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� ¥¤ ¢¨å à ¡®â å �¨  ¨ �¥©«®à  [1–3] à á-
á¬®âà¥® ¢«¨ï¨¥ â¥¯«®¢ëå ª®«¥¡ ¨© ¯®¤«®¦ª¨  

®à¨¥â æ¨î   ¥© ¬®«¥ªã« ¦¨¤ª®£® ªà¨áâ «« . �®-
«¥ªã«  ¬®¤¥«¨àã¥âáï ®¤®à®¤ë¬ â®ª¨¬ ¦¥áâª¨¬

áâ¥à¦¥¬, ¯à¨ªà¥¯«¥ë¬ ®¤¨¬ ª®æ®¬ ª ¯«®á-
ª®© ¯®¢¥àå®áâ¨ ¯®¤«®¦ª¨. � áá¬ âà¨¢ ¥âáï ¯«®á-
ª®¥ ¤¢¨¦¥¨¥, å à ªâ¥à¨§ã¥¬®¥ ã£«®¬ ®âª«®¥¨ï

¬®«¥ªã«ë θ ®â ®à¬ «¨ ª ¯®¤«®¦ª¥. �®¬¨¬® ä ªâ 
§ ªà¥¯«¥¨ï ª®æ  ¬®«¥ªã«ë   ¯®¤«®¦ª¥ ¨¬¥¥âáï

¢§ ¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ¬®«¥ªã«®© ¨ ¯®¤«®¦ª®©, ®¯¨-
áë¢ ¥¬®¥ í¥à£¨¥© áæ¥¯«¥¨ï [4]

U(θ) = (W0/2) cos2 θ. (1)

�à¨ W0 > 0 ¢ ®âáãâáâ¢¨¥ ª®«¥¡ ¨© ¯®¤«®¦ª¨

í¥à£¥â¨ç¥áª¨ ¢ë£®¤  ¯«  à ï ®à¨¥â æ¨ï ¬®«¥-
ªã«ë (θ = 90◦), ¯à¨ W0 < 0 — £®¬¥®âà®¯ ï (θ = 0).

�¥¯«®¢ë¥ ª®«¥¡ ¨ï ¯®¤«®¦ª¨ ¬®¤¥«¨àãîâáï ¢ [1–
3] ¢¨¡à æ¨¥© â®çª¨ § ªà¥¯«¥¨ï ¬®«¥ªã«ë ¢ ¢¥àâ¨-
ª «ì®¬  ¯à ¢«¥¨¨ (¯¥à¯¥¤¨ªã«ïà® ¯®¢¥àå®áâ¨
¯®¤«®¦ª¨) á ¥ª®â®à®© ç áâ®â®© Ω ¨  ¬¯«¨âã¤®© a.
�à ¢¥¨¥ ¤¢¨¦¥¨ï ¯«®áª®£® ¬ ïâ¨ª  á ¢¥àâ¨ª «ì-
® ¢¨¡à¨àãîé¥© â®çª®© ¯®¤¢¥á  ¢ ¯®«¥ (1) ¯ãâ¥¬

«¨¥ à¨§ æ¨¨ ¢¡«¨§¨ ¢¥àå¥© â®çª¨ (θ = 0) á¢®-
¤¨âáï ª ãà ¢¥¨î � âì¥,   «¨§¨àãîâáï ãá«®¢¨ï

ãáâ®©ç¨¢®áâ¨ à¥è¥¨© íâ®£® ãà ¢¥¨ï (á¬.,  ¯à¨-
¬¥à, [5]). �®ª § ®, çâ® ¯à¨ W0 > 0 (¨áå®¤ ï
®à¨¥â æ¨ï ¯«  à ï) ¢¥àâ¨ª «ì®¥ (¥ãáâ®©ç¨¢®¥)
¯®«®¦¥¨¥ ¬®«¥ªã«ë áâ ®¢¨âáï ãáâ®©ç¨¢ë¬ ¯à¨

¤®áâ â®ç® ¡®«ìè®©  ¬¯«¨âã¤¥ â®çª¨ § ªà¥¯«¥¨ï

(a2 > 8W0/3mΩ2 ≡ a2
0, m — ¬ áá  ¬®«¥ªã«ë). �â®

®§ ç ¥â, çâ® ¯à¨ ¥ª®â®à®© â¥¬¯¥à âãà¥ ¯à®¨áå®-
¤¨â ä §®¢ë© ¯¥à¥å®¤ ®â ¯«  à®© ®à¨¥â æ¨¨ ª

£®¬¥®âà®¯®©. �â®â ¢ë¢®¤ á®åà ï¥âáï ¯à¨ ¯¥à¥å®¤¥
®â í©èâ¥©®¢áª®© (¬®®åà®¬ â¨ç¥áª®©) ¬®¤¥«¨ ª

¤¥¡ ¥¢áª®© (¯®«¨åà®¬ â¨ç¥áª®©). � [1] ãâ¢¥à¦¤ ¥âáï,
çâ® íâ®â à¥§ã«ìâ â ¥çã¢áâ¢¨â¥«¥ ª ¢ë¡®àã ï¢®£®

¢¨¤  § ¢¨á¨¬®áâ¨ U(θ) (¢ ª®¥çë© à¥§ã«ìâ â ¢å®-
¤¨â â®«ìª® ¢â®à ï ¯à®¨§¢®¤ ï ¢ â®çª¥ à ¢®¢¥á¨ï

U ′′(0)).

�  áâ®ïé¥© à ¡®â¥ ¬ë ¯®ª ¦¥¬, çâ® ¯®á«¥¤¥¥

ãâ¢¥à¦¤¥¨¥ ï¢«ï¥âáï á«¥¤áâ¢¨¥¬ ¯¥à¥ã¯à®é¥¨ï § -
¤ ç¨, ¢®á¨¬®£® «¨¥ à¨§ æ¨¥© ¨áå®¤®£® ãà ¢¥¨ï.
�à®¬¥ â®£®, ¡ã¤¥â ¯®ª § ®, çâ® ãç¥â £®à¨§®â «ìëå
(¢¤®«ì ¯®¢¥àå®áâ¨ ¯®¤«®¦ª¨) ª®«¥¡ ¨© â®çª¨ § -
ªà¥¯«¥¨ï ¬®¦¥â ª à¤¨ «ì® ¨§¬¥¨âì à¥§ã«ìâ âë

à ¡®â [1–3].

�®á¯®«ì§ã¥¬áï ¬¥â®¤®¬ ãáà¥¤¥¨ï � ¯¨æë [6],
¥ ¯à¥¤¯®« £ îé¨¬ «¨¥ à¨§ æ¨¨ ãà ¢¥¨ï ª®«¥-
¡ ¨©. �®«®¦¥¨¥ ¬®«¥ªã«ë ®¯¨áë¢ ¥âáï ª®®à¤¨ -
â ¬¨ x = x0(t) + l sin θ, z = z0(t) + l cos θ, £¤¥ l —
¤«¨  ¬®«¥ªã«ë; x0(t), z0(t) — ª®®à¤¨ âë â®çª¨ ¥¥

§ ªà¥¯«¥¨ï   ¯®¢¥àå®áâ¨, ¨§¬¥ïîé¨¥áï § ¤ -
ë¬ ®¡à §®¬. �¥ ª®ªà¥â¨§¨àãï ¯®ª  í¥à£¨¨ ¢§ ¨-
¬®¤¥©áâ¢¨ï á ¯®¢¥àå®áâìî U(θ), § ¯¨è¥¬ ãà ¢¥¨¥

¤¢¨¦¥¨ï ¢ ¢¨¤¥
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(2)
�à®¢®¤ï ãáà¥¤¥¨¥ ãà ¢¥¨ï (2), ¯®«ãç¨¬ ¤«ï

¬¥¤«¥® ¬¥ïîé¥©áï ç áâ¨ ¨áª®¬®© ¯¥à¥¬¥®© 〈θ〉
ãà ¢¥¨¥

d2〈θ〉

dt2
+

3

ml2
U ′ (〈θ〉) +

9

4l2

[
sin〈θ〉 cos〈θ〉

(
〈x0(t)x′′0 (t)〉

− 〈z0(t)z′′0 (t)〉
)

+ cos2〈θ〉〈x0(t)z′′0 (t)〉
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= 0, (3)

£¤¥ ã£«®¢ë¥ áª®¡ª¨ ®§ ç îâ ãáà¥¤¥¨¥ ¯® ®áæ¨««ï-
æ¨ï¬ â®çª¨ § ªà¥¯«¥¨ï.
�á«¨, á«¥¤ãï [1], ¯®«®¦¨âì x0(t) = 0, z0(t) = a cos Ωt

¨ ¢§ïâì U(θ) ¢ ¢¨¤¥ (1) á W0 > 0, â® ãà ¢¥¨¥ (3)
¯à¨¬¥â ¢¨¤
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ma2Ω2

)
sin 2〈θ〉 = 0. (4)

�§ ãà ¢¥¨ï (4) á«¥¤ã¥â à¥§ã«ìâ â, ¯®«ãç¥ë©
(¨ë¬ á¯®á®¡®¬) ¢ [1]: ¯à¨ a > a0 ¢¥àâ¨ª «ì®¥

¯®«®¦¥¨¥ ¬®«¥ªã«ë áâ ®¢¨âáï ãáâ®©ç¨¢ë¬,   £®à¨-
§®â «ì®¥ — ¥ãáâ®©ç¨¢ë¬, â.¥. ¯à®¨áå®¤¨â ¯¥à¥å®¤
¨§ ¯«  à®© ®à¨¥â æ¨¨ ¢ £®¬¥®âà®¯ãî. �¤ ª®
¢®¯à¥ª¨ ãâ¢¥à¦¤¥¨î, á¤¥« ®¬ã ¢ [1], ¯®¢¥¤¥¨¥
¬®«¥ªã«ë áãé¥áâ¢¥® § ¢¨á¨â ®â ¢¨¤  ¯®â¥æ¨ « 

U(θ). �á«¨ ¢¬¥áâ® (1) ¢§ïâì

U(θ) = W0 cos θ (W0 > 0, |θ| 6 90◦), (5)

¯®«ãç ¥âáï ãà ¢¥¨¥

d2〈θ〉

dt2
+

3

2ml2

(
2W0 sin〈θ〉 −

3

8
ma2Ω2 sin 2〈θ〉

)
= 0. (6)

�§ ãà ¢¥¨ï (6) á«¥¤ã¥â, çâ® ¯à¨ a > a0, ª ª

¨ ¢ ¯à¥¤ë¤ãé¥¬ á«ãç ¥, ¢¥àâ¨ª «ì®¥ ¯®«®¦¥¨¥
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¯à¨®¡à¥â ¥â ãáâ®©ç¨¢®áâì, ®¤ ª® áãé¥áâ¢¥® ¨®£®
à®¤ . � á«ãç ¥ (1) ¯à¨ a > a0 ¢¥áì ”¯®â¥æ¨ «ìë©
å®«¬” ª ª æ¥«®¥ ¯¥à¥¢®à ç¨¢ ¥âáï ¢¢¥àå ¤®¬ ¨ áâ -
®¢¨âáï ¯®â¥æ¨ «ì®© ï¬®©. � á«ãç ¥ (5) ¯à¨ a > a0

  ¢¥àè¨¥ ”å®«¬ ” ¯®ï¢«ï¥âáï ”ï¬ª ”, è¨à¨  ¨

£«ã¡¨  ª®â®à®© ã¢¥«¨ç¨¢ ¥âáï á à®áâ®¬ a, ¯à¨ íâ®¬
ãáâ®©ç¨¢®¥ á®áâ®ï¨¥ ®ª §ë¢ ¥âáï ¬¥â áâ ¡¨«ìë¬,
â ª çâ® ãáà¥¤¥®¥ áâ æ¨® à®¥ á®áâ®ï¨¥ á¨áâ¥¬ë

§ ¢¨á¨â ®â ¥¥ ¨áâ®à¨¨ ( ç «ìëå ãá«®¢¨©).
�ãé¥áâ¢¥ ï ¬®¤¨ä¨ª æ¨ï à¥§ã«ìâ â®¢ à ¡®â

[1–3] ¯à®¨áå®¤¨â ¯à¨ ãç¥â¥ £®à¨§®â «ìëå ª®«¥¡ -
¨© ¯®¢¥àå®áâ¨ ¯®¤«®¦ª¨. �®« £ ï ¢ (3)

x0(t) =
∑
i

axi cos
(

Ωxit+ ϕxi

)
,

z0(t) =
∑
i

azi cos
(

Ωzit+ ϕzi

)
(à §«®¦¥¨¥ ¯® ®à¬ «ì®ë¬ ª®«¥¡ ¨ï¬, áã¬¬¨-
à®¢ ¨¥ ¯® ¢á¥¬ã á¯¥ªâàã), ¯®«ãç ¥¬ ¢ á¨«ã ®à-
â®£® «ì®áâ¨ à §«¨çëå ®à¬ «ìëå ª®«¥¡ ¨© ¨

á«ãç ©®£® à á¯à¥¤¥«¥¨ï  ç «ìëå ä §
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)
sin 2〈θ〉 = 0. (7)

� ¯à¥¤¥«¥ ¢ëá®ª¨å â¥¬¯¥à âãà áã¬¬  ¢ ¯®á«¥¤¥¬

ç«¥¥ ãà ¢¥¨ï (7) ®¡à é ¥âáï ¢ ã«ì ¢ á¨«ã § ª® 
à ¢®à á¯à¥¤¥«¥¨ï. � ª¨¬ ®¡à §®¬, ¢¨¡à æ¨¨ â®çª¨
§ ªà¥¯«¥¨ï ¬®«¥ªã«ë ¢®áïâ ¢ª« ¤ ¢ ãáà¥¤¥®¥

¤¢¨¦¥¨¥ «¨èì ¢ ¬¥àã ®âª«®¥¨ï ®â § ª®  à ¢®à -
á¯à¥¤¥«¥¨ï, â.¥. «¨¡® ¯à¨ ¨§ª¨å (¨¦¥ ¤¥¡ ¥¢áª®©)
â¥¬¯¥à âãà å, «¨¡® ¯à¨ ¥à ¢®¢¥á®© ¯à¨à®¤¥ ª®-
«¥¡ ¨© ¯®¤«®¦ª¨,  ¯à¨¬¥à ¯à¨ ¢®§¡ã¦¤¥¨¨ ª®«¥-
¡ ¨© ¢¥è¨¬ ¨áâ®ç¨ª®¬ (¢ [1] ã¯®¬¨ ¥âáï â ª ï
¢®§¬®¦®áâì).
� ª á«¥¤ã¥â ¨§ ¢ëè¥¨§«®¦¥®£®, ¯à®¢¥¤¥®¥ ¢ [3]

ª®¬¯ìîâ¥à®¥ ¬®¤¥«¨à®¢ ¨¥ â¥¬¯¥à âãàëå ®à¨¥-
â æ¨®ëå ¯¥à¥å®¤®¢ ¢ ¥¬ â¨ç¥áª¨å ¦¨¤ª¨å ªà¨-
áâ «« å âà¥¡ã¥â ãâ®ç¥¨ï ¨áå®¤®© ¬®¤¥«¨.
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