Ňőáłőćáłĺľ Čőáãďăàáâćěŋŋëľ Şŋĺćěàáĺâěâ ĺň. Ň.Ć. Ńőňőŋőáőćă Čőáãďăàáâćěŋŋëľ Ăáâàőŋőňĺçěáłĺľ Ĺŋáâĺâãâ ĺň. Ŕ.Ł. Ÿâěàŋąěàčă

Ŋă ŕàăćăå àãłőŕĺáĺ ŞĎŁ 523.9

Śěàčěľ Ćĺâăńìěćĺç Ăîłőć

Čěńĺőáěľáňőńőčĺçěáłĺě ăáŕěłâë âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă

Śŕěæĺăńìŋőáâì 01.03.02 { Ăáâàőäĺğĺłă ĺ àăďĺőăáâàőŋőňĺï

Ďĺááěàâăæĺï ŋă áőĺáłăŋĺě ãçěŋőľ áâěŕěŋĺ łăŋďĺďăâă äĺğĺłő-ňăâěňăâĺçěáłĺå ŋăãł

Ŋăãçŋëě àãłőćőďĺâěńĺ ł.ä.-ň.ŋ., ďőæěŋâ İ.Ć.Łőŋőŋőćĺç ł.ä.-ň.ŋ. Ć.Ă.Ąăâãàĺŋ

Ňőáłćă, 1996

Őčńăćńěŋĺě

Ććěďěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4 Ăłâãăńìŋőáâì àăąőâë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 Űěńĺ ĺ ğăďăçĺ ďĺááěàâăæĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Ŋăãçŋăï ŋőćĺğŋă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 Ŋăãçŋăï ĺ ŕàăłâĺçěáłăï ğŋăçĺňőáâì àăąőâë . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 Ŕőńőęěŋĺï, ćëŋőáĺňëě ŋă ğăéĺâã . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 Śâàãłâãàă ĺ őąêěň ďĺááěàâăæĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 Ăŕàőąăæĺï àěğãńìâăâőć ĺ ŕãąńĺłăæĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 Ńĺçŋëľ ćłńăď ăćâőàă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 Čńăćă 1. Śâăŋďăpâŋăï ňőďěńì Śőńŋæă: áőćpěňěŋŋëě ŕpěďáâăćńěŋĺï . . . . . . . . . . . . .10 1.1. Őąéĺě ŕpěďáâăćńěŋĺï ő áâpőěŋĺĺ ĺ íćőńîæĺĺ Śőńŋæă . . . . . . . . . . . . . . . . . 10 1.2. Şpăćŋěŋĺï áâpőěŋĺï ĺ íćőńîæĺĺ; čpăŋĺçŋëě ãáńőćĺï . . . . . . . . . . . . . . . . . . 11 1.3. Ťĺğĺłă áőńŋěçŋëå ŋěďp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.4. Řăáçěâ íćőńîæĺőŋŋőčő âpěłă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.5. Şáŕěåĺ ĺ ŕpőąńěňë ŕőáńěďŋĺå ńěâ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 1.5.1. Śőńŋěçŋëě ŋěľâàĺŋő . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 1.5.2. Ŋăąńîďěŋĺï áőńŋěçŋëå łőńěąăŋĺľ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 1.5.3. Řěğãńìâăâë čěńĺőáěľáňőńőčĺĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.5.4. Ňőďěńĺàőćăŋĺě ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă . . . . . . . . . . . . . . . . . . . . . . . . . 25 Čńăćă 2. Řăáçěâ áőńŋěçŋőľ ňőďěńĺ á ćëáőłőľ âőçŋőáâìî . . . . . . . . . . . . . . . . . . . . . . . . 30 2.1. Ňěâőďë păáçěâă áőńŋěçŋőľ ňőďěńĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.2. Hěőąåőďĺňőáâì ďőáâĺęěŋĺï ćëáőłőľ âőçŋőáâĺ . . . . . . . . . . . . . . . . . . . . . . . . . 33 2.3. Ŕàőąńěňë àăáçěâă ňőďěńĺ Śőńŋæă á ćëáőłőľ âőçŋőáâìî . . . . . . . . . . . . . . . 34 2.4. Ĺáŕőńìğőćăŋŋăï ňěâőďĺłă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.4.1. Řăğńőęěŋĺě ć æěŋâpě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.4.2. Ăâňőáäěpă ğćěğďë (ćŋěèŋĺě čpăŋĺçŋëě ãáńőćĺï) . . . . . . . . . . . . . . . . . . . . . . 40

2.4.3. Ĺŋâěčpĺpőćăŋĺě ãpăćŋěŋĺľ áâpőěŋĺï . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.4.4. Řăáçěâ íćőńîæĺőŋŋőčő âpěłă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.5. Šěáâĺpőćăŋĺě łőďă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 Čńăćă 3. Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë 53 3.1. Őáŋőćŋëě íńěňěŋâë áâàãłâãàë Śőńŋæă: ïďpő, ńãçĺáâăï ĺ łőŋćěłâĺćŋăï ğőŋë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.2. Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ć áőńŋěçŋőľ ňőďěńĺ . . . . . . . . . . . . . . . . . . . . . . 57 3.3. Ŕăpăňěâpĺğăæĺï łőŋćěłâĺćŋőľ őąőńőçłĺ: ŕőçěňã S ćňěáâő α? . . . . . . . . .60 Čńăćă 4. Hěŕpőğpăçŋőáâì ćěéěáâćă ĺ ňőďěńì ćŋãâpěŋŋěčő áâpőěŋĺï Śőńŋæă . . . . 62 4.1. Łàăâłăï ĺáâőàĺï àăáçěâőć łőíääĺæĺěŋâă ŕőčńőéěŋĺï áőńŋěçŋőľ ŕńăğňë 63 4.2. Ňőďěńĺ Śőńŋæă á àăğńĺçŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ . . . . . . . . . . . .65 4.3. Ćńĺïŋĺě ćěńĺçĺŋë ŋěŕpőğpăçŋőáâĺ ŋă áőďěàęăŋĺě čěńĺï ĺ ãďěńìŋãî íŋâàőŕĺî ćěéěáâćă łőŋćěłâĺćŋőľ ğőŋë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 Čńăćă 5. Čěńĺőáěľáňĺçěáłăï ňőďěńì Śőńŋæă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 5.1. Čěńĺőáěľáňőńőčĺçěáłăï ĺŋäőpňăæĺï . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 5.2. Ćőğňőęŋőáâì ŕőńãçěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ ğă áçěâ ďőŕãéěŋĺï ňő- ďĺäĺłăæĺľ ŋěŕpőğpăçŋőáâĺ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 5.2.1. Ŕăpăňěâpë łőŋćěłâĺćŋőľ őąőńőçłĺ S ĺ Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 5.2.2. Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 5.2.3. Ŕpőäĺńì áłőpőáâĺ ğćãłă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 5.2.4. Őąáãęďěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 5.3. Ďpãčĺě ŕãâĺ ŕőáâpőěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ . . . . . . . . . . . . . . . . . . . 91 5.3.1. Ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă: ŕěàěňěèĺćăŋĺě ć æěŋâàě . . . . . . . . . . . . . . 92 5.3.2. Ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă: ďĺääãğĺï čěńĺï . . . . . . . . . . . . . . . . . . . . . . . .93 5.4. Śěľáňĺçěáłĺě åăàăłâěàĺáâĺłĺ áőńŋěçŋőčő ïďàă . . . . . . . . . . . . . . . . . . . . . . . .94 Ğăłńîçěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 Ŕàĺńőęěŋĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 Ńĺâěàăâãàă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Ććěďěŋĺě

Ăłâãăńìŋőáâì àăąőâë İâă àăąőâă ŋăåőďĺâáï ŋă áâëłě ďćãå àăğďěńőć äĺğĺłĺ Śőńŋæă, łőâőàëě áěľçăá ŕàěâěàŕěćăîâ ňěďńěŋŋőě áńĺïŋĺě: łńăááĺçěáłőľ âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï ĺ ąãàŋő àăğćĺćăîéěľáï čěńĺőáěľáňőńőčĺĺ.

Ğăďăçă ő ŕőáâpőěŋĺĺ ňőďěńĺ ćŋãâpěŋŋěčő áâpőěŋĺï ğćěğďë ąëńă ŕőáâăćńěŋă ďăćŋő ĺ őąéĺě ňěâőďë ěě pěèěŋĺï åőàőèő ĺğćěáâŋë. Ć ŕpĺňěŋěŋĺĺ ł Śőńŋæã ŕěpćëě ňőďěńĺ ŋă áőćpěňěŋŋőň ãpőćŋě ąëńĺ ŕőńãçěŋë Ň.Ÿćăpæèĺńìďőň ć 1950-å čőďăå ĺ á âěå ŕőp őąéĺě ŕpĺŋæĺŕë ŕőçâĺ ŋě ĺğňěŋĺńĺáì. Ŕőáńě Ÿćăpæèĺńìďă ãâőçŋěŋĺï áőńŋěçŋőľ ňőďěńĺ ć őáŋőćŋőň áćőďĺńĺáì ł ãâőçŋěŋĺïň äĺğĺçěáłĺå ğăłőŋőć: ãpăćŋěŋĺï áőáâőïŋĺï, ïďěpŋëå pěăłæĺľ, łőíääĺæĺěŋâă ŕőčńőéěŋĺï ćěéěáâćă, àăğćĺâĺî âěőàĺĺ ŕàőæěááőć ŕěàěŋőáă íŋěàčĺĺ ĺ â.ď. Ŕő áãâĺ ďěńă íâă âěőpĺï ĺáŕőńìğãěâ őçěŋì ňăńő ŋăąńîďăâěńìŋëå ďăŋŋëå { íâő ňăááă, păďĺãá, áćěâĺňőáâì, ćőğpăáâ Śőńŋæă ĺ őæěŋłĺ áőďěpęăŋĺï íńěňěŋâőć âïęěńěě čěńĺï.

Ś ĺğňěàěŋĺěň ŕőâőłă ŋěľâàĺŋő, ŕàĺåőďïéĺå őâ Śőńŋæă, ĺ łőńěąăŋĺľ áőńŋěçŋőľ ŕőćěàåŋőáâĺ íâă őąńăáâì äĺğĺłĺ Śőńŋæă ŕőńãçĺńă ŋőćëľ âőńçőł. Ćŕěàćëě ąëńĺ ŕőńãçěŋë çĺáńěŋŋëě ďăŋŋëě, ŋěŕőáàěďáâćěŋŋő ğăćĺáïéĺě őâ ãáńőćĺľ ćŋãâàĺ Śőńŋæă. Ŋěľâàĺŋŋëě íłáŕěàĺňěŋâë ĺ őâłàëâĺě łőńěąăŋĺľ ŕàőĺğőèńĺ ŕàĺňěàŋő ć őďŋő ĺ âő ęě ćàěňï (ŋăçăńő 1960-å čč.), őďŋăłő ŕàĺàőďă áőńŋěçŋëå őáæĺńńïæĺľ ąëńă ŕőŋïâă čőàăğďő ŕőğďŋěě (łőŋěæ 1960-å { ŋăçăńő 1970-å čč.) Ŋěáňőâàï ŋă íâő, ć ăáâàőäĺğĺłě áőńŋěçŋëå ŋěľâàĺŋő ďő áĺå ŕőà áãéěáâćãîâ ğŋăçĺâěńìŋëě ŋěàěèěŋŋëě ŕàőąńěňë, ć âő ćàěňï łăł čěńĺőáěľáňőńőčĺï ďőáâĺčńă ąőńìèĺå ãáŕěåőć ŋă ŕãâĺ ł ńãçèěňã ŕőŋĺňăŋĺî áâàőěŋĺï Śőńŋæă ĺ äĺğĺłĺ ŕńăğňë. Łőńěąăŋĺï ďăîâ őčpőňŋëľ őąêěň ŋăąńîďăâěńìŋőčő ňăâěpĺăńă { âëáïçĺ âăł ŋăğëćăěňëå áőąáâćěŋŋëå çăáâőâ. Şáĺńĺïňĺ âěőpěâĺłőć ĺğ ŋĺå ąëńĺ ŕőńãçěŋë čńőąăńìŋëě åăpăłâěpĺáâĺłĺ Śőńŋæă: ŕpőäĺńì áłőpőáâĺ ğćãłă ćďőńì păďĺãáă, čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ĺ ŕăpăňěâpë łőŋćěłâĺćŋőľ őąőńőçłĺ (áőďěpęăŋĺě čěńĺï ĺ ãďěńìŋăï íŋâpőŕĺï ćěéěáâćă łőŋćěłâĺćŋőľ ğőŋë). Őďŋăłő áőąáâćěŋŋëě çăáâőâë łőńěąăŋĺľ áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă ŋě áőćŕăďăîâ á ŋăąńîďăěňëňĺ, ĺ őèĺąłă ğŋăçĺâěńìŋő ŕàěćőáåőďĺâ ŕőčàěèŋőáâĺ ŋăąńîďěŋĺľ. Ťăłâĺçěáłĺ íâő őğŋăçăěâ, çâő ŋăąńîďăâěńìŋëě ďăŋŋëě áőďěàęăâ ĺŋäőàňăæĺî, łőâőàãî ňőęŋő ćëďěńĺâì.

Łńăááĺçěáłăï ğăďăçă ő ňőďěńĺàőćăŋĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă ŋě ŕőâěàïńă ăłâãăńìŋőáâĺ ć ŋăáâőïéěě ćàěňï ć áćïğĺ á, őďŋőľ áâőàőŋë, ŋěŕàěàëćŋëň ãâőçŋěŋĺěň âěőàěâĺçěáłĺå ŕàěďáâăćńěŋĺľ ő äĺğĺłě ćëáőłőâěňŕěàăâãàŋőľ ŕńăğňë, ĺ, á ďàãčőľ, ąńăčőďăàï ąãàŋőňã àăğćĺâĺî čěńĺőáěľáňőńőčĺĺ, łőâőàăï âàěąãěâ ćëáőłőâőçŋëå àăáçěâőć àăáŕàěďěńěŋĺľ äĺğĺçěáłĺå ćěńĺçĺŋ ćŋãâàĺ ňőďěńĺ. Ć 90-å čőďăå ŕàőĺáåőďĺâ ŕěàěåőď ł ŋőćőňã ŕőłőńěŋĺî ňőďěńěľ Śőńŋæă, őâńĺçăîéĺåáï ŕàěęďě ćáěčő ćëáőłőľ ćŋãâàěŋŋěľ ňăâěňăâĺçěáłőľ áőčńăáőćăŋŋőáâìî, çâő ŕőğćőńïěâ ŋě âőńìłő ćëďěńïâì ĺ ĺğãçăâì ćěáìňă ňăńëě íääěłâë ćńĺïŋĺï àăğńĺçŋëå äĺğĺçěáłĺå ŕàěďŕőńőęěŋĺľ, ŋő ĺ ăŋăńĺğĺàőćăâì ćŋãâàěŋŋĺě áćïğĺ ňěęďã ŕăàăňěâàăňĺ ć ğăďăçě ő ňőďěńĺàőćăŋĺĺ áâàőěŋĺï Śőńŋæă.

Łăł őâňěçăěâáï ć őďŋőň ĺğ ŋěďăćŋĺå őąğőàőć ŕő âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă ĺ čěńĺőáěľáňőńőčĺĺ, íâă őąńăáâì ŋăãłĺ ŋăåőďĺâáï áěľçăá ć ŕěàěåőďŋőň áőáâőïŋĺĺ: ĺňěěâáï ąőńìèőě łőńĺçěáâćő ŋăąńîďăâěńìŋëå ďăŋŋëå (ŋěľâàĺŋŋëě ĺğňěàěŋĺï ĺ čěńĺőáěľáňĺçěáłĺě àěğãńìâăâë), âěőàěâĺçěáłĺě ňěâőďë ąőńìèěľ çăáâìî àăğàăąőâăŋë, ŋő ŋě ŋăáâőńìłő åőàőèő, çâőąë ŕàěőďőńěâì ćáě áńőęŋőáâĺ ŕàőąńěňë. Ŋěáłőńìłő ąőńìèĺå ŋăąńîďăâěńìŋëå ŕàőěłâőć ćáâãŕĺâ ć áâàőľ ć ąńĺęăľèěě ćàěňï, çăáâì ĺğ ŋĺå ŋăçăńă ďăćăâì àěğãńìâăâë (áň. čń. 1). Ňőęŋő őęĺďăâì, çâő íâĺ ŕàőěłâë ŋě âőńìłő ŋě àěèăâ áãéěáâćãîéĺě ŕàőąńěňë âěőàĺĺ, ŋő ĺ ŋăőąőàőâ, ŕàĺŋěáãâ ŋőćëě ğăčăďłĺ ĺ ŕàőâĺćőàěçĺï ć ŋăèĺ ğŋăŋĺï ő Śőńŋæě.

Űěńĺ ĺ ğăďăçĺ ďĺááěàâăæĺĺ Őáŋőćŋőľ æěńìî ďĺááěàâăæĺĺ ïćńïěâáï ŕőńãçěŋĺě ňőďěńĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă, łőâőàăï ãďőćńěâćőàïńă ąë čěńĺőáěľáňĺçěáłĺň ďăŋŋëň. Śőąáâćěŋŋëě çăáâőâë łőńěąăŋĺľ áőćàěňěŋŋőľ áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă ŋě áőćŕăďăîâ á ŕőńãçăěňëňĺ ĺğ ŋăąńîďěŋĺľ. Ś ďàãčőľ áâőàőŋë, áâăŋďăàâŋăï ňőďěńì Śőńŋæă ąăğĺàãěâáï ŋă ňŋőęěáâćě ŕàěďŕőńőęěŋĺľ ĺ äĺğĺçěáłĺå ďăŋŋëå, ŋěłőâőàëě ĺğ łőâőàëå ňőčãâ áőďěàęăâì ğŋăçĺâěńìŋëě őèĺąłĺ (ŋăŕàĺňěà, łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěéěáâćă { ŋěŕàőğàăçŋőáâì) ńĺąő ąëâì ŕàőáâő ŋěćěàŋëňĺ (ŕàěďŕőńőęěŋĺě ő ŕàěŋěąàěęĺňőľ ňăńőáâĺ ďĺääãğĺĺ íńěňěŋâőć ć âěçěŋĺě íćőńîæĺĺ Śőńŋæă). Ć àăąőâě ĺááńěďőćăŋă ćőğňőęŋőáâì ŕőńãçĺâì łăł ňőęŋő ąőńěě ąńĺğłãî ł àěğãńìâăâăň ŋăąńîďěŋĺľ ňőďěńì ŕãâěň ćăàĺăæĺĺ äĺğĺçěáłĺå ďăŋŋëå (ŕő ćőğňőęŋőáâĺ ć ŕàěďěńăå ĺå őèĺąőł) ĺńĺ őâłăğă őâ ŋěłőâőàëå ŕàěďŕőńőęěŋĺľ. Őďŋőľ ĺğ ŋăĺąőńěě ŕńőåő ĺğćěáâŋëå ćěńĺçĺŋ ć äĺğĺłě ćŋãâàěŋŋěčő áâàőěŋĺï

Śőńŋæă ïćńïěâáï ŋěŕàőğàăçŋőáâì, ŕőíâőňã őáŋőćŋëě ãáĺńĺï ąëńĺ ŋăŕàăćńěŋë ŋă ĺááńěďőćăŋĺě ćőŕàőáă ő âőň, ňőęŋő ńĺ ŕőáâàőĺâì čěńĺőáěľáňĺçěáłãî ňőďěńì Śőńŋæă á ŕőňőéìî ňőďĺäĺłăæĺľ ŋěŕàőğàăçŋőáâĺ.

Ďńï íâőčő ŋěőąåőďĺňő ĺğãçĺâì ćńĺïŋĺě ŋěŕàőğàăçŋőáâĺ ŋă ňőďěńì Śőńŋæă (ŕőŋïâì, łăłĺě łőààěłæĺĺ ŋěőąåőďĺňő ćŋěáâĺ ć ćěńĺçĺŋã łőíääĺæĺěŋâă ŕőčńőéěŋĺï, çâőąë ŕőńãçĺâì âàěąãěňëě ĺğňěŋěŋĺï ć ňőďěńĺ). İâă ğăďăçă ć áćőî őçěàěďì ćńěçěâ ğă áőąőľ ŋěőąåőďĺňőáâì àăááçĺâëćăâì ňőďěńĺ Śőńŋæă, ŕàĺçěň á àăćŋőňěàŋő ćëáőłőľ âőçŋőáâìî łăł ć ïďàě, âăł ĺ ćő ćŋěèŋĺå çăáâïå ňőďěńĺ. Ďő ŋěďăćŋěčő ćàěňěŋĺ ŋě áãéěáâćőćăńő ňěâőďĺł àăáçěâă ňőďěńěľ á čăàăŋâĺàőćăŋŋő ćëáőłőľ âőçŋőáâìî, ć âő ćàěňï łăł őâŋőáĺâěńìŋëě őèĺąłĺ ŋăąńîďăěňëå ğŋăçěŋĺľ áőąáâćěŋŋëå çăáâőâ łőńěąăŋĺľ Śőńŋæă áőáâăćńïîâ ŕàĺňěàŋő 10^{−5}.

Ĺğãçěŋĺě ćńĺïŋĺï ŋěŕàőğàăçŋőáâĺ ŋă ňőďěńì Śőńŋæă ŋě ňőęěâ ŕàĺŋěáâĺ àěğãńìâăâőć, ěáńĺ ŋěïáŋő, łăł őŕĺáăâì íâő ćńĺïŋĺě. Ďńï íâőčő ŋěőąåőďĺňő ŕőŋïâì, łăłĺňĺ łńîçěćëňĺ ŕăàăňěâàăňĺ ňőęěâ ąëâì őåăàăłâěàĺğőćăŋă ňőďěńì Śőńŋæă. İâĺ ŕăàăňěâàë ęěńăâěńìŋő ćëąĺàăâì âăł, çâőąë őŋĺ á àăćŋőľ ńěčłőáâìî ŕőńãçăńĺáì ĺ ĺğ âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï, ĺ ĺğ čěńĺőáěľáňőńőčĺĺ (ć ďăŋŋőľ àăąőâě ć łăçěáâćě âăłĺå ŕăàăňěâàőć ŕàěďńăčăěâáï ŕàĺŋïâì áőďěàęăŋĺě čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě ĺ ğŋăçěŋĺě ãďěńìŋőľ íŋâàőŕĺĺ ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë).

Ŋăãçŋăï ŋőćĺğŋă Ć àăąőâě ćŕěàćëě àăğàăąőâăŋă ĺ ŕàĺňěŋěŋă ňěâőďĺłă àăáçěâőć ňőďěńĺ Śőńŋæă á ćëáőłőľ, ŋăŕěàěď ğăďăŋŋőľ, àăćŋőňěàŋőľ ŕő àăďĺãáã âőçŋőáâìî ĺ ďăŋë çĺáńěŋŋëě őæěŋłĺ ŕăàăňěâàőć, âàěąãěňëě ďńï ěě ďőáâĺęěŋĺï. Ŕőłăğăŋă íääěłâĺćŋőáâì ĺáŕőńìğőćăŋĺï ãďěńìŋőľ íŋâàőŕĺĺ ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë ć łăçěáâćě łńîçěćőčő ŕăàăňěâàă ňőďěńĺ ć æěńőň. Ĺğãçěŋő ćńĺïŋĺě ćěńĺçĺŋë ŋěŕàőğàăçŋőáâĺ ć àăğŋëå çăáâïå Śőńŋæă ŋă ňőďěńì; őąŋăàãęěŋă ĺ ŕàěďáâăćńěŋă ć ŕăàăňěâàĺçěáłőň ćĺďě áćïğì ňěęďã ŋěŕàőğàăçŋőáâìî ĺ ŕăàăňěâàăňĺ łőŋćěłâĺćŋőľ őąőńőçłĺ Śőńŋæă (áőďěàęăŋĺěň čěńĺï ĺ ãďěńìŋőľ íŋâàőŕĺěľ ćěéěáâćă). Řăğàăąőâăŋ ĺ ŕàĺňěŋěŋ ňěâőď àăáçěâă ňőďěńĺ Śőńŋæă á ŋăŕěàěď ğăďăŋŋőľ áłőàőáâìî ğćãłă.

Ŋăãçŋăï ĺ ŕàăłâĺçěáłăï ğŋăçĺňőáâì àăąőâë Řăğàăąőâăŋŋëě ňěâőďë ĺ ŕőńãçěŋŋëě àěğãńìâăâë ňőčãâ ąëâì ĺáŕőńìğőćăŋë ćő ćáěå àăąőâăå, âàěąãîéĺå âőçŋëå ňőďěńěľ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă.

Ňěâőďĺłă àăáçěâă ňőďěńěľ á ćëáőłĺň ãàőćŋěň âőçŋőáâĺ ŋěőąåőďĺňă ďńï čěńĺőáěľáňőńőčĺçěáłĺå ĺááńěďőćăŋĺľ Śőńŋæă ĺ ğćěğď. Ĺğãçěŋŋăï áćïğì ňěęďã ŋěŕàőğàăçŋőáâìî ĺ őáŋőćŋëňĺ ŕăàăňěâàăňĺ ňőďěńĺ ŕőğćőńïěâ ŕàőčŋőğĺàőćăâì ŕőćěďěŋĺě ňőďěńĺ Śőńŋæă ŕàĺ âőň ĺńĺ ĺŋőň ĺğňěŋěŋĺĺ ŋěŕàőğàăçŋőáâĺ. Řăáçěâ ňőďěńěľ á ğăďăŋŋőľ áłőàőáâìî ğćãłă ć ńãçĺáâőľ ğőŋě ŕàěďáâăćńïěâ áőąőľ ěéě őďĺŋ èăč ŋă ŕãâĺ ł ňőďěńĺ Śőńŋæă, áőčńăáãîéěľáï á ďăŋŋëňĺ čěńĺőáěľáňőńőčĺĺ. Řăááçĺâăŋŋëě áâăŋďăàâŋëě ĺ ŋěáâăŋďăàâŋëě ňőďěńĺ ňőčãâ áńãęĺâì ąăğőćëňĺ ňőďěńïňĺ ďńï àěèěŋĺï őąàăâŋëå ğăďăç čěńĺőáěľáňőńőčĺĺ. İâĺ àěğãńìâăâë ćłãŕě á őęĺďăěňëňĺ ćáłőàě ďăŋŋëňĺ łàãŕŋěľèĺå ŕàőěłâőć ŕő ŋăąńîďěŋĺî łőńěąăŋĺľ Śőńŋæă (GONG, SOHO ĺ ďà.) ďőńęŋë ŕàĺćěáâĺ ł ďăńìŋěľèěňã ãâőçŋěŋĺî ŋăèĺå ğŋăŋĺľ ő ćŋãâàěŋŋěň áâàőěŋĺĺ Śőńŋæă.

Ŕőńőęěŋĺï, ćëŋőáĺňëě ŋă ğăéĺâã 1. Řăğàăąőâăŋă ňěâőďĺłă àăáçěâă ňőďěńěľ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă á ğăďăŋŋëň ãàőćŋěň âőçŋőáâĺ, àăćŋőňěàŋëň ŕő àăďĺãáã. Ňěâőď àěăńĺğőćăŋ ć ćĺďě łőňŕìîâěàŋőčő łőďă ďńï âăłĺå àăáçěâőć ĺ ďőłăğăŋă ěčő àăąőâőáŕőáőąŋőáâì ĺ íääěłâĺćŋőáâì, ć çăáâŋőáâĺ ŕãâěň áàăćŋěŋĺï á àăáçěâăňĺ ŋěğăćĺáĺňëå čàãŕŕ ĺááńěďőćăâěńěľ.

2. Řăááçĺâăŋë áâăŋďăàâŋëě ňőďěńĺ Śőńŋæă á ŋěáłőńìłĺňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ. Ĺááńěďőćăŋő ćńĺïŋĺě ŋěŕàőğàăçŋőáâĺ ŋă čńőąăńìŋëě ŕăàăňěâàë ňőďěńĺ ć àăňłăå ğăďăçĺ ő àăáçěâě áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă.

3. Őâłàëâă áćïğì ňěęďã ćěńĺçĺŋőľ ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě Śőńŋæă ĺ ãďěńìŋőľ íŋâàőŕĺěľ ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë. Ŕőłăğăŋő, çâő ãćěńĺçěŋĺě ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě ŋă 30% ćěďěâ ł ãňěŋìèěŋĺî íŋâàőŕĺĺ ŋă 2.3% ĺ ãćěńĺçěŋĺî őąéěčő áőďěàęăŋĺï čěńĺï ŋă 0.014 ŕő ňăááě. Ŋăőąőàőâ, ãćěńĺçěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě ňőďěńĺ ŋă 30% ãćěńĺçĺćăěâ áőďěàęăŋĺě čěńĺï ŋă 0.014 ĺ ŕàăłâĺçěáłĺ ŋě ňěŋïěâ íŋâàőŕĺî (ãňěŋìèăěâ ŋă 0.24%).

4. Ŕàěďńőęěŋ ňěâőď ŕőáâàőěŋĺï ňőďěńěľ á ğăďăŋŋőľ áłőàőáâìî ğćãłă ć ńãçĺáâőľ ğőŋě.

Ŕőłăğăŋő, çâő ć ŕàěďěńăå ňŋőęěáâćă ňőďěńěľ á łńăááĺçěáłĺň ŕàőäĺńěň åĺňĺçěáłőčő áőáâăćă ňőďěńì á áěľáňĺçěáłőľ áłőàőáâìî ğćãłă ĺňěěâ ćŕőńŋě őŕàěďěńěŋŋëě ğŋăçěŋĺï íŋâàőŕĺĺ łőŋćěłâĺćŋőľ ğőŋë ĺ ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě; őąě ćěńĺçĺŋë ŕàĺ íâőň ïćńïîâáï äãŋłæĺïňĺ áőďěàęăŋĺï čěńĺï ćő ćŋěèŋĺå áńőïå. Ŋăĺńãçèăï ňőďěńì (ňĺŋĺňĺğăæĺï łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ŕàĺ ŕàăćĺńìŋőň ŕàőäĺńě áłőàőáâĺ ğćãłă) ďőćőńìŋő ąńĺğłă ł áâăŋďăàâŋőľ ňőďěńĺ á ŋěŕàőğàăçŋőáâïňĺ Ńĺćěàňőàáłőľ čàãŕŕë ĺ áőőâćěâáâćãěâ áőďěàęăŋĺî čěńĺï ćő ćŋěèŋĺå áńőïå 0.28 (ŕő ňăááě) ĺ íŋâàőŕĺĺ łőŋćěłâĺćŋőľ ğőŋë S/R_{gas} = 20.82 ňőńì/č.

5. Řăááçĺâăŋő áěňěľáâćő ňőďěńěľ á ŕàőäĺńěň áłőàőáâĺ ğćãłă ć ńãçĺáâőľ ğőŋě, áőćŕăďăîéĺň á ŕőńãçěŋŋëň čěńĺőáěľáňĺçěáłĺň ňěâőďőň. Ŕãâěň áàăćŋěŋĺï ŕăàăňěâàőć áŕěłâàă łőńěąăŋĺľ, åăàăłâěàĺğãîéĺå ïďàő Śőńŋæă, ĺğ ŋěčő ćëąàăŋă ňőďěńì, ŋăĺąőńěě ŕőńŋő ãďőćńěâćőàïîéăï áőćàěňěŋŋëň čěńĺőáěľáňĺçěáłĺň ďăŋŋëň (áěľáňĺçěáłăï ňőďěńì Śőńŋæă).

Śâàãłâãàă ĺ őąêěň ďĺááěàâăæĺĺ Ďĺááěàâăæĺï áőáâőĺâ ĺğ ććěďěŋĺï, ŕïâĺ čńăć, ğăłńîçěŋĺï ĺ áŕĺáłă æĺâĺàãěňőľ ńĺâěàăâãàë.

Ćő Ććěďěŋĺĺ łàăâłő őąáãęďăěâáï ăłâãăńìŋőáâì ğăďăçĺ, æěńĺ àăąőâë, ŋăãçŋăï ŋőćĺğŋă, ŋăãçŋăï ĺ ŕàăłâĺçěáłăï ğŋăçĺňőáâì àăąőâë, ŕàĺćőďĺâáï áŕĺáőł àăąőâ, ć łőâőàëå őŕãąńĺłőćăŋë àěğãńìâăâë ďĺááěàâăæĺĺ.

Ć Čńăćě 1 "Śâăŋďăpâŋăï ňőďěńì Śőńŋæă: áőćpěňěŋŋëě ŕpěďáâăćńěŋĺï" àăááňăâàĺćăîâáï őąéĺě ŕőŋïâĺï âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă, ŕàĺćőďïâáï ãàăćŋěŋĺï áâàőěŋĺï ĺ íćőńîæĺĺ ğćěğď ŕàĺňěŋĺâěńìŋő ł Śőńŋæã. Čńăćă áőďěàęĺâ őąğőà ŋăąńîďăâěńìŋőľ ĺ âěőàěâĺçěáłőľ čěńĺőáěľáňőńőčĺĺ, ŋěľâàĺŋŋőľ ăáâàőŋőňĺĺ ĺ àăąőâ ć őąńăáâĺ ňőďěńĺàőćăŋĺï ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă.

Ć Čńăćě 2 "Řăáçěâ áőńŋěçŋőľ ňőďěńĺ á ćëáőłőľ âőçŋőáâìî" őąáãęďăěâáï ŋěőąåőďĺňőáâì ďőáâĺęěŋĺï áàăćŋĺâěńìŋő ćëáőłőľ âőçŋőáâĺ ŕàĺ àăáçěâě ňőďěńěľ Śőńŋæă, áàăćŋĺćăîâáï ňěâőďë ĺŋâěčàĺàőćăŋĺï ãàăćŋěŋĺľ áâàőěŋĺï, àăááňăâàĺćăěâáï áŕĺáőł âàãďŋőáâěľ, á łőâőàëňĺ áâăńłĺćăîâáï ŕàĺ àăáçěâăå. Őąőáŋőćëćăîâáï ňěâőďë őąěáŕěçěŋĺï ğăďăŋŋőľ a priori âőçŋőáâĺ, őŕĺáëćăîâáï ăńčőàĺâňë ĺ ŕàĺěňë, ĺáŕőńìğőćăŋŋëě ć ďăŋŋőľ àăąőâě.

Čńăćă 3 "Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë" ŕőáćïéěŋă őąáãęďěŋĺî àőńĺ íŋâpőŕĺĺ ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë ć ňőďěńĺ Śőńŋæă. Őŕĺáëćăěâáï ďěńěŋĺě ňőďěńĺ Śőńŋæă ŋă âàĺ ğőŋë ć áőőâćěâáâćĺĺ á ňěåăŋĺğňăňĺ ŕěàěŋőáă ĺ čěŋěàăæĺĺ íŋěàčĺĺ, ăàčãňěŋâĺàãěâáï ĺáŕőńìğőćăŋĺě ãďěńìŋőľ íŋâàőŕĺĺ łăł ãďőąŋőľ åăàăłâěàĺáâĺłĺ łőŋćěłâĺćŋőľ ğőŋë.

Ć Čńăćě 4 "Hěŕpőğpăçŋőáâì ćěéěáâćă ĺ ňőďěńì ćŋãâpěŋŋěčő áâpőěŋĺï Śőńŋæă" àăááňăâàĺćăěâáï àőńì ŋěŕàőğàăçŋőáâĺ ć áőńŋěçŋőľ ňőďěńĺ. Őąáãęďăîâáï ĺáâőàĺï àăáçěâőć âăąńĺæ ŋěŕàőğàăçŋőáâĺ, ňőďěńĺ á ĺáłãááâćěŋŋő ĺğňěŋěŋŋőľ ŋěŕàőğàăçŋőáâìî, áćïğì ňěęďã ćěńĺçĺŋőľ ĺ äőàňőľ ćăàĺăæĺĺ ŋěŕàőğàăçŋőáâĺ ĺ ŕăàăňěâàăňĺ ňőďěńĺ.

Ć Čńăćě 5 "Čěńĺőáěľáňĺçěáłăï ňőďěńì Śőńŋæă" àăááňăâàĺćăěâáï ćőğňőęŋőáâì àăáçěâă ňőďěńĺ Śőńŋæă, łőâőàăï áőčńăáőćëćăńăáì ąë á àěğãńìâăâăňĺ čěńĺőáěľáňőńőčĺĺ. Őąáãęďăěâáï čěńĺőáěľáňĺçěáłăï ĺŋäőàňăæĺï ő Śőńŋæě, ćőğňőęŋőáâì ŕőďąőàă łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ďńï ŕőńãçěŋĺï ŋãęŋëå ŕăàăňěâàőć ňőďěńĺ, ŕőáâàőěŋĺě ňőďěńĺ á ğăďăŋŋëň (čěńĺőáěľáňĺçěáłĺň) ŕàőäĺńěň áłőàőáâĺ ğćãłă, ďěńăěâáï ŕőŕëâłă őŕàěďěńĺâì áćőľáâćă áőńŋěçŋőčő ïďàă ĺ ďà.

Ć Ğăłńîçěŋĺĺ ŕàĺćőďïâáï ŕőńőęěŋĺï, ćëŋőáĺňëě ŋă ğăéĺâã.

Ŕàĺńőęěŋĺě áőďěàęĺâ âăąńĺæë, őŕĺáëćăîéĺě íćőńîæĺî ĺ ćŋãâàěŋŋěě áâàőěŋĺě ďćãå ňőďěńěľ Śőńŋæă { áâăŋďăàâŋőľ ĺ ŋăĺńãçèĺň őąàăğőň ãďőćńěâćőàïîéěľ čěńĺőáěľáňĺçěáłĺň ďăŋŋëň.

Ŕőńŋëľ őąêěň ďĺááěàâăæĺĺ { 126 áâàăŋĺæ; ć ŋěľ áőďěàęĺâáï 27 àĺáãŋłőć. Śŕĺáőł ńĺâěàăâãàë ŋăáçĺâëćăěâ 166 ŋăĺňěŋőćăŋĺľ.

Ăŕàőąăæĺï àěğãńìâăâőć ĺ ŕãąńĺłăæĺĺ Řěğãńìâăâë ďĺááěàâăæĺĺ ďőłńăďëćăńĺáì ĺ őąáãęďăńĺáì ŋă áńěďãîéĺå łőŋäěàěŋæĺïå ĺ áěňĺŋăàăå:

1. IAU Colloquium 137 "Inside the stars", 1992, Vienna, Austria.

2. Łőŋäěàěŋæĺï ŕăňïâĺ ăłăď. Ă.Ą. Śěćěàŋőčő, 1993, Łàëňáłăï Ăáâàőäĺğĺçěáłăï őąáěàćăâőàĺï, Ŋăãçŋëľ, Şłàăĺŋă.

3. XXII General Assembly of the International Astronomical Union, 1994, The Hague, The Netherlands.

4. Ćáěàőááĺľáłăï łőŋäěàěŋæĺï ŕő äĺğĺłě Śőńŋæă. 1995, Ňőáłćă. 5. 8th European Meeting on Solar Physics. 1996, Thessaloniki, Greece. 6. "Solar Convection and Oscillations and their Relationship". 1996, Workshop held by Theoretical Astrophysics Center, Aarhus University, Aarhus, Denmark.

7. Śěňĺŋăàë ć Čőáãďăàáâćěŋŋőň Ăáâàőŋőňĺçěáłőň Ĺŋáâĺâãâě ĺň. Ŕ.Ł. Ÿâěàŋąěàčă, Őąêěďĺŋěŋŋëľ áěňĺŋăà Queen Mary and West˛eld College ĺ Astronomy Institute of Cambridge University.

Őáŋőćŋëě àěğãńìâăâë ďĺááěàâăæĺĺ őŕãąńĺłőćăŋë ć áńěďãîéĺå àăąőâăå: 1. V.A.Baturin, S.V.Ayukov "Helioseismic constraints on the structure of the present Sun." Proceedings of IAU Colloquium 137, 1992. A.S.P. Conf. Series, Vol. 40.

2. Ś.Ć.Ăîłőć. "Śâăŋďăàâŋëě ňőďěńĺ Śőńŋæă á àăğŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ". Ăáâàőŋ. Űĺàł., 1994, N 1556.

3. Ć.Ă.Ąăâãàĺŋ, Ś.Ć.Ăîłőć. "Ćńĺïŋĺě ŋěŕàőğàăçŋőáâĺ ŋă ŕăàăňěâàë łőŋćěłâĺćŋőľ őąőńőçłĺ ć áőńŋěçŋëå ňőďěńïå". Ăáâàőŋ. ę., 1995, â. 72, 549.

4. Ć.Ă.Ąăâãàĺŋ, Ś.Ć.Ăîłőć, "Śőńŋěçŋëě ňőďěńĺ á čěńĺőáěľáňĺçěáłĺň ŕàőäĺńěň áłőàőáâĺ ğćãłă". Ăáâàőŋ. ę., 1996, â. 73, 259.

5. S.V. Ayukov, V.A. Baturin. "Solar models with helioseismologically correct sound speed pro˛le". Bull. Astr. Soc. India, 1996, 24, 329.

Ńĺçŋëľ ćłńăď ăćâőàă Ŕàőčàăňňă àăáçěâă ňőďěńěľ Śőńŋæă ŕàăłâĺçěáłĺ ŕőńŋőáâìî ŋăŕĺáăŋă ăćâőàőň;

ĺďěĺ ĺ ăńčőàĺâňë, ŕàĺňěŋěŋŋëě ďńï ŕőćëèěŋĺï âőçŋőáâĺ àăáçěâőć, őąáãęďăńĺáì á Ć.Ă.Ąăâãàĺŋëň.

Ć àăąőâăå, ćëŕőńŋěŋŋëå áőćňěáâŋő á Ć.Ă.Ąăâãàĺŋëň, ńĺçŋëľ ćłńăď áőáâőĺâ ć àăáçěâě ňőďěńěľ Śőńŋæă, ŕàőćěďěŋĺĺ ăŋăńĺğă ćńĺïŋĺï ŋěŕàőğàăçŋőáâĺ ŋă áőńŋěçŋãî ňőďěńì. Ŕőáâàőěŋĺě ňőďěńěľ á ğăďăŋŋőľ áłőàőáâìî ğćãłă ćëŕőńŋěŋő áőćňěáâŋő.

Čńăćă 1.

Śâăŋďăpâŋăï ňőďěńì Śőńŋæă: áőćpěňěŋŋëě ŕpěďáâăćńěŋĺï

1.1. Őąéĺě ŕpěďáâăćńěŋĺï ő áâpőěŋĺĺ ĺ íćőńîæĺĺ Śőńŋæă Ćŋãâàěŋŋěě áâàőěŋĺě Śőńŋæă { ŋă ãďĺćńěŋĺě ĺŋâěàěáŋëľ ŕàěďňěâ ĺááńěďőćăŋĺľ, â.ł. őŋ ŋăåőďĺâáï ŋă áâëłě ňŋőęěáâćă ŋăãł: äĺğĺłĺ ŕńăğňë, ăâőňŋőľ äĺğĺłĺ, âěàňőďĺŋăňĺłĺ, äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ, âěőàĺĺ łőńěąăŋĺľ. Ś ďàãčőľ áâőàőŋë, íâő őğŋăçăěâ, çâő ĺğãçěŋĺě áâàőěŋĺï Śőńŋæă { ćěáìňă áńőęŋăï ğăďăçă.

Ś ăáâàőäĺğĺçěáłőľ âőçłĺ ğàěŋĺï, Śőńŋæě { âĺŕĺçŋăï ğćěğďă á őçěŋì âőçŋő ĺğćěáâŋőľ ňăááőľ, âăł çâő ěě őąëçŋő ŕàĺŋĺňăîâ ğă ěďĺŋĺæã ňăááë ć ăáâàőäĺğĺłě. Śőńŋæě { ğćěğďă łńăááă G2 V, â.ě. ğćěğďă čńăćŋőľ ŕőáńěďőćăâěńìŋőáâĺ ŋă ďĺăčàăňňě Čěàæèŕàãŋčă- Řěááěńă ĺńĺ, âőçŋěě, ć áěàěďĺŋě áâăďĺĺ čőàěŋĺï ćőďőàőďă. İâă áâăďĺï { ŕěàćăï äăğă ïďěàŋőčő čőàěŋĺï (őŋă ęě áăňăï ďńĺŋŋăï { 10^{10} ńěâ). Ŋĺ ďńï łăłőľ ďàãčőľ ğćěğďë ňë ŋě ğŋăěň áâőńìłő ęě ďăŋŋëå, áłőńìłő ďńï Śőńŋæă: âőçŋő ĺğňěàěŋë ňăááă ĺ àăďĺãá Śőńŋæă; ĺğ âěőàĺľ ŕàőĺáåőęďěŋĺï Śőńŋěçŋőľ áĺáâěňë ĺ Ğěňńĺ ňë ğŋăěň ćőğàăáâ Śőńŋæă á âőçŋőáâìî ŕàĺňěàŋő 5%. İâĺ ďăŋŋëě ćłãŕě á ĺğňěàěŋĺïňĺ őâŋőáĺâěńìŋőčő áőďěàęăŋĺï íńěňěŋâőć ć äőâőáäěàě, àěčĺáâàăæĺěľ áőńŋěçŋëå ŋěľâàĺŋő ĺ ŋăąńîďěŋĺïňĺ ŕőćěàåŋőáâŋëå ŕàőïćńěŋĺľ ăłãáâĺçěáłĺå ćőńŋ, àăáŕàőáâàăŋïîéĺåáï ćčńãąì Śőńŋæă ďăîâ őčàőňŋëľ őąêěň ĺŋäőàňăæĺĺ ő Śőńŋæě. Ĺğãçěŋĺě ęě Śőńŋæă łăł âĺŕĺçŋőľ ğćěğďë ŕőğćőńïěâ ńãçèě ŕőŋïâì ğćěğďŋãî íćőńîæĺî ĺ ďàãčĺě őąńăáâĺ ğŋăŋĺï łăł, ŋăŕàĺňěà, őąàăğőćăŋĺě Ćáěńěŋŋőľ (őčàăŋĺçěŋĺě ŋă ŕěàćĺçŋőě áőďěàęăŋĺě čěńĺï).

Ňőďěńĺàőćăŋĺě ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă áőáâőĺâ ć őŕĺáăŋĺĺ ěčő íćőńîæĺĺ őâ őąàăğőćăŋĺï ďő ŋăáâőïéěčő ćàěňěŋĺ, çâő ňőęěâ ąëâì łàăâłő ćëàăęěŋő áńěďãîéĺň ăńčőàĺâňőň:

1) t = 0: ŋăçăńő čőàěŋĺï ćőďőàőďă; ğćěğďă ĺňěěâ őďŋőàőďŋëľ åĺňĺçěáłĺľ áőáâăć, ĺ őŋ ďőńęěŋ ąëâì ğăďăŋ. Ŋěłőâőàëě ďàãčĺě ŕăàăňěâàë âăłęě ŕàĺåőďĺâáï ćëąĺàăâì a priori, â.ł. őŋĺ ŋě őŕàěďěńïîâáï ĺğ ŋăąńîďěŋĺľ.

2) Řěèěŋĺě ãàăćŋěŋĺľ áâàőěŋĺï (1.1{1.8); ŕàĺ íâőň ŋěőąåőďĺňë âăłęě ãàăćŋěŋĺě áőáâőïŋĺï (ďăćńěŋĺě łăł äãŋłæĺï ŕńőâŋőáâĺ, âěňŕěàăâãàë ĺ åĺňĺçěáłőčő áőáâăćă

P (ρ, T, X) ĺ ďàãčĺě ğăćĺáĺňőáâĺ), łőíääĺæĺěŋâ ŕőčńőéěŋĺï ĺğńãçěŋĺï (ŋěŕàőğàăçŋőáâì { κ(ρ, T, X)), áłőàőáâì ćëďěńěŋĺï íŋěàčĺĺ ć ïďěàŋëå àěăłæĺïå (ϵ(ρ, T, X)).

3) Řăáçěâ íćőńîæĺĺ őâ ňőňěŋâă t_i ďő t_{i+1} = t_i + dt, łőâőàëľ ěáâì ŋě çâő ĺŋőě łăł àăáçěâ ĺğňěŋěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă X.

4) Ŕőćâőàïâì ŋăçĺŋăï á èăčă 2) ŕőłă t ŋě ďőáâĺčŋěâ t_⊙.

5) Ěáńĺ áćěâĺňőáâì ĺ àăďĺãá ňőďěńĺ áőćŕăďăîâ á áőńŋěçŋëňĺ, ğăďăçă ćëŕőńŋěŋă, ĺŋăçě ĺğňěŋĺâì ŋăçăńìŋëě ŕăàăňěâàë ĺ ćěàŋãâìáï ł èăčã 1).

Ŕàĺ àăáçěâě ňőďěńĺ Śőńŋæă ŋěĺğąěęŋő ŕàĺåőďĺâáï ďěńăâì ŋěłőâőàëě ŕàěďŕőńőęěŋĺï ĺ ãŕàőéěŋĺï. Śő ćàěňěŋěň ŋěłĺľ ŋăąőà ĺå áâăń ďőáâăâőçŋő őąéěŕàĺŋïâëň, ĺ âăłăï ňőďěńì áâăńă ŋăğëćăěâáï "áâăŋďăàâŋőľ" (standard model) ĺńĺ "őŕőàŋőľ" (reference model). İâĺ ŕőńőęěŋĺï ňőęŋő ŋăľâĺ ć ńîąőň ãçěąŋĺłě; ŋĺęě ŕàĺćěďěŋë őáŋőćŋëě: 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).

Ďàãčĺě ŕàěďŕőńőęěŋĺï ŋőáïâ ąőńěě çăáâŋëľ åăàăłâěà; őŋĺ őŕĺáëćăîâáï ć čńăćě 2.

1.2. Şpăćŋěŋĺï áâpőěŋĺï ĺ íćőńîæĺĺ; čpăŋĺçŋëě ãáńőćĺï Ćŋãâàěŋŋïï áâàãłâãàă ğćěğďë őŕĺáëćăěâáï çěâëàìňï ãàăćŋěŋĺïňĺ. Ŕěàćőě őŕĺáëćăěâ čĺďàőáâăâĺçěáłőě àăćŋőćěáĺě (íćőńîæĺőŋŋëě ĺğňěŋěŋĺï áâàãłâãàë ğćěğďë áő ćàěňěŋěň ďőáâăâőçŋő ňěďńěŋŋë): łăęďëľ áńőľ čăğă ŋăåőďĺâáï ć àăćŋőćěáĺĺ ŕőď ďěľáâćĺěň áĺń âïčőâěŋĺï ĺ àăğŋőáâĺ ďăćńěŋĺľ ćëèě- ĺ ŋĺęěńěęăéĺå áńőěć: dP dr = − GM_r r^2 ρ; (1.1)

ğďěáì P { ďăćńěŋĺě (čăğă ĺ ĺğńãçěŋĺï), ρ { ŕńőâŋőáâì, G { čàăćĺâăæĺőŋŋăï ŕőáâőïŋŋăï, r { àăááâőïŋĺě őâ æěŋâàă Śőńŋæă ďő ďăŋŋőčő áńőï čăğă. M_r { ňăááă, ğăłńîçěŋŋăï ćŋãâàĺ áäěàë àăďĺãáă r: dM_r dr = 4πρr^2 (1.2)

İŋěàčĺï čěŋěàĺàãěâáï ć âěàňőïďěàŋëå àěăłæĺïå; ŋěőąåőďĺňő âăłęě ãçĺâëćăâì ŕőâěàĺ ŋă ŋěľâàĺŋő ĺ ŕàőæěááë ŕěàěàăáŕàěďěńěŋĺï čàăćĺâăæĺőŋŋőľ ĺ âěŕńőćőľ íŋěàčĺĺ U á âěçěŋĺěň íćőńîæĺĺ. Ĺğ ğăłőŋă áőåàăŋěŋĺï íŋěàčĺĺ ŕőńãçăěň: dL_r dr = 4πρr^2 ( ε − ∂U ∂t + P ρ^2 ∂ρ ∂t ) . (1.3)

Ğďěáì ε { áłőàőáâì ćëďěńěŋĺï íŋěàčĺĺ (á ãçěâőň ŋěľâàĺŋŋëå ŕőâěàì).

İŋěàčĺï ŕěàěŋőáĺâáï ĺğ æěŋâàă ŋăàãęã. Ŕàőæěáá ŕěàěŋőáă ňőęěâ ąëâì őŕĺáăŋ őąéěľ äőàňãńőľ ďńï ŕőâőłă íŋěàčĺĺ: F = L_r 4πr^2 (1.4) F = K dT dr ; (1.5) ğďěáì F { ŕőâőł íŋěàčĺĺ, K { łőíääĺæĺěŋâ âěŕńőŕàőćőďŋőáâĺ. İâőâ łőíääĺæĺěŋâ őŕàěďěńïěâáï ňěåăŋĺğňőň ŕěàěŋőáă. Ć ąőńìèěľ çăáâĺ ğćěğďë íâő ńãçĺáâëľ ŕěàěŋőá; őŋ ňőęěâ ąëâì őŕĺáăŋ ďĺääãğĺőŋŋëň ŕàĺąńĺęěŋĺěň (ŕőáłőńìłã ďńĺŋă áćőąőďŋőčő ŕàőąěčă äőâőŋőć ňăńă). Ćő ćŋěèŋĺå áńőïå, čďě łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěńĺł, ŕńăğňă áâăŋőćĺâáï łőŋćěłâĺćŋő ŋěãáâőľçĺćőľ, ĺ K őŕàěďěńïěâáï ŕàőæěááőň łőŋćěłæĺĺ. Ćëàăęěŋĺě ďńï ŕàőĺğćőďŋőľ âěňŕěàăâãàë ŕő àăďĺãáã ňőęŋő âăłęě ğăŕĺáăâì ć ďàãčőľ äőàňě: dT dr = T P ∇ dP dr ; (1.6)

ďăŋŋőě ćëàăęěŋĺě âàĺćĺăńìŋő, â.ł. ğďěáì ∇ ≡ d log T d log P

(1.7)

(â.ŋăğ. âěňŕěàăâãàŋëľ čàăďĺěŋâ). Ŕőńìğãïáì (1.4) ĺ (1.5), ∇ = L_rP 4πr^2KT ( dP dr )_{−1} . (1.8)

Śăňă ćěńĺçĺŋă ∇ ćěáìňă çăáâő ãŕőâàěąńïěâáï. Őâçăáâĺ íâő áćïğăŋő á łàĺâěàĺěň Ÿćăàæèĺńìďă: ŕńăğňă łőŋćěłâĺćŋő ŋěãáâőľçĺćă ŕàĺ ∇_{rad} > ∇_{ad}, (1.9) čďě ∇_{rad} { čàăďĺěŋâ, àăááçĺâăŋŋëľ ďńï ńãçĺáâőčő ŕěàěŋőáă: ∇ = 3L_rP κ 16πacT^4GM_r . (1.9)

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), K = K(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 ć łăçěáâćě ŋěĺğćěáâŋőľ ć áĺáâěňě ãàăćŋěŋĺľ (1.1{1.5). Šőčďă ãàăćŋěŋĺě (1) ğăňěŋïěâáï ŋă dρ dr = ρ P χ^{−1}_ρ { (1 − χ_T ∇) dP dr − χ_X P X dX dr } (1.10)

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} (1.11)

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

Śĺáâěňã (1.1{1.8) ŋěőąåőďĺňő ďőŕőńŋĺâì čàăŋĺçŋëňĺ ãáńőćĺïňĺ (ĺå ďőńęŋő ąëâì 4 ŕő çĺáńã ŕěàěňěŋŋëå: M_r { ŋěğăćĺáĺňăï ŕěàěňěŋŋăï, ďăćńěŋĺě ňőęěâ ąëâì ćëçĺáńěŋő ŕő ρ, T, X á ŕőňőéìî ãàăćŋěŋĺï áőáâőïŋĺï, őáâăîâáï r, ρ, T, L_r). Čàăŋĺçŋëě ãáńőćĺï ć æěŋâàě âàĺćĺăńìŋë:

M_r = 0 : r = 0 L_r = 0. (1.12)

Čàăŋĺçŋëě ãáńőćĺï ŋă ŕőćěàåŋőáâĺ Śőńŋæă ąőńěě áńőęŋë ĺ ŕőďàőąŋő őŕĺáăŋë ć §2.4.2; ãŕàőéěŋŋő ĺå ňőęŋő ğăŕĺáăâì ć ćĺďě: M_r = M : T = T_{surf} ρ = ρ_{surf} . (1.13) (ğăňěâĺň, çâő r = R ĺ L_r = L ŋěńìğï ŋăğćăâì čàăŋĺçŋëňĺ ãáńőćĺïňĺ, â.ł. áăňĺ ćěńĺçĺŋë R ĺ L ŕőńãçăîâáï ć àěğãńìâăâě àěèěŋĺï ğăďăçĺ!)

1.3. Ťĺğĺłă áőńŋěçŋëå ŋěďp Łăł ãŕőňĺŋăńőáì ć §1.2, ãàăćŋěŋĺï ćŋãâàěŋŋěčő áâàőěŋĺï ďőńęŋë ąëâì ďőŕőńŋěŋë áőőâŋőèěŋĺïňĺ ňěęďã âěàňőďĺŋăňĺçěáłĺňĺ ćěńĺçĺŋăňĺ, â.ě. ãàăćŋěŋĺěň áőáâőïŋĺï.

Ŋěŕőáàěďáâćěŋŋő ŋěőąåőďĺňő ğŋăŋĺě áńěďãîéĺå ğăćĺáĺňőáâěľ (X_i { åĺňĺçěáłĺľ áőáâăć ćěéěáâćă):

1. P = P (ρ, T, X_i); çăáâő íâő ĺ ŋăğëćăîâ ãàăćŋěŋĺěň áőáâőïŋĺï. 2. U = U(ρ, T, X_i). Ćŋãâàěŋŋïï íŋěàčĺï. Ěě ĺğňěŋěŋĺě ďőńęŋő ãçĺâëćăâìáï ŕàĺ àăáçěâě íćőńîæĺőŋŋőčő âàěłă (áň. §1.4 ĺ ãàăćŋěŋĺě 1.3).

3. χ_T ≡ (∂ log P/∂ log T )_{ρ,Xi} , χ_ρ ≡ (∂ log P/∂ log ρ)_{T,Xi} , χ_X ≡ (∂ log P/∂ log X)_{ρ,T} âàěąãîâáï ďńï ŕěàěåőďă őâ ĺŋâěčàĺàőćăŋĺï ďăćńěŋĺï ł ĺŋâěčàĺàőćăŋĺî ŕńőâŋőáâĺ (áň. ãàăćŋěŋĺě 1.10).

4. ξ_T ≡ (∂ log U/∂ log T )_{ρ,Xi} ěáâì ŋě çâő ĺŋőě łăł ğăňăáłĺàőćăŋŋăï ãďěńìŋăï âěŕńőěňłőáâì ŕàĺ ŕőáâőïŋŋőň őąêěňě; ξ_ρ ≡ (∂ log U/∂ log ρ)_{T,Xi} ĺáŕőńìğãěâáï ŕàĺ àăáçěâě íŋâàőŕĺĺ (áň. §3.2).

Řăáçěâ íâĺå âěàňőďĺŋăňĺçěáłĺå äãŋłæĺľ ĺ ŕàőĺğćőďŋëå őçěŋì âàãďőěňőł. İâő áćïğăŋő á ŋěőąåőďĺňőáâìî àăááňőâàěŋĺï ďěâăńìŋőčő ĺőŋĺğăæĺőŋŋőčő àăćŋőćěáĺï ňĺŋĺňãň 5-10 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 âěàňőďĺŋăňĺçěáłĺå 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 âőńìłő ďńï ňăááőćőľ ďőńĺ íńěňěŋâőć âïęěńěě čěńĺï Z = 0.02, ŕőíâőňã ćáě ŕàěďáâăćńěŋŋëě ňőďěńĺ ĺňěîâ äĺłáĺàőćăŋŋőě Z = 0.02; ć àăááňőâàěŋĺě ćłńîçěŋë C, N, O ĺ Fe. 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. Šăąńĺæë åàăŋïâáï ć ćĺďě łőíääĺæĺěŋâőć łãąĺçěáłĺå áŕńăľŋőć.

Ŕàĺ àăáçěâě ŕěàěŋőáă íŋěàčĺĺ (ńãçĺáâőčő ĺńĺ łőŋćěłâĺćŋőčő) ŋěőąåőďĺňő ğŋăâì łőíääĺæĺěŋâ ŕőčńőéěŋĺï ćěéěáâćă κ. İâă çăáâì äĺğĺłĺ ğăďăçĺ ŕőďàőąŋő őąáãęďăěâáï ć čńăćě 4.

Řăáçěâ ćëďěńěŋĺï íŋěàčĺĺ ĺ ĺğňěŋěŋĺï åĺňĺçěáłőčő áőáâăćă ćěéěáâćă ć ŕàőæěááě âěàňőïďěàŋëå àěăłæĺľ ŕàěďŕőńăčăěâ âőńìłő ŕàěćàăéěŋĺě ćőďőàőďă ć čěńĺľ (pp-æěŕőçłă ĺ CNO-æĺłń). Ć ãàăćŋěŋĺĺ (1.3) 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 łĺŋěâĺçěáłőň 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): łőŋæěŋâàăæĺĺ íâĺå ïďěà ŋăåőďïâáï ć àăćŋőćěáĺĺ ć áăňëå ćŋãâàěŋŋĺå çăáâïå ğćěğďë, ŋő íâő ŋě âăł ć ąőńěě ćŋěèŋĺå áńőïå. Ć áńãçăě Śőńŋæă čńăćŋëň ĺğ ŋĺå ïćńïěâáï^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 CNOæĺłńă 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.

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. Őŋő ŕàĺćőďĺâáï ć čńăćě 2.

1.4 Řăáçěâ íćőńîæĺőŋŋőčő âpěłă 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. 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 (1.3), őŕĺáëćăîéĺå ĺğňěŋěŋĺě čàăćĺâăæĺőŋŋőľ ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ğćěğďë. Ć łăçěáâćě ŋăçăńìŋëå ãáńőćĺľ ŕàěďŕőńăčăěâáï, çâő ć ňőňěŋâ ćàěňěŋĺ t = 0 őŋĺ àăćŋë ŋãńî (ğćěğďă łćăğĺáâăæĺőŋăàŋă).

1.5. Şáŕěåĺ ĺ ŕpőąńěňë ŕőáńěďŋĺå ńěâ Ŕőŕëâłĺ ŕőŋïâì ćŋãâàěŋŋěě áâàőěŋĺě ŋăçăńĺáì ěéě ć ŕàőèńőň ćěłě (Kelvin 1861, Kelvin 1887, Lane 1869, Ritter 1878, Ritter 1883, Emden 1907, Russell 1919), ŋő ŋăçăńőň áőćàěňěŋŋőľ âěőàĺĺ ďőńęŋë áçĺâăâìáï, ŕő-ćĺďĺňőňã, 20-ě čőďë íâőčő ćěłă, łőčďă ąëńă ćŕěàćëě ćëáłăğăŋă ĺďěï ő âőň, çâő ĺáâőçŋĺłőň íŋěàčĺĺ ďńï ğćěğď áńãęăâ ïďěàŋëě àěăłæĺĺ. Ć 1926 Ă. İďďĺŋčâőŋ àăğćĺń íâã ĺďěî ć áćőěľ łŋĺčě (Eddington 1926), åőâï őŋ ěéě ŋě ŕőŋĺňăń, łăłĺě ĺňěŋŋő ïďěàŋëě àěăłæĺĺ ňőčãâ ŕàőĺáåőďĺâì ć ğćěğďăå. Ăâłĺŋáőŋ ĺ Ţőãâěàňăŋá (d’Atkinson, Houtermans 1929) ğăňěâĺńĺ, çâő ŕàĺ ğćěğďŋëå âěňŕěàăâãàăå ćőğňőęŋő ŕàěőďőńěŋĺě ŕőâěŋæĺăńìŋőčő ąăàìěàă ŕàőâőŋă. Ć âő ęě áăňőě ćàěňï Čăňőć ŕőńãçĺń äőàňãńã ďńï ćěàőïâŋőáâĺ âãŋŋěńìŋőčő íääěłâă (Gamow 1928), ĺ Ćěľæğěłěà ćëáłăğăń ňëáńì ő ćőğňőęŋőáâĺ ŕàěćàăéěŋĺĺ ćőďőàőďă ć čěńĺľ (von Weizs-acker 1937). Ąěâě (Bethe, Critch˛eld 1938a, Bethe, Critch˛eld 1938b) ŕàěďńőęĺń ŕőáńěďőćăâěńìŋőáâĺ àěăłæĺľ, łőâőàëě ňë âěŕěàì ŋăğëćăěň p − p æěŕőçłőľ ĺ CNO-æĺłńőň. Ŕőáńě íâőčő àăąőâë Ůăŋďàăáěłăàă (Chandrasekhar 1939) ĺ Ÿćăàæèĺńìďă (Schwarzchild 1958) àăğćĺńĺ őáŋőćŋëě íńěňěŋâë âěőàĺĺ ŕőçâĺ ć âăłőň ćĺďě, ć łăłőň ňë ĺňěěň ĺå áěľçăá. Ć èěáâĺďěáïâëå čőďăå çĺáńěŋŋëě ňěâőďë ŕőńŋőáâìî ćëâěáŋĺńĺ őçěŋì ŕàĺąńĺğĺâěńìŋëě ăŋăńĺâĺçěáłĺě; Ţěŋìĺ (ŋăŕà., Henyey, Forbes, Gould 1964) ĺ Ĺąěŋ (ŋăŕà., Iben, Ehrman 1962) őŕãąńĺłőćăńĺ ňŋőęěáâćő àăąőâ ŕő àăáçěâăň ğćěğďŋőľ íćőńîæĺĺ.

Ĺŋâěàěáŋő, çâő ć âě ęě èěáâĺďěáïâëě čőďë ąëńĺ őâłàëâë ïćńěŋĺï, łőâőàëě áěľçăá áńãęăâ ć łăçěáâćě ğőŋďă ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă: ŋěľâàĺŋő ĺ ăłãáâĺçěáłĺě łőńěąăŋĺï. İłáŕěàĺňěŋâ ŕő ďěâěłâĺàőćăŋĺî ŋěľâàĺŋő ąëń ŕàěďńőęěŋ ć ŋăçăńě 60-å (Davis 1964) ĺ àěăńĺğőćăŋ ć 1967; ŕěàćëě àěğãńìâăâë őŕãąńĺłőćăŋë ć 1968 č. (Davis et al. 1968). Łőńěąăŋĺï ŕőćěàåŋőáâĺ Śőńŋæă ąëńĺ őąŋăàãęěŋë ć 1960 č. (Leighton 1960; Leighton, Noyes, Simon 1962), őďŋăłő ĺå ŕàĺàőďă ąëńă ŕőŋïâă ŕàăćĺńìŋő ńĺèì ć łőŋæě 60-å (Ulrich 1969; Ulrich 1970; Leibacher, Stein 1971).

Ŋăąńîďěŋĺï áâĺňãńĺàőćăńĺ ďăńìŋěľèĺľ ŕàőčàěáá ňěâőďőć àăáçěâőć ćŋãâàěŋŋěčő áâàőěŋĺï. Őďŋőľ ĺğ æěńěľ âěőàěâĺłőć áâăńő ćőáŕàőĺğćěďěŋĺě âěå ďăŋŋëå ő Śőńŋæě, çâő ŕőńãçăîâáï ĺğ ŋěľâàĺŋŋëå íłáŕěàĺňěŋâőć ĺ ĺğňěàěŋĺľ łőńěąăŋĺľ.

1.5.1 Śőńŋěçŋëě ŋěľâàĺŋő Ŋěľâàĺŋŋëě ďěâěłâőàë ŕőłăğăńĺ, çâő ŕőâőł ŋěľâàĺŋő őâ Śőńŋæă ňőęěâ ąëâì ğăàěčĺáâàĺàőćăŋ ĺ ĺğňěàěŋ. Ŕàěďáłăğăŋĺï áőńŋěçŋëå ňőďěńěľ, őďŋăłő, ğŋăçĺâěńìŋő àăğőèńĺáì á ŋăąńîďěŋĺïňĺ: ŕőâőł, àěčĺáâàĺàãěňëľ ďěâěłâőàőň ŋă őáŋőćě Cl^{37}, őłăğăńáï ŕàĺňěàŋő ćâàőě ŋĺęě őęĺďăěňőčő (Bahcall, Bahcall, Shaviv 1968). İâőâ ďěâěłâőà àěčĺáâàĺàőćăń ŋěľâàĺŋő, ćőğŋĺłăîéĺě ć ŕőąőçŋőľ ćěâćĺ ïďěàŋëå àěăłæĺľ. Ąőńìèĺě ŋăďěęďë ćőğńăčăńĺáì ŋă ŕàőěłâë á Ga^{71} ć łăçěáâćě àěăčěŋâă, áŕőáőąŋëě ďěâěłâĺàőćăâì ŋĺğłőíŋěàčĺçŋëě ŋěľâàĺŋő, ćőğŋĺłăîéĺě ć őáŋőćŋőľ ćěâćĺ ŕàőâőŋ-ŕàőâőŋŋőčő æĺłńă. Ďćă âăłĺå íłáŕěàĺňěŋâă ąëńĺ őáãéěáâćńěŋë: SAGE (Abdurashitov et al. 1994) ĺ GALLEX (Anselmann et al. 1995), ŋő áĺâãăæĺï áâăńă ŋěňŋőčĺň ïáŋěě: ŕőâőłĺ ŋĺğłőíŋěàčĺçŋëå ŋěľâàĺŋő âăłęě őłăğăńĺáì ğŋăçĺâěńìŋő ŋĺęě ŕàěďáłăğëćăěňëå âěőàĺěľ. Kamiokande (Suzuki 1995), àěčĺáâàĺàãîéĺľ ŋěľâàĺŋő ąőńěě ćëáőłĺå íŋěàčĺľ, âăłęě ŕőłăğăń ŋěďőáâăâőł ŋěľâàĺŋő. Šàĺ ĺğ íâĺå íłáŕěàĺňěŋâőć (åńőàŋëľ, GALLEX ĺ SAGE) { àăďĺőåĺňĺçěáłĺě ĺ ĺğňěàïîâ âőńìłő çĺáńő àěăłæĺľ ć áěłãŋďã, ŕàőĺáåőďïéĺå á ŋěľâàĺŋő, ĺňěîéĺå íŋěàčĺî ćëèě őŕàěďěńěŋŋőľ. Ć Kamiokande àěčĺáâàĺàãîâáï íńěłâàőŋë, àăááěïŋŋëě ŕàĺ áâőńłŋőćěŋĺïå á ŋěľâàĺŋő, ĺ ąëńő ŕőłăğăŋő, çâő ŋěľâàĺŋő ďěľáâćĺâěńìŋő ŕàĺåőďïâ őâ Śőńŋæă.

Ďńï àěèěŋĺï íâőľ ŕàőąńěňë ŕàěďńăčăńőáì ňŋőęěáâćő čĺŕőâěğ (áň., ŋăŕàĺňěà, Bahcall, Ulrich 1988):

{ ŕěàěćőď ŋěďà Śőńŋæă ć ďàãčőľ âěňŕěàăâãàŋëľ àěęĺň (ŕěàěňěèĺćăŋĺě áőńŋěçŋëå ŋěďà, ćěďãéěě ł ąőńěě ćëáőłőňã áőďěàęăŋĺî ćőďőàőďă; ãćěńĺçěŋŋőě áőďěàęăŋĺě čěńĺï ć ïďàě ć ňőňěŋâ őąàăğőćăŋĺï Śőńŋæă; ŕőŋĺęěŋŋőě áőďěàęăŋĺě âïęěńëå íńěňěŋâőć ć ïďàě Śőńŋæă; ŋăńĺçĺě áńăąőćğăĺňőďěľáâćãîéĺå ňăááĺćŋëå çăáâĺæ (WIMP), ĺčàăîéĺå àőńì ć ŕěàěŋőáě íŋěàčĺĺ);

{ őèĺąłĺ ïďěàŋőľ äĺğĺłĺ (ŋěćěàŋëě áěçěŋĺï ïďěàŋëå àěăłæĺľ ĺńĺ ćğăĺňőďěľáâćĺï ŋěľâàĺŋő á ďěâěłâőàăňĺ);

{ őèĺąłĺ ć ŕàĺàőďě ŋěľâàĺŋő (őáæĺńńïæĺĺ ŋěľâàĺŋő ŋă ŕãâĺ őâ ïďàă Śőńŋæă ł Ğěňńě).

Ŋĺ őďŋă ĺğ ŋĺå, őďŋăłő, ŋě ŕàĺğŋăŋă àěèěŋĺěň ŕàőąńěňë. Ŋěłőâőàëě ĺğ ŋĺå (âăłĺě łăł WIMP ĺ ĺğňěŋěŋĺï áěçěŋĺľ ïďěàŋëå àěăłæĺľ) ŋě ŋăåőďïâ ŕőďâćěàęďěŋĺï áő áâőàőŋë äĺğĺłĺ íńěňěŋâăàŋëå çăáâĺæ; ďàãčĺě (àăğŋëě ćĺďë ňőďĺäĺłăæĺľ åĺňĺçěáłőčő áőáâăćă) ŕàőâĺćőàěçăâ čěńĺőáěľáňĺçěáłĺň ďăŋŋëň. Ŋěľâàĺŋŋëě őáæĺńńïæĺĺ ňőčńĺ ąë áńãęĺâì åőàőèĺň àěèěŋĺěň ŕàőąńěňë, őďŋăłő íłáŕěàĺňěŋâăńìŋëå ďăŋŋëå őą ĺå àěăńìŋőáâĺ ŕőłă ŋěâ, ă çĺáâő âěőàěâĺçěáłĺě ćëćőďë ŋěďőáâăâőçŋő ãćěàěŋŋë.

Ŋőćëě íłáŕěàĺňěŋâë (SAGE ĺ GALLEX) ŋě àěèĺńĺ ŕàőąńěňã ŋěåćăâłĺ ŋěľâàĺŋő; ćňěáâő íâőčő, łăł ąëńő ŋěďăćŋő őâňěçěŋő (áň., ŋăŕàĺňěà, Bahcall, Krastev 1996), őŋĺ ŕěàěćěńĺ ŕàőąńěňã ć ďàãčãî ŕńőáłőáâì. Ńěčłő ŕőďáçĺâăâì, çâő áćěâĺňőáâì Śőńŋæă áőőâćěâáâćãěâ 73 ± 1 SNU ďńï čăńńĺěćőčő ďěâěłâőàă. Ąőàŋëě ŋěľâàĺŋő, àěčĺáâàĺàãěňëě ďěâěłâőàőň Kamiokande, ďőńęŋë áőğďăćăâì ŕőâőł őłőńő 7 SNU ć čăńńĺěćőň íłáŕěàĺňěŋâě. Ć âő ęě ćàěňï SAGE ĺ GALLEX ďăîâ ŕőâőłĺ 74 ± 8 SNU ĺ, áńěďőćăâěńìŋő, ąěàĺńńĺěćëě ŋěľâàĺŋő ć íâĺå íłáŕěàĺňěŋâăå ŋě àěčĺáâàĺàãîâáï ćőćáě! Šăłĺň őąàăğőň, ĺğňěàěŋŋëě ŕőâőłĺ ŋěľâàĺŋő őłăğăńĺáì ćŋãâàěŋŋě ŕàőâĺćőàěçĺćëňĺ. Ć áćïğĺ á íâĺň ć ŕőáńěďŋěě ćàěňï ňŋěŋĺě âěőàěâĺłőć ćáě ąőńìèě áłńőŋïěâáï ł čĺŕőâěğě ŋěľâàĺŋŋëå őáæĺńńïæĺľ (âőçŋěě, ł âőňã, çâő àěèěŋĺě ŕàőąńěňë áńěďãěâ ĺáłăâì ć äĺğĺłě ŋěľâàĺŋő, ă ŋě ć âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă).

1.5.2 Ŋăąńîďěŋĺï áőńŋěçŋëå łőńěąăŋĺľ Ć 1960 čőďã ąëńĺ áďěńăŋë őďŋĺ ĺğ áăňëå ćăęŋëå őâłpëâĺľ ŋăèěčő áâőńěâĺï ć čěńĺőäĺğĺłě: Leighton őąŋăpãęĺń áãŕěpčpăŋãńïæĺî ĺ ŕïâĺňĺŋãâŋëě łőńěąăŋĺï ŋă Śőńŋæě (Leighton 1960; Leighton, Noyes, Simon 1962). Ďěáïâìî čőďăňĺ ŕőğęě Ulrich (Ulrich 1969; Ulrich 1970) ŕpěďŕőńőęĺń, çâő łőńěąăŋĺï ŕőćěpåŋőáâĺ ěáâì ŋě çâő ĺŋőě, łăł pěğãńìâăâ ĺŋâěpäěpěŋæĺĺ ňěęďã őčpőňŋëň çĺáńőň áőąáâćěŋŋëå ňőď, ğăåćăçěŋŋëå ć ŕőńőáâĺ ňěęďã áőńŋěçŋőľ ŕőćěpåŋőáâìî ĺ áäěpőľ ŋěłőâőpőčő păďĺãáă á æěŋâpőň ć æěŋâpě Śőńŋæă. Hěňŋőčő ŕőğęě âő ęě áăňőě őąêïáŋěŋĺě ąëńő ŕpěďńőęěŋő Stein ĺ Leibacher (1974).

Ŕěpćőě ďőłăğăâěńìáâćő áãéěáâćőćăŋĺï áőąáâćěŋŋëå ňőď ąëńő ŕőńãçěŋő Deubner ć 1975 č. (Deubner 1975). Őŋ ŕőńãçĺń ŕěpćëľ ďćãňěpŋëľ áŕěłâp ňőéŋőáâĺ, ĺ ěčő ďĺáłpěâŋőáâì ãłăğëćăńă ŋă áãéěáâćőćăŋĺě őâďěńìŋëå ňőď łőńěąăŋĺľ. Ć âőň ęě áăňőň čőďã Ando ĺ Osaki őŕãąńĺłőćăńĺ âěőpěâĺçěáłãî ďćãňěpŋãî çăáâőâŋãî ďĺăčpăňňã. Őŋă ąëńă ŋěňěďńěŋŋő ápăćŋěŋă á ŕőńãçěŋŋőľ Deubner (Ando, Osaki 1975; Ando, Osaki 1977), ĺ áőčńăáĺě őłăğăńőáì ćŕěçăâńïîéĺň!

Fossat ĺ Ricort âőčďă ęě ćŕěpćëě ŋăąńîďăńĺ őáæĺńńïæĺĺ ćáěčő ďĺáłă Śőńŋæă áő áłőpőáâïňĺ ŕőpïďłă 1 ň/á (Fossat, Ricort 1975). Hěáłőńìłő ńěâ áŕãáâï, ć 1979, Claverie, Isaak, Van der Raay ĺ ďp. păğpěèĺńĺ íâĺ čńőąăńìŋëě łőńěąăŋĺï ŋă őâďěńìŋëě ŕĺłĺ, çâő ďőłăğëćăńő áãéěáâćőćăŋĺě áőąáâćěŋŋëå ňőď á őçěŋì ŋĺğłĺňĺ áâěŕěŋïňĺ (Claverie et al. 1979; Claverie et al. 1980).

Ć 1980 č. Grec, Fossat ĺ Pomerantz ŋăąńîďăńĺ łőńěąăŋĺï ŋěŕpěpëćŋő ć âěçěŋĺĺ ŕïâĺ ďŋěľ (á čěőčpăäĺçěáłőčő đęŋőčő ŕőńîáă) (Grec, Fossat, Pomerantz 1980; Grec, Fossat, Pomerantz 1983); pěğãńìâăâőň áâăńő ćëďěńěŋĺě őâďěńìŋëå áőąáâćěŋŋëå çăáâőâ. Ć ńĺâěpăâãpě áâăń ŕőïćńïâìáï âěpňĺŋ "čěńĺőáěľáňőńőčĺï". Ć áńěďãîéěň čőďã Claverie, Isaak, Van der Raay ĺ ĺå łőńńěčĺ ŕőńãçĺńĺ áěpĺî ŋăąńîďěŋĺľ ďńĺŋőľ ć âpĺ ňěáïæă.

Ĺå ďăŋŋëě ąëńĺ ďőŕőńŋěŋë ĺğňěpěŋĺïňĺ ŋă ő. Šěŋěpĺä ĺ Čăćăľïå, âăł çâő ć æěńőň ŕěpĺőď ąëń ŕőłpëâ ŋă 80% (Claverie et al. 1981). İâĺ ďăŋŋëě őçěŋì ďőńčő őáâăćăńĺáì ŋěŕpěćğőľďěŋŋëňĺ ápěďĺ ĺğňěpěŋĺľ ąěğ ŕpőáâpăŋáâćěŋŋőčő păğpěèěŋĺï.

Ć ďăńìŋěľèěň ąőńìèăï çăáâì ãáĺńĺľ ąëńă ŋăŕpăćńěŋă ŋă ŕőńãçěŋĺě áŕěłâpă ňőéŋőáâĺ łőńěąăŋĺľ á ŕpőáâpăŋáâćěŋŋëň păğpěèěŋĺěň. Hěáłőńìłő ăňěpĺłăŋáłĺå čpãŕŕ ĺááńěďőćăâěńěľ ŕãąńĺłőćăńĺ ćáě ąőńěě ŕőďpőąŋëě ĺ âőçŋëě áŕĺáłĺ áőąáâćěŋŋëå çăáâőâ: Duvall, Harvey 1983, Duvall et al. 1983, Rhodes et al. 1988, Libbrecht 1988; Libbrech, Woodard, Kaufman 1990.

Čńăćŋëľ ňěâőď àěčĺáâàăæĺĺ łőńěąăŋĺľ { ŋăąńîďěŋĺï ŕőńï áłőàőáâěľ ŕőćěàåŋőáâĺ Śőńŋæă ŕő ďőŕńěàőćáłőňã áďćĺčã őďŋőľ ĺğ ńĺŋĺľ ŕőčńőéěŋĺï ć őŕâĺçěáłőň áŕěłâàě. Ŋăąńîďăěňëě ăňŕńĺâãďë łőńěąăŋĺľ ćěáìňă ňăńë { őâ ěďĺŋĺæ ďő ďěáïâłőć áăŋâĺňěâàőć ć áěłãŋďã; ďńï ĺå âőçŋőľ àěčĺáâàăæĺĺ ŕàĺňěŋïîâáï áŕěæĺăńìŋëě ňěâőďë ĺğňěàěŋĺï ďőŕńěàőćáłőčő áďćĺčă (ŋăŕàĺňěà, ĺğňěàěŋĺï ć łàëńìïå ńĺŋĺľ). Ŋăąńîďěŋĺï ĺŋâěŋáĺćŋőáâĺ áőńŋěçŋőčő ĺğńãçěŋĺï âăłęě ćěďãâáï ďőáâăâőçŋő ăłâĺćŋő. Ŕàĺ ĺğňěàěŋĺĺ ĺŋâěčàăńìŋőčő ŕőâőłă ĺğńãçěŋĺï Śőńŋæă àěčĺáâàĺàãîâáï őâŋőáĺâěńìŋëě ŕãńìáăæĺĺ ïàłőáâĺ ŕőàïďłă 10^{−5} −10^{−6}. Ŋěłőâőàëě ĺááńěďőćăâěńĺ ćěďãâ ŋăąńîďěŋĺï łàăěć áőńŋěçŋőčő ďĺáłă { ĺğňěàïîâáï äńãłâãăæĺĺ ćĺďĺňőčő ďĺăňěâàă ĺńĺ ğăłőŋă ŕőâěňŋěŋĺï ł łàăî.

Ŋăąńîďěŋĺï ćěďãâáï á àăğŋőľ áâěŕěŋìî ŕàőáâàăŋáâćěŋŋőčő àăğàěèěŋĺï. Ŕàĺ ŋăąńîďěŋĺĺ Śőńŋæă łăł ğćěğďë (ąěğ ŕàőáâàăŋáâćěŋŋőčő àăğàěèěŋĺï) ŕőńãçăěâáï ćëáőłőě őâŋőèěŋĺě áĺčŋăń/èãň, ŋő âăłĺě ŋăąńîďěŋĺï őčàăŋĺçěŋë łőńěąăŋĺïňĺ ŋĺğłĺå áâěŕěŋěľ l ≤ 3. Ďńï ąőńěě ćëáőłĺå l ćłńăď őąńăáâěľ ďĺáłă, łőńěąńîéĺåáï ć ŕàőâĺćőäăğě, ćğăĺňŋő łőňŕěŋáĺàãěâáï, ĺ çãćáâćĺâěńìŋőáâì ŋăąńîďěŋĺľ àěğłő ŕăďăěâ. Ŋăąńîďěŋĺï á őďŋőňěàŋëň ŕàőáâàăŋáâćěŋŋëň àăğàěèěŋĺěň (ŕàĺěňŋĺł ĺňěěâ ćĺď ńĺŋěľłĺ) ďăîâ ćőğňőęŋőáâì ŕőńãçăâì ďĺáŕěàáĺőŋŋëě łàĺćëě ć ğăćĺáĺňőáâĺ őâ čőàĺğőŋâăńìŋőčő ćőńŋőćőčő çĺáńă ĺńĺ łőíääĺæĺěŋâă áäěàĺçěáłőľ čăàňőŋĺłĺ m. Ğăćĺáĺňőáâì çăáâőâ őâ çĺáńă m őŕàěďěńïěâáï ŋěáäěàĺçŋőáâìî äĺčãàë Śőńŋæă, çâő ŕőğćőńïěâ ĺğãçăâì ćàăéěŋĺě ĺ łàãŕŋőňăáèâăąŋëě ňăčŋĺâŋëě ŕőńï. Ć ŕőáńěďŋěě ćàěňï ŋăąńîďěŋĺï ćěďãâáï âăłęě á ďćőľŋëň ŕàőáâàăŋáâćěŋŋëň àăğàěèěŋĺěň; ć íâőň áńãçăě łőńěąăŋĺï ňőčãâ ąëâì őâőęďěáâćńěŋë ŕő őąőĺň ĺŋďěłáăň l ĺ m.

Ć ŋăáâőïéěě ćàěňï ŋăąńîďěŋĺï áőńŋěçŋëå łőńěąăŋĺľ ŕàőďőńęăîâáï á ŋěňěŋìèěľ ĺŋâěŋáĺćŋőáâìî. Ŕőáłőńìłã őďŋă őąáěàćăâőàĺï ňőęěâ ŋăąńîďăâì âőńìłő ŕőńďŋï (łőčďă Śőńŋæě ŋăď čőàĺğőŋâőň), èĺàőłőě àăáŕàőáâàăŋěŋĺě ŕőńãçăîâ ąőńìèĺě ňěęďãŋăàőďŋëě ŕàőěłâë. Śãéěáâćãîâ âàĺ ŕãâĺ ŕőńãçěŋĺï ŋěŕàěàëćŋëå àïďőć ďăŋŋëå.

Ŕěàćëľ áŕőáőą, ŋăąńîďěŋĺï, ŕàőćőďĺňëě ğă ŕőńïàŋëň łàãčőň, ąëń ŕěàćëň ĺğ ĺáŕőńìğőćăŋŋëå (Grec, Fossat, Pomerantz 1980; Grec, Fossat, Pomerantz 1983). Ěčő ŕàěĺňãéěáâćă ć âőň, çâő ŋăąńîďěŋĺï ćěďãâáï ŋă őďŋőň ĺŋáâàãňěŋâě, áâőĺňőáâì áàăćŋĺâěńìŋő ŋěćëáőłă, ĺ ŋăąńîďăâěńì ňőęěâ ŋěŕőáàěďáâćěŋŋő ćňěèĺćăâìáï ć âěçěŋĺě ĺğňěàěŋĺľ (ć őâńĺçĺě őâ łőáňĺçěáłĺå íłáŕěàĺňěŋâőć). Čńăćŋëľ ŋěďőáâăâőł { ğăćĺáĺňőáâì őâ ŕőčőďë, ĺ őŋă őąëçŋő ŋě ŕőğćőńïěâ ŕőńãçĺâì àïďőć ďńĺŋŋěě, çěň ć őďŋã ŋěďěńî. Ŋăąńîďěŋĺï á đęŋőčő ŕőńîáă ćáě ěéě ĺŋőčďă ŕàőćőďïâáï.

Łőáňĺçěáłĺľ ăŕŕăàăâ, ŋăąńîďăîéĺľ Śőńŋæě ąěğ ŕőňěå, ňőč ąë ąëâì ĺďěăńìŋëň ňěáâőň ďńï ŋăąńîďěŋĺï łőńěąăŋĺľ ąěğ ŕěàěàëćőć ĺ ăâňőáäěàŋëå ĺáłăęěŋĺľ. Ŋěďőáâăâłăňĺ ğďěáì ïćńïîâáï ćëáőłăï áâőĺňőáâì, ŋěćőğňőęŋőáâì ćňěèăâěńìáâćă ć áńãçăě âěåŋĺçěáłĺå ŋěŕőńăďőł ĺ, ďńï ŋăąńîďěŋĺľ ňěâőďőň ĺğňěàěŋĺï ďőŕńěàőćáłőčő áňěéěŋĺï, ąőńìèĺě ćăàĺăæĺĺ ńãçěćőľ áłőàőáâĺ. Łőáňĺçěáłĺě ŋăąńîďěŋĺï őáőąěŋŋő åőàőèő ŕőďåőďïâ ďńï ŋăąńîďěŋĺľ łőńěąăŋĺľ ŋĺğłĺå l { ŋăąńîďăâì á ŕàőáâàăáâćěŋŋëň àăğàěèěŋĺěň á łőáňĺçěáłőčő ăŕŕăàăâă ğăâàãďŋĺâěńìŋő, ĺ łőńěąăŋĺï ŋĺğłĺå áâěŕěŋěľ łăł àăğ âàěąãîâ ďńĺâěńìŋëå ŋěŕàěàëćŋëå àïďőć. Ąëńő ćëŕőńŋěŋő ŋěáłőńìłő ŕàőčàăňň; ďćě ĺğ ŋĺå ąëńĺ ďőáâăâőçŋő ãďăçŋëňĺ (ć áňëáńě łăçěáâćă ŕőńãçěŋŋëå ďăŋŋëå): ăňěàĺłăŋáłĺľ ĺŋáâàãňěŋâ ACRIM (Active Cavity Radiometer Irradiance Monitor) ŋă áŕãâŋĺłě SMM ć 1980 (Wilson 1979; Woodard, Hudson 1983; Woodard, Noyes 1985; Woodard 1987) ĺ èćěďáłĺľ ĺŋáâàãňěŋâ IPHIR (InterPlanetary Helioseismology by IRradiance measurements) ŋă àőááĺľáłőň áŕãâŋĺłě Ťőąőá ć 1988 (Fr-olich et al. 1988). Ć ďěłăąàě 1995 čőďă ğăŕãéěŋ ěćàőŕěľáłĺľ áŕãâŋĺł SOHO, ŋă łőâőàőň ŋăåőďïâáï áàăğã âàĺ čěńĺőáěľáňőńőčĺçěáłĺå ĺŋáâàãňěŋâă: 1) GOLF (Global Oscillations at Low Frequency), łőâőàëľ, łăł ŋăďěîâáï ĺááńěďőćăâěńĺ, áňőęěâ őąŋăàãęĺâì g-ňőďë łőńěąăŋĺľ; ĺŋáâàãňěŋâ ĺğňěàïěâ ńãçěćãî áłőàőáâì áőńŋěçŋőčő ďĺáłă ąěğ ŕàőáâàăŋáâćěŋŋőčő àăğàěèěŋĺï (Gabriel et al. 1989); 2) VIRGO (Variability of Solar Irradiance and Gravity Oscillations) { æěńì âă ęě, çâő ĺ ã GOLF (ŋăąńîďěŋĺï łőńěąăŋĺľ ŋĺğłĺå áâěŕěŋěľ), ŋő ĺğňěàïîâáï ĺğňěŋěŋĺï ïàłőáâĺ ďĺáłă (Fr-olich et al. 1989); 3) MDI/SOI (Michelson Doppler Imager/Solar Oscillations Investigation) { ĺğňěàěŋĺï ńãçěćőľ áłőàőáâĺ á ćëáőłĺň ŕàőáâàăŋáâćěŋŋëň àăğàěèěŋĺěň; ŕőğćőńĺâ ŕőńãçĺâì çăáâőâë łőńěąăŋĺľ ćáěå áâěŕěŋěľ, őâ 0 ďő 1000 (Scherrer et al. 1989). Řěğãńìâăâőć àăąőâë áŕãâŋĺłă ŕőłă ŋěâ, őďŋăłő őąőàãďőćăŋĺě äãŋłæĺőŋĺàãěâ ãáŕěèŋő. Ňŋőčĺě ĺááńěďőćăâěńĺ ćőğńăčăîâ ŋă íâĺ ĺŋáâàãňěŋâë ąőńìèĺě ŋăďěęďë.

Ţőàőèěľ ăńìâěàŋăâĺćőľ łőáňĺçěáłĺň ĺááńěďőćăŋĺïň ãáŕěèŋő áńãęăâ áěâĺ ŋăğěňŋëå áâăŋæĺľ. Ĺå ŕàěĺňãéěáâćă { ąőńěě ŋĺğłăï áâőĺňőáâì ŕő áàăćŋěŋĺî á łőáňĺçěáłĺňĺ ăŕŕăàăâăňĺ ĺ ćőğňőęŋőáâì ćňěèăâěńìáâćă ŋăąńîďăâěńï ć ŕàőæěáá ĺğňěàěŋĺľ. Ŋěďőáâăâłőć, ćŕàőçěň, âăłęě ŋěňăńő: ĺğ-ğă ŕőčőďë ŕőłàëâĺě ćàěňěŋŋőčő ĺŋâěàćăńă ŕàăłâĺçěáłĺ ŋĺłőčďă ŋě ąëćăěâ 100%, ĺáŕőńìğőćăŋĺě ŋěáłőńìłĺå ĺŋáâàãňěŋâőć ŕőàőęďăěâ ŕàőąńěňã ĺå ŋěĺğąěęŋëå àăğńĺçĺľ, áńĺïŋĺě ďăŋŋëå á àăğŋëå őąáěàćăâőàĺľ ć őďĺŋ ćàěňěŋŋőľ àïď ïćńïěâáï ćěáìňă áńőęŋőľ ğăďăçěľ. Ć ŋăáâőïéěě ćàěňï çěâëàě ąőńìèĺå áěâĺ ŋăåőďïâáï ć àăğŋőľ áâăďĺĺ ğăŕãáłă. Ĺáâőàĺçěáłĺ ŕěàćőľ ąëńă áěâì Ąĺàňĺŋčěňáłőčő Şŋĺćěàáĺâěâă (BiSON { Birmingham Solar Oscillation Network). Ŕěàćăï áâăŋæĺï (ŋă ő. Šěŋěàĺä) ğăàăąőâăńă ć 1975 čőďã; ć ŋăáâőïéěě ćàěňï äãŋłæĺőŋĺàãîâ 6 áâăŋæĺľ.

Ĺŋáâàãňěŋâë ĺğňěàïîâ ďőŕńěàőćáłőě áňěéěŋĺě áćěâă ćáěčő ďĺáłă Śőńŋæă, ĺ ŕőíâőňã æěńì áěâĺ { ŋăąńîďěŋĺï łőńěąăŋĺľ ŋĺğłĺå l ≤ 4 (Elsworth et al. 1991). Čàãŕŕă őŕãąńĺłőćăńă ňŋőęěáâćő àěğãńìâăâőć; ĺňěŋă ãçăáâŋĺłőć { A. Claverie, G.R. Isaak, C.P. McLeod, Y. Elsworth, R. Howe, R. New ĺ ďà.

Śěâì Şŋĺćěàáĺâěâă č. Ŋĺææë IRIS (International Research of the Interior of the Sun) ć ŋăáâőïéěě ćàěňï ŋăáçĺâëćăěâ 6 áâăŋæĺľ. Ďăŋŋëě ŋăłăŕńĺćăîâáï á 1990 čőďă; ĺŋáâàãňěŋâë ĺğňěàïîâ ńãçěćãî áłőàőáâì Śőńŋæă łăł ğćěğďë (ąěğ ŕàőáâàăŋáâćěŋŋőčő àăğàěèěŋĺï) (Fossat 1988). Ć ŕőáńěďŋĺě čőďë, ŕőáńě ććőďă ć áâàőľ áâăŋæĺľ ć Şğąěłĺáâăŋě ĺ Ğăŕăďŋőň ŕőńãèăàĺĺ, čàãŕŕă őŕãąńĺłőćăńă ŋěáłőńìłő ĺŋâěàěáŋëå àěğãńìâăâőć, łăáăîéĺåáï ĺğňěàěŋĺľ àăáéěŕńěŋĺï çăáâőâ ňőď łőńěąăŋĺľ ĺ ćëćőďőć őâŋőáĺâěńìŋő ćŋãâàěŋŋěčő ćàăéěŋĺï Śőńŋæă (Loudagh et al. 1992, Eghamberdiev et al. 1992, Fossat et al. 1995).

Śěâì Şŋĺćěàáĺâěâă âăľćăŋìáłőčő č. Űĺŋì Ţãă TON (Taiwanese Oscillation Network) { áàăćŋĺâěńìŋő ňőńőďőľ ŕàőěłâ, őďŋăłő őŋ ąëń ğăŕãéěŋ ćěáìňă ãďăçŋő, ĺ ć ŋăáâőïéěě ćàěňï áěâì ŋăçĺŋăěâ äãŋłæĺőŋĺàőćăâì (Chou et al. 1995). Ŋăąńîďěŋĺï ćěďãâáï á ćëáőłĺň ŕàőáâàăŋáâćěŋŋëň àăğàěèěŋĺěň ŕő ďĺáłã. Řěğãńìâăâë ŋăąńîďěŋĺľ ěéě ŋě őŕãąńĺłőćăŋë.

Ňăáèâăąŋëľ ŕàőěłâ GONG (Global Oscillation Network Group) ŋăçăń áćőî ďěïâěńìŋőáâì ć 1984 čőďã (GONG 1984, Harvey et al. 1996), őďŋăłő ŕěàćëě ŕőńŋőňăáèâăąŋëě ĺğňěàěŋĺï ąëńĺ áďěńăŋë ńĺèì ć őłâïąàě 1995. Ŋă łăęďőľ áâăŋæĺĺ ãáâăŋőćńěŋ áŕěæĺăńìŋő àăğàăąőâăŋŋëľ ĺŋâěàäěàőňěâà Ňăľłěńìáőŋă ĺğňěàïîéĺľ ďőŕńěàőćáłőě áňěéěŋĺě âőçěł ďĺáłă; ŋăąńîďěŋĺï ćěďãâáï á ćëáőłĺň ŕàőáâàăŋáâćěŋŋëň àăğàěèěŋĺěň. Řăąőâăîâ 6 áâăŋæĺľ; ãęě áěľçăá őąèĺàŋëě àïďë ďăŋŋëå ďőáâãŕŋë ďńï ãçăáâŋĺłőć, ĺ ŋěďăćŋő ŋăçăńăáì ŕãąńĺłăæĺï àěğãńìâăâőć (Harvey et al. 1996, Hill et al. 1996, Gough et al. 1996, Thompson et al. 1996, Hathaway et al. 1996).

1.5.3 Řěğãńìâăâë čěńĺőáěľáňőńőčĺĺ Ŕěàćëň ãáŕěåőň âěőàěâĺçěáłőľ čěńĺőáěľáňőńőčĺĺ áâăńő őâőęďěáâćńěŋĺě ŋăąńîďăěňëå ĺ âěőàěâĺçěáłĺå çăáâőâ áőąáâćěŋŋëå ňőď łőńěąăŋĺľ. Ąëńĺ őâőęďěáâćńěŋë âëáïçĺ çăáâőâ, ĺ íâő ŕőłăğăńő, çâő ŋăèě ŕőŋĺňăŋĺě äĺğĺłĺ łőńěąăŋĺľ ąńĺğłő ł ďěľáâćĺâěńìŋőáâĺ. Ŕőáńě íâőčő, àăğãňěěâáï, ĺááńěďőćăâěńĺ áâăńĺ áàăćŋĺćăâì ĺğňěàěŋŋëě çăáâőâë á ňőďěńìŋëňĺ ąőńěě âéăâěńìŋő. Ąëńĺ àăğàăąőâăŋë ăďěłćăâŋëě ňěâőďë áàăćŋěŋĺï (Christensen-Dalsgaard 1986), łőâőàëě ŋőàňăńĺğőćëćăńĺ àăğŋőáâĺ çăáâőâ. Ŋă àĺá. 1.1 ĺ 1.2 ŕàĺćőďïâáï ŕàïňëě (ąěğ ŋőàňăńĺğăæĺĺ) àăğŋőáâĺ ňěęďã ďćãňï áâăŋďăàâŋëňĺ ňőďěńïňĺ (őŕĺáăŋŋëňĺ ć čńăćě 4) ĺ çăáâőâăňĺ łőńěąăŋĺľ ĺğ Libbrecht, Woodard, Kaufman 1990. Łăł ćĺďĺň, àăğŋőáâĺ áőáâăćńïîâ őâ 10 ďő 20 μHz (őłőńő 0.5% őâ ăąáőńîâŋëå ćěńĺçĺŋ çăáâőâ). İâő ŋěąőńìèăï ćěńĺçĺŋă, ŋő ğăňěâŋăï, â.ł. őèĺąłĺ ŋăąńîďěŋĺľ ŋă ŕőàïďőł ňěŋìèě. Śńěďőćăâěńìŋő, íâĺ àăğŋőáâĺ ŕàěďáâăćńïîâ áőąőľ áńěďáâćĺě őèĺąőł ć ŋăèěň ŕőŋĺňăŋĺĺ äĺğĺłĺ łőńěąăŋĺľ. Ŋăŕàĺňěà, ńěčłő ğăňěâĺâì őąéĺľ ŋăłńőŋ łàĺćőľ ďńï ćëáőłĺå çăáâőâ. Ŕőáłőńìłã ňőďë ćëáőłĺå çăáâőâ ąőńìèěľ çăáâìî ńőłăńĺğőćăŋë ć ŕőćěàåŋőáâŋëå áńőïå, íâő ãłăğëćăěâ ŋă ŋěâőçŋőáâĺ ć ňőďěńĺ ăâňőáäěàë ĺ áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë (ĺńĺ ć äĺğĺłě àăáŕàőáâàăŋěŋĺï ăłãáâĺçěáłĺå ćőńŋ ć íâĺå áńőïå).

Ůăáâőâë łőńěąăŋĺľ őŕàěďěńïîâáï čńăćŋëň őąàăğőň ŕàőäĺńěň áłőàőáâĺ ğćãłă ć ŋěďàăå Śőńŋæă. Őâłàëâĺě ğăłőŋă Ďîćăńï (Duvall 1982; ďĺáŕěàáĺőŋŋőě áőőâŋőèěŋĺě, áćïğëćăîéěě áłőàőáâì ğćãłă ć ňőďěńĺ ĺ ŕăàăňěâàë çăáâőâ) ŕőďâőńłŋãńő âěőàěâĺłőć ł ŕőŕëâłăň ŕőńãçĺâì áłőàőáâì ğćãłă, őáŋőćëćăïáì ŋă çăáâőâăå łőńěąăŋĺľ.

Śãéěáâćãîâ ďćă ŕőďåőďă ł ŕőńãçěŋĺî ŕàőäĺńï áłőàőáâĺ ğćãłă ĺğ ŋăąőàă ŋăąńîďăěňëå çăáâőâ (ć ăŋčńőïğëçŋőľ ńĺâěàăâãàě ĺáŕőńìğãěâáï âěàňĺŋ "inversion", ć àãááłőïğëçŋőľ { "ćőááâăŋőćńěŋĺě"). Ć ŕěàćőň ňěâőďě ("ăáĺňŕâőâĺçěáłăï ĺŋćěàáĺï") łőńěąăŋĺï őŕĺáëćăîâáï á ŕőňőéìî ăáĺňŕâőâĺçěáłőľ âěőàĺĺ. Ŕàĺ íâőň ćőğňőęŋő ŕőńãçĺâì áłőàőáâì ğćãłă ŋěŕőáàěďáâćěŋŋő ĺğ âěőàĺĺ łőńěąăŋĺľ, ŋě ŕàĺąěčăï ł łăłőľ-ńĺąő ňőďěńĺ Śőńŋæă. Ğă íâã ćőğňőęŋőáâì ŕàĺåőďĺâáï ŕńăâĺâì âěň, çâő ăáĺňŕâőâĺçěáłőě őŕĺáăŋĺě łőńěąăŋĺľ áőďěàęĺâ ďőáâăâőçŋő čàãąëě ŕàěďŕőńőęěŋĺï. Šěň ŋě ňěŋěě ąőńìèĺŋáâćő àăąőâ ĺáŕőńìğãîâ íâőâ ňěâőď (ć â.ç. ŕěàćőě őŕàěďěńěŋĺě ŕàőäĺńï áłőàőáâĺ ğćãłă { Christensen-Dalsgaard et al. 1985).

Ćâőàőľ ňěâőď àěèěŋĺï őąàăâŋőľ ğăďăçĺ ćőááâăŋőćńěŋĺï ŕàőäĺńï áłőàőáâĺ ğćãłă őáŋőćăŋ ŋă ĺáŕőńìğőćăŋĺĺ ąăğőćőľ ňőďěńĺ Śőńŋæă: ãàăćŋěŋĺï ďńï àăğŋőáâěľ çăáâőâ ňőďěńěľ ńĺŋěăàĺğãîâáï ĺ ğăâěň àăááçĺâëćăîâáï ŕőŕàăćłĺ ł ňőďěńìŋőľ áłőàőáâĺ ğćãłă. Ć őâńĺçĺě őâ ăáĺňŕâőâĺçěáłőčő ňěâőďă, íâőâ ŕőďåőď ĺáŕőńìğãěâ âőçŋëě (ćŕàőçěň, ńĺŋěăàĺğőćăŋŋëě ĺ ć ăďĺăąăâĺçěáłőň ŕàĺąńĺęěŋĺĺ) ãàăćŋěŋĺï łőńěąăŋĺľ. Ŋěďőáâăâőł ěčő áőáâőĺâ ć âőň, çâő ćëąőà ąăğőćőľ ňőďěńĺ ćńĺïěâ ŋă àěğãńìâăâ: ŕàĺ ŋěãďăçŋőľ ąăğőćőľ ňőďěńĺ àăğŋőáâĺ ąãďãâ áńĺèłőň ćěńĺłĺ.

Ŕěàćőě ćőááâăŋőćńěŋĺě ŕàőäĺńï áłőàőáâĺ ğćãłă ąëńő áďěńăŋő ć 1985 č. čàãŕŕőľ J. Christensen-Dalsgaard, T.L. Duvall, Jr., D.O. Gough, J.W. Harvey ĺ E.J. Rhodes, Jr. Ŕàőäĺńì áłőàőáâĺ ğćãłă ãďăńőáì ćőááâăŋőćĺâì ŕàĺňěàŋő ďő 0.2R_⊙; æěŋâà Śőńŋæă ŋěńìğï ąëńő ĺááńěďőćăâì ĺğ-ğă ŋěďőáâăâőçŋőľ âőçŋőáâĺ çăáâőâ ŋĺğłĺå áâěŕěŋěľ. Ć ŕőáńěďãîéĺě čőďë ąëńő ćëŕőńŋěŋő ňŋőęěáâćő àăąőâ ŋă íâã âěňã; ŕőďàőąŋëě ąĺąńĺőčàăäĺĺ ŕàĺćěďěŋë ć Ćőàőŋæőć, Ęăàłőć 1988 ĺ Vorontsov, Shibahashi 1991. Ĺğ ąőńěě ŕőğďŋĺå àăąőâ ŋěőąåőďĺňő őâňěâĺâì Gough, Kosovichev 1993; Antia, Basu 1994; Dziembowski, Goode, Pamyatnykh, Sienkiewicz 1994.

Ŋă őáŋőćăŋĺĺ ŕàőäĺńï áłőàőáâĺ ğćãłă ňőęŋő őæěŋĺâì ŕőńőęěŋĺě ŋĺęŋěľ čàăŋĺæë łőŋćěłâĺćŋőľ ğőŋë (ŕőńőęěŋĺě âőçłĺ àăğàëćă ćâőàőľ ŕàőĺğćőďŋőľ, â.ě. ŕàőĺğćőďŋőľ

Řĺá. 1.1. Řăğŋőáâĺ δν ňěęďã ŋăąńîďěŋĺïňĺ (Libbrech, Woodard, Kaufman 1990) ĺ àăááçĺâăŋŋëňĺ çăáâőâăňĺ ďńï ňőďěńĺ 350-0106 (âăąńĺæë ŋěŕàőğàăçŋőáâěľ WKM, â.ě. LAOL).

Řĺá. 1.2. Řăğŋőáâĺ δν ňěęďã ŋăąńîďěŋĺïňĺ (Libbrech, Woodard, Kaufman 1990) ĺ àăááçĺâăŋŋëňĺ çăáâőâăňĺ ďńï ňőďěńĺ 350-0105 (âăąńĺæë ŋěŕàőğàăçŋőáâěľ IR91, â.ě. OPAL). 23 čàăďĺěŋâă âěňŕěàăâãàë). Őďŋăłő ąőńěě âőçŋëě őæěŋłĺ ŕőńőęěŋĺï íâőľ âőçłĺ ŕőńãçěŋë ŋă őáŋőćě ňőďěńìŋőľ łăńĺąàőćłĺ, âő ěáâì ĺğ ãáńőćĺï áőčńăáőćăŋĺï áŕěæĺäĺçěáłĺ ćëąàăŋŋëå ňőďěńìŋëå çăáâőâ á ŋăąńîďăěňëňĺ.

Ŕěàćëě őæěŋłĺ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë (H_{cz}) ąëńĺ áďěńăŋë ďőćőńìŋő ďăćŋő. Ć 1977 č. Gough, ĺáŕőńìğãï ãŕàőéěŋŋőě őŕĺáăŋĺě łőńěąăŋĺľ, ćëćěń, çâő łőŋćěłâĺćŋăï ğőŋă ďőńęŋă ąëâì ŕàĺňěàŋő ŋă 50% čńãąęě, çěň ć ňőďěńĺ Ando, Osaki 1975, â.ě. őłőńő 0.3R_⊙. Lubow, Rhodes, Ulrich (1980) ĺ Berthomieu et al. 1980 ĺğãçăńĺ çãćáâćĺâěńìŋőáâì çăáâőâ łőńěąăŋĺľ ł ŋěőŕàěďěńěŋŋőáâïň äĺğĺłĺ łőŋćěłâĺćŋőľ ğőŋë ĺ ŋăèńĺ H_{cz} ≈ 0.3R_⊙. Ćő ćáěå íâĺå áńãçăïå ăŋăńĺğĺàőćăńĺáì âőńìłő ňőďë ćëáőłĺå áâěŕěŋěľ. İâĺ áőąáâćěŋŋëě ňőďë ğăåćăçěŋë ć áăňëå ćěàåŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë ĺ ŋě ŕàőŋĺłăîâ ďő ěě ďŋă. Ŕő áãâĺ, ŕő ŋăąńîďăěňëň çăáâőâăň őŕàěďěńïńăáì ãďěńìŋăï íŋâàőŕĺï ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë (áň. čń. 3), łőâőàăï ğăâěň ĺáŕőńìğőćăńăáì ďńï őæěŋłĺ čńãąĺŋë ŕãâěň àăáçěâă ňőďěńěľ ćŋãâàěŋŋěčő áâàőěŋĺï. Ć 1986 č. Gough ãłăğăń, çâő ĺğńőň čàăďĺěŋâă áłőàőáâĺ ğćãłă ŋă čàăŋĺæě łőŋćěłâĺćŋőľ ğőŋë ňőęěâ ąëâì ĺáŕőńìğőćăŋ ďńï čőàăğďő ąőńěě âőçŋőčő ĺ ŋěğăćĺáĺňőčő őŕàěďěńěŋĺï H_{cz}. Ŋă àĺáãŋłě, ŕàĺćěďěŋŋőň ć Christensen-Dalsgaard et al. 1985, íâőâ ĺğńőň ąëń őâçěâńĺćő ćĺďěŋ, ĺ ŋăåőďĺńáï ňěęďã 0.71 ĺ 0.72. Ćőàőŋæőć ŕàĺňěŋĺń âőâ ęě ŕőďåőď ł ŕőńãçěŋŋőňã ĺň ŕàőäĺńî áłőàőáâĺ ğćãłă ĺ ŋăèěń H_{cz} = 0.70 ± 0.01; ňěâőďĺłă ąëńă ŕőďàőąŋő őŕĺáăŋă ć Ćőàőŋæőć, Ęăàłőć 1988. Ŕőğęě Christensen-Dalsgaard, Gough, Thompson (1991), őáŋőćëćăïáì ŋă őďŋőň ĺğ ńãçèĺå áőćàěňěŋŋëå ŋăąőàőć ŋăąńîďăâěńìŋëå çăáâőâ (Libbrecht, Woodard, Kaufman 1990), ŕàőĺğćěńĺ ďěâăńìŋőě ĺááńěďőćăŋĺě ćőŕàőáă ĺ ŕőńãçĺńĺ H_{cz} = 0.287 ± 0.003. Ć àăąőâě Vorontsov, Shibahashi 1991 íâőâ àěğãńìâăâ ąëń ŕőďâćěàęďěŋ: 0.290 ± 0.005.

Ć 1984 čőďã Gough (1984) ćëáłăğăń áńěďãîéãî ĺďěî: áłőàőáâì ğćãłă ğăćĺáĺâ őâ âěàňőďĺŋăňĺçěáłőčő ŕőłăğăâěńï `_1, ă őŋ, áćőî őçěàěďì, ğăćĺáĺâ őâ åĺňĺçěáłőčő áőáâăćă ćěéěáâćă. Śńěďőćăâěńìŋő, ğőŋë çăáâĺçŋőľ ĺőŋĺğăæĺĺ čěńĺï ćńĺïîâ ŋă ŕàőäĺńì áłőàőáâĺ ğćãłă ĺ ŋă çăáâőâë p-ňőď. İâã ĺŋäőàňăæĺî ňőęŋő ĺáŕőńìğőćăâì ďńï őŕàěďěńěŋĺï őâŋőáĺâěńìŋőčő áőďěàęăŋĺï čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě (čďě čěńĺľ ŕàěâěàŕěćăěâ ŕěàćãî ĺ ćâőàãî ĺőŋĺğăæĺĺ). D-appen ĺ Gough (1986) ŕàěďńőęĺńĺ ŕàőæěďãàã ďńï őæěŋłĺ áőďěàęăŋĺï čěńĺï, őďŋăłő łăçěáâćő ŋăąńîďăâěńìŋőčő ňăâěàĺăńă őłăğăńőáì ŋěďőáâăâőçŋő ćëáőłĺň (ŕàőĺğćőďŋăï ŕàőäĺńï áłőàőáâĺ ğćãłă áőďěàęăńă ąőńìèĺě èãňë). Ŕőğęě D-appen, Gough ĺ Thompson (1988) ŕàĺňěŋĺńĺ ŋěáłőńìłő ďàãčőľ ňěâőď ćëďěńěŋĺï áłőàőáâĺ ğćãłă, ĺ ŕőłăğăńĺ ŋă ĺáłãááâćěŋŋëå ďăŋŋëå, çâő ňěâőď àăąőâőáŕőáőąěŋ. Řěăńìŋőľ őæěŋłĺ, őďŋăłő, ŕőńãçěŋő ŋě ąëńő (őâçăáâĺ ĺğ-ğă ŋěďőáâăâőçŋőľ âőçŋőáâĺ ŋăąńîďăâěńìŋëå çăáâőâ, őâçăáâĺ ĺğ-ğă ŋěőŕàěďěńěŋŋőáâěľ ć ãàăćŋěŋĺĺ áőáâőïŋĺï, łőâőàőě áĺńìŋő ćńĺïěâ ŋă àěğãńìâăâ). Ć 1990 č. Dziembowski, Pamyatnykh ĺ Sienkiewicz, ĺáŕőńìğãï ďàãčãî ňěâőďĺłã (àăáçěâ ŋăąőàőć ňőďěńěľ Śőńŋæă á àăğŋëňĺ Y ĺ áàăćŋěŋĺě ňőďěńìŋëå çăáâőâ

Řăąőâă Śőďěàęăŋĺě čěńĺï Y Antia, Basu 1994 0.252 ± 0.003 Perez Hernandez, Christensen-Dalsgaard, 1994 0.242 ± 0.003 Basu, Antia 1995 0.246 Baturin, Vorontsov 1995 0.25 ± 0.08 Kosovichev, 1995 0.232 ± 0.006 Dziembowski et al. , 1995 0.244 ± 0.003

Šăąńĺæă 1.1. Řăąőâë ŕőáńěďŋĺå ńěâ ŕő őŕàěďěńěŋĺî áőďěàęăŋĺï čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě ňěâőďăňĺ čěńĺőáěľáňőńőčĺĺ

á ŋăąńîďăěňëňĺ) ŕőńãçĺńĺ Y = 0.235 ± 0.005. Vorontsov, Baturin, Pamyatnykh 1991 ĺáŕőńìğőćăńĺ äăğőćãî łăńĺąàőćłã ĺ ŕőńãçĺńĺ Y = 0.25 ± 0.01. Christensen-Dalsgaard and Perez Hernandes 1991, áàăćŋĺćăï ňăáèâăąĺàőćăŋŋëě àăğŋőáâĺ çăáâőâ, ŋăèńĺ Y ≈ 0.25.

Ć ŕőáńěďŋěě ćàěňï àěğãńìâăâë ąőńìèĺŋáâćă ăćâőàőć ąńĺğłĺ ł 0.25. Šăąńĺæă 1.1 áőďěàęĺâ łàăâłãî áćőďłã àěğãńìâăâőć.

Ćáě őŋĺ, ğăňěâĺň, ŕőńãçěŋë á ĺáŕőńìğőćăŋĺěň ãàăćŋěŋĺï áőáâőïŋĺï MHD. Ŕőáłőńìłã őŕàěďěńěŋĺě áőďěàęăŋĺï čěńĺï őáŋőćăŋő äăłâĺçěáłĺ ŋă ćłńăďě ĺőŋĺğőćăŋŋőčő He ć ŕőłăğăâěńì ăďĺăąăâë, ŕőčàěèŋőáâĺ ć ãàăćŋěŋĺĺ áőáâőïŋĺï ŋěĺğąěęŋő őâàăęăîâáï ć ŕőńãçăěňőľ ćěńĺçĺŋě Y .

1.5.4 Ňőďěńĺàőćăŋĺě ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă Ŕàőčàăňňë ďńï àăáçěâă íćőńîæĺĺ Śőńŋæă ĺ ğćěğď ąëńĺ àăğàăąőâăŋë ć őáŋőćŋőň ć 60-ě ĺ 70-ě čőďë, łőčďă łőňŕìîâěàë áâăńĺ ćåőďĺâì ć çĺáńő ĺŋáâàãňěŋâőć âěőàěâĺłőć. Ć âő ćàěňï ŕàőčàăňňë ąëńĺ àăğàăąőâăŋë Iben (1965), Paczynski (1969, 1970) ĺ Kippenhahn (Kippenhahn, Weigert, Hofmeister 1967). Ďńï àăáçěâőć őąëçŋő ĺáŕőńìğőćăńáï ňěâőď Henyey (Henyey, Forbes, Gould 1964).

Ćŕàőçěň, íâĺ ŕàőčàăňňë ąőńìèě ŕőďåőďĺńĺ ďńï ĺğãçěŋĺï íćőńîæĺĺ ğćěğď çěň Śőńŋæă. Ś őďŋőľ áâőàőŋë, őŋĺ ćłńîçăńĺ őŕĺáăŋĺě ïćńěŋĺľ ĺ ŕàőæěááőć, ŋă Śőńŋæě ŋě ćáâàěçăîéĺåáï (âăłĺå łăł čőàěŋĺě čěńĺï ĺńĺ łőŋćěłâĺćŋőě ïďàő); á ďàãčőľ áâőàőŋë, ĺå âőçŋőáâì ąëńă ŋěćëáőłă (ďńï àăáçěâőć ğćěğďŋőľ íćőńîæĺĺ őŋă ăďěłćăâŋă, ŋő åăàăłâěàĺáâĺłĺ Śőńŋæă ňë ğŋăěň čőàăğďő ńãçèě). Ŕőíâőňã ć 80-ě čőďë ŕàőĺğőèěń ŕőáâěŕěŋŋëľ ŕěàěåőď: ňőďěńĺ Śőńŋæă áâăńĺ àăááçĺâëćăâì á ŕőňőéìî áŕěæĺăńìŋő ŋăŕĺáăŋŋëå ďńï íâőčő ŕàőčàăňň, łőŋæěŋâàĺàãï ćŋĺňăŋĺě ŋă âőň, çâőąë ňőďěńĺ ąëńĺ őáŋőćăŋë ŋă ćőğňőęŋő ąőńěě âőçŋőň őŕĺáăŋĺĺ äĺğĺçěáłĺå ŕàőæěááőć (ãàăćŋěŋĺě áőáâőïŋĺï, ïďěàŋëě àěăłæĺĺ, ŕěàěŋőá íŋěàčĺĺ ĺ â.ď.) Őâçăáâĺ íâő ąëńő áâĺňãńĺàőćăŋő ŕàőąńěňőľ ŋěľâàĺŋő; ďőńčőě ćàěňï łăğăńőáì, çâő ŋěąőńìèĺě ĺğňěŋěŋĺï ňőďěńĺ (ć ŕàěďěńăå őèĺąőł, áłăęěň, áőćàěňěŋŋëå áěçěŋĺľ ïďěàŋëå àěăłæĺľ) ňőčãâ ďőáâĺçì æěńĺ, â.ě. ãňěŋìèĺâì őęĺďăěňëľ ŕőâőł ďő ćěńĺçĺŋë àěčĺáâàĺàãěňőčő. Ŕőâőł ŋěľâàĺŋő çàěğćëçăľŋő çãćáâćĺâěńěŋ ł æěŋâàăńìŋőľ âěňŕěàăâãàě, ĺ çâőąë ŕőńãçĺâì ĺňěîéĺě áňëáń àěğãńìâăâë, ŋěőąåőďĺňő ğăąőâĺâìáï ő âőçŋőáâĺ àăáçěâőć.

Ć 90-å čőďăå ł íâőňã ďőąăćĺńőáì ěéě őďŋő âàěąőćăŋĺě: ňőďěńì Śőńŋæă ďőńęŋă őąńăďăâì ďőáâăâőçŋőľ âőçŋőáâìî ďńï àăáçěâă áőąáâćěŋŋëå çăáâőâ łőńěąăŋĺľ. Ć őâńĺçĺě őâ ŋěľâàĺŋő, ăłãáâĺçěáłĺě ćőńŋë àăáŕàőáâàăŋïîâáï ŕő ćáěňã őąêěňã Śőńŋæă, ŕàĺçěň ąőńìèãî çăáâì ćàěňěŋĺ őŋĺ ŕàőćőďïâ ć łőŋćěłâĺćŋőľ őąőńőçłě. Šăłĺň őąàăğőň, áőćàěňěŋŋăï ňőďěńì ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă ďőńęŋă őąńăďăâì àăćŋőňěàŋőľ âőçŋőáâìî ŕő ćáěňã ďĺăŕăğőŋã àăďĺãáă { őâ æěŋâàă ďő ŕőćěàåŋőáâĺ.

Ć âăąńĺæě 1.2 ŕàĺćěďěŋă áćőďłă áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă, àăááçĺâăŋŋëå á 1988 čőďă ďő ŋăáâőïéěčő ćàěňěŋĺ. Ŋěőąåőďĺňő őâňěâĺâì, çâő íâă âăąńĺæă ŋě ňőęěâ áńãęĺâì ĺáçěàŕëćăîéĺň ĺáâőçŋĺłőň ĺŋäőàňăæĺĺ őą ãŕőňïŋãâëå ć ŋěľ àăąőâăå; ŋă áăňőň ďěńě àăáçěâë àăğŋëå ăćâőàőć őâńĺçăîâáï ňŋőęěáâćőň ďěâăńěľ, ĺŋőčďă ćâőàőáâěŕěŋŋëå, ĺŋőčďă ćěáìňă ćăęŋëå ŕő áàăćŋěŋĺî á âàěąãěňëň ãàőćŋěň âőçŋőáâĺ.

Őąèĺàŋăï áâăâìï Bahcall, Ulrich 1988 áőďěàęĺâ ĺááńěďőćăŋĺě ŋěőŕàěďěńěŋŋőáâěľ ć áőńŋěçŋőľ äĺğĺłě ĺ őąáãęďěŋĺě ćőğňőęŋëå ŕãâěľ àěèěŋĺï ŕàőąńěňë ŋěľâàĺŋő. Ł áőęăńěŋĺî, ćëćőďë ő ŕàěďěńăå ďőáâőćěàŋőáâĺ őęĺďăěňëå ğŋăçěŋĺľ ŕőâőłőć ŋěľâàĺŋő ŋěáłőńìłő őčàăŋĺçěŋë, çâő, ćŕàőçěň, ŋěĺğąěęŋő ŕàĺ áâőńì ćáěőąêěňńîéěň ĺááńěďőćăŋĺĺ. Ŕàőčàăňňă àăáçěâă íćőńîæĺĺ ďőćőńìŋő áâăàă ĺ, ŕő-ćĺďĺňőňã, ŋě áâőńì âőçŋă łăł ąőńěě áőćàěňěŋŋëě.

Řăąőâă Turck-Chi«eze et al. 1988 łőŋæěŋâàĺàãěâáï ŋă ďćãå ňőňěŋâăå: 1) ŕőńãçěŋĺě łăł ňőęŋő ąőńěě âőçŋëå ŕàěďáłăğăŋĺľ ŕőâőłă ŋěľâàĺŋő (á ãçěâőň ćőğňőęŋëå őèĺąőł ć áěçěŋĺïå ïďěàŋëå àěăłæĺľ) ĺ 2) ăŋăńĺğě áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă âěå ńěâ (1983-1988 čč.) Ŕàĺ ĺğãçěŋĺĺ ćâőàőčő ćőŕàőáă ŕàĺňěŋěŋ őàĺčĺŋăńìŋëľ ŕőďåőď: ăćâőàë ćëąàăńĺ ŋěáłőńìłő àăąőâ áěàěďĺŋë 80-å, àăááçĺâăńĺ áâăŋďăàâŋëě ňőďěńĺ Śőńŋæă á âěňĺ ęě ćåőďŋëňĺ ďăŋŋëňĺ (ŋěŕàőğàăçŋőáâïňĺ, áěçěŋĺïňĺ àěăłæĺľ ĺ â.ď.) çâő ĺ ã ŋěğăćĺáĺňëå ăćâőàőć ĺ áàăćŋĺńĺ àěğãńìâăâë. Ć àěğãńìâăâě áàăćŋěŋĺï ćëïáŋĺńőáì, çâő ć ŕőďăćńïîéěň ąőńìèĺŋáâćě áńãçăěć ŕàőčàăňňă Turck-Chi«eze et al. 1988 ĺ ăćâőàă őàĺčĺŋăńìŋőľ áâăâìĺ ďăńă őçěŋì ąńĺğłĺě àěğãńìâăâë (áàăćŋĺćăńĺáì ć őáŋőćŋőň ŕőâőłĺ ŋěľâàĺŋő ĺ ŋăçăńìŋőě áőďěàęăŋĺě čěńĺï). İâő ŕőłăğăńő, çâő ŕàőčàăňňë àăğńĺçŋëå ăćâőàőć åőàőèő áőčńăáãîâáï ŕő àăááňőâàěŋŋëň ŕăàăňěâàăň, áőőâćěâáâćãîéěň čńőąăńìŋëň åăàăłâěàĺáâĺłăň Śőńŋæă. Ł áőęăńěŋĺî, áàăćŋĺâì âőçŋőáâì ňőďěńěľ ŋă ãàőćŋě àăáçěâőć áőąáâćěŋŋëå çăáâőâ łőńěąăŋĺľ ŋě ąëńő ćőğňőęŋőáâĺ. Řăąőâă Turck-Chi«eze, Lopes 1993 ŕàőďőńęăěâ íâő ĺááńěďőćăŋĺě, ŕőďâćěàęďăï ĺ ãâőçŋïï ŕàěęŋĺě àěğãńìâăâë.

Śâăâìï Sackmann, Boothroyd, Fowler 1990 ŕőáćïéěŋă čńăćŋëň őąàăğőň ĺğãçěŋĺî ćńĺïŋĺï àăğńĺçŋëå ŕăàăňěâàőć ŋă ňőďěńì: ĺááńěďãîâáï őèĺąłĺ ć âàăłâőćłě ĺőŋĺğăæĺĺ ďăćńěŋĺěň, áćěâĺňőáâĺ, áőďěàęăŋĺĺ íńěňěŋâőć âïęěńěě čěńĺï, ćőğàăáâě Śőńŋæă,

Řăąőâă Y Z H_b/R α T_c ρ_c F_{Cl}37 F_{Ga}71 EOS Ŋěŕà. BU88 0.2706 0.0196 0.260 15.6 148 7.9 132 LAOL TCCD88 0.276 0.0197 0.270 2.11 15.51 147.7 5.8 124.8 LAOL LD88 0.278 0.0198 0.260 2.16 15.54 148 7.6 126.9 LAOL CGK89 0.291 0.02 0.286 1.894 15.68 162.4 11.4 LAOL SBF90 0.2783 0.01943 0.260 2.1 15.43 146.6 7.68 LAOL GC91 0.270 0.02 0.296 2.291 15.40 161.4 8.5 144 MHD LAOL KDG91 0.2843 0.2604 1.242 LAOL 0.2736 0.2645 1.256 MHD LAOL GDKP92 0.2875 0.0188 0.255 1.1949 15.346 146.55 LAOL 0.2736 0.02 0.266 1.2559 15.417 144.2 MHD LAOL BP92 0.2716 0.01895 0.279 15.59 151.3 7.2 127 JCD92 0.2806 0.02 0.2712 2.5167 15.685 8.89 134.3 EFF LAOL FS92 0.3037 0.02 0.263 1.669 15.772 OPAL BPML93 0.275 0.0194 0.279 1.90 15.55 151.9 7.43 127.7 CEFF OPAL DGPS94 0.2827 0.02 0.2844 15.713 150.6 8.22 MHD OPAL GC95 0.287 0.02 0.280 1.88 MHD LAOL CDGP95 0.2708 0.01880 0.2812 1.975 15.523 149.52 6.69 124 OPAL

Šăąńĺæă 1.2. Řăąőâë ŕőáńěďŋĺå ńěâ ć őąńăáâĺ ňőďěńĺàőćăŋĺï Śőńŋæă. Ĺáŕőńìğőćăŋŋëě áőłàăéěŋĺï: BU88 { Bahcall, Ulrich 1988; TCCD88 { Turck-Chi«eze et al. 1988; LD88 { Lebreton, D-appen 1988; CGK89 { Cox, Guzik, Kidman 1989; SBF90 { Sackmann, Boothroyd, Fowler 1990; GC91 { Guzik, Cox 1991; KDG91 { Kim, Demarque, Guenther 1991; GDKP92 { Guenther et al. 1992; BP92 { Bahcall, Pinsonneault 1992; BPML93 { Berthomieu et al. 1993; JCD92 { Christensen-Dalsgaard 1992; FS92 { Faulkner, Swenson 1992; DGPS94 { Dziembowski et al. 1994; GC95 { Guzik, Cox 1995; CDGP95 { Chaboyer, Demarque, Guenther, Pinnsonneault 1995.

Y { ŋăçăńìŋőě áőďěàęăŋĺě čěńĺï (ŕő ňăááě); Z { áőďěàęăŋĺě âïęěńëå íńěňěŋâőć (ŕő ňăááě); H_b/R { čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë, ć àăďĺãáăå Śőńŋæă; α { ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ; T_c, ρ_c { âěňŕěàăâãàă ĺ ŕńőâŋőáâì ć æěŋâàě Śőńŋæă; F_{Cl}37 , F_{Ga}71 { őęĺďăěňëě ŕőâőłĺ ŋěľâàĺŋő ďńï ďěâěłâőàőć ŋă őáŋőćě Cl^{37} ĺ Ga^{71}; EOS { ãàăćŋěŋĺě áőáâőïŋĺï; Ŋěŕà. { âĺŕ âăąńĺæ ŋěŕàőğàăçŋőáâĺ (áň. ąőńěě ŕőďàőąŋő čń. 4).

MHD { ãàăćŋěŋĺě áőáâőïŋĺï Mihalas, Hummer, D-appen (áň. §1.3); EFF { ãàăćŋěŋĺě áőáâőïŋĺï, őŕĺáăŋŋőě ć áâăâìě Eggleton, Faulkner, Flannery 1973; CEFF { ňőďĺäĺæĺàőćăŋŋëľ ćăàĺăŋâ EFF (ďőąăćńěŋă ŕőŕàăćłă ğă łãńőŋőćáłőě ćğăĺňőďěľáâćĺě ĺőŋőć, ïďěà ĺ íńěłâàőŋőć).

ŋěŕàőğàăçŋőáâĺ ć ăâňőáäěàě. Ăćâőàë àăááçĺâëćăîâ ňőďěńĺ, ĺğňěŋïï íâĺ ćěńĺçĺŋë ĺ áàăćŋĺćăï àěğãńìâăâ áő áâăŋďăàâŋőľ ňőďěńìî Śőńŋæă. Ŕàĺćőďĺâáï âăłęě őąğőà ňőďěńěľ 1986-89 čč.

Ć àăąőâě Guzik, Cox 1991 ĺğãçăěâáï ćńĺïŋĺě ŋěŕàőğàăçŋőáâĺ ĺ ãàăćŋěŋĺï áőáâőïŋĺï ŋă çăáâőâë łőńěąăŋĺľ Śőńŋæă. Őâňěçăěâáï, çâő ĺáŕőńìğőćăŋĺě ãàăćŋěŋĺï áőáâőïŋĺï MHD ŕő áàăćŋěŋĺî á ăŋăńĺâĺçěáłĺň ãàăćŋěŋĺěň Iben ãńãçèăěâ áőčńăáĺě çăáâőâ á ŋăąńîďăěňëňĺ; âăłęě ŕőďâćěàęďăěâáï âő, çâő âőçŋőáâì áőćàěňěŋŋëå âăąńĺæ ŋěŕàőğàăçŋőáâĺ ŋěďőáâăâőçŋă ďńï čěńĺőáěľáňőńőčĺçěáłĺå ĺááńěďőćăŋĺľ.

Řăąőâë Kim, Demarque, Guenther 1991 ĺ Guenther et al. 1992 àăááňăâàĺćăîâ ňěâőďë ďőáâĺęěŋĺï áőčńăáőćăŋĺï âěőàěâĺçěáłĺå ĺ ŋăąńîďăěňëå çăáâőâ łőńěąăŋĺľ ŕãâěň ććěďěŋĺï ć ňőďěńì áăňëå ŕőáńěďŋĺå ďőáâĺęěŋĺľ äĺğĺłĺ ŕńăğňë (ŋă âő ćàěňï { ãàăćŋěŋĺï áőáâőïŋĺï MHD, âăąńĺæ ŋěŕàőğàăçŋőáâěľ OPAL). Ŕőŕãâŋő ĺğãçăěâáï íääěłâ őâ ĺáŕőńìğőćăŋĺï âăąńĺæ ŋěŕàőğàăçŋőáâěľ á ãçěâőň ňőńěłãń ďńï ŋĺğłĺå âěňŕěàăâãà (lg T < 5); ŕőďâćěàęďăěâáï, çâő ãćěńĺçěŋĺě ŋěŕàőğàăçŋőáâĺ ć ăâňőáäěàě Śőńŋæă ćěďěâ ł ğŋăçĺâěńìŋőňã ãńãçèěŋĺî áőčńăáőćăŋĺï çăáâőâ (äăłâ, őâňěçěŋŋëľ ěéě ć 1985 čőďã (Christensen-Dalsgaard et al. 1985)).

Řăąőâă Bahcall, Pinsonneault 1992 ŕőáćïéěŋă àăáçěâăň ňőďěńěľ á ďĺääãğĺěľ čěńĺï. Őâňěçăěâáï, çâő ěě ććěďěŋĺě ŕàĺćěńő ł ŋěłőâőàőňã àőáâã őęĺďăěňëå ŕőâőłőć ŋěľâàĺŋő, ãňěŋìèěŋĺî čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ŕàĺňěàŋő ŋă 2% ĺ ŕăďěŋĺî áőďěàęăŋĺï čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě á 0.2716 ďő 0.2466. Ŕőáńěďŋěě ïćńïěâáï ćěáìňă ğŋăçĺâěńìŋőľ ćěńĺçĺŋőľ. Śåőďŋëě àěğãńìâăâë ŕőńãçěŋë ć àăąőâăå Christensen-Dalsgaard, Pro˛tt, Thompson 1993; Guzik, Cox 1995; Chaboyer, Demarque, Pinsonneault 1995; Chaboyer, Demarque, Guenther, Pinsonneault 1995. Ć æěńőň ćńĺïŋĺě ďĺääãğĺĺ ŋă áőďěàęăŋĺě čěńĺï áćőďĺâáï ł ěčő ãňěŋìèěŋĺî ć łőŋćěłâĺćŋőľ ğőŋě ŋă 0.02-0.03 (ŕő ňăááě); íâőâ ĺğąëâőł čěńĺï àăćŋőňěàŋő àăáŕàěďěńïěâáï ŕő őáâăńìŋőľ çăáâĺ ňőďěńĺ. Ć ŋăáâőïéěě ćàěňï íâőâ ŕàőæěáá àăááňăâàĺćăěâáï łăł ŋăĺąőńěě ćěàőïâŋëľ łăŋďĺďăâ ŋă àěèěŋĺě ŕàőąńěňë á ĺğąëâłőň čěńĺï ć áâăŋďăàâŋëå ňőďěńïå ŕő áàăćŋěŋĺî á čěńĺőáěľáňĺçěáłĺňĺ ďăŋŋëňĺ (áà. âăąń. 1.1 ĺ 1.2, áň. âăłęě §5.3.2).

Ć àăąőâě Christensen-Dalsgaard, 1992 ĺğãçăîâáï ňőďěńĺ á ĺáłãááâćěŋŋő ŕőŋĺęěŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ ć ïďàě Śőńŋæă (ĺňĺâăæĺï WIMP). Šăłĺě ňőďěńĺ ĺňěîâ ŕőŋĺęěŋŋãî âěňŕěàăâãàã ć æěŋâàě ĺ, ćáńěďáâćĺě íâőčő, ŋĺğłĺľ ŕőâőł ŋěľâàĺŋő. Ňőďěńĺ ĺğ íâőľ àăąőâë ŋăŋěáěŋë ŋă àĺá. 4.4; íääěłâ íâőľ ňőďĺäĺłăæĺĺ ŋěŕàőğàăçŋőáâĺ ńěčłő őąêïáŋïěâáï ć àăňłăå ďăŋŋőľ ďĺááěàâăæĺőŋŋőľ àăąőâë. Ć áâăâìě őâňěçăěâáï âăłęě, çâő ŕőŋĺęěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě ŋěáőćňěáâĺňő á ŋăąńîďăěňëňĺ çăáâőâăňĺ łőńěąăŋĺľ ŋĺğłĺå áâěŕěŋěľ.

Faulkner, Swenson (1992) àăááçĺâëćăîâ ňőďěńĺ á ŋőćëňĺ (ć âő ćàěňï) âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ OPAL. Śâăâìï őąáãęďăěâ čńăćŋëň őąàăğőň čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë ĺ ćőğňőęŋőáâì ćëčőàăŋĺï Li^7 ć ïďěàŋëå àěăłæĺïå (ŕàĺ ďőáâăâőçŋő čńãąőłőľ łőŋćěłâĺćŋőľ ğőŋě).

Řăąőâă Berthomieu, Provost, Morel, Lebreton 1993 őŕĺáëćăěâ áâăŋďăàâŋëě ňőďěńĺ, àăááçĺâăŋŋëě á ŕőňőéìî àăğàăąőâăŋŋőľ P.Morel ćëáőłőâőçŋőľ ŕàőčàăňňë. Őâňěçăěâáï äăłâ ŕőáâěŕěŋŋőčő áąńĺęěŋĺï àěğãńìâăâőć àăğŋëå čàãŕŕ ĺááńěďőćăâěńěľ ć ŕőáńěďŋĺě čőďë, ćëğćăŋŋëľ ŕőćëèěŋĺěň âőçŋőáâĺ àăáçěâőć ĺ ąőńìèěľ áâăŋďăàâĺğăæĺěľ äĺğĺçěáłĺå őáŋőć ňőďěńěľ.

Ć 1994-1996 čč. ŕőïćĺńĺáì àăąőâë, ŕëâăîéĺěáï ŕőńãçĺâì ňőďěńì æěńĺłőň ĺğ čěńĺőáěľáňĺçěáłĺå ďăŋŋëå { ŋăáâőńìłő ćőğàőáńĺ őąêěň ĺ łăçěáâćő ĺŋäőàňăæĺĺ ő áőąáâćěŋŋëå çăáâőâăå łőńěąăŋĺľ. Dziembowski, Goode, Pamyatnykh, Sienkiewicz (1994) áçĺâăîâ, çâő őèĺąłă ŕàőäĺńï áłőàőáâĺ ğćãłă ŋě ŕàěćëèăěâ 10^{−3} (ŕàĺ r/R > 0.05 { 10^{−2}), ă âőçŋőáâì őŕàěďěńěŋĺï ŕńőâŋőáâĺ ĺ ďăćńěŋĺï ŋěňŋőčĺň ňěŋìèě. İâĺå ďăŋŋëå ďőáâăâőçŋő, çâőąë ćőáŕàőĺğćěáâĺ ćŋãâàěŋŋîî áâàãłâãàã ňőďěńĺ ŕőçâĺ ŕőńŋőáâìî; ăćâőàë őâňěçăîâ, çâő àăğŋőáâĺ ňěęďã ĺå áâăŋďăàâŋőľ ĺ čěńĺőáěľáňĺçěáłőľ ňőďěńïňĺ ŋěćěńĺłĺ, ŋő ğŋăçĺňë. Ć áăňőľ ćŋãâàěŋŋěľ çăáâĺ ïďàă Śőńŋæă őŋĺ ŋě ňőčãâ ąëâì ãáâàăŋěŋë ŕãâěň ŋěğŋăçĺâěńìŋëå ãâőçŋěŋĺľ ňőďěńĺ. Ć áńěďãîéěľ àăąőâě (Dziembowski, Goode, Pamyatnykh, Sienkiewicz 1995) áěľáňĺçěáłăï ňőďěńì ãâőçŋěŋă á ĺáŕőńìğőćăŋĺěň ďăŋŋëå BISON (Elsworth et al. 1994); áőćŕăďěŋĺě áő áâăŋďăàâŋőľ ňőďěńìî ãńãçèĺńőáì (ăćâőàë âăłęě ŕőńŋőáâìî őâćěàčăîâ ćőğňőęŋőáâì àěèěŋĺï ŕàőąńěňë ŋěľâàĺŋő ć àăňłăå ğăďăçĺ ő ňőďěńĺàőćăŋĺĺ Śőńŋæă).

Ś 1982 čőďă J.Christensen-Dalsgaard àăááçĺâëćăěâ ňőďěńĺ Śőńŋæă ĺ ĺå áŕěłâà áőąáâćěŋŋëå łőńěąăŋĺľ (Christensen-Dalsgaard, 1982; Christensen-Dalsgaard, 1992; Christensen-Dalsgaard et al. 1996 ĺ ďà.) Ňŋőčĺě ěčő àăąőâë áâăńĺ łńăááĺçěáłĺňĺ; ňőďěńì 1982 čőďă ćáńěďáâćĺě áćőěľ ŕőďàőąŋőáâĺ ĺ ňăâěňăâĺçěáłőľ áőčńăáőćăŋŋőáâĺ èĺàőłő ĺáŕőńìğőćăńăáì ŕàĺ àěèěŋĺĺ ğăďăç čěńĺőáěľáňőńőčĺĺ. Ŋěďăćŋő J.Christensen-Dalsgaard ŕàěďńőęĺń ŋőćãî "íâăńőŋŋãî" ňőďěńì, àăááçĺâăŋŋãî á ŕőáńěďŋĺňĺ ďőáâĺęěŋĺïňĺ äĺğĺłĺ ŕńăğňë; őŋă ďőáâãŕŋă ćáěň ęěńăîéĺň ďńï ĺáŕőńìğőćăŋĺï.

Čńăćă 2.

Řăáçěâ áőńŋěçŋőľ ňőďěńĺ á ćëáőłőľ âőçŋőáâìî

Łăł ãęě őâňěçăńőáì ć čńăćě 1, ğăďăçă păáçěâă ňőďěńĺ áőćpěňěŋŋőčő Śőńŋæă áćőďĺâáï ł àěèěŋĺî ŋěáłőńìłĺå ćńőęěŋŋëå łpăěćëå ğăďăç. Hăçŋěň á áăňőľ ćŋěèŋěľ ĺğ ŋĺå: łăńĺąpőćłĺ íćőńîæĺőŋŋőčő âpěłă.

Ůâőąë păááçĺâăâì íćőńîæĺőŋŋëľ âpěł (ĺ áâăŋďăpâŋãî ňőďěńì áőćpěňěŋŋőčő Śőńŋæă), ŋěőąåőďĺňő ğŋăâì ňăááã, åĺňĺçěáłĺľ áőáâăć ŋăçăńìŋőľ ňőďěńĺ ĺ ćőğpăáâ Śőńŋæă, â.ě. ďńĺŋã íćőńîæĺőŋŋőčő âpěłă. Ŕpĺ ğŋăŋĺĺ äĺğĺłĺ ćáěå ŕàőæěááőć, áőáâăćńïîéĺå íćőńîæĺî Śőńŋæă, íâĺå âpěå ćěńĺçĺŋ ďőáâăâőçŋő ďńï păáçěâă áőńŋěçŋőľ ňőďěńĺ. Őďŋăłő åĺňĺçěáłĺľ áőáâăć ŋăçăńìŋőľ ňőďěńĺ ŋăň ŋěĺğćěáâěŋ (őæěŋłĺ ŋă őáŋőćě ĺğňěàěŋĺľ áőćàěňěŋŋőčő áőďěàęăŋĺï čěńĺï ć ŕőćěàåŋőáâŋëå áńőïå Śőńŋæă łàăľŋě ŋěãćěàěŋŋë); łpőňě âőčő, ňë âăłęě ŋě ğŋăěň ďěâăńěľ łőŋćěłâĺćŋőčő ŕěpěŋőáă íŋěpčĺĺ ĺğ-ğă äěŋőňěŋőńőčĺçěáłőčő åăàăłâěàă áăňőľ âěőàĺĺ łőŋćěłæĺĺ (ŕăpăňěâpă âěőpĺĺ ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï (ŠĎŔŔ) ć ŋăèěň áńãçăě; áň. Cox, Giuli 1968). İâő ďăěâ ďćě áâěŕěŋĺ áćőąőďë (â.ě. ďćă ŕăpăňěâpă ĺğ ćåőďŋëå ďăŋŋëå ŕpěćpăéăîâáï ć pěğãńìâăâ àěèěŋĺï ğăďăçĺ). Šăłĺň őąàăğőň, ŋă áěčőďŋï íćőńîæĺőŋŋőě ňőďěńĺàőćăŋĺě őáâăěâáï čńăćŋëň ňěâőďőň őŕàěďěńěŋĺï ŋăçăńìŋőčő áőďěàęăŋĺï čěńĺï Y ŋă Śőńŋæě.

Ňăááã Śőńŋæă áçĺâăěň ŋěĺğňěŋŋőľ ć âěçěŋĺě íćőńîæĺĺ, ĺ ćőğpăáâ ŕpĺŋïâő őæěŋĺćăâì ŕő ćőğpăáâã áâăpěľèĺå őąpăğæőć ňěâěőpĺâőć. Hăçăńìŋãî ňőďěńì (á ćőğpăáâőň t = 0, â. ŋăğ. Zero-Age Main Sequence model { ZAMS) áçĺâăěň åĺňĺçěáłĺ őďŋőpőďŋőľ. İćőńîæĺőŋŋëě ĺğňěŋěŋĺï ŕpőĺáåőďïâ ćáńěďáâćĺě ćëčőpăŋĺï ćőďőpőďă (ŕpěćpăéěŋĺï ć čěńĺľ), áőďěpęăŋĺě íńěňěŋâőć âïęěńěě čěńĺï Z áçĺâăěň ŋěĺğňěŋŋëň. Ćëąpăć ŋěłĺě ğŋăçěŋĺï ďńï ŋăçăńìŋőčő áőďěpęăŋĺï ćőďőpőďă X ĺ ŕăpăňěâpă âěőpĺĺ łőŋćěłæĺĺ α, ŕőńãçĺň ŋěłãî ňőďěńì á ŋãęŋëň ćőğpăáâőň. Őçěćĺďŋő, áćěâĺňőáâì ĺ păďĺãá ěě ŋě ąãďãâ áőćŕăďăâì á ŋăąńîďăěňëňĺ ğŋăçěŋĺïňĺ ďńï áőćpěňěŋŋőčő Śőńŋæă. Hő ŕőáłőńìłã ã ŋăá ěáâì ďćă áćőąőďŋëå ŕăpăňěâpă (X ĺ α), ĺå ňőęŋő ŕőďąĺpăâì ďńï ďőáâĺęěŋĺï ŋãęŋëå ğŋăçěŋĺľ áćěâĺňőáâĺ ĺ păďĺãáă ŕpĺ t = t_⊙. İâő áőáâăćńïěâ áãéŋőáâì íćőńîæĺőŋŋőľ łăńĺąpőćłĺ. Ğăňěâĺň, çâő ŕpĺ íâőň ŕăpăňěâp âěőpĺĺ łőŋćěłæĺĺ áçĺâăěâáï ŋěĺğňěŋŋëň ć âěçěŋĺě íćőńîæĺĺ, çâő, ć őąéěň, ŋě ĺňěěâ ŕőď áőąőľ łăłőčő-ńĺąő őáŋőćăŋĺï, â.ł. áćěâĺňőáâì ĺ păďĺãá Śőńŋæă ć ŕpőæěááě íćőńîæĺĺ ğăňěâŋő ĺğňěŋïîâáï.

Ć ŕpőæěááě păáçěâă âpěłă ŋěőąåőďĺňő ć łăęďőľ âőçłě ĺňěâì ňőďěńì Śőńŋæă, çâőąë őŕpěďěńĺâì áłőpőáâì ćëčőpăŋĺï ćőďőpőďă ć łăęďőľ âőçłě păďĺãáă ňőďěńĺ. Ŕpĺ íâőň ĺğćěáâěŋ ŕpőäĺńì åĺňĺçěáłőčő áőáâăćă ćďőńì păďĺãáă, çâő ŕőğćőńïěâ păááçĺâăâì łćăğĺáâăâĺçěáłãî ňőďěńì (íćőńîæĺőŋŋëě ĺğňěŋěŋĺï, ŕpőĺáåőďïéĺě ć ïďěpŋőľ èłăńě ćpěňěŋĺ, čőpăğďő ąőńěě ňěďńěŋŋë ŕő ápăćŋěŋĺî á ćpěňěŋěň ãáâăŋőćńěŋĺï păćŋőćěáĺï (âěŕńőćăï èłăńă ćpěňěŋĺ)). Śőčńăáŋő âěőpěňě Ťőčâă-Řăááěńă, åĺňĺçěáłőčő áőáâăćă ĺ ňăááë ďőáâăâőçŋő ďńï păáçěâă ňőďěńĺ ğćěğďë. Ďńï ãpăćŋěŋĺľ áâpőěŋĺï (1.1{1.8) ã ŋăá ěáâì ďćă čpăŋĺçŋëå ãáńőćĺï ć æěŋâpě (1.12) ĺ ďćă ŋă ŕőćěpåŋőáâĺ (1.13; áň. âăłęě §2.4.2) { íâő ćâőàăï čpăŋĺçŋăï ğăďăçă.

Šăłĺň őąàăğőň, àăáçěâ ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă áćőďĺâáï ł 1) ćëąőàã ŋăçăńìŋőčő áőďěàęăŋĺï čěńĺï Y ĺ ŕăàăňěâàă âěőàĺĺ łőŋćěłæĺĺ α; 2) àăáçěâã ŕőáńěďőćăâěńìŋőáâĺ ňőďěńěľ Śőńŋæă őâ t = 0 ďő t = t_⊙; 3) łőààěłâĺàőćłě Y ĺ α ďńï ŕőńãçěŋĺï ŕàăćĺńìŋëå ğŋăçěŋĺľ áőćàěňěŋŋëå àăďĺãáă ĺ áćěâĺňőáâĺ.

Ŕàĺćěďěň ďăŋŋëě ő Śőńŋæě ĺ äĺğĺçěáłĺě łőŋáâăŋâë, ĺáŕőńìğőćăŋŋëě ŕàĺ àăáçěâě ňőďěńěľ:

∗ Ŕőáâőïŋŋăï Ŕńăŋłă h = 6.6260755 · 10^{−27} íàč·á

∗ Ăâőňŋăï ěďĺŋĺæă ňăááë m_u = 1.6605402 · 10^{−24} č

∗ Śłőàőáâì áćěâă c = 2.99792458 · 10^{10} áň/á

∗ Ŕőáâőïŋŋăï Ąőńìæňăŋă k = 1.380658 · 10^{−16} íàč/Ł

∗ Ňăááă íńěłâàőŋă m_e = 9.1093897 · 10^{−28} č

∗ Ğăàïď íńěłâàőŋă e = 4.80320680 · 10^{−10} ěď. ŚČŚİ

∗ Ŕěàěáçěâ íàč → eV = 1.60217733 · 10^{−12} íàč/eV Čàăćĺâăæĺőŋŋăï ŕőáâőïŋŋăï G = 6.672320 · 10^{−8}ďĺŋ · áň^2/č^2 † Ŕàőďőńęĺâěńìŋőáâì čőďă = 31556926 á

† Ňăááă Śőńŋæă M_⊙ = 1.989 · 10^{33} č

† Řăďĺãá Śőńŋæă R_⊙ = 6.9599 · 10^{10} áň Śćěâĺňőáâì Śőńŋæă L_⊙ = 3.846 · 10^{33} íàč/á Ćőğàăáâ Śőńŋæă t_⊙ = 4.75 ňńàď. ńěâ

(2.1)

Ąőńìèĺŋáâćő ĺğ ŋĺå ąëńĺ ŕàěďńőęěŋë ć Christensen-Dalsgaard 1988. Ğŋăçěŋĺï, ŕőňěçěŋŋëě ∗, ćğïâë ĺğ Cohen, Taylor 1987. Ğŋăł † áőőâćěâáâćãěâ áŕàăćőçŋĺłã Allen 1973. Śćěâĺňőáâì Śőńŋæă ŕàĺćěďěŋă ŕő àěğãńìâăâăň Wilson et al. 1986. Ğŋăçěŋĺï čàăćĺâăæĺőŋŋőľ ŕőáâőïŋŋőľ ĺ ćőğàăáâă Śőńŋæă ąëńĺ ŕàěďńőęěŋë ć Christensen-Dalsgaard 1988; ŕěàćőě őáŋőćăŋő ŋă åőàőèő ĺğćěáâŋőň ĺğ ăáâàőňěâàĺĺ ŕàőĺğćěďěŋĺĺ GM ĺ őąéěŕàĺŋïâőň ğŋăçěŋĺĺ ňăááë Śőńŋæă. Ďńï ćőğàăáâă Śőńŋæă ć ŋăáâőïéěě ćàěňï őąëçŋő ĺáŕőńìğãěâáï ňěŋìèěě ğŋăçěŋĺě (4.6 ĺńĺ ďăęě 4.55 ňńàď. ńěâ { áň. àăąőâë ŕő àăáçěâã áâàőěŋĺï Śőńŋæă ŕőáńěďŋĺå ńěâ).

2.1. Ňěâőďë păáçěâă áőńŋěçŋőľ ňőďěńĺ Śãéěáâćãîâ ŋěáłőńìłő ňěâőďőć pěèěŋĺï łpăěćőľ ğăďăçĺ (1.1{1.8, 1.12{1.13). Őďĺŋ ĺğ ŋĺå ć ŕàĺňěŋěŋĺĺ ł ňőďěńïň ğćěğď ąëń őŕĺáăŋ, ŕő-ćĺďĺňőňã, Ň. Ÿćăpæèĺńìďőň (1958) ĺ őąëçŋő ŋăğëćăěâáï ňěâőďőň áèĺćłĺ (ć àãááłőïğëçŋőľ ňăâěňăâĺçěáłőľ ńĺâěàăâãàě ěčő ŋăğëćăîâ ňěâőďőň "áâàěńìąë" ĺńĺ "ŕàĺáâàěńłĺ"). Ŕpĺ íâőň ąěpãâáï ŋěłĺě ŋăçăńìŋëě ğŋăçěŋĺï ďńï őâáãâáâćãîéĺå čpăŋĺçŋëå ãáńőćĺľ ć æěŋâpě ĺ ŋă ŕőćěpåŋőáâĺ; ğăâěň ãpăćŋěŋĺï áâpőěŋĺï ĺŋâěčpĺpãîâáï ĺğ æěŋâpă ĺ őâ ŕőćěpåŋőáâĺ ďő ŋěłőâőpőľ âőçłĺ ćŋãâpĺ ğćěğďë, ŋăğëćăěňőľ âőçłőľ áèĺćłĺ. Hĺęě, ć §2.4, ąãďěâ ŕőłăğăŋő, ŕőçěňã ŋěęěńăâěńìŋő ĺŋâěčpĺpőćăâì őâ æěŋâpă ďő ŕőćěpåŋőáâĺ ĺńĺ ŋăőąőpőâ { íâő ŕpĺćőďĺâ ł pőáâã çĺáńěŋŋëå őèĺąőł ĺ, áőőâćěâáâćěŋŋő, ãćěńĺçěŋĺî âpěąãěňőčő çĺáńă èăčőć ĺŋâěčpĺpőćăŋĺï.

Ğŋăçěŋĺï őáŋőćŋëå áâpãłâãpŋëå ŕěpěňěŋŋëå (ŕńőâŋőáâĺ ρ, ďőńĺ păďĺãáă r, âěňŕěpăâãpë T , ďőńĺ áćěâĺňőáâĺ L_r ćŋãâpĺ áäěpë păďĺãáă r) ć âőçłě áèĺćłĺ, ŕőńãçěŋŋëě ĺğ ĺŋâěčpĺpőćăŋĺï őąőńőçłĺ ĺ ïďpă, ěáâěáâćěŋŋő, ŋě áőćŕăďăîâ, â.ł. çăáâì čpăŋĺçŋëå ãáńőćĺľ ćëąpăŋă ŕpőĺğćőńìŋő. Ďăńěě ňë ćŋőáĺň ŋěąőńìèĺě ĺğňěŋěŋĺï ć łăęďőě ŋěĺğćěáâŋőě čpăŋĺçŋőě ãáńőćĺě ŕő őçěpěďĺ ĺ őæěŋĺćăěň ŕpőĺğćőďŋëě ( ∂ρ_1 ∂T_c ) fit ( ∂r_1 ∂T_c ) fit ( ∂T_1 ∂T_c ) fit ( ∂L_{r1} ∂T_c ) fit ( ∂ρ_1 ∂ρ_c ) fit ( ∂r_1 ∂ρ_c ) fit ( ∂T_1 ∂ρ_c ) fit ( ∂L_{r1} ∂ρ_c ) fit (2.2) ( ∂ρ_2 ∂L ) fit ( ∂r_2 ∂L ) fit ( ∂T_2 ∂L ) fit ( ∂L_{r2} ∂L ) fit ( ∂ρ_2 ∂R ) fit ( ∂r_2 ∂R ) fit ( ∂T_2 ∂R ) fit ( ∂L_{r2} ∂R ) fit Ĺŋďěłáăňĺ_1,_2 őąőğŋăçěŋë ğŋăçěŋĺï ć âőçłě áèĺćłĺ, ŕőńãçěŋŋëě ĺŋâěčpĺpőćăŋĺěň áőőâćěâáâćěŋŋő ïďpă ĺ őąőńőçłĺ. Ś ŕőňőéìî íâĺå ŕpőĺğćőďŋëå łőppěłâĺpãěň čpăŋĺçŋëě ãáńőćĺï âăł, çâőąë ďőąĺâìáï áőćŕăďěŋĺï

ρ_1 = ρ_2 T_1 = T_2 r_1 = r_2 L_{r1} = L_{r2}

(2.3)

ć âőçłě áèĺćłĺ á ğăďăŋŋőľ âőçŋőáâìî (áň. §2.4).

Ĺğ ŋěďőáâăâłőć íâőčő ňěâőďă áńěďãěâ őâňěâĺâì őáőąěŋŋő ąőńìèőľ őąêěň ćëçĺáńěŋĺľ (ć çăáâŋőáâĺ, ŋěőąåőďĺňă őæěŋłă ŕpőĺğćőďŋëå (2.2)). Őďŋăłő őŋ őąńăďăěâ ŋěáőňŋěŋŋëňĺ ŕpěĺňãéěáâćăňĺ:

1) ćőğňőęěŋ łőŋâpőńì âőçŋőáâĺ ŋă łăęďőň èăčě ĺŋâěčpĺpőćăŋĺï ãpăćŋěŋĺľ; 2) áěâłă ĺŋâěčpĺpőćăŋĺï (èăč ŕő ňăááě) ćëąĺpăěâáï ŋě áâăâĺçěáłĺ, ă ďĺŋăňĺçěáłĺ ć ŕpőæěááě ĺŋâěčpĺpőćăŋĺï, çâő ŕőğćőńïěâ ă) ńěčłő ćëďăćăâì ğŋăçěŋĺï ć ŋãęŋëå âőçłăå, ą) ãňěŋìèĺâì ŕőčpěèŋőáâì ňěâőďă ć âőçłě ĺğńőňă ŕpőĺğćőďŋőľ âěňŕěpăâãpë ŋă ďŋě łőŋćěłâĺćŋőľ ğőŋë (áň. §2.3).

3) áăňő ĺŋâěčpĺpőćăŋĺě ãpăćŋěŋĺľ ňőęěâ ŕpőĺğćőďĺâìáï ąëáâpëňĺ ňěâőďăňĺ ćëáőłőčő ŕőpïďłă;

4) âpěąőćăŋĺï ł őŕěpăâĺćŋőľ ŕăňïâĺ ŋěćëáőłĺ.

Ćâőpőľ ňěâőď păáçěâă ňőďěńĺ ğćěğďë èĺpőłő ĺáŕőńìğãěâáï ć păáçěâăå íćőńîæĺĺ ğćěğď (ŋě Śőńŋæă). Őŋ ąëń ŕőďpőąŋő őŕĺáăŋ ć păąőâăå Ţěŋìĺ ĺ ďp. (áň., ŋăŕàĺňěà, Henyey, Vardya, Bodenheimer 1965) ĺ ŋăğëćăěâáï ňěâőďőň păğŋőáâŋëå áåěň. Ğćěğďă păğąĺćăěâáï ŋă ŋěáłőńìłő áőâěŋ ğőŋ (áěâłă ĺŋâěčpĺpőćăŋĺï), ĺ ć łăęďőľ âőçłě čpăŋĺæë ãpăćŋěŋĺï áâpőěŋĺï ŕěpěŕĺáëćăîâáï ć păğŋőáâŋőľ äőpňě. Ŕő áãâĺ ĺŋâěčpĺpőćăŋĺě ďĺääěpěŋæĺăńìŋëå ãpăćŋěŋĺľ ğăňěŋïěâáï pěèěŋĺěň áĺáâěňë păğŋőáâŋëå ãpăćŋěŋĺľ. Ğăâěň "ňěâőďőň pěńăłáăæĺĺ" ŋăåőďïâ ŋěĺğćěáâŋëě čpăŋĺçŋëě ãáńőćĺï. Ŕpěĺňãéěáâćő ňěâőďă { ć ąëáâpőâě păąőâë. Hěďőáâăâłĺ:

1) ŋĺğłĺľ ŕőpïďőł ňěâőďă (ŕőçâĺ ćáěčďă ćâőpőľ) { ŋěőąåőďĺňő ąőńìèőě çĺáńő ğőŋ; 2) ąőńìèĺě âpěąőćăŋĺï ł őŕěpăâĺćŋőľ ŕăňïâĺ { ŋěőąåőďĺňő åpăŋĺâì ğŋăçěŋĺï ŕěpěňěŋŋëå ĺ ŕpőĺğćőďŋëå ć ãğńăå áěâłĺ;

3) ŋěãďőąáâćő łőppěłæĺĺ păğąĺěŋĺï ŋă ğőŋë ć ŕpőæěááě pěńăłáăæĺĺ (ŕpőąńěňë á păğpëćőň ćâőpőľ ŕpőĺğćőďŋőľ âěňŕěpăâãpë ŋă ďŋě łőŋćěłâĺćŋőľ ğőŋë).

Śãéěáâćãîâ âăłęě ďpãčĺě ňěâőďë, ŋě ŕőńãçĺćèĺě ěéě èĺpőłőčő păáŕpőáâpăŋěŋĺï. Ĺğ ŋĺå őáőąěŋŋő ŕěpáŕěłâĺćŋëň ćëčńïďĺâ ňěâőď łőńńőłăæĺőŋŋëå áŕńăľŋőć Ňőpěńï ĺ ďp. (Morel et al. 1992), áőçěâăîéĺľ ć áěąě ŕpőáâőâã ĺ áłőpőáâì păğŋőáâŋëå áåěň ĺ ňőéì ĺ ãďőąáâćő ňěâőďőć ĺŋâěčpĺpőćăŋĺï ćëáőłőčő ŕőpïďłă.

Ć ŋăèěľ ŕpőčpăňňě ĺáŕőńìğãěâáï ňěâőď áèĺćłĺ { őâçăáâĺ ć áĺńã ěčő őçěćĺďŋëå ŕpěĺňãéěáâć, őâçăáâĺ ć áĺńã ĺáâőpĺçěáłĺå ŕpĺçĺŋ (őâáãâáâćĺě łőňŕìîâěpőć á ďőáâăâőçŋëň őąêěňőň őŕěpăâĺćŋőľ ŕăňïâĺ ŋă păŋŋěľ áâăďĺĺ păğpăąőâłĺ).

2.2. Hěőąåőďĺňőáâì ďőáâĺęěŋĺï ćëáőłőľ âőçŋőáâĺ Łăğăńőáì ąë, ğăçěň păááçĺâëćăâì ňőďěńĺ á ćëáőłőľ áâěŕěŋìî âőçŋőáâĺ? Řăğćě ňë ğŋăěň áěçěŋĺï ïďěpŋëå pěăłæĺľ ĺńĺ ćőğpăáâ Śőńŋæă á âőçŋőáâìî 10^{−4}?

Ďă, ďěľáâćĺâěńìŋő, ąőńìèăï çăáâì ďăŋŋëå ő Śőńŋæě ĺňěěâ ďőćőńìŋő ŋĺğłãî âőçŋőáâì. Ŕőńőęěŋĺě á äĺğĺłőľ áőńŋěçŋëå ŋěďp ŋěňŋőčĺň ńãçèě, ă ć ŋěłőâőpëå áńãçăïå ĺ åãęě, âăł çâő ćőŕpőá ő păáçěâě ňőďěńĺ Śőńŋæă á ŕőčpěèŋőáâìî 10^{−5} ňőęěâ ŕőłăğăâìáï ąěááňëáńěŋŋëň. Šěň ŋě ňěŋěě ŋěőąåőďĺňőáâì ć ŕőćëèěŋĺĺ âőçŋőáâĺ ćáě ęě áãéěáâćãěâ, ĺ ŋă âő ěáâì ŋěáłőńìłő ŕpĺçĺŋ.

Ŕpěęďě ćáěčő, őŕpěďěńĺň ŕőŋïâĺě âőçŋőáâì, ĺáŕőńìğőćăŋŋőě ć íâőľ păąőâě ŕpĺňěŋĺâěńìŋő ł áőńŋěçŋőľ ňőďěńĺ. Őçěćĺďŋő, pěçì ŋě ĺďěâ ő äĺğĺçěáłőľ âőçŋőáâĺ, â.ł. äĺğĺłă ğăďăçĺ ğăćěďőňő áőďěpęĺâ ąőńìèĺě ŋěâőçŋőáâĺ. Őďŋăłő ěáńĺ ňë ğăäĺłáĺpãěň ćáě äĺğĺçěáłĺě ďăŋŋëě, âő ňőęŋő ćěáâĺ pěçì ő ňăâěňăâĺçěáłőľ âőçŋőáâĺ, ĺ ĺňěŋŋő őŋă ĺ ĺňěěâáï ć ćĺďã. İâő ăłłãpăâŋőáâì ĺŋâěpŕőńïæĺĺ âăąńĺæ ŋěŕpőğpăçŋőáâĺ ĺ ãpăćŋěŋĺï áőáâőïŋĺï, âőçŋőáâì ĺŋâěčpĺpőćăŋĺï ãpăćŋěŋĺľ áâpőěŋĺï (1.1{1.8) ĺ pěèěŋĺï łpăěćőľ ğăďăçĺ (1.12{1.13), âőçŋőáâì ĺŋâěčpĺpőćăŋĺï ãpăćŋěŋĺľ íćőńîæĺĺ, âőçŋőáâì łăńĺąpőćłĺ íćőńîæĺőŋŋőčő âpěłă. Ŕőď áńőćőň "âőçŋőáâì" ŕőŋĺňăěâáï ňăâěňăâĺçěáłăï âőçŋőáâì ĺ áőčńăáőćăŋŋőáâì ŕőńãçěŋŋőčő pěèěŋĺï ďńï ćńőęěŋŋőľ łpăěćőľ ğăďăçĺ; ŕőčpěèŋőáâĺ ćåőďŋëå ďăŋŋëå ŕpĺ íâőň ŋě păááňăâpĺćăîâáï.

Ĺâăł, ğăçěň ęě ŋãęŋă íâă ňăâěňăâĺçěáłăï âőçŋőáâì? Ćő-ŕěpćëå, çâőąë ĺňěâì ćőğňőęŋőáâì őâďěńïâì ĺááńěďãěňëľ íääěłâ őâ ŕőčpěèŋőáâěľ ćëçĺáńěŋĺľ. Ěáńĺ, áłăęěň, ŋěőąåőďĺňő ćëïáŋĺâì, łăł ćńĺïěâ áâpőěŋĺě ćěàåŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë ŋă ňőďěńì ćŋãâpěŋŋěčő áâpőěŋĺï Śőńŋæă, âő ŕpĺ ňăńőľ âőçŋőáâĺ ňőďěńĺ ŋěćőğňőęŋő őâďěńĺâì ĺááńěďãěňëľ íääěłâ (łőâőpëľ ğăćěďőňő ňăń) őâ őèĺąőł ĺŋâěčpĺpőćăŋĺï/áèĺćłĺ.

Ćâőpăï ŕpĺçĺŋă ĺňěěâ ŕàĺŋæĺŕĺăńìŋëľ åăàăłâěà. Ůăáâőâë łőńěąăŋĺľ Śőńŋæă ĺğćěáâŋë á őçěŋì ćëáőłőľ âőçŋőáâìî ĺ, áńěďőćăâěńìŋő, ďńï ĺğćńěçěŋĺï íâőľ ĺŋäőpňăæĺĺ ŋěőąåőďĺňő ĺňěâì áőőâćěâáâćãîéãî ňőďěńì Śőńŋæă. Ğăňěâĺň, çâő íâő ŋě ŕpőâĺćőpěçĺâ âőňã, çâő íćőńîæĺőŋŋăï ňőďěńì áńăąő ğăćĺáĺâ őâ áâpőěŋĺï ćŋěèŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë, ă çăáâőâë { áĺńìŋő: íâĺ áńőĺ ćńĺïîâ ŋă ćáě çăáâőâë ŕpĺňěpŋő őďĺŋăłőćëň őąpăğőň, ĺ ąńăčőďăpï íâőňã äăłâã ňőęŋő ćëďěńĺâì äăłâőpë, őâŋőáïéĺěáï ł áâpőěŋĺî áőńŋěçŋőčő ïďpă.

2.3. Ŕàőąńěňë àăáçěâă ňőďěńĺ Śőńŋæă á ćëáőłőľ âőçŋőáâìî Čńăćŋăï ğăďăçă { őąěáŕěçěŋĺě åőpőèěľ ĺ ŕpőčŋőğĺpãěňőľ âőçŋőáâĺ ćáěå őáŋőćŋëå ćěńĺçĺŋ (ňăááă, ŕńőâŋőáâì, âěňŕěpăâãpă, ďăćńěŋĺě, åĺňĺçěáłĺľ áőáâăć, ćëďěńěŋĺě íŋěpčĺĺ) ć łăęďőľ âőçłě păďĺãáă áâăŋďăpâŋőľ ňőďěńĺ. Ŕőçâĺ ćěğďě (čďě ŋě őčőćőpěŋő őáőąő) ŕpěďŕőńăčăěâáï, çâő őâŋőáĺâěńìŋăï őèĺąłă ć ćěńĺçĺŋě (δy/y) ŋě ďőńęŋă ŕpěćëèăâì ğăďăŋŋőčő ãpőćŋï ε. Ć ŋěłőâőpëå áńãçăïå őèĺąłĺ ňőčãâ ąëâì ąőńìèě, ěáńĺ íâő ŋě ćńĺïěâ ŋă ŕăpăňěâpë ňőďěńĺ ć æěńőň ĺ çăáâőâë łőńěąăŋĺľ.

Ŕőáłőńìłã păáçěâë ňŋőčőáâãŕěŋçăâë, âő ŋěőąåőďĺňő őąěáŕěçĺâì łőŋâpőńì âőçŋőáâĺ ŋă łăęďőň íâăŕě. Őçěćĺďŋő, ŕőčpěèŋőáâì pěğãńìâăâă păáçěâőć ąãďěâ áãňňőľ őèĺąőł, áďěńăŋŋëå ŋă łăęďőň íâăŕě.

Śâpőěŋĺě ćŋěèŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë ĺ ăâňőáäěpë őłăğëćăěâ áńăąőě ćńĺïŋĺě ŋă ćŋãâpěŋŋîî áâpãłâãpã Śőńŋæă: ňěęďã áâăŋďăpâŋëňĺ ňőďěńïňĺ, păááçĺâăŋŋëňĺ ďăęě á őçěŋì ćëáőłőľ âőçŋőáâìî, ąãďěâ ŋěłőâőpăï păğŋĺæă ć áăňëå ćŋěèŋĺå áńőïå. İâă păğŋĺæă ňőęěâ ąëâì áãéěáâćěŋŋőľ ŕpĺ păáçěâě ăłãáâĺçěáłĺå łőńěąăŋĺľ. Ěě ňőęŋő ĺáłńîçĺâì âőńìłő ŕãâěň áâăŋďăpâĺğăæĺĺ ňěâőďőć păáçěâă ćŋěèŋĺå áńőěć.

Ŕpĺ äőpňăńìŋőň ŕpĺňěŋěŋĺĺ łpĺâěpĺï Ÿćăpæèĺńìďă ŕőńãçăěâáï, çâő ŋă ŋĺęŋěľ čpăŋĺæě łőŋćěłâĺćŋőľ ğőŋë ĺňěěâáï ĺğńőň čpăďĺěŋâă âěňŕěpăâãpë (łőâőpëľ ĺğ ŕpăłâĺçěáłĺ ŕőáâőïŋŋőčő ăďĺăąăâĺçěáłőčő áâăŋőćĺâáï ąëáâpő ŕăďăîéĺň ńãçĺáâëň; áň. àĺá. 3.1, 3.2). Řăğãňěěâáï, ć pěăńìŋőň Śőńŋæě ŋĺłăłőčő ĺğńőňă ąëâì ŋě ňőęěâ, ŋő äĺğĺçěáłăï ĺ ňăâěňăâĺçěáłăï âpăłâőćłĺ ŕěàěåőďŋőčő áńőï ňěęďã ńãçĺáâëň ŕěàěŋőáőň ĺ łőŋćěłæĺěľ ("overshooting") ŋěďőáâăâőçŋő păğpăąőâăŋë ĺ ć íâőľ àăąőâě ŋě ĺáŕőńìğãîâáï. İâőâ ĺğńőň (ĺńĺ păğpëć ćâőpőľ ŕpőĺğćőďŋőľ âěňŕěpăâãpë) ćëğëćăěâ âpãďŋőáâĺ ŕpĺ ĺŋâěčpĺpőćăŋĺĺ ãpăćŋěŋĺľ áâpőěŋĺï. Ĺŋâěpěáŋő, çâő ćěpåŋïï čpăŋĺæă łőŋćěłâĺćŋőľ ğőŋë (àăáŕőńőęěŋŋăï ŋěŕőáàěďáâćěŋŋő ŕőď áőńŋěçŋőľ ăâňőáäěpőľ) őáőąëå ŕpőąńěň ŋě áőğďăěâ, â.ł. ć ŋěľ ńãçĺáâëľ čpăďĺěŋâ őçěŋì ąńĺğőł ł ăâňőáäěàŋőňã (áň. §2.4.2).

Ć æěŋâpě Śőńŋæă ãpăćŋěŋĺï áâpőěŋĺï ĺňěîâ őáőąãî âőçłã: ŋěłőâőpëě ŕpőĺğćőďŋëě (1.1{1.6) őąpăéăîâáï ć ŋãńì (ĺńĺ ąěáłőŋěçŋőáâì ć ğăćĺáĺňőáâĺ őâ ćëąőpă ŋěğăćĺáĺňőľ ŕěpěňěŋŋőľ).

İćőńîæĺőŋŋăï łăńĺąpőćłă (áň. §1.1) ĺáŕőńìğãěâ ğŋăçěŋĺě păďĺãáă Śőńŋæă, ŕőńãçăěňőě ĺğ ŋăąńîďěŋĺľ. Őďŋăłő ğďěáì ŕőŋïâĺě păďĺãáă áăňő âpěąãěâ ãâőçŋěŋĺï á ďćãå áãéěáâćěŋŋő păğńĺçŋëå ŕőğĺæĺľ: 1) çâő ŕőďpăğãňěćăěâáï ŕőď păďĺãáőň Śőńŋæă ć ňőďěńĺ; 2) łăłőě őâŋőèěŋĺě íâă ćěńĺçĺŋă ĺňěěâ ł ŋăąńîďăěňőňã ğŋăçěŋĺî? Ł âőňã ęě ć ăâňőáäěpě Śőńŋæă ãpăćŋěŋĺě ńãçĺáâőčő ŕěàěŋőáă íŋěàčĺĺ âěpïěâ áćőî ŕpĺňěŋĺňőáâì. Őáőąěŋŋőáâì ďăŋŋőčő ŕăpăňěâpă âăłęě áőáâőĺâ ć âőň, çâő păďĺãá ňőďěńĺ, łăł čěőňěâpĺçěáłăï åăpăłâěpĺáâĺłă łőńěąăâěńìŋőľ áĺáâěňë, őłăğëćăěâ ŋěŕőápěďáâćěŋŋőě ćńĺïŋĺě ŋă áőąáâćěŋŋëě çăáâőâë łőńěąăŋĺľ. İâő ŕpĺćőďĺâ ł âőňã, çâő âpěąãěâáï őąěáŕěçĺâì áőčńăáőćăŋŋőáâì păğńĺçŋëå ňőďěńěľ ŕő ćěńĺçĺŋě păďĺãáă ŋă ãpőćŋě, ğŋăçĺâěńìŋő ŕpěćëèăîéěň âőçŋőáâì ŋăąńîďăâěńìŋőčő ğŋăçěŋĺï.

Řěğãńìâăâ ĺŋâěčpĺpőćăŋĺï ãpăćŋěŋĺľ áâpőěŋĺï ĺáŕőńìğãěâáï ďćőïłĺň őąpăğőň { ćő-ŕěpćëå, ğŋăçěŋĺï pěèěŋĺľ ć âőçłě áèĺćłĺ (â.ě. pěèěŋĺě łpăěćőľ ğăďăçĺ); ćőćâőpëå, păáŕpěďěńěŋĺě áăňĺå ĺŋâěčpĺpãěňëå ćěńĺçĺŋ ćďőńì ŋěğăćĺáĺňőľ ŕěpěňěŋŋőľ ĺŋâěčpĺpőćăŋĺï (păďĺãáă ĺńĺ ňăááë), â.ě. áőąáâćěŋŋő ňőďěńì ğćěğďë. Řăááňőâpĺň ćâőpãî çăáâì ğăďăçĺ. Š.ł. ŕőńãçăěňőě pěèěŋĺě ïćńïěâáï áěâőçŋëň (őŕpěďěńěŋő ŋă ŋěłőâőpőľ áěâłě âőçěł), ŋěőąåőďĺňő ćëïáŋĺâì, łăłőćă ďőńęŋă ąëâì áâpãłâãpă ĺ čãáâőâă íâőľ áěâłĺ ďńï âőčő, çâőąë pěèěŋĺě ňőęŋő ąëńő ĺáŕőńìğőćăâì, áłăęěň, ŕpĺ păáçěâě łőńěąăŋĺľ. Ğďěáì ćőğŋĺłăěâ âăłęě ěéě őďŋă ĺŋâěpěáŋăï ŕpőąńěňă { çěňã áőőâćěâáâćãěâ ŕőńãçăěňőě pěèěŋĺě { âőçŋőňã pěèěŋĺî áĺáâěňë, ŕpőĺğćőďŋëň ěčő (â.ě. áăňőľ áĺáâěňě) ĺ â.ď.

Őáŋőćŋăï çăáâì păáçěâă íćőńîæĺőŋŋőčő âpěłă { ŋě çâő ĺŋőě, łăł păáçěâ ĺğňěŋěŋĺï ŕpőäĺńï áőďěpęăŋĺï ćőďőpőďă á âěçěŋĺěň íćőńîæĺĺ. Śőőâćěâáâćěŋŋő, ŋěőąåőďĺňő őąěáŕěçĺâì ďőáâăâőçŋãî âőçŋőáâì ŕpěďáâăćńěŋĺï íâőčő ŕpőäĺńï, çâőąë ŕpěďőâćpăâĺâì őèĺąłã ŕěpěáçěâă ŕpőäĺńï ňěęďã ňőďěńïňĺ.

2.4. Ĺáŕőńìğőćăŋŋăï ňěâőďĺłă Ć àăąőâě ąëńă ĺáŕőńìğőćăŋă áńěďãîéăï ğăňěŋă ŕěpěňěŋŋëå, ŕpěďńőęěŋŋăï ć Morel, Provost, Berthomieu 1990. Śőčńăáŋő ćëèěãłăğăŋŋőľ àăąőâě, ğăňěŋă ŕőğćőńïěâ ŕőńãçĺâì ąőńěě čńăďłőě ŕőćěďěŋĺě ŕěpěňěŋŋëå, çâő ąńăčőŕpĺïâŋő ďńï çĺáńěŋŋőčő ĺŋâěčpĺpőćăŋĺï: ξ = (r/R)^2 μ = (M_r/M)^{2/3} λ = (L_r/L)^{2/3} η = lnP θ = lnT ω = lnρ

(2.4)

Şpăćŋěŋĺï áâpőěŋĺï (1.1{1.8) ć ŋőćëå ŕěpěňěŋŋëå: dξ dμ = 3M 4πR^3 1 ρ ( μ ξ )_{1/2} (2.5) dη dμ = − 3GM^2 8πR^4 1 P ( μ ξ )_2 (2.6) dλ dμ = M L [ ε − ∂U ∂t + P ρ^2 ∂ρ ∂t ] ( μ λ )_{1/2} (2.7) dθ dμ = ∇ dη dμ (2.8) dω dμ = χ^{−1}_ρ { (1 − χ_T ∇) dη dμ − χ_X X dX dμ } (2.9)

Őâňěâĺň, çâő ć æěŋâàě (ŕàĺ μ = 0, ξ = 0 ĺ λ = 0) ( μ ξ ) c = ( 4πρ_cR^3 3M )_{2/3} (2.10) ( μ λ ) c = ( L Mε_c )_{2/3} (2.11)

Čpăŋĺçŋëě ãáńőćĺï:

μ = 0 : μ = 1 :

ξ = 0 ω = ln ρ_{surf} λ = 0 θ = ln T_{surf} (2.12)

2.4.1. Řăğńőęěŋĺě ć æěŋâpě Ğăňěŋă ŕěpěňěŋŋëå (2.4) ŕőğćőńïěâ ĺğąăćĺâìáï őâ ąěáłőŋěçŋëå ŕpőĺğćőďŋëå ŕěpěňěŋŋëå ĺŋâěčàĺàőćăŋĺï ć æěŋâpě. Őďŋăłő ńěčłő ćĺďěâì, çâő ŕpőĺğćőďŋëě ćëáèěčő ŕőpïďłă ćáě păćŋő őáâăîâáï ąěáłőŋěçŋëňĺ. Ŕpĺ ĺáŕőńìğőćăŋĺĺ ňěâőďă ĺŋâěčpĺpőćăŋĺï ćëáőłőčő ŕőpïďłă íâő ŕpĺćőďĺâ ł ŕőïćńěŋĺî őèĺąőł. Ůâőąë ĺğąěęăâì ĺå, pěèěŋĺě ŕpĺåőďĺâáï păğńăčăâì ć pïď ŕő őďŋőľ ĺğ ŕěpěňěŋŋëå, áńěďï ğă păğňěpőň őąńăáâĺ păğńőęěŋĺï ďńï áőåpăŋěŋĺï âőçŋőáâĺ. Hăĺąőńěě ãďőąŋőľ ďńï păğńőęěŋĺï ŋěğăćĺáĺňőľ ŕěpěňěŋŋőľ ïćńïěâáï păďĺãá r. Řăğńőęěŋĺě ňőęŋő ŕpőĺğćěáâĺ ŕő äőpňãńě Šěľńőpă (á æěŋâpőň ć âőçłě r = 0), ŕőáńěďőćăâěńìŋő ćëçĺáńïï ŕpőĺğćőďŋëě ćëáőłĺå ŕőpïďłőć.

Ğăŕĺèěň áŋăçăńă ŕńőâŋőáâì ρ ąěğ ćëçĺáńěŋĺï ŕpőĺğćőďŋëå (ĺŋďěłáăňĺ 2,4 őąőğŋăçěŋë ğŋăçěŋĺï ŕpőĺğćőďŋëå áőőâćěâáâćãîéĺå ŕőpïďłőć ŕpĺ r = 0):

ρ = ρ_c + ∞∑ i=1 1 i! ( d^iρ dr^i ) r=0 r^i ≈ ρ_c + 1 2 ρ_2r^2 + 1 24 ρ_4r^4 = ρ_c [ 1 + 1 2 ρ_2 ρ_c r^2 + 1 24 ρ_4 ρ_c r^4 ] (2.13)

1) Ďőńï ňăááë M_r, áőďěpęăéăïáï ćŋãâpĺ áäěpë păďĺãáă r á æěŋâpőň ć æěŋâpě Śőńŋæă: M_r ≈ 4 3 πρ_cr^3 + 2 5 πρ_2r^5 + 1 42 πρ_4r^7 = 4 3 πρ_cr^3 [ 1 + 3 10 ρ_2 ρ_c r^2 + 1 56 ρ_4 ρ_c r^4

] (2.14)

2) Ďőńï áćěâĺňőáâĺ L_r, áőďěpęăéăïáï ćŋãâpĺ áäěpë păďĺãáă r á æěŋâpőň ć æěŋâpě Śőńŋæă: L_r ≈ 4 3 πρ_cϵ_cr^3 + 2 5 π(ρ_2ϵ_c + ρ_cϵ_2)r^5 + 1 42 π(6ρ_2ϵ_2 + ρ_cϵ_4 + ρ_4ϵ_c)r^7 = 4 3 πρ_cϵ_cr^3 [ 1 + 3 10 ( ρ_2 ρ_c + ϵ_2 ϵ_c ) r^2 + 3 28 ( ρ_2 ρ_c ϵ_2 ϵ_c + 1 6 ϵ_4 ϵ_c + 1 6 ρ_4 ρ_c ) r^4

] (2.15)

(ğăňěâĺň, çâő păğńőęěŋĺï ďńï íŋěpčőćëďěńěŋĺï ϵ ĺ ŋěŕpőğpăçŋőáâĺ κ âőęě ŋě ćłńîçăîâ çńěŋőć á ŋěçěâŋëňĺ áâěŕěŋïňĺ r, â.ł. íâĺ ćěńĺçĺŋë ć áćőî őçěpěďì ğăćĺáïâ őâ âěå ęě ρ, T , X, łőâőpëě ĺňěîâ ŋãńěćëě ŕpőĺğćőďŋëě çěâŋëå áâěŕěŋěľ ŕpĺ r = 0): ϵ ≈ ϵ_c + 1 2 ϵ_2r^2 + 1 24 ϵ_4r^4 (2.16) κ ≈ κ_c + 1 2 κ_2r^2 + 1 24 κ_4r^4 (2.17)

3) Ďăćńěŋĺě P : P ≈ P_c − 2 3 πGρ^2_cr^2 − 4 15 πGρ_2ρ_cr^4 = P_c − 2 3 πGρ^2_cr^2 [ 1 + 2 5 ρ_2 ρ_c r^2

] (2.18)

4) Šěňŕěpăâãpă T : T ≈ T_c + 1 2 T_2r^2 [ 1 + ( 2 5 ρ_2 ρ_c + 1 4 κ_2 κ_c + 3 20 ϵ_2 ϵ_c − 3 4 T_2 T_c ) r^2 ] (2.19)

ğďěáì T_2 = − ρ^2_cκ_cϵ_c 16σT^3_c

(2.20)

5) Ůâőąë âěŕěàì ć áćőî őçěàěďì ŕőńãçĺâì ćëàăęěŋĺï ďńï ŕńőâŋőáâĺ (â.ě. ěě ŕàőĺğćőďŋëě), ćőáŕőńìğãěňáï âěň äăłâőň, çâő ã ŋăá ěáâì ãàăćŋěŋĺě áőáâőïŋĺï (ć âőň çĺáńě ŕàőĺğćőďŋëě ďăćńěŋĺï):

P_2 P_c = χ_T T_2 T_c + χ_ρ ρ_2 ρ_c + χ_X X_2 X_c (2.21)

P_4 P_c = 3 d^2χ_T dr^2 T_2 T_c + χ_T T_4 T_c + 3 d^2χ_ρ dr^2 ρ_2 ρ_c + χ_ρ ρ_4 ρ_c + 3 d^2χ_X dr^2 X_2 X_c + χ_X X_4 X_c (2.22)

ρ_2 = ρ_c χ_ρ ( P_2 P_c − χ_T T_2 T_c − χ_X X_2 X_c ) (2.23)

ρ_4 = ρ_c χ_ρ ( P_4 P_c − 3 d^2χ_T dr^2 T_2 T_c − χ_T T_4 T_c − 3 d^2χ_ρ dr^2 ρ_2 ρ_c − 3 d^2χ_X dr^2 X_2 X_c − χ_X X_4 X_c ) (2.24)

Ćâőàãî ŕàőĺğćőďŋãî ňăááőćőľ ďőńĺ ćőďőàőďă X ňőęŋő ŕőńãçĺâì ĺğ ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă: X_2 = 2 ( dX dμ ) c ( 4πρ_c 3M )_{2/3} (2.25)

Ć íâĺå ćëpăęěŋĺïå ŋăňěpěŋŋő őáâăćńěŋő ŋěáłőńìłő çńěŋőć ćëáőłőčő ŕőpïďłă, łőâőpëě âpãďŋő ćëçĺáńĺâì âőçŋő (ŋăŕpĺňěp, áőďěpęăéĺě ϵ_4 ≡ ( d^4ϵ/dr^4 ) c). Ňë őæěŋĺň őâŋőáĺâěńìŋãî őèĺąłã, ćŋőáĺňãî ĺňĺ, ĺ ŋă őáŋőćăŋĺĺ íâőčő őŕpěďěńĺň ňăłáĺňăńìŋő ďőŕãáâĺňëľ păğňěp őąńăáâĺ păğńőęěŋĺï. Šĺŕĺçŋëě ğŋăçěŋĺï ďńï áőćàěňěŋŋőčő Śőńŋæă:

T_c = 15.717 · 10^6 Ł R^2_⊙^{T2}_{Tc} = −44.0 R^2_⊙^{T4}_{Tc} = 2.25 · 10^4

P_c = 2.30 · 10^{17} ďĺŋ/áň^2 R^2_⊙^{P2}_{Pc} = −134 R^2_⊙^{P4}_{Pc} = 1.03 · 10^5

ρ_c = 150.8 č/áň^3 R^2_⊙^{ρ2}_{ρc} = −160 R^2_⊙^{ρ4}_{ρc} = 5.04 · 10^4

X_c = 0.332 R^2_⊙^{X2}_{Xc} = 200

ϵ_c = 16.76 íàč/(č · á) R^2_⊙^{ϵ2}_{ϵc} = −143

κ_c = 1.32 č/áň^2 R^2_⊙^{κ2}_{κc} = 39.4

χ_T = 0.985 χ_ρ = 1.015 χ_X = 0.361 (_{∂ log κ}

∂ log T ) c = −1.74

(_{∂ log κ}

∂ log ρ ) c = 0.37

(_{∂ log κ}

∂ log X ) c = 0.11 (_{∂ log ϵ}

∂ log T ) c = 6.85

(_{∂ log ϵ}

∂ log ρ ) c = 1.04

(_{∂ log ϵ}

∂ log X ) c = 1.62 (2.26) (_{∂ log χT} ∂ log ρ ) c = −0.027 (_{∂ log χT} ∂ log T ) c = 0.040 (_{∂ log χT} ∂ log X ) c = −0.0083 (_{∂ log χρ} ∂ log ρ ) c = 0.0182 (_{∂ log χρ} ∂ log T ) c = −0.027 (_{∂ log χρ} ∂ log X ) c = 0.0039 (_{∂ log χX} ∂ log ρ ) c = 0.0114 (_{∂ log χX} ∂ log T ) c = −0.025 (_{∂ log χX} ∂ log X ) c = 0.68

R^2_⊙ (_{d2χT} dr2 ) c = 0.886 R^2_⊙ (_{d2χρ} dr2 ) c = −0.958 R^2_⊙ (_{d2χρ} dr2 ) c = −0.958

(őæěŋłĺ çěâćěàâëå ŕàőĺğćőďŋëå ďőćőńìŋő ŕàĺąńĺğĺâěńìŋë; ąőńìèĺŋáâćő ĺğ ŋĺå ćłńîçăěâ çĺáńěŋŋőě ďĺääěàěŋæĺàőćăŋĺě). Őąőğŋăçăï x ≡ r/R, ďńï àăğńőęěŋĺï ć æěŋâàě ŕőńãçăěň: M_r = 4 3 πρ_cr^3 [ 1 − 48x^2 + 900x^4 ]

L_r = 4 3 πρ_cϵ_cr^3 [ 1 − 300x^2 + 7400x^4 ] P = P_c [ 1 − 67x^2 + 4300x^4 ] ρ = ρ_c [ 1 − 80x^2 + 2100x^4 ] T = T_c [ 1 − 22x^2 + 940x^4 ] (2.27)

Ŕőáłőńìłã łőíääĺæĺěŋâë ŕàĺ x^4 ğăâàãďŋĺâěńìŋő ćëçĺáńĺâì âőçŋő, íâĺ çńěŋë ĺáŕőńìğőćăńĺáì ďńï őæěŋłĺ őèĺąłĺ.

Ĺâăł, äőàňãńë (2.27) ďăîâ őèĺąłĺ àăğńőęěŋĺï ć àïď Šěľńőàă ć âőçłě r = r_{exp}. Őďŋăłő áèĺćłă àěèěŋĺľ ŕàőĺáåőďĺâ ć âőçłě μ_{fit}, çâő őğŋăçăěâ, çâő ŋěőąåőďĺňő ćëïáŋĺâì, łăłãî ŕőčàěèŋőáâì ćëğőćěâ őèĺąłă àăğńőęěŋĺï ć ğŋăçěŋĺïå ć âőçłě μ_{fit}. Őŕàěďěńĺň ŋăąőà äãŋłæĺľ ďćãå ŕěàěňěŋŋëå V_{ij} (μ_1, μ_{fit}) ĺ ŋăğőćěň ĺå äãŋłæĺïňĺ ćńĺïŋĺï: δY_j Y_{j fit} (μ_{fit}) = V_{ij} (μ_1, μ_{fit}) δY_i Y_i (μ_1), (2.28) â.ě. äãŋłæĺï V_{ij} (μ_1, μ_{fit}) őâàăęăěâ, łăł őâŋőáĺâěńìŋăï őèĺąłă ć âőçłě μ_1 ć ŕěàěňěŋŋőľ Y_i ćńĺïěâ ŋă őâŋőáĺâěńìŋãî őèĺąłã ć ŕěàěňěŋŋőľ Y_j ć âőçłě áèĺćłĺ. Čàăäĺłĺ íâĺå äãŋłæĺľ ďńï áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ ĺ âőçłĺ áèĺćłĺ μ_{fit} = 0.49 ŕàĺćěďěŋë ć §2.4.3.

Šăł ňőęŋő őæěŋĺâì, łăłãî ŕőčàěèŋőáâì ć âőçłě áèĺćłĺ ćëğëćăěâ ŕőčàěèŋőáâì àăğńőęěŋĺï ć æěŋâàě. Łőíääĺæĺěŋâë ŕěàěáçěâă (łőâőàëě ňőęŋő őæěŋĺâì ŕő čàăäĺłăň ĺğ §2.4.3) ŕàĺćőďïâ ł áńěďãîéĺň ćëàăęěŋĺïň ďńï őèĺąőł ć âőçłě áèĺćłĺ, ćőğŋĺłăîéĺň ĺğ-ğă ŕőčàěèŋőáâěľ àăğńőęěŋĺï ć æěŋâàě:

max_j ( δY_j Y_j ) fit ( δM_r M_r ) = 900x^4 · 0.02 = 180x^4

max_j ( δY_j Y_j ) fit ( δL_r L_r ) = 7400x^4 · 0.02 = 150x^4

max_j ( δY_j Y_j ) fit ( δT T ) = 940x^4 · 55 = 52000x^4

max_j ( δY_j Y_j ) fit ( δρ ρ ) = 2100x^4 · 16 = 34000x^4

(2.29)

Őèĺąłă, ćëğëćăěňăï ŕőčàěèŋőáâìî àăğńőęěŋĺï âěňŕěàăâãàë, ňăłáĺňăńìŋă (ğăňěâĺň, çâő íâő őèĺąłă ć áćěâĺňőáâĺ ć âőçłě áèĺćłĺ) { 5.2 · 10^4x^4. Šěŕěàì ňőęŋő őæěŋĺâì ňăłáĺňăńìŋő ďőŕãáâĺňëľ àăğňěà àăğńőęěŋĺï. Ŕãáâì àăááçĺâëćăěâáï ňőďěńì Śőńŋæă á âőçŋőáâìî 10^{−5}, âőčďă àăğãňŋő ŕàőĺğćőďĺâì áèĺćłã á âőçŋőáâìî 10^{−6}, ĺ őčàăŋĺçĺâì ŕőčàěèŋőáâì, ćëğëćăěňãî àăğńőęěŋĺěň, ćěńĺçĺŋőľ 10^{−7}:

5.2 · 10^4x^4 < 10^{−7} (2.30) x < 0.001 (2.31)

Šăłőć ňăłáĺňăńìŋëľ àăğňěà őąńăáâĺ àăğńőęěŋĺï ć æěŋâàě.

2.4.2. Ăâňőáäěpă ğćěğďë (ćŋěèŋĺě čpăŋĺçŋëě ãáńőćĺï) Ŕőď ăâňőáäěpőľ ğćěğďë ňë ąãďěň ŕőŋĺňăâì őąńăáâì, čďě őŕâĺçěáłăï čńãąĺŋă ápăćŋĺâěńìŋő ŋěćěńĺłă (ňěŋìèě ěďĺŋĺæë) ĺ çăáâì ĺğńãçěŋĺï ŋěŕőápěďáâćěŋŋő ćëåőďĺâ ĺğ ğćěğďë, ŋě ćğăĺňőďěľáâćãï á ćěéěáâćőň. Őçěćĺďŋő, ďĺääãğĺőŋŋőě ŕpĺąńĺęěŋĺě, ĺáŕőńìğőćăŋŋőě ďńï őŕĺáăŋĺï ŕěpěŋőáă íŋěpčĺĺ ć čńãąőłĺå áńőïå, ğďěáì ŕőńŋőáâìî ŋěŕpĺňěŋĺňő. Řăáçěâ ŕěpěŋőáă íŋěpčĺĺ ć ăâňőáäěpăå ğćěğď (â.ě. păáçěâ ňőďěńěľ ăâňőáäěp) { őâďěńìŋăï áńőęŋăï ğăďăçă, ĺ ŕăpăńńěńìŋőě pěèěŋĺě ěě ć păňłăå ŕpőčpăňň păáçěâă íćőńîæĺĺ ğćěğď ŋěpěăńìŋő ĺğ-ğă ąőńìèőčő őąêěňă ćëçĺáńěŋĺľ. Ćďőąăćőł áâpőěŋĺě ăâňőáäěp ćěáìňă áńăąő ćńĺïěâ ŋă ćŋãâpěŋŋîî áâpãłâãpã (íâő ŕpőďěňőŋáâpĺpőćăŋő ŋĺęě).

Ŕőíâőňã ćő ćáěå ŕpőčpăňňăå păáçěâă íćőńîæĺĺ ğćěğď ąěpãâáï ŋěłĺě čőâőćëě ňőďěńĺ ăâňőáäěp, łőâőpëě ğăâěň ăďăŕâĺpãîâáï ł âpěąãěňëň ğŋăçěŋĺïň păďĺãáă, áćěâĺňőáâĺ, ňăááë ğćěğďë.

Ć ŋăèěľ ŕpőčpăňňě ĺáŕőńìğőćăŋă ňőďěńì ăâňőáäěpë HSRA (Harvard-Smithsonian Reference Atmosphere, Gingerich et al. 1971). Ć păąőâě Ando, Osaki 1975 ŕpĺćěďěŋă ăŕŕpőłáĺňăæĺï íâőľ ňőďěńĺ ć ćĺďě ğăćĺáĺňőáâĺ T (τ) ĺ íääěłâĺćŋőľ âěňŕěpăâãpőľ ć łăçěáâćě ŕăpăňěâpă:

T^4(T_{eff} , τ) = 3 4 T^4_{eff} (τ + 1.017 − 0.3 exp(−2.54τ) − 0.291 exp(−30τ)) (2.32)

Ğăňěâĺň, çâő ğăćĺáĺňőáâì T (τ) ęěńăâěńìŋő ąëńő ąë ŕăàăňěâàĺğőćăâì ďćãňï (ĺńĺ ďăęě âàěňï) ŕěàěňěŋŋëňĺ { íääěłâĺćŋőľ âěňŕěàăâãàőľ, ãáłőàěŋĺěň áĺńë âïęěáâĺ (ĺ, ćőğňőęŋő, åĺňĺçěáłĺň áőáâăćőň).

Ĺňěï ğăćĺáĺňőáâì T (τ), ěáâěáâćěŋŋő áďěńăâì őŕâĺçěáłãî âőńéã τ ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï. Şàăćŋěŋĺï áâàőěŋĺï ŕěàěŕĺèãâáï âőčďă áńěďãîéĺň őąàăğőň: dr dτ = − 1 κρ (2.33) dP dτ = GM_r κr^2 (2.34) dM_r dτ = − 4πr^2 κ (2.35) dT dτ = T P ∇_{atm} dP dτ (2.36) ∇_{atm} = P κr^2 GM_rτ dT dτ (2.37)

Ďăńěě ŋěőąåőďĺňő áďěńăâì ěéě ŋěáłőńìłő ŕpěďŕőńőęěŋĺľ.

Ćő-ŕěpćëå, íâő ŋăçăńìŋăï âőçłă { ćŋěèŋěě čàăŋĺçŋőě ãáńőćĺě ďńï ăâňőáäěàë (âőçŋěě, ğŋăçěŋĺï őŕâĺçěáłőľ âőńéĺ τ ĺ ŕńőâŋőáâĺ ć ŋěłőâőàőľ âőçłě τ_0; âěňŕěpăâãpă ŕőńãçăěâáï ĺğ ğăłőŋă (2.32), ňăááã ĺ áćěâĺňőáâì ŕőńăčăěň păćŋëňĺ ňăááě ĺ áćěâĺňőáâĺ ğćěğďë, păďĺãá äĺłáĺpãěâáï ć ďpãčőľ âőçłě). Ğăďăďĺň ĺå ŕàĺ ďőáâăâőçŋő ňăńőň τ, çâőąë ŕńőâŋőáâìî ć íâőľ âőçłě ňőęŋő ąëńő ŕàěŋěąàěçì. Ĺáåőďï ĺğ HSRA ňőďěńĺ ąëńő ćëąpăŋő ρ_0 = 10^{−9} č/áň^3 ŕpĺ τ_0 = 0.0001 (2.38)

(âăłăï ęě âőçłă ŕàěďńăčăńăáì ć Morel, Provost, Berthomieu 1990). Řěăńìŋő íâĺ ğŋăçěŋĺï őłăğëćăîâ ŋĺçâőęŋő ňăńőě ćńĺïŋĺě ŋă áâpőěŋĺě ğćěğďë. Hăŕpĺňěp, őâŋőáĺâěńìŋëě ĺğňěŋěŋĺï ć ŕăpăňěâpăå ğćěğďë ŕpĺ ćëąőpě ρ_0 = 2 · 10^{−9} č/áň^3 ćňěáâő ρ_0 = 10^{−9} č/áň^3 (ňőďěńì 350-0122): δρ_c/ρ_c = 8.5 · 10^{−8} δT_c/T_c = 3.5 · 10^{−7} δL/L = 2.0 · 10^{−6} δR/R = 5.5 · 10^{−6} (2.39)

Ćëąőp τ_0 = 0.0002 ćňěáâő τ_0 = 0.0001 (ňőďěńì 350-0123):

δρ_c/ρ_c = 1.5 · 10^{−7} δT_c/T_c = 6.2 · 10^{−7} δL/L = 3.8 · 10^{−6} δR/R = 2.7 · 10^{−5} (2.40)

Ćő-ćâőpëå, ŋěőąåőďĺňő ŕpĺćïğăâì ğŋăçěŋĺě păďĺãáă ğćěğďë (ć çăáâŋőáâĺ, ŋăąńîďăěňëľ păďĺãá Śőńŋæă R_⊙) ł łăłőľ-ńĺąő âőçłě ňőďěńĺ ăâňőáäěpë. Ć păąőâě Schmiedler, Mein 1986 ŕpěďńőęěŋő áçĺâăâì, çâő ŋăąńîďăěňëľ păďĺãá áőőâćěâáâćãěâ τ = 0.01. İâő ğŋăçěŋĺě ŕőńãçěŋő ĺáåőďï ĺğ ňőďěńĺ "łőáőčő ńãçă", â.ě. ĺňěŋŋő âăł, łăł ňë ĺğňěpïěň ćĺďĺňëľ păďĺãá Śőńŋæă. Ĺâăł,

r/R = 1 ŕpĺ τ = 0.01 (2.41)

Ĺŋâěpěáŋő, çâő âěňŕěpăâãpă ŋě păćŋă íääěłâĺćŋőľ T_{eff} ć âőçłě r = R. Őâňěâĺň, çâő á âőçłĺ ğàěŋĺï âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï őáőąőčő ğŋăçěŋĺï ćëąőà íâőľ âőçłĺ ŋě ĺňěěâ, âăł łăł ŕàĺćőďĺâ ńĺèì ł ĺğňěŋěŋĺî ŕăàăňěâàă α, łőâőàëľ ĺňěěâ çĺáâő łăńĺąàőćőçŋőě ğŋăçěŋĺě.

Ćő-âpěâìĺå, ŋãęŋő ğăäĺłáĺpőćăâì âőçłã ŕěpěåőďă őâ ňőďěńĺ ăâňőáäěpë ł ĺŋâěčpĺpőćăŋĺî ãpăćŋěŋĺľ ćŋãâpěŋŋěčő áâpőěŋĺï. İâő âăłęě őŕpěďěńïěâ, ąãďěâ ńĺ ŕěpěåőď őâ ăâňőáäěpë ł őąőńőçłě čńăďłĺň, â.ě. ąãďãâ ńĺ păćŋë čpăďĺěŋâë âěňŕěpăâãpë ŋă áâëłě. Ěáńĺ ćëąpăâì ěě ŕpĺ ňăńëå τ, âő ć ŋěľ ąãďěâ ŕńőåő ćëŕőńŋïâìáï ďĺääãğĺőŋŋőě ŕpĺąńĺęěŋĺě. Ąőńìèĺě τ (5-10), őçěćĺďŋő, ćëğőćãâ âpãďŋőáâĺ á ňőďěńìî ăâňőáäěpë; ł âőňã ęě ŕpĺ τ = 0.8 − 1.0 ŋăçĺŋăěâáï łőŋćěłæĺï! Ŕő-ćĺďĺňőňã, ăďěłćăâŋőčő pěèěŋĺï íâőľ ŕpőąńěňë ŕőłă ŋě áãéěáâćãěâ, ŕőíâőňã ŕpěďńőęěŋ áńěďãîéĺľ ŕőďåőď: ć ăâňőáäěpě ĺŋâěčpĺpãîâáï ãpăćŋěŋĺï (2.33{2.36), čpăďĺěŋâ âěňŕěpăâãpë őŕpěďěńïěâáï ĺğ ğăłőŋă T (τ) ďő τ = 1, ďăńěě ĺáŕőńìğãěâáï "ďĺääãğĺőŋŋëľ" čàăďĺěŋâ (3.1). Ć ĺŋâěàćăńě 0.9 < τ < 1.0 ŕàőĺáåőďĺâ ŕńăćŋëľ ŕěàěåőď őâ ăâňőáäěàŋőčő čàăďĺěŋâă ł ďĺääãğĺőŋŋőňã, çâőąë ĺğąěęăâì ćőğŋĺłŋőćěŋĺï "çĺáńěŋŋőčő èãňă". Ŕàĺňěàŋő ŕàĺ τ = 0.8 ŋăçĺŋăěâáï łőŋćěłæĺï; čàăďĺěŋâ àăááçĺâëćăěâáï á ŕőňőéìî âěőàĺĺ ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï, čďě ćňěáâő ńãçĺáâőčő čàăďĺěŋâă ∇_{rad} ďő τ = 1 ŕőďáâăćńïěâáï ăâňőáäěàŋëľ ∇_{atm} (áň. àĺá. 2.1).

Ťăłâĺçěáłĺ ďńï păáçěâă őąőńőçłĺ âpěąãěâáï ćŋěèŋěě čpăŋĺçŋőě ãáńőćĺě, â.ě. ŋěłăï âőçłă (M_r/M, r/R, ρ, T , L_r). Ğăňěâĺň, çâő ĺğňěŋěŋĺěň ňăááë ĺ áćěâĺňőáâĺ ć ăâňőáäěpě őąëçŋő ňőęŋő ŕpěŋěąpěçì. Ć łăçěáâćě ćåőďŋëå ďăŋŋëå ĺňěîâáï ňăááă, păďĺãá ĺ áćěâĺňőáâì ğćěğďë. Śćěâĺňőáâì L ĺ păďĺãá R ďăîâ íääěłâĺćŋãî âěňŕěpăâãpã T^4_{eff} = L/(4πR^2σ). Şàăćŋěŋĺï (2.33{2.36) ĺŋâěčàĺàãîâáï őâ âőçłĺ (2.38) ďő τ = 1 (á ğăňěçăŋĺïňĺ, őŕĺáăŋŋëňĺ ć ŕàěďëďãéěň ăąğăæě), ĺ ďăńěě ĺŋâěčàĺàãîâáï ãęě ãàăćŋěŋĺï (2.5{2.9), á μ ć łăçěáâćě ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï. Ŕőáłőńìłã ňë äĺłáĺàãěň àăďĺãá ć ŕàőňěęãâőçŋőľ âőçłě τ = 0.01, âő ğŋăçěŋĺě ŕàĺ τ = 0.0001 ŋěĺğćěáâŋő ğăàăŋěě. Śŋăçăńă ŕàőĺğćőďĺâáï ŕàőąŋőě ĺŋâěčàĺàőćăŋĺě ãàăćŋěŋĺľ (2.33{2.36) ďő τ = 1 (ŕàĺŋĺňăï r/R = 1 ŕàĺ τ = 0.0001), ğăâěň ŋăçăńìŋőě ğŋăçěŋĺě àăďĺãáă łőààěłâĺàãěâáï âăł, çâőąë ŕőńãçĺâì r/R = 1 ć âőçłě τ = 0.01.

Ůâőąë ŕàőďěňőŋáâàĺàőćăâì íääěłâ áńăąőčő ćńĺïŋĺï áâàãłâãàë ăâňőáäěàë ŋă ćŋãâàěŋŋěě áâàőěŋĺě, ąëńă àăááçĺâăŋă ňőďěńì, ć łőâőàőľ ćňěáâő ğăłőŋă T (τ) ĺáŕőńìğőćăńőáì ďĺääãğĺőŋŋőě ŕàĺąńĺęěŋĺě. Ŋă àĺá. 2.1 ŕőłăğăŋë čàăďĺěŋâë ć ăâňőáäěàě Śőńŋæă (âĺŕĺçŋăï áâăŋďăàâŋăï ňőďěńì), ĺ őçěćĺďŋő, çâő ďĺääãğĺőŋŋőě ŕàĺąńĺęěŋĺě ŋěŕàĺňěŋĺňő ć ăâňőáäěàě. Őďŋăłő ňőďěńì Śőńŋæă "á ŋěŕàőğàăçŋőľ ăâňőáäěàőľ" ĺňěěâ ŕăàăňěâàë, ŋěğŋăçĺâěńìŋő őâńĺçăîéĺěáï őâ ŕăàăňěâàőć áâăŋďăàâŋőľ ňőďěńĺ; ŋăŕàĺňěà, áőďěàęăŋĺě čěńĺï őâńĺçăěâáï ŋă 0.05%, ŕőâőł ąőàŋëå ŋěľâàĺŋő { ŋă 0.3%, čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë { ŋă 0.1%. Ěďĺŋáâćěŋŋőě őâńĺçĺě { ć α, ĺ ć íâőň ĺ áőáâőĺâ áãâì íćőńîæĺőŋŋőľ ŕěàěłăńĺąàőćłĺ ŕàĺ ĺğňěŋěŋĺĺ ăâňőáäěàë ĺńĺ ćŋěèŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë { áâàőěŋĺě ïďàă ĺ ńãçĺáâőľ ğőŋë őáâăěâáï ŋěĺğňěŋŋëň.

2.4.3. Ĺŋâěčpĺpőćăŋĺě ãpăćŋěŋĺľ áâpőěŋĺï Şpăćŋěŋĺï áâpőěŋĺï ĺŋâěčpĺpãîâáï ïćŋëň ňěâőďőň Řãŋčě-Łãââë 4-čő ŕőpïďłă:

pěèăîâáï őąëłŋőćěŋŋëě ďĺääěpěŋæĺăńìŋëě ãpăćŋěŋĺï ćĺďă (áň. ńîąőľ ãçěąŋĺł ŕő çĺáńěŋŋëň ňěâőďăň) dy/dx = f(x, y) (2.42) Őďĺŋ èăč ĺŋâěčpĺpőćăŋĺï (őâ (x_1, y_1) ďő (x_1 + h, y_2)) áőáâőĺâ ć ćëçĺáńěŋĺĺ

k_1 = f(x_1, y_1)

k_2 = f(x_1 + h/2, y_1 + k_1h/2)

k_3 = f(x_1 + h/2, y_1 + k_2h/2)

k_4 = f(x_1 + h, y_1 + k_3h)

y_2 = y_1 + (k_1 + 2k_2 + 2k_3 + k_4)h/6

(2.43)

Řĺá. 2.1. Čàăďĺěŋâë âěňŕěàăâãàë ć ăâňőáäěàě âĺŕĺçŋőľ ňőďěńĺ Śőńŋæă. Őąàăâĺâě ćŋĺňăŋĺě, çâő ďăęě ŕőáńě ŋăáâãŕńěŋĺï łőŋćěłæĺĺ (ńãçĺáâëľ ĺ ăâňőáäěàŋëľ čàăďĺěŋâë ąőńìèě ăďĺăąăâĺçěáłőčő) ďĺääãğĺőŋŋőě ŕàĺąńĺęěŋĺě ćáě ěéě ćëŕőńŋïěâáï ŕńőåő (àăğŋĺæă ňěęďã ăâňőáäěàŋëň ĺ ńãçĺáâëň čàăďĺěŋâăňĺ ćěńĺłă). Ăďĺăąăâĺçěáłĺľ čàăďĺěŋâ ąńĺğőł ł ŕőłăğăâěńî ďńï ĺďěăńìŋőčő čăğă (0.4).

Řăááňőâpĺň ćőŕpőá ő ćëąőpě păğňěpă èăčă ĺŋâěčpĺpőćăŋĺï. Ś őďŋőľ áâőpőŋë, ĺğňěńìçěŋĺě èăčă ŕőćëèăěâ âőçŋőáâì, á ďpãčőľ áâőpőŋë { ãćěńĺçĺćăěâ őąêěň ćëçĺáńěŋĺľ. Ůâőąë ĺğąěęăâì ŋěőŕpăćďăŋŋőčő ãćěńĺçěŋĺï ćpěňěŋĺ áçěâă, păğãňŋő ćëąĺpăâì ćěńĺçĺŋã èăčă ĺŋâěčpĺpőćăŋĺï âăł, çâőąë ŋă łăęďëľ èăč ŕpĺåőďĺńáï ŕpĺňěpŋő őďĺŋăłőćëľ ćłńăď ć ćěńĺçĺŋã őèĺąłĺ ć łőŋěçŋőľ âőçłě ĺŋâěčpĺpőćăŋĺï. Ąőńěě ŕőďpőąŋő { ŕpěďŕőńőęĺň, ĺŋâěčpĺpãěâáï ŕěpěňěŋŋăï Y_i (ŋăŕpĺňěp, âěňŕěpăâãpă T ) őâ μ = 0 (μ ≡ (Mr/M)^{2/3}) ďő μ = μ_{fit} (âőçłĺ áèĺćłĺ). Hěőąåőďĺňő, çâőąë łőŋěçŋőě ğŋăçěŋĺě Y^{fit}_i ĺňěńő őâŋőáĺâěńìŋãî ŕőčpěèŋőáâì ŋě ąőńěě C_{max}: (δY_i/Y_i)_{fit} < C_{max} (2.44)

Ŕãáâì ĺŋâěčpĺpőćăŋĺě ŕpőĺğćőďĺâáï ğă N èăčőć ŕő păďĺãáã. Őèĺąłă ňěâőďă ŋă łăęďőň èăčě ňőęěâ ąëâì őæěŋěŋă á ŕőňőéìî ŕőćâőpŋőčő ĺŋâěčpĺpőćăŋĺï á ŕőńőćĺŋŋëň èăčőň: k_{11} = f(x_1, y_1) k_{21} = f(x_1 + h/4, y_1 + k_{11}h/4) k_{31} = f(x_1 + h/4, y_1 + k_{21}h/4) k_{41} = f(x_1 + h/2, y_1 + k_{31}h/2) y_1 1_2 = y_1 + (k_{11} + 2k_{21} + 2k_{31} + k_{41})h/12

k_{12} = f(x_1 + h/2, y_1 1_2 ) k_{22} = f(x_1 + 3h/4, y_1 1_2 + k_{12}h/4) k_{32} = f(x_1 + 3h/4, y_1 1_2 + k_{22}h/4) k_{42} = f(x_1 + h, y_1 1_2 + k_{32}h/2) y_20 = y_1 1_2 + (k_{12} + 2k_{22} + 2k_{32} + k_{42})h/12

(2.45)

Ŕőčpěèŋőáâì ňěâőďă çěâćěpâőčő ŕőpïďłă ŕpőŕőpæĺőŋăńìŋă h^5, ŕpĺçěň łőíääĺæĺěŋâ ŕpőŕőpæĺőŋăńìŋőáâĺ ğăćĺáĺâ őâ ćëáèĺå ŕpőĺğćőďŋëå pěèěŋĺï ć âőçłăå ĺŋâěčpĺpőćăŋĺï. Ŕőáłőńìłã păğňěp èăčă ĺŋâěčpĺpőćăŋĺï ŋěćěńĺł, âő ňőęŋő ŕpěŋěąpěçì păğńĺçĺěň łőíääĺæĺěŋâă ŕpőŕőpæĺőŋăńìŋőáâĺ ŕpĺ păáçěâě ďćãňï áŕőáőąăňĺ (őďŋĺň èăčőň ĺ ďćãňï ŕőńőćĺŋŋőčő păğňěpă):

y_2 − y_{20} = Bh^5 (2.46) y_20 − y_{20} = 2B (h/2)^5 (2.47) y_2 − y_20 = 15/16Bh^5 (2.48) B = 16(y_2 − y_20 ) 15h^5 ≈ y_2 − y_20 h^5

(2.49) (ŕőď y_{20} ŕőďpăğãňěćăěâáï âőçŋőě pěèěŋĺě). Őèĺąłă δY_i(μ), ćőğŋĺłăîéăï ć âőçłě ďăŋŋőľ âőçłě μ, ćëğëćăěâ őèĺąłĺ δY_j(μ_{fit}) ć ŕěpěňěŋŋëå Y_j ć âőçłě áèĺćłĺ μ_{fit} áőčńăáŋő őŕpěďěńěŋĺî ňăâpĺæë ćńĺïŋĺï ĺğ §2.4.1:

(δY_j /Y_j) (μ_{fit}) = V_{ij} B_ih(μ)^5/Y_i (2.50) Ůâőąë áãňňăpŋăï őèĺąłă ĺŋâěčpĺpőćăŋĺï ŋě ŕpěćëáĺńă ğăďăŋŋőľ ćěńĺçĺŋë C_{max}, ŋěőąåőďĺňő ćëąĺpăâì èăč ĺŋâěčpĺpőćăŋĺï áőőâćěâáâćãîéĺň őąpăğőň:

max_j δY_j (μ_{fit}) Y^{fit}_j = max_j ∑ i V_{ij} B_ih(μ)^5 Y_i(μ) < C_{max} N (2.51)

h(μ) = C_{max} N [ max_j ∑ i V_{ij} (μ) B_i(μ) Y_i(μ) ]_{−1} (2.52)

Ć ŕpăćőľ çăáâĺ ŕőáńěďŋěčő ćëpăęěŋĺï ŋě ćáě ćěńĺçĺŋë ĺğćěáâŋë ć ŕpőæěááě ĺŋâěčpĺpőćăŋĺï. Ůĺáńő èăčőć N ňőęŋő ŕpĺąńĺęěŋŋő őæěŋĺâì; őŋő ňěŋïěâáï ć ŋě őçěŋì èĺpőłĺå ŕpěďěńăå; âĺŕĺçŋëě ğŋăçěŋĺï { őłőńő 1300 ŋă ňőďěńì (ïďpő ĺ őąőńőçłã) ŕpĺ C_{max} = 10^{−6}, 800 { ŕpĺ C_{max} = 10^{−5}. Ğŋăçěŋĺï ć âőçłě áèĺćłĺ Y^{fit}_j âőęě ńěčłő őæěŋĺćăîâáï. Ňăâpĺæă ćńĺïŋĺï păááçĺâëćăěâáï ğăpăŋěě ďńï âĺŕĺçŋőľ ňőďěńĺ; čpăäĺłĺ ŕpĺćěďěŋë ŋă pĺá. 2.2-2.5 ďńï ïďpă ňőďěńĺ ĺ ŋă pĺá. 2.6-2.9 ďńï őąőńőçłĺ (ŕpĺ âőçłě áèĺćłĺ μ = 0.49).

Ăŕŕpőłáĺňăæĺï, ĺáŕőńìğőćăŋŋăï ŕpĺ pěăńìŋëå păáçěâăå ïďěp:

V_1 = 150(−23μ + 1) ŕàĺ μ < 0.02, 2 ŕàĺ μ > 0.02 V_2 = 70(−3.d0μ + 1) ŕàĺ μ < 0.2, 10(2μ^2 − 3μ + 1) ŕàĺ μ > 0.2 V_3 = 100(10μ + 1) ŕàĺ μ < 0.2, 400(2μ^2 − 3μ + 1) ŕàĺ μ > 0.2 V_4 = 100(−3μ^3 + 7μ^2 − 5μ + 1)

(2.53)

Ğďěáì V_i = max_j V_{ij} , â.ě. ňăłáĺňãň ŕő ŋőňěàăň ŕěàěňěŋŋëå ć âőçłě áèĺćłĺ. Ć őąőńőçłě ğŋăçěŋĺï V ŋěćěńĺłĺ, ŕőíâőňã őŋĺ ŕàőáâő őčàăŋĺçěŋë ćěńĺçĺŋőľ 2 (őâňěâĺň, çâő ŕàĺňěŋěŋĺě V < 2 ňőęěâ ŕàĺćěáâĺ ł ŕőâěàě âőçŋőáâĺ ć ŕàőäĺńě ŕěàěňěŋŋőľ { ğŋăçěŋĺě ć âőçłě áèĺćłĺ ąãďěâ åőàőèĺň, â.ł. őŋő áńăąő ŕőďćěàęěŋő ćńĺïŋĺî ŕàőňěęãâőçŋëå âőçěł ĺŋâěčàĺàőćăŋĺï, ă ć áăňĺå ŕàőňěęãâőçŋëå âőçłăå { ŕńőåĺň).

Ćăęŋő âăłęě ãáâàăŋĺâì ćńĺïŋĺě çĺáńěŋŋëå èãňőć { ŋăŕàĺňěà, őèĺąőł, áćïğăŋŋëå á őłàãčńěŋĺěň ĺńĺ íääěłâőň áńãçăľŋőčő ćëąőàă âőçłĺ ŕěàěåőďă őâ łőŋćěłæĺĺ ł ńãçĺáâőňã ŕěàěŋőáã íŋěàčĺĺ. Ůĺáńěŋŋëě èãňë ŕàőïćńïîâáï łăł ŋěŕàěďáłăğãěňëě ĺğňěŋěŋĺï àěğãńìâăâă ŕàĺ őçěŋì ňăńëå ĺğňěŋěŋĺïå ćåőďŋëå ŕăàăňěâàőć. Ěáńĺ íâĺ ĺğňěŋěŋĺï ąőńìèě, çěň âàěąãěňăï âőçŋőáâì áèĺćłĺ, âő áèĺćłă ŋěćőğňőęŋă. Ŕàĺ ňěŋìèĺå ğŋăçěŋĺïå őŋĺ ňőčãâ áłăğăâìáï ŋă ćëçĺáńěŋĺĺ ňăâàĺæë ŕàőĺğćőďŋëå (2.2), ĺ ŕàőæěáá áèĺćłĺ ąãďěâ ŋěãáâőľçĺćëň. Ŕàĺáãâáâćĺě çĺáńěŋŋëå èãňőć ć àěèěŋĺĺ ňőęŋő ńěčłő ŕàőćěàĺâì, àăááçĺâëćăï ďćăęďë { ćâőàőľ àăğ ćŋőáï ňăńëě (ŋă ãàőćŋě őèĺąőł őłàãčńěŋĺï 10^{−15}) ĺğňěŋěŋĺï ć čàăŋĺçŋëě ãáńőćĺï. Ŕàĺ ŋăńĺçĺĺ ğăňěâŋëå çĺáńěŋŋëå èãňőć àěèěŋĺï ąãďãâ őâńĺçăâìáï čőàăğďő ąőńìèě, çěň ŋă 10^{−15}.

Ćëąőà âőçłĺ áèĺćłĺ őŕàěďěńïěâáï àăğãňŋëň ąăńăŋáőň ňěęďã őèĺąłăňĺ ĺŋâěčàĺàőćăŋĺï őąőńőçłĺ ĺ ïďàă. Ŋăĺąőńěě çăáâő ĺáŕőńìğőćăńőáì μ_{fit} = 0.49, ďńï łőâőàőľ ŕàĺćěďěŋë äãŋłæĺĺ ćńĺïŋĺï.

2.4.4. Řăáçěâ íćőńîæĺőŋŋőčő âpěłă Řăáçěâ íćőńîæĺĺ íćěğďë čńăćŋëň őąpăğőň áćőďĺâáï ł ãçěâã ĺğňěŋěŋĺï åĺňĺçěáłőčő áőáâăćă, ćëğćăŋŋőčő čőpěŋĺěň íńěňěŋâőć ć âěpňőïďěpŋëå pěăłæĺïå, ŕěpěňěèĺćăŋĺěň ć ğőŋăå łőŋćěłæĺĺ ĺ â.ŕ. Ł áçăáâìî ćëçĺáńĺâěńěľ, ŋă Śőńŋæě čőpĺâ âőńìłő ćőďőpőď

Řĺá. 2.2. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ ïďàă. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { àăďĺãá r.

Řĺá. 2.3. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ ïďàă. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { áćěâĺňőáâì L_r.

Řĺá. 2.4. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ ïďàă. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { ŕńőâŋőáâì ρ.

Řĺá. 2.5. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ ïďàă. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { âěňŕěàăâãàă T .

Řĺá. 2.6. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ őąőńőçłĺ. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { àăďĺãá r.

Řĺá. 2.7. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ őąőńőçłĺ. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { áćěâĺňőáâì L_r.

Řĺá. 2.8. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ őąőńőçłĺ. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { ŕńőâŋőáâì ρ.

Řĺá. 2.9. Ťãŋłæĺï ćńĺïŋĺï ďńï ĺŋâěčàĺàőćăŋĺĺ őąőńőçłĺ. Ćăàìĺàãěňăï ŕěàěňěŋŋăï { âěňŕěàăâãàă T .

ĺ áçĺâăěâáï, çâő łőŋćěłæĺï ŋě ğăâpăčĺćăěâ ğőŋ âěpňőïďěpŋëå pěăłæĺľ. İâő áĺńìŋő ãŕpőéăěâ ğăďăçã. Ćëçĺáńěŋĺě ĺğňěŋěŋĺï ŕàőäĺńï X áćőďĺâáï ł àěèěŋĺî ãàăćŋěŋĺï dX dt ( M_r M ) = f [ ρ ( M_r M ) , T ( M_r M ) , X ( M_r M )] (2.54)

Ğďěáì f(...) { áłőàőáâì ćëčőàăŋĺï ćőďőàőďă ć ŕàőæěááě âěàňőïďěàŋëå àěăłæĺľ. Śőďěàęăŋĺě ćőďőàőďă X ŕàĺćïğăŋő, őçěćĺďŋő, ł ňăááőćőľ łőőàďĺŋăâě (M_r/M ĺńĺ μ), ă ŋě àăďĺãáã (íâő ïćńïěâáï őďŋőľ ĺğ ŕàĺçĺŋ ćëąőàă μ ć łăçěáâćě ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï, ă ŋě àăďĺãáă r).

Łpőňě ćëďěńěŋĺï íŋěpčĺĺ ć pěğãńìâăâě ŕpěćpăéěŋĺï ćőďőpőďă ć čěńĺľ, ŋă Śőńŋæě ŕpőĺáåőďïâ âăłęě ŕěpěpăáŕpěďěńěŋĺě čpăćĺâăæĺőŋŋőľ ĺ âěŕńőćőľ íŋěpčĺĺ { ćáńěďáâćĺě őąéěčő ĺğňěŋěŋĺï áâpãłâãpë ğćěğďë á âěçěŋĺěň íćőńîæĺĺ (ŋăŕpĺňěp, ŕőćëèěŋĺě æěŋâpăńìŋőľ âěňŕěpăâãpë ĺ ŕńőâŋőáâĺ). İâő őâpăęăěâáï ć âăł ŋăğëćăěňëå "čpăćĺâăæĺőŋŋëå çńěŋăå", ŕpĺáãâáâćãîéĺå ć ćëpăęěŋĺĺ ďńï íŋěpčőćëďěńěŋĺï (1.3). Ďńï ĺå ćëçĺáńěŋĺï ŋěőąåőďĺňő ğŋăâì ŕàőĺğćőďŋëě dU/dt ĺ dρ/dt. Őŋĺ őæěŋĺćăîâáï ŕãâěň ćëçĺáńěŋĺï àăğŋőáâěľ ňěęďã áőáěďŋĺňĺ ňőďěńïňĺ âàěłă, â.ě. ňěâőďőň ŕěàćőčő ŕőàïďłă. Ĺå ğŋăçěŋĺï, őďŋăłő, ŋěćěńĺłĺ ĺ ŕőíâőňã íâő ŋě ďőńęŋő ćŋőáĺâì ğăňěâŋëå őèĺąőł.

Ĺŋâěčàĺàőćăŋĺě ćëŕőńŋïěâáï ňěâőďőň "ŕàěďĺłâőà-łőààěłâőà" ćâőàőčő ŕőàïďłă; ŋă 1 èăč ĺŋâěčàĺàőćăŋĺï âàăâĺâáï őďŋő ćëçĺáńěŋĺě ŕàăćëå çăáâěľ. Ďńï ćâőàőľ âőçłĺ âàěłă ĺáŕőńìğőćăŋĺě ďćãåèăčőćőčő ňěâőďă ŋěćőğňőęŋő, ĺ őŋă ćëçĺáńïěâáï ňěâőďőň ŕěàćőčő ŕőàïďłă. Ŕãáâì ĺňěîâáï ďćě âőçłĺ âàěłă i − 1, i: (X_{i−1}, ρ_{i−1}, (dX/dt)_{i−1}, (dU/dt)_{i−1}, (dP/dt)_{i−1}, (dρ/dt)_{i−1}, (dT/dt)_{i−1}), (X_i, ρ_i, (dX/dt)_i, (dU/dt)_i, (dP/dt)_i, (dρ/dt)_i, (dT/dt)_i). Šőčďă ŕàőčŋőğ ć âőçłě i + 1:

X^′_{i+1} = X_{i−1} + 2´t ( dX dt ) i (2.55)

T^′_{i+1} = T_{i−1} + 2´t ( dT dt ) i (2.56)

ρ^′_{i+1} = ρ_{i−1} + 2´t ( dρ dt ) i (2.57) ( dU dt )_′ i+1 = 3 ( dU dt ) i − 2 ´t (U_i − U_{i−1}) (2.58) ( dρ dt )_′ i+1 = 3 ( dρ dt ) i − 2 ´t (ρ_i − ρ_{i−1}) (2.59)

Ŕőáńě ćëçĺáńěŋĺï X^′_{i+1} ĺ − (_{dU} dt )_′ i+1 +^{P 0i+1}_ρ2_{i+10} (_{dρ} dt )_′ i+1 ňőęŋő àăááçĺâăâì ňőďěńì ğćěğďë (á âőńìłő çâő ŕőńãçěŋŋëň ŕàőäĺńěň X^′_{i+1}). İâă ňőďěńì ďăěâ ρ^{′′}_{i+1}, (dX/dt)^{′′}_{i+1}, T^{′′}_{i+1}.

Ćëçĺáńïěâáï łőààěłæĺï:

X_{i+1} = X_i + ´t 2 [( dX dt ) i + ( dX dt )_{′′} i+1 ] (2.60) ( dU dt ) i+1 = −2 ( dU dt ) i + 1 2´t (−U_{i−1} − 4U_i + 5U^{′′}_{i+1}) (2.61) ( dρ dt ) i+1 = −2 ( dρ dt ) i + 1 2´t (−ρ_{i−1} − 4ρ_i + 5ρ^{′′}_{i+1}) (2.62) ( dT dt ) i+1 = −2 ( dT dt ) i + 1 2´t (−T_{i−1} − 4T_i + 5T^{′′}_{i+1}) (2.63)

Šăł ŕőńãçăîâáï ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă ĺ "čàăćĺâăæĺőŋŋëě çńěŋë" ďńï ňőďěńĺ i+1. Śăňőľ ňőďěńĺ ěéě ŋěâ; őŋă ąãďěâ àăááçĺâăŋă ŋă áńěďãîéěň èăčě ĺńĺ ňőęěâ ąëâì áèĺâă őâďěńìŋő.

Ć äőàňãńăå (2.55{2.63) őąőğŋăçěŋĺě X_i ěáâì ŋě çâő ĺŋőě, łăł äãŋłæĺï X_i(μ). Őŕěàăæĺĺ ŋăď âăłĺňĺ äãŋłæĺïňĺ (âĺŕă X_i +X_{i+1}) { íâő őŕěàăæĺĺ ŋăď âăąńĺçŋő ğăďăŋŋëňĺ äãŋłæĺïňĺ, ĺ âőçŋőáâì ŕàěďáâăćńěŋĺï ĺčàăěâ ąőńìèãî àőńì. Ŕőáńě ŋěłőâőàëå ĺááńěďőćăŋĺľ ąëńő ćëąàăŋő ŕàěďáâăćńěŋĺě ć ćĺďě łãąĺçěáłĺå áŕńăľŋőć ŋă áěâłě ĺğ 500 âőçěł, àăćŋőňěàŋő àăáŕàěďěńěŋŋëå ŕő μ. İâő őąěáŕěçĺćăěâ ďőáâăâőçŋãî âőçŋőáâì ăŕŕàőłáĺňăæĺĺ åĺňĺçěáłőčő áőáâăćă (ŕàĺ ãáńőćĺĺ, çâő X(μ) { čńăďłăï äãŋłæĺï).

2.5. Šěáâĺpőćăŋĺě łőďă Ĺáŕőńìğőćăŋĺě ňěâőďőć ĺŋâěčàĺàőćăŋĺï ćëáőłőčő ŕőàïďłă ĺ ňăńëå èăčőć ŋě čăàăŋâĺàãîâ őâáãâáâćĺï őèĺąőł ć ŕàőčàăňňě, ćłńîçăîéěľ ć áěąï őłőńő 300 łĺńőąăľâ âěłáâă. Ł áçăáâìî, ŋăň ŕpěďáâăćĺńăáì pěďłăï ćőğňőęŋőáâì ŕpőćěáâĺ ŋěğăćĺáĺňőě âěáâĺpőćăŋĺě, łőâőpőě ąëńő ŕpěďńőęěŋő GONG Solar Model Group (Christensen-Dalsgaard 1988). Śãâì ěčő ğăłńîçăńăáì ć âőň, çâő ćáě ćåőďŋëě ŕăpăňěâpë äĺłáĺpőćăńĺáì (ć âőň çĺáńě ĺ ŋěŕpőğpăçŋőáâì, ãpăćŋěŋĺě áőáâőïŋĺï ĺ â.ď.), păááçĺâëćăńáï ŋěłĺľ ŋăąőp ňőďěńěľ (ćłńîçăćèĺľ ć áěąï åĺňĺçěáłĺ őďŋőpőďŋãî ňőďěńì ŋăçăńìŋőľ čńăćŋőľ ŕőáńěďőćăâěńìŋőáâĺ ĺ ŕpőíćőńîæĺőŋĺpőćăćèãî ňőďěńì áőćpěňěŋŋőčő Śőńŋæă) ĺ pěğãńìâăâë păğŋëå čpãŕŕ ăćâőpőć ápăćŋĺćăńĺáì (áâpãłâãpŋëě ŕěpěňěŋŋëě ĺŋâěpŕőńĺpőćăńĺáì ŋă őąéãî áěâłã ĺ ćëçĺáńïńĺáì păğŋőáâĺ). Łőŋěçŋő ęě, íâă ŕpőæěďãpă ŋě ŕőğćőńïěâ ćëïćĺâì, ŋăŕpĺňěp, őèĺąłĺ ĺŋâěpŕőńïæĺĺ âăąńĺæ ãpăćŋěŋĺï áőáâőïŋĺï (ďńï ăłłãpăâŋőáâĺ ápăćŋěŋĺï ĺáŕőńìğőćăńĺáì ăŋăńĺâĺçěáłĺě ăŕŕpőłáĺňăæĺĺ), ŋő őáŋőćŋëě ăńčőpĺâňë ćáě ęě ŕőďćěpčăîâáï ćěáìňă áâpőčőňã âěáâã.

Őďĺŋ ĺğ őâçěâőć GONG Model Team ŕpĺćěďěŋ ć GONG Newsletter 17, čďě őâňěçăěâáï, çâő ďőáâĺčŋãâő áőčńăáĺě ŋă ãpőćŋě, ąńĺğłőň ł 10^{−5}, çâő ïćńïěâáï ćěáìňă åőpőèĺň ŕőłăğăâěńěň.

Čńăćă 3.

Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë

3.1. Őáŋőćŋëě íńěňěŋâë áâàãłâãàë Śőńŋæă: ïďpő, ńãçĺáâăï ĺ łőŋćěłâĺćŋăï ğőŋë Śőńŋæě ŋăåőďĺâáï ć čĺďàőáâăâĺçěáłőň àăćŋőćěáĺĺ ąńăčőďăàï őčàőňŋőňã ďăćńěŋĺî ĺ âěňŕěàăâãàě ć ěčő ŋěďàăå. Šěňŕěàăâãàă äőâőáäěàë ęě áàăćŋĺâěńìŋő ŋěćëáőłă, ŕőíâőňã ŋěĺğąěęŋő ć ŋěďàăå Śőńŋæă ďőńęŋë áãéěáâćőćăâì ĺáâőçŋĺłĺ íŋěàčĺĺ: čàăďĺěŋâ âěňŕěàăâãàë ŕàěďŕőńăčăěâ ŕőâőł âěŕńă ĺ ňěåăŋĺğňë ŕěàěŋőáă. Ś őďŋőľ áâőàőŋë, âěŕńőŕàőćőďŋőáâì čăğă ćěáìňă ňăńă; á ďàãčőľ áâőàőŋë { ŋěŕàőğàăçŋőáâì ĺőŋĺğőćăŋŋőčő čăğă ćěńĺłă. Śçĺâăěâáï, çâő íŋěàčĺï ňőęěâ ŕěàěŋőáĺâìáï ĺğ æěŋâàă ł ŕőćěàåŋőáâĺ ďćãňï áŕőáőąăňĺ: ďĺääãğĺěľ łćăŋâőć (ńãçĺáâăï âěŕńőŕàőćőďŋőáâì) ĺ łőŋćěłæĺěľ (áň. čńăćã 5). Ć áćőě ćàěňï őąáãęďăńăáì ćőğňőęŋőáâì áãéěáâćőćăŋĺï áńăąőćğăĺňőďěľáâćãîéĺå ňăááĺćŋëå çăáâĺæ (WIMP: weakly interacting massive particles; áň., ŋăŕàĺňěà, åőàőèĺľ őąğőà ć (Faulkner, Gilliland 1985)) őďŋăłő őâáãâáâćĺě ďőłăğăâěńìáâć ŋě áŕőáőąáâćőćăńő ŕőŕãńïàŋőáâĺ ĺďěĺ.

Ŕőâőł íŋěàčĺĺ ňőęěâ ąëâì őŕĺáăŋ čàăďĺěŋâőň âěňŕěàăâãàë gradT . Ć âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă őąëçŋő ĺáŕőńìğãěâáï ďàãčăï ćěńĺçĺŋă { ńőčăàĺäňĺçěáłĺľ čàăďĺěŋâ âěňŕěàăâãàë ŕő ńőčăàĺäňã ďăćńěŋĺï ∇ ≡ d log T/d log P . Őŋ ãçăáâćãěâ âăłęě ć łàĺâěàĺĺ łőŋćěłâĺćŋőľ ãáâőľçĺćőáâĺ Ÿćăàæèĺńìďă (1.9). Řăááňőâàĺň ěčő ŕőćěďěŋĺě ć âĺŕĺçŋőľ ňőďěńĺ Śőńŋæă (àĺá. 3.1 ĺ 3.2). Ć ńãçĺáâőň ïďàě Śőńŋæă (ŕàĺ 0 < r/R < 0.3, 7 < lg T < 7.2) âěňŕěàăâãàŋëľ čàăďĺěŋâ őŕàěďěńïěâáï ŋěŕàőğàăçŋőáâìî ĺ âěňŕăňĺ ćëďěńěŋĺï íŋěàčĺĺ: ∇ = ∇_{rad} = 3 64πσG κL_rP T^4M_r

. (3.1)

Ć ŋěďàăå Śőńŋæă (ŕàĺ ŕàăłâĺçěáłĺ ŕőńŋőľ ĺőŋĺğăæĺĺ) őŋ ğŋăçĺâěńìŋő ňěŋìèě ăďĺăąăâĺçěáłőčő. Ĺŋâěàěáŋő, çâő ć ňőďěńïå ňőńőďőčő Śőńŋæă (ć ŋăçăńě íćőńîæĺőŋŋőčő âàěłă) ć æěŋâàě ńãçĺáâëľ čàăďĺěŋâ ćěáìňă ąńĺğőł ł ăďĺăąăâĺçěáłőňã, â.ě. ŋě ĺáłńîçăěâáï ćőğňőęŋőáâì ŋěąőńìèőčő łőŋćěłâĺćŋőčő ïďàă! Őŋő, őďŋăłő, ďőáâăâőçŋő ňăńő ĺ ąëáâàő ĺáçěğăěâ, ŋě ãáŕěć őłăğăâì áłőńìłő-ŋĺąãďì ğăňěâŋőčő ćńĺïŋĺï ŋă íćőńîæĺî.

Ć ńãçĺáâőľ ğőŋě (ŕàĺ 0.3 < r/R < 0.7, 6.3 < lg T < 7) íŋěàčőćëďěńěŋĺï ŋěâ (L_r = L = const), ĺ čàăďĺěŋâ őŕàěďěńïěâáï ŋěŕàőğàăçŋőáâìî ćěéěáâćă: ∇ = ∇_{rad} = 3L 64πσG κP T^4M_r

(3.2)

Ś ŕăďěŋĺěň ŕńőâŋőáâĺ ĺ âěňŕěàăâãàë ĺğ æěŋâàă ł ŕőćěàåŋőáâĺ Śőńŋæă ŕăďăîâ áâěŕěŋĺ ĺőŋĺğăæĺĺ íńěňěŋâőć âïęěńěě čěńĺï ĺ àăáâěâ ŋěŕàőğàăçŋőáâì. Ć ğőŋě çăáâĺçŋőľ ĺőŋĺğăæĺĺ ćőďőàőďă ĺ čěńĺï ãňěŋìèăěâáï ăďĺăąăâĺçěáłĺľ čàăďĺěŋâ ∇_{ad}. Ŕàĺňěàŋő ŕàĺ 2 ňńŋ. K (lg T = 6.3) ŋěŕàőğàăçŋőáâì áâăŋőćĺâáï ŋăáâőńìłő ąőńìèőľ, çâő ćőğŋĺłăěâ łőŋćěłæĺï. Ąőńìèăï çăáâì łőŋćěłâĺćŋőľ ğőŋë (0.7 < r/R < 0.99, 4.3 < lg T < 6.3) áâàăâĺäĺæĺàőćăŋă ăďĺăąăâĺçěáłĺ, â.ě. čàăďĺěŋâ ŕàăłâĺçěáłĺ àăćěŋ ∇_{ad}. İâő ŕàőĺáåőďĺâ ćáńěďáâćĺě âőčő, çâő łőŋćěłæĺï çàěğćëçăľŋő íääěłâĺćŋă ć íâĺå áńőïå { ćěéěáâćő ĺňěěâ ąőńìèãî ŕńőâŋőáâì ĺ, áńěďőćăâěńìŋő, ąőńìèãî âěŕńőěňłőáâì: łőŋćěłâĺćŋëě âěçěŋĺï áŕőáőąŋë ŕěàěŋőáĺâì ąőńìèĺě ŕőâőłĺ íŋěàčĺĺ. Ŋĺ åăàăłâěà âěőàĺĺ łőŋćěłæĺĺ, ŋĺ ŋěŕàőğàăçŋőáâì ŋě ćńĺïîâ ğďěáì ŋă áâàőěŋĺě Śőńŋæă, â.ł. čàăďĺěŋâ ć ńîąőň áńãçăě àăćěŋ ăďĺăąăâĺçěáłőňã, łőâőàëľ őŕàěďěńïěâáï ńĺèì âěàňőďĺŋăňĺłőľ (àăğãňěěâáï, ěáńĺ ŋěŕàőğàăçŋőáâì ąëńă ąë őçěŋì ŋĺğłă, âő őŋă ĺčàăńă ąë àőńì { łőŋćěłæĺï ŕàěłàăâĺńăáì ąë).

Ćő ćŋěèŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë čàăďĺěŋâ âěňŕěàăâãàë őŕàěďěńïěâáï ďěâăńïňĺ âěőàĺĺ łőŋćěłæĺĺ. Ğďěáì őâńĺçĺě čàăďĺěŋâă âěňŕěàăâãàë őâ ăďĺăąăâĺçěáłőčő ğăňěâŋő, ĺ ńãçĺáâëľ ŕěàěŋőá ćŋőáĺâ ğăňěâŋãî ďőńî ć ŕőâőł íŋěàčĺĺ. Śőőâŋőèěŋĺě ňěęďã ńãçĺáâëň ĺ łőŋćěłâĺćŋëň ŕěàěŋőáőň őŕàěďěńïěâ âěőàĺï łőŋćěłæĺĺ. Ć áăňëå àăŋŋĺå ňőďěńïå Śőńŋæă (ć 1950-ě čč.) áãéěáâćőćăŋĺě íâőľ ğőŋë ŋě ãçĺâëćăńőáì ćőćáě ĺğ-ğă őâáãâáâćĺï łăłőľ-ńĺąő âěőàĺĺ łőŋćěłæĺĺ; ćáï łőŋćěłâĺćŋăï ğőŋă áçĺâăńăáì áâàăâĺäĺæĺàőćăŋŋőľ ăďĺăąăâĺçěáłĺ. Śěľçăá ďńï őŕĺáăŋĺï łőŋćěłâĺćŋőčő ŕěàěŋőáă őąëçŋő ĺáŕőńìğãěâáï äěŋőňěŋőńőčĺçěáłăï âěőàĺï ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï, àăğàăąőâăŋŋăï B-ohm-Vitense (1958), åőâï ěáâì ŕőŕëâłĺ ŕàěďńőęĺâì ăńìâěàŋăâĺćŋëě âěőàĺĺ (ŋăŕàĺňěà, Canuto, Mazzitelli 1991).

Ć ďăńìŋěľèěň ć áőőâćěâáâćĺĺ á íâĺň ďěńěŋĺěň ŕő ňěåăŋĺğňăň čěŋěàăæĺĺ ĺ ŕěàěŋőáă íŋěàčĺĺ ąãďěň čőćőpĺâì ő âpěå çăáâïå ňőďěńĺ: 1) ïďpě, ć łőâőpőň ŕpőĺáåőďĺâ íŋěpčőćëďěńěŋĺě ĺ ć łőâőpőň åĺňĺçěáłĺľ áőáâăć ňěŋïěâáï ĺğ-ğă ćëčőpăŋĺï ćőďőpőďă; áâpőěŋĺě ïďpă ğăćĺáĺâ őâ ŕăpăňěâpőć ïďěpŋëå pěăłæĺľ ĺ ŋěŕpőğpăçŋőáâĺ; 2) ńãçĺáâőľ ğőŋě, čďě íŋěpčĺï ŕěpěŋőáĺâáï ĺğńãçěŋĺěň (âăň ŋěâ ćëďěńěŋĺï íŋěpčĺĺ), áâpőěŋĺě ěě őŕpěďěńïěâáï ŋěŕpőğpăçŋőáâìî; 3) őąőńőçłě (łőŋćěłâĺćŋőľ ğőŋě ĺ ćëèěńěęăéĺå áńőïå).

Łőŋćěłâĺćŋăï őąőńőçłă áőáâăćńïěâ ŕàĺňěàŋő âàěâì áőńŋěçŋőčő àăďĺãáă. Šăłĺň őąpăğőň, ğŋăçĺâěńìŋăï çăáâì Śőńŋæă ãáâpőěŋă őçěŋì ŕpőáâő: T , P , ρ áćïğăŋë ğăłőŋőň

Řĺá 3.1. Čàăďĺěŋâ âěňŕěàăâãàë ∇ = d log T/d log P ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă

Řĺá 3.2. Čàăďĺěŋâ âěňŕěàăâãàë ∇ = d log T/d log P ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă ăďĺăąăâë. Ŕpőąńěňă ć âőň, çâő ňë ŋě ğŋăěň, łăłăï íâő ăďĺăąăâă. Ŋő âěň ŋě ňěŋěě íâőâ äăłâ őğŋăçăěâ, çâő á âőçłĺ ğàěŋĺï âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï ćáï łőŋćěłâĺćŋăï ğőŋă ĺ őąńăáâĺ ćëèě åăpăłâěpĺğãîâáï őçěŋì ŋěąőńìèĺň ŋăąőpőň ćěńĺçĺŋ: åĺňĺçěáłĺň áőáâăćőň (ć ŕàőáâěľèěň áńãçăě áőďěàęăŋĺěň čěńĺï Y ) ĺ ŕăpăňěâpőň ăďĺăąăâë. Ŕőïáŋĺň ąőńěě ŕőďàőąŋő.

Ŕàěďáâăćĺň áěąě, çâő Śőńŋæě àăğďěńěŋő ŋă ŋěáłőńìłő łőŋæěŋâàĺçěáłĺå çăáâěľ: ă) ïďàő, ą) ńãçĺáâăï ğőŋă, ć) ğőŋă ăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ, č) őąńăáâì áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ ŕńîá ăâňőáäěàă. Ğŋăçěŋĺï őáŋőćŋëå áâàãłâãàŋëå ŕěàěňěŋŋëå (r, M_r, ρ, T , L_r) ďőńęŋë áőćŕăďăâì ŋă čàăŋĺæăå çăáâěľ. Ůâő ŕàőĺğőľďěâ, ěáńĺ ĺğňěŋĺâì âěőàĺî łőŋćěłæĺĺ ĺńĺ áâàőěŋĺě ăâňőáäěàë? Ŋă ŋĺęŋěľ čàăŋĺæě çăáâĺ č) ĺğňěŋïâáï ŕěàěňěŋŋëě, çâő ňőęěâ ŕőćńěçì ğă áőąőľ ĺğňěŋěŋĺě őáâăńìŋëå çăáâěľ ňőďěńĺ. Łăł ĺğňěŋïâáï íâĺ ŕěàěňěŋŋëě? Śćěâĺňőáâì L_r őáâăŋěâáï ŕőáâőïŋŋőľ, â.ł. ć íâĺå áńőïå ŋěâ ĺáâőçŋĺłőć íŋěàčĺĺ. Ňăááă ĺ àăďĺãá íâĺå áńőěć ňăńë (áň. ŋĺęě), ĺ ŋě ňőčãâ ĺğňěŋĺâìáï ğăňěâŋő (łőŋěçŋő, ěáńĺ ŋě ŕěàěáňăâàĺćăâì âěőàĺî łőŋćěłæĺĺ łőàěŋŋëň őąàăğőň). Őáâăîâáï ńĺèì âěňŕěàăâãàă ĺ ŕńőâŋőáâì, ŕàĺçěň őŋĺ ćëåőďïâ ŋă ŋěłãî ăďĺăąăâã (ć ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë). Ŕěàěŕăď íâĺå ćěńĺçĺŋ (âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ) őâ âőçłĺ "ŕőćěàåŋőáâĺ" Śőńŋæă (ňěáâă ğăďăŋĺï ćŋěèŋĺå čàăŋĺçŋëå ãáńőćĺľ) ďő ăďĺăąăâë ĺ ğăďăěâáï âěőàĺěľ łőŋćěłæĺĺ ĺ áâàőěŋĺěň ăâňőáäěàë. Őďŋăłő áőćàěňěŋŋëľ ŕőďåőď ł àăáçěâã áőńŋěçŋëå ňőďěńěľ áâăćĺâ ğďěáì ćáě á ŋőč ŋă čőńőćã: ŕőáłőńìłã ňë ŋě ğŋăěň ŕăàăňěâàőć łőŋćěłâĺćŋőčő ŕěàěŋőáă, ąãďěň ŕőďąĺàăâì ĺå âăł, çâőąë ŕőńãçĺâì âàěąãěňëľ ŕěàěŕăď ŕńőâŋőáâĺ. Ąńăčőďăàï íâőňã ŕőńãçăěâáï, çâő ňőďěńì áőćàěňěŋŋőčő Śőńŋæă ŕàăłâĺçěáłĺ ŋě ğăćĺáĺâ őâ áâàőěŋĺï áăňëå ćŋěèŋĺå áńőěć. Ěďĺŋáâćěŋŋőľ ğŋăçĺňőľ ćěńĺçĺŋőľ ïćńïěâáï ŕěàěŕăď ŕńőâŋőáâĺ ňěęďã âőçłőľ ćŋěèŋĺå čàăŋĺçŋëå ãáńőćĺľ ĺ âőçłőľ ŕěàěåőďă łőŋćěłæĺĺ ć ăďĺăąăâĺçěáłĺľ àěęĺň.

Őâňěâĺň, çâő őąńăáâì, čďě čàăďĺěŋâ âěňŕěàăâãàë ∇ ďěľáâćĺâěńìŋő őâńĺçăěâáï őâ ńãçĺáâőčő (áłăęěň, ąőńěě çěň ŋă 1%), őçěŋì ňăńă { 0.005-ï ďőńï àăďĺãáă ĺ 9 · 10^{−8} ďőńï ňăááë ďńï áâăŋďăàâŋőľ ňőďěńĺ. Śńěďőćăâěńìŋő, ćăàĺăæĺĺ âěőàĺĺ łőŋćěłæĺĺ (ă âăłęě áâàőěŋĺï ăâňőáäěàë) ğăňěâŋő ĺğňěŋĺâì àăďĺãá ĺ ňăááã ňőďěńĺ ŋě ć áőáâőïŋĺĺ (ěáńĺ, łőŋěçŋő, íâő ŋě àăďĺłăńìŋëľ ŕěàěáňőâà âěőàĺľ). Ďńï ćŋãâpěŋŋěčő áâpőěŋĺï íâă âőŋłăï "áłőàńãŕă" Śőńŋæă ŋĺłăłőľ pőńĺ ŋě ĺčpăěâ, åőâï ć ŋěľ áőápěďőâőçěŋë ćáě ŕőćěpåŋőáâŋëě ïćńěŋĺï ĺ ćáě őáőąěŋŋőáâĺ âěőàĺĺ łőŋćěłæĺĺ.

Ćëąěpěň ŕăpăňěâp, łőâőpëň ąãďěň åăpăłâěpĺğőćăâì ăďĺăąăâã. Ŋă ăďĺăąăâě ŕőáâőïŋŋă ãďěńìŋăï íŋâàőŕĺï ćěéěáâćă S. Ğŋăï åĺňĺçěáłĺľ áőáâăć (áőďěàęăŋĺě čěńĺï Y ) ĺ åăàăłâěàĺáâĺłã ăďĺăąăâë (ãďěńìŋãî íŋâàőŕĺî ćěéěáâćă S), ňőęŋő ŕőńãçĺâì ňőďěńì ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë (ěáńĺ ĺčŋőàĺàőćăâì ćŋěèŋĺě áńőĺ): ŕőńőęěŋĺě ăďĺăąăâë ŋă ŕńőáłőáâĺ (ρ, T ) ĺğćěáâŋő. Ňë ğŋăěň, çâő čďě-âő ŋă ŋěľ ěáâì âőçłă, ŕàĺąńĺğĺâěńìŋő áőőâćěâáâćãîéăï r = R, M_r = M, L_r = L. (áň. àĺá. 3.3). İâă âőçłă

Řĺá. 3.3. Šěňŕěàăâãàă ĺ ŕńőâŋőáâì ć ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă. Őąàăâĺâě ćŋĺňăŋĺě ŋă âő, çâő ą«őńìèăï çăáâì łàĺćőľ { ăďĺăąăâă.

ŕàĺňěàŋő áőőâćěâáâćãěâ ćĺďĺňőľ ŕőćěàåŋőáâĺ Śőńŋæă, â.ě. T = T_{eff} . Řăğãňěěâáï, íâő ćěáìňă čàãąőě ŕàĺąńĺęěŋĺě, ĺ ŕàĺ àăáçěâě ňőďěńěľ ć íâőľ àăąőâě őŋő ŋě ĺáŕőńìğőćăńőáì. Őŋő, őďŋăłő, ďěňőŋáâàĺàãěâ, çâő ďćãå ŕăàăňěâàőć ć æěńőň ďőáâăâőçŋő ďńï őŕĺáăŋĺï łőŋćěłâĺćŋőľ őąőńőçłĺ Śőńŋæă.

3.2. Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ć áőńŋěçŋőľ ňőďěńĺ Ĺğ ŕàĺŋæĺŕă ăďĺăąăâŋőľ ŋěďőáâĺęĺňőáâĺ, ŋă łőâőàőň çăáâő áâàőïâ áőćàěňěŋŋãî âěàňőďĺŋăňĺłã áńěďãěâ, çâő áãéěáâćãěâ ŋěłőâőàëě äãŋłæĺĺ áőáâőïŋĺï, łőâőàëě ŋě ĺğňěŋïîâáï ŕàĺ àăćŋőćěáŋëå ăďĺăąăâŋëå ŕàőæěááăå. Őďŋă ĺğ âăłĺå äãŋłæĺľ { íŋâàőŕĺï S, őŕàěďěńïěňăï łăł dS = δQ/T, (3.3) čďě T { âěňŕěàăâãàă, ă δQ { íńěňěŋâăàŋőě łőńĺçěáâćő âěŕńőâë, ŕőńãçěŋŋőě âěńőň ć ŋěłőň àăćŋőćěáŋőň ŕàőæěááě, dS { ĺğňěŋěŋĺě íŋâàőŕĺĺ ć íâőň àăćŋőćěáŋőň ŕàőæěááě

(ĺňěěâáï ć ćĺďã ąěáłőŋěçŋő ňăńëě δQ ĺ dS, âăł çâő âěňŕěàăâãàã ňőęŋő áçĺâăâì ŕőáâőïŋŋőľ). Ś ãçěâőň ŕěàćőčő ŋăçăńă âěàňőďĺŋăňĺłĺ íâã äőàňãńã ňőęŋő ŕěàěŕĺáăâì âăł: dS = 1 T (dU + P dV ). (3.4) Šő, çâő íŋâàőŕĺï ïćńïěâáï äãŋłæĺěľ áőáâőïŋĺï, őğŋăçăěâ, çâő ďńï ďăŋŋőčő âěńă (áłăęěň, őďŋőčő ňőńï čăğă) íŋâàőŕĺï ěáâì őďŋőğŋăçŋăï äãŋłæĺï âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ. Şàăćŋěŋĺě (3.4), őďŋăłő, ŋě äĺłáĺàãěâ ŋãńì-ŕãŋłâă. Šàěâìě ŋăçăńő âěàňőďĺŋăňĺłĺ ãâćěàęďăěâ, çâő íŋâàőŕĺï ćáěå àăćŋőćěáŋëå áĺáâěň áâàěňĺâáï ł őďŋőľ ĺ âőľ ęě ćěńĺçĺŋě (őąëçŋő ŕőńăčăěňőľ àăćŋőľ ŋãńî) ŕàĺ áâàěňńěŋĺĺ âěňŕěàăâãàë T ł ŋãńî (ăąáőńîâŋőňã). İâő ňăńő ŕőňőčăěâ ŕàĺ àăáçěâě áőńŋěçŋëå ňőďěńěľ, ŕőáłőńìłã ãàăćŋěŋĺě áőáâőïŋĺï ćěéěáâćă ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ŋěĺğćěáâŋő.

Ć áâăâĺáâĺçěáłőľ äĺğĺłě ŕőłăğëćăěâáï, çâő

S = k ln W (3.5)

(ãpăćŋěŋĺě Ąőńìæňăŋă-Ŕńăŋłă); ğďěáì W { áâăâĺáâĺçěáłĺľ ćěá (çĺáńő ćőğňőęŋëå ďĺŋăňĺçěáłĺå áőáâőïŋĺľ áĺáâěňë), k { ŕőáâőïŋŋăï Ŕńăŋłă. Ĺáŕőńìğőćăŋĺě íâőľ äőàňãńë ďńï àăáçěâă íŋâàőŕĺĺ ćőğňőęŋő ńĺèì ć âőň áńãçăě, łőčďă ãàăćŋěŋĺě áőáâőïŋĺï áőďěàęĺâ ŋěőąåőďĺňëě ďńï íâőčő ďăŋŋëě, ă ĺňěŋŋő áâăâĺáâĺçěáłĺě áãňňë Z, ĺğ łőâőàëå ňőęŋő ŕőńãçĺâì áćőąőďŋãî íŋěàčĺî F : F = −kT ln Z, (3.6) ĺ ďăńěě íŋâàőŕĺî: S = − ( ∂F ∂T ) V . (3.7)

Őąëçŋő íâĺ ćěńĺçĺŋë ŋěďőáâãŕŋë, őďŋăłő áâăâĺáâĺçěáłĺě äőàňãńë { ěďĺŋáâćěŋŋëľ áŕőáőą áőčńăáőćăŋŋő àăááçĺâëćăâì íŋâàőŕĺî ŕàĺ àăğŋëå åĺňĺçěáłĺå áőáâăćăå.

Ć ŕàěďëďãéěň ŕăàăčàăäě ãďěńìŋăï íŋâàőŕĺï ćěéěáâćă ŕàěďńăčăńăáì ć łăçěáâćě åăàăłâěàĺáâĺłĺ ăďĺăąăâë. Śńőćő "ãďěńìŋăï" ğďěáì őğŋăçăěâ, çâő ąěàěâáï íŋâàőŕĺï ŋěłőľ äĺłáĺàőćăŋŋőľ ňăááë ćěéěáâćă { ć ďăŋŋőň áńãçăě őďŋőčő čàăňňă (íŋâàőŕĺï { ăďďĺâĺćŋăï ćěńĺçĺŋă, ć őâńĺçĺě őâ, ŋăŕàĺňěà, âěňŕěàăâãàë). Ůâőąë ĺáŕőńìğőćăâì ãďěńìŋãî íŋâàőŕĺî ŕàĺ ăŋăńĺğě ňőďěńěľ Śőńŋæă, ŋěőąåőďĺňő ĺňěâì ćőğňőęŋőáâì ěě àăááçĺâëćăâì. Ťőàňãńă (3.4) ńěčłő ŕàěőąàăğãěâáï ć

S(T, ρ) − S(T_0, ρ_0) = ∫_{T,ρ} T0,ρ0 1 T [( ∂U ∂ρ ) T − P ρ^2 ] dρ + C_V dT T . (3.8)

Ć íâőň ćëàăęěŋĺĺ U { ćŋãâàěŋŋïï íŋěàčĺï ŋă ěďĺŋĺæã ňăááë, C_V { ãďěńìŋăï âěŕńőěňłőáâì ŕàĺ ŕőáâőïŋŋőň őąêěňě, S { íŋâàőŕĺï ŋă ěďĺŋĺæã ňăááë. İâă äőàňãńă ŋě ãçĺâëćăěâ âőčő, çâő ćěéěáâćő ňőęěâ ĺňěâì àăğŋëľ åĺňĺçěáłĺľ áőáâăć: íŋâàőŕĺï čàăňňă ćőďőàőďă őâńĺçăěâáï őâ íŋâàőŕĺĺ čàăňňă čěńĺï! Ŕőíâőňã ŋěńìğï ŕàőáâő ćëąàăâì őďĺŋ ŋãńì-ŕãŋłâ ãďěńìŋőľ íŋâàőŕĺĺ ďńï ńîąëå åĺňĺçěáłĺå áőáâăćőć { łńăááĺçěáłăï âěàňőďĺŋăňĺłă ŋě ďăěâ ćőğňőęŋőáâĺ ŕěàěľâĺ őâ őďŋőčő áőďěàęăŋĺï ćőďőàőďă ł ďàãčőňã.

Ć ŋăèĺå ňőďěńïå ňë ĺáŕőńìğőćăńĺ ãpăćŋěŋĺě áőáâőïŋĺï, păááçĺâăŋŋőě Ď. Ňĺåăńăáőň, Ď. Ţăňňěpőň ĺ Ć. Ďăŕŕěŋőň, (Mihalas, D-appen, Hummer 1988; Hummer, Mihalas 1988; D-appen et al. 1988); ěčő ŕàĺŋïâő őąőğŋăçăâì ŕő ŕěàćëň ąãłćăň äăňĺńĺľ ăćâőàőć MHD. Šăąńĺæë MHD ąëńĺ ńîąěğŋő ŕpěďőáâăćńěŋë Ć. Ďăŕŕěŋőň. Łpőňě âőčő, Ć. Ďăŕŕěŋ ŕàěďőáâăćĺń ğŋăçěŋĺï íŋâpőŕĺĺ ć âőçłăå á őďĺŋăłőćëňĺ T_0 = 15 ňńŋ. Ł, ρ_0 = 150 č/áň^3, ŋő păğŋëňĺ åĺňĺçěáłĺňĺ áőáâăćăňĺ (áőďěpęăŋĺěň ćőďőpőďă X; áň. âăąńĺæã 3.1).

X 0.30 0.35 0.40 0.45 0.50 S/R_g 10.31805 10.89200 11.45699 12.01385 12.56321

X 0.55 0.60 0.65 0.70 0.75 S/R_g 13.10553 13.64113 14.17022 14.69289 15.20910

Šăąńĺæă 3.1. Şďěńìŋăï íŋâàőŕĺï ćěéěáâćă ŕàĺ T_0 = 15 ňńŋ. Ł, ρ_0 = 150 č/áň^3 ďńï ãàăćŋěŋĺï áőáâőïŋĺï MHD. R_g { ãŋĺćěàáăńìŋăï čăğőćăï ŕőáâőïŋŋăï.

Ăŋăńĺâĺçěáłăï ăŕŕàőłáĺňăæĺï íâĺå ďăŋŋëå ĺňěěâ ćĺď

S_0/R_g = −3.426523X^2 + 12.36082X + 6.739551 ňőńì/č (3.9)

(ěě âőçŋőáâì { őłőńő 10^{−3} ďńï X ∈ [0.30, 0.75]). Ĺňěï ğŋăçěŋĺě íŋâàőŕĺĺ ć âőçłě (T_0, ρ_0), ŕő äőàňãńě (3.8) ŕőńãçăěň íŋâàőŕĺî ć âàěąãěňőľ (ĺŋâěčàĺàãï ãàăćŋěŋĺě (3.8) ćďőńì ŕàőĺğćőńìŋőčő ŕãâĺ őâ (T_0, ρ_0) ďő (T , ρ)).

Řăááňőâàĺň ŕőćěďěŋĺě íŋâàőŕĺĺ ć âĺŕĺçŋőľ ňőďěńĺ Śőńŋæă. Ńěčłő ŕőŋïâì, çâő ěáńĺ ŕpĺ păćěŋáâćě ăďĺăąăâĺçěáłőčő ∇_{ad} ĺ áâpãłâãpŋőčő ∇ čpăďĺěŋâőć íŋâpőŕĺï ŕőáâőïŋŋă, âő ŕpĺ ĺå ŋěpăćěŋáâćě őŋă ąãďěâ păáâĺ ĺńĺ ŕăďăâì ŕő ňőďěńĺ. İâő ŕőďâćěàęďăěâ ĺ äőàňãńă, ŕàĺćěďěŋŋăï ć àăąőâě Ulrich, Rhodes 1977:

´S = ∫ C_P (∇ − ∇_{ad})d ln P (3.10)

Řĺá 3.4. Ŕőćěďěŋĺě ãďěńìŋőľ íŋâàőŕĺĺ ćěéěáâćă S/R ć áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă

Šăłĺň őąàăğőň, ŕàĺ őâáãâáâćĺĺ łőŋćěłæĺĺ íŋâàőŕĺï ŕăďăěâ á ãćěńĺçěŋĺěň ďăćńěŋĺï, ŕàĺ ŋăńĺçĺĺ áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ { àăáâěâ. Ć ğőŋě ăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ ãďěńìŋăï íŋâàőŕĺï ćěéěáâćă ŕőáâőïŋŋă. Řĺá. 3.4 ŕőďâćěàęďăěâ őŕĺáăŋŋãî łăàâĺŋã.

3.3. Ŕăpăňěâpĺğăæĺï łőŋćěłâĺćŋőľ őąőńőçłĺ: ŕőçěňã S ćňěáâő α?

Łăł ãęě ãŕőňĺŋăńőáì ć čńăćě 3, áâăŋďăàâŋăï áőńŋěçŋăï ňőďěńì åăàăłâěàĺğãěâáï ďćãňï ŕăàăňěâàăňĺ łăńĺąàőćłĺ { ŋăçăńìŋëň åĺňĺçěáłĺň áőáâăćőň ĺ ŕăàăňěâàőň âěőàĺĺ łőŋćěłæĺĺ α, ãŕàăćńïîéĺň ćěńĺçĺŋőľ čàăďĺěŋâă âěňŕěàăâãàë ćő ćŋěèŋĺå łőŋćěłâĺćŋëå áńőïå. Ćëąőà ĺňěŋŋő íâĺå ćěńĺçĺŋ őąãáńőćńěŋ ć ğŋăçĺâěńìŋőľ ňěàě ĺáâőàĺçěáłĺňĺ ĺ âěåŋĺçěáłĺňĺ ŕàĺçĺŋăňĺ, ŕőáłőńìłã ŕőáńě ĺå ğăďăŋĺï íćőńîæĺőŋŋëľ âàěł ňőęěâ ąëâì ŕőáńěďőćăâěńìŋő àăááçĺâăŋ. Ŕàăłâĺçěáłĺ ćáě áőćàěňěŋŋëě àăąőâë ŕő ňőďěńĺàőćăŋĺî Śőńŋæă ŕàĺćőďïâ íâĺ ćěńĺçĺŋë ć łăçěáâćě őáŋőćŋëå åăàăłâěàĺáâĺł ňőďěńěľ. Őďŋăłő, ěáńĺ őŕàěďěńěŋĺě áőďěàęăŋĺï čěńĺï ŕàěďáâăćńïěâ áăňőáâőïâěńìŋëľ áňëáń ĺ ĺŋâěàěá, âő ĺŋäőàňăæĺï, áőďěàęăéăïáï ć ŕăàăňěâàě ŠĎŔŔ α, ŕő áãéěáâćã ŋě ĺáŕőńìğãěâáï. Ňěęďã âěň ďńï áŕěæĺäĺłăæĺĺ ňőďěńĺ ŋěőąåőďĺňë őąă ŕăàăňěâàă, ŕàĺçěň ćâőàőľ ĺňěěâ ďăęě ąőńìèěě ğŋăçěŋĺě. Ŕàĺ ŋăńĺçĺĺ ŕàőâïęěŋŋőľ łőŋćěłâĺćŋőľ őąőńőçłĺ (łăł ã Śőńŋæă), čďě ćěéěáâćő áâàăâĺäĺæĺàőćăŋő ăďĺăąăâĺçěáłĺ, âàěąőćăŋĺě ŋãńěćëå ćŋěèŋĺå čàăŋĺçŋëå ãáńőćĺľ (T → 0, ρ → 0) ŋěďőáâăâőçŋő, ŕőáłőńìłã őŋő ćëŕőńŋïěâáï ŋă ńîąőľ ăďĺăąăâě. Ŕőíâőňã ć ňőďěńĺ ďőńęŋă ąëâì áŕěæĺäĺæĺàőćăŋă íŋâàőŕĺï łőŋćěłâĺćŋőľ ăďĺăąăâë, łăł ěáâěáâćěŋŋëľ äĺğĺçěáłĺľ ŕăàăňěâà áâàőěŋĺï (ć àăŋŋĺå àăąőâăå ŕő ňőďěńĺàőćăŋĺî Śőńŋæă ćňěáâő íŋâàőŕĺĺ ĺáŕőńìğőćăńĺáì ďàãčĺě ćěńĺçĺŋë, âăłĺě łăł łőŋáâăŋâă ŕőńĺâàőŕŋőčő ğăłőŋă, őďŋăłő ïáŋő, çâő ńîąăï ćěńĺçĺŋă, áőåàăŋïîéăïáï ŋă ăďĺăąăâě, ěáâì äãŋłæĺï íŋâàőŕĺĺ). Ŕăàăňěâà łőŋćěłæĺĺ, őŕàěďěńïîéĺľ čàăďĺěŋâ âěňŕěàăâãàë ć őąńăáâĺ áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ, ĺ, âěň áăňëň, ćëąőà áőőâćěâáâćãîéěľ ăďĺăąăâë, ňőęěâ àăááňăâàĺćăâìáï ńĺèì łăł âěåŋĺçěáłĺľ ŕăàăňěâà, ŕőáłőńìłã ěčő ćěńĺçĺŋă ğăćĺáĺâ ŋě âőńìłő őâ ŕàĺŋïâőľ ďńï àăáçěâőć âěőàĺĺ łőŋćěłæĺĺ ĺ ěě ćŋãâàěŋŋĺå ŕăàăňěâàőć, ŋő ĺ őâ áâàőěŋĺï ăâňőáäěàë, ć çăáâŋőáâĺ, ĺáŕőńìğãěňőľ ć ŋěľ ŋěŕàőğàăçŋőáâĺ, ć ğăćĺáĺňőáâĺ őâ łőâőàőľ ĺğňěŋïěâáï ŕńőâŋőáâì ŋă ćěàåŋěľ čàăŋĺæě łőŋćěłâĺćŋőľ ğőŋë.

Ć ďěľáâćĺâěńìŋőáâĺ ĺáŕőńìğőćăŋĺě ŕăàăňěâàă łőŋćěłæĺĺ łăł àěğãńìâĺàãîéěčő ŕăàăňěâàă ňőďěńĺ ŋě âőńìłő ďěńăěâ ŋěćőğňőęŋëň áàăćŋěŋĺě áâăŋďăàâŋëå áőńŋěçŋëå ňőďěńěľ, ŋő ĺ ïćńïěâáï äĺğĺçěáłĺ ŋěăďěłćăâŋëň ć ğăďăçě ő ŚŚŇ. Łăł ŕőďàőąŋő őąáãęďăńőáì ć §3.1 ĺ Antia, Chitre 1995, ďńï ŕőáâàőěŋĺï áőńŋěçŋőľ ňőďěńĺ ŋěőąåőďĺňő áőåàăŋěŋĺě ĺňěŋŋő íŋâàőŕĺĺ áőńŋěçŋőľ őąőńőçłĺ, âőčďă łăł áâàãłâãàă áăňëå ćŋěèŋĺå áńőěć ňőęěâ ąëâì áőćěàèěŋŋő àăğńĺçŋőľ. İâő őğŋăçăěâ, çâő áâàőěŋĺě ćŋěèŋĺå łőŋćěłâĺćŋëå áńőěć ŋě ňőęěâ ąëâì őŕàěďěńěŋő ć àăňłăå ğăďăçĺ ő ŚŚŇ, ŕőáłőńìłã ć ŋěľ őŕàěďěńïěâáï ńĺèì âőńéĺŋă őąńăáâĺ áćěàåăďĺăąăâĺçěáłőľ łőŋćěłæĺĺ, ĺ, á őçěŋì ąőńìèőľ őâŋőáĺâěńìŋőľ ŋěőŕàěďěńěŋŋőáâìî, ňăááă íâĺå áńőěć.

Čńăćă 4.

Hěŕpőğpăçŋőáâì ćěéěáâćă ĺ ňőďěńì ćŋãâpěŋŋěčő áâpőěŋĺï Śőńŋæă

Ňőŋőåàőňăâĺçěáłĺľ łőíääĺæĺěŋâ ŕőčńőéěŋĺï (âőçŋěě, íłáâĺŋłæĺĺ) ćěéěáâćă ňőęěâ ąëâì àăááçĺâăŋ ŕãâěň áãňňĺàőćăŋĺï ćáěå ŕàőæěááőć, ćěďãéĺå ł ŕőčńőéěŋĺî ĺ àăááěïŋĺî ĺğńãçěŋĺï: α_ν = ∑ i N_iσ_i(ν)E_i, (4.1)

čďě N_i { łőŋæěŋâàăæĺï çăáâĺæ âĺŕă i, σ_i(ν) { áěçěŋĺě ŕàőæěááă (ŕőčńőéěŋĺï ĺńĺ àăááěïŋĺï), E_i { äăłâőà ãçěâă ĺŋďãæĺàőćăŋŋőčő ĺğńãçěŋĺï: E_i = 1 − exp(−hν/kT ) ďńï ŕàőæěááőć ŕőčńőéěŋĺï, E_i = 1 ďńï àăááěïŋĺï. Łőíääĺæĺěŋâ ŕőčńőéěŋĺï ŕő Řőááěńăŋďã (ĺńĺ ŋěŕàőğàăçŋőáâì) α őŕàěďěńïěâáï čăàňőŋĺçěáłĺň áàěďŋĺň 1 α = π 4σT^3 ∫_∞ 0 1 α_ν dB_ν (T ) dT dν, (4.2) ćåőďïéĺň ć ãáńőćĺě ńãçĺáâőčő àăćŋőćěáĺï (4.3) (ğďěáì B_ν (T ) { äőàňãńă Ŕńăŋłă). Śâőńì íłğőâĺçěáłĺľ ćëąőà ãáàěďŋěŋĺï ŕő çăáâőâăň őąêïáŋěŋ ŋĺęě. Šăłĺň őąàăğőň, àăáçěâ ćěńĺçĺŋë ŋěŕàőğàăçŋőáâĺ áćőďĺâáï čńăćŋëň őąàăğőň ł àăáçěâã łőŋæěŋâàăæĺľ çăáâĺæ N_i ĺ áěçěŋĺľ σ_i(ν). Ć ŕěàćőň ŕàĺąńĺęěŋĺĺ àăáçěâ łőŋæěŋâàăæĺľ çăáâĺæ őâŋőáĺâáï ł ğăďăçě àăáçěâă ãàăćŋěŋĺï áőáâőïŋĺï, àăáçěâ áěçěŋĺľ { ł ăâőňŋőľ äĺğĺłě.

Ŋěŕàőğàăçŋőáâì κ ćåőďĺâ ć ãàăćŋěŋĺï áâàőěŋĺï ğćěğď łăł łőíääĺæĺěŋâ ć äőàňãńě ďńï ńãçĺáâőčő ŕěàěŋőáă íŋěàčĺĺ: dT dr = T P 3L_rP κ 16πacT^4GM_r dP dr (4.3)

(áàěďŋïï ďàőąì ěáâì ŋě çâő ĺŋőě łăł ńãçĺáâëľ čàăďĺěŋâ âěňŕěàăâãàë ∇_{rad}). Ćëáőłőě ğŋăçěŋĺě ŋěŕàőğàăçŋőáâĺ őğŋăçăěâ, çâő ďńï ŕőďďěàęăŋĺï ŕőâőłă íŋěàčĺĺ âàěąãěâáï ąőńìèőľ čàăďĺěŋâ âěňŕěàăâãàë. Ć ĺďěăńìŋőň áńãçăě ąěáłőŋěçŋő ćëáőłőľ âěŕńőŕàőćőďŋőáâĺ čàăďĺěŋâ âěňŕěàăâãàë ćőćáě őâáãâáâćãěâ. Ěáńĺ ć ćěéěáâćě ŋěâ ĺáâőçŋĺłőć íŋěàčĺĺ (ĺ ŋěâ ŕőâőłă âěŕńă), łăł, ŋăŕàĺňěà, ć čěńĺěćëå ïďàăå áâăàëå ğćěğď čńăćŋőľ ŕőáńěďőćăâěńìŋőáâĺ, âő ćěéěáâćő ĺğőâěàňĺçŋő; ćěńĺçĺŋă ŋěŕàőğàăçŋőáâĺ ŋě ĺňěěâ ğŋăçěŋĺï. Ąőńìèőľ ŕőâőł íŋěàčĺĺ ŕàĺ ćëáőłőľ ćěńĺçĺŋě ŋěŕàőğàăçŋőáâĺ âàěąãěâ łàãâőčő čàăďĺěŋâă âěňŕěàăâãàë ďńï ŕěàěŋőáă âěŕńă ńãçĺáâëň ŕãâěň. Łőŋćěłâĺćŋëľ ŕěàěŋőá (ŕàĺ ŋăńĺçĺĺ ćěéěáâćă ďőáâăâőçŋőľ ŕńőâŋőáâĺ ĺ âěŕńőěňłőáâĺ) áőğďăěâ čàăďĺěŋâ âěňŕěàăâãàë ∇_{ad} ≡ ( ∂ log T ∂ log P ) S . (4.4)

Ěáńĺ ńãçĺáâëľ ŕěàěŋőá âàěąãěâ ąőńěě ćëáőłőčő čàăďĺěŋâă âěňŕěàăâãàë, íŋěàčĺï őâçăáâĺ ŕěàěŋőáĺâáï ŕãâěň łőŋćěłæĺĺ.

4.1. Łàăâłăï ĺáâőàĺï àăáçěâőć łőíääĺæĺěŋâă ŕőčńőéěŋĺï áőńŋěçŋőľ ŕńăğňë Ŕěàćëě ŕőŕëâłĺ àăáçěâă áőńŋěçŋëå ňőďěńěľ (áň. §1.5), ĺňěćèĺě ňěáâő ć łőŋæě ŕàőèńőčő ćěłă ĺ ŋăçăńě ŋëŋěèŋěčő, őáŋőćëćăńĺáì ŋă âőň ŕàěďŕőńőęěŋĺĺ, çâő íŋěàčĺï ć ŋěďàăå ğćěğď ŕěàěŋőáĺâáï łőŋćěłæĺěľ. Ćăęŋőáâì ńãçĺáâőčő ŕěàěŋőáă őďŋĺň ĺğ ŕěàćëå őâňěâĺń Ÿãáâěà (Schuster 1903, 1905); ŕőğęě Łăàń Ÿćăàæèĺńìď àăááňăâàĺćăń ńãçĺáâëľ ŕěàěŋőá ć ăâňőáäěàăå ğćěğď (Schwarzchild, 1906). Šěőàĺï Ÿćăàæèĺńìďă ąëńă ĺáłãáŋő ĺáŕőńìğőćăŋă İďďĺŋčâőŋőň (1926), łőâőàëľ ćŕěàćëě ŕőłăğăń, çâő ńãçĺáâëľ ŕěàěŋőá ŋěőąåőďĺňő ŕàĺŋĺňăâì ć àăááňőâàěŋĺě ŕàĺ ĺğãçěŋĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï ğćěğď.

Ŕàĺňěàŋő ć âő ęě ćàěňï Łàăňěàá (Kramers 1923), ĺáŕőńìğãï ŕőńãłńăááĺçěáłĺě ňěâőďë, ŕőńãçĺń äőàňãńë ďńï łőíääĺæĺěŋâă ŕőčńőéěŋĺï. Łàăňěàá àăááňăâàĺćăń áćőąőďŋő-áćőąőďŋëě ŕěàěåőďë (àăááěïŋĺě ć íńěłâàĺçěáłőň ŕőńě ăâőňă) ĺ áćïğăŋŋőáćőąőďŋëě ŕěàěåőďë (äőâőĺőŋĺğăæĺï). Ć 1924 č. Řőááěńăŋď ŕőńãçĺń äőàňãńã ďńï ãáàěďŋěŋĺï łőíääĺæĺěŋâă ŕőčńőéěŋĺï ŕő çăáâőâăň, łőâőàăï ďăěâ áàěďŋĺľ łőíääĺæĺěŋâ ŕőčńőéěŋĺï (ŋěŕàőğàăçŋőáâì), ŕàĺáãâáâćãîéĺľ ć ňőďěńĺ İďďĺŋčâőŋă. Ŋěŕàőğàăçŋőáâì, àăááçĺâăŋŋăï ŕő äőàňãńăň Łàăňěàáă, őłăğăńăáì őçěŋì ŋĺğłőľ { ć 10 àăğ ňěŋìèě, çěň âàěąőćăńőáì ć ňőďěńĺ İďďĺŋčâőŋă.

Ć âě ćàěňěŋă, őďŋăłő, áçĺâăńőáì, çâő ğćěğďë ć ğŋăçĺâěńìŋőľ áâěŕěŋĺ áőáâőïâ ĺğ âïęěńëå íńěňěŋâőć. Ŋăŕàĺňěà, ć 1931 čőďã Řőááěńăŋď ŕĺèěâ, çâő "áňěáì, áőáâőïéăï ĺğ 20 ćěáőćëå çăáâěľ ćőďőàőďă ĺ 80 ćěáőćëå çăáâěľ ęěńěğă, ďăěâ ŋãęŋãî ćěńĺçĺŋã áćěâĺňőáâĺ. Ňë ŋě ňőęěň áłăğăâì, ĺňěěâ ńĺ ňěáâő ŋă ğćěğďăå âăłőě ęě ŕőńőęěŋĺě ćěéěľ. Ŕàăćďă, áãéěáâćãěâ ďőáâăâőçŋő őáŋőćăŋĺľ, çâőąë ďőŕãáâĺâì, çâő ăâňőáäěàë ğćěğď áőáâőïâ čńăćŋëň őąàăğőň ĺğ ćőďőàőďă." (ő Łăŕěńńě; Řőááěńăŋď 1936, áâà. 93). Ŕőńăčăńĺ âăłęě, çâő ćőďőàőď ďőńęěŋ ďĺääãŋďĺàőćăâì ł ŕőćěàåŋőáâĺ, őáâăćńïï âïęěńëě íńěňěŋâë ć æěŋâàě ğćěğďë, ŋő ć æěńőň ŋĺłâő ŋě ŕëâăńáï áâàőĺâì ŋěőďŋőàőďŋëě ňőďěńĺ ğćěğď.

Ć 1932 č. Śâàěňčàěŋ ŕàőďőńęĺń âěőàěâĺçěáłãî àăąőâã ć íâőň ŋăŕàăćńěŋĺĺ, ććěďï ć àăááňőâàěŋĺě łćăŋâőćőňěåăŋĺçěáłĺě áěçěŋĺï ďńï íńěłâàőŋőć ć łãńőŋőćáłőň ŕőńě

(Str-omgren 1932, 1933). Ć 1940 č. Ňőàğě ŕőńãçĺń ŕőŕàăćłĺ ğă íłàăŋĺàőćăŋĺě łãńőŋőćáłőčő ŕőńï ĺ ĺőŋĺğăæĺî ďăćńěŋĺěň. Ąëńĺ ãçâěŋë âăłęě ăâőňë á ąőńěě çěň őďŋĺň íńěłâàőŋőň, ĺ ććěďěŋ âăł ŋăğëćăěňëľ "čĺńìőâĺŋŋëľ ňŋőęĺâěńì" (Morse 1940). Ć 1955 č. Łěńńěà ĺ Ňěľěàőâ (Keller, Meyerott 1955) àăááçĺâăńĺ ŕěàćëě âăąńĺæë ďńï 13 ćăàĺăŋâőć åĺňĺçěáłőčő áőáâăćă (áňěáěľ).

Ćáě íâĺ àăáçěâë ãçĺâëćăńĺ áćőąőďŋő-áćőąőďŋëě, áćïğăŋŋő-áćőąőďŋëě ŕěàěåőďë ĺ íńěłâàőŋŋőě àăááěïŋĺě. Ŕőčńőéěŋĺě ć ńĺŋĺïå (áćïğăŋŋő-áćïğăŋŋëě ŕěàěåőďë) ŋě ãçĺâëćăńőáì, ĺ íâő őąëçŋő őŕàăćďëćăńőáì âěň, çâő ŕàĺ ãáàěďŋěŋĺĺ ŕő äőàňãńě Řőááěńăŋďă ĺčàăěâ àőńì íłćĺćăńěŋâŋăï èĺàĺŋă, ă őŋă ďńï ąőńìèĺŋáâćă ńĺŋĺľ ŋěćěńĺłă. İâőâ ŋěãçěâ ćěń, àăğãňěěâáï, ł ŋěłőâőàőňã ğăŋĺęěŋĺî ŋěŕàőğàăçŋőáâěľ; őďŋăłő ąěğ ćëçĺáńĺâěńìŋőľ âěåŋĺłĺ àăáçěâ ŕàőäĺńěľ ńĺŋĺľ ŕàăłâĺçěáłĺ ŋěćőğňőęěŋ.

Ć ŋăçăńě 60-å ŕőïćĺńăáì ćőğňőęŋőáâì ĺáŕőńìğőćăâì łőňŕìîâěàë, ĺ ŋăáâăńă íàă àăáçěâőć, ŕàőćőďĺňëå ć àăňłăå ąőńìèĺå ňŋőčőńěâŋĺå ŕàőěłâőć. Ĺáâőàĺçěáłĺ ŕěàćőľ ŋăçăńă àăąőâăâì ŋăď âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ čàãŕŕă ĺááńěďőćăâěńěľ ĺğ Ńőá- Ăńăňőááłőľ ńăąőàăâőàĺĺ (ŕěàćëň àãłőćőďĺâěńěň ŕàőěłâă ąëń A.N.Cox). Ŕěàćëě àăąőâë čàãŕŕë ąëńĺ őŕãąńĺłőćăŋë ć 1962 č. (Cox, Stewart 1962); ŕěàćőě ŕőďàőąŋőě őŕĺáăŋĺě ŕàőěłâă ŕőïćĺńőáì ć Cox, Stewart 1965.

Ć 1970 č. Ńőá-Ăńăňőááłăï čàãŕŕă őŕãąńĺłőćăńă őąèĺàŋëě âăąńĺæë ŋěŕàőğàăçŋőáâěľ ďńï âàěå ŋăąőàőć áňěáěľ (Cox, Stewart 1970). İâĺ âăąńĺæë èĺàőłő ĺáŕőńìğőćăńĺáì ďńï àăáçěâőć íćőńîæĺĺ Śőńŋæă ĺ ğćěğď ąńăčőďăàï áćőěľ ŕőńŋőâě. İâĺ âăąńĺæë ğăâěň ŋěáłőńìłő àăğ ŕőďćěàčăńĺáì àěćĺğĺĺ; ćăàĺăŋâ 1976 č. (Cox, Tabor 1976) ĺŋőčďă ĺáŕőńìğãěâáï ďăęě áěľçăá. Őďŋĺň ĺğ ąőńìèĺå ãáŕěåőć čàãŕŕë ąëń ćëŕãáł Los Alamos Opacity Library (LAOL, Huebner et al. 1977). İâő áőćőłãŕŋőáâì ďăŋŋëå, ŕőğćőńïîéĺå àăááçĺâëćăâì ŋěŕàőğàăçŋőáâì ďńï ŕàőĺğćőńìŋőčő åĺňĺçěáłőčő áőáâăćă (őâŋőáĺâěńìŋőčő áőďěàęăŋĺï íńěňěŋâőć âïęěńěě čěńĺï { áňěáĺ). Ňŋőčĺě čàãŕŕë ĺááńěďőćăâěńěľ ďńï áćőĺå æěńěľ àăááçĺâëćăńĺ áćőĺ ćăàĺăŋâë âăąńĺæ; ć àěğãńìâăâě ąőńìèĺŋáâćő ňőďěńěľ, ŕőńãçěŋŋëå á ĺáŕőńìğőćăŋĺěň "âăąńĺæ LAOL", ŋĺłăł ŋěńìğï áàăćŋĺâì ňěęďã áőąőľ, â.ł. őŋĺ őáŋőćăŋë ŋă őâńĺçăîéĺåáï âăąńĺæăå. Ąëńĺ őŕãąńĺłőćăŋë âăłęě ŋăąőàë âăąńĺæ ŋěŕàőğàăçŋőáâěľ ďńï ŋěłőâőàëå áňěáěľ (Weiss, Keady, Magee 1990).

Ć áěàěďĺŋě 80-å ćâőàőľ ŕàőěłâ ŕő àăáçěâã ŋěŕàőğàăçŋőáâěľ ąëń ŋăçăâ ć Lawrence Livermore National Laboratory; àãłőćőďĺâěńĺ ŕàőěłâă { F.J.Rogers, C.A.Iglesias, B.G.Wilson. Ŋăğćăŋĺě ĺå łőňŕìîâěàŋőľ ŕàőčàăňňë OPAL őąëçŋő ĺáŕőńìğãěâáï ĺ łăł őąőğŋăçěŋĺě âăąńĺæ, àăááçĺâăŋŋőľ íâőľ čàãŕŕőľ. Şàăćŋěŋĺě áőáâőïŋĺï ć íâőľ ŕàőčàăňňě őáŋőćăŋő ŋă âăł ŋăğëćăěňőľ "äĺğĺçěáłőľ łăàâĺŋě": áŋăçăńă àăááňăâàĺćăěâáï áňěáì íńěłâàőŋőć ĺ ïďěà, ğăâěň, ć ğăćĺáĺňőáâĺ őâ ãáńőćĺľ, ŋěłőâőàëě íńěłâàőŋë ŕěàěåőďïâ ć áćïğăŋŋőě áőáâőïŋĺě, őąàăğãï ĺőŋë. İâĺ ĺőŋë ŕőďćěàčăîâáï ćőğďěľáâćĺî ŕńăğňë ĺ ĺå ćőńŋőćëě äãŋłæĺĺ àăááçĺâëćăîâáï á ãçěâőň ŕőâěŋæĺăńőć ŕńăğňë. Ŕěàćëě çĺáńěŋŋëě ďăŋŋëě ąëńĺ őŕãąńĺłőćăŋë ć 1987 č. (Iglesias et al. 1987) ĺ ŕőłăğăńĺ, çâő âăąńĺæë, àăááçĺâăŋŋëě íâĺň ňěâőďőň, áőďěàęăâ ğŋăçěŋĺï, ğăňěâŋő ą«őńìèĺě, çěň âăąńĺæë LAOL. Ć 1991 č. őŋĺ őŕãąńĺłőćăńĺ ďăŋŋëě, ŕàĺčőďŋëě ďńï àăáçěâă ňőďěńĺ Śőńŋæă (Iglesias, Rogers 1991); íâă ęě áâăâìï áőďěàęĺâ ďőćőńìŋő ŕőďàőąŋëľ ăŋăńĺğ ŋěŕàőğàăçŋőáâěľ ć áőńŋěçŋëå ňőďěńïå. Ŕőńŋëě âăąńĺæë OPAL ŕàĺćěďěŋë ć àăąőâě Rogers, Iglesias 1992.

Ŋăłőŋěæ, âàěâĺľ ąőńìèőľ ŕàőěłâ ąëń ŋăçăâ ć 1984 čőďã. Őŋ őáŋőćăŋ ŋă ãàăćŋěŋĺĺ áőáâőïŋĺï MHD ĺ ŋăğëćăěâáï Opacity Project (OP; Seaton et al. 1994). Ć ŋěň ŕàĺŋĺňăîâ ãçăáâĺě ĺááńěďőćăâěńìáłĺě čàãŕŕë ĺğ Ťàăŋæĺĺ, Čěàňăŋĺĺ, Ćěńĺłőąàĺâăŋĺĺ, Śőěďĺŋěŋŋëå Ÿâăâőć ĺ Ćěŋěáãíńë. Čńăćőľ ŕàőěłâă áçĺâăěâáï M.J.Seaton. Şàăćŋěŋĺě áőáâőïŋĺï őáŋőćăŋő ŋă "åĺňĺçěáłőľ łăàâĺŋě": àăááňăâàĺćăěâáï áőćőłãŕŋőáâì íńěłâàőŋőć ĺ ĺőŋőć; ĺőŋĺğăæĺőŋŋőě àăćŋőćěáĺě ŋăåőďĺâáï ŕãâěň ňĺŋĺňĺğăæĺĺ áćőąőďŋőľ íŋěàčĺĺ. Űěńĺ ŕàőěłâă, ŕőňĺňő àăáçěâă âăąńĺæ àőááěńăŋďőćëå ğŋăçěŋĺľ łőíääĺæĺěŋâă ŕőčńőéěŋĺï, ćłńîçăîâ àăáçěâ ãàőćŋěľ íŋěàčĺĺ, äőâőĺőŋĺğăæĺőŋŋëå áěçěŋĺľ àăááěïŋĺï ĺ ďà. Őáŋőćŋëě ãáĺńĺï ŋăŕàăćńěŋë, őďŋăłő, ŋă ãńãçèěŋĺě ğŋăçěŋĺľ ŋěŕàőğàăçŋőáâěľ ďńï ğćěğďŋëå őąőńőçěł (ρ < 10^{−2} č/áň^3); łăł őâňěçăěâ áăň M.Seaton, "ďńï ąőńěě čńãąőłĺå áńőěć ŕàěďŕőçâĺâěńìŋë âăąńĺæë OPAL". Śàăćŋĺâěńìŋő ŋěďăćŋő (ć ăŕàěńě 1995 č.) âăąńĺæë ŋěŕàőğàăçŋőáâěľ áâăńĺ ďőáâãŕŋë ćáěň ďńï ĺáŕőńìğőćăŋĺï.

4.2. Ňőďěńĺ Śőńŋæă á àăğńĺçŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ Ĺáŕőńìğãï ŕàěďŕőńőęěŋĺï, őŕĺáăŋŋëě ć čńăćě 1 ĺ âěåŋĺłã àăáçěâă ňőďěńěľ (čńăćă 2) ąëń àăááçĺâăŋ ŋăąőà áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă, őâńĺçăîéĺåáï ńĺèì âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ. Ğďěáì ĺ ďăńěě ŕàĺňěŋïîâáï áńěďãîéĺě őąőğŋăçěŋĺï ďńï âăąńĺæ: 1) CS70 { âăąńĺæë Ńőá-Ăńăňőááłőľ čàãŕŕë; őďŋĺ ĺğ ŕěàćëå őŕãąńĺłőćăŋŋëå (Cox, Stewart 1970);

2) CT76 { ąőńěě ŕőğďŋĺľ (Cox, Tabor 1976) ćăàĺăŋâ CS70; ŋě áőďěàęăâ ďăŋŋëå ďńï ŋĺğłĺå áőďěàęăŋĺľ ćőďőàőďă (X < 0.7) ĺ ćáńěďáâćĺě íâőčő ňăńőŕàĺčőďŋë ďńï àăáçěâă áőńŋěçŋőľ íćőńîæĺĺ. Ć ňőďěńïå, àăááçĺâăŋŋëå ć íâőľ àăąőâě, ĺáŕőńìğőćăńăáì íłáâàăŕőńïæĺï ŕő X;

3) BU88 { ćăàĺăŋâ âăąńĺæ LAOL ĺğ (Bahcall, Ulrich 1988), őâŋőáĺâěńìŋőě áőďěàęăŋĺě âïęěńëå íńěňěŋâőć (áňěáì) ŕő Grevessee 1984. Šăąńĺæë ŋěáłőńìłő ŋěŕőńŋë (âàěąãěâáï íłáâàăŕőńïæĺï) ćąńĺğĺ ğŋăçěŋĺľ, ŕàĺňěàŋő áőőâćěâáâćãîéĺå ŋĺęŋěľ čàăŋĺæě áőńŋěçŋőľ łőŋćěłâĺćŋőľ ğőŋë. Śőčńăáŋő àăąőâě Faulkner, Swenson 1992, íâő ďőńęŋő ŕàĺćőďĺâì ł ğăćëèěŋĺî čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ć áőńŋěçŋëå ňőďěńïå. Łàőňě âőčő, ć ăâňőáäěàě ĺ ćŋěèŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë ĺáŕőńìğőćăńĺáì âăąńĺæë CT76, â.ł. àăąőâă Bahcall, Ulrich 1988 ŋě áőďěàęĺâ ŋãęŋëå ďăŋŋëå. 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).

4) WKM { ćăàĺăŋâ âăąńĺæ LAOL ĺğ (Weiss, Keady, Magee 1990), áňěáì őçěŋì ąńĺğłă ł ĺáŕőńìğőćăŋŋőľ ć CT76 (âăąńĺæë M4 ć Weiss, Keady, Magee 1990); 5) IR91 { ŕěàćëě őŕãąńĺłőćăŋŋëě âăąńĺæë OPAL (Iglesias, Rogers 1991), áňěáì ŕő Grevessee 1984, łăł ć BU88. Ĺŋâěàŕőńïæĺőŋŋăï áěâłă, ŕàĺćěďěŋŋăï ć Iglesias, Rogers 1991, áőćŕăďăěâ á ĺáŕőńìğőćăŋŋőľ ć BU88, ŋő âăąńĺæë ąëńĺ ďőŕőńŋěŋë ďăŋŋëňĺ ĺğ Faulkner, Swenson 1992, çâő ŕőğćőńĺńő ĺğąěęăâì íłáâàăŕőńïæĺĺ. Ć ć ăâňőáäěàě ĺ ćŋěèŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë { âő ęě, çâő ĺ ďńï BU88.

Řĺá. 4.1. Ŋěŕàőğàăçŋőáâì OPAL IR91 ŕàĺ X=0.65. Ńĺŋĺï őâàăęăěâ ãáńőćĺï ćŋãâàĺ Śőńŋæă.

Řĺá. 4.2 ďěňőŋáâàĺàãěâ, łăł őâńĺçăîâáï ňěęďã áőąőľ ćëèěãłăğăŋŋëě âăąńĺæë. Ůâőąë áďěńăâì áàăćŋěŋĺě ąőńěě őáňëáńěŋŋëň ĺ ŋăčńïďŋëň, ŕàĺćěďěŋë ğŋăçěŋĺï ŋěŕàőğàăçŋőáâĺ ďńï (T, ρ, X), ćğïâëå ĺğ àěăńìŋőľ áâăŋďăàâŋőľ ňőďěńĺ Śőńŋæă. Ğďěáì κ_0, ŋă łőâőàãî àăğďěńěŋë ğŋăçěŋĺï ŋěŕàőğàăçŋőáâĺ, ŕàěďáâăćńïěâ áőąőľ ŋěáńőęŋőě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ĺğ Christensen-Dalsgaard 1988:

1/κ_0 = 1/κ_e + 1/κ κ_e = 1.6236784 · 10^{−33}ρ^{0.407895}T^{9.28289} κ_i = 7.1548412 · 10^{13}ρ^{0.138316}T^{−1.97541}

(4.5)

Şďĺćĺâěńìŋő, çâő áâőńì ŕàőáâăï ŕő áâàãłâãàě äőàňãńă ăŕŕàőłáĺňĺàãěâ ŋěŕàőğàăçŋőáâì ć ŋěďàăå Śőńŋæă á ŕőčàěèŋőáâìî ćáěčő ńĺèì őłőńő 50% (ćŕàőçěň, àăğńĺçĺï ňěęďã âăąńĺæăňĺ âőęě ćŕőńŋě ãłńăďëćăîâáï ć íâőâ ďĺăŕăğőŋ). Ŋěŕàőğàăçŋőáâì ć łőŋćěłâĺćŋőľ ğőŋě ŋě ćńĺïěâ ŋă ňőďěńì (áň. čń. 4), ŕőíâőňã čàăäĺł őčàăŋĺçěŋ ïďàőň Śőńŋæă ĺ ńãçĺáâőľ ğőŋőľ. Őçěŋì áâăàëě âăąńĺæë CS70 áőďěàęăâ ŋĺğłĺě ćěńĺçĺŋë ŋěŕàőğàăçŋőáâĺ, ĺ á âěçěŋĺěň ćàěňěŋĺ ćáě ąőńěě ŋőćëě âăąńĺæë áőďěàęăâ ćáě ą«őńìèĺě ćěńĺçĺŋë. Őďŋő ĺğ ŕàěďńăčăćèĺåáï őąêïáŋěŋĺľ { àőáâ ćëçĺáńĺâěńìŋőľ ňőéŋőáâĺ ďőáâãŕŋëå łőňŕìîâěàőć ĺ ćłńîçěŋĺěň ć àăááňőâàěŋĺě ćáě ąőńìèěčő çĺáńă ńĺŋĺľ ŕőčńőéěŋĺï! Ĺŋâěàěáŋő, çâő âăąńĺæë WKM ĺ IR91 őâńĺçăîâáï äăłâĺçěáłĺ ńĺèì ć ńãçĺáâőľ ğőŋě, ă ć ïďàě Śőńŋæă ŕàĺąńĺğĺâěńìŋő őďĺŋăłőćë.

Ć âăąńĺæě 4.1 ŕàĺćěďěŋë ŕăàăňěâàë áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă, àăááçĺâăŋŋëå á àăğŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâĺ. Ěéě àăğ ŕőďçěàłŋěň, çâő ěďĺŋáâćěŋŋőě őâńĺçĺě ňőďěńěľ ďàãč őâ ďàãčă { âăąńĺæë ŋěŕàőğàăçŋőáâěľ.

Ŕěàćăï őáőąěŋŋőáâì, ąàőáăîéăïáï ć čńăğă { ąőńìèőě α ć ňőďěńĺ CS70. İâő { áńěďáâćĺě ğŋăçĺâěńìŋőčő őâńĺçĺï CS70 őâ őáâăńìŋëå âăąńĺæ ć ăâňőáäěàě; ćŕàőçěň, ŋă ňőďěńì íâő áãéěáâćěŋŋőčő ćńĺïŋĺï ŋě őłăğëćăěâ (α ïćńïěâáï łăńĺąàőćőçŋëň ŕăàăňěâàőň; áň. §3.1). Ŋăçăńìŋőě áőďěàęăŋĺě ćőďőàőďă X_0 őďĺŋăłőćő ã ňőďěńěľ WKM ĺ IR91; ŋĺęě ąãďěâ ŕőłăğăŋő, çâő íâő ïćńïěâáï áńěďáâćĺěň őďĺŋăłőćőáâĺ íâĺå âăąńĺæ ć ïďàě Śőńŋæă. Ŋĺğłĺľ ŕőâőł åńőàŋëå ŋěľâàĺŋő ć ňőďěńĺ CS70 őąãáńőćńěŋ ŋĺğłőľ âěňŕěàăâãàőľ ć æěŋâàě (ćáńěďáâćĺě ŋĺğłĺå ğŋăçěŋĺľ ŋěŕàőğàăçŋőáâĺ; âăłĺň őąàăğőň, áĺâãăæĺï á ŋěåćăâłőľ ŋěľâàĺŋő âőńìłő ãåãďèăěâáï á àăáçěâőň ćáě ŋőćëå ĺ ŋőćëå âăąńĺæ). Śłőàőáâĺ ğăåćăâă ďńï čăńńĺěćőčő ĺ ĺŋďĺěćőčő ďěâěłâőàőć őąŋăàãęĺćăîâ čőàăğďő ňěŋìèãî çãćáâćĺâěńìŋőáâì ł áâàãłâãàě ňőďěńĺ: ą«őńìèăï çăáâì ŕőâőłă őąãáńőćńěŋă ŋěľâàĺŋő, àőęďăîéĺňĺáï ć p − p àěăłæĺĺ, çĺáńő łőâőàëå őŕàěďěńïěâáï áćěâĺňőáâìî Śőńŋæă. Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ćăàìĺàãěâáï őâ 0.263R_⊙ (WKM) ďő 0.281R_⊙ (IR91).

Řĺá. 4.2. Ćěńĺçĺŋă ŋěŕàőğàăçŋőáâĺ ć ãáńőćĺïå, åăàăłâěàŋëå ďńï ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă. Řăğŋőáâì ńőčăàĺäňőć ŋěŕàőğàăçŋőáâĺ ĺ ăŋăńĺâĺçěáłőľ äőàňãńë (4.5) őâńőęěŋă łăł äãŋłæĺï ńőčăàĺäňă âěňŕěàăâãàë. Šőçłĺ (T, ρ, X) ďńï àăáçěâă ŋěŕàőğàăçŋőáâĺ ćğïâë ĺğ ŕàőäĺńï áâăŋďăàâŋőľ ňőďěńĺ.

4.3. Ćńĺïŋĺě ćěńĺçĺŋë ŋěŕpőğpăçŋőáâĺ ŋă áőďěàęăŋĺě čěńĺï ĺ ãďěńìŋãî íŋâàőŕĺî ćěéěáâćă łőŋćěłâĺćŋőľ ğőŋë Łăł ãęě őâňěçăńőáì ć §3.1, ŋěŕàőğàăçŋőáâì ćěéěáâćă ŋă Śőńŋæě ŋě ćěğďě ćńĺïěâ ŋă áâàőěŋĺě ğćěğďë. Ć ŕőďăćńïîéěľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë àőńì ńãçĺáâőčő ŕěàěŋőáă ŋĺçâőęŋă. Ć áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë ĺ ăâňőáäěàě íâő ŋě âăł, ĺ ŋěŕàőğàăçŋőáâì ćåőďĺâ łăł ćăęŋăï áőáâăćŋăï çăáâì ć àăáçěâë. Ďćă äăłâă, őďŋăłő, áĺńìŋő ãňěŋìèăîâ ćńĺïŋĺě ŋěŕàőğàăçŋőáâĺ íâĺå áńőěć ŋă ćŋãâàěŋŋěě áâàőěŋĺě Śőńŋæă. Ćő-ŕěàćëå, íâĺ áńőĺ ĺňěîâ ňăńãî ňăááã ĺ âőńéĺŋã (ŕő áàăćŋěŋĺî á ŋĺęěńěęăéěľ łőŋćěłâĺćŋőľ ğőŋőľ). Ďăęě ŕàĺ őçěŋì ąőńìèĺå ćăàĺăæĺïå áâàőěŋĺï ăâňőáäěàë

Ňőďěńì Šăąńĺæë α T_c, K ρ_c, áň/č^3 Y S/R 350-0109 CS70 4.6237 15.054 149.41 .23196 21.725 350-0108 CT76 1.6370 15.348 146.11 .24591 21.550 350-0107 BU88 1.6509 15.576 149.44 .26616 21.110 350-0106 WKM 1.9645 15.623 149.64 .28025 21.051 350-0105 IR91 1.6288 15.717 150.84 .28029 20.873

Ňőďěńì Šăąńĺæë H_{bcz}/R T_{bcz}, K F_{Cl}37 F_{Ga}71 F_{In}115 350-0109 CS70 .26981 1.9984 4.005 106.614 577.694 350-0108 CT76 .27122 2.0351 5.490 113.535 591.325 350-0107 BU88 .27535 2.1084 7.160 121.351 606.760 350-0106 WKM .26309 2.0025 7.978 125.453 615.121 350-0105 IR91 .28098 2.1907 8.508 127.445 618.577

Šăąńĺæă 4.1. Ţăàăłâěàĺáâĺłĺ áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă á àăğńĺçŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ. Ć ŕěàćőľ çăáâĺ âăąńĺæë ŕàĺćěďěŋë łőíääĺæĺěŋâ âěőàĺĺ ďńĺŋë ŕãâĺ ŕěàěňěèĺćăŋĺï (α), âěňŕěàăâãàă ć æěŋâàě, ŕńőâŋőáâì ć æěŋâàě, ŋăçăńìŋőě áőďěàęăŋĺě čěńĺï, ãďěńìŋăï íŋâàőŕĺï łőŋćěłâĺćŋőľ ğőŋë. Ćâőàăï çăáâì áőďěàęĺâ čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë, âěňŕěàăâãàã ŋă ďŋě łőŋćěłâĺćŋőľ ğőŋë ĺ őęĺďăěňëě ŕőâőłĺ ďńï âàěå âĺŕőć ďěâěłâőàőć ŋěľâàĺŋő.

őąéĺľ ćłńăď ěě ć ĺŋâěčàăńë ňăááë ĺ àăďĺãáă ŋě ňőęěâ ąëâì ğŋăçĺâěńìŋëň. Ćő-ćâőàëå, ŕàĺ àăáçěâě ňőďěńĺ Śőńŋæă ŕăàăňěâà łőŋćěłæĺĺ α ŕőďąĺàăěâáï âăłĺň őąàăğőň, çâőąë ãďőćńěâćőàĺâì áőćàěňěŋŋëň ğŋăçěŋĺïň àăďĺãáă ĺ áćěâĺňőáâĺ; äăłâĺçěáłĺ íâőâ ŕàőæěáá ěáâì ć ŋěłőâőàőň áňëáńě ŕőďąőà α ł ŋěŕàőğàăçŋőáâĺ ć áćěàåăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë. Śńěďőćăâěńìŋő, íääěłâ őâ ĺğňěŋěŋĺï ŋěŕàőğàăçŋőáâĺ ć ŋěłőâőàőľ áâěŕěŋĺ ŋěľâàăńĺğãěâáï ŋěáőćěàèěŋáâćőň ŋăèĺå ňěâőďőć àăáçěâă ňőďěńěľ Śőńŋæă. Őąă íâĺ äăłâă őâňěçăńĺáì ĺ ć §3.1.

Ĺâăł, ćŋãâàěŋŋőáâì Śőńŋæă àăğďěńĺńăáì ŋă âàĺ çăáâĺ { ïďàő, ć łőâőàőň čěŋěàĺàãěâáï íŋěàčĺï, ńãçĺáâăï ğőŋă, çěàěğ łőâőàãî íŋěàčĺï ŕěàěŋőáĺâáï ĺğńãçěŋĺěň, ĺ łőŋćěłâĺćŋăï ğőŋă, čďě íŋěàčĺï ŕěàěŋőáĺâáï łőŋćěłæĺěľ. Ŋěŕàőğàăçŋőáâì ďńï ňőďěńĺ ćŋãâàěŋŋěčő áâàőěŋĺï { íâő ŋěŕàőğàăçŋőáâì ć ïďàě ĺ ńãçĺáâőľ ğőŋě. Řăááňőâàĺň, łăł ňőďěńì ğăćĺáĺâ őâ ŋěě. Ć ďăŋŋőľ čńăćě ć łăçěáâćě åăàăłâěàĺáâĺł ňőďěńĺ ŕàĺŋĺňăîâáï áőďěàęăŋĺě čěńĺï ćŋě íŋěàčőćëďěńïîéěčő ïďàă Y ĺ ãďěńìŋăï íŋâàőŕĺï ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S, łăł ŕàěďńăčăěâáï ć čńăćě 3.

Ůâőąë ĺááńěďőćăâì áőőâŋőèěŋĺï ňěęďã åăàăłâěàĺáâĺłăňĺ áőńŋěçŋëå ňőďěńěľ ĺ ŋěŕàőğàăçŋőáâìî ć àăğŋëå çăáâïå Śőńŋæă, ąëńă àăááçĺâăŋă áěàĺï ňőďěńěľ á ĺáłãááâćěŋŋő ĺğňěŋěŋŋëňĺ ŋěŕàőğàăçŋőáâïňĺ (âěň ŋě ňěŋěě ćáě ňőďěńĺ ĺňěîâ àăďĺãá ĺ áćěâĺňőáâì, àăćŋëě áőńŋěçŋëň). Řăğãňěěâáï, ŕăàăňěâàë ňőďěńĺ ĺğňěŋïîâáï ŕőáńě âăłĺå ňőďĺäĺłăæĺľ, ĺ âăłăï ňőďěńì ĺňěěâ áćěâĺňőáâì ĺ àăďĺãá, ŋě àăćŋëě áőńŋěçŋëň. Ć őąéěň áńãçăě ŋěőąåőďĺňő ďěńăâì łăńĺąàőćłã àăďĺãáă ĺ áćěâĺňőáâĺ (§1.1) ğăŋőćő, â.ě. ňŋőčő àăğ àăááçĺâëćăâì íćőńîæĺőŋŋëľ âàěł. Ůâőąë ĺğąěęăâì íâőčő, ŕàĺňěŋïńáï ãŕàőéěŋŋëľ ŕőďåőď. İćőńîæĺőŋŋăï łăńĺąàőćłă ğăłńîçăěâáï ć ŕőďąőàě ŋăçăńìŋőčő åĺňĺçěáłőčő áőáâăćă ĺ α; ąãďěň ĺğňěŋïâì áőďěàęăŋĺě ćőďőàőďă ĺ α ã ňőďĺäĺæĺàőćăŋŋőľ ňőďěńĺ âăł, çâőąë ŕőńãçĺâì ŋěőąåőďĺňëě ğŋăçěŋĺï àăďĺãáă ĺ áćěâĺňőáâĺ. Ŕőďçěàłŋěň, çâő ć ŋăèěň ŕőďåőďě íâĺ ňőďěńĺ ŋě ąãďãâ íćőńîæĺőŋŋëňĺ; őŋĺ ŕőńãçěŋë ňőďĺäĺłăæĺěľ ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă. Ŕàĺ íâőň áâăŋďăàâŋăï ňőďěńì ĺáŕőńìğőćăńăáì łăł "őŕőàŋăï" { ĺğ ŋěě ąàăńáï ŕàőäĺńì áőďěàęăŋĺï ćőďőàőďă X_0(M_r/M_⊙):

X(M_r) = X_0(M_r) + δX. (4.6)

Ĺňěï ďćă áćőąőďŋëå ŕăàăňěâàă α ĺ δX, ňőęŋő ŕőńãçĺâì ňőďěńì á ŋãęŋëňĺ ğŋăçěŋĺïňĺ àăďĺãáă ĺ áćěâĺňőáâĺ. Šăłãî ňőďěńì Śőńŋæă ć ďăńìŋěľèěň ąãďěň ŋăğëćăâì áâăâĺçěáłőľ. Ŕàĺąńĺęěŋŋőáâì âăłőčő ŕőďåőďă ğăłńîçăěâáï ć ŕàěŋěąàěęěŋĺĺ âőŋłĺňĺ àăğńĺçĺïňĺ ć ŕàőäĺńě åĺňĺçěáłőčő áőáâăćă ňěęďã àăğŋëňĺ íćőńîæĺőŋŋëňĺ âàěłăňĺ. Řăáçěâ ďěňőŋáâàĺàãěâ, çâő íâő ŕàĺąńĺęěŋĺě ćëŕőńŋïěâáï á åőàőèěľ áâěŕěŋìî âőçŋőáâĺ, ďőáâăâőçŋőľ ďńï æěńěľ íâőľ àăąőâë. Ďńï ĺńńîáâàăæĺĺ ŕàĺćěďěň åăàăłâěàĺáâĺłĺ ďćãå ňőďěńěľ, őďŋă ĺğ łőâőàëå (350-0015) àăááçĺâăŋă ňěâőďőň íćőńîæĺőŋŋőľ łăńĺąàőćłĺ, ă ďàãčăï (350-0016) { ŕőďąőàőň α ĺ δX (âăąńĺæă 4.2).

Ňőďěńì α T_c, K ρ_c, áň/č^3 X_c lg P_c S/R 350-0015 1.614204520 16.00041371 147.5794499 .3188538 17.35299 20.8624 350-0016 1.610933166 15.99285842 144.8702114 .3296426 17.34977 20.8620 Řăğŋőáâì 2 · 10^{−3} 5 · 10^{−4} 1.8 · 10^{−2} 3.3 · 10^{−2} 1.8 · 10^{−4} 2 · 10^{−5}

Ňőďěńì Y H_{bcz}/R T_{bcz}, K ρ_{bcz}, č/áň^3 F_{Cl}37 F_{Ga}71 350-0015 .282459221 .279272240 2.176021295 .173039147 10.642 135.086 350-0016 .282839970 .278881093 2.172478617 .172039373 10.599 134.752 Řăğŋőáâì 5 · 10^{−4} 1.4 · 10^{−3} 1.6 · 10^{−3} 6 · 10^{−3} 4 · 10^{−3} 2.5 · 10^{−3}

Šăąńĺæă 4.2. Řăğŋĺæă ňěęďã íćőńîæĺőŋŋőľ (350-0015) ĺ áâăâĺçěáłőľ (350-0016) ňőďěńïňĺ.

Łăł ćĺďĺň, ŕőçâĺ ćáě ŕăàăňěâàë ňőďěńĺ àăğńĺçăîâáï ŋěğŋăçĺâěńìŋő { ňěŋěě çěň ŋă 1%; łńîçěćëě åăàăłâěàĺáâĺłĺ (áőďěàęăŋĺě čěńĺï ć őąőńőçłě Y ĺ S) { ňěŋěě çěň ŋă 0.1%. Ğăňěâŋőě őâńĺçĺě ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă áłőňŕěŋáĺàőćăŋő ĺğňěŋěŋĺěň ŕńőâŋőáâĺ, âăł çâő àăğŋőáâĺ ć ďăćńěŋĺĺ čăğă ňăńë. Ăŋăńőčĺçŋëě àěğãńìâăâë ąëńĺ ŕőńãçěŋë ć àăąőâě Christensen-Dalsgaard 1992.

Ňőďĺäĺłăæĺĺ ŋěŕàőğàăçŋőáâĺ ŕàőĺğćőďĺńĺáì ć áőőâćěâáâćĺĺ á ďěńěŋĺěň ňőďěńĺ Śőńŋæă ŋă ğőŋë (§3.1). Ůâőąë ĺğąěęăâì áłăçłőć, ćăàĺăæĺï ŕàěďáâăćńïńăáì ć ćĺďě čăãááĺăŋë, ŋăłńăďëćăěňőľ ŋă ŕàőäĺńì ŋěŕàőğàăçŋőáâĺ:

κ = κ_0 [ 1 + a exp ( − (lg T − lg T_0)^2 w )] , (4.7)

čďě a { ăňŕńĺâãďă łőààěłæĺĺ, w őŕàěďěńïěâ èĺàĺŋã ěě ďĺăŕăğőŋă, T_0 { ŕőńőęěŋĺě ňăłáĺňãňă łőààěłæĺĺ. Ďńï ŕăàăňěâàĺğăæĺĺ ĺáŕőńìğãěâáï ńőčăàĺäň âěňŕěàăâãàë; á àăćŋëň ãáŕěåőň ňőęŋő ąëńő ąë ŕàĺňěŋĺâì ńőčăàĺäň ŕńőâŋőáâĺ. Ŕàĺćïğëćăâì ňőďĺäĺłăæĺî ŋěŕàőğàăçŋőáâĺ ł łőŋłàěâŋőľ ňőďěńĺ (ŋăŕàĺňěà, ŕăàăňěâàĺğãï łőààěłæĺî âěłãéĺň àăďĺãáőň r) ąëńő ąë ŋěłőààěłâŋëň ćáńěďáâćĺě ďćãå ćğăĺňőáćïğăŋŋëå ŕàĺçĺŋ: 1) ĺğãçăěâáï ćńĺïŋĺě ĺňěŋŋő áăňőľ ŋěŕàőğàăçŋőáâĺ ŋă ňőďěńì; ńőčĺçŋő ŕàĺćïğëćăâì ňőďĺäĺłăæĺî ł áăňĺň âăąńĺæăň, ŋěğăćĺáĺňő őâ łőŋłàěâŋőľ ňőďěńĺ; 2) ěáńĺ ŕăàăňěâàĺğőćăâì łőààěłæĺî âěłãéĺň àăďĺãáőň, ćőğŋĺłăěâ őąàăâŋăï áćïğì (ćåőďŋëě ďăŋŋëě ğăćĺáïâ őâ àěğãńìâăâă), ĺ ŕőćěďěŋĺě ŕàőæěďãàë ňőďěńĺ áâăŋőćĺâáï ŋěŕàěďáłăğãěňëň. Ďńï łăęďőľ ğőŋë ŕàĺŋĺňăńĺáì áćőĺ åăàăłâěàĺáâĺłĺ ňőďĺäĺæĺàãîéěľ äãŋłæĺĺ:

lg T_0 = 7.2 lg T_0 = 6.6 lg T_0 = 6.3 w = 0.05 ć ïďàě ňőďěńĺ w = 0.05 ć ńãçĺáâőľ ğőŋě w = 0.01 − 0.02 ã ďŋă łőŋćěłâĺćŋőľ ğőŋë

(4.8)

Ŕőáńěďŋïï áâàőłă áőőâćěâáâćãěâ ňőďĺäĺłăæĺĺ ŋěŕàőğàăçŋőáâĺ, ŕàĺňěŋïćèěľáï ďńï ĺğňěŋěŋĺï ŕőńőęěŋĺï ďŋă łőŋćěłâĺćŋőľ ğőŋë (áň. ŋĺęě). Řĺá. 4.3 őâőąàăęăěâ ŕőńőęěŋĺě ĺ äőàňã íâĺå łőààěłæĺľ; ăňŕńĺâãďă a ŕàĺŋïâă àăćŋőľ 0.3 (íâő ćěáìňă ąőńìèőě ğŋăçěŋĺě).

Řĺá. 4.4 ďěňőŋáâàĺàãěâ áěàĺî áâăâĺçěáłĺå ňőďěńěľ á àăğńĺçŋëňĺ ăňŕńĺâãďăňĺ łőààěłæĺľ, őâőąàăęěŋŋëå ŋă ŕńőáłőáâì (Y, S). Ĺğ ŋěčő áńěďãîâ ćëćőďë, ďăńěě èĺàőłő ŕàĺňěŋïěňëě ć íâőľ àăąőâě:

1) ŕőćëèěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě ćěďěâ čńăćŋëň őąàăğőň ł ãćěńĺçěŋĺî áőďěàęăŋĺï čěńĺï ć őąőńőçłě Y ĺ áńăąő ĺğňěŋïěâ ãďěńìŋãî íŋâàőŕĺî ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S;

2) ŕőćëèěŋĺě ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě ãňěŋìèăěâ łăł Y , âăł ĺ S.

Řĺá. 4.3. Ťőàňă ĺ ŕőńőęěŋĺě łőààěłæĺľ ŋěŕàőğàăçŋőáâĺ ďńï ïďàă, ńãçĺáâőľ ğőŋë ĺ ďŋă łőŋćěłâĺćŋőľ ğőŋë

İâĺ àěğãńìâăâë ğăćĺáïâ őâ âőçŋëå ğŋăçěŋĺľ lg T_0 ĺ w. Ěáńĺ, ŋăŕàĺňěà, áňěéăâì ňăłáĺňãň łőààěłæĺĺ ć ńãçĺáâőľ ğőŋě ł æěŋâàã Śőńŋæă, âő áőőâćěâáâćãîéĺľ ćěłâőà (K_r ŋă àĺá. 1) ąãďěâ ŕàĺőąàěâăâì ćáě ňěŋìèĺľ ŋăłńőŋ, áâàěňïáì ł ćěłâőàã, őŕĺáëćăîéěňã ĺğňěŋěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě. Ěáńĺ áňěéăâì ňăłáĺňãň łőààěłæĺĺ ć ńãçĺáâőľ ğőŋě ł ŕőćěàåŋőáâĺ, ćěłâőà áňěéěŋĺï K_r ąãďěâ ŕàĺąńĺęăâìáï ł ćěàâĺłăńĺ, őďŋőćàěňěŋŋő ãňěŋìèăïáì ŕő ćěńĺçĺŋě. Łőńĺçěáâćěŋŋëě åăàăłâěàĺáâĺłĺ (ďńï lg T_0 ĺ w ĺğ (4.8)) âăłőćë: d(S/R_g) da_c = −0.17 dY da_c = 0.047 d(S/R_g) da_e = −1.6 dY da_e = 0.06

(4.9)

Řĺá. 4.4. Śćïğì ňěęďã ŋěŕàőğàăçŋőáâìî ĺ ŕăàăňěâàăňĺ ňőďěńěľ Śőńŋæă.

Ŕőńìğãïáì íâĺňĺ ďăŋŋëňĺ, ňőęŋő ŕpěďáłăğëćăâì ŕőćěďěŋĺě ňőďěńĺ ŕpĺ ĺğňěŋěŋĺïå ŋěŕpőğpăçŋőáâĺ ĺ ŋăőąőpőâ, ĺğňěŋïâì ŋěŕpőğpăçŋőáâì âăł, çâőąë ŕőńãçĺâì ŋãęŋëě ğŋăçěŋĺï S ĺ Y . Ŕőďçěpłŋěň ěéě păğ, çâő ŋěŕpőğpăçŋőáâì ćăpìĺpãěâáï ć ïďpě ĺ ńãçĺáâőľ ğőŋě, ă ňěŋïîâáï ŕăpăňěâpë őąőńőçłĺ ňőďěńĺ. Ğăňěâĺň âăłęě, çâő ğăćĺáĺňőáâĺ ïćńïîâáï ŕàĺąńĺğĺâěńìŋő ńĺŋěľŋëňĺ.

Ćëèěőŕĺáăŋŋăï ğăćĺáĺňőáâì ňőęěâ ąëâì âăłęě ĺŋâěàŕàěâĺàőćăŋă ŕő-ďàãčőňã. 1) Ćőğìňěň áâăŋďăàâŋãî ňőďěńì Śőńŋæă ĺ ĺğňěŋĺň ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě. Ňőďěńì ŕěàěňěáâĺâáï ć áőőâćěâáâćĺĺ á ćěłâőàőň K_r. Ŕőáńě íâőčő ŋĺłăłăï łőààěłæĺï ŋěŕàőğàăçŋőáâĺ ć ïďàě ŋě áŕőáőąŋă ŕàĺćěáâĺ ňőďěńì ł ŕàěęŋĺň ğŋăçěŋĺïň Y ĺ S. 2) Ěáńĺ ŋěőąåőďĺňő àăááçĺâăâì ňőďěńì Śőńŋæă á ğăďăŋŋëňĺ ğŋăçěŋĺïňĺ ŕăàăňěâàőć őąőńőçłĺ Y_1 ĺ S_1, âő ćěłâőà ŕěàěňěéěŋĺï (Y, S) → (Y_1, S_1) őďŋőğŋăçŋő àăáłńăďëćăěâáï ŋă áãňňã ćěłâőàőć, ŕăàăńńěńìŋëå K_r ĺ K_c. Śńěďőćăâěńìŋő, ŕăàăňěâàë őąőńőçłĺ ňőďěńĺ őŕàěďěńïîâ áâàőěŋĺě ïďàă ĺ ńãçĺáâőľ ğőŋë ňőďěńĺ. Ŋěłőâőàăï ŋěőďŋőğŋăçŋőáâì áćïğăŋă á äőàňőľ łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ, ŋő őŋă ŋěćěńĺłă.

3) Ěáńĺ ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě ğăďăŋă, âő ãďěńìŋãî íŋâàőŕĺî łőŋćěłâĺćŋőľ ğőŋë ňőęŋő á åőàőèěľ áâěŕěŋìî âőçŋőáâĺ áçĺâăâì ĺğćěáâŋőľ, ĺ ŋăőąőàőâ: ğăďăŋĺě íŋâàőŕĺĺ äĺłáĺàãěâ ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě.

J.Christensen-Dalsgaard âăłęě ŕàőćőďĺń ĺğãçěŋĺě ňőďěńěľ á ĺğňěŋěŋŋőľ (ŕőŋĺęěŋŋőľ) ŋěŕàőğàăçŋőáâìî ć ïďàě (1992); âăłĺě ňőďěńĺ ĺňĺâĺàőćăńĺ ďőŕőńŋĺâěńìŋëě ĺáâőçŋĺłĺ ŕěàěŋőáă íŋěàčĺĺ (ŋăŕàĺňěà, WIMP). İŋâàőŕĺï łőŋćěłâĺćŋőľ ğőŋë ďńï íâĺå ňőďěńěľ ąëńă őæěŋěŋă ŕő ďăŋŋëň, ńîąěğŋő ŕàěďőáâăćńěŋŋëň J.Christensen-Dalsgaard (őâňěâĺň, őďŋăłő, çâő íŋâàőŕĺï ďńï íâĺå ňőďěńěľ őæěŋĺćăńăáì ć àăňłăå ãàăćŋěŋĺï áőáâőïŋĺï MHD, âőčďă łăł ňőďěńĺ àăááçĺâăŋë á ãàăćŋěŋĺěň áőáâőïŋĺï EFF (Eggleton, Faulkner, Flannery, 1973)). Šőçłĺ 7, 27, 28 ŋă àĺá. 4.4 áőőâćěâáâćãîâ ňőďěńïň á àăğŋëňĺ ŋěŕàőğàăçŋőáâïňĺ ć ïďàě ĺğ àăąőâë Christensen-Dalsgaard 1992. Őŋĺ, łăł ńěčłő ćĺďěâì, ďěňőŋáâàĺàãîâ ăŋăńőčĺçŋãî ğăćĺáĺňőáâì ňěęďã ŋěŕàőğàăçŋőáâìî ć ïďàě ňőďěńĺ, ãďěńìŋőľ íŋâàőŕĺěľ ćěéěáâćă łőŋćěłâĺćŋőľ ğőŋë ĺ áőďěàęăŋĺěň čěńĺï.

Ć áőőâćěâáâćĺĺ á ćëèěőŕĺáăŋŋëňĺ ğăłőŋőňěàŋőáâïňĺ ńěčłő őąêïáŋĺâì ŕőćěďěŋĺě áâăŋďăàâŋëå ňőďěńěľ ŋă ŕńőáłőáâĺ (Y, S) (áň. âőâ ęě àĺá. 4.4). Ć àïďã âăąńĺæ IR91 → BU88 → CT76 → CS70 ŋăąńîďăěâáï àăćŋőňěàŋőě ŕőŋĺęěŋĺě ŋěŕàőğàăçŋőáâĺ łăł ć ïďàě, âăł ĺ ć ńãçĺáâőľ ğőŋě. Śőőâćěâáâćěŋŋő ćáě őŋĺ ńěęăâ ŕőçâĺ ŋă őďŋőľ ŕàïňőľ, ŕăàăńńěńìŋőľ áãňňě ćěłâőàőć K_r ĺ K_c (ćğïâëå á őďĺŋăłőćőľ ăňŕńĺâãďőľ łőààěłæĺľ). Šăąńĺæë WKM áőďěàęăâ ąőńìèĺě ŕő áàăćŋěŋĺî á IR91 ğŋăçěŋĺï ć ïďàě ĺ ňěŋìèĺě ć ńãçĺáâőľ ğőŋě; ćáńěďáâćĺě íâőčő âőçłă ńěęĺâ ć áâőàőŋě őâ ćëèěãłăğăŋŋőľ ŕàïňőľ { áőďěàęăŋĺě čěńĺï ć ňőďěńïå IR91 ĺ WKM áőćŕăńő, çâő ïćńïěâáï ďőáâăâőçŋő ŋěőęĺďăŋŋëň àěğãńìâăâőň (áçĺâăěâáï, çâő ŕěàěåőď őâ âăąńĺæ LAOL ł âăąńĺæăň OPAL ãćěńĺçĺćăěâ áőďěàęăŋĺě čěńĺï ŕàĺňěàŋő ŋă 1-2%; áň., ŋăŕàĺňěà, Roxburg 1991).

Čńăćă 5.

Čěńĺőáěľáňĺçěáłăï ňőďěńì Śőńŋæă

Łőŋěçŋőľ æěńìî čěńĺőáěľáňĺçěáłőľ âěőàĺĺ ïćńïěâáï ŕőáâàőěŋĺě ňőďěńĺ Śőńŋæă, âěőàěâĺçěáłĺľ áŕěłâà łőńěąăŋĺľ łőâőàőľ áőćŕăďăěâ ć ŕàěďěńăå őèĺąőł á ŋăąńîďăěňëň. Őďŋăłő őęĺďăâì ãáŕěèŋőčő àěèěŋĺï íâőľ ğăďăçĺ ŕàĺ ŕàïňőńĺŋěľŋőň ŕőďåőďě ňőęŋő ńĺèì áńãçăľŋő. Ďěľáâćĺâěńìŋő, á őďŋőľ áâőàőŋë ŕàĺ ŕőáâàőěŋĺĺ áăňőľ ňőďěńĺ (ąěğ łăłĺå ńĺąő őčàăŋĺçěŋĺľ áő áâőàőŋë čěńĺőáěľáňőńőčĺĺ) ĺáŕőńìğãěâáï ŕő łàăľŋěľ ňěàě ŕïâì ăŕàĺőàŋëå äãŋłæĺľ, ĺğćěáâŋëå ĺŋőčďă ńĺèì á ŋěćëáőłőľ âőçŋőáâìî, ĺ ć ŋăáâőïéěě ćàěňï őâáãâáâćãěâ áłőńìłő-ŋĺąãďì ŕőáńěďőćăâěńìŋőě ŕàěďáâăćńěŋĺě ő ćğăĺňŋőň ćńĺïŋĺĺ őèĺąőł ć íâĺå äãŋłæĺïå ĺ ő ćőğňőęŋëå áńěďáâćĺïå ŋă àěğãńìâĺàãîéãî ňőďěńì. Ŋő ć âőęě ćàěňï ŕàĺ äĺłáĺàőćăŋŋëå äãŋłæĺïå ňë ŕőńãçăěň ćŕőńŋě ğăňłŋãâãî ğăďăçã íćőńîæĺőŋŋőčő ňőďěńĺàőćăŋĺï (ĺŋăçě ŕőáâàőěŋĺï áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ). Šăłĺň őąàăğőň, ć àăňłăå ğăďăçĺ ő ŕőáâàőěŋĺĺ áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ ňë ŋě ĺňěěň áćőąőďŋëå ŕăàăňěâàőć, łőâőàëě ňőęŋő ąëńő ąë ćăàìĺàőćăâì, çâőąë ãńãçèĺâì áőčńăáőćăŋĺě ňőďěńìŋőčő áŕěłâàă, ĺ ďőńęŋë ďőŕãáłăâì âě ĺńĺ ĺŋëě ćăàĺăæĺĺ ćåőďŋëå ďăŋŋëå.

Ŕőďåőď, ŕàĺňěŋěŋŋëľ ć íâőľ àăąőâě, áőáâőĺâ ć ĺáŕőńìğőćăŋĺĺ ćâőàĺçŋőľ čěńĺőáěľáňĺçěáłőľ ĺŋäőàňăæĺĺ ć ćĺďě őâŋőáĺâěńìŋő åőàőèő ãáâăŋőćńěŋŋëå ŕăàăňěâàőć ĺ äãŋłæĺľ, ŋěŕőáàěďáâćěŋŋő åăàăłâěàĺğãîéĺå ňőďěńì, ĺ ĺğãçěŋĺĺ ćőŕàőáă ő âőň, ňőęŋő ńĺ áőćňěáâĺâì ğŋăçěŋĺï íâĺå ŕăàăňěâàőć áő áâăŋďăàâŋëňĺ ĺńĺ ŕőçâĺ áâăŋďăàâŋëňĺ ŕàěďŕőńőęěŋĺïňĺ ő áâàőěŋĺĺ Śőńŋæă.

Ŕàĺ ğăďăŋŋőň ŕàőäĺńě åĺňĺçěáłőčő áőáâăćă (ŋěğăćĺáĺňő őâ âőčő, íćőńîæĺőŋŋëľ őŋ ĺńĺ ŋěâ) ĺ ňăááě ćŋãâàěŋŋěě áâàőěŋĺě ğćěğďë ŕőńŋőáâìî őŕàěďěńěŋő (áőčńăáŋő âěőàěňě Ťőčâă-Řěááěńă (Cox, Giuli 1968)). İâő ğŋăçĺâ, çâő ňőďěńì ąãďěâ ĺňěâì őŕàěďěńěŋŋëě àăďĺãá ĺ áćěâĺňőáâì. Ďńï âőčő çâőąë ĺå ğŋăçěŋĺï áőőâćěâáâćőćăńĺ áőńŋěçŋëň, ŋěőąåőďĺňő ĺňěâì ŕő łàăľŋěľ ňěàě ďćă áćőąőďŋëå ŕăàăňěâàă. Ŕàĺ ŕőáâàőěŋĺĺ áâăŋďăàâŋőľ ňőďěńĺ ć łăçěáâćě âăłĺå ŕăàăňěâàőć ŕő âàăďĺæĺĺ ćëąĺàăîâ ŋăçăńìŋőě áőďěàęăŋĺě ćőďőàőďă (áőćŕăďăîéěě á áőďěàęăŋĺěň ćőďőàőďă ć őąőńőçłě ňőďěńĺ ŕàĺ áďěńăŋŋëå ŕàěďŕőńőęěŋĺïå őą íćőńîæĺĺ) ĺ ŋěłőâőàëľ ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ, ŕőğćőńïîéĺľ ãŕàăćńïâì ćěńĺçĺŋőľ čàăďĺěŋâă âěňŕěàăâãàë ć áăňëå ćŋěèŋĺå áńőïå łőŋćěłâĺćŋőľ ğőŋë. Ćëďěńěŋĺě ĺňěŋŋő íâĺå ŕăàăňěâàőć áńőęĺńőáì ć ğŋăçĺâěńìŋőľ ňěàě ĺáâőàĺçěáłĺň ĺ őąãáńőćńěŋő őâáãâáâćĺěň ŋěğăćĺáĺňëå ŋăďěęŋëå őæěŋőł íâĺå ćěńĺçĺŋ. Ďàãčĺňĺ áńőćăňĺ, ĺğ ŕàőĺğćőńìŋő ŕőďąĺàăěňëå ćěńĺçĺŋ ğăďăçĺ íâĺ ŕăàăňěâàë ŕàěćàăéăîâáï ć łőŋěçŋëľ àěğãńìâăâ ğăďăçĺ. Šăł, áőďěàęăŋĺě čěńĺï ć áâăŋďăàâŋőľ ňőďěńĺ ïćńïěâáï ąăğőćőľ (ĺ áăňőľ âőçŋőľ) őæěŋłőľ áőďěàęăŋĺï čěńĺï ć áőńŋěçŋőľ áĺáâěňě, ŕàĺňěŋïěňőľ ć ăáâàőäĺğĺłě (Anders, Grevesse 1989). Ć őąéěň áńãçăě, àěğãńìâăâăňĺ ğăďăçĺ áńěďãěâ áçĺâăâì âăłęě âăłĺě ćěńĺçĺŋë, łăł ŕőâőł ŋěľâàĺŋő, čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë ĺ åăàăłâěàĺáâĺłĺ áŕěłâàă łőńěąăŋĺľ. Őďŋăłő ćăęŋő ĺňěâì ć ćĺďã, çâő łàőňě ŕàőäĺńï áőďěàęăŋĺï ćőďőàőďă, ŕàĺ ŕőáâàőěŋĺĺ ňőďěńĺ ĺáŕőńìğãîâáï ŕő łàăľŋěľ ňěàě çěâëàě ăŕàĺőàŋëě äãŋłæĺĺ, őŕĺáëćăîéĺě íŋěàčőćëďěńěŋĺě, ŋěŕàőğàăçŋőáâì, łőŋćěłâĺćŋëľ čàăďĺěŋâ ĺ ãàăćŋěŋĺě áőáâőïŋĺï, ĺ ĺğćěáâŋëě á ŋěłőâőàőľ, çăáâő ŋě áńĺèłőň åőàőèěľ âőçŋőáâìî. Ŕőíâőňã ăłâãăńìŋőľ ŕàőąńěňőľ ğăďăçĺ ő ćŋãâàěŋŋěň áâàőěŋĺĺ Śőńŋæă, ïćńïěâáï őŕàěďěńěŋĺě őèĺąőł àěğãńìâĺàãîéĺå ŕăàăňěâàőć ć ğăćĺáĺňőáâĺ őâ ćăàĺăæĺľ ăŕàĺőàŋëå äĺğĺçěáłĺå äãŋłæĺľ.

5.1. Čěńĺőáěľáňőńőčĺçěáłăï ĺŋäőpňăæĺï Śãéěáâćãîâ ŋěáłőńìłő åőàőèő ĺğćěáâŋëå ďőáâĺęěŋĺľ čěńĺőáěľáňőńőčĺĺ, łőâőàëě ňőčãâ ąëâì ãáŕěèŋő ĺáŕőńìğőćăŋë ć âěőàĺĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă: 1) őŕàěďěńěŋĺě čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë; 2) ćőááâăŋőćńěŋĺě ŕàőäĺńï áłőàőáâĺ ğćãłă; 3) őŕàěďěńěŋĺě áőďěàęăŋĺï čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě. Ŕàĺćěďěň çĺáńěŋŋëě ğŋăçěŋĺï íâĺå ćěńĺçĺŋ; ĺáâőàĺï ćőŕàőáă őąáãęďăńăáì ć §1.5.3.

Őďŋő ĺğ ńãçèĺå őŕàěďěńěŋĺľ čńãąĺŋë áőńŋěçŋőľ łőŋćěłâĺćŋőľ ğőŋë áőďěàęĺâáï ć àăąőâě Christensen-Dalsgaard, Gough, Thompson, 1991 (H_{cz}/R_⊙ = 0.287 ± 0.003). Ąőńěě ŕőğďŋĺě àěğãńìâăâë Guzik, Cox 1993; Dziembowski et al. 1994 áőčńăáãîâáï á ŋĺňĺ ć ŕàěďěńăå őèĺąőł.

Ŕàőäĺńì áłőàőáâĺ ğćãłă, ĺáŕőńìğőćăŋŋëľ ć íâőľ àăąőâě, ąëń ŕőńãçěŋ ć áâăâìě Vorontsov, Shibahashi 1991 ăáĺňŕâőâĺçěáłĺň ňěâőďőň ćâőàőčő ŕőàïďłă ŕő çăáâőâăň ŋăąńîďěŋĺľ Libbrecht, Woodard, Kaufman 1990 (ćëáőłĺě l) ĺ Jimenez et al. 1988 (ŋĺğłĺě l). Ŋă àĺá. 5.1 ŕőłăğăŋ őąéĺľ ćĺď ŕàőäĺńï c^2 ćŋãâàĺ Śőńŋæă; őâňěâĺň, çâő àăğŋĺæă ňěęďã ňőďěńìŋëň ĺ ćőááâăŋőćńěŋŋëň ŕàőäĺńïňĺ ŕőçâĺ ŋěğăňěâŋă ć âăłőň ňăáèâăąě.

Ŕàĺŋæĺŕ őŕàěďěńěŋĺï áőďěàęăŋĺï čěńĺï ć őąőńőçłě Y ĺ íŋâàőŕĺĺ łőŋćěłâĺćŋőľ ğőŋë S ďőáâăâőçŋő ŕàőáâ. Łăł őąáãęďăńőáì ć čń. 3, őąőńőçłă Śőńŋæă åăàăłâěàĺğãěâáï ďćãňï ŕăàăňěâàăňĺ (ć łăçěáâćě łőâőàëå ňőčãâ ąëâì ćëąàăŋë S ĺ Y ). Ňőęŋő àăááçĺâăâì ŋăąőà ňőďěńěľ őąőńőçěł á àăğŋëňĺ S, Y , àăááçĺâăâì ĺå çăáâőâë łőńěąăŋĺľ ĺ áàăćŋĺâì ŕőáńěďŋĺě á ŋăąńîďăěňëňĺ ğŋăçěŋĺïňĺ. Őçěćĺďŋő, ňőďěńì őąőńőçłĺ Śőńŋæă á ŋăĺńãçèĺňĺ áőąáâćěŋŋëňĺ çăáâőâăňĺ ãłăęěâ ŋă ŋăĺńãçèĺě Y ĺ S (ŕàĺ íâőň ŋěőąåőďĺňő őčàăŋĺçĺâìáï çăáâőâăňĺ á ćëáőłĺňĺ l, â.ł. ňőďěńĺ ïďàă Śőńŋæă ć ďăŋŋőň

Řĺá. 5.1. Ŕàőäĺńĺ łćăďàăâă áłőàőáâĺ ğćãłă. Ÿâàĺåőćăï ńĺŋĺï { ćőááâăŋőćńěŋĺě ŕő çăáâőâăň łőńěąăŋĺľ Śőńŋæă (Vorontsov, Shibahashi 1991); âőŋłĺě ńĺŋĺĺ { áâăŋďăàâŋëě ňőďěńĺ á àăğńĺçŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ, àăááçĺâăŋŋëě ć íâőľ àăąőâě.

ŕőďåőďě ŋě àăááçĺâëćăîâáï ćőćáě). Ŋă ŕàăłâĺłě čńăćŋăï áńőęŋőáâì ć ŕàĺňěŋěŋĺĺ íâőľ ňěâőďĺłĺ áőáâőĺâ ć ćëąőàě ŕàőĺğćőďŋëå őâ çăáâőâ ćěńĺçĺŋ, łőâőàëě ňőčńĺ ąë áńãęĺâì łàĺâěàĺěň ďńï áàăćŋěŋĺï. Ąőńěě ŕőďàőąŋő őą íâőň áň. ć àăąőâăå, ŕőáćïéěŋŋëå őŕàěďěńěŋĺî áőďěàęăŋĺï čěńĺï (őŋĺ ŕěàěçĺáńěŋë ć čń. 1). Ąőńìèĺŋáâćő ăćâőàőć, őďŋăłő, ĺčŋőàĺàãîâ ŕőńãçěŋŋëě ğŋăçěŋĺï S (ĺńĺ íłćĺćăńěŋâŋőčő ŕăàăňěâàă) ĺ ŕàĺćőďïâ ńĺèì áőďěàęăŋĺě čěńĺï Y . İâő ŋě őğŋăçăěâ, çâő Y ňőęěâ ąëâì őŕàěďěńěŋő ŋěğăćĺáĺňő { łăńĺąàőćłă ćáěčďă âàěąãěâ ďćãå ŕăàăňěâàőć. Ĺŋőčďă ňőęŋő ćáâàěâĺâì ãâćěàęďěŋĺě, çâő ŕàĺ ĺğćěáâŋőľ čńãąĺŋě łőŋćěłâĺćŋőľ ğőŋë őďĺŋ ĺğ ŕăàăňěâàőć (ŋăŕàĺňěà, S) áâăŋőćĺâáï őŕàěďěńěŋŋëň (ğăćĺáĺâ őâ ćâőàőčő). İâő, őďŋăłő, ŕàěďŕőńăčăěâ, çâő ŋěŕàőğàăçŋőáâì ã ďŋă łőŋćěłâĺćŋőľ ğőŋë ĺğćěáâŋă á åőàőèěľ âőçŋőáâìî. Ł áőęăńěŋĺî, íâő ŋě âăł.

Śőďěàęăŋĺě čěńĺï, ŕőńãçăěňőě àăğŋëňĺ ăćâőàăňĺ ć ŋăáâőïéěě ćàěňï, ąńĺğłő ł 0.245-0.250 (§1.5.3). Ł áőęăńěŋĺî, ğŋăçěŋĺě íŋâàőŕĺĺ ćěéěáâćă łőŋćěłâĺćŋőľ ğőŋë ŕàĺćőďïâáï âőńìłő őďŋőľ čàãŕŕőľ ĺááńěďőćăâěńěľ (Baturin, Vorontsov 1995). Ŕőáłőńìłã ŋěőąåőďĺňő ĺáŕőńìğőćăâì áőčńăáőćăŋŋëě ňěęďã áőąőľ ğŋăçěŋĺï Y ĺ S (ŕőńãçěŋŋëě ć àăňłăå őďŋőľ łăńĺąàőćłĺ), âő ć ďăńìŋěľèěň ąãďěň őàĺěŋâĺàőćăâìáï ŋă Y = 0.25, S/R = 21.0 ňőńì/č (Baturin, Vorontsov 1995).

5.2. Ćőğňőęŋőáâì ŕőńãçěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ ğă áçěâ ďőŕãéěŋĺï ňőďĺäĺłăæĺľ ŋěŕpőğpăçŋőáâĺ

5.2.1. Ŕăpăňěâpë łőŋćěłâĺćŋőľ őąőńőçłĺ S ĺ Y Řăááňőâàěŋĺě ćőŕàőáă ő ćőğňőęŋőáâĺ ŕőáâàőěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ ŋăçŋěň á ŕăàăňěâàőć łőŋćěłâĺćŋőľ őąőńőçłĺ { ãďěńìŋőľ íŋâàőŕĺĺ ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë S ĺ áőďěàęăŋĺï čěńĺï (ŕő ňăááě) Y . Šăąńĺæă 4.1 (§4.2), áőďěàęăéăï ďăŋŋëě ő áâăŋďăàâŋëå ňőďěńïå, ŕőłăğëćăěâ, çâő ŋĺ őďŋă ĺğ ŋĺå ŋě áőčńăáãěâáï áő ğŋăçěŋĺïňĺ S = 21.0 ňőńì/č, Y = 0.25. Čńăćŋăï ŕàőąńěňă ďńï ňőďěńěľ á áőćàěňěŋŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ áőáâőĺâ ć áńĺèłőň ćëáőłőň áőďěàęăŋĺĺ čěńĺï. Őďĺŋ ĺğ ňŋőęěáâćă ćőğňőęŋëå ŕãâěľ ńěęĺâ ć ćăàĺăæĺĺ ŋěŕàőğàăçŋőáâěľ ć ŋěďàăå Śőńŋæă. Ŕàĺňěŋĺň ł íâőľ ŕàőąńěňě àěğãńìâăâë, ŕőńãçěŋŋëě ć ŕàěďëďãéěľ čńăćě ĺ ŕőŕëâăěňáï ŕőńãçĺâì áâăâĺçěáłãî ňőďěńì Śőńŋæă, ĺňěîéãî âàěąãěňëě (S = 21.0 ňőńì/č, Y = 0.25) ğŋăçěŋĺï ŕăàăňěâàőć.

Śőčńăáŋő ĺğőąàăęěŋŋëň ŋă àĺáãŋłě ćěłâőàăň ňőďĺäĺłăæĺĺ ŕăàăňěâàőć ňőďěńĺ ŕàĺ ĺğňěŋěŋĺĺ ŋěŕàőğàăçŋőáâĺ (áà. àĺá. 4.4 ĺ 5.2), ďńï ňőďěńĺ á âăąńĺæăňĺ ŋěŕàőğàăçŋőáâĺ IR91 ďőáâăâőçŋő ãňěŋìèĺâì ŋěŕàőğàăçŋőáâì ć ïďàě, ŋě ĺğňěŋïï ěě ć ńãçĺáâőľ ğőŋě (ŋěŕàőğàăçŋőáâì ć ïďàě ĺğňěŋïěâ áőďěàęăŋĺě čěńĺï ĺ ŋě ğăâàăčĺćăěâ íŋâàőŕĺî łőŋćěłâĺćŋőľ ğőŋë) (ŕőńãçĺćèăïáï ňőďěńì ĺňěěâ ŋőňěà 350-0083; áň. âăąń. 5.1). Ŋěőąåőďĺňőě ãňěŋìèěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě áőáâăćńïěâ ŕőçâĺ 60%. Őâňěâĺň, çâő âăłőľ ćëćőď ŋőáĺâ ŋăćőďïéĺľ åăàăłâěà, ãłăğëćăï, ć łăłőň ŋăŕàăćńěŋĺĺ áńěďőćăńő ąë ňěŋïâì ŋěŕàőğàăçŋőáâì. Šőçŋëľ ŕàőäĺńì łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ, őŕàěďěńïěňëľ ŋěěďĺŋáâćěŋŋëň őąàăğőň ć àăňłăå áâőńì áńăąëå őčàăŋĺçěŋĺľ, ğăćĺáĺâ őâ ćëąàăŋŋőľ ŕăàăňěâàĺğăæĺĺ ćăàĺăæĺľ ŋěŕàőğàăçŋőáâĺ (4.8).

Őçěćĺďŋő, ňőęŋő àăááçĺâăâì ňőďěńì á áěľáňĺçěáłőľ őąőńőçłőľ ĺ ŕő-ďàãčőňã { ŋăŕàĺňěà, ćğïć ć łăçěáâćě ŋăçăńìŋőľ ňőďěńì á ŋěŕàőğàăçŋőáâïňĺ CT76. Ş íâőľ ňőďěńĺ áńĺèłőň ćëáőłăï íŋâàőŕĺï, ć âő ćàěňï łăł áőďěàęăŋĺě čěńĺï ąńĺğłő ł âàěąãěňőňã. Ůâőąë ãňěŋìèĺâì íŋâàőŕĺî, ňőęŋő ãćěńĺçĺâì ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě, őďŋăłő ŕàĺ íâőň ãćěńĺçĺâáï áőďěàęăŋĺě čěńĺï, ĺ ďńï łőňŕěŋáăæĺĺ âăłőčő ãćěńĺçěŋĺï

Ňőďěńì Y S/R H_{cz}/R T_c, 10^6 K ρ_c, č/áň^3 c^2/10^{15} 350-0083 0.2499 20.99 0.3067 14.61 180.99 2.4532 350-0080 0.2507 21.03 0.3063 15.12 162.13 2.5323 350-0064 0.2496 21.02 0.2874 14.60 181.02 2.4530 350-0081 0.2504 21.06 0.2870 15.12 162.04 2.5324 350-0105 0.2803 20.87 0.2810 15.72 150.84 2.5407 350-0113 0.2400 21.36 0.2862 14.65 169.69 2.4822 350-0112 0.2503 21.23 0.2876 14.94 164.07 2.5011 350-0111 0.2596 21.10 0.2863 15.14 162.21 2.5077 350-0114 0.2803 20.82 0.2877 15.69 152.27 2.5376

Ňőďěńì F_{Cl}37 F_{Ga}71 a_{core} a_{rad} 350-0083 2.98 103.3 −0.578 0.0 350-0080 4.51 110.0 −0.250 0.510 350-0064 2.95 103.1 −0.580 0.0 350-0081 4.50 109.9 −0.250 0.510 350-0105 8.51 127.4 0 0 350-0113 2.96 102.6 −0.507 −0.03 350-0112 3.94 107.6 −0.385 −0.05 350-0111 4.81 111.9 −0.309 −0.04 350-0114 8.35 126.9 −0.026 −0.07

Šăąńĺæă 5.1. Ŕăàăňěâàë ňőďěńěľ á ŕőďőąàăŋŋëňĺ Y , S (350-0083, 350-0080, 350-0064, 350-0081) ĺ ğăďăŋŋőľ áłőàőáâìî ğćãłă (350-111 { 350-114). 350-0105 { áâăŋďăàâŋăï ňőďěńì á âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ IR91. c^2 { łćăďàăâ áłőàőáâĺ ğćãłă ć æěŋâàě, a_{core} ĺ a_{rad} { łőíääĺæĺěŋâë ć (4.7) ďńï ïďàă Śőńŋæă ĺ ńãçĺáâőľ ğőŋë áőőâćěâáâćěŋŋő.

âàěąãěâáï áŋőćă ãňěŋìèěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě. Řěğãńìâĺàãîéăï ňőďěńì őąőğŋăçěŋă 350-0080.

Šăłĺň őąàăğőň, ňőďěńì á ğăďăŋŋëňĺ åăàăłâěàĺáâĺłăňĺ łőŋćěłâĺćŋőľ ğőŋë ŕőáâàőĺâì ňőęŋő ĺ ŋě ěďĺŋáâćěŋŋëň őąàăğőň (çâő ěáâěáâćěŋŋő ŕàĺ áâőńì ňăńőľ ăŕàĺőàŋőľ ĺŋäőàňăæĺĺ). Őďŋăłő őçěćĺďŋë őąéĺě çěàâë ć íâĺå ňőďěńïå. Ćő-ŕěàćëå, őŋĺ ďőńęŋë ĺňěâì ŋěŕàőğàăçŋőáâì ć ńãçĺáâőľ ğőŋě, ąńĺğłãî ł ŋěŕàőğàăçŋőáâĺ OPAL. Ŋă àĺá. 5.3 ŕőłăğăŋë ŋěŕàőğàăçŋőáâĺ ć 350-0083 ĺ 350-0080, ćëçĺáńěŋŋëě á ãçěâőň łőààěłæĺľ ŋěŕàőğàăçŋőáâĺ, áďěńăŋŋëå ŕàĺ ŕőáâàőěŋĺĺ íâĺå ňőďěńěľ, ŋő ďńï äĺłáĺàőćăŋŋőčő ŋăąőàă âőçěł ć ŕńőáłőáâĺ (T , ρ). Ćő-ćâőàëå, ďàãčőľ őąéěľ çěàâőľ ïćńïěâáï ćěáìňă ŋĺğłăï ŋěŕàőğàăçŋőáâì ć ïďàě ďńï őąěáŕěçěŋĺï ŋĺğłőčő áőďěàęăŋĺï čěńĺï. Śćïğì ňěęďã ŋěŕàőğàăçŋőáâìî ć ïďàě ĺ áőďěàęăŋĺěň čěńĺï ŋěőďŋőłàăâŋő őâňěçăńăáì ć ńĺâěàăâãàě.

Řĺá. 5.2. Ŕőďąőà ŕăàăňěâàőć őąőńőçłĺ Śőńŋæă.

Ğćěğďőçłĺ { áâăŋďăàâŋëě ňőďěńĺ; őłőńő ŋĺå ãłăğăŋő őąőğŋăçěŋĺě âăąńĺæ ŋěŕàőğàăçŋőáâĺ ć áőőâćěâáâćĺĺ á §4.2. Ğŋăçőł, ŋăŕőňĺŋăîéĺľ Śőńŋæě { čěńĺőáěľáňĺçěáłĺě ďăŋŋëě. Ŕàïňëě, ŕőňěçěŋŋëě K_c ĺ K_r őąőğŋăçăîâ ŋăŕàăćńěŋĺě ĺğňěŋěŋĺľ ňőďěńĺ ŕàĺ ňőďĺäĺłăæĺĺ ŋěŕàőğàăçŋőáâĺ áőőâćěâáâćěŋŋő ć ïďàě ĺ ńãçĺáâőľ ğőŋě ňőďěńĺ (áň. âăłęě čńăćã 4). X_c { ĺğňěŋěŋĺě ŕăàăňěâàőć ňőďěńĺ ŕàĺ ňőďĺäĺłăæĺĺ åĺňĺçěáłőčő áőáâăćă ć ïďàě (áň. §5.3.1-)

Őâňěâĺň âăłęě, çâő ĺáŕőńìğőćăŋŋëě áŕőáőąë łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ďăńěłő ŋě ěďĺŋáâćěŋŋë. Ćőğňőęŋő ŕàĺňěŋěŋĺě èĺàőłőčő łńăááă "ćőńŋőőąàăğŋëå" łőààěłæĺľ ć ńãçĺáâőľ ğőŋě, àěğãńìâăâőň łőâőàëå ąãďěâ áőåàăŋěŋĺě ŕăàăňěâàőć ňőďěńĺ. Ŕàĺňěàőň ŕőďőąŋőčő àőďă ćăàĺăæĺľ ŋěŕàőğàăçŋőáâĺ ňőęěâ áńãęĺâì àăğŋőáâì ňěęďã ňőďěńïňĺ 350-0083 ĺ 350-0080 (áň. àĺá. 5.3). Őďŋăłő, łăł ąãďěâ ŕàőďěňőŋáâàĺàőćăŋő ďăńěě, łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ âěáŋő áćïğăŋë á ŕàőäĺńěň áłőàőáâĺ ğćãłă ć ňőďěńĺ, çâő ďăěâ ćőğňőęŋőáâì áãğĺâì ňŋőęěáâćő ćőğňőęŋëå ćăàĺăæĺĺ. Łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ć

Řĺá. 5.3. Ŋěŕàőğàăçŋőáâì ć ňőďěńïå á čěńĺőáěľáňĺçěáłĺňĺ ğŋăçěŋĺïňĺ S ĺ Y. Ŕőłăğăŋ ŕàőäĺńì ĺğ âăąńĺæ IR91 (OPAL) ĺ ŕàőäĺńĺ ĺğ ďćãå ňőďěńěľ á ŕőďőąàăŋŋëňĺ Y , S. Őďŋă ĺğ ŋĺå (350-0083) ŕőńãçěŋă ňőďĺäĺłăæĺěľ áâăŋďăàâŋőľ ňőďěńĺ á ŋěŕàőğàăçŋőáâïňĺ IR91, ćâőàăï (350-0080) { ňőďĺäĺłăæĺěľ ňőďěńĺ á ŋěŕàőğàăçŋőáâïňĺ CT76.

ïďàě ć áćőî őçěàěďì ňőčãâ ąëâì çăáâĺçŋő íłćĺćăńěŋâŋë łőààěłæĺïň ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă (áň. §5.3.1), åőâï ňőďĺäĺłăæĺĺ ŕàőäĺńï ćőďőàőďă ŋě ňőčãâ ŕőńŋőáâìî áłőňŕěŋáĺàőćăâì áâőńì ğŋăçĺâěńìŋëě łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ć ïďàě.

5.2.2. Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë Őąàăâĺňáï ł áńěďãîéěľ ćőğňőęŋőáâĺ ãâőçŋĺâì ŋăèĺ ŕàěďáâăćńěŋĺï ő áâàőěŋĺĺ Śőńŋæă, ĺáŕőńìğãï čěńĺőáěľáňĺçěáłĺě àěğãńìâăâë. Řăááňőâàĺň áńěďáâćĺï ĺğňěàěŋĺï čěőňěâàĺçěáłőľ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ŕő çăáâőâăň łőńěąăŋĺľ. Ěáńĺ ňë àăááňăâàĺćăěň ğăďăŋŋëľ łńăáá ňőďěńěľ áő áâăŋďăàâŋëň őáŋőćăŋĺěň łőŋćěłâĺćŋőľ ğőŋë, âő ąőńěě ěáâěáâćěŋŋő ćěáâĺ ăŋăńĺğ ć âěàňĺŋăå ŋěŕàőğàăçŋőáâĺ. Ć őáŋőćě ěčő ńěęĺâ áćïğì ňěęďã ŕăàăňěâàăňĺ łőŋćěłâĺćŋőľ ğőŋë (Y, S), ěě čńãąĺŋőľ H_{cz} ĺ ŋěŕàőğàăçŋő- áâìî κ(T, ρ, Y ). Őáŋőćŋëň ŕàěďŕőńőęěŋĺěň ŕàĺ íâőň ïćńïěâáï âő, çâő ŕàěłàăéěŋĺě łőŋćěłæĺĺ ŋăáâãŕăěâ ć áőőâćěâáâćĺĺ á łàĺâěàĺěň Ÿćăàæèĺńìďă, â.ě. ŕàĺ àăćěŋáâćě ńãçĺáâőčő ĺ ăďĺăąăâĺçěáłőčő čàăďĺěŋâőć âěňŕěàăâãàë. Ć áőńŋěçŋëå ňőďěńïå áő áâăŋďăàâŋëň őŕĺáăŋĺěň łőŋćěłæĺĺ ňěęďã ãłăğăŋŋëňĺ çěâëàìňï ŕăàăňěâàăňĺ (ĺńĺ ďăęě âàěňï ĺğ ŋĺå) áãéěáâćãěâ őďŋőğŋăçŋőě áőőâŋőèěŋĺě, ćëŕőńŋïîéěěáï á âőçŋőáâìî, ąőńěě çěň ďőáâăâőçŋőľ ďńï ŕàőćőďĺňőčő ăŋăńĺğă ŋěŕàőğàăçŋőáâĺ ĺ áěľáňĺçěáłĺå áćőľáâć. Ďńï őąőáŋőćăŋĺï âăłőčő ŕàěďŕőńőęěŋĺï ŕěàěŕĺèěň łàĺâěàĺľ Ÿćăàæèĺńìďă ć ćĺďě κ P T^4 = ∇_{ad} 16πacGM_r 3L (5.1)

Ŕàăćãî çăáâì (5.1) ňőęŋő áçĺâăâì ŕőáâőïŋŋőľ á åőàőèěľ áâěŕěŋìî âőçŋőáâĺ, â.ł. ăďĺăąăâĺçěáłĺľ čàăďĺěŋâ ã őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë ąńĺğőł ł 2/5, áćěâĺňőáâì àăćŋă ŕőńŋőľ áćěâĺňőáâĺ Śőńŋæă, ă ňăááă őâńĺçăěâáï őâ ŕőńŋőľ ňăááë Śőńŋæă ŋă 2% ĺ ŋě ňőęěâ ąëâì áĺńìŋő ĺğňěŋěŋă. Ŋő äãŋłæĺï κP/T^4 ŕàĺ ğăďăŋŋőň åĺňĺçěáłőň áőáâăćě ěáâì äãŋłæĺï âőńìłő T ĺ ρ ĺńĺ âőńìłő äãŋłæĺï âěňŕěàăâãàë ĺ íŋâàőŕĺĺ (T, S). Šăłĺň őąàăğőň, ěáńĺ ňë ğŋăěň íŋâàőŕĺî S ĺ åĺňĺçěáłĺľ áőáâăć, âő âěňŕěàăâãàã ć őáŋőćăŋĺĺ łőŋćěłâĺćŋőľ ğőŋë ňőęŋő őŕàěďěńĺâì ŋă őáŋőćăŋĺĺ (5.1). Ěáńĺ ŕàěďŕőńőęĺâì, çâő ãàăćŋěŋĺě áőáâőïŋĺï ąńĺğłő ł ãàăćŋěŋĺî áőáâőïŋĺï ĺďěăńìŋőčő čăğă, âő ğăćĺáĺňőáâì őâŋőèěŋĺï κ/ρ őâ S ĺ Y ňőęŋő ćëàăğĺâì ąőńěě ïćŋő, ŕěàěŕĺáăć ńěćãî çăáâì (5.1) çěàěğ f(S) = P/T^{2.5} ĺ ňőńěłãńïàŋëľ ćěá μ κ P T^4 = κ ρ f^2(S) R_g μ (5.2)

Ćëàăęěŋĺï (5.1) ĺ (5.2) őğŋăçăîâ, çâő áãéěáâćãěâ áćïğì ňěęďã κ/ρ, S, Y , ĺ őŋă ŋě ćłńîçăěâ àăďĺãá. Ĺńĺ, ğŋăï S ĺ Y , ňë ňőęěň őŕàěďěńĺâì κ/ρ ć őáŋőćăŋĺĺ łőŋćěłâĺćŋőľ ğőŋë.

Ďàãčĺň ŋěőąåőďĺňëň ŕőńőęěŋĺěň ïćńïěâáï âő, çâő ŕàőäĺńì âěňŕěàăâãàë (ĺ ŕńőâŋőáâĺ) ć ăďĺăąăâĺçěáłőľ łőŋćěłâĺćŋőľ ğőŋě ěáâì äãŋłæĺï âőńìłő S ĺ Y ĺ ŋě ğăćĺáĺâ őâ áâàőěŋĺï ćŋěèŋĺå áńőěć. Ďńï őæěŋłĺ ćőğňőęŋëå ćăàĺăæĺľ ĺáŕőńìğãěň ŕàěďŕőńőęěŋĺě ő ąńĺğőáâĺ ãàăćŋěŋĺï áőáâőïŋĺï ł ãàăćŋěŋĺî áőáâőïŋĺï ďńï ĺďěăńìŋőčő čăğă ĺ ŕàěŋěąàěęĺňő ňăńőľ ňăááě őąőńőçłĺ. Šőčďă ğăćĺáĺňőáâì T (r) ć łőŋćěłâĺćŋőľ ğőŋě ĺňěěâ ćĺď (Ąăâãàĺŋ, Ăîłőć 1996)

T (r) = T_0 + GM_rμ∇_{ad} R_g ( 1 r − 1 r_0 ) (5.3)

Ĺáŕőńìğőćăŋĺě (5.3) ďěńăěâ őçěćĺďŋëň, çâő ğăćĺáĺňőáâì őâ áâàőěŋĺï ćŋěèŋĺå áćěàåăďĺăąăâĺçěáłĺå çăáâěľ ĺ ăâňőáäěàë ćěáìňă áńăąă. Ŋăŕàĺňěà, ĺğňěŋěŋĺï ć âěőàĺĺ łőŋćěłæĺĺ ňőčãâ ćěáâĺ ł ĺğňěŋěŋĺî âőńéĺŋë ćŋěèŋĺå áńőěć ŋă ćěńĺçĺŋã ŕőàïďłă 50{100 łň, çâő íłćĺćăńěŋâŋő ćăàĺăæĺĺ ŋăçăńìŋőčő àăďĺãáă r_0 ć ćëàăęěŋĺĺ (5.3) (ŕőáłőńìłã ŕàőäĺńì âěňŕěàăâãàë ĺ ŕńőâŋőáâĺ őŕàěďěńěŋ ŕàĺ ğăďăŋŋőľ íŋâàőŕĺĺ). Őďŋăłő ŕàőĺğćőďŋăï (Ąăâãàĺŋ, Ăîłőć 1996) d ln T d ln r r=0 = T − T_0 T r r − r_0 ≈ 10^{−2} (5.4)

(ć ãáńőćĺïå, åăàăłâěàŋëå ďńï áőńŋěçŋőľ łőŋćěłâĺćŋőľ ğőŋë), â.ě. ćăàĺăæĺĺ ŋăçăńìŋőčő àăďĺãáă ŕőàïďłă 10^{−3} ćëğőćãâ őâŋőáĺâěńìŋëě ćăàĺăæĺĺ âěňŕěàăâãàë ć őáŋőćăŋĺĺ łőŋćěłâĺćŋőľ ğőŋë ŕőàïďłă 10^{−5}. Ĺŋăçě čőćőàï, áçĺâăï ĺğćěáâŋëňĺ Y , S ĺ H_{cz}, ňőęŋő áłăğăâì, łăłőćă ŋěŕàőğàăçŋőáâì ć őáŋőćăŋĺĺ łőŋćěłâĺćŋőľ ğőŋë (âő ěáâì ć ŋěłőâőàőľ âőçłě T , ρ). Śőőâćěâáâćěŋŋő, ňőęŋő áàăćŋĺâì âăłĺň őąàăğőň ŕőńãçěŋŋãî ŋěŕàőğàăçŋőáâì á âěőàěâĺçěáłőľ, ďńï őæěŋłĺ âőçŋőáâĺ ŕőáńěďŋěľ. Ůâőąë ŕàěďáâăćĺâì ŋăčńïďŋő íâĺ őæěŋłĺ á ãçěâőň ćőğňőęŋëå ŋěőŕàěďěńěŋŋőáâěľ ć ğŋăçěŋĺïå Y , S ĺ H_{cz}, ąëńĺ ćëŕőńŋěŋë àăáçěâë őąőńőçěł ďńï âăąńĺæ ŋěŕàőğàăçŋőáâĺ OPAL. Řěğãńìâăâë ŕàěďáâăćńěŋë ŋă àĺá. 5.4, čďě čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë őâńőęěŋă łăł äãŋłæĺï íŋâàőŕĺĺ ďńï àăğńĺçŋëå áőďěàęăŋĺľ čěńĺï, çâő ďăěâ ŕàěďáâăćńěŋĺě ő čńãąĺŋăå łőŋćěłâĺćŋőľ ğőŋë ć ňőďěńïå ŕàĺ ĺáŕőńìğőćăŋĺĺ âăąńĺæ OPAL. Ŕăàăńěńńőčàăňň ŕàěďáâăćńïěâ őąńăáâì ćőğňőęŋëå őèĺąőł ć čěńĺőáěľáňĺçěáłőľ łăńĺąàőćłě čěńĺï ĺ íŋâàőŕĺĺ (Baturin, Vorontsov 1995). Őçěćĺďŋő, çâő âăąńĺæë OPAL ďăîâ áńĺèłőň čńãąőłãî łőŋćěłâĺćŋãî ğőŋã ŕàĺ čěńĺőáěľáňĺçěáłĺå ğŋăçěŋĺïå Y ĺ S (őłőńő H_{cz}/R = 0.305). İâő őğŋăçăěâ, çâő íâĺ ŋěŕàőğàăçŋőáâĺ ğăćëèěŋë ŕàĺ âěňŕěàăâãàăå T = 2.3 ňńŋ. Ł.

Ğďěáì ňë ćáâãŕăěň ć ŕàőâĺćőàěçĺě á ćëćőďőň §5.2.1, łőčďă łăğăńőáì, çâő ŋěőąåőďĺňëě ďńï ŕőáâàőěŋĺï ňőďěńĺ á ŋĺğłĺňĺ íŋâàőŕĺěľ ĺ čěńĺěň ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě ŕőďâćěàęďăîâ ŕàăćĺńìŋőáâì ŋěŕàőğàăçŋőáâěľ OPAL ć ńãçĺáâőľ ğőŋě. Őďŋăłő ăŋăńĺğ ŕőńőęěŋĺï őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë ćěďěâ ł ğăłńîçěŋĺî, çâő ŋěŕàőğàăçŋőáâĺ OPAL ğăćëèěŋë ã ďŋă łőŋćěłâĺćŋőľ ğőŋë. Ťőàňăńìŋő, âăłőě ŕàőâĺćőàěçĺě ŕàěőďőńĺňő. Ŕőáłőńìłã \ńőłăńìŋëě" ćăàĺăæĺĺ ŋěŕàőğàăçŋőáâĺ ã őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë ŋě ćńĺïîâ ŋă ŕăàăňěâàë ŕőńŋőľ ňőďěńĺ, âő ňë ňőęěň ŕőáâàőĺâì ňőďěńĺ (350- 0064 ĺ 350-0081) á \ĺáŕàăćńěŋŋőľ" čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë, áőåàăŋïï ğŋăçěŋĺï (Y , S). Šăłĺň őąàăğőň, ĺáŕőńìğőćăŋĺě ěéě őďŋőčő őčàăŋĺçěŋĺï { čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë { ćěďěâ ł \ãâőçŋěŋĺî" ŕàőäĺńï ŋěŕàőğàăçŋőáâĺ, ŋő ďěńăěâ âăłãî ŋěŕàőğàăçŋőáâì âàãďŋőőąőáŋãěňőľ á äĺğĺçěáłőľ âőçłĺ ğàěŋĺï.

Őâňěâĺň ŋěłőâőàëě őáőąěŋŋőáâĺ ŕàőćěďěŋŋőčő ăŋăńĺğă. Ćő-ŕěàćëå, ć őáŋőćě ŋăèĺå àăááãęďěŋĺľ ńěęĺâ ĺáŕőńìğőćăŋĺě őŕàěďěńěŋĺï íŋâàőŕĺĺ ć łőŋćěłâĺćŋőľ ğőŋě. Ďő

Řĺá. 5.4. Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë łăł äãŋłæĺï íŋâàőŕĺĺ ĺ áőďěàęăŋĺï čěńĺï ďńï ňőďěńěľ á âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ IR91 (OPAL). Ŋăłńőŋŋëě ńĺŋĺĺ ŕőłăğëćăîâ ğŋăçěŋĺï Y. Čőàĺğőŋâăńìŋëě èâàĺåőćëě ńĺŋĺĺ őâňěçăîâ čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë ć áőőâćěâáâćĺĺ á Christensen-Dalsgaard, Gough, Thompson 1991. Ŕăàăńńěńőčàăňň { ŕăàăňěâàë łőŋćěłâĺćŋőľ ğőŋë ŕő Baturin, Vorontsov 1995.

âěå ŕőà, ŕőłă ňë ŋě ĺňěěň ćěńĺçĺŋë íŋâàőŕĺĺ ć łőŋćěłâĺćŋőľ őąőńőçłě (ćňěáâě á åĺňĺçěáłĺň áőáâăćőň, ěáâěáâćěŋŋő), áőčńăáőćăŋĺě čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ïćńïěâáï çĺáâő áńãçăľŋëň áőćŕăďěŋĺěň. Ŋăŕàĺňěà, áâăŋďăàâŋăï ňőďěńì á âăąńĺæăňĺ IR91 ĺňěěâ ąőńěě ňěńłãî čńãąĺŋã łőŋćěłâĺćŋőľ ğőŋë (ŕő áàăćŋěŋĺî áő áěľáňĺçěáłőľ), çâő ďőáâĺčăěâáï ğă áçěâ ąőńìèěčő áőďěàęăŋĺï čěńĺï ĺ ŋě őğŋăçăěâ, çâő ŋăň ŋãęŋő ãćěńĺçĺćăâì ŋěŕàőğàăçŋőáâì.

Ćő-ćâőàëå, ăŋăńĺğ ŋě ğăćĺáĺâ őâ áâàőěŋĺï ňőďěńĺ ć æěńőň, ă łăáăěâáï ńĺèì ŋěŕàőğàăçŋőáâěľ őłőńő őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë.

Ć-âàěâìĺå, ŕàőćěďěŋŋëľ ăŋăńĺğ őáŋőćăŋ ŋă łàĺâěàĺĺ Ÿćăàæèĺńìďă. Ŋăĺąőńěě őçěćĺďŋëň ĺáâőçŋĺłőň ŋăàãèěŋĺľ íâőčő łàĺâěàĺï ňőęěâ ïćńïâìáï őćěàèãâĺŋč ŋă ďŋě łőŋćěłâĺćŋőľ ğőŋë. Őďŋăłő áőčńăáŋő őąéĺň ŕàěďáâăćńěŋĺïň ő ŕàĺàőďě őćěàèãâĺŋčă őŋ ňőęěâ ćěáâĺ ł ŕěàěňěéěŋĺî őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë (âő ěáâì âőçłĺ ŕěàěńőňă ć čàăďĺěŋâě âěňŕěàăâãàë) ćčńãąì ŕő áàăćŋěŋĺî á ŕőńőęěŋĺěň âőçłĺ ∇_{rad} = ∇_{ad}, čďě ŕőď ∇_{rad} ňë ŕőŋĺňăěň ńãçĺáâëľ čàăďĺěŋâ âěňŕěàăâãàë, â.ě. ∇_{rad} ≡ 3LP 16πacT^4GM_r κ. (5.5) Ŕőáłőńìłã čěńĺőáěľáňĺçěáłĺě őŕàěďěńěŋĺï ďăîâ ĺňěŋŋő ŕőńőęěŋĺï âőçłĺ ŕěàěńőňă, âő ŕàěďŕőńőęěŋĺě ő ğŋăçĺâěńìŋőň őćěàèãâĺŋčě ńĺèì ãáãčãąńïěâ ŋěáőőâćěâáâćĺě { âőçłă ∇_{rad} = ∇_{ad} őłăğëćăěâáï ć íâőň áńãçăě àăáŕőńőęěŋŋőľ ěéě ąńĺęě ł ŕőćěàåŋőáâĺ, âő ěáâì ďăńìèě őâ âőçłĺ ć ňőďěńĺ, àăááçĺâăŋŋőľ á ŋěŕàőğàăçŋőáâïňĺ OPAL.

Ć-çěâćěàâëå, ňë ŋě àăááňăâàĺćăěň ćőğňőęŋőáâì ąőńìèőľ őèĺąłĺ (ŕàěćëèăîéěľ ŕàěďěńë, ãłăğăŋŋëě ăćâőàăňĺ) ć őŕàěďěńěŋĺĺ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ŕő çăáâőâăň, åőâï áãéěáâćãîâ ãáńőćĺï, ŕàĺ łőâőàëå âăłőě őŕàěďěńěŋĺě ňőęěâ ąëâì áĺáâěňăâĺçěáłĺ áňěéěŋŋëň. Őďŋĺň ĺğ ŕàĺňěàőć ňőęěâ ąëâì ŋăńĺçĺě čàăďĺěŋâă åĺňĺçěáłőčő áőáâăćă áàăğã ŕőď őáŋőćăŋĺěň łőŋćěłâĺćŋőľ ğőŋë. Šăłőľ čàăďĺěŋâ ćáâàěçăěâáï ŕàĺ àăáçěâě ňőďěńěľ á ãçěâőň ďĺääãğĺĺ íńěňěŋâőć ć ŕàőæěááě áőńŋěçŋőľ íćőńîæĺĺ. Ŕàĺ íâőň ŕőďőąŋëľ čàăďĺěŋâ ćěďěâ ł ĺğňěŋěŋĺî čàăďĺěŋâă áłőàőáâĺ ğćãłă, çâő ňőęěâ ňăáłĺàőćăâì ĺńĺ ĺáłăęăâì čěńĺőáěľáňĺçěáłãî őæěŋłã.

5.2.3. Ŕpőäĺńì áłőpőáâĺ ğćãłă Řĺá. 5.1 ŕőłăğëćăěâ, çâő àăğŋőáâĺ áłőàőáâĺ ğćãłă ňěęďã âĺŕĺçŋőľ áâăŋďăàâŋőľ ňőďěńìî ĺ čěńĺőáěľáňĺçěáłĺň ŕàőäĺńěň ŋěćěńĺłĺ. Ŋěáňőâàï ŋă ňăáèâăą, íâő ďěľáâćĺâěńìŋő âăł { áłőàőáâì ğćãłă ć áâăŋďăàâŋőľ ňőďěńĺ á âăąńĺæăňĺ IR91 ďěľáâćĺâěńìŋő ąńĺğłă ł čěńĺőáěľáňĺçěáłőľ. İâőâ äăłâ áćĺďěâěńìáâćãěâ ć ŕőńìğã âőčő, çâő âăąńĺæë OPAL, ŕő-ćĺďĺňőňã, ãńãçèĺńĺ ŋăèě ŕőŋĺňăŋĺě ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă. Ŋă àĺá. 5.5 ŕàĺćěďěŋë ŕàőäĺńĺ c^2 ć áâăŋďăàâŋëå ňőďěńïå á ŋěŕàőğàăçŋőáâïňĺ BU88, WKM, IR91, ďőłăğëćăîéĺě íâőâ äăłâ.

Ŕàĺ ğăďăŋŋőň ŕàőäĺńě łćăďàăâă áłőàőáâĺ ğćãłă c^2(r) ĺ ĺğćěáâŋőň ãàăćŋěŋĺĺ áőáâőïŋĺï (ĺğćěáâŋőň `_1(c^2, r)) ňěåăŋĺçěáłăï áâàãłâãàă ňőďěńĺ (ŕàőäĺńĺ ρ ĺ P ) ňőęěâ ąëâì àăááçĺâăŋă ąěğ ĺáŕőńìğőćăŋĺï ğăłőŋă ńãçĺáâőčő ŕěàěŋőáă. Ďěľáâćĺâěńìŋő, ãàăćŋěŋĺě čĺďàőáâăâĺçěáłőčő àăćŋőćěáĺï ŕàĺ ĺğćěáâŋőň őâŋőèěŋĺĺ u ≡ P/ρ = c^2/`_1 ňőęŋő ŕěàěŕĺáăâì ć ćĺďě: d dr { r^2 Gρ d dr (uρ) } = −4πρr^2 (5.6)

Ďàãčĺňĺ áńőćăňĺ, ĺňěï âőçŋëľ ĺ ŕőńŋëľ ŕàőäĺńì áłőàőáâĺ ğćãłă, ňë ňőčńĺ ąë ŕőńãçĺâì áâàãłâãàã ňőďěńĺ á âőçŋőáâìî ďő ŋě áńĺèłőň áãéěáâćěŋŋőľ ŕőáâőïŋŋőľ ĺŋâěčàĺàőćăŋĺï { ŋăŕàĺňěà, ć ćĺďě ŕőćěàåŋőáâŋőľ ŕńőâŋőáâĺ. (Ćâőàăï ŕőáâőïŋŋăï ĺŋâěčàĺàőćăŋĺï ďńï ãàăćŋěŋĺï (5.6) äĺłáĺàãěâáï âàěąőćăŋĺěň àěčãńïàŋőáâĺ ŕőćěďěŋĺï ňăááë (M_r(r = 0) = 0, ĺńĺ dρ/dr = 0 ŕàĺ r = 0).

Őďŋăłő ďăęě âőńìłő ňěåăŋĺçěáłăï ňőďěńì ňőęěâ ąëâì ŕőáâàőěŋă ŋě ďńï ćáïłőčő ŕàőäĺńï c^2(r), åőâï âőçŋăï äőàňãńĺàőćłă ŋěőąåőďĺňëå ãáńőćĺľ ďőćőńìŋő áńőęŋă. Őâňěâĺň, łăł ŕàĺňěà, ãáńőćĺě ğăďăŋŋőľ ňăááë ňőďěńĺ. Łàőňě âőčő, ěáńĺ ŕőńăčăâì, çâő ŕőńãçěŋŋăï ňőďěńì ďőńęŋă ĺňěâì çěàâë, åăàăłâěàŋëě ďńï Śőńŋæă, âő ć łőŋćěłâĺćŋőľ ğőŋě ďőńęŋő ąëâì d log(c^2/`_1)/d log P = (`_1 − 1)/`_1, âő ěáâì ďőńęŋő áãéěáâćőćăâì àăğãňŋőě ãàăćŋěŋĺě áőáâőïŋĺï ć ćĺďě `_1, çâőąë ďăŋŋőě ãàăćŋěŋĺě ąëńő ãďőćńěâćőàěŋő ďńï ğăďăŋŋőčő ŕàőäĺńï áłőàőáâĺ ğćãłă, ć ŕàőâĺćŋőň áńãçăě ňë ŋě ňőęěň ŕőáâàőĺâì ăďĺăąăâĺçěáłĺ áâàăâĺäĺæĺàőćăŋŋőľ łőŋćěłâĺćŋőľ ğőŋë. Šăłęě ďőńęŋë ćëŕőńŋïâìáï ŋěłőâőàëě (ŋě ęěáâłĺě) őčàăŋĺçěŋĺï ŋă ŕàőäĺńì áłőàőáâĺ ğćãłă őłőńő ŕőćěàåŋőáâĺ ĺ őłőńő æěŋâàă (ŋăŕàĺňěà, d(c^2/`_1)/dr ∼ O(r) őłőńő æěŋâàă). Ąãďěň ŕőńăčăâì, çâő ĺáŕőńìğãěňëľ ŕàőäĺńì c(r) ãďőćńěâćőàïěâ ćáěň ŋěőąåőďĺňëň ãáńőćĺïň, ĺ ŕőğćőńïěâ ŕőáâàőĺâì áőńŋěçŋãî ňőďěńì. Šăłőě ďőŕãéěŋĺě ĺáŕőńìğãěâáï čńăćŋëň őąàăğőň ŕőâőňã, çâő âăłőľ ŕàőäĺńì ąãďěâ ĺáŕőńìğőćăâìáï ńőłăńìŋő, ńĺèì ć ńãçĺáâőľ ğőŋě, ĺčŋőàĺàãï ěčő ŕőćěďěŋĺě ĺ őłőńő ŕőćěàåŋőáâĺ, ĺ őłőńő æěŋâàă, čďě őŋ őŕàěďěńïěâáï áő ğŋăçĺâěńìŋëňĺ őèĺąłăňĺ, ă âăłęě ć łőŋćěłâĺćŋőľ ğőŋě (ŕőáńěďŋěě ć őáŋőćŋőň ĺğ-ğă ŕàőąńěň á ćőááâăŋőćńěŋĺěň áłőàőáâĺ ğćãłă őłőńő őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë, áň. őąáãęďěŋĺě ŋĺęě).

Ć ďěľáâćĺâěńìŋőáâĺ áãéěáâćãîâ ďőŕőńŋĺâěńìŋëě őčàăŋĺçěŋĺï ŋă ŕàőäĺńì áłőàőáâĺ ğćãłă, áćïğăŋŋëě á âěŕńőćőľ áâàãłâãàőľ ğćěğďë, ŕàőáâěľèĺň ĺğ łőâőàëå ïćńïěâáï ãáńőćĺě ŕőńŋőľ áćěâĺňőáâĺ (áĺáâěňă ãáńőćĺľ ć ąńĺğłőľ ŕőáâăŋőćłě ğăďăçĺ ąëńă àăááňőâàěŋă ć Antia, Chitre 1995). Ĺáŕőńìğãěňőě áőőâŋőèěŋĺě ňěęďã ŋěŕàőğàăçŋőáâìî ć ńãçĺáâőľ ğőŋě ĺ íŋâàőŕĺěľ ć łőŋćěłâĺćŋőľ ğőŋě ïćńïěâáï âăłęě őčàăŋĺçěŋĺěň âăłőčő àőďă. Ŕőíâőňã ňë áçĺâăěň ŋěőąåőďĺňëň àăááňăâàĺćăâì áàăğã ŕőńŋëě (ă ŋě őâďěńìŋő ňěåăŋĺçěáłĺě) ňőďěńĺ, ŕàĺŋĺňăï čĺŕőâěğë ő ćĺďě ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă. Śãéěáâćãěâ ŕàőąńěňă, áćïğăŋŋăï á âěň, çâő ďěâăńìŋőě ŕőćěďěŋĺě ŕàőäĺńï áłőàőáâĺ ğćãłă ŋěĺğćěáâŋő őłőńő őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë. İâő ćëğćăŋő ćőńŋőćőľ ŕàĺàőďőľ łőńěąăŋĺľ, ă ĺňěŋŋő, łőŋěçŋőľ ĺ ďőáâăâőçŋő ąőńìèőľ ďńĺŋőľ ćőńŋë ŕïâĺňĺŋãâŋëå łőńěąăŋĺľ ć íâőľ őąńăáâĺ. Łăł àěğãńìâăâ, àăğàěèăîéăï áŕőáőąŋőáâì ŕàĺ ćőááâăŋőćńěŋĺĺ ŕő çăáâőâăň ŕàőäĺńï c(r) ŋěćěńĺłă ĺ ŋěńìğï àăááçĺâëćăâì ŋă âőçŋőě ćőááâăŋőćńěŋĺě ďěâăńěľ ŕàĺ ĺáŕőńìğőćăŋĺĺ ăáĺňŕâőâĺçěáłĺå ňěâőďőć (íłćĺćăńěŋâŋëå ŕàĺąńĺęěŋĺî ńãçěćőľ ăłãáâĺłĺ) ć ňăáèâăąě áãéěáâćěŋŋő ňěŋìèěň, çěň ďńĺŋă ćőńŋë.

Ćěàŋěňáï ł ňőďěńïň 350-0064 ĺ 350-0081. Őŋĺ őąńăďăîâ ŋě âőńìłő ğăďăŋŋëňĺ áőďěàęăŋĺěň čěńĺï ĺ íŋâàőŕĺěľ, ŋő âăł ęě ĺ čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë, áőőâćěâáâćãîéěľ čěńĺőáěľáňĺçěáłőňã őŕàěďěńěŋĺî. Őďŋăłő âăłőě áőčńăáőćăŋĺě ąëńő ďőáâĺčŋãâő ğă áçěâ áńőęŋőľ łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ { ńőłăńìŋőčő ŕőŋĺęěŋĺï őłőńő őáŋőćăŋĺï

Řĺá. 5.5. Ŕàőäĺńĺ łćăďàăâă áłőàőáâĺ ğćãłă c^2 ć ňőďěńïå á ŕőďőąàăŋŋëňĺ ŕăàăňěâàăňĺ łőŋćěłâĺćŋőľ ğőŋë 350-0080, 350-0081, 350-0083, 350-0064 ĺ áâăŋďăàâŋëå ňőďěńïå. Ć łăçěáâćě ŋãńěćőľ őâňěâłĺ c^2_0 áńãęĺâ čěńĺőáěľáňĺçěáłĺľ ŕàőäĺńì áłőàőáâĺ ğćãłă ĺğ Vorontsov, Shibahashi 1991.

łőŋćěłâĺćŋőľ ğőŋë ĺ áőåàăŋěŋĺï ěě ŋă ãàőćŋě OPAL ć ńãçĺáâőľ ğőŋě. Śăňă ŕő áěąě âăłăï łőààěłæĺï ŋěŕàőğàăçŋőáâĺ ćëčńïďĺâ âàãďŋőőąőáŋãěňőľ, ĺ ŋăćőďĺâ ŋă ňëáńì, çâő ŕőďőąŋőě áőčńăáőćăŋĺě ŕőńãçěŋő ďőáâăâőçŋő ĺáłãááâćěŋŋëň ŕãâěň.

Ŕőíâőňã, çâőąë ŕőáâàőĺâì ňőďěńì á ğăďăŋŋëň ŕàőäĺńěň áłőàőáâĺ ğćãłă ĺ ğăďăŋŋőľ čńãąĺŋőľ łőŋćěłâĺćŋőľ ğőŋë, ňë ďőńęŋë őâłăğăâìáï őâ ğăďăŋĺï ŕăàăňěâàőć őąőńőçłĺ, äĺłáĺàãï âőńìłő áőďěàęăŋĺě čěńĺï, ĺ őŕàěďěńïï íŋâàőŕĺî łăł çăáâì ŕàőæěďãàë ňőďěńìŋőľ łăńĺąàőćłĺ. Ďàãčĺňĺ áńőćăňĺ, ŕőńŋăï áőńŋěçŋăï ňőďěńì á ďăŋŋëň Y ĺ ŕàőäĺńěň áłőàőáâĺ ğćãłă ňőęěâ ąëâì ŕőńãçěŋă ńĺèì ŕàĺ äĺłáĺàőćăŋŋőň ğŋăçěŋĺĺ íŋâàőŕĺĺ ć őąőńőçłě.

Ŕőáâàőěŋĺě âăłőľ ňőďěńĺ ňőęěâ ąëâì àěăńĺğőćăŋő ňŋőčĺňĺ áŕőáőąăňĺ. Šěåŋĺçěáłĺ, ć ŕàőæěááě ŕőáâàőěŋĺï ňőďěńĺ ĺáŕőńìğãěâáï ŋěŕàőğàăçŋőáâì łăł äãŋłæĺőŋăńìŋëľ ŕăàăňěâà ďńï ďőáâĺęěŋĺï ğăďăŋŋőčő ŕàőäĺńï áłőàőáâĺ ğćãłă.

Ŕőáłőńìłã áłőàőáâì ğćãłă ŋěĺğćěáâŋă ã ďŋă łőŋćěłâĺćŋőľ ğőŋë (áň. ćëèě), âő ć íâőľ áĺâãăæĺĺ ĺáŕőńìğãěâáï ŕàőäĺńì áłőàőáâĺ ğćãłă âőńìłő ć ńãçĺáâőľ őąńăáâĺ, ŕőńãçăï ŋăçăńìŋëě ğŋăçěŋĺï ĺğ ňőďěńĺ łőŋćěłâĺćŋőľ ğőŋë, łőâőàăï áăňă ŕő áěąě ãďőćńěâćőàïěâ áěľáňĺçěáłĺň őčàăŋĺçěŋĺïň ŋă čěőňěâàĺçěáłãî čńãąĺŋã, ĺ ĺňěěâ őŕàěďěńěŋŋőě áőďěàęăŋĺě čěńĺï. İŋâàőŕĺï ć ãęě ŋě ňőęěâ ąëâì ğăďăŋă ăŕàĺőàĺ, ŕőáłőńìłã äĺłáĺàőćăŋŋëľ ŕàőäĺńì áłőàőáâĺ ğćãłă őŕàěďěńïěâ ŋěŕàőğàăçŋőáâì (áň. ćëèě).

Ĺáŕőńìğőćăńĺáì ŕőáńěďőćăâěńìŋëě ŕàĺąńĺęěŋĺï ďńï ŋěŕàőğàăçŋőáâĺ, őąěáŕěçĺćăîéĺě ćŋăçăńě ŋăåőęďěŋĺě ŋěłőâőàőčő áàěďŋěčő ãàőćŋï ŋěŕàőğàăçŋőáâĺ ďńï ŕőńãçěŋĺï "ŕàăćĺńìŋőčő" ć áàěďŋěň ŕàőäĺńï áłőàőáâĺ ğćãłă ĺ, őďŋőćàěňěŋŋő, ŕőáâàőěŋĺï ŕőńŋőľ ňőďěńĺ (ć ŕàőæěááě íâőčő őŕàěďěńïěâáï ďőŕãáâĺňőě ğŋăçěŋĺě íŋâàőŕĺĺ ć őąőńőçłě). Ďăńěě ďőąăćńïńăáì âőŋłăï "ŋěáĺáâěňăâĺçěáłăï" łőààěłæĺï ŋěŕàőğàăçŋőáâĺ, łőâőàăï àăááçĺâëćăńăáì á ĺáŕőńìğőćăŋĺěň ňőďěńĺ őąőńőçłĺ á ğăďăŋŋëň Y ĺ ŕőńãçěŋŋëň S ĺ ćëàăęěŋĺï ďńï čàăďĺěŋâă áłőàőáâĺ ğćãłă, ŕőńãçěŋŋőě ĺğ őąéěčő ćëàăęěŋĺï (Ćőàőŋæőć, Ęăàłőć 1988), ŕàĺ ãáńőćĺĺ ŕőáâőïŋáâćă åĺňĺçěáłőčő áőáâăćă ĺ ŕàĺąńĺęěŋĺï ŕőáâőïŋŋőčő `_1: d ln c^2 d ln P = 1 − 1 `_1 − Q(∇_{ad} − ∇_{rad}) (5.7) Ŋěğăćĺáĺňő őâ áŕőáőąă ŕőáâàőěŋĺï, ňë ŕőńãçăěň őďŋőŕăàăňěâàĺçěáłőě áěňěľáâćő ňőďěńěľ, őâńĺçăîéĺåáï áőďěàęăŋĺěň čěńĺï ć őąőńőçłě, ŕàĺçěň łăęďăï âăłăï ňőďěńì ďăěâ ŋăň őŕàěďěńěŋŋőě ğŋăçěŋĺě íŋâàőŕĺĺ, ă âăłęě łőààěłæĺî ŕàőäĺńï ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě.

Ŕőďçěàłŋěň ěéě àăğ àőńì ŕàăćĺńìŋőľ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ć ňőďěńĺ. Ŕőáłőńìłã ĺáŕőńìğãěâáï âőńìłő čàăďĺěŋâ áłőàőáâĺ ğćãłă, âő łőààěłâŋőáâì ŋăçăńìŋőľ âőçłĺ ĺŋâěčàĺàőćăŋĺï ďőńęŋă őąěáŕěçĺćăâìáï ŋěğăćĺáĺňő. Ţőàőèő ĺğćěáâŋő, çâő ŕàőäĺńĺ áłőàőáâĺ ğćãłă ćŋãâàĺ łőŋćěłâĺćŋőľ ğőŋë ąńĺğłĺ ć ňőďěńïå á àăğŋőľ íŋâàőŕĺěľ, åĺňĺçěáłĺň áőáâăćőň ĺ â.ď. (áň. Christensen-Dalsgaard 1986). Ŕőíâőňã ŕàĺ őŕàěďěńěŋĺĺ ŋăçăńìŋőľ âőçłĺ őçěŋì ćăęŋő áőčńăáőćăŋĺě čěőňěâàĺçěáłőľ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë á âěň, çâő ŕőńãçěŋő ŕàĺ áěľáňĺçěáłőň őŕàěďěńěŋĺĺ.

Ŕăàăňěâàë àăááçĺâăŋŋőčő áěňěľáâćă ňőďěńěľ őâńőęěŋë ŋă àĺá. 5 ć ćĺďě ŕãŋłâĺàŋőľ ńĺŋĺĺ. Őçěćĺďŋő, çâő ŋĺ őďŋă ĺğ ňőďěńěľ íâőčő áěňěľáâćă ŋě áőőâćěâáâćãěâ čěńĺőáěľáňĺçěáłĺň łăńĺąàőćłăň ŕăàăňěâàőć ğőŋë ĺőŋĺğăæĺĺ čěńĺï. Ć âő ęě ćàěňï áâăŋďăàâŋăï ňőďěńì á ŋěŕàőğàăçŋőáâïňĺ IR91 ćěáìňă ąńĺğłă ł őďŋőľ ĺğ ňőďěńěľ áěňěľáâćă (çâő ŋěãďĺćĺâěńìŋő).

Řĺá. 5.6. Łőààěłæĺï ŋěŕàőğàăçŋőáâĺ ć ňőďěńïå á ĺáŕàăćńěŋŋőľ áłőàőáâìî ğćãłă.

Řĺá. 5.7. Ŕàőäĺńĺ áłőàőáâĺ ğćãłă, ŕàĺćěďěŋŋëě ł čěńĺőáěľáňĺçěáłĺň ďăŋŋëň. Ďńï áàăćŋěŋĺï ďăŋë âăłęě áâăŋďăàâŋăï ňőďěńì 350-0105 ĺ čěńĺőáěľáňĺçěáłăï ňőďěńì ĺğ Dziembowski et al. 1994 (DGPS94).

Řĺá. 5.8. Řăğňěéěŋĺě ňőďěńěľ ć ŕńőáłőáâĺ Y-S. Ŕőłăğăŋë ňőďěńĺ á ĺáŕàăćńěŋŋőľ áłőàőáâìî ğćãłă ĺ àăğŋëň áőďěàęăŋĺěň čěńĺï ć őąőńőçłě (èâàĺåőćăï ńĺŋĺï); ďćě áâăŋďăàâŋëě ňőďěńĺ á àăğŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ (CCM-IR91 ĺ CCM-CT76); áěľáňĺçěáłăï ňőďěńì ĺğ àăąőâë Dziembowski et al. 1994 (DGPS94); čěńĺőáěľáňĺçěáłĺě ğŋăçěŋĺï Y ĺ S ĺğ Baturin, Vorontsov 1995 (BV95) ĺ ňőďěńĺ, ŕàĺćěďěŋŋëě ł ŋĺň (łőáëě łàěáâĺłĺ).

5.2.4. Őąáãęďěŋĺě Ŋă ŕàĺňěàě àăááňőâàěŋŋëå ňőďěńěľ ňë ĺňěěň ãłăğăŋĺě ŋă ŕàőâĺćőàěçĺï ć čěńĺőáěľáňĺçěáłĺå ćěńĺçĺŋăå ŕăàăňěâàőć ňőďěńěľ, ŕő łàăľŋěľ ňěàě ć łńăááě ňőďěńěľ á łńăááĺçěáłĺň ŕàőäĺńěň åĺňĺçěáłőčő áőáâăćă. Ŋĺğłőě áőďěàęăŋĺě čěńĺï ĺ ňăńăï íŋâàőŕĺï âàěąãîâ ğŋăçĺâěńìŋőčő, ňăńőćěàőïâŋőčő á âőçłĺ ğàěŋĺï ćőğňőęŋëå őèĺąőł ć âěőàěâĺçěáłĺå ŋěŕàőğàăçŋőáâïå, ŕőŋĺęěŋĺï ŋěŕàőğàăçŋőáâĺ ć ïďàě. Šăłőě ŕőŋĺęěŋĺě íłćĺćăńěŋâŋő ŕőŋĺęěŋĺî čàăďĺěŋâă âěňŕěàăâãàë ć ïďàě (ĺ čàăďĺěŋâă áłőàőáâĺ ğćãłă), ĺ ňőęěâ ąëâì őąőáŋőćăŋő ńĺèì áãéěáâćőćăŋĺěň ďőŕőńŋĺâěńìŋëå ĺáâőçŋĺłőć âěŕńőŕěàěŋőáă, ŕőňĺňő ńãçĺáâőčő ŕěàěŋőáă (ŋăŕàĺňěà, á ŕőňőéìî WIMP { áńăąőćğăĺňőďěľáâćãîéĺå, ňăááĺćŋëå çăáâĺæ). Ś ďàãčőľ áâőàőŋë, ŋĺğłăï íŋâàőŕĺï ć ňőďěńĺ ŕőďâćěàęďăěâ őâŋőáĺâěńìŋő ćëáőłĺľ ãàőćěŋì ŋěŕàőğàăçŋőáâĺ ć ńãçĺáâőľ ğőŋě, ŕàĺňěàŋő áőőâćěâáâćãîéĺľ âăąńĺæăň OPAL (IR91).

Ğăňěâĺň, çâő ŕőćěďěŋĺě áłőàőáâĺ ğćãłă ć ńãçĺáâőľ ğőŋě ŋě ŕőďćěàęěŋő ćńĺïŋĺî ňăńőľ őąńăáâĺ ąńĺğ ďŋă łőŋćěłâĺćŋőľ ğőŋë. Ŕàĺňěàăňĺ âăłőčő àőďă àăááőčńăáőćăŋĺï ňőčãâ áńãęĺâì 350-0064 ĺ 350-0081 (àĺá. 5.5), čďě čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ğăćëèěŋă ŋă ŕőńâőàă ŕàőæěŋâă ŕő áàăćŋěŋĺî á 350-0083 ĺ 350-0080 ğă áçěâ łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ, łőâőàăï, őďŋăłő, ąëáâàő áåőďĺâ ŋă ŋěâ, â.ě. ć ąőńěě čńãąőłĺå áńőïå ŋěŕàőğàăçŋőáâĺ (ĺ čàăďĺěŋâë) ć ňőďěńïå ŕőåőęĺ. (Ŕőŕãâŋő őâňěâĺň, çâő á âőçłĺ ğàěŋĺï ŕőćěďěŋĺï čàăďĺěŋâă âěňŕěàăâãàë âăłăï ńőłăńìŋăï łőààěłæĺï ŋěŕàőğàăçŋőáâĺ łăçěáâćěŋŋő ĺňĺâĺàãěâ ïćńěŋĺě őćěàèãâĺŋčă). Őçěćĺďŋő, çâő íääěłâ čěőňěâàĺçěáłőčő àăááőčńăáőćăŋĺï čńãąĺŋ łőŋćěłâĺćŋőľ ğőŋë ğă áçěâ ńőłăńìŋőľ łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ áãéěáâćěŋŋő ňěŋìèě, çěň íääěłâ őâ őąéěľ łőààěłæĺĺ ŋěŕàőğàăçŋőáâĺ ďńï ŕőáâàőěŋĺï ňőďěńĺ á ŋãęŋőľ íŋâàőŕĺěľ. İâĺ íłáŕěàĺňěŋâë ďěňőŋáâàĺàãîâ áâěŕěŋì ćńĺïŋĺï őèĺąőł ć őæěŋłě čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë ŋă ŋăèĺ ŕőáâàőěŋĺï { ćőğňőęŋëě őèĺąłĺ ć őŕàěďěńěŋĺĺ čěőňěâàĺçěáłőľ čńãąĺŋë (ćŕńőâì ďő 1%) ŋě áłăğëćăîâáï ŋă àăááňőâàěŋŋëå ćëćőďăå ő ŕőćěďěŋĺĺ ŕàőäĺńï áłőàőáâĺ ğćãłă ć ńãçĺáâőľ ğőŋě.

Ĺâăł, ŋěğăćĺáĺňő őâ ŋăèĺå ŕàěďáâăćńěŋĺľ ő áâàőěŋĺĺ ňőďěńĺ ć æěńőň, ăŋăńĺğ čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë őğŋăçăěâ, çâő ŋěőąåőďĺňő ńĺąő ă) ãňěŋìèĺâì ŋěŕàőğàăçŋőáâĺ OPAL ŋă 30% ć őąńăáâĺ âěňŕěàăâãà őłőńő 2.3 ňńŋ. Ł; ńĺąő ą) ŕàĺŋïâì ąőńìèãî íŋâàőŕĺî, ŋăŕàĺňěà S/R_g = 21.3, ńĺąő ć) ŕàĺŋïâì ąőńìèěě áőďěàęăŋĺě čěńĺï ć őąőńőçłě (Y = 0.26−0.27), ć ğăćĺáĺňőáâĺ őâ âőčő, łăłőňã őŕàěďěńěŋĺî ňë ŕàĺďăěň ąőńìèĺľ ćěá. Ěáńĺ ňë ŕàĺğŋăěň ŕàăćĺńìŋëňĺ őæěŋłĺ íŋâàőŕĺĺ ĺ áőďěàęăŋĺï čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě, âő áěľáňĺçěáłăï čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë ćěďěâ ł ŕàőâĺćőàěçĺî á ŋěŕàőğàăçŋőáâïňĺ OPAL. Ěáńĺ ňë ďőćěàïěň ŋěŕàőğàăçŋőáâïň, âő ňë ďőńęŋë ŕàĺğŋăâì ŋăńĺçĺě őèĺąłĺ ć őæěŋłě ĺńĺ čěńĺï (ŋă 1-2%) ĺ/ĺńĺ íŋâàőŕĺĺ (ŋă 0.2 ňőńì/č).

5.3. Ďpãčĺě ŕãâĺ ŕőáâpőěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ Ĺâăł, ŕőďąőà ŋěŕàőğàăçŋőáâĺ ć áőńŋěçŋőľ ňőďěńĺ ŋě ŕőğćőńïěâ ŕőáâàőĺâì ňőďěńì Śőńŋæă, áőčńăáãîéãîáï á čěńĺőáěľáňőńőčĺçěáłĺňĺ ďăŋŋëňĺ. Ďăęě őâąàăáëćăŋĺě čěńĺőáěľáňĺçěáłőčő őŕàěďěńěŋĺï íŋâàőŕĺĺ łőŋćěłâĺćŋőľ ğőŋë ŋě ŕàĺŋőáĺâ ąőńìèőľ ŕőńìğë, â.ł. âàěąãěňăï łőààěłæĺï ŋěŕàőğàăçŋőáâĺ ć íâőň áńãçăě ćěáìňă ćěńĺłă. Őçěćĺďŋő, çâő áãéěáâćãîâ ĺŋëě ŕőďåőďë ł ćăàìĺàőćăŋĺî ňőďěńĺ Śőńŋæă. Ć íâőň ŕăàăčàăäě ąãďěâ łàăâłő àăááňőâàěŋă ćőğňőęŋőáâì ŕőńãçěŋĺï čěńĺőáěľáňĺçěáłőľ ňőďěńĺ ğă áçěâ ĺğňěŋěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă. Ĺğ ćáěå ŕàěďńăčăćèĺåáï ňőďĺäĺłăæĺľ äĺğĺçěáłĺľ áňëáń ĺňěîâ, ŕő-ćĺďĺňőňã, ďćě: ŕěàěňěèĺćăŋĺě ć æěŋâàě ĺ ďĺääãğĺï čěńĺï ć ńãçĺáâőľ ğőŋě. Ťĺğĺçěáłăï âàăłâőćłă őąőĺå ïćńěŋĺľ ŕőłă ŕńőåő àăğàăąőâăŋă, ŋő ďăęě ć íâőň ćĺďě ćěáìňă áńőęŋă ĺ ŕàĺňěŋïâìáï ğďěáì ŋě ąãďěâ; àăááňőâàĺň ńĺèì ŋěłőâőàãî ŕàőáâãî ăŕŕàőłáĺňăæĺî ćëèěãŕőňïŋãâëå ïćńěŋĺľ. §áŋőáâì ć ŕőŋĺňăŋĺĺ äĺğĺçěáłĺå ŕàőæěááőć ğďěáì ŋăáâőńìłő ňăńă, çâő ŋěĺğćěáâŋő ďăęě, ĺčàăîâ ńĺ ćőőąéě ŕěàěňěèĺćăŋĺě ĺ ďĺääãğĺï áłőńìłő-ŋĺąãďì áãéěáâćěŋŋãî àőńì ć íćőńîæĺĺ Śőńŋæă.

5.3.1. Ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă: ŕěàěňěèĺćăŋĺě ć æěŋâàě Łăł őąëçŋő, ąãďěň àăááňăâàĺćăâì łńăáá ŋěáâăŋďăàâŋëå áőńŋěçŋëå ňőďěńěľ, őâ łőâőàëå âàěąãěâáï âőńìłő âő, çâőąë őŋĺ ĺňěńĺ áőńŋěçŋëě ğŋăçěŋĺï àăďĺãáă, áćěâĺňőáâĺ ĺ ňăááë. Ćňěáâő àăáçěâă íćőńîæĺĺ ďńï ŕőńãçěŋĺï ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă ć ňőďěńĺ áőćàěňěŋŋőčő Śőńŋæă ąãďěň ĺáŕőńìğőćăâì ŕàőĺğćőńìŋëě ŕàőäĺńĺ X(μ), ŕőńãçăěňëě ĺğ ŕàőäĺńï áâăŋďăàâŋőľ íćőńîæĺőŋŋőľ ňőďěńĺ X_0(μ) ŕãâěň áńěďãîéěľ ňőďĺäĺłăæĺĺ:

X(μ) = X_0(μ) + δX(X_{surf} − X_0(μ)), (5.8)

čďě δX ïćńïěâáï ŕăàăňěâàőň ňőďĺäĺłăæĺĺ, ă X_{surf} { áőďěàęăŋĺěň ćőďőàőďă ć őąőńőçłě ňőďěńĺ. Őçěćĺďŋő, çâő ŋőćëľ ŕàőäĺńì ąãďěâ őâńĺçăâìáï őâ áâăŋďăàâŋőčő âőńìłő ć őąńăáâĺ, čďě ŕàőĺáåőďĺńő ğăňěâŋőě ćëčőàăŋĺě ćőďőàőďă, âő ěáâì ŕàĺ âěňŕěàăâãàăå ćëèě 10 ňńŋ. Ł. Šăłőčő àőďă ćăàĺăæĺĺ ć ŋěłőâőàőľ áâěŕěŋĺ ňőčãâ ĺňĺâĺàőćăâì àăğńĺçŋëě áńőęŋëě íääěłâë ć ŕàőæěááě áőńŋěçŋőľ íćőńîæĺĺ, ŋăŕàĺňěà, áńăąőě ĺńĺ ŕőńŋőě ŕěàěňěèĺćăŋĺě, ďĺääãğĺî, čàăćĺâăæĺőŋŋőě őáăęďěŋĺě čěńĺï ĺ ŕà. Ğăňěâĺň, çâő âăłĺě ćăàĺăæĺĺ ăŋăńőčĺçŋë âăłęě ĺğňěŋěŋĺî ćőğàăáâă ňőďěńĺ: çěň ąőńìèě ćőğàăáâ, çěň áĺńìŋěě ćëčőàăěâ ćőďőàőď ć ïďàě. Ŕő-ćĺďĺňőňã, äőàňãńă (5.8) ŋě ňőęěâ âőçŋő ćőáŕàőĺğćěáâĺ ŕàőäĺńĺ áőďěàęăŋĺï ćőďőàőďă ć ňőďěńïå á àăğŋëň ćőğàăáâőň, ŋő ć ďăŋŋőň áńãçăě íâőčő ĺ ŋě âàěąãěâáï.

Ŋěáőňŋěŋŋő, çâő ćőğňőęŋő ğŋăçĺâěńìŋő ąőńěě áńőęŋőě ŕőćěďěŋĺě ŕàőäĺńï ć ïďàě, çěň âő, łőâőàőě ňőęěâ ąëâì őŕĺáăŋő ćëàăęěŋĺěň (5.8). Őďŋăłő áàăćŋěŋĺě á ŋěłőâőàëňĺ çĺáńěŋŋëňĺ íłáŕěàĺňěŋâăňĺ ŋă íâã âěňã (áň. Baturin, Ayukov 1993) ŕőłăğëćăěâ, çâő őáŋőćŋëě ğăłőŋőňěàŋőáâĺ ĺ áőőâŋőèěŋĺï ŕàőïćńïîâáï ďăęě ŕàĺ âăłĺå ŕàőáâëå ćăàĺăæĺïå ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă. Ŕő-ćĺďĺňőňã, čńăćŋőľ åăàăłâěàĺáâĺłőľ ïćńïěâáï ĺŋâěčàăń ćěńĺçĺŋë őâłńőŋěŋĺï őâ áâăŋďăàâŋőľ ňőďěńĺ, ă ŋě áăň ŕàőäĺńì łőààěłæĺĺ. Ŕőíâőňã ć ďăńìŋěľèěň ďńï ŕàőáâőâë ąãďěň ŕőŋĺňăâì ŕőď ćăàĺăæĺïňĺ X(μ) ć ïďàě ćăàĺăæĺĺ ŕàőäĺńï, őŕĺáëćăěňëě ćëàăęěŋĺěň (5.8).

Řăáçěâ áâăâĺçěáłĺå (áň. §4.3) ňőďěńěľ á ŕàőäĺńěň åĺňĺçěáłőčő áőáâăćă, ĺğňěŋěŋŋëň ć áőőâćěâáâćĺĺ á (5.8), ŋě ŕàěďáâăćńïěâ âàãďŋőáâěľ. Ŋă àĺá. 5.2 ğŋăçłőň "X_c" őąőğŋăçěŋă ŕàïňăï, ŋă łőâőàãî ńőęăâáï ňőďěńĺ á àăğńĺçŋëňĺ ăňŕńĺâãďăňĺ δX. Łăł ćĺďĺň, őŋă ąńĺğłă ł ŕàïňőľ "K_c", â.ě. ĺğňěŋěŋĺě áőďěàęăŋĺï ćőďőàőďă ć íâőň áňëáńě ăŋăńőčĺçŋő ĺğňěŋěŋĺî ŋěŕàőğàăçŋőáâĺ. Ňőďěńĺ Christensen-Dalsgaard (1992) ŕőłăğëćăîâ ŕőåőęěě ŕőćěďěŋĺě, ĺ ďăęě ãčőń ňěęďã ŕàïňëňĺ, őŕĺáëćăîéĺňĺ ňőďĺäĺłăæĺĺ ŋěŕàőğàăçŋőáâĺ ĺ ćőğàăáâă, ąńĺğőł ł ŕőńãçěŋŋőňã ć ďăŋŋőľ àăąőâě (áň. ąőńěě ŕőďàőąŋő ć Ąăâãàĺŋ, Ăîłőć 1995).

Šăłĺň őąàăğőň, ãňěŋìèěŋĺě ŋěŕàőğàăçŋőáâĺ ć ïďàě, âàěąãěňőě ďńï ďőáâĺęěŋĺï ŋĺğłőčő áőďěàęăŋĺï čěńĺï, ňőęŋő ğăňěŋĺâì ãňěŋìèěŋĺěň áőďěàęăŋĺï ćőďőàőďă. Őďŋăłő ěáńĺ ãćěńĺçěŋĺě áőďěàęăŋĺï ćőďőàőďă ňőęŋő őąêïáŋĺâì ŕěàěňěèĺćăŋĺěň, âő ďńï ãňěŋìèěŋĺï ŕàĺďěâáï ŕàĺćńěłăâì őáăęďěŋĺě čěńĺï. Łàőňě âőčő, ăňŕńĺâãďă łőààěłæĺĺ ŕàőäĺńï áőďěàęăŋĺï ćőďőàőďă ć íâőň áńãçăě ďőńęŋă ąëâì ďőáâăâőçŋő ćěńĺłă (ŋăŕàĺňěà, ãňěŋìèěŋĺě Y ć łőŋćěłâĺćŋőľ ğőŋě á 0.28 ďő 0.25 âàěąãěâ ŕőŋĺęěŋĺï áőďěàęăŋĺï ćőďőàőďă ć æěŋâàě á 0.35 ďő ŕàĺňěàŋő 0.1); ćŕàőçěň, őæěŋłĺ íääěłâĺćŋőáâĺ ŕàőæěááőć ďĺääãğĺĺ ŕőłă ćěáìňă ŕàĺąńĺğĺâěńìŋë ĺ ŕàőâĺćőàěçĺćë.

5.3.2. Ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă: ďĺääãğĺï čěńĺï Ňëáńì ő âőň, çâő ŕàőæěáá čàăćĺâăæĺőŋŋőčő őáăęďěŋĺï âïęěńëå íńěňěŋâőć ć âěçěŋĺě áőńŋěçŋőľ íćőńîæĺĺ ĺčàăěâ ćěáìňă áãéěáâćěŋŋãî àőńì, ćëáłăğëćăńăáì ć ŕőáńěďŋĺě čőďë ŋěőďŋőłàăâŋő (Bahcall, Pinsonneault 1992; Christensen-Dalsgaard, Pro˛tt, Thompson 1993). Ŕő ňŋěŋĺî ăćâőàőć ćëèěãłăğăŋŋëå áâăâěľ, íâőâ ŕàőæěáá ňőęěâ ćěáâĺ ł čàăďĺěŋâã áőďěàęăŋĺï ćőďőàőďă ć 3 ŕàőæěŋâă ňěęďã őáŋőćăŋĺěň łőŋćěłâĺćŋőľ ğőŋë ĺ æěŋâàőň ňőďěńĺ; ć őáâăńìŋőň ŕàőäĺńì åĺňĺçěáłőčő áőáâăćă ŕőçâĺ ŋě ŕàěâěàŕěćăěâ ĺğňěŋěŋĺľ.

Řăááçĺâăâì ňőďěńì Śőńŋæă á ĺğňěŋěŋŋëň áőďěàęăŋĺěň ćőďőàőďă ć łőŋćěłâĺćŋőľ ğőŋě ŋěáńőęŋő, ĺ őŋă őłăğëćăěâáï ŕő ćáěň ŕăàăňěâàăň ćěáìňă ąńĺğłőľ ł áâăŋďăàâŋőľ { ğă ĺáłńîçěŋĺěň, łőŋěçŋő, áőďěàęăŋĺï čěńĺï ć őąőńőçłě. Őçěćĺďŋő, åĺňĺçěáłĺľ áőáâăć ćńĺïěâ âőńìłő ŋă ãàăćŋěŋĺě áőáâőïŋĺï ĺ ŋěŕàőğàăçŋőáâì; ŋěŕàőğàăçŋőáâì ć łőŋćěłâĺćŋőľ ğőŋě àőńĺ ŋě ĺčàăěâ (íâő őąáãęďăńőáì ć čń. 4), ă ĺğňěŋěŋĺě ãàăćŋěŋĺï áőáâőïŋĺï ŋěćěńĺłő (čőàăğďő ňěŋìèě, çěň ĺğňěŋěŋĺě ŋěŕàőğàăçŋőáâĺ). İâő, ŕő-ćĺďĺňőňã, ĺ őąãáńăćńĺćăěâ ŕàăłâĺçěáłőě őâáãâáâćĺě ćńĺïŋĺï ďĺääãğĺĺ âăłőčő àőďă ŋă ňőďěńì Śőńŋæă; äăłâĺçěáłĺ ŕàĺ íâőň ŕőńãçăěň ńĺèì ĺğňěŋěŋĺě áňëáńă ĺáŕőńìğãěňëå ćěńĺçĺŋ (áőďěàęăŋĺï čěńĺï ć őąőńőçłě).

Ćáě čěńĺőáěľáňĺçěáłĺě ňěâőďë őŕàěďěńěŋĺï čěńĺï (ć ŋăáâőïéěě ćàěňï, àăğãňěěâáï) àěăčĺàãîâ ŋă ďěâăńĺ áâàőěŋĺï ćŋěèŋĺå áńőěć łőŋćěłâĺćŋőľ ğőŋë. İâő őğŋăçăěâ, çâő ĺğňěàïěâáï ĺňěŋŋő áőďěàęăŋĺě čěńĺï ć őąőńőçłě (łőŋćěłâĺćŋőľ ğőŋě); íâő åőàőèő áőćŕăďăěâ á àěğãńìâăâăňĺ ňőďěńĺàőćăŋĺï ňőďěńĺ á ďĺääãğĺěľ: Y = 0.25 ć łőŋćěłâĺćŋőľ ğőŋě, Y = 0.28 ć ńãçĺáâőľ ğőŋě. Ďăŋŋőě őąêïáŋěŋĺě ćëčńïďěńő ąë ňŋőčőőąěéăîéĺň, ěáńĺ ąë ŋě őâáãâáâćĺě ŋăďěęŋőľ âàăłâőćłĺ ďĺääãğĺőŋŋëå ŕàőæěááőć. Ŋěőąåőďĺňő âăłęě ŕőňŋĺâì ő âőň, çâő čěńĺőáěľáňĺçěáłĺľ àěğãńìâăâ áĺńìŋő ğăćĺáĺâ őâ âőŋłĺå ďěâăńěľ âěàňőďĺŋăňĺłĺ. Ŋě ĺáłńîçěŋő, çâő àăğàăąăâëćăěňőě áěľçăá ãàăćŋěŋĺě áőáâőïŋĺï OPAL

(Rogers, Swenson, Iglesias 1996) ğŋăçĺâěńìŋő ĺğňěŋĺâ Y , ŕőńãçăěňëľ čěńĺőáěľáňĺçěáłĺňĺ ňěâőďăňĺ.

5.4. Śěľáňĺçěáłĺě åăàăłâěàĺáâĺłĺ áőńŋěçŋőčő ïďàă Řăááňőâàĺň åăàăłâěàĺáâĺłĺ áâàőěŋĺï ïďěà ŕőńãçěŋŋëå ňőďěńěľ. Ňőďěńĺ 350-0111 { 350-0114 ŕàěďáâăćńïîâ áěňěľáâćő á ŕàăłâĺçěáłĺ őďĺŋăłőćëňĺ őąőńőçłăňĺ (ąńăčőďăàï őďŋőľ ĺ âőľ ęě áłőàőáâĺ ğćãłă), ŋő áãéěáâćěŋŋő őâńĺçăîéĺňĺáï ïďàăňĺ.

Őąéăï âěŋďěŋæĺï ć áěàĺĺ íâőľ áěàĺĺ ňőďěńěľ { ŕőŋĺęěŋĺě æěŋâàăńìŋőľ âěňŕěàăâãàë ĺ ŕőćëèěŋĺě æěŋâàăńìŋőľ ŕńőâŋőáâĺ (á ŕőŋĺęěŋĺěň áőďěàęăŋĺï čěńĺï), çâő őğŋăçăěâ âăłęě ŕőŋĺęěŋĺě æěŋâàăńìŋőľ áłőàőáâĺ ğćãłă ĺ ãćěńĺçěŋĺï çăáâőâë Ąàãŋâă-Ćïľáïńï ćő ćŋěèŋěľ çăáâĺ ïďàă. Ěáńĺ ápăćŋĺćăâì áłőpőáâì ğćãłă ć æěŋâpě ć íâĺå ňőďěńïå (áň. âăąń. 5.1) áő ğŋăçěŋĺïňĺ, ćőááâăŋőćńěŋŋëňĺ ŕő çăáâőâăň (c^2 = 2.626 · 10^{15} áň^2/á^2 ďńï Vorontsov, Shibahashi 1991, 2.673 · 10^{15} áň^2/á^2 ďńï Dziembowski et al. 1994, 2.520·10^{15} áň^2/á^2 ďńï Antia, Basu 1994), âő ńãçèěľ őŕïâì őłăğëćăěâáï ňőďěńì c Y = 0.28. Ćŕpőçěň, àăğąàőá ć őæěŋłăå áłőpőáâĺ ğćãłă ć æěŋâpăńìŋëå őąńăáâïå ŕőłă ěéě ćěńĺł. Ć păąőâăå Dziembowski et al. 1994 ĺ Antia, Basu 1994 âăłęě őæěŋĺćăńăáì ŕńőâŋőáâì ć æěŋâpě Śőńŋæă. Ţőâï ŋăďěęŋőáâì őæěŋőł æěŋâàăńìŋőľ ŕńőâŋőáâĺ ŋěćëáőłăï (141 − 146.7 č/áň^3 ã Dziembowski et al. 1994 ĺ 148 č/áň^3 ã Antia, Basu 1994), ŋő ĺ ŕő íâőňã ŕăàăňěâàã ňőďěńì 350-0114, áńăąő őâńĺçăîéăïáï őâ CCM-OPAL ŕő čńőąăńìŋëň åăpăłâěpĺáâĺłăň, őłăğëćăěâáï ńãçèěľ.

Ňőďěńì l = 0, 2 l = 0, 3 δ δ_0 dδ/dn δ δ_0 dδ/dn 350-0105 (CCM-IR91) 9.201 9.266 −0.3061 16.150 16.137 −0.4302 350-0113 (Y = 0.24) 8.570 8.657 −0.2950 15.335 15.341 −0.4215 350-0112 (Y = 0.25) 8.463 8.533 −0.2943 15.199 15.212 −0.4295 350-0111 (Y = 0.26) 8.157 8.233 −0.2928 14.799 14.830 −0.4313 350-0114 (Y = 0.28) 9.157 9.210 −0.3034 16.077 16.063 −0.4281 Ŋăąńîďěŋĺï 8.960 9.040 −0.3044 15.770 15.747 −0.4435

Šăąńĺæă 5.2. Ňăńőě àăáéěŕńěŋĺě çăáâőâ ăłãáâĺçěáłĺå łőńěąăŋĺľ ďńï ňőďěńěľ á ĺáŕàăćńěŋŋőľ áłőàőáâìî ğćãłă. Ć łăçěáâćě ŋăąńîďăâěńìŋëå ďăŋŋëå { àěğãńìâăâë Elsworth et al. 1994.

Ŋăĺąőńěě ŕàőáâëň ĺ őąéěŕàĺğŋăŋŋëň áěľáňĺçěáłĺň âěáâőň áâàőěŋĺï ïďàă ïćńïěâáï ćěńĺçĺŋă ňăńőčő àăáéěŕńěŋĺï ďńï çăáâőâ ňőď ŋĺğłĺå áâěŕěŋěľ, ă ĺňěŋŋő δ_l(n) = ν_{l,n} − ν_{l+2,n−1} (5.9) čďě l { áâěŕěŋì ňőďë, n { ŕőàïďőł ňőďë. Ŋăňĺ ąëńĺ àăácçĺâăŋë çăáâőâë łőńěąăŋĺľ ć ăďĺăąăâĺçěáłőň ŕàĺąńĺęěŋĺĺ á ãçěâőň ćőğňãéěŋĺľ čàăćĺâăæĺőŋŋőčő ŕőâěŋæĺăńă á ŕőňőéìî ŕàőčàăňňë, ńîąěğŋő ŕàěďőáâăćńěŋŋőľ Ś.Ć.Ćőàőŋæőćëň. Ďńï æěńěľ áàăćŋěŋĺï á ďăŋŋëňĺ ŋăąńîďěŋĺľ ňë ćëçĺáńĺńĺ ćěńĺçĺŋë δ_0(21) ĺ δ_1(21), ă âăłęě ăŕŕàőłáĺňĺàőćăńĺ ńĺŋěľŋőľ ğăćĺáĺňőáâìî äãŋłæĺĺ δ_l(n) ďńï ĺŋâěàćăńă n őâ 15 ďő 26. Ŕăàăňěâàë ăŕŕàőłáĺňăæĺĺ ŕàĺćěďěŋë ć âăąńĺæě 5.2. Śàăćŋěŋĺě á ďăŋŋëňĺ ŋăąńîďěŋĺľ Elsworth et al. 1994 ŕőłăğëćăěâ, çâő ňőďěńĺ á áĺńìŋő ğăŋĺęěŋŋőľ âěňŕěàăâãàőľ ĺ áłőàőáâìî ğćãłă ć ïďàě ŋě áőčńăáãîâáï á ŋăąńîďěŋĺïňĺ çăáâőâ. Ć àăááňăâàĺćăěňőľ áěàĺĺ ňőďěńěľ ŋăĺąőńěě ãďőćńěâćőàĺâěńìŋőľ á âőçłĺ ğàěŋĺï áěľáňĺçěáłĺå áćőľáâć ïďàă ïćńïěâáï ňőďěńì 350-0114, ňăłáĺňăńìŋő ąńĺğłăï ł ŚŚŇ, åőâï, ćěàőïâŋő, ěáâì őáŋőćăŋĺï ŕàěďŕőńăčăâì âěŋďěŋæĺî ł ŋěąőńìèőňã ŕőŋĺęěŋĺî æěŋâàăńìŋőľ âěňŕěàăâãàë.

Ğăłńîçěŋĺě

Ŕàĺćěďěň őáŋőćŋëě àěğãńìâăâë, ŕőńãçěŋŋëě ć ďĺááěàâăæĺĺ:

{ ŕőďàőąŋő őŕĺáăŋë ďěâăńĺ àăáçěâă áâăŋďăàâŋőľ áőńŋěçŋőľ ňőďěńĺ, ďőáâőĺŋáâćă ĺ ŋěďőáâăâłĺ ňěâőďőć ĺŋâěčàĺàőćăŋĺï ãàăćŋěŋĺľ áâàőěŋĺï ğćěğď; őąőáŋőćăŋă ŋěőąåőďĺňőáâì ďőáâĺęěŋĺï áàăćŋĺâěńìŋő ćëáőłőľ (10^{−5}) âőçŋőáâĺ ŕàĺ àăáçěâăå; ŕàĺćěďěŋë őáŋőćŋëě âàãďŋőáâĺ àăáçěâă ĺ áŕőáőąë ĺå ŕàěőďőńěŋĺï; őŕĺáăŋă ňěâőďĺłă ćëçĺáńěŋĺľ ĺ ďăŋë çĺáńěŋŋëě őæěŋłĺ ŕăàăňěâàőć, âàěąãěňëě ďńï ďőáâĺęěŋĺï ŋãęŋőľ âőçŋőáâĺ;

{ ŕàěďńăčăěâáï ĺáŕőńìğőćăâì ãďěńìŋãî íŋâàőŕĺî ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë łăł ćăęŋěľèĺľ ŕăàăňěâà ňőďěńĺ; őąőáŋőćëćăěâáï ěě ĺáŕőńìğőćăŋĺě ć íâőň łăçěáâćě; ŕàĺćőďĺâáï ŕàőáâőľ áŕőáőą àăáçěâă íŋâàőŕĺĺ;

{ àăááçĺâăŋ ŋăąőà áâăŋďăàâŋëå ňőďěńěľ Śőńŋæă á àăğńĺçŋëňĺ âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ; ĺğãçěŋő ćńĺïŋĺě ćěńĺçĺŋë ŋěŕàőğàăçŋőáâĺ ć àăğŋëå çăáâïå Śőńŋæă ŋă ňőďěńì Śőńŋæă; ŕàĺćěďěŋă áćïğì ňěęďã ŋěŕàőğàăçŋőáâìî ĺ ŕăàăňěâàăňĺ łőŋćěłâĺćŋőľ őąőńőçłĺ Śőńŋæă (áőďěàęăŋĺěň čěńĺï ĺ ãďěńìŋőľ íŋâàőŕĺěľ ćěéěáâćă);

{ ŕàĺćőďĺâáï ŕőáâăŋőćłă ğăďăçĺ ő ŕőńãçěŋĺĺ ňőďěńĺ ćŋãâàěŋŋěčő áâàőěŋĺï Śőńŋæă, áőčńăáãîéěľáï á ďăŋŋëňĺ čěńĺőáěľáňőńőčĺĺ; àăááňăâàĺćăěâáï ćőğňőęŋőáâì ŕőńãçěŋĺï ňőďěńĺ á ŕőňőéìî ĺáłãááâćěŋŋőčő ĺğňěŋěŋĺï ŋěŕàőğàăçŋőáâĺ; ĺğńăčăěâáï ňěâőď àăáçěâă ňőďěńĺ Śőńŋæă á ŋăŕěàěď ğăďăŋŋőľ áłőàőáâìî ğćãłă; ĺğãçăěâáï áćïğì čńãąĺŋë łőŋćěłâĺćŋőľ ğőŋë (åőàőèő ĺğćěáâŋőľ ŕő čěńĺőáěľáňĺçěáłĺň ďăŋŋëň) á ďàãčĺňĺ ŕăàăňěâàăňĺ ňőďěńĺ; ŕőłăğëćăěâáï, çâő áőćàěňěŋŋăï áâăŋďăàâŋăï ňőďěńì Śőńŋæă á âăąńĺæăňĺ ŋěŕàőğàăçŋőáâĺ Ńĺćěàňőàáłőľ ńăąőàăâőàĺĺ OPAL ŕő ňŋőčĺň ŕăàăňěâàăň ąńĺğłă ł čěńĺőáěľáňĺçěáłĺň őæěŋłăň, őďŋăłő, áőďěàęăŋĺě čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě ć ŋěľ ğăňěâŋő (ŋă 0.03 ŕő ňăááőćőľ ďőńě) ćëèě ĺ ŋě ňőęěâ ąëâì ńěčłő ĺğňěŋěŋő ŕãâěň ĺğňěŋěŋĺï ŋěŕàőğàăçŋőáâĺ (âàěąãěňăï łőààěłæĺï ŋěŕàăćďőŕőďőąŋő ćěńĺłă); őąáãęďăîâáï ďàãčĺě ňěâőďë ŕàěőďőńěŋĺï íâőčő ŕàőâĺćőàěçĺï (ŕàőæěááë, ŕàĺćőďïéĺě ł ĺğňěŋěŋĺî ŕàőäĺńï åĺňĺçěáłőčő áőáâăćă).

Ăćâőà ćëàăęăěâ čńãąőłãî ŕàĺğŋăâěńìŋőáâì Ć.Ă.Ąăâãàĺŋã ğă ŕőáâőïŋŋëľ ĺŋâěàěá ĺ ąőńìèãî ŕőňőéì ćő ćàěňï àăąőâë ŋăď ďĺááěàâăæĺěľ.

Ăćâőà ąńăčőďăàĺâ W.D-appen, ŕàěďőáâăćĺćèěčő âăąńĺæë ãàăćŋěŋĺï áőáâőïŋĺï MHD ĺ ńîąěğŋő ćëçĺáńĺćèěčő ďăŋŋëě ďńï àăáçěâă íŋâàőŕĺĺ ŕő íâĺň âăąńĺæăň, Ś.Ć.Ćőàőŋæőćă ğă ŕàőäĺńì áłőàőáâĺ ğćãłă ĺğ àăąőâë Vorontsov, Shibahashi 1991 ĺ ğă ćőğňőęŋőáâì ĺáŕőńìğőćăâì ŕàőčàăňňã àăáçěâă áőąáâćěŋŋëå çăáâőâ ăłãáâĺçěáłĺå łőńěąăŋĺľ Śőńŋæă. Ăćâőà ąńăčőďăàěŋ J.Christensen-Dalsgaard ğă ĺďěî ő áàăćŋěŋĺĺ âőçŋőáâĺ àăáçěâőć, őàčăŋĺğăæĺî âăłőľ ŕàőčàăňňë ć àăňłăå GONG Model Team Project ĺ ğă ďőŕőńŋĺâěńìŋëě ďăŋŋëě ő ňőďěńïå ĺğ àăąőâë Christensen-Dalsgaard J., 1992. Ăćâőà ąńăčőďăàĺâ Ă.Ă.Ŕăňïâŋëå ğă ďăŋŋëě ő áâàãłâãàě ňőďěńĺ ĺğ àăąőâë Dziembowski, Goode, Pamyatnykh, Sienkiewicz 1994.

Ŕàĺńőęěŋĺě

Ňőďěńĺ Śőńŋæă

Ć ŕàĺńőęěŋĺĺ ŕàĺćěďěŋë ďăŋŋëě őą íćőńîæĺĺ ĺ ćŋãâàěŋŋěň áâàőěŋĺĺ ďćãå ňőďěńěľ Śőńŋæă: 350-0125 (áâăŋďăàâŋăï ňőďěńì á âăąńĺæăňĺ ŋěŕàőğàăçŋőáâěľ IR91; áň. čń. 4) ĺ 350-0114 (ňőďěńì á ĺáŕàăćńěŋŋëň ŕàőäĺńěň áłőàőáâĺ ğćãłă, ŋăĺńãçèĺň őąàăğőň áőčńăáãîéăïáï á ďăŋŋëňĺ ŕő łőńěąăŋĺïň ŋĺğłĺå áâěŕěŋěľ; áň. čń. 5).

350-0125 350-0114

Ćőğàăáâ, ňńàď. ńěâ 4.750 − Ňăááă M/M_⊙ 1.0 1.0 Ŕăàăňěâà âőçŋőáâĺ 5.0 5.0 Ŕăàăňěâà âěőàĺĺ łőŋćěłæĺĺ α 1.632166929 1.652993184 Ŋăçăńìŋőě áőďěàęăŋĺě ćőďőàőďă X 0.699694299 0.699704022 Šěňŕěàăâãàă ć æěŋâàě T_c, ňńŋ. Ł 15.717097691 15.694890720 Ŕńőâŋőáâì ć æěŋâàě ρ_c, č/áň^3 150.83253764 152.26663972 Śćěâĺňőáâì L/L_⊙ 1.000000240 0.999991684 Řăďĺãá R/R_⊙ 1.000000174 1.000001372 Ůĺáńő èăčőć ć íćőńîæĺőŋŋőň âàěłě N 80 − İŋâàőŕĺï ćěéěáâćă ć łőŋćěłâĺćŋőľ ğőŋě S/R, ňőńì/č 20.8734 20.8214 Čńãąĺŋă łőŋćěłâĺćŋőľ ğőŋë H_{bcz}/R 0.280980778 0.287707650 Ňăááă łőŋćěłâĺćŋőľ ğőŋë 1 − (M_r/M)_{bcz} 0.022760350 0.024882909 Šěňŕěàăâãàă ã őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë T_{bcz}, ňńŋ. Ł 2.190696649 2.263192634 Ŕńőâŋőáâì ã őáŋőćăŋĺï łőŋćěłâĺćŋőľ ğőŋë ρ_{bcz}, č/áň^3 0.177164716 0.192234984 Śőďěàęăŋĺě čěńĺï ć łőŋćěłâĺćŋőľ ğőŋě Y 0.280305701 0.280295978 Ŕőâőł ŋěľâàĺŋő ďńï ďěâěłâőàă ŋă őáŋőćě Cl^{37}, SNU 8.506 8.349 Ŕőâőł ŋěľâàĺŋő ďńï ďěâěłâőàă ŋă őáŋőćě Ga^{71}, SNU 127.439 126.894 Ŕőâőł ŋěľâàĺŋő ďńï ďěâěłâőàă ŋă őáŋőćě In^{115}, SNU 618.565 617.677

Šăąńĺæă 7.1. Ţăàăłâěàĺáâĺłĺ ňőďěńěľ 350-0125 ĺ 350-0114.

Ŋă áńěďãîéĺå ďćãå áâàăŋĺæăå ŕàĺćěďěŋ íćőńîæĺőŋŋëľ âàěł ďńï áâăŋďăàâŋőľ ňőďěńĺ 350-0125. Őąőğŋăçěŋĺï: t { ćőğàăáâ ňőďěńĺ (ňńàď. ńěâ); T_c { âěňŕěàăâãàă ć æěŋâàě, Ł; ρ_c { ŕńőâŋőáâì ć æěŋâàě, č/áň^3; L, R { áćěâĺňőáâì ĺ àăďĺãá áőőâćěâáâćěŋŋő, ć áőńŋěçŋëå ěďĺŋĺæăå.

Ďăńěě ďăŋë âăąńĺæë, őŕĺáëćăîéĺě ćŋãâàěŋŋîî áâàãłâãàã ňőďěńěľ 350-0125 ĺ 350-0114. İâĺ ďăŋŋëě ňőčãâ ąëâì ŕőńãçěŋë çěàěğ Internet á áěàćěàă őąéěčő ďőáâãŕă

crydee.sai.msu.su; ŋĺęě ŕàĺćěďěŋ ŕàĺňěà áěăŋáă:
   $ftp crydee.sai.msu.su
   220 crydee FTP server (Version wu-2.4) ready.
   Name (crydee.sai.msu.su): anonymous
   331 Guest login ok, send your complete e-mail address as password.
   Password: <type your e-mail address here>
   230 Guest login ok, access restrictions apply.
   ftp> cd /pub/science/models/mde
   250 CWD command successful.
   ftp> bin
   200 Type set to I.
   ftp> get 350-0125.mde
   200 PORT command successful.
   150 Opening BINARY mode data connection for 350-0125.mde (380258 bytes).
   226 Transfer complete.
   380258 bytes received in 0,57 seconds (651 Kbytes/s)
   ftp> get mde2dat.for
   200 PORT command successful.
   150 Opening BINARY mode data connection for mde2dat.for (2085 bytes).
   226 Transfer complete.
   2085 bytes received in 0,00 seconds (2 Kbytes/s)
   ftp> quit
   221 Goodbye.
   $

Ŕàőčàăňňă mde2dat.for ŕàěďŋăğŋăçěŋă ďńï ĺğćńěçěŋĺï ďăŋŋëå ĺğ ďćőĺçŋőčő äăľńă 350-0125.mde; łőňŕĺńïæĺï ďőńęŋă ŕàőĺğćőďĺâìáï Microsoft FORTRAN 5.x. Ěáńĺ ã ćăá ćőğŋĺłńĺ âàãďŋőáâĺ, ŋăŕĺèĺâě asv@sai.msu.su ĺ ăćâőà áŋăąďĺâ ćăá ŋěőąåőďĺňëňĺ ďăŋŋëňĺ.

Őąőğŋăçěŋĺï ć âăąńĺæăå:

N { ŋőňěà áńőï (ďăŋŋëě ŕàĺćěďěŋë çěàěğ 9 áńőěć ŋă 10-ľ); r/R { ďőńï àăďĺãáă;

μ { ňăááőćăï łőőàďĺŋăâă (M_r/M)^{2/3} , ĺáŕőńìğãěňăï ŕàĺ ĺŋâěčàĺàőćăŋĺĺ;

M_r/M { ďőńï ňăááë;

L_r/L { ďőńï áćěâĺňőáâĺ, čěŋěàĺàãěňăï ćŋãâàĺ áäěàë àăďĺãáă r;

X { áőďěàęăŋĺě ćőďőàőďă (ŕő ňăááě); lg T { ďěáïâĺçŋëľ ńőčăàĺäň âěňŕěàăâãàë ć K; lg ρ { ďěáïâĺçŋëľ ńőčăàĺäň ŕńőâŋőáâĺ ć č/áň^3; lg P { ďěáïâĺçŋëľ ńőčăàĺäň ďăćńěŋĺï ć ďĺŋ/áň^2;

ϵ { âěňŕ ćëďěńěŋĺï íŋěàčĺĺ (ćłńîçăï čàăćĺâăæĺőŋŋëě çńěŋë; áň.

§1.2), íàč/(č · á);

κ { ŋěŕàőğàăçŋőáâì, áň^2/č;

N^2 { łćăďàăâ çăáâőâë Ąàãŋâă-Ćïľáïńï;

lg U { ďěáïâĺçŋëľ ńőčăàĺäň ćŋãâàěŋŋěľ íŋěàčĺĺ ć íàč/áň^3;

Q { −(∂ ln ρ/∂ ln T )_P ; `_1 { ŕőłăğăâěńì ăďĺăąăâë; c^2 { áłőàőáâì ğćãłă, áň/á;

∇_{ad} { ăďĺăąăâĺçěáłĺľ čàăďĺěŋâ (∂ ln P/∂ ln T )_{ad};

∇_{rad} { čàăďĺěŋâ, őŕàěďěńïěňëľ ńãçĺáâőľ âěŕńőŕàőćőďŋőáâìî (§1.2);

∇ { ňőďěńìŋëľ čàăďĺěŋâ d log T/d log P ; χ_T { (∂ ln P/∂ ln T )_{ρ,X} ; χ_ρ { (∂ ln P/∂ ln ρ)_{T,X} ; χ_X { (∂ ln P/∂ ln X)_{ρ,T} ;

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Ńĺâěàăâãàă

Ńĺâěàăâãàă ł čńăćě 1 "Śâăŋďăpâŋăï ňőďěńì Śőńŋæă: áőćpěňěŋŋëě ŕpěďáâăćńěŋĺï".

Ćőàőŋæőć, Ś.Ć., Ęăàłőć Ć.Ŋ. 1988. "Ĺâőčĺ ŋăãłĺ ĺ âěåŋĺłĺ", áěàĺï "Ăáâàőŋőňĺï", â.38, áâà.253.

Abdurashitov, J.N., et al. 1994. Phys. Lett. B, 328, 234. Ando, H., Osaki, Y. 1975. Publ. Astron. Soc. Japan, 27, 581. Ando, H., Osaki, Y. 1977. Publ. Astron. Soc. Japan, 29, 221. Anselmann, P. et al. 1995. Phys. Lett. B, 342, 440. Antia, H.M., Basu, S. 1994a. Ap. J., 426, 801. Antia, H.M., Basu, S. 1994b. Ap. J. Suppl., 107, 421. d’Atkinson, R., Houtermans, F.G 1929. Zeits. f. Physik, 54, 656. Bahcall, J.N., Krastev, P.I. 1996. Phys. Rev. D, 53, 4211. Bahcall, J.N., Bahcall, N.A., Shaviv G. 1968. Phys. Rev. Lett., 20, 1209. Bahcall, J.N., Pinsonneault, M.H. 1992. Ap. J., 395, L119. Bahcall, J.N., Pinsonneault, M.H. 1995. Rev. Mod. Phys., 67, 781. Bahcall, J.N., Ulrich, R.K. 1988. Rev. Mod. Phys., 60, 297. Basu, S., Antia, H.M. 1995. M.N.R.A.S., 276, 1402.

Baturin, V.A., Vorontsov, S.V. 1995. In GONG’94: Helio- and Astero-Seismology from Earth and Space, Eds. R.K.Ulrich, E.J.Rhodes, Jr., W.Dappen, PASP Conference Series, San Francisco, p. 188.

Berthomieu, G., Provost, J., Morel, P., Lebreton Y. 1993. Astron. Ap., 268, 775. Berthomieu, G., Provost, J., Rocca, A., Cooper, A. Gough, D.O., Osaki, Y. 1980. In Nonradial and nonlinear stellar pulsation. Proceedings of the Workshop, Tucson, Ariz., March 12-16, 1979. (A81-21401 07-90) Berlin, Springer-Verlag, p. 307.

Bethe, H.A., Critch˛eld, C.L. 1938a. 54, 248 Bethe, H.A., Critch˛eld, C.L. 1938b. 54, 862.

Caughlan, G.R., Fowler, W.A. 1988. Atomic Data and Nuclear Data Tables, 40, 284. Chaboyer, B., Demarque, P., Guenther, D.B., Pinsonneault, M.H. 1995. Ap. J., 446,435. Chandrasekhar, S. 1939. Introduction to stellar structure, University of Chicago Press. Chou, D.Y., et al. 1995. Solar Phys., 160, 237. Christensen-Dalsgaard, J. 1982. M.N.R.A.S., 199, 735.

Christensen-Dalsgaard, J. 1986. In M„ethodes math«ematiques pour l’Astrophysique, ed.

M. Auvergne, A. Baglin. p. 479.

Christensen-Dalsgaard, J. 1992. Ap. J., 385, 354. Christensen-Dalsgaard, J. et al. 1996. Science, 272, 1286.

Christensen-Dalsgaard, J. Duvall, T.L. Jr., Gough, D.O., Harvey J.W., Rhodes, E.J. Jr.

1985. Nature 315, 378.

Christensen-Dalsgaard, J., Gough, D. O., Thompson, M.J. 1991. Ap. J., 378, 413. Christensen-Dalsgaard, J., Hernandes P. 1991. In Challenges to Theories of the Structure of Moderate Mass Stars, ed. D.O. Gough & J. Toomre. Heldelberg: Springer. p. 43.

Christensen-Dalsgaard, J., Pro˛tt, C.R., Thompson, M.J. 1993. Ap. J., 403, L75. Claverie, A., Isaak, G.R., McLeod, C.P., Van der Raay, H.B., Roca Cortez, T. 1979. Nature, 282, 591.

Claverie, A., Isaak, G.R., McLeod, C.P., Van der Raay, H.B., Roca Cortez, T. 1980. Astron.

Ap., 91, L9.

Claverie, A., Isaak, G.R., McLeod, C.P., Van der Raay, H.B., Roca Cortez, T. 1981. Nature 1981, 293, 443.

Cox, A.N., Guzik, J.A., Kidman R.B. 1989. Ap. J., 342, 1187.

Cox, J.P., Giuli, R.J. Principles of Stellar Structure, New York, Gordon & Breach, 1968. D-appen, W., Gough, D.O. 1986. In Seismology of the Sun and the Distant Stars, ed. by D.O. Gough; Reidel, Dordrecht, p. 275.

D-appen, W., Gough, D.O., Thompson, M.J. 1988. In Seismology of the Sun and the sun-like stars, ed. by E.J. Rolfe (ESA SP-286); Noordwijk, p. 505.

D-appen, W., Gough, D.O., Kosovichev, A.G., Thompson, M.J. 1990. In Challenges to Theories of Moderate Mass Stars, eds. D.O.Gough, J.Toomre, p. 111.

D-appen, W., Keady, J., Rogers, F. 1991. In Solar interior and atmosphere, eds. A.N. Cox, W.C.Livingston, M.Mattews; Space Science Series, University of Arizona Press, p. 112.

D-appen, W., Mihalas, D., Hummer, D.G., Mihalas, B.W., 1988. Ap. J., 332, 261{270. Davis, R. 1964. Phys. Rev. Lett., 12, 303.

Davis, R., Harmer, D.S., Ho¸man, K.C. 1968. Phys. Rev. Lett., 20, 1205. Deubner, F.-L. 1975. Astron. Ap., 44, 371.

Deubner, F.-L., Ulrich, R.K., Rhodes, E.J., Jr. 1979. Astron. Ap., 72, 177. Duvall, T.L., Harvey, J.W. 1983. Nature, 302, 242.

Duvall, T.L., Harvey, J.W., Libbrecht, K.G., Popp, B.D., Pomerantz, M.A. 1983. Ap. J., 324, 1158.

Duvall, T.L., Jr. 1982. Nature, 300, 242.

Dziembowski, W. A., Pamyatnykh A.A., Sienkiewicz, R. 1990. M.N.R.A.S., 244, 542. Dziembowski, W.A., Goode, P.R., Pamyatnykh, A.A., Sienkiewicz, R. 1994. Ap. J., 432, 417.

Dziembowski, W.A., Goode, P.R., Pamyatnykh, A.A., Sienkiewicz, R. 1995. Ap. J., 445, 509.

Eddington, A.S. 1926. The internal constitution of the stars, Cambridge University Press. Eggleton, P.P., Faulkner, J., Flannery, B.P. 1973. Astron. Ap., 23, 325. Eghamberdiev, Sh.A., Khalikov, Sh.S., Lazrek, M., Fossat, E. 1992. Astron. Ap., 253, 252. Elsworth, Y., Davidson, C., Howe, R., Isaak, G.R., Miller, B., McLeod, C.P., New, R., Speake, B., Van der Raay, H., Wheeler, S. 1991. GONG Report 9, NSO, Tucson.

Emden, V.R. 1907. Gaskugeln, Leipzig: Teubner. Faulkner, J., Swenson, F.J. 1992. Ap. J., 386, L55.

Fossat, E. 1988. In Seismology of the Sun and the sun-like stars, ed. by E.J. Rolfe (ESA SP-286), Noordwijk, p. 161.

Fossat, E., Ricort, G. 1975. Astron. Ap., 43, 243.

Fossat, E. et al. 1995. GONG’94: Helio- and Astero-Seismology from Earth and Space, Eds.

R.K.Ulrich, E.J.Rhodes, Jr., W.D-appen, PASP Conference Series, San Francisco, p. 24. Fr-olich, C. et al. 1988. In Seismology of the Sun and the sun-like stars, ed. by E.J. Rolfe (ESA SP-286), Noordwijk, p. 359.

Fr-olich, C. et al. 1989. In The Soho mission, ESA SP-1104, p. 19.

GONG, 1984. A proposal to study the solar interior by measuring global oscillations with a world-wide network of instruments, GONG, NSO, NOAO, Tucson.

Gabriel, A. et al. 1989. In The Soho mission, ESA SP-1104, p. 13. Gamow, G. 1928. Zeits. f. Physik, 52, 510.

Gough D.O., Kosovichev A.G. 1993. M.N.R.A.S., 264, 522.

Gough, D.O. 1977. In Problems of stellar convection. Proceedings of the Thirty-eighth Colloquium, Nice, France, August 16-20, 1976. Berlin and New York, Springer-Verlag, p. 349.

Gough, D.O. 1984. Mem. Soc. Astron. Ital., 55, 13.

Gough, D.O. 1986. In Seismology of the Sun and the Distant Stars, ed. D.O.Gough, Reidel, p. 125.

Gough, D.O. et al. 1996. Science, 272, 1296.

Grec, G., Fossat, E., Pomerantz, M. 1980. Nature, 288, 541. Grec, G., Fossat, E., Pomerantz, M. 1983. Solar Phys., 82, 55.

Guenther, D.B., Demarque, P., Kim, Y.-C., Pinsonneault, M.H. 1992. Ap. J., 387, 372. Guenther, D.B., Ja¸e, A., Demarque, P. 1989. 345, 1022. Guzik, J.A., Cox, A.N. 1991. Ap. J., 381, 333. Guzik, J.A., Cox, A.N. 1995. Ap. J., 448, 905. Harvey, J.W. et al. 1996. Science, 272, 1284. Hathaway, D.H. et al. 1996. Science, 272, 1306. Henyey, L.G., Forbes, J.E., Gould N.L. 1964. Ap. J., 139, 306. Hill, F. et al. 1996. Science, 272, 1292.

Hummer, D.G., Mihalas, D., 1988. Ap. J., 331, 794{814. Iben, I. 1965. Ap. J., 142, 1447.

Iben, I., Ehrman, J.R. 1962. Ap. J., 135, 770. Kelvin, Lord 1861. Brit. Assoc. Repts., Pt. II, 27-28. Kelvin, Lord 1887. Phil. Mag., 22, 287.

Kim, Y.-C., Demarque, P., Guenther, D.B. 1991. Ap. J., 378, 407.

Kippenhahn, R., Weigert, A., Hofmeister, E. 1967. In Methods in computational physics, Advances in research and applications, vol. 7, ed. by B.Alder, S.Fernbach and M.Rotenberg.

Kosovichev, A.G. 1995. In GONG’94: Helio- and Astro-Seismology from the Earth and space, ASP Conference Series, 76, p.89.

Lane, J.H. 1869. Amer. J. Sci., 2d ser., 50, 57-74. Leibacher, J.W., Stein R.F. 1971. Ap. Lett., 7, 191. Leighton, R.B. 1960. Proc. IAU Symp. 12, 321.

Leighton, R.B., Noyes, R.W., Simon G.W. 1962. Ap. J., 135, 474. Libbrecht, K.G., Woodard, M.A., Kaufman, J.M. 1990. Ap. J. Suppl., 74, 1129. Libbrecht, K.G. 1988. Ap. J., 334, 510. Loudagh, S. et al. 1992. Astron. Ap., 275, L25.

Lubow, S.H., Rhodes, E.J. Jr., Ulrich R.K. 1980. In Nonradial and nonlinear stellar pulsation. Proceedings of the Workshop, Tucson, Ariz., March 12-16, 1979. (A81-21401 07-90) Berlin, Springer-Verlag, p. 300-306.

Mihalas, D., D-appen, W., Hummer, D.G., 1988. Ap. J., 331, 815{825. Pacz«ynksi, B. 1969. Acta Astronomica, 19, 1. Pacz«ynksi, B. 1970. Acta Astronomica, 20, 47.

Perez Hernandez, F., Christensen-Dalsgaard, J. 1994. M.N.R.A.S., 267, 111. Rhodes, E.J. Jr., Woodard, M.F., Cacciani, A., Tomczyk, S., Korznennik, S.G., Ulrich, R.K.

1988. Ap. J., 326, 479.

Richard, O., Vauclair, S., Charbonnel, C., Dziembowski, W.A. 1996. Astron. Ap., in press.

Ritter, A. 1878. Widemann Ann., 5, 573. Ritter, A. 1883. Widemann Ann., 20, 897. Russell, H.N. 1919. Publ. Astron. Soc. Paci˛c, 31, 205. Sackmann, I.-J., Boothroyd, A.I., Fowler, W.A. 1990. Ap. J., 360, 727. Scherrer, P.H. et al. 1989. In The Soho mission, ESA SP-1104, p. 25. Schwarzchild, M. 1958. Structure and evolution of the stars, Princeton University Press. Stein, R.F., Leibacher, J.W. 1974. Ann. Rev. Astron. Astrophys., 12, 407. Suzuki, Y. 1995. Nucl. Phys. B (Proc. Suppl.), 38, 54. Thompson, M.J. et al. 1996. Science, 272, 1300.

Turck-Chi„eze, S., Cahen, S., Cass«e, M., Doom, C. 1988. Ap. J., 335, 415. Turck-Chi„eze, S., Lopes, I. 1992. Ap. J., 408, 347. Ulrich, R.K. 1969. Ap. J., 158, 427. Ulrich, R.K. 1970, Ap. J., 162, 993.

Vorontsov, S.V., Baturin, V.A., Pamyatnykh, A.A. 1991. Nature, 349, 49. Vorontsov, S.V., Shibahashi, H. 1991. Publ. Astron. Soc. Japan, 43, 739. von Weizs-acker, C.F. 1937. Physik Zeits., 38, 176. Wilson, R.C. 1979. J. Appl. Opt., 18, 179. Woodard, M.A. 1987. Solar Phys., 114, 21. Woodard, M.A., Hudson, H. 1983. Nature, 305, 589. Woodard, M.A., Noyes, R.W. 1985. Nature, 318, 449.

Ńĺâěàăâãàă ł čńăćě 2 "Řăáçěâ áőńŋěçŋőľ ňőďěńĺ á ćëáőłőľ âőçŋőáâìî".

Allen, C.W. 1973. Astrophysical Quantities. University of London Athlone Press. Ando, H., Osaki, Y. 1975. Publ. Astron. Soc. Japan, 27, 581.

Berthomieu, G., Provost, J., Morel, P., Lebreton, Y. 1993. Astron. Ap., 268, 775. Christensen-Dalsgaard J., 1988. Computational Procedures for GONG Solar Model Project, Astronomisk Institut, Aarhus University Publication.

Cohen, E.R., Taylor B.N. 1987. Rev. Mod. Phys., 59, 1121.

Cox J.P., Giuli R.J. Principles of Stellar Structure. New York: Gordon and Breach, 1968. GONG Newsletters, 1991, No. 17, p. 29.

Gingerich, O., Noyes, R.W., Kalkofen, W., Cuny, Y. 1971. Solar Physics, 18, 347. Henyey, L.G, Vardya, M.S., Bodenheimer, P., 1965, Ap. J., 142, 841. Morel, P., Provost, J., Berthomieu G., 1990, Solar Phys., 128, 7. Schmiedler, B., Mein P. 1986. Astron. Ap., 161, 7-11.

Schwarzchild, M. 1958. Structure and evolution of the stars, Princeton University Press.

Wilson, R.C., Hudson, H.S., Frolich, C. Brusa R.W. 1986. Science, 234, 1114.

Ńĺâěàăâãàă ł čńăćě 3 "Şďěńìŋăï íŋâpőŕĺï ćěéěáâćă ăďĺăąăâĺçěáłőľ çăáâĺ łőŋćěłâĺćŋőľ ğőŋë".

Antia, H.M., Chitre, S.M. 1995. Ap. J., 442, 434. B-ohm-Vitense, E. 1958. Zs. f. Ap., 46, 108. Canuto V.M., Mazzitelli I. 1991. Ap. J., 370, 295.

D-appen, W., Mihalas, D., Hummer, D.G., Mihalas, B.W., 1988. Ap. J., 332, 261{270. Faulkner, J., Gilliland, R.L. 1985. Ap. J., 299, 994. Hummer, D.G., Mihalas, D., 1988. Ap. J., 331, 794{814. Mihalas, D., D-appen, W., Hummer, D.G., 1988. Ap. J., 331, 815{825. Ulrich, R.K., Rhodes, E.J.(Jr.) 1977. Ap. J., 218, 521{529.

Ńĺâěàăâãàă ł čńăćě 4 "Hěŕpőğpăçŋőáâì ćěéěáâćă ĺ ňőďěńì ćŋãâpěŋŋěčő áâpőěŋĺï Śőńŋæă".

Řőááěńăŋď Ś. 1936. "Ăáâàőäĺğĺłă ŋă őáŋőćě âěőàĺĺ ăâőňă", Ň.-Ń., ŐŊŠĹ ŊŁŠŔ ŚŚŚŘ. Bahcall, J.N., Ulrich, R. K. 1988. Rev. Mod. Phys., 60, 297. Christensen-Dalsgaard, J. 1992. Ap. J., 385, 354.

Christensen-Dalsgaard, J. 1988. Computational Procedures for GONG Solar Model Project, Astronomisk Institut, Aarhus University Publication.

Cox, A.N., Stewart, J.N. 1962. Ap. J. Suppl., 6, 167. Cox, A.N., Stewart, J.N. 1965. Ap. J. Suppl., 11, 1. Cox, A.N., Stewart, J.N. 1970. Ap. J. Suppl., 19, 243. Cox, A.N., Tabor, J. E. 1976. Ap. J. Suppl., 31, 271.

D-appen, W., Mihalas, D., Hummer, D.G., Mihalas, B.W., 1988. Ap. J., 332, 261{270. Eddington, A.S. 1926. The internal constitution of the stars, Cambridge University Press. Eggleton, P.P., Faulkner, J., Flannery, B.P. 1973. Astron. Ap., 23, 325. Faulkner, J., Swenson, F.J. 1992. Ap. J., 386, L55. Grevesse N. 1984. Phys. Scripta, T8, 49.

Huebner, W. F., Merts, A. L., Magee, N. H., Argo, M. F. 1977. Report LA-6760-M, Los Alamos Scienti˛c Laboratory, Los Alamos.

Hummer, D.G., Mihalas, D., 1988. Ap. J., 331, 794{814. Iglesias, C. A., Rogers, F. J., 1991. Ap. J., 371, 408{417.

Iglesias, C.A., Rogers, F.J., Wilson B.G. 1987. Ap. J., 332, L45. Keller, G., Meyerott, R.E. 1955. Ap. J., 122, 32. Kramers, H.A. 1923. Phil. Mag., 46, 836.

Mihalas, D., D-appen, W., Hummer, D.G., 1988. Ap. J., 331, 815{825. Morse, P.M. 1940. Ap. J., 92, 27.

Rogers, F.J., Iglesias, C.A. 1992. Ap. J. Suppl., 79, 507.

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).

Schuster, A. 1903. Ap. J., 17, 165. Schuster, A. 1905. Ap. J., 21, 1.

Schwarzchild, K., 1906. G-ottingen Nach., 1, 41.

Seaton, M.J., Yu Yan, Mihalas, D., Pradhan, A.K., 1994. M.N.R.A.S., 266, 805. Str-omgren, B. 1932. Zs. f. Ap., 4, 118. Str-omgren, B. 1933. Zs. f. Ap., 7, 222.

Weiss, A., Keady, J.J., Magee, N.M. Jr. 1990. Atomic Data and Nuclear Data Tables, 45, 209.

Ńĺâěàăâãàă ł čńăćě 5 "Čěńĺőáěľáňĺçěáłăï ňőďěńì Śőńŋæă".

Ąăâãàĺŋ, Ć.Ă., Ăîłőć, Ś.Ć. 1996. Ăáâàőŋ. ę., 73, 259.

Ćőàőŋæőć, Ś.Ć., Ęăàłőć Ć.Ŋ. 1988. "Ĺâőčĺ ŋăãłĺ ĺ âěåŋĺłĺ", áěàĺï "Ăáâàőŋőňĺï", â.38, áâà.253.

Anders, E., Grevesse, N. 1989. Geochimica et Cosmochimica Acta, 53, 197. Antia, H.M., Chitre, S.M. 1995. Ap. J., 442, 434. Antia, H.M., Basu, S. 1994. Astron. Ap. Suppl., 107, 421. Bahcall, J.N. 1994. Phys. Letters B, 338, 276.

Bahcall, J.N., Pinsonneault, M.H. 1992. Rev. Mod. Phys., 64, 885.

Baturin, V.A., Ajukov, S.V. 1993. In Inside the Stars, IAU Colloquium 137, Eds. W.Weiss and A.Baglin, p. 69.

Baturin, V.A., Vorontsov, S.V. 1995. In GONG’94: Helio- and Astero-Seismology from Earth and Space, ed R.K.Ulrich, E.J.Rhodes, Jr., W.Dappen, Astronomical Society of the Paci˛c, Conference Series, San Francisco, p. 188.

Christensen-Dalsgaard, J. 1986. In Seismology of the Sun and Distant Stars, ed. D.O.Gough, NATO ASI Series C, 169, 23.

Christensen-Dalsgaard, J. 1992. Ap. J., 385, 354.

Christensen-Dalsgaard, J., Gough, D. O., Thompson, M.J. 1991. Ap. J., 378, 413. Christensen-Dalsgaard, J., Pro˛tt, C.R., Thompson, M.J. 1993. Ap. J., 403, L75. Cox, J.P., Giuli, R.J. Principles of Stellar Structure, New York, Gordon & Breach, 1968. Dziembowski, W.A., Goode, P.R., Pamyatnykh, A.A., Sienkiewicz, R. 1994. Ap. J., 432, 417.

Elsworth, E. et al. 1994. Ap. J., 434, 801. Guzik, J.A., Cox, A.N. 1993. Ap. J., 411, 394.

Jimenez, A., Pall«e, P.L., Roca Cortes, T., Andersen, N.B., Domingo, V., Jones, A.R., Alvarez, M., Ledezma, E. 1988. In Seismology of the Sun and Sun-Like Stars, ESA, p. 163.

Libbrecht, K.G., Woodard, M.F., Kaufman, J.M. 1990. Ap. J. Suppl., 74, 1129. Rogers, F.J., Swenson, F.J., Iglesias, C.A. 1996. Ap. J., 456, 902. Vorontsov, S.V., Shibahashi, H. 1991. Publ. Astron. Soc. Japan, 43, 739.