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

We are interested in strongly We are interested in strongly interacting systems...interacting systems...



Density Functional Theory:
 
Unifed description of static and dynamic 
properties of  large Fermi systems

Workhorse for:

Solid state physics...

Quantum chemistry...

Atomic gases…

Nuclear physics...
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Input: 
energy density functional

Input: 
energy density functional

We know what Eq. should be solved...
The only problem:
         How to do it in practice?



Alternative frameworks
Schrödinger (TD)DFT

Hohenberg-Kohn theorem (1964) implies that every observable can be written as 
a functional of the density

Runge-Gross theorem (1984) extends formalism towards time-dependent case…

Kohn-Sham method (1965) provides practical way of extracting some of 
observables (energy and one-body observables) 
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Most frequently cited 
paper in physics 
(within Physical Review 

journals) 
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KS mappingKS mapping

Formally rigorous 
way of approaching 

any interacting 
problem by

mapping it exactly 
to a much 

easier-to-solve 
noninteracting 

system.
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Calculations with the Gogny D1S
(Hashimoto & Scamps, PRC 94, 014610 (2016))

Bulgac et al, Phys. Rev. Lett. 116, 122504 (2016)



Energy Density 
Functional 

E[n,...]

Energy Density 
Functional 

E[n,...]

Dimensional arguments, 
renormalizability, Galilean 
invariance, and symmetries 
(translational, rotational, gauge, 
parity) 

EoS (typically from QMC)

Input 1

Input 1

Postulate

Postulate

Exp. data for nuclei 
(masses, radii, ...)

Input 2Input 2

Pairing gap (s-wave)

In
pu

t 3
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t 3

Validation against 
other quantities

Predictions...

Quality of DFT results strongly Quality of DFT results strongly 
depend on quality of the depend on quality of the 
functional!functional!



EDF for UFG: 

Only local densities

unique combination of the kinetic 
and anomalous densities required 
by the renormalizability of the theory

Self-energy term - the only function
of the density alone allowed by 
dimensional arguments lowest gradient 

correction - negligible
required by 
Galilean invariance

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

System is dilute but...       strongly interacting!

→ No other intrinsic length scales except n-1/3 (average interparticle space)…
→ Like for free Fermi gas...



Three dimensionless constants α, β, and γ determining the functonal 
are extracted from QMC for homogeneous systems by fxing 
the total energy, the pairing gap and the efectve mass.
NOTE: there is no ft to experimental results

Forbes, Gandolfi, Gezerlis,
PRL 106, 235303 (2011)

SLDA has been verifed and 
validated against a large number 
of quantum Monte Carlo  results 
for inhomogeneous systems and 
experimental data as well
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http://www.pharos.ice.csic.es/

Low energy 
nuclear physics

Ultra-cold 
atomic gases

Comparison 
with 

observations
Supercomputing

TheoryTheory
(TD)DFT(TD)DFT

Our long term goal... (realized within PHAROS Cost action)

http://www.pharos.ice.csic.es/


Test case: solitonic excitations..
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1. Start with a cloud in ground state...

2. Split into two fragments ...

3. Add constant potential U to one part ...

Note: uniquely defined quantity

Test case: solitonic excitations..



Piz 
Daint 

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

Series of MIT experiments: 
Nature 499, 426 (2013);

PRL 113, 065301 (2014);
 PRL 116, 045304 (2016);

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

unitary Fermi gas
(superfluid properties demonstrate here 
in form of topological defects)

Note: 
here we observe directly 

time evolution of 
density n(density n(rr,t),t) 

for quantum system

Note: 
here we observe directly 

time evolution of 
density n(density n(rr,t),t) 

for quantum system

Results for the 
phase diff. = π



Once we have accurate EDF
→ remarkable agreement  between theory and data!

Piz Daint 

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

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

No adjusting 
parameters to the 

experiment!







Replace cloud by nucleus...

Fusion reaction: 90Zr+90Zr
(no spin-orbit)

Open questions:
→ nuclear collision in the broken 
symmetry framework (efect of 
the particle nonconservation ?)

→ sensitivity of the result with 
respect to the EDF form.

[Magierski, Sekizwa, Wlazłowski, PRL 
119, 042501 (2017)]
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Spin-down particle

Cooper pair
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In spin-imbalanced system we have a problem…
  … there are particles that cannot form the Cooper pair…
  Open question: how unparied particles how unparied particles influence the dynamcis?influence the dynamcis?

Fig. From: Stein et.al., Phys. Rev. C 93, 015802 (2016) 

→ insight into pairing correlations      (especially in context of dynamics)→ connection with magnetars…    (neutron stars with magnetic         field reaching 1018G)



Example: the phase separationExample: the phase separationFig. from: Phys. Rev. Lett. 97, 030401 (2006) 

Temperature → 
A shell structure in an imbalanced Fermi gas:the superfluid region of equal spin-up and spin-down densities is surrounded by a “normal gas” (unpaired particles).



 The vortex core becomes polarized!

This may be understand noting that the most energetically favorable place to store
excess unpaired spins is at the core of the vortex where ∆ = 0 -  no Cooper pairs need to be broken.

Towards dynamics in spin-imbalanced systems...Towards dynamics in spin-imbalanced systems...



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

(not confirmed experimentally yet)

Prediction: structure of topological defects depends on amount of spin-imbalance in the system.



Vortex solution: Bose gas → GPE

~ξ
~

Order parameter:



Vortex solution: Fermi gas → BdG

Order parameter:
   not related directly to density

Occupation of Andreev states 
give rise to significant particle 
density inside the core.



Vortex solution: Fermi gas 
→ BdG with ansatz for the pairing field

               ansatz
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Vortex in polarized Fermi gas N

N
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DFT self-consistent solution.



(not confirmed experimentally yet)

Prediction: in spin imbalanced systems quantum vortices exhibit reverted flow in the core.



Superconductor-ferromagnet junctionSuperconductor-ferromagnet junction



Studying proximity effects in ultra-cold atomic gasesStudying proximity effects in ultra-cold atomic gases

→ Let us start with the unpolarized (N

=N


) and uniform unitary Fermi gas…

→ … and apply locally time-dependent and spin-polarizing potential….

In the movies I’ll be showing what happens in this plane only!(calculations are 3D) 









Spatially localized excitation in the unitary Fermi gas: spin polarized dropletsspin polarized droplets with a peculiar internal structure involving the abrupt change of the pairing phase at the surface of the droplet.
P. Magierski, Bugra Tuzemen, G. Wlazłowski, Phys. Rev. A 100, 033613 (2019)

Energy of the system

(not confirmed experimentally yet)



Origin of stability – toy model in 1DOrigin of stability – toy model in 1D
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Two nodal points repeleach other in 1DTwo nodal points repeleach other in 1D



Origin of stability – toy model in 3DOrigin of stability – toy model in 3D

x

There is energy cost related with the order parameter fluctuation:
In 3D this energy cost is proportional the nodal plane surface...

y

In 2D or 2D the nodal surface cannot freely expand...In 2D or 2D the nodal surface cannot freely expand...

The stability of the polarized impurity is 
dictated by the energy balance:

E
int

 - energy associated with the volume

E
shell

 - energy associated with the polarized shell 
          located at the surface

The interplay between volume and surface energies 
keeps the impurity stable.



How stable are these objects?How stable are these objects?



Experimental realization - propositionExperimental realization - proposition

experimental techniques allow to implement spin-dependent potentials…we suggest to use two crossing laser beams, each of about εF amplitude…in the crossing region the amplitude will be enhanced, allowing for efficient polarization and creation of the localized impurity….



CONCLUSIONS(TD)DFT – route for unified descriptionroute for unified description of static and dynamic properties of large Fermi systems(TD)SLDA has been validatedSLDA has been validated over last years reveling very good agreement with experimental dataSpin-imbalancedSpin-imbalanced system may provide new new platformplatform for studies of superfluid dynamicsCoexistence of superfluid (paired) and normal (unpaired) components even at zero temperature limit Significant changes of internal structure, stability and rigidity of topological defects (Phys. Rev. Lett. 120, 253002 (2018))Existence of new long-lived, spin-polarized excitation mode in the ultra-cold gas(Phys. Rev. A 100, 033613 (2019))
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Thank you.


