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Outline

1. Stability of persistent currents 
in spinor Bose Einstein condensatesin spinor Bose-Einstein condensates
Experiment: Beattie, Moulder, Fletcher, and Hadzibabic, 
PRL 110, 025301 (2013)
Theory: Yakimenko, Isaieva, Vilchinskii, Weyrauch, PRA eo y a e o, sa e a, c s , ey auc ,
88, 051602(R) (2013)

small stirrer rotating weak link

2. Vortex excitations in toroidal BECs driven by

small stirrer
(diameter of the rotating barrier less than the width of the 
annulus)

rotating weak link
(wide barrier)
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1. Stability of persistent currents in 
spinor Bose-Einstein condensates

Th i t t fl b h t i d b h d t li i d t th

LG0q

The persistent flow can be characterized by a q-charged vortex line pinned at the 
center of the ring-shaped condensate.

The external ring shaped trap produces a huge central hole at the axis of theThe external ring-shaped trap produces a huge central hole at the axis of the 
condensate cloud, where the vortex energy has a local minimum, thus the vortex 
core in toroidal traps is bounded by the potential barrier, which makes even the 
multi-charged vortices robust!multi-charged vortices robust!
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• The system is two‐component condensate of 87Rb with mF=+1,0

• Sheet beam and LG0
3 ring beam
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For a large spin-population imbalance supercurrents 
persisting for over two minutes. p g

m =+1mF=+1

However, supercurrent is unstable for spin 
polarization below a well-defined critical value.polarization below a well defined critical value.

Pz=(N+-N0)/(N++N0) 

mF=+1

mF=0
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Mean‐field theory for spinor BECs
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In experiments the all-optical toroidal trap is formed 
by two red-detuned laser beams.

Harmonic potential creates a tight binding 
in z-direction (which models the elliptic 
highly anisotropic `sheet' beam)

Radial confinement is provided by 
Laguerre-Gauss LG03 potential 
( hi h d l h ` b b ')(which models the `tube beam')
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Disk‐shaped spinor BEC can be described by set of 2D DGPEs:
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Phenomenological dissipation provides 
qualitatively correct description of the vortexqualitatively correct description of the vortex 
line dynamics

ZNG model [PRA 87, 013630 (2013)] DGPE
[our 2D simulations]

(a) (b)

[our 2D simulations]
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The noise produces a drift motion of collective 
excitations such as dark solitons and vorticesexcitations, such as dark solitons and vortices, 
and adds stochastic jitter to their trajectories

N di i ti With di i ti With th l fl t tiNo dissipation With dissipation With thermal fluctuations

Note, the averaged direction 
f fof the vortex ring drift 

towards the lower density 
region remains the same!11



How to estimate the phenomenological dissipative 
parameter ?parameter ?

Parameter  is a constant, which can be estimated  from 
quantum kinetic theoryquantum kinetic theory.   

We take  = 0.08 and verify by simulations in single-connected 
t th t 3 h d t litrap that 3-charged vortex line

• splits into 3 vortices (1 sec)
• first vortex leaves the BEC cloud (10 sec)
• none vortex survives after 15 sec

PHYSICAL REVIEW A 86 013629 (2012)PHYSICAL REVIEW A 86, 013629 (2012)
Quantized supercurrent decay in an annular 

Bose-Einstein condensate
Stuart Moulder, Scott Beattie, Robert P. Smith, 

Naaman Tammuz, and Zoran Hadzibabic
Cavendish Laboratory, University of Cambridge
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We fitted the condensate decay rate to the experimental 
data using time‐dependent chemical potential μ(t)
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Angular momentum per particle is not integer
close to the phase-slipclose to the phase slip

Pz=0.4
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Our theoretical results agree withOur theoretical results agree with 
the experimental findings

Theory Experiment

Why the superflow decays when admixture of
second spin component is significant?

What is the microscopic mechanism of the 
instability, which destroys the persistent currents?15



Dynamical simulations reveal the 
fmechanism of the decay

P =0 4Pz=0.4

Vortex comes through the 
hole (dynamical weak link)hole (dynamical weak link)

Note the asymmetry y y
in density 
distributions
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Azimuthal symmetry‐breaking  instability of vector vortices
is well known in BEC and nonliner opticsis well known in BEC and nonliner optics

Brtka et.al. PRA 82, 053610 (2010) 17



Phase‐slip of superflow in two‐component toroidal 
BECs is the result of two factors:BECs is the result of two factors:

Azimuthal
instability Dissipationinstability Dissipation

Opens a ‘gate’ 
for vortices

Vortex traverses
the self-inducedfor vortices the self induced 
weak links
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2. Vortex excitations in a stirred 
toroidal Bose-Einstein condensate

small stirrer
(diameter of the rotating barrier less than the width of the 
annulus)

rotating weak link
(wide barrier)
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The experiment with a wide stirrerThe experiment with a wide stirrer

The condensate of 6·105 23Na atoms is created in an all-optical dipole trap 
formed by two red-detuned laser beams. The rotating weak-link is created by 
a moving blue detuned beama moving blue-detuned beam.

Vorticity changes sharply with 
barrier rotation speed (phase slips)  

Trap setup with a rotating barrier beam



Model: 3D dissipative GPEModel: 3D dissipative GPE



The superflow structure favors formation of a 
vortex-antivortex dipole inside the weak linkvortex antivortex dipole inside the weak link



The phase slips observed in our numerical simulations 
are generally accompanied by formation of a movingare generally accompanied by formation of a moving
vortex dipole.
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The phase slip occurs when the dipole is formed by a vortex 
from the outer region and anti-vortex from the inner region 

0     1 phase slip



Obtained phase slips are in qualitative 
agreement with the experiment

The threshold for the phase
li i (U Ω) lslips in (Ub, Ω) plane 

correlates with analytical 
results 



The phase slip corresponds to the classical 
cusp catastrophe.

Romanian Reports in Physics 67 P 249–272 (2015)Romanian Reports in Physics, 67, P. 249–272, (2015)



Rapidly rotating weak link produces 2D quantum 
turbulence which relaxes to the large scale multiplyturbulence, which relaxes to the large‐scale multiply‐
charged persistent current







There are two different scenarios of the persistent 
current generation in toroidal BEC by rotating bluecurrent generation in toroidal BEC by rotating blue‐
detuned laser beams.



Decay of the persistent current and 
hysteresis in a toroidal BEC

Romanian Reports in Physics Vol 67 No 1 P 249–272 2015Romanian Reports in Physics, Vol. 67, No. 1, P. 249 272, 2015



As known [F. Piazza (2009)], the non-rotating barrier leads to decay of the 
persistent current via annihilation of the vortex antivortex pair inside thepersistent current via annihilation of the vortex-antivortex pair inside the 
weak link.



Rotating barrier destroys the persistent current by 
producing a moving dipoleproducing a moving dipole



Nature, 506, (2014)



ConclusionConclusion

To obtain a quantative correspondence with the 
experiment the 1/e lifetime τ of the atomic cloud 
should be about 3 s. In real experiments τ ≈10‐20 s.

Possible solutions of the hysteresis puzzle:
theory – stochastic fluctuations
experiment – using the improved trapping potential 
without significant azimuthal impurities.


