Towards microscopic simulations of quantum
turbulence in Fermi superfluids
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Generation of rotating quantum turbulence

Density functional theory for superfluid systems

In order to generate the quantum turbulence, we start from a
configuration that contains a vortex lattice – solution of TDASLDA
equations in a rotating frame. Next, on existing vortex lattice we imprint a
few dark solitons,
solitons in plane perpendicular to the vortices. Due to snake
instability, the configuration is not stable and decaying solitons produce
new vortices that destabilize the lattice.

The real-time dynamics are given by equations, similar to TimeDependent Bogolubov-de Gennes (TDBdG) equations:
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The local spin polarization inside the
cores reaches level of 40%−45%
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where the single-particle Hamiltonian h and pairing potential ∆ are
obtained by taking the appropriate functional derivatives of the energy
density functional*. The density functional approach offers a description of
superfluidity beyond TDBdG approximation!
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Solving the problem:
The system is placed on a 3D
spatial lattice of size Nx×Ny×Nz
- no symmetry restrictions.
Number of evolved
quasiparticle orbitals from
range 105-106.
Derivatives are computed with
spectral methods - insures very
high accuracy.
Time integration with multistep ABM 5th order integrator.
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Scientific questions:

What are differences and similarities of
turbulence in Fermi and Bose superfluids?
What type of quantum turbulence is present in
the fermionic systems?
Turbulence in spin-imbalanced systems?

Box-like trap

Turbulence in spin-symmetric system
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Note that the decay pattern
changes qualitatively as we
increase number of imprinted
solitons!

Qualitatively, the turbulence decay in a spin-imbalanced system
exhibits the same properties as in spin-symmetric counterpart.
Decay rate of the first stage is almost insensitive to the spinpolarization of the system. It affects only second stage of the decay
process.
Results for P=(N -N )/(N +N )=20%








Vortices in polarized medium are
less susceptible to deformations.
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Observation of the rotating turbulence
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Kelvin waves are affected by the
polarization stored inside cores of
the vortices.

Future plans:

Absorption images along rotation axis can be used for observations
of turbulence development and its decay.
Example for the spin-symmetric case
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Simulation settings:
System: Unitary Fermi Gas
Lattice: 50x50x100
with lattice spacing 0.78BCS
Number of atoms N+N 3,500

Decay rate is not sensitive to
the vortex core structure in first stage!

Turbulence in spin-imbalanced system

Titan (ORNL)

Arbitrary spinimbalance



“SLOW” DECAY
(via Kelvin waves)

“FAST” DECAY
(via vortex reconnections)

Spatial lattice
up to 1003
Number of atoms
up to 3x104
Trajectory length
up to 1,500 ℏ/εF
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Energy contained in vortices is
proportional to its total length L.

Below we present snapshots showing generation and decay of
the turbulent state. The generation (increase of vortex line density L)
takes about 100ℏ/εF, and it is followed by two stages decay:
decay “fast”
(operating on time scale of about 200ℏ/εF) where vortex
reconnections dominate the decay and “slow” where the energy is
mainly dissipated via Kelvin waves.
waves The decay process ends with reformation of the vortex lattice.
Results for P=(N -N )/(N +N )=0%

Present
(super)computing
capabilities:

Extraction of the kinetic energy spectrum
for the isotropic turbulence.
Deliver microscopic input for the so-called
Vortex Filament Model.
Model
Provide microscopic foundations for a
“turbulent” model of the neutron star.
star

