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Context

@ Studying the behaviour of vortices is key to understand phenomena
observed in quantum fluids.

@ Work in collaboration with G. Sadaka on a basis of a previous study
by P.E. Emeriau, F. Hecht and I. Danaila.

a) Abrikosov lattice in a fast rotating Bose-Einstein condensate (ENS).
b) Vortex lattice (MIT).
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Bose-Einstein Condensates and superfluid helium

Bose-Einstein Condensates (BECs)

A new state of matter obtained from a dilute gas of bosons cooled to
temperatures near 0 K. All particles are in the same (lowest energy) state.

Superfluid helium

Superfluids are fluids with vanishing viscosity when cooled at low
temperature (~ 1K). They display similar phenomena as BECs, although
the physics is different.
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The Gross-Pitaevskii equation (GPE)

@ BECGs are described by a complex wavefunction ¢ = \/ﬁeis
o p = |1)|? corresponds to the atomic density,
e S is the phase,
e v = VS is the fluid velocity.

@ The Gross-Pitaevskii equation, in dimensionless form:
. 1
O = =5V + Vi + gl — Qb (1)

o V: trapping potential
o harmonic potential for BECs: V = a,x? + ayy? + a,z°
e no potential for superfluid helium: V =0

@ g: interaction between atoms
o (, =iATV, AT = (y,—x,0): angular momentum operator

o Q: angular velocity
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@ On a closed path C around the vortex, the circulation is:

r= }1{ v-dl =27q, g € Z (winding number) (2)
c

@ ¢ = 0 along the vortex line

\Z

y Vortices are points (in 2D) or lines
(in 3D) where the density is p = 0.
X The circulation on a closed loop

around the vortex is [ = £27.

Circulation around a vortex line
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Simulations of BECs

e Simulations are performed with the code GPS (Gross-Pitaevskii
simulator) using a backward Euler method for the stationnary GP
equation and a time-splitting method for the time-dependant GP
equation.

@ Vortex line identification is necessary to obtain information about
vortices from simulation data. We use a finite element approach using
FreeFem+—+.
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Vortex line identification in 2D

a) b)

@ Remove the Thomas-Fermi
density.

o Compute isolines.
@ Extract the enclosed mesh.

@ Compute the circulation on the
isoline.

@ Fit a Gaussian ansatz to
compute the vortex radius and
center.

a) Simulated atomic density,
b) Thomas-Fermi density,
c) Vortex spikes.
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Vortex line identification in 2D

@ Remove the Thomas-Fermi
density.

@ Compute isolines.

@ Extract the enclosed mesh.

@ Compute the circulation on the
isoline.

o Fit a Gaussian ansatz to
compute the vortex radius and
center.

a) Plot of the density, b) Isolines c) Extracted
meshes d) Vortex lattice.
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Vortex line identification in 3D

Example of the identification process. a) isosurface of density, b) extracted vortex
lines.
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Identification process

@ Adaptation of a method
presented by Liu et al, 2019

@ Step 1: reduce the mesh size:

e Remove zones of high density
P > Pthreshold -

o Remove zones outside the
Thomas-Fermi radius.

e Approximate the circulation
on the triangles of the mesh.

o Remove the zones of
circulation 0.

e Separate the regions.

Steps of the identification process
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Identification process

@ Step 2: isolate the lines:

e Extract the connected points
of circulation 27 as a graph.
e Compute mid-points.

@
T C

Steps of the identification process
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Identification process

@ Step 3: construct the lines:

e Multiple non-connected lines
in a single region.

e Vortex rings.

e Vortex reconnection.

@ Vortex reconnection:
o Intersection of two vortex
lines.
e Separate the points based on
connectivity.

Steps of the identification process
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Results in superfluid helium

Extracted lines in a simulation of superfluid helium
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Results in BEC

a)

b)

|
Vortex line in a BEC
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Results in BEC

Vortex lattice in a BEC
simulation

a) Isosurface of
atomic density

b) Separated regions
c) ldentified vortex
lines
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e Simulate condensates with many vortices (quantum turbulence).

@ Study vortex line oscillations (Kelvin waves) and vortex lattice
oscillations (Tkachenko waves).
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