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Fromnuclei to neutron stars

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

cf. Lectures by

Dr. Thomas Chillery



Equation of state (EoS) of nuclear matter

K. Sekizawa

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):
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From EoSto neutron stars

K. Sekizawa

ü An EoSdefines aMass-Radius relation of neutron stars

Å Equation of state, E(n)

ҦA relation between pressure and density:

Equilibrium condition:

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

defines the NS radius

Å Tolman-Oppenheimer-Volkoff (TOV) equation:

where
: Integrated mass within radius r

correction from General Relativity (GR)

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

Mass-radius relation

R (km)
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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 physicists

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

Structure of a neutron star
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Neutron-star 
ñglitchò

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

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

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
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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..

!?



Quantized vortices

K. Sekizawa

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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Quantized vortices

K. Sekizawa

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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Superfluid

Quantized vortices

K. Sekizawa

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!
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In daily life, a vortex is continuous..



W. Ketterle, MIT Physics Annual. 2001

In superfluid, vortices are quantized..



Outer crust

Inner crust

Nuclei (Fe), electrons
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Outer core

Neutrons (protons) are superfluid (superconducting)in neutron stars!

Outer crust

Inner crust

Ocean

Structure of a neutron star

K. Sekizawa

Inner core

Inner crust: S-wave neutron superfluid

Outer core: S-wave proton superconductor

(+ P-wave neutron superfluid)
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Outer core

Neutrons (protons) are superfluid (superconducting)in neutron stars!

Outer crust

Inner crust

Ocean

Structure of a neutron star

K. Sekizawa

Inner core

Inner crust: S-wave neutron superfluid

Outer core: S-wave proton superconductor

(+ P-wave neutron superfluid)

A. Sedrakianand J.W. Clark, Eur. Phys. J. A 55, 167 (2019)

0.1 1

1

2

0
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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 can exist!

Structure of the inner crust
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How many vortices may be present inside a neutron star?

For a typical neutron star (R=10 km, B=1012 G, P=10 ms), one finds:

V Number of neutron vortices:

V Number of flux tubes:

ü For neutron vortices:

ü For flux tubes(proton vortices):

cf. N. Chamel, J. Astrophys. Astr. 38, 43 (2017)

:  number density

:  average distance

:  number density

:  average distance



R
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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

Magnus force,

hydrodynamic instabilities, ...

Pinning mechanism

Nuclear pinning, interstitial pinning,

pinning force, ...

Glitch dynamics

Spin-up followed by 

post-glitch relaxation, ...

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..



Vortex-nucleus dynamics within TDSLDA

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

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



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 tobe solved!!

# of qp orbitals ~ # of grid points

K. Sekizawa Thu., Aug. 20, 2020Lecture 4:  Neutron-star ñglitchò and neutron superfluid



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 tobe solved!!

# of qp orbitals ~ # of grid points

K. Sekizawa Thu., Aug. 20, 2020Lecture 4:  Neutron-star ñglitchò and neutron superfluid



*The number indicates the rank according to the TOP500 list (June 2020)

Piz Daint, CSCS, Switzerland (No. 10) TITAN, ORNL, USA TSUBAME3.0, Japan (No. 27)

Summit, ORNL, USA (No. 2)

GPU, 188 PFlops/s

MPI Comm.

FFT

Present computing capabilities:

V Full 3D (w/o symmetry restrictions)

V Volume as large as 1003 lattice points

V Evolution up to 106 time steps (as long as 10-19 sec)



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).

G. Wlazğowskiet al., PRL120(2018)253002.

P. Magierskiet al., PRA100(2019)033613.

Unitary Fermi Gas (UFG)

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

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

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

PRC100(2019)034615.

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

Dynamics of vortices and quantum turbulence

Solitonic cascades in spin-polarized UFG

Spin-polarized droplet in UFG

Isovector giant dipole resonance (IVGDR)

Relativistic coulomb excitation

Induced fission of 240Pu

Vortex-nucleus interaction

K. Sekizawa Thu., Aug. 20, 2020Lecture 4:  Neutron-star ñglitchò and neutron superfluid



A key to understand the glitches is:

Vortex pinning mechanism in the inner crust of neutron stars

Repulsive? Attractive?
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
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We performed 3D, dynamical simulations by TDDFT with superfluidity
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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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Å Newtonôs law

vortex

if

Superfluid neutrons

We directly measure the force              in dynamical simulation

Å We keep a nuclear motion in a constant velocity

How to extract the force
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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:

άwŜǇǳƭǎƛǾŜέΗΗ
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Results of TDSLDA calculation:

Pinned configuration is dynamically unstable
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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.



Summary



ñFlat Earthò by iStock; ñFanciful view of ship sailing over edge of Earthò by Georgia Studies Images; ñStar Wars Spaceshipò by ValérianPierret@Artstation

I hope you enjoyed our exciting adventure!

with a magic of DFT and TDDFT..

https://www.istockphoto.com/au
https://georgiainfo.galileo.usg.edu/gastudiesimages/Ship%20Sailing%20Over%20Edge%20of%20Earth.htm
https://www.artstation.com/artwork/e0m4eJ


The transdisciplinary characteris

one of the fascinating points of Nuclear Physics

What I showed in my lectures are only a tiny part of the huge field!



Daily life

(~1m)

Atom (~10-10m)

Nucleus

(~10-14m)

u

u d

Proton

(~10-15m)

Quark

(<10-19m)

Universe

Solar system

(~1021m)

Earth

(~107m)

Sun

(~109m)

Takeaway message


