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àÒÒÎÂ‰ÛÂÚÒfl ·˚ÒÚÓÂ ‚‡˘‡ÚÂÎ¸ÌÓÂ ‰‚ËÊÂÌËÂ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˆÂÌÚ‡ Ï‡ÒÒ
‰ËÌ‡ÏË˜ÂÒÍË ÌÂÒËÏÏÂÚË˜ÌÓ„Ó ÒÔÛÚÌËÍ‡ ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ „‡‚ËÚ‡ˆËÓÌÌÓ„Ó
ÏÓÏÂÌÚ‡ Ë ÏÓÏÂÌÚ‡ ÒËÎ ÒÓÔÓÚË‚ÎÂÌËfl. é·ËÚ‡Î¸Ì˚Â ‰‚ËÊÂÌËfl Ò ÔÓËÁ-
‚ÓÎ¸Ì˚Ï ˝ÍÒˆÂÌÚËÒËÚÂÚÓÏ ÔÂ‰ÔÓÎ‡„‡˛ÚÒfl Á‡‰‡ÌÌ˚ÏË. åÓÏÂÌÚ ÒËÎ ÒÓ-
ÔÓÚË‚ÎÂÌËfl ÔÓÎ‡„‡ÂÚÒfl ÎËÌÂÈÌÓÈ ÙÛÌÍˆËÂÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË. ÄÌ‡ÎËÁËÛ-
ÂÚÒfl ÒËÒÚÂÏ‡, ÔÓÎÛ˜ÂÌÌ‡fl ÔÓÒÎÂ ÛÒÂ‰ÌÂÌËfl ÔÓ ‰‚ËÊÂÌË˛ ùÈÎÂ‡–èÛ‡ÌÒÓ.
ìÒÚ‡ÌÓ‚ÎÂÌ˚ ˝ÙÙÂÍÚ˚ Û·˚‚‡ÌËfl ÏÓ‰ÛÎfl ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ Ë ÍËÌÂ-
ÚË˜ÂÒÍÓÈ ˝ÌÂ„ËË, ÒÛ˘ÂÒÚ‚Ó‚‡ÌËfl Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚ı ÂÊËÏÓ‚ ‰‚ËÊÂÌËfl
(ÔÓ ÔÓÎÓ‰ËflÏ). éÔÂ‰ÂÎÂÌ‡ ÓËÂÌÚ‡ˆËfl ‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ ‚
Ó·ËÚ‡Î¸ÌÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú. èÓ‚Â‰ÂÌ˚ ˜ËÒÎÂÌÌ˚È ‡Ì‡ÎËÁ ‚ Ó·˘ÂÏ
ÒÎÛ˜‡Â Ë ‡Ì‡ÎËÚË˜ÂÒÍÓÂ ËÒÒÎÂ‰Ó‚‡ÌËÂ ‚ ÓÍÂÒÚÌÓÒÚË ÓÒÂ‚Ó„Ó ‚‡˘ÂÌËfl Ë
‰Îfl ÒÎÛ˜‡fl Ï‡ÎÓÈ ‰ËÒÒËÔ‡ˆËË.

 

1. èÓÒÚ‡ÌÓ‚Í‡ Á‡‰‡˜Ë.

 

 ê‡ÒÒÏÓÚËÏ ‰‚ËÊÂÌËÂ ÒÔÛÚÌËÍ‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˆÂÌÚ‡ Ï‡ÒÒ
ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ÒÓ‚ÏÂÒÚÌÓ„Ó ‚ÎËflÌËfl ÏÓÏÂÌÚÓ‚ ÒËÎ „‡‚ËÚ‡ˆËÓÌÌÓ„Ó ÔËÚflÊÂÌËfl Ë ÒÓ-
ÔÓÚË‚ÎÂÌËfl. Ç‡˘‡ÚÂÎ¸Ì˚Â ‰‚ËÊÂÌËfl ‡ÒÒÏ‡ÚË‚‡˛ÚÒfl ‚ ‡ÏÍ‡ı ÏÓ‰ÂÎË ‰ËÌ‡ÏËÍË
Ú‚Â‰Ó„Ó ÚÂÎ‡, ˆÂÌÚ Ï‡ÒÒ ÍÓÚÓÓ„Ó ‰‚ËÊÂÚÒfl ÔÓ ˝ÎÎËÔÚË˜ÂÒÍÓÈ Ó·ËÚÂ ‚ÓÍÛ„ áÂÏÎË.
á‡‰‡˜Ë ‰ËÌ‡ÏËÍË, Ó·Ó·˘ÂÌÌ˚Â Ë ÓÒÎÓÊÌÂÌÌ˚Â Û˜ÂÚÓÏ ‡ÁÎË˜Ì˚ı ‚ÓÁÏÛ˘‡˛˘Ëı
Ù‡ÍÚÓÓ‚, Ë ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÓÒÚ‡˛ÚÒfl ‰ÓÒÚ‡ÚÓ˜ÌÓ ‡ÍÚÛ‡Î¸Ì˚ÏË. àÒÒÎÂ‰Ó‚‡ÌË˛
‚‡˘‡ÚÂÎ¸Ì˚ı ‰‚ËÊÂÌËÈ ÚÂÎ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜ÍË ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ‚ÓÁÏÛ-
˘‡˛˘Ëı ÏÓÏÂÌÚÓ‚ ÒËÎ ‡ÁÎË˜ÌÓÈ ÔËÓ‰˚ („‡‚ËÚ‡ˆËÓÌÌ˚ı, ‡˝Ó‰ËÌ‡ÏË˜ÂÒÍËı,
˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı Ë ‰.), ·ÎËÁÍÓÏÛ Í ÔË‚Ó‰ËÏÓÏÛ ÌËÊÂ, ÔÓÒ‚fl˘ÂÌ˚ ‡·ÓÚ˚ [1–8].

Ç‚Â‰ÂÏ ÚË ‰ÂÍ‡ÚÓ‚˚Â ÒËÒÚÂÏ˚ ÍÓÓ‰ËÌ‡Ú, Ì‡˜‡ÎÓ ÍÓÚÓ˚ı ÒÓ‚ÏÂÒÚËÏ Ò ˆÂÌÚÓÏ
ËÌÂˆËË ÒÔÛÚÌËÍ‡ [1, 2]. ëËÒÚÂÏ‡ ÍÓÓ‰ËÌ‡Ú 
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 = 1, 2, 3) ‰‚ËÊÂÚÒfl ÔÓÒÚÛÔ‡ÚÂÎ¸ÌÓ
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 Ó·‡ÁÛ˛Ú Ô‡‚Û˛ ÚÓÈÍÛ [1–3].
éÒË ÒËÒÚÂÏ˚ ÍÓÓ‰ËÌ‡Ú 
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 = 1, 2, 3) Ò‚flÁ‡Ì˚ Ò „Î‡‚Ì˚ÏË ˆÂÌÚ‡Î¸Ì˚ÏË ÓÒflÏË ËÌÂ-
ˆËË Ú‚Â‰Ó„Ó ÚÂÎ‡. ÇÁ‡ËÏÌÓÂ ÔÓÎÓÊÂÌËÂ „Î‡‚Ì˚ı ˆÂÌÚ‡Î¸Ì˚ı ÓÒÂÈ ËÌÂˆËË Ë ÓÒÂÈ 
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 ‚˚‡Ê‡˛ÚÒfl ˜ÂÂÁ Û„Î˚ ùÈÎÂ‡ 
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 ÔÓ ËÁ‚ÂÒÚÌ˚Ï ÙÓÏÛÎ‡Ï [1]. èÓ-
ÎÓÊÂÌËÂ ‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ 
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, Í‡Í ÔÓÍ‡Á‡ÌÓ ‚ [1–3].
ì‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ÚÂÎ‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˆÂÌÚ‡ Ï‡ÒÒ Á‡ÔË¯ÂÏ ‚ ÙÓÏÂ [2]:
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¯Â Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË Ó·ËÚ‡Î¸ÌÓ„Ó ‰‚ËÊÂÌËfl ω0, Ú.Â. ε = ω0/ω ~ A1ω0/G � 1. Ç ˝ÚÓÏ
ÒÎÛ˜‡Â ÍËÌÂÚË˜ÂÒÍ‡fl ˝ÌÂ„Ëfl ‚‡˘ÂÌËfl ÚÂÎ‡ ‚ÂÎËÍ‡ ÔÓ Ò‡‚ÌÂÌË˛ Ò ÏÓÏÂÌÚ‡ÏË ‚ÓÁÏÛ-
˘‡˛˘Ëı ÒËÎ.

Ç ‡·ÓÚÂ ÔÂ‰ÔÓÎ‡„‡ÂÚÒfl, ˜ÚÓ ÏÓÏÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl Lr ÏÓÊÂÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ
‚ ‚Ë‰Â Lr = Iw, „‰Â ÚÂÌÁÓ I ËÏÂÂÚ ÔÓÒÚÓflÌÌ˚Â ÍÓÏÔÓÌÂÌÚ˚ Iij ‚ ÒËÒÚÂÏÂ Ozi, Ò‚flÁ‡Ì-
ÌÓÈ Ò ÚÂÎÓÏ [1, 6]. ëÓÔÓÚË‚ÎÂÌËÂ ÒÂ‰˚ ÔÂ‰ÔÓÎ‡„‡ÂÏ ÒÎ‡·˚Ï ÔÓfl‰Í‡ Ï‡ÎÓÒÚË ε2:
||I||/G0 ~ ε2 � 1, „‰Â ||I|| – ÌÓÏ‡ Ï‡ÚËˆ˚ ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÒÓÔÓÚË‚ÎÂÌËfl, G0 – ÍËÌÂÚË-
˜ÂÒÍËÈ ÏÓÏÂÌÚ ÒÔÛÚÌËÍ‡ ‚ Ì‡˜‡Î¸Ì˚È ÏÓÏÂÌÚ ‚ÂÏÂÌË.

ëÚ‡‚ËÚÒfl Á‡‰‡˜‡ ËÒÒÎÂ‰Ó‚‡Ú¸ Â¯ÂÌËÂ ÒËÒÚÂÏ˚ (1.1)–(1.4) ÔË Ï‡ÎÓÏ ε Ì‡ ·ÓÎ¸¯ÓÏ
ÔÓÏÂÊÛÚÍÂ ‚ÂÏÂÌË t ~ ε–2. ÑÎfl Â¯ÂÌËfl Á‡‰‡˜Ë ·Û‰ÂÏ ÔËÏÂÌflÚ¸ ÏÂÚÓ‰ ÛÒÂ‰ÌÂÌËfl [9].

2. èÓˆÂ‰Û‡ ÏÂÚÓ‰‡ ÛÒÂ‰ÌÂÌËfl. ê‡ÒÒÏÓÚËÏ ÌÂ‚ÓÁÏÛ˘ÂÌÌÓÂ ‰‚ËÊÂÌËÂ (ε = 0), ÍÓ-
„‰‡ ÏÓÏÂÌÚ˚ ‚ÌÂ¯ÌËı ÒËÎ ‡‚Ì˚ ÌÛÎ˛. Ç ˝ÚÓÏ ÒÎÛ˜‡Â ‚‡˘ÂÌËÂ Ú‚Â‰Ó„Ó ÚÂÎ‡ fl‚ÎflÂÚ-
Òfl ‰‚ËÊÂÌËÂÏ ùÈÎÂ‡–èÛ‡ÌÒÓ. ÇÂÎË˜ËÌ˚ G, δ, λ, T, ν Ó·‡˘‡˛ÚÒfl ‚ ÔÓÒÚÓflÌÌ˚Â, ‡ ϕ,
ψ, θ – ÌÂÍÓÚÓ˚Â ÙÛÌÍˆËË ‚ÂÏÂÌË t. åÂ‰ÎÂÌÌ˚ÏË ÔÂÂÏÂÌÌ˚ÏË ‚ ‚ÓÁÏÛ˘ÂÌÌÓÏ ‰‚Ë-
ÊÂÌËË ·Û‰ÛÚ G, δ, λ, T, �, ‡ ·˚ÒÚ˚ÏË – Û„Î˚ ùÈÎÂ‡ ϕ, ψ, θ.

ê‡ÒÒÏÓÚËÏ ‰‚ËÊÂÌËÂ ÔË ÛÒÎÓ‚ËË 2TA1 ≥ G2 ≥ 2TA2, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏ Ú‡ÂÍÚÓËflÏ
‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡, Óı‚‡Ú˚‚‡˛˘ËÏ ÓÒ¸ Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ÏÓÏÂÌÚ‡ ËÌÂ-
ˆËË Oz1 [10]. Ç‚Â‰ÂÏ ‚ÂÎË˜ËÌÛ

(2.1)

ÔÂ‰ÒÚ‡‚Îfl˛˘Û˛ ÒÓ·ÓÈ ‚ ÌÂ‚ÓÁÏÛ˘ÂÌÌÓÏ ‰‚ËÊÂÌËË ÔÓÒÚÓflÌÌÛ˛ – ÏÓ‰ÛÎ¸ ˝ÎÎËÔÚË˜Â-
ÒÍËı ÙÛÌÍˆËÈ, ÓÔËÒ˚‚‡˛˘Ëı ˝ÚÓ ‰‚ËÊÂÌËÂ.

ÑÎfl ÔÓÒÚÓÂÌËfl ÛÒÂ‰ÌÂÌÌÓÈ ÒËÒÚÂÏ˚ ÔÂ‚Ó„Ó ÔË·ÎËÊÂÌËfl ÔÓ‰ÒÚ‡‚ËÏ Â¯ÂÌËÂ
ÌÂ‚ÓÁÏÛ˘ÂÌÌÓ„Ó ‰‚ËÊÂÌËfl ùÈÎÂ‡–èÛ‡ÌÒÓ [10] ‚ Ô‡‚˚Â ˜‡ÒÚË Û‡‚ÌÂÌËÈ (1.1), (1.3) Ë
ÔÓ‚Â‰ÂÏ ÛÒÂ‰ÌÂÌËÂ ÔÓ ÔÂÂÏÂÌÌÓÈ ψ, ‡ Á‡ÚÂÏ ÔÓ ‚ÂÏÂÌË t Ò Û˜ÂÚÓÏ Á‡‚ËÒËÏÓÒÚË ϕ, θ
ÓÚ t [2]. èË ˝ÚÓÏ ‰Îfl ÏÂ‰ÎÂÌÌ˚ı ÔÂÂÏÂÌÌ˚ı δ, λ, G, T ÒÓı‡Ìfl˛ÚÒfl ÔÂÊÌËÂ Ó·ÓÁÌ‡-
˜ÂÌËfl. Ç ÂÁÛÎ¸Ú‡ÚÂ ÔÓÎÛ˜ËÏ ˜ÂÚ˚Â Û‡‚ÌÂÌËfl:

(2.2)

k2 A2 A3–( ) 2T A1 G2–( )

A1 A2–( ) G2 2T A3–( )
------------------------------------------------------, 0 k2 1≤ ≤=

dδ
dt
------

3ω0
2 1 e νcos+( )3

2G 1 e2–( )
3

-----------------------------------------β2β3N*,
dλ
dt
------–

3ω0
2 1 e νcos+( )3

2G 1 e2–( )
3

δsin
-----------------------------------------β1β3N*= =

dG
dt
-------

G
R k( )
----------- I22 A1 A3–( )W k( ) I33 A1 A2–( ) k2 W k( )–[ ] I11 A2 A3–( ) 1 W k( )–[ ]+ +{ }–=

dT
dt
------

2T
R k( )
----------- I22 A1 A3–( )W k( ) I33 A1 A2–( ) k2 W k( )–[ ] ++{–=

+
A1 A2–( ) A1 A3–( ) A2 A3–( )

S k( )
----------------------------------------------------------------------

I33

A3
------ k2 W k( )–[ ]

I22

A2
------ 1 k2–( )W k( )+

⎩ ⎭
⎨ ⎬
⎧ ⎫

+

+
I11

A1
------

A2 A3–( )R k( )
S k( )

----------------------------------- 1 W k( )–[ ]
⎭
⎬
⎫

S k( ) A2 A3 A1 A2–( )k2+–=

W k( ) 1 E k( )/K k( ) R k( ) = A1, A2 A3–( )– A3 A1 A2–( )k2+=

N* A2 A3 2A1– 3
2A1T

G2
------------- 1–⎝ ⎠

⎛ ⎞ A3 A2 A3–( )K k( ) E k( )–

K k( )k2
------------------------------++ +=
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á‰ÂÒ¸ K(k) Ë E(k) – ÔÓÎÌ˚Â ˝ÎÎËÔÚË˜ÂÒÍËÂ ËÌÚÂ„‡Î˚ ÔÂ‚Ó„Ó Ë ‚ÚÓÓ„Ó Ó‰‡ ÒÓÓÚ-
‚ÂÚÒÚ‚ÂÌÌÓ. ÑËÙÙÂÂÌˆËÛfl ‚˚‡ÊÂÌËÂ (2.1) ‰Îfl k2 Ë ËÒÔÓÎ¸ÁÛfl ‰‚‡ ÔÓÒÎÂ‰ÌËı Û‡‚ÌÂ-
ÌËfl (2.2), ÔÓÎÛ˜ËÏ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ, ÍÓÚÓÓÂ ÌÂ Á‡‚ËÒËÚ ÓÚ ‰Û„Ëı ÔÂÂ-
ÏÂÌÌ˚ı

(2.3)

á‰ÂÒ¸ t∗ – ÔÓÒÚÓflÌÌ‡fl. áÌ‡˜ÂÌË˛ k2 = 1 ÓÚ‚Â˜‡ÂÚ ‡‚ÂÌÒÚ‚Ó 2TA2 = G2, ˜ÚÓ ÒÓÓÚ‚ÂÚ-
ÒÚ‚ÛÂÚ ÒÂÔ‡‡ÚËÒÂ ‰Îfl ‰‚ËÊÂÌËfl ùÈÎÂ‡–èÛ‡ÌÒÓ. 

àÁ Û‡‚ÌÂÌËÈ (2.2) ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔÓ‰ ‚ÎËflÌËÂÏ ÒÓÔÓÚË‚ÎÂÌËfl ÒÂ‰˚ ÔÓËÒıÓ‰ËÚ ˝‚Ó-
Î˛ˆËfl Í‡Í ÍËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËË ÚÂÎ‡ T, Ú‡Í Ë ‚ÂÎË˜ËÌ˚ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ G.
çÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ ‚Ë‰ÌÓ, ˜ÚÓ ‚ ÔÂ‚ÓÏ ÔË·ÎËÊÂÌËË Ì‡ Ëı ËÁÏÂÌÂÌËÂ ÓÍ‡Á˚‚‡ÂÚ ‚ÎËfl-
ÌËÂ ÚÓÎ¸ÍÓ ÒËÎ‡ ÒÓÔÓÚË‚ÎÂÌËfl, ÔË˜ÂÏ ‚ Û‡‚ÌÂÌËfl ‚ıÓ‰flÚ ÎË¯¸ ‰Ë‡„ÓÌ‡Î¸Ì˚Â ÍÓ˝Ù-
ÙËˆËÂÌÚ˚ Iii Ï‡ÚËˆ˚ ÏÓÏÂÌÚ‡ ÚÂÌËfl. óÎÂÌ˚, ÒÓ‰ÂÊ‡˘ËÂ ÌÂ‰Ë‡„ÓÌ‡Î¸Ì˚Â ÍÓÏÔÓ-
ÌÂÌÚ˚ Iij (i ≠ j), ‚˚Ô‡‰‡˛Ú ÔË ÛÒÂ‰ÌÂÌËË. àÁÏÂÌÂÌËfl Û„ÎÓ‚ λ, δ Á‡‚ËÒflÚ Í‡Í ÓÚ ‰ÂÈ-
ÒÚ‚Ëfl ÒËÎ˚ ÒÓÔÓÚË‚ÎÂÌËfl, Ú‡Í Ë „‡‚ËÚ‡ˆËÓÌÌÓ„Ó ÔËÚflÊÂÌËfl.

ì‡‚ÌÂÌËÂ (2.3) ÓÔËÒ˚‚‡ÂÚ ÛÒÂ‰ÌÂÌÌÓÂ ‰‚ËÊÂÌËÂ ÍÓÌˆ‡ ‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó
ÏÓÏÂÌÚ‡ G Ì‡ ÒÙÂÂ ‡‰ËÛÒ‡ G. íÂÚ¸Â Û‡‚ÌÂÌËÂ (2.2) ÓÔËÒ˚‚‡ÂÚ ËÁÏÂÌÂÌËÂ ‡‰ËÛÒ‡
ÒÙÂ˚ Ò ÚÂ˜ÂÌËÂÏ ‚ÂÏÂÌË.

Ç˚‡ÊÂÌËÂ, ÒÚÓfl˘ÂÂ ‚ ÙË„ÛÌ˚ı ÒÍÓ·Í‡ı Ô‡‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (2.2) ‰Îfl G ÔÓÎÓ-
ÊËÚÂÎ¸ÌÓ (ÔË A1 > A2 > A3), Ú‡Í Í‡Í ÒÔ‡‚Â‰ÎË‚˚ ÌÂ‡‚ÂÌÒÚ‚‡ (1 – k2)K ≤ E ≤ K [11].
ä‡Ê‰˚È ÍÓ˝ÙÙËˆËÂÌÚ ÔË Iii fl‚ÎflÂÚÒfl ÌÂÓÚËˆ‡ÚÂÎ¸ÌÓÈ ÙÛÌÍˆËÂÈ k2, ÔË˜ÂÏ Ó‰ÌÓ-
‚ÂÏÂÌÌÓ ÓÌË ‚ÒÂ ‚ ÌÛÎ¸ Ó·‡ÚËÚ¸Òfl ÌÂ ÏÓ„ÛÚ. èÓ˝ÚÓÏÛ dG/dt < 0 ÔÓÒÍÓÎ¸ÍÛ G > 0, Ú.Â.
ÔÂÂÏÂÌÌ‡fl G ÒÚÓ„Ó Û·˚‚‡ÂÚ ‰Îfl Î˛·˚ı k2 ∈ [0, 1]. ÄÌ‡ÎÓ„Ë˜ÌÓ ÔÓÍ‡Á˚‚‡ÂÚÒfl, ˜ÚÓ
ÍËÌÂÚË˜ÂÒÍ‡fl ˝ÌÂ„Ëfl Ú‡ÍÊÂ ÒÚÓ„Ó Û·˚‚‡ÂÚ.

éÒÌÓ‚Ì˚Ï ˝Ú‡ÔÓÏ ‚ ËÒÒÎÂ‰Ó‚‡ÌËË ‰‚ËÊÂÌËfl ÚÂÎ‡ fl‚ÎflÂÚÒfl ‡Ì‡ÎËÁ Û‡‚ÌÂÌËfl (2.3).
éÚÏÂÚËÏ, ˜ÚÓ Ì‡ ˝‚ÓÎ˛ˆË˛ k2 ÓÍ‡Á˚‚‡ÂÚ ‚ÎËflÌËÂ ÚÓÎ¸ÍÓ ÒÓÔÓÚË‚ÎÂÌËÂ ÒÂ‰˚, Ë ‚ ÒË-
ÎÛ ÚÓ„Ó, ˜ÚÓ ˝ÚÓ Û‡‚ÌÂÌËÂ ËÌÚÂ„ËÛÂÚÒfl Ò‡ÏÓÒÚÓflÚÂÎ¸ÌÓ, ÔÓËÒıÓ‰ËÚ ˜‡ÒÚË˜ÌÓÂ ‡Á-
‰ÂÎÂÌËÂ ‚ÎËflÌËfl „‡‚ËÚ‡ˆËÓÌÌÓ„Ó ÏÓÏÂÌÚ‡ Ë ÏÓÏÂÌÚ‡ ÒÓÔÓÚË‚ÎÂÌËfl. èÓÎÌÓÂ ‡Á‰Â-
ÎÂÌËÂ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÌÂ ËÏÂÂÚ ÏÂÒÚ‡, Ú‡Í Í‡Í ÏÂ‰ÎÂÌÌÓ Û·˚‚‡˛˘ËÂ ÔÂÂÏÂÌÌ˚Â G, T
‚ıÓ‰flÚ ‚ Ô‡‚˚Â ˜‡ÒÚË Û‡‚ÌÂÌËÈ (2.2) ‰Îfl λ Ë δ. ì‡‚ÌÂÌËÂ (2.3) ÒÓ‚Ô‡‰‡ÂÚ Ò ‡Ì‡ÎÓ„Ë˜-
Ì˚Ï, ÔÓÎÛ˜ÂÌÌ˚Ï ‰Îfl ÒÎÛ˜‡fl Ò‚Ó·Ó‰ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ‰‚ËÊÂÌËfl ÚÂÎ‡ Ò ÔÓÎÓ-
ÒÚ¸˛, Á‡ÔÓÎÌÂÌÌÓÈ ÊË‰ÍÓÒÚ¸˛ ·ÓÎ¸¯ÓÈ ‚flÁÍÓÒÚË [12] Ë Ò Û‡‚ÌÂÌËÂÏ, ÓÔËÒ˚‚‡˛˘ËÏ
‰‚ËÊÂÌËÂ ÚflÊÂÎÓ„Ó Ú‚Â‰Ó„Ó ÚÂÎ‡ ‚ ÒÓÔÓÚË‚Îfl˛˘ÂÈÒfl ÒÂ‰Â [6].

çÂÚÛ‰ÌÓ ÔÓ‚ÂËÚ¸, ˜ÚÓ ‰Îfl ‚ÂÎË˜ËÌ˚ χ ËÁ (2.3) ÒÔ‡‚Â‰ÎË‚˚ ‡‚ÂÌÒÚ‚‡

ÓÚÍÛ‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ Ú‡Í Í‡Í ‚ÂÎË˜ËÌ˚ χ1, χ2 ÏÓ„ÛÚ ÔËÌËÏ‡Ú¸ Î˛·˚Â ÁÌ‡˜ÂÌËfl, ÚÓ ‚ Á‡-
‚ËÒËÏÓÒÚË ÓÚ Ô‡‡ÏÂÚÓ‚ Á‡‰‡˜Ë Ai, Iii (i = 1, 2, 3) ‚ÂÎË˜ËÌ‡ χ ËÁÏÂÌflÂÚÒfl ‚ ‰Ë‡Ô‡ÁÓÌÂ
ÓÚ –∞ ‰Ó +∞. ëÎÛ˜‡È ÍÓ„‰‡ ‚˚ÔÓÎÌfl˛ÚÒfl ÌÂ‡‚ÂÌÒÚ‚‡ χ1 > 0, χ2 > 0 Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,
|χ| ≤ 1 ËÁÛ˜ÂÌ ‚ [12]. ì‡‚ÌÂÌËÂ ‚Ë‰‡ (2.3) ‰Îfl Ú‚Â‰Ó„Ó ÚÂÎ‡ Ò ÔÓÎÓÒÚ¸˛ ÔÓËÁ‚ÓÎ¸ÌÓÈ
ÙÓÏ˚, Á‡ÔÓÎÌÂÌÌÓÈ ÒËÎ¸ÌÓ ‚flÁÍÓÈ ÊË‰ÍÓÒÚ¸˛, „‰Â Ô‡‡ÏÂÚ χ ËÁÏÂÌflÎÒfl ‚ ÔÂ‰ÂÎ‡ı
|χ| ≤ 3, ‡ÒÒÏ‡ÚË‚‡ÎÓÒ¸ ‚ [13]. ÄÌ‡ÎÓ„Ë˜ÌÓÂ Û‡‚ÌÂÌËÂ ËÏÂÂÚ ÏÂÒÚÓ ÔË χ ∈ (–∞, +∞)
‰Îfl ·˚ÒÚÓ„Ó ‰‚ËÊÂÌËfl ‚ÓÍÛ„ ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜ÍË ÚflÊÂÎÓ„Ó ÚÂÎ‡ ‚ ÒÓÔÓÚË‚Îfl˛˘ÂÈ-
Òfl ÒÂ‰Â [6]. 

dk2

dξ
-------- 1 χ–( ) 1 k2–( ) 1 χ–( ) 1 χ+( )k2+[ ] E k( )

K k( )
------------–=

χ 2I22A1A3 I11A2A3– I33A1A2–( )/ I33A1 I11A3–( )A2[ ]=

ξ t t*–( )/N , N A1A3/ I33A1 I11A3–( ) ε 2–∼= =

χ
A3χ1 A1χ2–

A3χ1 A1χ2+
------------------------------, χ1 I22A1 I11A2, χ2– I33A2 I22A3–= = =
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óËÒÎÂÌÌÓÂ ËÌÚÂ„ËÓ‚‡ÌËÂ Û‡‚ÌÂÌËfl (2.3) ÔË Ì‡˜‡Î¸ÌÓÏ ÛÒÎÓ‚ËË k2(0) ≈ 1 ÔÓÍ‡Á˚-
‚‡ÂÚ, ˜ÚÓ ÙÛÌÍˆËfl k2 ÏÓÌÓÚÓÌÌÓ Û·˚‚‡ÂÚ Ò ÓÒÚÓÏ ξ, ÔË˜ÂÏ ÚÂÏ ·˚ÒÚÂÂ, ˜ÂÏ ·ÓÎ¸¯Â χ.
èÓ‚Â‰ÂÌÌ˚È ˜ËÒÎÂÌÌ˚È ‡Ò˜ÂÚ Û‡‚ÌÂÌËfl (2.3) ÔË‚Â‰ÂÌ Ì‡ ÙË„. 1 ‰Îfl χ = –3; 0; 1; 3;
5; 8. ÇË‰ÌÓ, ˜ÚÓ ˜ÂÏ ·ÓÎ¸¯Â χ, ÚÂÏ ·˚ÒÚÂÂ Û·˚‚‡ÂÚ ÙÛÌÍˆËfl k2. á‡ÏÂÚËÏ, ˜ÚÓ ‰Îfl
χ < –3 ÔÓfl‚Îfl˛ÚÒfl ÌÓ‚˚Â Í‡˜ÂÒÚ‚ÂÌÌ˚Â ˝ÙÙÂÍÚ˚, ‡ ÔË χ > 3 ı‡‡ÍÚÂ Â¯ÂÌËfl ÚÓÚ
ÊÂ, ˜ÚÓ Ë ÔË |χ| ≤ 3. 

ì‡‚ÌÂÌËÂ (2.3) ‰Îfl k2 ‰ÓÔÛÒÍ‡ÂÚ ÒÚ‡ˆËÓÌ‡Ì˚Â ÚÓ˜ÍË k2 =  ÔË χ < –3, ÍÓ„‰‡ ÌÂÁ‡-

‚ËÒËÏÓ ÓÚ G Ë T ‚ÂÎË˜ËÌ‡ k2 ‚ ÒËÎÛ Û‡‚ÌÂÌËfl (2.3) ÓÒÚ‡ÂÚÒfl ÔÓÒÚÓflÌÌÓÈ ÔË ÒÓÓÚ‚ÂÚ-
ÒÚ‚Û˛˘ÂÏ ‚˚·ÓÂ Ì‡˜‡Î¸Ì˚ı ÛÒÎÓ‚ËÈ. çÂÓ·ıÓ‰ËÏÓ ÓÚÏÂÚËÚ¸, ˜ÚÓ ÔË χ > –3 Ú‡ÍËı
ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜ÂÍ (ÍÓÏÂ k = 0, k = 1) ÌÂ ÒÛ˘ÂÒÚ‚ÛÂÚ.

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚ı Â¯ÂÌËÈ k2 =  ÔË‡‚ÌflÂÏ ÌÛÎ˛ Ô‡‚Û˛
˜‡ÒÚ¸ (2.3). èÓÎÛ˜ÂÌÌÓÂ Û‡‚ÌÂÌËÂ ‡ÁÂ¯ËÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ χ:

(2.4)

É‡ÙËÍ Á‡‚ËÒËÏÓÒÚË χ ÓÚ k2, ÓÔÂ‰ÂÎÂÌÌ˚È ˜ËÒÎÂÌÌÓ, ËÁÓ·‡ÊÂÌ ÍË‚ÓÈ 1 Ì‡ ÙË„. 2,

ËÁ ÍÓÚÓÓ„Ó ‚Ë‰ÌÓ, ˜ÚÓ ÔË Î˛·ÓÏ χ < –3 ÒÛ˘ÂÒÚ‚ÛÂÚ Â‰ËÌÒÚ‚ÂÌÌÓÂ ÁÌ‡˜ÂÌËÂ  ∈ (0, 1),
ÍÓÚÓÓÂ ÓÚ‚Â˜‡ÂÚ Í‚‡ÁËÒÚ‡ˆËÓÌ‡ÌÓÏÛ ‰‚ËÊÂÌË˛. óËÒÎÂÌÌ˚È ‡Ò˜ÂÚ ÔÓËÁ‚Ó‰ËÎÒfl

‰Îfl  = 0.2; 0.4; 0.6; 0.8. ç‡ ÙË„. 3 ËÁÓ·‡ÊÂÌ˚ ÚËÔË˜Ì˚Â „‡ÙËÍË ÙÛÌÍˆËÈ k2(χ, ξ),
ÔÓÎÛ˜ÂÌÌ˚Â ‚ ÂÁÛÎ¸Ú‡ÚÂ ˜ËÒÎÂÌÌÓ„Ó ËÌÚÂ„ËÓ‚‡ÌËfl Û‡‚ÌÂÌËfl (2.3). ëÔÎÓ¯Ì‡fl ÍË-

‚‡fl ÔÓÎÛ˜ÂÌ‡ ÔË  = 0.8 Ë ÍË‚‡fl Ò Ï‡ÍÂ‡ÏË ÔË  = 0.2. ÑÎfl Á‡‰‡ÌÌ˚ı ÁÌ‡˜ÂÌËÈ 
ÒÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ (2.4) ÓÔÂ‰ÂÎflÎÓÒ¸ ÁÌ‡˜ÂÌËÂ ‚ÂÎË˜ËÌ˚ χ = χ∗, ‡ Á‡ÚÂÏ ÔÓËÁ‚Ó‰Ë-

ÎÓÒ¸ ˜ËÒÎÂÌÌÓÂ ËÌÚÂ„ËÓ‚‡ÌËÂ Û‡‚ÌÂÌËfl (2.3) ÔË ÔÓÎÛ˜ÂÌÌÓÏ ÁÌ‡˜ÂÌËË χ∗. ä‡Ê‰˚È

„‡ÙËÍ ÒÓ‰ÂÊËÚ ÔÓ ÚË ‚ÂÚ‚Ë. Ç Í‡˜ÂÒÚ‚Â Ì‡˜‡Î¸ÌÓ„Ó ÛÒÎÓ‚Ëfl ‰Îfl ‚ÂıÌËı ‚ÂÚ‚ÂÈ
‚˚·Ë‡ÎÓÒ¸ k2(0) = 1. Ñ‚Â ÌËÊÌËÂ ‚ÂÚ‚Ë ‰Îfl Í‡Ê‰Ó„Ó „‡ÙËÍ‡ ·˚ÎË ÔÓÒÚÓÂÌ˚ ÔË

Ì‡˜‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı k2(0) = /2. èË ˝ÚÓÏ ‚ÓÁ‡ÒÚ‡˛˘‡fl ‚ÂÚ‚¸ ÓÚ‚Â˜‡ÂÚ ËÌÚÂ-

k*
2

k*
2

χ k2 1– 1 k2+( )E k( )/K k( )+

1 k2–( ) E k( )/K k( ) 1–[ ]
------------------------------------------------------------------=

k*
2

k*
2

k*
2 k*

2 k*
2

k*
2

1.0

0.5

k2

0 1 2 3 4 ξ

–3

1
χ = 0

35
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„ËÓ‚‡ÌË˛ ‰Îfl ξ > 0, ‡ Û·˚‚‡˛˘‡fl ‚ÂÚ‚¸ fl‚ÎflÂÚÒfl ÁÂÍ‡Î¸Ì˚Ï ÓÚ‡ÊÂÌËÂÏ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ÔflÏÓÈ ξ = 0 Á‡‚ËÒËÏÓÒÚË k2(χ, ξ), ÔÓÎÛ˜ÂÌÌÓÈ ÔË ξ < 0.

ì‡‚ÌÂÌËÂ (2.3) fl‚ÎflÂÚÒfl ‡‚ÚÓÌÓÏÌ˚Ï, ÔÓ˝ÚÓÏÛ Â¯ÂÌËÂ k2(χ, ξ) ÏÓÊÂÚ ·˚Ú¸ ÓÔÂ-
‰ÂÎÂÌÓ ÔË Î˛·˚ı Ì‡˜‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı. Ç˚·Ó ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ‚ÂÚ‚Ë „‡ÙËÍ‡
ÔÓÁ‚ÓÎËÚ ÓÔÂ‰ÂÎËÚ¸ ı‡‡ÍÚÂ ËÁÏÂÌÂÌËfl ‚ÂÎË˜ËÌ˚ k2. í‡Í ÔË Ì‡˜‡Î¸ÌÓÏ ÁÌ‡˜ÂÌËË

k2 =  >  ·ÂÂÚÒfl ‚ÂıÌflfl ‚ÂÚ‚¸, ÂÒÎË /2 ≤  < , ÚÓ – ÒÂ‰Ìflfl. ÖÒÎË ÊÂ

 < /2, ÚÓ ·ÂÂÚÒfl ÌËÊÌflfl ‚ÂÚ‚¸, ‰Îfl ÍÓÚÓÓÈ ‰‚ËÊÂÌËÂ ÔÓËÒıÓ‰ËÚ ÔË ÓÚËˆ‡-

ÚÂÎ¸ÌÓÏ ξ Ò ‚ÓÁ‡ÒÚ‡ÌËÂÏ ‚ÂÎË˜ËÌ˚ k2 ‰Ó k2 = /2, ‡ Á‡ÚÂÏ ÔÂÂıÓ‰ËÏ Ì‡ ÒÂ‰Ì˛˛
‚ÂÚ‚¸.

ê‡ÒÒÏÓÚËÏ ÒËÒÚÂÏÛ, ÒÓÒÚÓfl˘Û˛ ËÁ ÔÂ‚˚ı ‰‚Ûı Û‡‚ÌÂÌËÈ ÒËÒÚÂÏ˚ (2.2) Ë Û‡‚ÌÂ-
ÌËfl (1.4). àı ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

k0
2 k*

2 k*
2 k0

2 k*
2

k0
2 k*

2

k*
2

δ̇ ω0
2∆ ν δ λ, ,( ), λ̇ ω0

2Λ ν δ λ, ,( )= =

0

–20

k21.0

1 χ

0.5

–40

2∂Φ/∂k2

îË„. 2
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0.5

k2
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1

|ξ|

2
1
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á‰ÂÒ¸ ∆, Λ – ÍÓ˝ÙÙËˆËÂÌÚ˚ ‚ Ô‡‚˚ı ˜‡ÒÚflı ÔÂ‚˚ı ‰‚Ûı Û‡‚ÌÂÌËÈ (2.2), δ, λ – ÏÂ‰-
ÎÂÌÌ˚Â ÔÂÂÏÂÌÌ˚Â, ‡ ν – ÔÓÎÛÏÂ‰ÎÂÌÌ‡fl.

èÓÎÛ˜ÂÌ‡ ÒËÒÚÂÏ‡ ÒÔÂˆË‡Î¸ÌÓ„Ó ‚Ë‰‡, ‰Îfl Â¯ÂÌËfl ÍÓÚÓÓÈ ÔËÏÂÌflÂÚÒfl ÏÓ‰ËÙË-
ˆËÓ‚‡ÌÌ˚È ÏÂÚÓ‰ ÛÒÂ‰ÌÂÌËfl ÔÓ ÒÎÂ‰Û˛˘ÂÈ ÒıÂÏÂ [14]:

èÓÒÎÂ ÛÒÂ‰ÌÂÌËfl ÔÓÎÛ˜ËÏ

(2.5)

ÑÎfl ÏÂ‰ÎÂÌÌ˚ı ÛÒÂ‰ÌÂÌÌ˚ı ÔÂÂÏÂÌÌ˚ı ÒÓı‡Ìfl˛ÚÒfl ÔÂÊÌËÂ Ó·ÓÁÌ‡˜ÂÌËfl. éÚ-
ÏÂÚËÏ, ˜ÚÓ ‰ÂÈÒÚ‚ËÂ ÔËÎÓÊÂÌÌ˚ı ÒËÎ ÌÂ ÔË‚Ó‰ËÚ Í ËÁÏÂÌÂÌË˛ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË δ Ë
ÓÚÍÎÓÌÂÌËÂ ‚ÂÍÚÓ‡ G ÓÚ ‚ÂÚËÍ‡ÎË ÓÒÚ‡ÂÚÒfl ÔÓÒÚÓflÌÌ˚Ï ‚ ÛÍ‡Á‡ÌÌÓÏ ÔË·ÎËÊÂÌËË.

èÓÎÛ˜ÂÌÌÛ˛ ÒËÒÚÂÏÛ Û‡‚ÌÂÌËÈ (2.5), ‰‚‡ ÔÓÒÎÂ‰ÌËı Û‡‚ÌÂÌËfl ÒËÒÚÂÏ˚ (2.2) Ë
Û‡‚ÌÂÌËÂ

(2.6)

ÏÓÊÌÓ ˜ËÒÎÂÌÌÓ ÔÓËÌÚÂ„ËÓ‚‡Ú¸. ÇÒÂ ‚˚¯ÂÛÍ‡Á‡ÌÌ˚Â Û‡‚ÌÂÌËfl Ó·ÂÁ‡ÁÏÂÂÌ˚ Ë
‡ÒÒÏÓÚÂÌ˚ ‰Îfl Ï‡ÎÓ„Ó ‚ÂÏÂÌË τ ~ ε2t. ì‡‚ÌÂÌËfl ‰Îfl ÔÓËÁ‚Ó‰Ì˚ı ÍËÌÂÚË˜ÂÒÍÓÈ
˝ÌÂ„ËË T Ë ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ G ÒËÒÚÂÏ˚ (2.2), ‡ Ú‡ÍÊÂ ‰Îfl k2 ‚Ë‰‡ (2.6) ÔÓ Ï‡ÎÓÏÛ
‚ÂÏÂÌË τ ‚ Ó·ÂÁ‡ÁÏÂÂÌÌÓÏ ‚Ë‰Â ËÏÂ˛Ú ÚÛ ÊÂ ÙÓÏÛ Á‡ÔËÒË. ëËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ (2.5)
ÔËÌËÏ‡ÂÚ ‚Ë‰:

àÌÚÂ„ËÓ‚‡ÌËÂ ÔÓËÁ‚Ó‰ËÎÓÒ¸ ÔË Ì‡˜‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı G(0) = 1; k2(0) = 0.99, δ(0) =
= 0.785 ‡‰, λ(0) = 0.785 ‡‰ Ë ÁÌ‡˜ÂÌËflı „Î‡‚Ì˚ı ˆÂÌÚ‡Î¸Ì˚ı ÏÓÏÂÌÚÓ‚ ËÌÂˆËË ÚÂÎ‡
A1 = 3.2, A2 = 2.6, A3 = 1.67. óËÒÎÂÌÌ˚È ‡Ò˜ÂÚ ‚˚ÔÓÎÌflÎÒfl ‰Îfl ‡ÁÎË˜Ì˚ı ‚Ë‰Ó‚ Ó·ËÚ
Ò ˝ÍÒˆÂÌÚËÒËÚÂÚÓÏ: e = 0 – ÍÛ„Ó‚‡fl Ó·ËÚ‡; e = 0.04473 – ÔÂ‚˚È ÒÓ‚ÂÚÒÍËÈ ÒÔÛÚÌËÍ;
e = 0.0487 – ÚÂÚËÈ ÒÓ‚ÂÚÒÍËÈ ÒÔÛÚÌËÍ; e = 0.421 – ÒËÎ¸ÌÓ ˝ÎÎËÔÚË˜ÂÒÍ‡fl Ó·ËÚ‡ [1].
ÑÎfl ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÒÓÔÓÚË‚ÎÂÌËfl ‡ÒÒÏ‡ÚË‚‡ÎËÒ¸ ‰‚‡ ‚ÓÁÏÓÊÌ˚ı ‚‡Ë‡ÌÚ‡: I11 = 2.322,
I22 = 1.31, I33 = 1.425 Ë I11 = 0.919, I22 = 5.228, I33 = 1.666. Ç ÔÂ‚ÓÏ ÒÎÛ˜‡Â ‚ÂÎË˜ËÌ‡ χ
Û‡‚ÌÂÌËfl (2.6) ·˚Î‡ ÓÚËˆ‡ÚÂÎ¸ÌÓÈ χ = –4.477, ‡ ‚Ó ‚ÚÓÓÏ χ = 3.853. óËÒÎÂÌÌ˚È ‡Ì‡-
ÎËÁ ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ÙÛÌÍˆËË G(t) Ë T(t) fl‚Îfl˛ÚÒfl ÏÓÌÓÚÓÌÌÓ Û·˚‚‡˛˘ËÏË (ÙË„. 4, 5).
ÇË‰ÌÓ, ˜ÚÓ ÔË ÔÓÎÓÊËÚÂÎ¸ÌÓÈ ‚ÂÎË˜ËÌÂ χ (ÍË‚˚Â 2) ÙÛÌÍˆËË Û·˚‚‡˛Ú ·˚ÒÚÂÂ, ÌÓ
ÙÛÌÍˆËfl G(t) ÒÚÂÏËÚÒfl Í ‡ÒËÏÔÚÓÚÂ ÏÂ‰ÎÂÌÌÂÂ Á‡ ·ÓÎ¸¯ËÈ ÔÓÏÂÊÛÚÓÍ ‚ÂÏÂÌË.
îÛÌÍˆËfl λ = λ(t) ‚ Ó·ÓËı ‡Ò˜ÂÚÌ˚ı ‚‡Ë‡ÌÚ‡ı ‚ÂÎË˜ËÌ˚ χ fl‚ÎflÂÚÒfl Û·˚‚‡˛˘ÂÈ ÙÛÌÍ-
ˆËÂÈ, ÌÓ ‚ ÔÂ‚ÓÏ ‚‡Ë‡ÌÚÂ Û·˚‚‡ÂÚ ·˚ÒÚÂÂ. çÂÓ·ıÓ‰ËÏÓ ÓÚÏÂÚËÚ¸, ˜ÚÓ ÔË ËÁÏÂÌÂ-
ÌËË ˝ÍÒˆÂÌÚËÒËÚÂÚ‡ Ó·ËÚ˚ ‚ ‡Ò˜ÂÚ‡ı ‚ Ó·ÓËı ‚‡Ë‡ÌÚ‡ı Û‚ÂÎË˜ÂÌËÂ e ÔË‚Ó‰ËÚ Í
·ÓÎÂÂ ·˚ÒÚÓÏÛ Û·˚‚‡ÌË˛ Û„Î‡ λ. ç‡ ÙË„. 6 ÔÓÍ‡Á‡Ì˚ „‡ÙËÍË ÙÛÌÍˆËË λ = λ(t) ÔË
e = 0 (ÍË‚‡fl 1) Ë e = 0.421 (ÍË‚‡fl 2) ÔË ÔÓÎÓÊËÚÂÎ¸ÌÓÏ χ. ÇË‰ÌÓ, ˜ÚÓ ÒÓ ‚ÂÏÂÌÂÏ
‚ÂÎË˜ËÌ‡ Û„Î‡ λ ÛÏÂÌ¸¯‡ÂÚÒfl, Ú.Â. ‚‡˘ÂÌËÂ ‚ÂÍÚÓ‡ G ‚ ÔÓÒÚ‡ÌÒÚ‚Â ‚ÓÍÛ„ ÌÓÏ‡-
ÎË Í ÔÎÓÒÍÓÒÚË Ó·ËÚ˚ ÔÓËÒıÓ‰ËÚ Ì‡ ÔÓÒÚÓflÌÌÓÏ Û„ÎÓ‚ÓÏ ‡ÒÒÚÓflÌËË δ ÓÚ ÌÂÂ ‚ Ì‡-
Ô‡‚ÎÂÌËË ÔÓ ıÓ‰Û ˜‡ÒÓ‚ÓÈ ÒÚÂÎÍË. 

ν̇
ω0

h e( )
---------- 1 e νcos+( )2, h e( ) 1 e2–( )

3/2
= =

δ̇
ω0

2h e( )
2π

----------------- ∆ λ δ ν, ,( )
1 e νcos+( )2

------------------------------- ν, λ̇d

0

2π

∫
ω0

2h e( )
2π

----------------- Λ λ δ ν, ,( )
1 e νcos+( )2

------------------------------- νd

0

2π

∫= =

δ̇ 0, λ̇ 3ω0
2N* δ/ 4Gh e( )( )cos= =

dk2

dt
--------

I33A1 I11A3–

A1A3
-------------------------------- 1 χ–( ) 1 k2–( ) 1 χ–( ) 1 χ+( )k2+[ ] E k( )

K k( )
------------–

⎩ ⎭
⎨ ⎬
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3. ÄÌ‡ÎËÁ ÔÂ‰ÂÎ¸Ì˚ı ÒÎÛ˜‡Â‚. 3.1. ê‡ÒÒÏÓÚËÏ ‰‚ËÊÂÌËÂ ÚÂÎ‡ ÔË Ï‡Î˚ı k2 � 1,
ÓÚ‚Â˜‡˛˘Ëı ‰‚ËÊÂÌËflÏ Ú‚Â‰Ó„Ó ÚÂÎ‡, ·ÎËÁÍËÏ Í ‚‡˘ÂÌËflÏ ‚ÓÍÛ„ ÓÒË A1. Ç ˝ÚÓÏ
ÒÎÛ˜‡Â Ô‡‚Û˛ ˜‡ÒÚ¸ Û‡‚ÌÂÌËfl (2.3) ÏÓÊÌÓ ÛÔÓÒÚËÚ¸, ËÒÔÓÎ¸ÁÛfl ‡ÁÎÓÊÂÌËfl ÔÓÎÌ˚ı
˝ÎÎËÔÚË˜ÂÒÍËı ËÌÚÂ„‡ÎÓ‚ ‚ fl‰˚ ÔÓ k2 [11]. íÓ„‰‡ (2.3) ËÌÚÂ„ËÛÂÚÒfl Ë ‡ÒËÏÔÚÓÚË˜Â-
ÒÍÓÂ Â¯ÂÌËÂ Á‡ÔËÒ˚‚‡ÂÚÒfl ‚ ‚Ë‰Â

(3.1)

„‰Â C1 > 0 – ÔÓÒÚÓflÌÌ‡fl.

k2 C1
3 χ+( )ξ

2
--------------------–exp k0

2 ρt–[ ], ρexp α2 α3 2α1–+= = =

αi Iii/Ai i 1 2 3, ,=( )=
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τ
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Ç ÒÎÛ˜‡Â Ï‡Î˚ı k2 ‡Ì‡ÎËÚË˜ÂÒÍËÂ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÎË˜ËÌ˚ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡
Ë ÍËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËË ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ‚ fl‚ÌÓÏ ‚Ë‰Â 

(3.2)

ì‡‚ÌÂÌËÂ (2.5) ‰Îfl λ Ò Û˜ÂÚÓÏ (3.2) Á‡ÔËÒ˚‚‡ÂÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

Ö„Ó Â¯ÂÌËÂ ËÏÂÂÚ ÒÎÂ‰Û˛˘ËÈ ‚Ë‰

á‰ÂÒ¸ γ(n, x) – ÌÂÔÓÎÌ‡fl „‡ÏÏ‡-ÙÛÌÍˆËfl [11] Ë b > 0, x > 0.
3.2. èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ËÒÒÎÂ‰Ó‚‡ÌËÂ ÒËÒÚÂÏ˚ (2.2) ‚ ÒÎÛ˜‡Â Ï‡Î˚ı ‰Ë‡„ÓÌ‡Î¸-

Ì˚ı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÒÓÔÓÚË‚ÎÂÌËfl, Ú.Â.

(3.3)
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îÛÌÍˆËË ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ G Ë ÍËÌÂÚË˜ÂÒÍËÈ ˝ÌÂ„ËË T ÏÓ„ÛÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚-
ÎÂÌ˚ ‚ ‚Ë‰Â ÒÚÂÔÂÌÌ˚ı fl‰Ó‚ ÔÓ µ:

Ñ‚‡ ÔÓÒÎÂ‰ÌËı Û‡‚ÌÂÌËfl ÒËÒÚÂÏ˚ (2.2) ÔÓÒÎÂ ËÌÚÂ„ËÓ‚‡ÌËfl Á‡ÔËÒ˚‚‡˛ÚÒfl ÒÎÂ‰Û-
˛˘ËÏ Ó·‡ÁÓÏ:

(3.4)

á‰ÂÒ¸ W(k0), R(k0), S(k0) – ÁÌ‡˜ÂÌËfl ÙÛÌÍˆËÈ (2.2) ÔË k = k0. ëÓ„Î‡ÒÌÓ (3.4) ÙÛÌÍˆËË G(t)
Ë T(t) fl‚Îfl˛ÚÒfl ÒÚÓ„Ó Û·˚‚‡˛˘ËÏË, Í‡Í Ë ‚ ÒÎÛ˜‡Â ÒËÒÚÂÏ˚ (2.2).

ÑÎfl Ï‡Î˚ı ÏÓÏÂÌÚÓ‚ ÒÓÔÓÚË‚ÎÂÌËfl ÌÂÓ·ıÓ‰ËÏÓ Ú‡ÍÊÂ ÔÓÒÚÓËÚ¸ ÔË·ÎËÊÂÌÌÓÂ
Â¯ÂÌËÂ

ë ÔÓÏÓ˘¸˛ ÙÓÏÛÎ˚ ‰Îfl ËÁÏÂÌÂÌËfl ‚ÂÎË˜ËÌ˚ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ (3.4), ÔÓ-
‚Â‰ÂÏ ‡Ì‡ÎËÁ Ì‡Ô‡‚ÎÂÌËfl ‚ÂÍÚÓ‡ G. ëÓ„Î‡ÒÌÓ (2.5) ÓÚÍÎÓÌÂÌËÂ ‚ÂÍÚÓ‡ G ÓÚ ‚ÂÚË-
Í‡ÎË Ú‡ÍÊÂ ÓÒÚ‡ÂÚÒfl ÔÓÒÚÓflÌÌ˚Ï, Í‡Í Ë ‚ ÒÎÛ˜‡Â Ï‡Î˚ı k2, ‡ ÒÍÓÓÒÚ¸ ËÁÏÂÌÂÌËfl Û„Î‡ λ
Á‡‚ËÒËÚ ÓÚ ÌÂÔÓÒÚÓflÌÌÓÈ ‚ÂÎË˜ËÌ˚ N*, ÍÓÚÓ‡fl ‚˚‡Ê‡ÂÚÒfl ˜ÂÂÁ ÍËÌÂÚË˜ÂÒÍËÈ ÏÓ-
ÏÂÌÚ G Ë ÍËÌÂÚË˜ÂÒÍÛ˛ ˝ÌÂ„Ë˛ T. íÓ„‰‡ ‰Îfl Ï‡Î˚ı ÏÓÏÂÌÚÓ‚ ÒÓÔÓÚË‚ÎÂÌËfl Á‡ÍÓÌ
ËÁÏÂÌÂÌËfl Û„Î‡ λ ÓÚ ‚ÂÏÂÌË ËÏÂÂÚ ‚Ë‰

àÁÏÂÌÂÌËÂ Û„Î‡ λ = λ(t) ËÏÂÂÚ ‚Ë‰ Í‚‡‰‡ÚË˜ÂÒÍÓÈ ÙÛÌÍˆËË ÓÚ t, Û ÍÓÚÓÓÈ Ò‚Ó·Ó‰-
Ì˚È ˜ÎÂÌ Ë ÍÓ˝ÙÙËˆËÂÌÚ ÔË ÔÂ‚ÓÈ ÒÚÂÔÂÌË t ‚˚‡Ê‡˛ÚÒfl ˜ÂÂÁ ÔÓÒÚÓflÌÌ˚Â ‚ÂÎË-
˜ËÌ˚ ω0, N0, G0 Ë cosδ. ÇÒÂ ‚ÂÎË˜ËÌ˚ fl‚Îfl˛ÚÒfl ÔÓÎÓÊËÚÂÎ¸Ì˚ÏË Ë Á‡‰‡˛ÚÒfl ‚ Ì‡˜‡Î¸-
Ì˚È ÏÓÏÂÌÚ ‚ÂÏÂÌË.

3.3. èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ‡ÒÒÏÓÚÂÚ¸ ÒÎÛ˜‡È Ï‡Î˚ı k2 Ë Ï‡Î˚ı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÒÓ-
ÔÓÚË‚ÎÂÌËfl (3.3). èË Ï‡Î˚ı k2 ·˚ÎË ÔÓÎÛ˜ÂÌ˚ Á‡ÍÓÌ˚ ËÁÏÂÌÂÌËfl ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓ-
ÏÂÌÚ‡ G, ÍËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËË T (3.2), ÍÓÚÓ˚Â Ò Û˜ÂÚÓÏ Ï‡Î˚ı ÔÂ‚Ó„Ó ÔÓfl‰Í‡ µ ‰‡˛Ú

G G0 µG1 …, T+ + T0 µT1 …+ += =

G = G0

G0µt

R k0( )
-------------- i22 A1 A3–( )W k0( ) i33 A1 A2–( ) k0

2 W k0( )–[ ] i11 A2 A3–( ) 1 W k0( )–( )+ +{ }–

T T0

2T0µt

R k0( )
--------------- i22 A1 A3–( )W k0( ) i33 A1 A2–( ) k0

2 W k0( )–[ ] +---+
⎩
⎨
⎧

–=

+
A1 A2–( ) A1 A3–( ) A2 A3–( )

S k0( )
----------------------------------------------------------------------

i33

A3
------ k0

2 W k0( )–[ ]
i22

A2
------ 1 k0

2–( )W k0( )+
⎩ ⎭
⎨ ⎬
⎧ ⎫

+

+
i11

A1
------

A2 A3–( )R k0( )
S k0( )

------------------------------------- 1 W k0( )–[ ]
⎭
⎬
⎫

k2 k0
2 2µt

A1A2A3
------------------- A1 i33A2 i22A3–( ) 1 k0

2–( ) –---
⎩
⎨
⎧

+=

– A1 i33A2 i22A3–( ) A3 i22A1 i11A2–( )k0
2+[ ]

E k0( )
K k0( )
--------------

⎭
⎬
⎫

λ λ0

3ω0
2N0t δcos

4G0 1 e2–( )
3/2

----------------------------------
3ω0

2µt2φ δcos

8G0 1 e2–( )
3/2

----------------------------------+ +=

G G0 1 m nt–+{ }, T T0 1 q ςt–+{ }= =



åÂı‡ÌËÍ‡ Ú‚Â‰Ó„Ó ÚÂÎ‡, ‹ 2, 2008

23

(3.5)

îÛÌÍˆËË G(t) Ë T(t) fl‚Îfl˛ÚÒfl ÒÚÓ„Ó Û·˚‚‡˛˘ËÏË, Í‡Í ‚Ó ‚ÒÂı ‡ÌÂÂ ‡ÒÒÏÓÚÂÌ-
Ì˚ı ÒÎÛ˜‡flı. ÑÎfl ÓÔÂ‰ÂÎÂÌËfl Ì‡Ô‡‚ÎÂÌËfl ‚‡˘ÂÌËfl ‚ÂÍÚÓ‡ G ‚ÚÓÓÂ Û‡‚ÌÂÌËÂ ÒË-
ÒÚÂÏ˚ (2.2) ÔË‚Â‰ÂÌÓ Í ‰Û„ÓÏÛ ‚Ë‰Û Ò Û˜ÂÚÓÏ (3.5). èÓÒÎÂ ËÌÚÂ„ËÓ‚‡ÌËfl ÔÓÎÛ˜ËÏ

4. ä‡˜ÂÒÚ‚ÂÌÌ‡fl Í‡ÚËÌ‡ ‰‚ËÊÂÌËfl. ê‡ÒÒÏÓÚËÏ ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚ı
‰‚ËÊÂÌËÈ, Ì‡È‰ÂÌÌ˚ı ‚ ÔÔ. 2, 3. è‡‚Û˛ ˜‡ÒÚ¸ Û‡‚ÌÂÌËfl (2.3) Ó·ÓÁÌ‡˜ËÏ ˜ÂÂÁ Φ(k2, χ).
èÓËÁ‚Ó‰Ì‡fl ˝ÚÓÈ ÙÛÌÍˆËË ÔÓ k2 ‰Îfl χ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚Ï ‰‚ËÊÂ-
ÌËflÏ (2.4), ËÏÂÂÚ ‚Ë‰

ç‡ ÙË„. 2 ÍË‚‡fl 2 ËÁÓ·‡Ê‡ÂÚ „‡ÙËÍ ÙÛÌÍˆËË ∂Φ/∂k2, ÔÓÎÛ˜ÂÌÌ˚È ‚ ÂÁÛÎ¸Ú‡ÚÂ
˜ËÒÎÂÌÌÓ„Ó ‡Ò˜ÂÚ‡. ä‡Í ‚Ë‰ÌÓ ËÁ „‡ÙËÍ‡, ∂Φ/∂k2 < 0 ‰Îfl ‚ÒÂı k2 ∈ [0, 1], Ú.Â. ‚ÒÂ Í‚‡-
ÁËÒÚ‡ˆËÓÌ‡Ì˚Â ‰‚ËÊÂÌËfl Ô. 2 ‡ÒËÏÔÚÓÚË˜ÂÒÍË ÛÒÚÓÈ˜Ë‚˚ ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ÔÂÂÏÂÌ-
ÌÓÈ k2 (‚ ÒÏ˚ÒÎÂ [15]) ‰Îfl ξ ≥ 0. ùÚÓ ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl Ú‡ÍÊÂ ÍË‚˚ÏË Ì‡ ÙË„. 3.

èÓÎÓÊËÚÂÎ¸Ì˚Ï ξ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ËÒÚËÌÌÓÂ ‚ÂÏfl t ≥ t∗ Ë N > 0, Ú.Â. I33A1 > I11A3 (2.3).
Ç ËÒÚËÌÌÓÏ ÊÂ ‚ÂÏÂÌË ÔË N < 0, I33A1 < I11A3 ˝ÚË Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚Â ‰‚ËÊÂÌËfl ÌÂ-
ÛÒÚÓÈ˜Ë‚˚.

îÛÌÍˆËfl Φ(k2, χ) Ë ÔÓËÁ‚Ó‰Ì‡fl ∂Φ/∂k2 ‰Îfl ÒÎÛ˜‡fl Ï‡Î˚ı k2, ÍÓÚÓ˚È ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
‰‚ËÊÂÌËflÏ Ú‚Â‰Ó„Ó ÚÂÎ‡, ·ÎËÁÍËÏ Í ‚‡˘ÂÌËflÏ ‚ÓÍÛ„ ÓÒË A1, ËÏÂ˛Ú ‚Ë‰

n µ α1µ
k0

2

2A1
2 A2 A3–( )

--------------------------------- α1µA1 A2A3 A1A2– A1A3–( ) +[+
⎩
⎨
⎧

=

--+ α2µA1A2 A1 A3–( ) α3µA1A3 A1 A2–( )]+
⎭
⎬
⎫

m
k0

2

2ρµA1
2 A2 A3–( )

--------------------------------------- α1µA1 A2A3 A1A2– A1A3–( ) +[=

+ α2µA1A2 A1 A3–( ) α3µA1A3 A1 A2–( ) ]+

q
k0

2

A2 A3–( )ρµ
----------------------------- α2µ A1 A3–( ) α3µ A1 A2–( ) α1µ A2 A3 2A1–+( )+ +[=

ς µ 2α1µ
k0

2

A2 A3–( )
----------------------- α2µ A1 A3–( ) α3µ A1 A2–( ) α1µ A2 A3 2A1–+( )+ +[ ]+

⎩ ⎭
⎨ ⎬
⎧ ⎫

=

ρµ α2µ α3µ 2α1µ, αiµ–+ iii/Ai i 1 2 3, ,=( )= =

λ
3ω0 δcos

4 1 e2–( )
3/2

G0 1 m+( )
----------------------------------------------------- z f+( )t

nz
1 m+( )

------------------– f
3n 1 q+( )

1 m+( )
----------------------- ς–⎝ ⎠

⎛ ⎞+
t2

2
----+

⎩ ⎭
⎨ ⎬
⎧ ⎫

λ0+=

z
A2 A3 4A1+ +

2
----------------------------------, f– 3 A2 A3+( )

T0A1 1 q+( )

G0
2 1 m+( )2

------------------------------= =

∂Φ
∂k2
--------

2

1 k2–( )
------------------ E k( )

K k( )
------------–

1
E k( )/K k( ) 1–( )

---------------------------------------- 2
E k( )
K k( )
------------ 1–

1

1 k2–( )
------------------ E k( )

K k( )
------------⎝ ⎠

⎛ ⎞ 2

–⎝ ⎠
⎛ ⎞+=

Φ k2 χ,( ) k2

2
----- 3 χ+( ),

∂Φ
∂k2
--------– 3 χ+

2
------------–= =
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í‡ÍËÏ Ó·‡ÁÓÏ, Í‚‡ÁËÒÚ‡ˆËÓÌ‡ÌÓÂ ‰‚ËÊÂÌËÂ ÔË k2 = 0 ‰Îfl ξ > 0 ‡ÒËÏÔÚÓÚË˜ÂÒÍË
ÛÒÚÓÈ˜Ë‚Ó ÔË χ > –3 Ë ÌÂÛÒÚÓÈ˜Ë‚Ó ÔË χ < –3. Ç ËÒÚËÌÌÓÏ ‚ÂÏÂÌË ‰Îfl t ≥ t∗ ˝ÚÓ ‰‚Ë-
ÊÂÌËÂ ÏÓÊÂÚ ·˚Ú¸ Í‡Í ÛÒÚÓÈ˜Ë‚˚Ï, Ú‡Í Ë ÌÂÛÒÚÓÈ˜Ë‚˚Ï ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‚ÂÎË˜ËÌ˚ χ
(χ > –3 ËÎË χ < –3) Ë ÁÌ‡Í‡ Ô‡‡ÏÂÚ‡ N.

ç‡ ÓÒÌÓ‚Â ‚˚¯ÂÒÍ‡Á‡ÌÌÓ„Ó ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘Û˛ Í‡˜ÂÒÚ‚ÂÌÌÛ˛ Í‡ÚËÌÛ ‰‚ËÊÂÌËfl.
ê‡ÒÒÏÓÚËÏ ÒÌ‡˜‡Î‡ N > 0. èË t ≥ t∗ ‰‚ËÊÂÌËÂ ÓÔËÒ˚‚‡ÂÚÒfl ÙÓÏÛÎ‡ÏË (2.1), (2.2),
(2.3) Ë ÙÛÌÍˆËÂÈ (3.1) ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ Ó·Î‡ÒÚË 2TA1 ≥ G2 ≥ 2TA2. èË t ≤ t∗ ËÁÛ˜‡ÂÚÒfl Ó·-
Î‡ÒÚ¸ 2TA2 ≥ G2 ≥ 2TA3, ÍÓÚÓ‡fl ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ Ú‡ÂÍÚÓËflÏ ‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó
ÏÓÏÂÌÚ‡, Óı‚‡Ú˚‚‡˛˘ËÏ ÓÒ¸ A3. Ç ˝ÚÓÈ Ó·Î‡ÒÚË ‚ ÙÓÏÛÎ‡ı (2.1), (2.2), (2.3) Ì‡‰Ó ÔÓ-
ÏÂÌflÚ¸ ÏÂÒÚ‡ÏË A1 Ë A3, I11 Ë I33. ì‡‚ÌÂÌËÂ (2.3) ÒÓı‡ÌËÚ Ò‚ÓÈ ‚Ë‰, ÌÓ ‚ ÌÂÏ ÌÂÓ·ıÓ‰Ë-
ÏÓ χ Á‡ÏÂÌËÚ¸ Ì‡ –χ, ‡ N Ì‡ –N. ÄÌ‡ÎÓ„Ë˜ÌÓ ÏÓÊÌÓ ÔÓ‚ÂÒÚË ‡Ì‡ÎËÁ ‰‚ËÊÂÌËfl ÔË
N < 0. èÓÒÚÓflÌÌÛ˛ t∗ ‚ ÙÓÏÛÎÂ (2.3) ‚˚·Ë‡ÂÏ Ú‡Í, ˜ÚÓ·˚ ‚ ÏÓÏÂÌÚ ‚ÂÏÂÌË t = t∗
‰‚ËÊÂÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚Ó‚‡ÎÓ ÔÂÂıÓ‰Û ˜ÂÂÁ ÒÂÔ‡‡ÚËÒÛ.

èÓÒÚÓËÏ ÙË„. 7, ÍÓÚÓ‡fl ËÎÎ˛ÒÚËÛÂÚ ı‡‡ÍÚÂ ËÁÏÂÌÂÌËfl ‚ÂÎË˜ËÌ˚ k2 ‚ Á‡‚ËÒË-
ÏÓÒÚË ÓÚ χ Ë N ‚ ËÒÚËÌÌÓÏ ‚ÂÏÂÌË t. ç‡ ÓÚÂÁÍ‡ı ÛÍ‡Á‡Ì˚ ÚÓ˜ÍË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ
Í‚‡ÁËÒÚ‡ˆËÓÌ‡Ì˚Ï ‰‚ËÊÂÌËflÏ. èË |χ| ≤ 3 ËÏÂÂÏ ‰‚Â ÚÓ˜ÍË: k2 = 0 Ë k2 = 1. èË χ > 3 Ë

χ < –3 ËÏÂÂÏ ÚË ÚÓ˜ÍË: k2 = 0; ; 1. ëÚÂÎÍ‡ÏË ÔÓÍ‡Á‡Ì‡ ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ ËÎË ÌÂÛÒÚÓÈ˜Ë-
‚ÓÒÚ¸ Í‚‡ÁËÒÚ‡ˆËÓÌ‡ÌÓ„Ó ‰‚ËÊÂÌËË. ÅÛÍ‚‡ÏË z1, z2, z3 Ó·ÓÁÌ‡˜ÂÌ˚ ÓÒË ÚÂÎ‡, ÒÓÓÚ‚ÂÚ-

ÒÚ‚Û˛˘ËÂ ÛÍ‡Á‡ÌÌ˚Ï ÁÌ‡˜ÂÌËflÏ k2. ãÂ‚‡fl ˜‡ÒÚ¸ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ Ó·Î‡ÒÚË 2TA1 ≥ G2 ≥ 2TA2,

‡ Ô‡‚‡fl – Ó·Î‡ÒÚË 2TA2 ≥ G2 ≥ 2TA3. ê‡ÒÒÏÓÚÂÌ˚ ¯ÂÒÚ¸ ‚ÓÁÏÓÊÌ˚ı ÍÓÏ·ËÌ‡ˆËÈ ÁÌ‡-
˜ÂÌËÈ ‚ÂÎË˜ËÌ χ Ë N.

Ñ‡‰ËÏ ÒÎÂ‰Û˛˘Û˛ ËÌÚÂÔÂÚ‡ˆË˛ ÔÓÎÛ˜ÂÌÌ˚Ï ÂÁÛÎ¸Ú‡Ú‡Ï. Ç ÙÓÏÛÎÂ (3.1) ·˚ÎË
‚‚Â‰ÂÌ˚ Ó·ÓÁÌ‡˜ÂÌËfl αi (i = 1, 2, 3). ùÚË ‚ÂÎË˜ËÌ˚ ËÏÂ˛Ú ÒÏ˚ÒÎ ÍÓ˝ÙÙËˆËÂÌÚÓ‚ Á‡ÚÛ-
ı‡ÌËfl ‚‡˘ÂÌËÈ ‚ÓÍÛ„ „Î‡‚Ì˚ı ÓÒÂÈ ËÌÂˆËË Ozi. ç‡ÔËÏÂ, ‚‡˘ÂÌËÂ Ú‚Â‰Ó„Ó ÚÂÎ‡
‚ÓÍÛ„ ÓÒË Oz1 ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ‰ËÒÒËÔ‡ÚË‚ÌÓ„Ó ÏÓÏÂÌÚ‡, ÔÓÔÓˆËÓÌ‡Î¸ÌÓ„Ó ÔÂ‚ÓÈ
ÒÚÂÔÂÌË Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË ω, ÓÔËÒ˚‚‡˛ÚÒfl ÒÓÓÚÌÓ¯ÂÌËflÏË

Ç‚Â‰ÂÏ ·ÂÁ‡ÁÏÂÌ˚Â ‚ÂÎË˜ËÌ˚ βi = αi/α2 (i = 1, 2, 3). ëÓÓÚÌÓ¯ÂÌËÂ (2.3) ‰Îfl χ Ë N
ÔÂÂÔË¯ÂÏ ‚ ‚Ë‰Â

(4.1)

k*
2

A1dω/dt I11ω, ω– ω0 α1t–( )exp= =

χ
2 β1– β3–

β3 β1–
--------------------------, N

1
α2 β3 β1–( )
----------------------------= =

z1

0
1

z3

0

2TA2 ≥ G2 ≥ 2TA3

N > 0
2TA1 ≥ G2 ≥ 2TA2

|χ| ≤ 3
z2

1
z1

0
2

z3

0

z2

1

N < 0

z1

0
3

z3

0

z2

1

N > 0χ < –3

z1

0
4

z3

0

z2

1

N < 0

z1

0
5

z3

0

z2

1

χ > 3 N > 0

z1

0
6

z3

0

z2

1

N < 0

îË„. 7
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ç‡ ÔflÏÓÈ β3 = β1 ÔÂÂÏÂÌÌ‡fl N ÏÂÌflÂÚ ÁÌ‡Í, ‡ ÔflÏ˚Â β3 = (1 + β1)/2 Ë β3 = 2β1 + 1
ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÒÓ„Î‡ÒÌÓ ‡‚ÂÌÒÚ‚Û (4.1) χ = ±3. ç‡ ÍÓÓ‰ËÌ‡ÚÌÓÈ ÔÎÓÒÍÓÒÚË (β1β3) ÔÓ-
‚Â‰ÂÏ ˝ÚË ÔflÏ˚Â ÔË β1 > 0 Ë β3 > 0. ä‚‡‰‡ÌÚ ‡Á·Ë‚‡ÂÚÒfl Ì‡ ¯ÂÒÚ¸ Ó·Î‡ÒÚÂÈ (ÙË„. 8)
Ò ÌÓÏÂ‡ÏË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ÔÓfl‰ÍÓ‚˚Ï ÌÓÏÂ‡Ï Ì‡ ÙË„. 7. ÇË‰ÌÓ, ˜ÚÓ ˜ËÒÎÓ Í‚‡-
ÁËÒÚ‡ˆËÓÌ‡Ì˚ı ÂÊËÏÓ‚ ‰‚ËÊÂÌËfl Ë Ëı ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ Á‡‚ËÒflÚ ÓÚ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‚ÂÎË-
˜ËÌ˚ Á‡ÚÛı‡ÌËfl ‚‡˘ÂÌËÈ αi (i = 1, 2, 3) ‚ÓÍÛ„ „Î‡‚Ì˚ı ÓÒÂÈ ËÌÂˆËË.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÔË·ÎËÊÂÌËË ‚ÓÁÏÛ˘ÂÌÌÓÂ ‰‚ËÊÂÌËÂ ÚÂÎ‡
ÒÍÎ‡‰˚‚‡ÂÚÒfl ËÁ ·˚ÒÚÓ„Ó ‰‚ËÊÂÌËfl ùÈÎÂ‡–èÛ‡ÌÒÓ ‚ÓÍÛ„ ‚ÂÍÚÓ‡ G Ë ËÁ ÏÂ‰ÎÂÌÌÓÈ
˝‚ÓÎ˛ˆËË Ô‡‡ÏÂÚÓ‚ ˝ÚÓ„Ó ‰‚ËÊÂÌËfl. ÇÂÎË˜ËÌ˚ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ Ë ÍËÌÂÚË-
˜ÂÒÍÓÈ ˝ÌÂ„ËË ÒÚÓ„Ó Û·˚‚‡˛Ú, Ë Ëı ËÁÏÂÌÂÌËÂ Á‡‚ËÒËÚ ÚÓÎ¸ÍÓ ÓÚ ÏÓÏÂÌÚ‡ ÒËÎ ÒÓ-
ÔÓÚË‚ÎÂÌËfl ÒÂ‰˚. Ñ‚ËÊÂÌËÂ ‚ÂÍÚÓ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ G ‚ÓÍÛ„ ‚ÂÚËÍ‡ÎË Í
ÔÎÓÒÍÓÒÚË Ó·ËÚ˚ ‚ ÔÂ‚ÓÏ ÔË·ÎËÊÂÌËË ÓÔËÒ˚‚‡ÂÚÒfl ÔÂ‚˚ÏË ‰‚ÛÏfl Û‡‚ÌÂÌËfl ÒË-
ÒÚÂÏ˚ (2.2). ëÍÓÓÒÚ¸ ‚‡˘ÂÌËfl ‚ÂÍÚÓ‡ G ‚ÓÍÛ„ ‚ÂÚËÍ‡ÎË ÔÂÂÏÂÌÌ‡ Ò ÔÂÂÏÂÌ-
Ì˚Ï ÓÚÍÎÓÌÂÌËÂÏ ‚ÂÍÚÓ‡ ÓÚ ‚ÂÚËÍ‡ÎË. ÇÓ ‚ÚÓÓÏ ÔË·ÎËÊÂÌËË ÏÂÚÓ‰‡ ÛÒÂ‰ÌÂÌËfl
ÓÚÍÎÓÌÂÌËÂ ‚ÂÍÚÓ‡ G ÓÚ ‚ÂÚËÍ‡ÎË ÓÒÚ‡ÂÚÒfl ÔÓÒÚÓflÌÌ˚Ï, ÔË ˝ÚÓÏ Û„ÎÓ‚‡fl ÒÍÓÓÒÚ¸
‚‡˘ÂÌËfl ÔÂÂÏÂÌÌ‡ (2.5). ù‚ÓÎ˛ˆËfl Ô‡‡ÏÂÚÓ‚ ‰‚ËÊÂÌËfl ùÈÎÂ‡–èÛ‡ÌÒÓ ‚ ÒËÒÚÂÏÂ
ÍÓÓ‰ËÌ‡Ú, Ò‚flÁ‡ÌÌÓÈ Ò ÚÂÎÓÏ, ÓÔËÒ˚‚‡ÂÚÒfl Û‡‚ÌÂÌËÂÏ (2.3) Ë Í‡˜ÂÒÚ‚ÂÌÌÓ ÔÂ‰ÒÚ‡‚-
ÎÂÌ‡ Ì‡ ÙË„. 7.
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