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2 Nuclear Electron Correspondence L3/

~— Density Functional Theory
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Hohenberg-Kohn thm:
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Nuclear systems —\
Hartree-Fock Eq.
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Skyrme energy functional:

E — ESkyrme[pa Tuja . ]

Nuclear “matter”:

- Our Interest?
» Application of the band theory to the nuclear DFT
» Thorough understandings of nuclear properties in the neutron star crust
\




. 2 History of Band calculation L4/

Ti (f111_3) Z| A ni/un (%) H;:I/Hf: (Y |3,/

N.Chamel, PRC85, 035801 (2012) 001 |40/1215 8.9 155 || 645

possible drastic change of effective mass (entrainment) 002 401485 903 AT 136

0.03 4011590 91.4 7.33 13.6

0.04 401610 88.8 10.6 9.43

0.05 20| 800 91.4 30.0 3.33

Self-consistency ~ e ==

Phys. Rev. C 100, 035804 (2019) - Superfluidity —
Phys. Rev. C 105 045807 (2022) Lhys. Rev. € 94, 065601 (2016)

Phys. Rev. Research 4, 033141 (2022)
- not self-consistent

- still w/o pairing  + only 1 dim. crystal
- effective mass less than bare mass
(anti-entrainment?) * overestimation w/o self-consistency?

- J - J
~ Our final goal : ™\

1. develop @self-consistent @superfluid @band theory

for all crystalline structures realized in the neutron star inner crust

2 . perform calculations and extract the effective mass of free neutrons

3. obtain the effective mass as a function of baryon densities,

utilized for actual simulations for astronomical phenomena
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. 2 Band Theory _6/7

~——— HFB theory

HFB equation: (ﬁg;)(;))\ _ﬁ,?(ig)+ )\) (u“(r)

Densities; 2(r) =) loa () 7(r) =Y [Vou(r)®  K(r) =Y vi(r)uu(r)
- " . -

Y Superfluid Band Theory for one dimensional crystal

Bloch wave number: R =1T,é, +T,€é, +n.aé,

Bloch transformation: wuk(r) = €™ i,k (r) vuk(r) =e

HFB Eq; (ﬁ(z) zméf )= _;L*(z)é( ;“)c(z) —|—)\) (%:8) = (35:8)
L Y

Points
+ One-dimensional dependence

= N

- Self-consistent equation
» Millions of orbitals (typically ~2400000)

> Parallel computing with supercomputers




. 2 Effective Mass Calculation LT/

Without band Band structure } Free neutron density nf

n

- “bound” neutron

Z[dzm |29 — U

Bound or free7

potential

With band

L0 (uur | p (Uuket
Neutrons TDDFT: ma (fu“m = H Vukl

FoM: FlL. = M52Pq

External Field

C
|::>/\ Protons Conduction number density ’nn

f bare cC

my = Ny,

Calc effective mass by n;, m;';
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2 Calc. Results and Effective Masses m

ng = 0.06 fm?
oos| () Calculation Result : (nB =0.05 fm-=3, B equilibrium)
oo (Upper : number density  lower : pairing field)
< o "« Highly n-rich (Yp ~ 0.03), centro-localized
—— Neutron -+ Both n & p have superfluidity (sup.conductivity)
o1t  emea o Proton
D e N e |+ Most neutrons are dripped (about 70%)
st (b) Effective mass :
Lsof T~ . .
= nf; .. density of energetically free neutrons
& 100} n,, ... neutrons effectively conducting freely
ﬂ 0.75 .
~ Neutron { Effective masses always less than baremass.
i e + Superfluidity slightly reduces eff. masses.
Superfluid (TD)DFT Normal (TD)DFT
no b /fn nS /T [ ml/ -mﬂ nt /i nS/fn | Mk /m nﬂa be
0.04 0.702 0.893 0.785 0.710  0.876 0.810
0.05 0.684 0913 | 0.749 | 0.697 0.896 | 0.778
0.06 0.609 0.933 | 0.652 | 0.608 0.911 | 0.668
0.07 0.555 0.954 0.582 0.555  0.929 0.598
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2

Finite Temperature Extensions

F.T. Calculation is needed for Proto Neutron Star

PN.S (~MeV) /

~
What we wanna know :
* How is the neutrino N.S. cooling? neutrino-cooling
» When nuclear pasta has been cooked? (to ~keV)
* How many neutrons thermally superfluid?
- J
F.T. Calculation ~
Density calculation : £ =Y _[fp(Euk)ltuk(r)* +fp (— Epute) [vare (r)]?]
uk
Free Energy .  F(T) = E[p(T)] — S(T)T
Specific Heat: ¢, (1) = OE(T)
oT
NS J
- v-pasta scattering ~
: : 2G%LE?
Neutrino Opacity :  xr(Ey) = —- n [} (Sv (Ey)) + 5c4(Sa(Ey))]
Structure factors : S.(a) -7 Z [70(Eur) (0 Rle@m o) 1] 5, (a) = ;2% [F0(Ea) fo(Es) 06" o]
X (Sv(E,)) f dz(1 — 22)(Se1(g) + Sine1(q)) (Sa(E,)) = ;—Of_l dz(1l — z)(3 — )Sinel(q) y




. 2 Finite Temperature Extensions L2/ 72

0.09

—— kpT'=0MeV
- kpT=3MeV
——  kpT=4MeV

F. T structure :
" - Density change to uniform distribution
- Pairing goes to zero (normal fluid phase)

A

|+ Specific heat shows 2 phase transitions

op® Scattering calculation :
I T e K Opacity shows peak structure at tens MeV
0 = ksT=1Mev - * Fluid phase doesn’t change behaviour
) + At 5MeV (uniform) there's no peak
0.t Pairing gap -
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. 2 Extension for mag-field systems L B/77

Why magnetic-field?

- Observational data supports the existence of magnetar

+ Theoretically predicted B ~ 10'®G surface mag-field

-10

-12

14

How can we investigate? \

p

- Electrons are Randau-Labi guantized
e, =/ 2p2 + m2ct(1 + 2vB,)
—Drastic change of nuclear composition?

* Recently effect on nucleus been investigated

iLq — ﬁq + ﬁéB) ﬁéB) = — (léq,p + gq%) - B,
k gn = —3.826 gp = 5.585 /
e What we wanna know ™

 How structure changes?
+ How affect on Equation of State?
* How pairing dynamics appear?
spin triplet superfluid, LOFF phase, etc...
\_ (sp P P P ) Yy,

-16

log[Period derivative]
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* Parkes MB survey i

< Swinburne MB survey

X-ray and y-ray

Other disk pulsars
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. 2 Extension for mag-field systems /7

Formulation
/ Additional magnetic-field term

~

IA-LQ — Bq ‘I‘ BgB) iléB) = = (léq,p + gq%) 2 B*
= B/B. B. = 2myc/eh ~ 4.41 x 10"°G
Uyt (T) Uyt (T)
HFB equation with spin d.o.f : H kel (1) | Ukl (T)
Vyuket (T) - Vyukt (T')
Ve (T) V) (T)
;l¢¢+f1k+fl(B)—)\ 0 0 A
- 0 ﬁL¢¢+FLk—FL(B)—/\ —A 0
- 0 —A* —hiy — Rty — BB + ) 0
K A* 0 0 —h}, = At +hB 4+ A
/— Electron enerqy calculation
Beta-equilibrium condition : [y, = [ip + [Le
Charge neutrality : / (np — ne)dz = 0

Electron energy level :

Electron density :

e, = \/c2p2 + m2ct(1 + 2vB,)
2B* Vmax

Z gu\/7g —1—-2vB*

2133
(27T) Ae v=0

MNe =




2 Calculation Result m

ng(fin3)

Dq(MeV)

Remark : [ B(FE£TB* B*=B/B. B.=2myc/eh~ 4.41 x 103G
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. 2 Calculation Result _6/7

W52 2 Pairing Gap. MUMEIREPqZ R D,
P =[Ny = N|/(Ny + N)

Pairng Gap
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2 Calculation Result m
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)Summary m

What we've done

- developed the @self-consistent @superfluid @band theory

for nuclear pasta in the neutron star inner crust

- performed calculations and successfully extracted neutron effective mass

Extensions

» For finite temperature systems,
computing structure changes and v-pasta scattering processes.

» For finite-magnetic-field systems,
computing spin polarization and phase transitions

What we’ll do

» Extensions for two- or three- dimensional crystalline phases,

completing the “table” of effective mass as a function of density.

Ghank you for your carefyl gttention
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