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Fermionic superfuidity:
→ in this seminar = superfuidity in
                                  ultracold atoms
                                     of fermionic type.

These studies
to large extent
are inspired by
researches for 
bosonic counterparts
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Fig. from: Phys. Rev. Lett. 97, 020402

→ Impact of unpaired 
particles / exotic phases 
on superfluid dynamics?

→ can we effectively treat 
unpaired atoms  as 
normal component?



Quantum vortices

M. W. Zwierlein, J. R. Abo-Shaeer, A. Schirotzek, C. H. Schunck, and W. Ketterle, Nature 435, 1047 (2005).



Quantum vortices

M. W. Zwierlein, A. Schirotzek, C. H. Schunck, and W. Ketterle, Science (80). 311, 492 (2006).



Methods

→ we investigate superfluid 
dynamics by means of 
numerical simulations 

→ all results presented in this
    seminar: for zero 
    temperature limit

Source: 
http://www.stimulate-ejd.eu/content/mathematical-mo
deling-and-numerical-analysis-exascale

http://www.stimulate-ejd.eu/content/mathematical-modeling-and-numerical-analysis-exascale
http://www.stimulate-ejd.eu/content/mathematical-modeling-and-numerical-analysis-exascale


Source: 
http://www.stimulate-ejd.eu/content/mathematical-mo
deling-and-numerical-analysis-exascale

Methods

→ we investigate superfluid 
dynamics by means of 
numerical simulations 

→ all results presented in this
    seminar: for zero 
    temperature limit

Macroscopic

Mesoscopic

Microscopic

Hierarchy of models

Hydrodynamics (HVBK)

Vortex filament model

Quantum mechanical methods
(GPE, TDBdG, TDASLDA) 
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Gross- Pitaevski 
equation (GPE)

mass of dimer 
= 2m

Depends on 
dimer-dimer 
scattering 
length a

dd

Numerical complexity: N logN
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Methods

Bogoliubov-de Gennes 
equations (BdG)

Single particle 
hamiltonian

Pairing gap 
(order parameter)

Anomalus density

Numerical complexity: N2 logN

Pauli exclusion principle...
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DFTDFT: 
can prove mathematically that an energy density 
functional (EDF) for a given system exists 
(Hohenberg-Kohn theorems) 

no mathematical recipe how to constructing this 
EDF
Strategy:

Postulate based on: dimensional arguments, 
renormalizability, Galilean invariance, and 
symmetries (translational, rotational, gauge, parity)

Fit coefficients to ab-initioresults 
(QMC)

Validate (exp.)!
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A. Bulgac, M.M. Forbes, P. Magierski,
Lecture Notes in Physics, Vol. 836, Chap. 9, p.305-373 (2012)

Trapped 
system 



Nature Phys. 7, 473 (2011)

Properties of quantum vortices Properties of quantum vortices 
across BCS-BEC crossoveracross BCS-BEC crossover



Vortex solution: Bose gas → GPE

~ξ
~

Order parameter:
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BCS: many Andreev states
→ small depletion of density
     in the core 

UFG: a few Andreev states
→ significant depletion
BEC: no Andreev states:
→ empty vortex core

R. Sensarma, M. Randeria, and T.-L. Ho, 
Phys. Rev. Lett. 96, 090403 (2006).
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Vortex structure within QMC:
L Madeira, A Lovato, F Pederiva, KE Schmidt, 
Phys. Rev. A 95, 053603 (2017); 
L Madeira, S Gandolfi, KE Schmidt, VS Bagnato, 
Phys. Rev. C 100, 014001 (2019)
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Cancellation of currents 
within the chiral band



1/r

BCS regime

P. Magierski,G. Wlazłowski, A. Makowski, K. Kobuszewski, in preparation (2020)

 

imbalance

Controls circulation
inside the core



Vortex structure Majority component 
accumulates in the core. 

more exotic states recently have been proposed
→ LOFF state inside the core (D. Inotani, . Yasui, T. Mizushima, M. Nitta, arXiv:2003.03159)



Vortex structure Majority component 
accumulates in the core. 

more exotic states recently have been proposed
→ LOFF state inside the core (D. Inotani, . Yasui, T. Mizushima, M. Nitta, arXiv:2003.03159)

R. Sensarma, M. Randeria, and T.-L. Ho, 
Phys. Rev. Lett. 96, 090403 (2006).



sim: J. Kopyciński, diploma thesis, WUT, (2020),
exp: M. W. Zwierlein, et.al., Science (80). 311, 492 (2006). Theory vs Experiment (unitary regime)

Prepare the system

Experiment

Ramp to BEC Take image



sim: J. Kopyciński, diploma thesis, WUT, (2020),
exp: M. W. Zwierlein, et.al., Science (80). 311, 492 (2006). 

Theory vs Experiment (unitary regime)



Internal vortex structure: 
     does it matter when considering dynamics?



Internal vortex structure: 
     does it matter when considering dynamics?

...
Does it impact vortex reconnection events?
...

Unitary regime





Universality of the vortex reconnection event?
Taken from: 
L. Galantucci, A. W. Baggaley, N. G. Parker, and C. F. Barenghi, 
Proc. Natl. Acad. Sci. 116, 12204 (2019).

Dimensional arguments

Can be derived from GPE, assuming that inside the vortex core the 
nonlinear term can be neglected (vortex is empty).
[A. Villois, D. Proment, and G. Krstulovic, Phys. Rev. Fluids 2, 044701 (2017)]
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Universal scaling δ(t)~|t-t
*
|1/2 across BCS – BEC crossover 

TDBdG TDASLDA GPE
M. Tylutki, G. Wlazłowski, in preparation (2020)



Towards quantum turbulence in fermionic gasTowards quantum turbulence in fermionic gas

Problem 1: how to generate the turbulence?

→ Our suggestion: imprint a few dark solitons on existing vortex lattice
                             → rotating turbulence (nonzero total angular momentum)  
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Generalized Vinen’s equation:
M. S. Mongiov  and D. Jou, Condensed Matter: New Research,ı̀
edited by M. P. Das, (Nova Science Pub Inc., New York, 2007)
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K. Kobuszewski, K. Hossain, M. M. Forbes, P. Magierski, K. Sekizawa, G. Wlazłowski,
arXiv:2010.07464 (2020)

← J. J. Hosio, et. al., 
Nat. Commun. 4, 1614 
(2013).

V. B. Eltsov, Phys. Rev. 
Lett. 105, 125301 
(2010).                      → 

https://arxiv.org/abs/2010.07464


Imprinting gray solitonsImprinting gray solitons

→ gray solitons move velocity that depends on the phase difference δφ
→ this induces amplification of Kelvin waves (similarity to Donnelly-Glaberson 
(DG) instability)



K. Kobuszewski, K. Hossain, M. M. Forbes, P. Magierski, K. Sekizawa, G. Wlazłowski,
arXiv:2010.07464 (2020)

https://arxiv.org/abs/2010.07464


DG instability in neutron matterDG instability in neutron matter

Among SLDA solutions one can find:
→ no superflow along z-direction
→ but nonzero total current! 



SUMMARY
Microscopic simulations across whole BCS-BEC 
crossover are presently feasible: 

TDBdG     → BCS regime; 
TDASLDA → unitary regime; 
GPE          → BEC regime 

By changing interactions strength and spin-imbalance we 
can  modify internal structure of vortex→ new platform for 
studies of vortex-related phenomena

We confirm presence of universal scaling 
δ(t)~|t-t

*
|1/2 across the BCS-BEC crossover.

It holds also for spin-imbalanced systems.

Studies of quantum turbulence are within the reach. 

Rotating quantum turbulence has been studied → 
similar effects as seen in 3He-B.

… ongoing: isotropic turbulence (decay scaling, energy 
spectra)... 
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Collaborators: P. Magierski, M. Tylutki, K. Kobuszewski, A. Makowski 
(WUT); M. Forbes, K. Hossain (WSU); K. Sekizawa (Univ. of Niigata); 
A. Bulgac (UW) 
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