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Cosmic Eye - Universe Size Comparison: https://youtu.be/8Are9dDbW24

Macroscopic world

Microscopic world

https://youtu.be/8Are9dDbW24


(Nuclear)Astrophysics

Neutron stars, NS merger, nucleosynthesis, GW, ...

Macroscopic

Nuclear Many-Body Problem

Microscopic

10 fm Cosmic Eye - Universe Size Comparison: https://youtu.be/8Are9dDbW24

Nuclear structure, Equation of State (EoS)

Superfluidity & Superconductivity

Reaction rates, Fission fragments, ...

Neutron-star structure, Star quakes, GW

Pulsar glitches, Cooling

Stellar evolution, Nucleosynthesis, ...
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Our Mission:

To establish a concrete microscopic 

foundation of macroscopic models

https://youtu.be/8Are9dDbW24


Today, I will mainly 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

..and some related topics of nuclear physics



Fromquarks to atomic nuclei



Standard model of the elementary particles
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Gauge bosons

Gluons

Photons

W˶, Z0 bosons

Strong force

EM force

Weak force

Higgs boson

V Elementaryparticles: fundamental particles without structure

V Four forces: strong, weak, electromagnetic, and gravitational forces

V Particle physics explores an ultimate theory of the Universe



Quark Gluon Plasma (QGP)

Density

Temperature

Hadrons

Atomic 

Nuclei

Left figure:https://www.bnl.gov/newsroom/news.php?a=24281

The QCD phase diagram

Early universe

Neutron Stars

From quarks to hadrons
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ü A nucleon(proton or neutron) 

is a baryon.

Mesons
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E.g. Pion( +́)

V Hadrons: composite particles of quarks

V Exploring the evolution of the 

Universe through high-energy 

nuclear experiments

V Quark matter in NS core?

Ÿcolor superconductivity



Not this ñhigh energyò !!

Animation: Brookhaven National Laboratory (http://www.bnl.gov/rhic/); https://youtu.be/Vyq_AYWctSo

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


We collide two nuclei ñgentlyò
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Coulomb part

R

?
Total

and study quantum many-body dynamics of neutrons and protons
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Nucleons

In ñlow-energyò nuclear physics,

we treat neutrons and protons as building blocks

What we study is:

A quantum many-body problem of fermionsinteracting through the nuclear force

Å complex state dependence

Å spin-orbit interaction

Å tensor interaction

Å ...

Repulsive core

Short-range attraction



(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



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



Neutron number
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DFT in Nuclear Physics

All nuclei can be described with a singleEDF

K. Sekizawa

N, Z
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Neutron star

DFT in Nuclear Physics

All nuclei can be described with a singleEDF
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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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Voyage towards the limit of nuclear existence

At the frontiers in nuclear physics I:
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Theory: ~7,000

Expt.: ~3,300

Z=114

M. Thoennessen, Rep. Prog. Phys. 76, 056301 (2013)

The ñmapò of atomic nuclei: the nuclear chart

(a.k.a. the Segrèchart)

Heaviest element?

New magic numbers?

Impact on r-process?

Island of stability?



Movie from ñDiscovery of Nuclides Projectò by Michael Thoennessen

https://people.nscl.msu.edu/~thoennes/isotopes/

https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4

https://people.nscl.msu.edu/~thoennes/isotopes/
https://people.nscl.msu.edu/~thoennes/isotopes/2018-Isotope-Movie.mp4


The continent of stability has been well explored..

The Great Wall of China by Stacy Funderburke @shutterstock

https://www.shutterstock.com/image-photo/great-wall-china-82945360


ñFlat Earthò by iStock; ñFanciful view of ship sailing over edge of Earthò by Georgia Studies Images

Now we are sailing towards the edge of the nuclear landscape..

Å drip lines

Å shell structure

Å deformation

Å skin, halo

Å nuclear matter properties

Å nucleosynthesis

Å ...

Stable nuclei:  288

Experiment:  ~3300

Theory:  ~7000-10000

https://www.istockphoto.com/au
https://georgiainfo.galileo.usg.edu/gastudiesimages/Ship%20Sailing%20Over%20Edge%20of%20Earth.htm


Nucleosynthesis at accelerator facilities

RI Beam Factory (RIBF) @RIKEN

Collide! Fusion!

Superconducting Ring Cyclotron (SRC)

The world-leading factory 
of unstable nuclei!


