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« Thermodynamics of finite low-density system

« Heavy-ion collisions
o Star matter calculation
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Introduction T

~200 MeV

The properties of nuclear matter
at different environments (T,p,...)

= Nuclear equation of state (EOS)

Liquid-gas phase coexistence region |10 MeY

(Nuclear liquid-gas phase transition)

Homogeneous phase is unstable
Existence of clusters
Density inhomogeneuity

———————————————————————————————————————————————————————————————————————

' Relevant to

« Multifragmentation in heavy-ion collisions |
« Inner crust of neutron star '

Molecular Dynamics is good
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Good points

» Appearance of clusters
« Interaction between clusters

« Wide range applicability

Thermodynamics of neutron star

Dynamical process of heavy-ion collision

Antisymmetrized Molecular Dynamics (AMD)
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Antisymmetrized Molecular Dynamics (AMD)

A.Ono et al. PTP 87(1992)1185
A.Ono et al. Prog. Part. Nucl. Phys. 53(2004)501
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Thermodynamics of
finite low-density system
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Long time evolution

= microcanonical ensemble {E,V,A}
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Heavy-ion collisions

Multplicity
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Comparison of reaction and equilibrium

40cy 4+ 40cae35AMey  bimp =0

T.F. and A.O. PRC79 (2009) 014608

t=0 fm/c t=50 fm/c t=100 fm/e t=150 fm/c t=200 fm/c
{States at a reaction time t} <€ > Equilibrium ensemble
Half of Ca + Ca system {E,V,A=36}
Reaction  Equilibrium
L
2 E =100 fmic| =100 fmic
10 ——— — — — 1 "lE - E floWw
: t=100fm/c o 140fm/c ¢ 180fm/c ¢ 240imic of g o A "
>10° [, 65MeV, 3.9V, —Jo 5.7MeV, 6.6V, —fe, 5.4MeV, 9.2V, Yo, 5.3MeV, 13V, — o ol Y M S, o
Y (Z) N
7 = B L
; Emm:ﬂ,ﬁ e i J:l._; T, O]
ow =180 im/c =180 fm/c
Eiﬂ
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 T Ptk ad N -
; 4 Z Z Z P 1
L] . =
S g t=100fm/c ¢ 140fm/c ¢ 180fm/c ¢ 240fmic o | el o —
3 . 6.5MeV, 3.9V, —| 5.7MeV, 6.6V, —| 5.4MeV, 9.2V, —| 5.3MeV, 13V, - P Re:c. T
= E™React © » -t
v 2 uﬂ u:P " ﬂhﬂ_‘ IEE,""L:”H-'&D E].
0k - - . .
0 510 15200 5 101520 0 5 10 1520 0 5 10 15 20 0 5 1015 20 25 0 5 10 15 20 2% 0
A A A A Fragment Mazs Fragment Mass



Star matter PO
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Neutron sta

Inne o e :
crust Density inhomogeneities in the inner
I crust and consequences on structural

Nuclei, Free n p,e- properties and cooling dynamics

There are studies including density inhomogeneities
D.G.Ravenhall et al. PRL50 (1983) 2066
M. Hashimoto et al. PTP71 (1984) 320
T. Maruyama et al. PRC72 (2005) 015802
S. S. Avancini et al. PRC78 (2008)015802
J. M. Lattimer and F. D. Swesty NPA535 (1991) 331

H. Shen et al. NPA637 (1998) 435
Talk of S. Typel

W. G. Newton and J. R. Stone PRC79 (2009) 055801

C. Ishizuka et al. NPA723 (2003) 517
Talk of F. Gulminelli

« Molecular dynamics approach
C. J. Horowitz et al. PRC70 (2004) 065806
G. Watanabe et al. PRC68 (2003) 035806

Finite T many different configurations beyond MF
Appearance of many configuration with different partition

of fragments and fermionic aspects are essential
—— New framework with AMD




Framework for star matter

New ingredients

« Inclusion of electron effects

Pelectron: background minus charge

AV(F) = Pproton(f) ~+ Pelectron

« Extension to infinite system
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Numerical test

A =1000 SLy4
+ Proton centroids

« Random spherical distribution (small)
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There are many local minimums

Cooling w/o Coulomb w/o stochastic process

% Neutron centroids
« Random spherical distribution (large)
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(Normal computer with 1 CPU)

Finite T Mixed configuration of excited states

> of many different fragment partitions



Summary

Molecular dynamics approach

Good for the studies of Inhomogeneous nuclear matter
From heavy-ion collisions to neutron star matter within a single framework

Applications

« Thermodynamics of finite low-density system
Description of liquid-gas phase transition
« Simulation of heavy-ion collisions

Reproduction of experimental data
Equilibrium seems achieved during the reaction time

o Star matter calculation
Possibility of consistent framework




