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ïÄ
���³¥�6 Fermi íN�8N-u. Äu���66NÄåÆ�., æ^C©{¼�
NXl©
f Bose-Einstein vààÞ�� Cooper évàà�XÚ�ü�$U-u�, =ó4�Ú�á�. ©Ûuy: 3��
ª�«ó4�Ú�á�Ñu)
ª£y�, �3 BCS àª£�\wÍ. ?�ÚïÄuy3ØÓ°Ä�Ì-ue�
6 Fermi íN�þ¥%Ú°ÝCz¥yÑ
E,ÄåÆA5, du���³��z, �6 Fermi íNü$U�u)
ÍÜ, ¦°ÝCz�)þfûªy�, �ûªªÇ�X°Ä�Ì�O\O�. ù«��5ÍÜé	Ü°Ä��A
3N�«cÙwÍ.

'�c: �6 Fermi íN, ���³, 8N-u
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1 Ú ó

Feshbach ��Eâ [1,2] �r�p�^�e�
f Fermi íN�ïÄJø
��ÕA�²�, ¿¦
��6 Fermi íN [3,4] �ïÄ¤�
���É'5
��:. Cc5, �X Feshbach ��Eâ3¢�¿
¥�Fª¤Ù, ÏLé�^|rÝÚ�fm�p�
^��Ônëê���ÚN! [5−8] ¦� Fermi
�f Cooper évàN (BCS) Ú©f Bose-Einstein
và (BEC) ª�«�m���=C [9] 3^³²¥
�±¢y. 3nØ�¡, éÃX Bloch �� [10]!�
6 - ý�N�C [11,12]!8N-u [13−18]!�fé
�UY [19] ��¡��þïÄ���
�X��
?Ð.

é	Ü��|��A´�p�^�þfõN
XÚ���A���, $ª�A�8N���´
&ÿ�p�^Úu�nØ�.�k�óä, é8N
-u�ïÄ�´@£vàNÄåÆ5����
�SN. �8c��, §B3³²¥��6 Fermi í
N8N-u�nØïÄ�õ�Û�u{�³²¥.
¢Sþ, §B�^³²¿Ø´X{��g�³, 
  ´���� [20,21], =�3og����z. �
d, �©�Ä
�g�\og�����³, æ^
IO�C©{¼�
�6 Fermi íN3���³

²¥�ü$U8N��-u�, ?�Ú?Ø
3�
�Ì°ÄevàN�þ¥%Ú°Ý�ÄåÆA5
é	Ü°Ä��A, �[©Û
�XÚl©f BEC
àÞ�� BCS à�, XÚ8N-u9ÙÄåÆA
5�Cz.

2 Ôn�.

éu§B�^³², ¢��õ´Îé¡��
/, �î��§BªÇ ω⊥ ��u¶�§BªÇ ωx

�, 3��6 Fermi íN¶�R��²¡þ, và
N�$Ä�È(, �^ÙÄ�©Ù φ0(r) 5Cq, Ø
���5�� φ0(r) = 1/(

√
πω⊥) exp(−r2/2ω2

⊥),
K3 x ���6 Fermi íNLy��G©Ù, d
� Fermi íN�w¤´O���. òê8���ä
kØÓg^�� 87Rb �6 Fermi íN�fC1�
÷ x ������{�³²¥, XJ§B��f
êv
õ, 3"§e, NXl©f BEC �6NÞ�
� BCS �6N�L§�±^6NÄåÆ�.5£
ã [11−18,22,23], =��Ãþj��5 Schrödinger �
§ (òî��mÈ©�):

i
∂ψ(x, t)

∂t
= −1

2
∂2ψ(x, t)

∂x2
+ V (x)ψ(x, t)

+g|ψ(x, t)|2γψ(x, t), (1)
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Ù¥ ψ(x, t) ´£ã�6 Fermi íN�Sëê, M =
2m, m ´ü��f��þ, V (x) = 1/2(x2 + λx4)
´§B Fermi íN��g�\og�³. �§ (1)
¤æ^�Ãþjz/ª� ψ ∼ l

−1/2
x ψ̃, t ∼ ω−1

x t̃,
x ∼ lxx̃.

g =
UNγ

(2γ + 1)πγ l2γ
⊥ lγx~ωx

(2)

´ � f � m k � � � 5 � p � ^ ë ê. lx =
[~/(Mωx)]1/2 ´ � � f � ¶ � A � � Ý, l⊥ =
[~/(Mω⊥)]1/2 ´ � � f � î � A � � Ý, N ´
� f ê. U ´ ü N � p � ^ Í Ü ~ ê, γ � 6
u�p�^: 3©f BEC �ý (2/3 6 γ 6 1),
U = (4π~2am)/M , Ù¥ am = 0.6as(as ´ Fermi
� f m s Å Ñ � � Ý) ´ © f � m � k � Ñ
� � Ý; 3 BCS � ý (0 < γ 6 2/3), U =
[(3π2)2/3~2β]/2M, Ù ¥ 3 N � « β = 0.44, 3
� BCS à β = 1. 3�©©Û¥, é 87Rb �f,
§BªÇ ω⊥ = 2π × 200 Hz, ωx = 2π × 20 Hz, �
f�m� s ÅÑ��Ý a = 5.6 nm.

3 C©©Û

�§ (1) �¦)�=z¤±e Lagrange �Ý

I =
i
2

(
ψ

∂ψ∗

∂t
− ψ∗ ∂ψ

∂t

)
+

1
2
|∇ψ|2 + V (x)|ψ|2 +

1
1 + γ

g|ψ|2(1+γ)(3)

�4���C©¯K, Ù¥(ÒL«E�Ý. b�
Sëê÷v Gauss .Á&¼ê

ψ(x, t) = A(t) e−
(x−x0(t))2

2w2(t)
+ixα(t)+ix2β(t)

, (4)

3��½��m t, T¼ê½Â
¥% �?3 x0,
°Ý� w � Gauss .©Ù, Ù¥ A,α, β �C©ë
ê, Ñ�¢ê. é Lagrange �Ý¼ê'u�mÈ©,
�� Lagrange ¼ê

L =
∫ −∞

−∞
Idx =

√
πw

{ i
2
(AȦ∗ − ȦA∗)

+
gA2(1+γ)

2(1 + γ)3/2
+ A2

[1
2
α2 + α̇x0

+2αβx0 + β̇x2
0 + 2β2x2

0

1
2
x2

0

+
1
2
β̇w2 +

1
4w2

+ β2w2

+
1
4
w2 +

λ

4
(4x4

0 + 12x2
0w

2 + 3w4)
]}

. (5)

$^8�z^�
∫ −∞
−∞ |ψ(x, t)|2dx = 1 Ú Lagrange

� § ∂L/∂qj − ∂/∂t(∂L/∂q̇j) = 0 [Ù ¥ qj =

{w, x0, α, β}] ��'uC©ëê�o��§:

x0 + 2λx3
0 + 2αβ + 4x0β

2 + 3λx0w
2 + α̇

+2x0β̇ = 0, (6)

− 1
2w3

− gγ

2(
√

π)γ(1 + γ)3/2w1+γ
+

w

2
+ 3λx2

0w

+2β2w +
3
2
λw3 + wβ̇ = 0, (7)

α + 2x0β − ẋ0 = 0, (8)

2x0α + 4x2
0β + 2βw2 − 2x0ẋ0 − wẇ = 0. (9)

d (8) Ú (9) ª�¦� β = ẇ/2w, α = ẋ0 −
x0(ẇ/w)§òÙ�\ (6) Ú (7) ª���6 Fermi
íN�þ¥%Ú°ÝCz÷v��§:

ẍ0 + x0 + 2λx3
0 + 3λx0w

2 = 0, (10)

ẅ + (1 + 6λx2
0)w + 3λw3 =

1
w3

+
g

w1+γ

γ

(
√

π)γ(1 + γ)3/2
. (11)

����¥%Ú°Ý, Ò�±�ÑÙ¦�C©ëê,
,���(½a Gauss �f��¤küzA�.

d�§ (10) Ú (11) �, e��Ä{�³², K
k

ẍ0 + x0 = 0, (12)

ẅ + w =
1

w3
+

g

w1+γ

γ

(
√

π)γ(1 + γ)3/2
, (13)

= λ = 0 �, ÃØ3 BEC à�´3 BCS à, �
6 Fermi íN��þ¥%±ªÇ ωx 3 x0 ?�{
��Ä, °Ý�Cz�¥%�$ÄÃ'. e�Äo
g�³²��^, K�6 Fermi íN¥%�CzÚ
°Ý�Cz¬u)ÍÜ.

�§ (10) Ú (11) �²ï:÷v�§

x̄0 + 2λx̄3
0 + 3x̄0w

2
0 = 0, (14)

(1 + 6λx̄2
0)w0 + 3λw3

0 =
1

w3
0

+
g

w1+γ
0

γ

(
√

π)γ(1 + γ)3/2
, (15)

dd��,½�²ï:�

x̄0 = 0, (16)

w0 + 3λw3
0

=
1

w3
0

+
g

w1+γ
0

γ

(
√

π)γ(1 + γ)3/2
. (17)

ò�6 Fermi íN�þ¥%÷v��§ (10) Ú°
ÝCz¤÷v��§ (11) 3²ï: (16) Ú (17) ?
Ðm, =ò x0 = x̄0 + x̃ Ú w = w0 + w̃ �\ (10) ª
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Ú (11) ª, ¿'u x̃ Ú w̃ �5z��:

¨̃x + (3λw2
0 + 1)x̃ = 0, (18)

¨̃w +
(
1 + 9λw2

0 +
3

w4
0

+
g

w2+γ
0

× γ√
1 + γ(

√
π)γ

)
w̃ = 0. (19)

Ïd, ���ü$U-uªÇ�)ÛL�ª

ω1,2 =
[
1 +

(
1 ∓ 1

2
)
6λw2

0 + (1 ∓ 1)
( 3
2w4

0

+
g

2w2+γ
0

γ√
1 + γ(

√
π)γ

)]1/2

, (20)

Ù¥ ω1 Ú ω2 ©OéAu£ã¥%���ó4
� (m = 1) Ú°ÝCz��á� (m = 0).

� λ = 0 �, üªÇ�

ω1 = 1, (21)

ω2 =
[
1 +

3
w4

0

+
g

w2+γ
0

γ√
1 + γ(

√
π)γ

]1/2

.(22)

d (20) Ú (21) ª�±wÑ: duog�³²��
^, ¦�£ã�6 Fermi íN¥%Cz�ó4�Ú

°ÝCz��á�u)
ÍÜ, qdu�f�m�
�p�^ØÓ (g Ú γ �Cz), ¦�©f BEC àÚ
N�«�ü$U��-u�u)Cz.

4 (J©Û

ã 1 �Ñ
ØÓ λ e��fê N Cz�ü
$U8N-u��ªÌ�. dã 1 �±w�§
ÃØ3 BEC(γ = 1) à�´3N�« (γ = 2/3),
� λ > 0 � (ã 1(a), (c)), �X λ �O\, �A�ü
$U��ªÇu)7£ (� λ = 0, 0.01, 0.1, 0.5);
� λ < 0 � (ã 1(b), (d)), �A�ü$U�ªÇu
)ù£ (� λ = 0, −0.0001, −0.001), ¿��X |λ|
�O\, ü$U�-u���Ç��. Ó�, �f
ê��, ü$U�-u���Ç���. ���
´, 3N�«ü$U8N-u��ª£�'�6©
f BEC à�\wÍ. Ó��±uy: é�½� λ,N ,
ü$U-u�ªÇ3N�«²w'©f BEC à
�, ¿�Ùª£��fê N �O��wÍ, =�
6 Fermi NXl©f BEC àÞ��©f BCS à�,
ü$U�é	Ü�A��ØÓ.

ã 1 ØÓ λ e��fê N Cz�ü$U8N-u��ªÌ� ¢�éA γ = 1, J�éA γ = 2/3. éu¤k�, 3 (a)
Ú (c) ã¥, le�þ�g�: λ = 0, 0.01, 0.1, 0.5; (b) Ú (d) ã¥, lþ�e�g�:λ = 0, −0.0005, −0.001
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ã 2 ØÓ°Ä�Ì ∆x -ue©f BEC(γ = 1) �6N¥%Ú°Ý��A (a) ∆x = 0.15, λ = 0.01; (b) ∆x = 0.5,
λ = 0.01; (c) ∆x = 0.15, λ = −0.001; (d) ∆x = 0.5, λ = −0.001

ã 3 ØÓ°Ä�Ì ∆x -ueN�« (γ = 2/3) Fermi NX¥%Ú°Ý��A (a) ∆x = 0.15, λ = 0.01; (b) ∆x = 0.5,
λ = 0.01; (c) ∆x = 0.15, λ = −0.001; (d) ∆x = 0.5, λ = −0.001
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e¡?�Úl£ã�6 Fermi XÚ¥%Ú°
ÝCz��§ (10) Ú (11) Ñu, æ^�Ì°Ä-
u (é²ï:�� l) 5ïÄ�6 Fermi íNé
$U-u��A.

¢�þ, ù«-u�±ÏL£Ä²�¥% �
±9UC²�AÛ/G5¢y. ã 2 Úã 3 �Ñ

3�fê N = 5000 �ØÓ°Ä�Ì ∆x -ue�
6 Fermi XÚ¥%Ú°Ý��A(J, ∆x L«�
6 Fermi NX�þ¥%�éu²ï:�UCþ. �
±w�: 3ù«-ue, TNX¥%�{���, °
ÝÑyþfûªy� [24], `²du�Ä
§B³
²¥og����^, éAu�6 Fermi NX, ¥%
��Ú°Ý���ü$U-u�u)
ÍÜ. � λ

�½�, �X°Ä�Ì ∆x �O\, °ÝCz�ûª
ªÇÅìO�, ù�y�3N�«��wÍ (Xã 3
¤«). AO/, � λ < 0 �, �°Ä�Ì ∆x �O�,
N�«°ÝCz�ûªÑy
·by� (Xã 3(d)
¤«).

d (10), (11), (16) Ú (17) ª�, é°Ý?1�
�UC�, e¥%ØÄ (∆x = 0), K°Ý)Í, ��
ªÇd (11) ª3 x0 = 0 ��Ñ. ã 4 �Ñ
ØÓ°
Ä�Ì ∆w e�6 Fermi NX°Ý�Cz. �±w
�: ��6 Fermi íNl©f BEC àÞ�� BCS
à�, e λ > 0, K�á�ªÇO� (Xã 4(a), (c)
¤«); e λ < 0, K�á�ªÇ~� (Xã 4(b),
(d) ¤«).

ã 4 ØÓ°Ä�Ì ∆w -ue�6 Fermi íN°Ý��A (a) γ = 0.1, λ = 0.01; (b) γ = 1, λ = −0.001; (c) γ = 2/3,
λ = 0.01; (d) γ = 2/3, λ = −0.001

5 ( Ø

ÏLC©{�Ä
���³é�6 Fermi íN
8N-u�K�, ¼�
�g�\og�³²¥ü
�$U����ª£)Ûª, uyÃØ3 BEC à
�´3N�«, ¥%Cz�ó4�Ú°ÝCz��
á�Ñu)
ª£y�§¿�3N�«�\wÍ.

?l£ã�6 Fermi XÚ�þ¥%Ú°ÝCz
��§Ñu, æ^�Ì°Ä-uïÄ
�6 Fermi
íNé$U-u��A. uy�NXl©f BEC
àÞ�� BCS à�, XÚ�ü�$U-u�9é
	Ü°Ä��AÑu)
wÍUC. ïÄ(Jé?
�Ú@£�6 Fermi íN�ÄåÆA5äk�½
���¿Â.
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Collective excitations of superfluid Fermi gas in an
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Abstract
The collective excitations of a one-dimensional superfluid Fermi gas in an anharmonic trap are investigated. By using the varia-

tional approach, the frequency shifts about the dipole mode of the center-of-mass variations and the breathing mode of width variations
are derived. It is found that the frequency shift in a unitary region is more significant. Under the excitations of different driving ampli-
tudes, the two low-energy modes are coupled due to the contribution of the quartic item, and the quantum beating phenomenon comes
into being. The frequency of beating increases with the driving amplitude. The dynamics of the width exhibits complex characteristics,
especially, in the unitary region.
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