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Voyage towards the limit of existence



ñFlat Earthò by iStock

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

https://www.istockphoto.com/au


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

Letôs leave the planet 

of finite nuclei!

ñFlat Earthò by iStock

https://www.istockphoto.com/au


ñFlat Earthò by iStock; ñStar Wars Spaceshipò by ValérianPierret@Artstation

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

Letôs leave the planet 

of finite nuclei!

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


ñ3d hyperspace background with warp tunnel effect Free Photoò @freepik

Fromnuclei to neutron stars

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


Stars shine due to nuclear fusion reactions

The Sun

ʾRadius: ~7˷ 108m (~109timesbiggerthanEarth)

ʾMass: ~2˷ 1030kg  (~330 thousands times heavier than Earth)

ʾCentral temp.: ~10 million 

ʾSurface temp.: ~5000 

Picture: https://en.wikipedia.org/wiki/Sun
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Energy source of the Sun:  Nuclear fusion
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Energy source of the Sun:  Nuclear fusion

Proton-proton (p-p) chain

1H 1H

1H2H

3He
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e+ e+
ɜe ɜe

Proton

Neutron

Positron

Before After˼

Lighter than before!

What happened:

Four protons became a helium nucleus!

Equivalence between mass and energy

Albert Einstein (1879-1955)

E:  Energy

m:  Mass

c:  Speed of light

This reaction generates energy

(exothermic)

Quantum tunneling allows for 

overcoming the Coulomb barrier!



Interstellar gas

Protostar

Star

p-p chain

Planetary nebula

White dwarf

The size is like Earth,

but with the solar mass

The Sun will be a WD

after 5 billion years

Red giant

when He is

exhausted

Life cycle of a light star

Picture: https://www.astroarts.co.jp/products/stlnav7/spec/plane_list-j.shtml
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Mass number (= protons + neutrons)
LargeSmall

Heavy nuclei

Ÿ gain energy by nuclear fission

56Fe

Most stable

Stability of Nuclei

Light nuclei

Ÿ gain energy by nuclear fusion

Lighter
after fission

Energy

energy source of nuclear plants

Lighter
after fusion

energy source of shining stars

Energy



He

H

Red giant

The size is like Earth,

but with the solar mass

The Sun will be a WD

after 5 billion years

Planetary nebula

White dwarf
Interstellar gas

Protostar

Life cycle of a massive star

Star

p-p chain

Red supergiant

Picture: https://www.astroarts.co.jp/products/stlnav7/spec/plane_list-j.shtml



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

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



Picture: https://www.astroarts.co.jp/products/stlnav7/spec/plane_list-j.shtml

Life cycle of a star

He

H

p-p chain

The size is like Earth,

but with the solar mass

The Sun will be a WD

after 5 billion years

Red giant

Red supergiant

Planetary nebula

White dwarf
Interstellar gas

Star

Protostar

Supernova

SN remnant Black hole

Neutron star

An ultra-heavy,super-N-rich¬nucleusº
Ҧ Paradise for nuclear physicists! :D



Uniform nuclear matter:
n, p, e-Σ ˃-

Inner crust Nuclei, electrons,

ñdrippedò neutrons

0.5-0.8km ȍdrip Ò ȍÒ 0.6ȍ0

Neutron star is a great playground for nuclear physicists

Quark matter?

Hyperons? 

Meson condensates? Outer/inner c ore

9-12km 0.6ȍ0 <ȍÒ 3-5ȍ0

Outer crust Nuclei (Fe), electrons

0.3-0.6km ȍ< ȍdrip

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

Structure of a neutron star
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ñNuclear Pastaò may exist!

Inner crust

Neutron star is a great playground for nuclear physicists
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What is Nuclear Pasta?

Gnocchi Lasagna
Spaghetti

M. E. Caplan and C. J. Horowitz, Rev. Mod. Phys. 89, 041002 (2017)



Equation of state (EoS) of nuclear matter

Density

PNM: Pure Neutron Matter (n-only)

SNM: Symmetric Nuclear Matter (N= Z)

ü EoScharacterizes the nuclear matter properties

Nuclear saturation density:Incompressibility:

Slope of the symmetry energy:

Saturation energy:

Ҟ short-range attraction

Ҟ short-range attraction & repulsive core

Symmetry energy:

Ҟ np > nn, pp & Pauli blocking

Ҟ short-range attraction & repulsive core
cf. Frontiers in Physics Vol. 21, Understanding the World of Supernova Explosion from Atomic Nuclei(ᾖ◓ᶋΤϣ ϙᵔΨ χ ᵦ), K. Sumiyoshi (Kyoritsu printing Co., Ltd.)

V From low-energy nuclear experiments, one may extract information in the vicinity of the saturation density

E.g.) ISGMR: U. Gragand G. Colò, PPNP101(2018)55;  Electric dipole (E1) polarizability Ÿ skin thickness:  A. Tamii et al., EPJA50(2014)28

Ҟ KA
Ҟ Esym. & L

K
L
expansion
(same as LDM; cf. the PPNP):

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluidK. Sekizawa



From EoSto neutron stars

ü An EoSdefines aMass-Radius relation of neutron stars

Equilibrium condition:

Gravitational force (inward) + Pressure (outward) = 0

defines the NS radius

Figure:  P.B. Demorest et al., Nature 467, 1081 (2010)

Mass-radius relation

R (km)

Å Tolman-Oppenheimer-Volkoff (TOV) equation:

where
: Integrated mass within radius r

correction from General Relativity (GR)

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluidK. Sekizawa

Å Equation of state, E(n)

ҦA relation between pressure and density:



How to solve the TOV equation - Ingredients

SkyrmeEDF: Energy density

: Total energy par particle - often referred to as the equation of state (EOS)

: Pressure;  and its derivative

Energy & Pressure

Baryon (nucleon) number density:

Proton fraction:

Energy density for npeɛmatter:

treated as relativistic

ideal Fermi gasesMass density:

Chemical potential:

Other definitions

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluid

TOV eq.:

K. Sekizawa



Determine Yp via the ɓ-equilibrium condition (for npeɛmatter):

:  ɓequilibrium

Note that:

Proton fraction:

Baryon density:

A recipe for solving the TOV equation

Central baryon density (initial condition at r = 0)

Integrate TOV eq.

by, e.g., Runge-Kutta

If

:  Gravitational mass within radius r

Yes

:  Mass density

*We know:

TOV eq.:

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluid

: Charge neutrality
No

Change Yp

K. Sekizawa



Particle fractions of npeɛmatter

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

Charge neutrality:
ɓ-equilibrium condition:

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluidK. Sekizawa



Particle fractions of npeɛmatter

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

ɓ-equilibrium condition: Charge neutrality:

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluidK. Sekizawa



Density and pressure as a function of radius

Baryon density vs. radius Pressure vs. radius

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluid

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

K. Sekizawa



Neutron star properties

Mass-Radius relation

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluid

Radius vs. central density

Mass vs. central density *Something went wrong - it disagrees with published results.

Take it just as an example.

K. Sekizawa



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

Neutron-star 
ñglitchò

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


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



What is the glitch?



Period (ms)

1970 1975 1980

Year

89.25

89.24

89.22

89.21

89.20

89.23

Time

)

Typical example:  the Vela pulsar

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

Spin down



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!



V Vela glitches roughly every 3 years

(quasi-periodic)

V 21 glitcheshave been observed 

since its discovery in 1969

V Most of them are ñlargeò (ȹɜ/ɜ ~ 10-6), 

but there are a few small glitches

V Increase of spin down rate have also been 

observed:              ~ 10-3-10-1

Time between glitches (days)

Vela:  ɜ ~11.2 Hz  (P ~89.3 ms)

*ȹɜ: change of the rotation frequency due to a glitch

Typical example:  the Vela pulsar



Figure taken from:

R.N. Manchester, J. Astrophys. Astr. 38, 42 (2017)

V Period (P):  milliseconds to seconds

V Gradually spins down(             ) 

due to the EM radiations

V Very stable ñclockò, especially for 

millisecond pulsars, i.e.

diagram for pulsars    (*not necessarily glitchers)
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ü Surface dipole magnetic field strength:

ü Characteristic age:

cf. Glitch Tableand Glitch Catalogue

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


(sec)
10-1-2-3

-2
0

-1
8

-1
6

-1
4

-1
2

-1
0

Binary pulsars

High-energy pulsars

Radio pulsars

˷
ʾ

ʾ
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ü Surface dipole magnetic field strength:

diagram for pulsars    (*not necessarily glitchers)

cf. Glitch Tableand Glitch Catalogue

V Period (P):  milliseconds to seconds

V Gradually spins down(             ) 

due to the EM radiations

V Very stable ñclockò, especially for 

millisecond pulsars, i.e.

V Symbol size:  glitch size 

(typically,  log(ȹɜ/ɜ) ~ 10-10-10-5)

V Young pulsars (including magnetars) 

exhibit larger glitches than older ones

V More than 548 glitcheshave been 

observed in more than 180 pulsars

Figure taken from:

R.N. Manchester, Proc. IAU Symp. 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 Vortex mediated glitch  [P.W. Anderson and N. Itoh, Nature 256, 25 (1975)]

ü Dynamics of superfluid ñquantized vorticesòplay a key role!

V ñStarquakeò model  [G. Baymet al., Nature 224, 872 (1969)]

oblate

Preferable 

shape

spin down

less oblate

V Sudden change of moment of inertia Ÿ Glitch?

It requires hundreds of yearsto have a next glitch..

!?



Quantum 
vortices

Picture:  N.P. Müller and G. Krstulovic, PRB102(2020)134513



What is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid velocity:Superfluid order parameter: Vorticity:

superfluid is irrotational
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What is a quantum vortex?

In superfluid, vortices are quantized!

Circulation:

*Unless,there is no topological defect

Superfluid velocity:Superfluid order parameter: Vorticity:
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What is a quantum vortex?

This hole topologically

distinguishes a mag from a cow

In superfluid, vortices are quantized!

Circulation:

*Unless,there is no topological defect

Superfluid velocity:Superfluid order parameter:

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

Vorticity:

superfluid is irrotational
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https://en.wikipedia.org/wiki/Topology


Superfluid

What is a quantum vortex?

In superfluid, vortices are quantized!

Superfluid velocity:Superfluid order parameter: Vorticity:

superfluid is irrotational

Circulation:

*Unless,there is no topological defect

Quantum vortex

A hole at which

superfluidity is lost

If there is a defect:

Flow velocity of rotation

shall be quantized!

Quantization of circulation

*the phase          at the same point 

must be equivalent!

Sun., Aug. 8, 2021Lecture 3:  Neutron-star ñglitchò and neutron superfluidK. Sekizawa



Superfluid

What is a quantum vortex?

Circulation:

*Unless, there is no topological defect

Quantum vortex

A hole at which

superfluidity is lost

If there is a defect:

Flow velocity of rotation

shall be quantized!

Quantization of circulation

*the phase          at the same point 

must be equivalent!

In superconductor, magnetic flux is quantized!

Magnetic flux: Meissner effect

:  density, mass, and charge of 

a carrier (Cooper pair)

:  the London equation

If there is a defect:

Quantization of magnetic flux(fluxtube, fluxoid, or fluxon)
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In daily life, a vortex is continuous..



W. Ketterle, MIT Physics Annual. 2001

In superfluid, vortices are quantized!!



Direct visualization of quantized vortices

G.P. Bewley, D.P. Lathrop, and K.R. Sreenivasan, Nature 441, 588 (2006)

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

A movie from a talk by W. Guo (available from https://youtu.be/P2ckefSAN20) at

INT Program 19-1a ñQuantum Turbulence: Cold Atoms, Heavy Ions, and Neutron Starsò

March 18 - April 19, 2019

https://youtu.be/P2ckefSAN20
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