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I . What's “Pasta” ?
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*Suggestion of Pasta Structure
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NEUTRON STAR MATTER
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which become important here. In fact, it might be more favorable, beyond u = 0.5,
for the nuclei to “turn inside out™, that is, for the neutron gas to exist as a lattice of
droplets in a sea of nuclear matter.
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It will be interesting to explore the consequenc-
es of these spaghettilike and lasagnalike phases
of dense matter. Their physical properties will
have to reflect the great departure from isotropy
that these phases possess., Neutrino scattering




Pasta Structure = Inhomogeneous structures
appear in first phase transition ,
‘mixed phase with structure’

Y

“Meat ball”

Blue: Nuclear matter
Sky blue:gas nuclei

P :normal nuclear density

(K.Oyamatsu, Nucl.Phys.A561,431(1993))



Pasta Structure = Inhomogeneous structure
appear in first phase transition ,
“mixed phase with structure”

Balance with Surface tension and Coulomb repulsion

Total Energy = E,(Volume)+ | Eg(surface)+E-(Coulomb)

Weizsdcker - Bethe's semi-emperical mass formula
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Wigner-Seitz cell approximation

Whole space is divided into equivalent cells.

These cells are imposed geometrical symmetry as follow.
Sphere : 3D, Cylinder : 2D, Slab : 1D

V>0 v

Merit: All calculation is 1D calculation

l

Fast calculation & Low cost
But ... simple structures only appear

" Existence of other structure S TS
G.Watanabe, H.Sonoda et.al PRL 103, 121101 (2009) {977 St
M.Matsuzaki PRC 73, 028801 (2006) 8

K.Nakazato, K.Oyamatsu et.al PRL 103, 132501 (2009)

Double-
Diamond

- Development of computer performance

R » | Full 3D calculation
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II . Relativistic Mean Field Theory




‘Relativistic Mean Field Theory ‘
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Parameters

To reproduce the saturation properties of symmetric nuclear matter
and the properties of finite nuclei

O, =6.3935 g, =8.7207 g, =4.2696 b=0.008659 c=-0.002421
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« How 10 solve ¢« ¢« - ?

- Introduce a cubic cell with periodic boundary condition and divide it
into grids

- As an initial condition, randomly distribute fermions (n, p, e) over the grid

- We solve coupled differential equations, and simultaneously
relax fermions density distributions to attain the uniformity of their
chemical potential
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(i) Fixed proton ratio

Basic structure of "Pasta
Like "atom / molecule which construct “Crystal

Basic structure only appears by the calculation using W-S approximation.

Energy and size of basic structure (R) and cell size (R,)
are calculated in detail.

\ 4 s,

R, ~—/— (dropletrod,slab)
Compare the Energy and cell size of B < p>
basic structure with W-S approximation. (p,)’
(tube bubble)
[t



(1) Fixed proton ratio [Yp(=(A-Z)/A)=0.5]
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(1) Fixed pro
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(i) B-equilibrium (Crust of neutron star)

Full Calculation
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Only Sphere shape appears
— Similar result with Wigner-Seitz cell approximation



(iii) Crystal structure
-Without symmetry
- Periodic boundary condition

Pasta crystal structure =
“droplet” “bubble”

Calculation in small cell:

Honeycomb

(K.Oyamatsu, Nucl.Phys.A561,431(1993))




(iii) Crystal structure (Y,=0.5)
droplet

(13})
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(iii) Crystal structure(Y,=0.5)
rod

pP=0.022 fm-3: simple cubic
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(iii) Crystal structure
slab

tube
“Simple” or
. “Honeycomb” or
- .?

“Honeycomb”

— -3 scalars
0,=0.06 fm 0078370

l0.0é
004
o0

0




(iii) Crystal structure

p=0.085 fm-3 : face-centered cubic

bubble scalars
8 0.078379
| I;O.Oé
| 004
' 'I'O.OQ
/]

0
“Simple” or “fcc” or
“bcc’or ==+ 7? ps=0.09fm3 : body-centered cubic

\ g

“bce” — “fec” ’

(change by baryon density) )




(iii) Crystal structure

Complex Pasta structure

Pp=Q 015 fm=3 : durgbell
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IV. Conclusion

We demonstrate 3D calculation of non-uniform low-density nuclear matter
based on Relativistic mean field theory and Thomas-Fermi approximation.

» For fixed proton ratio calculation, we perform same cell size
calculation of W-S approximation and get almost same
pasta structures and baryon density dependence of binding energy.

» For B-equilibrium calculation, only sphere shape appears.
It is similar result with W-S cell approximation.

» We perform large size cell calculation in which some
basic structure appear.




V. Future

» Expansion of cell size
- What crystal structure is the most stable state?

- EOS for various proton fraction ratio

» Extension to high density and finite temperature nuclear matter

» Comparing with QMD calculation result for supernova compression
process and local minimum states of our calculation.
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Complex Pasta structure
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Total Energy = (bulk) + (Surface) + (Coulomb)
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spherical hole—————= 37 f'

(1)Liquid-drop model (Macroscopic)

energy per nucleon (keV)

- Ravenhall,Pethick&Willson,PRL 50,2066(1983)
-Hashomoto,Seki&Yamada,PTP 71,320 (1984) 1sor
- Lorentz,Ravenhall&Pethick,PRL 70,379 (1993)
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(2)Thomas-Fermi (Semi-classical) Oyamatsu (1993)
Williams&Koonin, NPA 435, 844 (1985)
-Oyamatsu, NPA 561 ,431 (1993) ..
(3)Hartree-Fock (Quantum)
-Magierski&Heenen, PRC 65, 045804 (2002)
-Gogelein & Muther, PRC 76, 024312 (2007)
-Newton & Stone, PRC 79, 055801 (2009) un

- Sumiyoshi&Oyamatsu&Toki ,NPA 595, 323 (1995)
Newton (2009)
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