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(Bose-Einstein condensation .BEC)
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Rotating BEC Vortices (TOF image)

y

Solutions of
GP eq.

Review papers r
- K. K., and M. Tsubota, Prog. Low Temp. Phys. 16, 351 (2009), ed. by
W. P. Halperin and M. Tsubota (Elsevier).
- A. L. Fetter, Rev. Mod. Phys. 81, 647 (2009).
- M. Tsubota, K. K, M. Kobayashi, Chap.3 in Novel Superfluids, ed. by
K. H. Bennemann and J. B. Ketterson,
- M. Tsubota, M. Kobayashi, H. Takeuchi, Phys. Rep., 522, 191-238
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Rotating BEC Vortices (TOF image)

Time of flight (TOF)
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Neely, et al., PRL 104, 160401 (2010)

Vortex dipole (E-FiRRT7) DERET A FTIOXDE A

Average number of vortices
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D.V. Freilich, et al., Science 329, 1182 (2010)
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Real-Time Dynamics of a Single
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S. Middelkamp, et al., PRA 84, 011605(R) (2011)
R. Navarro, et al., PRL 110, 225301 (2013)
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E. A. L. Henn, et al., PRA 79, 043618 (2009)
Excitation frequency : 200Hz

Amplitude 250 mV . ©

turbulence
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E A. L. Henn, et al.,
PRL 103, 045301 (2009)
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E. A. L. Henn, et al., PRL 103, 045301 (2009)
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°o ) Kawaguchi and Ueda, Phys. Rep. 520, 253 (2012)
AE/—JLBEC Stamper-Kurn and Ueda, RMP 85, 1191 (2013)
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(D. S. Hall et al., PRL 81, 1539 (1998) 87Rb |F=1, m.=-1>, |2, 1
J. Stenger et al., Nature 396, 345 (1998) 2Na |1, -1>, |1, 0>, |1, 1>

M.D. Barrett et al., PRL 87, 010404 (2001)  °%’Rb |1,-1>, |1,0>, |1, 1>
H. Schmaljohann, et al., PRL 92, 040402 (2004) | a7Rp |2, -25, |2, -1>

M.S. Cheng, et al., PRL 92, 140403 (2004) s .12, 0>, 12, 1>
Q Kuwamoto, et al., PRA 69, 063604 (2004) ) , 2, 2> J
BEC mixture
~ BERHEHEDREF - ANADERERFEFHT S ™\
G.Modugno et al., PRL 89, 190404 (2002) 41K-87Rb
D. J. McCarron, et al., PRA 84, 011603 (2011) 133Cs-87Rb
S. B. Papp, et al., PRL 101, 040402 (2008) 85Rb-87Rb
\Y. Takasu et al., PRL 91, 040404 (2003) 168, 170, 172, 1.74, 176¥ |, y
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AE/—ILBEC

Kawaguchi and Ueda, Phys. Rep. 520, 253 (2012)
Stamper-Kurn and Ueda, RMP 85, 1191 (2013)

TZILA)EFOEDODRAEVEHH

o

D. S. Hall et al., PRL 81, 1539 (1998)
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J. Stenger et al., Nature 396, 345 (1998)

M.D. Barrett et al., PRL 87, 010404 (2001)

H. Schmaljohann, et al., PRL 92, 040402 (2004) |

BNa {1, -1, 1,05, [1, 1>

8Rb |1, -1>, |1, 0>, |1, 1>
8'Rb |2, -2>, |2, -1>

M.S. Cheng, et al., PRL 92, 140403 (2004) s .12, 0>, 12, 1>
Q Kuwamoto, et al., PRA 69, 063604 (2004) ) , 2, 2> J
BEC mixture
B AFES - B4 |
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/m., PRL 89, 190404 (2002) 41K -87Rb

D. J. McCarron,
~B. Papp, etal.,, PRL 101, 040402 (2008)
\Y. Takasu et al.
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et al., PRA 84, 011603 (2011)

133CS_87Rb
85Rb_87Rb
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Gross-Pitaevskii (GP) energy functional

E[Y,Y,]= .“dg’"{Z{thsz +VJY12}

1l 2m,

Y[R [V

Trapping potential 1 Trapping potential
ppIng p VjZEijZ(I”Z+/222) ppIng p
. . 2 . .
Atomic interaction g = 20h°a & a; s-wave scattering length
Jk 1 -1 -1
m m, =m,; +m
Ground state miscible o immiscible
0,008 218 > & 81182 <g122 PN
't 0.015 | P2 ,/
0.006 [ i ,I
I 0.01 | /
0.004 — I ,I
I [ /
0002 | 0.005 | ; J
I [ I
0f LN 0 L ! . .
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85RDb - 87Rb e g5y, " Papp, et al., PRL 101, 040402 (2008)
iy 4 4
a§5_87 = 51 a, (e) = a85 780 a, (f)
S o 3}
=51 q, B é 9 i
A=-080 (S : 8
E 1l
€ =
200 100 0 100 200 ®Z200 00 0 100 200
position (um) position (um)

Tojo, et al., PRA 82, 033609 (2010)

87Rb o .. 10 )
12)
- — Col
| F_]" mF_1> Experiment olumn

[ dgnsny ]
—_ —_— arb. units
e llllnllnll:ll
Theory
K,
+8 0 +9 0 -1 . 5

Aa = alz(B) - albzg

1 0.5x107"3 [cm3/s]
Aa 0 0 +50 0 xa, [au]
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Matthews et al., PRL 83, 2498 (1999)
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K. K., M. Tsubota, M. Ueda, PRL 91, 150406 (2003)

- K.K. and M. Tsubota, PRA 79, 023606 (2009)
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2RTBECICH TS = Fit AR

2 B3 AR E) Ishino, Takeuchi, Tsubota., PRL 105, 205301 (2010)
(a) t'f__O (b) =122 (¢) 1’=_.l2.6 (d) t’=_.]3.8 (e) t’ :'-26.0
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2 B Xt IR E)] Hamner, et al., PRL 106, 065302 (2011)
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Superconductivity under a Rotating BEC
magnetic field

In a frame of reference rotating with 2 =Qz

) 2
p__Q.L=|(p—mer) _lmgzrz

At

. 2

analogue of the Hamiltonian of (=i#V -eA/c)
a electron in a magnetic field 2m




TR FRICHITEINTLTT—>15

Superconductivity under a Rotating BEC
magnetic field

In a frame of reference rotating with  =Qz

% il Q 2
P g.p o \p-mxr) SENE
2m 2m 2

centrifugal potential weakens
the confining potential of a BEC
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adiabatic
change Berry phase

7(C) =i (Wr,

e.g. Electrons in a magnetic field

Ve e ) dR(1)

eBS 2pF
h F,

Aharanov-Bohm phase ¢(C) =



AR I TS 5

<Toy model> ZDDRENIREZELDRFZEZD

8,2 O. RS
e Sl g2 ey g e st e sind
SEHE me | 2 {e”sin@ —cos6
WY Vir): SMERRTL AL (RERRAEE (R 3T)

&) |Qr): SERE% -
6(r): mixing angle + CHib (3 ZEfE{KTF
|¢(r): phase angle _

Local eigenstate of U(r) (dressed state)

‘C>_aeCOS(C7/2) ¢ c >:39e”sin(q/2)f
1 _ge”sin(q/z)g' i 3 cos(gf2) o (EXEE)

REATMIL Y ()= Ay, ()

j=12

c,(r)
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®cos(g/2) ¢ & S|n(q/2) 0
Crsin(g2 178 cos(grz) ¢ [T ,iyf("’ ¢;(r))

The atomic state is|c,)at r = 0, following the dressed state
adiabatically (y, is negligible).

ih%‘Y(r,t» = HY (r,1))

€)=

-A
ih(9%= (p-4) +V+h—Q+W1/J
ot 2m 2

geometric potential
. h
A(r)=ih(x, |Vx,) = E(COSH -1)V¢

W (r) = %KXZ\VXJ\Z - :m (VO)" +5in”6(V)’|

only depedent on the spatial derivative of dand ¢
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The lifetime of excited state |e) is generally very short.

Use of (quasi)degenerate ground states {‘g]>] 1...., N}
IS preferred.

: ®2d k; 0C
A-level scheme] {[g).[e)|g,)} basis U—Eg kK 0 k.
) K45 S0 K 20

R Three eigenstate ‘@
. s i :(‘B i e>)/\/§

Dark state |D)= (2\81 kg, )/k

Bright state \B}z(ki g)tk, g, )/k

k= k[ +lkf
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The lifetime of excited state |e) is generally very short.

Use of (quasi)degenerate ground states {‘g]>] 1...., N}
IS preferred.

: ®2d k; 0C
A-level scheme] {\g1>,\e>,\g2>} basis {7 = hg k0 kzz
e) TN ) 0 k; 207-

$ %

------- Three eigenstates

£)=(1B)e))/2

7 (R

" 'z
‘Y( )> a J/X( )| X(x))» y, (r)|D(r))  — Tt @ 2m x

_ A(r) =in(D|VD)
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Lin, et al. Phys. Rev. Lett. 102, 130401 (2009)
Nature 462, 628 (2009)

real magnetic field
8’Rb atom F=1 hyperfine level

B-by ! excited state manifold

Raman Raman

J/‘ mp = —1 mp = () mp = +1

The Zeeman split due to the real magnetic field
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Lin, et al. Phys. Rev. Lett. 102, 130401 (2009)

{‘mF _ 1> m, = 0>, = +1>} basis Nature 462, 628 (2009)
hge 2d k O E 87Rb atom F=1 hyperfine level
U= EQ K 0* Kk : excited state manifold
x 0 Kk 2d;

k =k expg(k, - k,)xH=k" exp(ik,x)
eigenstate With the lowest eigenvalue

\c} e’ cos? 2L SlnC7\O>+ sinzg\ﬂ}

A(r) = in( X\V}& = —hk,e_cos6
k©

tanq_ \/Ed mp = —1 mp = (0 mrp = +1

A(r)p de | O(ﬁy - J’o) € | Uniform magnetic field along the z-axis
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Spin projection m
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3 -2 -1 0 1 2 3

Momentum k /k

h2
zm* (kx o kmin )2

o [k qA]
2m U7 h

H =~

A(r)p de,p oy - vo) e,

Lin, et al. Phys. Rev. Lett. 102, 130401 (2009)
Nature 462, 628 (2009)

0'=0.34 kHz ym*

Spin projection m,

0 2 -2 0 2

[ ] " J
Momentum Kk /k Momentum k /k

Uniform magnetic field along the z-axis
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KEFHRDEFRIZE TS Hofstadter-Harper /N2 )L F=F7 U DEI

Peierls phase

a JJ¢(&JT&J+ h.C.) + é. Eij ¥, é %NJ(NJ ) 1)

(j,j9 j i

D. Jaksch and P. Zoller, New J. Phys. 5, 56 (2003) P [ L
E. Mueller, et al., PRA 70, 041603 (2004) T N i
A.S. Sorensen et al., PRL 94, 086803 (2005). RN

2y - W X F il

) Y A a% of gww‘lﬁ\s ‘»{o‘a |{{a»t]\ \|~1« Bl 1«‘» r[e}((@

two internal state m+1} 5| T A S

m = B Sl

® o
m-1t
) I 1 L
a) 4x/\ b) n-1 n nt+l 4z/)\

(Humburg) J. Struck, PRL 108, 225304 (2012), arXiv:1304.5520
(MaxPlanck) M. Aidelsburger, PRL 107, 225301 (2011), arXiv:1308.0321
(MIT) H. Miyake, arXiv:1308.1431
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— RE R—ILHER, RO AR, etc

HFLNBKERRISBTDMISLMTO __ 5 (k)
BMESE—AVREDHREER, =~H" Do

n h
E=E;De%x B =
m

2

- - - «— - - - J —» B
o — k O = O ®
y X
+ o+ o+ «— + + + «— ]
Rashba SOC —H- By (k) Ok, -0k, (kax + Gyky)
2 RITEFZ (GaAs®, etc)
Dresselhaus SOC -t Bgo(k) x-0 k, -0k, (_kax + Gyky)
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Ey(- k,k,,0)




SOCZEo/h V%

2

Rashba Z48 B £ F H=—|k*>-2«x(k,c, + kyo’y)]

2m
Single-particle dispersion
d TH-S

E(p)

Energy

Momentum
Minima at £, = £« Degeneratelground state for

different azimuthal angle

- RIETRILF—RKEA R, MEERDHLIRTOREREDEE?

fERIFIFEFEEREER. bV TDIEEAE. | . GEICKYREITS,
Stanescu, et al., PRA 78, 023616 (2008)
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Lin, et al., Nature 471, 83 (2011)
Hamiltonian

2) _
Héff__

2m
Pseudospin representation
Raman coupling ) =e?*{cos(k,x)[1)+sin(k,x)|2)}

wa ks . wpy—kr ‘—> :ez‘p/4{_ Sin(ka)‘1>+Cos(ka)‘2>}

Unitary transformation L
U(r)=e 7"/ %

fﬂ?-ﬁ%@H@ﬁ()

zV - ds +Ws

Rashba+DresseIhaus type vector potential
(Non-Abelian gauge field)
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Raman coupling

4 Boson &Rb F=1 |m,=1 0, -X%)
Lin et al., Nature 471, 83 (2011)

\ e/ Fermion 40K F=9/2 |m, =9/2, 7/2)
NS Wang et al., PRL 109, 095301 (2012)
oLi F=3/2 |m.=3/2, 1/2)

=

la N

Hy =U"(r)HZU (r)

Rashba+Dresselhaus type vector potential

(Non-Abelian gauge field)
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Rashba
+Dresselhause (1D) S x Lin et al., Nature 471, 83 (2011)
Rashba (2D) Campbell et al., PRA. 84, Juzelilnas et al., PRA 81,
s <+ s, )A; 0256;?,2 (2011) o 053403 (20”10)
5 ”L,.-"I: | .. x&j.ﬁ...
¥ =
______________________________________________ D N N
Rashba (3D) A ' . %}(;
S X +Syy+SZz i N\ DR
Anderson et al., PRL 108, :
235301 (2012) 2 X + )A_.
Loy Lign .r-|

e aEER -z XU et al., RPA 87, 063634 (2013)
Anderson et al., arXiv:1306.2606



FEHNRFARICHITEREZ B E
THA fEH D EZ 18R

Lin et al., Nature 471, 83 (2011)

2
O =- (- k8 2 - db, + WS,
2m
pa )1 4E3HED TOF imaging

Raman Coupling QJ/E;

0
1
2
3
4F
5
6
7

-10 -05 00 05 1.0 -1.0 0.0 1.0
Quasimomentum g/k, Minima location in units of k; Quasimomentum g/k,
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Rashba + Dresselhaus A = o, 2
Lin, Garcia, Spielman, Nature 471, 83 (2011)

Z\ i
ABEIR L B s s

Possible ground states
Helical modulation
Phase shift

y 4

R |

“Plane wave’
* A U+ AU, (JA_|>|A_])

: ~ e // SN
»’IE »_’I\ Es}pe"

Degeneracy of ground states * (T _+T_,)/ V2

with finite k ]\ 'WXA, ' %6 ‘ ‘




Detuning 6/E;

Rashba+Dresselhaus SOC BEC

Lin et al., Nature 471, 83 (2011)

J Jh C AN en A a II
H= | dr?, E(—zV—kLO'xx) — 60, + Q0. TS drn,g,n,

- ' 1)
4 i
Single ~1
2 minimum | %
- s £
L EN S
0 e ==0) - -5 § 2
k- S O
) _ i
4 i l 0.0 0.1 02 0.3 04 0.5 06
0 1 5 2 ;{ é 1) Raman Coupling Q/E;
Raman Coupling Q/E; I Phase Mixedh Phase Separated Ramz_;m
. 1 \ % - ng/pEIlng
- : A9 L
E = ¢ X+, 2, 8" 8 SZ('] v l—*
int Od” 8 n -
2 2 g -
n=n,+n, E=81=8»
S =n,—n = 2
z = 2 g,=8*

2E,



Rashba+Dresselhaus SOC BEC

Lin et al., Nature 471, 83 (2011)

2
* . A AN2 A ~ A 1
H = J dr¥)| —(-iV—-k,6.x) =60, +Q0o. ¥, + = J drn,g,n,
2m 2
AB U g~ &
BC II o __UJ:l
(2yp-) Qe a g, 8

0.0 0.1 0.2 0.3 04 0.5 0.6
Raman Coupling Q/E;

Phase Mixed Phase Separated Raman
& Coupling

7\
\J
.19 |1 I‘ Q/E,

o




2D Rashba SOC BEC (ASwv7 %)

A= hlc(ax)?t + Gyjz)

E., = j d i‘P;(rX—ihV—A)iV\Pv(r)jL Vn +%n2 +%S22J

N

“stripe phase”

Strong interaction

Wang et al., PRL
106, 160403 (2010)

“plane wave phase”
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2D Rashba SOC BEC (AS5wv %)

A= hlc(ax)?t + Gyjz)

E., = I d i‘P;(r)(—ihV—A)jW\PV(r)jL Vn +%n2 +%SjJ

2m

Non-interacting case
Wu, et al., Chin. Phys. Lett.
28, 097102 (2011)
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Half-quantum vortex

Weak interaction

Hu, et al., PRL
108, 010402 (2012)
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2D Rashba SOC BEC (AS5wv %)

A= hK(Gx)?t +0, j;)

E., = fd ﬁ‘{’;(r)(—ihV—A)ilev(r)jL Vn+%n2+%SZZJ
_&*t8&n»
2

Co

Sinha, et al., PRL
106, 160403 (2011) HV(3/2)

9) Immiscible miscible



FEH

1, RFRAEDR—RAT AL 2342 5HE (BEC)
2, ERE-=EFRANFOER

3, FERFITx 9 55 (Synthetic gauge field)
4, AEVEEHEBERZHDBEC
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