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

nFIl at BSiock h 86t By War s \algrianPerset@Apstation
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. cf. Lectures by
The fate of a massive star Dr. Thomas Chillery

Nuclear reactions:

IHY “HeY 2CY 150Y 2NeY Mgy 28SiY ...Y S%Fe
After forming t he

~ : . Y no more fuel
hOni on structureo . -
Y gravitational collapse

Y supernova explosion

The Crab Nebu»la
Remnant of the SN in 1054

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




Equation of statebf 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~30110MeV ~ [= PNM: Pure Neutron Mattem¢only)

Symmetry energy:
Fuym, ~ 28-35 MV

SNM: Symmetric Nuclear MatteN=2)

Saturation energy;

Euui ~ —16 MeV Density

Nuclear saturation density:
Neat. ~ 0.16 fm—3

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

Incompressibility:
K ~ 220260 MeV

K shortrange attraction & repulsive core
cf. Frontiers in Physics Vol. 21, Understanding the World of Supernova Explosion from Atomic (JuelgiTw o~ W ©§ X
neutron supelhalAug. @0, 2020
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FronEo$0 neutron stars

U An EoSdefines aMassRadius relation of neutron stars

~N

p
A TolmanOppenheimeNolkoff (TOV) equation:

_ Gp(r)M(r) (1+ P(r) )(1+

r2

= 4mr?p(r)

47TP(T)T3) (1

p(r)c? M (r)c?
correction from General Relativity (GRH

M(r): Integrated mass within radius

B QGM(T))—l

rc2

N

AS

A Equation of stateE(n)
DA relation between pressure and dengdity: aP(r)
L dE(n) | ,dE(n) 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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Structure of a neutron star

Neutron star is a great playground for nuclear physicists

ws
wes
.
______
.s
.

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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Neutronstar

Angl i tcho

; . e e . y -
Picture:https://astrongmv.cOm/méqazine/MrmW.StelIamaqnets



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

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 (




Quantized vortices

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 *Unless, there is ntopological defect
S

Pictureshttps://en.wikipedia.org/wiki/Topolog
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Quantized vortices

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 *Unless, there is ntopological defect
S

This holetopologically
i distinguishes a mag from:acc

Pictures:https://en.wikipedia.org/wiki/Topolog
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Quantized vortices

In superfluid, vortices are quantized!

Superfluid order parameter:  Superfluid velocity: Vorticity:
. h =V s =10
A(r, 1) = |Ar, 1] vo(r 1) = LVe(r,t) e et i
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: ‘_
— ¢ v dl—ﬁjfw it = oy ‘( < N
" N T m o B m\ff ! ”‘. '
Quantization of circulation <
*the phasep(r) at the same point ¢ * * ? ? ? T
must be equivalent! e A

*
*

Flow velocity of rotation _ \" py N
shall be quantized! A hole atwhic

superfluidity isllost >
Quantum vortex
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- R ¢
In daily life, a vortex is continuous..




In superfluid, vortices a

W. Ketterle MIT Physics Annual. 2001



Structure of a neutron star

Neutron star is a great playground for nuclear physicists

ws
wes
.
______
.s
.

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

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

Ocean
Outer crust

Outer core

Inner crust: S-wave neutron superfluid

Inner core
Outer core: S'wave proton superconductoer

(+ P-wave neutron superfiuid)
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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: S'wave proton superconductoer
(+ 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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How many vortices may be

present inside a neutron star?

e

U For neutron vortices:

mg? 6 5 10° 10 ms 5 ber d "
U ~ — ~J X
n — 5 ) o number density
P 1/2
dy, ~n Y%~ 1073 cm . average distance
v 10 ms

U For flux tubeqproton vortices):

2¢B w( B s . nsi
ne ~ —— ~ 5% 10 (1012(}) cm . number density
102G

do ~ng''? ~ 5 x 101“<

cf. N. Chame] J.Astrophys Astr. 38, 43 (2017)\

1/2
) cm . average distance

B J

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

V Number of neutron vortices

V Number of flux tubes:

Mo TR% ~ 10 (dy ~ 10—° m )

nemR? ~ 103V (do ~ 10—t m )



The vortex mediated glitch: Naive picture

Superfluid neutrons
(decoupled from the crust)
cannot spin downf vortices
I NE GLIAYYSRE

.

]

. | .
. Post glitch relaxation
]

Glitch days to years

Solid crust .
(strongly coupled to the™~-__
core by magnetic field)

spins down

>
&)
c
(D)
-
O
()]
‘-l:
-
O
©
i
@)
d




To fully understand the glitches, we need to clarify:

Glitch dymamics and, of course,

details of NS matter..
Spinup followed by

postglitch relaxation, ...

1 We attacked this problem using

the stateof-the-art microscopic nuclear theory




B*. \ortex-nucleus dynamics within TDSLDA

G.WI a z g Kws RMagierski A. Bulgag and M.M. Forbes,
Phys. Rev. Lettl17, 232701 (2016)




TDSLDA (Tibwpendent 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 tobe solved!!
# of gp orbitals ~ # of grid points
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TDSLDA (Tibwpendent 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,f(”',t) hrﬁ(’l",i’) hT¢(T,t) 0 A(T’,t) uk,T(r;t)
ﬁ 8 ukii('r,t) hyr(?’,?f) (T’,t) 0 ukﬁL(’r,t)
WN— — %
ot | vk +(r,1) : —h3, (r,1) v+ (7, 1)
Uk, (7, 1) A*(r, " R (11) ) \ vk (7, 8)
- > Joko(r.t)* : number density
hy = 5 . S.p Hamiltonian Er<E.
o v(r,t)= > wugq(r,t)v (r,t) 1 anomalous density
Ao _OF pairing field ol
ov* Jo(r,t) =h > Imlvy (v, )V .(r,1)] : current

Ek <Ec

A large number (10*-10°) of 3D coupled nonlinear PDEs have tobe solved!!
# of gp orbitals ~ # of grid points
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*The number indicates the rank according to the TOP500 list (June 2

Piz Daint, CSCS, Switzerland (No. 10) TITAN, ORNL, USA TSUBAMES.O, Japan (No. 27)

Summit, ORNL, USA (No. 2)
GPU, 188PFlops's

Present computing capabilities:

—

V Full 3D (w/o symmetry restrictions)

V Volume as large as 18ttice points

V Evolution up to 10time steps (as long as-1Usec) = MP| communication =FFT

Multiply vectors by momentum (kx.ky kz) ™ Compute and subtruct gpe
~ W Other Normalize wave-functions
m ABM formulas (predictor, corrector) construct densities

H Compute potentials /




K. Sekizawa

Applications of TDSLDA

TDSLDA has been successfully applied for both UFG and nuclear systems

Unitary Fermi Gas (UFG { kpa — 00, kpreg — 0

A. Bulgacand S. Yoon, PR102(2009)085302.

A. Bulgacet al, Science3322011)1288.
A. Bulgacet al, PRL10§2012)150401.
A. Bulgacet al, PRL1122014)025301.

G.WI a z g etwls HRA91(2015)031602(R).

G.WI a z g etwlsARL1202018)253002.
P.Magierskiet al., PRA00Q(2019)033613.

Nuclear system:

|. Stetcuet al, PRG4(2011)051309(R).

|. Stetcuet al, PRL114(2015)012701.

A. Bulgacet al, PRL1162016)122504;
PRCL0(0(2019)034615.

G.WI a z g etwlsRRL1172016)232701.

a : swave scattering lengt
Tetf ;. effective range

Largeamplitude pairing field dynamics
Dynamics of quantum vortices

Quantum shock waves and domain walls
Dynamics of vortex rings

Dynamics of vortices and quantum turbulenc
Solitonic cascades in sppolarized UFG
Spinpolarized droplet in UFG

Isovector giant dipole resonance (IVGDR)
Relativistic coulomb excitation
Induced fission of4°Pu

Vortex-nucleus interaction
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A key to understand the glitches is:
Vortex pinning mechanism the inner crust of neutron stars

Q. Is the vortexucleus interaction

Repulsive? or Attractive?

ear pinnimdgmnterstit.i




Whatvanvestigated/orterucleus dynamics

Response of a spinning gyroscope when pushed

y—

b
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)

ih

ot

7 (i) = (&0

i) (o)

A Energy density functional (EDF)

50(1‘) .
E(r) =

E(r) = &o(r) + Epair(r)

FayansEDF (FaNDR) w/o LS

Z Q[Pq("")”yq(r)’z

q=n,p

S.A.FayansJETP Lett68, 169 (1998)

E/A (MeV)

A (MeV)

- e B B B
tor Friedman &PandharipandeNPA361(1981)502 ]
140 - wiringaet al., PRG8(1988)1010 .
120 |- — FaNDF° / y
100 e i

0| PNM > |
60 - ; % s _
i / /3(0 4
40 - P P ]
70 e /{’C/ SNM
2 % P
ﬁi @k‘*f‘ ﬂ—zex—ﬁ{‘&}m T? ]

02 03 04 05 06 07 08

1.2

K. Sekizawa

Lecture 4: Neutron-s't ar

Aglitcho

and

neutron

s u p eThe. ] Aug. @20, 2020



MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)

ih

7 () = (A%

i) (o)

A Energy density functional (EDF)

50(1‘) .
E(r) =

E(r) = &o(r) + Epair(r)

FayansEDF (FaNDR) w/o LS

Z Q[Pq("")”yq(r)’z

q=n,p
S.A.FayansJETP Lett68, 169 (1998)

E/A (MeV)

A (MeV)

T T T T T T T T T T T
100 ' Friedman &PandharipandeVPA361(1981)502 ]
140 - . wiringaet al., PRG8(1988)1010 ]
120 | — FaNDF’ / «
100 - yd ]
0| PNM/ s ]
60 L g/;,/g // o
L - x©

40 L _\'_.}(/"g 7 —
70 0 &

M 7

o
@k‘*f‘ ﬁ—qex—ﬁf.-&} R T T T R

02 03 04 05 06 07 08

p (fm™?)
2 ~
1.8 |
16 |
1.4 |
12 | T
Ty @ @
0.8 E E
0.6 il po
0.4 S g
0.2 | o a
0

1.2 1.4

)

0 02 04 06 038

\
-k

1.6
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)

o)

2 () = () 8 (

A Computational details

75 fm x 75 fm x 60 fm
(50 x 50 x 40, Az = 1.5 fm)

ke =7/Ax > kp  kp = (312p,)Y/?

Nuclear impurity: Z = 50

pn =~ 0.014 fm > (N ~ 2,530)

pn =~ 0.031 fm > (N ~ 5,714)

# of quasiparticle w.f.~ 100,000

K. Sekizawa Lecture 4: Neutron-s't ar
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MethodT DSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

A TDSLDA equations (or TDHFB, TIBdG)
3 (- (1) )6

A Computational details

75 fm x 75 fm x 60 fm
(50 x 50 x 40, Az = 1.5 fm)

ke =7/Ax > kp  kp = (312p,)Y/?

. . MPI+GPU
Nuclear impurity: 7 = 50 v 48h w/ 200GPUsj
pn = 0.014 fm ™’ (N =~ 2,530) for 10,000 fm/c

pn ~ 0.031 fm ™ (N ~ 5,714)

# of quasiparticle w.f.~ 100,000 5 -
HA-PACS, Tsukuba
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How to extract the force

We directly measure the force F'(R) in dynamical simulation

A Newtonbds | aw
dv dv
F=M— — =0 if F=0
T T !

A We keep a nuclear motion in a constant velocity U (<< Ucrit)

Superfluid neutrons

vortex

K. Sekizawa Lecture 4: Neutron-st ar figlitcho and neutron supelha)Aug. 20,2020



Results of TDSLDA calculatiomi4 fm=?

time= 0 fm/c
F,. (19.1)= unknown _

Q= 28 fm? Blue line: vortexcore
Red dot: c.m. of protons + 60
T 50
™ 40
+~ 30

® §C |

Vo: along xaxis }

Force exerts on the nucleus
will be shown by a black arrow

<
«—® or .\,?J

Y L _
y— /,./ o0
0 — < a0
T > 30

figlitcho and neutron supelhilAug. @0, 2020
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Results of TDSLDA calculatiomi4 fm=?

K. Sekizawa

time= 8032 fm/c
F,(10.6)= 0.17 MeV /fm

Q= 13 fmn*
d w S LJdz

4

a

v

A D

@p)

60

-

¢ HH
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Results of TDSLDA calculatiomi4 fm=?

time= 0 fm/c
O= -11 fmn?
Pinned configuration is dynamically unstable
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::::::

Our goal and strategy

reaY a bi 'al: 2 B - 2 aFai 2T 2 K 2 F o &

Goal: Unvell the mechanism of glitch

New collaboration started: t
Nicolaus Copernicus Astronomical Centr
B. Haskell et al.

Macroscopic
U observations
U hydrodynamics

Mesoscopic
U dynamicscofvorticesin a latticecomuclel
eimodelingredients (e.g. filamentimaodel
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Micrascopic Nuclear Physics!!

1
1 I
: "
. . 1

{ U vortex-nucleusidynamics fromeutrons.and protong
1
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. Summary




| hope you enjoyed our exciting adventure!
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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 IS
one of the fascinating points of Nuclear Physics

What | showed in my lectures are only a tiny part of the huge fiel



Takeaway messag

Sun Earth

Solar system
(~1C*'m)
Universe

Quark
(<101%m)

AP @
. Nucleus ~ Proton
‘»... (~ 1 014m)”‘... (~ 1 015m)

Daily life
(~1m)

Atom (~101%m)



