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{[φ†1(∂tφ1)− (∂tφ

†
1)φ1] + [φ†2(∂tφ2)− (∂tφ

†
2)φ2]}

− ~2

2M
(|∂iφ1|2 + |∂iφ2|2) + µ1φ

†
1φ1 + µ2φ

†
2φ2

−λ11

2
(φ†1φ1)

2 − λ12(φ
†
1φ1)(φ

†
2φ2)−

λ22

2
(φ†2φ2)

2

Ù¥ÍÜ~êλij�'uÑ��Ýaij

λij =
4π~2

M
aij

é87Rb§a11 : a12 : a22 = 1.03 : 1 : 0.97§Cq�±�

λ11 ' λ12 ' λ22 = λ
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I. ÃØ�µ^)

�Xeb�

ρ = ρ(%), ξ =

(
cos f(%)

2 exp(−inϕ)

sin f(%)
2

)

ùp��NU(1)�ÏfØK�ÄåÆ�JÑ§ξ|��
�m´S2§�A�ÿÀ"�dπ2(S

2)L«§ÿÀÖL«
�

Q = − i

4π

∫
εij∂iξ

†∂jξd
2x = n.

«Ouü©þBEC¥�ÊÏµ^�(π1(S
1)L�)"

éuùa"�ØI���Å¼ê���Ø§Ïd>.^

����

ρ̇(0) = 0, ρ(∞) = 1,

f(0) = π, f(∞) = 0,
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Figure: solid line δµ/µ = 0.1; dashed line δµ/µ = 0.2
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Figure: solid line δµ/µ = 0; dashed line δµ/µ = 0.1
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Φz =
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0
Hz%dzd% = 2πm
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87Rb ÷vþã^�§,	�Cq ρ = const
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0 < δµ/µ1 ≤ 0.25

µ1 = µ2Ø�3Ý(

1Battye, PRL 88, 080401 (1998)
2Metlitski, JHEP 06, 017 (2004)
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Ù¥Dµ = ∂µ + igCµ

Cµ = − i
g
ζ†∂µζ = − i
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3Cho, Khim and Zhang, PRA 72, 063603 (2005)
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L ∼ (∂µn)2 + (n · ∂µn× ∂νn)2

���¹e§ü©þBEC�5��.�SkyrmenØa
q5

4Faddeev and Niemi, Nature 387, 58 (1997)
5Cho, PRL 87, 252001 (2001); PLB 603, 88 (2004)
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Figure: Solid line: non-Abelian vortex(n = 1,m = 0); Dashed
line: helical vortex (n = m = 1)



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

5�GPnØ¥�ÿÀ�II: µ^)

ÚÊÏGPnØaq§5�GPnØ�3aqµ^)

ρ = ρ(r), ξ =

(
cos f(r)

2 exp(−inϕ)

sin f(r)
2 exp(imkz)

)
>.^� ρ̇(0) = 0, ρ(∞) = 1, f(0) = π, f(∞) = 0

�3)

5 10 15 20 25 30
�

0

0.5

1

1.5

2

2.5

3

f

Ρ

Figure: Solid line: non-Abelian vortex(n = 1,m = 0); Dashed
line: helical vortex (n = m = 1)



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

5�GPnØ¥�ÿÀ�II: µ^)

ÚÊÏGPnØaq§5�GPnØ�3aqµ^)

ρ = ρ(r), ξ =

(
cos f(r)

2 exp(−inϕ)

sin f(r)
2 exp(imkz)

)
>.^� ρ̇(0) = 0, ρ(∞) = 1, f(0) = π, f(∞) = 0

�3)

5 10 15 20 25 30
�

0

0.5

1

1.5

2

2.5

3

f

Ρ

Figure: Solid line: non-Abelian vortex(n = 1,m = 0); Dashed
line: helical vortex (n = m = 1)



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

5�GPnØ¥�ÿÀ�II: Ý(

Ý(´�ak�ºÝ�ÿÀ�§dπ3(S
2)L�"�{ü

�Ý(´4�

5�GPnØ¥�µ^�p�^�Ò´�yùa­½�
ÿÀ�äkk���

êÆþÚ\�¡�IX(η, γ, ϕ)

x = a
D sinh η cosϕ, y = a

D sinh η sinϕ,

z = a
D sin γ,

D = cosh η − cos γ,

η = γ = 0L«R3þ�Ã��§η = ∞L«�¡¥%"



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

5�GPnØ¥�ÿÀ�II: Ý(

Ý(´�ak�ºÝ�ÿÀ�§dπ3(S
2)L�"�{ü

�Ý(´4�

5�GPnØ¥�µ^�p�^�Ò´�yùa­½�
ÿÀ�äkk���

êÆþÚ\�¡�IX(η, γ, ϕ)

x = a
D sinh η cosϕ, y = a

D sinh η sinϕ,

z = a
D sin γ,

D = cosh η − cos γ,

η = γ = 0L«R3þ�Ã��§η = ∞L«�¡¥%"



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

5�GPnØ¥�ÿÀ�II: Ý(

Ý(´�ak�ºÝ�ÿÀ�§dπ3(S
2)L�"�{ü

�Ý(´4�

5�GPnØ¥�µ^�p�^�Ò´�yùa­½�
ÿÀ�äkk���

êÆþÚ\�¡�IX(η, γ, ϕ)

x = a
D sinh η cosϕ, y = a

D sinh η sinϕ,

z = a
D sin γ,

D = cosh η − cos γ,

η = γ = 0L«R3þ�Ã��§η = ∞L«�¡¥%"



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

�Ä¶é¡Ý(

φ =
1√
2
ρ(η, γ)

(
cos f(η,γ)

2 exp(−inω(η, γ))

sin f(η,γ)
2 exp(imϕ)

)

>.^��

ρ(0, 0) = ρ0, ρ̇(∞, γ) = 0, f(0, γ) = 0, f(∞, γ) = π

ω(η, 0) = 0, ω(η, 2π) = 2π

þfz�6Ïþ

Φγ =

∫
Hϕηdηdϕ = −2πm

g
,

Φϕ =

∫
Hηγdηdγ =

2πn

g
.

Ý(þfê£HopfØCþ¤

Q =
1

16π2

∫
εijkCiHjkd

3x = mn



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

�Ä¶é¡Ý(

φ =
1√
2
ρ(η, γ)

(
cos f(η,γ)

2 exp(−inω(η, γ))

sin f(η,γ)
2 exp(imϕ)

)
>.^��

ρ(0, 0) = ρ0, ρ̇(∞, γ) = 0, f(0, γ) = 0, f(∞, γ) = π

ω(η, 0) = 0, ω(η, 2π) = 2π

þfz�6Ïþ

Φγ =

∫
Hϕηdηdϕ = −2πm

g
,

Φϕ =

∫
Hηγdηdγ =

2πn

g
.

Ý(þfê£HopfØCþ¤

Q =
1

16π2

∫
εijkCiHjkd

3x = mn



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

�Ä¶é¡Ý(

φ =
1√
2
ρ(η, γ)

(
cos f(η,γ)

2 exp(−inω(η, γ))

sin f(η,γ)
2 exp(imϕ)

)
>.^��

ρ(0, 0) = ρ0, ρ̇(∞, γ) = 0, f(0, γ) = 0, f(∞, γ) = π

ω(η, 0) = 0, ω(η, 2π) = 2π

þfz�6Ïþ

Φγ =

∫
Hϕηdηdϕ = −2πm

g
,

Φϕ =

∫
Hηγdηdγ =

2πn

g
.

Ý(þfê£HopfØCþ¤

Q =
1

16π2

∫
εijkCiHjkd

3x = mn



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

�Ä¶é¡Ý(

φ =
1√
2
ρ(η, γ)

(
cos f(η,γ)

2 exp(−inω(η, γ))

sin f(η,γ)
2 exp(imϕ)

)
>.^��

ρ(0, 0) = ρ0, ρ̇(∞, γ) = 0, f(0, γ) = 0, f(∞, γ) = π

ω(η, 0) = 0, ω(η, 2π) = 2π

þfz�6Ïþ

Φγ =

∫
Hϕηdηdϕ = −2πm

g
,

Φϕ =

∫
Hηγdηdγ =

2πn

g
.

Ý(þfê£HopfØCþ¤

Q =
1

16π2

∫
εijkCiHjkd

3x = mn



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

Ý()

ê��Ñ�ü©þBEC¥��UÝ(�



ü©þBEC¥
�ÿÀ�

Ü+´

8¹

õ©þBECX
Ú

ü©þ

�Gross-
Pitaevskii n
Ø

µ^)

ü©þBEC�
5�nØ

·�O�
ØÓHopf�ê�Ý(Uþ

1 2 3 4 5 6
Q

50

100

150

200

250

300

E

�1,1�

�2,1�

�1,2�
�3,1�

�1,3�
�4,1�

�1,4�

�2,2�

�5,1�

�1,5�
�6,1�

�1,6�

�3,2�
�2,3�

Figure: ¢�éAuÝ(Uþ­� E0Q
3/4
§Ù¥ E0 = E(1, 1)"ù

:L«éAuØÓÝ(þfê Q = mn �Uþ E(m,n).
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