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Introduction

The Rise of Bose-Einstein Condensation

e Predicted by Einstein (1925) based on work of Bose (1924)
e Experiment with dilute ultracold atomic gases (1995):

= Nobel Prize in Physics (Ketterle, Wieman, Cornell) in 2001
= more than 6000 publications



Introduction

Gross-Pitaevskii Equation
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e (Gaussian variational ansatz: pPrrL 77, 5320 (1996)
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e Experiment: N = 10° 87Rb, w, = 2m x 112 Hz, prL 86, 2196 (2001)
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Introduction

ies of Collective Mod
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H. Al-Jibbouri, 1. Vidanovié, A. BalaZ, and A. Pelster, J. Phys B 46, 065303 (2013)
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Stability Diagram
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onances

Feshbach R

drh2as A
g2 = 5=, as = apg |1

o B_Bres

S. E. Pollack, D. Dries, M. Junker, Y. P. Chen
T. A. Corcovilos, and R. G. Hulet, PRL 102, 090402 (2009)

Scattering Length (a )

192.3 G
102 apg = —24.5ap
Periodic Modulation of Interaction Strength —s° &0 eo = 70

Magnetic Field (G)

B(t) = By+ dBcosQt, By=565G, 0B =10G

= as(t) = aay + dacos i, Qay = 3ag, 0a = 2ag

= P(t) =P+ Qeos, P =15 Q=10

S. E. Pollack, D. Dries, R. G. Hulet, K. M. F. Magalhdes, E. A. L. Henn, E. R. F. Ramos,
M. A. Caracanhas, and V. S. Bagnato, Phys. Rev. A 81, 053627 (2010)
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Experimental Result

Stroboscopic pictures: 0
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Fit:  w,(t) = u.0 + u.0sin(Qt + ) + u.g sin(wot + ¢)

S. E. Pollack, D. Dries, R. G. Hulet, K. M. F. Magalhdes, E. A. L. Henn, E. R. F. Ramos,
M. A. Caracanhas, and V. S. Bagnato, Phys. Rev. A 81, 053627 (2010)



ric Resonances

Condensate Dynamics
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wp = 27 X 4.85 Hz, A = 0.021, P = 15, Q = 10, Q@ = 0.05w,, and K =0

I. Vidanovié, A. Balaz, H. Al-Jibbouri, and A. Pelster, PRA 84, 013618 (2011)
D. Vudragovié, I. Vidanovié, A. Balaz, P. Muruganandam, and S. K. Adhikari,

Comput. Phys. Commun. 183, 2021 (2012)




Excitation Spectra: Numerical Result
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Parametric Resonances

Result From Poincaré-Lindstedt Method

+ Q2 ‘FQ(WQova(nQ)upO)uanPvlC = 0)
Q2 — w%0)2(§22 - 4w§20)

0.04 f

0.038 1

wQ(Q) = WQq

0.036 |

Frequency g

0.034 1 o wp = 27 X 4.85 Hz|
K=0
0032 | Wgo P=15
“Q.@ e=10
0.03 W m A=0021
0 0.02 004 006 008 0.1 0.12

Q

I. Vidanovié, A. Balaz, H. Al-Jibbouri, and A. Pelster, PRA 84, 013618 (2011)

/16



Geometric Resonances

Outline

® Geometric Resonances
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Quadrupole and Breathing Mode Frequency Shifts

Initial condition: u(0) = up +cug,,5,, w0) =0
G0,8(wqo, WBo, Upo, Uz0, P, K, A)
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Geometric resonances at wpo = 2wQo:
No geometric resonances: wqo # 2wpo

A1 = 0.55 and Ag = 2.056
H. Al-Jibbouri, I. Vidanovié, A. BalaZ, and A. Pelster, J. Phys B 46, 065303 (2013)
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Geometric Resonances

Resonant Mode Coupling for Quadrupole Mode

u(t) = up + Ag coswg,t + Apcoswp,t + ...
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Special case: =  Ap, =0at A =0.85, A = 1.42

H. Al-Jibbouri, 1. Vidanovié, A. BalaZ, and A. Pelster, J. Phys B 46, 065803 (2013)
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Kohn Theorem

Kohn Theorem Near Feshbach Resonance

¢ Dipole mode (Kohn Theorem): Wwp = w; = A\w,
W. Kohn, PR 123, 1242 (1961)
8
e Feshbach resonance: Bt 4=1076G 851
Y | Be1S56
5 A ; ) age=—443 29
4mh*ag
g2 = —7>, Qs = ABG 1-— B-Bea| € 0 Bres. Berit,
&2
C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, -4
Rev. Mod. Phys. 82, 1225 (2010) 120 140 160 180
. . . . (e)
e Kohn theorem is not applicable in magnetic trap: Bdf
Mw?
V(r) =Vo+ == (p* + \?2?)
Mw? ¢ 9 | \2_2
B(r) = By + 5.2 (p* + X*2%) , Bo=Vo/un

E. R. F. Ramos, F. E. A. dos Santos, M. A. Caracanhas, and V. S. Bagnato,

PRA 85, 033608 (2012)
H. Al-Jibbouri and A. Pelster, PRA 88, 033621 (2013)
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Kohn Theorem

Dipole Mode Frequency in Vicinity of Fesht
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E. R. F. Ramos, F. E. A. dos Santos, M. A. Caracanhas, and V. S. Bagnato,
PRA 85, 033608 (2012)
H. Al-Jibbouri and A. Pelster, PRA 88, 033621 (2013)

= Experimentally: By controllable down to 1 mG, rrL 106, 255305 (2011)
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Single Vortex

s with a Single Vortex

e Thomas-Fermi variational ansatz with vorticity v =1

2 2
— p? p z ip+ippp? +ips2?
Y(p,z,0) =C 7T RIP? 1-— %) |\ = elbTippp®+ip
D. H. J. O’ Dell and C. Eberlein, PRA 75, 013604 (2007)
2013
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® . Al-Jibbouri, A. BalaZ, and A. Pelster, in preparation

® R.P. Teles, V. S. Bagnato, and F. E. A.

dos Santos, ArXiv:1306.253/
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Summary and Outlook

Summary and Outlook

e We presented prominent nonlinear features of collective
excitations due to parametric and geometric resonances.

The Kohn theorem can not be directly applied in the vicinity of
a Feshbach resonance in a magnetic trap.

A vortex changes the collective excitation frequencies.

Outlook
® Anharmonic trap
® Quantum fluctuations
® Finite temperature
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Poincaré-Lindstedt Method: Isotropic Case A = 1

e To calculate collective modes to higher orders, we rescale time as
s = wt and use expansions:
1 P Q Qs

2 i — — — cos — =
wi(s) + u(s) WGP aE)l  a(s) - 0

e Perturbative expansions

u(s) = up+ Qui(s) + Q% ua(s) + Q¥ us(s) + ...

w = wo+Qui+ Qo+ Quwg+...
1 Qs
D . 2 o - S
wiii(s) Fwiui(s) = l cos ——
2 2 . 4 Qs 9
wolia(s) + wiua(s) = —2wowiiin(s) — Eul(s) cos — + auq (s)

0
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Poincaré-Lindstedt Method: Isotropic Case A = 1

e n=3
wiiiz(s) + wiuz(s) + Ccoss + ... =0,

e Particular solution
us(s) = —Cssins+ ...

e Last term can be absorbed into first-order solution

u(s) = wuo+ QAcoss —CQ3ssins+ ...
ug + QAcos(s + 6s), 6= Q*C/A

Q
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Physical Motivation of Kohn Theorem Near Feshbach Resonance

e Thomas-Fermi approximation: p = V(r) + gon(r)

e Far away from Feshbach resonance: H = By — Byes > 0

4mh?apan(0) A AMw: o, 5,
= - =+ —L (PPN +
p=V()+ i ;—1-2’2“13(;) +A22%) +
= 1 A
ae = Qa _——
i BG Y

4 h? 0)uA
= wp = )\wp\/l _ T LC}B;ZLZ; L < Aw,

* This is initial qualitative finding result for the dipole mode

frequency: H. Al-Jibbouri and A. Pelster, PRA 88, 033621 (2013)
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Quantized Vortices

th

0 K2 9
(1) = | = S A+ V) + N [ D] [v(r,t)
Madelung transformation: v (r,t) = y/n(r, t)e* )

Continuity equation: %—’Z +V(nv)=0
Euler equation for irrotational superfluid:

h2v?
M%+V(%MU2+V+QQH— QM/EH) =0

. s _ h
Current density j=nv = v= VS

Condensate wave function must be single-valued, so its phase can
only change by multiples of 27
k=§,vdr =2my{ | y=1,2,..
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Structure of Single Vortex

o Condensate wave function

b(pz,0) = f(p,2)e"?,  flp,2) = v/n(p,2)

e Time-independent GP equation

Py 2 2
25 (38 (0%0) + Bh] oo™+ MR (2 4 2222) fgof = uf

; Lo K2 _ 1 _
e Healing length: £ = \ Mg fEoE = Tl 0 Yo

® p <K & dominant term arises from kinetic energy
= f=cp, nchpQV

¢ { < p < R,: Thomas-Fermi solution

= me(7) = & [1 (%) - (R—ﬂ
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