ŇŐŚŁŐĆŚŁĹĽ ČŐŚŞĎĂŘŚŠĆĚŊŊŻĽ ŞŊĹĆĚŘŚĹŠĚŠ ĺň. Ň.Ć. ŃŐŇŐŊŐŚŐĆĂ ŊĂŞŮŊŐ-ĹŚŚŃĚĎŐĆĂŠĚŃĲŚŁĹĽ ĹŊŚŠĹŠŞŠ §ĎĚŘŊŐĽ ŤĹĞĹŁĹ ĺň. Ď.Ć. ŚŁŐĄĚŃĲŰŻŊĂ Őâďěń Šěőàěâĺçěáłőľ Ťĺğĺłĺ Ćëáőłĺå İŋěàčĺľ

Ŋă ŕàăćăå àãłőŕĺáĺ

Ćěàŋőć Śěàčěľ đàìěćĺç

ŁĆĂŊŠŐĆŻĚ ŔŐŃ§ Ć ŐŁŘĚŚŠŊŐŚŠĹ ŔĚŘĹŐĎĹŮĚŚŁĹŢ ŁŃĂŚŚĹŮĚŚŁĹŢ ŔŐŃĚĽ

01.04.02-âěőàěâĺçěáłăï äĺğĺłă

Ďĺááěàâăæĺï ŋă áőĺáłăŋĺě Ŋăãçŋëľ àãłőćőďĺâěńì |

ãçěŋőľ áâěŕěŋĺ łăŋďĺďăâă ď.ä.ň.ŋ., ŕàőäěááőà

äĺğĺłő-ňăâěňăâĺçěáłĺå ŋăãł Ő.Ă. Ţàãáâăń-ěć

Ňőáłćă 2000

Cőďěàęăŋĺě

Ććěďěŋĺě 3

Čńăćă 1. Łćăŋâőćăŋĺě ć âěàňĺŋăå ŕěàěňěŋŋëå Ąőčőńîąőćă13

1.1. Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 1.2. Ŕěàěňěŋŋëě Ąőčőńîąőćă łăł äãŋłæĺőŋăńë

ĺáåőďŋëå ŕěàěňěŋŋëå : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 1.3. Őŕěàăâőàë łőőàďĺŋăâë ĺ ĺňŕãńìáă: : : : : : : : : : : : : : : : : : : : : : : : : :17

Čńăćă 2. Ŕőáâàőěŋĺě àěčãńïàŋőľ âěőàĺĺ ćőğňãéěŋĺľ 20

2.1. Ŕàěőąàăğőćăŋĺě ćěłâőàőć áőáâőïŋĺľ : : : : : : : : : : : : : : : : : : : : : : : : : 20 2.2. Čàãŕŕă Ŕãăŋłăàě: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :21 2.3. Šěőàĺï ćőğňãéěŋĺľ ĺ ĺŋâěčàăńë ďćĺęěŋĺï : : : : : : : : : : : : : : : : : : 22 2.4. Őŕàěďěńěŋĺě äãŋłæĺľ ~N^a : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25 2.5. Řěďãłæĺï çĺáńă áőáâőïŋĺľ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28 2.6. Ŋãńěćőľ ŕőàïďőł ŕő G: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :31 2.6.1. Ĺŋâěčàăńë ďćĺęěŋĺï : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 2.6.2. Őŕěàăâőà ŕőńï : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 34

Čńăćă 3. Ŕőáâàőěŋĺě ŕàĺąńĺę-ěŋŋëå łńăááĺçěáłĺå ŕőńěľ ć äőàňě áâőïçěľ ćőńŋë 36

3.1. Šěőàěňë áãéěáâćőćăŋĺï ŕěàĺőďĺçěáłĺå àěèěŋĺľ : : : : : : : : : : : : 36 3.2. Ďćă âĺŕă ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ : : : : : : : : : : : : : : : : : : : 38 3.2.1. Ąěčãéĺě ćőńŋë : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 38 3.2.2. Śâőïçĺě ćőńŋë: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :39 3.3. Řăćŋőňěàŋëě ăáĺňŕâőâĺçěáłĺě àăğńőęěŋĺï : : : : : : : : : : : : : : : : : : 40 3.4. Ŕőáâàőěŋĺě ăáĺňŕâőâĺçěáłőčő àïďă ć áńãçăě ąěğňăááőćőľ âěőàĺĺ ’^4 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :41 3.4.1. Ňěâőď Ŕãăŋłăàě : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 3.4.2. Şáńőćĺě áãéěáâćőćăŋĺï ŕěàĺőďĺçěáłőčő àěèěŋĺï : : : : : : 42 3.5. Ŋãńěćőě ŕàĺąńĺęěŋĺě : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 3.6. Ŕěàćőě ŕàĺąńĺęěŋĺě : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48 3.7. Ćâőàőě ŕàĺąńĺęěŋĺě : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 48

Ğăłńîçěŋĺě 50

Ŕàĺńőęěŋĺě 1. Śćïğì ňěęďã äãŋłæĺőŋăńìŋëňĺ ŕàőĺğćőďŋëňĺ ŕő ŋőćëň ŕěàěňěŋŋëň ĺ ćëàăęěŋĺě ćăàĺăæĺőŋŋëå ŕàőĺğćőďŋëå ŕő ĺáåőďŋëň ŕěàěňěŋŋëň ć âěàňĺŋăå ŋőćëå ŕěàěňěŋŋëå : : : : : : : : : : : 52

Ŕàĺńőęěŋĺě 2. Şáńőćĺě őąàăéěŋĺï ć ŋãńì ŕěàćőčő ŕőàïďłă ć àăğńőęěŋĺĺ ĺŋâěčàăńőć ďćĺęěŋĺï : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56

Ŕàĺńőęěŋĺě 3. Őŕěàăâőàë ŕàőěłâĺàőćăŋĺï ďńï äãŋłæĺľ w ĺ w_n ĺ ćăàĺăæĺőŋŋëě ŕàőĺğćőďŋëě ŕő w ĺ w_n : : : : : : : : : : : : : : : : : : : : : 60

Ŕàĺńőęěŋĺě 4. Ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ŕő łőŋáâăŋâě áćïğĺ G: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :63

Ŕàĺńőęěŋĺě 5. Łńăááĺçěáłĺě àěèěŋĺï âěőàĺĺ ’^4 ć ćĺďě ąěčãéĺå ćőńŋ: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :72

Ŕàĺńőęěŋĺě 6. Ĺğãçěŋĺě áâăąĺńìŋőáâĺ áâăâĺçěáłőčő ŕőńï, ŕěàĺőďĺçěáłőčő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě : : : : : : : : : : : : : : : : : : : 76

Ŕàĺńőęěŋĺě 7. Ŋăåőęďěŋĺě ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï ąěáłőŋěçŋőľ áĺáâěňë ŋěńĺŋěľŋëå ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ ňěâőďăňĺ łőňŕìîâěàŋőľ ăńčěąàë : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85

Ŕàĺńőęěŋĺě 8. Ŕăàăňěâàĺğăæĺï çĺáńěŋŋőčő àěèěŋĺï : : : : : : : : : : : : : : : 92

Śŕĺáőł ńĺâěàăâãàë : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 94

ĆĆĚĎĚŊĹĚ

Ğăďăçă łćăŋâőćăŋĺï áãéěáâćěŋŋő ŋěńĺŋěľŋëå ŕőńěćëå ňőďěńěľ ŕàĺćńěłăěâ ćŋĺňăŋĺě ć âěçěŋĺě ãęě ďőáâăâőçŋő ďńĺâěńìŋőčő ćàěňěŋĺ. Ŕàĺ łćăŋâőćăŋĺĺ ćąńĺğĺ ŋěâàĺćĺăńìŋőčő łńăááĺçěáłőčő àěèěŋĺï őďŋőľ ĺğ âàãďŋőáâěľ ïćńïěâáï ïćŋëľ ãç-ěâ ğăłőŋőć áőåàăŋěŋĺï ĺ ćőááâăŋőćńěŋĺě áĺňňěâàĺľ, ãâàăçĺćăěňëå ŕàĺ ŋěŕőáàěďáâćěŋŋőň ćëďěńěŋĺĺ łńăááĺçěáłőľ áőáâăćńïîéěľ. Ŋăàãèěŋĺě ŋěâàĺćĺăńìŋëň łńăááĺçěáłĺň àěèěŋĺěň ĺáåőďŋëå áĺňňěâàĺľ ŕőńěćőľ ňőďěńĺ ŕàĺćőďĺâ ł ŕőïćńěŋĺî ć áŕěłâàě ćőğňãéěŋĺľ ŋãńěćëå ňőď, çâő ďěńăěâ ŋěłőààěłâŋőľ áâăŋďăàâŋãî âěőàĺî ćőğňãéěŋĺľ.

Řăááňőâàĺň, ŋăŕàĺňěà, (1 + 1){ňěàŋãî âěőàĺî áăňőďěľáâćãîéěčő ďěľáâćĺâěńìŋőčő áłăńïàŋőčő ŕőńï, őŕĺáëćăěňãî ńăčàăŋęěćőľ ŕńőâŋőáâìî: L(’) = 1 2 g^{αβ}’_{,α}’_{,β} − G^2V ( ’ G ) : (0:1)

Řăááňăâàĺćăï ŕőńě ’ łăł áãňňã łńăááĺçěáłőľ ĺ łćăŋâőćőľ áőáâăćńïîéĺå:

’(t; x) = G’_{cl}(t; x) + u(t; x); G ≫ 1;

àăğńőęĺň ãàăćŋěŋĺě Ńăčàăŋęă{İľńěàă ć àïď ŕő G^{−1}. Ŕàěŋěąàěčăï çńěŋăňĺ ŕőàïďłă O(G^{−1}), ŕőńãçăěň: 1) ’_{cl}(t; x) | àěèěŋĺě ãàăćŋěŋĺï

@^2’_{cl} @x^2 − @ 2’_{cl} @t^2

− V^′(’_{cl}) = 0; (0:2)

2) u(t; x) | àěèěŋĺě áńěďãîéěčő ńĺŋěľŋőčő ãàăćŋěŋĺï:

@^2u(t; x)

@x^2 − @ 2u(t; x) @t^2

− V^{′′}(’_{cl}) · u(t; x) = 0: (0:3)

Ďńï âőčő, çâőąë ďăŋŋőě àăğńőęěŋĺě ąëńő áŕàăćěďńĺćő ćő ćá-ěň ŕàőáâàăŋáâćě-ćàěňěŋĺ, łćăŋâőćăï áőáâăćńïîéăï u(t; x) ďőńęŋă ąëâì őčàăŋĺçěŋŋőľ äãŋłæĺěľ.

Ŕãáâì ãàăćŋěŋĺě (0:1) őąńăďăěâ áőńĺâőŋőŕőďőąŋëň áâăâĺçěáłĺň àěèěŋĺěň ’_{cl}(t; x) = ff(x). Ŕàĺ łćăŋâőćăŋĺĺ ćąńĺğĺ ŕőďőąŋőčő àěèěŋĺï ŋăàãèăěâáï âàăŋáńïæĺőŋŋăï áĺňňěâàĺï, ćáńěďáâćĺě íâőčő ćőğŋĺłăěâ ŋãńěćăï ňőďă, áőőâćěâáâćãîéăï ŕàőáâàăŋáâćěŋŋëň áďćĺčăň áőńĺâőŋă. Ďěľáâćĺâěńìŋő, àăğďěńïï ŕěàěňěŋŋëě ć ãàăćŋěŋĺĺ (0:3):

u(t; x) = T (t)X(x);

ŕőńãçăěň áĺáâěňã:

d^2X(x) dx^2 = (V

′′(’_{cl}(x)) − !^2)X(x);

d^2T (t)

dt^2 = −!

2T (t);

(0:4)

čďě !^2 { ŕàőĺğćőńìŋăï łőŋáâăŋâă. Šàěąãï, çâőąë äãŋłæĺï X(x) ąëńă ąë ŋőàňĺàãěňőľ, ŋăåőďĺň áŕěłâà ďőŕãáâĺňëå ğŋăçěŋĺľ ŕăàăňěâàă !. Ć íâőâ áŕěłâà ćåőďĺâ !_0 = 0, áőőâćěâáâćãîéăï ěľ áőąáâćěŋŋăï äãŋłæĺï | ŕàőáâàăŋáâćěŋŋăï ŕàőĺğćőďŋăï łńăááĺçěáłőčő àěèěŋĺï ff_{,x}(x) | ïćńïěâáï ŋőàňĺàãěňőľ äãŋłæĺěľ. Šăłĺň őąàăğőň, ć łćăŋâőćőň ŕőńě ŕőïćńïěâáï áńăčăěňőě u_0(t; x) = Cff_{,x}(x)t;

ŋěőčàăŋĺçěŋŋő àăáâãéěě á âěçěŋĺěň ćàěňěŋĺ (C | łőŋáâăŋâă, őŕàěďěńïěňăï ŋăçăńìŋëň ğŋăçěŋĺěň ĺňŕãńìáă łćăŋâőćőčő ŕőńï). Ŕőďőąŋëě (ŋěőčàăŋĺçěŋŋëě) çńěŋë àăğńőęěŋĺï ŋăğëćăîâáï ćěłőćëňĺ (ĺńĺ áěłãńïàŋëňĺ). Šăłĺň őąàăğőň, ŕőńãçěŋŋőě àăğńőęěŋĺě áőďěàęĺâ áěłãńïàŋëě çńěŋë ĺ, áńěďőćăâěńìŋő, ŋě ïćńïěâáï àăćŋőňěàŋëň (àăćŋőňěàŋő ŕàĺčőďŋëň). Řăááňőâàěŋĺě ďăŋŋőľ ňőďë ć őďŋőň àïďã á ŋěŋãńěćëňĺ ňőďăňĺ ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî àăáåőďĺňőáâěľ ć ćëáèĺå ŕőàïďłăå âěőàĺĺ ćőğňãéěŋĺľ. Ś ďàãčőľ áâőàőŋë, ňěåăŋĺçěáłőě ćëç-ěàłĺćăŋĺě íâőľ ňőďë ŕàĺćőďĺâ ł ĺğňěŋěŋĺî ĺáåőďŋőčő çĺáńă áâěŕěŋěľ áćőąőďë.

Ŕàőąńěňă ŋăåőęďěŋĺï àăćŋőňěàŋő ŕàĺčőďŋëå àăğńőęěŋĺľ ćőğŋĺłăěâ ĺ ŕàĺ ŕőáâàőěŋĺĺ ăáĺňŕâőâĺçěáłőčő àěèěŋĺï łćăğĺńĺŋěľŋőčő ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï ć âěőàĺĺ ŋěńĺŋěľŋëå łőńěąăŋĺľ. Ďńï ŕőáâàőěŋĺï ŕőďőąŋëå àăğńőęěŋĺľ àěèěŋĺľ őąëłŋőćěŋŋëå ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ ąëńĺ àăğàăąőâăŋë ăáĺňŕâőâĺçěáłĺě ňěâőďë, ŋăŕàĺňěà, ňěâőď Ŕãăŋłăàě [1] ĺ ňěâőď Łàëńőćă{Ąőčőńîąőćă [2, 3]. Ďăŋŋëě ňěâőďë ńěčłő őąőąéăîâáï ĺ ŋă áńãçăľ ãàăćŋěŋĺï ć çăáâŋëå ŕàőĺğćőďŋëå, őďŋăłő, ć íâőň áńãçăě ŕàőąńěňã ŕőáâàőěŋĺï àăćŋőňěàŋëå àăğńőęěŋĺľ ŋěńìğï áçĺâăâì ŕőńŋőáâìî àěè-ěŋŋőľ (áň. čńăćã 3 ďĺááěàâăæĺĺ).

Łőààěłâŋëľ ňěâőď łćăŋâőćăŋĺï âàăŋáńïæĺőŋŋő-ĺŋćăàĺăŋâŋőľ áĺáâěňë ąëń ŕàěďńőęěŋ Ŋ.Ŋ. Ąőčőńîąőćëň ć àăąőâě "Őą őďŋőľ ŋőćőľ äőàňě ăďĺăąăâĺçěáłőľ âěőàĺĺ ćőğňãéěŋĺľ ć ğăďăçě ő ćğăĺňőďěľáâćĺĺ çăáâĺæë á łćăŋâőćëň ŕőńěň" [4] ĺ, äăłâĺçěáłĺ, ïćńïěâáï łćăŋâőćőľ ćěàáĺěľ łńăááĺçěáłőčő ňěâőďă Łàëńőćă{Ąőčőńîąőćă. Ć áâăâìě ąëńă àăááňőâàěŋă áĺáâěňă á ăďĺăąăâĺçěáłőľ áćïğìî, â.ě. áĺáâěňă, ć čăňĺńìâőŋĺăŋ łőâőàőľ łĺŋěâĺçěáłăï íŋěàčĺï łćăŋâőćőčő ŕőńï ćåőďĺâ á ňăńëň ŕăàăňěâàőň. Ć áćïğĺ á ŋăńĺçĺěň âàăŋáńïæĺőŋŋőčő ćëàőęďěŋĺï ďăŋŋőľ áĺáâěňë áâăŋďăàâŋëě ňěâőďë âěőàĺĺ ćőğňãéěŋĺľ őłăğăńĺáì ŋěŕàĺňěŋĺňë. Ŋ.Ŋ. Ąőčőńîąőćëň ąëńă àăğàăąőâăŋă ŋőćăï äőàňă âěőàĺĺ ćőğňãéěŋĺľ, őáŋőćăŋŋăï ŋă ïćŋőň ãçěâě âàăŋáńïæĺőŋŋőľ ĺŋćăàĺăŋâŋőáâĺ áĺáâěňë, őáãéěáâćńïěňőň áńěďãîéĺň őąàăğőň. Śŋăçăńă ŕàőćőďĺâáï ŕàěőąàăğőćăŋĺě ŕěàěňěŋŋëå, őâ łőâőàëå ğăćĺáĺâ ćőńŋőćăï äãŋłæĺï, çâő ŕőğćőńïěâ ćëďěńĺâì ŕěàěňěŋŋëě, łőâőàëě ŕőď ďěľáâćĺěň âàăŋáńïæĺľ ŕőďćěàčăîâáï ŕàőáâőňã áďćĺčã, ŕàĺ íâőň őáâăńìŋëě ŕěàěňěŋŋëě ćëąĺàăîâáï âàăŋáńïæĺőŋŋő ĺŋćăàĺăŋâŋëňĺ. Ćőńŋőćăï äãŋłæĺï, ćëàăęěŋŋăï ć âěàňĺŋăå ŋőćëå ŕěàěňěŋŋëå, ĺňěěâ ŕàőáâëě âàăŋáäőàňăæĺőŋŋëě áćőľáâćă őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ čàãŕŕë âàăŋáńïæĺľ, çâő ŕőğćőńïěâ ńěčłő áâàőĺâì áőáâőïŋĺï, ïćńïîéĺěáï áőąáâćěŋŋëňĺ ďńï őŕěàăâőàă ŕőńŋőčő ĺňŕãńìáă áĺáâěňë.

Śãâì ňěâőďă čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă ğăłńîçăěâáï ć ŕàěőąàăğőćăŋĺïå, ććőďïéĺå ć łăçěáâćě ďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå ŕăàăňěâàë čàãŕŕë áĺňňěâàĺĺ ćğăĺňőďěľáâćãîéěľ áĺáâěňë. Ŕőïáŋĺň ďăŋŋëě àăááãęďěŋĺï ŋă ŕàĺňěàě áâăâĺçěáłőčő łńăááĺçěáłőčő àěèěŋĺï, ŋăàãèăîéěčő âàăŋáńïæĺőŋŋãî áĺňňěâàĺî. Ć àěğãńìâăâě ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă ďăŋŋőě àěèěŋĺě ff(x) ŕàěćàăéăěâáï ć őŕěàăâőà ff(x−^a), čďě ŋă ŕàěőąàăğőćăŋĺě âàăŋáńïæĺľ àěăčĺàãěâ ńĺèì ŕěàěňěŋŋăï ^a | äãŋłæĺőŋăń őŕěàăâőàőć ŕőńï. Šàăŋáńïæĺőŋŋãî ĺŋćăàĺăŋâŋőáâì ŕőńŋőľ âěőàĺĺ őąěáŕěçĺćăěâ âő őąáâőïâěńìáâćő, çâő ^a ïćńïěâáï őŕěàăâőàőň, łăŋőŋĺçěáłĺ áőŕàïę-ěŋŋëň őŕěàăâőàã ŕőńŋőčő ĺňŕãńìáă. Łńăááĺçěáłăï áőáâăćńïîéăï ć äőàňăńĺğňě Ąőčőńîąőćă ŋě ïćńïěâáï çĺáńőćőľ äãŋłæĺěľ, ŕőáłőńìłã áőďěàęĺâ ć áćő-ěň ăàčãňěŋâě őŕěàăâőà ^a.

Řăğćĺâĺě ňěâőďă ąëńő ŕàěďńőęěŋő Ś.Ć. Šïąńĺłőćëň ć àăąőâě "Ăďĺăąăâĺçěáłăï äőàňă âěőàĺĺ ćőğňãéěŋĺľ ć ğăďăçě ő ćğăĺňőďěľáâćĺĺ çăáâĺæë á łćăŋâőćëň ŕőńěň" [5] ĺ Ć.Ă. Ňőáłăńěŋłő ć àăąőâě "Ł âěőàĺĺ âěŕńőćőčő ćőğąãęďěŋĺï ŕőńïàőŋă" [6].

Ć 1972-73 čőďăå Ě.Ŕ. Śőńőďőćŋĺłőćă, Ă.Ŋ. Šăćåěńĺďğě ĺ Ő.Ă. Ţàãáâăń-ěć ć áěàĺĺ àăąőâ àăğćĺńĺ ĺ őąőąéĺńĺ ňěâőď čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă. Ć àăąőâě [7] ăćâőàë ŕőłăğăńĺ, çâő ňěâőď ŕàĺňěŋĺň ł ğăďăçě ő ćğăĺňőďěľáâćĺĺ ŋěàěńïâĺćĺáâáłőľ çăáâĺæë á łćăŋâőćëň ŕőńěň. Ć àăąőâě [8] ňěâőď ąëń őąőąé-ěŋ ŋă áńãçăľ, łőčďă ŕàěőąàăğőćăŋĺï čàãŕŕë áĺňňěâàĺĺ ć łćăŋâőćőľ âěőàĺĺ ŕőńï àěăńĺğãîâáï ć ćĺďě ŕàőĺğćőńìŋőľ čàãŕŕë Ńĺ. Ć łńăááĺçěáłőň ŕàěďěńě âăłĺě ŕàěőąàăğőćăŋĺï áĺňňěâàĺĺ ŕěàěåőďïâ ć âőçěçŋëě łăŋőŋĺçěáłĺě ŕàěőąàăğőćăŋĺï áőőâćěâáâćãîéěľ łńăááĺçěáłőľ čăňĺńìâőŋőćőľ áĺáâěňë. Ć àăąőâě [9] ŕàőćěďěŋő ŕàěőąàăğőćăŋĺě ŕěàěňěŋŋëå, ć àěğãńìâăâě łőâőàőčő ćëďěńěŋë ŕěàěňěŋŋëě, ŕàĺŋĺňăîéĺě őŕàěďěń-ěŋŋëě ğŋăçěŋĺï ŋă áőőâćěâáâćãîéěľ čàãŕŕě Ńĺ. Ŕàĺ ŕàěőąàăğőćăŋĺïå áĺňňěâàĺĺ ďăŋŋëě ŕěàěňěŋŋëě ŕőďćěàčăîâáï áďćĺčã ć čàãŕŕőćőň ŕàőáâàăŋáâćě. Őáâăńìŋëě ŕěàěňěŋŋëě ćëąĺàăîâáï ĺŋćăàĺăŋâŋëňĺ őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ čàãŕŕë áĺňňěâàĺĺ áĺáâěňë.

Ć 1974 čőďã á ŕőňőéìî ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă àăááňăâàĺćăńĺáì ğăďăçĺ ďćãå [10] ĺ âà-ěå [11] âěń ć áńãçăïå ăďĺăąăâĺçěáłőčő ĺ áĺńìŋőčő ćğăĺňőďěľáâćĺľ.

Ňěâőď Ąőčőńîąőćă ĺáŕőńìğőćăńáï ć âěőàĺĺ áĺńìŋőľ áćïğĺ: ć ŋěàěńïâĺćĺáâáłőľ ňőďěńĺ ćğăĺňőďěľáâćĺï áłăńïàŋőľ çăáâĺæë á łćăŋâőćăŋŋëň ŕőńěň [12, 13]; ŕàĺ ăŋăńĺğě ćğăĺňőďěľáâćĺï ŋěàěńïâĺćĺáâáłőčő ŋãłńőŋă á ı{ňěğőŋŋëň ŕőńěň [14] ĺ àăááěïŋĺï ć áĺňňěâàĺçŋőľ áłăńïàŋőľ âěőàĺĺ [15]; ŕàĺ ĺááńěďőćăŋĺĺ ãáâőľçĺćőáâĺ łńăááĺçěáłĺå àěèěŋĺľ ãàăćŋěŋĺľ §ŋčă-Ňĺńńáă á ĺáâőçŋĺłőň [16]; ć àăąőâě [17] ŋă őáŋőćě ňěâőďă Ąőčőńîąőćă àăááňăâàĺćăńőáì ćğăĺňőďěľáâćĺě áĺňňěâàĺçŋőčő ĺáâőçŋĺłă áő áłăńïàŋëň ĺ ŕáěćďőáłăńïàŋëň ŕőńïňĺ; ć àăąőâě [18] ĺğãçăńăáì áĺáâěňă, áőáâőïéăï ĺğ ďćãå ĺáâőçŋĺłőć, ćğăĺňőďěľáâćãîéĺå áő áłăńïàŋëň ğăàïęěŋŋëň ŕőńěň. Ć àăąőâě [19] àăááňăâàĺćăńőáì ćğăĺňőďěľáâćĺě ŋěàěńïâĺćĺáâáłőľ çăáâĺæë áő áłăńïàŋëň łćăŋâőćëň ŕőńěň ć őďŋőňěàŋőň ŕàőáâàăŋáâćě, ŕàĺ íâőň ąëńĺ ŕőńãçěŋë íŋěàčěâĺçěáłĺľ áŕěłâà ĺ ăňŕńĺâãďă àăááěïŋĺï á âőçŋőáâìî ďő ŋãńěćőčő ŕőàïďłă ŕő őąàăâŋëň áâěŕěŋïň łőŋáâăŋâë áćïğĺ.

Ć àěńïâĺćĺáâáłőľ âěőàĺĺ čàăćĺâăæĺĺ (ŘŠČ) á ŕőňőéìî čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă ąëńő ŕàőćěďěŋő łćăŋâőćăŋĺě ć őłàěáâŋőáâĺ áäěàĺçěáłĺ-áĺňňěâàĺçŋőčő àěèěŋĺï (Ÿćăàæèĺńìďă) [20].

Ňěâőď Ąőčőńîąőćă ŕőď ŋăğćăŋĺěň ňěâőďă łőńńěłâĺćŋëå łőőàďĺŋăâ ąëń ŋěğăćĺáĺňő áäőàňãńĺàőćăŋ ć áěàěďĺŋě áěňĺďěáïâëå čőďőć ć àăąőâăå ğăàãąěęŋëå ăćâőàőć [21{26]. Ŕàĺ íâőň ćőğŋĺłńő âàĺ ćăàĺăŋâă ňěâőďă. Ŋăŕőňŋĺň, çâő ňěâőď Ąőčőńîąőćă ğăłńîçăěâáï ć ğăňěŋě ŕěàěňěŋŋëå áŕěæĺăńìŋőčő ćĺďă. Ć őďŋőň ĺğ ćăàĺăŋâőć ňěâőďă łőńńěłâĺćŋëå łőőàďĺŋăâ âăłăï ğăňěŋă ŕěàěňěŋŋëå ŕàőĺğćőďĺâáï ć łőŋâĺŋãăńìŋőň ĺŋâěčàăńě [21{23]. Ćő ćâőàőň ćăàĺăŋâě [24, 25] ĺáŕőńìğãěâáï őŕěàăâőàŋëľ äőàňăńĺğň. İâőâ ćăàĺăŋâ ňěâőďă łőńńěłâĺćŋëå łőőàďĺŋăâ ŕőńŋőáâìî íłćĺćăńěŋâěŋ ňěâőďã Ąőčőńîąőćă. Ĺ, ŋăłőŋěæ, ć âàěâìěň ćăàĺăŋâě [26] ŕěàěňěŋŋëě á ŕàőáâëňĺ âàăŋáäőàňăæĺőŋŋëňĺ áćőľáâćăňĺ őâŋőáĺâěńìŋő ŕàěőąàăğőćăŋĺľ áĺňňěâàĺĺ ććőďïâáï ŋă łńăááĺçěáłőň ãàőćŋě łăł ďőŕőńŋĺâěńìŋëě ŕěàěňěŋŋëě. Ńăčàăŋęĺăŋ áĺáâěňë ňőďĺäĺæĺàãěâáï, ŕőáńě çěčő ćőğŋĺłăěâ łăńĺąàőćőçŋő{ĺŋćăàĺăŋâŋăï łćăŋâőćőňěåăŋĺçěáłăï áĺáâěňă. Ŋăńăčăï ŋă íâã áĺáâěňë àăğńĺçŋëě łăńĺąàőćőçŋëě ãáńőćĺï, ňőęŋő ďőłăğăâì ěě íłćĺćăńěŋâŋőáâì ĺáåőďŋőľ áĺáâěňě ĺ ććěáâĺ ŕěàěňěŋŋëě á ŋãęŋëňĺ áćőľáâćăňĺ. Ťăłâĺçěáłĺ âăłőľ ŕőďåőď ćěďěâ áćőě ŋăçăńő őâ àăąőâë [27]. Őŋ àăğćĺćăńáï âăłęě Ă.Ć. Ÿãàčăï [28, 29]. Őâňěâĺň, çâő ćáě âàĺ ćăàĺăŋâă ňěâőďă łőńńěłâĺćŋëå łőőàďĺŋăâ ŕàĺćőďïâ ł áőćŕăďăîéĺň àěğãńìâăâăň.

Ňěâőď Ąőčőńîąőćă ŕőńãçĺń áćőě àăğćĺâĺě ĺ ŋőćëě őąńăáâĺ ŕàĺňěŋěŋĺï ć àăąőâăå Ő.Ď. Šĺňőäěěćáłőľ ĺ Ć.Č. Ąőàŋïłőćă [30{36]. Ć çăáâŋőáâĺ, ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ŕàĺňěŋïńőáì ďńï áĺáâěň, áőďěàęăéĺå äěàňĺőŋë [33], ĺ ć ňőďěńĺ Ńĺ [35, 36]. Ő.Ď. Šĺňőäěěćáłőľ àăááňőâàěŋă àěăńĺğăæĺï ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă ŋěŕőáàěďáâćěŋŋő ŋă őŕěàăâőàăå àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï [34].

Ć àăąőâăå Ł.Ă. Śćěèŋĺłőćă [37, 38] ŋă őáŋőćě ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă ąëńă àăğćĺâă áåěňă łăŋőŋĺçěáłőčő łćăŋâőćăŋĺï, áőáâőïéăï ć ïćŋőľ àěăńĺğăæĺĺ čàãŕŕë Ŕãăŋłăàě ŋěŕőáàěďáâćěŋŋő ŋă łćăŋâőćëå ŕěàěňěŋŋëå ĺ ććěďěŋĺĺ ďőŕőńŋĺâěńìŋőľ ăńčěąàë őŕěàăâőàőć. Śőőâćěâáâćãîéĺě łăŋőŋĺçěáłĺě ŕàěőąàăğőćăŋĺï łńăááĺçěáłőľ čăňĺńìâőŋőćőľ áĺáâěňë ć íâőň áńãçăě ŋě ïćńïîâáï âőçěçŋëňĺ ŕàěőąàăğőćăŋĺïňĺ.

Ŕěàćőŋăçăńìŋëľ ňěâőď Ąőčőńîąőćă ŕàĺňěŋĺň âőńìłő ć âőň áńãçăě, łőčďă ŕàěőąàăğőćăŋĺï áĺňňěâàĺĺ àěăńĺğãîâáï ć ćĺďě čàãŕŕë Ńĺ âőçěçŋëå łăŋőŋĺçěáłĺå ŕàěőąàăğőćăŋĺľ. Ć àăąőâăå Ă.Ć. Řăğãňőćă, Ă.đ. Šăàăŋőćă, Ő.Ă. Ţàãáâăń-ěćă [39{45] ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ąëńő őąőąéěŋő ŋă áńãçăľ ŕàőĺğćőńìŋőľ čàãŕŕë Ńĺ łăŋőŋĺçěáłĺå ŕàěőąàăğőćăŋĺľ. Ŕàěďńőęěŋŋëľ ňěâőď àăáłàëćăěâ čěőňěâàĺçěáłĺľ áňëáń ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă. Ć ãłăğăŋŋëå àăąőâăå àăááňăâàĺćăěâáï łćăŋâőćăŋĺě ŕőńěľ áő áćïğïňĺ.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ĺ ăŋăńőčĺçŋëě ŕàěőąàăğőćăŋĺï âěőàĺĺ łőńńěłâĺćŋëå łőőàďĺŋăâ ŕàĺňěŋïńĺáì ŕàĺ łćăŋâőćăŋĺĺ áãéěáâćěŋŋőŋěńĺŋěľŋëå áĺáâěň ć (1 + 1){ňěàŋőň ŕàőáâàăŋáâćě{ćàěňěŋĺ á æěńìî àěèěŋĺï ŕàőąńěňë ŋãńěćëå ňőď [46{49]. Ŕàĺ íâőň łćăŋâőćăŋĺě ŕàőćőďĺńőáì ć őłàěáâŋőáâĺ áőńĺâőŋő-ŕőďőąŋëå àěèěŋĺľ, ŋăŕàĺňěà, âěőàĺĺ ’^4 [26] ĺńĺ sine{Gordon [50, 51] (áň. âăłęě [52, 53]). Ŕőďőąŋëě àěèěŋĺï ćëąőàőň áĺáâěňë łőőàďĺŋăâ ňőęŋő ŕàěćàăâĺâì ć áâăâĺçěáłĺě.

Ĺááńěďőćăŋĺě áĺáâěň á ŋěáâăæĺőŋăàŋőľ łńăááĺçěáłőľ łőňŕőŋěŋâőľ ïćńïěâáï ąőńěě âàãďŋőľ ğăďăçěľ, âăł łăł ïćŋăï áâàãłâãàă čăňĺńìâőŋĺăŋă łăł čěŋěàăâőàă ćàěňěŋŋëå âàăŋáńïæĺľ áâăŋőćĺâáï ïáŋőľ âőńìłő ŕőáńě àěèěŋĺï ãàăćŋěŋĺľ ďćĺęěŋĺï ĺ őŕàěďěńěŋĺï čàãŕŕőćëå ŕěàěňěŋŋëå. Ć íâőľ áĺâãăæĺĺ ŕàěďáâăćńïěâáï ěáâěáâćěŋŋëň őŕàěďěńěŋĺě čàãŕŕőćëå ŕěàěňěŋŋëå ŕő ŋěłőâőàőľ áåěňě âěőàĺĺ ćőğňãéěŋĺľ, ãâőçŋïěňőľ ćňěáâě á ćëçĺáńěŋĺěň ĺŋâěčàăńőć ďćĺęěŋĺï.

Ňěâőď, ŕőğćőńïîéĺľ ŕàőćőďĺâì łćăŋâőćăŋĺě ć őłàěáâŋőáâĺ ŋěáâăæĺőŋăàŋëå łńăááĺçěáłĺå àěèěŋĺľ á ŕőňőéìî ńőłăńìŋőčő ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă, ąëń ŕàěďńőęěŋ ć àăąőâě [54]. Łńăááĺçěáłőě àěèěŋĺě ćëąĺàăńőáì ć ćĺďě (1+1){ňěàŋőčő ďěľáâćĺâěńìŋőčő áłăńïàŋőčő ŕőńï F (t; x), ãďőćńěâćőàïîéěčő áńěďãîéĺň ãáńőćĺïň: áãéěáâćãěâ ŕàőáâàăŋáâćěŋŋőŕőďőąŋăï ŕàïňăï C, ŋă łőâőàőľ ŋőàňăńìŋăï ŕàőĺğćőďŋăï F_n(t; x) = 0, ă ćâőàăï ŕàőĺğćőďŋăï ŕàőŕőàæĺőŋăńìŋă áăňőľ äãŋłæĺĺ:

F_{nn}(t; x) = −˙^2F (t; x):

Šő, çâő ďńï ňŋőčĺå ďćăęďë ŕěàĺőďĺçěáłĺå ŕőńěľ (â.ě. ŕěàĺőďĺçěáłĺå łăł ŕő ćàěňěŋŋőľ, âăł ĺ ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě), ŋăŕàĺňěà, ďńï ŕőńěľ ć ćĺďě áâőïçěľ ćőńŋë, íâĺ ãáńőćĺï őłăğëćăîâáï ŋěáőćňěáâŋëňĺ, ïćńïěâáï ŋěáãéěáâćěŋŋëň, âăł łăł ďăŋŋãî ŕàőæěďãàã łćăŋâőćăŋĺï ńěčłő ňőęŋő ŕěàěäőàňãńĺàőćăâì âăł, çâő ćëèěŕěàěçĺáńěŋŋëě ãáńőćĺï ğăňěŋïîâáï ŋă ěďĺŋáâćěŋŋőě ãáńőćĺě: áãéěáâćãěâ ŕàőáâàăŋáâćěŋŋőŕőďőąŋăï ŕàïňăï C, ŋă łőâőàőľ F (t; x) = 0. . Śőćáěň ŋěďăćŋő ďăŋŋëľ ňěâőď ąëń ŕàĺňěŋ-ěŋ ďńï łćăŋâőćăŋĺï áłăńïàŋőčő ŕőńï, ĺňěîéěčő ŋěŋãńěćãî łńăááĺçěáłãî łőňŕőŋěŋâã ĺ ćğăĺňőďěľáâćãîéěčő á ğăàïęěŋŋëň áłăńïàŋëň ŕőńěň [55].

Ďĺááěàâăæĺï őŕĺáëćăěâ áåěňã łćăŋâőćăŋĺï ćąńĺğĺ áłăńïàŋëå łńăááĺçěáłĺå ŕőńěľ F (x), ïćńïîéĺåáï àěèěŋĺěň ãàăćŋěŋĺï Ńăčàăŋęă-İľ-ńěàă ďńï K{ňěàŋőľ Ŕãăŋłăàě-ĺŋćăàĺăŋâŋőľ âěőàĺĺ:

F_{tt}(x) − K−1∑ k=1 F_{xkxk} (x)

+ V^′(F ) = 0; (0:5)

čďě V^′(F ) { ďĺääěàěŋæĺàãěňăï äãŋłæĺï, âăłăï çâő V^′(0) = 0. Ŕàĺ íâőň äãŋłæĺï F (x) ďőńęŋă ãďőćńěâćőàïâì áńěďãîéěňã ãáńőćĺî: áãéěáâćãěâ ŕàőáâàăŋáâćěŋŋőŕőďőąŋăï čĺŕěàŕńőáłőáâì C âăłăï, çâő ŕàĺ x ∈ C ćëŕőńŋïěâáï: F (x) = 0.

İääěłâĺćŋőáâì ŕàĺňěŋěŋĺï ňěâőďă Ąőčőńîąőćă ćő ňŋőčőň ğăćĺáĺâ őâ ćëąőàă łńăááĺçěáłőčő àěèěŋĺï. Ć íâőľ áćïğĺ ăłâãăńěŋ ćőŕàőá ŕàăćĺńìŋőčő ćëąőàă ŕàĺąńĺęěŋĺï ŋěĺğćěáâŋëå łńăááĺçěáłĺå àěèěŋĺľ ĺ ŕőáâàőěŋĺï àăćŋőňěàŋő ŕàĺčőďŋőčő, â.ě. ŋě áőďěàęăéěčő ŋěőčàăŋĺçěŋŋëå çńěŋőć, àăğńőęěŋĺï. B ďĺááěàâăæĺĺ ĺááńěďőćăńăáì ćőğňőęŋőáâì ŕőáâàőěŋĺï ŕàĺąńĺę-ěŋŋëå àěèěŋĺľ łćăğĺńĺŋěľŋëå ãàăćŋěŋĺľ ć ćĺďě ăáĺňŕâőâĺçěáłőčő àïďă ŕő ŕěàĺőďĺçěáłĺň äãŋłæĺïň ĺ ąëńő ćŕěàćëě ŕőáâàőěŋő ŕőďőąŋőě àăğńőęěŋĺě ďńï (1 + 1){ňěàŋőľ ąěğňăááőćőľ âěőàĺĺ ’^4. Ďăŋŋőě àăğńőęěŋĺě, ěáâěáâćěŋŋő, ïćńïěâáï àăćŋőňěàŋő ŕàĺčőďŋëň. Řěèĺć ŕàőąńěňã ćőğŋĺłŋőćěŋĺï àěğőŋăŋáă, ãďăńőáì ŕőáâàőĺâì àăğńőęěŋĺě ŕő äãŋłæĺïň ć ćĺďě áâőïçěľ ćőńŋë ĺ ć ŕěàćőň, ĺ ćő ćâőàőň ŕőàïďłě ŕő ŕăàăňěâàã ňăńőáâĺ. Őáőąěŋŋőáâìî ďăŋŋőčő àăğńőęěŋĺï ïćńïěâáï âő, çâő ć łăçěáâćě ŋãńěćőčő ŕőàïďłă àăğńőęěŋĺï (â.ě. àěèěŋĺï áőőâćěâáâćãîéěčő ńĺŋěľŋőčő ãàăćŋěŋĺï) ĺáŕőńìğãěâáï ŕěàĺőďĺçěáłăï äãŋłæĺï, őąńăďăîéăï ąěáłőŋěçŋëň àïďőň Ťãàìě.

Ďĺááěàâăæĺï áőáâőĺâ ĺğ ććěďěŋĺï, âà-ěå čńăć őáŋőćŋőčő âěłáâă, ğăłńîçěŋĺï ĺ ćőáìňĺ ŕàĺńőęěŋĺľ.

Ć ŕěàćőľ čńăćě ďńï áĺáâěňë, ĺŋćăàĺăŋâŋőľ őâŋőáĺâěńìŋőľ L ŕăàăňěâàĺçěáłőľ čàãŕŕë Ńĺ, ććőďïâáï čàãŕŕőćëě ŕěàěňěŋŋëě Ąőčőńîąőćă, łőâőàëě áćïğëćăîâáï á ĺáåőďŋëňĺ ŕőńěćëňĺ ŕěàěňěŋŋëňĺ á ŕőňőéìî ďőŕőńŋĺâěńìŋëå ãáńőćĺľ.

Ćő ćâőàőľ čńăćě àăğćĺâă àěčãńïàŋăï âěőàĺï ćőğňãéěŋĺľ ďńï (3 + 1){ ňěàŋőľ âěőàĺĺ áłăńïàŋőčő áăňőďěľáâćãîéěčő ďěľáâćĺâěńìŋőčő ŕőńï. Şáâăŋőćńěŋő ŋěőąåőďĺňőě ãáńőćĺě ćőğňőęŋőáâĺ ŕőáâàőěŋĺï âěőàĺĺ ćőğňãéěŋĺľ: łńăááĺçěáłăï áőáâăćńïîéăï ďőńęŋă ąëâì àěèěŋĺěň ćőńŋőćőčő ãàăćŋěŋĺï. Ś âőçŋőáâìî ďő ŋãńěćőčő ŕőàïďłă ŕő őąàăâŋëň áâěŕěŋïň łőŋáâăŋâë áćïğĺ^1 ŋăľďěŋë ćëàăęěŋĺï ďńï ĺŋâěčàăńőć ďćĺęěŋĺï ĺ őŕěàăâőàă ŕőńï, âěň áăňëň ďăŋő ŕőńŋőáâìî àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋőě őŕĺáăŋĺě łćăŋâőćőľ áĺáâěňë á ŋěŋãńěćőľ łńăááĺçěáłőľ łőňŕőŋěŋâőľ. Őŕĺáăŋë őáőąěŋŋőáâĺ łćăŋâőćăŋĺï ć âěàňĺŋăå čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă, ŕàőćőďĺňőčő ć őłàěáâŋőáâĺ ŕěàĺőďĺçěáłĺå àěèěŋĺľ (3+1)- ňěàŋëå ĺ (1 + 1)-ňěàŋëå áłăńïàŋëå âěőàĺľ. Łńăááĺçěáłĺě àěèěŋĺï ćëąĺàăîâáï ć ćĺďě áâőïçĺå ćőńŋ.

Ć ďĺááěàâăæĺĺ âăłęě àăááňăâàĺćăěâáï ćőŕàőá ő ŋăåőęďěŋĺĺ ŕőďőąŋëå łńăááĺçěáłĺå àěèěŋĺľ. Łńăáá ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ ïćńïěâáï ć ŋěłőâőàőň áňëáńě áăňëň ŕàőáâëň łńăááőň ŋěáâăæĺőŋăàŋëå àěèěŋĺľ ŕőńěćőľ ňőďěńĺ. Őďŋăłő őâëáłăŋĺě ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ ďăęě ć áńãçăě ďćãňěàŋëå âěőàĺľ, ğă ĺáłńîçěŋĺěň, ŕőęăńãľ, âőńìłő âěőàĺĺ sine{Gordon, ć łőâőàőľ ĺğćěáâŋë ïćŋëě ăŋăńĺâĺçěáłĺě ćëàăęěŋĺï ŕőďőąŋëå àěèěŋĺľ [54{57], ïćńïěâáï ŋě ŕőńŋőáâìî àěè-ěŋŋőľ ğăďăçěľ.

Ć áěňĺďěáïâëě ĺ ćőáìňĺďěáïâëě čőďë ďńï èĺàőłőčő łńăááă ŋěŕàěàëćŋëå äãŋłæĺľ g(’) ąëńĺ ďőłăğăŋë âěőàěňë áãéěáâćőćăŋĺï (ĺńĺ őâáãâáâćĺï) ŕěàĺőďĺçěáłĺå àěèěŋĺľ ŋěńĺŋěľŋëå ćőńŋőćëå ãàăćŋěŋĺľ. Ć çăáâŋőáâĺ, ŋě áãéěáâćãěâ àěèěŋĺľ ąěğňăááőćőľ âěőàĺĺ ’^4, ŕěàĺőďĺçěáłĺå ŕő ćàěňěŋĺ ĺ áâàěňïéĺåáï ł ŋãńî ŋă ŕàőáâàăŋáâćěŋŋőľ ąěáłőŋěçŋőáâĺ. Ć âő ęě ćàěňï ć ďăŋŋőľ âěőàĺĺ ňőčãâ áãéěáâćőćăâì ďćăęďë ŕěàĺőďĺçěáłĺě àěèěŋĺï ãàăćŋěŋĺï Ńăčàăŋęă{İľńěàă:

1Ŋăŕőňŋĺň, çâő łńăááĺçěáłăï áőáâăćńïîéăï ŕőńăčăěâáï ŕàőŕőàæĺőŋăńìŋőľ ŕěàćőľ áâěŕěŋĺ łőŋáâăŋâë áćïğĺ.

@^2’(t; x)

@x^2 − @ 2’(t; x) @t^2

− M^2’(t; x) − "’^3(t; x) = 0; (0:6)

ć ćĺďě áâőïçěľ ćőńŋë:

’(t; x) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} C_{nj} sin(n(x − x_0)) sin(j·!(t − t_0)); (0:7)

čďě x_0 ĺ t_0 őŕàěďěńïîâáï ĺğ ŋăçăńìŋëå ĺ čàăŋĺçŋëå ãáńőćĺľ.

Ďńï âěőàĺĺ ’^4 (ŋě őąïğăâěńìŋő ąěğňăááőćőľ) ĺğćěáâŋë àěèěŋĺï ć ćĺďě ąěčãéĺå ćőńŋ. Ĺňĺ ïćńïîâáï íńńĺŕâĺçěáłĺě äãŋłæĺĺ §łőąĺ őâ ăàčãňěŋâă ¸x + ˛t, čďě ¸ ĺ ˛ | ŋěłőâőàëě ďěľáâćĺâěńìŋëě łőŋáâăŋâë. Ŕěàĺőďĺçěáłĺě àěèěŋĺï ć ćĺďě ąěčãéĺå ćőńŋ ŋě ïćńïîâáï ĺáâĺŋŋő ďćăęďë ŕěàĺőďĺçěáłĺňĺ àěèěŋĺïňĺ, ŕőáłőńìłã á ŕőňőéìî ŕàěőąàăğőćăŋĺï Ŕãăŋłăàě ňőęŋő ŕěàěľâĺ ć áĺáâěňã łőőàďĺŋăâ, ć łőâőàőľ ŕěàĺőď ŕőďőąŋőčő àěèěŋĺï ńĺąő ŕő ćàěňěŋĺ, ńĺąő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě ąãďěâ àăćěŋ ąěáłőŋěçŋőáâĺ.

Ďàãčőľ łńăáá ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ őąàăğãîâ àěèěŋĺï ć ćĺďě áâőïçěľ ćőńŋë. Ŋăåőęďěŋĺě ŕěàĺőďĺçěáłĺå àěèěŋĺľ ć äőàňě áâőïçěľ ćőńŋë | ğăďăçă čőàăğďő ąőńěě áńőęŋăï, çěň őâëáłăŋĺě ąěčãéĺå ćőńŋőćëå ŕőńěľ, ŕőáłőńìłã ć íâőň áńãçăě ãàăćŋěŋĺě ć çăáâŋëå ŕàőĺğćőďŋëå ŋě áćőďĺâáï ł őąëłŋőćěŋŋőňã ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî. Ăŋăńĺâĺçěáłăï äőàňă ŕőďőąŋëå àěèěŋĺľ ŕőłă ŋě ŋăľďěŋă.

Ŕőďáâăŋőćłőľ ć ãàăćŋěŋĺě (0:6) äãŋłæĺĺ ’(t; x) ć äőàňě (0:7), ňőęŋő áćěáâĺ ďăŋŋőě ãàăćŋěŋĺě ł ąěáłőŋěçŋőľ áĺáâěňě ŋěńĺŋěľŋëå ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ ŋă łőíääĺæĺěŋâë C_{nj} ĺ çăáâőâã !. Ďăŋŋăï áĺáâěňă ňőęěâ ąëâì àěèěŋă çĺáńěŋŋő á ŕőňőéìî ňěâőďă Čăń-ěàłĺŋă, â. ě. ŕőáàěďáâćőň őąàěğăŋĺï àïďă Ťãàìě ŕő őąőĺň ĺŋďěłáăň: ∀n; j > N : C_{nj} = 0. Śńãçăľ M = 1 ĺ " = 1 ąëń ĺááńěďőćăŋ ŕàĺ àăğńĺçŋëå ğŋăçěŋĺïå N. Łăł őłăğăńőáì [60], àěğãńìâăâë ćëçĺáńěŋĺľ ŕàăłâĺçěáłĺ ŋě őâńĺçăîâáï ďàãč őâ ďàãčă, çâő áćĺďěâěńìáâćãěâ ő áăňőáőčńăáőćăŋŋőáâĺ ŕőďåőďă. Ŕàĺ íâőň ăćâőàë áŕàăćěďńĺćő őâňěçăîâ, çâő ć àăňłăå çĺáńěŋŋőčő àěèěŋĺï őáâă-ěâáï őâłàëâëň ćőŕàőá ő łőààěłâŋőáâĺ őąàěğăŋĺï ĺ áåőďĺňőáâĺ ŕőáńěďőćăâěńìŋőáâĺ ŕőńãçěŋŋëå àěèěŋĺľ ŕàĺ N, áâàěňïéěňáï ł ąěáłőŋěçŋőáâĺ.

Ć âàěâìěľ čńăćě ďĺááěàâăæĺĺ ďńï àěèěŋĺï ãàăćŋěŋĺï (0:6) ć áńãçăě ŋãńěćőľ ňăááë âăłęě ŕàĺňěŋïěâáï ŕőďáâăŋőćłă äãŋłæĺĺ ’(t; x) ć äőàňě (0:7). Ŕàĺ íâőň ďńï ãŕàőéěŋĺï áĺáâěňë ĺáŕőńìğãěâáï ŋě őąàěğăŋĺě, ă ãáńőćĺě ňăńőáâĺ ". Ć àěğãńìâăâě ŕőńãçăěâáï ăáĺňŕâőâĺçěáłőě àăğńőęěŋĺě, áőďěàęăéěě ãęě ć ŋãńěćőň ŕőàïďłě ąěáłőŋěçŋőě çĺáńő čăàňőŋĺł. Őłăğëćăěâáï, çâő ďńï àěèěŋĺï ŕàőąńěňë čńăćŋőčő àěğőŋăŋáă ĺ ŕőáâàőěŋĺï àăćŋőňěàŋő ŕàĺčőďŋőčő àăğńőęěŋĺï łăł ć ŕěàćőň, âăł ĺ ćő ćâőàőň ŕőàïďłě ŕő ", ŋěőąåőďĺňő ĺáŕőńìğőćăâì ć łăçěáâćě ŋãńěćőčő ŕàĺąńĺęěŋĺï äãŋłæĺî íńńĺŕâĺçěáłőčő łőáĺŋãáă.

Ć ğăłńîçěŋĺĺ ŕěàěçĺáńěŋë őáŋőćŋëě àěğãńìâăâë àăąőâë. Ć ŕàĺńőęěŋĺïå 1{4 ďăŋë ŕőďàőąŋőáâĺ ćëçĺáńěŋĺľ, ŕàőćőďĺňëå ŕàĺ łćăŋâőćăŋĺĺ ć âěàňĺŋăå čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă. Ć ŕàĺńőęěŋĺĺ 5 ďăŋë ŕàĺňěàë âőçŋëå àěèěŋĺľ (1 + 1)-ňěàŋőľ âěőàĺĺ ’^4 ć ćĺďě ąěčãéĺå ćőńŋ. Ć ŕàĺńőęěŋĺĺ 6 ăŋăńĺğĺàãěâáï áâăąĺńìŋőáâì áâăâĺçěáłőčő àěèěŋĺï âěőàĺĺ ’^4, ŕěàĺőďĺçěáłőčő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě. Ŕàĺńőęěŋĺï 7 ĺ 8 őâŋőáïâáï ł âàěâìěľ čńăćě. İâĺ ŕàĺńőęěŋĺï ďěňőŋáâàĺàãîâ çĺáńěŋŋëě ňěâőďë, áŕőáőąáâćőćăćèĺě ŕőńãçěŋĺî àěğãńìâăâă ć ăŋăńĺâĺçěáłőň ćĺďě.

Čńăćă 1

ŁĆĂŊŠŐĆĂŊĹĚ Ć ŠĚŘŇĹŊĂŢ ŔĚŘĚŇĚŊŊŻŢ ĄŐČŐŃđĄŐĆĂ

1.1. Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă

Ŕãáâì D | K{ňěàŋőě ŕáěćďőěćłńĺďőćő ŕàőáâàăŋáâćő áĺčŋăâãàë (1; K − 1)^1, ă G | L{ŕăàăňěâàĺçěáłăï čàãŕŕă Ńĺ.

Őąőğŋăçĺň ŕăàăňěâàë čàãŕŕë G çěàěğ ~fi ≡ (fi^0; fi^1; : : :; fi^{L−1}) ĺ ŕàěďŕőńőęĺň, çâő łăęďőňã íńěňěŋâã g(~fi) ∈ G áőőâćěâáâćãěâ ŕàěőąàăğőćăŋĺě ŕàőáâàăŋáâćă D.

Ĺáåőďŋëě łőőàďĺŋăâë ŋă D őąőğŋăçĺň çěàěğ x = (x^0; x^1; : : : ; x^{K−1}), ă łőőàďĺŋăâë ŕàěőąàăğőćăŋŋëå âőçěł çěàěğ x^′. Ťãŋłæĺï —X(x^′; ~fi), áćïğëćăîéăï x ĺ x^′:

x^′ = —X(x^′; ~fi) ≡ x^′(x; ~fi); (1:1)

ïćńïěâáï čńăďłőľ äãŋłæĺěľ ćáěå áćőĺå ăàčãňěŋâőć. Śãéěáâćãěâ őąàăâŋőě ŕàěőąàăğőćăŋĺě x = x(x^′; ~fi^′).

Őŕàěďěńĺň ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă áńěďãîéĺň őąàăğőň: ŕãáâì f | äãŋłæĺï ŕőńï, áőďěàęăéăï äĺłáĺàőćăŋŋãî łńăááĺçěáłãî áőáâăćńïîéãî v ĺ łćăŋâőćãî áőáâăćńïîéãî u:

f(x^′) = G·v(x(x^′; ~fi))+u(x(x^′; ~fi)) ≡ G·v(x^′; ~fi)+u(x^′; ~fi); G ≫ 1; (1:2)

1Ŕàőáâàăŋáâćő Ňĺŋłőćáłőčő ïćńïěâáï çěâëà-ěåňěàŋëň ŕáěćďőěćłńĺďőćëň ŕàőáâàăŋáâćőň áĺčŋăâãàë (1, 3) ≡ (+ − − −).

ĺ ąãďěň àăááňăâàĺćăâì äãŋłæĺĺ v ĺ u łăł äãŋłæĺĺ K + L ŋěğăćĺáĺňëå ŕěàěňěŋŋëå {x^′; ~fi}. Őâňěâĺň, çâő ćáě äãŋłæĺĺ őâ x^′, ~fi ïćńïîâáï áńőęŋëňĺ äãŋłæĺïňĺ ăàčãňěŋâă x(x^′; ~fi).

Ććěďěŋĺě L ŋőćëå ŕěàěňěŋŋëå fi^a őąãáńőćńěŋő âàěąőćăŋĺěň ãç-ěâă ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő čàãŕŕë Ńĺ. Ŕàĺ íâőň ãďă-ěâáï àăğďěńĺâì łőőàďĺŋăâë ŋă ďćě çăáâĺ. Ŕěàćãî çăáâì áőáâăćńïîâ őąőąé-ěŋŋëě łőőàďĺŋăâë, ĺňěîéĺě áňëáń ŕăàăňěâàőć čàãŕŕë G (ć ŋăèěň áńãçăě íâő fi^a), ćâőàãî çăáâì áőáâăćńïîâ łőőàďĺŋăâë x^′, ĺŋćăàĺăŋâŋëě őâŋőáĺâěńìŋő ďěľáâćĺï čàãŕŕë G.

Ŕàĺğŋăŋĺě ŕăàăňěâàőć ŕàěőąàăğőćăŋĺï fi^b ć łăçěáâćě ŋőćëå ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ŕàĺćěńő ł ŕőïćńěŋĺî L ńĺèŋĺå áâěŕěŋěľ áćőąőďë, ŕőíâőňã áńěďãěâ ŋăńőęĺâì L ŋěğăćĺáĺňëå ďőŕőńŋĺâěńìŋëå ãáńőćĺľ.

Ğăďăďĺň á ŕőňőéìî ãàăćŋěŋĺï ć łőőàďĺŋăâăå x^′ ŕàőáâàăŋáâćěŋŋőŕőďőąŋãî čĺŕěàŕńőáłőáâì C àăğňěàŋőáâĺ K − 1. Ŕãáâì n | ěďĺŋĺçŋăï ćŋěèŋïï ŋőàňăńì ł C, őŕàěďěńĺň ďńï ŕàőĺğćőńìŋëå ďĺääěàěŋæĺàãěňëå äãŋłæĺľ g_1 ĺ g_2 ąĺńĺŋěľŋëľ äãŋłæĺőŋăń

!(g_1; g_2) ≡^∫_C (g_{1n}(x(–^′; ~fi))g_2(x(–^′; ~fi)) − g_1(x(–^′; ~fi))g_{2n}(x(–^′; ~fi))) dS; (1:3)

čďě^∂_{∂n} ≡ n^{′α ∂}_{∂x0α} | ŋőàňăńìŋăï ŕàőĺğćőďŋăï ŋă C, ă dS ≡ d–^{′1} : : : d–^{′K−1} | íńěňěŋâ ŕńőéăďĺ C. Őŕěàăâőà^∂_{∂n} ïćńïěâáï ĺŋćăàĺăŋâőň ŕő őâŋőèěŋĺî ł ŕàěőąàăğőćăŋĺïň čàãŕŕë G. Ťãŋłæĺĺ g(x(x^′; ~fi)) ŕàĺ x^′ ∈ C g(x(–^′; ~fi)) ąãďěň őąőğŋăçăâì g(–^′). Šőńìłő äãŋłæĺï f(–^′) ĺ ě-ě ŕàőĺğćőďŋëě ŋě ğăćĺáïâ őâ ŕěàěňěŋŋëå ~fi, ćáě őáâăńìŋëě äãŋłæĺĺ, àăááňăâàĺćăěňëě ć íâőľ ĺ áńěďãîéěľ čńăćăå, ğăćĺáïâ őâ čàãŕŕőćëå ŕěàěňěŋŋëå ~fi. Ś ŕőňőéìî äãŋłæĺőŋăńă ! áäőàňãńĺàãěň ďőŕőńŋĺâěńìŋëě ãáńőćĺï ŋă äãŋłæĺî u. Ŕãáâì ŕàĺ ćáěå ďőŕãáâĺňëå ğŋăçěŋĺïå ŕěàěňěŋŋëå fi^a

∀a = 0::L − 1 : !(N^a; u) = 0; (1:4) čďě N^a(x^′; ~fi) | ďĺääěàěŋæĺàãěňëě äãŋłæĺĺ, âăłĺě, çâő ćëŕőńŋïîâáï áőőâŋőèěŋĺï:

∀a; b = 0::L − 1 : !(N^a; N^b) = 0: (1:5)

Ňë ŕěàěèńĺ őâ ŕěàěňěŋŋëå {f; x^′} ł ŕěàěňěŋŋëň {u; x^′; ~fi} ĺ ććěńĺ ďőŕőńŋĺâěńìŋëě ãáńőćĺï, áőåàăŋïîéĺě őąéěě çĺáńő ŋěğăćĺáĺňëå ŕěàěňěŋŋëå, âěň áăňëň ňë ŕàőćěńĺ ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă.

Ćăàĺăæĺï v(x^′; ~fi) ćëàăęăěâáï çěàěğ ąěáłőŋěçŋő ňăńëě ńĺŋěľŋő ŋěğăćĺáĺňëě ŕăàăňěâàë ŕàěőąàăğőćăŋĺï ‹fi^a áńěďãîéěľ äőàňãńőľ^2:

‹v(x^′; ~fi) ≡ ‹v(x(x^′; ~fi)) = @v @x^α

@x^α @fi^c

‹fi^c ≡ −M_c(x^′; ~fi)‹fi^c; (1:6) áńěďőćăâěńìŋő, ćăàĺăæĺï äãŋłæĺĺ f(x^′) ąãďěâ àăćŋă:

‹f(x^′) = G‹v + ‹u = −GM_b(x^′; ~fi)‹fi^b + —‹u(x^′; ~fi) + @u @x^{′α} @x^{′α} @fi^b

· ‹fi^b; (1:7)

čďě —‹u(x^′; ~fi) | ćăàĺăæĺï äőàňë äãŋłæĺĺ.

Ŕãáâì äãŋłæĺĺ N^a(x^′; ~fi) âăłĺě, çâő det||!(N^a; M_b)|| ≡ det||D^a_b || ≠ 0;

âőčďă ďńï äãŋłæĺľ ~N^a(x^′; ~fi) ≡ D^{−1a}_b N^b(x^′; ~fi)

ąãďãâ ćëŕőńŋïâìáï áőőâŋőèěŋĺï

!( ~N^a; M_b) = ‹^a_b ; (1:8)

!( ~N^a; ~N^b) = 0: (1:9) Ć áĺńã ńĺŋěľŋőáâĺ äãŋłæĺőŋăńă ! ãáńőćĺï (1:4) ąãďãâ àăćŋőáĺńìŋë áńěďãîéĺň:

∀a = 0::L − 1 : !( ~N^a; u) = 0; (1:4^′) Ńěčłő ŕőłăğăâì, çâő äãŋłæĺî u, ãďőćńěâćőàïîéãî ãáńőćĺïň (1:4^′), ňőęŋő ŕőáâàőĺâì ĺğ ŕàőĺğćőńìŋőľ ďĺääěàěŋæĺàãěňőľ äãŋłæĺĺ y áńěďãîéĺň őąàăğőň:

u(x^′; ~fi) = ^Ky(x^′; ~fi) ≡ y(x^′; ~fi) − M_a(x^′; ~fi) · !( ~N^a; y); (1:10)

2Ĺŋďěłá α ŕàőąěčăěâ ğŋăçěŋĺï őâ 0 ďő K − 1, ă ĺŋďěłá c | őâ 0 ďő L − 1.

ŕàĺ íâőň őŕěàăâőà ^K őłăğëćăěâáï ŕàőěłâőàőň: ^K^2 = ^K. Śńěďőćăâěńìŋő, ãáńőćĺï (1:4^′) ćëďěńïîâ ŋă ŕàőáâàăŋáâćě ďĺääěàěŋæĺàãěňëå äãŋłæĺľ ŕőďŕàőáâàăŋáâćő äãŋłæĺľ u, ïćńïîéĺåáï àěèěŋĺïňĺ ãàăćŋěŋĺï

u = ^Ku: (1:11) Şàăćŋěŋĺě (1:11) áćïğëćăěâ ćăàĺăæĺĺ ‹u(–^′) ĺ ‹u_n(–^′). Łăł ŕőłăğăŋő ć Ŕàĺńőęěŋĺĺ 1, äãŋłæĺőŋăńìŋëě ŕàőĺğćőďŋëě^δ_{δu(λ0)} ĺ^δ_{δun(λ0)} áćïğăŋë áńěďãîéĺňĺ áőőâŋőèěŋĺïňĺ: ∫ C M_a(–^′) ‹

‹u(–^′)

+ M_{an}(–^′) ‹ ‹u_n(–^′) dS = 0: (1:12)

1.2. Ŕěàěňěŋŋëě Ąőčőńîąőćă łăł äãŋłæĺőŋăńë ĺáåőďŋëå ŕěàěňěŋŋëå

Ŕőďáâăćńïï ć áőőâŋőèěŋĺï (1:4^′) ćëàăęěŋĺě

u(x(–^′; ~fi)) = f(–^′) − Gv(x(–^′; ~fi));

ŕőńãçăěň, çâő áńěďáâćĺěň ĺŋćăàĺăŋâŋőáâĺ ďőŕőńŋĺâěńìŋëå ãáńőćĺľ (1:4^′) őâŋőáĺâěńìŋő ĺğňěŋěŋĺï ŕăàăňěâàőć fi^a ïćńïîâáï ãàăćŋěŋĺï^3: ∫ C

( ~N^a(–^′)‹f_n(–^′) − ~N^a_n (–^′)‹f(–^′)^) dS − R^a_b ‹fi^b − G‹fi^a = 0; (1:13) čďě R^a_b ≡^∫_C ( ~N^a_{bn}(–^′)u(–^′) − ~N^a_b (–^′)u_n(–^′)) dS;

‹ ~N^a(x^′; ~fi) ≡ ~N^a_b (x^′; ~fi)‹fi^b:

Ĺğ áőőâŋőèěŋĺï (1:13) áńěďãěâ, çâő

‹fi^a ‹f(–^′) = − 1 G Q^a_b ~N^b_n(x(–^′; ~fi));

3Ğďěáì ĺ ďăńěě äãŋłæĺĺ f(λ^0 ) ĺ f_n(λ^0) áçĺâăîâáï ŋěğăćĺáĺňëňĺ.

‹fi^a ‹fn(–^′) = 1 G Q^a_b ~N^b(x(–^′; ~fi)); (1:13^′)

čďě ćěńĺçĺŋë Q^a_b | àěèěŋĺï áĺáâěňë ãàăćŋěŋĺľ:

Q^a_b = ‹^a_b − 1 G R^a_c Q^c_b: (1:14:a)

Ńěčłő ŕőłăğăâì, çâő àěèěŋĺï ďăŋŋőľ áĺáâěňë ĺňěîâ áńěďãîéĺľ ćĺď:

Q^a_b = ‹^b_a − 1 G R^a_b + 1

G^2

R^a_c R^c_b + O(G^{−3}): (1:14:b)

Ĺáŕőńìğãï ŕőńãçěŋŋëě ćëàăęěŋĺï ďńï^{δτ a}_{δf(x)} ĺ^{δτ a}_{δfn(x0)}, ă âăłęě äőàňãńë (1:7) ĺ (1:12), ĺňěěň^4: ‹ ‹f(–^′) = ‹ ‹u(–^′)

+ ‹fi^a

‹f(–^′) ( @ @fi^a

+ ^S_a ) ; (1:15:a) ‹ ‹f_n(–^′) = ‹ ‹u_n(–^′) + ‹fi^a ‹f_n(–^′) ( @ @fi^a

+ ^S_a ) ; (1:15:b)

őŕěàăâőà ^S_a őŕàěďěń-ěŋ áńěďãîéĺň őąàăğőň:

^S_a =^∫ C u_a(–^′) ‹ ‹u(–^′)

+ u_{an}(–^′) ‹ ‹u_n(–^′) dS; u_a(–^′) ≡

@u(–^′) @fi^a

; u_{an}(–^′) ≡

@u_n(–^′) @fi^a : 1.3. Őŕěàăâőàë łőőàďĺŋăâë ĺ ĺňŕãńìáă

Ďńï ãç-ěâă ğăłőŋőć áőåàăŋěŋĺï ŕàőćěď-ěň łćăŋâőćăŋĺě ćąńĺğĺ ŋěâàĺćĺăńìŋőčő łńăááĺçěáłőčő áłăńïàŋőčő ŕőńï ć âěàňĺŋăå őŕěàăâőàőć Ąőčőńîąőćă.

Őŕěàăâőàë ^q(–^′) = 1√ 2 f(–^′) + i ‹ ‹f_n(–^′)

4Ŕőďàőąŋëě ćëçĺáńěŋĺï ďăŋë ć Ŕàĺńőęěŋĺĺ 1.

ĺ ^p(–^′) = 1√ 2 f_n(–^′) − i ‹

‹f(–^′) ; ďěľáâćãîéĺě ŋă ŕàőáâàăŋáâćě äãŋłæĺőŋăńőć ˘[f; f_n] áő áłăńïàŋëň ŕàőĺğćěďěŋĺěň < ˘_1|˘_2 >=^∫ DfDf_n˘^∗_1[f; f_n]˘_2[f; f_n];

áăňőáőŕàïęěŋë ĺ ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋőňã áőőâŋőèěŋĺî

∀–^′; —^′ ∈ C : [^q(–^′); ^p(—^′)] = i‹(–^′ − —^′): (1:16)

İâő áőőâŋőèěŋĺě ŕőğćőńïěâ âőńłőćăâì ^q(–^′) ĺ ^p(–^′) łăł őŕěàăâőàë łőőàďĺŋăâë ĺ ĺňŕãńìáă áőőâćěâáâćěŋŋő ĺ àăğćĺâì áåěňã ćâőàĺçŋőčő łćăŋâőćăŋĺï. Őďŋăłő ĺáŕőńìğőćăŋĺě ŕěàěňěŋŋëå f(–^′) ĺ f_n(–^′) łăł ŋěğăćĺáĺňëå ŕàĺćőďĺâ ł ãďćőěŋĺî çĺáńă áőáâőïŋĺľ ŕőńï. İâő áćïğăŋő á áãéěáâćőćăŋĺěň áăňőáőŕàïę-ěŋŋëå őŕěàăâőàőć

~q(–^′) = 1√ 2 f_n(–^′) + i ‹ ‹f(–^′) ĺ ~p(–^′) = 1√ 2 f(–^′) − i ‹ ‹f_n(–^′) ; ãďőćńěâćőàïîéĺå ŕěàěáâăŋőćőçŋőňã áőőâŋőèěŋĺî (2:1) ĺ łőňňãâĺàãîéĺå á ^q ĺ ^p. Řěďãłæĺï çĺáńă áőáâőïŋĺľ ňőęěâ ąëâì őáãéěáâćńěŋă á ŕőňőéìî, ŋăŕàĺňěà, čőńőňőàäŋőčő ŕàěďáâăćńěŋĺï, íâă ŕàőæěďãàă ŕőďàőąŋő őŕĺáăŋă ć [34, 54].

Łăł ŕőłăğăŋő ć [34], ŕàőáâàăŋáâćő áőáâőïŋĺľ ŋãęŋőľ àăğňěàŋőáâĺ őłăğëćăěâáï ŕőďŕàőáâàăŋáâćőň äãŋłæĺőŋăńőć ˘[f; f_n]. Őďŋăłő ćëďěńěŋĺě ĺğ őŕěàăâőàőć łńăááĺçěáłĺå áőáâăćńïîéĺå ĺ ãďőćńěâćőàěŋĺě ďőŕőńŋĺâěńìŋëå ãáńőćĺľ, ćőğŋĺłèĺå ŕàĺ ŕěàěåőďě ł ŕàěďáâăćńěŋĺî Ąőčőńîąőćă, ŋă ďăŋŋőň ŕőďŕàőáâàăŋáâćě ğăâàãďŋĺâěńìŋő. Ŕőíâőňã, ŋě őčàăŋĺçĺćăï ćěłâőà áőáâőïŋĺï łőŋłàěâŋëň ŕőďŕàőáâàăŋáâćőň, áŋăçăńă ćëďěńĺň łńăááĺçěáłãî áőáâăćńïîéãî ĺ ŕőáâàőĺň àěčãńïàŋãî âěőàĺî ćőğňãéěŋĺï. Šőńìłő ŕőáńě íâőčő áâăŋěâ ćőğňőęŋëň ŕàőćěďěŋĺě àěďãłæĺĺ çĺáńă áőáâőïŋĺľ ĺ äĺłáăæĺï ăŋăńĺâĺçěáłőľ áâàãłâãàë ćěłâőàőć áőáâőïŋĺï.

Őŕěàăâőàë ^q ĺ ^p, ćëàăęěŋŋëě çěàěğ v(–^′) ĺ u(–^′), ĺňěîâ áńěďãîéĺľ ćĺď:

^q(–^′) = 1√ 2 G v(–^′) + u(–^′) + i ‹ ‹u_n(–^′) + 1 G ^B(–^′) ; (1:17:a)

^p(–^′) = 1√ 2 G vn(–^′) + un(–^′) − i ‹ ‹u(–^′) + 1 G ^B_n(–^′) ; (1:17:b) čďě ^B(–^′) = ~N^b(–^′)^(i ^S_b + i @ @fi^b ) : Ŋěőąåőďĺňőáâì ćłńîçěŋĺï ć ďăŋŋőě ćëàăęěŋĺě ćěńĺçĺŋ, ŕàőŕőàæĺőŋăńìŋëå^1_G, őąêïáŋïěâáï âěň, çâő őŕěàăâőà^∂_{∂τ a} ŋě łőňňãâĺàãěâ á äãŋłæĺěľ v(–^′), âăł łăł ŕőáńěďŋïï ğăćĺáĺâ őâ fi^a. Ŕőíâőňã ćěńĺçĺŋë ^B(–^′) ďăîâ ćłńăď ć łőňňãâăâőà ãęě ć ŋãńěćőň ŕőàïďłě.

Ůâőąë ãąěďĺâìáï ć íâőň, ŕàőćěàĺň ŕàăćĺńìŋőáâì łőňňãâăæĺőŋŋőčő áőőâŋőèěŋĺï (1:16): [^q(–^′); ^p(–^{′′})] = = 1 2 ([v(–^′); B_n(–^{′′})] + i[ ‹ ‹u_n(–^′)

; u_n(–^{′′})] + i[ ‹ ‹u(–^{′′})

; u(–^′)] + [B(–^′); v_n(–^{′′})]):

Ńěčłő ŕőńãçĺâì áőőâŋőèěŋĺï łőňňãâăæĺĺ ňěęďã íâĺňĺ őŕěàăâőàă- ňĺ: [v(–^′); B_n(–^{′′})] = i[v(–^′); ~N^b_n(–^{′′}) @ @fi^b

] = i ~N^b_n(–^{′′})M_b(–^{′′}):

[v_n(–^{′′}); B(–^′)] = i[v_n(–^{′′}); ~N^b(–^′) @ @fi^b

] = i ~N^b(–^′)M_{bn}(–^{′′}); [ ‹ ‹u_n(–^′)

; u_n(–^{′′})] = ‹u^n(–^{′′}) ‹u_n(–^′)

= ‹(–^′ − –^{′′}) + M_{an}(–^{′′}) ~N^a(–^′): [ ‹ ‹u(–^{′′})

; u(–^′)] = ‹u(–^′) ‹u(–^{′′})

= ‹(–^′ − –^{′′}) − M_a(–^′) ~N^a_n (–^{′′}):

Śãňňĺàãï ďăŋŋëě áőőâŋőèěŋĺï, ŕőńãçăěň äőàňãńã (1:16).

Čńăćă 2 ŔŐŚŠŘŐĚŊĹĚ ŘĚČŞŃ§ŘŊŐĽ ŠĚŐŘĹĹ ĆŐĞŇŞŹĚŊĹĽ

2.1. Ŕàěőąàăğőćăŋĺě ćěłâőàőć áőáâőïŋĺľ

Ŕěàćëň èăčőň ŕőáâàőěŋĺï àěčãńïàŋőľ âěőàĺĺ ćőğňãéěŋĺľ ïćńïěâáï ŕàőćěďěŋĺě ŕàěőąàăğőćăŋĺï ćěłâőàőć áőáâőïŋĺľ ďńï ŕőćëèěŋĺï ŕőàïďłă őŕěàăâőàőć^∂_{∂τ a} :

˘[u; u_n] −→ e^{iG2J(~τ )}˘[u; u_n]: (2:1) Śőőâćěâáâćãîéěě ŕàěőąàăğőćăŋĺě őŕěàăâőàőć ćëčńïďĺâ âăł: i @ @fi^a

−→ −G^2J_a + i @ @fi^a

; J_a ≡

@J(~fi) @fi^a

: (2:2)

Šěŕěàì őŕěàăâőàë ^q(–^′) ĺ ^p(–^′) ĺňěîâ áńěďãîéĺľ ćĺď:

^q(–^′) = G F (–^′) + ^Q(–^′) + 1 G ^A(–^′); (2:3:a)

^p(–^′) = G F_n(–^′) + ^P (–^′) + 1 G ^A_n(–^′); (2:3:b) čďě F (–^′) = 1√ 2 (v(–^′) − J_a ~N^a(–^′)); (2:4)

^Q(–^′) = 1√ 2 u(–^′) + i ‹ ‹u_n(–^′)

+ ~N^a(–^′)r_a ;

^P (–^′) = 1√ 2 u_n(–^′) − i ‹

‹u(–^′)

+ ~N^a_n (–^′)r_a ; ^A(–^′) = 1√ 2 ~N^b(–^′)^(i ^S_b + i @ @fi^b

+ R^a_b r_a ) ; r_a ≡ R^c_aJ_c:

2.2. Čàãŕŕă Ŕãăŋłăàě

Řăááňőâàĺň ć łăçěáâćě čàãŕŕë G čàãŕŕã Ŕãăŋłăàě. Ŕőáâàőĺň âěőàĺî ćőğňãéěŋĺľ ďńï (3+1){ňěàŋőľ âěőàĺĺ áłăńïàŋőčő ďěľáâćĺâěńìŋőčő ŕőńï, őŕĺáëćăěňőčő Ńăčàăŋęěćőľ ŕńőâŋőáâìî: L = 1 2 g^{αβ}f_{,α}(x)f_{,β} (x) − G^2V ( f G ) ; (2:5) čďě x = (x^0; x^1; x^2; x^3) ≡ (t; x) ; f,α ≡ @f@x_α ; g^{αβ} = diag(1; −1; −1; −1):

Ŕãăŋłăàě-ĺŋćăàĺăŋâŋőáâì ãàăćŋěŋĺï Ńăčàăŋęă{İľńěàă:

g^{αβ} @^2f(x) @x^α@x^β

+ GdV

(f=G) df = 0 (2:6)

ŕàĺćőďĺâ, łăł ĺğćěáâŋő, ł ďćãň áńěďáâćĺïň. Ćő-ŕěàćëå, ěáńĺ ~f(x) ěáâì àěèěŋĺě ãàăćŋěŋĺï (2:6), âő ĺ äãŋłæĺï ~f(x^′), čďě

x^{′α} = L^α_β (fi^4; : : :; fi^9)x^β + fi^β ; (2:7) L^α_β | ňăâàĺæă ŕàěőąàăğőćăŋĺï Ńőàěŋæă, ă ŕăàăňěâàë fi^β őŕàěďěńïîâ áňěéěŋĺě ŋăçăńă łőőàďĺŋăâ, ïćńïěâáï àěèěŋĺěň ãàăćŋěŋĺï (2:6).

Ćő-ćâőàëå, łăęďőě àěèěŋĺě ãàăćŋěŋĺï (2:6) ŕőàőęďăěâ ńĺŋěľŋőě ŕàőáâàăŋáâćő àěèěŋĺľ áńěďãîéěčő ãàăćŋěŋĺï: g^{αβ} @^2 (x) @x^α@x^β + d^2V (f=G) df^2

· (x) = 0: (2:8)

Ďěľáâćĺâěńìŋő, ěáńĺ äãŋłæĺï ~f(x) | àěèěŋĺě ãàăćŋěŋĺï (2:6), âő ńĺŋěľŋëě łőňąĺŋăæĺĺ äãŋłæĺľ^1

~f_{,0}(x); ~f_{,k}(x); x^k ~f_{,0}(x) + t ~f_{,k}(x) ĺ x^k ~f_{,j}(x) − x^j ~f_{,k}(x)

ïćńïîâáï àěèěŋĺïňĺ ãàăćŋěŋĺï (2:8).

2.3. Šěőàĺï ćőğňãéěŋĺľ ĺ ĺŋâěčàăńë ďćĺęěŋĺï

Śńěďãîéĺň èăčőň ŕőáâàőěŋĺï âěőàĺĺ ćőğňãéěŋĺľ ïćńïěâáï ŋăåőęďěŋĺě ĺŋâěčàăńőć ďćĺęěŋĺï (ďĺŋăňĺçěáłĺå ĺŋćăàĺăŋâőć), áőőâćěâáâćãîéĺå, áőčńăáŋő âěőàěňě Ŋ-ěâěà, ŋěŕàěàëćŋëň ŕàěőąàăğőćăŋĺïň áĺňňěâàĺĺ ńăčàăŋęĺăŋă. Ć łăçěáâćě 10 ńĺŋěľŋő ŋěğăćĺáĺňëå ĺŋâěčàăńőć ďćĺęěŋĺï ňőęŋő ćëąàăâì áńěďãîéĺě (¸ < ˛):

P^β = ∫ ^^{0β} dx_1dx_2dx_3; M^{αβ} =^∫ (^^{0α}x^β − ^^{0β} x^α) dx_1dx_2dx_3; čďě ^^{αβ} = @ L @f_{,α} @f @x_β − g^{αβ} L: Śńěďãěâ őâňěâĺâì, çâő ĺŋâěčàăńë M^{αβ} ŋě ïćńïîâáï âàăŋáńïæĺőŋŋőĺŋćăàĺăŋâŋëňĺ. Ŕàĺ áňěéěŋĺĺ ŋăçăńă łőőàďĺŋăâ ŋă fi^μ ćěńĺçĺŋă M^{αβ} ňěŋïěâáï ŋă fi^βP^α − fi^αP^β.

Ŕãáâì Ś | ŕàőáâàăŋáâćěŋŋőŕőďőąŋăï čĺŕěàŕńőáłőáâì, ğăďăŋŋăï ŋěłőâőàëň ãàăćŋěŋĺěň ć łőőàďĺŋăâăå x^′. Ś ŕőňőéìî ŕàěőąàăğőćăŋĺï Ŕãăŋłăàě (2:7) ňőęŋő ŕěàěľâĺ ć áĺáâěňã łőőàďĺŋăâ x^{′′}, ć łőâőàőľ ŕőćěàåŋőáâì Ś ąãďěâ őŕàěďěńïâìáï ãàăćŋěŋĺěň t^{′′} = 0, ŕőíâőňã, àăğãňěěâáï, ŋě őčàăŋĺçĺćăï őąéŋőáâĺ, ňőęŋő ćëąàăâì ć łăçěáâćě ŕőćěàåŋőáâĺ C čĺŕěàŕńőáłőáâì t^′ = 0, ă ć łăçěáâćě łőőàďĺŋăâ ŋă C –^{′k} = x^{′k}, k = 1; 2; 3. Ŕàĺ âăłőň ćëąőàě ŋőàňăńìŋăï ŕàőĺğćőďŋăï^∂_{∂n} =^∂_{∂t0} .

Ŕàőćěď-ěň łćăŋâőćăŋĺě, ğăňěŋïï f(–^′) ĺ f_{,α}(–^′) ŋă őŕěàăâőàë:

f(–^′) −→ ^q(x(–^′; ~fi)) ≡ q(–^′); f_{,k}(–^′) −→ ^q_{,k}(–^′); f_{,0}(–^′) −→ ^p(–^′):

Šěŕěàì ĺŋâěčàăńë ďćĺęěŋĺï ïćńïîâáï àïďăňĺ ŕő^1_G :

1Čàěçěáłĺě ĺŋďěłáë ŕàőąěčăîâ ğŋăçěŋĺï őâ 0 ďő 3, ĺŋďěłáë k ĺ j | őâ 1 ďő 3.

O^a = G^2O^a_{−2} + GO^a_{−1} + O^a_0 + : : : a = 1; 2; : : :; 10: Ćëŕĺèěň ïćŋő ŕěàćëě áńăčăěňëě àăğńőęěŋĺï čăňĺńìâőŋĺăŋă:

P^0 ≡ H = G^2H_{−2} + GH_{−1} + H_0 + : : : ; čďě^2

H_{−2} = ∫ C ( 1 2 (F^2_{,0} + F^2_{,1} + F^2_{,2} + F^2_{,3}) + V (F ) ) d^3S;

H_{−1} = ∫ C ( 1 2 (F_{,0} ^P + F_{,1} ^Q_{,1} + F_{,2} ^Q_{,2} + F_{,3} ^Q_{,3}) + V^′(F ) ^Q ) d^3S;

H_0 = ∫ C 1 2 ^P^2 + F_{,0} ^A_{,0} +^{3∑} k=1 ( 1 2 ^Q^2_{,k} + F_{,k} ^A_{,k}^) + V^′(F ) ^A + 1 2 V^{′′}(F ) ^Q^2 d^3S:

Šăł łăł F (x^′; ~fi) ïćńïěâáï çĺáńőćőľ äãŋłæĺěľ, ă ŋě őŕěàăâőàőň, âő ĺŋâěčàăńë O^a_{−2} áćőďïâáï ł çĺáńăň, ă ĺŋâěčàăńë O^a_{−1} őłăğëćăîâáï ńĺŋěľŋëňĺ ŕő őŕěàăâőàăň u, u_n,^δ_{δu} ĺ^δ_{δun} . Ŕőáłőńìłã ŋě áãéěáâćãěâ ŋőàňĺàőćăŋŋëå áőąáâćěŋŋëå ćěłâőàőć íâĺå őŕěàăâőàőć, âő ďńï ŕőáâàőěŋĺï àěčãńïàŋőľ âěőàĺĺ ćőğňãéěŋĺľ ŋěőąåőďĺňő őąàăâĺâì ćáě O^a_{−1} ć ŋãńì.

Ŕãáâì ŋă ŕőćěàåŋőáâĺ C ćëŕőńŋïîâáï áőőâŋőèěŋĺï

F_{,α}(0; x^′) = cv_{,α}(0; x^′); F_{,α0}(0; x^′) = cv_{,α0}(0; x^′); (2:9)

čďě c | ŕàőĺğćőńìŋăï łőŋáâăŋâă, ĺ čàăŋĺçŋëě ãáńőćĺï

F_{,α} ^Q|_{∂C} = 0; x^{′α}F_{,β} ^Q|_{∂C} = 0:

Ć Ŕàĺńőęěŋĺĺ 2 ŕőłăğăŋő, çâő, ěáńĺ äãŋłæĺï F (x^′; ~fi) | àěèěŋĺě áńěďãîéěčő ãàăćŋěŋĺï:

g^{αβ} @^2F (x^′; ~fi) @x^{′α}@x^{′β}

+ V^′(F ) = 0; (2:6^′)

âő ćő ćáěå ĺŋâěčàăńăå O^a_{−1} áãňňë ńĺŋěľŋëå ŕő^δ_{δu} ĺ^δ_{δun} çńěŋőć őłăğëćăîâáï ŕàőŕőàæĺőŋăńìŋëňĺ ńěćëň çăáâïň äőàňãń (1:12) ĺ, áńěďőćăâěńìŋő, àăćŋëňĺ ŋãńî.

2Ŕàőĺğćőďŋëě ąěàãâáï ŕő x^0: F_{,α} ≡^{∂F}_{∂x0}ff , Q_{,α} ≡^{∂Q}_{∂x0}ff ĺ A_{,α} ≡^{∂A}_{∂x0}ff .

Šěŕěàì ćáě őŕěàăâőàë O^a_{−1} ňőčãâ ąëâì ŕàěďáâăćńěŋë ć ćĺďě:

O^a_{−1} = c^∫_C (M_a^(u_n(–^′) + ~N^a_n (–^′)r_a^) − M_{an}^(u(–^′) + ~N^a(–^′)r_a^) ) d^3S; (2:10)

ŕàĺ íâőň ĺŋďěłá a ŋãňěàãěâ ĺŋâěčàăńë ďćĺęěŋĺï ć áńěďãîéěň ŕőàïďłě: a = 0 áőőâćěâáâćãěâ H, ďăńěě áńěďãîâ P^k, M^{0j} ĺ M^{kj} . Ć äőàňãńě (2:10), ć ćëàăęěŋĺïå ďńï M^{αβ}_{−1}, ŋě ćëŕĺáăŋë çńěŋë fi^αP^β_{−1} − fi^βP^α_{−1}, âăł łăł őŋĺ őąàăéăîâáï ć ŋãńì ăćâőňăâĺçěáłĺ, ěáńĺ ćáě P^α_{−1} = 0.

Ĺŋâěčàăńë r_a ≡ R^b_aJ_b ïćńïîâáï ńĺŋěľŋëňĺ äãŋłæĺőŋăńăňĺ őâ u ĺ u_n. Ŕőďáâăćńïï ïćŋëľ ćĺď äãŋłæĺőŋăńőć R^b_a, ńěčłő ŕőńãçĺâì, çâő ć äőàňãńě (2:10) ńĺŋěľŋëě ŕő u ĺ u_n çńěŋë őąàăâïâáï ć ŋãńì ŕàĺ

v(0; x^′) = − ~N^a(0; x^′)J_a:

Šőčďă ĺğ äőàňãńë (2:4) áńěďãěâ, çâő c = √ 2. Šăłĺň őąàăğőň,

v(0; x^′) = − ~N^a(0; x^′)J_a = 1√ 2 F (0; x^′) =⇒ F (0; x^′) = − √ 2 ~N^a(0; x^′)J_a:

(2:11) Ďăŋŋëě áőőâŋőèěŋĺï őŕàěďěńïîâ ğŋăçěŋĺï ŕăàăňěâàőć J_a:

J_a = − 1√ 2 !(F; M_a): (2:12)

Ďő áĺå ŕőà ŋăèě àăááňőâàěŋĺě łăáăńőáì âőńìłő ŕőćěàåŋőáâĺ C. Šěŕěàì àăáŕàőáâàăŋĺň ěčő ŋă ćá-ě ŕàőáâàăŋáâćő. Śőőâŋőèěŋĺě

v(0; x^′) = 1√ 2 F (0; x^′)

ďőńęŋő ćëŕőńŋïâìáï ŕàĺ ćáěå ğŋăçěŋĺïå ~fi, ĺŋëňĺ áńőćăňĺ,

v(x(0; x^′; ~fi)) = 1√ 2 F (x(0; x^′; ~fi)):

Šăłĺň őąàăğőň, ĺğ ŕàőŕőàæĺőŋăńìŋőáâĺ äãŋłæĺľ v ĺ F ŋă ŕőćěàåŋőáâĺ áńěďãěâ ĺå ŕàőŕőàæĺőŋăńìŋőáâì ćő ćá-ěň ŕàőáâàăŋáâće, âăł łăł á ŕőňőéìî ŕàěőąàăğőćăŋĺï Ŕãăŋłăàě ĺğ âőçłĺ ŕőćěàåŋőáâĺ C ňőęŋő ŕőńãçĺâì ńîąãî âőçłã ŕàőáâàăŋáâćă. Śńěďőćăâěńìŋő, v(x^′; ~fi) | äãŋłæĺï, ŕàőŕőàæĺőŋăńìŋăï àěèěŋĺî ãàăćŋěŋĺï (2:6^′), ă M_a(x^′; ~fi) ïćńïîâáï àěèěŋĺïňĺ ńĺŋěľŋőčő ãàăćŋěŋĺï:

g^{αβ} @^2M^a(x^′; ~fi) @x^{′α}@x^{′β}

+ V^{′′}(F ) · M_a(x^′; ~fi) ≡ ^LM_a(x^′; ~fi) = 0: (2:8^′)

2.4. Őŕàěďěńěŋĺě äãŋłæĺľ^~N^a

Ďő ŋăáâőïéěčő ňőňěŋâă ğŋăçěŋĺï äãŋłæĺľ ~N^a(x^′; ~fi) ŋě őŕàěďěńěŋë. Ŕőłăęěň, çâő ěáńĺ ~N^a ïćńïîâáï àěèěŋĺïňĺ ãàăćŋěŋĺï (2:8^′) ĺ ãďőćńěâćőàïîâ őŕàěďěń-ěŋŋëň čàăŋĺçŋëň ãáńőćĺïň ŋă ąěáłőŋěçŋőáâĺ âà-ěåňěàŋőčő ŕàőáâàăŋáâćă, ŋăŕàĺňěà, őąàăéăîâáï ć ŋãńì ćňěáâě áő ćáěňĺ áćőĺňĺ ŕàőĺğćőďŋëňĺ ŕěàćőčő ŕőàïďłă, âő ãáńőćĺï, äĺłáĺàãîéĺě ïćŋëľ ćĺď ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă, ŋě ğăćĺáïâ őâ ćëąőàă ŕőćěàåŋőáâĺ ĺŋâěčàĺàőćăŋĺï.

Ďěľáâćĺâěńìŋő, ŕãáâì ~C | ŕàőáâàăŋáâćěŋŋőŕőďőąŋăï čĺŕěàŕńőáłőáâì. Őąńăáâì ŕàőáâàăŋáâćă-ćàěňěŋĺ S, őčàăŋĺçěŋŋăï čĺŕěàŕńőáłőáâïňĺ C ĺ ~C, őąńăďăěâ čàăŋĺæěľ @S = C + ~C + @ ~S:

ŕàĺ íâőň ŕőćěàåŋőáâì @ ~S ŋăåőďĺâáï, őçěćĺďŋő, ŋă ąěáłőŋěçŋőáâĺ âàěåňěàŋőčő ŕàőáâàăŋáâćă. Ŋăńőęĺň ŋă äãŋłæĺĺ ~N^a ĺ M_b âăłĺě čàăŋĺçŋëě ãáńőćĺï, çâőąë ∫

∂ ~S ( ~N^aM_{bn} − M_b ~N^a_n ) dS = 0:

Ťãŋłæĺĺ M_b | àěèěŋĺï (2:8^′), ěáńĺ ~N^a âăłęě ïćńïîâáï àěèěŋĺïňĺ ďăŋŋőčő ãàăćŋěŋĺï, âő, ĺáŕőńìğãï äőàňãńã Čàĺŋă, ŕőńãçăěň, çâő ĺŋâěčàăń ŕő čàăŋĺæě őąńăáâĺ S àăćěŋ ŋãńî: ∮ ∂S ( ~N^aM_{bn} − M_b ~N^a_n ) d^3S =^∫ S ( ~N^a ^LM_b − M_b ^L ~N^a) d^4S = 0; (2:13)

ĺ ãáńőćĺï (1:8) ŋě ğăćĺáïâ őâ ćëąőàă ŕőćěàåŋőáâĺ ĺŋâěčàĺàőćăŋĺï:

~!( ~N^a; M_b) ≡^∫ ~C ( ~N^a(~–^′)M_{bn}(~–^′) − ~N^a_n (~–^′)M_b(~–^′)) d^3~S = ‹^a_b :

Aŋańőčĺçŋëň őąàăğőň ďőłăğëćăěâáï ŋěğăćĺáĺňőáâì őâ ćëąőàă ŕőćěàåŋőáâĺ ĺŋâěčàĺàőćăŋĺï ãáńőćĺľ (8).

Ŕőâàěąãěň, çâőąë äãŋłæĺï u(x^′; ~fi) ïćńïńăáì àěèěŋĺěň ńĺŋěľŋőčő ćőńŋőćőčő ãàăćŋěŋĺï (2:8^′), âőčďă ğăďăŋĺěň čàăŋĺçŋëå ãáńőćĺľ ŋă ąěáłőŋěçŋőáâĺ âàěåňěàŋőčő ŕàőáâàăŋáâćă ňőęŋő ďőąĺâìáï âőčő, çâőąë ãáńőćĺï (1:4^′) âăłęě ćëŕőńŋïńĺáì ŋěğăćĺáĺňő őâ ćëąőàă C. Šăł łăł ŕàőáâàăŋáâćěŋŋőŕőďőąŋãî čĺŕěàŕńőáłőáâì ňőęŋő ŕàőćěáâĺ ć ńîąőľ âőçłě ŕàőáâàăŋáâćă, âő ŋăèě łćăŋâőćăŋĺě áŕàăćěďńĺćő ćő ćá-ěň ŕàőáâàăŋáâćě. Ćëąőà ŕőćěàåŋőáâĺ C ćńĺïěâ ńĺèì ŋă ğŋăçěŋĺï ŕăàăňěâàőć J_a.

Ĺğňěŋěŋĺě ğŋăçěŋĺľ ŕăàăňěâàőć fi^a ć ăàčãňěŋâăå äãŋłæĺľ ~N a(x(–′; ~fi)), M_a(x(–′; ~fi)) ĺ u(x(–′; ~fi)) äăłâĺçěáłĺ őğŋăçăěâ ŕěàěåőď őâ ĺŋâěčàĺàőćăŋĺï ŕő őďŋőľ ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ čĺŕěàŕńőáłőáâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő ďàãčőľ, ćőğňőęŋő, áőćŕăďăîéěľ á ĺáåőďŋőľ. Śńěďőćăâěńìŋő, ěáńĺ ãáńőćĺï (7){(9) ćëŕőńŋïîâáï ŕàĺ åőâï ąë őďŋőň ğŋăçěŋĺě ŕăàăňěâàőć fi^a, âő őŋĺ ćëŕőńŋïîâáï ŕàĺ ćáěå ğŋăçěŋĺïå fi^a.

Ťãŋłæĺï F (x) őąàăéăěâáï ć ŋãńì ŋă ŋěłőâőàőľ ŕàőáâàăŋáâćěŋŋőŕőďőąŋőľ čĺŕěàŕńőáłőáâĺ. Ćëąěàěň čàãŕŕőćëě ŕěàěňěŋŋëě fi^a âăł, çâőąë F (x(0; x^′; ~fi)) = 0.

Šăł łăł F (0; x^′) = 0, âő F_{,k}(0; x^′) = 0 ĺ F_{,kk}(0; x^′) = 0 (k = 1; 2; 3). Ĺğ ãàăćŋěŋĺï (2:6^′) ĺ ãáńőćĺï V^′(0) = 0 áńěďãěâ, çâő F_{,00}(0; x^′) = 0.

Ťãŋłæĺĺ M_a(0; x^′) őŕàěďěńïîâáï áńěďãîéĺň őąàăğőň:

M_0(0; x^′) =^{1√}_2F_{,0} ; M_{0n}(0; x^′) = 0 ; M_1(0; x^′) = 0 ; M_{1n}(0; x^′) =^{1√}_2F_{,01} ; M_2(0; x^′) = 0 ; M_{2n}(0; x^′) =^{1√}_2F_{,02} ; M_3(0; x^′) = 0 ; M_{3n}(0; x^′) =^{1√}_2F_{,03} ; M_4(0; x^′) =^{1√}_2x^{′1}F_{,0} ; M_{4n}(0; x^′) = 0 ; M_5(0; x^′) =^{1√}_2x^{′2}F_{,0} ; M_{5n}(0; x^′) = 0 ; M_6(0; x^′) =^{1√}_2x^{′3}F_{,0} ; M_{6n}(0; x^′) = 0 ;

M_7(0; x^′) = 0 ; M_{7n}(0; x^′) =^{1√}_2(x^{′1}F_{,02} − x^{′2}F_{,01}) ; M_8(0; x^′) = 0 ; M_{8n}(0; x^′) =^{1√}_2(x^{′3}F_{,01} − x^{′1}F_{,03}) ; M_9(0; x^′) = 0 ; M_{9n}(0; x^′) =^{1√}_2(x^{′2}F_{,03} − x^{′3}F_{,02}) :

Ŕãáâì äãŋłæĺï F (0; x^′) ïćńïěâáï ńĺąő ç-ěâŋőľ, ńĺąő ŋěç-ěâŋőľ, âőčďă ∫ F_{,0}F_{,0j} d^3S = 0; j = 1; 2; 3; ∫ x^{′k}F_{,0}F_{,0j} d^3S = 0; j = 1; 2; 3; k = 1; 2; 3; k ≠ j; ∫ x^{′k}x^{′i}F_{,0}F_{,0j} d^3S = 0; j = 1; 2; 3; k = 1; 2; 3; i = 1; 2; 3:

Ŕőďáâăćńïï M_a ć äőàňãńã (2:12), ŕőńãçăěň, çâő J_k = 0 ŕàĺ k ≠ 0, áńěďőćăâěńìŋő, áőčńăáŋő äőàňãńě (2:11):

~N^0(0; x^′) = √ 2 ∫ C F^2_{,0} d^3S

F (0; x^′) = 0 ĺ ~N^0_n (0; x^′) = √ 2 ∫ F^2_{,0} d^3S

F_{,0}(0; x^′):

Šăł łăł ~N^a(x^′; ~fi) ïćńïîâáï àěèěŋĺïňĺ ãàăćŋěŋĺï (2:8^′), âő ďńï ĺå őŕàěďěńěŋĺï ďőáâăâőçŋő ğăďăâì ğŋăçěŋĺï ~N^a ĺ ~N^a_n ŋă ŕőćěàåŋőáâĺ C:

~N 0(0; x′) = 0 ; ~N 0_n (0; x′) = B_0F_{,0} ;

~N 1(0; x′) = −B_1F_{,01} ; ~N 1_n (0; x′) = 0 ;

~N 2(0; x′) = −B_2F_{,02} ; ~N 2_n (0; x′) = 0 ;

~N 3(0; x′) = −B_3F_{,03} ; ~N 3_n (0; x′) = 0 ;

~N 4(0; x′) = 0 ; ~N 4_n (0; x′) = B_4(x′1F_{,0} − D_1F_{,01}) ;

~N 5(0; x′) = 0 ; ~N 5_n (0; x′) = B_5(x′2F_{,0} − D_2F_{,02}) ;

~N 6(0; x′) = 0 ; ~N 6_n (0; x′) = B_6(x′3F_{,0} − D_3F_{,03}) ;

~N 7(0; x′) = B_7(x′2F_{,01} − x′1F_{,02}) ; ~N 7_n (0; x′) = 0 ;

~N 8(0; x′) = B_8(x′1F_{,03} − x′3F_{,01}) ; ~N 8_n (0; x′) = 0 ;

~N 9(0; x′) = B_9(x′3F_{,02} − x′2F_{,03}) ; ~N 9_n (0; x′) = 0 ;

čďě D_k = ∫ x^{0k}F_{,0}F_{,0k} d^3S ∫ F^2_{,0k} d^3S ,

B_0 =^{√2}∫_{F 2,0 d3S} B_2 =^{√2}∫_{F 2,02 d3S}

B_1 =^{√2}∫_{F 2,01 d3S} B_3 =^{√2}∫_{F 2,03 d3S}

B_4 = √ 2 ∫ F^2_{,01} d^3S ∫ (x^{01}F_{,0})^2 d^3S ∫ F^2_{,01} d^3S−( ∫ x^{01}F_{,0}F_{,01} d^3S)^2

B_7 =^{√2} ∫ (x^{02}F_{,01}−x^{01}F_{,02})^2 d^3S

B_5 = √ 2 ∫ F^2_{,02} d^3S ∫ (x^{02}F_{,0})^2 d^3S ∫ F^2_{,02} d^3S−( ∫ x^{02}F_{,0}F_{,02} d^3S)^2

B_8 =^{√2} ∫ (x^{01}F_{,03}−x^{03}F_{,01})^2 d^3S

B_6 = √ 2 ∫ F^2_{,03} d^3S ∫ (x^{03}F_{,0})^2 d^3S ∫ F^2_{,03} d^3S−( ∫ x^{03}F_{,0}F_{,03} d^3S)^2

B_9 =^{√2} ∫ (x^{03}F_{,02}−x^{02}F_{,03})^2 d^3S

Łăł ńěčłő ŕàőćěàĺâì, áőőâŋőèěŋĺï (1:8) ĺ (1:9) ćëŕőńŋěŋë.

2.5. Řěďãłæĺï çĺáńă áőáâőïŋĺľ

Řăááňőâàĺň ŕàěőąàăğőćăŋĺï ŕàőáâàăŋáâćă ăňŕńĺâãď áőáâőïŋĺľ ŕőńï ĺ

ďěľáâćãîéĺå ŋă ŋ-ěň őŕěàăâőàőć. Ŕěàćőŋăçăńìŋő ňë ŕěàěèńĺ őâ äãŋł-

æĺĺ łőőàďĺŋăâë x f(x^′) ł áńőęŋőľ äãŋłæĺĺ łőőàďĺŋăâ x^′ ĺ fi f(x(x^′; ~fi)) ĺ ćëďěńĺńĺ ĺğ ŋě-ě łńăááĺçěáłãî Gv(x(x^′; ~fi)) ĺ łćăŋâőćãî u(x(x^′; ~fi)) áőáâăćńïîéĺě. Ććěďěŋĺě ďőŕőńŋĺâěńìŋëå ŕěàěňěŋŋëå ąëńő łőňŕěŋáĺàőćăŋő ŋăńőęěŋĺěň ãáńőćĺľ ŋă äãŋłæĺĺ u(x(x^′; ~fi)). Ŕàĺ ŕőńãçěŋĺĺ ćëàăęěŋĺï (1:13) ďńï ŕěàěňěŋŋëå Ąőčőńîąőćă, łăł äãŋłæĺőŋăńőć ĺáåőďŋëå ŕőńěćëå ŕěàěňěŋŋëå, ňë àăááňăâàĺćăńĺ äãŋłæĺĺ f(x^′) ĺ f_n(x^′) łăł ŋěğăćĺáĺňëě, âěň áăňëň ãďćőĺć çĺáńő áőáâőïŋĺľ ŕőńï. Şďćőěŋĺě çĺáńă áőáâőïŋĺľ ŕőńï ãďćőĺńő ĺ çĺáńő ćáěå ŋěğăćĺáĺňëå ŕěàěňěŋŋëå, ćłńîçăï ĺ ŕěàěňěŋŋëě Ąőčőńîąőćă, ŕőíâőňã ďńï ŕàĺćěďěŋĺï łőńĺçěáâćă áőáâőïŋĺľ ŕőńï ł ĺáåőďŋőňã àěďãłæĺî çĺáńă áőáâőïŋĺľ ŋěőąåőďĺňő ŕàőćőďĺâì ŋă äãŋłæĺïå, ãďőćńěâćőàïîéĺå ŋě 10, ă 20 ďőŕőńŋĺâěńìŋëň ãáńőćĺïň.

Ťãŋłæĺĺ ~N^a ćëąàăŋë âăł, çâő ∀a ńĺąő ~N^a(0; x^′), ńĺąő ~N^a_n (0; x^′) âőęďěáâćěŋŋő àăćŋë ŋãńî. Šăłĺň őąàăğőň, őďŋă çăáâì ãáńőćĺľ (1:4^′) őčàăŋĺçĺćăěâ ŕőćěďěŋĺě u, ă ďàãčăï | u_n. Ńěčłő ćĺďěâì, çâő u ĺ u_n ďőńęŋë ãďőćńěâćőàïâì àăğńĺçŋëň ãáńőćĺïň, çâő ğăâàãďŋïěâ àěďãłæĺî çĺáńă áőáâőïŋĺľ. Ďőŕőńŋĺâěńìŋëě 10 ãáńőćĺľ ãďőąŋő ćëąàăâì áńěďãîéĺň őąàăğőň: àăááňőâàĺň äãŋłæĺĺ w(x^′; ~fi) âăłĺě, çâő

∀a = 0::L − 1 : !(M_a; w) = 0; !( ~N^a; w) = 0: (1:4^{′′})

Ťãŋłæĺï w(0; x^′) ŕàěďáâăćĺňă ć ćĺďě

w = y + ~N^a · !(M_a; y) − M_a · !( ~N^a; y) − ~N^a · !(M_a; M_b)!( ~N^b; y): (1:10^′:a)

Őâáîďă áńěďãěâ, çâő

w_n = y_n + ~N^a_n ·!(M_a; y)−M_{an} ·!( ~N^a; y)− ~N^a_n ·!(M_a; M_b)!( ~N^b; y): (1:10^′:b)

Śãéěáâćãîâ łőŋáâăŋâë C^a, C^a_b , ~C^a, ~C^a_b âăłĺě, çâő ŕàĺ t^′ = 0 ćëŕőńŋïîâáï áőőâŋőèěŋĺï^3:

~N^a = C^aM_{an} + C^a_b ~N^b_n; ~N^a_n = ~C^aM_a + ~C^a_b ~N^b; (2:14)

áńěďőćăâěńìŋő, ãáńőćĺï (1:4^{′′}) ňőęŋő ŕěàěŕĺáăâì ć áńěďãîéěň ćĺďě

3Śãňňĺàőćăŋĺě ć äőàňãńăå (2.14) ćěď-ěâáï âőńìłő ŕő ĺŋďěłáã b.

∫ ~N^a(0; x^′)w(0; x^′) d^3S = 0;^∫ ~N^a(0; x^′)w_n(0; x^′) d^3S = 0; ∫ ~N^a_n (0; x^′)w(0; x^′) d^3S = 0;^∫ ~N^a_n (0; x^′)w_n(0; x^′) d^3S = 0; ∫ M_a(0; x^′)w(0; x^′) d^3S = 0;^∫ M_a(0; x^′)w_n(0; x^′) d^3S = 0; ∫ M_{an}(0; x^′)w(0; x^′) d^3S = 0;^∫ M_{an}(0; x^′)w_n(0; x^′) d^3S = 0:

Šăłĺň őąàăğőň, äãŋłæĺĺ w(0; x^′) ĺ w_n(0; x^′) ňőčãâ ąëâì ćëąàăŋë ŋěğăćĺáĺňő. İâĺ äãŋłæĺĺ ŕőďçĺŋïîâáï őďŋĺň ĺ âěň ęě ďőŕőńŋĺâěńìŋëň ãáńőćĺïň, áńěďőćăâěńìŋő, őŋĺ ïćńïîâáï àěğãńìâăâőň ďěľáâćĺï őďŋőčő ĺ âőčő ęě őŕěàăâőàă ŕàőěłâĺàőćăŋĺï ŋă äãŋłæĺĺ y ĺ y_n áőőâćěâáâćěŋŋő. Ďěľáâćĺâěńìŋő, ŕőďáâăćńïï ğŋăçěŋĺï M_a(0; x^′) ĺ ~N^a(0; x^′) ć äőàňãńë (10^′:a) ĺ (10^′:b), ĺňěěň:

w = y − 1√ 2B_0

~N^0_n(0; x^′)^∫ C ~N^0_n y d^3S −^{3∑} k=1 1√ 2B_k

~N^k(0; x^′)^∫ C ~N^ky d^3S−

−^{6∑}_{j=4} 1√ 2B_j

~N^j_n(0; x^′)^∫ ~N^j_ny d^3S −^{9∑} i=7 1√ 2B_i

~N^i(0; x^′)^∫ C ~N^iy d^3S;

w_n = y_n − 1√ 2B_0

~N^0_n (0; x^′)^∫ C ~N^0_ny_n d^3S −^{3∑} k=1 1√ 2B_k

~N^k(0; x^′)^∫ C ~N^ky_n d^3S−

−^{6∑}_{j=4} 1√ 2B_j

~N^j_n(0; x^′)^∫ ~N^j_ny_n d^3S −^{9∑} i=7 1√ 2B_i

~N^i(0; x^′)^∫ C ~N^iy_n d^3S:

Šăł łăł r_a ≡ R^b_aJ_b = J_b!( ~N^b_a ; u) = −!(M_a; u);

âő äãŋłæĺĺ, ãďőćńěâćőàïîéĺě áőőâŋőèěŋĺïň (1:4^{′′}), ňőęŋő ŕőńãçĺâì ŕő äőàňãńăň

w(0; x^′) = u(0; x^′) − ~N^a(0; x^′)r_a; w_n(0; x^′) = u_n(0; x^′) − ~N^a_n (0; x^′)r_a; ć őáâăńìŋëå âőçłăå ŕàőáâàăŋáâćă äãŋłæĺï w őŕàěďěńïěâáï łăł àěèěŋĺě ãàăćŋěŋĺï (2:8).

Ůâőąë łőňŕěŋáĺàőćăâì ŕőïćńěŋĺě ŋőćëå ãáńőćĺľ, őčàăŋĺçĺćăîéĺå ŕőćěďěŋĺě äãŋłæĺľ w(x^′; ~fi) ĺ w_n(x^′; ~fi), ąãďěň áçĺâăâì r_a ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëňĺ. Ŕěàěňěŋŋëě r_a ŋě ĺňěîâ äĺğĺçěáłőčő áňëáńă. Ĺå ŕàőĺáåőęďěŋĺě áćïğăŋő á àěďãłæĺěľ ŕàőáâàăŋáâćă áőáâőïŋĺľ ć âěàňĺŋăå ŕěàěňěŋŋëå Ąőčőńîąőćă. Ŕàĺ àăááňőâàěŋĺĺ ĺŋâěčàăńőć ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě íâĺ ĺğąëâőçŋëě ŕěàěňěŋŋëě ąãďãâ ãďăńěŋë áőőâćěâáâćãîéĺň ćëąőàőň ćěłâőàőć áőáâőïŋĺï.

Ŕàőĺğćőďŋëě ŕő w(–^′) ĺ w_n(–^′) áćïğăŋë áőőâŋőèěŋĺïňĺ: ∫ C M_a(–^′) ‹ ‹w(–^′)

+ M_{an}(–^′) ‹

‹w_n(–^′) d^3S = 0; ∫ C ~N^a(–^′) ‹ ‹w(–^′)

+ ~N^a_n (–^′) ‹ ‹w_n(–^′) d^3S = 0:

Ć âěàňĺŋăå ŋőćëå ŕěàěňěŋŋëå ćăàĺăæĺőŋŋëě ŕàőĺğćőďŋëě ŕő u(–^′) ĺ u_n(–^′) ĺňěîâ ćĺď (áň. Ŕàĺńőęěŋĺě 3): ‹ ‹u(–^′) = ‹ ‹w(–^′)

+ ‹r^a ‹u(–^′) @ @r_a ; ‹ ‹u_n(–^′) = ‹ ‹w_n(–^′)

+ ‹r^a ‹u_n(–^′) @ @r_a ; čďě ‹r_a ‹u(–^′)

= −M_{an}(–^′) + !(M_a; M_b) ~N^b_n(–^′);

‹r_a ‹u_n(–^′)

= M_a(–^′) − !(M_a; M_b) ~N^b(–^′):

Ŋěőąåőďĺňãî àěďãłæĺî çĺáńă áőáâőïŋĺľ őáãéěáâćĺň ćëąőàőň ćěłâőàőć áőáâőïŋĺï ć äőàňě

˘[w; w_n] = exp(−i^∫ w_nw d^3S)–˘[w];

âěŕěàì ‹ ‹w(–^′) −→ ‹ ‹w(–^′)

− iw_n(–^′); ‹ ‹w_n(–^′)

−→ −iw(–^′); (2:15) ĺ ďńï őŕěàăâőàőć ^P ĺ ^Q ŕőńãçăěň ćëàăęěŋĺï: ^P = —P + —p; ^Q = —Q + —q; (2:16) čďě —P (–^′) = − i√ 2 ‹ ‹w(–^′)

; —p = − i√ 2 ‹r_a ‹u(–^′) @ @r_a ; —Q = √2w(–^′); —q = i√ 2 ‹r_a ‹u_n(–^′) @ @r_a : 2.6. Ŋãńěćőľ ŕőàïďőł ŕő G

2.6.1. Ĺŋâěčàăńë ďćĺęěŋĺï

Řăááňőâàĺň ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě. Ć ŕàěďëďãéěň ĺğńőęěŋĺĺ ňë àăááňăâàĺćăńĺ łćăŋâőćãî ŕőŕàăćłã u łăł ćěńĺçĺŋã ŋãńěćőčő ŕőàïďłă ŕő G, ŋă áăňőň ďěńě u ŕàěďáâăćĺňă ć ćĺďě àïďă ŕő őąàăâŋëň áâěŕěŋïň G: u = u_0 + 1 G u_1 + O(G^{−2}): (2:17)

Ć ĺŋâěčàăńë ďćĺęěŋĺï, ŕàőŕőàæĺőŋăńìŋëě G ĺ G^2, ćŋőáïâ ćłńăď âőńìłő łńăááĺçěáłăï áőáâăćńïîéăï ŕőńï F ĺ u_0. Ćëïáŋĺň, çěňã àăćěŋ ćłńăď u_1 ć ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě.

Ćő-ŕěàćëå őâňěâĺň, çâő, âăł łăł

!( ~N^a; u) = !( ~N^a; u_0) + 1 G !( ~N^a; u_1) + O(G^{−2});

âő ďőŕőńŋĺâěńìŋëě ãáńőćĺï (1:4^′) őďĺŋăłőćë ďńï äãŋłæĺľ u_0 ĺ u_1:

!( ~N^a; u_0) = 0;

!( ~N^a; u_1) = 0:

Śńăčăěňëě ć ĺŋâěčàăńăå ďćĺęěŋĺï ŋãńěćőčő ŕőàïďłă, ŕàőŕőàæĺőŋăńìŋëě u_1, u_{1n} ĺ ŕàőĺğćőďŋëň ŕő íâĺň äãŋłæĺïň, ňőęŋő ŕőńãçĺâì ğăňěŋőľ ć áőőâćěâáâćãîéĺå ĺŋâěčàăńăå O^a_{−1} u ŋă u_1. Őçěćĺďŋő, çâő ćáě íâĺ ĺŋâěčàăńë àăćŋë ŋãńî, ŕőíâőňã ĺ ŕàĺ ăŋăńĺğě ĺŋâěčàăńőć ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ňőęŋő ŋě ĺáŕőńìğőćăâì äőàňãńã (2:17) ĺ őąőğŋăçăâì łćăŋâőćãî ŕőŕàăćłã, ŕàőŕőàæĺőŋăńìŋãî G^0 çěàěğ u.

Łăł ŕőłăğăŋő ć Ŕàĺńőęěŋĺĺ 4, ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ňőęŋő ŕàěďáâăćĺâì ć ćĺďě:

H_0 = i @

@fi^0

+ H_{01} + H_{02} + H_{03};

P^k_0 = −i @

@fi^k

+ P^k_{01} + P^k_{02} + P^k_{03};

M^{0k}_0 = i @

@fi^{3+k}

+ fi^0P^k_0 − fi^kH_0 + M^{0k}_{01} + M^{0k}_{02} + M^{0k}_{03};

M^{kj}_0 = i @

@fi^{4+k+j}

− fi^kP^j_0 + fi^j P^k_0 + M^{kj}_{01} + M^{kj}_{02} + M^{kj}_{03}:

Őŕěàăâőàë O^a_{01}, O^a_{02} ĺ O^a_{03} ďěľáâćãîâ ć ŕàőáâàăŋáâćě äãŋłæĺőŋăńőć ćĺďă ˘[w; w_n]~˘[r], ŕàĺç-ěň O^a_{01} ĺ O^a_{02} ďěľáâćãîâ ć ŕàőáâàăŋáâćě ˘[w; w_n], âőčďă łăł O^a_{03} | ć őàâőčőŋăńìŋőň ěňã ŕàőáâàăŋáâćě ~˘[r].

Ćëŕĺèěň ć ïćŋőň ćĺďě ĺŋâěčàăńë H_{0k}:

H_{01} = 1 2 ∫ ( —P^2 +^{3∑}_{k=1} —Q^2_{λk} + V^{′′}(F ) —Q^2) d^3S;

H_{02} = i ∫ w_n ‹ ‹w(–^′)

+ w_{nn} ‹ ‹w_n(–^′) d^3S;

H_{03} = 1 2 ∫ (—p^2 +^{3∑}_{k=1} —q^2_{λk} + V^{′′}(F )—q^2) d^3S+

+ir_a @

@r_b ∫ ~N^a_n ‹r^b

‹u(–^′)

− ~N^a_{nn} ‹r^b ‹u_n(–^′) d^3S + r_ar_b^∫ ( ~N^a_n ~N^b_n − ~N^a_{nn} ~N^b) d^3S:

Őŕěàăâőàë H_{01} ĺ H_{02} ïćńïîâáï őŕěàăâőàăňĺ áňěéěŋĺï ćďőńì ŋőàňăńĺ ł C. Ĺğ âőčő äăłâă, çâő äãŋłæĺî w(t^′; x^′) ňőęŋő ŕàěďáâăćĺâì ć áńěďãîéěň ćĺďě:

w(t^′; x^′) =^{∞∑}_{s=0} ’_s(x^′)„_s(t^′) + O(t^{′2})

áńěďãěâ (áň. Ŕàĺńőęěŋĺĺ 4), çâő őŕěàăâőà

—P = √2w_{t0} |_{t0=0}:

Śàăćŋĺćăï íâő àăćěŋáâćő á äőàňãńőľ (2:16), ŕőńãçăěň:

w_t0 (x^′; ~fi)|_t0_{=0} = − i 2 ‹ ‹w(x^′; ~fi)

: (2:18)

Ŕőďáâăćńïï ďăŋŋőě áőőâŋőèěŋĺě ć H_0, ńěčłő ŕőńãçĺâì, çâő áãňňă ĺŋâěčàăńőć H_{01} ĺ H_{02} őąàăéăěâáï ć ŋãńì. Ăŋăńőčĺçŋëě ćëçĺáńěŋĺï, ŕàőćěď-ěŋŋëě ďńï ďàãčĺå ĺŋâěčàăńőć ďćĺęěŋĺï, ŕőłăğëćăîâ, çâő áãňňă O^a_{01} ĺ O^a_{02} àăćŋïěâáï ŋãńî. Őŕěàăâőàë O^a_{03}, áőďěàęăéĺě âőńìłő ĺğąëâőçŋëě ŕěàěňěŋŋëě r_a ĺ^∂_{∂ra} , ňőčãâ ąëâì ãďăńěŋë áőőâćěâáâćãîéĺň ćëąőàőň ćěłâőàőć áőáâőïŋĺľ [54].

Ŕőáńě ãďăńěŋĺï ĺğąëâőçŋëå ŕěàěňěŋŋëå ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ĺňěîâ áńěďãîéĺľ ćĺď:

H_0 = i @ @fi^0 ; P^k_0 = −i @ @fi^k ; M^{0k}_0 = i ( @ @fi^{3+k}

− fi^0 @

@fi^k

− fi^k @ @fi^0 ) ; M^{kj}_0 = i ( @ @fi^{4+k+j}

+ fi^k @ @fi^j

− fi^j @ @fi^k ) ; áńěďőćăâěńìŋő, őŋĺ ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň ďńï čěŋěàăâőàőć čàãŕŕë Ŕãăŋłăàě ĺ ŕőàőęďăîâ ăńčěąàã Ńĺ ďăŋŋőľ čàãŕŕë.

2.6.2. Őŕěàăâőà ŕőńï

Řěèěŋĺïňĺ ãàăćŋěŋĺľ Čěľğěŋąěàčă

@ (x^′) @x^{′α} = i[P^α; (x^′)]

(x^{′0} @ @x^{′k} + x^{′k} @ @x^{′0}

) (x^′) = i[M^{0k}; (x^′)]

(x^{′j} @ @x^{′k} − x^{′k} @ @x^{′0}

) (x^′) = i[M^{jk}; (x^′)]

ïćńïîâáï äãŋłæĺĺ ćĺďă (L^α_β [fi^4; : : :; fi^9](x^{′β} − fi^β )), â.ě. äãŋłæĺĺ ăàčãňěŋâă x.

Őŕěàăâőà ŕőńï ’(x^′) ĺňěěâ ćĺď:

’(x^′) = GF (x^′; ~fi) + ^ (x^′; ~fi) + ‹r^a ‹u_n @ @r_a + 1 G ^A(x^′; ~fi); (2:19)

čďě x ĺ x^′ áćïğăŋë áőőâŋőèěŋĺěň (2:7), ă ^ (x^′; ~fi) | àěèěŋĺě áńěďãîéěľ

ğăďăçĺ Łőèĺ:

g^{αβ} @^2

^ (x^′; ~fi) @x^{′α}@x^{′β}

+ V^{′′}(F ) ^ (x^′; ~fi) = 0;

^ (x^′; ~fi)|_C = —Q(–^′) =^√2w(–^′);

^ _{t0} (x^′; ~fi)|_C = —P (–^′) = √2w_{t0} (–^′):

Ŕàĺňěŋěŋĺě ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă ŕőğćőńĺńő ŋăň ĺáŕőńìğőćăâì ć łăçěáâćě ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ŕăàăňěâàë čàãŕŕë Ŕãăŋłăàě. Ś ŕőňőéìî ďăŋŋëå ŕěàěňěŋŋëå (čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă) ãďăńőáì ŕőáâàőĺâì âěőàĺî ćőğňãéěŋĺľ, ŋě ŋăàãèăï ŕàĺ íâőň ğăłőŋőć áőåàăŋěŋĺï. Ŕőïćĺćèĺěáï ć ŕàőæěááě ŕőáâàőěŋĺï âěőàĺĺ ćőğňãéěŋĺľ ĺğąëâőçŋëě áőáâőïŋĺï ŕőńï ąëńĺ áőłàăéěŋë. Ŕőáâàőěŋŋőě ŕàőáâàăŋáâćő áőáâőïŋĺľ őąńăďăěâ ŋãęŋëň çĺáńőň áâěŕěŋěľ áćőąőďë. Ś âőçŋőáâìî ďő ŋãńěćőčő ŕőàïďłă ŕő őąàăâŋëň áâěŕěŋïň łőŋáâăŋâë áćïğĺ ŋăľďěŋë ğŋăçěŋĺï ďńï ĺŋâěčàăńőć ďćĺęěŋĺï ĺ őŕěàăâőàă ŕőńï.

Šăłĺň őąàăğőň, ďăŋő ŕőńŋőáâìî àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋőě őŕĺáăŋĺě (3 + 1){ňěàŋőľ łćăŋâőćőľ áĺáâěňë á ŋěŋãńěćőľ łńăááĺçěáłőľ łőňŕőŋěŋâőľ. Ďăŋŋăï áåěňă ňőęěâ ąëâì ŕàĺňěŋěŋă ŕàĺ łćăŋâőćăŋĺĺ őłőńő łńăááĺçěáłĺå àěèěŋĺľ, ŕěàĺőďĺçěáłĺå ŕő ćàěňěŋĺ, ŋăŕàĺňěà, ďćőľŋëå (ŕãńìáĺàãîéĺå) áőńĺâőŋőć ĺńĺ áâőïçĺå ćőńŋ.

Čńăćă 3 ŔŐŚŠŘŐĚŊĹĚ ŔŘĹĄŃĹĘ-ĚŊŊŻŢ ŁŃĂŚŚĹŮĚŚŁĹŢ ŔŐŃĚĽ Ć ŤŐŘŇĚ ŚŠŐ§ŮĚĽ ĆŐŃŊŻ

3.1. Šěőàěňë áãéěáâćőćăŋĺï ŕěàĺőďĺçěáłĺå àěèě- ŋĺľ Ć áěňĺďěáïâëě ĺ ćőáìňĺďěáïâëě čőďë ďńï èĺàőłőčő łńăááă ŋěŕàěàëćŋëå äãŋłæĺľ g(’) ąëńĺ ďőłăğăŋë âěőàěňë áãéěáâćőćăŋĺï (ĺńĺ őâáãâáâćĺï) ŕěàĺőďĺçěáłĺå àěèěŋĺľ ŋěńĺŋěľŋëå ćőńŋőćëå ãàăćŋěŋĺľ: @^2’(t; x) @x^2 − @^2’(t; x) @t^2

− g(’) = 0; (3:1)

á őŕàěďěń-ěŋŋëňĺ čàăŋĺçŋëňĺ ãáńőćĺïňĺ ŕő x.

Ę. Ň. Łőàőŋ [61] ďőłăğăń, çâő áńěďãîéăï łàăěćăï ğăďăçă:

@^2’(t; x)

@x^2 − @^2’(t; x) @t^2

− g(’) = 0; x; t ∈ IR; g(0) = 0;

lim_{|x|→∞} ’(t; x) = 0; x; t ∈ IR; ’(x; t + T ) = ’(t; x); x; t; T ∈ IR;

(3:2)

ĺňěěâ àěèěŋĺě á ŕěàĺőďőň T , âőńìłő ěáńĺ

g^′(0) >

( 2ı T )2 :

Ŕàïňëň áńěďáâćĺěň íâőľ âěőàěňë ïćńïěâáï őâáãâáâćĺě ŋěâàĺćĺăńìŋëå àěèěŋĺľ ğăďăçĺ (3:2) ć áńãçăě ąěğňăááőćőľ âěőàĺĺ ’^4, â. ě. ŕàĺ g(’) = ’^3. Ďăŋŋëľ àěğãńìâăâ ŋě őğŋăçăěâ, àăğãňěěâáï, ŕőńŋőčő őâáãâáâćĺï ŕěàĺőďĺçěáłĺå àěèěŋĺľ ć íâőľ âěőàĺĺ.

Ĺğňěŋïï čàăŋĺçŋëě ãáńőćĺï ŕő x, ŕőńãçăěň áńěďãîéãî ğăďăçã:

@^2’(t; x)

@x^2 − @^2’(t; x) @t^2

− g(’) = 0; x; t ∈ IR; g(0) = 0; ’(0; t) = ’(ı; t) = 0; t ∈ IR; ’(x; t + T ) = ’(t; x); x; t; T ∈ IR;

(3:2^′)

Ďńï ŋěŕàěàëćŋëå ŋěãąëćăîéĺå äãŋłæĺľ g(’) âăłĺå, çâő lim_{|φ|→∞} g(’) ’ = ∞;

áãéěáâćőćăŋĺě áńăąëå T -ŕěàĺőďĺçěáłĺå àěèěŋĺľ ğăďăçĺ (3:2^′) ąëńő ďőłăğăŋő ŕàĺ ãáńőćĺĺ, çâő

∃ ¸; ˛ > 0 âăłĺě, çâő ∀’ ∈ IR : 1 2 ’·g(’) − φ∫

0 g(t) dt ¿ ˛|g(’)| − ¸:

Ŕőď áńăąëň àěèěŋĺěň ğăďăçĺ (3:2^′) ŕőďàăğãňěćăěâáï äãŋłæĺï ’ âăłăï, çâő_{T∫} 0 π∫ 0 (’(v_{tt} − v_{xx}) + g(’)v) dt dx = 0 (3:3)

ďńï ćáěå T -ŕěàĺőďĺçěáłĺå äãŋłæĺľ v ∈ C^2([0; ı]×IR), ãďőćńěâćőàïîéĺå čàăŋĺçŋëň ãáńőćĺïň.

Ţ. Ąàěğĺá, Ę. Ň. Łőàőŋ ĺ Ń. Ŋĺàěŋąěàč [62] ďőłăğăńĺ ďăŋŋőě ãâćěàęďěŋĺě, őąőąéĺć ďőłăğăâěńìáâćő Ŕ. Řăąĺŋőćĺçă [63], áďěńăŋŋőě ďńï ąőńěě ãğłőčő łńăááă äãŋłæĺľ g(’). Şŕàőé-ěŋŋőě ďőłăğăâěńìáâćő ďńï áńãçăï g(’) = |’|^n ·’, čďě n > 0 ďăŋő ć [64].

3.2. Ďćă âĺŕă ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ

3.2.1. Ąěčãéĺě ćőńŋë

Ŋăèě ĺááńěďőćăŋĺě ŕőáćïéěŋő ĺğãçěŋĺî (1 + 1)-ňěàŋőľ ňőďěńĺ áłăńïàŋőľ âěőàĺĺ ’^4, őŕĺáëćăěňőľ ńăčàăŋęěćőľ ŕńőâŋőáâìî

L(’) = 1 2 ( ’^2_{,t}(t; x) − ’^2_{,x}(t; x) − M^2’^2(t; x) − " 2 ’^4(t; x) ) : (3:4)

Řăááňőâàĺň ãàăćŋěŋĺě Ńăčàăŋęă{İľńěàă íâőľ ňőďěńĺ:

@^2’(t; x) @x^2 − @^2’(t; x) @t^2

− M^2’(t; x) − "’^3(t; x) = 0 (3:5)

á æěńìî ŋăľâĺ ěčő àěèěŋĺï, ŕěàĺőďĺçěáłĺě łăł ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě x, âăł ĺ ŕő ćàěňěŋŋőľ t. Ŕàĺ íâőň ŕěàĺőď ŕő x ćëąěàěň àăćŋëň 2ı ĺ ąãďěň ĺáłăâì ŕěàĺőď ŕő t.

Śãéěáâćãîâ ďćă łńăááă ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ. Ěáńĺ ĺáłăâì àěèěŋĺï ć ćĺďě ąěčãéĺå ćőńŋ:

’(t; x) = ’(x − vt); (3:6)

čďě v | áłőàőáâì ćőńŋë, âő ãàăćŋěŋĺě (3:5) ńěčłő áćőďĺâáï ł őąëłŋőćěŋŋőňã ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî Ďîääĺŋčă [65]:

d^2f(z; k)

dz^2

= a_1(k)f^3(z; k) + a_2(k)f(z; k); (3:7)

čďě ïćŋëľ ćĺď łőíääĺæĺěŋâőć a_1 ĺ a_2 ğăćĺáĺâ őâ ćĺďă äãŋłæĺĺ f(z). Ŕěàĺőďĺçěáłĺňĺ àěèěŋĺïňĺ ďăŋŋőčő ãàăćŋěŋĺï ïćńïîâáï íńńĺŕâĺçěáłĺě äãŋłæĺĺ §łőąĺ [66].

Ŋăŕàĺňěà, äãŋłæĺï cn(z; k) | ŕěàĺőďĺçěáłőě àěèěŋĺě áńěďãîéěčő ãàăćŋěŋĺï:

d^2 cn(z; k) dz^2

= (2k^2 − 1) cn(z; k) − 2k^2 cn^3(z; k): (3:8)

Ŕőďáâăćńïï ’ ≡ A cn(z; k) á z ≡ ¸x + ˛t ć ãàăćŋěŋĺě (2), ŕőńãçăěň:

A(¸^2 − ˛^2) d^2 cn(z; k) dz^2

− m^2 cn(z; k) − – cn^3(z; k) = 0: (3:9)

Śàăćŋĺćăï ďćă ŕőáńěďŋĺå ãàăćŋěŋĺï, ŕőńãçăěň áĺáâěňã:

2k^2(¸^2 − ˛^2) + A^2– = 0; (2k^2 − 1)(¸^2 − ˛^2) = m^2:

Ğŋăçěŋĺï k^2 ĺ A^2 őŕàěďěńïîâáï ďńï ćáěå ğŋăçěŋĺľ m^2 ¿ 0 ĺ – > 0:

k^2 =^1_2^(1 +^{m2}_α2_{−β}2^) ;

A^2 =^{β2−α2−m2}_λ :

Ěáńĺ ˛^2 > ¸^2 + m^2, âő 0 < A^2 , 0 < k^2 <^1_2 ĺ ňë ŕőńãçăěň ďěľáâćĺâěńìŋőě àěèěŋĺě (ďńï x; t ∈ IR). Ďàãčĺě àěèěŋĺï ć ćĺďě ąěčãéěľ ćőńŋë ŕàěďáâăćńěŋë ć Ŕàĺńőęěŋĺĺ 5, ŕàĺňěà łćăŋâőćăŋĺï ćąńĺğĺ ŕőďőąŋőčő àěèěŋĺï ďăŋ ć Ŕàĺńőęěŋĺĺ 6. Ŕőďőąŋëě ŕőńï åőàőèő ĺğãçěŋë łăł ďńï ďćãňěàŋőľ [67, 68], âăł ĺ ďńï çěâëà-ěåňěàŋőľ [69] áłăńïàŋőľ âěőàĺĺ ’^4.

Ŕěàĺőďĺçěáłĺě àěèěŋĺï ć ćĺďě ąěčãéĺå ćőńŋ ŋě ïćńïîâáï ĺáâĺŋŋő ďćăęďë ŕěàĺőďĺçěáłĺňĺ àěèěŋĺïňĺ, ŕőáłőńìłã á ŕőňőéìî ŕàěőąàăğőćăŋĺï Ŕãăŋłăàě ňőęŋő ŕěàěľâĺ ć áĺáâěňã łőőàďĺŋăâ, ć łőâőàőľ ŕěàĺőď ŕőďőąŋőčő àěèěŋĺï ńĺąő ŕő ćàěňěŋĺ, ńĺąő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě ąãďěâ àăćěŋ ąěáłőŋěçŋőáâĺ.

3.2.2. Śâőïçĺě ćőńŋë

Ďàãčőľ łńăáá ďćăęďë ŕěàĺőďĺçěáłĺå àěèěŋĺľ őąàăğãîâ àěèěŋĺï ć ćĺďě áâőïçěľ ćőńŋë:

’(t; x) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} C_{nj} sin(n(x − x_0)) sin(j·!(t − t_0)); (3:10)

čďě x_0 ĺ t_0 őŕàěďěńïîâáï ĺğ ŋăçăńìŋëå ĺ čàăŋĺçŋëå ãáńőćĺľ. Ć áĺńã âàăŋáńïæĺőŋŋőľ ĺŋćăàĺăŋâŋőáâĺ ãàăćŋěŋĺï (3:5) ňőęŋő, ŋě őčàăŋĺçĺćăï őąéŋőáâĺ, ŕőńőęĺâì x_0 = 0 ĺ t_0 = 0. Ćëąőà x_0 = 0 áőőâćěâáâćãěâ čàăŋĺçŋëň ãáńőćĺïň ğăďăçĺ (3:2^′).

Ŋăåőęďěŋĺě ŕěàĺőďĺçěáłĺå àěèěŋĺľ ć äőàňě áâőïçěľ ćőńŋë | ğăďăçă čőàăğďő ąőńěě áńőęŋăï, çěň őâëáłăŋĺě ąěčãéĺå ćőńŋőćëå ŕőńěľ, ŕőáłőńìłã ć íâőň áńãçăě ãàăćŋěŋĺě ć çăáâŋëå ŕàőĺğćőďŋëå ŋě áćőďĺâáï ł őąëłŋőćěŋŋőňã ďĺääěàěŋæĺăńìŋőňã ãàăćŋěŋĺî. Ăŋăńĺâĺçěáłăï äőàňă ŕőďőąŋëå àěèěŋĺľ ŕőłă ŋě ŋăľďěŋă, ąőńěě âőčő, áãéěáâćőćăŋĺě ŕěàĺőďĺçěáłĺå àěèěŋĺľ ć äőàňě áâőïçěľ ćőńŋë ŕàĺ ŕàőĺğćőńìŋëå ğŋăçěŋĺïå ŕăàăňěâàőć ěé-ě ŋě ďőłăğăŋő.

3.3. Řăćŋőňěàŋëě ăáĺňŕâőâĺçěáłĺě àăğńőęěŋĺï

Ąãďěň áçĺâăâì, çâő " | ňăńëľ ŕőńőęĺâěńìŋëľ ŕăàăňěâà ĺ ŕőŕàőąãěň ŋăľâĺ àěèěŋĺě ãàăćŋěŋĺï (3:5) ć ćĺďě äőàňăńìŋőčő áâěŕěŋŋőčő àïďă. Ŕàïňëě, ŋěŕőáàěďáâćěŋŋëě àăğńőęěŋĺï ŕő áâěŕěŋïň " ĺňěîâ łőŋěçŋëě őąńăáâĺ ŕàĺňěŋĺňőáâĺ ĺğ-ğă ŋăńĺçĺï ćěłőćëå, â. ě. ŋěőčàăŋĺçěŋŋëå, çńěŋőć. Řăğńőęěŋĺï, áőďěàęăéĺě âőńìłő őčàăŋĺçěŋŋëě äãŋłæĺĺ ĺ, áńěďőćăâěńìŋő, őďĺŋăłőćő ŕàĺčőďŋëě ć ńîąőľ âőçłě ŕàőáâàăŋáâćă, ŋăğëćăîâáï àăćŋőňěàŋëňĺ (àăćŋőňěàŋő ŕàĺčőďŋëňĺ). Ďńï ŕàĺćěďěŋĺï àăğńőęěŋĺľ ł àăćŋőňěàŋő ŕàĺčőďŋőňã ćĺďã ąëńĺ àăğàăąőâăŋë ăáĺňŕâőâĺçěáłĺě ňěâőďë. Őąğőà âăłĺå ňěâőďőć (Ŕãăŋłăàě [1], Łàëńőćă{ Ąőčőńîąőćă [3] ĺ ďàãčĺå) áőďěàęĺâáï ć łŋĺčě [70].

Ŕàőáâőâă ăńčőàĺâňă ŕőáâàőěŋĺï àăćŋőňěàŋőčő ăáĺňŕâőâĺçěáłőčő àïďă áĺńìŋő ğăćĺáĺâ őâ ğŋăçěŋĺï ňăááőćőčő çńěŋă. Ďăęě ć áńãçăě őďŋőàőďŋőľ ňăááë őâáãâáâćĺě àěğőŋăŋáă ćăęŋő ŋě âőńìłő ďńï ďőłăğăâěńìáâćă áåőďĺňőáâĺ àăćŋőňěàŋőčő ăáĺňŕâőâĺçěáłőčő àïďă, ŋő ĺ ďńï áăňőčő ěčő ŕőáâàőěŋĺï. Řăğńĺçăîâ ďćă áńãçăï.

Őąőğŋăçĺň çěàěğ ˙_j çăáâőâë ŕěàĺőďĺçěáłĺå àěèěŋĺľ ãàăćŋěŋĺï (3:5) ŕàĺ " = 0: ˙_j =^√j^2 + M^2, čďě j ∈ IN.

Ěáńĺ

∀i;j∈ IN 6 ∃ k;n∈ IN âăłĺě, çâő^{˙i}_{˙j} =^k_n ,

âő íâő ŋěàěğőŋăŋáŋëľ áńãçăľ.

Ć ŋěàěğőŋăŋáŋőň áńãçăě á ŕőňőéìî áâăŋďăàâŋëå ăáĺňŕâőâĺçěáłĺå ňěâőďőć, ŋăŕàĺňěà, ňěâőďă Ŕãăŋłăàě, ňőęŋő ŕőáâàőĺâì ăáĺňŕâőâĺçěáłĺľ àïď á ńîąőľ áâěŕěŋìî âőçŋőáâĺ. Ŕàĺ íâőň ćáě ćěłőćëě çńěŋë ãŋĺçâőęăîâáï ŕàăćĺńìŋëň ćëąőàőň çăáâőâë.

Ŕàőâĺćőŕőńőęŋëľ áńãçăľ, łőčďă áãéěáâćãîâ ďćě çăáâőâë ˙_j , őâŋőèěŋĺě łőâőàëå ïćńïěâáï àăæĺőŋăńìŋëň çĺáńőň, ŋăğëćăěâáï àěğőŋăŋáŋëň.

Ć àěğőŋăŋáŋőň áńãçăě, ŋăŕàőâĺć, ãďă-ěâáï ŕőáâàőĺâì àăćŋőňěàŋőě àăğńőęěŋĺě âőńìłő ć łőŋěçŋőň çĺáńě ŕěàćëå ŕőàïďłőć ŕő ". Ŕàĺ íâőň çěň ňěŋìèě ŋőňěàă i ĺ j àěğőŋĺàãîéĺå çăáâőâ, âěň ňěŋìèě ŕěàĺőďĺçěáłĺå çńěŋőć ăáĺňŕâőâĺçěáłőčő àïďă ãďă-ěâáï ŕőáâàőĺâì. Ć áńãçăě ŋãńěćőľ ňăááë, łőčďă ˙_j = j ĺ ćáě çăáâőâë àěğőŋĺàãîâ, ćőğŋĺłăěâ čńăćŋëľ àěğőŋăŋá, â. ě. àěğőŋăŋá ãęě ć ŕěàćőň ŕőàïďłě ŕő ".

Ňë àăááňăâàĺćăěň ąěğňăááőćãî âěőàĺî ’^4 ĺ ĺéěň ăáĺňŕâőâĺçěáłőě àěèěŋĺě ć ćĺďě áâőïçěľ ćőńŋë. Űěńìî ďăŋŋőľ àăąőâë ïćńïěâáï ŕőáâàőěŋĺě ŕěàćëå çńěŋőć àăćŋőňěàŋőčő, ąőńěě âőčő, áőáâőïéěčő ĺáłńîçĺâěńìŋő ĺğ ŕěàĺőďĺçěáłĺå äãŋłæĺľ, ăáĺňŕâőâĺçěáłőčő àăğńőęěŋĺï àěèěŋĺï łćăğĺńĺŋěľŋőčő ãàăćŋěŋĺï Łńěľŋă{Čőàďőŋă ć áńãçăě čńăćŋőčő àěğőŋăŋáă. Ňë ŕőłăğëćăěň, łăł á ŕőňőéìî ŋěâàĺćĺăńìŋőčő ćëąőàă ŋãńěćőčő ŕàĺąńĺęěŋĺï ňőęŋő ŕőńãçĺâì ĺ ŕěàćőě, ĺ ćâőàőě ŕàĺąńĺęěŋĺï ć äőàňě áâőïçěľ ćőńŋë.

3.4. Ŕőáâàőěŋĺě ăáĺňŕâőâĺçěáłőčő àïďă ć áńãçăě ąěğňăááőćőľ âěőàĺĺ φ^4

3.4.1. Ňěâőď Ŕãăŋłăàě

Řăááňőâàĺň ãàăćŋěŋĺě (3:5) á M = 0: @^2’(t; x) @x^2 − @^2’(t; x)

@t^2

− "’^3(t; x) = 0: (3:5^′)

Ąãďěň áçĺâăâì " ≪ 1. Ďńï ŕőáâàőěŋĺï ăáĺňŕâőâĺçěáłőčő àěèěŋĺï ćőáŕőńìğãěňáï ňěâőďőň Ŕãăŋłăàě. Ććěď-ěň ŋőćőě ćàěňï ~t ≡ !t ĺ ąãďěň ĺáłăâì ďćăęďë ŕěàĺőďĺçěáłőě àěèěŋĺě ďăŋŋőčő ãàăćŋěŋĺï ’(x; ~t) ĺ çăáâőâã ! ć äőàňě àăğńőęěŋĺľ ŕő ":

’(x; ~t; ") ≡^{∞∑}_{n=0} ’_n(x; ~t)"^n;

!(") ≡ 1 +^{∞∑}_{n=1} !_n"^n:

Řăğńăčăï âěŕěàì ãàăćŋěŋĺě (3:5^′) ć àïď ŕő áâěŕěŋïň ", ŕőńãçăěň ŕőáńěďőćăâěńìŋőáâì ãàăćŋěŋĺľ. Ćëŕĺèěň ŕěàćëě ďćă:

1) Ć ŋãńěćőň ŕőàïďłě ŕő " ãàăćŋěŋĺě ďńï őŕàěďěńěŋĺï ’_0:

@^2’_0(x; ~t) @x^2 − @ 2’_0(x; ~t)

@~t^2

= 0; (3:11)

2) Ć ŕěàćőň ŕőàïďłě ŕő " ãàăćŋěŋĺě ďńï őŕàěďěńěŋĺï ’_0, ’_1 ĺ !_1:

@^2’_1(x; ~t) @x^2 − @ 2’_1(x; ~t) @~t^2

= 2!_1 @^2’^0

(x; ~t) @~t^2

+ ’^3_0(x; ~t): (3:12)

Şàăćŋěŋĺě (3:11) ŋě ŕőğćőńïěâ, àăğãňěěâáï, őďŋőğŋăçŋő őŕàěďěńĺâì äãŋłæĺî ’_0(x; ~t). Ěáńĺ ćëąàăâì ć łăçěáâćě àěèěŋĺï íâőčő ãàăćŋěŋĺï ’_0(x; ~t) = sin(x) sin(~t), âő ãàăćŋěŋĺě (3:12) ŋě ąãďěâ ĺňěâì ŕěàĺőďĺçěáłĺå àěèěŋĺľ, âăł łăł çăáâőâă ćŋěèŋěľ áĺńë sin(3x) sin(3~t) áőćŕăďăěâ á çăáâőâőľ áőąáâćěŋŋëå łőńěąăŋĺľ, çâő ŕàĺćőďĺâ ł àěğőŋăŋáã. §áŋő, çâő, ć őâńĺçĺě őâ áńãçăï ŋěŋãńěćőľ ňăááë, ŋĺłăłĺň ćëąőàőň çăáâőâŋőľ ŕőŕàăćłĺ !_1 ŋěńìğï ŕőńãçĺâì àăćŋőňěàŋő ŕàĺčőďŋőě àăğńőęěŋĺě. Ďńï ŕőńãçěŋĺï âăłőčő àăğńőęěŋĺï ŋěőąåőďĺňő őâëáłăâì ďàãčőě ŕěàĺőďĺçěáłőě àěèěŋĺě ãàăćŋěŋĺï (3:11), â. ě. ďàãčőě ŋãńěćőě ŕàĺąńĺęěŋĺě äãŋłæĺĺ ’(x; ~t). Ńěčłő ŕőłăğăâì, çâő âàěąãěňőě ŋãńěćőě ŕàĺąńĺęěŋĺě ďőńęŋő áőďěàęăâì ąěáłőŋěçŋőě çĺáńő čăàňőŋĺł.

3.4.2. Şáńőćĺě áãéěáâćőćăŋĺï ŕěàĺőďĺçěáłőčő àěèěŋĺï

Řăááňőâàĺň ãàăćŋěŋĺï (3:11) ĺ (3:12) ŋě ŕő őâďěńìŋőáâĺ, ă łăł áĺáâěňã, ĺ ŕőŕëâăěňáï ćëďěńĺâì ĺğ ňŋőęěáâćă ŕěàĺőďĺçěáłĺå àěèěŋĺľ ãàăćŋěŋĺï (3:11) âăłãî äãŋłæĺî ’_0(x; ~t), çâő ãàăćŋěŋĺě (3:12) ĺňěěâ ŕěàĺőďĺçěáłőě àěèěŋĺě. Šăłĺň őąàăğőň, ďńï ŋăåőęďěŋĺï ’_0(x; ~t) ĺáŕőńìğãěâáï ŋě âőńìłő ãàăćŋěŋĺě ŋãńěćőčő ŕőàïďłă ŕő ", â. ě. (3:11), ŋő ĺ ãàăćŋěŋĺě ŕěàćőčő ŕőàïďłă ŕő ", â. ě. (3:12).

Őąéěě àěèěŋĺě ãàăćŋěŋĺï (3:11) ć äőàňě áâőïçěľ ćőńŋë (3:10) ěáâì

’_0(x; ~t) =^{∞∑}_{n=1} a_n sin(nx) sin(n~t);

čďě a_n | ŕàőĺğćőńìŋëě ŕőáâőïŋŋëě.

Ňë ĺéěň àěèěŋĺě ãàăćŋěŋĺï (3:12) ’_1(t; x) ć äőàňě áâőïçěľ ćőńŋë:

’_1(x; ~t) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} b_{nj} sin(nx) sin(j~t):

Ďńï őŕàěďěńěŋĺï łőíääĺæĺěŋâőć Ťãàìě äãŋłæĺľ ’_0(t; x) ĺ ’_1(t; x) àăğńőęĺň ãàăćŋěŋĺě (3:12) ć àïď Ťãàìě:

R(x; ~t) ≡

@^2’_1 @x^2 − @^2’_1 @~t^2

−2!_1

@^2’_0 @~t^2

−’^3_0 ≡^{∞∑}_{n=1}^{∞∑}_{j=1} R_{nj}(a; b) sin(nx) sin(j~t) = 0:

Ďăŋŋőě ãàăćŋěŋĺě àăćŋőáĺńìŋő áńěďãîéěľ áĺáâěňě: ∀n; j ∈ IN : R_{nj} (a; b) = 0: (3:12^′) Ŕőńãçěŋŋăï áĺáâěňă áőďěàęĺâ ŕőďáĺáâěňã, őŕàěďěńïîéãî łőíääĺæĺěŋâë Ťãàìě äãŋłæĺĺ ’_0(x; ~t):

∀j ∈ IN : R_{jj} (a) = 0; (3:13) čďě R_{jj} ≡ 9a^3_j + 3a^2_j a_{3j} + a_j 6^{∞∑}_{s=1} s≠j (2a^2_s + a_sa_{2j+s}) + 3^{2j−1∑}_{s=1} s≠j a_sa_{2j−s} − 32j^2!_1 +

+ 3^{∞∑}_{s=1} s≠j

∞∑ p=1 p≠j a_sa_pa_{j+s+p} + 3^{∞∑}_{s=1} s≠j

∞∑ p=1 p≠j p≠2j−s a_sa_pa_{s+p−j} +^{j−2∑}_{s=1}^{j−2∑}_{p=1} a_sa_pa_{j−s−p}

Ňë ŕőńãçĺńĺ ŋěőąåőďĺňőě ĺ ďőáâăâőçŋőě ãáńőćĺě áãéěáâćőćăŋĺï ŕěàĺőďĺçěáłőčő àěèěŋĺï ãàăćŋěŋĺï (3:12): ŕěàĺőďĺçěáłăï äãŋłæĺï ’_1(x; ~t), ãďőćńěâćőàïîéăï ãàăćŋěŋĺî (3:12), áãéěáâćãěâ âőčďă ĺ âőńìłő âőčďă, łőčďă ŕőáńěďőćăâěńìŋőáâì łőíääĺæĺěŋâőć Ťãàìě äãŋłæĺĺ ’_0(x; ~t) ïćńïěâáï àěèěŋĺěň áĺáâěňë (3:13).

Łőíääĺæĺěŋâ a_1 ïćńïěâáï ŕăàăňěâàőň, ğăďăîéĺň ăňŕńĺâãďã łőńěąăŋĺľ. Ďěľáâćĺâěńìŋő, ěáńĺ a_j = c_j a_1 ĺ !_1 = á_ωa^2_1, âő ćáě ŕőńĺŋőňë R_{jj} ŕàőŕőàæĺőŋăńìŋë a^3_1: R_{jj} (a) = a^3_1R_{jj} (c) ĺ, áńěďőćăâěńìŋő, łőíääĺæĺěŋâ a_1 ňőęěâ ąëâì ćëąàăŋ ŕàőĺğćőńìŋő. Ŕőáłőńìłã ŋăèěľ æěńìî ïćńïěâáï ŋăåőęďěŋĺě ďěľáâćĺâěńìŋőľ äãŋłæĺĺ ’_0(x; ~t), âő ňë ĺéěň c_j ∈ IR.

3.5. Ŋãńěćőě ŕàĺąńĺęěŋĺě

Ŋě áãéěáâćãěâ őąéĺå ňěâőďőć âőçŋőčő àěèěŋĺï áĺáâěň, ŕőďőąŋëå (3:13), ŕőáłőńìłã, ćő-ŕěàćëå, áĺáâěňă ąěáłőŋěçŋă ĺ ćáě R_{jj} (c) áãâì ąěáłőŋěçŋëě áãňňë, ă ćő-ćâőàëå, ćáě ãàăćŋěŋĺï ŋěńĺŋěľŋë. Ňë őčàăŋĺçĺňáï ŕőĺáłőň çăáâŋőčő àěèěŋĺï íâőľ áĺáâěňë. Ňë ĺéěň äãŋłæĺî ’_0(x; ~t) âăłãî, çâő łőíääĺæĺěŋâë ě-ě àïďă Ťãàìě ãďőćńěâćőàïîâ ďăŋŋőľ áĺáâěňě. Šăłăï äãŋłæĺï ďőńęŋă őąńăďăâì ąěáłőŋěçŋëň àïďőň Ťãàìě, ć âő ęě ćàěňï ćáě ě-ě ç-ěâŋëě čăàňőŋĺłĺ ňőčãâ ąëâì àăćŋë ŋãńî. Ďńï ãŕàőéěŋĺï ćëçĺáńěŋĺľ ŕàěďŕőńőęĺň, çâő àïď Ťãàìě äãŋłæĺĺ ’_0(x; ~t) áőďěàęĺâ âőńìłő ŋěç-ěâŋëě čăàňőŋĺłĺ.

Ğăďăçã ňőęŋő ŕàĺąńĺęěŋŋő àěèĺâì ňěâőďőň Čăń-ěàłĺŋă, âő ěáâì őąàěğăŋĺěň ćëáèĺå ďĺăčőŋăńìŋëå čăàňőŋĺł ’_0(x; ~t) ĺ ŕőĺáłőň àěèěŋĺï ć ćĺďě:

’_0(x; ~t) = a_1 N∑ j=1 c_{2j−1} sin((2j − 1)x) sin((2j − 1)~t) : Ňë ŕőńãçăěň łőŋěçŋãî áĺáâěňã ŋěńĺŋěľŋëå ãàăćŋěŋĺľ. Řěèěŋĺï íâőľ ŋěńĺŋěľŋőľ áĺáâěňë ňőčãâ ąëâì ŋăľďěŋë âőńìłő á ŕőňőéìî İĆŇ ĺ á łőŋěçŋőľ âőçŋőáâìî (Ŕàőčàăňňã, ŋăŕĺáăŋŋãî ŋă ïğëłě łőňŕìîâěàŋőľ ăńčěąàë REDUCE, áň. ć Ŕàĺńőęěŋĺĺ 7).

Ŕőńãçěŋŋëě ďńï N = 10 ğŋăçěŋĺï c_{2j−1} ŕàăłâĺçěáłĺ áőćŕăńĺ á íńěňěŋâăňĺ áńěďãîéěľ łőŋěçŋőľ ŕőáńěďőćăâěńìŋőáâĺ:

d = {d_{2j−1} = f^{2j−1}f_1 , čďě f_{2j−1} ≡ q^{j−1/2}1 + q_{2j−1} ; d_{2j} = 0; 0 < j < 11}

ŕàĺ q = 0:0142142623201. Ńěčłő ŕàőćěàĺâì (áň. Ŕàĺńőęěŋĺě 8), çâő ŕőďáâăŋőćłă d ć áĺáâěňã (3:13) ďă-ěâ

∀j ∈ IN : R_{jj} (d) < 10^{−12}:

Ĺŋëňĺ áńőćăňĺ, ďăŋŋăï łőŋěçŋăï ŕőáńěďőćăâěńìŋőáâì ïćńïěâáï ŕàĺąńĺęěŋŋëň àěèěŋĺěň áĺáâěňë (3:13).

Ďńï ŕàőĺğćőńìŋőčő q őŕàěďěńĺň ŕőáńěďőćăâěńìŋőáâì f:

f^{def}= { ∀n ∈ IN : f_{2n−1} = q^{n−1/2}1 + q_{2n−1} ; f_{2n} = 0 }:

Ńěčłő ğăňěâĺâì, çâő çĺáńăň q ĺ q^′ ≡ 1q áőőâćěâáâćãîâ őďĺŋăłőćëě ğŋăçěŋĺï f_j. Ůâőąë ŕőńãçĺâì őďŋőğŋăçŋő ğăćĺáïéãî őâ q ŕőáńěďőćăâěńìŋőáâì f, áâàěňïéãîáï ł ŋãńî, ŋő ŋě àăćŋãî ěňã âőęďěáâćěŋŋő, őčàăŋĺçĺň őąńăáâì ĺğňěŋěŋĺï q ĺŋâěàćăńőň (0; 1).

Ůńěŋë ŕőáńěďőćăâěńìŋőáâĺ f ŕàőŕőàæĺőŋăńìŋë łőíääĺæĺěŋâăň Ťãàìě äãŋłæĺĺ íńńĺŕâĺçěáłőčő łőáĺŋãáă cn(z; k) [66]:

cn(z; k) = ‚ k ∞∑ n=1 f_{2n−1} cos ( (2n − 1)‚z 4 ) , čďě ‚ ≡ 2ı K : (3:14)

Ŕőïáŋĺň ććěď-ěŋŋëě őąőğŋăçěŋĺï ĺ őâňěâĺň ŋěłőâőàëě áćőľáâćă íńńĺŕâĺçěáłőčő łőáĺŋãáă:

1) Őáŋőćŋëňĺ ŕěàĺőďăňĺ ďćőïłőŕěàĺőďĺçěáłőľ äãŋłæĺĺ cn(z; k) ïćńïîâáï 4K(k) ĺ 2K(k) + 2_{K^′(k), čďě K(k) | ŕőńŋëľ íńńĺŕâĺçěáłĺľ ĺŋâěčàăń ŕěàćőčő àőďă, K^′(k) ≡ K(k^′), a k^′ = √ 1 − k^2.

2) Ŕăàăňěâà q ć àăğńőęěŋĺĺ Ťãàìě (äőàňãńă (3:14)) ćëàăęăěâáï çěàěğ íńńĺŕâĺçěáłĺě ĺŋâěčàăńë áńěďãîéĺň őąàăğőň: q ≡ e^−ı^{K0K} . 3) Řăğńőęěŋĺě ć àïď Ťãàìě äãŋłæĺĺ cn(z; k) ŋě áőďěàęĺâ ç-ěâŋëå čăàňőŋĺł. İâő àăğńőęěŋĺě áŕàăćěďńĺćő ć ŕőńőáě łőňŕńěłáŋőľ ŕńőáłőáâĺ, −K^′ < ℑm z < K^′, ć çăáâŋőáâĺ, ďńï z ∈ IR. 4) Ěáńĺ k ∈ (0; 1) ĺ z ∈ IR, âő cn(z; k) ∈ IR.

5) Ťãŋłæĺï cn(z; k) ïćńïěâáï ŕěàĺőďĺçěáłĺň àěèěŋĺěň ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï (3:9)

Ŕőáńěďŋěě áćőľáâćő őğŋăçăěâ, çâő ŕőáńěďőćăâěńìŋőáâì łőíääĺæĺěŋâőć Ťãàìě äãŋłæĺĺ cn(z; k) ïćńïěâáï àěèěŋĺěň ŋěłőâőàőľ ąěáłőŋěçŋőľ áĺáâěňë łãąĺçěáłĺå ãàăćŋěŋĺľ. Ŋăľď-ěň íâã áĺáâěňã.

Ś őďŋőľ áâőàőŋë, ĺğ äőàňãńë (3:14) ńěčłő ŕőńãçĺâì àăğńőęěŋĺě ć àïď Ťãàìě ďńï äãŋłæĺĺ cn^3(z; k):

cn^3(z; k) = ‚^3 4k^3 ∞∑ j=1 F^{(3)}_j (f) cos ( j‚z 4 ) ; čďě j = 1; 3; 5; : : :; +∞.

F^{(3)}_j (f) = 3f^3_j + 3f^2_j f_{3j} + f_j 6^{∞∑}_{s=1} s≠j (f^2_s + f_sf_{2j+s}) + 3^{2j−1∑}_{s=1} s≠j f_sf_{2j−s} +

+ 3^{∞∑}_{s=1} s≠j

∞∑ p=1 p≠j f_sf_pf_{j+s+p} + 3^{∞∑}_{s≠j}^{∞∑}_{p=1} p≠j p≠2j−s f_sf_pf_{s+p−j} +^{j−2∑}_{s=1}^{j−2∑}_{p=1} f_sf_pf_{j−s−p}

(ćő ćáěå áãňňăå áãňňĺàőćăŋĺě ĺď-ěâ âőńìłő ŕő ŋěç-ěâŋëň çĺáńăň).

Ś ďàãčőľ áâőàőŋë, ĺğ ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï (3:9) áńěďãěâ, çâő F^{(3)}_j (f) ŕàőŕőàæĺőŋăńìŋő f_j, ŕàĺç-ěň łőíääĺæĺěŋâ ŕàőŕőàæĺőŋăńìŋőáâĺ ğăćĺáĺâ őâ j:

∀j : F^{(3)}_j (f) =

2(2k^2 − 1) ‚^2

+ j^2 8 f_j : (3:15)

Ŕőáńěďőćăâěńìŋőáâì f | ŋěŋãńěćőě àěèěŋĺě áĺáâěňë (3:15) ŕàĺ ćáěå ğŋăçěŋĺïå q ∈ (0; 1). Śńěďãîéěě ãâćěàęďěŋĺě ďőłăğëćăěâ áãéěáâćőćăŋĺě ćëďěńěŋŋőčő ğŋăçěŋĺï q.

Şâćěàęďěŋĺě

Śãéěáâćãěâ âăłőě ğŋăçěŋĺě ŕăàăňěâàă q ∈ (0; 1), çâő ŕőáńěďőćăâěńìŋőáâì f ïćńïěâáï ďěľáâćĺâěńìŋëň àěèěŋĺěň áĺáâěňë (3:13), ŕàĺ íâőň ğŋăçěŋĺě !_1 âőęě ďěľáâćĺâěńìŋő.

Ďőłăğăâěńìáâćő

Ŕőďáâăćńïï ć áĺáâěňã (3:13) ŕőáńěďőćăâěńìŋőáâì f : a_j = f_j ĺ ĺáŕőńìğãï áĺáâěňã (3:15), ŕőńãçăěň:

R_{jj} (f) =

F^{(3)}_j (f) + f_j

6^{∞∑}_{n=1} f^2_n − 32j^2!_1 = = f_j

6^{∞∑}_{n=1} f^2_n +

2(2k^2 − 1) ‚^2

+ j^2 (1 8 − 32!_1 ) = 0:

Śĺáâěňă (3:13) ĺňěěâ ŋěŋãńěćëě àěèěŋĺï âőčďă ĺ âőńìłő âőčďă, łőčďă

!_1 = 1 256 ; ∞∑ n=1 f^2_n = (1 − 2k^2) 3‚^2 : Ňë ŕőńãçĺńĺ ğŋăçěŋĺě !_1. Ćáě ćěńĺçĺŋë ćő ćâőàőň ãàăćŋěŋĺĺ áĺáâěňë ćëàăęăîâáï çěàěğ ŕăàăňěâà q, ŕàĺ íâőň ŕőńãçăěâáï áńěďãîéěě ãàăćŋěŋĺě:

3^{∞∑}_{n=1} q^{n−1/2} 1 + q^{2n−1} 2 − 1 4 +^{∞∑}_{n=1} q^n 1 + q^{2n} 2 + 2 ∞∑ n=1 q^{n−1/2} 1 + q^{2n−1} 2 = 0: (3:16)

İâő ãàăćŋěŋĺě ŋă ĺŋâěàćăńě (0; 1) ĺňěěâ áńěďãîéěě àěèěŋĺě: q = 1:42142623201 × 10^{−2} ± 1 × 10^{−13}: (3:17) Šăłĺň őąàăğőň, ŋăèě ãâćěàęďěŋĺě ďőłăğăŋő.

Šěŕěàì ŋěáńőęŋő áłőŋáâàãĺàőćăâì âàěąãěňőě ŋãńěćőě ŕàĺąńĺęěŋĺě äãŋłæĺĺ ’(x; ~t):

’_0(x; ~t) = A{cn(¸(x − ~t); k) − cn(¸(x + ~t); k)}: (3:18) Ťãŋłæĺï ’_0(x; ~t) ŕàĺ ćáěå k ∈ (0; 1) ïćńïěâáï ďěľáâćĺâěńìŋëň àěèěŋĺěň ãàăćŋěŋĺï (3:11). Ěáńĺ ŕőńőęĺâì ¸ =^{2K}ı , âő ŕěàĺőďë ’_0(x; ~t) ŕő x ĺ ŕő ~t ąãďãâ àăćŋë 2ı. Ĺáŕőńìğãï âěŕěàì àăğńőęěŋĺě Ťãàìě ďńï äãŋłæĺĺ cn(z; k) (äőàňãńa (3:14)), ŕőńãçăěň áńěďãîéěě àăğńőęěŋĺě ďńï äãŋłæĺĺ ’_0(x; ~t):

’_0(x; ~t) = 2A 2ı kK ∞∑ n=1 f_{2n−1} sin((2n − 1)x) sin((2n − 1)~t):

Łăł ąëńő ďőłăğăŋő, ŕőáńěďőćăâěńìŋőáâì f ïćńïěâáï ďěľáâćĺâěńìŋëň àěèěŋĺěň áĺáâěňë (3:13) ŕàĺ q = 1:42142623201 × 10^{−2} ± 1 × 10^{−13}:

Śàěďŋěňã ğŋăçěŋĺî q áőőâćěâáâćãîâ

k = 0:45107559881 ĺ ¸ = 1:0576653982:

Ććĺďã őďŋőàőďŋőáâĺ ćáěå ãàăćŋěŋĺľ áĺáâěňë (3:13) ŕőáńěďőćăâěńìŋőáâì łőíääĺæĺěŋâőć Ťãàìě äãŋłæĺĺ ’_0(x; ~t) ŕàĺ ďăŋŋőň ğŋăçěŋĺĺ ŕăàăňěâàőć âăłęě ąãďěâ àěèěŋĺěň áĺáâěňë (3:13), ŕàĺ íâőň !_1 = ‚^2 64k^2

A^2 = 1:0983600974A^2: (3:19) Šăłĺň őąàăğőň ďőłăğăŋő, çâő äãŋłæĺï

’_0(x; ~t) = A{cn(¸(x − ~t); k) − cn(¸(x + ~t); k)};

ŕàĺ k = 0:45107559881 ĺ ¸ = 1:0576653982 ïćńïěâáï ĺáłőňőľ äãŋłæĺěľ.

3.6. Ŕěàćőě ŕàĺąńĺęěŋĺě

Šěŕěàì őáâăńőáì àěèĺâì âőńìłő ńĺŋěľŋëě ãàăćŋěŋĺï ďńï ŕőńãçěŋĺï ćáěå ŋěďĺăčőŋăńìŋëå łőíääĺæĺěŋâőć ’_1(x; ~t). Őąőğŋăçĺň çěàěğ D_{nj} łőíääĺæĺěŋâë Ťãàìě äãŋłæĺĺ ’^3_0(x; ~t):

’^3_0(x; ~t) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} D_{nj} sin(nx) sin(j~t):

Ĺğ ãàăćŋěŋĺï (3:12) áńěďãěâ, çâő

’_1(x; ~t) =^{∞∑}_{n=1}^{∞∑}_{j=1} j≠n D_{nj} j^2 − n^2 sin(nx) sin(j~t) +^{∞∑}_{n=1} b_{nn} sin(nx) sin(n~t):

Őâňěâĺň, çâő äãŋłæĺï ’_1(x; ~t) á ŕàőĺğćőńìŋëňĺ ďĺăčőŋăńìŋëňĺ łőíääĺæĺěŋâăňĺ b_{nn} ïćńïěâáï àěèěŋĺěň ãàăćŋěŋĺï (3:12), ŕàĺ íâőň ćáě ŋěďĺăčőŋăńìŋëě łőíääĺæĺěŋâë ’_1(x; ~t) ŕàőŕőàæĺőŋăńìŋë A^3.

3.7. Ćâőàőě ŕàĺąńĺęěŋĺě

Řăááňőâàĺň ãàăćŋěŋĺě ćâőàőčő ŕőàïďłă ŕő ":

@^2 @x^2 − @ 2 @~t^2

’_2 = 2!_1 @^2’^1

@~t^2

+ (2!_2 + !^2_1)@^2’^0 @~t^2

+ 3’_1’^2_0: (3:20)

Ŕãáâì ćáě ďĺăčőŋăńìŋëě łőíääĺæĺěŋâë Ťãàìě äãŋłæĺĺ ’_1(t; x) àăćŋë ŋãńî: ∀n : b_{nn} = 0, âőčďă

∀n; j : b_{nj} = −b_{jn};

ćáńěďáâćĺě çěčő äãŋłæĺï ’_1(x; ~t)’^2_0(x; ~t) ŋě ĺňěěâ ďĺăčőŋăńìŋëå čăàňőŋĺł. Ŕőńőęĺć !_2 = − 1 2 !^2_1; (3:21) ňë ŕőńãçăěň ŕěàĺőďĺçěáłőě àěèěŋĺě ãàăćŋěŋĺï ćő ćâőàőň ŕőàïďłě ŕő ": ’_2(x; ~t) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} j≠n H_{nj} j^2 − n^2 sin(nx) sin(j~t) +^{∞∑}_{n=1} h_{nn} sin(nx) sin(n~t); (3:22) čďě H_{nj} | łőíääĺæĺěŋâë Ťãàìě äãŋłæĺĺ

H(x; ~t) ≡ 2!_1 @^2’^1(x; ~t) @~t^2

− 3’_1(x; ~t)’^2_0(x; ~t) ≡^{∞∑}_{n=1}^{∞∑}_{j=1} H_{nj} sin(nx) sin(j~t):

Šăłĺň őąàăğőň, ŕőáâàőěŋő àăćŋőňěàŋőě àăğńőęěŋĺě ćő ćâőàőň ŕőàïďłě ŕő ". Ďĺăčőŋăńìŋëě łőíääĺæĺěŋâë ’_2(x; ~t) h_{nn} ňőčãâ ąëâì ŋăľďěŋë âőńìłő ĺğ ãàăćŋěŋĺï áńěďãîéěčő ŕőàïďłă.

ĞĂŁŃđŮĚŊĹĚ

Ć ŋăáâőïéěľ àăąőâě ŕàőćěďěŋő łćăŋâőćăŋĺě ćąńĺğĺ łńăááĺçěáłőčő ŕőńï, ŋěâàĺćĺăńìŋő ğăćĺáïéěčő őâ ćàěňěŋĺ. Ś ŕőňőéìî čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă ãďăńőáì ŕőáâàőĺâì âěőàĺî ćőğňãéěŋĺľ, ŋě ŋăàãèăï ŕàĺ íâőň ğăłőŋőć áőåàăŋěŋĺï. Ŕěàěçĺáńĺň őáŋőćŋëě àěğãńìâăâë àăąő- âë: 1. Ŕàőćěďěŋő łćăŋâőćăŋĺě (3 + 1){ňěàŋőľ Ŕãăŋłăàě-ĺŋćăàĺăŋâŋőľ áĺ-

áâěňë ć âěàňĺŋăå ŕěàěňěŋŋëå Ąőčőńîąőćă.

2. Ŕőłăğăŋő, çâő âőâ äăłâ, çâő łńăááĺçěáłăï áőáâăćńïîéăï ïćńïěâáï

àěèěŋĺěň ćőńŋőćőčő ãàăćŋěŋĺï, ěáâì ŋěőąåőďĺňőě ãáńőćĺě ŕàĺňěŋĺňőáâĺ àěčãńïàŋőľ âěőàĺĺ ćőğňãéěŋĺľ

3. Ś âőçŋőáâìî ďő ŋãńěćőčő ŕőàïďłă ŕő őąàăâŋëň áâěŕěŋïň łőŋáâăŋâë

áćïğĺ ŋăľďěŋë ğŋăçěŋĺï ďńï ĺŋâěčàăńőć ďćĺęěŋĺï ĺ őŕěàăâőàă ŕőńï. Šěň áăňëň ąëńő ďăŋő ŕőńŋőáâìî àěńïâĺćĺáâáłĺ ĺŋćăàĺăŋâŋőě őŕĺáăŋĺě (3 + 1){ňěàŋőľ łćăŋâőćőľ áĺáâěňë á ŋěŋãńěćőľ łńăááĺçěáłőľ łőňŕőŋěŋâőľ.

4. Ďńï ąěğňăááőćőľ âěőàĺĺ ’^4 àăááňőâàěŋő ŕőáâàőěŋĺě àăćŋőňěàŋő

ŕàĺčőďŋőčő àăğńőęěŋĺï àěèěŋĺï łćăğĺńĺŋěľŋőčő ãàăćŋěŋĺï Łńěľŋă{ Čőàďőŋă ŕő ŕěàĺőďĺçěáłĺň äãŋłæĺïň ć ćĺďě áâőïçěľ ćőńŋë. Ŕőłăğăŋő, çâő ğăďăçă àěèăěâáï ňěâőďőň Ŕãăŋłăàě, ŕàĺ íâőň ŋěőąåőďĺňő ŋăďńěęăéĺň őąàăğőň ćëąàăâì ŋãńěćőě ŕàĺąńĺęěŋĺě: łőíääĺæĺěŋâë Ťãàìě ďăŋŋőľ äãŋłæĺĺ ďőńęŋë ąëâì àěèěŋĺěň ŋěńĺŋěľŋőľ ąěáłőŋěçŋőľ áĺáâěňë ăńčěąàăĺçěáłĺå ãàăćŋěŋĺľ.

5. Ŋă ïğëłě łőňŕìîâěàŋőľ ăńčěąàë REDUCE ŕőáâàőěŋă ŕàőčàăňňă

ŋăåőęďěŋĺï ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï ďăŋŋőľ áĺáâěňë.

6. Ďőłăğăŋő, çâő ćőğŋĺłăîéăï ć áńãçăě ŋãńěćőľ ňăááë ŕàőąńěňă čńăć-

ŋőčő àěğőŋăŋáă àěèăěâáï ĺáŕőńìğőćăŋĺěň ć łăçěáâćě ŋãńěćőčő ŕàĺąńĺęěŋĺï íńńĺŕâĺçěáłőľ äãŋłæĺĺ §łőąĺ á ğŋăçěŋĺěň ňőďãńï k = 0:45107559881. Řăćŋőňěàŋő ŕàĺčőďŋőě àăğńőęěŋĺě ŕő äãŋłæĺïň ć ćĺďě áâőïçěľ ćőńŋë ąëńő ŕőáâàőěŋŋő á âőçŋőáâìî O("^3).

Ăćâőà őçěŋì ŕàĺğŋăâěńěŋ ŋăãçŋőňã àãłőćőďĺâěńî ŕàőäěááőàã O.Ă.Ţàãáâăń-ěćã ğă ŕőáâőïŋŋőě ćŋĺňăŋĺě ł àăąőâě ăćâőàă ĺ çàěğćëçăľŋő ŕőńěğŋëě őąáãęďěŋĺï, łőâőàëě ğŋăçĺâěńìŋő àăáèĺàĺńĺ ŕàěďáâăćńěŋĺï ăćâőàă ŕő ćőŕàőáăň łćăŋâőćăŋĺï ćąńĺğĺ ŋěâàĺćĺăńìŋëå łńăááĺçěáłĺå àěèěŋĺľ ĺ æěńőňã àïďã ďàãčĺå ŕàĺŋæĺŕĺăńìŋëå ćőŕàőáőć, ă âăłęě ğă ŋěőæěŋĺňãî ŕőňőéì ŕàĺ ŋăŕĺáăŋĺĺ íâőľ àăąőâë. Ăćâőà ŕàĺŋőáĺâ ĺáłàěŋŋîî ąńăčőďăàŋőáâì áâăàèěňã ŋăãçŋőňã áőâàãďŋĺłã Ň.Ć. Ůĺçĺłĺŋőľ ğă őąáãęďěŋĺï ňŋőčőçĺáńěŋŋëå ćőŕàőáőć ŕàĺňěŋěŋĺï čàãŕŕőćëå ŕěàěňěŋŋëå Ąőčőńîąőćă ć ŕàőáâàăŋáâćăå á áĺňŕńěłâĺçěáłőľ áâàãłâãàőľ. Ăćâőà âăłęě åőçěâ ŕőąńăčőďăàĺâì áâăàèěčő ŋăãçŋőčő áőâàãďŋĺłă Ć.Ť. Ěďŋěàăńă ĺ ďőæěŋâă Ŕ.Ł. Śĺńăěćă ğă ŕőňőéì ć őćńăďěŋĺĺ ňěâőďăňĺ łőňŕìîâěàŋőľ ăńčěąàë ĺ ğă âěàŕěŋĺě, ŕàőïćńěŋŋőě ł ăćâőàã.

Ŕàĺńőęěŋĺě 1 Ťãŋłæĺőŋăńìŋëě ŕàőĺğćőďŋëě ŕő u ĺ un. Şáńőćĺě áćïğĺ, ćëàăęěŋĺï ďńï ŕàőĺğćőďŋëå ŕő f ĺ fn.

Şáńőćĺï (1:4^′) ćëďěńïîâ ŋă ŕàőáâàăŋáâćě ďĺääěàěŋæĺàãěňëå äãŋłæĺľ y ŕőďŕàőáâàăŋáâćő äãŋłæĺľ u, âăłĺå çâő u(x^′; ~fi) = y(x^′; ~fi) − M_a(x^′; ~fi) · !( ~N^a; y): (Ŕ 1:1) Śńěďáâćĺěň ďăŋŋőčő áőőâŋőèěŋĺï ïćńïěâáï àăćěŋáâćő:

u_n(x^′; ~fi) = y_n(x^′; ~fi) − M_{an}(x^′; ~fi) · !( ~N^a; y); (Ŕ 1:2): Ć ďăńìŋěľèěň ŋăá ąãďãâ ĺŋâěàěáőćăâì ğŋăçěŋĺï u ĺ u_n âőńìłő ŋă ŕőćěàåŋőáâĺ C, â.ě. äãŋłæĺĺ u(–^′) ĺ u_n(–^′). Ŕãáâì äãŋłæĺĺ y(–^′) ĺ y_n(–^′) | ŕàőĺğćőńìŋëě, ğăďăŋŋëě ŋă Ś, äãŋłæĺĺ, âăłĺě, çâő ĺŋâěčàăńë !( ~N^a; y) áãéěáâćãîâ. Ŋěğăćĺáĺňëě äãŋłæĺĺ y(–^′) ĺ y_n(–^′) ãďőąŋő àăááňăâàĺćăâì ć ćĺďě áâőńąæă^{( y}_{yn}^).

Őŕàěďěńĺň őŕěàăâőà ^K, ďěľáâćãîéĺľ ŋă ŕàőáâàăŋáâćě áâőńąæőć:

u(–^′) u_n(–^′)

= ^K y(–^′) y_n(–^′) ≡ y(–^′) − M_a(–^′)!( ~N^a; y) y_n(–^′) − M_{an}(–^′)!( ~N^a; y) : Łăł ńěčłő ćĺďěâì, ďăŋŋőě áőőâŋőèěŋĺě ŕőńŋőáâìî áőčńăáãěâáï ć äőàňãńăňĺ (Ŕ 1:1) ĺ (Ŕ 1:2), ă ćëŕőńŋěŋĺě ŋăńőęěŋŋëå ŋă äãŋłæĺî u ãáńőćĺľ (1:4^′), ŕàőćěàïěâáï ŕàïňőľ ŕőďáâăŋőćłőľ.

Ćăàĺăæĺï u(–^′) ěáâì

‹u(–^′) = ‹y(–^′) − M_a(–^′)^∫_C ~N^a_n (–^′)‹y(–^′) − ~N^a(–^′)‹y_n(–^′); (Ŕ 1:1^′) âăł łăł äãŋłæĺĺ y(–^′) ĺ y_n(–^′) ïćńïîâáï ŋěğăćĺáĺňëňĺ, âő ńěčłő ŕőłăğăâì, çâő ďěľáâćĺě őŕěàăâőàă ∫ C dS M_a(–^′) ‹ ‹y_n(–^′)

+ M_{an}(–^′) ‹ ‹y(–^′)

ŋă äãŋłæĺĺ u ĺ u_n àăćŋő ŋãńî.

Őŕàěďěńĺň őŕěàăâőàë^δ_{δu(λ0)} ĺ^δ_{δun(λ0)} áńěďãîéĺň őąàăğőň: ‹ ‹u(–^′) ≡ ‹ ‹y(–^′)

^K ‹

‹u_n(–^′) = ‹ ‹y_n(–^′) ^K: Šăł łăł ^K = ^K^2, âő ŋă áâőńąæë^{( u}_{un}^) ďăŋŋëľ őŕěàăâőà ďěľáâćãěâ łăł âőęďěáâćěŋŋëľ: u(–^′) u_n(–^′)

= ^K u(–^′) u_n(–^′) : Ĺňěěň: ‹u(–^′) ‹u(—^′)

= ‹(–^′ − —^′) − M_a(–^′)N^a_n (—^′); (Ŕ 1:3)

‹u(–^′) ‹u_n(—^′)

= M_a(–^′)N^a(—^′): (Ŕ 1:4)

‹u_n(–^′) ‹u(—^′)

= −M_{an}(–^′)N^a_n (—^′); (Ŕ 1:5)

‹u(–^′) ‹u_n(—^′)

= ‹(–^′ − —^′) + M_{an}(–^′)N^a(—^′): (Ŕ 1:6)

Ťãŋłæĺőŋăńìŋëě ŕàőĺğćőďŋëě^δ_{δu(λ0)} ĺ^δ_{δun(λ0)} ãďőćńěâćőàïîâ áőőâŋőèěŋĺî: ∫ C dS M_a(–^′) ‹ ‹u_n(–^′)

+ M_{an}(–^′) ‹ ‹u(–^′) dS = 0: (Ŕ 1:7)

Ĺáŕőńìğãěň ŕőńãçěŋŋőě àăćěŋáâćő ďńï ćëàăęěŋĺï ŕàőĺğćőďŋëå ŕő f(x^′) ĺ f_n(x^′) ć âěàňĺŋăå ŕàőĺğćőďŋëå ŕő ŋőćëň ŕěàěňěŋŋëň.

Ćăàĺăæĺĺ f(x^′) ĺ f_n(x^′) ć âěàňĺŋăå v(x^′; ~fi) ĺ u(x^′; ~fi) áãâì:

‹f(x^′) = G‹v + ‹u = −GM_c(x^′; ~fi)‹fi^b + —‹u(x^′; ~fi) + @u @fi^b

· ‹fi^b; (Ŕ 1:8:1)

‹f_n(x^′) = −GM_{bn}(x^′; ~fi)‹fi^b + —‹u_n(x^′; ~fi) + @u^n @fi^b

· ‹fi^b; (Ŕ 1:8:2)

čďě —‹u ĺ —‹u_n | ćăàĺăæĺĺ äőàňë äãŋłæĺľ. Ŕăàăňěâàë fi^a âàăłâãîâáï ŋăňĺ łăł ŋőćëě ŕěàěňěŋŋëě, áńěďőćăâěńìŋő, ŕàőĺğćőďŋăï^δ_{δu(x0,~τ )} ąěà-ěâáï ŕàĺ äĺłáĺàőćăŋŋëå fi^a, â.ě. ćăàìĺàãěâáï âőńìłő äőàňă äãŋłæĺĺ u. Şçĺâëćăï íâő, ňë ć ďăńìŋěľèěň ąãďěň ćňěáâő —‹u(x^′; ~fi) ĺ —‹u_n(x^′; ~fi) ŕĺáăâì ‹u(x^′; ~fi) ĺ ‹u_n(x^′; ~fi) áőőâćěâáâćěŋŋő. Řăááňőâàĺň ćăàĺăæĺĺ ŕő Ś, ďńï íâőčő ŕěàěŕĺèěň äőàňãńë (Ŕ 1:7) ĺ (Ŕ 1:8) ć áńěďãîéěň ćĺďě:

‹u(–^′) = ‹f(–^′)+(GM_c(–^′) − u_b(–^′))‹fi^b; (Ŕ 1:8:1^′)

‹u_n(–^′) = ‹f_n(–^′)+(GM_{bn}(–^′) − u_{bn}(–^′))‹fi^b; (Ŕ 1:8:2^′) Ŕőńãçăěň áńěďãîéĺě ğŋăçěŋĺï ďńï ŕàőĺğćőďŋëå:

‹u(—^′) ‹f(–^′)

= ‹(–^′ − —^′) + (GM_a(—^′) + u_a(—^′))

‹fi^a ‹f(–^′)

; (Ŕ 1:9)

‹u(—^′) ‹f_n(–^′)

= (GM_a(—^′) + u_a(—^′))

‹fi^a ‹f_n(–^′)

; (Ŕ 1:10)

‹u_n(—^′) ‹f(–^′)

= (GM_{an}(—^′) + u_{an}(—^′)) ‹fi^a ‹f(–^′)

; (Ŕ 1:11)

‹u_n(—^′) ‹f_n(–^′)

= ‹(–^′ − —^′) + (GM_{an}(—^′) + u_{an}(—^′))

‹fi^a ‹f_n(–^′)

: (Ŕ 1:12)

Ć áĺńã ãáńőćĺľ, áćïğëćăîéĺå ŕàőĺğćőďŋëě ŕő u(–^′) ĺ u_n(–^′), ĺňěěň: ‹ ‹f(–^′)

=^∫

‹u(–^′) ‹f(–^′) ‹ ‹u(–^′)

+ ‹u^n

(–^′) ‹f(–^′) ‹ ‹u_n(–^′) dS + ‹fi^a ‹f(–^′) =⇒ =⇒ ‹ ‹f(–^′) = ‹ ‹u(–^′) + ‹fi^a ‹f(–^′) ( @ @fi^a

+ ^S_a ) ; (Ŕ1:13) ‹ ‹f_n(–^′)

=^∫

‹u(–^′) ‹f_n(–^′) ‹ ‹u(–^′) + ‹u_n(–^′) ‹f_n(–^′) ‹ ‹u_n(–^′) dS +

‹fi^a ‹f_n(–^′) =⇒ =⇒ ‹ ‹f_n(–^′) = ‹ ‹u_n(–^′) + ‹fi^a ‹f_n(–^′) ( @ @fi^a

+ ^S_a ) ; (Ŕ 1:14) őŕěàăâőà ^S_a őŕàěďěń-ěŋ áńěďãîéĺň őąàăğőň:

^S_a =^∫ C u_a(–^′) ‹ ‹u(–^′)

+ u_{na}(–^′) ‹ ‹u_n(–^′) dS: (Ŕ 1:15)

u_a(–^′) ≡ @u(–^′) @fi^a

; u_{an}(–^′) ≡ @u^n(–^′) @fi^a :

Ŕàĺńőęěŋĺě 2 Şáńőćĺě őąàăéěŋĺï ć ŋãńì ŕěàćőčő ŕőàïďłă ć àăğńőęěŋĺĺ ĺŋâěčàăńőć ďćĺęěŋĺï

Ďńï áőłàăéěŋĺï ćëçĺáńěŋĺľ őčàăŋĺçĺňáï áńãçăěň, łőčďă ŕőćěàåŋőáâì C ğăďă-ěâáï ãàăćŋěŋĺěň t^′ = 0. Ć íâőň áńãçăě^∂_{∂n} =^∂_{∂t}0 .

Ĺŋâěčàăń

H_{−1} = ∫ ( F_{,0} ^P + F_{,1} ^Q_{,1} + F_{,2} ^Q_{,2} + F_{,3} ^Q_{,3} + V^′(F ) ^Q ) d^3S;

ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ŕàěőąàăğãěâáï ł ćĺďã:

H_{−1} = ∫ ( F_{,0} ^P −^(F_{,11} + F_{,22} + F_{,33} − V^′(F )^) ^Q ) d^3S:

Ŕàĺ íâőň čàăŋĺçŋëě ãáńőćĺï ćëąĺàăîâáï âăł, çâőąë ćŋěĺŋâěčàăńìŋëě çńěŋë őąàăéăńĺáì ć ŋãńì:

F_{,k}(–^′) ^Q(–^′)|_{∂C} = 0: (Ŕ 2:1) Ĺŋâěčàăń H_{−1} ňőęŋő àăğąĺâì ŋă ďćě çăáâĺ: H_{−1} = 1√ 2 (iH^0_{−1} + H^1_{−1}); čďě H^0_{−1} ≡ − ∫ F_n(–^′) ‹ ‹u(–^′)

+^{( 3∑}_{k=1} F_{,kk}(–^′) − V^′(F )^) ‹ ‹u_n(–^′) d^3S;

H^1_{−1} ≡ ∫ ( − F_n(–^′)u_n(–^′) − ( 3∑ k=1 F_{,kk}(–^′) − V^′(F )^)u(–^′) ) d^3S:

Ĺğćěáâŋő, çâő ŕàőĺğćőďŋëě^δ_{δu(λ0)} ĺ^δ_{δun(λ0)} áćïğăŋë áőőâŋőèěŋĺïňĺ: ∫ M_a(–^′) ‹ ‹u(–^′)

+ M_{an}(–^′) ‹ ‹u_n(–^′) d^3S = 0: (Ŕ 2:2) Ĺŋâěčàăń H^0_{−1} őąàăâĺâáï ć ŋãńì, ěáńĺ

F_{,0} = c^aM_a; F_{,11} − F_{,22} − F_{,33} − V^′(F ) = c^aM_{at}; (Ŕ 2:3) âő ěáâì, ěáńĺ ŋă čĺŕěàŕńőáłőáâĺ C ćëŕőńŋïěâáï áőőâŋőèěŋĺě: F_{,00} − F_{,11} − F_{,22} − F_{,33} + V^′(F ) = 0: (Ŕ 2:4) Őďŋőćàěňěŋŋő ŋă ŕőćěàåŋőáâĺ C ďőńęŋë ćëŕőńŋïâìáï áőőâŋőèěŋĺï F_n(–^′) = cv_n(–^′); F_{nn}(–^′) = cv_{nn}(–^′); (Ŕ 2:5) čďě c | ŕàőĺğćőńìŋăï łőŋáâăŋâă.

Şçĺâëćăï, çâő ĺŋâěčàăńë r_a ïćńïîâáï ńĺŋěľŋëňĺ äãŋłæĺőŋăńăňĺ őâ u ĺ u_n, ńěčłő ŕőńãçĺâì, çâő ĺŋâěčàăń H^1_{−1} őąàăâĺâáï ć ŋãńì ŕàĺ v(–^′) = − ~N^a(–^′)J_a: (Ŕ 2:6) Šőčďă ĺğ äőàňãńë (24) áńěďãěâ, çâő c = √ 2. Šăłĺň őąàăğőň, v(–^′) = − ~N^a(–^′)J_a = 1√ 2 F (–^′) =⇒ F (–^′) = − √ 2 ~N^a(–^′)J_a: (Ŕ 2:7) Śńěďáâćĺěň íâőčő áőőâŋőèěŋĺï ïćńïîâáï àăćěŋáâćă: J_a = − 1√ 2 !(F; M_a): (Ŕ 2:8) Őłăğëćăěâáï, ŕőńãçěŋŋëå áőőâŋőèěŋĺľ ŕőçâĺ ďőáâăâőçŋő ďńï őąàăéěŋĺï ć ŋãńì ćáěå őáâăńìŋëå ĺŋâěčàăńőć O^a_{−1}. Ŋěőąåőďĺňő âőńìłő ğăďăâì ďőŕőńŋĺâěńìŋëě čàăŋĺçŋëě ãáńőćĺï ŋă C.

Řăááňőâàĺň őŕěàăâőàë ĺňŕãńìáă P^k_{−1} (k = 1; 2; 3):

P^k_{−1} = − 1 2 ∫ (F_k ^P + ^Q_kF_n)d^3S = − 1 2 ∫ (F_k ^P + ^QF_{kn})d^3S:

Ğďěáì ňë ĺáŕőńìğőćăńĺ čàăŋĺçŋőě ãáńőćĺě QF_n|_{∂C} = 0.

Ŕőďáâăćńïï ćëàăęěŋĺï ďńï ^P ĺ ^Q, ĺňěěň:

P^k_{−1} = − 1 2 ∫ ( F_k ‹ ‹u + F_{kn} ‹ ‹u_n ) + F_k(u_n + ~N^a_n r_a) + F_{nk}(u + ~N^ar_a)d^3S:

Šăł łăł F = √ 2v, âő

F_k = √ 2 @v @x^{′k} = − √ 2 @v @fi^k = √ 2M_k: (Ŕ 2:9)

Őâáîďă áńěďãěâ, çâő ćłńăď çńěŋőć, ŕàőŕőàæĺőŋăńìŋëå ŕàőĺğćőďŋëň ŕő u ĺ u_n, àăćěŋ ŋãńî, ĺ

P^k_{−1} = − 1 2 √ 2 ( r_a +^∫ (F_ku_n + F_{nk}u)d^3S^) :

Ć áĺńã áőőâŋőèěŋĺï v(–^′) = − ~N^a(–^′)J_a, ŕőńãçăěň, çâő ćáě P^k_{−1} = 0.

Łăł ŋěâàãďŋő ğăňěâĺâì, őŕěàăâőàë H_{−1} ĺ P^k_{−1} ŕěàćőŋăçăńìŋő ŕàěőąàăğőćëćăńĺáì ł ćĺďã

O^a_{−1} = ~c^∫ (M_a ^P − M_{an} ^Q) d^3S; (Ŕ 2:10)

ŕàĺ íâőň ~c | ŋěłőâőàăï łőŋáâăŋâă, ŋãńěćőě ğŋăçěŋĺě ĺŋďěłáă a áőőâćěâáâćãěâ H_{−∞}, ŕàĺ a = k ŕőńãçăěň O^a_{−1} = P^k_{−1}.

Őçěćĺďŋő, çâő ŕőďëŋâěčàăńìŋőě ćëàăęěŋĺě őąàăéăěâáï ć ŋãńì ŋěğăćĺáĺňő őâ ğŋăçěŋĺï ĺŋďěłáă a, â.ě. âăłęě ĺ ŕàĺ a = 4; : : :; 9.

Řăááňőâàĺň âěŕěàì őŕěàăâőàë ňőňěŋâă ĺňŕãńìáă. Ďńï őąàăéěŋĺï ć ŋãńì ďăŋŋëå őŕěàăâőàőć ďőáâăâőçŋő ğăŕĺáăâì ĺå ć äőàňě (Ŕ 2:10), ŕàĺ íâőň ğŋăçěŋĺě ĺŋďěłáă ąãďěâ, àăğãňěěâáï, ąőńìèě âà-ěå.

M^{0j} = ∫ (f^2_{,0} − L)x^{′j} + f_{,0}f_{,j} t^′) d^3S;

áńěďőćăâěńìŋő,

M^{0j}_{−1} = ∫ ((F_n ^P + F_{,k} ^Q_{,k} + V^′(F ) ^Q)x^{′j} + +(F_{,0} ^Q_{,j} + ^PF_{,j} )t^′) d^3S:

Ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ŕőńãçăěň, çâő

M^{0j}_{−1} = ∫ ( ^P (F_{,0}x^{′j} + F_{,j}t^′) − ^Q(F_{,00}x^{′j} + F_{,j0}t^′)) d^3S:

Ňë ŋăńőęĺńĺ čàăŋĺçŋëě ãáńőćĺï: F_{,k}Qx^{′j} |_{∂C} = 0 tF_{,k}Q|_{∂C} = 0;

őąŋãńïîéĺě ćŋěĺŋâěčàăńìŋëě çńěŋë ĺ ćőáŕőńìğőćăńĺáì âěň, çâő F | àěèěŋĺě ãàăćŋěŋĺï (Ŕ 2:4). Ĺáŕőńìğãï ïćŋëě ćëàăęěŋĺï ďńï M_a, áőőâćěâáâćãîéĺå Ńőàěŋæěćëň ŕőćőàőâăň, ŕőńãçăěň, çâő M^{0j}_{−1} ŕàěďáâăćĺňë ć ćĺďě (Ŕ 2:10), ĺ, áńěďőćăâěńìŋő, àăćŋë ŋãńî.

Ďńï ŕàőáâàăŋáâćěŋŋëå ŕőćőàőâőć ăŋăńőčĺçŋő ŕőńãçăěň:

M^{kj}_{−1} = ∫ ( ^P (F_{,j}x^{′k} − F_{,k}x^{′j} ) − ^Q(F_{,j0}x^{′k} + F_{,k0}x^{′j} )) d^3S:

Ğďěáì ňë ćőáŕőńìğőćăńĺáì čàăŋĺçŋëň ãáńőćĺěň: F_{,0}Qx^{′j} |_{∂C} = 0:

Łăł ńěčłő ćĺďěâì, ďăŋŋëľ ĺŋâěčàăń âăłęě ĺňěěâ ćĺď (Ŕ 2:10).

Ĺâăł, ŋăľďěŋë ãáńőćĺï, ŕàĺ łőâőàëå ćáě ĺŋâěčàăńë ďćĺęěŋĺï ć ňĺŋãá ŕěàćőň (ŕő G^{−1}) ŕőàïďłě őąàăéăîâáï ć ŋãńì.

Ŕàĺńőęěŋĺě 3 Őŕěàăâőàë ŕàőěłâĺàőćăŋĺï ďńï äãŋłæĺľ w ĺ wn ĺ ćăàĺăæĺőŋŋëě ŕàőĺğćőďŋëě ŕő w ĺ wn

Ŕàőćěď-ěň ğăňěŋã ŕěàěňěŋŋëå:

w(–^′) = u(–^′) + ~N^a(–^′)r_a; (Ŕ 3:1) w_n(–^′) = u_n(–^′) + ~N^a_n (–^′)r_a: (Ŕ 3:2) Ďăŋŋăï ğăňěŋă ŋě ïćńïěâáï âàĺćĺăńìŋőľ, âăł łăł

r_a = J_bR^b_a = J_b^∫_C ( ~N^b_{an}(–^′)u(–^′) − ~N^b_a(–^′)u_n(–^′)) dS ïćńïîâáï äãŋłæĺőŋăńăňĺ őâ u ĺ u_n.

Ĺğ àăćěŋáâćă F (0; x^′) = − √ 2 ~N^a(0; x^′)J_a, áńěďãěâ, çâő r_a ≡ R^b_aJ_b = !( ~N^b_a ; u)J_b = −!(M_a; u): (Ŕ 3:3) Šăłĺň őąàăğőň, w(–^′) = u(–^′) + ~N^a(–^′)!(M_a; u) ≡ ^~Ku: (Ŕ 3:4) Ńěčłő ŕőłăğăâì, çâő őŕěàăâőà ^~K ïćńïěâáï ŕàőěłâőàőň: ^~K^2 = ^~K:

Ťãŋłæĺĺ w(–^′) ãďőćńěâćőàïîâ âěň ęě ãáńőćĺïň, çâő ĺ äãŋłæĺĺ u(–^′): !( ~N^a; w) = 0;

ă âăłęě ŋőćëň ãáńőćĺïň

!(M_a; w) = 0: (Ŕ 3:5)

Łăł ĺ ć áńãçăě äãŋłæĺľ u ĺ u_n, ãáńőćĺï, áćïğëćăîéĺě w ĺ w_n, ŕàĺćőďïâ ł âőňã, çâő ŕàőĺğćőďŋëě ŕő íâĺň äãŋłæĺïň ŋě ïćńïîâáï ŋěğăćĺáĺňëňĺ: ∫ M_a ‹ ‹w(–^′)

+ M_{an} ‹ ‹w_n(–^′) d^3S = 0 (Ŕ 3:6a) ∫ ~N^a ‹ ‹w(–^′)

+ ~N^a_n ‹ ‹w_n(–^′) d^3S = 0: (Ŕ 3:6b)

Ğăňěŋă (Ŕ 3:1) ŕàĺćőďĺâ ł ŕőâěàě áâěŕěŋěľ áćőąőďë, ĺ, àăğãňěěâáï, ŋě ïćńïěâáï ćğăĺňŋőőďŋőğŋăçŋőľ. Ďńï áőåàăŋěŋĺï őąéěčő çĺáńă áâěŕěŋěľ áćőąőďë ąãďěň àăááňăâàĺćăâì r_a łăł ŋőćëě ŋěğăćĺáĺňëě ŕěàěňěŋŋëě.

Ćëçĺáńĺň ŕàőĺğćőďŋëě^{δra}_{δu(λ0)} ĺ^{δra}_{δun(λ0)}:

‹r_a ‹u(y)

= − ‹

‹u(–^′)

!(M_a; u) = −^∫_C

~M_{an}(–^′)‹u(–^′) ‹u(y)

− ~M_a(–^′)‹u^n

(–^′) ‹u(y) dS: Ŕőďáâăćńïï ğŋăçěŋĺï^{δu(λ0)}_{δu(y)} ĺ^{δun(λ0)}_{δu(y)} , ŕőńãçăěň:

‹r_a ‹u = −M_{an}(–^′) + !(M_a; M_b) ~N^b_n(–^′): (Ŕ 3:7)

Ăŋăńőčĺçŋő, ‹r_a ‹u_n

= M_a(–^′) − !(M_a; M_b) ~N^b(–^′): (Ŕ 3:8)

Ďńï âőčő, çâőąë ćëàăğĺâì őŕěàăâőàë^δ_{δu} ĺ^δ_{δun} çěàěğ ŕàőĺğćőďŋëě ŕő ŋőćëň ŕěàěňěŋŋëň, ŋěőąåőďĺňő ŋăľâĺ ğŋăçěŋĺï^{δw}_{δu} ,^{δw}_{δun} ,^{δwn}_{δu} ĺ^{δwn}_{δun} .

Śőčńăáŋő äőàňãńě (Ŕ 3:4)

‹w(–^′) ‹u(—^′)

= ‹(–^′ − —^′) + N^a(–^′)^∫

M_{an}(–^{′′})

‹u(–^{′′}) ‹u(—^′)

− M_{an}(–^′)

‹u_n(–^{′′}) ‹u(—^′) l.^{′′}_1l.^{′′}_2l.^{′′}_3:

Ĺáŕőńìğãï äőàňãńë (Ŕ 1:3) ĺ (Ŕ 1:4), ŕőńãçăěň:

‹w(–^′) ‹u(—^′)

= ‹(–^′ − —^′) + N^a(–^′)(M_{an}(—^′) − !(M_a; M_b)N^b_n(—^′)): (Ŕ 3:9)

‹w(–^′) ‹u_n(—^′)

= −N^a(–^′)(M_a(—^′) − !(M_a; M_b)N^b(—^′)); (Ŕ 3:10)

‹w_n(–^′) ‹u(—^′)

= N^a_n (–^′)(M_{an}(—^′) − !(M_a; M_b)N^b_n(—^′)); (Ŕ 3:11)

‹w_n(–^′) ‹u_n(—^′)

= ‹(–^′ − —^′) + N^a_n (–^′)(M_a(—^′) − !(M_a; M_b)N^b(—^′)): (Ŕ 3:12)

Ŕőńãçěŋŋëě ćëàăęěŋĺï ĺ ãáńőćĺï áćïğĺ (Ŕ 3:6a) ĺ (Ŕ 3:6b) ŕőğćőńïîâ ćëçĺáńĺâì ‹ ‹u(—^′)

=^∫

‹w(–^′) ‹u(—^′) ‹ ‹w(–^′)

+ ‹w^n

(–^′) ‹u(—^′) ‹ ‹w_n(–^′) = = ‹ ‹w(—^′) + ‹r_a(–^′) ‹u(—^′) @ @ra (Ŕ 3:13) ĺ ‹ ‹u_n(—^′) = ‹ ‹w_n(—^′)

+ ‹r^a

(–^′) ‹u_n(—^′) @ @r_a

: (Ŕ 3:14)

Ŕàĺńőęěŋĺě 4 Ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ŕő łőŋáâăŋâě áćïğĺ G

Řăááňőâàěŋĺě ĺŋâěčàăńőć ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě ŕő G ŋăçŋ-ěň á Čăňĺńìŋĺăŋă:

H_0 = ∫ 1 2 ^P^2 +^{3∑} k=1 ^Q^2_{,k} + V^{′′}(F ) ^Q^2 + F_{,k} ^A_{,k} + F_{,0} ^A_{,0} + V^′(F ) ^A d^3S:

Ďăŋŋëľ ĺŋâěčàăń ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ŕàěőąàăğãěň ł ćĺďã:

H_0 = 1 2 ∫ ^P^2 +^{3∑} k=1 Q^2_{,k} + V^{′′}(F ) ^Q d^3S+

+^∫

F_{,0} ^A_{,0} − 3∑ k=1 F_{,kk} − V^′(F ) A d^3S:

Ŕàĺ íâőň čàăŋĺçŋëě ãáńőćĺï ćëąĺàăîâáï âăł, çâő ćŋěĺŋâěčàăńìŋëě çńěŋë őąàăéăîâáï ć ŋãńì. Šăł łăł F | àěèěŋĺě ãàăćŋěŋĺï (2:6^′), âő ∫ F_{,0} ^A_{,0} − 3∑ k=1 F_{kk} − V^′(F ) A d^3S =^{∫ (}F_{,0} ^A_{,0} − F_{,00}A^) d^3S = √ 2^{∫ (}M_0 ^A_{,0} − M_{0n}A^) d^3S = = ( i ^S_b + i @ @fi^b

+ R^a_b r_a ) ∫ ( M_0(–^′) ~N^b_n(–^′) − M_{0n}(–^′) ~N^b(–^′)^) d^3S =

= i ^S_0 + i @ @fi^0

+ R^a_0r_a:

Ćëàăğĺň âěŕěàì ŕőńãçěŋŋëľ ĺŋâěčàăń ć âěàňĺŋăå w ĺ w_n ĺ r_a. Ŋăŕőňŋĺň, çâő

w(0; x^′) = u(0; x^′) + ~N^a(0; x^′)r_a; w_n(0; x^′) = u_n(0; x^′) + ~N^a_n (0; x^′)r_a; ‹ ‹u(–^′) = ‹ ‹w(–^′)

+ ‹r^a

‹u(–^′) @ @r_a ; ‹ ‹u_n(–^′) = ‹ ‹w_n(–^′)

+ ‹r^a ‹u_n(–^′) @ @r_a ; čďě ‹r_a ‹u(–^′)

= −M_{an}(–^′) + !(M_a; M_b) ~N^b_n(–^′);

‹r_a ‹u_n(–^′)

= M_a(–^′) − !(M_a; M_b) ~N^b(–^′):

Śńěďőćăâěńìŋő,

^S_0 =^{∫ (}w_n ‹ ‹w + w_{nn} ‹ ‹w_n ) dS + @ @r_a ∫ ( w_n

‹r_a ‹u + w_{nn}

‹r_a ‹u_n ) dS+ +r_b^∫ ( ~N^b_n ‹ ‹w + ~N^b_{nn} ‹ ‹w_n ) dS + r_b @ @r_a ∫ ( ~N^b_n ‹r^a ‹u + ~N^b_{nn}

‹r_a ‹u_n ) dS: R^a_0r_a = r_a^{∫ (} ~N^a_n w_n − ~N^a_{nn}w^) dS + r_ar_b^{∫ (} ~N^a_n ~N^b_n − ~N^a_{nn} ~N^{b)} dS

Őŕěàăâőàë ^P ĺ ^Q ćëàăęăîâáï çěàěğ ŋőćëě ŕěàěňěŋŋëě áńěďãîéĺň őąàăğőň:

^P = —P + —p; ^Q = —Q + —q; čďě —P = 1√ 2 w_n(–^′) − i ‹ ‹w(–^′)

; —p = − i√ 2 ‹r_a ‹u @ @r_a ; —Q = 1√ 2 w(–^′) + i ‹ ‹w_n(–^′)

; —q = i√ 2 ‹r_a ‹u_n @ @r_a : Hă ďăŋŋőň íâăŕě ňë ŋě łőŋłàěâĺğĺàãěň áâàãłâãàã ćěłâőàőć áőáâőïŋĺï á æěńìî àěďãłæĺĺ çĺáńă áőáâőïŋĺľ.

Ŕőłăęěň, çâő ŕőńãçěŋŋëľ čăňĺńìâőŋĺăŋ ŋě áőďěàęĺâ ńĺŋěľŋëå ŕő r_a çńěŋőć. Ďěľáâćĺâěńìŋő, ďăŋŋëě áńăčăěňëě:

ir_a^∫ ( ~N^a_n ‹ ‹w + ~N^a_{nn} ‹

‹w_n ) + r_c^∫ ( ~N^c_nw_n − ~N^c_{nn}w) =

= r_a^∫ ~N^a_n ( i ‹ ‹w + w_n ) − ~N^c_{nn} ( i ‹ ‹w_n − w ) : őąàăéăîâáï ć ŋãńì: ŕěàćőě ć áĺńã ďőŕőńŋĺâěńìŋëå ãáńőćĺľ ∫ ~N^a(0; x^′)w(0; x^′) d^3S = 0;^∫ ~N^a(0; x^′)w_n(0; x^′) d^3S = 0; ∫ ~N^a_n (0; x^′)w(0; x^′) d^3S = 0;^∫ ~N^a_n (0; x^′)w_n(0; x^′) d^3S = 0; ∫ M_a(0; x^′)w(0; x^′) d^3S = 0;^∫ M_a(0; x^′)w_n(0; x^′) d^3S = 0; ∫ M_{an}(0; x^′)w(0; x^′) d^3S = 0;^∫ M_{an}(0; x^′)w_n(0; x^′) d^3S = 0: ∫ M_a(–^′) ‹ ‹w(–^′) dS = 0;^∫ M_{an}(–^′) ‹ ‹w(–^′) dS = 0; ∫ ~N^a(–^′) ‹ ‹w(–^′) dS = 0;^∫ ~N^a_n (–^′) ‹ ‹w(–^′) dS = 0; ∫ M_a(–^′) ‹ ‹w_n(–^′) dS = 0;^∫ M_{an}(–^′) ‹ ‹w_n(–^′) dS = 0; ∫ ~N^a(–^′) ‹ ‹w_n(–^′) dS = 0;^∫ ~N^a_n (–^′) ‹ ‹w_n(–^′) dS = 0;

ćâőàőě, ŕőáłőńìłã áőáâőïŋĺě ŕőńï âăłőćő, çâő ‹ ‹w(–^′) −→ ‹ ‹w(–^′)

− iw_n(–^′); ‹ ‹w_n(–^′)

−→ iw(–^′):

Śőąěà-ěň áńăčăěňëě, ńĺŋěľŋëě ŕő^∂_{∂ra} : i @ @r_a ∫ ( w_n

‹r_a ‹u + w_{nn}

‹r_a ‹u_n ) = @ @r_a ∫ ( − i 1√ 2 ‹r_a ‹u ( −i 1√ 2 ‹ ‹w ) + i 1√ 2 ( ‹r_a ‹u_n ) λ √ 2w_λ+

+V^{′′}(F ) √ 2w ( i√ 2 ‹r_a ‹un ) + iw_n

‹r_a ‹u + iw_{nn}

‹r_a ‹un ) : Ŕàïňëě ćëçĺáńěŋĺï ŕőłăğëćăîâ, çâő ďăŋŋőě ćëàăęěŋĺě őąàăéăěâáï ć ŋãńì, âăł łăł äãŋłæĺï w | àěèěŋĺě ńĺŋěľŋőčő ãàăćŋěŋĺï:

g^{αβ} @^2w(x^′; ~fi) @x^{′α}@x^{′β}

+ V^{′′}(F ) · w(x^′; ~fi) = 0:

Šăłĺň őąàăğőň ŕőńãçăěň:

H_0 = i @ @fi^0

+ H_{01} + H_{02} + H_{03}; čďě H_{01} = 1 2 ∫ ( —P^2 +^{3∑}_{k=1} —Q^2_{λk} + V^{′′}(F ) —Q^2) d^3S;

H_{02} = i ∫ w_n ‹ ‹w(–^′)

+ w_{nn} ‹ ‹w_n(–^′) d^3S;

H_{03} = 1 2 ∫ (—p^2 +^{3∑}_{k=1} —q^2_{λk} + V^{′′}(F )—q^2) d^3S+

+ir_a @ @r_b ∫ ~N^a_n ‹r^b

‹u(–^′) − ~N^a_{nn} ‹r_b ‹u_n(–^′) d^3S + rarb^∫ ( ~N^a_n ~N^b_n − ~N^a_{nn} ~N^b) d^3S:

Ćëďěńĺň ć H_0 áńăčăěňëě:

h_0 ≡ H_{01} + H_{02} = 1 2 ∫ ( ^P^2 + ^Q^2_λ + V^{00} (F ) ^Q^{2)} + i^∫ w_n ‹ ‹w + w_{nn} ‹ ‹w_n : Ŕőáńě àěďãłæĺĺ ŕàőáâàăŋáâćă áőáâőïŋĺľ

^P (x^′) → −i 1√ 2 ‹ ‹w(x^′)

; ^Q(x^′) → √ 2w(x^′);

h_0 ŕàĺŋĺňăěâ ćĺď:

h_0 = −1 4 ∫ ( ‹ ‹w )2 + 1 2 ∫ ( w^2_λ + w_{nn}w + V^{00} (F )w^{2)} +

+i^∫ w_n ( ‹ ‹w − iw_w ) :

Šăł łăł_∫ w^2_λ =^∫ @ @– (ww_λ) − ww_{λλ}

ĺ äãŋłæĺï w(x^′) ŕàĺ ňăńëå t ãďőćńěâćőàïěâ ãàăćŋěŋĺî

w_{nn}(x^′) − w_{λλ}(x^′) + V^{′′}(F (0; x))w = 0;

âő ŕàĺ w(x^′)w_λ(x^′)|_{∂C} = 0; (˝11:5) ŕőńãçăěň h_0 = −1 4 ∫ ( ‹ ‹w )2 +^∫ w^2_n + i^∫ w_n ‹ ‹w d^3S =

=^∫ ( i 2 ‹ ‹w + w_n )2 d^3S:

Ŕãáâì áŕàăćěďńĺćő ŕàěďáâăćńěŋĺě w(x) ć ćĺďě àïďă

w(x) =^∑ ’_s(x)c_s(t);

čďě ’_s(x) -őàâőŋőàňĺàőćăŋŋëě äãŋłæĺĺ, ïćńïîéĺěáï àěèěŋĺěň ãàăćŋěŋĺľ

−’_{sxx}(x) + V^{′′}(F )’_s(x) = !^2_s ’_s; (x) ∫ ’_s’_p = ‹_{sp};

ĺ ŕàőĺğćőďŋăï ŕő w âăłęě ŕàěďáâăćńïěâáï ć ćĺďě àïďă: ‹ ‹w(x)

=^∑ ’_s(x) @ @c_s(t) : Őŕěàăâőà h_0 ŕàĺőąàěâăěâ ćĺď:

h_0 = − 1 4 ∫ ( ‹ ‹w )2 +^∫ w^2_n + i^∫ w_n ‹ ‹w = − 1 4 ∑ s ( ‹ ‹c_s )2 + !^2_s c^2_s:

Ć íâőň áńãçăě őŕěàăâőàë àőęďěŋĺï-ãŋĺçâőęěŋĺï ňőčãâ ąëâì őŕàěďěńěŋë łăł a_s = ‚_sc_s + ˛_s @ @c_s

; a^+_s = ‚_sc_s − ˛_s @ @c_s ; âő ěáâì c_s = 1

2‚_s

(a_s + a^+_s ); @ @c_s = 1 2˛_s

(a_s − a^+_s );

ĺ h_0 =^∑ − 1 16˛^2_s

(a_s − a^+_s )^2 + !^{2s} 4‚^2_s

(a_s + a^+_s )^2:

Ěáńĺ ćëŕőńŋïěâáï àăćěŋáâćő 1 16˛^2_s

= !^{2s}

4‚^2_s ; âő ěáâì ‚_s = 2!_s˛_s;

âő h_0 ćëčńïďĺâ âăł:

h0 =^∑ 1 8˛^2_s ( a^+_s as + asa^+_s^) :

Ŕãáâì 1 4˛^2_s

= !_s;

âő ěáâì

˛_s = 1 2√!_s ; ‚_s = √ !_s;

âőčďă h_0 =^∑

!_s 2 ( a^+_s a_s + a_sa^+_s^) ;

a_s = √ !_sc_s + 1 2√!_s @ @c_s ; a^+_s = √ !_sc_s − 1 2√!_s @ @c_s : Ťãŋłæĺï w(x), ğăďăŋŋăï ć äőàňě àïďă ŕő ffi_s(x), ąãďěâ (ŕő łàăľŋěľ ňěàě ŕàĺ ňăńëå t), ãďőćńěâćőàïâì ćőńŋőćőňã ãàăćŋěŋĺî, ěáńĺ ğăćĺáĺňőáâì a ĺ a^+ őâ ćàěňěŋĺ őŕàěďěńïěâáï ãàăćŋěŋĺïňĺ Čěľğěŋąěàčă á čăňĺńìâőŋĺăŋőň h_0.

a_s(t) = e^{−iωst} a_s; a^+_s (t) = e^{iωst} a^+_s ;

Ğăćĺáĺňőáâì w őâ t ĺňěěâ ćĺď:

w(t) =^∑_s 1 2√!_s ’_s^(a_se^{−iωst} + a^+_s e^{iωst)} ;

w_t(t) = −i^∑_s √!_s 2 ’_s^(a_se^{−iωst} − a^+_s e^{iωst)} ;

ĺ ć ŋãńě w_t|_{t=0} = −i^∑_s √!_s 2 ’_s^(a_s − a^+_s^) :

Ś ďàãčőľ áâőàőŋë,

^P = −i 1√ 2 ∑ ’_s @

@c_s

= −i 1√ 2 ∑ ’_s 1 2˛_s

(a_s − a^+_s ) = −i 1√ 2 ∑ √ !_s’_s(a_s − a^+_s ):

Šăłĺň őąàăğőň, őŕěàăâőà —P = √2w_{t0} |_{t0=0}

âő ěáâì, w_t0 (x^′; ~fi)|_t0_{=0} = − i 2 ‹ ‹w(x^′; ~fi) : Ĺâăł, h_0 = 0;

ĺ čăňĺńìâőŋĺăŋ ŕàĺŋĺňăěâ ćĺď:

H = i @

@fi^0 + 1 2 ∫ ( p^2 + q^2_λ + V^{00} (F )q^{2)} +

+ir_a @ @r_b ∫ ( ~N^a_n ‹r^b ‹u + ~N^a_{nn} ‹r^b ‹u_n ) + r_ar_c^{∫ (} ~N^a_n ~N^c_n + ~N^a_{nn} ~N^{b)} :

Śńăčăěňëě, áőďěàęăéĺě âőńìłő ĺğąëâőçŋëě ŕěàěňěŋŋëě r_a ĺ^∂_{∂ra} , ňőčãâ ąëâì ãďăńěŋë áőőâćěâáâćãîéĺň ćëąőàőň ćěłâőàőć áőáâőïŋĺľ, ďăŋŋăï ŕàőæěďãàă áőćěàèěŋŋő ăŋăńőčĺçŋă, àăááňőâàěŋŋőľ ć [54].

Ăŋăńőčĺçŋëě ćëçĺáńěŋĺï, ćëŕőńŋěŋŋëě ďńï ďàãčĺå ĺŋâěčàăńőć ďćĺęěŋĺï ŕőłăğëćăîâ, çâő ĺŋâěčàăńë ďćĺęěŋĺï ć ŋãńěćőň ŕőàïďłě àăćŋë:

H_0 = i @ @fi^0

; P^k_0 = −i @ @fi^k ;

M^{0k}_0 = i ( @ @fi^{3+k}

− fi^0 @ @fi^k

− fi^k @ @fi^0 ) ; M^{kj}_0 = i ( @ @fi^{4+k+j}

+ fi^k @ @fi^j

− fi^j @ @fi^k ) ; Ďăŋŋëě ĺŋâěčàăńë ãďőćńěâćőàïîâ łőňňãâăæĺőŋŋëň áőőâŋőèěŋĺïň ďńï čěŋěàăâőàőć čàãŕŕë Ŕãăŋłăàě ĺ ŕőàőęďăîâ ăńčěąàã Ńĺ ďăŋŋőľ čàãŕŕë.

Ŕàĺńőęěŋĺě 5 Ŕàĺňěàë łńăááĺçěáłĺå àěèěŋĺľ âěőàĺĺ φ^4 ć ćĺďě ąěčãéĺå ćőńŋ

Řăááňőâàĺň ãàăćŋěŋĺě Ńăčàăŋęă{İľńěàă ďńï (1+1)-ňěàŋőľ âěőàĺĺ ’^4: @^2’_{cl} @x^2 − @ 2’_{cl} @t^2

− m^2’_{cl} − –’^3_{cl} = 0 á æěńìî ŋăåőęďěŋĺï àěèěŋĺľ ć ćĺďě ąěčãéĺå ćőńŋ. Ąãďěň àăááňăâàĺćăâì áńãçăľ m^2 ¿ 0 ĺ – > 0.

Łăł ĺğćěáâŋő ĺğ âěőàĺĺ íńńĺŕâĺçěáłĺå ĺŋâěčàăńőć, ěáńĺ z = ϑ∫

0 d √ 1 − k^2 sin^2( ) ; âő őąàăâŋăï äãŋłæĺï #(z) ŋăğëćăěâáï ăňŕńĺâãďőľ §łőąĺ: # ≡ am(z; k):

Ŕàĺ k ∈ (0; 1) ĺ z ∈ IR äãŋłæĺï am(z; k) őłăğëćăěâáï ďěľáâćĺâěńìŋőľ. İńńĺŕâĺçěáłĺě äãŋłæĺĺ §łőąĺ sn(z; k) ≡ sin(am(z; k)); cn(z; k) ≡ cos(am(z; k)); dn(z; k) ≡^√1 − k^2 sin^2(am(z; k)):

ïćńïîâáï ŕěàĺőďĺçěáłĺň àěèěŋĺïňĺ ãàăćŋěŋĺï Ďîääĺŋčă: d^2f(z; k) dz^2

= a_1(k)f^3(z; k) + a_2(k)f(z; k);

ŕàĺ íâőň łőíääĺæĺěŋâë a_1 ĺ a_2 őŕàěďěńïîâáï ćĺďőň äãŋłæĺĺ f(z).

Ťãŋłæĺĺ 1 cn(z; k) ; 1 sn(z; k) ; 1 dn(z; k) ; sn(z; k) cn(z; k)

; cn(z; k)

sn(z; k)

; cn(z; k)

dn(z; k) ; dn(z; k) cn(z; k) ; dn(z; k) sn(z; k) ; sn(z; k) dn(z; k) : âăłęě ïćńïîâáï ŕěàĺőďĺçěáłĺňĺ àěèěŋĺïňĺ ďăŋŋőčő ãàăćŋěŋĺï.

Ťãŋłæĺï cn(z; k) | àěèěŋĺě áńěďãîéěčő ãàăćŋěŋĺï:

d^2 cn(z; k) dz^2

= (2k^2 − 1) cn(z; k) − 2k^2 cn^3(z; k):

Ŕőďáâăćĺć ’ ≡ A cn(z; k) á z ≡ ¸x + ˛t ć ãàăćŋěŋĺě Ńăčàăŋęă{ İľńěàă, ŕőńãçăěň:

A(¸^2 − ˛^2)d^2 cn(z; k) dz^2

− m^2 cn(z; k) − – cn^3(z; k) = 0:

Śàăćŋĺćăï ďćă ŕőáńěďŋĺå ãàăćŋěŋĺï, ŕàĺåőďĺň ł áĺáâěňě:

2k^2(¸^2 − ˛^2) + A^2– = 0;

(2k^2 − 1)(¸^2 − ˛^2) = m^2:

Řěèăï ě-ě, ŋăåőďĺň

k^2 = 1 2 1 + m^2 ¸^2 − ˛^2 ; A^2 = ˛^2 − ¸^2 − m^2 – : Ěáńĺ ˛^2 > ¸^2 + m^2, âő 0 < A^2 , 0 < k^2 <^1_2, ĺ ŕőńãçěŋŋőě àěèěŋĺě őłăğëćăěâáï ďěľáâćĺâěńìŋëň (ďńï x; t ∈ IR). Ś ďàãčőľ áâőàőŋë, ěáńĺ ˛^2 < ¸^2 − m^2, âő A^2 < 0,^1_2 < k^2 < 1, ĺ ňë ŕőńãçăěň çĺáâő ňŋĺňőě àěèěŋĺě.

Řěèěŋĺě, ŕàőŕőàæĺőŋăńìŋőě sn(z; k), ŕőńãçăěâáï ăŋăńőčĺçŋő.

Łăł ĺğćěáâŋő,

d^2 sn(z; k) dz^2

= −(k^2 + 1) sn(z; k) + 2k^2 sn^3(z; k);

áńěďőćăâěńìŋő, äãŋłæĺï B sn(z; k) ąãďěâ ãďőćńěâćőàïâì ãàăćŋěŋĺî Ńăčàăŋęă{İľńěàă ŕàĺ

k^2 = m^2

˛^2 − ¸^2

− 1;

B^2 = 2˛^2 − ¸^2 − m^2 – : Łăł ńěčłő ŕàőćěàĺâì, ěáńĺ k ∈ (0; 1), âő ˛^2 ∈ (¸^2 +^{m2}_2 ; ¸^2 + m^2) ĺ B^2 < 0.

Ŋěáňőâàï ŋă âő, çâő ãàăćŋěŋĺě Ńăčàăŋęă{İľńěàă ŋěńĺŋěľŋő, äãŋł- æĺï e^{_ı am(z,k)} ≡ cn(z; k) + _{ sn(z; k) âăłęě őłăğëćăěâáï ŕàőŕőàæĺőŋăńìŋőľ àěèěŋĺî ’ = Ce^{_ı am(z,k)}, á ŕăàăňěâàăňĺ, őŕàěďěńïěňëňĺ áńěďãîéěľ áĺáâěňőľ:

k^2 = 2 − m^2

˛^2 − ¸^2 ; C^2 = 2

˛^2 − ¸^2 − m^2 – : Ěáńĺ k ∈ (0; 1), âő ˛^2 ∈ (¸^2 +^{m2}_2 ; ¸^2 + m^2), áńěďőćăâěńìŋő, C^2 < 0.

Ŕőďőąŋëľ àěğãńìâăâ ńěčłő ňőęěâ ąëâì ŕőńãçěŋ ĺ ďńï äãŋłæĺĺ —’ ≡ −Ce^{−_ı am(z,k)}.

Řăááňőâàĺň ąőńěě ŕőďàőąŋő àěèěŋĺě ’ = A cn(z; k). Řăğńőęěŋĺě Ťãàìě ďńï cn(z; k) ěáâì [66]:

cn(z; k) = 2ı kK ∞∑ n=1 q^{n−1/2} 1 + q^{2n−1} cos ( (2n − 1) ız 2K ) ; čďě q ≡ e^−ı^{K0K} .

Ŕěàĺőďăňĺ cn(z; k) ïćńïîâáï çĺáńă 4K ĺ 2K + 2_{K^′, ğăćĺáïéĺě őâ ŕăàăňěâàă k^2. Ĺáŕőńìğãï äőàňãńã cos(z; k) ≡ cos(¸x + ˛t) = cos(¸x) cos(˛t) − sin(¸x) sin(˛t);

ŕőńãçăěň

cn(¸x + ˛t) = C(¸x + ˛t) − S(¸x + ˛t); čďě

C(¸x + ˛t) ≡ 2ı kK ∞∑ n=1 q^{n−1/2} 1 + q^{2n−1} cos ( (2n − 1) ı¸x 2K ) cos ( (2n − 1) ı˛t 2K ) ;

S(¸x + ˛t) ≡ 2ı kK ∞∑ n=1 q^{n−1/2} 1 + q^{2n−1} sin ( (2n − 1)ı¸x 2K ) sin ( (2n − 1)ı˛t 2K ) : Ćëąĺàăï ĺ äĺłáĺàãï k^2 (0 < k^2 <^1_2), ňë őŕàěďěńïěň ğŋăçěŋĺï K, K^′ ĺ q. Ďńï őŕàěďěńěŋĺï ¸, ˛ and A ćőáŕőńìğãěňáï áĺáâěňőľ

k^2 = 1 2 1 + m^2 ¸^2 − ˛^2 ; A^2 = ˛^2 − ¸^2 − m^2 – : Łăęďőňã k^2 őďŋőğŋăçŋő áőőâćěâáâćãîâ ğŋăçěŋĺï ¸^2 −˛^2 ĺ A^2, ć âő ęě ćàěňï, ďńï őŕàěďěńěŋĺï ¸^2 ŋěőąåőďĺňő ğăďăâì ďőŕőńŋĺâěńìŋőě ãáńőćĺě. Ćëąĺàăï ¸^2 âăł, çâő ı¸ 2K = 1;

ŕőńãçăěň, çâő ŋăèě àěèěŋĺě ãďőćńěâćőàïěâ áńěďãîéĺň čàăŋĺçŋëň ãáńőćĺïň:

’(0; t) = ’(ı; t) @_x’(0; t) = @_x’(ı; t):

Ńěčłő ćĺďěâì, çâő ďěľáâćĺâěńìŋëě àěèěŋĺï ŕőńãçěŋë ŕàĺ ãáńőćĺĺ ˛^2 > ¸^2. Śńěďőćăâěńìŋő, ďăŋŋëě àěèěŋĺï ŕàěőąàăğőćăŋĺě Ŕãăŋłăàě ňőęŋő ŕàěćàăâĺâì ć ŕěàĺőďĺçěáłĺě ŕő ćàěňěŋĺ ĺ ŕőáâőïŋŋëě ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě. Ďńï ŕőńãçěŋĺï ďěľáâćĺâěńìŋőčő àěèěŋĺï, ŕěàĺőďĺçěáłőčő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě, ŋěőąåőďĺňő ĺğňěŋĺâì ğŋăł ŕàĺ ňăááőćőň çńěŋě ć ãàăćŋěŋĺĺ Ńăčàăŋęă{İľńěàă.

Ŕàĺńőęěŋĺě 6

Ĺğãçěŋĺě áâăąĺńìŋőáâĺ áâăâĺçěáłőčő ŕőńï, ŕěàĺőďĺçěáłőčő ŕő ŕàőáâàăŋáâćěŋŋőľ łőőàďĺŋăâě

Şàăćŋěŋĺě Ńăčàăŋęă{İľńěàă ďńï (1 + 1)-ňěàŋőľ âěőàĺĺ ’^4:

@^2’ @x^2 − @^2’ @t^2

+ m^2’ − –’^3 = 0: (Ŕ 6:1) ĺňěěâ àěèěŋĺě

’_{cl}(t; x) = A sn(x − vt − x^0 √ 1 − v^2

; k); (Ŕ 6:2)

ŕàĺ íâőň ăňŕńĺâãďă A ĺ ňőďãńì íńńĺŕâĺçěáłőčő áĺŋãáă áćïğăŋë á ŕăàăňěâàăňĺ ãàăćŋěŋĺï (Ŕ 6:1) áńěďãîéĺň őąàăğőň:

k^2 = m^2 − 1; A^2 = 2 m^2 − 1 – : (Ŕ 6:3)

Ďěľáâćĺâěńìŋőě àěèěŋĺě ŕőńãçăěň ŕàĺ 1 < m^2 < 2.

Űěńìî ďăŋŋőčő ŕàĺńőęěŋĺï ïćńïěâáï łćăŋâőćăŋĺě ćąńĺğĺ ’_{cl} ć âěàňĺŋăå ŕěàěňěŋŋëå Ąőčőńîąőćă. Ďăŋŋőě ŕàĺńőęěŋĺě ŕőłăğëćăěâ, çâő ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă, àăŋěě ŕàĺňěŋïěňőě ŕàĺ łćăŋâőćăŋĺĺ áãéěáâćěŋŋő-ŋěńĺŋěľŋëå áĺáâěň ćąńĺğĺ áőńĺâőŋŋőčő àěèěŋĺï [50], ïćńïěâáï, łăł ĺ áńěďőćăńő őęĺďăâì, çăáâŋëň áńãçăěň ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă, ććěď-ěŋŋőčő ďńï łćăŋâőćăŋĺï ćąńĺğĺ ŋěáâăæĺőŋăàŋëå łńăááĺçěáłĺå ŕőńěľ.

Ćććěď-ěň ŋőćãî ŕěàěňěŋŋãî fi = vt + x_0. Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ąãďěâ ĺňěâì ćĺď:

f(x) = G’cl(x − fi) + u(x − fi): (Ŕ 6:4) Ďőŕőńŋĺâěńìŋőě ãáńőćĺě ğăŕĺèěň ć ćĺďě

!( ~N; y) ≡^∫ ~N_n(x)u(x) = 0: (Ŕ 6:5)

Ťãŋłæĺï ~N_n(x) ćëąĺàăěâáï âăł, çâőąë ∫ ~N_n(x)M(x) = 1; (Ŕ 6:6) čďě M(x) ≡ −

@’_{cl}(x − fi) @fi = @’_{cl}(x − fi) @x : (Ŕ 6:7)

Ŕőďçěàłŋ-ěň, çâő ŋă ŕőćěàåŋőáâĺ C äãŋłæĺĺ ~N(x) ĺ ~N_n(x) ğăďăîâáï ŋěğăćĺáĺňő. Ćëąőàőň ďőŕőńŋĺâěńìŋőčő ãáńőćĺï ć ćĺďě (Ŕ 6:5), ňë ŕőńőęĺńĺ ~N(x) = 0.

Ťãŋłæĺî u, ãďőćńěâćőàïîéãî ãáńőćĺïň (Ŕ 6:5), ňőęŋő ŕőáâàőĺâì ĺğ ŕàőĺğćőńìŋőľ ďĺääěàěŋæĺàãěňőľ äãŋłæĺĺ y áńěďãîéĺň őąàăğőň:

u(x) =^∫ A(x; ~x)y(~x)d~x ≡ ∫ ( ‹(x − ~x) − M(x)N(~x) ) y(~x) d~x = y(x) − M_a(x) · !( ~N; y): (Ŕ 6:8)

Şáńőćĺï (Ŕ 6:5) ćëďěńïîâ ŋă ŕàőáâàăŋáâćě ďĺääěàěŋæĺàãěňëå äãŋłæĺľ ŕőďŕàőáâàăŋáâćő äãŋłæĺľ u, ïćńïîéĺåáï àěèěŋĺïňĺ ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï

u =^∫ ( ‹(x − ~x) − M(x)N(~x) ) u(~x) d~x: (Ŕ 6:9)

Őŕěàăâőà ‹ ‹u(x)

=^∫ A(x; ~x) ‹ ‹u(~x) d~x ãďőćńěâćőàïěâ ãáńőćĺî ∫ M(~x) ‹ ‹u(~x) d~x = 0: (Ŕ 6:10)

Ŕőďáâăćńïï ć (Ŕ 6:5) ćëàăęěŋĺě

u(x − fi) = f(x) − G’_{cl}(x − fi);

ŕőńãçăěň, çâő áńěďáâćĺěň ĺŋćăàĺăŋâŋőáâĺ ďőŕőńŋĺâěńìŋőčő ãáńőćĺï őâŋőáĺâěńìŋő ćăàĺăæĺľ ŕăàăňěâàă fi ïćńïîâáï áőőâŋőèěŋĺě: ‹fi ‹f(x) = − 1 G ~N_n(x − fi) 1 −^1_G^∫ ~N_n(~x)u(~x)d~x

: (Ŕ 6:11)

Łăł ĺ ć áńãçăě ŋěáâăæĺőŋăàŋőčő łńăááĺçěáłőčő àěèěŋĺï ŕàőćőďĺâáï ŕàěőąàăğőćăŋĺě ćěłâőàőć áőáâőïŋĺľ ďńï ŕőćëèěŋĺï ŕőàïďłă őŕěàăâőàőć ∂ ∂τ^a :

˘[u; u_n] −→ e^{iG2J(τ )}˘[u; u_n]: (Ŕ 6:12) Śőőâćěâáâćãîéěě ŕàěőąàăğőćăŋĺě őŕěàăâőàőć ćëčńïďĺâ âăł: i @ @fi −→ −G^2J_τ + i @ @fi ; J_τ = @J @fi : Ďńï őąàăéěŋĺï ć ŋãńì ĺŋâěčàăńőć ďćĺęěŋĺï ć ňĺŋãá ŕěàćőň ŕőàïďłě (ŕő G^{−1}) ćëąěàěň äãŋłæĺî ~N_n(x) ŕàőŕőàæĺőŋăńìŋőľ M(x). Őŕàěďěńïěňëľ ĺğ ãáńőćĺï őąàăéěŋĺï ć ŋãńì ĺŋâěčàăńőć ďćĺęěŋĺï ć ňĺŋãá ŕěàćőň ŕőàïďłě ŕăàăňěâà J_τ őłăğëćăěâáï ŕàőŕőàæĺőŋăńìŋëň áłőàőáâĺ v, őŕàěďěń-ěŋŋőľ ć äőàňãńě (Ŕ 6:2).

Řăááňőâàĺň âěŕěàì ãàăćŋěŋĺě ďńï łćăŋâőćőľ ŕőŕàăćłĺ ć áńãçăě J_τ = v = 0. Ĺňěěň:

@^2u(t; x) @x^2 − @^2u(t; x) @t^2

+ (m^2 − 3–’^2_{cl}) · u(t; x) = 0: (Ŕ 6:12)

Ďńï ŕàőáâőâë őčàăŋĺçĺňáï áńãçăěň áâăâĺçěáłőčő łńăááĺçěáłőčő àěèěŋĺï ’_{cl} ≡ A sn(x; k). Ŕőńãçăěň

@^2u @x^2 − @ 2u @t^2

+ (m^2 − 6k^2 sn^2(x; k)) · u = 0:

Ąãďěň ĺáłăâì àěèěŋĺě ãàăćŋěŋĺï (Ŕ 6:12) ć ćĺďě

u(t; x) ≡ r(t)s(x):

Ŕőńãçăěň, çâő ãàăćŋěŋĺě (Ŕ 6:12) áćőďĺâáï ł áĺáâěňě őąëłŋőćěŋŋëå ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ:

@^2u @x^2 − @^2u @t^2

+ (m^2 − 3’^2) · u = 0 ⇐⇒

d^2s(x)

dx^2 r(t) − d^2r(t) dt^2 s(x)

+ (m^2 − 6k^2 sn^2(x; k)) · r(t)s(x) = 0; ⇐⇒

⇐⇒ d^2s(x) dx^2

= (6k^2 sn^2(x; k) − ~)s(x);

d^2r(t) dt^2

= (m^2 − ~)r(t);

čďě ~ | ŕàőĺğćőńìŋăï łőŋáâăŋâă.

Šăłĺň őąàăğőň, s(x) ďőńęŋő ąëâì àěèěŋĺěň ãàăćŋěŋĺï Ńăňě.

d^2s(x) dx^2

+ (~ − 6k^2 sn^2(x; k)) · s(x) = 0:

Řăááňőâàĺň ďăŋŋőě ãàăćŋěŋĺě ć äőàňě Ćěľěàèâàăááă:

d^2s(~z) d~z^2

− (B + 6}(~z)) · s(~z) = 0;

čďě }(~z) | ďćăęďë ŕěàĺőďĺçěáłăï äãŋłæĺï Ćěľěàèâàăááă, B | łőŋáâăŋâă, ă ~z ŋőćăï ŕěàěňěŋŋăï:

B = ~(e1 − e3) − 6e3 , ~z = x √ e1 − e3 + _« ~K^′;

~K′ | ŕőńőćĺŋă ňŋĺňőčő ŕěàĺőďă äãŋłæĺĺ sn(x; k).

Ąãďěň ĺáłăâì àěèěŋĺě ãàăćŋěŋĺï Ńăňě ć áńěďãîéěň ćĺďě[84]:

L(~z) = ff(~z + a^1)ff(~z + a^2) ff(~z)^2 e^{−~z(ζ(a1)+ζ(a2))};

čďě ff(~z) ĺ “(~z) ïćńïîâáï íńńĺŕâĺçěáłĺňĺ äãŋłæĺïňĺ Ćěľěàèâàăááă, áőőâćěâáâćãîéĺňĺ äãŋłæĺĺ }(~z). Ć àěğãńìâăâě ŕőńãçăěň áĺáâěňã ãàăćŋěŋĺľ ŋă ŕăàăňěâàë a_1 ĺ a_2:

}(a_1) = B 6 − 1 2 g_2 − B^2 3 ;

}(a_2) = B 6 + 1 2 g_2 −

B^2 3 ; d}(a_1) d~z = − d}(a_2) d~z : Ďńï łăęďőčő ğŋăçěŋĺï B ŋăľďěŋő ŋě őďŋő, ă ďćă àěèěŋĺï ãàăćŋěŋĺï, ŕőáłőńìłã, ěáńĺ ŕăàă (a_1,a_2) čěŋěàĺàãěâ àěèěŋĺě, â.ě. ãďőćńěâćőàïěâ ćëèěŕàĺćěď-ěŋŋőľ áĺáâěňě, âő ŕăàă (−a_1,−a_2) âăłęě čěŋěàĺàãěâ àěèěŋĺě ãàăćŋěŋĺï. Ŕőńãçěŋŋëě àěèěŋĺï ąãďãâ ńĺŋěľŋő ğăćĺáĺňë âőčďă ĺ âőńìłő âőčďă, łőčďă őŋĺ ąãďãâ ïćńïâìáï ńĺąő ŕěàĺőďĺçěáłĺňĺ, ńĺąő ăŋâĺŕěàĺőďĺçěáłĺňĺ (â.ě. ïćńïîéĺňĺáï ŕěàĺőďĺçěáłĺňĺ äãŋłæĺïňĺ á ŕěàĺőďőň, ãďćőěŋŋëň ŕő áàăćŋěŋĺî á ďěľáâćĺâěńìŋëň ŕěàĺőďőň äãŋłæĺĺ sn^2(x; k)) àěèěŋĺïňĺ ãàăćŋěŋĺï. Ĺâăł, ŕőńãçěŋă äãŋďăňěŋâăńìŋăï áĺáâěňă àěèěŋĺľ ďńï ŕőçâĺ ćáěå áőąáâćěŋŋëå ğŋăçěŋĺľ.

Ďńï ŕàőćěďěŋĺï łćăŋâőćăŋĺï ŋăň ŕőâàěąãěâáï ŕőáâàőĺâì àăğńőęěŋĺě ŕő àěèěŋĺïň ãàăćŋěŋĺï Ńăňí ŕàőĺğćőńìŋőľ äãŋłæĺĺ, ŕàĺŋăďńěęăéěľ ŋěłőâőàőňã łńăááã. Ňë ćőáŕőńìğãěňáï âěőàěňőľ ő àăğńőęěŋĺĺ ŕő àěèěŋĺïň ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï ćâőàőčő ŕőàïďłă ć áńãçăě ŕěàĺőďĺçěáłőčő ŕőâěŋæĺăńă [85].

Őąőğŋăçĺň çěàěğ ~_n áőąáâćěŋŋëě ğŋăçěŋĺï áőőâćěâáâćãîéĺě ŕěàĺőďĺçěáłĺň áőąáâćěŋŋëň äãŋłæĺïň, ă çěàěğ —_n | ăŋâĺŕěàĺőďĺçěáłĺň. Ńěčłő ŕàőćěàĺâì, çâő áńěďãîéĺě ŕïâì áőąáâćěŋŋëå äãŋłæĺľ ãàăćŋěŋĺï

Ńăňě áőőâćěâáâćãîâ áńěďãîéĺň áőąáâćěŋŋëň ğŋăçěŋĺïň:

L_0(x) = sn^2(x) −^1_{(1+k2)−}√_{(1−k2+k4)}; ~_0 = 2(1 + k^2) − 2^√(1 − k^2 + k^4);

L_1(x) = cn(x) dn(x); —_0 = 1 + k^2;

L_2(x) = sn(x) dn(x); —_1 = 1 + 4k^2;

L_3(x) = sn(x) cn(x); ~_1 = 4 + k^2;

L_4(x) = sn^2(x) −^1_{(1+k2)+}√_{(1−k2+k4)}; ~_2 = 2(1 + k^2) + 2^√(1 − k^2 + k^4);

Ĺğ ãáńőćĺï k^2 ∈ (0; 1) ŋěňěďńěŋŋő áńěďãěâ, çâő

0 < ~_0 < —_0 < —_1 < ~_1 < ~_2;

ă âăłęě âő, çâő ğă ŕěàĺőď äãŋłæĺĺ sn(x; k) äãŋłæĺï L_0(x) ŋě őąàăéăěâáï ć ŋãńì, äãŋłæĺĺ L_1(x) ĺ L_2(x) ĺňěîâ ŕő őďŋőňã ŋãńî łăęďăï, ă äãŋłæĺĺ L_3(x) ĺ L_4(x) ĺňěîâ ŕő ďćă ŋãńï. Śńěďőćăâěńìŋő, ŕőńãçěŋŋëě áőąáâćěŋŋëě ğŋăçěŋĺï ïćńïîâáï ňĺŋĺňăńìŋëňĺ.

Řăááňăâàĺćăěňőě ŋăňĺ ãàăćŋěŋĺě ïćńïěâáï ãàăćŋěŋĺěň Ńăňí á n = 2. Ć áńãçăě ŕàőĺğćőńìŋőčő ŋăâãàăńìŋőčő n Ăľŋá [86] ďőłăğăń àăćěŋáâćă ~_{2j+1} = ~_{2j+2}, —_{2j} = —_{2j+1}, ŕàĺ 2j ¿ n (ć ŋăèěň áńãçăě ~_{2j+1} = ~_{2j+2}, —_{2j} = —_{2j+1}, ŕàĺ j ¿ 1). Ąńăčőďăàï ďăŋŋőňã ãáńőćĺî, âěőàěňã àăğńőęěŋĺï ŕő áőąáâćěŋŋëň äãŋłæĺïň ŋăèěčő ãàăćŋěŋĺï ňőęŋő ŕőáâàőĺâì, ğŋăï âőńìłő ğŋăçěŋĺï ~_0, —_0, —_1, ~_1 ĺ ~_2.

Ťãŋłæĺï L(−x; a_1; a_2) ąãďãçĺ ŕàőŕőàæĺőŋăńìŋőľ L(x; −a_1; −a_2), ïćńïěâáï ńĺŋěľŋő ŋěğăćĺáĺňőľ őâ L(x; a_1; a_2). Šăłĺň őąàăğőň, ňë ŕőńãçăěň ç-ěâŋëě ĺ ŋěç-ěâŋëě àěèěŋĺï:

(x; ~) = L(x; a^1; a^2) + L(−x; a^1; a^2) 2L(0; a_1; a_2) ; (x; ~) =

L(x; a_1; a_2) − L(−x; a_1; a_2) 2L^′(0; a_1; a_2) : Łăł ńěčłő ğăňěâĺâì

(0; ~) = 1; ^′(0; ~) = 0; (0; ~) = 0; ^′(0; ~) = 1:

Řăğńőęěŋĺě ŕő áőąáâćěŋŋëň äãŋłæĺïň ňőęěâ ąëâì ğăŕĺáăŋő ć âěàňĺŋăå (x; ~) ĺ (x; ~). Őďŋăłő őŋő ąãďěâ ćëčńïďěâì ąőńěě ŕàőğàăçŋő ć âěàňĺŋăå ŋőćëå äãŋłæĺľ, âăłęě őąàăğãîéĺå äãŋďăňěŋâăńìŋãî áĺáâěňã àěèěŋĺľ:

~(x; ~) =

L(0) L^′(0)

(x; ~);

~ (x; ~) = _«

L^′(0) L(0)

(x; ~):

Śäőàňãńĺàãěň âěőàěňã àăğńőęěŋĺï:

ŕãáâì f(x) ∈ L^2(−∞; ∞) | ŋěŕàěàëćŋăï äãŋłæĺï, âőčďă f(x) ŕàěďáâăćĺňă ć ćĺďě ĺŋâěčàăńă:

f(x) = 1 2ı ∫ S_0

(~(x; ~)F (~; ~) + ~ (x; ~)F (~; ~ ))d~; čďě F (~; ~) ≡ ∞∫ −∞ f(x)~(x; ~)dx;

F (~; ~ ) ≡ ∞∫ −∞ f(x) ~ (x; ~)dx:

Őąńăáâì ĺŋâěčàĺàőćăŋĺï S_0 = [–_0; —_0] ∪ [—_1; –_1] ∪ [–_2; ∞). Šăł łăł, ňë àăáłńăďëćăěň ãàăćŋěŋĺě Ńăčàăŋęă{İľńěàă ć àïď ŕő ňăńőňã ŕăàăňěâàã^1_G, âő u(t; x) ďőńęŋő ąëâì őčàăŋĺçěŋŋőľ ćő ćá-ěň ŕàőáâàăŋáâćě{ćàěňěŋĺ äãŋłæĺěľ. Ŕàĺ ~ − m^2 − 6k^2 > 0 ĺ ~ ∈ S_0, ŕőńãçăěň, çâő äãŋłæĺï u(t; x) | őčàăŋĺçěŋŋăï. Šăł łăł —_1 = m^2, âő ŋěőąåőďĺňő őčàăŋĺçĺâì őąńăáâì ĺŋâěčàĺàőćăŋĺï:

u(t; x) = 1 2ı ∫ S_1

(~(x; ~)e^{_ı√~− ~m2−6k2t}F_+(~; ~)+ ~(x; ~)e^{−_ı√~− ~m2−6k2t}F_−(~; ~)+

+ ~ (x; ~)e^{_ı√~−m2−6k2t}F_+(~; ~ ) + ~ (x; ~)e^{−_ı√~−m2−6k2t}F_−(~; ~ ))d~; čďě S_1 = (—_1; –_1] ∪ [–_2; ∞):

Ťãŋłæĺĺ F_±(~; ~) ĺ F_±(~; ~ ) | ŕàőĺğćőńìŋë.

Śńěďãîéăï äőàňãńă ďă-ěâ ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě ŋăèěčő ŕőńï (R(w) | ŕàőĺğćőńìŋăï äãŋłæĺï):

u(t; x) = 1 2ı ∞∫ −∞ e^{_ıwt}R(w)dw^∫_S 1 (~(x; ~)F (~; ~)+

+ ~ (x; ~)F (~; ~ ))‹(w^2 − ~ + —_1) d~ Ŕãáâì w_0 ≡ √ ~ − —_1. Ěáńĺ ~ ∈ S_1, âő w_0 ∈ IR. Ŕàĺňěŋĺň áâăŋďăàâŋãî ŕàőæěďãàã łćăŋâőćăŋĺï [87], âő ěáâì, ňë ąãďěň àăááňăâàĺćăâì ŕőńě łăł áãňňã őâàĺæăâěńìŋő- ĺ ŕőńőęĺâěńìŋő-çăáâőâŋëå çăáâěľ: u(t; x) = v^+(t; x) + v^−(t; x); čďě v^+(t; x) = 1 2ı ∫ S_1 1 2w_0 e^{_ıw0t}R(w_0)(~(x; ~)F (~; ~) + ~ (x; ~)F (~; ~ ))d~;

v^−(t; x) = 1 2ı ∫ S_1 1 2w_0 e^{−_ıw0t}R(−w_0)(~(x; ~)F (~; ~) + ~ (x; ~)F (~; ~ ))d~;

ĺ áâàőĺň ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě Čăňĺńìâőŋĺăŋă

H = 1 2 ∞∫ −∞ ( @v @t )2 + ( @v @x )2 + (m^2 + 6k^2 sn^2(x; k)) · v^2 dx: Ŕőďáâăćńïï u(t; x) = v^+(t; x) + v^−(t; x) ĺ, ĺáŕőńìğãï áőőâŋőèěŋĺě ∞∫ −∞ (x; ~)(x; ~^′)dx = 0;

ŕőńãçăěň H = 1 2 ∫ S_1

R(w_0)R(−w_0)^(F^2(~; ~) + F^2(~; ~ )^) d~:

Őŕěàăâőàë ãŋĺçâőęěŋĺï ĺňěîâ ćĺď a_1(~) =^{1√}_{2w0} R(−w_0(~))F (~; ~); a_2(~) =^{1√}_{2w0} R(−w_0(~))F (~; ~ ):

Ŕőńě u(t; x) | ďěľáâćĺâěńìŋőě, áńěďőćăâěńìŋő, R^∗(w) = R(−w) őâáîďă ŕőńãçăîâáï őŕěàăâőàë àőęďěŋĺï a^+_1 (~) =^{1√}_{2w0} R(w_0(~))F (~; ~); a^+_2 (~) =^{1√}_{2w0} R(w0(~))F (~; ~ ):

Čăňĺńìâőŋĺăŋ àăćěŋ

H =^∫_S 1 w_0(~)(a^+_1 (~)a_1(~) + a^+_2 (~)a_2(~))d~; čďě w_0(~) ≡^√~ − —_1;

S_1 = (—_1; –_1] ∪ [–_2; ∞): Łăł ńěčłő ćĺďěâì,

[a_1(~); a^+_1 (~^′)] = [a_2(~); a^+_2 (~^′)] = ‹(~ − ~^′):

Šăłĺň őąàăğőň, ŕőáâàőěŋő łćăŋâőćőě ŕőńě, áőáâőïéěě ĺğ ďćãå áőàâőć áłăńïàŋëå çăáâĺæ. Őčàăŋĺçěŋĺě őąńăáâĺ ĺŋâěčàĺàőćăŋĺï áćïğăŋő á ŋěőąåőďĺňőáâìî áőåàăŋěŋĺï áâăąĺńìŋőáâĺ łńăááĺçěáłőčő àěèěŋĺï. Ňŋőčőçăáâĺçŋëě łőŋäĺčãàăæĺĺ âăłęě ŋě ŕàĺćőďïâ ł ŋăàãèěŋĺî áâăąĺńìŋőáâĺ, âăł łăł áãňňă íŋěàčĺľ çăáâĺæ ŕàĺŋăďńěęĺâ ĺŋâěàćăńã S_1, ć áńãçăě, łőčďă íŋěàčĺï łăęďőľ çăáâĺæë ŕàĺŋăďńěęĺâ ďăŋŋőňã ĺŋâěàćăńã.

Ŕàĺńőęěŋĺě 7

Ŋăåőęďěŋĺě ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï áĺáâěňë (3.7) ňěâőďăňĺ łőňŕìîâěàŋőľ ăńčěąàë

Ŕàőčàăňňă őâëáłăŋĺï ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï áĺáâěňë (3.7) ŋăŕĺáăŋă ŋă ïğëłě ăŋăńĺâĺçěáłĺå ćëçĺáńěŋĺľ REDUCE 3.6 (őŕĺáăŋĺě łőňŕìîâěàŋőčő ïğëłă REDUCE ďăŋő, ŋăŕàĺňěà, ć ňőŋőčàăäĺïå [71, 72, 74, 75]).

Ŕàěďáâăćńěŋŋăï ŕàőčàăňňă áâàőĺâ áĺáâěňã ãàăćŋěŋĺľ (3:7): R_{jj} = 0 ĺ ŋăåőďĺâ çăáâŋőě àěèěŋĺě íâőľ áĺáâěňë. Ŕőáâàőěŋĺě áĺáâěňë (3:7) őáãéěáâćńïěâáï áńěďãîéĺň őąàăğőň.

Ŕěàĺőďĺçěáłőě àěèěŋĺě ãàăćŋěŋĺï (3:5) ąãďěň ĺáłăâì ć ćĺďě łőŋěçŋőľ áãňňë

phi(xx; tt) =^{n∑}_{j=1} a(2j − 1) sin((2j − 1)xx) sin((2j − 1)tt):

Řïď Ťãàìě âőçŋőčő ŕěàĺőďĺçěáłőčő àěèěŋĺï ãàăćŋěŋĺï (3:5), â. ě. äãŋłæĺĺ ’_0(x; ~t), áőďěàęĺâ ąěáłőŋěçŋőě çĺáńő čăàňőŋĺł, çĺáńő čăàňőŋĺł ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï phi(xx; tt) ćëąĺàăěâáï ć ğăćĺáĺňőáâĺ őâ ćőğňőęŋőáâěľ İĆŇ, ŋă łőâőàőľ ŕàőćőďïâáï ćëçĺáńěŋĺï. Ŕàĺ n = 10 ŕàőčàăňňă ďă-ěâ àěğãńìâăâ ŋă łőňŕìîâěàě á 16 Ňěčăąăľâăňĺ őŕěàăâĺćŋőľ ŕăňïâĺ, ďńï ŕőńãçěŋĺï àěèěŋĺï á n = 20 ŋěőąåőďĺň łőňŕìîâěà á 128 Ňěčăąăľâăňĺ őŕěàăâĺćŋőľ ŕăňïâĺ.

Ŕőáâàőěŋĺě áĺáâěňë (3:7) őáãéěáâćńïěâáï áńěďãîéĺň őąàăğőň: ŕőďáâăćńïï ć ãàăćŋěŋĺě (3:5) Ťãàìě àăğńőęěŋĺě äãŋłæĺĺ phi(xx; tt) ĺ ĺáŕőńìğãï ŕàőæěďãàã "fourier", àăğńăčăěň ďăŋŋőě ãàăćŋěŋĺě ć àïď Ťãàìě ĺ ŕőńãçăěň áĺáâěňã ãàăćŋěŋĺľ ŋă łőíääĺæĺěŋâë Ťãàìě äãŋłæĺĺ phi(xx; tt), â.ě. áĺáâěňã (3:7). Ŕőńãçěŋŋăï áĺáâěňă ğăŕĺáëćăěâáï ć áŕĺáőł "listequa". Ůĺáńő ãàăćŋěŋĺľ àăćŋïěâáï 3n. Šăł łăł ĺéěâáï ďěľáâćĺâěńìŋőě àěèěŋĺě, âő ŋěőąåőďĺňő, çâőąë ćáě a (j) ∈ IR.

Ŕěàćëľ łőíääĺæĺěŋâ a_1 ïćńïěâáï ŕăàăňěâàőň, ğăďăîéĺň ăňŕńĺâãďã łőńěąăŋĺľ. Ďěľáâćĺâěńìŋő, ěáńĺ a_j = c_ja_1 ĺ !_1 = á_ωa^2_1, âő ćáě ŕőńĺŋőňë R_{jj} ŕàőŕőàæĺőŋăńìŋë a^3_1: R_{jj} (a) = a^3_1R_{jj} (c) ĺ, áńěďőćăâěńìŋő, łőíääĺæĺěŋâ a_1 ňőęěâ ąëâì ćëąàăŋ ŕàőĺğćőńìŋő. Ŋăèěľ ğăďăçěľ ïćńïěâáï àěèěŋĺě áĺáâěňë R_{jj} (c). Šăł łăł ŋěĺğćěáâŋëě a (j) ïćńïîâáï łőíääĺæĺěŋâăňĺ Ťãàìě ŋěłőâőàőľ äãŋłæĺĺ, âő àăğãňŋő ŕàěďŕőńőęĺâì, çâő ňőďãńĺ ďăŋŋëå łőíääĺæĺěŋâőć őąàăğãîâ ãąëćăîéãî ŕőáńěďőćăâěńìŋőáâì, âőçŋěě, ňë ąãďěň ŕàěďŕőńăčăâì, çâő ďěľáâćĺâěńìŋëě çĺáńă c (j) ≡ a (j)=a (1), ãďőćńěâćőàïîâ áńěďãîéěňã ãáńőćĺî: ∀j > 1 : |c (j)| < 1.

Ŕàĺąńĺę-ěŋŋőě àěèěŋĺě ŕőńãçěŋŋőľ áĺáâěňë áâàőĺâáï áńěďãîéĺň őąàăğőň. Ŋă ŕěàćőň èăčě ňë ŕőńăčăěň, çâő ćáě c (j) = 0, łàőňě c (3) ĺ, ěáâěáâćěŋŋő, c(1) ≡ 1. Ĺğ ŕěàćőčő ãàăćŋěŋĺï áĺáâěňë (â.ě. ŕěàćőčő íńěňěŋâă ć áŕĺáłě "listequa") ňë ŕőńãçăěň, C_{omega} łăł ŕőńĺŋőň őâ c (3). Ŕőďáâăćńïï ďăŋŋőě ćëàăęěŋĺě ďńï C_{omega} ćő ćâőàőě ãàăćŋěŋĺě áĺáâěňë, ŕőńãçăěň, çâő íâő ãàăćŋěŋĺï őłăğëćăěâáï łãąĺçěáłĺň ãàăćŋěŋĺěň ŋă c (3) ĺ ňőęěâ ąëâì àěèěŋő á ŕőňőéìî áâăŋďăàâŋőľ ŕàőæěďãàë áĺáâěňë REDUCE (SOLVE). Řěèěŋĺě ďăŋŋőčő ãàăćŋěŋĺï ĺéěâáï ć àěęĺňě "on round", łőčďă ćáě ĺààăæĺőŋăńìŋëě çĺáńă ğăňěŋïîâáï ĺå ŕàĺąńĺę-ěŋŋëňĺ ğŋăçěŋĺïňĺ, ŕőíâőňã ŕőďáâăŋőćłă |c (3)| ć ńěćãî çăáâì ãàăćŋěŋĺï, â.ě. ć ŕőńĺŋőň R_{22}, ŋě ŕàĺćěď-ěâ ł àăćěŋáâćã R_{22} = 0. Śâăŋďăàâŋăï âőçŋőáâì àěèěŋĺľ ŋěńĺŋěľŋëå ãàăćŋěŋĺľ ŕàőæěďãàőľ SOLVE ć àěęĺňě "on round" ěáâì 10^{−11}. Ł ŕàĺňěàã, ćâőàőě ãàăćŋěŋĺě áĺáâěňë áçĺâăěâáï àěèěŋŋëň, ěáńĺ ŕőďáâăŋőćłă łőàŋï ŕàĺćőďĺâ ł ŋěàăćěŋáâćã |R_{22}| < 10^{−11}. Ĺğ ŕőńãçěŋŋëå âà-ěå àěèěŋĺľ ćëąĺàăěň ďěľáâćĺâěńìŋőě àěèěŋĺě, ãďőćńěâćőàïîéěě ãáńőćĺî |c (3)| < 1. Śãéěáâćőćăŋĺě ŕőďőąŋőčő àěèěŋĺï áőőâćěâáâćãěâ ŋăèěňã ŕàěďŕőńőęěŋĺî őą ãąëćăŋĺĺ łőíääĺæĺěŋâőć Ťãàìě äãŋłæĺĺ phi(xx; tt).

Ŋă áńěďãîéěň èăčě ňë ĺéěň ğŋăçěŋĺě c(5), łőâőàőě ŋă ŕěàćőň èăčě ŕőďàăğãňěćăńőáì àăćŋëň ŋãńî. Őŕěàăâőà clear c (5) ćőááâăŋăćńĺćăěâ c (5) łăł ŕěàěňěŋŋãî. Ĺáŕőńìğãï ŕőńãçěŋŋőě ğŋăçěŋĺě c (3), ĺğ ŕěàćőčő ãàăćŋěŋĺï ŕőńãçăěň C_{omega} ãęě łăł ŕőńĺŋőň őâ c (5). Ŕőďáâăćńïï íâő ğŋăçěŋĺě C_{omega} ć âàěâìě ãàăćŋěŋĺě ĺ àěèăï ěčő, őŕàěďěńïěň ğŋăçěŋĺě c (5).

Ćëçĺáńïï c (3), ňë ŕőńăčăńĺ c (5) = 0. Šěŕěàì, ğŋăï ąőńěě âőçŋőě ğŋăçěŋĺě c (5), ňë ďőńęŋë ŕàőćěàĺâì ŕàăćĺńìŋőáâì ğŋăçěŋĺï c (3). Ďńï íâőčő ć ŕőńĺŋőň R_{22}, âő ěáâì ńěćãî çăáâì ćâőàőčő ãàăćŋěŋĺï áĺáâěňë, ŕőďáâăćńïěň ĺňěîéĺěáï ğŋăçěŋĺï C_{omega}, c (3) ĺ c (5). Ěáńĺ ćëŕőńŋïěâáï àăćěŋáâćő |R_{22}| < 10^{−11}, âő ãàăćŋěŋĺě ąãďěň áçĺâăâì àěèěŋŋëň ĺ ŕěàěľď-ěň ł ŕőĺáłã áńěďãîéěčő łőíääĺæĺěŋâă, ć ŕàőâĺćŋőň áńãçăě ğăŋőćő àěèăěň ďăŋŋőě ãàăćŋěŋĺě őâŋőáĺâěńìŋő c (3). Ŕàĺ íâőň ğŋăçěŋĺě c(5) ŋě àăćŋő ŋãńî. Ŕőáńě íâőčő ňë ŕőćâőàïěň ćâőàőľ èăč ĺ ĺéěň ğŋăçěŋĺě c (5), áőőâćěâáâćãîéěě ŋőćőňã ğŋăçěŋĺî c (3). Ŕőáńě ŋăåőęďěŋĺï ğŋăçěŋĺï łőíääĺæĺěŋâă c (2n − 1) ŕàőčàăňňă ğăłăŋçĺćăěâ áćőî àăąőâã. Ć łăçěáâćě àěğãńìâăâă ŕěçăâăîâáï ŋě âőńìłő ğŋăçěŋĺï łőíääĺæĺěŋâőć c (2j − 1), ŋő ĺ ğŋăçěŋĺï R_{jj} , ŕőńãçăěňëě ŕőáńě ŕőďáâăŋőćłĺ ďăŋŋëå łőíääĺæĺěŋâőć. Łàĺâěàĺěň ŕàăćĺńìŋőáâĺ àăąőâë ŕàőčàăňňë ïćńïěâáï ćëŕőńŋěŋĺě àăćěŋáâćă |R_{jj} | < 10^{−11} ďńï ćáěå j.

out "rjj.res";
in fourier$
n:=10$
operator a,c,phi$
depend phi,xx,tt$

% Expand the unknown function phi(xx,tt), which is a solution
% of equation (5), and equation (6) in the Fourier series.

phi(xx,tt):=for j:=1:n sum a(2j-1)*sin((2j-1)*xx)
                                  *sin((2*j-1)*tt)$
equation1:=2*w1*df(phi(xx,tt),tt,2)+
                fourier(fourier(phi(xx,tt)**3,xx),tt)$
listequa:={}$

% The frequency w_1 is proportional to a(1)^2.

w1:=C_omega*a(1)**2$
for j:=2:n do a(2*j-1):=c(2*j-1)*a(1)$
equation1:=equation1$

% Construct the system (3.7): R_{jj}(c)=0.

for k:=1:3*n do
    listequa:=append(listequa,
             {16*df(equation1,sin((2*k-1)*xx),sin((2*k-1)*tt))
              /a(1)**3});

% Find a real solution of this system.

on rounded$
C_omega:=0$

% C_omega must be connected variable, because I want
% to clear it without message: "WARNING...".

for k:=2:n do
<< for j:=k:n do c(2*j-1):=0;
   clear C_omega, c(2*k-1);
   firstequa:=first(listequa);
   C_omega:=C_omega-firstequa/df(firstequa,C_omega);
   equa:=part(listequa,k);

% All equations, which we solve using the procedure SOLVE, are
% cubic equations, hence, they have at least one real root.
% We assume that the absolute value of one of real
% roots is less than unit.
% We solve the equation and select this real solution
% as value of c(2*k-1).

   solve_equa:=solve(equa,c(2*k-1));
   while solve_equa neq {} do
 << c(2*k-1):=part(solve_equa,1,2);
    if( c(2*k-1)=sub(i=-i,c(2*k-1)) and abs(c(2*k-1))<1)
      then solve_equa:={}
      else solve_equa:=rest(solve_equa);
 >>;
  test:=0;
  while(test=0) do
 << test:=1;
    clear C_omega;
    firstequa:=first(listequa);
    C_omega:=C_omega-firstequa/df(firstequa,C_omega);
    for j:=2:k do
  <<
    equa:=part(listequa,j);
    if(abs(equa)>10**(-11)) then
    << clear c(2*j-1);
       test:=0;
       equa:=part(listequa,j);
       solve_equa:=solve(equa,c(2*j-1));
       while solve_equa neq {} do
          << c(2*j-1):=part(solve_equa,1,2);
             if(c(2*j-1)=sub(i=-i,c(2*j-1)) and abs(c(2*j-1))<1)
               then solve_equa:={}
               else solve_equa:=rest(solve_equa);
          >>;
    >>;
  >>;
 >>;
>>;

% Write the obtained result.

c(1):=1$
for j:=1:n do write "c(",2*j-1,"):=", c(2*j-1);
for j:=2:n do write "c(",2*j-3,")/c(",2*j-1,"):= ",
                     c(2*j-3)/c(2*j-1);
write "C_omega:=", C_omega;
for j:=1:3*n do write "R(",j,",",j,"):=",part(listequa,j);
quit;
end;

Ŕàőæěďãàă "fourier" àăğńăčăěâ ŕőńĺŋőňë őâ sin(x) ĺ cos(x) ć àïď Ťãàìě.

  procedure fourier(FF,X);

% This procedure constructs Fourier-series expansions
% for polynomials of sin(x) and cos(x).

  begin
        scalar F;
        for all a, b such that df(a,x) neq 0 and df(b,x) neq 0
               let
                  cos(a)*cos(b)=(cos(a-b)+cos(a+b))/2,
                  sin(a)*sin(b)=(cos(a-b)-cos(a+b))/2,
                  sin(a)*cos(b)=(sin(a-b)+sin(a+b))/2,
                  sin(a)**2=(1-cos(2*a))/2,
                  cos(a)**2=(1+cos(2*a))/2;
        F:=FF;
        for all a, b such that
            df(a,x) neq 0 and df(b,x) neq 0
clear
                     cos(a)*cos(b),
                     sin(a)*sin(b),

                   sin(a)*cos(b),
                   sin(a)**2,
                   cos(a)**2;
      return F;
end;

Ŕàĺńőęěŋĺě 8

Ŕăàăňěâàĺğăæĺï ŕőńãçěŋŋőčő ŕàĺąńĺę-ěŋŋőčő àěèěŋĺï

Ś ŕőňőéìî ŕàőčàăňňë, ŕàěďáâăćńěŋŋőľ ć ŕàěďëďãéěň Ŕàĺńőęěŋĺĺ, ňë ŕőńãçĺńĺ, çâő ďńï àěèěŋĺï áĺáâěňë á âőçŋőáâìî ‹ = 10^{−11} ďőáâăâőçŋő ŕàěďáâăćĺâì ’_0 ć ćĺďě áãňňë ćőáìňĺ ŋěç-ěâŋëå čăàňőŋĺł, ŕàĺ íâőň ŕőŕàăćłă ł çăáâőâě ěáâì

!_1 = 0:282680034541a^2_1:

Ŕőńãçěŋŋëě çĺáńěŋŋëě ğŋăçěŋĺï łőíääĺæĺěŋâőć Ťãàìě c_j őłăğăńĺáì ćěáìňă ąńĺğłĺ ł áőőâćěâáâćãîéĺň çńěŋăň áńěďãîéěľ łőŋěçŋőľ ŕőáńěďőćăâěńìŋőáâĺ:

d = {d_{2j−1} = f^{2j−1}f_1 , čďě f_{2j−1} ≡ q^{j−1/2}1 + q_{2j−1} ; d_{2j} = 0; j < 23};

ŕàĺ íâőň q = 0:0142142623201:

Łăł ńěčłő ŕàőćěàĺâì, ŕőďáâăŋőćłă ďăŋŋőľ łőŋěçŋőľ ŕőáńěďőćăâěńìŋőáâĺ ďă-ěâ

∀j ∈ IN : |R_{jj} (d)| < 10^{−12}:

Ĺŋëňĺ áńőćăňĺ, ŕőáńěďőćăâěńìŋőáâì d ïćńïěâáï ŕàĺąńĺę-ěŋŋëň àěèěŋĺěň áĺáâěňë (3:7). Łăł őłăğăńőáì, çńěŋë ŕőáńěďőćăâěńìŋőáâĺ d ŕàőŕőàæĺőŋăńìŋë áőőâćěâáâćãîéĺň łőíääĺæĺěŋâăň Ťãàìě äãŋłæĺĺ íńńĺŕâĺçěáłőčő łőáĺŋãáă cn(z; k). Šăł á ŕőňőéìî çĺáńěŋŋëå (łőňŕìîâěàŋëå) ćëçĺáńěŋĺľ ãďă-ěâáï ãčńïďěâì ăŋăńĺâĺçěáłãî äőàňã äãŋłæĺĺ ’_0(x; ~t).

Śńěďãîéăï âăąńĺæă ĺńńîáâàĺàãěâ ŕőńãçěŋŋëľ àěğãńìâăâ:

j c_j R_{jj} (c) d_j R_{jj} (d) 1 1 0 1 0 3 1.44162661711 × 10�^2 3.5 × 10�^{12} 1.44162661711 × 10�^2 −8.0 × 10�^{14} 5 2.04917177408 × 10�^4 2.1 × 10�^{12} 2.04917177419 × 10�^4 −3.4 × 10�^{15} 7 2.91274649724 × 10�^6 7.8 × 10�^{12} 2.91274651543 × 10�^6 −9.7 × 10�^{17} 9 4.14025418115 × 10�^8 8.3 × 10�^{13} 4.14025430425 × 10�^8 −2.3 × 10�^{18} 11 5.88506592014 × 10�^{10} 1.0 × 10�^{14} 5.88506607528 × 10�^{10} −4.9 × 10�^{20} 13 8.36488192079 × 10�^{12} 4.6 × 10�^{13} 8.36518729655 × 10�^{12} −9.7 × 10�^{22} 15 1.18901919266 × 10�^{13} −7.8 × 10�^{22} 1.1890496659 × 10�^{13} −1.8 × 10�^{23} 17 0 4.4 × 10�^{12} 1.69014638629 × 10�^{15} −3.4 × 10�^{25} 19 0 7.3 × 10�^{14} 2.40241840942 × 10�^{17} −6.0 × 10�^{27} 21 0 1.1 × 10�^{15} 3.41486054743 × 10�^{19} −1.0 × 10�^{28} 23 0 1.7 × 10�^{17} 4.85397236079 × 10�^{21} −1.8 × 10�^{30} 25 0 2.4 × 10�^{19} 6.89956364312 × 10�^{23} −3.0 × 10�^{32} 27 0 3.3 × 10�^{21} 9.8072207518 × 10�^{25} −4.9 × 10�^{34} 29 0 4.2 × 10�^{23} 1.39402408398 × 10�^{26} −8.1 × 10�^{36} 31 0 5.2 × 10�^{25} 1.98150240103 × 10�^{28} −1.3 × 10�^{37} 33 0 5.7 × 10�^{27} 2.81655949163 × 10�^{30} −2.1 × 10�^{39} 35 0 6.1 × 10�^{29} 4.00353154544 × 10�^{32} −3.4 × 10�^{41} 37 0 6.2 × 10�^{31} 5.69072475939 × 10�^{34} −5.4 × 10�^{43} 39 0 5.9 × 10�^{33} 8.08894545219 × 10�^{36} −8.5 × 10�^{45} 41 0 5.0 × 10�^{35} 1.14978392551 × 10�^{37} −1.3 × 10�^{46} 43 0 3.6 × 10�^{37} 1.63433303287 × 10�^{39} −2.1 × 10�^{48} 45 0 1.7 × 10�^{39} 2.32308384477 × 10�^{41} −1.6 × 10�^{49} j > 45 0 0 0 |R_{jj} (d)| < 10�^{40}

Ąĺąńĺőčàăäĺï

[1] Poincare H.

New Methods of Celestial Mechanics.

Volume 1{3. NASA TTF{450, 1967.

{ Řãááłĺľ ŕěàěćőď:

Ŕãăŋłăàě Ă.

Ŋőćëě Ňěâőďë Ŋěąěáŋőľ Ňěåăŋĺłĺ.

Ĺğąàăŋŋëě âàãďë, Ňőáłćă: Ŋăãłă, 1971{1974.} [2] Łàëńőć Ŋ.Ň., Ąőčőńîąőć Ŋ.Ŋ.

Ććěďěŋĺě ć Ŋěńĺŋěľŋãî Ňěåăŋĺłã.

Ţăàìłőć: Ĺğď-ćő ĂŊ ŞŚŚŘ, 1937. [3] Ąőčőńîąőć Ŋ.Ŋ., Ňĺâàőŕőńìáłĺľ đ.Ă.

Ăáĺňŕâőâĺçěáłĺě Ňěâőďë ć Šěőàĺĺ Ŋěńĺŋěľŋëå Łőńěąăŋĺľ.

Ňőáłćă: Ŋăãłă, 1974. [4] Ąőčőńîąőć Ŋ.Ŋ.

Őą Őďŋőľ Ŋőćőľ Ťőàňě Ăďĺăąăâĺçěáłőľ Šěőàĺĺ Ćőğňãéěŋĺľ ć Ğăďăçě ő Ćğăĺňőďěľáâćĺĺ Ůăáâĺæë á Łćăŋâőćëň Ŕőńěň.

ŞŇĘ. 1950. Š. 2, N^ffi 2, Ś. 3{24; Ĺğąà. âà. Łĺěć: Ŋăãłőćă ďãňłă. 1970. Š. 2, Ś. 499{519.

[5] Šïąńĺłőć Ś.Ć.

Ăďĺăąăâĺçěáłăï Ťőàňă Šěőàĺĺ Ćőğňãéěŋĺľ ć Ğăďăçě ő Ćğăĺňőďěľáâćĺĺ Ůăáâĺæë á Łćăŋâőćëň Ŕőńěň.

ĘİŠŤ. 1951. Š. 21, Ś. 377{383. [6] Ňőáłăńěŋłő Ć.Ă.

Ł Šěőàĺĺ Šěŕńőćőčő Ćőğąãęďěŋĺï Ŕőńïàőŋă.

ĘİŠŤ. 1958. Š. 34, Ś. 346{354.

[7] Śőńőďőćŋĺłőćă Ě.Ŕ., Šăćåěńĺďğě Ă.Ŋ., Ţàãáâăń-ěć Ő.Ă.

Őáæĺńńïâőàŋëě Şàőćŋĺ Ůăáâĺæë łăł Śńěďáâćĺě Śĺńìŋőčő Ćğăĺňőďěľáâćĺï á Ŕőńěň.

ŠŇŤ. 1972. Š. 10, N^ffi 2, Ś. 162{181.

[8] Śőńőďőćŋĺłőćă Ě.Ŕ., Šăćåěńĺďğě Ă.Ŋ., Ţàãáâăń-ěć Ő.Ă.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ć Šěőàĺĺ Śĺńìŋőľ Śćïğĺ. II.

ŠŇŤ. 1972. Š. 11, N^ffi 3, Ś. 317{330.

[9] Śőńőďőćŋĺłőćă Ě.Ŕ., Šăćåěńĺďğě Ă.Ŋ., Ţàãáâăń-ěć Ő.Ă.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ć Šěőàĺĺ Śĺńìŋőľ Śćïğĺ. III.

ŠŇŤ. 1973. Š. 12, N^ffi 2, Ś. 164{178. [10] Śőńőďőćŋĺłőćă Ě.Ŕ., Šăćåěńĺďğě Ă.Ŋ.

Ğăďăçă Ďćãå Šěń ć Ăďĺăąăâĺçěáłőľ ĺ Śĺńìŋőľ Śćïğĺ.

ŠŇŤ. 1974. Š. 21, N^ffi 1, Ś. 13{29. [11] Śěň-ěŋőć Ś.Ć.

Ğăďăçă Šàěå Šěń ć Šěőàĺĺ Śĺńìŋőľ Śćïğĺ.

ŠŇŤ. 1974. Š. 18, N^ffi 3, Ś. 353{366. [12] Ÿãàčăï Ă.Ć.

Ďćĺęěŋĺě Ŋěàěńïâĺćĺáâáłőľ Ůăáâĺæë áő Śŕĺŋőň ć Łćăŋâőćőň Ŕőńě á Śĺńìŋőľ Śćïğìî.

ŠŇŤ. 1976. Š. 28, N^ffi 2, Ś. 223{231. [13] Ÿãàčăï Ă.Ć.

Ŋěàěńïâĺćĺáâáłăï Ňőďěńì Ćğăĺňőďěľáâćĺï Śłăńïàŋőľ Ůăáâĺæë á Łćăŋâőćăŋŋëň Ŕőńěň.

ŠŇŤ. 1978. Š. 34, N^ffi 2, Ś. 267{272.

[14] Ğăćâàăł Ś.Š., Łőňăàőć Ń.Ł., Ťěàăŋçãł Ĺ.Ď.

Šěőàĺï Śĺńìŋőľ Śćïğĺ Ůăáâĺæë ĺ Łćăŋâőćăŋŋőčő Ŕőńï á Ćŋãâàěŋŋĺňĺ Śâěŕěŋïňĺ Śćőąőďë.

ŠŇŤ. 1981. Š. 47, N^ffi 1, Ś. 55{66. [15] Řăğãňőć Ă.Ć., Šĺňőäěěćáłăï Ő.Ď.

Řăááěïŋĺě ć Śĺňňěâàĺçŋőľ Śłăńïàŋőľ Šěőàĺĺ ć Śńãçăě Ąőńìèőľ

Łőŋáâăŋâë Śćïğĺ.

ŠŇŤ. 1976. Š. 27, N^ffi 2, Ś. 163{171. [16] Ąőčőńîąőć Ŕ.Ŋ., Ďőàőåőć Ă.Ě.

Őą Şáâőľçĺćőáâĺ Łńăááĺçěáłĺå Řěèěŋĺľ Şàăćŋěŋĺľ §ŋčă-Ňĺńńáă á Ĺáâőçŋĺłőň.

ŠŇŤ. 1982. Š. 51, N^ffi 2, Ś. 224{233. [17] Šîàĺŋ Ŋ.Ě., Ÿãàčăï Ă.Ć.

Ňěâőď Śĺńìŋőľ Śćïğĺ ć Ňőďěńĺ á Ťĺłáĺàőćăŋŋëň Ĺáâőçŋĺłőň.

ŠŇŤ. 1973. Š. 16, N^ffi 2, C. 197{212;

[18] Šĺňőäěěćáłăï Ő.Ď., Šîàĺŋ Ŋ.Ě., Ÿãàčăï Ă.Ć.

Ňěâőď Śĺńìŋőľ Śćïğĺ ć Ğăàïęěŋŋőľ Śłăńïàŋőľ Šěőàĺĺ á Ďćãňï Ĺáâőçŋĺłăňĺ.

ŠŇŤ. 1973. Š. 17, N^ffi 1, C. 79{89. [19] Řăğãňőć Ă.Ć., Šăàăŋőć Ă.đ.

Řăááěïŋĺě ŋă Ŋěàěńïâĺćĺáâáłőľ Ůăáâĺæě ć Šěőàĺĺ Śĺńìŋőľ Śćï- ğĺ. ŠŇŤ. 1978. T. 35, N^ffi 3, C. 312{321.

[20] Śćěèŋĺłőć Ł.Ă., Śĺńăěć Ŕ.Ł., Ţàãáâăń-ěć Ő.Ă..

Łćăŋâőćăŋĺě Čàăćĺâăæĺőŋŋőčő Ŕőńï ć Őłàěáâŋőáâĺ Řěèěŋĺï Ÿćăàæèĺńìďă ć Řěńïâĺćĺáâáłőľ Šěőàĺĺ Čàăćĺâăæĺĺ.

ŠŇŤ. 1989. Š. 80. N^ffi 2, C. 173{191. [21] Branco G.C., Sakita B., Senjanovic P.

Functional Approach to Strong-coupling Theory in Static Models.

Phys. Rev. D. 1974, V. 10, N^ffi 8, pp. 2573{2582. Branco G.C., Sakita B., Senjanovic P.

Functional Approach to Strong-coupling Theory in Static Models. II. General case.

Phys. Rev. D. 1974. V. 10, N^ffi 8, pp. 2583{2587.

[22] Gervais J.L., Sakita B.

Extended Particles in Field Theories.

Phys. Rev. D. 1975, V. 11, N^ffi 10, pp. 2943{2945. Gervais J.L., Jevicki A., Sakita B.

Perturbation Expansion around Extended-particle States in Quantum Field Theory.

Phys. Rev. D. 1975, V. 12, N^ffi 4, pp. 1038{1051. Gervais J.L., Jevicki A., Sakita B.

Collective Coordinate Method for Quantization of Extended Systems.

Phys. Rep. C. 1976. V. 23, N^ffi 3, pp. 294{300. [23] Callan C.G., Gross D.J.

Quantum Perturbation Theory of Solitons.

Nucl. Phys. B. 1975. V. 93, N^ffi 1, pp. 29{55. [24] Christ N.H., Lee T.D.

Quantum Expansion of Soliton Solutions.

Phys. Rev. D. 1975. V. 12. N^ffi 6, pp. 1606{1627. [25] Greutz M.

Quantum Mechanics of Extended Objects in Relativistic Field Theory

Phys. Rev. D. 1975. V. 12. N^ffi 10, pp. 3126{3144. [26] Tomboulis E.

Canonical Quantization of Nonlinear Waves.

Phys. Rev. D. 1975. V. 12. N^ffi 6, pp. 1678{1683. [27] Watanabe Y.

A Classical Theory of the Collective Description.

Prog. Theor. Phys., 1956, V. 16, N^ffi 1, pp. 1{22. [28] Ÿãàčăï Ă.Ć.

Ňěâőď Łőńńěłâĺćŋëå Ŕěàěňěŋŋëå ĺ Őąőąéěŋŋëľ Čăňĺńìâőŋőć Ťőàňăńĺğň.

ŠŇŤ. 1980. Š. 45. N^ffi 1, C. 46{53.

[29] Ÿãàčăï Ă.Ć.

Ňěâőď Łőńńěłâĺćŋëå Ŕěàěňěŋŋëå ć Řěńïâĺćĺáâáłőľ Šěőàĺĺ.

ŠŇŤ. 1983. Š. 57, N^ffi 3, C. 392{405. [30] Šĺňőäěěćáłăï Ő.Ď.

Şçěâ Őâŋőáĺâěńìŋőčő Ďćĺęěŋĺï ć Ğăàïęěŋŋőľ Śłăńïàŋőľ Šěőàĺĺ á Ďćãňï Ĺáâőçŋĺłăňĺ.

ŠŇŤ. 1978. Š. 37, N^ffi 2, Ś. 203{211. [31] Šĺňőäěěćáłăï Ő.Ď.

Łćăŋâőćăŋĺě ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï ć Ŋěńĺŋěľŋőľ O(3){Ĺŋćăàĺăŋâŋőľ Šěőàĺĺ.

ŠŇŤ. 1978. Š. 37, N^ffi 3, Ś. 326{335. [32] Šĺňőäěěćáłăï Ő.Ď.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ć Ŋěńĺŋěľŋëå Ňőďěńïå Šěőàĺĺ Ŕőńï. Ć łŋ.: Ŕàőąńěňë äĺğĺłĺ ćëáőłĺå íŋěàčĺľ ĺ łćăŋâőćăï âěőàĺï ŕőńï (Šàãďë Ňěęďãŋăàőďŋőčő áěňĺŋăàă), Š. I. Śěàŕãåőć: ĹŤĆİ,

1978, C. 140{153.

[33] Šĺňőäěěćáłăï Ő.Ď.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ďńï Śĺáâěň, Śőďěàęăéĺå Ťěàňĺőŋë. Ć łŋ.: Ŕàőąńěňë äĺğĺłĺ ćëáőłĺå íŋěàčĺľ ĺ łćăŋâőćőľ âěőàĺĺ ŕőńï (Šàãďë V Ňěęďãŋăàőďŋőčő áěňĺŋăàă), â.I. | Śěàŕãåőć: ĹŤĆİ,

1982.

[34] Šĺňőäěěćáłăï Ő.Ď.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ć Šěàňĺŋăå Őŕěàăâőàőć Řőęďěŋĺï ĺ Şŋĺçâőęěŋĺï.

ŠŇŤ. 1983. Š. 54, N^ffi 3, Ś. 464{468. [35] Ąőàŋïłőć Ć.Č., Šĺňőäěěćáłăï Ő.Ď.

Ŕàěőąàăğőćăŋĺě Ąőčőńîąőćă ć Ňőďěńĺ Ńĺ.

ŠŇŤ. 1983. Š. 55, N^ffi 2, Ś. 205{215. [36] Ąőàŋïłőć Ć.Č.

Řăááěïŋĺě ć Ňőďěńĺ Ńĺ, Řěèăěňőľ Ňěâőďőň Ŕàěőąàăğőćăŋĺï Ŋ.Ŋ. Ąőčőńîąőćă.

| Ŕàěŕàĺŋâ ĹŤĆİ 83{189, Śěàŕãåőć, 1983.

Ąőàŋïłőć Ć.Č.

Łćăŋâőćăŋĺě Śâăâĺçěáłőľ Ňőďěńĺ Ńĺ Ňěâőďőň Ŕàěőąàăğőćăŋĺï Ąőčőńîąőćă.

| Ŕàěŕàĺŋâ ĹŤĆİ 84{137, Śěàŕãåőć, 1984;

[37] Śćěèŋĺłőć Ł.Ă.

Ŕàěőąàăğőćăŋĺě Ŋ.Ŋ.Ąőčőńîąőćă ďńï Čàãŕŕë Ŕãăŋłăàě. | Ŕàěŕàĺŋâ ĹŤĆİ 82{35, Śěàŕãåőć, 1982;

Śćěèŋĺłőć Ł.Ă.

Łőćăàĺăŋâŋőě Łăŋőŋĺçěáłőě Łćăŋâőćăŋĺě ĺ Őŕěàăâőàŋëě Śćïğĺ Ďĺàăłă.

| Ŕàěŕàĺŋâ ĹŤĆİ 82{36, Śěàŕãåőć, 1982;

[38] Śćěèŋĺłőć Ł.Ă.

Łőćăàĺăŋâŋăï Šěőàĺï Ćőğňãéěŋĺľ ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï.

ŠŇŤ. 1983. Š. 55, N^ffi 3, Ś. 361{384; Śćěèŋĺłőć Ł.Ă.

Łćăŋâőćăï Ďĺŋăňĺłă Ŕàőâïęěŋŋőčő Őąêěłâă ć Čàãŕŕőćëå Ŕěàěňěŋŋëå Ŋ.Ŋ.Ąőčőńîąőćă.

ŠŇŤ. 1988. Š. 74, N^ffi 3, Ś. 373{391. [39] Řăğãňőć Ă.Ć., Ţàãáâăń-ěć Ő.Ă.

Ŕàĺňěŋěŋĺě Ňěâőďă Ŋ.Ŋ.Ąőčőńîąőćă ł Łćăŋâőćăŋĺî Ąőğőŋŋëå Ŕőńěľ ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï.

ŠŇŤ. 1976. Š. 29, N^ffi 3, C. 300{307.

[40] Řăğãňőć Ă.Ć., Šăàăŋőć Ă.đ., Ţàãáâăń-ěć Ő.Ă.

Ňěâőď Ąőčőńîąőćă ĺ Łćăŋâőćăŋĺě Ŕőńěľ ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï.

Ć łŋ.: Ŕàőąńěňë äĺğĺłĺ ćëáőłĺå íŋěàčĺľ ĺ łćăŋâőćăï âěőàĺï ŕőńï (Šàãďë Ňěęďãŋăàőďŋőčő áěňĺŋăàă), â.I. | Śěàŕãåőć: ĹŤĆİ,

1978, Ś. 5{25.

[41] Khrustalev O.A., Razumov A.V., Taranov A.Yu.

Collective Coordinate Method in the Canonical Formalism: Bogolubov’s

Transformation.

Nucl. Phys. B. 1980. V. 172, N^ffi 1, pp. 44{58. [42] Řăğãňőć Ă.Ć., Šăàăŋőć Ă.đ.

Łőńńěłâĺćŋëě Łőőàďĺŋăâë ŋă Śĺňŕńěłâĺçěáłĺå Ňŋőčőőąàăğĺïå.

ŠŇŤ, 1982, Š. 52, N^ffi 1, Ś. 34{43. [43] Řăğãňőć Ă.Ć., Šăàăŋőć Ă.đ.

Čěőňěâàĺçěáłĺľ Śňëáń Ňěâőďă Łőńńěłâĺćŋëå Łőőàďĺŋăâ.

Ŕàěŕàĺŋâ ĹŤĆİ 82{41, Śěàŕãåőć, 1982. [44] Řăğãňőć Ă.Ć., Šăàăŋőć Ă.đ.

Ő Łćăŋâőćăŋĺĺ Śĺáâěň áő Śćïğïňĺ Ŕěàćőčő Řőďă.

ŠŇŤ, 1983, Š. 57, N^ffi 2, Ś. 232{237. [45] Razumov. A.V.

Stenberg Construction and Reduction. J. Math. Phys. 1990.

V. 31, N^ffi 6, pp. 1416{1421. [46] Faddeev L.D., Korenin V.E.

About the Zero Mode Problem in the Quantization of Soliton.

Phys. Letters B. 1976. V. 63. pp. 435-438. [47] Matveev V.A.

Cancellation of the Zero-mode Singularities in Soliton Quantization Theory.

Nucl. Phys. B. 1977. V. 121. pp. 403-412. [48] Matsumoto H., Semeno¸ G., Umedzava H.

A Perturbative Look at the Dynamics of Extended Systems in Quantum Field Theory.

J. Math. Phys. 1981. V. 22, N^ffi 10, pp. 2208{2226. [49] Matsumoto H., Sodano P., Umedzava H.

Extended Objects in Quantum Systems and Soliton Solutions.

Phys. Rev. D. 1979. V. 19, N^ffi 2, pp. 511{516. Matsumoto H., Semeno¸ G.,, Umedzava H., Umedzava Ň.

Extended Objects in Quantum Field Theory.

J. Math. Phys. 1980. V. 21, N^ffi 7, pp. 1761{1769.

[50] Řăğãňőć Ă.Ć.

Ŕàěőąàăğőćăŋĺě Ŋ.Ŋ. Ąőčőńîąőćă ĺ Łćăŋâőćăŋĺě Śőńĺâőŋőć.

ŠŇŤ. 1977. T. 30, N^ffi 1, C. 18{27.

[51] Matsumoto H., Umedzava H., Papastamatiou N.J.

Canonical Quantization of the Sine{Gordon System in the Multisoliton Sector.

Phys. Rev. D. 1983. V. 28, N^ffi 6, pp. 1949{1965. [52] Steinmann O.

Semiclassical ˛elds in Soliton Sectors.

Nucl. Phys. B. 1977. V. 131, N^ffi 4,5, pp. 459{476; Steinmann O.

Quantum Fields in Two{soliton Sectors.

Nucl. Phys. B. 1978. V. 145, N^ffi 1, pp. 141{165. [53] Šćěàáłőľ Ć.Ą.

Čěľğěŋąěàčőćë Ŕőńï ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï.

ŠŇŤ. 1986. Š. 68, N^ffi 3, Ś. 338{349. Šćěàáłőľ Ć.Ą.

Ćëáèĺě Ŕőàïďłĺ Šěőàĺĺ Ćőğňãéěŋĺľ ć Őłàěáâŋőáâĺ Łńăááĺçěáłőčő Řěèěŋĺï.

ŠŇŤ. 1987. Š. 70, N^ffi 2, Ś. 218{225. [54] Ţàãáâăń-ěć Ő.Ă., Ůĺçĺłĺŋă Ň.Ć.

Čàãŕŕőćëě Ŕěàěňěŋŋëě Ąőčőńîąőćă ć Řěńïâĺćĺáâáłőľ Šěőàĺĺ Ŕő- ńï. ŠŇŤ. 1997. Š. 111, N^ffi 2, Ś. 242{251. Ţàãáâăń-ěć Ő.Ă., Ůĺçĺłĺŋă Ň.Ć.

Ŕěàěňěŋŋëě Ąőčőńîąőćă ďńï Řěńïâĺćĺáâáłĺ-ĺŋćăàĺăŋâŋëå Śĺáâěň.

ŠŇŤ. 1997. Š. 111, N^ffi 3, Ś. 413{422.

[55] Ţàãáâăń-ěć Ő.Ă., Ůĺçĺłĺŋă Ň.Ć., Śŕĺàĺŋă Ě.đ.

Ŋěáâăæĺőŋăàŋëľ Ŕőńïàőŋ.

ŠŇŤ. 2000. Š. 122, N^ffi 3, Ś. 416{424.

[56] Lamb. G.

Analytical Descriptions of Ultrashort Optical Pulse Propagation in a Resonant Medium.

Rev. Mod. Phys. 1971. V. 43, N^ffi 2, pp. 99{124. [57] Lamb G.

Elements of Soliton Theory.

Wiley, New York, 1980.

[58] Dodd R.K., Eilbeck J.C., Gibbon J.D., Morris H.C.

Solitons and Nonlinear Wave Equations.

Academic Press, London, New York. 1984.

{ Řãááłĺľ ŕěàěćőď:

Ďőďď Ř., İľńąěł Ďę., Čĺąáőŋ Ďę., Ňőààĺá Ţ.

Śőńĺâőŋë ĺ Ŋěńĺŋěľŋëě Ćőńŋőćëě Şàăćŋěŋĺï.

Ňőáłćă: Ňĺà, 1988.} [59] Rajaraman R.

An Introduction to Solitons and Instantons in Quantum Field Theory.

North{Holland Publishing House, Amsterdam, New York, 1982.

{ Řãááłĺľ ŕěàěćőď:

Řăďęăàăňăŋ Ř.

Śőńĺâőŋë ĺ Ĺŋáâăŋâőŋë ć Łćăŋâőćőľ Šěőàĺĺ Ŕőńï.

Ňőáłćă: Ňĺà, 1985.} [60] Śĺńăěć Ŕ.Ł., Ţàãáâăń-ěć Ő.Ă.

Ďćăęďë Ŕěàĺőďĺçěáłĺě Řěèěŋĺï ć Śãéěáâćěŋŋő Ŋěńĺŋěľŋőľ Őďŋőňěàŋőľ Ŕőńěćőľ Ňőďěńĺ.

ŠŇŤ. 1998. Š. 117, N^ffi 2. Ś. 300{307. [61] Coron J.M.

P„eriode Minimale Pour une Corde Vibrante de Longueur In˛nie

C. R. Acad. Sci. Paris Ser. A. 1982 V. 294, pp. 127{129. [62] Brezis H., Coron J.M., Nirenberg L.

Free Vibrations for a Nonlinear Wave Equation and a Theorem of

P.Rabinowitz

Commun. Pure Appl. Math. 1980 V. 33, pp. 667{689. [63] Rabinowitz P.

Free Vibrations for a Semilinear Wave Equation.

Commun. Pure Appl. Math. 1978 V. 31, pp. 31{68. Rabinowitz P.

Periodic Solutions for a Hamiltonian Systems

Commun. Pure Appl. Math. 1978 V. 31, pp. 157{184. [64] Brezis H.

Periodic Solutions of Nonlinear Vibrations Strings and Duality Principles

Bulletin (New Series) of the American Mathematical Society 1983 V. 8, N^ffi 3, pp. 409{426.

[65] Du‹ng G.

Erzwungene Schwingungen bei Ver-anderlicher Eigenfrequenz und Ihre Technische Bedeutung.

Vieweg, Braunschweig, 1918.

[66] Higher Transcendental Functions. Volume 3.

Edited by H. Bateman, A. Erdelyi. MC Graw-Hill Book Company, New York, 1955.

{ Řãááłĺľ ŕěàěćőď:

Ąěľâňăŋ Č., İàďěľĺ Ă.

Ćëáèĺě âàăŋáæěŋďěŋâŋëě äãŋłæĺĺ (íńńĺŕâĺçěáłĺě ĺ ăćâőňőàäŋëě äãŋłæĺĺ, äãŋłæĺĺ Ńăňě ĺ Ňăâìě).

Ňőáłćă: Ŋăãłă, 1967.} [67] Aubry S.

A Uni˛ed Approach to the Interpretation of Displasive and Order{ Disorder Systems II.

J. Chem. Phys. 1976. V. 64, pp. 3392{3402. [68] Ąăčàőć Ć.Č., Ćèĺćæěć Ă.Ś., Łěâőć Ś.Ć.

Ďőŕőńŋĺâěńìŋëě Čńăćë Ňăâěňăâĺçěáłőľ Ťĺğĺłĺ (Łăńĺąàőćőçŋëě

Ŕőńï),

Šőňáł, Ĺğď{ćő Šőňáłőčő ãŋĺćěàáĺâěâă, 1990. [69] Łãàďčěńăĺďğě Ď.Ť.

Šěőàĺï Ŋěńĺŋěľŋőčő Ŕőńï (2 − –’^2)’ = 0

ĘİŠŤ. 1959. Š. 36, N^ffi 3, Ś. 842{849. [70] Nayfeh A.H.

Pertubation Methods.

John Wiley & Sons, New York, 1973

{ Řãááłĺľ ŕěàěćőď:

Ŋăľäě Ă.

Ňěâőďë Ćőğňãéěŋĺľ.

Ňőáłćă: Ňĺà, 1976.} [71] Hearn A.C.

REDUCE. User’s Manual. Version 3.6. RAND Publication CP78, 1995.

[72] Ěďŋěàăń Ć.Ť., Łàîłőć Ă.Ř., Řőďĺőŋőć Ă.§.

§ğëł Ăŋăńĺâĺçěáłĺå Ćëçĺáńěŋĺľ REDUCE,

Ňőáłćă: Ĺğďăâěńìáâćő ŇČŞ, 1989. [73] Łńĺňőć Ď.Ň., Řãďěŋłő Ć.Ň.

Ňěâőďë Łőňŕìîâěàŋőľ Ăńčěąàë ć Ğăďăçăå Ňěåăŋĺłĺ.

Ňőáłćă: "Ŋăãłă", 1989. [74] Rayna G.

REDUCE. Software for Algebraic Computation. New York: Springer, 1989.

[75] Davenport J., Siret Y., Tournier E.

Calcul Formel, Systemes et Algorithmes de Manipulations Algebriques.

Masson, Paris, New York, 1987.

{ Řãááłĺľ ŕěàěćőď:

Ďíćěŋŕőàâ Ďę., Śĺàí Ĺ., Šãàŋìě İ.

Łőňŕìîâěàŋăï Ăńčěąàă.

Ňőáłćă: Ňĺà, 1991.}

[76] Buchberger B.

Theoretical Basis for the Reductionof Polynomials to Canonical Forms.

SIGSAM Bulletin. 1976. V. 39, pp. 19{29, Buchberger B.

Some Proporties of Gr-obner{Bases for Polynomial Ideals.

SIGSAM Bulletin. 1976. V. 40, pp. 19{24. [77] Khrustalev O.A., Vernov S.Yu.

Quantization close to periodic classical solutions (ffi^4 theory). The Proceedings of the XI International Workshop on QFTHEP, (Sankt-Peterburg 1996), Ĺğďăâ. Őâďěń ŞŊŰ ĎŐ ŇČŞ, pp. 353{

360, Ňőáłćă, 1997.

[78] Ćěàŋőć Ś.đ., Ţàãáâăń-ěć Ő.Ă.

Ŕàĺąńĺęěŋŋëě ďćăęďë ŕěàĺőďĺçěáłĺě àěèěŋĺï ć (1+1){ňěàŋőľ âěőàĺĺ ’^4.

ŠŇŤ, 1998, Š. 116, N^ffi 2, áâà. 182{192. [79] Ćěàŋőć Ś.đ., Ţàãáâăń-ěć Ő.Ă.

Ŕoáâàőěŋĺě ăáĺňŕâőâĺçěáłĺå àěèěŋĺľ ãàăćŋěŋĺï ffi^4 ć äőàňě áâőïçěľ ćőńŋë Šàãďë Ćâőàőľ Őâłàëâőľ Ŋăãçŋőľ Łőŋäěàěŋæĺĺ Ňőńőďëå Şç-ěŋëå ĺ Śŕěæĺăńĺáâőć ŐĹ§Ĺ, Ďãąŋă, 1998, áâà. 89{91.

[80] Khrustalev O.A., Vernov S.Yu.

Construction of doubly periodic solutions via the Poincare{Lindstedt method in the case of massless ’^4 theory.

The Electronic Proceedings of the Fourth International IMACS Conference on Applications of Computer Algebra (ACA’98), Prague, Czech Republic.

http://math.unm.edu/ACA/1998/sessions/dynamical/vernov Ŕàĺŋïâă ďńï ŕãąńĺłăæĺĺ ć ęãàŋăńě "Mathematics and Comput-

ers in Simulations".

[81] Khrustalev O.A., Vernov S.Yu.

Construction of asymptotic periodic solutions for quasilinear wave equation in the case of massless ’^4 theory.

The Proceedings of the XII International Workshop on QFTHEP (Samara,1997), Ĺğďăâ. Őâďěń ŞŊŰ ĎŐ ŇČŞ, Ňőáłćă, 1999,

pp. 408{414.

[82] Khrustalev O.A., Vernov S.Yu.

Approximate Standing Wave Solutions in Massless ’^4 Theory. The Proceedings of the International Seminar "Quarks-98" (Suzdal, Russia, May 1998), Ĺğďăâ. Őâďěń Ĺ§Ĺ ŘĂŊ, Ňőáłćă, 1999,

V. 2, pp. 158{168.

[83] Khrustalev O.A., Tchitchikina M.V., Vernov S.Yu.

Quantization in terms of Bogolyubov Group Variables. The Proceedings of the XXII Int. Workshop on the Fundamental Problems of High Energy Physics and Field Theory. Protvino: IHEP,

2000, pp. 260-271, http://dbserv.ihep.su/∼pubs/tconf99/vern.htm [84] Whittaker E.T., Watson G.N.

A Course of Modern Analysis.

The University Press, Cambridge, 1927

{ Řãááłĺľ ŕěàěćőď: Şĺââěłěà İ.Š., Ćăâáőŋ Ďę.Ŋ. Łãàá Śőćàěňěŋŋőčő Ăŋăńĺğă.

Ňőáłćă: Ĺğď{ćő Ťĺğĺłő{Ňăâěňăâĺçěáłőľ Ńĺâěàăâãàë, Š. 1, 1962, Š. 2 1963.} [85] Titchmarsh E.C.

Eigenfunction Expansions Associated with Second-order Di¸erential Equations.

The Clarendon Press, Oxford, 1958. [86] Ince E.L.

Proc. Royal Soc., Edinburgh, 1940, V. 60, pp. 83{99. [87] Ąőčőńîąőć Ŋ.Ŋ., Ÿĺàłőć Ď.Ć.

Ććěďěŋĺě ć Šěőàĺî Łćăŋâőćăŋŋëå Ŕőńěľ.

Ňőáłćă: "Ŋăãłă", 1984.