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 Motivation

« What is Neutron Star?
» Pasta Structure
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Ao — J.M.Lattimer & M.Prakash, Science 304, 536 (2004)

&
Neutron star?
- Center density : ~ 5p,

D\ - Ao - Temperature : ~ keV
oven o - Rotation period : ~ ms
- Magnetic Field : ~ 1018G
Structure?

- Pasta Structure
- Meson condensates?
- Quark gluon plasma?

Phenomena?

e ke sty 5% * Supernovae
- Nucleosynthesis (r-process)
- Quasi-periodic oscillation

Condensates of * PUISar g“tCheS
T K, 2, ..?7
uaks?  FOremost line of Theoretical Physics

Uniform nuclear matter
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D Pasta Structure

Pasta Phases?

- Crystalline structures of nuclear matter
- Realized at the bottom(high density region) of inner crust
- Immersed in the sea of superfluid neutrons

Related Topics

» Pulsar Glitch
- Neutrino cooling of proto-neutron star
- Symmetric Energy in nuclear EoS

How to investigate?
- Numerical simulation with Band theory
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e Formulation

« DFT and HFB Formalism
* Band Theory Introduction
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+ Quantum many-body systems |V (ry,72,...,7N))

but - We don’t know the many-body interaction
u s .
- We don’t know the entity of nuclear force 3D arguments

- Density Functional Theory
- Energy Density Functional (EDF) : E|p| = \H\\D@é

- The exact ground state is given by : Emln = E[pg <
\

e DFT and Time-Dep. DFT formalism ~

2
Kohn-Sham Equation : ;—mVQ +oks(P)| ¢i(r) = €¢i(r)  wks(r) = ——

TDDFT Equation: z’haé(r} = H(r)p(r)
N ot Y,

— Point
- By DFT we can significantly reduce comp. cost

- We can also perform time-develop self-consistently m
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v((-\\ SUl"fa

Nucleons form cooper pairs near Fermi surface <<e$ ==~ @
~— BCS Theory N \\
- BCS wave function : [BCS) = U + v a at )10 - -

| > ,;)( g g )l > \ pairing!
. G \ /l
- Gap Equation : — . It
N 2 é\/(gk_)\)z_i_Az Y ~e__ -

BCS generalized by the Bogoliubov transformation

/— Hartree-Fock-Bogoliubov (HFB) Theory

- Quasi-particle operators : a, = Y (Ui, ax + Via}) al =Y (Ukud}, + Vian
k k
- HFB wave function : [HFB) = H@M 0)
N M
| h—A A U\ _ (U,
: ; A _ E
478 cauation - Ay bt ) (12) = ()

o

Pairing “field” “Quasi-particle” energy m
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> Combination with Band Theory:

In the coordinate representation,

(" ) (o) = ()

— Band theory
- Bloch’s Theorem : (1) = ¢(7)e™® ™ with  ¢(r + T) = ¢(r)

inourcase : U (r) = dup(2)e®T v, (1) = T,y (2)e*T
Substituting those relations, finally we havev(w(r)ek):ek(v+@k)w(r)
(h(z) the(z)=A AR ) (uﬂm(Z) B, (uum(z))
A*(z) —h*(2) = hZp(z) + A) \Vuki(2) A\ vk (2)
| POC) =D H () = Uy U = p(2) =D H(z) =D -
' Spatial coordinate : N, ~ 50 | .
et wave N %0 b 2400000 orbitals!?
Plain wave : Nk”z = 150

- (uv), (pn) 2x2 | m
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 Calculation Result
* Short Summary

N O/ 1




)Main Result 2

N.S.
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Point

- Superfluidity “enhances” anti-entrainment!! m

- Effective mass significantly reduced!!

- "Counterflow” of neutrons (anti-entrainment?)
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Superfluid (TD)DET Normal (TD)DFT 8:32 - T —,
no N /fin nS/fn |ml/ -';rn.f’,bg nh i nS /i mb/ 'ITI'E?,bg L 040 o= 8-82 22:: - _
0.04 0702 0.803 | 0785 | 0.710 0876 0810 F 035p-—--=== =007 - |
0.05 0.684 0913 | 0.749 | 0697 0896 0778 g 030 (@) ]
0.07 0.555 0.954 | 0582 | 0555 0920  0.598 0151 |

0.10 | ‘ }

Summary
- We've shown eff. masses “always” less than bare masses
- Superfluidity little affects anti-entrainment, but enhances it.

— Next step ~

- Finite-temperature extension (almost done)
- Finite-magnetic field extension (for magnetar)

- 2D, and 3D crystalline phase? (our final goal)

‘ Next we will show preliminary results of £t calcs...
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* Preliminary Results of ongoing extension

N 12/ 17
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Why ET. is important?
It is deeply related to proto neutron star

v cooling

~MeV
Hot P.N.S

Our question is :

@Pasta structures in high temperature situation?
@Phase transition from superfluid systems?

®Neutrino-pasta scattering?
We can do it now!!
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Finite temperature extension

/" zero temperature finite temperature "\

= |vu(2)? =" FE)va (@) + F(Eu)|uu(2)?

©u=>0

A(2) = geri (2)K(2)  geff ---coupling constant
— Z’U:L(Z)’Uqu(z) k(z) = Z U:-,(Z)uu(z) f(—E”)Q— f(E,)

r(2)
K H p>0 /
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Nuclear melting Phase transition? m
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e Energy Calculation ™~
- Free Energy : F(T) = E[p(T)] — S(IT
+ Entropy: S(T) = kp Z W In f(EL) + f(=Eu) In f(=E,)]
- Specific heat: Cy(T) = aE( )

N or /
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— Point
- We can straightforwardly extend into f.t. systems
- We can see two phase transitions :

-- @Wsuperfluid to normal fluid @ nuclear melting m
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e v-pasta scattering ™
. di : . 1 do(E)) G% 21 2 2
diff. cross section : V dcos0) — 1n nE; ¢, (1 + cos0)Sy(q) + ¢ (3 —cos0)Sa(q)]
: S 2GLE; )
- neutrino opacity : xr(E,) = ——n (v (Sv(EL)) +5¢% (Sa(E,))]
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— Point
- Structure factors show strong peaks
- Characteristic of pasta structure?

_ ———————
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Summary

1. We have realized @superfluid @self-consistent ®band calculations
and performed them for 1 dimensional crystalline structures.

2. We found “anti-entrainment” remains with superfluidity

3. We have extended our calculations into finite-temperature systems
and are investigating phase transitions, and v-pasta scattering

Future Work
1. Extension into finite-magnetic field systems (magnetar)
2. Simulations of N.S. crust vibration (Quasi-Periodic Oscillations)
3. QP resonances? FFLO phase?
4. Extension into 2D and 3D crystalline structures?

Final Goal: to derive the Equation of State, and superfluid density of
all the inner crust phases, with all possible situations.

Thank you for your careful attention!

arXiv:2306.03327 [nucl-th] m
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