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BB DIRREAIE (Equation of state, EoS)

> ZPEIE KEFER] IS&->THREMITONS
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E.g.) ISGMR: U. Grag and G. Colo, PPNP101(2018)55; Electric dipole (E1) polarizability — skin thickness: A. Tamii et al., EPJA50(2014)28
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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.)
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Figure: J.W. Negele and D. Vautherin, Nucl. Phys. A207, 298 (1978)
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W. Ketterle, MIT Physics Annual. 2001
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TDSLDA (Time-Dependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

» TDSLDA equations (formally equivalent to TDHFB or TD-BdG equations)

Uk, (7, 1) hap(r,t)  hyy(r, 1) 0 A(r,t) g, (7, 1)
mﬁ u,(rt) | _ hpp(r,t)  hy(rt)  —A(r,1) 0 ug, (T, 1)
ot | vi4(r,t) 0 —A*(r,t) —h%\('r,t) —hﬁ(r,t) v (7, 1)
Vg, (7, 1) A*(r,t) 0 —hp(rt)  —h](r,¢) Vg, (7, 1)
_ 2, -
SE o ne(r,t) = Z Uk, (7,1)]* : number density
hy = 5 . S.p. Hamiltonian Ey<E.
7 Z uk+(r,t)vp | (r,t) : anomalous density
OF . . E,<E.
A=— . pairing field
sor - P Jo(r,t) =h Z Im[vy ,(r,t)Vvg (7, )] : current

Ek <Ec

A large number (104-10°) of 3D coupled non-linear PDEs have to be solved!!
# of gp orbitals ~ # of grid points

K. Sekizawa (Tokyo Tech) REKGEZENBREICL2FETE S 7 X ME ORI R Mon., Aug. 28, 2023



TDSLDA (Time-Dependent Superfluid Local Density Approximation)

TDSLDA: TDDFT with local treatment of pairing

Kohn-Sham scheme is extended for non-interacting quasiparticles

» TDSLDA equations (formally equivalent to TDHFB or TD-BdG equations)

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 o ne(r,t) Z Uk, (7,1)]* : number density
hy = 5 . S.p. Hamiltonian Er<E.
? v(r,t)= > wugq(r,t)vp (r,t) 1 anomalous density
oF . . . Ey<E.
A=— . pairing field
ov* P : Jo(r,t) =h Z Im[vy ,(r,t)Vvg (7, )] : current

Ek <Ec

A large number (104-10°) of 3D coupled non-linear PDEs have to be solved!!
# of gp orbitals ~ # of grid points
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)

m% (3%3) - (Ah(g) —Ah({r))) (EE;D

O Energy density functional (EDF)

E(r) = &o(r) + Epair(r)
Eo(r) : Fayans EDF (FaNDF°) w/o LS
E(r) = glpg(m)]lvg(r)|?

q=n,p

S.A. Fayans, JETP Lett. 68, 169 (1998)
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

O TDSLDA equations (or TDHFB, TD-BdG)

ot

gy (ED - (A*(r)

B 5w Gin)

O Energy density functional (EDF)

50(1‘) .
E(r) =

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

Fayans EDF (FaNDF°) w/o LS

Z Q[Pq("")”yq(r)’z

q=n,p
S.A. Fayans, JETP Lett. 68, 169 (1998)
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Method - TDSLDA

We performed 3D, dynamical simulations by TDDFT with superfluidity

a vortex line exists here
O TDSLDA equations (or TDHFB, TD-BdG)

m% (EEQ) - (Ah(g) —Afffg)) (Q’;Eg)

O Computational details
75 fm x 75 fm x 60 fm
(50 x 50 x 40, Az = 1.5 fm)
ke =7/Az>kp  kp = (3n%p,)Y?
Nuclear impurity: Z = 50
pn ~ 0.014 fm ™ (N ~ 2,530)
pn ~ 0.031 fm ™ (N ~ 5,714)

# of quasi-particle w.f. ~ 100, 000

K. Sekizawa (Tokyo Tech) R EZENBEEEICL 2FHEFE Y 7 X ME ORI R

Mon., Aug. 28, 2023
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G. Wlaztowski, K. Sekizawa, P. Magierski, A. Bulgac, and M.M. Forbes,

time= 0 fm/c
F (191): unknown PhyS Rev. Lett. 117, 202701 (2016)
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G. Wlaztowski, K. Sekizawa, P. Magierski, A. Bulgac, and M.M. Forbes,

tnme— 8032 fm/c Phys. Rev. Lett. 117, 202701 (2016)

~,(10.6)= 0.17 MeV /fm
Q— 13 fm?®

10




Results of TDSLDA calculation: p, ~ 0.014 fm™

time= 0 fm/c
Q= -11 fm?

B8 I NTIRRE| 7F E !
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HEEHIREI D o R EFERNEZES: “EIRZE” (asteroseismology)

frequency (Hz)

Monthly Notices

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

Hajime Sotani “,'* Kei Iida® 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
3 Department of Human Informatics, Aichi Shukutoku University, 2-9 Katahira, Nagakute, Aichi 480-1197, Japan
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PHYSICAL REVIEW C 105, 045807 (2022)

Time-dependent extension of the self-consistent band theory for neutron star matter:
Anti-entrainment effects in the slab phase

Kazuyuki Sekizawa®,>" Sorataka Kobayashi.? and Masayuki Matsuo®**

arX1v:2306.03327v1 [nucl-th] 6 Jun 2023

Superfluid extension of the self-consistent time-dependent band theory for neutron star matter:
Anti-entrainment vs. superfluid effects in the slab phase

Kenta Yoshimura'[ and Kazuyuki Sekizawa'2{f
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“Entrainment” is a phenomenon between two species (particles, gases, fluids, etc.),
where a motion of one component attracts the other.

Neutrons



https://en.wikipedia.org/wiki/Distracted_boyfriend

“Entrainment” is a phenomenon between two species (particles, gases, fluids, etc.),
where a motion of one component attracts the other.
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v The “entrainment effect” is still a debatable problem

Self-consistency | Spatial dim. Superfluidity
Carter et al. Increase
1&2 t~a few to 10%0

(2005) [1]

e, s K R AN
v
v
v

Tsukuba Reduction
(2813) [3] 1 ‘ ~30%
Niigata Reduction
(2022) [4] 1 ‘/ ‘ ~30%

Tokyo Tech
(in progress)

v Vi ?

Extension to 2D & 3D Finite temperature
- Future work! [ ] Magnetic field (almost done..)

K. Sekizawa (Tokyo Tech) REKGEZENBREICL2FETE S 7 X ME ORI R Mon., Aug. 28, 2023



Ty hLAYAY MR, RLABRROBNICEST 5
PH =5y FRE A B iR E

h‘” il W :
“uul ,\‘m | | F I "i i
ool | ] J‘ ‘ ﬂr H MM WH

mww

Te+05
625
10000 \u
i
il
5 |

HL, TVRFLAVAVEIDRRZETESRE., SIVHRLAVAYVIEDRNIEST
> BHISKRN O N BB REFEFH D70 b WA WA LBIREIE — N ORBEBIREIHEA
SEBEAONDIAEFHEN/ NS LGS ZhHh-o-TETCLED
SKERTY y FaHATE AL SEBIRZTDOELDICEE



Time-
Dependent

for the
Inner Crust of
Neutron Stars



https://www.newsweek.com/nuclear-pasta-neutron-star-strongest-material-universe-1127491

- SN > =A K. Sekizawa, S. Kobayashi, and M. Matsuo
A 7 / 7FE ;(]L—d_ % /NS l\ }E PRC105(2022)045807

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

v" The Bloch boundary condition for single-particle orbitals

1
V) = o) ugh (2 +na) = uf(z)
Periodicity of the slabs
a: Band index  k: Bloch wave vector  @: Isospin (nor p) a: Period of the slabs

v' Skyrme EDF
E 1 [/ h? . . ,
3= ﬁ ; (Qm.T(Z) + tgl [Cf[n]nf(z) + C;Ap’nt( )dznt( )+ Cf (nt(z)'rt(z) — jf(:))] Eéfou](”))(fz vo_
Number density: Kinetic density: Current (momentum) density:
_ 22’1/)(‘1) _ QZlvw(‘ﬂ _ QZIm q/)(Q)* (Q)(T,)]

*Uniform background electrons are assumed for the charge neutrality cond|t|on: e = Ny Picture from PRC100(2019)035804

v' Skyrme-Kohn-Sham equations Note: While we deal with 3D slabs, the equations to be solved are 1D!
PO ()8 (r) = 008 (r) (A9 (=) + 7P (2) )ulfd(2) = e Qulfh(2)
Ordinary single-particle Hamiltonian: Additional (k-dependent) term: \elocity operator:
WOz =~V erg(z)v +UD )+ 2 [V-T0(:) +19(:) - V] W) = Q:qk(z j Tk 20 () e = Ll 0 (2)

K. Sekizawa (Tokyo Tech) REKGEZENBREICL2FETE S 7 X ME ORI R Mon., Aug. 28, 2023



N REEDA (Y,=0.1)

K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807

Proton fraction: Average nucleon density: Single-particle energy:
_ o1 @ _ @ , @ Wk}
Y= i + 71 "=y /0 ng(2)dz fak = Cak T Skin-eyak & QmH hp =k

Z-component

U9 (MeV)

v" Dripped neutrons show band structure (k, dependence)

Y, =0.1, ng = 0.4 fm3: Neutron-dripped slab

Density and potential

Neutron single-particle energies

006 e
0.04 = VE =
0.02 o —10 B —_4'(_ 0

2 20 F =

=% 30 F ]

Y40 B _

—60 | | |
—n/la —n2a 0 n/2a t/a
k. (fm_l)
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E=liE e =|= NS HEHEE NS
= HTI FEﬁ /f (/~— J: % =Ny =N==} D D-I_E— K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807

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

The real-time method: ldea

Dripped neutrons AN

®- i
Fext

‘ P
Ay = —————
,,,,,,,,,,,,,,, . P Ajcluster
> ¢
How to introduce spatially-uniform electric field
o . Spatially-uniform
v" TDKS equation in a “velocity gauge” Vector potential
0D (zt) . . _ .
ih—ak 2t (h(q)(z, B+ hid (= t))u;q;(z, ) k() =k + AL (0
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) = o 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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E=liE e =|= NS HEHEE NS
= HTI FEﬁ /f (/\_ J: % =Ny =N==} D D-I_E— K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807

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

The real-time method: ldea

Dripped neutrons AN

®- i
Fext

N e—
L P
d Ajcluster

//\ >t

Ivlcluster 75\ fo < 'f'g fo

(bound + entrained)

> #HIBZLICE-T

%Y (IEPEFEE)
ZiHfHTE S ! /

Ny (GERET
= thie 7 B

K. Sekizawa (Tokyo Tech) R EEENBERIC L 2 HEFE S 7 X MYEOMENE R Mon., Aug. 28, 2023



’E = =
. EE ‘:'-I_ % % K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807

Acceleration: C.m. position of protons: Momentum of nucleons: Total momentum:
2 a a
ap = ﬂ Z(t) = l/ znp(z,t) dz Pq(t) :ﬁ/ jq(z,t) dz Ptot(t) :Pn(t) +Pp(t)
dt? a Jo 0
4 T T T '

- v" For neutron-dripped slabs, we find significant
s reduction of the collective mass! 5
% ;
£ 2 ; .. .

o » What is the origin of the reduction? s
=l
~ 0 1.0 |
= Mglab = Ptot/ap S‘"_E 08 - —
= 2 5 I i
:,’ l 06 _ llllll ]

g [ . -
.L v, | | I | I
0 — — . |

s (c) . 100 |
> _ = e ]
m>: L ] A/fp = Pp/ap = T
{D - -
= 1777 1 0.95 |- (b) .
™ [ ]

| L ' | ' 1000 2000 3000 4000
1000 2000 3000 4000 t (fin/c)

t (tm/c)
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K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807
Current density:

. k *
Jzq(2,1) Zhn 1/)<q) Vd)éq,z(r t)| = Z[ il Im (q> (2,8)(0; + ik,)u (q)(z,t)} 6 (1q —séqlz)dk“

mq alNy,
(&%

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

Proton current density

G fim ")

—1000| T ] IF' T |! 2%10_3

_ 3000 .
= 2000/ 1F 1x107
= 1000 - =
0_| P R I 'RI | | |_ 0
~15-10 =5 0 N5 10 15

C.m. position of protons
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Current denS|ty

K. Sekizawa, S. Kobayashi, and M. Matsuo, PRC105(2022)045807

]zqzt

r VR (r )] =

k

mq aNA
(&%

v" Dripped neutrons outside the slab move toward the opposite direction!

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

Proton current density

Neutron current density

- (c fm > p— - _;_ , (c fm >
—1000 T 1 T [ 7 | Fb{][} —1000 “\XIO
3000 v | 3000 4x10° “_
= ] 5= 3310
= ) 1x10° 2 5 AU
E 000 ] E _(}00_ 1H 51075
= 1000 E = 1000 - 1x1073
0 P I T | N T N |_ 0 0 _| PR AN TN NN SN NN TR (N N N |_ O
—15-10 =5 0 10 15 —-15-10 -5 0 5 10 15
= (tm) z (tm)
C.m. position of protons 1 g2
“ak
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We have already extended it for superfluid systems!



Time-dependent band theory for superfluid systems
K. Yoshimura and K. Sekizawa, arXiv:2306.03327 (Submitted to PRC)

We formulate TDSLDA with the Bloch’s boundary condition

The equation to be solved is reduced to 1D for the slab phase

» TDSLDA equation (formally equivalent to TDHFB or TD-BdG equation)

O (W10 (ROt + Ryl (=) Aq(2,1) e (=1, 1)
"o o (2.1) Ai(zt)  —hlO(z ) — P (2, 1) J\ 5D (2 1)

Uk q k(t) Yk
v The Bloch’s boundary conditions for gpwfs k(t):k+%Az(t)ez
gy (ro,t) = \/19 Ty (20, 1) 09Dz +a,0,t) =0 2(z0,1)
oD (rr ) = \}vagqg(zgjt)eikw 59 (z 4 a,0,t) =3 (z0,t)
v Qpwfs in the velocity gauge k-dependent term: Velocity operator:
WD (z0,t) = exp[——A (t)z ] D (20, 1) A9 (2) = 2132;(2) bk @(z) @ (z) = %[T,W(z)}

The total number of gpwfs: N, x N, X N x 2 (n and p) x 2 (u and v)
~ 60 x 80 x 150 x4 = 2,880,000

K. Sekizawa (Tokyo Tech) REKGEZENBREICL2FETE S 7 X ME ORI R Mon., Aug. 28, 2023



EffeCtS Of superfIUIdlty K. Yoshimura and K. Sekizawa, arXiv:2306.03327 (Submitted to PRC)

v" Superfluidity slightly strengthens the “anti-entrainment” effects!!

[ Larger ap » Smaller Mgiar, » Less “entrainment”} my/ '7?;-11 Is reduced
y ~2%

Acceleration vs. time

6 I | I [ | [
JERN Adlabatic switching - : -
< 5 PP 7 1 Solid line: with superfluidity
| Of the external potential ) o
= snnnoonhnnncnnn. Dashed line: w/o superfluidity
S % . )
S 3 Acceleration is enhanced by superfluidity!
[
~—
R
S ilibrium
ng=0.07 ——
0 | | | |
0 500 1000 1500 2000 2500 3000 3500 4000

t (fm/c)

K. Sekizawa (Tokyo Tech) REKGEZENBREICL2FETE S 7 X ME ORI R Mon., Aug. 28, 2023



We have also extended it to finite temperatures!



Superfluid-to-normal phase transitions

K. Yoshimura and K. Sekizawa, in progress..!!

v Neutron superfluidity is lost at T ~ 0.75 MeV

Pairing gap vs. temperature

1.4 == 1 1 T I I r

1.2 - Solid lines: Band calc. |
Dashed lines: Periodic BC

,| (MeV)

0.4 \ . Neutron’s A -

0.2 - Proton’s A |\ &
| |

0 X | 1 L L3 | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

ksT (MeV)
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Meltmg Of the nUCIear paSta K. Yoshimura and K. Sekizawa, in progress..!!

v" We can calculate the melting temperature based on microscopic band theory

0.08 : ,

neutron neutrorl1
0.07 - proton 1 proton 7
006 / 4 L |
o
| 0.05 - -4 + .
E 0.04 - 4 — - ]
(-
~ o003 4 L .
S ol kT =1MeV | | kgT = 3 MeV
0.01 - /\ -4 .
0 L L A
0.07 |
neutron | neutron |
0.06 - proton — proton
°’|3 0.05 |- - L i
E 0.04 - T 4 F |
Gy
S— B N
o 0031 4 L ]
S ol kT =4MeV | [ kgT = 5MeV |
0.01 - 1or il
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FUtU e WOrkS K. Yoshimura and K. Sekizawa, in progress..!!

v We can study a variety of phenomena in the neutron star crust!

(Time-dependent)
Superfluid band theory

/ </
T ® ‘
Effective mass of nuclei b 6 - I\/I:’:lX Excitations and dynamics
immersed in neutron superfluid of quantized vortices

[l

)

Coupling between lattice oscillations Structure and dynamics of nuclear pasta
and neutron superfluid

K. Sekizawa (Tokyo Tech) BREEZENEEEICL 2HETFE S 7 X ME OB Mon., Aug. 28, 2023



Thermal evolution of neutron star structure

Can we observe a consequence of these transitions?

s A hot, “proto” neutron star resides as a remnant.

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

Cooper pair Outer & Inner crusts Nulear nasta
pernQva : ~~——

\ formation

\J T~10"0K
. > “‘: V i . ,I 1 E N Outer core

~~~
S

o1 Iabstaje‘lgw% 1) ~o
miaghetic field peretriatds fileely NN;

*Protons are supposed to be type-I11 superconductor
via 1S, pairing inside the neutron-star core.

Outer crust

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

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/



https://i.imgur.com/gROHZnG.gifv
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Let’s look at:
The outer crust in a strongly-magnetized neutron star!™

/. . . . .' .. .\ . , .‘ *
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Picture: https://astronomy.com/magazine/ask-astro/2017/12/stellar-magnets



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

Note:

The main target. Outel’ crust In the figure showing nuclides composition,

the bold font indicates known-mass nuclei.

BCC lattice of neutron-rich nuclei coexists with relativistic electron gas

o Surfa[c)e
- - i // . — m
Gibbs energy determines the composition:} - ~" “Fe—g i j—"Fe 2=26
_MWADE | Z(&  Ew, | T o LN e
A A\3ne 2. ) L “Ni [, — NI 2 = 28
Electron gas }
o, OKr—f- | —%*Kr Z =36
: _ml — 100 m
|
845e —— -:la —+—%se / = 34
L B
%
“Ge—{~ 1 | ¥Ge Z =32
|
Atmosphere 80z, @ml — sz, 7 — 30 200m
BN — = 479 —
ozn | | 1 Cu Z =29
’ X Nt Ve ONi—fmgdl -] “@Ni Z = 28
nner core \\ 126R, 4 b [ —
124M°_\@oml /124MOZ = 42
N 122, —== 1§ — —"%7r Z =40 300 m
\\ 124 ~4 o 121 o
: Inner crust = Y 120 —— ﬁ %Y Z=39
N 1 120
Outer crust e Eisr__ ; | 12sr 7 = 38
S 126 — ! i V
ellowregion: N~50 HFB-19 | HFB-21 Inner crust

Orange region: N = 82 | g re: R.N. Wolf et al., Phys. Rev. Lett. 110, 041101 (2013)
Neutron star: https://www.skyatnightmagazine.com/space-science/neutron-star/
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Remarks on preceding studies

Common understandings:

v Nuclear structure is not affected for B < 1017G, while

v it s affected for B > 107G, since shifts of s.p. energies become MeV-scale.
v" Binding energy is increased with B & Z (e.g. ~10 keV for Z~26) for 107G < B < 1018G.

Tpled [V ITelo I T R ela | AL -1 It (o] I  (i.e. effects on nuclear structure are neglected)

N. Chamel, R.L. Pavlov, L.M. Mihaiov, Ch.J. Velchev, Zh. K. Stoyanov, Y.D. Mutafchieva, M.D. Ivanovich, J.M. Pearson, and S. Goriely,
Phys. Rev. C 86, 055804 (2012): Properties of the outer crust of strongly magnetized neutron stars from HFB atomic mass models

T. Carreau, PhD thetis (Normandie University, 2020): Modeling the (proto)neutron star crust: toward a controlled estimation of uncertainties
V. Parmar, H.C. Das, A. Kumer, M.K. Sharma, and S.K. Parta, Phys. Rev. D 105, 043017 (2022):

Crustal properties of a neutron star within an effective relativistic mean-field model

Including both effects on electrons and nuclear structure

» Self-consistent calculations
including magnetic field effects

Covariant DFT (NL3, DD-ME2):

D. Pefia Arteaga, M. Grasso, E. Khan, and P. Ring, Phys. Rev. C 84, 045806 (2011):
Nuclear structure in strong magnetic fields: Nuclei in the crust of magnetar

D. Basilico, D. Pefia Arteaga, X. Roca-Maza, and G. Colo, Phys. Rev. C 92, 035802 (2015):
Outer crust of a cold non-accreting magnetar

Non-relativistic DFT (SV-bas):
M. Stein, J. Maruhn, A. Sedrakian, and P.-G. Reinhard, Phys. Rev. C 94, 035802 (2016):
Carbon-oxygen-neon mass nuclei in superstrong magnetic fields,
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» The major effect comes from the Landau quantization of electrons’ motion

Cyclotron motion

The key points:

v" Electron fraction Y, is enhanced for a given P & n
= less neutron-rich

v" Neutron drip occurs at a higher density

— high-Z nuclei emerge!
(inevitably neutron rich)




Emergence of superheavy nuclei

K. Sekizawa and K. Kaba, arXiv:2302.07923 [nucl-th]
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Emergence of su perheavy nuclei K. Sekizawa and K. Kaba, arXiv:2302.07923 [nucl-th]
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Emergence of su perheavy nuclei K. Sekizawa and K. Kaba, arXiv:2302.07923 [nucl-th]
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Emergence of superheavy nuclei K. Sekizawa and K. K#*

eutron-rich nuclei\:

"

Island along N=184

- 1 266py~276| )
i : : \ B¢
20 - s <
| i : : * A S =

I | — M ! |

50 100 150 200 250
N
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Emergence of superheavy nuclei K. Sekizawa and K. K#*

eutron-rich nuclei\:

"

B = =
=7 1112126

Island along N=184
285Ph~278Y

s *
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Effects of the magnetic field on crustal properties K. Sekizawa and K. Kaba, arXiv:2302.07923 [nucl-th]

» Crustal properties are affected drastically, due to the increased density!
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ok » Effective shear modulus

7262
S = 0.1194 np el
Wigner-Seitz cell radius: Number density of nuclei:
..... 3 1/3 1 n
R = Nnucl — 77— — —&
(47Tnnucl> ! VWS A

S. Ogata and S. Ichimaru, Phys. Rev. A 42, 4867 (1990)

» Melting (crystallizing) temperature
Z2e?
Thelt =
ksl'R

kg :Boltzmann constant

p=0 AME2020+HFB27 =
3 I' = 175 : Coulomb coupling parameter
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P (MeV fm %)

A.F. Fantiana et al., A&A 633, A149 (2020)
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. Summary




» Definitely, all are rooted with the wonder of nuclear physics

Summary which is basically a quantum many-body problem! ;)

Takeaway message Physics of neutron stars

= Mass, radius, deformability, ... (< EoS, GW, ...)
= Torsional oscillations (< QPO, Pasta, GW, ...)
= Superfluidity, cooling, glitches, ...

Macroscopic,

astro-
Physics of finite nuclei Z > \ Nuclear matter properties

F/ A
Microscopic, Micro-to-macro,
finite- / infinite- Equatlon of State (Eo0S)

=  Quantum many-body problem — = Quter crust

» Nuclear force (& EoS, Structure & Reactions) = Inner crust

= Mass/binding energy (& Crust compositions) = Quter core /

= Excitation properties (& GMR, GDR, EoS, ...) = Inner core e
= Nuclear reactions (¢ Stellar evolution, SNe, ...)
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Summary > PEFEI TR M= EFE - FH - YEPEORES

hZESZS5Z D Physics of neutron stars
EEEA ‘E 7 :.—d
REJBISE PR TERAFEL !

*Z#’/Jifﬂa)ﬂﬁ'\... iﬂ_{ . $'§‘%}E

3 FEES - TEPERE
£H2Z% !

4 @

Physics of finite nuclei ;Z > \ Nuclear matter properties
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and more?
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See also:
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