőęďěŋĺě. Šăłĺň őąàăğőň, ŕàĺ ŕěàěåőďě ł ŕàěďěńã m → 0 áĺáâěňă ãàăćŋěŋĺľ ďńï çăáâĺæë áő áŕĺŋőň s àăáŕăďăěâáï ŋă ŋěğăćĺáĺňëě ãàăćŋěŋĺï, őâćěçăîéĺě çăáâĺæăň áő áŕĺàăńìŋőáâïňĺ ±s, ±(s − 1), .... Ŋăŕàĺňěà, ďńï äőâőŋă λ = ±1, çâő ŋă ïğëłě ŕőńïàĺğăæĺĺ áőőâćěâáâćãěâ ŕàăćő- ĺ ńěćőŕőńïàĺğőćăŋŋëň äőâőŋăň.

Ăńčěąàă ňăâàĺæ Ďĺàăłă.

Ć ŕàăłâĺçěáłĺå ćëçĺáńěŋĺïå ąőńìèőě ğŋăçěŋĺě ĺňěěâ ăńčěąàă γ-ňăâàĺæ. Ŕàĺćěďěň áćőďłã őáŋőćŋëå äőàňãń ĺ őŕàěďěńěŋĺľ, łőâőàëě ąãďãâ ćáě ćàěňï ĺáŕőńìğőćăâìáï ć ďăńìŋěľèěň. Ćáě ăńčěąàăĺçěáłĺě áćőľáâćă íâĺå ňăâàĺæ ćëćőďïâáï ĺğ ďćãå őáŋőćŋëå áőőâŋőèěŋĺľ:

γ^μγ^ν + γ^ν γ^μ = 2g^{μν} , (3.251)

g_{μν} γ^μγ^ν = γ_μγ^μ = 4 ĺńĺ γ^2_0 − γ^2_1 − γ^2 − γ^2_3 = 4 , (3.252)

â.ě. ĺğ őáŋőćŋőčő ăŋâĺłőňňãâăæĺőŋŋőčő áőőâŋőèěŋĺï ĺ áłăńïàŋőčő ŕàőĺğćěďěŋĺï.

Ěáńĺ γ_μ ĺ γ^μ àăğďěńěŋë ŋěáłőńìłĺňĺ ňăâàĺæăňĺ γ, âő γ_μ ĺ γ^μ ňőčãâ ąëâì ŕàĺćěďěŋë ć áőáěďŋĺě ŕőńőęěŋĺï á ŕőňőéìî (3.251), ŕőáńě çěčő áãňňĺàőćăŋĺě ŕő μ ňőęŋő ŕàőćěáâĺ á ŕőňőéìî (3.252). Šăłĺň őąàăğőň ňőęŋő ŕőńãçĺâì áńěďãîéĺě áőőâŋőèěŋĺï:

γ_μγ^ν γ^μ = −2γ^ν ,

γ_μγ^λγ^ν γ^μ = 4g^{λν} ,

γ_μγ^λγ^ν γ^ργ^μ = −2γ^ργ^ν γ^λ ,

γ_μγ^λγ^ν γ^ρ γ^σ γ^μ = 2(γ^σ γ^λγ^ν γ^ρ + γ^ργ^ν γ^λγ^σ ) . (3.253)

Ůăáâő γ^μ ćáâàěçăîâáï ć łőňąĺŋăæĺïå á 4-ćěłâőàăňĺ. Ććěďěň áâăŋďăàâŋőě őąőğŋăçěŋĺě:

^a ≡ γ^μa_μ . (3.254)

Šőčďă ĺğ (3.251) ŕőńãçăěň:

^a^b + ^b^a = 2a_μbμ , ^a^a = a2 , (3.255)

ă ĺğ (3.253): γ_μ ^aγ^μ = −2^a , γ_μ ^a^bγ^μ = 4a_μb^μ , γ_μ^a^b^cγ^μ = −2^c^b^a , γ_μ^a^b^c ^dγ^μ = 2 (^ d^a^b^c + ^c^b^a ^d ) . (3.256)

Ÿĺàőłő ĺáŕőńìğãěâáï őŕěàăæĺï èŕãàĺàőćăŋĺï γ-ňăâàĺæ. Ć çăáâŋőáâĺ:

Sp γ^μ = 0 . (3.257)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 83

Ććőďï T^{μν} = 1 4 Sp(γ^μ γ^ν ) (3.258) ĺ ćëçĺáńïï èŕãà őâ (3.251), ŋăľďěň: T^{μν} = g^{μν} (3.259) ĺ, áőőâćěâáâćěŋŋő 1 4 Sp(^a^b) = a^μb_μ . (3.260) Őáőąãî àőńì ĺčàăěâ ňăâàĺæă γ^5, őŕàěďěńïěňăï łăł: γ^5 = −iγ^0γ^1γ^2γ^3 (3.261) Ńěčłő ãąěďĺâìáï, çâő γ^5γ^μ + γ^μ γ^5 = 0 , (γ^5)^2 = 1 , (3.262) âăł çâő γ^5 ăŋâĺłőňňãâĺàãěâ á őáâăńìŋëňĺ γ-ňăâàĺæăňĺ. Ŕő őâŋőèěŋĺî ł ňăâàĺæăň α ĺ β ĺňěěň:

αγ^5 − γ^5α = 0 , βγ^5 + γ^5β = 0 . (3.263) Ňăâàĺæă γ^5 íàňĺâőćă:

γ^{5+} = iγ^{3+}γ^{2+}γ^{1+}γ^{0+} = −iγ^3γ^2γ^1γ^0 = γ^5 , (3.264) ŕőáłőńìłã ŕěàěåőď őâ ŕőàïďłă ĺŋďěłáőć 3210 ł 0123 ďőáâĺčăěâáï çěâŋőľ ŕěàěáâăŋőćłőľ γ-ňăâàĺæ.

Ć áŕĺŋőàŋőň ŕàěďáâăćńěŋĺĺ ïćŋëľ ćĺď γ^5 ěáâì:

γ^5 = ( −^1 0 0 ^1 ) , (3.265)

ă ć áâăŋďăàâŋőň ŕàěďáâăćńěŋĺĺ:

γ^5 = ( 0 −^1 −^1 0 ) , (3.266)

őâłãďă ćĺďŋő, çâő Sp γ^5 = 0 , (3.267) çâő, ěáâěáâćěŋŋő, ŋě ğăćĺáĺâ őâ ćëąőàă ŕàěďáâăćńěŋĺï.

Śőćőłãŕŋőáâì 16 ňăâàĺæ: { γ^A } = { ^1, γ^5, γ^μ, iγ^μγ^5, iσ^{μν} } , (3.268) čďě σ^{μν} = 1 2 (γ^μγ^ν − γ^ν γ^μ) (3.269) őąàăğãěâ \ŕőńŋëľ ŋăąőà", ŕő łőâőàőňã ňőęěâ ąëâì \àăğńőęěŋă" ńîąăï ňăâàĺæă 4×4. Ć áăňőň ďěńě, ćáě íâĺ ňăâàĺæë őąńăďăîâ áćőľáâćăňĺ: Sp γ^A = 0 (A ≠ 1) , γ^Aγ_A = 1 , 1 4 Sp γ^Aγ_B = δ^A_B . (3.270)

Śőőâćěâáâćěŋŋő, ćáě γ^A-ňăâàĺæë ńĺŋěľŋő ŋěğăćĺáĺňë, ă ńîąăï ňăâàĺæă 4×4 ŕàěďáâăćńïěâáï ć ćĺďě: ` = ∑ A c_Aγ^A , c_A = 1 4 Sp γ_A` . (3.271)

84 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ŕńőáłĺě ćőńŋë.

Śőáâőïŋĺě áćőąőďŋőľ çăáâĺæë á őŕàěďěńěŋŋëň ĺňŕãńìáőň ĺ íŋěàčĺěľ őŕĺáëćăěâáï ŕńőáłőľ ćőńŋőľ, łőâőàãî ğăŕĺèěň ć ćĺďě: ψ_p = 1√ 2εp^{upe−ipx ,} (3.272)

čďě u_p | őŕàěďěńěŋŋëň őąàăğőň ŋőàňĺàőćăŋŋëľ ąĺáŕĺŋőà. Ďńï ćőńŋőćőľ äãŋłæĺĺ á \őâàĺæăâěńìŋőľ çăáâőâőľ" (ĺğňěŋïï âăłęě ğŋăł p) ğăŕĺèěň: ψ_p = 1√ 2εp^{u−pe} ipx . (3.273)

Ć őąőĺå áńãçăïå ŕĺèěň εp = + √ p^2 + m^2. Łőňŕőŋěŋâë ąĺáŕĺŋőàőć up ĺ u−p ãďőćńě-

âćőàïîâ áńěďãîéĺň ãàăćŋěŋĺïň, ŕőńãçăîéĺňáï ŕàĺ ŕőďáâăŋőćłě (3.272) ĺ (3.273) ć ãàăćŋěŋĺě Ďĺàăłă:

(^p − m)u_p = 0 , (^p + m)u_{−p} = 0 . (3.274) Ďńï áőŕàïęěŋŋëå áŕĺŋőàőć —u_p = u^∗_pγ^0 ĺňěěň: —u_p(^p − m) = 0 , —u_{−p}(^p + m) = 0 . (3.275) Ŕàĺňěň áńěďãîéěě ĺŋćăàĺăŋâŋőě ãáńőćĺě ŋőàňĺàőćłĺ: —u_pu_p = 2m , —u_{−p}u_{−p} = −2m . (3.276) Şňŋőęăï (3.274) áńěćă ŋă —u_{±p} ŕőńãçĺň (—u_{±p}γ^μu_{±p})p_μ = 2m^2 = 2p^2, â.ě. —u_pγ^μu_p = —u_{−p}γ^μu_{−p} = 2p^μ , (3.277) âăł çâő 4-ćěłâőà ŕńőâŋőáâĺ âőłă ďńï ŕńőáłĺå ćőńŋ (3.272), (3.273) àăćěŋ: j^μ = —ψ_{±p}γ^μψ_{±p} = 1 2εp —u_{±p}γ^μu_{±p} = p^μ εp^, (3.278)

â.ě. j^μ = (1, v), čďě v = p_εp { áłőàőáâì çăáâĺæë. Ćĺďĺň, çâő ćëąàăŋŋăï ŋőàňĺàőćłă áőőâćěâáâćãěâ \őďŋőľ çăáâĺæě ć őąêěňě V = 1".

Ć áâăŋďăàâŋőň ŕàěďáâăćńěŋĺĺ, ĺğ (3.249) ŕőńãçăěň áĺáâěňã őďŋőàőďŋëå ńĺŋěľŋëå ãàăćŋěŋĺľ: (εp − m)φ − pσχ = 0 , (εp + m)χ − pσφ = 0 . (3.279)

Őâáîďă: φ = pσ εp − m^{χ , χ} = pσ εp + m^{φ .} (3.280) Őąéĺľ ňŋőęĺâěńì ŕěàěď φ ĺ χ (ŕàőĺğćőńìŋëľ, ŕőłă àěçì ĺďěâ ŕàőáâő ő àěèěŋĺĺ őďŋőàőďŋëå ãàăćŋěŋĺľ) áńěďãěâ ćëąàăâì ĺğ ãáńőćĺï ŋőàňĺàőćłĺ (3.276). Śőőâćěâáâćěŋŋő, ć áâăŋďăàâŋőň ŕàěďáâăćńěŋĺĺ, áŕĺŋőàë u_p ĺ u_{−p} ĺňěîâ ćĺď:

u_p = ( √ εp + m w √ εp − m (nσ)w ) , u_{−p} = ( √ εp − m (nσ)w^′ √ εp + m w^′ ) , (3.281)

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 85

čďě n = p_|p_| , ă w | ŕàőĺğćőńìŋëľ ďćãåłőňŕőŋěŋâŋëľ áŕĺŋőà, ãďőćńěâćőàïîéĺľ

ãáńőćĺî:

w^∗w = 1 . (3.282)

Ćâőàăï äőàňãńă ć (3.281) ŕőńãçăěâáï ĺğ ŕěàćőľ ĺğňěŋěŋĺěň ğŋăłă ŕěàěď m ĺ ŕěàěőąőğŋăçěŋĺěň w → (nσ)w^′. Ăŋăńőčĺçŋëň őąàăğőň, ňőęŋő ŕőńãçĺâì [1]:

—u_p = (√ εp + m w^∗, −^√εp − m w^∗(nσ)^) , —u_{−p} = (√ εp − m w^{′∗}(nσ), −^√εp + m w^{′∗)} . (3.283) Ŕěàěňŋőęěŋĺěň ŋěŕőáàěďáâćěŋŋő ãąěęďăěňáï, çâő

—u_{±p}u_{±p} = ±2m . (3.284)

Ć áĺáâěňě ŕőłőï, â.ě. ŕàĺ εp = m, ĺňěěň:

u_p = √ 2m ( w 0 ) , u_{−p} = √ 2m ( 0 w^′ ) , (3.285)

âăł çâő w | íâő âőâ áăňëľ âàěåňěàŋëľ áŕĺŋőà, ł łőâőàőňã ć ŋěàěńïâĺćĺáâáłőň ŕàěďěńě áćőďĺâáï łăęďăï ĺğ ćőńŋ:

w^{σ=1/2} = ( 1 0 ) , w^{σ=−1/2} = ( 0 1 ) . (3.286)

Ŕàĺ ğăďăŋŋőň ĺňŕãńìáě áãéěáâćãěâ ďćă àăğńĺçŋëå ŋěğăćĺáĺňëå áőáâőïŋĺï, ć áőőâćěâáâćĺĺ á ďćãňï ćőğňőęŋëňĺ ğŋăçěŋĺïňĺ ŕàőěłæĺĺ áŕĺŋă. Ć áőőâćěâáâćĺĺ áő áďěńăŋŋëňĺ àăŋěě őąéĺňĺ ãâćěàęďěŋĺïňĺ, ć őąéěň áńãçăě, àěçì ĺďěâ ő áŕĺàăńìŋőáâĺ çăáâĺæë λ | ŕàőěłæĺĺ áŕĺŋă ŋă ŋăŕàăćńěŋĺě p. Śŕĺàăńìŋëň áőáâőïŋĺïň áőőâćěâáâćãîâ ŕńőáłĺě ćőńŋë, ã łőâőàëå áŕĺŋőà w = w^{(λ)}(n) ïćńïěâáï áőąáâćěŋŋőľ äãŋłæĺěľ őŕěàăâőàă nσ: 1 2 (nσ)w^{(λ)} = λw^{(λ)} . (3.287)

Śćïğì áŕĺŋă ĺ áâăâĺáâĺłĺ.

Ćâőàĺçŋőě łćăŋâőćăŋĺě ďĺàăłőćáłőčő ŕőńï (çăáâĺæ áő áŕĺŋőň s = 1/2) ŕàőĺğćőďĺâáï áńěďãîéĺň őąàăğőň. Ććěďěň àăğńőęěŋĺě ŕàőĺğćőńìŋőčő ďĺàăłőćáłőčő ŕőńï ŕő ŕńőáłĺň ćőńŋăň ć ćĺďě: ψ = ∑ pσ 1√ 2εp ( apσ^upσ^{e−ipx} +^{b+}pσ^u−p−σ^{eipx} ) , —ψ ≡ ψ^+γ^0 = ∑ pσ 1√ 2εp ( a^+p_σ —u_{pσ}e^{ipx} + bp_σ —u_{−p−σ}e^{−ipx} ) . (3.288)

Čăňĺńìâőŋĺăŋ Ďĺàăłă ŋăň ĺğćěáâěŋ, ŕőíâőňã âěŋğőà íŋěàčĺĺ-ĺňŕãńìáă ňőęŋő ĺ ŋě ĺáłăâì. Ĺáŕőńìğãï (3.238), (3.243) ŋăåőďĺň áàěďŋîî íŋěàčĺî ďĺàăłőćáłőľ çăáâĺæë ć áőáâőïŋĺĺ á ćőńŋőćőľ äãŋłæĺěľ ψ: E = ∫ d^3rψ^∗Hψ = i ∫ d^3rψ^∗ ∂ψ ∂t = i ∫ d^3r —ψγ^0 ∂ψ ∂t . (3.289)

86 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ŕőďáâăćńïï áîďă (3.288), ãçĺâëćăï őàâőčőŋăńìŋőáâì äãŋłæĺľ á àăğŋëňĺ p, σ, ă âăłęě —u_{±pσ}γ^0u_{±p,σ} = 2εp (áà. (3.278)), ŕőńãçăěň: H = ∑ pσ^ε p^(a^+pσapσ − bpσb^+pσ^) . (3.290)

İâő ćëàăęěŋĺě, őçěćĺďŋő, ěáâì ŕàïňőě áńěďáâćĺě âàăŋáäőàňăæĺőŋŋëå áćőľáâć ďĺàăłőćáłőčő ŕőńï ĺ âàěąőćăŋĺï àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ. Ŋő âěŕěàì ňë ćĺďĺň, çâő ŋăèě ŕőńě ŋãęŋő łćăŋâőćăâì ŕő Ťěàňĺ, â.ě. ććőďï ăŋâĺłőňňãâăâőàë: { apσ^{, a+}pσ } = 1 , { bpσ^{, b+}pσ } = 1 . (3.291)

Ŕàĺ ŋěáőćŕăďăîéĺå ĺŋďěłáăå, ă âăłęě ďńï ŕăà \ŋěłàěéěŋëå" ĺ \łàěéěŋëå" őŕěàăâőàőć áőőâćěâáâćãîéĺě ăŋâĺłőňňãâăâőàë àăćŋë ŋãńî. Ć àěğãńìâăâě (3.290) ŕěàěŕĺáëćăěâáï ć ćĺďě: H = ∑ pσ^ε p(a^+pσapσ + b^+pσbpσ − 1) , (3.292)

âăł çâő áőąáâćěŋŋëě ğŋăçěŋĺï íŋěàčĺĺ, ğă ćëçěâőň ąěáłőŋěçŋőľ íŋěàčĺĺ ćăłããňă, àăćŋë: E = ∑ pσ^ε p(Npσ + —Npσ) (3.293)

ĺ ïćńïîâáï ŕőńőęĺâěńìŋő őŕàěďěńěŋŋëňĺ. Ŕàĺ łćăŋâőćăŋĺĺ ŕő Ąőğě ŕőńãçĺńĺ ąë E = ∑ p^εpσ(^Npσ^− —^Npσ), â.ě. ŋě ŕőńőęĺâěńìŋő őŕàěďěńěŋŋőě ćëàăęěŋĺě^{10}.

Ďńï őŕěàăâőàă ĺňŕãńìáă, ĺğ ∫ d^3rψ^∗ ^pψ, ăŋăńőčĺçŋëň őąàăğőň ŕőńãçĺň:

P =^∑ pσ p(Npσ + —Npσ) . (3.294)

Őŕěàăâőà ŕńőâŋőáâĺ 4-âőłă j^μ = —ψγ^μ ψ, ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï ďăěâ őŕěàăâőà ğăàïďă ć ćĺďě: Q = ∫ d^3r —ψγ^0ψ = ∑ pσ ( a^+p_σap_σ + bp_σb^+p_σ ) = ∑ pσ (a^+p_σap_σ − b^+p_σbp_σ + 1 ) . (3.295)

İâő ďăěâ áőąáâćěŋŋëě ğŋăçěŋĺï ğăàïďă ć ćĺďě: Q = ∑ pσ (Npσ − —Npσ ) , (3.296)

çâő őğŋăçăěâ ŕàőâĺćőŕőńőęŋőáâì ğăàïďőć çăáâĺæ ĺ ăŋâĺçăáâĺæ.

Ťěàňĺőŋŋëě ŕàăćĺńă ăŋâĺłőňňãâăæĺĺ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï, łăł åőàőèő ĺğćěáâŋő [29], ŕàĺćőďïâ ł ŕàĺŋæĺŕã Ŕăãńĺ | áőąáâćěŋŋëě ğŋăçěŋĺï őŕěàăâőàă çĺáńă çăáâĺæ ć ďăŋŋőň łćăŋâőćőň áőáâőïŋĺĺ Np_σ ňőčãâ àăćŋïâìáï âőńìłő 0 ĺńĺ 1, ŕàĺçěň ňë ãąěďĺńĺáì, çâő ďńï çăáâĺæ áő áŕĺŋőň 1/2 íâő ïćńïěâáï ŕàïňëň áńěďáâćĺěň âàěąőćăŋĺľ àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ ĺ ŕőńőęĺâěńìŋőľ őŕàěďěńěŋŋőáâĺ íŋěàčĺĺ. Ć àěğãńìâăâě, ňë ňőęěň ńěčłő ŕàĺľâĺ ł őąéěľ âěőàěňě ő áćïğĺ

10Ćáě őąőğŋăçěŋĺï ğďěáì áâăŋďăàâŋëě, őąéĺě áćőľáâćă ĺ áňëáń äěàňĺěćáłĺå őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ŕàěďŕőńăčăîâáï ĺğćěáâŋëňĺ [29]

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 87

áŕĺŋă ĺ áâăâĺáâĺłĺ: ćáě çăáâĺæë á ŕőńãæěńëň áŕĺŋőň | äěàňĺőŋë, ă çăáâĺæë á æěńëň áŕĺŋőň | ąőğőŋë. İâő őçěćĺďŋő, ěáńĺ ãçěáâì, çâő ńîąãî çăáâĺæã áő áŕĺŋőň s ňőęŋő ŕàěďáâăćĺâì áěąě \áőáâăćńěŋŋőľ" ĺğ 2s çăáâĺæ áő áŕĺŋőň 1/2. Ŕàĺ ŕőńãæěńőň s çĺáńő 2s ŋěçěâŋő, ă ŕàĺ æěńőň s | çěâŋő. \Śńőęŋăï" çăáâĺæă, áőďěàęăéăï çěâŋőě çĺáńő äěàňĺőŋőć ïćńïěâáï ąőğőŋőň, ă áőďěàęăéăï ŋěçěâŋőě çĺáńő äěàňĺőŋőć | äěàňĺőŋőň. Ůâőąë ŕőŋïâì íâő ďőáâăâőçŋő àăááňőâàěâì ŕěàěáâăŋőćłĺ âăłĺå \áőáâăćŋëå" çăáâĺæ. Ŕàĺ íâőň ŕőďàăğãňěćăěâáï, çâő ćáě çăáâĺæë á őďĺŋăłőćëň áŕĺŋőň ŕőďçĺŋïîâáï őďĺŋăłőćőľ áâăâĺáâĺłě. Ěáńĺ ąë áãéěáâćőćăńĺ äěàňĺőŋë áő áŕĺŋőň s = 0, âő ĺğ âăłőčő äěàňĺőŋă ĺ äěàňĺőŋă áő áŕĺŋőň 1/2 ňőęŋő ąëńő ąë áőáâăćĺâì çăáâĺæã áŕĺŋă 1/2, łőâőàăï ąëńă ąë ąőğőŋőň, ć ŕàőâĺćőàěçĺĺ á őąéĺň àěğãńìâăâőň ďńï s = 1/2, ŕőńãçěŋŋőň ćëèě. İâă ğăňěçăâěńìŋăï âěőàěňă, őâŋőáïéăïáï ł ŋăĺąőńěě őąéĺň ãâćěàęďěŋĺïň łćăŋâőćőľ âěőàĺĺ ŕőńï, ćŕěàćëě ąëńă ďőłăğăŋă Ŕăãńĺ^{11}.

Ŕàěőąàăğőćăŋĺï C, P, T ďńï äěàňĺőŋőć.

Ňŋőęĺâěńĺ ψpσ = u_{pσ} exp(−ipx), ćåőďïéĺě ć (3.288) á őŕěàăâőàăňĺ apσ, ŕàěďáâăćńïîâ áőąőľ ćőńŋőćëě äãŋłæĺĺ áćőąőďŋëå çăáâĺæ (ŋăŕàĺňěà íńěłâàőŋőć) á ĺňŕãńìáőň p ĺ ŕőńïàĺğăæĺěľ σ: ψ^{(e)} = ψpσ. Ňŋőęĺâěńĺ —ψ−p−σ ŕàĺ őŕěàăâőàăå bpσ áńěďãěâ àăááňăâàĺćăâì łăł ćőńŋőćëě äãŋłæĺĺ áőőâćěâáâćãîéĺå ăŋâĺçăáâĺæ (ŋăŕàĺňěà ŕőğĺâàőŋőć) á âěňĺ ęě p ĺ σ. Őďŋăłő ψpσ ĺ —ψ−p−σ àăğńĺçŋë ŕő áćőĺň âàăŋáäőàňăæĺőŋŋëň áćőľáâćăň, ă ĺå łőňŕőŋěŋâë ãďőćńěâćőàïîâ àăğńĺçŋëň áĺáâěňăň ãàăćŋěŋĺľ. Ďńï ãáâàăŋěŋĺï íâőčő ŋěďőáâăâłă ŋăďő ŕàőćěáâĺ ěéě ŋěłőâőàőě ãŋĺâăàŋőě ŕàěőąàăğőćăŋĺě —ψ−p−σ, âăłőě, çâőąë ŋőćăï ćőńŋőćăï äãŋłæĺï ãďőćńěâćőàïńă âőňã ęě ãàăćŋěŋĺî, çâő ĺ ψpσ. Šăłãî äãŋłæĺî ĺ ąãďěň ŋăğëćăâì ćőńŋőćőľ äãŋłæĺěľ ăŋâĺçăáâĺæë (ŕőğĺâàőŋă) á ĺňŕãńìáőň p ĺ ŕőńïàĺğăæĺěľ σ. Ğăŕĺèěň:

ψ^{(p)}_{pσ} = U_C —ψ−p−σ . (3.297)

İâă őŕěàăæĺï ŋăğëćăěâáï ğăàïďőćëň áőŕàïęěŋĺěň C. İâă őŕěàăæĺï ŋě őčàăŋĺçĺćăěâáï ŕńőáłĺňĺ ćőńŋăňĺ, ć őąéěň áńãçăě ŕĺèěň:

Cψ(t, r) = U_C —ψ(t, r) . (3.298) Őŕãáłăï ďěâăńĺ ćëćőďă, łőâőàëě ňőęŋő ŋăľâĺ ć [1], ŕàĺćěďěň âőńìłő őłőŋçăâěńìŋëľ àěğãńìâăâ:

U_C = γ^2γ^0 . (3.299)

Ĺğ —ψ = ψ^∗γ^0 = ~γ^0ψ^∗ = γ^0ψ^∗ ĺňěěň:

Cψ = γ^2γ^0 —ψ = γ^2ψ^∗ . (3.300)

Ďńï àěèěŋĺľ ć ćĺďě ŕńőáłĺå ćőńŋ ŋěâàãďŋő ãąěďĺâìáï, çâő Cψ−p−σ = ψpσ , (3.301) âăł çâő íńěłâàőŋë ĺ ŕőğĺâàőŋë őŕĺáëćăîâáï őďĺŋăłőćëňĺ ćőńŋőćëňĺ äãŋłæĺïňĺ: ψ^{(e)} = ψ^{(p)} = ψpσ, łăł ĺ ďőńęŋő ąëâì, ŕőáłőńìłã íâĺ äãŋłæĺĺ ŋěáãâ ĺŋäőàňăæĺî âőńìłő őą ĺňŕãńìáě ĺ ŕőńïàĺğăæĺĺ çăáâĺæ.

Ăŋăńőčĺçŋő ňőęŋő àăááňőâàěâì ĺ őŕěàăæĺî őąàăéěŋĺï ćàěňěŋĺ. Ĺğňěŋěŋĺě ğŋăłă ćàěňěŋĺ ďőńęŋő áőŕàőćőęďăâìáï łőňŕńěłáŋëň áőŕàïęěŋĺěň ćőńŋőćőľ äãŋłæĺĺ [29]. Ďńï âőčő, çâőąë ŕőńãçĺâì ć àěğãńìâăâě \őąàăéěŋŋãî ŕő ćàěňěŋĺ" ćőńŋőćãî äãŋłæĺî äěàňĺőŋă T ψ ć âőň ęě ŕàěďáâăćńěŋĺĺ, çâő ĺ ĺáåőďŋăï ψ, ŋăďő, őŕïâì âăłĺ, ŕàőćěáâĺ ŋăď ψ^∗ (ĺńĺ —ψ) ŋěłőâőàőě ãŋĺâăàŋőě ŕàěőąàăğőćăŋĺě:

T ψ(r, t) = U_T —ψ(r, −t) . (3.302) Ňőęŋő ŕőłăğăâì [1], çâő U_T = iγ^3γ^1γ^0 , (3.303)

11Ŕőďçěàłŋěň, çâő ć łćăŋâőćőľ âěőàĺĺ ŕőńï íâă âěőàěňă ĺňěŋŋő ďőłăğëćăěâáï, ŋă őáŋőćě áăňëå őąéĺå âàěąőćăŋĺľ àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ (âàăŋáäőàňăæĺőŋŋëå áćőľáâć ŕőńěľ) ĺ ŕőńőęĺâěńìŋőľ őŕàěďěńěŋŋőáâĺ íŋěàčĺĺ, â.ě. ãáâőľçĺćőáâĺ őáŋőćŋőčő áőáâőïŋĺï, ă ŋě ŕőáâãńĺàãěâáï, łăł íâő ďěńăěâáï ć ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłě.

88 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

âăł çâő T ψ(t, r) = iγ^3γ^1γ^0 —ψ(−t, r) = iγ^3γ^1ψ^∗(−t, r) . (3.304) Őŕěàăæĺï ŕàőáâàăŋáâćěŋŋőľ ĺŋćěàáĺĺ (ąĺ)áŕĺŋőàőć P ąëńă őŕàěďěńěŋă ćëèě ć (3.240): P ψ = iγ^0ψ , P —ψ = −i —ψγ^0 . (3.305) Ŕàĺćěďěň ŕőáńěďőćăâěńìŋő àěğãńìâăâ ćőğďěľáâćĺï ŋă ďĺàăłőćáłőě ŕőńě ψ ćáěå âàěå őŕěàăæĺľ T, P, C: T ψ(t,r) = −iγ^1γ^3ψ^∗(−t, r) , P T ψ(t, r) = iγ^0(T ψ) = γ^0γ^1γ^3ψ^∗(−t, −r) , CP T ψ(t, r) = γ^2(γ^0γ^1γ^3ψ^∗)^∗ = γ^2γ^0γ^1γ^3ψ(−t, −r) (3.306) ĺńĺ CP T ψ(t, r) = iγ^5ψ(−t, −r) . (3.307) Ŕàĺňěŋïï íâĺ őŕěàăæĺĺ ł (3.288), ňőęŋő ŋăľâĺ áńěďãîéĺě ŕàăćĺńă ŕàěőąàăğőćăŋĺï őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï [1]: a^Cp_σ = bp_σ , b^Cp_σ = ap_σ ,

a^P_−p_σ = iap_σ , b^P_−p_σ = ibp_σ ,

a^T_−p_{−σ} = 2σia^+p_σ , b^T_−p_{−σ} = 2σib^+p_σ . (3.308)

Ąĺńĺŋěľŋëě äőàňë.

Ŕőáłőńìłã ąĺáŕĺŋőàë ψ ĺ ψ^∗ ĺňěîâ ŕő 4 łőňŕőŋěŋâë, âő ĺğ ŋĺå ňőęŋő áőáâăćĺâì 4×4=16 ŋěğăćĺáĺňëå ąĺńĺŋěľŋëå łőňąĺŋăæĺľ. Ć áĺňňěâàĺçŋőň ćĺďě íâĺ łőňąĺŋăæĺĺ ğăŕĺáëćăîâáï áńěďãîéĺň őąàăğőň (áň. (3.268), (3.269 ) : S = —ψψ , V^μ = —ψγ^μψ , P = i —ψγ^5ψ , A^μ = —ψγ^μγ^5ψ , T^{μν} = i —ψσ^{μν} ψ , (3.309) čďě σ^{μν} = 1 2 (γ^μγ^ν − γ^ν γ^μ) . (3.310)

İâĺ ąĺńĺŋěľŋëě äőàňë őąàăğãîâ őďĺŋ áłăńïà S, őďĺŋ ŕáěćďőáłăńïà P , 4-ćěłâőà V^μ, 4-ŕáěćďőćěłâőà A^μ ĺ ăŋâĺáĺňňěâàĺçŋëľ âěŋğőà T^{μν} .

Śłăńïàŋőáâì S ĺ ŕáěćďőáłăńïàŋőáâì P őçěćĺďŋë ĺğ ĺå áŕĺŋőàŋőčő ŕàěďáâăćńěŋĺï (áň. (3.207) ĺ (3.208)):

S = ξ^∗η + η^∗ξ , P = i(ξ^∗η − η^∗ξ) . (3.311)

Ćěłâőàŋëľ åăàăłâěà V^μ őçěćĺďěŋ, âőčďă, ĺğ ãàăćŋěŋĺï Ďĺàăłă p_μγ^μψ = mψ, ĺğ łőâőàőčő áàăğã áńěďãěâ ( —ψp_μγ^μψ) = m —ψψ, čďě áŕàăćă ĺ áńěćă áâőïâ áłăńïàë.

Ćőőąéě, ŕàăćĺńő áőáâăćńěŋĺï ąĺńĺŋěľŋëå äőàň (3.309) őçěćĺďŋő: őŋĺ áőáâăćńěŋë âăł, łăł ąãďâő γ^μ ŕàěďáâăćńïěâ áőąőľ 4-ćěłâőà, γ^5 | ŕáěćďőáłăńïà, ă áâőïéĺě á őąěĺå áâőàőŋ —ψ ĺ ψ őąàăğãîâ ćňěáâě áłăńïà. Őâáãâáâćĺě ąĺńĺŋěľŋëå äőàň, łőâőàëě ĺňěńĺ ąë åăàăłâěà áĺňňěâàĺçŋőčő 4-âěŋğőàă ïáŋő ĺğ âőčő äăłâă, çâő áĺňňěâàĺçŋăï łőňąĺŋăæĺï γ^μγ^ν + γ^ν γ^μ = 2g^{μν} , âăł çâő áőőâćěâáâćãîéăï ąĺńĺŋěľŋăï äőàňă áćőďĺâáï ł g^{μν} —ψψ. Ŕàăłâĺçěáłĺ, ąĺńĺŋěľŋëě äőàňë (3.309) ĺáŕőńìğãîâáï ŕàĺ ŕőáâàőěŋĺĺ àăğńĺçŋëå ńăčàăŋęĺăŋőć ćğăĺňőďěľáâćĺï áŕĺŋőàŋëå ŕőńěľ ňěęďã áőąőľ ĺ á ďàãčĺňĺ ŕőńïňĺ. Ŕàăćĺńă ŕàěőąàăğőćăŋĺï ąĺńĺŋěľŋëå äőàň ŕàĺ ďĺáłàěâŋëå ŕàěőąàăğőćăŋĺïå C, P, T ňőęŋő ŋăľâĺ ć [1].

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 89

Ŋěľâàĺŋő.

Ćëèě ňë ćĺďěńĺ, çâő ŋěőąåőďĺňőáâì őŕĺáăŋĺï çăáâĺæë áő áŕĺŋőň s = 1/2 ďćãňï áŕĺŋőàăňĺ ξ ĺ η áćïğăŋă á ňăááőľ çăáâĺæë. İâă ŕàĺçĺŋă őâŕăďăěâ, ěáńĺ ňăááă àăćŋă ŋãńî^{12}. Ćőńŋőćőě ãàăćŋěŋĺě, őŕĺáëćăîéěě âăłãî çăáâĺæã ňőęěâ ąëâì áőáâăćńěŋő á ŕőňőéìî ćáěčő őďŋőčő áŕĺŋőàă, ŋăŕàĺňěà η:

p^{αβ̇}η_{β̇} = 0 (3.312)

ĺńĺ, çâő âőęě áăňőě:

(p_0 + pσ)η = 0 . (3.313)

İâő ãàăćŋěŋĺě ŋăğëćăěâáï ãàăćŋěŋĺěň Ćěľńï.

Ćëèě őâňěçăńőáì, çâő ćőńŋőćőě ãàăćŋěŋĺě á ňăááőľ m, ăćâőňăâĺçěáłĺ őłăğëćăěâáï ĺŋćăàĺăŋâŋëň ŕő őâŋőèěŋĺî ł ŕàőáâàăŋáâćěŋŋőľ ĺŋćěàáĺĺ (ŕàěőąàăğőćăŋĺě ξ ↔ η (3.215)). Ŕàĺ őŕĺáăŋĺĺ çăáâĺæë őďŋĺň áŕĺŋőàőň íâă áĺňňěâàĺï ŕàőŕăďăěâ.

İŋěàčĺï ĺ ĺňŕãńìá çăáâĺæë á m = 0 áćïğăŋë áőőâŋőèěŋĺěň ε = |p|. Ŕőíâőňã ďńï ŕńőáłőľ ćőńŋë η_p ∼ e^{−ipx} ãàăćŋěŋĺě (3.313) ďăěâ:

(n · σ)ηp = −ηp , (3.314)

čďě n = p_|p_| . Šăłőě ęě ãàăćŋěŋĺě ĺňěěâ ňěáâő ĺ ďńï ćőńŋë á \őâàĺæăâěńìŋőľ çăáâő- âőľ" η_{−p} ∼ e^{ipx}: (n · σ)η−p = −η−p . (3.315) Ćâőàĺçŋő-łćăŋâőćăŋŋëě őŕěàăâőàë ŕőńï η ŕàěďáâăćńïîâáï ć ćĺďě: η = ∑ p (η_pap + η_{−p}b^+p) ,

η^+ = ∑ p (η^∗_pa^+p + η^∗_{−p}bp) . (3.316)

Őâáîďă, łăł őąëçŋő, áńěďãěâ, çâő η^∗_{−p} ïćńïěâáï ćőńŋőćőľ äãŋłæĺěľ ăŋâĺçăáâĺæë. Ŋěľâàĺŋő ŕàěďáâăćńïěâ áőąőľ íńěłâàĺçěáłĺ ŋěľâàăńìŋãî çăáâĺæã, ŋő ć àăááňăâàĺćăěňőň äőàňăńĺğňě őŋő ŋě ïćńïěâáï ĺáâĺŋŋő ŋěľâàăńìŋőľ çăáâĺæěľ!

Ĺğ őŕàěďěńěŋĺï őŕěàăâőàőć p^{αβ̇} (3.211) ćĺďŋő, çâő p^{αβ̇∗} = −p^{α̇β}. Ŕőíâőňã łőňŕńěłáŋő áőŕàïęěŋŋëľ áŕĺŋőà η^∗ ãďőćńěâćőàïěâ ãàăćŋěŋĺî p^{α̇β}η^∗_{β̇} = 0, ĺńĺ, çâő âőęě áăňőě:

p_{α̇β}η^{β̇∗} = 0 . (3.317)

Őąőğŋăçĺň η^{β̇∗} = ξ^β , ŕőáłőńìłã łőňŕńěłáŋőě áőŕàïęěŋĺě ŕàěćàăéăěâ ŕãŋłâĺàŋëľ áŕĺŋőà ć ŋěŕãŋłâĺàŋëľ. Šăłĺň őąàăğőň, ćőńŋőćëě äãŋłæĺĺ ăŋâĺçăáâĺæë ãďőćńěâćőàïîâ ãàăćŋěŋĺî:

p_{α̇β}ξ^β = 0 (3.318) ĺńĺ (p_0 − pσ)ξ = 0 . (3.319)

Ďńï ŕńőáłőľ ćőńŋë őâáîďă ĺňěěň:

(n · σ)ξp = ξp . (3.320)

12Śàěďĺ ćáěå ĺğćěáâŋëå äěàňĺőŋőć, á ĺňěîéěľáï íłáŕěàĺňěŋâăńìŋőľ âőçŋőáâìî, àăćŋă ŋãńî ňăááă ŋěľâàĺŋő: ãáâăŋőćńěŋŋőě őčàăŋĺçěŋĺě ŋă ěčő ňăááã mν < 30eV .

90 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Řĺá. 3-2 Ŕàĺ őâàăęěŋĺĺ ć ğěàłăńě (ŕàőáâàăŋáâćěŋŋőľ ĺŋćěàáĺĺ) ńěćőě ŋěľâàĺŋő ŕěàěåőďĺâ ć ŋěáãéěáâćãîéěě ŕàăćőě ŋěľâàĺŋő (ă). Řěăńìŋőě áőáâőïŋĺě ŕőńãçăěâáï ŕàĺ őďŋőćàěňěŋŋőň á őâàăęěŋĺěň ŕěàěåőďě őâ çăáâĺæë ł ăŋâĺçăáâĺæě (ğăàïďőćőň áőŕàïęěŋĺĺ), ŕàĺ íâőň ńěćőě ŋěľâàĺŋő ŕěàěåőďĺâ ć ŕàăćőě ăŋâĺŋěľâàĺŋő (ą).

Ğăňěâĺň, çâő^1_2 (n · σ) ŕàěďáâăćńïěâ áőąőľ őŕěàăâőà ŕàőěłæĺĺ áŕĺŋă ŋă ŋăŕàăćńěŋĺě ďćĺęěŋĺï (áŕĺàăńìŋőáâĺ). Ŕőíâőňã ãàăćŋěŋĺï (3.314), (3.320) őğŋăçăîâ, çâő áőáâőïŋĺě çăáâĺæë á őŕàěďěńěŋŋëň ĺňŕãńìáőň ăćâőňăâĺçěáłĺ őłăğëćăěâáï áŕĺàăńìŋëň | ŕàőěłæĺï áŕĺŋă ã ŋĺå ŋăŕàăćńěŋă ćďőńì ŋăŕàăćńěŋĺï ďćĺęěŋĺï. Ŕàĺ íâőň áŕĺŋ çăáâĺæë ŕàőâĺćőŕőńőęěŋ ĺňŕãńìáã (áŕĺàăńìŋőáâì àăćŋă -1/2, \ńěćëľ ćĺŋâ"), ă áŕĺŋ ăŋâĺçăáâĺæë ŋăŕàăćńěŋ ćďőńì ĺňŕãńìáă (áŕĺàăńìŋőáâì àăćŋă +1/2, \ŕàăćëľ ćĺŋâ"). Śőőâćěâáâćěŋŋő ďńï ŋěľâàĺŋő ĺ ăŋâĺŋěľâàĺŋő őâáãâáâćãěâ áĺňňěâàĺï ŕő őâŋőèěŋĺî ł őâàăęěŋĺïň ć ŕńőáłőáâĺ, ŕàőåőďïéěľ çěàěğ őáì, ŋăŕàăćńěŋŋãî ćďőńì ĺňŕãńìáă, łăł íâő ŕőłăğăŋő ŋă Řĺá. 3-2. İâő áőőâćěâáâćãěâ íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěňőňã ŋăàãèěŋĺî ŕàőáâàăŋáâćěŋŋőľ çěâŋőáâĺ ć áńăąëå ćğăĺňőďěľáâćĺïå. Ŕàĺ íâőň áőåàăŋïěâáï, őďŋăłő, áĺňňěâàĺï őâŋőáĺâěńìŋő őŕěàăæĺĺ CP | âăł ŋăğëćăěňăï łőňąĺŋĺàőćăŋŋăï çěâŋőáâì^{13} Řăááňőâàěŋŋăï áåěňă ŋăğëćăěâáï âěőàĺěľ ďćãåłőňŕőŋěŋâŋőčő ŋěľâàĺŋő. Őŋă ąëńă ŕàěďńőęěŋă ćŕěàćëě Ńăŋďăã. Ś ŕőňőéìî őďŋőčő áŕĺŋőàă η (ĺńĺ ξ) ňőęŋő őąàăğőćăâì ćáěčő çěâëàě ąĺńĺŋěľŋëě łőňąĺŋăæĺĺ, áőáâăćńïîéĺě ćňěáâě 4-ćěłâőà:

j^μ = (η^∗η, η^∗ση) . (3.321)

Ć áĺńã (p_0 + pσ)η = 0 ĺ η^∗(p_0 − pσ) = 0 ĺňěěâ ňěáâő ãàăćŋěŋĺě ŋěŕàěàëćŋőáâĺ ∂_μj^μ = 0, âăł çâő j^μ ŕàěďáâăćńïěâ áőąőľ 4-ćěłâőà ŕńőâŋőáâĺ âőłă ŋěľâàĺŋő.

Ŕńőáłĺě ćőńŋë ŋěľâàĺŋő ãďőąŋő ğăŕĺáăâì łăł ĺ ćëèě ć ćĺďě:

η_p = 1√ 2ε u_pe^{−ipx} , η_{−p} = 1√ 2ε u_{−p}e^{ipx} , (3.322)

13Ťăłâĺçěáłĺ , ć áńăąëå ćğăĺňőďěľáâćĺïå ĺňěěâ ňěáâő âăłęě ĺ őçěŋì áńăąőě ŋăàãèěŋĺě CP çěâŋőáâĺ, çâő ŋăąńîďăěâáï, ć őáŋőćŋőň, ć ŕàőæěááăå àăáŕăďőć K-ňěğőŋőć. İâő őğŋăçăěâ, łăł őâňěçăńőáì ćëèě, âăłęě őçěŋì áńăąőě ŋăàãèěŋĺě T - ĺŋćăàĺăŋâŋőáâĺ. Ŕàĺàőďă ŋăàãèěŋĺï CP - ĺŋćăàĺăŋâŋőáâĺ őáâăěâáï ŋěćëïáŋěŋŋőľ, ĺğńőęěŋŋăï ćëèě áåěňă őŕĺáăŋĺï ŋěľâàĺŋő ŕàěŋěąàěčăěâ íâĺň áńăąëň íääěłâőň.

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 91

ă áŕĺŋőàŋëě ăňŕńĺâãďë ŋőàňĺàőćăâì ĺŋćăàĺăŋâŋëň ãáńőćĺěň:

u^∗_{±p}(1, σ)u_{±p} = 2(ε, p) . (3.323)

Šőčďă ŕńőâŋőáâì çăáâĺæ ĺ ŕńőâŋőáâì âőłă àăćŋë j^0 = 1, j = p_ε = n.

Ŕàĺ àăááňőâàěŋĺĺ ŕàőæěááőć ćğăĺňőďěľáâćĺï ŋěľâàĺŋő á ďàãčĺňĺ çăáâĺæăňĺ ãďőąŋő ŕőńìğőćăâìáï ěďĺŋőőąàăğŋëňĺ őąőğŋăçěŋĺïňĺ ĺ ććěáâĺ ďńï ŋěľâàĺŋő \ąĺáŕĺŋőàŋãî" ćőńŋőćãî äãŋłæĺî, ďćě ĺğ łőňŕőŋěŋâ łőâőàőľ àăćŋë ŋãńî: ψ = ( 0 η ) . Őďŋăłő âăłăï äőàňă ψ, ćőőąéě čőćőàï, ňěŋïěâáï ŕàĺ ŕěàěåőďě ł ďàãčőňã (ŋě áŕĺŋőàŋőňã) ŕàěďáâăćńěŋĺî. İâã âàãďŋőáâì ňőęŋő őąőľâĺ, ěáńĺ ğăňěâĺâì, çâő ć áŕĺŋőàŋőň ŕàěďáâăćńěŋĺĺ: 1 2 (1 + γ^5) = 1 2 {( ^ 1 0 0 ^1 ) + ( ^ −1 0 0 ^1 )} = ( 0 0 0 ^1 ) , 1 2 (1 − γ^5) = ( ^ 1 0 0 0 ) , (3.324)

âăł çâő ňőęŋő ŋăŕĺáăâì âőęďěáâćă: 1 2 (1 + γ^5) ( ξ η ) = ( 0 η ) , (η^∗, ξ^∗) 1 2 (1 − γ^5) = (η^∗, 0) , (3.325)

čďě ξ | ŕàőĺğćőńìŋëľ \ąăńńăáâŋëľ" áŕĺŋőà. Šőčďă ãáńőćĺě ĺáâĺŋŋőľ ďćãåłőňŕőŋěŋâŋőáâĺ ŋěľâàĺŋő ąãďěâ áőąńîďěŋő ĺ ŕàĺ őŕĺáăŋĺĺ ěčő çěâëàěåłőňŕőŋěŋâŋëň ąĺáŕĺŋőàőň ψ ć ńîąőň ŕàěďáâăćńěŋĺĺ, ěáńĺ ŕőď ψ ŕőŋĺňăâì àěèěŋĺě ãàăćŋěŋĺě Ďĺàăłă á m = 0:

^pψ = 0 (3.326) á ďőŕőńŋĺâěńìŋëň ãáńőćĺěň (γ^5-ĺŋćăàĺăŋâŋőáâì): 1 2 (1 + γ^5)ψ = ψ ĺńĺ γ^5ψ = ψ . (3.327)

İâő ãáńőćĺě ňőęŋő ãçěáâì ăćâőňăâĺçěáłĺ, ěáńĺ ćő ćáěå ćëàăęěŋĺïå ŕàőĺğćěáâĺ ğăňěŋã ŋěľâàĺŋŋëå ąĺáŕĺŋőàőć ŕő ŕàăćĺńã: ψ → 1 2 (1 + γ^5)ψ , —ψ → —ψ 1 2 (1 − γ^5) . (3.328)

Ŋăŕàĺňěà, 4-ćěłâőà ŕńőâŋőáâĺ âőłă ğăŕĺáëćăěâáï ć ćĺďě:

j^μ = 1 4 —ψ(1 − γ^5)γ^μ(1 + γ^5)ψ = 1 2 —ψγ^μ(1 + γ^5)ψ . (3.329)

Ĺğ ŕàőćěďěŋŋőčő ćëèě őąáãęďěŋĺï áŕĺàăńìŋőáâĺ ąěğňăááőćëå äěàňĺőŋőć ïáŋő, çâő ďńï ŋĺå ć őąéěň áńãçăě ãďőąŋő ććěáâĺ \ŕàăćëě" ĺ \ńěćëě" ŕőńï łăł:

ψ^R = 1 2 (1 + γ^5)ψ , ψ^L = 1 2 (1 − γ^5)ψ , ψ = ψ^R + ψ^L . (3.330)

Šăłĺě őąőğŋăçěŋĺï çăáâő ĺáŕőńìğãîâáï ŋě âőńìłő ŕàĺ őŕĺáăŋĺĺ ŋěľâàĺŋő, ŋő ĺ ďńï ńîąëå ďàãčĺå äěàňĺőŋőć áő áŕĺŋőň s = 1/2, ŕàĺ àăááňőâàěŋĺĺ ğăďăç, ć łőâőàëå ňőęŋő ŕàěŋěąàěçì ĺå ňăááőľ.

92 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Ć ŕőáńěďŋĺě čőďë, ć áćïğĺ á łőáćěŋŋëňĺ íłáŕěàĺňěŋâăńìŋëňĺ ãłăğăŋĺïňĺ ŋă łőŋěçŋőáâì ňăááë ŋěľâàĺŋő, ćőğŋĺł ĺŋâěàěá ł ňőďěńĺ ĺáâĺŋŋő ŋěľâàăńìŋëå, âăł ŋăğëćăěňëå ňăľőàăŋőćáłĺå ŋěľâàĺŋő, ŕěàěåőďïéĺå áăňĺ ć áěąï ŕàĺ őŕěàăæĺĺ ğăàïďőćőčő áőŕàïęěŋĺï ĺ ĺňěîéĺå łőŋěçŋãî ňăááã, őŕĺáăŋĺě łőâőàőľ ŋěáłőńìłő őâńĺçăěâáï őâ őąëçŋőľ ďĺàăłőćáłőľ ňăááë. Ňăááőćëľ çńěŋ ďĺàăłőćáłőčő âĺŕă, łăł ïáŋő ĺğ ŕàěďëďãéěčő ĺğńőęěŋĺï, ć ńăčàăŋęĺăŋě áćïğëćăěâ (ŕěàěňěèĺćăěâ) L ĺ R łőňŕőŋěŋâë őďŋőčő ĺ âőčő ęě ŕőńï:

LD = D( —ψ_Lψ_R + —ψ_Rψ_L) = D —ψψ , (3.331)

čďě D őąőğŋăçăěâ ďĺàăłőćáłãî ňăááã. Ňăááőćëľ çńěŋ ňăľőàăŋőćáłőčő âĺŕă ŕěàěňěèĺćăěâ L ĺ R łőňŕőŋěŋâë ğăàïďőćő áőŕàïęěŋŋëå ŕőńěľ, âăł çâő áőőâćěâáâćãîéĺě ćłńăďë ć ńăčàăŋęĺăŋ ňőęŋő ğăŕĺáăâì łăł [11]:

LMA = A( —ψ^C_L ψ_L + —ψ_Lψ^C_L ) = A—χχ ,

LMB = B( —ψ^C_Rψ_R + —ψ_Rψ^C_R ) = B—ωω , (3.332)

čďě ĺŋďěłá C őąőğŋăçăěâ ğăàïďőćőě áőŕàïęěŋĺě ĺ ććěďěŋë íàňĺâőćë (ĺáâĺŋŋő ŋěľâàăńìŋëě ĺńĺ ňăľőàăŋőćáłĺě) ŕőńï:

χ = ψ_L + ψ^C_L , χ^C = χ ,

ω = ψ_R + ψ^C_R , ω^C = ω . (3.333)

Őąàăâŋëě àăćěŋáâćă ĺňěîâ ćĺď:

ψ_L = 1 2 (1 − γ^5)χ , ψ^C_L = 1 2 (1 + γ^5)χ ,

ψ_R = 1 2 (1 + γ^5)ω , ψ^C_R = 1 2 (1 − γ^5)ω . (3.334)

Łőčďă ć ńăčàăŋęĺăŋě őďŋőćàěňěŋŋő ŕàĺáãâáâćãîâ ĺ ďĺàăłőćáłĺě ĺ ňăľőàăŋőćáłĺě ňăááőćëě çńěŋë, ĺňěěň:

LDM = D —ψ_Lψ_R + A —ψ^C_L ψ_L + B —ψ^C_Rψ_R + h.c = = 1 2 D(—χω + —ωχ) + A—χχ + B—ωω = (—χ, —ω) ( A^1_2 D 1 2 D B ) ( χ ω ) . (3.335)

Ćőğŋĺłèăï ğďěáì ňăááőćăï ňăâàĺæă ńěčłő ďĺăčőŋăńĺğãěâáï ĺ ěě áőąáâćěŋŋëě ğŋăçěŋĺï ďăîâ:

m_{1,2} = 1 2 (A + B) ± 1 2 √ (A − B)^2 + D^2 . (3.336)

Šăłĺň őąàăğőň, áăňëľ őąéĺľ ňăááőćëľ çńěŋ (3.335) á çěâëàěåłőňŕőŋěŋâŋëň äěàňĺőŋŋëň ŕőńěň äăłâĺçěáłĺ őŕĺáëćăěâ ďćě ňăľőàăŋőćáłĺě çăáâĺæë á àăğŋëňĺ ňăááăňĺ. Śőőâćěâáâćãîéĺě ŕőńï ŕàěďáâăćńïîâáï áńěďãîéĺňĺ (ďĺăčőŋăńĺğãîéĺňĺ (3.335)) ńĺŋěľŋëňĺ łőňąĺŋăæĺïňĺ ĺáåőďŋëå ŕőńěľ:

ϕ_1 = χ cos θ − ω sin θ , ϕ_2 = χ sin θ + ω cos θ , (3.337) čďě tg2θ = D B − A . (3.338)

Ŋěâàãďŋő ãąěďĺâìáï, çâő ŕàĺ A = B = 0 (â.ě. ŕàĺ àăćŋëå ŋãńî ňăľőàăŋőćáłĺå ňăááăå) őâáîďă ŕőńãçăěâáï äőàňăńĺğň őąëçŋőčő çěâëàěåłőňŕőŋěŋâŋőčő ďĺàăłőćáłőčő ŕőńï, âăł çâő ďĺàăłőćáłĺľ äěàňĺőŋ áőőâćěâáâćãěâ \ćëàőęďěŋŋőňã" ŕàěďěńã A = B = 0 ďćãå ňăľőàăŋőćáłĺå çăáâĺæ. Ŕőáłőńìłã ňăľőàăŋőćáłĺě ňăááőćëě çńěŋë ć ńăčàăŋęĺăŋě (3.332), őçěćĺďŋő, ŕàĺćőďïâ ł ŋěáőåàăŋěŋĺî ăďďĺâĺćŋőčő łćăŋâőćőčő çĺáńă, łőâőàőě ŋěáěâ ŕőńě ψ, ŋăŕàĺňěà íńěłâàĺçěáłőčő ğăàïďă, ćáě ĺğćěáâŋëě íńěňěŋâăàŋëě äěàňĺőŋë, ğă ĺáłńîçěŋĺěň ŋěľâàĺŋő, ąãďãçĺ ğăàïęěŋŋëňĺ, ďőńęŋë ĺňěâì A = B = 0, â.ě. ąëâì ďĺàăłőćáłĺňĺ çăáâĺæăňĺ. Ă ćőâ ďńï ŋěľâàĺŋő íâőčő őčàăŋĺçěŋĺï ŋěâ ĺ ěčő ňőęŋő őŕĺáëćăâì ĺ ć àăňłăå ąőńěě őąéěčő ňăľőàăŋőćáłőčő äőàňăńĺğňă. Ěáńĺ ňăááă ŋěľâàĺŋő âőçŋő àăćŋă ŋãńî, âő ňăľőàăŋőćáłĺě ŋěľâàĺŋő ŋěőâńĺçĺňë őâ ďćãåłőňŕőŋěŋâŋëå (ćěľńěćáłĺå) ŋěľâàĺŋő, àăááňőâàěŋŋëå ćëèě. Ěáńĺ ęě ňăááă ŋěľâàĺŋő őâńĺçŋă őâ ŋãńï, âő âěőàĺï ňăľőàăŋőćáłĺå ŋěľâàĺŋő ŕàĺćőďĺâ ł àïďã áŕěæĺäĺçěáłĺå ŕàěďáłăğăŋĺľ.

ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§ 93

Ůăáâĺæë áő áŕĺŋőň s = 3/2.

Ůăáâĺæë áő áŕĺŋőň s = 3/2 ć áćőěľ áĺáâěňě ŕőłőï őŕĺáëćăîâáï âàěåňěàŋëň áĺňňěâàĺçŋëň áŕĺŋőàőň âàěâìěčő àăŋčă, ĺňěîéĺň 2s+1 = 4 ŋěğăćĺáĺňëå łőňŕőŋěŋâë. Śőőâćěâáâćěŋŋő, ć ŕàőĺğćőńìŋőľ áĺáâěňě őâáçěâă őŕĺáăŋĺě âăłĺå çăáâĺæ ňőęŋő áâàőĺâì, ĺáŕőńìğãï áŕĺŋőàë ξ^{αβ̇γ̇} , η_{α̇βγ} , ζ^{αβγ} , χ_{α̇β̇γ̇} , łăęďëľ ĺğ łőâőàëå áĺňňěâàĺçěŋ ŕő ćáěň őďĺŋăłőćëň (â.ě. ŕãŋłâĺàŋëň ĺńĺ ŋěŕãŋłâĺàŋëň) ĺŋďěłáăň. Ğăňěâĺň, çâő ŕőáńěďŋïï ŕăàă áŕĺŋőàőć ŋě ďőąăćńïěâ ŋĺçěčő ŋőćőčő ć ãàăćŋěŋĺï, ŕőńãçěŋŋëě á ŕőňőéìî ŕěàćőľ ŕăàë. Śãéěáâćãěâ ŋěáłőńìłő íłćĺćăńěŋâŋëå äőàňãńĺàőćőł ćőńŋőćëå ãàăćŋěŋĺľ ć àăááňăâàĺćăěňőľ ğăďăçě, ňë őčàăŋĺçĺňáï łàăâłĺň őąğőàőň ńĺèì őďŋőľ ĺğ ŋĺå [1].

Ŕăàě áŕĺŋőàŋëå ĺŋďěłáőć α _β, łăł ňë ćĺďěńĺ ćëèě, ňőęŋő áőŕőáâăćĺâì őďĺŋ 4-ćěłâőàŋëľ ĺŋďěłá μ. Ŕőíâőňã áőŕőáâăćńïěň ξ^{αβ̇γ̇} → ψ^{γ̇}_μ ĺ η^{β̇αγ} → ψ^γ_μ, â.ě. ććőďĺň \áňěèăŋŋëě" áŕĺŋőàŋő - âěŋğőàŋëě ćěńĺçĺŋë. Śőćőłãŕŋőáâĺ íâĺå ďćãå áŕĺŋőàőć áőŕőáâăćńïěâáï \ćěłâőàŋëľ" ąĺáŕĺŋőà ψμ (čďě ãęě ŋě ŕĺèěň ąĺáŕĺŋőàŋëě ĺŋďěłáë). Ćőńŋőćőě ãàăćŋěŋĺě ğăŕĺáëćăěâáï ć ćĺďě \ãàăćŋěŋĺï Ďĺàăłă" ďńï łăęďőľ ĺğ ćěłâőàŋëå łőňŕőŋěŋâ ψμ:

(^p − m)ψμ = 0 (3.339)

á ďőŕőńŋĺâěńìŋëň ãáńőćĺěň γ^μψμ = 0 . (3.340) Şňŋőęăï (3.339) ŋă γ^μ, á ãçěâőň (3.340), ŕőńãçĺň γ^μγ^ν pν ψμ = 0 ĺńĺ, ć áĺńã ŕàăćĺń łőňňãâăæĺĺ ďńï γ^μ: 2g^{μν} pν ψμ − γ^ν γ^μψμ = 0, čďě ć áĺńã (3.340) ćâőàőľ çńěŋ ďăěâ ŋãńì. Šőčďă ĺňěěň:

p^μψμ = 0 , (3.341)

çâő őąěáŕěçĺćăěâ ŕěàěåőď çěâëàěåňěàŋëå áŕĺŋőàőć ć \ŋãęŋëě" âàěåňěàŋëě ć áĺáâěňě ŕőłőï.

Ŕàőąńěň ãçěâă ďőŕőńŋĺâěńìŋëå ãáńőćĺľ ł ćőńŋőćëň ãàăćŋěŋĺïň áőğďăěâ áãéěáâćěŋŋëě âàãďŋőáâĺ ŕàĺ ŕàőćěďěŋĺĺ ŕàőæěďãàë łćăŋâőćăŋĺï. Ğăňěâĺň, őďŋăłő, çâő łăł ĺ ć áńãçăě çăáâĺæ á ćëáèĺňĺ æěńëňĺ áŕĺŋăňĺ, âăł ĺ ŕàĺ őąáãęďěŋĺĺ äěàňĺőŋőć áő áŕĺŋőň s ≥ 3/2, áńěďãěâ ŕőňŋĺâì, çâő íńěňěŋâăàŋëå çăáâĺæ âăłőčő âĺŕă ć àăňłăå \áâăŋďăàâŋőľ ňőďěńĺ" ŕàőáâő ŋěâ.

94 ŁĂŊŐŊĹŮĚŚŁŐĚ ŁĆĂŊŠŐĆĂŊĹĚ ŚĆŐĄŐĎŊŻŢ ŔŐŃĚĽ. ŚĹŇŇĚŠŘĹĹ Ć ŁĆĂŊŠŐĆŐĽ ŠĚŐŘĹĹ ŔŐŃ§

Čńăćă 4

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘ- ŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ŋěàěńïâĺćĺáâáłăï âěőàĺï. Ťãŋłæĺĺ Čàĺŋă.

Ć íâőľ čńăćě ďăěâáï íńěňěŋâăàŋőě ććěďěŋĺě ć łćăŋâőćãî íńěłâàőďĺŋăňĺłã, ŕőŋĺňăěňãî, łăł âěőàĺï íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå ńěŕâőŋőć { â.ě., äăłâĺçěáłĺ, íńěłâàőŋőć ĺ ŕőğĺâàőŋőć. Ŕàĺ íâőň ňë áńěďãěň, ć őáŋőćŋőň, őàĺčĺŋăńìŋëň àăąőâăň Ťěľŋňăŋă, åőàőèěě ĺğńőęěŋĺě łőâőàëå ňőęŋő ŋăľâĺ ć [5, 31]. Ŋő ŋăçŋěň ňë á ŋěàěńïâĺćĺáâáłőľ łćăŋâőćőľ ňěåăŋĺłĺ, çâőąë ććěáâĺ àïď ŕőŋïâĺľ ĺ ŕőďåőďőć, łőâőàëě, őąëçŋő, ćëŕăďăîâ ĺğ âàăďĺæĺőŋŋëå łãàáőć âĺŕă [29].

Řăááňőâàĺň ŋěáâăæĺőŋăàŋőě ãàăćŋěŋĺě Ÿàěďĺŋčěàă:

i~^{∂ψ}_{∂t} = Hψ . (4.1)

Őąëçŋëľ ŕőďåőď ł àěèěŋĺî âăłőčő ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï áőáâőĺâ ć âőň, çâő ğŋăï ćőńŋőćãî äãŋłæĺî ć ŋěłĺľ ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ ψ(t_1), ňë ŕëâăěňáï àăááçĺâăâì ěě ĺğňěŋěŋĺě ğă ňăńëľ ĺŋâěàćăń ćàěňěŋĺ ´t, áőőâćěâáâćěŋŋő ŋăľâĺ ψ(t_1 + ´t), ă ğăâěň ŕàőďőńęĺâì íâőâ ŕàőæěáá. Ťěľŋňăŋ ŕàěďńőęĺń ğăŕĺáì àěèěŋĺï

96 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

(4.1) ć ĺŋâěčàăńìŋőň ćĺďě, âăł çâő ŕàĺ ŕěàěåőďě ł ňőňěŋâã ćàěňěŋĺ t_2 > t_1 ćőńŋőćăï äãŋłæĺï ć âőçłě (t_2, x_2) ćëàăęăěâáï çěàěğ ćőńŋőćãî äãŋłæĺî ć âőçłě (t_1, x_1) áńěďãîéĺň őąàăğőň:

ψ(x2, t2) = ∫ d^3x_1K(x_2t_2; x_1t_1)ψ(x_1t_1) , t_2 ≥ t_1 . (4.2)

Ğďěáì ĺŋâěčàăńìŋőě ïďàő K(x_2t_2; x_1t_1) ŕàěďáâăćńïěâ áőąőľ ŕàőŕăčăâőà (äãŋłæĺî Čàĺŋă), áőőâćěâáâćãîéĺľ ńĺŋěľŋőňã ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî (4.1). Ťĺğĺçěáłĺľ áňëáń ŕàőŕăčăâőàă ïáěŋ ĺğ áăňőľ ğăŕĺáĺ (4.2) | íâő łćăŋâőćőňěåăŋĺçěáłăï ăňŕńĺâãďă ćěàőïâŋőáâĺ ŕěàěåőďă çăáâĺæë ĺğ âőçłĺ x_1 ć ňőňěŋâ ćàěňěŋĺ t_1 ć âőçłã

x2 ć ňőňěŋâ t2.

Ŕãáâì, ďńï ŕàőáâőâë, čăňĺńìâőŋĺăŋ H ŋě ğăćĺáĺâ őâ ćàěňěŋĺ. Ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň áãŕěàŕőğĺæĺĺ łćăŋâőćőľ ňěåăŋĺłĺ ňőęŋő àăğńőęĺâì ψ(x_1t_1) ć àïď ŕő ŕőńŋőňã ŋăąőàã őàâőŋőàňĺàőćăŋŋëå áőąáâćěŋŋëå äãŋłæĺľ u_n(x) őŕěàăâőàă H á áőąáâćěŋŋëňĺ ğŋăçěŋĺïňĺ E_n: Hu_n = E_nu_n , ∫ d^3xu^∗_n(x)u_m(x) ≡ (u_n, u_m) = δ_{nm} , (4.3) ∑ n u_n(x)u^∗_n(x^′) = δ(x − x^′) .

Šőčďă:

ψ(x1t1) =^∑_n cnun(x1)e^{−iEn t1/~} . (4.4)

Łőíääĺæĺěŋâë c_n ňőęŋő ŕőńãçĺâì âěŕěàì, ãňŋőęăï (4.4) ŋă u^∗_n(x_1) ĺ ĺŋâěčàĺàãï ŕő âàěåňěàŋőňã ŕàőáâàăŋáâćã:

c_n = ∫ d^3x_1u^∗_n(x_1)ψ(x_1t_1)e^{iEn t1/}~ . (4.5)

Ćőńŋőćãî äãŋłæĺî ć ňőňěŋâ ćàěňěŋĺ t_2 ňőęŋő ğăŕĺáăâì ć ćĺďě:

ψ(x2t2) =^∑_n cnun(x2)e^{−iEn t2/~} . (4.6)

Ŕőďáâăćńïï (4.5) ć (4.6), ňěŋïï ŕőàïďőł áãňňĺàőćăŋĺï ĺ ĺŋâěčàĺàőćăŋĺï ĺ áàăćŋĺćăï á (4.2), ŕőńãçăěň:

K(x2t2; x1t1) =^∑_n un(x2)u^∗_n(x1)e^{−iEn (t2−t1)/~} (4.7)

ĺńĺ, ććőďï őąőğŋăçěŋĺě χ_n(x, t) = u_n(x)e^{−iEn t/}~ , (4.8)

ĺňěěň ąőńěě łőàőâłãî ğăŕĺáì:

K(x2t2; x1t1) =^∑_n χn(x2t2) .χ^∗_n(x1t1) (4.9)

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 97

Ŕàĺ áőćŕăďăîéĺå ćàěňěŋăå t_1 = t_2 = t ĺğ (4.7) ŕőńãçĺň:

K(x2t; x1t) =^∑_n un(x2)u^∗_n(x1) = δ(x2 − x1) . (4.10)

İâő, á őçěćĺďŋőáâìî, ŕàěćàăéăěâ (4.2) ć âőęďěáâćő ŕàĺ t_1 = t_2. Ŋăá, łőŋěçŋő, ĺŋâěàěáãîâ ćàěňěŋă t_2 > t_1, ŕőíâőňã ãďőąŋő ŕőńőęĺâì K(x_2t_2; x_1t_1) = 0 ŕàĺ t_2 < t_1, çâő őąěáŕěçĺâ ćëŕőńŋěŋĺě ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ, ĺ őŕàěďěńĺâì:

K(x2t2; x1t1) = θ(t2 − t1)^∑_n χn(x2t2)χ^∗(x1t1) , (4.11)

čďě ććěďěŋă áâãŕěŋçăâăï äãŋłæĺï: θ(t) = { 1 ŕàĺ t ≥ 0 0 ŕàĺ t < 0 . (4.12)

Ďńï ŕàőĺğćőďŋőľ θ-äãŋłæĺĺ ĺňěěň: dθ(t) dt = δ(t) . (4.13)

Šěŕěàì ãęě ňőęŋő ćëćěáâĺ ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï äãŋłæĺĺ Čàĺŋă (ŕàőŕăčăâőàă) K(r_2t_2; r_1t_1). Ŕőáłőńìłã χ_n ŕàěďáâăćńïîâ áőąőľ àěèěŋĺï ãàăćŋěŋĺï Ÿàěďĺŋčěàă (4.1), (4.4), âő ĺáŕőńìğãï (4.10), (4.11) ĺ (4.13) ĺňěěň: [ i~^∂_{∂t2} − H(x2) ] K(x2t2; x1t1) = i~^∑_n χn(x2t2)χ^∗(x1t1)^∂_{∂t2} θ(t2 − t1) =

= i~^∑_n un(x2)u^∗_n(x1)e^{−iEn (t2−t1)/~}δ(t2 − t1) =

= i~δ(t2 − t1)^∑_n un(x2)u^∗_n(x1) = i~δ(t2 − t1)δ(x2 − x1) . (4.14)

Ĺâăł, ć őąéěň áńãçăě (ďăęě łőčďă H ğăćĺáĺâ őâ ćàěňěŋĺ) äãŋłæĺï Čàĺŋă (ŕàőŕăčăâőà) K(x_2t_2; x_1t_1) őŕàěďěńïěâáï łăł àěèěŋĺě ŋěőďŋőàőďŋőčő (á δ-ĺáâőçŋĺłőň ć ŕàăćőľ çăáâĺ) ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï ćĺďă^1: [ i~^∂_{∂t2} − H(x2t2) ] K(x2t2; x1t1) = i~δ(t2 − t1)δ(x2 − x1) , (4.15)

ŕàĺçěň ć łăçěáâćě čàăŋĺçŋőčő ãáńőćĺï âàěąãěň

K(x2t2; x1t1) = 0 ŕàĺ t2 < t1 . (4.16)

Ŕàĺ t_2 ≠ t_1 ãàăćŋěŋĺě (4.15) áćőďĺâáï ł: [ i~^∂_{∂t2} − H(x2t2) ] K(x2t2; x1t1) = 0 . (4.17)

1Őâáîďă, łáâăâĺ, ćĺďŋő, çâő ŋăèě őŕàěďěńěŋĺě äãŋłæĺĺ Čàĺŋă ãàăćŋěŋĺï Ÿàěďĺŋčěàă áőćŕăďăěâ á ěě őŕàěďěńěŋĺěň ć ňăâěňăâĺçěáłőľ äĺğĺłě [32]

98 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ěáńĺ ŕàőĺŋâěčàĺàőćăâì (4.15) ŕő ąěáłőŋěçŋő ňăńőňã ĺŋâěàćăńã ćàěňěŋĺ őâ t_2 = t_1 − ε ďő t_2 = t_1 + ε, âő ŕőńãçĺň:

K(x2t1 + ε; x1t1) − K(x2t1 − ε; x1t1) = δ(x2 − x1) . (4.18)

Ćłńăď ćâőàőčő çńěŋă ć ńěćőľ çăáâĺ (4.15) ŕàőŕăďăěâ ŕàĺ ε → 0 ďńï łőŋěçŋëå H. Şçâěň, âěŕěàì, çâő K(x_2t_1 − ε, x_1t_1) = 0 ććĺďã (4.16) ĺ t_1 − ε < t_1. Šőčďă:

lim_{ε→0} K(x_2t_1 + ε; x_1t_1) = K(x_2t_1; x_1t_1) = δ(x_2 − x_1) , (4.19)

çâő áőćŕăďăěâ á (4.10).

Šăłĺň őąàăğőň, ĺáŕőńìğőćăŋĺě (4.2) íłćĺćăńěŋâŋő őąëçŋőňã łćăŋâőćőňěåăŋĺçěáłőňã őŕĺáăŋĺî. Ŕãáâì ňë ĺňěěň ďěńő á ğăďăçěľ, ć łőâőàőľ H = H_0 + V , ŕàĺçěň ďńï H = H_0 ğăďăçă àěèăěâáï âőçŋő. Šőčďă ŕő ŕőâěŋæĺăńã V ňőęŋő ŕőŕëâăâìáï ŕőáâàőĺâì âěőàĺî ćőğňãéěŋĺľ. Őąőğŋăçĺň K_0(x_2t_2; x_1t_1) äãŋłæĺî Čàĺŋă \áćőąőďŋőľ" çăáâĺæë, ďćĺęãéěľáï ć őâáãâáâćĺě ćőğňãéěŋĺï V . Ŋěâàãďŋő ãąěďĺâìáï, çâő ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě (4.15) ĺ čàăŋĺçŋőě ãáńőćĺě (4.16) ňőęŋő őąêěďĺŋĺâì ć őďŋő ĺŋâěčàăńìŋőě ãàăćŋěŋĺě:

K(2, 1) = K_0(2, 1) − i ~ ∫ d^4x_3K_0(2, 3)V (3)K(3, 1) , (4.20)

čďě æĺäàăňĺ őąőğŋăçěŋë ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋëě âőçłĺ, ŋăŕàĺňěà, (2) =

(x1, t2) ĺ â. ŕ., ĺ ććěďěŋă çěâëàěåňěàŋăï ŕěàěňěŋŋăï ĺŋâěčàĺàőćăŋĺï x3 = (x3, t3),

ŕàĺçěň ŕő ćàěňěŋĺ t_3 ŕőďàăğãňěćăěâáï äőàňăńìŋőě ĺŋâěčàĺàőćăŋĺě ć ąěáłőŋěçŋëå ŕàěďěńăå (ŋăńĺçĺě θ-äãŋłæĺĺ ć őŕàěďěńěŋĺĺ ŕàőŕăčăâőàă ăćâőňăâĺçěáłĺ őąěáŕěçĺćăěâ ŕàăćĺńìŋëě łőŋěçŋëě ŕàěďěńë). Ůâőąë ãąěďĺâìáï ć áŕàăćěďńĺćőáâĺ (4.20) ŕőďěľáâćãěň ŋă őąě ěčő çăáâĺ őŕěàăâőàőň [ i~^∂_{∂t2} − H0(2)^] ĺ, ĺáŕőńìğãï ãàăćŋěŋĺě

(4.15) ďńï K_0 (â.ě. ŕàĺ V = 0), ŕőńãçĺň ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ćĺďă: [ i~^∂_{∂t2} − H0(2) ] K(2, 1) = i~δ(2, 1) + V (2)K(2, 1) , (4.21)

çâő ŕőáńě ŕěàěŋőáă ćâőàőčő çńěŋă áŕàăćă ć ńěćãî çăáâì ŕàőáâő áőćŕăďăěâ á (4.15). Ŕőáłőńìłã K_0(2, 1) = 0 ŕàĺ t_2 < t_1, âő ĺ K(2, 1) = 0 ŕàĺ t_2 < t_1.

Ŕàěĺňãéěáâćő ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï (4.20) áőáâőĺâ ć âőň, çâő ěčő ãďőąŋő àěèăâì ĺâěàăæĺïňĺ, âăł çâő ćőğŋĺłăěâ àïď âěőàĺĺ ćőğňãéěŋĺľ ďńï ŕàőŕăčăâőàă ćĺďă:

K(2, 1) = K_0(2, 1) − i ~ ∫ d^4x_3K_0(2, 3)V (3)K_0(3, 1) + + ( −i ~ )_2 ∫

d^4x_3d^4x_4K_0(2, 3)V (3)K_0(3, 4)V (4)K_0(4, 1) + . . . . (4.22)

Ůńěŋë íâőčő àïďă ĺňěîâ őçěćĺďŋãî ĺ ŋăčńïďŋãî ĺŋâěàŕàěâăæĺî: ŕěàćëľ çńěŋ őŕĺáëćăěâ àăáŕàőáâàăŋěŋĺě áćőąőďŋőľ çăáâĺæë ĺğ âőçłĺ 1 ć âőçłã 2, ćâőàőľ őŕĺáëćăěâ àăáŕàőáâàăŋěŋĺě áćőąőďŋőľ çăáâĺæë ĺğ âőçłĺ 1 ć âőçłã 3, čďě őŋă ĺáŕëâëćăěâ àăááěïŋĺě ŋă ŕőâěŋæĺăńě V , ŕőáńě çěčő áŋőćă ŕàőĺáåőďĺâ àăáŕàőáâàăŋěŋĺě áćőąőďŋőľ çăáâĺæë ĺğ 3 ć 2. Őçěćĺďŋő, çâő âőçłă 3 ŕàőĺğćőńìŋă, âăł çâő ŕő ěě łőőàďĺŋăâăň ŋăďő ŕàőĺŋâěčàĺàőćăâì. Ŕàőæěáá ŕàőďőńęăěâáï ąěáłőŋěçŋő, â.ě. àïď őŕĺáëćăěâ âăłęě ŕàőæěááë ďćãłàăâŋőčő, âàěåłàăâŋőčő ĺ, ć ŕàěďěńě, ąěáłőŋěçŋőłàăâŋőčő àăááěïŋĺï ŋă ŕőâěŋæĺăńě V . Šăłăï âěőàĺï ćőğňãéěŋĺľ ňőęěâ ąëâì íääěłâĺćŋő ĺáŕőńìğőćăŋă ŕàĺ àěèěŋĺĺ łőŋłàěâŋëå ğăďăç, ĺ ňë ěéě ćěàŋěňáï ł ěě ĺáŕőńìğőćăŋĺî.

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 99

Řěńïâĺćĺáâáłăï âěőàĺï.

Ŕěàěľďěň ł ŕőáâàőěŋĺî ăŋăńőčĺçŋőčő äőàňăńĺğňă ć àěńïâĺćĺáâáłőľ âěőàĺĺ. Şàăćŋěŋĺě Ďĺàăłă ďńï áćőąőďŋőľ çăáâĺæë ĺňěěâ ćĺď:

(i ^∇ − m)ψ = 0 , ^∇ = γ^μ∂_μ = γ^0∂_0 + γ · ∇ , (4.23)

čďě, ć őâńĺçĺě őâ ŕàěďëďãéěčő àăğďěńă, ňë ćěàŋãńĺáì ł áĺáâěňě ěďĺŋĺæ ~ = c = 1. Ůěâëàěåłőňŕőŋěŋâŋăï ćőńŋőćăï äãŋłæĺï (ąĺáŕĺŋőà) Ďĺàăłă ψ(x_2t_2) ňőęěâ ąëâì ŕőńãçěŋă ĺğ \ŋăçăńìŋőľ" ψ(x_1t_1) á ŕőňőéìî ŕàőŕăčăâőàă (äãŋłæĺĺ Čàĺŋă) K_0(x_2t_2; x_1t_1), ŕàěďáâăćńïîéěčő áőąőľ ŋěłőâőàãî ňăâàĺæã 4×4. İâă ňăâàĺæă ďőńęŋă ãďőćńěâćőàïâì ãàăćŋěŋĺî Ďĺàăłă á ŕàăćőľ çăáâìî, ăŋăńőčĺçŋőňã (4.15):

(i ^∇_2 − m)K_0(2, 1) = iδ(2, 1) , (4.24)

čďě ňë ĺáŕőńìğãěň, łăł ĺ ćëèě, őçěćĺďŋëě őąőğŋăçěŋĺï ŕàőáâàăŋáâćěŋŋőćàěňěŋŋëå ŕěàěňěŋŋëå æĺäàăňĺ. Ŕő ăŋăńőčĺĺ á (4.4), (4.6) äãŋłæĺî ψ ňőęŋő àăğńőęĺâì ć àïď ŕő ŋăąőàã áőąáâćěŋŋëå äãŋłæĺľ u_n, áőőâćěâáâćãîéĺå ŋăąőàã łăł ŕőńőęĺâěńìŋëå, âăł ĺ őâàĺæăâěńìŋëå íŋěàčĺľ. Ćňěáâő u^∗_n ãďőąŋő ĺáŕőńìğőćăâì áőŕàïęěŋŋëě áŕĺŋőàë —u_n = u†γ^0 = u†β (čďě äĺčãàĺàãěâ ďĺàăłőćáłăï ňăâàĺæă γ^0 = β, β^2 = 1). Ŕőćâőàïï àăááňőâàěŋĺě, ĺáŕőńìğőćăŋŋőě ŕàĺ ćëćőďě (4.7), ŋăľďěň ĺáłőňëľ ŕàőŕăčăâőà ć ćĺďě:

K(x2t2; x1t1) = = ∑ E_n>0 u_n(x_2)—u_n(x_1)e^{−iEn(t2−t1)} + ∑ E_n<0 u_n(x_2)—u_n(x_1)e^{−iEn(t2−t1)} , ŕàĺ t_2 > t_1 ,

K(x2t2; x1t1) = 0 ŕàĺ t2 < t1 . (4.25)

Řăğńőęěŋĺě ψ ďőńęŋő ĺďâĺ ĺňěŋŋő ŕő ŕőńŋőňã ŋăąőàã áőąáâćěŋŋëå äãŋłæĺľ, ćłńîçăîéěňã áőáâőïŋĺï á őâàĺæăâěńìŋőľ íŋěàčĺěľ. Łăğăńőáì ąë, íâő ŕńőåő á äĺğĺçěáłőľ âőçłĺ ğàěŋĺï | ŋăŕàĺňěà ćŋěèŋěě ćőğňãéěŋĺě (ŕőâěŋæĺăń) ňőęěâ ćëğćăâì ŕěàěåőďë çăáâĺæë (ďńï őŕàěďěńěŋŋőáâĺ íńěłâàőŋă) ĺğ áőáâőïŋĺľ á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ć áőáâőïŋĺï á őâàĺæăâěńìŋőľ íŋěàčĺěľ, çâő őğŋăçăěâ ŋěãáâőľçĺćőáâì áĺáâěňë (őâáãâáâćĺě őáŋőćŋőčő áőáâőïŋĺï). Ďĺàăł, łăł ĺğćěáâŋő, àěèăń íâã ŕàőąńěňã âăł: ďăćăľâě áçĺâăâì, çâő ćáě áőáâőïŋĺï á őâàĺæăâěńìŋőľ íŋěàčĺěľ ć őáŋőćŋőň áőáâőïŋĺĺ (ćăłããňě) ãęě ğăŋïâë íńěłâàőŋăňĺ, âőčďă ŕàĺŋæĺŕ Ŕăãńĺ ŋě ďăěâ íńěłâàőŋã, ďćĺęãéěňãáï ŋăď âăłĺň ćăłããňőň, ŕěàěľâĺ, ć àěğãńìâăâě àăááěïŋĺï, ć ãęě ğăŋïâëě áőáâőïŋĺï á őâàĺæăâěńìŋőľ íŋěàčĺěľ. İâő âàěąãěâ, çâőąë ďńï t_2 > t_1 ŕàőŕăčăâőà

K(x2t2; x1t1) ąëń áãňňőľ àěèěŋĺľ, áőőâćěâáâćãîéĺå âőńìłő ŕőńőęĺâěńìŋëň íŋěà-

čĺïň çăáâĺæë. Ďńï âőčő, çâőąë àěăńĺğőćăâì íâő ňăâěňăâĺçěáłĺ, â.ě. áďěńăâì

K(x2t2; x1t1) =^∑_{En >0} un(x2)—un(x1)e^{−iEn (t2−t1)} ŕàĺ t2 > t1 , (4.26)

ŋãęŋő ĺğ (4.25) ćëçěáâì áãňňã çńěŋőć ćĺďă:

u_n(x_2)—u_n(x_1)e^{−iEn (t2−t1)} (4.27)

100 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-1

ŕő áőáâőïŋĺïň á őâàĺæăâěńìŋőľ íŋěàčĺěľ ďńï ćáěå ňőňěŋâőć ćàěňěŋĺ. İâő áďěńăâì ňőęŋő, ŕőáłőńìłã âăłăï áãňňă ŕàěďáâăćńïěâ áőąőľ àěèěŋĺě őďŋőàőďŋőčő (ąěğ ŕàăćőľ çăáâĺ) ãàăćŋěŋĺï (4.24). Ć àěğãńìâăâě, íâă áãňňă áőłàăâĺâáï áő ćâőàőľ ŕőńőćĺŋőľ àěèěŋĺï (4.25), ĺ ňë ŕőńãçĺň áńěďãîéãî äãŋłæĺî Čàĺŋă ďńï áćőąőďŋőľ çăáâĺæë:

K_+(x_2t_2; x_1t_1) = ∑ E_n >0 u_n(x_2)—u_n(x_1)e^{−iEn (t2−t1)} ŕàĺ t_2 > t_1 . (4.28)

Ŋő âěŕěàì ďńï t_2 < t_1 íâă äãŋłæĺï ãęě ŋě àăćŋă ŋãńî, ĺ ňë ĺňěěň:

K_+(x_2t_2; x_1t_1) = − ∑ E_n <0 u_n(x_2)—u_n(x_1)e^{−iEn (t2−t1)} ŕàĺ t_2 < t_1 . (4.29)

Őąàăâĺâě ćŋĺňăŋĺě ŋă ćőğŋĺłèĺľ ğďěáì őąéĺľ ğŋăł ňĺŋãá! Ŕőáńěďŋěě ćëàăęěŋĺě ãďőąŋő ğăŕĺáăâì łăł:

K_+(x_2t_2; x_1t_1) = − ∑ E_n <0 u_n(x_2)—u_n(x_1)e^{−i|En ||t2−t1|} ŕàĺ t_2 < t_1 , (4.30)

âăł çâő ć ŕőłăğăâěńě íłáŕőŋěŋâë áâőïâ ãęě âőńìłő ŕőńőęĺâěńìŋëě ćěńĺçĺŋë, ă őâàĺæăâěńìŋëě íŋěàčĺĺ łăł ąë ĺáçěğńĺ.

Ŕàĺ ŋăńĺçĺĺ ćŋěèŋěčő ŕőâěŋæĺăńă ňőęŋő őŕïâì ŋăŕĺáăâì ĺŋâěčàăńìŋőě ãàăćŋěŋĺě âĺŕă (4.20) ĺ ěčő àăğńőęěŋĺě ć àïď (4.22), âőńìłő K_0 ŋãęŋő ćěğďě ğăňěŋĺâì ŋă K_+, ă ŕőâěŋæĺăń V àăááňăâàĺćăâì łăł ňăâàĺæã 4×4. Śňëáń çńěŋőć ŕőńãçěŋŋőčő àïďă ńãçèě ćáěčő ŕőŋïâì, ŋăàĺáőćăć ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋëě ďĺăčàăňňë Ťěľŋňăŋă. Ŕěàćëľ çńěŋ àïďă (4.22) K_+(2, 1) őŕĺáëćăěâ àăáŕàőáâàăŋěŋĺě áćőąőďŋőľ çăáâĺæë ĺğ âőçłĺ 1 ć âőçłã 2 (Řĺá. 4-1). Ćâőàőľ çńěŋ (Řĺá. 4-2) ĺňěěâ ćĺď: (−i) ∫ d^4x_3K_+(2, 3)V (3)K_+(3, 1) (4.31)

ĺ őŕĺáëćăěâ őďŋőłàăâŋőě àăááěïŋĺě. Ŋă àĺáãŋłě ğăňłŋãâőľ łàĺćőľ őąőğŋăçěŋă őąńăáâì, ć łőâőàőľ őâńĺçěŋ őâ ŋãńï ŕőâěŋæĺăń V . Šàěâĺľ çńěŋ (Řĺá. 4-3):

(−i)^2 ∫ d^4x_3d^4x_4K_+(2, 3)V (3)K_+(3, 4)V (4)K_+(4, 1) (4.32)

őŕĺáëćăěâ ďćãłàăâŋőě àăááěïŋĺě. Ďĺăčàăňňë Řĺá. 4-3(ă) ĺ Řĺá. 4-3(ą) ĺńńîáâàĺàãîâ ďćă ćăàĺăŋâă âăłőčő àăááěïŋĺï.

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 101

Řĺá. 4-2

Řĺá. 4-3

• Śńãçăľ (ă): Ěáńĺ ĺğ âőçłĺ 1 ł âőçłě 2 íńěłâàőŋ ďćĺęěâáï âăł, çâő ćàěňï àăáâěâ ćďőńì ňĺàőćőľ ńĺŋĺĺ, âő ć ćëàăęěŋĺĺ ďńï K_+ ĺňěîâáï ńĺèì áãňňë âĺŕă (4.28), â.ě. ãçĺâëćăîâáï âőńìłő áőáâőïŋĺï çăáâĺæë á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ. İâő ěáâì őąëçŋőě ďćãłàăâŋőě àăááěïŋĺě íńěłâàőŋă á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ, łăł ć ŋěàěńïâĺćĺáâáłőľ âěőàĺĺ.

• Śńãçăľ (ą): Ŕàĺ ďćĺęěŋĺĺ ŕő ňĺàőćőľ ńĺŋĺĺ, ŕàĺ ŕěàěåőďě ĺğ 4 ć 3 çăáâĺæă ćőğćàăéăěâáï ŋăğăď ŕő ćàěňěŋĺ, âőčďă ć ćëàăęěŋĺĺ ďńï K_+ őáâăîâáï âőńìłő áãňňë ŕő áőáâőïŋĺïň á őâàĺæăâěńìŋőľ íŋěàčĺěľ âĺŕă (4.30). Ć ĺŋâěàŕàěâăæĺĺ Ťěľŋňăŋă íâő áőőâćěâáâćãěâ àăáŕàőáâàăŋěŋĺî ŕőğĺâàőŋă (â.ě. ăŋâĺçăáâĺæë) ĺğ âőçłĺ 3 ć âőçłã 4. Ěáńĺ áçĺâăâì, çâő ćàěňï ćáěčďă ćőğàăáâăěâ, âő íâã ŕőáńěďőćăâěńìŋőáâì áőąëâĺľ ňőęŋő ĺŋâěàŕàěâĺàőćăâì âăł: ć âőçłě 3 àőęďăěâáï íńěłâàőŋ-ŕőğĺâàőŋŋăï ŕăàă, íńěłâàőŋ àăáŕàőáâàăŋïěâáï ć ŋăŕàăćńěŋĺĺ ł âőçłě 2, âőčďă łăł ŕőğĺâàőŋ | ć ŋăŕàăćńěŋĺĺ ł âőçłě 4, čďě őŋ ăŋŋĺčĺńĺàãěâ á ŕàĺåőďïéĺň âãďă ĺáåőďŋëň íńěłâàőŋőň.

Šăłĺň őąàăğőň, ŕő Ťěľŋňăŋã, ŕőğĺâàőŋ | áãâì íńěłâàőŋ, àăáŕàőáâàăŋïîéĺľáï őąàăâŋő ŕő ćàěňěŋĺ.

İâă ĺŋâěàŕàěâăæĺï ňőęěâ ąëâì ŕàőĺńńîáâàĺàőćăŋă ĺ ĺğ łńăááĺçěáłĺå áőőąàăęěŋĺľ: ć ãàăćŋěŋĺïå ďćĺęěŋĺï łńăááĺçěáłőľ çăáâĺæë ć íńěłâàőňăčŋĺâŋőň ŕőńě [25]: m d^2x^μ ds^2 = e dx^ν ds F^{μν} . (4.33)

Ĺğňěŋěŋĺě ŋăŕàăćńěŋĺï áőąáâćěŋŋőčő ćàěňěŋĺ s íłćĺćăńěŋâŋő ĺğňěŋěŋĺî ğŋăłă ğăàïďă e.

102 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ğăňěâĺň, çâő ć ŕàőæěááě, ŕőłăğăŋŋőň ŋă Řĺá. 4-3, ňë, łőŋěçŋő, ďőńęŋë ŕàőĺŋâěčàĺàőćăâì ŕő ćáěň ćàěňěŋăň t_3 ĺ t_4, âăł çâő őąă áńãçăï őŕĺáëćăîâáï őďŋĺň çńěŋőň àïďă (4.32), łőâőàëľ ĺğőąàăęăěâáï őďŋőľ ďĺăčàăňňőľ Řĺá. 4-3(ă), ă ďĺăčàăňňă Řĺá. 4-3(ą), äăłâĺçěáłĺ, ĺďěŋâĺçŋă. Ŕàőæěáá Řĺá. 4-3(ą) ŕàőâěłăěâ ĺňěŋŋő âăł, łăł ĺ áńěďãěâ ĺğ âěőàĺĺ Ďĺàăłă: íńěłâàőŋ á őâàĺæăâěńìŋőľ íŋěàčĺěľ ŕěàěåőďĺâ ć áőáâőïŋĺě 2 á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ (łőŋěçŋőě áőáâőïŋĺě), â.ě. àőęăěâáï íńěłâàőŋŕőğĺâàőŋŋăï ŕăàă, ă ďëàłă ğăŕőńŋïěâáï íńěłâàőŋőň, ŕàĺńěâěćèĺň ĺğ 1, â.ě. ŕàőĺáåőďĺâ ăŋŋĺčĺńïæĺï. Ć àěğãńìâăâě íńěłâàőŋ àăááěĺćăěâáï, ŕěàěåőďï ĺğ áőáâőïŋĺï 1 ć áőáâőïŋĺě 2, ŕàĺçěň íńěłâàőŋ á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ğăňěŋïěâáï őďŋĺň ĺğ íńěłâàőŋőć őâàĺæăâěńìŋőčő \äőŋă". Ŕàőĺáåőďĺâ, âăłĺň őąàăğőň, őąňěŋ âőęďěáâćěŋŋëňĺ çăáâĺæăňĺ, ă áőőâćěâáâćãîéĺľ ňăâàĺçŋëľ íńěňěŋâ ĺňěěâ őâàĺæăâěńìŋëľ ğŋăł, łăł ĺ ďőńęŋő ąëâì ďńï äěàňĺőŋőć. Ŋő ňë ŋĺčďě ŋě ĺáŕőńìğőćăńĺ ïćŋő ŕàĺŋæĺŕ Ŕăãńĺ! Őłăğëćăěâáï, çâő ćőğŋĺłŋőćěŋĺě őâàĺæăâěńìŋőčő ğŋăłă ć (4.29), ŕàőĺğőèěďèěě ĺğ áăňőčő ňěâőďă ŕőáâàőěŋĺï ŕàőŕăčăâőàă K_+, őąěáŕěçĺćăěâ ŋăň ŕàăćĺńìŋãî áâăâĺáâĺłã! Őąőąéěŋĺě íâĺå àăááãęďěŋĺľ ďńï ŕàőæěááőć ŕàőĺğćőńìŋőčő ŕőàïďłă âěőàĺĺ ćőğňãéěŋĺľ ďăěâ ěéě őďŋő ďőłăğăâěńìáâćő âěőàěňë ő áćïğĺ áŕĺŋă ĺ áâăâĺáâĺłĺ [31].

Ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě.

Řăáçěâë àěăńìŋëå ğăďăç ğŋăçĺâěńìŋő ãďőąŋěě ŕàőćőďĺâì ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ. Ŕàőŕăčăâőà K_+ ŋăåőďĺâáï łăł àěèěŋĺě ãàăćŋěŋĺï:

(i ^∇ − m)K_+(2, 1) = iδ(2, 1) . (4.34)

Ććěďěň äãàìě-őąàăğ K_+, łőâőàëľ őąőğŋăçĺň S_+(p), âőčďă:

K_+(2, 1) = ∫ d^4pe^{−ip(x2−x1)}S_+(p) , (4.35)

čďě d^4p = dp_0d^3p. Őŕěàăâőà (i ^∇ − m) ňőęŋő ćŋěáâĺ ŕőď ĺŋâěčàăń ć ćĺďě (^p − m), ă ďńï δ-äãŋłæĺĺ ŋăŕĺáăâì äãàìě-ŕàěďáâăćńěŋĺě:

δ(x_2 − x_1) = ∫ d^4p (2π)^4 e^{−ip(x2−x1)} . (4.36) Šőčďă ńěčłő ŕőńãçăěň ãàăćŋěŋĺě ďńï S_+(p):

S_+(p) = i (2π)^4 1 ^p − m . (4.37)

İâő ćëàăęěŋĺě ãďőąŋő ŕěàěŕĺáăâì âăł:

S_+(p) = i (2π)^4 ^p + m ^p + m 1 ^p − m = i (2π)^4 ^p + m p^2 − m^2

, (4.38)

čďě ňë ãçńĺ, çâő ^p^2 = p_μp^μ = p^2_0 − p^2 = p^2, âăł çâő ğŋăňěŋăâěńì ć (4.38) ãęě ŋě áőďěàęĺâ ňăâàĺæ. Śőőâćěâáâćěŋŋő:

K_+(2, 1) = i (2π)^4 ∫ d^4pe^{−ip(x2−x1)} ^p + m p^2 − m^2

. (4.39)

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 103

Ććěďěň, ŕő őŕàěďěńěŋĺî, ĺŋâěčàăń:

I_+(2, 1) = 1 (2π)^4 ∫ d^4p e^{−ip(x2−x1)} p^2 − m^2

. (4.40)

Šőčďă (4.39) ňőęěâ ąëâì ğăŕĺáăŋő łăł:

K_+(2, 1) = i(i ^∇_2 + m)I_+(2, 1) . (4.41)

Ŕőďáâăćńïï (4.41) ć (4.34), ŋăåőďĺň, çâő ĺŋâěčàăń I_+ ãďőćńěâćőàïěâ ãàăćŋěŋĺî:

(� + m^2)I+(2, 1) = −δ(2, 1) (4.42)

â.ě. ïćńïěâáï, äăłâĺçěáłĺ, äãŋłæĺěľ Čàĺŋă ãàăćŋěŋĺï Łńěľŋă { Čőàďőŋă. Ğăŕĺáăć őâďěńìŋő ŕàőáâàăŋáâćěŋŋëě ĺ ćàěňěŋŋëě łőőàďĺŋăâë, ŕěàěŕĺèěň I_+ łăł:

I_+(x_2 − x_1) = 1 (2π)^4 ∞∫ −∞ dp_0 ∫ d^3p e^{−ip0(t2−t1)}e^ip^(r^{2−}r^{1)} p^2_0 − p^2 − m^2

. (4.43)

Ŋő ğďěáì ćőğŋĺłăěâ ŕàőąńěňă | ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ĺňěěâ ŕőńîáă ŕàĺ p^2_0 − p^2 − m^2 = 0, â.ě. ŕàĺ p_0 = ± √ p^2 + m^2 ≡ ±Ep. Ŕőíâőňã ĺŋâěčàăń ŋãęŋő

ďőőŕàěďěńĺâì ŕàăćĺńőň \őąåőďă" íâĺå íâĺå ŕőńîáőć. Ŕàăćĺńő Ťěľŋňăŋă áőáâőĺâ ć ğăňěŋě: m → m − iδ , δ > 0 , δ → +0 . (4.44) Šőčďă ŋăè ĺŋâěčàăń ňőęŋő ğăŕĺáăâì łăł:

I_+(x_2 − x_1) = ∫ d^3p (2π)^3 e^ip^(r^{2−}r^{1)} ∞∫ −∞ dp_0 2π e^{−ip0(t2−t1)} (p_0 − Ep + iε)(p_0 + Ep − iε)

, (4.45)

ŕőáłőńìłã ŕàĺ ğăňěŋě (4.44), ćěńĺçĺŋă Ep ŕàĺőąàěâăěâ ąěáłőŋěçŋő ňăńãî ňŋĺňãî ďőąăćłã, łőâőàãî ňë őąőğŋăçĺńĺ iε. Řăááňőâàĺň âěŕěàì ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ć łőňŕńěłáŋőľ ŕńőáłőáâĺ ŕěàěňěŋŋőľ p_0. Ćĺďĺň, çâő ŕőńîá p_0 = −Ep âěŕěàì ńěęĺâ ŋěňŋőčő ćëèě ďěľáâćĺâěńìŋőľ őáĺ p_0 (ŕãâĺ ĺŋâěčàĺàőćăŋĺï ć (4.45)), ă ŕőńîá p_0 = +Ep ńěęĺâ çãâì ŋĺęě ěě, łăł íâő ŕőłăğăŋő ŋă Řĺá. 4-4. Ŕàőĺŋâěčàĺàãěň (4.45), áçĺâăï, çâő t_2 − t_1 > 0. Šőčďă ĺŋâěčàăń ňőęŋő ńěčłő ćëçĺáńĺâì ŕő âěőàěňě Łőèĺ, ğăňëłăï łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ p_0. Ŕàĺ íâőň ĺŋâěčàăń ŕő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ őąàăéăěâáï ć ŋãńì ĺğ-ğă ąëáâàőčő ğăâãåăŋĺï íłáŕőŋěŋæĺăńìŋőčő ňŋőęĺâěńï ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ, âăł çâő, äăłâĺçěáłĺ őáâăěâáï âőńìłő ŋãęŋëľ ŋăň ĺŋâěčàăń ćďőńì ćěéěáâćěŋŋőľ őáĺ. Ŋő ĺŋâěčàăń ŕő ğăňłŋãâőňã łőŋâãàã ŕàőáâő őŕàěďěńïěâáï ćëçěâőň ć ŕőńîáě +Ep, łőâőàëľ őłăğăńáï ćŋãâàĺ łőŋâãàă (ĺ őąåőďĺâáï ŕő çăáőćőľ áâàěńłě), âăł çâő ŕőńãçăěň őâćěâ: − 2πi 2Ep^e

−iEp^{(t}2^{−t}1^)_. (4.46)

Ěáńĺ ęě t_2 − t_1 < 0, âő ďńï őąŋãńěŋĺï ćłńăďă ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ, ŋãęŋő łőŋâãà ĺŋâěčàĺàőćăŋĺï ğăňłŋãâì áćěàåã. Šőčďă ćŋãâàì łőŋâãàă ŕőŕăďěâ âőńìłő ŕőńîá ŕàĺ −Ep, łőâőàëľ ąãďěâ őąåőďĺâìáï ŕàőâĺć çăáőćőľ áâàěńłĺ, ĺ ĺáłőňëľ ĺŋâěčàăń àăćěŋ: − 2πi 2Ep^e

+iEp^{(t}2^{−t}1^)_. (4.47)

104 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-4

Ğăňěâĺň, çâő ćěńĺçĺŋă Ep, ŕő őŕàěďěńěŋĺî, áçĺâăěâáï ŕőńőęĺâěńìŋőľ, âăł çâő ŕőłăğăâěńĺ íłáŕőŋěŋâë łăł ć (4.46), âăł ĺ ć (4.47), ŕőńőęĺâěńìŋë (á âőçŋőáâìî ďő −i). Šăłĺň őąàăğőň, ĺŋâěčàăń I_+, ă ğŋăçĺâ ĺ äãŋłæĺï K_+, ćěďãâ áěąï ăŋăńőčĺçŋő (4.28) ĺ (4.29) | ŕàĺ t_2 − t_1 > 0 ĺčàăîâ àőńì âőńìłő ŕőńőęĺâěńìŋëě íŋěàčĺĺ, ă ŕàĺ t_2 − t_1 < 0 | âőńìłő őâàĺæăâěńìŋëě! Ťăłâĺçěáłĺ, ãáńőćĺě (4.44) őąěáŕěçĺćăěâ íłćĺćăńěŋâŋőáâì ŕàěęŋěňã őŕàěďěńěŋĺî ŕàőŕăčăâőàă K_+.

Ňőęŋő ąëńő ąë ŕàĺ ďőőŕàěďěńěŋĺĺ ŕàőŕăčăâőàă ŕőáâãŕĺâì ĺŋăçě ĺ ćňěáâő (4.44) ďőąăćĺâì ąěáłőŋěçŋő ňăńãî ňŋĺňãî ďőąăćłã ł p_0:

p_0 → p_0 + iδ , δ → +0 . (4.48)

Ŕàĺ íâőň ć (4.43) ćőğŋĺłăîâ ďćă ŕőńîáă, ńěęăéĺě ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ p_0. Šőčďă ŕàĺ t_2 − t_1 > 0, łőčďă łőŋâãà ĺŋâěčàĺàőćăŋĺï ğăňëłăěâáï ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ, ĺčàăîâ àőńì łăł ŕőńőęĺâěńìŋëě, âăł ĺ őâàĺæăâěńìŋëě íŋěàčĺĺ. Ć âőęě ćàěňï ŕàĺ t_2 − t_1, ğăňëłăï łőŋâãà áćěàåã, ňë ćĺďĺň, çâő ćŋãâàĺ ŋěčő ćőőąéě ŋěâ ŕőńîáőć, âăł çâő áőőâćěâáâćãîéĺľ ĺŋâěčàăń ŕàőáâő àăćěŋ ŋãńî. Šăłőě ďőőŕàěďěńěŋĺě ŕàőŕăčăâőàă K ďăěâ, äăłâĺçěáłĺ, àěğãńìâăâ (4.25) (\ğăŕăğďëćăîéãî" äãŋłæĺî Čàĺŋă), â.ě. ďĺàăłőćáłãî âěőàĺî őďŋĺå âőńìłő íńěłâàőŋőć. Ťěľŋňăŋőćáłőě ŕàăćĺńő ĺňěěâ âő ŕàěĺňãéěáâćő, çâő ňŋĺňőáâì ććőďĺâáï ć àěńïâĺćĺáâáłĺľ ĺŋćăàĺăŋâ m, ćáě ćëàăęěŋĺï őáâăîâáï łőćăàĺăŋâŋëňĺ, âőčďă łăł ć âěőàĺĺ \őďŋĺå íńěłâàőŋőć" ňŋĺňőáâì ć ćěńĺçĺŋě p_0 ďěńăěâ ěě őâńĺçŋőľ őâ őáâăńìŋëå łőňŕőŋěŋâ ĺňŕãńìáă.

Ňë ěéě ŋě àăğ ćěàŋěňáï ł őąáãęďěŋĺî íâĺå, ďőáâăâőçŋő âőŋłĺå, ćőŕàőáőć őŕàěďěńěŋĺï ăŋăńĺâĺçěáłĺå áćőľáâć äãŋłæĺľ Čàĺŋă, ă áěľçăá őâňěâĺň őąéěě áćőľáâćő | ŕőńîáă ŕàőŕăčăâőàőć (äãŋłæĺľ Čàĺŋă) ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ, äăłâĺçěáłĺ, őŕàěďěńïîâ íŋěàčěâĺçěáłĺľ áŕěłâà áőőâćěâáâćãîéĺå çăáâĺæ. Ć àăááňőâàěŋŋőň áńãçăě Ep = √ p^2 + m^2 ŕàěďáâăćńïěâ áőąőľ àěńïâĺćĺáâáłĺľ áŕěłâà áćőąőďŋőčő

íńěłâàőŋă (ŕőğĺâàőŋă). İâő áćőľáâćő äãŋłæĺľ Čàĺŋă ŕőńãçĺńő čńãąőłőě àăğćĺâĺě ć áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï. Ŋă ŋěň, ć çăáâŋőáâĺ, őáŋőćăŋă ćáï łőŋæěŕæĺï łćăğĺçăáâĺæ | íńěňěŋâăàŋëå ćőğąãęďěŋĺľ ňŋőčőçăáâĺçŋëå áĺáâěň [13].

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 105

İńěłâàőŋ ĺ ćŋěèŋěě íńěłâàőňăčŋĺâŋőě ŕőńě.

Řăááňőâàĺň ćğăĺňőďěľáâćĺě íńěłâàőŋă á ćŋěèŋĺň íńěłâàőňăčŋĺâŋëň ŕőńěň. İâő ćğăĺňőďěľáâćĺě őŕĺáëćăěâáï ćëàăęěŋĺěň ej^μA_μ = e —ψγ^μψA_μ, âăł çâő \ŕőâěŋæĺăń" ćğăĺňőďěľáâćĺï ãďőąŋő őąőğŋăçĺâì łăł: eγ^μ A_μ ≡ e ^A (e | ğăàïď íńěłâàőŋă). Şàăćŋěŋĺě Ďĺàăłă, ãçĺâëćăîéěě ćğăĺňőďěľáâćĺě á íńěłâàőňăčŋĺâŋëň ŕőńěň, ĺňěěâ, őçěćĺďŋő, ćĺď: (i ^∇ − e ^A − m)ψ = 0 , (4.49) čďě ŕàőĺğćěďěŋ ŕěàěåőď ł áőőâćěâáâćãîéěľ łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ íńěłâàőďĺŋăňĺłĺ. Śőőâćěâáâćěŋŋő, ŕàőŕăčăâőà çăáâĺæë ćő ćŋěèŋěň ŕőńě K^A_+ őŕàěďěńïěâáï ãàăćŋěŋĺěň:

(i ^∇_2 − e ^A_2 − m)K^A_+ (2, 1) = iδ(2, 1) . (4.50)

Şàăćŋěŋĺě Ďĺàăłă (4.49) ňőęŋő âăłęě ŕěàěŕĺáăâì ć ćĺďě ãàăćŋěŋĺï Ÿàěďĺŋčěàă á áőőâćěâáâćãîéĺň čăňĺńìâőŋĺăŋőň: i ∂ψ ∂t = Hψ = [α · (p − eA) + eφ + mβ] ψ , (4.51)

čďě ãçâěŋő, çâő Aμ = (φ, −A). Ŕàőŕăčăâőà âőčďă őŕàěďěńïěâáï łăł àěèěŋĺě ãàăćŋěŋĺï: [ i ∂ ∂t_2 − eφ(2) − α · (−i∇_2 − eA_2) − mβ ] K^A_+ (2, 1) = iβδ(2,1) , (4.52)

čďě ŕőïćńěŋĺě ňăâàĺæë β = γ^0 áŕàăćă áćïğăŋő á ĺáŕőńìğőćăŋĺěň áőŕàïęěŋŋëå (ŕő Ďĺàăłã) áŕĺŋőàőć ć őŕàěďěńěŋĺĺ (4.25) ĺ őąěáŕěçĺćăěâ, âăłĺň őąàăğőň, àěńïâĺćĺáâáłãî ĺŋćăàĺăŋâŋőáâì. Şňŋőęăï (4.52) ŋă ňăâàĺæã β, ŕàĺćőďĺň ěčő ł ćĺďã , áőćŕăďăîéěňã á (4.50).

Řěèěŋĺě ãàăćŋěŋĺï (4.50) ãďőćńěâćőàïěâ ĺŋâěčàăńìŋőňã ãàăćŋěŋĺî, ăŋăńőčĺçŋőňã (4.20):

K^A_+ (2, 1) = K_+(2, 1) − ie ∫ d^4x_3K_+(2, 3) ^A(3)K^A_+ (3, 1) , (4.53)

àăğńőęěŋĺě łőâőàőčő ć àïď âěőàĺĺ ćőğňãéěŋĺľ (ĺâěàăæĺĺ) ďăěâ ăŋăńőč (4.22):

K^A_+ (2, 1) = K_+(2, 1) − ie ∫ d^4x_3K_+(2, 3) ^A(3)K_+(3, 1) +

+ (−ie)^2 ∫ d^4x_3d^4x_4K_+(2, 3) ^A(3)K_+(3, 4) ^A(4)K_+(4, 1) + . . . .(4.54)

Ć àěńïâĺćĺáâáłőň áńãçăě, áćïğì ňěęďã ćőńŋőćëňĺ äãŋłæĺïňĺ ψ(2) ć âőçłě x_2 ĺ ψ(1) ć âőçłě x_1, ŕő ăŋăńőčĺĺ á (4.2), łăğăńőáì ąë, ňőęŋő ğăŕĺáăâì łăł:

ψ(2) = ∫ d^3x_1K^A_+ (2, 1)βψ(1) , (4.55)

čďě d^3x_1 | íńěňěŋâ őąêěňă âàěåňěàŋőčő ŕàőáâàăŋáâćă ŕàĺ äĺłáĺàőćăŋŋőň ćàěňěŋĺ t_1, çâő ĺńńîáâàĺàãěâáï Řĺá. 4-5(ă). Ćőńŋë, ĺáŕãáłăěňëě âőçłăňĺ čĺŕěàŕńőáłőáâĺ t_1 = const, äőàňĺàãîâ ćőńŋőćãî äãŋłæĺî ć âőçłě x_2 ć ąőńěě ŕőğďŋĺľ ňőňěŋâ ćàěňěŋĺ t_2. Ŋő íâő ŋě áőćáěň âăł! Ďěńő ć âőň, çâő ňë őŕàěďěńĺńĺ äãŋłæĺî Čàĺŋă

106 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-5

(ŕàőŕăčăâőà) ć àěńïâĺćĺáâáłőľ âěőàĺĺ âăł, çâő őŋă őŕĺáëćăěâ àăáŕàőáâàăŋěŋĺě çăáâĺæ á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ćŕěàěď ŕő ćàěňěŋĺ, ă àăáŕàőáâàăŋěŋĺě çăáâĺæ á őâàĺæăâěńìŋőľ íŋěàčĺěľ ŋăğăď ŕő ćàěňěŋĺ. Ŕőíâőňã, äăłâĺçěáłĺ, ăŋăńőč ćëàăęěŋĺï (4.2) ŋăďő ŕĺáăâì âăł:

ψ(x2t2) = ∫ d^3x_1K^A_+ (x_2t_2, x_1, t_1)βψ(x_1t_1) − ∫ d^3x_1K^A_+ (x_2t_2, x_1t^′_1)βψ(x_1t^′_1) , (4.56)

čďě t_1 < t_2 < t^′_1! Ğďěáì, ć áőőâćěâáâćĺĺ á Řĺá. 4-5(ą), ŕěàćőě áńăčăěňőě ŕàěďáâăćńïěâ ćłńăď áőáâőïŋĺľ á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ĺ ğăćĺáĺâ őâ ŕàěďèěáâćãîéĺå ňőňěŋâőć ćàěňěŋĺ, ă ćâőàőě áńăčăěňőě ďăěâ ćłńăď áőáâőïŋĺľ á őâàĺæăâěńìŋőľ íŋěàčĺěľ ĺ ğăćĺáĺâ őâ ŕőáńěďãîéĺå ňőňěŋâőć ćàěňěŋĺ. Ăňŕńĺâãďă ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă ŕàĺåőďĺâ ć âőçłã x_2, t_2 ŋě őŕàěďěńěŋă, ěáńĺ ĺğćěáâŋă âőńìłő ăňŕńĺâãďă ćěàőïâŋőáâĺ őąŋăàãęěŋĺï íńěłâàőŋă (ĺńĺ ŕőğĺâàőŋă) ć ąőńěě àăŋŋĺľ ňőňěŋâ ćàěňěŋĺ. Ěáńĺ ŕőğĺâàőŋ ĺ ŋě ŕàĺáãâáâćőćăń ć ąőńěě àăŋŋĺľ ňőňěŋâ ćàěňěŋĺ, ćŋěèŋěě ŕőńě ňőęěâ ŕőàőďĺâì íńěłâàőŋ-ŕőğĺâàőŋŋãî ŕăàã ć ŕàőæěááě íćőńîæĺĺ áĺáâěňë, çâő ŕàĺćőďĺâ ł ŕőïćńěŋĺî ăňŕńĺâãďë ćěàőïâŋőáâĺ őąŋăàãęěŋĺï ŕőğĺâàőŋă ć ąãďãéěň. Ć âěőàĺĺ Ťěľŋňăŋă ćłńăďë ć ŕàőŕăčăâőà, áőőâćěâáâćãîéĺě çăáâĺæăň á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ, àăááňăâàĺćăîâáï łăł ăňŕńĺâãďë ćěàőïâŋőáâĺ âőčő, çâő íńěłâàőŋ ĺňěěâ őąëçŋëľ őâàĺæăâěńìŋëľ ğăàïď, âőčďă łăł ćłńăďë, áőőâćěâáâćãîéĺě çăáâĺæăň á őâàĺæăâěńìŋőľ íŋěàčĺěľ, àăááňăâàĺćăîâáï łăł ăňŕńĺâãďë ćěàőïâŋőáâĺ őąŋăàãęěŋĺï ŕőğĺâàőŋă á íŋěàčĺěľ −E > 0. Šăłĺň őąàăğőň, çâőąë őŕàěďěńĺâì ćőńŋőćãî äãŋłæĺî ďĺàăłőćáłőčő ŕőńï ć ŋěłőâőàëľ ňőňěŋâ ćàěňěŋĺ, ŋěőąåőďĺňő ğŋăâì ěě íńěłâàőŋŋãî łőňŕőŋěŋâã ć ŕàěďëďãéĺľ ňőňěŋâ ćàěňěŋĺ, ă ěě ŕőğĺâàőŋŋãî łőňŕőŋěŋâã ć ŕőáńěďãîéĺľ ňőňěŋâ ćàěňěŋĺ!

Ćëàăęěŋĺě (4.56) ňőęŋő őąőąéĺâì, ğăňěçăï, çâő ďńï őŕàěďěńěŋĺï äãŋłæĺĺ

ψ(x2t2) ŋěőąåőďĺňő ğŋăâì ćőńŋőćãî äãŋłæĺî ψ(x1t1) ŋă ŋěłőâőàőľ çěâëàěåňěà-

ŋőľ čĺŕěàŕőćěàåŋőáâĺ, őłàãęăîéěľ âőçłã x_2, t_2, łăł íâő ŕőłăğăŋő ŋă Řĺá. 4-6:

ψ(x2t2) = ∫ dσ(x_1)K^A_+ (2, 1) ^N(1)ψ(1) , (4.57)

čďě ^N = N_μγ^μ, čďě N_μ | ćěłâőà ŋőàňăńĺ ł čĺŕěàŕőćěàåŋőáâĺ, őłàãęăîéěľ âőçłã

x2, t2. Ĺŋâěčàĺàőćăŋĺě ć (4.57) ĺďěâ ŕő íâőľ čĺŕěàŕőćěàåŋőáâĺ. Šőčďă ňőęŋő áłă-

ğăâì, çâő ğăŕĺáì ć ćĺďě (4.55) ĺňěŋŋő íâő ĺ ŕőďàăğãňěćăěâ. Ŕőíâőňã ć ďăńìŋěľèěň, ďńï łàăâłőáâĺ, ňë ĺ ąãďěň ŕőńìğőćăâìáï íâőľ ŕàőáâěľèěľ äőàňőľ ğăŕĺáĺ.

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 107

Řĺá. 4-6

Ŋãęŋő âőńìłő ŕőňŋĺâì, çâő ŕàőáâàăŋáâćěŋŋőě ĺŋâěčàĺàőćăŋĺě ć (4.55) ŕőďàăğãňěćăěâ ĺŋâěčàĺàőćăŋĺě ŕő ŕàăćĺńìŋő ćëąàăŋŋőľ čĺŕěàŕőćěàåŋőáâĺ ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě- ćàěňěŋĺ.

Ťőàňăńìŋëľ ćëćőď (4.57) ňőęŋő ŕàőćěáâĺ áńěďãîéĺň őąàăğőň. Ćőáŕőńìğãěňáï çěâëàěåňěàŋőľ âěőàěňőľ Čăãááă: ∫ Ω d^4x^′ ∂Fμ(x^′) ∂x^′_μ = ∫ S dσ(x^′)Fμ(x^′)n^μ(x^′) , (4.58)

čďě Fμ(x^′) | ŋěłőâőàăï 4-ćěłâőàŋăï äãŋłæĺï, őŕàěďěńěŋŋăï ć ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőň őąêěňě ˙, őčàăŋĺçěŋŋőň ŕőćěàåŋőáâìî S, nμ(x^′) | ćŋěèŋïï ŋőàňăńì ł íńěňěŋâã ŕőćěàåŋőáâĺ dσ(x^′) ć âőçłě x^′. Ŕãáâì ψ(x) | àěèěŋĺě ãàăćŋěŋĺï Ďĺàăłă iγ^{μ ∂ψ(x)}_{∂xμ} − mψ(x) = 0. Ćëąěàěň F (x^′) = iK+(x − x^′)γ^μψ(x^′), čďě x, x^′ ∈ ˙. Šőčďă ĺňěěň: ∂Fμ(x^′) ∂x^′_μ = i ∂ ∂x^′_μ [K+(x − x^′)γμψ(x^′)] = = [ i ∂K+(x − x^′) ∂x^′_μ γμ + mK+(x − x^′) ] ψ(x^′) + K+(x − x^′) [ iγμ ∂ψ(x^′) ∂x^′_μ − mψ(x^′) ] .(4.59)

Ćâőàőě áńăčăěňőě ğďěáì àăćŋő ŋãńî ć áőőâćěâáâćĺĺ á ãàăćŋěŋĺěň Ďĺàăłă. Ŕőďáâăćĺň ŕőńãçěŋŋőě ćëàăęěŋĺě ć ńěćãî çăáâì (4.58) ĺ ãçâěň ěéě, çâő i ∂K+(x − x^′) ∂x^′_μ γμ + mK+(x − x^′) = −iδ(x − x^′) . (4.60) Šőčďă ĺňěěň: ψ(x) = − ∫ S dσ(x^′)K+(x − x^′)γμψ(x^′)n^μ(x^′) , (4.61)

čďě n^μ | ćŋěèŋïï ŋőàňăńì. Ŋã ă ěáńĺ ććěáâĺ ćŋãâàěŋŋîî ŋőàňăńì N^μ, âő ŕőńãçĺň: ψ(x) = ∫ S dσ(x^′)K+(x − x^′)γμψ(x^′)N^μ(x^′) , (4.62)

çâő ĺ âàěąőćăńőáì ďőłăğăâì. Ćëàăęěŋĺě (4.56) áńěďãěâ őâáîďă, ěáńĺ ćëąàăâì ŕőćěàåŋőáâì S ć ćĺďě ďćãå ŕàőáâàăŋáâćěŋŋőŕőďőąŋëå čĺŕěàŕńőáłőáâěľ t_1 ĺ t_2, ă \ąőłőćëňĺ" ćłńăďăňĺ ŕàěŋěąàěçì, á ãçěâőň âőčő, çâő áőőâćěâáâćãîéĺě çăáâĺ ŕőćěàåŋőáâĺ S àăáâïčĺćăîâáï ŋă ąěáłőŋěçŋőáâì. Ğăňěâĺň ěéě, çâő ŕàĺ íâőň N^0γ_0 = β.

Ăňŕńĺâãďă ćěàőïâŋőáâĺ ŕěàěåőďă íńěłâàőŋă ĺğ ŋěłőâőàőčő áőáâőïŋĺï á ćőńŋőćőľ äãŋłæĺěľ ψ_0(x_1t_1) çăáâĺæë á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ć ňőňěŋâ t_1 ć áőáâőïŋĺě á ćőńŋőćőľ äãŋłæĺěľ φ_0(x_2t_2), âăłęě áőőâćěâáâćãîéěľ áőáâőïŋĺïň á ŕőńőęĺâěńìŋőľ

108 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-7

íŋěàčĺěľ, ć ňőňěŋâ t_2 > t_1 ďăěâáï ćëàăęěŋĺěň: M = ∫ d^3x_1d^3x_2φ^∗_0(x_2t_2)K_+(x_2t_2; x_1t_1)βψ_0(x_1t_1)= ∫ d^3x_1d^3x_2 —φ_0(2)βK_+ (2, 1)βψ_0(1) . (4.63) Ěáńĺ ňěęďã ňőňěŋâăňĺ ćàěňěŋĺ t_1 ĺ t_2 ďěľáâćãěâ ŕőâěŋæĺăń e ^A, âő äãŋłæĺï K_+ ğăňěŋïěâáï ŋă K^A_+ . Ŕőíâőňã ăňŕńĺâãďă ŕěàěåőďă ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ć áőőâćěâáâćĺĺ á (4.54), àăćŋă: M_1 = −ie ∫ d^3x_1d^3x_2d^4x_3 —φ_0(2)βK_+(2, 3) ^A(3)K_+(3, 1)βψ_0(1) . (4.64)

Ś ŕőňőéìî (4.55) ňőęŋő áŋïâì ĺŋâěčàăńë ŕő x_1 ĺ x_2 , ććěďï:

ψ_0(3) = ∫ d^3x_1K_+(3, 1)βψ_0(1) , (4.65)

—φ_0(3) = ∫ d^3x_2 —φ_0(2)βK_+ (2, 3) , (4.66)

âăł çâő (4.64) ŕàěćàăéăěâáï ć: M_1 = −ie ∫ d^4x —φ_0(x) ^A(x)ψ_0(x) . (4.67)

Ŕãáâì ŋăçăńìŋăï ćőńŋőćăï äãŋłæĺï áőőâćěâáâćãěâ íńěłâàőŋã á 4-ĺňŕãńìáőň p_1, ă łőŋěçŋăï { íńěłâàőŋã á 4-ĺňŕãńìáőň p_2:

ψ_0(x) = u(p_1)e^{−ip1x} , —φ_0(x) = —u(p_2)e^{ip2x} , (4.68) čďě u | áŕĺŋőàë, áőőâćěâáâćãîéĺě áćőąőďŋëň çăáâĺæăň á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ. Ććőďï äãàìě-őąàăğ A_μ(x):

A_μ(x) = ∫ d^4ke^{−ikx}a_μ(k) (4.69)

ĺ ŕőďáâăćńïï (4.68) ĺ (4.69) ć (4.67), ćëŕőńŋïěň ĺŋâěčàĺàőćăŋĺě ŕő x_3 ĺ ŕőńãçăěň:

M_1 = −ie(2π)^4 ∫ d^4k δ(p_2 − k − p_1)—u(p_2)^a(k)u(p_1) = −ie(2π)^4 —u(p_2)^a(p_2 − p_1)u(p_1) , (4.70) çâő ňőęŋő ĺğőąàăğĺâì ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 4-7. Ăŋăńőčĺçŋëň őąàăğőň,

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 109

Řĺá. 4-8

ňăâàĺçŋëľ íńěňěŋâ ŕěàěåőďă ĺğ áőáâőïŋĺï á p_1 ć áőáâőïŋĺě á p_2, ćő ćâőàőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ, ňőęŋő ğăŕĺáăâì łăł:

M_2 = (−ie)^2 ∫ d^4x ∫ d^4y —φ_0(x) ^A(x)K_+(x, y) ^A(y)ψ_0(y) . (4.71)

Őâáîďă, ŕőáńě ŕőďáâăŋőćłĺ äãàìě-őąàăğőć äãŋłæĺľ ^A ĺ K_+ ĺğ (4.69) ĺ (4.39), ă âăłęě (4.68), ŕőńãçăěň:

M_2 = −ie^2(2π)^4 ∫ d^4p ∫ d^4k_1 ∫ d^4k_2δ(p_2 −k_1 −p)δ(p_1 +k_2 −p)—u(p_2)^a(k_1) 1 ^p − m ^a(k_2)u(p_1) (4.72) ĺńĺ M_2 = −ie^2(2π)^4 ∫ d^4k —u(p_2)^a(p_2 − p_1 − k) 1 ^p_1 + ^k − m

^a(k)u(p_1) , (4.73)

çâő ĺğőąàăęăěâáï čàăäĺłőň Řĺá. 4-8. §áŋő, çâő ăŋăńőčĺçŋëň őąàăğőň ćëŕĺáëćăîâáï ĺ çńěŋë ąőńěě ćëáőłőčő ŕőàïďłă. Ć àěğãńìâăâě ćőğŋĺłăîâ áńěďãîéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï àăááěïŋĺï íńěłâàőŋőć ŋă ŕőâěŋæĺăńě ćŋěèŋěčő íńěłâàőňăčŋĺâŋőčő ŕőńï:

1. Ňăâàĺçŋëľ íńěňěŋâ ŕěàěåőďă ĺňěěâ ćĺď M = —u_2N u_1.

2. Łăęďőňã ćĺàâãăńìŋőňã áőáâőïŋĺî íńěłâàőŋă (ćŋãâàěŋŋěľ íńěłâàőŋŋőľ ńĺŋĺĺ) á ĺňŕãńìáőň p áőőâćěâáâćãěâ ć N äăłâőà^i_{p̂−m} .

3. Łăęďőňã äőâőŋã (ćőńŋĺáâőľ ńĺŋĺĺ) á ĺňŕãńìáőň q áőőâćěâáâćãěâ ć N äăłâőà −ie^a(q). 4. Ŕő ćáěň ĺňŕãńìáăň q_i, ŋě äĺłáĺàőćăŋŋëň ğăłőŋăňĺ áőåàăŋěŋĺï, ćëŕőńŋïîéĺňĺáï ć ćěàèĺŋăå ćğăĺňőďěľáâćĺï, ŕàőćőďĺâáï ĺŋâěčàĺàőćăŋĺě^{d4qi}_{(2π)4} .

Ŕàĺ ćëçĺáńěŋĺĺ ĺŋâěčàăńőć łőŋâãà ĺŋâěčàĺàőćăŋĺï ŕő ćàěňěŋŋőľ łőňŕőŋěŋâě ĺňŕãńìáă áńěďãěâ ćëąĺàăâì ĺáåőďï ĺå äěľŋňăŋőćáłőčő ŕàăćĺńă őąåőďă ŕőńîáőć: ňăááă m ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ ğăňěŋïěâáï ŋă m → m − iδ (δ → +0).

Ć łăçěáâćě ŕàőáâőčő ŕàĺňěàă łőŋłàěâŋëå ćëçĺáńěŋĺľ àăááňőâàĺň ğăďăçã àăááěïŋĺï (íńěłâàőŋă) ŋă łãńőŋőćáłőň ŕőńě ăâőňŋőčő ïďàă (àěğěàäőàďőćáłőě àăááěïŋĺě) á ğăàïďőň Ze. Ć íâőň áńãçăě, ŕőâěŋæĺăń ïďàă àăćěŋ: A_0 = V (r) = Ze r . (4.74)

110 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Śőőâćěâáâćěŋŋő:

^a(q) = 1 (2π)^4 ∫ d^4x e^{iqx}γ^μAμ = 1 (2π)^3 δ(q_0)γ^0 ∫ d^3x e^{−i}qrV (r) = Ze 2π^2q^2 δ(q_0)γ^0 . (4.75)

Šőčďă ăňŕńĺâãďă ŕěàěåőďă ŕěàćőčő ŕőàïďłă (4.70) ĺňěěâ ćĺď:

M_1 = −2πiδ(E_1 − E_2) [ —u(p_2) 4πZe^2 |p_2 − p_1|^2 γ^0u(p_1) ] , (4.76)

čďě E_1 ĺ E_2 | ŋăçăńìŋăï ĺ łőŋěçŋăï íŋěàčĺï íńěłâàőŋă. Ĺğ (4.76) ćĺďŋő, çâő E_1 = E_2 = E, â.ě. àăááěïŋĺě ãŕàãčőě (áâăâĺçěáłĺľ ŕőâěŋæĺăń!). Ćěàőïâŋőáâì àăááěïŋĺï őŕàěďěńïěâáï łăł:

|M_1|^2 = (2π)^2 | | | |—u(p^2) 4πZe^2 |p_2 − p_1|^2 γ^0u(p_1) | | | | 2 δ(E_1 − E_2)δ(0) . (4.77)

Ğďěáì ňë ğăŕĺáăńĺ [δ(E_1 − E_2)]^2 = δ(E_1 − E_2)δ(0), çâő áőğďăěâ ŕőŋïâŋëě ŕàőąńěňë. Ćěńĺçĺŋã δ(0) ŋăďő ĺáâőńłőćăâì, ŕőńìğãïáì ĺğćěáâŋëň àěæěŕâőň Ťěàňĺ, łăł:

δ(0) = lim_{T →∞} lim_{x→0} 1 2π T/2∫ −T/2 dt e^{ixt} = lim_{T →∞} T 2π , (4.78)

čďě T | ćàěňï ćğăĺňőďěľáâćĺï. Šőčďă ňőęŋő ććěáâĺ ćěàőïâŋőáâì ŕěàěåőďă ć ěďĺŋĺæã ćàěňěŋĺ w_{1→2}:

w_{1→2} = 2π | | | |—u(p^2) 4πZe^2 |p_2 − p_1|^2 γ^0u(p_1) | | | | 2 δ(E_1 − E_2) . (4.79)

Ďăńìŋěľèĺě ćëçĺáńěŋĺï (ć ŕàěďŕőńőęěŋĺĺ ŋěŕőńïàĺğőćăŋŋőáâĺ ŕãçłă ĺáåőďŋëå íńěłâàőŋőć) âàěąãîâ ŕàőćěďěŋĺï ãáàěďŋěŋĺï ŕő ďćãň ŋăçăńìŋëň ŕőńïàĺğăæĺïň áŕĺŋă íńěłâàőŋă ĺ áãňňĺàőćăŋĺï ŕő łőŋěçŋëň ŕőńïàĺğăæĺïň. Ďńï íâőčő áãéěáâćãěâ àăğàăąőâăŋŋëľ ăŕŕăàăâ, ĺáŕőńìğãîéĺľ ïćŋëľ ćĺď áŕĺŋőàőć u(p) ĺ áćőľáâćă ňăâàĺæ Ďĺàăłă. Ňë őŕãáâĺň áőőâćěâáâćãîéĺě âěåŋĺçěáłĺě ďěâăńĺ, łőâőàëě ňőęŋő ŋăľâĺ, ŋăŕàĺňěà, ć [5] ĺńĺ ć [1]. Ć łőŋěçŋőň ĺâőčě, ĺğ (4.79) ňőęŋő ŕőńãçĺâì àěńïâĺćĺáâáłĺľ ćăàĺăŋâ äőàňãńë Řěğěàäőàďă (äőàňãńã Ňőââă) ďńï ďĺääěàěŋæĺăńìŋőčő áěçěŋĺï àăááěïŋĺï ć íńěňěŋâ âěńěáŋőčő ãčńă d˙ [5]: dσ d˙ = Z^2e^4

4p^2v^2 sin^{4 θ}_2 ( 1 − v^2 sin^2 θ 2 ) , (4.80)

čďě ňë ãçńĺ |p_1 − p_2| = 2|p| sin θ/2, čďě θ { ãčőń àăááěïŋĺï, ĺ ććěńĺ áłőàőáâì v = |p|/E.

Ğăďăçă ďćãå çăáâĺæ.

Ěáńĺ ćëąàăâì ńőàěŋæěćáłãî łăńĺąàőćłã, âő ãàăćŋěŋĺě Ňăłáćěńńă ďńï ŕőâěŋæĺăńőć, łăł ňë ćĺďěńĺ, ŕàĺŋĺňăěâ ćĺď:

�Aμ = 4πjμ . (4.81)

İâő ãàăćŋěŋĺě ńěčłő àěèĺâì á ŕőňőéìî äãŋłæĺĺ Čàĺŋă D_+, łőâőàãî ňë őŕàěďěńĺň ãàăćŋěŋĺěň:

�2D+(2, 1) = 4πδ(2, 1) . (4.82)

Ŕàőćőďï őçěćĺďŋëě ŕàěőąàăğőćăŋĺï Ťãàìě ĺňěěň:

D_+(2, 1) = − 4π (2π)^4 ∫ d^4k e^{−ik(x2−x1)} 1 k^2 + iδ

, δ → +0 . (4.83)

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 111

Ŕő áãéěáâćã, á âőçŋőáâìî ďő łőŋáâăŋâë ĺ ğŋăłă, íâő ćëàăęěŋĺě áőćŕăďăěâ á ĺŋâěčàăńőň I_+ ĺğ (4.40), ěáńĺ ć ŋěň ŕőńőęĺâì ďőőŕàěďěńěŋŋãî, áőčńăáŋő (4.44) ňăááã m = 0. Šěŕěàì ňë ňőęěň ğăŕĺáăâì àěèěŋĺě (4.81) ć ŕàăłâĺçěáłĺ őçěćĺďŋőň ćĺďě:

A_μ(2) = ∫ d^4x_1D(2, 1)j_μ(1) . (4.84)

Ğďěáì őâáãâáâćãěâ ćőğňőęŋëľ ŋěőďŋőàőďŋëľ ćłńăď, çâő áőőâćěâáâćãěâ čàăŋĺçŋőňã ãáńőćĺî őâáãâáâćĺï áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ĺğńãçěŋĺï ŕàĺ t = ±∞ (â.ě. őâáãâáâćãîâ àěèěŋĺï A^{(0)}μ ãàăćŋěŋĺï �A_μ = 0, łőâőàëě ćáěčďă ňőęŋő ďőąăćĺâì ć ŕàăćãî çăáâì (4.84)).

Řăááňőâàĺň âěŕěàì áńãçăľ ďćãå ğăàïęěŋŋëå (ćğăĺňőďěľáâćãîéĺå!) äěàňĺőŋőć. Łăęďăï ĺğ çăáâĺæ ïćńïěâáï ĺáâőçŋĺłőň íńěłâàőňăčŋĺâŋőčő ŕőńï, łőâőàőě őłăğëćăěâ ćńĺïŋĺě ŋă ďćĺęěŋĺě ďàãčőľ çăáâĺæë. Ć àěğãńìâăâě íâőčő ćğăĺňőďěľáâćĺï çăáâĺæë àăááěĺćăîâáï ďàãč ŋă ďàãčě. Ğăŕĺèěň ćëàăęěŋĺě ďńï âőłă, áőőâćěâáâćãîéěčő ŕěàěåőďã íńěłâàőŋă \a" ĺğ áőáâőïŋĺï u_a(p_1)e^{−ip1x} ć áőáâőïŋĺě u_a(p_2)e^{−ip2x}:

j^μ(x) = e—u_a(p_2)γ^μ_a u_a(p_1)e^{i(p2−p1)x} . (4.85)

Ć áőőâćěâáâćĺĺ á (4.84) íâőâ âőł áőğďăěâ ć ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőľ âőçłě x ŕőńě á ŕőâěŋæĺăńőň:

A^μ(x) = e ∫ d^4x^′D_+(x − x^′)e^{i(p2−p1)x′} —u_a(p_2)γ^μ_a u_a(p_1) = = −4πe ∫ d^4k 1 k^2 + iδ e^{−ikx}δ(k + p_2 − p_1)—u_a(p_2)γ^μ_a u_a(p_1) . (4.86)

İâőâ ŕőâěŋæĺăń ďěľáâćãěâ ŋă ďćĺęěŋĺě ćâőàőčő íńěłâàőŋă \b". Śőčńăáŋő (4.67), ňăâàĺçŋëľ íńěňěŋâ ŕěàćőčő ŕőàïďłă, áőőâćěâáâćãîéĺľ ŕěàěåőďã íńěłâàőŋă \b" ĺğ áőáâőïŋĺï á 4-ĺňŕãńìáőň q_1 ć áőáâőïŋĺě á 4-ĺňŕãńìáőň q_2, ćëğćăŋŋőňã ŕőâěŋæĺăńőň (4.86), ĺňěěâ ćĺď: M = −ie ∫ d^4x—u_b(q_2)e^{iq2x}γ^μ_b A_μ(x)u_b(q_1)e^{−iq1x} =

= 4πie^2(2π)^4

—u_b(q_2)γ^μ_b u_b(q_1)—u_a(p_2)γ_{aμ}u_a(p_1) |p_1 − p_2|^2 δ(p_1 + q_1 − p_2 − q_2) . (4.87)

Řăááňőâàĺň âěŕěàì ŕàőŕăčăâőà áĺáâěňë ĺå ďćãå çăáâĺæ (ďćãåçăáâĺçŋãî äãŋłæĺî Čàĺŋă). Ć ŋěàěńïâĺćĺáâáłőň ŕàĺąńĺęěŋĺĺ áĺáâěňă ĺğ ďćãå çăáâĺæ őŕĺáëćăěâáï èàěďĺŋčěàőćáłőľ ćőńŋőćőľ äãŋłæĺěľ ψ(x_a, x_b, t), ĺ ňë ňőęěň, âăłęě łăł ĺ ćëèě ć áńãçăě őďŋőľ çăáâĺæë, őŕàěďěńĺâì ŕàőŕăčăâőà K(x_a, x_b, t; x^′_a, x^′_b, t^′), ŕàěďáâăćńïîéĺľ áőąőľ ăňŕńĺâãďã ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă \a" ĺğ âőçłĺ x^′_a ć ňőňěŋâ ćàěňěŋĺ t^′ ŕěàěåőďĺâ ć âőçłã x_a ć ňőňěŋâ t, âőčďă łăł çăáâĺæă \b" ĺğ âőçłĺ x^′_b ć ňőňěŋâ t^′ ŕěàěåőďĺâ ć âőçłã x_b ć ňőňěŋâ t. Ěáńĺ çăáâĺæë ŋě ćğăĺňőďěľáâćãîâ, âő, őçěćĺďŋő, ĺňěěň:

K(xa, xb, t; x^′a, x^′b, t^′) = K0a(xat; x^′at^′)K0b(xbt; x^′bt^′) , (4.88)

čďě K_{0a}, K_{0b} | ŕàőŕăčăâőàë áćőąőďŋëå çăáâĺæ \a" ĺ \b". Ć áńãçăě őâáãâáâćĺï ćğăĺňőďěľáâćĺï ňőęŋő őŕàěďěńĺâì ĺ ąőńěě őąéãî ďćãåçăáâĺçŋãî äãŋłæĺî Čàĺŋă, ã łőâőàőľ ćàěňěŋă çăáâĺæ ć ŋăçăńìŋőň ĺ łőŋěçŋőň áőáâőïŋĺïå ŋě áőćŕăďăîâ:

K_0(3, 4; 1, 2) = K_{0a}(3, 1)K_{0b}(4, 2) . (4.89)

112 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-9

Ćëàăęěŋĺě (4.87) ňőęŋő âěŕěàì àăááňőâàěâì łăł ňăâàĺçŋëľ íńěňěŋâ, ćőğŋĺłèĺľ ĺğ ŕőŕàăćłĺ ŕěàćőčő ŕőàïďłă K^{(1)} ł ŕàőŕăčăâőàã ďćãå áćőąőďŋëå çăáâĺæ, ğăŕĺáăŋŋőľ ć ćĺďě:

K_+(3, 4; 1, 2) = −ie^2 ∫ d^4x_5 ∫ d^4x_6K_{+a}(3, 5)γ^μ_a K_{+a}(5, 1)D_+(5, 6)K_{+b}(4, 6)γ_{bμ}K_{+b}(6, 2) (4.90) ĺ ŕàěďáâăćńěŋŋőľ ďĺăčàăňňőľ Ťěľŋňăŋă ŋă Řĺá. 4-9. Ňŋőęĺâěńì D_+ ć íâőň ćëàăęěŋĺĺ àăááňăâàĺćăěâáï łăł ŕàőŕăčăâőà ćĺàâãăńìŋőčő äőâőŋă. Ťăłâĺçěáłĺ, ŕàĺćěďěŋŋëľ ćëćőď ŋě ćŕőńŋě ãďőćńěâćőàĺâěńěŋ, ŕőáłőńìłã ňë ŕőłă ćőćáě ŋě łćăŋâőćăńĺ áăňő íńěłâàőňăčŋĺâŋőě ŕőńě, ŋő, łăł ňë ãćĺďĺň ŋĺęě, íâőâ ęě àěğãńìâăâ ćőáŕàőĺğćőďĺâáï ĺ ć ŕőáńěďőćăâěńìŋőľ âěőàĺĺ.

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ćáě íâő ňőęŋő ŕěàěŕĺáăâì ć ąőńěě ŕàĺćëçŋőň ćĺďě. Ŕàĺ ćëŕőńŋěŋĺĺ ãáńőćĺï Ńőàěŋæă^{∂Aμ}_{∂xμ} = 0, ďĺääěàěŋæĺàőćăŋĺě (4.86) ŕő x_μ ďăěâ:

—u_a(p_2)γ^μ_a k_μu_a(p_1) = —u_a(p_2)(γ^0_a k^0 − γ · k)u_a(p_1) = 0 . (4.91)

İâő áőőâŋőèěŋĺě ďěľáâćĺâěńìŋő ćëŕőńŋïěâáï, ŕőáłőńìłã ĺğ-ğă ŋăńĺçĺï ć (4.86) δäãŋłæĺĺ ĺňěěň ^k = ^p_1 − ^p_2, ă u(p_2) ĺ u(p_1) ïćńïîâáï áŕĺŋőàăňĺ áćőąőďŋëå çăáâĺæ, âăł çâő —u_1(p_2)(^p_1 − ^p_2)u(p_1) = —u(p_2)[(^p_1 − m) − (^p_2 − m)]u(p_1) = 0 . (4.92) Ŕőíâőňã ćáîďã, čďě ć (4.87) ćáâàěçăěâáï ňăâàĺæă γ^0_a), ňőęŋő ćőáŕőńìğőćăâìáï áőőâŋőèěŋĺěň:

γ^0_a · k_0 − γ_a · k = 0 (4.93) ĺ ćëàăğĺâì γ^0_a łăł:

γ^0_a = γ_{al} ( |k| k_0 ) , (4.94)

čďě γ_l | ňăâàĺæă γ \ć ŋăŕàăćńěŋĺĺ àăáŕàőáâàăŋěŋĺï" k (ŕőďçěàłŋěň, çâő ďńï ćĺàâãăńìŋőčő äőâőŋă k_0 ≠ |k|). Šăłĺň őąàăğőň, őąőğŋăçăï \ŕőŕěàěçŋëě" łőňŕőŋěŋâë γ łăł γ^i_t ňőęŋő ŕěàěŕĺáăâì^{γμa γμb}_{k2} ć (4.87) łăł: γ^μ_a γ^μ_b k^2 = γ^0_a γ^0_b − γ^l_aγ^l_b −

∑_2 i=1 γ^i_{at}γ^i_{bt} k^2_0 − k^2 = γ^0_a γ^0_b ( 1 −^{k20}_|k_{|2} ) − ∑_2 i=1 γ^i_{at}γ^i_{bt} k^2_0 − k^2 = = − γ^0_a γ^0_b

k^{2 −}

∑_2 i=1 γ^i_{at}γ^i_{bt} k^2_0 − k^2

. (4.95)

ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 113

Řĺá. 4-10

Ŕěàćőě áńăčăěňőě ć íâőň ćëàăęěŋĺĺ őŕĺáëćăěâ ć (4.87) ĺ (4.90) ňčŋőćěŋŋőě łãńőŋőćáłőě ćğăĺňőďěľáâćĺě ďćãå íńěłâàőŋőć, ă ćâőàőě ãçĺâëćăěâ ŕőŕěàěçŋëě łćăŋâë, őąãáńăćńĺćăîéĺě ğăŕăğďëćăîéěě ňăčŋĺâŋőě ćğăĺňőďěľáâćĺě çăáâĺæ. Ćőğŋĺłŋőćěŋĺě \ňčŋőćěŋŋőčő" ćğăĺňőďěľáâćĺï áćïğăŋő á ŋěłőćăàĺăŋâŋëň åăàăłâěàőň àăğąĺěŋĺï ŋă ďćă áńăčăěňëå ĺáåőďŋő łőćăàĺăŋâŋőčő ćëàăęěŋĺï ć (4.95): äăłâĺçěáłĺ ŕěàćëľ çńěŋ ïćńïěâáï čńăćŋëň ć ŕàěďěńě ňăńëå áłőàőáâěľ, ă ćâőàőľ çńěŋ ďăěâ ŕőŕàăćłĺ ł ňčŋőćěŋŋőňã łãńőŋőćáłőňã ćğăĺňőďěľáâćĺî.

Ďő áĺå ŕőà ňë ŋě ãçĺâëćăńĺ, çâő íńěłâàőŋë âőęďěáâćěŋŋë ĺ ŕőďçĺŋïîâáï ŕàĺŋæĺŕã Ŕăãńĺ. Şçěâ íâőčő őąáâőïâěńìáâćă ŕàĺćőďĺâ ł âàěąőćăŋĺî ăŋâĺáĺňňěâàĺçŋőáâĺ ćőńŋőćőľ äãŋłæĺĺ áĺáâěňë çăáâĺæ, çâő őąěáŕěçĺćăěâáï ććěďěŋĺěň ďćãåçăáâĺçŋőčő ŕàőŕăčăâőàă K(3, 4; 1, 2) − K(4, 3; 1, 2), őŕĺáëćăîéěčő ŕěàěåőď ďćãå çăáâĺæ ĺğ âőçěł 1 ĺ 2 ć âőçłĺ 3 ĺ 4, á ãçěâőň őąňěŋă. Šăłĺň őąàăğőň ćňěáâő (4.87) ŕőńãçăěň ňăâàĺçŋëľ íńěňěŋâ àăááěïŋĺï ďćãå âőęďěáâćěŋŋëå çăáâĺæ, ć ŕěàćőň ŕőàïďłě ŕő ćğăĺňőďěľáâćĺî, ć ćĺďě:

M = 4πie^2(2π)^4 { —u_b(q_2)γ^μ_b u_b(q_1)—u_a(p_2)γ_{aμ}u_a(p_1) |p_1 − p_2|^2 − − —u_b(p_2)γ^μ_b u_b(q_1)—u_a(q_2)γ_{aμ}u_a(p_1) |q_1 − p_2|^2 } δ(p_1 + q_1 − p_2 − q_2) , (4.96)

çâő őŕàěďěńïěâ, ć çăáâŋőáâĺ, áěçěŋĺě âăł ŋăğëćăěňőčő ňěńńěàőćáłőčő àăááěïŋĺï.

Ć ćëáèĺå ŕőàïďłăå ŕő ćğăĺňőďěľáâćĺî ŕőïćńïěâáï ąěáłőŋěçŋőě çĺáńő ŕőŕàăćőł ł íâőňã ňăâàĺçŋőňã íńěňěŋâã, áőőâćěâáâćãîéĺå őąňěŋã ćáě ąőńìèĺň çĺáńőň ćĺàâãăńìŋëå äőâőŋőć ňěęďã çăáâĺæăňĺ ĺ áőąáâćěŋŋőňã ćğăĺňőďěľáâćĺî çăáâĺæ. Ćáě âăłĺě ŕàőæěááë ĺğőąàăęăîâáï ďĺăčàăňňăňĺ Ťěľŋňăŋă, łőâőàëň áőŕőáâăćńïîâáï áőőâćěâáâćãîéĺě ňăâěňăâĺçěáłĺě ćëàăęěŋĺï. Ŕàĺňěàë ďĺăčàăňň ŕőàïďłă e^4 ŕőłăğăŋë ŋă Řĺá. 4-10. Ŕàăćĺńă ďĺăčàăňňŋőľ, ďőŕőńŋïîéĺě áäőàňãńĺàőćăŋŋëě ćëèě ďńï ğăďăçĺ àăááěïŋĺï ŋă ćŋěèŋěň ŕőńě, âěåŋĺłĺ äőàňãńĺàãîâáï áńěďãîéĺň őąàăğőň:

1. Ăňŕńĺâãďă ćěàőïâŋőáâĺ ĺğńãçěŋĺï ćĺàâãăńìŋőčő äőâőŋă àăćŋă eγ^μ , çâő áőŕőáâăćńïěâáï âőçłě (ćěàèĺŋě) ŋă ďĺăčàăňňě.

2. Ăňŕńĺâãďă ćěàőïâŋőáâĺ ŕěàěåőďă (ŕàőŕăčăâőà, ćőńŋĺáâăï ńĺŋĺï) äőâőŋă ĺğ âőçłĺ 1 ć âőçłã 2 àăćŋă D_+(2, 1) ĺńĺ, ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ −^{4π}_{k2+iδ} .

Őčàăŋĺçĺňáï ć ğăďăçě ďćãå çăáâĺæ \ńěáâŋĺçŋëňĺ" ďĺăčàăňňăňĺ (ąěğ ŕěàěáěçěŋĺľ ńĺŋĺľ ćğăĺňőďěľáâćĺï), ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-11. Ććěďěň äãŋłæĺî φ(x_1, x_2) {

114 ŤĚĽŊŇĂŊŐĆŚŁĂ§ ŠĚŐŘĹ§ ŔŐĞĹŠŘŐŊĂ Ĺ İŃĚŇĚŊŠĂŘŊŻĚ ŐŚŊŐĆŻ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 4-11

ăňŕńĺâãďã ćěàőïâŋőáâĺ ŋăåőęďěŋĺï ďćãå çăáâĺæ ć âőçłăå x_1 ĺ x_2 ŕőáńě âăłőčő őąňěŋă n ćĺàâãăńìŋëňĺ äőâőŋăňĺ. Šőčďă ăňŕńĺâãďă ćěàőïâŋőáâĺ ŕőáńě őąňěŋă (n+1)- ň äőâőŋőň ĺňěěâ ćĺď:

φ_{n+1}(1, 2) = −ie^2 ∫ d^4x_3 ∫ d^4x_4K_{+a}(1, 3)γ^μ_a K_{+b}(2, 4)γ_{bμ}D_+(3, 4)φ_n(3, 4) . (4.97)

Śńěďőćăâěńìŋő, ŕőńŋăï ăňŕńĺâãďă ćěàőïâŋőáâĺ ć ńěáâŋĺçŋőň ŕàĺąńĺęěŋĺĺ ňőęěâ ąëâì ćëàăęěŋă ć ćĺďě: ψ(x_1, x_2) = ∞∑ n=0 φ_n(x_1, x_2) (4.98)

ĺ, áőőâćěâáâćěŋŋő:

ψ(2, 1) = φ_0(2, 1) − ie^2 ∫ d^4x_3 ∫ d^4x_4K_{+a}(1, 3)γ^μ_a K_{+b}(2, 4)γ_{bμ}D_+(3, 4)ψ(3, 4) , (4.99)

čďě φ_0(2, 1) | ćőńŋőćăï äãŋłæĺï, ãďőćńěâćőàïîéăï ãàăćŋěŋĺî Ďĺàăłă ďńï áćőąőďŋőľ çăáâĺæë ŕő őąěĺň ŕěàěňěŋŋëň. Ěáńĺ âěŕěàì ł őąěĺň çăáâïň ãàăćŋěŋĺï (4.99) ŕàĺňěŋĺâì ďĺääěàěŋæĺăńìŋëě őŕěàăâőàë Ďĺàăłă ďńï çăáâĺæ \a" ĺ \b", âő ŕőńãçĺň ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï ψ(2, 1):

(i ^∇_a − m)(i ^∇_b − m)ψ(2, 1) = ie^2γ^μ_a γ_{bμ}D_+(2, 1)ψ(2, 1) . (4.100)

İâő ãàăćŋěŋĺě ŋăğëćăěâáï ãàăćŋěŋĺěň Ąěâě { Śőńŕĺâěàă (ć ńěáâŋĺçŋőň ŕàĺąńĺęěŋĺĺ) ĺ ŕàěďáâăćńïěâ áőąőľ àěńïâĺćĺáâáłőě ćőńŋőćőě ãàăćŋěŋĺě ďńï áĺáâěňë ĺğ ďćãå çăáâĺæ. Őŋő ŕőğćőńïěâ, ć ŕàĺŋæĺŕě, ŕőńŋőáâìî àăááňőâàěâì ĺ ğăďăçã őąàăğőćăŋĺï áćïğăŋŋëå áőáâőïŋĺľ ć âăłőľ áĺáâěňě, ŋăŕàĺňěà őąàăğőćăŋĺě ĺ íŋěàčěâĺçěáłĺľ áŕěłâà ŕőğĺâàőŋĺï.

Čńăćă 5

ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

Ăňŕńĺâãďă àăááěïŋĺï.

Ŕőďăćńïîéěě ąőńìèĺŋáâćő íłáŕěàĺňěŋâőć ć äĺğĺłě íńěňěŋâăàŋëå çăáâĺæ áćőďïâáï ł ĺğãçěŋĺî ĺå àăááěïŋĺï, àěăłæĺľ ĺ àăáŕăďőć. Ćğăĺňőďěľáâćĺï çăáâĺæ ŕàőĺáåőďïâ, łăł ŕàăćĺńő, ŋă őçěŋì ňăńëå àăááâőïŋĺïå ĺ ćàěňěŋăå (ŋăŕàĺňěà ć ňĺèěŋïå ĺńĺ ć őąńăáâĺ ŕěàěáěçěŋĺï ćáâàěçŋëå ŕãçłőć ãáłőàĺâěńěľ), ŕőáńě çěčő àěčĺáâàĺàãîâáï ãęě ŕàăłâĺçěáłĺ ŋěćğăĺňőďěľáâćãîéĺě ŕàőďãłâë àěăłæĺĺ, ŕőŕăďăîéĺě ć áĺáâěňã ďěâěłâőàőć, ŋăåőďïéĺåáï ďăńěłő őâ őąńăáâĺ ćğăĺňőďěľáâćĺï, ŕàĺćěďèěčő ł őąàăğőćăŋĺî íâĺå ŕàőďãłâőć. Ŕőíâőňã, ćěáìňă őąéăï ŕőáâăŋőćłă ğăďăçĺ áćőďĺâáï ł ğăďăçě ő áâőńłŋőćěŋĺïå. Ğŋăï ŋăçăńìŋőě áőáâőïŋĺě áĺáâěňë áćőąőďŋëå çăáâĺæ, ŋãęŋő ŋăľâĺ ćěàőïâŋőáâì àăğńĺçŋëå łőŋěçŋëå áőáâőïŋĺľ, áćőďïéĺåáï ł ďàãčĺň áőćőłãŕŋőáâïň áćőąőďŋëå çăáâĺæ, ćőğŋĺłăîéĺå ć àěğãńìâăâě ćğăĺňőďěľáâćĺï.

Ŕãáâì |i⟩ | ŋěłőâőàőě ŋăçăńìŋőě áőáâőïŋĺě. Řěğãńìâăâ ćğăĺňőďěľáâćĺï ňőęŋő ŕàěďáâăćĺâì łăł áãŕěàŕőğĺæĺî: ∑ f |f⟩⟨f|S|i⟩ , (5.1) čďě áãňňĺàőćăŋĺě ĺďěâ ŕő ćáěň ćőğňőęŋëň łőŋěçŋëň áőáâőïŋĺïň |f⟩. Łőíääĺæĺěŋâë S_{fi} = ⟨f|S|i⟩ őąàăğãîâ âăł ŋăğëćăěňãî ňăâàĺæã àăááěïŋĺï ĺńĺ S-ňăâàĺæã^1. Ćěńĺçĺŋă |S_{fi}|^2 ďăěâ ćěàőïâŋőáâì ŕěàěåőďă i → f. Ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï S-ňăâàĺæă, őçěćĺďŋő, ěďĺŋĺçŋă. Şďőąŋő íâã ěďĺŋĺæã ćëďěńĺâì ĺ ğăŕĺáăâì:

S_{fi} = δ_{fi} + i(2π)^4δ(P_f − P_i)T_{fi} , (5.2)

1Ŕőŋïâĺě ňăâàĺæë àăááěïŋĺï ćŕěàćëě ććěń Čěľğěŋąěàč, ŕàěďńőęĺć ěě ć łăçěáâćě ŋăĺąőńěě äãŋďăňěŋâăńìŋőľ åăàăłâěàĺáâĺłĺ ŕàőæěááőć ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ.

116 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

čďě δ-äãŋłæĺï ćëàăęăěâ ğăłőŋ áőåàăŋěŋĺï 4-ĺňŕãńìáă. Ďńï ŋěďĺăčőŋăńìŋëå íńěňěŋâőć ĺňěěň ŕàőáâő:

S_{fi} = i(2π)^4δ(P_i − P_f )T_{fi} . (5.3)

Ćěńĺçĺŋă T_{fi} ŋăğëćăěâáï ăňŕńĺâãďőľ àăááěïŋĺï.

Ŕàĺ ćőğćěďěŋĺĺ (5.2) ć łćăďàăâ ŕőïćńïěâáï ŕńőåő őŕàěďěńěŋŋëľ łćăďàăâ δäãŋłæĺĺ, áćïğăŋŋőľ á ğăłőŋőň áőåàăŋěŋĺï. Ğďěáì ŋãęŋő ŕőáâãŕĺâì áńěďãîéĺň őąàăğőň. Ććěďěň äãàìě-ŕàěďáâăćńěŋĺě:

δ(P_f − P_i) = 1 (2π)^4 ∫ d^4xe^{i(Pf −Pi)x} . (5.4) Šőčďă ćő ćâőàőň âăłőň ęě ĺŋâěčàăńě ćëçĺáńěŋĺï ŕàőĺğćőďïâáï ŕàĺ P_f = P_i, ŋő ĺŋâěčàĺàőćăŋĺě àăáŕàőáâàăŋïěâáï ŕő ŋěłőâőàőňã ąőńìèőňã, ŋő łőŋěçŋőňã, őąêěňã V ĺ ĺŋâěàćăńã ćàěňěŋĺ T , çâő ďăěâ V T /(2π)^4, ĺ ňë ğăŕĺáëćăěň:

|S_{fi}|^2 = (2π)^4δ(P_f − P_i)|T_{fi}|^2V T . (5.5)

Śőőâćěâáâćěŋŋő, ňőęŋő ććěáâĺ ãęě åőàőèő őŕàěďěńěŋŋãî ćěàőïâŋőáâì ŕěàěåőďă ć ěďĺŋĺæã ćàěňěŋĺ (ć łőŋěçŋőň őąêěňě)^2:

w_{fi} = (2π)^4δ(P_f − P_i)|T_{fi}|^2V . (5.6)

Śćőąőďŋëě çăáâĺæë őŕĺáëćăîâáï áőőâćěâáâćãîéĺňĺ ŕńőáłĺňĺ ćőńŋăňĺ á ăňŕńĺâãďăňĺ u, ŕàěďáâăćńïîéĺňĺ áőąőľ ąĺáŕĺŋőàë ďńï ďĺàăłőćáłĺå äěàňĺőŋőć, 4-ćěłâőàă ďńï äőâőŋőć ĺ â. ŕ. Šőčďă ĺňěěň:

T_{fi} = u^∗_1u^∗_2 . . . Qu_1u_2 . . . , (5.7)

čďě Q | ŋěłőâőàăï ňăâàĺæă ŕő ĺŋďěłáăň łőňŕőŋěŋâ ăňŕńĺâãď ćőńŋőćëå äãŋłæĺľ ćáěå çăáâĺæ.

Řăááňőâàĺň ŋăĺąőńěě ćăęŋëě áńãçăĺ, łőčďă ć ŋăçăńìŋőň áőáâőïŋĺĺ ĺňěěâáï ćáěčő őďŋă ĺńĺ ďćě çăáâĺæë, â.ě. àăáŕăď őďŋőľ ĺ áâőńłŋőćěŋĺï ďćãå çăáâĺæ. Ŋăçŋěň á ğăďăçĺ ő àăáŕăďě. Ŕãáâì çăáâĺæă àăáŕăďăěâáï ŋă ŋěłőâőàőě çĺáńő ďàãčĺå çăáâĺæ á ĺňŕãńìáăňĺ p^′_a, ŕőŕăďăîéĺňĺ ć íńěňěŋâ őąêěňă äăğőćőčő ŕàőáâàăŋáâćă ∏ a d^3p^′_a (a ŋãňěàãěâ çăáâĺæë ć łőŋěçŋőň áőáâőïŋĺĺ). Ůĺáńő áőáâőïŋĺľ ć íâőň íńěňěŋâě àăćŋő ∏ a V d3p^′_a (2π)3 , áőőâćěâáâćěŋŋő (5.6) ŋăďő ãňŋőęĺâì ŋă íâã ćěńĺçĺŋã, ďăąë

ŕőńãçĺâì ćěàőïâŋőáâì ŕěàěåőďă ć łőŋěçŋëě áőáâőïŋĺï, ŕőŕăďăîéĺě ć íâőâ íńěňěŋâ őąêěňă äăğőćőčő ŕàőáâàăŋáâćă:

dw = (2π)^4δ(P_f − P_i)|T_{fi}|^2V ∏ a V d^3p^′_a (2π)^3

. (5.8)

Ňë ćěğďě ĺáŕőńìğãěň ŋőàňĺàőćłã ŋă \őďŋã çăáâĺæã ć őąêěňě V ", âőčďă ćőńŋőćëě äãŋłæĺĺ ćáěå çăáâĺæ áőďěàęăâ ňŋőęĺâěńì^1√_{2ε}p_V , čďě εp | íŋěàčĺï çăáâĺæë.

Şďőąŋő íâĺ ňŋőęĺâěńĺ őâŋěáâĺ ć ăňŕńĺâãďã àăááěïŋĺï, â.ě. ŕĺáăâì ćőńŋőćëě äãŋłæĺĺ łăł:

ψ = ue^{−ipx} , —uu = 2m (íńěłâàőŋë) , (5.9)

A_μ = √ 4πe_μe^{−ikx} , e_μe^{∗μ} = −1 , e_μk^μ = 0 (äőâőŋë) (5.10)

2İâőâ àěæěŕâ ŕàĺŋăďńěęĺâ, łăł őâňěçăńőáì ćëèě, Ťěàňĺ.

ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§ 117

ĺ â. ŕ., ă ăňŕńĺâãďã àăááěïŋĺï ŕàěďáâăćĺâì çěàěğ ŋőćãî ăňŕńĺâãďã M_{fi}, őŕàěďěńěŋŋãî łăł: T_{fi} = M_{fi} (2ε_1V...2ε^′_1V...)^{1/2} , (5.11)

čďě ć ğŋăňěŋăâěńě áőďěàęĺâáï ŕő őďŋőňã ňŋőęĺâěńî (2ε_iV ) ŋă łăęďãî ŋăçăńìŋãî ĺ łőŋěçŋãî çăáâĺæë. Ć çăáâŋőáâĺ, ďńï ćěàőïâŋőáâĺ àăáŕăďă ĺňěěň:

dw = (2π)^4δ(P_f − P_i)|M_{fi}|^2 1 2ε ∏ a d^3p^′_a (2π)^32ε^′_a

, (5.12)

čďě ε | íŋěàčĺï àăáŕăďăîéěľáï çăáâĺæë. Łăł ĺ áńěďőćăńő őęĺďăâì, ŋőàňĺàőćőçŋëě őąêěňë ć (5.12) ŕőńŋőáâìî áőłàăâĺńĺáì. Ěáńĺ áàěďĺ łőŋěçŋëå çăáâĺæ ěáâì N âőęďěáâćěŋŋëå, âő äăğőćëľ őąêěň łőŋěçŋëå áőáâőïŋĺľ ŋãęŋő ěéě ŕőďěńĺâì ŋă N !, çâőąë ãçěáâì ĺå ćőğňőęŋëě ŕěàěáâăŋőćłĺ.

Řăááňőâàĺň ŕőďàőąŋěě áńãçăľ àăáŕăďă ŋă ďćě çăáâĺæë á ĺňŕãńìáăňĺ p^′_1, p^′_2 ĺ íŋěàčĺïňĺ ε^′_1, ε^′_2. Ć áĺáâěňě ŕőłőï àăáŕăďăîéěľáï çăáâĺæë p^′_1 = −p^′_2 ≡ p^′, ε^′_1 + ε^′_2 = m. Šőčďă dw = 1 (2π)^{2 |}

M_{fi}|^2 1 2m 1 4ε^′_1ε^′_2 δ(p^′_1 + p^′_2)δ(ε^′_1 + ε^′_2 − m)d^3p^′_1d^3p^′_2 . (5.13)

Ŕěàćãî δ-äãŋłæĺî ňőęŋő ãáâàăŋĺâì, ćëŕőńŋĺć ĺŋâěčàĺàőćăŋĺě ŕő d^3p^′_2. Ďăńěě ŕěàěŕĺèěň d^3p^′_1 ć ćĺďě:

d^3p^′ = |p^′|^2d|p^′|d˙ = |p^′|d˙^′ ε^′_1ε^′_2d(ε^′_1 + ε^′_2)

ε^′_1 + ε^′_2

, (5.14)

çâő ŕőńãçăěâáï á ãçěâőň ε^′_1^2−m^2_1 = ε^′_2^2−m^2 = |p^′|^2. Šőčďă, ŕàőĺŋâěčàĺàőćăć ŕő d(ε^′_1+ε^′_2), ãáâàăŋĺň ĺ ćâőàãî δ-äãŋłæĺî ć (5.13). Śőőâćěâáâćěŋŋő, ďńï ćěàőïâŋőáâĺ àăáŕăďă ć íńěňěŋâ âěńěáŋőčő ãčńă d˙^′ ŕőńãçĺň: dw = 1 32π^2m^{2 |}

M_{fi}|^2|p^′|d˙^′ . (5.15)

Řăááňőâàĺň âěŕěàì ğăďăçã ő áâőńłŋőćěŋĺĺ ďćãå çăáâĺæ á ĺňŕãńìáăňĺ p_1, p_2 ĺ íŋěàčĺïňĺ ε_1 ĺ ε_2, á ŕàěćàăéěŋĺěň ĺå ć áőćőłãŕŋőáâì ĺğ ŋěłőâőàőčő çĺáńă çăáâĺæ á ĺňŕãńìáăňĺ p^′_a ĺ íŋěàčĺïňĺ ε^′_a. Šőčďă

dw = (2π)^4δ(P_f − P_i)|M_{fi}|^2 1 4ε_1ε_2V ∏ a d^3p^′_a (2π)^32ε^′_a

. (5.16)

Ĺŋćăàĺăŋâŋőě (őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ Ńőàěŋæă) áěçěŋĺě àăááěïŋĺï ŕőńãçăěâáï ĺğ (5.16) ďěńěŋĺěň ŋă [25]: j = I V ε_1ε_2

, čďě I = √ (p_1p_2)^2 − m^2_1m^2 . (5.17)

Ć áĺáâěňě æěŋâàă ĺŋěàæĺĺ ĺňěěň p_1 = −p_2 ≡ p, âăł çâő I = |p|(ε_1 + ε_2) ĺ j = |p| V ( 1 ε_1 + 1 ε_2 ) = v_1 + v_2 V , (5.18)

çâő ďăěâ ŕńőâŋőáâì ŕőâőłă áâăńłĺćăîéĺåáï çăáâĺæ (v_1, v_2 | ĺå áłőàőáâĺ). Šőčďă őłőŋçăâěńìŋő:

dσ = (2π)^4δ(P_f − P_i)|M_{fi}|^2 1 4I ∏ a d^3p^′_a (2π)^32ε^′_a

. (5.19)

118 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

Řĺá. 5-1

Ĺáłńîçĺň δ-äãŋłæĺĺ ďńï áńãçăï, łőčďă ć łőŋěçŋőň áőáâőïŋĺĺ ĺňěîâáï ćáěčő ďćě çăáâĺæë. Ŕàőćěďěň àăááňőâàěŋĺě ć áĺáâěňě æěŋâàă ĺŋěàæĺĺ. Ŕãáâì ε = ε_1 + ε_2 = ε^′_1 + ε^′_2 { - ŕőńŋăï íŋěàčĺï áâăńłĺćăîéĺåáï çăáâĺæ, ă p_1 = −p_2 ≡ p, p^′_1 = −p^′_2 ≡ p^′ | ŋăçăńìŋëě ĺ łőŋěçŋëě ĺňŕãńìáë. Šőčďă, ďěľáâćãï âăłęě, łăł ĺ ćëèě ć ğăďăçě ő àăáŕăďě, ŕőńãçăěň: dσ = 1 64π^{2 |} M_{fi}|^2 |p^′| |p|ε^2 d˙^′ (5.20)

Ć çăáâŋőň áńãçăě ãŕàãčőčő àăááěïŋĺï ĺňěěň |p^′| = |p|. Ććěďěň łĺŋěňăâĺçěáłĺľ ĺŋćăàĺăŋâ:

t ≡ (p_1 − p^′_1)^2 = m_1^2 + m^′_1^2 − 2(p_1p^′_1) = m_1^2 + m^′_1^2 − 2ε_1ε^′_1 + 2|p_1||p^′_1| cos θ , (5.21) čďě θ | ãčőń àăááěïŋĺï. Ć áĺáâěňě æěŋâàă ĺŋěàæĺĺ |p_1| ≡ |p| ĺ |p^′_1| ≡ |p^′| ĺ őŕàěďěńïîâáï âőńìłő ŕőńŋőľ íŋěàčĺěľ ε, âăł çâő ŕàĺ ěě ğăďăŋŋőň ğŋăçěŋĺĺ ĺňěěň: dt = 2|p||p^′|d cos θ . (5.22) Śőőâćěâáâćěŋŋő, ć (5.20) ňőęŋő ŋăŕĺáăâì:

d˙^′ = −dφd cos θ = dφd(−t) 2|p||p^′| , (5.23)

čďě φ | ăğĺňãâăńìŋëľ ãčőń ćěłâőàă p^′_1 őâŋőáĺâěńìŋő p_1. Ďăńěě, ďńï łàăâłőáâĺ, ŕĺèěň d(−t) łăł dt ĺ ŕőńãçăěň: dσ = 1 64π^| M_{fi}|^2 dt I^2 dφ 2π . (5.24) Ěáńĺ áěçěŋĺě ŋě ğăćĺáĺâ őâ ăğĺňãâă φ, âő dσ = 1 64π^| M_{fi}|^2 dt I^2

. (5.25)

Łĺŋěňăâĺçěáłĺě ĺŋćăàĺăŋâë.

Řăááňőâàĺň ŕőďàőąŋěě łĺŋěňăâĺłã àăááěïŋĺï ďćãå çăáâĺæ ć ďćě çăáâĺæë ć łőŋěçŋőň áőáâőïŋĺĺ. Ğăŕĺèěň ğăłőŋ áőåàăŋěŋĺï 4-ĺňŕãńìáă ć ćĺďě, ŋě ŕàěďàěèăîéěň, łăłĺě ĺğ çăáâĺæ ïćńïîâáï ŋăçăńìŋëňĺ, ă łăłĺě łőŋěçŋëňĺ:

p_1 + p_2 + p_3 + p_4 = 0 . (5.26)

Ăňŕńĺâãďã áőőâćěâáâćãîéěčő ŕàőæěááă ňőęŋő ŕàěďáâăćĺâì čàăäĺłőň (ďĺăčàăňňőľ), ŕőłăğăŋŋëň ŋă Řĺá. 5-1, ŋă łőâőàőľ ŋăŕàăćńěŋĺï áâàěńőł áőőâćěâáâćãîâ \ćåőďïéĺň" ĺňŕãńìáăň. Ďćă ĺňŕãńìáă őâćěçăîâ ŋăçăńìŋëň çăáâĺæăň, ă ďćă łőŋěçŋëň (ďńï łőâőàëå ĺňŕãńìáăňĺ ïćńïîâáï áőőâćěâáâćãîéĺě −p_a). Šăłĺň őąàăğőň, ŕàĺ

ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§ 119

Řĺá. 5-2

âăłőľ ğăŕĺáĺ, ã ďćãå ĺğ p_a ćàěňěŋŋăï łőňŕőŋěŋâă p^0_a > 0, ă ã ďćãå p^0_a < 0. Ŕàĺ ğăďăŋŋëå âĺŕăå çăáâĺæ, ãçăáâćãîéĺå ć ŕàőæěááě àăááěïŋĺï, łćăďàăâë ĺå 4-ĺňŕãńìáőć p^2_a őŕàěďěńïîâáï ĺå ňăááăňĺ: p^2_a = m^2_a (áćőąőďŋëě çăáâĺæë ćáěčďă \ńěęăâ ŋă áćőěľ ňăááőćőľ ŕőćěàåŋőáâĺ"). Ć ğăćĺáĺňőáâĺ őâ ğŋăçěŋĺľ, łőâőàëě ňőčãâ ŕàĺŋĺňăâì ćàěňěŋŋëě łőňŕőŋěŋâë p^0_a ĺ őâ ğŋăçěŋĺľ ğăàïďőć çăáâĺæ, ăňŕńĺâãďă àăááěïŋĺï Řĺá. 5-1 ňőęěâ őŕĺáëćăâì âàĺ àăğŋëě àěăłæĺĺ:

(1) 1 + 2 → 3 + 4 (s-łăŋăń) , (2) 1 + —3 → —2 + 4 (t-łăŋăń) , (5.27) (3) 1 + —4 → —2 + 3 (u-łăŋăń) ,

čďě çěàâă őąőğŋăçăěâ áőőâćěâáâćãîéĺě ăŋâĺçăáâĺæë. İâĺ ŕàőæěááë àăááěïŋĺï ŋăğëćăîâ ŕěàěłàěáâŋëňĺ (łàőáá) àěăłæĺïňĺ, čàăäĺçěáłĺ őŋĺ ňőčãâ ąëâì ĺğőąàăęěŋë ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 5-2. Ňőęŋő čőćőàĺâì ĺ ő âàěå ŕěàěłàěáâŋëå łăŋăńăå őďŋőľ ĺ âőľ ęě àěăłæĺĺ, ĺğőąàăęěŋŋőľ ŋă Řĺá. 5-1. Ŕěàěåőď őâ őďŋőľ àěăłæĺĺ ł ďàãčőľ ŕàőĺáåőďĺâ ŕàĺ ĺğňěŋěŋĺĺ ğŋăłă áőőâćěâáâćãîéěľ ćàěňěŋŋőľ łőňŕőŋěŋâë ĺňŕãńìáă p^0_a ć (5.26):

p^0_1 > 0 , p^0_2 > 0 , p^0_3 < 0 , p^0_4 < 0 (s-łăŋăń) ,

p^0_1 > 0 , p^0_2 < 0 , p^0_3 > 0 , p^0_4 < 0 (t-łăŋăń) , (5.28)

p^0_1 > 0 , p^0_2 < 0 , p^0_3 < 0 , p^0_4 > 0 (u-łăŋăń) ,

ă âăłęě ğŋăłă ğăàïďă. Ćáě ŋăçăńìŋëě ĺ łőŋěçŋëě áőáâőïŋĺï ć (5.29) ĺňěîâ, łőŋěçŋő, ŕőńőęĺâěńìŋãî íŋěàčĺî. Ŕàĺ ŕěàěåőďě ł ŕěàěłàěáâŋőľ àěăłæĺĺ ĺňŕãńìá çăáâĺæë ć ŋăçăńìŋőň áőáâőïŋĺĺ p_a ğăňěŋïěâáï ŋă ĺňŕãńìá ăŋâĺçăáâĺæë −p_a ć łőŋěçŋőň áőáâőïŋĺĺ. Śőőâćěâáâćěŋŋő ňěŋïîâáï ĺ ğăàïďë. Ć áĺńã CP T - ĺŋćăàĺăŋâŋőáâĺ âěőàĺĺ ćňěáâě á íâĺňĺ àěăłæĺïňĺ ňőęŋő őďŋőćàěňěŋŋő àăááňőâàěâì ĺ âàĺ CP T -áőŕàïęěŋŋëě àěăłæĺĺ, ŕőńãçăîéĺěáï ĺğ (5.28) ğăňěŋőľ ćáěå çăáâĺæ ŋă ăŋâĺçăáâĺæë ĺ ŕěàěáâăŋőćłőľ ŋăçăńìŋőčő ĺ łőŋěçŋőčő áőáâőïŋĺľ. Ěáńĺ âěőàĺï ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő ğăàïďőćőčő áőŕàïęěŋĺï C, âő ł íâĺň 6 àěăłæĺïň ďőąăćĺâáï ěéě 6 C-áőŕàïęěŋŋëå àěăłæĺľ, ć łőâőàëå ćáě çăáâĺæë ğăňěŋěŋë ŋă ăŋâĺçăáâĺæë.

Ĺğ çěâëàěå 4-ĺňŕãńìáőć, ćåőďïéĺå ć àěăłæĺî, ňőęŋő őąàăğőćăâì ďćě ŋěğăćĺáĺňëě ćěńĺçĺŋë. Ć áăňőň ďěńě, ć áĺńã (5.26) ćáěčő âàĺ 4-ćěłâőàă p_a ŋěğăćĺáĺňë, ŕãáâì íâő ąãďãâ p_1, p_2, p_3. Ĺğ ŋĺå ňőęŋő áőáâăćĺâì 6 ĺŋćăàĺăŋâőć: p^2_1, p^2, p^2_3, p_1p_2, p_1p_3, p_2p_3. Ŕěàćëě âàĺ áćőďïâáï ł áőőâćěâáâćãîéĺň łćăďàăâăň ňăáá: m^2_1, m^2, m^2_3. Ćâőàëě âàĺ áćïğăŋë őďŋĺň áőőâŋőèěŋĺěň, ćëâěłăîéĺň ĺğ àăćěŋáâćă: (p_1 + p_2 + p_3)^2 = p^2_4 = m^2_4.

120 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

Ďńï ąőńìèěľ áĺňňěâàĺĺ ŕàĺŋïâő ććőďĺâì âàĺ łĺŋěňăâĺçěáłĺå ĺŋćăàĺăŋâă:

s = (p_1 + p_2)^2 = (p_3 + p_4)^2 , t = (p_1 + p_3)^2 = (p_2 + p_4)^2 , (5.29) u = (p_1 + p_4)^2 = (p_2 + p_3)^2 ,

ĺňěŋãěňëě ŕěàěňěŋŋëňĺ Ňăŋďěńáâăňă. Ńěčłő ŕàőćěàĺâì, çâő:

s + t + u = h ≡ m^2_1 + m^2 + m^2_3 + m^2_4 . (5.30)

Ć łăŋăńě (1) ĺŋćăàĺăŋâ s ŕàěďáâăćńïěâ áőąőľ łćăďàăâ ŕőńŋőľ íŋěàčĺĺ áâăńłĺćăîéĺåáï çăáâĺæ 1 ĺ 2 ć ĺå áĺáâěňě æěŋâàă ĺŋěàæĺĺ. Ć áăňőň ďěńě, ŕàĺ p_1 + p_2 = 0 áàăğã ŕőńãçăěň s = (ε_1 + ε_2)^2. Ć łăŋăńě (2) ăŋăńőčĺçŋãî àőńì ĺčàăěâ ĺŋćăàĺăŋâ t, ă ć łăŋăńě (3) | ĺŋćăàĺăŋâ u. Śőőâćěâáâćěŋŋő čőćőàïâ ő s, t ĺ u łăŋăńăå àěăłæĺĺ.

Řăááňőâàĺň ŕőďàőąŋěě s-łăŋăń. Ŕãáâì:

p_1 = (ε_1, p_s) , p_2 = (ε_2, −p_s) , p_3 = (−ε_3, −p^′_s) , p_4 = (−ε_4, p^′_s) . (5.31)

Šőčďă ŋěâàãďŋő ŕőńãçĺâì:

s = ε^2_s , čďě ε_s = ε_1 + ε_2 = ε_3 + ε_4 , (5.32)

4sp^2_s = [s − (m1 + m2)^2][s − (m1 − m2)^2] , 4sp^{′2}_s = [s − (m3 + m4)^2][s − (m3 − m4)^2] , (5.33)

2t = h − s + 4p_sp^′_s − 1 s (m^2_1 − m^2)(m^2_3 − m^2_4) ,

2u = h − s − 4p_sp^′_s + 1 s (m^2_1 − m^2)(m^2_3 − m^2_4) . (5.34)

Ć áńãçăě ãŕàãčőčő àăááěïŋĺï (m_1 = m_3, m_2 = m_4) ĺňěěň |p_s| = |p^′_s|, âăł çâő ε_1 = ε_3 ĺ ε_2 = ε_4. Šőčďă ćëàăęěŋĺï (5.33) ãŕàőéăîâáï:

t = −(p_s − p^′_s)^2 = −2p^2_s(1 − cos θ_s)

u = −2p^2_s(1 + cos θ_s) + (ε_1 − ε_2)^2 (5.35)

čďě θ_s | ãčőń ňěęďã p_s ĺ p^′_s, â.ě. ãčőń àăááěïŋĺï. Šăłĺň őąàăğőň ĺŋćăàĺăŋâ −t ŕàěďáâăćńïěâ ć ďăŋŋőň áńãçăě łćăďàăâ ŕěàěďăŋŋőčő ŕàĺ áâőńłŋőćěŋĺĺ 3-ĺňŕãńìáă.

Ăŋăńőčĺçŋëě äőàňãńë ďńï ďàãčĺå łăŋăńőć ŕőńãçăîâáï ŕěàěőąőğŋăçěŋĺěň. Ŕěàěåőď ł t-łăŋăńã őáãéěáâćńïěâáï ğăňěŋőľ s ↔ t, 2 ↔ 3, ŕěàěåőď ł u-łăŋăńã ğăňěŋőľ s ↔ u, 2 ↔ 4.

Ěáńĺ çăáâĺæë, ãçăáâćãîéĺě ć àěăłæĺĺ ŋě ĺňěîâ áŕĺŋă, âő ăňŕńĺâãďă àăááěïŋĺï ğăćĺáĺâ âőńìłő őâ łĺŋěňăâĺçěáłĺå ĺŋćăàĺăŋâőć s, t, u, âăł çâő, äăłâĺçěáłĺ, ăňŕńĺâãďă àăááěïŋĺï áćőďĺâáï ł őďŋőľ äãŋłæĺĺ:

M_{fi} = f(s, t) . (5.36)

ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§ 121

Ěáńĺ ęě çăáâĺæë őąńăďăîâ áŕĺŋăňĺ, âő ŕőňĺňő s, t, u áãéěáâćãîâ ĺŋćăàĺăŋâë, łőâőàëě ňőęŋő áőáâăćĺâì ĺğ ćőńŋőćëå ăňŕńĺâãď çăáâĺæ (ąĺáŕĺŋőàőć, 4-ćěłâőàőć, 4-âěŋğőàőć ĺ â.ŕ.). Šőčďă ăňŕńĺâãďă àăááěïŋĺï ĺňěěâ ćĺď: M_{fi} = ∑ n f_n(s, t)F_n , (5.37)

čďě F_n | ĺŋćăàĺăŋâë, ńĺŋěľŋő ğăćĺáïéĺě őâ ćőńŋőćëå ăňŕńĺâãď ćáěå ãçăáâćãîéĺå çăáâĺæ, ă âăłęě őâ ĺå 4-ĺňŕãńìáőć. Łőíääĺæĺěŋâë f_n(s, t) ŋăğëćăîâáï ĺŋćăàĺăŋâŋëňĺ ăňŕńĺâãďăňĺ.

Şáńőćĺě ãŋĺâăàŋőáâĺ.

Ňăâàĺæă àăááěïŋĺï ďőńęŋă ąëâì ãŋĺâăàŋőľ: SS^+ = 1 ĺńĺ

(SS^+ )_{fi} = ∑ n S_{fn}S^∗_{in} = δ_{fi} , (5.38)

čďě n ŋãňěàãěâ ćáě ćőğňőęŋëě ŕàőňěęãâőçŋëě áőáâőïŋĺï. Şáńőćĺě ãŋĺâăàŋőáâĺ (5.38) ćëàăęăěâ áőåàăŋěŋĺě ŋőàňĺàőćłĺ ĺ őàâőčőŋăńìŋőáâĺ áőáâőïŋĺľ ć ŕàőæěááăå àăááěïŋĺï. Ć çăáâŋőáâĺ, ďĺăčőŋăńìŋëě íńěňěŋâë (5.38) ŕàěďáâăćńïîâ áãňňã ćáěå ćěàőïâŋőáâěľ ŕěàěåőďőć ĺğ ďăŋŋőčő ŋăçăńìŋőčő áőáâőïŋĺï ć ńîąőě łőŋěçŋőě: ∑ n |S_{ni}|^2 = 1 . (5.39)

Ĺáŕőńìğãï (5.2) ŕőńãçăěň ĺğ (5.38):

T_{fi} − T^∗_{if} = i(2π)^4 ∑ n δ(P_f − P_n)T_{fn}T^∗_{in} . (5.40)

Ńěćăï çăáâì ńĺŋěľŋă, ă ŕàăćăï çăáâì łćăďàăâĺçŋă ŕő T . Ěáńĺ ćğăĺňőďěľáâćĺě áőďěàęĺâ ňăńëľ ŕăàăňěâà, âő ńěćăï áâőàőŋă \ąőńìèě" ŕàăćőľ ĺ, ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ŕàěŋěąàěčăï ŕàăćőľ áâőàőŋőľ, ňőęŋő ğăŕĺáăâì:

T_{fi} = T^∗_{if} , (5.41)

âăł çâő T -ňăâàĺæă őłăğëćăěâáï, ć íâőň ŕàĺąńĺęěŋĺĺ, íàňĺâőćőľ.

Řăááňőâàĺň ğăďăçã ő áâőńłŋőćěŋĺĺ ďćãå çăáâĺæ. Ŕãáâì ĺňěîâáï âőńìłő ãŕàãčĺě áâőńłŋőćěŋĺï, âőčďă ćáě ŕàőňěęãâőçŋëě áőáâőïŋĺï ć (5.40) âőęě âőńìłő ďćãåçăáâĺçŋëě. Śãňňĺàőćăŋĺě ŕő ŋĺň áćőďĺâáï ł ĺŋâěčàĺàőćăŋĺî ŕő ŕàőňěęãâőçŋëň ĺňŕãńìáăň p^{′′}_1, p^{′′}_2 ĺ áãňňĺàőćăŋĺî ŕő áŕĺŋăň (áŕĺàăńìŋőáâïň) őąěĺå çăáâĺæ, łőâőàëě őąőğŋăçĺň çěàěğ λ^{′′}: ∑ n = V^2 ∫ d^3p^{′′}_1d^3p^{′′}_2

(2π)^6 ∑ λ^{′′} (5.42)

122 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

Ĺáłńîçăï δ-äãŋłæĺĺ áŕőáőąőň, ăŋăńőčĺçŋëň őŕĺáăŋŋőňã ćëèě, ňőęŋő ŕőńãçĺâì \ďćãåçăáâĺçŋőě" ãáńőćĺě ãŋĺâăàŋőáâĺ ć ćĺďě: T_{fi} − T^∗_{if} = i V^2 (2π)^2 ∑ λ^{′′} |p| ε ∫ T_{fn}T^∗_{in}ε^{′′}_1 ε^{′′}_2 d˙^{′′} , (5.43)

čďě p | ĺňŕãńìá, ă ε | ŕőńŋăï íŋěàčĺï ć áĺáâěňě æěŋâàă ĺŋěàæĺĺ. Ŋőàňĺàőćőçŋëľ

őąêěň ĺáçěğăěâ ŕőáńě ŕěàěåőďă ł ăňŕńĺâãďăň M_{fi}: M_{fi} − M^∗_{if} = i (4π)^2 ∑ λ^{′′} |p| ε ∫ M_{fn}M^∗_{in}d˙^{′′} . (5.44)

Ďĺăčőŋăńìŋëľ íńěňěŋâ T_{ii} ŋăğëćăěâáï ăňŕńĺâãďőľ àăááěïŋĺï ŋă ŋãńěćőľ ãčőń. Ďńï íâőľ ăňŕńĺâãďë ãáńőćĺě ãŋĺâăàŋőáâĺ ŕàĺŋĺňăěâ ćĺď:

2 Im T_{ii} = (2π)^4 ∑ n |T_{in}|^2δ(P_i − P_n) . (5.45)

Ŕàăćăï áâőàőŋă ğďěáì ŕàőŕőàæĺőŋăńìŋă ŕőńŋőňã áěçěŋĺî ńîąëå ŕàőæěááőć àăááěïŋĺï ĺğ ďăŋŋőčő ŋăçăńìŋőčő áőáâőïŋĺï i, łőâőàőě őąőğŋăçĺň σ_{tot}. Ć áăňőň ďěńě, áãňňĺàãï (5.6) ŕő f ĺ ŕőďěńĺć ŋă ŕńőâŋőáâì ŕőâőłă çăáâĺæ j, ŕőńãçĺň: σ_{tot} = (2π)^4V j ∑ n |T_{in}|^2δ(P_i − P_n) , (5.46)

âăł çâő 2V j Im T_{ii} = σ_{tot} . (5.47)

Ŋőàňĺàőćőçŋëľ őąêěň áőłàăéăěâáï ŕőáńě ŕěàěåőďă ł T_{ii} = M_{ii}/(2ε_1V 2ε_2V ) (čďě ε_1, ε_2 | íŋěàčĺĺ çăáâĺæ ć áĺáâěňě æěŋâàă ĺŋěàæĺĺ) ĺ ŕőďáâăŋőćłĺ j ĺğ (5.18):

Im M_{ii} = 2|p|εσ_{tot} , (5.48)

çâő ŕàěďáâăćńïěâ áőąőľ âăł ŋăğëćăěňãî őŕâĺçěáłãî âěőàěňã.

Ć áĺńã CP T -âěőàěňë ĺňěěň:

T_{fi} = T¯_i¯_f , (5.49)

čďě —i ĺ —f | áőáâőïŋĺï, ŕőńãçăîéĺěáï ĺğ i ĺ f ğăňěŋőľ ćáěå çăáâĺæ ăŋâĺçăáâĺæăňĺ. Ďńï ďĺăčőŋăńìŋëå íńěňěŋâőć:

T_{ii} = T¯_i¯_i . (5.50) Šőčďă ĺğ (5.45) ĺ (5.48) áńěďãěâ, çâő ŕőńŋőě áěçěŋĺě ćáěå ćőğňőęŋëå ŕàőæěááőć (á ğăďăŋŋëň ŋăçăńìŋëň áőáâőïŋĺěň) őďĺŋăłőćő ďńï àěăłæĺľ ňěęďã çăáâĺæăňĺ ĺ ăŋâĺçăáâĺæăňĺ. Ć çăáâŋőáâĺ, őďĺŋăłőćë ŕőńŋëě ćàěňěŋă ęĺğŋĺ (ćěàőïâŋőáâĺ àăáŕăďă) çăáâĺæë ĺ ăŋâĺçăáâĺæë.

Ć ŕěàĺőď ŋěłőâőàőčő àăğőçăàőćăŋĺï ć ćőğňőęŋőáâïå łćăŋâőćőľ âěőàĺĺ ŕőńï, áćïğăŋŋőčő, łăł łăğăńőáì, á ŋěŕàěőďőńĺňëňĺ âàãďŋőáâïňĺ ć ěě àăğćĺâĺĺ, ŕàěďńăčăńőáì ŕőńŋőáâìî ŕěàěľâĺ ł ăŋăńĺğã ćğăĺňőďěľáâćĺľ íńěňěŋâăàŋëå çăáâĺæ ŋă őáŋőćě őąéĺå áćőľáâć S-ňăâàĺæë, âăłĺå łăł ãŋĺâăàŋőáâì ĺ ŋěłőâőàëě őąéĺě áćőľáâćă ăŋăńĺâĺçŋőáâĺ, áćïğăŋŋëě ŋăŕàĺňěà á ŕàĺŋæĺŕőň ŕàĺçĺŋŋőáâĺ. İâő ŕőàőďĺńő

ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§ 123

æěńőě ŋăŕàăćńěŋĺě âěőàĺĺ, ŋăğćăŋŋőě ăŋăńĺâĺçěáłőľ âěőàĺěľ S-ňăâàĺæë [33]. Ţőâï ŋă íâőň ŕãâĺ ĺ ãďăńőáì ŕőńãçĺâì æěńëľ àïď ćăęŋëå âěőàěň ĺ ãâćěàęďěŋĺľ, ć æěńőň íâőâ ŕőďåőď őłăğăńáï ŋěďőáâăâőçŋëň ďńï áőğďăŋĺï ŕőńŋőľ ďĺŋăňĺçěáłőľ âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ. Ć âő ęě ćàěňï, łăł ňë ãćĺďĺň ŋĺęě, łćăŋâőćăï âěőàĺï ŕőńï áőďěàęĺâ åőàőèő àăğàăąőâăŋŋëľ äőàňăńĺğň ćëçĺáńěŋĺï S-ňăâàĺæë ć àăňłăå ďőáâăâőçŋő âàăďĺæĺőŋŋőčő ŕőďåőďă, őáŋőćăŋŋőčő ŋă âěőàĺĺ ćőğňãéěŋĺľ.

124 ŇĂŠŘĹŰĂ ŘĂŚŚĚ§ŊĹ§

Čńăćă 6

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞ- ŇŞŹĚŊĹĽ

Ŕàěďáâăćńěŋĺě Ÿàěďĺŋčěàă ĺ Čěľğěŋąěàčă.

Ŕěàěľďěň ł áĺáâěňăâĺçěáłőňã àăááňőâàěŋĺî ňăâěňăâĺçěáłőčő ăŕŕăàăâă âěőàĺĺ ćőğňãéěŋĺľ ŕő ćğăĺňőďěľáâćĺî ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Ţőàőèő ĺğćěáâŋő, çâő áãéěáâćãěâ ďćě őáŋőćŋëå äőàňë ŕàěďáâăćńěŋĺï ãàăćŋěŋĺľ ďćĺęěŋĺï ć łćăŋâőćőľ âěőàĺĺ. Ć èàěďĺŋčěàőćáłőň ŕàěďáâăćńěŋĺĺ áőáâőïŋĺě áĺáâěňë ć ğăďăŋŋëľ ňőňěŋâ ćàěňěŋĺ t őŕàěďěńïěâáï ćěłâőàőň áőáâőïŋĺï ¯_S (t), áőďěàęăéĺň ŕőńŋëľ ŋăąőà ćáěå ćőğňőęŋëå àěğãńìâăâőć ĺğňěàěŋĺľ, ŕàőĺğćőďĺňëå ŋăď áĺáâěňőľ ć íâőâ ňőňěŋâ ćàěňěŋĺ. Ďăńìŋěľèăï íćőńîæĺï áĺáâěňë őŕĺáëćăěâáï ćàěňěŋŋőľ ğăćĺáĺňőáâìî íâőčő ćěłâőàă áőáâőïŋĺï (ćőńŋőćőľ äãŋłæĺĺ), őŕĺáëćăěňőľ ãàăćŋěŋĺěň Ÿàěďĺŋčěàă:

i~^∂¯^S_{∂t} = HS¯S (t) . (6.1)

Ć íâőň ŕàěďáâăćńěŋĺĺ, őŕěàăâőàë äĺğĺçěáłĺå ćěńĺçĺŋ F_S ŋě ğăćĺáïâ őâ ćàěňěŋĺ, ďńï ćáěå t őŋĺ őďĺŋăłőćë: dF_S/dt = 0. Ć âőęě ćàěňï, áàěďŋěě ğŋăçěŋĺě őŕěàăâőàă:

⟨F_S ⟩ = ⟨¯_S (t)|F_S |¯_S(t)⟩ , (6.2)

ćőőąéě čőćőàï, ąãďěâ ğăćĺáěâì őâ ćàěňěŋĺ łăł: i~^d_{dt} ⟨FS ⟩ = ⟨¯S (t)|[FS , H]|¯S(t)⟩ . (6.3)

126 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Śőćěàèĺň ŋěłőâőàőě ãŋĺâăàŋőě ŕàěőąàăğőćăŋĺě ćěłâőàă ¯_S (t), ğăćĺáïéěě őâ ćàěňěŋĺ:

˘(t) = V (t)¯_S (t) , (6.4) čďě V (t)V^+(t) = V^+(t)V (t) = 1 , V^+(t) = V^{−1}(t) . (6.5) Šőčďă ŋőćëľ ćěłâőà áőáâőïŋĺï ˘(t) ŕőďçĺŋïěâáï ãàăćŋěŋĺî^1:

i~^∂˘(^t)_{∂t} = ( i~^{∂V}_{∂t} V^{−1} + V HS V^{−1} ) ˘(t) . (6.6)

Ćëąěàěň âěŕěàì V (t) ãďőćńěâćőàïîéěě áńěďãîéěňã ãàăćŋěŋĺî: − i~^{∂V}_{∂t} = (V HSV^{−1})V = V HS . (6.7) Šőčďă ŕàěőąàăğőćăŋŋëľ ćěłâőà áőáâőïŋĺï ŋě ąãďěâ ğăćĺáěâì őâ ćàěňěŋĺ, çâő ŕàïňő ćĺďŋő ĺğ (6.6). Ć áĺńã ãŋĺâăàŋőáâĺ V (t), áàěďŋěě ğŋăçěŋĺě őŕěàăâőàă F_S ćëàăęăěâáï âěŕěàì ć ćĺďě:

⟨F ⟩ = ⟨¯_S (t)|F_S |¯_S (t)⟩ = ⟨V (t)¯_S (t)|V (t)F_S ¯_S (t)⟩ = ⟨˘_H |V (t)F_S V^{−1}(t)|˘_H ⟩ , (6.8) čďě őŕàěďěńĺńĺ ˘_H łăł:

˘_H = V (t)¯_S (t) , (6.9) ŕàĺçěň V (t) ãďőćńěâćőàïěâ ãàăćŋěŋĺî (6.7). Őŕàěďěńĺň ěéě F_H (t):

F_H (t) = V (t)F_S V^{−1}(t) . (6.10)

Šőčďă ğăćĺáïéĺľ őâ ćàěňěŋĺ őŕěàăâőà F_H (t) ĺňěěâ âăłőě ęě áàěďŋěě ć áőáâőïŋĺĺ, őŕàěďěńïěňőň ćěłâőàőň ˘_H , łăłőě ĺňěěâ őŕěàăâőà F_S ć áőáâőïŋĺĺ, őŕàěďěńïěňőň ćěłâőàőň ¯_S . Ďĺääěàěŋæĺàãï (6.5) ŕő ćàěňěŋĺ, ĺňěěň: dV (t) dt V^+(t) + V (t) dV^+(t) dt = 0 . (6.11)

Šőčďă ĺğ (6.7) ĺ (6.10) ŕőńãçăěň ďńï ćàěňěŋŋőľ ğăćĺáĺňőáâĺ F_H (t)^2: ∂F_H (t) ∂t = ∂V ∂t V^+F_H (t) + F_H (t)V ∂V^+ ∂t = i ~ [^{V HSV +, FH} (^t)] =^i~[^{HH , FH} (^t)]^, (6.12)

çâő ŕàěďáâăćńïěâ áőąőľ ãàăćŋěŋĺě ďćĺęěŋĺï ďńï őŕěàăâőàă äĺğĺçěáłőľ ćěńĺçĺŋë ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ. Čěľğěŋąěàčőćáłĺľ ćěłâőà áőáâőïŋĺï ˘_H őâ ćàěňěŋĺ ŋě ğăćĺáĺâ: ∂˘_H ∂t = 0 . (6.13)

Ňőęŋő, ŋăŕàĺňěà, áçĺâăâì, çâő ˘_H ŕàőáâő áőćŕăďăěâ á ¯_S (0) ŕàĺ t = 0.

1Ŕőďàőąŋő ĺňěěň: i~^{∂Φ(t)}_{∂t} = i~^{∂V}_{∂t} ¯_S(t)+i~V^{∂ΨS}_{∂t} = i~^{∂V}_{∂t} V^{−1}˘(t)+V H_S¯_S = i~^{∂V}_{∂t} V^{−1}˘(t)+ V H_SV^{−1}˘(t), çâő áőćŕăďăěâ á (6.6).

2Ŕàĺ ŕőńãçěŋĺĺ (6.12) ãçâěň, çâő:^{∂FH}_{∂t} =^{∂V}_{∂t} F_SV^{−1} + V F_S^{∂V −1}_{∂t} =^{∂V}_{∂t} V^{−1}F_H + F_H V^{∂V −1}_{∂t} .

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 127

Ŕàěďáâăćńěŋĺě ćğăĺňőďěľáâćĺï.

Řăááňőâàĺň áŋőćă őąëçŋőě ãàăćŋěŋĺě Ÿàěďĺŋčěàă:

i~^∂˘(^t)_{∂t} = (H0 + HI )˘(t) , (6.14)

čďě H_0 | čăňĺńìâőŋĺăŋ ŋěćğăĺňőďěľáâćãîéĺå ŕőńěľ (çăáâĺæ), ă H_I | ŋěłőâőàëľ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï. Ćěłâőà áőáâőïŋĺï ˘ ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï, â.ě. ŕàĺ H_I = 0, őŕĺáëćăěâ ďćĺęěŋĺě ğăďăŋŋőčő çĺáńă áćőąőďŋëå çăáâĺæ á őŕàěďěńěŋŋëňĺ ĺňŕãńìáăňĺ ĺ áŕĺŋăňĺ. Őŕěàăâőà H_I őŕĺáëćăěâ ćğăĺňőďěľáâćĺě íâĺå çăáâĺæ ďàãč á ďàãčőň ĺ áăňĺå á áőąőľ.

Ććěďěň âěŕěàì ćěłâőà áőáâőïŋĺï:

¯(t) = exp ( iH_0t ~ ) ˘(t) . (6.15)

Ŋěâàãďŋő ãąěďĺâìáï, çâő ¯(t) ãďőćńěâćőàïěâ ãàăćŋěŋĺî:

i~^∂¯(^t)_{∂t} = exp ( iH_0t ~ ) H_I exp ( − iH_0t ~ ) ¯(t) (6.16) ĺńĺ i~^∂¯(^t)_{∂t} = H^{IR}_I (t)¯(t) , (6.17) čďě H^{IR}_I (t) = exp ( iH_0t ~ ) H_I exp ( − iH_0t ~ ) (6.18)

| őŕěàăâőà íŋěàčĺĺ ćğăĺňőďěľáâćĺï ć íâőň ŋőćőň ŕàěďáâăćńěŋĺĺ. İâőâ őŕěàăâőà ïćŋő ğăćĺáĺâ őâ ćàěňěŋĺ, ć ŕàőâĺćőŕőńőęŋőáâì èàěďĺŋčěàőćáłőňã őŕěàăâőàã H_I. Ćőőąéě, ŕàőĺğćőńìŋëľ őŕěàăâőà Q_{IR}(t) ć íâőň, âăł ŋăğëćăěňőň ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï, áćïğăŋ á èàěďĺŋčěàőćáłĺň őŕěàăâőàőň Q_S łăł:

Q_{IR}(t) = exp ( iH_0t ~ ) Q_S exp ( − iH_0t ~ ) . (6.19)

Őâáîďă áàăğã ęě áńěďãěâ, çâő ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï ğăćĺáĺňőáâì őŕěàăâőàőć őâ ćàěňěŋĺ őŕàěďěńïěâáï čăňĺńìâőŋĺăŋőň áćőąőďŋëå çăáâĺæ, âăł łăł ďĺääěàěŋæĺàãï (6.19) ŕő t ŕőńãçăěň:

i~^{∂QIR}(^t)_{∂t} = [QIR(t), H0] . (6.20)

Ğăňěâĺň, çâő H^{IR}_0 = H^S_0 . Šăłĺň őąàăğőň, ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï őŕěàăâőàë ŕőńěľ ãďőćńěâćőàïîâ ãàăćŋěŋĺïň ďćĺęěŋĺï áćőąőďŋőčő ŕőńï^3, âőčďă łăł ğăćĺáĺňőáâì őâ ćàěňěŋĺ ćěłâőàă áőáâőïŋĺï áĺáâěňë ¯(t) őŕàěďěńïěâáï, áőčńăáŋő (6.17), ńĺèì íŋěàčĺěľ ćğăĺňőďěľáâćĺï. Ŕàěďáâăćńěŋĺě ćğăĺňőďěľáâćĺï őłăğëćăěâáï ćěáìňă ãďőąŋëň ďńï ŕőáâàőěŋĺï âěőàĺĺ ćőğňãéěŋĺľ.

3Ć çăáâŋőáâĺ, íâő őğŋăçăěâ, çâő ďńï ńîąëå ňőňěŋâőć ćàěňěŋĺ áőåàăŋïîâáï áőőâćěâáâćãîéĺě łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï ďńï íâĺå őŕěàăâőàőć.

128 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řăááňőâàĺň ŋăŕàĺňěà âěőàĺî ďĺàăłőćáłĺå äěàňĺőŋőć, ćğăĺňőďěľáâćãîéĺå áő áłăńïàŋëň ŕőńěň. Ć èàěďĺŋčěàőćáłőň ŕàěďáâăćńěŋĺĺ čăňĺńìâőŋĺăŋ áćőąőďŋëå ŕőńěľ ĺňěěâ ćĺď:

H_0 = ∫ d^3r [ —ψ(x) (_−iγ_{· ∇} + m) ψ(x) + 1 2 ( ∂φ(x) ∂t )_2 + 1 2 (∇φ(x))^2 + 1 2 m^2φ^2(x) ] , (6.21)

ă čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï (ŋăŕĺáăŋŋëľ ĺğ ŕàőáâěľèĺå áőőąàăęěŋĺľ àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ) ěáâì:

H_I = g ∫ d^3r —ψ(x)ψ(x)φ(x), (6.22)

čďě g | ąěğàăğňěàŋăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï. Ŕőáńě ŕěàěåőďă ł ŕàěďáâăćńěŋĺî ćğăĺňőďěľáâćĺï őŕěàăâőàë ŕőńěľ φ(x) ĺ ψ(x) ãďőćńěâćőàïîâ áńěďãîéĺň ãàăćŋěŋĺïň:

(i^∇ − m)ψ_{IR}(x) = 0 , (� + m^2)φ_{IR}(x) = 0 , (6.23) ă ãàăćŋěŋĺě (6.17) ĺňěěâ ćĺď:

i~^{∂¯(t)}_{∂t} = g^∫_{ct=x0} d^3r^—ψIR(x)ψIR(x)φIR(x)¯(t) . (6.24)

Şàăćŋěŋĺě (6.17) ňőęŋő őąőąéĺâì, áďěńăć ěčő łőćăàĺăŋâŋëň. İâő őąőąéěŋĺě ŕàőĺğćőďĺâáï ŕãâěň ććěďěŋĺï ŕàőĺğćőńìŋőľ čĺŕěàŕőćěàåŋőáâĺ ć ŕàőáâàăŋáâćě-ćàěňěŋĺ ćňěáâő \ŕńőáłőľ" ŕőćěàåŋőáâĺ t = const. Ěďĺŋáâćěŋŋőě ãáńőćĺě, łőâőàőňã ďőńęŋă ãďőćńěâćőàïâì íâă ŕőćěàåŋőáâì | ŋőàňăńì ł ŋěľ n_μ(x) ć ńîąőľ âőçłě r ďőńęŋă ąëâì ćàěňěŋĺŕőďőąŋőľ, â.ě. n_μ(r)n^μ(r) > 0. İâő őğŋăçăěâ, çâő ŋĺłăłĺě ďćě âőçłĺ ŋă ďăŋŋőľ ŕőćěàåŋőáâĺ ŋě ňőčãâ ąëâì áćïğăŋë áćěâőćëň áĺčŋăńőň, ĺńĺ ęě, çâő ńîąëě ďćě âőçłĺ ŋă ŕőćěàåŋőáâĺ àăğďěńěŋë ŕàőáâàăŋáâćěŋŋőŕőďőąŋëň ĺŋâěàćăńőň. Őąőğŋăçĺň âăłãî ŕőćěàåŋőáâì áĺňćőńőň σ. Ć ńîąőľ âőçłě r ŋă íâőľ ŕőćěàåŋőáâĺ ňőęŋő ććěáâĺ ćàěňï t(r), ŋăğëćăěňőě ńőłăńìŋëň ćàěňěŋěň. Ć ŕàěďěńě, łőčďă ŕőćěàåŋőáâì áâăŋőćĺâáï ŕńőáłőľ, ćáě âőçłĺ ŋă ŋěľ ĺňěîâ őďĺŋăłőćőě ćàěňï t = const. Šěŕěàì ňőęŋő őąőąéĺâì ¯(t) ććěďï ¯[t(r)]. Őáŋőćŋőě ãàăćŋěŋĺě (6.17)

i~^∂¯(^t)_{∂t} = HI(t)¯(t) (6.25)

ňőęŋő âěŕěàì àăááňőâàěâì łăł àěğãńìâăâ áãňňĺàőćăŋĺï ąěáłőŋěçŋőčő àïďă ãàăćŋěŋĺľ, ŕőńãçěŋŋëå ććěďěŋĺěň ńőłăńìŋőčő ćàěňěŋĺ ďńï łăęďőľ âőçłĺ ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ ŕőćěàåŋőáâĺ. Ěáńĺ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï ćëàăğĺâì łăł áãňňã ŕő ňăńëň âàěåňěàŋëň ïçěľłăň ´V ŕàőáâàăŋáâćěŋŋőŕőďàőąŋőľ ŕőćěàåŋőáâĺ σ, â.ě.

H_I = ∑ σ H_I (x)´V , (6.26)

âő ãàăćŋěŋĺě ć ňăńőľ ïçěľłě ćőłàãč ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőľ âőçłĺ r, t(r) ňőęŋő ğăŕĺáăâì ć ćĺďě:

i~^∂¯[^t(r)] ∂t(r) =^{HI} (^x)´^V ¯[^t(r)]^, (6.27)

çâő őąőąéăěâ ãàăćŋěŋĺě (6.17). Ŕőáłőńìłã ćăàĺăæĺï ¯(t), áőőâćěâáâćãîéăï ęěáâłőňã ąěáłőŋěçŋő ňăńőňã ŕěàěňěéěŋĺî čĺŕěàŕńőáłőáâĺ t = const łăł æěńőčő, őŕàěďěńïěâáï ĺŋâěčàăńőň ∫ t H_I d^3r, âő ïáŋő, çâő ćăàĺăæĺï ¯[t(r)] őâŋőáĺâěńìŋő âőçłĺ x ąãďěâ őŕàěďěńïâìáï íŋěàčĺěľ ćğăĺňőďěľáâćĺï ć H_I (x)´V ć ąěáłőŋěçŋő ňăńőň őąêěňě ćőłàãč x. Ŕőáłőńìłã ŕàőĺğćěďěŋĺě ´V ´t ïćńïěâáï àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋëň, âő ŋăŕàăèĺćăěâáï áńěďãîéăï ĺŋćăàĺăŋâŋăï ŕàőæěďãàă ďĺääěàěŋæĺàőćăŋĺï. Řăááňőâàĺň äãŋłæĺî ŋă ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ ŕőćěàåŋőáâĺ ¯[t(r)] = ¯(σ).

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 129

Řĺá. 6-1

Śàăćŋĺň ğăâěň ćěńĺçĺŋë íâĺå äãŋłæĺľ ŋă ďćãå ŕàőáâàăŋáâćěŋŋő { ŕőďőąŋëå ŕőćěàåŋőáâïå σ ĺ σ^′, łőâőàëě ąěáłőŋěçŋő ňăńő őâńĺçăîâáï ć őłàěáâŋőáâĺ âőçłĺ x, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-1. Őŕàěďěńĺň âěŕěàì ĺŋćăàĺăŋâŋãî őŕěàăæĺî δ/δσ(x) áńěďãîéĺň őąàăğőň: δ¯(σ) δσ(x) = lim ΔtΔV →0 ¯[t(r) + ´t(r)] − ¯[t(r)] c ∫ ΔV d^3r´t(r)

= lim ΔtΔV →0 ¯(σ^′) − ¯(σ) c´t(r)´V = lim_{Ω(x)→0}

¯(σ^′) − ¯(σ) ˙(x)

, (6.28)

čďě ˙(x) | 4-őąêěň, ğăłńîçěŋŋëľ ňěęďã σ ĺ σ^′. Šőčďă ć ŕàěďěńě ˙(x) → 0 ãàăćŋěŋĺě (6.27) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě âăł ŋăğëćăěňőčő ãàăćŋěŋĺï Šőňőŋăčă { Ÿćĺŋčěàă:

i~c^δ¯(^σ)_{δσ}(_x) = HI (x)¯(σ) . (6.29)

İâő ãàăćŋěŋĺě łőćăàĺăŋâŋő, ŕőáłőńìłã H_I (x) ŕàěďáâăćńïěâ áőąőľ àěńïâĺćĺáâáłĺľ ĺŋćăàĺăŋâ (áłăńïà), ă ďńï őŕàěďěńěŋĺï ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ ŕőćěàåŋőáâĺ σ ŋě âàěąãěâáï łăłőľ-ńĺąő őŕàěďěńěŋŋőľ ńőàěŋæěćáłőľ áĺáâěňë őâáçěâă. Ŕőíâőňã ãàăćŋěŋĺě Šőňőŋăčă { Ÿćĺŋčěàă ğăŕĺáëćăěâáï ąěğ ãłăğăŋĺï áĺáâěňë łőőàďĺŋăâ, ł łőâőàőľ őŋő őâŋőáĺâáï. Ćŕàőçěň, ć ďăńìŋěľèěň ňë, ć őáŋőćŋőň, ąãďěň àăąőâăâì á ãàăćŋěŋĺěň (6.17), ğăŕĺáăŋŋőň ć łőŋłàěâŋőľ áĺáâěňě łőőàďĺŋăâ.

Řăğńőęěŋĺě S-ňăâàĺæë.

Řěèěŋĺě ãàăćŋěŋĺï ďćĺęěŋĺï ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï (6.17) ňőęŋő ğăŕĺáăâì ć ĺŋâěčàăńìŋőň ćĺďě:

¯(t) = ¯(t_0) − i ~ t∫ t0 dt^′H_I(t^′)¯(t^′) . (6.30)

Ğďěáì ãçâěŋő ĺ ŋăçăńìŋőě ãáńőćĺě | ŕàĺ t = t_0 äãŋłæĺï ¯ áćőďĺâáï ł ¯(t_0).

130 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ Ğăŕĺèěň áćïğì ¯(t) á ¯(t_0) ć ćĺďě^4: ¯(t) = U (t, t_0)¯(t_0) , ¯(t_0) = U^{−1}(t, t_0)¯(t) , (6.31) U (t_0, t_0) = 1 , čďě U (t, t_0) | ãŋĺâăàŋëľ (áőåàăŋïîéĺľ ŋőàňĺàőćłã!) őŕěàăâőà íćőńîæĺĺ. Šőčďă: S = U (+∞, −∞) (6.32) őŕàěďěńïěâ S-ňăâàĺæã (ňăâàĺæã àăááěïŋĺï), łőâőàăï őŕàěďěńïěâ ćáěćőğňőęŋëě ĺğňěŋěŋĺï áőáâőïŋĺľ áĺáâěňë ć àěğãńìâăâě ćğăĺňőďěľáâćĺï: ¯(+∞) = S¯(−∞) , (6.33) čďě ¯(−∞) ĺ ¯(+∞) | ăáĺňŕâőâĺçěáłĺě ćěłâőàă áőáâőïŋĺï áĺáâěňë, ć çăáâŋőáâĺ, ăáĺňŕâőâĺçěáłĺě äőàňë ŕăďăîéěľ ĺ àăáåőďïéěľáï ćőńŋ ć ğăďăçě àăááěïŋĺï.

Őŕěàăâőà U (t, t_0) ãďőćńěâćőàïěâ áńěďãîéěňã ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî, őçěćĺďŋőňã ĺğ (6.17):

i~^{∂U} (^{t, t0})_{∂t} = HI (t)U (t, t0) . (6.34)

Ăŋăńőčĺçŋő:

− i~^{∂U +} (^{t, t0})_{∂t} = U^+(t, t0)HI (t) , (6.35)

ŕőáłőńìłã H_I(t) íàňĺâőć. Ĺğ íâĺå ãàăćŋěŋĺľ áàăğã áńěďãěâ, çâő ∂ ∂t (U^+(t, t_0)U (t, t_0)) = 0 , (6.36) çâő íłćĺćăńěŋâŋő U^+(t, t_0)U (t, t_0) = 1 . (6.37) Ďńï ďőłăğăâěńìáâćă ãŋĺâăàŋőáâĺ ŋãęŋő ěéě ŕőłăğăâì, çâő U (t, t_0)U^+(t, t_0) = 1 . (6.38) Ćëŕőńŋïěâáï áńěďãîéěě čàãŕŕőćőě áćőľáâćő őŕěàăâőàă íćőńîæĺĺ: U (t, t_1)U (t_1, t_0) = U (t, t_0) . (6.39) Ć áăňőň ďěńě, ĺğ ¯(t) = U (t, t_1)¯(t_1) , ¯(t_1) = U (t_1, t_0)¯(t_0) (6.40) áńěďãěâ:

¯(t) = U (t, t_0)¯(t_0) = U (t, t_1)U (t_1, t_0)¯(t_0) , (6.41) çâő ĺ âàěąãěâáï ďńï ćëŕőńŋěŋĺï (6.39). Ěáńĺ ć (6.39) ŕőńőęĺâì t = t_0, âő ŕőńãçĺň: U (t_0, t_1) = U^{−1}(t_1, t_0) . (6.42) 4Ĺğńăčăěňëľ ŋĺęě äőàňăńĺğň ŕàĺŋăďńěęĺâ Ďăľáőŋã.

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 131

Ĺğ àăćěŋáâćă U (t_0, t_1)U (t_1, t_0) = 1, ãňŋőęăï ěčő áńěćă ŋă U^+(t_0, t_1) ĺ ĺáŕőńìğãï (6.37), ŕőńãçĺň:

U (t_1, t_0) = U^+(t_0, t_1) = U^{−1}(t_0, t_1) , (6.43)

çâő ĺ ďőłăğëćăěâ ãŋĺâăàŋőáâì őŕěàăâőàă íćőńîæĺĺ.

Ŋěŕőáàěďáâćěŋŋő ĺğ čàãŕŕőćőčő áćőľáâćă (6.39) ćëâěłăěâ, çâő ńîąőľ ŕěàěåőď áĺáâěňë ŋă łőŋěçŋőň ĺŋâěàćăńě ćàěňěŋĺ ňőęŋő ŕàěďáâăćĺâì ć ćĺďě ŕàőĺğćěďěŋĺï ŕőáńěďőćăâěńìŋőáâĺ ąěáłőŋěçŋő ňăńëå ŕàěőąàăğőćăŋĺľ, áőćěàèăěňëå á ŕőňőéìî őŕěàăâőàă íćőńîæĺĺ:

U (t, t^′) = U (t, t_1)U (t_1, t_2)...U (t_{n−1}, t_n)U (t_n, t^′) , (6.44)

čďě U (t_j , t_{j+1}) | ąěáłőŋěçŋő ňăńőě ŕàěőąàăğőćăŋĺě őâ ňőňěŋâă ćàěňěŋĺ t_j ł t_{j+1}.

Řěèěŋĺě Şàăćŋěŋĺï (6.34), őçěćĺďŋő, âăłęě ňőęěâ ąëâì ğăŕĺáăŋő ć ĺŋâěčàăńìŋőň ćĺďě:

U (t, t^′) = 1 − i ~ t∫ t^′ dτ H_I(τ )U (τ, t^′) . (6.45)

Ŕőíâőňã, ďńï ąěáłőŋěçŋő ňăńőľ àăğŋőáâĺ ćàěňěŋ t_j − t_{j+1} ĺňěěň:

U (t_j, t_{j+1}) = 1 − i ~ t_j∫

t_j+1 dτ H_I(τ )U (τ, t_{j+1}) ≈

≈ 1 − i ~ t_j∫

t_j+1

dt^′H_I (t^′)U (t_{j+1}, t_{j+1}) = 1 − i ~ t_j∫

t_j+1

dt^′H_I(t^′) . (6.46)

Ŋěőčàăŋĺçěŋŋő ãćěńĺçĺćăï çĺáńő ĺŋâěàćăńőć ĺ čàãŕŕĺàãï çńěŋë ĺğ (6.44) ŕőńãçăěň:

U (t, t_0) = 1 + ( −i ~ )^t∫ t0 dt_1H_I (t_1) + ( −i ~ )_2^t∫ t0 dt_1 t1∫ t0 dt_2H_I(t_1)H_I (t_2) +

+ ( −i ~ )_3^t∫ t0 dt_1 t1∫ t0 dt_2 t2∫ t0 dt_3H_I (t_1)H_I (t_2)H_I(t_3) + . . . . (6.47)

Řăááňőâàĺň ĺŋâěčàăń, őŕàěďěńïîéĺľ n-ľ ŕőàïďőł âěőàĺĺ ćőğňãéěŋĺľ: t∫ t0 dt_1 t1∫ t0 dt_2... t_{n−}1∫

t0 dt_nH_I (t_1)H_I(t_2)...H_I(t_n) . (6.48)

Ĺŋâěčàĺàőćăŋĺě ğďěáì ćěďěâáï, ŕő áãéěáâćã, ŕő ćáěňã ĺŋâěàćăńã ćàěňěŋĺ őâ t_0 ďő t, á âěň őčàăŋĺçěŋĺěň, çâő ňőňěŋâ ćàěňěŋĺ t_j àăŋìèě ňőňěŋâă t_{j−1}(j ≤ n). Ěáâěáâćěŋŋő, çâő ć ćëàăęěŋĺĺ (6.48) ňőęŋő ŕàőĺğćőńìŋëň őąàăğőň ŕěàěőąőğŋăçĺâì ŕěàěňěŋŋëě ĺŋâěčàĺàőćăŋĺï t_1, ..., t_n → t_{p1} , t_{p2} ...t_{pn} , őâ çěčő ğŋăçěŋĺě ĺŋâěčàăńă ŋě ĺğňěŋĺâáï. Ŕàőďěńăć ćáě ŕěàěáâăŋőćłĺ ŕěàěňěŋŋëå t_1, ..., t_n, áńőęĺć ćáě ćëàăęěŋĺï ĺ àăğďěńĺć ŋă çĺáńő ŕěàěáâăŋőćőł n!, ňë àăáŕàőáâàăŋĺň őąńăáâì ĺŋâěčàĺàőćăŋĺï ŕő łăęďőľ

132 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řĺá. 6-2

ŕěàěňěŋŋőľ ŋă ćěáì ĺŋâěàćăń őâ t_0 ďő t. Śãéěáâćěŋŋő ŕàĺ íâőň, őďŋăłő, çâőąë őŕěàăâőàë H_I (t_j) ŕőď ğŋăłőň ĺŋâěčàăńă ćáěčďă àăáŕőńăčăńĺáì áŕàăćă ŋăńěćő ć ŕőàïďłě ćőğàăáâăŋĺï ćàěňěŋĺ. İâő ňőęŋő őąěáŕěçĺâì ććěďěŋĺěň őŕěàăâőàă T -ãŕőàïďőçěŋĺï, łőâőàëľ ďěľáâćãï ŋă ŕàőĺğćěďěŋĺě őŕěàăâőàőć, ğăćĺáïéĺå őâ ćàěňěŋĺ, àăáŕőńăčăěâ ĺå ć åàőŋőńőčĺçěáłőň ŕőàïďłě, â.ě. őŕěàăâőà á ąőńìèĺň ğŋăçěŋĺěň ćàěňěŋĺ ć ŕàőĺğćěďěŋĺĺ áâőĺâ áńěćă: T ( H_I (t_1) . . . H_I(t_k) ) = H_I (t_i)H_I (t_j) . . . H_I(t_k) ŕàĺ t_i > t_j > . . . > t_k , (6.49)

çâő őŕàěďěńïěâ âăł ŋăğëćăěňőě åàőŋőńőčĺçěáłőě ĺńĺ T -ŕàőĺğćěďěŋĺě őŕěàăâőàőć. Šőčďă, ĺáŕőńìğãï ãŕőňïŋãâãî áĺňňěâàĺî ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï (6.48), ŕőńãçăěň: t∫ t0 dt_1 t1∫ t0 dt_2 . . . t_{n−}1∫

t0 dt_nH_I (t_1)H_I(t_2) . . . H_I(t_n) =

= 1 n! t∫ t0 dt_1 t∫ t0 dt_2 . . . t∫ t0 dt_nT ( H_I (t_1)H_I(t_2) . . . H_I(t_n) ) . (6.50)

Řăááňőâàĺň ŕőďàőąŋő íłćĺćăńěŋâŋőáâì íâĺå ďćãå äőàň ĺŋâěčàăńă ďńï áńãçăï n = 2. Ĺğ őŕàěďěńěŋĺï T -ŕàőĺğćěďěŋĺï ĺňěěň: t∫ t0 dt_1 t∫ t0 dt_2T ( H_I(t_1)H_I (t_2) ) =

= t∫ t0 dt_1 t1∫ t0 dt_2H_I(t_1)H_I (t_2) + t∫ t0 dt_1 t∫ t1 dt_2H_I(t_2)H_I (t_1) . (6.51)

Őąńăáâì ĺŋâěčàĺàőćăŋĺï ć ńěćőľ çăáâĺ ĺğőąàăęěŋă ŋă Řĺá. 6-2 ć ćĺďě łćăďàăâă. Ś ďàãčőľ áâőàőŋë, ć ŕěàćőň çńěŋě ć ŕàăćőľ çăáâĺ (6.51) ĺŋâěčàĺàőćăŋĺě àăáŕàőáâàăŋïěâáï ŕő őąńăáâĺ I (ŋěğăèâàĺåőćăŋŋëľ âàěãčőńìŋĺł), âőčďă łăł ćő ćâőàőň çńěŋě ĺŋâěčàĺàőćăŋĺě ĺďěâ ŕő ğăèâàĺåőćăŋŋőľ őąńăáâĺ II. Ŕőňěŋïěň ćő ćâőàőň ĺŋâěčàăńě ŕőàïďőł ĺŋâěčàĺàőćăŋĺï, ąãďěň áŋăçăńă ĺŋâěčàĺàőćăâì ŕő t_1, âőčďă ŕàěďěńë

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 133

ĺŋâěčàĺàőćăŋĺï ĺğňěŋïâáï, ĺ ňë ŕőńãçĺň: t∫ t0 dt_2 t2∫ t0 dt_1H_I(t_2)H_I (t_1) . (6.52)

Ěáńĺ âěŕěàì ŕàőĺğćěáâĺ ğăňěŋã ŕěàěňěŋŋëå t_1 → t_2 ĺ t_2 → t_1, âő ćëàăęěŋĺě (6.52) ŕàĺňěâ ćĺď:_t ∫ t0 dt_1 t1∫ t0 dt_2H_I (t_1)H_I (t_2) , (6.53)

âăł çâő (6.51) áćőďĺâáï ł: t∫ t0 dt_1 t∫ t0 dt_2T ( H_I (t_1)H_I(t_2) ) = 2! t∫ t0 dt_1 t1∫ t0 dt_2H_I (t_1)H_I (t_2) , (6.54)

çâő ďőłăğëćăěâ áŕàăćěďńĺćőáâì (6.50) ďńï áńãçăï n = 2.

Ĺâăł, àăğńőęěŋĺě (6.47) ňőęŋő ŕěàěŕĺáăâì łăł:

U (t, t_0) = 1 + ( −i ~ )^t∫ t0 dt_1T ( H_I (t_1) ) + 1 2! ( −i ~ )_2^t∫ t0 dt_1 t∫ t0 dt_2T ( H_I (t_1)H_I (t_2) ) +

+ 1 3! ( −i ~ )_3^t∫ t0 dt_1 t∫ t0 dt_2 t∫ t0 dt_3T ( H_I (t_1)H_I (t_2)H_I (t_3) ) + . . . =

= ∞∑ n=0 1 n! ( − i ~ )_n^t∫ t0 dt_1 t∫ t0 dt_2 . . . t∫ t0 dt_nT ( H_I(t_1)H_I (t_2) . . . H_I(t_n) ) , (6.55)

çâő ňőęŋő ŕěàěŕĺáăâì łăł:

U (t, t_0) = T exp − i ~ t∫ t0 H_I(t^′)dt^′ , (6.56)

čďě ŕàőćěďěŋő áĺňćőńĺçěáłőě áãňňĺàőćăŋĺě àïďă (6.55), áćőďïéěě ěčő ł âăł ŋăğëćăěňőľ T -íłáŕőŋěŋâě.

Ňőęŋő ŋěŕőáàěďáâćěŋŋő ŕàőćěàĺâì, çâő àïď (6.55) ïćńïěâáï àěèěŋĺěň ãàăćŋěŋĺï (6.34). Ďńï íâőčő ŕàőďĺääěàěŋæĺàãěň (6.55) ŕő ćàěňěŋĺ t: ∂U(t,t_0) ∂t = ∞∑ n=1 1 n! ( − i ~ )_n^t∫ t0 dt_1 t∫ t0 dt_2 . . . t∫ t0 dt_{n−1}nH_I (t)T ( H_I(t_1)H_I(t_2)...H_I(t_{n−1}) ) . (6.57)

Ŕàĺ ŋăŕĺáăŋĺĺ ŕàăćőľ çăáâĺ (6.57) ňë ćőáŕőńìğőćăńĺáì áĺňňěâàĺçŋőáâìî ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï, ă âăłęě âěň őąáâőïâěńìáâćőň, çâő őŕěàăâőà H_I(t) ćáěčďă ğăćĺáĺâ őâ ňőňěŋâă t, ąőńěě

134 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

ŕőğďŋěčő, çěň t_1, ..., t_{n−1}. Ŕőíâőňã ňë ćëŋěáńĺ őŕěàăâőà H_I(t) ğă ğŋăł T -ŕàőĺğćěďěŋĺï ĺ ŋăŕĺáăńĺ ěčő ńěćěě ćáěå őáâăńìŋëå ňŋőęĺâěńěľ. Šőčďă (6.57) ňőęŋő ŕěàěŕĺáăâì łăł:

i~^{∂U(t,t0)}_{∂t} = HI (t)^{∞∑}_{n=1}^1_{(n − 1)!}^(−^i~^{)n−1} t∫ t0 dt_1 t∫ t0 dt_2 . . . t∫ t0 dt_{n−1}T ( H_I (t_1)H_I (t_2) . . . H_I (t_{n−1}) ) =

= H_I (t) ∞∑ n=0 1 n! ( − i ~ )_n^t∫ t0 dt_1 t∫ t0 dt_2 . . . t∫ t0 dtnT ( H_I (t_1)H_I (t_2) . . . H_I (tn) ) = = H_I (t)U(t,t_0) , (6.58)

çâő ĺ âàěąőćăńőáì!

Ćáŕőňĺŋăï, çâő

H_I(t) = ∫ d^3rH_I(x) , (6.59)

ňőęŋő ŕěàěŕĺáăâì (6.55) ć äőàňě, ąőńěě ïćŋő ãłăğëćăîéěľ ŋă ěčő łőćăàĺăŋâŋőáâì:

U (t, t_0) = ∞∑ n=0 1 n! ( − i ~ )_n^t∫ t0 d^4x_1 t∫ t0 d^4x_2 . . . t∫ t0 d^4x_nT ( H_I (x_1)H_I (x_2) . . . H_I (x_n) ) , (6.60) čďě ãçâěŋő ∫ dt ∫ d^3r = ∫ d^4x/c. Ňőęŋő őąőąéĺâì (6.60) âăłĺň őąàăğőň, çâőąë ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ŕàěďáâăćńïńĺ áőąőľ ŕàőáâàăŋáâćěŋŋőŕőďőąŋëě ŕőćěàåŋőáâĺ σ ĺ σ^′, âőčďă U (σ, σ^′) ąãďěâ ĺňěâì ĺŋćăàĺăŋâŋëľ ćĺď, ŕőáłőńìłã ĺ H_I ĺ íńěňěŋâ őąêěňă d^4x ïćńïîâáï 4-áłăńïàăňĺ.

Ćăęŋěľèĺň ňőňěŋâőň ć őąőáŋőćăŋĺĺ ĺğńăčăěňőčő äőàňăńĺğňă ïćńïěâáï âăł ŋăğëćăěňăï ăďĺăąăâĺçěáłăï čĺŕőâěğă. Śőčńăáŋő őŕàěďěńěŋĺî S-ňăâàĺæë ŋãęŋő ãáâàěňĺâì ŋăçăńìŋëľ ňőňěŋâ ćàěňěŋĺ t_0 ł −∞, ă łőŋěçŋëľ ňőňěŋâ t ł +∞. Ŋő âãâ áńěďãěâ ŕàőïćĺâì őáâőàőęŋőáâì | ďńï çńěŋă àăğńőęěŋĺï (6.55) n-čő ŕőàïďłă íâő ňőęŋő áďěńăâì n! áŕőáőąăňĺ ďńï łăęďőčő ĺğ ŕàěďěńőć. Ďăľáőŋ ŕàěďńőęĺń őąőľâĺ íâã ŕàőąńěňã ŕãâěň ććěďěŋĺï ňŋőęĺâěńï áåőďĺňőáâĺ ćĺďă e^{−λ|t|}, ŋă łőâőàëľ áńěďãěâ ãňŋőęĺâì čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï. Ŕőáńě ŕàőćěďěŋĺï ćáěå ćëçĺáńěŋĺľ ŕőďàăğãňěćăěâáï ŕěàěåőď ł ŕàěďěńã λ → 0. İâă ŕàőæěďãàă íłćĺćăńěŋâŋă ŋěłőâőàőňã ãáàěďŋěŋĺî ŕő ćáěň ćőğňőęŋëň n! ŕěàěåőďăň ł ŕàěďěńã t → ±∞. Ŕàĺŋïć íâã ăďĺăąăâĺçěáłãî čĺŕőâěğã ňőęŋő áçĺâăâì, çâő ćőńŋőćëě äãŋłæĺĺ ŋăçăńìŋőčő ĺ łőŋěçŋőčő áőáâőïŋĺľ ïćńïîâáï áőąáâćěŋŋëňĺ äãŋłæĺïňĺ \áćőąőďŋőčő" čăňĺńìâőŋĺăŋă H_0, ĺå őąëçŋő ŋăğëćăîâ äãŋłæĺïňĺ áőáâőïŋĺľ \čőńëå" çăáâĺæ. Ŕőíâőňã, ńîąőľ ŕàőæěáá àăááěïŋĺï ňőęŋő àăááňőâàěâì áńěďãîéĺň őąàăğőň:

1. Ć ňőňěŋâ ćàěňěŋĺ t = −∞ áĺáâěňă ŋăåőďĺâáï ć áőáâőïŋĺĺ, őŕĺáëćăěňőň ćőńŋőćőľ äãŋłæĺěľ ˘, ïćńïîéěľáï áőąáâćěŋŋőľ äãŋłæĺěľ őŕěàăâőàă H_0. Ć íâőň áőáâőïŋĺĺ ŋăåőďĺâáï ğăďăŋŋőě çĺáńő çăáâĺæ á őŕàěďěńěŋŋëň áŕĺŋőň ĺ ĺňŕãńìáőň, ŕàĺçěň çăáâĺæë őâďěńěŋë ďàãč őâ ďàãčă ĺ ŋě ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ. Ćěłâőà ˘ ïćńïěâáï ŕőáâőïŋŋëň ŋě ğăćĺáïéĺň őâ ćàěňěŋĺ (H_I = 0) ćěłâőàőň áőáâőïŋĺï ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï.

2. Ďăńěě ăďĺăąăâĺçěáłĺ ćłńîçăěâáï ćğăĺňőďěľáâćĺě, ĺ áőáâőïŋĺě á ćőńŋőćőľ äãŋłæĺěľ ˘ ŕěàěåőďĺâ ć áőáâőïŋĺě ¯(t_0) = U (t_0, −∞)˘, łőâőàőě, łăł áçĺâăěâáï, áőőâćěâáâćãěâ àěăńìŋőňã áőáâőïŋĺî äĺğĺçěáłĺå (\őďěâëå") çăáâĺæ á

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 135

âěňĺ ęě ĺňŕãńìáőň ĺ áŕĺŋőň. Ŕàĺ íâőň ŕàěďŕőńăčăěâáï, çâő çăáâĺæë ćáě ěéě ďőáâăâőçŋő őâďěńěŋë ďàãč őâ ďàãčă ĺ ŋě ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ. Őďŋăłő ćłńîçěŋĺě H_I őąěáŕěçĺćăěâ áőąáâćěŋŋőě ćğăĺňőďěľáâćĺě, ć àěğãńìâăâě çěčő \čőńëě" çăáâĺæë ŕàĺőąàěâăîâ \èãąã" ĺğ ćĺàâãăńìŋëå łćăŋâőć, â.ě. ŕàőĺáåőďĺâ ĺå \őďěćăŋĺě", âăł çâő çăáâĺæë áâăŋőćïâáï àěăńìŋëňĺ äĺğĺçěáłĺňĺ çăáâĺæăňĺ, ãďőćńěâćőàïîéĺňĺ ãáńőćĺî p^2 = m^2, čďě m { ŋăąńîďăěňăï ňăááă çăáâĺæë.

3. Ďăńěě çăáâĺæë ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ, â.ě. àăááěĺćăîâáï, ŕěàěåőďïâ ć ďàãčĺě çăáâĺæë ĺ â. ŕ. Ŕő ŕàőèěáâćĺĺ ďőáâăâőçŋő ąőńìèőčő ćàěňěŋĺ T = t − t_0 çăáâĺæë áŋőćă àăáåőďïâáï, ŋő ãęě ŋăåőďïáì ć áőáâőïŋĺïå, őŕĺáëćăěňëå ćőńŋőćőľ äãŋłæĺěľ ¯(t) = U (t, t_0)¯(t_0), íâő áőáâőïŋĺě áőőâćěâáâćãěâ \őďěâëň" (â.ě. àěăńìŋëň äĺğĺçěáłĺň) çăáâĺæăň ŕőáńě àăááěïŋĺï.

4. Ďăńěě ćğăĺňőďěľáâćĺě ăďĺăąăâĺçěáłĺ ćëłńîçăěâáï ĺ áőáâőïŋĺě á ćőńŋőćőľ äãŋłæĺěľ ¯(t) ŕěàěåőďĺâ ć áőáâőïŋĺě á ćőńŋőćőľ äãŋłæĺěľ ˘^′, łőâőàőě áőőâćěâáâćãěâ \čőńëň" çăáâĺæăň ŕőáńě àăááěïŋĺï, ŕàĺçěň ˘^′ = U (∞, t)¯(t).

Šăłĺň őąàăğőň àěăńìŋăï ğăďăçă àăááěïŋĺï ¯(t_0) → ¯(t) ğăňěŋïěâáï \íłćĺćăńěŋâŋőľ" ğăďăçěľ, ććőďïéěľ ć àăááňőâàěŋĺě \čőńëě" çăáâĺæë ŕàĺ t = ±∞. Řăááňőâàĺň áőőâŋőèěŋĺě:

¯(t) = U (t, t_0)¯(t_0) (6.61) ĺ ğăŕĺèěň ěčő ć ćĺďě:

U^{−1}(∞, t)¯^′ = U (t, t_0)U (t_0, −∞)˘ . (6.62)

Őâáîďă ĺňěěň:

˘^′ = U (∞, t)U (t, t_0)U (t_0, −∞)˘ = U (∞, −∞)˘ = S˘ . (6.63)

İâő őğŋăçăěâ, çâő ˘^′ ŕàĺ t = +∞ ďěľáâćĺâěńìŋő ïćńïěâáï ćőńŋőćőľ äãŋłæĺěľ áőáâőïŋĺï \čőńëå" çăáâĺæ, ć łőâőàëě őŋĺ ŕěàěåőďïâ ć àěğãńìâăâě àăááěïŋĺï ĺğ áőáâőïŋĺï, őŕĺáëćăěňőčő äãŋłæĺěľ ˘ ŕàĺ t = −∞.

Ăďĺăąăâĺçěáłăï čĺŕőâěğă ŕàĺćőďĺâ ł àěğãńìâăâăň, ŕàěłàăáŋő áőčńăáãîéĺňáï á íłáŕěàĺňěŋâőň. İâő őąáâőïâěńìáâćő ďőćőńìŋő ãďĺćĺâěńìŋő, ŕőáłőńìłã ïáŋő, çâő ćğăĺňőďěľáâćĺě ňěęďã ŕőńïňĺ ŋěńìğï \ćëłńîçĺâì" (ăďĺăąăâĺçěáłĺ ĺńĺ łăł ńĺąő ĺŋăçě). Ć íâőň őâŋőèěŋĺĺ łćăŋâőćăï âěőàĺï ŕőńï ďőćőńìŋő áĺńìŋő őâńĺçăěâáï őâ łćăŋâőćőľ ňěåăŋĺłĺ, čďě őąëçŋő ĺňěîâ ďěńő á ŕőâěŋæĺăńăňĺ łőŋěçŋőčő àăďĺãáă ďěľáâćĺï (łàőňě łãńőŋőćáłőčő áńãçăï, ŋő âőčďă ĺğćěáâŋë âőçŋëě ćőńŋőćëě äãŋłæĺĺ), âăł çâő ć ğăďăçě àăááěïŋĺï ćőńŋőćëě äãŋłæĺĺ ŋăçăńìŋőčő ĺ łőŋěçŋőčő áőáâőïŋĺľ ďěľáâćĺâěńìŋő áőőâćěâáâćãîâ áćőąőďŋëň çăáâĺæăň.

Ďĺăčàăňňë Ťěľŋňăŋă ďńï àăááěïŋĺï íńěłâàőŋőć ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě.

Ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě ŕńőâŋőáâì čăňĺńìâőŋĺăŋă ćğăĺňőďěľáâćĺï ĺňěěâ ćĺď:

H_I (x) = j_μ(x)A^μ(x) , (6.64)

136 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řĺá. 6-3

čďě j_μ | âőł ďĺàăłőćáłĺå íńěłâàőŋőć, ă A^μ | ćěłâőà-ŕőâěŋæĺăń íńěłâàőňăčŋĺâŋőčő ŕőńï. Śőőâćěâáâćěŋŋő, ňăâàĺæă àăááěïŋĺï ğăŕĺáëćăěâáï ć ćĺďě^5:

S = T exp { −ie ∫ d^4xj_μ(x)A^μ(x) } , (6.65)

čďě ňë ćěàŋãńĺáì ł áĺáâěňě ěďĺŋĺæ ~ = c = 1.

Řăááňőâàĺň łőŋłàěâŋëě ŕàĺňěàë ćëçĺáńěŋĺï ňăâàĺçŋëå íńěňěŋâőć ňăâàĺæë àăááěïŋĺï. Őŕěàăâőà âőłă j áőďěàęĺâ ŕàőĺğćěďěŋĺě ďćãå íńěłâàőŋŋëå ψőŕěàăâőàőć. Ŕőíâőňã ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ňőčńĺ ąë ćőğŋĺłŋãâì ŕàőæěááë, ć łőâőàëå ãçăáâćãîâ ćáěčő âàĺ çăáâĺæë | ďćă íńěłâàőŋă ĺ őďĺŋ äőâőŋ, âĺŕă ŕőłăğăŋŋëå ďĺăčàăňňőľ Řĺá. 6-3, ăŋăńőčĺçŋőľ Řĺá. 4-7. Őďŋăłő âăłĺě ŕàőæěááë áő áćőąőďŋëňĺ çăáâĺæăňĺ ŋěćőğňőęŋë ĺğ-ğă ğăłőŋőć áőåàăŋěŋĺï íŋěàčĺĺ ĺ ĺňŕãńìáă. Ć áăňőň ďěńě, ěáńĺ p_1 ĺ p_2 | 4-ĺňŕãńìáë íńěłâàőŋőć, ă k | 4-ĺňŕãńìá äőâőŋă, âő ğăłőŋ áőåàăŋěŋĺï ĺňěěâ ćĺď k = p_2 − p_1 ĺńĺ k = p_1 + p_2. Őďŋăłő âăłĺě àăćěŋáâćă ŋěćőğňőęŋë, ŕőáłőńìłã ďńï àěăńìŋőčő äőâőŋă ćáěčďă k^2 = 0, âőčďă łăł łćăďàăâ (p_2 ± p_1)^2 ğăćěďőňő ŋě ŋãńì. Ć íâőň ŋěâàãďŋő ãąěďĺâìáï, ćëçĺáńïï (p_2 ± p_1)^2 ć áĺáâěňě ŕőłőï őďŋőčő ĺğ íńěłâàőŋőć, ŋăŕàĺňěà íńěłâàőŋă 1. Šőčďă (p_2 ± p_1)^2 = 2(m^2 ± p_1p_2) = 2(m^2 ± ε_1ε_2 ∓ p_1p_2) = 2m(m ± ε_2), ă ŕőáłőńìłã ε_2 > m, âő ĺ ĺňěěň (p_2 + p_1)^2 > 0 ĺńĺ (p_2 − p_1)^2 < 0.

Šăłĺň őąàăğőň, ŕěàćëě ŋěĺáçěğăîéĺě ňăâàĺçŋëě íńěňěŋâë S-ňăâàĺæë ňőčãâ ŕőïćĺâìáï ńĺèì ćő ćâőàőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ:

S^{(2)} = − e^2 2! ∫ d^4x ∫ d^4x^′T ( j^μ(x)A_μ(x)j^ν (x^′)A_ν (x^′) ) . (6.66)

Ŕőáłőńìłã íńěłâàőŋŋëě ĺ äőâőŋŋëě őŕěàăâőàë ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï łőňňãâĺàãîâ ďàãč á ďàãčőň (6.66) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě:

S^{(2)} = − e^2 2! ∫ d^4x ∫ d^4x^′T ( j^μ(x)j^ν (x^′) ) T ( A_μ(x)A_ν (x^′) ) . (6.67)

Ć łăçěáâćě ŕěàćőčő ŕàĺňěàă àăááňőâàĺň ãŕàãčőě àăááěïŋĺě ďćãå íńěłâàőŋőć. Šőčďă ć ŋăçăńìŋőň áőáâőïŋĺĺ ĺňěěň ďćă íńěłâàőŋă á ĺňŕãńìáăňĺ p_1 ĺ p_2, ă ć łőŋěçŋőň | ďćă íńěłâàőŋă á ĺňŕãńìáăňĺ p_3 ĺ p_4. Ŕőďàăğãňěćăěâáï, çâő íńěłâàőŋë ŋăåőďïâáï ć łőŋłàěâŋëå áŕĺŋőćëå áőáâőïŋĺïå, ŋő áŕĺŋőćëě ĺŋďěłáë, ć ďăńìŋěľèěň, őŕãáłăěň ďńï łàăâłőáâĺ. Řăááçĺâăâì ňë ďőńęŋë, łőŋěçŋő ęě, ňăâàĺçŋëľ íńěňěŋâ ňăâàĺæë àăááěïŋĺï, ňěęďã ŋăçăńìŋëň ĺ łőŋěçŋëň áőáâőïŋĺïňĺ, á áőőâćěâáâćãîéĺňĺ çăáâĺæăňĺ. Ŕőáłőńìłã ć őąőĺå íâĺå áőáâőïŋĺïå äőâőŋë ŕàőáâő

5Ć ďăńìŋěľèěň ĺğńőęěŋĺĺ ć íâőľ ĺ áńěďãîéěľ čńăćăå, ňë áńěďãěň, ć őáŋőćŋőň, łŋĺčě [1].

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 137

őâáãâáâćãîâ, âő ŋãęŋëľ ŋăň ňăâàĺçŋëľ íńěňěŋâ T -ŕàőĺğćěďěŋĺï äőâőŋŋëå őŕěàăâőàőć ěáâì ŕàőáâő ⟨0| . . .|0⟩, čďě |0⟩ | áőáâőïŋĺě äőâőŋŋőčő ćăłããňă. Śőőâćěâáâćěŋŋő ĺğ (6.67) ćőğŋĺłăěâ âěŋğőà:

D_{μν} (x − x^′) = i⟨0|T A_μ(x)A_ν(x^′)|0⟩ , (6.68)

łőâőàëľ ŋăğëćăěâáï äőâőŋŋőľ äãŋłæĺěľ àăáŕàőáâàăŋěŋĺï (ŕàőŕăčăâőàőň) ĺńĺ äőâőŋŋőľ äãŋłæĺěľ Čàĺŋă.

Ĺğ T -ŕàőĺğćěďěŋĺï íńěłâàőŋŋëå őŕěàăâőàőć ć (6.67) ćőğŋĺłăěâ ňăâàĺçŋëľ íńěňěŋâ ćĺďă:

⟨34|T j^μ(x)j^ν (x^′)|12⟩ , (6.69)

čďě |12⟩ ĺ |34⟩ őąőğŋăçăîâ áőáâőïŋĺï á ďćãňï íńěłâàőŋăňĺ á áőőâćěâáâćãîéĺňĺ ĺňŕãńìáăňĺ. İâőâ ňăâàĺçŋëľ íńěňěŋâ ňőęŋő âăłęě ŕàěďáâăćĺâì ć ćĺďě ŋěłőâőàőčő áàěďŋěčő ŕő ćăłããňã, ěáńĺ ćőáŕőńìğőćăâìáï áőőâŋőèěŋĺěň âĺŕă:

⟨2|F |1⟩ = ⟨0|a_2F a^+_1 |0⟩ , (6.70)

čďě F | ŕàőĺğćőńìŋëľ őŕěàăâőà, ă a^+_1 ĺ a_2 | őŕěàăâőàë àőęďěŋĺï 1-čő ĺ ãŋĺçâőęěŋĺï 2-čő íńěłâàőŋőć. §áŋő, çâő ćňěáâő (6.69) ŋãęŋő ćëçĺáńïâì:

⟨0|a_3a_4T (j^μ(x)j^ν (x^′))a^+_2 a^+_1 |0⟩ . (6.71)

Łăęďëľ ĺğ őŕěàăâőàőć âőłă ěáâì j = —ψγψ, ŕàĺçěň ψ-őŕěàăâőàë ŕàěďáâăćńïîâáï łăł: ψ = ∑ p (ap^ψp +^{b+}p^ψ−p)^, —^ψ =^∑ p (a^+p —ψ_p + bp —ψ_{−p}) , (6.72)

čďě çěàěğ ψ_p őąőğŋăçěŋë áőőâćěâáâćãîéĺě áŕĺŋőàë (ŕńőáłĺě ćőńŋë). Ćâőàëě áńăčăěňëě ğďěáì áőďěàęăâ ŕőğĺâàőŋŋëě őŕěàăâőàë, łőâőàëě ć àăááňăâàĺćăěňőň áńãçăě ć ĺčàě ŋě ãçăáâćãîâ. Ś ãçěâőň (6.72) ŕàőĺğćěďěŋĺě j^μ(x)j^ν (x^′) ŕàěďáâăćńïěâáï ć ćĺďě áãňňë çńěŋőć, łăęďëľ ĺğ łőâőàëå áőďěàęĺâ ŕàőĺğćěďěŋĺě ďćãå őŕěàăâőàőć ap ĺ ďćãå a^+p, łőâőàëě ďőńęŋë őąěáŕěçĺâì ãŋĺçâőęěŋĺě íńěłâàőŋőć 1 ĺ 2 ĺ àőęďěŋĺě íńěłâàőŋőć 3 ĺ 4. §áŋő, çâő íâő ďőńęŋë ąëâì őŕěàăâőàë a_1, a_2, a^+_3 , a^+_4 , łőâőàëě \áŕăàĺćăîâáï" á \ćŋěèŋĺňĺ" őŕěàăâőàăňĺ a^+_1 , a^+_2 , a_3, a_4 áőčńăáŋő őçěćĺďŋőňã àăćěŋáâćã:

⟨0|a_pa^+_p |0⟩ = 1 . (6.73)

Śăňĺ őŕěàăâőàë, ŕàĺ íâőň, ŕàőŕăďăîâ, őáâăîâáï c-çĺáńă. Ć ğăćĺáĺňőáâĺ őâ âőčő, ĺğ łőâőàëå ψ-őŕěàăâőàőć ąěàãâáï a_1, a_2, a^+_3 , a^+_4 ďńï áŕăàĺćăŋĺï á ćŋěèŋĺňĺ a^+_1 , a^+_2 , a_3, a_4, ĺğ (6.71) ćőğŋĺłăîâ 4 áńăčăěňëå ćĺďă: a^{···}_3 a^·_4( —ψ^·γ^μψ^{··})( —ψ^{′···}γ^ν ψ^{′····})a^{+··}_2 a^{+····}_1 + a^·_3a^{···}_4 ( —ψ^·γ^μψ^{··})( —ψ^{′···}γ^ν ψ^{′····})a^{+····}_2 a^{+··}_1 + +a^·_3a^{···}_4 ( —ψ^·γ^μψ^{··})( —ψ^{′···}γ^ν ψ^{′····})a^{+··}_2 a^{+····}_1 + a^{···}_3 a^·_4( —ψ^·γ^μψ^{··})( —ψ^{′···}γ^ν ψ^{′····})a^{+····}_2 a^{+··}_1 , (6.74)

čďě ψ = ψ(x) ĺ ψ^′ = ψ(x^′), ă őďĺŋăłőćőě łőńĺçěáâćő âőçěł ćëďěńïěâ áŕăàěŋŋëě äěàňĺěćáłĺě őŕěàăâőàë. Šěŕěàì ŋãęŋő ć łăęďőň ĺğ íâĺå áńăčăěňëå ŕőáńěďőćăâěńìŋő ŕěàěáâăćĺâì \áŕăàěŋŋëě" őŕěàăâőàë a_1, a_2, ... ĺğ ψ, ğăŕĺáăŋŋëå ć ćĺďě (6.72), âăł çâőąë őŋĺ őłăğăńĺáì àïďőň áő áćőĺňĺ ćŋěèŋĺňĺ a^+_1 , a^+_2 , ..., çâőąë ňőęŋő ąëńő ćőáŕőńìğőćăâìáï (6.73) ĺ ŕőńãçĺâì ŕàĺ ćëçĺáńěŋĺĺ ćăłããňŋőčő áàěďŋěčő ŕàőáâő

138 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

ŕàőĺğćěďěŋĺě áőőâćěâáâćãîéĺå áàěďŋĺå. Şçĺâëćăï ăŋâĺłőňňãâăâĺćŋőáâì íâĺå őŕěàăâőàőć (1,2,3,4 | àăğńĺçŋëě áőáâőïŋĺï!), ŋăåőďĺň, çâő ňăâàĺçŋëľ íńěňěŋâ (6.69) àăćěŋ^6:

⟨34|T j^μ(x)j^ν (x^′)|12⟩ = ( —ψ_4γ^μψ_2)( —ψ^′_3γ^ν ψ^′_1) + ( —ψ_3γ^μψ_1)( —ψ^′_4γ^ν ψ^′_2) −

− ( —ψ_3γ^μψ_2)( —ψ^′_4γ^ν ψ^′_1) − ( —ψ_4γ^μψ_1)( —ψ^′_3γ^ν ψ^′_2) , (6.75)

čďě ψ ãęě ŋě őŕěàăâőàë, ă áőőâćěâáâćãîéĺě áŕĺŋőàë (ŕńőáłĺě ćőńŋë á ĺňŕãńìáăňĺ 1,2,3,4)! Őąéĺľ ğŋăł ğďěáì ãáńőćěŋ, őŋ ğăćĺáĺâ őâ ŕőàïďłă, ć łőâőàőň àăáŕőńőęěŋë \ćŋěèŋĺě" íńěłâàőŋŋëě őŕěàăâőàë. Ğŋăł ňăâàĺçŋőčő íńěňěŋâă ďńï àăááěïŋĺï âőęďěáâćěŋŋëå çăáâĺæ ćőőąéě ŕàőĺğćőńěŋ. Ŕěàćőě ĺ ćâőàőě áńăčăěňëě ć (6.75) (âăłęě, łăł ĺ âàěâìě ĺ çěâćěàâőě) őâńĺçăîâáï ďàãč őâ ďàãčă ńĺèì ŕěàěáâăŋőćłőľ ĺŋďěłáőć μ ĺ ν ĺ ăàčãňěŋâőć x ĺ x^′. Ŋő âăłăï ŕěàěáâăŋőćłă ŋě ňěŋïěâ ňăâàĺçŋëľ íńěňěŋâ (6.69), ć łőâőàőň ŕőàïďőł ňŋőęĺâěńěľ ćáě àăćŋő őŕàěďěńïěâáï áĺňćőńőň T -ãŕőàïďőçěŋĺï. Ŕőíâőňã, ŕőáńě ŕőáńě ŕěàěňŋőęěŋĺï (6.75) ĺ (6.68) ĺ ĺŋâěčàĺàőćăŋĺï ŕő d^4xd^4x^′ çěâëàě çńěŋă ĺğ (6.75) ďăîâ ŕőŕăàŋő áőćŕăďăîéĺľ àěğãńìâăâ, ĺ ňë ĺňěěň: S_{fi} = ie^2 ∫ d^4xd^4x^′D_{μν} (x − x^′)[( —ψ_4γ^μψ_2)( —ψ^′_3γ^ν ψ^′_1) − ( —ψ_4γ^μψ_1)( —ψ^′_3γ^ν ψ^′_2)] (6.76)

Ğăňěâĺň, çâő ňŋőęĺâěńì 2! áőłàăâĺńáï! Ś ãçěâőň âőčő, çâő íńěłâàőŋŋëě äãŋłæĺĺ ğďěáì ŕàěďáâăćńïîâ áőąőľ ŕńőáłĺě ćőńŋë, ňőęěň ŋăŕĺáăâì, çâő ćëàăęěŋĺě ć łćăďàăâŋëå áłőąłăå ć (6.76) àăćŋő:

(—u_4γ^μu_2)(—u_3γ^ν u_1)e^{−i(p2−p4)x−i(p1−p3)x′} − (—u_4γ^μu_1)(—u_3γ^ν u_2)e^{−i(p1−p4)x−i(p2−p3)x′} = = { (—u_4γ^μu_2)(—u_3γ^ν u_1)e^{−i[(p2−p4)+(p3−p1)]ξ/2} −(—u_4γ^μu_1)(—u_3γ^ν u_2)e^{−i[(p1−p4)+(p3−p2)]ξ/2} } ×e^{−i(p1+p2−p3−p4)X} , (6.77)

čďě ňë ććěńĺ ξ = x − x^′ ĺ X =^1_2 (x + x^′). Ĺŋâěčàĺàőćăŋĺě ć (6.76) ŕő d^4xd^4x^′ ğăňěŋïěâáï âěŕěàì ŋă d^4ξd^4X. Ĺŋâěčàăń ŕő d^4X ďăěâ δ(p_1 + p_2 − p_3 − p_4), áőőâćěâáâćãîéãî ğăłőŋã áőåàăŋěŋĺï 4-ĺňŕãńìáă. Ŕěàěåőďï őâ S_{fi} ł M_{fi} áőčńăáŋő (5.2), (5.3), (5.11), ŕőńãçĺň ăňŕńĺâãďã àăááěïŋĺï M_{fi} ć ćĺďě:

M_{fi} = e^2[(—u_4γ^μu_2)D_{μν} (p_4 − p_2)(—u_3γ^ν u_1) − (—u_4γ^μu_1)D_{μν} (p_4 − p_1)(—u_3γ^ν u_2)] , (6.78) čďě D_{μν} (k) = ∫ d^4ξe^{ikξ}D_{μν} (ξ) (6.79)

| äőâőŋŋëľ ŕàőŕăčăâőà ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ.

Łăęďëľ ĺğ ćłńăďőć ć ăňŕńĺâãďã àăááěïŋĺï ć (6.78) ňőęěâ ąëâì ŕàěďáâăćńěŋ áőőâćěâáâćãîéěľ ďĺăčàăňňőľ Ťěľŋňăŋă. Ŋăŕàĺňěà, ŕěàćëľ çńěŋ ŕàěďáâăćńïěâáï ďĺăčàăňňőľ Řĺá. 6-4, čďě k = p_1 − p_3 = p_4 − p_2. Ăŋăńőčĺçŋő, ćâőàőě áńăčăěňőě ŕàěďáâăćńïěâáï ďĺăčàăňňőľ Řĺá. 6-5, čďě k^′ = p_1 − p_4 = p_3 − p_2. Ŕàăćĺńă ŕőáâàőěŋĺï ďĺăčàăňň ăŋăńőčĺçŋë ãęě őąáãęďăćèĺňáï ć Čńăćě 4:

6Ććĺďã ăŋâĺłőňňãâăâĺćŋőáâĺ äěàňĺěćáłĺå őŕěàăâőàőć, őŕěàăâőàë âőłă j(x) ĺ j(x^′), áőáâăćńěŋŋëě ĺğ ĺå ŕăà, ňőęŋő áçĺâăâì, ŕàĺ ćëçĺáńěŋĺĺ ňăâàĺçŋőčő íńěňěŋâă, łőňňãâĺàãîéĺňĺ ĺ őŕãáâĺâì ğŋăł T -ŕàőĺğćěďěŋĺï.

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 139

Řĺá. 6-4

Řĺá. 6-5

1. \Ćåőďïéĺě" áŕńőèŋëě ńĺŋĺĺ, ŋăŕàăćńěŋŋëě ł ćěàèĺŋě ćğăĺňőďěľáâćĺï, őâćěçăîâ ŋăçăńìŋëň íńěłâàőŋăň, ĺň áőŕőáâăćńïîâáï ąĺáŕĺŋőàë u. \Ćëåőďïéĺě" áŕńőèŋëě ńĺŋĺĺ, ŋăŕàăćńěŋŋëě őâ ćěàèĺŋ, áőőâćěâáâćãîâ łőŋěçŋëň íńěłâàőŋăň, íâĺň ńĺŋĺïň áőŕőáâăćńïîâáï ąĺáŕĺŋőàë —u. İâĺ ňŋőęĺâěńĺ ğăŕĺáëćăîâáï áńěćă ŋăŕàăćő ć ŕőàïďłě, áőőâćěâáâćãîéěň ŕěàěďćĺęěŋĺî ćďőńì áŕńőèŋëå ńĺŋĺľ ŕàőâĺć ŋăŕàăćńěŋĺï áâàěńőł.

2. Łăęďőľ ćěàèĺŋě áőŕőáâăćńïěâáï ňŋőęĺâěńì (−ieγ^μ ). Ćěàèĺŋë áőěďĺŋïîâáï äőâőŋŋőľ ńĺŋĺěľ, łőâőàőľ áőŕőáâăćńïěâáï ňŋőęĺâěńì −iD_{μν} . Ďńï 4- ĺňŕãńìáőć ćáěå çăáâĺæ (ńĺŋĺľ) ć ćěàèĺŋăå ćëŕőńŋïěâáï ğăłőŋ áőåàăŋěŋĺï. Ŕàĺ íâőň, ŋăŕàăćńěŋĺě äőâőŋŋőľ ńĺŋĺĺ ŋěáãéěáâćěŋŋő, őŋő ńĺèì ňěŋïěâ ğŋăł ĺňŕãńìáă äőâőŋă k, ŋő äãŋłæĺï D_{μν} (k) çěâŋăï.

Ďćě àăááňőâàěŋŋëě ďĺăčàăňňë őâńĺçăîâáï ďàãč őâ ďàãčă őąňěŋőň ďćãå íńěłâàőŋŋëå łőŋæőć (p_3 ĺ p_4), çâő áőőâćěâáâćãěâ őąňěŋã âőęďěáâćěŋŋëå çăáâĺæ ć łőŋěçŋőň áőáâőïŋĺĺ, ŕàĺ íâőň ŕàőĺáåőďĺâ áňěŋă ğŋăłă ăňŕńĺâãďë àăááěïŋĺï (ŕàĺŋæĺŕ Ŕăãńĺ!).

Řăááňőâàĺň âěŕěàì àăááěïŋĺě íńěłâàőŋă ĺ ŕőğĺâàőŋă, ĺå ŋăçăńìŋëě ĺňŕãńìáë őąőğŋăçĺň p_− ĺ p_+, ă łőŋěçŋëě áőőâćěâáâćěŋŋő p^′_− ĺ p^′_+. Őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ŕőğĺâàőŋőć ćåőďïâ ć ŕőńěćëě őŕěàăâőàë (6.72) ćňěáâě á áőőâćěâáâćãîéĺňĺ őŕěàăâőàăňĺ ãŋĺçâőęěŋĺï ĺ àőęďěŋĺï íńěłâàőŋőć. Ć àăááňőâàěŋŋőň ćëèě áńãçăě àăááěïŋĺï íńěłâàőŋőć, ãŋĺçâőęěŋĺě ŋăçăńìŋëå çăáâĺæ őąěáŕěçĺćăńőáì őŕěàăâőàőň ψ, ă àőęďěŋĺě łőŋěçŋëå | őŕěàăâőàőň —ψ. Śěľçăá àőńĺ íâĺå őŕěàăâőàőć ňěŋïîâáï | áőŕàïęěŋŋăï äãŋłæĺï —ψ(−p_+) őŕĺáëćăěâ ŋăçăńìŋëľ ŕőğĺâàőŋ, ă łőŋěçŋëľ ŕőğĺâàőŋ őŕĺáëćăěâáï äãŋłæĺěľ ψ(−p_+ ). Ś ãçěâőň íâőčő őâńĺçĺï, ďěľáâćãï

140 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řĺá. 6-6

łăł ĺ ćëèě, ňőęŋő ńěčłő ŕàěďáâăćĺâì áőőâćěâáâćãîéãî ăňŕńĺâãďã àăááěïŋĺï ć ćĺďě:

M_{fi} = −e^2(—u(p^′_−)γ^μu(p_−))D_{μν} (p_− − p^′_−)(—u(−p_+)γ^ν u(−p^′_+)) + +e^2(—u(−p_+)γ^μu(p_−))D_{μν} (p_− + p_+)(—u(p^′_−)γ^ν u(−p^′_+)) , (6.80)

çâő ĺğőąàăęăěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-6. Ŕàăćĺńă áőáâăćńěŋĺï ďĺăčàăňň őáâăîâáï ŕàěęŋĺňĺ, ćåőďïéĺň áŕńőèŋëň ńĺŋĺïň áőŕőáâăćńïěâáï ąĺáŕĺŋőà u, ă ćëåőďïéĺň —u. Őďŋăłő âěŕěàì ćåőďïéĺě ńĺŋĺĺ áőőâćěâáâćãîâ łőŋěçŋëň, ă ćëåőďïéĺě ŋăçăńìŋëň ŕőğĺâàőŋăň, ŕàĺçěň ĺå ĺňŕãńìáë ąěàãâáï á őąàăâŋëň ğŋăłőň. İâő áőőâćěâáâćãěâ őąáãęďăćèěľáï ć Čńăćě 4 äěľŋňăŋőćáłőľ łăàâĺŋě ŕőğĺâàőŋă, łăł íńěłâàőŋă, àăáŕàőáâàăŋïîéěčőáï őąàăâŋő ŕő ćàěňěŋĺ. Ć ŕěàćőľ ďĺăčàăňňě Řĺá. 6-6 ć őďŋőľ ćěàèĺŋě ŕěàěáěłăîâáï ńĺŋĺĺ ŋăçăńìŋőčő ĺ łőŋěçŋőčő íńěłâàőŋőć, ă ćő ćâőàőľ | ŕőğĺâàőŋőć, íâă ďĺăčàăňňă őŕĺáëćăěâ àăááěïŋĺě íńěłâàőŋă ŋă ŕőğĺâàőŋě. Ćő ćâőàőľ ďĺăčàăňňě ć łăęďőľ ĺğ ćěàèĺŋ ćáâàěçăîâáï íńěłâàőŋŋăï ĺ ŕőğĺâàőŋŋăï ńĺŋĺĺ, ć ćěàåŋěľ ćěàèĺŋě ŕàőĺáåőďĺâ ăŋŋĺčĺńïæĺï ŕăàë á ĺáŕãáłăŋĺěň ćĺàâãăńìŋőčő äőâőŋă, ă ć ŋĺęŋěľ | àőęďěŋĺě ŕăàë ĺğ íâőčő äőâőŋă. İâő àăğńĺçĺě őâàăęăěâáï ĺ ć áćőľáâćăå ćĺàâãăńìŋëå äőâőŋőć. Ć ŕěàćőľ ďĺăčàăňňě (łăŋăń àăááěïŋĺï) 4-ĺňŕãńìá ćĺàâãăńìŋőčő äőâőŋă àăćěŋ àăğŋőáâĺ 4-ĺňŕãńìáőć ďćãå íńěłâàőŋőć (ĺńĺ ŕőğĺâàőŋőć), ŕőíâőňã k^2 < 0 (áň. áŋőáłã ć ŋăçăńě íâőčő àăğďěńă). Ćő ćâőàőľ ďĺăčàăňňě (ăŋŋĺčĺńïæĺőŋŋëľ łăŋăń) k^′ = p_− + p_+, ă ŕőâőňã k^{′2} > 0. Őâňěâĺň, çâő ďńï ćĺàâãăńìŋőčő äőâőŋă ćáěčďă k^2 ≠ 0, ć őâńĺçĺě őâ àěăńìŋőčő, ďńï łőâőàőčő ćáěčďă k^2 = 0.

Ďĺăčàăňňë Ťěľŋňăŋă ďńï àăááěïŋĺï äőâőŋă.

Řăááňőâàĺň âěŕěàì ďàãčőľ íääěłâ ćâőàőčő ŕőàïďłă | àăááěïŋĺě äőâőŋă ŋă íńěłâàőŋě (íääěłâ Łőňŕâőŋă). Ŕãáâì ć ŋăçăńìŋőň áőáâőïŋĺĺ äőâőŋ ĺ íńěłâàőŋ ĺňěîâ 4-ĺňŕãńìáë k_1 ĺ p_1, ă ć łőŋěçŋőň k_2 ĺ p_2 (ă âăłęě ĺ őŕàěďěńěŋŋëě ŕőńïàĺğăæĺĺ, łőâőàëě ďńï łàăâłőáâĺ ŋě ãłăğëćăěň). Ŕàĺ àăáçěâě ňăâàĺçŋőčő íńěňěŋâă S^{(2)} ŕő ŋăçăńìŋőňã ĺ łőŋěçŋőňã áőáâőïŋĺïň, ćőğŋĺłăěâ äőâőŋŋëľ ňăâàĺçŋëľ íńěňěŋâ ćĺďă:

⟨2|T A_μ(x)A_ν (x)|1⟩ = ⟨0|c_2T A_μ(x)A_ν (x^′)c^+_1 |0⟩ , (6.81)

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 141

čďě (áà. (3.41)) A_μ = ∑ k (ck^{Akμ} +^{c+}k^{A∗}kμ)^. (6.82)

Ć (6.81) ŕàőćőďĺň ćáě áŕăàĺćăŋĺï \ćŋěèŋĺå" ĺ \ćŋãâàěŋŋĺå" äőâőŋŋëå őŕěàăâőàőć ĺ ŕőńãçăěň:

c^·_2A^·_μA^{′··}_ν c^{+··}_1 + c^·_2A^{··}_μA^{′·}_ν c^{+··}_1 = A^∗_{2μ}A^′_{1ν} + A_{1μ}A^{′∗}_{2ν} . (6.83)

Ğďěáì ňë ãçńĺ łőňňãâăâĺćŋőáâì c_1 ĺ c^+_2 , ĺ ŕőâőňã őŕãáâĺńĺ ğŋăł T -ãŕőàïďőçěŋĺï.

Ăŋăńőčĺçŋëň őąàăğőň ŋãęŋő àăááňőâàěâì ĺ íńěłâàőŋŋãî çăáâì ňăâàĺçŋőčő íńěňěŋâă:

⟨2|T j^μ(x)j^ν (x^′)|1⟩ = ⟨0|a_2T ( —ψγ^μψ)( —ψ^′γ^ν ψ^′)a^+_1 |0⟩ . (6.84)

Ğďěáì őŕïâì äĺčãàĺàãîâ çěâëàě ψ-őŕěàăâőàă. Šőńìłő ďćă ĺğ ŋĺå ãŋĺçâőęăîâ íńěłâàőŋ 1 ĺ àőęďăîâ íńěłâàőŋ 2, â.ě. áŕăàĺćăîâáï á őŕěàăâőàăňĺ a^+_1 ĺ a_2. İâő ňőčãâ ąëâì őŕěàăâőàë —ψ^′, ψ ĺńĺ ψ^′, —ψ, ŋő ŋě ψ, —ψ ĺńĺ ψ^′, —ψ^′, ŕőáłőńìłã àőęďěŋĺě ĺ ãŋĺçâőęěŋĺě ć őďŋőľ ĺ âőľ ęě âőçłě x ĺńĺ x^′ ďćãå àěăńìŋëå íńěłâàőŋőć (ćňěáâě á őďŋĺň àěăńìŋëň äőâőŋőň) ďăěâ, őçěćĺďŋő, ŋãńì. Ŕàőĺğćőďï ćáě áŕăàĺćăŋĺï, ŕőńãçăěň ć ňăâàĺçŋőň íńěňěŋâě (6.84) ďćă áńăčăěňëå, łőâőàëě ćëŕĺèěň áŋăçăńă ďńï áńãçăï t > t^′: a^·_2( —ψ^·γ^μψ)( —ψ^′γ^ν ψ^{′··})a^{+··}_1 + a^·_2( —ψγ^μψ^{··})( —ψ^{′·}γ^ν ψ^′)a^{+··}_1 . (6.85)

Ć ŕěàćőň áńăčăěňőň áŕăàĺćăŋĺï ďăîâ:

a_2 —ψ → a_2a^+_2 —ψ_2 , ψ^′a^+_1 → a_1a^+_1 ψ^′_1 . (6.86)

Ŕőáłőńìłã ŕàőĺğćěďěŋĺï a_2a^+_2 ĺ a_1a^+_1 ďĺăčőŋăńìŋë, őŋĺ ğăňěŋïîâáï ĺå áàěďŋĺň ŕő ćăłããňã ğŋăçěŋĺěň, â.ě. ěďĺŋĺæěľ áőčńăáŋő (6.73). Ďńï ăŋăńőčĺçŋőčő ŕàěőąàăğőćăŋĺï ćâőàőčő áńăčăěňőčő ć (6.86) ŋãęŋő áŋăçăńă \ŕàőâăéĺâì" őŕěàăâőà a^+_2 ŋăńěćő, ă a_1 ŋăŕàăćő, çâő ňőęŋő áďěńăâì á ĺáŕőńìğőćăŋĺěň ŕàăćĺń łőňňãâăæĺĺ, ĺğ łőâőàëå áńěďãěâ, çâő: { a_p, ψ } + = { a^+_p , —ψ } + = 0 , { a_p, —ψ } + = —ψ_p , { a^+_p , ψ } + = ψ_p , (6.87)

čďě ć ŕàăćőľ çăáâĺ ŕőáńěďŋĺå ďćãå áőőâŋőèěŋĺľ ŕőïćĺńĺáì áŕĺŋőàë, áőőâćěâáâćãîéĺě ŕńőáłĺň ćőńŋăň á 4-ĺňŕãńìáőň p (áà. (6.72)). Ć àěğãńìâăâě (6.85) ŕàěőąàăğãěâáï ł ćĺďã:

⟨0|( —ψ_2γ^μψ)( —ψ^′γ^ν ψ^′_1) − ( —ψγ^μψ_1)( —ψ^′_2γ^ν ψ^′)|0⟩ ŕàĺ t > t^′ , (6.88)

čďě ψ ąěğ ĺŋďěłáă | őŕěàăâőàë, ă ψ_1, ψ_2 őŕïâì ŕàőáâő áŕĺŋőàë (ŕńőáłĺě ćőńŋë) á áőőâćěâáâćãîéĺňĺ ĺňŕãńìáăňĺ. Ăŋăńőčĺçŋëň őąàăğőň, ŕàĺ t < t^′ ŕőńãçăěň ćëàăęěŋĺě, őâńĺçăîéěěáï ŕěàěáâăŋőćłőľ èâàĺåőć ĺ ĺŋďěłáőć μ ĺ ν:

⟨0| − ( —ψ^′γ^ν ψ^′_1)( —ψ_2γ^μψ) + ( —ψ^′_2γ^ν ψ^′)( —ψγ^μψ_1)|0⟩ ŕàĺ t < t^′ . (6.89)

Őąă ćëàăęěŋĺï (6.88) ĺ (6.89) ňőęŋő ğăŕĺáăâì ěďĺŋëň őąàăğőň, ććěďï áńěďãîéěě őŕàěďěńěŋĺě åàőŋőńőčĺçěáłőčő (T -ãŕőàïďőçěŋŋőčő) ŕàőĺğćěďěŋĺï äěàňĺěćáłĺå őŕěàăâőàőć:

T ψ(x) —ψ(x^′) = { ψ(x) —ψ(x^′) , t^′ < t , − —ψ(x^′)ψ(x) , t^′ > t . (6.90)

142 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Šőčďă ŕěàćëě ĺ ćâőàëě áńăčăěňëě ć (6.88) ĺ (6.89) őąêěďĺŋïîâáï ć ěďĺŋőľ ğăŕĺáĺ:

—ψ_2γ^μ⟨0|T ψ —ψ^′|0⟩γ^νψ^′_1 + —ψ^′_2γ^ν ⟨0|T ψ^′ —ψ|0⟩γ^μψ_1 . (6.91)

Őâňěâĺň, çâő ć áőőâćěâáâćĺĺ á őŕàěďěńěŋĺěň (6.90) ŕàőĺğćěďěŋĺï őŕěàăâőàőć ŕàĺ t < t^′ ĺ t > t^′ ąěàãâáï á àăğŋëňĺ ğŋăłăňĺ. Ć íâőň őâńĺçĺě őŕàěďěńěŋĺï T - ŕàőĺğćěďěŋĺï ďńï äěàňĺěćáłĺå őŕěàăâőàőć őâ ććěďěŋŋőčő ćëèě, çâő áćïğăŋő á ăŋâĺłőňňãâăæĺěľ íâĺå őŕěàăâőàőć, ć őâńĺçĺě őâ łőňňãâĺàãîéĺå ąĺńĺŋěľŋëå äőàň, ćåőďïéĺå ć čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï.

Őŕàěďěńĺň âěŕěàì íńěłâàőŋŋëľ ŕàőŕăčăâőà (äãŋłæĺî àăáŕàőáâàăŋěŋĺï) ĺńĺ äãŋłæĺî Čàĺŋă, łăł ąĺáŕĺŋőà ćâőàőčő àăŋčă áńěďãîéěčő ćĺďă: G(x − x^′) = −i⟨0|T ψ(x) —ψ(x^′)|0⟩ . (6.92) Šőčďă ĺŋâěàěáãîéĺľ ŋăá íńěłâàőŋŋëľ ňăâàĺçŋëľ íńěňěŋâ ğăŕĺáëćăěâáï łăł:

⟨2|T j^μ(x)j^ν (x^′)|1⟩ = i —ψ_2γ^μG(x − x^′)γ^ν ψ^′_1 + +i —ψ^′_2γ^ν G(x^′ − x)γ^μψ_1 . (6.93)

Ŕőáńě ãňŋőęěŋĺï ŋă äőâőŋŋëľ ňăâàĺçŋëľ íńěňěŋâ (6.81), (6.83) ĺ ĺŋâěčàĺàőćăŋĺï ŕő d^4xd^4x^′ őąă çńěŋă ć (6.93) ďăîâ őďĺŋăłőćëľ àěğãńìâăâ, âăł çâő: S_{fi} = −ie^2 ∫ d^4x ∫ d^4x^′ —ψ_2(x)γ^μG(x − x^′)γ^ν ψ_1(x^′) [ A^∗_{2μ}(x)A_{1ν}(x^′) + A^∗_{2ν} (x^′)A_{1μ}(x) ] . (6.94) Ŕőďáâăćńïï ďńï íńěłâàőŋŋëå ĺ äőâőŋŋëå ćőńŋőćëå äãŋłæĺľ ŕńőáłĺě ćőńŋë ĺ ćëďěńïï, âěň ęě áŕőáőąőň, çâő ĺ ćëèě, δ-äãŋłæĺî, áőőâćěâáâćãîéãî ğăłőŋã áőåàăŋěŋĺï 4-ĺňŕãńìáă, ŕőńãçăěň ăňŕńĺâãďã àăááěïŋĺï ć ćĺďě:

M_{fi} = −4πe^2 —u_2[(γe^∗_2)G(p_1 + k_1)(γe_1) + (γe_1)G(p_1 − k_2)(γe^∗_2 )]u_1 , (6.95)

čďě e_1 ĺ e_2 | 4-ćěłâőàë ŕőńïàĺğăæĺĺ äőâőŋőć, ă G(p) | íńěłâàőŋŋëľ ŕàőŕăčăâőà ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ. Ďćă áńăčăěňëå íâőčő ćëàăęěŋĺï ŕàěďáâăćńïîâáï äěľŋňăŋőćáłĺňĺ ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-7.

Ćåőďïéĺň ńĺŋĺïň (ŋăçăńìŋëľ äőâőŋ) áőŕőáâăćńïěâáï ňŋőęĺâěńì √ 4πe, ă ćëåőďïéĺň (łőŋěçŋëľ äőâőŋ) | ňŋőęĺâěńì √ 4πe^∗. Ćŋãâàěŋŋïï áŕńőèŋăï ńĺŋĺï őâćěçăěâ ćĺàâãăńìŋőňã íńěłâàőŋã, 4-ĺňŕãńìá łőâőàőčő őŕàěďěńïěâáï ğăłőŋőň áőåàăŋěŋĺï 4-ĺňŕãńìáă ć ćěàèĺŋăå. İâőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ňŋőęĺâěńì iG(f). Ć őâńĺçĺě őâ 4-ĺňŕãńìáă àěăńìŋőľ çăáâĺæë, łćăďàăâ 4-ĺňŕãńìáă ćĺàâãăńìŋőčő íńěłâàőŋă ŋě ńěęĺâ ŋă ěčő ňăááőćőľ ŕőćěàåŋőáâĺ, â.ě. ŋě àăćěŋ m^2. Řăááňăâàĺćăï ĺŋćăàĺăŋâ f^2 ć áĺáâěňě ŕőłőï íńěłâàőŋă, ńěčłő ŕőłăğăâì, çâő:

f^2 = (p_1 + k_1)^2 > m^2 , f^{′2} = (p_1 − k_2)^2 < m^2 . (6.96)

İńěłâàőŋŋëľ ŕàőŕăčăâőà.

Ğăľňěňáï âěŕěàì ïćŋëň ćëçĺáńěŋĺěň ŕàőŕăčăâőàőć (äãŋłæĺľ Čàĺŋă áćőąőďŋëå çăáâĺæ). Ŕő őŕàěďěńěŋĺî (6.92) íńěłâàőŋŋëľ ŕàőŕăčăâőà ěáâì: G(x − x^′) = −i⟨0|T ψ(x) —ψ(x^′)|0⟩ . (6.97)

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 143

Řĺá. 6-7

Ŕőďěľáâćãěň ŋă ŋěčő áŕàăćă őŕěàăâőàőň γ^μp_μ−m, čďě p_μ = i∂_μ. Ŕőáłőńìłã áćőąőďŋőě ŕőńě ψ(x) ãďőćńěâćőàïěâ ãàăćŋěŋĺî Ďĺàăłă (γ^μp_μ − m)ψ(x) = 0, âő ňë ŕőńãçĺň ć àěğãńìâăâě ŋãńì ćő ćáěå âőçłăå x ğă ĺáłńîçěŋĺěň âěå, ć łőâőàëå t = t^′. Ďěńő ğďěáì ć âőň, çâő G(x − x^′) áâàěňĺâáï ł àăğńĺçŋëň ŕàěďěńăň ŕàĺ t → t^′ + 0 ĺ t → t^′ − 0, ŕőáłőńìłã áőčńăáŋő őŕàěďěńěŋĺî (6.92) íâĺ ŕàěďěńë áőőâćěâáâćěŋŋő àăćŋë: − i⟨0|ψ(rt) —ψ(r^′t)|0⟩ ĺ + i⟨0| —ψ(r^′t)ψ(rt)|0⟩ , (6.98) âăł çâő ŕàĺ t = t^′ äãŋłæĺï Čàĺŋă ĺňěěâ łőŋěçŋëľ àăğàëć. İâő ŕàĺćőďĺâ ł ŕőïćńěŋĺî ć ŕàőĺğćőďŋőľ ∂G/∂t ďőŕőńŋĺâěńìŋőčő çńěŋă á δ-äãŋłæĺěľ: ∂G ∂t = −i⟨0|T ∂ψ ∂t ψ(x^′)|0⟩ + δ(t − t^′)[G|_{t→t}′_{+0} − G|_{t→t}′_{−0}] . (6.99) Ğăňěçăï, çâő ć γ^μp_μ − m ŕàőĺğćőďŋăï ŕő t ćåőďĺâ ć ćĺďě iγ^0∂/∂t, ĺňěěň ŕőíâőňã: (γ^μp_μ − m)G(x − x^′) = δ(t − t^′)γ^0⟨0| { ψ(rt), —ψ(r^′t)^}_+ |0⟩ . (6.100)

Ćëçĺáńĺň áâőïéĺľ ğďěáì ăŋâĺłőňňãâăâőà. Ŕěàěňŋőęăï ŕőńěćëě őŕěàăâőàë, ğăďăŋŋëě ć ćĺďě (6.72) ĺ ĺáŕőńìğãï łőňňãâăæĺőŋŋëě áőőâŋőèěŋĺï ďńï ap ĺ bp, ŕőńãçĺň: { ψ(r, t), —ψ(r^′t)^}_+ =^∑ p [ψ_p(r) —ψ_p(r^′) + ψ_{−p}(r) —ψ_{−p}(r^′)] , (6.101)

čďě ψ_{±p}(r) | ŕńőáłĺě ćőńŋë (ąĺáŕĺŋőàë) ąěğ ćàěňěŋŋőčő ňŋőęĺâěńï. Ŋő áőćőłãŕŋőáâì ćáěå âăłĺå äãŋłæĺľ ŕàěďáâăćńïěâ ŕőńŋëľ ŋăąőà, âăł çâő: ∑ p [ψ_p(r)ψ^∗_p (r^′) + ψ_{−p}(r)ψ^∗_{−p}(r^′)] = δ(r − r^′)δ_{ik} (6.102)

144 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

čďě δ_{ik} | áĺňćőń Łàőŋěłěàă ŕő áŕĺŋőàŋëň ĺŋďěłáăň. Śãňňă, áâőïéăï ć ŕàăćőľ çăáâĺ (6.101) őâńĺçăěâáï őâ (6.102) ğăňěŋőľ ψ^∗ ŋă ψ^∗γ^0, âăł çâő: { ψ(rt), —ψ(r^′t)^}_+ = γ^0δ(r − r^′) . (6.103)

Ŕőďáâăćńïï (6.103) ć (6.100) ŕőńãçĺň őłőŋçăâěńìŋő:

(γ^μp_μ − m)G(x − x^′) = δ(x − x^′) . (6.104)

Šăłĺň őąàăğőň, íńěłâàőŋŋëľ ŕàőŕăčăâőà ãďőćńěâćőàïěâ ãàăćŋěŋĺî Ďĺàăłă á δäãŋłæĺěľ ć ŕàăćőľ çăáâĺ, â.ě. ďěľáâćĺâěńìŋő ïćńïěâáï äãŋłæĺěľ Čàĺŋă ďńï íâőčő ãàăćŋěŋĺï^7.

Řăááňőâàĺň áŋőćă äãàìě-őąàăğ äãŋłæĺĺ Čàĺŋă: G(p) = ∫ d^4ξe^{−ipξ}G(ξ) . (6.105) Ćëçĺáńïï äãàìě-łőňŕőŋěŋâë őâ őąěĺå áâőàőŋ ãàăćŋěŋĺï (6.104), ŋăľďěň:

(γ^μp_μ − m)G(p) = 1 . (6.106)

Řěèăï íâő ãàăćŋěŋĺě, ŕőńãçăěň àěğãńìâăâ, łőâőàëľ ŋăň ĺğćěáâěŋ ěéě ŕő Čńăćě 4: G(p) = γ^μp_μ + m p^2 − m^2

. (6.107)

Łőňŕőŋěŋâë 4-ćěłâőàă p ć G(p) ïćńïîâáï ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëňĺ, őŋĺ ŋě áćïğăŋë áőőâŋőèěŋĺěň âĺŕă p^2 ≡ p^2_0 − p^2 = m^2. Ěáńĺ ğăŕĺáăâì ğŋăňěŋăâěńì (6.107) ć ćĺďě: p^2_0 − (p^2 + m^2), âő ćĺďŋő, çâő G(p) łăł äãŋłæĺï p_0 ŕàĺ ğăďăŋŋőň p ĺňěěâ ďćă ŕőńîáă ŕàĺ p_0 = ±ε, čďě ε = √ p^2 + m^2. Šőčďă, ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő dp0 ć

ĺŋâěčàăńě: G(ξ) = ∫ d^4p (2π)^4 e^{−ipξ}G(p) = 1 (2π)^4 ∫ d^3pe^ipr ∫ dp_0e^{−ip0τ} G(p) , (τ = t − t^′) (6.108)

ćőğŋĺłăěâ ŕàőąńěňă őąåőďă íâĺå ŕőńîáőć, âăłęě ğŋăłőňăï ŋăň ãęě ŕő Čńăćě 4. Ŕàĺňěŋĺň áŋőćă ĺáŕőńìğőćăćèĺľáï âăň ŕőďåőď Ťěľŋňăŋă. Ćěàŋěňáï ł őŕàěďěńěŋĺî (6.92). Ŕőďáâăćĺň ć ŋěčő ψ-őŕěàăâőàë ć ćĺďě (6.72), ğăňěçăï, çâő őâńĺçŋë őâ ŋãńï ćăłããňŋëě áàěďŋĺě âőńìłő őâ áńěďãîéĺå ŕàőĺğćěďěŋĺľ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï:

⟨0|a_pa^+_p |0⟩ = 1 , ⟨0|b_pb^+_p |0⟩ = 1 . (6.109) Šőčďă ŕőńãçĺň: G(x − x^′) = −i ∑ p^{ψp} (rt) —ψp(r^′t^′) = −i^∑ p^e −iε(t−t^′)ψ p(r) —ψp(r^′) (6.110)

ŕàĺ t − t^′ > 0. Śőőâćěâáâćěŋŋő: G(x − x^′) = i ∑ p —ψ_{−p}(r^′t^′)ψ_{−p}(rt) = i ∑ p^e iε(t−t^′)ψ −p(r) —ψ−p(r^′) (6.111)

7Ńěčłő ćĺďěâì, çâő ćěńĺçĺŋă iG(x_1 − x_2) ŕàőáâő áőćŕăďăěâ á ććěďěŋŋőľ ćëèě ć Čńăćě 4 äěľŋňăŋőćáłőľ äãŋłæĺěľ K+(2, 1)

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 145

Řĺá. 6-8

ŕàĺ t − t^′ < 0. Ćĺďĺň, çâő łăł ĺ Čńăćě 4 ŕàĺ t − t^′ > 0 ćłńăď ć G ďăîâ âőńìłő íńěłâàőŋë, ă ŕàĺ t − t^′ < 0 | âőńìłő ŕőğĺâàőŋë. Śàăćŋĺćăï (6.110) ĺ (6.111) á (6.108) ćĺďĺň, çâő ĺŋâěčàăń ∫

dp_0e^{−ip0τ} G(p) (6.112)

ć ćëàăęěŋĺĺ (6.108) ďőńęěŋ ĺňěâì ňŋőęĺâěńì e^{−iετ} ŕàĺ τ > 0 ĺ e^{iετ} ŕàĺ τ < 0. İâőčő ňőęŋő ďőąĺâìáï, ěáńĺ ŕàĺ ćëçĺáńěŋĺĺ (6.112) őąåőďĺâì ŕőńîáăp_0 = ε ĺ p_0 = −ε áőőâćěâáâćěŋŋő áćěàåã ĺ áŋĺğã ć łőňŕńěłáŋőľ ŕńőáłőáâĺ ŕěàěňěŋŋőľ p_0, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-8. Ć áăňőň ďěńě, ŕàĺ τ > 0 ŋãęŋő (ďńï áåőďĺňőáâĺ!) ğăňłŋãâì ŕãâì ĺŋâěčàĺàőćăŋĺï ŕő ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ p_0, âőčďă ğŋăçěŋĺě ĺŋâěčàăńă (6.112) ąãďěâ őŕàěďěńïâìáï ćëçěâőň ć ŕőńîáě p_0 = +ε. Ŕàĺ τ < 0 ğăňëłăěň łőŋâãà ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ ĺ ĺŋâěčàăń őŕàěďěńïěâáï ćëçěâőň ć ŕőńîáě p_0 = −ε. Šăłĺň őąàăğőň ŕőńãçăěâáï âő, çâő âàěąãěâáï. Ťěľŋňăŋőćáłőě ŕàăćĺńő őąåőďă ŕőńîáőć ňőęŋő, łăł ňë ãęě ćĺďěńĺ ć Čńăćě 4, áäőàňãńĺàőćăâì ĺ ĺŋăçě: ĺŋâěčàĺàőćăŋĺě ŕő p_0 ćěďěâáï ćďőńì áăňőľ ćěéěáâćěŋŋőľ őáĺ, ŋő ł ňăááě çăáâĺæë m ŕàĺŕĺáëćăěâáï ąěáłőŋěçŋő ňăńăï őâàĺæăâěńìŋăï ňŋĺňăï çăáâì:

m → m − i0 . (6.113)

Šőčďă ε → √ p^2 + (m − i0)^2 =^√p^2 + m^2 − i0 = ε − i0 . (6.114)

Śőőâćěâáâćěŋŋő, ŕőńîáă p_0 = ±ε áňěéăîâáï ćŋĺğ ĺ ććěàå őâ ćěéěáâćěŋŋőľ őáĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-9, âăł çâő ĺŋâěčàĺàőćăŋĺě áâăŋőćĺâáï íłćĺćăńěŋâŋëň ĺŋâěčàĺàőćăŋĺî ćďőńì łőŋâãàă Řĺá. 6-8^8.

Řăááňăâàĺćăěňőě ŕàăćĺńő őąåőďă ŕőńîáőć áőőâćěâáâćãěâ ĺğćěáâŋőňã áőőâŋőèěŋĺî: 1 x ± i0 = P 1 x ∓ iπδ(x) , (6.115) łőâőàőě ŕőŋĺňăěâáï ć âőň áňëáńě, çâő ŕàĺ ĺŋâěčàĺàőćăŋĺĺ á łăłőľ-ńĺąő čńăďłőľ äãŋłæĺěľ f(x) ĺňěěň:_∞ ∫ −∞ dx f(x) x ± i0 = P ∞∫ −∞ dx f(x) x ∓ iπf(0) , (6.116)

čďě P őąőğŋăçăěâ ĺŋâěčàĺàőćăŋĺě ć áňëáńě čńăćŋőčő ğŋăçěŋĺï.

Ś ãçěâőň äěľŋňăŋőćáłőčő ŕàăćĺńă, íńěłâàőŋŋëľ ŕàőŕăčăâőà ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ğăŕĺáëćăěâáï łăł: G(p) = γ^μp_μ + m p^2 − m^2 + i0

. (6.117)

8Ŕőńěğŋő őâňěâĺâì, çâő ŕàăćĺńő áďćĺčă ŕőńîáőć áőőâćěâáâćãěâ âőňã, çâő G(x − x^′) ŕàĺőąàěâăěâ ąěáłőŋěçŋő ňăńőě ğăâãåăŋĺě ŕő |τ |. Ďěľáâćĺâěńìŋő, ěáńĺ ğăŕĺáăâì ğŋăçěŋĺě p_0 ć áňěéěŋŋëå ŕőńîáăå łăł −(ε − iδ) ĺ +(ε − iδ), čďě δ → +0, âő ćàěňěŋŋőľ ňŋőęĺâěńì ć ĺŋâěčàăńě (6.112) ąãďěâ àăćěŋ exp(−iε|τ | − δ|τ |).

146 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řĺá. 6-9

İâă äãŋłæĺï Čàĺŋă ŕàěďáâăćńïěâ áőąőľ ŕàőĺğćěďěŋĺě ąĺáŕĺŋőàŋőčő ňŋőęĺâěńï γ^μp_μ + m ĺ áłăńïàă:

G^{(0)}(p) = 1 p^2 − m^2 + i0

(6.118)

Śőőâćěâáâćãîéăï łőőàďĺŋăâŋăï äãŋłæĺï Čàĺŋă G^{(0)}(ξ) ãďőćńěâćőàïěâ ãàăćŋěŋĺî:

(� − m^2)G^{(0)}(x − x^′) = δ(x − x^′) (6.119)

ĺ ïćńïěâáï, âăłĺň őąàăğőň, äãŋłæĺěľ Čàĺŋă ãàăćŋěŋĺï Łńěľŋă { Čőàďőŋă. Őçěćĺďŋő, çâő őŋă ğăďăěâ ŕàőŕăčăâőà áłăńïàŋëå çăáâĺæ ĺ ňőęěâ ąëâì őŕàěďěńěŋă çěàěğ áłăńïàŋőě ŕőńě łăł:

G^{(0)}(x − x^′) = −i⟨0|T φ(x)φ^+(x^′)|0⟩ , (6.120) čďě T φ(x)φ^+(x^′) = { φ(x)φ^+(x^′) , t^′ < t , φ^+(x^′)φ(x) , t^′ > t (6.121)

| őŕàěďěńěŋĺě T -ŕàőĺğćěďěŋĺï ďńï ąőğěćáłőčő ŕőńï.

Ťőâőŋŋëľ ŕàőŕăčăâőà.

Ŕàĺ àăááňőâàěŋĺĺ áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï ňë ŕàěďáâăćńïńĺ ćěłâőàŕőâěŋæĺăń ć ćĺďě àăğńőęěŋĺï ŕő ŕőŕěàěçŋëň ŕńőáłĺň ćőńŋăň. Šăłőě őŕĺáăŋĺě ŋě čőďĺâáï ć áńãçăě ŕàőĺğćőńìŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï. İâő őçěćĺďŋő, ŋăŕàĺňěà, ĺğ âőčő, çâő ć ďĺăčàăňňăå àăááěïŋĺï íńěłâàőŋőć ŋãęŋő ãçĺâëćăâì ĺ ĺå łãńőŋőćáłőě ćğăĺňőďěľáâćĺě, łőâőàőě őŕĺáëćăěâáï áłăńïàŋëň ŕőâěŋæĺăńőň ĺ ğăćěďőňő ŋě áćőďĺâáï ł őąňěŋã ŕőŕěàěçŋëňĺ ćĺàâãăńìŋëňĺ äőâőŋăňĺ. Ŕőíâőňã ňë, łăğăńőáì ąë ŋě ĺňěěň ěéě ŕőńŋőčő őŕàěďěńěŋĺï őŕěàăâőàőć A_μ ĺ ŋě ňőęěň ŋěŕőáàěďáâćěŋŋő ćëçĺáńĺâì äőâőŋŋëľ ŕàőŕăčăâőà ŕő äőàňãńě:

D_{μν} (x − x^′) = i⟨0|T A_μ(x)A_ν (x^′)|0⟩ . (6.122)

Łàőňě âőčő, łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì ć ğŋăçĺâěńìŋőľ ňěàě ńĺèăěâ äĺğĺçěáłőčő áňëáńă őŕěàăâőàë, łőâőàëě ňőęŋő ććěáâĺ ďńï \ŕőńŋőčő" őŕĺáăŋĺï íńěłâàőňăčŋĺâŋőčő ŕőńï. Őďŋăłő őłăğëćăěâáï, çâő ňőęŋő ŕàőćěáâĺ ŋěłőâőàëľ őąéĺľ ăŋăńĺğ, łőâőàëľ àăğàěèăěâ ćáě íâĺ ćőŕàőáë [1].

Ŋăĺąőńěě őąéĺľ ćĺď áĺňňěâàĺçŋőčő 4-âěŋğőàă ćâőàőčő àăŋčă, ğăćĺáïéěčő âőńìłő őâ 4-ćěłâőàă ξ = x − x^′, ěáâì:

D_{μν} (ξ) = g_{μν} D(ξ^2) − ∂_μ∂_νD^l (ξ^2) , (6.123)

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 147

čďě D ĺ D^l | áłăńïàŋëě äãŋłæĺĺ ĺŋćăàĺăŋâă ξ^2. Śőőâćěâáâćěŋŋő, ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň:

D_{μν} (k) = g_{μν} D(k^2) + k_μk_νD^l (k^2) , (6.124)

čďě D(k^2) ĺ D^l(k^2) | łőňŕőŋěŋâë Ťãàìě äãŋłæĺľ D(ξ^2) ĺ D^l (ξ^2).

Ć ćëàăęěŋĺïå ďńï ăňŕńĺâãď àăááěïŋĺï äőâőŋŋăï äãŋłæĺï Čàĺŋă ćáěčďă ćåőďĺâ ãňŋőęěŋŋőľ ŋă ňăâàĺçŋëě íńěňěŋâë âőłőć ŕěàěåőďőć ďćãå íńěłâàőŋőć, â.ě. ć łőňąĺŋăæĺïå ćĺďă j^μ_{21}D_{μν} j^ν_{43}, çâő ćĺďŋő, ŋăŕàĺňěà, ĺğ (6.78). Ć áĺńã ğăłőŋă áőåàăŋěŋĺï âőłă ĺňěěň ∂_μj^μ = 0, âăł çâő ňăâàĺçŋëě íńěňěŋâë âőłă ãďőćńěâćőàïîâ ãáńőćĺî çěâëàěåňěàŋőľ ŕőŕěàěçŋőáâĺ:

k_μj^μ_{21} = 0 , (6.125)

čďě k = p_2 − p_1. Ŕőíâőňã, äĺğĺçěáłĺě àěğãńìâăâë ŋě ĺğňěŋïâáï ŕàĺ ğăňěŋě:

D_{μν} → D_{μν} + χ_μk_ν + χ_ν k_μ , (6.126)

čďě χ_μ | ŕàőĺğćőńìŋëě äãŋłæĺĺ k. İâőâ ŕàőĺğćőń, äăłâĺçěáłĺ, áőőâćěâáâćãěâ ŕàőĺğćőńã ć ćëąőàě łăńĺąàőćłĺ őŕěàăâőàőć ŕőńï. Ŕőíâőňã, ćëąőà äãŋłæĺĺ D^l(k^2) ć (6.124) äăłâĺçěáłĺ ŕàőĺğćőńěŋ^9 ĺ ňőęěâ ŕàőĺğćőďĺâìáï ĺğ áőőąàăęěŋĺľ ãďőąáâćă. Ŋăåőęďěŋĺě äãŋłæĺĺ Čàĺŋă áćőďĺâáï, âăłĺň őąàăğőň, ł őŕàěďěńěŋĺî ćáěčő őďŋőľ łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋőľ äãŋłæĺĺ D(k^2). Ěáńĺ àăááňőâàěâì ğăďăŋŋőě ğŋăçěŋĺě k^2 ĺ ćëąàăâì őáì z ćďőńì ŋăŕàăćńěŋĺï k, âő ŕàěőąàăğőćăŋĺï (6.126) ŋě ąãďãâ ğăâàăčĺćăâì D_{xx} = D_{yy} = −D(k^2). Ŕőíâőňã ŋăň ďőáâăâőçŋő ćëçĺáńĺâì ćáěčő őďŋã łőňŕőŋěŋâã D_{xx}, ŕőńìğãïáì ńîąőľ łăńĺąàőćłőľ ŕőâěŋæĺăńőć.

Şďőąŋő ćőáŕőńìğőćăâìáï, łăł ĺ ćëèě, łãńőŋőćáłőľ łăńĺąàőćłőľ div A = 0, łőčďă őŕěàăâőà A ďăěâáï àăğńőęěŋĺěň:

A =^∑ kα √ 2π ω ( ckαe^{(α)e−ikx} +^{c+}kαe^{(α)∗eikx} ) , (6.127)

čďě ω = |k|, ă α = 1, 2 ŋãňěàãěâ ŕőńïàĺğăæĺĺ. Ĺğ ćáěå áàěďŋĺå ŕő ćăłããňã ğŋăçěŋĺľ ŕàőĺğćěďěŋĺï őŕěàăâőàőć c, c^+ őâńĺçŋë őâ ŋãńï ńĺèì

⟨0|ck_αc^+k_α|0⟩ = 1 . (6.128)

Šőčďă ĺğ őŕàěďěńěŋĺï (6.122) ŕőńãçăěň: D_{ik}(ξ) = ∫ d^3k (2π)^3 2πi ω ( ∑ α e^{(α)}_i e^{(α)∗}_k ) e^{−iω|τ|+i}kξ , (6.129) čďě i, k | âàěåňěàŋëě ćěłâőàŋëě ĺŋďěłáë. Ŋăńĺçĺě ć ŕőłăğăâěńě íłáŕőŋěŋâë ňőďãńï τ = t − t^′ ïćńïěâáï áńěďáâćĺěň T -ãŕőàïďőçěŋĺï ŕőńěćëå őŕěàăâőàőć ć (6.122). Ĺğ (6.129) ïáŋő, çâő ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ąěğ ňŋőęĺâěńï e^ikξ ïćńïěâáï äãàìě - łőňŕőŋěŋâőľ äãŋłæĺĺ D_{ik}(rt). Ďńï D_{xx} = −D őŋă àăćŋă: 2πi ω e^{−iω|τ|} ∑ α |e^{(α)}_x |^2 = 2πi ω e^{−iω|τ|} . (6.130) 9Ŕãáâì δD^l(k^2) | ŕàőĺğćőńìŋőě ĺğňěŋěŋĺě äãŋłæĺĺ D^l(k^2). Šőčďă ćőğŋĺłăěâ δDμν = kμkν δD^l ≡ kμχν , čďě χν = kν δD^l(k^2).

148 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Ďńï ŋăåőęďěŋĺï D_{xx}(k^2) őáâăńőáì àăğńőęĺâì íâã äãŋłæĺî ć ĺŋâěčàăń Ťãàìě ŕő ćàěňěŋĺ. İâő àăğńőęěŋĺě ďăěâáï äőàňãńőľ: 2πi ω e^{−iω|τ|} = − ∞∫ −∞ dk_0 2π 4π k^2_0 − k^2 + i0 e^{−ik0τ} . (6.131)

Łăł ŕőłăğëćăńőáì ćëèě, âăłőě ĺŋâěčàĺàőćăŋĺě ŕőďàăğãňěćăěâ őąåőď ŕőńîáőć k_0 =

±|k| = ±ω áőőâćěâáâćěŋŋő áŋĺğã ĺ áćěàåã, ŕàĺ íâőň ŕàĺ τ > 0 ĺŋâěčàăń őŕàěďěńïěâáï

ćëçěâőň ć ŕőńîáě k_0 = +ω, ă ŕàĺ τ < 0 | ćëçěâőň ć ŕőńîáě k_0 = −ω. Šăłĺň őąàăğőň ŋăåőďĺň őłőŋçăâěńìŋő:

D(k^2) = 4π k^2 + i0

. (6.132)

Őâáîďă őçěćĺďŋő, çâő áőőâćěâáâćãîéăï äãŋłæĺï ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ ãďőćńěâćőàïěâ ãàăćŋěŋĺî:

�D(x − x^′) = −4πδ(x − x^′) , (6.133)

â.ě. ïćńïěâáï äãŋłæĺěľ Čàĺŋă ćőńŋőćőčő ãàăćŋěŋĺï.

Ć ąőńìèĺŋáâćě áńãçăěć ãďőąŋő ćëąàăâì D^l = 0, âőčďă äőâőŋŋëľ ŕàőŕăčăâőà ĺňěěâ ćĺď:

D_{μν} = g_{μν}D(k^2) = 4π k^2 + i0 g_{μν} , (6.134)

çâő áőćŕăďăěâ á àěğãńìâăâőň, ŕőńãçěŋŋëň ć Čńăćě 4 ĺ áőőâćěâáâćãěâ âăł ŋăğëćăěňőľ łăńĺąàőćłě Ťěľŋňăŋă.

Ĺŋőčďă őłăğëćăěâáï ãďőąŋëň ŕőńőęĺâì D^l = −D(k^2)/k^2, âăł çâő D_{μν} = 4π k^2 ( g_{μν} − k_μk_ν k^2 ) , (6.135)

çâő áőőâćěâáâćãěâ âăł ŋăğëćăěňőľ łăńĺąàőćłě Ńăŋďăã. Ŕàĺ íâőň D_{μν} k^ν = 0 ĺ âăłőľ ćëąőà ăŋăńőčĺçěŋ łăńĺąàőćłě Ńőàěŋæă, łőčďă k^μA_μ = 0.

Łăńĺąàőćłě div A = 0 ăŋăńőčĺçŋă łăńĺąàőćłă ŕàőŕăčăâőàă ãáńőćĺěň:

D_{ii}k^l = 0 , D_{0l}k^l = 0 , (6.136)

çâő ćňěáâě á D_{xx} = −D = −4π/k^2 ďăěâ: D_{il} = − 4π ω^2 − k^2 ( δ_{il} − k_ik_l k^2 ) , D_{00} = − 4π k^{2 , D0i} = 0^, (6.137)

âăł çâő D_{00} ŕàőáâő àăćŋő äãàìě-őąàăğã łãńőŋőćáłőčő ŕőâěŋæĺăńă.

Ďńï ňăááĺćŋëå çăáâĺæ áŕĺŋă s = 1 łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì őâáãâáâćãěâ ĺ ćëąőà ŕàőŕăčăâőàă őďŋőğŋăçěŋ. Ŕőďáâăćńïï áőőâćěâáâćãîéĺě őŕěàăâőàë ψμ ć őŕàěďěńěŋĺě: Gμν (x − x^′) = −i⟨0|T ψμ(x)ψ^+_ν (x^′)|0⟩ , (6.138) ŕőńãçĺň ćëàăęěŋĺě, őâńĺçăîéěěáï őâ (6.129) âőńìłő ćĺďőň áãňňë ŕő ŕőńïàĺğăæĺïň, çâő íłćĺćăńěŋâŋő ãçěâã âàěå ŋěğăćĺáĺňëå ŕőńïàĺğăæĺľ ňăááĺćŋőčő ćěłâőàŋőčő ŕőńï. Őŕãáłăï âěåŋĺçěáłĺě ďěâăńĺ [1] ãłăęěň âőńìłő, çâő ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ŕàőŕăčăâőà ćěłâőàŋőčő ŕőńï àăćěŋ: Gμν = − 1 p^2 − m^2 + i0 ( gμν − pμpν m^2 ) . (6.139)

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 149

Šěőàěňă Ćĺłă ĺ őąéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ.

Ć àăááňőâàěŋŋëå ćëèě ŕàőáâëå ŕàĺňěàăå ćëçĺáńěŋĺï ňăâàĺçŋëå íńěňěŋâőć ňăâàĺæë àăááěïŋĺï ãęě ąëńĺ ćĺďŋë ćáě ŕàĺŋæĺŕĺăńìŋëě ňőňěŋâë ďĺăčàăňňŋőčő ňěâőďă. Řăááňőâàĺň âěŕěàì őąéĺľ áńãçăľ. Ňăâàĺçŋëľ íńěňěŋâ S ďńï ŕěàěåőďă ňěęďã ńîąëňĺ ŋăçăńìŋëňĺ ĺ łőŋěçŋëňĺ áőáâőïŋĺïňĺ áőćŕăďăěâ áő áàěďŋĺň ŕő ćăłããňã ğŋăçěŋĺěň őâ őŕěàăâőàă, ŕőńãçěŋŋőčő ãňŋőęěŋĺěň S áŕàăćă ŋă őŕěàăâőàë àőęďěŋĺï ćáěå ŋăçăńìŋëå çăáâĺæ, ă áńěćă | ŋă őŕěàăâőàë ãŋĺçâőęěŋĺï ćáěå łőŋěçŋëå çăáâĺæ. Śőőâćěâáâćěŋŋő, ć n-ň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ňăâàĺçŋëľ íńěňěŋâ ŕěàěåőďă ĺňěěâ ćĺď: ⟨f|S^{(n)}|i⟩ = 1 n! (−ie)^n ∫ d^4x_1...d^4x_n (6.140) × ⟨0|...b_{2f}b_{1f} ...a_{1f}...c_{1f} T ( —ψ_1γA_1ψ_1)...( —ψ_nγA_nψ_n)c^+_{1i}...a^+_{1i}...b^+_{1i}...|0⟩ . Ĺŋďěłáë 1i, 2i, ... ŋãňěàãîâ ŋăçăńìŋëě çăáâĺæë (őâďěńìŋő íńěłâàőŋë, ŕőğĺâàőŋë ĺ äőâőŋë), ă 1f, 2f, ... { łőŋěçŋëě. Ĺŋďěłáë 1, 2, ... ã őŕěàăâőàőć ψ ĺ A őğŋăçăîâ ψ_1 = ψ(x_1) ĺ â. ŕ. Őŕěàăâőàë ψ ĺ A ŕàěďáâăćńïîâ áőąőľ ńĺŋěľŋëě łőňąĺŋăæĺĺ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï áőőâćěâáâćãîéĺå çăáâĺæ ć àăğńĺçŋëå áőáâőïŋĺïå. Šăłĺň őąàăğőň ć ňăâàĺçŋőň íńěňěŋâě ćőğŋĺłăîâ áàěďŋĺě ŕő ćăłããňã őâ ŕàőĺğćěďěŋĺľ őŕěàăâőàőć àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ĺ ĺå ńĺŋěľŋëå łőňąĺŋăæĺľ. Ćáě íâĺ őŕěàăâőàë ćğïâë ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï, âăł çâő őŋĺ ŕőďçĺŋïîâáï ãàăćŋěŋĺïň ďćĺęěŋĺï ĺ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň áćőąőďŋëå çăáâĺæ. Ćëçĺáńěŋĺě âăłĺå áàěďŋĺå őáãéěáâćńïěâáï á ŕőňőéìî âěőàěňë Ćĺłă, ł àăááňőâàěŋĺî łőâőàőľ ňë ĺ ŕěàěåőďĺň.

Šěőàěňă Ćĺłă.

Ŋăğőćěň ŋőàňăńìŋëň ŕàőĺğćěďěŋĺě ŋěáłőńìłĺå őŕěàăâőàőć N (ABCD...XY Z) , (6.141) ć łőâőàőň ćáě őŕěàăâőàë àőęďěŋĺï áâőïâ áńěćă őâ őŕěàăâőàőć ãŋĺçâőęěŋĺï, ă ğŋăł áőőâćěâáâćãěâ çěâŋőáâĺ ŕěàěáâăŋőćłĺ äěàňĺěćáłĺå őŕěàăâőàőć, ŕàĺćőďïéěľ ŕàőĺğćěďěŋĺě ł âăłőňã ćĺďã. Ćăłããňŋőě áàěďŋěě őâ ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï őŕěàăâőàőć, őçěćĺďŋő, àăćŋő ŋãńî, łàőňě áńãçăï, łőčďă ŕőď ğŋăłőň ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï áâőĺâ ŕàőáâő c-çĺáńő. Ŋăğőćěň ďăńěě \áŕăàĺćăŋĺěň" ďćãå őŕěàăâőàőć àăğŋőáâì A^.B^. = T (AB) − N (AB) . (6.142)

Ńěčłő ćĺďěâì, çâő íâő ćëàăęěŋĺě ïćńïěâáï c-çĺáńőň, ŕőáłőńìłã ěčő ŕàăćăï çăáâì ńĺąő àăćŋă ŋãńî, ńĺąő áőćŕăďăěâ á âőçŋőáâìî ďő ğŋăłă á łőňňãâăâőàőň (ăŋâĺłőňňãâăâőàőň) őŕěàăâőàőć A ĺ B. Šěőàěňă Ćĺłă ãâćěàęďăěâ, çâő T -ŕàőĺğćěďěŋĺě ńîąőčő çĺáńă őŕěàăâőàőć ňőęŋő ćëàăğĺâì çěàěğ ćáěćőğňőęŋëě N -ŕàőĺğćěďěŋĺï áő ćáěňĺ ćőğňőęŋëňĺ áŕăàĺćăŋĺïňĺ: T (ABCD...XY Z) = N (ABCD...XY Z) + N (A^·B^·CD...XY Z) + (6.143) + N (A^·BC^·D...XY Z) + ... + N (A^·B^{··}C^{···}D...X^·Y^{··}Z^{···}) ,

150 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

â.ě. åàőŋőńőčĺçěáłőě ŕàőĺğćěďěŋĺě őŕěàăâőàőć àăćŋő ŋőàňăńìŋőňã ŕàőĺğćěďěŋĺî ŕńîá áãňňă ŋőàňăńìŋëå ŕàőĺğćěďěŋĺľ á őďŋĺň áŕăàĺćăŋĺěň (ŕàĺ íâőň ŕăàă ćëąĺàăěâáï ćáěňĺ ćőğňőęŋëňĺ áŕőáőąăňĺ), ŕńîá áãňňă ŋőàňăńìŋëå ŕàőĺğćěďěŋĺľ á ďćãňï áŕăàĺćăŋĺïňĺ ĺ â. ď. Śŕăàĺćăŋĺě ćŋãâàĺ ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï ïćńïěâáï c-çĺáńőň, łőâőàőě á âőçŋőáâìî ďő ±1 őŕàěďěńïěâáï (6.142). Ğŋăł ňĺŋãá ćëąĺàăěâáï ć âőň áńãçăě, łőčďă ŕěàěáâăŋőćłă, ćëćőďïéăï áŕăàěŋŋëě őŕěàăâőàë ĺğ ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï áćőďĺâáï ł ŋěçěâŋőľ ŕěàěáâăŋőćłě äěàňĺěćáłĺå őŕěàăâőàőć.

Ďńï ďőłăğăâěńìáâćă ğăňěâĺň, çâő őďŋőćàěňěŋŋăï ŕěàěáâăŋőćłă őŕěàăâőàőć ć őąěĺå çăáâïå àăćěŋáâćă (6.144) ŋě ŋăàãèăěâ íâőčő áőőâŋőèěŋĺï. Śńěďőćăâěńìŋő, ąěğ őčàăŋĺçěŋĺï őąéŋőáâĺ ňőęŋő áçĺâăâì, çâő ŕőàïďőł ćàěňěŋ őŕěàăâőàőć áőőâćěâáâćãîâ ĺå àăáŕőńőęěŋĺî ć (6.144). Ďńï âőčő çâőąë ŕőńãçĺâì ĺğ T -ŕàőĺğćěďěŋĺï N -ŕàőĺğćěďěŋĺě, ŋăďő ćğïâì ćáě őŕěàăâőàë àőęďěŋĺï ĺ ŕőáńěďőćăâěńìŋő ŕěàěáâăćĺâì ĺå áő ćáěňĺ őŕěàăâőàăňĺ ãŋĺçâőęěŋĺï, áâőïéĺňĺ ńěćěě ĺå, ŕőńìğãïáì őŕàěďěńěŋĺěň (6.142). Ŕàĺ íâőň ňë ŕőńãçĺň áãňňã N -ŕàőĺğćěďěŋĺľ âőčő âĺŕă, łőâőàëľ ŋăŕĺáăŋ ć (6.144). Őďŋăłő ć ŋěě ąãďãâ ćåőďĺâì áŕăàĺćăŋĺï âőńìłő âěå őŕěàăâőàőć, ã łőâőàëå ŕőàïďőł ć T -ŕàőĺğćěďěŋĺĺ őâńĺçăěâáï őâ ŕőàïďłă ć N -ŕàőĺğćěďěŋĺĺ. Ŋő âăł łăł áŕăàĺćăŋĺï őŕěàăâőàőć, ďńï łőâőàëå őąă ŕőàïďłă íłćĺćăńěŋâŋë, àăćŋë ŋãńî, ňőęŋő áçĺâăâì, çâő ć ŕàăćãî çăáâì (6.144) ćåőďïâ ŋőàňăńìŋëě ŕàőĺğćěďěŋĺï áő ćáěňĺ ćőğňőęŋëňĺ áŕăàĺćăŋĺïňĺ. Šăłĺň őąàăğőň, âěőàěňă Ćĺłă ďőłăğăŋă.

Šěőàěňă Ćĺłă őąńěčçăěâ ćëçĺáńěŋĺě áàěďŋĺå ğŋăçěŋĺľ ŕàőĺğćěďěŋĺï őŕěàăâőàőć ŕő |0⟩. Śàěďŋěě ğŋăçěŋĺě ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï őŕěàăâőàőć àăćŋő ŋãńî, ŕőíâőňã ŋě őąàăéăîéĺľáï ć ŋãńì ćłńăď ďăîâ âőńìłő âě çńěŋë ć ŕàăćőľ çăáâĺ (6.144), ć łőâőàëå ćáě őŕěàăâőàë áŕăàěŋë: ⟨0|T (ABCD...XY Z)|0⟩ = ⟨0|T (AB)|0⟩⟨0|T (CD)|0⟩...⟨0|T (Y Z)|0⟩ ± ± ⟨0|T (AC)|0⟩⟨0|T (BD)|0⟩...⟨0|T (Y Z)|0⟩ ± ... , (6.144) čďě ňë ãçńĺ, çâő ⟨0|A^·B^·|0⟩ = ⟨0|T (AB)|0⟩ . (6.145) Šăłĺň őąàăğőň áàěďŋěě àăğąĺćăěâáï ŋă áãňňã ćáěå ćőğňőęŋëå ŕàőĺğćěďěŋĺľ áàěďŋĺå ŕő őáŋőćŋőňã áőáâőïŋĺî őâ őâďěńìŋëå T -ŕàőĺğćěďěŋĺľ ŕăà őŕěàăâőàőć. Ğŋăł ŕěàěď łăęďëň çńěŋőň áőőâćěâáâćãěâ çěâŋőáâĺ ŕěàěáâăŋőćłĺ äěàňĺěćáłĺå őŕěàăâőàőć. Ĺğ (6.144), ć çăáâŋőáâĺ, áńěďãěâ, çâő áàěďĺ őŕěàăâőàőć A, B, C, D, ... őąïğăâěńìŋő ďőńęŋő ąëâì çěâŋőě çĺáńő őŕěàăâőàőć łăęďőčő ŕőńï. Ěáńĺ ćáŕőňŋĺâì őŕàěďěńěŋĺě äãŋłæĺľ Čàĺŋă, âő áâăŋőćĺâáï ïáŋő, çâő ćăłããňŋőě áàěďŋěě őâ T -ŕàőĺğćěďěŋĺï ńîąőčő çĺáńă őŕěàăâőàőć ŕőńï ćëàăęăěâáï çěàěğ áãňňã ŕàőĺğćěďěŋĺľ áćőąőďŋëå čàĺŋőćáłĺå äãŋłæĺľ.

Ŕàĺňěŋïï âěőàěňã Ćĺłă ł ňăâàĺçŋőňã íńěňěŋâã (6.141), ňë ŕàěďáâăćĺň ěčő ć ćĺďě áãňňë çńěŋőć, łăęďëľ ĺğ łőâőàëå ïćńïěâáï ŕàőĺğćěďěŋĺěň ŋěłőâőàëå ŕőŕăàŋëå áàěďŋĺå. Śàěďĺ ŋĺå ąãďãâ ćáâàěçăâìáï áŕăàĺćăŋĺï őŕěàăâőàőć ψ, —ψ ĺ A á \ćŋěèŋĺňĺ" őŕěàăâőàăňĺ àőęďěŋĺï ŋăçăńìŋëå ĺńĺ ãŋĺçâőęěŋĺï łőŋěçŋëå çăáâĺæ. İâĺ áŕăàĺćăŋĺï ňőčãâ ąëâì ćëàăęěŋë çěàěğ ćőńŋőćëě äãŋłæĺĺ ŋăçăńìŋëå ĺ łőŋěçŋëå çăáâĺæ łăł: ⟨0|Ac^+_p |0⟩ = A_p , ⟨0|c_pA|0⟩ = A^∗_p , ⟨0|ψa^+_p |0⟩ = ψ_p , ⟨0|a_p —ψ|0⟩ = ψ^∗_p , (6.146) ⟨0|b_pψ|0⟩ = ψ_{−p} , ⟨0| —ψb^+_p |0⟩ = —ψ_{−p} ,

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 151

Řĺá. 6-10

čďě A_p, ψ_p | äőâőŋŋëě ĺ íńěłâàőŋŋëě ćőńŋőćëě äãŋłæĺĺ á ĺňŕãńìáőň p. Ŕőńïàĺğăæĺőŋŋëě ĺŋďěłáë ďńï łàăâłőáâĺ őŕãáłăěň. Ąãďãâ ćáâàěçăâìáï âăłęě áŕăàĺćăŋĺï \ćŋãâàěŋŋĺå" őŕěàăâőàőć, áâőïéĺå ŕőď ğŋăłőň T -ŕàőĺğćěďěŋĺï. İâĺ áŕăàĺćăŋĺï ğăňěŋïîâáï áőőâćěâáâćãîéĺňĺ ŕàőŕăčăâőàăňĺ.

Łăęďëľ ĺğ çńěŋőć áãňňë, ŋă łőâőàãî àăğąĺćăěâáï ňăâàĺçŋëľ íńěňěŋâ Sňăâàĺæë ć àěğãńìâăâě ěčő àăáłàëâĺï ŕő âěőàěňě Ćĺłă, ĺğőąàăęăěâáï ŋěłőâőàőľ ďĺăčàăňňőľ Ťěľŋňăŋă. Ć ďĺăčàăňňě n-čő ŕàĺąńĺęěŋĺï ĺňěěâáï n ćěàèĺŋ, łăęďőľ ĺğ łőâőàëå áâăćĺâáï ć áőőâćěâáâćĺě őďŋă ĺğ ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï x_1, x_2, .... Ć łăęďőľ ćěàèĺŋě áåőďĺâáï âàĺ ńĺŋĺĺ | ďćě áŕńőèŋëå (íńěłâàőŋŋëå) ĺ őďŋă ŕãŋłâĺàŋăï (äőâőŋŋăï), łőâőàëň áőőâćěâáâćãîâ íńěłâàőŋŋëě (ψ ĺ —ψ) ĺ äőâőŋŋëľ (A) őŕěàăâőàë, łăł äãŋłæĺĺ őďŋőľ ĺ âőľ ęě ŕěàěňěŋŋőľ x. Ŕàĺ íâőň ψ áőőâćěâáâćãěâ ćåőďïéăï ńĺŋĺï, ă —ψ | ćëåőďïéăï.

Ďńï ĺńńîáâàăæĺĺ ŕàĺćěďěň ŋěáłőńìłő ŕàĺňěàőć áőőâćěâáâćĺï ňěęďã çńěŋăňĺ ňăâàĺçŋőčő íńěňěŋâă âàěâìěčő ŕőàïďłă ĺ ďĺăčàăňňăňĺ. Őŕãáłăï ğŋăł ĺŋâěčàăńă ĺ T -ãŕőàïďőçěŋĺï, ă âăłęě ňŋőęĺâěńĺ −ieγ ĺ ŋě ćëŕĺáëćăï ăàčãňěŋâőć ã őŕěàăâőàőć, ŋăŕĺèěň íâĺ çńěŋë ć áĺňćőńĺçěáłőň ćĺďě, ŕőłăğăŋŋőň ŋă Řĺá. 6-10. čďě áŕăàĺćăŋĺï ŕőłăğăŋë, łăł íâő çăáâő ďěńăěâáï, ńĺŋĺïňĺ, áőěďĺŋïîéĺňĺ áőőâćěâáâćãîéĺě ŕőńěćëě őŕěàăâőàë. Ğăňěâĺň, çâő ďńï ćŋãâàěŋŋĺå äőâőŋŋëå áćěàâőł ŋăŕàăćńěŋĺě äőâőŋŋëå ńĺŋĺľ ŋě ĺňěěâ ğŋăçěŋĺï, çâő áćïğăŋő á çěâŋőáâìî äőâőŋŋőčő ŕàőŕăčăâőàă łăł äãŋłæĺĺ x − x^′.

Śàěďĺ ŕőńãçăěňëå âăłĺň őąàăğőň çńěŋőć ěáâì íłćĺćăńěŋâŋëě, őâńĺçăîéĺěáï âőńìłő ŕěàěáâăŋőćłőľ ŋőňěàőć ćěàèĺŋ | áőőâćěâáâćĺěň ňěęďã ćěàèĺŋăňĺ ĺ ŋőňěàăňĺ ŕěàěňěŋŋëå x_1, x_2, ..., â.ě. ŕàőáâëň ŕěàěőąőğŋăçěŋĺěň ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï. Ůĺáńő âăłĺå ŕěàěáâăŋőćőł àăćŋő n!. Őŋő áőłàăéăěâ ňŋőęĺâěńì 1/n! ć (6.141), ŕőáńě çěčő ãçĺâëćăâì ďĺăčàăňňë á ŕěàěáâăŋőćłőľ ćěàèĺŋ ãęě ŋě ŋăďő. Ŋăŕàĺňěà, íłćĺćăńěŋâŋë ďćě ďĺăčàăňňë ćâőàőčő ŕőàïďłă, ŕőłăğăŋŋëě ŋă Řĺá. 6-11. Ŋă Řĺá. 6- 10 ĺ Řĺá. 6-11 ĺğőąàăęěŋë âőńìłő ćŋãâàěŋŋĺě áŕăàĺćăŋĺï, łőâőàëň áőőâćěâáâćãîâ ćŋãâàěŋŋĺě ńĺŋĺĺ ďĺăčàăňň (ćĺàâãăńìŋëě íńěłâàőŋë ĺ äőâőŋë). Őáâăćèĺěáï áćőąőďŋëňĺ őŕěàăâőàë áŕăàĺćăîâáï á âěňĺ ĺńĺ ĺŋëňĺ ćŋěèŋĺňĺ őŕěàăâőàăňĺ, ć àě-

152 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

Řĺá. 6-11

Řĺá. 6-12

ğãńìâăâě çěčő ãáâăŋăćńĺćăěâáï áőőâćěâáâćĺě ňěęďã áćőąőďŋëňĺ łőŋæăňĺ ďĺăčàăňň ĺ âěňĺ ĺńĺ ĺŋëňĺ ŋăçăńìŋëňĺ ĺ łőŋěçŋëňĺ çăáâĺæăňĺ. Ŋăŕàĺňěà, —ψ, áŕăàĺćăïáì á őŕěàăâőàăňĺ a_f ĺńĺ b^+_i , ďăěâ ńĺŋĺî łőŋěçŋőčő íńěłâàőŋă ĺńĺ ŋăçăńìŋőčő ŕőğĺâàőŋă, ă ψ, áŕăàĺćăïáì á a^+_i ĺńĺ b_f , | ńĺŋĺî ŋăçăńìŋőčő íńěłâàőŋă ĺńĺ łőŋěçŋőčő ŕőğĺâàőŋă. Śćőąőďŋëľ őŕěàăâőà A, áŕăàĺćăïáì á c^+_i ĺńĺ á c_f , ňőęěâ áőőâćěâáâćőćăâì łăł ŋăçăńìŋőňã, âăł ĺ łőŋěçŋőňã äőâőŋã. Šăłĺň őąàăğőň ŕőńãçăěâáï ŋěáłőńìłő âőŕőńőčĺçěáłĺ őďĺŋăłőćëå (â.ě. áőáâőïéĺå ĺğ őďĺŋăłőćőčő çĺáńă őďĺŋăłőćő àăáŕőńőęěŋŋëå ńĺŋĺľ) ďĺăčàăňň, őâńĺçăîéĺåáï âőńìłő ŕěàěáâăŋőćłăňĺ ŋăçăńìŋëå ĺ łőŋěçŋëå çăáâĺæ ŕő ćåőďïéĺň ĺ ćëåőďïéĺň áćőąőďŋëň łőŋæăň. Ńîąăï âăłăï ŕěàěáâăŋőćłă íłćĺćăńěŋâŋă őŕàěďěńěŋŋőľ ŕěàěáâăŋőćłě ćŋěèŋĺå őŕěàăâőàőć a, b, .... §áŋő, çâő ěáńĺ áàěďĺ ŋăçăńìŋëå ĺńĺ łőŋěçŋëå çăáâĺæ ĺňěîâáï âőęďěáâćěŋŋëě äěàňĺőŋë, âő őâŋőáĺâěńìŋëľ ğŋăł ďĺăčàăňň, őâńĺçăîéĺåáï ŋěçěâŋëň çĺáńőň ŕěàěáâăŋőćőł áćőąőďŋëå łőŋæőć, ďőńęěŋ ąëâì ŕàőâĺćőŕőńőęŋëň.

Ŋěŕěàěłàëćăîéăïáï ŕőáńěďőćăâěńìŋőáâì áŕńőèŋëå ńĺŋĺľ ŋă ďĺăčàăňňăå áőáâăćńïěâ íńěłâàőŋŋãî ńĺŋĺî, ćďőńì łőâőàőľ áâàěńłĺ áőåàăŋïîâ ŋěŕàěàëćŋőě ŋăŕàăćńěŋĺě. Ş ŋěě ňőęěâ ąëâì ńĺąő ďćă áćőąőďŋëå łőŋæă, ńĺąő őŋă ňőęěâ őąàăğőćăâì ŕěâńî, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-12. Śőåàăŋěŋĺě ŋăŕàăćńěŋĺï ćďőńì íńěłâàőŋŋőľ ńĺŋĺĺ ïćńïěâáï čàăäĺçěáłĺň ćëàăęěŋĺěň ğăłőŋă áőåàăŋěŋĺï ğăàïďă: \ćåőďïéĺľ" ć łăęďãî ćěàèĺŋã ğăàïď àăćěŋ \ćëåőďïéěňã". Řăáŕőńőęěŋĺě ąĺáŕĺŋőàŋëå ĺŋďěłáőć ćďőńì ŋěŕàěàëćŋőľ íńěłâàőŋŋőľ ńĺŋĺĺ áőőâćěâáâćãěâ ğăŕĺáĺ ňăâàĺæ áńěćă ŋăŕàăćő ŕàĺ ďćĺęěŋĺĺ ŕàőâĺć áâàěńőł. Ąĺáŕĺŋőàŋëě ĺŋďěłáë àăğŋëå íńěłâàőŋŋëå ńĺŋĺľ ŋĺłőčďă ŋě ŕěàěŕãâëćăîâáï. Ćďőńì ŋěğăňłŋãâőľ ńĺŋĺĺ ŕőáńěďőćăâěńìŋőáâì ĺŋďěłáőć ğăłăŋçĺćăěâáï ã áćőąőďŋëå łőŋæőć ŋă íńěłâàőŋŋëå (ĺńĺ ŕőğĺâàőŋŋëå) ćőńŋőćëå äãŋłæĺïå. Ŋă ğăňłŋãâőľ ŕěâńě ŕőáńěďőćăâěńìŋőáâì ĺŋďěłáőć âőęě ğăňëłăěâáï, âăł çâő ŕěâńě áőőâćěâáâćãěâ áńěď ŕàőĺğćěďěŋĺï àăáŕőńőęěŋŋëå ćďőńì ŋěě ňăâàĺæ. Ńěčłő ćĺďěâì, çâő íâőâ áńěď ćáěčďă ŋăďő ąàăâì áő ğŋăłőň ňĺŋãá. Ć áăňőň ďěńě, ŕěâńě á k ćěàèĺŋăňĺ őâćěçăěâ áőćőłãŕŋőáâì k áŕăàĺćăŋĺľ: ( —ψ^·Aψ^{··})( —ψ^{··}Aψ^{···})...( —ψ^{···}Aψ^·) (6.147) ĺńĺ ďàãčăï íłćĺćăńěŋâŋăï, őâńĺçăîéăïáï ŕěàěáâăŋőćłőľ ćěàèĺŋ. Ć (k − 1)-ľ áćěàâłě őŕěàăâőàë ψ ĺ —ψ ãęě áâőïâ àïďőň ć âőň ŕőàïďłě ( —ψ áŕàăćă őâ ψ), ć łőâőàőň őŋĺ ďőńęŋë áâőïâì ć íńěłâàőŋŋőň ŕàőŕăčăâőàě. Őŕěàăâőàë ęě, áâőïéĺě ŕő

ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ 153

łàăïň, ŕàĺćőďïâáï ć áőáěďáâćő á ŕőňőéìî çěâŋőčő çĺáńă ŕěàěáâăŋőćőł á ďàãčĺňĺ ψőŕěàăâőàăňĺ ĺ ŕőáńě íâőčő őłăğëćăîâáï àăáŕőńőęěŋŋëňĺ ć ŕőàïďłě —ψψ. Ŕőáłőńìłã ⟨0|T —ψ^′ψ|0⟩ = −⟨0|T ψ —ψ^′|0⟩, âő ğăňěŋă íâőčő áŕăàĺćăŋĺï áőőâćěâáâćãîéĺň ŕàőŕăčăâőàőň áćïğăŋă á ĺğňěŋěŋĺěň őąéěčő ğŋăłă ćáěčő ćëàăęěŋĺï.

Ŕěàěåőď ł ĺňŕãńìáŋőňã ŕàěďáâăćńěŋĺî ŕàĺćőďĺâ ł âőňã, çâő ŋăàïďã á őąéĺň ğăłőŋőň áőåàăŋěŋĺï 4-ĺňŕãńìáă, ďőńęěŋ áőąńîďăâìáï âăłęě ĺ ğăłőŋ áőåàăŋěŋĺï ć łăęďőľ ćěàèĺŋě. Őďŋăłő íâĺå ğăłőŋőć ňőęěâ őłăğăâìáï ŋěďőáâăâőçŋő ďńï őďŋőğŋăçŋőčő őŕàěďěńěŋĺï ĺňŕãńìáőć ćáěå ćŋãâàěŋŋĺå ńĺŋĺľ ďĺăčàăňň. Ć âăłĺå áńãçăïå ŕő ćáěň őáâăćèĺňáï ŋěőŕàěďěńěŋŋëňĺ ćŋãâàěŋŋĺň ĺňŕãńìáăň ŕàőćőďïâáï ĺŋâěčàĺàőćăŋĺï d^4p/(2π)^4.

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő àăááňőâàěâì áńãçăľ, łőčďă ć ğăďăçě äĺčãàĺàãěâ ćŋěèŋěě íńěłâàőňăčŋĺâŋőě ŕőńě (áà. Čńăćã 4), â.ě. ŕőńě, áőğďăćăěňőě \ŕăááĺćŋëňĺ" çăáâĺæăňĺ, áőáâőïŋĺě łőâőàëå ć ŕàőæěááě àăááěïŋĺï ŋě ĺğňěŋïěâáï (íâő ňőčãâ ąëâì âïęěńëě \łńăááĺçěáłĺě" ğăàïďë). Ŕãáâì A^{(e)}(x) | 4-ŕőâěŋæĺăń ćŋěèŋěčő ŕőńï. Őŋ ćåőďĺâ ć ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï ćňěáâě á äőâőŋŋëň őŕěàăâőàőň A ć ćĺďě áãňňë A + A^{(e)}. Ŕőáłőńìłã A^{(e)} ïćńïěâáï łńăááĺçěáłĺň c-çĺáńőćëň ŕőńěň, âő őŋő ŋě áőďěàęĺâ ŋĺłăłĺå őŕěàăâőàőć ĺ ŋě ňőęěâ áŕăàĺćăâìáï á ďàãčĺňĺ őŕěàăâőàăňĺ. Ŕőíâőňã, ćŋěèŋěňã ŕőńî ć ďĺăčàăňňăå Ťěľŋňăŋă ąãďãâ áőőâćěâáâćőćăâì âőńìłő ćŋěèŋĺě ńĺŋĺĺ. Ŕàěďáâăćĺň A^{(e)} ć ćĺďě ĺŋâěčàăńă Ťãàìě:

A^{(e)}(x) = ∫ d^4q (2π)^4 e^{−iqx}A^{(e)}(q) , A^{(e)}(q) = ∫ d^4xe^{iqx}A^{(e)}(x) . (6.148)

Ć ćëàăęěŋĺïå ďńï ňăâàĺçŋëå íńěňěŋâőć ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ 4-ćěłâőà q ąãďěâ äĺčãàĺàőćăâì ŋăàïďã á 4-ĺňŕãńìáăňĺ ďàãčĺå ćŋěèŋĺå ńĺŋĺľ, őâćěçăîéĺå àěăńìŋëň çăáâĺæăň. Łăęďőľ âăłőľ ńĺŋĺĺ ćŋěèŋěčő ŕőńï áőŕőáâăćńïěâáï ňŋőęĺâěńì A^{(e)}(q), ŕàĺçěň ńĺŋĺî ŋãęŋő àăááňăâàĺćăâì łăł \ćåőďïéãî" ć áőőâćěâáâćĺĺ áő ğŋăłőň ć ŕőłăğăâěńě e^{−iqx}, á łőâőàëň A^{(e)}(q) ćåőďĺâ ć ĺŋâěčàăń Ťãàìě (\ćëåőďïéěľ" ńĺŋĺĺ ŋăďő ąëńő ąë áőŕőáâăćĺâì A^{(e)∗}(q)). Ěáńĺ ŕàĺ íâőň ğăłőŋ áőåàăŋěŋĺï 4-ĺňŕãńìáă, ŕàĺ ğăďăŋŋëå 4-ĺňŕãńìáăå ćáěå àěăńìŋëå çăáâĺæ, ŋě äĺłáĺàãěâ őďŋőğŋăçŋő 4-ĺňŕãńìáë ćáěå ńĺŋĺľ ćŋěèŋěčő ŕőńï, âő ŕő őáâăćèĺňáï \áćőąőďŋëňĺ" q ŕàőĺğćőďĺâáï ĺŋâěčàĺàőćăŋĺě d^4q/(2π)^4, łăł ĺ ŕő ćáěň ďàãčĺň ŋě äĺłáĺàőćăŋŋëň 4-ĺňŕãńìáăň ďăŋŋőľ ďĺăčàăňňë.

Ěáńĺ ćŋěèŋěě ŕőńě ŋě ğăćĺáĺâ őâ ćàěňěŋĺ, âő A^{(e)}(q) = 2πδ(q^0)A^{(e)}(q) , (6.149) čďě A^{(e)}(q) | âàěåňěàŋăï łőňŕőŋěŋâă Ťãàìě:

A^{(e)}(q) = ∫ d^3rA^{(e)}(r)e^{−i}qr . (6.150)

Ćŋěèŋěľ ńĺŋĺĺ âőčďă áőŕőáâăćńïěâáï ňŋőęĺâěńì A^{(e)}(q) ĺ ěľ ŕàĺŕĺáëćăěâáï 4-ĺňŕãńìá q^μ = (0, q). İŋěàčĺĺ íńěłâàőŋŋëå ńĺŋĺľ, ŕěàěáěłăîéĺåáï (ćňěáâě á ńĺŋĺěľ ćŋěèŋěčő ŕőńï) ć ćěàèĺŋě, ŕàĺ íâőň őďĺŋăłőćë ć áĺńã ğăłőŋă áőåàăŋěŋĺï. Ŕő ćáěň őáâăćèĺňáï ŋěäĺłáĺàőćăŋŋëňĺ âàěåňěàŋëň ĺňŕãńìáăň p ćŋãâàěŋŋĺå ńĺŋĺľ ŕàőĺğćőďĺâáï ĺŋâěčàĺàőćăŋĺě d^3p/(2π)^3.

Ďăďĺň âěŕěàì áćőďłã őłőŋçăâěńìŋëå ŕàăćĺń ďĺăčàăňňŋőľ âěåŋĺłĺ, ŕő łőâőàëň ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě áőáâăćńïěâáï ćëàăęěŋĺě ďńï ăňŕńĺâãďë àăááěïŋĺï (âőçŋěě ďńï iM_{fi}) ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ:

1. Ćłńăďã n-čő ŕőàïďłă âěőàĺĺ ćőğňãéěŋĺľ őâćěçăîâ ďĺăčàăňňë á n ćěàèĺŋăňĺ, ć łăęďőľ ĺğ łőâőàëå áåőďïâáï őďŋă ćåőďïéăï ĺ őďŋă ćëåőďïéăï íńěłâàőŋŋëě (áŕńőèŋëě) ńĺŋĺĺ ĺ őďŋă äőâőŋŋăï (ŕãŋłâĺàŋăï) ńĺŋĺï. Ć ăňŕńĺâãďã ŕàőæěááă àăááěïŋĺï ćåőďïâ ćáě ďĺăčàăňňë, ĺňěîéĺě áćőąőďŋëě łőŋæë (ćŋěèŋĺě ńĺŋĺĺ), áőőâćěâáâćãîéĺě ŋăçăńìŋëň ĺ łőŋěçŋëň çăáâĺæăň.

2. Łăęďőľ ćŋěèŋěľ ćåőďïéěľ áŕńőèŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ăňŕńĺâãďă ŋăçăńìŋőčő íńěłâàőŋă u(p) ĺńĺ łőŋěçŋőčő ŕőğĺâàőŋă u(−p). Łăęďőľ ćëåőďïéěľ áŕńőèŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ăňŕńĺâãďă łőŋěçŋőčő íńěłâàőŋă —u(p) ĺńĺ ŋăçăńìŋőčő ŕőğĺâàőŋă —u(−p).

154 ĹŊĆĂŘĹĂŊŠŊĂ§ ŠĚŐŘĹ§ ĆŐĞŇŞŹĚŊĹĽ

3. Łăęďőľ ćěàèĺŋě áőŕőáâăćńïěâáï 4-ćěłâőà −ieγ^μ .

4. Łăęďőľ ćŋěèŋěľ ćåőďïéěľ ŕãŋłâĺàŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ăňŕńĺâãďă ŋăçăńìŋőčő äőâőŋă √ 4πe_μ, ă ćëåőďïéěľ ńĺŋĺĺ | ăňŕńĺâãďă √ 4πe^∗_μ łőŋěçŋőčő äőâőŋă. Ćěłâőàŋëľ ĺŋďěłá μ áőćŕăďăěâ á ĺŋďěłáőň ňăâàĺæë γ^μ ć áőőâćěâáâćãîéěľ ćěàèĺŋě, âăł çâő ćőğŋĺłăěâ áłăńïàŋőě ŕàőĺğćěďěŋĺě.

5. Łăęďőľ ćŋãâàěŋŋěľ áŕńőèŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ňŋőęĺâěńì iG(p), ă ćŋãâàěŋŋěľ ŕãŋłâĺàŋőľ ńĺŋĺĺ | ňŋőęĺâěńì −iD_{μν} (p). Šěŋğőàŋëě ĺŋďěłáë μν áőćŕăďăîâ á ĺŋďěłáăňĺ ňăâàĺæ γ^μ, γ^ν ć ćěàèĺŋăå, áőěďĺŋïěňëå ŕãŋłâĺàŋőľ ńĺŋĺěľ.

6. Ćďőńì łăęďőľ ŋěŕàěàëćŋőľ ŕőáńěďőćăâěńìŋőáâĺ íńěłâàőŋŋëå ńĺŋĺľ áâàěńłĺ ĺňěîâ ŋěĺğňěŋŋőě ŋăŕàăćńěŋĺě, ă àăáŕőńőęěŋĺě ąĺáŕĺŋőàŋëå ĺŋďěłáőć ćďőńì ŋĺå áőőâćěâáâćãěâ ğăŕĺáĺ ňăâàĺæ áńěćă ŋăŕàăćő ŕàĺ ďćĺęěŋĺĺ ŕàőâĺć áâàěńőł. Ğăňłŋãâőľ íńěłâàőŋŋőľ ŕěâńě őâćěçăěâ èŕãà ŕàőĺğćěďěŋĺï àăáŕőńőęěŋŋëå ćďőńì ŋěě ňăâàĺæ.

7. Ć łăęďőľ ćěàèĺŋě 4-ĺňŕãńìáë ŕěàěáěłăîéĺåáï ć ŋěľ ńĺŋĺľ ãďőćńěâćőàïîâ ğăłőŋã áőåàăŋěŋĺï, â.ě. áãňňă ĺňŕãńìáőć ćåőďïéĺå ńĺŋĺľ àăćŋă áãňňě ĺňŕãńìáőć ćëåőďïéĺå ńĺŋĺľ. Ĺňŕãńìáë áćőąőďŋëå łőŋæőć | ğăďăŋŋëě (á áőąńîďěŋĺěň őąéěčő ğăłőŋă áőåàăŋěŋĺï) ćěńĺçĺŋë, ŕàĺçěň ŕőğĺâàőŋŋőľ ńĺŋĺĺ ŕàĺŕĺáëćăěâáï ĺňŕãńìá −p. Ŕő ĺňŕãńìáăň ćŋãâàěŋŋĺå ńĺŋĺľ, őáâăîéĺåáï ŋěäĺłáĺàőćăŋŋëňĺ ŕőáńě ãçěâă ğăłőŋőć áőåàăŋěŋĺï ćő ćáěå ćěàèĺŋăå, ŕàőĺğćőďĺâáï ĺŋâěčàĺàőćăŋĺě d^4p/(2π)^4.

8. Ćåőďïéěňã áćőąőďŋőňã łőŋæã, őâćěçăîéěňã ćŋěèŋěňã ŕőńî, áőŕőáâăćńïěâáï ňŋőęĺâěńì A^{(e)}(q), ŕàĺ íâőň 4-ćěłâőà q áćïğăŋ á 4-ĺňŕãńìáăňĺ ďàãčĺå ńĺŋĺľ ğăłőŋőň áőåàăŋěŋĺï ć ćěàèĺŋě. Ěáńĺ ŕőńě ŋě ğăćĺáĺâ őâ ćàěňěŋĺ, âő áćőąőďŋőňã łőŋæã áőŕőáâăćńïěâáï ňŋőęĺâěńì A^{(e)}(q), ă ŕő őáâăćèĺňáï ŋěäĺłáĺàőćăŋŋëňĺ âàěåňěàŋëň ĺňŕãńìáăň ćŋãâàěŋŋĺå ńĺŋĺľ ŕàőćőďĺâáï ĺŋâěčàĺàőćăŋĺě d^3p/(2π)^3.

9. Łăęďőľ ğăňłŋãâőľ äěàňĺőŋŋőľ ŕěâńě áőŕőáâăćńïěâáï ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì (−1). Ěáńĺ áàěďĺ ŋăçăńìŋëå ĺńĺ łőŋěçŋëå çăáâĺæ ĺňěěâáï ŋěáłőńìłő íńěłâàőŋőć ĺńĺ ŕőğĺâàőŋőć, âő őâŋőáĺâěńìŋëľ ğŋăł ďĺăčàăňň, őâńĺçăîéĺåáï ŋěçěâŋëň çĺáńőň ŕěàěáâăŋőćőł ŕăà âőęďěáâćěŋŋëå çăáâĺæ (â.ě. áőőâćěâáâćãîéĺå ĺň ćŋěèŋĺå łőŋæőć), ďőńęěŋ ąëâì ŕàőâĺćőŕőńőęŋëň.

Ŋăŕőňŋĺň, çâő ŕàĺ ŋăńĺçĺĺ âőęďěáâćěŋŋëå äěàňĺőŋőć őąéĺľ ğŋăł ăňŕńĺâãďë ãáńőćěŋ.

Čńăćă 7

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Őŕěàăâőàë ŕőńěľ ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ, áćïğì á ŕàěďáâăćńěŋĺěň ćğăĺňőďěľáâćĺï.

Ćëèě ŕőáńěďőćăâěńìŋëě çńěŋë àïďă âěőàĺĺ ćőğňãéěŋĺľ ćëàăęăńĺáì çěàěğ őŕěàăâőàë ŕőńěľ ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï, ćàěňěŋŋăï ğăćĺáĺňőáâì łőâőàëå őŕàěďěńïěâáï čăňĺńìâőŋĺăŋőň áĺáâěňë áćőąőďŋëå çăáâĺæ H_0. Šőçŋëě ăňŕńĺâãďë àăááěïŋĺï ãďőąŋěě ćëàăęăâì çěàěğ ŕőńěćëě őŕěàăâőàë ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ, ć łőâőàőň ğăćĺáĺňőáâì őâ ćàěňěŋĺ őŕàěďěńïěâáï ŕőńŋëň čăňĺńìâőŋĺăŋőň áĺáâěňë ćğăĺňőďěľáâćãîéĺå çăáâĺæ H = H_0 +H_I . Ŕő őąéěňã ŕàăćĺńã áőáâăćńěŋĺï čěľğěŋąěàčőćáłĺå őŕěàăâőàőć ĺňěěň:

ψ(x) ≡ ψ(rt) = exp(iHt)ψ(r) exp(−iHt) (7.1)

ĺ ăŋăńőčĺçŋő ďńï —ψ(x) ĺ A_μ(x), ŕàĺçěň ğďěáì ψ(r) { ŋě ğăćĺáïéĺě őâ ćàěňěŋĺ (èàěďĺŋčěàőćáłĺě) őŕěàăâőàë. Čěľğěŋąěàčőćáłĺě őŕěàăâőàë, ćğïâëě ć őďĺŋăłőćëě ňőňěŋâë ćàěňěŋĺ ãďőćńěâćőàïîâ âěň ęě ŕàăćĺńăň łőňňãâăæĺĺ, çâő ĺ őŕěàăâőàë ć èàěďĺŋčěàőćáłőň ŕàěďáâăćńěŋĺĺ ĺ ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï. Ć áăňőň ďěńě, ĺňěěň, ŋăŕàĺňěà: { ψ(rt), —ψ(r^′t)^}_+ = exp(iHt)^{ψ(r), —ψ(r^′)^}_+ exp(−iHt) = γ^0δ(r − r^′) . (7.2)

156 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Ăŋăńőčĺçŋëň őąàăğőň ψ(rt) ĺ A_μ(rt) łőňňãâĺàãîâ:

[ψ(rt), Aμ(r^′t)] = 0 . (7.3)

Ć àăğńĺçŋëě ňőňěŋâë ćàěňěŋĺ ćáě íâő őâŋîďì ŋě âăł!

Şàăćŋěŋĺě ďćĺęěŋĺě ďńï čěľğěŋąěàčőćáłőčő ψ-őŕěàăâőàă ĺňěěâ ćĺď: − i ∂ψ ∂t = Hψ(x) − ψ(x)H ≡ [H, ψ(x)] . (7.4) Ďńï áăňőčő čăňĺńìâőŋĺăŋă èàěďĺŋčěàőćáłőě ĺ čěľğěŋąěàčőćáłőě ŕàěďáâăćńěŋĺï áőćŕăďăîâ ĺ čăňĺńìâőŋĺăŋ ćëàăęăěâáï őďĺŋăłőćëň őąàăğőň çěàěğ ŕőńěćëě őŕěàăâőàë ć őąőĺå íâĺå ŕàěďáâăćńěŋĺïå.

Ŕàĺ ćëçĺáńěŋĺĺ ŕàăćőľ çăáâĺ (7.4) ňőęŋő őŕãáâĺâì ć čăňĺńìâőŋĺăŋě çăáâì, ğăćĺáïéãî âőńìłő őâ őŕěàăâőàă Aμ(x) (čăňĺńìâőŋĺăŋ áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï), ŕőáłőńìłã őŋă łőňňãâĺàãěâ á ψ. Šőčďă: H = ∫ d^3rψ^∗(rt)(αp + βm)ψ(rt) + e ∫ d^3r —ψ(rt)γ^μAμ(rt)ψ(rt) = = ∫ d^3r —ψ(rt)[γ · p + m + eγ^μAμ(rt)]ψ(rt). (7.5)

Ćëçĺáńïï łőňňãâăâőà [H, ψ(x)] á ŕőňőéìî (7.2) ĺ ãáâàăŋïï δ-äãŋłæĺî ĺŋâěčàĺàőćăŋĺěň ŕő d^3r, ŕőńãçĺň ãàăćŋěŋĺě ďćĺęěŋĺï ďńï őŕěàăâőàă ψ ć ïćŋőň ćĺďě: (γ^μpμ − eγ^μAμ − m)ψ(rt) = 0 , (7.6) łőâőàőě, ěáâěáâćěŋŋő, áőćŕăďăěâ á ãàăćŋěŋĺěň Ďĺàăłă ć íńěłâàőňăčŋĺâŋőň ŕőńě.

Şàăćŋěŋĺï ďćĺęěŋĺï ďńï íńěłâàőňăčŋĺâŋőčő ŕőâěŋæĺăńă Aμ(rt) ğăàăŋěě őçěćĺďŋë ĺğ áőőâćěâáâćĺï á łńăááĺłőľ (ąőńìèĺě çĺáńă ğăŕőńŋěŋĺï), łőčďă őŕěàăâőàŋőě ãàăćŋěŋĺě ďőńęŋő ŕěàěľâĺ ć őąëçŋëě ãàăćŋěŋĺï Ňăłáćěńńă ďńï ŕőâěŋæĺăńőć, âăł çâő ć ŕàőĺğćőńìŋőľ łăńĺąàőćłě ĺňěěň: ∂μ∂^μA^ν (x) − ∂^ν ∂μA^μ(x) = 4πej^ν (x) , (7.7) čďě j^ν (x) = —ψ(x)γ^ν ψ(x) | őŕěàăâőà âőłă, ãďőćńěâćőàïîéĺľ ãàăćŋěŋĺî ŋěŕàěàëćŋőáâĺ: ∂ν j^ν = 0 . (7.8) Śĺáâěňă ãàăćŋěŋĺľ (7.6) ĺ (7.7) ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ: Aμ → Aμ(x) − ∂μχ(x) , ψ(x) → ψ(x)e^{ieχ(x)} , —ψ(x) → e^{−ieχ(x)} —ψ(x) , (7.9) čďě χ(x) | ŕàőĺğćőńìŋëľ íàňĺâőć őŕěàăâőà, łőňňãâĺàãîéĺľ (ć őďĺŋ ĺ âőâ ęě ňőňěŋâ ćàěňěŋĺ) á ψ. Ğďěáì àěçì ĺďěâ ĺňěŋŋő ő čěľğěŋąěàčőćáłĺå őŕěàăâőàăå. Ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě íńěłâàőňăčŋĺâŋőčő ŕőâěŋæĺăńă ćőőąéě ŋě ğăâàăčĺćăěâ ψ őŕěàăâőàë!

Şáâăŋőćĺň âěŕěàì áćïğì ňěęďã őŕěàăâőàăňĺ ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ ĺ ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï. Ć áőőâćěâáâćĺĺ á ăďĺăąăâĺçěáłőľ čĺŕőâěğőľ ŕàěďŕőńőęĺň, çâő ćğăĺňőďěľáâćĺě H_I (t) ňěďńěŋŋő \ćłńîçăěâáï" őâ ňőňěŋâă t = −∞ ł łőŋěçŋëň ćàěňěŋăň. Šőčďă ŕàĺ t → −∞ őąă ŕàěďáâăćńěŋĺï (čěľğěŋąěàčőćáłőě ĺ ćğăĺňőďěľáâćĺï) ŕàőáâő áőćŕăďăîâ. Śőćŕăďăîâ ĺ áőőâćěâáâćãîéĺě ćőńŋőćëě äãŋłæĺĺ (ćěłâőàă áőáâőïŋĺľ) ˘ ĺ ˘_{int}:

˘_{int}(t = −∞) = ˘ . (7.10)

Ś ďàãčőľ áâőàőŋë, ćőńŋőćăï äãŋłæĺï ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ őâ ćàěňěŋĺ ćőőąéě ŋě ğăćĺáĺâ (ćáï ćàěňěŋŋăï ğăćĺáĺňőáâì ŋă őŕěàăâőàăå!), ă ć ŕàěďáâăćńěŋĺĺ

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 157 ćğăĺňőďěľáâćĺï ğăćĺáĺňőáâì ćőńŋőćőľ äãŋłæĺĺ őâ ćàěňěŋĺ ĺňěěâ, łăł ňë ćĺďěńĺ, ćĺď: ˘_{int}(t) = S(t, −∞)˘_{int}(−∞) , (7.11) čďě^1 S(t_2, t_1) = T exp −i t2∫ t1 dt H_I(t) (7.12) á őçěćĺďŋëňĺ áćőľáâćăňĺ:

S(t, t_1)S(t_1, t_0) = S(t, t_0) , S^{−1}(t, t_1) = S(t_1, t) . (7.13) Śàăćŋĺćăï (7.11) ĺ (7.10) ŋăåőďĺň:

˘_{int}(t) = S(t, −∞)˘ , (7.14) çâő ãáâăŋăćńĺćăěâ áćïğì ćőńŋőćëå äãŋłæĺľ ć őąőĺå ŕàěďáâăćńěŋĺïå. Śőőâćěâáâćãîéăï äőàňãńă ŕàěőąàăğőćăŋĺï őŕěàăâőàőć ĺňěěâ ćĺď: ψ(rt) = S^{−1}(t, −∞)ψint(rt)S(t, −∞) = S(−∞, t)ψint(rt)S(t, −∞) (7.15) ĺ ăŋăńőčĺçŋő ďńï —ψ ĺ A_μ. İâĺ äőàňãńë àěèăîâ ŕőáâăćńěŋŋãî ğăďăçã.

Šőçŋëľ äőâőŋŋëľ ŕàőŕăčăâőà.

Šőçŋëľ äőâőŋŋëľ ŕàőŕăčăâőà őŕàěďěńïěâáï äőàňãńőľ: D_{μν} (x − x^′) = i⟨0|T A_μ(x)A_ν (x^′)|0⟩ , (7.16) ć łőâőàőľ A_μ(x) | čěľğěŋąěàčőćáłĺě őŕěàăâőàë ŕőńï, âőčďă łăł ćëèě ňë, äăłâĺçěáłĺ, àăááňăâàĺćăńĺ ćëàăęěŋĺě: D_{μν} (x − x^′) = i⟨0|T A^{int}_μ (x)A^{int}_ν (x^′)|0⟩ , (7.17) ć łőâőàőě ćåőďĺńĺ őŕěàăâőàë ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï. Ćěńĺçĺŋã (7.17) őąëçŋő ŋăğëćăîâ ŕàőŕăčăâőàőň áćőąőďŋëå äőâőŋőć (\ŋãńěćőľ" äãŋłæĺěľ Čàĺŋă).

Ćëàăğĺň âěŕěàì âőçŋëľ ŕàőŕăčăâőà D_{μν} çěàěğ őŕěàăâőàë ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï. Ŕãáâì t > t^′, âőčďă ĺáŕőńìğãï áćïğì A_μ ĺ A^{int}_μ âĺŕă (7.15) ĺňěěň:

D_{μν} (x − x^′) = i⟨0|T A_μ(x)A_ν (x^′)|0⟩ = (7.18) = i⟨0|S(−∞, t)A^{int}_μ (x)S(t, −∞)S(−∞, t^′)A^{int}_ν (x^′)S(t^′, −∞)|0⟩ . Ĺáŕőńìğãï (7.13) ĺňěěň: S(t, −∞)S(−∞, t^′) = S(t, t^′) , S(−∞, t) = S(−∞, +∞)S(∞, t) . (7.19) 1Ğăňěâĺň, çâő ăŋăńőčĺçŋëľ őŕěàăâőà ć ŕàěďëďãéěľ čńăćě őąőğŋăçăńáï łăł U(t_2, t_1).

158 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Šőčďă (7.19) ğăŕĺáëćăěâáï łăł: D_{μν}(x − x^′) = i⟨0|S^{−1}[S(∞, t)A^{int}_μ (x)S(t, t^′)A^{int}_ν (x^′)S(t^′, −∞)]|0⟩ , (7.20) čďě ďńï łàăâłőáâĺ őąőğŋăçěŋő:

S = S(+∞, −∞) (7.21)

ĺ ňë ãçńĺ, çâő S^{−1}(∞, −∞)S(∞, t) = S(−∞, t). Ŕőáłőńìłã S(t_2, t_1) áőďěàęĺâ âőńìłő őŕěàăâőàë ć ňőňěŋâë ćàěňěŋĺ ňěęďã t_1 ĺ t_2, àăáŕőńőęěŋŋëě ć åàőŋőńőčĺçěáłőň ŕőàïďłě, âő őçěćĺďŋő, çâő ćőőąéě ćáě őŕěàăâőàŋëě ňŋőęĺâěńĺ ć łćăďàăâŋőľ áłőąłě ć (7.20) àăáŕőńőęěŋë ć ŕőàïďłě ãąëćăŋĺï ćàěňěŋ áńěćă ŋăŕàăćő. Ŕőáâăćĺć ŕěàěď áłőąłőľ áĺňćőń T -ãŕőàïďőçěŋĺï, ňőęŋő ŕőâőň ŕàőĺğćőńìŋő ŕěàěáâăćńïâì ŕőàïďőł ňŋőęĺâěńěľ, ŕőáłőńìłã T -ãŕőàïďőçěŋĺě ćáě àăćŋő àăááâăćĺâ ĺå ć ŋãęŋőň ŕőàïďłě. Šőčďă ňőęŋő ŕěàěŕĺáăâì íâã áłőąłã ć ćĺďě: T [ A^{int}_μ (x)A^{int}_ν (x^′)S(∞, t)S(t, t^′)S(t^′, −∞) ] = T [ A^{int}_μ (x)A^{int}_ν (x^′)S ] . (7.22)

Šăłĺň őąàăğőň ŕőńãçăěň: D_{μν} (x − x^′) = i⟨0|S^{−1}T A^{int}_μ (x)A^{int}_ν (x^′)S|0⟩ . (7.23) Ŕőćâőàïï ćáě àăááãęďěŋĺï ŋěâàãďŋő ãąěďĺâìáï, çâő íâă äőàňãńă áŕàăćěďńĺćă ĺ ďńï t < t^′.

Ňőęŋő ŕőłăğăâì, çâő ňŋőęĺâěńì S^{−1} ćëŋőáĺâáï ĺğ ŕőď ğŋăłă ãáàěďŋěŋĺï ŕő ćăłããňã ć ćĺďě ŋěłőâőàőčő äăğőćőčő ňŋőęĺâěńï. Ďěľáâćĺâěńìŋő, čěľğěŋąěàčőćáłăï ćőńŋőćăï äãŋłæĺï ćăłããňă ˘^0 (łăł ĺ ćáïłăï ďàãčăï čěľğěŋąěàčőćáłăï äãŋłæĺï) áőćŕăďăěâ, áőčńăáŋő (7.10), áő ğŋăçěŋĺěň ˘^0_{int}(−∞) ćőńŋőćőľ äãŋłæĺĺ ćăłããňă ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï. Ś ďàãčőľ áâőàőŋë, ĺňěěň:

S˘^0_{int}(−∞) ≡ S(+∞, −∞)˘^0_{int}(−∞) = ˘^0_{int}(+∞) . (7.24)

Ŋő ćăłããň (őáŋőćŋőě áőáâőïŋĺě), ć ãáâőľçĺćőľ áĺáâěňě, ŕàěďáâăćńïěâ áőąőľ áâàőčő áâăæĺőŋăàŋőě áőáâőïŋĺě, ć ŋěň ŋěćőğňőęŋë áăňőŕàőĺğćőńìŋëě ŕàőæěááë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï çăáâĺæ. Ĺŋăçě čőćőàï, á âěçěŋĺěň ćàěňěŋĺ ćăłããň őáâăěâáï ćăłããňőň. İâő őğŋăçăěâ, çâő ˘^0_{int}(+∞) ňőęěâ őâńĺçăâìáï őâ ˘^0_{int}(−∞) âőńìłő ŋěłőâőàëň äăğőćëň ňŋőęĺâěńěň e^{iα}. Šőčďă:

S˘^0_{int}(−∞) = e^{iα}˘^0_{int}(−∞) = ⟨0|S|0⟩˘^0_{int}(−∞) (7.25)

ĺńĺ, ŕàőĺğćőďï łőňŕńěłáŋőě áőŕàïęěŋĺě ĺ ãçĺâëćăï ãŋĺâăàŋőáâì S:

˘^{0∗}_{int}(−∞)S^{−1} = ⟨0|S|0⟩^{−1}˘^{0∗}_{int}(−∞) (7.26)

Őâáîďă ïáŋő, çâő (7.23) ňőęěâ ąëâì ŕěàěŕĺáăŋő ć ćĺďě: D_{μν} (x − x^′) = i ⟨0|T A^{int}_μ (x)A^{int}_ν (x^′)S|0⟩ ⟨0|S|0⟩ . (7.27)

Ŕőďáâăćńïï áîďă ć çĺáńĺâěńì ĺ ğŋăňěŋăâěńì àăğńőęěŋĺě S-ňăâàĺæë ć àïď âěőàĺĺ ćőğňãéěŋĺľ, őŕàěďěńïěňőě ĺğ (6.55), ĺ ŕàőćőďï ãáàěďŋěŋĺě á ŕőňőéìî âěőàěňë Ćĺłă, ňőęŋő ŕőńãçĺâì àăğńőęěŋĺě D_{μν} ŕő áâěŕěŋïň łőŋáâăŋâë áćïğĺ e^2.

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 159

Řĺá. 7-1

Řĺá. 7-2

Ć çĺáńĺâěńě (7.27) ãáàěďŋïěňëě ćëàăęěŋĺï őâńĺçăîâáï őâ ňăâàĺçŋëå íńěňěŋâőć ňăâàĺæë àăááěïŋĺï, àăááňőâàěŋŋëå ć ŕàěďëďãéěľ čńăćě, ńĺèì âěň, çâő ćňěáâő \ćŋěèŋĺå" őŕěàăâőàőć àőęďěŋĺï ĺńĺ ãŋĺçâőęěŋĺï äőâőŋőć ć ŋĺå áâőïâ őŕěàăâőàë A^{int}_μ (x) ĺ A^{int}_ν (x^′). Ŕőáłőńìłã ćáě ňŋőęĺâěńĺ ć ãáàěďŋïěňëå ŕàőĺğćěďěŋĺïå áâőïâ ŕőď ğŋăłőň T -ŕàőĺğćěďěŋĺï, âő ŕőŕăàŋëě áćěàâłĺ íâĺå őŕěàăâőàőć á \ćŋãâàěŋŋĺňĺ" őŕěàăâőàăňĺ A^{int}_μ (x_1), A^{int}_ν (x_2) ąãďãâ ďăćăâì äőâőŋŋëě ŕàőŕăčăâőàë D_{μν} . Šăłĺň őąàăğőň, àěğãńìâăâë ãáàěďŋěŋĺï ćëàăğïâáï áőćőłãŕŋőáâïňĺ ďĺăčàăňň á ďćãňï ćŋěèŋĺňĺ łőŋæăňĺ, áőáâăćńěŋŋëňĺ ŕő ŕàĺćěďěŋŋëň ć ŕàěďëďãéěľ čńăćě ŕàăćĺńăň, á âőľ àăğŋĺæěľ, çâő ćŋěèŋĺň (łăł ĺ ćŋãâàěŋŋĺň) äőâőŋŋëň ńĺŋĺïň ďĺăčàăňňë őâćěçăîâ âěŕěàì ŕàőŕăčăâőàë D_{μν} , ćňěáâő ăňŕńĺâãď àěăńìŋëå äőâőŋőć. Ć ŋãńěćőň ŕàĺąńĺęěŋĺĺ, łőčďă S = 1, çĺáńĺâěńì (7.27) ŕàőáâő áőćŕăďăěâ á D_{μν} (x−x^′). Śńěďãîéĺě őâńĺçŋëě őâ ŋãńï çńěŋë ĺňěîâ ŕőàïďőł ∼ e^2. Őŋĺ ĺğőąàăęăîâáï ďĺăčàăňňăňĺ, áőďěàęăéĺňĺ ďćă ćŋěèŋĺå łőŋæă ĺ ďćě ćěàèĺŋë, ŕőłăğăŋŋëňĺ ŋă Řĺá. 7-1. Ćâőàăï ĺğ íâĺå ďĺăčàăňň áőáâőĺâ ĺğ ďćãå ŋě áćïğăŋŋëå ňěęďã áőąőľ çăáâěľ: ŕãŋłâĺàŋőľ ńĺŋĺĺ (łőâőàőľ őâćěçăěâ −iD_{μν} ) ĺ ğăňłŋãâőľ ŕěâńĺ. İâő őğŋăçăěâ, çâő áőőâćěâáâćãîéěě ďăŋŋőľ ďĺăčàăňňě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě àăáŕăďăěâáï ŋă ďćă ŋěğăćĺáĺňëå ňŋőęĺâěńï. Ŕàĺąăćĺć ł ďĺăčàăňňăň Řĺá. 7-1 ŕãŋłâĺàŋãî ńĺŋĺî ŋãńěćőčő ŕàĺąńĺęěŋĺï ĺ \ćëŋěáï ěě ğă áłőąłã" ŕőńãçĺň, çâő á âőçŋőáâìî ďő çńěŋőć ∼ e^2 çĺáńĺâěńì (7.27) ĺğőąàăęăěâáï ďĺăčàăňňăňĺ Řĺá. 7-2. Ćëàăęěŋĺě ⟨0|S|0⟩ ć ğŋăňěŋăâěńě (7.27) ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã \ŕěàěåőďă" ćăłããň { ćăłããň. Ěčő àăğńőęěŋĺě ć àïď âěőàĺĺ ćőğňãéěŋĺľ áőďěàęĺâ ŕőíâőňã ńĺèì ďĺăčàăňňë ąěğ ćŋěèŋĺå łőŋæőć. Ć ŋãńěćőň ŕàĺąńĺęěŋĺĺ ⟨0|S|0⟩ = 1, ă á âőçŋőáâìî ďő çńěŋőć ∼ e^2 íâă ăňŕńĺâãďă ćëàăęăěâáï čàăäĺçěáłĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 7-3. Řăğďěńĺć á âőľ ęě âőçŋőáâìî ∼ e^2 çĺáńĺâěńì (7.27) ŋă ğŋăňěŋăâěńì ŕőńãçĺň ďĺăčàăňňë, ŕőłăğăŋŋëě ŋă Řĺá. 7-4. âăł çâő ćłńăď \ćăłããňŋëå" çńěŋőć (ćëďěńěŋŋëå ŋă àĺáãŋłăå äĺčãàŋőľ áłőąłőľ) ŕőńŋőáâìî áőłàăéăěâáï. Šăłĺň őąàăğőň ŋěáćïğŋăï ďĺăčàăňňă Řĺá. 7-1(ą) ćëŕăďăěâ ĺğ őâćěâă. İâőâ àěğãńìâăâ ĺňěěâ, ŋă áăňőň ďěńě, őąéĺľ åăàăłâěà. Ŕőàăğąĺàăï ŕőďàőąŋěě áŕőáőą ŕőáâàőěŋĺï ďĺăčàăňň, áőŕőáâăćńïěňëå çĺáńĺ-

Řĺá. 7-3

160 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Řĺá. 7-4

Řĺá. 7-5

âěńî ĺ ğŋăňěŋăâěńî ć (7.27), ňőęŋő ŕőŋïâì, çâő àőńì ğŋăňěŋăâěńï ⟨0|S|0⟩ áćőďĺâáï ł âőňã, çâő ć ńîąőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ âőçŋëľ ŕàőŕăčăâőà D_{μν} ĺğőąàăęăěâáï âőńìłő ďĺăčàăňňăňĺ, ŋě áőďěàęăéĺňĺ őâďěńěŋŋëå ďàãč őâ ďàãčă çăáâěľ, ĺńĺ, łăł ŕàĺŋïâő čőćőàĺâì, âőńìłő áćïğŋëňĺ ďĺăčàăňňăňĺ.

Ğăňěâĺň, çâő ďĺăčàăňňë ąěğ ćŋěèŋĺå łőŋæőć (ğăňłŋãâëě ŕěâńĺ) ćőőąéě ŋě ĺňěîâ äĺğĺçěáłőčő áňëáńă, ŕőáłőńìłã âăłĺě ŕěâńĺ ŕàěďáâăćńïîâ áőąőľ àăďĺăæĺőŋŋëě ŕőŕàăćłĺ ł ďĺăčőŋăńìŋőňã íńěňěŋâã S-ňăâàĺæë, őŕĺáëćăîéěňã ŕěàěåőďë ćăłããň - ćăłããň, âőčďă łăł ňë ãęě őâňěçăńĺ, çâő áãňňă ćáěå âăłĺå ŕěâěńì (ćňěáâě á 1 ĺğ ŋãńěćőčő ŕàĺąńĺęěŋĺï) ďăěâ ńĺèì ŋěáãéěáâćěŋŋëľ äăğőćëľ ňŋőęĺâěńì, łőâőàëľ ŋě őâàăęăěâáï ŋă äĺğĺçěáłĺå àěğãńìâăâăå.

Ŕěàěåőď őâ łőőàďĺŋăâŋőčő ł ĺňŕãńìáŋőňã ŕàěďáâăćńěŋĺî ŕàőĺğćőďĺâáï łăł őąëçŋő. Ŋăŕàĺňěà, ć ŕőàïďłě e^2, ŕàőŕăčăâőà −iD_{μν} (k) ďăěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 7-5, čďě áăň íâőâ ŕàőŕăčăâőà ĺğőąàăęěŋ ęĺàŋëň ŕãŋłâĺàőň ć ńěćőľ çăáâĺ. Ăŋăńĺâĺçěáłőě ćëàăęěŋĺě, áőőâćěâáâćãîéěě íâĺň ďĺăčàăňňăň ĺňěěâ ćĺď:

D_{μν} (k) = D_{μν} (k) + ie^2D_{μλ}(k) [∫ d^4p (2π)^4 Sp γ^λG(p + k)γ^ρG(p) ] D_{ρν} (k) . (7.28)

Ůńěŋë áńěďãîéĺå ŕőàïďłőć áâàőïâáï ăŋăńőčĺçŋő ĺ ĺğőąàăęăîâáï ďĺăčàăňňăňĺ á ďćãňï ćŋěèŋĺňĺ äőâőŋŋëňĺ łőŋæăňĺ ĺ ŋãęŋëň çĺáńőň ćěàèĺŋ, áőőâćěâáâćãîéĺň àăááňăâàĺćăěňőňã ŕőàïďłã âěőàĺĺ ćőğňãéěŋĺľ. Ŋăŕàĺňěà, çńěŋăň ∼ e^4 őâćěçăîâ ďĺăčàăňňë á çěâëàìňï ćěàèĺŋăňĺ, ŕőłăğăŋŋëě ŋă Řĺá. 7-6. Ůěâëàìňï ćěàèĺŋăňĺ őąńăďăěâ âăłęě ďĺăčàăňňă, ŕőłăğăŋŋăï ŋă Řĺá. 7-7, ć ćěàåŋěľ çăáâĺ łőâőàőľ áőďěàęĺâáï íńěłâàőŋŋăï ŕěâńï, őąàăğőćăŋŋăï őďŋőľ ğăňłŋãâőľ \ŋă áěąï" áŕńőèŋőľ ńĺŋĺěľ. Šăłăï ŕěâńï őâćěçăěâ áŕăàĺćăŋĺî —ψ(x)γψ(x), â.ě. ŕàőáâő ćăłããňŋőňã áàěďŋěňã őâ âőłă: ⟨0|j(x)|0⟩. Şęě ŕő áăňőňã őŕàěďěńěŋĺî ćăłããňă íâă ćěńĺçĺŋă ďőńęŋă âőęďěáâćěŋŋő őąàăéăâìáï ć ŋãńì, ŕàĺçěň íâő âőęďěáâćő ŋě ňőęěâ ąëâì ĺğňěŋěŋő

Řĺá. 7-6

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 161

Řĺá. 7-7

Řĺá. 7-8

ŋĺłăłĺňĺ àăďĺăæĺőŋŋëňĺ ŕőŕàăćłăňĺ ł âăłőľ ŕěâńě (åőâï, łáâăâĺ, ŕàïňőě ćëçĺáńěŋĺě íâőľ ŕěâńĺ ďăěâ ąěáłőŋěçŋëľ àěğãńìâăâ!). Ŕőíâőňã ćőőąéě ŋĺłăłĺě ďĺăčàăňňë á \ğăňłŋãâëňĺ" ŋă áěąï íńěłâàőŋŋëňĺ ńĺŋĺïňĺ ŋě ďőńęŋë ãçĺâëćăâìáï ŋĺ ć łăłőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ.

Ůăáâì ďĺăčàăňňë (\ąńőł"), ğăłńîçěŋŋãî ňěęďã ďćãňï äőâőŋŋëňĺ ńĺŋĺïňĺ (ćŋěèŋĺňĺ ĺńĺ ćŋãâàěŋŋĺňĺ), ŋăğëćăîâ äőâőŋŋőľ áőąáâćěŋŋő-íŋěàčěâĺçěáłőľ çăáâìî. Ć őąéěň áńãçăě âăłőľ ąńőł ěéě áăň ňőęěâ ąëâì àăğďěńěŋ ŋă çăáâĺ, áőěďĺŋěŋŋëě őďŋőľ äőâőŋŋőľ ńĺŋĺěľ, łăł ŕőłăğăŋő ŋă Řĺá. 7-8, čďě łàãęłĺ őąőğŋăçăîâ ąńőłĺ, łőâőàëě ãęě ŋěńìğï ďăńìèě àăğďěńĺâì âăłĺň őąàăğőň. Šăłĺě ąńőłĺ ŋăğëćăîâ ŋěŕàĺćőďĺňëňĺ (ĺńĺ őďŋőçăáâĺçŋő ŋěŕàĺćőďĺňëňĺ). Őąőğŋăçĺň áãňňã (ąěáłőŋěçŋőčő çĺáńă!) ćáěå ŋěŕàĺćőďĺňëå äőâőŋŋëå áőąáâćěŋŋő- íŋěàčěâĺçěáłĺå çăáâěľ łăł iP_{μν} /4π ĺ ŋăğőćěň ěě ŕőńïàĺğăæĺőŋŋëň őŕěàăâőàőň. Łńăááĺäĺæĺàãï ďĺăčàăňňë ŕő çĺáńã áőďěàęăéĺåáï ć ŋĺå ŕőńŋëå ŋěŕàĺćőďĺňëå áőąáâćěŋŋőíŋěàčěâĺçěáłĺå çăáâěľ (ŕőńïàĺğăæĺőŋŋëå őŕěàăâőàőć), ňőęŋő ŕàěďáâăćĺâì âőçŋëľ äőâőŋŋëľ ŕàőŕăčăâőà D_{μν} ć ćĺďě ďĺăčàăňňŋőčő àïďă, ŕőłăğăŋŋőčő ŋă Řĺá. 7-9, čďě łăęďőňã ğăèâàĺåőćăŋŋőňã łàãęłã áőŕőáâăćńïěâáï iP_{μν} /4π. Ć ăŋăńĺâĺçěáłőň ćĺďě íâő ğăŕĺáëćăěâáï łăł: D = D + D P 4π D + D P 4π D P 4π D + ... = = D { 1 + P 4π [ D + D P 4π D + ... ]} . (7.29)

Ćĺďĺň, çâő àïď ć łćăďàăâŋëå áłőąłăå áŋőćă ďăěâ ŕőńŋëľ àïď ďńï D. Ŕőíâőňã ŕőńãçăěň:

D_{μν} (k) = D_{μν} (k) + D_{μλ}(k) P^{λρ}(k) 4π D_{ρν} (k) . (7.30)

Řĺá. 7-9

162 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Şňŋőęăï íâő àăćěŋáâćő áńěćă ŋă őąàăâŋëľ âěŋğőà (D^{−1})^{τμ} ĺ áŕàăćă ŋă (D^{−1})^{νσ}, ŕőńãçĺň: D^{−1}_{μν} = D^{−1}_{μν} − 1 4π P_{μν} . (7.31) Ćáě áłăğăŋŋőě ć ŕàěďëďãéěľ čńăćě őâŋőáĺâěńìŋő âěŋğőàŋőľ áâàãłâãàë ĺ łăńĺąàőćőçŋőľ ŋěőďŋőğŋăçŋőáâĺ ŋãńěćőčő ŕàőŕăčăâőàă D_{μν} őâŋőáĺâáï ĺ ł âőçŋőňã ŕàőŕăčăâőàã D_{μν} . Ğăŕĺèěň ěčő őąéĺľ ćĺď ć äőàňě:

D_{μν} (k) = D(k^2) ( g_{μν} − k_μk_ν k^2 ) + D^l(k^2) k_μk_ν k^2

, (7.32)

čďě D^l(k^2) | ŕàőĺğćőńìŋăï äãŋłæĺï, őŕàěďěńïîéăïáï ćëąőàőň łăńĺąàőćłĺ. Ďńï ŋãńěćőčő ŕàőŕăčăâőàă ăŋăńőčĺçŋő ňőęŋő ŋăŕĺáăâì:

D_{μν} (k) = D(k^2) ( g_{μν} − k_μk_ν k^2 ) + D^l(k^2) k_μk_ν k^2

, (7.33)

çâő äőàňăńìŋő őâńĺçăěâáï őâ ćĺďă, ĺáŕőńìğőćăćèěčőáï ć ŕàěďëďãéěľ čńăćě, ŋő íłćĺćăńěŋâŋő ěňã ŕő áãâĺ, őâńĺçăïáì ńĺèì őŕàěďěńěŋĺěň D^l(k^2). Ŕàőďőńìŋăï çăáâì ŕàőŕăčăâőàă (ćâőàőě áńăčăěňőě ć íâĺå äőàňãńăå) áćïğăŋă á ŋě ĺňěîéěľ äĺğĺçěáłőčő áňëáńă ŕàőďőńìŋőľ çăáâìî 4-ŕőâěŋæĺăńă ŕőńï ĺ ŋě ãçăáâćãěâ ćő ćğăĺňőďěľáâćĺĺ. Ŕőíâőňã ćğăĺňőďěľáâćĺě ěě ĺ ŋě ňěŋïěâ, âăł çâő ćáěčďă ňőęŋő áçĺâăâì, çâő

D^l(k^2) = D^l(k^2) . (7.34)

Ććěďěň âěŕěàì őąàăâŋëě âěŋğőàë, ãďőćńěâćőàïîéĺě àăćěŋáâćăň:

D^{−1}_{μν} D^{νλ} = δ^λ_μ , D^{−1}_{μν} D^{νλ} = δ^λ_μ . (7.35)

Ďńï (7.32) ĺ (7.33) őąàăâŋëě âěŋğőàë, á ãçěâőň (7.34), ĺňěîâ ćĺď:

D^{−1}_{μν} = 1 D ( g_{μν} − k_μk_ν k^2 ) + 1 D^l k_μk_ν k^2

, (7.36)

D^{−1}_{μν} = 1 D ( g_{μν} − k_μk_ν k^2 ) + 1 D^l k_μk_ν k^2

. (7.37)

Őâáîďă áńěďãěâ, çâő ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ŕàěďáâăćńïěâ áőąőľ ŕőŕěàěçŋëľ âěŋğőà:

P_{μν} = P(k^2) ( g_{μν} − k_μk_ν k^2 , ) (7.38)

čďě P(k^2) = k^2 − 4π/D(k^2), âăł çâő^2

D(k^2) = 4π k^2[1 − P(k^2)/k^2]

. (7.39)

Šăłĺň őąàăğőň, ć őâńĺçĺě őâ äőâőŋŋőčő ŕàőŕăčăâőàă, ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ïćńïěâáï łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋőľ ćěńĺçĺŋőľ.

Ĺŋőčďă ŕőńěğŋő ććěáâĺ áőąáâćěŋŋő-íŋěàčěâĺçěáłãî çăáâì äőâőŋă, őŕàěďěńïěňãî łăł áãňňã ćáěå, ă ŋě âőńìłő ŋěŕàĺćőďĺňëå, čàăäĺłőć. Őąőğŋăçĺň ěě i˝_{μν} /4π, âőčďă ĺňěěň: D_{μν} = D_{μν} + D_{μλ} ˝^{λρ} 4π D_{ρν} , (7.40)

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 163

Řĺá. 7-10

çâő ĺğőąàăęăěâáï čàăäĺłăňĺ Řĺá. 7-10. Ćëàăğĺć őâáîďă ˝_{μλ}, ŕőńãçĺň: 1 4π ˝_{μν} = D^{−1}_{μλ} D^{λρ}D^{−1}_{ρν} − D^{−1}_{μν} (7.41)

ĺ ĺáŕőńìğãï (7.32), (7.33), (7.36) ĺ (7.37), ŕőńãçĺň:

˝_{μν} = ˝(k^2) ( g_{μν} − k_μk_ν k^2 ) , ˝ = P 1 − P/k^2 . (7.42)

Őâáîďă ćĺďŋő, çâő ˝_{μν} , łăł ĺ P_{μν} , ïćńïěâáï łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋëň âěŋğőàőň.

Šőçŋëľ íńěłâàőŋŋëľ ŕàőŕăčăâőà.

Šőçŋëľ íńěłâàőŋŋëľ ŕàőŕăčăâőà őŕàěďěńïěâáï äőàňãńőľ: G(x − x^′) = −i⟨0|T ψ(x) —ψ(x^′)|0⟩ , (7.43) őâńĺçăîéěľáï őâ ŕàőŕăčăâőàă áćőąőďŋëå çăáâĺæ: G(x − x^′) = −i⟨0|T ψ^{int}(x) —ψ^{int}(x^′)|0⟩ (7.44) ğăňěŋőľ ψ-őŕěàăâőàőć ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï ŋă čěľğěŋąěàčőćáłĺě. Łăł ňë ćĺďěńĺ ćëèě ŋă ŕàĺňěàě äőâőŋŋőčő ŕàőŕăčăâőàă, ćëàăęěŋĺě (7.43) ňőęŋő ŕàěőąàăğőćăâì ł ćĺďã: G(x − x^′) = −i ⟨0|T ψ^{int}(x) —ψ^{int}(x^′)S|0⟩ ⟨0|S|0⟩ . (7.45)

Řăğńőęěŋĺě íâőčő ćëàăęěŋĺï ŕő áâěŕěŋïň e^2 ŕàĺćőďĺâ ł ŕàěďáâăćńěŋĺî G-äãŋłæĺĺ ć ćĺďě ďĺăčàăňňŋőčő àïďă á ďćãňï ćŋěèŋĺňĺ íńěłâàőŋŋëňĺ ńĺŋĺïňĺ ĺ àăğńĺçŋëň çĺáńőň ćěàèĺŋ. Řőńì ğŋăňěŋăâěńï ć (7.45) áŋőćă áćőďĺâáï ł ŋěőąåőďĺňőáâĺ ãçĺâëćăâì âőńìłő ďĺăčàăňňë ąěğ ĺğőńĺàőćăŋŋëå ćăłããňŋëå ŕěâěńì. Ś âőçŋőáâìî ďő çńěŋőć ∼ e^4 čàăäĺçěáłőě ŕàěďáâăćńěŋĺě G ŕőłăğăŋő ŋă Řĺá. 7-11, čďě áăň âőçŋëľ ŕàőŕăčăâőà őąőğŋăçěŋ ęĺàŋőľ áŕńőèŋőľ ńĺŋĺěľ. Ďĺăčàăňňë âĺŕă Řĺá. 7-12 á ğăňłŋãâëňĺ \ŋă áěąï" ńĺŋĺïňĺ, łăł őâňěçăńőáì ćëèě, ãçĺâëćăâì ŋě ŋăďő. Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ęĺàŋőľ áŕńőèŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï iG(p), ă áŕńőèŋëň ĺ ŕãŋłâĺàŋëň ńĺŋĺïň | ŕàőŕăčăâőàë áćőąőďŋëå çăáâĺæ iG(p) ĺ −iD(k).

2Ŕőńěğŋő ğăňěâĺâì, çâő P(k^2) = P^μ_μ (k^2)/3.

164 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Řĺá. 7-11

Řĺá. 7-12

Ŕàĺćěďěň äőàňăńìŋőě ďőłăğăâěńìáâćő áőłàăéěŋĺï ćăłããňŋëå ďĺăčàăňň. Řăááňőâàĺň ŕőŕàăćłã n-čő ŕőàïďłă ł čàĺŋőćáłőľ äãŋłæĺĺ íńěłâàőŋă (ŕàőŕăčăâőàã), łőâőàőľ áőőâćěâáâćãěâ łăłăï-âő ŋěáćïğŋăï ďĺăčàăňňă. Őŋă, őçěćĺďŋő, áőáâőĺâ ĺğ ďćãå ňŋőęĺâěńěľ. Ŕěàćëľ ĺğ ŋĺå ćłńîçăěâ ćáě H_I, áćïğăŋŋëě á ψ(x) ĺ —ψ(x^′), â.ě. áőőâćěâáâćãěâ áćïğŋőňã ąńőłã á ćŋěèŋĺňĺ łőŋæăňĺ. Ćâőàőľ ňŋőęĺâěńì őŕĺáëćăěâ őáâăńìŋãî çăáâì ďĺăčàăňňë. Šăłĺň őąàăğőň, ćëàăęěŋĺě ďńï àăááňăâàĺćăěňőľ ŕőŕàăćłĺ àăćŋő: −i ( −i)^n n! ∫ dt_1... ∫ dtm⟨0|T [ ψ^{int}(x) —ψ^{int}(x^′)H_I (t_1)...H_I(tm) ]_| 0⟩c × × ∫ dt_{m+1}... ∫ dtn⟨0|T (H_I(t_{m+1})...H_I(tn))|0⟩ . (7.46) Ğďěáì ⟨0|...|0⟩c ĺ ⟨0|...|0⟩ áőőâćěâáâćãěâ ŋěłőâőàëľ ćŕőńŋě őŕàěďěńěŋŋëľ ŋăąőà áŕăàĺćăŋĺľ ŕő âěőàěňě Ćĺłă, ŕàĺçěň áĺňćőń ⟨...⟩c őğŋăçăěâ, çâő ć íâőň ćëàăęěŋĺĺ áŕăàĺćăŋĺï ďăîâ áćïğŋãî ďĺăčàăňňã.

Ŋěâàãďŋő ćĺďěâì, çâő áàěďĺ ďĺăčàăňň ĺňěîâáï âăłĺě, łőâőàëě ďăîâ ć âőçŋőáâĺ őďĺŋăłőćëľ ćłńăď. Ďěľáâćĺâěńìŋő, ěáńĺ ňë ĺğňěŋĺň áŕăàĺćăŋĺï âăł, çâő ďěńő áćěďěâáï ŕàőáâő ł ŕěàěáâăŋőćłě àăğńĺçŋëå H_I ňěęďã áłőąłăňĺ ⟨...⟩c ĺ ⟨...⟩, âő íâő ąãďěâ áőőâćěâáâćőćăâì ŕàőáâő ŕěàěőąőğŋăçěŋĺî ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï ĺ ŋě ĺğňěŋĺâ ćěńĺçĺŋã ŕőŕàăćłĺ ł G. Ůĺáńő âăłĺå ďĺăčàăňň àăćŋő çĺáńã àăğąĺěŋĺľ n őŕěàăâőàőć H_I ŋă čàãŕŕë ĺğ m ĺ n − m őŕěàăâőàőć, â.ě. ąãďěâ àăćŋő^{n!}_{m!(n−m)!} .

Ŕőńŋëľ ćłńăď ćáěå âăłĺå ďĺăčàăňň ąãďěâ àăćěŋ: −i ( −i)^m m! ∫ dt_1... ∫ dtm⟨0|T (ψ^{int}(x) —ψ^{int}(x^′)H_I (t_1)...H_I(tm))|0⟩c × × (−i)^{n−m} (n − m)! ∫ dt_{m+1}... ∫ dtn⟨0|T (H_I(t_{m+1})...H_I(tn))|0⟩ . (7.47) Ŕàőáãňňĺàãěň ćłńăďë őâ ćáěå ďĺăčàăňň, ńîąëå ŕőàïďłőć, áőďěàęăéĺå őŕàěďěńěŋŋãî áćïğŋãî çăáâì ĺ ńîąëě ŋěáćïğŋëě çăáâĺ. Őçěćĺďŋő, ŕàĺ íâőň ŕőńãçĺň: −i ( −i)^m m! ∫ dt_1... ∫ dtm⟨0|T (ψ^{int}(x) —ψ^{int}(x^′)H_I (t_1)...H_I(tm))|0⟩c × × { 1 − i ∫ dt_{m+1}⟨0|H_I(t_{m+1})|0⟩ − 1 2 ∫ dt_{m+1} ∫ dt_{m+2}⟨0|T (H_I(t_{m+1})H_I(t_{m+2}))|0⟩ + ...

... + ( −i)^k k! ∫ dt_{m+1}... ∫ dt_{m+k} ⟨0|T (H_I(t_{m+1})...H_I(t_{m+k}))|0⟩ + ... } . (7.48)

Ćěàŋěňáï âěŕěàì ł ĺáåőďŋőľ äőàňãńě (7.45). Ěáńĺ àăğńőęĺâì áâőïéãî ć ğŋăňěŋăâěńě ćěńĺçĺŋã ⟨0|S|0⟩ ć àïď ŕő áâěŕěŋïň H_I, âő ŕőńãçĺâáï ć âőçŋőáâĺ âő ęě áăňőě ćëàăęěŋĺě, łőâőàőě ğăłńîçěŋő

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 165

Řĺá. 7-13

ć äĺčãàŋëě áłőąłĺ ć (7.48). Šăłĺň őąàăğőň: ⟨0|T ψ^{int}(x) —ψ^{int}(x^′)S|0⟩ = ⟨0|T ψ^{int}(x) —ψ^{int}(x^′)S|0⟩c⟨0|S|0⟩ , (7.49) âăł çâő, áőčńăáŋő (7.45) G(x − x^′) = −i⟨0|T ψ^{int}(x) —ψ^{int}(x^′)S|0⟩c , (7.50) çâő ĺ âàěąőćăńőáì ďőłăğăâì! Ŕőńãçěŋŋőě ŕàăćĺńő áŕàăćěďńĺćő ŕàĺ ćëçĺáńěŋĺĺ ńîąőčő ćëàăęěŋĺï âĺŕă (7.27) ĺńĺ (7.45) á ŕàőĺğćőńìŋëň łőńĺçěáâćőň ŕőńěćëå őŕěàăâőàőć. Ŋă ŕàăłâĺłě íâő őğŋăçăěâ, çâő ňőęŋő ćőőąéě őŕãáâĺâì ňŋőęĺâěńì ⟨0|S|0⟩ ć ğŋăňěŋăâěńě, ěáńĺ áàăğã ďőčőćőàĺâìáï ŋě ãçĺâëćăâì ŋěáćïğŋëě ďĺăčàăňňë.

Ďăńìŋěľèĺě ãŕàőéěŋĺï ćőğŋĺłăîâ ćáńěďáâćĺě âőčő, çâő ćáě âĺŕë áŕăàĺćăŋĺľ ć ćëàăęěŋĺĺ − i ( −i)^m m! ∫ dt_1... ∫ dtm⟨0|T (ψ^{int}(x) —ψ^{int}(x^′)H_I (t_1)...H_I(tm))|0⟩c , (7.51) őâńĺçăîéĺěáï âőńìłő ŕěàěáâăŋőćłőľ H_I, ďăîâ őďĺŋăłőćëľ ćłńăď. Ąńăčőďăàï íâőňã ňőęŋő őŕãáâĺâì ňŋőęĺâěńì 1/m! ĺ ãçĺâëćăâì âőńìłő âăłĺě áŕăàĺćăŋĺï, łőâőàëě ŕàĺćőďïâ ł âőŕőńőčĺçěáłĺ ŋěíłćĺćăńěŋâŋëň ďĺăčàăňňăň, â.ě. âăłĺň, łőâőàëě ŋěńìğï ŕőńãçĺâì ďàãč ĺå ďàãčă ŕěàěáâăŋőćłőľ őŕěàăâőàőć H_I. Ćłńăď őâ łăęďőľ âăłőľ ďĺăčàăňňë ãęě ŋě áőďěàęĺâ ňŋőęĺâěńï, áãéěáâćěŋŋő ğăćĺáïéěčő őâ ŕőàïďłă ďĺăčàăňňë m. Ąńăčőďăàï íâőňã łăęďăï ďĺăčàăňňă ňőęěâ ąëâì àăğąĺâă ŋă íńěňěŋâë, łőâőàëě ňőęŋő àăááňăâàĺćăâì őâďěńìŋő łăł ŕőŕàăćłã ł âőľ ĺńĺ ĺŋőľ čàĺŋőćáłőľ äãŋłæĺĺ. Ł çĺáńã ŋěáãéěáâćěŋŋëå ğăćĺáĺňőáâěľ őâ m őâŋőáĺâáï, őçěćĺďŋő, ňŋőęĺâěńì λ^m, čďě λ | łőŋáâăŋâă. Šăłőľ ňŋőęĺâěńì ŋě ňěèăěâ àăğąĺěŋĺî ďĺăčàăňňë ŋă íńěňěŋâë (ąńőłĺ). Ŋăőąőàőâ, ŕőïćńěŋĺě ňŋőęĺâěńï âĺŕă 1/m ãęě ŕàěŕïâáâćãěâ âăłőňã àăğąĺěŋĺî ĺ áãňňĺàőćăŋĺî çăáâěľ ďĺăčàăňňë ŕő őâďěńìŋőáâĺ.

Ąńőł, ğăłńîçěŋŋëľ ňěęďã ďćãňï íńěłâàőŋŋëňĺ ńĺŋĺïňĺ, ŋăğëćăěâáï íńěłâàőŋŋőľ áőąáâćěŋŋő-íŋěàčěâĺçěáłőľ çăáâìî. Łăł ĺ ć äőâőŋŋőň áńãçăě, ěě ŋăğëćăîâ ŋěŕàĺćőďĺňőľ (ĺńĺ őďŋőçăáâĺçŋő ŋěŕàĺćőďĺňőľ), ěáńĺ őŋă ŋě ňőęěâ ąëâì àăğàěğăŋă ŋă ďćě ďàãčĺě áőąáâćěŋŋő-íŋěàčěâĺçěáłĺě çăáâĺ ŕãâěň àăááěçěŋĺï őďŋőľ íńěłâàőŋŋőľ ńĺŋĺĺ. Śãňňã ćáěå ŋěŕàĺćőďĺňëå áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå çăáâěľ őąőğŋăçĺň −iM(p), íâã ćěńĺçĺŋã ŋăğëćăîâ ěéě ňăááőćëň őŕěàăâőàőň. Ś âőçŋőáâìî ďő çńěŋőć ∼ e^4 ňăááőćëľ őŕěàăâőà ĺğőąàăęăěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 7-13. Ŕãâěň áãňňĺàőćăŋĺï, ăŋăńőčĺçŋőčő ŕàőćěďěŋŋőňã ŕàĺ ćëćőďě (7.30), ŕőńãçăěň ãàăćŋěŋĺě Ďăľáőŋă:

G(p) = G(p) + G(p)M(p)G(p) (7.52)

ĺńĺ, ďńï őąàăâŋëå ňăâàĺæ:

G^{−1}(p) = G^{−1}(p) − M(p) = γ^μp_μ − m − M(p) . (7.53)

Şàăćŋěŋĺě (7.30) âăłęě ňőęŋő ŋăğćăâì ãàăćŋěŋĺěň Ďăľáőŋă ďńï äőâőŋŋőčő ŕàőŕăčăâőàă. Ŋĺęě ňë ěéě ŋě àăğ ćěàŋěňáï ł őąáãęďěŋĺî íâĺå ãàăćŋěŋĺľ.

Čěľğěŋąěàčőćáłĺě ψ-őŕěàăâőàë (ć őâńĺçĺě őâ ψ-őŕěàăâőàőć ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï), łăł őâňěçăńőáì ćëèě ňěŋïîâáï ŕàĺ łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå. Ćňěáâě á ŋĺňĺ ŋě ïćńïěâáï łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋëň ĺ âőçŋëľ íńěłâàőŋŋëľ ŕàőŕăčăâőà G. §áŋő, çâő ĺğňěŋěŋĺě G ŕàĺ łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå ďőńęŋő ćëàăęăâìáï çěàěğ âã ęě ŕàőĺğćőńìŋãî äãŋłæĺî D^l, łőâőàăï ďőąăćńïěâáï

166 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

ŕàĺ íâőň ł äőâőŋŋőňã ŕàőŕăčăâőàã. İâő ïáŋő ĺğ âőčő, çâő ŕàĺ ćëçĺáńěŋĺĺ G ĺğ ďĺăčàăňňŋőčő àïďă âěőàĺĺ ćőğňãéěŋĺľ, ńîąőľ çńěŋ àïďă ćëàăęăěâáï çěàěğ äãŋłæĺĺ D ĺ ŋĺłăłĺå ďàãčĺå ćěńĺçĺŋ, áćïğăŋŋëå á íńěłâàőňăčŋĺâŋëň ŕőńěň ć ŋĺå ŕàőáâő ŋěâ. Ňë ňőęěň ďěńăâì ńîąëě ŕàěďŕőńőęěŋĺï ő áćőľáâćăå őŕěàăâőàă χ ć (7.9), ńĺèì ąë őâćěâ ćëàăęăńáï çěàěğ D^l . Ć àěğãńìâăâě ŕàěőąàăğőćăŋĺï (7.9) ŕàőŕăčăâőàë D ĺ G ŕěàěåőďïâ ć: D_{μν} → i⟨0|T [A_μ(x) − ∂_μχ(x)][A_ν − ∂^′_ν χ(x^′)]|0⟩ , (7.54) G → −i⟨0|T ψ(x)e^{ieχ(x)}e^{−ieχ(x′)} —ψ(x^′)|0⟩ . (7.55) Ąãďěň ŕőńăčăâì, çâő őŕěàăâőàë χ ãáàěďŋïîâáï ŕő ćăłããňã ŋěğăćĺáĺňő őâ őáâăńìŋëå, çâő, ěáâěáâćěŋŋő, őáŋőćăŋő ŋă âőň, çâő ć áĺńã łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ íńěłâàőďĺŋăňĺłĺ \ŕőńě" χ ŋě ŕàĺŋĺňăěâ ŋĺłăłőčő ãçăáâĺï ćő ćğăĺňőďěľáâćĺĺ. Ŕőńőęĺň âăłęě ⟨0|χ(x)|0⟩ = 0. Šőčďă ć (7.55) ĺ (7.55) çńěŋë, áőďěàęăéĺě χ, őâďěńïîâáï ĺ ňë ŕőńãçăěň: D_{μν} → D_{μν} + i⟨0|T ∂_μχ(x)∂^′_ν χ(x^′)|0⟩ , (7.56) G → G⟨0|T e^{ieχ(x)}e^{−ieχ(x′)}|0⟩ . (7.57) Ŕőďçěàłŋěň ěéě àăğ, çâő ćěńĺçĺŋë χ ğďěáì ïćńïîâáï őŕěàăâőàăňĺ. Ďăńěě àăááňőâàĺň áńãçăľ ąěáłőŋěçŋő ňăńëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ ĺ ććěďěň δχ ćňěáâő χ. Ŕàěőąàăğőćăŋĺě (7.57), ŋěğăćĺáĺňő őâ ňăńőáâĺ δχ, ňőęŋő ğăŕĺáăâì ć ćĺďě:

D_{μν} → D_{μν} + δD_{μν} , δD_{μν} = ∂_μ∂^′_ν d^l(x − x^′) , (7.58) čďě d^l(x − x^′) = i⟨0|T δχ(x)δχ(x^′)|0⟩ . (7.59) Őâáîďă ćĺďŋő, çâő d^l őŕàěďěńïěâ ĺğňěŋěŋĺě ŕàĺ łăńĺąàőćőçŋőň ŕàěőąàăğőćăŋĺĺ ŕàőďőńìŋőľ çăáâĺ äőâőŋŋőčő ŕàőŕăčăâőàă D^l.

Ć ŕàěőąàăğőćăŋĺĺ (7.57) àăğńőęĺň íłáŕőŋěŋâë ŕő áâěŕěŋïň δχ á âőçŋőáâìî ďő łćăďàăâĺçŋëå çńěŋőć, âőčďă: ⟨0|T e^{ieδχ(x)}e^{−ieδχ(x′)}|0⟩ ≈ 1 − 1 2 e^2⟨0|δχ^2(x) + δχ^2(x^′) − 2T δχ(x)δχ(x^′)|0⟩ . (7.60)

Ś ãçěâőň őŕàěďěńěŋĺï (7.59) ŕőńãçăěň:

G → G + δG , δG = ie^2G(x − x^′)[d^l(0) − d^l(x − x^′)] . (7.61)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ íâő ďăěâ: δG(p) = ie^2 ∫ d^4q (2π)^4

[G(p) − G(p − q)]d^l(q) , (7.62)

ŕàĺçěň q^2d^l(q) = δD^l(q) . (7.63)

İâĺ äőàňãńë ďăîâ őąéĺě ŕàăćĺńă łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ âőçŋëå ŕàőŕăčăâőàőć ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě.

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 167

Řĺá. 7-14

Ćěàèĺŋŋëě çăáâĺ.

Ć áńőęŋëå ďĺăčàăňňăå ňőęŋő, ŋăàïďã á áőąáâćěŋŋő-íŋěàčěâĺçěáłĺňĺ çăáâïňĺ, ćëďěńĺâì âăłęě ĺ ŋě áćőďïéĺěáï ł ŋĺň ąńőłĺ ďàãčőčő ćĺďă. Řăááňőâàĺň äãŋłæĺî: K^μ(x_1, x_2, x_3) = ⟨0|T A^μ(x_1)ψ(x_2) —ψ(x_3)|0⟩ . (7.64) Ć áĺńã őďŋőàőďŋőáâĺ ŕàőáâàăŋáâćă-ćàěňěŋĺ őŋă ğăćĺáĺâ âőńìłő őâ àăğŋőáâěľ áćőĺå ăàčãňěŋâőć. Ŕőáńě ŕěàěåőďă ł ŕàěďáâăćńěŋĺî ćğăĺňőďěľáâćĺï ĺňěěň:

K^μ(x_1, x_2, x_3) = ⟨0|T A^μ_{int}(x_1)ψ^{int}(x_2) —ψ^{int}(x_3)S|0⟩ ⟨0|S|0⟩ . (7.65)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ňőęŋő ŋăŕĺáăâì:

K^μ(p_2, p_1; k)(2π)^4δ(p_1 + k − p_2) = ∫ d^4x_1 ∫ d^4x_2 ∫ d^4x_3e^{−ikx1+ip2x2−ip1x3} K^μ(x_1, x_2, x_3) . (7.66) Ć ďĺăčàăňňŋőľ âěåŋĺłě äãŋłæĺï K^μ őŕĺáëćăěâáï \âàěååćőáâłőľ", ŕőłăğăŋŋőľ ŋă Řĺá. 7-14, á őďŋĺň äőâőŋŋëň ĺ ďćãňï íńěłâàőŋŋëňĺ łőŋæăňĺ, 4-ĺňŕãńìáë łőâőàëå áćïğăŋë ğăłőŋőň áőåàăŋěŋĺï:

p_1 + k = p_2 . (7.67) Ůńěŋ ŋãńěćőčő ŕőàïďłă ć àăğńőęěŋĺĺ íâőľ äãŋłæĺĺ ć àïď âěőàĺĺ ćőğňãéěŋĺľ őąàăéăěâáï ć ŋãńì, ă çńěŋ ŕěàćőčő ŕőàïďłă ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ:

K^μ(x_1, x_2, x_3) = e ∫ d^4xG(x_2 − x)γ_ν G(x − x_3)D^{νμ}(x_1 − x) (7.68)

ĺńĺ, ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ:

K^μ(p_2, p_1; k) = eG(p_2)γ_ν G(p_1)D^{νμ}(k) , (7.69) çâő ĺğőąàăęăěâáï ďĺăčàăňňőľ Řĺá. 7-15.

Ć áńěďãîéĺå ŕőàïďłăå ďĺăčàăňňë ãáńőęŋïîâáï ğă áçěâ ďőąăćńěŋĺï ŋőćëå ćěàèĺŋ. Ŋăŕàĺňěà ć âàěâìěň ŕőàïďłě ćőğŋĺłăîâ ďĺăčàăňňë, ŕőłăğăŋŋëě ŋă Řĺá. 7-16. Ć ŕěàćëå âàěå ďĺăčàăňňăå Řĺá. 7-16 ćëďěńïîâáï őçěćĺďŋëě áőąáâćěŋŋő- íŋěàčěâĺçěáłĺě çăáâĺ äőâőŋă ĺ íńěłâàőŋőć. Ŋő ć çěâćěàâőľ ďĺăčàăňňě âăłĺå ąńőłőć ŋěâ. İâő őąéăï áĺâãăæĺï | ŕőŕàăćłĺ âĺŕă áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå çăáâěľ ŕàőáâő ŕàĺćőďïâ ł ğăňěŋě ć (7.69) äãŋłæĺľ Čàĺŋă G ĺ D ŋă G ĺ D. Őáâăńìŋëě çńěŋë àăğńőęěŋĺï ć áãňňě ďăîâ ćěńĺçĺŋã, ĺğňěŋïîéãî ć (7.69) ňŋőęĺâěńì γ^μ. Őąőğŋăçăï áőőâćěâáâćãîéãî ćěńĺçĺŋã çěàěğ `^μ ĺňěěň, ŕő őŕàěďěńěŋĺî: K^μ(p_2, p_1; k) = {iG(p_2)[−ie`_ν (p_2, p_1; k)]iG(p_1)} [−iD^{νμ}(k)] . (7.70)

168 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Řĺá. 7-15

Řĺá. 7-16

Ąńőł, áőěďĺŋěŋŋëľ á ďàãčĺňĺ çăáâïňĺ ďĺăčàăňňë őďŋőľ äőâőŋŋőľ ĺ ďćãňï íńěłâàőŋŋëňĺ ńĺŋĺïňĺ ŋăğëćăěâáï ćěàèĺŋŋőľ çăáâìî, ěáńĺ íâőâ ąńőł ŋěńìğï àăğďěńĺâì ŋă çăáâĺ, áőěďĺŋěŋŋëě ňěęďã áőąőľ őďŋőľ (íńěłâàőŋŋőľ ĺńĺ äőâőŋŋőľ) ńĺŋĺěľ. Ććěďěŋŋëľ ćëèě ąńőł `^μ ŕàěďáâăćńïěâ áőąőľ áãňňã ćáěčő ňŋőęěáâćă ćěàèĺŋŋëå çăáâěľ, ćłńîçăï ŕàőáâãî ćěàèĺŋã γ^μ, ŋăğëćăěâáï ćěàèĺŋŋëň őŕěàăâőàőň (ĺńĺ ćěàèĺŋŋőľ äãŋłæĺěľ). Ś âőçŋőáâìî ďő çńěŋőć ŕïâőčő ŕőàïďłă őŋ ĺğőąàăęăěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 7-17. Ćáě âàĺ ĺňŕãńìáă âãâ ŋě ňőčãâ őďŋőćàěňěŋŋő őâŋőáĺâìáï ł àěăńìŋëň çăáâĺæăň: ňë ãęě ćĺďěńĺ, çâő ŕőčńőéěŋĺě (ĺğńãçěŋĺě) äőâőŋă áćőąőďŋëň íńěłâàőŋőň ŋěćőğňőęŋő ĺğ-ğă ğăłőŋőć áőåàăŋěŋĺï 4-ĺňŕãńìáă. Ŕőíâőňã, őďĺŋ ĺğ łőŋæőć ğďěáì ğăćěďőňő ďőńęěŋ őâŋőáĺâìáï ł ćĺàâãăńìŋőľ çăáâĺæě (ĺńĺ ćŋěèŋěňã ŕőńî).

Ňőęŋő ććěáâĺ ŕőŋïâĺě łőňŕăłâŋőľ ĺ ŋěłőňŕăłâŋőľ ćěàèĺŋŋőľ çăáâĺ. Łőňŕăłâŋëňĺ ŋăğëćăîâáï âě, łőâőàëě ŋě áőďěàęăâ áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå ŕőŕàăćőł ł ćŋãâàěŋŋĺň ńĺŋĺïň, ĺ ć łőâőàëå ŋěńìğï ćëďěńĺâì çăáâěľ, ŕàěďáâăćńïîéĺå áőąőľ ŕőŕàăćłĺ ł ćŋãâàěŋŋĺň ćěàèĺŋăň. Ĺğ čàăäĺłőć, ŕőłăğăŋŋëå ŋă Řĺá. 7-17, łőňŕăłâŋëňĺ ïćńïîâáï âőńìłő ďĺăčàăňňë (ą) ĺ (č). Čàăäĺłĺ (ę,ğ,ĺ) áőďěàęăâ áőąáâćěŋŋőíŋěàčěâĺçěáłĺě ŕőŕàăćłĺ ł íńěłâàőŋŋëň ĺńĺ äőâőŋŋëň ńĺŋĺïň. Ć ďĺăčàăňňě (ć) ćěàåŋĺľ čőàĺğőŋâăńìŋëľ ŕãŋłâĺà ňőęŋő àăááňăâàĺćăâì łăł ŕőŕàăćłã ł ćěàåŋěľ

Řĺá. 7-17

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 169

Řĺá. 7-18

Řĺá. 7-19

ćěàèĺŋě, ă ąőłőćëě ŕãŋłâĺàŋëě ńĺŋĺĺ ŋă ďĺăčàăňňăå (ď) ĺ (ě) ňőęŋő áçĺâăâì ŕőŕàăćłăňĺ ł ąőłőćëň ćěàèĺŋăň. Ğăňěŋĺć ć łőňŕăłâŋëå ďĺăčàăňňăå ćŋãâàěŋŋĺě ńĺŋĺĺ ŋă ęĺàŋëě, ă ćěàèĺŋë ğăèâàĺåőćăŋŋëňĺ łàãęłăňĺ ŕőńãçĺň àăğńőęěŋĺě ćěàèĺŋŋőčő őŕěàăâőàă ć ćĺďě, ŕőłăğăŋŋőň ŋă Řĺá. 7-18, łőâőàëľ ĺŋőčďă ŋăğëćăîâ àăğńőęěŋĺěň ŕő \áłěńěâŋëň" ďĺăčàăňňăň. İâő àăğńőęěŋĺě, äăłâĺçěáłĺ, ďăěâ ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï `, ŋő á ąěáłőŋěçŋëň çĺáńőň çńěŋőć ć ŕàăćőľ çăáâĺ | ďńï ćěàèĺŋ ŋěńìğï ŕőńãçĺâì ğăňłŋãâëľ ăŋăńőč ãàăćŋěŋĺľ Ďăľáőŋă, łőâőàëě ĺňěîâ ňěáâő ďńï äãŋłæĺľ Čàĺŋă (ŕàőŕăčăâőàőć).

Ňőęŋő ććěáâĺ âăłęě ćěàèĺŋë á ąőńìèĺň łőńĺçěáâćőň ćŋěèŋĺå łőŋæőć, ŋăŕàĺňěà \çěâëàěååćőáâłã", ŕőłăğăŋŋãî ŋă Řĺá. 7-19. Ł âăłőľ ďĺăčàăňňě ňőęŋő ŕàĺľâĺ àăááňőâàěć äãŋłæĺî:

K(x_1, x_2; x_3, x_4) = ⟨0|T ψ(x_1)ψ(x_2) —ψ(x_3) —ψ(x_4)|0⟩ , (7.71)

łőâőàãî őąëçŋő ŋăğëćăîâ ďćãåçăáâĺçŋőľ äãŋłæĺěľ Čàĺŋă. Őŋă őŕïâì ğăćĺáĺâ âőńìłő őâ àăğŋőáâěľ áćőĺå ăàčãňěŋâőć. Ěě ŕàěőąàăğőćăŋĺě Ťãàìě ğăŕĺáëćăěâáï ć ćĺďě: ∫ d^4x_1 ∫ d^4x_2 ∫ d^4x_3 ∫ d^4x_4K(x_1, x_2; x_3, x_4)e^{i(p3x1+p4x2−p1x3−p2x4)} =

= (2π)^4δ(p_1 + p_2 − p_3 − p_4)K(p_3, p_4; p_1, p_2) , (7.72)

ŕàĺçěň:

K(p_3, p_4; p_1, p_2) = (2π)^4δ(p_1 − p_3)G(p_1)G(p_2) − (2π)^4δ(p_2 − p_3)G(p_1)G(p_2) + +G(p_3)G(p_4)[−i`(p_3, p_4; p_1, p_2)]G(p_1)G(p_2) . (7.73)

Ŕěàćëě ďćă áńăčăěňëå ğďěáì ĺáłńîçăîâ ĺğ őŕàěďěńěŋĺï `(p_3, p_4; p_1, p_2) čàăäĺłĺ âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 7-20. Ć âàěâìěň çńěŋě (7.73) ňŋőęĺâěńĺ G ĺáłńîçăîâ ĺğ őŕàěďěńěŋĺï ćěàèĺŋë ` âě ďĺăčàăňňë, łőâőàëě ŕàěďáâăćńïîâ áőąőľ ŕőŕàăćłĺ ł ćŋěèŋĺň íńěłâàőŋŋëň ńĺŋĺïň. Ŕő áćőľáâćăň T -ŕàőĺğćěďěŋĺï äěàňĺěćáłĺå őŕěàăâőàőć, ćěàèĺŋă `(p_3, p_4; p_1, p_2) őąńăďăěâ őçěćĺďŋëňĺ áćőľáâćăňĺ ăŋâĺáĺňňěâàĺĺ:

`(p_3, p_4; p_1, p_2) = −`(p_4, p_3; p_1, p_2) = −`(p_3, p_4; p_2, p_1) . (7.74)

170 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Řĺá. 7-20

Řĺá. 7-21

İâă ćěàèĺŋă ňőęěâ őŕĺáëćăěâ ŕàőæěáá àăááěïŋĺï ďćãå íńěłâàőŋőć, ěčő ăňŕńĺâãďã ňőęŋő ŋăľâĺ, áőŕőáâăćĺć ćŋěèŋĺň łőŋæăň ăňŕńĺâãďë ŋăçăńìŋëå ĺ łőŋěçŋëå çăáâĺæ (ćňěáâő ŕàőŕăčăâőàőć G):

iM_{fi} = —u(p_3)—u(p_4)[−ie`(p_3, p_4; p_1, p_2)]u(p_1)u(p_2) , (7.75)

ŕàĺçěň ` őŕĺáëćăěâ ćáě ćőğňőęŋëě ŕàőæěááë ćğăĺňőďěľáâćĺï ďćãå çăáâĺæ ćő ćáěå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ.

Şàăćŋěŋĺï Ďăľáőŋă.

Šőçŋëě ŕàőŕăčăâőàë ĺ ćěàèĺŋŋëě çăáâĺ áćïğăŋë ňěęďã áőąőľ, łăł ňë ãęě ćĺďěńĺ, őŕàěďěńěŋŋëňĺ ĺŋâěčàăńìŋëňĺ áőőâŋőèěŋĺïňĺ. Řăááňőâàĺň íâőâ ćőŕàőá ŕőďàőąŋěě. Řăááňőâàĺň čàăäĺłĺ ďńï ŋěŕàĺćőďĺňëå áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå çăáâěľ íńěłâàőŋă. Ŋěâàãďŋő áőőąàăğĺâì, çâő ĺğ ąěáłőŋěçŋőčő ňŋőęěáâćă íâĺå ďĺăčàăňň âőńìłő őďŋă, ŕőłăğăŋŋăï ŋă Řĺá. 7-21, ïćńïěâáï łőňŕăłâŋőľ ć őąáãęďăćèěňáï ć ŕàěďëďãéěň ŕăàăčàăäě áňëáńě, ă ńîąőě ěě ãáńőęŋěŋĺě ňőęěâ àăááňăâàĺćăâìáï łăł ććěďěŋĺě ŕőŕàăćőł ł őďŋőľ ĺğ ěě ćěàèĺŋ. §áŋő, çâő ćáě ćěàèĺŋŋëě ŕőŕàăćłĺ ďőáâăâőçŋő ŕàĺŕĺáëćăâì ĺňěŋŋő ł őďŋőľ (ńîąőľ ĺğ ďćãå) ĺğ ěě ćěàèĺŋ, őáâăćńïï ďàãčãî \čőńőľ". Śőőâćěâáâćěŋŋő, áãňňă ćáěå ŋěŕàĺćőďĺňëå áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå çăáâěľ (â.ě. ňăááőćëľ őŕěàăâőà) ňőęŋő ĺğőąàăğĺâì ćáěčő őďŋőľ áłěńěâŋőľ ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 7-22. Śőőâćěâáâćãîéěě ćëàăęěŋĺě ć ăŋăńĺâĺçěáłőň ćĺďě ĺňěěâ

Řĺá. 7-22

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 171

Řĺá. 7-23

ćĺď:

M(p) = G^{−1}(p) − G^{−1}(p) = −ie^2 ∫ d^4k (2π)^4 γ^ν G(p + k)`^μ(p + k, p; k)D_{μν}(k) . (7.76)

Ăŋăńőčĺçŋőě ćëàăęěŋĺě ňőęŋő ŋăŕĺáăâì ĺ ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă. Śàěďĺ ŋěŕàĺćőďĺňëå äőâőŋŋëå áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå çăáâěľ âăłęě âőńìłő őďŋă ïćńïěâáï łőňŕăłâŋőľ, ĺ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ŕàěďáâăćńïěâáï áłěńěâŋőľ ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 7-23. Śőőâćěâáâćãîéěě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ĺňěěâ ćĺď: 1 4π P_{μν} (k) = D^{−1}_{μν} (k) − D^{−1}_{μν} (k) = ie^2 Sp ∫ d^4p (2π)^4 γ_μG(p + k)`_ν (p + k, p; k)G(p) . (7.77)

Şàăćŋěŋĺï (7.76) ĺ (7.77) ŕàěďáâăćńïîâ áőąőľ őďŋã ĺğ ïćŋëå äőàň ğăŕĺáĺ ãàăćŋěŋĺľ Ďăľáőŋă (7.52) ĺ (7.30), ŕàěďáâăćńïîéĺå áőąőľ ĺŋâěčàăńìŋëě ãàăćŋěŋĺï ďńï âőçŋëå ŕàőŕăčăâőàőć ĺ ćëàăęăîéĺě ĺå çěàěğ âőçŋëě ćěàèĺŋŋëě äãŋłæĺĺ. Ŕőáłőńìłã ďńï ćěàèĺŋŋëå çăáâěľ ăŋăńőčĺçŋëě \ğăňłŋãâëě" ĺŋâěčàăńìŋëě ãàăćŋěŋĺï őâáãâáâćãîâ, âő ć ŕàăłâĺçěáłĺå áńãçăïå ãàăćŋěŋĺï Ďăľáőŋă ňőęŋő àěèăâì, ĺáŕőńìğãï łăłĺě - ńĺąő ăŕŕàőłáĺňăæĺĺ ďńï ćěàèĺŋ, őáŋőćăŋŋëě, ŋăŕàĺňěà, ŋă âőň ĺńĺ ĺŋőň ćëąőàőçŋőň áãňňĺàőćăŋĺĺ äěľŋňăŋőćáłĺå ďĺăčàăňň.

Šőęďěáâćő Şőàďă.

Śãéěáâćãîâ âőçŋëě áőőâŋőèěŋĺï ňěęďã ŕàőŕăčăâőàăňĺ ĺ ćěàèĺŋŋëňĺ çăáâïňĺ, ąőńěě ŕàőáâëě, çěň ãàăćŋěŋĺï Ďăľáőŋă. Řăááňőâàĺň íńěłâàőŋŋëľ ŕàőŕăčăâőà. Śőćěàèĺň łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě (7.9), ŕőńăčăï χ(x) = δχ(x), čďě δχ(x) ąěáłőŋěçŋő ňăńăï ŋěőŕěàăâőàŋăï äãŋłæĺï łőőàďĺŋăâ x. Šőčďă íńěłâàőŋŋëľ ŕàőŕăčăâőà ĺğňěŋĺâáï ŋă ćěńĺçĺŋã: δG(x, x^′) = ieG(x − x^′)[δχ(x) − δχ(x^′)] . (7.78) Šăłőě łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě ŋăàãèăěâ őďŋőàőďŋőáâì ŕàőáâàăŋáâćăćàěňěŋĺ ĺ äãŋłæĺï δG ğăćĺáĺâ ãęě őâ x ĺ x^′ ŕő őâďěńìŋőáâĺ, ă ŋě âőńìłő őâ x − x^′. Ěě àăğńőęěŋĺě Ťãàìě ŕàőĺáåőďĺâ ŕőíâőňã ŕő x ĺ x^′ ć őâďěńìŋőáâĺ, âăł çâő ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ δG ïćńïěâáï äãŋłæĺěľ ďćãå 4-ĺňŕãńìáőć:

δG(p_2, p_1) = ∫ d^4x ∫ d^4x^′δG(x, x^′)e^{ip2x−ip1x′} . (7.79)

172 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Řĺá. 7-24

Ŕőďáâăćńïï áîďă (7.78) ĺ ĺŋâěčàĺàãï ŕő d^4xd^4ξ ĺńĺ d^4x^′d^4ξ, čďě ξ = x−x^′, ŕőńãçăěň: δG(p + q, p) = ieδχ(q)[G(p) − G(p + q)] . (7.80) Ś ďàãčőľ áâőàőŋë ŕàĺ âőň ęě łăńĺąàőćőçŋőň ŕàěőąàăğőćăŋĺĺ ł őŕěàăâőàã ćěłâőàŕőâěŋæĺăńă íńěłâàőňăčŋĺâŋőčő ŕőńï A_μ(x) ďőąăćńïěâáï äãŋłæĺï:

δA^{(e)}_μ (x) = − ∂ ∂x^μ δχ , (7.81)

łőâőàãî ňőęŋő àăááňőâàěâì łăł ąěáłőŋěçŋő ňăńőě ćŋěèŋěě ŕőńě. Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň:

δA^{(e)}_μ (q) = iq_μδχ(q) . (7.82) Ćěńĺçĺŋã δG ňőęŋő ćëçĺáńĺâì ĺ łăł ĺğňěŋěŋĺě ŕàőŕăčăâőàă ŕőď ďěľáâćĺěň íâőčő ŕőńï. Ś âőçŋőáâìî ďő ćěńĺçĺŋ ŕěàćőčő ŕőàïďłă ŕő δχ íâő ĺğňěŋěŋĺě ĺğőąàăğĺâáï őďŋőľ áłěńěâŋőľ ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 7-24, čďě ęĺàŋëľ ŕãŋłâĺà őąőğŋăçăěâ íääěłâĺćŋãî ńĺŋĺî ćŋěèŋěčő ŕőńï, łőâőàőľ áőŕőáâăćńïěâáï ňŋőęĺâěńì:

δA^{(e)}_μ (q) + δA^{(e)}_λ (q) 1 4π P^{λν}(q)D_{νμ}(q) , (7.83)

ãçĺâëćăîéĺľ ććěďěŋĺě ć ŋěě áőąáâćěŋŋő-íŋěàčěâĺçěáłĺå ŕőŕàăćőł. Ŋő 4-ćěłâőà δA^{(e)}_λ (q) ŕàőďőńěŋ (ŕő őâŋőèěŋĺî ł q), ă âěŋğőà P^{λν} ŕőŕěàěçěŋ (áà. (7.38, (7.42)). Ŕőíâőňã ćâőàőľ çńěŋ ğďěáì ŕàőáâő őąàăéăěâáï ć ŋãńì, âăł çâő äăłâĺçěáłĺ őáâăěâáï âőńìłő ćłńăď čàăäĺłă, ŕőłăğăŋŋőčő ŋă Řĺá. 7-24, ć łőâőàőň ńĺŋĺî ćŋěèŋěčő ŕőńï ňőęŋő áçĺâăâì \âőŋłőľ" ĺ àăćŋőľ ŕàőáâő δA^{(e)}μ (q). Ć ăŋăńĺâĺçěáłőň ćĺďě ĺňěěň: δG(p + q, p) = eG(p + q)`^μ(p + q, p; q)G(p)δA^{(e)}_μ (q) . (7.84) Ŕőďáâăćńïï áîďă (7.82) ĺ áàăćŋĺćăï á (7.80), ŋăåőďĺň:

G(p + q) − G(p) = −G(p + q)q_μ`^μ(p + q, p; q)G(p) (7.85)

ĺńĺ, ďńï őąàăâŋëå ňăâàĺæ:

G^{−1}(p + q) − G^{−1}(p) = q_μ`^μ(p + q, p; q) . (7.86)

Ŕàĺ q → 0, áàăćŋĺćăï łőíääĺæĺěŋâë ŕàĺ ąěáłőŋěçŋő ňăńőň q_μ ć őąěĺå çăáâïå àăćěŋáâćă, ŕőńãçĺň: ∂ ∂p_μ G^{−1}(p) = `^μ(p, p; 0) (7.87)

| âăł ŋăğëćăěňőě âőęďěáâćő Şőàďă ć ďĺääěàěŋæĺăńìŋőľ äőàňě. Śőőâŋőèěŋĺě (7.86) ŕàěďáâăćńïěâ áőąőľ âőęďěáâćő Şőàďă ďńï łőŋěçŋëå q. Ĺğ (7.87) ćĺďŋő, çâő

ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ 173

ŕàőĺğćőďŋăï G^{−1}(p) ŕő ĺňŕãńìáã áőćŕăďăěâ á ćěàèĺŋŋëň őŕěàăâőàőň á ŋãńěćőľ ŕěàěďăçěľ ĺňŕãńìáă. Ŕàőĺğćőďŋăï őâ áăňőľ äãŋłæĺĺ Čàĺŋă G(p) àăćŋă: − ∂ ∂p_μ iG(p) = iG(p)[−i`^μ(p, p; 0)]iG(p) (7.88) Ć ŋãńěćőň ŕàĺąńĺęěŋĺĺ íâő âőęďěáâćő ćőőąéě őçěćĺďŋő, ŕőáłőńìłã ĺğ G^{−1} = γ^μp_μ − m áàăğã áńěďãěâ^{∂G−1}_{∂pμ} = γ^μ. Őâáîďă ŋěâàãďŋő ŕőńãçĺâì ĺ čàăäĺçěáłĺľ ćëćőď íâőčő âőęďěáâćă | ĺğ ãàăćŋěŋĺï Ďăľáőŋă (7.53) ńěčłő ćĺďěâì, çâő ďĺääěàěŋæĺàőćăŋĺě őąàăâŋőľ äãŋłæĺĺ Čàĺŋă ŕő ĺňŕãńìáã íłćĺćăńěŋâŋő ćáěćőğňőęŋëň ćáâăćłăň ńĺŋĺľ äĺłâĺćŋőčő ćŋěèŋěčő ŕőńï á ŋãńěćëň ŕěàěďăćăěňëň ĺňŕãńìáőň ćő ćáě čàăäĺłĺ ďńï ŋěŕàĺćőďĺňőľ áőąáâćěŋŋő-íŋěàčěâĺçěáłőľ çăáâĺ, çâő čěŋěàĺàãěâ ćáě čàăäĺłĺ ďńï áőőâćěâáâćãîéěľ ćěàèĺŋŋőľ çăáâĺ. Šőęďěáâćő Şőàďă ĺňěěâ őčàőňŋőě ğŋăçěŋĺě ďńï ŕàőćěàłĺ áőčńăáőćăŋŋőáâĺ łőŋłàěâŋëå ŕàĺąńĺęěŋĺľ ć ğăďăçăå łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ŋěáłőńìłő ąőńěě čàőňőğďłĺň ïćńïěâáï ćëćőď ăŋăńőčĺçŋëå âőęďěáâć ďńï âőçŋőľ äőâőŋŋőľ äãŋłæĺĺ Čàĺŋă (ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă). Śőőâćěâáâćãîéĺě ďěâăńĺ ňőęŋő ŋăľâĺ ć [1].

174 ŠŐŮŊŻĚ ŔŘŐŔĂČĂŠŐŘŻ Ĺ ĆĚŘŸĹŊŊŻĚ ŮĂŚŠĹ

Čńăćă 8

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂ- ŇĹŁĹ

Řăááěïŋĺě íńěłâàőŋă ŋă áâăâĺçěáłőň ğăàïďě: ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć.

Ć íâőľ čńăćě ňë àăááňőâàĺň ŕàĺňěàë àăáçěâă ŋěłőâőàëå łőŋłàěâŋëå íääěłâőć ć àăňłăå łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ, âăłęě łăł ĺ àïď ćőŕàőáőć ŕàĺŋæĺŕĺăńìŋőčő åăàăłâěàă, őâŋőáïéĺåáï ł őáŋőćăň íâőľ âěőàĺĺ. Ŋãęŋő ğăňěâĺâì, çâő łćăŋâőćăï íńěłâàőďĺŋăňĺłă ïćńïěâáï őąàăğæőň çàěğćëçăľŋő ãáŕěèŋőľ âěőàĺĺ ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ. Őŋă ďăěâ ćőğňőęŋőáâì ŕőàăğĺâěńìŋő âőçŋëå àăáçěâőć íääěłâőć íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï, àěğãńìâăâë łőâőàëå ŋăåőďïâáï ć ĺďěăńìŋőň áőőâćěâáâćĺĺ á áőćàěňěŋŋëňĺ íłáŕěàĺňěŋâăňĺ. Ŕàĺňěàë ďěâăńìŋőčő ăŋăńĺğă ňŋőęěáâćă łćăŋâőćőíńěłâàőďĺŋăňĺçěáłĺå ğăďăç ňőęŋő ŋăľâĺ ć łŋĺčăå [1, 2], ğďěáì ňë, ć áőőâćěâáâćĺĺ á åăàăłâěàőň ŋăèěčő łãàáă, őčàăŋĺçĺňáï âőńìłő àïďőň ĺğąàăŋŋëå ćőŕàőáőć. Ŕàĺ íâőň ďěâăńĺ ćëçĺáńěŋĺľ, łőâőàëě ńěčłő ŋăľâĺ ć ńĺâěàăâãàě, ąãďãâ ŕő ąőńìèěľ çăáâĺ ŕàőáâő őŕãáłăâìáï. Ćëďěńïâìáï ąãďěâ âőńìłő łăçěáâćěŋŋăï áâőàőŋă ďěńă.

Ć łăçěáâćě ŕěàćőčő ŕàĺňěàă ćěàŋěňáï ł ãęě àăááňăâàĺćăćèěľáï ć Čńăćě 4 ğăďăçě ő àăááěïŋĺĺ íńěłâàőŋă ŋă áâăâĺçěáłőň ğăàïďě ïďàă (àěğěàäőàďőćáłőě àăááěïŋĺě). Ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ íâőâ ŕàőæěáá ĺğőąàăęăěâáï čàăäĺłőň

176 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-1

Řĺá. 8-1(ă),^1 čďě áâăâĺçěáłĺľ ğăàïď őąőğŋăçěŋ łàěáâĺłőň. Ć áőőâćěâáâćĺĺ á őąéĺňĺ ŕàăćĺńăňĺ ďĺăčàăňňŋőľ âěåŋĺłĺ, ăňŕńĺâãďă íâőčő ŕàőæěááă ğăŕĺáëćăěâáï ć ćĺďě: M_{fi} = −i ∫ d^4x⟨f|j_μ(x)|i⟩A^μ(x) , (8.1) čďě ňăâàĺçŋëľ íńěňěŋâ âőłă ŕěàěåőďă ěáâì: ⟨f|j_μ(x)|i⟩ = e—u_f γ_μu_ie^{−iqx} , (8.2) čďě q = p_i − p_f ĺ ććěďěŋë áŕĺŋőàë ŋăçăńìŋőčő ĺ łőŋěçŋőčő áőáâőïŋĺľ íńěłâàőŋă. Ćěłâőà-ŕőâěŋæĺăń A_μ(x) őŕĺáëćăěâ íńěłâàőňăčŋĺâŋőě ŕőńě áâăâĺçěáłőčő ğăàïďă. Śőőâćěâáâćěŋŋő, ňőęŋő ŋăŕĺáăâì:

M_{fi} = −ie—u_f γ_μu_iA^μ(q) , (8.3) čďě A^μ(q) = ∫ d^4x e^{−iqx}A^μ(x) . (8.4) Ć áńãçăě áâăâĺçěáłőčő ğăàïďă ćěńĺçĺŋă A^μ(x) ŋě ğăćĺáĺâ őâ ćàěňěŋĺ, ŕőíâőňã:

A^μ(q) = ∫ dt e^{−i(Ei−Ef )t} ∫ d^3r e^iqrA_μ(r) = 2πδ(E_f − E_i)A^μ(q) . (8.5) Śâăâĺçěáłĺě ãàăćŋěŋĺï Ňăłáćěńńă ĺňěîâ ćĺď: ∇^2A^μ(r) = −4πj^μ(r) . (8.6) Šőčďă ĺňěěň: A^μ(q) = 4π |q|^{2 jμ}(q)^. (8.7)

Śőőâćěâáâćěŋŋő, ĺğ (8.3) ĺ (8.5) ŕőńãçăěň: M_{fi} = −2πiδ(E_f − E_i)e—u_f γ_μu_i 4π |q|^{2 jμ}(q)^. (8.8)

Ůâőąë ŋě ğăčàőňőęďăâì ďăńìŋěľèĺě őæěŋłĺ, őŕãáâĺň δ-äãŋłæĺî ğăłőŋă áőåàăŋěŋĺï íŋěàčĺĺ ĺ őŕàěďěńĺň ăňŕńĺâãďã M łăł: − iM = ie—u_f γ_μu_i 4π |q|^{2 jμ}(q)^. (8.9)

1Ć ŕěàćőľ ŕőńőćĺŋě ďăŋŋőľ čńăćë, âăłęě, łăł ć Čńăćě 4, ňë ąãďěň őąőğŋăçăâì ćŋěèŋěě ŕőńě ĺ äőâőŋë ćőńŋĺáâëňĺ ńĺŋĺïňĺ.

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 177

Řĺá. 8-2

Ŕàĺ àăááěïŋĺĺ ŋă áâăâĺçěáłőň ğăàïďě íńěłâàőŋ ĺáŕëâëćăěâ őâďăçã ĺ p_i ≠ p_f , ŋő íŋěàčĺï áőåàăŋïěâáï ĺ E_i = E_f , ĺńĺ q_0 = 0. Ŕőíâőňã: q^2 = −|q|^2 < 0 (8.10) | ŕàőáâàăŋáâćěŋŋő ŕőďőąŋëľ ćěłâőà àăááěïŋĺï, ă (8.9) ŕěàěŕĺáëćăěâáï ć ćĺďě: − iM = (ie—u_f γ^μ u_i) ( −4πig_{μν} q^2 ) (−ij^ν (q)) . (8.11)

Ğďěáì ŕěàćëľ ňŋőęĺâěńì őŕĺáëćăěâ ćěàèĺŋŋãî çăáâì, ă ćâőàőľ | äőâőŋŋëľ ŕàőŕăčăâőà. Ďńï áâăâĺçěáłőčő ïďàă á ğăàïďőň Ze ĺňěěň: j^0(r) = ρ(r) = Zeδ(r) , j(r) = 0 , (8.12) âăł çâő − iM = (ie—u_f γ^0u_i) ( −4πi q^2 ) (−iZe) , (8.13) çâő ĺğőąàăęăěâáï ďĺăčàăňňőľ Řĺá. 8-1(ą) ĺ, ŕő áãâĺ ďěńă, áőćŕăďăěâ á (4.76). İâĺ äőàňãńë ĺ őŕĺáëćăîâ àěğěàäőàďőćáłőě àăááěïŋĺě, áěçěŋĺě łőâőàőčő (4.80): dσ d˙ ∼ |M |^2 ∼ q^{−4} ∼ 1 sin^{4 θ}_2

, (8.14)

čďě θ | ãčőń àăááěïŋĺï, łőâőàëľ őŕàěďěńïěâáï ĺğ łĺŋěňăâĺłĺ:

q^2 = (p_i − p_f )^2 ≈ −2k^2(1 − cos θ) = −4k^2 sin^2 θ 2 , (8.15)

čďě ňë ŕàěŋěąàěčńĺ ňăááőľ íńěłâàőŋă (ŕő áàăćŋěŋĺî á ňăááőľ ïďàă) ĺ ććěńĺ k ≡ |pi| = |pf |. Šăłőćă łăàâĺŋă àăááěïŋĺï ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ. Ŕőáňőâàĺň ł çěňã ŕàĺćőďïâ ćëáèĺě ŕőàïďłĺ (àăďĺăæĺőŋŋëě ŕőŕàăćłĺ). Ć łăçěáâćě ŕàĺňěàă àăááňőâàĺň ďĺăčàăňňã âàěâìěčő ŕőàïďłă, ŕőłăğăŋŋãî ŋă Řĺá. 8-2. Ĺáŕőńìğãï őąéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ŋěâàãďŋő ãąěďĺâìáï, çâő ěľ áőőâćěâáâćãěâ: −iM = (−1)(ie—u_f γ^μu_i) ( −i 4πg_{μμ}′ q^2 ) × (8.16)

× ∫ d^4p (2π)^4 Sp { (ieγ^{μ′} ) i(^p + m) p^2 − m^2 (ieγ^{ν′} ) i(^q − ^p + m) (q − p)^2 − m^2 } ( −i 4πg_ν′_ν q^2 ) (−ij^ν (q)) .

178 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ćĺďŋő, çâő ŕő áàăćŋěŋĺî á àěğãńìâăâőň ŕěàćőčő ŕőàïďłă (8.11) ğďěáì ŕàőĺğőèńă őçěćĺďŋăï ňőďĺäĺłăæĺï äőâőŋŋőčő ŕàőŕăčăâőàă, ć łőâőàőň ŕőïćĺńăáì őďŋőŕěâńěćăï ŕőńïàĺğăæĺőŋŋăï \ćáâăćłă", âăł çâő −i 4πg_{μν} q^2 → −i 4πg_{μν} q^2 + ( −i 4πg_{μμ}′ q^2 ) I^{μ′ν′} ( −i 4πg_ν′_ν q^2 ) = = −i 4πg_{μν} q^2 + (−4πi) q^2

I_{μν} (q^2) (−4πi) q^2

, (8.17) čďě I_{μν} (q^2) = (−1) ∫ d^4p (2π)^4 Sp { (ieγ^μ ) i(^p + m) p^2 − m^2 (ieγ^ν ) i(^q − ^p + m) (q − p)^2 − m^2 } . (8.18)

Śàăğã ęě ćĺďŋő, çâő ŕàĺ |p| → ∞ ĺŋâěčàăń ć I_{μν} áőďěàęĺâ ćłńăď (őâ ŕőńïàĺğăæĺőŋŋőľ ŕěâńĺ) ćĺďă ∫ dp^{p3}_{p2} , łăğăńőáì ąë łćăďàăâĺçŋő àăáåőďïéĺľáï ŋă ćěàåŋěň ŕàěďěńě. İâő ŕàĺňěà âĺŕĺçŋőľ àăáåőďĺňőáâĺ, ŕőïćńïîéěľáï ć ćëáèĺå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ ŕàăłâĺçěáłĺ ć ńîąőľ ňőďěńĺ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ťĺğĺçěáłăï ŕàĺàőďă àăáåőďĺňőáâĺ áćïğăŋă, ěáâěáâćěŋŋő, á âőçěçŋëň (ńőłăńìŋëň) åăàăłâěàőň ćğăĺňőďěľáâćĺï ŕőńěľ ć àěńïâĺćĺáâáłőľ âěőàĺĺ. Ťăłâĺçěáłĺ, íâă àăáåőďĺňőáâì ğďěáì ąőńěě áńăąăï (ńőčăàĺäňĺçěáłăï), ŋő ŕàőąńěňă őáâăěâáï. Ŋĺęě ňë áŋăçăńă őąáãďĺň łăçěáâćěŋŋãî áâőàőŋã ďěńă.

Ŕàïňëě, ŋő ďőćőńìŋő čàőňőğďłĺě ćëçĺáńěŋĺï ŕőłăğëćăîâ [2], çâő I_{μν} ňőęŋő ğăŕĺáăâì ć ćĺďě:

I_{μν} (q^2) = −ig_{μν} q^2I(q^2) + ... , (8.19) čďě I(q^2) = e^2 3π ∞∫ m2 dp^2 p^2 − 2e^2 π 1∫ 0 dzz(1 − z) ln [ 1 − q^2z(1 − z)

m^2 ] , (8.20)

ă ňŋőčőâőçĺěň ć (8.19) ğăňěŋěŋë çńěŋë ŕàőŕőàæĺőŋăńìŋëě q_μq_ν, łőâőàëě őąàăéăîâáï ć ŋãńì ŕàĺ ćëçĺáńěŋĺĺ âěŋğőàŋőľ áćěàâłĺ äőâőŋŋőčő ŕàőŕăčăâőàă á ćŋěèŋĺňĺ ğăàïďăňĺ (âőłăňĺ). Ŕěàćőě áńăčăěňőě ć (8.19) łăł àăğ ĺ ćëďěńïěâ ńőčăàĺäňĺçěáłãî àăáåőďĺňőáâì ŕőńïàĺğăæĺőŋŋőľ ŕőŕàăćłĺ^2.

Ŕőńěğŋő ćëŕĺáăâì ćëàăęěŋĺï ďńï I(q^2) ć ŕàěďěńě ąőńìèĺå ĺ ňăńëå (−q)^2. Ďńï ŕàĺďăŋĺï őŕàěďěńěŋŋőčő ğŋăçěŋĺï ĺŋâěčàăńã ććěďěň ć ŕěàćőň çńěŋě (8.20) ŕăàăňěâà őąàěğăŋĺï ~^2 (àăğňěàŋőáâĺ łćăďàăâă ĺňŕãńìáă (ňăááë), ~^2 ≫ m^2) ŋă ćěàåŋěň ŕàěďěńě. Šőčďă ŕàĺ (−q^2) ≪ m^2 ĺňěěň: ln [ 1 − q^2z(1 − z) m^2 ] ≈ − q^2z(1 − z) m^2

(8.21)

ĺ áőőâćěâáâćěŋŋő: I(q^2) ≈ e^2 3π ln ( ~^2 m^2 ) + e^2 15π q^2 m^2

. (8.22)

Ŕàĺ (−q^2) ≫ m^2 ĺňěěň: ln [ 1 − q^2z(1 − z) m^2 ] ≈ ln ( −q^2 m^2 ) , (8.23)

2Ńőčăàĺäňĺçěáłĺľ, ă ŋě łćăďàăâĺçŋëľ, åăàăłâěà àăáåőďĺňőáâĺ áćïğăŋ ğďěáì á ŋěłőâőàőľ \áłàëâőľ" ăńčěąàőľ ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï [2].

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 179

âăł çâő: I(q^2) ≈ e^2 3π ln ( ~^2 m^2 ) − e^2 3π ln ( −q^2 m^2 ) = e^2 3π ln ( ~^2 −q^2 ) . (8.24)

Šőčďă ăňŕńĺâãďã àăááěïŋĺï á ãçěâőň őďŋőŕěâńěćőľ ŕőŕàăćłĺ ňőęŋő ğăŕĺáăâì ŕàĺ (−q^2) ≪ m^2 ć áńěďãîéěň ćĺďě^3:

− iM = (ie—u_f γ_0u_i) ( − 4πi q^2 ) [ 1 − e^2 3π ln ( ~^2 m^2 ) − e^2 15π q^2 m^2

+ O(e^4) ] (−iZe) . (8.25) İâő ćëàăęěŋĺě ňőęŋő á âőľ ęě âőçŋőáâìî ŕěàěŕĺáăâì łăł:

− iM = (ie_R —u_f γ_0u_i) ( − 4πi q^2 ) [ 1 − e^2_R 15π q^2 m^2 ] (−iZe_R ) , (8.26)

čďě ććěďěŋ ŕěàěŋőàňĺàőćăŋŋëľ ğăàïď:

e_R = e ( 1 − e^2 3π ln ~^2 m^2 )_{1/2} . (8.27)

Ŕàěďŕőńőęĺň, çâő ćěńĺçĺŋă e_R ĺğ (8.27) ŕàěďáâăćńïěâ áőąőľ \ĺáâĺŋŋëľ" (íłáŕěàĺňěŋâăńìŋő ĺğňěàïěňëľ) íńěłâàĺçěáłĺľ ğăàïď. Šőčďă ăňŕńĺâãďă àăááěïŋĺï (8.26) áâăŋőćĺâáï łőŋěçŋőľ, àăáåőďĺňőáâì \ãąàăńăáì" ć e_R, łőâőàëľ ąěàěâáï ĺğ íłáŕěàĺňěŋâă ĺ ŋě ŕőďńěęĺâ ćëçĺáńěŋĺî ć àăňłăå àăááňăâàĺćăěňőľ âěőàĺĺ. Šăłĺň őąàăğőň, ŋăň ãďăńőáì ć ïćŋőň ćĺďě ŕàőćěáâĺ ŕěàěŋőàňĺàőćłã àăáåőďïéěľáï àăďĺăæĺőŋŋőľ ŕőŕàăćłĺ. Ć ďăńìŋěľèěň ňë ãćĺďĺň, çâő ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě ćáě àăáåőďĺňőáâĺ, ćőğŋĺłăîéĺě ć ćëáèĺå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ, ãďăěâáï ăŋăńőčĺçŋëň őąàăğőň \áŕàïâăâì" ć łőŋěçŋőě çĺáńő ŕăàăňěâàőć, ŕőďńěęăéĺå őŕàěďěńěŋĺî ĺğ íłáŕěàĺňěŋâă. Ć íâőň ŕàőïćńïěâáï äãŋďăňěŋâăńìŋőě áćőľáâćő ŕěàěŋőàňĺàãěňőáâĺ íâőľ âěőàĺĺ. Šőńìłő ŕěàěŋőàňĺàãěňëň ňőďěńïň łćăŋâőćőľ âěőàĺĺ ŕőńï ňőęěâ ąëâì ŕàĺďăŋ äĺğĺçěáłĺľ áňëáń.

Ńíňąőćáłĺľ áďćĺč ĺ ăŋőňăńìŋëľ ňăčŋĺâŋëľ ňőňěŋâ.

Ŕěàćőě áńăčăěňőě ć äőàňãńě (8.26) őçěćĺďŋëň őąàăğőň áćïğăŋő á łãńőŋőćáłĺň ŕőâěŋæĺăńőň: V_0(r) = −Ze^2_R ∫ d^3q (2π)^3 e^iqr 4π |q|^2 =^− Ze^2_R r . (8.28)

Ćâőàőě áńăčăěňőě ć (8.26) áőőâćěâáâćãěâ łćăŋâőćëň ŕőŕàăćłăň ł łãńőŋőćáłőňã ŕőâěŋæĺăńã, áćïğăŋŋëň á ćőğňőęŋőáâìî àőęďěŋĺï ćĺàâãăńìŋëå e^+e^−-ŕăà. Śőďěàęăéĺľáï ć ŋěň ňŋőęĺâěńì |q|^2 ŕàĺ ŕěàěåőďě ł łőőàďĺŋăâŋőňã ŕàěďáâăćńěŋĺî ğăňěŋïěâáï ŋă −∇^2. Šőčďă c ãçěâőň (8.28) ĺ äãàìě-àăğńőęěŋĺï δ-äãŋłæĺĺ

δ(r) = ∫ d^3q (2π)^3 e^iqr (8.29)

3Ŋăŕőňŋĺň, çâő àăğńőęěŋĺě ć àïď âěőàĺĺ ćőğňãéěŋĺľ ĺďěâ ğďěáì ŕő ąěğàăğňěàŋőňã ŕăàăňěâàã e^2 →^{e2}~_c ≈^1_{137} .

180 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-3

ĺńĺ, ćáŕőňĺŋăï ĺğćěáâŋőě áőőâŋőèěŋĺě [25] ∇^{2 1}_r = −4πδ(r), ćĺďĺň, çâő äőàňãńă (8.26) ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ áőőâćěâáâćãěâ ćğăĺňőďěľáâćĺî ćĺďă: V (r) = −Ze^2_R ( 1 − e^2_R 60π^2m^2

∇^2 ) 1 r = − Ze^2_R r − Ze^4_R 15πm^2

δ(r) . (8.30)

Šăłĺň őąàăğőň àőęďěŋĺě ćĺàâãăńìŋëå e^+e^−-ŕăà (ŕőńïàĺğăæĺï ćăłããňă) ŕàĺćőďĺâ ł ňőďĺäĺłăæĺĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ŋă ňăńëå àăááâőïŋĺïå | ćőğŋĺłăěâ ďőŕőńŋĺâěńìŋőě ŕàĺâïęěŋĺě ł ïďàã. Łőŋěçŋő, íâĺ äőàňãńë ŋě ćŕőńŋě łőààěłâŋë, ŕőáłőńìłã őŋĺ ŕőńãçěŋë ĺğ ăáĺňŕâőâĺłĺ őďŋőŕěâńěćőčő ćłńăďă ć ŕàěďěńě (−q)^2 ≪ m^2. Őďŋăłő ďńï ŕàőáâëå őæěŋőł őŋĺ ćŕőńŋě ďőáâăâőçŋë.

Řăááňőâàĺň áńãçăľ Z = 1 (ŕàőâőŋ). §áŋő, çâő ćâőàőě áńăčăěňőě ć (8.30) ňőęěâ ďăâì ćłńăď ć íŋěàčěâĺçěáłĺě ãàőćŋĺ ăâőňă ćőďőàőďă E_{nl}. Řăááňăâàĺćăï ěčő łăł ćőğňãéěŋĺě, ŕőńãçăěň áőőâćěâáâćãîéĺľ ćłńăď ć áďćĺč ãàőćŋěľ ć ćĺďě: ´E_{nl} = − e^4_R 15πm^2

|ψ_{nl}(0)|^2δ_{l0} = −

8e^6_R 15πn^3

Ry δ_{l0} , (8.31)

čďě ψ_{nl}(0) | ćőńŋőćăï äãŋłæĺï ăâőňă ćőďőàőďă, áőőâćěâáâćãîéăï čńăćŋőňã łćăŋâőćőňã çĺáńã n ĺ őàąĺâăńìŋőňã ňőňěŋâã l, Ry = me^4/2 | ŕőáâőïŋŋăï Řĺďąěàčă (Ry ≈ 13.6 eV). Ĺğ-ğă âőçěçŋőčő åăàăłâěàă ďőŕőńŋĺâěńìŋőčő ćğăĺňőďěľáâćĺï ć (8.30), őŋő ďěľáâćãěâ ńĺèì ŋă ćőńŋőćëě äãŋłæĺĺ, őâńĺçŋëě őâ ŋãńï ć ŋăçăńě łőőàďĺŋăâ, â.ě. ŋă s-áőáâőïŋĺï (l = 0). Śőőâćěâáâćãîéĺľ (ńíňąőćáłĺľ) áďćĺč ãàőćŋěľ ŋăąńîďăěâáï íłáŕěàĺňěŋâăńìŋő ĺ ĺğňěàïěâáï á ćěáìňă ćëáőłőľ âőçŋőáâìî. Ć ŕěàćëå íłáŕěàĺňěŋâăå Ńíňąă ĺğňěàïńăáì àăğŋĺæă íŋěàčĺľ ãàőćŋěľ 2s_{1/2} ĺ 2p_{1/2}, łőâőàëě ïćńïîâáï ćëàőęďěŋŋëňĺ ć àăňłăå âěőàĺĺ Ÿàěďĺŋčěàă { Ďĺàăłă, ŋě ãçĺâëćăîéěľ àăďĺăæĺőŋŋëå ŕőŕàăćőł. Őłăğăńőáì, çâő ćěńĺçĺŋă áďćĺčă àăćŋă +1057 MHz. Řăáçěâ ŕő äőàňãńě (8.31) ďăěâ ćěńĺçĺŋã −27 MHz. Őďŋăłő ŕěâńï ŕőńïàĺğăæĺĺ ćăłããňă őâćěçăěâ âőńìłő ğă çăáâì áďćĺčă ãàőćŋěľ 2s_{1/2} ĺ 2p_{1/2}. Ŕőńŋëľ ŋăąőà äěľŋňăŋőćáłĺå ďĺăčàăňň, őâćěâáâćěŋŋëå ğă ńíňąőćáłĺľ áďćĺč ć àăááňăâàĺćăěňőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ (∼ e^3) ŕőłăğăŋ ŋă Řĺá. 8-3. Ćáě ćőğŋĺłăîéĺě ć íâĺå ďĺăčàăňňăå àăáåőďĺňőáâĺ ňőčãâ ąëâì \áŕàïâăŋë" ć ŕěàěŋőàňĺàőćłã ğăàïďă, ňăááë ĺ ćőńŋőćőľ

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 181

äãŋłæĺĺ íńěłâàőŋă. Šăłĺň őąàăğőň ãďăěâáï àăááçĺâăâì ŕőńŋãî ćěńĺçĺŋã ńíňąőćáłőčő áďćĺčă, łőâőàăï őłăğëćăěâáï ć ĺďěăńìŋőň áőőâćěâáâćĺĺ á íłáŕěàĺňěŋâőň^4. Ć áćőě ćàěňï íâő ąëń âàĺãňä âěőàĺĺ ŕěàěŋőàňĺàőćőł ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. Ŕőáłőńìłã ćěńĺçĺŋă áďćĺčă ĺğćěáâŋă á âőçŋőáâìî ∼0.01%, âő ŋěâàãďŋő ãąěďĺâìáï ć áãéěáâćěŋŋőáâĺ ćłńăďőć łăęďőľ ĺğ ďĺăčàăňň Řĺá. 8-3, ć âőň çĺáńě ĺ àăááňőâàěŋŋőčő ćëèě őâŋőáĺâěńìŋő ňăńőčő ćłńăďă ŕőńïàĺğăæĺĺ ćăłããňă, áćïğăŋŋőčő á ďĺăčàăňňőľ Řĺá. 8-3(ă). Őáŋőćŋőľ ćłńăď ć áďćĺč áćïğăŋ á ŕěàěŋőàňĺàőćłőľ ňăááë íńěłâàőŋă (ďĺăčàăňňë Řĺá. 8-3(ć)). Ťĺğĺçěáłĺ íâőâ íääěłâ áćïğăŋ á âěň, çâő ćěńĺçĺŋă (ąěáłőŋěçŋăï) àăďĺăæĺőŋŋëå ŕőŕàăćőł ł ňăááě áćőąőďŋőčő íńěłâàőŋă őâńĺçăěâáï őâ (âăłęě ąěáłőŋěçŋőľ) ĺå ćěńĺçĺŋë ďńï íńěłâàőŋă, áćïğăŋŋőčő ć ăâőňě. Řăğŋőáâì íâĺå ďćãå ąěáłőŋěçŋëå ćěńĺçĺŋ łőŋěçŋă [5, 31] ĺ ďăěâ őáŋőćŋőľ ćłńăď ć áďćĺč ăâőňŋëå ãàőćŋěľ.

Řăááňőâàĺň ŕőďàőąŋěě íääěłâë, áćïğăŋŋëě á ďĺăčàăňňőľ Řĺá. 8-3(ą). Ťăłâĺçěáłĺ, íâă ďĺăčàăňňă ňőďĺäĺæĺàãěâ áâàãłâãàã íńěłâàőŋŋőčő âőłă ŕěàěåőďă (ćěàèĺŋã) −e—u_f γ_μu_i. Ćëçĺáńěŋĺě łőŋěçŋőľ çăáâĺ íâőľ ďĺăčàăňňë ć ŕàěďěńě ňăńëå (−q^2) ďăěâ [25, 2, 31]: − e—u_f γ_μu_i → −e—u_f { γ_μ [ 1 + e^2 3π q^2 m^2 ( ln m m_γ − 3 8 )] − [ e^2 2π 1 2m iσ_{μν} q^ν ]} u_i , (8.32)

čďě σ_{μν} =^i_2 (γ^μγ^ν −γ^ν γ^μ). Ćëàăęěŋĺě ć ŕěàćëå łćăďàăâŋëå áłőąłăå ğďěáì ďăěâ áőőâćěâáâćãîéĺľ ćłńăď ć ńíňąőćáłĺľ áďćĺč, ŕőáłőńìłã íâőâ çńěŋ ŕő äőàňě ăŋăńőčĺçěŋ (8.26). Ŋő ŕàĺ íâőň ňë áâăńłĺćăěňáï ěéě ĺ á àăáåőďĺňőáâìî ŋă ňăńëå ĺňŕãńìáăå, çâő äőàňăńìŋő őąåőďĺâáï ć (8.32) ććěďěŋĺěň ňăńőľ äĺłâĺćŋőľ ňăááë äőâőŋă m_γ . İâő âăł ŋăğëćăěňăï ĺŋäàăłàăáŋăï łăâăáâàőäă. Ťăłâĺçěáłĺ ćłńăď, áćïğăŋŋëľ á äĺłâĺćŋőľ ňăááőľ m_γ , ŕőńŋőáâìî áőłàăéăěâáï á ăŋăńőčĺçŋëňĺ ćłńăďăňĺ, ćőğŋĺłăîéĺňĺ őâ ďĺăčàăňň Řĺá. 8-3(ć). Ĺŋäàăłàăáŋëě àăáåőďĺňőáâĺ, ćőğŋĺłăîéĺě ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě, ŋě ŋőáïâ áâőńì ŕàĺŋæĺŕĺăńìŋőčő åăàăłâěàă, łăł őąáãęďăćèĺěáï ćëèě ãńìâàăäĺőńěâőćëě (â.ě. ćőğŋĺłăîéĺě őâ àăáåőďĺňőáâěľ äěľŋňăŋőćáłĺå ĺŋâěčàăńőć ŋă ćěàåŋěň ŕàěďěńě). Ťĺğĺçěáłĺ ĺŋäàăłàăáŋăï łăâăáâàőäă áćïğăŋă á ćáěčďă áãéěáâćãîéěľ (ďńï ńîąëå íńěłâàőďĺŋăňĺçěáłĺå ŕàőæěááőć) ćőğňőęŋőáâìî ĺğńãçěŋĺï ąőńìèőčő çĺáńă \ňïčłĺå" äőâőŋőć á őçěŋì ňăńőľ íŋěàčĺěľ (çăáâőâőľ). Ŕőíâőňã ĺŋäàăłàăáŋăï àăáåőďĺňőáâì ïćńïěâáï áńěďáâćĺěň ŋě ćŕőńŋě łőààěłâŋőľ ŕőáâăŋőćłĺ ćőŕàőáă: łăłőćă ăňŕńĺâãďă ćěàőïâŋőáâĺ àăááěïŋĺï íńěłâàőŋă ŋă áâăâĺçěáłőň ïďàě ąěğ ĺğńãçěŋĺï äőâőŋă? Ťăłâĺçěáłĺ ŋãęŋő őŕàěďěńĺâì ăňŕńĺâãďã àăááěïŋĺï íńěłâàőŋă ąěğ ĺğńãçěŋĺï äőâőŋă, ă âăłęě ćěàőïâŋőáâĺ ĺğńãçěŋĺï őďŋőčő, ďćãå ĺ â.ď. \ňïčłĺå" äőâőŋőć á íŋěàčĺěľ ňěŋìèě m_γ . Łăęďăï ĺğ íâĺå ăňŕńĺâãď ŕő őâďěńìŋőáâĺ àăáåőďĺâáï, ŋő ĺáłãááâćěŋŋőě ććěďěŋĺě m_γ ďěńăěâ ĺå łőŋěçŋëňĺ. Śãňňă ęě íâĺå ćěàőïâŋőáâěľ ŋě àăáåőďĺâáï, ă ŕăàăňěâà m_γ ć őâćěâě áőłàăéăěâáï. İâă ŕàőąńěňă ąëńă ďěâăńìŋő ŕàőăŋăńĺğĺàőćăŋă ĺ àěèěŋă ěéě ŋă àăŋŋěň íâăŕě àăğćĺâĺï łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ [1, 2, 31]. Ďńï ŋăá áěľçăá ĺŋâěàěáěŋ ćâőàőľ çńěŋ ć łćăďàăâŋëå áłőąłăå (8.32), łőâőàëľ ňőďĺäĺæĺàãěâ ćěńĺçĺŋã γ_μ, â.ě. ńőàěŋæěćã áâàãłâãàã âőłă.

Ťăłâĺçěáłĺ, ňőęŋő ãąěďĺâìáï [1, 2, 31], çâő ćłńăď âĺŕă σ_{μν}q^ν őŕĺáëćăěâ ňăčŋĺâŋëľ ňőňěŋâ íńěłâàőŋă μ = −^e_{2m} σ, łőâőàëľ őąëçŋő ğăŕĺáëćăîâ ć ćĺďě μ = −g^e_{2m} s, čďě áŕĺŋ s =^1_2 σ, ă g | čĺàőňăčŋĺâŋőě őâŋőèěŋĺě íńěłâàőŋă (ć âěőàĺĺ Ďĺàăłă

4Śőőâćěâáâćãîéĺě àăáçěâë ćěáìňă čàőňőğďłĺ ĺ ňë őâáëńăěň çĺâăâěńï ğă ďěâăńïňĺ ł łŋĺčăň [1, 2]

182 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

g = 2). Śőőâćěâáâćěŋŋő, ćâőàőľ çńěŋ ć (8.32) őŕĺáëćăěâ ďőŕőńŋĺâěńìŋëľ ćłńăď ć ňăčŋĺâŋëľ ňőňěŋâ íńěłâàőŋă, âăł çâő μ = − e2m ( 1 + e^2 2π ) σ (8.33) ĺńĺ g = 2 + e^2 π . (8.34)

Šăłĺň őąàăğőň, ďőŕőńŋĺâěńìŋő ł ďĺàăłőćáłőňã ňăčŋĺâŋőňã ňőňěŋâã íńěłâàőŋă ćőğŋĺłăěâ ăŋőňăńìŋëľ ňăčŋĺâŋëľ ňőňěŋâ e^2/2π. Ąőńěě âőçŋőě ćëàăęěŋĺě ďńï ăŋőňăńìŋőčő ćłńăďă ć čĺàőňăčŋĺâŋőě őâŋőèěŋĺě, ŕőńãçăîéěěáï ŕőňőéìî ćěáìňă čàőňőğďłĺå ćëçĺáńěŋĺľ á âőçŋőáâìî ďő çńěŋőć ∼ e^6 ĺňěěâ ćĺď: g − 2 2 = 1 2 e^2 π −0.32848 ( e^2 π )_2 +(1.49±0.2) ( e^2 π )_3 +... = (1159655.4±3.3)·10^{−9} . (8.35)

Şłăğăŋŋăï ğďěáì őèĺąłă áćïğăŋă á âàãďŋőáâïňĺ ćëçĺáńěŋĺľ ąőńìèőčő çĺáńă ďĺăčàăňň ∼ e^6. İłáŕěàĺňěŋâăńìŋőě ğŋăçěŋĺě ăŋőňăńìŋőčő ňăčŋĺâŋőčő ňőňěŋâă íńěłâàőŋă àăćŋő: g − 2 2 | | | |_{exp} = (1159657.7 ± 3.5) · 10^{−9} . (8.36)

Ćőâ ŕőíâőňã łćăŋâőćăï íńěłâàőďĺŋăňĺłă ĺ áçĺâăěâáï, ŕőęăńãľ, áăňőľ âőçŋőľ ĺğ ĺňěîéĺåáï âěőàĺľ äãŋďăňěŋâăńìŋëå ćğăĺňőďěľáâćĺľ íńěňěŋâăàŋëå çăáâĺæ. Ŋăáłőńìłő ĺğćěáâŋő ăćâőàã, ďő áĺå ŕőà ŋě őąŋăàãęěŋő ŋĺłăłĺå àăáåőęďěŋĺľ ňěęďã ěě ŕàěďáłăğăŋĺïňĺ ĺ íłáŕěàĺňěŋâőň, ć âěå áńãçăïå, łőčďă àěçì ĺďěâ ő çĺáâő íńěłâàőďĺŋăňĺçěáłĺå ïćńěŋĺïå.

Řăááňőâàěŋĺě àăďĺăæĺőŋŋëå ŕőŕàăćőł ŋă őáŋőćě äěľŋňăŋőćáłőčő äőàňăńĺğňă ïćńïěâáï ďőáâăâőçŋő áńőęŋëň ĺ čàőňőğďłĺň. Ďńï ŕőŋĺňăŋĺï äĺğĺłĺ íâĺå ïćńěŋĺľ ŕőńěğŋő àăááňőâàěâì łăçěáâćěŋŋëľ ŕőďåőď, ŕàěďńőęěŋŋëľ Ćěńìâőŋőň, ĺ ŕőğćőńïîéĺľ ďăâì ŕàőáâãî łăçěáâćěŋŋãî ĺå ĺŋâěàŕàěâăæĺî, őáŋőćăŋŋãî ŋă łăàâĺŋě ćăłããňŋëå äńãłâãăæĺľ íńěłâàőňăčŋĺâŋőčő ŕőńï ĺ àőńĺ íńěłâàőŋ-ŕőğĺâàőŋŋőčő ćăłããňă.

Őąáãďĺň, ŕàěęďě ćáěčő ćőŕàőá ő âőň, łăłőě ğŋăçěŋĺě ĺňěěâ áàěďŋěłćăďàăâĺçŋőě ğŋăçěŋĺě ŋăŕàïęěŋŋőáâĺ íńěłâàőňăčŋĺâŋőčő ŕőńï ć ŕàőĺğćőńìŋőľ âőçłě äĺğĺçěáłőčő ćăłããňă. Řăááňőâàĺň ŕőńě ć ŋěłőâőàőň ŋőàňĺàőćőçŋőň őąêěňě V . Ŋãńěćőě łőńěąăŋĺě á çăáâőâőľ ω ĺňěěâ íŋěàčĺî ~^ω_2 . Ňőęŋő ŋăŕĺáăâì őçěćĺďŋőě àăćěŋáâćő:

~ω_{2 =} 1_{8π}^∫_{dV (E2ω + H2ω ) =} 1_{4π}^∫_{dV E2ω =} E^2_{0ω8π V , (8.37)}

čďě E_{0ω} | ăňŕńĺâãďă ŋăŕàïęěŋŋőáâĺ íńěłâàĺçěáłőčő ŕőńï ć ćăłããňě, őâćěçăîéěčő àăááňăâàĺćăěňëň ŋãńěćëň łőńěąăŋĺïň á çăáâőâőľ ω, ă çěàâă őąőğŋăçăěâ ãáàěďŋěŋĺě ŕő ŕěàĺőďã łőńěąăŋĺľ. Ĺğ (8.37) ŋăåőďĺň áàěďŋěłćăďàăâĺçŋãî ăňŕńĺâãďã ŋãńěćëå łőńěąăŋĺľ ŕőńï á çăáâőâőľ ω:

E^2_{0ω} = 4

π~ω_{V . (8.38)}

Řăááňőâàĺň íńěłâàőŋ ć ăâőňě. Ŋă íâőâ íńěłâàőŋ ďěľáâćãěâ łãńőŋőćáłőě ŕőńě ïďàă ĺ äńãłâãăæĺĺ ŋãńěćëå łőńěąăŋĺľ ŕőńï ć ćăłããňě. Ŕőíâőňã ŋă őàąĺâăńìŋőě ďćĺęěŋĺě íńěłâàőŋă ŋăńăčăěâáï åăőâĺçěáłőě ďćĺęěŋĺě ŕőď ďěľáâćĺěň íâĺå ćăłããňŋëå äńãłâãăæĺľ. Ŕãáâì V (r) őąőğŋăçăěâ ŕőâěŋæĺăńìŋãî íŋěàčĺî íńěłâàőŋă, ŋăåőďïéěčőáï ć âőçłě r. Ŕàěďŕőńőęĺň, çâő łőőàďĺŋăâã íńěłâàőŋă ňőęŋő ŋăŕĺáăâì łăł r = r_0 + r^′, čďě r_0 | őąëçŋőě ğŋăçěŋĺě łőőàďĺŋăâë íńěłâàőŋă, ąőńěě ĺńĺ ňěŋěě ŕńăćŋő ňěŋïîéěěáï ŕàĺ ěčő őàąĺâăńìŋőň ďćĺęěŋĺĺ, ă r^′ | ěčő ňăńőě áňěéěŋĺě ŕőď ďěľáâćĺěň

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 183

áńãçăľŋőľ áĺńë áő áâőàőŋë äńãłâãĺàãîéěčő ćăłããňŋőčő ŕőńï. Šőčďă ňőęŋő ğăŕĺáăâì áńěďãîéěě ĺğňěŋěŋĺě áàěďŋěľ ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ íńěłâàőŋă, ĺáŕëâëćăîéěčő áńãçăľŋëě áňěéěŋĺï:

⟨´V (r)⟩ = ⟨V (r_0 + r^′) − V (r_0)⟩ ≈ ⟨ x^′_i ∂V ∂x_i + 1 2 (x^′_ix^′_k) ∂^2V ∂x_i∂x_k ⟩ = = 1 2^{∇2}

V ⟨(x^′_i)^2⟩ = 1

6^{∇2}

V ⟨(r^′)^2⟩ . (8.39)

Şčńőćëě áłőąłĺ ğďěáì őąőğŋăçăîâ áàěďŋěě ŕő ćáěň ćőğňőęŋëň ğŋăçěŋĺïň áńãçăľŋőľ ćěńĺçĺŋë r^′. Ŕàĺ ãáàěďŋěŋĺĺ ãçâěŋő, çâő ⟨x^′_i⟩ = 0, ă ć áĺńã ŕàőáâàăŋáâćěŋŋőľ ĺğőâàőŕĺĺ áńãçăľŋëå áňěéěŋĺľ ⟨x^′_ix^′_k⟩ =^1_3 ⟨(r^′)^2⟩.

Ć łãńőŋőćáłőň ŕőńě ŕàőâőŋă ∇2V (r_0) = 4πe^2δ(r_0) , (8.40) âăł çâő

⟨V (r)⟩ = V (r_0) + 2 πe^2 3 δ(r_0)⟨r^{′2}⟩ . (8.41)

Ďńï ŕőńãçěŋĺï ńíňąőćáłőčő áďćĺčă ăâőňŋőčő ãàőćŋï ŋãęŋő ãáàěďŋĺâì (8.41) ŕő áőáâőïŋĺî íńěłâàőŋă ć ăâőňě, âőčďă ĺňěěň: ´E_{Lamb} = 2π3 e^2 ∫ dV |ψn(r_0)|^2δ(r_0)⟨r^{′2}⟩ = 2 π 3 e^{2|}ψ^n(0)^{|2⟨}r^′

2⟩ , (8.42)

čďě ψn | ćőńŋőćăï äãŋłæĺï àăááňăâàĺćăěňőčő áőáâőïŋĺï.

Ďńï ćëçĺáńěŋĺï ⟨r^{′2}⟩ ŕàěďŕőńőęĺň, çâő áňěéěŋĺě íńěłâàőŋă ŕőď ďěľáâćĺěň äńãłâãăæĺľ ŕőńï ŕàőĺáåőďĺâ ŋěğăćĺáĺňő őâ ěčő őàąĺâăńìŋőčő ďćĺęěŋĺï. Ŋăŕĺèěň łńăááĺçěáłőě ãàăćŋěŋĺě ďćĺęěŋĺï: m d^2r^′ω dt^2 = eEω = eE_{0ω} sin(kr − ωt) , (8.43) őâłãďă ŕőńãçĺň:

r^′ω = − eE_{0ω} mω^2 sin(kr − ωt) . (8.44)

Śőőâćěâáâćěŋŋő:

⟨(r^′ω)^2⟩ = e^2

2m^2ω^4

E^2_{0ω} = 2 πe^2~

m^2ω^3V

, (8.45) čďě çěàâă áŋőćă őğŋăçăěâ ãáàěďŋěŋĺě ŕő ćàěňěŋĺ, ă ďńï ŕőńãçěŋĺï ŕőáńěďŋěčő àăćěŋáâćă ćőáŕőńìğőćăńĺáì (8.38).

Ŕőáłőńìłã ŋãńěćëě łőńěąăŋĺï á àăğŋëňĺ çăáâőâăňĺ ïćńïîâáï ŋěğăćĺáĺňëňĺ, ĺå ćłńăď ć ŕőńŋőě áàěďŋěłćăďàăâĺçŋőě áňěéěŋĺě íńěłâàőŋă ňőęŋő ŋăľâĺ ŕàőáâëň áãňňĺàőćăŋĺěň:

⟨r^{′2}⟩ = V π^2c^3 ∫ dωω^2⟨(r^′ω)^2⟩ = 2 e^2~

πc^3m^2 ω_{max}∫

ω_{min} dω ω . (8.46)

Ěáńĺ ąë ŋě áãéěáâćőćăńő íńěłâàőŋ-ŕőğĺâàőŋŋőčő ćăłããňă, âő ćěàåŋĺľ ŕàěďěń ğďěáì ňőč ąë ŕàĺŋĺňăâì ńîąëě ğŋăçěŋĺï ĺ ňë ĺňěńĺ ąë àăáåőďïéĺľáï àěğãńìâăâ. Őďŋăłő, ŕàĺ çăáâőâăå ŕőàïďłă mc^2/~ ćőğŋĺłăěâ ćğăĺňőďěľáâćĺě ňěęďã ŋãńěćëňĺ łőńěąăŋĺïňĺ ŕőńï ĺ ğăŕőńŋěŋŋëň äőŋőň őâàĺæăâěńìŋëå íŋěàčĺľ äěàňĺőŋőć. Ŋăčńïďŋő ňőęŋő ŕàěďáâăćĺâì ďěńő âăł, çâő ćğăĺňőďěľáâćãîâ äńãłâãăæĺĺ âőłőć, áćïğăŋŋëå áő áńãçăľŋëňĺ áňěéěŋĺïňĺ íńěłâàőŋă á ŕőńőęĺâěńìŋőľ íŋěàčĺěľ ĺ ăŋăńőčĺçŋëě âőłĺ, áćïğăŋŋëě áő áńãçăľŋëňĺ áňěéěŋĺïňĺ íńěłâàőŋőć äőŋă ğăŕőńŋěŋŋëå áőáâőïŋĺľ. Ŕőáłőńìłã ć áĺńã ŕàĺŋæĺŕă Ŕăãńĺ ćáě íńěłâàőŋë áâàěňïâáï ŋăåőďĺâìáï ć ãďăńěŋĺĺ ďàãč őâ ďàãčă, íâĺ äńãłâãăæĺĺ âőłőć ąãďãâ ŕàőĺáåőďĺâì ć ŕàőâĺćőäăğě, çâő ŕàĺćěďěâ ł ĺå ćğăĺňŋőňã ŕőčăèěŋĺî. Ć àěğãńìâăâě ćáě áćőďĺâáï ł ćőğŋĺłŋőćěŋĺî íääěłâĺćŋőčő őąàěğăŋĺï (8.46) ŕàĺ ωmax ∼ mc^2. Ćěńĺçĺŋă őąàěğăŋĺï (8.46) ŋă ŋĺęŋěň ŕàěďěńě őŕàěďěńïěâáï ŋěłőâőàőľ áàěďŋěľ çăáâőâőľ ćőğąãęďěŋĺï íńěłâàőŋă ć ăâőňě, ňăáèâăą łőâőàőľ őŕàěďěńïěâáï àĺďąěàčőćáłőľ çăáâőâőľ: ω_{min} = ω_0 ∼^{Ry}~ =^{me4}_2~_3 . Šőčďă (8.46) áćőďĺâáï ł:

⟨(r^{′2})⟩ = 2e^2~ πc^3m^2 ln mc^2~

ω_0 = 2 π e^2 ~c (~_{mc}^{)2}_{ln} mc^2 ~ω0^{. (8.47)}

Šőčďă ďńï ćěńĺçĺŋë ńíňąőćáłőčő áďćĺčă (8.42) ŕőńãçăěň: ´E_{Lamb} = 4 3 e^2 ~c (~_{mc}^{)2}_{|ψn(0)|2 ln} mc^2 ~ω0^{. (8.48)}

184 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-4

İâőâ áďćĺč ćáěčďă ŕőńőęĺâěńěŋ | s-ãàőćěŋì ćáěčďă ńěęĺâ ŕő íŋěàčĺĺ ćëèě, çěň íâő ŕàěďáłăğëćăěâáï âěőàĺěľ Ÿàěďĺŋčěàă { Ďĺàăłă. Ś ãçěâőň âőčő, çâő ć ăâőňě ćőďőàőďă:

|ψn(0)|^2 = ( 1 naπ^{1/3} )_3

, (8.49)

čďě a = ~^2_{me2} | ąőàőćáłĺľ àăďĺãá, ŕőńãçăěň ´E_{Lamb} = 83π ( e^2 ~c )_3 Ry n^3 ln mc^2 ~ω0^{. (8.50)}

Śŕěæĺăńìŋëě àăáçěâë, ŕàőćěďěŋŋëě Ąěâě, ďăńĺ ãâőçŋěŋŋőě ğŋăçěŋĺě ~ω_0 ≈ 18 Ry. Šőčďă ĺğ (8.50) áńěďãěâ ğŋăçěŋĺě áďćĺčă ďńï 2s-áőáâőïŋĺï ćőďőàőďă ´E_{Lamb}(2s) ≈ 1040 MHz, çâő őçěŋì ąńĺğłő ł àěğãńìâăâã âőçŋëå àăáçěâőć ŋă őáŋőćě őąéěčő äőàňăńĺğňă łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ ĺ âěőàĺĺ ŕěàěŋőàňĺàőćőł. Šăłĺň őąàăğőň, ńíňąőćáłĺľ áďćĺč ïćńïěâáï ěéě őďŋĺň ŕőďâćěàęďěŋĺěň àěăńìŋőáâĺ äĺğĺçěáłőčő \ćăłããňă" łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ŕěàěŋőàňĺàőćłă | łăł íâő \àăąőâăěâ".

Ć àăááňőâàěŋŋëå ćëèě ŕàĺňěàăå àăáçěâőć àăďĺăæĺőŋŋëå ŕőŕàăćőł ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě ňë ćĺďěńĺ őŕàěďěńïîéãî àőńì ŕàőæěďãàë ŕěàěŋőàňĺàőćłĺ, łőâőàăï ŕőğćőńïěâ ĺğąăćĺâìáï őâ ŋěĺğąěęŋő ćőğŋĺłăîéĺå àăáåőďĺňőáâěľ äěľŋňăŋőćáłĺå ĺŋâěčàăńőć ć ćëáèĺå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ. Ĺňěŋŋő ąńăčőďăàï àăğćĺâĺî âěőàĺĺ ŕěàěŋőàňĺàőćőł ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě ćőğŋĺłńĺ àěăńìŋő àăąőâăîéĺě àăáçěâŋëě ňěâőďë, ŕőğćőńĺćèĺě ŕàőćőďĺâì łăł àăáçěâë ŕàăłâĺçěáłĺ ńîąëå łőŋłàěâŋëå íääěłâőć, âăł ĺ ŕàőăŋăńĺğĺàőćăâì ŋěłőâőàëě ŕàĺŋæĺŕĺăńìŋëě ćőŕàőáë âěőàĺĺ. Ŕőŋïâĺě ŕěàěŋőàňĺàãěňőáâĺ ĺčàăěâ őŕàěďěńïîéãî àőńì ć áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ňőďěńĺ ćğăĺňőďěľáâćĺľ ŋě őąńăďăîéĺě íâĺň áćőľáâćőň őąëçŋő áçĺâăîâáï ŋěäĺğĺçěáłĺňĺ. Ŕàěęďě çěň ŕěàěåőďĺâì ł ŕőáńěďőćăâěńìŋőňã ăŋăńĺğã ŕàőæěďãàë ŕěàěŋőàňĺàőćőł, ňë àăááňőâàĺň łăçěáâćěŋŋãî áâőàőŋã ďěńă ŋă ŕàĺňěàě ãęě ĺğćěáâŋőľ ŋăň ŕěàěŋőàňĺàőćłĺ ğăàïďă ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ.

Ćěàŋěňáï ł äőàňãńě (8.27), áőďěàęăéěľ àăáåőďĺňőáâì ćĺďă ln^{Λ2}_{m2} . Ćěńĺçĺŋă íńěłâàĺçěáłőčő ğăàïďă ćåőďĺâ ć âěőàĺî çěàěğ čàăäĺł ďńï íńěňěŋâăàŋőľ ćěàèĺŋë, ŕőłăğăŋŋëľ ŋă Řĺá. 8-4. Ŋő ł íâőľ ćěàèĺŋě ĺňěěâáï ňŋőęěáâćő ŕőŕàăćőł, ŕàĺňěàë łőâőàëå ŕőłăğăŋë ŋă Řĺá. 8-5, łőâőàëě, äăłâĺçěáłĺ, ĺğňěŋïîâ ćěńĺçĺŋã ğăàïďă. Ťĺğĺçěáłĺľ ğăàïď őŕàěďěńïěâáï ćáěňĺ ďĺăčàăňňăňĺ âăłőčő âĺŕă, ĺňěŋŋő àěğãńìâăâ áãňňĺàőćăŋĺï ćáěå ďĺăčàăňň ďńï ćěàèĺŋë ĺğňěàïěâáï íłáŕěàĺňěŋâăńìŋő łăł ğăàïď íńěłâàőŋă. Ŋăğőćěň \ĺáåőďŋëľ" ğăàïď, áőŕőáâăćńïěňëľ íńěňěŋâăàŋőľ ćěàèĺŋě Řĺá. 8-4, \čőńëň" ğăàïďőň e_0. Šőčďă ďńï \ĺáâĺŋŋőčő" ĺńĺ \őďěâőčő" ğăàïďă e ňőęŋő ğăŕĺáăâì, ŋăŕàĺňěà, àăğńőęěŋĺě ć àïď âěőàĺĺ ćőğňãéěŋĺľ ŕő \čőńőňã" ğăàïďã, ŕőáâàőěŋŋőě ŋă őďŋőŕěâńěćëå ŕőńïàĺğăæĺőŋŋëå ŕőŕàăćłăå, ŕàěďáâăćńěŋŋőě

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 185

Řĺá. 8-5

Řĺá. 8-6

ďĺăčàăňňăňĺ Řĺá. 8-6, čďě ňŋőčőâőçĺěň ğăňěŋěŋë ăŋăńőčĺçŋëě ďĺăčàăňňë ćëáèĺå ŕőàïďłőć. Śőőâŋőèěŋĺě ňěęďã e^2 ĺ e^2_0 ŋãęŋő őŕàěďěńĺâì, łăł íâő ĺ ŕőłăğăŋő ŋă Řĺá. 8-6, ŕàĺ ŋěłőâőàőň áŕěæĺăńìŋőň, ŕőďåőďïéĺň á âőçłĺ ğàěŋĺï íłáŕěàĺňěŋâă, ğŋăçěŋĺĺ ŕěàěďăćăěňőčő (äőâőŋŋőľ ńĺŋěľ) ĺňŕãńìáă^5 q^2 ≡ −Q^2 = −μ^2. Ŋăŕàĺňěà, ćő ćáěå âàăďĺæĺőŋŋëå ňěâőďăå őŕàěďěńěŋĺï ğăàïďă àěçì ĺďěâ ő ŋĺğłőíŋěàčěâĺçěáłőň ŕàěďěńě Q^2 ≪ m^2. Ć àěğãńìâăâě, àăğńőęěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 8-6, ňőęŋő áåěňăâĺçěáłĺ ğăŕĺáăâì łăł:

e^2 = e^2_0[1 − I(Q^2 = μ^2) + O(e^4_0)] , (8.51)

čďě ćěńĺçĺŋă I(Q^2) őŕàěďěńïěâáï äőàňãńăňĺ (8.17) { (8.20), â.ě. őďŋőŕěâńěćëň ŕàĺąńĺęěŋĺěň ∼ e^2_0. Ĺğćńěłăï ĺğ őąěĺå áâőàőŋ (8.51) łćăďàăâŋëľ łőàěŋì, ŕőńãçĺň:

e = e_0 [ 1 − 1 2 I(Q^2 = μ^2) + O(e^4_0) ] , (8.52)

çâő áőćŕăďăěâ c (8.27) ŕőáńě àăğńőęěŋĺï łőàŋï. Ć ďĺăčàăňňŋőň ćĺďě àăğńőęěŋĺě (8.52) ŕőłăğăŋő ŋă Řĺá. 8-7. Śőőâćěâáâćěŋŋő, á ãçěâőň ćáěå ŕőàïďłőć ĺňěěň:

5Ćěńĺçĺŋă Q^2 ććěďěŋă ćňěáâő (−q^2), ďńï ãďőąáâćă, çâőąë àăąőâăâì á Q^2 > 0.

Řĺá. 8-7

186 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-8

Řĺá. 8-9

e = e_0[1 + e^2_0A_1(Q^2) + e^4_0A_2(Q^2) + ...]_Q2_{=μ}2 . (8.53)

§áŋő, çâő A_1(Q^2), A_2(Q^2), ... ąěáłőŋěçŋë ŕàĺ ~^2 → ∞. Řăááňőâàĺň łăłőľ-ńĺąő äĺğĺçěáłĺľ ŕàőæěáá àăááěïŋĺï, ŋăŕàĺňěà ĺğőąàăęăěňëľ ďĺăčàăňňăňĺ Řĺá. 8-8. Ć ăŋăńĺâĺçěáłőň ćĺďě:

− iM (e^2_0) = e^2_0[F_1(Q^2) + e^2_0F_2(Q^2) + O(e^4_0)] . (8.54)

Ğďěáì ćáě ćëàăęěŋĺï âőęě àăáåőďïâáï. Ŋő âěŕěàì ŋăáâãŕăěâ àěèăîéĺľ ňőňěŋâ. Ďăćăľâě àěŕăàăňěâàĺğãěň (ŕěàěŋőàňĺàãěň) ćěńĺçĺŋã −iM (e^2_0), ćëàăğĺć e_0 çěàěğ e, őąàăâĺć (8.52), ĺńĺ, ĺŋăçě čőćőàï, ŕěàěáâàőĺć čàăäĺłĺ Řĺá. 8-7, á âőľ ęě âőçŋőáâìî, łăł íâő ŕőłăğăŋő ŋă Řĺá. 8-9, ĺ ćőáŕőńìğőćăćèĺáì íâĺ àăğńőęěŋĺěň, ŕőďáâăćĺć ěčő ć ćěàèĺŋë čàăäĺłőć Řĺá. 8-8. Šőčďă ŕőńãçĺň ďĺăčàăňňŋőě àăğńőęěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 8-10. Ďćě ŕěàćëě ďĺăčàăňňë íâőčő àăğńőęěŋĺï ŕàőĺáåőďïâ ĺğ ŕěàćőľ ďĺăčàăňňë Řĺá. 8-8, ňŋőęĺâěńì 2 ćőğŋĺłăěâ ĺğ-ğă âőčő, çâő ňë ďőńęŋë ćëàăğĺâì e_0 çěàěğ e ć łăęďőľ ćěàèĺŋě. Ć őáâăćèěľáï ďĺăčàăňňě Řĺá. 8-8 ňőęŋő ŕàőáâő ğăňěŋĺâì e_0 ŋă e, ŕőáłőńìłã ćőğŋĺłăîéăï ŕàĺ íâőň àăğŋĺæă ćëàăęěŋĺľ ŕőàïďłă e^6. Šěŕěàì àăğńőęěŋĺě Řĺá. 8-10 ňőęŋő ŕěàěŕĺáăâì, łăł íâő ŕőłăğăŋő ŋă Řĺá. 8-11. Ć ăŋăńĺâĺçěáłőň ćĺďě íâő àăğńőęěŋĺě ĺňěěâ ćĺď:

− iM (e^2) = e^2[F^′_1(Q^2) + e^2F^′_2(Q^2) + O(e^4)] . (8.55)

Řĺá. 8-10

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 187

Řĺá. 8-11

Ćőâ âěŕěàì ňë ďőáâĺčńĺ ęěńăěňőčő | áàăćŋĺćăï (8.54) ĺ (8.55) ćĺďĺň, çâő ŕőńãçěŋő ŋőćőě ćëàăęěŋĺě ďńï ăňŕńĺâãďë àăááěïŋĺï, ć łőâőàőě ćåőďĺâ \íłáŕěàĺňěŋâăńìŋëľ" ğăàïď e, őŕàěďěńěŋŋëľ áőčńăáŋő (8.53) ĺ ĺğňěàïěňëľ ŕàĺ Q^2 = μ^2. Ŕàĺ íâőň ňë ŋĺçěčő ŋě ďőąăćĺńĺ ĺ ŋĺçěčő ŋě ćëąàőáĺńĺ, ă ŕàőáâő àěŕăàăňěâàĺğőćăńĺ (8.54), áőőâćěâáâćěŋŋő M (e^2) = M (e^2_0). Ć âő ęě ćàěňï çńěŋ ∼ e^4_0 ć (8.54) ąěáłőŋěçěŋ, ă çńěŋ ∼ e^4 ć (8.55) łőŋěçěŋ! İâő ïáŋő ĺğ âőčő, çâő \íłáŕěàĺňěŋâăńìŋëľ" ğăàïď e łőŋěçěŋ ŕő őŕàěďěńěŋĺî, ă ďćă áńăčăěňëå ć áłőąłăå ŋă Řĺá. 8-11 ŕàőâĺćőŕőńőęŋë ŕő ğŋăłã ĺ ďăîâ ć áãňňě: [ e^2 3π ln ~^2 Q^2 − e^2 3π ln ~^2 μ^2 ] = e^2 3π ln μ^2 Q^2

, (8.56)

çâő ŋě ğăćĺáĺâ őâ ŕăàăňěâàă őąàěğăŋĺï ~^2. Řăğŋëľ ćëąőà ŕăàăňěâàă μ^2 (âőçłĺ ŕěàěŋőàňĺàőćłĺ) ŕàĺćőďĺâ ł àăğŋëň àăğńőęěŋĺïň (8.55). Őďŋăłő ŋăąńîďăěňăï ćěńĺçĺŋă |M |^2 ŋě ďőńęŋă ğăćĺáěâì őâ ćëąőàă μ. İâő âàěąőćăŋĺě ňőęŋő ğăŕĺáăâì ć ćĺďě áńěďãîéěčő ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï: μ dM dμ = ( μ ∂ ∂μ + μ ∂e ∂μ ∂ ∂e ) M = 0 . (8.57)

İâő őğŋăçăěâ, çâő ïćŋăï ğăćĺáĺňőáâì M őâ μ, łőâőàăï ďăěâáï łőíääĺæĺěŋâăňĺ F^′_i (Q^2, μ^2) ć àăğńőęěŋĺĺ (8.55), łőňŕěŋáĺàãěâáï áőőâćěâáâćãîéěľ μ^2 ğăćĺáĺňőáâìî e^2(μ^2). Şàăćŋěŋĺě (8.57) ŕàěďáâăćńïěâ áőąőľ ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě àěŋőàňčàãŕŕë (ĺńĺ čàãŕŕë ŕěàěŋőàňĺàőćőł), ĺčàăîéěľ őčàőňŋãî àőńì ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŋĺęě ňë ěéě ŋě àăğ ćěàŋěňáï ł őąáãęďěŋĺî íâőľ (àěŋőàňčàãŕŕőćőľ) ĺŋćăàĺăŋâŋőáâĺ âěőàĺĺ, łőâőàăï ŕőğćőńïěâ ŕàőăŋăńĺğĺàőćăâì ěě ŕàĺŋæĺŕĺăńìŋëě őáŋőćë, ă âăłęě ďăěâ íääěłâĺćŋëľ ăŕŕăàăâ ďńï ŕàőćěďěŋĺï àăáçěâőć łőŋłàěâŋëå íääěłâőć.

\Ąěčãéăï" łőŋáâăŋâă áćïğĺ .

Řăğńőęěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 8-6, ňőęŋő ŕěàěàĺáőćăâì ć ćĺďě Řĺá. 8-12. Ěáńĺ őčàăŋĺçĺâìáï âőńìłő íâĺňĺ (ŕěâńěćëňĺ) čàăäĺłăňĺ, âő ğďěáì ćőğŋĺłăěâ čěőňěâàĺçěáłăï ŕàőčàěááĺï, łőâőàăï ńěčłő áãňňĺàãěâáï, łăł íâő ŕőłăğăŋő ŋă Řĺá. 8-13. Ćëèě ňë ćĺďěńĺ, çâő àăáåőďĺňőáâĺ ňőęŋő ãáâàăŋĺâì, ěáńĺ àăąőâăâì á äĺğĺçěáłĺň (ŕěàěŋőàňĺàőćăŋŋëň) ğăàïďőň e, łőâőàëľ őŕàěďěńïěâáï àăğńőęěŋĺěň Řĺá. 8-13 ŕàĺ

188 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-12

Řĺá. 8-13

Q^2 = μ^2. Ťăłâĺçěáłĺ ňőęŋő ĺáŕőńìğőćăâì ńîąőě ğŋăçěŋĺě μ^2. Řăğńĺçŋëľ ćëąőà Q^2 = μ^2_1, μ^2, ... áőőâćěâáâćãěâ àăğńőęěŋĺî âěőàĺĺ ćőğňãéěŋĺľ ŕő çĺáńěŋŋő àăğńĺçŋëň ğŋăçěŋĺïň äĺğĺçěáłőčő ğăàïďă e(μ^2_i ). Ć áăňőň ďěńě, ĺğ Řĺá. 8-13 ĺňěěň:

e^2(Q^2) = e^2_0 1 + I(Q^2)

, (8.58)

âăł çâő íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěňëľ ğăàïď ğăćĺáĺâ őâ ćěńĺçĺŋë ŕěàěďăćăěňőčő (ć ŕàőæěááě àăááěïŋĺï) ĺňŕãńìáă Q^2. Ćěńĺçĺŋã e(Q^2) ŋăğëćăîâ \ąěčãéěľ" łőŋáâăŋâőľ áćïğĺ. Ć ŕàěďěńě ąőńìèĺå Q^2 ≡ (−q^2) ćěńĺçĺŋă I(q^2) ďăěâáï ćëàăęěŋĺěň (8.24), âăł çâő ŕőńãçăěň:

e^2(Q^2) = e^2_0

1 −^{e20}_{3π} ln (_{Q2} Λ2 ) . (8.59)

Ůâőąë ĺáłńîçĺâì ć (8.59) ïćŋãî ğăćĺáĺňőáâì e^2(Q^2) őâ ŕăàăňěâàă őąàěğăŋĺï ~, àăááňőâàĺň íâő ćëàăęěŋĺě ŕàĺ Q^2 = μ^2 ĺ ćëàăğĺň e_0 çěàěğ e^2(μ^2). Ć àěğãńìâăâě, ŕàĺ ąőńìèĺå Q^2 ňőęŋő ŕěàěŕĺáăâì (8.59) łăł:

e^2(Q^2) = e^2(μ^2)

1 −^{e2(μ2)}_{3π} ln (_{Q2} μ2 ) . (8.60)

Ğďěáì ãęě ćáě łőŋěçŋő! \Ąěčãéăï" łőŋáâăŋâă áćïğĺ e(Q^2), őŕĺáëćăěâ ğăćĺáĺňőáâì íääěłâĺćŋőčő ğăàïďă őâ ŕěàěďăćăěňőčő ĺňŕãńìáă Q^2, â.ě. äăłâĺçěáłĺ őâ àăááâőïŋĺï ňěęďã ğăàïęěŋŋëňĺ çăáâĺæăňĺ. İâő, łăł ňë ãćĺďĺň ć ďăńìŋěľèěň, ěáâì àěăńìŋő ŋăąńîďăěňëľ íääěłâ, ŕàĺçěň áőőâćěâáâćãîéăï ğăćĺáĺňőáâì ŋőáĺâ ĺňěŋŋő ńőčăàĺäňĺçěáłĺľ åăàăłâěà. Ć áćïğĺ á àěğãńìâăâőň (8.60) ćőğŋĺłăěâ àïď ŕàĺŋæĺŕĺăńìŋëå ćőŕàőáőć őâŋőáĺâěńìŋő ŋěŕàőâĺćőàěçĺćőáâĺ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ. Ďěńő ć âőň, çâő ĺğ (8.60) ćĺďŋő, çâő á àőáâőň Q^2 (ãňěŋìèěŋĺěň àăááâőïŋĺï) ćěńĺçĺŋă íääěłâĺćŋőčő ğăàïďă ćőğàăáâăěâ, âăł çâő àăŋő ĺńĺ ŕőğďŋő âěőàĺï ćőğňãéěŋĺľ

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 189

áâăŋőćĺâáï ŋěŕàĺňěŋĺňőľ ŋă ňăńëå àăááâőïŋĺïå, ă ŕàĺ

Q^2 = μ^2 exp ( 3π e^2(μ^2) ) (8.61)

ćőğŋĺłăěâ ïćŋő ŋěäĺğĺçěáłăï àăáåőďĺňőáâì (\ńőęŋëľ" ŕőńîá). Ŕàĺ Q^2, ŕàěćëèăîéĺå íâő ğŋăçěŋĺě, ğăàïď ćőőąéě áâăŋőćĺâáï ňŋĺňëň! Ćőğŋĺłăîéăï ğďěáì áĺâãăæĺï, ŕő ŕàĺçĺŋăň ĺáâőàĺçěáłőčő åăàăłâěàă, ŋăğëćăěâáï \ňőáłőćáłĺň ŋãńěň". Ć ďăńìŋěľèěň ňë ěéě ŋě àăğ ćěàŋěňáï ł őąáãęďěŋĺî ćőğŋĺłăîéĺå ć áćïğĺ á íâĺň ŕàőąńěň.

Ğăąěčăï ćŕěàěď őâňěâĺň, çâő ć łćăŋâőćőľ åàőňőďĺŋăňĺłě áĺâãăæĺï ŕàĺŋæĺŕĺăńìŋő ĺŋăï. Šăň âăłęě ćőğŋĺłăěâ \ąěčãéăï" łőŋáâăŋâă áćïğĺ łćăàłőć ĺ čńîőŋőć, ćëàăęěŋĺě ďńï łőâőàőľ (ŕőńãçăěňőě ăŋăńőčĺçŋő (8.60)) ĺňěěâ ćĺď:

g^2(Q^2) = g^2(μ)

1 +^{g2(μ2)}_{12π} (33 − 2n_f ) ln (_{Q2} μ2 ) , (8.62)

čďě n_f | çĺáńő ăàőňăâőć łćăàłőć, ă łőŋáâăŋâă 33 áćïğăŋă á ŋěăąěńěćëň åăàăłâěàőň łăńĺąàőćőçŋőľ áĺňňěâàĺĺ åàőňőďĺŋăňĺłĺ (äăłâĺçěáłĺ őŋă ćëçĺáńïěâáï łăł ŋěłőâőàăï łőŋáâăŋâă, áćïğăŋŋăï áő áćőľáâćăňĺ ňăâàĺæ čěŋěàăâőàőć æćěâőćőľ čàãŕŕë SU(3)). Šőńìłő ć ňĺàě, čďě n_f > 16 ğŋăł ć ğŋăňěŋăâěńě (8.62) ąëń ąë âăłĺň ęě, łăł ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. Ć àěăńìŋőň ňĺàě n_f = 6. Ŕőíâőňã íääěłâĺćŋëľ ğăàïď ŁŢĎ ŋě àăáâěâ, ă ŕăďăěâ á àőáâőň Q^2 ĺ áâăŋőćĺâáï ňăńëň ŋă ňăńëå àăááâőïŋĺïå! İâő áĺâãăæĺï âăł ŋăğëćăěňőľ \ăáĺňŕâőâĺçěáłőľ áćőąőďë". Ŕàĺ ďőáâăâőçŋő ňăńëå Q^2 (ŋă ąőńìèĺå àăááâőïŋĺïå ňěęďã łćăàłăňĺ) íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ŋăőąőàőâ áâăŋőćĺâáï ąőńìèőľ, çâő íłáŕěàĺňěŋâăńìŋő ŕàőïćńïěâáï ć ïćńěŋĺĺ łőŋäăľŋňěŋâă (\ĺŋäàăłàăáŋăï âîàìňă"). Ďńï ğŋăçěŋĺï Q^2, ŕàĺ łőâőàőň ćőğŋĺłăěâ (őŕïâì âăłĺ \ńőęŋëľ"!) ŕőńîá ć (8.62), ŕàĺňěň őąőğŋăçěŋĺě ~^2:

~^2 = μ^2 exp [ − 12π (33 − 2n_f )g^2(μ^2) ] . (8.63)

Šőčďă (8.62) ŕěàěŕĺáëćăěâáï łăł:

g^2(Q^2) = 12 π (33 − 2n_f ) ln (_{Q2} Λ2 ) . (8.64)

Ŕàĺ Q^2 ≫ ~^2 íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ňăńă ĺ ćğăĺňőďěľáâćĺě łćăàłőć ĺ čńîőŋőć (ŋă ňăńëå àăááâőïŋĺïå ĺńĺ ŕàĺ ąőńìèĺå ĺňŕãńìáăå) ňőęŋő őŕĺáëćăâì ŕő âěőàĺĺ ćőğňãéěŋĺľ, ăŋăńőčĺçŋő ćğăĺňőďěľáâćĺî íńěłâàőŋőć ĺ äőâőŋőć ć ŁİĎ (ŋă ąőńìèĺå àăááâőïŋĺïå ĺńĺ ňăńëå ĺňŕãńìáăå). Ŕàĺ Q^2 ∼ ~^2 âăłőě őŕĺáăŋĺě áâăŋőćĺâáï ŋěćőğňőęŋëň, ă łćăàłĺ ĺ čńîőŋë őąêěďĺŋïîâáï ć áĺńìŋő ćğăĺňőďěľáâćãîéĺě łńăáâěàë | ăďàőŋë. İłáŕěàĺňěŋâăńìŋőě ğŋăçěŋĺě ~ ńěęĺâ ć ĺŋâěàćăńě őâ 0.1 ďő 0.5 GeV. Šőčďă ďńï íłáŕěàĺňěŋâőć, ŕàőćőďĺňëå ŕàĺ Q^2 ∼ (30 GeV)^2 ĺğ (8.64) ŕőńãçăěň g^2 ∼ 0.1, âăł çâő âěőàĺï ćőğňãéěŋĺï ïćŋő ŕàĺňěŋĺňă, łăł ć ŁİĎ. Ć ŕàěďěńě ąőńìèĺå Q^2 ćáěňĺ ňăááăňĺ łćăàłőć ňőęŋő ŕàěŋěąàěçì, őďŋăłő ć âěőàĺî ćáě àăćŋő őàčăŋĺçěáłĺ ćåőďĺâ ňăááőćëľ ňăáèâăą μ^2, ćőğŋĺłèĺľ ć ŕàőæěááě ŕěàěŋőàňĺàőćłĺ.

Ăŋŋĺčĺńïæĺï e^+e� ć ăďàőŋë | ďőłăğăâěńìáâćő áãéěáâćőćăŋĺï łćăàłőć.

Ć łăçěáâćě ĺŋâěàěáŋőľ ĺńńîáâàăæĺĺ ŕàĺňěŋěŋĺľ ŁİĎ ŕőłăęěň, łăł ĺğ çĺáâő íńěłâàőďĺŋăňĺçěáłĺå íłáŕěàĺňěŋâőć ňőęŋő ãąěďĺâìáï ć áãéěáâćőćăŋĺĺ łćăàłőć [18]. İâő őłăğëćăěâáï ćőğňőęŋëň ŕàĺ ĺğãçěŋĺĺ ŕàőæěááőć ăŋŋĺčĺńïæĺĺ íńěłâàőŋőć ĺ

190 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

ŕőğĺâàőŋőć ćëáőłĺå íŋěàčĺľ, łőčďă ć łăçěáâćě łőŋěçŋëå ŕàőďãłâőć àěăłæĺĺ ćőğŋĺłăîâ ćáěćőğňőęŋëě ăďàőŋë. Ťăłâĺçěáłĺ, âăłĺě àěăłæĺĺ ĺďãâ çěàěğ ŕàőæěááë àőęďěŋĺï ŕăà łćăàł { ăŋâĺłćăàł, â.ě. e^+e^− → q —q, łőâőàëě ć ďăńìŋěľèěň őąêěďĺŋïîâáï ć ăďàőŋë. Őłăğëćăěâáï, çâő áěçěŋĺě âăłĺå ŕàőæěááőć ňőęŋő ŕőńãçĺâì ĺğ ńěčłő àăááçĺâëćăěňőčő ć àăňłăå ŁİĎ áěçěŋĺï ŕàőæěááă ăŋŋĺčĺńïæĺĺ íńěłâàőŋŕőğĺâàőŋŋëå ŕăà ć ňîőŋë: e^+e^− → μ—μ. Ďńï àăáçěâă áěçěŋĺï âăłőčő ŕàőæěááă ć ŁİĎ ďőáâăâőçŋő àăááňőâàěâì ćâőàãî ĺğ äěľŋňăŋőćáłĺå ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá. 6-6, ć łőâőàőľ, ć łăçěáâćě łőŋěçŋëå ŕàőďãłâőć àěăłæĺĺ, äĺčãàĺàãěâ ŕăàă μ—μ.^6 Śâăŋďăàâŋëľ àăáçěâ ŕő ŕàăćĺńăň ďĺăčàăňňŋőľ âěåŋĺłĺ ŁİĎ ďăěâ ďńï ŕőńŋőčő áěçěŋĺï âăłőčő ŕàőæěááă [18]:

σ(e^+ e^− → μ—μ) = 4πe^2 3Q^2

, (8.65)

čďě Q^2 = 4E^2 | łćăďàăâ íŋěàčĺĺ ć áĺáâěň æěŋâàă ňăáá (ŕěàěňěŋŋăï Ňăŋďěńáâăňă s). Ĺŋâěàěáãîéěě ŋăá áěçěŋĺě ăŋŋĺčĺńïæĺĺ ć ŕăàã łćăàł { ăŋâĺłćăàł àăćŋő:

σ(e^+e^− → q —q) = 3e^2_q σ(e^+e^− → μ—μ) , (8.66)

čďě e_q { ğăàïď łćăàłă. Ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì 3 ćőğŋĺłăěâ ğďěáì ĺğ-ğă âőčő, çâő ňë ĺňěěň ŕő őďŋőľ ĺ âőľ ęě ďĺăčàăňňě ďńï łćăàłőć łăęďőčő æćěâă, âăł çâő áőőâćěâáâćãîéĺě áěçěŋĺï ŋãęŋő ŕàőáâő áńőęĺâì. Ůâőąë ŋăľâĺ âěŕěàì áěçěŋĺě àőęďěŋĺï ćáěå ćőğňőęŋëå ăďàőŋőć, ŋěőąåőďĺňő ŕàőáãňňĺàőćăâì ŕő ćáěň łćăàłőćëň ăàőňăâăň q = u, d, s, ..., ŕőíâőňã: σ(e^+e^− → hadrons) = ∑ q σ(e^+ e^− → q —q) = 3 ∑ q e^2_q σ(e^+e^− → μ—μ) . (8.67)

Šăłĺň őąàăğőň, íâĺ ćëçĺáńěŋĺï ŕàĺćőďïâ ł őçěŋì áãéěáâćěŋŋőňã ŕàěďáłăğăŋĺî: R ≡ σ(e^+e^− → hadrons) σ(e^+e^− → μ—μ) = 3 ∑ q e^2_q . (8.68)

Šăł łăł áěçěŋĺě σ(e^+ e^− → μ—μ) åőàőèő ĺğãçěŋő íłáŕěàĺňěŋâăńìŋő (ĺ ŕàěłàăáŋő őŕĺáëćăěâáï äőàňãńőľ (8.65)), âő ĺğňěàěŋŋőě ŋă íłáŕěàĺňěŋâě áěçěŋĺě e^+e^−- ăŋŋĺčĺńïæĺĺ ć ăďàőŋë ŋěŕőáàěďáâćěŋŋő ďăěâ ĺŋäőàňăæĺî ő çĺáńě łćăàłőć, ĺå ăàőňăâăå ĺ æćěâăå. Ĺňěěň:

R = 3 [(_2 3 )_2 + (_1 3 )_2 + (_1 3 )_2] = 2 ďńï u, d, s . 2 + 3

(_2 3 )_2

=^{10}_3 ďńï u, d, s, c , 10 3 + 3

(_1 3 )_2

=^{11}_3 ďńï u, d, s, c, b ĺ â. ď. .

(8.69)

İâĺ ŕàěďáłăğăŋĺï ŕàěłàăáŋő áőčńăáãîâáï á íłáŕěàĺňěŋâőň! Ğŋăçěŋĺě R = 2 ŋăąńîďăěâáï ŕàĺ Q < 2(m_c + m_u) ≈ 3.7 GeV, â.ě. ŋĺęě ŕőàőčă àőęďěŋĺï c-çăáâĺæ. Ćëèě ŕőàőčă àőęďěŋĺï ŕïâĺ łćăàłőćëå ăàőňăâőć, â.ě. ŕàĺ Q > 2m_b ≈ 10 GeV íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěâáï ğŋăçěŋĺě R = 11/3. İâĺ íłáŕěàĺňěŋâë ŋěŕőáàěďáâćěŋŋő ŕőďâćěàęďăîâ, çâő ĺňěěâáï âàĺ æćěâă łćăàłőć á ŋăďńěęăéĺňĺ (ďàőąŋëňĺ!) ğŋăçěŋĺïňĺ íńěłâàĺçěáłőčő ğăàïďă.

6Ŋăŕőňŋĺň, çâő ňîőŋë ŋĺçěň ŋě őâńĺçăîâáï őâ íńěłâàőŋőć, łàőňě ąőńìèěčő (ŕàĺňěàŋő ć 200 àăğ) ğŋăçěŋĺï ňăááë ŕőłőï.

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 191

Ć àăňłăå ŁŢĎ ňőęŋő ãçěáâì âăłęě ćłńăďë ďĺăčàăňň, ć łőâőàëå łćăàł ĺńĺ ăŋâĺłćăàł ĺáŕãáłăěâ čńîőŋë [18]. Ć ŕěàćőň ŕőàïďłě ŕő g^2 äőàňãńă (8.68) ňőďĺäĺæĺàãěâáï łăł:

R = 3 ∑ q e^2_q ( 1 + g^2(Q^2)π ) , (8.70)

âăł, çâő ć íłáŕěàĺňěŋâăå ŕàőïćńïěâáï ďăęě áńăąăï (ńőčăàĺäňĺçěáłăï) ğăćĺáĺňőáâì R őâ Q^2.

Ťĺğĺçěáłĺě ãáńőćĺï ŕěàěŋőàňĺàőćłĺ.

Ŕěàěľďěň ł ąőńěě ŕőáńěďőćăâěńìŋőňã ĺğńőęěŋĺî âěőàĺĺ ŕěàěŋőàňĺàőćőł ć ŁİĎ. §áŋő, çâő ĺğńăčăćèăïáï ćëèě áåěňă ŕőáâàőěŋĺï ĺŋćăàĺăŋâŋőľ âěőàĺĺ ćőğňãéěŋĺľ ĺ ďĺăčàăňňŋëå ãàăćŋěŋĺľ ďńï âőçŋëå ŕàőŕăčăâőàőć, ŋőáĺńă ć ğŋăçĺâěńìŋőľ ňěàě äőàňăńìŋëľ åăàăłâěà. Ňë őŕěàĺàőćăńĺ áő ćáěňĺ ćěńĺçĺŋăňĺ âăł, łăł ěáńĺ ąë őŋĺ ąëńĺ łőŋěçŋëňĺ, âőčďă łăł äăłâĺçěáłĺ ŕàĺ ćëçĺáńěŋĺĺ D, G, ` ŕő âěőàĺĺ ćőğňãéěŋĺľ ćőğŋĺłăîâ àăáåőďïéĺěáï ĺŋâěčàăńë. Łăł ňë ŕőłăęěň ŋĺęě, ć âěőàĺĺ ňőęŋő áäőàňãńĺàőćăâì őŕàěďěńěŋŋëě ŕàěďŕĺáăŋĺï, ŕőğćőńïîéĺě őďŋőğŋăçŋëň őąàăğőň ŕàőĺğćőďĺâì \ćëçĺâăŋĺě" ąěáłőŋěçŋőáâěľ ĺ ŕőńãçăâì łőŋěçŋëě ćëàăęěŋĺï ďńï ćáěå ćěńĺçĺŋ, ĺňěîéĺå ŋěŕőáàěďáâćěŋŋëľ äĺğĺçěáłĺľ áňëáń. Ć őáŋőćě íâĺå ŕàěďŕĺáăŋĺľ ńěęăâ őçěćĺďŋëě äĺğĺçěáłĺě âàěąőćăŋĺï, çâőąë ňăááă äőâőŋă ąëńă àăćŋă ŋãńî, ă ğăàïď ĺ ňăááă íńěłâàőŋă àăćŋïńĺáì ĺå ŋăąńîďăěňëň ğŋăçěŋĺïň. Ŋăèě ĺğńőęěŋĺě ąãďěâ ŋőáĺâì ŋěáłőńìłő áåěňăâĺçěáłĺľ åăàăłâěà, ďăńìŋěľèĺě ŕőďàőąŋőáâĺ ňőęŋő ŋăľâĺ ć [1] ĺ, ć őáőąěŋŋőáâĺ, ć ĺáçěàŕëćăîéěľ ňőŋőčàăäĺĺ [2].

Ťĺğĺçěáłĺľ äőâőŋ ĺňěěâ ŋãńěćãî ňăááã ĺ, áőőâćěâáâćěŋŋő, ďńï ŋěčő ćáěčďă k^2 = 0. İâő őğŋăçăěâ, çâő âőçŋëľ äőâőŋŋëľ ŕàőŕăčăâőà ďőńęěŋ ĺňěâì ŕőńîá ŕàĺ k^2 = 0, âăł çâő D(k^2) = 4π k^2

Z ŕàĺ k^2 → 0 , (8.71)

čďě Z | ŕőáâőïŋŋăï. Ŕőáłőńìłã áőčńăáŋő (7.39) őąéĺľ ćĺď ŕàőŕăčăâőàă őŕàěďěńïěâáï çěàěğ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà łăł

D(k^2) = 4π k^2(1 − P(k^2)/k^2)

, (8.72)

âő ĺğ (8.71) ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă áńěďãěâ:

P(0) = 0 . (8.73)

Ăŋăńőčĺçŋëň őąàăğőň, ŕőáâőïŋŋăï Z ć (8.71) ňőęěâ ąëâì őŕàěďěńěŋă łăł: 1 Z = 1 −

P(k^2) k^2 | | |_{k2→0} . (8.74)

Ďăńìŋěľèĺě őčàăŋĺçěŋĺï ŋă P(k^2) ňőęŋő ŕőńãçĺâì ĺğ ăŋăńĺğă äĺğĺçěáłőčő őŕàěďěńěŋĺï íńěłâàĺçěáłőčő ğăàïďă çăáâĺæë. Ďćě łńăááĺçěáłĺě (áłőńì ãčőďŋő âïęěńëě) çăáâĺæë, ŕőłőïéĺěáï ŋă ąőńìèőň àăááâőïŋĺĺ (r ≫ m^{−1}, čďě m | ňăááă íńěłâàőŋă) ďàãč őâ ďàãčă, ďőńęŋë ćğăĺňőďěľáâćőćăâì ŕő ğăłőŋã Łãńőŋă: V (r) = e^2/r. Ś

192 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-14

ďàãčőľ áâőàőŋë, íâő ćğăĺňőďěľáâćĺě ćëàăęăěâáï ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 8- 14, čďě ęĺàŋăï ćőńŋĺáâăï ńĺŋĺï őąőğŋăçăěâ âőçŋëľ ŕàőŕăčăâőà ćĺàâãăńìŋőčő äőâőŋă, ă ćěàåŋĺě ĺ ŋĺęŋĺě ńĺŋĺĺ áőőâćěâáâćãîâ łńăááĺçěáłĺň çăáâĺæăň. Ťőâőŋŋëě áőąáâćěŋŋő-íŋěàčěâĺçěáłĺě ŕőŕàăćłĺ ãçâěŋë ć âőçŋőň ŕàőŕăčăâőàě ćĺàâãăńìŋőčő äőâőŋă. Ćáïłĺě ďàãčĺě ŕőŕàăćłĺ, ğăâàăčĺćăîéĺě ńĺŋĺĺ âïęěńëå çăáâĺæ, ŕàĺćőďïâ ł őąàăéěŋĺî áőőâćěâáâćãîéĺå ďĺăčàăňň ć ŋãńì. Ďěľáâćĺâěńìŋő, ďőąăćńěŋĺě ěéě łăłőľ-ńĺąő ćŋãâàěŋŋěľ ńĺŋĺĺ ć ďĺăčàăňňã Řĺá. 8-14, ŋăŕàĺňěà, áőěďĺŋěŋĺě 1 ĺ 3 ĺńĺ 1 ĺ 2 äőâőŋŋőľ ńĺŋĺěľ, ŕàĺćőďĺâ ł ŕőïćńěŋĺî ć áőőâćěâáâćãîéěľ ďĺăčàăňňě âïęěńëå ćĺàâãăńìŋëå çăáâĺæ (áőőâćěâáâćãîéĺå áŕńőèŋëň ńĺŋĺïň, őłăğăćèĺňáï ŕőď ďőŕőńŋĺâěńìŋőľ äőâőŋŋőľ ńĺŋĺěľ), ŕàőŕăčăâőà łőâőàëå áőďěàęĺâ ąőńìèãî ňăááã M łńăááĺçěáłőľ çăáâĺæë ć ğŋăňěŋăâěńě ĺ őąàăéăěâáï ć ŋãńì ŕàĺ M → ∞. Šőčďă ïáŋő, çâő ňŋőęĺâěńì e^2D(k^2) ć ďĺăčàăňňě Řĺá. 8-14 ŕàěďáâăćńïěâ áőąőľ (á âőçŋőáâìî ďő ğŋăłă) äãàìě-őąàăğ ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï àăááňăâàĺćăěňëå çăáâĺæ. Śâăâĺçŋőáâì ćğăĺňőďěľáâćĺï (ŕőłőïéĺěáï çăáâĺæë!) őğŋăçăěâ, çâő çăáâőâă ćĺàâãăńìŋőčő äőâőŋă ω = 0, ă ąőńìèĺň àăááâőïŋĺïň őâćěçăîâ ňăńëě ćőńŋőćëě ćěłâőàă k. Ŕőáłőńìłã D ğăćĺáĺâ âőńìłő őâ k^2 = ω^2 − k^2, âő ŕàĺåőďĺň ł ãáńőćĺî e^2D → 4πe^2 k^2 ŕàĺ k^2 → 0 , (8.75)

âăł çâő, äăłâĺçěáłĺ, ć (8.71) ňë ďőńęŋë ŕőńőęĺâì Z = 1. Šőčďă ĺğ (8.74) ŋěňěďńěŋŋő áńěďãěâ: P(k^2) k^2

→ 0 ŕàĺ k^2 → 0 . (8.76)

Ŕőňĺňő ãęě ĺğćěáâŋőčő ŋăň ãáńőćĺï (8.73) őâáîďă áńěďãěâ:

P^′(0) ≡ dP(k^2) dk^2 | | | |_{k2=0} = 0 . (8.77)

Ğăňěâĺň, çâő íääěłâĺćŋőľ ćŋěèŋěľ ńĺŋĺĺ àěăńìŋőčő äőâőŋă, ć ŕàĺŋæĺŕě, ŋăďő ąëńő ąë áőŕőáâăćńïâì ňŋőęĺâěńì √ 4π[1 +^1_{4π} P(k^2)D(k^2)]e_μ. Őďŋăłő ďńï àěăńìŋőčő äőâőŋă ćáěčďă k^2 = 0, âőčďă ć áĺńã (8.76) ćĺďĺň, çâő ć ńĺŋĺïå ćŋěèŋĺå äőâőŋőć àăďĺăæĺőŋŋëě ŕőŕàăćłĺ ćőőąéě ŋě ŋãęŋő ãçĺâëćăâì.

Šăłĺň őąàăğőň, ěáâěáâćěŋŋëě äĺğĺçěáłĺě âàěąőćăŋĺï ŕàĺćőďïâ ł ãáâăŋőćńěŋĺî őŕàěďěńěŋŋëå (àăćŋëå ŋãńî!) ğŋăçěŋĺľ P(0) ĺ P^′(0). Ć âőęě ćàěňï, ŋěŕőáàěďáâćěŋŋőě ćëçĺáńěŋĺě íâĺå ćěńĺçĺŋ ŕő ďĺăčàăňňăň âěőàĺĺ ćőğňãéěŋĺľ ŕàĺćőďĺâ ł àăáåőďïéĺňáï ĺŋâěčàăńăň. Śŕőáőą ãáâàăŋěŋĺï íâĺå ąěáłőŋěçŋőáâěľ áőáâőĺâ ć ŕàĺŕĺáëćăŋĺĺ àăáåőďïéĺňáï ćëàăęěŋĺïň ŋăŕěàěď ğăďăŋŋëå ğŋăçěŋĺľ, ãáâăŋăćńĺćăěňëå

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 193

äĺğĺçěáłĺňĺ âàěąőćăŋĺïňĺ. Šăłăï ŕàőæěďãàă ĺ ŋăğëćăěâáï ŕěàěŋőàňĺàőćłőľ. Śŕőáőą ŕàőćěďěŋĺï íâőľ őŕěàăæĺĺ ňőęŋő áäőàňãńĺàőćăâì ĺ ĺŋăçě. Ňőęŋő ććěáâĺ ŋěäĺğĺçěáłĺľ \ğăâàăćőçŋëľ" ğăàïď e_0 , łăł ŕăàăňěâà, łőâőàëľ ćåőďĺâ ć ćëàăęěŋĺě ďńï ĺáåőďŋőčő őŕěàăâőàă íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï, äĺčãàĺàãîéěčő ć äőàňăńìŋőľ âěőàĺĺ ćőğňãéěŋĺľ. Ŕőáńě íâőčő, ãáńőćĺě ŕěàěŋőàňĺàőćłĺ äőàňãńĺàãěâáï łăł âàěąőćăŋĺě e^2_0D(k^2) → 4πe^2 k^2 ŕàĺ k^2 → 0 , (8.78)

čďě e | ĺáâĺŋŋëľ (äĺğĺçěáłĺľ) ğăàïď çăáâĺæë. Őâáîďă ŋăåőďĺň áćïğì:

e^2 = Ze^2_0 (8.79)

ĺ á ěě ŕőňőéìî ŋěäĺğĺçěáłăï ćěńĺçĺŋă e_0 ãáâàăŋïěâáï ĺğ äőàňãń, őŕàěďěńïîéĺå äĺğĺçěáłĺě íääěłâë (ă àăáåőďĺňőáâì \ğăčőŋïěâáï" ć äăłâőà ŕěàěŋőàňĺàőćłĺ Z). Ŕőâàěąőćăć áàăğã Z = 1 ňë ŕàőĺğćőďĺň ŕěàěŋőàňĺàőćłã \ŋă åőďã" [1] ĺ ĺğąăćńïěňáï őâ ŋěőąåőďĺňőáâĺ ććěďěŋĺï äĺłâĺćŋëå ćěńĺçĺŋ ć ŕàőňěęãâőçŋëå ćëłńăďłăå.

Ŕěàěľďěň âěŕěàì ł àăááňőâàěŋĺî ãáńőćĺľ ŕěàěŋőàňĺàőćłĺ íńěłâàőŋŋőčő ŕàőŕăčăâőàă. Őçěćĺďŋő, çâő âőçŋëľ ŕàőŕăčăâőà G(p) ďőńęěŋ ĺňěâì ŕőńîá ŕàĺ p^2 = m^2, čďě m | ňăááă äĺğĺçěáłőčő íńěłâàőŋă. Śőőâćěâáâćěŋŋő, ňőęŋő ŋăŕĺáăâì ŕàěďěńìŋőě ćëàăęěŋĺě: G(p) ≈ Z_1 γ^μp_μ + m p^2 − m^2 + i0

+ g(p) ŕàĺ p^2 → m^2 , (8.80)

čďě Z_1 | áłăńïàŋăï ŕőáâőïŋŋăï (äăłâőà ŕěàěŋőàňĺàőćłĺ), ă g(p) łőŋěçŋő ŕàĺ p^2 → m^2. Ĺğ (8.80) ŋěŕőáàěďáâćěŋŋő áńěďãěâ ĺ ćĺď őąàăâŋőčő ŕàőŕăčăâőàă: G^{−1}(p) ≈ 1 Z_1

(γ^μp_μ − m) − (γ^μ p_μ − m)g(p)(γ^μ p_μ − m) ŕàĺ p^2 → m^2 . (8.81)

Ňăááőćëľ őŕěàăâőà ĺňěěâ âőčďă ŕàĺ p^2 → m^2 áńěďãîéĺľ ćĺď:

M(p) = G^{−1}(p) − G^{−1}(p) ≈ ( 1 − 1 Z_1 ) (γ^μp_μ − m)+(γ^μ p_μ − m)g(p)(γ^μ p_μ − m) . (8.82)

İääěłâĺćŋőľ ćŋěèŋěľ íńěłâàőŋŋőľ ńĺŋĺĺ (ŋăŕàĺňěà ćåőďïéěľ) ć ďĺăčàăňňě àăááěïŋĺï ďőńęěŋ őçěćĺďŋő áőŕőáâăćńïâìáï ňŋőęĺâěńì:

U(p) = u(p) + G(p)M(p)u(p) , (8.83)

čďě u(p) | őąëçŋëľ íńěłâàőŋŋëľ ąĺáŕĺŋőà, ãďőćńěâćőàïîéĺľ ãàăćŋěŋĺî Ďĺàăłă (γ^μp_μ−m)u = 0. Ć áĺńã ãáńőćĺľ àěńïâĺćĺáâáłőľ ĺŋćăàĺăŋâŋőáâĺ (U âőęě ąĺáŕĺŋőà) ŕàěďěńìŋőě ğŋăçěŋĺě U(p) ŕàĺ p^2 → m^2 ňőęěâ őâńĺçăâìáï őâ u(p) ńĺèì ŕőáâőïŋŋëň áłăńïàŋëň ňŋőęĺâěńěň (ŕěàěŋőàňĺàőćłă ćőńŋőćőľ äãŋłæĺĺ):

U(p) = Z^′u(p) . (8.84)

Ŋěâàãďŋő ŕőłăğăâì [1], çâő áãéěáâćãěâ ŕàőáâăï áćïğì

Z^′ = √ Z_1 . (8.85)

İâő ŕőçâĺ őçěćĺďŋő ĺğ âőčő, çâő äãŋłæĺï Čàĺŋă (ŕàőŕăčăâőà) łćăďàăâĺçŋă ŕő őŕěàăâőàăň íńěłâàőŋŋőčő ŕőńï.

194 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Řĺá. 8-15

Šěŕěàì ňőęŋő ãąěďĺâìáï, çâő ŕőáńě ãáâăŋőćńěŋĺï ŕàěďěńìŋőčő ćĺďă íńěłâàőŋŋőčő ŕàőŕăčăâőàă ãęě ŋěâ ŋěőąåőďĺňőáâĺ ć łăłĺå-ńĺąő ďőŕőńŋĺâěńìŋëå ãáńőćĺïå ďńï ćěàèĺŋŋőčő őŕěàăâőàă. Řăááňőâàĺň ďĺăčàăňňã, ŕőłăğăŋŋãî ŋă Řĺá. 8-15 ĺ ąãďěň áçĺâăâì, çâő őŋă őŕĺáëćăěâ àăááěïŋĺě íńěłâàőŋă ŋă ćŋěèŋěň ŕőńě A^{(e)}μ (k) ć ŕěàćőň ŕőàïďłě ŕő íâőňã ŕőńî, ŋő á ãçěâőň ćáěå àăďĺăæĺőŋŋëå ŕőŕàăćőł. Ć ŕàěďěńě k → 0 ĺňěěň p_2 → p_1 ≡ p àăďĺăæĺőŋŋëě ŕőŕàăćłĺ ł ńĺŋĺĺ ćŋěèŋěčő ŕőńï ĺáçěğăîâ (ćëèě ňë őâňěçăńĺ, çâő őŋĺ ĺáçěğăîâ ćőőąéě ŕàĺ ćáïłőň k^2 = 0). Šőčďă àăááňăâàĺćăěňőľ ďĺăčàăňňě áőőâćěâáâćãěâ ăňŕńĺâãďă:

M_{fi} = −e —U (p)`^μ(p, p; 0)U(p)A^{(e)}_μ (k → 0) . (8.86)

Ŋő ŕàĺ k → 0 ŕőâěŋæĺăń A^{(e)}μ (k) áćőďĺâáï ł ŋě ğăćĺáïéěľ őâ łőőàďĺŋăâ ĺ ćàěňěŋĺ łőŋáâăŋâě. Šăłőňã ŕőâěŋæĺăńã ŋě áőőâćěâáâćãěâ ŋĺłăłőě äĺğĺçěáłőě ŕőńě, âăł çâő őŋ ŋě ňőęěâ ćëğćăâì ŋĺłăłőčő ĺğňěŋěŋĺï íńěłâàőŋŋőčő âőłă ŕěàěåőďă. Ďàãčĺňĺ áńőćăňĺ, ć íâőň ŕàěďěńě âőł ŕěàěåőďă —U`^μU ďőńęěŋ ŕàőáâő áőćŕăďăâì áő áćőąőďŋëň âőłőň —uγ^μu:

—U (p)`^μ(p, p; 0)U(p) = Z_1 —u(p)`^μu(p) = —u(p)γ^μ u(p) . (8.87)

İâő áőőâŋőèěŋĺě ăćâőňăâĺçěáłĺ ćëŕőńŋïěâáï ć áĺńã âőęďěáâćă Şőàďă, ŋěğăćĺáĺňő őâ ćěńĺçĺŋë Z_1. Ć áăňőň ďěńě, ŕőďáâăćńïï G^{−1}(p) ĺğ (8.81) ć (7.87), ŕőńãçăěň:

`^μ(p, p; 0) = 1 Z_1 γ^μ − γ^μg(p)(γ^μp_μ − m) − (γ^μp_μ − m)g(p)γ^μ (8.88)

ĺ àăćěŋáâćő (8.87) ãďőćńěâćőàïěâáï ć áĺńã (γ^μp_μ − m)u(p) = 0 ĺ —u(p)(γ^μp_μ − m) = 0. Ćáě íâő, ŕő áãéěáâćã, őŕïâì ďăěâ őŕàěďěńěŋĺě äĺğĺçěáłőčő ğăàïďă íńěłâàőŋă. Ćĺďĺň, çâő ŕàĺ áőáâăćńěŋĺĺ ăňŕńĺâãďë äĺğĺçěáłőčő ŕàőæěááă ŕěàŋőàňĺàőćőçŋëľ äăłâőà Z_1 ćőőąéě ćëŕăďăěâ. Ňë ňőęěň ŕàőáâő ŕőâàěąőćăâì:

—u(p)`^μ(p, p; 0)u(p) = —u(p)γ^μu(p) ŕàĺ p^2 = m^2 , (8.89)

â.ě. ŕőńőęĺâì Z_1 = 1. Şďőąáâćő âăłőčő őŕàěďěńěŋĺï áőáâőĺâ ć âőň, çâő őâŕăďăěâ ŋěőąåőďĺňőáâì ććěďěŋĺï ŕőŕàăćőł ćő ćŋěèŋĺě íńěłâàőŋŋëě ńĺŋĺĺ ĺ ňë ŕàőáâő ĺňěěň U(p) = u(p). İâő ïáŋő ĺ ĺğ âőčő, çâő ŕàĺ Z_1 = 1 ďńï ňăááőćőčő őŕěàăâőàă (8.82) ĺňěěň:

M(p) = (γ^μ p_μ − m)g(p)(γ^μ p_μ − m) , (8.90)

âăł çâő ćâőàőľ çńěŋ ć (8.83) őçěćĺďŋëň őąàăğőň őąàăéăěâáï ć ŋãńì. Šăłĺň őąàăğőň ŋě âàěąãîâ ŕěàěŋőàňĺàőćłĺ ćŋěèŋĺě ńĺŋĺĺ ćáěå àěăńìŋëå çăáâĺæ | łăł äőâőŋőć, âăł ĺ íńěłâàőŋőć.

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 195

Łńăááĺäĺłăæĺï ĺ ãáâàăŋěŋĺě àăáåőďĺňőáâěľ.

Řăááňőâàěŋŋëě ćëèě äĺğĺçěáłĺě ãáńőćĺï ŕěàěŋőàňĺàőćłĺ ŕőğćőńïîâ, ć ŕàĺŋæĺŕě, ŕőńãçĺâì őďŋőğŋăçŋëň őąàăğőň łőŋěçŋőě ğŋăçěŋĺě ďńï ăňŕńĺâãďë ćáïłőčő ŕàőæěááă ŁİĎ ć ńîąőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ.

Řăááňőâàĺň áŋăçăńă åăàăłâěà àăáåőďĺňőáâěľ, ćőğŋĺłăîéĺå ć àăğńĺçŋëå ĺŋâěčàăńăå Ťěľŋňăŋă. Ŕàěęďě ćáěčő ŕàőĺğćěďěň ŕőďáçěâ áâěŕěŋěľ ćĺàâãăńìŋëå 4- ĺňŕãńìáőć, ćåőďïéĺå ć ŕőďĺŋâěčàăńìŋëě ćëàăęěŋĺï. Řăááňőâàĺň ŕàőĺğćőńìŋãî ďĺăčàăňňã n-čő ŕőàïďłă (n | çĺáńő ćěàèĺŋ!), ĺňěîéãî N_e íńěłâàőŋŋëå ĺ N_γ äőâőŋŋëå ćŋěèŋĺå ńĺŋĺľ. Ůĺáńő N_e ćáěčďă çěâŋő. Ŕőńŋőě çĺáńő íńěłâàőŋŋëå ńĺŋĺľ àăćŋő 2n, ŋő ĺğ ŋĺå N_e ćŋěèŋĺå, ă áłăęěň I_e ćŋãâàěŋŋĺå. Ŕàĺ ŕőďáçěâě çĺáńă ńĺŋĺľ ćŋãâàěŋŋĺě ńĺŋĺĺ ãçĺâëćăîâáï ďćăęďë, ŕőáłőńìłã őŋĺ áćïğëćăîâ ďćě ćěàèĺŋë, âăł çâő:

2n = N_e + 2I_e . (8.91) Śőőâćěâáâćěŋŋő, ŕőńŋőě çĺáńő ćŋãâàěŋŋĺå íńěłâàőŋŋëå ńĺŋĺľ ć ďĺăčàăňňě: I_e = n − N_e 2 . (8.92)

Ć łăęďãî ćěàèĺŋã ćåőďĺâ őďŋă äőâőŋŋăï ńĺŋĺï, ŕàĺ íâőň ć N_γ ćěàèĺŋăå íâă ńĺŋĺï ćŋěèŋïï, ă ć őáâăćèĺåáï n − N_γ | ćŋãâàěŋŋïï. Ŕőáłőńìłã łăęďăï ćŋãâàěŋŋïï äőâőŋŋăï ńĺŋĺï áćïğëćăěâ ďćě ćěàèĺŋë, âő ŕőńŋőě çĺáńő âăłĺå ńĺŋĺľ àăćŋő n − N_γ 2 . (8.93)

Łăęďőľ ćŋãâàěŋŋěľ äőâőŋŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï ňŋőęĺâěńì D(k), áőďěàęăéĺľ k ć áâěŕěŋĺ −2. Łăęďőľ ćŋãâàěŋŋěľ íńěłâàőŋŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï G(p), áőďěàęăéăï p ć áâěŕěŋĺ −1 (ŕàĺ p^2 ≫ m^2). Šăłĺň őąàăğőň, áãňňăàŋăï áâěŕěŋì 4-ĺňŕãńìáőć ć ğŋăňěŋăâěńě ďĺăčàăňňë àăćŋă: 2 n − N_γ 2 + n − N_e 2 = 2n − N_e 2 − N_γ . (8.94)

Ůĺáńő ęě ĺŋâěčàĺàőćăŋĺľ ŕő d^4p ĺ d^4k ć ďĺăčàăňňě àăćŋő çĺáńã ćŋãâàěŋŋĺå ńĺŋĺľ, őďŋăłő ć łăęďőľ ćěàèĺŋě ćëŕőńŋïěâáï ğăłőŋ áőåàăŋěŋĺï 4-ĺňŕãńìáă, çâő ŋăłńăďëćăěâ n − 1 ďőŕőńŋĺâěńìŋőě ãáńőćĺě ŋă ĺňŕãńìáë ĺŋâěčàĺàőćăŋĺï (őďĺŋ ĺğ íâĺå n ğăłőŋőć áőåàăŋěŋĺï őâŋőáĺâáï ł ćŋěèŋĺň ĺňŕãńìáăň ďĺăčàăňňë | őŋ áőőâćěâáâćãěâ őąéěňã ğăłőŋã áőåàăŋěŋĺï ć àěăłæĺĺ, őŕĺáëćăěňőľ ďăŋŋőľ ďĺăčàăňňőľ). Śőőâćěâáâćěŋŋő, á ãçěâőň (8.92) ĺ (8.93), ŕőńãçăěň, çâő ŕőńŋőě çĺáńő ćŋãâàěŋŋĺå ńĺŋĺľ ďĺăčàăňňë (íńěłâàőŋŋëå ĺ äőâőŋŋëå) àăćŋő: n − N_e 2 + n 2 − N_γ 2 = 3 2 n − N_e 2 − N_γ 2 , (8.95)

çâő ďăěâ çĺáńő ĺňŕãńìáőć ĺŋâěčàĺàőćăŋĺï ąěğ ãçěâă ğăłőŋőć áőåàăŋěŋĺï. Šőčďă ćëçĺâăï őâáîďă n − 1, ĺňěěň ďńï çĺáńă ŋěğăćĺáĺňëå ĺňŕãńìáőć ĺŋâěčàĺàőćăŋĺï 3 2 n − N_e 2 − N_γ 2 − n + 1 = n 2 + 1 − N_e 2 − N_γ 2 . (8.96)

196 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Şçěâćěàïï íâő çĺáńő ŕőńãçăěň ŕőńŋőě çĺáńő ĺŋâěčàĺàőćăŋĺľ:

2(n − N_e − N_γ + 2) . (8.97)

Šőčďă àăğŋőáâì ňěęďã çĺáńőň ĺŋâěčàĺàőćăŋĺľ ĺ áâěŕěŋìî ĺňŕãńìáőć ć ğŋăňěŋăâěńě ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ďńï ďăŋŋőľ ďĺăčàăňňë àăćŋă àăğŋőáâĺ (8.97) ĺ (8.94):

r = 4 − 3 2 N_e − N_γ . (8.98)

İâő çĺáńő ĺ őŕàěďěńïěâ ïćńïěâáï ńĺ áőőâćěâáâćãîéĺľ äěľŋňăŋőćáłĺľ ĺŋâěčàăń áåőďïéĺňáï ĺńĺ àăáåőďïéĺňáï^7. Ďěńő, ŕàăćďă, ãáńőęŋïěâáï âěň őąáâőïâěńìáâćőň, çâő ãáńőćĺï r < 0 ďńï ďĺăčàăňňë ć æěńőň ěéě ŋěďőáâăâőçŋő ďńï ćëćőďă ő ěě áåőďĺňőáâĺ. Ŋěőąåőďĺňő, çâőąë ąëńĺ őâàĺæăâěńìŋëňĺ ăŋăńőčĺçŋëě çĺáńă r^′ ďńï ćáěå ćŋãâàěŋŋĺå ąńőłőć, łőâőàëě ňőęŋő ĺğ ŋěě ćëďěńĺâì. Ŋăńĺçĺě ćŋãâàěŋŋĺå ąńőłőć á r^′ > 0 ŕàĺćěďěâ ł àăáåőďĺňőáâĺ ďĺăčàăňňë ć æěńőň, åőâï őáâăńìŋëě ĺŋâěčàĺàőćăŋĺï ňőčãâ áåőďĺâìáï á ĺğąëâłőň. Şáńőćĺï r < 0, őďŋăłő, ďőáâăâőçŋő ďńï áåőďĺňőáâĺ ŕàőáâěľèĺå ďĺăčàăňň.

Ěáńĺ ęě r ≥ 0, âő ĺŋâěčàăń ćő ćáïłőň áńãçăě àăáåőďĺâáï. Ŕàĺ íâőň áâěŕěŋì àăáåőďĺňőáâĺ ŋě ňěŋěě r, ěáńĺ çĺáńő r çěâŋő, ĺ ŋě ňěŋěě r − 1, ěáńĺ r ŋěçěâŋő (ãňěŋìèěŋĺě áâěŕěŋĺ àăáåőďĺňőáâĺ ŋă 1 ć ŕőáńěďŋěň áńãçăě áćïğăŋő á őąàăéěŋĺěň ć ŋãńì ĺŋâěčàăńă őâ ŕàőĺğćěďěŋĺľ ŋěçěâŋőčő çĺáńă 4-ćěłâőàőć ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ćáěňã 4-ŕàőáâàăŋáâćã). Śâěŕěŋì àăáåőďĺňőáâĺ ňőęěâ ĺ ãćěńĺçĺâìáï ŕàĺ ŋăńĺçĺĺ ćŋãâàěŋŋĺå ąńőłőć á r^′ > 0.

Ğăňěâĺň, çâő áâěŕěŋì àăáåőďĺňőáâĺ ďĺăčàăňňë r áőčńăáŋő (8.98) ŋě ğăćĺáĺâ őâ ŕőàïďłă ďĺăčàăňňë n. Ĺňěŋŋő íâő ğăňěçăâěńìŋőě őąáâőïâěńìáâćő, łăł ňë ěéě ãćĺďĺň ŕőğďŋěě, ĺ ďěńăěâ âěőàĺî ŕěàěŋőàňĺàãěňőľ. Łőàőâłő čőćőàï, ďěńő âãâ ć âőň, çâő ĺğ (8.98) áàăğã ïáŋő, çâő ć âăłőľ âěőàĺĺ áãéěáâćãěâ łőŋěçŋőě çĺáńő âĺŕőć àăáåőďĺňőáâěľ , ŕőáłőńìłã ĺğ ŕőńőęĺâěńìŋőáâĺ æěńëå çĺáěń N_e ĺ N_γ ćĺďŋő, çâő áãéěáâćãěâ ńĺèì ŋěáłőńìłő ŕăà ĺå ğŋăçěŋĺľ, ŕàĺ łőâőàëå r ≥ 0, ĺ łőŋěçŋőě çĺáńő ŕàőáâěľèĺå ŕàĺňĺâĺćŋő àăáåőďïéĺåáï ďĺăčàăňň. Śőőâćěâáâćěŋŋő, ć âěőàĺĺ ďőáâăâőçŋő ććěáâĺ łőŋěçŋőě çĺáńő ŕăàăňěâàőć (őŕàěďěńïěňëå ĺğ íłáŕěàĺňěŋâă), ć łőâőàëě ĺ \ğăčőŋïîâáï" ćáě àăáåőďĺňőáâĺ. Ěáńĺ ąë ć (8.98) ćåőďĺńă (áő ğŋăłőň ŕńîá) ćěńĺçĺŋă n, âő çĺáńő âĺŕőć àăáåőďĺňőáâěľ àőáńő ąë á àőáâőň n ĺ áĺâãăæĺï őłăğăńăáì ąë áőćěàèěŋŋő ąěğŋăďěęŋőľ! Ć ŁİĎ ńěčłő ŕěàěçĺáńĺâì ćáě ŕàĺňĺâĺćŋő àăáåőďïéĺěáï ďĺăčàăňňë ć ïćŋőň ćĺďě. Śàăğã ęě ĺáłńîçĺň ĺğ ŋĺå áńãçăĺ N_e = N_γ = 0 (ćăłããňŋëě ŕěâńĺ) ĺ N_e = 0, N_γ = 1 (áàěďŋěě ğŋăçěŋĺě ćăłããňŋőčő âőłă). Őáâăńìŋëě áńãçăĺ ŕőłăğăŋë ŋă Řĺá. 8-16. Ć ŕěàćőľ ĺğ íâĺå ďĺăčàăňň r = 2 ĺ àăáåőďĺňőáâì äőàňăńìŋő łćăďàăâĺçŋăï, ć őáâăńìŋëå áńãçăïå r = 0 ĺńĺ r = 1 ĺ àăáåőďĺňőáâì ńőčăàĺäňĺçěáłăï.

Ďĺăčàăňňă Řĺá. 8-16(č) ŕàěďáâăćńïěâ áőąőľ ŕěàćãî ŕőŕàăćłã ł ćěàèĺŋŋőňã őŕěàăâőàã. Őŋă ďőńęŋă ãďőćńěâćőàïâì ãáńőćĺî (8.89), łőâőàőě ğăŕĺèěň ć ćĺďě:

—u(p)~^μ(p, p; 0)u(p) = 0 ŕàĺ p^2 = m^2 , (8.99) čďě ~^μ = `^μ − γ^μ . (8.100)

Őąőğŋăçĺň ĺŋâěčàăń Ťěľŋňăŋă, ğăŕĺáăŋŋëľ ŕàïňő ŕő ďĺăčàăňňŋëň ŕàăćĺńăň, łăł —~μ(p_2, p_1; k). İâőâ ĺŋâěčàăń ńőčăàĺäňĺçěáłĺ àăáåőďĺâáï ĺ áăň ŕő áěąě ãáńőćĺî

7Ŋăŕőňŋĺň, çâő àěçì ćáě ćàěňï ĺďěâ ő àăáåőďĺňőáâĺ ĺŋâěčàăńőć ŋă ćěàåŋěň ŕàěďěńě!

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 197

Řĺá. 8-16

(8.99) ŋě ãďőćńěâćőàïěâ. Ňë, őďŋăłő, ŕőńãçĺň ćěńĺçĺŋã, ãďőćńěâćőàïîéãî íâőňã ãáńőćĺî, őąàăğőćăć àăğŋőáâì:

~^μ(p_2, p_2; k) = —~^μ(p_2, p_1; k) − —~^μ(p_1, p_1; 0)|_p2_{1=m}2 . (8.101)

Řăáåőďĺňőáâì ć ĺŋâěčàăńě ďńï —~^μ(p_2, p_1; k) ňőęŋő ćëďěńĺâì àăááňőâàěć ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ áłőńì ãčőďŋő ąőńìèőľ 4-ĺňŕãńìá ćĺàâãăńìŋőčő äőâőŋă f. Šőčďă ĺňěěň: − 4πie^2 ∫ d^4f (2π)^4 γ^ν G(p^{2 −} f)γ^μG(p^{1 −} f)γ^λD^{λν} (f)^{∼ −}4πie^2 ∫ d^4f (2π)^4 γ^ν (γ^κfκ)γ^μ(γρfρ)γν f^2f^2f^2

, (8.102)

çâő ŋě ğăćĺáĺâ őâ ğŋăçěŋĺľ 4-ĺňŕãńìáőć ćŋěèŋĺå ńĺŋĺľ. Ŕőíâőňã ć àăğŋőáâĺ (8.101) àăáåőďĺňőáâì áőłàăéăěâáï ĺ ŕőńãçăěâáï łőŋěçŋőě ćëàăęěŋĺě.

Ő âăłőľ ŕàőæěďãàě ãáâàăŋěŋĺï àăáåőďĺňőáâěľ čőćőàïâ łăł ő ŕěàěŋőàňĺàőćłě á ŕőňőéìî ćëçĺâăŋĺľ. Ŕőďçěàłŋěň, çâő ćőğňőęŋőáâì ãáâàăŋěŋĺï àăáåőďĺňőáâĺ ĺğ ĺŋâěčàăńă —~^μ(p_2, p_1; k) ŕãâěň âőńìłő őďŋőčő ćëçĺâăŋĺï őąěáŕěçĺćăěâáï âěň, çâő ć ďăŋŋőň áńãçăě àăáåőďĺňőáâì ńĺèì ńőčăàĺäňĺçěáłăï, â.ě. ŋăĺňěŋìèăï ĺğ ćáěå ćőğňőęŋëå.

Ŕőáńě őŕàěďěńěŋĺï ŕěàćőľ ŕőŕàăćłĺ ć `^μ (â.ě. ŕěàćőčő çńěŋă àăğńőęěŋĺï ~^μ) ŕěàćăï ŕőŕàăćłă ć íńěłâàőŋŋőň ŕàőŕăčăâőàě (ďĺăčàăňňă Řĺá. 8-16(ą)) ňőęěâ ąëâì àăááçĺâăŋă á ŕőňőéìî âőęďěáâćă Şőàďă (7.87), łőâőàőě ňőęŋő ŕěàěŕĺáăâì łăł: − ∂M(p) ∂p_μ = ~^μ(p, p; 0) , (8.103)

ććěďï ňăááőćëľ őŕěàăâőà M ćňěáâő G ĺ ~^μ ćňěáâő `^μ. İâő ãàăćŋěŋĺě ňőęěâ ąëâì ŕàőáâő ŕàőĺŋâěčàĺàőćăŋő á čàăŋĺçŋëň ãáńőćĺěň:

—u(p)M(p)u(p) = 0 ŕàĺ p^2 = m^2 , (8.104)

áńěďãîéĺň ĺğ (8.90).

198 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ć ŕàĺŋæĺŕě, ăŋăńőčĺçŋëň áŕőáőąőň (åőâï ĺ ŋěáłőńìłő ąőńěě čàőňőğďłĺň) ňőęŋő ãáâàăŋĺâì àăáåőďĺňőáâĺ ĺ ĺğ ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă Řĺá. 8-16(ă) [1, 2]. ğďěáì âàěąãěâáï ŕàőĺğćěáâĺ ďćă ćëçĺâăŋĺï:

P(k^2) = —P(k^2) − —P(0) − k^2 —P^′(0) , (8.105)

čďě çěàěğ —P őąőğŋăçěŋ äěľŋňăŋőćáłĺľ ĺŋâěčàăń, áőőâćěâáâćãîéĺľ àăááňăâàĺćăěňőľ ďĺăčàăňňě. Őçěćĺďŋő, çâő (8.105) ãďőćńěâćőàïěâ àăááňőâàěŋŋëň ćëèě äĺğĺçěáłĺň ãáńőćĺïň (8.73) ĺ (8.77).

Ć áńěďãîéěň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ŕőŕàăćłă ł ćěàèĺŋŋőňã őŕěàăâőàã ~^{(2)}μ őŕàěďěńïěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 7-17(ć{ĺ). Ĺğ ŋĺå łőňŕăłâŋëňĺ ïćńïîâáï âőńìłő ŕőłăğăŋŋëě ŋă Řĺá. 7-17(č{ě), ĺ őŋĺ ňőčãâ ąëâì ćëçĺáńěŋë ć łőŋěçŋőň ćĺďě őŕïâì á ŕőňőéìî őďŋőčő ćëçĺâăŋĺï (8.101). Śőďěàęăéĺěáï ęě ć ŋěłőňŕăłâŋëå ďĺăčàăňňăå ćŋãâàěŋŋĺě áőąáâćěŋŋő-íŋěàčěâĺçěáłĺě ĺ ćěàèĺŋŋëě çăáâĺ ąőńěě ŋĺğłőčő ŕőàïďłă áàăğã ğăňěŋïîâáï ãęě ĺğćěáâŋëňĺ (ŕěàěŋőàňĺàőćăŋŋëňĺ) ćěńĺçĺŋăňĺ ŕěàćőčő ŕőàïďłă P^{(1)}, M^{(1)}, ~^{(1)}μ , ŕőáńě çěčő ĺŋâěčàăńë őŕïâì âăłĺ ďěńăîâáï łőŋěçŋëňĺ á ŕőňőéìî ćëçĺâăŋĺï (8.101). Ŕőŕàăćłĺ M^{(2)} ĺ P^{(2)} ğăâěň ćëçĺáńïîâáï ĺğ âőęďěáâćă Şőàďă (8.103) ĺ ĺğ (8.105). Őŕĺáăŋŋăï áĺáâěňăâĺçěáłăï ŕàőæěďãàă ďăěâ, ć ŕàĺŋæĺŕě, áŕőáőą ŕőńãçěŋĺï łőŋěçŋëå ćëàăęěŋĺľ ďńï P, M ĺ ~_μ ć ńîąőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ [1, 2]. Šěň áăňëň áâăŋőćĺâáï ćőğňőęŋëň ĺ ćëçĺáńěŋĺě ăňŕńĺâãď äĺğĺçěáłĺå ŕàőæěááőć àăááěïŋĺï, ć łőâőàëě ąńőłĺ P, M ĺ ~_μ ćåőďïâ łăł áőáâăćŋëě çăáâĺ. Šăłĺň őąàăğőň, ãáâăŋőćńěŋŋëě ćëèě äĺğĺçěáłĺě ãáńőćĺï ŕěàěŋőàňĺàőćłĺ őłăğëćăîâáï ďőáâăâőçŋëňĺ ďńï ãáâàăŋěŋĺï àăáåőďĺňőáâěľ ĺğ ćáěå ĺŋâěčàăńőć Ťěľŋňăŋă. Ć íâőň ĺ ŕàőïćńïěâáï ćěáìňă ŋěâàĺćĺăńìŋőě áćőľáâćő ŕěàěŋőàňĺàãěňőáâĺ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ. Ć ďăńìŋěľèěň ňë ěéě ćěàŋěňáï ł őąéěňã őąáãęďěŋĺî ŕőŋïâĺï ŕěàěŋőàňĺàãěňőáâĺ ĺ ěčő ĺáŕőńìğőćăŋĺî ć ďàãčĺå ňőďěńïå łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě äőâőŋŋőčő ŕàőŕăčăâőàă ŕàĺ ąőńìèĺå ĺňŕãńìáăå.

Řăááňőâàĺň ćăęŋëľ, á ŕàĺŋæĺŕĺăńìŋőľ âőçłĺ ğàěŋĺï, ćőŕàőá őą ăáĺňŕâőâĺłě äőâőŋŋőčő ŕàőŕăčăâőàă ć őąńăáâĺ ąőńìèĺå ĺňŕãńìáőć |k^2| ≫ m^2. Ć ŕěàćőň ŕàĺąńĺęěŋĺĺ âěőàĺĺ ćőğňãéěŋĺľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà őŕàěďěńïěâáï ŕàőáâőľ ŕěâńěćőľ ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 8-17. Ŕàĺ ŕàïňőň ćëçĺáńěŋĺĺ őŋ őŕàěďěńïěâáï äěľŋňăŋőćáłĺň ĺŋâěčàăńőň ćĺďă: i 4π P^{μν} (k) = −e^2 ∫ d^4p (2π)^4

Sp γ^μG(p)γ^ν G(p − k) . (8.106)

Őďŋăłő íâőâ ĺŋâěčàăń, ćğïâëľ ŕő ćáěňã çěâëàěåňěàŋőňã p-ŕàőáâàăŋáâćã, àăáåőďĺâáï (łćăďàăâĺçŋő, áőčńăáŋő ŕàőáâőňã ŕőďáçěâã áâěŕěŋěľ ŕàěďëďãéěčő àăğďěńă, ă ŋă áăňőň ďěńě ńőčăàĺäňĺçěáłĺ ĺğ-ğă \áłàëâőľ" ăńčěąàë ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï). İâĺ ąěáłőŋěçŋőáâĺ ŋãęŋő ãáâàăŋĺâì ŕő àěæěŕâăň ŕěàěŋőàňĺàőćłĺ, őąáãęďăćèĺňáï ć ŕàěďëďãéĺå àăğďěńăå. Ŕàïňëě ćëçĺáńěŋĺï ćőğňőęŋë, ŋő ćěáìňă čàőňőğďłĺ [2]. Řăááňőâàěŋĺě áĺńìŋő ãŕàőéăěâáï ć ăáĺňŕâőâĺçěáłőň ŕàěďěńě |k^2| ≫ m^2,

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 199

Řĺá. 8-17

łőâőàëľ ŋăň âőńìłő ĺ ĺŋâěàěáěŋ. Łăł ňë ãćĺďĺň çãâì ŋĺęě, ć íâőň ŕàěďěńě ŋěâàãďŋő ŕőńãçĺâì, çâő ŕőáńě ŕěàěŋőàňĺàőćłĺ (8.106), áćőďĺâáï ł:

P(k^2) = e^2 3π k^2 ln |k|^2 m^2

. (8.107)

Ŕő áãâĺ ďěńă íâő ěáâì ŕőŕàăćłă ŕěàćőčő ŕàĺąńĺęěŋĺï ł ŕàőŕăčăâőàã 4πD^{−1} = k^2 ĺ ěľ ňőęŋő ŕőńìğőćăâìáï ŕőłă ćëŕőńŋěŋő ãáńőćĺě: e^2 3π ln |k^2| m^2

≪ 1 , (8.108)

çâő őčàăŋĺçĺćăěâ őąńăáâì ŕàĺňěŋĺňőáâĺ áő áâőàőŋë ĺŋâěàěáãîéĺå ŋăá ąőńìèĺå |k|^2. Ć ďěľáâćĺâěńìŋőáâĺ, ćëàăęěŋĺě (8.107) őáâăěâáï áŕàăćěďńĺćëň ŕàĺ čőàăğďő ąőńěě áńăąőň ãáńőćĺĺ: e^2 3π ln |k^2| m^2 .

1 . (8.109)

Śåěňă ďőłăğăâěńìáâćă íâőčő ãâćěàęďěŋĺï, ŕő åőďã łőâőàőčő ňë ğăőďŋő ŕőńãçĺň ĺ áăň àěğãńìâăâ (8.107), áőáâőĺâ ć áńěďãîéěň [1]. Ŕàěęďě ćáěčő ğăňěâĺň, çâő åőâï ŕàĺ ãáńőćĺĺ (8.109) ć P(k^2) ňőčãâ ćőğŋĺłăâì ćłńăďë őâ çńěŋőć ćáěå ŕőàïďłőć âěőàĺĺ ćőğňãéěŋĺľ, ć n-ň ŕőàïďłě ďőáâăâőçŋő ãçĺâëćăâì âőńìłő çńěŋë ∼ (e^2)^n ln^n (_{|k|2} m2 ) , áőďěàęăéĺě ąőńìèőľ ńőčăàĺäň ć ĺŋâěàěáãîéěň ŋăá ŕàěďěńě |k^2| ≫ m^2. Ŕàĺ íâőň ńőčăàĺäň ďőńęěŋ ćåőďĺâì ĺňěŋŋő ć âőľ ęě áâěŕěŋĺ, çâő ĺ e^2, ŕőáłőńìłã çńěŋë á ąőńěě ŋĺğłĺňĺ áâěŕěŋïňĺ ńőčăàĺäňă ğăćěďőňő ňăńë ć áĺńã ŋěàăćěŋáâćă e^2 ≪ 1. İâő ŋăğëćăîâ ŕàĺąńĺęěŋĺěň čńăćŋëå ńőčăàĺäňőć.

Řăááňőâàĺň âěŕěàì ãàăćŋěŋĺě Ďăľáőŋă ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă (7.77):

P(k^2) = 4πie^2 3 Sp ∫ d^4p (2π)^4 γ^μG(p + k)`_μ(p + k, p; k)G(p) . (8.110)

Ŕőáłőńìłã, łăł ąëńő ŕőłăğăŋő ćëèě, äãŋłæĺï P(k^2) łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋă, âő ŕàĺ ćëçĺáńěŋĺĺ ěě ĺğ ďĺăčàăňň Ťěľŋňăŋă ňőęŋő ĺáŕőńìğőćăâì ńîąãî łăńĺąàőćłã ďńï ŕàőŕăčăâőàőć ĺ ćěàèĺŋ. Ć ďăŋŋőň áńãçăě ŋăĺąőńěě ãďőąŋőľ őłăğëćăěâáï łăńĺąàőćłă Ńăŋďăã, ć łőâőàőľ ŕàőŕăčăâőà äőâőŋőć ĺňěěâ ćĺď (D^l = 0):

D_{μν} (k) = 4π k^2 ( g_{μν} − k_μk_ν k^2 ) . (8.111)

200 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Ďěâăńìŋëľ ăŋăńĺğ ŕőŕàăćőçŋëå ďĺăčàăňň ďńï (8.106), łőâőàëľ ňőęŋő ŋăľâĺ ć [1], ŕőłăğëćăěâ, çâő ć âăłőľ łăńĺąàőćłě àïďë âěőàĺĺ ćőğňãéěŋĺľ ćőőąéě ŋě áőďěàęăâ çńěŋőć á ŋãęŋëňĺ áâěŕěŋïňĺ ńőčăàĺäňă.

Ŕőíâőňã ć (8.110) ďőáâăâőçŋő ŕőďáâăćĺâì ŋãńěćëě ŕàĺąńĺęěŋĺï G = G ĺ `^μ = γ^μ. Šőčďă (8.110) áćőďĺâáï ł ĺŋâěčàăńã:

P(k^2) = 4πie^2 3 Sp ∫ d^4p (2π)^4 γ^μG(p + k)γ_μG(p) , (8.112)

âăłőňã ęě łăł ć (8.106). Ŕàőáńěďĺň, ŕàěęďě ćáěčő, ğă ŕàőĺáåőęďěŋĺěň ńőčăàĺäňă ć íâőň ĺŋâěčàăńě. Ńěčłő ćĺďěâì, çâő ńőčăàĺäňĺçěáłĺľ ćłńăď ćőğŋĺłăěâ őâ őąńăáâĺ ĺŋâěčàĺàőćăŋĺï:

p^2 ≫ |k^2| ŕàĺ |k^2| ≫ m^2 . (8.113) Ďěľáâćĺâěńìŋő, ć íâőň ŕàěďěńě ňőęěň ŋăŕĺáăâì^8: G(p) ≈ 1 γ^μp_μ = γ^μp_μ p^2

, (8.114)

G(p − k) ≈ 1 γ^μp_μ − γ^μk_μ = 1 γ^μ p_μ + 1 γ^μp_μ γ^ν k_ν 1 γ^αp_α + 1 γ^μp_μ γ^ν k_ν 1 γ^αp_α γ^ρk_ρ 1 γ^β p_β + ... = γ^μp_μ p^2 + (γ^μp_μ)(γ^ν k_ν )(γ^αp_α) (p^2)^2 + (γ^μp_μ)(γ^ν k_ν)(γ^αp_α)(γ^ρ k_ρ)(γ^β p_β) (p^2)^3 + ... . (8.115)

Ŕàĺ ŕőďáâăŋőćłě íâĺå ćëàăęěŋĺľ ć (8.112) ŕěàćëľ çńěŋ, ŋě ğăćĺáïéĺľ őâ k, ćëŕăďăěâ ć àěğãńìâăâě ŕěàěŋőàňĺàőćłĺ, ć áőőâćěâáâćĺĺ á ãáńőćĺěň P(0) = 0 (ŕěàćőě ćëçĺâăŋĺě ć (8.105)). Ćâőàőľ çńěŋ őąàăéăěâáï ć ŋãńì ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ŋăŕàăćńěŋĺïň p. Šàěâĺľ ęě ĺŋâěčàăń ńőčăàĺäňĺçěáłĺ àăáåőďĺâáï ŕő p^2, ěčő ńěčłő őæěŋĺâì ŕàőćőďï ĺŋâěčàĺàőćăŋĺě ć ŕàěďěńăå őâ p^2 ∼ |k^2| (ŋĺęŋĺľ ŕàěďěń őąńăáâĺ (8.113)) ďő ŋěłőâőàőčő \ŕăàăňěâàă őąàěğăŋĺï" ~^2: ∫ d^4p p^4 p^8 ∼ ∫ dp p^3 p^4 p^8 ∼ Λ2∫ |k2| dp^2 p^2 p^4 p^8 ∼ Λ2∫ |k2| dp^2 1 p^2

∼ ln

~^2 |k^2| . (8.116)

Ć ĺâőčě ŕőńãçăěň: P(k^2) = − e^2 3π k^2 ln

~^2 |k^2| . (8.117)

Ŋő íâő ěéě ŋě ćáě, ďńï őłőŋçăâěńìŋőčő ãáâàăŋěŋĺï àăáåőďĺňőáâĺ (~ → ∞) ŋãęŋő ěéě ćëçěáâì ĺğ P(k^2)/k^2 ěčő ğŋăçěŋĺě ŕàĺ k^2 = 0 (ćâőàőě ćëçĺâăŋĺě ć (8.105)). Ŋő ŕőáłőńìłã ńőčăàĺäňĺçěáłăï âőçŋőáâì ŋăèĺå ćëçĺáńěŋĺľ ŕàěďŕőńăčăěâ |k^2| ≫ m^2, âő ŕàĺ ćëçĺáńěŋĺĺ á íâőľ âőçŋőáâìî ćëçěáâì ŋãęŋő ğŋăçěŋĺě (8.117) ŕàĺ |k^2| ∼ m^2, ć àěğãńìâăâě çěčő ~^2 ć ăàčãňěŋâě ńőčăàĺäňă ğăňěŋïěâáï ŋă m^2, ĺ ňë ŕőńãçăěň ĺáłőňëľ àěğãńìâăâ (8.107). Ă ŕőáłőńìłã ć łăńĺąàőćłě Ńăŋďăã ŋě ćőğŋĺłăěâ ŕőŕàăćőł ł G ĺ ` á \ŋãęŋëňĺ" áâěŕěŋïňĺ ńőčăàĺäňă, âő ćëàăęěŋĺě (8.107) ďěľáâćĺâěńìŋő áŕàăćěďńĺćő ĺ ŕàĺ ãáńőćĺĺ (8.109).

8Ğŋăłĺ ğďěáì őŕàěďěńïîâáï áćőľáâćăňĺ γ-ňăâàĺæ.

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 201

Ťãŋłæĺï D(k^2), áőőâćěâáâćãîéăï ŕőńïàĺğăæĺőŋŋőňã őŕěàăâőàã (8.107), ĺňěěâ ćĺď:

D(k^2) = 4π k^2 1 1 −^{e2}_{3π} ln^{|k2|}_{m2}

. (8.118)

Ć áĺńã (8.109) íâő ćëàăęěŋĺě ňőęŋő ŋě àăğńăčăâì ŕő áâěŕěŋïň e^2. Őďŋăłő ŕàĺňěŋĺňőáâì (8.118) őčàăŋĺçěŋă áő áâőàőŋë ąőńìèĺå |k^2| ć áćïğĺ á ãňěŋìèěŋĺěň ěě ğŋăňěŋăâěńï. Ćëćőď (8.118) őáŋőćăŋ ŋă ńőčăàĺäňĺçěáłőň ŕàĺąńĺęěŋĺĺ ĺ ŕàěŋěąàěęěŋĺĺ ąěáłőŋěçŋëňĺ ŕőáńěďőćăâěńìŋőáâïňĺ ďĺăčàăňň ćëáèĺå ŕőàïďłőć, ŋě áőďěàęăéĺå ďőňĺŋĺàãîéĺå ńőčăàĺäňőć. Śőčńăáŋő (8.118) ďőąăćńěŋĺě łăęďőľ ŋőćőľ ęĺàŋőľ äőâőŋŋőľ ńĺŋĺĺ ŕàĺćŋőáĺâ ć ďĺăčàăňňã ňŋőęĺâěńì e^2D, ă àőńì ňăńőčő ŕăàăňěâàă âěőàĺĺ ćőğňãéěŋĺľ ćňěáâő e^2 ĺčàăěâ ćěńĺçĺŋă:

e^2 1 −^{e2}_{3π} ln^{|k2|}_{m2}

≪ 1 , (8.119)

áőćŕăďăîéăï á őąáãęďăćèěľáï ćëèě \ąěčãéěľ" łőŋáâăŋâőľ áćïğĺ (8.60). Łőčďă, ŕő ňěàě ćőğàăáâăŋĺï |k^2|, íâă ćěńĺçĺŋă ŕő ŕőàïďłã áàăćŋĺćăěâáï á ěďĺŋĺæěľ, ĺğ âěőàĺĺ, ŕő áãéěáâćã, ćőőąéě ĺáçěğăěâ ňăńëľ ŕăàăňěâà ĺ âěőàĺï ćőğňãéěŋĺľ áâăŋőćĺâáï ŋěŕàĺňěŋĺňőľ.

Śćïğì ňěęďã \ğăâàăćőçŋëň" ĺ ĺáâĺŋŋëň ğăàïďőň.

Śĺâãăæĺî á (8.118), (8.119) ňőęŋő ŕőŋïâì ąőńěě ïáŋő, ěáńĺ ŕàĺ ćëćőďě (8.118) ďěńăâì ŕěàěŋőàňĺàőćłã ŋě \ŋă åőďã", ă ŕãâěň ŕàěďćăàĺâěńìŋőčő ććěďěŋĺï \ğăâàăćőçŋőčő" ĺńĺ \čőńőčő" ğăàïďă e_0, łőâőàëľ ć ďăńìŋěľèěň ŕőďąĺàăěâáï âăł, çâőąë ŕàĺćěáâĺ ł ŕàăćĺńìŋőňã ŋăąńîďăěňőňã ğŋăçěŋĺî ğăàïďă e (ĺńĺ e_R, ć őąőğŋăçěŋĺïå, ĺáŕőńìğőćăćèĺåáï ćëèě). Ěáńĺ àăáåőďïéĺľáï ńőčăàĺäňĺçěáłĺľ ĺŋâěčàăń őąàěğăěâáï ŋă ćáŕőňőčăâěńìŋőň ~^2 (ćëèě ňë âăłęě ĺáŕőńìğőćăńĺ ďńï ŕăàăňěâàă őąàěğăŋĺï őąőğŋăçěŋĺě M^2), âő ğăâàăćőçŋëľ ğăàïď ňőęŋő áçĺâăâì ěčő äãŋłæĺěľ: e_0 = e_0(~^2), ă ć ğăłńîçěŋĺě ŋãęŋő ŕěàěåőďĺâì ł ŕàěďěńã ~ → ∞. Ŕàĺ âăłőň ŕőďåőďě ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ĺňěěâ ćĺď (8.117):

P(k^2) = − e^2_0 3π k^2 ln

~^2 |k^2| . (8.120)

Śőőâćěâáâćěŋŋő ŕőńãçĺň:

D(k^2) = 4π k^2 1 1 +^{e20}_{3π} ln^{Λ2}_{|k2|}

. (8.121)

Őŕàěďěńĺň âěŕěàì äĺğĺçěáłĺľ ğăàïď e áőčńăáŋő:

e^2_0D(k^2) → 4πe^2 k^2 ŕàĺ k^2 → m^2 , (8.122)

202 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

â.ě. ŋă àăááâőïŋĺïå ŕőàïďłă m^{−1} (â.ě. łőňŕâőŋőćáłőľ ďńĺŋë ćőńŋë íńěłâàőŋă ~/mc, őŕàěďěńïîéěľ ěčő íääěłâĺćŋëľ àăďĺãá ć łćăŋâőćőľ âěőàĺĺ). Šőčďă ŕőńãçĺň:

e^2 = e^2_0

1 +^{e20}_{3π} ln^{Λ2}_{m2}

, (8.123)

çâő äăłâĺçěáłĺ áőćŕăďăěâ á (8.59) ŕàĺ ćëąőàě âőçłĺ ŋőàňĺàőćłĺ μ^2 = m^2. Őâáîďă

e^2_0 = e^2 1 −^{e2}_{3π} ln^{Λ2}_{m2}

. (8.124)

Ěáńĺ âěŕěàì äőàňăńìŋő ŕěàěľâĺ ć (8.123) ł ŕàěďěńã âőçěçŋőčő ğăàïďă ~ → ∞, âő e → 0, ŋěğăćĺáĺňő őâ ćĺďă äãŋłæĺĺ e^2_0(~). İâă áĺâãăæĺï ĺ ŋăğëćăěâáï \ňőáłőćáłĺň ŋãńěň". Őŋă ćŕěàćëě ąëńă őâňěçěŋă ć àăąőâăå Ńăŋďăã { Ŕőňěàăŋçãłă ĺ Ťàăďłĺŋă ć áěàěďĺŋě 50-å čőďőć. Ŕő ňŋěŋĺî Ńăŋďăã [30] âăłăï áĺâãăæĺï őğŋăçăńă ąë ŋěćőğňőęŋőáâì áâàőčőčő ŕàőćěďěŋĺï ŕěàěŋőàňĺàőćłĺ ĺ ćŋãâàěŋŋîî ŕàőâĺćőàěçĺćőáâì ŁİĎ (ĺ, łăł âőčďă áçĺâăńőáì, ńîąőľ ďàãčőľ ňőďěńĺ łćăŋâőćőľ âěőàĺĺ ŕőńï).

Ŕàĺćěďěň ăàčãňěŋâăæĺî Ńăŋďăã ĺ Ŕőňěàăŋçãłă, á ŕőňőéìî łőâőàőľ őŋĺ őąőáŋőćëćăńĺ áćőĺ ćëćőďë. Ŕãáâì őâŋőèěŋĺě^{Λ2}_{|k2|} ŋăáâőńìłő ćěńĺłő, çâő

e^2_0 3π ln ~^2_| k^2|

≫ 1 , (8.125)

ŋő, ć âőęě ćàěňï, ěéě e_0 ≪ 1. Šőčďă ć (8.121) ňőęŋő ŕàěŋěąàěçì ěďĺŋĺæěľ ć ğŋăňěŋăâěńě, âăł çâő

D(k^2) = 12π^2 k^2e^2_0 ln^{Λ2}_{|k2|}

(8.126)

ĺ, áőőâćěâáâćěŋŋő, ĺğ (8.122) ĺňěěň: e^2 = 3 π ν ln^{Λ2}_{m2}

, (8.127)

çâő ŋě ğăćĺáĺâ őâ ćěńĺçĺŋë ğăâàăćőçŋőčő ğăàïďă e_0. Ğăňěâĺň, çâő ğďěáì ňë ěéě ďőŕőńŋĺâěńìŋő ŕőďěńĺńĺ (8.127) ŋă ŕăàăňěâà ν | çĺáńő âĺŕőć äãŋďăňěŋâăńìŋëå äěàňĺőŋőć, ďăîéĺå ćłńăď ć ŕőńïàĺğăæĺî ćăłããňă (áőőâćěâáâćãîéĺě ĺň ćłńăďë ć ŕőńïàĺğăæĺőŋŋëě ŕěâńĺ ŕàőáâő áłńăďëćăîâáï!).

Ććěďěň âěŕěàì ćňěáâő őŕěàăâőàă 4-ŕőâěŋæĺăńă íńěłâàőňăčŋĺâŋőčő ŕőńï A^μ, 4-ćěłâőà A^μ = e_0A^μ. âőčďă čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï H_I ŋě ąãďěâ áőďěàęăâì ğăâàăćőçŋőčő ğăàïďă e_0, ă čăňĺńìâőŋĺăŋ áćőąőďŋőčő íńěłâàőňăčŋĺâŋőčő ŕőńï H_0 (łćăďàăâĺçŋëľ ŕő A^μ) ąãďěâ áőďěàęăâì e^2_0 ć ğŋăňěŋăâěńě. Ťãŋłæĺï ęě ~D(k^2), őŕàěďěńěŋŋăï á ŕőňőéìî A^μ âăłęě, łăł D(k^2) őŕàěďěńïěâáï á ŕőňőéìî A^μ, ąãďěâ àăćŋă: ~_D(k^2) = e^2_{0D}(k^2) = 12π^2 k^2 ln^{Λ2}_{|k2|}

. (8.128)

İâő ćëàăęěŋĺě ŋě áőďěàęĺâ e_0, ă íâő őğŋăçăěâ, çâő őŋő áőőâćěâáâćãěâ ŕàěŋěąàěęěŋĺî ć čăňĺńìâőŋĺăŋě H = H_0 + H_I ğăćĺáïéĺň őâ e_0 çńěŋőň H_0. Ŋő ěáńĺ ŕàěŋěąàěęěŋĺě H_0 ŕő áàăćŋěŋĺî á H_I ćőğňőęŋő (ŕàĺ ąőńìèĺå ~) ãęě ŕàĺ e^2_0 ≪ 1, âő ěáâěáâćěŋŋő ďãňăâì, çâő őŋő âěň ąőńěě ğăłőŋŋő ŕàĺ ŋě ňăńëå e^2_0. Šăłĺň őąàăğőň (8.126), ă á ŋěľ ĺ (8.127) ŕěàěáâăîâ ąëâì áćïğăŋŋëňĺ á ãáńőćĺěň e^2_0 ≪ 1 ĺ ŕěàěåőď ł ŕàěďěńã ~ → ∞ áâăŋőćĺâáï ćőğňőęŋëň. Ŕàĺ íâőň e^2 → 0 ćŋě ğăćĺáĺňőáâĺ őâ ćĺďă äãŋłæĺĺ e_0(~).

Ŕăàăňěâà őąàěğăŋĺï ~, ŕàĺ łőâőàőň ćëŕőńŋïěâáï áőőâŋőèěŋĺě (8.127), ćő ćáïłőň áńãçăě őçěŋì ćěńĺł. Ŋă áőőâćěâáâćãîéĺå (łàăľŋě ňăńëå!) àăááâőïŋĺïå íääěłâë čàăćĺâăæĺőŋŋőčő ćğăĺňőďěľáâćĺï ňőčãâ ŕàěćëèăâì íńěłâàőňăčŋĺâŋëě. Ćěáìňă áőąńăğŋĺâěńìŋă ĺďěï, çâő \łàĺğĺá" íńěłâàőďĺŋăňĺłĺ ŕàőĺáåőďĺâ ĺňěŋŋő ŋă âěå àăááâőïŋĺïå (íŋěàčĺïå), łőčďă čàăćĺâăæĺőŋŋőě ćğăĺňőďěľáâćĺě áàăćŋĺćăěâáï á íńěłâàőňăčŋĺâŋëň. Ćëąĺàăï ĺňŕãńìá őąàěğăŋĺï ŕőàïďłă őąàăâŋőľ ŕńăŋłőćáłőľ ďńĺŋë, ĺňěěň:

G_N ~^2 ∼ 1 , (8.129)

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 203

čďě G_N | ŋìîâőŋőćáłăï čàăćĺâăæĺőŋŋăï ŕőáâőïŋŋăï. Ŕàĺ âăłőľ âőçłě ğàěŋĺï ćěńĺçĺŋă äĺğĺçěáłőčő ğăàïďă e ăćâőňăâĺçěáłĺ őŕàěďěńïńăáì ąë ĺğ âěőàĺĺ ŕő äőàňãńăň (8.127) ĺ (8.129), çâő ďăěâ ν ≈ 12. Ěáńĺ ν < 12, čàăćĺâăæĺőŋŋëě íääěłâë ŋăáâãŕïâ ğŋăçĺâěńìŋő àăŋìèě, çěň íääěłâĺćŋëľ ğăàïď áâăŋěâ ŕőàïďłă ěďĺŋĺæë. Ŋăŕàőâĺć, ŕàĺ ν > 12 čàăćĺâăæĺőŋŋëě íääěłâë ŋě \áŕăáãâ" íńěłâàőďĺŋăňĺłĺ, âăł łăł őŋĺ ŋăáâãŕïâ áńĺèłőň \ŕőğďŋő". Ğăŋïâŋő, çâő áőčńăáŋő áőćàěňěŋŋëň ŕàěďáâăćńěŋĺïň ő ňĺàě íńěňěŋâăàŋëå çăáâĺæ, ĺğńőęěŋŋëň ć Čńăćě 1, ć Ŕàĺàőďě áãéěáâćãěâ łăł àăğ 12 äãŋďăňěŋâăńìŋëå äěàňĺőŋőć!

Ŋãęŋő, ćŕàőçěň, ŕőďçěàłŋãâì, çâő, áőčńăáŋő ňŋěŋĺî ąőńìèĺŋáâćă ďàãčĺå ĺááńěďőćăâěńěľ ŕěàěåőď ł ŕàěďěńã ~ → ∞ ć ćëàăęěŋĺïå âĺŕă (8.123) ĺ (8.124) ćëŕőńŋïâì ŋěńìğï, ŋě ŋăàãèĺć ŕàěďŕőńőęěŋĺľ, áďěńăŋŋëå ŕàĺ ĺå ćëćőďě. Ĺğ (8.124) ćĺďŋő, çâő ŕő ňěàě ãćěńĺçěŋĺï ~ (ŕàĺ ğăďăŋŋőň ğŋăçěŋĺĺ e^2) ćěńĺçĺŋă e^2_0 àăáâěâ, ĺ ãęě ŕàĺ e^2_0 ∼ 1 íâĺ äőàňãńë âěàïîâ áćőî ŕàĺňěŋĺňőáâì, ŕőáłőńìłã ĺå ćëćőď ąëń őáŋőćăŋ ŋă ŕàěďŕőńőęěŋĺĺ e^2_0 ≪ 1, łăł ãáńőćĺĺ ŕàĺňěŋĺňőáâĺ âěőàĺĺ ćőğňãéěŋĺľ ł ğăâàăćőçŋőňã ćğăĺňőďěľáâćĺî.

Ğăňěâĺň, çâő ć ŕàĺňěŋěŋĺĺ ł ŁİĎ ćáě íâĺ âàãďŋőáâĺ ĺňěîâ ďőćőńìŋő \ăłăďěňĺçěáłőě" ğŋăçěŋĺě, ŕőáłőńìłã őŋĺ ćőğŋĺłăîâ ŕàĺ äăŋâăáâĺçěáłĺå íŋěàčĺïå, ŋě ŕàěďáâăćńïîéĺå ŋĺłăłőčő àěăńìŋőčő ĺŋâěàěáă: àăćěŋáâćő^{e2}_π ln (_{E2} m2 ) = 1 ďőáâĺ-

čăěâáï ŕàĺ E ∼ 10^{93}m, çâő łőŋěçŋő ęě, áćïğăŋő á ňăńőľ ćěńĺçĺŋőľ e^2 =^1_{137}. Ŋěáàăćŋěŋŋő àăŋìèě, łăł ňë ãćĺďĺň ďăńěě, íńěłâàőňăčŋĺâŋëě ćğăĺňőďěľáâćĺï \ğăŕãâëćăîâáï" áő áńăąëňĺ ĺ áĺńìŋëňĺ ćğăĺňőďěľáâćĺïňĺ ĺ \çĺáâăï" íńěłâàőďĺŋăňĺłă âěàïěâ áňëáń. Ňë ěéě ćěàŋěňáï ł őąáãęďěŋĺî ŕàőąńěň ŕőáńěďőćăâěńìŋőčő őŕĺáăŋĺï ăáĺňŕâőâĺçěáłĺå áćőľáâć łćăŋâőćőľ âěőàĺĺ ŕőńï ć łőŋæě ŋăèěčő łãàáă.

Ďńï ńãçèěčő ŕőŋĺňăŋĺï őąáãęďăěňëå ŕàőąńěň ŕàĺćěďěň ěéě ŕàőáâëě łăçěáâćěŋŋëě àăááãęďěŋĺï ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě [34]. Ł \łőőàďĺŋăâŋőňã ŕàěďáâăćńěŋĺî" ć àăááňăâàĺćăěňëå ăáĺňŕâőâĺçěáłĺå äőàňãńăå ŁİĎ ňőęŋő ŕěàěľâĺ á ŕőňőéìî őçěćĺďŋőľ (ĺğ áőőąàăęěŋĺľ àăğňěàŋőáâĺ) ğăňěŋë: m → r^{−1} ĺ ~ → r^{−1}_0 , čďě r { åăàăłâěàŋőě àăááâőïŋĺě íńěłâàőŋă őâ æěŋâàă íńěłâàőŋă (ěčő ňőęŋő ćğïâì ŕőàïďłă ěčő łőňŕâőŋőćáłőľ ďńĺŋë ćőńŋë), ă r_0 { ŋěłőâőàăï äãŋďăňěŋâăńìŋăï ďńĺŋă, åăàăłâěàĺğãîéăï čěőňěâàĺçěáłĺľ àăğňěà ğăâàăćőçŋőčő ğăàïďă, łőâőàëľ ňőęŋő ŕàěďáâăćńïâì áěąě ć ćĺďě èăàĺłă á àăďĺãáőň r_0. Šőčďă ćëàăęěŋĺě (8.123) ňőęŋő ğăŕĺáăâì âăł:

e^2(r) = e^2(r_0)

1 +^{2e2(r0)}_{3π2} ln^r_{r0}

. (8.130)

Ŕãáâì ćěńĺçĺŋă ğăâàăćőçŋőčő ğăàïďă e^2(r_0) äĺłáĺàőćăŋă. Ňë åőâĺň ŕěàěľâĺ ł âőçěçŋőňã ğăâàăćőçŋőňã ğăàïďã ĺ ŋăçĺŋăěň ãňěŋìèăâì r_0, áőåàăŋïï e^2_0(r_0) ŋěĺğňěŋŋëň. Šőčďă, àăŋő ĺńĺ ŕőğďŋő,

ŕőńãçĺň^{2e2(r0)}_{3π2} ln^r_{r0} ≫ 1 ĺ ć ğŋăňěŋăâěńě (8.130) ňőęŋő ŕàěŋěąàěçì ěďĺŋĺæěľ. Śőőâćěâáâćěŋŋő:

e^2(r) = 1_2 3π2 ln^r_{r0}

. (8.131)

Ŋő âěŕěàì, ŕàĺ ďăńìŋěľèěň ãňěŋìèěŋĺĺ r_0 ŕőńãçăěň e^2(r) → 0 ŕàĺ r_0 → 0. İâő ĺ ěáâì \ňőáłőćáłĺľ ŋãńì". Łăł ŕĺáăńĺ Ńăŋďăã ĺ Ŕőňěàăŋçãł^9: \Ňë ŕàĺåőďĺň ł äãŋďăňěŋâăńìŋőňã ćëćőďã, çâő ĺğ äőàňăńìŋőľ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ, ŕő-ćĺďĺňőňã, áńěďãěâ àăćěŋáâćő ŋãńî ğăàïďă íńěłâàőŋă. Őčőćőàłă \ŕő-ćĺďĺňőňã" őâŋőáĺâáï ł ŋěłőâőàőľ ŋěáâàőčőáâĺ ĺğńőęěŋŋőľ ćëèě ăàčãňěŋâăæĺĺ". Ťĺğĺłă ďěńă áőáâőĺâ ğďěáì ć âőň, çâő ć àăááňăâàĺćăěňőň ŕàĺąńĺęěŋĺĺ, ŕőńïàĺğăæĺï ćăłããňă (ğă áçěâ àőęďěŋĺï ćĺàâãăńìŋëå íńěłâàőŋ-ŕőğĺâàőŋŋëå ŕăà) őłăğëćăěâáï ŋă ňăńëå àăááâőïŋĺïå áâőńì áĺńìŋőľ, çâő ŋă ŋěłőâőàőň àăááâőïŋĺĺ őáâăâőçŋëľ ğăàïď ãęě ŋě ğăćĺáĺâ őâ ŕěàćőŋăçăńìŋőčő (ğăâàăćőçŋőčő). Ć ŕàěďěńě ęě âőçěçŋőčő ğăâàăćőçŋőčő ğăàïďă őâ ŋěčő ŋĺçěčő ŋě őáâăěâáï ŋă ńîąőň łőŋěçŋőň àăááâőïŋĺĺ | ŕàőĺáåőďĺâ ŕőńŋăï íłàăŋĺàőćłă. Ğăňěâĺň, çâő íâă äĺğĺłă ćŕőńŋě ŕàőğàăçŋă, ïćńěŋĺě íłàăŋĺàőćłĺ åőàőèő ĺğćěáâŋő ć äĺğĺłě ŕńăğňë ĺ âćěàďőčő âěńă [35], őŋő ĺ őŕĺáëćăěâáï áőćěàèěŋŋő ăŋăńőčĺçŋëňĺ àăáçěâăňĺ ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ć

9ĎĂŊ 102, 489 (1955)

204 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

ňŋőčőçăáâĺçŋőľ áĺáâěňě [13]. Łăł ęě âőčďă ŕőŋĺňăâì ŕàăłâĺçěáłĺě ãáŕěåĺ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ?

Ğăŕĺèěň (8.130) ć ćĺďě, àăğàěèěŋŋőň őâŋőáĺâěńìŋő e^2(r_0) ĺ ŕőńőęĺň r = λe = m^{−1} (łőňŕâőŋőćáłőľ ďńĺŋě íńěłâàőŋă):

e^2(r_0) = e^2(λe)

1 −^{2e2(λe)}_{3π2} ln^{λe}_{r0}

. (8.132)

Ğďěáì e^2(λe) áńěďãěâ ŕőŋĺňăâì łăł \äĺğĺçěáłĺľ" ğăàïď íńěłâàőŋă, â.ě. âőâ, łőâőàëľ ŕàőïćńïěâáï ŋă ąőńìèĺå àăááâőïŋĺïå (ŕőàïďłă λe) ćŋě íääěłâĺćŋőľ őąńăáâĺ ŕőńïàĺğăæĺĺ ćăłããňă (íłàăŋĺàőćłĺ). Łőčďă ňë \ćåőďĺň" ćŋãâàì íâőľ őąńăáâĺ (r_0 < λe), âő ğăàïď ãćěńĺçĺćăěâáï | íłàăŋĺàőćłă őáńăąěćăěâ, łőčďă ňë ćåőďĺň ćŋãâàì \èãąë" ĺğ íńěłâàőŋ-ŕőğĺâàőŋŋëå ŕăà^{10}. Őďŋăłő ďőáâĺçì ŕàěďěńìŋő ąőńìèĺå ğŋăçěŋĺľ íâőčő ğăàïďă ňë ŋě ňőęěň ĺğ-ğă ńőęŋőčő ŕőńîáă, ćąńĺğĺ łőâőàőčő äőàňãńă (8.132) ŕàőáâő âěàïěâ áňëáń. Ŕàăłâĺçěáłĺ íâő ŋě ăłâãăńìŋő, âăł łăł àěçì ĺďěâ őą őąńăáâĺ r_0 ∼ λe exp[−(137)(3π^2)/2]. ŁİĎ ŕàăłâĺçěáłĺ ŕàĺčőďŋă ĺňěŋŋő ŕőâőňã, çâő ňë ŕőńìğãěňáï ŋě âőçŋëňĺ àěèěŋĺïňĺ á âőçěçŋëň ćğăĺňőďěľáâćĺěň, őáâăćńïï őâłàëâëň ćőŕàőá ő âőň, çâő ďěńăěâáï ŋă ňăńëå àăááâőïŋĺïå, čďě ŋěáőňŋěŋŋő áãéěáâćěŋŋë ďàãčĺě ćğăĺňőďěľáâćĺï. Ďă ĺ łâő áłăğăń, çâő ŋă ňăńëå àăááâőïŋĺïå ŋě àăąőâăěâ łăłőľ-âő äĺğĺçěáłĺľ ňěåăŋĺğň őąàěğăŋĺï àăáåőďĺňőáâěľ (ŋăŕàĺňěà, áćïğăŋŋëľ á čàăćĺâăæĺěľ | áà.(8.129)!), łőâőàëľ ŋăň ŕőłă ŋě ĺğćěáâěŋ, ŋő łőâőàëľ ďěńăěâ ćğăĺňőďěľáâćĺě ć âěőàĺĺ ŕőńï íääěłâĺćŋő ŋěâőçěçŋëň? Šăłĺň őąàăğőň, \ŕàăčňăâĺçěáłăï" âőçłă ğàěŋĺï (ąőńìèĺŋáâćă!) áőáâőĺâ ć âőň, çâő íňŕĺàĺçěáłĺ ğăďăŋ \äĺğĺçěáłĺľ" ğăàïď e(λe), âőčďă ěáâì àěèěŋĺï ć ćĺďě àïďőć âěőàĺĺ ćőğňãéěŋĺľ, ŋő ł ňăńëň àăááâőïŋĺïň áőćàěňěŋŋăï âěőàĺï ŋěŕàĺňěŋĺňă. Śőőâćěâáâćěŋŋő, ŋă áěčőďŋïèŋĺľ ďěŋì, ŕàőąńěňă ăáĺňŕâőâĺçěáłőčő ŕőćěďěŋĺï ŁİĎ őáâăěâáï ŋěàěèěŋŋőľ.

Ć ăáĺňŕâőâĺçěáłĺ áćőąőďŋëå âěőàĺïå ŕőńï, ŋăŕàĺňěà ć ŁŢĎ, áĺâãăæĺï, łăł ãęě őąáãęďăńőáì ćëèě, ĺŋăï. Ŕőáłőńìłã ğŋăł ć ğŋăňěŋăâěńě äőàňãń âĺŕă (8.130) ĺ (8.132) âăň ŕàőâĺćőŕőńőęŋëľ áńãçăî ŁİĎ, âő ĺ ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě \łőŋáâăŋâë" ćğăĺňőďěľáâćĺï (ğăàïďă) ďàãčőě: g^2(r_0) → 0 ŕàĺ r_0 → 0. Šěŕěàì ŋě ğăàïď ŋă łőŋěçŋőň àăááâőïŋĺĺ őąàăéăěâáï ć ŋãńì ŕàĺ ńîąőň ğŋăçěŋĺĺ ğăâàăćőçŋőčő âőçěçŋőčő ğăàïďă, ă ŋãńěćőľ âőçěçŋëľ ğăàïď őâćěçăěâ łőŋěçŋőňã ğăàïďã ŋă łőŋěçŋőň àăááâőïŋĺĺ: g^2(r) àăáâěâ á àőáâőň r. Ć ŁŢĎ ĺňěěâ ňěáâő íääěłâĺćŋăï \ăŋâĺíłàăŋĺàőćłă" ğăàïďă. Ňë ŋě ğŋăěň, őďŋăłő, łăłőě r_0 ĺ g(r_0) áńěďãěâ ğăäĺłáĺàőćăâì ĺ ďő łăłĺå r ňőęŋő ŕőńìğőćăâìáï ńőčăàĺäňĺçěáłőľ äőàňãńőľ âĺŕă (8.130). §áŋő, çâő ŋě ąěğčàăŋĺçŋő, ŕőáłőńìłã ŕàĺ ãňěŋìèěŋĺĺ ğŋăňěŋăâěńï (á àőáâőň r) ňë áŋőćă ćëåőďĺň ğă őąńăáâì ŕàĺňěŋĺňőáâĺ âěőàĺĺ ćőğňãéěŋĺľ. Łăçěáâćěŋŋő, őďŋăłő, őçěćĺďŋő, çâő ğăàïď àăáâěâ á àăááâőïŋĺěň, çâő, ŕő-ćĺďĺňőňã, ĺ ćěďěâ ł łőŋäăľŋňěŋâã łćăàłőć. Ŕő áãéěáâćã, íâĺ ğăćĺáĺňőáâĺ âăłęě áěľçăá ĺğňěàïîâáï ŋă íłáŕěàĺňěŋâě. Ć łőŋæě łãàáă ňë ěéě ćěàŋěňáï ł őąáãęďěŋĺî äĺğĺçěáłőľ ŕàĺàőďë ïćńěŋĺï ăáĺňŕâőâĺçěáłőľ áćőąőďë ć ŁŢĎ ĺ ěčő ğŋăçěŋĺï ć äĺğĺłě çăáâĺæ.

Čàãŕŕă ŕěàěŋőàňĺàőćłĺ ć ŁİĎ.

Ŕőłăęěň âěŕěàì, łăł äőàňãńë (8.130) ĺ (8.124) ňőčãâ ąëâì ŕőńãçěŋë á ŕőňőéìî ŕàőáâëå àăááãęďěŋĺľ, őáŋőćăŋŋëå ŋă áňëáńě ŕőŋïâĺï ŕěàěŋőàňĺàőćłĺ ĺ áőőąàăęěŋĺïå àăğňěàŋőáâĺ, áőáâăćńïîéĺå őáŋőćã ŕàěďáâăćńěŋĺľ ő čàãŕŕě ŕěàěŋőàňĺàőćłĺ (àěŋőàň-čàãŕŕě), ĺ ććěďěŋŋëå ć ŁİĎ Čěńń-Ňăŋŋőň ĺ Ńőã. Řăááňőâàĺň áŋőćă łćăďàăâ ğăâàăćőçŋőčő ğăàïďă łăł äãŋłæĺî ŕăàăňěâàă őąàěğăŋĺï e^2_0(~), ĺ ććěďěň äãŋłæĺî d, őŕàěďěńïîéãî áőőâŋőèěŋĺě ňěęďã ğŋăçěŋĺïňĺ e^2_0 ŕàĺ ďćãå ğŋăçěŋĺïå ěě ăàčãňěŋâă:

e^2_0(~^2) = e^2_0(~^2_1)d . (8.133)

Ŕàĺ ~^2_1, ~^2 ≫ m^2 äãŋłæĺï d ŋě ğăćĺáĺâ őâ m ĺ, ąãďãçĺ ąěğàăğňěàŋőľ ćěńĺçĺŋőľ, ňőęěâ ğăćĺáěâì âőńìłő őâ ąěğàăğňěàŋëå ęě ćěńĺçĺŋ e^2_0(~^2_1) ĺ ~^2/~^2_1, âăł çâő ňőęŋő

10Ťăłâĺçěáłĺ íâő őğŋăçăěâ, ŋăŕàĺňěà, ğăćĺáĺňőáâì \ŕőáâőïŋŋőľ âőŋłőľ áâàãłâãàë" őâ ŕěàěďăćăěňőčő ć àěăłæĺĺ ĺňŕãńìáă. Łăł ãęě őâňěçăńőáì, íâőâ íääěłâ àěăńìŋő ŋăąńîďăěâáï!

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 205

ğăŕĺáăâì:

e^2_0(~^2) = e^2_0(~^2_1)d ( e^2_0(~^2_1),

~^2 ~^2_1 ) . (8.134)

İâő ĺ ěáâì ŕàěőąàăğőćăŋĺě čàãŕŕë ŕěàěŋőàňĺàőćłĺ. Śňëáń ěčő ŕàőáâ | ć ŕěàěŋőàňĺàãěňőľ âěőàĺĺ ĺğňěŋěŋĺě ŕăàăňěâàă őąàěğăŋĺï ňőęěâ ąëâì áłőňŕěŋáĺàőćăŋő áőőâćěâáâćãîéĺň ĺğňěŋěŋĺěň ğăâàăćőçŋőčő ğăàïďă ąěğ ĺğňěŋěŋĺï äĺğĺçěáłĺå àěğãńìâăâőć (ć ďăŋŋőň áńãçăě | ćěńĺçĺŋë äĺğĺçěáłőčő ğăàïďă). Őâ äãŋłæĺőŋăńìŋőčő ãàăćŋěŋĺï (8.134) ãďőąŋő ŕěàěľâĺ ł ďĺääěàěŋæĺăńìŋőňã. Ďńï íâőčő àăááňőâàĺň ąěáłőŋěçŋő ąńĺğłĺě ğŋăçěŋĺï ~^2_1 ĺ ~^2. Őąőğŋăçĺň ~^2_1 = ξ ĺ ~^2 = ξ + dξ. Šőčďă ĺğ (8.134) ŕőńãçăěň:

e^2_0(ξ + dξ) = e^2_0(ξ) + de^2_0(ξ) = e^2_0(ξ)d ( e^2_0(ξ), 1 + dξ ξ ) = = e^2_0(ξ) [ d(e^2_0(ξ), 1) +

∂d(e^2_0(ξ), x) ∂x | | | |_{x=1} dξ ξ ] , (8.135)

őâłãďă, á ãçěâőň d(e^2_0(ξ), 1) = 1, ĺňěěň:

de^2_0(ξ) = e^2_0(ξ)

∂d(e^2_0(ξ), x) ∂x | | | |_{x=1} dξ ξ , (8.136)

çâő ĺ ďăěâ ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě Čěńń-Ňăŋŋă { Ńőã: de^2_0 d ln ξ = ψ(e^2_0) , (8.137)

čďě ććěďěŋă äãŋłæĺï Čěńń-Ňăŋŋă { Ńőã:

ψ(e^2_0) = e^2_0 [ ∂d(e^2_0, x) ∂x ] x=1 . (8.138)

Ğăŕĺáëćăï (8.137) ć ćĺďě^{de20}_{ψ(e}2_{0)} =^{dξ}_ξ ĺ ĺŋâěčàĺàãï ěčő őâ ξ = ~^2_1 ďő ξ = ~^2, ŕőńãçĺň:

ln ~^2 ~^2_1 = e20(Λ2)∫

e20(Λ21) de^2 ψ(e^2)

. (8.139)

Ěáńĺ ćő ćáěľ őąńăáâĺ ĺŋâěčàĺàőćăŋĺï ćěńĺçĺŋă e^2_0 ňăńă, ňë ňőęěň ćőáŕőńìğőćăâìáï ďńï ψ(e^2) ćëàăęěŋĺěň, ŕőńãçăîéĺňáï ĺğ ŕěàćőčő ŕàĺąńĺęěŋĺï âěőàĺĺ ćőğňãéěŋĺľ. Ĺğ őąéěčő ćëàăęěŋĺï D(k^2) =^{4π}_{k2} ( 1 −^{P(k2)}_{k2} )_{−1} ïáŋő, çâő ŕőŕàăćłĺ ł ğăâàăćőçŋőňã ğăàïďã e^2_0 ďăîâáï ćěńĺçĺŋőľ e^2_0k^{−2}P(k^2). Šőčďă, ĺáŕőńìğãï ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ěčő ćëàăęěŋĺě ŕěàćőčő ŕàĺąńĺęěŋĺï (8.120), ŋăľďěň:

e^2_0(~^2_1) = e^2_0 [ 1 − e^2_0 3π ln ~^2_1 |k^2| ] , e^2_0(~^2) = e^2_0 [ 1 − e^2_0 3π ln ~^2 |k^2| ] . (8.140)

Őâáîďă: d ( e^2_0,

~^2 ~^2_1 ) = 1 −^{e20}_{3π} ln^{Λ21}_{|k2|} 1 −^{e20}_{3π} ln^{Λ2}_{|k2|}

≈ 1 + e^2_0 3π ln ~^2 ~^2_1

. (8.141)

206 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Śőőâćěâáâćěŋŋő, ĺáŕőńìğãï őŕàěďěńěŋĺě (8.138), ŕőńãçăěň:

ψ(e^2_0) = e^4_0 3π , (8.142)

âăł çâő äãŋłæĺï Čěńń-Ňăŋŋă { Ńőã łćăďàăâĺçŋő àăáâěâ á àőáâőň áćőěčő ăàčãňěŋâă. Šěŕěàì ĺŋâěčàĺàőćăŋĺě ć (8.139) ňőęŋő ŕàőćěáâĺ ć ïćŋőň ćĺďě: 1 3π ln ~^2 ~^2_1 = 1 e^2_0(~^2_1) − 1 e^2_0(~^2)

. (8.143)

Ěáńĺ âěŕěàì őŕàěďěńĺâì äĺğĺçěáłĺľ ğăàïď łăł e^2 = lim_Λ2_{1→m}2 e^2_0(~^2_1), âő ćëàăęěŋĺě (8.143) áćőďĺâáï ł (8.123) ĺ (8.124). Šăłĺň őąàăğőň, àăáçěâ äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã ć ŋĺğèěň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ĺ ŕőáńěďãîéěě ĺŋâěčàĺàőćăŋĺě ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï àěŋőàň-čàãŕŕë ďăîâ àěğãńìâăâ, ŕőńãçěŋŋëľ ćëèě áãňňĺàőćăŋĺěň čńăćŋëå ńőčăàĺäňőć ć ďĺăčàăňňŋőň àïďã. Ć íâőň áňëáńě, ŋăň ãďăńőáì \őąőľâĺ" ŕàőąńěňë ŕőńŋőčő őąőáŋőćăŋĺï őŕĺáăŋŋőľ ćëèě ŕàőæěďãàë áãňňĺàőćăŋĺï. Ć áćïğĺ á íâĺň, ĺŋőčďă čőćőàïâ, çâő àěŋőàň-čàãŕŕă ďăěâ ćőğňőęŋőáâì ŕőáâàőěŋĺï \ãńãçèěŋŋőľ" âěőàĺĺ ćőğňãéěŋĺľ, ć łőâőàőľ àőńì łőŋáâăŋâë áćïğĺ ĺčàăěâ (8.119). Őďŋăłő ćáě őąáãęďăćèĺěáï ćëèě ŕàĺŋæĺŕĺăńìŋëě ćőŕàőáë, äăłâĺçěáłĺ, őáâăîâáï. Řěğãńìâăâ (8.143) ŕőńãçěŋ á ŕőňőéìî ŕàĺąńĺęěŋŋőčő ćëàăęěŋĺï ďńï äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã (8.142), áŕàăćěďńĺćőčő âőńìłő ŕàĺ e^2_0 ≪ 1. Ŋěïáŋő, ł çěňã ŕàĺćěďãâ ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć, ŋăďěęŋőě ĺááńěďőćăŋĺě łőâőàëå ďő áĺå ŕőà ŋě ãďăńőáì ŕàőćěáâĺ. Šěň ŋě ňěŋěě, łăł ňë ãćĺďĺň ć ďăńìŋěľèěň, łăçěáâćěŋŋëľ ăŋăńĺğ ćőğňőęŋőáâěľ, áńěďãîéĺå ĺğ ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï âĺŕă (8.137), őáŋőćăŋŋëľ ŋă âěå ĺńĺ ĺŋëå ŕàěďŕőńőęěŋĺïå ő ćĺďě äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã ŕàĺ ćáěå ğŋăçěŋĺïå ěě ăàčãňěŋâă, ňőęěâ őłăğăâìáï ćěáìňă ŕőńěğŋëň.

Ăáĺňŕâőâĺçěáłĺľ åăàăłâěà àïďőć âěőàĺĺ ćőğňãéěŋĺľ.

Ĺğńőęěŋŋëľ ćëèě ňěâőď ŕěàěŋőàňĺàőćőł ãáâàăŋïěâ àăáåőďĺňőáâĺ ć őâďěńìŋëå ďĺăčàăňňăå, â.ě. ć őâďěńìŋëå çńěŋăå àăğńőęěŋĺï ňăâàĺæë àăááěïŋĺï ć àïď ŕő áâěŕěŋïň ğăàïďă íńěłâàőŋă, ă ŋě áàăğã ćő ćáěľ ňăâàĺæě àăááěïŋĺï. Ćőğŋĺłăěâ ćőŕàőá, ąãďěâ ńĺ áåőďïéĺňáï àïď âěőàĺĺ ćőğňãéěŋĺľ, áőáâőïéĺľ ĺğ ŕěàěŋőàňĺàãěňëå áńăčăěňëå. Śãéěáâćãěâ ăàčãňěŋâăæĺï, ŕàĺŋăďńěęăéăï Ďăľáőŋã, ĺğ łőâőàőľ áńěďãěâ, çâő íâőâ àïď ïćńïěâáï àăáåőďïéĺňáï ĺ őâŋőáĺâáï ł âĺŕã âăł ŋăğëćăěňëå ăáĺňŕâőâĺçěáłĺå àăğńőęěŋĺľ.

Ćğăĺňőďěľáâćĺě ňěęďã ďćãňï íńěłâàőŋăňĺ, łăł ňë ćĺďěńĺ, őŕàěďěńïěâáï äãŋłæĺěľ e^2_RD(k^2), čďě e_R áŋőćă őąőğŋăçăěâ ŕěàěŋőàňĺàőćăŋŋëľ (äĺğĺçěáłĺľ) ğăàïď. Ćëçĺáńĺć á ŕőňőéìî íâőľ äãŋłæĺĺ ŋěłőâőàãî äĺğĺçěáłãî ćěńĺçĺŋã F (p; e^2_R), ňë ŕőńãçĺň ąěáłőŋěçŋëľ àïď ŕő áâěŕěŋïň e^2_R:

F (p; e^2_R) = ∞∑ n=0 e^{2n}_R f_n(p) , (8.144)

ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ 207

čďě f_n(p) | ŋěłőâőàëě äãŋłæĺĺ 4-ĺňŕãńìáőć çăáâĺæ. Ďőŕãáâĺň, çâő íâőâ àïď, őâďěńìŋëě çńěŋë łőâőàőčő ŕěàěŋőàňĺàőćăŋë á ŕőňőéìî őŕĺáăŋŋőľ ćëèě ŕàőæěďãàë, áåőďĺâáï ŕàĺ ŋěłőâőàőň ğŋăçěŋĺĺ e_R. Šőčďă F (p; e^2_R) ≡ F (e^2_R) ïćńïěâáï ăŋăńĺâĺçěáłőľ äãŋłæĺěľ e^2_R ŕàĺ e^2_R ∼ 0, ă áńěďőćăâěńìŋő, ĺ F (−e^2_R) ąãďěâ ăŋăńĺâĺçěáłőľ äãŋłæĺěľ, ŕàěďáâăćĺňőľ ć ćĺďě áâěŕěŋŋőčő àïďă. Ŋő F (−e^2_R) ŕàěďáâăćńïěâ áőąőľ ĺğãçăěňãî ŋăňĺ ćěńĺçĺŋã F ďńï âőčő áńãçăï, łőčďă ćğăĺňőďěľáâćĺě ďćãå çăáâĺæ őŕàěďěńïěâáï äãŋłæĺěľ −e^2_RD(k^2), çâő áőőâćěâáâćãěâ áĺâãăæĺĺ ŕàĺâïęěŋĺï őďŋőĺňěŋŋëå ğăàïďőć ćňěáâő őââăńłĺćăŋĺï.

Ŋěâàãďŋő ãąěďĺâìáï, çâő ć íâőň áńãçăě őąëçŋőě őŕàěďěńěŋĺě ćăłããňă ŋě őâćěçăěâ áőáâőïŋĺî á ŋăĺňěŋìèěľ íŋěàčĺěľ! Ć áăňőň ďěńě, ŕàěďáâăćĺň áěąě, çâő őąàăğőćăńőáì N íńěłâàőŋ-ŕőğĺâàőŋŋëå ŕăà ĺ çâő ćáě íńěłâàőŋë áőáàěďőâőçěŋë ć őďŋőľ őąńăáâĺ ŕàőáâàăŋáâćă, ă ŕőğĺâàőŋë ć ďàãčőľ. Ěáńĺ íâĺ őąńăáâĺ ďőáâăâőçŋő ňăńë ĺ ďőáâăâőçŋő őâďăńěŋë ďàãč őâ ďàãčă, âő ŕàĺ ąőńìèőň N őâàĺæăâěńìŋăï łãńőŋőćáłăï íŋěàčĺï ŕàĺâïčĺćăîéĺåáï őďŋőĺňěŋŋëå ğăàïďőć ąãďěâ ąőńìèě íŋěàčĺĺ ŕőłőï çăáâĺæ ĺ ĺå łĺŋěâĺçěáłőľ íŋěàčĺĺ. Ŋăğőćěň âăłĺě áőáâőïŋĺï \ŕăâőńőčĺçěáłĺňĺ".

Ŕàěďŕőńăčăï, çâő ćğăĺňőďěľáâćĺě ňěęďã ğăàïďăňĺ őŕàěďěńïěâáï −e^2_RD(k^2), àăááňőâàĺň ŋěłőâőàőě őąëçŋőě áőáâőïŋĺě, åăàăłâěàĺğãîéěěáï ŋăńĺçĺěň ŋěáłőńìłĺå çăáâĺæ. Ć âőň çĺáńě íâő ňőęěâ ąëâì ĺ őąëçŋëľ ćăłããň (áőáâőïŋĺě ąěğ çăáâĺæ). İâő áőáâőïŋĺě őâďěńěŋő ŕőâěŋæĺăńìŋëň ąăàìěàőň őâ \ŕăâőńőčĺçěáłőčő" áőáâőïŋĺï á âăłőľ ęě íŋěàčĺěľ, ŕàĺçěň ćëáőâă ąăàìěàă őŕàěďěńïěâáï íŋěàčĺěľ, ŋěőąåőďĺňőľ ďńï áőğďăŋĺï N ŕăà, â.ě. íŋěàčĺěľ ŕőłőï N çăáâĺæ.

Ć áĺńã łćăŋâőćőňěåăŋĺçěáłőčő âãŋŋěńìŋőčő íääěłâă áãéěáâćãěâ łőŋěçŋăï ćěàőïâŋőáâì ŕěàěåőďă ĺğ őąëçŋőčő ć \ŕăâőńőčĺçěáłőě" áőáâőïŋĺě. İâő őğŋăçăěâ, çâő łăęďőě äĺğĺçěáłőě áőáâőïŋĺě ïćńïěâáï ŋěãáâőľçĺćëň ŕő őâŋőèěŋĺî ł áŕőŋâăŋŋőňã àőęďěŋĺî ąőńìèőčő çĺáńă çăáâĺæ. \Ŕăâőńőčĺçěáłőě" áőáâőïŋĺě, ć łőâőàőě ŕěàěľďěâ áĺáâěňă, ŋě ąãďěâ áâăæĺőŋăàŋëň, âăł łăł ć ŋěň ąãďěâ őąàăğőćëćăâìáï ćáě ąőńìèěě ĺ ąőńìèěě çĺáńő çăáâĺæ, â.ě. ć çăáâŋőáâĺ, ąãďěâ ŕàőĺáåőďĺâì àăğàãèěŋĺě ćăłããňă, ă őáŋőćŋőčő áőáâőïŋĺï ã âăłőľ áĺáâěňë ćőőąéě ŋě ąãďěâ! Ć áĺńã âăłőľ \ŕăâőńőčĺĺ" ŋěńìğï ŕàěďŕőńăčăâì, çâő ŁİĎ á äãŋłæĺěľ ćğăĺňőďěľáâćĺï −e^2_RD(k^2) ŕàĺćőďĺâ ł ćŕőńŋě őŕàěďěńěŋŋëň ăŋăńĺâĺçěáłĺň äãŋłæĺïň. Śłőàěě áńěďãěâ ďãňăâì, çâő äãŋłæĺï F (−e^2_R) ŋě ňőęěâ ąëâì ăŋăńĺâĺçěáłőľ, ă ŕőâőňã ĺ àïď (8.144) ŋě ïćńïěâáï áåőďïéĺňáï ŕàĺ e^2_R ≠ 0.

Ć áćïğĺ á íâĺň áŋőćă ćőğŋĺłăěâ ěáâěáâćěŋŋëľ ćőŕàőá | łăłőľ ęě áňëáń ĺňěěâ àïď (8.144) ĺ ŕőçěňã ŁİĎ, őŕěàĺàãîéăï á âăłĺňĺ àïďăňĺ, ŋăåőďĺâáï ć ąńěáâïéěň áőőâćěâáâćĺĺ á íłáŕěàĺňěŋâăńìŋëňĺ ďăŋŋëňĺ. Őâćěâ ŋă íâőâ ćőŕàőá áőáâőĺâ ć âőň, çâő àïď (8.144) ïćńïěâáï ăáĺňŕâőâĺçěáłĺň àïďőň. Šăłĺě àïďë, ŕàĺ áőąńîďěŋĺĺ ŋěłőâőàëå ãáńőćĺľ, ňőčãâ ąëâì ĺáŕőńìğőćăŋë ďńï őŕĺáăŋĺï äãŋłæĺľ, łőâőàëě őŋĺ ŕàěďáâăćńïîâ á őçěŋì ąőńìèőľ, ŋő ćáěčďă łőŋěçŋőľ âőçŋőáâìî [36]. Ć őâńĺçĺě őâ áåőďïéĺåáï àïďőć, çńěŋë ăáĺňŕâőâĺçěáłőčő àïďă e^{2n}_R f_n(p) á àőáâőň n áŋăçăńă ŕăďăîâ, ŋő ğăâěň, ŋăçĺŋăï á ŋěłőâőàőčő ŋőňěàă n_0 ŋăçĺŋăîâ àăáâĺ, ŕàĺçěň, ćőőąéě čőćőàï, àăáâĺ ŋěőčàăŋĺçěŋŋő. Ŕàĺ íâőň ňăłáĺňăńìŋăï âőçŋőáâì, á łőâőàőľ ăáĺňŕâőâĺçěáłĺľ àïď ňőęěâ ăŕŕàőłáĺňĺàőćăâì äãŋłæĺî F , őŕàěďěńïěâáï ćěńĺçĺŋőľ f_{n0} . Ůěň íâă ćěńĺçĺŋă ňěŋìèě, âěň âőçŋőáâì ąőńìèě. Ć áńãçăě ŁİĎ ěáâì őáŋőćăŋĺï ŕőńăčăâì, çâő ć àïďe (8.144) ćěńĺçĺŋë f_n ąãďãâ ŕăďăâì ćŕńőâì ďő n ŕőàïďłă n_0 ≈ ~c/e^2_R = 137. Šăł łăł íâő ğŋăçěŋĺě n_0 ćěáìňă ćěńĺłő, âő âőçŋőáâì, á łőâőàőľ ć ŁİĎ àïď (8.144) áőőâćěâáâćãěâ àěăńìŋőáâĺ őçěŋì ćěńĺłă. Ŕő-ćĺďĺňőňã, ŋěâőçŋőáâì àïďă (8.144) ŕőàïďłă exp(−~c/e^2_R), çâő ïćńïěâáï ŋĺçâőęŋő ňăńőľ ćěńĺçĺŋőľ. Ďńï ŕàăłâĺçěáłĺå æěńěľ ŁİĎ âăłőľ âőçŋőáâĺ ąőńěě çěň ďőáâăâőçŋő!

208 ŊĚŁŐŠŐŘŻĚ ŔŘĹŇĚŊĚŊĹ§ ŁĆĂŊŠŐĆŐĽ İŃĚŁŠŘŐĎĹŊĂŇĹŁĹ

Čńăćă 9

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚ- ČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂ- ŊĹŁĂ

Ťőàňãńĺàőćłă łćăŋâőćőľ ňěåăŋĺłĺ ŋă őáŋőćě ĺŋâěčàăńőć ŕő âàăěłâőàĺïň.

Ţőàőèő ĺğćěáâŋő, çâő łćăŋâőćăï ňěåăŋĺłă ćőğŋĺłńă, ŕàăłâĺçěáłĺ őďŋőćàěňěŋŋő, ć ďćãå íłćĺćăńěŋâŋëå äőàňãńĺàőćłăå | ć ćĺďě ňăâàĺçŋőľ ňěåăŋĺłĺ Čěľğěŋąěàčă ĺ ćőńŋőćőľ ňěåăŋĺłĺ, őáŋőćăŋŋőľ ŋă ãàăćŋěŋĺĺ Ÿàěďĺŋčěàă. Śãéěáâćãěâ ěéě őďŋă äőàňă ŕőáâàőěŋĺï łćăŋâőćőľ âěőàĺĺ, ŕàěďńőęěŋŋăï áãéěáâćěŋŋő ŕőğęě Ťěľŋňăŋőň [37], ł łàăâłőňã ĺğńőęěŋĺî ĺğńőęěŋĺî łőâőàőľ ňë ĺ ŕěàěåőďĺň. Řăğãňěěâáï, ćáě äőàňãńĺàőćłĺ łćăŋâőćőľ ňěåăŋĺłĺ, ŕő áãâĺ ďěńă, âőęďěáâćěŋŋë ĺ ĺáŕőńìğãîâáï ĺğ áőőąàăęěŋĺľ ãďőąáâćă ŕàĺ àěèěŋĺĺ àăğŋëå ŕàăłâĺçěáłĺå ğăďăç. Ć łőŋæěŕâãăńìŋőň ŕńăŋě, őŋĺ ćëďěńïîâ őâďěńìŋëě áâőàőŋë łćăŋâőćőľ âěőàĺĺ, ŕőğćőńïï ŋěáłőńìłő ŕő àăğŋőňã ŕàőćőďĺâì ŕőáâàőěŋĺě łćăŋâőćőľ âěőàĺĺ ŕőńï. Ć íâőň ŕńăŋě, äőàňãńĺàőćłă Ťěľŋňăŋă ŕàěďáâăćńïěâáï őáőąěŋŋő ĺğïéŋőľ ĺ ãďőąŋőľ ďńï ŕőáńěďãîéĺå őąőąéěŋĺľ.

Ŕãáâì ğăďăŋă ćőńŋőćăï äãŋłæĺï çăáâĺæë ψ(q_i, t_i) ć ňőňěŋâ ćàěňěŋĺ t_i, čďě q_i őąőğŋăçăěâ áőőâćěâáâćãîéãî łőőàďĺŋăâŋãî ğăćĺáĺňőáâì. Ąãďěň, ďńï łàăâłőáâĺ, àăááňăâàĺćăâì ŕőłă őďŋőňěàŋőě ďćĺęěŋĺě. Šőčďă, łăł ňë ćĺďěńĺ ć Čńăćě 4, ňőęŋő ğăŕĺáăâì ğŋăçěŋĺě ćőńŋőćőľ äãŋłæĺĺ ć ąőńěě ŕőğďŋĺľ ňőňěŋâ ćàěňěŋĺ t_f ć áńěďã-

210 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Řĺá. 9-1

îéěň ćĺďě: ψ(q_f , t_f ) = ∫ dq_iK(q_f t_f ; q_it_i)ψ(q_it_i) , (9.1)

čďě K(q_f t_f ; q_it_i) | áőőâćěâáâćãîéĺľ ŕàőŕăčăâőà (äãŋłæĺï Čàĺŋă ãàăćŋěŋĺï Ÿàěďĺŋčěàă). Ć áőőâćěâáâćĺĺ áő áâăŋďăàâŋőľ ĺŋâěàŕàěâăæĺěľ ψ(q_f , t_f ) ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă ŋăåőďĺâáï ć âőçłě ŕàőáâàăŋáâćă q_f ć ňőňěŋâ ćàěňěŋĺ t_f . Śőőâćěâáâćěŋŋő, ŕàőŕăčăâőà K(q_f t_f ; q_it_i) ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã ćěàőïâŋőáâĺ ŕěàěåőďă çăáâĺæë ĺğ ŋăçăńìŋőľ âőçłĺ q_i ć ňőňěŋâ t_i ć łőŋěçŋãî âőçłã q_f ć ňőňěŋâ t_f . Ćěàőïâŋőáâì áőőâćěâáâćãîéěčő ŕěàěåőďă ěáâì:

P (q_f t_f ; q_it_i) = |K(q_f t_f ; q_it_i)|^2 . (9.2)

Řăğďěńĺň ŕàőňěęãâőł ćàěňěŋĺ ňěęďã ňőňěŋâăňĺ t_i ĺ t_f ŋă ďćă ŕàőňěęãâłă, àăğďěńěŋŋëě ňőňěŋâőň t. Ŕőćâőàŋőě ŕàĺňěŋěŋĺě (9.1) ďăěâ:

ψ(q_f , t_f ) = ∫ dq_i ∫ dqK(q_f t_f ; qt)K(qt; q_it_i)ψ(q_it_i) , (9.3) âăł çâő:

K(q_f t_f ; q_it_i) = ∫ dqK(q_f t_f ; qt)K(qt; q_it_i) . (9.4) Šăłĺň őąàăğőň, ŕěàěåőď q_it_i → q_f t_f ňőęŋő àăááňăâàĺćăâì łăł ŕěàěåőď çěàěğ ćáě ćőğňőęŋëě ŕàőňěęãâőçŋëě âőçłĺ (áőáâőïŋĺï), łăł íâő ŕőłăğăŋő ŋă Řĺá.9-1. Ć łăçěáâćě ŕàĺňěàă ňőęŋő ŕàĺćěáâĺ ĺğćěáâŋëľ íłáŕěàĺňěŋâ á ďĺäàăłæĺěľ íńěłâàőŋőć ŋă ďćãå éěńïå, àăáŕőńőęěŋŋëå ć âőçłăå 2A ĺ 2B (Řĺá.9-2). Ć íâőň áńãçăě ăŋăńőč (9.4) ĺňěěâ ćĺď:

K(3; 1) = K(3; 2A)K(2A; 1) + K(3; 2B)K(2B; 1) . (9.5)

Řăáŕàěďěńěŋĺě ĺŋâěŋáĺćŋőáâĺ ŋă íłàăŋě, àăáŕőńőęěŋŋőň ć âőçłě 3 őŕàěďěńïěâáï ĺğ: P (3; 1) = |K(3; 1)|^2 , (9.6) čďě, á őçěćĺďŋőáâìî, ŕàĺáãâáâćãîâ ĺŋâěàäěàěŋæĺőŋŋëě ćłńăďë. Ňőęŋő čőćőàĺâì, çâő íńěłâàőŋ ć âăłőň íłáŕěàĺňěŋâě ŕàőńěâăěâ ŕő őąőĺň ŕãâïň (âàăěłâőàĺïň) őďŋőćàěňěŋŋő (ěáńĺ ňë ŋě àěčĺáâàĺàãěň ěčő ć őďŋőľ ĺğ éěńěľ, ŋő âőčďă ĺ ĺŋâěàäěàěŋæĺőŋŋăï łăàâĺŋă ĺáçěğăěâ!).

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 211

Řĺá. 9-2

Ććěďěň áőąáâćěŋŋëě ćěłâőàă őŕěàăâőàă łőőàďĺŋăâë ć ďĺàăłőćáłĺå őąőğŋăçěŋĺïå: ^q|q⟩ = q|q⟩ . (9.7) Šőčďă ćőńŋőćăï äãŋłæĺï ŋăèěľ çăáâĺæë ňőęěâ ąëâì ğăŕĺáăŋă łăł: ψ(qt) = ⟨q|ψ_t⟩_S , (9.8) čďě |ψ_t⟩_S | ćěłâőà áőáâőïŋĺï çăáâĺæë ć èàěďĺŋčěàőćáłőň ŕàěďáâăćńěŋĺĺ, áćïğăŋŋëľ á ŋě ğăćĺáïéĺň őâ ćàěňěŋĺ ćěłâőàőň áőáâőïŋĺï ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ |ψ⟩_H łăł: |ψ_t⟩_S = e^{−iHt/}~|ψ⟩_H . (9.9) Őŕàěďěńĺň ğăćĺáïéĺľ őâ ćàěňěŋĺ ćěłâőà |qt⟩ = e^{iHt/}~|q⟩ . (9.10) Šőčďă ňőęŋő ŕěàěŕĺáăâì (9.8) łăł: ψ(qt) = ⟨qt|ψ⟩_H . (9.11) Ćáě íâő ŕàőáâëě ĺ ĺğćěáâŋëě ćěéĺ ĺğ őáŋőć łćăŋâőćőľ ňěåăŋĺłĺ. Ŕőńìğãïáì ãáńőćĺěň ŕőńŋőâë áĺáâěňë ćěłâőàőć (9.7), (9.10) ňë ňőęěň âěŕěàì ŋăŕĺáăâì: ⟨q_f t_f |ψ⟩_H = ∫ dq_i⟨q_f t_f |q_it_i⟩⟨q_it_i|ψ⟩_H , (9.12) çâő, á ãçěâőň (9.11), áćőďĺâáï ł: ψ(q_f t_f ) = ∫ dq_i⟨q_f t_f |q_it_i⟩ψ(q_it_i) . (9.13) Śàăćŋĺćăï (9.13) á (9.1) ćĺďĺň, çâő ŕàőŕăčăâőà ŕàěďáâăćńïěâáï ć ćĺďě: K(q_f t_f ; q_it_i) = ⟨q_f t_f |q_it_i⟩ , (9.14) çâő, äăłâĺçěáłĺ, ć ŋěáłőńìłő ĺŋőľ äőàňě, ãęě ćëŕĺáëćăńőáì ŋăňĺ ć Čńăćě 4. Śőőâŋőèěŋĺěň (9.14) ňë ąãďěň ďăńěě èĺàőłő ŕőńìğőćăâìáï.

Řăğďěńĺň ćàěňěŋŋőľ ĺŋâěàćăń ňěęďã ňőňěŋâăňĺ t_i ĺ t_f ŋă (n+1) àăćŋëå çăáâěľ ďńĺâěńìŋőáâìî τ . Šőčďă àăáŕàőáâàăŋěŋĺě çăáâĺæë ĺğ q_it_i ć q_f t_f ňőęŋő ŕàěďáâăćĺâì

212 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Řĺá. 9-3

łăł íâő ŕőłăğăŋő ŋă Řĺá.9-3, çâő á ňŋőčőłàăâŋëň ĺáŕőńìğőćăŋĺěň (9.4), ŕőğćőńïěâ ğăŕĺáăâì ăňŕńĺâãďã ŕěàěåőďă (ŕàőŕăčăâőà) ć ćĺďě: ⟨q_f t_f |q_it_i⟩ = ∫ ... ∫ dq_1dq_2...dq_n⟨q_f t_f |q_nt_n⟩⟨q_nt_n|q_{n−1}t_{n−1}⟩...⟨q_1t_1|q_it_i⟩ , (9.15) čďě ňŋőčőłàăâŋëľ ĺŋâěčàăń ąěàěâáï ŕő ćáěň ćőğňőęŋëň âàăěłâőàĺïň, áőěďĺŋïîéĺň ŋăçăńìŋãî âőçłã q_i á łőŋěçŋőľ q_f . Ć ŕàěďěńě n → ∞ ĺńĺ τ → 0 ćëàăęěŋĺě (9.15) őŕàěďěńïěâ ŕàőŕăčăâőà łăł äěľŋňăŋőćáłĺľ ĺŋâěčàăń ŕő âàăěłâőàĺïň (łőŋâĺŋãăńìŋëľ ĺńĺ äãŋłæĺőŋăńìŋëľ ĺŋâěčàăń). Şęě ŋă íâőň ãàőćŋě ćĺďŋő őáŋőćŋőě őâńĺçĺě łćăŋâőćőľ ňěåăŋĺłĺ őâ łńăááĺçěáłőľ. Łńăááĺçěáłăï çăáâĺæă àăáŕàőáâàăŋïěâáï ĺğ ŋăçăńìŋőľ âőçłĺ ć łőŋěçŋãî, ďćĺčăïáì ŕő ěďĺŋáâćěŋŋőľ âàăěłâőàĺĺ, őŕàěďěńïěňőľ ŕàĺŋæĺŕőň ŋăĺňěŋìèěčő ďěľáâćĺï, ă ć łćăŋâőćőľ ňěåăŋĺłě \àăąőâăěâ" łőŋâĺŋããň ćáěå ňëáńĺňëå âàăěłâőàĺľ, áőěďĺŋïîéĺå íâĺ âőçłĺ!

Ŋěâàãďŋő àăááçĺâăâì ŕàőŕăčăâőà ŋă ňăńőň áěčňěŋâě âàăěłâőàĺĺ. Ĺğ (9.10) ĺňěěň: ⟨q_{j+1}t_{j+1}|q_jt_j ⟩ = ⟨q_{j+1}|e^{−iHτ/}~|q_j⟩ = ⟨ q_{j+1} | | | |1 − i ~^{Hτ} +^O(^{τ 2}) | | | | q^j ⟩ = (9.16)

= δ(q_{j+1} − q_j) − iτ ~^{⟨qj+1|H|qj⟩} = ∫ dp 2π~ exp [ i ~^p(^{qj+1 − qj}) ] − iτ ~^{⟨qj+1|H|qj⟩ ,} čďě ňë ćőáŕőńìğőćăńĺáì őçěćĺďŋëň ŕàěďáâăćńěŋĺěň δ-äãŋłæĺĺ ć ćĺďě ĺŋâěčàăń Ťãàìě. Ć őąéěň áńãçăě, čăňĺńìâőŋĺăŋ H ïćńïěâáï ŋěłőâőàőľ äãŋłæĺěľ q ĺ p. Řăááňőâàĺň ŋăĺąőńěě çăáâő ćáâàěçăîéĺľáï ŋă ŕàăłâĺłě áńãçăľ ďćĺęěŋĺï çăáâĺæë ć ŕőâěŋæĺăńìŋőň ŕőńě, łőčďă, ć őçěćĺďŋëå őąőğŋăçěŋĺïå, ĺňěěň: H = p^2 2m + V (q) . (9.17)

Šőčďă ďńï çńěŋă łĺŋěâĺçěáłőľ íŋěàčĺĺ ňőęŋő ŋăŕĺáăâì: ⟨ q_{j+1} | | | | p^2 2m | | | | q^j ⟩ = ∫ dp^′ ∫ dp⟨q_{j+1}|p^′⟩ ⟨ p^′ | | | | p^2 2m | | | | p ⟩ ⟨p|q_j⟩ , (9.18) âăł çâő ĺáŕőńìğãï ⟨q_{j+1}|p^′⟩ = 1√ 2π~ exp ( ip^′q_{j+1} ~ ) , ⟨p|q_j⟩ = 1√ 2π~ exp ( − ipq_j ~ ) ,

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 213

Řĺá. 9-4

ŕőńãçĺň: ⟨ q_{j+1} | | | | p^2 2m | | | | q^j ⟩ = ∫ ∫ dpdp^′ 2π~ exp [ i ~(^{p′qj+1 − pqj}) ] p^2 2m δ(p − p^′) =

= ∫ dp 2π~ exp [ i ~^p(^{qj+1 − qj}) ] p^2 2m . (9.19)

Őąàăâĺň ćŋĺňăŋĺě, çâő ć ńěćőľ çăáâĺ íâőčő ćëàăęěŋĺï p ŕàěďáâăćńïěâáï őŕěàăâőàőň, ă ć ŕàăćőľ íâő ãęě çĺáńő! Ăŋăńőčĺçŋëň őąàăğőň ŋěâàãďŋő ŕőńãçĺâì: ⟨q_{j+1}|V (q)|q_j⟩ = V ( q_{j+1} + q_j 2 ) ⟨q_{j+1}|q_j⟩ = V ( q_{j+1} + q_j 2 ) δ(q_{j+1} − q_j ) = = ∫ dp 2π~ exp [ i ~^p(^{qj+1 − qj}) ] V (—q_j) , (9.20)

čďě —q_j =^1_2 (q_{j+1} + q_j). Őąêěďĺŋïï (9.19) ĺ (9.20), ĺňěěň: ⟨q_{j+1}|H|q_j⟩ = ∫ dp 2π~ exp [ i ~^p(^{qj+1 − qj}) ] H(p, —q) , (9.21)

âăł çâő (9.17) ŕěàěŕĺáëćăěâáï ć ćĺďě:

⟨q_{j+1}t_{j+1}|q_jt_j ⟩ = ∫ dp_j 2π~ exp { i ~ [^{pj} (^{qj+1 − qj})^{− τ H}(^{pj,} —^{qj})] } , (9.22)

čďě p_j { ĺňŕãńìá ć âőçłě ňěęďã t_j ĺ t_{j+1} (ňěęďã q_j ĺ q_{j+1}). Śőőâćěâáâćãîéĺě áěčňěŋâë âàăěłâőàĺĺ ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ŕőłăğăŋë ŋă Řĺá.9-4. Ćëàăęěŋĺě (9.22) ĺ ğăďăěâ ŕàőŕăčăâőà ŋă ňăńőň áěčňěŋâě őďŋőčő ĺğ ŕãâěľ (őâàěğłě âàăěłâőàĺĺ). Ŕőńŋëľ ŕàőŕăčăâőà ŕőńãçăěâáï ŕőďáâăŋőćłőľ (9.22) ć (9.15), âăł çâő: ⟨q_f t_f |q_it_i⟩ = lim_{n→∞} ∫_n∏ j=1 dq_j n∏ i=0 dp_i 2π~ exp { i ~ n∑ l=0 [p_l(q_{l+1} − q_l) − τ H(p_l, —q_l)] } , (9.23)

čďě q_0 = q_i ĺ q_{n+1} = q_f . Ťăłâĺçěáłĺ ğďěáì áâőĺâ ąěáłőŋěçŋőłàăâŋëľ ĺŋâěčàăń. Őąëçŋő (9.23) ğăŕĺáëćăîâ ć áńěďãîéěň áĺňćőńĺçěáłőň ćĺďě: ⟨q_f t_f |q_it_i⟩ = ∫ Dq(t)Dp(t) 2π~ exp i ~ t_f∫

t_i dt [p _q − H(p, q)] , (9.24)

214 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

čďě q(t_i) = q_i ĺ q(t_f ) = q_f . İâă ğăŕĺáì, äőàňăńìŋő ććőďïéăï ňěàã ĺŋâěčàĺàőćăŋĺï ŕő ćáěň âàăěłâőàĺïň (q(t), p(t)) ć äăğőćőň ŕàőáâàăŋáâćě çăáâĺæë, ŋě ĺňěěâ ŋĺłăłőčő ĺŋőčő áňëáńă, łàőňě ććěďěŋĺï łőňŕăłâŋőľ äőàňë ğăŕĺáĺ (9.23). Śĺâãăæĺï ğďěáì ćŕőńŋě ăŋăńőčĺçŋă őŕàěďěńěŋĺî őąëçŋőčő ĺŋâěčàăńă çěàěğ ŕàěďěń àĺňăŋőćëå áãňň. Őąőğŋăçěŋĺě (9.24) ććőďĺâ ŕőŋïâĺě äãŋłæĺőŋăńìŋőčő (łőŋâĺŋãăńìŋőčő) ĺŋâěčàăńă ŕő ćáěň âàăěłâőàĺïň (ŕãâïň) ć äăğőćőň ŕàőáâàăŋáâćě. Ŕàĺ íâőň ćåőďïéĺě ć (9.24) ŕěàěňěŋŋëě p(t) ĺ q(t) ŕàěďáâăćńïîâ áőąőľ c-çĺáńőćëě äãŋłæĺĺ.

Őŕàěďěńěŋĺě ŕàőŕăčăâőàă ć ćĺďě łőŋâĺŋãăńìŋőčő ĺŋâěčàăńă ŕő ćáěň âàăěłâőàĺïň ć äăğőćőň ŕàőáâàăŋáâćě (9.24) ïćńïěâáï áőćěàèěŋŋő őąéĺň ĺ, ć çăáâŋőáâĺ, őáâăěâáï áŕàăćěďńĺćëň ďńï ŕàőĺğćőńìŋőčő čăňĺńìâőŋĺăŋă H(p, q). Ć áńãçăě čăňĺńìâőŋĺăŋă ćĺďă (9.17) ňőęŋő ŕàőćěáâĺ ďăńìŋěľèĺě ãŕàőéěŋĺï ĺ ŕěàěľâĺ ł ŕàěďáâăćńěŋĺî ŕàőŕăčăâőàă ć ćĺďě łőŋâĺŋãăńìŋőčő ĺŋâěčàăńă ŕő ćáěň ŕãâïň ć őąëçŋőň łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě. Ďńï íâőčő ğăŕĺèěň ⟨q_f t_f |q_it_i⟩ = lim_{n→∞} ∫ n∏ j=1 dq_j n∏ i=0 dp_i 2π~ exp { i ~ n∑ l=0 [ p_l(q_{l+1} − q_l) − p^2_l 2m τ − V (—q_l)τ ]} . (9.25) Ĺŋâěčàăńë ŕő p_j ğďěáì ńěčłő ćëçĺáńïîâáï á ŕőňőéìî áâăŋďăàâŋëå äőàňãń, łőâőàëě ąãďãâ ŕàĺćěďěŋë çãâì ŋĺęě. Ć àěğãńìâăâě ŕőńãçăěň: ⟨q_f t_f |q_it_i⟩ = lim_{n→∞} ( m 2πi~τ )^{n+1}_2 ∫^n∏ j=1 dq_j exp { iτ ~ n∑ l=0 [ m 2 ( q_{l+1} − q_l τ )_2

− V (—q_l) ]} , (9.26) âăł çâő ć ŋěŕàěàëćŋőň ŕàěďěńě ňőęŋő ğăŕĺáăâì: ⟨q_f t_f |q_it_i⟩ = N ∫ Dq(t) exp i ~ t_f∫

t_i dt [m 2 _q^2 − V (q) ] =

= N ∫ Dq(t) exp i ~ t_f∫

t_i dtL(q, _q) = N ∫ Dq(t) exp { i ~^S } , (9.27)

čďě L = T −V | łńăááĺçěáłăï äãŋłæĺï Ńăčàăŋęă àăááňăâàĺćăěňőľ çăáâĺæë, ă S = ∫_{tf} t_i dtL(q, _q) | łńăááĺçěáłőě ďěľáâćĺě, àăááçĺâăŋŋőě ďńï ŕàőĺğćőńìŋőľ âàăěłâőàĺĺ

q(t), áőěďĺŋïîéěľ ŋăçăńìŋãî âőçłã q(t_i) á łőŋěçŋőľ q(t_f ). Łőŋâĺŋãăńìŋëľ ĺŋâěčàăń (9.27) ąěàěâáï ŕő ćáěň ňëáńĺňëň âàăěłâőàĺïň, áőěďĺŋïîéĺň ŋăçăńìŋãî âőçłã á łőŋěçŋőľ. Ććěďěŋŋëľ ğďěáì ňŋőęĺâěńì N äőàňăńìŋő àăáåőďĺâáï ć ŕàěďěńě n → ∞, ŋő íâő ŋěáãéěáâćěŋŋő, ŕőáłőńìłã, łăł ňë ãćĺďĺň ďăńěě, őŋ ćáěčďă áőłàăéăěâáï ŕàĺ àăááňőâàěŋĺĺ áőőâćěâáâćãîéĺň őąàăğőň ŋőàňĺàőćăŋŋëå ăňŕńĺâãď ŕěàěåőďă.

Ğăňěçăâěńìŋëľ àěğãńìâăâ (9.27) ŕőğćőńïěâ, ć çăáâŋőáâĺ, łăçěáâćěŋŋő ŕőŋïâì äĺğĺçěáłőě ŕàőĺáåőęďěŋĺě łńăááĺçěáłőčő ŕàĺŋæĺŕă ŋăĺňěŋìèěčő ďěľáâćĺï. Ć áăňőň ďěńě, łńăááĺçěáłĺľ ŕàěďěń áőőâćěâáâćãěâ ~ → 0. Šőčďă ć äěľŋňăŋőćáłőň ĺŋâěčàăńě (9.27) ćőğŋĺłăěâ łőŋâĺŋããň ćłńăďőć ąëáâàő őáæĺńńĺàãîéĺå ňŋőęĺâěńěľ exp(iS/~), łőâőàëě ć áàěďŋěň \čăáïâ" ďàãč ďàãčă. \Ćëęĺćăěâ" ŕàĺ íâőň âőńìłő ćłńăď ŋăĺąőńěě ňěďńěŋŋő ňěŋïîéěčőáï ňŋőęĺâěńï, ć łőâőàőň áâőĺâ S_{min}, çâő ĺ áőőâćěâáâćãěâ ćłńăďã ěďĺŋáâćěŋŋőľ âàăěłâőàĺĺ, őŕĺáëćăěňőľ ŕàĺŋæĺŕőň ŋăĺňěŋìèěčő ďěľáâćĺï łńăááĺçěáłőľ ňěåăŋĺłĺ ĺ ãàăćŋěŋĺïňĺ Ŋìîâőŋă.

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 215

Őâáâãŕńěŋĺě: ŕőńěğŋëě ĺŋâěčàăńë.

Ŕàĺćěďěň ŋěłőâőàëě äőàňãńë ďńï őąëçŋëå ĺŋâěčàăńőć, çăáâő ćáâàěçăîéĺåáï ŕàĺ ŕàăłâĺçěáłĺå ćëçĺáńěŋĺïå, áćïğăŋŋëå á äãŋłæĺőŋăńìŋëň ĺŋâěčàĺàőćăŋĺěň. Ŋăçŋěň áő ćáěň ĺğćěáâŋőčő ĺŋâěčàăńă Ŕãăááőŋă { Čăãááă: ∞∫ −∞ dx e^{−ax2} = √π a , a > 0 . (9.28)

İâőâ àěğãńìâăâ ŕőńãçăěâáï áàăğã, ěáńĺ ğăňěâĺâì, çâő ěčő ňőęŋő ŕěàěŕĺáăâì łăł: ∞∫ −∞ dx ∞∫ −∞ dy e^{−a(x2+y2)} = π a , (9.29)

çâő, ŕőáńě ŕěàěåőďă ł ŕőńïàŋëň łőőàďĺŋăâăň ć ŕńőáłőáâĺ (x, y), áćőďĺâáï ł: 2π∫ 0 dθ ∞∫ 0 dr re^{−ar2} = π ∞∫ 0 d(r^2) e^{−ar2} = π a . (9.30)

Ŕőáńěďŋěě àăćěŋáâćő őçěćĺďŋő, çâő ĺ ďőłăğëćăěâ (9.28).

Řăááňőâàĺň âěŕěàì ĺŋâěčàăń őâ íłáŕőŋěŋâë, ğăćĺáïéěľ őâ łćăďàăâĺçŋőľ äőàňë: ∞∫ −∞ dx e^{−ax2+bx+c} ≡ ∞∫ −∞ dx e^{q(x)} , (9.31)

čďě ňë ŕőńăčăěň a > 0. Šőčďă ĺňěěň q^′(x) = −2ax + b, q^{′′}(x) = −2a, q^{′′′}(x) = 0..., ĺ ňë ńěčłő ŋăåőďĺň —x | ğŋăçěŋĺě x, ŕàĺ łőâőàőň q(x) ňĺŋĺňăńìŋă: —x = b 2a , q(—x) = b^2 4a + c . (9.32)

Šěŕěàì ńěčłő ŕàěďáâăćĺâì q(x) ć ćĺďě (ćëďěńïï ŕőńŋëľ łćăďàăâ): q(x) = q(—x) − a(x − —x)^2 . (9.33) Šőčďă:_∞ ∫ −∞ dx e^{q(x)} = e^{q(x̄)} ∞∫ −∞ dxe^{−a(x−x̄)2} = e^{q(x̄)} √ π a , (9.34)

âăł çâő őłőŋçăâěńìŋő ĺňěěň: ∞∫ −∞ dxe^{−ax2+bx+c} ≡ ∞∫ −∞ e^{q(x)} = exp ( b^2 4a + c ) √ π a . (9.35)

İâă äőàňãńă ĺ ĺáŕőńìğőćăńăáì ŕàĺ ŕőńãçěŋĺĺ (9.26), (9.25).

Ŕàĺćěďěň ěéě őąőąéěŋĺě (9.35) ŋă áńãçăľ n ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï [8]: ∞∫ −∞ dx_1... ∞∫ −∞ dxn exp { iλ[(x_1 − a)^2 + (x_2 − x_1)^2 + ... + (b − xn)^2] } =

= [ i_nπ_n (n + 1)λ^n ]_{1/2} exp [ iλ n + 1

(b − a)^2 ] , (9.36)

çâő ŕàĺčőďĺâáï ŋăň ć ďăńìŋěľèěň.

Ć ćëàăęěŋĺĺ (9.27), äăłâĺçěáłĺ, áőďěàęĺâáï ćáï łćăŋâőćăï ňěåăŋĺłă çăáâĺæë, őŋő èĺàőłő ĺáŕőńìğãěâáï ŕàĺ àěèěŋĺĺ ŕàăłâĺçěáłĺå ğăďăç [37]. Ŕőáňőâàĺň, łăł

216 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

ĺğ ŋěčő ňőęŋő ŕőńãçĺâì őąëçŋőě ãàăćŋěŋĺě Ÿàěďĺŋčěàă. Ğăŕĺèěň őáŋőćŋőě áőőâŋőèěŋĺě (9.1) ć ćĺďě, áćïğëćăîéěň ćőńŋőćãî äãŋłæĺî ć ňőňěŋâ ćàěňěŋĺ t_2 á ěě ğŋăçěŋĺěň ć ňőňěŋâ t_1:

ψ(x_2, t_2) = ∞∫ −∞ dx_1K(x_2t_2; x_1t_1)ψ(x_1t_1) . (9.37)

Ŕãáâì ňőňěŋâë t_2 ĺ t_1 őçěŋì ąńĺğłĺ, âăł çâő t_2 = t_1 + ε, čďě ε → 0. Šőčďă ŕàőŕăčăâőà őŕàěďěńïěâáï ćłńăďőň âőńìłő őďŋőčő ňăńőčő áěčňěŋâă âàăěłâőàĺĺ ĺ, ŕőńìğãïáì (9.26), ňë ňőęěň ğăŕĺáăâì (9.37) ć ćĺďě: ψ(x, t + ε) = A ∞∫ −∞ exp [ i ~ m(x − y)^2 2ε ] exp [ − i ~^{εV} ( x + y 2 , t )] ψ(y, t)dy , (9.38)

čďě A = (_m 2πi~ε )_{1/2} . Ĺğ-ğă ŋăńĺçĺï ŕěàćőľ íłáŕőŋěŋâë, áãéěáâćěŋŋëľ ćłńăď ć ĺŋâěčàăń ďăîâ âőńìłő ğŋăçěŋĺï y ąńĺğłĺě ł x. Śďěńăěň ğăňěŋã ŕěàěňěŋŋőľ y = x + η ĺ ŕěàěŕĺèěň (9.38) ć ćĺďě: ψ(x, t + ε) = A ∞∫ −∞ exp ( imη^2 2~ε ) exp [ − iε ~^V ( x + η 2 , t )] ψ(x + η, t)dη . (9.39) Ś ãçěâőň âőčő, çâő őáŋőćŋőľ ćłńăď âãâ ďăîâ ňăńëě ğŋăçěŋĺï η, àăğńőęĺň őąě çăáâĺ (9.39) ć àïď: ψ(x, t) + ε ∂ψ ∂t = A ∞∫ −∞ exp ( imη^2 2~ε ) [ 1 − iε ~^V (^{x, t}) ] [ ψ(x, t) + η ∂ψ ∂x + 1 2 η^2

∂^2ψ ∂x^2 ] dη . (9.40) Şçâěň âěŕěàì, çâő A ∞∫ −∞ e^{imη2/2}~^εdη = 1 ,

A ∞∫ −∞ e^{imη2/2}~^εηdη = 0 ,

A ∞∫ −∞ e^{imη2/2}~^εη^2dη = i~ε m . Šőčďă (9.40) áćőďĺâáï ł: ψ(x, t) + ε ∂ψ ∂t = ψ − iε ~^{V ψ −} ~ε 2im ∂^2ψ ∂x^2 . (9.41)

İâő àăćěŋáâćő ãďőćńěâćőàïěâáï (ŕàĺ ε → 0), ěáńĺ ψ ãďőćńěâćőàïěâ ãàăćŋěŋĺî Ÿàěďĺŋčěàă ďńï őďŋőňěàŋőčő ďćĺęěŋĺï:

i~^{∂ψ}_{∂t} = − ~^22_m^{∂2ψ}_{∂x2} + V (x, t)ψ . (9.42)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 217

Šěőàĺï ćőğňãéěŋĺľ.

Ŕãáâì ŕőâěŋæĺăń V (x) ïćńïěâáï ňăńëň ćőğňãéěŋĺěň. Šőçŋěě čőćőàï, ŕãáâì ňăń (ŕő áàăćŋěŋĺî á ~) ĺŋâěčàăń ŕő ćàěňěŋĺ őâ V (x, t). Šőčďă ňőęŋő ŋăŕĺáăâì àăğńőęěŋĺě: exp − i ~ t_f∫

t_i dtV (x, t) ≈ 1 − i ~ t_f∫

t_i dtV (x, t) − 1 2!~^2 t_f∫

t_i dtV (x, t) 2 + ... . (9.43)

Ĺáŕőńìğãï âăłőě àăğńőęěŋĺě ć (9.27), ňë ŕőńãçĺň àăğńőęěŋĺě ŕàőŕăčăâőàă K(x_f t_f ; x_it_i) ć àïď âěőàĺĺ ćőğňãéěŋĺľ:

K = K_0 + K_1 + K_2 + ... . (9.44) Ůńěŋ ŋãńěćőčő ŕőàïďłă ŕàěďáâăćńïěâ áőąőľ ŕàőŕăčăâőà áćőąőďŋőľ çăáâĺæë:

K_0 = N ∫ Dx exp ( i ~ ∫ dt 1 2 m _x^2 ) . (9.45)

Ůâőąë áőáçĺâăâì ěčő ć ïćŋőň ćĺďě, ćěàŋěňáï ł őŕàěďěńěŋĺî ĺŋâěčàăńă ŕő âàăěłâőàĺïň (9.23) ĺ ğăŕĺèěň (9.45) ć ćĺďě ŕàěďěńă ďńï ňŋőčőłàăâŋőčő ĺŋâěčàăńă (áň. (9.26)):

K_0 = lim_{n→∞} ( m 2πi~τ ) n+1_2^∞∫ −∞ n∏ j=1 dx_j exp [ im 2~τ n∑ l=0 (x_{l+1} − x_l)^2 ] . (9.46)

Őąőğŋăçăï áâőïéĺľ ğďěáì ňŋőčőłàăâŋëľ ĺŋâěčàăń łăł I, ćëçĺáńïěň ěčő á ŕőňőéìî (9.36) ĺ ŕőńãçăěň: I = 1 (n + 1)^{1/2} ( i2π~τ m )_{n/2} exp { im 2~(n + 1)τ (^{xf − xi})^2 } . (9.47)

Ŕőńăčăï (n +1)τ = t_f − t_i, ŕőńãçăěň ĺğ (9.46) ŕàőŕăčăâőà áćőąőďŋőľ çăáâĺæë ć ćĺďě:

K_0(x_f t_f ; x_it_i) = θ(t_f − t_i) ( m 2πi~(tf − ti) )_{1/2} exp { im(x_f − x_i)^2 2~(tf − ti) } , (9.48)

čďě ňë ěéě ďőąăćĺńĺ ňŋőęĺâěńì θ(t_f − t_i), őąěáŕěçĺćăîéĺľ ćëŕőńŋěŋĺě ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ. Őąőąéěŋĺě íâőčő ćëàăęěŋĺï ŋă áńãçăľ ďćĺęěŋĺï áćőąőďŋőľ çăáâĺæë ć âàěåňěàŋőň ŕàőáâàăŋáâćě ćŕőńŋě őçěćĺďŋő: áőőâćěâáâćãîéĺľ ŕàőŕăčăâőà áćőďĺâáï ł ŕàőĺğćěďěŋĺî ŕàőŕăčăâőàőć áćőąőďŋőčő àăáŕàőáâàăŋěŋĺï (9.48) ŕő ćáěň âàěň łőőàďĺŋăâŋëň őáïň x, y, z.

Ć Čńăćě 4 ňë ãęě ćĺďěńĺ, çâő ŕàőŕăčăâőà çăáâĺæë ãďőćńěâćőàïěâ ãàăćŋěŋĺî, àěďáâăćńïîéěňã áőąőľ ãàăćŋěŋĺě Ÿàěďĺŋčěàă á δ-ĺáâőçŋĺłőň ć ŕàăćőľ çăáâĺ: [ i~^∂_{∂tf} − H(xf ) ] K(x_f t_f ; x_it_i) = i~δ(t_f − t_i)δ(x_f − x_i) . (9.49)

Ďńï áńãçăï őďŋőňěàŋőčő áćőąőďŋőčő ďćĺęěŋĺï H(x_f ) = −^{~2}_{2m}^{∂2}_{∂x}2_f . Śőőâćěâáâćěŋŋő, áćőąőďŋëľ ŕàőŕăčăâőà ãďőćńěâćőàïěâ ãàăćŋěŋĺî: [ i~^∂_{∂tf} + ~^22_m^{∂2}_{∂x2f} ] K_0(x_f t_f ; x_it_i) = i~δ(t_f − t_i)δ(x_f − x_i) . (9.50)

218 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Ć íâőň, łáâăâĺ, ňőęŋő ãąěďĺâìáï ŋěŕőáàěďáâćěŋŋőľ ŕőďáâăŋőćłőľ (9.48) ć ć ďăŋŋőě ãàăćŋěŋĺě.

Ěáńĺ ć (9.48) ĺ (9.50) áďěńăâì ğăňěŋã t → −i~t ĺ ~_{2m} → D, âő ãàăćŋěŋĺě (9.50) ŕěàěľďěâ ć: [ ∂ ∂t_f − D ∂^2 ∂x^2_f ] K_0(x_f t_f ; x_it_i) = δ(t_f − t_i)δ(x_f − x_i) , (9.51)

âăł çâő K_0(x_f t_f ; x_it_i) ŕàěďáâăćńïěâ áőąőľ äãŋłæĺî Čàĺŋă ãàăćŋěŋĺï ďĺääãğĺĺ [32] á łőíääĺæĺěŋâőň ďĺääãğĺĺ D. Ŕàĺ íâőň ćáě ňŋĺňőáâĺ ĺğ (9.48) ĺáçěğăîâ ĺ íâő ćëàăęěŋĺě őŕĺáëćăěâ ďĺääãğĺî çăáâĺæ ĺğ âőçěçŋőčő ĺáâőçŋĺłă. Ťăłâĺçěáłĺ, łőŋâĺŋãăńìŋëě ĺŋâěčàăńë ŕő âàăěłâőàĺïň ćőğŋĺłńĺ ćŕěàćëě ć âěőàĺĺ ďĺääãğĺőŋŋëå ŕàőæěááőć, čďě őŋĺ ŋăğëćăîâáï ĺŋâěčàăńăňĺ Ćĺŋěàă. Ĺáçěğŋőćěŋĺě őáæĺńńïæĺľ ć (9.48) (ğăňěŋă ĺå ŋă ąëáâàő ğăâãåăîéĺě íłáŕőŋěŋâë âěőàĺĺ ďĺääãğĺĺ) çàěğćëçăľŋő ãďőąŋő á âőçłĺ ğàěŋĺï çĺáńěŋŋëå àăáçěâőć, ć çăáâŋőáâĺ áãéěáâćěŋŋő őąńěčçăîâáï ćëçĺáńěŋĺï łőŋâĺŋãńìŋëå ĺŋâěčàăńőć ňěâőďőň Ňőŋâě-Łăàńő. Ćőőąéě, äőàňăńìŋëľ ŕěàěåőď ł ňŋĺňőňã ćàěňěŋĺ çăáâő ĺáŕőńìğãěâáï ŕàĺ àěèěŋĺĺ àăğńĺçŋëå ğăďăç łćăŋâőćőľ ňěåăŋĺłĺ ĺ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŋĺęě ňë ěéě ŋě àăğ á íâĺň áâőńłŋěňáï.

Ŕěàěåőď ł ňŋĺňőňã ćàěňěŋĺ ĺňěěâ ěéě őďĺŋ ăáŕěłâ, ďăęě ąőńěě čńãąőłĺľ á âőçłĺ ğàěŋĺï äĺğĺłĺ. Řăćŋőćěáŋăï áâăâĺáâĺçěáłăï ňěåăŋĺłă æěńĺłőň őáŋőćăŋă ŋă ĺáŕőńìğőćăŋĺĺ łăŋőŋĺçěáłőčő àăáŕàěďěńěŋĺï Čĺąąáă, łőčďă ňăâàĺæă ŕńőâŋőáâĺ áĺáâěňë ĺňěěâ ćĺď [35]:

ρ = 1 Z e^{−βH} , (9.52)

čďě H | čăňĺńìâőŋĺăŋ áĺáâěňë, Z | áâăâĺáâĺçěáłăï áãňňă, ă β =^1_T | őąàăâŋăï âěňŕěàăâãàă. Ńěčłő ćĺďěâì, çâő ∂ρ ∂β = −Hρ . (9.53)

Ŋő (9.53) (ŋăğëćăěňőě ĺŋőčďă ãàăćŋěŋĺěň Ąńőåă) ŕőńãçăěâáï ĺğ őąëçŋőčő ãàăćŋěŋĺï Ÿàěďĺŋčěàă:

i~^{∂ψ}_{∂t} = Hψ (9.54)

ŕőáńě äőàňăńìŋőľ ğăňěŋë ψ → ρ, t → −i~β. Ŕőíâőňã ňőęŋő áłăğăâì, çâő ćáï àăćŋőćěáŋăï áâăâĺáâĺçěáłăï ňěåăŋĺłă íâő âă ęě łćăŋâőćăï ňěåăŋĺłă ć \ňŋĺňőň ćàěňěŋĺ". Ćëçĺáńěŋĺě àăćŋőćěáŋőľ ňăâàĺæë ŕńőâŋőáâĺ áĺáâěňë ćğăĺňőďěľáâćãîéĺå çăáâĺæ ňőęŋő ćěáâĺ àěèăï ãàăćŋěŋĺě (9.53) ĺ ĺáŕőńìğãï ŕàĺ íâőň äőàňăńĺğň ŕàőŕăčăâőàőć (äãŋłæĺľ Čàĺŋă) ć ňŋĺňőň (\ňăæãąăàőćáłőň") ćàěňěŋĺ [13]. Ŕàĺ íâőň ňőęŋő ŕőńìğőćăâìáï ĺ ŕàěďáâăćńěŋĺěň íâĺå ŕàőŕăčăâőàőć ć ćĺďě äěľŋňăŋőćáłĺå ĺŋâěčàăńőć ŕő âàăěłâőàĺïň (ĺŋâěčàăńőć Ćĺŋěàă), ŋă őáŋőćě çěčő ňőęŋő àăğćĺâì áőőâćěâáâćãîéĺľ őąéĺľ ŕőďåőď ł àěèěŋĺî ğăďăç áâăâĺáâĺçěáłőľ äĺğĺłĺ [38].

Ŕěàěľďěň âěŕěàì ł ćëçĺáńěŋĺî K_1 | ŕőŕàăćłĺ ŕěàćőčő ŕőàïďłă ŕő ŕőâěŋæĺăńã V (x). Ĺğ (9.26) ĺ (9.43) ĺňěěň:

K_1 = − iτ ~ limn→∞ ( m 2πi~τ )^{n+1}_2^n∑ i=1 ∫ dx_1...dx_nV (x_i, t_i) exp im 2~τ n∑ j=0 (x_{j+1} − x_j )^2 , (9.55) čďě ňë ğăňěŋĺńĺ ĺŋâěčàĺàőćăŋĺě ŕő t áãňňĺàőćăŋĺěň ŕő t_i. Ŕőáłőńìłã V ğďěáì ğăćĺáĺâ őâ x_i, àăğőąìěň áãňňã ŕőď íłáŕőŋěŋâőľ ŋă ďćě: őďŋã őâ j = 0 ďő j = i − 1 ĺ ćâőàãî őâ j = i ďő j = n. Ćëďěńĺň âăłęě ĺŋâěčàăń ŕő x_i. Ć àěğãńìâăâě (9.55) ŕěàěŕĺèěâáï łăł:

K_1 = − lim_{n→∞} iτ ~ n∑ i=1 ∫ dx_i ( m 2πi~τ )^{n−i+1}_2 ∫ dx_{i+1}...dx_n exp im 2~τ n∑ j=i (x_{j+1} − x_j)^2 ×

× V (x_i, t_i) ( m 2πi~τ ) i_2 ∫ dx_1...dx_{i−1} exp im 2~τ i−1∑ j=0 (x_{j+1} − x_j)^2

. (9.56)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 219

Ůńěŋë ć äĺčãàŋëå áłőąłăå àăćŋë K_0(x_f t_f ; xt) ĺ K_0(xt; x_it_i) áőőâćěâáâćěŋŋő, âăł çâő ŕőáńě ğăňěŋë τ ∑ i ∫ dx_i ŋă ∫ dx ∫ dt ćëàăęěŋĺě (9.56) áćőďĺâáï ł:

K_1 = − i ~ t_f∫

t_i dt ∞∫ −∞ dx K_0(x_f t_f ; xt)V (x, t)K_0(xt; x_it_i) . (9.57)

Ś ãçěâőň âőčő, çâő K_0(x_f t_f ; xt) = 0 ďńï t > t_f , ă K_0(xt; x_it_i) = 0 ďńï t < t_i, ćëàăęěŋĺě (9.57) ňőęŋő ğăŕĺáăâì łăł:

K_1 = − i ~ ∞∫ −∞ dt ∞∫ −∞ dx K_0(x_f t_f ; xt)V (x, t)K_0(xt; x_it_i) , (9.58)

çâő ĺ ďăěâ őłőŋçăâěńìŋëľ ćĺď ŕőŕàăćłĺ ŕěàćőčő ŕőàïďłă ł ŕàőŕăčăâőàã (äãŋłæĺĺ Čàĺŋă) ŋăèěľ çăáâĺæë.

Śőćěàèěŋŋő ăŋăńőčĺçŋő, ŕãâěň ąőńěě čàőňőğďłĺå ćëçĺáńěŋĺľ, ňőęŋő ŋăľâĺ ĺ ŕőŕàăćłã ćâőàőčő ŕőàïďłă:

K_2(x_f t_f ; x_it_i) = ( − i ~ )_2^∞∫ −∞ dt_1 ∞∫ −∞ dt_2 ∞∫ −∞ dx_1 ∞∫ −∞ dx_2

× K_0(x_f t_f ; x_2t_2)V (x_2t_2)K_0(x_2t_2; x_1t_1)V (x_1t_1)K_0(x_1t_1; x_it_i) . (9.59) Śâàãłâãàă çńěŋőć ćëáèĺå ŕőàïďłőć áâăŋőćĺâáï âěŕěàì őçěćĺďŋőľ. Ć àěğãńìâăâě ŕőńãçăěň àïď âěőàĺĺ ćőğňãéěŋĺľ ďńï ŕàőŕăčăâőàă ć ćĺďě:

K(x_f t_f ; x_it_i) = K_0(x_f t_f ; x_it_i) − i ~ ∫ dt_1dx_1K_0(x_f t_f ; x_1t_1)V (x_1, t_1)K_0(x_1t_1; x_it_i) − − 1 ~^2 ∫ dt_1dt_2dx_1dx_2K_0(x_f t_f ; x_2t_2)V (x_2t_2)K_0(x_2t_2; x_1t_1)V (x_1t_1)K_0(x_1t_1; x_it_i) + ... .

(9.60) çâő ŕàőáâő áőćŕăďăěâ á ăŋăńőčĺçŋëň àăğńőęěŋĺěň, ćëŕĺáăŋŋëň ćëèě ć Čńăćě 4. Ğăňěâĺň, çâő ć ćëàăęěŋĺĺ (9.59) őâáãâáâćãěâ ňŋőęĺâěńì 1/2!, ĺňěîéĺľáï ć àăğńőęěŋĺĺ (9.43). Ďěńő ğďěáì ć âőň, çâő ďćă ćğăĺňőďěľáâćĺï á V ć àăğŋëě ňőňěŋâë ćàěňěŋĺ ŋěàăğńĺçĺňë ĺ ňőęŋő ŋăŕĺáăâì: 1 2! ∞∫ −∞ dt^′ ∞∫ −∞ dt^{′′}V (t^′)V (t^{′′}) =

= ∞∫ −∞ dt^′ ∞∫ −∞ dt^{′′}[θ(t^′ − t^{′′})V (t^′)V (t^{′′}) + θ(t^{′′} − t^′)V (t^′)V (t^{′′}) =

= ∞∫ −∞ dt_1 ∞∫ −∞ dt_2V (t_1)V (t_2)θ(t_1 − t_2) . (9.61)

Ŕő íâőľ ęě ŕàĺçĺŋě ć ŕőŕàăćłě ŕàőĺğćőńìŋőčő ŕőàïďłă K_n őâáãâáâćãěâ ňŋőęĺâěńì 1/n!. §áŋő, çâő ć àăğńőęěŋĺĺ (9.60) áőďěàęĺâáï ŕàőáâěľèăï ďĺăčàăňňŋăï

220 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

âěåŋĺłă: łăęďëľ çńěŋ àïďă ňőęŋő ńěčłő ĺğőąàăğĺâì ďĺăčàăňňőľ, ěáńĺ áőŕőáâăćĺâì áŕńőèŋãî ńĺŋĺî ŕàőŕăčăâőàã çăáâĺæë, ă ćőńŋĺáâëňĺ ńĺŋĺïňĺ ĺğőąàăğĺâì ďěľáâćĺě ŕőâěŋæĺăńă ć áőőâćěâáâćãîéĺå âőçłăå ŕàőáâàăŋáâćă ć áőőâćěâáâćãîéĺě ňőňěŋâë ćàěňěŋĺ (ŕő łőâőàëň ćěďěâáï ĺŋâěčàĺàőćăŋĺě).

Ŕőďáâăŋőćłă àăğńőęěŋĺï (9.60) ć (9.1) ďăěâ:

ψ(x_f t_f ) = ∫ dx_iK(x_f t_f ; x_it_i)ψ(x_it_i) = = ∫ dx_iK_0(x_f t_f ; x_it_i)ψ(x_it_i) − − i ~ ∫ dt ∫ dx ∫ dx_iK_0(x_f t_f ; xt)V (x, t)K_0(xt, x_it_i)ψ(x_it_i) + ... . (9.62)

Ćłńăď ŋěćëŕĺáăŋŋëå ğďěáì çńěŋőć ćëáèĺå ŕőàïďłőć áćőďĺâáï, őçěćĺďŋő, ł ğăňěŋě ŕőáńěďŋěčő ŕàőŕăčăâőàă K_0 ŕőńŋëň ŕàőŕăčăâőàőň K. Śőőâćěâáâćěŋŋő, ŕőńãçăěň âőçŋőě ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï ćőńŋőćőľ äãŋłæĺĺ:

ψ(x_f t_f ) = ∫ dx_iK_0(x_f t_f ; x_it_i)ψ(x_it_i) − i ~ ∫ dt ∫ dxK_0(x_f t_f ; xt)V (x, t)ψ(xt) , (9.63) łőâőàőě, łőŋěçŋő, ćŕőńŋě íłćĺćăńěŋâŋő ãàăćŋěŋĺî Ÿàěďĺŋčěàă ć àăááňăâàĺćăěňőľ ğăďăçě. Ŕàěďŕőńăčăï, çâő ŕàĺ t_i → −∞ ćőńŋőćăï äãŋłæĺï ïćńïěâáï àěèěŋĺěň áćőąőďŋőčő ãàăćŋěŋĺï Ÿàěďĺŋčěàă (ŕńőáłőľ ćőńŋőľ!) ĺ őąőğŋăçăï ěčő łăł φ(xt), ňőęŋő ŕěàěŕĺáăâì (9.63) ć ćĺďě:

ψ(x_f t_f ) = φ(x_f t_f ) − i ~ ∫ dt ∫ dxK_0(x_f t_f ; xt)V (x, t)ψ(xt) , (9.64) ŕőáłőńìłã ŕńőáłăï ćőńŋă ć ŕàőæěááě áćőąőďŋőčő àăáŕàőáâàăŋěŋĺï őáâăěâáï ŕńőáłőľ ćőńŋőľ.

Ŕàĺ àěèěŋĺĺ ŕàăłâĺçěáłĺå ğăďăç çăáâő ãďőąŋěě ŕőńìğőćăâìáï ĺňŕãńìáŋëň ŕàěďáâăćńěŋĺěň. Ŕãáâì K(p_1t_1; p_0t_0) | ăňŕńĺâãďă ćěàőïâŋőáâĺ âőčő, çâő çăáâĺæă, őąńăďăćèăï ĺňŕãńìáőň p_0 ć ňőňěŋâ t_0, ąãďěâ ğăàěčĺáâàĺàőćăŋă ć ąőńěě ŕőğďŋĺľ ňőňěŋâ t_1 á ĺňŕãńìáőň p_1. İâă ăňŕńĺâãďă ďăěâáï ćëàăęěŋĺěň:

K(p1t1; p0t0) = ∫ dx0 ∫ dx1 exp ( − i ~p^1x^1 ) K(x1t1; x0t0) exp ( i ~p^0x^0 ) , (9.65)

čďě áćőąőďŋëľ ŕàőŕăčăâőà K(x_1t_1; x_0t_0) ďńï çăáâĺæë, ďćĺęãéěľáï ć âàěåňěàŋőň ŕàőáâàăŋáâćě ĺňěěâ (ć áőőâćěâáâćĺĺ á ğăňěçăŋĺěň ŕőáńě (9.48)) ćĺď:

K_0(x_1t_1; x_0t_0) = θ(t_1 − t_0) ( m 2πi~(t1 − t0) )_{3/2} exp { im(x1 − x0)^2 2~(t1 − t0) } . (9.66)

Šőčďă ĺňěěň:

K(p1t1; p0t0) = θ(t1 − t0) [ m 2πi~(t1 − t0) ]_{3/2} ×

× ∫ dx0 ∫ dx1 exp [ i ~(p^0x^{0 −} p^1x^1) ] exp [ im(x0 − x1)^2 2~(t1 − t0) ] . (9.67)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 221

Ććěďěň ŋőćëě ŕěàěňěŋŋëě ĺŋâěčàĺàőćăŋĺï:

x = x0 − x1 , X = x0 + x1 , p = p0 − p1 , P = p0 + p1 , (9.68)

âăł çâő 2(p_0x_0 −p_1x_1) = Px+pX. §łőąĺăŋ íâőčő ŕàěőąàăğőćăŋĺï ŕěàěňěŋŋëå àăćěŋ (1/2)^3 = 1/8. Śőőâćěâáâćěŋŋő, (9.67) ŕěàěŕĺáëćăěâáï łăł:

K(p1t1; p0t0) = θ(t1 − t0)^{( α}_{iπ}^{)3/2} 18 ∫ dX exp ( i 2~pX ) ∫ dx exp ( i 2~Px ) e^{iα}x^2 ,

(9.69) čďě α =^m_{2~(t1−t0)} . Ŕěàćëľ ĺŋâěčàăń ğďěáì àăćěŋ 8(2π~)^3δ(p) = 8(2π~)^3δ(p_0 − p_1), âăł çâő:

K(p1t1; p0t0) = (2π~)^3θ(t1 − t0)δ(p0 − p1)^{( α}_{iπ}^{)3/2} ∫ dx exp ( i 2~Px +^{iα}x^2 ) (9.70)

ĺ ĺáŕőńìğãï (9.35) ŕőńãçăěň

K(p1t1; p0t0) = (2π~)^3θ(t1 − t0)δ(p0 − p1) exp [ − iP^2(t1 − t0) 8m~ ] , (9.71)

čďě δ-äãŋłæĺï ćëàăęăěâ ğăłőŋ áőåàăŋěŋĺï ĺňŕãńìáă. Şçĺâëćăï âěŕěàì, çâő P^2 =

4p^2_0, ŕőńãçăěň őłőŋçăâěńìŋő:

K(p1t1; p0t0) = (2π~)^3θ(t1 − t0)δ(p0 − p1) exp [ − ip^2_0(t1 − t0) 2m~ ] . (9.72)

Ŋăłőŋěæ, ćëçĺáńĺň ěéě ĺ äãàìě-őąàăğ ŕàőŕăčăâőàă ŕő ćàěňěŋŋëň ŕěàěňěŋŋëň:

K(p1E1; p0E0) = ∫ dt_0 ∫ dt_1 exp ( i ~^{E1t1} ) K(p1t1; p0t0) exp ( − i ~^{E0t0} ) = = (2π~)^3δ(p_0 − p_1) ∫ dt_0 ∫ dt_1θ(τ ) exp ( − ip^2_1 2m~^τ ) exp [ i ~(^{E1t1 − E0t0}) ] , (9.73)

čďě ňë ććěńĺ τ = t_1 − t_0. Řăááňăâàĺćăï τ ĺ t_0 łăł ŋěğăćĺáĺňëě ŕěàěňěŋŋëě ĺŋâěčàĺàőćăŋĺï, ŕőńãçĺň:

K(p1E1; p0E0) = (2π~)^3δ(p0 − p1) ∞∫ −∞ dt_0 exp [ i ~(^{E1 − E0})^{t0} ] ×

× ∞∫ −∞ dτ θ(τ ) exp [ i ~(^{E1 −} p^2_1 2m )τ ] . (9.74)

Ŕěàćëľ ĺŋâěčàăń ğďěáì ďăěâ (2π~)δ(E_1 − E_0), ă ćâőàőľ, ĺğ-ğă ŋăńĺçĺï θ(τ ), áńěďãěâ

222 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

ŕőŋĺňăâì łăł^1:

lim_{δ→+0} ∞∫ 0 dτ e^{i(E1−}p^{21/2m+iδ)τ/}~ = i~ E_1 − p^{21}_{2m} + iδ

. (9.76)

Ŕőíâőňã őłőŋçăâěńìŋő ĺňěěň:

K(p1E1; p0E0) = (2π~)^4δ(p0 − p1)δ(E0 − E1)^i~_{E1 −} p_{21} 2m + iδ , δ → +0 , (9.77)

çâő ŕàěďáâăćńïěâ áőąőľ äãàìě-őąàăğ ğăŕăğďëćăîéěľ äãŋłæĺĺ Čàĺŋă áćőąőďŋőľ çăáâĺæë, ŕàĺçěň δ-äãŋłæĺĺ ćëàăęăîâ ğăłőŋë áőåàăŋěŋĺï ĺňŕãńìáă ĺ íŋěàčĺĺ. Ğăňěâĺň, çâő ŕőńîá íâőčő ćëàăęěŋĺï, äăłâĺçěáłĺ, őŕàěďěńïěâáï łĺŋěâĺçěáłőľ íŋěàčĺěľ çăáâĺæë, çâő ïćńïěâáï ŕàőïćńěŋĺěň őąéěčő áćőľáâćă äãŋłæĺľ Čàĺŋă [13]: ĺå ŕőńîáë őŕàěďěńïîâ íŋěàčěâĺçěáłĺľ áŕěłâà áőőâćěâáâćãîéĺå çăáâĺæ (łćăğĺçăáâĺæ).

Ěáńĺ ććěáâĺ ěéě ĺ äãàìě-őąàăğ ŕőâěŋæĺăńă, ğăŕĺáăć V (x, t) ć ćĺďě:

V (x, t) = ∫ dω 2π ∫ d^3q (2π)^3 e^{i(}qx^{−ωt)}V (qω) , (9.78)

âő àïď âěőàĺĺ ćőğňãéěŋĺľ (9.60) ŕőàőęďăěâ áâăŋďăàâŋãî ďĺăčàăňňŋãî âěåŋĺłã ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ďńï äãŋłæĺĺ Čàĺŋă çăáâĺæë ćő ćŋěèŋěň ŕőńě [13].

Ťãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě.

Ğăŕĺáì äãŋłæĺĺ Čàĺŋă (ŕàőŕăčăâőàă) çăáâĺæë ć ćĺďě äěľŋňăŋőćáłőčő ĺŋâěčàăńă ŕő âàăěłâőàĺïň ⟨q_f t_f |q_it_i⟩ = N ∫ Dq(t) exp i ~ t_f∫

t_i dt [m 2 _q^2 − V (q) ] =

= N ∫ Dq(t) exp i ~ t_f∫

t_i dtL(q, _q) (9.79)

ććőďĺâ ć ŋăèě àăááňőâàěŋĺě ŕőŋïâĺě äãŋłæĺőŋăńìŋőčő ĺŋâěčàăńă: ĺŋâěčàĺàőćăŋĺě ğďěáì ćěďěâáï ŕő ćáěň äãŋłæĺïň (âàăěłâőàĺïň) q(t), áćïğëćăîéĺň ŋăçăńìŋãî ĺ łőŋěçŋãî âőçłĺ. Šăłĺň őąàăğőň, ŕàőæěďãàă ćëçĺáńěŋĺï (9.79) áőŕőáâăćńïěâ ćáěňã

1Ťãàìě-őąàăğ θ(t) őŕàěďěńïěâáï ĺğ àăćěŋáâćă:

θ(t) = lim_{δ→+0} ∫_∞ −∞ dω 2π e^{−iωt} i ω + iδ , (9.75)

ć áŕàăćěďńĺćőáâĺ łőâőàőčő ŋěâàãďŋő ãąěďĺâìáï, ŕàőćőďï ĺŋâěčàĺàőćăŋĺě ćďőńì ćěéěáâćěŋŋőľ őáĺ ĺ ğăňëłăï łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ćěàåŋěľ ĺńĺ ŋĺęŋěľ ŕőńãŕńőáłőáâĺ ω ć ğăćĺáĺňőáâĺ őâ ğŋăłă t.

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 223

ňŋőęěáâćã äãŋłæĺľ q(t) ŋěłőâőàőě łőŋłàěâŋőě (łőňŕńěłáŋőě) çĺáńő | ăňŕńĺâãďã łćăŋâőćőňěåăŋĺçěáłőčő ŕěàěåőďă, áâőïéãî ć ńěćőľ çăáâĺ. Šăłĺň őąàăğőň, (9.79) ïćńïěâáï łőŋłàěâŋőľ àěăńĺğăæĺľ ňăâěňăâĺçěáłőčő ŕőŋïâĺï äãŋłæĺőŋăńă | őâőąàăęěŋĺï ňŋőęěáâćă äãŋłæĺľ ć ňŋőęěáâćő çĺáěń:

• Ťãŋłæĺőŋăń: äãŋłæĺï ⇒ çĺáńő

Ć őâńĺçĺě őâ íâőčő őąëçŋăï äãŋłæĺï ğăďăěâ őâőąàăęěŋĺï őďŋőčő ňŋőęěáâćă çĺáěń ć ďàãčőě ňŋőęěáâćő çĺáěń:

• Ťãŋłæĺï: çĺáńő ⇒ çĺáńő

Ć çăáâŋőáâĺ, äãŋłæĺőŋăń ŋě ěáâì ŕàőáâő äãŋłæĺï őâ äãŋłæĺĺ (íâő őŕïâì ŕàőáâő äãŋłæĺï!).

Őąëçŋő ďńï äãŋłæĺőŋăńă F őâ äãŋłæĺĺ f(x) ĺáŕőńìğãěâáï őąőğŋăçěŋĺě F [f(x)]. Šĺŕĺçŋëľ ŕàĺňěà äãŋłæĺőŋăńă { őŕàěďěńěŋŋëľ ĺŋâěčàăń: F [f(x)] = ∫_b a dxf(x). Őŕàěďěńĺň âěŕěàì ŕőŋïâĺě äãŋłæĺőŋăńìŋőčő ďĺääěàěŋæĺàőćăŋĺï. Ŕő ăŋăńőčĺĺ á őąëçŋëň ďĺääěàěŋæĺàőćăŋĺěň, äãŋłæĺőŋăńìŋăï (ĺńĺ łăł ěě ěéě ŋăğëćăîâ { ćăàĺăæĺőŋŋăï) ŕàőĺğćőďŋăï äãŋłæĺőŋăńă F [f(x)] ŕő äãŋłæĺĺ f(y) őŕàěďěńïěâáï łăł: δF [f(x)] δf(y) = lim_{ε→0} F [f(x) + εδ(x − y)] − F [f(x)] ε . (9.80)

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 . (9.81)

Ć łăçěáâćě ěéě őďŋőčő ŕàĺňěàă àăááňőâàĺň äãŋłæĺőŋăń:

F_x[f] = ∫ dyf(y)G(x, y) , (9.82) čďě ŕěàěňěŋŋăï x, őâ łőâőàőľ ğăćĺáĺâ ńěćăï çăáâì, àăááňăâàĺćăěâáï łăł ŕăàăňěâà. Šőčďă ĺňěěň: δF_x[f] δf(z) = lim_{ε→0} 1 ε [∫ dy{G(x, y)[f(y) + εδ(y − z)]} − ∫ dyG(x, y)f(y) ] = = ∫ dyG(x, y)δ(y − z) = G(x, z) . (9.83) Ŕàĺćěďěŋŋëå äőàňãń ďőáâăâőçŋő ďńï ŕőŋĺňăŋĺï ćáěå ćëàăęěŋĺľ, áćïğăŋŋëå á äãŋłæĺőŋăńìŋëň ďĺääěàěŋæĺàőćăŋĺěň, łőâőàëě ąãďãâ ŕàĺćőďĺâìáï ŋĺęě.

224 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Řĺá. 9-5

Ŋěłőâőàëě áćőľáâćă äãŋłæĺőŋăńìŋëå ĺŋâěčàăńőć.

Ĺâăł, ăňŕńĺâãďă ŕěàěåőďă łćăŋâőćőľ çăáâĺæë ĺğ ŋăçăńìŋőľ âőçłĺ q_it_i ć łőŋěçŋãî q_f t_f àăćŋă:

⟨q_f t_f |q_it_i⟩ = N q(t_f )=q_f ∫ q(t_i)=q_i Dq(t) exp i ~ t_f∫

t_i dt [m 2 _q^2 − V (q) ] =

= N q(t_f )=q_f ∫ q(t_i)=q_i Dq(t) exp i ~ t_f∫

t_i dtL(q, _q) . (9.84)

Ğăľňěňáï ćëćőďőň ŋěłőâőàëå äőàňăńìŋëå áőőâŋőèěŋĺľ, łőâőàëě őłăęãâáï őçěŋì ŕőńěğŋëňĺ ŕàĺ őąőąéěŋĺĺ ŋă áńãçăľ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ďőąăćĺň ł äãŋłæĺĺ Ńăčàăŋęă ŋăèěľ łćăŋâőćőľ çăáâĺæë ďőŕőńŋĺâěńìŋëľ çńěŋ:

L → L + ~J(t)q(t) (9.85)

čďě J(t) | ŋěłőâőàăï ŕàőĺğćőńìŋăï äãŋłæĺï ćàěňěŋĺ, łőâőàãî ąãďěň ŋăğëćăâì \ĺáâőçŋĺłőň". Ąãďěň áçĺâăâì, çâő J(t) őâńĺçŋă őâ ŋãńï ŋă ŋěłőâőàőň ĺŋâěàćăńě ćàěňěŋĺ ňěęďã ňőňěŋâăňĺ t ĺ t^′ (t < t^′), ćëďěńěŋŋőň ŋă Řĺá.9-5. Řăááňőâàĺň ěéě ňőňěŋâ ćàěňěŋĺ T , ŕàěďèěáâćãîéĺľ t, ă âăłęě ňőňěŋâ T^′, ąőńěě ŕőğďŋĺľ, çěň t^′. Šőčďă ăňŕńĺâãďă ŕěàěåőďă áĺáâěňë, ćğăĺňőďěľáâćãîéěľ á ĺáâőçŋĺłőň, ňěęďã ŕàőĺğćőńìŋëňĺ áőáâőïŋĺïňĺ (âőçłăňĺ) ć íâĺ ňőňěŋâë ćàěňěŋĺ ěáâì: ⟨Q^′T^′|QT ⟩^J = N ∫ Dq(t) exp i ~ T^′∫

T dt [ L(q, _q) + ~Jq ] (9.86)

Ś ďàãčőľ áâőàőŋë, ŕőńìğãïáì (9.4) ňőęěň ŋăŕĺáăâì: ⟨Q^′T^′|QT ⟩^J = ∫ dq^′ ∫ dq⟨Q^′T^′|q^′t^′⟩⟨q^′t^′|qt⟩^J ⟨qt|QT ⟩ , (9.87) čďě, ććĺďã ŋăèěčő ŕàěďŕőńőęěŋĺï ő ćĺďě J(t), őâ ĺáâőçŋĺłă ğăćĺáĺâ âőńìłő \ŕàőňěęãâőçŋëľ" ŕàőŕăčăâőà. Ĺáŕőńìğãï (9.10) ĺňěěň: ⟨Q^′T^′|q^′t^′⟩ = ⟨ Q^′ | | | |exp ( − i ~^{HT ′} ) exp ( i ~^{Ht′} )| | | q^′ ⟩ =

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 225 = ∑ m φ_m(Q^′)φ^∗_m(q^′) exp [ i ~^{Em}(^{t′ − T ′}) ] , (9.88)

čďě {φ_m(q)} | ŕőńŋëľ ŋăąőà áőąáâćěŋŋëå äãŋłæĺľ čăňĺńìâőŋĺăŋă (őŕěàăâőàă íŋěàčĺĺ). Ăŋăńőčĺçŋëň őąàăğőň ŕőńãçăěň: ⟨qt|QT ⟩ = ∑ n φ_n(q)φ^∗_n(Q) exp [ − i ~^{En}(^{t − T} ) ] . (9.89)

Ŕőďáâăćńïï (9.88) ĺ (9.89) ć (9.87) ĺ ğăňěŋïï ć íâőň ćëàăęěŋĺĺ T^′ → T^′e^{−iδ} ĺ T → T e^{−iδ} (\ŕőćőàăçĺćăï" őáì ćàěňěŋĺ ŋă ŕàőĺğćőńìŋëľ ãčőń δ < π/2 ć łőňŕńěłáŋőľ ŕńőáłőáâĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá.9-5), ŕěàěľďěň ł ŕàěďěńã T^′ → ∞ ĺ T → −∞. Šőčďă ğă áçěâ äăłâőàă \ğăâãåăŋĺï" δ ć àăááňăâàĺćăěňőľ ăňŕńĺâãďě ŕěàěåőďă (9.87) ŕàőĺáåőďĺâ ãŋĺçâőęěŋĺě ćłńăďőć őâ ćáěå áőáâőïŋĺľ á E_n > 0, E_m > 0, ă őáâăěâáï âőńìłő ćłńăď őâ E_0 = 0, â.ě. ćłńăď âőńìłő őâ őáŋőćŋőčő áőáâőïŋĺï (ãàőćŋï) ŋăèěľ çăáâĺæë ć ŕőńě V (q)^2. Šőčďă ŕőńãçăěň: lim T^′ →∞e^{−iδ} lim T →−∞e^{−iδ} ⟨Q^′T^′|QT ⟩^J = φ^∗_0(Q)φ_0(Q^′) exp [ − i ~^{E0}(^{T ′ − T} ) ] ×

× ∫ dq^′ ∫ dqφ^∗_0(q^′t^′)⟨q^′t^′|qt⟩^J φ_0(qt) (9.90) ĺńĺ ∫ dq^′ ∫ dqφ^∗_0(q^′t^′)⟨q^′t^′|qt⟩^J φ_0(qt) =

= lim T^′ →∞e^{−iδ} lim T →−∞e^{−iδ} ⟨Q^′T^′|QT ⟩^J φ^∗_0(Q)φ_0(Q^′) exp [ −^i~ E_0(T^′ − T )

] . (9.91)

Ńěćăï çăáâì ğďěáì ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã ŕěàěåőďă (ć ŕàĺáãâáâćĺě ĺáâőçŋĺłă), ãáàěďŋěŋŋãî ŕő őáŋőćŋőňã áőáâőïŋĺî (\ćăłããňã") áĺáâěňë. Šěŕěàì ňőęŋő áçĺâăâì, çâő ĺ t^′ → ∞, ă t → −∞ ĺ ććěáâĺ ďńï ŋăèěľ ãáàěďŋěŋŋőľ ăňŕńĺâãďë ŕěàěåőďă (9.91) őąőğŋăçěŋĺě ⟨0, ∞|0, −∞⟩^J, ŕőďàăğãňěćăï, çâő őŋă őŕĺáëćăěâ ŕěàěåőď \ćăłããň - ćăłããň" ğă ąěáłőŋěçŋëľ ĺŋâěàćăń ćàěňěŋĺ. Ğŋăňěŋăâěńì ć ŕàăćőľ çăáâĺ (9.91) ěáâì ŕàőáâő çĺáńő. Ŕőíâőňã ňőęěň ŋăŕĺáăâì: ⟨0, ∞|0, −∞⟩^J ∼ lim_{T ′→∞e−iδ} lim_{T →−∞e−iδ} ⟨Q^′T^′|QT ⟩^J ≡ Z[J] , (9.92) čďě ććěńĺ äãŋłæĺőŋăń ĺáâőçŋĺłă:

Z[J] = lim T^′→∞e^{−iδ} lim T →−∞e^{−iδ} N ∫ DQ(t) exp i ~ T^′∫

T dt[L(Q, _Q) + ~JQ] . (9.93)

2Ć íâĺå àăááãęďěŋĺïå ćăęŋő, çâő áőąáâćěŋŋëě ğŋăçěŋĺï íŋěàčĺĺ ćáěčďă ňőęŋő ãŕőàïďőçĺâì: E_0 < E_1 < E_2 < ... < En < ..., âăł çâő őŕĺáăŋŋăï ŕàőæěďãàă ćáěčďă ćëďěńïěâ ćłńăď áőáâőïŋĺï á ŋăĺňěŋìèěľ íŋěàčĺěľ, łőâőàãî ňőęŋő ćáěčďă ŕőńőęĺâì àăćŋőľ ŋãńî (ŋő ňőęŋő ĺ áőåàăŋĺâì ć ïćŋőň ćĺďě, łăł ďăîéãî ŋăĺňěŋěě ãąëćăîéĺľ ćłńăď). Łàőňě âőčő, ć àăááňăâàĺćăěňőľ ŕàőæěďãàě ňőęŋő, ć łőŋæě àăááãęďěŋĺľ, ŕěàěľâĺ ł ŕàěďěńã δ → +0, çâőąë ŋě áňãéăâìáï őâ ŕőŋïâĺï \łőňŕńěłáŋőčő" ćàěňěŋĺ.

226 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Ğăňěâĺň âěŕěàì, çâő ćňěáâő âőčő, çâőąë \ŕőćőàăçĺćăâì" ćàěňěŋŋãî őáì ć łőňŕńěłáŋőľ ŕńőáłőáâĺ, ďńï ćëďěńěŋĺï ćłńăďă őďŋőčő âőńìłő őáŋőćŋőčő áőáâőïŋĺï ňőęŋő ďőŕĺáăâì ňăńěŋìłãî őâàĺæăâěńìŋãî ňŋĺňãî ďőąăćłã ł čăňĺńìâőŋĺăŋã ŋăèěľ áĺáâěňë (9.17), łőâőàãî ãďőąŋő ğăŕĺáăâì ć ćĺďě −^1_2 iεq^2(ε → +0). Šőčďă ćáě áőąáâćěŋŋëě ğŋăçěŋĺï íŋěàčĺĺ ŕàĺőąàěâãâ ňăńëě ňŋĺňëě ďőąăćłĺ, çâő ŕàĺćěďěâ ć ŕàěďěńě T^′ → ∞, T → −∞ ł âőňã ęě íääěłâã íłáŕőŋěŋæĺăńìŋőčő ŕőďăćńěŋĺï ćłńăďőć őâ E_n > 0^3. Ć äãŋłæĺĺ Ńăčàăŋęă L íâő íłćĺćăńěŋâŋő ďőąăćńěŋĺî +^1_2 iεq^2. Šőčďă ňőęŋő ŋăŕĺáăâì: Z[J] = N ∫ Dq(t) exp i ~ ∞∫ −∞ dt [ L(q, _q) + ~Jq + 1 2 iεq^2 ] , ε → +0 . (9.94)

Őłăğëćăěâáï, çâő âăł őŕàěďěńěŋŋëľ äãŋłæĺőŋăń Z[J] őąńăďăěâ æěńëň àïďőň ŕőńěğŋëå ĺ ĺŋâěàěáŋëå áćőľáâć.

Řăááňőâàĺň ćňěáâő ăňŕńĺâãďë ŕěàěåőďă ⟨q_f t_f |q_it_i⟩ ňăâàĺçŋëľ íńěňěŋâ őŕěàăâőàă łőőàďĺŋăâë ⟨q_f t_f |^q(t_{n1})|q_it_i⟩, čďě t_f > t_{n1} > t_i. Ŕő ĺğćěáâŋëň ŋăň őąéĺň ŕàăćĺńăň ňőęěň ŋăŕĺáăâì: ⟨q_f t_f |^q(t_{n1})|q_it_i⟩ = ∫ dq_1...dq_n⟨q_f t_f |q_nt_n⟩⟨q_nt_n|q_{n−1}t_{n−1}⟩... ..⟨q_{n1}t_{n1}|^q(t_{n1})|q_{n1−1}t_{n1−1}⟩... .⟨q_1t_1|q_it_i⟩ (9.95) Őçěćĺďŋő, çâő

⟨q_{n1}t_{n1}|^q(t_{n1})|q_{n1−1}t_{n1−1}⟩ = q(t_{n1})⟨q_{n1}t_{n1}|q_{n1−1}t_{n1−1}⟩ , (9.96)

čďě ć ŕàăćőľ çăáâĺ q(t_{n1}) ãęě ŋě őŕěàăâőà, ă c-çĺáńő (áőąáâćěŋŋőě ğŋăçěŋĺě). Ďăńěě ňë ňőęěň ŕőćâőàĺâì ćáě àăááãęďěŋĺï, ŕàőćěďěŋŋëě ćëèě ŕàĺ ŕěàěåőďě őâ (9.15) ł (9.24) ĺ ğăŕĺáăâì (9.95) ć ćĺďě äěľŋňăŋőćáłőčő ĺŋâěčàăńă ŕő âàăěłâőàĺïň:

⟨q_f t_f |^q(t_1)|q_it_i⟩ = ∫ DqDp 2π~^q(^{t1}) exp i ~ t_f∫

t_i dt[p _q − H(p, q)] . (9.97)

Ŕãáâì âěŕěàì ŋãęŋő ŋăľâĺ ňăâàĺçŋëľ íńěňěŋâ ⟨q_f t_f |^q(t_{n1})^q(t_{n2})|q_it_i⟩. Ěáńĺ t_{n1} > t_{n2}, âő ňőęŋő ğăŕĺáăâì: ⟨q_f t_f |^q(t_{n1})^q(t_{n2})|q_it_i⟩ = ∫ dq_1...dq_n⟨q_f t_f |q_nt_n⟩⟨q_nt_n|q_{n−1}t_{n−1}⟩... ...⟨q_{n1}t_{n1}|^q(t_{n1})|q_{n1−1}t_{n1−1}⟩...⟨q_{n2}t_{n2}|^q(t_{n2})|q_{n2−1}t_{n2−1}⟩...⟨q_1t_1|q_it_i⟩ , (9.98) çâő ć ŕàěďěńě ďăěâ ĺŋâěčàăń ŕő âàăěłâőàĺïň ćĺďă:

⟨q_f t_f |^q(t_1)^q(t_2)|q_it_i⟩ = ∫ DqDp 2π~^q(^{t1})^q(^{t2}) exp i ~ t_f∫

t_i dt[p _q − H(p, q)] . (9.99)

3Řăğãňěěâáï, ććěďěŋĺě ğďěáì łőőàďĺŋăâŋőľ ğăćĺáĺňőáâĺ ∼^1_2 q^2 áőćěàèěŋŋő ŋěáãéěáâćěŋŋő ďńï íâĺå àăááãęďěŋĺľ. Şďőąáâćő ććěďěŋĺï ĺňěŋŋő âăłőľ ğăćĺáĺňőáâĺ áâăŋěâ ïáŋő çãâì ŕőğęě.

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ 227

Ğďěáì ĺňěńőáì ć ćĺďã, çâő t_1 > t_2. Ěáńĺ àăááňőâàěâì âěŕěàì áńãçăľ t_2 > t_1, âő ňăâàĺçŋëě íńěňěŋâë łőőàďĺŋăâë ć ňőňěŋâë ćàěňěŋĺ t_1 ĺ t_2 ć ŕàăćőľ çăáâĺ (9.95) ŕőňěŋïîâáï ňěáâăňĺ ĺ íâő ćëàăęěŋĺě, ă á ŋĺň ĺ ĺŋâěčàăń ć ŕàăćőľ çăáâĺ (9.99), áćěďěâáï ł ⟨q_f t_f |^q(t_2)^q(t_1)|q_it_i⟩. Šăłĺň őąàăğőň, ć őąéěň áńãçăě, ĺŋâěčàăń ŕő âàăěłâőàĺïň, áâőïéĺľ ć ŕàăćőľ çăáâĺ (9.99) őŕàěďěńïěâ ňăâàĺçŋëľ íńěňěŋâ őâ åàőŋőńőčĺçěáłőčő ŕàőĺğćěďěŋĺï őŕěàăâőàőć ⟨q_f t_f |T [^q(t_1)^q(t_2)]|q_it_i⟩, čďě őŕěàăâőà T -ãŕőàïďőçěŋĺï ďćãå őŕěàăâőàőć őŕàěďěńěŋ łăł:

T [A(t_1)B(t_2)] = { A(t_1)B(t_2) ŕàĺ t_1 > t_2 , B(t_2)A(t_1) ŕàĺ t_2 > t_1 . (9.100)

Ć őąéěň áńãçăě, âăłĺň őąàăğőň, ĺňěěň: ⟨q_f t_f |T [^q(t_1)^q(t_2)...^q(t_n)]|q_it_i⟩ = ∫ DqDp 2π~^q(^{t1})^q(^{t2})^{...q}(^{tn}) exp i ~ t_f∫

t_i dt[p _q − H(p, q)] , (9.101) çâő ďăěâ őąéěě ćëàăęěŋĺě ďńï áàěďŋěčő őâ åàőŋőńőčĺçěáłőčő ŕàőĺğćěďěŋĺï őŕěàăâőàőć çěàěğ äãŋłæĺőŋăńìŋëľ ĺŋâěčàăń. Ďńï áńãçăï, łőčďă čăňĺńìâőŋĺăŋ ğăďăçĺ ğăŕĺáëćăěâáï ć ćĺďě (9.17), ňőęŋő ŕàőćěáâĺ ďăńìŋěľèĺě ãŕàőéěŋĺï ĺ ğăŕĺáăâì: ⟨q_f t_f |T [^q(t_1)^q(t_2)...q(t_n)]|q_it_i⟩ = N ∫ Dq q(t_1)q(t_2)...q(t_n) exp i ~ t_f∫

t_i dtL . (9.102)

Ĺğ őŕàěďěńěŋĺï äãŋłæĺőŋăńă Z[J] (9.94) ńěčłő ćĺďěâì, çâő ěčő äãŋłæĺőŋăńìŋăï (ćăàĺăæĺőŋŋăï) ŕàőĺğćőďŋăï ŕő ĺáâőçŋĺłã J ĺňěěâ ćĺď: δZ[J] δJ(t_1) = iN ∫ Dq(t) q(t_1) exp i ~ ∞∫ −∞ dt [ L(q, _q) + ~Jq + 1 2 iεq^2 ] . (9.103)

Ć őąéěň áńãçăě: δ^nZ[J] δJ(t_1)...δJ(t_n) = i^nN ∫ D q(t)q(t_1)...q(t_n) exp i ~ ∞∫ −∞ dt [ L(q, _q) + ~Jq + 1 2 iεq^2 ] . (9.104) Ŕőńăčăï ğďěáì J = 0, ŕőńãçĺň: δ^nZ[J] δJ(t_1)...δJ(t_n) | | | |_{J=0} = i^nN ∫ D q(t)q(t_1)...q(t_n) exp i ~ ∞∫ −∞ dt [ L(q, _q) + 1 2 iεq^2 ] . (9.105) Ćáŕőňĺŋăï âěŕěàì, çâő çńěŋ^i_2 εq^2 ŕőğćőńïěâ ćëďěńĺâì ĺğ łćăŋâőćőňěåăŋĺçěáłĺå áàěďŋĺå ćłńăď őáŋőćŋőčő áőáâőïŋĺï, ĺ ĺáŕőńìğãï (9.102), ŕàĺåőďĺň ł áńěďãîéěňã ćëàăęěŋĺî ďńï \ćăłããňŋőčő" áàěďŋěčő őâ åàőŋőńőčĺçěáłőčő ŕàőĺğćěďěŋĺï őŕěàăâőàőć: δ^nZ[J] δJ(t_1)...δJ(t_n) | | | |_{J=0} ∼ i^n⟨0, ∞|T [^q(t^1)...^q(t^n)]|0, −∞⟩ . (9.106)

228 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŁĆĂŊŠŐĆĂ§ ŇĚŢĂŊĹŁĂ

Šăłĺň őąàăğőň, ňŋőčőłàăâŋőě äãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě Z[J] ŕő ĺáâőçŋĺłã J \čěŋěàĺàãěâ" áàěďŋĺě őâ T -ŕàőĺğćěďěŋĺľ łćăŋâőćëå őŕěàăâőàőć, ŕàĺçěň ćáŕőňőčăâěńìŋëľ ĺáâőçŋĺł, ć łőŋæě łőŋæőć, ŕàőáâő ŕőńăčăěâáï àăćŋëň ŋãńî. Ŕőíâőňã äãŋłæĺőŋăń Z[J] ňőęŋő ŋăğëćăâì ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï íâĺå áàěďŋĺå. Ğăőďŋő ňë ŕőńãçăěň ĺ ŕàěďáâăćńěŋĺě âăłĺå áàěďŋĺå ć ćĺďě äãŋłæĺőŋăńìŋëå ĺŋâěčàăńőć ŕő âàăěłâőàĺïň.

Ćëèě ňë ćĺďěńĺ, çâő ĺňěŋŋő ćăłããňŋëě áàěďŋĺě T -ŕàőĺğćěďěŋĺľ ŕőńěćëå őŕěàăâőàőć őŕàěďěńïîâ ŋăąőà äãŋłæĺľ Čàĺŋă ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŕěàěåőď őâ łćăŋâőćőľ ňěåăŋĺłĺ ł łćăŋâőćőľ âěőàĺĺ ŕőńï áćőďĺâáï ł őąőąéěŋĺî ŋă áńãçăľ áĺáâěňë á ąěáłőŋěçŋëň çĺáńőň áâěŕěŋěľ áćőąőďë, łőčďă őŕěàăâőàë łőőàďĺŋăâ ğăňěŋïîâáï ŕőńěćëňĺ őŕěàăâőàăňĺ ć łăęďőľ âőçłě ŕàőáâàăŋáâćă-ćàěňěŋĺ. Ŕőíâőňã áâăŋőćĺâáï ïáŋëň, çâő àăááňőâàěŋŋãî äőàňãńĺàőćłã łćăŋâőćőľ ňěåăŋĺłĺ ŋă őáŋőćě ĺŋâěčàăńőć ŕő âàăěłâőàĺïň, ňőęŋő ĺáŕőńìğőćăâì ďńï ŋěŕőáàěďáâćěŋŋőčő ŕőáâàőěŋĺï łćăŋâőćőľ âěőàĺĺ ŕőńï á ĺáŕőńìğőćăŋĺěň äőàňăńĺğňă äãŋłæĺőŋăńìŋëå ĺŋâěčàăńőć ŕő ŕőńěćëň ŕěàěňěŋŋëň. Ĺňěŋŋő íâő ĺ ąãďěâ ŋăèěľ ğăďăçěľ ć áńěďãîéĺå čńăćăå.

Čńăćă 10

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚ- ČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹ- ŊŐŘŻ

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áłăńïàŋëå ŕőńěľ.

Ŕěàěľďěň ł őąáãęďěŋĺî äãŋłæĺőŋăńìŋőľ äőàňãńĺàőćłĺ łćăŋâőćőľ âěőàĺĺ ŕőńï. Řăááňőâàĺň ŕàőáâěľèĺľ ćăàĺăŋâ âěőàĺĺ áćőąőďŋőčő áłăńïàŋőčő ŕőńï φ(x), ćğăĺňőďěľáâćãîéěčő á ĺáâőçŋĺłőň J(x). Ŋěŕőáàěďáâćěŋŋő őąőąéăï àăááãęďěŋĺï, ŕàőćěďěŋŋëě ć ŕàěďëďãéěľ Čńăćě, ňőęěň ććěáâĺ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń: Z[J] = ∫ Dφ(x^μ) exp { i ∫ d^4x[L(φ) + J(x)φ(x) + i 2 εφ^2(x)] } ∼ ⟨0, ∞|0, −∞⟩^J , (10.1) ŕàőŕőàæĺőŋăńìŋëľ ăňŕńĺâãďě ŕěàěåőďă ćăłããň { ćăłããň. Ğďěáì L(φ) | ńăčàăŋęĺăŋ Łńěľŋă { Čőàďőŋă, ĺ ňë ŕěàěèńĺ őâ ĺŋâěčàĺàőćăŋĺï ŕő âàăěłâőàĺïň çăáâĺæë ł ĺŋâěčàĺàőćăŋĺî ŕő ćáěň ćőğňőęŋëň łőŋäĺčãàăæĺïň ŕőńï^1ć ŕàőáâàăŋáâćě-

1Ć łńăááĺçěáłőľ âěőàĺĺ ŕőńï àăááňăâàĺćăěâáï âőńìłő őďŋă ŕőńěćăï łőŋäĺčãàăæĺï ć ŕàőáâàăŋáâćě-ćàěňěŋĺ, ă ĺňěŋŋő âă, łőâőàăï ãďőćńěâćőàïěâ ãàăćŋěŋĺïň Ńăčàăŋęă (ŕàĺŋæĺŕã ŋăĺňěŋìèěčő ďěľáâćĺï). Őâńĺçĺě łćăŋâőćőľ âěőàĺĺ ŕőńï ć âőň, çâő ć ŋěľ \àăąőâăîâ" ćáě ňëáńĺňëě łőŋäĺčãàăæĺĺ, ŋő łăęďăï ĺğ ŋĺå ćåőďĺâ ć âěőàĺî á \ćěáőň" exp{iS}, čďě S | łńăááĺçěáłőě

230 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

ćàěňěŋĺ: Dq(t) → Dφ(x^μ). Śňëáń âăłőčő ĺŋâěčàĺàőćăŋĺï ďőáâăâőçŋő ŕàőáâ. Řăğąĺćăěň ŕàőáâàăŋáâćő-ćàěňï ŋă ňăńěŋìłĺě çěâëàěåňěàŋëě łãąĺłĺ őąêěňőň δ^4, ć łăęďőň ĺğ łőâőàëå ğăňěŋïěň ŕőńě ŋă łőŋáâăŋâã (áàěďŋěě ğŋăçěŋĺě ćŋãâàĺ łãąĺłă): φ ≈ φ(x_i, y_j, z_k, t_l). Ŕàőĺğćőďŋëě ŕőńï ćëàăęăěň çěàěğ łőŋěçŋëě àăğŋőáâĺ: ∂φ ∂x_i | | |_{i,j,k,l} ≈ 1 δ [φ(x_i + δ, y_j , z_k, t_l) − φ(x_i, y_j, z_k, t_l)] (10.2)

ĺ â. ď. Ğăňěŋïï ŋăąőà (i, j, k, l) őďŋĺň ĺŋďěłáőň n, ŋãňěàãîéĺň ïçěľłĺ (łãąĺłĺ), ğăŕĺèěň:

L(φ_n, ∂_μφ_n) = L_n . (10.3) Ěáńĺ ńîąőľ ĺğ ĺŋďěłáőć (i, j, k, l) ŕàĺŋĺňăěâ N ğŋăçěŋĺľ, âő ĺŋďěłá n ŕàĺŋĺňăěâ N^4 ğŋăçěŋĺľ ĺ ďěľáâćĺě ğăŕĺáëćăěâáï łăł: S = ∫ d^4xL = N4∑ n=1 δ^4L_n . (10.4)

Šőčďă ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń Z[J] ŕàĺőąàěâăěâ ćĺď: Z[J] = lim_{N→∞} ∫_N^4∏ n=1 dφ_n exp i N4∑ n=1 δ^4 ( L_n + φ_nJ_n + i 2 εφ^2_n ) , (10.5)

çâő ĺ őŕàěďěńïěâ áňëáń äőàňăńìŋőčő ćëàăęěŋĺï (10.1), ććőďï ć âěőàĺî ŕőŋïâĺě äãŋłæĺőŋăńìŋőčő ĺŋâěčàăńă ŕő ŕőńïň (ćňěáâő âàăěłâőàĺľ łćăŋâőćőľ ňěåăŋĺłĺ).

Ćëçĺáńĺň Z[J] ďńï áćőąőďŋőčő ŕőńï, łőčďă

L → L_0 = 1 2 (∂_μφ∂^μφ − m^2φ^2) (10.6)

| ńăčàăŋęĺăŋ Łńěľŋă { Čőàďőŋă. Šőčďă:

Z_0[J] = ∫ Dφ exp { i ∫ d^4x [ 1 2 ( ∂_μφ∂^μφ − (m^2 − iε)φ^2 ) + φJ ]} . (10.7)

Ďăńìŋěľèĺě àăáçěâë ňőęŋő ŕàőćěáâĺ ĺ ŋě ćëçĺáńïï äãŋłæĺőŋăńìŋëľ ĺŋâěčàăń ć ïćŋőň ćĺďě. Ćőáŕőńìğãěňáï őçěćĺďŋëň âőęďěáâćőň ∂_μ(φ∂^μφ) = ∂_μφ∂^μφ + φ∂_μ∂^μφ ĺ ğăŕĺèěň: ∫ d^4x∂_μφ∂^μφ = ∫ d^4x∂_μ(φ∂^μφ) − ∫ d^4xφ2φ . (10.8)

Šőčďă ŕěàćëľ çńěŋ ć ŕàăćőľ çăáâĺ ŕàěőąàăğãěâáï ŕő âěőàěňě Čăãááă ć ŕőćěàåŋőáâŋëľ ĺŋâěčàăń, łőâőàëľ ňőęŋő áçĺâăâì àăćŋëň ŋãńî ŕàĺ ćëąőàě íâőľ ŕőćěàåŋőáâĺ ŋă ąěáłőŋěçŋőáâĺ (čďě ŕőńăčăěň φ → 0). Šőčďă: ∫ d^4x∂_μφ∂^μφ = − ∫ d^4xφ2φ (10.9)

ĺ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ŕěàěŕĺáëćăěâáï łăł:

Z_0[J] = ∫ Dφ exp { −i ∫ d^4x [ 1 2 φ(2 + m^2 − iε)φ − φJ^{]}} . (10.10)

ďěľáâćĺě.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 231

Ŕőďçěàłŋěň, çâő ŕőńě φ ć íâőň ćëàăęěŋĺĺ ïćńïěâáï ŕàőĺğćőńìŋëň (ŕěàěňěŋŋăï ĺŋâěčàĺàőćăŋĺï!) ĺ ćőćáě ŋě ãďőćńěâćőàïěâ ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă. Śďěńăěň ğăňěŋã ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï:

φ(x) → φ_0(x) + φ(x) (10.11) ĺ ćőáŕőńìğãěňáï áőőâŋőèěŋĺěň (łőâőàőě ćëćőďĺâáï ăŋăńőčĺçŋő (10.9)): ∫ d^4xφ_0[2 + m^2 − iε]φ = ∫ d^4xφ(2 + m^2 − iε)φ_0 . (10.12)

Šőčďă ĺňěěň: ∫ d^4x [ 1 2 φ(2 + m^2 − iε)φ − φJ^] →^∫ d^4x^{[ 1}_2 φ(2 + m^2 − iε)φ+

+ φ(2 + m^2 − iε)φ_0 + 1 2 φ_0(2 + m^2 − iε)φ_0 − φJ − φ_0J ] . (10.13)

Ă ćőâ âěŕěàì ŕőâàěąãěň, çâőąë ŕőńě φ_0(x) ãďőćńěâćőàïńő ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă á ĺáâőçŋĺłőň ć ŕàăćőľ çăáâĺ:

(2 + m^2 − iε)φ0(x) = J(x) . (10.14)

Šőčďă ĺŋâěàěáãîéĺľ ŋăá ĺŋâěčàăń áćőďĺâáï ł: ∫ d^4x [ 1 2 φ(2 + m^2 − iε)φ −^1_2 φ0J^] . (10.15)

Řěèěŋĺě ãàăćŋěŋĺï (10.14) ĺňěěâ ćĺď:

φ_0(x) = − ∫ d^4y´_F (x − y)J(y) , (10.16)

čďě ´_F (x − y) | äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà áłăńïàŋőčő ŕőńï, ãďőćńěâćőàïîéĺľ ãàăćŋěŋĺî (ãęě ćáâàěçăćèěňãáï ŋăň ć Čńăćě 4):

(2 + m^2 − iε)´F (x) = −δ(x) . (10.17)

Ŕőďáâăćńïï (10.16) ć (10.15) ćĺďĺň, çâő ŕőłăğăâěńì íłáŕőŋěŋâë ć (10.10) àăćěŋ: − i { 1 2 ∫ d^4xφ(2 + m^2 − iε)φ + 1 2 ∫ d^4xd^4yJ(x)´_F (x − y)J(y) } . (10.18)

Šăłĺň őąàăğőň ŕőńãçăěň^2:

Z_0[J] = exp { − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) } ∫ Dφ exp { − i 2 ∫ dxφ(2 + m^2 − iε)φ } . (10.19) Ŋő ĺŋâěčàăń ŕő Dφ ŕàěďáâăćńïěâ áőąőľ ŕàőáâő çĺáńő (őŋ ąěàěâáï ŕő ćáěň ňëáńĺňëň łőŋäĺčãàăæĺïň ŕőńï φ)! Őąőğŋăçĺň íâő çĺáńő N . Šőčďă őłőŋçăâěńìŋő ŕőńãçăěň:

Z_0[J] = N exp { − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) } . (10.20)

2Ďăńěě, ďńï łàăâłőáâĺ, ćáîďã ŕĺèěň dx ćňěáâő d^4x ĺ â.ŕ.

232 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-1

Řĺá. 10-2

Ćěńĺçĺŋă N őáőąőľ àőńĺ ŋě ĺčàăěâ, íâő ŕàőáâő ŋőàňĺàőćőçŋëľ ňŋőęĺâěńì.

Řăğńőęěŋĺě Ťãàìě ďńï ´_F (x) ĺňěěâ ćĺď:

´_F (x) = ∫ d^4k (2π)^4 e^{−ikx} k^2 − m^2 + iε

. (10.21)

Ŕàĺáãâáâćĺě iε → i0^+ ć ğŋăňěŋăâěńě ďĺłâãěâ ćëąőà ŕãâĺ ĺŋâěčàĺàőćăŋĺï ŕő k_0, ć áőőâćěâáâćĺĺ á äěľŋňăŋőćáłĺň ŕàăćĺńőň őąåőďă ŕőńîáőć ŕàĺ k_0 = ± √ k^2 + m^2.

Ŕőńîáă àăáŕőńăčăîâáï ć âőçłăå, őŕàěďěńïěňëå ãàăćŋěŋĺěň: k^2_0 = k^2 + m^2 − iε, â.ě. ŕàĺ k_0 = ± √ k^2 + m^2 ∓ iδ = ±E ∓ iδ , (10.22)

łăł íâő ŕőłăğăŋő ŋă Řĺá. 10-1. Ć ŕàěďěńě δ → 0(ε → 0) íâĺ ŕőńîáă áďćĺčăîâáï ŋă ďěľáâćĺâěńìŋãî őáì ĺ ŕãâì ĺŋâěčàĺàőćăŋĺï ŕàőåőďĺâ łăł ŕőłăğăŋő ŋă Řĺá. 10-2.

Ćëèě ňë ćĺďěńĺ, çâő âăłőľ ŕőďåőď áőőâćěâáâćãěâ \ŕőćőàőâã" ćàěňěŋŋőľ őáĺ ŋă ňăńëľ ãčőń δ ć łőňŕńěłáŋőľ ŕńőáłőáâĺ ćàěňěŋĺ. İâő ŕőğćőńïěâ ŋăň ŕàăćĺńìŋő őąěáŕěçĺâì čàăŋĺçŋëě ãáńőćĺï ďńï ăňŕńĺâãďë ŕěàěåőďă ćăłããň { ćăłããň. Ŋő íâő ęě ňőęŋő őąěáŕěçĺâì, őáãéěáâćĺć âăłőľ ŕőćőàőâ ĺ ŋă łőŋěçŋëľ ãčőń àăćŋëľ −π/2, âăł çâő t → −it(→ −i∞). Ěáńĺ ććěáâĺ őąőğŋăçěŋĺě

x_4 = it = ix_0 , (10.23)

âő ďăŋŋëľ ŕàěďěń áőőâćěâáâćãěâ x_4 → ∞. Šăłőě ŕàőáâàăŋáâćő-ćàěňï (á ňŋĺňëň ćàěňěŋěň) ïćńïěâáï ěćłńĺďőćëň, ĺŋćăàĺăŋâŋëľ ĺŋâěàćăń (àăááâőïŋĺě ňěęďã ďćãňï

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 233

ąńĺğłĺňĺ âőçłăňĺ) ć ŋěň ĺňěěâ ćĺď:

ds^2 = −(dx^0)^2 − (dx)^2 − (dy)^2 − (dz)^2 = − 4∑ μ=1 (dx^μ)^2 . (10.24)

Ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ňőęŋő, áőőâćěâáâćěŋŋő, ććěáâĺ

k_4 = −ik_0 , (10.25)

âăł çâő

k^2 = −(k^2_1 + k^2 + k^2_3 + k^2_4) = −k^2_E , d^4k_E = d^3kdk_4 = −id^4k , (10.26)

čďě ĺŋďěłá E őąőğŋăçăěâ ěćłńĺďőćő ĺňŕãńìáŋőě ŕàőáâàăŋáâćő. Ŕàĺ íâőň äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà ŕàĺŋĺňăěâ ćĺď:

´_F (x) = −i ∫ d^4k_E (2π)^4 e^{−ikx} k^2_E + m^2

. (10.27)

Ğăňěâĺň, çâő íâő ćëàăęěŋĺě^3, á âőçŋőáâìî ďő −i, áőćŕăďăěâ á łőààěńïæĺőŋŋőľ äãŋłæĺěľ Őàŋèâěľŋă { Űěàŋĺłě âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě [14, 15, 35], ěáńĺ áçĺâăâì, çâő m^2 ∼ T − T_c, čďě T_c { âěňŕěàăâãàă äăğőćőčő ŕěàěåőďă II àőďă (ďńï ŕàőáâőâë ĺňěěň ć ćĺďã őąńăáâì âěňŕěàăâãà T > T_c). Ğďěáì ňë ćŕěàćëě áâăńłĺćăěňáï á čńãąőłőľ áćïğìî łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ áőćàěňěŋŋőľ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ (áâăâĺáâĺçěáłőľ äĺğĺłőľ) [14, 15]. Ĺğ (10.7), á ãçěâőň d^4x = −id^4x_E ĺ (∂_μφ)^2 = −(∂^μ_E φ)^2 ŕőńãçăěň ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ć ěćłńĺďőćőľ âěőàĺĺ ŕőńï ć ćĺďě:

Z_{0E} [J] = ∫ Dφ exp { − ∫ d^4x_E ( 1 2 [(∂^μ_E φ)^2 + m^2φ^2] − φJ )} , (10.28)

çâő, ŕő áãâĺ ďěńă, áőćŕăďăěâ áő áâăâĺáâĺçěáłőľ áãňňőľ čăãááőćőľ ňőďěńĺ äăğőćőčő ŕěàěåőďă (â.ě. âěőàĺĺ Ńăŋďăã [35] ąěğ ãçěâă çńěŋőć ∼ φ^4 ĺ ćëèě) ďńï áłăńïàŋőčő ŕăàăňěâàă ŕőàïďłă φ, ćğăĺňőďěľáâćãîéěčő á ćŋěèŋĺň ŕőńěň J [14, 15].

Ťãŋłæĺőŋăńìŋőě ĺŋâěčàĺàőćăŋĺě.

Ŕěàěľďěň ł őąáãęďěŋĺî äãŋłæĺőŋăńìŋőčő ĺŋâěčàĺàőćăŋĺï á äőàňăńìŋőľ âőçłĺ ğàěŋĺï. Ŋăçŋěň á åőàőèő ĺğćěáâŋőľ ŋăň äőàňãńë ďńï ĺŋâěčàăńă Ŕãăááőŋă { Čăãááă (9.28):_∞ ∫ −∞ dxe^{− 12 ax2} = √ 2π a . (10.29)

3Ğďěáì ŋěâ ŕàőąńěňë őąåőďă ŕőńîáőć | őŋĺ ńěęăâ ŋă ňŋĺňőľ őáĺ ć âőçłăå k_4 = ±i √ k^2_E + m^2.

234 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Ďăńěě ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ćáěčďă ŕőďàăğãňěćăěň őâ −∞ ďő ∞ ĺ ŋě ćëŕĺáëćăěň. Ćőğìňěň ŕàőĺğćěďěŋĺě n èâãł âăłĺå ĺŋâěčàăńőć: ∫ dx_1dx_2...dx_n exp ( − 1 2 ∑ n a_nx^2_n ) = (2π)^{n/2} ∏_n i=1 a^{1/2}_i

. (10.30)

Ŕãáâì A | ďĺăčőŋăńìŋăï ňăâàĺæă á íńěňěŋâăňĺ a_1, a_2, ..., a_n, ă x | n-ňěàŋëľ ćěłâőà (áâőńąěæ) á łőňŕőŋěŋâăňĺ x_1, x_2, ..., x_n. Šőčďă ŕőłăğăâěńì íłáŕőŋěŋâë ć (10.30) ňőęŋő ğăŕĺáăâì ć ćĺďě áłăńïàŋőčő ŕàőĺğćěďěŋĺï: (x, Ax) = ∑ n a_nx^2_n , (10.31)

ă ďěâěàňĺŋăŋâ ňăâàĺæë A ěáâì:

Det A = a_1a_2...a_n = n∏ i=1 a_i . (10.32)

Šőčďă (10.30) ğăŕĺèěâáï łăł: ∫ d^nxe^{− 12 (x,Ax)} = (2π)^{n/2}(Det A)^{−1/2} . (10.33)

Ŕőáłőńìłã íâő àăćěŋáâćő áŕàăćěďńĺćő ďńï ńîąőľ ďĺăčőŋăńìŋőľ ňăâàĺæë, őŋő âăłęě áŕàăćěďńĺćő ĺ ďńï ńîąőľ ďěľáâćĺâěńìŋőľ áĺňňěâàĺçŋőľ ňăâàĺæë, ŕőáłőńìłã ćáěčďă áãéěáâćãěâ ńĺŋěľŋőě ŕàěőąàăğőćăŋĺě, ŕàĺćőďïéěě âăłãî ňăâàĺæã ł ďĺăčőŋăńìŋőňã ćĺďã. Őŕàěďěńĺň âěŕěàì ňěàã ĺŋâěčàĺàőćăŋĺï łăł:

[dx] = (2π)^{−n/2}d^nx . (10.34)

Šőčďă (10.33) ŕěàěŕĺáëćăěâáï ć ćĺďě: ∫ [dx]e^{−12 (x,Ax)} = (Det A)^{−1/2} . (10.35)

İâő áőőâŋőèěŋĺě ńěčłő őąőąéăěâáï ŋă áńãçăľ, łőčďă ć íłáŕőŋěŋâě áâőĺâ łćăďàăâĺçŋăï äőàňă őąéěčő ćĺďă: Q(x) = 1 2 (x, Ax) + (b, x) + c . (10.36)

Ňőęŋő ďěľáâćőćăâì łăł ŕàĺ ćëćőďě (9.35). Ťőàňă (10.36) ďőáâĺčăěâ ňĺŋĺňãňă ŕàĺ —x = −A^{−1}b ĺ ŕàěďáâăćńïěâáï ć ćĺďě:

Q(x) = Q(—x) + 1 2 [x − —x, A(x − —x)] . (10.37)

Šőčďă áàăğã ĺňěěň ăŋăńőč (9.35) ć ćĺďě: ∫ [dx] exp [ − 1 2 (x, Ax) − (b, x) − c ] = exp [ 1 2 (b, A^{−1}b) − c ] (Det A)^{−1/2} , (10.38)

čďě A^{−1} őąőğŋăçăěâ őąàăâŋãî ňăâàĺæã.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 235

Řăááňőâàĺň âěŕěàì áńãçăľ íàňĺâőćëå ňăâàĺæ. Ćőğćěďěň (10.29) ć łćăďàăâ ĺ ğăŕĺèěň: ∫ dxdye^{− 12 a(x2+y2)} = 2π a . (10.39)

Ććěďěň z = x + iy ĺ z^∗ = x − iy, âăł çâő (ćëçĺáńïï ïłőąĺăŋ ŕěàěåőďă őâ x, y ł z, z^∗) ĺňěěň dxdy = −idz^∗dz/2, ŕőáńě çěčő (10.39) ğăŕĺáëćăěâáï łăł: ∫ dz^∗ (2πi)^{1/2} dz (2πi)^{1/2} e^{−az∗ z} = 1 a (10.40)

Őąőąéĺň íâã äőàňãńã, ăŋăńőčĺçŋő ŕěàěåőďã őâ (10.30) ł (10.35) ĺ (10.38), ććěďï ŕőńőęĺâěńìŋő őŕàěďěńěŋŋãî íàňĺâőćã ňăâàĺæã A, łőňŕńěłáŋëľ ćěłâőà b ĺ ňěàã ĺŋâěčàĺàőćăŋĺï [dz] = (2πi)^{−n/2}d^nz . (10.41) Šőčďă ŕőńãçĺň: ∫ [dz^∗][dz]e^{−(z∗,Az)} = (Det A)^{−1} . (10.42) ∫ [dz^∗][dz]e^{−(z∗,Az)−(b∗,z)−(z∗ ,b)−c} = exp [ (b^∗, A^{−1}b) − c ] (Det A)^{−1} . (10.43)

Ćáě ćëŕĺáăŋŋëě äőàňãńë ćŕőńŋě áâàőčĺě, őŋĺ ŕàěďáâăćńïîâ áőąőľ ŕàïňőě őąőąéěŋĺě \őďŋőňěàŋëå" ĺŋâěčàăńőć ŋă áńãçăľ łőŋěçŋőňěàŋőčő ćěłâőàŋőčő ŕàőáâàăŋáâćă. Ŕàőćěďěň âěŕěàì äőàňăńìŋőě őąőąéěŋĺě ŋă áńãçăľ ąěáłőŋěçŋőňěàŋőčő äãŋłæĺőŋăńìŋőčő ŕàőáâàăŋáâćă. Ŕãáâì àěçì ĺďěâ ő ŕàőáâàăŋáâćě ďěľáâćĺâěńìŋëå äãŋłæĺľ φ(x^μ). Ňőęŋő őŕàěďěńĺâì ĺå áłăńïàŋőě ŕàőĺğćěďěŋĺě: (φ, φ) = ∫ d^4x[φ(x)]^2 . (10.44)

Őąőąéěŋĺě ćëàăęěŋĺï (10.35) ěáâì: ∫ Dφ(x) exp { − 1 2 ∫ dxφ(x)Aφ(x) } = (Det A)^{−1/2} , (10.45)

čďě A | ŋěłőâőàëľ őŕěàăâőà, ďěľáâćãîéĺľ ŋă äãŋłæĺĺ φ(x): Aφ(x) = ∫ dy A(x, y)φ(y) , (10.46) ă ěčő ďěâěàňĺŋăŋâ őŕàěďěńïěâáï, ěáâěáâćěŋŋő, łăł áőőâćěâáâćãîéěě ŕàőĺğćěďěŋĺě áőąáâćěŋŋëå ğŋăçěŋĺľ. Ňěàă ĺŋâěčàĺàőćăŋĺï Dφ(x) = [dφ(x)]. Ćáě íâő áńěďãěâ ŕőŋĺňăâì, łăł őąëçŋő, ć ćĺďě ŕàěďěńìŋőčő ćëàăęěŋĺï âĺŕă (10.5). Ćëàăęěŋĺě (10.45) őąëçŋő ŋăğëćăîâ čăãááőćëň äãŋłæĺőŋăńìŋëň ĺŋâěčàăńőň.

Ěáńĺ φ(x) ŕàěďáâăćńïěâ áőąőľ łőňŕńěłáŋãî äãŋłæĺî (ŕőńě), âő ćőğŋĺłăěâ ěáâěáâćěŋŋőě őąőąéěŋĺě (10.42): ∫ Dφ^∗(x)Dφ(x) exp { − ∫ dxφ^∗(x)Aφ(x) } = (Det A)^{−1} , (10.47)

čďě A | íàňĺâőć őŕěàăâőà.

236 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Őąőąéěŋĺě (10.38) ďńï áńãçăï ćěéěáâćěŋŋëå ŕőńěľ φ(x) ĺňěěâ ćĺď: ∫ Dφ(x) exp { − 1 2 ∫ dx ∫ dyφ(x)A(x, y)φ(y) − ∫ dxB(x)φ(x) − c } = = exp { 1 2 ∫ dx ∫ dyB(x)A^{−1}(x, y)B(y) − c } (Det A)^{−1/2} , (10.48)

čďě A^{−1}(x, y) őąőğŋăçăěâ áőőâćěâáâćãîéĺľ őąàăâŋëľ őŕěàăâőà. Ăŋăńőčĺçŋăï äőàňãńă ĺŋâěčàĺàőćăŋĺï ďńï łőňŕńěłáŋëå ŕőńěľ ćőğŋĺłăěâ, łăł ěáâěáâćěŋŋőě őąőąéěŋĺě (10.43) ∫ Dφ^∗(x)Dφ(x) exp { − ∫ dx ∫ dyφ^∗(x)A(x, y)φ(y) − ∫ dx [ B^∗(x)φ(x) + φ^∗(x)B(x) ] − c } =

= exp {∫ dx ∫ dyB^∗(x)A^{−1}(x, y)B(y) − c } (Det A)^{−1} . (10.49)

Ćěàŋěňáï âěŕěàì ł àăááňőâàěŋĺî őąéěčő ćëàăęěŋĺï ďńï ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă ŕőńï Łńěľŋă { Čőàďőŋă (10.10):

Z_0[J] = ∫ Dφ exp { −i ∫ d^4x [ 1 2 φ(2 + m^2 − iε)φ − φJ^{]}} . (10.50)

Śâőïéĺľ ğďěáì äãŋłæĺőŋăńìŋëľ ĺŋâěčàăń ĺňěěâ, łăł àăğ, čăãááőć ćĺď (10.48), ŕàĺçěň A(x, y) = i(2+m^2 −iε)δ(x−y), B(x) = −iJ(x), c = 0. Šőčďă ĺğ (10.48) ŕőńãçăěň:

Z_0[J] = exp { i 2 ∫ dxdyJ(x)(2 + m^2 − iε)^{−1}J(y) } [i Det(2 + m^2 − iε)]^{−1/2} . (10.51)

Ćőğŋĺłèĺľ ğďěáì ďěâěàňĺŋăŋâ ňőęŋő ŕěàěŕĺáăâì, á ŕőňőéìî (10.45), łăł:

[i Det(2 + m^2 − iε)]^{−1/2} = ∫ Dφ(x) exp { − i 2 ∫ dxφ(x)(2 + m^2 − iε)φ(x) } , (10.52)

ă őąàăâŋëľ őŕěàăâőà:

(2 + m^2 − iε)^{−1} = −´F (x − y) , (10.53)

çâő áńěďãěâ ŋěŕőáàěďáâćěŋŋő ĺğ (10.17). Šőčďă ćëàăęěŋĺě (10.51) áćőďĺâáï ł:

Z_0[J] = exp { − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) }∫ Dφ exp { − i 2 ∫ dxφ(2 + m^2 − iε)φ } , (10.54) çâő áőćŕăďăěâ á (10.19). Šăłĺň őąàăğőň, ŕàïňőě ćëçĺáńěŋĺě ŕő ŕàăćĺńăň äãŋłæĺőŋăńìŋőčő ĺŋâěčàĺàőćăŋĺï ďăěâ ĺğćěáâŋëľ ŋăň őâćěâ ďńï ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă, ŕőńãçěŋŋëľ ćëèě ŋěáłőńìłő \őąåőďŋëň" ŕãâěň.

Ŕőńãçěŋŋëě ćëèě äőàňãńë ďńï čăãááőćëå äãŋłæĺőŋăńìŋëå ĺŋâěčàăńőć ąãďãâ èĺàőłő ĺáŕőńìğőćăâìáï ŋĺęě.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 237

Řĺá. 10-3

Řĺá. 10-4

Ťãŋłæĺĺ Čàĺŋă áćőąőďŋëå çăáâĺæ.

Ŕőłăęěň âěŕěàì, çâő Z_0[J] ïćńïěâáï ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï äãŋłæĺľ Čàĺŋă áćőąőďŋëå çăáâĺæ. Ďńï íâőčő àăğńőęĺň (10.20) ć àïď:

Z_0[J] = N { 1 − i 2 ∫ dxdyJ(x)´_F (x − y)J(y)+ + 1 2! ( i 2 )_2 [∫ dxdyJ(x)´_F (x − y)J(y) ]_2 − − 1 3! ( i 2 )_3 [∫ dxdyJ(x)´_F (x − y)J(y) ]_3 + ... } . (10.55)

Ććőďï äãàìě-ŕàěďáâăćńěŋĺě ĺáâőçŋĺłă: J(x) = ∫ d^4pJ(p)e^{−ipx} (10.56)

ĺ ĺáŕőńìğãï (10.21) ńěčłő ŕőńãçăěň: − i 2 ∫ d^4xd^4yJ(x)´_F (x − y)J(y) = − i 2 (2π)^4 ∫ d^4p J(−p)J(p) p^2 − m^2 + iε

. (10.57)

Śőŕőáâăćĺň ăŋăńĺâĺçěáłĺň ćëàăęěŋĺïň čàăäĺçěáłĺě íńěňěŋâë, łăł íâő ŕőłăğăŋő ŋă Řĺá. 10-3. Šőčďă ćëàăęěŋĺî (10.57) áőőâćěâáâćãěâ ďĺăčàăňňă, ŕőłăğăŋŋăï ŋă Řĺá. 10-4. Ć àěğãńìâăâě, àăğńőęěŋĺě ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă (ăňŕńĺâãďë ŕěàěåőďă ćăłããň { ćăłããň) (10.55) ŕàěďáâăćńïěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 10-5^4. Ćĺďĺň, çâő íâőâ àïď őŕĺáëćăěâ àăáŕàőáâàăŋěŋĺě 1, 2, 3 ĺ â. ď. \çăáâĺæ" ňěęďã ĺáâőçŋĺłăňĺ, âăł çâő ňë ĺňěěň ďěńő á ňŋőčőçăáâĺçŋőľ âěőàĺěľ. Şęě őâáîďă

4Ŋőàňĺàőćőçŋëľ ňŋőęĺâěńì N ğďěáì őŕãéěŋ.

238 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-5

ŋěâàãďŋő ŕőŋïâì, çâő Z_0[J] ïćńïěâáï ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï äãŋłæĺľ Čàĺŋă àăááňăâàĺćăěňőľ âěőàĺĺ ŕőńï.

Ŕőïáŋĺň äőàňăńìŋãî áâőàőŋã ďěńă. Řăááňőâàĺň, ŋăŕàĺňěà, àăğńőęěŋĺě ć àïď ŋěłőâőàőľ äãŋłæĺĺ F (y_1, ..., y_k) őâ k ŕěàěňěŋŋëå y_1, ..., y_k: F {y} ≡ F (y_1, ..., y_k) = ∞∑ n=0 k∑ i1=1 ... k∑ i_n=1 1 n! Tn(i_1, ..., in)y_{i1} ...y_{in} , (10.58) čďě Tn = ∂^nF {y} ∂y_{i1} ...∂y_{in} | | | |_{y=0} . (10.59)

Ŕěàěľďěň âěŕěàì ł ĺŋâãĺâĺćŋőňã ŕàěďěńã, łőčďă ŕěàěňěŋŋëě őąàăğãîâ łőŋâĺŋããň: i → x, y_i(i = 1, ..., k) → y(x), ∑ i → ∫ dx ĺ ŕőńãçĺň áâěŕěŋŋőě àăğńőęěŋĺě ďńï äãŋłæĺőŋăńă:

F [y] = ∞∑ n=0 ∫ dx_1...dxn 1 n! Tn(x_1, ..., xn)y(x_1)...y(xn) , (10.60) čďě Tn(x_1, ..., xn) = δ δy(x_1) ... δ δy(xn) F [y] | | |_{y=0} . (10.61)

Ć íâőň áńãçăě ő ćěńĺçĺŋě F [y] ĺ čőćőàïâ łăł ő ŕàőĺğćőďïéěň äãŋłæĺőŋăńě ďńï äãŋłæĺľ Tn(x_1, ...xn). Ŋăè ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń Z[J] ŋăďő ěéě őâŋőàňĺàőćăâì. Őŋ, łăł ňë ćĺďěńĺ, ŕàőŕőàæĺőŋăńěŋ ăňŕńĺâãďě ŕěàěåőďă ćăłããň { ćăłããň ć ŕàĺáãâáâćĺĺ ĺáâőçŋĺłă J. Ěáâěáâćěŋŋőľ ŋőàňĺàőćłőľ ïćńïěâáï ãáńőćĺě Z[J = 0] = 1. Šőčďă ňőęěň ŋăŕĺáăâì àăćěŋáâćő: Z[J] = ⟨0, ∞|0, −∞⟩^J , (10.62)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 239

âăł çâő ãáńőćĺě Z[0] = 1 ćëŕőńŋïěâáï ăćâőňăâĺçěáłĺ. Ŕőíâőňã (10.10) ĺ (10.20) áńěďãěâ ŕěàěŕĺáăâì łăł:

Z_0[J] = ∫ Dφ exp { −i ∫ d^4x [ 1 2 φ(2 + m^2 − iε)φ − φJ^{]}} ∫ Dφ exp { −i ∫ d^4x 1 2 φ(2 + m^2 − iε)φ^{} , (10.63)}

Z_0[J] = exp { − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) } . (10.64)

İâĺ ŋőćëě őŕàěďěńěŋĺï, őçěćĺďŋő, ãďőćńěâćőàïîâ ãáńőćĺî Z[J = 0] = 1, çâő ĺ őŕàăćďëćăěâ őâąàăáëćăŋĺě ŋěáãéěáâćěŋŋőčő ŋőàňĺàőćőçŋőčő ňŋőęĺâěńï N .

Ťãŋłæĺőŋăń Z_0[J], őŕàěďěńïěňëľ ćëàăęěŋĺěň (10.64), ć áőőâćěâáâćĺĺ á (10.61), ïćńïěâáï ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï äãŋłæĺľ: τ (x_1, ..., x_n) = 1 i^n δ^nZ_0[J] δJ(x_1)...δJ(x_n) | | | J=0 . (10.65)

Ćáŕőňĺŋăï (9.106), ŕőŋĺňăěň, çâő:

δ^nZ_0[J] δJ(x_1)...δJ(x_n) | | | |_{J=0} = i^n⟨0|T φ(x^1)...φ(x^n)|0⟩ , (10.66)

âăł çâő τ (x_1, ..., x_n) = ⟨0|T φ(x_1)...φ(x_n)|0⟩ (10.67) ŕàěďáâăćńïěâ áőąőľ ćăłããňŋőě áàěďŋěě őâ åàőŋőńőčĺçěáłőčő ŕàőĺğćěďěŋĺï ŕőńěćëå őŕěàăâőàőć, â.ě. ïćńïěâáï n-âőçěçŋőľ (ŕő çĺáńã łőőàďĺŋăâ) äãŋłæĺěľ Čàĺŋă ďńï àăááňăâàĺćăěňőľ âěőàĺĺ. İâő őŕàěďěńěŋĺě áőćŕăďăěâ á àăááňőâàěŋŋëň ćëèě őŕàěďěńěŋĺěň äãŋłæĺľ Čàĺŋă ć őŕěàăâőàŋőň äőàňăńĺğňě łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ňőęŋő âěŕěàì ğăŕĺáăâì ć ćĺďě:

Z_0[J] = ∞∑ n=0 i^n n! ∫ dx_1...dx_nJ(x_1)...J(x_n)τ (x_1, ..., x_n) , (10.68) çâő ĺ őğŋăçăěâ, çâő Z_0[J] ïćńïěâáï ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï äãŋłæĺľ Čàĺŋă τ (x_1, ..., x_n). Ĺňěŋŋő íâő àăğńőęěŋĺě ĺ ŕőłăğăŋő čàăäĺçěáłĺ ŋă Řĺá. 10-5.

Ğăľňěňáï ćëçĺáńěŋĺěň ŋěłőâőàëå ŕàőáâěľèĺå n-âőçěçŋëå äãŋłæĺľ Čàĺŋă. Ŋăŕőňŋĺň, çâő ňë ĺňěěň ďěńő áő áćőąőďŋőľ âěőàĺěľ áłăńïàŋőčő ŕőńï. Ŋăçŋěň á 2- âőçěçŋőľ äãŋłæĺĺ: τ (x, y) = − δ^2Z_0[J] δJ(x)δJ(y) | | | |_{J=0} . (10.69)

Ćëçĺáńěŋĺï ňőęŋő ŕàőćěáâĺ ŋěŕőáàěďáâćěŋŋő, ĺáŕőńìğãï ŕàĺćěďěŋŋőě ćëèě őŕàěďěńěŋĺě äãŋłæĺőŋăńìŋőľ ŕàőĺğćőďŋőľ. Ĺňěěň: 1 i δZ_0[J] δJ(x) = 1 i δ δJ(x) exp [ − i 2 ∫ dx_1dx_2J(x_1)´_F (x_1 − x_2)J(x_2) ] = = − ∫ dx_1´_F (x − x_1)J(x_1) exp [ − i 2 ∫ dx_1dx_2J(x_1)´_F (x_1 − x_2)J(x_2) ] , (10.70)

240 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-6 1 i δ δJ(x) 1 i δ δJ(y) Z_0[J] = i´_F (x − y) exp ( − i 2 ∫ J´_F J ) + + ∫ dx_1´_F (x − x_1)J(x_1) ∫ dx_2´_F (y − x_2)J(x_2) exp ( − i 2 ∫ J´_F J ) , (10.71)

čďě ĺáŕőńìğãěâáï áőłàăéěŋŋăï ğăŕĺáì íłáŕőŋěŋâë. Ŕőńăčăï âěŕěàì J = 0, ŕőńãçăěň: 1 i δ δJ(x) 1 i δ δJ(y) Z_0[J] | | | |_{J=0} = i´^F (x − y) (10.72) ĺńĺ τ (x, y) = i´_F (x − y) . (10.73) §áŋő, çâő 2-âőçěçŋăï äãŋłæĺï Čàĺŋă, äăłâĺçěáłĺ, áőćŕăďăěâ á äěľŋňăŋőćáłĺň ŕàőŕăčăâőàőň áłăńïàŋőľ çăáâĺæë (őďŋőçăáâĺçŋăï äãŋłæĺï Čàĺŋă áćőąőďŋőľ áłăńïàŋőľ çăáâĺæë). Ŋő àăááňőâàĺň ěéě àăğ ěě äĺğĺçěáłĺľ áňëáń. Ŕàőćěďěň áŋăçăńă ćëçĺáńěŋĺï ć őŕěàăâőàőŋőň ŕőďåőďě. Ŕő őŕàěďěńěŋĺî åàőŋőńőčĺçěáłőčő ŕàőĺğćěďěŋĺï ĺňěěň: τ (x, y) = ⟨0|T φ(x)φ(y)|0⟩ = = θ(x_0 − y_0)⟨φ(x)φ(y)⟩ + θ(y_0 − x_0)⟨φ(y)φ(x)|0⟩ . (10.74)

Ŕěàćőě áńăčăěňőě ğďěáì ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã ćěàőïâŋőáâĺ àőęďěŋĺï çăáâĺæë ć âőçłě y ć ňőňěŋâ ćàěňěŋĺ y_0 ĺ ěě ŕőáńěďãîéěčő ãŋĺçâőęěŋĺï ć âőçłě x ć ňőňěŋâ x_0. Ćâőàőě áńăčăěňőě ďăěâ ăňŕńĺâãďã ćěàőïâŋőáâĺ àőęďěŋĺï çăáâĺæë ć âőçłě x ć ňőňěŋâ x_0 ĺ ěě ãŋĺçâőęěŋĺï ć âőçłě y ć ňőňěŋâ ćàěňěŋĺ y_0. İâĺ ŕàőæěááë čàăäĺçěáłĺ ŕàőĺńńîáâàĺàőćăŋë ŋă Řĺá. 10-6. Śãňňă íâĺå ăňŕńĺâãď ĺ ďăěâ äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà. Ňë ğŋăěň, çâő ć őŕěàăâőàŋőň ŕőďåőďě ŕőńě φ ňőęŋő ğăŕĺáăâì ć ćĺďě áãňňë çńěŋőć á ŕőńőęĺâěńìŋëňĺ ĺ őâàĺæăâěńìŋëňĺ çăáâőâăňĺ (áň. Čńăćã 3):

φ(x) = φ^{(+)}(x) + φ^{(−)}(x) , (10.75) čďě φ^{(+)}(x) = ∫ d^3k (2π)^3 1√ 2ωk^ak^e −ikx , (10.76)

φ^{(−)}(x) = ∫ d^3k (2π)^3 1√ 2ωk^a + k^{eikx ,} (10.77)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 241

čďě ωk = √ k^2 + m^2, ă a^+k, ak | áőőâćěâáâćãîéĺě őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâő-

ęěŋĺï. Ś ãçěâőň áňëáńă íâĺå őŕěàăâőàőć, ć ćăłããňŋőň áàěďŋěň (10.74) őáâăîâáï âőńìłő çńěŋë ćĺďă φ^{(+)}φ^{(−)}:

τ (x, y) = θ(x_0 − y_0)⟨0|φ^{(+)}(x)φ^{(−)}(y)|0⟩ + θ(y_0 − x_0)⟨0|φ^{(+)}(y)φ^{(−)}(x)|0⟩ . (10.78)

Ŕőďáâăćńïï áîďă (10.76) ĺ (10.77) ŕőńãçăěň: τ (x, y) = ∫ d^3kd^3k^′ (2π)^6 √ 2ωk^ωk^′ [θ(x_0 − y_0)e^{−i(kx−k′y)} + θ(y_0 − x_0)e^{−i(ky−k′x)}]⟨0|aka^+k_′ |0⟩ , (10.79) âăł çâő, ŕěàěáâăćńïï őŕěàăâőàë ć ćăłããňŋőň áàěďŋěň á ŕőňőéìî łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ (âăł, çâőąë ćëďěńĺâì őąàăéăîéĺľáï ć ŋãńì ćłńăď őâ ĺå ŋőàňăńìŋőčő ŕàőĺğćěďěŋĺï ĺ ŋěŋãńěćőľ ćłńăď őâ δ-äãŋłæĺĺ), ŕőńãçăěň: τ (x, y) = ∫ d^3k (2π)^32ωk

[θ(x_0 − y_0)e^{−ik(x−y)} + θ(y_0 − x_0)e^{ik(x−y)}] . (10.80)

Şąěďĺňáï, çâő íâő ćëàăęěŋĺě ŕàőáâő áőćŕăďăěâ á i´_F (x−y), čďě ´_F (x−y) ğăďăěâáï (10.21). Ćëàăęěŋĺě (10.21) ňőęŋő ŕěàěŕĺáăâì łăł:

´_F (x) = ∫ d^4k (2π)^4 e^{−ikx} k^2 − m^2 + iε = ∫ d^3kdk_0 (2π)^4 e^{−ikx} k^2_0 − (k^2 + m^2) + iε = = ∫ d^3kdk_0 (2π)^4 e^{−ikx} 2ωk { 1 k_0 − ωk + iδ − 1 k_0 + ωk − iδ } . (10.81)

Ĺŋâěčàăń ŕő k_0 âãâ, łăł ćáěčďă, ňőęŋő ńěčłő ćëçĺáńĺâì łőŋâãàŋëň ĺŋâěčàĺàőćăŋĺěň. Ć ŕőłăğăâěńě íłáŕőŋěŋâë áâőĺâ e^{−ik0x0} , âăł çâő ŕàĺ x_0 > 0 ğăňëłăěň łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ŋĺęŋěľ ŕőńãŕńőáłőáâĺ k_0, ĺ ĺŋâěčàăń őŕàěďěńïěâáï ćłńăďőň őâ ŕőńîáă ŕàĺ k_0 = ωk − iδ. Ŕàĺ x_0 < 0 ğăňłŋěň łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ćěàåŋěľ ŕőãŕńőáłőáâĺ ĺ ćáě őŕàěďěńĺâáï ćłńăďőň ŕőńîáă ŕàĺ k_0 = −ωk +iδ. Šőčďă, ŕő âěőàěňě Łőèĺ, ĺňěěň:

´_F (x) = ∫ d^2k (2π)^3 e^ikx 2ωk [ θ(x_0)(−i)e^{−iω}k^{x0} − θ(−x_0)ie^{iω}k^{x0} ] . (10.82)

Ŕőáńě ğăňěŋë ćő ćâőàőň ĺŋâěčàăńě k → −k ĺ ŕěàěőąőğŋăçěŋĺï x → x−y, ŕőńãçăěň:

´_F (x − y) = −i ∫ d^3k (2π)^32ωk [ θ(x_0 − y_0)e^{−ik(x−y)} + θ(y_0 − x_0)e^{ik(x−y)} ] , (10.83)

çâő áőćŕăďăěâ á −iτ (x, y) ĺğ (10.80). Šăłĺň őąàăğőň, 2-âőçěçŋăï äãŋłæĺï Čàĺŋă, ćőğŋĺłèăï ć äãŋłæĺőŋăńìŋőň ŕőďåőďě, ďěľáâćĺâěńìŋő, áőćŕăďăěâ á őďŋőçăáâĺçŋëň ŕàőŕăčăâőàőň őŕěàăâőàŋőľ äőàňãńĺàőćłĺ âěőàĺĺ ŕőńï.

Ŋő çâő ŕàěďáâăćńïěâ áőąőľ 1-âőçěçŋăï äãŋłæĺï? Őçěćĺďŋő, çâő ĺğ (10.70) ĺňěěň: τ (x) = ⟨0|T φ(x)|0⟩ = ⟨0|φ(x)|0⟩ = 1 i δZ_0[J] δJ(x) | | | |_{J=0} = = − ∫ dx_1´_F (x − x_1)J(x_1) exp ( − i 2 ∫ J´_F J )| | |_{J=0} = 0 (10.84)

242 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

| ćăłããňŋőě áàěďŋěě áăňőčő ŕőńï àăćŋő ŋãńî!

Ŋăľďěň âěŕěàì 3-âőçěçŋãî äãŋłæĺî. Ďĺääěàěŋæĺàãï ěéě àăğ (10.71), ŕőńãçĺň: 1 i δ δJ(x_1) 1 i δ δJ(x_2) 1 i δ δJ(x_3)

Z_0[J] =

−i´_F (x_2 − x_3) ∫ dx´_F (x_1 − x)J(x) exp ( − i 2 ∫ J´_F J ) − −i´_F (x_2 − x_1) ∫ dx´_F (x_3 − x)J(x) exp ( − i 2 ∫ J´_F J ) − −i´_F (x_3 − x_1) ∫ dx´_F (x_2 − x)J(x) exp ( − i 2 ∫ J´_F J ) − − ∫ dx´_F (x_2 − x)J(x) ∫ dy´_F (x_3 − y)J(y) ∫ dz´_F (x_1 − z)J(z) exp ( − i 2 ∫ J´_F J ) , (10.85)

çâő ŕàĺ J = 0, á őçěćĺďŋőáâìî, ďăěâ ŋãńì. Šăłĺň őąàăğőň:

τ (x_1, x_2, x_3) = ⟨0|T φ(x_1)φ(x_2)φ(x_3)|0⟩ = 0 . (10.86)

Ăŋăńőčĺçŋëě ćëçĺáńěŋĺï ďăîâ: 1 i δ δJ(x_1) ... 1 i δ δJ(x_4)

Z_0[J] = −´_F (x_2 − x_3)´_F (x_1 − x_4) exp ( − i 2 ∫ J´_F J ) − −´_F (x_2 − x_1)´_F (x_3 − x_4) exp ( − i 2 ∫ J´_F J ) − −´_F (x_3 − x_1)´_F (x_2 − x_4) exp ( − i 2 ∫ J´_F J ) + ... , (10.87)

čďě ňŋőčőâőçĺěň őąőğŋăçěŋë çńěŋë, őąàăéăîéĺěáï ć ŋãńì ŕàĺ J = 0. Śőőâćěâáâćěŋŋő, ŕőńãçăěň:

τ (x_1, x_2, x_3, x_4) = −´_F (x_2 − x_3)´_F (x_1 − x_4) − −´_F (x_2 − x_1)´_F (x_3 − x_4) − ´_F (x_3 − x_1)´_F (x_2 − x_4) , (10.88)

çâő čàăäĺçěáłĺ ĺğőąàăęăěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 10-7 ĺ ďăěâ ăňŕńĺâãďã àăáŕàőáâàăŋěŋĺï ďćãå áćőąőďŋëå çăáâĺæ. Ğďěáì çěâëàě ŕàőáâàăŋáâćěŋŋőćàěňěŋŋëě âőçłĺ ŕàőáâő áőěďĺŋěŋë ćáěňĺ ćőğňőęŋëňĺ áŕőáőąăňĺ ńĺŋĺïňĺ áćőąőďŋëå çăáâĺæ.

Ŕěàěåőďï ł n-âőçěçŋëň äãŋłæĺïň, ŋěâàãďŋő ãąěďĺâìáï, çâő ďńï ŋěçěâŋëå n ćáě őŋĺ ŕàőáâő àăćŋë ŋãńî:

τ (x_1, x_2, ..., x_{2n+1}) = 0 . (10.89) Ďńï çěâŋëå n łăęďăï n-âőçěçŋăï äãŋłæĺï äăłâőàĺğãěâáï ŋă áãňňã ŕàőĺğćěďěŋĺľ 2-âőçěçŋëå äãŋłæĺľ (ŕő ćáěň \áŕăàĺćăŋĺïň", â.ě. ŕő ćáěćőğňőęŋëň ŕěàěáâăŋőćłăň, ćåőďïéĺå ć ŋĺå ŕőŕăàŋő łőőàďĺŋăâ):

τ (x_1, x_2, ..., x_{2n}) = ∑ P τ (x_{p1} , x_{p2} )...τ (x_{p2k−1}, x_{p2k} ) , (10.90)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 243

Řĺá. 10-7 čďě τ (x_1, x_2) = i´_F (x − y) . (10.91)

İâő áćőďĺâáï ł ĺğćěáâŋőľ ŋăň âěőàěňě Ćĺłă, łőâőàăï âěŕěàì ŋăňĺ ďőłăğăŋă ĺ ć äãŋłæĺőŋăńìŋőľ äőàňãńĺàőćłě łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï ćğăĺňőďěľáâćãîéĺå ŕőńěľ.

Ďő áĺå ŕőà àěçì èńă ő âěőàĺĺ áćőąőďŋőčő (ŋěćğăĺňőďěľáâćãîéěčő ŕőńï). Łăł ćáě íâő őąőąéĺâì ŋă ćğăĺňőďěľáâćãîéĺě ŕőńï? Řăááňőâàĺň ŕàőáâěľèĺľ ŕàĺňěà âăłőľ âěőàĺĺ, ğăďăć ńăčàăŋęĺăŋ áłăńïàŋőčő ŕőńï ć ćĺďě: L = 1 2 ∂^μφ∂_μφ − m^2 2 φ^2 − g 4! φ^4 = L_0 + L_{int} , (10.92)

čďě g | ŋěłőâőàăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï. İâő âăł ŋăğëćăěňăï âěőàĺï gφ^4. Ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï ďńï ŋěě ĺňěěâ ćĺď: L_{int} = − g 4! φ^4 . (10.93)

Şàăćŋěŋĺï Ńăčàăŋęă ďńï âăłőľ âěőàĺĺ ãęě ŋěńĺŋěľŋë (ć ŋĺå äĺčãàĺàãěâ áńăčăěňőě ∼ gφ^3), çâő ĺ őâàăęăěâ ŋăńĺçĺě ćğăĺňőďěľáâćĺï (áăňőďěľáâćĺï). Ć őąéěň áńãçăě ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï ŕàěďáâăćńïěâ áőąőľ ŋěłőâőàãî äãŋłæĺî V (φ). Ć ŕàĺŋæĺŕě, ňőęŋő àăááňăâàĺćăâì ďăęě ŋěŕőńĺŋőňĺăńìŋëě äãŋłæĺĺ, őďŋăłő ňë őčàăŋĺçĺňáï ŕàőáâěľèĺňĺ ňőďěńïňĺ.

Őâáâãŕńěŋĺě ő àăğňěàŋőáâïå łőŋáâăŋâ ćğăĺňőďěľáâćĺï.

Ćëèě ňë ćĺďěńĺ, çâő ďěľáâćĺě S = ∫ d^4xL ąěğàăğňěàŋő (~ = 1). Śőőâćěâáâćěŋŋő, àăğňěàŋőáâì ńăčàăŋęĺăŋă [L] = l^{−4}, čďě l { ŋěłőâőàăï ďńĺŋă. Řăğňěàŋőáâì íŋěàčĺĺ (ňăááë): [E] = [m] = l^{−1}. Ĺğ ćĺďă ńăčàăŋęĺăŋă (10.92) ŕőŋïâŋő, çâő [φ] = l^{−1}. Šőčďă ĺğ (10.93) ïáŋő, çâő ć âěőàĺĺ gφ^4 łőŋáâăŋâă ćğăĺňőďěľáâćĺï g ąěğàăğňěàŋă. İâő őçěŋì ćăęŋőě őąáâőïâěńìáâćő! Ąńăčőďăàï ěňã ďăŋŋăï

244 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

âěőàĺï ïćńïěâáï ŕěàěŋőàňĺàãěňőľ. Ĺŋâãĺâĺćŋő, íâő ňőęŋő ŕőŋïâì ĺğ áńěďãîéĺå íńěňěŋâăàŋëå áőőąàăęěŋĺľ. Řăááňőâàĺň ąőńěě őąéĺľ áâěŕěŋŋőľ ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï: Lint = gkφ4+k k > 0 (10.94) Šőčďă àăğňěàŋőáâì áőőâćěâáâćãîéěľ łőŋáâăŋâë ćğăĺňőďěľáâćĺï [g_k] = l^k. Ŋő àăğńőęěŋĺě âěőàĺĺ ćőğňãéěŋĺľ ćáěčďă ŋăďő áâàőĺâì ŕő ąěğàăğňěàŋőňã ňăńőňã ŕăàăňěâàã. Ć ďăŋŋőň áńãçăě âăłĺň ŕăàăňěâàőň ąãďěâ ćěńĺçĺŋă:

g_kl^{−k} ∼ g_km^k ∼ g_kE^k (10.95) àăáâãéăï á àőáâőň íŋěàčĺĺ E (ĺńĺ ŋă ňăńëå àăááâőïŋĺïå). İâő ŕńőåő ĺ, łăł őłăğëćăěâáï, ïćńïěâáï őâàăęěŋĺěň ŋěŕěàěŋőàňĺàãěňőáâĺ áőőâćěâáâćãîéěľ âěőàĺĺ. Čàãąő ňőęŋő áłăğăâì, çâő ąěğàăğňěàŋőáâì łőŋáâăŋâë ćğăĺňőďěľáâćĺï ïćńïěâáï ŋěőąåőďĺňëň (ŋő ŋě ďőáâăâőçŋëň!) ãáńőćĺěň ŕěàěŋőàňĺàãěňőáâĺ ć ńîąőľ âěőàĺĺ ćğăĺňőďěľáâćãîéĺå çăáâĺæ. Šőçŋěě, ŋěőąåőďĺňő, çâőąë łőŋáâăŋâă ćğăĺňőďěľáâćĺï ąëńă ąë ąěğàăğňěàŋőľ ĺńĺ àăğňěàŋőáâì ěě ąëńă ąë őâàĺæăâěńìŋőľ áâěŕěŋìî ďńĺŋë: g ∼ l^{−a}, a > 0. Ć ŕőáńěďŋěň áńãçăě, ąěğàăğňěàŋëľ ŕăàăňěâà âěőàĺĺ ćőğňãéěŋĺľ gE^{−a} ąãďěâ ćŕőńŋě ąěğőąĺďŋëň ŕàĺ ćëáőłĺå íŋěàčĺïå. Ś íâőľ âőçłĺ ğàěŋĺï čőďĺâáï ĺ âěőàĺï gφ^3, ŋő á ŋěľ ďàãčĺě ŕàőąńěňë | őâáãâáâćãěâ ŕőńőęĺâěńìŋăï őŕàěďěńěŋŋőáâì íŋěàčĺĺ (ŋěâ őáŋőćŋőčő áőáâőïŋĺï). Ŕőíâőňã, âěőàĺï gφ^4 ïćńïěâáï, ŕő áãâĺ ďěńă, ěďĺŋáâćěŋŋőľ \àăğãňŋőľ" âěőàĺěľ áłăńïàŋőčő ŕőńï ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ^5.

Ďńï áŕĺŋőàŋőčő ŕőńï (s = 1/2) ňőęŋő àăááãęďăâì âăłęě. Ďĺàăłőćáłĺľ ńăčàăŋęĺăŋ L ∼ i —ψ∂ψ − m —ψψ, âăł çâő [ψ] = [ —ψ] = l^{−3/2}. Śőőâćěâáâćěŋŋő, ěáńĺ àăááňőâàěâì ćğăĺňőďěľáâćĺě ďĺàăłőćáłőčő ŕőńï áő áłăńïàŋëň ćĺďă (ćğăĺňőďěľáâćĺě đłăćë): Lint ∼ g —ψψφ , (10.96) âő áőőâćěâáâćãîéăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï g ąěğàăğňěàŋă ĺ âěőàĺï ŕěàěŋőàňĺàãěňă. Ă ěáńĺ ćğïâì çěâëàěåäěàňĺőŋŋőě ćğăĺňőďěľáâćĺě (Ťěàňĺ) ćĺďă: Lint ∼ G —ψψ —ψψ , (10.97) âő łőŋáâăŋâă áćïğĺ G àăğňěàŋă: [G] = [m^{−2}] = l^2. Šăłăï âěőàĺï ĺňěěâ \ŕńőåőě" ŕőćěďěŋĺě ŕàĺ ąőńìèĺå íŋěàčĺïå ĺ ïćńïěâáï ŋěŕěàěŋőàňĺàãěňőľ.

Ć áőćàěňěŋŋőľ âěőàĺĺ ŕàĺŋïâő àăááňăâàĺćăâì âőńìłő ŕěàěŋőàňĺàãěňëě âěőàĺĺ. Ąěğàăğňěàŋőáâì łőŋáâăŋâë áćïğĺ ïćńïěâáï čàãąëň łàĺâěàĺěň őâąőàă ćőğňőęŋëå ńăčàăŋęĺăŋőć ćğăĺňőďěľáâćĺï.

Ŋőàňĺàőćăŋŋëľ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï âěőàĺĺ á ćğăĺňőďěľáâćĺěň őŕàěďěńĺň âăłęě łăł ĺ ďńï ŋěćğăĺňőďěľáâćãîéěľ âěőàĺĺ (áà.(10.1), (10.63)): Z[J] = ∫ Dφ exp ( iS + i ∫ dxJφ ) ∫ Dφe^{iS} , (10.98)

čďě S = ∫ d^4xL | ďěľáâćĺě àăááňăâàĺćăěňőľ âěőàĺĺ, á ãçěâőň ćłńăďă őâ ńăčàăŋęĺăŋă ćğăĺňőďěľáâćĺï. Ŕàĺ L_{int} = 0 (10.98), ěáâěáâćěŋŋő, áćőďĺâáï ł àăááňőâàěŋŋëň ćëèě ćëàăęěŋĺïň ďńï áćőąőďŋőľ âěőàĺĺ. Ć őąéěň áńãçăě ĺňěěň S = S_0 + S_{int}, čďě S_{int} = ∫ d^4xL_{int}. Ŋěŕőáàěďáâćěŋŋő ŕàőćőďï äãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě, ĺňěěň: 1 i δZ δJ(x) = ∫ Dφ exp ( iS + i ∫ dxJφ ) φ(x) ∫ Dφe^{iS} , (10.99) 1 i^2 δ^2Z δJ(x)δJ(y) = ∫ Dφ exp ( iS + i ∫ dxJφ ) φ(x)φ(y) ∫ Dφe^{iS} (10.100)

ĺ â. ď. Ŕőńăčăï ć íâĺå ćëàăęěŋĺïå J = 0 čěŋěàĺàãěň ćáě čàĺŋőćáłĺě äãŋłæĺĺ âěőàĺĺ: ⟨0|T φ(x)φ(y)|0⟩ = ∫ Dφ exp (iS) φ(x)φ(y) ∫ Dφe^{iS} , (10.101)

5Ąőńěě ŕőďàőąŋő íâĺ ćőŕàőáë, ćłńîçăï ğăćĺáĺňőáâì őâ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă, ąãďãâ őąáãęďăâìáï ŕőğďŋěě.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 245

⟨0|T φ(x_1)φ(x_2)φ(x_3)φ(x_4)|0⟩ = ∫ Dφ exp (iS) φ(x_1)φ(x_2)φ(x_3)φ(x_4) ∫ Dφe^{iS} (10.102)

ĺ â. ď. Ćĺďĺň, çâő äãŋłæĺĺ Čàĺŋă ŕàěďáâăćńïîâ áőąőľ äãŋłæĺőŋăńìŋëě \áàěďŋĺě" őâ ŕàőĺğćěďěŋĺľ çěâŋőčő çĺáńă ŕőńěľ, ŕàĺçěň \ãáàěďŋěŋĺě" ŕàőćőďĺâáï á \ćěáőň" e^{iS} . Ěáńĺ ć íâĺå ćëàăęěŋĺïå ğăŕĺáăâì S = S_0 + S_{int} ĺ ŕàőćěáâĺ àăğńőęěŋĺě íłáŕőŋěŋâ ć àïď ŕő áâěŕěŋïň S_{int}, â.ě., äăłâĺçěáłĺ ć àïď âěőàĺĺ ćőğňãéěŋĺľ ŕő áâěŕěŋïň łőŋáâăŋâë ćğăĺňőďěľáâćĺï, âő ŕőńìğãïáì ďőłăğăŋŋőľ ćëèě âěőàěňőľ Ćĺłă, ňőęŋő ŕőáâàőĺâì ďĺăčàăňňŋãî âěåŋĺłã ďńï ćëçĺáńěŋĺï ńîąëå äãŋłæĺľ Čàĺŋă, àăááňăâàĺćăěňőľ âěőàĺĺ ŕőńï, ăŋăńőčĺçŋő âőňã, łăł íâő ďěńăńőáì ć őŕěàăâőàŋőň ŕőďåőďě. Ćőğŋĺłăîéĺě ŕàĺ íâőň \áàěďŋĺě" őâ ŕăàŋëå ŕàőĺğćěďěŋĺľ ŕőńěľ ć àăğŋëå âőçłăå ąãďãâ \ãáàěďŋïâìáï" c e^{iS0} . İâĺ \áàěďŋĺě" ńěčłő ćëçĺáńïîâáï (čăãááőćë ĺŋâěčàăńë!) ĺ, łăł ňë ćĺďěńĺ, áćőďïâáï ł áőőâćěâáâćãîéĺň áćőąőďŋëň äãŋłæĺïň Čàĺŋă. Ňë, őďŋăłő, ŕőľďěň ŋěáłőńìłő ĺŋëň, ąőńěě äőàňăńìŋëň, ŕãâěň, őáŋőćăŋŋëň ŋă àăááňőâàěŋĺĺ őąéĺå áőőâŋőèěŋĺľ ďńï ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă ćğăĺňőďěľáâćãîéěľ âěőàĺĺ (10.98).

Ğăňěâĺň, çâő 1 i δ δJ(x) e^i ∫_{dxJφ} = φ(x)e^i ∫_{dxJφ} . (10.103)

Ŕőáłőńìłã J ĺ φ ğďěáì ŋěğăćĺáĺňëě (äãŋłæĺőŋăńìŋëě) ŕěàěňěŋŋëě, ăŋăńőčĺçŋőě àăćěŋáâćő ĺňěěâ ňěáâő ĺ ďńï ńîąőľ äãŋłæĺĺ őâ φ: V ( 1 i δ δJ(x) ) e^i ∫_{dxJφ} = V (φ(x)) e^i ∫_{dxJφ} , (10.104)

çâő ńěčłő ďőłăğëćăěâáï àăğńőęěŋĺěň V (φ) ć àïď Šíľńőàă. Šőčďă ĺňěěň: e^{−i} ∫_{dxV (φ)} e^i ∫_{dxJφ} = e^{−i} ∫_{dxV} (_{1i δδJ(x)} ) e^i ∫_{dxJφ} . (10.105)

Ŕőíâőňã, ĺáŕőńìğãï ć łăçěáâćě V (φ) ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï L_{int}(φ), ňőęŋő ğăŕĺáăâì ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń âěőàĺĺ áő ćğăĺňőďěľáâćĺěň ć ćĺďě: Z[J] = N ∫ Dφ exp { i ∫ dx [ 1 2 ∂_μφ∂^μφ − 1 2 (m^2 − iε)φ^2 + L_{int}(φ) + Jφ ]} = = N ∫ Dφ exp { i ∫ dxL_{int}(φ) } exp { i ∫ dx [ 1 2 ∂_μφ∂^μφ − 1 2 (m^2 − iε)φ^2 + Jφ ]} = = N exp { i ∫ dxL_{int} ( 1 i δ δJ(x) )} Z_0[J] (10.106)

ĺńĺ, ĺáŕőńìğãï (10.20):

Z[J] = N exp [ i ∫ dxL_{int} ( 1 i δ δJ(x) )] exp { − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) } . (10.107) Šăłĺň őąàăğőň, ňë ŕőńãçĺńĺ őąéěě ćëàăęěŋĺě ďńï ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă âěőàĺĺ á ćğăĺňőďěľáâćĺěň, łőâőàőě ć ďăńìŋěľèěň ąãďěâ ĺáŕőńìğőćăŋő ŕàĺ ŕőáâàőěŋĺĺ ďĺăčàăňňŋőľ âěåŋĺłĺ.

246 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Šěőàĺï φ^4.

Ĺâăł ćěàŋěňáï ł àăááňőâàěŋĺî âěőàĺĺ á ńăčàăŋęĺăŋőň ćğăĺňőďěľáâćĺï: L_{int} = − g 4! φ^4 . (10.108)

Ŋőàňĺàőćăŋŋëľ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï íâőľ âěőàĺĺ ĺňěěâ ćĺď: Z[J] = exp [ i ∫ dzL_{int} (_1 i δ δJ(z) )] exp [ −^i_2 ∫ dxdyJ(x)´_F (x − y)J(y) ] { exp [ i ∫ dzL_{int} (_1 i δ δJ(z) )] exp [ −^i_2 ∫ dxdyJ(x)´_F (x − y)J(y) ]}| |_{J=0} . (10.109) Šěőàĺï ćőğňãéěŋĺľ áâàőĺâáï àăğńőęěŋĺěň íâőčő ćëàăęěŋĺï ć àïď ŕő áâěŕěŋïň łőŋáâăŋâë áćïğĺ g. Ćëŕĺèěň ŕěàćëě çńěŋë àăğńőęěŋĺï ďńï çĺáńĺâěńï: [ 1 − ig 4! ∫ dz ( 1 i δ δJ(z) )_4

+ O(g^2) ] exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] . (10.110)

Ďĺääěàěŋæĺàãï ŕőáńěďőćăâěńìŋő, ŕőńãçăěň: 1 i δ δJ(z) exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] = = − ∫ dx´_F (z − x)J(x) exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] , (10.111)

( 1 i δ δJ(z) )_2 exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] = = { i´_F (0) + [∫ dx´_F (z − x)J(x) ]_2} exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] , (10.112) ( 1 i δ δJ(z) )_3 exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] = = { 3[−i´_F (0)] ∫ dx´_F (z − x)J(x) − [∫ dx´_F (z − x)J(x) ]_3} × × exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] , (10.113) ( 1 i δ δJ(z) )_4 exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] =

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 247

Řĺá. 10-8

= { −3[´_F (0)]^2 + 6i´_F (0) [∫ dx´_F (z − x)J(x) ]_2 + [∫ dx´_F (z − x)J(x) ]_4} × × exp [ − i 2 ∫ dxdyJ(x)´_F (x − y)J(y) ] . (10.114)

İâĺň ćëàăęěŋĺïň ňőęŋő áőŕőáâăćĺâì ďĺăčàăňňë. Ąãďěň ĺğőąàăęăâì äãŋłæĺî −i´_F (x − y) (ŕàőŕăčăâőà) áŕńőèŋőľ ńĺŋĺěľ, áőěďĺŋïîéěľ âőçłĺ x ĺ y. Ćěńĺçĺŋã −i´_F (0) = −i´_F (x − x) ąãďěň ĺğőąàăęăâì ğăňłŋãâőľ ŕěâńěľ, áćïğăŋŋőľ á âőçłőľ x. Šőčďă ćëàăęěŋĺě (10.114) čàăäĺçěáłĺ ŕàěďáâăćńïěâáï, łăł íâő ŕőłăğăŋő ŋă Řĺá. 10- 8. Ŕàőĺáåőęďěŋĺě łőíääĺæĺěŋâőć 3, 6, 1 ňőęŋő ŕőŋïâì ĺğ áőőąàăęěŋĺľ áĺňňěâàĺĺ. Ŋăŕàĺňěà, łőíääĺæĺěŋâ 3 áőőâćěâáâćãěâ âàěň áŕőáőąăň áőěďĺŋĺâì ďćě ŕăàë ńĺŋĺľ ć ďĺăčàăňňã á ďćãňï ŕěâńïňĺ. Ăŋăńőčĺçŋő, ćő ćâőàőň áńăčăěňőň ĺňěěâáï 6 áŕőáőąőć áőěďĺŋĺâì ďćě ńĺŋĺĺ, âăł çâőąë ŕőńãçĺńăáì ĺğőąàăęěŋŋăï ŋă Řĺá. 10-8 ďĺăčàăňňă. İâĺ łőíääĺæĺěŋâë ŋăğëćăîâáï äăłâőàăňĺ áĺňňěâàĺĺ, ňë ěéě őąáãďĺň őąéĺľ ăńčőàĺâň ĺå ŕőńãçěŋĺï ŋĺęě. Ğăňěâĺň, çâő ŕěàćëľ çńěŋ ć (10.114) ĺ ŋă Řĺá. 10-8 ŕàěďáâăćńïěâ áőąőľ âĺŕĺçŋëľ ćăłããňŋëľ ćłńăď (čàăäĺł) ąěğ ćŋěèŋĺå ńĺŋĺľ.

Řăááňőâàĺň âěŕěàì ğŋăňěŋăâěńì (10.109). Ďńï íâőčő ďőáâăâőçŋő ŕàőáâő ŕőńőęĺâì J = 0 ć (10.114), çâő ĺáłńîçăěâ ćâőàőľ ĺ âàěâĺľ çńěŋë ŋă Řĺá. 10-8. Šăłĺň őąàăğőň, á âőçŋőáâìî ďő çńěŋőć ŕőàïďłă g, ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ĺğőąàăęăěâáï čàăäĺłăňĺ Řĺá. 10-9, čďě ćâőàőě àăćěŋáâćő ŕőńãçěŋő àăğńőęěŋĺěň ğŋăňěŋăâěńï á âőľ ęě âőçŋőáâìî. Ŕàĺ íâőň ćăłããňŋëľ čàăäĺł ĺğ ğŋăňěŋăâěńï \ŕőďŋïńáï ŋăćěàå" ĺ ć âőçŋőáâĺ áőłàăâĺńáï á ćăłããňŋëň čàăäĺłőň çĺáńĺâěńï. Ć íâőň ŕàőïćńïěâáï ãęě ćáâàěçăćèěěáï ćëèě őąéěě ŕàăćĺńő áőłàăéěŋĺï ćăłããňŋëå čàăäĺłőć, łőâőàőě ćëŕőńŋïěâáï ĺ ďńï ŋőàňĺàőćăŋŋëå ŕàőĺğćőďïéĺå äãŋłæĺőŋăńőć ć łćăŋâőćőľ âěőàĺĺ ŕőńï.

2-âőçěçŋăï äãŋłæĺï.

Ďćãåâőçěçŋăï äãŋłæĺï őŕàěďěńïěâáï łăł:

τ (x_1, x_2) = − δ^2Z[J] δJ(x_1)δJ(x_2) | | | |_{J=0} . (10.115)

248 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-9

Řĺá. 10-10

Ĺğ Řĺá. 10-9 ïáŋő, çâő ćłńăď ŕěàćőčő áńăčăěňőčő äãŋłæĺőŋăńă Z[J] ć ćëàăęěŋĺě ďńï τ (x_1, x_2) àăćěŋ ŕàőáâő i´_F (x_1 − x_2), â.ě. áćőąőďŋőňã ŕàőŕăčăâőàã. Ďĺăčàăňňă Řĺá. 10-9 á çěâëàìňï \åćőáâăňĺ" áőďěàęĺâ çěâëàě ňŋőęĺâěńï J ĺ ŋě ďăěâ (J = 0) ćłńăďă ć 2-âőçěçŋãî äãŋłæĺî. Ćłńăď őâ ďĺăčàăňňë á ŕěâńěľ ć Z[J] àăćěŋ: g 4 ´_F (0) ∫ dxdy´_F (z − x)J(x)´_F (z − y)J(y) exp ( − i 2 ∫ J´_F J ) . (10.116)

Ďĺääěàěŋæĺàãï íâő ćëàăęěŋĺï ďćă àăğă, ŕőńãçăěň: 1 i δ δJ(x_1) (...) = − ig 4 ´_F (0)2 ∫ dydz´_F (z − x_1)´_F (z − y)J(y) exp ( − i 2 ∫ J´_F J ) + ... , (10.117) 1 i δ δJ(x_2) 1 i δ δJ(x_1) (...) = − g 2 ´_F (0) ∫ dz´_F (z − x_1)´_F (z − x_2) exp ( − i 2 ∫ J´_F J ) + ... , (10.118) čďě őŕãéěŋë çńěŋë, őąàăéăîéĺěáï ć ŋãńì ŕàĺ J → 0. Ć ĺâőčě, ĺňěěň:

τ (x_1, x_2) = i´_F (x_1 − x_2) − g 2 ´_F (0) ∫ dz´_F (z − x_1)´_F (z − x_2) + O(g^2) , (10.119)

çâő ĺğőąàăęěŋő ďĺăčàăňňăňĺ ŋă Řĺá. 10-10 Ďńï áćőąőďŋőľ çăáâĺæë ĺňěěň:

τ (x) = i´_F (x) = i ∫ d^4k (2π)^4 e^{−ikx} k^2 − m^2 + iε

(10.120)

ĺ äãàìě-őąàăğ áćőąőďŋőčő ŕàőŕăčăâőàă ĺňěěâ ŕőńîá ŕàĺ k^2 = m^2, çâő ďăěâ áŕěłâà áőőâćěâáâćãîéěľ çăáâĺæë. Ŋěâàãďŋő ãąěďĺâìáï, çâő ŕàĺ ŋăńĺçĺĺ ćğăĺňőďěľáâćĺï,

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 249

ňăááă çăáâĺæë áâăŋőćĺâáï őâńĺçŋőľ őâ m. Ć áăňőň ďěńě, ćâőàőľ çńěŋ ŋă Řĺá. 10-10 ňőęŋő ğăŕĺáăâì łăł: − g 2 ´_F (0) ∫ dz´_F (x_1 − z)´_F (x_2 − z) = = − g 2 ´_F (0) ∫ d^4pd^4qdz (2π)^8 e^{−ip(x1−z)} p^2 − m^2 + iε e^{−iq(x2−z)} q^2 − m^2 + iε = = − g 2 ´_F (0) ∫ d^4pd^4q (2π)^4 e^{−ip(x1−x2)} (p^2 − m^2 + iε)^2 δ(p + q) = = − g 2 ´_F (0) ∫ d^4p (2π)^4 e^{−ip(x1−x2)} (p^2 − m^2 + iε)^2

, (10.121)

âăł çâő (10.119) áćőďĺâáï ł:

τ (x_1, x_2) = i ∫ d^4p (2π)^4 e^{−ip(x1−x2)} p^2 − m^2 + iε { 1 + i 2 g ´_F (0) p^2 − m^2 + iε } . (10.122)

Ŕàĺ g ≪ 1 çńěŋ ć äĺčãàŋëå áłőąłăå ć (10.122) ňőęŋő ŕěàěŕĺáăâì (á âőľ ęě âőçŋőáâìî) łăł: { 1 − i g 2 ´_F (0) p^2 − m^2 + iε }_{−1} . (10.123)

Śőőâćěâáâćěŋŋő:

τ (x_1, x_2) = i ∫ d^4p (2π)^4 e^{−ip(x1−x2)} p^2 − m^2 −^i_2 g´_F (0) + iε

. (10.124)

Ćĺďĺň, çâő âěŕěàì äãàìě-őąàăğ τ (x_1, x_2) ĺňěěâ ŕőńîá ŕàĺ:

p^2 = m^2 + i 2 g´_F (0) ≡ m^2 + δm^2 = m^2_r , (10.125) čďě δm^2 = i 2 g´_F (0) , (10.126)

ă ćěńĺçĺŋă m_r ŕàěďáâăćńïěâ áőąőľ äĺğĺçěáłãî (ĺńĺ ŕěàěŋőàňĺàőćăŋŋãî) ňăááã çăáâĺæë. Šăłĺň őąàăğőň, ćğăĺňőďěľáâćĺě ĺğňěŋïěâ ňăááã. Ł áőęăńěŋĺî, ćěńĺçĺŋă δm^2 ŋě ňőęěâ ąëâì àăááçĺâăŋă, äőàňăńìŋő őŋă ąěáłőŋěçŋă, ŕőáłőńìłã ´_F (0) ∼ ∫_{d4k} k2 ∼ ∫ dkk^3/k^2 ∼ ∫ dkk, ĺ íâőâ ĺŋâěčàăń łćăďàăâĺçŋő àăáåőďĺâáï ŋă ćěàåŋěň ŕàěďěńě. İâő áŋőćă ŕàĺňěà âĺŕĺçŋőľ \ãńìâàăäĺőńěâőćőľ" àăáåőďĺňőáâĺ ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Śĺâãăæĺï ğďěáì âăłăï ęě, łăł ĺ ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. Ťĺğĺçěáłăï ŕàĺçĺŋă àăáåőďĺňőáâĺ | âőçěçŋëľ åăàăłâěà ćğăĺňőďěľáâćĺï (ńőłăńìŋăï âěőàĺï ŕőńï). Ŋăň ŋěĺğćěáâŋő, áãéěáâćãěâ ńĺ łăłőľ-ŋĺąãďì \àěăńĺáâĺçěáłĺľ" ňěåăŋĺğň \őąàěğăŋĺï" âăłĺå àăáåőďĺňőáâěľ. Ŋăŕàĺňěà, ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ć ăŋăńőčĺçŋëå áĺâãăæĺïå, ćěàåŋĺľ ŕàěďěń ĺŋâěčàĺàőćăŋĺï őąëçŋő ∼ 1/a, čďě a | ŋěłőâőàăï \ňĺŋĺňăńìŋăï" ďńĺŋă ŕőàïďłă áàěďŋěčő ňěęăâőňŋőčő àăááâőïŋĺï ĺńĺ ŕőáâőïŋŋőľ àěèěâłĺ. Ăŋăńőč âăłőľ ďńĺŋë ć łćăŋâőćőľ âěőàĺĺ ŕőńï ŋě ĺğćěáâěŋ, ąőńěě âőčő, ěčő ććěďěŋĺě (ŋăŕàĺňěà ŕãâěň ććěďěŋĺï àěèěâőçŋőľ áâàãłâãàë ŕàőáâàăŋáâćă-ćàěňěŋĺ ŋă ňăńëå àăááâőïŋĺïå) ïćŋő ŋăàãèăěâ àěńïâĺćĺáâáłãî ĺŋćăàĺăŋâŋőáâì âěőàĺĺ. Ŕàőąńěňă àěèăěâáï ďńï ŕěàěŋőàňĺàãěňëå âěőàĺľ, łőčďă ãďăěâáï ćáě âăłĺě àăáåőďĺňőáâĺ \ğăčŋăâì" ć łőŋěçŋőě çĺáńő ŕăàăňěâàőć, őŕàěďěńïěňëå ĺğ íłáŕěàĺňěŋâă (ňăááă, łőŋáâăŋâă ćğăĺňőďěľáâćĺï ĺ â. ŕ.). Ďńï ŕěàěŋőàňĺàãěňőľ âěőàĺĺ gφ^4 ňë ěéě ćěàŋěňáï ł őąáãęďěŋĺî íâĺå ćőŕàőáőć.

250 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-11

4-âőçěçŋăï äãŋłæĺï.

Ĺňěěň:

τ (x_1, x_2, x_3, x_4) = δ^4Z[J] δJ(x_1)δJ(x_2)δJ(x_3)δJ(x_4) | | |_{J=0} . (10.127)

Ůńěŋ ŕőàïďłă g^0 ąëń àăááňőâàěŋ ćëèě, ĺğ (10.88) ĺňěěň:

τ (x_1, x_2, x_3, x_4) = −´_F (x_2 − x_3)´_F (x_1 − x_4) − −´_F (x_2 − x_1)´_F (x_3 − x_4) − ´_F (x_3 − x_1)´_F (x_2 − x_4) , (10.128)

çâő ŕőłăğăŋő čàăäĺçěáłĺ ŋă Řĺá. 10-7 ĺ áőőâćěâáâćãěâ áćőąőďŋőňã àăáŕàőáâàăŋěŋĺî ďćãå çăáâĺæ ąěğ ćáïłőčő àăááěïŋĺï. Řăááňőâàĺň ćłńăď ŕěàćőčő ŕőàïďłă ŕő g. Ĺğ ćĺďă ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă, ŕàĺćěďěŋŋőčő ŋă Řĺá. 10-9, ïáŋő, çâő őďĺŋ ćłńăď âăłőčő âĺŕă, áćïğăŋŋëľ á ďĺääěàěŋæĺàőćăŋĺěň ŕěâńěćőčő čàăäĺłă ć Z[J] ĺğőąàăęăěâáï Řĺá. 10-11 ĺ àăćěŋ: g 4 δ^4 δJ(x_1)δJ(x_2)δJ(x_3)δJ(x_4) × × { ´_F (0) ∫ dx ∫ dy ∫ dz´_F (x − z)´_F (y − z)J(y)J(x) exp ( − i 2 ∫ J´_F J )}| | |_{J=0} = = − ig 2 ´_F (0) ∫ dz[´_F (z − x_1)´_F (z − x_2)´_F (x_3 − x_4) +

+´_F (z − x_1)´_F (z − x_3)´_F (x_2 − x_4) + ´_F (z − x_1)´_F (z − x_4)´_F (x_2 − x_3) + +´_F (z − x_2)´_F (z − x_3)´_F (x_1 − x_4) + ´_F (z − x_2)´_F (z − x_4)´_F (x_1 − x_2) + +´_F (z − x_3)´_F (z − x_4)´_F (x_1 − x_2)] , (10.129)

çâő čàăäĺçěáłĺ ŕőłăğăŋő ďĺăčàăňňőľ ŋă Řĺá. 10-12, ğăňěŋïîéěľ èěáâì áńăčăěňëå ďăŋŋőčő ćëàăęěŋĺï. Ďàãčőľ ćłńăď ŕěàćőčő ŕőàïďłă ŕő g ŕőńãçăěâáï ďĺääěàěŋæĺàőćăŋĺěň \çěâëàěååćőáâőčő" čàăäĺłă ć Z[J], çâő ďăěâ: − ig 4! δ^4 δJ(x_1)...δJ(x_4) {∫ dz [∫ dx´_F (z − x)J(x) ]_4 exp ( − i 2 ∫ J´_F J )}| | | |_{J=0} =

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 251

Řĺá. 10-12

Řĺá. 10-13 = −ig ∫ dz´_F (x_1 − z)´_F (x_2 − z)´_F (x_3 − z)´_F (x_4 − z) ,

(10.130)

çâő čàăäĺçěáłĺ ňőęŋő ĺğőąàăğĺâì ŕàőáâő âőçłőľ á çěâëàìňï \åćőáâăňĺ", čďě âőçłă ŕàěďáâăćńïěâ íńěňěŋâăàŋãî (\ğăâàăćőçŋãî") ćěàèĺŋã ćğăĺňőďěľáâćĺï.

Šăłĺň őąàăğőň, ŕőńŋăï 4-âőçěçŋăï äãŋłæĺï, á âőçŋőáâìî ďő çńěŋőć ŕőàïďłă g, ĺğőąàăęăěâáï čàăäĺłăňĺ Řĺá. 10-13. Ğďěáì ŕěàćëľ çńěŋ ŕőàïďłă g^0, łăł ňë ãęě őâňěçăńĺ, ŋě ďăěâ ćłńăďă ć àăááěïŋĺě, ćâőàőľ çńěŋ őŕĺáëćăěâ áăňőďěľáâćĺě őďŋőľ ĺğ çăáâĺæ, ă áőąáâćěŋŋő àăááěïŋĺě őŕĺáëćăěâáï âőńìłő âàěâìĺň áńăčăěňëň.

Ůĺáńěŋŋëě łőíääĺæĺěŋâë ŋă Řĺá. 10-13, ĺ ć ďàãčĺå ŕőďőąŋëå áńãçăïå, ňőęŋő ŕőŋïâì ĺğ łőňąĺŋăâőàŋëå áőőąàăęěŋĺľ. Řăááňőâàĺň ŕàőĺğćőńìŋãî ďĺăčàăňňã ŕőàïďłă g^n ďńï 4-âőçěçŋőľ äãŋłæĺĺ. Őŋă áőďěàęĺâ n ćěàèĺŋ | Řĺá. 10-14. Ş 4- âőçěçŋőľ äãŋłæĺĺ ĺňěěâáï 4 ćŋěèŋĺå \åćőáâă" | Řĺá. 10-15 (ŕàěďďĺăčàăňňă). Šěŕěàì ŋãęŋő ćáěňĺ áŕőáőąăňĺ áőěďĺŋĺâì íâĺ \åćőáâë" á n ćěàèĺŋăňĺ, ŕő ŕàăćĺńăň áőáâăćńěŋĺï ďĺăčàăňň. Ŋăŕàĺňěà, ć ŕěàćőň ŕőàïďłě ŕő g áãéěáâćãěâ âàĺ âőŕőńőčĺçěáłĺ àăğńĺçŋëå âĺŕă äěľŋňăŋőćáłĺå ďĺăčàăňň, ŕőłăğăŋŋëě ŋă Řĺá. 10-16. Ůâőąë ŕőńãçĺâì ďĺăčàăňňã Řĺá. 10-16(ă) ŋãęŋő áŋăçăńă áőěďĺŋĺâì x_1 ŋă ŕàěďďĺăčàăňňě Řĺá. 10-15 á őďŋĺň ĺğ łőŋæőć ćěàèĺŋë. Śãéěáâćãěâ 4 áŕőáőąă íâő áďěńăâì. Ŕőáńě íâőčő őáâăěâáï 3 áŕőáőąă áőěďĺŋĺâì x_2 á őďŋĺň ĺğ őáâăćèĺåáï łőŋæőć ĺ â. ď. Ćáěčő, âăłĺň őąàăğőň, ĺňěěâáï 4! = 24 áŕőáőąă ŕőńãçĺâì íâã ďĺăčàăňňã ĺğ ŕàěďďĺăčàăňňë, őâáîďă ĺ ćőğŋĺłăěâ áőőâćěâáâćãîéĺľ łőíääĺæĺěŋâ ŋă Řĺá. 10-13. Ůâőąë ŕőńãçĺâì ďĺăčàăňňã Řĺá. 10-16(ą), áőěďĺŋĺň x_1 ŋěŕőáàěďáâćěŋŋő á őďŋĺň ĺğ ćŋěèŋĺå łőŋæőć

Řĺá. 10-14

252 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-15

Řĺá. 10-16

x_2, x_3, x_4, çâő ďăáâ őďŋã ńĺŋĺî. Śãéěáâćãěâ 3 áŕőáőąă íâő áďěńăâì. Ďăńěě ćëąěàěň őďĺŋ ĺå łőŋæőć ćěàèĺŋë ĺ áőěďĺŋĺň ěčő á őďŋőľ ĺğ ďćãå őáâăćèĺåáï ćŋěèŋĺå âőçěł. İâő ňőęŋő áďěńăâì 4 × 2 áŕőáőąăňĺ. Ďăńěě áőěďĺŋĺň őďĺŋ ĺğ âàěå őáâăćèĺåáï łőŋæőć ŕãŋłâĺàŋőľ ćěàèĺŋë á ŕőáńěďŋěľ őáâăćèěľáï âőçłőľ. Ďńï íâőčő ĺňěěâáï 3 áŕőáőąă. Ŋăłőŋěæ, áőěďĺŋĺň őáâăćèĺěáï ďćă łőŋæă ďàãč á ďàãčőň. Ć ĺâőčě ŕőńãçăěâáï łàăâŋőáâì 3 × 4 × 2 × 3 = 12 × 6, çâő ĺ áőőâćěâáâćãěâ łőíääĺæĺěŋâã ŕěàěď íâőľ ďĺăčàăňňőľ ŋă Řĺá. 10-13. Ŕőŋïâŋő, çâő łàăâŋőáâì ďĺăčàăňňë Řĺá. 10-16(ć) àăćŋă 3 × 3 = 9, ŋő íâă (ćăłããňŋăï) ďĺăčàăňňă ŋě äĺčãàĺàãěâ ŋă Řĺá. 10-13, áőłàăéăïáì á áőőâćěâáâćãîéĺň ćłńăďőň őâ ğŋăňěŋăâěńï ŋőàňĺàőćăŋŋőčő äãŋłæĺőŋăńă Z[J].

Ć ĺâőčě ňőęěň áäőàňãńĺàőćăâì áńěďãîéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï âěőàĺĺ gφ^4 (ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ):

• Śćőąőďŋőňã ŕàőŕăčăâőàã −i´_F (x − y) áőŕőáâăćńïěâáï áŕńőèŋăï ńĺŋĺï, áőěďĺŋïîéăï âőçłĺ x ĺ y.

• İńěňěŋâăàŋăï ćěàèĺŋă ćğăĺňőďěľáâćĺï ĺğőąàăęăěâáï âőçłőľ, áőěďĺŋěŋŋőľ á çěâëàìňï áŕńőèŋëňĺ ńĺŋĺïňĺ, ěľ áőŕőáâăćńïěâáï ňŋőęĺâěńì −ig, ă ŕő łőőàďĺŋăâăň ćěàèĺŋ ćěďěâáï ĺŋâěčàĺàőćăŋĺě.

• Łăęďăï ďĺăčàăňňă ãňŋőęăěâáï ŋă áőőâćěâáâćãîéĺľ äăłâőà áĺňňěâàĺĺ S(1/4!)^n, čďě S | çĺáńő áŕőáőąőć ŕőáâàőĺâì ďăŋŋãî ďĺăčàăňňã ĺğ áőőâćěâáâćãîéěľ ŕàěďďĺăčàăňňë.

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áćïğŋëå ďĺăčàăňň.

Ňőęŋő ććěáâĺ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń W [J], łőâőàëľ ïćńïěâáï ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň âőńìłő ďńï áćïğŋëå ďĺăčàăňň Ťěľŋňăŋă, â.ě. ďńï ďĺăčàăňň ŋě àăáŕăďăîéĺåáï ŋă ŋěğăćĺáĺňëě ąńőłĺ^6. Śćïğŋëě ďĺăčàăňňë ćăęŋë, ŕőáłőńìłã âőńìłő őŋĺ ďăîâ ćłńăď ć ŋěâàĺćĺăńìŋãî çăáâì S-ňăâàĺæë (àăááěïŋĺě). Ťãŋłæĺőŋăń W [J]

6Ŕàĺňěà ŋěáćïğŋőľ ďĺăčàăňňë ŕőłăğăŋ ŋă Řĺá. 10-16(ą).

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 253

őŕàěďěńïěâáï łăł:

W [J] = −i ln Z[J] , (10.131) âăł çâő Z[J] = exp (iW [J]) . (10.132) Ŕőłăęěň, ŋă ŕàĺňěàě 2-âőçěçŋőľ ĺ 4-âőçěçŋőľ äãŋłæĺľ, çâő W [J] ďěľáâćĺâěńìŋő \čěŋěàĺàãěâ" âőńìłő áćïğŋëě ďĺăčàăňňë. Ĺňěěň: δ^2W δJ(x_1)δJ(x_2) = i Z^2 δZ δJ(x_1) δZ δJ(x_2) − i Z δ^2Z δJ(x_1)δJ(x_2)

. (10.133)

Ŕàĺ J = 0 ĺňěěň: δZ[J] δJ(x) | | | |_{J=0} = 0 , Z[0] = 1 , (10.134) âăł çâő ŕőńãçăěň: δ^2W δJ(x_1)δJ(x_2) | | | |_{J=0} = −i δ^2Z δJ(x_1)δJ(x_2) | | | |_{J=0} = iτ (x^1, x^2) . (10.135)

Ćĺďĺň, çâő W őŕàěďěńïěâ ŕàőŕăčăâőà ćő ćáěå ŕőàïďłăå ŕő g.

Ŕěàěľďěň ł 4-âőçěçŋőľ äãŋłæĺĺ. Ŕàőďĺääěàěŋæĺàãěň (10.133) ěéě ďćă àăğă ĺ ŕőńőęĺň J = 0. Šőčďă ĺňěěň: δ^4W δJ(x_1)δJ(x_2)δJ(x_3)δJ(x_4) = = i [ 1 Z^2 δ^2Z δJ(x_1)δJ(x_2) δ^2Z δJ(x_3)δJ(x_4) + 1 Z^2 δ^2Z δJ(x_1)δJ(x_3) δ^2Z δJ(x_2)δJ(x_4) + + 1 Z^2 δ^2Z δJ(x_1)δJ(x_4) δ^2Z δJ(x_2)δJ(x_3) − 1 Z^2 δ^4Z δJ(x_1)δJ(x_2)δJ(x_3)δJ(x_4) ]| | |_{J=0} = = i[τ (x_1, x_2)τ (x_3, x_4) + τ (x_1, x_3)τ (x_2, x_4) + τ (x_1, x_4)τ (x_2, x_3) − τ (x_1, x_2, x_3, x_4)] . (10.136)

Ŋěâàãďŋő ćĺďěâì, çâő íâő ćëàăęěŋĺě ŋě áőďěàęĺâ ŋěáćïğŋëå ďĺăčàăňň. Ŕőďáâăćńïï (10.119) ĺ ćëàăęěŋĺï á Řĺá. 10.130 ć (10.136), á âőçŋőáâìî ďő çńěŋőć ŕőàïďłă g ĺňěěň Řĺá. 10-17. Ćĺďĺň, çâő ćłńăď ć íâő ćëàăęěŋĺě ďăîâ âőńìłő áćïğŋëě ďĺăčàăňňë.

Řăááňőâàĺň âěŕěàì łàăâłő n-âőçěçŋãî äãŋłæĺî: τ (x_1, ..., x_n) = 1 i^n δ^nZ[J] δJ(x_1)...δJ(x_n) | | |_{J=0} . (10.137)

Ŋěŕàĺćőďĺňăï (áćïğŋăï) n-âőçěçŋăï äãŋłæĺï φ(x_1, ..., x_n) ňőęěâ ąëâì őŕàěďěńěŋă łăł: φ(x_1, ..., x_n) = 1 i^n δ^nW [J] δJ(x_1)...δJ(x_n) | | | |_{J=0} . (10.138) Ć áăňőň ďěńě, ĺğ Řĺá. 10-13 ĺ (10.137) áńěďãîâ ćëàăęěŋĺï, ŕőłăğăŋŋëě ŋă Řĺá. 10-18. Ĺğ (10.136) áńěďãěâ:

iφ(x_1, ..., x_4) = τ (x_1, ..., x_4)−τ (x_1, x_2)τ (x_3, x_4)−τ (x_1, x_3)τ (x_2, x_4)−τ (x_1, x_4)τ (x_2, x_3) . (10.139)

254 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-17

Řĺá. 10-18

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 255

Řĺá. 10-19

Řĺá. 10-20

Ŕőáłőńìłã τ (x_1, x_2) = iφ(x_1, x_2), ĺňěěň: τ (x_1, ..., x_4) = iφ(x_1, ..., x_4) − ∑ p φ(x_{i1} , x_{i2})φ(x_{i3} , x_{i4} ) , (10.140)

čďě áãňňă ĺďěâ ŕő ćáěň ćőğňőęŋëň àăğąĺěŋĺïň ĺŋďěłáőć (1, ..., 4) ŋă ŕăàë (i_1, i_2), (i_3, i_4). Šăłĺň őąàăğőň, 4-âőçěçŋăï äãŋłæĺï àăáŕăďăěâáï ŋă \ŋěŕàĺćőďĺňãî" (ĺńĺ \áćïğŋãî") çăáâì ĺ ŕàĺćőďĺňëě çăáâĺ, łăł ŕőłăğăŋő ŋă Řĺá. 10-19. Ć ŕěàćőň ŕőàïďłě ŕő g ĺňěěň čàăäĺłĺ, ŕőłăğăŋŋëě ŋă Řĺá. 10-20. Ć áńãçăě n-âőçěçŋëå äãŋłæĺľ, áőőâćěâáâćãîéěě őąőąéěŋĺě ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 10-21.

Őŕěàăâőà áőąáâćěŋŋőľ íŋěàčĺĺ ĺ ćěàèĺŋŋëě äãŋłæĺĺ.

Ŕàőďőńęĺň őąáãęďěŋĺě őąéěľ áâàãłâãàë ãàăćŋěŋĺľ łćăŋâőćőľ âěőàĺĺ ŕőńï ć äãŋłæĺőŋăńìŋőľ äőàňãńĺàőćłě, őčàăŋĺçĺćăïáì, ć őáŋőćŋőň, âěőàĺěľ gφ^4. Ğŋăï ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń Z[J], ňőęěň ŋăľâĺ n-âőçěçŋëě äãŋłæĺĺ τ (x_1, ..., x_n) (äãŋłæĺĺ Čàĺŋă G^n(x_1, ..., x_n)): τ (x_1, ..., x_n) = G^{(n)}(x_1, ..., x_n) = 1 i^n δ^nZ[J] δJ(x_1)...δJ(x_n) | | | |_{J=0} . (10.141)

İâĺ äãŋłæĺĺ áőďěàęăâ łăł áćïğŋëě (ŋěŕàĺćőďĺňëě), âăł ĺ ŋěáćïğŋëě (ŕàĺćőďĺňëě) çăáâĺ, łăł íâő ŕőłăğăŋő, ŋăŕàĺňěà, ďńï G^{(4)} ŋă Řĺá. 10-22. Ŕàőæěááë àăááěïŋĺï

Řĺá. 10-21

256 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-22

Řĺá. 10-23

őŕàěďěńïîâáï âőńìłő áćïğŋëňĺ ďĺăčàăňňăňĺ, łőâőàëě čěŋěàĺàãîâáï äãŋłæĺőŋăńőň W = −i ln Z, âăł çâő áćïğŋëě äãŋłæĺĺ Čàĺŋă őŕàěďěńïîâáï łăł: iφ(x_1, ..., x_n) = G^{(n)}_c (x_1, ..., x_n) = 1 i^{n−1} δ^nW [J] δJ(x_1)...δJ(x_n) | | | |_{J=0} . (10.142)

Šőčďă ĺğ ćáěå čàăäĺłőć, ŕőłăğăŋŋëå ŋă Řĺá. 10-22, őáâăěâáï âőńìłő âàěâĺľ, łőâőàëľ ĺ őŕàěďěńïěâ G^{(4)}c ć ŕěàćőň ŕőàïďłě ŕő g.

Śćïğŋăï 2-âőçěçŋăï äãŋłæĺï Čàĺŋă, á âőçŋőáâìî ďő çńěŋőć g^3, őŕàěďěńïěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 10-23. Ŕőńŋăï áãňňă âăłĺå ďĺăčàăňň ďăěâ \őďěâëľ" ŕàőŕăčăâőà G^{(2)}c (x, y), łőâőàëľ őąëçŋő ĺğőąàăęăîâ \ęĺàŋőľ" ńĺŋĺěľ. Ňőęŋő ŕàőćěáâĺ őąëçŋãî ŕàőæěďãàã ćëďěńěŋĺï őďŋőçăáâĺçŋő ŋěŕàĺćőďĺňëå (1ŮŊ) ďĺăčàăňň (ŋěàăğàěğăěňëå ŕő ńĺŋĺĺ őďŋőľ çăáâĺæë), ĺ ććěáâĺ ĺå áãňňã, łăł íâő ŕőłăğăŋő ŋă Řĺá. 10-24. İâă áãňňă őŕàěďěńïěâ ŋěŕàĺćőďĺňãî áőąáâćěŋŋő-íŋěàčěâĺçěáłãî çăáâì. Ŕőńŋëľ (őďěâëľ) ŕàőŕăčăâőà őŕàěďěńïěâáï âőčďă ãàăćŋěŋĺěň Ďăľáőŋă:

G^{(2)}_c (p) = G_0(p) + G_0(p) 1 i ˚(p)G_0(p) + G_0(p) 1 i ˚(p)G_0(p) 1 i ˚(p)G_0(p) + ... =

= G_0 { 1 + 1 i ˚G_0 + 1 i ˚G_0 1 i ˚G_0 + ... } =

Řĺá. 10-24

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 257

Řĺá. 10-25

= G_0 [ 1 − 1 i ˚G_0 ]_{−1} = [ G^{−1}_0 (p) − 1 i ˚(p) ]_{−1} (10.143) ĺńĺ G^{(2)}_c (p) = i p^2 − m^2 − ˚(p)

, , (10.144)

čďě ãçńĺ, çâő G_0(p) = i p^2 − m^2

. (10.145)

Ć ďĺăčàăňňŋőň ćĺďě ãàăćŋěŋĺě Ďăľáőŋă ŕőłăğăŋő ŋă Řĺá. 10-25. Őŕàěďěńïï äĺğĺçěáłãî ňăááã çăáâĺæë m_{phys} ŕőńîáőň ŕőńŋőčő ŕàőŕăčăâőàă^7:

G^{(2)}_c (p) = i p^2 − m^2_{phys} , (10.146)

ŕőńãçăěň:

m^2_{phys} = m^2 + ˚(p^2 = m^2_{phys}) . (10.147) Ĺğ (10.143) ĺňěěň: [G^{(2)}_c (p)]^{−1} = G^{−1}_0 (p) − 1 i ˚(p) , (10.148)

âăł çâő ćěńĺçĺŋă, őąàăâŋăï 2-âőçěçŋőľ äãŋłæĺĺ, áőďěàęĺâ łàőňě őąàăâŋőčő \čőńőčő" ŕàőŕăčăâőàă âőńìłő 1ŮŊ-ďĺăčàăňňë. Ňőęŋő äőàňăńìŋő őŕàěďěńĺâì 2- âőçěçŋãî ćěàèĺŋŋãî äãŋłæĺî `^{(2)}(p) áőőâŋőèěŋĺěň:

G^{(2)}_c (p)`^{(2)}(p) = i , (10.149)

çâő, áőčńăáŋő (10.148), áćőďĺâáï ł:

`^{(2)}(p) = p^2 − m^2 − ˚(p) . (10.150)

Ťăłâĺçěáłĺ, ŋěâàĺćĺăńìŋăï çăáâì íâőľ ćěńĺçĺŋë áćőďĺâáï ŕàőáâő ł ˚(p), ŋő âăłőě őąőğŋăçěŋĺě ãďőąŋő ć àăňłăå ŋěłőâőàőľ ěďĺŋőľ ŋőňěŋłńăâãàë, ććőďïéěľ őąéěě ŕőŋïâĺě ćěàèĺŋŋëå äãŋłæĺľ^8.

7İŋěàčěâĺçěáłĺľ áŕěłâà áćőąőďŋő àăáŕàőáâàăŋïîéěľáï \őďěâőľ" çăáâĺæë őŕàěďěńïěâáï ĺğ p^2 = m^2_{phys}. 8Şďőąŋő ĺáłńîçĺâì ňŋĺňãî ěďĺŋĺæã ĺğ őŕàěďěńěŋĺï G^{(2)}_c (p), âăł çâőąë ŕàăćăï çăáâì (10.149) àăćŋïńăáì ŕàőáâő 1. Śőőâćěâáâćěŋŋő ĺ ć ãàăćŋěŋĺĺ Ďăľáőŋă^1_i ˚ → ˚. Šăłĺě őąőğŋăçěŋĺï çăéě ćáěčő ĺ ćáâàěçăîâáï ć ńĺâěàăâãàě.

258 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Ňőęŋő ććěáâĺ ŕőŋïâĺě ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă ďńï n-âőçěçŋëå 1ŮŊ ćěàèĺŋ `^n. Őŋ őąőğŋăçăěâáï `[φ] ĺ ŋăğëćăěâáï âăłęě íääěłâĺćŋëň ďěľáâćĺěň. Őŕàěďěńïěâáï íâőâ äãŋłæĺőŋăń á ŕőňőéìî âăł ŋăğëćăěňőčő ŕàěőąàăğőćăŋĺï Ńěęăŋďàă äãŋłæĺőŋăńă W [J]: W [J] = `[φ] + ∫ dxJ(x)φ(x) . (10.151) Őâáîďă áàăğã ęě áńěďãěâ: δW [J] δJ(x) = φ(x) , δ`[φ] δφ(x) = −J(x) . (10.152)

Šőčďă ďńï ŕàőŕăčăâőàă ŕőńãçăěň: G(x, y) = − δ^2W [J] δJ(x)δJ(y) = − δφ(x) δJ(y) . (10.153)

Őŕàěďěńĺň âěŕěàì ćěńĺçĺŋã `(x, y) łăł: `(x, y) = δ^2`[φ] δφ(x)δφ(y) = − δJ(x) δφ(y) . (10.154)

İâă ćěńĺçĺŋă ïćńïěâáï őąàăâŋőľ ł ŕàőŕăčăâőàã: ∫ dxG(x, z)`(z, y) = − ∫ dz δ^2W [J] δJ(x)δJ(z) δ^2`[φ] δφ(z)δφ(y) = = ∫ dz δφ(x) δJ(z) δJ(z) δφ(y) = δφ(x) δφ(y) = δ(x − y) . (10.155)

Ŕàőďĺääěàěŋæĺàãěň őąě çăáâĺ (10.155) ŕő J(x^{′′}), ğăňěŋĺć y ŋă z, ĺ á ãçěâőň áőőâŋőèěŋĺï: δ δJ(x^{′′}) = ∫ dz^{′′} δφ(z^{′′}) δJ(x^{′′}) δ δφ(z^{′′}) = − ∫ dz^{′′} G(x^{′′}, z^{′′}) δ δφ(z^{′′}) . (10.156)

Šőčďă ŕőńãçĺň: ∫ dz δ^3W δJ(x)δJ(x^{′′})δJ(z) δ^2` δφ(z)δφ(z^′) −

− ∫ dz ∫ dz^{′′} δ^2W δJ(x)δJ(z) G(x^{′′}, z^{′′}) δ^3` δφ(z)δφ(z^′)δφ(z^{′′}) = 0 , (10.157)

âăł çâő: ∫ dz δ^3W δJ(x)δJ(x^{′′})δJ(z) `(z, z^′) + + ∫ dzdz^{′′} G(x, z)G(x^{′′}, z^{′′}) δ^3` δφ(z)δφ(z^′)δφ(z^{′′}) = 0 . (10.158)

Şňŋőęăï őąě çăáâĺ ŕőáńěďŋěčő àăćěŋáâćă ŋă G(x^′, z^′) ĺ ĺŋâěčàĺàãï ŕő z^′, á ãçěâőň (10.155), ŕőńãçăěň: δ^3W δJ(x)δJ(x^′)δJ(x^{′′}) = − ∫ dzdz^′ dz^{′′}G(x, z)G(x^′, z^′)G(x^{′′}, z^{′′}) δ^3` δφ(z)δφ(z^′)δφ(z^{′′}) . (10.159)

Šăłĺň őąàăğőň, áćïğŋăï 3-âőçěçŋăï äãŋłæĺï ŕàěďáâăćńïěâ áőąőľ 1ŮŊ3-âőçěçŋãî ćěàèĺŋŋãî äãŋłæĺî, ã łőâőàőľ ćŋěèŋĺňĺ ńĺŋĺïňĺ ïćńïîâáï âőçŋëě ŕàőŕăčăâőàë. Śőőâćěâáâćěŋŋő, ćěńĺçĺŋă

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 259

Řĺá. 10-26

Řĺá. 10-27 δ3Γ δφ(z)δφ(z^′ )δφ(z^{′′}) ŕàěďáâăćńïěâ áőąőľ ŕőńŋãî âàőľŋãî ćěàèĺŋã. Čàăäĺçěáłĺ ćáě íâő ĺğőąàăęěŋő

ŋă Řĺá. 10-26. Şàăćŋěŋĺě (10.159) ňőęŋő őąàăâĺâì á ŕőňőéìî (10.155), âăł çâő:

δ^3` δφ(y)δφ(y^′)δφ(y^{′′}) = − ∫ dxdx^′dx^{′′}`(x, y)`(x^′, y^′)`(x^{′′}, y^{′′}) δ^3W δJ(x)δJ(x^′)δJ(x^{′′}) . (10.160)

Ć ŕàăćőľ çăáâĺ ŕàőĺáåőďĺâ \őąàãąăŋĺě" ćŋěèŋĺå \åćőáâőć" ã (10.159).

Ďĺääěàěŋæĺàãï (10.159) ěéě àăğ, ŕőńãçăěň 4-âőçěçŋãî äãŋłæĺî, ŕàěďáâăćńěŋŋãî čàăäĺłăňĺ Řĺá. 10-27, čďě ćőğŋĺłăîâ \çěâëàěååćőáâăï" ŋěŕàĺćőďĺňăï ćěàèĺŋă ĺ âàĺ őďŋőçăáâĺçŋő ŕàĺćőďĺňëå ćłńăďă, áőőâćěâáâćãîéĺě âàěň łàőáá-łăŋăńăň àăááěïŋĺï.

Šěàňőďĺŋăňĺçěáłăï ăŋăńőčĺï.

Śãéěáâćãěâ čńãąőłăï ăŋăńőčĺï łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ, łőâőàăï ćëàăęăěâáï áńěďãîéěľ âăąńĺæěľ.

Łćăŋâőćăï âěőàĺï ŕőńï Śâăâĺáâĺçěáłăï ňěåăŋĺłă Z - ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń Z - áâăâĺáâĺçěáłăï áãňňă Z = e^{iW} Z = e^{− FT} W [J] = `[φ] + ∫ Jφ F { áćőąőďŋăï íŋěàčĺï

Ć áńěďãîéěň àăğďěńě ňë àăááňőâàĺň łőŋłàěâŋëľ ŕàĺňěà ĺáŕőńìğőćăŋĺï ňěâőďőć łćăŋâőćőľ âěőàĺĺ ŕőńï ć ŕàĺňěŋěŋĺĺ ł âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ŕàĺ äăğőćëå ŕěàěåőďăå II àőďă.

260 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Šěőàĺï łàĺâĺçěáłĺå ïćńěŋĺľ.

Őâćńěçěňáï ŋă łőàőâłőě ćàěňï őâ ğăďăç łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ àăááňőâàĺň őďĺŋ ĺğ áăňëå ïàłĺå ŕàĺňěàőć ŕàĺňěŋěŋĺï áőőâćěâáâćãîéĺå ňěâőďőć ć ğăďăçăå áâăâĺáâĺçěáłőľ äĺğĺłĺ. Řěçì ŕőľďěâ ő łàĺâĺçěáłĺå ïćńěŋĺïå ćąńĺğĺ âőçłĺ äăğőćőčő ŕěàěåőďă II àőďă. İâă ŕàőąńěňă ć âěçěŋĺě ďńĺâěńìŋőčő ćàěňěŋĺ ŋě ŕőďďăćăńăáì àěèěŋĺî. Śãâì ěě ĺğćěáâŋă | ć ďőáâăâőçŋő ãğłőľ (łàĺâĺçěáłőľ) őąńăáâĺ âěňŕěàăâãà ćąńĺğĺ âěňŕěàăâãàë ŕěàěåőďă T_c łàĺâĺçěáłĺě ĺŋďěłáë, őŕĺáëćăîéĺě őáőąěŋŋőáâĺ äĺğĺçěáłĺå ćěńĺçĺŋ ć âőçłě ŕěàěåőďă ŋě őŕĺáëćăîâáï őąéěľ âěőàĺěľ Ńăŋďăã [35]. Ŕàĺçĺŋă íâőčő âăłęě åőàőèő ĺğćěáâŋă | ćąńĺğĺ âőçłĺ ŕěàěåőďă ć áĺáâěňě àăğćĺćăîâáï ňőéŋëě äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă, łőâőàëě áĺńìŋő ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ [14, 35]. Śãéěáâćěŋŋëľ ŕàőčàěáá âěőàĺĺ ąëń áćïğăŋ á ćőğŋĺłŋőćěŋĺěň ćăęŋőľ łőŋæěŕæĺĺ ňăáèâăąŋőľ ĺŋćăàĺăŋâŋőáâĺ ĺńĺ áłíľńĺŋčă [14, 39]. Őďŋăłő őąőáŋőćăŋĺě íâőľ łőŋæěŕæĺĺ ĺ àăáçěâ ćěńĺçĺŋë łàĺâĺçěáłĺå ĺŋďěłáőć ŕőâàěąőćăńĺ àăğćĺâĺï ňěâőďőć, æěńĺłőň őáŋőćăŋŋëå ŋă ăŕŕăàăâě łćăŋâőćőľ âěőàĺĺ ŕőńï, çâő ĺ ŕàĺćěńő ł áőğďăŋĺî áőćàěňěŋŋőľ äńãłâãăæĺőŋŋőľ âěőàĺĺ äăğőćëå ŕěàěåőďőć [14, 15, 39]. Ďőáâăâőçŋő ŕőďàőąŋőě ĺğńőęěŋĺě íâőľ âěőàĺĺ ŕőâàěąőćăńő ąë őâďěńìŋőčő łãàáă ńěłæĺľ. Ğďěáì ňë ďăďĺň ŕàěďěńìŋő áęăâőě ĺğńőęěŋĺě ńĺèì őáŋőćŋëå ĺďěľ ĺ àïďă àěğãńìâăâőć, åőàőèő ĺńńîáâàĺàãîéĺå ŋě àăğ ãŕőňĺŋăćèãîáï čńãąőłãî ăŋăńőčĺî ğăďăç łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ áâăâĺáâĺçěáłőľ äĺğĺłĺ. Ŕàĺ íâőň ąãďãâ őŕãáłăâìáï ňŋőčĺě áãéěáâćěŋŋëě ďěâăńĺ ćëçĺáńěŋĺľ.

Ğăŕĺèěň äãŋłæĺőŋăń áćőąőďŋőľ íŋěàčĺĺ âěőàĺĺ Ńăŋďăã ć áâăŋďăàâŋőň ćĺďě [14, 15, 39]^9: 1 T F [ϕ(r)] = ∫ d^dr 1 2 n∑ j=1 [ (∇ϕ_j)^2 + τ ϕ^2_j ] + 1 8 g n∑ j=1 ϕ^2_j 2 , (10.161)

čďě T | âěňŕěàăâãàă, ă ŕăàăňěâà τ =^{T −Tc}_{Tc} ğăďăěâ ąńĺğőáâì áĺáâěňë ł âőçłě äăğőćőčő ŕěàěåőďă. Ňë őčàăŋĺçĺňáï àăááňőâàěŋĺěň âőńìłő őąńăáâĺ âěňŕěàăâãà T > T_c (áĺňňěâàĺçŋăï äăğă). Ŕăàăňěâà ŕőàïďłă ϕ_j ŕàěďáâăćńïěâ áőąőľ n-łőňŕőŋěŋâŋëľ ćěłâőà ć ŋěłőâőàőň \ĺğőâőŕĺçěáłőň" ŕàőáâàăŋáâćě á àăğňěàŋőáâìî n. Ćëàăęěŋĺě (10.161) ïćńïěâáï ćěáìňă őąéĺň. Ťăłâĺçěáłĺ àěçì ĺďěâ ő O(n)-áĺňňěâàĺçŋőľ (ĺğőâàőŕŋőľ) ňőďěńĺ äăğőćőčő ŕěàěåőďă, őŕĺáëćăîéěľ æěńëľ àïď àěăńìŋëå áĺáâěň. Śńãçăľ n = 1 áőőâćěâáâćãěâ ňőďěńĺ Ĺğĺŋčă, n = 2 áőőâćěâáâćãěâ XY -ňőďěńĺ (áćěàåâěłãçěáâì, áćěàåŕàőćőďĺňőáâì), n = 3 őŕĺáëćăěâ ĺğőâàőŕŋëľ čěľğěŋąěàčőćáłĺľ äěààőňăčŋěâĺł ĺ â. ď. [14, 39].

Ć àăňłăå âěőàĺĺ Ńăŋďăã, ŕàěŋěąàěčăîéěľ äńãłâãăæĺïňĺ ŕăàăňěâàă ŕőàïďłă (âěőàĺï áăňőáőčńăáőćăŋŋőčő ĺńĺ \ňőńěłãńïàŋőčő" ŕőńï), ćěńĺçĺŋă ϕ = 0 ŕàĺ T > T_c [35]. Őďŋăłő ĺ ŕàĺ T > T_c ć áĺáâěňě ňőčãâ äńãłâãăæĺőŋŋő ćőğŋĺłăâì őąńăáâĺ á ϕ(r) ≠ 0. Ćěàőïâŋőáâì âăłĺå äńãłâãăæĺľ őŕàěďěńïěâáï [14, 35] łăł: P[ϕ(r)] = 1 Z exp { − 1 T F [ϕ(r)] } , (10.162)

9Śàăğã ćěďěň àăááňőâàěŋĺě ć ŕàőáâàăŋáâćě ŕàőĺğćőńìŋő àăğňěàŋőáâĺ d, ĺňěï ć ćĺďã áãéěáâćěŋŋãî ğăćĺáĺňőáâì łàĺâĺçěáłĺå ïćńěŋĺľ őâ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă [35, 14].

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 261

Řĺá. 10-28

čďě áâăâĺáâĺçěáłăï áãňňă Z őŕàěďěńïěâáï äãŋłæĺőŋăńìŋëň ĺŋâěčàăńőň: Z = ∫ Dϕ(r) exp { − 1 T F [ϕ(r)] } . (10.163)

Śćőąőďŋăï íŋěàčĺï áĺáâěňë ć æěńőň ŕàĺ íâőň àăćŋă:

F = −T ln Z . (10.164)

Łőààěńïæĺőŋŋăï äãŋłæĺï ŕăàăňěâàă ŕőàïďłă őŕàěďěńïěâáï łăł: G_{jl}(r, r^′) = Z^{−1} ∫ Dϕ(r)ϕ_j(r)ϕ_l(r^′) exp { − 1 T F [ϕ(r)] } ≡ ⟨ϕ_j(r)ϕ_l(r^′)⟩ . (10.165)

Ăŋăńőčĺï á àăááňőâàěŋĺěň ŕàěďëďãéĺå àăğďěńőć őçěćĺďŋă | âěőàĺï łàĺâĺçěáłĺå ïćńěŋĺľ íłćĺćăńěŋâŋă ěćłńĺďőćőľ łćăŋâőćőľ âěőàĺĺ n-łőňŕőŋěŋâŋőčő áłăńïàŋőčő ŕőńï ć d-ňěàŋőň ŕàőáâàăŋáâćě. Ćëàăęěŋĺě (10.165) ïćńïěâáï ŕàőáâő ŕàőŕăčăâőàőň (äãŋłæĺľ Čàĺŋă, 2-âőçěçŋőľ äãŋłæĺěľ) âăłőľ âěőàĺĺ ŕőńï. Ć ŕàőáâěľèěň ćăàĺăŋâě čăãááőćőľ ňőďěńĺ łàĺâĺçěáłĺå ïćńěŋĺľ ňë ãęě áâăńłĺćăńĺáì á âăłőľ âěőàĺěľ ć áćïğĺ á (10.28).

Šěőàĺï ćőğňãéěŋĺľ ŕő łőŋáâăŋâě ćğăĺňőďěľáâćĺï äńãłâãăæĺľ g áâàőĺâáï ćŕőńŋě ăŋăńőčĺçŋő âőňã, łăł íâő ąëńő áďěńăŋő ćëèě ďńï âěőàĺĺ gφ^4 á őďŋőłőňŕőŋěŋâŋëň áłăńïàŋëň ŕőńěň. Śćőąőďŋăï äãŋłæĺï Čàĺŋă áőćŕăďăěâ á łőààěńïâőàőň Őàŋèâěľŋă { Űěàŋĺłě (áà.(10.27)):

G_{0jl}(p) = δ_{jl} p^2 + τ

. (10.166)

Łőààěńïæĺőŋŋăï äãŋłæĺï ćğăĺňőďěľáâćãîéĺå äńãłâãăæĺľ őŕàěďěńïěâáï ãàăćŋěŋĺěň Ďăľáőŋă:

G^{−1}(p) = G^{−1}_0 (p) − ˚(p) , (10.167) čďě áőąáâćěŋŋő-íŋěàčěâĺçěáłăï çăáâì ˚(p) ŕàěďáâăćńïěâáï čàăäĺłăňĺ Řĺá. 10-28. Ćěàèĺŋŋăï çăáâì (ŕőńŋăï \çěâëàěååćőáâłă") őŕàěďěńïěâ 4-âőçěçŋëľ łőààěńïâőà ⟨ϕ_i(r_1)ϕ_j(r_2)ϕ_l(r_3)ϕ_m(r_4)⟩ ĺ â. ď.

Ŋěâàĺćĺăńìŋăï äĺğĺłă łàĺâĺçěáłĺå ïćńěŋĺľ áćïğăŋă á ćğăĺňőďěľáâćĺěň äńãłâãăæĺľ. Řăááňőâàĺň ŕěàćëě ŕőŕàăćłĺ âěőàĺĺ ćőğňãéěŋĺľ ł \ğăâàăćőçŋőňã" ćğăĺňőďěľáâćĺî, őŕàěďěńïěňőňã łőŋáâăŋâőľ g. Ŋă Řĺá. 10-29 ĺğőąàăęěŋë čàăäĺłĺ ∼ g^2, áőőâćěâáâćãîéĺě âàěň łàőáá-łăŋăńăň ďćãåçăáâĺçŋőčő àăááěïŋĺï, őŕàěďěńïěňëň âàěňï áãňňăàŋëňĺ ĺňŕãńìáăňĺ^{10}:

1. p_1 + p_2 ,

10Śâàěńłĺ ŋă ńĺŋĺïå őŕàěďěńïîâ ŋăŕàăćńěŋĺï ćåőďïéĺå ĺ ćëåőďïéĺå ĺňŕãńìáőć.

262 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-29

Řĺá. 10-30

2. p_1 − p_3 ,

3. p_1 − p_4 .

Ěáâěáâćěŋŋő, ĺňěěâáï őąéĺľ ğăłőŋ áőåàăŋěŋĺï:

p_1 + p_2 = p_3 + p_4 . (10.168)

Ć ğăďăçě á n-łőňŕőŋěŋâŋëň ŕőńěň ãďőąŋő ćőáŕőńìğőćăâìáï áĺňňěâàĺğőćăŋŋőľ (ŕő \ĺğőâőŕĺçěáłĺň" ĺŋďěłáăň) ğăŕĺáìî \ğăâàăćőçŋőčő" ćğăĺňőďěľáâćĺï: • = g(δ_{ij} δ_{kl} + δ_{ik}δ_{jl} + δ_{il}δ_{jk}) ≡ gI_{ijkl} . (10.169) Šőčďă çńěŋ ćğăĺňőďěľáâćĺï ć (10.161) ∼ I_{ijkl}ϕ_iϕ_jϕ_kϕ_l, čďě ŕő ŕőćâőàïîéĺňáï ĺŋďěłáăň ŕőďàăğãňěćăěâáï áãňňĺàőćăŋĺě őâ 1 ďő n.

Ďńï ŋăåőęďěŋĺï ŕőńŋőľ ćěàèĺŋë ďćãåçăáâĺçŋőčő àăááěïŋĺï ŋãęŋő ŕàőáãňňĺàőćăâì ćáě čàăäĺłĺ âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 10-30. Ěáâěáâćěŋŋő, çâő ć őąéěň ćĺďě íâă ğăďăçă ŋě àěèăěâáï. Őďŋăłő, ňőęŋő ŕàőćěáâĺ ŋěłőâőàãî âőŕőńőčĺçěáłãî łńăááĺäĺłăæĺî ďĺăčàăňň, łőâőàăï ŕőğćőńïěâ áäőàňãńĺàőćăâì őąéãî áĺáâěňã, âăł ŋăğëćăěňëå \ŕăàłěâŋëå", ĺŋâěčàăńìŋëå ãàăćŋěŋĺľ, łőâőàăï őŕàěďěńïěâ ŕőńŋãî ćěàèĺŋã ćğăĺňőďěľáâćĺï^{11}. §áŋő, çâő ŕőńŋãî ćěàèĺŋã ` ňőęŋő ŕàěďáâăćĺâì ć ćĺďě:

` = R + `_1 + `_2 + `_3 , (10.170)

čďě ąńőłĺ `_1, `_2, `_3 ŕőáâàőěŋë ĺğ ďĺăčàăňň, łőâőàëě ňőęŋő àăğàěğăâì ŕő ďćãň ńĺŋĺïň ć łăŋăńăå 1,2,3, ă ąńőł R áőáâőĺâ ĺğ ćáěå ďĺăčàăňň, łőâőàëě ŋěńìğï àăğàěğăâì ŋĺ ŕő őďŋőňã ĺğ íâĺå łăŋăńőć. Šőčďă ďńï ąńőłőć `_1, `_2, `_3 ňőęŋő áőáâăćĺâì čàăäĺçěáłĺě ãàăćŋěŋĺï, ŕőłăğăŋŋëě ŋă Řĺá. 10-31. Ć íâĺå ãàăćŋěŋĺïå ćëďěńěŋë ąńőłĺ:

I_i = R + ∑ j≠i `_j , (10.171)

ŋěàăğàěğăěňëě ŕő ďćãň ńĺŋĺïň ć łăŋăńě i. Śâàãłâãàă ďĺăčàăňň, őŕàěďěńïîéĺå ąńőł R ïáŋă ĺğ ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá. 10-32.

11Ĺ.Š. Ďïâńőć, Ć.Ć. Śãďăłőć, Ł.Ă. Šěà-Ňăàâĺàőáïŋ. ĘİŠŤ 32, 767 (1957).

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 263

Řĺá. 10-31

Řĺá. 10-32

Ŕőńãçěŋŋăï áĺáâěňă ĺŋâěčàăńìŋëå ãàăćŋěŋĺľ őçěŋì áńőęŋă. Šěň ŋě ňěŋěě áãéěáâćãěâ áĺâãăæĺï, łőčďă őŋă àěèăěâáï ďőáâăâőçŋő ŕàőáâő. Řěçì ĺďěâ ő âăł ŋăğëćăěňőň ŕàĺąńĺęěŋĺĺ \čńăćŋëå ńőčăàĺäňőć". Ůâőąë ŕőŋïâì őáŋőćŋãî ĺďěî, őæěŋĺň ćěńĺçĺŋã ďĺăčàăňňë 1 ŋă Řĺá. 10-29^{12}. Ć ăŋăńĺâĺçěáłőň ćĺďě íâőâ čàăäĺł őŕàěďěńïěâáï ĺŋâěčàăńőň:

g^2(n + 8) ∫ d^dp (2π)^d 1 p^2 + τ 1 (p + k)^2 + τ

. (10.172)

Ŕàőĺáåőęďěŋĺě ňŋőęĺâěńï n + 8 áćïğăŋő á ŕàőĺğćěďěŋĺěň ďćãå äăłâőàőć (10.169), áâőïéĺå ć ćěàèĺŋăå: I_{ijmn}I_{mnkl} + I_{ikmn}I_{mnjl} + I_{ilmn}I_{mnjk} = (n + 8)(δ_{ij} δ_{kl} + δ_{ik}δ_{jl} + δ_{il}δ_{jk}) . (10.173) Řăááňőâàĺň âěŕěàì ŋăèã âěőàĺî ć çěâëàěxňěàŋőň ŕàőáâàăŋáâćě d = 4. Šőčďă ĺňěěň áńěďãîéãî őæěŋłã ĺŋâěčàăńă: ∫ d^4p 1 p^2 + τ 1 (p + k)^2 + τ ∼ Λ∫ Max(k, √ τ ) dpp^3 p^4 ∼ Λ∫ Max(k, √ τ ) dp p ∼ ln ~ Max(k, √ τ ) , (10.174) čďě ććěńĺ ŕăàăňěâà őąàěğăŋĺï ~ ∼^1_a . Ğďěáì, ć őâńĺçĺě őâ łćăŋâőćőľ âěőàĺĺ ŕőńï, ŋěâ ŕàőąńěň á ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâìî ŋă ćěàåŋěň ŕàěďěńě | àăğńőęěŋĺě

12Ć ďăńìŋěľèěň ňë, ŕő ąőńìèěľ çăáâĺ, őŕãáłăěň ŋěáãéěáâćěŋŋëě çĺáńěŋŋëě ňŋőęĺâěńĺ âĺŕă äăłâőàőć áĺňňěâàĺĺ ĺ â. ŕ.

264 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-33

Ńăŋďăã (10.161) ŕàĺňěŋĺňő âőńìłő ŋă ňăáèâăąăå ďńĺŋë, áãéěáâćěŋŋő ŕàěćëèăîéĺå ňěęăâőňŋőě àăááâőïŋĺě, äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă á ňěŋìèĺňĺ ďńĺŋăňĺ ćőńŋ ŕàőáâő ŋěâ. Ćěńĺçĺŋă a ĺčàăěâ àőńì \ňĺŋĺňăńìŋőľ ďńĺŋë", őâáãâáâćãîéěľ ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Šěň ŋě ňěŋěě, äăłâ ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ (10.174) őçěŋì ćăęěŋ. İâőâ ńőčăàĺäň ćěńĺł ć ĺŋâěàěáãîéěľ ŋăá őąńăáâĺ ŕăàăňěâàőć, ćąńĺğĺ âőçłĺ äăğőćőčő ŕěàěåőďă, łőčďă àěçì ĺďěâ ő k, √ τ ≪ ~. Śãéěáâćěŋŋă \ĺŋäàăłàăáŋăï" àăáåőďĺňőáâì ŕàĺ τ ĺńĺ k áâàěňïéĺåáï ł ŋãńî! Ć áăňőň ďěńě, á âőçŋőáâìî ďő çńěŋőć ćâőàőčő ŕőàïďłă ŕő g, ňë âěŕěàì ĺňěěň:

`(k) ≈ g − g^2(n + 8) ln ~ Max(k, √ τ ) + ... . (10.175)

Ćĺďĺň, çâő ŕěàćăï ŕőŕàăćłă ł ćěàèĺŋě ćğăĺňőďěľáâćĺï ŕàĺ τ → 0, k → 0 ňőęěâ áãéěáâćěŋŋő ŕàěćëèăâì ğăâàăćőçŋãî łőŋáâăŋâã g | ćğăĺňőďěľáâćĺě äńãłâãăæĺľ àăáâěâ ŕő ňěàě ŕàĺąńĺęěŋĺï áĺáâěňë ł âőçłě ŕěàěåőďă. Ć íâőň ĺ ěáâì ŕàőąńěňă! Ŋãęŋő áãňňĺàőćăâì ćáě áãéěáâćěŋŋëě ŕőŕàăćłĺ, ă íâő ŋě ŕàőáâő áďěńăâì. Ďńï ŕàőáâàăŋáâćă d = 3 ğăďăçă ćőőąéě łăęěâáï ąěğŋăďěęŋőľ, őďŋăłő ďńï d = 4, ąńăčőďăàï őâŋőáĺâěńìŋő áńăąőľ ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ, ňőęŋő ŕàőćěáâĺ őŕàěďěńěŋŋëľ őâąőà čàăäĺłőć, áőőâćěâáâćãîéĺľ ãŕőňïŋãâőňã ŕàĺąńĺęěŋĺî \čńăćŋëå ńőčăàĺäňőć". Ďěńő ć âőň, çâő ńőčăàĺäň ã ŋăá ŕőïćńïěâáï őâ ĺŋâěčàĺàőćăŋĺï ŕő ĺňŕãńìáăň ć ŕěâńěćőň čàăäĺłě. Ŕőíâőňã ć ćëáèĺå ŕőàïďłăå ąãďãâ ćőğŋĺłăâì ńőčăàĺäňë ć ąőńěě ćëáőłőľ áâěŕěŋĺ, ŕàĺçěň íâă áâěŕěŋì àăćŋă çĺáńã ŕěâěńì ć áőőâćěâáâćãîéěň čàăäĺłě. Ŋăŕàĺňěà, ăŋăńőčĺçŋăï őæěŋłă čàăäĺłőć 2 ĺ 3 ŋă Řĺá. 10-30 ďăěâ ďńï ŋĺå ćěńĺçĺŋã ∼ g^3 ln^{2 Λ}_{Max(k,}√_{τ )} , ă ďńï čàăäĺłă 4 ŕőńãçăěň ∼ g^4 ln^{3 Λ}_{Max(k,}√_{τ )} . Ć âőęě ćàěňï őæěŋłă čàăäĺłă 6 ďăěâ ∼ g^4 ln^Λ_{Max(k,}√_{τ)} , ă ďńï čàăäĺłă 7 ĺňěěň ∼ g^5 ln^Λ_{Max(k,}√_{τ)} , çâő ğăćěďőňő ňěŋìèě ćłńăďőć 2,3,4 ć áĺńã ŕàěďŕőńőęěŋĺï áńăąőáâĺ ĺáåőďŋőčő ćğăĺňőďěľáâćĺï g ≪ 1. Ŕőíâőňã ňőęŋő őčàăŋĺçĺâìáï \čńăćŋëňĺ ńőčăàĺäňăňĺ", â.ě. őâąĺàăâì âőńìłő âě čàăäĺłĺ, ã łőâőàëå áâěŕěŋì ńőčăàĺäňă âőńìłő ŋă ěďĺŋĺæã ňěŋìèě áâěŕěŋĺ łőŋáâăŋâë áćïğĺ g, ŋă Řĺá. 10-30 íâő čàăäĺłĺ 2,3,4. Ĺå âőŕőńőčĺï ïáŋă { őŋĺ áőďěàęăâ ňăłáĺňăńìŋő ŋăàăáâăîéěě çĺáńő ŕěâěńì âĺŕă Řĺá. 10-29. Ĺňěŋŋő âăłőľ ŋăąőà čàăäĺłőć çăéě ćáěčő ŋăğëćăîâ \ŕăàłěâőň". \Ŕăàłěâ" ãçĺâëćăěâ ćáě ŕőŕàăćłĺ ł ćěàèĺŋě ∼ g^n ln^n, ŋő ŕàěŋěąàěčăěâ ćáěňĺ ćłńăďăňĺ ∼ g^{n+k} ln^n. Šěň ąőńěě ňőęŋő ŕàěŋěąàěçì ćłńăďăňĺ ąěğ ńőčăàĺäňőć. Ć çăáâŋőáâĺ, ććěďěŋŋëľ ćëèě ąńőł R áćőďĺâáï âőčďă ńĺèì ł ŕěàćőňã çńěŋã Řĺá. 10-32, â.ě. ŕàőáâő ł ğăâàăćőçŋőňã ćğăĺňőďěľáâćĺî g. Ć âăłőň ŕàĺąńĺęěŋĺĺ \ŕăàłěâŋëě" ãàăćŋěŋĺï Řĺá. 10-31 ãďăěâáï àěèĺâì. Ŕàőæěďãàă àěèěŋĺï, őďŋăłő, ďőćőńìŋő áńőęŋă ĺ ňë ŋě ąãďěň ŋă ŋěľ őáâăŋăćńĺćăâìáï. Ďěńő ć âőň, çâő ŕàăćĺńìŋëľ őâćěâ ďńï ŕőńŋőľ ćěàèĺŋë ŕőńãçăěâáï ĺ ŕàĺ ąőńěě \ŋăĺćŋőň" àăááňőâàěŋĺĺ, łőâőàëň ňë ĺ ćőáŕőńìğãěňáï.

Řăááňőâàĺň ŕàőáâãî ŕőáńěďőćăâěńìŋőáâì čàăäĺłőć, ŕőłăğăŋŋãî ŋă Řĺá. 10-33. İâő őąëçŋăï ŕàőčàěááĺï, łőâőàăï ńěčłő áãňňĺàãěâáï (ć őâńĺçĺě őâ ďćãňěàŋőčő

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 265

\ŕăàłěâă"):

`(k) = g − g^2(n + 8) ln ~ Max(k, √ τ ) + g^3(n + 8)^2 ln^2 ~ Max(k, √ τ ) + ... = g 1 + g(n + 8) ln^Λ_{Max(k,}√_{τ )}

. (10.176)

Řěèěŋĺě \ŕăàłěâŋëå" ãàăćŋěŋĺľ ďăěâ âőçŋő âăłőľ ęě őâćěâ (ěáńĺ ćŋěèŋĺě ĺňŕãńìáë ćěàèĺŋë őďŋőčő ŕőàïďłă)^{13}. Ďěńő ć âőň, çâő \ŕăàłěâŋëě" ãàăćŋěŋĺï ďńï âăłőľ ćěàèĺŋë áćőďïâáï ł ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî ćĺďă: d`(s) ds = −(n + 8)`^2(s) (10.177)

á čàăŋĺçŋëň ãáńőćĺěň `(s) → g ŕàĺ s → 0, ĺ ććěďěŋă ńőčăàĺäňĺçěáłăï ŕěàěňěŋŋăï:

s = ln ~ Max(k, √ τ) . (10.178)

Ĺŋâěčàĺàőćăŋĺě (10.177) âőčďă ďăěâ:

`(s) = g 1 + g(n + 8)s

, (10.179)

çâő áőćŕăďăěâ á (10.176). Ťăłâĺçěáłĺ, íâőâ àěğãńìâăâ ćŕőńŋě ăŋăńőčĺçěŋ ćëàăęěŋĺïň ďńï äĺğĺçěáłőčő ğăàïďă, ŕőńãçěŋŋëň ć Čńăćě 8 ŕàĺ ĺğãçěŋĺĺ ăáĺňŕâőâĺçěáłĺå áćőľáâć łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ ĺ ćěďãéĺå ł ŕàőąńěňě \ňőáłőćáłőčő ŋãńï"^{14}.

Řăááňőâàĺň áńãçăľ k = 0 (ćğăĺňőďěľáâćĺě äńãłâãăæĺľ á ŕàěďěńìŋő ďńĺŋŋëňĺ ćőńŋăňĺ). Šőčďă (10.176) áćőďĺâáï ł:

`(k = 0) = g 1 + g(n + 8) ln^Λ√_τ → 1 (n + 8) ln^Λ√_τ ŕàĺ τ → 0 . (10.180)

Ćĺďĺň, çâő ŕàĺ ŕàĺąńĺęěŋĺĺ ł âőçłě äăğőćőčő ŕěàěåőďă ğăćĺáĺňőáâì őâ \ğăâàăćőçŋőľ" łőŋáâăŋâë áćïğĺ g ŕàőŕăďăěâ, ă áăňő íääěłâĺćŋőě ćğăĺňőďěľáâćĺě áâàěňĺâáï ł ŋãńî (âĺŕĺçŋëľ \ŋãńì-ğăàïď"!)^{15}. Ŋő ğďěáì íâő ŋě ćëğëćăěâ ŕàőąńěň, łăł ć àěńïâĺćĺáâáłőľ âěőàĺĺ ŕőńï, ă ŋăőąőàőâ, ŕőńŋőáâìî ŕàőïáŋïěâ áĺâãăæĺî. Ć áăňőň ďěńě, àěğãńìâăâ (10.180) őğŋăçăěâ íääěłâĺćŋőě őáńăąńěŋĺě ćğăĺňőďěľáâćĺï äńãłâãăæĺľ ŕő ňěàě ŕàĺąńĺęěŋĺï ł âőçłě ŕěàěåőďă. Ňőęŋő ŋěŕőáàěďáâćěŋŋő àăááçĺâăâì ćńĺïŋĺě âăłőčő áńăąőčő ćğăĺňőďěľáâćĺï ŋă ćáě äĺğĺçěáłĺě ćěńĺçĺŋë, ĺňěîéĺě őáőąěŋŋőáâì ć âőçłě ŕěàěåőďă ĺ ãąěďĺâìáï, çâő őŋő ŕàĺćőďĺâ âőńìłő ł ŋěğŋăçĺâěńìŋëň (ńőčăàĺäňĺçěáłĺň) âěňŕěàăâãàŋëň ŕőŕàăćłăň ł łàĺâĺçěáłőňã ŕőćěďěŋĺî, áńěďãîéěňã ĺğ âěőàĺĺ Ńăŋďăã. İâĺ ńőčăàĺäňĺçěáłĺě ŕőŕàăćłĺ ŋě ňěŋïîâ áâěŕěŋĺ âěňŕěàăâãàŋëå őáőąěŋŋőáâěľ, â.ě. łàĺâĺçěáłĺě ĺŋďěłáë. Ŕőíâőňã ďńï d = 4 łàĺâĺçěáłĺě ĺŋďěłáë ŕàőáâő àăćŋë łàĺâĺçěáłĺň ĺŋďěłáăň âěőàĺĺ Ńăŋďăã!

13Śőćŕăďěŋĺě á ŕàăćĺńìŋëň őâćěâőň ğďěáì ïćńïěâáï ďőćőńìŋő áńãçăľŋëň ĺ, łőŋěçŋő ęě, ŋě őâňěŋïěâ ŋěőąåőďĺňőáâĺ ąőńěě áâàőčőčő àěèěŋĺï, ćŕěàćëě ćëŕőńŋěŋŋőčő ć æĺâĺàőćăćèěľáï ćëèě àăąőâě Ďïâńőćă, Śãďăłőćă ĺ Šěà-Ňăàâĺàőáïŋă.

14Řěğãńìâăâ âĺŕă (10.176) ćŕěàćëě ąëń ŕőńãçěŋ ĺğ \ŕăàłěâŋëå" ãàăćŋěŋĺľ âăłęě ŕàĺ ĺááńěďőćăŋĺĺ ăáĺňŕâőâĺçěáłĺå áćőľáâć ć âěőàĺĺ àěńïâĺćĺáâáłőčő áłăńïàŋőčő ŕőńï gφ^4. Ć âěőàĺĺ łàĺâĺçěáłĺľ ïćńěŋĺľ ŕàĺ d = 4 őŋ ąëń ĺáŕőńìğőćăŋ áãéěáâćěŋŋő ŕőğęě Ńăàłĺŋëň ĺ Ţňěńìŋĺæłĺň.

15Ŕőďçěàłŋěň, çâő ć âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ĺňěěň g > 0, âăł çâő ŋĺłăłĺå ŕàőąńěň, âĺŕă \ńőęŋëå" ŕőńîáőć ğďěáì ŋě ćőğŋĺłăěâ.

266 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Őâáâãŕńěŋĺě: őŕàěďěńěŋĺě łàĺâĺçěáłĺå ĺŋďěłáőć.

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: —φ ∼ |τ |^β , T → Tc − 0 , (10.181) —φ ∼ h^1δ , T = Tc , (10.182) čďě h | ćŋěèŋěě ŕőńě, áőŕàïęěŋŋőě ŕăàăňěâàã ŕőàïďłă. Ćőáŕàĺĺňçĺćőáâì: χ ∼ { τ^{−γ} , T → Tc + 0 , |τ |^{−γ′} . T → Tc − 0 . (10.183) Łőààěńïæĺőŋŋăï äãŋłæĺï ŕăàăňěâàă ŕőàïďłă (d | àăğňěàŋőáâì ŕàőáâàăŋáâćă):

G(r) ∼ exp ( −r/ξ) r^{d−(2−η)} , (10.184) čďě łőààěńïæĺőŋŋăï ďńĺŋă: ξ ∼ { τ^{−ν} , T → Tc + 0 , |τ |^{−ν′} , T → Tc − 0 . (10.185) Ć áăňőľ łàĺâĺçěáłőľ âőçłě: G(r) ∼ 1 r^{d−(2−η)} , (10.186) G(p) ∼ 1 k^{2−η} . (10.187) Ăŋăńőčĺçŋëň őąàăğőň ććőďĺâáï łàĺâĺçěáłĺľ ĺŋďěłá âěŕńőěňłőáâĺ α:

C(τ, h = 0) =

A^+ α [τ^{−α} − 1] + B^+ , T → Tc + 0 , (10.188)

C(τ, h = 0) = A^− α^′ [|τ |^{−α′} − 1] + B^− , T → Tc − 0 , (10.189) ŕàĺ íâőň α = 0 áőőâćěâáâćãěâ ńőčăàĺäňĺçěáłőľ őáőąěŋŋőáâĺ.

Ćăęŋő őâňěâĺâì, çâő ŕőńãçěŋŋëě ć àăňłăå âěőàĺĺ Ńăŋďăã (ĺńĺ ňěâőďă ňőńěłãńïàŋőčő ŕőńï) áâăŋďăàâŋëě ğŋăçěŋĺï łàĺâĺçěáłĺå ĺŋďěłáőć [35]: ν = 1 2 , γ = 1 , η = 0 ,

α = 0 , β = 1 2 , δ = 3 (10.190)

ãďőćńěâćőàïîâ áâăŋďăàâŋëň áłěľńĺŋčőćëň áőőâŋőèěŋĺïň [14, 35] ν = γ 2 − η , α = 2 − νd , (10.191) β = 1 2 ν(d − 2 + η) , ěáńĺ ć ŋĺå ŕőńőęĺâì àăğňěàŋőáâì ŕàőáâàăŋáâćă d = 4. Ć íâőň áňëáńě ňőęŋő áłăğăâì, çâő âěőàĺï Ńăŋďăã ďăěâ ŕàăćĺńìŋőě őŕĺáăŋĺě łàĺâĺçěáłĺå ïćńěŋĺľ ďńï àăğňěàŋőáâĺ ŕàőáâàăŋáâćă d = 4. İâő ęě ãâćěàęďěŋĺě őáâăěâáï áŕàăćěďńĺćëň ĺ ďńï ćáěå d > 4 { ŋěâàãďŋő ćĺďěâì, çâő ŕőŕàăćłĺ âĺŕă (10.172) ŋě ŕàĺćőďïâ ŋĺ ł łăłĺň àăáåőďĺňőáâïň ďńï d > 4, ă ŕőâőňã ňăńë ć áĺńã ŕàěďŕőńőęěŋĺï g ≪ 1. Řăğňěàŋőáâì ŕàőáâàăŋáâćă d = 4 ŋăğëćăěâáï ćěàåŋěľ łàĺâĺçěáłőľ àăğňěàŋőáâìî âěőàĺĺ.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 267

Ďńï äĺğĺçěáłĺ ĺŋâěàěáŋőčő áńãçăï d = 3 ŋě ãďăěâáï ŕàőćěáâĺ őâąőà ďőňĺŋĺàãîéĺå ďĺăčàăňň ć àïďã âěőàĺĺ ćőğňãéěŋĺľ, ćáě ďĺăčàăňňë őłăğëćăîâáï őďŋőčő ŕőàïďłă. Ć íâőň ĺ ąëńă őáŋőćŋăï âàãďŋőáâì ŕàĺ ŕőáâàőěŋĺĺ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ. 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). Ĺďěï ććěďěŋĺï \ďàőąŋőľ" àăğňěàŋőáâĺ ŕàőáâàăŋáâćă ďőćőńìŋő ŕàőáâă. Ćő ćáěå äěľŋňăŋőćáłĺå ĺŋâěčàăńăå ćëèě äĺčãàĺàőćăńő ĺŋâěčàĺàőćăŋĺě ŕő őąêěňã d-ňěàŋőčő ĺňŕãńìáŋőčő ŕàőáâàăŋáâćă, íńěňěŋâ őąêěňă łőâőàőčő ć áäěàĺçěáłĺå łőőàďĺŋăâăå, ďńï ŕőďĺŋâěčàăńìŋőľ äãŋłæĺĺ, ğăćĺáïéěľ âőńìłő őâ ňőďãńï ĺňŕãńìáă, ğăŕĺáëćăěâáï ć ćĺďě:

d^dp = ˙_dp^{d−1}dp , (10.192)

čďě ˙_d | ŕőćěàåŋőáâì ěďĺŋĺçŋőľ d-ňěàŋőľ áäěàë:

˙_d = 2π^{d/2} ` (_d 2 ) , (10.193)

čďě ĺáŕőńìğőćăŋő őąëçŋőě őąőğŋăçěŋĺě `-äãŋłæĺĺ. Ć íâőň ćëàăęěŋĺĺ ãęě ňőęŋő áçĺâăâì d ŕàőĺğćőńìŋëň (ŋěæěńëň) ćěéěáâćěŋŋëň ŕăàăňěâàőň. Šőčďă ňőęŋő ğăŕĺáăâì: ∫ d^dp (2π)^d ... = ˙_d (2π)^d ∫ dp p^{d−1}... = K_d ∫ dp p^{d−1}... , (10.194) čďě ććěďěŋő áâăŋďăàâŋőě őąőğŋăçěŋĺě: K_d = 2^{−(d−1)}π^{−d/2} [ ` ( d 2 )]_{−1} . (10.195)

Ć çăáâŋőáâĺ K_4 = (8π^2)^{−1}. Ćëèě, ŕàĺ őæěŋłě (10.174) íâă łőŋáâăŋâă ŕàőáâő őŕãáłăńăáì. Ďăńìèě ňë âăłęě ŋě ąãďěň ěě ćëŕĺáëćăâì.

Ŕàőćěďěň âěŕěàì áŋőćă őæěŋłã ćłńăďă ďĺăčàăňňë 1 á Řĺá. 10-29, ĺňěï ć ćĺďã ŕàőáâàăŋáâćő á d = 4 − ε. Ćňěáâő (10.174) ĺňěěň:

g^2(n + 8)K_d Λ∫ Max(k, √ τ ) dp p^{d−1} 1 p^4

∼ g^2(n + 8) Λ∫ Max(k, √ τ ) dp p^{d−5} ∼

∼ g^2(n + 8) 1 d − 4 p^{d−4} | | | | Λ Max(k, √ τ ) ∼ g^2(n + 8) 1 ε {[ Max(k, √ τ ) ]_{−ε} − ~^{−ε} } . (10.196)

Ćáě ĺğňěŋěŋĺě ŕő áàăćŋěŋĺî áő áńãçăěň d = 4 áőáâőĺâ ć âőň, çâő ćňěáâő ńőčăàĺäňă (10.174) ćőğŋĺłăěâ \ńőčăàĺäňĺçěáłăï ŕěàěňěŋŋăï": s = 1 ε {[ Max(k, √ τ ) ]_{−ε} − ~^{−ε} } , (10.197)

ŕěàěåőďïéăï ć âőâ ęě ńőčăàĺäň ć ŕàěďěńě ε → 0. Ŕőíâőňã ňë áŋőćă, ŕàĺ àěèěŋĺĺ \ŕăàłěâŋëå" ãàăćŋěŋĺľ, ňőęěň ćőáŕőńìğőćăâìáï ŕàĺąńĺęěŋĺěň \čńăćŋëå ńőčăàĺäňőć", ă ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï ćěàèĺŋë (10.177) áőåàăŋïěâ áćőľ ćĺď. Ěčő

268 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-34

àěèěŋĺě (10.179) ďńï áńãçăï k = 0 ć ŕàőáâàăŋáâćě d = 4 − ε ğăŕĺáëćăěâáï âěŕěàì łăł:

`(k = 0) = g 1 + g(n + 8)^1_ε [τ^{−ε/2} − ~^{−ε}] → → 1 (n + 8)^1_{ετ ε/2} = ετ^{ε/2} (n + 8) ŕàĺ τ → 0 . (10.198)

Ćĺďĺň, çâő íääěłâĺćŋőě ćğăĺňőďěľáâćĺě äńãłâãăæĺľ őłăğëćăěâáï ňăńëň ŕő ććěďěŋŋőňã ŋăňĺ ĺáłãááâćěŋŋőňã ŕăàăňěâàã ε = 4 − d.

Şàăćŋěŋĺě (10.177) ňőęŋő âăłęě àăááňăâàĺćăâì łăł ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ŕő ŕăàăňěâàã őąàěğăŋĺï ~, ćåőďïéěňã ć ŕěàěňěŋŋãî s (10.197), (10.178): ds = ~^{−(1+ε)}d~. İâő ãàăćŋěŋĺě âőčďă őŕĺáëćăěâ ŕěàěŋőàňĺàőćłã ćěàèĺŋë ` ŕàĺ ĺŋäĺŋĺâěğĺňăńìŋőň ŕàěőąàăğőćăŋĺĺ ŕăàăňěâàă őąàěğăŋĺï ~ → ~^′ = ~ + d~. Ŕő áãâĺ ďěńă íâő ěáâì ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě àěŋőàň-čàãŕŕë (čàãŕŕë ŕěàěŋőàňĺàőćőł) Čěńń-Ňăŋŋă ĺ Ńőã, ãęě ĺğćěáâŋőě ŋăň ĺğ łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ. Ĺďěőńőčĺï àěŋőàň-čàãŕŕë ïćńïěâáï őáŋőćőľ áőćàěňěŋŋőľ âěőàĺĺ äăğőćëå ŕěàěåőďőć [14, 15, 40].

Ŕěàěľďěň ł áåěňăâĺçěáłőňã őŕĺáăŋĺî àăáçěâă łàĺâĺçěáłĺå ĺŋďěłáőć. Řăááňőâàĺň łőààěńïæĺőŋŋãî äãŋłæĺî ŕăàăňěâàă ŕőàïďłă (äãŋłæĺî Čàĺŋă) G(pτ ). Ĺňěěň, ŕő őŕàěďěńěŋĺî:

G(p = 0τ ) = χ(τ ) ∼ τ^{−γ} ,

G(pτ = 0) ∼ p^{−2+η} . (10.199)

Őčàăŋĺçĺňáï őŕàěďěńěŋĺěň ĺňěŋŋő ĺŋďěłáőć γ ĺ η, ŕőáłőńìłã őáâăńìŋëě ňőęŋő őŕàěďěńĺâì, ŕőńìğãïáì áłíľńĺŋčőćëňĺ áőőâŋőèěŋĺïňĺ âĺŕă (10.192) [14, 39].

Ć àăááňăâàĺćăěňőľ âěőàĺĺ ňőęŋő ďőłăğăâì ďćă âőęďěáâćă Şőàďă: ∂ ∂p_α G^{−1}_{jl} (pτ = 0) = 2p_αδ_{jl} − 2 ∫ d^dp^′ (2π)^d p^′_αG^2_{mm}(p^′0)`_{jlmm}(ppp^′p^′) , (10.200) ∂ ∂τ G^{−1}_{jl} (pτ = 0) = δ_{jl} − ∫ d^dp^′ (2π)^d

G^2_{mm}(p^′0)`_{jlmm}(ppp^′p^′) . (10.201)

Ććěďï \âàěãčőńìŋãî" ćěàèĺŋã T_{jl} =^∂_{∂τ} G^{−1}_{jl} (pτ = 0), ňőęŋő ćâőàőě ĺğ íâĺå âőęďěáâć ĺğőąàăğĺâì čàăäĺçěáłĺ, łăł ŕőłăğăŋő ŋă Řĺá. 10-34. İâő âőęďěáâćő ňőęŋő ćëćěáâĺ ŕőáńěďőćăâěńìŋëň ďĺääěàěŋæĺàőćăŋĺěň čàăäĺłőć ďńï ďńï áőąáâćěŋŋő - íŋěàčěâĺçěáłőľ çăáâĺ (őąàăâŋőčő ŕàőŕăčăâőàă), łăł íâő ŕőłăğăŋő áåěňăâĺçěáłĺ ŋă Řĺá. 10- 35. Ďĺääěàěŋæĺàőćăŋĺě őąàăâŋőčő áćőąőďŋőčő ŕàőŕăčăâőàă (10.166) (Řĺá. 10-35(ă)) ďăěâ ŕěàćőě áńăčăěňőě, ă ďĺääěàěŋæĺàőćăŋĺě ŕàőáâěľèěčő ćłńăďă ć áőąáâćěŋŋő - íŋěàčěâĺçěáłãî çăáâì (Řĺá. 10-35(ă)) ďăěâ ćłńăďë ŋĺğèěčő ŕőàïďłă ďńï ćěàèĺŋë á

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 269

Řĺá. 10-35

Řĺá. 10-36

ďćãňï áőěďĺŋěŋŋëňĺ \åćőáâăňĺ", â.ě. ŋĺğèĺľ ćłńăď ćő ćâőàőě áńăčăěňőě. Ŕőńŋëľ àïď \ŕàőďĺääěàěŋæĺàőćăŋŋëå" čàăäĺłőć áőąĺàăěâáï ć ŕőńŋãî ćěàèĺŋã. Šőęďěáâćő (10.200) ćëćőďĺâáï ăŋăńőčĺçŋő, ďĺääěàěŋæĺàőćăŋĺěň ŕő p_α.

Ŕőďáâăćĺň ć (10.200) \ŕăàłěâŋőě" àěèěŋĺě ďńï `(ppp^′p^′). Ňë ěčő ŋě ŋăåőďĺńĺ, ŋő ďőáâăâőçŋő áłăğăâì, çâő őŋő (ŕőďőąŋő ćëŕĺáăŋŋőňã ćëèě àěèěŋĺî ďńï `(k)) ğăćĺáĺâ âőńìłő őâ ňőďãńěľ |p| ĺ |p^′|, âăł çâő ĺŋâěčàăń ć ŕàăćőľ çăáâĺ (10.200) őąàăéăěâáï ć ŋãńì ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ŕőńïàŋőňã ãčńã. Ŕőíâőňã ĺňěěň ŕàőáâő: ∂G^{−1}(pτ = 0) ∂p_α = 2p_α , (10.202)

âăł çâő G(pτ = 0) ∼ 1 p^2

, (10.203)

çâő ďăěâ ğŋăçěŋĺě ĺŋďěłáă η = 0.

Ćőáŕőńìğãěňáï âěŕěàì âőęďěáâćőň (10.201). Ć \ŕăàłěâŋőň" ŕàĺąńĺęěŋĺĺ ňőęŋő őŕàěďěńěŋŋëň őąàăğőň ŕěàěáãňňĺàőćăâì čàăäĺłĺ âăł, çâő íâő âőęďěáâćő ŕàěćàăéăěâáï ć ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï \âàěãčőńìŋőľ" ćěàèĺŋë, ŕőłăğăŋŋőě ŋă Řĺá. 10- 36. Ś ĺáŕőńìğőćăŋĺěň ńőčăàĺäňĺçěáłĺå ŕěàěňěŋŋëå íâő ãàăćŋěŋĺě ğăŕĺáëćăěâáï łăł: T_{jl}(s) = δ_{jl} − s∫ 0 dt`_{jlmn}(t)T_{mn}(t) . (10.204) Ĺáŕőńìğãï T_{jl} = T δ_{jl} ĺ (10.169) ŕőńãçăěň:

I_{jlmn}δ_{mn} = (n + 2)δ_{jl} (10.205)

ĺ (10.204) áćőďĺâáï ł:

T (s) = 1 − (n + 2) s∫ 0 dt`(t)T (t) . (10.206)

Ďĺääěàěŋæĺàãï ŕő s, áćőďĺň íâő ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ł ďĺääěàěŋæĺăńìŋőňã: dT (s) ds = −(n + 2)`(s)T (s) (10.207)

270 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Řĺá. 10-37

á čàăŋĺçŋëň ãáńőćĺěň T (s = 0) = 1. Őâáîďă ŋăåőďĺň:

T (s) = exp

−(n + 2) s∫ 0 dt`(t) . (10.208)

Ĺáŕőńìğãï ğďěáì (10.179), ŕőńãçăěň őłőŋçăâěńìŋő:

T (s) = [1 + g(n + 8)s]^{− n+2n+8} . (10.209)

Šőčďă ĺňěěň: ∂ ∂τ G^{−1}(p = 0τ ) = ∂χ^{−1}(τ ) ∂τ = [1 + g(n + 8)s]^{− n+2n+8} (10.210)

Ĺŋâěčàĺàãï á âàěąãěňőľ âőçŋőáâìî, ŕőńãçăěň: χ(τ ) ≈ 1 τ { 1 + g(n + 8) 1 ε [τ^{−ε/2} − ~^{−ε}] }^{n+2}_{n+8} → τ^{−(1+ ε2 n+2n+8 )} (10.211)

ŕàĺ τ → 0. Śőőâćěâáâćěŋŋő, ďńï łàĺâĺçěáłőčő ĺŋďěłáă ćőáŕàĺĺňçĺćőáâĺ ŋăåőďĺň:

γ = 1 + n + 2 n + 8 ε 2 + ... . (10.212)

İâő ćëàăęěŋĺě, âăłęě łăł ĺ ŕőńãçěŋŋëľ ćëèě àěğãńìâăâ η = 0, áŕàăćěďńĺćë á âőçŋőáâìî ďő çńěŋőć ŕěàćőčő ŕőàïďłă ŕő ε, ĺ ŕàěďáâăćńïîâ áőąőľ ŕěàćëě çńěŋë ε-àăğńőęěŋĺï łàĺâĺçěáłĺå ĺŋďěłáőć. Ďőáâăâőçŋő čàőňőğďłĺľ áçěâ ŕőğćőńïěâ ŕőńãçĺâì ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć.

Ğăňěçăâěńìŋëň àěğãńìâăâőň áőćàěňěŋŋőľ âěőàĺĺ, áńěďãîéĺň ĺğ íâĺå äőàňãń, 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).

Ć àăğńőęěŋĺĺ (10.161), ćőőąéě čőćőàï, ŕàĺáãâáâćãîâ ĺ ąőńěě ćëáőłĺě áâěŕěŋĺ ŕăàăňěâàă ŕőàïďłă. Ćőğŋĺłăěâ ćőŕàőá őą ĺå àőńĺ ć łàĺâĺçěáłőň ŕőćěďěŋĺĺ. Ŕőçěňã ňë őčàăŋĺçĺńĺáì âőńìłő gϕ^4? Ŕãáâì ĺňěěâáï ćłńăď λϕ^6. Ł çěňã íâő ŕàĺćěďěâ? Řăááňőâàĺň ŕàőáâěľèãî ŕőŕàăćłã ł íâőňã ćłńăďã, ĺğőąàăęăěňãî ďĺăčàăňňőľ ŋă Řĺá. 10-37. Ŕő ŕőàïďłã ćěńĺçĺŋë őŋă őŕàěďěńïěâáï ĺŋâěčàăńőň:

λ^2 ∫ d^3p_1 ∫ d^3p_2 1 p^2_1p^2(p^2_1 + p^2) ∼ λ^2 Λ∫ √ τ dp_1 Λ∫ √ τ dp_2 p^2_1p^2 p^2_1p^2(p^2_1 + p^2)

∼ λ^2 ln ~√ τ . (10.213)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 271

Šăąńĺæă 10.1 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

Ďńï d > 3 áőőâćěâáâćãîéăï ŕőŕàăćłă ŕàőáâő áåőďĺâáï (ŋă ŋĺęŋěň ŕàěďěńě, ŕàĺ τ → 0), âăł çâő ďńï d = 4 − ε ćğăĺňőďěľáâćĺě âĺŕă λϕ^6 ïćńïěâáï ŋěáãéěáâćěŋŋëň. Ăŋăńőčĺçŋő ďěńő őąáâőĺâ ĺ á çńěŋăňĺ àăğńőęěŋĺï Ńăŋďăã á ąőńěě ćëáőłĺňĺ áâěŕěŋïňĺ ŕăàăňěâàă ŕőàïďłă.

Ŕàĺćěďěň ć ğăłńîçěŋĺě ğŋăçěŋĺï łàĺâĺçěáłĺå ĺŋďěłáőć á âőçŋőáâìî ďő çńěŋőć ∼ ε^2 ć âěőàĺĺ á n-łőňŕőŋěŋâŋëň ŕăàăňěâàőň ŕőàïďłă [14, 15]:

γ = 1 + n + 2 n + 8 ε 2 + n + 2 n + 8 n^2 + 22n + 52 (n + 8)^2 ε^2 4 + ... , 2ν = 1 + n + 2 n + 8 ε 2 + n + 2 n + 8 n^2 + 23n + 60 (n + 8)^2 ε^2 4 + ... , 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 + ... , δ = 3 + ε + [ 1 2 − n + 2 (n + 8)^2 ] ε^2 + ... , (10.214) β = 1 2 − 3 n + 8 ε 2 + (n + 2)(2n + 1) 2(n + 8)^3 ε^2 + ... , α = 4 − n n + 8 ε 2 + ... . Ĺŋâěàěáŋő áàăćŋĺâì 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. Ć ŕàĺćőďĺňőľ âăąńĺæě ďăŋë âăłęě ğŋăçěŋĺï ĺŋďěłáőć âěőàĺĺ áàěďŋěčő ŕőńï (Ńăŋďăã). Ćĺďŋő, çâő ε-àăğńőęěŋĺě őąěáŕěçĺćăěâ ŋěŕńőåőě áőčńăáĺě á àěğãńìâăâăňĺ çĺáńěŋŋőčő ăŋăńĺğă^{16}.

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 [40].

16Ďàãčőľ ďőáâăâőçŋő íääěłâĺćŋëľ ňěâőď àăáçěâă łàĺâĺçěáłĺå ĺŋďěłáőć ňőęěâ ąëâì őáŋőćăŋ ŋă ĺå àăğńőęěŋĺĺ ć àïď ŕő őąàăâŋëň áâěŕěŋïň çĺáńă łőňŕőŋěŋâ ŕăàăňěâàă ŕőàïďłă 1/n [14, 15], ŕőáłőńìłã ŕàĺ n → ∞, łăł ňőęŋő ŕőłăğăâì, łàĺâĺçěáłĺě ĺŋďěłáë âăłęě őŕàěďěńïîâáï ŕàĺąńĺęěŋĺěň áăňőáőčńăáőćăŋŋőčő ŕőńï (âěőàĺěľ Ńăŋďăã). Ňěâőď ćëçĺáńěŋĺľ őáŋőćăŋ ŋă őâąőàě čàăäĺłőć á ğăňłŋãâëňĺ ŕěâńïňĺ, ŕőáłőńìłã łăęďăï ŕěâńï ďăěâ ćłńăď ∼ n.

272 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Ťěàňĺőŋë ĺ äãŋłæĺőŋăńìŋëě ňěâőďë.

Őąőąéěŋĺě äãŋłæĺőŋăńìŋëå ňěâőďőć ŋă äěàňĺěćáłĺě ŕőńï ćáâàěçăěâ őŕàěďěńěŋŋëě ğăâàãďŋěŋĺï. Ć àăááňăâàĺćăćèĺåáï ćëèě äãŋłæĺőŋăńìŋëå ĺŋâěčàăńăå ďńï ąőğě-ŕőńěľ ćěńőáì ĺŋâěčàĺàőćăŋĺě ŕő ćáěň ćőğňőęŋëň łńăááĺçěáłĺň (c-çĺáńőćëň) ŕőńěćëň łőŋäĺčãàăæĺïň. Ďńï äěàňĺěćáłĺå ŕőńěľ ŕőŋïâĺě łńăááĺçěáłőčő ŕàěďěńă őâáãâáâćãěâ ĺ ŋěïáŋő, ŋă ŕěàćëľ ćğčńïď, ő łăłĺå ćőğňőęŋëå ŕőńěćëå łőŋäĺčãàăæĺïå âãâ ňőęěâ ćőőąéě ĺďâĺ àěçì. Ŕěàěåőď ł łńăááĺçěáłőňã ŕàěďěńã áćïğăŋ, łăł ĺğćěáâŋő, á ŕàěďěńőň ~ → 0. Ŕàĺ íâőň ŋěâàĺćĺăńìŋëě ŕàăćëě çăáâĺ łőňňãâăâőàőć ćáěå ąőğěćáłĺå ŕőńěćëå őŕěàăâőàőć, àăááňőâàěŋŋëå ć Čńăćě 2, őąàăéăîâáï ć ŋãńì, ă áăňĺ őŕěàăâőàë ŕěàěåőďïâ ć c-çĺáńă. Ďńï äěàňĺěćáłĺå ŕőńěľ, łăł ňë ćĺďěńĺ âăň ęě, łćăŋâőćăŋĺě őáãéěáâćńïěâáï á ŕőňőéìî ăŋâĺłőňňãâăâőàőć, âăł çâő ŕàĺ

~ → 0 ŕőńãçăěň ďńï äěàňĺěćáłĺå ŕőńěľ ŕàőáâő ŋěłőâőàëě ăŋâĺłőňňãâĺàãîéĺě ćě-

ńĺçĺŋë, áňëáń łőâőàëå, á âőçłĺ ğàěŋĺï \ğďàăćőčő áňëáńă" ŋě ćŕőńŋě ïáěŋ. Őďŋăłő ĺňěŋŋő ŋă íâőň ŕãâĺ ĺ ńěęĺâ àěèěŋĺě ŕàőąńěňë. Šăłĺě ćěńĺçĺŋë ąëńĺ ććěďěŋë ć ňăâěňăâĺłã ć áěàěďĺŋě XIX ćěłă Čàăááňăŋőň ĺ ŋăğëćăîâáï čàăááňăŋőćëňĺ ŕěàěňěŋŋëňĺ. Ťãŋłæĺőŋăńìŋăï äőàňãńĺàőćłă łćăŋâőćőľ âěőàĺĺ ŕőńï ďńï äěàňĺőŋőć, őáŋőćăŋŋăï ŋă ĺáŕőńìğőćăŋĺĺ čàăááňăŋőćëå ŕěàěňěŋŋëå, ąëńă ďăŋă Ąěàěğĺŋëň, łőâőàëľ ćŕěàćëě ććěń ŕőŋïâĺě ĺŋâěčàĺàőćăŋĺï ŕő íâĺň ŕěàěňěŋŋëň [41].

Řăááňőâàĺň áŋăçăńă áőőâćěâáâćãîéĺě ňăâěňăâĺçěáłĺě őŕàěďěńěŋĺï. Čěŋěàăâőàë C_i n-ňěàŋőľ čàăááňăŋőćőľ ăńčěąàë ãďőćńěâćőàïîâ ăŋâĺłőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

{C_i, C_j} ≡ C_iC_j + C_j C_i = 0 , (10.215) čďě i = 1, 2, ..., n. Ć çăáâŋőáâĺ:

C^2_i = 0 . (10.216) Ŕőíâőňã àăğńőęěŋĺě ŕàőĺğćőńìŋőľ äãŋłæĺĺ f(C_i) ć àïď ňőęěâ áőďěàęăâì âőńìłő łőŋěçŋőě çĺáńő çńěŋőć. Ŋăŕàĺňěà, ďńï őďŋőňěàŋőľ ăńčěąàë ĺňěěň:

f(C) = a + bC , (10.217)

čďě a ĺ b | őąëçŋëě çĺáńă. Łćăďàăâĺçŋëľ ĺ áńěďãîéĺě çńěŋë àăğńőęěŋĺï àăćŋë ŋãńî.

Ďńï őąéěčő n-ňěàŋőčő áńãçăï ăŋăńőč (10.217) ĺňěěâ ćĺď: f(C) = P_0 + P^i_1C_i + P^{ij}_2 C_iC_j + ... + PnC_1C_2...Cn , (10.218) čďě łăęďëľ ĺŋďěłá áãňňĺàőćăŋĺï ŕàĺŋĺňăěâ ğŋăçěŋĺï őâ 1 ďő n, ă łőíääĺæĺěŋâë P ăŋâĺáĺňňěâàĺçŋë őâŋőáĺâěńìŋő ŕěàěáâăŋőćłĺ ńîąőľ ŕăàë ĺŋďěłáőć i, j, . . . . Řăğńőęěŋĺě őąàëćăěâáï ąńăčőďăàï (10.215).

Řăááňőâàĺň ŕőŋïâĺě ďĺääěàěŋæĺàőćăŋĺï ŕő čàăááňăŋőćëň ŕěàěňěŋŋëň. Śãéěáâćãěâ ďćă âĺŕă âăłőčő ďĺääěàěŋæĺàőćăŋĺï | ńěćőě ĺ ŕàăćőě. Ńěćăï ŕàőĺğćőďŋăï ŕàőĺğćěďěŋĺï C_1C_2 őŕàěďěńïěâáï łăł: ∂^L ∂C_i (C_1C_2) = δ_{i1}C_2 − δ_{i2}C_1 . (10.219)

Ŕàăćăï ŕàőĺğćőďŋăï, áőőâćěâáâćěŋŋő, àăćŋă: ∂^R ∂C_i (C_1C_2) = δ_{i2}C_1 − δ_{i1}C_2 . (10.220)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 273

Šőčďă ćëŕőńŋïîâáï àăćěŋáâćă: { ∂ ∂C_i , C_j } = δ_{ij} , (10.221) { ∂ ∂C_i , ∂ ∂C_j } = 0 . (10.222)

Ć çăáâŋőáâĺ, ďńï őďŋőňěàŋőľ ăńčěąàë: { d dC , C } = 1 (10.223)

ĺ ćáěčďă ( ∂ ∂C_i )_2

= 0 . (10.224)

Ćáě íâĺ áőőâŋőèěŋĺï ĺňěîâ ďőćőńìŋő ěáâěáâćěŋŋëľ ćĺď.

Őŕàěďěńěŋĺě ĺŋâěčàĺàőćăŋĺï ŕő čàăááňăŋőćëň ŕěàěňěŋŋëň, ŋăŕàőâĺć, ććőďĺâáï ďőáâăâőçŋő äőàňăńìŋëň őąàăğőň. Ć çăáâŋőáâĺ, íâã őŕěàăæĺî ŋěńìğï ććěáâĺ łăł őąàăâŋãî ďĺääěàěŋæĺàőćăŋĺî. Ěě ňőęŋő őŕàěďěńĺâì, âěň ŋě ňěŋěě, âăł, çâőąë őŋă őąńăďăńă ŋěłőâőàëňĺ őąéĺňĺ áćőľáâćăňĺ, ĺŋâãĺâĺćŋő ŕàĺáãéĺňĺ őąëçŋőňã őŕàěďěńěŋĺî ĺŋâěčàăńă. Ŋăŕàĺňěà, ňőęŋő ŕőâàěąőćăâì, çâőąë ĺŋâěčàăń ąëń ĺŋćăàĺăŋâěŋ ŕàĺ áďćĺčě ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï ŋă łőŋáâăŋâã: ∫ dCf(C) = ∫ dCf(C + α) . (10.225)

İâő ćáěčďă âăł á őąëçŋëň ĺŋâěčàăńőň ć ąěáłőŋěçŋëå ŕàěďěńăå, ŋő ŋăďő ïáŋő ŕőŋĺňăâì, çâő ć ďăŋŋőň áńãçăě ŋĺçěčő őąéěčő á őąëçŋëň ĺŋâěčàăńőň ŋěâ (łàőňě őąőğŋăçěŋĺï ∫ ), ŋěâ âãâ ĺ ŋĺłăłĺå ŕàěďěńőć ĺŋâěčàĺàőćăŋĺï. Ĺáŕőńìğãï ïćŋëľ ćĺď f(C) (10.217), ŕőńãçăěň: ∫ dC(a + bC) = ∫ dC[a + b(C + α)] , âăł çâő ∫ dC bC = ∫ dC b(C + α) , (10.226)

őâłãďă áńěďãěâ: ∫ dC bα = 0 (10.227)

ĺńĺ, ććĺďã ŕàőĺğćőńìŋőáâĺ bα, ∫ dC = 0 . (10.228)

Ğďěáì α | ďàãčőľ íńěňěŋâ ăńčěąàë Čàăááňăŋă, ŋě ğăćĺáïéĺľ őâ C ĺ ăŋâĺłőňňãâĺàãîéĺľ á C. Őáâăîéĺľáï ěéě ĺŋâěčàăń ∫ dC C ňőęŋő ŕàőáâő ďőőŕàěďěńĺâì ãáńőćĺěň: ∫ dC C = 1 . (10.229)

Şáńőćĺï (10.228) ĺ (10.229) ŕőńŋőáâìî őŕàěďěńïîâ őŕěàăæĺî ĺŋâěčàĺàőćăŋĺï.

Ěáâěáâćěŋŋő, çâő âăł őŕàěďěńěŋŋőě ĺŋâěčàĺàőćăŋĺě ŋě ĺňěěâ ŋĺłăłőčő őąëçŋőčő čěőňěâàĺçěáłőčő áňëáńă. Ąőńěě âőčő, ć áńãçăě őďŋőňěàŋőľ ăńčěąàë Čàăááňăŋă ňë

274 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

ĺňěěň^{df}_{dC} = b, ŋő ĺ ∫ dCf(C) = b, âăł çâő őŕěàăæĺï ĺŋâěčàĺàőćăŋĺï ďěľáâćãěâ ŋă äãŋłæĺî âăł ęě, łăł ĺ őŕěàăæĺï ďĺääěàěŋæĺàőćăŋĺï!

Ć n-ňěàŋőň áńãçăě ŕőńăčăěň: ∫ dC_i = 0 , ∫ dC_iC_i = 1 . (10.230)

Ŕãáâì âěŕěàì η ĺ —η | ŋěğăćĺáĺňëě čàăááňăŋőćë ŕěàěňěŋŋëě, âăł çâő: ∫ dη = ∫ d—η = 0 , ∫ dηη = ∫ d—η—η = 1 . (10.231)

Ŕőáłőńìłã η^2 = —η^2 = 0, ĺňěěň:

e^{−η̄η} = 1 − —ηη , (10.232) âăł çâő ŕőńãçăěň: ∫ d—ηdη e^{−η̄η} = ∫ d—ηdη − ∫ d—ηdη —ηη = 0 + ∫ d—ηdη η—η = 1 . (10.233)

Ŋăľďěň âěŕěàì őąőąéěŋĺě íâőľ äőàňãńë ŋă áńãçăľ ąőńìèěčő çĺáńă ĺğňěàěŋĺľ. Řăááňőâàĺň ďćãňěàŋëľ áńãçăľ, ććőďï, ďńï ãďőąáâćă, őąőğŋăçěŋĺï: η = ( η_1 η_2 ) , —η = ( —η_1 —η_2 ) . (10.234)

Ŕőłăğăâěńì íłáŕőŋěŋâë —ηη (âőçŋěě —η^T η) ĺňěěâ ćĺď:

—ηη = —η_1η_1 + —η_2η_2 . (10.235)

Śńěďőćăâěńìŋő:

(—ηη)^2 = (—η_1η_1 + —η_2η_2)(—η_1η_1 + —η_2η_2) = = —η_1η_1 —η_2η_2 + —η_2η_2 —η_1η_1 = 2—η_1η_1 —η_2η_2 , (10.236)

čďě ãçńĺ, çâő η^2_1 = η^2 = —η^2_1 —η^2 = 0. Ąőńěě ćëáőłĺě áâěŕěŋĺ —ηη àăćŋë ŋãńî ĺ ňë, âăłĺň őąàăğőň, ŕőńãçăěň:

e^{−η̄η} = 1 − (—η_1η_1 + —η_2η_2) + —η_1η_1 —η_2η_2 . (10.237) Ŕàĺňěŋïï ććěďěŋŋëě ćëèě ŕàăćĺńă ĺŋâěčàĺàőćăŋĺï, ćĺďĺň, çâő: ∫ d—ηdηe^{−η̄η} = ∫ d—η_1dη_1d—η_2dη_2 —η_1η_1 —η_2η_2 = 1 , (10.238)

łăł ĺ ć őďŋőňěàŋőň áńãçăě. Ŕàőćěďěň âěŕěàì ğăňěŋã ŕěàěňěŋŋëå ĺŋâěčàĺàőćăŋĺï:

η = M α , —η = N —α , (10.239) čďě M ĺ N | ňăâàĺæë 2×2, ă α ĺ —α | ŋőćëě ŋěğăćĺáĺňëě čàăááňăŋőćë ŕěàěňěŋŋëě. Šőčďă ĺňěěň:

η_1η_2 = (M_{11}α_1 + M_{12}α_2)(M_{21}α_1 + M_{22}α_2) =

= (M_{11}M_{22} − M_{12}M_{21})α_1α_2 = (Det M )α_1α_2 , (10.240)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 275

čďě ãçńĺ ăŋâĺłőňňãâăâĺćŋőáâì čàăááňăŋőćëå ŕěàěňěŋŋëå. Ůâőąë áőåàăŋĺâì ŕàăćĺńă ĺŋâěčàĺàőćăŋĺï ∫ dη_1dη_2η_1η_2 = ∫ dα_1dα_2α_1α_2 , (10.241)

ŋãęŋő ŕőâàěąőćăâì:

dη_1dη_2 = (Det M )^{−1}dα_1dα_2 , (10.242) çâő őâńĺçăěâáï őâ őąëçŋőčő ŕàăćĺńă ğăňěŋë ŕěàěňěŋŋëå áâěŕěŋìî ďěâěàňĺŋăŋâă. Şçĺâëćăï —ηη = N —αM α = N —ααM^T = −αM^T N —α = —αM^T N α , (10.243) ğăŕĺèěň (10.238) ć ćĺďě:

(Det M N )^{−1} ∫ d—αdαe^{−ᾱM T Nα} = 1 . (10.244) Ŕőáłőńìłã Det M N = Det M^T N , őâáîďă áńěďãěâ őąéĺľ àěğãńìâăâ: ∫ d—αdαe^{−ᾱAα} = Det A , (10.245)

çâő ŕàěďáâăćńïěâ áőąőľ čăãááőć ĺŋâěčàăń ŕő čàăááňăŋőćëň ŕěàěňěŋŋëň.

Ůâőąë őŕĺáëćăâì äěàňĺěćáłĺě ŕőńï áőćěàèĺň âěŕěàì ŕěàěåőď ł ąěáłőŋěçŋőňěàŋőľ čàăááňăŋőćőľ ăńčěąàě, čěŋěàăâőàë łőâőàőľ ąãďěň őąőğŋăçăâì C(x): {C(x), C(y)} = 0 , (10.246) ∂^{L,R}C(x) ∂C(y) = δ(x − y) , (10.247) ∫ dC(x) = 0 , ∫ dC(x)C(x) = 1 . (10.248)

Ć àěğãńìâăâě ã ŋăá ćőğŋĺłăîâ äãŋłæĺőŋăńìŋëě ĺŋâěčàăńë ŕő čàăááňăŋőćëň (äěàňĺěćáłĺň) ŕőńïň.

Ńăčàăŋęĺăŋ Ďĺàăłă, łăł ĺğćěáâŋő, ĺňěěâ ćĺď: L = i —ψγ^μ∂_μψ − m —ψψ . (10.249) Šőčďă ŋőàňĺàőćăŋŋëľ ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áćőąőďŋőčő ŕőńï Ďĺàăłă ĺňěěâ ćĺď:

Z_0[η, —η] = 1 N ∫ D —ψDψ exp { i ∫ dx[ —ψ(x)(iγ^μ∂_μ − m)ψ(x) + —η(x)ψ(x) + —ψ(x)η(x)] } , (10.250) čďě ŋőàňĺàőćőçŋëľ ňŋőęĺâěńì N = ∫ D —ψDψ exp [ i ∫ dx —ψ(x)(iγ^μ∂_μ − m)ψ(x) ] . (10.251)

Ğďěáì ňë ććěńĺ čàăááňăŋőć ĺáâőçŋĺł —η(x) ďńï ŕőńï ψ(x) ĺ η(x) ďńï ŕőńï —ψ(x).

Ďńï áőłàăéěŋĺï ğăŕĺáĺ ãďőąŋő ććěáâĺ őąőğŋăçěŋĺě S^{−1} = iγ^μ ∂_μ − m . (10.252)

276 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Šőčďă:

Z_0[η, —η] = 1 N ∫ D —ψDψ exp [ i ∫ dx( —ψS^{−1}ψ + —ηψ + —ψη) ] . (10.253)

Řăááňőâàĺň łćăďàăâĺçŋãî äőàňã:

Q(ψ, —ψ) = —ψS^{−1}ψ + —ηψ + —ψη . (10.254) Ŋăľďěň ğŋăçěŋĺě ψ, łőâőàőě ěě \ňĺŋĺňĺğĺàãěâ" ĺğ ãáńőćĺï: ∂^LQ ∂ —ψ = S^{−1}ψ + η = 0 , ∂^RQ ∂ψ = —ψS^{−1} + —η = 0 , (10.255)

çâő ďăěâ:

ψ_m = −Sη , —ψ_m = −—ηS , (10.256) čďě ŕàěďŕőńőęĺńĺ áãéěáâćőćăŋĺě őŕěàăâőàă, őąàăâŋőčő S^{−1}. Ć \ňĺŋĺňãňě" ĺňěěň: Q = Q_m = Q(ψ_m, —ψ_m) = −—ηSη . (10.257) Šőčďă ŋăèã łćăďàăâĺçŋãî äőàňã ňőęŋő ŕàěďáâăćĺâì ć áńěďãîéěň ćĺďě: Q = Q_m + ( —ψ − —ψ_m)S^{−1}(ψ − ψ_m) . (10.258) Śőőâćěâáâćěŋŋő:^{17}

Z_0[η, —η] = 1 N ∫ D —ψDψ exp { i ∫ dx[Q_m + ( —ψ − —ψ_m)S^{−1}(ψ − ψ_m)] } = = 1 N exp [ −i ∫ dx ∫ dy—η(x)S(x − y)η(y) ] Det(−iS^{−1}) , (10.259)

čďě ŕàĺ ŕőńãçěŋĺĺ ŕőáńěďŋěčő ćëàăęěŋĺï ňë ćëŋěáńĺ ňŋőęĺâěńì exp [ i ∫ Q_m ] ğă ğŋăł ĺŋâěčàăńă, ŕőáłőńìłã Q_m ŋě ğăćĺáĺâ őâ ψ ĺ —ψ, ĺ ćőáŕőńìğőćăńĺáì őçěćĺďŋëň äãŋłæĺőŋăńìŋëň őąőąéěŋĺěň (10.245): ∫ D —ψDψe^{−ψ̄Aψ} = Det A . (10.260)

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ŕőłăğăâì, çâő N = Det(−iS^{−1}), âăł çâő őłőŋçăâěńìŋő ŕőńãçăěň ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń áćőąőďŋőčő ďĺàăłőćáłőčő ŕőńï ć ćĺďě:

Z_0[η, —η] = exp [ −i ∫ dx ∫ dy—η(x)S(x − y)η(y) ] . (10.261)

Ŋěâàãďŋő ãąěďĺâìáï, çâő őŕěàăâőà S ďěľáâćĺâěńìŋő áãéěáâćãěâ. Őŋ ĺňěěâ ćĺď: S(x) = (iγ^μ∂_μ + m)´_F (x) , (10.262) čďě ´_F (x) | åőàőèő ĺğćěáâŋëľ ŋăň äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà áłăńïàŋőčő ŕőńï. Ć áăňőň ďěńě, ĺáŕőńìğãï (10.252) ĺňěěň:

S^{−1}S = (iγ^μ ∂_μ − m)(iγ^μ ∂_μ + m)´_F (x) = (−2 − m^2)´_F (x) = δ(x) . (10.263) 17Ćâőàőě àăćěŋáâćő ć (10.259) ŕàěďáâăćńïěâ áőąőľ äěàňĺěćáłĺľ ăŋăńőč äőàňãńë (10.49) ďńï łőňŕńěłáŋőčő ąőğőŋŋőčő ŕőńï.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 277

Šěŕěàì ňőęŋő őŕàěďěńĺâì áćőąőďŋëľ ŕàőŕăčăâőà ďĺàăłőćáłőčő ŕőńï łăł: τ (x, y) = − δ^2Z_0[η, —η] δη(x)δ —η(y) | | | |_{η=η̄=0} = = − δ δη(x) δ δ —η(y) { −i ∫ dx ∫ dy—η(x)S(x − y)η(y) }| | |_{η=η̄=0} = iS(x − y) , (10.264)

čďě ňë ĺáŕőńìğőćăńĺ exp(−—ηSη) = 1 − —ηSη.

Śãňňĺàãěň âěŕěàì äőàňãńë, őâŋőáïéĺěáï ł áćőąőďŋëň áłăńïàŋőňã ĺ áŕĺŋőàŋőňã ŕőńïň. Ďńï áłăńïàŋőčő ŕőńï ĺňěěň:

L_0 = 1 2 ∂_μφ∂^μφ − 1 2 m^2φ^2 = − 1 2 φ(2 + m^2)φ . (10.265)

Ňë ŋăèńĺ ćëèě τ (x, y) = i´_F (x − y) , (10.266) čďě ´_F | äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà, ãďőćńěâćőàïîéĺľ ãàăćŋěŋĺî:

(2 + m^2)´F (x − y) = −δ(x − y) . (10.267)

Ďńï áŕĺŋőàŋőčő (ďĺàăłőćáłőčő) ŕőńï ĺňěěň:

L_0 = i —ψγ^μ∂_μψ − m —ψψ = —ψS^{−1}ψ , (10.268)

τ (x, y) = iS(x − y) . (10.269) Ć őąőĺå áńãçăïå ćĺďĺň, çâő ŕàőŕăčăâőà ěáâì őŕěàăâőà, őąàăâŋëľ łőíääĺæĺěŋâã ŕàĺ łćăďàăâĺçŋőň çńěŋě ć ńăčàăŋęĺăŋě. Ňőęŋő ćőőąéě ŕàĺŋïâì íâő ć łăçěáâćě őŕàěďěńěŋĺï ŕàőŕăčăâőàă ďńï ŕàőĺğćőńìŋőčő ŕőńï.

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï ćğăĺňőďěľáâćãîéĺå äěàňĺ { ŕőńěľ ňőęěâ ąëâì őŕàěďěńěŋ ćŕőńŋě ăŋăńőčĺçŋő ąőğěćáłőňã áńãçăî:

Z[η, —η] = exp [ i ∫ dxL_{int} ( 1 i δ δη , 1 i δ δ —η )] Z_0[η, —η] . (10.270)

Őâáîďă ňőęŋő ćëćěáâĺ ćáě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï äěàňĺěćáłĺå ŕőńěľ, ćŕőńŋě ăŋăńőčĺçŋő âőňã, łăł íâő ąëńő áďěńăŋő ćëèě ć áłăńïàŋőň áńãçăě. Ěďĺŋáâćěŋŋőľ áãéěáâćěŋŋőľ őáőąěŋŋőáâìî, áćïğăŋŋőľ á čàăááňăŋőćőľ ŕàĺàőďőľ äěàňĺěćáłĺå ŕőńěľ, ïćńïěâáï ŋěőąåőďĺňőáâì áőŕőáâăćńěŋĺï ďőŕőńŋĺâěńìŋőčő ňŋőęĺâěńï (−1), łăęďőľ äěàňĺőŋŋőľ ŕěâńě^{18}. Ňë ŋě ąãďěň àăááňăâàĺćăâì ŕőďàőąŋő äőàňãńĺàőćłã ďĺăčàăňňŋëå ŕàăćĺń ć ňőďěńïå ćğăĺňőďěľáâćĺï őďŋĺå âőńìłő äěàňĺőŋőć, ŕőáłőńìłã ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě Ňĺŋłőćáłőčő ćáě őŋĺ, ł áőęăńěŋĺî, ïćńïîâáï ŋěŕěàěŋőàňĺàãěňëňĺ.

Ć łăçěáâćě ŕàĺňěàă ňőďěńĺ ćğăĺňőďěľáâćĺľ äěàňĺőŋőć, łőâőàăï àěăńìŋő ŕàĺňěŋïěâáï ďńï őŕĺáăŋĺï ŕàőæěááőć á íńěňěŋâăàŋëňĺ çăáâĺæăňĺ, ŕàĺćěďěň âăł ŋăğëćăěňőě 4-äěàňĺőŋŋőě ćğăĺňőďěľáâćĺě Ťěàňĺ. Őŋő ňőęěâ ąëâì ãáŕěèŋő ĺáŕőńìğőćăŋő ďńï őŕĺáăŋĺï ŋĺğłőíŋěàčěâĺçěáłĺå ŕàőæěááőć ćğăĺňőďěľáâćĺï ńěŕâőŋőć. Śőőâćěâáâćãîéĺľ ńăčàăŋęĺăŋ ćğăĺňőďěľáâćĺï (ďńï ďćãå ŕěàćëå ŕőłőńěŋĺľ ńěŕâőŋőć) ğăŕĺáëćăěâáï ć áńěďãîéěň áâăŋďăàâŋőň ćĺďě [27]: Lint = G √ 2 j^+_w jw , (10.271)

18Ŋěâàãďŋő ŕőłăğăâì [8], çâő ŕàőĺáåőęďěŋĺě íâőčő ňŋőęĺâěńï áćïğăŋő á äãŋłæĺőŋăńìŋëň őąőąéěŋĺěň (10.222), łőâőàőě ĺňěěâ ćĺď:^{δ2}_{δη(x)δη(y)} = −^{δ2}_{δη(y)δη(x)} .

278 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

čďě jw | őŕěàăâőà áńăąőčő âőłă ńěŕâőŋőć: j^α_w = —ψe`^αψνe + —ψμ`^αψνμ , j^{α+}_w = —ψνe`^αψe + —ψνμ`^αψμ , (10.272) čďě `^α = 1 2 (1 − γ^5)γ^α(1 + γ^5) , (10.273)

ă ŋĺęŋĺě ĺŋďěłáë ŕőńěćëå őŕěàăâőàőć őąőğŋăçăîâ áőőâćěâáâćãîéĺě çăáâĺæë (íńěłâàőŋ e, ňîőŋ μ, íńěłâàőŋŋőě ŋěľâàĺŋő νe, ňîőŋŋőě ŋěľâàĺŋő νμ).

Ĺğ ŕàőáâěľèěčő àăğňěàŋőčő ăŋăńĺğă ïáŋő, çâő íâőâ ńăčàăŋęĺăŋ áőőâćěâáâćãěâ ŋěŕěàěŋőàňĺàãěňőľ âěőàĺĺ | łőŋáâăŋâă áćïğĺ G ïćńïěâáï àăğňěàŋőľ ćěńĺçĺŋőľ, á àăğňěàŋőáâìî łćăďàăâă ďńĺŋë ĺńĺ őąàăâŋőčő łćăďàăâă ňăááë. Ěě çĺáńěŋŋőě ğŋăçěŋĺě, åőàőèő ĺğćěáâŋőě ĺğ őąàăąőâłĺ ďăŋŋëå ŕő ŋĺğłőíŋěàčěâĺçěáłĺň ŕàőæěááăň (őŕĺáëćăěňëň ŕěàćëň ŕőàïďłőň âěőàĺĺ ćőğňãéěŋĺľ ŕő G) á ńěŕâőŋăňĺ, âăłĺň, łăł àăáŕăď ňîőŋă, àăćŋő:

G = 1.0 · 10^{−5} ~^3 m^2_pc

= 1.43 · 10^{−49} erg · cm^3 , (10.274)

čďě mp | ňăááă ŕàőâőŋă, ććěďěŋŋăï ğďěáì ŕàőáâő łăł àăğňěàŋëľ ŕăàăňěâà. Ěě ŕőïćńěŋĺě ć (10.274) ćŕőńŋě ŕàőĺğćőńìŋő, ňë ěéě ãćĺďĺň, łăł âăłőě ćğăĺňőďěľáâćĺě ćőğŋĺłăěâ, łăł íääěłâĺćŋőě, ć ŋĺğłőíŋěàčěâĺçěáłőň ŕàěďěńě áőćàěňěŋŋőľ âěőàĺĺ íńěłâàőňăčŋĺâŋëå ĺ áńăąëå ćğăĺňőďěľáâćĺľ.

Ććĺďã ŋěŕěàěŋőàňĺàãěňőáâĺ âěőàĺĺ ŕőńï á (10.271), íâő ćğăĺňőďěľáâćĺě ŋěńìğï àăááňăâàĺćăâì ć łăçěáâćě äãŋďăňěŋâăńìŋőčő, ąěááňëáńěŋŋő ćëŕĺáëćăâì ĺ ŕőŕàăćłĺ ćëáèĺå ŕőàïďłőć áőőâćěâáâćãîéěľ âěőàĺĺ ćőğňãéěŋĺľ.

Ŕàőŕăčăâőàë ĺ łăńĺąàőćőçŋëě ãáńőćĺï ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě.

Ć áńãçăě łćăŋâőćőľ íńěłâàőďĺŋăňĺłĺ ňăłáćěńńőćáłőčő ŕőńï, ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ĺňěěâ ćĺď: Z[J] = ∫ DA_μ exp { i ∫ dx(L + J^μA_μ) } , (10.275)

čďě J^μ { ćŋěèŋĺľ âőłőćëľ ĺáâőçŋĺł, L = − 1 16π F_{μν}F^{μν} . (10.276)

Ćëŕőńŋĺć ĺŋâěčàĺàőćăŋĺě ŕő dx ŕő çăáâïň ĺ őâąàőáĺć ŕőćěàåŋőáâŋëě çńěŋë ňőęŋő ŕěàěŕĺáăâì íâőâ ńăčàăŋęĺăŋ ć ćĺďě: L = 1 8π A^μ[g_{μν}2 − ∂_μ∂_ν ]A^ν . (10.277)

Ńăčàăŋęĺăŋ íńěłâàőňăčŋĺâŋőčő ŕőńï ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő čàăďĺěŋâŋëå (łăńĺąàőćőçŋëå) ŕàěőąàăğőćăŋĺľ A_μ → A_μ + ∂_μ~. Ć âőęě ćàěňï, ĺŋâěčàăń ć (10.275) ąěàěâáï ŕő ćáěň A_μ, ć âőň çĺáńě ĺ ŕő âěň, łőâőàëě áćïğăŋë ďàãč á ďàãčőň łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺěň. Őçěćĺďŋő, çâő íâő ŕàĺćěďěâ ł ąěáłőŋěçŋőňã ćłńăďã ć Z ĺ ć äãŋłæĺĺ Čàĺŋă. §áŋő, çâő ŋãęŋő äĺłáĺàőćăâì ŋěłőâőàãî çăáâŋãî łăńĺąàőćłã âăł, çâőąë ĺŋâěčàăń ŕő A_μ ŋě ąàăńáï ŕő ŕőńïň, áćïğăŋŋëň ďàãč á ďàãčőň łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺěň. Ğďěáì ňë áâăńłĺćăěňáï á ŕàőąńěňőľ, łőâőàăï áâăŋőćĺâáï

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ 279

őáőąěŋŋő őáâàőľ ŕàĺ ŕěàěåőďě ł ğăďăçě łćăŋâőćăŋĺï ŋěăąěńěćëå łăńĺąàőćőçŋëå ŕőńěľ. Őłăğëćăěâáï, çâő ć àăňłăå äãŋłæĺőŋăńìŋőčő ŕőďåőďă ł łćăŋâőćőľ âěőàĺĺ ŕőńï íâă ŕàőąńěňă ňőęěâ ąëâì ŕőáńěďőćăâěńìŋő àěèěŋă. Łăł íâő ďěńăěâáï ąãďěâ ďőáâăâőçŋő ŕőďàőąŋő ŕőłăğăŋő ć áńěďãîéěľ čńăćě, ă ŕőłă őčàăŋĺçĺňáï ŋěáłőńìłĺňĺ ğăňěçăŋĺïňĺ âěåŋĺçěáłőčő åăàăłâěàă.

Ěáńĺ ŋăńőęĺâì ŋă ćěłâőà-ŕőâěŋæĺăń ãáńőćĺě Ńőàěŋæă ∂_μA^μ = 0, âő ńăčàăŋęĺăŋ (10.277) ŕěàěľďěâ ć: L = 1 8π A^μg_{μν} 2A^ν . (10.278)

Őŕěàăâőà, őąàăâŋëľ ŕő őâŋőèěŋĺî ł g^{μν} 2 ŕàěďáâăćńïěâ áőąőľ ŕàőŕăčăâőà Ťěľŋňăŋă (áň. ŋăŕàĺňěà Čńăćã 4):

D_{F μν} (x, y) = g_{μν}4π´_F (x, y; m = 0) . (10.279)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ, ćőğŋĺłăîéĺľ ĺğ (10.278) őŕěàăâőà −g_{μν}k^2 ĺňěěâ őąàăâŋëľ őŕěàăâőà ćĺďă −g^{νλ 1}_{k2} , âăł çâő äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà íńěłâàőňăčŋĺâŋőčő ŕőńï ć łăńĺąàőćłě Ńőàěŋæă ĺňěěâ ćĺď: D_{F μν} (k) = g_{μν} 4π k^2

. (10.280)

Ć őąéěň áńãçăě, ł ńăčàăŋęĺăŋã ňőęŋő ďőąăćĺâì çńěŋ, äĺłáĺàãîéĺľ łăńĺąàőćłã á ŕàőĺğćőńìŋëň łőíääĺæĺěŋâőň α: L = − 1 16π F_{μν} F^{μν} − 1 8πα (∂_μA^μ)^2 = 1 8π A^μ [ g_{μν} 2 + ( 1 α − 1 ) ∂_μ∂_ν ] A^ν . (10.281)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ łőíääĺæĺěŋâ ŕàĺ łćăďàăâě ŕőńï ĺňěěâ ćĺď:

− k^2g_{μν} + ( 1 − 1 α ) k_μk_ν , (10.282)

ă őąàăâŋëľ ěňã őŕěàăâőà ďăěâ ŕàőŕăčăâőà ćĺďă:

D_{μν} (k) = 4π k^2 [ g_{μν} + (α − 1) k_μk_ν k^2 ] . (10.283)

Ŕàĺ α → 1 ŕőńãçăěň őâáîďă äěľŋňăŋőćáłĺľ ŕàőŕăčăâőà (łăńĺąàőćłă Ńőàěŋæă { Ťěľŋňăŋă). Ŕàĺ α → 0 ŕőńãçăěň ŕàőŕăčăâőà ć łăńĺąàőćłě Ńăŋďăã.

280 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŚŁĂŃ§ŘŻ Ĺ ŚŔĹŊŐŘŻ

Čńăćă 11

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚ- ČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ŋěăąěńěćë łăńĺąàőćőçŋëě ŕőńï ĺ ňěâőď Ťăďďěěćă{Ŕőŕőćă.

Ŕěàěľďěň ł ŕőáâàőěŋĺî łćăŋâőćőľ âěőàĺĺ ŋěăąěńěćëå łăńĺąàőćőçŋëå ŕőńěľ. Ğăďăçă łćăŋâőćăŋĺï ŕőńěľ §ŋčă { Ňĺńńáă ďőńčőě ćàěňï őáâăćăńăáì ŋěàěèěŋŋőľ ĺğ-ğă âàãďŋőáâěľ, áćïğăŋŋëå á ŋěőąåőďĺňőáâìî łőààěłâŋőčő ãçěâă łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ. Ć çăáâŋőáâĺ, ŋě ãďăćăńőáì ŕőáńěďőćăâěńìŋő ŕàőćěáâĺ łćăŋâőćăŋĺě ć àăňłăå łăŋőŋĺçěáłőčő (őŕěàăâőàŋőčő) ŕőďåőďă ł łćăŋâőćőľ âěőàĺĺ ŕőńï, ŋěáňőâàï ŋă ěčő ãáŕěèŋőě ŕàĺňěŋěŋĺě ł ăąěńěćőľ łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. Ŕőńŋőě àěèěŋĺě íâőľ ŕàőąńěňë ąëńő ďőáâĺčŋãâő Ťăďďěěćëň ĺ Ŕőŕőćëň á ĺáŕőńìğőćăŋĺěň äãŋłæĺőŋăńìŋëå ňěâőďőć. Ć ŕőáńěďãîéěň ĺğńőęěŋĺĺ ć íâőľ čńăćě ňë áńěďãěň, ć őáŋőćŋőň, łŋĺčě [11].

İćàĺáâĺçěáłőě àăááňőâàěŋĺě őáŋőćŋőľ ĺďěĺ.

Ćëèě ňë ćĺďěńĺ, çâő ćěńĺçĺŋă őąëçŋëň őąàăğőň őŕàěďěńěŋŋőčő ŕàőĺğćőďïéěčő äãŋłæĺőŋăńă Z ć łăńĺąàőćőçŋőľ âěőàĺĺ (ďăęě ć íńěłâàőďĺŋăňĺłě), ćőőąéě čőćőàï, ïćńïěâáï ąěáłőŋěçŋőľ, ŕőáłőńìłã ć ŋěň äĺčãàĺàãěâ ĺŋâěčàĺàőćăŋĺě ŕő ćáěň

282 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Řĺá. 11-1

ŕőńïň A_μ, ć âőň çĺáńě ĺ ŕő âěň, łőâőàëě áćïğăŋë ďàãč á ďàãčőň łăńĺąàőćőçŋëňĺ ŕàěőąàăğőćăŋĺïňĺ, őáâăćńïîéĺňĺ ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ĺŋćăàĺăŋâŋëň.

Ŕàěęďě çěň ŕàĺáâãŕăâì ł ćëçĺáńěŋĺïň, łőâőàëě ŕőğćőńïâ ŕőáńěďőćăâěńìŋő őâďěńĺâì ąěáłőŋěçŋëľ \őąêěňŋëľ" ňŋőęĺâěńì ĺğ (ąěáłőŋěçŋőňěàŋőčő) äãŋłæĺőŋăńìŋőčő ĺŋâěčàăńă ŕő łăńĺąàőćőçŋőňã ŕőńî, àăááňőâàĺň, ďńï ĺńńîáâàăæĺĺ őáŋőćŋőľ ĺďěĺ ňěâőďă, őąëçŋëľ ďćãňěàŋëľ ĺŋâěčàăń ćĺďă: W = ∫ dx ∫ dye^{iS(x,y)} = ∫ dre^{iS(}r^) , (11.1)

čďě r = (r, θ) ğăďăěâ ŕőńïàŋëě łőőàďĺŋăâë âőçłĺ ŋă ŕńőáłőáâĺ. Ŕàěďŕőńőęĺň, çâő

(ăŋăńőč ďěľáâćĺï!) äãŋłæĺï S(r) ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő ćàăéěŋĺľ ć ďćãňěàŋőň ŕàőáâàăŋáâćě:

S(r) = S(rϕ) (11.2) ŕàĺ r = (r, θ) → rϕ = (r, θ + ϕ). İâő őğŋăçăěâ, çâő S(r) ŕőáâőïŋŋă ŋă őłàãęŋőáâïå

(\őàąĺâăå") ć ŕńőáłőáâĺ (x, y), ŕőłăğăŋŋëå ŋă Řĺá. 11-1(ă). Ěáńĺ ć íâőň âàĺćĺăńìŋőň ŕàĺňěàě ňë åőâĺň ãçĺâëćăâì ćłńăď ć ĺŋâěčàăń âőńìłő őâ ŋěíłćĺćăńěŋâŋëå ğŋăçěŋĺľ S(r), âő ŋãęŋő ćëďěńĺâì \őąêěňŋëľ ňŋőęĺâěńì", áőőâćěâáâćãîéĺľ ĺŋâěčàĺàőćăŋĺî ŕő ãčńőćőľ ŕěàěňěŋŋőľ^1 ∫ dθ = 2π. Ůâőąë áďěńăâì íâő äőàňăńìŋëň ŕãâěň, àăááňőâàĺň áńěďãîéĺľ ŕàĺěň, łőâőàëľ ďăńěě ąãďěâ őąőąéěŋ ŋă ąőńěě áńőęŋëě áńãçăĺ. Ŕőďáâăćĺň ć ŋăè ĺŋâěčàăń 1, ğăŕĺáăŋŋãî ć áńěďãîéěň ćĺďě^2: 1 = ∫ dϕδ(θ − ϕ) . (11.3) Šőčďă ĺňěěň: W = ∫ dϕ ∫ dre^{iS(}r^)δ(θ − ϕ) = ∫ dϕW_ϕ , (11.4) čďě W_ϕ = ∫ drδ(θ − ϕ)e^{iS(}r^) (11.5)

ćëçĺáńïěâáï ďńï ďăŋŋőčő ğŋăçěŋĺï ãčńă ϕ = θ. Šăłĺň őąàăğőň, ňë áŋăçăńă ćëçĺáńïěň W ŕàĺ äĺłáĺàőćăŋŋőň ğŋăçěŋĺĺ ãčńă ϕ = θ (áćïğì!), ă ğăâěň ĺŋâěčàĺàãěň ŕő ćłńăďăň, áőőâćěâáâćãîéĺň ćáěň ğŋăçěŋĺïň ϕ (áň. Řĺá. 11-1(ă)). Ĺáŕőńìğãï ĺŋćăàĺăŋâŋőáâì äãŋłæĺĺ S (11.2), ĺňěěň:

W_ϕ = W_ϕ′ . (11.6)

1Ĺŋâěčàĺàőćăŋĺě ŕő ãčńőćëň ŕěàěňěŋŋëň ŕőďàăğãňěćăěâáï ć ŕàěďěńăå őâ 0 ďő 2π, áőőâćěâáâćěŋŋő ŕàěďěńë ïćŋő ŋě ćëŕĺáëćăěň.

2Ğďěáì ŕőďàăğãňěćăěâáï, çâő θ ŕőŕăďăěâ ć ĺŋâěàćăń (0, 2π).

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 283

Śńěďőćăâěńìŋő, \őąêěň" őàąĺâë ňőęŋő ćëďěńĺâì ć ćĺďě ňŋőęĺâěńï: W = ∫ dϕW_ϕ = W_ϕ ∫ dϕ = 2πW_ϕ . (11.7)

Ć őąéěň áńãçăě ňőęŋő ćëąàăâì ąőńěě áńőęŋãî áćïğì, çěň ϕ = θ, łőâőàãî ňőęŋő ŕàěďáâăćĺâì ãàăćŋěŋĺěň ŋěłőâőàőľ łàĺćőľ g(r) = 0, ŕěàěáěłăîéěľ łăęďãî őàąĺâã âőńìłő őďĺŋ àăğ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 11-1(ą), âăł çâő ãàăćŋěŋĺě g(r_ϕ) = 0 ďőńęŋő ĺňěâì ěďĺŋáâćěŋŋőě àěèěŋĺě ϕ ďńï ďăŋŋőčő ğŋăçěŋĺï r. Řăááňăâàĺćăï âăłãî áćïğì őąéěčő ćĺďă, őŕàěďěńĺň ćňěáâő ŕàőáâőčő ãàăćŋěŋĺï (11.3), \ŕàěďáâăćńěŋĺě ěďĺŋĺæë" ćĺďă: 1 = ´_g(r) ∫ dϕδ[g(r_ϕ)] . (11.8)

Ĺŋăçě čőćőàï, őŕàěďěńĺň äãŋłæĺî ´_g(r) łăł:

[´_g(r)]^{−1} = ∫ dϕδ[g(r_ϕ)] . (11.9)

Ĺáŕőńìğãï őąéěě ŕàăćĺńő: ∫ dxδ[f(x)] = ∫ df 1 df/dx δ(f) = 1 df/dx | | | |_{f=0} , (11.10)

ŕőńãçăěň: ´_g(r) = ∂g(rθ) ∂θ | | | |_{g=0} , (11.11)

ŕàĺçěň ´_g(r) ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő ďćãňěàŋëå ćàăéěŋĺľ:

[´_g(r_ϕ′ )]^{−1} = ∫ dϕδ[g(r_{ϕ+ϕ}′ )] = ∫ dϕ^{′′}δ[g(r_ϕ′′ )] = [´_g(r)]^{−1} . (11.12)

Šőčďă, ŕőćâőàïï àăááãęďěŋĺï, ăŋăńőčĺçŋëě ŕěàěåőďã őâ (11.4) ł (11.7), ňőęŋő áŋőćă ćëďěńĺâì ĺğ ĺŋâěčàăńă \őąêěňŋëľ ňŋőęĺâěńì" 2π: W = ∫ dϕ ∫ dr´g(r)δ[g(rϕ)]e^{iS(}r^) = ∫ dϕW_ϕ , (11.13) čďě W_ϕ = ∫ dre^{iS(}r^)´g(r)δ[g(rϕ)] . (11.14)

Ğďěáì-âő ĺ áőďěàęĺâáï ćáï ŋěâàĺćĺăńìŋăï çăáâì ĺŋâěčàăńă. \Őąêěňŋëľ" ňŋőęĺâěńì àăćěŋ, łăł ňë ŕőŋĺňăěň, ŕàőáâő 2π, çâő ïćńïěâáï äőàňăńìŋëň áńěďáâćĺěň ĺŋćăàĺăŋâŋőáâĺ W_ϕ őâŋőáĺâěńìŋő ćàăéěŋĺľ: W_ϕ′ = ∫ dre^{iS(}r^)´g(r)δ[g(rϕ′ )] = ∫ dr^′e^{iS(}r^{′)}´g(r^′ϕ) = Wϕ , (11.15)

čďě ććěďěŋă ŕěàěňěŋŋăï r^′ = (r, ϕ^′) ĺ ćőáŕőńìğőćăńĺáì âěň, çâő S(r), ´_g(r) ĺ ňěàă ĺŋâěčàĺàőćăŋĺï dr ĺŋćăàĺăŋâŋë őâŋőáĺâěńìŋő ćàăéěŋĺľ. Šăłĺň őąàăğőň \àěæěŕâ" ćëďěńěŋĺï \őąêěňŋőčő" ňŋőęĺâěńï áőáâőĺâ ć âőň, çâő ŕőď ĺŋâěčàăń ććőďĺâáï őčàăŋĺçĺćăîéăï δ-äãŋłæĺï, łőâőàăï ãňŋőęăěâáï ŋă ´_g, őŕàěďěńěŋŋãî ãáńőćĺěň (11.9).

284 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Ćëďěńěŋĺě őąêěňŋőčő ňŋőęĺâěńï ć äãŋłæĺőŋăńìŋőň ĺŋâěčàăńě.

Ŕěàěľďěň ł àăááňőâàěŋĺî ŋěăąěńěćëå łăńĺąàőćőçŋëå âěőàĺľ. Ďńï őŕàěďěńěŋŋőáâĺ àăááňőâàĺň áńãçăľ ŕőńěľ §ŋčă { Ňĺńńáă á łăńĺąàőćőçŋőľ čàãŕŕőľ SU (2). Ńăčàăŋęĺăŋ âăłőľ âěőàĺĺ ĺňěěâ ćĺď: L = − 1 16π F^a_{μν}F^{aμν} , a = 1, 2, 3 , (11.16)

čďě (áň. ãàăćŋěŋĺě (2.119))

F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + gε^{abc}A^b_μA^c_ν . (11.17)

Ğďěáì g | ïŋč-ňĺńńáőćáłăï łőŋáâăŋâă áćïğĺ. Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń őŕàěďěńĺň, łăł őąëçŋő, ć ćĺďě: Z[ ⃗J] = ∫ D ⃗A_μ exp { i ∫ dx[L(x) + ⃗J_μ · ⃗A^μ(x)] } . (11.18)

Ďěľáâćĺě ĺŋćăàĺăŋâŋő őâŋőáĺâěńìŋő łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï: ⃗A_μ → ⃗A^θ_μ , (11.19)

čďě (áň. ãàăćŋěŋĺï (2.163), (2.166) ĺ (2.169)) ⃗A^θ_μ · ⃗τ 2 = U (θ) [ ⃗A_μ · ⃗τ 2 + 1 ig U^{−1}(θ)∂_μ U (θ) ] U^{−1}(θ) . (11.20)

Ğďěáì U (θ) = exp [ i⃗θ(x) · ⃗τ 2 ] (11.21)

| ŕàěőąàăğőćăŋĺě áŕĺŋőàŋőčő ŕàěďáâăćńěŋĺï čàãŕŕë SU (2). Ćąńĺğĺ ěďĺŋĺçŋőčő ŕàěőąàăğőćăŋĺï U (θ) ňőęŋő ŕàěďáâăćĺâì ć ćĺďě: U (θ) = 1 + i⃗θ · ⃗τ 2 + O(θ^2) . (11.22)

Ćěńĺçĺŋë ⃗θ(x) ŕàěďáâăćńïîâ áőąőľ ŕăàăňěâàë čàãŕŕë, ğăćĺáïéĺě őâ âőçłĺ ŕàőáâàăŋáâćă-ćàěňěŋĺ, ă ⃗τ | ňăâàĺæë Ŕăãńĺ ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě.

Ďěľáâćĺě ŋăèěľ âěőàĺĺ ŕőáâőïŋŋő (ĺŋćăàĺăŋâŋő) ŋă őàąĺâě łăńĺąàőćőçŋőľ čàãŕŕë, áőáâőïéěľ ĺğ ćáěå ⃗A^θ_μ, ŕőńãçěŋŋëå ĺğ ŋěłőâőàőľ äĺłáĺàőćăŋŋőľ łőŋäĺčãàăæĺĺ ⃗A_μ ŕàěőąàăğőćăŋĺěň U (θ), ŕàőąěčăîéĺň ŕő ćáěň íńěňěŋâăň čàãŕŕë SU (2). Ŕàĺ ŕàăćĺńìŋőň łćăŋâőćăŋĺĺ äãŋłæĺőŋăńìŋőě ĺŋâěčàĺàőćăŋĺě ďőńęŋő őáãéěáâćńïâìáï ŕő \čĺŕěàŕőćěàåŋőáâĺ" ć äãŋłæĺőŋăńìŋőň ŕàőáâàăŋáâćě, łőâőàăï ŕěàěáěłăěâ łăęďãî őàąĺâã ńĺèì őďĺŋ àăğ. Šăłĺň őąàăğőň, ěáńĺ ňë ğăŕĺèěň ãàăćŋěŋĺě íâőľ čĺŕěàŕőćěàåŋőáâĺ ć ćĺďě:

f_a( ⃗A_μ) = 0 , a = 1, 2, 3 , (11.23)

âő ãàăćŋěŋĺě f_a( ⃗A^θ_μ) = 0 (11.24)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 285

ďőńęŋő ĺňěâì ěďĺŋáâćěŋŋőě àěèěŋĺě ⃗θ ŕàĺ ďăŋŋőľ ŕőńěćőľ łőŋäĺčãàăæĺĺ ⃗A_μ. İâő ãáńőćĺě äĺłáĺàãěâ ćëąőà łăńĺąàőćłĺ.

Őŕàěďěńĺň âěŕěàì ĺŋâěčàĺàőćăŋĺě ŕő ŕăàăňěâàăň łăńĺąàőćőçŋőľ čàãŕŕë: [d⃗θ] = 3∏ a=1 dθ_a . (11.25)

Ěáńĺ ňë áőćěàèăěň ďćă łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺï ⃗θ ĺ ⃗θ^′, âő áőőâćěâáâćãîéăï ňăâàĺæă ĺňěěâ ćĺď U (θ)U (θ^′ ) ĺ ŕăàăňěâàë ŕàěőąàăğőćăŋĺï áãňňĺàãîâáï: ⃗θ +⃗θ^′. Ŕőíâőňã őŕàěďěńěŋŋăï áőčńăáŋő (11.25) ňěàă ĺŋâěčàĺàőćăŋĺï ïćńïěâáï ĺŋćăàĺăŋâŋőľ őâŋőáĺâěńìŋő łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ, ć âőň áňëáńě, çâő ãčńë θ ŕàőąěčăîâ ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ćáě ňëáńĺňëě ğŋăçěŋĺï ĺ áďćĺč ŋă łőŋáâăŋâã θ^′ ŋĺçěčő ŋě ňěŋïěâ. Śĺňćőńĺçěáłĺ íâő ğăŕĺáëćăîâ łăł d(⃗θ⃗θ^′) = d⃗θ^{′′} = d⃗θ.

Šěŕěàì ňë ňőęěň ŕőáâãŕĺâì łăł ĺ ćëèě (ŕàĺ àăááňőâàěŋĺĺ őąëçŋőčő ĺŋâěčàăńă), ĺ ććěáâĺ ´_f [ ⃗A_μ]:

´^{−1}_f [ ⃗A_μ] = ∫ [d⃗θ(x)]δ[f_a( ⃗A^θ_μ)] . (11.26)

Őâáîďă ĺňěěň:

´_f [ ⃗A_μ] = Det M_f (11.27) | ďěâěàňĺŋăŋâ Ťăďďěěćă { Ŕőŕőćă, čďě

(M_f )_{ab} = δf_a δθ_b . (11.28)

Ŕőďàőąŋěě íâĺ ćëłńăďłĺ ćëčńïďïâ âăł. Ŕàőćőďï őąëçŋãî ďĺáłàěâĺğăæĺî ŕàőáâàăŋáâćă ĺ ŕőáńěďãîéĺľ ŕàěďěńìŋëľ ŕěàěåőď, ňőęěň ŋăŕĺáăâì:

´^{−1}_f [ ⃗Aμ] = ∫ ∏ x ∏ a dθa(x)δ[fa(x)] = ∏ x ∏ a ∫ dfa(x)δ[fa(x)] ∂(θ_1(x), θ_2(x), θ_3(x)) ∂(f_1(x), f_2(x), f_3(x)) = = ∏ x Det [∂θ_a(x) ∂f_b(x) ] f=0 = Det [δθ_a(x) δf_b(x) ] f=0 . (11.29)

Ć ŕőáńěďŋěň àăćěŋáâćě (ŕőáńě ŕěàěåőďă ł ŋěŕàěàëćŋőňã x) ćőğŋĺłăěâ äãŋłæĺőŋăńìŋëľ ďěâěàňĺŋăŋâ (ïłőąĺăŋ) ňăâàĺæë á ŋěŕàěàëćŋëňĺ ĺŋďěłáăňĺ^{δθa(x)}_{δfb(y)} , łőâőàëľ őŕàěďěńïěâáï ŕàőĺğćěďěŋĺěň áőąáâćěŋŋëå ğŋăçěŋĺľ íâőľ ňăâàĺæë.

Ňăâàĺæă M_f áćïğăŋă á ąěáłőŋěçŋő ňăńëňĺ łăńĺąàőćőçŋëňĺ ŕàěőąàăğőćăŋĺïňĺ äãŋłæĺĺ f_a[ ⃗A_μ]:

f_a[ ⃗A^θ_μ(x)] = f_a[ ⃗A_μ(x)] + ∫ dy δf_a(x) δθ_b(y) θ_b(y) + O(θ^2) =

= f_a[ ⃗A_μ(x)] + ∫ dy[M_f (x, y)]_{ab}θ_b(y) + O(θ^2) . (11.30)

Šőčďă ĺğ âàěąőćăŋĺï ěďĺŋáâćěŋŋőáâĺ àěèěŋĺï ãàăćŋěŋĺï (11.24) f_a( ⃗A^θ_μ) = 0 őâŋőáĺâěńìŋő ⃗θ áńěďãěâ, çâő Det M_f őâńĺçěŋ őâ ŋãńï. Łőŋłàěâŋëľ ćĺď M_f , ěáâěáâćěŋŋő,

286 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

ğăćĺáĺâ őâ ćëąőàă âőčő ĺńĺ ĺŋőčő ãáńőćĺï łăńĺąàőćłĺ (ćĺďă äãŋłæĺĺ f_a), ïćŋëě ćëàăęěŋĺï ďńï áńãçăï łăńĺąàőćłĺ Ńőàěŋæă ąãďãâ ŕàĺćěďěŋë ŋĺęě.

Ďěâěàňĺŋăŋâ Ťăďďěěćă { Ŕőŕőćă ´_f [ ⃗Aμ] łăńĺąàőćőçŋő ĺŋćăàĺăŋâěŋ. Ć áăňőň ďěńě, ğăŕĺèěň

´^{−1}_f [ ⃗Aμ] = ∫ [d⃗θ^′(x)]δ [ fa( ⃗A^{θ′}_μ ) ] . (11.31)

Šőčďă

´^{−1}_f [ ⃗A^θ_μ] = ∫ [d⃗θ^′(x)]δ[fa( ⃗A^{θθ′}_μ )] = ∫ [d⃗θ(x)⃗θ^′(x)]δ[fa( ⃗A^{θθ′}_μ )] = = ∫ [d⃗θ^{′′}(x)]δ[fa( ⃗A^{θ′′}_μ )] = ´^{−1}_f [ ⃗Aμ] , (11.32)

çâő ĺ âàěąőćăńőáì ďőłăğăâì. İâő ćŕőńŋě ăŋăńőčĺçŋő (11.12).

Ŕőďáâăćĺň âěŕěàì ćőğŋĺłăîéěě ĺğ (11.26) \ŕàěďáâăćńěŋĺě ěďĺŋĺæë" 1 = ∫ [d⃗θ(x)]´_f [ ⃗A_μ]δ[f_a( ⃗A^θ_μ)] (11.33)

ć (11.18). Šőčďă, őąőğŋăçăï ďńï ěďĺŋőőąàăğĺï ňěàã ĺŋâěčàĺàőćăŋĺï ŕő ŕőńïň §ŋčă { Ňĺńńáă łăł [d ⃗A_μ(x)], ŕőńãçăěň: ∫ [d ⃗A_μ(x)] exp { i ∫ dxL(x) } = = ∫ [d⃗θ(x)] ∫ [d ⃗A_μ(x)]´_f [ ⃗A_μ]δ[f_a( ⃗A^θ_μ)] exp { i ∫ dxL(x) } = = ∫ [dθ(x)] ∫ [d ⃗A_μ(x)]´_f [ ⃗A_μ(x)]δ[f_a( ⃗A_μ)] exp { i ∫ dxL(x) } . (11.34)

Ŕàĺ ŕőńãçěŋĺĺ ŕőáńěďŋěčő àăćěŋáâćă ňë ćőáŕőńìğőćăńĺáì ĺŋćăàĺăŋâŋőáâìî ćëàăęěŋĺľ ďńï ´_f [ ⃗A_μ] ĺ exp { i ∫ dxL(x) } őâŋőáĺâěńìŋő łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ ⃗A^θ_μ → ⃗A_μ. Šőčďă ćĺďĺň, çâő ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ŋě ğăćĺáĺâ őâ ⃗θ(x) ĺ ∫ [d⃗θ(x)] = ∫ ∏ x d⃗θ(x) ďăěâ ŕàőáâő ąěáłőŋěçŋëľ \őąêěň" őàąĺâë, łőâőàëľ ňë ĺ åőâěńĺ ćëďěńĺâì! Ŕőíâőňã, őŕãáłăï íâőâ ŋěŋãęŋëľ ňŋőęĺâěńì, ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń łăńĺąàőćőçŋőčő ŕőńï ⃗A_μ ňőęŋő ğăŕĺáăâì łăł: Z[ ⃗J] = ∫ [d ⃗A_μ]´_f [ ⃗A_μ]δ[f_a( ⃗A_μ)] exp { i ∫ dx[L(x) + ⃗J^μ · ⃗A_μ] } = = ∫ [d ⃗A_μ](DetM_f )δ[f_a( ⃗A_μ)] exp { i ∫ dx[L(x) + ⃗J^μ · ⃗A_μ] } . (11.35)

Ć íâőň áãâì âăł ŋăğëćăěňőčő ăŋğăâæă Ťăďďěěćă - Ŕőŕőćă, ňë ãáâàăŋïěň ćáě ńĺèŋĺě ĺŋâěčàĺàőćăŋĺï, ććőďï ć äãŋłæĺőŋăńìŋãî ňěàã ňŋőęĺâěńì Det M_f δ[f_a( ⃗A_μ)].

Ăąěńěćă łăńĺąàőćőçŋăï âěőàĺï (ŁİĎ).

Řăááňőâàĺň ŕàőáâěľèĺľ ŕàĺňěà { łćăŋâőćãî íńěłâàőďĺŋăňĺłã. Ć íâőň áńãçăě ąěáłőŋěçŋő ňăńőě łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě ğăŕĺáëćăěâáï łăł:

A^θ_μ = A_μ(x) − 1 g ∂_μθ(x) . (11.36)

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 287

Ć íâőň áńãçăě, ŕàĺ ńîąőň ćëąőàě łăńĺąàőćőçŋőčő ãáńőćĺï (11.23), ńĺŋěľŋőčő ŕő ŕőńî A_μ(x), ňăâàĺæă M_f (11.28) ŋě ğăćĺáĺâ őâ ŕőńï A_μ(x). Ŕőíâőňã ďěâěàňĺŋăŋâ Ťăďďěěćă { Ŕőŕőćă ŋě áãéěáâćěŋ á äĺğĺçěáłőľ âőçłĺ ğàěŋĺï, ěčő ňőęŋő ćëŋěáâĺ ğă ğŋăł äãŋłæĺőŋăńìŋőčő ĺŋâěčàĺàőćăŋĺï ŕő A_μ(x) ĺ ŕàőáâő őŕãáâĺâì^3. Šőčďă ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ğăŕĺáëćăěâáï łăł: Z[J] = ∫ [dA_μ]δ[f(A_μ)] exp { i ∫ dx[L(x) + J_μ(x)A^μ(x)] } , (11.37)

čďě δ[f(A_μ)] äĺłáĺàãěâ łőŋłàěâŋãî łăńĺąàőćłã, ŕőáńě çěčő ňë ŕàĺåőďĺň ł őąëçŋőľ äőàňãńĺàőćłě ŁİĎ.

Ťěľŋňăŋőćáłĺě ďĺăčàăňňë ć ŋěăąěńěćőľ âěőàĺĺ.

Ŕěàěľďěň âěŕěàì ł ŕőďàőąŋőňã àăááňőâàěŋĺî ŕőáâàőěŋĺï ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï ŋěăąěńěćőľ âěőàĺĺ. Ŕěàěŕĺèěň ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń (11.35) ć ćĺďě: Z[ ⃗J] = ∫ [d ⃗A_μ] exp { iS_{eff} + i ∫ dx ⃗J^μ · ⃗A_μ } , (11.38)

čďě ňë ŕàőáâő ŕěàěŕĺáăńĺ ňŋőęĺâěńì Det M_f δ[f_a( ⃗A_μ)] ć ćĺďě exp ln(Det M_f δ[f_a( ⃗A_μ)]), ă ćěńĺçĺŋã −i ln(Det M_f δ[f_a( ⃗A_μ)]) ćłńîçĺńĺ ć őŕàěďěńěŋĺě íääěłâĺćŋőčő ďěľáâćĺï S_{eff} . Ěáâěáâćěŋŋő, çâő ŋăńĺçĺě âăłőčő çńěŋă ć íääěłâĺćŋőň ďěľáâćĺĺ ãáńőęŋïěâ ğăďăçã ŕőáâàőěŋĺï ďĺăčàăňňŋőľ âěåŋĺłĺ. Ŋãęŋő áŋăçăńă ŕőŕëâăâìáï ŕàěďáâăćĺâì íâőâ ćłńăď ć ąőńěě ěáâěáâćěŋŋőň ćĺďě.

\Ďãåĺ" Ťăďďěěćă - Ŕőŕőćă.

Ćěńĺçĺŋã Det M_f ňőęŋő ğăŕĺáăâì ć ćĺďě íłáŕőŋěŋâë, ćőáŕőńìğőćăćèĺáì äőàňãńőľ:

Det M_f = exp[Sp ln M_f ] . (11.39)

Ďőłăğăâěńìáâćő (11.39) âàĺćĺăńìŋő. Řăćěŋáâćő ln Det M_f = Sp ln M_f őçěćĺďŋő ďńï ńîąőľ ňăâàĺæë: Det M_f ŕàěďáâăćńïěâ áőąőľ ŕàőĺğćěďěŋĺě ćáěå áőąáâćěŋŋëå ğŋăçěŋĺľ M_f , ă ln Det M_f ďăěâ âőčďă áãňňã ńőčăàĺäňőć ćáěå áőąáâćěŋŋëå ğŋăçěŋĺľ M_f , â.ě. łăł àăğ Sp ln M_f .

Ŕàěďáâăćńïï ňăâàĺæã M_f ć ćĺďě:

M_f = 1 + L (11.40)

3Ś âőçłĺ ğàěŋĺï ŕőáńěďãîéěčő ĺğńőęěŋĺï ňőęŋő áłăğăâì, çâő ć ŁİĎ \ďãåĺ" Ťăďďěěćă { Ŕőŕőćă ŋě ćğăĺňőďěľáâćãîâ á ŕőńěň Aμ, ă ŕőâőňã ŋě áãéěáâćěŋŋë.

288 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Řĺá. 11-2

ĺ àăğńăčăï ńőčăàĺäň ć àïď, ňőęŋő ŋăŕĺáăâì:

exp[Sp ln M_f ] = exp [ Sp L − 1 2 Sp L^2 + ... +

(−1)^{n+1} n Sp L^n + ... ] = = exp {∫ dxL_{aa}(x, x) − 1 2 ∫ dx ∫ dyL_{ab}(x, y)L_{ba}(y, x) + ... } . (11.41)

Ŕőíâőňã ďěâěàňĺŋăŋâ Ťăďďěěćă { Ŕőŕőćă ňőęŋő ŕàěďáâăćĺâì ć ćĺďě ŕěâńěćőčő àăğńőęěŋĺï^4, ŕőłăğăŋŋőčő ŋă Řĺá. 11-2, čďě áŕńőèŋëě ńĺŋĺĺ őąőğŋăçăîâ ŕàőŕăčăâőàë ŋěłőâőàëå äĺłâĺćŋëå çăáâĺæ (\ďãåőć" Ťăďďěěćă - Ŕőŕőćă), őąàăğãîéĺå ĺğőâőŕĺçěáłĺľ âàĺŕńěâ łőňŕńěłáŋëå áłăńïàŋëå (ąěááŕĺŋőćëå) ŕőńěľ ⃗c(x). İâĺ ŕőńï ĺ ĺå ćğăĺňőďěľáâćĺï ňőęŋő őŕĺáăâì ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň:

Det M_f = ∫ [d⃗c][d⃗c^+] exp { i ∫ dxdy ∑ ab c^+_a (x)[M_f (x, y)]_{ab}c_b(y) } . (11.42)

Ğďěáì ĺŋâěčàĺàőćăŋĺě ćěďěâáï ŕő čàăááňăŋőćëň ⃗c(x), ⃗c^+(x), ĺŋăçě (ďńï c-çĺáńőćëå ŕőńěľ) ňë ŕőńãçĺńĺ ąë (Det M_f )^{−1}! Ŕőíâőňã áłăńïàŋëě ŕőńï ⃗c(x), ⃗c^+(x) ŕőďçĺŋïîâáï áâăâĺáâĺłě Ťěàňĺ. Šăłĺň őąàăğőň, \ďãåĺ" Ťăďďěěćă - Ŕőŕőćă ïćńïîâáï äěàňĺőŋăňĺ áő áŕĺŋőň 0! Ŋĺłăłőčő ŕàőâĺćőàěçĺï á âěőàěňőľ ő áćïğĺ áŕĺŋă ĺ áâăâĺáâĺłĺ âãâ, łőŋěçŋő ęě, ŋěâ, ŕőáłőńìłã íâĺ \ďãåĺ" ïćńïîâáï çĺáâő äĺłâĺćŋëňĺ çăáâĺæăňĺ, łőâőàëě ććőďïâáï ć âěőàĺî ďńï \ãďőąáâćă ğăŕĺáĺ". Ŕőáłőńìłã ĺå ćłńăď ć ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń áćőďĺâáï ł ŕěâńěćőňã àïďã (11.41), ć âěőàĺĺ ŋě ćőğŋĺłăěâ ďĺăčàăňň á ćŋěèŋĺňĺ ńĺŋĺïňĺ \ďãåőć".

Ůńěŋë, äĺłáĺàãîéĺě łăńĺąàőćłã.

Ŕőŕëâăěňáï âěŕěàì ŕàěćàăâĺâì ć íłáŕőŋěŋâã çńěŋ δ[f_a( ⃗A_μ)]. Ďńï íâőčő áŋăçăńă őąőąéĺň ãáńőćĺě, äĺłáĺàãîéěě łăńĺąàőćłã, ŕěàěŕĺáăć ěčő ć ćĺďě:

f_a[ ⃗A_μ] = B_a(x) , a = 1, 2, 3 , (11.43)

čďě B_a(x) | ŕàőĺğćőńìŋăï äãŋłæĺï ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőľ âőçłĺ, ŋě ğăćĺáïéăï őâ łăńĺąàőćőçŋőčő ŕőńï ⃗A_μ. Śőőâćěâáâćěŋŋő, őŕàěďěńĺň ´_f ãáńőćĺěň:

´_f [ ⃗A_μ] ∫ [d⃗θ(x)]δ[f_a( ⃗A^θ_μ) − B_a(x)] = 1 . (11.44)

Őçěćĺďŋő, çâő ććĺďã ŋěğăćĺáĺňőáâĺ B_a(x) őâ ⃗A_μ íâő âă ęě áăňăï äãŋłæĺï ´_f , çâő ĺ őŕàěďěńěŋŋăï ć (11.26)^5, ğăćĺáĺňőáâĺ őâ B_a(x) âãâ, äăłâĺçěáłĺ, ŋěâ! Ŕőíâőňã

4İâő àăğńőęěŋĺě ăŋăńőčĺçŋő ŕěâńěćőňã àăğńőęěŋĺî áćőąőďŋőľ íŋěàčĺĺ ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï [13] 5İâő ŕàőáâő ăŋăńőč (11.6) ć áńãçăě őąëçŋőčő ĺŋâěčàĺàőćăŋĺï.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 289

ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń (11.35) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě: Z[ ⃗J] = ∫ [d ⃗A_μ][d ⃗B](Det M_f )δ[f_a( ⃗A_μ)−B_a ] exp { i ∫ dx [ L(x) − ⃗J^μ · ⃗A_μ − 1 8πξ ⃗B^2(x) ]} , (11.45) čďě ňë ěéě ćłńîçĺńĺ ć ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě łőŋáâăŋâã ćĺďă: ∫ [d ⃗B] exp { − i 8πξ ∫ dx ⃗B^2(x) } , (11.46)

čďě ξ | ŕàőĺğćőńìŋëľ ŕőáâőïŋŋëľ łőíääĺæĺěŋâ, ĺňěŋãěňëľ, őąëçŋő, łăńĺąàőćőçŋëň ŕăàăňěâàőň. Ć àěğãńìâăâě, ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń (11.45) őâńĺçăěâáï őâ (11.35) ŋă ŋěáãéěáâćěŋŋëľ ŕőáâőïŋŋëľ ňŋőęĺâěńì, łőâőàëľ ňőęŋő ćłńîçĺâì ć ŋőàňĺàőćłã. Ŋő âěŕěàì, á ŕőňőéìî δ-äãŋłæĺĺ, ćåőďïéěľ ć (11.45), ňőęŋő áŋïâì ĺŋâěčàĺàőćăŋĺě ŕő [d ⃗B(x)]. Ć ĺâőčě, ãçĺâëćăï ěéě ĺ (11.42), ŕőńãçăěň: Z[ ⃗J] = ∫ [d ⃗A_μ][d⃗c][d⃗c^+] exp(iS_{eff} [ ⃗J]) , (11.47)

čďě: S_{eff} [ ⃗J] = S[ ⃗J] + S_{fix} + S_{ghost} , (11.48) čďě S[ ⃗J ] = ∫ dx[L(x) + ⃗J^μ · ⃗A_μ] | őąëçŋőě ďěľáâćĺě àăááňăâàĺćăěňőľ âěőàĺĺ, S_{fix} = − 1 8πξ ∫ dx{f_a[ ⃗A_μ(x)]}^2 (11.49)

| âăł ŋăğëćăěňëľ çńěŋ, äĺłáĺàãîéĺľ łăńĺąàőćłã, ĺ S_{ghost} = ∫ dxdy ∑ ab c^+_a (x)[M_f (x, y)]_{ab}c_b(y) (11.50)

| ďěľáâćĺě \ďãåőć".

Łăńĺąàőćłă Ńőàěŋæă.

Ć ńőàěŋæěćáłőľ łăńĺąàőćłě ĺňěěň:

f_a( ⃗A_μ) ≡ ∂^μA^a_μ = 0 , a = 1, 2, 3 . (11.51) Ŕàĺ ĺŋäĺŋĺâěğĺňăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺïå U (θ) = 1 + i⃗θ(x) · ⃗τ 2 + O(θ^2) , (11.52) âăł çâő A^{aθ}_μ = A^a_μ(x) − ε^{abc}θ^b(x)A^c_μ(x) + 1 g ∂_μθ^a(x) . (11.53)

Ŕőďáâăćńïï (11.53) ć (11.51) ĺňěěň:

f_a( ⃗A^θ_μ) = f_a( ⃗A_μ) − ∂^μ [ ε^{abc}θ^b(x)A^c_μ(x) − 1 g ∂_μθ^a(x) ] = = f_a( ⃗A_μ) + ∫ dy[M_f (x, y)]_{ab}θ^b(y) , (11.54)

290 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

čďě ć ŕőáńěďŋěň àăćěŋáâćě ĺáŕőńìğőćăńĺ (11.30). Šőčďă ćĺďĺň, çâő ć ďăŋŋőň áńãçăě

[M_f (x, y)]_{ab} = 1 g ∂^μ[δ^{ab}∂_μ − gε^{abc}A^c_μ]δ(x − y) . (11.55) Ŕőďáâăćńïï ćáě íâő ć (11.49) ĺ (11.50), ŕőńãçăěň: S_{fix} = − 1 8πξ ∫ dx(∂^μ ⃗A_μ)^2 , (11.56) S_{ghost} = 1 g ∫ dx ∑ ab c^+_a (x)∂^μ[δ_{ab}∂_μ − gε_{abc}A^c_μ]c_b(x) . (11.57)

Ćĺďĺň, çâő ć ďăŋŋőň áńãçăě \ďãåĺ" ćğăĺňőďěľáâćãîâ á łăńĺąàőćőçŋëň ŕőńěň ⃗A_μ, çâő őŕĺáëćăěâáï ćâőàëň çńěŋőň ć łćăďàăâŋëå áłőąłăå ć (11.57). Ć ăŋăńőčĺçŋőň ćëàăęěŋĺĺ ć ŁİĎ âăłőľ çńěŋ ŕàőáâő őâáãâáâćőćăń^6.

Ććěďěň ěéě čàăááňăŋőćë ĺáâőçŋĺłĺ η^+_a , η_a ďńï \ďãåőćëå" ŕőńěľ c_a, c^+_a , ğăŕĺèěň ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń àăááňăâàĺćăěňőľ âěőàĺĺ ć ćĺďě: Z[ ⃗J, ⃗η, ⃗η^+] = ∫ [d ⃗A_μd⃗cd⃗c^+] exp { i ∫ dx [ L(x) − − 1 8πξ (∂^μ ⃗A_μ)^2 + c^+_a ∂^μ(δ_{ab}∂_μ − gε_{abc}A^c_μ)c_b + J^a_μ A^{aμ} + η^{a+}c^a + η^ac^{a+} ]} , (11.58)

čďě ňë ěéě ŕěàěőŕàěďěńĺńĺ, őçěćĺďŋëň őąàăğőň, ŕőńï c_a, c^+_a , ćłńîçĺć ć ŋĺå ňŋőęĺâěńì 1/g.

Řăğńőęěŋĺě âěőàĺĺ ćőğňãéěŋĺľ.

Ğăŕĺèěň âěŕěàì ďěľáâćĺě àăááňăâàĺćăěňőľ âěőàĺĺ ć ćĺďě: S_{eff} = S_0 + S_I , (11.59) čďě S_0 = ∫ dx [ − 1 16π (∂_μA^a_ν − ∂_νA^a_μ)^2 − 1 8πξ (∂^μA^a_μ)^2 + c^+_a ∂^2c_a + J^a_μ A^{aμ} + η^{a+}c^a + η^ac^{a+} ] , (11.60) ă çńěŋ ćğăĺňőďěľáâćĺï, áőďěàęăéĺľ áâěŕěŋĺ ŕőńěľ ćëèě ćâőàőľ, ĺňěěâ ćĺď:

S_I = ∫ dx [ − 1 8π (∂_μA^a_ν − ∂_ν A^a_μ)gε^{abc}A^{bμ}A^{cν} − 1 16π g^2ε^{abc}ε^{ade}A^b_μA^c_ν A^{dμ}A^{eν}− − gc^{a+}∂^με^{abc}A^c_μc^b ] . (11.61)

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ňőęŋő âěŕěàì ğăŕĺáăâì ć ćĺďě: Z[ ⃗J, ⃗η, ⃗η^+] = exp { iS_I [ δ iδ ⃗J_μ , δ iδ⃗η , δ iδ⃗η^+ ]} Z^0_A[ ⃗J]Z^0_c [⃗η, ⃗η^+] , (11.62)

6Ć ŋěăąěńěćőň áńãçăě âăłęě ňőęŋő ćëąàăâì áŕěæĺăńìŋãî, â.ŋ. ăłáĺăńìŋãî łăńĺąàőćłã, ć łőâőàőľ \ďãåĺ" ãďăěâáï ŕőńŋőáâìî ĺáłńîçĺâì [11], őďŋăłő \ŕńăâőľ" ğă íâő ïćńïěâáï ćěáìňă čàőňőğďłĺľ ćĺď ŕàőŕăčăâőàă łăńĺąàőćőçŋőčő ŕőńï.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 291 čďě Z^0_A[ ⃗J] = ∫ [d ⃗A_μ] exp { i ∫ dx [ − 1 16π (∂_μA^a_ν − ∂_ν A^a_μ)^2 − 1 8πξ (∂^μA^a_μ)^2 + J^a_μ A^{aμ} ]} , (11.63) Z^0_c [⃗η, ⃗η^+] = ∫ [d⃗c^+][d⃗c] exp { i ∫ dx [ c^{a+}∂^2c^a − η^{a+}c^a − η^ac^{a+} ] } . (11.64)

Őâáîďă őçěćĺďŋëň őąàăğőň ćëćőďĺâáï àăğńőęěŋĺě âěőàĺĺ ćőğňãéěŋĺľ. Ňë ŋě ąãďěň ŕőďàőąŋő ŕàőćőďĺâì íâőâ ćëćőď, ă őčàăŋĺçĺňáï áćőďłőľ őáŋőćŋëå ŕàăćĺń ŕőáâàőěŋĺï ďĺăčàăňňŋőľ âěåŋĺłĺ. Ŋěďőáâăîéĺě ŕőďàőąŋőáâĺ ňőęŋő ŋăľâĺ ć æěńőň àïďě łŋĺč, ŋăŕàĺňěà ć [8, 9, 10, 11, 12].

Ŕàőŕăčăâőàë.

Ůâőąë ŋăľâĺ ŕàőŕăčăâőà ŕőńï ⃗A_μ, ŕěàěŕĺèěň Z^0_A ć ćĺďě:

Z^0_A[ ⃗J] = ∫ [d ⃗A_μ] exp { i ∫ dx [ 1 8π δ_{ab}A^a_μ ( g^{μν} ∂^2 − ξ − 1 ξ ∂^μ∂^ν ) A^b_ν + J^a_μ A^{aμ} ]} = = ∫ [d ⃗A_μ] exp { i ∫ dx [ 1 2 A^a_μK^{μν}_{ab} A^b_ν + J^a_μ A^{aμ} ]} , (11.65) čďě K^{μν}_{ab} = [ g^{μν} ∂^2 − ( 1 − 1 ξ ) ∂^μ∂^ν ] δ_{ab} . (11.66)

Ĺŋâěčàĺàőćăŋĺě [d ⃗A_μ] ňőęŋő ćëŕőńŋĺâì, ŕőńìğãïáì ĺğćěáâŋőľ ŋăň äőàňãńőľ ďńï čăãááőćă ĺŋâěčàăńă (10.48), łőâőàăï, ć çăáâŋőáâĺ, ňőęěâ ąëâì ğăŕĺáăŋă ć âăłőň ćĺďě: ∫ [dφ] exp [ − 1 2 ⟨φKφ⟩ + ⟨Jφ⟩ ] ∼ (Det K)^{−1/2} exp⟨JK^{−1}J⟩ , (11.67)

čďě ãčńőćëňĺ áłőąłăňĺ őąőğŋăçěŋë áőőâćěâáâćãîéĺě ĺŋâěčàăńë. Ŕàĺňěŋěŋĺě íâőľ äőàňãńë ł (11.65) ďăěâ:

Z^0_A[ ⃗J] = exp { − i 2 ∫ dxdyJ^a_μ (x)G^{μν}_{ab} (x − y)J^b_ν (y) } , (11.68) čďě G^{μν}_{ab} (x − y) = δ^{ab} ∫ d^4k (2π)^4 e^{−ik(x−y)} [ − ( g^{μν} − k^μk^ν k^2 ) − ξ k^μk^ν k^2 ] 4π k^2 + iε

. (11.69)

Ńěčłő ŕàőćěàĺâì, çâő ∫ dyK^{μν}_{ab} (x − y)G^{bc}_{νλ}(y − z) = g^μ_λ δ^c_aδ(x − z) , (11.70) âăł çâő G ěáâì ďěľáâćĺâěńìŋő őąàăâŋëľ őŕěàăâőà ďńï K.

Ăŋăńőčĺçŋő ŋăåőďĺň:

Z^0_c [⃗η, ⃗η^+] = exp { −i ∫ dxdyη^{a+}(x)G^{ab}(x − y)η^a(y) } , (11.71)

292 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

čďě: G^{ab}(x − y) = − ∫ d^4k (2π)^4 e^{−ik(x−y)} k^2 + iε δ_{ab} . (11.72)

İâő ŕàïňő áőőâćěâáâćãěâ âőňã, çâő \ďãå" ïćńïěâáï áłăńïàŋőľ çăáâĺæěľ á ŋãńěćőľ ňăááőľ (ŋő ŕőďçĺŋïîéěľáï áâăâĺáâĺłě Ťěàňĺ).

Ć ĺâőčě ĺňěěň:

1. Ŕàőŕăčăâőà ąěğňăááőćëå ćěłâőàŋëå ąőğőŋőć: i´^{ab}_{μν}(k) = −iδ_{ab} [ g_{μν} − (1 − ξ) k_μk_ν k^2 ] 4π k^2 + iε

, (11.73)

őąőğŋăçăěňëľ ŋă čàăäĺłăå ćőńŋĺáâőľ ńĺŋĺěľ. 2. Ŕàőŕăčăâőà \ďãåőć" Ťăďďěěćă - Ŕőŕőćă: i´^{ab}(k) = −iδ_{ab} 4π k^2 + iε

, (11.74)

őąőğŋăçăěňëľ ŕãŋłâĺàőň áő áâàěńłőľ (\ďãå" őâńĺçăěâáï őâ \ăŋâĺďãåă"!).

Ćěàèĺŋë íńěňěŋâăàŋëå ćğăĺňőďěľáâćĺľ.

Ć ŋěăąěńěćëå âěőàĺïå ĺňěěâáï áăňőďěľáâćĺě łăńĺąàőćőçŋëå ŕőńěľ ďćãå âĺŕőć, çâő ğăŕĺáëćăěâáï ć ćĺďě:

ε^μ_a (k_1)ε^ν_b (k_2)ε^λ_c (k_3)`^{abc}_{μλν} (k_1, k_2, k_3) , (11.75)

ε^μ_a (k_1)ε^ν_b (k_2)ε^λ_c (k_3)ε^ρ_d(k_4)`^{abcd}_{μλνρ}(k_1, k_2, k_3, k_4) , (11.76) čďě ćëŕĺáăŋë âăłęě áőőâćěâáâćãîéĺě ćěłâőàă ŕőńïàĺğăæĺĺ. Śőőâćěâáâćãîéĺě ŕàăćĺńă Ťěľŋňăŋă ćëâěłăîâ ŋěŕőáàěďáâćěŋŋő ĺğ (11.61), (11.62). Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ŕěàćëľ çńěŋ ć (11.61) ňőęěâ ąëâì ğăŕĺáăŋ łăł: 1 3! A^{aμ}(k_1)A^{bν}(k_2)A^{cλ}(k_3)`^{abc}_{μνλ}(k_1, k_2, k_3) . (11.77)

Ćěàèĺŋă `^{abc}_{μνλ} ďőńęŋă ąëâì ŕőńŋőáâìî ăŋâĺáĺňňěâàĺçŋă ŕàĺ ŕěàěáâăŋőćłě ŕőńěľ A. Śâàãłâãàă, áćïğăŋŋăï á łăńĺąàőćőçŋőľ čàãŕŕőľ SU (2) ãęě äĺłáĺàőćăŋă:

`^{abc}_{μνλ}(k_1, k_2, k_3) = ε^{abc}`_{μνλ}(k_1, k_2, k_3) , (11.78)

ă ńőàěŋæěćã áâàãłâãàã íâőľ äãŋłæĺĺ ňőęŋő ŕőńãçĺâì áńěďãîéĺň őąàăğőň. Ĺğ (11.61) ïáŋő, çâő `_{μνλ}(k_1, k_2, k_3) áőáâőĺâ ĺğ çńěŋőć ćĺďă k_μg_{νλ}. Šőçŋãî łőňąĺŋăæĺî íâĺå çńěŋőć ňőęŋő ãáâăŋőćĺâì ĺğ âàěąőćăŋĺï ăŋâĺáĺňňěâàĺĺ `_{μνλ}(k_1, k_2, k_3) őâŋőáĺâěńìŋő ŕěàěáâăŋőćłĺ ĺŋďěłáőć: μ, ν, 1, 2 ĺ â. ď., á ãçěâőň ŕőńŋőľ ăŋâĺáĺňňěâàĺĺ âěŋğőàă ε^{abc}. Šăłĺň őąàăğőň ŋăľďěň:

i`^{abc}_{μνλ} = igε^{abc}[(k_1 − k_2)_λg_{μν} + (k_2 − k_3)_μg_{νλ} + (k_3 − k_1)_νg_{μλ}] (11.79)

čďě k_1 + k_2 + k_3 = 0. Śőőâćěâáâćãîéĺľ čàăäĺł ďńï \âàőľŋőľ" ćěàèĺŋë ŕőłăğăŋ ŋă Řĺá. 11-3.

ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§ 293

Řĺá. 11-3

Řĺá. 11-4

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ŋăľâĺ ćěàèĺŋã \çěâćěàŋőčő" ćğăĺňőďěľáâćĺï łăńĺąàőćőçŋőčő ŕőńï, áőőâćěâáâćãîéãî ćâőàőňã áńăčăěňőňã ć (11.61): i`^{abcd}_{μνλρ} = ig^2[ε^{abe}ε^{cde}(g_{μλ}g_{νρ} − g_{νλ}g_{μρ}) + +ε^{ace}ε^{bde}(g_{μν} g_{λρ} − g_{λν}g_{μρ}) + ε^{ade}ε^{cbe}(g_{μλ}g_{ρν} − g_{ρλ}g_{μν} )] (11.80) çâő ĺğőąàăęăěâáï čàăäĺłőň ŋă Řĺá. 11-4. Ğďěáì k_1 + k_2 + k_3 + k_4 = 0.

Ďńï ćěàèĺŋë, áćïğëćăîéěľ \ďãåĺ" ĺ łăńĺąàőćőçŋëě ŕőńï á ćěłâőàőň ŕőńïàĺğăæĺĺ ε^μ(q) ĺňěěň:

i`^{abc}_μ = igε^{abc}k_{2μ} (11.81)

čďě k_2 = k_1 + q. İâă ćěàèĺŋă ĺğőąàăęěŋă ŋă Řĺá. 11-5, őŋă ăŋâĺáĺňňěâàĺçŋă ŕő ĺğőáŕĺŋőćëň ĺŋďěłáăň. Ŋăŕőňŋĺň, çâő \ďãåőćëě" ńĺŋĺĺ ćåőďïâ ć ďĺăčàăňňë âőńìłő ć ćĺďě ŕěâěńì. Ŋăàïďã á łăęďőľ ďĺăčàăňňőľ, áőďěàęăéěľ ğăňłŋãâãî ŕěâńî łăńĺąàőćőçŋőčő ŕőńï, áãéěáâćãěâ íłćĺćăńěŋâŋăï ěľ ďĺăčàăňňă á ğăňłŋãâőľ \ďãåőćőľ" ńĺŋĺěľ ć âőň ęě ňěáâě. Łăł ĺ ć áńãçăě őąëçŋëå äěàňĺőŋŋëå ŕőńěľ, łăęďăï \ďãåőćăï" ŕěâńï ďőńęŋă ãňŋőęăâìáï ďőŕőńŋĺâěńìŋő ŋă (−1).

Őâ łăńĺąàőćőçŋőčő ŕăàăňěâàă ξ ğăćĺáĺâ âőńìłő ŕàőŕăčăâőà łăńĺąàőćőçŋőčő ŕőńï (11.69), ěčő ğŋăçěŋĺě ŕőďąĺàăěâáï ĺğ áőőąàăęěŋĺľ ãďőąáâćă ŕàĺ àěèěŋĺĺ łőŋłàěâŋëå ğăďăç. Ŋăŕàĺňěà ξ = 1 áőőâćěâáâćãěâ łăńĺąàőćłě â’Ţőőäâă - Ťěľŋňăŋă, ă ξ = 0 őâćěçăěâ łăńĺąàőćłě Ńăŋďăã.

Ććěďěŋĺě äěàňĺőŋőć ć çĺáâãî âěőàĺî §ŋčă - Ňĺńńáă, àăááňőâàěŋŋãî ćëèě, ŋě ćëğëćăěâ âàãďŋőáâěľ: ďőáâăâőçŋő ďőąăćĺâì ł ńăčàăŋęĺăŋã łăńĺąàőćőçŋő - ĺŋćăàĺăŋâŋëě çńěŋë âĺŕă:

L_f = —ψ(iγ^μ D_μ − m)ψ (11.82) čďě D_μψ = ∂_μψ − igT^aA^a_μψ (11.83)

Řĺá. 11-5

294 ŁĆĂŊŠŐĆĂŊĹĚ ŇĚŠŐĎŐŇ ŤŞŊŁŰĹŐŊĂŃĲŊŻŢ ĹŊŠĚČŘĂŃŐĆ: ŁĂŃĹĄŘŐĆŐŮŊŻĚ ŔŐŃ§

Řĺá. 11-6

Ğďěáì T^a { čěŋěàăâőà łăńĺąàőćőçŋőľ čàãŕŕë ć àăááňăâàĺćăěňőň ŕàěďáâăćńěŋĺĺ. Ŋăŕàĺňěà, ěáńĺ ψ ïćńïěâáï SU (2) ďãąńěâőň, âő T^a = τ^a/2. Šăłĺň őąàăğőň ćőğŋĺłăî ďőŕőńŋĺâěńìŋëě ŕàăćĺńă Ťěľŋňăŋă ďńï äěàňĺőŋőć (á čàãŕŕőćëňĺ ĺŋďěłáăňĺ n, m, ...): 1. Ťěàňĺőŋŋëľ ŕàőŕăčăâőà ĺňěěâ áâăŋďăàâŋëľ ćĺď: i´_{mn}(k) = δ_{nm} 1 γ_μk^μ − m + iε (11.84)

ĺ ĺğőąàăęăěâáï áŕńőèŋőľ ńĺŋĺěľ.

2. Ćěàèĺŋă, áőőâćěâáâćãîéăï ćğăĺňőďěľáâćĺî äěàňĺőŋă á łăńĺąàőćőçŋëň ŕőńěň ĺňěěâ ćĺď:

i`^{αμ}_{nm} = ig(T^a)_{nm}γ^μ (11.85)

Čàăäĺçěáłĺ íâő ŕőłăğăŋő ŋă Řĺá. 11-6.

Śâàãłâãàă ďĺăčàăňňŋőľ âěåŋĺłĺ, őŕĺáăŋŋăï ćëèě áőåàăŋïěâáï ĺ ďńï ďàãčĺå łăńĺąàőćőçŋëå čàãŕŕ, âăłĺå, łăł ŋăĺąőńěě ćăęŋăï, á ŕàăłâĺçěáłőľ âőçłĺ ğàěŋĺï, čàãŕŕă SU (3) æćěâőćőľ áĺňňěâàĺĺ łćăàłőć. Řăğŋĺæă âőńìłő ć àăğňěàŋőáâĺ áőőâćěâáâćãîéĺå ŋěŕàĺćőďĺňëå ŕàěďáâăćńěŋĺľ ĺ ć ćĺďě ňăâàĺæ čěŋěàăâőàőć čàãŕŕë.

Ł ŋăáâőïéěňã ňőňěŋâã ňë ãęě ďőáâăâőçŋő ŕőğŋăłőňĺńĺáì á őáŋőćăňĺ áőćàěňěŋŋőľ âěőàĺĺ łćăŋâőćëå łăńĺąàőćőçŋëå ŕőńěľ, ńěęăéĺňĺ ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ íńěňěŋâăàŋëå çăáâĺæ. Ŕőàă ŕěàěľâĺ ł őąáãęďěŋĺî łőŋłàěâŋëå ňőďěńěľ ĺå ćğăĺňőďěľáâćĺï. Ŋő őáâăńĺáì ěéě ĺ ŋěłőâőàëě ŕàőąńěňë łőŋæěŕâãăńìŋőčő åăàăłâěàă, łőâőàëě ňë őąáãęďăńĺ ć ŋăçăńě ŋăèěčő łãàáă. Ć çăáâŋőáâĺ, ŕőłă ŋě ïáŋő, łăł ąëâì á ŕàőąńěňőľ ąěğňăááőćőáâĺ ŕőńěľ §ŋčă - Ňĺńńáă, ŋăåőďïéěľáï, łăğăńőáì-ąë, ć àăğĺâěńìŋőň łőŋâàăáâě á íłáŕěàĺňěŋâőň, áćĺďěâěńìáâćãîéěň ő âőň, çâő ěďĺŋáâćěŋŋëň ďăńìŋőďěľáâćãîéĺň ŕőńěň ć Ŕàĺàőďě (łàőňě čàăćĺâăæĺőŋŋőčő) ïćńïěâáï (ăąěńěćő) íńěłâàőňăčŋĺâŋőě ŕőńě. Ć áńěďãîéěľ čńăćě ňë ãćĺďĺň, łăł íâă ŕàőąńěňă àěèăěâáï ć ěďĺŋőľ âěőàĺĺ áńăąőčő ĺ íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï, ł őąáãęďěŋĺî łőâőàőľ ňë ĺ ŕěàěåőďĺň. Ğăňěçăâěńìŋő, çâő àěèěŋĺě íâőľ ŕàőąńěňë őłăğëćăěâáï őáŋőćăŋŋëň ŋă ĺďěïå ĺ ňěâőďăå, ğăĺňáâćőćăŋŋëå łćăŋâőćőľ âěőàĺěľ ŕőńï ĺğ áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï.

Čńăćă 12

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Śŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ ĺ âěőàěňă Čőńďáâőãŋă.

Łăł ãęě őâňěçăńőáì ćëèě, áãéěáâćěŋŋëľ ŕàőčàěáá ć áőćàěňěŋŋőľ âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ ąëń ďőáâĺčŋãâ ąńăčőďăàï ĺáŕőńìğőćăŋĺî àïďă łőŋæěŕæĺľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï. Ŋăĺąőńěě ćăęŋëň őłăğăńőáì ććěďěŋĺě ć łćăŋâőćãî âěőàĺî ŕőńï ŕàěďáâăćńěŋĺľ ő ćőğňőęŋőáâĺ äăğőćëå ŕěàěåőďőć, łőčďă áĺňňěâàĺï őáŋőćŋőčő áőáâőïŋĺï őłăğëćăěâáï ąőńěě ŋĺğłőľ, çěň áĺňňěâàĺï ńăčàăŋęĺăŋă. Ŋă íâőň ŕãâĺ ãďăńőáì àěèĺâì ãŕőňĺŋăćèãîáï ŕàőąńěňã čěŋěàăæĺĺ ňăáá łăńĺąàőćőçŋëå ąőğőŋőć ąěğ ŋăàãèěŋĺï ńőłăńìŋőľ łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ ĺ ŕàĺľâĺ ł çàěğćëçăľŋő ąőčăâőľ ĺ ŋěâàĺćĺăńìŋőľ łăàâĺŋě, ńěęăéěľ ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ. Ąőńěě âőčő, ŕàěďáâăćńěŋĺï ő áěàĺĺ ćőğňőęŋëå äăğőćëå ŕěàěåőďőć ńěęăâ ć őáŋőćě áőćàěňěŋŋőľ łőáňőńőčĺĺ ĺ äĺğĺłĺ ćěéěáâćă ć íłáâàěňăńìŋëå ãáńőćĺïå ćëáőłĺå ŕńőâŋőáâěľ ĺ âěňŕěàăâãà. Ğďěáì ňë őčàăŋĺçĺňáï ńĺèì àăááňőâàěŋĺěň àïďă őáŋőćŋëå ĺďěľ, áëčàăćèĺå àěèăîéãî àőńì ŕàĺ ŕőáâàőěŋĺĺ ěďĺŋőľ âěőàĺĺ áńăąëå ĺ íńěłâàőňăčŋĺâŋëå ćğăĺňőďěľáâćĺľ^1.

Ŋăçŋěň őŕïâì á ŕàőáâěľèěčő ŕàĺňěàă áłăńïàŋőčő ćěéěáâćěŋŋőčő ŕőńï φ(x) á

1Ĺğńőęěŋĺě ć íâőľ čńăćě, ć őáŋőćŋőň, áńěďãěâ [34].

296 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Řĺá. 12-1

áăňőďěľáâćĺěň. Řăááňőâàĺň ńăčàăŋęĺăŋ ćĺďă: L = 1 2 (∂_μφ)^2 − V (φ) = 1 2 (∂_tφ)^2 − 1 2 (∇φ)^2 − V (φ) , (12.1)

čďě V (φ) | ŋěłőâőàăï äãŋłæĺï ĺŋćăàĺăŋâőć ŕőńï. Ŕěàćëľ çńěŋ ćő ćâőàőň ćëàăęěŋĺĺ ňőęŋő âàăłâőćăâì łăł ŕńőâŋőáâì łĺŋěâĺçěáłőľ íŋěàčĺĺ ŕőńï, ă őáâăńìŋëě ŕàěďáâăćńïîâ áőąőľ ŕńőâŋőáâì ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ.

Ĺğ (12.1) ŕőńãçăěň ãàăćŋěŋĺï ďćĺęěŋĺï:

∂^2_μφ = − ∂V (φ) ∂φ ĺńĺ ∂^2_t φ − ∇^2φ = − ∂V (φ) ∂φ . (12.2)

Ţăàăłâěà àěèěŋĺľ ãàăćŋěŋĺľ ŕőńï áãéěáâćěŋŋő ğăćĺáĺâ őâ ćĺďă \ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ" áăňőďěľáâćĺï V (φ). Řăááňőâàĺň áŋăçăńă áńãçăľ, őâćěçăîéĺľ \őąëçŋőľ", âàăďĺæĺőŋŋőľ âěőàĺĺ ŕőńï, àăááňăâàĺćăćèěľáï ćëèě. Ŕãáâì V (φ) ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 12-1(ă). Šőčďă áĺáâěňă ĺňěěâ áőáâőïŋĺě \ãáâőľçĺćőčő àăćŋőćěáĺï" φ = 0, ćőłàãč łőâőàőčő ŕőńě ňőęěâ áőćěàèăâì \ňăńëě łőńěąăŋĺï". Ćąńĺğĺ ŕőńőęěŋĺï àăćŋőćěáĺï ňőęŋő ćáěčďă ŋăŕĺáăâì: V (φ) ≈ μ^2 2 φ^2 , (12.3)

čďě μ^2 = (_{∂2V} ∂φ2 ) φ=0 , âăł çâő (12.2) áćőďĺâáï ł:

∂^2_μφ + μ^2φ = 0 , (12.4)

â.ě. ł ãàăćŋěŋĺî Łńěľŋă { Čőàďőŋă. Ěáńĺ ĺáłăâì ěčő àěèěŋĺě ć ćĺďě ŕńőáłőľ ćőńŋë φ ∼ e^{ikx}, âő ĺğ (12.4) áàăğã áńěďãěâ őąëçŋëľ ğăłőŋ ďĺáŕěàáĺĺ àěńïâĺćĺáâáłőľ çăáâĺæë á ňăááőľ μ: k^2_0 = k^2 + μ^2. Śńěďãîéĺě çńěŋë àăğńőęěŋĺï V (φ) ŕàĺćőďïâ ł ŋěńĺŋěľŋëň çńěŋăň ć ŕőńěćëå ãàăćŋěŋĺïå. Őŋĺ őŕĺáëćăîâ ćğăĺňőďěľáâćĺě ŕńőáłĺå ćőńŋ ĺńĺ àăááěïŋĺě çăáâĺæ. Őčàăŋĺçĺňáï

V (φ) = 1 2 μ^2φ^2 + 1 4 λφ^4 . (12.5)

Łãąĺçěáłĺľ çńěŋ ŋě ććőďĺň, çâőąë łàĺćăï V (φ) ąëńă áĺňňěâàĺçŋőľ őâŋőáĺâěńìŋő φ → −φ, âőčďă ćáěčďă ěáâì ňĺŋĺňãň V (φ) ŕàĺ φ = 0. Őčàăŋĺçěŋĺě çńěŋőň ∼ φ^4

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 297

ĺňěěâ ŕàĺŋæĺŕĺăńìŋőě ğŋăçěŋĺě, âőčďă łőŋáâăŋâă áćïğĺ λ > 0 ąěğàăğňěàŋă, ă âěőàĺï ŕěàěŋőàňĺàãěňă. Ć őąéěň, íâő ãęě åőàőèő ĺğćěáâŋăï ŋăň âěőàĺï φ^4.

Řăááňőâàĺň âěŕěàì áńãçăľ μ^2 < 0. İâő ŋěáłőńìłő áâàăŋŋő, ŕőáłőńìłã, á ŋăĺćŋőľ âőçłĺ ğàěŋĺï, áőőâćěâáâćãěâ ňŋĺňőľ ňăááě çăáâĺæ. Ŋő ŋãęŋő ŕàőćěáâĺ ąőńěě ăłłãàăâŋőě àăááňőâàěŋĺě. Šěŕěàì φ = 0 ŋě ïćńïěâáï ąőńěě ŕőńőęěŋĺěň ãáâőľçĺćőčő àăćŋőćěáĺï, ă ŕőâěŋæĺăńìŋăï íŋěàčĺï ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 12-1(ą)^2. Ćĺďĺň, çâő ćőğŋĺłăîâ ďćă ŕőńőęěŋĺï ãáâőľçĺćőčő àăćŋőćěáĺï áĺáâěňë, áőőâćěâáâćãîéĺě: φ = η = ± √ |μ|^2 λ . (12.6)

Řăğńőęěŋĺě V (φ) ć âőçłăå (12.6), á âőçŋőáâìî ďő łćăďàăâĺçŋëå çńěŋőć, ďăěâ:

V (φ) = μ^2η^2 4 − μ^2(φ − η)^2 = μ^2η^2 4 − μ^2(δφ)^2 , (12.7)

čďě δφ = φ − η, ŕàĺçěň −μ^2(δφ)^2 > 0 ć áĺńã μ^2 < 0. Őâáîďă ćĺďŋő, çâő ãàăćŋěŋĺï ŕőńï (12.2) ąãďãâ ĺňěâì àěèěŋĺï ďńï δφ ć ćĺďě ŕńőáłĺå ćőńŋ á ćőńŋőćëň ćěłâőàőň k, ãďőćńěâćőàïîéĺě ãáńőćĺî (ğăłőŋã ďĺáŕěàáĺĺ) k^2 = 2|μ|^2, âăł çâő íâĺň ćőńŋăň ąãďãâ áőőâćěâáâćőćăâì çăáâĺæë á ŕőńőęĺâěńìŋőľ ňăááőľ m = √ 2|μ|^2.

Ťăłâĺçěáłĺ, ňë ĺňěěň ğďěáì ďěńő á äăğőćëň ŕěàěåőďőň ć łćăŋâőćőľ âěőàĺĺ ŕőńï. Śĺáâěňă ŕěàěåőďĺâ ć őďŋő ĺğ ďćãå ŕőńőęěŋĺľ àăćŋőćěáĺï Řĺá. 12-1(ą), ă ŕőńě áőćěàèăěâ ňăńëě łőńěąăŋĺï ćąńĺğĺ íâőčő ŋőćőčő őáŋőćŋőčő áőáâőïŋĺï.

Ć łćăŋâőćőľ ňěåăŋĺłě łőńěąăŋĺï áĺáâěňë, ĺňěîéěľ ďćă âăłĺå ňĺŋĺňãňă ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ, ŋě őčàăŋĺçĺćăîâáï őąńăáâìî ćąńĺğĺ őďŋőčő ĺğ ŕőńőęěŋĺľ àăćŋőćěáĺï. Ňěęďã ďćãňï âăłĺňĺ őąńăáâïňĺ ćőğňőęěŋ âãŋŋěńìŋëľ ŕěàěåőď. Ŕàĺ íâőň ŕàőĺáåőďĺâ àăáéěŕńěŋĺě áőáâőïŋĺï ŋă ďćă | áĺňňěâàĺçŋőě ĺ ăŋâĺáňňěâàĺçŋőě őâŋőáĺâěńìŋő ďćãå ŕőńőęěŋĺľ àăćŋőćěáĺï, ĺ áĺňňěâàĺçŋőě áőáâőïŋĺě ïćńïěâáï őáŋőćŋëň [29]. Ŕőíâőňã ć łćăŋâőćőľ ňěåăŋĺłě áĺňňěâàĺï őáŋőćŋőčő áőáâőïŋĺï ŕőńŋőáâìî őâćěçăěâ áĺňňěâàĺĺ äãŋłæĺĺ Ńăčàăŋęă (ć ŋăèěň áńãçăě | çěâŋőľ ŕő φ.). Łćăŋâőćăï âěőàĺï ŕőńï őłăğëćăěâáï, ć íâőň áňëáńě, ąńĺęě ł łńăááĺçěáłőľ ňěåăŋĺłě. Ďěńő ć âőň, çâő ćěàőïâŋőáâì âãŋŋěńìŋőčő ŕěàěåőďă ŕăďăěâ ŕàĺ ãćěńĺçěŋĺĺ çĺáńă áâěŕěŋěľ áćőąőďë, ă ŕàĺ ąěáłőŋěçŋőň ĺå çĺáńě őąàăéăěâáï ć ŋãńì. Ć áăňőň ďěńě, àăááňőâàĺň ŕőńě ć łőŋěçŋőň őąêěňě ˙. Šőčďă äãŋłæĺï Ńăčàăŋęă L = ∫ d^3xL ∼ L˙, âăł çâő áőőâćěâáâćãîéăï łĺŋěâĺçěáłăï íŋěàčĺï ∼ ˙ _φ^2, ă ŕőâěŋæĺăńìŋăï ∼ ˙V (φ). Šăłĺň őąàăğőň, àăááňăâàĺćăěňăï ğăďăçă íłćĺćăńěŋâŋă ğăďăçě ő âãŋŋěńĺàőćăŋĺĺ çăáâĺæë á ňăááőľ M ∼ ˙ çěàěğ ŕőâěŋæĺăńìŋëľ ąăàìěà èĺàĺŋőľ |x| ∼ η ĺ ćëáőâőľ V ∼ ˙m^2η^2. Ćěàőïâŋőáâì âăłőčő âãŋŋěńìŋőčő ŕěàěåőďă [29] ŕőàïďłă exp(−^√2M V|x|) ∼ exp(−˙mη^2) → 0 ŕàĺ ˙ → ∞. Ĺŋőčďă, ďńï ŋăčńïďŋőáâĺ, čőćőàïâ, çâő ŕőńě, ć őáŋőćŋőň áőáâőïŋĺĺ, ŕàěďáâăćńïěâ áőąőľ \áâàãŋã" ĺńĺ \ćěàěćłã" ąěáłőŋěçŋőľ ďńĺŋë, ńěęăéãî ć ŕàăćőľ ĺńĺ ńěćőľ ďőńĺŋě ŕőâěŋæĺăńă Řĺá. 12-1(ą) ĺ ćëâïŋãâãî ćďőńì íâőľ ďőńĺŋë (ŕěàŕěŋďĺłãńïàŋő ŕńőáłőáâĺ àĺáãŋłă). Ěáâěáâćěŋŋő, çâő âăłőľ őąêěłâ ŋě ňőęěâ âãŋŋěńĺàőćăâì ňěęďã ďőńĺŋăňĺ ŕőâěŋæĺăńìŋőčő àěńìěäă.

Ć âěőàĺĺ ŕőńï őáŋőćŋőě áőáâőïŋĺě ŋăğëćăěâáï ćăłããňőň. Ňë ďőńęŋë ğăďăâì őŕàěďěńěŋŋőě őáŋőćŋőě áőáâőïŋĺě áĺáâěňë | őďĺŋ őŕàěďěńěŋŋëľ ćăłããň. Šő çâő ĺňěěâáï ćâőàőľ ćăłããň, äĺğĺçěáłĺ íłćĺćăńěŋâŋëľ ŕěàćőňã, ãęě ŋě ĺčàăěâ àőńĺ. Ŕőíâőňã ďćãň ňĺŋĺňãňăň V (φ) áőŕőáâăćńïěâáï ďćă àăğńĺçŋëå ĺ őàâőčőŋăńìŋëå ďàãč ďàãčã ćăłããňă, ďćă őàâőčőŋăńìŋëå ŕàőáâàăŋáâćă áőáâőïŋĺľ, ďćă àăğŋëå ňĺàă.

Őąëçŋăï âàăďĺæĺőŋŋăï âěőàĺï ŕőńï, áőőâćěâáâćãîéăï ŕőâěŋæĺăńã V (φ), ŕőłăğăŋŋőňã ŋă Řĺá. 12-1(ă), áâàőĺâáï, łăł ňë ğŋăěň, áńěďãîéĺň őąàăğőň. Ŕőńě ŕàěďáâăćńïěâáï ć ćĺďě áãňňë ŕő őáæĺńńïâőàăň, őŕĺáëćăěňë őŕěàăâőàăňĺ àőęďěŋĺï ĺ

2Šãâ áãéěáâćãěâ ŕőńŋăï ăŋăńőčĺï á âěőàĺěľ äăğőćëå ŕěàěåőďőć Ńăŋďăã, ć łőâőàőľ μ^2 ∼ T − Tc, âăł çâő μ^2 < 0 ŕàĺ T < Tc, â.ě. ŋĺęě âěňŕěàăâãàë äăğőćőčő ŕěàěåőďă.

298 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

ãŋĺçâőęěŋĺï a† ĺ a, ŕàĺçěň ćăłããňőň ŋăğëćăěâáï áőáâőïŋĺě ąěğ çăáâĺæ a|0⟩ = 0, âăł çâő ⟨0|φ|0⟩ = 0 . (12.8)

Ć áńãçăě ŕőâěŋæĺăńă V (φ), ŕőłăğăŋŋőčő ŋă Řĺá. 12-1(ą), ć ćĺďě áãňňë ŕő őŕěàăâőàăň àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ŕàěďáâăćńïěâáï ŋě áăňő ŕőńě φ, ă ěčő őâłńőŋěŋĺě őâ ŕőńőęěŋĺï àăćŋőćěáĺï δφ = φ − η. Ć íâőň áńãçăě: ⟨0|φ|0⟩ = η , (12.9) â.ě. ćăłããňŋőě áàěďŋěě ŕőńěćőčő őŕěàăâőàă őâńĺçŋő őâ ŋãńï | ć áĺáâěňě áãéěáâćãěâ ąőğě-łőŋďěŋáăâ^3 çăáâĺæ, áőőâćěâáâćãîéĺå ŕőńî φ. Ĺáåőďŋëľ ńăčàăŋęĺăŋ (12.1), (12.5) áĺňňěâàĺçěŋ őâŋőáĺâěńìŋő φ → −φ. Őďŋăłő ŕàĺ μ^2 < 0 őŋ ŕàĺćőďĺâ ł ŋěáĺňňěâàĺçŋőňã őáŋőćŋőňã áőáâőïŋĺî (ćăłããňã), ćëàăęěŋĺěň íâőľ ŋěáĺňňěâàĺĺ ïćńïěâáï (12.9). Ćőğąãęďěŋĺï ŋăď íâĺň ćăłããňőň âăłęě ãęě ŋě őąńăďăîâ áĺňňěâàĺěľ ĺáåőďŋőčő ńăčàăŋęĺăŋă, ŕőáłőńìłã łàĺćăï V (φ) á Řĺá. 12-1(ą) ŋěáĺňňěâàĺçŋă őâŋőáĺâěńìŋő âőçłĺ φ = η. Ŕàőĺğőèńő âő, çâő ć łćăŋâőćőľ âěőàĺĺ ŕőńï ŋăğëćăěâáï ïćńěŋĺěň áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ, ă ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï åőàőèő ĺğćěáâŋő łăł äăğőćëľ ŕěàěåőď ć áőáâőïŋĺě á ŕőŋĺęěŋŋőľ áĺňňěâàĺěľ.

Ňěåăŋĺğň čěŋěàăæĺĺ ňăááë.

Śãéěáâćőćăŋĺě ã áłăńïàŋőčő ŕőńï őâńĺçŋőčő őâ ŋãńï ćăłããňŋőčő áàěďŋěčő ňőęěâ ăćâőňăâĺçěáłĺ ŕàĺćőďĺâì ł ŕőïćńěŋĺî ňăááë ã ĺáåőďŋő ąěğňăááőćëå çăáâĺæ, ćğăĺňőďěľáâćãîéĺå á íâĺň ŕőńěň. Řăááňőâàĺň, ŋăŕàĺňěà, ďĺàăłőćáłőě ŕőńě, őŕĺáëćăîéěě áćőąőďŋëľ ąěğňăááőćëě äěàňĺőŋë áŕĺŋă 1/2. Ńăčàăŋęĺăŋ âăłőčő ŕőńï ĺňěěâ ćĺď:

L = i —ψ_L ^∂ψ_L + i —ψ_R ^∂ψ_R , (12.10)

čďě ^∂ = γ^μ∂_μ ĺ ňë ććěńĺ \ńěćëě" ĺ \ŕàăćëě" łőňŕőŋěŋâë ąĺáŕĺŋőàă ψ:

ψ_R = 1 2 (1 + γ^5)ψ , ψ_L = 1 2 (1 − γ^5)ψ , ψ_L + ψ_R = ψ . (12.11)

Šěŕěàì ććěďěň ćğăĺňőďěľáâćĺě ŕőńěľ ψ_L, ψ_R á ŋăèĺň áłăńïàŋëň ŕőńěň φ, ŋăàãèăîéĺň áĺňňěâàĺî. Ďńï íâőčő ďőąăćĺň ł ńăčàăŋęĺăŋã (12.10) çńěŋ ćĺďă:

L_{int} = −–[ —ψ_Lψ_R + —ψ_Rψ_L]φ , (12.12)

čďě ćëàăęěŋĺě ć łćăďàăâŋëå áłőąłăå ŕàěďáâăćńïěâ áőąőľ ěďĺŋáâćěŋŋëľ áłăńïà, łőâőàëľ ňőęŋő áőáâăćĺâì ĺğ ψ_L ĺ ψ_R, ă – | ąěğàăğňěàŋăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï (ąńăčőďăàï çěňã íâő ćğăĺňőďěľáâćĺě ïćńïěâáï ŕěàěŋőàňĺàãěňëň). Ğăňěŋĺň âěŕěàì ć (12.12) ŕőńě φ ěčő ćăłããňŋëň áàěďŋĺň η, íâő őğŋăçăěâ, çâő ňë ŋě àăááňăâàĺćăěň ŕàőæěááőć á àőęďěŋĺěň çăáâĺæ ŕőńï φ. Šőčďă ĺňěěň:

L_{int} = −–η( —ψ_Lψ_R + —ψ_Rψ_L) = −–η —ψψ , (12.13)

âăł çâő áãňňă (12.10) ĺ (12.13) ďăěâ: L = i —ψ ^∂ψ − m —ψψ , (12.14) 3Ćáŕőňŋĺâě ąőčőńîąőćáłĺľ ŕőďåőď ł âěőàĺĺ ŋěĺďěăńìŋőčő ąőğě-čăğă!

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 299

Řĺá. 12-2

çâő áőőâćěâáâćãěâ ďĺàăłőćáłőňã ńăčàăŋęĺăŋã ďńï äěàňĺőŋőć á ňăááőľ:

m = –η . (12.15)

Šăłĺň őąàăğőň, ŕàĺ ŕőáâàőěŋĺĺ ňőďěńěľ çăáâĺæ ňőęŋő ĺáåőďĺâì ĺğ łăàâĺŋë ŕěàćĺçŋő ąěğňăááőćëå \ńěćëå" ĺ \ŕàăćëå" äěàňĺőŋőć, ćğăĺňőďěľáâćĺě łőâőàëå á ŕőńěň φ, ŕàěâěàŕěćăîéĺň äăğőćëľ ŕěàěåőď, ŕàěćàăéăěâ \ńěćëě" çăáâĺæë ć \ŕàăćëě" ĺ ŋăőąőàőâ ĺ ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî ňăááë.

Ćëèě ňë àăááňőâàěńĺ ŕàőáâěľèĺľ ŕàĺňěà ńăčàăŋęĺăŋă á ďĺáłàěâŋőľ áĺňňěâàĺěľ őâŋőáĺâěńìŋő ğăňěŋë φ → −φ. Řăááňőâàĺň âěŕěàì áńãçăľ ŋăàãèěŋĺï ŋěŕàěàëćŋőľ áĺňňěâàĺĺ. Ďńï íâőčő ććěďěň łőňŕńěłáŋőě áłăńïàŋőě ŕőńě φ, çâő, őçěćĺďŋő, íłćĺćăńěŋâŋő ďćãň ćěéěáâćěŋŋëň ŕőńïň φ_1, φ_2, áćïğăŋŋëň áőőâŋőèěŋĺěň (áà. Čńăćã 2): φ(x) = 1√ 2 [φ_1(x) + iφ_2(x)] (12.16)

Ńăčàăŋęĺăŋ íâőčő ŕőńï ğăŕĺèěň ć ćĺďě: L = 1 2 (∂_μφ_1)^2 + 1 2 (∂_μφ_2)^2 − V (φ_1, φ_2) = (∂_μφ)(∂^μφ^∗) − V (φ_1, φ_2) . (12.17)

Ąãďěň áçĺâăâì, çâő ŕőâěŋæĺăń V (φ_1, φ_2) ğăćĺáĺâ âőńìłő őâ ňőďãńï φ, â.ě. őâ ρ^2 = φ^2_1 + φ^2 = 2φ^∗φ, âăł çâő V = V (ρ). İâő őğŋăçăěâ, çâő ňë âàěąãěň ďőŕőńŋĺâěńìŋőľ (\ćŋãâàěŋŋěľ") áĺňňěâàĺĺ âěőàĺĺ őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺï ĺğćěáâŋőľ ŋăň čàãŕŕë U (1):

φ → e^{iα}φ (12.18)

ĺńĺ, çâő âőęě áăňőě, ĺŋćăàĺăŋâŋőáâĺ ńăčàăŋęĺăŋă őâŋőáĺâěńìŋő ŕőćőàőâă ć \ĺğőâőŕĺçěáłőľ" ŕńőáłőáâĺ:

φ_1 → φ_1 cos α − φ_2 sin α ,

φ_2 → φ_1 sin α + φ_2 cos α . (12.19)

Ňë ćĺďěńĺ (áň. Čńăćã 2), çâő á âăłőľ áĺňňěâàĺěľ áćïğăŋő áőåàăŋěŋĺě ŋěłőâőàőčő ğăàïďă (íńěłâàĺçěáłőčő, ąăàĺőŋŋőčő ĺ â.ŕ.). Ŕàĺ íâőň ŕőńï φ ĺ φ^∗ ĺňěîâ ğăàïďë àăğŋőčő ğŋăłă.

Řăááňőâàĺň âěŕěàì ŕőâěŋæĺăń V (ρ), ŕőłăğăŋŋëľ ŋă Řĺá. 12-2. çâő áőőâćěâáâćãěâ, ŋăŕàĺňěà, V (ρ) = 1 2 μ^2ρ^2 + 1 4 λρ^4 (12.20)

300 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

ŕàĺ μ^2 < 0. Ğăŕĺáëćăï ŕőńě ć ćĺďě (ŕàěďáâăćńěŋĺě ňőďãńì-äăğă): φ(x) = 1√ 2 ρ(x)e^{iϑ(x)} , (12.21)

čďě ρ(x) ĺ ϑ(x) | ćěéěáâćěŋŋëě äãŋłæĺĺ, ćĺďĺň, çâő V (ρ) ĺňěěâ ňĺŋĺňãň ŕàĺ

ρ = η = √_{|μ2|} λ , â.ě. ŕàĺ ğŋăçěŋĺïå ŕőńï: φ = 1√ 2 ηe^{iα} (12.22)

á ŕàőĺğćőńìŋëň α! Ğďěáì ĺňěěâáï ąěáłőŋěçŋőłàăâŋőě ćëàőęďěŋĺě őáŋőćŋőčő áőáâőïŋĺï áĺáâěňë ŕő ğŋăçěŋĺïň α. Łăęďőě ğŋăçěŋĺě α áőőâćěâáâćãěâ áćőěňã ćăłããňã (őáŋőćŋőňã áőáâőïŋĺî) á őďŋőľ ĺ âőľ ęě (ňĺŋĺňăńìŋőľ) íŋěàčĺěľ V (η). Ćáě íâĺ ćăłããňë äĺğĺçěáłĺ íłćĺćăńěŋâŋë, ŋő ćëąàăâì ŋăďő âőńìłő őďĺŋ őŕàěďěńěŋŋëľ ćăłããň, ŋăŕàĺňěà áőőâćěâáâćãîéĺľ α = 0, ĺ ćňěáâě á ŋĺň őďŋő őŕàěďěńěŋŋőě ŕàőáâàăŋáâćő áőáâőïŋĺľ, ć łőâőàőň ãęě ŋěâ áĺňňěâàĺĺ (12.18), (12.19).

Ŕőáňőâàĺň, łăłĺň çăáâĺæăň áőőâćěâáâćãěâ âěŕěàì ńăčàăŋęĺăŋ (12.17). Ĺáŕőńìğãï (12.21), ŕěàěŕĺèěň ńăčàăŋęĺăŋ łăł: L = 1 2 (∂_μρ)^2 − V (ρ) + ρ^2 2 (∂_μϑ)^2 . (12.23)

Ěáńĺ őčàăŋĺçĺâìáï ć (12.23) ńĺèì łćăďàăâĺçŋëňĺ çńěŋăňĺ ŕő ŕőńî, âő áńěďãěâ àăğńőęĺâì V (ρ) ćąńĺğĺ ρ = η ŕő áâěŕěŋïň ρ^′ = ρ − η, ă ć âàěâìěň çńěŋě (12.23) ğăňěŋĺâì ρ ŋă η. Šőčďă ŕőńãçăěň ńăčàăŋęĺăŋ áćőąőďŋëå çăáâĺæ ć ćĺďě:

L = const + 1 2 (∂_μρ^′)^2 − m^2 2 ρ^{′2} + η^2 2 (∂_μϑ)^2 , (12.24)

čďě m^2 = 2|μ^2|. Őâáîďă ŋěňěďńěŋŋő áńěďãîâ ãàăćŋěŋĺï ďćĺęěŋĺï:

(∂^2_μ + m^2)ρ^′ = 0 , ∂^2_μϑ = 0 . (12.25)

Šăłĺň őąàăğőň ŕőńãçĺńĺ ďćă ŋěľâàăńìŋëå (ćěéěáâćěŋŋëå) ŕőńï ρ^′ ĺ ϑ, ŕàĺçěň ŕěàćőňã őâćěçăîâ çăáâĺæë á ňăááőľ m, ă ćâőàőňã | ąěğňăááőćëě çăáâĺæë. Ć (12.25) őŕãéěŋë çńěŋë ćëáèĺå ŕőàïďłőć, őŕĺáëćăîéĺě ćğăĺňőďěľáâćĺě íâĺå çăáâĺæ.

Ŕőïćńěŋĺě ąěğňăááőćëå çăáâĺæ ŕàĺ áŕőŋâăŋŋőň ŋăàãèěŋĺĺ ŋěŕàěàëćŋőľ áĺňňěâàĺĺ âěőàĺĺ áőáâăćńïěâ áőďěàęăŋĺě âěőàěňë Čőńďáâőãŋă, ă áăňĺ âăłĺě çăáâĺæë ŋăğëćăîâáï čőďńáâőŋăňĺ^4.

Ŋě áőáâăćńïěâ âàãďă ŕàőćěáâĺ őąőąéěŋĺě âěőàěňë Čőńďáâőãŋă ŋă áńãçăľ ąőńěě ćëáőłĺå áĺňňěâàĺľ. Ŕãáâì ŕőńě φ(x) ĺňěěâ n łőňŕőŋěŋâ. Šőčďă ŕàěőąàăğőćăŋĺï čàãŕŕë áĺňňěâàĺĺ ňőęŋő ğăŕĺáăâì ć ćĺďě:

⃗˘ = S⃗˘^′ , (12.26)

4Ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï áĺâãăæĺï ăŋăńőčĺçŋă. Ŋăŕàĺňěà äăğőćëľ ŕěàěåőď ć äěààőňăčŋĺâŋőě áőáâőïŋĺě ŋăàãèăěâ ŋěŕàěàëćŋãî áĺňňěâàĺî čàãŕŕë ćàăéěŋĺľ | őąňěŋŋëľ čăňĺńìâőŋĺăŋ Čěľğěŋąěàčă ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ćàăéěŋĺľ (ć ŋěčő ćåőďïâ áłăńïàŋëě ŕàőĺğćěďěŋĺï áŕĺŋőć ŋă ãğńăå àěèěâłĺ), âőčďă łăł ć őáŋőćŋőň áőáâőïŋĺĺ ćőğŋĺłăěâ ćëďěńěŋŋőě ŋăŕàăćńěŋĺě | ćěłâőà áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ (áĺňňěâàĺï ŕőŋĺęăěâáï). Ăŋăńőčőň čőńďáâőŋőć ć íâőň áńãçăě ïćńïîâáï ăłãáâĺçěáłĺě áŕĺŋőćëě ćőńŋë.

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 301

čďě ⃗˘ ĺ ⃗˘^′ | áâőńąæë ĺğ n łőňŕőŋěŋâ (φ_1, ....φ_n), ă S | ňăâàĺæă n × n. Ŕãáâì ŕőâěŋæĺăń V (⃗˘) ğăćĺáĺâ âőńìłő őâ ρ^2 = φ^2_1 + ... + φ^2_n ĺ ďàãčĺå ĺŋćăàĺăŋâőć ŋěâ. Šőčďă: L = 1 2 (∂_μ ⃗˘)^2 − V (ρ) . (12.27)

Ć íâőň áńãçăě ňë áŋőćă ňőęěň ŕěàěľâĺ ł \ŕőńïàŋëň" łőőàďĺŋăâăň ďńï ŕőńï ⃗˘, łőčďă ŕőńě őŕàěďěńïěâáï ňőďãńěň ρ(x) ĺ n − 1 \ãčńőćëňĺ" ŕěàěňěŋŋëňĺ α_i(x)(i = 1, 2, ..., n − 1). Ńăčàăŋęĺăŋ ć íâĺå ŕěàěňěŋŋëå ŕàĺőąàěâăěâ ćĺď: L = 1 2 (∂_μρ)^2 + ρ^2 2 n−1∑ i,k=1 θ_{ik}(α_i)∂_μα_i∂_μα_k − V (ρ) . (12.28)

Ŕãáâì V (ρ) ĺňěěâ ňĺŋĺňãň ŕàĺ ρ = η, â.ě. ⟨0|ρ|0⟩ = η. Şčńőćëě łőňŕőŋěŋâë α_i ňőęŋő äĺłáĺàőćăâì ãáńőćĺěň ⟨0|α_i|0⟩ = 0 (ćëąőà ćăłããňă) ĺ âěň, çâő θ_{ik} ŕàĺ α_i = 0 ĺňěěâ ćĺď θ_{ik}(0) = δ_{ik}. Šőčďă, ććőďï őŕïâì ρ^′ = ρ − η, ĺňěěň:

L = const + 1 2 (∂_μρ^′)^2 − m^2 2 ρ^{′2} + 1 2 η^2 n−1∑ i=1 (∂_μα_i)^2 . (12.29)

Ćĺďĺň, çâő çăáâĺæë, áőőâćěâáâćãîéĺě ŕőńïň α_i ĺňěîâ ŋãńěćëě ňăááë, âăł çâő ć ğăďăçě ćőğŋĺłăěâ n − 1 čőńďáâőŋőć. İâő ąőńěě őąéĺľ ćăàĺăŋâ âěőàěňë Čőńďáâőãŋă.

Łăńĺąàőćőçŋëě ŕőńï ĺ íääěłâ Ţĺččáă.

Łăğăńőáì ąë ŕőïćńěŋĺě čőńďáâőãŋőćáłĺå çăáâĺæ á ŋãńěćőľ ňăááőľ áőğďăěâ ŋăň ńĺèì ďőŕőńŋĺâěńìŋëě âàãďŋőáâĺ, ŕőáłőńìłã őáŋőćŋőľ ŋăèěľ ğăďăçěľ ïćńïěâáï àěèěŋĺě ŕàőąńěň, áćïğăŋŋëå á ŋăńĺçĺěň ŋãńěćőľ ňăááë ã łăńĺąàőćőçŋëå ąőğőŋőć. Őďŋăłő íâő ŋě âăł! Ŋăőąőàőâ, őąêěďĺŋěŋĺě őáŋőćŋőľ ĺďěĺ łăńĺąàőćőçŋëå âěőàĺľ á łőŋæěŕæĺěľ áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ ŕőğćőńïěâ ŕàĺľâĺ ł ěáâěáâćěŋŋőľ áâàăâěčĺĺ ŕőáâàőěŋĺï àěăńĺáâĺçěáłĺå âěőàĺľ ćğăĺňőďěľáâćĺï íńěňěŋâăàŋëå çăáâĺæ.

Řăááňőâàĺň ćğăĺňőďěľáâćĺě áłăńïàŋőčő ŕőńï φ, ŋăàãèăîéěčő áĺňňěâàĺî, á łăńĺąàőćőçŋëň ŕőńěň A_μ ć ěčő ŕàőáâěľèěň ăąěńěćőň (ňăłáćěńńőćáłőň) ćăàĺăŋâě. Ńăčàăŋęĺăŋ, ĺŋćăàĺăŋâŋëľ őâŋőáĺâěńìŋő ńőłăńìŋőľ čàãŕŕë U (1), ĺňěěâ ćĺď:^5 L = [ (∂_μ − ieA_μ)φ^∗ ][ (∂^μ + ieA^μ)φ ] − 1 4 F_{μν}F^{μν} − V (φ, φ^∗) , (12.30)

čďě F_{μν} = ∂_μA_ν − ∂_ν A_μ,

V (φ, φ^∗) = μ^2φ^∗φ + λ(φ^∗φ)^2 , μ^2 < 0 . (12.31)

Ććěďěň őŕïâì ŕàěďáâăćńěŋĺě ŕőńï φ çěàěğ \àăďĺăńìŋőě" ĺ \ãčńőćőě" ćěéěáâćěŋŋëě ŕőńï: φ(x) = 1√ 2 ρ(x)e^{iϑ(x)} . (12.32)

5Ďăńěě ć íâőľ čńăćě ĺáŕőìğãěâáï áĺáâěňă ěďĺŋĺæ Ţěćĺáăľďă.

302 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Ŋő âěŕěàì ňë ňőęěň àăááňăâàĺćăâì (12.32) łăł ńőłăńìŋőě łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě čàãŕŕë U (1):

φ(x) = e^{ieχ(x)}φ^′(x) , (12.33) čďě χ(x) = 1 e ϑ(x) , φ^′(x) = 1√ 2 ρ(x) . (12.34)

Šőčďă łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï, ćåőďïéăï ć (12.30) ŕàěőąàăğãěâáï áńěďãîéĺň őąàăğőň:

D_μφ = (∂_μ + ieA_μ)e^{ieχ}φ^′ = e^{ieχ}(∂_μ + ie∂_μχ + ieA_μ)φ^′ = e^{ieχ}(∂_μ + ieA^′_μ)φ^′ , (12.35) čďě A^′_μ = A_μ + ∂_μχ (12.36) ĺńĺ, á ãçěâőň (12.33), (12.34):

(∂_μ + ieA_μ)φ = 1√ 2 e^{iϑ}(∂_μ + ieA^′_μ)ρ , (12.37) čďě A^′_μ = A_μ + 1 e ∂_μϑ . (12.38)

Ć àěğãńìâăâě, ŋăè ńăčàăŋęĺăŋ ŕàĺŋĺňăěâ ćĺď: L = 1 2 [(∂_μ − ieA^′_μ)ρ][(∂^μ + ieA^{′μ})ρ] − V (ρ^2) − 1 4 F_{μν}F^{μν} = = 1 2 (∂_μρ)^2 + e^2 2 ρ^2A^{′μ}A^′_μ − V (ρ^2) − 1 4 F_{μν}F^{μν} . (12.39)

Ćĺďĺň, çâő \ãčńőćăï" łőňŕőŋěŋâă ϑ ŕőńï φ ĺáçěğńă ĺğ ńăčàăŋęĺăŋă (ă á ŋěľ ĺ ćőğňőęŋőáâì ŕőïćńěŋĺï čőńďáâőŋă!), őŋă \őâłăńĺąàőćăńăáì" ć ŕěàěőŕàěďěńěŋŋëľ ćěłâőà-ŕőâěŋæĺăń.

Řăğńőęĺň âěŕěàì (12.39) ŕő áâěŕěŋïň őâłńőŋěŋĺï ρ^′ = ρ − η őâ ćăłããňŋőčő áàěďŋěčő η, áőåàăŋïï âőńìłő łćăďàăâĺçŋëě çńěŋë. Šőčďă ŕőńãçăěň: L = 1 2 (∂_μρ^′)^2 − m^2 2 ρ^{′2} − 1 4 F_{μν}F^{μν} + 1 2 e^2η^2A^{′μ}A^′_μ + const , (12.40)

čďě m^2 = 2|μ^2|. İâőâ ńăčàăŋęĺăŋ őŕĺáëćăěâ ďćă áćőąőďŋëå ŕőńï | ŕőńě ρ^′ çăáâĺæ á ňăááőľ m ĺ ćěłâőàŋőě ŕőńě A^′_μ á ňăááőľ:

m_A = eη , (12.41)

æěńĺłőň őąãáńőćńěŋŋőľ ŋăńĺçĺěň ŋěŋãńěćőčő ćăłããňŋőčő áàěďŋěčő áłăńïàŋőčő ŕőńï. Şàăćŋěŋĺï ďćĺęěŋĺï ďńï íâĺå ŕőńěľ ĺňěîâ ćĺď:

∂^2_μρ^′ + m^2ρ^′ = 0 , ∂_μF^{μν} + m^2_AA^{′ν} = 0 . (12.42)

Ćâőàőě ãàăćŋěŋĺě ğďěáì ĺňěěâ ćĺď ãàăćŋěŋĺï Ŕàőłă.

Ĺâăł, ć ĺáåőďŋőň ńăčàăŋęĺăŋě ã ŋăá ąëńő ďćãåłőňŕőŋěŋâŋőě ŕőńě φ ĺ ćěłâőàŋőě ňăłáćěńńőćáłőě (ąěğňăááőćőě) ŕőńě A_μ. Ŕàĺ μ^2 > 0, áőåàăŋïï âőńìłő łćăďàăâĺçŋëě

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 303

ŕő ŕőńïň çńěŋë, ňë ŕőńãçĺńĺ ąë ńăčàăŋęĺăŋ ďćãå áćőąőďŋëå ŕőńěľ, őďŋő ĺğ łőâőàëå őŕĺáëćăěâ ğăàïęěŋŋëě çăáâĺæë áŕĺŋă 0, ă ďàãčőě áőőâćěâáâćãěâ äőâőŋã á ŋãńěćőľ ňăááőľ ŕőłőï ĺ ďćãňï ŕőńïàĺğãěňőáâïňĺ, â.ě. ćáěčő 4 âĺŕă çăáâĺæ. Ŕàĺ μ^2 < 0 çĺáńő çăáâĺæ őáâăěâáï âěň ęě (áőåàăŋěŋĺě çĺáńă áâěŕěŋěľ áćőąőďë), ŋő őŋĺ ŕàĺŋïńĺ ďàãčőľ åăàăłâěà | âěŕěàì ěáâì őďŋő ŋěğăàïęěŋŋőě áłăńïàŋőě ŕőńě áŕĺŋă 0 ĺ âàĺ ŋěğăćĺáĺňëě łőňŕőŋěŋâë ćěłâőàŋőčő ąőğőŋă áő áŕĺŋőň 1. Ĺáåőďŋő ã ŋăá ąëńă ŁİĎ áłăńïàŋőčő ŕőńï, ă ŕőáńě ŕěàěáâàőľłĺ áĺáâěňë ŕőńěľ ćőğŋĺłńă \áőćáěň ďàãčăï" âěőàĺï. Ćăęŋő, őďŋăłő ŕőďçěàłŋãâì, çâő ćáě ŕàěőąàăğőćăŋĺï ąëńĺ âőçŋëňĺ, âăł çâő ĺáåőďŋăï łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì âěőàĺĺ áőåàăŋĺńăáì (ĺ ąëńă ĺáŕőńìğőćăŋă), ŋěáňőâàï ŋă ćőğŋĺłŋőćěŋĺě ňăááë ã łăńĺąàőćőçŋőčő ŕőńï! Ăŋăńőčĺçŋëň őąàăğőň, áőåàăŋïěâáï ĺ áćőľáâćő ŕěàěŋőàňĺàãěňőáâĺ.

Ćőğŋĺłŋőćěŋĺě ňăááë ã ćěłâőàŋőčő łăńĺąàőćőçŋőčő ŕőńï ğă áçěâ ćğăĺňőďěľáâćĺï áő áłăńïàŋëň ŕőńěň, ŋăàãèăîéĺň áĺňňěâàĺî őáŋőćŋőčő áőáâőïŋĺï, ŋăğëćăěâáï íääěłâőň Ţĺččáă, ă ŕőńě ρ őąëçŋő ŋăğëćăîâ åĺččáőćáłĺň ŕőńěň (ă áőőâćěâáâćãîéĺě áłăńïàŋëě çăáâĺæë | åĺččáőćáłĺňĺ ąőğőŋăňĺ.).

Őâáâãŕńěŋĺě: âěőàĺï Čĺŋğąãàčă { Ńăŋďăã.

Ŕőłăęěň, çâő àăááňőâàěŋŋőě ïćńěŋĺě ïćńïěâáï âőçŋëň ăŋăńőčőň äăğőćőčő ŕěàěåőďă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě, őŕĺáëćăěňőčő âěőàĺěľ Čĺŋğąãàčă { Ńăŋďăã, áőğďăŋŋőľ ğăďőńčő ďő őâłàëâĺï äěŋőňěŋă Ţĺččáă.

Řăááňőâàĺň áâăâĺçěáłĺľ áńãçăľ ňőďěńĺ Ţĺččáă, łőčďă ∂_0A^μ = 0. İńěłâàőňăčŋĺâŋőě ŕőńě ąãďěň àăááňăâàĺćăâì ć łãńőŋőćáłőľ łăńĺąàőćłě: A^μ = (φ = 0, A), ∇ · A = 0. Šőčďă ńăčàăŋęĺăŋ (12.30) ğăŕĺèěâáï łăł:

L = − 1 2 [ (∇ − ieA)φ ][ (∇ + ieA)φ^∗ ]_− 1 2 m^2|φ|^2 − 1 4 λ|φ|^4 − 1 4 (∇ × A)^2 . (12.43)

Šőčďă F = −L = 1 4 (∇ × A)^2 + 1 2^|

(∇ − ieA)φ|^2 + 1 2 m^2|φ|^2 + 1 4 λ|φ|^4 (12.44)

ŕàěďáâăćńïěâ áőąőľ, ć âőçŋőáâĺ, ŕńőâŋőáâì áćőąőďŋőľ íŋěàčĺĺ ć âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã [42], ěáńĺ, łőŋěçŋő, ŕőńőęĺâì m^2 = a(T − Tc), čďě Tc | âěňŕěàăâãàă áćěàåŕàőćőďïéěčő ŕěàěåőďă^6. Ć íâőň áńãçăě ĺňěěň m^2 > 0 ŕàĺ âěňŕěàăâãàăå T > Tc ĺ m^2 < 0 ŕàĺ T < Tc. Ć őąńăáâĺ T < Tc ňĺŋĺňãň F ďőáâĺčăěâáï ŕàĺ |φ|^2 = − m^2 λ > 0 , (12.45)

çâő őŕàěďěńïěâ àăćŋőćěáŋőě ğŋăçěŋĺě áćěàåŕàőćőďïéěčő ŕăàăňěâàă ŕőàïďłă, ïćńïîéěčőáï âőçŋëň ăŋăńőčőň àăááňăâàĺćăćèěčőáï ćëèě ćăłããňŋőčő áàěďŋěčő åĺččáőćáłőčő ŕőńï (őáŋőćŋőě áőáâőïŋĺě ŕőńěćőľ áĺáâěňë, T = 0.).

Śćőąőďŋăï íŋěàčĺï Čĺŋğąãàčă { Ńăŋďăã ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï:

φ → e^{iΛ(x)}φ , A → A + 1 e ∇~(x) , (12.46)

ă áőőâćěâáâćãîéĺľ áőåàăŋïîéĺľáï âőł ĺňěěâ ćĺď:

j = − ie 2 (φ^∗∇φ − φ∇φ^∗) − e^2|φ|^2A . (12.47)

Ŕàĺ T < Tc ĺ őďŋőàőďŋőň ć ŕàőáâàăŋáâćě ŕăàăňěâàě ŕőàïďłă φ ćłńăď ć (12.47) ďăěâ âőńìłő ćâőàőľ çńěŋ: j = e^2m^2 λ A , (12.48)

çâő ŕàěďáâăćńïěâ áőąőľ ãàăćŋěŋĺě Ńőŋďőŋă. Ěáńĺ ãçěáâì ěéě ãàăćŋěŋĺï Ňăłáćěńńă ∇ × H = 4πj, ∇ · H = 0 ĺ ćëçĺáńĺâì àőâőà őâ őąěĺå çăáâěľ (12.48), âő ŕőńãçĺň ãàăćŋěŋĺě, ďńï ňăčŋĺâŋőčő ŕőńï

6Ŕő áàăćŋěŋĺî áő áâăŋďăàâŋëňĺ őąőğŋăçěŋĺïňĺ [42], ňë áçĺâăěň àăćŋőľ 1 ňăááã íńěłâàőŋă ĺ áłőàőáâì áćěâă. Ąőńěě ćăęŋő, çâő ć âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã, ŕő áàăćŋěŋĺî á (12.44) e → 2e, ć áőőâćěâáâćĺĺ á ğăàïďőň łãŕěàőćáłĺå ŕăà, ŋő ğďěáì ŋăň íâő ŋěáãéěáâćěŋŋő.

304 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

ć áćěàåŕàőćőďŋĺłě:

∇2H = k^2H , k^2 = − e^2m^2 λ > 0 , (12.49)

őŕĺáëćăîéěě íääěłâ Ňěľááŋěàă | ćëâăńłĺćăŋĺě ňăčŋĺâŋőčő ŕőńï ĺğ áćěàåŕàőćőďŋĺłă. Ŕőńě íłáŕőŋěŋæĺăńìŋő áŕăďăěâ ćŋãâàĺ áćěàåŕàőćőďŋĺłă ŋă ďńĺŋě |k|^{−1} (čńãąĺŋă ŕàőŋĺłŋőćěŋĺï) [42].

Ŋăłőŋěæ, ĺğ (12.49) ćëâěłăěâ ∇^2A = k^2A, ăŋăńőčőň çěčő ć ńőàěŋæ-łőćăàĺăŋâŋőľ äőàňě ïćńïěâáï ãàăćŋěŋĺě 2Aμ = −k^2Aμ | \äőâőŋ" ć áćěàåŕàőćőďŋĺłě ŕàĺőąàěâăěâ \ňăááã" |k|, çâő íłćĺćăńěŋâŋő íääěłâã Ţĺččáă. Šăłĺň őąàăğőň, ňőďěńì Ţĺččáă ïćńïěâáï àěńïâĺćĺáâáłĺň ăŋăńőčőň âěőàĺĺ Čĺŋğąãàčă { Ńăŋďăã, ă åĺččáőćáłĺľ ćăłããň ăŋăńőčĺçěŋ, ŕő áãâĺ ďěńă, őáŋőćŋőňã áőáâőïŋĺî áćěàåŕàőćőďŋĺłă.

Ŕőńï §ŋčă { Ňĺńńáă ĺ áŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ.

Ŕěàěľďěň ł àăááňőâàěŋĺî ňěåăŋĺğňă Ţĺččáă ć ŋěăąěńěćëå łăńĺąàőćőçŋëå âěőàĺïå. Ŋăŕőňŋĺň áŋăçăńă őáŋőćŋëě äăłâë, őâŋőáïéĺěáï ł ŕőńïň §ŋčă { Ňĺńńáă, ŋă ŕàĺňěàě åőàőèő ĺğćěáâŋőľ ŋăň čàãŕŕë SU (2).

Ćğăĺňőďěľáâćĺě áłăńïàŋőčő ŕőńï φ á §ŋč-Ňĺńńáőćáłĺň ŕőńěň ⃗A_μ (áâàěńłă őąőğŋăçăěâ ćěłâőà ć ĺğőâőŕĺçěáłőň ŕàőáâàăŋáâćě) őŕĺáëćăěâáï ŕěàěåőďőň őâ őąëçŋőľ ŕàőĺğćőďŋőľ ∂_μφ ł łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ ćĺďă: D_μφ = (∂_μ − ig ⃗T · ⃗A_μ)φ , (12.50) čďě ⃗T | čěŋěàăâőà łăńĺąàőćőçŋőľ čàãŕŕë, ďńï SU (2) ĺňěěň ⃗T =^1_2 ⃗τ.

Ŋăŕőňŋĺň, łăłĺě ãáńőćĺï ŋăłńăďëćăîâáï ŋă ŕőńě ⃗A_μ ĺğ âàěąőćăŋĺï ĺŋćăàĺăŋâŋőáâĺ ńăčàăŋęĺăŋă őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ. Ěáńĺ ŕőńě φ áőőâćěâáâćãěâ łăłőňã-ńĺąő ĺğőâőŕĺçěáłőňã ňãńìâĺŕńěâã, âő ěčő ŕàěőąàăğőćăŋĺě ŕàĺ ćàăéěŋĺĺ ć ĺğőŕàőáâàăŋáâćě ňőęŋő ğăŕĺáăâì ć ćĺďě:

φ = Sφ^′ , (12.51)

čďě őŕěàăâőà S ğăćĺáĺâ őâ âàěå ŕăàăňěâàőć (ãčńőć) ćěłâőàă ŕőćőàőâă ⃗ω(x). Šőčďă ďńï łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ ĺňěěň: D_μφ = S∂_μφ^′ + (∂_μS)φ^′ − ig ⃗T · ⃗A_μSφ^′ = = S(∂_μ + S^{−1}∂_μS − igS^{−1} ⃗T · ⃗A_μS)φ^′ . (12.52)

Ďńï âőčő, çâőąë íâő ćëàăęěŋĺě ŕàĺŋïńő ćĺď: D_μφ = S(∂_μ − ig ⃗T · ⃗A^′_μ)φ^′ , (12.53) ŋěőąåőďĺňő ŕőâàěąőćăâì: ⃗T · ⃗A^′_μ = S^{−1}( ⃗T · ⃗A_μ)S + i g S^{−1}∂_μS . (12.54)

Ŕàĺ ňăńëå ⃗ω ĺňěěň:

S = 1 + i ⃗T · ⃗ω . (12.55)

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 305

Šőčďă: S^{−1}( ⃗T · ⃗A_μ)S = (1 − i ⃗T · ⃗ω) ⃗T · ⃗A_μ(1 + i ⃗T · ⃗ω) = = ⃗T · ⃗A_μ − i[ ⃗T · ⃗ω, ⃗T · ⃗A_μ] = ⃗T · A_μ + [⃗ω × ⃗A_μ] · ⃗T , (12.56) čďě ĺáŕőńìğőćăńĺ [T_i, T_j] = iε_{ijk}T_k | łőňňãâăæĺőŋŋőě áőőâŋőèěŋĺě ďńï čěŋěàăâőàőć čàãŕŕë SU (2). Ś ãçěâőň S^{−1}∂_μS = i ⃗T · ∂_μ⃗ω (12.54) ĺ (12.55) ďăîâ őąéěě ŕàăćĺńő ŕàěőąàăğőćăŋĺï: ⃗A^′_μ = ⃗A_μ + [⃗ω × ⃗A_μ] − 1 g ∂_μ⃗ω , (12.57) âăł çâő ŕőňĺňő čàăďĺěŋâŋőčő ŕàěőąàăğőćăŋĺï ŕőńě §ŋčă { Ňĺńńáă ěéě ĺ ŕőćőàăçĺćăěâáï ć ĺğőŕàőáâàăŋáâćě.

Šěŋğőà ŕőńěľ §ŋčă { Ňĺńńáă ĺňěěâ ćĺď:

⃗F_{μν} = ∂_μ ⃗A_ν − ∂_ν ⃗A_μ + g[ ⃗A_μ × ⃗A_ν ] , (12.58)

ĺáŕőńìğãï (12.57) ŋěâàãďŋő ãąěďĺâìáï, çâő ŕàĺ ąěáłőŋěçŋő ňăńëå ćàăéěŋĺïå ć ĺğőŕàőáâàăŋáâćě ⃗F_{μν} ŕàěőąàăğãěâáï łăł ĺğőćěłâőà: ⃗F^′_{μν} = ⃗F_{μν} + [⃗ω × ⃗F_{μν} ] . (12.59)

Ńăčàăŋęĺăŋ ŕőńï §ŋčă { Ňĺńńáă ĺňěěâ ćĺď: L_{Y M} = − 1 4 ⃗F_{μν} · ⃗F^{μν} , (12.60) çâő ïćńïěâáï ĺŋćăàĺăŋâőň ŕő őâŋőèěŋĺî ł ŕàěőąàăğőćăŋĺïň ńőłăńìŋőľ łăńĺąàőćőçŋőľ čàãŕŕë.

Ŕãáâì âěŕěàì àěçì ĺďěâ ő ïŋč-ňĺńńáőćáłőň ŕőńě, ćğăĺňőďěľáâćãîéěň áő áłăńïàŋëň åĺččáőćáłĺň ŕőńě, ŋăàãèăîéĺň áĺňňěâàĺî. Ŕãáâì íâő ŕőńě ϕ ŕàěďáâăćńïěâ áőąőľ ĺğőáŕĺŋőà, â.ě. ĺňěěâ ďćě łőňŕńěłáŋëå (4 ćěéěáâćěŋŋëå) łőňŕőŋěŋâë: ϕ = ( φ_1 φ_2 ) , (12.61)

ŕàěőąàăğãîéĺěáï ŕàĺ ćàăéěŋĺïå ć ĺğőŕàőáâàăŋáâćě łăł: ϕ = Sϕ^′ , S = e^{i2 g⃗τ ⃗ω(x)} . (12.62) Ŕàĺ ňăńëå ⃗ω ĺňěěň S = 1 + ig⃗ω⃗τ /2.

Ńăčàăŋęĺăŋ áĺáâěňë ŕőńěľ ϕ ĺ ⃗A_μ ĺňěěâ ćĺď:

L = (D_μϕ)(D^μϕ)^∗ − V (ϕ) − 1 4 ⃗F_{μν} ⃗F^{μν} , (12.63) čďě D_μ = ∂_μ − ig ⃗τ 2 ⃗A_μ , (12.64)

V (ϕ) = μ^2ϕ^∗ϕ + λ(ϕ^∗ϕ)^2 . (12.65) Šőčďă ďńï μ^2 < 0 (12.65) ĺňěěâ ňĺŋĺňãň ŕàĺ: ϕ^∗ϕ = 1 2 η^2 , η^2 = |μ^2| λ . (12.66)

306 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Ćăłããňŋőě áőáâőïŋĺě ąěáłőŋěçŋőłàăâŋő ćëàőęďěŋő, ŋő ňë ďőńęŋë ćëąàăâì őďĺŋ őŕàěďěńěŋŋëľ ćăłããň (ŋăàãèěŋĺě áĺňňěâàĺĺ!), ŋăŕàĺňěà ŕőńőęĺć: ⟨0|ϕ|0⟩ = 1√ 2 ( 0 η ) , (12.67)

čďě η | ćěéěáâćěŋŋőě ŕőńőęĺâěńìŋőě çĺáńő. Ŕěàěľďěň âěŕěàì ł \ŕőńïàŋëň" łőőàďĺŋăâăň: ϕ(x) = e^{i ⃗τ2 ⃗ϑ(x)}ϕ^′(x) = ( cos ϑ 2 + i(⃗n · ⃗τ ) sin ϑ 2 ) ϕ^′(x) , (12.68) čďě ϕ^′(x) = 1√ 2 ( 0 ρ(x) ) , ⃗ϑ = ⃗n ϑ (12.69)

ĺ ⃗n | ěďĺŋĺçŋëľ ćěłâőà ć ŋăŕàăćńěŋĺĺ őáĺ, ćőłàãč łőâőàőľ áőćěàèăěâáï ŕőćőàőâ ć ĺğőŕàőáâàăŋáâćě.

Ŕàěďáâăćńěŋĺě (12.68), (12.69) őğŋăçăěâ ŕăàăňěâàĺğăæĺî ĺğőáŕĺŋőàă ϕ = ( φ_1 φ_2 ) ŕàĺ ŕőňőéĺ çěâëàěå ćěéěáâćěŋŋëå äãŋłæĺľ: ρ, ϑ, θ, φ, čďě ϑ, θ, φ | ŕőńïàŋëě ãčńë, őŕàěďěńïîéĺě ŋăŕàăćńěŋĺě ćěłâőàă ⃗n ć ĺğőŕàőáâàăŋáâćě: ϕ = 1√ 2 ( iρ sin^ϑ_2 cos θe^{iφ} ρ ( cos^ϑ_2 − i sin^ϑ_2 cos θ ) ) , (12.70) ŕàĺçěň ϕ^∗ϕ = ρ^2/2, ⟨0|ρ|0⟩ = η, ⟨0|ϑ|0⟩ = ⟨0|θ|0⟩ = ⟨0|φ|0⟩ = 0. Ğăňěâĺň, çâő (12.68) âőęďěáâćěŋŋő á (12.62), ěáńĺ ŕőńőęĺâì ⃗ω = ⃗ϑ/g. Ńăčàăŋęĺăŋ ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő âăłĺå ŕàěőąàăğőćăŋĺľ ĺ ĺňěěâ ćĺď: L = 1 2 (D^′_μρ)(D^{′ μ}ρ)^∗ − V (ρ) − 1 4 ⃗F^′_{μν} ⃗F^{′μν} , (12.71) čďě ć D^′_μ ĺ ⃗F^′_{μν} áďěńăŋă ğăňěŋă ⃗A_μ → ⃗A^′_μ áőőâćěâáâćãîéăï łăńĺąàőćőçŋőňã ŕàěőąàăğőćăŋĺî (12.57). Ćĺďĺň, çâő âőńìłő őďŋă ĺğ çěâëàěå łőňŕőŋěŋâ ŕőńï ϕ, ă ĺňěŋŋő ρ, őáâăńăáì ć ńăčàăŋęĺăŋě, őáâăńìŋëě ŕőčńőâĺńĺáì łăńĺąàőćőçŋëň ŕàěőąàăğőćăŋĺěň!

Şçĺâëćăï äőàňã áŕĺŋőàă ϕ^′ =^1√_2 ( 0 ρ ) , ŕěàěŕĺèěň ńăčàăŋęĺăŋ ć ćĺďě (èâàĺå

ŋăď ⃗A_μ őŕãáłăěň): L = 1 2 (∂_μρ)^2 + g^2 8 ρ^2 ⃗A^μ · ⃗A_μ − V (ρ) − 1 4 ⃗F_{μν} ⃗F^{μν} , (12.72) čďě V (ρ) = 1 2 μ^2ρ^2 + 1 4 λρ^4 . (12.73)

Ŕàĺ ňăńëå őâłńőŋěŋĺïå őâ ćăłããňă, àăğńăčăï őŕïâì V (ρ) ŕő áâěŕěŋïň ρ^′ = ρ − η ĺ áőåàăŋïï ć ńăčàăŋęĺăŋě âőńìłő łćăďàăâĺçŋëě çńěŋë, ŕőńãçĺň:

L = const + 1 2 (∂_μρ^′)^2 − m^2 2 ρ^{′2} − 1 4 ⃗F^0_{μν} ⃗F^{0μν} + 1 8 g^2η^2 ⃗A^μ · ⃗A_μ , (12.74)

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 307

čďě m^2 = 2|μ^2| ĺ ⃗F^0_{μν} = ∂_μ ⃗A_ν − ∂_ν ⃗A_μ. Ŕőńãçěŋŋëľ ńăčàăŋęĺăŋ őŕĺáëćăěâ çěâëàě áćőąőďŋëå ŕőńï | ćěéěáâćěŋŋőě áłăńïàŋőě ŕőńě ρ ĺ âàĺŕńěâ ćěłâőàŋëå ŕőńěľ ⃗A_μ. Ŕěàćőňã őâćěçăîâ çăáâĺæë á ňăááőľ m, ă ćěłâőàŋëň ŕőńïň | çăáâĺæë á ňăááőľ:

m_A = gη 2 . (12.75)

Šăłĺň őąàăğőň, ŋăàãèěŋĺě áĺňňěâàĺĺ őŕïâì ŕàĺćěńő ł ŕőïćńěŋĺî ňăááë ã çăáâĺæ ćěłâőàŋőčő (łăńĺąàőćőçŋőčő) ŕőńï ⃗A_μ. Łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì âěőàĺĺ ŕàĺ íâőň, őçěćĺďŋő, áőåàăŋĺńăáì! Őąéěě çĺáńő áâěŕěŋěľ áćőąőďë ŋě ĺğňěŋĺńőáì: ćňěáâő âàěå \ĺáçěğŋãćèĺå" łőňŕőŋěŋâ ŕőńï ϕ (čőńďáâőŋőć) ŕőïćĺńĺáì ŕàőďőńìŋő ŕőńïàĺğőćăŋŋëě łőňŕőŋěŋâë ŕőńï ⃗A_μ. Ć àăááňőâàěŋŋőľ ňőďěńĺ ňăááã ŕàĺőąàěńĺ ćáě łőňŕőŋěŋâë ŕőńï §ŋčă { Ňĺńńáă, ĺ ŕàőďőńìŋëě ĺ ŕőŕěàěçŋëě.

Ěáńĺ ňë åőâĺň ŕőáâàőĺâì őąêěďĺŋěŋŋãî âěőàĺî áńăąőčő ĺ íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï, ŋãęŋő őąěáŕěçĺâì ňăááĺćŋőáâì ćěłâőàŋëå ąőğőŋőć | ŕěàěŋőáçĺłőć áńăąőčő ćğăĺňőďěľáâćĺï (łőàőâłőďěľáâćĺě!), ŋő íńěłâàőňăčŋĺâŋőě ŕőńě áőåàăŋĺâì ąěğňăááőćëň. İâő ňőęŋő őąěáŕěçĺâì, àăááňőâàěć ŋěłőâőàőě őąőąéěŋĺě âőńìłő çâő àăááňőâàěŋŋőľ SU (2)-ňőďěńĺ. Ďńï íâőčő ğăňěâĺň, çâő ĺŋćăàĺăŋâ ϕ^∗ϕ àăááňőâàěŋŋőčő ćëèě áłăńïàŋőčő ŕőńï ăćâőňăâĺçěáłĺ őąńăďăěâ ŋěłőâőàőľ ďőŕőńŋĺâěńìŋőľ áĺňňěâàĺěľ, łàőňě ĺáŕőńìğőćăŋŋőľ ŋăňĺ áĺňňěâàĺĺ SU (2). Ć áăňőň ďěńě, ŕőńě ϕ ňőęŋő ěéě ãňŋőęĺâì ŋă ŕàőĺğćőńìŋëľ äăğőćëľ ňŋőęĺâěńì âĺŕă exp [ i^f_2 λ(x) ] , ŋĺçěčő őâ íâőčő ŋě ĺğňěŋĺâáï. İâő ŕàěőąàăğőćăŋĺě čàãŕŕë U (1), âăł çâő ć ďăńìŋěľèěň ąãďěň čőćőàĺâì ő áĺňňěâàĺĺ SU (2) ⊗ U (1). Ŋăńĺçĺě ďőŕőńŋĺâěńìŋőľ ăąěńěćőľ áĺňňěâàĺĺ U (1) őğŋăçăěâ, çâő çăáâĺæăň ŕőńï ϕ ňőęŋő ŕàĺŕĺáăâì, łàőňě ĺğőáŕĺŋă, ěéě ĺ ŋěłőâőàëľ \čĺŕěàğăàïď", łőâőàőňã ŋãęŋő áőŕőáâăćĺâì ěéě őďŋő (ăąěńěćő) łăńĺąàőćőçŋőě ŕőńě, łőâőàőě ąãďěň őąőğŋăçăâì B_μ. Ć àěğãńìâăâě, ŕőńŋăï áĺňňěâàĺï àăááňăâàĺćăěňőľ ňőďěńĺ áőőâćěâáâćãěâ ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő ńőłăńìŋőčő łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï ćĺďă:

ϕ = Sϕ^′ , (12.76) čďě S = exp ( ig⃗ω(x) · ⃗τ 2 + if λ(x) 2 ) , (12.77)

ă ńăčàăŋęĺăŋ âěőàĺĺ ĺňěěâ ćĺď:

L = (D_μϕ)(D^μϕ)^∗ − V (ρ) − 1 4 ⃗F_{μν} ⃗F^{μν} − 1 4 G_{μν} G^{μν} , (12.78) čďě D_μ = ∂_μ − ig ⃗τ 2 · ⃗A_μ − i f 2 B_μ , (12.79)

G_{μν} = ∂_μB_ν − ∂_ν B_μ . (12.80)

Ďăńìŋěľèĺľ ăŋăńĺğ, äăłâĺçěáłĺ, ŕőćâőàïěâ ŕàěďëďãéěě àăááňőâàěŋĺě, âăł çâő ďěâăńĺ őŕãáłăěň. Őłăğëćăěâáï ãďőąŋëň ćňěáâő ŕőńěľ A_{μ1}, A_{μ2}, A_{μ3} ĺ B_μ ććěáâĺ áńěďãîéĺě ĺå ńĺŋěľŋëě łőňąĺŋăæĺĺ:

W_μ = 1√ 2 (A_{μ1} + iA_{μ2}) , (12.81)

308 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Z_μ = A_{μ3} cos α − B_μ sin α , A_{μ3} = Z_μ cos α + A_μ sin α , A_μ = A_{μ3} sin α + B_μ cos α , B_μ = −Z_μ sin α + A_μ cos α , (12.82) čďě cos α = g ~g , sin α = f ~g , ~g = √ g^2 + f^2 , tgα = f g . (12.83)

Šőčďă ŋăè ńăčàăŋęĺăŋ (12.78) ŕěàěŕĺáëćăěâáï çěàěğ íâĺ ŋőćëě ŕőńï łăł: L = 1 2 (∂_μρ)^2 − V (ρ) + ρ^2 4 [ g^2W^{∗μ}W_μ +

~g^2 2 Z^μZ_μ ] − 1 4 ⃗F_{μν} ⃗F^{μν} − 1 4 G_{μν} G^{μν} . (12.84)

Ğďěáì ćăęŋő, çâő ŕőńě A_μ ĺğ (12.82) ŋě ćőèńő ć łćăďàăâŋëě áłőąłĺ, âăł çâő ŕőáńě ćőğŋĺłŋőćěŋĺï ŋěŋãńěćőčő ćăłããňŋőčő áàěďŋěčő ŕőńï ρ (áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ) íâő ŕőńě őáâăěâáï ąěğňăááőćëň ĺ ňőęěâ ąëâì őâőęďěáâćńěŋő á őąëçŋëň íńěłâàőňăčŋĺâŋëň ŕőńěň. Ć âőęě ćàěňï, ŕőńï W_μ ĺ Z_μ ŕàĺőąàěâăîâ ňăááã:

m_W = gη 2 , m_Z = ~gη 2 = m_W cos α

. (12.85)

İâő áàăğã ęě ćĺďŋő ĺğ ğăŕĺáĺ ńăčàăŋęĺăŋă (12.84) á âőçŋőáâìî ďő łćăďàăâĺçŋëå ŕő ρ^′ = ρ − η, W_μ ĺ Z_μ çńěŋőć: L = 1 2 (∂_μρ^′)^2 − 1 2 m^2ρ^{′2} − 1 2 (∂_μW_ν − ∂_νW_μ)(∂_μW^∗_ν − ∂_ν W^∗_μ ) + + 1 4 g^2η^2W^∗_μ W^μ − 1 4 (∂_μZ_ν − ∂_ν Z_μ)^2 + 1 8 ~g^2η^2Z^2_μ − − 1 4 (∂_μA_ν − ∂_ν A_μ)^2 + const , (12.86)

čďě m^2 = 2|μ^2|.

Ŕőńě W_μ (12.81) ïćńïěâáï łőňŕńěłáŋëň, â.ě. ğăàïęěŋŋëň, ă ŕőńï A_μ ĺ Z_μ (12.82) ćěéěáâćěŋŋë (ŋěľâàăńìŋë). Ĺğ őŕàěďěńěŋĺï ⃗F_{μν} (12.58) ĺ (12.81), (12.82) áńěďãěâ: 1√ 2 (F^1 + iF^2)_{μν} = D_μW_ν − D_ν W_μ , (12.87) čďě D_μ = ∂_μ + igA_{μ3} = ∂_μ + ig sin αA_μ + ig cos αZ_μ . (12.88) Ěáńĺ őâőęďěáâćĺâì ŕőńě A_μ á íńěłâàőňăčŋĺâŋëň ŕőńěň, âő ĺğ (12.88) áńěďãěâ áńěďãîéăï áćïğì ïŋč-ňĺńńáőćáłőľ łőŋáâăŋâë áćïğĺ g á íńěłâàĺçěáłĺň ğăàïďőň:

e = g sin α . (12.89)

Ćăęŋëň áćőľáâćőň àăááňăâàĺćăěňőľ ňőďěńĺ ïćńïěâáï ěě ŕěàěŋőàňĺàãěňőáâì. Ŕěàěŋőàňĺàãěňőáâì ŁİĎ ĺňěěâ \ďćőľŋãî ŕàőçŋőáâì": őŋă őąěáŕěçěŋă ćő-ŕěàćëå, ąěğňăááőćőáâìî äőâőŋă ĺ, ćő-ćâőàëå, ěčő ŋěľâàăńìŋőáâìî. Ěáńĺ őâłăğăâìáï őâ őďŋőčő ĺğ íâĺå áćőľáâć, ŕěàěŋőàňĺàãěňőáâì áőåàăŋïěâáï, â.ě. ŕěàěŋőàňĺàãěňőľ ïćńïěâáï, ŋăŕàĺňěà, âěőàĺï ćğăĺňőďěľáâćĺï äěàňĺőŋőć á ňăááĺćŋëň ćěłâőàŋëň ŋěľâàăńìŋëň ŕőńěň. Ŕőíâőňã ňőęŋő ŋě ąőïâìáï, çâő äőâőŋ őłăęěâáï ĺňěîéĺň őçěŋì ňăńãî, ŋěãńőćĺňãî ďő áĺå ŕőà ňăááã. Šěőàĺï áãéěáâćěŋŋő ŋě ŕőáâàăďăěâ. Ŕěàěŋőàňĺàãěňőľ ïćńïěâáï ĺ âěőàĺï ŕőńěľ §ŋčă { Ňĺńńáă, áőáâőïéĺå ĺğ ďćãå ğăàïęěŋŋëå

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 309

ĺ őďŋőčő ŋěľâàăńìŋőčő ąěğňăááőćőčő ŕőńěľ, ćłńîçăï ĺ ĺå ćğăĺňőďěľáâćĺě á äěàňĺőŋăňĺ. Ąńăčőďăàï äěŋőňěŋã Ţĺččáă ğăàïęěŋŋëě ŕőńï §ŋčă { Ňĺńńáă ňőčãâ áâăâì ňăááĺćŋëňĺ, ďăńěě ňë ąãďěň őâőęďěáâćńïâì ĺå á ŕàőňěęãâőçŋëňĺ ğăàïęěŋŋëňĺ W -ąőğőŋăňĺ | ŕěàěŋőáçĺłăňĺ áńăąőčő ćğăĺňőďěľáâćĺï, ă Z-ąőğőŋë á ăŋăńőčĺçŋëňĺ ŋěľâàăńìŋëňĺ çăáâĺæăňĺ. İńěłâàőňăčŋĺâŋőě ŕőńě A_μ őáâăěâáï ć àăááňăâàĺćăěňőľ ňőďěńĺ ąěğňăááőćëň. Ćőğŋĺłăěâ ćőŕàőá | őáâăŋěâáï ńĺ âěőàĺï ŕěàěŋőàňĺàãěňőľ ŕőáńě ďěľáâćĺï íääěłâă Ţĺččáă? Ňőęŋő őęĺďăâì, çâő őáâăŋěâáï, ŕőáłőńìłã ćáě áőáâăćńïîéĺě ĺáåőďŋőčő ńăčàăŋęĺăŋă ŕěàěŋőàňĺàãěňë, ă ďăńìèě ňë ŋĺçěčő őáőąěŋŋőčő ŋě ďěńăńĺ, łàőňě ćŕőńŋě ďőŕãáâĺňëå ŕàěőąàăğőćăŋĺľ ĺ ŕěàěőąőğŋăçěŋĺľ. İâő őęĺďăŋĺě őŕàăćďëćăěâáï ĺ ŕàĺ ąőńěě áâàőčőň àăááňőâàěŋĺĺ.

Ňőďěńì Ćăľŋąěàčă { Śăńăňă.

Ŕěàěľďěň ł őŕĺáăŋĺî ěďĺŋőľ áåěňë őŕĺáăŋĺï áńăąëå ĺ íńěłâàőňăčŋĺâŋëå ćğăĺňőďěľáâćĺľ íńěňěŋâăàŋëå çăáâĺæ, ŕàěďńőęěŋŋőľ Ćăľŋąěàčőň ĺ Śăńăňőň. İâő ěďĺŋáâćěŋŋăï àěăńĺáâĺçěáłăï ňőďěńì íńěňěŋâăàŋëå çăáâĺæ, łőâőàãî ňë ďőáâăâőçŋő ŕőďàőąŋő àăááňőâàĺň ć ŋăèěň łãàáě. Ć ŋăáâőïéěě ćàěňï íâă ňőďěńì ŕàěłàăáŋő ŕőďâćěàęďěŋă íłáŕěàĺňěŋâőň ĺ ńěęĺâ ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ. Őáŋőćŋăï ĺďěï âěőàĺĺ íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï áőáâőĺâ ć âőň, çâő áńăąëě ćğăĺňőďěľáâćĺï ŕěàěŋőáïâáï łăńĺąàőćőçŋëňĺ ąőğőŋăňĺ (W^±, Z), łőâőàëě ĺğŋăçăńìŋő ïćńïîâáï ąěğňăááőćëňĺ, ă łőŋěçŋãî ňăááã (őąěáŕěçĺćăîéãî łőàőâłőďěľáâćĺě) ŕàĺőąàěâăîâ ć àěğãńìâăâě ďěľáâćĺï ňěåăŋĺğňă Ţĺččáă. İńěłâàőňăčŋĺâŋőě ŕőńě, ěáâěáâćěŋŋő, őáâăěâáï ŕàĺ íâőň ąěğňăááőćëň. Ć çăáâĺ, łăáăîéěľáï áăňĺå łăńĺąàőćőçŋëå ŕőńěľ, âăłăï ňőďěńì őŕĺáăŋă ć ŕàěďëďãéěň àăğďěńě. Ŋő ŋãęŋő ěéě ćłńîçĺâì ć âěőàĺî ńěŕâőŋë | íńěłâàőŋ ĺ ŋěľâàĺŋő^7, łőâőàëě ĺáåőďŋő âăłęě ąãďěň ŕàěďŕőńăčăâì ąěğňăááőćëňĺ. Ňěåăŋĺğň Ţĺččáă (áŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ) ďőńęŋő őąěáŕěçĺâì ćőğŋĺłŋőćěŋĺě ňăááë ã íńěłâàőŋă, ŋő ŋě ã ŋěľâàĺŋő^8.

Ŋăçŋěň áő áŕĺŋőàŋëå ŕőńěľ. Ńăčàăŋęĺăŋ Ďĺàăłă:

L = i —ψγ^μ∂_μψ − m —ψψ (12.90)

ŕàĺ m = 0 ŕàěćàăéăěâáï ŕàőáâő ć i —ψγ^μ∂_μψ. Ććěďěň, łăł őąëçŋő, ďńï ąěğňăááőćëå äěàňĺőŋőć:

ψ_L = 1 2 (1 − γ^5)ψ , ψ_R = 1 2 (1 + γ^5)ψ , ψ = ψ_L + ψ_R , (12.91)

čďě γ^5 = −iγ^0γ^1γ^2γ^3. Šőčďă

i —ψγ^μ∂_μψ = i —ψ_Rγ^μ∂_μψ_R + i —ψ_Lγ^μ∂_μψ_L , (12.92)

ŕőáłőńìłã γ^5 ăŋâĺłőňňãâĺàãěâ á γ^μ. İńěłâàőŋ (ňîőŋ ĺ τ -ńěŕâőŋ) őąńăďăîâ łăł L, âăł ĺ R łőňŕőŋěŋâăňĺ, őďŋăłő áőčńăáŋő ďćãåłőňŕőŋěŋâŋőľ âěőàĺĺ ŋěľâàĺŋő ν_e (ν_μ, ν_τ ) őąńăďăîâ âőńìłő L-łőňŕőŋěŋâăňĺ. Šőčďă ĺáåőďŋëľ ńăčàăŋęĺăŋ ńěŕâőŋőć ňőęŋő ğăŕĺáăâì ć ćĺďě:

L = i—e_Rγ^μ∂_μe_R + i—e_Lγ^μ∂_μe_L + i—ν_eγ^μ∂_μν_e + (e → μ) + (e → τ ) , (12.93)

7Ŕőáńěďãîéĺě ŕőłőńěŋĺï ńěŕâőŋőć őŕĺáëćăîâáï âőçŋő âăłęě. 8Ğďěáì ňë ŕàěŋěąàěčăěň ćőğňőęŋëň ŋăńĺçĺěň ã ŋěľâàĺŋő ňăńőľ ňăááë ŕőłőï.

310 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

čďě äěàňĺőŋŋëě ŕőńï őąőğŋăçěŋë áĺňćőńăňĺ áőőâćěâáâćãîéĺå çăáâĺæ. Ćłńăď ćëáèĺå ŕőłőńěŋĺľ ć ďăńìŋěľèěň ŋě ćëŕĺáëćăěň.

Ŕàěőąàăğőćăŋĺï łăńĺąàőćőçŋőľ čàãŕŕë ďőńęŋë ğăâàăčĺćăâì çăáâĺæë á őďĺŋăłőćëňĺ ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋëňĺ áćőľáâćăňĺ, â.ě. ěďĺŋáâćěŋŋăï ćőğňőęŋőáâì áőáâőĺâ ć âőň, çâőąë ŕěàěňěèĺćăâì e_L ĺ ν_e. Ććěďěň âőčďă ĺğőáŕĺŋőà:

ψ_L = ( ν_e e_L ) (12.94)

ĺ ŕàĺŕĺèěň íâőňã ďãąńěâã ŋěăąěńěć ğăàïď (\áńăąëľ" ĺğőáŕĺŋ) I_W = 1/2, áőőâćěâáâćěŋŋő ďćãň łőňŕőŋěŋâăň. Ŋěľâàĺŋő ν_e áőőâćěâáâćãěâ âàěâìï łőňŕőŋěŋâă I^3_W = +1/2, ă \íńěłâàőŋã" e_L áőőâćěâáâćãěâ I^3_W = −1/2. Őáâăěâáï ěéě

ψ_R = e_R , (12.95)

łőâőàëľ áçĺâăěâáï ĺğőáĺŋčńěâőň: I_W = 0. Ĺňěěň âőčďă ńăčàăŋęĺăŋ:

L = i —ψ_Rγ^μ ∂_μψ_R + i —ψ_Lγ^μ∂_μψ_L , (12.96)

łőâőàëľ ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ ĺğőčàãŕŕë SU (2):

ψ_L → e^{− i2 ⃗τ ⃗α}ψ_L , ψ_R → ψ_R (12.97)

ĺńĺ ŕőďàőąŋěě: ν_e e_L e_R → ( e^{−i ⃗τ2 ⃗α} 0 0 1 ) ν_e e_L e_R . (12.98)

İńěłâàĺçěáłĺľ ğăàïď Q ĺ âàěâìï łőňŕőŋěŋâă áńăąőčő ĺğőáŕĺŋă I^3_W ďńï ńěćëå ĺ ŕàăćëå ŕőńěľ áćïğăŋë áńěďãîéĺňĺ őçěćĺďŋëňĺ áőőâŋőèěŋĺïňĺ:

L : Q = I^3_W − 1 2 ; R : Q = I^3_W − 1 . (12.99)

Ěáńĺ áďěńăâì íâã áĺňňěâàĺî ńőłăńìŋőľ łăńĺąàőćőçŋőľ áĺňňěâàĺěľ, â.ě. áçĺâăâì, çâő ⃗α = ⃗α(x), ćőğŋĺłŋãâ, łăł ňë ćĺďěńĺ, âàĺ ąěğňăááőćëå łăńĺąàőćőçŋëå ïŋčňĺńńáőćáłĺå ŕőńï. Ŋő äőâőŋ ŋě ąãďěâ ćåőďĺâì ć ĺå çĺáńő, ŕőáłőńìłã ŕàăćëľ íńěłâàőŋ e_R, ïćńïîéĺľáï ĺğőáĺŋčńěâőň, ŋě ąãďěâ ćğăĺňőďěľáâćőćăâì á íâĺňĺ ŕőńïňĺ, âőčďă łăł á äőâőŋőň őŋ, ěáâěáâćěŋŋő, ďőńęěŋ ćğăĺňőďěľáâćőćăâì. Šãâ ňőęŋő ćőáŕőńìğőćăâìáï âěň őąáâőïâěńìáâćőň, çâő SU (2) ŋě ïćńïěâáï ňăłáĺňăńìŋőľ áĺňňěâàĺěľ àăááňăâàĺćăěňőčő ńăčàăŋęĺăŋă. Ŋă áăňőň ďěńě ňőęŋő ěéě ŕőďćěàčŋãâì e_R ŕàőáâőňã ŕàěőąàăğőćăŋĺî U (1):

e_R → e^{iβ} e_R . (12.100)

Ŋő íâő ňőęěâ ąëâì âőńìłő őąéěě ŕàěőąàăğőćăŋĺě ďńï ćáěå ŕőńěľ. Ĺŋëňĺ áńőćăňĺ ν_e ĺ e_L âăłęě ďőńęŋë ŕàĺőąàěáâĺ őďĺŋăłőćëľ äăğőćëľ ňŋőęĺâěńì. Ŕàĺ íâőň äăğă ďńï ŋĺå ŋě őąïğăŋă áőćŕăďăâì á äăğőľ ďńï R-ńěŕâőŋă. Šăłĺň őąàăğőň ňőęŋő ğăŕĺáăâì: ν_e e_L e_R → e^{inβ} 0 0 0 e^{inβ} 0 0 0 e^{iβ} ν_e e_L e_R . (12.101)

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 311

čďě n | ŋěłőâőàőě çĺáńő, łőâőàőě ěéě ŋãęŋő őŕàěďěńĺâì. İâă U (1)-áĺňňěâàĺï ŕàĺćőďĺâ ł áãéěáâćőćăŋĺî ŋěłőâőàőčő áőåàăŋïîéěčőáï ğăàïďă, ŕàĺçěň e_R őąńăďăěâ őďŋĺň ğŋăçěŋĺěň íâőčő ğăàïďă, ă ν_e ĺ e_L | ďàãčĺň. Őçěćĺďŋő, çâő íâő ŋě íńěłâàĺçěáłĺľ ğăàïď Q, ŕőáłőńìłã ν_e ĺ e_L őąńăďăîâ àăğńĺçŋëňĺ ğăàïďăňĺ Q. Śőőâćěâáâćěŋŋő, łăńĺąàőćőçŋőě ŕőńě, őâćěçăîéěě íâőľ U (1) áĺňňěâàĺĺ, íâő ćőćáě ŋě íńěłâàőňăčŋĺâŋőě ŕőńě. Ćăľŋąěàč ŕàěďńőęĺń áçĺâăâì, çâő íâă áĺňňěâàĺï áőőâćěâáâćěâ áőåàăŋěŋĺî \áńăąőčő čĺŕěàğăàïďă" Y_W , őŕàěďěńïěňőčő áőőâŋőèěŋĺěň^9:

Q = I^3_W + Y_W 2 . (12.102)

Śàăćŋĺćăï íâő ćëàăęěŋĺě á (12.99) ćĺďĺň, çâő ďńï ńěćëå ĺ ŕàăćëå ńěŕâőŋőć ŋãęŋő ććěáâĺ:

L : Y_W = −1 ; R : Y_W = −2 . (12.103)

Ŕőíâőňã ć (12.101) ŋãęŋő ŕőńőęĺâì n = 1/2, âăł çâő łőŋáâăŋâă ćğăĺňőďěľáâćĺï á čĺŕěàğăàïďőćëň łăńĺąàőćőçŋëň ŕőńěň ďńï ńěćëå ŕőńěľ ć ďćă àăğă ňěŋìèě áőőâćěâáâćãîéěľ łőŋáâăŋâë ďńï ŕàăćëå ŕőńěľ. Ć àěğãńìâăâě, ŕàěőąàăğőćăŋĺě čàãŕŕë U (1) ŕàĺőąàěâăěâ őłőŋçăâěńìŋëľ ćĺď: ν_e e_L e_R → e^{iβ/2} 0 0 0 e^{iβ/2} 0 0 0 e^{iβ} ν_e e_L e_R . (12.104)

Šăłĺň őąàăğőň, ńăčàăŋęĺăŋ (12.93), (12.96) ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő ŕàïňőčő ŕàőĺğćěďěŋĺï čàãŕŕ SU (2) ⊗ U (1). Šěőàĺî §ŋčă { Ňĺńńáă á âăłőľ áĺňňěâàĺěľ ňë ãęě àăááňőâàěńĺ ć ŕàěďëďãéěň àăğďěńě. Ŕàĺ íâőň ňë ććěńĺ çěâëàě łăńĺąàőćőçŋëå ŕőńï: ĺğőâàĺŕńěâ ŕőńěľ ⃗A_μ ĺ ĺğőáĺŋčńěâ B_μ, ďńï ŋĺå Y_W = 0.

Ńěŕâőŋŋëě ŕőńï ψ_L ĺ ψ_R ćğăĺňőďěľáâćãîâ á ŕőńïňĺ ⃗A_μ, B_μ ĺ åĺččáőćáłĺň ŕőńěň ϕ. Řăááňőâàĺň áŋăçăńă ŕőďàőąŋěľ íâő ŕőáńěďŋěě ćğăĺňőďěľáâćĺě. Śőőâćěâáâćãîéĺľ ćłńăď ć ńăčàăŋęĺăŋ ğăŕĺèěň ć ćĺďě ăŋăńőčĺçŋőň (12.12), ãęě őąáãęďăćèěňáï ćëèě ć áćïğĺ á ňěåăŋĺğňőň čěŋěàăæĺĺ ňăááë äěàňĺőŋőć:

L_M = − √ 2a( —ψ_Lψ_Rϕ + —ψ_Rψ_Lϕ^∗) , (12.105)

čďě a | ąěğàăğňěàŋăï łőŋáâăŋâă áőőâćěâáâćãîéěčő (ŕěàěŋőàňĺàãěňőčő!) ćğăĺňőďěľáâćĺï. Ţĺččáőćáłőě ŕőńě ğăŕĺèěň ć ćĺďě ĺğőáŕĺŋőàă: ϕ = ( φ^+ φ^0 ) , ϕ^∗ = (φ^−, φ^{0∗}) , (12.106)

łőňŕőŋěŋâë łőâőàőčő áőőâćěâáâćãîâ ŕàőěłæĺïň áńăąőčő ĺğőáŕĺŋă I^3_W = ±1/2. Ĺğ (12.102) ćĺďŋő, çâő őŋő őąńăďăěâ áńěďãîéĺňĺ łćăŋâőćëňĺ çĺáńăňĺ:

I_W = 1/2 , Y_W = 1 . (12.107)

Őąă ŕőńï φ^+ ĺ φ^0 ïćńïîâáï łőňŕńěłáŋëňĺ, âăł çâő ňőęŋő ğăŕĺáăâì: ϕ = ( φ^+ φ^0 ) = (_{1√} 2 (φ_3 + iφ_4) 1√ 2 (φ_1 + iφ_2) ) , (12.108)

9İâő ćëàăęěŋĺě ğăŕĺáăŋő ŕő ăŋăńőčĺĺ á äőàňãńőľ Čěńń-Ňăŋŋă { Ŋĺèĺďęĺňë ďńï čĺŕěàğăàïďă âěőàĺĺ ăďàőŋőć [27]

312 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

čďě φ_1, ..., φ_4 { ďěľáâćĺâěńìŋëě ŕőńï.

Łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï, őŕĺáëćăîéăï ćğăĺňőďěľáâćĺě åĺččáőćáłőčő ŕőńï á łăńĺąàőćőçŋëňĺ ŕőńïňĺ ĺňěěâ ćĺď:

D_μϕ = (∂_μ − i 2 g⃗τ · ⃗A_μ − i 2 fB_μ)ϕ . (12.109)

Ć ĺâőčě çăáâì ńăčàăŋęĺăŋă, áőďěàęăéăï ŕőńě ϕ, àăćŋă:

L_ϕ = (D^μϕ)^∗(D_μϕ) − μ^2ϕ^∗ϕ − λ(ϕ^∗ϕ)^4 − √ 2a( —ψ_Lψ_Rϕ + —ψ_Rψ_Lϕ^∗) . (12.110) Ŕőďàőąŋěě (ć łőňŕőŋěŋâăå) çăáâì íâőčő ńăčàăŋęĺăŋă, áőőâćěâáâćãîéăï ćğăĺňőďěľáâćĺî åĺččáőćáłőčő ŕőńï á ńěŕâőŋăňĺ, ĺňěěâ ćĺď: − √ 2a(—ν_ee_Rφ^+ + —e_Le_Rφ^0 + —e_Rν_eφ^− + —e_Re_Lφ^0) . (12.111) Ďăńěě, ĺňěěň:

ϕ^∗ϕ = (φ^+)^∗φ^+ + (φ^0)^∗φ^0 = 1 2 (φ^2_1 + φ^2 + φ^2_3 + φ^2_4) . (12.112)

Ŕàĺ μ^2 < 0 ŕàőĺáåőďĺâ ąőğě-łőŋďěŋáăæĺï åĺččáőćáłőčő ŕőńï ĺ ňĺŋĺňãňã íŋěàčĺĺ áőőâćěâáâćãěâ:

⟨0|(φ^∗φ)|0⟩ = η^2 = − μ^2 λ . (12.113) Ćëąěàěň ćăłããň âăł, çâőąë:

⟨0|φ_1|0⟩ = η , ⟨0|φ_2|0⟩ = ⟨0|φ_3|0⟩ = ⟨0|φ_4|0⟩ = 0 , (12.114) â.ě. ⟨0|ϕ|0⟩ = 1√ 2 ( 0 η ) . (12.115)

Šőčďă çńěŋ ćğăĺňőďěľáâćĺï ć ŋĺğèěň ŕőàïďłě (ŕő ćőğąãęďěŋĺïň) ĺňěěâ ćĺď:

L_M = √ 2a( —ψ_Lψ_R + —ψ_Rψ_L)ϕ = a(—e_Le_R + —e_Re_L)η = aη —ψψ , (12.116) âăł çâő á åĺččáőćáłĺň łőŋďěŋáăâőň η ćğăĺňőďěľáâćãîâ âőńìłő íńěłâàőŋë. İâő őğŋăçăěâ, çâő ňë ďőąĺńĺáì âőčő, çěčő åőâěńĺ | íńěłâàőŋ ŕàĺőąàěâăěâ ňăááã: m_e = aη , (12.117) ă ŋěľâàĺŋő őáâăěâáï ąěğňăááőćëň!

Ŕěàěľďěň âěŕěàì ł àăááňőâàěŋĺî ćğăĺňőďěľáâćĺï ńěŕâőŋőć á łăńĺąàőćőçŋëňĺ ŕőńïňĺ, łőâőàőě ãçĺâëćăěâáï ŕěàěåőďőň ł łőćăàĺăŋâŋőľ ŕàőĺğćőďŋőľ: D_μψ = ( ∂_μ − ig ⃗T · ⃗A_μ − if Y 2 B_μ ) ψ , (12.118)

čďě Y | áńăąëľ čĺŕěàğăàïď ŕőńï ψ, g ĺ f | łőŋáâăŋâë ćğăĺňőďěľáâćĺï. Ďńï ψ_L ĺňěěň ⃗T =^1_2⃗τ , Y = −1, ă ďńï ψ_R áőőâćěâáâćěŋŋő ⃗T = 0 ĺ Y = −2. Šőčďă, áćïğăŋŋăï á ćğăĺňőďěľáâćĺěň á łăńĺąàőćőçŋëňĺ ŕőńïňĺ çăáâì ńăčàăŋęĺăŋă ńěŕâőŋŋőčő ŕőńï ĺňěěâ ćĺď: L = i —ψ_Lγ^μ ( ∂_μ − ig ⃗τ 2 · ⃗A_μ + i f 2 B_μ ) ψ_L + i —ψ_Rγ^μ(∂_μ + ifB_μ )ψ_R . (12.119)

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 313

Ćåőďïéĺě áîďă łăńĺąàőćőçŋëě ŕőńï, łăł ňë ćĺďěńĺ ć (12.81), (12.82), (12.83), ňőęŋő àăğďěńĺâì ŋă âàĺ âĺŕă ŕőńěľ: ŕőńě ğăàïęěŋŋëå âïęěńëå ňěğőŋőć W_μ, ŕőńě ŋěľâàăńìŋëå âïęěńëå ňěğőŋőć Z_μ ĺ íńěłâàőňăčŋĺâŋőě ŕőńě A_μ. Ćëŕĺèěň őâďěńìŋő çăáâĺ ńăčàăŋęĺăŋă L_W , L_Z, L_A, áőőâćěâáâćãîéĺě ćğăĺňőďěľáâćĺî á íâĺňĺ ŕőńïňĺ:

L_W = g 2 —ψ_Lγ^μ(τ_1A_{1μ} + τ_2A_{2μ})ψ_L = g√ 2 γ^μ(—ν_eW_μe_L + —e_LW^∗_μ ν_e) . (12.120)

İâő ńăčàăŋęĺăŋ áńăąőčő ćğăĺňőďěľáâćĺï ńěŕâőŋőć ğă áçěâ őąňěŋă W^±-ňěğőŋăňĺ (â.ŋ. ğăàïęěŋŋëě âőłĺ). Łàőňě âőčő, ĺňěîâáï ćğăĺňőďěľáâćĺï á ŕőńïňĺ A_{μ3} ĺ B_μ, ĺğ (12.119) őŋĺ ĺňěîâ ćĺď: 1 2 —ψ_Lγ^μ(gτ_3A_{μ3} − fB_μ )ψ_L − f —ψ_Rγ^μB_μψ_R (12.121)

ĺńĺ, ĺáŕőńìğãï (12.82), (12.83), ~g 2 γ^μ[—ν_e(cos αA_{μ3} − sin αB_μ)ν_e − —e_L(cos αA_{μ3} + sin αB_μ)e_L − 2 sin α—e_RB_μe_R] , (12.122)

âăł çâő, ćëàăęăï A_{μ3} ĺ B_μ çěàěğ Z_μ ĺ A_μ áőčńăáŋő (12.82), ŕőńãçăěň:

L_Z = ~g 2 γ^μ(—ν_eZ_μν_e − cos 2α—e_LZ_μe_L + 2 sin^2 α—e_RZ_μe_R) (12.123)

| áńăąőě ćğăĺňőďěľáâćĺě ğă áçěâ őąňěŋă ŋěľâàăńìŋëňĺ Z-ąőğőŋăňĺ (â.ŋ. ŋěľâàăńìŋëě âőłĺ), ă âăłęě L_A = −g sin αγ^μ(—e_LA_μe_L + —e_RA_μe_R) (12.124)

| íńěłâàőňăčŋĺâŋőě ćğăĺňőďěľáâćĺě. Ğăňěâĺň, çâő (12.124) ěéě àăğ ŕőďâćěàęďăěâ ćëàăęěŋĺě ďńï íńěłâàĺçěáłőčő ğăàïďă (12.89). Šăłĺň őąàăğőň, àăááňăâàĺćăěňăï ňőďěńì ďăěâ ěďĺŋőě őŕĺáăŋĺě áńăąőčő ĺ íńěłâàőňăčŋĺâŋőčő ćğăĺňőďěľáâćĺï, ŕàĺ łőâőàőň ŕőńï, áőőâćěâáâćãîéĺě W^±- ĺ Z-ňěğőŋăň, ă âăłęě ĺ őąëçŋőě íńěłâàőňăčŋĺâŋőě ŕőńě ćőğŋĺłăîâ ĺğ äãŋďăňěŋâăńìŋőčő âàěąőćăŋĺï ĺŋćăàĺăŋâŋőáâĺ âěőàĺĺ őâŋőáĺâěńìŋő ńőłăńìŋëå łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ čàãŕŕë SU (2) ⊗ U (1).

Ć ŕěàćëě čőďë ŕőáńě ŕőáâàőěŋĺï ňőďěńĺ Ćăľŋąěàčă { Śăńăňă ŕàőæěááë áńăąőčő ćğăĺňőďěľáâćĺï ğă áçěâ ŋěľâàăńìŋëå âőłőć (12.123) ŋě ąëńĺ ĺğćěáâŋë, çâő àăááňăâàĺćăńőáì łăł áěàìěğŋëľ ŋěďőáâăâőł àăááňăâàĺćăěňőľ ňőďěńĺ. Ĺå őâłàëâĺě ć CERN ć 1973 čőďã ŕőáńãęĺńő ŕěàćëň áěàìěğŋëň ŕőďâćěàęďěŋĺěň ĺňěŋŋő íâőľ âěőàĺĺ íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï. Ŕàőáâěľèĺľ ŕàőæěáá áńăąőčő ćğăĺňőďěľáâćĺï | àăáŕăď ňîőŋă μ őŕĺáëćăěâáï ďĺăčàăňňőľ, ŕőłăğăŋŋőľ ŋă Řĺá. 12-3. Ěáńĺ ňăááă W -ňěğőŋă áãéěáâćěŋŋő ąőńìèě ňăááë μ, âő ěčő ŕàőŕăčăâőà ŕàőáâő ŕàőŕőàæĺőŋăńěŋ^1_m2_W , ĺ àăááňăâàĺćăěňăï ăňŕńĺâãďă ŕěàěåőďă íłćĺćăńěŋâŋă ăňŕńĺâãďě, ŕőńãçěŋŋőľ ĺğ äěŋőňěŋőńőčĺçěáłőčő (ŋěŕěàŋőàňĺàãěňőčő) çěâëàěåäěàňĺőŋŋőčő ćğăĺňőďěľáâćĺï Ťěàňĺ (10.97), (10.271), ĺ ĺňěěâ ćĺď:

g^2 2m^2_W

(—e_Lγ_αν_e)(—ν_μγ^αμ) . (12.125)

Śàăćŋĺćăï á (10.271), ŕőńãçăěň áńěďãîéěě ćëàăęěŋĺě ďńï łőŋáâăŋâë ćğăĺňőďěľáâćĺï Ťěàňĺ: G √ 2 = g^2 8m^2_W

. (12.126)

314 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Řĺá. 12-3

Ćěńĺçĺŋă G åőàőèő ĺğćěáâŋă ĺğ íłáŕěàĺňěŋâă ĺ ďăěâáï (10.274). Ćĺďĺň, çâő ěě ňăńăï ćěńĺçĺŋă (\áńăąőáâì" áńăąőčő ćğăĺňőďěľáâćĺï), äăłâĺçěáłĺ, áćïğăŋă á ŋăńĺçĺěň ć ğŋăňěŋăâěńě (12.125) ąőńìèőľ ňăááë ŕàőňěęãâőçŋőčő ąőğőŋă, ă ŋă áăňőň ďěńě, äãŋďăňěŋâăńìŋőľ łőŋáâăŋâőľ ćğăĺňőďěľáâćĺï ïćńïěâáï g ∼ e ! Ĺáŕőńìğãï (12.89)) ĺ íłáŕěàĺňěŋâăńìŋő ĺğćěáâŋëě ğŋăçěŋĺï e ĺ G, ňőęŋő, á ŕőňőéìî (12.85) ĺ (12.126) ŋăľâĺ áńěďãîéĺě őæěŋłĺ ňăáá ŕàőňěęãâőçŋëå ąőğőŋőć:

m_W = e 2^{5/4}G^{1/2} sin α = 37 GeV sin α

, m_Z = m_W cos α = 74 GeV sin 2α

, (12.127)

âăł çâő m_W > 37 GeV ĺ m_Z > 74 GeV. Ĺáŕőńìğãï (12.85) ĺ (12.127) ňőęěň ŋăŕĺáăâì: η = m_W g = 37 GeV e = 122 GeV . (12.128)

Šőčďă ĺğ (12.117) ĺňěěň: a = m_e η ≈ 5 · 10^{−6} , (12.129)

âăł çâő łőŋáâăŋâă ćğăĺňőďěľáâćĺï ńěŕâőŋőć á åĺččáőćáłĺň ŕőńěň őçěŋì ňăńă.

İłáŕěàĺňěŋâăńìŋőě ĺááńěďőćăŋĺě ŕàőæěááőć áńăąőčő ćğăĺňőďěľáâćĺï ŕőáàěďáâćőň ŋěľâàăńìŋëå âőłőć ďăńő, ł ŋăçăńã 80-å čőďőć, áńěďãîéãî őæěŋłã \ãčńă" α: sin α ≈ 0.47 . (12.130)

Šőčďă ĺğ (12.127) ĺňěěň:

m_W ≈ 78.6 GeV , m_Z ≈ 89.3 GeV . (12.131)

Šàĺãňäőň âěőàĺĺ áâăńő őâłàëâĺě ć 1983 čőďã W^±- ĺ Z-ąőğőŋőć ć ŕàïňëå íłáŕěàĺňěŋâăå ć CERN á ňăááăňĺ m_W ≈ 80 GeV, m_Z ≈ 92 GeV. Ś âěå ŕőà âěőàĺï íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï ŕőńãçĺńă ňŋőęěáâćő íłáŕěàĺňěŋâăńìŋëå ŕőďâćěàęďěŋĺľ ĺ ïćńïěâáï áěľçăá őąéěŕàĺğŋăŋŋőľ áåěňőľ ĺå őŕĺáăŋĺï.

Őáŋőćŋőľ ŋěàěèěŋŋőľ ŕàőąńěňőľ, ć ŋăáâőïéěě ćàěňï, ïćńïěâáï őâáãâáâćĺě ŕàïňőčő íłáŕěàĺňěŋâăńìŋőčő ŕőďâćěàęďěŋĺï áãéěáâćőćăŋĺï åĺččáőćáłĺå çăáâĺæ. Ł áőęăńěŋĺî, ňőďěńì Ćăľŋąěàčă { Śăńăňă ŕàăłâĺçěáłĺ ŋě ŕőğćőńïěâ ďăâì ŋăďěęŋãî őæěŋłã ĺå ňăááë. Łăł ãęě őâňěçăńőáì ć Čńăćě 1, őáěŋìî 2000 čőďă ć CERN ąëńĺ ŕőńãçěŋë ďőćőńìŋő ãąěďĺâěńìŋëě ďăŋŋëě ő áãéěáâćőćăŋĺĺ åĺččáőćáłĺå çăáâĺæ á

ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ 315

ňăááőľ ŕőàïďłă 115 GeV. Ŕőďâćěàęďěŋĺě íâőčő àěğãńìâăâă áëčàăńő ąë àěèăîéãî àőńì ć ğăćěàèěŋĺĺ íłáŕěàĺňěŋâăńìŋőľ ŕàőćěàłĺ \áâăŋďăàâŋőľ ňőďěńĺ"^{10}.

Śâăŋďăàâŋăï ňőďěńì.

\Śâăŋďăàâŋăï ňőďěńì" íńěňěŋâăàŋëå çăáâĺæ ŕàěďáâăćńïěâ áőąőľ áőěďĺŋěŋĺě âěőàĺĺ íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï Ćăľŋąěàčă { Śăńăňă ĺ ãęě ąěčńő őąáãęďăćèěľáï ćëèě łćăŋâőćőľ åàőňőďĺŋăňĺłĺ. Ŕőńŋăï łăńĺąàőćőçŋăï áĺňňěâàĺï âěőàĺĺ őŕàěďěńïěâáï ŕàïňëň ŕàőĺğćěďěŋĺěň čàãŕŕ æćěâőćőľ áĺňňěâàĺĺ, áńăąőčő ĺğőáŕĺŋă ĺ áńăąőčő čĺŕěàğăàïďă: SU (3) ⊗ SU (2) ⊗ U (1). Ěáńĺ őčàăŋĺçĺâìáï ŋăĺąőńěě ćăęŋëň ŕěàćëň ŕőłőńěŋĺěň äěàňĺőŋőć, âő äěàňĺőŋŋëľ áěłâőà ňőďěńĺ őŕàěďěńïěâáï: L = ( ν_e e ) L , e_R, Q_L = ( u_α d_α ) L , u_{Rα} , d_{Rα} , (12.132)

čďě u ĺ d őąőğŋăçăîâ áőőâćěâáâćãîéĺě łćăàłĺ (α | ĺŋďěłá æćěâă). Łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï, őŕàěďěńïîéăï ćğăĺňőďěľáâćĺě äěàňĺőŋőć á ŕőńïňĺ §ŋčă { Ňĺńńáă, ĺňěěâ ćĺď:

D_μ = ∂_μ − ig_1 Y 2 B_μ − ig_2 τ^i 2 W^i_μ − ig_3 λ^a 2 G^a_μ , (12.133)

čďě λ^a | čěŋěàăâőàë æćěâőćőľ čàãŕŕë SU (3) (áň. Čńăćã 2), ă G^a_μ | ćěłâőàŋëě ŕőńï čńîőŋőć. Ţĺččáőćáłăï çăáâì âěőàĺĺ őŕĺáăŋă ćëèě. Čńîőŋë őáâăîâáï ąěğňăááőćëňĺ, ŋő őŋĺ ŋě ŋăąńîďăîâáï ć áćőąőďŋőň áőáâőïŋĺĺ ĺğ-ğă ïćńěŋĺï łőŋäăľŋňěŋâă, çâő ěéě ąãďěâ őąáãęďăâìáï ŋĺęě. Łăł ãęě őâňěçăńőáì, âăłőľ âěőàĺĺ ďőáâăâőçŋő ďńï őŕĺáăŋĺï ćáěčő őłàãęăîéěčő ŋăá ňĺàă. Ŋă áěčőďŋïèŋĺľ ďěŋì ćáě ěě ŕàěďáłăğăŋĺï áőčńăáãîâáï á ĺňěîéĺňĺáï íłáŕěàĺňěŋâăňĺ^{11}. Ŕőŕëâłĺ àěăńìŋőčő őąêěďĺŋěŋĺï ćáěå ćğăĺňőďěľáâćĺľ ć àăňłăå ěďĺŋőľ łăńĺąàőćőçŋőľ čàãŕŕë, ćłńîçăîéěľ áĺňňěâàĺî áâăŋďăàâŋőľ ňőďěńĺ SU (3) ⊗ SU (2) ⊗ U (1) ć łăçěáâćě ŕőďčàãŕŕë ŋăğëćăîâáï âěőàĺïňĺ \ćěńĺłőčő őąêěďĺŋěŋĺï" (GUT). Ĺå ňë łàăâłő őąáãďĺň ć áńěďãîéěľ Čńăćě.

Ťăğőćëě ŕěàěåőďë ć âěőàĺĺ ŕőńï ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå.

Ć ğăłńîçěŋĺě őáâăŋőćĺňáï ěéě ŋă őďŋőň, çàěğćëçăľŋő ĺŋâěàěáŋőň, ŋăŕàăćńěŋĺĺ áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ňë ćĺďěńĺ, çâő ć őáŋőćě âěőàĺĺ íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï ńěęĺâ ïćńěŋĺě áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ ĺ ňěåăŋĺğň Ţĺččáă. Ćëèě ãęě őâňěçăńőáì, çâő íâő ïćńěŋĺě ŕàěďáâăćńïěâ áőąőľ âĺŕĺçŋëľ äăğőćëľ ŕěàěåőď, âĺŕă ŕàőĺáåőďïéěčő ć áćěàåŕàőćőďŋĺłăå. Ĺğ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ňë åőàőèő ğŋăěň, çâő ćáïłőě ŋăàãèěŋĺě áĺňňěâàĺĺ ĺáçěğăěâ ŕàĺ ďőáâăâőçŋő ćëáőłőľ âěňŕěàăâãàě T > T_c, łőčďă áĺáâěňă ŕěàěåőďĺâ ć áĺňňěâàĺçŋãî äăğã. Šăłőě ęě ïćńěŋĺě ĺňěěâ ňěáâő ĺ ć àăááňăâàĺćăěňëå ňőďěńïå łćăŋâőćőľ âěőàĺĺ ŕőńï. Ćŕěàćëě íâő ąëńő ïáŋő ŕàőďěňőŋáâàĺàőćăŋő ć àăąőâăå Łĺàęŋĺæă ĺ

10Ł áőęăńěŋĺî, àãłőćőďáâćő CERN ŕàĺŋïńő àěèěŋĺě ő ŕàěłàăéěŋĺĺ áőőâćěâáâćãîéĺå íłáŕěàĺňěŋâőć ć áćïğĺ á ŕńăŋăňĺ áâàőĺâěńìáâćă ŋőćőčő ãáłőàĺâěńï ŋă âőľ ęě ŕńőéăďłě. İâő àěèěŋĺě, őąãáńőćńěŋŋőě, ć őáŋőćŋőň, äĺŋăŋáőćëňĺ áőőąàăęěŋĺïňĺ, ŕàĺćěńő ł âőňã, çâő őłőŋçăâěńìŋăï ïáŋőáâì á ć ďăŋŋőň ćőŕàőáě ňőęěâ ćőğŋĺłŋãâì âőńìłő çěàěğ ŋěáłőńìłő ńěâ, ŕőáńě ğăćěàèěŋĺï áâàőĺâěńìáâćă ĺ ğăŕãáłă ŋőćëå íłáŕěàĺňěŋâăńìŋëå ãáâăŋőćőł ć ŚŸĂ.

11Łàăâłĺľ őąğőà íłáŕěàĺňěŋâăńìŋőčő áőáâőïŋĺï áâăŋďăàâŋőľ ňőďěńĺ ňőęŋő ŋăľâĺ ć áâăâìě: M.K. Gaillard, P.D. Grannis, F.J. Sciulli. Rev. Mod. Phys. 71, S96 (1999), ğŋăçěŋĺě íâőľ âěőàĺĺ ć \ŕőćáěďŋěćŋőľ" ęĺğŋĺ åőàőèő őŕĺáăŋő ć áâăâìě: R.N. Cahn. Rev. Mod. Phys. 68, 951 (1996).

316 ŚŔŐŊŠĂŊŊŐĚ ŊĂŘŞŸĚŊĹĚ ŚĹŇŇĚŠŘĹĹ Ĺ ŇŐĎĚŃĲ ĆĂĽŊĄĚŘČĂ-ŚĂŃĂŇĂ

Řĺá. 12-4

Ńĺŋďě [43]. Śőőâćěâáâćãîéĺľ ăŋăńĺğ ňőęŋő ŕàőćěáâĺ, ĺáŕőńìğãï áâăŋďăàâŋãî (ňăæãąăàőćáłãî) äőàňãńĺàőćłã łćăŋâőćőľ âěőàĺĺ ŕőńï ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå [13]. Ŋě ĺňěï ćőğňőęŋőáâĺ őąáãęďăâì íâĺ ĺŋâěàěáŋëě ćőŕàőáë ć àăňłăå ďăŋŋőčő łãàáă, ňë ãŕőňïŋěň âőńìłő áăňëě őáŋőćŋëě ćëćőďë.

Ćăłããňŋőě áàěďŋěě åĺččáőćáłőčő ŕőńï, ĺčàăîéěě àőńì ŕăàăňěâàă ŕőàïďłă őąàăéăěâáï ć ŋãńì ŕàĺ âěňŕěàăâãàăå T > T_c, čďě T_c ≈ √ 3|μ^2| λ ∼ η(0) ∼ 10^2 ÷ 10^3 GeV . (12.134)

Ŕàĺ T < T_c ŕăàăňěâà ŕőàïďłă ćěďěâ áěąï ąőńěě ĺńĺ ňěŋěě őąëçŋëň őąàăğőň:

η^2(T ) = |μ^2| λ − ˘(T ) , (12.135)

čďě ˘(T ), ŋěłőâőàăï ćőğàăáâăîéăï äãŋłæĺï âěňŕěàăâãàë. Ć àěğãńìâăâě ćőğŋĺłăěâ ŕőćěďěŋĺě ŕăàăňěâàă ŕőàïďłă, ŕőłăğăŋŋőě ŋă Řĺá. 12-4(ă). Ŋő ňăááë çăáâĺæ, ćőğŋĺłăîéĺě ŕàĺ áŕőŋâăŋŋőň ŋăàãèěŋĺĺ áĺňňěâàĺĺ, łăł ňë ćĺďěńĺ ćëèě, ŕàőŕőàæĺőŋăńìŋë ćăłããňŋőňã áàěďŋěňã η ŕàĺ T = 0. Śőőâćěâáâćěŋŋő, ŕàĺ àőáâě âěňŕěàăâãàë ňăááë łăńĺąàőćőçŋëå ąőğőŋőć, ńěŕâőŋőć ĺ ďàãčĺå çăáâĺæ ãňěŋìèăîâáï ĺ ŕàĺ T = T_c őąàăéăîâáï ć ŋãńì, łăł íâő ŕőłăğăŋő ŋă Řĺá. 12-4(ą). Ďăęě ŋă ãàőćŋě âăłőčő ŕàőáâěľèěčő őąáãęďěŋĺï ïáŋő, çâő ĺáçěğŋőćěŋĺě ňăáá çăáâĺæ ĺ ćőğŋĺłŋőćěŋĺě ňőéŋëå ďăńìŋőďěľáâćãîéĺå áĺń ňőęěâ ĺčàăâì őčàőňŋãî àőńì ć ğăďăçăå łőáňőńőčĺĺ, ŕőáłőńìłã ć ŕěàćëě ňčŋőćěŋĺï ŕőáńě \ąőńìèőčő ćğàëćă" âěňŕěàăâãàă Ćáěńěŋŋőľ ąëńă őçěŋì ćëáőłă. İâĺ ćëćőďë ŕőćńěłńĺ ąãàŋőě àăğćĺâĺě ŋőćëå ŕőďåőďőć ć łőáňőńőčĺĺ [43, 44]. Ăŋăńőčĺçŋëě íääěłâë ňőčãâ ĺčàăâì áãéěáâćěŋŋãî àőńì ĺ ć íłáŕěàĺňěŋâăå ŕő áâőńłŋőćěŋĺî őçěŋì âïęěńëå ïďěà, łőčďă àăğćĺćăîâáï âăłęě őçěŋì ćëáőłĺě âěňŕěàăâãàë.

Ć ŋăáâőïéěě ćàěňï ăŋăńĺğ âěňŕěàăâãàŋëå íääěłâőć ć łćăŋâőćőľ âěőàĺĺ ŕőńï ŕàěćàăâĺńáï ć ŋěőąåőďĺňãî áőáâăćńïîéãî çăáâì âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ, çâő ąőńěě, çěň çâő - ńĺąő ďàãčőě ŕőďçěàłĺćăěâ ěďĺŋáâćő łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ áőćàěňěŋŋőľ áâăâĺáâĺçěáłőľ äĺğĺłĺ.

Čńăćă 13

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řăáåőďĺňőáâĺ ć âěőàĺĺ φ^4.

Ŕőŋïâĺě ŕěàěŋőàňĺàãěňőáâĺ ĺčàăěâ ć áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï áőćěàèěŋŋő äãŋďăňěŋâăńìŋãî àőńì. Šőńìłő ŕěàěŋőàňĺàãěňëě âěőàĺĺ áçĺâăîâáï ĺňěîéĺňĺ äĺğĺçěáłĺľ áňëáń. Ňë ãęě ŕàőćěńĺ ďőáâăâőçŋő łàăâłőě őąáãęďěŋĺě ŕěàěŋőàňĺàãěňőáâĺ ŋă ŕàĺňěàě ŁİĎ ć Čńăćě 8. Śěľçăá ňë ćěàŋěňáï ł ąőńěě ŕőďàőąŋőňã őąáãęďěŋĺî.

Ć őáŋőćŋőň, ňë ąãďěň àăááňăâàĺćăâì ŕàőáâěľèãî áłăńïàŋãî âěőàĺî ŕőńï gφ^4, łőâőàăï ďőćőńìŋő ŕőďàőąŋő àăááňăâàĺćăńăáì ćëèě ć Čńăćě 10. Ňë ãęě ćáâàěçăńĺáì âăň á âĺŕĺçŋëňĺ àăáåőďĺňőáâïňĺ âĺŕă (10.126). Ŕěàěľďěň ł ąőńěě áěàìěğŋőňã ĺå ăŋăńĺğã. Ŕőńìğãïáì ŕàăćĺńăňĺ ďĺăčàăňňŋőľ âěåŋĺłĺ ćëŕĺèěň őŕïâì ŕěàćãî ŕőŕàăćłã ł áőąáâćěŋŋő-íŋěàčěâĺçěáłőľ çăáâĺ, ĺğőąàăęăěňãî čàăäĺłőň Řĺá. 13-1. Śőőâćěâáâćãîéěě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ĺňěěâ ćĺď: 1 i ˚ = −ig 1 2 ∫ d^4q (2π)^4 1 q^2 − m^2

, (13.1)

čďě ãçâěŋ äăłâőà áĺňňěâàĺĺ 1/2. Ć çĺáńĺâěńě ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï áâőĺâ

Řĺá. 13-1

318 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řĺá. 13-2

çěâćěàâăï, ă ć ğŋăňěŋăâěńě | ćâőàăï áâěŕěŋì q, áőőâćěâáâćěŋŋő ĺŋâěčàăń łćăďàăâĺçŋő àăáåőďĺâáï ŕàĺ ąőńìèĺå q (ŋă ćěàåŋěň ŕàěďěńě), ĺňěěň \ãńìâàăäĺőńěâőćãî" àăáåőďĺňőáâì. İâă ďĺăčàăňňă ∼ g.

Ďàãčăï âĺŕĺçŋăï àăáåőďĺňőáâì ćőğŋĺłăěâ ć ŕőàïďłě ∼ g^2 őâ ďĺăčàăňňë, ŕőłăğăŋŋőľ ŋă Řĺá. 13-2, čďě p_1 + p_2 = q ĺ p_1 + p_2 + p_3 + p_4 = 0. Śőőâćěâáâćãîéěě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ěáâì: − g^2 ∫ d^4p (2π)^4 1 p^2 − m^2 1 (p − q)^2 − m^2

. (13.2)

Ğďěáì ĺňěěâáï çěâćěàâăï áâěŕěŋì p, łăł ć çĺáńĺâěńě, âăł ĺ ć ğŋăňěŋăâěńě, çâő ŕàĺćőďĺâ ł ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ^1.

Ŕőáňőâàĺň łăł ňőęŋő őŕàěďěńĺâì áâěŕěŋì àăáåőďĺňőáâĺ ŕàőĺğćőńìŋőčő čàăäĺłă. Ŕőďőąŋëľ ăŋăńĺğ ãęě ŕàőćőďĺńáï ŋăňĺ ďńï ŁİĎ ć Čńăćě 8. Ŋő ğďěáì ňë ãďěńĺň ěňã ąőńìèěě ćŋĺňăŋĺě. Őçěćĺďŋő, çâő ć ŕàőĺğćőńìŋőľ ďĺăčàăňňě łăęďëľ ŕàőŕăčăâőà ďăěâ ćłńăď ć ğŋăňěŋăâěńì ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ∼ p^2 (ŕàĺ ąőńìèĺå p ňăááőľ m ňőęŋő ŕàőáâő ŕàěŋěąàěçì!), ă łăęďăï ćěàèĺŋă ďăěâ ćłńăď ć çĺáńĺâěńì ∼ p^4, ă âăłęě δ-äãŋłæĺî, ćëàăęăîéãî ğăłőŋ áőåàăŋěŋĺï ĺňŕãńìáă ć íâőľ ćěàèĺŋě. Ůĺáńő ŋěğăćĺáĺňëå ĺňŕãńìáőć, ŕő łőâőàëň ćěďěâáï ĺŋâěčàĺàőćăŋĺě, àăćŋő çĺáńã ğăňłŋãâëå ŕěâěńì ć ďĺăčàăňňě. Ć àăááňőâàěŋŋëå ŕàĺňěàăå íâő çĺáńő àăćŋő 1 (őďŋőŕěâńěćëě ďĺăčàăňňë). Řăááňőâàĺň ďĺăčàăňňã ŕőàïďłă ∼ g^n, â.ě. á n ćěàèĺŋăňĺ. Ŕãáâì ã ŋěě ĺňěěâáï E ćŋěèŋĺå ńĺŋĺľ, I ćŋãâàěŋŋĺå ĺ L ŕěâěńì. Ďńï őąéŋőáâĺ àăááňőâàĺň ŕàőáâàăŋáâćő-ćàěňï á àăğňěàŋőáâìî d | ć íâőň áńãçăě ćěàèĺŋë ďăîâ ćłńăď ć çĺáńĺâěńì, àăćŋëľ p^d. Őŕàěďěńĺň ãáńőćŋãî áâěŕěŋì àăáåőďĺňőáâĺ D ďăŋŋőľ ďĺăčàăňňë łăł:

D = dL − 2I . (13.3)

Ďńï àăááňőâàěŋŋëå ćëèě ďĺăčàăňň ĺňěěň, łăł ãęě őâňěçěŋő, D = 2 ĺ D = 0. Ňőęŋő âěŕěàì ćëàăğĺâì D çěàěğ E ĺ n, ĺáłńîçĺć I ĺ L. Ć áăňőň ďěńě, ĺňěěâáï ćáěčő I ćŋãâàěŋŋĺå ĺňŕãńìáőć. Ć łăęďőľ ĺğ n ćěàèĺŋ áőåàăŋïěâáï ĺňŕãńìá, őďŋăłő ĺňěěâáï ěéě ĺ ŕőńŋëľ ğăłőŋ áőåàăŋěŋĺï ĺňŕãńìáă ć ŕàőæěááě àăááěïŋĺï, őŕĺáëćăěňőčő ďăŋŋőľ ďĺăčàăňňőľ (ĺňŕãńìáë ćŋěèŋĺå ńĺŋĺľ äĺłáĺàőćăŋë). Ć àěğãńìâăâě ĺňěěâáï ćáěčő n − 1 áőőâŋőèěŋĺľ ňěęďã ĺňŕãńìáăňĺ (ŕő łőâőàëň ćěďěâáï ĺŋâěčàĺàőćăŋĺě). Šăłĺň őąàăğőň őáâăěâáï ćáěčő I − n + 1 ŋěğăćĺáĺňëå ĺňŕãńìáőć ĺŋâěčàĺàőćăŋĺï. Ŋő íâő çĺáńő àăćŋő L:

L = I − n + 1 . (13.4)

Ć âěőàĺĺ φ^4 ć łăęďãî ćěàèĺŋã ćåőďĺâ çěâëàě ńĺŋĺĺ, âăł çâő ćáěčő ĺňěěâáï 4n ńĺŋĺľ, çăáâì ĺå ŋĺå ćŋãâàěŋŋĺě, ă çăáâì | ćŋěèŋĺě. Ŕàĺ ŕőďáçěâě çĺáńă ńĺŋĺľ

1Ťăłâĺçěáłĺ, ňë ãęě ďőćőńìŋő ŕőďàőąŋő àăááňăâàĺćăńĺ âăłĺě ďĺăčàăňňë ŕàĺ őąáãęďěŋĺĺ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě, čďě ŕàőąńěňă àăáåőďĺňőáâĺ àěèăńăáì ććěďěŋĺěň ěáâěáâćěŋŋőčő ŕăàăňěâàă őąàěğăŋĺï ~, ŕőàïďłă őąàăâŋőľ ŕőáâőïŋŋőľ àěèěâłĺ.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 319

ćŋãâàěŋŋĺě ńĺŋĺĺ ãçĺâëćăîâáï ďćăęďë, ŕőáłőńìłã őŋĺ áćïğëćăîâ ďćě ćěàèĺŋë. Šőčďă ĺňěěň:

4n = E + 2I . (13.5)

Ĺğ (13.3), (13.4), (13.5) ŋěňěďńěŋŋő ŕőńãçăěň: D = d − ( d 2 − 1 ) E + n(d − 4) . (13.6)

Ć çăáâŋőáâĺ, ďńï d = 4 ĺňěěň:

D = 4 − E , (13.7)

őâłãďă, ć çăáâŋőáâĺ, ŕőńãçăîâáï ŕàăćĺńìŋëě àěğãńìâăâë ďńï àăááňőâàěŋŋëå ćëèě ŕàőáâěľèĺå ďĺăčàăňň. Ĺğ (13.7) ćĺďŋő, çâő áâěŕěŋì àăáåőďĺňőáâĺ ãňěŋìèăěâáï á àőáâőň çĺáńă ćŋěèŋĺå ńĺŋĺľ (ĺ ğăćĺáĺâ âőńìłő őâ ŋěčő!)^2.

Ćěàŋěňáï, őďŋăłő, ł őąáãęďěŋĺî őąéěľ äőàňãńë (13.6) ĺ àăááňőâàĺň ŕőáńěďŋěě áńăčăěňőě ć íâőň ćëàăęěŋĺĺ. Ěáńĺ łőíääĺæĺěŋâ ŕàĺ n ąőńìèě ŋãńï, âő áĺâãăæĺï ąěğŋăďěęŋă | áâěŕěŋì àăáåőďĺňőáâĺ D àăáâěâ á àőáâőň n, âăł çâő ŕőńŋăï âěőàĺï, ŕàőáãňňĺàőćăŋŋăï ŕő ćáěň n ąãďěâ áőďěàęăâì ąěáłőŋěçŋőě çĺáńő çńěŋőć, łăęďëľ ĺğ łőâőàëå áőďěàęĺâ àăáåőďĺňőáâì ąőńěě ćëáőłőľ áâěŕěŋĺ, çěň ŕàěďëďãéĺľ. İâő őğŋăçăěâ ŋěŕěàěŋőàňĺàãěňőáâì âěőàĺĺ. Ć âěőàĺĺ φ^4 ŕàĺ d = 4 áâěŕěŋì àăáåőďĺňőáâĺ ğăćĺáĺâ âőńìłő őâ E ĺ ŋě ğăćĺáĺâ őâ ŕőàïďłă âěőàĺĺ ćőğňãéěŋĺľ, âăł çâő ňë ĺňěěň łőŋěçŋőě çĺáńő âĺŕőć àăáåőďĺňőáâěľ ĺ ňőęŋő ŋăďěïâìáï, çâő áőőâćěâáâćãîéĺě ąěáłőŋěçŋëě ćłńăďë ňőęŋő ĺáłńîçĺâì á ŕőňőéìî łőŋěçŋőčő çĺáńă (ąěáłőŋěçŋëå) ŕěàěŋőàňĺàőćőł áőőâćěâáâćãîéĺå äĺğĺçěáłĺå ćěńĺçĺŋ (ŕěàěŋőàňĺàãěňăï âěőàĺï). Łőŋěçŋőě çĺáńő âĺŕőć àăáåőďĺňőáâěľ | ŋěőąåőďĺňőě ãáńőćĺě ŕěàěŋőàňĺàãěňőáâĺ.

Ŕőńěğŋő àăááňőâàěâì ăŋăńőčĺçŋëě äőàňãńë ďńï áńãçăï âěőàĺĺ á ćğăĺňőďěľáâćĺěň φ^r. Śőőâŋőèěŋĺï (13.3) ĺ (13.4) âőčďă ŋě ňěŋïîâáï, ă àăćěŋáâćő (13.5) ŕěàěåőďĺâ ć:

rn = E + 2I , (13.8)

âăł çâő (13.6) ŕěàěŕĺáëćăěâáï ć ćĺďě: D = d − ( d 2 − 1 ) E + n [ r 2 (d − 2) − d ] . (13.9)

Őâáîďă ďńï d = 4 ĺňěěň:

D = 4 − E + n(r − 4) . (13.10)

Ďńï âěőàĺĺ φ^6 ĺňěěň D = 4 − E + 2n | őŋă ŋěŕěàěŋőàňĺàãěňă. Ś ďàãčőľ áâőàőŋë, ďńï âěőàĺĺ φ^3 ĺňěěň D = 4 − E − n | áâěŕěŋì àăáåőďĺňőáâĺ D ãąëćăěâ á àőáâőň n, âăł çâő ŕàĺ ğăďăŋŋőň E áãéěáâćãěâ âőńìłő łőŋěçŋőě çĺáńő àăáåőďïéĺåáï ďĺăčàăňň | áãŕěàŕěàěŋőàňĺàãěňăï âěőàĺï^3. Őâňěâĺň, çâő ďńï d = 2 ĺňěěň D = 2 − 2n ĺ ŋě ğăćĺáĺâ őâ r.

Ćěàŋěňáï, őďŋăłő, ł (13.7) ĺ őąáãďĺň ćőŕàőá ő áåőďĺňőáâĺ ĺńĺ àăáåőďĺňőáâĺ čàăäĺłőć á E > 4. Ć âěőàĺĺ φ^4 çĺáńő E ćáěčďă çěâŋő. Řăááňőâàĺň, ďńï ŕàĺňěàă, čàăäĺłĺ, ŕőłăğăŋŋëě ŋă Řĺá. 13-3. Ğďěáì E = 6, âăł çâő ŕő łàĺâěàĺî (13.7) őŋĺ ďőńęŋë, ćàőďě ąë, áåőďĺâìáï. İâő ćěàŋő ďńï čàăäĺłă Řĺá. 13-3(ă), ŋő ğăćěďőňő ŋěćěàŋő ďńï

2Ňőęěâ ŕőłăğăâìáï, çâő ćőőąéě ćáě ďĺăčàăňňë á çĺáńőň ćŋěèŋĺå łőŋæőć, ąőńìèĺň 4, áåőďïâáï. Ŋăŕàĺňěà, ďńï E = 6 ĺňěěň D = −2. İâő, łăł ňë ãćĺďĺň, ŋěćěàŋő.

3İâă âěőàĺï, őďŋăłő, ŋěåőàőèă, ŕőáłőńìłã ć ŋěľ őâáãâáâćãěâ ãáâőľçĺćőě őáŋőćŋőě áőáâőïŋĺě.

320 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řĺá. 13-3

(ą) ĺ (ć), ŕőáłőńìłã őŋĺ áőďěàęăâ \áłàëâëě" àăáåőďĺňőáâĺ őâ ãęě àăááňőâàěŋŋëå ŋăňĺ ŕěâěńì. Ĺňěŋŋő ŕőíâőňã ňë ĺ ŋăğćăńĺ D ãáńőćŋőľ áâěŕěŋìî àăáåőďĺňőáâĺ. Śãéěáâćěŋŋő, çâő áŕàăćěďńĺćő őąàăâŋőě ãâćěàęďěŋĺě: ďĺăčàăňňă Ťěľŋňăŋă áåőďĺâáï, ěáńĺ ěě áâěŕěŋì àăáåőďĺňőáâĺ D, ă âăłęě áâěŕěŋĺ àăáåőďĺňőáâĺ ćáěå ěě ŕőďčàăäőć őâàĺæăâěńìŋë (âěőàěňă Ćăľŋąěàčă).

Ďćě àăááňőâàěŋŋëě ćëèě àăáåőďïéĺěáï ďĺăčàăňňë Řĺá. 13-1 ĺ Řĺá. 13-2, ŋăğëćăîâáï ŕàĺňĺâĺćŋő àăáåőďïéĺňĺáï ďĺăčàăňňăňĺ. Ĺňĺ ĺáçěàŕëćăîâáï ćáě ŕàĺňĺâĺćŋő àăáåőďïéĺěáï ďĺăčàăňňë âěőàĺĺ φ^4 (âĺŕë àăáåőďĺňőáâěľ).

Ăŋăńĺğ àăğňěàŋőáâěľ.

Ŕàőćěďěň ăŋăńĺğ àăğňěàŋőáâěľ ć d-ňěàŋőň ŕàőáâàăŋáâćě. Ďěľáâćĺě S = ∫ d^dxL ąěğàăğňěàŋő. Őâáîďă ńěčłő ŋăåőďĺň:

[L] = L^{−d} , [L] = ~^d , (13.11)

čďě L | ďńĺŋă, ă ~ | ĺňŕãńìá. Ĺğ çńěŋă ∼ ∂_μφ∂^μφ ć L, á ãçěâőň [∂_μ] = L^{−1}, ĺňěěň:

[φ] = L^{1− d2} = ~^{d2 −1} . (13.12)

Řăááňőâàĺň ćğăĺňőďěľáâćĺě gφ^r. Ěáńĺ ććěáâĺ àăğňěàŋőáâì łőŋáâăŋâë áćïğĺ łăł [g] = L^{−δ} = ~^δ , âő, őçěćĺďŋő, ĺňěěň −δ + r ( 1 −^d_2 ) = −d, âăł çâő íâă àăğňěàŋőáâì àăćŋă: δ = d + r − rd 2 . (13.13)

Ŕőíâőňã àăğňěàŋőáâì łőŋáâăŋâë áćïğĺ ć àăğŋëå âěőàĺïå ěáâì:

gφ^4 : δ = 4 − d , [g] = ~^{4−d} , δ ≥ 0 ďńï d ≤ 4 ,

gφ^3 : δ = 3 −^d_2 , [g] = ~^{3− d2} , δ ≥ 0 ďńï d ≤ 6 ,

gφ^6 : δ = 6 − 2d , [g] = ~^{6−2d} , δ ≥ 0 ďńï d ≤ 3 .

(13.14)

Ĺáłńîçăï r ĺğ àăćěŋáâć (13.9), (13.13), ŕőńãçăěň: D = d − ( d 2 − 1 ) E − nδ . (13.15)

Ć çăáâŋőáâĺ, ďńï d = 4 ĺňěěň D = 4 − E − nδ. Őâáîďă ïáŋő, çâő ŋěőąåőďĺňëň ãáńőćĺěň ŕěàěŋőàňĺàãěňőáâĺ âěőàĺĺ ïćńïěâáï ãáńőćĺě δ ≥ 0. Ćëèě, ďńï ŕàőáâőâë, ňë ćáě ćàěňï čőćőàĺńĺ ő ąěğàăğňěàŋőáâĺ łőŋáâăŋâë áćïğĺ (δ = 0), łăł ő ŋěőąåőďĺňőň ãáńőćĺĺ ŕěàěŋőàňĺàãěňőáâĺ. Ć (13.14) ãłăğăŋő, łőčďă íâő ãáńőćĺě ćëŕőńŋïěâáï ďńï ŕàőáâěľèĺå ňőďěńěľ ćğăĺňőďěľáâćĺï. Ćĺďĺň, çâő ğďěáì áãéěáâćãěâ âăłęě ĺ ćěáìňă áãéěáâćěŋŋăï ğăćĺáĺňőáâì őâ àăğňěàŋőáâĺ ŕàőáâàăŋáâćă.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 321

Ć ğăłńîçěŋĺě, ŕàĺćěďěň âăąńĺæã \łăŋőŋĺçěáłĺå" àăğňěàŋőáâěľ àăğńĺçŋëå ňŋőčőâőçěçŋëå äãŋłæĺľ Čàĺŋă ĺ ćěàèĺŋŋëå çăáâěľ [8]:

Ŕőńěćăï äãŋłæĺï Řăğňěàŋőáâì ć ěďĺŋĺæăå ~ Řăğňěàŋőáâì ŕàĺ d = 4

φ^d_2 − 1 1 G^{(n)}(x_1, ..., x_n) n (_d 2 − 1 ) n G^{(n)}(p_1, ..., p_n) −nd + n (_d 2 − 1 ) = −n (_d 2 + 1 ) −3n —G(n)(p_1, ..., p_{n−1}) d − n (^d_2 + 1) 4 − 3n `^{(2)}(x − y) 2 + d 6

`^{(n)}(x_1, ...x_n) n (_d 2 + 1 ) 3n `^{(n)}(p_1, ..., p_n) −dn + n (_d 2 + 1 ) = n ( 1 −^d_2 ) −n —`(n)(p_1, ..., p_{n−1}) d + n (1 −^d_2 ) 4 − n

Ğďěáì, ć ďőŕőńŋěŋĺě ł ãęě ĺğćěáâŋëň ŋăň ňŋőčőâőçěçŋëň äãŋłæĺïň ĺ ćěàèĺŋăň ććěďěŋë —G^{(n)} ĺ —`^{(n)}, őŕàěďěńěŋŋëě àăćěŋáâćăňĺ:

G^{(n)}(p_1, ..., p_n) = —G^{(n)}(p_1, ..., p_{n−1})δ(p_1 + ... + p_n) , `^{(n)}(p_1, ..., p_n) = —`^{(n)}(p_1, ..., p_{n−1})δ(p_1 + ... + p_n) , (13.16)

čďě ćëďěńěŋă, ć ïćŋőň ćĺďě, δ-äãŋłæĺï ŕőńŋőčő ğăłőŋă áőåàăŋěŋĺï ĺňŕãńìáă (ĺňěîéăï, ć ěďĺŋĺæăå ~, àăğňěàŋőáâì −d).

Řăğňěàŋăï àěčãńïàĺğăæĺï âěőàĺĺ φ^4.

Ďńï âőčő, çâőąë ŕàőćěáâĺ ăŋăńĺğ àăáåőďĺňőáâěľ äěľŋňăŋőćáłĺå čàăäĺłőć, ŋěőąåőďĺňő áŋăçăńă ŋăãçĺâìáï íâĺ àăáåőďĺňőáâĺ łőààěłâŋő ćëďěńïâì. İâő ďőáâĺčăěâáï âěň ĺńĺ ĺŋëň ňěâőďőň àěčãńïàĺğăæĺĺ äěľŋňăŋőćáłĺå ĺŋâěčàăńőć. Ćëèě (ŋăŕàĺňěà ŕàĺ őąáãęďěŋĺĺ àăáåőďĺňőáâěľ ć ŁİĎ)^4 ňë ĺáŕőńìğőćăńĺ ŕàőáâěľèĺľ ňěâőď àěčãńïàĺğăæĺĺ, őáŋőćăŋŋëľ ŋă ććěďěŋĺĺ ŕăàăňěâàă őąàěğăŋĺï ~ ŋă ćěàåŋěň ŕàěďěńě. İâőâ ňěâőď ïćŋő ŋăàãèăěâ àěńïâĺćĺáâáłãî ĺŋćăàĺăŋâŋőáâì, ŕőáłőńìłã őŋ íłćĺćăńěŋâěŋ ććěďěŋĺî \ňĺŋĺňăńìŋőľ ďńĺŋë". Śãéěáâćãěâ ąőńěě áőćàěňěŋŋëľ ĺ íńěčăŋâŋëľ ŕőďåőď, ŋăğëćăěňëľ àăğňěàŋőľ àěčãńïàĺğăæĺěľ (â’Ţőőäâ ĺ Ćěńìâňăŋ), ł ĺğńőęěŋĺî łőâőàőčő ňë áěľçăá ĺ ŕěàěåőďĺň. Ĺďěï íâőčő ňěâőďă, ąńĺğłăï, ŕő áãéěáâćã, ł ňěâőďĺłě àăááňőâàěŋĺï łàĺâĺçěáłĺå ïćńěŋĺľ ć ŕàőáâàăŋáâćě á àăğňěàŋőáâìî d = 4 − ε (Ćĺńìáőŋ), áőáâőĺâ ć âőň, çâőąë àăááňăâàĺćăâì ĺŋâěčàăńë, áőďěàęăéĺě àăáåőďĺňőáâĺ, łăł ĺŋâěčàăńë ć ŕàőáâàăŋáâćě á ŕàőĺğćőńìŋőľ d < 4, ă ğăâěň ŕěàěľâĺ ł ŕàěďěńã d → 4. Őłăğëćăěâáï, çâő áĺŋčãńïàŋőáâĺ àăááňőâàěŋŋëå ćëèě őďŋőŕěâńěćëå čàăäĺłőć ïćńïîâáï ŕàőáâëňĺ ŕőńîáăňĺ ŕő ŕěàěňěŋŋőľ ε = d − 4.

4Čńăćă 8.

322 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Őąőąéĺň áŋăçăńă ńăčàăŋęĺăŋ çěâëàěåňěàŋőľ âěőàĺĺ: L = 1 2 ∂_μφ∂^μφ − m^2 2 φ^2 − g 4! φ^4 (13.17)

ŋă áńãçăľ d ĺğňěàěŋĺľ. Ŕőáłőńìłã ŕőńě φ ĺňěěâ àăğňěàŋőáâì^d_2 − 1, ă ńăčàăŋęĺăŋ L | àăğňěàŋőáâì d, łőŋáâăŋâă áćïğĺ g ąěğàăğňěàŋă ŕàĺ d = 4 ĺ ďńï âőčő, çâőąë őŋă őáâăćăńăáì ąěğàăğňěàŋőľ ć d ĺğňěàěŋĺïå, ěě ŋěőąåőďĺňő ãňŋőęĺâì ŋă μ^{4−d}, čďě μ | ŕàőĺğćőńìŋëľ ŕăàăňěâà àăğňěàŋőáâĺ ňăááë (ĺňŕãńìáă)^5 . Šăłĺň őąàăğőň, ďăńěě ąãďěň àăááňăâàĺćăâì âěőàĺî á ńăčàăŋęĺăŋőň: L = 1 2 ∂_μφ∂^μφ − m^2 2 φ^2 − 1 4! gμ^{4−d}φ^4 . (13.18)

Ćëçĺáńĺň ŕàőáâěľèãî ŕőŕàăćłã ł áőąáâćěŋŋő - íŋěàčěâĺçěáłőľ çăáâĺ, ĺğőąàăęěŋŋãî čàăäĺłőň Řĺá. 13-1. Ăŋăńőčĺçŋő (13.1) őŋă őŕàěďěńïěâáï ĺŋâěčàăńőň: 1 2 gμ^{4−d} ∫ d^dp (2π)^d 1 p^2 − m^2

. (13.19)

İâő ĺŋâěčàăń ŋãęŋő ćëçĺáńĺâì ŕàĺ ŕàőĺğćőńìŋőň d.

Ĺŋâěčàĺàőćăŋĺě ć d-ĺğňěàěŋĺïå.

Řăąőâăěň ć d-ňěàŋőň \ŕàőáâàăŋáâćě Ňĺŋłőćáłőčő" á őďŋĺň ćàěňěŋŋëň ĺ d − 1 ŕàőáâàăŋáâćěŋŋëňĺ ĺğňěàěŋĺïňĺ (d ≤ 4). Ŋăá ĺŋâěàěáãîâ ĺŋâěčàăńë ćĺďă:

I_d(q) = ∫ d^dp 1 (p^2 + 2pq − m^2)^α

, (13.20)

čďě p = (p_0, r). Ććěďěň ŕőńïàŋëě łőőàďĺŋăâë (p_0, r, φ, θ_1, θ_2, ..., θ_{d−3}), âăł çâő:

d^dp = dp_0r^{d−2}drdφ sin θ_1dθ_1 sin^2 θ_2dθ_2... sin^{d−3} θ_{d−3}dθ_{d−3} = dp_0r^{d−2}drdφ d−3∏ k=1 sin^k θ_k dθ_k , (−∞ < p_0 < ∞ , 0 < r < ∞ , 0 < φ < 2π , 0 < θ_k < π) . (13.21) Šőčďă:

I_d(q) = 2π ∞∫ −∞ dp_0 +∞∫ 0 dr r^{d−2} π∫ 0 ∏_{d−3} k=1 sin^k θ_k dθ_k (p^2_0 − r^2 + 2p_0q_0 − 2r|q| cos θ_{d−3} − m^2)^α

. (13.22)

Ŕàïňëě ćëçĺáńěŋĺï [8] ďăîâ I_d(q) = iπ^{d/2} ` ( α −^d_2 ) `(α) 1 [−q^2 − m^2]^{α−d/2}

. (13.23)

Ĺáŕőńìğãï (13.23), ŕőńãçăěň ďńï (13.19): − ig 32π^2 m^2 ( − 4πμ^2 m^2

)_{2−} d_2 ` ( 1 − d 2 ) (13.24)

5Ŕàőĺğćőńìŋőáâì ŕăàăňěâàă μ őçěćĺďŋă ććĺďã ŕőáńěďãîéěčő ŕàěďěńìŋőčő ŕěàěåőďă d → 4

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 323

`-äãŋłæĺï ĺňěěâ ŕőńîáă ć ŋãńě ĺ ć őâàĺæăâěńìŋëå æěńëå âőçłăå. Ćĺďĺň, çâő àăáåőďĺňőáâì (13.24) ŕàőïćńïěâáï łăł ŕàőáâőľ ŕőńîá ŕàĺ d → 4. Ňőęŋő ŕőłăğăâì, çâő:

`(−n + ε) =

(−1)^n n! [ 1 ε + ψ_1(n + 1) + O(ε) ] , (13.25)

čďě ψ_1(z) = d ln `(z)/dz = `^′(z)/`(z) | ńőčăàĺäňĺçěáłăï ŕàőĺğćőďŋăï `-äãŋłæĺĺ, ďńï łőâőàőľ ĺňěěň: ψ_1(n + 1) = 1 +^1_2 + ... +^1_n − γ, čďě γ = −ψ_1(1) = 0.577 | ŕőáâőïŋŋăï İľńěàă. Ŕőńăčăï ε = 4 − d ŕőńãçăěň: ` ( 1 − d 2 ) =` ( −1 + ε 2 ) = − 2 ε − 1 + γ + O(ε) . (13.26)

Ć àěğãńìâăâě, ĺáŕőńìğãï a^ε = 1+ε ln a+..., ŕőńãçăěň áńěďãîéěě àăğńőęěŋĺě (13.24) ćąńĺğĺ d = 4: − igm^2 32π^2 [ − 2 ε − 1 + γ + O(ε) ] [ 1 + ε 2 ln ( − 4πμ^2 m^2 )] = = igm^2 16π^2ε + igm^2 32π^2 [ 1 − γ + ln ( − 4πμ^2 m^2 )] + O(ε) = = igm^2 16π^2ε

+ Łőŋěçŋőě ćëàăęěŋĺě . (13.27)

Łőŋěçŋëľ ćłńăď ŋě ĺčàăěâ âãâ őáőąěŋŋő ćăęŋőľ àőńĺ, ğăňěâĺň, ćáě ęě, çâő őŋ ğăćĺáĺâ őâ ŕàőĺğćőńìŋőčő äăłâőàă μ. Čńăćŋőě, çâő ŋăň ãďăńőáì łőààěłâŋő ćëďěńĺâì àăáåőďĺňőáâì, ŕàĺ ε > 0 íâőâ ćłńăď łőŋěçěŋ ĺ á ŋĺň ňőęŋő àăąőâăâì őąëçŋëň őąàăğőň.

Ćëçĺáńĺň âěŕěàì 4-âőçěçŋãî äãŋłæĺî, á âőçŋőáâìî ďő çńěŋőć ∼ g^2. Ăŋăńőčĺçŋő (13.2) ďńï ćłńăďă ďĺăčàăňňë Řĺá. 13-2 ĺňěěň: − 1 2 g^2(μ^2)^{4−d} ∫ d^dp (2π)^d 1 p^2 − m^2 1 (p − q)^2 − m^2

. (13.28)

Ğŋăňěŋăâěńĺ ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ ňőęŋő őąêěďĺŋĺâì á ŕőňőéìî äőàňãńë Ťěľŋňăŋă: 1 ab = 1∫ 0 dz [az + b(1 − z)]^2

. (13.29)

İâă äőàňãńă ćëćőďĺâáï ĺğ: 1 ab = 1 b − a ( 1 a − 1 b ) = 1 b − a b∫ a dx x^2

, (13.30)

ěáńĺ ŕőńőęĺâì x = az +b(1−z), ŕàĺçěň a ĺ b áńěďãěâ áçĺâăâì łőňŕńěłáŋëňĺ, çâőąë ĺáłńîçĺâì áĺŋčãńïàŋőáâì ŕàĺ a = b. Ĺňěěň âěŕěàì: 1 p^2 − m^2 1 (p − q)^2 − m^2 = 1∫ 0 dz [p^2 − m^2 − 2pq(1 − z) + q^2(1 − z)]^2

. (13.31)

324 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Śőćěàèăï ğăňěŋã ŕěàěňěŋŋëå p^′ = p−q(1−z) ćĺďĺň, çâő ğŋăňěŋăâěńì ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ïćńïěâáï łćăďàăâőň őâ p^{′2} − m^2 + q^2z(1 − z). Őďŋăłő d^dp^′ = d^dp, âăł çâő ŕőáńě ŕěàěőąőğŋăçěŋĺï p^′ → p (13.28) ŕàĺőąàěâăěâ ćĺď: − 1 2 g^2(μ^2)^{4−d} 1∫ 0 dz ∫ d^dp (2π)^d 1 [p^2 − m^2 + q^2z(1 − z)]^2

. (13.32)

Ĺáŕőńìğãï (13.23) ĺňěěň őâáîďă: ig^2 2 (μ^2)^{4−d} ( 1 4π )_{d/2} `(2 − d/2) `(2) 1∫ 0 dz[q^2z(1 − z) − m^2]^{d/2−2} =

= ig^2 32π^2

(μ^2)^{2−d/2}` ( 2 − d 2 )^1∫ 0 dz [ q^2z(1 − z) − m^2 4πμ^2 ]^d_{2 −2} . (13.33)

Ć ŕàěďěńě d → 4 ĺğ (13.25) ĺňěěň: ` ( 2 − d 2 ) = 2 ε − γ + O(ε) , (13.34)

âăł çâő, á ĺáŕőńìğőćăŋĺěň a^ε ≈ 1 + ε ln a, (13.33) ŕàĺŋĺňăěâ ćĺď: ig^2μ^ε 32π^2 ( 2 ε − γ + O(ε) ) 1 − ε 2 1∫ 0 dz ln [ q^2z(1 − z) − m^2 4πμ^2 ] = = ig^2μ^ε 16π^2ε − ig^2μ^ε 32π^2 γ + 1∫ 0 ln [ q^2z(1 − z) − m^2 4πμ^2 ] . (13.35)

Ć íâőň ćëàăęěŋĺĺ čńăćŋëľ (àăáåőďïéĺľáï) çńěŋ ğăćĺáĺâ őâ μ, ă łőŋěçŋăï çăáâì őâ łćăďàăâă áãňňăàŋőčő ĺňŕãńìáă (p_1 + p_2)^2 = q^2 = s (ŕěàěňěŋŋőľ Ňăŋďěńáâăňă). Őŕàěďěńĺň äãŋłæĺî: F (s, m, μ) = 1∫ 0 dz ln [ sz(1 − z) − m^2 4πμ^2 ] . (13.36)

Šőčďă ĺâőčőćőě ćëàăęěŋĺě ďńï ćłńăďă ďĺăčàăňňë Řĺá. 13-2 ĺňěěâ ćĺď: − ig^2μ^ε 16π^2ε + ig^2μ^ε 32π^2 [γ + F (s, m, μ)] = − ig^2μ^ε 16π^2ε

+ Łőŋěçŋőě ćëàăęěŋĺě . (13.37)

Ĺâăł, ňë ŕőńãçĺńĺ ć ïćŋőň ćĺďě ŕőŕàăćłĺ ŋĺğèěčő ŕőàïďłă ł 2-å ĺ 4-âőçěçŋőľ äãŋłæĺïň ć âěőàĺĺ φ^4. Ćëŕĺèěň âěŕěàì áőőâćěâáâćãîéĺě 1ŮŊ-ćěàèĺŋë `^{(2)}(p) ĺ `^{(4)}(p_i). Ćëàăęěŋĺě (13.27) áćőďĺâáï áőčńăáŋő (13.1) ł^1_i ˚, âăł çâő ć ŕěàćőň ŕőàïďłě ŕő g ĺňěěň: ˚(p) = − gm^2 16π^2ε

+ Łőŋěçŋőě ćëàăęěŋĺě . (13.38)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 325

Řĺá. 13-4

Śőőâćěâáâćěŋŋő, ĺğ őŕàěďěńěŋĺï `^{(2)}(p) = G^{−1}(p)G(p)G^{−1}(p) = p^2 −m^2 −˚(p) ĺňěěň:

`^{(2)}(p) = G^{−1}(p) = p^2 − m^2 ( 1 − g 16π^2ε ) . (13.39)

Őçěćĺďŋő, çâő ŕàĺ ε → 4 íâő ćëàăęěŋĺě àăáåőďĺâáï.

Ďăńěě, 4-âőçěçŋăï ćěàèĺŋă `^{(4)}(p_1, ..., p_4) ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ćëàăęăěâáï łăł:

`^{(4)}(p_1, p_2, p_3, p_4) = G^{−1}(p_1)G^{−1}(p_2)G^{(4)}(p_1, p_2, p_3, p_4)G^{−1}(p_3)G^{−1}(p_4) (13.40)

ĺ ŕàěďáâăćńïěâáï áãňňőľ ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá. 13-4, áőőâćěâáâćãîéĺå ãçěâã ćáěå łàőááĺŋč łăŋăńőć, ćłńăď łőâőàëå ŕőńãçăěâáï ĺğ (13.37) ĺ ěéě ďćãå ăŋăńőčĺçŋëå çńěŋőć, ŕőńãçăěňëå ĺğ (13.37) ğăňěŋőľ ňăŋďěńáâăňőćáłőľ ŕěàěňěŋŋőľ s ŋă t ĺ u (áň. Čńăćã 5):

s = (p_1 + p_2)^2 , t = (p_1 + p_3)^2 , u = (p_1 + p_4)^2 . (13.41)

Ďěľáâćĺě äãŋłæĺľ G^{−1}(p_i) áćőďĺâáï ć (13.40) ł \őąàãąăŋĺî" ćŋěèŋĺå łőŋæőć. Ć ĺâőčě ŕőńãçăěň:

`^{(4)}(p_i) = −igμ^ε − 3ig^2μ^ε 16π^2ε + ig^2μ^ε 32π^2 [3γ + F (s, m, μ) + F (t, m, μ) + F (u, m, μ)] = = −igμ^ε ( 1 + 3g 16π^2ε ) + Łőŋěçŋőě ćëàăęěŋĺě . (13.42)

Őáŋőćŋőľ ćłńăď ğďěáì âăłęě ąěáłőŋěçěŋ ŕàĺ ε → 0. Ůâőąë ćěàèĺŋë `^{(2)} ĺ `^{(4)} ĺňěńĺ äĺğĺçěáłĺľ áňëáń, őŋĺ ďőńęŋë ąëâì łőŋěçŋë. Ďńï íâőčő ĺ ŋãęŋő ŕàőćőďĺâì ŕěàěŋőàňĺàőćłã!

Ŕěâńěćőě àăğńőęěŋĺě.

Ğăňěâĺň, çâő ć ŋăèĺå ćëçĺáńěŋĺïå àăááňăâàĺćăńĺáì ďĺăčàăňňë á őďĺŋăłőćëň çĺáńőň ŕěâěńì: őŋő ąëńő àăćŋő 1 (őďŋőŕěâńěćőě ŕàĺąńĺęěŋĺě). Śãéěáâćãîâ áőőąàăęěŋĺï, ĺğ łőâőàëå ćĺďŋő, çâő àăğńőęěŋĺě ŕő çĺáńã ŕěâěńì, ć ŋěłőâőàőň áňëáńě, ďăęě ąőńěě ĺŋâěàěáŋő, çěň őąëçŋőě àăğńőęěŋĺě âěőàĺĺ ćőğňãéěŋĺľ ŕő áâěŕěŋïň g. Řăğńőęěŋĺě ŕő çĺáńã ŕěâěńì L íłćĺćăńěŋâŋő àăğńőęěŋĺî ŕő áâěŕěŋïň ŕőáâőïŋŋőľ Ŕńăŋłă ~. Ć áăňőň ďěńě, ćőááâăŋăćńĺćăï ćěğďě ~, ňőęěň ğăŕĺáăâì ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń âěőàĺĺ ć ćĺďě: Z[J(x)] = ∫ Dφ exp { i ~ ∫ dx[L(x) + ~J(x)φ(x)] } . (13.43)

Ććőďï L = L_0 + L_{int}, ňőęěň ŋăŕĺáăâì:

Z[J] = exp { i ~^{Lint} [ 1 i δ δJ ]} Z_0[J] , (13.44)

326 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ čďě Z_0[J] = N exp [ − 1 2 i~^∫ dx^∫ dyJ(x)´F (x − y)J(y) ] . (13.45)

Ĺğ (13.44) áńěďãěâ, çâő łăęďăï ćěàèĺŋă ďăěâ ňŋőęĺâěńì ~^{−1} ć ŕàőĺğćőńìŋëľ čàăäĺł n-čő ŕőàïďłă őąëçŋőľ âěőàĺĺ ćőğňãéěŋĺľ, ă ĺğ (13.45) áńěďãěâ, çâő ŕàĺ íâőň łăęďëľ ŕàőŕăčăâőà ďăěâ ňŋőęĺâěńì ~. Šăłĺň őąàăğőň, ďăŋŋëľ čàăäĺł áőďěàęĺâ ňŋőęĺâěńì ~^{I−n} = ~^{L−1} (čďě ňë ĺáŕőńìğőćăńĺ ćëćěďěŋŋőě ćëèě áőőâŋőèěŋĺě (13.4): L = I − n + 1, čďě I | çĺáńő ćŋãâàěŋŋĺå ńĺŋĺľ ďăŋŋőľ ďĺăčàăňňë). Ŕőíâőňã àăğńőęěŋĺě ŕő çĺáńã ŕěâěńì ďěľáâćĺâěńìŋő ïćńïěâáï àăğńőęěŋĺěň ŕő áâěŕěŋïň ~, â.ě. àăğńőęěŋĺěň \ć őłàěáâŋőáâĺ" łńăááĺçěáłőľ âěőàĺĺ.

Ŕěàěŋőàňĺàőćłă âěőàĺĺ φ^4.

Ŋăèă æěńì âěŕěàì | áďěńăâì äĺğĺçěáłĺě ćěńĺçĺŋë łőŋěçŋëňĺ! Ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ ŕěàěŋőàňĺàőćłã ŋěáńőęŋő ćëŕőńŋĺâì ć ïćŋőň ćĺďě. Ŕőáłőńìłã ŕőáńě àěčãńïàĺğăæĺĺ ćáě ćěńĺçĺŋë ã ŋăá łőŋěçŋë, âő ňőęŋő ďěľáâćőćăâì ŕàïňëň ŕãâěň. Ĺğ őŕàěďěńěŋĺï äĺğĺçěáłőľ ňăááë çăáâĺæë ïáŋő, çâő őąàăâŋëľ ŕàőŕăčăâőà ďőńęěŋ ĺňěâì ćĺď:

G^{−1}(p) = `^{(2)}(p) = p^2 − m^2_1 ĺńĺ m^2_1 = −`^{(2)}(0) = −G^{−1}(0) , (13.46)

čďě äĺğĺçěáłăï ňăááă m_1 łőŋěçŋă. Ŕěàćőŋăçăńìŋăï (\ğăâàăćőçŋăï") ňăááă m, ćåőďïéăï ć ńăčàăŋęĺăŋ ŋě ĺňěěâ ŋěŕőáàěďáâćěŋŋőčő äĺğĺçěáłőčő áňëáńă ĺ, ć ŕàěďěńě d → 4 ňőęěâ ąëâì ĺ ąěáłőŋěçŋőľ. İâő ňăááă, łőâőàőľ çăáâĺæă őąńăďăńă-ąë ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï, âăł çâő íâő ŋěŋăąńîďăěňăï ćěńĺçĺŋă, âőńìłő m_1 ĺňěěâ äĺğĺçěáłĺľ áňëáń ĺ ďőńęŋă ąëâì łőŋěçŋă. Ĺğ (13.39) ĺ őŕàěďěńěŋĺï (13.46) ĺňěěň:

m^2_1 = m^2 ( 1 − g 16π^2ε ) . (13.47)

Ŋő ćő ćâőàőň áńăčăěňőň ć ŕàăćőľ çăáâĺ íâőčő ćëàăęěŋĺï ňőęŋő, á âőľ ęě âőçŋőáâìî ∼ g, ğăňěŋĺâì m ŋă m_1, çâő ďăěâ:

m^2_1 = m^2 − g 16πε m^2_1 , (13.48)

őâłãďă ŕőńãçăěň: m^2 = m^2_1 ( 1 + g 16π^2ε ) . (13.49)

Ćőâ âăłőľ ďőńęŋă ąëâì \ğăâàăćőçŋăï" ňăááă, çâőąë ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ äĺğĺçěáłăï ňăááă àăćŋïńăáì äĺłáĺàőćăŋŋőňã ğŋăçěŋĺî m_1. Ćĺďĺň, çâő ŕàĺ ε → 0 ćěńĺçĺŋă m àăáåőďĺâáï, ŋő łőŋěçŋőáâì m_1 őąěáŕěçěŋă!

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő àăááňőâàěâì ĺ ćěàèĺŋã `^{(4)}. Ŕěàěŕĺèěň (13.42) ć ćĺďě:

i`^{(4)}(p_i) = gμ^ε + g^2μ^ε 32π^2 [ 6 ε − 3γ − F (s, m, μ) − F (t, m, μ) − F (u, m, μ) ] . (13.50)

Őŕàěďěńĺň âěŕěàì ŕěàěŋőàňĺàőćăŋŋãî (łőŋěçŋãî!) łőŋáâăŋâã áćïğĺ g_1 áőőâŋőèěŋĺěň:

g_1 = i`^{(4)}(p_i = 0) , (13.51)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 327

Řĺá. 13-5

â.ě. çěàěğ ćěàèĺŋã ćğăĺňőďěľáâćĺï çăáâĺæ á ŋãńěćëňĺ ĺňŕãńìáăňĺ. Šőčďă ĺğ (13.50) ŕőńãçăěň:

g_1 = gμ^ε + g^2μ^ε 32π^2 [ 6 ε − 3γ − 3F (0, m, μ) ] . (13.52)

Śçĺâăï g_1 äĺłáĺàőćăŋŋőľ łőŋěçŋőľ ćěńĺçĺŋőľ, áàăğã ćĺďĺň, çâő \ğăâàăćőçŋãî" łőŋáâăŋâã áćïğĺ g ŋãęŋő áďěńăâì ąěáłőŋěçŋőľ (ŕàĺ ε → 0). Ć áăňőň ďěńě, ŕěàěáâàăĺćăï ćëàăęěŋĺě (13.52) á ŕőňőéìî ğăňěŋ g ŋă g_1μ^{−ε} ĺ m ŋă m_1 âăň čďě íâő âàěąãěâáï (çâő ćáěčďă ňőęŋő áďěńăâì á âőçŋőáâìî ďő ĺŋâěàěáãîéĺå ŋăá çńěŋőć ∼ g^2), ňőęŋő ŕőńãçĺâì ćëàăęěŋĺě ďńï g çěàěğ g_1, ăŋăńőčĺçŋőě (13.49):

g = g_1μ^{−ε} −

3g^2_1μ^{−2ε} 32π^2 [ 2 ε − γ − F (0, m_1, μ) ] . (13.53)

Šőčďă ňőęŋő ćëàăğĺâì `^{(4)} (13.50) çěàěğ g_1 âăł:

i`^{(4)}(p_i) = g_1 − g^2_1μ^{−ε} 32π^2

[F (s, m_1, μ) + F (t, m_1, μ) + F (u, m_1, μ) − 3F (0, m_1, μ)] . (13.54)

Őâáîďă ŋěŕőáàěďáâćěŋŋő áńěďãěâ (13.51), ŕőáłőńìłã ŕàĺ p_1 = p_2 = p_3 = p_4 = 0 ĺňěěň s = t = u = 0. Šăłĺň őąàăğőň, äĺğĺçěáłăï (ŕěàěŋőàňĺàőćăŋŋăï) łőŋáâăŋâă áćïğĺ g_1 áőćŕăďăěâ á ćěńĺçĺŋőľ i`^{(4)} ć âőçłě, čďě ćáě ćŋěèŋĺě ĺňŕãńìáë àăćŋë ŋãńî^6. Šěŕěàì ćáě ã ŋăá áâăńő łőŋěçŋëň! Ňë ŕőńŋőáâìî ŕàőćěńĺ ŕěàěŋőàňĺàőćłã ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ.

Łăł ćáě íâő ćëčńïďĺâ ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ? Ć íâőň áńãçăě ŋăďő àăááňőâàěâì ďĺăčàăňňë, ŕőłăğăŋŋëě ŋă Řĺá. 13-5. Śőőâćěâáâćãîéĺľ ăŋăńĺğ ŕőłăğëćăěâ, çâő ć íâőň áńãçăě ćěńĺçĺŋă G^{−1}(p) = `^{(2)}(p) ŕàĺőąàěâăěâ ďőŕőńŋĺâěńìŋãî àăáåőďĺňőáâì őâ ďĺăčàăňňë Řĺá. 13-5(ą). İâă àăáåőďĺňőáâì ŋě ãáâàăŋïěâáï ŕěàěŋőàňĺàőćłőľ ňăááë ĺ łőŋáâăŋâë áćïğĺ. Őŋă ŕőčńőéăěâáï ďőŕőńŋĺâěńìŋëň ňãńìâĺŕńĺłăâĺćŋëň äăłâőàőň, łőâőàëľ ććőďĺâáï ďőőŕàěďěńěŋĺěň ŕěàěŋőàňĺàőćăŋŋőľ 2-âőçěçŋőľ äãŋłæĺĺ áőőâŋőèěŋĺěň:

G^{−1}_r = `^{(2)}_r = Z_φ(g_1, m_1, μ)`^{(2)}(p, m_1) . (13.55)

Ğďěáì ćěńĺçĺŋă `^{(2)}r ïćńïěâáï łőŋěçŋőľ, ă äăłâőà Z_φ | ąěáłőŋěçěŋ. Ćěńĺçĺŋă Z^{1/2}φ ŋăğëćăěâáï łőŋáâăŋâőľ ŕěàěŋőàňĺàőćłĺ ćőńŋőćőľ äãŋłæĺĺ. Ďńï Z_φ ňőęŋő ŋăŕĺáăâì àăğńőęěŋĺě ć àïď ŕő çĺáńã ŕěâěńì, łőâőàőě ĺňěěâ ćĺď:

Z_φ = 1 + g_1Z_1 + g^2_1Z_2 + ... = 1 + g^2_1Z_2 + ... , (13.56)

6İâő, ćŕàőçěň, ŋě ěďĺŋáâćěŋŋëľ áŕőáőą őŕàěďěńěŋĺï ŕěàŋőàňĺàőćăŋŋőľ łőŋáâăŋâë áćïğĺ. Ĺŋőčďă g_1 őŕàěďěńïîâ çěàěğ i`^{(4)} ć âăł ŋăğëćăěňőľ áĺňňěâàĺçŋőľ âőçłě p^2_i = m^2, p_ip_j = −m^2/3 (i ≠ j), çâő áőőâćěâáâćãěâ s = t = u = 4m^2/3.

328 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

ŕőáłőńìłã őďŋőŕěâńěćőľ ćłńăď őâáãâáâćãěâ. Ŕěàěŋőàňĺàőćłă ćőńŋőćőľ äãŋłæĺĺ (ăňŕńĺâãďë ŕőńï) ŋě ňőęěâ ąëâì áőćěàèěŋŋő ŕàőĺğćőńìŋőľ. Ďńï ěě őŕàěďěńěŋĺï ŋãęŋő ŕőâàěąőćăâì, çâőąë ć ŋěłőâőàőľ âőçłě, áłăęěň p^2 = 0, ćëŕőńŋïńőáì ãáńőćĺě: ∂ ∂p^2 G^{−1}_r (p) | | | |_{p2=0} = ∂ ∂p^2 `^{(2)}_r | | | |_{p2=0} = 1 . (13.57)

Ćëąőà âőçłĺ p^2 = 0 ďőáâăâőçŋő ŕàőĺğćőńěŋ.

Řăáåőďĺňőáâì Z_φ őğŋăçăěâ, çâő ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ àăŋěě őŕàěďěńěŋŋăï ćěńĺçĺŋă m_1 ąěáłőŋěçŋă (ć ŕàěďěńě ε → 0). Őďŋăłő ŕěàěŋőàňĺàőćăŋŋăï G^{−1}_r (p) = `^{(2)}_r ďăěâ łőŋěçŋőě ğŋăçěŋĺě ŕěàěŋőàňĺàőćăŋŋőľ ňăááë m_r :

m^2_r = Z_φm^2_1 . (13.58)

Ĺŋăçě čőćőàï, àăáåőďĺňőáâĺ Z_φ ĺ m^2_1 áőłàăéăîâáï. Ăŋăńőčĺçŋëň őąàăğőň ĺğňěŋïěâáï ĺ ğŋăçěŋĺě ŕěàěŋőàňĺàőćăŋŋőľ łőŋáâăŋâë áćïğĺ. Ďńï `^{(4)}r ĺňěěâ ňěáâő áőőâŋőèěŋĺě, ăŋăńőčĺçŋőě (13.55):

`^{(4)}_r = Z^2_φ`^{(4)}(p, m_1, μ) (13.59)

ĺ, áńěďőćăâěńìŋő, ŋőćăï ŕěàěŋőàňĺàőćăŋŋăï łőŋáâăŋâă áćïğĺ g_r, őŕàěďěńïěňăï áőőâŋőèěŋĺěň, ăŋăńőčĺçŋëň (13.46), ĺňěěâ ćĺď:

i`^{(4)}_r (p_i = 0) = g_r = Z^2_φg_1 . (13.60)

Ťăłâőà Z_φ ïćńïěâáï äãŋłæĺěľ ŕěàěňěŋŋőľ gμ^ε, ćëŕĺáëćăï íâã ğăćĺáĺňőáâì ïćŋő, ŕőńãçăěň ŕěàěŋőàňĺàőćăŋŋãî n-çăáâĺçŋãî ćěàèĺŋŋãî äãŋłæĺî ć ćĺďě:

`^{(n)}_r (p_i, g_r, m_r, μ) = Z^{n/2}_φ (gμ^ε)`^{(n)}(p_i, g, m) (13.61) ĺńĺ `^{(n)}(p_i, g, m) = Z^{−n/2}_φ (gμ^ε)`^{(n)}_r (p_i, g_r, m_r, μ) . (13.62)

Šăłĺň őąàăğőň ĺ ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ âěőàĺï ňőęěâ ąëâì áďěńăŋă łőŋěçŋőľ. Śőåàăŋïěâáï ńĺ íâő ćăęŋěľèěě áćőľáâćő ćő ćáěå ŕőàïďłăå? İâő ćőŕàőá ďőłăğăâěńìáâćă ŕěàěŋőàňĺàãěňőáâĺ. Őŋő ďőáâăâőçŋő čàőňőğďłő, ŋő ňőęěâ ąëâì ŕàőćěďěŋő ćő ćáěå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ (Ďăľáőŋ). Ŕőďàőąŋő á ďőłăğăâěńìáâćőň ŕěàěŋőàňĺàãěňőáâĺ ć àăğŋëå ňőďěńïå âěőàĺĺ ŕőńï ňőęŋő ŕőğŋăłőňĺâìáï ć łŋĺčě [4]. Őâňěâĺň âőńìłő, çâő ďőłăğăâěńìáâćő ŕěàěŋőàňĺàãěňőáâĺ ć âěőàĺĺ φ^4 áńőęŋěě, çěň ăŋăńőčĺçŋőě ďőłăğăâěńìáâćő ďńï ŁİĎ, łőâőàőě őąńěčçăěâáï ąńăčőďăàï łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ.

Łőŋâàçńěŋë.

Śãéěáâćãěâ ăńìâěàŋăâĺćŋăï âőçłă ğàěŋĺï ŋă ŕěàěŋőàňĺàőćłã, łőâőàăï áâăńă ćěáìňă àăáŕàőáâàăŋěŋă, őáőąěŋŋő ŕőáńě ŕőïćńěŋĺï łŋĺčĺ [4]. Őŋă áőáâőĺâ ć âőň, çâőąë àăááňăâàĺćăâì ŕăàăňěâàë m ĺ g ć ĺáåőďŋőň ńăčàăŋęĺăŋě áàăğã ć łăçěáâćě äĺğĺçěáłĺå ňăááë ĺ ğăàïďă (łőŋáâăŋâë áćïğĺ). Ĺğ âőčő äăłâă, çâő íâőâ ńăčàăŋęĺăŋ ŋě ďăěâ łőŋěçŋëå äãŋłæĺľ Čàĺŋă, ćëâěłăěâ âàěąőćăŋĺě, çâő ć ńăčàăŋęĺăŋ ŋãęŋő ććěáâĺ ďőŕőńŋĺâěńìŋëě çńěŋë, áőłàăéăîéĺě àăáåőďĺňőáâĺ. Ĺå ŋăğëćăîâ łőŋâàçńěŋë. Ŕěàěŋőàňĺàãěňăï âěőàĺï ňőęěâ ąëâì áďěńăŋă łőŋěçŋőľ ććěďěŋĺěň łőŋěçŋőčő çĺáńă łőŋâàçńěŋőć. Řăááňőâàĺň łàăâłő, łăł íâő ďěńăěâáï.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 329

Řĺá. 13-6

Řĺá. 13-7

Řăááňőâàĺň őŕïâì ŕěàěŋőàňĺàőćłã ňăááë ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ, őŕàěďěńïěňãî áőőâŋőèěŋĺïňĺ (13.46) { (13.49). Ěě ňőęŋő őŕĺáăâì áńěďãîéĺň őąàăğőň. Őďŋőŕěâńěćăï ŕőŕàăćłă ł áćőąőďŋőňã ŕàőŕăčăâőàã ŕőłăğăŋă ŋă Řĺá. 13-6 ĺ àăáåőďĺâáï ŕàĺ ε → 0. Ďőąăćĺň ł ĺáåőďŋőňã ńăčàăŋęĺăŋã L çńěŋ ćĺďă:

δL_1 = − gm^2 32π^2ε φ^2 ≡ − 1 2 δm^2φ^2 . (13.63)

Ěčő ňőęŋő àăááňăâàĺćăâì łăł ćğăĺňőďěľáâćĺě, łőâőàőě ňë ąãďěň ĺğőąàăęăâì ŋă ďĺăčàăňňăå \łàěáâĺłőň": × = − igm^2 16π^2ε

= −iδm^2 . (13.64)

Šőčďă, á âőçŋőáâìî ∼ g, ŕőńŋëľ őąàăâŋëľ ŕàőŕăčăâőà ŕàěďáâăćńïěâáï čàăäĺłăňĺ Řĺá. 13-7 ĺ àăćěŋ:

`^{(2)}(p) = iG(p)^{−1} = i [ 1 i (p^2 − m^2) − ( igm^2 16π^2 1 ε + Łőŋěçŋăï çăáâì ) + igm^2 16π^2ε ] = = p^2 − m^2 , (13.65)

čďě őŕãáâĺńĺ łőŋěçŋëľ ćłńăď (ĺńĺ ćłńîçĺńĺ ěčő ć m^2). Ğďěáì m^2 áçĺâăěâáï łőŋěçŋőľ ćěńĺçĺŋőľ, äĺğĺçěáłőľ ňăááőľ, łőâőàăï ć áőőâćěâáâćãîéěň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ àăćŋă −`^{(2)}(0). Ńăčàăŋęĺăŋ ĺňěěâ âěŕěàì ćĺď L + δL_1, čďě δL_1 | àăáåőďïéĺľáï łőŋâàçńěŋ.

Śňëáń àăááňőâàěŋĺï ňăááőćőčő çńěŋă ć ńăčàăŋęĺăŋě ć łăçěáâćě ďőŕőńŋĺâěńìŋőčő ćğăĺňőďěľáâćĺï ŕàőáâ. Řăááňőâàĺň áćőąőďŋãî âěőàĺî:

L = 1 2 (∂μφ)(∂^μφ) − 1 2 m^2φ (13.66)

ĺ ąãďěň áçĺâăâì, çâő őŋă őŕĺáëćăěâ ąěğňăááőćőě ŕőńě (ŕěàćëľ çńěŋ ć ńăčàăŋęĺăŋě) á ćğăĺňőďěľáâćĺěň, őŕàěďěńïěňëň ćâőàëň çńěŋőň. Ŕàăćĺńă Ťěľŋňăŋă ŕőłăğăŋë ŋă Řĺá. 13-8. Ŕőńŋëľ ŕàőŕăčăâőà âőčďă őŕàěďěńïěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 13-9. Ć àěğãńìâăâě ĺňěěň čěőňěâàĺçěáłãî ŕàőčàěááĺî: G(p) = i p^2 + i p^2 (−im^2) i p^2 + i p^2 (−im^2) i p^2 (−im^2) i p^2 + ... = i p^2 − m^2

, (13.67)

â.ě. ïćńïěâáï őąëçŋëň ŕàőŕăčăâőàőň ňăááĺćŋőčő ŕőńï. İâő ĺ ąëńő ĺáŕőńìğőćăŋő ŕàĺ àăááňőâàěŋĺĺ ňăááőćőčő łőŋâàçńěŋă ć ńăčàăŋęĺăŋě ć łăçěáâćě ćőğňãéěŋĺï.

330 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řĺá. 13-8

Řĺá. 13-9

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő àăááňőâàěâì `^{(4)}. Ĺğ (13.42) ćĺďŋő, çâő ćěńĺçĺŋă `^{(4)}, áőőâćěâáâćãîéăï čàăäĺłăň ∼ g^2, ŕőłăğăŋŋëň ŋă Řĺá. 13-10, àăáåőďĺâáï ŕàĺ ε → 0. Šőčďă ňőęŋő ďőąăćĺâì ł ńăčàăŋęĺăŋã łőŋâàçńěŋ ćĺďă:

δL_2 = 1 4! 3g^2μ^ε 16π^2ε φ^4 = Bgμ^ε 4! φ^4 , (13.68)

âăł çâő ĺňěěň ďőŕőńŋĺâěńìŋőě ćğăĺňőďěľáâćĺě, ŕőłăğăŋŋőě ŋă Řĺá. 13-11. Ć àěğãńìâăâě `^{(4)} áâăŋőćĺâáï łőŋěçŋőľ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 13-12. Ŋăłőŋěæ, àăáåőďĺňőáâì `^{(2)} ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ, łăçěáâćěŋŋő őŕĺáăŋŋăï ćëèě, ĺ ŕàĺćőďĺćèăï ł ŋěőąåőďĺňőáâĺ ãňŋőęěŋĺï ćěńĺçĺŋ `^{(n)} ŋă Z^{n/2}φ , íłćĺćăńěŋâŋă ďőąăćńěŋĺî ł ńăčàăŋęĺăŋã łőŋâàçńěŋă ćĺďă:

δL_3 = A 2 (∂_μφ)^2 , (13.69)

čďě 1 + A = Z_φ.

Ĺâăł, łőŋěçŋëě ćëàăęěŋĺï ďńï äãŋłæĺľ Čàĺŋă ĺ ćěàèĺŋ ňőęŋő ŕőńãçĺâì, ďőąăćńïï ł ńăčàăŋęĺăŋã: L = 1 2 ∂_μφ∂^μφ − 1 2 m^2φ^2 − 1 4! gμ^{4−d}φ^4 (13.70)

łőŋâàçńěŋë L_{CT} : L_{CT} = A 2 ∂_μφ∂^μφ − 1 2 δm^2φ^2 − 1 4! Bgμ^{4−d}φ^4 . (13.71)

Ŕőńŋëľ ńăčàăŋęĺăŋ, łőâőàëľ ŕàĺŋïâő ŋăğëćăâì \čőńëň" ńăčàăŋęĺăŋőň L_B, àăćěŋ:

L_B = L + L_{CT} =

1 + A 2 ∂_μφ∂^μφ − 1 2 (m^2 + δm^2)φ^2 − 1 4! (1 + B)gμ^{4−d}φ^4 . (13.72)

Řĺá. 13-10

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 331

Řĺá. 13-11

Řĺá. 13-12

Šăłĺň őąàăğőň, ďőąăćńěŋĺě łőŋâàçńěŋőć íłćĺćăńěŋâŋő ãňŋőęěŋĺî ćěńĺçĺŋ φ, m ĺ g ŋă ŋěłőâőàëě ŕěàěŋőàňĺàőćőçŋëě ňŋőęĺâěńĺ Z (ňãńìâĺŕńĺłăâĺćŋăï ŕěàěŋőàňĺàőćłă). Ă ĺňěŋŋő, ěáńĺ ććěáâĺ ŕő őŕàěďěńěŋĺî \čőńëě" ćěńĺçĺŋë:

φ_B = √ Z_φφ_r , Z_φ = 1 + A ,

m_B = Z_mm_r , Z^2_m = m^2 + δm^2 1 + A

, (13.73)

g_B = μ^εZ_g g_r , Z_g =

1 + B (1 + A)^2 , âő \čőńëľ" ńăčàăŋęĺăŋ (13.72) ŕàĺňěâ ćĺď:

L_B = 1 2 ∂_μφ_B∂^μφ_B − 1 2 m^2_B φ^2_B − 1 4! g_Bφ^4_B . (13.74)

Ğăňěâĺň, çâő ğďěáì ŋěâ ïćŋőľ ğăćĺáĺňőáâĺ őâ μ. Ćěńĺçĺŋë A,B ĺ δm^2 ŕőďàăğãňěćăîâáï ŕőďőąàăŋŋëňĺ âăłĺň őąàăğőň, çâőąë äãŋłæĺĺ Čàĺŋă âěőàĺĺ ąëńĺ łőŋěçŋë (ŕàĺ ε → 0). ŋă ïğëłě łőŋâàçńěŋőć âěőàĺï ïćńïěâáï ŕěàŋőàňĺàãěňőľ, ěáńĺ łőŋâàçńěŋë, ŋěőąåőďĺňëě ďńï áőłàăéěŋĺï àăáåőďĺňőáâěľ ć łăęďőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ, ĺňěîâ âőâ ęě ćĺď, çâő ĺ çńěŋë, ćåőďïéĺě ć ĺáåőďŋëľ ńăčàăŋęĺăŋ. Ěáńĺ íâő ĺňěěâ ňěáâő, âő \čőńëě" ćěńĺçĺŋë ňőčãâ ąëâì őŕàěďěńěŋë ŕàĺ ŕőňőéĺ (ąěáłőŋěçŋëå!) ŕěàěŋőàňĺàőćőçŋëå ňŋőęĺâěńěľ, łăł íâő áďěńăŋő ćëèě. Ŕàĺ íâőň \čőńëľ" ńăčàăŋęĺăŋ ĺňěěâ âőâ ęě ćĺď, çâő ĺ ĺáåőďŋëľ.

Ńăčàăŋęĺăŋ L_B ŕàĺćőďĺâ ł łőŋěçŋőľ âěőàĺĺ, ă ĺáåőďŋëľ L | ŋěâ. İâő őğŋăçăěâ, çâő \ğăŕàïâăć" ćáě àăáåőďĺňőáâĺ ć φ_B , m_B ĺ g_B ňőęŋő áďěńăâì âěőàĺî łőŋěçŋőľ | àăáåőďĺňőáâĺ ŕőčńőéăîâáï ŕěàěŋőàňĺàőćłőľ. Ćáě \čőńëě" ćěńĺçĺŋë àăáåőďïâáï ŕàĺ ε → 0^7, âőčďă łăł ŕěàěŋőàňĺàőćăŋŋëě ćěńĺçĺŋë ŕàĺŋĺňăîâ ŕàĺ ε → 0 łőŋěçŋëě, ŋő ŕàőĺğćőńìŋëě, ğŋăçěŋĺï. Ĺå áńěďãěâ őâőęďěáâćĺâì á äĺğĺçěáłĺňĺ ŕăàăňěâàăňĺ âěőàĺĺ.

Şàăćŋěŋĺě (13.62) őçěćĺďŋő ĺ ĺğ ŕőďåőďă, őáŋőćăŋŋőčő ŋă łőŋâàçńěŋăå. Ĺğ (13.74) ĺ (13.74) ïáŋő, çâő ćğïć (13.74) ć łăçěáâćě ĺáåőďŋőčő ńăčàăŋęĺăŋă, ňë ďőńęŋë ćő ćáěå äőàňãńăå ďńï äãŋłæĺľ Čàĺŋă ğăňěŋĺâì m → m_B , g → g_B, φ → φ_B . Ŋő âěŕěàì ňőęŋő (ĺ ŋãęŋő!) ćëàăğĺâì \čőńëě" ŕăàăňěâàë çěàěğ äĺğĺçěáłĺě m_r , g_r ĺ

7Ŕàĺ łőŋěçŋëå ε ŕàőąńěňë àăáåőďĺňőáâěľ ŋěâ ćőőąéě.

332 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

φ_r áőčńăáŋő äőàňãńăň (13.74). Šőčďă ŕőńãçĺň:

`^{(n)}_B (p_i, g_B, m_B) = Z^{−n/2}_φ `^{(n)}_r (p_i, g_r, m_r, μ) , (13.75)

çâő íłćĺćăńěŋâŋő (13.62) (ĺŋďěłá B âěŕěàì ňőęŋő ãąàăâì). Őâáãâáâćĺě ïćŋőľ ğăćĺáĺňőáâĺ ńěćőľ çăáâĺ íâőčő ãàăćŋěŋĺï őâ μ őçěćĺďŋă ĺğ äőàňë ńăčàăŋęĺăŋă (13.74), čďě ěě âăłęě ŋěâ.

Řěŋőàňăńĺğăæĺőŋŋăï čàãŕŕă.

Ć Čńăćě 8 ňë ãęě łàăâłő őąáãęďăńĺ čàãŕŕã ŕěàěŋőàňĺàőćőł (àěŋőàň-čàãŕŕã) ć ŁİĎ. Ňěâőď àěŋőàň-čàãŕŕë ĺčàăěâ őčàőňŋãî àőńì ć łćăŋâőćőľ âěőàĺĺ ŕőńï [4, 8, 10] ĺ áâăâĺáâĺçěáłőľ äĺğĺłě [14, 15], âăłęě, łăł ĺ ć ŋěłőâőàëå ďàãčĺå őąńăáâïå âěőàěâĺçěáłőľ äĺğĺłĺ. Ŕőíâőňã ğďěáì ňë ŕàőćěďěň ąőńěě ŕőďàőąŋőě ěčő őąáãęďěŋĺě. Ŋăďő ğăňěâĺâì, çâő áãéěáâćãěâ æěńëľ àïď (äăłâĺçěáłĺ íłćĺćăńěŋâŋëå) äőàňãńĺàőćőł íâőčő ňěâőďă. Ŋăŕàĺňěà ć Čńăćě 8 ŕàěőąàăğőćăŋĺï àěŋőàň-čàãŕŕë áćïğëćăńĺáì á ŕěàěåőďőň őâ őďŋőčő ğŋăçěŋĺï ŕăàăňěâàă őąàěğăŋĺï àăáåőďïéĺåáï ĺŋâěčàăńőć ł ďàãčőňã, ć âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ çăáâő ĺáŕőńìğãěâáï [14] äőàňãńĺàőćłă Ćĺńìáőŋă, áćïğăŋŋăï á ŕőáńěďőćăâěńìŋëň ĺŋâěčàĺàőćăŋĺěň ŕő őąńăáâïň ĺňŕãńìáŋőčő ŕàőáâàăŋáâćă, á ŕěàěåőďőň ł ãçěâã ćáě ąőńěě ďńĺŋŋőćőńŋőćëå äńãłâãăæĺľ ĺ â. ŕ. Ğďěáì ňë ŕàĺďěàęĺćăěňáï ŋăĺąőńěě çăáâő ãŕőâàěąńïěňőčő ć áőćàěňěŋŋőľ ńĺâěàăâãàě ŕő łćăŋâőćőľ âěőàĺĺ ŕőńï (åőâï ĺ ŋěáłőńìłő äőàňăńìŋőčő) ŕőďåőďă, őáŋőćăŋŋőčő ŋă ňěâőďě àăğňěàŋőľ àěčãńïàĺğăæĺĺ [8].

Ć àăňłăå âěőàĺĺ àăğňěàŋőľ àěčãńïàĺğăæĺĺ ňë ććěńĺ ć âěőàĺî ŕàőĺğćőńìŋëľ ŕăàăňěâà μ àăğňěàŋőáâĺ ňăááë. Ğăćĺáĺňőáâì ŕěàěŋőàňĺàőćăŋŋőľ 1ŮŊ-äãŋłæĺĺ őâ μ őŕàěďěńïěâáï, áőčńăáŋő (13.61), áőőâćěâáâćãîéěľ μ-ğăćĺáĺňőáâìî ŕěàěŋőàňĺàőćőçŋőčő ňŋőęĺâěńï Z_φ. Ĺŋëňĺ áńőćăňĺ (áà.(13.62), (13.75)) ŋěŕěàěŋőàňĺàőćăŋŋăï (\čőńăï") äãŋłæĺï `^{(n)} ŋě ğăćĺáĺâ őâ μ:

`^{(n)}(p_i, g, m) = Z^{−n/2}_φ (gμ^ε)`^{(n)}_r (p_i, g_r, m_r, μ) (13.76)

ĺ, áńěďőćăâěńìŋő, ĺŋćăàĺăŋâŋă őâŋőáĺâěńìŋő čàãŕŕë ŕàěőąàăğőćăŋĺľ:

μ → e^sμ ĺńĺ μ = e^sμ_0 â.ě. s = ln μ μ_0

. (13.77)

İâĺ ŕàěőąàăğőćăŋĺï ĺ őąàăğãîâ àěŋőàňăńĺğăæĺőŋŋãî čàãŕŕã (àěŋőàň-čàãŕŕã, čàãŕŕã ŕěàěŋőàňĺàőćőł). Ććőďï ąěğàăğňěàŋëľ ďĺääěàěŋæĺăńìŋëľ őŕěàăâőà μ^∂_{∂μ} , ŕőńãçĺň: μ ∂ ∂μ `^{(n)} = 0 (13.78)

ĺńĺ, ãçĺâëćăï (13.76): μ ∂ ∂μ [Z^{−n/2}_φ (gμ^ε)`^{(n)}_r (p_i, g_r, m_r, μ)] = 0 , (13.79)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 333

čďě g_r ĺ m_r ğăćĺáïâ őâ μ. Ŕàőćőďï ďĺääěàěŋæĺàőćăŋĺě ĺ ãňŋőęăï àěğãńìâăâ ŋă Z^{n/2}_φ , ŕőńãçăěň: [ −nμ ∂ ∂μ ln √ Z_φ + μ ∂ ∂μ + μ ∂g_r ∂μ ∂ ∂g_r + μ ∂m_r ∂μ ∂ ∂m_r ] `^{(n)}_r = 0 . (13.80)

Ć ďăńìŋěľèěň, ďńï łàăâłőáâĺ, ąãďěň ćěğďě ŕĺáăâì g ćňěáâő g_r ĺ m ćňěáâő m_r, ŕőďàăğãňěćăï, çâő ĺňěěň ďěńő âőńìłő á ŕěàěŋőàňĺàőćăŋŋëňĺ ćěńĺçĺŋăňĺ. Ćőőąéě, ć (13.80) ćåőďïâ âőńìłő ŕěàěŋőàňĺàőćăŋŋëě ćëàăęěŋĺï, łőŋěçŋëě ŕàĺ ε → 0.

Őŕàěďěńĺň áńěďãîéĺě äãŋłæĺĺ: mγ_m(g) = μ ∂m ∂μ , γ(g) = μ ∂ ∂μ ln √ Z_φ , (13.81) β(g) = μ ∂g ∂μ . Šőčďă ãàăćŋěŋĺě (13.80) ŕàĺŋĺňăěâ ćĺď: [ μ ∂ ∂μ + β(g) ∂ ∂g − nγ(g) + mγ_m (g) ∂ ∂m ] `^{(n)} = 0 . (13.82)

İâő őáŋőćŋőě ãàăćŋěŋĺě àěŋőàňăńĺğăæĺőŋŋőľ čàãŕŕë, ŋăğëćăěňőě ĺŋőčďă ãàăćŋěŋĺěň Łăńńăŋă { Śĺňăŋğĺłă. Őŋő ćëàăęăěâ ĺŋćăàĺăŋâŋőáâì ŕěàěŋőàňĺàőćăŋŋőľ äãŋłæĺĺ `^{(n)} őâŋőáĺâěńìŋő ğăňěŋë ŕăàăňěâàă àěčãńïàĺğăæĺĺ μ.^8

Ğăŕĺèěň âěŕěàì ăŋăńőčĺçŋőě ãàăćŋěŋĺě, ćëàăęăîéěě ĺŋćăàĺăŋâŋőáâì äãŋłæĺĺ `^{(n)} őâŋőáĺâěńìŋő ĺğňěŋěŋĺï ňăáèâăąă ĺňŕãńìáőć (ňăááë). Ŕãáâì ŕàőĺğćőďĺâáï ğăňěŋă p_i → tp_i, m → tm, μ → tμ. Ťãŋłæĺï `^{(n)} ĺňěěâ ňăááőćãî àăğňěàŋőáâì D, őŕàěďěńïěňãî áőčńăáŋő ŕàĺćěďěŋŋőľ ćëèě âăąńĺæě àăğňěàŋőáâěľ, áńěďãîéĺň ćëàăęěŋĺěň: D = d + n ( 1 − d 2 ) = 4 − n + ε ( n 2 − 1 ) , (13.83)

čďě d = 4 − ε. Šőčďă ĺňěěň:

`^{(n)}(tp_i, tm, tμ) = t^D`^{(n)}(p_i, m, μ) , (13.84)

çâő ŕőáńě ŕàőáâëå ğăňěŋ ŕěàěňěŋŋëå tm → ~m, m → ~m/t, ~m → m ĺ tμ → ~μ, μ → ~μ/t, ~μ → μ, ŕěàěŕĺáëćăěâáï łăł:

`^{(n)}(tp_i, m, μ) = t^D `^{(n)}(p_i, m/t, μ/t) . (13.85)

Ťãŋłæĺï `^{(n)} ŕàěďáâăćńïěâ áőąőľ, âăłĺň őąàăğőň, őďŋőàőďŋãî äãŋłæĺî áćőĺå ŕěàěňěŋŋëå áő áâěŕěŋìî őďŋőàőďŋőáâĺ D.

8Ćő ĺğąěęăŋĺě ŋěďőàăğãňěŋĺľ őâňěâĺň, çâő ğďěáì ĺňěěâáï ć ćĺďã ćěàèĺŋă, őŕàěďěńïěňăï ć (13.16) ĺ őąőğŋăçăćèăïáï ćëèě —`^{(n)}.

334 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Őďŋőàőďŋëě äãŋłæĺĺ. Šěőàěňă İľńěàă.

Ŋăŕőňŋĺň őáŋőćŋëě äăłâë őą őďŋőàőďŋëå äãŋłæĺïå. Ťãŋłæĺï u = f(x_1, x_2, ..., xm) ŋăğëćăěâáï őďŋőàőďŋőľ äãŋłæĺěľ áâěŕěŋĺ p, ěáńĺ ďńï ńîąëå t ćëŕőńŋïěâáï: u = f(tx_1, ..., txm) = t^pf(x_1, ..., xm) . (13.86) Ďńï őďŋőàőďŋëå äãŋłæĺľ ĺňěěâ ňěáâő âěőàěňă İľńěàă:

x_1 ∂u ∂x_1 + ... + xm ∂u ∂xm = pu . (13.87)

Ć áăňőň ďěńě, àăááňőâàĺň u = f(tx^0_1, ..., tx^0_m), čďě (x^0_1, ..., x^0_m) ŕàőĺğćőńìŋăï âőçłă ĺğ őąńăáâĺ őŕàěďěńěŋĺï äãŋłæĺĺ. Šőčďă ĺňěěň: du dt | |_{t=1} = ∂u ∂x_1 x^0_1 + ... + ∂u ∂xm x^0_m . (13.88)

Ś ďàãčőľ áâőàőŋë du dt = pt^{p−1}f(x^0_1, ..., x^0_m) , âăł çâő du dt | | |_{t=1} = pf(x^0_1, ..., x^0m) = pu . (13.89)

Śàăćŋěŋĺě (13.88) á (13.89) ĺ ďăěâ (13.87).

Ĺğ (13.85), ŕő âěőàěňě İľńěàă, ŕőńãçăěň: ( t ∂ ∂t + m ∂ ∂m + μ ∂ ∂μ − D ) `^{(n)}(tp_i, g, m, μ) = 0 . (13.90)

Ĺáłńîçăï μ^{∂Γ(n)}_{∂μ} ĺğ (13.82) ĺ (13.90), ŕőńãçăěň ďàãčãî ğăŕĺáì ãàăćŋěŋĺï Łăńńăŋă { Śĺňăŋğĺłă: [ −t ∂ ∂t + β ∂ ∂g − nγ(g) + m(γ_m(g) − 1) ∂ ∂m + D ] `^{(n)}(tp_i, g, m, μ) = 0 , (13.91)

łőâőàăï ŋěŕőáàěďáâćěŋŋő ćëàăęăěâ àěğãńìâăâ ĺğňěŋěŋĺï ňăáèâăąă ĺňŕãńìáőć ć `^{(n)} ć t àăğ. Ğăňěâĺň, çâő ěáńĺ β(g) = γ(g) = 0, γ_m(g) = 1, âő íâőâ àěğãńìâăâ ŕàőáâő ąãďěâ őŕàěďěńïâìáï łăŋőŋĺçěáłőľ àăğňěàŋőáâìî D, łăł ĺ áńěďőćăńő ąë őęĺďăâì, ĺáåőďï ĺğ \ŋăĺćŋőčő" àăğňěàŋőčő ăŋăńĺğă. Ŋěőąåőďĺňőáâì àăááňőâàěŋĺï ŕěàěŋőàňĺàőćőł ĺ, áńěďőćăâěńìŋő, őâńĺçŋëå őâ ŋãńï äãŋłæĺľ β(g), γ(g), γ_m (g), áćïğăŋă á ŋăńĺçĺěň ćğăĺňőďěľáâćĺï, łőâőàőě ŕàĺćőďĺâ ł ŕőïćńěŋĺî ăŋőňăńìŋëå àăğňěàŋőáâěľ.

Ŋăľďěň âěŕěàì àěèěŋĺě ãàăćŋěŋĺï (13.91). İâő ãàăćŋěŋĺě ćëàăęăěâ âőâ äăłâ, çâő ĺğňěŋěŋĺě ćěńĺçĺŋë t ňőęěâ ąëâì áłőňŕěŋáĺàőćăŋő ğă áçěâ ĺğňěŋěŋĺï ćěńĺçĺŋ m ĺ g ĺ őąéěčő ňŋőęĺâěńï. Ŕàěďŕőńőęĺň, çâő áãéěáâćãîâ äãŋłæĺĺ g(t), m(t) ĺ f(t), âăłĺě, çâő: `^{(n)}(tp, m, g, μ) = f(t)`^{(n)}(p, m(t), g(t), μ) . (13.92) Ďĺääěàěŋæĺàãï ŕő t, ŕőńãçăěň: ∂ ∂t `^{(n)}(tp, m, g, μ) = df(t) dt `^{(n)}(p, m(t), g(t), μ)+ f(t) ( ∂m ∂t ∂`^{(n)} ∂m + ∂g ∂t ∂`^{(n)} ∂g ) (13.93)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 335

ĺńĺ, á ãçěâőň (13.92): t ∂ ∂t `^{(n)}(tp, m, g, μ) = ( t df(t) dt + f(t)t ∂m ∂t ∂ ∂m + f(t)t ∂g ∂t ∂ ∂g ) `^{(n)}(p, m(t), g(t), μ) = = ( t df(t) dt + tf(t) ∂m ∂t ∂ ∂m + tf(t) ∂g ∂t ∂ ∂g ) 1 f(t) `^{(n)}(tp, m, g, μ) , (13.94)

çâő, ŕőáńě ŕěàěŋőáă ńěćőľ çăáâĺ ŋăŕàăćő, áćőďĺâáï ł: ( −t ∂ ∂t + t f(t) df(t) dt + t ∂m ∂t ∂ ∂m + t ∂g ∂t ∂ ∂g ) `^{(n)}(tp, m, g, μ) = 0 . (13.95)

Śàăćŋĺň âěŕěàì ãàăćŋěŋĺï (13.91) ĺ (13.95). Ŕàĺàăćŋĺćăï łőíääĺæĺěŋâë ŕàĺ ∂/∂g ŕőńãçăěň âăł ŋăğëćăěňőě ãàăćŋěŋĺě Čěńń-Ňăŋŋă { Ńőã: t ∂g(t) ∂t = β(g) . (13.96)

Ćěńĺçĺŋă g(t) ŋăğëćăěâáï \ąěčãéěľ" łőŋáâăŋâőľ áćïğĺ, ă äãŋłæĺï β(g) ŋăğëćăěâáï äãŋłæĺěľ Čěńń-Ňăŋŋă { Ńőã. İâő ãàăćŋěŋĺě ĺčàăěâ äãŋďăňěŋâăńìŋãî àőńì ŕàĺ ĺááńěďőćăŋĺĺ ăáĺňŕâőâĺçěáłĺå áćőľáâć łćăŋâőćőľ âěőàĺĺ ŕőńï. Ğŋăï äãŋłæĺî β(g) ňőęŋő ŋăľâĺ g(t). Őáőąëľ ĺŋâěàěá, łăł ňë ãćĺďĺň, ŕàěďáâăćńïěâ ăáĺňŕâőâĺłă g(t) ŕàĺ t → ∞. Ć łăçěáâćě ŋăçăńìŋőčő ãáńőćĺï ďńï (13.96) ĺňěěň ãáńőćĺě g(1) = g.

Śàăćŋěŋĺě łőíääĺæĺěŋâőć ŕàĺ ∂/∂m ć (13.91) ĺ (13.95) ďăěâ: t ∂m ∂t = m[γ_m(g) − 1] , (13.97)

ă ĺğ áàăćŋěŋĺï őáâăćèĺåáï çńěŋőć áńěďãěâ: t f(t) df(t) dt = D − nγ(g) . (13.98)

Ŕőáńěďŋěě ãàăćŋěŋĺě ňőęŋő ŕàőĺŋâěčàĺàőćăâì ĺ ŕőńãçĺâì:

f(t) = t^D exp − t∫ 0 dt nγ(g(t)) t , (13.99)

ŕőďáâăćńïï łőâőàőě ć (13.92) ĺ ãçĺâëćăï D = 4 − n + ε (_n 2 − 1 ) , ć ŕàěďěńě ε → 0 ŕőńãçăěň: `^{(n)}(tp, m, g, μ) = t^{4−n} exp −n t∫ 0 dt γ(g(t)) t `^{(n)}(p, m(t), g(t), μ) . (13.100)

İâő ĺ ěáâì àěèěŋĺě (13.91), ćëàăęěŋŋőě çěàěğ \ąěčãéãî" łőŋáâăŋâã áćïğĺ g(t) ĺ \ąěčãéãî" ňăááã m(t). İłáŕőŋěŋæĺăńìŋëľ çńěŋ őŕàěďěńïěâ ăŋőňăńìŋãî àăğňěàŋőáâì. Šăłĺň őąàăğőň, äĺğĺłă ŕàĺ ąőńìèĺå ĺňŕãńìáăå őŕàěďěńïěâáï äãŋłæĺïňĺ g(t) ĺ m(t). Śőőâŋőèěŋĺï âĺŕă (13.100), ć ŋěłőâőàőň áňëáńě, ŕőğćőńïîâ ăŋăńĺğĺàőćăâì áĺâãăæĺî ĺ ćŋě őąńăáâĺ ŕàĺňěŋĺňőáâĺ âěőàĺĺ ćőğňãéěŋĺľ.

336 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řĺá. 13-13

Ć ŕàěďěńě őçěŋì ąőńìèĺå ĺňŕãńìáőć ňăááăňĺ çăáâĺæ ňőęŋő ŕàěŋěąàěçì. Ŕőíâőňã, őąëçŋő ćěáì ăŋăńĺğ ŕàőćőďĺâáï âőńìłő á ãàăćŋěŋĺěň Čěńń-Ňăŋŋă { Ńőã (13.96). Řăááňőâàĺň åăàăłâěàŋëě ćőğňőęŋőáâĺ, łőâőàëě âãâ ćőğŋĺłăîâ. Ŋăá ąãďěâ ĺŋâěàěáőćăâì ŕőćěďěŋĺě g(t) ŕàĺ t → ∞. Şàăćŋěŋĺě Čěńń-Ňăŋŋă { Ńőã ĺňěěâ ćĺď (13.96). Ćőğňőęŋëě ćăàĺăŋâë łăçěáâćěŋŋőčő ŕőćěďěŋĺï äãŋłæĺĺ β(g), łőâőàëě ĺáçěàŕëćăîâ ŕàăłâĺçěáłĺ ćáě ćőğňőęŋőáâĺ ŕőłăğăŋë ŋă Řĺá. 13-13. Şáńőćĺě β(g = 0) = 0 ćëŕőńŋïěâáï ćáěčďă, íâő áőőâćěâáâćãěâ âěőàĺĺ ąěğ ćğăĺňőďěľáâćĺï. Šěőàĺï ćőğňãéěŋĺľ ŕőğćőńïěâ, łăł ňë ãćĺďĺň ŋĺęě, őŕàěďěńĺâì ŕőćěďěŋĺě β(g) ćąńĺğĺ g = 0, őŋő łćăďàăâĺçŋő ŕő g. Ć ŕàĺŋæĺŕě ňőčãâ áãéěáâćőćăâì ĺ ŋãńĺ β(g) ŕàĺ łőŋěçŋëå g, ŋăň ďőáâăâőçŋő àăááňőâàěâì ńĺèì őďĺŋ | ŕàĺ g = g_0, çâőąë ŕőŋïâì ł łăłĺň áńěďáâćĺïň ŕàĺćěďěâ ěčő áãéěáâćőćăŋĺě. Řăááňőâàĺň áŋăçăńă β(g), ŕőłăğăŋŋãî ŋă Řĺá. 13-13(ă). Ŋãńĺ íâőľ äãŋłæĺĺ ŕàĺ g = 0 ĺ g = g_0 ŋăğëćăîâáï äĺłáĺàőćăŋŋëňĺ âőçłăňĺ. Ŋěâàãďŋő ćĺďěâì, çâő ŕàĺ t → ∞ ĺ ŋăçăńìŋëå ğŋăçěŋĺïå g ćąńĺğĺ g_0 ćěńĺçĺŋă g(t), őŕàěďěńïěňăï ĺğ (13.96), áâàěňĺâáï ł g_0. Ć áăňőň ďěńě, ŕàĺ ŋăçăńìŋőň g < g_0 ĺňěěň β(g) > 0, âăł çâő g àăáâěâ á àőáâőň t ĺ áâàěňĺâáï ł g_0 (čďě àőáâ őáâăŋăćńĺćăěâáï). Ăŋăńőčĺçŋő, ŕàĺ ŋăçăńìŋőň g > g_0 ĺňěěň β(g) < 0 ĺ g ãąëćăěâ á àőáâőň t, â.ě. âăłęě áâàěňĺâáï ł g_0, ďćĺčăïáì ć őâàĺæăâěńìŋőň ŋăŕàăćńěŋĺĺ. Šăłĺň őąàăğőň g(∞) = g_0 | ĺňěěň ãńìâàăäĺőńěâőćő ãáâőľçĺćãî äĺłáĺàőćăŋŋãî âőçłã | äĺłáĺàőćăŋŋőě ğŋăçěŋĺě łőŋáâăŋâë áćïğĺ (ğăàïďă) ŕàĺ őçěŋì ąőńìèĺå ĺňŕãńìáăå. Ŕàĺ ňăńëå ŋăçăńìŋëå ğŋăçěŋĺïå g ć ŕàěďěńě t → 0 ćáěčďă ĺňěěň g = 0 | ĺŋäàăłàăáŋő ãáâőľçĺćãî äĺłáĺàőćăŋŋãî âőçłã (\ňőáłőćáłĺľ ŋãńì"). Ěáńĺ ŋãńï äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã ŕàĺ łőŋěçŋëå g ŋěâ, ãàăćŋěŋĺě (13.96) ďăěâ ŋěŕàěàëćŋëľ àőáâ g ŕàĺ t → ∞, äĺłáĺàőćăŋŋőčő ğŋăçěŋĺï ğăàïďă ŋě ćőğŋĺłăěâ. Ěáńĺ ŕàĺ ąőńìèĺå ğŋăçěŋĺïå ăàčãňěŋâă β(g) ∼ g^α ĺ α > 1, âő âěőàĺï áâăŋőćĺâáï ćŋãâàěŋŋě ŕàőâĺćőàěçĺćőľ | ŋěĺğąěęŋő ćőğŋĺłăěâ àăáåőďĺňőáâì g ŕàĺ łőŋěçŋëå ğŋăçěŋĺïå t. Ŕàĺ α ≤ 1 ĺňěěň ňőŋőâőŋŋëľ àőáâ g ŕàĺ t → ∞ | âěőàĺï ŋěŕàőâĺćőàěçĺćă, ŋő ŕàĺ t → ∞ ĺňěěň ŕěàěåőď ć őąńăáâì \áĺńìŋőľ áćïğĺ".

Šěŕěàì àăááňőâàĺň β(g), ŕőłăğăŋŋãî ŋă Řĺá. 13-13(ą). Śŋőćă ĺňěěň ďćě äĺłáĺàőćăŋŋëě âőçłĺ, őďŋăłő ğŋăł β(g) âěŕěàì ďàãčőľ, âăł çâő g = g_0 ïćńïěâáï ĺŋäàăłàăáŋő ãáâőľçĺćőľ äĺłáĺàőćăŋŋőľ âőçłőľ (t → 0), ă g = 0 | ãńìâàăäĺőńěâőćő ãáâőľçĺćőľ äĺłáĺàőćăŋŋőľ âőçłőľ (t → ∞). Ć ŕőáńěďŋěň áńãçăě g → 0 ŕàĺ t → ∞ ĺ ćğăĺňőďěľáâćĺě ãňěŋìèăěâáï ŕő ňěàě àőáâă íŋěàčĺĺ (ĺňŕãńìáă), őąàăéăïáì ć ŕàěďěńě ć ŋãńì. İâő ïćńěŋĺě ŋăğëćăěâáï ăáĺňŕâőâĺçěáłőľ áćőąőďőľ. Ŕàĺ őâáãâáâćĺĺ ŋãńï äãŋłæĺĺ β(g) ŕàĺ łőŋěçŋëå ğŋăçěŋĺïå g ğďěáì ćőğŋĺłăîâ ŕàőąńěňë ć őąńăáâĺ ňăńëå ĺňŕãńìáőć (ąőńìèĺå àăááâőïŋĺľ) | ćğăĺňőďěľáâćĺě àăáâěâ ĺ ňőęěâ ĺňěâì ŋěäĺğĺçěáłãî àăáåőďĺňőáâì. Ć ńîąőň áńãçăě, ğďěáì ŕàőĺáåőďĺâ ŕěàěåőď ł \áĺńìŋőľ áćïğĺ"

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 337

ŋă ąőńìèĺå àăááâőïŋĺïå (łőŋäăľŋňěŋâ ?).

Ĺğńőęěŋŋëě ćőğňőęŋőáâĺ ŕàăłâĺçěáłĺ ĺáçěàŕëćăîâ ćăàĺăŋâë ăáĺňŕâőâĺçěáłőčő ŕőćěďěŋĺï ć ńîąőľ ňőďěńĺ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ć łăçěáâćě łőŋłàěâŋőčő ŕàĺňěàă àăááňőâàĺň âěőàĺî gφ^4 (g > 0). Řăááňőâàĺň àěğãńìâăâ őďŋőŕěâńěćőčő ŕàĺąńĺęěŋĺï (13.52) ďńï ŕěàěŋőàňĺàőćăŋŋőľ łőŋáâăŋâë áćïğĺ. Őŕãáłăï ŋěáãéěáâćěŋŋëě łőŋěçŋëě ŕőŕàăćłĺ ňőęěň ŋăŕĺáăâì:

g_1 = gμ^ε ( 1 + 3g 16π^2ε ) . (13.101)

Őâáîďă ĺňěěň: μ ∂g_1 ∂μ = εgμ^ε + 3g^2 16π^2 μ^ε . (13.102)

Ŕàĺ łőŋěçŋëå ε âãâ ćáě łőŋěçŋő ĺ ňë ňőęěň (á âőľ ęě âőçŋőáâìî) ŕěàěŕĺáăâì (13.102) łăł: μ ∂g_1 ∂μ = εg_1 +

3g^2_1 16π^2 μ^{−ε} , (13.103)

ă ŕőâőň ŕàőáâő őŕãáâĺâì ĺŋďěłá 1, áçĺâăï, çâő àăąőâăěň á ŕěàěŋőàňĺàőćăŋŋőľ (äĺğĺçěáłőľ) łőŋáâăŋâőľ áćïğĺ. Šőčďă ĺğ (13.103), ŕàĺ ε → 0, ŕőńãçăěň äãŋłæĺî Čěńń- Ňăŋŋă { Ńőã: β(g) = μ ∂g ∂μ = 3g^2 16π^2

. (13.104)

Ććőďï s = ln t = ln^μ_{μ0} , âăł çâő μ^∂_{∂μ} =^∂_{∂s} = t^∂_{∂t} , ŕěàěŕĺèěň ãàăćŋěŋĺě (13.103) ć ćĺďě: ∂g ∂s = 3g^2 16π^2

. (13.105)

Őâáîďă ĺ ąěğ ćáïłőčő áçěâă ćĺďŋő, çâő \ąěčãéăï" łőŋáâăŋâă áćïğĺ âěőàĺĺ φ^4 ćőğàăáâăěâ á àőáâőň s, â.ě. á àőáâőň ĺňŕãńìáă, âăł çâő âěőàĺï ŋě ïćńïěâáï ăáĺňŕâőâĺçěáłĺ áćőąőďŋőľ. Ťãŋłæĺï Čěńń-Ňăŋŋă { Ńőã ∼ g^2. İńěňěŋâăàŋőě ĺŋâěčàĺàőćăŋĺě ãàăćŋěŋĺï (13.105) á ŋăçăńìŋëň ãáńőćĺěň g(s = 0) = g_0 ďăěâ: g = g_0 1 −^3_{16π2} g_0s = g_0 1 −^3_{16π2} g_0 ln t = g_0 1 −^3_{16π2} g_0 ln^μ_{μ0}

. (13.106)

Ś àőáâőň t (ĺńĺ μ) łőŋáâăŋâă áćïğĺ àăáâěâ ĺ, ć łőŋæě łőŋæőć, ňë ŋăâăńłĺćăěňáï ŋă ŋěäĺğĺçěáłãî áĺŋčãńïàŋőáâì (\ńőęŋëľ" ŕőńîá) 1 =^3_{16π2} g_0 ln(^μ_{μ0} ), çâő áőőâćěâáâćãěâ μ = μ_0 exp

(_{16π2} 3g0 ) . Śĺâãăæĺï ğďěáì ćŕőńŋě ăŋăńőčĺçŋă ãęě ćáâàěçăćèěľáï ŋăň ć ŁİĎ ć Čńăćě 8. İâő ęě ŕőćěďěŋĺě ŕőďàőąŋő àăááňăâàĺćăńőáì ŋăňĺ ćëèě ć Čńăćě 10 ŕàĺ őąáãęďěŋĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ.

Řăğãňěěâáï ŕőńãçěŋŋőě ŕőćěďěŋĺě äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã æěńĺłőň őáŋőćăŋő ŋă őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ ĺ äőàňăńìŋő áŕàăćěďńĺćő âőńìłő ŕàĺ ďőáâăâőçŋő ňăńëå ğŋăçěŋĺïå łőŋáâăŋâë áćïğĺ g. Ćőŕàőá ő ŕőćěďěŋĺĺ íâőľ äãŋłæĺĺ ŕàĺ ąőńìèĺå ğŋăçěŋĺïå łőŋáâăŋâë áćïğĺ, ă á ŋĺň ĺ ćőŕàőá ő ŋěŕàőâĺćőàěçĺćőáâĺ âěőàĺĺ gφ^4, ć ğŋăçĺâěńìŋőľ ňěàě, őáâăěâáï őâłàëâëň. Ć àïďě àăąőâ, ďńï g → ∞ ąëńő ŕőńãçěŋő ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě β(g), ŋěáãéěáâćěŋŋő őâńĺçăîéěěáï őâ àěğãńìâăâőć őďŋőŕěâńěćőčő ŕàĺąńĺęěŋĺï, çâő őğŋăçăńő-ąë ćŋãâàěŋŋîî ŕàőâĺćőàěçĺćőáâì âěőàĺĺ, ć áőőâćěâáâćĺĺ áő áâăàőľ âőçłőľ ğàěŋĺï Ńăŋďăã, őąáãęďăćèěľáï

338 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

ć Čńăćě 8. Őâňěâĺň, ćŕàőçěň, ŋěďăćŋîî àăąőâã^9, ć łőâőàőľ ąëńő ŕőńãçěŋő ŕőćěďěŋĺě β(g) ∼ g^{0.96}, łőâőàőě, ć áőőâćěâáâćĺĺ áő áďěńăŋŋëňĺ ćëèě ğăňěçăŋĺïňĺ őğŋăçăěâ, çâő íâă ŕàőáâěľèăï ňőďěńì łćăŋâőćőľ âěőàĺĺ ŕőńï ïćńïěâáï ćŋãâàěŋŋě ŋěŕàőâĺćőàěçĺćőľ.

Ğăňěâĺň, çâő âěőàĺî gφ^4 \ńěčłő áďěńăâì" ăáĺňŕâőâĺçěáłĺ áćőąőďŋőľ, ěáńĺ áçĺâăâì, çâő g < 0. Šőčďă, őçěćĺďŋő, áňěŋĺâáï ğŋăł ŕěàěď ńőčăàĺäňőň ć ğŋăňěŋăâěńě (13.106) ĺ íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ąãďěâ ŕăďăâì á àőáâőň t ĺ μ. Őďŋăłő âăłăï âěőàĺï ŋěãáâőľçĺćă, ã ŋěě ŋěâ őáŋőćŋőčő áőáâőïŋĺï (ŕőâěŋæĺăńìŋăï íŋěàčĺï ŕőńï ňőęěâ ąëâì áłőńì ãčőďŋő ąőńìèőľ őâàĺæăâěńìŋőľ ćěńĺçĺŋőľ), ŕőíâőňã ć łćăŋâőćőľ âěőàĺĺ ŕőńï őŋă, őąëçŋő, ŋě àăááňăâàĺćăěâáï. Šěň ŋě ňěŋěě áŕěæĺäĺçěáłĺľ ćăàĺăŋâ âăłőľ ňőďěńĺ, áćőďïéĺľáï ł őąőąéěŋŋőňã äãŋłæĺőŋăńã Ńăŋďăã (10.161) á çĺáńőň łőňŕőŋěŋâ ŕőńï n = 0 (!), őŕĺáëćăěâ, łăł őłăğëćăěâáï, ďćĺęěŋĺě íńěłâàőŋă ć áńãçăľŋőň ŕőńě ŕàĺňěáěľ á âőçěçŋëň ŕőâěŋæĺăńőň V , åăőâĺçěáłĺ àăğąàőáăŋŋëå ć ŕàőáâàăŋáâćě áő áàěďŋěľ ŕńőâŋőáâìî ρ, ěáńĺ ć (10.161) áçĺâăâì g = −ρV^2 ĺ τ = −E, čďě E { íŋěàčĺï íńěłâàőŋă. İâă ğăďăçă âěáŋő áćïğăŋă á ěéě ŋě ďő łőŋæă àěèěŋŋőľ ŕàőąńěňőľ ńőłăńĺğăæĺĺ íńěłâàőŋőć ć ŋěãŕőàïďőçěŋŋëå áĺáâěňăå (őďŋĺň ĺğ őáŋőćŋëå ňěåăŋĺğňőć ŕěàěåőďă ňěâăńń { ďĺíńěłâàĺł). Ć çăáâŋőáâĺ, ćőğŋĺłăîéĺě ğďěáì ŕàőąńěňë őłăğëćăîâáï âěáŋő áćïğăŋŋëňĺ á ŕàőąńěňőľ őŕĺáăŋĺï ĺŋäàăłàăáŋőľ őąńăáâĺ ăáĺňŕâőâĺçěáłĺ áćőąőďŋëå ňőďěńěľ łćăŋâőćőľ âěőàĺĺ ŕőńï (łőŋäăľŋňěŋâ). Ŋě ĺňěï ćőğňőęŋőáâĺ ŕőďàőąŋő őąáãęďăâì íâã ğăďăçã ć ďăŋŋëå ńěłæĺïå, áőèńěňáï âőńìłő ŋă ĺňěîéĺěáï őąğőàë^{10}.

Ăáĺňŕâőâĺçěáłăï áćőąőďă âěőàĺľ §ŋčă { Ňĺńńáă.

Ŕěàěľďěň ł àăááňőâàěŋĺî ăáĺňŕâőâĺçěáłĺå áćőľáâć łăńĺąàőćőçŋëå âěőàĺľ. Śĺâãăæĺï ć ŁİĎ ąëńă àăááňőâàěŋă ć Čńăćě 8, čďě ąëńő ŕőłăğăŋő, çâő âěőàĺï ŋě ïćńïěâáï ăáĺňŕâőâĺçěáłĺ áćőąőďŋőľ, çâő ŕàĺćőďĺâ ł ŕàőąńěňě \ŋãńï ğăàïďă" ĺ ŕăâőńőčĺçěáłőňã ŕőćěďěŋĺî ŕàĺ ąőńìèĺå ĺňŕãńìáăå (íŋěàčĺïå). Ğăňěçăâěńìŋő, çâő ć ŋěăąěńěćëå łăńĺąàőćőçŋëå âěőàĺïå ŕőńőęěŋĺě áőćáěň ďàãčőě. Ĺňěŋŋő, ć ŋĺå àěăńĺğãěâáï ŕőćěďěŋĺě, ŋăğćăŋŋőě ćëèě ăáĺňŕâőâĺçěáłĺ áćőąőďŋëň. Őâłàëâĺě íâőčő ïćńěŋĺï Čàőááőň ĺ Ćĺńìçěłőň ć ŋăçăńě 70-å čőďőć őâłàëńő ŕãâì ł ŕőáâàőěŋĺî łćăŋâőćőľ åàőňőďĺŋăňĺłĺ ĺ őąěáŕěçĺńő ćőğňőęŋőáâì ŕàőćěďěŋĺï ŋăďěęŋëå àăáçěâőć ŁŢĎíääěłâőć ŕàĺ ćëáőłĺå íŋěàčĺïå ŕő âěőàĺĺ ćőğňãéěŋĺľ.

Ğďěáì ňë őčàăŋĺçĺňáï âěň, çâő ŕàĺćěďěň őáŋőćŋëě àěğãńìâăâë ďńï áńãçăï SU (3) łăńĺąàőćőçŋőľ âěőàĺĺ (ŁŢĎ), ă âăłęě łăçěáâćěŋŋãî ĺŋâěàŕàěâăæĺî áăňőčő ïćńěŋĺï ăáĺňŕâőâĺçěáłőľ áćőąőďë, őâáëńăï çĺâăâěńï ğă ďěâăńïňĺ ćëçĺáńěŋĺľ ł ĺňěîéĺňáï ãçěąŋĺłăň [8, 9, 11]. Łńîçőň ł ŋăåőęďěŋĺî ăáĺňŕâőâĺçěáłőčő ŕőćěďěŋĺï ïćńïěâáï áŋőćă äãŋłæĺï Čěńń-Ňăŋŋă { Ńőã β(g). Ć ŁİĎ ďńï ěě ćëçĺáńěŋĺï ć Čńăćě 8 àăááňăâàĺćăńáï ŕàőáâěľèĺľ őďŋőŕěâńěćőľ čàăäĺł ŕőńïàĺğăæĺĺ ćăłããňă (äěàňĺőŋŋăï ŕěâńï). Ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ ŁŢĎ ćőğŋĺłăîâ ďőŕőńŋĺâěńìŋëě ćőğňőęŋőáâĺ, áćïğăŋŋëě á ŋěăąěńěćëň åăàăłâěàőň âěőàĺĺ (áăňőďěľáâćĺě ŕőńěľ §ŋčă-Ňĺńńáă ĺ ŋěőąåőďĺňőáâì ãçěâă \ďãåőć" Ťăďďěěćă { Ŕőŕőćă). Ć íâőň áńãçăě ňë ďőńęŋë àăááçĺâăâì ćłńăď ć ŕěàěŋőàňĺàőćłã ğăàïďă őâ ŕàőáâěľèěčő ŕěâńěćőčő čàăäĺłă čńîőŋ { čńîőŋŋőčő ćğăĺňőďěľáâćĺï, ŕőłăğăŋŋőčő ŋă Řĺá. 13-14, őâ ćğăĺňőďěľáâćĺï čńîőŋőć á \ďãåăňĺ", ŕőłăğăŋŋőčő ŋă Řĺá. 13-15 ĺ ăŋăńőčĺçŋőčő ŁİĎ ćłńăďă őâ ćğăĺňőďěľáâćĺï čńîőŋőć á łćăàłăňĺ Řĺá. 13-16. Ć àěğãńìâăâě ďőćőńìŋő

9Ĺ.Ň. Śãáńőć. Ŕĺáìňă ĘİŠŤ 71, 315 (2000) 10Ň.Ć. Śăďőćáłĺľ. ŞŤŊ 133, 223 (1981), Ĺ.Ň. Śãáńőć. ŞŤŊ 168, 503 (1998)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 339

Řĺá. 13-14

Řĺá. 13-15

čàőňőğďłĺå àăáçěâőć [8], ďńï ŕěàěŋőàňĺàőćăŋŋőľ ć őďŋőŕěâńěćőň ŕàĺąńĺęěŋĺĺ łőŋáâăŋâë áćïğĺ ŁŢĎ ŕőńãçăěň ăŋăńőč ćëàăęěŋĺï (13.101) ć ćĺďě:^{11}

g_1 = gμ^{ε/2} [ 1 + g^2 4πε ( −11 + 2n_f 3 )] , (13.107)

čďě n_f | çĺáńő łćăàłőćëå \ăàőňăâőć" (çĺáńő âĺŕőć łćăàłőć). Ăŋăńőčĺçŋăï őďŋőŕěâńěćăï ŕőŕàăćłă őâ íńěłâàőŋőć ć ŁİĎ ĺňěěâ ćĺď^{e2}_{4π} ( −^4_3 ) . Ğŋăł äěàňĺőŋŋőčő ćłńăďă ğďěáì âőâ ęě, çâő ĺ ć ŁİĎ. Őďŋăłő áãňňăàŋëľ ćłńăď ŕàőæěááőć Řĺá. 13-14 ĺ Řĺá. 13-15 ĺňěěâ ďàãčőľ ğŋăł!. Śőőâćěâáâćěŋŋő ŕàĺ n_f < 16 őąéĺľ ğŋăł ŕőńïàĺğăæĺőŋŋőľ ŕőŕàăćłĺ ć (13.107) ŕàőâĺćőŕőńőęěŋ âăłőćőňã ć ŁİĎ (\ăŋâĺíłàăŋĺàőćłă"). Ťĺğĺçěáłăï ŕàĺàőďă âăłőčő ŕőćěďěŋĺï ąãďěâ őąêïáŋěŋă ŋĺęě, ă áěľçăá, ďěľáâćãï ăŋăńőčĺçŋő ŕěàěåőďã őâ (13.101) ł (13.104), ŕőńãçăěň ć ŕěàěďěńě ε → 0: β(g) = μ ∂g ∂μ = g^3 12π (−33 + 2n_f ) . (13.108)

Ŕàĺ n_f ≤ 16 ĺğ (13.108) áńěďãěâ, çâő β(g) < 0 ĺ łőŋáâăŋâă áćïğĺ g ãąëćăěâ á àőáâőň ňăáèâăąă ĺňŕãńìáőć (ňăáá), ć áőőâćěâáâćĺĺ á łăçěáâćěŋŋőľ łăàâĺŋőľ, őąáãęďăćèěľáï ćëèě. Śńěďőćăâěńìŋő âăłăï âěőàĺï ïćńïěâáï ăáĺňŕâőâĺçěáłĺ áćőąőďŋőľ. Ć Ŕàĺàőďě, łăł ĺğćěáâŋő, n_f = 6.

Ŕőńãçĺň ćëàăęěŋĺě ďńï \ąěčãéěľ" łőŋáâăŋâë áćïğĺ. Ććőďï őŕïâì s = ln t = ln^μ_{μ0} , μ^∂_{∂μ} =^∂_{∂s} , ĺňěěň ãàăćŋěŋĺě Čěńń-Ňăŋŋă { Ńőã: ∂g ∂s = −ηg^3 , čďě η =

33 − 2n_f 12π . (13.109)

11Ğďěáì áŋőćă ŕőńìğãěňáï čăãááőćáłőľ áĺáâěňőľ ěďĺŋĺæ.

Řĺá. 13-16

340 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Ŕěàěŕĺèěň íâő łăł: d ds (g^{−2}) = 2η . (13.110)

Ńěčłő ćĺďěâì, çâő àěèěŋĺě íâőčő ãàăćŋěŋĺï ĺňěěâ ćĺď: 1 g^2 = 1 g^2_0

+ 2ηs (13.111) ĺńĺ g^2 = g^2_0 1 + 2g^2_0ηs = g^2_0 1 + 2g^2_0η ln t

. (13.112)

Ććőďï t = Q/μ ĺ őŕàěďěńïï g_0 ŕàĺ Q = μ, ŕőńãçăěň àěğãńìâăâ, æĺâĺàőćăćèĺľáï ć Čńăćě 8: g^2(Q^2) = g^2(μ)

1 +^{g2(μ2)}_{12π} (33 − 2n_f ) ln (_{Q2} μ2 ) . (13.113)

Šőńìłő ć ňĺàě, čďě n_f > 16 ğŋăł ć ğŋăňěŋăâěńě (13.113) ąëń ąë âăłĺň ęě, łăł ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě. Ć àěăńìŋőň ňĺàě íääěłâĺćŋëľ ğăàïď ŁŢĎ ŋě àăáâěâ, ă ŕăďăěâ á àőáâőň Q^2 ĺ áâăŋőćĺâáï ňăńëň ŋă ňăńëå àăááâőïŋĺïå! İâő ĺ ěáâì ăáĺňŕâőâĺçěáłăï áćőąőďă. Ŕàĺ ďőáâăâőçŋő ňăńëå Q^2 (ŋă ąőńìèĺå àăááâőïŋĺïå ňěęďã łćăàłăňĺ) íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ŋăőąőàőâ áâăŋőćĺâáï ąőńìèőľ, çâő íłáŕěàĺňěŋâăńìŋő ŕàőïćńïěâáï ć ïćńěŋĺĺ łőŋäăľŋňěŋâă (\ĺŋäàăłàăáŋăï âîàìňă"). Ďńï ğŋăçěŋĺï Q^2, ŕàĺ łőâőàőň ćőğŋĺłăěâ \ńőęŋëľ" ŕőńîá ć (13.113), ććěďěň őąőğŋăçěŋĺě ~^2_{QCD}:

~^2_{QCD} = μ^2 exp [ − 12π (33 − 2n_f )g^2(μ^2) ] . (13.114)

Šőčďă (13.113) ŕěàěŕĺáëćăěâáï łăł:

g^2(Q^2) = 12π (33 − 2n_f ) ln (_{Q2} Λ2 ) . (13.115)

Ŕàĺ Q^2 ≫ ~^2_{QCD} íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ňăńă ĺ ćğăĺňőďěľáâćĺě łćăàłőć ĺ čńîőŋőć (ŋă ňăńëå àăááâőïŋĺïå ĺńĺ ŕàĺ ąőńìèĺå ĺňŕãńìáăå) ňőęŋő őŕĺáëćăâì ŕő âěőàĺĺ ćőğňãéěŋĺľ, ăŋăńőčĺçŋő ćğăĺňőďěľáâćĺî íńěłâàőŋőć ĺ äőâőŋőć ć ŁİĎ (ŋă ąőńìèĺå àăááâőïŋĺïå ĺńĺ ňăńëå ĺňŕãńìáăå). Ŕàĺ Q^2 ∼ ~^2_{QCD} âăłőě őŕĺáăŋĺě áâăŋőćĺâáï ŋěćőğňőęŋëň, ă łćăàłĺ ĺ čńîőŋë őąêěďĺŋïîâáï ć áĺńìŋő ćğăĺňőďěľáâćãîéĺě łńăáâěàë | ăďàőŋë. İłáŕěàĺňěŋâăńìŋőě ğŋăçěŋĺě ~ ńěęĺâ ć ĺŋâěàćăńě őâ 0.1 ďő 0.5 GeV. Šőčďă ďńï íłáŕěàĺňěŋâőć, ŕàőćőďĺňëå ŕàĺ Q^2 ∼ (30 GeV)^2 ĺğ (13.115) ŕőńãçăěň g^2 ∼ 0.1, âăł çâő âěőàĺï ćőğňãéěŋĺï ïćŋő ŕàĺňěŋĺňă, łăł ĺ ć ŁİĎ. Ć ŕàěďěńě ąőńìèĺå Q^2 ćáěňĺ ňăááăňĺ łćăàłőć ňőęŋő ŕàěŋěąàěçì, őďŋăłő ć âěőàĺî ćáě àăćŋő ćåőďĺâ ňăááőćëľ ňăáèâăą μ^2, ćőğŋĺłèĺľ ć ŕàőæěááě ŕěàěŋőàňĺàőćłĺ.

Ŕőďçěàłŋěň, çâő âěőàěâĺçěáłĺľ àěğãńìâăâ (13.115) ŕőńŋőáâìî ŕőďâćěàęďăěâáï ŋă íłáŕěàĺňěŋâě! Ŋă Řĺá. 13-17 ŕàĺćőďĺâáï ŕőďąőàłă íłáŕěàĺňěŋâăńìŋëå ďăŋŋëå ďńï íääěłâĺćŋőľ łőŋáâăŋâë áćïğĺ ŁŢĎ, łăł äãŋłæĺĺ åăàăłâěàŋőčő ňăáèâăąă íŋěàčĺĺ-ĺňŕãńìáă ć àăğńĺçŋëå ŕàőæěááăå àăááěïŋĺï, ĺğãçăćèĺåáï ŋă àăğńĺçŋëå íłáŕěàĺňěŋâăńìŋëå ãáâăŋőćłăå^{12}. Ćĺďĺň ćŕěçăâńïîéěě áőčńăáĺě âěőàĺĺ ĺ íłáŕěàĺňěŋâă.

12M. Schmelling. ArXiv: hep-ex/9701002.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 341

Řĺá. 13-17

Ăŋâĺíłàăŋĺàőćłă | ŕăàăňăčŋěâĺğň ïŋč-ňĺńńáőćáłőčő ćăłããňă.

Łăł ňë ćĺďěńĺ, ăáĺňŕâőâĺçěáłăï áćőąőďă áćïğăŋă á áćőľáâćőň ăŋâĺíłàăŋĺàőćłĺ ğăàïďă ć ïŋčňĺńńáőćáłőň ćăłããňě. Őłăğëćăěâáï, çâő íâő ïćńěŋĺě ĺňěěâ ďőćőńìŋő ŕàőáâőě äĺğĺçěáłőě őąêïáŋěŋĺě, őáŋőćăŋŋőě ŋă ĺğćěáâŋëå ăŋăńőčĺïå á âěőàĺěľ âćěàďőčő âěńă. Ŕőáńěďãîéěě ĺğńőęěŋĺě, ć őáŋőćŋőň, áńěďãěâ àăąőâě^{13}.

Ăŋâĺíłàăŋĺàőćłă ğăàïďă őğŋăçăěâ, çâő ćăłããň ďěľáâćãěâ łăł ďĺíńěłâàĺçěáłăï áàěďă á ďĺíńěłâàĺçěáłőľ ŕőáâőïŋŋőľ ϵ < 1. Ŕàĺ íâőň ćăłããň łćăŋâőćőľ âěőàĺĺ ŕőńï őâńĺçăěâáï őâ őąëçŋőľ ŕőńïàĺğãěňőľ áàěďë ć őďŋőň őçěŋì ćăęŋőň ŕãŋłâě | őŋ àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâěŋ. İâő őğŋăçăěâ, çâő ěčő ňăčŋĺâŋăï ŕàőŋĺæăěňőáâì μ áćïğăŋă á ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâìî áőőâŋőèěŋĺěň:

μϵ = 1 . (13.116)

Ďěľáâćĺâěńìŋő, ϵ ŕàěďáâăćńïěâ áőąőľ łőíääĺæĺěŋâ ŕàĺ ćłńăďě ć ďěľáâćĺě őâ íńěłâàĺçěáłőčő ŕőńï ⃗E · ⃗D ∝ ϵF_{oi}F oi, ă μ−1 ïćńïěâáï łőíääĺæĺěŋâőň ŕàĺ ćłńăďě ňăčŋĺâŋőčő ŕőńï ⃗B · ⃗H ∝ μ−1F_{ij} F ij. Śãňňă íâĺå ćłńăďőć ïćńïěâáï àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋőľ âőńìłő ŕàĺ ćëŕőńŋěŋĺĺ ãáńőćĺï ϵ = μ^{−1}. İâő őąáâőïâěńìáâćő ŕőğćőńïěâ áćïğăâì íńěłâàĺçěáłĺě áćőľáâćă áàěďë á ěě ňăčŋĺâŋëňĺ áćőľáâćăňĺ, łőâőàëě ňőčãâ ąëâì ďćãå âĺŕőć:

1. Ďĺăňăčŋěâĺğň Ńăŋďăã (μ < 1). Ğăàïęěŋŋëě çăáâĺæë ć áàěďě ć őâćěâ ŋă ćŋěèŋěě ňăčŋĺâŋőě ŕőńě áőğďăîâ âőł, łőâőàëľ áăň ĺŋďãæĺàãěâ ňăčŋĺâŋőě ŕőńě, ŋăŕàăćńěŋŋőě ŕàőâĺćőŕőńőęŋő ćŋěèŋěňã ŕőńî.

2. Ŕăàăňăčŋěâĺğň Ŕăãńĺ (μ > 1). Ěáńĺ çăáâĺæë őąńăďăîâ ňăčŋĺâŋëňĺ ňőňěŋâăňĺ, âő őŋĺ áâàěňïâáï ćëáâàőĺâìáï ćďőńì ćŋěèŋěčő ŕőńï.

Šőčďă áćőľáâćő ăŋâĺíłàăŋĺàőćłĺ ïŋč-ňĺńńáőćáłőčő ćăłããňă ňőęŋő ŕàěďáâăćĺâì áěąě łăł ãáńőćĺě μ > 1, â.ě. łăł ěčő ŕăàăňăčŋěâĺğň^{14}. Ć łőŋěçŋőň ĺâőčě, ćáě ďěńő ğďěáì ć âőň, çâő ŋěăąěńěćë łăńĺąàőćőçŋëě ŕőńï ŕőďçĺŋïîâáï áâăâĺáâĺłě Ąőğě, ă âăłęě, ć őâńĺçĺě őâ ăąěńěćëå äőâőŋőć áăňĺ őąńăďăîâ ğăàïďőň, áőőâćěâáâćãîéĺň łăńĺąàőćőçŋőľ áĺňňěâàĺĺ. Ŕőďçěàłŋěň, çâő âěàňĺŋőńőčĺï âěőàĺĺ íńěłâàőňăčŋěâĺğňă (ğă ŋěĺňěŋĺěň ńãçèěčő) ĺáŕőńìğãěâáï ğďěáì âőńìłő ŕő ăŋăńőčĺĺ á U(1) łăńĺąàőćőçŋőľ âěőàĺěľ (ŁİĎ). Ć ďěľáâćĺâěńìŋőáâĺ ňë, łőŋěçŋő ęě, ĺňěěň ć ćĺďã ğăàïďë, áőőâćěâáâćãîéĺě SU(3) łăńĺąàőćőçŋőľ áĺňňěâàĺĺ, â.ě. æćěâőćëě ğăàïďë. Ŕőď íńěłâàĺçěáłĺňĺ ĺ ňăčŋĺâŋëňĺ áćőľáâćăňĺ ňë ŕőďàăğãňěćăěň æćěâőćëě íńěłâàĺçěáłĺě ĺ ňăčŋĺâŋëě áćőľáâćă (ŕőńï).

13F. Wilczek. Asymptotic Freedom. ArXiv: hep-th/9609099.

14Őąëçŋăï ŕőńïàĺğãěňăï áàěďë, ć őâńĺçĺě őâ íâőčő, ňőęěâ őďŋőćàěňěŋŋő őąńăďăâì áćőľáâćăňĺ ďĺíńěłâàĺçěáłőľ íłàăŋĺàőćłĺ (ϵ > 1) ĺ ŕăàăňăčŋěâĺğňă (μ > 1). Šěň ŋě ňěŋěě, ŋěłőâőàăï ĺáâőàĺçěáłăï ĺàőŋĺï áőáâőĺâ ć âőň, çâő äĺğĺçěáłőě ŕőćěďěŋĺě, ŕàĺćőďïéěě ł ăáĺňŕâőâĺçěáłőľ áćőąőďě, ąëńő, äăłâĺçěáłĺ, ĺğćěáâŋő Ńăŋďăã, łőâőàëľ ćŋěá äãŋďăňěŋâăńìŋëľ ćłńăď ć łćăŋâőćãî âěőàĺî ňăčŋěâĺğňă, ŋő, ć âő ęě ćàěňï, ŕőďćěàčăń áőňŋěŋĺî őáŋőćë łćăŋâőćőľ âěőàĺĺ ŕőńï, ĺğ-ğă ŕăâőńőčĺçěáłőčő ŕőćěďěŋĺï ćğăĺňőďěľáâćĺï ć őąńăáâĺ ąőńìèĺå ĺňŕãńìáőć.

342 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Łőčďă ňë čőćőàĺň, çâő ŕőńï §ŋčă { Ňĺńńáă ć ŁŢĎ (čńîőŋë) őąńăďăîâ ğăàïďőň ĺ ňăčŋĺâŋëň ňőňěŋâőň, ĺňěěâáï ć ćĺďã, çâő őŋĺ őąńăďăîâ æćěâőćëň ğăàïďőň ĺ æćěâőćëň ňăčŋĺâŋëň ňőňěŋâőň. Ŋă ďěńě ęě čńîőŋë íńěłâàĺçěáłĺ ŋěľâàăńìŋë.

Ţőàőèő ĺğćěáâŋëľ àěğãńìâăâ âěőàĺĺ ňěâăńńőć áőáâőĺâ ć âőň, çâő ďńï ĺďěăńìŋőčő čăğă íńěłâàőŋőć ďĺăňăčŋěâĺğň Ńăŋďăã, äăłâĺçěáłĺ, ŕěàěłàëćăěâáï ŕăàăňăčŋěâĺğňőň Ŕăãńĺ, âăł çâő ŕőńŋëľ őâłńĺł ïćńïěâáï ŕăàăňăčŋĺâŋëň [35]. Őłăğëćăěâáï, çâő ć âěőàĺĺ ŋěăąěńěćëå łăńĺąàőćőçŋëå ŕőńěľ áĺâãăæĺï ăŋăńőčĺçŋă ĺ áćïğăŋă á ŕăàăňăčŋĺâŋëň őâłńĺłőň áŕĺŋőć ïŋč-ňĺńńáőćáłĺå ŕőńěľ.

Śâăŋďăàâŋëľ łńăááĺçěáłĺľ ńăčàăŋęĺăŋ ŋěăąěńěćőľ łăńĺąàőćőçŋőľ âěőàĺĺ ĺňěěň ćĺď:

L = − 1 16π G^a_{αβ} G^{aαβ} + —ψ(iγ^ν Dν − m)ψ + ϕ^†(−Dν D^ν − μ^2)ϕ + ďàãčĺě ćłńăďë , (13.117)

čďě âěŋğőà ŋăŕàïęěŋŋőáâěľ ŕőńěľ őŕàěďěńěŋ łăł G^a_{αβ} ≡ ∂αA^a_β − ∂_βA^a_α − gf^{abc}A^b_αA^c_β , ă f^{abc} | áâàãłâãàŋëě łőŋáâăŋâë łăńĺąàőćőçŋőľ čàãŕŕë, łőćăàĺăŋâŋăï ŕàőĺğćőďŋăï Dν = ∂ν + igA^a_ν · T^a, ă T^a | čěŋěàăâőàë čàãŕŕë (ŋăŕàĺňěà ňăâàĺæë Ŕăãńĺ^τ_2 ďńï äãŋďăňěŋâăńìŋőčő ŕàěďáâăćńěŋĺï SU(2), ĺńĺ ňăâàĺæë Čěńń-Ňăŋŋă { Ńőã^λ_2 ďńï äãŋďăňěŋâăńìŋőčő ŕàěďáâăćńěŋĺï SU(3)). Ŕőď \ďàãčĺňĺ ćłńăďăňĺ" ŕőďàăğãňěćăîâáï ćğăĺňőďěľáâćĺï îłăćáłőčő âĺŕă ĺ áăňőďěľáâćĺě áłăńïàŋëå ŕőńěľ, ćăęŋő, çâő őŋĺ ŋě ğăćĺáïâ őâ łăńĺąàőćőçŋőčő ŕőńï. Şďőąŋő ŕěàěőŕàěďěńĺâì gA → A, âăł çâőąë ïŋč-ňĺńńáőćáłăï łőŋáâăŋâă g ćåőďĺńă âőńìłő ć \áćőąőďŋëľ" ńăčàăŋęĺăŋ łăńĺąàőćőçŋőčő ŕőńï:

L = − 1

16πg^2

G^a_{αβ} G^{aαβ} + —ψ(iγ^ν Dν − m)ψ + ϕ^†(−Dν D^ν − μ^2)ϕ + ďàãčĺě ćłńăďë , (13.118)

čďě âěŕěàì G^a_{αβ} ≡ ∂αA^a_β − ∂_βA^a_α − f^{abc}A^b_αA^c_β , Dν = ∂ν + iA^a_ν · T^a ĺ g őáâăńőáì âőńìłő ć ćĺďě łőíääĺæĺěŋâă ć ŕěàćőň áńăčăěňőň.

Ůâőąë àăááçĺâăâì ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì ćăłããňă ŋãęŋő ğŋăâì ĺğňěŋěŋĺě ŕńőâŋőáâĺ ěčő íŋěàčĺĺ ŕàĺ ĺğňěŋěŋĺĺ ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï. Ňőęěâ ŕőłăğăâìáï, çâő ćáě őŕàěďěńïěâáï âőńìłő ŕěàćëň çńěŋőň ă (13.118):^1_{8πg2} B^2. Ŋő íâő ŕàőáâő łńăááĺçěáłĺľ ćłńăď ć íŋěàčĺî, łàőňě íâőčő ć łćăŋâőćőľ âěőàĺĺ ŋãęŋő àăááňőâàěâì ĺğňěŋěŋĺě ŋãńěćőľ íŋěàčĺĺ ćáěćőğňőęŋëå ŕőńěľ, ćåőďïéĺå ć (13.118), ŕàĺ ĺğňěŋěŋĺĺ ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï. Šãâ ćáě ăŋăńőčĺçŋő âěőàĺĺ ňěâăńńőć, čďě àőńì ćăłããňă ĺčàăěâ ğăŕőńŋěŋŋăï áäěàă Ťěàňĺ.

Ŕàěęďě çěň ŕěàěåőďĺâì ł ïćŋëň ćëçĺáńěŋĺïň, ćëŕĺèěň ŕàăćĺńìŋëľ őâćěâ, ďăąë ŕàőăŋăńĺğĺàőćăâì ěčő áňëáń ĺ áńěďáâćĺï. Őłăğëćăěâáï, çâő ćłńăď ŋãńěćëå łőńěąăŋĺľ ´E, ŕàĺćőďĺâ ł âőňã, çâő ŕńőâŋőáâì íŋěàčĺĺ ćăłããňă ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě B ĺňěěâ ćĺď^{15}:

E + ´E = 1 8πg^2(~^2)

B^2 − 1 8π ηB^2 ln ( ~^2 B ) + łőŋěçŋëě ćłńăďë , (13.119)

čďě η ąëńő őŕàěďěńěŋő ćëèě ć (13.109): η = 33 − 2n_f 12π , (13.120)

ă őŕãéěŋŋëě çńěŋë łőŋěçŋë ć ŕàěďěńě g → 0 ĺ ~ → ∞. Ğďěáì ňë ććěńĺ őąëçŋëľ ŕăàăňěâà őąàěğăŋĺï ~, â.ě. őâąàőáĺńĺ ćłńăď ćáěå łőńěąăŋĺľ á ćőńŋőćëňĺ ćěłâőàăňĺ, ŕàěćëèăîéĺňĺ ~. Ŕàőĺáåőęďěŋĺě őąőğŋăçěŋĺï g^2(~^2) áłőàő áâăŋěâ ïáŋëň.

Ŕàěďáâăćĺň áěąě, çâő ŕăàăňěâà őąàěğăŋĺï ~ ć (13.120) ğăňěŋïěâáï ŋă ňěŋìèěě ğŋăçěŋĺě ~^′. Šőčďă ŋěâàãďŋő ŕőŋïâì, çâő ćáě ňőďë łőńěąăŋĺľ á ćőńŋőćëňĺ ćěłâőàăňĺ ć ĺŋâěàćăńě ňěęďã ~^′ ĺ ~ ďăîâ ćłńăď ć ĺğňěŋěŋĺě íŋěàčĺĺ ćăłããňă ćłńăď ćĺďă:

δ(E + ´E) = − 1 8π ηB^2 ln ( ~^2 ~^{′2} ) = ( 1 μ − 1 ) 1 8πg^2 B^2 , (13.121)

čďě ćő ćâőàőň àăćěŋáâćě ććěďěŋ ćłńăď ć ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì ćăłããňă őâ ãłăğăŋŋëå ňőď, çâő ĺ ïćńïěâáï, ŕő áãâĺ ďěńă, ěě őŕàěďěńěŋĺěň.

Őâáîďă, ŕàĺ ňăńëå g, ňë ĺňěěň:

μ − 1 = ηg^2 ln ( ~^2 ~^{′2} ) , (13.122)

čďě ïćŋő ćëŕĺáăŋ ćłńăď ć ćőáŕàĺĺňçĺćőáâì őâ ňőď á íŋěàčĺïňĺ (ĺňŕãńìáăňĺ), ńěęăéĺňĺ ć ĺŋâěàćăńě ňěęďã ~^′ ĺ ~. Ĺğ ćëàăęěŋĺï (13.120) ïáŋő, çâő ğďěáì, łăł ĺ ć âěőàĺĺ ňěâăńńőć, ĺňěěâáï ďćă

15Ğăňěâĺň, çâő ć ŋăèěľ áĺáâěňě ěďĺŋĺæ [B] = [L^{−2}] = [~^2], łàőňě âőčő ňë ćěğďě ŕőńìğãěňáï čăãááőćőľ áĺáâěňőľ ěďĺŋĺæ íńěłâàőďĺŋăňĺłĺ.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 343

ćłńăďă | ŕěàćëľ áćïğăŋ á âěŋďěŋæĺěľ áŕĺŋőćëå ňőňěŋâőć őàĺěŋâĺàőćăâìáï ŕő ŕőńî (ŕăàăňăčŋěâĺğň), ă ćâőàőľ | á őàąĺâăńìŋëň ďćĺęěŋĺěň ğăàïęěŋŋëå çăáâĺæ (ďĺăňăčŋěâĺğň). Ďńï íńěłâàőŋŋőčő čăğă ŕăàăňăčŋĺâŋëľ őâłńĺł ć âàĺ àăğă áĺńìŋěě ďĺăňăčŋĺâŋőčő [35]. Řěğãńìâăâ (13.122) ŕőłăğëćăěâ, çâő ć ŁŢĎ áĺâãăæĺï ăŋăńőčĺçŋă ĺ μ > 1, çâő, łăł ňë ćĺďěńĺ, áőőâćěâáâćãěâ ăŋâĺíłàăŋĺàőćłě íńěłâàĺçěáłőčő ğăàïďă (ϵ < 1). Ŕàĺ őŕàěďěńěŋĺĺ ŕàăćĺńìŋőčő ğŋăłă ŋăďő ãçĺâëćăâì, çâő çăáâĺæë áő áŕĺŋőň 1 ĺňěîâ (čńîőŋë) âőńìłő ďćě áâěŕěŋĺ áćőąőďë (ŕőńïàĺğăæĺĺ), ă âăłęě ĺ âő, çâő ćłńăď äěàňĺőŋőć (łćăàłőć) ć íŋěàčĺî ćăłããňă ĺňěěâ őâàĺæăâěńìŋëľ ğŋăł (Čńăćă 3), çâő ŕàĺćőďĺâ ł ãňěŋìèěŋĺî ŕăàăňăčŋĺâŋőčő íääěłâă. Ć çăáâŋőáâĺ, ć ŁİĎ, čďě ăąěńěćő íńěłâàőňăčŋĺâŋőě ŕőńě ŋě őąńăďăěâ áăňőďěľáâćĺěň, ă ćěáì àăááňăâàĺćăěňëľ íääěłâ őąãáńőćńěŋ äěàňĺőŋăňĺ, ňë ĺ ĺňěěň őąëçŋãî íłàăŋĺàőćłã ğăàïďă ćăłããňőň.

Łăłőćë áńěďáâćĺï (13.119) ďńï ŋăąńîďăěňëå ćěńĺçĺŋ? Ŋãęŋő, ŕàěęďě ćáěčő, ĺğąăćĺâìáï őâ ŕàőĺğćőńìŋőčő ŕăàăňěâàă őąàěğăŋĺï ~. Ďńï íâőčő őŕàěďěńĺň íääěłâĺćŋãî łőŋáâăŋâã áćïğĺ âăłĺň őąàăğőň, çâőąë ŕàăćăï çăáâì (13.119) ŋě ğăćĺáěńă őâ ~. Ďńï íâőčő ŋãęŋő, çâőąë ćëŕőńŋïńőáì ãáńőćĺě:

const ≡ 1g_2(~_2) − η ln ( ~^2 B ) , (13.123)

çâő íłćĺćăńěŋâŋő (13.111). Ěéě ńãçèě ğăŕĺáăâì íâő ãáńőćĺě ć ďĺääěàěŋæĺăńìŋőľ äőàňě: d d(ln ~^2) 1 g^2(~^2)

= η , (13.124)

çâő ěáâì âőęě áăňőě, çâő ĺ ãàăćŋěŋĺě Čěńń-Ňăŋŋă { Ńőã (13.110). Őâáîďă ćĺďŋő, çâő íääěłâĺćŋăï łőŋáâăŋâă áćïğĺ ãňěŋìèăěâáï á àőáâőň ŕăàăňěâàă őąàěğăŋĺï ~, áâàěňïáì ł ŋãńî łăł őąàăâŋăï áâěŕěŋì ńőčăàĺäňă ~ ŕàĺ ~ → ∞, ŕőłă ć âěőàĺĺ ŋě áńĺèłőň ňŋőčő łćăàłőć, â.ě. ŕőłă η > 0. İâő ĺ ěáâì ăáĺňŕâőâĺçěáłăï áćőąőďă.

Ŕěàěľďěň âěŕěàì ł ąőńěě ĺńĺ ňěŋěě ŕőáńěďőćăâěńìŋőňã ćëćőďã (13.119). Ŕăàăňăčŋĺâŋëľ ćłńăď ć η őâ áŕĺŋőćëå ŕàőěłæĺľ ±s ŋěáńőęŋő àăááçĺâăâì áńěďãîéĺň őąàăğőň. Ŕãáâì íńěłâàĺçěáłĺľ ğăàïď àăćěŋ 1, ă čĺàőňăčŋĺâŋőě őâŋőèěŋĺě gm. Ŕőáłőńìłã ŋăá ĺŋâěàěáãěâ ćłńăď ňőď á őçěŋì ąőńìèĺňĺ ĺňŕãńìáăňĺ, âő ŕăàăňěâà őąàěğăŋĺï ~ ňŋőčő ąőńìèě ňăáá ćáěå çăáâĺæ, łőâőàëě ŕőíâőňã ňőęŋő àăááňăâàĺćăâì łăł ąěğňăááőćëě (ĺčŋőàĺàãï ćőğŋĺłăîéĺě ŕàĺ íâőň ĺŋäàăłàăáŋëě àăáåőďĺňőáâĺ, łőâőàëě ňőęŋő ãáâàăŋĺâì, őąàěğăï ćáě ćáâàěçăîéĺěáï ďăńěě ĺŋâěčàăńë ŕő ĺňŕãńìáăň ŋă ŋĺęŋěň ŕàěďěńě ∼ B). Ćłńîçěŋĺě ňăčŋĺâŋőčő ŕőńï ŕàĺćőďĺâ ł áďćĺčã íŋěàčĺĺ àěńïâĺćĺáâáłőľ çăáâĺæë ćĺďă [1]: E^2 = k^2_1 + k^2 + k^2_3 → E^2 ± gmBs. Ŕőíâőňã, áőőâćěâáâćãîéěě ĺğňěŋěŋĺě íŋěàčĺĺ ŋãńěćëå łőńěąăŋĺľ ěáâì:

´E = ∫ d^3k (2π)^3 1 2 ( √ k^2 + gmsB + √ k^2 − gmsB − 2 √ k^2) . (13.125)

Ŕàőćőďï ğďěáì àăğńőęěŋĺě ďő çńěŋőć łćăďàăâĺçŋëå ŕő B ĺ ćëŕőńŋïï ĺŋâěčàĺàőćăŋĺě ŕő ãčńăň, ŋăåőďĺň:

´E = −B^2(gms)^2 1 32π^2 Λ2∫ 0 dk^2 k^2

= −B^2(gms)^2 1 32π^2 ln ~^2 B . (13.126)

İâő ďăěâ ŕăàăňăčŋĺâŋëľ ćłńăď ć (13.119). Šőçŋőě ğŋăçěŋĺě łőíääĺæĺěŋâă ŕàĺ áőőâćěâáâćãîéěň ćłńăďě ć (13.119) áćïğăŋő á á čàãŕŕőćëňĺ łőŋáâăŋâăňĺ SU(3) ĺ ňë ěčő ŋě ćëćőďĺň.

Ďĺăňăčŋĺâŋëľ ćłńăď ć η ćëçĺáńïěâáï áńőęŋěě. Ćőğìňěň ćěłâőà-ŕőâěŋæĺăń ňăčŋĺâŋőčő ŕőńï ć łăńĺąàőćłě Ńăŋďăã: Ay = Bx. Šőčďă ãàăćŋěŋĺě Łńěľŋă { Čőàďőŋă, őŕàěďěńïîéěě őàąĺâăńìŋőě ďćĺęěŋĺě àěńïâĺćĺáâáłőľ çăáâĺæë ć ňăčŋĺâŋőň ŕőńě, ěáâì: [ E^2 +

∂^2 ∂x^2 + ( ∂ ∂y − iBx )_2 + ∂^2 ∂z^2 ] ϕ = 0 , (13.127)

ă ěčő àěèěŋĺï ĺňěîâ ćĺď: ϕ = e^{i(k2y+k3z)}χn ( x − k_2 B ) (13.128)

á áőąáâćěŋŋëňĺ ğŋăçěŋĺïňĺ E^2_n = k^2_3 + B(2n + 1). Ğďěáì χn őąëçŋăï ćőńŋőćăï äãŋłæĺï čăàňőŋĺçěáłőčő őáæĺńńïâőàă [29]. Şàőćŋĺ íŋěàčĺĺ åăàăłâěàĺğãîâáï æěńëň çĺáńőň n ĺ ĺňŕãńìáőň k_3, ŋő ćëàőęďěŋë ŕő k_2, łăł ć őąëçŋőľ ğăďăçě őą ãàőćŋïå Ńăŋďăã ć ňăčŋĺâŋőň ŕőńě [29]. Ěáńĺ àăááňőâàěâì áőáâőïŋĺï ć łãąě áő áâőàőŋőľ L, âő łőőàďĺŋăâă æěŋâàă őáæĺńńïâőàă k_2/B ďőńęŋă ãďőćńěâćőàïâì

344 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

ŋěàăćěŋáâćã 0 ≤ k_2/B ≤ L, çâő őğŋăçăěâ, çâő ć ĺŋâěàćăńě ´k_3 ĺňěěâáï ´k_2´k_3/(2π)^2 =^B_{4π2} ´k_3 áőáâőïŋĺľ ďńï äĺłáĺàőćăŋŋőčő ğŋăçěŋĺï n (ďńï ěďĺŋĺçŋőčő őąêěňă L^3 = 1). Šőčďă áőőâćěâáâćãîéĺľ ćłńăď ć íŋěàčĺî ŋãńěćëå łőńěąăŋĺľ ěáâì:

E0 = B (2π)^2 Λ2 2B − 1 2 ∑ n=0 ∞∫ −∞ dk_3θ [ ~^2 − k^2_3 − B(2n + 1) ]√ k^2_3 + B(2n + 1) ≡ Λ2 2B − 1 2 ∑ n=0 f ( n + 1 2 ) . (13.129)

İâő ćëàăęěŋĺě ďőćőńìŋő čàőňőğďłőě ććĺďã ŋăńĺçĺï áãňňë ŕő n. Ďńï ŋăèĺå æěńěľ ďőáâăâőçŋő ãçěáâì ŕěàćëľ ŋěâàĺćĺăńìŋëľ ćłńăď ć äőàňãńě áãňňĺàőćăŋĺï İľńěàă { Ňăłńőàěŋă: p∑ n=0 g ( n + 1 2 ) = p+1∫ 0 dng(n) − 1 24 (g^′(p + 1) − g^′(0)) + ... (13.130)

ŕőáłőńìłã áńěďãîéĺě ěě çńěŋë ŕàĺćőďïâ ł ćłńăďăň ąőńěě ćëáőłőčő ŕőàïďłă ŕő B/~^2. Ŕàĺňěŋïï (13.130) ł (13.129), ãąěęďăěňáï, çâő ĺŋâěčàăńìŋëľ çńěŋ ŋě ğăćĺáĺâ őâ B, ă áãéěáâćěŋŋëľ ćłńăď ćőğŋĺłăěâ őâ ŕàőĺğćőďŋőľ ć ŋãńě: 1 24 f^′(0) = 1 24 B 4π^2 2 Λ∫ √ B dk_3 B√ k^2_3

= B^2 1 96π^2 ln ~^2 B . (13.131)

İâő ďăěâ ďĺăňăčŋĺâŋãî çăáâì (13.119), łőâőàăï őłăğëćăěâáï ňěŋìèě ŕăàăňăčŋĺâŋőčő ćłńăďă (13.126), ďńï ńîąëå àăğãňŋëå ğŋăçěŋĺľ gm ĺ s.

Łăł ãęě őâňěçăńőáì ćëèě, őâłàëâĺě ăáĺňŕâőâĺçěáłőľ áćőąőďë ć ŋěăąěńěćëå łăńĺąàőćőçŋëå âěőàĺï áëčàăńő àěćőńîæĺőŋŋãî àőńì ć áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ ŕàěćàăâĺńő ŁŢĎ ć \àěáŕěłâăąěńìŋãî" âěőàĺî, ńěęăéãî ć őáŋőćě \áâăŋďăàâŋőľ ňőďěńĺ". Ğă ŕőáńěďŋĺě çěâćěàâì ćěłă âěőàĺï ŕàőèńă ćáěáâőàőŋŋîî ŕàőćěàłã ĺ, ć őąńăáâĺ ěě ŕàĺňěŋĺňőáâĺ, ćáěčďă ŕőďâćěàęďăńăáì íłáŕěàĺňěŋâăńìŋëňĺ ďăŋŋëňĺ. Ňë ŋě ąãďěň ğďěáì őąáãęďăâì ćáě íâĺ ãáŕěåĺ, őčàăŋĺçĺćèĺáì ŋěłőâőàëňĺ ďőŕőńŋĺâěńìŋëňĺ ááëńłăňĺ. Ňŋőčĺě ăáŕěłâë ŁŢĎ ŕőďàőąŋő őŕĺáăŋë ć ãęě ŋě àăğ æĺâĺàőćăćèěľáï łŋĺčě [11]. Ďőćőńìŋő ďěâăńìŋőě ĺğńőęěŋĺě ňăâěňăâĺçěáłőčő ăŕŕăàăâă ŁŢĎ ć áâĺńě, ąńĺğłőň ł ŋăèĺň ńěłæĺïň, ňőęŋő ŋăľâĺ ć [45]. Ĺğ ŋěàěèěŋŋëå ďő łőŋæă ŕàőąńěň őâňěâĺň ŕàőąńěňã őŕĺáăŋĺï łőŋäăľŋňěŋâă, çâő âěáŋő áćïğăŋő á ŋěőąåőďĺňőáâìî őŕĺáăŋĺï ŋěŕěàâãàąăâĺćŋëå íääěłâőć ć ŁŢĎ ŋă ąőńìèĺå àăááâőïŋĺï (ňăńëå ĺňŕãńìáăå, ć ĹŁ őąńăáâĺ). Ňë łàăâłő őąáãďĺň íâőâ ćőŕàőá ć áńěďãîéěľ Čńăćě.

Ć áăňőě ŕőáńěďŋěě ćàěňï ňőéŋőě àăğćĺâĺě ŕőńãçĺńő ĺğãçěŋĺě łćăàł-čńîőŋŋőčő ćěéěáâćă ć íłáâàěňăńìŋëå ãáńőćĺïå ćëáőłĺå âěňŕěàăâãà ĺ ŕńőâŋőáâěľ, çâő ćěáìňă áãéěáâćěŋŋő ďńï ğăďăç ăáâàőäĺğĺłĺ ĺ łőáňőńőčĺĺ, âăłęě łăł ĺ ďńï íłáŕěàĺňěŋâőć ŕő áâőńłŋőćěŋĺî âïęěńëå ïďěà ŋă ãęě àăąőâăîéĺå ĺńĺ áâàőïéĺåáï ãáłőàĺâěńïå. Ğďěáì ŕàőïćńïěâáï æěńëľ àïď ğăňěçăâěńìŋëå ăŋăńőčĺľ á äĺğĺłőľ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, ć çăáâŋőáâĺ, ąőńìèőľ ĺŋâěàěá ćëğëćăěâ âěőàěâĺçěáłőě ĺğãçěŋĺě âăł ŋăğëćăěňőľ æćěâőćőľ áćěàåŕàőćőďĺňőáâĺ, ćőğŋĺłăîéěľ ć łćăàł-čńîőŋŋőň ćěéěáâćě ćëáőłőľ ŕńőâŋőáâĺ ğă áçěâ łãŕěàőćáłőčő áŕăàĺćăŋĺï łćăàłőć, ćëğćăŋŋőčő ŕàĺâïęěŋĺěň ğă áçěâ őąňěŋă čńîőŋăňĺ. Ďőáâăâőçŋő ďěâăńìŋőě ĺ ïáŋő ŋăŕĺáăŋŋőě ĺğńőęěŋĺě íâĺå ŕàőąńěň ňőęŋő ŋăľâĺ ć [46, 47].

Ĺŋâěàěáãîéĺěáï íńěňěŋâăàŋëň őąğőàőň ãáŕěåőć áőćàěňěŋŋőľ ŁŢĎ ňőčãâ őčàăŋĺçĺâìáï çâěŋĺěň ŕőŕãńïàŋőčő ňĺŋĺ-őąğőàă^{16}.

16F. Wilczek. QCD Made Simple. Phys. Today 53, No.8, 22 (2000)

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 345

\Ąěčãéĺě" łőŋáâăŋâë áćïğĺ ĺ \ćěńĺłőě őąêěďĺŋěŋĺě."

Řăááňăâàĺćăćèăïáï ŋăňĺ ć Čńăćě 12 SU (2) ⊗ U (1) áĺňňěâàĺçŋăï őąêěďĺŋěŋŋăï âěőàĺï íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï ŋăåőďĺâáï, łăł ĺ SU (3) ĺŋćăàĺăŋâŋăï ŁŢĎ ćő ćŕěçăâńïîéěň áőčńăáĺĺ á íłáŕěàĺňěŋâőň. Ŋő ďěľáâćĺâěńìŋő ńĺ őŋă őąêěďĺŋïěâ íńěłâàőňăčŋĺâŋőě ĺ áńăąőě ćğăĺňőďěľáâćĺï? Ťăłâĺçěáłĺ, SU (2) ⊗ U (1) ŕàěďáâăćńïěâ áőąőľ ŕàőĺğćěďěŋĺě ďćãå ŋěáćïğăŋŋëå ňŋőęěáâć łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ: čàãŕŕë SU (2) áńăąőčő ĺğőáŕĺŋă á łőŋáâăŋâőľ áćïğĺ g ĺ čàãŕŕë U (1) áńăąőčő čĺŕěàğăàïďă á łőŋáâăŋâőľ áćïğĺ f. Őâŋőèěŋĺě íâĺå łőŋáâăŋâ áćïğĺ, ććěďěŋŋőě ć (12.83) łăł: tgα = f g (13.132)

äăłâĺçěáłĺ ďőńęŋő őŕàěďěńïâìáï ĺğ íłáŕěàĺňěŋâă. Ěáńĺ, őďŋăłő, čàãŕŕë SU (2) ĺ U (1) àăááňőâàěâì ć łăçěáâćě ŕőďčàãŕŕ ŋěłőâőàőľ ąőńěě èĺàőłőľ łăńĺąàőćőçŋőľ čàãŕŕë G ⊃ SU (2) ⊗ U (1) , (13.133)

âő łőŋáâăŋâë g ĺ f ňőčãâ ąëâì áćïğăŋë ňěęďã áőąőľ čàãŕŕőćëňĺ áőőâŋőèěŋĺïňĺ, łőâőàëě ĺ őŕàěďěńïâ ãčőń Ćăľŋąěàčă α. Ŕàĺ íâőň, çăáâì ŋőćëå ŕàěőąàăğőćăŋĺľ čàãŕŕë G áćïğëćăěâ àăŋěě ŋěáćïğăŋŋëě ŕőďňŋőęěáâćă čàãŕŕ SU (2) ĺ U (1). Ěáâěáâćěŋŋő ŕőŕëâăâìáï őąêěďĺŋĺâì íńěłâàőáńăąãî áĺňňěâàĺî SU (2) ĺ U (1) á æćěâőćőľ łăńĺąàőćőçŋőľ SU (3) áĺňňěâàĺěľ ŁŢĎ:

G ⊃ SU (3) ⊗ SU (2) ⊗ U (1) . (13.134)

Šőčďă łăńĺąàőćőçŋëě ŕàěőąàăğőćăŋĺï čàãŕŕë G ąãďãâ áćïğëćăâì íńěłâàőáńăąëě łőŋáâăŋâë g ĺ f á àăááňăâàĺćăćèěľáï ćëèě łőŋáâăŋâőľ áćïğĺ ŁŢĎ. Ć àěğãńìâăâě ćáě ĺğćěáâŋëě ćğăĺňőďěľáâćĺï ąãďãâ őŕĺáëćăâìáï ěďĺŋőľ łăńĺąàőćőçŋőľ čàãŕŕőľ á ěďĺŋőľ łőŋáâăŋâőľ ćğăĺňőďěľáâćĺï g_G, ă ćáě ŋăąńîďăěňëě łőŋáâăŋâë ĺğćěáâŋëå ćğăĺňőďěľáâćĺľ ąãďãâ őďŋőğŋăçŋő őŕàěďěńïâìáï áâàãłâãàőľ čàãŕŕë G. Ŕőďőąŋëě ňőďěńĺ ŋăğëćăîâáï âěőàĺïňĺ \ćěńĺłőčő őąêěďĺŋěŋĺï" (GUT). Šăłĺå ňőďěńěľ ŕàěďńőęěŋő ŋěłőâőàőě łőńĺçěáâćő, ŋĺęě ňë łàăâłő őąáãďĺň ĺå őáőąěŋŋőáâĺ.

Őáŋőćăŋĺě ďńï âăłőčő őŕĺáăŋĺï ňőęŋő ãáňőâàěâì ĺ ĺáåőďï ĺğ àěăńìŋőčő ŕőćěďěŋĺï \ąěčãéĺå" łőŋáâăŋâ áćïğĺ ďńï ĺğćěáâŋëå ćğăĺňőďěľáâćĺľ. Ąãďěň őąőğŋăçăâì ĺå g_1(Q), g_2(Q) ĺ g_3(Q) áőőâćěâáâćěŋŋő łăńĺąàőćőçŋëň čàãŕŕăň U (1), SU (2) ĺ SU (3). Ćő ĺğąěęăŋĺĺ ŕãâăŋĺæë, ććěďěň áńěďãîéĺě áâăŋďăàâŋëě őąőğŋăçěŋĺï, áćïğëćăîéĺě g_i (i = 1, 2, 3) á őąőğŋăçěŋĺïňĺ łőŋáâăŋâ ćğăĺňőďěľáâćĺï, ĺáŕőńìğőćăćèĺňĺáï ŋăňĺ ćëèě:

SU (3) : g^2(Q) = 4πg^2_3(Q) ,

SU (2) : g(Q) = g_2(Q) , (13.135)

U (1) : f(Q) = 1 C g_1(Q) .

Ğďěáì ććěďěŋ (ŋě őçěŋì áãéěáâćěŋŋëľ ďńï ďăńìŋěľèěčő) łőíääĺæĺěŋâ C, łőâőàëľ őąëçŋő őŕàěďěńïěâáï ŋěłőâőàëňĺ čàãŕŕőćëňĺ łőŋáâăŋâăňĺ čàãŕŕë G. Ć çăáâŋőáâĺ,

346 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Řĺá. 13-18

âőčďă ĺ ãčőń α ĺğ (13.132) áâăŋőćĺâáï äãŋłæĺěľ Q: tgα(Q) = 1 C g_1(Q) g_2(Q)

. (13.136)

Ŋă Řĺá. 13-18 ŕőłăğăŋő ŕőćěďěŋĺě \ąěčãéĺå" łőŋáâăŋâ áâăŋďăàâŋőľ ňőďěńĺ α_i =^{g2i}_{4π} ć ğăćĺáĺňőáâĺ őâ log_{10}(μ/GeV), ŕőńãçěŋŋőě ĺáåőďï ĺå íłáŕěàĺňěŋâăńìŋëå ďăŋŋëå ĺ őďŋőŕěâńěćëå äőàňãń, àăááňăâàĺćăćèĺåáï ćëèě ŋă ŕàĺňěàě ŁİĎ ĺ ŁŢĎ. Ćĺďĺň, çâő ŁŢĎ łőŋáâăŋâă g_3 ãąëćăěâ á àőáâőň ĺňŕãńìáă (ăáĺňŕâőâĺçěáłăï áćőąőďă), âőčďă łăł łőŋáâăŋâë âěőàĺĺ íńěłâàőáńăąőčő ćğăĺňőďěľáâćĺï g_1 ĺ g_2 ćőğàăáâăîâ. Ŕàĺ íâőň ïáŋő ćĺďŋă âěŋďěŋæĺï ł áąńĺęěŋĺî ćěńĺçĺŋ íääěłâĺćŋëå łőŋáâăŋâ ćğăĺňőďěľáâćĺï ć őąńăáâĺ Q ∼ 10^{15} GeV. Ňőęŋő őęĺďăâì, çâő ć ĺáâĺŋŋőľ âěőàĺĺ íńěňěŋâăàŋëå çăáâĺæ ŕàĺ ŋěłőâőàőň ąőńìèőň ğŋăçěŋĺĺ Q ∼ M_X (ŋă ňăńëå àăááâőïŋĺïå!) ćáě âàĺ łőŋáâăŋâë áńĺćăîâáï ć őďŋã łőŋáâăŋâã âěőàĺĺ \ćěńĺłőčő" őąêěďĺŋěŋĺï^{17}:

g_i(Q) = g_G(Q) ŕàĺ Q ≥ M_X , (13.137)

áőőâćěâáâćãîéãî łăńĺąàőćőçŋőľ čàãŕŕě G. Ŕàĺ Q < M_X łőŋáâăŋâë g_i(Q) àăğďěńïîâáï ĺ, ć łőŋæě łőŋæőć, ŋă ąőńìèĺå àăááâőïŋĺïå ŕěàěåőďïâ ć äěŋőňěŋőńőčĺçěáłĺě łőŋáâăŋâë g_i, őŕĺáëćăîéĺě ŋăąńîďăěňëě ćğăĺňőďěľáâćĺï ŋă ŋëŋěèŋěň ãàőćŋě íłáŕěàĺňěŋâăńìŋëå ćőğňőęŋőáâěľ ŕàĺ Q ∼ μ ∼ 10 GeV. Ŕőďőąŋőě ŕőćěďěŋĺě łőŋáâăŋâ ćğăĺňőďěľáâćĺï ŕőńãçăěâáï ć ŋěłőâőàëå ňőďěńïå, őąőąéăîéĺå áâăŋďăàâŋãî ňőďěńì á ãçěâőň áãŕěàáĺňňěâàĺĺ (áĺňňěâàĺĺ, ŕàěőąàăğőćăŋĺï łőâőàőľ ŕěàěćőďïâ äěàňĺőŋë ć ąőğőŋë ĺ ŋăőąőàőâ). Ŕàĺňěà ŕőćěďěŋĺï \ąěčãéĺå" łőŋáâăŋâ áćïğĺ, ŕőńãçăîéěčőáï ć ŕőďőąŋëå ňőďěńïå, ŕőłăğăŋ ŋă Řĺá. 13-19. Ćőğňőęŋőáâì ŕőńãçĺâì âăłőě ŕőćěďěŋĺï íääěłâĺćŋëå łőŋáâăŋâ áćïğĺ áçĺâăěâáï áĺńìŋëň ăàčãňěŋâőň ć ŕőńìğã âěőàĺľ á áãŕěàáĺňňěâàĺěľ. Ğăňěâĺň, őďŋăłő, çâő áãŕěàáĺňňěâàĺï ć Ŕàĺàőďě ğăćěďőňő áĺńìŋő ŋăàãèěŋă ĺ ŕőłă ŋěâ íłáŕěàĺňěŋâăńìŋëå áćĺďěâěńìáâć ć ŕőńìğã ěě áãéěáâćőćăŋĺï. Ć çăáâŋőáâĺ, ŕőłă ŋěĺğćěáâŋő áãéěáâćãîâ ńĺ çăáâĺæë | áãŕěàŕăàâŋěàë ĺğćěáâŋëå çăáâĺæ.

17Ć íâőľ őąńăáâĺ ãčőń Ćăľŋąěàčă, ć áőőâćěâáâćĺĺ ć (13.136), őŕàěďěńïěâáï čàãŕŕőćëň łőíääĺæĺěŋâőň C.

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 347

Řĺá. 13-19

Ŕàěďŕőńăčăï áãéěáâćőćăŋĺě čàãŕŕë \ćěńĺłőčő őąêěďĺŋěŋĺï" G ĺ ĺáŕőńìğãï äěŋőňěŋőńőčĺçěáłĺě ğŋăçěŋĺï łőŋáâăŋâ ćğăĺňőďěľáâćĺï, őŕàěďěńěŋŋëě ŕàĺ Q ∼ μ ∼ m_W ňőęŋő őæěŋĺâì ňăááã M_X ąőńěě ăłłãàăâŋő. Ďńï ŁŢĎ łőŋáâăŋâë g_3, ĺáŕőńìğãï (13.109) { (13.113), ňőęěň ŋăŕĺáăâì: 1 g^2_3(μ) = 1 g^2_3(Q)

+ 2b_3 ln Q μ , (13.138)

čďě ććěńĺ b_3 = 1 (4π)^2 ( 2 3 n_f − 11 ) , (13.139)

őâńĺçăîéãîáï őâ ĺáŕőńìğőćăŋŋőľ ćëèě ćěńĺçĺŋë η ğŋăłőň ĺ ŕőáâőïŋŋëň ňŋőęĺâěńěň. Ŕàĺ Q = M_X ĺňěěň g_3 = g_G, âăł çâő ĺğ (13.138) ŕőńãçăěň: 1 g^2_i (μ) = 1 g^2_G

+ 2b_i ln M_X μ , čďě i = 3 . (13.140)

İâő ęě áőőâŋőèěŋĺě ňőęŋő ŕàĺňěŋĺâì ĺ ł łőŋáâăŋâăň ćğăĺňőďěľáâćĺï g_1, g_2 čàãŕŕ SU (2) ĺ U (1), ŕàĺçěň:

b_1 = 1 (4π)^2 ( 4 3 n_g ) , b_2 = 1 (4π)^2 ( − 22 3 ) + b_1 , (13.141)

b_3 = 1 (4π)^2

(−11) + b_1 , (13.142)

čďě n_g | çĺáńő âĺŕőć äěàňĺőŋőć ć àăááňăâàĺćăěňőľ ňőďěńĺ. Ć őąéěň áńãçăě čàãŕŕë SU (N ) ĺňěěň: b_N = 1 (4π)^2 ( − 11 4 N + 4 3 n_g ) , (13.143)

čďě ŕěàćëľ çńěŋ áćïğăŋ á ćłńăďőň ŕěâńĺ łăńĺąàőćőçŋëå ąőğőŋőć, ă ćâőàőľ á ŕěâńïňĺ äěàňĺőŋőć.

348 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Ĺáłńîçăï n_g ĺ g_G ĺğ âàěå ãàăćŋěŋĺľ âĺŕă (13.142) ĺ ĺáŕőńìğãï (13.143), áőáâăćĺň áńěďãîéãî ńĺŋěľŋãî łőňąĺŋăæĺî:

C^2 g^2_1 + 1 g^2 − 1 + C^2 g^2_3

= 2[C^2b_1 + b_2 − (1 + C^2)b_3] ln M_X μ , (13.144)

čďě g^2_i = g^2_i (μ). Ńěćăï áâőàőŋă âãâ ŕőďőąàăŋă âăł, çâőąë ěě ňőęŋő ąëńő ćëàăğĺâì çěàěğ e^2 ĺ g^2_3. Ć áăňőň ďěńě, ĺňěěň:

C^2 g^2_1 + 1 g^2 = 1 f^2 + 1 g^2 = 1 e^2

, (13.145)

čďě ĺáŕőńìğőćăńĺ (13.136) ĺ ĺğćěáâŋëě äőàňãńë íńěłâàőáńăąőľ âěőàĺĺ e = g sin α = f cos α. Ŕőďáâăćńïï łőíääĺæĺěŋâë b_i ĺğ (13.142) ć (13.144), ŕőńãçĺň: ln M_X μ = 3(4π)^2 22(1 + 3C^2) [ 1 e^2 − 1 + C^2 g^2_3 ] . (13.146)

Ŕàĺ μ ∼ 10 GeV ĺňěěň e^2 ∼ 10^{−2} ĺ g^2_3 ∼ 0.1. Ŕőńăčăï^{18} C^2 = 5/3 ŕőńãçăěň

M_X ∼ 5 · 10^{14} GeV . (13.147)

İâă őæěŋłă, łăł ŋěâàãďŋő ćĺďěâì, ŋě őçěŋì çãćáâćĺâěńìŋă ł ćëąőàã μ ĺ ł âőçŋőňã ğŋăçěŋĺî C. Ňăááă M_X őçěŋì ćěńĺłă, ŋő ŋě ŋăáâőńìłő, çâőąë ŋăďő ąëńő ãçĺâëćăâì čàăćĺâăæĺî^{19}.

Ňĺŋĺňăńìŋăï čàãŕŕă, ãďőćńěâćőàïîéăï ãáńőćĺî

G ⊃ SU (3) ⊗ SU (2) ⊗ U (1) (13.148)

| íâő čàãŕŕă SU (5). Ŋă ěě ĺáŕőńìğőćăŋĺĺ őáŋőćăŋă ŕàőáâěľèăï ňőďěńì GUT (Ďęőàďęĺ { Čńíèőã). Łăłĺě łăńĺąàőćőçŋëě ąőğőŋë ćőğŋĺłăîâ ć íâőľ âěőàĺĺ? Ć őąéěň áńãçăě SU (N )-áĺňňěâàĺçŋőľ łăńĺąàőćőçŋőľ âěőàĺĺ ĺňěěâáï N^2 − 1 łăńĺąàőćőçŋëå ąőğőŋőć. Śőőâćěâáâćěŋŋő, ďńï SU (5) ĺňěěň:

24 = (8, 1)Čńîőŋë + [(1, 3) + (1, 1)]_{W,Z,γ} + [(3, 2) + (—3, 2)]_{X,Y} . (13.149)

Šăłĺň őąàăğőň ć âěőàĺĺ ćőğŋĺłăîâ áćěàåâïęěńëě ąőğőŋë X ĺ Y . Őŋĺ őąńăďăîâ æćěâőň ĺ ïćńïîâáï ŕőáàěďŋĺłăňĺ ćğăĺňőďěľáâćĺľ, ŕěàěćőďïéĺå łćăàłĺ ć ńěŕâőŋë:

(u, d)_L → e^+_L + ( —Y , —X) , (13.150)

çâő, ć çăáâŋőáâĺ, ŕàĺćőďĺâ ł ŋěĺğąěęŋőáâĺ àăáŕăďă ŕàőâőŋă^{20}. Ŕàĺ Q ∼ M_{X,Y} áĺńìŋőě æćěâőćőě ćğăĺňőďěľáâćĺě áňěèĺćăěâáï á íńěłâàőáńăąëň ĺ çěâłőě àăğďěńěŋĺě çăáâĺæ ŋă æćěâŋëě łćăàłĺ ĺ ąěáæćěâŋëě ńěŕâőŋë ŕàőŕăďăěâ.

18İâő áńěďãěâ ĺğ (13.136) ĺ sin^2 α ≈ 0.2. Ć őąéěň áńãçăě ĺğ (13.136) ĺňěěň: sin^2 α = g21(Q) g21 (Q)+C2g2(Q) . Ěáńĺ ćğïâì C

2 = 5/3, âő ŕàĺ Q = M_X , â.ě. ŕàĺ g_1 = g_2, ŕőńãçĺň sin^2 α = 3/8. Ŋő ŕàĺ Q ≈ μ ćěńĺçĺŋă sin^2 α ãęě ďàãčăï ĺğ-ğă g_1 ≠ g_2..

19Şçěâ čàăćĺâăæĺĺ áâăŋőćĺâáï ćăęŋëň ŕàĺ^{GM2}_r |_{r=}~_{MC} ∼ Mc^2, çâő ďăěâ ŕńăŋłőćáłãî ňăááã

M_P c^2 ∼ ( ~c^5_G )_{1/2} ∼ 1.2 · 10^{19} GeV.

20Řăáŕăď ŕàőâőŋă ŋě áâőńì ŋěőęĺďăŋ, łăł ňőęěâ ŕőłăğăâìáï. Śőåàăŋěŋĺě íńěłâàĺçěáłőčő ğăàïďă áćïğăŋő á áãéěáâćőćăŋĺěň ąěğňăááőćőčő äőâőŋă, ŋő, ćěďì, ŕő-ćĺďĺňőňã, ŋě áãéěáâćãěâ ąěğňăááőćëå çăáâĺæ, őâćěâáâćěŋŋëå ğă áőåàăŋěŋĺě ąăàĺőŋŋőčő ğăàïďă (áň. Čńăćã 2).

ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ 349

Ťěàňĺőŋë ć SU (5) ňőďěńĺ àăğňěéăîâáï ŕő äãŋďăňěŋâăńìŋëň ŕàěďáâăćńěŋĺïň —5 ĺ 10. Ć ïćŋőň ćĺďě, ďńï ńěćëå áőáâőïŋĺľ ĺňěěň:

—5 = (1, 2) + (—3, 1) = (ν_e, e^−)_L + —d_L ,

10 = (1, 1) + (—3, 1) + (3, 2) = e^+_L + u^+_L + (u, d)_L . (13.151)

Šěőàěâĺçěáłĺě őæěŋłĺ ćàěňěŋĺ ęĺğŋĺ ŕàőâőŋă ďăîâ: τ_p ∼ M^4_X m^5_p

. (13.152)

Ćĺďŋő, çâő ěčő çĺáńěŋŋőě ğŋăçěŋĺě őçěŋì çãćáâćĺâěńìŋő ł âőçŋőňã ğŋăçěŋĺî M_X . Őŋő ńěęĺâ ć ĺŋâěàćăńě 10^{30} − 10^{32} ńěâ! Śőćàěňěŋŋăï íłáŕěàĺňěŋâăńìŋăï čàăŋĺæă: τ_p > 10^{32} ńěâ. İâő, ŕő-ćĺďĺňőňã, ŕőğćőńïěâ őâąàőáĺâì ŕàőáâěľèãî SU (5) ňőďěńì \ćěńĺłőčő őąêěďĺŋěŋĺï". Őďŋăłő áãéěáâćãîâ ąőńěě áńőęŋëě ňőďěńĺ GUT, ć łőâőàëå ćàěňï ęĺğŋĺ ŕàőâőŋă áãéěáâćěŋŋő ąőńìèě. Ł áőęăńěŋĺî, ć ŋăáâőïéěě ćàěňï ŋě ćĺďŋő íłáŕěàĺňěŋâăńìŋëå ćőğňőęŋőáâěľ ŕőĺáłă àăáŕăďőć ŕàőâőŋă áő ćàěňěŋěň ęĺğŋĺ, áãéěáâćěŋŋő ŕàěćëèăîéĺň 10^{32} ńěâ. Ć íâőň áňëáńě, ă âăłęě ććĺďã őčàőňŋőčő ňăáèâăąă ňăááë M_X , ćáě GUT ňőďěńĺ, ďő ŋěłőâőàőľ áâěŕěŋĺ, ŕàěďáâăćńïîâ áőąőľ \ĺčàã" âěőàěâĺłőć. Šěň ŋě ňěŋěě, çĺáâő âěőàěâĺçěáłĺě áőőąàăęěŋĺï ğăáâăćńïîâ ćěáâĺ ăłâĺćŋëě ĺááńěďőćăŋĺï ć íâőň ŋăŕàăćńěŋĺĺ [48].

350 ŔĚŘĚŊŐŘŇĹŘŐĆŁĂ

Čńăćă 14

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚ- ČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆ- ŊŻĚ ŇĚŠŐĎŻ

Šěőàĺï ŕőńï ŋă àěèěâłě.

Ćáě ŕàěďëďãéěě àăááňőâàěŋĺě âěőàĺĺ ćğăĺňőďěľáâćãîéĺå ŕőńěľ ąëńő őáŋőćăŋő ŋă âőň ĺńĺ ĺŋőň ćăàĺăŋâě âěőàĺĺ ćőğňãéěŋĺľ. Ŕő áãâĺ ďěńă, íâő ěďĺŋáâćěŋŋëľ ãŋĺćěàáăńìŋëľ ňěâőď ăŋăńĺğă áőőâćěâáâćãîéĺå ğăďăç. Ć âőęě ćàěňï ïáŋő, çâő ć łćăŋâőćőľ âěőàĺĺ ŕőńï áãéěáâćãěâ æěńëľ àïď ŕàőąńěň, ŕőáńěďőćăâěńìŋőě àěèěŋĺě łőâőàëå ŋěćőğňőęŋő ąěğ àăğćĺâĺï ňěâőďőć, ŋě ĺáŕőńìğãîéĺå âěőàĺî ćőğňãéěŋĺľ. Ć çăáâŋőáâĺ, âăłĺě ğăďăçĺ ćőğŋĺłăîâ ŕàĺ ĺááńěďőćăŋĺĺ ăáĺňŕâőâĺçěáłĺå áćőľáâć łćăŋâőćőľ âěőàĺĺ ŕőńï, čďě ćëåőď ğă àăňłĺ âěőàĺĺ ćőğňãéěŋĺľ ŋěőąåőďĺň ŕàĺ ŕőŕëâłăå ćőááâăŋőćńěŋĺï ćĺďă äãŋłæĺĺ Čěńń-Ňăŋŋă { Ńőã. Ĺğ äĺğĺçěáłĺå ŕàőąńěň ğďěáì őáŋőćŋőľ ïćńïěâáï, łőŋěçŋő, ŕàőąńěňă ŕőáńěďőćăâěńìŋőčő őŕĺáăŋĺï ïćńěŋĺï łőŋäăľŋňěŋâă łćăàłőć. Ďőáâăâőçŋő őçěćĺďŋő, çâő ŋĺłăłőčő ãŋĺćěàáăńìŋőčő ňěâőďă ćëåőďă ğă àăňłĺ âěőàĺĺ ćőğňãéěŋĺľ ŕàőáâő ŋě áãéěáâćãěâ. Ćňěáâě á âěň, ć łćăŋâőćőľ âěőàĺĺ ŕőńï àăğćĺâ àïď ŕőďåőďőć, łőâőàëě ŕőğćőńïîâ ŕàőăŋăńĺğĺàőćăâì ŋěłőâőàëě ŋěŕěàâãàąăâĺćŋëě íääěłâë. Ć áćïğĺ á íâĺň ć âěőàĺĺ ćőğŋĺł àïď ćăęŋëå łőŋæěŕæĺľ, ğŋăçěŋĺě łőâőàëå ćëåőďĺâ ğă àăňłĺ áőąáâćěŋŋő łćăŋâőćőľ âěőàĺĺ ŕőńï. Ć íâőľ Čńăćě ňë őáâăŋőćĺňáï ŋă àïďě âăłĺå ğăďăç, ĺňěï ć ćĺďã ŕàőĺńńîáâàĺàőćăâì, čńăćŋëň őąàăğőň, ĺňěŋŋő íâã łőŋæěŕâãăńìŋãî áâőàőŋã ďěńă.

Őçěŋì ćăęŋőě ŋăŕàăćńěŋĺě áőćàěňěŋŋőľ łćăŋâőćőľ âěőàĺĺ áćïğăŋő á àăááňőâàěŋĺěň łăńĺąàőćőçŋëå ŕőńěľ ŋă àěèěâłě. Őŋő ąëńő ŕàěďńőęěŋő ć ŋăçăńě 70-å

352 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

čőďőć Ćĺńìáőŋőň ĺ, ŕő áãâĺ ďěńă, ïćńïěâáï ěďĺŋáâćěŋŋëň ňěâőďőň, ŕőğćőńïîéĺň ďőáâăâőçŋő ŕőńŋő àěèĺâì ŕàőąńěňã łőŋäăľŋňěŋâă. Ć íâőň ŕőďåőďě ćňěáâő őąëçŋőčő ŕàőáâàăŋáâćěŋŋő-ćàěňěŋŋőčő łőŋâĺŋããňă ććőďĺâáï ďĺáłàěâŋőě ŕàőáâàăŋáâćőćàěňï^1. Ŕàĺ íâőň ăćâőňăâĺçěáłĺ őâŕăďăěâ ŕàőąńěňă ŕőńěćëå àăáåőďĺňőáâěľ, ŕőáłőńìłã ćőğŋĺłăěâ ěáâěáâćěŋŋőě ĺå őąàěğăŋĺě | ďńĺŋă ćőńŋ ć àěèěâłě ŋě ňőęěâ ąëâì ňěŋìèě ãďćőěŋŋőľ ŕőáâőïŋŋőľ àěèěâłĺ a, áőőâćěâáâćěŋŋő őąńăáâì ĺğňěŋěŋĺï ĺňŕãńìáőć őčàăŋĺçěŋă ćěńĺçĺŋőľ^π_a (åőàőèő ĺğćěáâŋăï ĺğ âěőàĺĺ âćěàďőčő âěńă ğőŋă Ąàĺńńîíŋă). Ć âăłőľ äőàňãńĺàőćłě łćăŋâőćăï âěőàĺï ŕőńï ćő ňŋőčőň ăŋăńőčĺçŋă áâăâĺáâĺçěáłőľ ňěåăŋĺłě àěèěâőçŋëå áĺáâěň, čďě áãéěáâćãîâ åőàőèő àăğàăąőâăŋŋëě ňěâőďë, ŕőğćőńïîéĺě, ĺŋőčďă, àěèăâì ğăďăçĺ ĺ ŋě ŕő âěőàĺĺ ćőğňãéěŋĺľ. Ć çăáâŋőáâĺ, ć àěèěâőçŋëå ňőďěńïå ňőęŋő íääěłâĺćŋő ĺáŕőńìğőćăâì çĺáńěŋŋëě àăáçěâë ňěâőďőň Ňőŋâě-Łăàńő. Ć ŋăèěň ĺğńőęěŋĺĺ ňë, ć őáŋőćŋőň, áńěďãěň łŋĺčě [11], ąőńěě ŕőďàőąŋőě àăááňőâàěŋĺě àěèěâőçŋëå ňőďěńěľ ć łćăŋâőćőľ âěőàĺĺ ŕőńï ňőęŋő ŋăľâĺ ć [49] ĺ ć åőàőèěň őąğőàě [50].

Ŋĺęě ňë ąãďěň àăááňăâàĺćăâì âőńìłő ěćłńĺďőćã äőàňãńĺàőćłã łćăŋâőćőľ âěőàĺĺ ŕőńï ŋă àěèěâłě, åőâï áãéěáâćãîâ ĺ ňěâőďë ăŋăńĺğă ňőďěńěľ á ïćŋëň ćëďěńěŋĺěň ćàěňěŋŋëå ğăćĺáĺňőáâěľ. Ąãďěň àăááňăâàĺćăâì âőńìłő ŕàőáâãî łãąĺçěáłãî àěèěâłã á ŕőáâőïŋŋőľ a ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě. Şğńë àěèěâłĺ ąãďěň ŕăàăňěâàĺğőćăâì 4-ćěłâőàőň n. Šőčďă çěâëàěåňěàŋőě ĺŋâěčàĺàőćăŋĺě ğăňěŋïěâáï áãňňĺàőćăŋĺěň: ∫ d^4x... → a^4 ∑ n ... . (14.1) Śłăńïàŋëě ŕőńï.

Řăááňőâàĺň ŕàőáâěľèĺľ áńãçăľ áłăńïàŋőčő ŕőńï ϕ(x). Ďěľáâćĺě áőőâćěâáâćãîéěľ âěőàĺĺ ć ŋěŕàěàëćŋőň ěćłńĺďőćőň ŕàőáâàăŋáâćě ĺňěěâ ćĺď: S(ϕ) = ∫ d^4x [ 1 2 (∂_μϕ)^2 + V (ϕ) ] , (14.2) čďě V (ϕ) = 1 2 m^2ϕ^2 + λ 4 ϕ^4 . (14.3)

Śłăńïàŋőě ŕőńě áãéěáâćãěâ ć łăęďőň ãğńě àěèěâłĺ n:

ϕ(x) = ϕ_n . (14.4)

Ŕàőĺğćőďŋăï ŕőńï őŕàěďěńïěâáï ŋă àěèěâłě łăł: ∂_μϕ(x) → 1 a (ϕ_{n+μ̂} − ϕ_n) , (14.5)

čďě ^μ | 4-ćěłâőà ďńĺŋë a ć ŋăŕàăćńěŋĺĺ μ.

Ďńï ďěľáâćĺï ŋă àěèěâłě áőőâćěâáâćěŋŋő ĺňěěň: S(ϕ) = ∑ n { a^2 2 4∑ μ=1 (ϕ_{n+μ̂} − ϕ_n)^2 + a^4 ( m^2 2 ϕ^2_n + λ 4 ϕ^4_n )} . (14.6)

1Łăł ŋě àăğ ãłăğëćăńőáì ćëèě, ććěďěŋĺě àěèěâłĺ ŋăàãèăěâ àěńïâĺćĺáâáłãî ĺŋćăàĺăŋâŋőáâì âěőàĺĺ, ŋő ďńï ğăďăç, łőâőàëě ąãďãâ ğďěáì őąáãęďăâìáï, íâő ŋě âăł ãę ĺ ćăęŋő | őáŋőćŋőľ ĺŋâěàěá ŕàěďáâăćńïěâ, ŋăŕàĺňěà, ŕőćěďěŋĺě ŁŢĎ ŋă ąőńìèĺå àăááâőïŋĺïå, łőčďă ő àěèěâłě ňőęŋő ŕàőáâő \ğăąëâì".

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 353

Řĺá. 14-1

Ŕőńěğŋő ŕěàěľâĺ ć ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě ĺ őŕàěďěńĺâì áŕěłâà ćőğąãęďěŋĺľ áćőąőďŋőľ âěőàĺĺ (λ = 0). Ćőáŕőńìğãěňáï àăğńőęěŋĺěň Ťãàìě:

ϕ_n = ∫ d^4k (2π)^4 e^{ik·n}ϕ(k) . (14.7) Ŕőáłőńìłã àăááňăâàĺćăâì ďńĺŋë ćőńŋ ňěŋìèě ãďćőěŋŋőľ ŕőáâőïŋŋőľ àěèěâłĺ a ŋě ĺňěěâ áňëáńă, ĺŋâěčàĺàőćăŋĺě ć (14.7) ŕàőćőďĺâáï ŕő ğőŋě Ąàĺńńîíŋă őąàăâŋőľ àěèěâłĺ, â.ě. − π a ≤ k_μ ≤ π a ďńï łăęďőčő μ = 1, ..., 4 . (14.8)

Ğďěáì k_μ ≡ k · ^μ. Ŕőáńě ŕőďáâăŋőćłĺ (14.7) ć (14.6) çńěŋë, ŕőńãçăîéĺěáï ĺğ \łĺŋěâĺçěáłőľ" íŋěàčĺĺ, ğăŕĺèãâáï ć áńěďãîéěň ćĺďě:

a^4 ∑ n ∫ d^4k (2π)^4 ∫ d^4k^′ (2π)^4 e^{i(k+k′)·n}(e^{iakμ} − 1)(e^{iak′μ} − 1) = = ∫ d^4k (2π)^4 (e^{iakμ} − 1)(e^{−iakμ} − 1) = 4 ∫ d^4k (2π)^4 sin^2 ( ak_μ 2 ) , (14.9)

âăł çâő ďěľáâćĺě áćőąőďŋőľ âěőàĺĺ ŕàĺŋĺňăěâ ćĺď:

S_0(ϕ) = 1 2 ∫ d^4k (2π)^4 [ ∑ μ 4 a^2 sin^2 ( ak_μ 2 ) + m^2 ] ϕ(−k)ϕ(k) , (14.10)

Šăłĺň őąàăğőň łăęďăï ňőďă ďăěâ ć ďěľáâćĺě ćłńăď ćĺďă: S(k) = 1 2 [ ∑ μ 4 a^2 sin^2 ( ak_μ 2 ) + m^2 ] (14.11)

ćňěáâő áâăŋďăàâŋőčő^1_2 ( k^2 + m^2 ) . Šěň ŋě ňěŋěě őąă íâĺå ćëàăęěŋĺï ĺňěîâ őďĺŋ ĺ âőâ ęě ŋěŕàěàëćŋëľ ŕàěďěń, ŕőáłőńìłã őŋĺ áőćŕăďăîâ ŕàĺ ňăńëå k, ć íâőň áňëáńě ćáě ąńăčőŕőńãçŋő. Ŕőńãçěŋŋëľ áŕěłâà ŕőłăğăŋ ŋă Řĺá. 14-1(ă).

Šěőàĺï á àěèěâőçŋëň ďěľáâćĺěň (14.6) ňőęěâ ąëâì ŕàőłćăŋâőćăŋă á ŕőňőéìî äőàňăńĺğňă äãŋłæĺőŋăńìŋőčő ĺŋâěčàĺàőćăŋĺï, ć àăňłăå łőâőàőčő ćăłããňŋőě áàěďŋěě ďăěâáï äőàňãńőľ^2: ⟨0|ϕ_{n1}ϕ_{n2}...ϕ_{nl}|0⟩ = 1 Z ∫ ∏ n [dϕ_n](ϕ_{n1}ϕ_{n2}...ϕ_{nl})e^{−S[ϕ]} , (14.12)

2Ć ěćłńĺďőćőľ âěőàĺĺ ŋě ĺňěěâ áňëáńă ŕĺáăâì ğŋăł T -ãŕőàïďőçěŋĺï!

354 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ čďě Z = ∫ ∏ n [dϕ_n]e^{−S[ϕ]} . (14.13)

İâő âĺŕĺçŋăï áâăâĺáâĺçěáłăï ňěåăŋĺłă ŕőńï (ŕăàăňěâàă ŕőàïďłă) ϕ_n ŋă àěèěâłě! Ćěńĺçĺŋă S[ϕ] | áőőâćěâáâćãîéăï äńãłâãăæĺőŋŋăï áćőąőďŋăï íŋěàčĺï. Ćëàăęěŋĺě (14.12) ŕàěďáâăćńïěâ áőąőľ łőààěńïæĺőŋŋãî íâőčő ŕăàăňěâàă ŕőàïďłă, ğăďăŋŋőčő ŋă àăğŋëå ãğńăå. Ŕőńěğŋő áàăćŋĺâì íâĺ ćëàăęěŋĺï á (10.161), (10.163) ĺ (10.165), ĺáŕőńìğőćăćèĺňĺáï ćëèě ŕàĺ àăááňőâàěŋĺĺ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ.

Ŕàőćěďěň ğďěáì ğăňěŋã ŕěàěňěŋŋőľ (ĺğňěŋĺň ňăáèâăą ŕőńěľ):

ϕ^′_n = √ λϕ_n . (14.14)

Šőčďă àěèěâőçŋőě ďěľáâćĺě ŕàĺŋĺňăěâ ćĺď: S(ϕ) = 1 λ S^′(ϕ^′) , (14.15)

čďě:

S^′(ϕ^′) = ∑ n { a^2 2 ∑ μ (ϕ^′_{n+μ} − ϕ^′_n)^2 + a^4 ( m^2 2 ϕ^{′2}_n + 1 4 ϕ^{′4}_n )} , (14.16)

âăł çâő łőŋáâăŋâă ćğăĺňőďěľáâćĺï λ áâăńă őąéĺň ňŋőęĺâěńěň ďńï ćáěčő ďěľáâćĺï. Šőčďă (14.12) ĺ (14.13) ŕěàěŕĺáëćăîâáï ć ćĺďě: ⟨0|ϕ^′_{n1}ϕ^′_{n2}...ϕ^′_{nl}|0⟩ = 1 Z^′ ∫ ∏ n [dϕ^′_n](ϕ^′_{n1}ϕ^′_{n2}...ϕ^′_{nl}) exp { − 1 λ S^′[ϕ^′] } , (14.17)

Z^′ = ∫ ∏ n [dϕ^′_n] exp { − S^′[ϕ^′] λ } . (14.18)

Ěáńĺ ğďěáì ğăňěŋĺâì 1 λ → β = 1 T , (14.19)

čďě T | âěňŕěàăâãàă, âő àăğńőęěŋĺě áĺńìŋőľ áćïğĺ ć łćăŋâőćőľ âěőàĺĺ ŕőńï, łőâőàőě ŋãęŋő ćěáâĺ ŕő őąàăâŋëň áâěŕěŋïň łőŋáâăŋâë áćïğĺ λ, őłăğëćăěâáï íłćĺćăńěŋâŋëň ćëáőłőâěňŕěàăâãàŋőňã àăğńőęěŋĺî áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. İâő őâłàëćăěâ ďőćőńìŋő èĺàőłĺě ćőğňőęŋőáâĺ ďńï ĺğãçěŋĺï âăłĺå àăğńőęěŋĺľ, ŕőáłőńìłã ňěâőď ćëáőłőâěňŕěàăâãàŋëå àăğńőęěŋĺľ ć ŕàĺňěŋěŋĺĺ ł àěèěâőçŋëň ňőďěńïň áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ àăğàăąőâăŋ ďőćőńìŋő åőàőèő ĺ èĺàőłő ĺáŕőńìğãěâáï ć çĺáńěŋŋőň ĺááńěďőćăŋĺĺ, ŋăŕàĺňěà, łàĺâĺçěáłĺå ïćńěŋĺľ [51, 52].

Ťěàňĺőŋŋëě ŕőńï.

Ŕěàěľďěň ł àăááňőâàěŋĺî äěàňĺőŋőć. Ŕàőæěďãàă, ăŋăńőčĺçŋăï âőľ, łőâőàăï ĺáŕőńìğőćăńăáì ć áńãçăě áłăńïàŋëå ŕőńěľ, ŕàĺćőďĺâ ł ěćłńĺďőćã àěèěâőçŋőňã ďěľáâćĺî ďńï áĺáâěňë áćőąőďŋëå äěàňĺőŋőć áńěďãîéěčő ćĺďă:

S_0(ψ) = ∑ n { a^3 2 4∑ μ=1 —ψ_nγ_μ(ψ_{n+μ̂} − ψ_{n−μ̂}) + ma^4 —ψ_nψ_n } , (14.20)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 355

čďě γ-ňăâàĺæë ěćłńĺďőćőľ âěőàĺĺ ãďőćńěâćőàïîâ ăŋâĺłőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň:

{γ_μ, γ_ν } = 2δ_{μν} . (14.21)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ďěľáâćĺě (14.20) ğăŕĺáëćăěâáï ć ćĺďě:

S_0(ψ) = ∫ d^4k (2π)^4 —ψ(−k) { i ∑ μ γ_μ sin ak_μ a + m } ψ(k) . (14.22)

Ŕő áàăćŋěŋĺî á ŋěŕàěàëćŋëň áńãçăěň ŕàőĺáåőďĺâ ğăňěŋă γ_μk_μ → γ_μ^1_a sin ak_μ. Ăŋăńőčĺçŋő âőňã, łăł ć őąëçŋőľ (ěćłńĺďőćőľ) âěőàĺĺ Ďĺàăłă γ_μk_μ + m ďăěâ áŕěłâà k^2 + m^2, ć ďăŋŋőň áńãçăě ĺňěěň áŕěłâà ćőğąãęďěŋĺľ ćĺďă: S(k) = sin^2 ak_μ a^2

+ m^2 , (14.23)

ŕőłăğăŋŋëľ ŋă Řĺá. 14-1(ą). Ćĺďĺň, çâő ć íâőň áńãçăě ć ğőŋě Ąàĺńńîíŋă ĺňěěâáï ďćă őďĺŋăłőćëå ňĺŋĺňãňă. Őďĺŋ ĺğ ŋĺå, ŕàĺ k = 0, ŕàĺćőďĺâ ł ŕàăćĺńìŋőňã ŋěŕàěàëćŋőňã ŕàěďěńã. Ďàãčăï ňőďă, áőőâćěâáâćãîéăï ňĺŋĺňãňã ŕàĺ k_μ = ±^π_a , őąńăďăěâ ŕàĺ a → 0 ąěáłőŋěçŋëň ĺňŕãńìáőň, ă ŕàĺ łőŋěçŋëå a ňőęěâ ąëâì ćőğąãęďěŋă. Śőőâćěâáâćěŋŋő, âàěąãěâáï ŋěłőâőàăï ňőďĺäĺłăæĺï âěőàĺĺ, ŋě ćńĺïîéăï ŋă ŋěŕàěàëćŋëľ ŕàěďěń, ŋő ãáâàăŋïîéăï ćłńăď ćâőàőčő ňĺŋĺňãňă. Ćĺńìáőŋ ŕàěďńőęĺń ďőąăćĺâì ł àěèěâőçŋőňã ńăčàăŋęĺăŋã áńěďãîéĺľ ćłńăď:

´L = 1 2a —ψ_n(ψ_{n+μ̂} + ψ_{n−μ̂} − 2ψ_n) , (14.24)

âăł çâő ć ěćłńĺďőćőň ŕàőáâàăŋáâćě ďěľáâćĺě áćőąőďŋëå äěàňĺőŋőć ŕàĺŋĺňăěâ ćĺď:

S_0(ψ) = ∑ n { a^3 2 ∑ μ —ψ_n[(1 + γ_μ)ψ_{n+μ̂} + (1 − γ_μ)ψ_{n−μ̂} − 2ψ_n] + ma^4 —ψ_nψ_n } . (14.25)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň:

S_0(ψ) = ∫ d^4k (2π)^4 —ψ(−k) { i ∑ μ γ_μ sin ak_μ a + m − ∑ μ cos ak_μ − 1 a } ψ(k) . (14.26)

İâő ďěľáâćĺě őąńăďăěâ âěň áćőľáâćőň, çâő ŋěęěńăâěńìŋëľ ňĺŋĺňãň ŕőďŋĺňăěâáï ŋă ŋěŋãńěćëě íŋěàčĺĺ, âőčďă łăł ŕőćěďěŋĺě âěőàĺĺ ŕàĺ ňăńëå k ŋě ĺğňěŋïěâáï. Śőőâćěâáâćěŋŋő, ć ŋěŕàěàëćŋőň ŕàěďěńě őáâăěâáï âőńìłő ćłńăď \ŕàăćĺńìŋőčő" ňĺŋĺňãňă ŕàĺ k = 0.

Ńőłăńìŋăï łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì.

Ŕőáâàőĺň âěŕěàì àěèěâőçŋãî łăńĺąàőćőçŋãî âěőàĺî. Ďńï łőŋłàěâŋőáâĺ ĺňěěň ć ćĺďã SU (3)-áĺňňěâàĺçŋãî ŁŢĎ. Ńőłăńìŋőě (ğăćĺáïéěě őâ ãğńă!) łăńĺąàőćőçŋőě ŕàěőąàăğőćăŋĺě ğăŕĺèěň ć ćĺďě:

ψ_n → ˘_nψ_n , —ψ_n → —ψ_n˘^+_n , (14.27)

356 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-2 čďě ˘_n = exp { i λ^i 2 θ^i_n } . (14.28)

Ğďěáì λ^i (i = 1, 2, ..., 8) | ňăâàĺæë Čěńń-Ňăŋŋă (čěŋěàăâőàë čàãŕŕë SU (3), áň. ãàăćŋěŋĺï (2.195)).

Ććěďěň âěŕěàì âăł ŋăğëćăěňãî àěąěàŋãî ŕěàěňěŋŋãî, ğăďăŋŋãî ŋă àěèěâőçŋőľ áćïğĺ, áőěďĺŋïîéěľ áőáěďŋĺě ãğńë:

U (n + ^μ, n) = exp { iga λ^i 2 A^i_{nμ} } , (14.29)

čďě A^i_{nμ} | àěèěâőçŋőě ŕőńě čńîőŋőć, g | ïŋč-ňĺńńáőćáłăï łőŋáâăŋâă áćïğĺ. Ğăłőŋ łăńĺąàőćőçŋőčő ŕàěőąàăğőćăŋĺï íâőľ ňăâàĺæë őŕàěďěńĺň łăł:

U (n + ^μ, n) → ˘_{n+μ̂}U (n + ^μ, n)˘^+_n . (14.30)

Ĺğ (14.27) ĺ (14.30) áńěďãěâ, çâő łőňąĺŋăæĺï —ψ_nU (n, n + ^μ)ψ_{n+μ̂} ïćńïěâáï łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋőľ. Őâáîďă ïáŋő, łăł ŋãęŋő ňőďĺäĺæĺàőćăâì ďěľáâćĺě (14.25), çâőąë ŕőńãçĺâì łćăàłőćãî çăáâì SU (3)-áĺňňěâàĺçŋőčő ďěľáâćĺï ŁŢĎ:

S_{QCD} = S(q) + S(A) , (14.31)

S(q) = ∑ n { a^3 2 ∑ μ [ — ψ_n(1 + γ_μ)U (n, n + ^μ)ψ_{n+μ̂} + + —ψ_n(1 − γ_μ)U (n, n − ^μ)ψ_{n−μ̂} − 2ψ_n ] + ma^4 —ψ_nψ_n } . (14.32)

Ć ŋěŕàěàëćŋőň ŕàěďěńě a → 0 àăğńőęěŋĺě ćëàăęěŋĺï (14.32) ć àïď ŕő áâěŕěŋïň a ďăěâ őąëçŋőě ćëàăęěŋĺě ďńï äěàňĺőŋŋőčő ďěľáâćĺï, ć łőâőàőň ćőğŋĺłăîâ łőćăàĺăŋâŋëě ŕàőĺğćőďŋëě łăńĺąàőćőçŋőľ âěőàĺĺ.

Łăł ďőńęŋő ćëčńïďěâì àěèěâőçŋőě ďěľáâćĺě ďńï áăňőčő łăńĺąàőćőçŋőčő (čńîőŋŋőčő) ŕőńï? §áŋő, çâő őŋő ďőńęŋő áâàőĺâìáï ĺğ àěąěàŋëå ŕěàěňěŋŋëå. Ŕàőáâěľèăï łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋăï łőňąĺŋăæĺï őŕàěďěńïěâáï ŋă íńěňěŋâăàŋőň łćăďàăâĺłě (čàăŋĺ, ĺńĺ, łăł ěě ěéě ŋăğëćăîâ, ŕńăłěâě) àěèěâłĺ, ŕőłăğăŋŋőň ŋă Řĺá. 14-2. Śőáâăćĺň ňăâàĺçŋőě ŕàőĺğćěďěŋĺě àěąěàŋëå ŕěàěňěŋŋëå, ćğïâëå ćďőńì áćïğěľ ŋă ŕńăłěâě p:

U_p = U (n, n + ^μ)U (n + ^μ, n + ^μ + ^ν)U (n + ^μ + ^ν, n + ^ν)U (n + ^ν, n) . (14.33)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 357

İâă łőňąĺŋăæĺï, őçěćĺďŋő, ïćńïěâáï ĺŋćăàĺăŋâŋőľ őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ (14.30). Ććěďěň ďěľáâćĺě łăńĺąàőćőçŋőčő ŕőńï ć ćĺďě áńěďãîéěľ áãňňë ŕő ćáěň ŕńăłěâăň ŋă àěèěâłě: S(A) = − 1 8πg^2 ∑ p Sp U_p . (14.34)

Ğďěáì èŕãà őâ ŕàőĺğćěďěŋĺï ąěàěâáï ŕő ĺŋďěłáăň ňăâàĺæ SU (3). Ěáńĺ ć íłáŕőŋěŋâăå, ćåőďïéĺå ć (14.33), (14.34), ŕàőćěáâĺ àăğńőęěŋĺě ŕő áâěŕěŋïň a ĺ őâąàőáĺâì çńěŋë O(a^3), ćëàăęěŋĺě (14.34) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě: S(A) = − 1 8πg^2 ∑ p Sp{exp(iga^2F_{nμν})} , (14.35) čďě F_{nμν} = ∂_μA_{nν} − ∂_ν A_{nμ} − ig[A_{nμ} , A_{nν}] (14.36) čďě ććěďěŋő őąőğŋăçěŋĺě: ∂_μA_{nν} ≡ 1 a (A_{n+μ̂ν} − A_{nν} ) , (14.37)

ŕàĺçěň A_{nμ} = A^i_μλ^i/2 | čńîőŋŋőě ŕőńě ć ãğńě n. Őâáîďă áàăğã ęě ćőğŋĺłăěâ ŕàăćĺńìŋëľ ŋěŕàěàëćŋëľ ŕàěďěń: S(A) = − 1 8πg^2 ∑ p { 1 − g^2a^4 2 F^i_{μν}F^{iμν} + ... } → const + 1 16π ∫ d^4xF^i_{μν}F^{iμν} , (14.38)

čďě, ć ŕàőæěááě ćëćőďă, ĺáŕőńìğőćăńĺáì áćőľáâćă Sp λ^i = 0 ĺ Sp(λ^iλ^j ) = 2δ^{ij}.

Łàĺâěàĺľ łőŋäăľŋňěŋâă. Ŕěâńï Ćĺńìáőŋă.

Ůâőąë ććěáâĺ łàĺâěàĺľ łőŋäăľŋňěŋâă (ãďěàęăŋĺï) łćăàłőć ć ŁŢĎ, ňőęŋő ŋăľâĺ íŋěàčĺî áĺáâěňë, áőáâőïéěľ ĺğ łćăàłă, ŋăåőďïéěčőáï ć âőçłě x = (t, 0) ĺ ăŋâĺłćăàłă, ŋăåőďïéěčőáï ć âőçłě x = (t, R). Ć áńãçăě őâáãâáâćĺï ãďěàęăŋĺï, á őçěćĺďŋőáâìî, ĺňěěň:

E(R) → 2m ŕàĺ R → ∞ , (14.39)

čďě m | ňăááă łćăàłă. Ŋăńĺçĺě ãďěàęăŋĺï őğŋăçăěâ, çâő ňěęłćăàłőćëľ ŕőâěŋæĺăń ąěğčàăŋĺçŋő àăáâěâ:

E(R) → ∞ ŕàĺ R → ∞ . (14.40)

Ąãďěň őąőğŋăçăâì äěàňĺőŋŋőě ŕőńě łćăàłőć q(x) ĺ ććěďěň łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋëľ q —q-őŕěàăâőà ćĺďă:

`[x, x^′; C] = —q(x^′)U (x^′, x; C)q(x) , (14.41)

čďě U (x^′, x; C) | ãŕőàïďőçěŋŋőě ŕàőĺğćěďěŋĺě àěąěàŋëå ŕěàěňěŋŋëå ćďőńì ŋěłőâőàőčő ŕãâĺ (âàăěłâőàĺĺ) C, áćïğëćăîéěčő âőçłĺ x ĺ x^′ ŋă àěèěâłě^3. Řăááňőâàĺň

3Ć ŋěŕàěàëćŋőň ŕàěďěńě: U(x^′, x) = P exp { ig ∫_x′ x dy^{μ λi}_2 A^i_μ(y) } , čďě P | őŕěàăâőà ãŕőàïďőçěŋĺï ćďőńì ŕãâĺ C.

358 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-3

łăńĺąàőćőçŋő ĺŋćăàĺăŋâŋëľ łőààěńïâőà, őŕĺáëćăîéĺľ ŕěàěłàëâĺě q —q áőáâőïŋĺï ć ňőňěŋâ (ěćłńĺďőćă!) ćàěňěŋĺ t = 0 ĺ q —q áőáâőïŋĺï ć ňőňěŋâ ćàěňěŋĺ t = T :

˙(T, R) = ⟨0|`^+[(0, 0), (0, R); C]`[(T, 0), (T, R); C]|0⟩ . (14.42)

\Ćáâăćńïï" ňěęďã őŕěàăâőàăňĺ ŕàěďáâăćńěŋĺě ěďĺŋĺæë (ãáńőćĺě ŕőńŋőâë!) çěàěğ áãňňã ŕő ŕőńŋőľ áĺáâěňě áőąáâćěŋŋëå áőáâőïŋĺľ íŋěàčĺĺ àăááňăâàĺćăěňőľ áĺáâěňë, ŕőńãçăěň (áà. ĺáŕőńìğőćăŋĺě ăŋăńőčĺçŋőčő ŕàĺěňă ć Čńăćě 9): ˙(T, R) = ∑ n |⟨0|`^+[(0, 0), (0, R); C]|n⟩|^2e^{−En T} . (14.43)

Ćĺďĺň, çâő ŕàĺ ąőńìèĺå T őáŋőćŋőľ ćłńăď ďăěâ áńăčăěňőě á ŋăĺňěŋìèĺň E_n. İâő ŋăĺňěŋìèěě áőąáâćěŋŋőě ğŋăçěŋĺě íŋěàčĺĺ őçěćĺďŋő áőőâćěâáâćãěâ ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ q —q áĺáâěňë, ć łőâőàőľ łćăàł ĺ ăŋâĺłćăàł ŋăåőďïâáï ŋă àăááâőïŋĺĺ R ďàãč őâ ďàãčă:

lim_{T →∞} ˙(T, R) ∼ e^{−E(R)T} . (14.44)

Ć âěàňĺŋăå łćăàłőćëå ŕőńěľ ĺňěěň: ˙(T, R) = ⟨0|—q(0, R)U [(0, R), (0, 0); C]q(0, 0)—q(T, 0)U [(T, 0), (T, R); C]q(T, R)|0⟩ . (14.45) Ěáńĺ àăááňőâàěâì łćăàłĺ łăł őçěŋì âïęěńëě (łńăááĺçěáłĺě, c-çĺáńőćëě) ćŋěèŋĺě ĺáâőçŋĺłĺ ĺ àăááňőâàěâì ŕãâì C ć ćĺďě ğăňłŋãâőčő ŕàïňőãčőńìŋĺłă, ŕőłăğăŋŋőčő ŋă Řĺá. 14-3, ćëàăęěŋĺě (14.45) ňőęŋő ŕěàěŕĺáăâì łăł: ˙(T, R) ∼ e^{−2mT} W (C) ∼ e^{−E(R)T} , (14.46) čďě W (C) = ⟨0| Sp U [x, x^′; C]|0⟩ (14.47)

őŕàěďěńïěâ âăł ŋăğëćăěňãî ŕěâńî Ćĺńìáőŋă. Ĺňěŋŋő ŕőćěďěŋĺě łőààěńïâőàă W (C) ĺ őŕàěďěńïěâ ŋăńĺçĺě ĺńĺ őâáãâáâćĺě łőŋäăľŋňěŋâă. Ć áăňőň ďěńě, ĺğ (14.46) ïáŋő, çâő:

lim_{T →∞} W (C) ∼ exp{−T [E(R) − 2m]} . (14.48)

Łăł ňë ãćĺďĺň ŋĺęě, ć ŕàěďěńě áĺńìŋőľ áćïğĺ (g → ∞) ć àěèěâőçŋőľ âěőàĺĺ ć àěèěâőçŋőľ âěőàĺĺ ňőęŋő ŕőłăğăâì, çâő ćĺńìáőŋőćáłăï ŕěâńï ãďőćńěâćőàïěâ ğăłőŋã ŕńőéăďĺ, âăł çâő ďńï ďőáâăâőçŋő ąőńìèőčő łőŋâãàă C ĺňěěň: W (C) ∼ exp{−KA(C)} , (14.49)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 359

čďě K | ŋěłőâőàăï łőŋáâăŋâă, ă A(C) | ŕńőéăďì, őåćăâëćăěňăï ŋă àěèěâłě łőŋâãàőň C (â.ě. ňĺŋĺňăńìŋăï ŕńőéăďì ŕőćěàåŋőáâĺ, čàăŋĺæěľ łőâőàőľ ïćńïěâáï C). Ŋăŕàĺňěà, ďńï ŕàïňőãčőńìŋőčő łőŋâãàă Řĺá. 14-3, ĺňěěň:

A(C) = T R . (14.50)

Ŋő âőčďă ĺğ (14.48), (14.49) ĺ (14.50) ŕőńãçăěň: T [E(R) − 2m] ∼ KT R ĺńĺ E(R) − 2m ∼ KR , (14.51) â.ě. ńĺŋěľŋő àăáâãéĺľ á R ŕőâěŋæĺăń ćğăĺňőďěľáâćĺï ć áĺáâěňě q —q, çâő, őçěćĺďŋő, áőőâćěâáâćãěâ łőŋäăľŋňěŋâã. Łőíääĺæĺěŋâ K ŋăğëćăěâáï łőíääĺæĺěŋâőň ŋăâïęěŋĺï áâàãŋë (áĺńőľ łőŋäăľŋňěŋâă). Ŋăğćăŋĺě íâő áćïğăŋő á âěň, çâő ďńï ćőğŋĺłŋőćěŋĺï ńĺŋěľŋő àăáâãéěčő ŕőâěŋæĺăńă čńîőŋŋőě ŕőńě ňěęďã łćăàłăňĺ ďőńęŋő áőąàăâìáï ć âàãąłã | \áâàãŋã". İâă áâàãŋă ćëâïčĺćăěâáï áńěďőň ğă łćăàłăňĺ ĺ ŋě ŕőğćőńïěâ ĺň àăğőľâĺáì ŋă ňăłàőáłőŕĺçěáłĺě àăááâőïŋĺï.

Ğăłőŋ ŕńőéăďĺ ć àăğńőęěŋĺĺ áĺńìŋőľ áćïğĺ.

Ŕőłăęěň, áåěňăâĺçěáłĺ, łăł ŕőńãçĺâì ğăłőŋ ŕńőéăďĺ ă ŕàěďěńě áĺńìŋőľ áćïğĺ. Ŕőáłőńìłã àěąěàŋëě ŕěàěňěŋŋëě ŋěŕőáàěďáâćěŋŋő áćïğăŋë á łăńĺąàőćőçŋëňĺ ŕőńïňĺ, ć àěèěâőçŋőľ łăńĺąàőćőçŋőľ âěőàĺĺ ĺå ňőęŋő ćëąàăâì ć łăçěáâćě őáŋőćŋëå ďĺŋăňĺçěáłĺå áâěŕěŋěľ áćőąőďë. İâő ŕőğćőńïěâ ğăŕĺáăâì (14.47) ć ćĺďě \äãŋłæĺőŋăńìŋőčő" ĺŋâěčàăńă^4:

W (C) = 1 Z ∫ ∏ m,μ dU (n, n + ^μ) Sp U (x, x; C) exp { − 1 8πg^2 ∑ p Sp U_p } , (14.52) čďě Z = ∫ ∏ m,μ dU (n, n + ^μ) exp { − 1 8πg^2 ∑ p Sp U_p } . (14.53)

Őâňěâĺň, çâő ğďěáì ŋě ŋãęŋő ďőąăćńïâì ł ďěľáâćĺî ŋĺłăłĺå çńěŋőć äĺłáĺàãîéĺå łăńĺąàőćłã, ŕőáłőńìłã àěąěàŋăï ŕěàěňěŋŋăï ĺğňěŋïěâáï ć őčàăŋĺçěŋŋőľ őąńăáâĺ. Śőőâćěâáâćěŋŋő, őąêěň ŕàőáâàăŋáâćă âàăěłâőàĺľ, ŕőàőęďăěňëå łăńĺąàőćőçŋëňĺ ŕàěőąàăğőćăŋĺïňĺ, łőŋěçěŋ. Ŕőíâőňã, ďő ŕěàěåőďă ł ŋěŕàěàëćŋőňã ŕàěďěńã ŋě ćőğŋĺłăěâ ŋěőąåőďĺňőáâĺ ććőďĺâì çńěŋë äĺłáăæĺĺ łăńĺąàőćłĺ.

Řěąěàŋëě ŕěàěňěŋŋëě, łăł ňë ćĺďěńĺ ćëèě, ïćńïîâáï íńěňěŋâăňĺ čàãŕŕë SU (3). Şŋĺâăàŋëě ňăâàĺæë čàãŕŕë SU (3) ŕăàăňěâàĺğãîâáï ćőáěňìî őąőąéěŋŋëňĺ ãčńăňĺ İľńěàă, âăł çâő ňőęŋő ğăŕĺáăâì čàãŕŕőćëě ĺŋâěčàăńë ć (14.52), (14.53) ć ïćŋőň ćĺďě, ćëàăğĺć ĺå çěàěğ íâĺ ãčńë. Ňë íâőčő ďěńăâì ŋě ąãďěň, ă ńĺèì ŕàĺćěďěň áńěďãîéĺě ãáńőćĺï őàâőčőŋăńìŋőáâĺ [11]: ∫ dU (n, n + ^μ)[U (n, n + ^μ)]_{ij} = 0 , ∫ dU (n, n + ^μ)[U (n, n + ^μ)]_{ij}[U^+(n, n + ^μ)]_{kl} = 1 3 δ_{il}δ_{jk} , (14.54) ∫ dU (n, n + ^μ)[U (n, n + ^μ)]_{ij}[U (n, n + ^μ)]_{kl} = 0 . 4Ŋă àěèěâłě íâő ŕàőáâő ňŋőčőłàăâŋëľ ĺŋâěčàăń!

360 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-4

Şáńőćĺï (14.55) őğŋăçăîâ, çâő ŕàĺ ćëçĺáńěŋĺĺ ĺŋâěčàăńőć, őŕàěďěńïîéĺå (14.52), âőńìłő ćłńăďë őâ àěąěà (áćïğěľ) àěèěâłĺ, ŕàőåőďĺňëå ć ŕàőâĺćőŕőńőęŋëå ŋăŕàăćńěŋĺïå ďăîâ ŋěŋãńěćőľ ćłńăď. Šăłĺň őąàăğőň, ěáńĺ ĺňěîâáï ďćă áőáěďŋĺå ŕńăłěâă őďĺŋăłőćőľ őàĺěŋâăæĺĺ, âő ŕőáńě ĺŋâěčàĺàőćăŋĺï ŕő ŕěàěňěŋŋőľ, őŕàěďěńěŋŋőľ ŋă ĺå őąéěň àěąàě, őŋĺ \áńĺćăîâáï" ć őďĺŋ ŕàïňőãčőńìŋĺł, łăł íâő ŕőłăğăŋő ŋă Řĺá. 14-4.

Ć ŕàěďěńě áĺńìŋőľ áćïğĺ ćěńĺçĺŋă^1_{g2} àăááňăâàĺćăěâáï ć łăçěáâćě ňăńőčő ŕăàăňěâàă. Ŕőíâőňã íłáŕőŋěŋâã ć (14.52) ňőęŋő àăğńőęĺâì ć àïď:

W (C) = 1 Z ∫ ∏ n,μ dU (n, n + ^μ) Sp U (x, x; C) [ 1 − 1 8πg^2 ∑ p Sp U_p +

+ 1 2! ( 1 8πg^2 )_2 ∑ p ∑ p^′ Sp U_p Sp U_p′ + ...

. (14.55)

Ďńï ŕàőáâőâë àăááňőâàĺň őŕïâì ŕàïňőãčőńìŋëľ łőŋâãà C. Śőčńăáŋő äőàňãńăň (14.55) ć íâőň àăğńőęěŋĺĺ őâńĺçěŋ őâ ŋãńï ĺŋâěčàăń âőńìłő őâ âăłőčő çńěŋă ć àăğńőęěŋĺĺ íłáŕőŋěŋâë ŕő^1_{g2} , ďńï łőâőàőčő ŕńăłěâë æěńĺłőň ğăŕőńŋïîâ ŕőćěàåŋőáâì, ŋăâïŋãâãî ŋă ďăŋŋëľ łőŋâãà. Šőńìłő ć íâőň áńãçăě łăęďőě àěąàő ć čàãŕŕőćőň ĺŋâěčàăńě ćáâàěçăěâáï ďćăęďë (ĺńĺ ŋĺ őďŋőčő àăğă), ŕàĺçěň őďĺŋ àăğ ć ŕőńőęĺâěńìŋőň, ă ďàãčőľ àăğ ć őâàĺæăâěńìŋőň ŋăŕàăćńěŋĺĺ, âăł çâő ćáě čàãŕŕőćëě ĺŋâěčàăńë ŕő àěąěàŋëň ŕěàěňěŋŋëň őłăğëćăîâáï őâńĺçŋëňĺ őâ ŋãńï. Šăłĺň őąàăğőň, ŋěĺáçě-

ğăîéĺľ ćłńăď ć W (C) ŋăĺŋĺğèěčő ŕőàïďłă ďăěâ çńěŋ, ŕàőŕőàæĺőŋăńìŋëľ

(_1 g2 )_{Np} , čďě N_p | ňĺŋĺňăńìŋőě çĺáńő ŕńăłěâőć, ŋěőąåőďĺňëå ďńï âőčő, çâőąë ğăŕőńŋĺâì ŕőćěàåŋőáâì, őčàăŋĺçěŋŋãî łőŋâãàőň C: W (C) ∼ ( 1 g^2 )_{Np} . (14.56)

İâő áőőâćěâáâćãěâ ğăłőŋã ŕńőéăďĺ, ŕőáłőńìłã ŕńőéăďì ŕőćěàåŋőáâĺ, őčàăŋĺçěŋŋőľ łőŋâãàőň C, àăćŋă:

A(C) = a^2N_p . (14.57)

Śńěďőćăâěńìŋő W (C) ∼ (g^2)^{−A(C)/a2} = exp{−(T R ln g^2)/a^2} . (14.58)

Śàăćŋĺćăï íâő ćëàăęěŋĺě á (14.49) ĺ (14.51), ŕőńãçăěň ńĺŋěľŋő àăáâãéĺľ ŕőâěŋæĺăń ćĺďă:

E(R) = KR , čďě K = 1 a^2 ln g^2 , (14.59)

çâő áőőâćěâáâćãěâ g^2(a) ∼ e^{Ka2} .

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 361

Řĺá. 14-5

Ňőęŋő âăłęě àăááňőâàěâì àăğńőęěŋĺě áńăąőľ áćïğĺ ďńï ćĺńìáőŋőćáłőľ ŕěâńĺ, ŕěàěåőďï ł ŋěŕàěàëćŋőňã ŕàěďěńã ĺ ğăňěŋïï ďěľáâćĺě čăãááőćáłĺň ŕàĺąńĺęěŋĺěň. Ć íâőň áńãçăě ďńï ŕěâńĺ ŕőńãçăěâáï ğăłőŋ ŕěàĺňěâàă, łőâőàëľ, łăł őłăğëćăěâáï, áőőâćěâáâćãěâ łãńőŋőćáłőňã ŕőâěŋæĺăńã E(R) ∼^1_R .

Őğŋăçăěâ ńĺ ćáě íâő, çâő ňë ďőłăğăńĺ áćőľáâćő łőŋäăľŋňěŋâă? Ŋěâ, ŋě őğŋăçăěâ! Ŋăŕàĺňěà, ćáě ŋăèĺ àăááãęďěŋĺï ňőęŋő ŕőćâőàĺâì ĺ ďńï ăąěńěćőľ U (1) âěőàĺĺ, ňë ŋĺčďě ŋě ĺáŕőńìğőćăńĺ áćőľáâćő ŋěăąěńěćőáâĺ SU (3). Řěęĺňë áĺńìŋőľ ĺ áńăąőľ áćïğĺ ňőčãâ ąëâì àăğďěńěŋë őďŋĺň ĺńĺ ŋěáłőńìłĺňĺ äăğőćëňĺ ŕěàěåőďăňĺ, ŕàőĺáåőďïéĺňĺ ŕàĺ ĺğňěŋěŋĺĺ łőŋáâăŋâë áćïğĺ g. Őąéěčő ďőłăğăâěńìáâćă őâáãâáâćĺï âăłĺå ŕěàěåőďőć ć ŁŢĎ ŋěâ. Őďŋăłő ŕàőąńěňă ćáěáâőàőŋŋě ĺááńěďőćăńăáì çĺáńěŋŋő, ňěâőďăňĺ Ňőŋâě-Łăàńő. Śőőâćěâáâćãîéĺě ćëçĺáńěŋĺï ŕőłăğăńĺ, çâő ć ŁŢĎ äăğőćëě ŕěàěåőďë, ć őąńăáâĺ ŕàőňěęãâőçŋëå ğŋăçěŋĺľ g, őâáãâáâćãîâ. Ğăćĺáĺňőáâì g^2(a) ∼ e^{Ka2} ĺğ (14.59) (őąńăáâì áĺńìŋőľ áćïğĺ) ŋěŕàěàëćŋő ŕěàěåőďĺâ ć őąńăáâĺ áńăąőľ áćïğĺ ć ăáĺňŕâőâĺçěáłĺ áćőąőďŋőě ŕőćěďěŋĺě g^2(a) ∼^1_{ln a−1} , áŕàăćěďńĺćãî ŕàĺ a → 0. Ŕőâěŋæĺăń ćğăĺňőďěľáâćĺï łćăàłőć, áńěďãîéĺľ ĺğ íâĺå àăáçěâőć åőàőèő ăŕŕàőłáĺňĺàãěâáï áãŕěàŕőğĺæĺěľ łãńőŋőćáłőčő ŕőâěŋæĺăńă, ďőňĺŋĺàãîéěčő ŋă ňăńëå àăááâőïŋĺïå ĺ ńĺŋěľŋő àăáâãéěčő ŕőâěŋæĺăńă, őŕàěďěńïîéěčő áćőľáâćő łőŋäăľŋňěŋâă ŋă ąőńìèĺå àăááâőïŋĺïå: V (R) =^C_R + KR. Šĺŕĺçŋëľ àěğãńìâăâ âăłĺå ćëçĺáńěŋĺľ ŕőłăğăŋ ŋă Řĺá. 14-5 [55], čďě ŕàĺćőďĺâáï ŕőâěŋæĺăń, ďěľáâćãîéĺľ ňěęďã ďćãňï áâăâĺçěáłĺňĺ łćăàłăňĺ, ćëçĺáńěŋŋëľ ŋă àěèěâłě 32^4, á àěąàőň a = 0.055 · 10^{−13} cm. Śŕńőèŋőľ ńĺŋĺěľ ŕőłăğăŋă ŕőďčőŋłă ł áãŕěàŕőğĺæĺĺ łãńőŋőćáłőčő ĺ ńĺŋěľŋőčő ŕőâěŋæĺăńőć. §áŋő ćĺďŋő, çâő ńĺŋěľŋëľ àőáâ V (R) ĺňěěâ ňěáâő ŋă àăááâőïŋĺïå R > 0.25 · 10^{−13} cm. Ŋă ňěŋìèĺå àăááâőïŋĺïå ďőňĺŋĺàãěâ ŕěàâãàąăâĺćŋăï ďĺŋăňĺłă (ăáĺňŕâőâĺçěáłăï áćőąőďă). Šĺŕĺçŋőě ğŋăçěŋĺě łőíääĺæĺěŋâă ŋăâïęěŋĺï áâàãŋë, áńěďãîéěě ĺğ íâĺå àăáçěâőć K ≈ 0.2 GeV^2 ≈ 1.0 · 10^{13} GeVcm^{−1} ≈ 14 âőŋŋ! İääěłâĺćŋő íâő ďőłăğëćăěâ áćőľáâćő łőŋäăľŋňěŋâă ć ŁŢĎ, ńěęăéěě ć őáŋőćě áâăŋďăàâŋőľ ňőďěńĺ. Ŕőďàőąŋőáâĺ Ňőŋâě-Łăàńő àăáçěâőć ć àěèěâőçŋëå âěőàĺï ŕőńï åőàőèő őŕĺáăŋë ć őąğőàăå [53, 54]. Šăň ęě ňőęŋő ŋăľâĺ ĺ őŕĺáăŋĺě ďàãčĺå ŕàĺňěŋěŋĺľ àěèěâőçŋëå ňőďěńěľ, ć çăáâŋőáâĺ, àăŋŋĺě ŕőŕëâłĺ àăáçěâă ňăáá àěăńìŋëå ăďàőŋőć, àăááňăâàĺćăěňëå łăł áćïğăŋŋëě áőáâőïŋĺï łćăàłőć ĺ čńîőŋőć. Śőćàěňěŋŋőě áőáâőïŋĺě ćőŕàőáă á ăŋăńĺâĺçěáłĺňĺ ňőďěńïňĺ

362 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-6

łőŋäăľŋňěŋâă ňőęŋő ĺğãçĺâì ŕő őąğőàã [55].

Ĺááńěďőćăŋĺě àěèěâőçŋëå ňőďěńěľ ïćńïěâáï áěľçăá őďŋĺň ĺğ ŋăĺąőńěě ćăęŋëå ĺ ăłâĺćŋő àăğćĺćăîéĺåáï ŋăŕàăćńěŋĺľ łćăŋâőćőľ âěőàĺĺ ŕőńï. Ŋě ĺňěï ćőğňőęŋőáâĺ ďńï ąőńěě ŕőďàőąŋőčő őŕĺáăŋĺï áőćàěňěŋŋëå ďőáâĺęěŋĺľ íâőčő ŋăŕàăćńěŋĺï, ŕàĺćěďěň ńĺèì, ć łăçěáâćě ŕàĺňěàă, àěğãńìâăâë Ňőŋâě-Łăàńő àăáçěâőć áŕěłâàă ńěčłĺå ăďàőŋőć, ŕőłăğăŋŋëě ŋă Řĺá. 14-6^5, ĺ ďěňőŋáâàĺàãîéĺě őçěŋì ŕàĺńĺçŋőě áőčńăáĺě á íłáŕěàĺňěŋâőň.

Śćőľáâćő łőŋäăľŋňěŋâă ŋě ïćńïěâáï ăąáőńîâŋëň, ŕàĺ ŋěłőâőàőľ ďőáâăâőçŋő ćëáőłőľ âěňŕěàăâãàě T_c (âěňŕěàăâãàě ďěłőŋäăľŋňěŋâă), ĺńĺ ŕàĺ ďőáâăâőçŋő ćëáőłőľ ěčő ŕńőâŋőáâĺ, ďőńęěŋ ŕàőĺáåőďĺâì äăğőćëľ ŕěàěåőď ĺğ äăğë ăďàőŋŋőľ ňăâěàĺĺ ć äăğã łćăàł-čńîőŋŋőľ ŕńăğňë [47]. Ťĺğĺçěáłăï ŕàĺçĺŋă íâőčő ďőáâăâőçŋő ïáŋă. Ěáńĺ ~ | åăàăłâěàŋëľ ňăáèâăą ĺňŕãńìáőć, åăàăłâěàĺğãîéĺľ ŕěàěåőď ł ăáĺňŕâőâĺçěáłĺ áćőąőďŋőňã ŕőćěďěŋĺî, âő ŕàĺ T ≫ ~ ŕěàěďăćăěňëľ ĺňŕãńìá ć ŕàőæěááăå ćğăĺňőďěľáâćĺï ąãďěâ (ŕőçâĺ ćáěčďă) ãďőćńěâćőàïâì ŋěàăćěŋáâćã Q^2 ≫ ~^2. Śőőâćěâáâćěŋŋő, ąãďěâ ŕàĺňěŋĺňă âěőàĺï ćőğňãéěŋĺľ. Ŋő ć ŕěàâãàąăâĺćŋőň ŕőďåőďě ł ŁŢĎ łćăàłĺ ĺ čńîőŋë ïćńïîâáï äĺğĺçěáłĺňĺ áőáâőïŋĺïňĺ âěőàĺĺ. İâő őğŋăçăěâ, çâő ŕàĺ T ≫ ~ ňë ĺňěěň ŕőçâĺ ĺďěăńìŋëľ čăğ łćăàłőć ĺ čńîőŋőć (łćăàł-čńîőŋŋãî ŕńăğňã). Ğŋăçěŋĺě âăłőčő äăğőćőčő ŕěàěåőďă őçěŋì ćěńĺłő ďńï àěèěŋĺï àïďă ğăďăç ăáâàőäĺğĺłĺ ŋěľâàőŋŋëå ğćěğď ĺ łőáňőńőčĺĺ. İłáŕěàĺňěŋâăńìŋő íâő ïćńěŋĺě ňőęěâ ŋăąńîďăâìáï ŕàĺ áâőńłŋőćěŋĺïå âïęěńëå ïďěà, ć çăáâŋőáâĺ, ŕěàćëě ãłăğăŋĺï ŋă ěčő ŋăąńîďěŋĺě ąëńĺ ŕőńãçěŋë ć íłáŕěàĺňěŋâăå ć CERN ć 2000 čőďã. Ćěńĺçĺŋã T_c ćëçĺáńïńĺ ňěâőďőň Ňőŋâě-Łăàńő ć àěèěâőçŋőľ ŁŢĎ. Šĺŕĺçŋëě ğŋăçěŋĺï, ŕőńãçăîéěěáï ć âăłĺå àăáçěâăå, áćőďïâáï ł T_c, ńěęăéěľ ć ĺŋâěàćăńě 0.15 − 0.20 MeV. Ďěâăńìŋëľ őąğőà äăğőćëå ŕěàěåőďőć ć ŁŢĎ ňőęŋő ŋăľâĺ ć [56].

5S. Aoki et al. ArXiv: hep-lat/9904012

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 363

İääěłâĺćŋëľ ŕőâěŋæĺăń ĺ ŕěâńěćőě àăğńőęěŋĺě.

Ŕőŋïâĺě íääěłâĺćŋőčő ŕőâěŋæĺăńă ïćńïěâáï ćěáìňă ŕőńěğŋëň ŕàĺ àăááňőâàěŋĺĺ âěőàĺľ áő áŕőŋâăŋŋő ŋăàãèěŋŋőľ áĺňňěâàĺěľ. Őŋő ďăěâ ćőğňőęŋőáâì àăááňăâàĺćăâì íâĺ âěőàĺĺ ŕő áãéěáâćã âăł ęě, łăł âěőàĺĺ á ŋěŋăàãèěŋŋőľ áĺňňěâàĺěľ, ĺ ćëçĺáńïâì łćăŋâőćëě ŕőŕàăćłĺ ł łńăááĺçěáłőľ łăàâĺŋě áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ, àăááňőâàěŋŋőľ ćëèě.

Őŕïâì àăááňőâàĺň ŕàőáâěľèĺľ áńãçăľ áłăńïàŋőčő ŕőńï: L = 1 2 (∂_μφ)^2 − V (φ) , V (φ) = m^2 2 φ^2 + g 4! φ^4 , S[φ] = ∫ d^4xL . (14.60)

Ńăčàăŋęĺăŋ ĺŋćăàĺăŋâěŋ őâŋőáĺâěńìŋő φ → −φ, őďŋăłő ć áńãçăě áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ âăłĺň áćőľáâćőň ŋě őąńăďăěâ àěèěŋĺě ãàăćŋěŋĺï dV dφ | | | |_{φ=φ0} = 0 , (14.61)

čďě φ_0 ≠ 0. İâő ćĺďŋő ãęě ĺğ ŕàőćěďěŋŋőčő ćëèě łńăááĺçěáłőčő ăŋăńĺğă.

Łćăŋâőćëě ŕőŕàăćłĺ, łăł ňë ćĺďěńĺ, ćőğŋĺłăîâ ĺğ ŕěâńěćőčő àăğńőęěŋĺï, ă àăáåőďĺňőáâĺ, łőâőàëě őŋĺ áőďěàęăâ, ďěńăîâ ŋěőąåőďĺňőľ ŕěàěŋőàňĺàőćłã. Şáńőćĺï ŕěàěŋőàňĺàőćłĺ äőàňãńĺàőćăńĺáì ćëèě ć âěàňĺŋăå 1ŮŊ-äãŋłæĺľ `^{(n)}. Ŕàőĺğćőďïéĺň äãŋłæĺőŋăńőň ďńï äãŋłæĺľ `^{(n)}(x_1, ..., x_n) ïćńïěâáï íääěłâĺćŋőě ďěľáâćĺě `(φ), őŕàěďěńěŋŋőě ć (10.151). Śňëáń íâőčő ŋăğćăŋĺï ŕàőïáŋĺâáï ŋĺęě.

Ŕàőĺğćőďïéĺľ äãŋłæĺőŋăń ďńï áćïğŋëå ďĺăčàăňň W [J] őŕàěďěńïěâáï áőčńăáŋő (10.132) łăł:

e^{iW [J]} = ⟨0|0⟩_J . (14.62) Šőčďă łńăááĺçěáłőě ŕőńě φ_c (ć ŕàĺáãâáâćĺě ĺáâőçŋĺłă J) őŕàěďěńïěâáï ĺğ (10.152):

φ_c(x) = δW [J] δJ(x) = ⟨0|φ(x)|0⟩_J ⟨0|0⟩_J . (14.63)

Ćăłããňŋőě áàěďŋěě ğŋăçěŋĺě ⟨φ⟩ ěáâì, ŕő őŕàěďěńěŋĺî:

⟨φ⟩ = lim_{J→0} φ_c . (14.64)

Śőčńăáŋő (10.151) íääěłâĺćŋőě ďěľáâćĺě `[φ_c] àăćŋő:

`(φ_c) = W [J] − ∫ dxJ(x)φ_c(x) (14.65)

ĺ, ć áőőâćěâáâćĺĺ á (10.152), őŋő ãďőćńěâćőàïěâ ãàăćŋěŋĺî: δ`[φ_c] δφ_c(x) = −J(x) . (14.66)

Ŕàĺ J(x) → 0 ćěńĺçĺŋă φ_c ŕàěćàăéăěâáï ć łőŋáâăŋâã, àăćŋãî ⟨φ⟩, âăł çâő ćăłããňŋőě áàěďŋěě őâ φ ïćńïěâáï àěèěŋĺěň ãàăćŋěŋĺï: d`[φ_c] dφ_c | | | |_{φc=⟨φ⟩} = 0 . (14.67)

364 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Őąëçŋőě àăğńőęěŋĺě äãŋłæĺőŋăńă `[φ_c] ŕő áâěŕěŋïň φ_c ğăŕĺáëćăěâáï ć ćĺďě:

`[φ_c] = ∞∑ n=0 1 n! ∫ dx_1...dx_n`^{(n)}(x_1, ..., x_n)φ_c(x_1)...φ_c(x_n) (14.68)

ĺńĺ, çâő íłćĺćăńěŋâŋő, ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ:

`[φ_c] = ∞∑ n=0 1 n! ∫ dp_1...dp_nδ(p_1 + ... + p_n)`^{(n)}(p_1, ..., p_n)φ_c(p_1)...φ_c(p_n) . (14.69)

Ăńìâěàŋăâĺćŋëň ïćńïěâáï àăğńőęěŋĺě `[φ_c] ŕő ŕőńî φ_c ĺ ěčő ŕàőĺğćőďŋëň ćĺďă:

`[φ_c] = ∫ dx {−U (φ_c(x))} + 1 2 (∂_μφ_c)^2Z(φ_c(x)) . (14.70)

Ć íâőň áńãçăě, äãŋłæĺï (ŋě äãŋłæĺőŋăń!) U (φ_c) ŋăğëćăěâáï íääěłâĺćŋëň ŕőâěŋæĺăńőň. Ŋĺęě ňë ãćĺďĺň, çâő ć łńăááĺçěáłőň ŕàěďěńě őŋ ŕàőáâő áőćŕăďăěâ á ŕőâěŋæĺăńőň V (φ). Ć áńãçăě, łőčďă φ_c(x) = ⟨φ⟩ = φ = const, ćáě çńěŋë ŕőáńěďŋěčő àăğńőęěŋĺï, ğă ĺáłńîçěŋĺěň ŕěàćőčő, őąàăéăîâáï ć ŋãńì, âăł çâő:

`[φ] = −˙U (φ) , (14.71)

čďě ˙ | ŕőńŋëľ őąêěň, ğăŋĺňăěňëľ ŕőńěň ć ŕàőáâàăŋáâćě-ćàěňěŋĺ. Śàăćŋĺćăï (14.69) ĺ (14.71), ĺňěěň: U (φ) = − ∞∑ n=0 φ^n`^{(n)}(p_i = 0) . (14.72)

Şáńőćĺï ŋőàňĺàőćłĺ, ŋăłńăďëćăěňëě ŋă ćěńĺçĺŋë `^{(2)}(p_i = 0) ĺ `^{(4)}(p_i = 0) ňőčãâ ąëâì ŕěàěäőàňãńĺàőćăŋë ć âěàňĺŋăå ŕőâěŋæĺăńă U :

d^2U (φ_c)

d^2φ_c | | | |_{φc=⟨φ⟩} = m^2 , (14.73)

d^4U (φ_c)

d^4φ_c | | | φ_c=⟨φ⟩ = g . (14.74)

Łàőňě âőčő, ãáńőćĺě (14.67) ďńï ćăłããňŋőčő áàěďŋěčő ŕàĺŋĺňăěâ ćĺď: dU (φ_c) dφ_c | | | |_{φc=⟨φ⟩} = 0 . (14.75)

Ś æěńìî ĺğãçěŋĺï áćőľáâć âěőàĺĺ áő áŕőŋâăŋŋëň ŋăàãèěŋĺěň áĺňňěâàĺĺ, ãďőąŋő őŕàěďěńĺâì ŋőćőě ŕőńě φ^′:

φ^′ = φ − ⟨φ⟩ , (14.76) ćăłããňŋőě áàěďŋěě őâ łőâőàőčő àăćŋő ŋãńî.

Ğăňěâĺň, çâő ŕőáłőńìłã ćáě àăáåőďĺňőáâĺ âěőàĺĺ ŕőčńőéěŋë łőŋâàçńěŋăňĺ ďő âőčő, łăł ąëńĺ ŋăńőęěŋë ãáńőćĺï ŋőàňĺàőćłĺ (14.73), (14.74), őçěćĺďŋő, çâő ć âěőàĺĺ áő áŕőŋâăŋŋëň ŋăàãèěŋĺěň áĺňňěâàĺĺ ŋě áőďěàęăâáï ŋőćëě àăáåőďĺňőáâĺ,

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 365

áćěàå âěå, łőâőàëě ĺňěîâáï ć âěőàĺĺ á ŋěŋăàãèěŋŋőľ áĺňňěâàĺěľ, âăł çâő áâàãłâãàă àăáåőďĺňőáâěľ ć ŕěàěŋőàňĺàãěňőľ âěőàĺĺ ŕőńï ŋě ğăâàăčĺćăěâáï áŕőŋâăŋŋëň ŋăàãèěŋĺěň áĺňňěâàĺĺ.

Ğăľňěňáï ćëçĺáńěŋĺěň íääěłâĺćŋőčő ŕőâěŋæĺăńă. Ĺáŕőńìğãěň (14.65) ĺ ŋăçŋěň á ćëçĺáńěŋĺï äãŋłæĺőŋăńă W [J] ňěâőďőň ŕěàěćăńă. Ŋăŕőňŋĺň, çâő âăłőě ňěâőď ŕěàěćăńă, ŋă ŕàĺňěàě őąëçŋőčő ĺŋâěčàăńă ćĺďă: I = ∞∫ −∞ dx e^{−f(x)} . (14.77)

Ŕãáâì äãŋłæĺï f(x) ĺňěěâ ňĺŋĺňãň ć ŋěłőâőàőľ âőçłě x_0. Šőčďă ĺňěěň:

f(x) = f(x_0) + 1 2 (x − x_0)^2f^{′′}(x_0) + ... , (14.78) âăł çâő ňőęŋő ŋăŕĺáăâì: I ≈ e^{−f(x0)} ∞∫ −∞ dx e^{− 12 (x−x0)2f ′′ (x0)} (14.79)

ĺ ğăďăçă áćěńăáì ł ĺğćěáâŋőňã ŋăň čăãááőćã ĺŋâěčàăńã, łőâőàëľ ãęě ńěčłő áçĺâăěâáï.

Ćőááâăŋăćńĺćăï ŕőáâőïŋŋãî Ŕńăŋłă ć őŕàěďěńěŋĺĺ äãŋłæĺőŋăńă W [J], ĺňěěň:

e^{ĩ W [J]} = ∫ Dφ e^{ĩ S[φ,J]} , (14.80) čďě S[φ, J] = ∫ d^4x[L(φ) + ~φ(x)J(x)] . (14.81)

Ĺğ (14.60) ĺ (14.61) áńěďãěâ àăćěŋáâćő: δS[φ, J] δφ(x) | | | |_{φ0} = ~J(x) . (14.82)

Ŕàĺ J → 0 íâő áćőďĺâáï ł ãáńőćĺî íłáâàěňăńìŋőáâĺ ďěľáâćĺï. Řăğńőęĺň ďěľáâćĺě ć őłàěáâŋőáâĺ φ_0: S[φ, J] = S[φ_0, J] + ∫ dx[φ(x) − φ_0] δS δφ(x) | | | |_{φ0} + + ∫ dx ∫ dy 1 2 [φ(x) − φ_0] δ^2S δφ(x)δφ(y) | | |_{φ0} [φ(y) − φ^0] + ... =

= S[φ_0, J] +~ ∫ dx[φ(x) − φ_0]J(x) + + 1 2 ∫ dx ∫ dy[φ(x) − φ_0] δ^2S δφ(x)δφ(y) | | | |_φ [φ(y) − φ^0] + ... , (14.83)

čďě ĺáŕőńìğőćăńĺ (14.82). Ćëŕőńŋïï äãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě, ňőęŋő ãąěďĺâìáï, çâő: δ^2S δφ(x)δφ(y) | | |_{φ0} = −[2 + V^{′′}(φ^0)]δ(x − y) . (14.84)

366 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Ěáńĺ ŕőńőęĺâì φ^′ = φ − φ_0, âő àăğńőęěŋĺě (14.83) ŕàĺŋĺňăěâ ćĺď:

S[φ, J] = S[φ_0, J] +~ ∫ dxφ^′(x)J(x) − 1 2 ∫ dxφ^′(x)[2 + V^{′′}(φ_0)]φ^′(x) + ... . (14.85)

Ŕőďáâăŋőćłă íâőčő ćëàăęěŋĺï ć (14.80) ďńï ĺáŕőńìğőćăŋĺï ňěâőďă ŕěàěćăńă ďăěâ (ŕĺèěň ğďěáì ćňěáâő φ^′ ŕàőáâő φ): exp ( i ~^W ) = exp { i ~^S[^{φ0, J}] } ∫ Dφ exp { − i ~ 1 2 ∫ dxφ[2 + V^{′′}(φ_0)]φ } , (14.86)

čďě őŕãéěŋ ćłńăď ćâőàőčő çńěŋă ĺğ (14.85), ŕőáłőńìłã ć ďăńìŋěľèěň ŕőďàăğãňěćăěâáï ŕěàěåőď ł ŕàěďěńã J → 0. Ůâőąë ŕőńãçĺâì ŕěâńěćőě àăğńőęěŋĺě (íłćĺćăńěŋâŋőě, łăł ňë ćĺďěńĺ, àăğńőęěŋĺî ŕő ~), ğăňěŋĺň φ → ~^{1/2}φ, ĺáłńîçăï âăłĺň őąàăğőň ~ ĺğ ćâőàőľ íłáŕőŋěŋâë ć (14.86). Ŕěàěľďěň ć ĺŋâěčàăńě ć íâőľ íłáŕőŋěŋâě ł ěćłńĺďőćã ŕàőáâàăŋáâćã, âăł çâő ĺáçěğŋěâ ěéě ĺ ňŋĺňăï ěďĺŋĺæă i. Šěŕěàì ŕàĺ ćëçĺáńěŋĺĺ äãŋłæĺőŋăńìŋőčő ĺŋâěčàăńă ĺáŕőńìğãěň őąëçŋãî äőàňãńã čăãááőćă ĺŋâěčàĺàőćăŋĺï ĺ ŕőńãçĺň: exp ( i ~^W ) = exp { i ~^S[^{φ0, J}] } (Det[2 + V^{′′}(φ_0)])^{−1/2} . (14.87)

Ĺáŕőńìğãï áőőâŋőèěŋĺě Det A = exp Sp ln A, ŕőńãçăěň:

W [J] = S[φ_0] +~ ∫ dxφ_0(x)J(x) + i~ 2 Sp ln[2 + V^{′′}(φ_0)] . (14.88)

İâő ćëàăęěŋĺě ďăěâ W [J] á ãçěâőň őďŋőŕěâńěćőľ łćăŋâőćőľ ŕőŕàăćłĺ, çńěŋë O(~^2) őŕãéěŋë. Šěŕěàì ňőęŋő ŕőďáâăćĺâì (14.88) ć (14.65). Ŋő áŋăçăńă ćëàăğĺň S[φ_c] çěàěğ S[φ_0]. Ŕőńăčăï φ_0 = φ_c − φ_1, ĺňěěň:

S[φ_0] = S[φ_c − φ_1] = S[φ_c] − ∫ dxφ_1(x) δS δφ(x) | | |_{φc} + ... = S[φ_c] −~ ∫ dxφ_1(x)J(x) + ... . (14.89)

Šőčďă ŕőďáâăŋőćłă (14.88) ĺ (14.89) ć (14.65) ć ŕàěďěńě J → 0 ďăěâ:

`[φ_c] = S[φ_c] + i~ 2 Sp ln[2 + V^{′′}(φ_0)] (14.90)

| íääěłâĺćŋőě ďěľáâćĺě á ãçěâőň őďŋőŕěâńěćőľ łćăŋâőćőľ ŕőŕàăćłĺ. Ŕãáâì âěŕěàì φ_c(x) = φ = const. Šőčďă `[φ] őŕàěďěńïěâáï (14.71), ă ĺğ (14.60) áńěďãěâ S[φ] = −˙V (φ). Śőőâćěâáâćěŋŋő, ĺğ (14.90) ŕőńãçăěň íääěłâĺćŋëľ ŕőâěŋæĺăń ćĺďă: U (φ) = V (φ) − i~ 2 ˙^{−1} Sp ln[2 + V^{′′}(φ)] . (14.91)

Őâáîďă ćĺďĺň, çâő ŕàĺ ~ → 0 (ć łńăááĺçěáłőň ŕàěďěńě) íääěłâĺćŋëľ ŕőâěŋæĺăń ŕàőáâő áőćŕăďăěâ á łńăááĺçěáłĺň ŕőâěŋæĺăńőň V (φ), ă íääěłâĺćŋőě ďěľáâćĺě (14.90) ŕěàěåőďĺâ ć łńăááĺçěáłőě (14.60). Ŕőáłőńìłã èŕãà őŕěàăâőàă áćőďĺâáï ł

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 367

áãňňě (ĺŋâěčàăńã) ŕő ćáěň áőąáâćěŋŋëň ğŋăçěŋĺïň, ňőęŋő (ŕőáńě ŕěàěåőďă ł ěćłńĺďőćã ĺňŕãńìáŋőňã ŕàőáâàăŋáâćã) ŕěàěŕĺáăâì (14.91) ć ćĺďě:

U (φ) = V (φ) +~ 2 ∫ d^4k_E (2π)^4 ln[k^2_E + V^{′′}(φ)] =

= V (φ) +~ 2 ∫ d^4k_E (2π)^4 ln ( k^2_E + m^2 + 1 2 gφ^2 ) . (14.92)

Ćëàăęěŋĺï âăłőčő âĺŕă ňőęŋő ĺáŕőńìğőćăâì ďńï ĺğãçěŋĺï ćőŕàőáă ő áŕőŋâăŋŋőň ŋăàãèěŋĺĺ áĺňňěâàĺĺ á ãçěâőň łćăŋâőćëå ŕőŕàăćőł. Ć ĺáŕőńìğőćăćèěňáï ŋăňĺ ćëèě łńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ ŕàĺ m^2 > 0 ćăłããň ąëń ŋěćëàőęďěŋŋëň, ă ŕàĺ m^2 < 0 ćőğŋĺłăńő ćëàőęďěŋĺě ĺ áŕőŋâăŋŋőě ŋăàãèěŋĺě áĺňňěâàĺĺ (äăğőćëľ ŕěàěåőď). Ůâő ąãďěâ á ãçěâőň łćăŋâőćëå ŕőŕàăćőł, ć çăáâŋőáâĺ ŕàĺ m^2 = 0? Ĺğ őďŋőŕěâńěćőčő ćëàăęěŋĺï ďńï íääěłâĺćŋőčő ŕőâěŋæĺăńă áńěďãěâ ćőğŋĺłŋőćěŋĺě ŋěâàĺćĺăńìŋőčő ňĺŋĺňãňă ŕàĺ φ ≠ 0 ĺ ŕàĺ m^2 = 0 { ŕàőĺáåőďĺâ áŕőŋâăŋŋőě ŋăàãèěŋĺě, ĺŋďãæĺàőćăŋŋőě łćăŋâőćëňĺ ŕőŕàăćłăňĺ. Ł áőęăńěŋĺî, őďŋőŕěâńěćőě ŕàĺąńĺęěŋĺě ŋěďőáâăâőçŋő ďńï ŕőńŋőčő ĺááńěďőćăŋĺï íâőľ ğăďăçĺ [8, 11]. Ąőńěě ŕőďàőąŋő á äőàňăńĺğňőň íääěłâĺćŋőčő ŕőâěŋæĺăńă, ěčő áćïğìî á čàãŕŕőľ ŕěàěŋőàňĺàőćőł ĺ ďàãčĺňĺ ăáŕěłâăňĺ âěőàĺĺ ňőęŋő ŕőğŋăłőňĺâìáï ŕő őąğőàã [57].

Řăááňőâàěŋŋőě ćëèě ŕěâńěćőě àăğńőęěŋĺě, ïćńïîéěěáï, äăłâĺçěáłĺ, àăğńőęěŋĺěň ŕő áâěŕěŋïň ~, ă ŋě ŕő áâěŕěŋïň łőŋáâăŋâë áćïğĺ g, ŕàěâěŋďãěâ ć íâőň áňëáńě ŋă ćëåőď ğă àăňłĺ âěőàĺĺ ćőğňãéěŋĺľ. Őďŋăłő íâő ŋě áőćáěň âăł! Ć łńăááĺçěáłőľ âěőàĺĺ g áăňă ŕő áěąě ŋěáãéěáâćěŋŋă. Ŕàőéě ćáěčő íâő ŕőŋïâì, ěáńĺ ŕěàěľâĺ ł φ^′ = gφ. Šőčďă ńăčàăŋęĺăŋ âěőàĺĺ φ^4 ňőęěâ ąëâì ŕěàěŕĺáăŋ łăł:

L = 1 g^2 (1 2 ∂μφ^′∂^μφ^′ − 1 2 m^2φ^{′2} − φ^{′4} ) . (14.93)

Šăłĺň őąàăğőň g ćőőąéě ŋě ŕőïćńïěâáï ć łńăááĺçěáłĺå ãàăćŋěŋĺïå ďćĺęěŋĺï ĺ, łăğăńőáì ąë, ěě ğŋăçěŋĺě ŋěáãéěáâćěŋŋő. İâő, łőŋěçŋő, ŋě âăł ć łćăŋâőćőľ âěőàĺĺ ĺ ďěńő âãâ, łăł àăğ, ć ŕőïćńěŋĺĺ

~. Ďěńő ć âőň, çâő ć łćăŋâőćőň áńãçăě ćáěčďă äĺčãàĺàãěâ őâŋőèěŋĺě: 1 ~^{L = 1}g^2~ ( 1 2 ∂μφ^′∂^μφ^′ + ... ) (14.94)

ĺ áãéěáâćěŋŋëň ŕăàăňěâàőň ïćńïěâáï g^2~. Ŕőíâőňã, łćăğĺłńăááĺçěáłőě ŕàĺąńĺęěŋĺě (ňăńëě ~), äăłâĺçěáłĺ, âěáŋő áćïğăŋő á ŕàĺąńĺęěŋĺěň áńăąőľ áćïğĺ (ňăńëě g).

Ĺŋáâăŋâőŋë ć łćăŋâőćőľ ňěåăŋĺłě.

Ŋěâàĺćĺăńìŋëě ŋěŕěàâãàąăâĺćŋëě íääěłâë ć łćăŋâőćőľ ňőčãâ ćőğŋĺłăâì ďăęě ŕàĺ ňăńëå ğŋăçěŋĺïå łőŋáâăŋâë áćïğĺ, łőčďă, łăğăńőáì ąë ŋĺłăłĺå áőňŋěŋĺľ ć ŕàĺňěŋĺňőáâĺ âěőàĺĺ ćőğňãéěŋĺľ ąëâì ŋě ňőęěâ. Őďŋăłő íâő ŋě ćáěčďă âăł! Ďăęě ć őąńăáâĺ ňăńëå ğŋăçěŋĺľ łőŋáâăŋâë áćïğĺ ňőčãâ áãéěáâćőćăâì ïćńěŋĺï, ďńï őŕĺáăŋĺï łőâőàëå âěőàĺï ćőğňãéěŋĺľ áőćěàèěŋŋő ŋěăďěłćăâŋă^6. Ŕàĺňěàőň ňőęěâ áńãęĺâì őŕĺáăŋĺě íääěłâőć łćăŋâőćőňěåăŋĺçěáłőčő âãŋŋěńĺàőćăŋĺï.

6Ć ŕőáńěďãîéěň ĺğńőęěŋĺĺ ňë áńěďãěň, ć őáŋőćŋőň, ńěłæĺïň Łőãńňíŋă [58], ąőńěě ŕőďàőąŋő á íâĺňĺ ŕàőąńěňăňĺ ňőęŋő ŕőğŋăłőňĺâìáï ŕő ŕàěłàăáŋőľ łŋĺčě [59]

368 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Ŋăçŋěň á őąëçŋőľ łćăŋâőćőľ ňěåăŋĺłĺ. Řăááňőâàĺň çăáâĺæã ěďĺŋĺçŋőľ ňăááë, ďćĺęãéãîáï ć őďŋőňěàŋőň ŕőâěŋæĺăńě: H = 1 2 p^2 − V (x) . (14.95)

Ŋĺęě ňë ŕőńãçĺň ĺğćěáâŋëě àěğãńìâăâë łćăŋâőćőľ ňěåăŋĺłĺ, ŋő ďőáâăâőçŋő ŋěőąëçŋëň áŕőáőąőň, łőâőàëľ ć ďăńìŋěľèěň ãďőąŋő őąőąéĺâì ŋă áńãçăľ łćăŋâőćőľ âěőàĺĺ ŕőńï.

Ěćłńĺďőćë ĺŋâěčàăńë ŕő âàăěłâőàĺïň.

Řăááňőâàĺň ěćłńĺďőćã (ňŋĺňőě ćàěňï!) ćěàáĺî äěľŋňăŋőćáłőčő ĺŋâěčàăńă ŕő âàăěłâőàĺïň: ⟨x_f |e^{−HT /}~|x_i⟩ = N ∫ [dx]e^{−S/~} . (14.96)

Ğďěáì |x_i⟩ ĺ |x_f ⟩ | áőąáâćěŋŋëě áőáâőïŋĺï őŕěàăâőàă łőőàďĺŋăâë çăáâĺæë, H | ěě čăňĺńìâőŋĺăŋ. Ňěàã ĺŋâěčàĺàőćăŋĺï, őąőğŋăçăćèãîáï ćëèě łăł Dx, âěŕěàì őąőğŋăçăěň [dx], ćěńĺçĺŋã T áçĺâăěň ŕőńőęĺâěńìŋőľ.

Ććěďěň, łăł őąëçŋő, ŕőńŋëľ ŋăąőà áőąáâćěŋŋëå áőáâőïŋĺľ čăňĺńìâőŋĺăŋă: H|n⟩ = E_n|n⟩ (14.97) ĺ ğăŕĺèěň: ⟨x_f |e^{−HT /}~|x_i⟩ = ∑ n e^{−En T /}~⟨x_f |n⟩⟨n|x_i⟩ . (14.98) Šőčďă ć ŕàěďěńě T → ∞ ğďěáì őáâăěâáï âőńìłő ćłńăď őáŋőćŋőčő áőáâőïŋĺï.

Ć ŕàăćőľ çăáâĺ (14.96) áâőĺâ ěćłńĺďőćő ďěľáâćĺě: S = T /2∫

−T /2 dt [ 1 2 ( dx dt )_2 + V ] . (14.99)

Ĺŋâěčàĺàőćăŋĺě [dx] őáãéěáâćńïěâáï ŕő ćáěň âàăěłâőàĺïň, ŕőďçĺŋěŋŋëň čàăŋĺçŋëň ãáńőćĺïň: x(−T /2) = x_i, x(T /2) = x_f . Ŕőďàőąŋěě, ěáńĺ —x(t) | ďăŋŋăï äãŋłæĺï, ãďőćńěâćőàïîéăï âăłĺň ãáńőćĺïň, âő ŕàőĺğćőńìŋăï äãŋłæĺï, ãďőćńěâćőàïîéăï âěň ęě ãáńőćĺïň, ňőęěâ ąëâì ğăŕĺáăŋă ć ćĺďě:

x(t) = —x(t) + ∑ n c_nx_n(t) , (14.100)

čďě x_n(t) őąàăğãîâ ŕőńŋãî áĺáâěňã őàâőŋőàňĺàőćăŋŋëå äãŋłæĺľ, őąàăéăîéĺåáï ć ŋãńì ŋă čàăŋĺæăå: T /2∫

−T /2 dtx_n(t)x_m(t) = δ_{nm} , x_n(±T /2) = 0 . (14.101)

Šőčďă ňěàã [dx] ňőęŋő őŕàěďěńĺâì łăł: [dx] = ∏ n (2π~)^{−1/2}dcn . (14.102)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 369

Őçěćĺďŋő, çâő âăłĺň őąàăğőň ňë \ŕěàěąěàěň" ćáě âàăěłâőàĺĺ, ă őâ äěľŋňăŋőćáłőčő őŕàěďěńěŋĺï ďăŋŋőě őâńĺçăěâáï âőńìłő ŋőàňĺàőćőçŋëň ňŋőęĺâěńěň.

Ŕàăćãî çăáâì (14.96) ŋěâàãďŋő áőáçĺâăâì ć łćăğĺłńăááĺçěáłőň ŕàĺąńĺęěŋĺĺ (ňăńëě ~!). Őáŋőćŋőľ ćłńăď ć ďěľáâćĺě ďăîâ âőčďă âőçłĺ ćąńĺğĺ íłáâàěňăńìŋőľ âàăěłâőàĺĺ, őŕàěďěńïěňőľ ĺğ: δS δ—x = − d^2 —x dt^2 + V^′(—x) = 0 (14.103)

| ěćłńĺďőćă ãàăćŋěŋĺï Ŋìîâőŋă. Ćëąěàěň x_n ć ćĺďě áőąáâćěŋŋëå äãŋłæĺľ ćâőàőľ ćăàĺăæĺőŋŋőľ ŕàőĺğćőďŋőľ ďěľáâćĺï S ŋă —x: − d^2x_n dt^2 + V^{′′}(—x)x_n = λ_nx_n . (14.104)

Ăŋăńőčĺçŋő àăááňőâàěŋĺî, ŕàőćěďěŋŋőňã ć áăňőň ŋăçăńě Čńăćë 2, ŕěàćăï ćăàĺăæĺï ďěľáâćĺï, ŕàĺ ćăàìĺàőćăŋĺĺ âàăěłâőàĺĺ x → —x + a, ć ďăŋŋőľ ğăďăçě áćőďĺâáï ł: δS = T/2∫ −T/2 dt a [ − d^2x dt^2 + V^′(x) ] = 0 ŕàĺ x = —x , (14.105)

őâłãďă ĺ áńěďãěâ ğăłőŋ Ŋìîâőŋă (14.103). Ěáńĺ ğďěáì áŋőćă ŕàőćăàìĺàőćăâì x → —x+a, âő ŕőńãçĺň:

δ^2S = T/2∫ −T/2 dt a [ − d^2(—x + a) dt^2 + V^′(—x + a) ] = T/2∫ −T/2 dt a[−-—x − -a + V^′(—x) + V^{′′}(—x)a] =

= T/2∫ −T/2 dt a[−-a + V^{′′}(—x)a] , (14.106)

čďě ŕàĺ ŕěàěåőďě ł ŕőáńěďŋěňã àăćěŋáâćã ĺáŕőńìğőćăńĺ ãàăćŋěŋĺě ďćĺęěŋĺï (14.103). Őâáîďă ïáŋő, çâő ćâőàăï ćăàĺăæĺőŋŋăï ŕàőĺğćőďŋăï ďěľáâćĺï S őŕàěďěńïěâáï ńěćőľ çăáâìî (14.104).

Šőčďă, ć ŕàěďěńě ňăńëå ~, ŕőáńě ŕőďáâăŋőćłĺ (14.100) ć (14.99), őčàăŋĺçĺćăěňáï łćăďàăâĺçŋëňĺ őâłńőŋěŋĺïňĺ âàăěłâőàĺľ őâ łńăááĺçěáłőľ —x, âăł çâő ĺŋâěčàăńë ŕő c_n áâăŋőćïâáï čăãááőćëňĺ, ĺ ňë ŋăåőďĺň: ⟨x_f |e^{−HT /}~|x_i⟩ = N e^{−S(x̄)/}~ ∏ n λ^{−1/2}_n [1 + O(~)] = = N e^{−S(x̄)/~} [ Det(−∂^2_t + V^{′′}(—x)) ]_{−1/2} [1 + O(~)] . (14.107)

Ěáńĺ áãéěáâćãěâ ŋěáłőńìłő áâăæĺőŋăàŋëå âőçěł ďěľáâćĺï, âő ĺå ćłńăďë ŋãęŋő ŕàőáãňňĺàőćăâì.

Ğăňěâĺň âěŕěàì, çâő ěćłńĺďőćő ãàăćŋěŋĺě ďćĺęěŋĺï (14.103) íłćĺćăńěŋâŋő őąëçŋőňã ŋìîâőŋőćáłőňã ãàăćŋěŋĺî ďńï çăáâĺæë ěďĺŋĺçŋőľ ňăááë, ďćĺęãéěľáï ć ŕőâěŋæĺăńě ňĺŋãá V ! Ďńï âăłőčő ãàăćŋěŋĺï ĺňěěň ĺŋâěčàăń ďćĺęěŋĺï: E = 1 2 ( d—x dt )_2 − V (—x) . (14.108)

370 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-7

Řăááňőâàĺň ŕőâěŋæĺăń V , ĺğőąàăęěŋŋëľ ŋă Řĺá. 14-7(ă). Ŕãáâì x_i = x_f = 0. Ĺŋćěàâĺàőćăŋŋëľ ŕőâěŋæĺăń ĺğőąàăęěŋ ŋă Řĺá. 14-7(ą). Őçěćĺďŋő, çâő ěďĺŋáâćěŋŋőě àěèěŋĺě łńăááĺçěáłĺå ãàăćŋěŋĺľ ďćĺęěŋĺï ć íâőň ŕőâěŋæĺăńě, ãďőćńěâćőàïîéěě čàăŋĺçŋëň ãáńőćĺïň, ĺňěěâ ćĺď:

—x = 0 (14.109)

| çăáâĺæă ŕőłőĺâáï ŋă ćěàèĺŋě. Ďńï íâőčő àěèěŋĺï ĺňěěň S = 0. Šőčďă ĺğ (14.107) ĺňěěň:

⟨0|e^{−HT /}~|0⟩ = N [Det(−∂^2_t + ω^2)]^{−1/2}[1 + O(~)] , (14.110)

čďě ŋãńĺ őąőğŋăçăîâ ŕěàěåőď ĺğ ŋăçăńă łőőàďĺŋăâ ć ŋăçăńő łőőàďĺŋăâ, ă ω^2 = V^{′′}(0) | łćăďàăâ çăáâőâë ňăńëå łőńěąăŋĺľ ćąńĺğĺ ňĺŋĺňãňă ŕőâěŋæĺăńă V . Ňőęŋő ŕőłăğăâì [58], çâő ŕàĺ ąőńìèĺå T :

N [Det(∂^2_t + ω^2)]^{−1/2} = ( ω π~ )_{1/2} e^{−ωT /2} . (14.111)

Šőčďă ĺğ (14.110) ĺ àăááãęďěŋĺľ ćőłàãč (14.98) áàăğã ćĺďĺň, çâő íŋěàčĺï őáŋőćŋőčő áőáâőïŋĺï, ć àăááňăâàĺćăěňőľ ğăďăçě, ěáâì:

E_0 = 1 2~ω[1 + O(~)] , (14.112)

â.ě. íŋěàčĺï őáæĺńńïâőàă, áőćěàèăîéěčő ŋãńěćëě łőńěąăŋĺï ćąńĺğĺ ňĺŋĺňãňă V . Ćěàőïâŋőáâì çăáâĺæě ŕàěąëćăâì ć ŋăçăńě łőőàďĺŋăâ, łőčďă őŋă ŋăåőďĺâáï ć őáŋőćŋőň áőáâőïŋĺĺ, àăćŋă:

|⟨x = 0|n = 0⟩|^2 = ( ω π~ )_{1/2} [1 + O(~)] . (14.113)

İâő ćáěň ĺğćěáâŋëě àěğãńìâăâë łćăğĺłńăááĺçěáłőčő ŕàĺąńĺęěŋĺï łćăŋâőćőľ ňěåăŋĺłĺ. Śőąáâćěŋŋő čőćőàï, ĺğ âăłőčő áőőâćěâáâćĺï áàăğã ïáŋă áŕàăćěďńĺćőáâì (14.111). Ťĺğĺłă ďěńă âőęě ćŕőńŋě ïáŋă | ć ŕàěďěńě ňăńëå ~ çăáâĺæă ŋăåőďĺâáï ć őáŋőćŋőň áőáâőïŋĺĺ čăàňőŋĺçěáłőčő őáæĺńńïâőàă, ćąńĺğĺ ŋăçăńă áĺáâěňë łőőàďĺŋăâ.

Ďćãåêïňŋëľ ŕőâěŋæĺăń ĺ ĺŋáâăŋâőŋë.

Řăááňőâàĺň âěŕěàì ąőńěě ĺŋâěàěáŋëľ ŕàĺňěà | ďćãåêïňŋëľ ŕőâěŋæĺăń, ĺğőąàăęěŋŋëľ ŋă Řĺá. 14-8(a). Ć íâőň áńãçăě ĺňěěň V (x) = V (−x), ŕàĺçěň ňĺŋĺňãňë

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 371

Řĺá. 14-8

ŕőâěŋæĺăńă àăáŕőńőęěŋë ć âőçłăå x = ±a. Ććěďěň âăłęě ω^2 = V^{′′}(±a) | łćăďàăâ çăáâőâë łăńááĺçěáłĺå łőńěąăŋĺľ çăáâĺæë ćąńĺğĺ ňĺŋĺňãňőć. Řăááçĺâăěň áńěďãîéĺě ăňŕńĺâãďë ŕěàěåőďă: ⟨−a|e^{−HT /}~| − a⟩ = ⟨a|e^{−HT /}~|a⟩ , (14.114) ⟨a|e^{−HT /}~| − a⟩ = ⟨−a|e^{−HT /}~|a⟩ , (14.115) ăŕŕàőłáĺňĺàãï ĺŋâěčàăń ŕő âàăěłâőàĺïň łćăğĺłńăááĺłőľ, ć ďãåě ŕàőćěďěŋŋőčő âőńìłő çâő àăááňőâàěŋĺï çăáâĺæë ć őďŋőľ ïňě. Ć łăçěáâćě ŕěàćőčő èăčă ŋãęŋő őŕïâì ŋăľâĺ àěèěŋĺï łńăááĺçěáłĺå ěćłńĺďőćëå ãàăćŋěŋĺľ ďćĺęěŋĺï (14.103), ãďőćńěâćőàïîéĺě ŋãęŋëň čàăŋĺçŋëň ãáńőćĺïň. Śãéěáâćãěâ ďćă őçěćĺďŋëå àěèěŋĺï | łőčďă çăáâĺæă ćáě ćàěňï ŕàěąëćăěâ ŋă ćěàèĺŋě ŕàăćőčő ĺńĺ ńěćőčő åőńňă Řĺá. 14- 8(b). Őďŋăłő ěáâì ĺ ąőńěě ĺŋâěàěáŋőě àěèěŋĺě { łőčďă çăáâĺæă áâăàâãěâ á őďŋőľ ĺğ ćěàèĺŋ (ŋăŕàĺňěà ńěćőľ) ć ňőňěŋâ ćàěňěŋĺ −T /2, ă ğăâěň ŕěàěłăâëćăěâáï ŋă ŕàăćãî ćěàèĺŋã ł ňőňěŋâã +T /2 (T → ∞). Ć íâőň áńãçăě ňë ĺňěěň ďěńő á àěèěŋĺïňĺ ãàăćŋěŋĺľ ďćĺęěŋĺï á E = 0 (ŕőáłőńìłã E = 0 ć ŋăçăńìŋőň áőáâőïŋĺĺ x = ±a). Śőőâćěâáâćěŋŋő (áň. (14.108)): d—x dt = √ 2V , (14.116)

ĺ àěèěŋĺě íâőčő ãàăćŋěŋĺï ĺňěěâ ćĺď:

t = t_1 + x∫ 0 dx^′ 1√ 2V , (14.117)

čďě t_1 | łőŋáâăŋâă ĺŋâěčàĺàőćăŋĺï (ćàěňï, ŕàĺ łőâőàőň x = 0). İâő àěèěŋĺě, őçěćĺďŋő, ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 14-9. Šăłőě àěèěŋĺě ŋăğëćăěâáï ĺŋáâăŋâőŋőň^7, æěŋâàĺàőćăŋŋëň ć âőçłě t_1. Ğěàłăńìŋő áĺňňěâàĺçŋőě àěèěŋĺě ňőęŋő ŋăğćăâì ăŋâĺĺŋáâăŋâőŋőň. Ćăęŋő ŕőďçěàłŋãâì, çâő ĺŋáâăŋâőŋ őąńăďăěâ łőŋěçŋëň ďěľáâćĺěň:

S_0 = T /2∫

−T /2 dt [ 1 2 ( d—x dt )_2 + V ] = T /2∫

−T /2 dt ( d—x dt )_2 = a∫ −a dx √ 2V , (14.118)

7Ŕàőĺáåőęďěŋĺě íâőčő ŋăğćăŋĺï áćïğăŋő á őçěćĺďŋőľ ăŋăńőčĺěľ á áőńĺâőŋőň, ŋő ŕőďçěàłĺćăěâ, çâő àěçì ĺďěâ ő àěèěŋĺĺ ěćłńĺďőćëå ãàăćŋěŋĺľ ďćĺęěŋĺï.

372 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-9

Řĺá. 14-10

čďě ĺáŕőńìğőćăńĺ (14.116). Ŕàĺ ąőńìèĺå t ĺňěěň —x → a, âăł çâő (14.116) ňőęŋő ăŕŕàőłáĺňĺàőćăâì łăł: d—x dt = √ ω^2(—x − a)^2 = ω(a − —x) (14.119)

âăł çâő ŕàĺ ąőńìèĺå t:

(a − —x) ∼ e^{−ωt} (14.120)

| ĺŋáâăŋâőŋ \ńőłăńĺğőćăŋ ćő ćàěňěŋĺ" (ŋă ćàěňěŋăå ∼^1_ω ), çâő ĺ ŕőïáŋïěâ ŕàőĺáåőęďěŋĺě ŋăğćăŋĺï.

§áŋő, çâő ŕàĺ ąőńìèĺå T ŋě âőńìłő ĺŋáâăŋâőŋ ĺ ăŋâĺĺŋáâăŋâőŋ ïćńïîâáï àěèěŋĺïňĺ ãàăćŋěŋĺľ ďćĺęěŋĺï, ŋő ŕàĺąńĺęěŋŋëňĺ àěèěŋĺïňĺ ïćńïîâáï âăłęě ĺ æěŕőçłĺ ĺğ åőàőèő àăğďěńěŋŋëå ĺŋáâăŋâőŋőć ĺ ăŋâĺĺáâăŋâőŋőć. Ŕàĺňěà âăłőľ łőŋäĺčãàăæĺĺ ŕőłăğăŋ ŋă Řĺá. 14-10, čďě ĺňěěâáï n őąêěłâőć (ĺŋáâăŋâőŋőć ĺńĺ ăŋâĺĺŋáâăŋâőŋőć), æěŋâàĺàőćăŋŋëå ć âőçłăå t_1, ..., t_n: T 2 > t_1 > t_2 > ... > t_n > − T 2 . (14.121)

Śőőâćěâáâćěŋŋő, ć ĺŋâěčàăńě ŕő âàăěłâőàĺïň ŋěőąåőďĺňő ŕàőáãňňĺàőćăâì ćłńăďë őâ ćáěå âăłĺå łőŋäĺčãàăæĺľ.

Ŕěàěľďěň ł áçěâã! Ďńï n åőàőèő őâďěńěŋŋëå őąêěłâőć, őçěćĺďŋő, ĺňěěň ćłńăď ć ďěľáâćĺě S = nS_0, çâő ďăěâ ć äãŋłæĺőŋăńìŋőň ĺŋâěčàăńě ćłńăď ∼ exp(−nS_0). Ďěâěàňĺŋăŋâ áőáçĺâăâì áńőęŋěě. Řăááňőâàĺň őŕěàăâőà ćàěňěŋŋőľ íćőńîæĺĺ e^{−HT} łăł ŕàőĺğćěďěŋĺě őŕěàăâőàőć, áćïğăŋŋëå á íćőńîæĺěľ ňěęďã âőçłăňĺ, čďě æěŋâàĺàőćăŋë ĺŋáâăŋâőŋë ĺ ăŋâĺĺŋáâăŋâőŋë. Ěáńĺ ąë ĺå ŋě ąëńő, âő ŋă ćáěľ ćàěňěŋŋőľ

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 373

őáĺ ňë ĺňěńĺ ąë V^{′′} = ω^2 ĺ ŕőńãçĺńĺ ąë âőâ ęě àěğãńìâăâ, çâő ĺ ćëèě, ďńï őďŋőïňŋőčő ŕőâěŋæĺăńă (14.111): ( ω π~ )_{1/2} e^{−ωT /2} . (14.122)

Ĺŋâěàćăńë, ŋă łőâőàëå àăáŕőńőęěŋë ĺŋáâăŋâőŋë ĺ ăŋâĺĺŋáâăŋâőŋë ćŋőáïâ ŕőŕàăćłã, łőâőàãî ğăŕĺèěň łăł: ( ω π~ )_{1/2} e^{−ωT /2}K^n , (14.123)

čďě K őŕàěďěńĺň ĺğ ãáńőćĺï, çâőąë íâă äőàňãńă ďăćăńă ŕàăćĺńìŋëľ őâćěâ ďńï áńãçăï őďŋőčő ĺŋáâăŋâőŋă. Ŕőğęě ňë ŋăľďěň áőőâćěâáâćãîéěě ïćŋőě ćëàăęěŋĺě. Ă ŕőłă ğăňěâĺň, ďńï ãçěâă ćáěå ćőğňőęŋëå ćłńăďőć ć ĺŋâěčàăń ŕő âàăěłâőàĺïň ŋãęŋő ŕàőĺŋâěčàĺàőćăâì ŕő ŕàőĺğćőńìŋëň ŕőńőęěŋĺïň æěŋâàőć: T /2∫

−T /2 dt_1 t1∫ −T /2 dt_2... t_{n−}1∫

−T /2 dt_n = T^n n! . (14.124)

Ŋãęŋő ěéě ãçěáâì, çâő ã ŋăá ŋěâ ŕőńŋőľ áćőąőďë ďńï àăááâăŋőćłĺ ĺŋáâăŋâőŋőć ĺ ăŋâĺĺŋáâăŋâőŋőć. Ŋăŕàĺňěà, ěáńĺ ňë áâăàâãěň á −a, ŕěàćëľ őąêěłâ, łőâőàëľ ňőęěâ ŕőćáâàěçăâìáï, ďőńęěŋ ąëâì ĺŋáâăŋâőŋőň, áńěďãîéĺľ { ăŋâĺĺŋáâăŋâőŋőň ĺ â.ď. Ěáńĺ ŕàĺ íâőň ňë ćőğćàăéăěňáï ć −a, âő n ďőńęŋő ąëâì çěâŋëň, ŋăőąőàőâ, ěáńĺ ňë åőâĺň ŕěàěľâĺ ć +a, n ďőńęŋő ąëâì ŋěçěâŋëň. Šăłĺň őąàăğőň ŕőńãçăěň: ⟨−a|e^{−HT /}~| − a⟩ = ( ω π~ )_{1/2} e^{−ωT /2} ∑ Ůěâŋëě n (Ke^{−S0 /~}T )^n n! [1 + O(~)] , (14.125)

âőčďă łăł ⟨a|e^{−HT /~}| − a⟩ ďăěâáï âăłĺň ęě ćëàăęěŋĺěň, ŋő á áãňňőľ ŕő ŋěçěâŋëň n. Śãňňë ćŕőńŋě âàĺćĺăńìŋë ĺ ňë ŕőńãçăěň: ⟨±a|e^{−HT /}~|−a⟩ = ( ω π~ )_{1/2} e^{−ωT /2} 1 2 [ exp(Ke^{−S0 /~}T ) ∓ exp(−Ke^{−S0/~}T ) ] . (14.126)

Ćáŕőňĺŋăï (14.98) ⟨x_f |e^{−HT /}~|x_i⟩ = ∑ n e^{−En T /}~⟨x_f |n⟩⟨n|x_i⟩ , (14.127) ŕőŋĺňăěň, çâő ďćă ŋăĺŋĺğèĺå ãàőćŋï áĺáâěňë őąńăďăîâ íŋěàčĺïňĺ:

E_± = 1 2~ω ± ~Ke^{−S0 /~} . (14.128)

Ěáńĺ őąőğŋăçĺâì áőőâćěâáâćãîéĺě áőáâőïŋĺï |+⟩ ĺ |−⟩, ćĺďĺň, çâő: |⟨+| ± a⟩|^2 = |⟨−| ± a⟩|^2 = ⟨a|−⟩⟨−| − a⟩ = −⟨a|+⟩⟨+| − a⟩ = 1 2 ( ω π~ )_{.1/2} (14.129)

İâő åőàőèő ĺğćěáâŋëě àěğãńìâăâë łćăŋâőćőľ ňěåăŋĺłĺ [29]: ŕàőĺáåőďĺâ àăáéěŕńěŋĺě ãàőćŋï ć ďćãåêïňŋőň ŕőâěŋæĺăńě ğă áçěâ âãŋŋěńĺàőćăŋĺï (áŋïâĺě ćëàőęďěŋĺï

374 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

ňěęďã ãàőćŋïňĺ ć ďćãå ňĺŋĺňãňăå). Řăğŋőáâì íŋěàčĺľ ŕàĺ íâőň ∼ e^{−S0/~}. Ŋĺęŋěě áőáâőïŋĺě |−⟩ | çěâŋăï łőňąĺŋăæĺï ćőńŋőćëå äãŋłæĺľ, áőőâćěâáâćãîéĺå çăáâĺæě, ńőłăńĺğőćăŋŋőľ ć łăęďőľ ĺğ ïňőł (ŕěàćőě ćőğąãęďěŋŋőě áőáâőïŋĺě |+⟩ | ŋěçěâŋăï łőňąĺŋăæĺï).

Šěŕěàì ğăľňěňáï àăáçěâőň äăłâőàă K. Ďńï íâőčő ŋãęŋő ĺğãçĺâì áćőľáâćă àěèěŋĺľ ãàăćŋěŋĺï (14.104): − d^2x_n dt^2 + V^{′′}(—x)x_n = λ_nx_n , (14.130)

čďě —x ŕàěďáâăćńïěâ áőąőľ őďŋőĺŋáâăŋâőŋŋőě àěèěŋĺě. Ŕőáłőńìłã ĺňěěâáï ĺŋćăàĺăŋâŋőáâì őâŋőáĺâěńìŋő áďćĺčă ŕő ćàěňěŋĺ (æěŋâà ĺŋáâăŋâőŋă ňőęěâ ąëâì àăáŕőńőęěŋ ć ŕàőĺğćőńìŋőľ âőçłě ŋă őáĺ ćàěňěŋĺ), íâő ãàăćŋěŋĺě őąïğăâěńìŋő őąńăďăěâ áőąáâćěŋŋőľ äãŋłæĺěľ á áőąáâćěŋŋëň ğŋăçěŋĺěň àăćŋëň ŋãńî (ŋãńěćăï âàăŋáńïæĺőŋŋăï ňőďă). §ćŋëľ ćĺď íâőľ äãŋłæĺĺ:

x_1 = S^{−1/2}_0 d—x dt . (14.131)

Ŋőàňĺàőćőçŋëľ äăłâőà ğďěáì ćőğŋĺłăěâ ĺğ (14.118): ∫ dt ( d—x dt )_2

= S_0 , (14.132)

Ć áãéěáâćőćăŋĺĺ ŋãńěćőľ ňőďë ńěčłő ãąěďĺâìáï áńěďãîéĺň őąàăğőň. Ĺŋáâăŋâőŋ —x(t) ãďőćńěâćőàïěâ ãàăćŋěŋĺî (14.103) − d^2 —x dt^2 + V^′(—x) = 0 . (14.133) Ŋő —x(t + T ), čďě T ŕàőĺğćőńìŋő, ěáâì áŋőćă àěèěŋĺě íâőčő ãàăćŋěŋĺï: − d^2 —x(t + T ) dt^2 + V^′(—x(t + T )) = 0 . (14.134)

Ďĺääěàěŋæĺàãï íâő ãàăćŋěŋĺě ŕő T , ŕőńãçăěň − d^2x_1 dt^2 +

V^{′′}(—x)x_1 = 0 , (14.135)

çâő ĺ ďőłăğëćăěâ ŋăèě ãâćěàęďěŋĺě őâŋőáĺâěńìŋő (14.131).

Śãéěáâćőćăŋĺě ŋãńěćőľ ňőďë á λ_1 = 0, łăğăńőáì ąë, ŕàĺćőďĺâ ł ŕàőąńěňě. Ěáńĺ ňë ąãďěň áçĺâăâì čăãááőć ĺŋâěčàăń ćąńĺğĺ íłáâàěňăńìŋőľ âàăěłâőàĺĺ (ĺŋáâăŋâőŋă) âăł, łăł íâő őŕĺáăŋő ć áćïğĺ á (14.100), (14.102) ĺ (14.107), âő ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő c_1 ňë ŕőńãçĺň àăáåőďĺňőáâì! Ťăłâĺçěáłĺ, őďŋăłő, ňë ãęě ŕàőďěńăńĺ áőőâćěâáâćãîéěě ĺŋâěčàĺàőćăŋĺě, łőčďă ĺŋâěčàĺàőćăńĺ ŕő æěŋâàăň ĺŋáâăŋâőŋőć (ăŋâĺĺŋáâăŋâőŋőć) ć (14.124). Ć áăňőň ďěńě, ĺğňěŋěŋĺě x(t) ŕàĺ ŋěąőńìèőň áďćĺčě æěŋâàă ĺŋáâăŋâőŋă t_1 àăćŋő: dx = ( d—x dt ) dt_1 . (14.136)

Ć âőęě ćàěňï, áőőâćěâáâćãîéěě ĺğňěŋěŋĺě ğă áçěâ ĺğňěŋěŋĺï łőíääĺæĺěŋâă àăğńőęěŋĺï c_1 ć (14.100) ěáâì:

dx = x_1dc_1 . (14.137)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 375

Šőčďă, ğăŕĺáëćăï ć (14.136) (_{dx̄} dt ) dt_1 = √ S_0x_1dt_1, ĺ áàăćŋĺćăï íâő á (14.137), ŕőńãçăěň dc_1 = √ S_0dt_1, ĺńĺ:

(2π~)^{−1/2}dc1 = ( S_0 2π~ )_{1/2} dt_1 , (14.138)

čďě ~ ććěďěŋă ďńï őąěğàăğňěàĺćăŋĺï ŋőàňĺàőćőçŋőčő ňŋőęĺâěńï. Ŕőíâőňã ŕàĺ ćë-

çĺáńěŋĺĺ ďěâěàňĺŋăŋâă, áćïğăŋŋőčő á čăãááőćáłĺň ĺŋâěčàĺàőćăŋĺěň, ć ćëàăęěŋĺĺ âĺŕă (14.107) ŋě ŋãęŋő ćłńîçăâì ŋãńěćőě áőąáâćěŋŋőě ğŋăçěŋĺě, ŋő ğăâő ŋãęŋő ćłńîçĺâì ć K ňŋőęĺâěńì (_{S0} 2π~ )_{1/2} . Ŕőíâőňã, őďŋőĺŋáâăŋâőŋŋëľ ćłńăď ć ňăâàĺçŋëľ íńěňěŋâ ŕěàěåőďă ďăěâáï ćëàăęěŋĺěň: ⟨a|e^{−HT /}~| − a⟩_{1inst} = N T ( S_0 2π~ )_{1/2} e^{−S0/}~[Det^′(−∂^2_t + V^{′′}(—x))]^{−1/2} , (14.139)

čďě èâàĺå ŋăď ğŋăłőň ďěâěàňĺŋăŋâă őğŋăçăěâ, çâő ŕàĺ ćëçĺáńěŋĺĺ íâőčő ďěâěàňĺŋăŋâă őŕãáłăěâáï ŋãńěćőě áőąáâćěŋŋőě ğŋăçěŋĺě. Śàăćŋĺćăï (14.139) á őďŋőĺŋáâăŋâőŋŋëň ćłńăďőň ć (14.125),ŋăåőďĺň: K = ( S_0 2π~ )_{1/2} | | | Det(−∂^2_t + ω^2) Det^′(−∂^2_t + V^{′′}(—x)) | | | | 1/2 . (14.140)

İâő ğăćěàèăěâ ŋăè àăáçěâ!

Śďěńăěň ŋěłőâőàëě ğăňěçăŋĺï ŕő ŕőćőďã ŕàőďěńăŋŋëå ćëçĺáńěŋĺľ:

1. Ňőęŋő ãąěďĺâìáï, çâő ŕőńãçěŋŋëě àěğãńìâăâë áőćŕăďăîâ áő áâăŋďăàâŋëňĺ ćëćőďăňĺ łćăŋâőćőľ ňěåăŋĺłĺ [29].

2. Ňë ŕőńăčăńĺ, çâő ćáě λ_n > 0 (łàőňě λ_1 = 0). İâő ďěľáâćĺâěńìŋő âăł, ŕőáłőńìłã ŋăĺŋĺğèěě áőáâőïŋĺě x_1, łăł ńěčłő ćĺďěâì ĺğ ěčő ïćŋőčő ćĺďă, ŋě ĺňěěâ ŋãńěľ, łăł ĺ ďőńęŋő ąëâì ã őďŋőňěàŋőčő ãàăćŋěŋĺï Ÿàěďĺŋčěàă. İâő ïáŋő ĺğ âőčő, çâő àăááňőâàěŋŋëľ ĺŋáâăŋâőŋ ïćńïěâáï ňőŋőâőŋŋő ćőğàăáâăîéěľ (ăŋâĺĺŋáâăŋâőŋ { ãąëćăîéěľ) äãŋłæĺěľ t, âőčďă ěčő ŕàőĺğćőďŋăï x_1 ∼^{dx̄}_{dt} ŋě ĺňěěâ ŋãńěľ.

3. Łőíääĺæĺěŋâ K ŕàőŕőàæĺőŋăńěŋ ~^{−1/2}, çâő áćïğăŋő á ćłńăďőň ŋãńěćőľ ňőďë.

İâő, ŋă áăňőň ďěńě, őąéěě ŕàăćĺńő { łăęďăï ŋãńěćăï ňőďă (ă ĺå ňőęěâ ąëâì ĺ ŋěáłőńìłő!) ďăěâ ňŋőęĺâěńì ~^{−1/2}.

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ŕàőăŋăńĺğĺàőćăâì ĺ ğăďăçã ő çăáâĺæě ć ŕěàĺőďĺçěáłőň ŕőâěŋæĺăńě, ŕőłăğăŋŋőň ŋă Řĺá. 14-11. Őâńĺçĺě őâ ŕàěďëďãéěčő áńãçăï áőáâőĺâ ć âőň, çâő âěŕěàì őâáãâáâćãěâ ãáńőćĺě çěàěďőćăŋĺï ĺŋáâăŋâőŋőć ĺ ăŋâĺĺŋáâăŋâőŋőć, çâő áćïğăŋő á áãéěáâćőćăŋĺěň ňŋőęěáâćă íłćĺćăńěŋâŋëå ňĺŋĺňãňőć ŕőâěŋæĺăńă. Ć âőęě ćàěňï, ŕőńŋőě çĺáńő ĺŋáâăŋâőŋőć ňĺŋãá ŕőńŋőě çĺáńő ăŋâĺĺŋáâăŋâőŋőć ďőńęŋő, ć íâőň áńãçăě, àăćŋïâìáï ĺğňěŋěŋĺî —x ňěęďã ŋăçăńìŋőľ ĺ łőŋěçŋőľ łőőàďĺŋăâăňĺ. Šőčďă, ćňěáâő (14.126), ňőęŋő ŋăŕĺáăâì: ⟨j+|e^{−HT/}~|j−⟩ = ( ω π~ )_{1/2} e^{−ωT/2} ∞∑ n=0 ∞∑ n̄=0 1 n!—n! (Ke^{−S0/}~T )^{n+n̄}δ_{n−n̄−j++j−} , (14.141) čďě n | çĺáńő ĺŋáâăŋâőŋőć, ă —n | çĺáńő ăŋâĺĺŋáâăŋâőŋőć. Ĺáŕőńìğãěň âěŕěàì: δ_{ab} = 2π∫ 0 dθ 2π e^{iθ(a−b)} , (14.142)

376 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-11

Řĺá. 14-12

çâőąë ŕěàěŕĺáăâì (14.141) łăł: ⟨j+|e^{−HT/}~|j−⟩ = ( ω π~ )_{1/2} e^{−ωT/2} 2π∫ 0 dθ 2π exp[2KT cos θe^{−S0/}~] exp[−iθ(j+ − j)] . (14.143)

Ć íâőň áńãçăě ňë ĺňěěň łőŋâĺŋããň áőąáâćěŋŋëå ğŋăçěŋĺľ íŋěàčĺĺ çăáâĺæë (ğőŋã!), ŕăàăňěâàĺğőćăŋŋëå \ãčńőň" θ: E(θ) = 1

2 ~ω − 2~Ke^{−S0/~} cos θ . (14.144)

Ňăâàĺçŋëě íńěňěŋâë: ⟨θ|j⟩ = ( ω π~ )_{1/4} (2π)^{−1/2}e^{ijθ} (14.145)

ŕàěďáâăćńïîâ áőąőľ, ŕő áãâĺ ďěńă, áőőâćěâáâćãîéãî ąńőåőćáłãî ćőńŋã.

Ĺŋáâăŋâőŋë ĺ ňěâăáâăąĺńìŋëě áőáâőïŋĺï.

Řăááňőâàĺň ŕőâěŋæĺăń, ĺğőąàăęěŋŋëľ ŋă Řĺá. 14-12(a). Ěáńĺ ąë ąëńő ňőęŋő ŕàěŋěąàěçì âãŋŋěńĺàőćăŋĺěň, âő áãéěáâćőćăńő ąë áćïğăŋŋőě áőáâőïŋĺě ćąńĺğĺ ŋăçăńă łőőàďĺŋăâ. Ŕěàěćěàŋãâëľ ŕőâěŋæĺăń ŕőłăğăŋ ŋă Řĺá. 14-12(b). Łńăááĺçěáłĺě ãàăćŋěŋĺï ďćĺęěŋĺï ĺňěîâ őçěćĺďŋőě àěèěŋĺě, áőőâćěâáâćãîéěě çăáâĺæě, áâăàâãîéěľ ŋă ćěàèĺŋě åőńňă ŕàĺ x = 0, łőâőàăï ğăâěň őâàăęăěâáï őâ łńăááĺçěáłőľ âőçłĺ ŕőćőàőâă σ ĺ ćőğćàăéăěâáï őąàăâŋő ŋă ćěàèĺŋã, łăł ŕőłăğăŋő ŋă Řĺá. 14-13. Ŕőáçĺâăěň

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 377

Řĺá. 14-13

ňăâàĺçŋëľ íńěňěŋâ ŕěàěåőďă ĺğ x = 0 ć x = 0, áãňňĺàãï ŕő ćáěň áőáâőïéĺň ĺğ ãďăńěŋŋëå ďàãč őâ ďàãčă ĺŋáâăŋâőŋőć Řĺá. 14-13. Šãâ, ćàőďě ąë, ŋăďő ďěńăâì ćáě łăł ĺ ćëèě (á őçěćĺďŋëň ŕěàěőŕàěďěńěŋĺěň S_0, ω^2 ĺ â.ŕ.), őďŋăłő ąěğ őčàăŋĺçěŋĺľ ŋă çěâŋőáâì çĺáńă ĺŋáâăŋâőŋőć. Šőčďă ŕàĺ áãňňĺàőćăŋĺĺ \ŋăąĺàăěâáï" ŕőńŋăï íłáŕőŋěŋâă: ⟨0|e^{−HT /}~|0⟩ = ( ω π~ )_{1/2} e^{−ωT /2} exp[KT e^{−S0/}~] (14.146)

ĺ áőąáâćěŋŋőě ğŋăçěŋĺě íŋěàčĺĺ őáŋőćŋőčő áőáâőïŋĺï ěáâì:

E_0 = 1 2~ω − ~Ke^{−S0/~} (14.147)

Ŋő íâő ŋěćěàŋő! Ťăłâĺçěáłĺ, ć íâőľ áĺâãăæĺĺ ěáâì âãŋŋěńĺàőćăŋĺě ĺ ćőğŋĺłăěâ ŋěáâăąĺńìŋőě áőáâőïŋĺě! Ĺğ ćĺďă ĺŋáâăŋâőŋă Řĺá. 14-13 ïáŋő, çâő áőąáâćěŋŋăï äãŋłæĺï x_1 ∼^{dx̄}_{dt} ĺňěěâ ŋãńì ĺ ŋě ňőęěâ ąëâì äãŋłæĺěľ, áőőâćěâáâćãîéěľ ŋăĺŋĺğèěľ íŋěàčĺĺ. Ŋő ěě âő íŋěàčĺï àăćŋă ŋãńî, íâő ğŋăçĺâ, çâő áãéěáâćãěâ ěéě áőáâőïŋĺě á λ_0 < 0 ĺ áőąáâćěŋŋőľ äãŋłæĺěľ, ŋě ĺňěîéěľ ŋãńěľ. Ŕőíâőňã äăłâőà K, ć łőâőàëľ ćåőďĺâ łőàěŋì ĺğ ŕàőĺğćěďěŋĺï áőąáâćěŋŋëå ğŋăçěŋĺľ, ěáâì ňŋĺňăï ćěńĺçĺŋă. Ŕőíâőňã, ŋă áăňőň ďěńě, âăłĺň áŕőáőąőň ŕőńãçăěâáï:

Im E_0 = ` 2 ∼ ~|K|e^{−S0/~} (14.148) çâő őâćěçăěâ èĺàĺŋě ãàőćŋï, áőőâćěâáâćãîéěľ ňěâăáâăąĺńìŋőňã áőáâőïŋĺî.

Ĺŋáâăŋâőŋë ĺ ŋěáâăąĺńìŋëľ ćăłããň ć âěőàĺĺ ŕőńï.

Řăááňőâàĺň âěŕěàì áłăńïàŋãî âěőàĺî ŕőńï á ěćłńĺďőćëň ďěľáâćĺěň: S = ∫ d^4x [ 1 2 (∂_μϕ)^2 + U (ϕ) ] , (14.149)

čďě ŕőâěŋæĺăń U (ϕ) ŕőłăğăŋ ŋă Řĺá. 14-14: ĺňěěâáï ďćă ŋěíłćĺćăńěŋâŋëå ňĺŋĺňãňă ϕ_+ ĺ ϕ_−, ŕàĺçěň ϕ_− | ăąáőńîâŋëľ ňĺŋĺňãň. Ćëąěàěň ŋăçăńő őâáçěâă íŋěàčĺĺ âăł, çâőąë U (ϕ_+) = 0. Ć łćăŋâőćőľ âěőàĺĺ ňĺŋĺňãň ŕàĺ ϕ = ϕ_+ ĺčàăěâ àőńì \ńőęŋőčő"

378 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Řĺá. 14-14

(ňěâăáâăąĺńìŋőčő) ćăłããňă. Őŕĺáăŋĺě àăáŕăďă âăłőčő \ńőęŋőčő" ćăłããňă ćő ňŋőčőň ăŋăńőčĺçŋő őŕĺáăŋĺî ŕàőæěááă ğăàőďëèěőąàăğőćăŋĺï ć áâăâĺáâĺçěáłőľ äĺğĺłě (ŋăŕàĺňěà, ŕàĺ łàĺáâăńńĺğăæĺĺ ŕěàěáëéěŋŋőčő àăáâćőàă ĺńĺ ćáłĺŕăŋĺĺ ŕěàěčàěâőľ ęĺďłőáâĺ). Ć łćăŋâőćőľ âěőàĺĺ ŕőńï íâă ğăďăçă ĺŋâěàěáŋă á âőçłĺ ğàěŋĺï ŕàĺňěŋěŋĺľ ł ğăďăçăň łőáňőńőčĺĺ [43]. Łâő áłăğăń, çâő ŋăè ćăłããň ïćńïěâáï ãáâőľçĺćëň, ă ŋě ňěâăáâăąĺńìŋëň?

Ŋăèă ğăďăçă áőáâőĺâ ć àăáçěâě ćěńĺçĺŋë^Γ_V | ćěàőïâŋőáâĺ àăáŕăďă ňěâăáâăąĺńìŋőčő ćăłããňă ć ěďĺŋĺæã ćàěňěŋĺ ĺ ć àăáçěâě ŋă ěďĺŋĺçŋëľ őąêěň. Ŕàěęďě ćáěčő, ŋãęŋő ŋăľâĺ áőőâćěâáâćãîéĺľ ĺŋáâăŋâőŋ —ϕ, łăł àěèěŋĺě ěćłńĺďőćëå ãàăćŋěŋĺľ ďćĺęěŋĺï:

∂_μ∂^μ —ϕ = U^′(—ϕ) , (14.150)

ãďőćńěâćőàïîéěě čàăŋĺçŋëň ãáńőćĺïň: lim x4→±∞ —ϕ(x, x4) = ϕ+ . (14.151)

Ŋěâàãďŋő ŕőŋïâì, çâő ďńï őąěáŕěçěŋĺï łőŋěçŋőáâĺ ďěľáâćĺï ŋă ĺŋáâăŋâőŋě ďőńęŋő âăłęě ćëŕőńŋïâìáï ãáńőćĺě: lim |x|→∞ —ϕ(x, x4) = ϕ+ . (14.152)

Ěáńĺ ĺŋáâăŋâőŋ ŋăľďěŋ, âő ć ćěďãéěň ŕàĺąńĺęěŋĺĺ ŕő ~ ĺňěěň: ` V = Ke^{−S0} , (14.153)

čďě S_0 = S(—ϕ), ă ŕàěďíłáŕőŋěŋâă K őŕàěďěńïěâáï áőőâćěâáâćãîéĺň ďěâěàňĺŋăŋâőň.

Šàĺćĺăńìŋőě àěèěŋĺě —ϕ = ϕ_+ ŋěĺŋâěàěáŋő, ďńï ŋěčő^{δ2S}_{δϕ2} ŋě ĺňěěâ őâàĺæăâěńìŋëå áőąáâćěŋŋëå ğŋăçěŋĺľ, âăł çâő ćłńăď ć àăáŕăď ćăłããňă ŋě ćőğŋĺłăěâ. Şàăćŋěŋĺï (14.150) { (14.152) ĺŋćăàĺăŋâŋë őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ čàãŕŕë çěâëàěåňěàŋëå ćàăéěŋĺľ O(4). Ŕőńăčăěň, çâő ĺŋáâăŋâőŋ âőęě O(4) ĺŋćăàĺăŋâěŋ^8, âăł çâő áőőâćěâáâćãîéěě —ϕ ïćńïěâáï äãŋłæĺěľ âőńìłő őâ àăďĺãá-ćěłâőàă r. Šőčďă ãàăćŋěŋĺě (14.150) áćőďĺâáï ł: d^2 —ϕ dr^2 + 3 r d —ϕ dr = U^′(—ϕ) , (14.154)

ă ĺğ (14.151) ĺ (14.152) áńěďãěâ:

lim_{r→∞} —ϕ(r) = ϕ_+ . (14.155)

8İâő ŕàěďŕőńőęěŋĺě ňőęŋő áâàőčő őąőáŋőćăâì | áäěàĺçěáłĺ áĺňňěâàĺçŋëľ ĺŋáâăŋâőŋ őąńăďăěâ ŋăĺňěŋìèĺň ďěľáâćĺěň.

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 379

Řĺá. 14-15

Őçěćĺďŋő âăłęě, çâő ŋãęŋő ŕőâàěąőćăâì: d —ϕ dr | | | |_{r=0} = 0 , (14.156)

ĺŋăçě —ϕ ąãďěâ áĺŋčãńïàŋő ć ŋăçăńě łőőàďĺŋăâ.

Şàăćŋěŋĺě (14.154) ňőęŋő ĺŋâěàŕàěâĺàőćăâì, łăł ãàăćŋěŋĺě ďćĺęěŋĺï (áçĺâăï r ćàěňěŋěň!) çăáâĺæë, ďćĺęãéěľáï ć ŕőâěŋæĺăńě ňĺŋãá U , ŕőłăğăŋŋőň ŋă Řĺá. 14- 15, ĺ ŕőď ďěľáâćĺěň ğăćĺáïéěľ őâ ćàěňěŋĺ áĺńë âàěŋĺï (∼^1_r × áłőàőáâì). Ůăáâĺæă áâăàâãěâ ĺğ áőáâőïŋĺï ŕőłőï (áà.(14.156)) ć ňőňěŋâ ćàěňěŋĺ r = 0 ĺ, ŕàĺ ŋăďńěęăéěň ćëąőàě ŋăçăńìŋőľ ŕőğĺæĺĺ, őáâăŋăćńĺćăěâáï ŕàĺ r → ∞ ć âőçłě ϕ_+ { âăłőě ďćĺęěŋĺě ĺ áőőâćěâáâćãěâ ĺŋáâăŋâőŋã. Őçěćĺďŋő, çâő íâő àěèěŋĺě áãéěáâćãěâ:

• Ůăáâĺæă, őâŕãéěŋŋăï ŕàăćěě ϕ_0 ŋě ďőěďěâ ďő ϕ_+, ďńï íâőčő ěľ ŋě åćăâĺâ íŋěàčĺĺ ĺğ-ğă âàěŋĺï.

• Ěáńĺ ňë ŕàăćĺńìŋő ćëąěàěň ŋăçăńìŋãî âőçłã ńěćěě ϕ_0, ŋő ŕàăćěě ϕ_−, ňë ňőęěň ďőąĺâìáï, çâő ŕàĺ ąőńìèĺå r çăáâĺæă ŕőďőľďěâ ł ϕ_+ ĺ âăň őáâăŋőćĺâáï.

Ć áăňőň ďěńě, ďńï ϕ ćąńĺğĺ ϕ_− ňë ňőęěň ńĺŋěăàĺğőćăâì ãàăćŋěŋĺě ďćĺęěŋĺï ĺ ğăŕĺáăâì ěčő ć ćĺďě: ( d^2 dr^2 + 3 r d dr − μ^2 ) (—ϕ − ϕ_−) = 0 , (14.157)

čďě μ^2 = U^{′′}(ϕ_−). İâő ãàăćŋěŋĺě ďőáâăâőçŋő ńěčłő àěèăěâáï [58], ĺ àěèěŋĺě ćëàăęăěâáï çěàěğ ňőďĺäĺæĺàőćăŋŋãî äãŋłæĺî Ąěááěńï. Šőčďă ćĺďŋő, çâő ěáńĺ ňë ćëąěàěň —ϕ(0) ďőáâăâőçŋő ąńĺğłő ł ϕ_−, ňë ňőęěň ďőąĺâìáï, çâő ĺ ŕàĺ ąőńìèĺå r çăáâĺæă őáâăŋěâáï áłőńì ãčőďŋő ąńĺğłő ł ϕ_−. Ŋő ďńï ďőáâăâőçŋő ąőńìèĺå r ňőęŋő ŕàěŋěąàěçì âàěŋĺěň, ŕőáłőńìłã őŋő ∼ 1/r. Ŋő ěáńĺ âàěŋĺï ŋěâ, âő çăáâĺæă ŕěàěłăâĺâáï çěàěğ čőàłã á ćěàèĺŋőľ ć ϕ_+. İâő őğŋăçăěâ, çâő ć ŋăèěľ ğăďăçě ćáěčďă áãéěáâćãěâ ŕàőňěęãâőçŋăï âőçłă (ňěęďã ϕ_− ĺ ϕ_0), áâăàâãï á łőâőàőľ çăáâĺæă ŕàĺ r → ∞ őáâăŋőćĺâáï ć ϕ_+.

Ŕãáâì U_+(ϕ) | ŋěłőâőàăï çěâŋăï äãŋłæĺï ϕ:

U_+(ϕ) = U_+(−ϕ) (14.158)

á ňĺŋĺňãňőň ć âőçłăå ±a:

U^′_+(±a) = 0 . (14.159)

Őŕàěďěńĺň μ^2 = U^{′′}_+(±a) . (14.160)

380 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Ďőąăćĺň ł U_+ ňăńěŋìłãî ďőąăćłã, ŋăàãèăîéãî áĺňňěâàĺî ňĺŋĺňãňőć:

U = U_+ + ε(ϕ − a)/2a , ε > 0 . (14.161)

İâő ŕàőáâő łőŋłàěâĺğĺàãěâ ćĺď ŋăèěčő ŕőâěŋæĺăńă. Ć ŕěàćőň ŕőàïďłě ŕő ε ĺňěěň:

ϕ_± = ±a . (14.162)

Ćěńĺçĺŋă ε őŕàěďěńïěâ àăğŋőáâì íŋěàčĺľ ňěęďã ĺáâĺŋŋëň ĺ \ńőęŋëň" ćăłããňőň. Ćëąěàěň ŋăçăńìŋãî ŕőğĺæĺî çăáâĺæë —ϕ(0) őçěŋì ąńĺğłő ł ϕ_−. Šőčďă çăáâĺæă őáâăěâáï ćąńĺğĺ ϕ_− ďő łăłőčő-âő ąőńìèőčő ňőňěŋâă ćàěňěŋĺ r = R, ă ŕőáńě íâőčő őŋă ąëáâàő ŕàőåőďĺâ çěàěğ ďőńĺŋã ĺ ňěďńěŋŋő ŕàĺąńĺęăěâáï ł ϕ_+ ŕàĺ r → ∞. Šăłĺň őąàăğőň ŋăè ĺŋáâăŋâőŋ ćëčńïďĺâ łăł ąőńìèőľ çěâëàěåňěàŋëľ áäěàĺçěáłĺ áĺňňěâàĺçŋëľ \ŕãğëàì" àăďĺãáă R á âőŋłőľ áâěŋłőľ, àăğďěńïîéěľ \ńőęŋëľ" ćăłããň ϕ_+ (ćŋě ŕãğëàï) ĺ ĺáâĺŋŋëľ ćăłããň ϕ_− (ćŋãâàĺ ŕãğëàï). Śőőâćěâáâćěŋŋő, ŋăè ŕãğëàì (ĺŋáâăŋâőŋ) ŕàěďáâăćńïěâ áőąőľ ğăàőďëè ŋőćőčő (ĺáâĺŋŋőčő) ćăłããňă ćŋãâàĺ ňěâăáâăąĺńìŋőčő (\ńőęŋőčő") ćăłããňă.

Ďńï r ∼ R ňőęŋő ŕàěŋěąàěçì âàěŋĺěň, ă âăłęě ε-ğăćĺáïéĺň çńěŋőň ć U . Šőčďă ãàăćŋěŋĺě ďćĺęěŋĺï ĺňěěâ ćĺď:

d^2 —ϕ dr^2 = U^′_+(—ϕ) , (14.163)

çâő ŕàěďáâăćńïěâ áőąőľ łńăááĺçěáłőě ãàăćŋěŋĺě ďćĺęěŋĺï çăáâĺæë ć ďćãåêïňŋőň ŕőâěŋæĺăńě, łőâőàőě ŕőďàőąŋő ăŋăńĺğĺàőćăńőáì ćëèě. Őŋő ĺňěěâ áćőĺň àěèěŋĺěň ĺğćěáâŋëľ ãęě ŋăň ŕàőáâěľèĺľ őďŋőňěàŋëľ ĺŋáâăŋâőŋ Řĺá. 14-9 (łőâőàëľ őŕĺáëćăěâ ŕěàěåőď ĺğ −a ć +a ŕàĺ àőáâě r çěàěğ ňőňěŋâ \ćàěňěŋĺ" R). Šăłőćő ŕàĺąńĺęěŋŋőě őŕĺáăŋĺě ĺŋáâăŋâőŋă ć àăááňăâàĺćăěňőľ ŕőńěćőľ ğăďăçě.

Ŋő ňë ěéě ŋě őŕàěďěńĺńĺ R. Ďěľáâćĺě ŋă ĺŋáâăŋâőŋě ĺňěěâ ćĺď:

S = 2π^2 ∞∫ 0 dr r^3 [ 1 2 ( d —ϕ dr )_2 + U (—ϕ) ] . (14.164)

İâőâ ĺŋâěčàăń àăğąĺćăěâáï ŋă âàĺ őąńăáâĺ ĺŋâěčàĺàőćăŋĺï: ćŋě ŕãğëàï, ćąńĺğĺ ěčő ŕőćěàåŋőáâĺ ĺ ćŋãâàĺ. Śŋăàãęĺ ňőęŋő áçĺâăâì —ϕ = ϕ_+ ĺ U = 0, âăł çâő íâőâ ćłńăď ć ĺŋâěčàăń ŕàőáâő àăćěŋ ŋãńî (çâő, łáâăâĺ, őąěáŕěçĺćăěâ łőŋěçŋőáâì ďěľáâćĺï ŋă ĺŋáâăŋâőŋě). Ćŋãâàĺ ŕãğëàï ĺňěěň —ϕ = ϕ_−, U = −ε, âăł çâő áőőâćěâáâćãîéĺľ ćłńăď ć ĺŋâěčàăń ěáâì: − 1 2 π^2R^4ε . (14.165)

Ćąńĺğĺ ŕőćěàåŋőáâĺ ŕãğëàï, â.ě. ŕàĺ r ∼ R, ňőęŋő ŕàěŋěąàěçì çńěŋőň ∼ ε ć U , âăł çâő ĺŋâěčàăń áćőďĺâáï ł:

2π^2R^3 ∫ dr [ 1 2 ( d —ϕ dr )_2

+ U_+ ] = 2π^2R^3S_1 , (14.166) čďě S_1 = a∫ −a dϕ √ 2U_+ (14.167)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 381

| ďěľáâćĺě őďŋőňěàŋőčő ĺŋáâăŋâőŋă (14.118). Ć ĺâőčě ŕőńãçăěň: S = − 1 2 π^2R^4ε + 2π^2R^3S_1 . (14.168)

Őŕàěďěńĺň âěŕěàì R ĺğ ãáńőćĺï íłáâàěňăńìŋőáâĺ ďěľáâćĺï: dS dR = −2π^2R^3ε + 6π^2R^2S_1 = 0 , (14.169)

çâő ďăěâ: R = 3S_1 ε . (14.170)

Šőčďă ĺňěěň^9:

S_0 =

27π^2S^4_1 2ε^3

. (14.171)

Ćěńĺçĺŋã àăďĺãáă ŕãğëàï (14.170) ňőęŋő ŋăľâĺ ŋă őáŋőćě íńěňěŋâăàŋëå íŋěàčěâĺçěáłĺå áőőąàăęěŋĺľ, ŕàĺňěŋïěňëå ć âěőàĺĺ łàĺâĺçěáłĺå ğăàőďëèěľ | ćëĺčàëè íŋěàčĺĺ ć őąêěňě ŕãğëàï ďőńęěŋ áłőňŕěŋáĺàőćăâì ŕàőĺčàëè, áćïğăŋŋëľ á ŕőćěàåŋőáâŋőľ íŋěàčĺěľ áâěŋőł: 4 3 πR^3ε = 4πR^2σ , çâő ĺ ďăěâ R = 3σ ε , (14.172)

čďě σ | ŕőćěàåŋőáâŋăï íŋěàčĺï áâěŋłĺ. Ć ŋăèěň áńãçăě σ = S_1.

Ć ĺâőčě, ďńï ćěàőïâŋőáâĺ àăáŕăďă \ńőęŋőčő" ćăłããňă ŕőńãçăěň: ` V ∼ exp(−S_0) . (14.173)

Ďěâěàňĺŋăŋâë ĺ ŕěàěŋőàňĺàőćłă.

Ŕàěďíłáŕőŋěŋæĺăńìŋëľ ňŋőęĺâěńì ć (14.173) áńěďãěâ őŕàěďěńĺâì âěň ęě áŕőáőąőň, çâő ĺ ć àăááňőâàěŋŋőľ ćëèě łćăŋâőćőňěåăŋĺçěáłőľ ğăďăçě. Ŋő âãâ ěáâì ćăęŋëě őâńĺçĺï ĺ ćőŕàőáë:

1. Ć łćăŋâőćőľ ňěåăŋĺłě áãéěáâćőćăńă âőńìłő őďŋă ŋãńěćăï âàăŋáńïæĺőŋŋăï ňőďă, ğďěáì ĺå çěâëàě.

2. Ŋăň ąëńő ćěáìňă áãéěáâćěŋŋő, çâő áãéěáâćőćăńő âőńìłő őďŋő őâàĺæăâěńìŋőě áőąáâćěŋŋőě ğŋăçěŋĺě, ŕàĺćőďĺćèěě ł ćőğŋĺłŋőćěŋĺî ňŋĺňőčő ćłńăďă. Šăł ńĺ íâő ć àăááňăâàĺćăěňőľ ğăďăçě?

3. Ć łćăŋâőćőľ âěőàĺĺ ŕőńï áãéěáâćãîâ ãńìâàăäĺőńěâőćëě àăáåőďĺňőáâĺ ĺ ŋãęŋő ŕàőćőďĺâì ŕěàěŋőàňĺàőćłã. Łăłőćă ĺå àőńì ğďěáì?

Řăááňőâàĺň áŋăçăńă ćőŕàőá ő ŋãńěćëå ňőďăå. Ć àăááňăâàĺćăěňőľ ğăďăçě ĺňěěâáï çěâëàě ŋăŕàăćńěŋĺï âàăŋáńïæĺľ ĺŋáâăŋâőŋă (őŋ ňőęěâ ąëâì àăáŕőńőęěŋ ć ńîąőľ âőçłě çěâëàěåňěàŋőčő ěćłńĺďőćă ŕàőáâàăŋáâćă), áőőâćěâáâćěŋŋő áãéěáâćãěâ

9Ŋăèě àăááňőâàěŋĺě áŕàăćěďńĺćő ć ŕàěďěńě ňăńëå ε ĺ ć ŕàěďěńě, łőčďă àăďĺãá ŕãğëàï ňŋőčő ąőńìèě âőńéĺŋë ěčő áâěŋłĺ: R ≫ μ^{−1}, çâő áćőďĺâáï ł ãáńőćĺî 3S_1μ ≫ ε.

382 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

çěâëàě áőąáâćěŋŋëě äãŋłæĺĺ ďĺääěàěŋæĺăńìŋőčő őŕěàăâőàă, áćïğăŋŋőčő áő ćâőàőľ ćăàĺăæĺőŋŋőľ ŕàőĺğćőďŋőľ ďěľáâćĺï, á ŋãńěćëňĺ áőąáâćěŋŋëňĺ ğŋăçěŋĺïňĺ. İâĺ äãŋłæĺĺ ∼ ∂_μ —ϕ. Şáńőćĺě ĺå ŋőàňĺàőćłĺ áćőďĺâáï ł: ∫ d^4x∂_μ —ϕ∂_ν —ϕ = 1 4 δ_{μν} ∫ d^4x∂_μ —ϕ∂^μ —ϕ = δ_{μν} S_0 . (14.174)

Ć àěğãńìâăâě ć ŕàěďíłáŕőŋěŋâě (14.173) ćőğŋĺłăěâ çěâëàě ňŋőęĺâěńï (_{S0} 2π )_{1/2} ćňěáâő őďŋőčő.

Ďőłăğăâěńìáâćő ŕőáńěďŋěčő àăćěŋáâćă ć (14.174) áćőďĺâáï ł áńěďãîéěňã. Řăááňőâàĺň ϕ_λ(x) = —ϕ(x/λ). Šőčďă ďěľáâćĺě:

S(ϕ_λ) = 1 2 λ^2 ∫ d^4x(∂μ —ϕ)^2 + λ^4 ∫ d^4xU( —ϕ) . (14.175)

Ŕőáłőńìłã —ϕ ïćńïěâáï àěèěŋĺěň ãàăćŋěŋĺľ ďćĺęěŋĺï, ďőńęŋő ćëŕőńŋïâìáï ãáńőćĺě áâăæĺőŋăàŋőáâĺ ďěľáâćĺï (14.175) ŕàĺ λ = 1. İâő ďăěâ: ∫ d^4x(∂μ —ϕ)^2 = −4 ∫ d^4xU( —ϕ) (14.176) ĺńĺ S_0 = 1 4 ∫ d^4x(∂μ —ϕ)^2 > 0 . (14.177)

Ĺâăł, ňë ŕőńãçăěň ŕàěďíłáŕőŋěŋæĺăńìŋëľ äăłâőà ć ćĺďě: K = S^2_0 4π^2 | | | Det^′[−∂_μ∂_μ + U^{′′}(—ϕ)] Det[−∂_μ∂_μ + U^{′′}(ϕ_+)] | | | −1/2 , (14.178)

ć ŕàěďŕőńőęěŋĺĺ, çâő á őâàĺæăâěńìŋëňĺ áőąáâćěŋŋëňĺ ğŋăçěŋĺïňĺ ĺ ŕěàěŋőàňĺàőćłőľ ŕàőąńěň ŋě ćőğŋĺłăěâ.

Ůâő łăáăěâáï őâàĺæăâěńìŋëå áőąáâćěŋŋëå ğŋăçěŋĺľ, âő íâő ďěľáâćĺâěńìŋő âăł. Ŕőŋïâŋő, çâő^{δ2S}_{δϕ2} (ŋă ĺŋáâăŋâőŋě) ĺňěěâ åőâï ąë őďŋő őâàĺæăâěńìŋőě áőąáâćěŋŋőě ğŋăçěŋĺě. Ňőęŋő áâàőčő ŕőłăğăâì, çâő ąőńěě őďŋőčő őâàĺæăâěńìŋőčő áőąáâćěŋŋőčő ğŋăçěŋĺï ć íâőľ ğăďăçě ŋě ćőğŋĺłăěâ [58]. Ŕőíâőňã (14.173) ďěľáâćĺâěńìŋő ďăěâ ćěàőïâŋőáâì àăáŕăďă.

Ŕàőąńěňã ŕàőćěďěŋĺï ŕěàěŋőàňĺàőćłĺ (14.173) ňë ŕőďàőąŋő őąáãęďăâì ŋě ąãďěň. Ć ŕàĺŋæĺŕě, ďőáâăâőçŋő ïáŋő, çâő ć âěőàĺïå á ŕěàěŋőàňĺàãěňëň U(φ), ćáě ćëàăęěŋĺï, ćłńîçăï (14.178), ňőęŋő ŕěàěŕĺáăâì çěàěğ ŕěàěŋőàňĺàőćăŋŋëě ćěńĺçĺŋë ĺ áďěńăâì, âăłĺň őąàăğőň, łőŋěçŋëňĺ. Ŋěłőâőàëě ďőŕőńŋĺâěńìŋëě ŕőďàőąŋőáâĺ ňőęŋő ŋăľâĺ ć [58].

Ŕãğëàì, àăáèĺàïîéĺľáï ć àěăńìŋőň ŕàőáâàăŋáâćě-ćàěňěŋĺ Ňĺŋłőćáłőčő, ňőęŋő ŕőńãçĺâì ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň ĺŋáâăŋâőŋă:

ϕ(x_0, x) = —ϕ(r = √ |x|^2 − x^2_0) . (14.179)

Šăłĺň őąàăğőň, ŕàĺ ňăńëå ε ĺňěěň âőŋłãî áâěŋłã ŕàĺ r = R, àăğďěńïîéãî ďćă ćăłããňă, ă ŕàĺ àăáèĺàěŋĺĺ ŕãğëàì ãďőćńěâćőàïěâ ãàăćŋěŋĺî:

|x|^2 − x^2_0 ≈ R^2 . (14.180)

ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ 383

Ćěńĺçĺŋă R őŕàěďěńïěâáï, łăł ňë ćĺďěńĺ, ŕăàăňěâàăňĺ âěőàĺĺ ĺ ïćńïěâáï ŋěłőâőàőľ ňĺłàőáłőŕĺçěáłőľ ďńĺŋőľ. Šőčďă ãàăćŋěŋĺě (14.180) őğŋăçăěâ, çâő àăáèĺàïîéăïáï ŕőćěàåŋőáâì ŕãğëàï ńěâĺâ ŕàăłâĺçěáłĺ áő áłőàőáâìî áćěâă (v ∼ 1)! Ŕàĺ íâőň áâěŋłă ŕěàěŋőáĺâ íŋěàčĺî (ć àăáçěâě ŋă ěďĺŋĺæã ŕńőéăďĺ)^{S1}√_{1−v2} . Ł ňőňěŋâã, łőčďă àăďĺãá ŕãğëàï ďőáâĺčăěâ |x|, íŋěàčĺï áâěŋłĺ áâăŋőćĺâáï àăćŋőľ: E_{wall} = 4π|x|^2S1 √ 1 − v^2

. (14.181)

Ĺğ (14.180) ńěčłő ŋăľâĺ, çâő: v = d|x| dt = √ 1 − R^2

|x|^{2 .} (14.182)

Šőčďă íŋěàčĺï áâěŋłĺ ěáâì: E_{wall} = 4π|x|^3S1 R = 4πε|x|^3 3 , (14.183)

âăł çâő ŕàăłâĺçěáłĺ ćáï íŋěàčĺï, ćëáćőąőęďăîéăïáï ŕàĺ àăáŕăďě \ńőęŋőčő" ćăłããňă ĺďěâ ŋă ãáłőàěŋĺě áâěŋłĺ. Ŋĺłăłĺå çăáâĺæ ŕàĺ íâőň ŋě àőęďăěâáï, á őąěĺå áâőàőŋ áâěŋłĺ ŕàěąëćăěâ áőőâćěâáâćãîéĺľ ćăłããň. Šăłĺň őąàăğőň, \ŋăąńîďăâěńì" ŋĺłőčďă ŋě ãğŋăěâ, çâő ŋă ŋěčő ŋăńěâěńă âăłăï áâěŋłă, ć íâőň áńãçăě őŋ âőęě \àăáŕăďěâáï" ğă áőőâćěâáâćãîéěě ňĺłàőáłőŕĺçěáłőě ćàěňï.

Ŕàĺňěàë ĺáŕőńìğőćăŋĺï àăááňőâàěŋŋőčő äőàňăńĺğňă ł ğăďăçăň àěńïâĺćĺáâáłőľ łőáňőńőčĺĺ ňőęŋő ŋăľâĺ ć łŋĺčě [43].

Łőŋæěŕæĺï ĺŋáâăŋâőŋőć ĺčàăěâ ąőńìèãî àőńì ćő ňŋőčĺå ğăďăçăå łćăŋâőćőľ âěőàĺĺ ŕőńï ĺ áâăâĺáâĺçěáłőľ äĺğĺłĺ. Ć łăçěáâćě ŕàĺňěàă, ãŕőňïŋěň áŋőćă âěőàĺî gφ^4 á g < 0 ĺ á çĺáńőň łőňŕőŋěŋâ ŕőńï n = 0, őŕĺáëćăîéãî, łăł őâňěçăńőáì ć ŕàěďëďãéěľ Čńăćě, ďćĺęěŋĺě íńěłâàőŋă ć áńãçăľŋőň ŕőńě ŕàĺňěáěľ. Ć íâőľ âěőàĺĺ á ŋěãáâőľçĺćëň, á âőçłĺ ğàěŋĺï âěőàĺĺ ŕőńï, őáŋőćŋëň áőáâőïŋĺěň áãéěáâćãîâ ĺŋáâăŋâőŋŋëě àěèěŋĺï, łőâőàëě őŕàěďěńïîâ ćĺď âăłőľ ćăęŋěľèěľ åăàăłâěàĺáâĺłĺ íńěłâàőŋŋőľ áĺáâěňë, łăł ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ ć őąńăáâĺ âăł ŋăğëćăěňőčő ěě \åćőáâă", ćëğćăŋŋőčő ńőłăńĺğăæĺěľ íńěłâàőŋőć äńãłâãăæĺïňĺ áńãçăľŋőčő ŕőâěŋæĺăńă^{10}.

Őáőąőě ğŋăçěŋĺě ĺňěîâ ŋěâàĺćĺăńìŋëě ĺŋáâăŋâőŋŋëě àěèěŋĺï ć ŋěăąěńěćëå łăńĺąàőćőçŋëå âěőàĺïå, čďě őŋĺ âěáŋő áćïğăŋë á âőŕőńőčĺçěáłĺňĺ áćőľáâćăňĺ łăńĺąàőćőçŋëå ŕàěőąàăğőćăŋĺľ ĺ áńőęŋőľ áâàãłâãàőľ ïŋč-ňĺńńáőćáłőčő ćăłããňă [24, 58, 59]. Ş ŋăá ŋěâ ćőğňőęŋőáâĺ őąáãęďăâì ğďěáì íâĺ ćăęŋěľèĺě ăáŕěłâë âěőàĺĺ ĺ ĺå ğŋăçěŋĺě ďńï äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ (ŁŢĎ). Ŕőďàőąŋőě ĺğńőęěŋĺě âěőàĺĺ ňőęŋő ŋăľâĺ ć łŋĺčě [59], ă őąğőà ŕàĺňěŋěŋĺľ ł ğăďăçăň ŁŢĎ ďăŋ ć [60].

10Ň.Ć. Śăďőćáłĺľ. ŞŤŊ 133, 223 (1981), Ĺ.Ň. Śãáńőć. ŞŤŊ 168, 503 (1998)

384 ŤŞŊŁŰĹŐŊĂŃĲŊŻĚ ĹŊŠĚČŘĂŃŻ Ĺ ŊĚŔĚŘŠŞŘĄĂŠĹĆŊŻĚ ŇĚŠŐĎŻ

Ąĺąńĺőčàăäĺï

[1] Ć.Ą. Ąěàěáâěæłĺľ. Ě.Ň. Ńĺäèĺæ. Ń.Ŕ. Ŕĺâăěćáłĺľ. Łćăŋâőćăï íńěłâàőďĺŋăňĺłă. \Ŋăãłă", Ň, 1980.

[2] Ă.Ĺ. Ăåĺěğěà, Ć.Ą. Ąěàěáâěæłĺľ. Łćăŋâőćăï íńěłâàőďĺŋăňĺłă. \Ŋăãłă", Ň, 1969 .

[3] Ŋ.Ŋ. Ąőčőńîąőć, Ď.Ć. Ÿĺàłőć. Łćăŋâőćëě ŕőńï. \Ŋăãłă", Ň, 1980. [4] Ŋ.Ŋ. Ąőčőńîąőć, Ď.Ć. Ÿĺàłőć. Ććěďěŋĺě ć âěőàĺî łćăŋâőćăŋŋëå ŕőńěľ. \Ŋăãłă", Ň, 1976 .

[5] Ś. Ÿćěąěà, Č. Ąěâě, Ť. Čőäňăŋ. Ňěğőŋë ĺ ŕőńï, â.1, ĹŃ, Ň, 1957 . [6] Ś. Ÿćěąěà. Ććěďěŋĺě ć àěńïâĺćĺáâáłãî łćăŋâőćãî âěőàĺî ŕőńï. ĹŃ, Ň, 1963 [7] Ď. Ąìěàłěŋ, Ś. Ďàěńń. Řěńïâĺćĺáâáłăï łćăŋâőćăï âěőàĺï ŕőńï, â.1,2. \Ŋăãłă", Ň, 1978 .

[8] Ń. Řăľďěà. Łćăŋâőćăï âěőàĺï ŕőńï. \Ňĺà", Ň, 1987 . [9] Ŕ. Řăňőŋ. Šěőàĺï ŕőńï. \Ňĺà", 1984 .

[10] Ł. Ĺæĺłáőŋ, Ę. Ğîąěà. Łćăŋâőćăï âěőàĺï ŕőńï, â.1,2. \Ňĺà", Ň, 1984 . [11] Š. Ůěŋč, Ń. Ńĺ. Łăńĺąàőćőçŋëě âěőàĺĺ ć äĺğĺłě íńěňěŋâăàŋëå çăáâĺæ. \Ňĺà", Ň, 1987 .

[12] Ł. Ţãăŋč. Łćăàłĺ, ńěŕâőŋë ĺ łăńĺąàőćőçŋëě ŕőńï. \Ňĺà", Ň, 1985 . [13] Ă.Ă. Ăąàĺłőáőć, Ń.Ŕ. Čőàìłőć, Ĺ.Ě. Ďğïńőèĺŋáłĺľ. Ňěâőďë łćăŋâőćőľ âěőàĺĺ ŕőńï ć áâăâĺáâĺçěáłőľ äĺğĺłě. Ťĺğňăâčĺğ, Ň, 1963 .

[14] Ÿ. Ňă. Śőćàěňěŋŋăï âěőàĺï łàĺâĺçěáłĺå ïćńěŋĺľ. \Ňĺà", Ň, 1980 . [15] D. Amit. Field Theory, the Renormalization Group and Critical Phenomena.

McGraw - Hill, NY, 1978.

[16] Ń.Ą. Őłãŋì. Ťĺğĺłă íńěňěŋâăàŋëå çăáâĺæ. \Ŋăãłă", Ň, 1988. [17] Ł. Čőââäàĺď, Ć. Ćěľáłőŕä. Łőŋæěŕæĺĺ äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ. \Ňĺà", Ň, 1988 .

[18] Ť. Ţěńğěŋ, Ă. Ňăàâĺŋ. Łćăàłĺ ĺ ńěŕâőŋë. \Ňĺà", Ň, 1987.

386 ĄĹĄŃĹŐČŘĂŤĹ§ [19] Ď. Ŕěàłĺŋá. Ććěďěŋĺě ć äĺğĺłã ćëáőłĺå íŋěàčĺľ. \İŋěàčőăâőňĺğďăâ", Ň, 1991 [20] Č. Łěľŋ. Śőćàěňěŋŋăï äĺğĺłă íńěňěŋâăàŋëå çăáâĺæ. \Ňĺà", Ň, 1990 . [21] Ń.Ą. Őłãŋì. ŞŤŊ 168, 625 (1998). [22] §.Ą. Ğěńìďőćĺç. ŞŤŊ 86, 303 (1965).

[23] Ć.Ĺ. Ğăåăàőć, Ą.Ń. Ĺőääě, Ń.Ą. Őłãŋì. ŞŤŊ 117, 227 (1975). [24] Ă.Ň. Ŕőńïłőć. Łăńĺąàőćőçŋëě ŕőńï ĺ áâàãŋë. ĹŠŤ ĺň. Ń.Ď.Ńăŋďăã, 1995. [25] Ń.Ď. Ńăŋďăã, Ě.Ň. Ńĺäèĺæ. Šěőàĺï ŕőńï. \Ŋăãłă", Ň, 1973 . [26] Ń.Ď. Ńăŋďăã, Ě.Ň. Ńĺäèĺæ. Ňěåăŋĺłă. \Ŋăãłă", Ň, 1973. [27] Ě.Ň. Ńĺäèĺæ, Ń.Ŕ. Ŕĺâăěćáłĺľ. Řěńïâĺćĺáâáłăï łćăŋâőćăï âěőàĺï. Ůăáâì 2.

\Ŋăãłă", Ň, 1971 .

[28] İńěňěŋâăàŋëě çăáâĺæë ĺ łőňŕěŋáĺàãîéĺě ŕőńï. Ŕőď àěď. Ď.Ď. Ĺćăŋěŋłő.

\Ňĺà", Ň, 1964.

[29] Ń.Ď. Ńăŋďăã, Ě.Ň. Ńĺäèĺæ. Łćăŋâőćăï ňěåăŋĺłă. \Ŋăãłă", Ň, 1974 . [30] Ŋĺńìá Ąőà ĺ àăğćĺâĺě äĺğĺłĺ. Ŕőď àěď. Ć. Ŕăãńĺ. ĹŃ, Ň, 1958. [31] Ř. Ťěľŋňăŋ. Łćăŋâőćăï íńěłâàőďĺŋăňĺłă. \Ňĺà", Ň, 1964 . [32] Ć.Ś. Ćńăďĺňĺàőć. Şàăćŋěŋĺï ňăâěňăâĺçěáłőľ äĺğĺłĺ. \Ŋăãłă", Ň, 1967 . [33] Ďę. Ůìî. Ăŋăńĺâĺçěáłăï âěőàĺï S-ňăâàĺæë. \Ňĺà", Ň, 1968 . [34] Ć.Ą. Ąěàěáâěæłĺľ. Ŕàőąńěňë äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ. \Ŋăãłă", Ň, 1979. [35] Ń.Ď. Ńăŋďăã, Ě.Ň. Ńĺäèĺæ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ůăáâì 1. \Ŋăãłă", Ň, 1976 .

[36] Ě. Şĺâěłłěà, Č. Ćăâáőŋ. Łãàá áőćàěňěŋŋőčő ăŋăńĺğă, â.1. Ťĺğňăâčĺğ, Ň, 1963 . [37] Ř. Ťěľŋňăŋ, Ă. Ţĺąá. Łćăŋâőćăï ňěåăŋĺłă ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň. \Ňĺà", Ň, 1968 .

[38] Ř. Ťěľŋňăŋ. Śâăâĺáâĺçěáłăï ňěåăŋĺłă. \Ňĺà", Ň, 1975 .

[39] Ă.Ğ. Ŕăâăèĺŋáłĺľ, Ć.Ń. Ŕőłàőćáłĺľ. Ťńãłâãăæĺőŋŋăï âěőàĺï äăğőćëå ŕěàěåőďőć. \Ŋăãłă", Ň, 1982 .

[40] Ă.Ŋ. Ćăáĺńìěć. Łćăŋâőćőŕőńěćăï àěŋőàňčàãŕŕă ć âěőàĺĺ łàĺâĺçěáłőčő ŕőćěďěŋĺï ĺ ć áâőåăáâĺçěáłőľ ďĺŋăňĺłě. ŔĹ§Ť, ŚŔą, 1998 .

[41] Ť.Ă. Ąěàěğĺŋ. Ňěâőď ćâőàĺçŋőčő łćăŋâőćăŋĺï. \Ŋăãłă", Ň, 1965 . [42] Ě.Ň. Ńĺäèĺæ, Ń.Ŕ. Ŕĺâăěćáłĺľ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ůăáâì 2. \Ŋăãłă", Ň, 1978 .

[43] Ă.Ď. Ńĺŋďě. Ťĺğĺłă íńěňěŋâăàŋëå çăáâĺæ ĺ ĺŋäńïæĺőŋŋăï łőáňőńőčĺï. \Ŋăãłă", Ň, 1990.

ĄĹĄŃĹŐČŘĂŤĹ§ 387 [44] Ă.Ď. Ďőńčőć, §.Ą. Ğěńìďőćĺç, Ň.Ć. Śăęĺŋ. Łőáňőńőčĺï àăŋŋěľ Ćáěńěŋŋőľ.

ŇČŞ, Ň, 1988 .

[45] A.V. Smilga. Lectures on the Foundations of QCD. ArXiv: hep-ph/9901412. [46] K. Rajagopal, F. Wilczek. The Condensed Matter Physics of QCD. ArXiv: hepph/0011333 .

[47] F. Wilczek. QCD in Extreme Conditions. ArXiv: hep-ph/0003183 . [48] F. Wilczek. The Future of Particle Physics as a Natural Science. ArXiv: hepph/9702371.

[49] Ň. Łàőľæ. Łćăàłĺ, čńîőŋë ĺ àěèěâłĺ. \Ňĺà", Ň, 1987 . [50] J.B. Kogut. Rev. Mod. Phys. 51, 659 (1979) .

[51] Ň. Ťĺèěà. Ŕàĺàőďă łàĺâĺçěáłőčő áőáâőïŋĺï. \Ňĺà", Ň, 1968 . [52] Č. Śâěŋńĺ. Ťăğőćëě ŕěàěåőďë ĺ łàĺâĺçěáłĺě ïćńěŋĺï. \Ňĺà", Ň, 1973 . [53] Ć.Ă. Łăğăłőć. Ć łŋ. \İłáŕěàĺňěŋâ ŋă ďĺáŕńěě", \Ŋăãłă", Ň, 1989 . [54] đ.Ň. Ňăłěěŋłő. ŞŤŊ 143, 161 (1984) . [55] đ.Ă. Śĺňőŋőć. ŞŤŊ 166, 337 (1996) .

[56] H. Meyer-Ortmanns. Rev. Mod. Phys. 68, 473 (1996) . [57] J. Illiopoulos, C. Itzykson, A.Martin. Rev.Mod.Phys. 47, 165 (1975) . [58] S. Coleman. The Uses of Instantons. In \The Whys of Subnuclear Physics", Ed. by A. Zichichi. Plenum Press, NY, 1979 .

[59] Ř. Řăďęăàăňăŋ. Śőńĺâőŋë ĺ ĺŋáâăŋâőŋë ć łćăŋâőćőľ âěőàĺĺ ŕőńï. \Ňĺà", Ň, 1985 .

[60] T. Sch-afer, E.V. Shuryak. Rev. Mod. Phys. 70, 323 (1998) .