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\Voyage towards the limit of existence



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

“Flat Earth” by iStock; ‘“Star Wars Spaceship” by Valérian Pierret @Artstation



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

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

Let’s leave the planet

of finite nuclei! ‘,

“Flat Earth” by iStock; ‘“Star Wars Spaceship” by Valérian Pierret @Artstation



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

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

Let’s leave the planet
17,

of finite nuclei! '

“Flat Earth” by iStock; ‘“Star Wars Spaceship” by Valérian Pierret @Artstation



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

(The Sun
- Radius: ~7 X 108m (~109 times bigger than Earth)
+ Mass: ~2 X 10%%g (~330 thousands times heavier than Earth)
- Central temp.: ~10 million °C
- Surface temp.: ~5000 °C

Stars shine due to nuclear fusion reactions

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




Energy source of the Sun

Proton-proton (p-p) chain
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4p +2¢~ — ‘He + 6y + 2v, + 26.65 MeV

. Nuclear fusion



Energy source of the Sun: Nuclear fusion

Proton-proton (p-p) chain

What happened:
Four protons became a helium nucleus!

(H@ @ He @)
\/ \/

/\/

Q 0 Proton
4He 0 Neu'tron
(2 Positron

4p +2¢~ — ‘He + 6y + 2v, + 26.65 MeV

Before > After




Energy source of the Sun: Nuclear fusion

Equivalence between mass and energy

What happened:
Four protons became a helium nucleus!

c. Speed of light
Albert Einstein (1979-1955)

|

This reaction generates energy -\ _ Lighter than before!

(exothermic) u Z
[ @ et e

/_ Before > After
E“QY%Y o
~ a 0 Proton
b 4He O Neutron ]
/N o Positron Quantum tunneling allows for

: .
4p 4 Zo— —> 4Ho + 67+ 20, - 26.65 MeV overcoming the Coulomb barrier!



Thesizeis like Earth,  LIfe cycle of a light star

but with the solar mass
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Picture: https://www.astroarts.co.jp/products/stinav7/spec/plane_list-j.shtml



Binding energy per nucleon (MeV)

Stability of Nuclei

Most stable m——
Lighter
after fission

Q. . ............................................................ _ _dv
: f : : Heavy nuclei
TS sl ) lorec S o T — gain energy by nuclear fission
- ' energy source of nuclear plants
Light nuclei
— gain energy by nuclear fusion
energy source of shining stars
ﬁ ......... Q-v°
0 | Lighter 2b0
“ after fusion




Thesize is like Earth,  LLIfe cycle of a massive star

but with the solar mass

" %The Sun will be a WD
/ after 5 billion years

( ~ Interstellar gas
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Picture: https://www.astroarts.co.jp/products/stinav7/spec/plane_list-j.shtml



_ cf. Lectures by
The fate of a massive star Dr. Thomas Chillery

Nuclear reactions:
'H — 4He — ?C — %0 — Ne — Mg — 28Si — ... — %Fe

After forming the iron core...
— no more fuel

— gravitational collapse

— supernova explosion

“Onion structure”

The Crab Nebulé
Remnant of the SN in 1054

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



The size is like Earth, Life cycle of a star

but with the solar mass
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The size is like Earth, Life Cy( An ultra-heavy, super-N-rich “nucleus”

but with the solar mass

, -> Paradise for nuclear physicists! :D
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Picture: https://www.astroarts.co.jp/products/stinav7/spec/plane_list-j.shtml



Structure of a neutron star

Neutron star is a great playground for nuclear physicists

ws
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[E‘)drip~ 0.0014,; Abovedy,;, unbound neutrons exist outside nujei

0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density
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K. Sekizawa Lecture 3: Dynamics in finuclear past aoWegdhAugel®, 2020



Equation of statebf nuclear matter

U EoS characterizes the nuclear matter properties

V  From low-energy nuclear experiments, one may extract information in the vicinity of the saturation density
E.g.) ISGMR: U. Grag and G. Colo, PPNP101(2018)55; Electric dipole (E1) polarizability — skin thickness: A. Tamii et al., EPJA50(2014)28

lﬁ Esym. &L

PNM: Pure Neutron Matter (n-only)

Slope of the symmetry energy: AN
L~30-110MeV  [™

Symmetry energy:
Fom, ~ 28-35 MV

SNM: Symmetric Nuclear Matter (N=2)

Saturation energy:

Euui ~ —16 MeV Density

Nuclear saturation density:
K shortrange attraction & repulsive core

Incompressibility:
K ~ 220260 MeV

K shortrange attraction & repulsive core

cf. Frontiers in Physics Vol. 21, Understanding the World of Supernova Explosion from Atomic Nuclei (R F#&» o it ff < BB EZEFE O H5), K. Sumiyoshi (Kyoritsu printing Co., Ltd.)
finucl ear past aoWegdhAugel®, 2020
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FronEo$0 neutron stars

U An EoS defines a Mass-Radius relation of neutron stars

e ) e )
A Equation of state, E(n) A Tolman-Oppenheimer-Volkoff (TOV) equation:
—> Arrelation between pressure and density: aP(r)  Gp(r)M(r) (1 N P() ) (1 N 4WP(T)T3) (1 QGM(T))_l
Pln) — dE(n)  ,dE(n) dr r2 p(r)c? M (r)c? 2
(n) = - av T dn where correction from General Relativity (GR)
. ‘ dMlr) _ dmr?p(r) M (r): Integrated mass within radius r
- dr J
ags - -, . . [ . . \
Equilibrium condition: Mass-radius relation
Gravitational force (inward) + Pressure (outward) = 0 M /Mg . :
A 25
dM
2.0
15}
> 7T
1.0
05f
P(r)=0
defines the NS radius 0.0 . . . : . :
7 8 9 10 11 12 13 14 15
R (km)
> T \ Figure: P.B. Demorest et al., Nature 467, 1081 (2010) /

K. Sekizawa Lecture 3: Dynamics
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There are a wide variety of phenomena in neutron-star physics

P

Let us focus on: the inner crust and nuclear pasta



Structure of a neutron star

Neutron star is a great playground for nuclear physicists
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.
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Ogrip~ 0.00148,; Aboved,,;, unbound neutrons exist outside nuclei
0,=2.8x104g/cm3=0.16fm"3; Nuclear saturation density
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Structure of the inner crust

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

_Pre_ssu_re Neutronization Neutron drip Nuclear
Ionization pasta
10 104 10” lDlJ IOM dCIISity (g-"cmi)
-
9 o
@ o )
® ¢ 2 @nan a v
(Outside) | @ @ o o O 9 9 9 99 ‘ v (Inside)
a2 @ 9 909
| e o 9 0 v
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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Structure of a neutron star

Neutron star is a great playground for nuclear theorists

Ocean

"""""""""" : ~0.1km | -
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............................... 0.3:0.6km 0 < Ogjip
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What is Nuclear Pasta? @

Gnocchi

Spaghetti

(a) Gnocchi (d) Lasagna

(e)_Deféét (f) Antispaghetti (g Aﬁiié;;écchi

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



What is Nuclear Pasta? @

We have developed
a time-dependent band theory based on TDDFT

for nuclear dynamics in crystalline pasta phases

— relevant to solid-state physics

K.S., S. Kobayashi, and M. Matsuo, in preparation.

(e) Defects N ) Antispaghetti (g) Antlgnocchz

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



An energy band: a bunch of shifted energy levels of atomic orbitals

V Energy levels must be the same for each atom when those atoms are completely separated

V As they come closer, energy levels are spread out (cf. bonding/anti-bonding molecular orbital)

V The energy splitting depend on the inter-atomic distance (an optimum value is realized)

One atom Two atoms cf. Bonding & anti-bonding molecular orbitals

Out of phase

+~ =

K. Sekizawa Lecture 3: Dynamics in finuclear past aoWegdhAugel®, 2020



An energy band: a bunch of shifted energy levels of atomic orbitals

V Energy levels must be the same for each atom when those atoms are completely separated

V As they come closer, energy levels are spread out (cf. bonding/anti-bonding molecular orbital)

V The energy splitting depend on the inter-atomic distance (an optimum value is realized)

One atom Two atoms Three atoms Many atoms

K. Sekizawa Lecture 3: Dynamics in finuclear past aoWegdhAugel®, 2020



An energy band: a bunch of shifted energy levels of atomic orbitals

V Energy levels must be the same for each atom when those atoms are completely separated

V As they come closer, energy levels are spread out (cf. bonding/anti-bonding molecular orbital)

V The energy splitting depend on the inter-atomic distance (an optimum value is realized)

Energies of
electrons

Energy “band”

K. Sekizawa

Lecture

3:

Dynami cs

“Band gap”

n

U Band structure characterizes solids

Insulator

Conduction bandg

Conduction ban

Valence band Valence band

Empty

Filled

finucl ear

Inter-atomic distance

past aoWegdh Augeld, 2020



Effect of periodic structure on dripped neutrons in the inner crust

U Part of dripped neutrons can be “effectively bound” (immobilized) by the
periodic structure (cf. Bragg scattering), resulting in a larger effective mass

Dripped neutrons extend spatially
- Affected by the lattice, and a band structure is formed

dripped neutrons }

U
/ J

Potential for neutrons

Bound orbitals are well localized
— Not affected by the lattice

K. Sekizawa Lecture 3: Dynamics in finuclear past aoWegdhAugel®, 2020



Band calculations for the inner crust

The “entrainment effect” is still a debatable problem

A The first consideration for 1D, square-well potential K. Oyamatsu and Y. Yamada, NPA578(1994)184

A Band calculations for slab (1D) and rod (2D) phases B. Carter, N. Chamel, and P. Haensel, NPA748(2005)675

1.02—1.03 for the slab phase
1.11—1.40 for the rod phase

» Entrainment effects are weak for the slab & rod phases: m_* -
m

A Band calculations for cubic-lattice (3D) phases
N. Chamel, NPA747(2005)109 (2005); NPA773(2006)263; PRC85(2012)035801; J. Low Temp. Phys. 189, 328 (2017)

PO
Significant entrainment effects were found in a low-density region: | "*_ > 10 ormore! for the cubic lattice

m

Effective mass tensor: . Group velocity: (n)
1 % 1 dv"
w—1 _ ok (n) _ g, -(n) viok Z x—1 _ . dk
(mn:ak)uy - ﬁz ak’uaku ’Uggk ﬁVkagk dt - FF" (mn:ak)ﬂy F = h_dt

*Picture: Neutron Fermi surfaces for n=0.0003 fm-2 in a reduced zone scheme
A The first self-consistent band calculation for the slab phase (based on DFT with a BCPM EDF)

“Reduction” of the effective mass was observed: E ~ 0.65—0.75 for the slab phase

T

Yu Kashiwaba and T. Nakatsukasa, PRC100(2019)035804

K. Sekizawa Lecture 3: Dynamics in finuclear past aoWegdhAugel®, 2020



It may affect interpretation of various phenomena, e.g.:

Neutron-star glitch Quasi-periodic oscillation
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Seismology (MBEZ): Studying inside of the Earth from earthquakes and their propagation
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http://auspass.edu.au/education.html
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Seismology (MBEZ): Studying inside of the Earth from earthquakes and their propagation



http://auspass.edu.au/education.html

frequency (Hz)

af the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 489, 3022-3030 (2019) doi:10.1093/mnras/stz2385
Advance Access publication 2019 August 29

Astrophysical implications of double-layer torsional oscillations in a
neutron star crust as a lasagna sandwich

PITBRCR N § T AdA2 o artihire O vamaters
Hajime Sotani ~," ™ Kei lida® and Kazuhiro Oyamatsu
| Division of Science, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
2Department of Mathematics and Physics, Kochi University, 2-5-1 Akebono-cho, Kochi 780-8520, Japan
3Department of Human Informatics, Aichi Shukutoku University, 2-9 Katahira, Nagakute, Aichi 480-1197, Japan

U Many (~30) observed QPO frequencies,
and prediction by a Bayesian analysis,
have been nicely explained by torsional
oscillations of tube—bubble or sphere—
cylinder layer

H] ].4MD’IZI{1”].|. PPN PR I P
10 20 30 40 50 60 70 80
L (MeV)

K. Sekizawa
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Our recent attempt:

Development of time-dependent band theory based on TDDFT
for dynamics of the inner crust of neutron stars



FormUIation: Band theory for the Slab phaﬁg K. Kobayashi, and M. Matsuo, in preparation.

We employ the Skyrme-Kohn-Sham DFT with the Bloch boundary condition

V  The Bloch boundary condition for single-particle orbitals

(q) (Z + na)
Periodicity of the slabs
q: Isospin (n or p)

o:. Band index  k: Bloch wave vector a: Period of the slabs

Skyrme EDF
z) + Z [Cf[n]nf(z) -+ CTA‘”’n.t( )02n(2) + CF (nt(z)'rt(z) 735(:))] + EéI;u](”))d” vo_,

Number density:

— QZW)(Q)

Kinetic density:

— QZ’vw(Q)

Current (momentum) density:
=2 Zhn [0 (r)

*Uniform background electrons are assumed for the charge neutrality condltlon: '

V  Skyrme-Kohn-Sham equations

iL(g)(Z)d)éqlz (T’) = _ a_(q) (Q)

(Q‘) (Q)(T)

Picture from PRC100(2019)035804

Note: While we deal with 3D slabs, the equations to be solved are 1D!

(A () + h2 (2) )ui(2)

Ordmary single- partlcle Hamiltonian: Additional (k-dependent) term:

+hk 9P (z)

\elocity operator:

2D (2) = % r, iz@(z)]

past aoWegdh Augeld, 2020
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Results: Band structure

K.S., K. Kobayashi, and M. Matsuo, in preparation.

Proton fraction: Average nucleon density: Single-particle energy:
2

ip S L @ _ (@ , (@ W’k I
= = — [ o = H —
Yp ﬁn + ﬁp g a A Nq (Z)dz “ak T eak + “kin-zy,ak ~ kH - k?z + k@%

---------------------- 2m
z-component

V' Bound orbitals do not show band structure (k, dependence)

Y, =0.4: Isolated slab (no neutron drip)

Density and potential

Neutron single-particle energies

20 e
10

0 :E-_:-____ ——————————— E———— ]

A11)
-« [

-1 = U,
-20 N
= —30 B

(MeV)

(n)

e

—40
-50

—60 | | |
—mla —n2a 0 /2a

k. (fm ™}

=
S
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Resu |tS Band Stru Cture K.S., K. Kobayashi, and M. Matsuo, in preparation.

Proton fraction: Average nucleon density: Single-particle energy:

ip S L @ _ (@ , (@ h*kf I
= = — = f— [ ~ H —
Yo Tiy + T, Ty /0 nq(2)dz ok = Cok T Tkinsyak ¥ 5 Bl = ke kg
Z-component

V Dripped neutrons show band structure (k, dependence)

Y, =0.1: Neutron-dripped slab

Neutron single-particle energies

Density and potential

~ 0.08 0 T
< 0.04 o = =
= 0.02 v —10F 3 0
2 20 F =
= 25 0F -
> Y40 -
s =50 |-1,=0.1 (c) -
oD —60 _. '. | .l _.
—mla —n/2a 0 2a a

k. (fm Y
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Reatime method for the collective mass

K.S., K. Kobayashi, and M. Matsuo, in preparation.

V The collective mass is extracted from acceleration motion under constant force

The real-time method: ldea

Dripped neutrons AN

®- i
Fext

. — Fext
,,,,,,,,,,,,,,, P Ajcluster
> ¢
How to introduce spatially-uniform electric field

o . Spatially-uniform
V TDKS equation in a “velocity gauge” Vector potential

0D (zt) . . _ e

ih—ak 2t (h(q)(z, B+ hid (= t))u;q;(z, ) k() =k + AL ()

Gauge transformation for the Bloch orbitals: Electric field: k-dependent term: \elocity operator:
~(q) _ te (a) __lada, p@ - R 5@ @~ L1
Uy (2,t) = exp [—EAz(t)z] u (2, t) E.(t) = = hP (2) = 2® (3] +hk-99(z)  p(z) = £[r,h( )(2)]

cf. K. Yabana and G.F. Bertsch, Phys. Rev. B 54, 4484 (1996); G.F. Bertch et al., Phys. Rev. B 62, 7998 (2000) /
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The collective mass: Isolated slabs

K.S., K. Kobayashi, and M. Matsuo, in preparation.

Acceleration: C.m. position of protons: Momentum of nucleons: Total momentum:
2 a a
0y = % Z(t) = 1/ n(z,1) d P,(1) = n[ Jolz,0) dz Pros(t) = Pa(t) + P (2)
a Jo 0
6 i T | T | T T 1 I 1 | . . )
~ 50 (a) - V For isolated slabs, the extracted collective mass is
| = — - -
= 4t D I consistent with the bare nucleon mass
X B | / 4
— - /
= ol o / . .. .
S| ,,f ¥,=05 1 U Our real-time method works!
- I 1 Y. =04 ——— |
~ ) P -
- ]_ __ / __ —_ 9:'!-'0 T | T T | T | T
— 0 i : I : I : —— I ' | :_% 945 __ (Ei) Mgjap, = Ptot/ap __
= (b) ,}: = i
» Ml g ] 7 90| = -
e _ 3+ / ] E / N
& / | = 935 -
> 2 | Z Y,=05 ]
= i = 930 - Y =04 —
— 7 i P i
<} 1 N = 925 o N R R
Q | | — . e 1 I T T T 1 T T
0 B “g 9385 (b) M, = Pyfa, -
¥ ] -
x 2 Z |
E ] =
> = 1
> =
= 1 N e _|
. . —~ i
Q__‘D" [1 | ! ] | ! | !
ol 1 N R 500 1000 1500 2000 2500 3000
0 500 1000 1500 2000 2500 3000 ¢ (fi/c)

t (fi/c)
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The collective mass: Nepied slabs

K.S., K. Kobayashi, and M. Matsuo, in preparation.

Acceleration:

ap =

_d2z
dt?

C.m. position of protons:

Z(t) = %/()aznp(z,t) dz

Momentum of nucleons:

P,(t) = ﬁfoajq(z,t) d

Total momentum:
Puon(t) = Pu(t) + Po(1)

2 (czr’ﬁn > 10 ?}

P, MeV/in® x 107 Py (MeV/in®x 107

4

LN ]

2000
t (tm/c)

3000

4000

V For neutron-dripped slabs, we find significant
reduction of the collective mass!

U What are the origins of reduction?

1.0
T
= 08
5

0.6
o 100
=
£
S:;

0.95

(a)
] I | |
| 1 |
- ® ]
| . |
1000 2000 3000
t (fim/c)

K. Sekizawa
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,r = O O M X M v A A o O S~ O MY v X o °
0] U U U T'S ﬁ & u $ -B ul U $ uu 2 S I$S§ K§ay§i,gd I\l1.JMatsuo, in preparation.
Current density:

. k :
Jzq(2,1) Zhn 1,/)<q) Vd)(Q)( ) = mq aNA Z[ il Im (q> z,t)(0, + ik, )u(q,z(z t)} 6 (1q —séqlz)dk“

V Protons inside the slab move toward the direction of the external force, as expected.

Proton current density

# J- p(c fim >
4000 -|'F|' g 27107
— 3000 —
= 2000] 1H 1x107°
= 1000+ —
0_| P I T 'RI | |_ 0
—15-10 =5 0 10 15

C.m. position of protons

K. Sekizawa Lecture 3:
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77 = o o . b4 X v s A, (o] —_— A~ o ~~ v w ~ o o
O U U U T-S ﬁ & u $ -B ul U $ u u S I$S§ K§ay§i,g1{d I\l1.JMatsuo, in preparation.
Current density:
. h 1 k " :
Jzq(2,1) Zhn 1,/)<q) Vd)(Q)( ) = m—q m %[?Im[ufﬁz (2,t)(0; —I—zkz)ugq,z(z,t)} 6 (1q —Sfflz) dk|

V Dripped neutrons outside the slab move toward the opposite direction!

Since it reduces Pio; and Pio, Myap = Piot/ap is reduced
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. Summary




Summary of Lecture #3

Takeaway message

V Nuclear physics becomes so rich if you also consider the neutron-star physics, e.g.
the pasta phases in the inner crust, where nuclear physics meets the band theory of solids!

U Task for nuclear physicists is to provide inputs for astrophysical models based on microscopic theories
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Iecture Plan

Theory
#1. An introduction to time-dependent density functional theory (TDDFT)

Nuclear reactions

#2. Recent advances in microscopic approaches for heavy-ion reactions
Superheavy element synthesis & deep-inelastic collisions
SHE — Lectures by Dr. Tetsuya Sato DIC — Lectures by Prof. Hiroari Miyatake

Neutron stars

#3. Dynamics in “nuclear pasta” phases
Developing time-dependent band theory for crystalline nuclear matter

#4. Neutron-star “glitch” and neutron superfluid
Dynamics of quantized vortices in the inner crust of neutron stars
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