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Nuclear Matter in Nuclear Collisions and Neutron Stars

E symIMev]

0.6p,

@ Inhomogeneous. (fragments, clusters, pasta)

@ Excited. (finite temperature and/or dynamic)

@ Liquid-gas phase transition.

@ Statistical calculations with AMD for finite systems
= Relevance of equilibrium in nuclear collisions (Furuta, Ono)
@ Extension of AMD for cluster correlations (Ono)
@ AMD study of neutron star (Hasnaoui, Ono, Furuta, Gulminelli, Chomaz)

o Implementation of Skyrme force in AMD

@ Isospin effects etc in heavy-ion collisions

QMD simulation of nuclear pasta. G. Watanabe et al.
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Antisymmetrized Molecular Dynamics

AMD wave function

“ <.> Initial State |D(Z)) = dﬁt[ exp{—v(l‘j = %)Z}Xm (])] ‘ @ Eé>
‘U’ Branching
) \ &

e PR Z, = D; +
J\\ AN\ N VDo xf =
‘ o .. v :  Width parameter = (2.5 fm)~2
C1 ®) g, +C3 +
) 0.. e X Spin-isospinstates=p T,p l,n T,n |

Stochastic equation of motion for the wave packet centroids Z:

d

Ezi = {Z;, H}pg + AZ;(t) + (NN collisions)

@ Mean field (Time evolution of single-particle wave functions)

@ Nucleon-nucleon collisions (as the residual interaction)

Energy is conserved. No temperature in the equation.
Quantum effects are included.
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Mean field + Qauntum branching

At each time t,, for each wave packet k, . ..
‘ Mean field propagation ty — fp + © ‘ +

‘ 7: Coherence time

t:to t:t0+"(

|zk><zk|Meanﬁeld ol [Eu@dz  fork=1.....A

Branching

‘ > Initial State
I A L
|l]bk t)) hHF|l))] (t)) or Jk o, Iy onF - 9f

U
at Jp Jr Jr Jp ranching
\\\ \7*?7\
@ 7 — 0 (Strongest branching) . > >
e

L2

L =tg+T

ihd

dt

@ 7=1(p) (Density-dependent)

@ 7=1nncot  (Decoherence at NN collisions)

ooo (Coooo) 0oo00000OoOoDooOooOoon 00 2009/03/25-26 5/22



AMD and FMD with Skyrme force

So far AMD calculations are done with the Gogny force.

vy = ) (Wi + BiPy — HiPy = McPoP)e ™% 4 1,1+ P)p(ri)o(x; — 1))
k=1,2

V=1

A A A A
i=1

Z Gjlolkl - IOBB ~ A
j=1 k=1 I=1
Skyrme can be flexible and faster.
= Applications to heavy systems and stellar matter

(Vy = f V(p®), (), 0p(@), jm)dr  ~ AV (+eA%)

A A
3/2 — —R.::)2 _ .
=& R g R -2 2)

=1 j=1
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System size dependence of the CPU time for an evaluation of {%(V}; k=1,2,.. .A}
k

30 T T T
R=1.0AY tm —

Time / A [msec]
&

& Naive expectation ~ A2V

0
ol I w= [ arv(pw w0, 5p.500)
. . . . . a2y & ,
0 200 400 600 800 1000 p(r) = (%) Z Z‘ e Ry BijB]Tl.1
A =1 =1

@ Meshsize Ar=0.75fm, Z;=Z; =Ny =N,
@ Xeon E5430 Harpertown 2.66 GHz, Using 1 of 8 cores, Almost no lead by-other-processes

ooo (Coooo) 0oo00000OoOoDooOOooOooo 00 2009/03/25-26 7122



ooooobooon

System size dependence of the CPU time for an evaluation of {%(V}; k=1,2,.. .A}
k

30
25

g 20

=

< 15

®

.E 10 & Naive expectation ~ A2V
. W)= [ V(oo 0 2900, 00)
0 . . . . )2 by R;;)? 1

0 200 400 600 800 1000 p(r) = (;") Z Ze‘(r' ij) BijB]fl.
A = =1

@ Meshsize Ar=0.75fm, Z;=Z; =Ny =N,
@ Xeon E5430 Harpertown 2.66 GHz, Using 1 of 8 cores, Almost no lead by-other-processes
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AMD results for multifragmentation (central collisions)

40Ca +4°Ca at 35 MeV/u, b =0 Xe +Sn at 50 MeV/u, 0 < b < 4 fm
HHHE BREGEES
Experiment Charge distribution
I ‘ I e T oo

Hagel et al. | «
PRC50(1994)2017 TNN-coll

@ AMD (Tt — 0)
Can we reproduce different data with the @ AMD (Tancon)

COl

same model of branching?
(Cluster correlations?)
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Rare isotope production by projectile fragmentation

Mocko, Tsang, AO et al., PRC78(2008)024612.
“8Ca + °Be at 140 MeV/nucleon

1o} 1 ! oaa {AMDO O OO000000O0
/ﬁéé\ i ﬁh\ /ﬁa\ 1/ 5 jisfsfsfsfsfsksksfalafalalafulaiutntn
107F T f 5 ¥ o iooooooon
L c Y I o ]
10F ~Fﬁha\ /fﬁb\ m e 0oOonOnO
g jfﬁ%\ it e e 000ODDDODODO
\gllo'a’ T %5 T DD T o
2 L 4 Ne o + Na + Mg o @ J00000000O00000o0
o) + + + + + + + + +
U)10, 4 4 4
G f 4 o+ s+ s
ol o 1 o I° o I °
i o] Si P ° @ AMD calc: 17,000 events
g Wi = 40 CPU - days
m& ﬁéﬁn%% ! . (HPC Center at MSU)
2 a 2a
o ‘Ar‘ w1°k Tl ca .| e Experiment: ~ 107 events

0 5 10 0 5 10 0 5 10 0 5 10
Neutron excess N-Z
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Experimental data of velocity shift

Ricciardi et al., PRL 90 (2003) 212302. Notani et al., PRC 76 (2007) 044605.

28 + Pb and 238U + Ti 40Ar +°Be
at 1 GeV/nucleon about 90A MeV
: T T T 95 T T T
G 03 q “Be(*°Ar.X)
e +
Sl b f 4 ] £
g ++ F .
CEMEEE ] : o
2 oo primary beam g -y B 2
S 2 5 85 —2T RS b N
S o g =} )
z %
c 02| 4 o
o // I 80 h 'y’
R P & -
0 50 100 150 200 250 ‘ /"““’E‘j;‘“/‘?*’ ‘
Mass number % 0 20 0
Fragment mass number, 4;
Dashed line: Morrissey systematics
Ubeam (V) = Vpeam + Av

Aoy o AA

..—o!..."...
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Fragment mean velocity and yield

ooooooooooooooooon oooooooooood

100 —— 1000 ———
no cluster = no cluster s
o F cluster © 1 cluster —
100 f
T 80} ot _
> o a
g ¢ £
= nf dﬂ S 10
" °©
§N dﬂwm... =
B L
60 &0 ceseco ity
" O 1k i
s | - ] Final fragments
40 0.1
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
A A

[II]I:II:I[II]I:IEI[II]I:I[IDDI:I[II]I:II:I[IDDDDDDDDDDDDDDDDDDDDDDJ
ooo
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p+2 Al at 180 MeV Y. Tosaka, A. Ono, H. Horiuchi, PRC60 (1999) 064613.

oboAzZoO 000000 AZ (Teoherence — 0)
.
10' e 10
180 MeV p+ 27Al 180 MeV p+ 27Al
3|
10 AMD - AMD-V 1

-
o
L]
T

Cross section (mb)
s

— After decay
-1 -1 ----- Before decay
10 |+ 4 10 | 4
-2 : -2 i
10 PREEFY B P TS S SR T . 10 PR S | ISR S S N T T 1
] 10 _ 20 30 0 10 20 30
Mass Number Mass Number
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p + 2’ Al at 180 MeV Y. Tosaka, A. Ono, H. Horiuchi, PRC60 (1999) 064613.

a 4
10 10

. 180 MeV p+ 27Al 180 MeV p+ 27A1
10 After decay

-
o
w

QMD with Pauli pot. -
after decay

Cross section (mb)
]

Cross section (mb)
=)
T

0 0
10 | 4 10 4

-1 -1
10 + 10 .

-2 -2
10 PRRY I O S S S R S T I S S Y 10 P i — PR N .

0 10 20 30 0 10 20 30
Mass number Mass number
AMD O QMD O A ~ }Ayece 10000000000000000 |
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@ a (5GeV/u) +Au
Tomoyuki Maruyama et al, PTP 97
(1997) 579.
=>QMDOOOODOO0OOOOOOoOooon
goboboooboobobooobooo

z(fm)

@ p (11.5GeV) + Au
Y. Hirata et al, NPA 707 (2002) 193.
=>000000 JAMMF)ODOGOQOoQO
goooooooboooboooboooo
ooo

Y (fm)

ooooooOooOoooOoOooOoOoOooOoOoOoOooOoOoOooOoOoOoOoOoooooon J

ooo (Coooo) 0oo00000OoOoDooOOooOooo 00 2009/03/25-26 14/22



Excited low-density system

oo

E

8A MeV

10 MeV
0 MeV

(oooo)

Gas

(nucleons + clusters)

E* = 28A MeV
W(E)
Liquid-gas E* =10A MeV
phase transition
E* =4A MeV
W(E) ~ ¢2ViF'
Volume V = £m(9 fm)®
S6Ar
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Equilibrium ensembles and caloric curves

gobooboooboobooboobooboobobboobooboo

@ Ono & Horiuchi @ Sugawa & Horiuchi
@ Ohnishi & Randrup @ Furuta & Ono
@ Schnack & Feldmeier @ Hasnaoui et al.

20

L7 -— ElolallAlolalz(Slz)T

Furuta and Ono,
£ e PRC79 (2009) 014608;
PRC74 (2006) 014612,
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Production of light charged particles

p(62 MeV) + Fe — d p(1200 MeV) + Au — d

w0 w0
e
Pl
. .
e
3 e
{e o
oot oo
8.881 1 B.0a1 L
N m oo N m s Yoo
Euitted partiole energy (Heva Newtean snaray tHevs
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Cluster correlations in heavy-ion collisions

clusters %

97Au + "97Au at 150 MeV/u

80
60
40
20

AutAu

| L | I 1 1 L | I
200 400 600 800 1000 Usual AMD
beam energy (MeV/u)
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Cluster formation

During the time evolution of AMD,

@ Cluster formation \\/.§T’

@ Propagation

@ Breakup }

N1+B1+N2+Bg —>C1+Cg‘ N1 C
;
@ Ny, N, : Colliding nucleons = p1 + q
@ By, B, : Spectator nucleons/clusters P2~
2 —-q Cg

@ Cy, G, N, (2N), (3N), (4N)

do do
5 = Fun Koty Keslp, M (dQ )NN
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Effects of cluster correlations

40Ca +“°Ca, E/A = 35 MeV, filtered violent collisions

w/o cluster correlations with cluster correlations experiment
\ cre
p 6.7 p 4.4
d 15 d 1.8 Effects of clusters
t 0.3 t 0.5
He 0.3 SHe 0.6 oM
a 27 a 5.0 oM, 1T
o YwmrZ L

Coherence time: Tnn-coll
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Results for Sn + Sn system

280 4+ 11280 at E/A = 50 MeV/nucleon, 0 < b < 2 fm
With cluster correlations YZ(70° < 6 < 110°) = 22.6

200
[l 2sn + 25 E/A =50 Mev n 27.3 H2gp 4+ 125, E/A =50 MeV
10
p 104 150 }.0<0<180 - 0<h(<32fm
= 70<0<110 -~ ogny
o 10° d 64 2 exp ¢
3 =g
Z t 3.0 < w0
L 3 )
| He 1.2 N
50
102 } 0<6<180 o 12.2
70<6<110 — -
Exp. &
o 5 10 15 20 UD 5 10 15 20
z z
Xe+Sn, INDRA data
p 8.4
d 4.4
t 3.3
SHe 0.9
a 10.1

multiplicities of detected particles
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