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DFT, TDDFT, and TDSLDA

DFT



A theory which can provide the exact solution

Kohn-Shamequation

Equivalent!

(w/ special EDF)

This is the key!
EDF

w.f. is a functional of density

P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864 (1964)

What is DFT?
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Energy can also be written as a functional of density



A theory which can provide the exact solution

Existence was proved, but ñshapeò is unknown:(

Kohn-Shamequation

Equivalent!

(w/ special EDF)

This is the key!
EDF

What is DFT?
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What is TDDFT?

E. Runge and E.K.U. Gross, Phys. Rev. Lett. 52, 997 (1984); R. van Leeuwen, Phys. Rev. Lett. 82, 3863 (1999).

Timet

ñInteractingò system

ñNon-interactingò system

K. Sekizawa

TDDFT is a time-dependent extension of DFT

t 0

for all time
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C-Z. Gao et al.,

J. Phys. B: At. Mol. Opt. Phys. 48, 105102 (2015)

Fullerene: C60

Y. Shinohara, K. Yabana, Y. Kawashita, J.-I. Iwata, T. Otobe, and G. F. Bertsch,

Phys. Rev. B 82, 155110 (2010)

Si crystal

The Nobel Prize in Chemistry 1998

Walter Kohn John Pople

Great success of the Density Functional Theory

W. Kohn and L.J. Sham, Phys. Rev. 140, A1133 (1965) 24,384 citations!

P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964) 19,015 citations!
The seminal papers on DFT

Number of publications with ñDFTò (till 2013)

Year
A. Galanoand J.R. Alvarez-Idadoy, J. Compt. Chem. 35, 2019 (2014)



DFT in Nuclear Physics

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



All nuclei can be described with a single EDF

DFT in Nuclear Physics
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All nuclei can be described with a single EDF
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Neutron star

DFT in Nuclear Physics

All nuclei can be described with a single EDF
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üTDSLDA equations (formally equivalent to TDHFB or TD-BdGequations)

:  anomalous density

:  s.p. Hamiltonian

:  number density

:  current

Kohn-Sham scheme is extended for non-interacting quasiparticles

:  pairing field

TDSLDA:  TDDFT with local treatment of pairing

TDSLDA (Time-Dependent Superfluid Local Density Approximation)

A large number (104-106) of 3D coupled non-linear PDEs have to be solved!!

# of qp orbitals ~ # of grid points

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems
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Taken from slides by G. Wlazğowski



Dynamic excitations of the pairing field

The Pairing field provides a variety of dynamic excitation modes

Collective rotation

(of the phase)

Quantum vortex

Re

Im *Superfluid velocity

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



Applications of TDSLDA

A. Bulgacand S. Yoon, PRL102(2009)085302.

A. Bulgacet al., Science 332(2011)1288.

A. Bulgacet al., PRL108(2012)150401.

A. Bulgacet al., PRL112(2014)025301.

G. Wlazğowskiet al., PRA91(2015)031602(R).

Unitary Fermi Gas (UFG)

I. Stetcuet al., PRC84(2011)051309(R).

I. Stetcuet al., PRL114(2015)012701.

A. Bulgacet al., PRL116(2016)122504.

G. Wlazğowskiet al., PRL117(2016)232701.

Nuclear systems

TDSLDA has been successfully applied for both UFG and nuclear systems

: effective range

: s-wave scattering length

Large-amplitude pairing field dynamics

Dynamics of quantum vortices

Quantum shock waves and domain walls

Dynamics of vortex rings

Quantum turbulence

Isovector giant dipole resonance (IVGDR)

Relativistic coulomb excitation

Induced fission of 240Pu

Vortex-nucleus interaction
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Applications of TDSLDA:  Unitary Fermi Gas

Stirring

Twisted stirring

Throwing a spherical projectile

Real-Time Dynamics of Quantized Vortices in a Unitary Fermi Superfluid

A. Bulgac, Y.-L. Luo, P. Magierski, K.J. Roche, Y. Yu

Science 332, 1288 (2011)

Quantized vortices

Vortex rings/lines

Vortex crossings

& reconnections

(quantum turbulence)
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Phys. Rev. Lett. 116, 122504 (2016)

A. Bulgac, P. Magierski, K.J. Roche, and I. Stetcu

Induced fission of 240Pu

TDSLDA is a versatile tool!!

Low-energy heavy ion reactions

Phys. Rev. Lett. 119, 042501(2017)

P. Magierski, K.S., and G. Wlazğowski

Time

Applications of TDSLDA:  Nuclear systems

IVGDR

Phys. Rev. C 84, 051309(R) (2011)

I. Stetcu, A. Bulgac, P. Magierski, and K.J. Roche

Phys. Rev. Lett. 117, 232701 (2016)

G. Wlazğowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes

Vortex-nucleus dynamics
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Solitonic cascades in polarized Fermi gas

G. Wlazğowski, K. Sekizawa, M. Marchwiany, and P. Magierski,

Phys. Rev. Lett. (in press); arXiv: 1711.05803



Result of TDSLDA simulation:

Phase discontinuity creates a vortex ring which decays into a vortex line

Topological excitations in ultracold atomic gases

G. Wlazğowski, A. Bulgac, M.M. Forbes, and K.J. Roche, Phys. Rev. A 91, 031602 (2015)
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M.J.H. Ku, B. Mukherjee, T. Yefsah, and M.W. Zwierlein, Phys. Rev. Lett. 116, 045304 (2016)

The cascades of solitonic excitations have been identified experimentally

Time

Vortex ring

Vortex line

Topological excitations in ultracold atomic gases
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Time

Topological excitations in ultracold atomic gases

Each stage of solitonic cascade could be reproduced with TDSLDA!

ñū solitionò
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Having a validated tool at hand

we explore new physics particular to fermionic systems

Spin-imbalance (polarization)!!



Fermionic superfluidity is due to the Cooper pairing mechanism



Then, what happens if the numbers of men/women are imbalanced??

Answer:

phase separation

M.W. Zwierleinet al., Science 311, 492 (2006)

superfluid (paired) gas is

surrounded by normal gas

But, what about dynamics??



Topological excitations in ultracold atomic gases

P = 20%

P = 40%

P֕ 50%

domain wall vortex ring vortex line
Time

Spin polarization affects the stability of topological defects

R: radius of the cloud

ɝ: coherence length

V Unpaired particles prefer to stay inside the defects

Local polarization

0.00

0.35

0.70
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Right: Fig. 1 taken from

A. Villois et al., Phys. Rev. E 93, 061103(R) (2016)

Left: Work by Leonardo da Vinci

Whatôs more?  - Implication to quantum turbulence

chaotic, dissipation to smaller scales tangles, reconnections, Kelvin waves



Spin polarization may hinder vortex crossings/reconnections

repelling..

P = 0%

P = 20%

vortex-antivortexpair reconnection

vortex ring

G. Wlazğowski, K.S., M. Marchwiany, and P. Magierski, Phys. Rev. Lett. (in press); arXiv: 1711.05803



Very preliminary

Computational/theoretical challenge

Microscopic simulation of quantum turbulence in superfluid fermi gas



Summary (Part I)

V TDSLDA is capable of describing topological excitations in superfluid Fermi systems

V Unpaired particles may dramatically alter dynamics of spin-imbalanced Fermi gas

ü Exploration of turbulence phenomenon in spin-imbalanced Fermi gas

Remarks

Next steps

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



Solitonic excitations in nuclear reactions

P. Magierski, K. Sekizawa, and G. Wlazğowski,

Phys. Rev. Lett. 117, 232701 (2016)
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Proton number Z

Isobar: A = 102

Odd-even mass staggering

0

1

2

3

4 Isotope: Sn (Z=50)

65 66 67 68 69 70 71

Neutron number N

(MeV)

s.p. excitations of unpaired neutron

Excitation spectra

Pairing correlations in atomic nuclei

Nucleons prefer to form Jˊ = 0+ pair in open-shell nuclei

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems

odd-N

odd-Z

even-N

even-Z



Not this ñhigh energyò !!

Animation taken from: Brookhaven National Laboratory Website (http://www.bnl.gov/rhic/)

http://www.bnl.gov/rhic/


We collide two nuclei ñgentlyò

~ ~
Nuclear part

Coulomb part

R

?
Total

to study non-equilibrium many-body dynamics of neutrons and protons



What we have investigated

3D, TDSLDA calculations(Fayansw/o LS) predicts

novel phenomena associated with solitonic excitations!!

?

Q. What happens when two superfluid nuclei with different phasescollide??

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



The phase difference changes kinetic energyof the fragments

TDSLDA results:  240Pu+240Pu head-on collisions (E/V
Bass

=1.1)

Why??

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



The phase difference changes kinetic energyof the fragments

TDSLDA results:  240Pu+240Pu head-on collisions (E/V
Bass

=1.1)

Why??
Note:

It cannot be explained by Josephson effect!

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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Additional energy is required to attach two superfluidswith different phases

Solitonic excitations

üThe additional energy(derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=Ŕ2, L~R=6 fm, ns=0.08 fm-3Ÿ E~30 MeV

*It does not depend on the absolute value of the pairing!

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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üThe additional energy(derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=Ŕ2, L~R=6 fm, ns=0.08 fm-3Ÿ E~30 MeV

*It does not depend on the absolute value of the pairing!

240Pu+240Pu (E/VBass=1.1),

Pairing field is vanishing!
(due to phase discontinuity)

Additional energy is required to attach two superfluidswith different phases

Solitonic excitations

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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Fusion reaction is suppressed by the phase difference

TDSLDA results:  90Zr+90Zr head-on collisions

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)

K. Sekizawa Mon., May 28, 2018Topological excitations in superfluid Fermi systems



Fusion reaction is suppressed by the phase difference

TDSLDA results:  90Zr+90Zr head-on collisions

Non-Fusion

Fusion

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA results:  90Zr+90Zr head-on collisions

Fusion reaction is suppressed by the phase difference

*Efusion: the lowest energy at which fusion reaction is observed
E

fu
s
io

n
(M

e
V

)

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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For non-central collisions, contact time & scattering angle are also affected

TDSLDA results:  90Zr+90Zr non-central collisions

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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Phase difference prevents ternary quasifission

TDSLDA results:  240Pu+240Pu head-on collisions

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA results:  240Pu+240Pu head-on collisions

Phase difference prevents ternary quasifission

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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Vortex-nucleus dynamics in the NS crust

G. Wlazğowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes,

Phys. Rev. Lett. 117, 232701 (2016)



He

H

C, O
O, Ne, Mg

Si

Fe

ñOnion structureò

Nuclear reactions:
1H Ÿ 4He Ÿ 12C Ÿ 16O Ÿ 20Ne Ÿ 24Mg Ÿ 28Si Ÿ ... Ÿ 56Fe

The fate of a massive star

The Crab Nebula

Remnant of the SN in 1054

After forming the iron coreé

Ÿ no more fuel

Ÿ gravitational collapse

Ÿ supernova explosion



Outer crust

Inner crust

Nuclei (Fe), electrons

Nuclei, electrons,

ñdrippedò neutrons

Uniform nuclear matter:
n, p, e-Σ ˃-

Outer/inner c ore

0.3-0.6km

0.5-0.8km

9-12km

ȍ< ȍdrip

ȍdrip Ò ȍÒ 0.6ȍ0

0.6ȍ0 <ȍÒ 3-5ȍ0

Neutron star is a great playground for nuclear theorists

Quark matter?

Hyperons? 

Meson condensates?

ȍdrip~ 0.0014ȍ0 ;  Above ȍdrip unbound neutrons exist outside nuclei

ȍ0=2.8x1014 g/cm 3=0.16 fm -3 ;  Nuclear saturation density

Outer crust

Inner crust

Ocean
Hot plasma

~ 0.1 km

Ocean
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Structure of a neutron star



Fig.4 in N. Chameland P. Haensel, Living Rev. Relativity 11, 10 (2008)

A lattice of neutron -rich nuclei are immersed in a neutron superfluid

Pressure
ionization

Neutronization Neutron drip
Nuclear
pasta

(Outside) (Inside)

Quantum vortices may exist!
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Structure of the inner crust



In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases

W. Ketterle, MIT Physics Annual. 2001

ñAbrikosovlatticeò
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Quantum vortices



In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases

W. Ketterle, MIT Physics Annual. 2001

The Nobel Prize in Physics 2003

A.A. AbrikosovV.L. Ginzburg A.J. Leggett

ñAbrikosovlatticeò
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Quantum vortices



W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases
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Quantum vortices



W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases
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Quantum vortices



Glitch:  a sudden increase of the rotational frequency

V.B. Bhatia, A Textbook of Astronomy and Astrophysics with Elements of Cosmology, Alpha Science, 2001.

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=10205

ü Pulsar:  a rotating neutron starÅ Glitches in the Vela pulsar

Period (sec)

1970 1975 1980

year

0.8925

0.8924

0.8922

0.8921

0.8920

0.8923

Time

���%���1���&�0���1�%�"���s�$�)�&�1� �%�t�"

P.W. Anderson and N. Itoh, Nature 256, 25 (1975)

A conjectured scenario:

Vortex pinning/unpinningin the neutron star crust

Repulsive? Attractive?

or
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