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nuclear systems such as nuclei...
… and neutron stars

Source: Wolfgang Ketterle - Nobel Lecture:
When Atoms Behave as Waves: Bose-Einstein Condensation and the Atom Laser

Artist's conception of a neutron star.
(Casey Reed, Penn State University)

Source: https://www.youtube.com/watch?v=w0z8fVrTyzg

Superfluid Hydrodynamics

superfluid drop pinching off from a nozzle,
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Source: https://www.youtube.com/watch?v=nWTSzBWEsms

Superfluid Hydrodynamics

Levitating Magnet Over Superconductor
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Quantum mechanical description

Schrödinger equation

Practical (and accurate) method of solving:
Density Functional Theory (DFT)

Most frequently cited paper in physics
(within Physical Review journals)

Credit: https://www.nobelprize.org/
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Solving time-dependent problem for superfluids...
The real-time dynamics is given by equations, which are formally equivalent to the Time-Dependent HFB (TDHFB)
or Time-Dependent Bogolubov-de Gennes (TDBdG) equations

where h and Δ depends on “densities”:

+ orthogonality of states:
a lot of nonlinear coupled 3D
Partial Differential Equations
(in practice n=1,2,…, 105 - 106)

We explicitly track
fermionic degrees
of freedom!

What generates the cost?
Superfluidity is collective phenomena
→ a lot of particles is required
→ large volumes

What generates the cost?
Superfluidity is collective phenomena
→ a lot of particles is required
→ large volumes
Fig. from:
https://physics.aps.org/articles/v3/48

One needs to consider (quasi) particle
states above the Fermi energy
→ many states to evolve (105-106)

Standard DFT:
states up to
Fermi energy
Superfluid DFT:
all states up to energy cut-off
Ecut ≈10 * Fermi energy

What generates the cost?
Superfluidity is collective phenomena
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→ large volumes
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states above the Fermi energy
→ many states to evolve (105-106)

En

Typical oscillation time scale is
~exp(-i En t / ℏ), where En ∈ [0,Ecut]
→ very accurate time integrator
is need
→ we use ABM of 5th or 6th order
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Tflops

Pflops

https://arxiv.org/abs/2009.00745 - LISE: for modelling nuclear problems
https://wslda.fizyka.pw.edu.pl/ - W-SLDA: for modelling ultracold atoms

Solving...

The system is placed on a large 3D spatial lattice
of size Nx×Ny×Nz
Discrete Variable Representation (DVR) solid framework (see for example: Bulgac, Forbes,
Phys. Rev. C 87, 051301(R) (2013))

Errors are well controlled – exponential convergence
No symmetry restrictions

Number of PDEs is of the order of the number of
spatial lattice points
Typically (without spin-orbit term): 105 - 106

Solving...

Derivatives are computed with FFT
insures machine accuracy

It sets scaling
(N-number of lattice points)

very fast

Integration methods:

Number of
wave-functions

FFT

for large lattice

Adams-Bashforth-Milne fifth order predictor-corrector-modifier
integrator – very accurate but memory intensive
Split-operator method that respects time-reversal invariance
(third order) – very fast, but can work with simple EDF
If non local densities
N3!!!
(beyond our reach)

1. Nuclear
system...

Bulgac et al., Phys. Rev. Lett. 116, 122504 (2016)
→ fission of 240Pu
→ exected on Titan (ORNL)
→ LISE package
… need of

superfluidity
to get fission…?!

1,000 fm/c  3×10-21 s

Series of MIT experiments:
Nature 499, 426 (2013);
PRL 113, 065301 (2014);
PRL 116, 045304 (2016);

→ observation of decay
Piz
of a dark soliton into a vortex line
Daint

Phys. Rev. Lett. 116, 045304 (2016)
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(superfluid properties demonstrate
here in form of topological defects)

2. Ultracold
atoms...

Phys. Rev. Lett. 116, 045304 (2016)

Remarkable agreement between theory and data!
→ we have accurate energy density functional…
→ SLDA works well…
(… see recent review paper by A. Bulgac, Physica Status Solidi B, 2019, 1800592)
G. Wlazłowski, K. Sekizawa, M. Marchwiany, P. Magierski,
Phys. Rev. Lett. 120, 253002 (2018)

Piz Daint

No adjusting
parameters to the
experiment!

G. Wlazłowski, K. Sekizawa, M. Marchwiany, P. Magierski,
Phys. Rev. Lett. 120, 253002 (2018)

Quantum turbulence is complex and non-equilibrium flow of

superfluid. Typically the flow is accompanied by tangled vortices
which can collide and reconnect, transferring energy between
length scales, bringing the system back towards equilibrium, and
giving rise to an effective dissipation at large scales, despite
the superfluid nature of the system.

3. Ultracold
atoms...

← This setup
has not been
experimentally
realized yet!

K. Kobuszewski, K.
Hossain, M. M. Forbes,
P. Magierski, K.
Sekizawa, G.
Wlazłowski,
arXiv:2010.07464
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← J. J. Hosio, et. al.,
Nat. Commun. 4, 1614
(2013).
V. B. Eltsov, Phys. Rev.
Lett. 105, 125301
(2010).
→

CONCLUSIONS
(TD)DFT – route for unified description of static and
dynamic properties of large Fermi systems
(TD)DFT has been validated over last years reveling
very good agreement with experimental data (if
available)

Two factors played an crucial role in development of
(TD)DFT for superfluids:
the development of an appropriate microscopic
framework: superfluid local density
approximation
the implementation of this framework using
sophisticated numerical algorithms that fully
utilize the advanced capabilities of modern
leadership class computers

Thank you.
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