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Superfluidity (Superconductivity) generic phenomenon observed in most physical systems at sufficiently low temperatures.

liquid 3He and 4He

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

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

ultra-cold atomic gases(bosonic and fermionic)

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

superconductors



Superfluid HydrodynamicsSuperfluid Hydrodynamics→ macroscopic description→ dof: fluid elements 

Quantum MechanicsQuantum Mechanics→ microscopic description→ dof: particles 
Present HPC capabilities allow for this...

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

superfluid drop pinching off from a nozzle, T=1.34 Kelvin 
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Superfluid HydrodynamicsSuperfluid Hydrodynamics→ macroscopic description→ dof: fluid elements 

Quantum MechanicsQuantum Mechanics→ microscopic description→ dof: particles 
Present HPC capabilities allow for this...

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

At microscopic level quantum statistics is important:particles with integer spin (bosons): Bose-Einstein condesates, superfluid 4Heparticles with half-integer spin (fermions): Superconductors, ultracold Fermi gases, nuclear systems, superfluid 3He...

Levitating Magnet Over Superconductor
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                  Fig. From
 https://en.wikipedia.org/wiki/Turbulence  

drawing by  Leonardo da Vinci

Turbulence is usually an undesirable 
phenomenon in the context of applications!

(enhanced viscous conversion of mechanical energy to heat)

Turbulence in classical mechanics Vortices are inherently related to 
turbulent dynamics

(shear) viscosity

https://en.wikipedia.org/wiki/Turbulence


                  Fig. From
 https://en.wikipedia.org/wiki/Turbulence  

drawing by  Leonardo da Vinci

Turbulence is usually an undesirable 
phenomenon in the context of applications!

(enhanced viscous conversion of mechanical energy to heat)

Turbulence in classical mechanics Vortices are inherently related to 
turbulent dynamics

But superfluids have zero viscosity! 
… so, no energy looses? 

(shear) viscosity

https://en.wikipedia.org/wiki/Turbulence


Turbulence in quantum mechanics → Chaotic dynamics of many quantized vortices

Quantized circulation:

These vortices cannot decay 
(topological defect)
→ lifetime of this configuration ~ 
                    lifetime of the setup

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



Turbulence in quantum mechanics → Chaotic dynamics of many quantized vortices

Quantized circulation:

These vortices cannot decay 
(topological defect)
→ lifetime of this configuration ~ 
                    lifetime of the setup

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

Phys. Rev. Lett. 97 (2006) 145301

There exists other 
(than viscosity) 
mechanisms than can 
lead to the energy 
dissipation!
→ effective viscosity

Example: energy can 
be dissipated during 
vortex reconnection.

Phys. Rev. A 103, L051302 (2021)

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.103.L051302



Quantum mechanical descriptionQuantum mechanical description Schrödinger equation

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

Credit: https://www.nobelprize.org/

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



Credit: https://www.nobelprize.org/

...triggered by...

...triggered by...



In general superfluid DFT results with integro-differential equations...Beyond reach even for exascale systems…Unless approximation is used...



SLDA: crucial for numerical treatment…Results with many PDEs...In practice at least petascale performance is required... 

In general superfluid DFT results with integro-differential equations...Beyond reach even for exascale systems…Unless approximation is used...



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”:

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

|unσ|2 – probability for the hole    in the n-th state|vnσ|2 – probability for the particle   in the n-th state 

+ orthogonality of states:



To start the time-dependent problem, we need provide the initial state...
It is eigenvalue problem, where we need to extract all eigenvectors with energy range En[0,Ec]

(Eigenvalue soLvers for 
Petaflop Applications)

We solve the problem on a Cartesian mesh: NxNyNz. 
Then the matrix size is (2NxNyNz)2 

In our case, we used:
Nx=Ny=Nz=100...
… so the matrix is 2M2M
… that we diagonalize in 
double complex precision



https://elpa.mpcdf.mpg.de/ELPA_RECORDS.html 

https://elpa.mpcdf.mpg.de/ELPA_RECORDS.html


https://elpa.mpcdf.mpg.de/ELPA_RECORDS.html 

PRELIMINARY

With help of ELPA Team 
(Andreas Marek)

LUMI-G

https://elpa.mpcdf.mpg.de/ELPA_RECORDS.html


https://wslda.fizyka.pw.edu.pl/
for modeling ultracold atoms 

Ongoing extensions:
→ Bose-Fermi mixtures
→ Fermi-Fermi mixtures (like nuclear systems: protons+neutrons)

https://wslda.fizyka.pw.edu.pl/


System: strongly interacting Fermi gas
3D simulation on lattice 1003

number of atoms = 26,790
number of quasi-particle states = 582,898
number of PDEs = 1,165,796

PRELIMINARY:
quantum turbulence 
in the unitary Fermi gas

Conversion CUDA HIP with the help of Maciej Szpindler (LUST)→
LUMI-G




PRELIMINARY

PRELIMINARY

We observe energy dissipation, although the 
underlying system is superfluid!
       → effective viscosity

Work in progress: 
→ identification of mechanisms that lead to the effective viscosity...
→ ...conditions under which they are triggered.



SUMMAR Y
A microscopic theoretical framework (DFT) capable of 
describing fermionic superfluids and implementable in 
realistic calculations has become possible recently. 
Developments of HPC techniques played an important 
role in this progress. 

(TD)DFT for superfluids/superconducting systems 
involves:
→ diagonalization of large matrices (ELPA running on LUMI 
        can diagonalize efficiently matrices of sizes measured in millions!)
 

→ solving of large sets of coupled 3D PDEs

LUMI allowed us to explore regimes that were not 
accessible for us before (quantum dynamics 
of collection of abut 26k particles).

Even short-time access (Pilot phase 1 & 2) resulted in 
collection of valuable results. 
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Pilot phase 1 & 2 team: Piotr Magierski, Andrzej Makowski, Bugra 
Tuzemen, Tomasz Zawiślak (WUT), Andreas Marek, Erwin Laure 
(MPCDF ELPA), Maciej Szpindler (ICM LUST)→ →

 
Contact:
gabriel.wlazlowski@pw.edu.pl
http://wlazlowski.fizyka.pw.edu.pl

https://wslda.fizyka.pw.edu.pl/ 

Pilot 1

mailto:gabriel.wlazlowski@pw.edu.pl
http://wlazlowski.fizyka.pw.edu.pl/
https://wslda.fizyka.pw.edu.pl/
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