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Our Mission:

To establish a concrete microscopic 

foundation of macroscopic models
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Today, I will talk about:

Neutron-star glitches

Dynamics of quantum vortices

of superfluid neutrons

Quasi-periodic oscillations

Time-dependent band theoryfor 

the inner crust of neutron stars



(TD)DFT in a tiny nutshell

DFT



A theory which gives us access to the exactsolution

Kohn-Shamequation

Equivalent!

(for a 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?

K. Sekizawa

Energy can also be written as a functional of density
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The existence was proven, but its shape is unknown..

CAUTION!

ñInverse Kohn-Shamò

Developing a better functional is

an important subject in nuclear theory!



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

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)

The Nobel Prize in Chemistry 1998

Walter Kohn John Pople ©https://www.nobelprize.org
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DFT in Nuclear Physics

All nuclei can be described with a singleEDF

K. Sekizawa

N, Z
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Phys. Rev. Lett. 116, 122504 (2016)

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

Induced fission of 240Pu

TDDFT is a versatile tool!!

Low-energy heavy-ion reactions

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

P. Magierski, K.S., and G. Wlazğowski

Time

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

K. Sekizawa

TDDFT in Nuclear Physics
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Picture: https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets

Neutron-star 
ñglitchò

https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets


What is the glitch?



Pulsar - a rotating neutron star

V First discovery in August 1967 Ÿ ñLittle Green Manò LGM-1Ÿ PSR B1919+21

V Since then, more than 2650 pulsarshave been observed

V It gradually spins downdue to the EM radiation



Period (ms)

1970 1975 1980

Year

89.25

89.24

89.22

89.21

89.20

89.23

Time

Spin down

)

Typical example:  the Vela pulsar

ü Irregularity has been observed from continuous monitoring of the pulsation period

V Glitch:  sudden increase of 

the rotational frequency

Spin up!



In daily life, a vortex is continuous..



W. Ketterle, MIT Physics Annual. 2001

In superfluid, vortices are quantized!!



R
o

ta
tio

n
 f
re

q
u

e
n

cy

Time

Glitch

mins to days

Post glitch relaxation

days to years

Superfluid neutrons
(decoupled from the crust)

cannot spin downif vortices 
ŀǊŜ άǇƛƴƴŜŘέ ǘƻ ǘƘŜ ŎǊǳǎǘ

Solid crust
(strongly coupled to the 
core by magnetic field)

spins down

The vortex mediated glitch:  Naive picture

ñUnpinningò occurs

Next glitch occurs
when sufficient lag

is accumulated



Trigger mechanism

How are vortices unpinned?

Pinning mechanism

How are vortices pinned?

Glitch dynamics

How do vortices move?

To fully understand the glitches, we need to clarify:

We attacked this problem using

the state-of-the-art microscopic nuclear theory

and, of course,

details of NS matter..



We attack this problem with HPC on GPU supercomputers 

with TDDFT for superfluid systems, TDSLDA!



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
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Vortex-nucleus dynamics within TDSLDA

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

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



A key to understand the glitches is:

Vortex pinning mechanism in the inner crust of neutron stars

Attractive? Repulsive?
or

ñNuclear pinningòñInterstitial pinningò

Q. Is the vortex-nucleus interaction



Response of a spinning gyroscope when pushed

What weinvestigated  - Vortex-nucleus dynamics

Response
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We performed 3D, dynamical simulations by TDDFT with superfluidity

Å TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

Å Energy density functional (EDF)

S.A. Fayans, JETP Lett. 68, 169 (1998)

:  FayansEDF (FaNDF0) w/o LS

PNM

SNM

Friedman & Pandharipande, NPA361(1981)502

Wiringaet al., PRC38(1988)1010

K. Sekizawa Thu., Aug. 4, 2022Time-Dependent Density Functional Theory for the Inner Crust of Neutron Stars



We performed 3D, dynamical simulations by TDDFT with superfluidity

Å TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

PNM

SNM

Friedman & Pandharipande, NPA361(1981)502

Wiringaet al., PRC38(1988)1010

Å Energy density functional (EDF)

S.A. Fayans, JETP Lett. 68, 169 (1998)

:  FayansEDF (FaNDF0) w/o LS

K. Sekizawa Thu., Aug. 4, 2022Time-Dependent Density Functional Theory for the Inner Crust of Neutron Stars



We performed 3D, dynamical simulations by TDDFT with superfluidity

Å TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

a vortex line exists here

Å Computational details

Nuclear impurity:

# of quasi-particle w.f.
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We performed 3D, dynamical simulations by TDDFT with superfluidity

Å TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

TITAN, Oak Ridge

NERSC Edison, Berkeley

HA-PACS, Tsukuba

MPI+GPU

Ÿ 48h w/ 200GPUs

for 10,000 fm/c

Å Computational details

Nuclear impurity:

# of quasi-particle w.f.
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Results of TDSLDA calculation:

Blue line:  vortex-core

Red dot:  c.m. of protons

v0: along x-axis

Force exerts on the nucleus

will be shown by a black arrow

or ?
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Results of TDSLDA calculation:
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Pinned configuration is dynamically unstable

Results of TDSLDA calculation:
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ñUnpinned configurationò



ñPinned configurationò



Nuclear Physics!!

Provide model ingredients

Our goal and strategy

Goal:  Unveil the mechanism of glitches

Microscopic

Mesoscopic

Macroscopic

ü vortex-nucleus dynamics from neutrons and protons

ü hydrodynamics

ü observations

ü dynamics of vorticesin a lattice of nuclei

(e.g. filament model)

10-15-10-13m

104m

~10-10m

New collaboration started:

Nicolaus Copernicus Astronomical Centre

B. Haskell et al.



https://www.newsweek.com/nuclear-pasta-neutron-star-strongest-material-universe-1127491

Time-
Dependent 

Band Theory
for the 

Inner Crustof

Neutron Stars

https://www.newsweek.com/nuclear-pasta-neutron-star-strongest-material-universe-1127491


The rest of the talk is based on one of my most recent publications:

in collaboration with

Masayuki Matsuo Kenta Yoshimura (M1)Sorataka Kobayashi
(Finished MSc in Mar. 2019)



What is the ñentrainmentò effect?



ñEntrainmentò is a phenomenon between two species (particles, gases, fluids, etc.), 

where a motion of one component attracts the other.

Neutrons

Protons


