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Pur pose of

A To introducephysics of pulsarsespecialyp u |l sar fAgl it
from a microscopic point of view.

A To explain propertiesdi q uant i z e dndtheo relévan@e ® S ¢
the pulsar glitch phenomenon.

A To mention massivelparallelhigh-performance computing (HPC)
on GPU supercomputersvith TDSLDA.

U To understand howynamics of quantized vortices (~18*m), which is
the consequence of superfluidity & superconductiatiect macroscopic
physics of neutron stars (~10m).




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
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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

V It offers extreme situations which can not be realized in terrestrial experiments
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In the last lecture, we focused sinuctureof neutron stars

Tod ay, dynamidaspeaf @aeitron stars!




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 (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

-

el

N

V Vela glitches roughlevery 3years V Most of themaréi | a rgméde3d 5, 1
(quastperiodic) but there are a few small glitches

V 21 glitcheshave been observed V Increase of spin down rate have also b
since its discovery in 1969 observed:Av/v  ~ $a10? )

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

3 ~1Ing2 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
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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 eBaynmal, dlature24, &2 (1969)]
oblate less oblate
spin down
Preferable
shape WS T TTTT >

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 (
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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 Y XU =Y
m superfluid is irrotational

Circulation:

K= / (V xwvs)-dS =0 *Unless, there is ntopological defect
S

This hole topologically
4 distinguishes a:mag from.acc

o

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:
. h =V s =20
A(r,t) = |Ar, t)]eD) vy(r,t) = —V(r,t) WV XY=
m superfluid is irrotational
Circulation: :
Superfluid
K= / (V xwvs)-dS =0 *Unless, there is ntopological defect
If th Is a def 5
there Is a defect:
fova=t f vo a6y v € XN
= . = — . = 1 ’. *
" C ° m Jo m\j?}/ ., R

Quantization of circulation <
*the phasep(r) at the same point ¢ ¢ ¢ T T ? T
must be equivalent! e

%

Flow velocity of rotation _ \” py N
shall be quantized! A hole atwhic ->
superfluidity isllost -

Quantum vortex

K. Sekizawa
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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:
Rt s ns, Mg, €s: density, mass, and charge of
A dl =~ — qu dl = —(27m- 51 Ms Cs -
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:
o= f o ) ¥ ‘: N
K = s = — . TN | s
C m Jco mh__/

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

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

superfluidity isllost -
Quantum vortex
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Comment on flux tube generation in neutron stars

A hot, Aprotoo neutron

It would cool down formil > T, to belowT,:

A similar situation:should

have happeneddnsidesthe
neutrensstarcore!

*Protons are supposed to ligpe-Il superconductor via 'S, pairing inside the neutrestar core.

Animation: https://i.imgur.com/gROHZnG.qif\
SupernOvahttps://WWW.forbes.com/sites/jamiecartereurope/2021/09/215mabiesupernovahaPstunnedstargazem-theyealcl181—hasfina||y-beenfound-welcometo-parkersstar/



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

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




In superfluid, vortices a

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

V It offers extreme situations which can not be realized in terrestrial experiments
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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

V It offers extreme situations which can not be realized in terrestrial experiments
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Structure of a neutron star

T<T.~10K B< B.~10'"G

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

Ocean
Outer crust

O Loyl

0.1 1
Outer core ?’L/no
A. Sedrakiarand J.W. Clark, Eur. Phys. J5&, 167 (2019)
Inner crust: S-wave neutron superfluid
Inner core

Outer core: Swave proton superconductor
(+ P-wave neutron superfiuid)
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Structure of the inner crust

A lattice of neutron -rich nuclei are immersed in a neutron superfluid

Quantum vortices can exist!

_Pre_ssu_re Neutronization Neutron drip Nuclear
Ionization pasta
10 10° 107 10" 10" density (g/cm’)
9 o
d @ p
@ 9
(Outside) | @ @ o o O O (Inside)
| , @ 9 -
o o
Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, e nuclear clusters,
~— —— n.e AN " y
Solid crust Mantle Liquid core

Fig.4 in N.Chameland PHaenselLiving Rev. Relativityll, 10 (2008)
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Quantum vortices in a neutron star

In rotating superfluid, an array of quantum vortices is generated

A Observation in ultraold atomic gases \Vortex-number density
&
Low Rotation speed High

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

In rotating superfluid, an array of quantum vortices is generated

A Observation in ultrzold atomic gases \Vortex-number density
ANEUTRON»SVTAR: SURFACE and INTERIOR ES
. =TT Low Rotation speed High

Homogeneous|

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE

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

There must be a huge number (~10) of vortices inside a neutron star!!

Vortex-number density

e

Low Rotation speed High

A NEUTRON STAR: SURFACE and INTERIOR
. ‘Swiss “Spaghetti’

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE

W. Ketterle MIT Physics Annual. 2001
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How many vortices may be present inside a neutron star?

7~

. : cf. N. Chame] J.Astrophys Astr. 38, 43 (201%
U For neutron vortices:

ms) 6 5 10° 10 ms 5 ber densi
U ~ — ~J X
n — Iz cm number density
p \1/2
dy, ~n Y%~ 1073 cm . average distance
v 10ms

U For flux tubeqproton vortices):

2eB

C

ne ~

~ 5 % 1018(1OEG) cm 2 . number density

1012\ 1/2
) cm  : average distance

de ~ n;/g ~ b x 101“< =

For a typical neutron star (R=10 km,B=10"?2G, P=10ms), one finds:

V Number of neutron vorticesm, 7 R? ~ 103 (dy ~107° m)

V' Number of flux tubes: nemR2 ~ 103  (dg ~ 107" m)



Why the core may not be important?

V Neutron vortices armagnetizedin the core

Entrainment may increase neutron effective n

Neutr ons o f [YOnwercrust may (or may not) be enough, se
/ ~ - N. Chame] PR385(2012)035801
Protonsao fllo WN. Anderson et al., PRI092012)241103
/ - N. Chame) PRL110(2013)011101
- G. Watanabe and CBethick PRL1192017)062701
*Protons are dragged by - Yu Kashiwabaand T. Nakatsukasa, arXiv:1904.10712

neutrons via nuclear force

V Then, the neutron superfluid is
strongly coupledwith the core due to:

- magnetic field
- scattering of electrons

ulf so, a Al ago can not
may not work as an angular momentrgservoir




The vortex mediated glitch: Naive picture
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The vortex mediated glitch: Naive picture

This is what we observe
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The vortex mediated glitch: Naive picture

Superfluid neutrons
(decoupled from the crust)
cannot spin downf vortices
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The vortex mediated glitch: Naive picture
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The vortex mediated glitch: Naive picture
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To fully understand the glitches, we need to clarify:

Glitch dymamigs and, of course,

details of NS matter..

How do vortices imove?




To fully understand the glitches, we need to clarify:

Glitch dymamics and, of course,

details of NS matter..
How do vortices move?

1 We attacked this problem using

the stateof-the-art microscopic nuclear theory




We attack this problem with HPC on GPU supercomputc
with TDDFT for superfluid systems, TDSLDA!



TDSLDA (TimeDependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for finteracting quasiparticles

U TDSLDA equationsformally equivalent to TDHFB or TEBAG equation$

ug, (7, t) hap(r,t)  hyy(r,t) 0 A(r,t) ug, (7, t)
’iﬁg ’Ufkﬁl,('rn t) _ hm*(?‘, t) hJ,J,(rv t) —A(?’, t) 0 uk,¢(rﬂ t)
ot | vk +(r,1) 0 —A*(r,t) —hi(r,t) —hy(r,t) v+ (7, 1)
Vg, (7, 1) A*(r,t) 0 —hj}(r,t) —hl('r,t) Vg, (7, 1)
- o no(r,t) = Y |vko(r,t)]* : number density
hy = 5 . S.p Hamiltonian Er<E.
? v(r,t)= > wugq(r,t)v (r,t) 1 anomalous density
Ao _OF pairing field ot
ov* Jo(r,t) =h > Imlvy (v, )V .(r,1)] : current
E;.<E.

A large number (10*-10°) of 3D coupled nonlinear PDEs have to be solved!!
# of gp orbitals ~ # of grid points
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TDSLDA (TimeDependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for finteracting quasiparticles

U TDSLDA equationsformally equivalent to TDHFB or TEBAG equation$

uk, (7, ) hap(r,t) By (r, 1) 0 A(r, 1) k1 (7, 1)
h 0 U’kﬁlf(rﬂ t) hm*(?‘, t) (T, t) 0 ukﬁlf(ra t)
N— — *
ot | vr1(r.t) , —h3y(rt) | | ok (r)
’U;;’\L(?",t) A*(r, . _hi[,(rat) vk;i(rat)
_ 2 .
SE - ne(r,t) Z [vk,o(7,t)]* : number density
hy = 5 . S.p Hamiltonian Er<E.
o v(rt) = Z ug,1(r,t)vg (7, 1) © anomalous density
A= _2F pairing field R
Iz Jo(r,t)=h Y Imfv; ,(r,t)Vuro(r,t)] : current

Ek <Ec

A large number (10*-10°) of 3D coupled nonlinear PDEs have to be solved!!
# of gp orbitals ~ # of grid points
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*The number indicates the rank according toTthd”500 list (June 202z

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

S
N

Summit, ORNL, USA (No. 4)
GPU, 200PFlops's

No.4: Summit, ORNL, USA
No.5: Sierra, LLNL, USA within Nos. 1-20
No.7: Perlmutter, NERSC, USA
No.8: SeleneNVIDIA Co., USA
No.11: JUWELS Booster Module FZJ, Germany - : -
No.12: HPC5 Eni S. p. A,, ltaly Certa_lmly,. GPU Is C9mp?““9
N0.13: VoyagerEUS2 Azure East US 2, USA withh CPU machines!!
No.14: Polaris ANL, USA
No.15: SSC21, Samsung Electronics, South Korea
No.18: Damman7, Saudi Aramco, Saudi Arabia

No.19: ABCI 2.0 AIST, Japan



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

Why GPUSs?
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https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/
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https://newswitch.jp/p/23807
https://www.kyouzan.jp/menu/

What if we gather manpower?


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

