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…·¥¢ ´¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, …·¥¢ ´, �·³¥´¨Ö

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ±·¨É¥·¨¨, ±μÉμ·Ò³ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ ± ± ²μ± ²¨§μ¢ ´´ Ö ³´μ£μÎ -
¸É¨Î´ Ö ¸¨¸É¥³ , É ± ¨ ¢´¥Ï´¥¥ ¢μ§³ÊÐ¥´¨¥ ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢ · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³¥ Ì · ±É¥·
±¢ ´Éμ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¡Ò² É ±¨³ ¦¥, ± ± ¢ μ¤´μÎ ¸É¨Î´μ³ ¸²ÊÎ ¥.

We consider the quantum transitions in the localized multi-particle system. We present the re-
strictions on the system and on the external perturbation, when the transitions are identical to those in
one-particle system.

PACS: 71.10.Ca, 78.67.Hc
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�·¨ ¨¸¸²¥¤μ¢ ´¨¨ μ¤´μÎ ¸É¨Î´ÒÌ ¨ ³´μ£μÎ ¸É¨Î´ÒÌ § ¤ Î ¢ ±¢ ´Éμ¢ÒÌ ´¨§±μ· §³¥·-
´ÒÌ ¸¨¸É¥³ Ì Î ¸Éμ ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ · ¸¸³μÉ·¥´¨Ö · §²¨Î´μ£μ ·μ¤  ³¥¦Ê·μ¢-
´¥¢ÒÌ ±¢ ´Éμ¢ÒÌ ¶¥·¥Ìμ¤μ¢, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ¢´¥Ï´¨Ì ¢μ§³ÊÐ¥´¨° (¸³.,
´ ¶·¨³¥·, [1Ä4]). �·¨ ÔÉμ³ ÊÎ¥É ³¥¦Î ¸É¨Î´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³
§ É·Ê¤´Ö¥É ¶·μ¢¥¤¥´¨¥  ´ ²¨É¨Î¥¸±μ£μ  ´ ²¨§  μ¸μ¡¥´´μ¸É¥° ÔÉ¨Ì ¶¥·¥Ìμ¤μ¢. �± §Ò¢ -
¥É¸Ö, μ¤´ ±μ, ÎÉμ ¨´μ£¤  ³μ£ÊÉ ·¥ ²¨§μ¢Ò¢ ÉÓ¸Ö É ±¨¥ ¸¶¥Í¨Ë¨Î¥¸±¨¥ Ê¸²μ¢¨Ö, μ¡Ê¸²μ-
¢²¥´´Ò¥ Ì · ±É¥·μ³ ±¢ ´Éμ¢μ£μ μ£· ´¨Î¥´¨Ö,   É ±¦¥ ´ ²μ¦¥´´μ£μ ¢μ§³ÊÐ¥´¨Ö, ¶·¨ ±μ-
Éμ·ÒÌ ¢ ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³¥ ¡Ê¤ÊÉ ¨³¥ÉÓ ³¥¸Éμ ¶¥·¥Ìμ¤Ò, ¨¤¥´É¨Î´Ò¥ É¥³, ±μÉμ·Ò¥
·¥ ²¨§ÊÕÉ¸Ö ¢ μ¤´μÎ ¸É¨Î´μ³ ¶·¨¡²¨¦¥´¨¨. �μ¤μ¡´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éμ, ´ ¶·¨³¥·,
¢ ¸²ÊÎ ¥ Í¨±²μÉ·μ´´μ£μ ·¥§μ´ ´¸  Ô²¥±É·μ´´μ£μ £ § , ´ Ìμ¤ÖÐ¥£μ¸Ö ¢μ ¢´¥Ï´¥³ μ¤´μ-
·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥, ¶μ¤ ¢²¨Ö´¨¥³ ¤²¨´´μ¢μ²´μ¢μ£μ Ô²¥±É·μ³ £´¨É´μ£μ ¢μ§³ÊÐ¥´¨Ö
(É¥μ·¥³  Šμ´  [5Ä7]). –¥²ÓÕ ¤ ´´μ° ¸É ÉÓ¨ Ö¢²Ö¥É¸Ö ¢ÒÖ¢²¥´¨¥ ±·¨É¥·¨¥¢, ±μÉμ·Ò³
¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ, ¸ μ¤´μ° ¸Éμ·μ´Ò, ¨§ÊÎ ¥³ Ö ³´μ£μÎ ¸É¨Î´ Ö ¸¨¸É¥³ ,   ¸ ¤·Ê-
£μ° Å ¢´¥Ï´¥¥ ¢μ§³ÊÐ¥´¨¥ ¤²Ö Éμ£μ, ÎÉμ¡Ò ±¢ ´Éμ¢Ò¥ ¶¥·¥Ìμ¤Ò ¨³¥²¨ ¢ÒÏ¥Ê± § ´´Ò°
Ì · ±É¥·. �É³¥É¨³ É ±¦¥, ÎÉμ ¤ ²Ó´¥°Ï¨¥ · ¸¸Ê¦¤¥´¨Ö ³Ò ¡Ê¤¥³ ¶·μ¢μ¤¨ÉÓ ´  ¶·¨³¥·¥
¤¢Ê³¥·´μ° ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ N ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í.

1E-mail: shayk@ysu.am
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1. Š�ŒŒ“’�–ˆ���›… ‘��’��˜…�ˆŸ

� ¸¸³μÉ·¨³ ¸¨¸É¥³Ê ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í, ²μ± ²¨§μ¢ ´´ÊÕ ¢μ ¢´¥Ï´¥³ μ£· -
´¨Î¨¢ ÕÐ¥³ ¶μ²¥, ¶μÉ¥´Í¨ ² ±μÉμ·μ£μ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ±

Vconf(r1, . . . , rN ) =
N∑

j=1

Vj(rj),

£¤¥ N Å Î¨¸²μ Î ¸É¨Í; Vj(rj) Å μ£· ´¨Î¨¢ ÕÐ¨° ¶μÉ¥´Í¨ ², ¤¥°¸É¢ÊÕÐ¨° ´  j-Õ
Î ¸É¨ÍÊ. �¡μ§´ Î¨¢ μ¶¥· Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ Î¥·¥§ U(r1, . . . , rN ),
£ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò ³μ¦¥³ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Ĥ =
1

2m

N∑
j=1

p̂2
j +

N∑
j=1

Vj(rj) + U(r1, . . . , rN ).

�·¥¤¸É ¢¨³ ÔÉμÉ £ ³¨²ÓÉμ´¨ ´ ¢ ¢¨¤¥ ¸Ê³³Ò μ¶¥· Éμ·  ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° Î ¸É¨
Ĥ0 ¨ μ¶¥· Éμ·  ¢§ ¨³μ¤¥°¸É¢¨Ö U(r1, . . . , rN ), É. ¥.

Ĥ = Ĥ0 + U(r1, . . . , rN ),

£¤¥

Ĥ0 =
1

2m

N∑
j=1

p̂2
j +

N∑
j=1

Vj(rj).

„μ¶Ê¸É¨³ É¥¶¥·Ó, ÎÉμ ¤²Ö ¤ ´´μ° ¸¨¸É¥³Ò ¢μ§³μ¦´μ ¶μ¸É·μ¥´¨¥ ¸ÉÊ¶¥´Î ÉÒÌ μ¶¥· Éμ·μ¢
Ĉ±

x ¨ Ĉ±
y , ¢Ò· ¦ ¥³ÒÌ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ Î¥·¥§ p̂xj, p̂yj , xj , yj :

Ĉ±
x = f±

1 (p̂xj, p̂yj , xj , yj),

Ĉ±
y = f±

2 (p̂xj, p̂yj , xj , yj),

¨ Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³

[Ĥ0, Ĉ
±
x ] = ±ΔExĈ±

x , [Ĥ0, Ĉ
±
y ] = ±ΔEyĈ±

y , (1)

[U, Ĉ±
x ] = 0, [U, Ĉ±

y ] = 0. (2)

’μ£¤  ³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¥¸²¨ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö Ψnx,ny (nx, ny Å ±¢ ´Éμ¢Ò¥

Î¨¸² ) Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° μ¶¥· Éμ·  Ĥ , Éμ ËÊ´±Í¨¨ Ĉ±
x Ψnx,ny , Ĉ±

y Ψnx,ny

É ±¦¥ Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ μ¶¥· Éμ·  Ĥ. „²Ö ¤μ± § É¥²Ó¸É¢  ÔÉμ£μ ÊÉ¢¥·-
¦¤¥´¨Ö μ¡· É¨³¸Ö ¸´ Î ²  ± ´¥¢μ§³ÊÐ¥´´μ³Ê £ ³¨²ÓÉμ´¨ ´Ê Ĥ0. �Ê¸ÉÓ Ψ0nx,ny Ö¢²Ö-

¥É¸Ö ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° μ¶¥· Éμ·  Ĥ0, ±μÉμ·μ° ¸μμÉ¢¥É¸É¢Ê¥É ¸μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö
E0(nx, ny), É. ¥.

Ĥ0Ψ0nx,ny = E0(nx, ny)Ψ0nx,ny .

� ¸¸³μÉ·¨³ ±μ³³ÊÉ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥

[Ĥ0, Ĉ
+
x ]Ψ0nx,ny = (Ĥ0Ĉ

+
x − Ĉ+

x Ĥ0)Ψ0nx,ny = +ΔExĈ+
x Ψ0nx,ny . (3)
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ˆ§ (3) ´¥¶μ¸·¥¤¸É¢¥´´μ ¸²¥¤Ê¥É, ÎÉμ

Ĥ0C
+
x Ψ0nx,ny = (E0(nx, ny) + ΔEx)Ĉ+

x Ψ0nx,ny .

’ ±¨³ μ¡· §μ³, C+
x Ψ0nx,ny É ±¦¥ Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° μ¶¥· Éμ·  Ĥ0, ´μ

É¥¶¥·Ó Ê¦¥ ¸ Ô´¥·£¨¥°
E0(nx, ny) + ΔEx.

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ³μ¦´μ · ¸¸Ê¦¤ ÉÓ ¨ ¢ ¸²ÊÎ ÖÌ ¸ μ¸É ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ C−
x Ψ0nx,ny ,

C+
y Ψ0nx,ny , C−

y Ψ0nx,ny : ⎧⎪⎪⎨
⎪⎪⎩

C−
x Ψ0nx,ny → E0(nx, ny) − ΔEx,

C+
y Ψ0nx,ny → E0(nx, ny) + ΔEy ,

C−
y Ψ0nx,ny → E0(nx, ny) − ΔEy.

�¡· É¨³¸Ö É¥¶¥·Ó ± ¶μ²´μ³Ê £ ³¨²ÓÉμ´¨ ´Ê Ĥ . �Ê¸ÉÓ Ψnx,ny Å ¸μ¡¸É¢¥´´ Ö ËÊ´±-

Í¨Ö Ĥ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸μ¡¸É¢¥´´μ³Ê §´ Î¥´¨Õ Ô´¥·£¨¨ E(nx, ny). „ ²¥¥, · ¸¸³μÉ·¨³
±μ³³ÊÉ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥

[Ĥ, Ĉ+
x ]Ψnx,ny = [Ĥ0 + U, Ĉ+

x ]Ψnx,ny = [Ĥ0, Ĉ
+
x ]Ψnx,ny .

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¸μ£² ¸´μ (1) ¨³¥¥³

[Ĥ0, Ĉ
+
x ]Ψnx,ny = ΔExĈ+

x Ψnx,ny ,

¶μÔÉμ³Ê ³μ¦¥³ § ¶¨¸ ÉÓ, ÎÉμ

ĤC+
x Ψnx,ny = (E(nx, ny) + ΔEx)Ĉ+

x Ψnx,ny .

ˆ´ Î¥ £μ¢μ·Ö, ËÊ´±Í¨Ö C+
x Ψnx,ny É ±¦¥ Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° £ ³¨²ÓÉμ´¨ ´ 

Ĥ, ´μ É¥¶¥·Ó Ê¦¥ ¸ Ô´¥·£¨¥°
E(nx, ny) + ΔEx.

� ¸¸Ê¦¤ Ö  ´ ²μ£¨Î´Ò³ μ¡· §μ³ ¤²Ö μ¸É ²Ó´ÒÌ ËÊ´±Í¨°, ³μ¦¥³ § ¶¨¸ ÉÓ:⎧⎪⎪⎨
⎪⎪⎩

C−
x Ψnx,ny → E(nx, ny) − ΔEx,

C+
y Ψnx,ny → E(nx, ny) + ΔEy,

C−
y Ψnx,ny → E(nx, ny) − ΔEy.

’ ±¨³ μ¡· §μ³, ´ ³ ¤¥°¸É¢¨É¥²Ó´μ Ê¤ ²μ¸Ó ¤μ± § ÉÓ ¸¤¥² ´´μ¥ ¢ÒÏ¥ ÊÉ¢¥·¦¤¥´¨¥ μÉ´μ-
¸¨É¥²Ó´μ ËÊ´±Í¨° Ĉ±

x,yΨnx,ny .
�μ¸³μÉ·¨³ É¥¶¥·Ó, ± ± · ¸¸³ É·¨¢ ¥³ Ö ¸¨¸É¥³  ¡Ê¤¥É ·¥ £¨·μ¢ ÉÓ ´  ´¥±μÉμ·μ¥

¢´¥Ï´¥¥ ¢μ§³ÊÐ¥´¨¥, μ¶¥· Éμ· ±μÉμ·μ£μ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ -
Í¨¨ ¢ÒÏ¥Ê± § ´´ÒÌ ¸ÉÊ¶¥´Î ÉÒÌ μ¶¥· Éμ·μ¢.

�·¥¤¶μ²μ¦¨³, ÎÉμ ´  ¸¨¸É¥³Ê ´ ²μ¦¥´μ ¢´¥Ï´¥¥ ¢μ§³ÊÐ¥´¨¥ Ĥ1, ±μÉμ·μ¥ ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ Í¨¨ μ¶¥· Éμ·μ¢ Ĉ±

x ¨ Ĉ±
y . � ¶·¨³¥·, ¶Ê¸ÉÓ

Ĥ1 = αĈ+
x + βĈ−

y .
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‘´ Î ²  μ¡¸Ê¤¨³ ¸²ÊÎ ° ¸² ¡μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í, É. ¥. ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ
£ ³¨²ÓÉμ´¨ ´ Ĥ0. ˆ§ É¥μ·¨¨ ±¢ ´Éμ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¸²¥¤Ê¥É, ÎÉμ ¢μ§³ÊÐ¥´¨¥ Ĥ1 ¸¢Ö¦¥É
¸μ¸ÉμÖ´¨¥ Ψ0nx,ny ¸ ¸μ¸ÉμÖ´¨Ö³¨ Ĉ+

x Ψ0nx,ny ¨ Ĉ−
y Ψ0nx,ny . ’ ±¨³ μ¡· §μ³, ¢ ¸¨¸É¥³¥

¡Ê¤ÊÉ ¨³¥ÉÓ ³¥¸Éμ ¶¥·¥Ìμ¤Ò{
E0(nx, ny) → E0(nx, ny) + ΔEx,

E0(nx, ny) → E0(nx, ny) − ΔEy.
(4)

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ³μ¦¥³ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¢μ§³ÊÐ¥´¨¥ Ĥ1 ¡Ê¤¥É ¸¢Ö§Ò¢ ÉÓ ¸μ¸ÉμÖ´¨¥
Ψnx,ny ¸ ¸μ¸ÉμÖ´¨Ö³¨ Ĉ+

x Ψnx,ny ¨ Ĉ−
y Ψnx,ny . ‘²¥¤μ¢ É¥²Ó´μ, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¡Ê¤ÊÉ ¨³¥ÉÓ

³¥¸Éμ ¶¥·¥Ìμ¤Ò {
E(nx, ny) → E(nx, ny) + ΔEx,

E(nx, ny) → E(nx, ny) − ΔEy.
(5)

Š ± ¸²¥¤Ê¥É ¨§ ¸μμÉ´μÏ¥´¨° (4) ¨ (5), ¢μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥°
¸¨¸É¥³ Ì ¨³¥ÕÉ ³¥¸Éμ μ¤´¨ ¨ É¥ ¦¥ ¶¥·¥Ìμ¤Ò, ¨´¤ÊÍ¨·μ¢ ´´Ò¥ ¢´¥Ï´¨³ ¢μ§³ÊÐ¥´¨¥³
Ĥ1, ¨´ Î¥ £μ¢μ·Ö, ³Ò ¶·¨Ï²¨ ± ¸²¥¤ÊÕÐ¥³Ê ÊÉ¢¥·¦¤¥´¨Õ.

…¸²¨ ¤²Ö ¤¢Ê³¥·´μ£μ £ ³¨²ÓÉμ´¨ ´  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í Ĥ ³μ¦´μ ¶μ¸É·μ¨ÉÓ
¸ÉÊ¶¥´Î ÉÒ¥ μ¶¥· Éμ·Ò Ĉ±

x ¨ Ĉ±
y , ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥-

´¨Ö³ (1) ¨ (2),   É ±¦¥ ¥¸²¨ μ¶¥· Éμ· ¢´¥Ï´¥£μ ¢μ§³ÊÐ¥´¨Ö Ĥ1 ÔÉμ° ¸¨¸É¥³Ò ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ Í¨¨ ¢ÒÏ¥Ê± § ´´ÒÌ μ¶¥· Éμ·μ¢, Éμ ¶¥·¥Ìμ¤Ò, ¨´¤Ê-
Í¨·μ¢ ´´Ò¥ ÔÉ¨³ ¢μ§³ÊÐ¥´¨¥³, ´¥ § ¢¨¸ÖÉ μÉ Î¨¸²  Î ¸É¨Í N . ˆ´Ò³¨ ¸²μ¢ ³¨, ¶¥·¥Ìμ¤Ò
¢ ¸¨¸É¥³¥ ¨§ N Î ¸É¨Í ¡Ê¤ÊÉ É ±¨³¨ ¦¥, ± ± ¢ μ¤´μÎ ¸É¨Î´μ³ ¸²ÊÎ ¥.

2. �‹…Š’����›‰ ƒ�‡ ‚ �‘ˆŒŒ…’�ˆ—��‰ ������‹ˆ—…‘Š�‰ ŸŒ…

�·μ¨²²Õ¸É·¨·Ê¥³ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ · ¸¸Ê¦¤¥´¨Ö ´  ¶·¨³¥·¥ ¤¢Ê³¥·´μ£μ Ô²¥±É·μ´-
´μ£μ £ § , ²μ± ²¨§μ¢ ´´μ£μ ¢  ¸¨³³¥É·¨Î´μ° ¶ · ¡μ²¨Î¥¸±μ° ±¢ ´Éμ¢μ° Ö³¥ [7]. ‚ ¶·¨-
¡²¨¦¥´¨¨ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ £ ³¨²ÓÉμ´¨ ´ ¤ ´´μ° § ¤ Î¨ ¡Ê¤¥É
¨³¥ÉÓ ¢¨¤

Ĥ = Ĥ0 + U(r1, . . . , rN ) =
1

2m

N∑
j=1

p̂2
j +

m

2

N∑
j=1

(ω2
xx2

j + ω2
yy2

j ) +
1
2

N∑
i�=j=1

u(|ri − rj |),

£¤¥ ωx ¨ ωy Å Î ¸ÉμÉÒ μ£· ´¨Î¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ±¢ ´Éμ¢μ° Ö³Ò; u(|ri − rj |) Å
Ô´¥·£¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê i-° ¨ j-° Î ¸É¨Í ³¨.

„²Ö · ¸¸³ É·¨¢ ¥³μ£μ £ ³¨²ÓÉμ´¨ ´  Ĥ ³μ¦´μ ¶μ¸É·μ¨ÉÓ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒ¥ ¸ÉÊ¶¥´-
Î ÉÒ¥ μ¶¥· Éμ·Ò Ĉ±

x ¨ Ĉ±
y , ±μÉμ·Ò¥ ¡Ê¤ÊÉ ¨³¥ÉÓ ¢¨¤

Ĉ±
x =

(mωx

2�

)1/2 N∑
j=1

(
xj ∓ i

p̂xj

mωx

)
,

Ĉ±
y =

(mωy

2�

)1/2 N∑
j=1

(
yj ∓ i

p̂yj

mωy

)
,
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  É ±¦¥ Ê¤μ¢²¥É¢μ·ÖÉÓ ¸²¥¤ÊÕÐ¨³ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³:

[U, Ĉ±
x ] = 0, [U, Ĉ±

y ] = 0, (6)

[Ĥ0, Ĉ
±
x ] = ±�ωxĈ±

x , [Ĥ0, Ĉ
±
y ] = ±�ωyĈ

±
y . (7)

‘ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥´¨° (6) ¨ (7) ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¥¸²¨ Ψnx,ny Å ¸μ¡¸É¢¥´´ Ö

ËÊ´±Í¨Ö μ¶¥· Éμ·  Ĥ, ±μÉμ·μ° ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨Ö E(nx, ny), Éμ ËÊ´±Í¨Ö Ĉ+
x Ψnx,ny

É ±¦¥ ¡Ê¤¥É ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° Ĥ , ´μ É¥¶¥·Ó Ê¦¥ ¸ Ô´¥·£¨¥°

E(nx, ny) + �ωx.

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¤²Ö ËÊ´±Í¨° Ĉ−
x Ψ0nx,ny , Ĉ+

y Ψ0nx,ny , Ĉ−
y Ψ0nx,ny ³μ¦´μ § ¶¨¸ ÉÓ:

⎧⎪⎪⎨
⎪⎪⎩

C−
x Ψnx,ny → E(nx, ny) − �ωx,

C+
y Ψnx,ny → E(nx, ny) + �ωy,

C−
y Ψnx,ny → E(nx, ny) − �ωy.

…¸²¨ É¥¶¥·Ó ´  ¸¨¸É¥³Ê ´ ²μ¦¥´μ ¤²¨´´μ¢μ²´μ¢μ¥ Ô²¥±É·μ³ £´¨É´μ¥ ¶μ²¥, Ô²¥±É·¨Î¥¸± Ö
¸μ¸É ¢²ÖÕÐ Ö ±μÉμ·μ£μ ¨³¥¥É ¢¨¤

E(t) = e−iωt E0(cos θ, sin θ),

Éμ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° μ¶¥· Éμ· ¢μ§³ÊÐ¥´¨Ö Ĥ1, ¤¥°¸É¢ÊÕÐ¨° ´  § ·Ö¤ e, ³μ¦´μ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥° Ëμ·³¥:

Ĥ1 = −e

N∑
j=1

rjE(t).

�Éμ Ìμ·μÏμ ¨§¢¥¸É´Ò° μ¶¥· Éμ· ¤¨¶μ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢. ‡ ³¥É¨³, ÎÉμ ¸ ¶μ³μÐÓÕ μ¶¥· -
Éμ·μ¢ Ĉ±

x ¨ Ĉ±
y ³μ¦´μ § ¶¨¸ ÉÓ:

N∑
j=1

xj =
(

�

mωx

)1/2

(Ĉ+
x + Ĉ−

x ),

N∑
j=1

yj =
(

�

mωy

)1/2

(Ĉ+
y + Ĉ−

y ).

’ ±¨³ μ¡· §μ³, ¤²Ö ¶ · ¡μ²¨Î¥¸±¨Ì ±¢ ´Éμ¢ÒÌ Ö³ ¢ ¸¨²Ê Ë ±Éμ·¨§Ê¥³μ¸É¨ ´¥¢μ§³Ê-
Ð¥´´μ£μ £ ³¨²ÓÉμ´¨ ´  Ĥ0, μ¡² ¤ ÕÐ¥£μ ¤¨´ ³¨Î¥¸±μ° ¸¨³³¥É·¨¥°, Ê¤ ¥É¸Ö ¶μ¸É·μ¨ÉÓ
¸ÉÊ¶¥´Î ÉÒ¥ μ¶¥· Éμ·Ò, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ ¢ÒÏ¥Ê± § ´´Ò³ ±·¨É¥·¨Ö³: μ´¨ Ê¤μ¢²¥É¢μ-
·ÖÕÉ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ (1), (2), ¨ Î¥·¥§ ÔÉ¨ μ¶¥· Éμ·Ò ³μ¦´μ ¢Ò· §¨ÉÓ
μ¶¥· Éμ· ¢μ§³ÊÐ¥´¨Ö ¸¨¸É¥³Ò, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³.
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’¥μ·¥³  Šμ´  ¨§´ Î ²Ó´μ ¡Ò²  ¸Ëμ·³Ê²¨·μ¢ ´  ¤²Ö Ô²¥±É·μ´´μ£μ £ § , ´ Ìμ¤ÖÐ¥£μ¸Ö
¢μ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥. ˆ³¥´´μ ÔÉμ ¶μ²¥ Ö¢²Ö²μ¸Ó ¶·¨Î¨´μ° ²μ± ²¨§ Í¨¨ Ô²¥±-
É·μ´´μ£μ £ § . ‚ ¤ ²Ó´¥°Ï¥³ ¡² £μ¤ ·Ö ´ ²¨Î¨Õ · §³¥·´μ£μ ±¢ ´Éμ¢ ´¨Ö ¢ ±¢ ´Éμ¢ÒÌ
´ ´μ¸É·Ê±ÉÊ· Ì ¸É ²μ ¢μ§³μ¦´Ò³ ¸μ§¤ ´¨¥ Ê¸²μ¢¨° ¤²Ö ²μ± ²¨§ Í¨¨ Ô²¥±É·μ´´μ£μ £ § ,
· ¢´μ¸¨²Ó´ÒÌ É¥³, ±μÉμ·Ò¥ ¨³¥ÕÉ ³¥¸Éμ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³ £´¨É´μ£μ ¶μ²Ö (μ¡μ¡Ð¥´´ Ö
É¥μ·¥³  Šμ´ ), ¨ ¶μÔÉμ³Ê ¢ ´¨§±μ· §³¥·´ÒÌ ±¢ ´Éμ¢ ´´ÒÌ ¸¨¸É¥³ Ì ÔÉ  É¥μ·¥³  ³μ¦¥É
·¥ ²¨§μ¢Ò¢ ÉÓ¸Ö Ê¦¥ ¢ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö.

�² £μ¤ ·´μ¸É¨. �¢Éμ· ¡² £μ¤ ·¥´ �¤Ê ·¤Ê Š § ·Ö´Ê, ‹¥¢μ´Ê Œ ·¤μÖ´Ê ¨ �·³¥´Ê
�¥·¸¥¸Ö´Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö.

�·¥¤¸É ¢²¥´´ Ö · ¡μÉ  ¢Ò¶μ²´¥´  ¢ · ³± Ì � Í¨μ´ ²Ó´μ° ¶·μ£· ³³Ò �·³¥´¨¨ ®�μ-
²Ê¶·μ¢μ¤´¨±μ¢ Ö ´ ´μÔ²¥±É·μ´¨± ¯.
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