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Purpose of todayôs lecture

ÁTo introduce physics of pulsars, especially pulsar ñglitchesò, 

from a microscopic point of view.

ÁTo explain properties of ñquantized vorticesòand their relevance to 

the pulsar glitch phenomenon.

ÁTo mention massively-parallel high-performance computing (HPC)

on GPU supercomputerswith TDSLDA.

ü To understand how dynamics of quantized vortices (~10-14 m), which is 

the consequence of superfluidity & superconductivity, affect macroscopic 

physics of neutron stars (~104 m).



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


Picture: https://www.astroarts.co.jp/products/stlnav7/spec/plane_list-j.shtml
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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 (Z=26-42), 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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V It offers extreme situations which can not be realized in terrestrial experiments



In the last lecture, we focused on structureof neutron stars

Today, letôs see dynamic aspectof neutron stars!



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?
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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..

!?



Quantum 
vortices

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



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!
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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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Supernova

It would cool down form T > Tc to below Tc :

Animation: https://i.imgur.com/gROHZnG.gifv

Supernova: https://www.forbes.com/sites/jamiecartereurope/2021/09/15/a-zombie-supernova-that-stunned-stargazers-in-the-year-1181-has-finally-been-found-welcome-to-parkers-star/

Comment on flux tube generation in neutron stars

A hot, ñprotoò neutron star resides as a remnant.

A similar situation should 

have happened inside the 

neutron star core!

*Protons are supposed to be type-II superconductor via 1S0 pairing inside the neutron-star core.

https://i.imgur.com/gROHZnG.gifv


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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Outer crust Nuclei (Z=26-42), electrons

0.3-0.6km ȍ< ȍdrip

ȍdrip~ 0.0014ȍ0 ;  Above ȍdrip unbound neutrons exist outside nuclei
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Outer core

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

Outer crust

Inner crust

Ocean

Structure of a neutron star

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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W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases

Quantum vortices in a neutron star
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W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

In rotating superfluid, an array of quantum vortices is generated

Å Observation in ultra-cold atomic gases

Quantum vortices in a neutron star
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W. Ketterle, MIT Physics Annual. 2001

Rotation speed HighLow

Vortex-number density

Quantum vortices in a neutron star

There must be a huge number (~1018) of vortices inside a neutron star!!
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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



V Neutron vortices are magnetizedin the core

Why the core may not be important?

Neutronsô flow

Protonsô flow

*Protons are dragged by 

neutrons via nuclear force

- magnetic field

- scattering of electrons

V Then, the neutron superfluid is 

strongly coupledwith the core due to:

üIf so, a ñlagò can not be developed, and thus, the core 

may not work as an angular momentum reservoir

Entrainment may increase neutron effective mass

Ÿ inner crust may (or may not) be enough, see:
- N. Chamel, PRC85(2012)035801

- N. Anderson et al., PRL109(2012)241103

- N. Chamel, PRL110(2013)011101

- G. Watanabe and C.J. Pethick, PRL119(2017)062701

- Yu Kashiwabaand T. Nakatsukasa, arXiv:1904.10712
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mins to days
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The vortex mediated glitch:  Naive picture

ñUnpinningò occurs
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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:

and, of course,

details of NS matter..



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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*The number indicates the rank according to the TOP500 list (June 2022)

Piz Daint, CSCS, Switzerland (No. 23) TITAN, ORNL, USA TSUBAME3.0, Japan (No. 64)

Summit, ORNL, USA (No. 4)

GPU, 200 PFlops/s

Certainly, GPU is competing 

with CPU machines!!

No.4: Summit, ORNL, USA

No.5: Sierra, LLNL, USA

No.7: Perlmutter, NERSC, USA

No.8: Selene, NVIDIA Co., USA

No.11: JUWELS Booster Module, FZJ, Germany

No.12: HPC5, Eni S. p. A., Italy

No.13: Voyager-EUS2, Azure East US 2, USA

No.14: Polaris, ANL, USA

No.15: SSC-21, Samsung Electronics, South Korea

No.18: Damman-7, Saudi Aramco, Saudi Arabia

No.19: ABCI 2.0, AIST, Japan

GPU machines 

within Nos. 1-20

https://www.top500.org/lists/top500/2022/06/


Why GPUs?



CPU is like a very fast ñsushi-productionò machine

Pictures: Nikkan Kogyo Shimbun on Sep. 15, 2020(https://newswitch.jp/p/23807);  KyouzanSushi(https://www.kyouzan.jp/menu/)

NOTE: the machine is an imaginary one

https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/


CPU is like a very fast ñsushi-productionò machine

Pictures: PAKUTAS; Nikkan Kogyo Shimbun on Sep. 15, 2020(https://newswitch.jp/p/23807);  KyouzanSushi(https://www.kyouzan.jp/menu/)

The speed is out of reach by a human power :(

https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/


What if we gather manpower?

Picture:  4.7ò iPhone 6 Production to Start Next Week, July 18, 2014(https://www.iphonefaq.org/archives/973661)

https://www.iphonefaq.org/archives/973661

