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Theory (8/7 71X010611:30)

#1. An introduction to microscopic meanfield approaches and (TD)DFT

Nuclear reactions/(877/1.3:004:30)

#2. Recent advances in microscopic approaches for heaoy reactions
Superheavy element synthesis & desglastic collisions

Neutron stars/(8/8/10:0{11:30)

#3. Neutronst ar fglitcho and neutron suj
Dynamics ofguantized vortices the inner crust of neutron stars
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Voyage towards the limit of existence



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

AnFIl at BEStockt


https://www.istockphoto.com/au

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

Let 0s | eave
of finite nuclei! ‘,

AnFIl at BEStockt


https://www.istockphoto.com/au

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

Let 0s | eave
of finite nuclei! ‘»

nFIl at BSiock h 86t By War s \algrianPerset@Apstation



https://www.istockphoto.com/au
https://www.artstation.com/artwork/e0m4eJ



https://www.freepik.com/free-photo/3d-hyperspace-background-with-warp-tunnel-effect_8879794.htm

(The Sun

" Radius: ~7 10°m (~109timesbiggerthanEarth)
" Mass: ~2 103%g (~330 thousands times heavier than Eau
" Central temp.: ~10 million
\’ Surface temp.: ~5000

Stars shine due to nuclear fusion reactions

Picture: https://en.wikipedia.org/wiki/Su



Energy source of the Sun:

Proton-proton (p-p) chain

1H ﬂle 1H ﬂle
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4p +2¢~ — ‘He + 6y + 2v, + 26.65 MeV

Nuclear fusion



Energy source of the Sun: “Nuclear fusion

Proton-proton (p-p) chain

What happened:
Four protons became a helium nucle
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Q 0 Proton
4He 0 Neu_tron
& Positron

4p +2¢~ — ‘He + 6y + 2v, + 26.65 MeV

Before After



Energy source of the Sun: “Nuclear fusion

Equivalence between mass and energ

Albert Einstein (1879.955)

This reaction generates energy
(exothermic)

|
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E“QY%Y
. Q 0 Proton
e @ Neutron
/ / & Positron

4p +2¢~ — ‘He + 6y + 2v, + 26.65 MeV

What happened:
Four protons became a helium nucleps!

' Lighter than before!

000 =

Before After

Quantum tunneling allows ffor
overcoming ithe(Coulombibartier!



The size is like Earth,  Life cycle of a light star

but with the solar mass

,/ The Sun will be a WD
I/ after 5 billion years
( : ~ Interstellar gas
.. White dwarf _9’1 J
& V\Planetary nebula
M S Mg
M ~1-TMg
when He is
exhausted o
-
Red giant .’
-
.
.
.
.
. .
''e g . . .]\{ <08]\.4®0 » * . .
p-p chain

Picture: https://www.astroarts.co.jp/products/stinav7/spec/plangshsinl



Binding energy per nucleon (MeV)

Stability of Nuclei

Most stable m——
Lighter
after fission

Q :' .............................................................. _
: : : Heavy nuclei
TN sl S Brer U e T Y gain energy by nucledission
- ' energy source of nuclear plant
Light nuclei
Y gain energy by nucledusion
energy source of shining stars
ﬁ ......... Q-v°
0 | Lighter 250
“ after fusion




The size is like Earth, LIfe cycle of a massive star

but with the solar mass

‘ The Sun will be a WD
/ after 5 billion years

( - Interstellar gas
V\Planetary nebula 0

o

‘.. White dwarf

~o

Protostar

M 5 Mg

M ~1-TMj

Red giant

Picture: https://www.astroarts.co.jp/products/stinav7/spec/plangshsml
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The fate of a massive star

Nuclear reactions:
IHY 4HeY 2CY 150Y 2NeY Mgy 28SjY ..Y S¢Fe

After forming t he
Y no more fuel

Y gravitational collapse
Y supernova explosion

structureo

The Crab Nebu-la
Remnant of the SN in 1054

Picture: https://en.wikipedia.org/wiki/Crab_Nebu



The size is like Earth, Life cyc

but with the solar mass

‘ The Sun will be a WD
/ after 5 billion years

Whlte dwarf A

V\Ianetary nebula /
- ’ b M~
, A

SN remnan® . Black hole
M~1-TMs 4 M 210-20My

Protostar

M 5 Mg

Supernova Red supergiant .
.
! M < 8M e .-
L I B A I “"p-p chain

Picture: https://www.astroarts.co.jp/products/stinav7/spec/plangshsml



Structure of a neutron star

Neutron star is a great playground for nuclear physicists

ws
ws®
.
______
.s
ws

[E‘)drip~ 0.0014,; Abovedy,;, unbound neutrons exist outside nujei

0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density

4" N NN N R NN AN AN EE NN AN AR NN NN AN AN ERENEANAENENEEAREEEEEEEREEREEREEEEE,

. Inner crust  Nuclei, electrons, :
: ndri ppedo n

0.50.8km Oy, 00 O0.60,

----
T

Hyperons?

.~ Outer/inner ¢ ore
' 9-12km 0.8, < d 03-50,

Meson condensa

Quark matter?
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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

ws
ws®
.
______
.s
ws

Ogrip~ 0.00148,; Aboved,,;, unbound neutrons exist outside nuclei
0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density

Inner crust  Nuclei, electrons,
Adri ppedo
0.50.8km Oy, 00 O0.60,

Hyperons?

.~ Outer/inner ¢ ore
' 9-12km 0.8, < d 03-50,

Meson condensa

Quark matter?
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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

Ocean . EOcean H%t]F-)'I‘zlsmgf
Outer crust e SR Outer crust  Nuclei (Fe), electrons§
............................... 0.2.0 6km 5 < Odnp
o - sound neutrons exist outside nuclei .
ANucl ear Past 0 ay exi
. ; Nuclear saturation density

Uniform nuclear matter.
n,p,ex- >

Inner crust Nuclei, electrons,
Adri ppedo n

0.5-0.8km 8y, 00 00.65,

Hyperons?

- Outer/inner ¢ ore
' 9-12km  0.8,< d 03-59,

Meson condensates?

Quark matter?
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What is Nuclear Pasta? @

Gnocchi Lasagna Spaghetti

(a) Gnocchi (b) Spaghetti () Waffles (d) Lasagna

(f) Antispaghetti (g Aﬁiié;bcchi

M. E. Caplan and C. J. Horowitz, Rev. Mod. PI88.041002 (2017)



Equation of state§o of nuclear matter

U EoScharacterizes the nuclear matter properties

V From lowenergy nuclear experiments, one may extract information in the vicinity of the saturation den
E.g.) ISGMR: UGragand G.Colo, PPNPL01(2018)55; Electric dipole (E1) polarizabili# skin thickness: ATamiiet al, EPJ/A0(2014)28

lti Eqm & L

Slope of the symmetry enerdy: AN\
L~30-110MeV  [™

PNM: Pure Neutron Mattem{only)

Symmetry energy:
Fuym, ~ 28-35 MV

SNM: Symmetric Nuclear MatteN=2)

Saturation energy;

Esat, ~ —16 MeV e '\ DenSIty

Nuclear saturation density:
Neat. ~ 0.16 fm—3

K shortrange attraction & repulsive core
X ¢ ), K. Sumiyoshi (Kyoritsu printing Co., Ltd

Incompressibility: -
K ~92209260Mev |~ b

K shortrange attraction & repulsive core
cf. Frontiers in Physics Vol. 21, Understanding the World of Supernova Explosion from Atomic (JuelgiTw o~ W ©§
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From EoSto neutron stars

U An EoSdefines aMassRadius relation of neutron stars

~N

p
A TolmanOppenheimeNolkoff (TOV) equation:

__aMin) (1, P

r2

= 4mr?p(r)

AN 4;(4?1;()) (1 - %)—

correction from General Relativity (GRH
M(r): Integrated mass within radius

N

AS

A Equation of stateE(n)
DA relation between pressure and dengdity: P(r)
_dE _ ,dE/A dr
P(n) = av " dn
. ) where dp(r)
\_
Equilibrium condition: 4

Gravitational force (inward) + Pressure (outward) = O

P(r)=0
defines the NS radius

> T

2.0
1.5
1.0

0.5F

Mass-radius relation

0.0

8 0 10 11 12 13 14 15
R (km)
Figure: P.B. Demorest et al., Nat4@7, 1081 (2010)/
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How to solve the TOV equatieingredients

TOV eq.: d;zrg _ _M (1 N f((:))) (1 N %f;’g)) (1 ~ %)1 (ﬂ)l AP _ dP dnp

Energy & Pressure SkyrmeEDF: _~Energy density

E[n] = (®| Hskyrme|P) = /{sN(r);dr

Enn, ) _ N (rtn; ) : Total energy par particleoften referred to as the equation of state (EOS)

A ng
dP A
P(ng) = _8_E = _871_38_E = QBa(E/A) : Pressure; and its derivative— nB = —
oV A A% 8?’LB A 8713 A dnp V
Other definitions
Baryon (nucleon) number density: ng = n,, + n, np = Ypng Ny =NB — Np

Proton fraction: Y, =n,/ng

Energy density fon p enatter:  =(nn, np, e, np) = Npminc® + npmpc® + ex(nn, np) + ce(ne) + =u(ny)
_ treated aselativistic
Mass density: p= = ideal Fermi gases

Chemical potential:  p; =

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



A recipe for solving the TOV equation

TOV eq. ng _ GM(r)p(r) (1 N P(r)) (1 . 47?7“313(7")) (1 - M)l (ﬁ)l

r 72 e(r) M (r)c? rc? dng
*We know:
E(nn,np) _ n(nnyp) (), (s ) = g + den Ne Central baryon density (initial conditionat 0)
A np dnB 8nq

It P(np(R)) =0 !, DetermineY, via theb-equilibrium condition (fon p enatter): \E
o) s | o
> i np = Ypng, np =npg —ny Hons Hp i Proton fraction:
| fle = fin — iy fle = py © bequilibrium | Yo =mp/ns
I Changgy, )
Integrate TOV eq. E JOES \/ mict + (he)?kE, (I=e,p) E N;te;f:lat:
by, e.g., Rung&utta E Fps = (3n%n) /3 Moy T i m ;0.5 l\r’;eV
ro e dr ! N 0 : iy ~ 105.7 MeV
np(r+dr) :‘ 0 Ny = Ne + Ny, Charge neutrality ::

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



Particle fractions oh p enatter

Chemical potentials vs. central densit Particle fractions vs. central density

4000 — 1.0
3500 u, — L i
3000 My, e ’//'.. - 0.8
% 2500 B [.l€=‘u“ _— //:‘" ........ ] ~ 0.6
é 2000 | ‘u'})+ué’ //.: ......... ] 3
3 1500 ¢ e ] 0.4 _
1000 __-'-"'”"" ......... N 02
500 e .
0 ' 0.0
0 0.5 1 1.5 2
ng (fm_3)

b-equilibrium condition:
Hn = Hp + e

K. Sekizawa

Lecture 3: Neutron-s't ar

Charge neutrality:
Np = Ne + Ny

figlitchod and neutron

s u p eSun.] Aug. 8, 2021



Particle fractions oh p enatter

Chemical potentials vs. central densit Particle fractions vs. central density

b-equilibrium condition: Charge neutrality:
Hn = Hp T He Np = Ne + Ny,

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



Density and pressure as a function of radius

V For various central densities, the TOV equation has been solved.

Baryon density vs. radius

04 T }
il 03F ===
E ® I iy -~ - . 0“‘.'
R | u, A ]
sg: 02 . \\\
0.1 - \ —
5 A
0.0 L— — .
0 2 6 8 10
r (km)

K. Sekizawa
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Neutron star properties

3.0

25|

M

30
25

R (km)

K. Sekizawa

20

Mass vs. central density

ny (fm ™)

Radius vs. central density

n—only —-—-
npeyl ——

Lecture 3: Neutron-s't ar

*Something went wrong it disagrees with published resulf
Take it just as an example.

MIM .
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Neutronstar

glltch

. . ‘e . — .

Picture:https://astronomy.com/magazine/ssro/2017/12/stellamagnets



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

Pulsar- a rotating neutron star

V FirstdiscoveryinAugust 1967 i Li t t | e Gr eleYnPSRIBI9I0+21l GM

V Since thenmore than 2650 pulsahsve been observed

V It graduallyspins dowrdue to the EM radiation




What is the glitch?



Typical example: the Vela pulsar

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

Period (ng
P e

1970
89.25 |-
89.24 |
89.23

89.22 |-

89.21_

.’h/
-~

89.20 -




Typical example: the Vela pulsar

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

Period (s Year
i pamem e eme. | . = <7

1970 1975 1980
89.25 |-V Glitch: sudden increase of ~

the rotational frequenc ‘/
89.24 | %

Spin up!

8923~/\/ @

Spin down




Typical example: the Vela pulsar

4 N\
V \ela glitches roughlgvery 3 years V Most of them aré | a romge3o &, 1|0
(quastperiodic) but there are a few small glitches
V 21 glitcheshave been observed V Increase of spin down rate have also béer
since its discovery in 1969 observed:Av/v  ~ $a10?

J/

*p 3 change of the rotation frequency due to a glitch

3 ~1Ingg2 Hz

102
Time between glitches (days)




. cf. Glitch TableandGlitch Catalogue
P- P diagram for pulsars (*not necessarilglitcherg

Period P): milliseconds to seconds

Graduallyspins dowr(P > 0 )
due to the EM radiations

Very stabl e
millisecond pulsars, i.eP ~ 1029

U Characteristic age:

T = P/(2P)

O Binary pulsars U Surface dipole magnetic field strength

High-energy pulsars_ B =32x 1019(_PP) G

Radio pulsars

bl

-1 0 Figure taken from:
10g P (SEC) R.N. Manchester, AstrophysAstr. 38, 42 (2017)



http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
https://www.atnf.csiro.au/research/pulsar/psrcat/glitchTbl.html

cf. Glitch TableandGlitch Catalogue

P- P diagram for pulsars (*not necessarilyglitcherg

]0]
‘G

1E 2259+186
n8a7s \ A & V More than 548 glitcheshave been

observedn more than 180 pulsars
JOS40-6919

100, Wy 0o OFa V  Symbol size: glitch size
G ey | (typically, log¢ 3 ) -1%-10°1L O

Young pulsars (including magnetarsy
exhibit larger glitches than older ong:

Bls13+16
]0/0 .‘

U Characteristic age:
7. = P/(2P)

BI1821-24A

U Surface dipole magnetic field strength

B =32x10¥PP)G

Figure taken from:
log P (SEC) R.N. Manchester, Proc. IASymp 337, 197 (2017



http://www.jb.man.ac.uk/pulsar/glitches/gTable.html
https://www.atnf.csiro.au/research/pulsar/psrcat/glitchTbl.html

What happened?



Something must happen inside the neutron star!

/

-
V ASt ar qu ak eBaynebal, dlatur24, &2 (1969)]
oblate less oblate
spin down
Preferable
shape WIS T 00T >

V Sudden change of moment of ineifiaGlitch?

It requireshundreds of yealt® have a next glitch..
J

[V Vortex mediated glitch [P.W. Anderson and N. Itoh, Naits@ 25 (1975)]]

U Dynamics of superfluidh qu ant i z epgllay akeyradlel! l?s (




=
S
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®
S
@y
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—
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>

e: N.P. Muller and rstulovic, PRBL02(2020)13451:

Pictur



What Is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid order parameter. Superfluid velocity: Vorticity:
. — =0
A(r, {;) = |A(T’t)|ez¢(rjt) 'vs(r,t) — Eng(r,t) bt V_ XU =Y
m superfluid is irrotational

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



What Is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid order parameter. Superfluid velocity: Vorticity:
. — =0
A(r, {;) = |A(T’t)|ez¢(rjt) 'vs(r,t) — Eng(r,t) bt V_ XU =Y
m superfluid is irrotational

Circulation:

K= / (V xwvs)-dS =0 *Unlessthere is ndopological defect
S
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What Is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid order parameter. Superfluid velocity: Vorticity:
. — =0
A(r, {;) = |A(T’t)|ez¢(rjt) 'vs(r,t) — Eng(r,t) bt V_ XU =Y
m superfluid is irrotational

Circulation:

K= / (V xwvs)-dS =0 *Unlessthere is ndopological defect
S

This hole topologically
d distinguishes amagfrom.a cc

e

Pictures:https://en.wikipedia.org/wiki/Topolog
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https://en.wikipedia.org/wiki/Topology

What Is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid order parameter. Superfluid velocity: Vorticity:
. — =0
A(r, {;) = |A(T’t)|ez¢(rjt) 'vs(r,t) — Eng(r,t) bt V_ XU =Y
m superfluid is irrotational

Circulation: Superfiuid
K= / (V xwvs)-dS =0 *Unlessthere is ndopological defect
S e
If there is a defect:
— ¢ v, dl= Eﬂg Vo dl = 5 K, : N
" N T m o B m\ff ! ”‘. '
Quantization of circulation <
*the phasep(r) at the same point ¢ * * ? ? ? T
must be equivalent! % - .
. . 0" » "0
Flow velocity of rotation _ \ N
shall be quantized! A hole atwhic ->
superfluidity isllost >

Quantum vortex

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



What Is a quantum vortex?

side view

In superconductor, magnetic flux is quantized!
M&Igﬂ@tiC flux: Meissner effect | @Vo.@ex@ top view

v 2 h
/ B-dS = / VxA)-dS =0 o= ——2% A+ %27y - the London equation
Mg T
If there is a defect: .
A dl ~ qu dl — E{an\, ns, Mg, €5. density, mass, and charge of
es a carrier (Cooper pair)
Quantization of magnetic fluluxtube, fluxoid, orfluxon)
Circulation: :
Superfluid
K= / (V xwvs)-dS =0 *Unless, there is ntopological defect
If there is a def 5
there is a defect: -
k=P vg-dl=— @ Vo -dl=—2mn) * ‘_
C m C TS -

Quantization of circulation
*the phasep(r) at the same point ¢ * ¢ ? ? ? T
Flow velocity of rotation

must be equivalent!
* _’ 0
shall be quantized! A hole atwhic¢ \ —-> ﬂ

superfluidity isllost >
Quantum vortex

K. Sekizawa Lecture 3: Neutron-st ar figlitcho and neutron supeSunjAug. & 2021



- R ¢
In daily life, a vortex is continuous..




In superfluid, vortices are qua

W. Ketterle MIT Physics Annual. 2001



G.P. Bewley, D.P. Lathrop, and K.R. Sreenivasan, Natie588 (2006)

A movie from a talk by W. Guo (available framitps://youtu.be/P2ckefSAN2@t
INT Program199 a A Quantum Turbul ence: Cold Atoms, H
March 18- April 19, 2019

Direct visualization of quantized vortices

Hydrogen particles were trapped in the vortex core, then worked as a tracer


https://youtu.be/P2ckefSAN20

Structure of a neutron star

Neutron star is a great playground for nuclear physicists

....
ws® .
wes®
wnt

Ogrip~ 0.00148,; Aboved,,;, unbound neutrons exist outside nuclei
0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density

Inner crust  Nuclei, electrons,
Adri ppedo
0.50.8km Oy, 00 O0.60,

Hyperons?

.~ Outer/inner ¢ ore
' 9-12km 0.8, < d 03-50,

Meson condensa

Quark matter?
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