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Neutron fraction > 90%
Neutron star ≈ huge “bucket” of superfluid 

Fig. taken from: Rev. Mod. Phys. 88, 021001 (2016)



Movie from:
https://www.youtube.com/watch?v=6ttpXxgjyrM



Crab pulsar
Glitch: 2017 November 8
B. Shaw, et. al., MNRAS 478, 21 (2018)  

Very accurate 
measurements 

of rotation 
period for 
pulsars.

Glitch!Glitch!
→ → regarded as regarded as 
manifestation manifestation 
of superfluidity of superfluidity 
in NS...in NS...

Movie from:
https://www.youtube.com/watch?v=6ttpXxgjyrM



At macroscopic scale:
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     (superfluid and normal components)
         (in general relativistic formulation)
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Charged component (here protons)Charged component (here protons)
determine EM radiation (pulsations)determine EM radiation (pulsations)
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Mutual friction force Mutual friction force 
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charged and charged and 
superfluid superfluid 

componentscomponents
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Modern approach (realized within PHAROS Cost action)

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

Low energy 
nuclear physics

Ultra-cold 
atomic gases

Comparison 
with 

observations
Supercomputing

TheoryTheory
(TD)DFT(TD)DFT

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

We explicitly track 
fermionic degrees 
of freedom!

where h and Δ depends on “densities”:

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



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

 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
E

cut
 ≈10 * Fermi energy

Fig. from: 
https://physics.aps.org/articles/v3/48



What generates the cost?

 Superfluidity is collective phenomena 
     → a lot of particles is required 
     → large volumes

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

 Typical oscillation time scale is
    ~exp(-i E

n
 t / ℏ), where E

n
 ∈ [0,E

cut
]

     → very accurate time integrator 
          is need
     → we use ABM of 5th or 6th order 
 

timeΔt

E
n



https://www.topa500.org/To execute superfluid TDDFT we need supercomputers... 

Present computing 
capabilities:

 full 3D (unconstrained) 
   superfuid dynamics

 volumes up to 1003 fm3

    (lattice resolution ~1fm)

 number of particles of order 104

 

 up to 106 time steps 
    (for nuclear systems it gives 
      trajectory length 10-19 sec)
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Neutrons velocity field [c]

Microscopic picture:
  → Neutrons form a quantized vortices...
  → Protons form clusters...

Superfluid neutrons moving 
through a cluster:
  → source of friction force

Bulgac, Forbes, Wlazłowski,
J. Phys. B, 50, 014001, (2017)
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TDDFT simulation:
  Observations of dynamics 

    of quantum vortex
    in presence of nuclei.

  Provide insight into vortex-nucleus
    (origin of coupling between 
     normal and superfluid components)

 Ongoing effort: Ongoing effort: 
   extract the macroscopic parameters
   as a function of density 

Simplified view

Simplified view

We have proof of concept. Time for computing! 

Microscopic level G. Wlazłowski, K. Sekizawa, P. Magierski, A. Bulgac, M.M. Forbes, Phys. Rev. Lett. 117, 232701 (2016)
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Supercomputing



Appendix:
Can we trust TDSLDA?



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: 
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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!
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