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BEC Interference

e Andrews et al, Science 1997

?fat central peak?




Basic considerations

* Relative phase is well defined

— two packets are produced coherently from
one

— relative phase=0 because of symmetry
— Interference pattern repeatable

 GP equation works
— Numerical solutions by Wallis et al PRA 1997
— The fat central peak remains to be explained



Inverse scattering method

GP wavefunction

1D GP Is exactly soluble |
* Scattering problem AR
— Reflection coefficient 2 T - g
r(k,t)=r(k,0) exp(iat) ,
known Y —

— Calculate r(k,0) from ¢(x,0)

e |Inverse scattering problem
— Construct ¢(x,t) from r(k,t).



Interference pattern

« Asymptotic momentum distribution
n(x, t) = la(k=x/t)|¢ at large t.

e |Inverse scattering theory:

1

|.'.rf||iﬁ.l|2 —

log(l — |rik)[*).

large r gives peaks, small r gives valleys

* Interference pattern is given by r(k,0)
based on the initial GP wavefunction



Schroedinger scattering

o If initial GP wavefunction is real
— equivalent Schroedinger problem with

V(x) = gy — Jg b0

potential

° :E':L:'li':J“:li'L'L'J‘"l
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Classical and quantum chaos

B Classical Mechanics:

» Regular motion: periodic or quasi-periodic motion

» Chaotic motion: exponential divergence of nearby orbits
B Quantum Chaos:

v Wave function dynamics is always regular due to linearity.
v' Quantum signatures in systems which are classically chaotic:

1. Time-independent systems (two or more degrees of freedom):

2. Time-dependent systems (one degree of freedom + time):



Kicked Rotor

B Classical dynamics: the standard mapping

2

Hamiltonian H :%+Kcosx25(t—nT) Energy En —K?n/4

e Chaotic motion leads to diffusive growth in the kinetic energy
B Quantum dynamics: Quantum kicked rotor

2
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v Quantum resonance o
o is arational number o #1/2 Energy En o n°

v Quantum Anti-Resonance
a=1/2;T =27 Periodic motion

v Quantum suppression of classical diffusion
« is anirrational number, Quasi-periodic motion
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Kicked BEC h
\

2
ov 10 W+g\z//\2z//+Kcos(@)Zﬁ(t—nT)z//

ot 206?

v How both quantum mechanics and nonlinearity affect the dynamics
Classical: chaotic motion leads to diffusion
Quantum: no chaos because of the linearity of qguantum mechanics
Quantum with nonlinearity: new opportunity for chaos?

® Focus: Quantum anti-resonance T =27
Periodic motion; Pure quantum mechanics; Relatively simple

» No or weak interaction: Periodic or quasi-periodic motion,
no instability
» Strong interaction: The destroy of quasi-periodic motion and
instability
11



Average Energy E(t)

Evolution of the mean energy of each particle
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Dynamical instability of BEC

® Chaos: exponential sensitivity to initial condition
Exponential divergence of nearby trajectories

® Exponential growth of Bogoliubov amplitudes
u,v, --—- modes of deviation from the condensate wavefunction

® Exponential growth of non-condensed atoms

o0

(N@®) =D (v, ©)|v (D)

k=1
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Stablility phase diagram
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Transition to Instability for a dynamically localized state
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» Noninteaction:  Quasi-periodic motion
» Weak interaction: Still quasi-periodic motion,

Slow growth in the number of honcondensed atoms
» Strong interaction: Quasi-periodic motion is destroyed,;

Diffusive increase of energy;

Exponential growth of noncondensed atoms.
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Superfluid and quasiparticles

* The description of a superfluid

v' Condensate
v Elementary excitations: quasiparticles

* Quasiparticle energy in a uniform superfluid

p*( p°
In static superfluid: ¢, = ( +2gn]

2\ 2

In a moving superfluid: .
Eex = gf) T p oV

/

Quasiparticle momentum in the co-moving frame!

What is the quasiparticle momentum in lab frame?
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Atomic mass

Momentum:

Energy

Quasiparticle Wavepacket

p = (O|D)

e = Po + PVs

External potential
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Quasiparticle dynamics

_ ow  Jdp . |
o = — +—(rc"Vs), Momentum
Jq. Jq. :
5 3 9 IS not
L] -I"‘L: L] -l[) L] -p I
G = —— —pox [ v, ) + (4, - v, canonical
or. or. 0q,
Vector potential A =i(¢|lo.|0¢/or.) =—(p—1)Va(r.)

Berry phase around a vortex

['(C) = cﬁ( dr. - A = _ﬁg (p—1da(r.) = —27(p—1)
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Canonical dynamics

e Canonical momentum:
kf. = (¢ + (l - fJ) Vs

e Equations of motion:

. Ow . Ow
[‘C — = . kf_‘. - — r— .
k. or.
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Transverse force on a Vortex

> Magnus force F=r(C)zxv,

» controversy

k(C) = 2mhnger /M OF |
. Kk (C) = 27hn,/m

ibuti i : E'Th less,Ao,Niu: momentum
» Contributions: Superfluid + Normal fluid ouless,A0,NIU. Mo

 circulation comes only from

- superfluid. .
' » No contribution from normal fruid.!
_ =2 (kpT)* ' No lordanskii force. '
Mot =ng+ Pn p, = 245 {EBBSE}
‘/ l _ l _ Confirmed by calculating quasi-
Total ~ Superfluid ~ Normal fluid . particle momentum distribution,
density density density . provided Berry phase effect is

' taken care of.



Quasiparticle momentum distribution around a vortex

(a) In region S w. = 2m x 800 Hz
_— pES )
ﬁma A, Condensate atoms: 9740 7 2m x 2 Hz
' Q) Thermal atoms: 1650 Q = 0.4w,
Vortex . o )
\ Centg : 1"~ 21.1 nK
- @ T, ~ 52.8 nK

Condensate

thermal atoms
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Conclusion

Nonlinear interference of BEC pRL 00, with Liu and Wu
Inverse scattering method

Nonlinear Quantum Chaos pRL 04, 05 with zhang, Liu, Raizen
Kicked BEC
BEC in a Billiard

Quasi-particle momentum prL 06 with Zhang
Thermal momentum distribution
Transverse force on a vortex

Nonlinear Dynamics of BEC Is Exciting!
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1 . — 1 .
actions: I —ESEp-dq angles: 6,,0,,...,6,

Vi
B
L ®

/ .
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v (0= a,0,(R,)
y () =Y ae ", (RO)

Tz meeu oeifos =12, [
probabilities
t
2,0 = e (RENIT 70
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 what Is the adiabatic condition?
 what are the adiabatic invariants?

what will be its use?

26



Expand over a set of orthonormal basis

N
=D WP
nonlinear Schrodinger galuation In matrix form
/% )
i%lvﬁ: Hw . wiR)ly)  lw)=| "
\¥n /

Global gauge symmetry:
total prabability is conserved
over-all phase is separated out of dynamics 27



We can write the nonlinear Schrédinger equation as a set
of Hamilton’s equations of motion with Poisson brackets

{W;’Wk}:i5jk

. d .
IEIW>=H(W,W,R)IW>

d * - a *
—> —v;={y;,Hy ,.v;R)}=-I—H (v ,¥;R)
dt oy ;

NOTE: This is different from the usual classical-quantum
correspondence at 1 — (0
28



¥ ¥y C
— _ 2_ 2
i S (|&]*—|a])

C —_
H_ (5.8,v)= E.r!+ ys—Fy1—s5"cosf

S, relative population.
0, relative phase.
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e appearance of additional eigenstates

" (a) c/v=0.5
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Fix control parameter v,
plot evolution of quantum states for
each initial condition

Fixed points: eigenstates
Orbits: time-dependent states
Adiabatic problem:

how these states change
when y changes slowly

o
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Adiabatic theorem

— Stability of fixed points

o Adiabatic invariant
(conserved quantity)

Condition for adiabaticity

{e): civ=2 v =0.05

or orbits

Classical action

P (R) = fe(g i |

Aharonov-Anandan phase

\

N-1

>=§dtzl p,dg, =1,
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