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one may need to quantitatively understand energy loss
during crossing and recombination as inputs to glitching
models (see e.g. [10]). The UFG provides an almost ideal
laboratory study these phenomena and benchmark the
SLDA. Using multiple tilted imprints, for example, one
can control the generation and arrangement of multiple
vortices in order to study collisions, reconnection, and
interactions. The UFG and SLDA thus provides a new
microscopic framework to study aspects of quantum tur-
bulence in a strongly interacting system, complementing
weakly-interacting dilute Bose gases [30, 31] modelled with
the GPE as the only microscopic frameworks presently
available for studying superfluid dynamics.

The phase imprint technique can be also utilized to cre-
ate turbulent states with many tangled vortices. Here we
demonstrate one approach, adding a phase imprint [2, 3]
to a lattice of vortices which can be created experimentally
by stirring using laser beams [? ]. In Fig. 5 we show con-
secutive frames of turbulent motion exhibiting crossings
and recombinations of quantized vortices in an elongated
harmonic trap. The simulation was done in a 48

2 ⇥ 128

box comprising 1410 fermions (see supplemental mate-
rial [16] for a movie). We also show the corresponding
probability distribution function (PDF) of the velocities
for longitudinal v

k

and transverse v

?

components of the
velocity (with respect to long axis).

We start with the ground state of a cloud cut in half
with a knife-edge potential. We then stir the system with
two circulating laser beams parallel to the long axis of
the trap. Once a vortex lattice is generated, we imprint a
⇡ phase shift between the halves. Just before removing
the edge knife, we introduce a slight tilt to speed the
formation of a vortex tangle. After the knife-edge is
removed, the vortex lines twist, cross, and reconnect.
From the velocity PDFs one sees a clear departure from
gaussian behaviour as the tangle evolves – a hallmark of
quantum turbulence. Eventually the system relaxes to a
vortex lattice and equilibrates in v

k

. Somewhat similar
velocity PDFs are seen in theoretical studies of dilute
Bose gases [32] and in phenomenological filament model
of the crossing-recombination vortex line dynamics [33].

In conclusion, have shown the crucial role played by
the trap geometry in the formation of a vortex line after
a phase imprint. In particular we identified a few possible
scenarios for the short term evolution of the phase imprint
in the experiments [2, 3], showing that the details are
highly sensitive to geometric factors. To precisely charac-
terize the behavior realized in the experiments [2, 3], the
experiment will likely need to be simulated with precise
values of the trapping asymmetries known, and with re-
alistic particle numbers which are currently are beyond
the capabilities of the most advanced implementations
of the SLDA approach. Satisfactory agreement with the
latest MIT experiments serves as the next step in validat-
ing the time-dependent SLDA, demonstrating that it is
capable of qualitatively describing the complex dynam-
ics of strongly interacting fermionic systems. We have
demonstrated that recombination is likely present in the
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FIG. 5. (Color online, click on frames to view movie online.)
Generation of quantum turbulence by phase imprint of the
vortex lattice. In the left column consecutive frames show:
a) vortex lattice with knife edge dividing cloud, b) just after
phase imprint removal of the knife, c-e) decay of turbulent
motion. In the right column we show the corresponding PDFs
for longitudinal v

||

and transverse v
?

components of collective
velocity. Dotted lines show the gaussian best fit to the data.

early stages of the experiments [2, 3] (see Figs. 2 and 3)
and can be selected for by reducing the anharmonicity of
the trap. We have also presented that the phase imprint
technique can be utilized to generate quantum turbulent
state. Therefore, using improved imaging techniques [3]
coupled with carefully designed initial conditions, cold
atom experiments have a great opportunity to directly
probe and quantify the dynamics and interactions vortices
and the potential to significantly advance our understand-
ing of quantum turbulence. In this regard, the unitary
Fermi gas is of particular interest as the results will have

http://www.youtube.com/watch?v=nCGtq8k6SAQ&t=0
http://www.youtube.com/watch?v=nCGtq8k6SAQ&t=1
http://www.youtube.com/watch?v=nCGtq8k6SAQ&t=4
http://www.youtube.com/watch?v=nCGtq8k6SAQ&t=6
http://www.youtube.com/watch?v=nCGtq8k6SAQ&t=7

