Ňőáłőćáłĺľ Čőáãďăàáâćěŋŋëľ Şŋĺćěàáĺâěâ ĺňěŋĺ Ň.Ć.Ńőňőŋőáőćă

Ťĺğĺçěáłĺľ äăłãńìâěâ

Čőáãďăàáâćěŋŋëľ Ăáâàőŋőňĺçěáłĺľ Ĺŋáâĺâãâ ĺň. Ŕ.Ł.Ÿâěàŋąěàčă

Łăäěďàă ăáâàőäĺğĺłĺ ĺ ğćěğďŋőľ ăáâàőŋőňĺĺ

Ś. Ć. Ăîłőć

Ťĺğĺçěáłĺě åăàăłâěàĺáâĺłĺ ŕńăğňë ć ňőďěńïå áőćàěňěŋŋőčő Śőńŋæă

(ďĺŕńőňŋăï àăąőâă)

Ŋăãçŋëľ àãłőćőďĺâěńì Ąăâãàĺŋ Ć.Ă.

Ďőŕãéěŋ ł ğăéĺâě \ " 1993 č. Ğăćěďãîéĺľ łăäěďàőľ ăáâàőäĺğĺłĺ ĺ ğćěğďŋőľ ăáâàőŋőňĺĺ

ď.ä.-ň.ŋ. Ă.Ň.Ůěàěŕăéãł

Ňőáłćă • 1993

Śőďěàęăŋĺě

1. Ććěďěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 2. Śâăŋďăàâŋăï ňőďěńì Śőńŋæă . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.1 Şàăćŋěŋĺï áâàőěŋĺï ğćěğďë. Ğăňěŋă ŕěàěňěŋŋëå 5 2.2 Šěàňőďĺŋăňĺłă ŕńăğňë (ãàăćŋěŋĺě áőáâőïŋĺï) . . .8 2.3 Őŕĺáăŋĺě łőŋćěłæĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.4 Łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěéěáâćă (ŋěŕàőğàăçŋőáâì) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.5 Šěàňőïďěàŋëě àěăłæĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.6 Ăâňőáäěàă ğćěğďë (ćŋěèŋĺě čàăŋĺçŋëě ãáńőćĺï) 10 2.7 Řăáçěâ íćőńîæĺĺ Śőńŋæă ĺ łăńĺąàőćłă íćőńîæĺőŋŋőčő âàěłă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.8 Ő âőçŋőáâĺ ňőďěńěľ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.9 Ţăàăłâěàĺáâĺłĺ áâăŋďăàâŋőľ ňőďěńĺ.

Śàăćŋěŋĺě á ňőďěńïňĺ ďàãčĺå ăćâőàőć . . . . . . . . . 14 3. İŋâàőŕĺï ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë łăł ŕăàăňěâà ňőďěńĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 4. Ňőďěńĺ á ĺňĺâăæĺěľ ŕěàěňěèĺćăŋĺï

ĺ ňőďĺäĺæĺàőćăŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ . . . . . . . . . . . . 29 5. Śćïğì ňěęďã íŋâàőŕĺěľ ĺ áőďěàęăŋĺěň čěńĺï . . . . . . . 35 6. Ğăłńîçěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39 Ńĺâěàăâãàă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 Ŕàĺńőęěŋĺě 1. Ţăàăłâěàĺáâĺłĺ ĺ áâàãłâãàă

áâăŋďăàâŋőľ ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă . . . . . . . . . . . 43 Ŕàĺńőęěŋĺě 2. Ňőďĺäĺæĺàőćăŋŋëě ňőďěńĺ . . . . . . . . . . . . . . .48

Čńăćă 1. Ććěďěŋĺě.

Ŕàőąńěňă ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă ŕőïćĺńăáì ć ăáâàőäĺğĺłě ďőćőńìŋő ďăćŋő, ć ŋăçăńě ćěłă, á àăąőâăňĺ Ńíľŋă, İňďěŋă ĺ İďďĺŋčâőŋă. Ś âěå ŕőà ŕàőďćĺęěŋĺï ć íâőň ŋăŕàăćńěŋĺĺ çăáâő áćïğëćăńĺáì á ąőńìèĺňĺ ŕàőàëćăňĺ ĺńĺ ŋěàěèěŋŋëňĺ ğăčăďłăňĺ, âăłĺňĺ łăł őâłàëâĺěň ŕàőâőŋ-ŕàőâőŋŋőčő æĺłńă, ćëïáŋěŋĺěň čńăćŋëå ňěåăŋĺğňőć ŕőčńőéěŋĺï ć ŕńăğňě ĺ ďěâăńìŋëňĺ àăáçěâăňĺ ŋěŕàőğàăçŋőáâěľ, ŕőńãçěŋĺěň àěğãńìâăâőć äãŋłæĺőŋĺàőćăŋĺï ŋěľâàĺŋŋőčő ďěâěłâőàă Ďíćĺáă, őâłàëâĺěň łőńěąăŋĺľ ŋă Śőńŋæě. Ąőńìèăï çăáâì ãáĺńĺľ ŕàĺ ĺğãçěŋĺĺ áâàãłâãàë ąńĺęăľèěľ ł ŋăň ğćěğďë ŋăŕàăćńěŋă ŋă ŕőáâàőěŋĺě ňőďěńěľ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă, őŕĺáëćăîéĺå äĺğĺçěáłĺě ãáńőćĺï ćŋãâàĺ ŋěčő. Őŕãąńĺłőćăŋő ďőćőńìŋő ąőńìèőě łőńĺçěáâćő àăąőâ, áőďěàęăéĺå àěğãńìâăâë àăáçěâőć áőńŋěçŋëå ňőďěńěľ; íâĺ àěğãńìâăâë ćěáìňă àăğńĺçăîâáï ňěęďã áőąőľ. Ůâőąë ŕőŋïâì ŕàĺçĺŋë àăáåőęďěŋĺľ ňěęďã ňőďěńïňĺ, ŋěőąåőďĺňő áàăćŋĺâì íâĺ ňőďěńĺ. Őďŋăłő ćåőďŋëě ďăŋŋëě àăáçěâőć őçěŋì àăğŋőőąàăğŋë ã àăğŋëå ăćâőàőć, ĺ íâő áĺńìŋő ğăâàãďŋïěâ áàăćŋěŋĺě ĺ ăŋăńĺğ ňőďěńěľ. Ćőğŋĺłăěâ ŋěőąåőďĺňőáâì ć ŕăàăňěâàě, łőâőàëľ ňőęěâ ąëâì íääěłâĺćŋő ŕàĺňěŋěŋ íâőľ æěńĺ. Ć íâőľ àăąőâě ŕàěďńăčăěâáï ćěńĺçĺŋă, ďő áĺå ŕőà ĺáŕőńìğőćăćèăïáï ŕàĺ ăŋăńĺğě ňőďěńěľ ćěáìňă àěďłő { íŋâàőŕĺï ćěéěáâćă. Őâňěçěŋă őáőąăï àőńì íŋâàőŕĺĺ ŋĺęŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë ĺ ŕőłăğăŋő, łăł íâőâ ŕăàăňěâà ňőęěâ ąëâì ĺáŕőńìğőćăŋ ć áàăćŋěŋĺïå ĺ ăŋăńĺğě ňőďěńěľ ĺ ďńï ŕőńãçěŋĺï ĺŋäőàňăæĺĺ ő ćŋãâàěŋŋěň áâàőěŋĺĺ Śőńŋæă.

Łàăâłĺľ ŕńăŋ âăłőć. Ć čńăćě 2 őŕĺáăŋă àăááçĺâăŋŋăï ăćâőàőň áâăŋďăàâŋăï íćőńîæĺőŋŋăï ňőďěńì áőćàěňěŋŋőčő Śőńŋæă { ćåőďŋëě ďăŋŋëě, ňěâőďë àăáçěâőć, åăàăłâěàĺáâĺłĺ ňőďěńĺ ĺ áàăćŋěŋĺě ěě á àěğãńìâăâăňĺ ďàãčĺå ăćâőàőć. Ć čńăćě 3 őąáãęďăěâáï íŋâàőŕĺï ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë łăł ŕăàăňěâà ňőďěńĺ. Őąőáŋőćëćăěâáï ŕőńőęěŋĺě ő âőň, çâő ěě ĺáŕőńìğőćăŋĺě ć ăŋăńĺğě ňőďěńěľ ąőńěě äĺğĺçŋő, çěň ĺáŕőńìğőćăŋĺě çăáâő ŕàĺňěŋïěňëå ŕăàăňěâàă âěőàĺĺ łőŋćěłæĺĺ α ĺ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë. Čńăćë 4 ĺ 5 áőďěàęăâ àěğãńìâăâë, ŕőńãçěŋŋëě ŕőáâàőěŋĺěň ŋěíćőńîæĺőŋŋëå ňőďěńěľ á ňőďĺäĺæĺàőćăŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ ĺ åĺňĺçěáłĺň áőáâăćőň. Ŕàěďáâăćńěŋă ğăćĺáĺňőáâì ňěęďã áőďěàęăŋĺěň čěńĺï ć őąőńőçłě ňőďěńĺ ĺ íŋâàőŕĺěľ ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë. Ŋăłőŋěæ, čńăćă 6 ïćńïěâáï ğăłńîçěŋĺěň. Ć ŕàĺńőęěŋĺïå ŕàěďáâăćńěŋë ŋěłőâőàëě ďőŕőńŋĺâěńìŋëě ďăŋŋëě ő àăááçĺâăŋŋëå ňőďěńïå.

Čńăćă 2. Ňőďěńì áőćàěňěŋŋőčő Śőńŋæă

Łăł ć âěőàĺĺ íćőńîæĺĺ ğćěğď, âăł ĺ ć äĺğĺłě áőńŋěçŋëå ŋěďà ĺ čěńĺőáěľáňőńőčĺĺ ŕàĺŋæĺŕĺăńìŋãî àőńì ĺčàăěâ ąăğőćăï (őŕőàŋăï) ňőďěńì ğćěğďë, àăááçĺâëćăěňăï ŋă őáŋőćě ďőáâăâőçŋő őąéĺå ŕàěďŕőńőęěŋĺľ (áň., ŋăŕàĺňěà, Śőąőńěć 1985): ă) Śőńŋæě ŋăåőďĺâáï ć čĺďàőáâăâĺçěáłőň àăćŋőćěáĺĺ, â.ě. ć łăęďőľ âőçłě őąêěňŋëě áĺńë (čàăćĺâăæĺï) áłőňŕěŋáĺàőćăŋë ŕőćěàåŋőáâŋëňĺ (čăğőćőě ĺ ńãçĺáâőě ďăćńěŋĺě);

ą) ćàăéěŋĺěň ĺ ňăčŋĺâŋëňĺ ŕőńïňĺ ňőęŋő ŕàěŋěąàěçì ĺ, áńěďőćăâěńìŋő, ğćěğďă áäěàĺçěáłĺ áĺňňěâàĺçŋă ćáńěďáâćĺě áăňőčàăćĺâăæĺĺ;

ć) ňăááă Śőńŋæă ŋě ĺğňěŋïńăáì ć âěçěŋĺě íćőńîæĺĺ; č) íćőńîæĺï ŋăçĺŋăěâáï őâ ŕőńŋőáâìî őďŋőàőďŋőľ ŕő åĺňĺçěáłőňã áőáâăćã ňőďěńĺ;

ď) åĺňĺçěáłĺľ áőáâăć áőńŋěçŋőčő ćěéěáâćă ĺğňěŋïěâáï ć âěàňőïďěàŋëå àěăłæĺïå ŕàěćàăéěŋĺï ćőďőàőďă ć čěńĺľ; őŋĺ ęě áńãęăâ ĺáâőçŋĺłőň íŋěàčĺĺ Śőńŋæă;

ě) ŕěàěňěèĺćăŋĺě ćěéěáâćă ŕàőĺáåőďĺâ âőńìłő ć ğőŋě ŕěàěŋőáă íŋěàčĺĺ ŕãâěň łőŋćěłæĺĺ;

ę) ŕěàěŋőá íŋěàčĺĺ ĺğ íŋěàčőćëďěńïîéěčő ïďàă ł ĺğńãçăîéěľ ŕőćěàåŋőáâĺ ńĺąő ńãçĺáâëľ (ćëçĺáńïěňëľ ć ďĺääãğĺőŋŋőň ŕàĺąńĺęěŋĺĺ), ńĺąő łőŋćěłâĺćŋëľ (âőńìłő ćő ćŋěèŋĺå áńőïå ğćěğďë).

Ŕőáâàőěŋŋăï ŕàĺ íâĺå ďőŕãéěŋĺïå ňőďěńì ŋăğëćăěâáï áâăŋďăàâŋőľ ňőďěńìî Śőńŋæă. Ňőďěńĺàőćăŋĺě Śőńŋæă őâńĺçăěâáï őâ ňőďěńĺàőćăŋĺï ğćěğď ąńăčőďăàï őâŋőáĺâěńìŋő âőçŋőňã ğŋăŋĺî ćőğàăáâă Śőńŋæă. İâő őğŋăçăěâ, çâő ŕőáâàőěŋĺě íćőńîæĺőŋŋőľ ňőďěńĺ ïćńïěâáï łàăěćőľ ğăďăçěľ ŕő ćàěňěŋĺ: ć ŋăçăńě Śőńŋæě őďŋőàőďŋő, ă çěàěğ ğăďăŋŋëľ ŕàőňěęãâőł ćàěňěŋĺ őŋő ďőńęŋő ĺňěâì áćěâĺňőáâì ĺ àăďĺãá, àăćŋëě áőćàěňěŋŋëň. Ůâőąë ãďőćńěâćőàĺâì íâĺň ďćãň őčàăŋĺçěŋĺïň (ŋă àăďĺãá ĺ áćěâĺňőáâì), ŋěőąåőďĺňő ĺňěâì ćőğňőęŋőáâì ŕőďąĺàăâì ďćă áćőąőďŋëå ŕăàăňěâàă. Őąëçŋő (ĺ ć ŋăèěľ àăąőâě) ĺňĺ ïćńïîâáï ŋăçăńìŋëľ åĺňĺçěáłĺľ áőáâăć ĺ ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ. Őâňěâĺň, çâő ŕěàćëľ ŕăàăňěâà ĺğ ŋăąńîďěŋĺľ őŕàěďěńěŋ ąëâì ŋě ňőęěâ; őæěŋłĺ ŋă őáŋőćě ĺğňěàěŋĺľ áőćàěňěŋŋőčő áőďěàęăŋĺï čěńĺï ć ŕőćěàåŋőáâŋëå áńőïå Śőńŋæă łàăľŋě ŋěãćěàěŋŋë. Ćâőàőľ ŕăàăňěâà ŋě ňőęěâ ąëâì őŕàěďěńěŋ ĺğ-ğă äěŋőňěŋőńőčĺçěáłőčő åăàăłâěàă áăňőľ âěőàĺĺ łőŋćěłæĺĺ. Šăłĺň őąàăğőň, ŋă áěčőďŋï íćőńîæĺőŋŋőě ňőďěńĺàőćăŋĺě őáâăěâáï čńăćŋëň ňěâőďőň őŕàěďěńěŋĺï ŋăçăńìŋőčő áőďěàęăŋĺï čěńĺï Y ŋă Śőńŋæě (ł áőęăńěŋĺî, ŋă àěğãńìâăâ ğăňěâŋő (2{4% ć Y ) ćńĺïîâ ŋěőŕàěďěńěŋŋőáâĺ ć äĺğĺłě ŕńăğňë).

2.1. Şàăćŋěŋĺï áâàőěŋĺï ğćěğďë. Ğăňěŋă ŕěàěňěŋŋëå.

Ŋĺęě ŕàĺćěďěŋë ďĺääěàěŋæĺăńìŋëě ãàăćŋěŋĺï, őŕĺáëćăîéĺě ćŋãâàěŋŋěě áâàőěŋĺě ğćěğďë (Śőąőńěć 1985): dP dr = −gρ (1) dM_r dr = 4πρr^2 (2) dT dr = T P ∇ dP dr (3) dL_r dr = 4πρr^2 ( ε − ∂U ∂t + P ρ2 ∂ρ ∂t ) (4) Őąőğŋăçěŋĺï ć äőàňãńăå: M_r, L_r { ňăááă ĺ áćěâĺňőáâì çăáâĺ ğćěğďë, ğăłńîçěŋŋőľ ć áäěàě àăďĺãáă r; P { ďăćńěŋĺě, T { âěňŕěàăâãàă, ρ { ŕńőâŋőáâì, ε { áłőàőáâì čěŋěàăæĺĺ íŋěàčĺĺ ć ïďěàŋëå àěăłæĺïå, g = GM_r/r^2 { ãáłőàěŋĺě áćőąőďŋőčő ŕăďěŋĺï, −∂U/∂t +(P/ρ^2)(∂ρ/∂t) { âăł ŋăğëćăěňëě \čàăćĺâăæĺőŋŋëě çńěŋë", őâàăęăîéĺě ĺğňěŋěŋĺě čàăćĺâăæĺőŋŋőľ ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ğćěğďë ć ŕàőæěááě ěě íćőńîæĺĺ (t { ćàěňï; ŕàőĺğćőďŋëě ∂/∂t { ńăčàăŋęěćë, â.ě. áćïğăŋŋëě á íńěňěŋâőň ćěéěáâćă),

∇ = d ln T/d ln P { čàăďĺěŋâ âěňŕěàăâãàë; ćëçĺáńïěâáï ńĺąő ć ďĺääãğĺőŋŋőň ŕàĺąńĺęěŋĺĺ, ńĺąő á ĺáŕőńìğőćăŋĺěň âěőàĺĺ łőŋćěłæĺĺ (ć ğăćĺáĺňőáâĺ őâ ćëŕőńŋěŋĺï łàĺâěàĺï Ÿćăàæèĺńìďă). Şàăćŋěŋĺě (1) ŕàěďáâăćńïěâ áőąőľ ãáńőćĺě čĺďàőáâăâĺçěáłőčő àăćŋőćěáĺï, (2) { âàĺćĺăńìŋőě áńěďáâćĺě áäěàĺçěáłőľ áĺňňěâàĺĺ ğćěğďë, (3) ěáâì ŋě çâő ĺŋőě, łăł őŕàěďěńěŋĺě ćěńĺçĺŋë ∇, őŕĺáëćăîéěľ ŕěàěŋőá íŋěàčĺĺ ć ğćěğďě, (4) ćëàăęăěâ čěŋěàăæĺî íŋěàčĺĺ.

Ůâőąë ğăňłŋãâì íâã áĺáâěňã, ŋěőąåőďĺňő ďőąăćĺâì äãŋłæĺĺ P = P (ρ, T, X), U = U(ρ, T, X) (ãàăćŋěŋĺě áőáâőïŋĺï), ε = ε(ρ, T, X) (ĺáâőçŋĺłĺ íŋěàčĺĺ), ∇ = ∇(ρ, T, X, r, L_r) (ŕěàěŋőá íŋěàčĺĺ; X { ňăááőćăï ďőńï ćőďőàőďă). İâő äĺğĺçěáłőě áőďěàęăŋĺě ğăďăçĺ; ěňã ŕőáćïéěŋë ŕőáńěďãîéĺě àăğďěńë íâőľ čńăćë. Ğăňěâĺň, çâő áãéěáâćãěâ ěéě őďĺŋ ŕăàăňěâà, ğďěáì ïćŋő ŋě ãłăğăŋŋëľ { ňăááőćăï ďőńï íńěňěŋâőć âïęěńěě čěńĺï Z; ćő ćáěå àăááňăâàĺćăěňëå ňőďěńïå Z = 0.02, çâő ćëğćăŋő őâáãâáâćĺěň âěàňőďĺŋăňĺçěáłĺå âăąńĺæ ďńï ďàãčĺå Z.

Šăł łăł âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë őąëçŋő ŕàěďáâăćńěŋë ć ćĺďě äãŋłæĺĺ âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ, ă ŋě ďăćńěŋĺï, ãďőąŋő ĺáŕőńìğőćăâì ρ ćňěáâő P . Šőčďă ãàăćŋěŋĺě (1) ğăňěŋïěâáï ŋă dρ dr = ρ P χ^−1_ρ { (1 − χ_T ∇) dP dr − χ_X P X dX dr } . (5)

Ğďěáì

χ_ρ = (∂ ln P/∂ ln ρ)_{T,X} χ_T = (∂ ln P/∂ ln T )_{ρ,X} χ_X = (∂ ln P/∂ ln X)_{ρ,T} (6)

(ğăňěâĺň, çâő áőďěàęăŋĺě ćőďőàőďă X \ŕàĺćïğăŋő" ł ňăááě, ă ŋě àăďĺãáã (ŕàěďŕőńăčăěâáï őâáãâáâćĺě ŕěàěňěèĺćăŋĺï), ŕőíâőňã ŕàőéě ĺáŕőńìğőćăâì ŕàőĺğćőďŋãî X ŕő ňăááě ĺńĺ ěě äãŋłæĺĺ).

Şàăćŋěŋĺï (1{5) ĺňěîâ őáőąãî âőçłã ć æěŋâàě ğćěğďë (ŕàĺ r = 0 ŕàőĺğćőďŋëě őąàăéăîâáï ć ąěáłőŋěçŋőáâì). Ůâőąë ĺğąěęăâì àăğńőęěŋĺï ć àïď ć őłàěáâŋőáâĺ æěŋâàă, ąëńă ĺáŕőńìğőćăŋă áńěďãîéăï ğăňěŋă ŕěàěňěŋŋëå, ŕàěďńőęěŋŋăï ć Morel et al. 1990:

μ = (M_r/M_⊙)2^/3

η = ln P ξ = ln(r/R_⊙)

θ = ln T λ = (L_r/L_⊙)2^/3

ω = ln ρ (7) Šăłăï ğăňěŋă ŕőğćőńïěâ ĺğąěęăâì őąàăéěŋĺï ŕàőĺğćőďŋëå ć ąěáłőŋěçŋőáâì ć æěŋâàě ğćěğďë; ćáě ŕàőĺğćőďŋëě ŕő őâŋőèěŋĺî ł μ ïćńïîâáï łőŋěçŋëňĺ ĺ ŋěŋãńěćëňĺ ć ńîąőľ âőçłě: dξ dμ = M_⊙ 4πR^3_⊙ 1 ρ ( μ ξ )1_/2 (8) dη dμ = − 3GM^2_⊙ 8πR^4_⊙ 1 P ( μ ξ )2 (9) dλ dμ = M_⊙ L_⊙ [ ε − ∂U ∂t + P ρ2 ∂ρ ∂t ] ( μ λ )1_/2 (10) dθ dμ = ∇ dη dμ (11) dω dμ = χ^{−1}_ρ { (1 − χ_T ∇) dη dμ − χ_X X dX dμ } (12)

Őâňěâĺň, çâő ć æěŋâàě (ŕàĺ μ = 0, ξ = 0 ĺ λ = 0) ( μ ξ ) c = ( 4πρ_cR^3_⊙ 3M_⊙ )2_/3 (13) ( μ λ ) c = ( L_⊙ M_⊙ε_c )2_/3 (14)

Śĺáâěňã (8{12) ŋěőąåőďĺňő ďőŕőńŋĺâì čàăŋĺçŋëňĺ ãáńőćĺïňĺ (ĺå ďőńęŋő ąëâì 4 ŕő çĺáńã ŕěàěňěŋŋëå: μ { ŋěğăćĺáĺňăï ŕěàěňěŋŋăï, ďăćńěŋĺě ňőęěâ ąëâì ćëçĺáńěŋő ŕő ρ, T, X á ŕőňőéìî ãàăćŋěŋĺï áőáâőïŋĺï, őáâăîâáï r, ρ, T, L_r (â.ě. ξ, ω, θ, λ)). Ďćă ĺğ ŋĺå âàĺćĺăńìŋë:

M_r = 0 : r = 0 L_r = 0. (15, 16)

Ďàãčĺě ďćă ąőńěě ŕőďàőąŋő őŕĺáăŋë ć çăáâĺ 6 íâőľ čńăćë.

2.2 Šěàňőďĺŋăňĺłă ŕńăğňë (ãàăćŋěŋĺě áőáâőïŋĺï).

Ŋăĺąőńěě âàãďőěňłĺň ŕàĺ ćëçĺáńěŋĺïå ïćńïěâáï àăáçěâ âěàňőďĺŋăňĺçěáłĺå äãŋłæĺľ ĺ ĺå ŕàőĺğćőďŋëå. İâő áćïğăŋő á ŋěőąåőďĺňőáâìî àăááňőâàěŋĺï ďěâăńìŋőčő ĺőŋĺğăæĺőŋŋőčő àăćŋőćěáĺï őłőńő 10 íńěňěŋâőć á ŕőçâĺ áőâŋěľ ćőğňőęŋëå áâěŕěŋěľ ĺőŋĺğăæĺĺ. Łàőňě ãàăćŋěŋĺľ ĺőŋĺğăæĺőŋŋőčő àăćŋőćěáĺï (ãàăćŋěŋĺľ Śăåă), ŋěőąåőďĺňő ãçĺâëćăâì ĺ ąőńěě âőŋłĺě íääěłâë, âăłĺě łăł íńěłâàőáâăâĺçěáłőě ćğăĺňőďěľáâćĺě ňěęďã ăâőňăňĺ, íńěłâàőŋăňĺ ĺ ĺőŋăňĺ, â. ŋăğ. \ĺőŋĺğăæĺî ďăćńěŋĺěň" (àăğďăćńĺćăŋĺě ăâőňŋëå őąőńőçěł ŕàĺ ąőńìèőľ ŕńőâŋőáâĺ) ĺ çăáâĺçŋőě ćëàőęďěŋĺě íńěłâàőŋŋőčő čăğă.

Ć łăçěáâćě őŕĺáăŋĺï âěàňőďĺŋăňĺłĺ ŕńăğňë ŕàĺ àăáçěâě ňőďěńěľ ćáîďã ĺáŕőńìğőćăńőáì ãàăćŋěŋĺě áőáâőïŋĺï, ŕàěďńőęěŋŋőě Ć.Ďăŕŕěŋőň, Ď.Ţăňňěàőň, Ą.Ňĺåăńăá ĺ Ď.Ňĺåăńăáőň; ć ďăńìŋěľèěň MHD (Mihalas, D-appen and Hummer 1988, Hummer and Mihalas 1988, D-appen et al. 1988). Őŋő őáŋőćăŋő ŋă ďěâăńìŋőň àăáçěâě áőáâőïŋĺľ ăâőňőć ĺ ňőńěłãń ĺ, ŕő-ćĺďĺňőňã, ïćńïěâáï őďŋĺň ĺğ ŋăĺńãçèĺå ŋă ďăŋŋëľ ňőňěŋâ. MHD ĺáŕőńìğãěâ ňěâőď ňĺŋĺňĺğăæĺĺ áćőąőďŋőľ íŋěàčĺĺ ďńï ćëçĺáńěŋĺï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ. Čńăćŋőě ěčő őâńĺçĺě áőáâőĺâ ć ďěâăńìŋőň ãçěâě áâăâĺáâĺçěáłĺå ćěáőć ąőńìèőčő çĺáńă ăâőňŋëå, ĺőŋŋëå ĺ ňőńěłãńïàŋëå áőáâőïŋĺľ. Ć MHD ĺáŕőńìğőćăŋë ăŋăńĺâĺçěáłĺě ćëàăęěŋĺï ďńï áćőąőďŋőľ íŋěàčĺĺ ĺ ěě ŕěàćőľ ĺ ćâőàőľ ŕàőĺğćőďŋëå; íâő ďăěâ ćőğňőęŋőáâì ŕőńãçăâì âěàňőďĺŋăňĺçěáłĺě ćěńĺçĺŋë á ćëáőłőľ âőçŋőáâìî ĺ őąěáŕěçĺćăěâ âěàňőďĺŋăňĺçěáłãî áőčńăáőćăŋŋőáâì (ćëŕőńŋěŋĺě áőőâŋőèěŋĺľ Ňăłáćěńńă).

Şàăćŋěŋĺě áőáâőïŋĺï MHD ĺáŕőńìğãěâáï ć ćĺďě âăąńĺæ: ňĺŋĺňĺğăæĺï áćőąőďŋőľ íŋěàčĺĺ âàěąãěâ ąőńìèőčő łőńĺçěáâćă ŕàőæěááőàŋőčő ćàěňěŋĺ, ĺ íâő ŋě ŕőğćőńïěâ ĺáŕőńìğőćăâì ŋěŕőáàěďáâćěŋŋëě ćëçĺáńěŋĺï âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ć ŕàőčàăňňăå àăáçěâă ğćěğďŋőľ íćőńîæĺĺ. Šăąńĺæë âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ĺňěîâáï ďńï ňăááőćőľ ďőńĺ íńěňěŋâőć âïęěńěě čěńĺï

Z = 0.02, ŕőíâőňã ćáě ŕàěďáâăćńěŋŋëě ňőďěńĺ ĺňěîâ äĺłáĺàőćăŋŋőě Z = 0.02. Ĺáŕőńìğőćăŋŋëě ć àăąőâě âăąńĺæë ńîąěğŋő ŕàěďőáâăćńěŋë Ć.Ďăŕŕěŋőň. Ć æěńïå áőłàăéěŋĺï őąêěňă âăąńĺæ ĺ íłőŋőňĺĺ ŕăňïâĺ ĺ ŕàőæěááőàŋőčő ćàěňěŋĺ őŋĺ ąëńĺ ŕěàěáçĺâăŋë ŋă ŋőćãî áěâłã. Ÿăč ĺŋâěàŕőńïæĺőŋŋőľ âăąńĺæë ŕő ńőčăàĺäňã âěňŕěàăâãàë (ďěáïâĺçŋőňã) 0.025, ŕő ńőčăàĺäňã ŕăàăňěâàă ρ/(T/10^6)^3 { 0.05, ŕő X (áőďěàęăŋĺî ćőďőàőďă) { 0.1.

2.3 Łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěéěáâćă (ŋěŕàőğàăçŋőáâì).

Ŕàĺ àăáçěâě ŕěàěŋőáă íŋěàčĺĺ (ńãçĺáâőčő ĺńĺ łőŋćěłâĺćŋőčő) ŋěőąåőďĺňő ğŋăâì łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěéěáâćă κ. Ć ğćěğďě âĺŕă Śőńŋæă áãéěáâćãîâ ďćě ğőŋë, čďě čàăďĺěŋâ âěňŕěàăâãàë ∇ ğăćĺáĺâ őâ κ: 1) ğőŋă ńãçĺáâőčő ŕěàěŋőáă íŋěàčĺĺ ĺ 2) ăâňőáäěàă ŕńîá ćěàåŋĺě áńőĺ łőŋćěłâĺćŋőľ ğőŋë. Ć ŋĺęŋěľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë čàăďĺěŋâ ŕàăłâĺçěáłĺ àăćěŋ ăďĺăąăâĺçěáłőňã čàăďĺěŋâã ĺ ŋě ğăćĺáĺâ őâ κ (łőŋćěłæĺï őçěŋì íääěłâĺćŋă ĺ ŕěàěŋőáĺâ ŕàăłâĺçěáłĺě ćěáì ŕőâőł íŋěàčĺĺ). Ć ńãçĺáâőľ ğőŋě (T > 2 · 10^6) ĺáŕőńìğőćăńĺáì âăąńĺæë Ńĺćěàňőàáłőľ ńăąőàăâőàĺĺ OPAL (Iglesias, Rogers 1991; Faulkner, Swenson 1992) ďńï áňěáĺ (őâŋőáĺâěńìŋőčő áőďěàęăŋĺï íńěňěŋâőć ć Z) ŕő Grevesse 1984 , ćő ćŋěèŋĺå çăáâïå ğćěğďë { âăąńĺæë Cox, Tabor 1976. Ŕěàěåőďŋăï őąńăáâì ńěęĺâ ć àăľőŋě 0.8{1.0 ňńŋ. Ł (â.ě. ć ŋĺęŋěľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë, čďě ğŋăçěŋĺě ŋěŕàőğàăçŋőáâĺ ŋě ćńĺïěâ ŋă ňőďěńì).

2.4 Šěàňőïďěàŋëě àěăłæĺĺ.

Řăáçěâ ćëďěńěŋĺï íŋěàčĺĺ ĺ ĺğňěŋěŋĺï åĺňĺçěáłőčő áőáâăćă ćěéěáâćă ć ŕàőæěááě âěàňőïďěàŋëå àěăłæĺľ ŕàěďŕőńăčăěâ âőńìłő ŕàěćàăéěŋĺě ćőďőàőďă ć čěńĺľ (pp-æěŕőçłă ĺ CNO-æĺłń). Ć ãàăćŋěŋĺïå (4,10) ε(ρ, T, X) { áłőàőáâì ćëďěńěŋĺï íŋěàčĺĺ ć ŕàőæěááě âěàňőïďěàŋëå àěăłæĺľ. Ćőőąéě čőćőàï, ε ğăćĺáĺâ őâ łőŋæěŋâàăæĺľ ňŋőęěáâćă ïďěà:^1H,^2H,^3He,^4He,^7Be ĺ â.ď. Ůăáâì ĺğ ŋĺå (^2H,^7Li,^7Be) á ďőáâăâőçŋőľ âőçŋőáâìî ňőęŋő ćáîďã áçĺâăâì ŋăåőďïéĺňĺáï ć àăćŋőćěáĺĺ á őáâăńìŋëňĺ; çăáâì ńĺèì ňěďńěŋŋő áčőàăěâ ĺńĺ ŋăłăŕńĺćăěâáï, ŋĺčďě ŋě ŋăåőďïáì ć àăćŋőćěáĺĺ (^1H,^4He), ĺ ěáâì őďĺŋ łńăáá, ğăŋĺňăîéĺľ ŕàőňěęãâőçŋőě ŕőńőęěŋĺě (^3He,^{13}C): íâĺ ïďàă ŋăåőďïâáï ć àăćŋőćěáĺĺ ć áăňëå ćŋãâàěŋŋĺå çăáâïå ğćěğďë, ŋő íâő ŋě âăł ć ąőńěě ćŋěèŋĺå áńőïå. Ć áńãçăě Śőńŋæă čńăćŋëň ĺğ ŋĺå ïćńïěâï^3He. Ć ďăŋŋőľ àăąőâě ŋě ãçĺâëćăěâáï ŋăłőŕńěŋĺě 3He ćő ćŋěèŋĺå áńőïå íŋěàčőćëďěńïîéěľ ğőŋë ĺ łőŋæěŋâàăæĺï 3He ŕàĺŋĺňăěâáï ćáîďã àăćŋőľ àăćŋőćěáŋőľ. Łăł ŕőłăğăŋő ć Sackmann, Boothroyd and Fowler 1990, íâő ćŋőáĺâ őèĺąłã ŕőàïďłă 0.001 ć áőďěàęăŋĺě čěńĺï. Śłőàőáâì CNO-æĺłńă ŕàĺŋĺňăěâáï àăćŋőľ áłőàőáâĺ áăňőľ ňěďńěŋŋőľ àěăłæĺĺ ć ŋěň (^{14}N(p, γ)^{15}O)).

Ďńï áěçěŋĺľ àěăłæĺľ ĺáŕőńìğőćăŋë ğŋăçěŋĺï ĺğ Caughlan, Fowler 1988. Śěçěŋĺï ćğăĺňőďěľáâćĺï ŋěľâàĺŋő á åńőàőň ĺ čăńńĺěň ćğïâë ĺğ Bahcall, Ulrich 1988.

2.5 Őŕĺáăŋĺě łőŋćěłæĺĺ.

Ŕěàěŋőá íŋěàčĺĺ ĺğ íŋěàčőćëďěńïîéěčő ïďàă ł ĺğńãçăîéěľ ŕőćěàåŋőáâĺ ŕàőĺáåőďĺâ ńĺąő ŕãâěň łőŋćěłæĺĺ, ńĺąő ŕãâěň äőâőŋŋőľ âěŕńőŕàőćőďŋőáâĺ (ńãçĺáâëľ ŕěàěŋőá, àăááňăâàĺćăěňëľ ć ďĺääãğĺőŋŋőň ŕàĺąńĺęěŋĺĺ). Şáńőćĺěň ćőğŋĺłŋőćěŋĺï łőŋćěłæĺĺ ïćńïěâáï łàĺâěàĺľ Ÿćăàæèĺńìďă: ńãçĺáâëľ čàăďĺěŋâ âěňŕěàăâãàë ∇_{rad} ąőńìèě ăďĺăąăâĺçěáłőčő ∇_{ad}. Čàăŋĺæă łőŋćěłâĺćŋőľ ğőŋë őŕàěďěńïěâáï łăł áńőľ, ŋă łőâőàőň ∇_{rad} = ∇_{ad}. Őŕĺáăŋĺě ŕěàěŋőáă íŋěàčĺĺ ŕàĺ ŋăńĺçĺĺ łőŋćěłæĺĺ áńěďãěâ Cox, Giuli 1968 (áâăŋďăàâŋăï âěőàĺï ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï, ŠĎŔŔ). Őâňěâĺň, çâő ć ăâňőáäěàě ğćěğďë ďńĺŋă áćőąőďŋőčő ŕàőąěčă äőâőŋőć áàăćŋĺňă á åăàăłâěàŋëňĺ àăğňěàăňĺ áĺáâěňë ĺ ďĺääãğĺőŋŋőě ŕàĺąńĺęěŋĺě ŋěŕàĺňěŋĺňő; âăň ŋěőąåőďĺňő őáőąőě àăááňőâàěŋĺě.

2.6 Ăâňőáäěàă ğćěğďë (ćŋěèŋĺě čàăŋĺçŋëě ãáńőćĺï).

Ŕěàćëě ďćă čàăŋĺçŋëå ãáńőćĺï ďńï łàăěćőľ ğăďăçĺ, łăłőćőľ ïćńïěâáï ŕőáâàőěŋĺě ňőďěńĺ, âàĺćĺăńìŋë (áćěâĺňőáâì ĺ ňăááă ć æěŋâàě ğćěğďë őąàăéăîâáï ć ŋãńì). Ďćă ďàãčĺå őâŋőáïâáï ł ŕőćěàåŋőáâĺ. Őďŋĺň ĺğ ŋĺå ïćńïěâáï áâàěňńěŋĺě ŕńőâŋőáâĺ ł 0 ŕàĺ ňăááě, áâàěňïéěľáï ł ňăááě ğćěğďë. Ćâőàőě áńěďãěâ ĺğ íŋěàčěâĺçěáłőčő ąăńăŋáă: ğćěğďã ďőńęŋő ěęěáěłãŋďŋő ŕőłĺďăâì łőńĺçěáâćő íŋěàčĺĺ, çĺáńěŋŋő àăćŋőě ěě áćěâĺňőáâĺ (ŋěłĺľ ăŋăńőč íâőčő áőőâŋőèěŋĺï { L_⊙ = 4πR^2_⊙T^4_{eff} ). Ŋă őáŋőćăŋĺĺ íâĺå ãáńőćĺľ áâàőĺâáï ňőďěńì ăâňőáäěàë, ŕàěďáâăćńïîéăï áőąőľ àěèěŋĺě ãàăćŋěŋĺï ŕěàěŋőáă (ŋăŕà., Śőąőńěć 1985). Ŋă áőćàěňěŋŋőň ãàőćŋě àăğćĺâĺï ćëçĺáńĺâěńìŋőľ âěåŋĺłĺ ŋěćőğňőęŋő ćłńîçĺâì ć ŕàőčàăňňã àăáçěâă ğćěğďŋőľ íćőńîæĺĺ àěèěŋĺě ãàăćŋěŋĺï ŕěàěŋőáă, ŕőíâőňã ŕàĺåőďĺâáï ĺďâĺ ŋă ãŕàőéěŋĺï. Ŕőńŋăï ňőďěńì ăâňőáäěàë ğăňěŋïěâáï âăł ŋăğëćăěňëň \ğăłőŋőň T (τ)" { ğăćĺáĺňőáâìî âěňŕěàăâãàë őâ őŕâĺçěáłőľ čńãąĺŋë τ, çâő őŕàěďěńïěâ ćëåőďïéĺľ ŕőâőł. İâă ğăćĺáĺňőáâì ňőęěâ ąëâì ćğïâă ĺğ ďěâăńìŋőľ ňőďěńĺ ăâňőáäěàë, ĺğ ŋăąńîďěŋĺľ ĺ â.ď. (ć ďăŋŋőľ àăąőâě ĺáŕőńìğőćăŋő ăŋăńĺâĺçěáłőě ŕàĺąńĺęěŋĺě ł Harvard-Smithsonian Reference Atmosphere (Gingerich et al. 1971) ĺğ Ando, Osaki 1975): T 4(T_{eff} , τ) = 3 4 T 4_{eff} (τ + 1.017 − 0.3 exp(−2.54τ)

− 0.291 exp(−30τ))

(17)

Ćőőąéě čőćőàï, íâőâ ğăłőŋ ěáâì äãŋłæĺï íääěłâĺćŋőľ âěňŕěàăâãàë ğćěğďë T_{eff} ĺ ãáłőàěŋĺï áĺńë âïęěáâĺ ŋă ěě ŕőćěàåŋőáâĺ g: T = T (τ, T_{eff} , g). Ňë ŕàěŋěąàěčăěň ğăćĺáĺňőáâìî őâ g ć áőőâćěâáâćĺĺ á àăąőâőľ Ando, Osaki 1975, ĺ T = T (τ, T_{eff} ).

Šěŕěàì ãàăćŋěŋĺï áâàőěŋĺï (á őŕâĺçěáłőľ čńãąĺŋőľ τ ć łăçěáâćě ŋěğăćĺáĺňőľ ŕěàěňěŋŋőľ) ŕěàěŕĺèãâáï ć ćĺďě: dr dτ = − 1 κρ (18) dM_r dτ = − 4πr^2 κ (19) dT dτ = T P ∇_{atm} dP dτ (20) dP dτ = g κ (21) dρ dτ = ρ P ∇_{atm} dP dτ (22) ∇_{atm} = P T ( dP dτ )_−1 d dτ T (τ) (23)

Őâňěâĺň, çâő ć íâĺå ãàăćŋěŋĺïå ňë ŕàěŋěąàěčńĺ dX/dτ (â.ł. ć ăâňőáäěàě ŋě ĺďãâ âěàňőïďěàŋëě àěăłæĺĺ ĺ åĺňĺçěáłĺľ áőáâăć ŕőáâőïŋěŋ) ĺ őŕãáâĺńĺ ŕàőĺğćőďŋãî L_r (â.ł. L_r = L_⊙ ć ăâňőáäěàě). Šăłęě ŕàěďŕőńăčăěâáï őâáãâáâćĺě łőŋćěłæĺĺ.

Ğďěáì ćőğŋĺłăěâ ěéě őďŋă ŕàőąńěňă: ŕàĺ ãáńőćĺïå, åăàăłâěàŋëå ďńï áőńŋěçŋőľ ăâňőáäěàë, łőŋćěłæĺï ŋăçĺŋăěâáï ŕàĺ τ, áàăćŋĺňőň á 1. Ć àăąőâăå Morel et al. 1990, Morel et al. 1992 ŕàőăŋăńĺğĺàőćăŋë ãáńőćĺï, ŕàĺ łőâőàëå ňőęŋő ŋăçĺŋăâì ŕőńìğőćăâìáï ďĺääãğĺőŋŋëň ŕàĺąńĺęěŋĺěň, ĺ ŕőłăğăŋő, çâő ďńï ďőáâĺęěŋĺï âőçŋőáâĺ ďăęě 0.01 ŕàĺ àăáçěâě áâàãłâãàë ŕőćěàåŋőáâŋëå áńőěć ŋěőąåőďĺňő àěèăâì ãàăćŋěŋĺě ŕěàěŋőáă ďő τ ŕőàïďłă 10. İâă âőçłă (łăł ĺ őâňěçăîâ ăćâőàë ćëèěãłăğăŋŋëå àăąőâ) ğăćěďőňő ńěęĺâ ć łőŋćěłâĺćŋőľ ğőŋě. Ŕőáâàőěŋĺě áőčńăáőćăŋŋőľ ňőďěńĺ ďńï íâĺå áńőěć ïćńïěâáï ŋěŕàőáâőľ ğăďăçěľ, âàěąãîéěľ őâłăğă őâ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï ć âěőàĺĺ łőŋćěłæĺĺ. Őďŋăłő ŋăèă čńăćŋăï æěńì áőáâőïńă ć ŕőáâàőěŋĺĺ áőčńăáőćăŋŋőľ áěàĺĺ ňőďěńěľ, ŕőíâőňã ąëń ćëąàăŋ ŋăĺąőńěě ŕàőáâőľ (ĺ ŋăĺąőńěě čàãąëľ) ŕãâì. Ŕàěďáâăćńěŋŋëě ć ďăŋŋőľ àăąőâě ňőďěńĺ ĺčŋőàĺàãîâ ŋěŕàĺňěŋĺňőáâì ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï ć áăňëå ćěàåŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë. Šőçłă ŕěàěåőďă őâ ãàăćŋěŋĺľ (18{23) ł (1{4) ćëąàăŋă ŋă ćěàåŋěľ čàăŋĺæě łőŋćěłâĺćŋőľ ğőŋë (íâă čàăŋĺæă őŕàěďěńïěâáï łăł áńőľ, ŋă łőâőàőň ∇_{rad} = ∇_{ad}). Ŕàĺ íâőň ć íâőľ âőçłě ćőğŋĺłăěâ àăğàëć čàăďĺěŋâă âěňŕěàăâãàë ćáńěďáâćĺě ŕěàěåőďă őâ ňőďěńĺ ăâňőáäěàë ł ďĺääãğĺőŋŋőňã ŕàĺąńĺęěŋĺî, łőâőàőě âăň ŋě áŕàăćěďńĺćő.

Ŕàĺ íâőň, łőŋěçŋő, ŋăçăńìŋëě ãáńőćĺï ćáě ęě ŋãęŋë, őďŋăłő âěŕěàì ĺå ňőęŋő ğăďăćăâì ŕàĺ ďőáâăâőçŋő ňăńőň τ, âăł çâő ŕńőâŋőáâìî ć íâőľ âőçłě ňőęŋő ŕàěŋěąàěçì (àěăńìŋő ć ňőďěńïå ŕàĺŋïâő ρ = 10^{−9} ŕàĺ τ = 10^{−4}). Šěňŕěàăâãàă őŕàěďěńïěâáï ğăłőŋőň T (τ).

Ććěďěŋĺě ŋőćőľ ŕěàěňěŋŋőľ τ âàěąãěâ ďőŕőńŋĺâěńìŋőčő čàăŋĺçŋőčő ãáńőćĺï { ćëąőàă âőçłĺ, ć łőâőàőľ àăďĺãá àăćěŋ ěďĺŋĺæě. Ŕőńőęěŋĺě íâőľ âőçłĺ ďőńęŋő áőőâŋőáĺâìáï á ŋăąńîďăěňëň àăďĺãáőň Śőńŋæă ĺ ć âő ęě ćàěňï ďőáâăâőçŋő ŕàőáâő äĺłáĺàőćăâìáï ć ňőďěńĺ. Ďńï ćőŕàőáőć âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï őáőąőčő ğŋăçěŋĺï ćëąőà íâőľ âőçłĺ àőńĺ ŋě ĺčàăěâ, âăł łăł ŕàĺćőďĺâ ńĺèì ł ŋěąőńìèőňã ĺğňěŋěŋĺî ŕăàăňěâàă ŠĎŔŔ α, łőâőàëľ ĺňěěâ çĺáâő łăńĺąàőćőçŋőě ğŋăçěŋĺě. Őďŋăłő ğŋăçěŋĺě àăďĺãáă őçěŋì áĺńìŋő ćńĺïěâ ŋă áőąáâćěŋŋëě çăáâőâë ňőďěńĺ (łăł àăğňěà àěğőŋăâőàă). Ŋăèă æěńì ąëńă ć ŕěàćãî őçěàěďì ďőąĺâìáï ćŋãâàěŋŋěľ áőčńăáőćăŋŋőáâĺ áěàĺľ ňőďěńěľ. Šőçłă, čďě àăďĺãá àăćěŋ ŋăąńîďăěňőňã, őŕàěďěńïěâáï łăł ńěęăéăï ŋă őŕâĺçěáłőľ čńãąĺŋě 0.01 ć áőőâćěâáâćĺĺ á àăąőâőľ Schmiedler, Mein 1986, čďě âăłőľ ćëąőà őąőáŋőćăŋ àăáçěâăňĺ őŕâĺçěáłőľ čńãąĺŋë ćďőńì âăŋčěŋæĺăńìŋőčő (\łőáőčő") ńãçă, çâő áőőâćěâáâćãěâ ŋăąńîďěŋĺïň łàăï áőńŋěçŋőčő ďĺáłă.

2.7 Řăáçěâ íćőńîæĺĺ Śőńŋæă ĺ łăńĺąàőćłă íćőńîæĺőŋŋőčő âàěłă.

Śőčńăáŋő âěőàěňě Ťőčâă-Řěááěńă ğćěğďă (áćěâĺňőáâì, àăďĺãá, ćŋãâàěŋŋěě áâàőěŋĺě) őŕàěďěńïěâáï ňăááőľ ĺ åĺňĺçěáłĺň áőáâăćőň. Šăł łăł ňăááă Śőńŋæă ć âěçěŋĺě íćőńîæĺĺ ŕàĺŋïâă ŕőáâőïŋŋőľ, àăáçěâ íćőńîæĺĺ áćőďĺâáï ł àăáçěâã ĺğňěŋěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă. İâő ĺğňěŋěŋĺě őŕĺáëćăěâáï äőàňãńőľ dX dt ( M_r M_⊙ ) = f { X ( M_r M_⊙ ) , T ( M_r M_⊙ ) , ρ ( M_r M_⊙ )} (24)

Ğďěáì f{...} { áłőàőáâì ćëčőàăŋĺï ćőďőàőďă ć ŕàőæěááě âěàňőïďěàŋëå àěăłæĺľ. Ćáńěďáâćĺě ĺğňěŋěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă ĺğňěŋïîâáï áćěâĺňőáâì ĺ àăďĺãá ğćěğďë. Ňë ĺňěěň ğďěáì łàăěćãî ğăďăçã ŕő ćàěňěŋĺ { ňőďěńì ďőńęŋă ĺňěâì àăďĺãá ĺ áćěâĺňőáâì, áőőâćěâáâćãîéĺě áőćàěňěŋŋëň ŋăąńîďăěňëň ćěńĺçĺŋăň, ŕàĺ ćőğàăáâě, àăćŋőň ćőğàăáâã Śőńŋæă (4.75 ňńàď. ńěâ ć ŋăáâőïéěľ àăąőâě). Ůâőąë ďőąĺâìáï íâőčő, ŋěőąåőďĺňő ĺňěâì ďćă áćőąőďŋëå ŕăàăňěâàă, ğŋăçěŋĺï łőâőàëå ŕőďąĺàăîâáï ďńï ďőáâĺęěŋĺï íâőľ æěńĺ; łăł őąëçŋő, ć íâőň łăçěáâćě ćëáâãŕăîâ ŋăçăńìŋëľ åĺňĺçěáłĺľ áőáâăć (áőďěàęăŋĺě ćőďőàőďă X) ĺ ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ α.

Ŕàőĺğćőďŋëě ŕő ćàěňěŋĺ áőďěàęăâáï âăłęě ć \čàăćĺâăæĺőŋŋëå çńěŋăå" ∂U/∂t + (P/ρ^2)(∂ρ/∂t) ć ãàăćŋěŋĺĺ (4), őŕĺáëćăîéĺå ĺğňěŋěŋĺě čàăćĺâăæĺőŋŋőľ ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ğćěğďë. Ć łăçěáâćě ŋăçăńìŋëå ãáńőćĺľ ŕàěďŕőńăčăěâáï, çâő ć ňőňěŋâ ćàěňěŋĺ t = 0 őŋĺ àăćŋë ŋãńî (ğćěğďă łćăğĺáâăæĺőŋăàŋă).

2.8 Ő âőçŋőáâĺ ňőďěńěľ.

Ňőďěńĺ, ŕàěďáâăćńěŋŋëě ć àăąőâě, ąëńĺ àăááçĺâăŋë ŕàĺ ŕőňőéĺ ŋăąőàă ŕàőčàăňň MUSEC (Moscow University Solar Evolution Code). Ŕàĺ ĺå àăğàăąőâłě âőçŋőáâĺ ŕőńãçăěňőčő àěèěŋĺï ąëńő ãďěńěŋő ąőńìèőě ćŋĺňăŋĺě (áň. Ăîłőć 1991). Ŕőď âőçŋőáâìî ŕőŋĺňăěâáï áőőâćěâáâćĺě ŕőńãçăěňőčő àěèěŋĺï ĺáåőďŋëň ãàăćŋěŋĺïň ĺ čàăŋĺçŋëň ãáńőćĺïň, ă ŋě äĺğĺçěáłăï âőçŋőáâì (áőčńăáőćăŋĺě á ŋăąńîďěŋĺïňĺ). İâő ïćńïěâáï áńěďáâćĺěň âőčő, çâő ňŋőčĺě ćåőďŋëě äĺğĺçěáłĺě ďăŋŋëě ĺğćěáâŋë á ďőćőńìŋő ąőńìèĺňĺ ŕőčàěèŋőáâïňĺ, ć çăáâŋőáâĺ ŋěŕàőğàăçŋőáâĺ, čďě őèĺąłĺ ňőčãâ ďőáâĺčăâì ďěáïâłőć ŕàőæěŋâőć. Őďŋăłő ćěáìňă ćăęŋő, çâőąë ć áěàĺĺ ňőďěńěľ, őâńĺçăîéĺåáï ńĺèì ŋěąőńìèĺňĺ ĺğňěŋěŋĺïňĺ ćåőďŋëå ŕăàăňěâàőć, ćŋãâàěŋŋïï âőçŋőáâì ąëńă ąë ďőáâăâőçŋő ćěńĺłă, çâőąë ňőęŋő ąëńő őâďěńĺâì ćńĺïŋĺě íâĺå ŕăàăňěâàőć őâ çĺáńěŋŋëå őèĺąőł. Ŕàěďáâăćńěŋŋëě ňőďěńĺ Śőńŋæă àăááçĺâăŋë á âőçŋőáâìî 10^{−5}, â.ě. őâŋőáĺâěńìŋăï őèĺąłă ć őáŋőćŋëå ŕěàěňěŋŋëå (ŕńőâŋőáâĺ, àăďĺãáě, âěňŕěàăâãàě, áćěâĺňőáâĺ ĺ â.ď.) ŋě ďőńęŋă ŕàěćëèăâì íâőľ ćěńĺçĺŋë. Ůĺáńő èăčőć ĺŋâěčàĺàőćăŋĺï ãàăćŋěŋĺľ ćŋãâàěŋŋěčő áâàőěŋĺï ďőáâĺčăěâ 650 ŕàĺ ĺáŕőńìğőćăŋĺĺ ňěâőďă Řãŋčě-Łãââë IV ŕőàïďłă; íćőńîæĺï Śőńŋæă àăááçĺâëćăěâáï ňěâőďőň II ŕőàïďłă ğă 40 èăčőć. Ďńï ŕàěďáâăćńěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă ĺáŕőńìğãěâáï áěâłă ĺğ 500 âőçěł, àăćŋőňěàŋő àăáŕàěďěńěŋŋëå ŕő ŕěàěňěŋŋőľ (M_r/M_⊙)^{2/3} ć ĺŋâěàćăńě [0; 1].

2.9 Ţăàăłâěàĺáâĺłĺ ňőďěńĺ.

Śàăćŋěŋĺě á ňőďěńïňĺ ďàãčĺå ăćâőàőć.

Řăááçĺâăŋŋăï ŋăňĺ áâăŋďăàâŋăï ňőďěńì áőćàěňěŋŋőčő Śőńŋæă ĺňěěâ áńěďãîéĺě őáŋőćŋëě åăàăłâěàĺáâĺłĺ:

ŋăçăńìŋőě áőďěàęăŋĺě čěńĺï (ŕő ňăááě) 0.280272 ŕăàăňěâà ŠĎŔŔ α 1.629494 æěŋâàăńìŋăï âěňŕěàăâãàă, ňńŋ. Ł 15.71792 æěŋâàăńìŋăï ŕńőâŋőáâì, č/áň^3 150.8701 ŕőâőł ŋěľâàĺŋő ďńï^{37}Cl, SNU 8.5 ŕőâőł ŋěľâàĺŋő ďńï^{71}Ga, SNU 127 čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë (ŕő àăďĺãáã) 0.281017 ňăááă łőŋćěłâĺćŋőľ ğőŋë 0.022781 âěňŕěàăâãàă ŋă ďŋě łőŋć. ğőŋë, ňńŋ. Ł 2.191091 ŕńőâŋőáâì ŋă ďŋě łőŋć. ğőŋë, č/áň^3 0.17733 íŋâàőŕĺï ăďĺăą. çăáâĺ łőŋć. ğőŋë −1.64080

(1 SNU (solar neutrino unit) = 10^{−36} ğăåćăâőć ŋă ïďàő ňĺèěŋĺ ć áěłãŋďã).

Ŋěáłőńìłő őŕãąńĺłőćăŋŋëå ć ŕőáńěďŋěě ćàěňï ňőďěńěľ Śőńŋæă ĺňěîâ ąńĺğłĺě ćåőďŋëě ďăŋŋëě ĺ ňőčãâ áńãęĺâì ňăâěàĺăńőň ďńï áàăćŋěŋĺï. Ůăáâì ĺğ ŋĺå ŕàĺćěďěŋă ć âăąń. 1.

Őáŋőćŋëňĺ ŕăàăňěâàăňĺ áàăćŋěŋĺï ąãďãâ: áőďěàęăŋĺě čěńĺï Y ĺ čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë H_{bcz}. Ćëąőà őáŋőćăŋ ŋă âőň, çâő Y ĺňěěâ ąőńìèőě áăňőáâőïâěńìŋőě ğŋăçěŋĺě (łőáňőńőčĺçěáłőě ĺ ďà.), ă âăłęě ĺğ-ğă âőčő, çâő őŋ ïćńïěâáï ąőńěě ĺńĺ ňěŋěě čńőąăńìŋőľ åăàăłâěàĺáâĺłőľ ć őâńĺçĺě őâ, ŋăŕàĺňěà, æěŋâàăńìŋőľ âěňŕěàăâãàë ĺńĺ ŕőâőłă ŋěľâàĺŋő. Łàőňě âőčő, őŋ ŕàĺćőďĺâáï ŕàăłâĺçěáłĺ ćő ćáěå àăąőâăå. Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ňőęěâ áńãęĺâì ğďěáì ć łăçěáâćě čàãąőčő ğăňěŋĺâěńï S_{cnv}: őŋĺ ŕàïňő áćïğăŋë ć áńãçăě áőćŕăďěŋĺï ćåőďŋëå ďăŋŋëå ďńï őąőńőçłĺ ğćěğďë. Őçěćĺďŋő, çâő ďńï ňőďěńěľ àăğŋëå ăćâőàőć íâő ŋě ĺňěěâ ňěáâă (ŋăŕàĺňěà, ŋěâ ŋĺłăłőľ áćïğĺ ňěęďã α ĺ H_{bcz} ďńï ňőďěńěľ ĺğ Šăąńĺæë 1 ĺğ-ğă àăğŋëå ŋěŕàőğàăçŋőáâěľ ĺ ďàãčĺå őáőąěŋŋőáâěľ); ćőğìňěň H_{bcz} ŕàőáâő ğă ŋěĺňěŋĺěň ńãçèěčő.

Řĺá. 1 őâőąàăęăěâ Šăąńĺæã 1 ŋă ŕńőáłőáâì (Y, H_{bcz}) (ğăňěâĺň, çâő ňőďěńì GC ŋě ŋăŋěáěŋă ĺğ-ğă őâáãâáâćĺï ďăŋŋëå ő čńãąĺŋě łőŋćěłâĺćŋőľ ğőŋë). Ŕěàćăï ąàőáăîéăïáï ć

Šăąńĺæă 1. Śâăŋďăàâŋëě áőńŋěçŋëě ňőďěńĺ. Ŕőïáŋěŋĺï:

Y { ŋăçăńìŋőě áőďěàęăŋĺě čěńĺï; α { ŕăàăňěâà ŠĎŔŔ; H_{bcz} { čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë, ć ďőńïå àăďĺãáă.

Şàăćŋěŋĺě áőáâőïŋĺï (EOS):

EFF { Eggleton, Faulkner and Flannery 1977; MHD { Mihalas, D-appen and Hummer 1988, Hummer and Mihalas 1988, D-appen et al. 1988; CEFF { EFF á ćłńîçěŋŋëňĺ ŕőŕàăćłăňĺ ğă íńěłâàőáâăâĺçěáłőě ćğăĺňőďěľáâćĺě ĺ ćëàőęďěŋĺě íńěłâàőŋőć.

Šăąńĺæë ŋěŕàőğàăçŋőáâěľ (κ):

CSCT { Cox and Stewart 1970 + Cox and Tabor 1976; LAOL { âăąńĺæë Ńőá- Ăńăňőááłőľ ńăąőàăâőàĺĺ (Huebner et al. 1977); OPAL { âăąńĺæë Ńĺćěàňőàáłőľ ńăąőàăâőàĺĺ (Iglesias, Rogers 1991).

Ŕőńŋëě ŋăğćăŋĺï àăąőâ:

JCD { Christensen-Dalsgaard 1992b, GC { Guzik, Cox 1991, FS { Faulkner, Swenson 1992, SBF { Sackmann, Boothroyd, Fowler 1990, KDG { Kim, Demarque, Guenther 1991, DPS { Dziembowski, Pamyatnykh, Sienkiewicz 1992, TCCD { Turck- Chi„eze et al. 1988.

Ňőďěńì EOS κ Y α H_{bcz}

JCD (a) MHD CSCT 0.2393 1.6896 0.2794 JCD (b) CEFF CSCT 0.2404 1.6840 0.2784 JCD (c) EFF CSCT 0.2496 1.6401 0.2769 JCD (d) MHD LAOL 0.2750 2.4602 0.2666 JCD (e) EFF LAOL 0.2849 2.3834 0.2637 GC MHD 0.270 2.291 FS EFF OPAL 0.3037 1.669 0.263 SBF LAOL 0.2803 2.09 0.262 KDG (a) LAOL 0.2843 1.242 0.2604 KDG (b) MHD LAOL 0.2736 1.2559 0.2645 DPS (a) MHD LAOL 0.2675 0.2791 DPS (b) MHD OPAL 0.2799 0.2841 TCCD LAOL 0.2757 1.55 0.2695 İâă àăąőâă MHD OPAL 0.2803 1.6295 0.2810

čńăğă őáőąěŋŋőáâì { àăáŕàěďěńěŋĺě ňőďěńěľ ŕő çěâëàěň čàãŕŕăň. Ŕěàćãî (ĺ áăňãî ňŋőčőçĺáńěŋŋãî) áőáâăćńïîâ ňőďěńĺ TCCD, JCD(d), JCD(e), KDG(b), SBF, KDG(a). Ćáě őŋĺ àăááçĺâăŋë á Ńőá-Ăńăňőááłĺňĺ âăąńĺæăňĺ. İâő őąãáńőćńĺćăěâ áàăćŋĺâěńìŋő ŋěąőńìèőľ àăğąàőá ć áőďěàęăŋĺĺ čěńĺï (çãâì ąőńěě őďŋőčő ŕàőæěŋâă). Ŕő čńãąĺŋě łőŋćěłâĺćŋőľ ğőŋë őâńĺçĺï ğăňěâŋő áĺńìŋěě, őłőńő ŕőńőćĺŋë ŕàěďáâăćńěŋŋőčő ďĺăŕăğőŋă 0.26{0.285.

Ćâőàăï čàãŕŕă áőáâőĺâ ĺğ âàěå ňőďěńěľ DPS(a), DPS(b)

Řĺá. 1. Śâăŋďăàâŋëě áőńŋěçŋëě ňőďěńĺ ŕőáńěďŋĺå ńěâ.

Ŋăğćăŋĺï àăąőâ áň. ć ŕőïáŋěŋĺïå ł âăąń. 1.

ĺ àăááçĺâăŋŋőľ ć íâőľ àăąőâě. Ďćě ĺğ ŋĺå ĺáŕőńìğãîâ Ńĺćěàňőàáłĺě âăąńĺæë ŋěŕàőğàăçŋőáâěľ, âàěâìï { Ńőá-Ăńăňőááłĺě (DPS(a)). Ŕő-ćĺďĺňőňã, ŋă őáŋőćăŋĺĺ íâőčő ňăâěàĺăńă ãęě ňőęŋő áďěńăâì ćëćőď őą ãćěńĺçěŋĺĺ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ŋă 1.5{2% ŕàĺ ŕěàěåőďě őâ LAOL âăąńĺæ ł OPAL âăąńĺæăň (åőâï, łőŋěçŋő, ďćãå ňőďěńěľ ňăńő). Ŋěáłőńìłő áâàăŋŋőě ŕőćěďěŋĺě ňőďěńĺ DPS(a) őąêïáŋïěâáï, ŕő-ćĺďĺňőňã, âěň, çâő ŋěŕàőğàăçŋőáâĺ LAOL ć íâőľ àăąőâě ąëńĺ íłáâàăŕőńĺàőćăŋë łăł àăğ ć őąńăáâĺ âěňŕěàăâãà őłőńő ďŋă łőŋćěłâĺćŋőľ ğőŋë ğă ŕàěďěńë áěâłĺ âăąńĺæ. Śőčńăáŋő Faulkner and Swenson 1992 âăłăï íłáâàăŕőńïæĺï ŕàĺćőďĺâ ł ğăćëèěŋĺî κ ŋă ≃ 12% ć őąńăáâĺ 2{3 ňńŋ. K ĺ ãćěńĺçěŋĺî čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë łăł àăğ ŋă 1% ŕő áàăćŋěŋĺî á ąőńěě ŕőńŋëňĺ (ŋě âàěąãîéĺňĺ ĺŋâěàŕőńïæĺĺ) âăąńĺæăňĺ. Ŋă őáâăńìŋëě ŕăàăňěâàë ňőďěńĺ íâă ŋěâőçŋőáâì ŕàăłâĺçěáłĺ ŋě ćńĺïěâ (áň. Faulkner, Swenson 1992).

Ĺŋâěàěáŋő őâňěâĺâì, çâő őâńĺçĺï LAOL őâ OPAL ć Y ŋă íâőň àĺáãŋłě ŋě ŕàőïćĺńĺáì. Łăł ňőďěńì DPS(b), âăł ĺ ňőďěńì ĺğ ďăŋŋőľ àăąőâë åőàőèő ŕőŕăďăîâ ć ŕěàćãî čàãŕŕã, čàãŕŕã LAOL-ňőďěńěľ, ŕő áőďěàęăŋĺî čěńĺï.

Šàěâìî čàãŕŕã őąàăğãîâ âàĺ ňőďěńĺ JCD(a), JCD(b) ĺ JCD(c). Őŋĺ àăááçĺâăŋë á ĺáŕőńìğőćăŋĺěň áâăàëå âăąńĺæ ŋěŕàőğàăçŋőáâěľ Cox, Stewart 1970 ďńï æěŋâàăńìŋëå őąńăáâěľ Śőńŋæă, çâő ĺ ŕàĺćěńő ł áĺńìŋőňã őâńĺçĺî ć Y őâ őáâăńìŋëå ňőďěńěľ. Śãďï ŕő íâĺň ďăŋŋëň, ŕěàěåőď őâ âăąńĺæ Cox, Stewart 1970 ł âăąńĺæăň LAOL ŕàĺćěń ł ãćěńĺçěŋĺî Y ŕàĺňěàŋő ŋă 4%. Ć çěâćěàâãî čàãŕŕã ćëďěńěŋă ňőďěńì FS, ĺňěîéăï őçěŋì ćëáőłőě (ć áàăćŋěŋĺĺ á őáâăńìŋëňĺ ňőďěńïňĺ) áőďěàęăŋĺě čěńĺï, ąőńěě 30%. Ĺáŕőńìğőćăŋŋëě ć ŋěľ ŋěŕàőğàăçŋőáâĺ (Iglesias, Rogers 1991; Faulkner, Swenson 1992 ďńï ćŋãâàěŋŋĺå őąńăáâěľ Śőńŋæă, Cox, Tabor 1976 ďńï ćŋěèŋĺå) ŕőńŋőáâìî áőćŕăďăîâ á ŋăèĺňĺ. Şàăćŋěŋĺě áőáâőïŋĺï EFF, ĺáŕőńìğőćăŋŋőě ć FS, áŕőáőąŋő őąêïáŋĺâì âăłőľ ćëáőłĺľ Y ńĺèì őâçăáâĺ (áàăćŋěŋĺě ňőďěńěľ JCD(d) ĺ JCD(e) ŕőłăğëćăěâ, çâő ŕěàěåőď őâ MHD ł EFF ćěďěâ ł ãćěńĺçěŋĺî áőďěàęăŋĺï čěńĺï ŋă 1%, őáâăěâáï ěéě őďĺŋ \ńĺèŋĺľ" ŕàőæěŋâ). Ćőğňőęŋő, íâő őąãáńőćńěŋő ŕàőáâő ŋěâőçŋőáâìî àăáçěâőć ăćâőàőć ňőďěńĺ FS.

Őçěŋì ąńĺğłă ŕő ĺáåőďŋëň ďăŋŋëň ł ŕàěďáâăćńěŋŋőľ ć ŋăáâőïéěľ àăąőâě ňőďěńì DPS(b), àăááçĺâăŋŋăï Dziembowski et al. 1992 (őďŋĺ ĺ âě ęě ãàăćŋěŋĺě áőáâőïŋĺï ĺ ŋěŕàőğàăçŋőáâĺ ćő ćŋãâàěŋŋĺå őąńăáâïå Śőńŋæă). Ŕàĺćěďěŋŋőě ĺňĺ ğŋăçěŋĺě Y = 0.2799 ďńï ňőďěńĺ á àăáŕàěďěńěŋĺěň âïęěńëå íńěňěŋâőć ŕő Grevesse 1984 ŕàăłâĺçěáłĺ àăćŋő ŕőńãçěŋŋőňã ŋăňĺ (0.2803). Őâńĺçĺě ć čńãąĺŋě łőŋćěłâĺćŋőľ ğőŋë ńěčłő őąêïáŋïěâáï ŋěâőçŋőáâìî íłáâàăŕőńïæĺĺ âăąńĺæ ŋěŕàőğàăçŋőáâěľ (áň. ćëèě).

Šăłĺň őąàăğőň, ĺáâőàĺçěáłĺľ ŕàőæěáá ğăňěŋë âăąńĺæ ŋěŕàőğàăçŋőáâěľ ć æěŋâàăńìŋëå őąńăáâïå áőńŋěçŋëå ňőďěńěľ Cox, Stewart 1970 → LAOL → OPAL ć áőńŋěçŋëå ňőďěńïå ćěń ł ŕőáâőïŋŋőňã ãćěńĺçěŋĺî Y ĺ ŋěŕàőğàăçŋőáâěľ. Ŕàĺ íâőň ŋăĺąőńìèĺľ áłăçőł ŕàőĺğőèěń ćő ćàěňï ŕőïćńěŋĺï âăąńĺæ LAOL { 3.5{4.0% ć Y , ŕěàěåőď ęě ł OPAL ćëğćăń ąőńěě áłàőňŋőě ãćěńĺçěŋĺě áőďěàęăŋĺï čěńĺï ŋă 0.5{1%: őâ 0.27{0.275 ďő 0.28, åőâï ďńï őłőŋçăâěńìŋőčő ćëćőďă ňőďěńěľ á OPAL ěéě áńĺèłőň ňăńő. İâő áåőďŋő á àěğãńìâăâăňĺ Roxburg 1991 (ŕàĺćěďěŋő ğŋăçěŋĺě 0.02 ďńï àăğŋőáâĺ Y ňěęďã ňőďěńïňĺ á âăąńĺæăňĺ LAOL ĺ OPAL) ĺ Dziembowski et al. 1992 (0.012 ďńï âőľ ęě áăňőľ ćěńĺçĺŋë) (ć íâĺå àăąőâăå áàăćŋĺćăńĺáì ŕăàë ňőďěńěľ á ŕőńŋőáâìî őďĺŋăłőćëňĺ ćåőďŋëňĺ ďăŋŋëňĺ, ĺáłńîçăï ńĺèì âăąńĺæë ŋěŕàőğàăçŋőáâěľ).

Ąőńěě âőŋłĺě íääěłâë ćáâàěçăîâáï ŕàĺ ăŋăńĺğě ãàăćŋěŋĺï áőáâőïŋĺï. Ŋăĺąőńěě ŕàőáâőě ĺğ ŕàĺćěďěŋŋëå { EFF; őŋő ćłńîçăěâ ńĺèì ãçěâ çăáâĺçŋőľ ĺőŋĺğăæĺĺ ćőďőàőďă ĺ čěńĺï ĺ ŋěłãî ăŕŕàőłáĺňăæĺî ďńï \ĺőŋĺğăæĺĺ ďăćńěŋĺěň" (čăàăŋâĺàãîéãî ŕőńŋãî ĺőŋĺğăæĺî ćěéěáâćă ć æěŋâàăńìŋëå áńőïå ğćěğďë). Şàăćŋěŋĺě áőáâőïŋĺï CEFF ďőŕőńŋïěâ ěčő ãçěâőň łãńőŋőćáłĺå (íńěłâàőáâăâĺçěáłĺå) ŕőŕàăćőł ĺ çăáâĺçŋőčő ćëàőęďěŋĺï íńěłâàőŋőć. Ŋăłőŋěæ, ŋăĺąőńěě ŕőńŋőě ŋă áěčőďŋïèŋĺľ ďěŋì ãàăćŋěŋĺě áőáâőïŋĺï MHD àăááňăâàĺćăěâ âěàňőďĺŋăňĺłã ŕńăğňë ŋă ćěáìňă ďěâăńìŋőň ãàőćŋě (áň. 2.2). Ůăáâì ăćâőàőć

(SBF, KDG, TCCD) ĺáŕőńìğőćăńă ãàăćŋěŋĺï áőáâőïŋĺï, ŋě őâŋőáïéĺěáï ł ćëèěŕàĺćěďěŋŋőľ čàãŕŕě. Ĺå ŕàĺąńĺęěŋŋő ňőęŋő áçĺâăâì íłćĺćăńěŋâŋëňĺ CEFF.

Ŋăĺąőńěě ãďőąŋë ďńï áàăćŋěŋĺï ňőďěńĺ JCD(a), JCD(b) ĺ JCD(c) (ćáě őŋĺ ĺňěîâ őďĺŋăłőćëě ćåőďŋëě ďăŋŋëě, ğă ĺáłńîçěŋĺěň ãàăćŋěŋĺï áőáâőïŋĺï). Ňë ćĺďĺň, çâő ććěďěŋĺě łãńőŋőćáłĺå ŕőŕàăćőł ĺ ãçěâă ćëàőęďěŋĺï íńěłâàőŋőć ãćěńĺçĺćăěâ áőďěàęăŋĺě čěńĺï ŕőçâĺ ŋă őďĺŋ ŕàőæěŋâ. Ŋă čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë ćńĺïŋĺě ćěáìňă áńăąőě. Ŕěàěåőď őâ CEFF ł MHD ŕőçâĺ ŋě ćńĺïěâ ŋă ňőďěńì. İâő ďőłăğëćăěâ, çâő őâńĺçĺï ňěęďã MHD ĺ ąőńěě ĺńĺ ňěŋěě áâăŋďăàâŋëň ãàăćŋěŋĺěň áőáâőïŋĺï (ćłńîçăîéĺň çăáâĺçŋãî ĺőŋĺğăæĺî (ãàăćŋěŋĺï Śăåă), łãńőŋőćáłĺě ćğăĺňőďěľáâćĺï çăáâĺæ (âěőàĺï Ďěąăï{Ţîłłěńï), çăáâĺçŋőě ćëàőęďěŋĺě íńěłâàőŋŋőčő čăğă ĺ ĺőŋĺğăæĺî ďăćńěŋĺěň) ć ŕàĺňěŋěŋĺĺ ł íćőńîæĺőŋŋëň ňőďěńïň ŋěćěńĺłĺ (ćőğňőęŋő, ąőńìèăï ĺå çăáâì ŕàĺåőďĺâáï ŋă ćŋěèŋĺě áńőĺ ğćěğďë, ŋě ĺčàăîéĺě ğăňěâŋőľ àőńĺ ć íćőńîæĺĺ).

Čńăćă 3. İŋâàőŕĺï ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë łăł ŕăàăňěâà ňőďěńĺ.

Ć áőćàěňěŋŋëå ňőďěńïå Śőńŋæă łőŋćěłâĺćŋăï őąőńőçłă ŕàőáâĺàăěâáï ŋă 25{30% àăďĺãáă ćčńãąì ğćěğďë őâ ŕőćěàåŋőáâĺ. Ąőńìèăï ěě çăáâì ĺňěěâ âàĺćĺăńìŋőě áâàőěŋĺě { łőŋćěłâĺćŋëľ ŕěàěŋőá íŋěàčĺĺ ďőáâăâőçŋő íääěłâĺćěŋ ďńï âőčő çâőąë ŕěàěŋőáĺâì ćěáì ŕőâőł íŋěàčĺĺ. Čàăďĺěŋâ âěňŕěàăâãàë ∇ = dT/dP ć íâĺå áńőïå ŕàăłâĺçěáłĺ àăćěŋ ăďĺăąăâĺçěáłőňã ĺ ŋě ğăćĺáĺâ őâ ďěâăńěľ âěőàĺĺ łőŋćěłæĺĺ. Ŋěŕàőğàăçŋőáâì ć íâĺå áńőïå őŕàěďěńïěâ ńĺèì ŋăńĺçĺě łőŋćěłæĺĺ, ŋő ŋě âěňŕěàăâãàŋëľ čàăďĺěŋâ (őŋă ćńĺïěâ ŋă ńãçĺáâëľ ŕěàěŋőá, ŋěğŋăçĺâěńìŋëľ ć íâĺå őąńăáâïå). Šěňŕěàăâãàă ĺ ŕńőâŋőáâì áćïğăŋë ãàăćŋěŋĺěň ăďĺăąăâë. İâĺ áńőĺ ŋăğëćăîâáï ăďĺăąăâĺçěáłőľ çăáâìî łőŋćěłâĺćŋőľ ğőŋë. Őŋĺ áőáâăćńïîâ ąőńìèãî ěě çăáâì, őâ ≃ 0.002 čńãąĺŋë (ŕő àăďĺãáã) ďő áăňőčő ďŋă łőŋćěłâĺćŋőľ őąőńőçłĺ. Ć áăňëå ćěàåŋĺå 0.2% àăďĺãáă łőŋćěłæĺï ŋě ňőęěâ ŕěàěŋőáĺâì ćěáì ŕőâőł íŋěàčĺĺ, ŕńőâŋőáâì ćěéěáâćă áńĺèłőň ňăńă ďńï íâőčő. İâő ŕàĺćőďĺâ ł ğăňěâŋőľ àőńĺ ńãçĺáâőčő ŕěàěŋőáă ĺ ŕàěćëèěŋĺî čàăďĺěŋâă âěňŕěàăâãàë ŋăď ăďĺăąăâĺçěáłĺň. Ć íâőľ áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë ŋă čàăďĺěŋâ ćńĺïěâ ěéě ĺ âěőàĺï łőŋćěłæĺĺ. Ŋăńĺçĺě íâőľ őąńăáâĺ ŕőğćőńïěâ ŕàőćőďĺâì \íćőńîæĺőŋŋãî łăńĺąàőćłã", â.ě. ŕãâěň ĺğňěŋěŋĺï ŕăàăňěâàă łőŋćěłæĺĺ α ŕőďąĺàăâì àăďĺãá ňőďěńĺ.

Őďŋăłő ŕăàăňěâà α ãďőąěŋ ďńï ćăàìĺàőćăŋĺï åăàăłâěàĺáâĺł áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë, ŋő ŋě łăł áăňőáâőïâěńìŋëľ ŕăàăňěâà ňőďěńĺ. Śăňő ğŋăçěŋĺě α áćïğăŋő á ďěâăńïňĺ âěőàĺĺ łőŋćěłæĺĺ ĺ ćěńĺçĺŋőľ ŋěŕàőğàăçŋőáâĺ ć ćěàåŋĺå áńőïå Śőńŋæă ĺ ŋě ŋěáěâ ć áěąě áãéěáâćěŋŋőľ ĺŋäőàňăæĺĺ. Ćăęŋő âő, łăłőćă ąãďěâ ćěńĺçĺŋă áćěàåăďĺăąăâĺçŋőáâĺ, ă ŋě âő, ąńăčőďăàï łăłőňã α őŋă ŕőńãçăěâáï.

Ěáâì ěéě őďĺŋ ŕăàăňěâà, çăáâő ãŕőâàěąńïěňëľ łăł åăàăłâěàĺáâĺłă ňőďěńěľ { čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë. Ŕàĺ äĺłáĺàőćăŋŋëå ŋěŕàőğàăçŋőáâïå ã ďŋă łőŋćěłâĺćŋőľ őąőńőçłĺ ĺ äĺłáĺàőćăŋŋőň áâàőěŋĺĺ ăâňőáäěàë ňěęďã ŋĺňĺ áãéěáâćãěâ ŕàïňăï ğăćĺáĺňőáâì: α őŕàěďěńïěâ, ŋă łăłãî ăďĺăąăâã ćëľďěâ ńĺŋĺï (T, ρ); âăň, čďě íâă ńĺŋĺï ďőáâĺčŋěâ ďőáâăâőçŋő ŋĺğłőľ κ, ĺ ąãďěâ ďŋő łőŋćěłâĺćŋőľ ğőŋë. Őďŋăłő ŕàĺ àăğńĺçŋëå κ ŋěćőğňőęŋő áàăćŋěŋĺě ňőďěńěľ ŕő α. Ŕőíâőňã ć łăçěáâćě ěáâěáâćěŋŋőčő äĺğĺçěáłőčő ŕăàăňěâàă, åăàăłâěàĺğãîéěčő áâàőěŋĺě ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë, ŕàěďńăčăěâáï ĺáŕőńìğőćăâì ãďěńìŋãî (ŋă ěďĺŋĺæã ňăááë) íŋâàőŕĺî ćěéěáâćă ć ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S_{cnv}. Šăł łăł čàăďĺěŋâ âěňŕěàăâãàë âăň ŕàăłâĺçěáłĺ àăćěŋ ăďĺăąăâĺçěáłőňã, íŋâàőŕĺî ŕńăğňë ć íâĺå áńőïå ňőęŋő á ďőáâăâőçŋőľ âőçŋőáâìî áçĺâăâì ŕőáâőïŋŋőľ.

Őąéĺľ åăàăłâěà ŕőćěďěŋĺï íŋâàőŕĺĺ ć áőńŋěçŋőľ ňőďěńĺ ŕőłăğăŋ ŋă àĺá. 2 ĺ 3. Ć ăâňőáäěàě őŋă ŕăďăěâ ćčńãąì (ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ďńï ĺďěăńìŋőčő őďŋőăâőňŋőčő čăğă S ∼ ln ( T 3^/2/ρ ) ; ć ăâňőáäěàě àőáâ âěňŕěàăâãàë őŕěàěęăěâ àőáâ ŕńőâŋőáâĺ). Ś ŋăçăńőň łőŋćěłæĺĺ ŕńőâŋőáâì ŕőçâĺ ŕěàěáâăěâ ãćěńĺçĺćăâìáï (ňőęěâ ćőğŋĺłŋãâì ďăęě ĺŋćěàáĺï ŕńőâŋőáâĺ), ĺ íŋâàőŕĺï ąëáâàő àăáâěâ. İâőâ àőáâ (ć ğőŋě áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ) ğăćĺáĺâ őâ α; äăłâĺçěáłĺ ŕàĺ \íćőńîæĺőŋŋőľ łăńĺąàőćłě" ŕőďąĺàăěâáï ĺňěŋŋő íŋâàőŕĺï (łăł ŕăàăňěâà, őâćńěçěŋŋëľ őâ áâàőěŋĺï ćŋěèŋĺå áńőěć, ŋě ĺňěîéĺå ğŋăçěŋĺï ďńï íćőńîæĺĺ). Ďăńěě, ć ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë, íŋâàőŕĺï ćëåőďĺâ ŋă ŕőáâőïŋŋãî ćěńĺçĺŋã (S_{cnv}). Ŕàĺ ďăńìŋěľèěň ŕàőďćĺęěŋĺĺ ćčńãąì á ŕàěłàăéěŋĺěň łőŋćěłæĺĺ őŕïâì ŋăçĺŋăěâáï ŕăďěŋĺě íŋâàőŕĺĺ. Śőąáâćěŋŋő čőćőàï, ğŋăł ŕàőĺğćőďŋőľ íŋâàőŕĺĺ ŕő àăďĺãáã őŕàěďěńïěâáï ğŋăłőň àăğŋőáâĺ ∇ − ∇_{ad}: ãåőďï á ăďĺăąăâë ŕàĺ ∇ ≠ ∇_{ad}, ňë ŕěàěáěłăěň ďàãčĺě łàĺćëě S = const, ĺ ŋăŕàăćńěŋĺě ďćĺęěŋĺï őŕàěďěńïěâáï àăğŋőáâìî (dT/dρ)−(dT/dρ)_S (ĺńĺ (dT/dP ) − (dT/dP )_S ) (áà. á äőàňãńőľ ďńï ´S ć Ulrich,

Rogers 1977). Őâłńőŋěŋĺě čàăďĺěŋâă őâ ăďĺăąăâĺçěáłőčő ŋăĺąőńěě áĺńìŋő ć ăâňőáäěàě ĺ ğőŋě áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ; âăň ĺ ŋăąńîďăîâáï ŋăĺąőńěě ćëáőłĺě čàăďĺěŋâë S.

Ĺáŕőńìğãï S_{cnv}, ňőęŋő őâćńěçìáï őâ ćáěå áńőęŋőáâěľ áâàőěŋĺï ćěàåŋĺå áńőěć Śőńŋæă: ăâňőáäěàë ĺ ğőŋë áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ. İŋâàőŕĺï łőŋćěłâĺćŋőľ őąőńőçłĺ ŕàăłâĺçěáłĺ ŕőńŋőáâìî åăàăłâěàĺğãěâ áâàőěŋĺě ňőďěńĺ ć őąńăáâĺ ćëèě 0.72{0.74 R_⊙. İâő őąêïáŋïěâáï âěň, çâő ĺğňěŋěŋĺï ć âěőàĺĺ łőŋćěłæĺĺ ĺ áâàőěŋĺĺ ăâňőáäěàë ćńĺïîâ ńĺèì ŋă ŋěğŋăçĺâěńìŋëě ŕő ćěńĺçĺŋě ňăááã ĺ âőńéĺŋã íâĺå áńőěć, ĺ ŕàăłâĺçěáłĺ ŋě áłăğëćăîâáï ŋă âěňŕěàăâãàě ĺ ŕńőâŋőáâĺ ć ąőńěě čńãąőłĺå áńőïå.

İŋâàőŕĺï, åőâï ĺ ïćńïěâáï äãŋłæĺěľ áőáâőïŋĺï, ŋě áâőńì ŕàĺćëçŋă łăł, áłăęěň, ďăćńěŋĺě ĺńĺ ŕńőâŋőáâì. Őŋă âăłęě ŋě ňőęěâ ąëâì ŋěŕőáàěďáâćěŋŋő ćëçĺáńěŋă ŕő âěàňĺçěáłőňã ĺ łăńőàĺçěáłőňã ãàăćŋěŋĺïň áőáâőïŋĺï ĺ őŕàěďěńěŋă á âőçŋőáâìî ďő ŕőáâőïŋŋőľ. Ňë ćëçĺáńïěň íŋâàőŕĺî ć ňőďěńïå ŕãâěň ĺŋâěčàĺàőćăŋĺï ěě ďĺääěàěŋæĺăńă őâ ŋěłőâőàőľ äĺłáĺàőćăŋŋőľ âőçłĺ (T_0, ρ_0, X_0) ďő ğăďăŋŋőľ (T, ρ, X): S − S0 = ∫ (_{T,ρ,X}) (T0,ρ0,X0) 1 T { [( ∂U ∂ρ ) T,X − P ρ2 ] dρ

+ ( ∂U ∂T ) ρ,X dT + ( ∂U ∂X ) T,ρ dX } (25)

Ŋěőąåőďĺňëě ďńï íâőčő âěàňőďĺŋăňĺçěáłĺě ŕàőĺğćőďŋëě ĺňěîâáï ć âăąńĺæăå ãàăćŋěŋĺï áőáâőïŋĺï MHD. Ğăäĺłáĺàőćăŋŋăï âőçłă ĺňěěâ áńěďãîéĺě ŕăàăňěâàë:

T0 = 4300 K

ρ0 = 10^−9 č/áň3

X0 = 0.73

S0/R = 0 ňőńì/č

(26)

Ŕàĺ ĺáŕőńìğőćăŋĺĺ S_{cnv} łăł åăàăłâěàĺáâĺłĺ ňőďěńĺ ćőğňőęŋë ďćă ŕőďåőďă. Ćő-ŕěàćëå, ňőęŋő ĺáŕőńìğőćăâì ăąáőńîâŋőě ğŋăçěŋĺě S, őâáçĺâëćăěňőě őâ äĺłáĺàőćăŋŋőľ âőçłĺ (łăł ŕàěďŕőńăčăîâ äőàňãńë 25{26). Ŕàĺ íâőň S_{cnv} àăááňăâàĺćăěâáï łăł

Řĺá. 2. Ţőď íŋâàőŕĺĺ ć áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ.

R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï. Ŕńăâő ć àăľőŋě 0.7 ÷ 1.0 Rfi { ăďĺăąăâĺçěáłăï çăáâì łőŋćěłâĺćŋőľ ğőŋë; àěğłőě ĺğňěŋěŋĺě S ćąńĺğĺ r/Rfi = 1 { ăâňőáäěàă ĺ áćěàåăďĺăąăâĺçěáłăï çăáâì łőŋćěłâĺćŋőľ ğőŋë. Śň. âăłęě àĺá. 3.

Řĺá. 3. Ţőď íŋâàőŕĺĺ ć áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ.

R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï. Ŕăďěŋĺě S ć őąńăáâĺ lg T = 3.7 ÷ 3.8 áőőâćěâáâćãěâ ăâňőáäěàě; ňĺŋĺňãň ćąńĺğĺ lg T = 3.8 { ćěàåŋïï čàăŋĺæă łőŋćěłâĺćŋőľ ğőŋë; ŕőďêěň { áćěàåăďĺăąăâĺçěáłăï çăáâì łőŋćěłâĺćŋőľ ğőŋë; ŕńăâő { ăďĺăąăâĺçěáłăï çăáâì łőŋćěłâĺćŋőľ ğőŋë; áŕăď ć őąńăáâĺ lg T = 6.3 ÷ 7.2 { ńãçĺáâăï ğőŋă ĺ íŋěàčőćëďěńïîéěě ïďàő. Śň. âăłęě àĺá. 2.

őąéĺľ ŕăàăňěâà, ć łăłőň-âő áňëáńě ğăňěŋïîéĺľ ćáî őąőńőçłã ňőďěńĺ. Ćő-ćâőàëå, ňőęŋő ĺáŕőńìğőćăâì ŕěàěŕăď íŋâàőŕĺĺ ´S őâ, ŋăŕàĺňěà, âěňŕěàăâãàŋőčő ňĺŋĺňãňă áőńŋěçŋőľ ăâňőáäěàë ďő ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë. Ŕàĺ íâőň ´S áńãęĺâ áłőàěě ć łăçěáâćě ğăňěŋĺâěńï α, âăł łăł ğŋăçěŋĺě ´S ąőńěě ŕőďćěàęěŋő ćńĺïŋĺî ŕőáâőàőŋŋĺå äăłâőàőć, ŋěĺŋâěàěáŋëå ďńï áàăćŋěŋĺï ćŋãâàěŋŋěčő áâàőěŋĺï (łăł, ŋăŕàĺňěà, ŋěŕàőğàăçŋőáâì ć ăâňőáäěàě). Őąă ŕőďåőďă ĺňěîâ ŕàăćő ŋă áãéěáâćőćăŋĺě; ć ŋăáâőïéěľ àăąőâě ĺáŕőńìğőćăŋ ŕěàćëľ (őŋ ďăěâ ćőğňőęŋőáâì őæěŋĺâì íŋâàőŕĺî ć ňőďěńïå ĺğ Christensen-Dalsgaard 1992).

Ŋă àĺá. 4, 5 ŕőłăğăŋă áćïğì ňěęďã ŕěàěŕăďőň íŋâàőŕĺĺ ć ćěàåŋĺå áńőïå ňőďěńĺ ´S ĺ ďàãčĺňĺ ŕăàăňěâàăňĺ őąőńőçłĺ: α ĺ čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë. Ŕőď ŕěàěŕăďőň ğďěáì ŕőŋĺňăěâáï àăğŋőáâì íŋâàőŕĺľ ňěęďã âőçłőľ τ = 10^{−4} ĺ ăďĺăąăâĺçěáłőľ çăáâìî łőŋćěłâĺćŋőľ ğőŋë. Řăğŋĺæă íŋâàőŕĺľ, łăł ňë ćĺďĺň, ŕőçâĺ ńĺŋěľŋő ğăćĺáĺâ łăł őâ α, âăł ĺ őâ H_{bcz}.

Řĺá. 4. Śćïğì ňěęďã ŕăàăňěâàőň łőŋćěłæĺĺ α ĺ ŕěàěŕăďőň íŋâàőŕĺĺ ć őąőńőçłě ňőďěńĺ.

R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï. ´S { àăğŋĺæă ć íŋâàőŕĺĺ ňěęďã âőçłőľ τ = 10�^4 ĺ ăďĺăąăâĺçěáłőľ çăáâìî łőŋćěłâĺćŋőľ ğőŋë. Ńěčłĺľ àăğąàőá âőçěł ćëğćăŋ àăğńĺçŋëň åĺňĺçěáłĺň áőáâăćőň ňőďěńěľ.

Řĺá. 5. Śćïğì ňěęďã čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë ĺ ŕěàěŕăďőň íŋâàőŕĺĺ ć őąőńőçłě ňőďěńĺ.

R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï. ´S { àăğŋĺæă ć íŋâàőŕĺĺ ňěęďã âőçłőľ τ = 10�^4 ĺ ăďĺăąăâĺçěáłőľ çăáâìî łőŋćěłâĺćŋőľ ğőŋë. Ńěčłĺľ àăğąàőá âőçěł ćëğćăŋ àăğńĺçŋëň åĺňĺçěáłĺň áőáâăćőň ňőďěńěľ.

Čńăćă 4. Ňőďěńĺ á ĺňĺâăæĺěľ ŕěàěňěèĺćăŋĺï ĺ ňőďĺäĺæĺàőćăŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ.

Ďńï âőčő çâőąë ĺááńěďőćăâì áőőâŋőèěŋĺï ňěęďã åăàăłâěàĺáâĺłăňĺ áőńŋěçŋëå ňőďěńěľ, ąëńă àăááçĺâăŋă áěàĺï ŋěíćőńîæĺőŋŋëå ňőďěńěľ á ŋěłőâőàëňĺ ĺáłãááâćěŋŋëňĺ ňőďĺäĺłăæĺïňĺ (őďŋăłő ćáě őŋĺ ĺňěîâ àăďĺãá ĺ áćěâĺňőáâì, àăćŋëě áőńŋěçŋëň). Őáŋőćŋőľ ğăďăçěľ ïćńïńőáì ĺááńěďőćăŋĺě áćïğĺ ňěęďã åăàăłâěàĺáâĺłăňĺ ïďàă (åĺňĺçěáłĺň áőáâăćőň ĺ ŋěŕàőğàăçŋőáâïňĺ) ĺ őąőńőçłĺ (íŋâàőŕĺěľ áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S_{cnv}). Ŕàĺ íâőň áâăŋďăàâŋăï ňőďěńì ĺáŕőńìğőćăńăáì łăł \őŕőàŋăï" { ĺğ ŋěě ąàăńáï ŕàőäĺńì áőďěàęăŋĺï ćőďőàőďă X(M_r/M_⊙). Ůâőąë ŕőńãçĺâì ňőďěńĺ, őâńĺçŋëě őâ áâăŋďăàâŋőľ, ňőęŋő ćăàìĺàőćăâì ŋěŕàőğàăçŋőáâĺ (κ), ă âăłęě ĺňĺâĺàőćăâì ŕěàěňěèĺćăŋĺě, ŋăłńăďëćăï ćőğňãéěŋĺï ŋă åĺňĺçěáłĺľ áőáâăć (áőďěàęăŋĺě ćőďőàőďă X) ć íŋěàčőćëďěńïîéěň ïďàě. Ŕőďçěàłŋěň, çâő ć ŋăèěň ŕőďåőďě íâĺ ňőďěńĺ ŋě ąãďãâ íćőńîæĺőŋŋëňĺ; őŋĺ ŕőńãçěŋë ňőďĺäĺłăæĺěľ ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă.

Ćăàĺăæĺĺ åĺňĺçěáłőčő áőáâăćă, ć ŋěłőěň áňëáńě ăŋăńőčĺçŋëě ŕěàěňěèĺćăŋĺî, ĺňěîâ áňëáń ńĺèì ć íŋěàčőćëďěńïîéěň ïďàě; ćŋě ěčő X ŕőáâőïŋěŋ ĺğ-ğă őâáãâáâćĺï ïďěàŋëå àěăłæĺľ. Ťőàňãńë, őŕĺáëćăîéĺě ňőďĺäĺłăæĺî X ĺ κ, áň. ć ŕàĺńőęěŋĺĺ 2. Ğďěáì ńĺèì őâňěâĺň, çâő őŋĺ åăàăłâěàĺğãîâáï âàěňï ŕăàăňěâàăňĺ, íłćĺćăńěŋâŋëňĺ ăňŕńĺâãďăň ćőğňãéěŋĺľ: A^c_X , A^c_κ, ĺ A^{rad}_κ . Ŋĺęŋĺľ ĺŋďěłá ŕőłăğëćăěâ, ć łăłãî ŕěàěňěŋŋãî ććőďĺâáï ćăàĺăæĺï, ćěàåŋĺľ { őąńăáâì ďěľáâćĺï (c { íŋěàčőćëďěńïîéěě ïďàő, rad { ńãçĺáâăï çăáâì ňőďěńĺ ŕőď łőŋćěłâĺćŋőľ ğőŋőľ, čďě ãęě ŋěâ íŋěàčőćëďěńěŋĺï ĺ áćěâĺňőáâì ŕőáâőïŋŋă).

Ŕěàćëľ àăááňăâàĺćăěňëľ łńăáá ňőďěńěľ ĺňěěâ ŕőńŋőáâìî äĺłáĺàőćăŋŋãî őąőńőçłã (åĺňĺçěáłĺľ áőáâăć ĺ α). Ćŋőáï ćőğňãéěŋĺě ć ŕàőäĺńì X(M_r/M_⊙) (ć ïďàě) ć ćĺďě áŕńăľŋă á ăňŕńĺâãďőľ A_1, ňőęŋő ŕőńãçĺâì ŋőćãî (áèĺâãî) ňőďěńì, ŕőďąĺàăï T_c, ρ_c ĺ ďćă ďőŕőńŋĺâěńìŋëå ŕăàăňěâàă åĺňĺçěáłőčő áőáâăćă (ăňŕńĺâãďă ěéě őďŋőčő áŕńăľŋă A_2 ĺ A^c_X ). Ŕàĺ íâőň ćáě őâńĺçĺï őâ áâăŋďăàâŋőľ ňőďěńĺ ŕőńŋőáâìî ńőłăńĺğőćăŋë ć ïďàě ŕőáâăŋőćłőľ ğăďăçĺ: åĺňĺçěáłĺľ áőáâăć ĺ α ć őąőńőçłě ŋě ňěŋïńĺáì, áćěâĺňőáâì ĺ àăďĺãá, àăğãňěěâáï, ďőńęŋë ąëâì àăćŋë áőńŋěçŋëň.

Šěŕěàì áńěčłă ĺğňěŋĺň ãáńőćĺï: ŕãáâì α áâăŋěâ ŕăàăňěâàőň áèĺćłĺ ćňěáâő A_2. Ćŋőćì ćŋőáĺň ćăàĺăæĺî ć ŕàőäĺńì X ĺ őŕïâì áèĺćăěň ňőďěńì (âěŕěàì ŕăàăňěâàăňĺ áèĺćłĺ áńãęăâ T_c, ρ_c, A^c_X ĺ α). Šěŕěàì őąőńőçłă ďőńęŋă ąë ĺğňěŋĺâìáï, őďŋăłő àăáçěâ ŕőłăğëćăěâ, çâő α ŕàĺ íâőň ŕàĺŋĺňăěâ ŕàăłâĺçěáłĺ âő ęě áăňőě ğŋăçěŋĺě, çâő ĺ ć áâăŋďăàâŋőľ (ŋěňőďĺäĺæĺàőćăŋŋőľ) ňőďěńĺ! İâő őğŋăçăěâ, çâő ďńï áèĺćłĺ âăłőľ ňőďěńĺ ďőáâăâőçŋő âàěå ŕăàăňěâàőć ćňěáâő çěâëàěå: T_c, ρ_c ĺ ăňŕńĺâãďë ćőğňãéěŋĺï ć åĺňĺçěáłőň áőáâăćě A^c_X .

Řăğŋőáâĺ ňěęďã őďŋőľ ĺğ ňőďěńěľ âăłőčő àőďă ĺ áâăŋďăàâŋőľ ňőďěńìî ŕőłăğăŋë ŋă àĺá. 6. Čőàą ć ŕàőäĺńě X ć æěŋâàě ğćěğďë { áŕńăľŋőćőě ćőğňãéěŋĺě; ŕőŋĺęěŋĺě X ć àăľőŋě 0.15 r/R_⊙ { çńěŋ A^c_X δ. Ĺŋâěàěáŋő, çâő âěňŕěàăâãàă ĺ ŋěŕàőğàăçŋőáâì ňěŋïîâáï áàăćŋĺâěńìŋő áńăąő.

Ŕő-ćĺďĺňőňã, âăłăï áèĺćłă á âàěňï áćőąőďŋëňĺ ŕăàăňěâàăňĺ ćňěáâő çěâëàěå ğăłńîçăěâáï ć ŕőďąőàě ăňŕńĺâãďë A^c_X âăłőľ, çâőąë áłőňŕěŋáĺàőćăâì ććěďěŋŋőě àăŋěě ćőğňãéěŋĺě. α ęě ĺňěěâ čńăćŋëň őąàăğőň łăńĺąàőćőçŋőě ğŋăçěŋĺě, őŕàěďěńïï àăďĺãá ňőďěńĺ. Šăł łăł őáâăńìŋëě ŕăàăňěâàë őąőńőçłĺ ć ŕàőæěááě âăłőľ áèĺćłĺ ĺğňěŋěŋë ąëâì ŋě ňőčãâ, α âăłęě őáâăěâáï ŕőáâőïŋŋëň. Ďăńěě, ŕőŕëâłĺ ŕőáâàőĺâì âăłãî ňőďěńì á ďàãčĺň α (ŕőďąĺàăï ďćă ŕăàăňěâàă åĺňĺçěáłőčő áőáâăćă ć ïďàě) ŋě ãďăńĺáì. Šăłĺň őąàăğőň, ňőďěńĺ Śőńŋæă á őďĺŋăłőćőľ äĺğĺłőľ ĺ àăğŋëňĺ ŕàőäĺńïňĺ X(M_r/M_⊙) ć ïďàě ĺňěîâ őďŋő ĺ âő ęě α (ĺ, áńěďőćăâěńìŋő, őďĺŋăłőćãî őąőńőçłã).

Ěáńĺ ćňěáâő åĺňĺçěáłőčő áőáâăćă ňěŋïâì ŋěŕàőğàăçŋőáâĺ ć íŋěàčőćëďěńïîéěň ïďàě, ďőąĺćăïáì áèĺćłĺ ŕàĺ ŕőňőéĺ ćăàìĺàőćăŋĺï T_c, ρ_c, A^c_X ĺ α, ŕőńãçăěâáï ňőďěńì áő áńěčłă ĺğňěŋěŋŋëň

Řĺá. 6. Śàăćŋěŋĺě ňőďěńěľ 300{0003 (áâăŋďăàâŋőľ) ĺ 300{0004 (ĺğňěŋěŋ åĺňĺçěáłĺľ áőáâăć ć ïďàě).

Řăğŋőáâĺ ňěęďã ďćãňï ňőďěńïňĺ: δx ≡^{x2}�^{x1}_{(x2+x1)/2} ; ´x ≡ x2 −x1. Ćěńĺçĺŋë ćëçĺâăńĺáì ć âőçłăå àăćŋőľ ňăááë Mr /Mfi. T { âěňŕěàăâãàă, ∇ { čàăďĺěŋâ âěňŕěàăâãàë d ln T/d ln P , ρ { ŕńőâŋőáâì, X { ňăááőćăï ďőńï ćőďőàőďă, κ { ŋěŕàőğàăçŋőáâì, Lr { áćěâĺňőáâì áäěàë àăďĺãáă r. Řăğŋőáâĺ ňěęďã ňőďěńïňĺ őčàăŋĺçěŋë őąńăáâìî Mr /Mfi < 0.4, čďě ĺğňěŋěŋ åĺňĺçěáłĺľ áőáâăć. Őąàăâĺâě ćŋĺňăŋĺě ŋă ŋěĺğňěŋŋőáâì T ĺ κ.

α (àăğŋőáâĺ ňěęďã őďŋőľ ĺğ âăłĺå ňőďěńěľ ĺ áâăŋďăàâŋőľ ŕőłăğăŋë ŋă àĺá. 7). Ĺğňěŋěŋĺï ć őąőńőçłě ňőďěńĺ ŋěćěńĺłĺ ŕő áàăćŋěŋĺî á ĺğňěŋěŋĺïňĺ á ïďàě; çńěŋ A^c_X δ ŕőçâĺ łőňŕěŋáĺàãěâ ćőğňãéěŋĺě A^c_κδ. Őŕïâì ňőďĺäĺłăæĺï ïďàă áőåàăŋïěâ őąőńőçłã ŕőçâĺ ŋěĺğňěŋŋőľ.

Šăłĺň őąàăğőň, ňőęŋő ćëáłăğăâì ŕàěďŕőńőęěŋĺě, çâő ćăàìĺàőćăŋĺěň ŋěŕàőğàăçŋőáâĺ ĺ ŕàőäĺńï áőďěàęăŋĺï ćőďőàőďă ć íŋěàčőćëďěńïîéěň ïďàě ŋěćőğňőęŋő áãéěáâćěŋŋő ĺğňěŋĺâì α, â.ě. íŋâàőŕĺî őąőńőçłĺ S_{cnv}.

Śńěďãîéăï čàãŕŕă ňőďěńěľ ĺňěěâ àăğńĺçŋőě áőďěàęăŋĺě ćőďőàőďă ć őąőńőçłě. Śŋőćă ćŋőáĺň ćőğňãéěŋĺï ć X ĺ κ. Ć łăçěáâćě ŕăàăňěâàőć áèĺćłĺ âěŕěàì ćëáâãŕăîâ: ďćă æěŋâàăńìŋëå ğŋăçěŋĺï (T_c ĺ ρ_c), ŕăàăňěâà łőŋćěłæĺĺ α (ćńĺïîéĺľ ŋă S_{cnv}) ĺ ćěńĺçĺŋă ´X, ĺňěîéăï áňëáń \áďćĺčă" ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă:

X(M_r/M_⊙) = X0(M_r/M_⊙) + ´X

Ğďěáì X(M_r/M_⊙) { ŕàőäĺńì X ć ŕőńãçăěňőľ ňőďěńĺ, X_0(M_r/M_⊙) { ŕàőäĺńì áőďěàęăŋĺï ćőďőàőďă ć áâăŋďăàâŋőľ ňőďěńĺ. Őâňěâĺň, çâő ´X ŋě ïćńïěâáï äãŋłæĺěľ ňăááőćőľ łőőàďĺŋăâë M_r/M_⊙. Řěğãńìâăâ, őçěćĺďŋő, őłăğëćăěâáï őâńĺçŋëň őâ ňőďěńěľ, őŕĺáăŋŋëå àăŋěě, âăł łăł ćőğňãéěŋĺě ć ïďàě ňőďěńĺ ňőęěâ ąëâì áłőňŕěŋáĺàőćăŋő ńĺèì α ĺ/ĺńĺ ´X, çâő ŋěĺğąěęŋő ŕàĺćőďĺâ ł ĺğňěŋěŋĺî őąőńőçłĺ. Ŕàĺ íâőň őłăğëćăěâáï, çâő ĺğňěŋïěâáï łăł α, âăł ĺ ´X. Řăğŋőáâĺ őďŋőľ ĺğ âăłĺå ňőďěńěľ ĺ áâăŋďăàâŋőľ ŕőłăğăŋë ŋă àĺá. 8. Šěŕěàì ãęě őâńĺçĺï őâ áâăŋďăàâŋőľ ňőďěńĺ ŋě ńőłăńĺğőćăŋë ć ïďàě, åőâï ć ŋěň ăňŕńĺâãďë àăğŋőáâěľ ŋăĺąőńěě ćëáőłĺ, âăł łăł ĺňěŋŋő âăň ŕàőĺğćěďěŋă ňőďĺäĺłăæĺï (ãćěńĺçěŋĺě X). Ţăàăłâěà àăğŋőáâěľ ąńĺğőł ł ŕàěďëďãéěňã áńãçăî (ŋěĺğňěŋŋőľ őąőńőçłĺ).

Ć ŕàĺńőęěŋĺĺ 2 ŕàĺćěďěŋë åăàăłâěàĺáâĺłĺ àăááçĺâăŋŋëå ňőďěńěľ á ňőďĺäĺæĺàőćăŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ ĺ åĺňĺçěáłĺň áőáâăćőň.

Řĺá. 7. Śàăćŋěŋĺě ňőďěńěľ 300{0003 (áâăŋďăàâŋőľ) ĺ 300{0015 (ãćěńĺçěŋă ŋěŕàőğàăçŋőáâì ć ïďàě).

Řăğŋőáâĺ ňěęďã ďćãňï ňőďěńïňĺ: δx ≡^{x2}�^{x1}_{(x2+x1)/2} ; ´x ≡ x2 −x1. Ćěńĺçĺŋë ćëçĺâăńĺáì ć âőçłăå àăćŋőľ ňăááë Mr /Mfi. T { âěňŕěàăâãàă, ∇ { čàăďĺěŋâ âěňŕěàăâãàë d ln T/d ln P , ρ { ŕńőâŋőáâì, X { ňăááőćăï ďőńï ćőďőàőďă, κ { ŋěŕàőğàăçŋőáâì, Lr { áćěâĺňőáâì áäěàë àăďĺãáă r. Řăğŋőáâĺ ćěńĺłĺ ć àăľőŋě ňőďĺäĺłăæĺĺ κ ĺ X ĺ ňăńë ŕàĺ r/Rfi > 0.2: őąőńőçłă 300{0015 áńăąő őâńĺçăěâáï őâ őąőńőçłĺ áâăŋďăàâŋőľ ňőďěńĺ.

Řĺá. 8. Śàăćŋěŋĺě ňőďěńěľ 300{0003 (áâăŋďăàâŋőľ) ĺ 300{0005 (ãćěńĺçěŋő áőďěàęăŋĺě ćőďőàőďă ć ïďàě).

Řăğŋőáâĺ ňěęďã ďćãňï ňőďěńïňĺ: δx ≡^{x2}�^{x1}_{(x2+x1)/2} ; ´x ≡ x2 −x1. Ćěńĺçĺŋë ćëçĺâăńĺáì ć âőçłăå àăćŋőľ ňăááë Mr /Mfi. T { âěňŕěàăâãàă, ∇ { čàăďĺěŋâ âěňŕěàăâãàë d ln T/d ln P , ρ { ŕńőâŋőáâì, X { ňăááőćăï ďőńï ćőďőàőďă, κ { ŋěŕàőğàăçŋőáâì, Lr { áćěâĺňőáâì áäěàë àăďĺãáă r. Ł ŕőćěàåŋőáâĺ ´X ćëåőďĺâ ŋă ŕőáâőïŋŋãî ćěńĺçĺŋã −0.0058. Őąàăâĺâě ćŋĺňăŋĺě ŋă ŋěĺğňěŋŋőáâì κ.

Čńăćă 5. Śćïğì ňěęďã íŋâàőŕĺěľ ĺ áőďěàęăŋĺěň čěńĺï.

Ğăďăćăï àăğŋãî ăňŕńĺâãďã ćőğňãéěŋĺï X ć ïďàě ĺ ŕőńìğãïáì áèĺćłőľ ŕő T_c, ρ_c, α ĺ ´X, ŕőńãçăěň áěàĺî ňőďěńěľ. Ŋă àĺá. 9 ćĺďŋő, çâő ŕàĺ ŋăŋěáěŋĺĺ ĺå ŋă ŕńőáłőáâì S_{cnv} − Y őŋĺ ńőęăâáï ŋă őďŋã ŕàïňãî (ŕàïňăï I’). İâő ňőďěńĺ 300{0003 (áâăŋďăàâŋăï), 300{0005, 300{0008, 300{0009.

Ąëńő âăłęě ĺááńěďőćăŋő ćńĺïŋĺě ĺğňěŋěŋĺľ ŋěŕàőğàăçŋőáâĺ. Ć ŕěàćőň áńãçăě ćőğňãéěŋĺï ć κ ńőłăńĺğőćëćăńĺáì ć íŋěàčőćëďěńïîéěň ïďàě. Ŕőńãçăěňëľ íääěłâ ąëń ąńĺğőł ł íääěłâã, ćëğëćăěňőňã ňőďĺäĺłăæĺïňĺ åĺňĺçěáłőčő áőáâăćă: ŋă ŕńőáłőáâĺ S_{cnv} − Y ňőďěńĺ ńőęăâáï ŋă ŕàïňãî I" (300{0003, 300{0006, 300{0007), áńěčłă ŋăłńőŋěŋŋãî ł ŕàïňőľ I’. İâő ŕőłăğëćăěâ, çâő íääěłâë ĺğňěŋěŋĺï ŕàőäĺńï X ĺ κ ąńĺğłĺ, âăł łăł ŕàĺćőďïâ ł ŕőåőęĺň àěğãńìâăâăň. Ŕőłă őáâăěâáï ŋěïáŋëň, łăłĺě äăłâőàë ňőčãâ ćńĺïâì ŋă ŋăłńőŋ ŕàïňőľ.

Šăłĺň őąàăğőň, ć \őďŋőàőďŋőľ" čàãŕŕě áőńŋěçŋëå ňőďěńěľ, őâńĺçăîéĺåáï ńĺèì ŕàőäĺńěň åĺňĺçěáłőčő áőáâăćă ĺ ŋěŕàőğàăçŋőáâïňĺ ć íŋěàčőćëďěńïîéěň ïďàě, áãéěáâćãěâ ŕàĺąńĺğĺâěńìŋő ńĺŋěľŋăï ğăćĺáĺňőáâì ňěęďã íŋâàőŕĺěľ ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë ĺ áőďěàęăŋĺěň čěńĺï ć őąőńőçłě ňőďěńĺ.

Őďŋăłő ĺğňěŋěŋĺě κ ć ńãçĺáâőľ ğőŋě (âăň, čďě áćěâĺňőáâì ãęě ŕőáâőïŋŋă, ŋő ěéě ŋěâ łőŋćěłæĺĺ (0.3 < r/R_⊙ < 0.72, 0.6 < M_r/M_⊙ < 0.98, 6.3 < lg T < 6.8, −0.9 < lg ρ < 1.1) ŕàĺćőďĺâ ł âőňã, çâő ŕàïňăï S_{cnv} −Y áďćĺčăěâáï ŕăàăńńěńìŋő áăňőľ áěąě (ŕàïňëě II’, II": ňőďěńĺ 300{0010 { 300{0014). Ňőďěńĺ ŕàĺ íâőň ŕàĺąńĺğĺâěńìŋő áőåàăŋïîâ íŋâàőŕĺî ĺ áĺńìŋő ňěŋïîâ Y (ŋăŕàĺňěà, ŕěàěåőď 300{0003 → 300{0010). Ŕàĺ íâőň áâàãłâãàă ğăćĺáĺňőáâĺ áőåàăŋïěâáï, ĺ ďăęě ãčőń ňěęďã ŕàïňëňĺ II’ ĺ II"

Řĺá. 9. Śőőâŋőèěŋĺě ňěęďã áőďěàęăŋĺěň čěńĺï Y ĺ íŋâàőŕĺěľ ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë Scnv .

R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï. Łćăďàăâë ĺ âàěãčőńìŋĺłĺ { àăááçĺâăŋŋëě ć ďăŋŋőľ àăąőâě ňőďěńĺ, łàěáâĺłĺ { ňőďěńĺ ĺğ Christensen-Dalsgaard 1992b, łàãęőł á âőçłőľ ć æěŋâàě { őŕàěďěńěŋŋëě čěńĺőáěľáňőńőčĺçěáłĺňĺ ňěâőďăňĺ ğŋăçěŋĺï (Vorontsov et al. 1991, Ąăâãàĺŋ 1992) (ŕőłăğăŋë őæěŋłĺ ŕőčàěèŋőáâĺ őŕàěďěńěŋĺï). Śâăŋďăàâŋăï ňőďěńì { 300{0003. Łćăďàăâë { ňőďěńĺ á ćăàĺăæĺïňĺ X ĺ κ âőńìłő ć íŋěàčőćëďěńïîéěľ ğőŋě, âàěãčőńìŋĺłĺ { ňőďěńĺ á ãćěńĺçěŋŋőľ ŋěŕàőğàăçŋőáâìî ć ńãçĺáâőľ ğőŋě. Ňőďěńĺ E1 ĺ E2 őâńĺçăîâáï őâ E0 ãňěŋìèěŋŋőľ ŋěŕàőğàăçŋőáâìî ć ïďàě. Ňőďěńĺ 6, 21 ĺ 22 ĺňěîâ àăğŋëľ ćőğàăáâ. Ňőďěńì 14 àăááçĺâăŋă á ãàăćŋěŋĺěň áőáâőïŋĺï CEFF, ňőďěńĺ 4, 6, 21, 22, E0, E1, E2 { á EFF.

Ŕàïňëě I’, I" { ňőďěńĺ á X ĺ κ, ĺğňěŋěŋŋëňĺ ć ïďàě; II’, II" { ććěďěŋă ďőŕőńŋĺâěńìŋăï łőààěłæĺï ŋěŕàőğàăçŋőáâěľ ć ńãçĺáâőľ ğőŋě. Őďĺŋ èâàĺå áőőâćěâáâćãěâ ĺğňěŋěŋĺî κ, ďćă { åĺňĺçěáłőčő áőáâăćă.

(ăŋăńőč I") ąńĺğőł ł ãčńã ňěęďã I’ ĺ I". Ŕő-ćĺďĺňőňã, íŋěàčőćëďěńěŋĺě ĺčàăěâ ŋěłőâőàãî łőňŕěŋáĺàãîéãî àőńì, áćïğăŋŋãî á ŕőáâőïŋáâćőň áćěâĺňőáâĺ, ă ŕàĺ ćőğňãéěŋĺïå ć ńãçĺáâőľ ğőŋě, čďě ŋěâ íŋěàčőćëďěńěŋĺï, íâőâ äăłâőà őâáãâáâćãěâ.

Ŋă àĺá. 9 ŋăŋěáěŋë âăłęě âőçłĺ, áőőâćěâáâćãîéĺě ňőďěńïň ĺğ Christensen-Dalsgaard 1992b (łàěáâĺłĺ). Ćőőąéě čőćőàï, íâĺ ňőďěńĺ àăááçĺâăŋë á ãàăćŋěŋĺïňĺ áőáâőïŋĺï EFF ĺ CEFF, ă ŋě MHD. İŋâàőŕĺï ďńï ŋĺå àăááçĺâăŋă á ĺáŕőńìğőćăŋĺěň âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ ĺğ MHD ğă ŋěĺňěŋĺěň ćőğňőęŋőáâĺ ćőáŕőńìğőćăâìáï őàĺčĺŋăńìŋëňĺ ãàăćŋěŋĺïňĺ áőáâőïŋĺï. İâő, łőŋěçŋő, áěàìěğŋőě ãŕàőéěŋĺě. Ŋő čàãąő ňőęŋő ŕàěďŕőńőęĺâì, çâő ãàăćŋěŋĺï áőáâőïŋĺï ŋě őçěŋì áĺńìŋő őâńĺçăîâáï.

Ňőďěńĺ E1 ĺ E2 ĺňěîâ ĺğňěŋěŋŋãî ć áàăćŋěŋĺĺ á E0 ŋěŕàőğàăçŋőáâì ć ïďàě, łăł ňőďěńĺ 300{0006 ĺ 300{0007 ŕő őâŋőèěŋĺî ł 300{0003. Őŋĺ âăłęě àăáŕőńăčăîâáï ćďőńì ŕàïňőľ, ŕàĺąńĺğĺâěńìŋő ŕăàăńńěńìŋőľ ŕàïňőľ I" (áőőâćěâáâćãîéěľ 300{ 0003, 300{0006, 300{0007).

Ăŋăńőčĺçŋő ňőďěńĺ 6, 21, 22 őâńĺçăîâáï ďàãč őâ ďàãčă ćőğàăáâőň (ďńĺŋőľ íćőńîæĺőŋŋőčő âàěłă), â.ě. ŕàőäĺńěň åĺňĺçěáłőčő áőáâăćă. Őŋĺ ńěęăâ ćďőńì ŕàïňőľ, ŕőçâĺ ŕăàăńńěńìŋőľ I’ (ňőďěńĺ á ĺğňěŋěŋŋëň åĺňĺçěáłĺň áőáâăćőň ć ïďàě).

Šăłĺň őąàăğőň, àěğãńìâăâë ŋěŕńőåő ŕőďâćěàęďăîâáï ŋă ŕàĺňěàăå ňőďěńěľ, ŕőńãçěŋŋëå J.Christensen-Dalsgaard’őň. Ňőďěńĺ 4 ĺ 14 àăááçĺâăŋë á ĺáŕőńìğőćăŋĺěň áâăàëå âăąńĺæ ŋěŕàőğàăçŋőáâěľ (Cox, Stewart 1970), őáâăńìŋëě { á LAOL (Huenber et al. 1977). Ŕàĺ ŕěàěåőďě őâ Cox, Stewart 1970 ł LAOL ŋěŕàőğàăçŋőáâì ãćěńĺçĺćăěâáï; íâő áőćŕăďăěâ ŋăŕàăćńěŋĺěň I → II (ğďěáì âăłęě ãćěńĺçěŋă ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě). Ćőğňőęŋő, ćĺďěŋ âăłęě íääěłâ ãćěńĺçěŋĺï κ ŕàĺ ŕěàěåőďě őâ LAOL ł OPAL, őďŋăłő ŋăćěàŋïłă ãâćěàęďăâì íâő ŋěńìğï ĺğ-ğă ŋěăďěłćăâŋőáâĺ őæěŋőł íŋâàőŕĺĺ ć ňőďěńïå Christensen- Dalsgaard 1992b.

Ĺâăł, ãćěńĺçěŋĺě κ ć ńãçĺáâőľ ğőŋě ćěďěâ ł áďćĺčã ŕàïňőľ ćŕàăćő (àőáâ Y ĺ áőåàăŋěŋĺě íŋâàőŕĺĺ); ãňěŋìèěŋĺě κ ć ïďàě { ł ŕěàěďćĺęěŋĺî ňőďěńĺ ŕő ŕàïňőľ ćŋĺğ (ãňěŋìèěŋĺě Y ĺ S_{cnv}). İâĺ íääěłâë ňőčãâ àăááňăâàĺćăâìáï ŋěğăćĺáĺňő.

Łàãęłőň á âőçłőľ ć æěŋâàě, ŋăŕőňĺŋăîéĺň Śőńŋæě, ŋăŋěáěŋő őŕàěďěńěŋĺě ŕăàăňěâàőć őąőńőçłĺ ňěâőďăňĺ čěńĺőáěľáňőńőčĺĺ (Vorontsov et al. 1991, Ąăâãàĺŋ 1992) (őâňěçěŋë âăłęě őæěŋłĺ ŕőčàěèŋőáâěľ őŕàěďěńěŋĺï). Ĺáåőďï ĺğ ĺğńőęěŋŋőčő ć ŕàěďëďãéěň ăąğăæě, ňőęŋő őæěŋĺâì ĺğňěŋěŋĺï, łőâőàëě ŋãęŋő ćŋěáâĺ ć âăąńĺæë OPAL, çâőąë ŕőńãçĺâì ĺğ ňőďěńĺ 300{0003 ňőďěńì áő ğŋăçěŋĺïňĺ, ąńĺğłĺňĺ ł íâőňã ŋěğăćĺáĺňőňã őŕàěďěńěŋĺî. Ňőďěńì 300{0003 ĺňěěâ áńĺèłőň ćëáőłőě áőďěàęăŋĺě čěńĺï ĺ íŋâàőŕĺî. Şňěŋìèěŋĺě S_{cnv} ćőğňőęŋő ńĺèì ğă áçěâ ãňěŋìèěŋĺï κ ć ńãçĺáâőľ ğőŋě; áãďï ŕő àĺáãŋłã, ćěńĺçĺŋă ãňěŋìèěŋĺï ďőńęŋă ąëâì áőćáěň ŋěąőńìèőľ. İâő ŕàĺćěďěâ ł âőňã, çâő ŕàïňăï I’ ŕőáńě áďćĺčă ąãďěâ ŕàőåőďĺâì çěàěğ ⊙. Ďăńěě, çâőąë ŕěàěďćĺŋãâì ňőďěńì ŕő ŕàïňőľ ćŋĺğ (ĺ ćńěćő), ŋěőąåőďĺňő ãňěŋìèĺâì ć ïďàě ńĺąő X (íääěłâ, ŕàőâĺćőŕőńőęŋëľ ŕěàěňěèĺćăŋĺî), ńĺąő κ. Ĺ âă ĺ ďàãčăï ňőďĺäĺłăæĺĺ ďőńęŋë ąëâì ćěáìňă ğŋăçĺâěńìŋë, çâőąë ďőáâĺçì ŋãęŋőčő íääěłâă: ĺńĺ áőďěàęăŋĺě ćőďőàőďă ŕàĺďěâáï ãňěŋìèĺâì ąőńěě çěň ŋă 20% (ďő X_c = 0.13) ĺńĺ ŋěŕàőğàăçŋőáâì ŋă 30{40%. Ćŕàőçěň, âăłĺě őæěŋłĺ ďőńęŋë àăááňăâàĺćăâìáï, łőŋěçŋő, łăł ŕàěďćăàĺâěńìŋëě: ňőčãâ áãéěáâćőćăâì ŋěãçâěŋŋëě äăłâőàë, ćńĺïîéĺě ŋă ŕőńőęěŋĺě ňőďěńěľ, ćőğňőęŋëě őèĺąłĺ čěńĺőáěľáňőńőčĺçěáłőčő őŕàěďěńěŋĺï ćěńĺłĺ.

Čńăćă 6. Ğăłńîçěŋĺě.

Ć àăąőâě ŕőáâàőěŋă \łăŋőŋĺçěáłăï" áőńŋěçŋăï ňőďěńì. Ĺáŕőńìğőćăŋë ŕőáńěďŋĺě ďőáâãŕŋëě ćåőďŋëě ďăŋŋëě: ãàăćŋěŋĺě áőáâőïŋĺï MHD (Mihalas, D-appen and Hummer 1988, Hummer and Mihalas 1988, D-appen et al. 1988), âăąńĺæë ŋěŕàőğàăçŋőáâěľ Ńĺćěàňőàáłőľ ńăąőàăâőàĺĺ OPAL (Iglesias, Rogers 1991, Faulkner, Swenson 1992), áěçěŋĺï ïďěàŋëå àěăłæĺľ ĺğ Caughlan, Fowler 1988. Ŕàĺŋïâë áŕěæĺăńìŋëě ňěàë ďńï ĺáłńîçěŋĺï çĺáńěŋŋëå őèĺąőł ĺ ďőáâĺęěŋĺï ćëáőłőľ âőçŋőáâĺ ĺ áőčńăáőćăŋŋőáâĺ ňőďěńĺ. Śâăŋďăàâŋăï ňőďěńì ĺňěěâ áőďěàęăŋĺě čěńĺï Y = 0.2803, čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë H_{bcz} = 0.2810, ŕàěďáłăğëćăěňëľ ŕőâőł ŋěľâàĺŋő ďńï ďěâěłâőàă^{37}Cl { 8.5 SNU, ďńï ďěâěłâőàă^{71}Ga { 127 SNU. Ŕàőćěďěŋő áàăćŋěŋĺě ŕő áőďěàęăŋĺî čěńĺï Y ĺ čńãąĺŋě łőŋćěłâĺćŋőľ ğőŋë á ďàãčĺňĺ àăááçĺâăŋŋëňĺ ć ŕőáńěďŋĺě ďćă čőďă áâăŋďăàâŋëňĺ ňőďěńïňĺ Śőńŋæă; ŕőçâĺ ćáě àăáåőęďěŋĺï åőàőèő őąêïáŋïîâáï.

Ŕàěďńăčăěâáï ĺáŕőńìğőćăâì ãďěńìŋãî íŋâàőŕĺî ćěéěáâćă ăďĺăąăâĺçěáłĺ áâàăâĺäĺæĺàőćăŋŋëå áńőěć łőŋćěłâĺćŋőľ ğőŋë S_{cnv} łăł åăàăłâěàĺáâĺłã ňőďěńĺ. Őąőáŋőćăŋë ŕàěĺňãéěáâćă âăłőčő ćëąőàă ŕěàěď ŕăàăňěâàőň łőŋćěłæĺĺ α ĺ čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë H_{bcz}. Řăááçĺâăŋŋăï áâăŋďăàâŋăï ňőďěńì ĺňěěâ S_{cnv}/R = −1.64080 ňőńì/č (R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï).

Őąŋăàãęěŋă ńĺŋěľŋăï ğăćĺáĺňőáâì ňěęďã áőďěàęăŋĺěň čěńĺï ć őąőńőçłě ňőďěńĺ ĺ ãďěńìŋőľ íŋâàőŕĺěľ ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S_{cnv}. İâă ğăćĺáĺňőáâì áŕàăćěďńĺćă ďńï ňőďěńěľ, őâńĺçăîéĺåáï ŕàőäĺńěň áőďěàęăŋĺï ćőďőàőďă ĺ ŋěŕàőğàăçŋőáâïňĺ ć íŋěàčőćëďěńïîéěň ïďàě.

Řăááňőâàěŋ ćőŕàőá áőčńăáőćăŋĺï àěğãńìâăâőć íćőńîæĺőŋŋëå àăáçěâőć á íŋâàőŕĺěľ łőŋćěłâĺćŋőľ ğőŋë, őŕàěďěńïěňőľ čěńĺőáěľáňőńőčĺçěáłĺňĺ ňěâőďăňĺ. Śőčńăáŋő ŕőńãçěŋŋëň ŕàěďćăàĺâěńìŋëň őæěŋłăň, ďńï ďőáâĺęěŋĺï ŋãęŋőčő ğŋăçěŋĺï S_{cnv} (ć íćőńîæĺőŋŋëå ňőďěńïå) ŋěőąåőďĺňő áńěčłă ãňěŋìèĺâì ŋěŕàőğàăçŋőáâì ć ğőŋě 2{6 ňńŋ. Ł ĺ ćěáìňă ğŋăçĺâěńìŋő ć ğőŋě 6{12 ňńŋ. Ł ŕő áàăćŋěŋĺî á âăąńĺæăňĺ OPAL.

Ăćâőà ąńăčőďăàĺâ Ć.Ďăŕŕěŋă ğă ŕàěďőáâăćńěŋĺě âăąńĺæ ãàăćŋěŋĺï áőáâőïŋĺï MHD, áďěńăćèěě íâã àăąőâã ćőğňőęŋőľ ĺ Ľ.Łàĺáâěŋáěŋă-Ďăńáčăăàďă ğă ďăŋŋëě ŕő àăááçĺâăŋŋëň ĺň ňőďěńïň.

Ńĺâěàăâãàă

Ando, H., Osaki, Y. 1975. Publ. Astron. Soc. Japan, 27, 581. Ăîłőć Ś.Ć., 1991, Łãàáőćăï àăąőâă, ŇČŞ.

Bahcall, J. N. and Ulrich, R. K., 1988. Rev. Mod. Phys., 60, 297{372.

Ąăâãàĺŋ, Ć.Ă., 1992. Ůăáâŋőě áőőąéěŋĺě.

Caughlan, G.R., and Fowler, W.A. 1988. Atomic Data and Nuclear Data Tables, 40, 284.

Christensen-Dalsgaard, J. 1988. Computational Procedures for GONG Solar Model Project.

Christensen-Dalsgaard, J. 1991. in Challenges to Theories of the Structure of Moderate Mass Stars, pp.11{36, ed. D.O.Gough and J.Toomre (Lecture Notes in Physics, 388,Springer, Heidelberg, 1991).

Christensen-Dalsgaard, J. 1992a. Ap. J., 385, 354{362. Christensen-Dalsgaard, J. 1992b. Geophys. Astrophys. Fluid Dynamics, 62, 123{152.

Christensen-Dalsgaard, J., D-appen, W. and Lebreton, Y., 1988.

Nature, 336, 634{638.

Courtaud, D., Damamme, G., Genot, E., Vuillemin, M., and Turck-Chieze, S. 1990. Solar Phys., 128, 49{60.

Cox, A. N. and Tabor, J. E., 1976. Ap. J. Suppl., 31, 271{312. Cox, A.N., and Stewart, J.N. 1970. Ap. J. Suppl., 19, 243. Cox, J.P., Giuli, R.J. 1968. Principles of Stellar Structure, New York, Gordon & Breach.

Dziembowski, W. A., Pamyatnykh, A. A. and Sienkiewicz, R., 1992. Acta Astron., 42, 5{15.

D-appen, W., Mihalas, D., Hummer, D.G. and Mihalas, B.W., 1988 (III). Ap. J., 332, 261{270.

Eggleton, P.P., Faulkner, J. and Flannery, B.P., 1973. Astron.

Astrophys., 23, 325{330 Faulkner, J., and Swenson, F.J. 1992. Ap. J., 386, L55{L58. Gingerich, O., Noyes, R.W., Kalkofen, W. and Cuny, Y. 1971.

Solar Physics, 18, 347.

Grevesse, N. 1984. Phys. Scripta, T8, 49.

Guzik, J.A., and Cox, A.N. 1992. Ap. J., 386, 729{733. Huebner, W. F., Merts, A. L., Magee, N. H. and Argo, M.

F., 1977. Astrophysical Opacity Library, Los Alamos Scienti˛c Laboratory Report LA{6760{M.

Hummer, D.G., Mihalas, D., 1988 (I). Ap. J., 331, 794{814. Iglesias, C. A., and Rogers, F. J., 1991. Ap. J., 371, 408{417. Kim, Y.-C., Demarque, P., and Guenther D.B. 1991. Ap. J., 377, 407{412.

Mihalas, D., D-appen W. and Hummer, D.G., 1988 (II). Ap. J., 331, 815{825.

Morel, P., Provost, J., and Berthomieu, G. 1990. Solar Physics, 128, 7{20.

Morel, P., van’t Veer, C., Berthomiue, G., Cayrel, R., Castelli, F., Goupil, M.J., Lebreton, Y. and Provost, J. 1992. Vienna "Inside the Stars" Roxburg, I.W. 1991. in Challenges to Theories of the Structure of Moderate Mass Stars, pp.57{59, ed. D.O.Gough and J.Toomre (Lecture Notes in Physics, 388,Springer, Heidelberg, 1991).

Sackmann, I.-J., Boothroyd, A.I., and Fowler W. 1990. Ap. J., 360, 727{736.

Schmiedler, B., and Mein P. 1986. Astron. Ap., 161, 7-11. Śőąőńěć, Ć.Ć., 1985. Łãàá âěőàěâĺçěáłőľ ăáâàőäĺğĺłĺ, Ň., Ŋăãłă.

Turck-Chi„eze, S., Cahen, S., Cass«e, M. and Doom, C. 1988. Ap. J., 335, 415{424.

Ulrich, R.K. and Rhodes E.J.(Jr.) 1977. Ap. J., 218, 521{529. Vorontsov, S.V., Baturin, V.A., and Pamyatnykh, A.A. 1991. Nature, 349, 49{51.

Vorontsov, S.V., Baturin, V.A., and Pamyatnykh, A.A. 1992.

M.N.R.A.S., 257, 32{46.

Ŕàĺńőęěŋĺě 1. Ţăàăłâěàĺáâĺłĺ ĺ áâàãłâãàă áâăŋďăàâŋőľ ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă.

Ć ŕàĺńőęěŋĺĺ 1 ŕàĺćěďěŋë ŋěłőâőàëě čàăäĺłĺ, őâŋőáïéĺěáï ł ćŋãâàěŋŋěňã áâàőěŋĺî áâăŋďăàâŋőľ ňőďěńĺ (300{0003): áőőâŋőèěŋĺï \ňăááă/àăďĺãá", \àăďĺãá/áćěâĺňőáâì", \âěňŕěàăâãàă/ŕńőâŋőáâì", ŕàőäĺńĺ âěňŕěàăâãàŋëå čàăďĺěŋâőć (ńãçĺáâőčő, ăďĺăąăâĺçěáłőčő ĺ ňőďěńìŋőčő).

Řĺá. 10. Ňăááă, àăďĺãá ĺ áćěâĺňőáâì ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă.

Śäěàă á àăďĺãáőň 0.3 Rfi ďăěâ ŕőçâĺ ćáî áćěâĺňőáâì ĺ áőďěàęĺâ 60% ňăááë.

Řĺá. 11. Šěňŕěàăâãàă ĺ ŕńőâŋőáâì ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă.

Őąńăáâì lg T = 3.7 ÷ 3.8 { ăâňőáäěàă, lg T = 3.8 ÷ 6.3 { łőŋćěłâĺćŋăï ğőŋă, lg T = 6.3 ÷ 7.3 { ńãçĺáâăï ğőŋă ĺ ïďàő.

Řĺá. 12. Čàăďĺěŋâ âěňŕěàăâãàë ∇ ≡ d ln T/d ln P ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă.

Ďěâăńĺ áâàőěŋĺï ăâňőáäěàë ĺ ğőŋë áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ ŋěàăğńĺçĺňë; áň. àĺá. 13. Ńãçĺáâëľ čàăďĺěŋâ ďőáâĺčăěâ 2 · 10^6. Ŕăďěŋĺě ăďĺăąăâĺçěáłőčő čàăďĺěŋâă őąãáńőćńěŋő ŋăáâãŕńěŋĺěň çăáâĺçŋőľ ĺőŋĺğăæĺĺ ćőďőàőďă (ĺ čěńĺï).

Řĺá. 13. Čàăďĺěŋâ âěňŕěàăâãàë ∇ ≡ d ln T/d ln P ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă.

\Ńãçĺáâëľ" čàăďĺěŋâ ć ăâňőáäěàě ŕőńãçěŋ ĺğ ňőďěńĺ ăâňőáäěàë (ğăłőŋă T (τ)), ă ŋě ĺğ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï. Ţőàőèő ćĺďŋă ğőŋă áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ. Ŕăďěŋĺě ăďĺăąăâĺçěáłőčő čàăďĺěŋâă őąãáńőćńěŋő ŋăáâãŕńěŋĺěň çăáâĺçŋőľ ĺőŋĺğăæĺĺ ćőďőàőďă (ĺ čěńĺï). Śň. âăłęě àĺá. 12.

Ŕàĺńőęěŋĺě 2. Ňőďĺäĺæĺàőćăŋŋëě ňőďěńĺ.

Ć âăąńĺæăå 2 ĺ 3 ŕàĺćěďěŋë åăàăłâěàĺáâĺłĺ àăááçĺâăŋŋëå ć ďăŋŋőľ àăąőâě ňőďěńěľ á ňőďĺäĺłăæĺïňĺ ć ŕàőäĺńě åĺňĺçěáłőčő áőáâăćă ĺ ŋěŕàőğàăçŋőáâïå.

Ćăàĺăæĺĺ ć ŕàőäĺńě áőďěàęăŋĺï ćőďőàőďă X ććőďĺńĺáì ć ćĺďě łãąĺçěáłĺå áŕńăľŋőć ŕěàěňěŋŋőľ ăňŕńĺâãďë, őčàăŋĺçěŋŋëå őąńăáâìî M_r/M_⊙ < 0.2 ĺ áńăčăěňőčő, őčàăŋĺçěŋŋőčő M_r/M_⊙ < 0.4:

X(M_r/M_⊙) = X0(M_r/M_⊙)(1 + A^c_X δ(1 − M_r/M_⊙, 0.7) (27)

Ŕăàăňěâà A^c_X ãŕàăćńïěâ ćěńĺçĺŋőľ ćăàĺăæĺĺ; X_0(M_r/M_⊙) { ĺáåőďŋëľ ŕàőäĺńì áőďěàęăŋĺï ćőďőàőďă (ĺğ áâăŋďăàâŋőľ ňőďěńĺ). δ(x, x0) { ňŋőęĺâěńì, àăćŋëľ ěďĺŋĺæě ŕàĺ x ≫ x0, ŋãńî ŕàĺ x ≪ x0 ĺ ŕńăćŋő ŕěàěåőďïéĺľ ňěęďã ďćãňï łàăľŋĺňĺ áńãçăïňĺ ŕàĺ x ≃ x_0: δ(x, x0) = { 1 2 exp {50(x − x_0)} ŕàĺ x ≤ x_0 1 −^1_2 exp {50(x_0 − x)} ŕàĺ x > x_0

(28)

Ćőőąéě čőćőàï, ćőğňãéěŋĺï ňőčńĺ ĺňěâì ŕàőĺğćőńìŋëľ ğŋăł, â.ě. ŋě âőńìłő ĺňĺâĺàőćăâì ŕěàěňěèĺćăŋĺě; ňőďěńĺ á ãňěŋìèěŋŋëň áőďěàęăŋĺěň ćőďőàőďă ć æěŋâàě ĺňěîâ ŋěáłőńìłő ąőńěě ĺáłãááâćěŋŋëľ åăàăłâěà, ŋő ćłńîçěŋë ďńï ŕőńŋőâë łăàâĺŋë.

Ťőàňãńă, őŕĺáëćăîéăï ňőďĺäĺłăæĺî κ, ĺňěěâ ćĺď κ = κ0 [ 1 + A^{rad}_κ exp { − (lg T − 6.8)^2 0.01 }]

(1 + A^c_κδ(lg T, 7.0))

(29)

Ğďěáì T { âěňŕěàăâãàă, κ_0 { ĺáåőďŋăï (ŋěňőďĺäĺæĺàőćăŋŋăï) ŋěŕàőğàăçŋőáâì, A^c_κδ(lg T, 7.0) { ćăàĺăæĺï κ ć æěŋâàăńìŋőľ çăáâĺ ğćěğďë (A^c_κ { ăňŕńĺâãďă), ă ňŋőęĺâěńì ć ćĺďě čăãááĺăŋë á ăňŕńĺâãďőľ A^{rad}_κ ĺňěěâ ŕĺł ć ńãçĺáâőľ ğőŋě (őłőńő lg T = 6.8).

Ďàãčĺě ćěńĺçĺŋë, ŕàĺćěďěŋŋëě ć âăąńĺæě 2, ĺňěîâ áńěďãîéĺľ áňëáń: A_1 { ăňŕńĺâãďă áŕńăľŋă, őŕĺáëćăîéěčő ćőğňãéěŋĺě ć åĺňĺçěáłőň áőáâăćě; ďăŋŋëľ áŕńăľŋ ĺňěěâ ňăłáĺňãň ć æěŋâàě ğćěğďë; ´X { ćěńĺçĺŋă \áďćĺčă" ŕàőäĺńï X (áň. čń. 5); α { ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ (őâŋőèěŋĺě ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï ł èłăńě ćëáőâ ŕő ďăćńěŋĺî).

Šăąńĺæă 2. Ňőďĺäĺæĺàőćăŋŋëě ňőďěńĺ Śőńŋæă. Őąőğŋăçěŋĺï áň. ć âěłáâě.

Őąőğŋăçěŋĺě A1 A^c_κ A^{rad}_κ A^c_X ´X α ňőďěńĺ

300{0003 0.00 0.00 0.00 0.000000000 0.000000000 1.62949367 300{0004 0.02 0.00 0.00 { 0.005430840 0.000000000 1.62939539 300{0005 0.10 0.00 0.00 0.000000000 { 0.005806639 1.57688385 300{0006 0.00 0.50 0.00 0.000000000 { 0.019429296 1.48718014 300{0007 0.00 { 0.25 0.00 0.000000000 0.012219860 1.73253384 300{0008 0.20 0.00 0.00 0.000000000 { 0.011507947 1.52770315 300{0009 { 0.20 0.00 0.00 0.000000000 0.012170725 1.74775699 300{0010 0.00 0.00 0.50 0.000000000 { 0.023514000 1.56459402 300{0011 0.20 0.00 0.50 0.000000000 { 0.034925870 1.46632356 300{0012 { 0.20 0.00 0.50 0.000000000 { 0.014487380 1.64839461 300{0013 0.00 0.50 0.50 0.000000000 { 0.043270508 1.42485062 300{0014 0.00 { 0.25 0.50 0.000000000 { 0.011120695 1.66563704 300{0015 0.00 0.50 0.00 { 0.091198111 0.000000000 1.65851008

Śŕĺáőł őąőğŋăçěŋĺľ ł âăąńĺæě 3: T_c, ρ_c { æěŋâàăńìŋëě âěňŕěàăâãàă ĺ ŕńőâŋőáâì ňőďěńĺ áőőâćěâáâćěŋŋő, S/R { ãďěńìŋăï íŋâàőŕĺï ćěéěáâćă ć ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë, őâáçĺâăŋă őâ âőçłĺ (26) (R { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï); H_{cnv} { čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ŕő àăďĺãáã; ´S/R { àăğŋőáâì íŋâàőŕĺĺ ňěęďã âőçłőľ τ = 10^{−4} (âěňŕěàăâãàŋëľ ňĺŋĺňãň áőńŋěçŋőľ ăâňőáäěàë) ĺ ăďĺăąăâĺçěáłőľ çăáâìî łőŋćěłâĺćŋőľ ğőŋë; Y { áőďěàęăŋĺě čěńĺï (ŕő ňăááě) ć őąőńőçłě ňőďěńĺ; F^{Cl}_ν

Šăąńĺæă 3. Ňőďĺäĺæĺàőćăŋŋëě ňőďěńĺ Śőńŋæă. Ŕàőďőńęěŋĺě. Őąőğŋăçěŋĺï áň. ć âěłáâě. Őąőğŋăçěŋĺě Tc ρc S/R Hcnv ´S/R Y F^{Cl}_ν ňőďěńĺ Ł č/áň^3 ňőńì/č ňőńì/č SNU

300{0003 15.71792 150.807007 {1.64080 0.2810175 {1.43956 0.280272 8 .511 300{0004 15.696621 147.414203 {1.64060 0.2810057 {1.43936 0.280272 8 .396 300{0005 15.525121 133.614952 {1.56508 0.2745681 {1.32275 0.286079 7 .074 300{0006 16.332721 133.871709 {1.44535 0.2627215 {1.10668 0.299702 15.644 300{0007 15.310091 163.852415 {1.76185 0.2923072 {1.64713 0.268053 5 .584 300{0008 15.343580 119.610891 {1.48884 0.2681103 {1.20617 0.291780 5 .734 300{0009 16.103348 201.571311 {1.79121 0.2939591 {1.67614 0.268102 10.790 300{0010 15.941461 159.000210 {1.67110 0.2742676 {1.30357 0.303786 10.856 300{0011 15.536775 125.017657 {1.51065 0.2608512 {1.06258 0.315198 7 .385 300{0012 16.253462 198.118167 {1.78976 0.2843721 {1.48602 0.294760 12.940 300{0013 16.560698 140.790675 {1.46043 0.2549021 {0.95356 0.323543 19.495 300{0014 15.531217 172.959383 {1.80069 0.2862090 {1.52076 0.291393 7 .209 300{0015 16.660832 137.782882 {1.70326 0.2846004 {1.50202 0.280272 21.868

{ ŕàěďáłăğëćăěňëľ ŕőâőł ŋěľâàĺŋő ŋă Ğěňńě ďńï ďěâěłâőàă^{Cl} ŕàĺ ãáńőćĺĺ, çâő ćáě ŋěľâàĺŋő ďőáâĺčŋãâ Ğěňńĺ ŋěĺğňěŋŋëňĺ (â.ě. ąěğ ãçěâă ŋěľâàĺŋŋëå őáæĺńńïæĺľ ĺ â.ŕ.), ć SNU (10^{−36} ğăåćăâőć ŋă ïďàő ďěâěłâőàă ć áěłãŋďã).

Ňőďěńì 300{0003 { áâăŋďăàâŋăï ňőďěńì; ćáě ăňŕńĺâãďë ňőďĺäĺæĺàãîéĺå çńěŋőć àăćŋë ŋãńî. Śěàĺï 300{0010 { 300- 0014 àăááçĺâăŋă á ňőďĺäĺłăæĺěľ κ ć ńãçĺáâőľ ğőŋě.

Ł ő ŋ ě æ