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Wigner OO
9i(e,0) = fi(r.p,1) = 8exp|~2v(r—Ry(1)? ~ 5 (p~P;(1))?
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_1 2 _ 2 _ 32
AxAp =5n, Ax = Ap© =hv
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2h\/_
z; 00000000000000000000000000
(a)y = Z—fk+ fﬁH ——(p)
f' VV
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QMD

Quantum Molecular DynamicsC O OO O0OOOO0OO

O(rqy,12...,14, 1) = @1(r1, D@a(ro, 1) @a(ra, t) Q
Pilr,1) o exp|~v(r -2 ()7 @ @

A
ftep.0=83 exp[-2v(r—R;(1)? (p—P;i(1)?

 2n2y

ooooo“0o0’+ 0oo0ooo ovuu oood

e IODOOOON = 00000 e NOIODODONODOOOON
do 07 d  _ o#x
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Au (200A MeV) 4+ Au

b=1fm b=3fm b=7tm
Au (200A MeV) + A
.. .. .. T ( T T T )I u'l_
102 b=1fm - b=3fm -
1=0
L ¢ | & .
1 n L
’-é 1= 40 fm/c T
Rl Y-
#
- Ry ..
=120 tm/e ’
B BTN " 0 100 2000 100 . 200
P T Y A A
e L P X q
K TR T -
= FRR v b"’x N J. Aichelin, Phys. Rep. 202 (1991) 233.
1 mices, . £ | .

—-75 15—

z(fm)
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Antisymmetrized Molecular Dynamics

i
o > AMD wave function Zi = VWDt oK

v :Width parameter = (2.5 fm)‘2
|©(2)) = det exp{—v(r L ﬁf}){a(])] Xa; :Spin-isospin states=p 1,p |,n1,n|
ij oyl I

Time-dependent variational principle

t (‘I’(Z)I(ih%_H)@(Z)) ) )
fﬁ (D(Z)|D(Z2)) dr=0,  6Z(t1)=0Z(t2)

Equation of motion for the wave packet centroids Z

d
%Zi ={Z;, /}pB or

4 dZj; o
inY Y Cigji—i=

j=11=x,3,2 at 0Z;
Motion of wave packets in the mean field

(c.f. CiU,j‘[ = 51'1'501 in QMD)

_ (@(2)|HI(2))

= + (c.m. correction), H: Effective interaction (e.g. Skyrme force
@@z ) (6.g- Sky )
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An example:
When two wave packets are located with a small distance (at —d and +d),

2
eV g oo (rrd)z] ~ g{[(1 —2vd-ry)e "M (1 +2vd~r2)efvr§]

of
ot |(ste1) =€ 9pte1)) & [05(e2) - 0] | [e=via)
=l |Ps(r1)ps(ro) | +esl |ps(r1)dp(ra)
- ot | 0p(e1)0s(r2)| €2t | 0yl 0 2|
= 2ct [ 5(r1)0pr2)
g,
Antisymmetrization 0 \ c.f. Harmonic oscillator Sfclre” model
) b 12C: (09*0p)® @@,
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Kanada-En’yo et al., Prog. Theor. Exp. Phys. 2012 01A202 (2012)

2 +
*Be(0;) 20
r— . 12C
1‘7 -5
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- O =, e
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&n 10 N 7* . T
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.
0 o— 0F— o— -0
12 + N
Be(03) exp. AMD RGM GCM

o DOOOOOOOOOOAMD OOOOOOOOOOOOOOOOOnO
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k
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AMD OO0 pooo
dz; 07
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|<1>(Z)>_dl_e];t exp{ v(r; ~ZjIVW) }Xaj(l)] zhjzrcm,ﬂ v (7L+1p)6zig
dz
00000000000 ;) 0000 > <0 (u<0)

Binding Energy(V, Z) —8A MeV
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Bij={pilpj) #06;j

|D) = ﬂf[% (r1)pa(ra) - a(ra)

Oooood
A A 5
p=Y Y lopBiloil, PP =tiap1po
i=1j=1
ooood
A
T=X1
i=1
i ) A A |
(h=Tr(ip)= Y. Y (wiltlpBj; ~ A2 terms
i=1j=1
oooog
V=3 b
i<j
- s a@)y_ ] A 1 -1 4
Wy =Tr(op'")= - 3 (@ipjldlore (B, —Bk.Bl.) ~ A™ terms
2. k=1 Py = Pes P
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AMD [ Wigner 10

AMD OOOOOOOOO Wigner OOOOOOOOOOO

A A
_ —(r-R;;)%/2Ax% P;i)%/2A =i
f(r,p)_gl; J;e (r-R;;)*/2Ax% ,—(p— )2reAp? Bl]B],

2 _ 2 _ 12
OO00O0Ax= =1/4v, Apc=h“v, R;j= 2\f

o NOOOOODOOOOOOOOOOOOOOO0OOOf(r,p)<0O0000O00OOOO
° BijB]Tl.1 0 é;; bhooooonooooooon Vb Doooooooon

(Z*+Z )s Pl'j=l.h\/;(Z;‘—Z]‘) O

O00000O(Re, Py) OOOOOCOOOOOCOOOOOOOOO0ODOOOO0ODOOOO
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vij= ), (W + B P — Hi.Py — MyPg Pr)e” i Fi) /4 4 to(1+Pg)p(r;)?8(r; — ;)

A A A A
Y=3 2, 2 > Y Gjlulki-IkB B ~at
i=1j=1k=11=1

e
—

Wigner OOOOOOOOOOOOOOOO

vy = f dry f drp (@Plv(ry —1p)|ap) pa(ri)pp(ra)

d d
f R[ ot | e (@hlilp1 ~P2I6w) fulRopy)fo(R.po)

a, f00000000000000p,pl,at,nl0 OOOp) = e P yr)dr.

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 00O 51/185



Ooooooooooon

vij = to(1+XgPo)S(r) + § t1(1 + x1 Pg)[§ (1)k? + K28 (r)] r=r;-r;
+12(1+ x2 Py )k- 8 (r)k + 23(1 + x3Pg)[p(r;)]* 6(r) k= 21_h(Pi -pj)
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W)= fV(p(r),T(r),Ap(r),j(r))dr ~ A2 x Volume

3
5 —-2v(r-R
ffa rp 27)2 teajeae ( l]) B”BJ’ ’ Rij 7%(Z*+Z )
3 P,
_[E P _(2v)2 ij ~2v(e-R;)?
)*foa(l‘sP)(znh)s -BPFLE e BBl Py iz -2))
2 3 P2, +3n2v
p dp 2v)2 ij ~2v(r-R; j)? -1
Tq(®)= | —5 falr, =5 J' B;:B>
at)= [ T fater) 5o0s =(% LI e B,
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Sugawa-Horiuchi OO OO

Sugawa & Horiuchi, PTP105 (2001) 131

3 2
o~ 2V(r-R; )2 1 v)2 —2vr? 4vrR;i . . p—1,2VR};
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p(r):(%) Z Z V(r-R; ;)2 Bl]Bﬂ, Rp=10fm
i j

Ooooooooooooooodooooooooonod

oo0o (oooo) o o o o o o o o e 2015 00O 53/185



Efficiency of numerical computation

0 CPU time per nucleon for a
R=10A!fm ~=- Skyrme, np=8 computation of
R=12A!Sfm —=—

8 [R=15A2fm -u
_ R=20A"im -=
(&)
@
E 6
<
g ¢
£

2

o . . . .

0 1000 2000 3000 4000
A
CPU time ~ ¢(p) x AT*€. ¢(p) is small for lower densities.
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Oscillation of a 4°Ca nucleus
T T T T
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Gogny SLy4 Slil
polfm™3]  0.166 0.160  0.145
E/A[MeV] -16.32 -1597 -15.86

K [MeV] 208 230 355
m*/m 0.67 0.70 0.76
P J [MeV] 30.8 32.0 28.2
oo | ——
0 5 10 15 20

E" [MeVI

o DO ooObooboooboogon
o OO HOOooooooooomUooonod
e F*=hw OO OODOOOOOOOO
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2C OOO (SLy4)  Furuta et al., PRC82 (2010) 034307.

Frequency fiw as a function of amplitude
for different width parameters v
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VUU Egq. (BUU Eq., BNV Eq., ....)
of _0h of oh of

+1
3r " or op op or col

Collision term

d d
ICO” = f (27:;12)3 fdQ |V|(d_g)v{f(rsp3’ [)f(l‘,p4, t)[1 _f ][1 - l' P2, t)]

_f(l',p, [)f(raPZs t)[1 —f(l',ps,l’)]“ —f(l',p4,l’)]}

Gain term Loss term

AVARRVA
TANENAS
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Kawai & Weidenmliller, PRC 45 (1992) 1856.
Watanabe et al., PRC 59 (1999) 2136.
OooDo00k; —kp, 0000 @ — @

_ 2
api :kll?)o(} Jo[V+VGY + VGVGV+~~|CI>0)(E.+))| 8(Ef ~ E;)

gy

00 _ 2
:# Z |<X5¢ )q)fIV(GV)N_1|(I>0)((i+))| 5(Ef_Ei) @ Never-come-back [10J
i N=1 (-] <I>f:a;,a;ajul(l>i
o NOooOooooooo
o o o o o o o o o o
@ v=ya vir-x;)
0(2)=i|< o vevie “’)(26(5 ~E)  Jalalnialalals
riTe e s 0k; fo

1[0 t 1
~7?|<Xf q>f|V|alaq¢>f)Er+n—

2
———(aha;@olViegy )| 8(E; - Ei)

_ 2
= | [[ drrre 10 w2)" vqrte)Gtez,vr, By ten) e oty - )

ooo ‘ZDD‘Z O0oooy 002 ooooo

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 00O 62/185



Ooooooooooooooooodn

2
o= 5| [[ axsarz x}’(rz) V(e Glrz.x1, Em)vp e ()| 0027~ Ey)
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AMD OO OO OOOE (very old version)

000000000000 Q Q

d
o OOOOO %N(E,Q)DDDDD

ood
Ono, Horiuchi et al., Prog. Theor. Phys. 87 (1992) 1185.

o NOOOOOOOOOOOnoAMD DOOOO Q

Wi = ZL(W | VI ) 26(Ef - E;)

‘—> > Initial State
. / w 00O oOooOon

/\ /\ /¢\\7\ ili ={Z;,7€}pp + (NN collisions)

™ | dt
“8) 2] < @)
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Ooooooooooooooooooooo wooooood

Wigner OO
fiep) = 828—2(1,* —Z?)'(“‘ZJ)B,]B];
tj
2 i
~ SZéﬂww”, u=vr+——p
; 2hyv
. — P . _i . _1
w;, = %:(V Q(Z))ijzj_ﬁRl+2h\/VPl Qij Bt]B]l
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(L) =) (2] xZ;)B;;B}} = ZR x P
ij
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AMD OOOOOOOOOOOOOOO0OOOPTP87 (1992) 1185

P A
_ _ ! _ —2v(r-Ry)?—(p-Py)%/212v
Wi =) (VQ(2)| .Zj=VVRi+—=Pr,  fw(r,p)=8) e k k
0010002000:  (Wy,Wp,Wg,...,Ws) = (W), W5, W3,...,Wy)
Physical Coordinates
{2} —=
Nonlinear Transformation %@ Py = %Ptot + Prel

1
Po=3 -
Two-Nucleon 2= 2Ptot = Prel

Collision @@ I donn/dQ

Back-Transformation |
/ I A
{z;’} Py =5Ptot + Pt
r_ 1 _ A
Pauli Block P5 = 5Ptot ~ Prei

{zi}
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Fragmentation of '2C Projectile

10 t=15fm/c t=45fm/c t=75fmlc t=105fm/c
@ @ AO et al., PTP 87 (1992) 1185.
= ® @ | Takemoto etal., PRC 54 (1996) 266.
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58Ni(p, p') at 120 MeV

AMD O OOO0OoOooono
oooooooooOoon
oooooooooOoon
oooooooodn

ooo (oooo)

E.l. Tanaka, Ono, Horiuchi,

Tomoyuki Maruyama, Engel,
PRC 52 (1995) 316.

at Elab =120 MeV
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Y 100 MeV (x107%)
2 EF
E 10%
U‘Jo.
-3
o]
g 10
kS
o 10 F
©
10°
-6
10 0 20 40 60

Ooo00ooo0ooooooooooooooool

h I I
80 20 140 160 180

0 (degree)

100 1
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Multifragmentation(?) in Xe + Sn Collisions

Xe + Sn central collisions at 50 MeV/u

Xe +Sn E/A = 50 MeV @ AMD with NN collisions

10! O<b<2fm |
SLy4 @ INDRA data, Hudan et al., PRC 67 (2003)
g 10 e, AMD AMD  INDRA
et Soee, Exp.
S . M(p) 40.2 8.4

M(a) 25 10.1

@ Expansion is not sufficient.

0 1‘0 2‘0 3‘0 4‘0 50 X
@ Too many nucleons are emitted.
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AMD O OO0O0O0O0O¢~ OO fm/cO00O00O0

O0000000000000000000 I —— _——

[ ] [ | ]

O0000000000000000 ] —

14—/ —

OO0o0000o — — |

e DODODOOOOOONOOO — |

A-2 =

e DODOOOOOOOO0ONN A-1 —
e JODOOOO= T 0 A

00000 (Z4,A1,E1,J1) — (Z2,A2,E2,J2) + (Z3,A3,E3,]3)

(B, Jo)p3(Es, J3) 72373 J1+J23
r - PelBaJ2)es(Fa.Ja) N 2 B

2mps(E1,J1) J23=1J2=J3| L=1]1—Jz3l
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AMD O OOO0OO0OOO
e Wave-packet splitting: Give fluctuation to each wave packet
- centroid, based on the single-particle motion.

d
with emission without emission EZ = {Z"%}PB + (NN COIIiSiOn)
@ @ + (W.P. Splitting) + (E. Conservation)
AO and Horiuchi, PPNP53 (2004) 501
-~ At each two-nucleon collision, cluster formation is

\\/Dﬁf considered for the final state.
: N{+By + No+By —C1+C»
W;_ s = 3£ I(CCI Vi INBNB)|6(7 - E)

;3— AQ, J. Phys. Conf. Ser. 420 (2013) 012103
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d

d
T —v;(t) ={v;, #}pg

Z;(t)=1Z;,7}pB, rr

@ FMD (Feldmeier et al.)

@ QMD with dymaical width (Toshiki Maruyama et al.)

@ Kiderlen and Danielewicz, Nucl. Phys. A620 (1997) 346.
@ M. Colonna and Ph. Chomaz,Phys. Lett., B436 (1998) 1.
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d

d
T —v;(t) ={v;, #}pg

Z;(t)=1Z;,7}pB, rr

@ FMD (Feldmeier et al.)

@ QMD with dymaical width (Toshiki Maruyama et al.)

@ Kiderlen and Danielewicz, Nucl. Phys. A620 (1997) 346.
@ M. Colonna and Ph. Chomaz,Phys. Lett., B436 (1998) 1.
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Antisymmetrized Molecular

AMD wave function

‘& é'> Initial State |B(2)) = di?t[exp{—v(rj - ﬁ)2}7(tx,(])]

Vv
U Branching
I A< %Aﬂ\ Z: = \/VD,_'_LK, @ E@
f\ /\ i i i

N 2hyv
+Cy ‘ N +C3
-‘.’> ..0>

.> v Width parameter = (2.5 fm)‘2
.
Xa

C1

; Spin-isospin states=p 1,pl,nt,n|

Stochastic equation of motion for the wave packet centroids Z

iZ- ={Z;, #}pg + (NN collisions) + AZ;(z)
dt™"

@ Mean field (Time evolution of single-particle wave functions)
@ Nucleon-nucleon collisions (as the residual interaction)

@ Wave packet splitting (Mean filed + Quantum branching)

ooo (oooo) Ooo00ooo0oooooooooooooooot 2015 0O 771185



Ooooooooood
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[¥) D) = c1 [y 1)|D) + colwo) | D)

00000000000 <E> <E§>

D D D U with emission ‘ ‘ without emission
_

[y | D) [ (0)19(2))
+

. OO0 uy
[y D) ——

000 Us

w1 (D191 (1))

ly2) D)

Y2 () 1®2(1))
000000000000000MO0000000000000000

[ (ENID(2)) # cq w1 (11D (2)) + colya (1)) Do (1))

OJO00oooooooooood gooooooodod
o [
o NIOIOIOOO
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OO0 + OO0OOO00O = AMD + OO

At each time step g, for each wave packet k,. ..
t=1 t=1+7

|Z)(Z kl

|1//k><1//k

flz)(zl wi(z)dz fork=1,...,A
Branching/Decoherence

@@@C‘

iy ()= hly (1)
% oh ofy Oh afk

3t op or or dp

O(2))(@(2) W) (¥ | —— [ 10ien @@ wiaaz
Branching/Decoherence
“» '> "
Coherence time 7 1 oo
@ 7—0 (Stron i /¢< \‘/7*\
=5 gest branching) A N
= ity- o +c2..+c3 .+.
@ 7=1(p) (Density-dependent) ...> ...> .>

@ T=7N\N-oll (Decoherence at NN collisions) :default
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gooodo

OOOOOOTDHF (Viasov) OO
Branching = OO0O0O0O0O00O00O0O00OO
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OOoooooooooogn

47, =1z, #pg  Meanfield

+ AZ;(t) Mean field & Branching
+ w(Z;, 7 Dissipation
+ NN-Collision

O0o00o000do z; booooboooooboooooooooo

1 04
207098 = 3 o
AZiq(t)=0, AZia(I)AZjb(t):Diab(t)(sij(s(t*II)
107
(Zi’ff,):%a: &75’:=75+,Zn‘,,3m9m

9 y OOO00O00O0O00O00O000OOOO0na

@ JOOooOoOo g, DOODOOOO 24, OOOO (z;,) DOOOOOOOOOOOO0OO0O

{Qm}:{<zri>, Qpid. rixpid. Qrigtic), <Zpio'pir>} 0, T=XY,2
1 1 1

4 1
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AMD without Wave Packet Splitting (*°Ca +4°Ca at 35 MeV/

R @ e
160 fm/c | 1120 fm/c, 1180 fm/c, 1240 fm/c,

.

1180 fm/c|

1240 fm/c,

10° 0 ————
“Ca+“Ca  E/A=35MeV AMD -
. b<7fm ar AMD-V —— 1
= 10 AMD  Before Decay ——
£ After Decay — 2F 1
E . G
5 T < sus
F] =
3 g
o < 5r 1
o w
5 oot I
=3
L
P ]
10° £l 8 N N N N N N N
0 10 20 30 40 50 60 0 50 100 150 200 250 300 350 400
Mass Number Time [fm/c]

Ono & Horiuchi, PRC 53 (1996) 2958.
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AMD with Wave Packet Splitting (*°Ca +“°Ca at 35 MeV/u)

[or07 T . . I B
| o0 || <3 15 IREL .
"rofmic | "r60fmic | ‘t 120 fm/c; 1180 fm/c, ‘; 240 fm/c, *1300 fm/c|
[b=517 fm ST 1T R T TdLTTT 1
. b : 4 N ; & o | ¢ % e % ®
“rofmic | 160 fm/c | #1120 fm/c; 1180 fm/c; 1240 fmic, “1300 fm/c|
10° 0 ————
40, 40
Ca+"Ca E/A=35MeV AMD -&-
. b<7fm ar AMD-V —— 1
= 10 AMD-V  Before Decay ——
£ After Decay — 2F 1
E . G
,5 10° H 3+ Breeg g
g =
B 5 4f 1
@ 3
g o < sl -
8} o \\e
5 oot I
o 10 H .
10° 8 N N N N N N N
0 10 20 30 40 50 60 0 50 100 150 200 250 300 350 400
Mass Number Time [fm/c]

Ono & Horiuchi, PRC 53 (1996) 2958.
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Multifragmentation described by AMD with Wave Packet Splitting

40Ca+40Ca at 35 MeV/u, b=0 Xe+Sn at 50 MeV/u, 0 < b< 4 fm

Charge distribution

— AMD/DS
AMD/D
® INDRA data

Experiment

dN/dzZ

(Gogny force)
Soft EOS, p-dep U
AMD with 7 — 0.

AMD/D (z = 0) & AMD/DS (finite 7)
AO, Hudan et al., PRC 66 (2002) 014603.
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Rare isotope production by projectile fragmentation

Mocko, Tsang, AO et al., PRC78(2008)024612.
48Ca +9Be at 140 MeV/nucleon

10 E H +
[ i LA 1 B
[ /ﬁéx i % /Axg\ ﬁ Ubeam (V) = Upgam + AV
o a
102F E a 3 B T o
r T+ C r N + O q é
+ + + + + + + + t [ ]
10 ! : ! [E%\ Jﬁ\ . .~ ¢ . *
2 f%\ i F%\ IR G
S10°F T % 1 T o
5 T Ne , T Na t Mg o
12} L + 4 4
= [ I° n fo io o
© I I % I % 1 o
w0 = ] o] “o]
i 3 Si a4 P
10% F .
10k m
m\ /éﬁﬁm“%m A
a
102 o A 5 19N
7D 1 L Ar L 4 L L L L L L

. . . .
0 5 10 0 5 10 0 5 10 0 5 10
Neutron excess N-Z
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vVuu O

VUU OO000OBUU OOOOBNV OOOOOOOOOOOOO
Oooooo fp,nOOODOOOOO Wigner DOOOOOOOOOOO

oo

d d
teor= [ 3225 [ a1 55 ) {repe, 07t e, 01 - 7. 0][1 - Flrpz, )]

(69, wp. )1~ b, 0][1 - Fepa )]
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Fluctuation

time .. % ¢ e ‘ . [ ]
A

-

<

-

<

-

<

-

<

-

<
o° o°
Vlasov Boltzmann Langevin
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Fluctuation in Mean Field Models

Different trajectories f(r,p, t) for different events. (Boltzmann-Langevin Eq.)

Frin ﬁ'a—ﬁ—a—ﬁ'ﬁ+lcoll(fspy £)+61(r,p, 1)

6I(r,p,1)=0, OI(r,p,t)6I(x',p',t")="--

= Variance of f in each phase-space cell of (2nh)d
[Stochastic Mean Field: Colonna et al., NPA 642 (1998) 449.]

oF=(-PR=F0-1 =1 Px[+0-Px(1-])

| ——

| L £l

or

I
i

=

or...

an occupied cell = a wave packet in AMD (AxAp = %h)

In actual calculations of SMF, only the density variance is considered,

2 2
o5=> o
p f
p-cell
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AMD O SMF OO O — OOOOoOoOo

Colonna, Ono, Rizzo, PRC82 (2010) 054613.
@ SMF = Stochastic Mean Field model

@ AMD = Antisymmetrized Molecular Dynamics

SMF 0 fm/c. 40 fm/c! . 80 fm/c; e JZOfm/c

"
—— 40 fm ——>

AMD 0 fm/c. 40 fm/c!

oo O

—— 40 fm ——

—— 40 fm —— ——40fm ——>
o
o

Central Collisions of 1128n + 1128n at 50 MeV/nucleon
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AMD O SMF OO O — OOOOd

Density
distribution
(p)(r)

Collective
momentum

()0

SMF AMD

—— bgbd, =40
— = - bgbd, 1=60 []
=100
- == bgbd, t=160]

5 10 15 20

r = distance from the center of the system
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AMD O SMF O OO — OOOOoOod

2
Density fluctuation ~ <(p(r, 1) — (o)(r, r)) > (on the z-axis)
@ p(r, 1): Density in each event

@ (p)(r,t): Density averaged over events

Different mechanisms of fragmentation

@ SMF: Spinodal decomposition

0.05— T T —

| @ AMD: Earlier prefragments

0.04-

0.03

S, [fm”]

0.02

U

0.01

Different collective expansions

0 50 Il‘)O (fl‘ﬁ‘ﬂ/ ) Z(‘)O 25‘0 300
t(fm, . .
¢ Slow or rapid expansion

Bubble-like or broader density distribution

ooo (Oooo) Ooo00ooo0ooooooooooooooool 2015 00O 93/185



Ooooooooooon

oooon OOooobooOooOonod

o OIOOOOIOOOOOOoOEmr o IO HONOOOOOOOCO
OO00O000O000o0OOodn OO00000000O000Oo0cnt
OO00OoOoood OoOoodad

o OO OIOOOOOOOnOd o IO OOOOOOOOOOd
OO0y OOOOooono OOoOoOocn

p=ly)ywl OCODOO P = wnlpn)(@nl
n

o OOOOOOOOOOOOOoooobooooooooooooooonon
o OO OOOOOOOOOOOOOOOOOOobooObooOooooooooon

ooo (ooao) 00000000000000000000000001 2015 00O 94 /185



1. 00000oooo
2. 00000
3. OOOood
4. DOOO0OOO0O00OOO0OO
5. 00000000
o IIOO
e AMD OO DO OOOO
o OO OOOO
o OO OOONOO

6. OO Oon

7. 0000O0O000O0O00O0O0O

4

ooo (Oooo) Ooo00ooo0ooooooooooooooool 2015 0O 95/185



OO0 vs. OOOO

OoOooooooooooooooobooooooood J

o OO IO ooboooboooboooooog
o OO OOoouooooooooooooobooooooooOoon

o ‘I IIIOIOOOOOOOOOonn
‘000" 00000000000000000 (Ar~10 fm/c000000000000000000000
0000000000000000moooooo

00000000000000000000000001 2015 00O 96 /185



OO0 vs. OOOO
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OO0OooOodd =100 fm/cO000O0OOOO
Oooooooooooooo
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o OO HOOoooooooooood

@ “Pre-equilibrium” OOOOOOOOO

¥ e DDI0DOI0DOODOIOONOOONOOO
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OOO0OOdOocd oooooooogogo

—0,\2
E/A=e(p) OO0 E/A=eg(p)+ Csym(p)(M)
14 w0} 8000 —
5=0.25 -
w0} 0050 -
8=0.75 -
ooooooood < = 8=1.00 -
g 10 T
PV=NRT (ideal gas) G
(P + U%)(V —-b)=RT, v=V/N (Vander Waals) : coany
olfm?)
5= Pn—Pp
P=f(T,v) or gP,V)=T 0

(dE = _PdV+ Tds)

(OE) (aS)
P=—=| +7[—=
av)r \av)r
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Oooooooooodo
_ 2 o
E/lA=e(p) OO0 E/Azeo(p)+CSym(p)(M) E
P g, 2
OJoooOooOood §
15
PV =NRT (ideal gas) o
10
(P+ %)(v—b):RT, v=V/N (Van der Waals)
1% 0
\—/
- T=0MeV
P= f(T, V) or g(P’ V) =T o 0.05 0.1 0.15 0.2 _g.zs
Density [fm™]
(dE = _PdV+ Tds)
OE 4S pn=pp OOOOOOO
P=—|—| +T|—
(6V)T (OV)T
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OO00000 = 0000

Ooooood
S(E, V) = kglog W(E, V)
O0000000000000000000

W(E,V)=3 8(E-€;(V)),

HW)lpi (V) =€:(V)lgi (V)

OO00O0000000000A O0oO00O00
oooooooooooooooooaoon
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Prassure [MeV/im']

T-0Mev

Density [im?]
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Az Naz! 27h2

i)
AN

’
-

(+ Effect of Coulomb interaction)

Tan et al., PRC68 (2003) 034609.

. %Ne

OOo0oo0 Az oooooooodno

e—FAZ/T:fe—E/TpAZ(E)dE

e T=000O Faz =-B.E.(A,2) DOOOOOO
e IIOODDOOIOIONOODOODOOOOO 2102

e JO0ODDOOIOOODDODOIONODDONONOOO
4213 0 20 40
E* [MeV]

T
00000000 paz(E) 0000000000 E al
210"

S

( ) 62 a(E—Eo)
PrG(E) ¢ ———rr, A)= 3
(E_EO)S/ €0 Tc
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OOO00O0O0ooooooOooooooOoonOond
(2m 3/2 1
gnle), gple)=2x2m (@nh V\/_ fule,T), fple,T)= PR =TT

o 12
,Un,p=€fl,p+(—)(/), eflp 5 (371 Pn, p)2/3 ~ 37 MeV

OO0 r 0000000000 p=pp+pp,0 =(pn—pp)/p0

E(T=0)= 3épA(1+ 362+0(5%)

E(T)=E(T=0)+aT?+0(17),
%Zg(é‘F)( _§52+()( )) = A/(16 MeV)

Level density parameter: a=
0000000 dE = -PdV + TdS OOO0 S(T)=2aT +0(T?) 000000000
F(T)=E(T)- ():%EFA—aT2+CSym(T)A52
Coym(T) = $ép+ $aT?/A =12 MeV + {7 (1)/A
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Ooooobooooooobooooog

o DOOD0DOOOD E(T=0)/A= §eg = ~16 MeV +0 00
ooooooooo

e OOOOOON Ceym =12 MeV = 30 MeV
Uooooooooogog

@ Level density parameter
E*/A=aT?, p(E)~eY2aE"

alA= od

0000~ — 0000
16 MeV 8 MeV 12 MeV
Ooo000000000000
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Faz, (T or E,V, A, Ziot) = 00 f OO0 /T > 000

Central Au+ Au at 35 MeV/u

10
ps=po/3
100 T (As, Zs) = (343,138)
E{/A=6.0 MeV
-3
~10
)
= 10
I 0_1 ......
sy ".- o Ps = p0/6
5 Now (As, Zs) = (315,126)

Ej/A=4.8MeV

10 20 Z30 40 50

D’Agostino et al., Phys. Lett. B 371 (1996)
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Isoscaling L1

oooon AMD OO

o M2gp 1125y @ 40Ca+40Ca
e 124gn 4+ 124gp @ 80Cca+60Cca
Central, E/A=50 MeV b=0, E/A=35MeV
—2.0
[ %0ca +®ca / “°ca + “°ca
; GOgﬂy e183N72312
Q 10° ¥
= & o o
;? § : W -
N =z N 1
r 41,0 52 10t
= [ ]
i [/’u 1 5 o 160N ZDG/QK
3 = Gogny-AS =&
% o E . ogny. e
L ] N z
] 2% .
3 ] i< L}
1.42"0.68" —— g w
5 é fo b8 2 ot /
0? o 2 4 6 8 10 12
Tsang et al., PRL 85 (2000) 716. X
v
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:% 10 p /
2 /{ Ca+ Ca at 35 MeV/nucleon, b=0
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AO et al., PRC68(2003)051601(R),
PRC70(2004)041604(R)
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video/ensemble-A36-V9E10.avi

Ooooooooood

0
00000 dzldt={Z, #pg 00000000 Volkov
OoO00000000000000000000 * Pia = 14
0000 E* = «T2000000000000 g - Ny
< e #°
mij
8 o 0% °® 3T —
h AMD-MF ¢
= 0000 AMD @
1o 2 4 6 8 10
T [MeV]

Ono and Horiuchi, PRC53 (1996)
845; PRC53 (1996) 2341.

Related works by:
Ohnishi & Randrup
@ Schnack & Feldmeier

o ZOOOOOOOOOOOOO|e(z) O
OooooooooooooooooOoon

o OO OOOOOOOoOoOoOoOoond
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@ Sugawa & Horiuchi
@ Furuta & Ono

@ Hasnaoui et al.
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g T Gas
(nucleons + clusters)
E* =28A MeV
84 MeVv Liquid-gas E* =104 MeV
phase transition
E*=4A MeV
W(E) ~ 62\/ aE*
10 MeV
0 MeV Volume V = $7(9 fm)3

36Ar
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40Ca+40Ca, E/A=35MeV, b=0 Furuta and Ono, PRC79 (2009) 014608.
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Reaction Equilibrium
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Theri (MeV)

Pochodzalla et al.,

° ‘97Au+‘97Au 600 AMeV

o ‘2c ®0 +”“‘Ag "7Au, 30-84 AMeV

[ A *Ne+'®'Ta, 8 AMeV

V10 <Eg>/<A>

e

2(<Ep>/<Ay> - 2 MeV)

A

1
0 5 10

15

<Ey>/<Ay> (MeV)
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PRL 75 (1995) 1040.

0o

<60
40
20

Heat Capacity
(o]

—40 |

=60 [

M. D’'Agostino et al.,
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PLB 473 (2000) 219.
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B B2 E=Ei+Ep
> Vi Vo V=Vi+Ws
Ny No N=N{+Np

p(E,V,N) = p(Eq,Vq,Ny) e p(Eg, Vo, No)
S(E,V,N) = S(Ey,Vq,Nqy)+ S(Ep, V2, Np)

s(e,v) = x s(eq,vq)+ (1 —x) s(ea, v2) x = Njy/N,

( 1—x=No/N
e=xeq+(1-x)eo }
(e2,v2)
v=xv{+(1-x)vo

= 000000 s, v) J000000 (e1,v1)

OO00O0O00000000Extensivity 1 OOOOO OO0
> OO0O0000O000O0O000O0000O0000
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Furuta and Ono, :

PRC79 (2009) 014608; ° é . .
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40Ca+40Ca, E/A=35MeV, b=0

o=

EYUASGSMEV, V=39V, o | EYASGIMEV,V=62Vo o |  EYASSIMEV. V=66V, o | EVAS53MeV. V=132V o
= = i=180im/e — t=300mic —

ofmic

100miE — 1a0miE —

10
10°
o s 1 15 o 5 10 15
z z
10
EYA=6.5MeV, V=39V, o [ EYA=6.1MeV, V=62V, o
t=100imic — t=140imie —
3
X
&, asaasloss
2
o
o 15 20

0 5 10 15 20 25 30
MeV

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 124 /185


video/ensemble-A36-V9E4.avi
video/ensemble-A36-V9E10.avi
video/ensemble-A36-V9E28.avi

Ooooooooood

7

OdO0O0O000 A5 00000ooooooaan ; ?ﬂ:
OO0 R, OO OOOOoODoobooobogood )
Riystem _ <R§_>A>5 ~7/1/3, EE .
2
1
0

0 50 100 150 200 250 300 350
t [fm/c]
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React <
Equil +

Oooooo AssS5oooooooooooooono
OO00OR, OOOO0O0O00O0OO0O00O0oo0oOoonod

6
_5

system 1/3 £
RYS®M = J(R2) 45 ~715, =4
2.3

[24
2

Reaction system 7 () > Equilibrium system 0 50 100 150 200 250 300 350
t [fm/c]

Oooooooooooboooooooouooooooooood

Reaction (1)) ~ (Equiliorium (E,7())]  where ' <1
frag.

c.f. A.H. Raduta et al., PRC74 (2006) 034604.

This may be because fragments are formed in a dynamically expanding system and the observables of fragments

recognized at a reaction time ¢ may be reflecting the history of the state of the system before ¢ rather than the volume

at that instant .
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Nuclear EOS (at T =0) Constrains on symmetry energy at ICNT2013
5 Horowitz et al., arXiv:1401.5839.
(E/A)(Pp,Pn) = (E/A)o(p) + Esym(P)6

40 T T
Pn—Pp 0O  Brown -
p=pp+tpn, O6=—— O Zhang g
Pn+pPp ®
50 —~
>
0
40 E
< J
% 30} Q
2 S
)
3 20
> J
10
o . . . 0 . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0
Density p/po .
Density p/p,

Egym(p) for Skyrme interactions
ooboobooooooooog

@ Sp = Esym(po) at the saturation density

@ L= 3p0(dEsym/dp)p=p0
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Y;(N,z): 00 i 0000000000000 (v, 2) 0000

AMD simulations for 69Ca +0Ca, 48Ca +48Ca, 40Ca +40Ca, 46Fe + 46Fe
(b=0, E/A=35 MeV, ¢ =300 fm/c)

AO et al., PRC68(2003)051601(R),

The AMD results satisfy isoscaling: PRC70(2004)041604(R)
%0ca +%ca / “°ca +“°ca
Gogny el 83N-231Z
Q 10? ¥
gé' 10! Doy
2 N
(@) -
) MY /
102 /fg
, | Gogny-AS 160N -206Z
) f’:!\ 10°
Z
3 w0 "
: S .
g / N 10 L
§ Ly m,,lr g \%
{i-dafahihka\‘ﬁu;ﬂ‘;-*' B /(7/:
. N N “ “ 102
N+Z 0 2 4 ﬁ] 8 10 12
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Y;(N,2): 00 i 0000000000000 (N, z) 0000
AMD simulations for 0Ca +60Ca, “8Ca+“8Ca, 40Ca +40Ca, 46Fe + *6Fe
(b=0, E/A =35 MeV, ¢ =300 fm/c)
AO et al., PRC68(2003)051601(R),

The AMD results satisfy isoscaling: PRC70(2004)041604(R)
Fitted well by
Yi(N,Z)=exp|-K(N,Z)+a;N+p;Z
@) SN2 _ (i-apN+pi-p))z K(N,z)=
Yj(N, Z) (N-2z)?
S(Z)N+n(2)+{(2)——
(b) Yi(N,Zz)e %N-PiZ = o=KIN.2) - indep. of i AR A
. / @ Equilibrium
. /v /. /m A = K(N,Z)= _%
AW }ff X / °/«:,\-j-/"a‘iw:i;},.,Jf-,:ui?"/ Csym
Pa-CA-T st = ((Z) ~ T

N+zZ

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 128 /185



What can we learn from {(Z)?

{2

Symmetry Energy [MeV]

Before Decay (t = 300 fm/c)

/\, T

v
B
oBe B88g88gy
@

Gogny ——
Gogny-AS &
ground states —
o 5 10 15
z
0
Gogny —
50 Gogny-AS

o
0 005 01 015 02 025 03 035 04

pm™?]

ooo (oooo)

20

Ooo00ooo0ooooooooooooooool

e ((2)O zOOOOOOO
@ The values of {(Z) for Gogny and Gogny-AS are

explained if

_ Csym(p = %Po)
B T

4 and T =3.4MeV

cf Y(2) O (E*/A) OODOODOOOO:

T=41MeV atr=300fm/c

=300 fm/c OO OOO0OOCDOOOOOCOOOOOOOO
0000 3-4 MeV OOOOOOOOOd
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(0, T) = (pn:pp.T)or (0,6, T)  6=(pn—pp)Pn+pp)

T Fractionation / Distillation = OO OO0

T

CcpP

T = 10MeV

EC

0.1 0.2 03 0.4 0.5

y=Z/(Z+N)

H. Mller and B.D. Serot, PRC52(1995) 2072
Ooooooooooooooooooooooooooooooaon
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Multifragmentation(?) in Xe + Sn Collisions

Xe + Sn central collisions at 50 MeV/nucleon

Xe +Sn E/A = 50 MeV
0<b<2fm

Without cluster correlations (AMD with NN collisions) SLya

maamﬂm: mn .u‘. .

Exp.
@ AMD with NN collisions

Multiplicity
s

@ INDRA data, Hudan et al., PRC 67 (2003)

AMD INDRA

@ Expansion is not sufficient. M(p) 40.2 8.4

@ Too many nucleons are emitted. M(a) 2.5 10.1
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AMD O OOO0OO0OOO
e Wave-packet splitting: Give fluctuation to each wave packet
- centroid, based on the single-particle motion.

d
with emission without emission EZ = {Z"%}PB + (NN COIIiSiOn)
@ @ + (W.P. Splitting) + (E. Conservation)
AO and Horiuchi, PPNP53 (2004) 501
-~ At each two-nucleon collision, cluster formation is

\\/Dﬁf considered for the final state.
: N{+By + No+By —C1+C»
W;_ s = 3£ I(CCI Vi INBNB)|6(7 - E)

;3— AQ, J. Phys. Conf. Ser. 420 (2013) 012103
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Au+ Au at 150 MeV/u

Reisdorf.et al., NPA612(1997)493.

T T T
< 80} B R
E_ 60_— ............. .
a 40
© 20? AutAu

| L | | 1 1 L | |
200 400 600 800 1000
beam energy (MeViu)

@ Clusters (and fragments) are always the important
part of the system.
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Heavy-lon Collisions

Experimental data of cluster abundance
in 36 Ar + 98Ni for the events where the
quasi-projectile is vaporized.

Borderie et al., EPJAG (1999) 197, PLB388 (1996) 224.

Temperature (MeV)
8 10 I'Z 14 16 18 20 22 J;J _7,6

@ % T
SwE 3
Sk 3
S fE xa 3
s E° E
n
o EWd 3
15 E A He E
10 E O “He 3
. e
5 E O ‘Hepss) it 3
= R =
0 L I P S i o o T Y
0 5 10 15 20 25 30

Excitation energy (AMeV )

Supernova

Abundance of light clusters in the
post-bounce supernova core, based on
nuclear statistical equilibrium.

Sumiyoshi and Ropke, PRC77 (2008) 055804.

r [km]
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Clusters at low densities in HIC (from Texas A&M)

Assume that the particles with the same velocity vt
were emitted from the same source.

o @

94
® 2
s

Usurt < femission < {T,p,0} < Yz (clusters) d
5 bl S 35
- - CalcT=4 / e 0 Bmd
20 — coerss o5 semn
Cale T=8 25F © O B ‘He
T N Cale T=10 o
%w— L 'E‘ 15 320* OoOO
f““‘ /,—’ - @ ‘"‘&&X °©
5+ i 5F . o
5 , m,ié‘ 2., s} o
ol 4% ©
L L L [] L 5 =N B L °
0.01 0.02 0.03 10° 102 10" .005 0.01 0.015
p, nuc/im’ p (N nucleon/fm®) p, nuc/fm®
Qin et al., Wada et al., Hagel et al.,
PRL108(2012)172701 PRC85(2012)064618 PRL108(2012)062702
Justification by dynamical models is desirable.
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OoooTr=10Mev OOOOOOOO

() o T =10 MeV

o JOOUOOM: (B)=3Tx4=60MeV
e o« JOOUOOOOON: (B = 3Tx1-28.3MeV =-13.3 MeV
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ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 138/185



OoOoooooon

OOoooooooood
Typel et al, PRC81 (201 0)01 5803
> | —— S 10—
[e(3P+p)+e(3P-p)] () el
N =S
dp/ - 21 T=20Mev || > 4
1= fp+p)-F(3p-p)] [ 2 wphiw) |2
[ p)-f(zP-p) 2n)3 plvIp)V¥(p) AN
= E¥(p) e Ty Ty e Y Ta—Y
- density n [fm”] density n [fin”]
= =30
! - 220
s [T~ — =001 fm’ ;: L: 15-
E;u-ﬂ— \ =0.007 fm”| E :_)n 10'
E 1% o
% S o.|01 ' 0.1)2 = 30 0.|01 ! o.loz
g density n [t'n("] density n [t'm"’]
o P=0: OO OOOOOOd

‘
:
.
JR——— oo

OoOoOooooooooorooOO o T JOOONO
Ropke, NPA867 (2011) 66.
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a O00O0O0OO |e,Z) : OOO0OOO0OO0O0O0OOOO
Uz OO0O000ooooooo z oooo

‘ Eo: o |a,Z)|'?*Sn)
¢ En: L 1DI"*sny (N=pl,plnt,nl)

—Bg =AEy :Ea_(Ep] +Epl +En1 +Enl)

(Energies are defined relative to |124Sn).)

ReZ
10 . . % =(0,y,0),
124 2ny/vimZ
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@ Py =Myv 00000000
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OoooooooooooOodd
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AE, [MeV]
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BUU with Clusters

Danielewicz and Bertsch, NPA 533 (1991) 712.
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0oooOooo((oooo) fp(r:Ps 1), fa(r,p, 1), ft(x,p, 1), fp(r,p,t) OO
OdOoOoOoooooooooooooon
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| E+V.E—W~6—gZIZOII[fnafP!fd!ftsfh]

200 [~

Deuteron Momentum P [MeV/c]

Cooper pair
6 oo wo w0 O,y Of O Oft_jealyp o
=1t n,Jps d’ft1fh]
deuteronization P [MeVic] ) f(;lt a]?; 6?]1;; aa;:l
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ExactQuantumMechanics OOoO000000000000000m
Molecular Dynamics
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ff@(z‘—ulﬁ +V(r) < 0)drdp ~ (2n7)3

_ E,
@ ~BEO rel
—_— OOOO00OR,POOOOO
%
76 = (H) = 3-P? + % (R)
O000000000oooooonond 2
0 K 0000000000 [f 2:P% +%(R) < 0)dRdP < (21h)°

> 0O0O000O0O000O000000d
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Exact Quantum Mechanics L = [ ()
Molecular Dynamics AMD
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Similar to Danielewicz et al.,

N{+By + No+Bs —Cq1+Co

"] N1,N2
] B1,Bzi
@ Cy,Co: N, (2

UNN dO’(NBNB e CC)
=@} lpy 4

Y2 K@hlo,

: Colliding nucleons
Spectator nucleons/clusters

N), (3N), (4N)

(up to a cluster)

D2 |MI25(7 - E) l9rze|dl’7reldQ

o donn =M 3 - B) py dpierd |

OoOooooooooooooooon

E

do
= Fiin 160107 D12 Kbl D12 (

dQ)NN—»NN J

ooo (oooo)

Ooo00ooo0ooooooooooooooool

NPA533 (1991) 712.

W
=

Prel = 3(P1—P2) = Preif2
0)_ (0
a=p1-p\ =pY —py

o7 =exp(+iq-ry,)p'”

9,4 =exp(~ig-ry,)pl)
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Co

ction of Final States

Clusters (in the final states) are assumed to have (0s)"V configuration.

R SN

|09)
After p(o) - p(o) +q

The probability of cluster formation with one of B’s:

P=Y 10N (@),

ij
{P

ooo (Oooo)

B4 B4
B2
ST ® = ®
NO N @ B>
. R 2 N
b By * B Y @
H () o o P Bj
o o o
/ ! !/
|D3) |D5) |D3)
N+B1—>C1 N+Bz—>02 N+B3—>C

Final states are not orthogonal: Nj; = (cI>;.|<1>’j) #0ij

P = (99| P|09)

# 3 (@092
i

= Choose one of the candidates and make a cluster.

1—P = Don’'t make a cluster (with any nt).
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An algorithm to decide cluster formation

decide to do a collision based on (da/dQ)nN

C=N

do for speciesin p1, p |, n1, n| (in a random order)
P = probability that C forms a cluster with a nucleon of species

@ taking care of the non-orthogonality
@ taking care of the p¢-dependence of the phase space factors and the overlap probabilities

if rand() < P then
choose a nucleon B of species

C = C + B ! put the wave packets at the same phase space point

endif
enddo
Bi(n1) B4 B4
Bo(n 1) Bo :
® L B @ ® - ® e
N. N@B>
¥ .".- .".- N
NPI®-.. By < B, v By Y o
: 0 : O : @ : By
o o o ([ )
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Without cluster correlations (AMD with NN collisions)

With cluster correlations

ool @ 0 B %

ooooooooooooaon...

Xe +Sn E/A = 50 MeV Non-

200 0<b<2fm
o NOOOnnonbononn ( SLya clustered

e IO0OOOOOOOON £ 2N)
o DODOOOOOON £ .

000000000000 o
(4N)

100 150 200
Time [fm/c]
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Without Clusters
102
Xe +Sn E/A = 50 MeV
10 O<b<2fm
SLy4
£ 10 F [, AMD
= “oon, Exp. e
g 107
102
10° 0 10 20 30 40 50
z
w/oC withC INDRA
M(p) 40.2 10.9 8.4
M(a) 2.5 23.2 10.1
Zgas!Zot  55%  78%  (40-50%)

ooo (oooo)

Multiplicity

oooooooo | ° .éD
(@
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With Clusters

E/A = 50 MeV
O<b<2fm
SLy4

Xe +8Sn

AMD
Exp. o
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@.@ @® P [ i [ o [ i [ e o [
@@' @ e.g. 'Li=a+t—2.5MeV

OO0O00000000:  |a+ty — |”Liy with probability [(7Lila + £)|2 (0) J

At every time step, Clusters C1 and C, are bound: P, — 0,

@ if C; is the cluster closest to C;, (i,j)=(1,2) or (2,1), Ca
@ and if they are moderately separated, |Ryg|l < Rmax,
@ and if they are moving slowly away from each other, Ryels Prel
[Preil < Pmax and Py - Ry > 0. (o
P%ax/z,u =8 MeV, Rmax =51fm (adjustable) .Cg

Energy is conserved by scaling the relative momentum between the
C1-C» pair and a third cluster Cs.
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Multiplicity

Usual NN collisions With Clusters With C & C-C
Xe +Sn E/A =50 MeV Xe +Sn E/A =50 MeV Xe +Sn E/A =50 MeV
1o 0<b<2fm ¥ 0<b<2fm 1o 0<b<2fm
SLy4 SlLy4 SLy4
10° AMD — T:T AMD — ‘E 10° AMD —
., Exp. o E. Exp. - g. Exp. -«
10! - § % 107
0 , 50 , 30 40 50 0 10 20 , 30 40 50
w/oC withC C&C-C INDRA
M(p) 402 109 10.8 8.4
M(a) 25 232 10.7 10.1
Zgas!Zot  55%  78% 43%  (40-50%)
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Effect of Cluster and C-C Correlations

Xe + Sn central collisions at 50 MeV/nucleon

Xe +Sn E/A =50 MeV
10! O<b<2fm
Without cluster correlations (AMD with NN collisions) SLya
g 10 [, AMD
s e, Exp.
102
z
Xe +Sn E/A =50 MeV
o' 0<b<2fm
With cluster and cluster-cluster correlations ’ SLys
;:? 10° AMD
@ ° s Exp. *
®e @ % o3 i
\ 102
z
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AMD results: Au + Au Central Collisions at 150 and 250 MeV/nucleon

E/A=150 MeV E/A =250 MeV
10° . . . . . . 10° - . . .
Au + Au E/A = 150 MeV Au + Au E/A = 250 MeV
10? b<ifm ] 10? b<1fm
SLy4 Sly4
- 10" N 10!
o ]
S 10° s
3 2
107" 107"
102 102
Exp. e !
102 . : 102
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Z Z
with C & C-C  FOPI with C & C-C  FOPI
M(p) 32.8 26.1 M(p) 42.0 31.9
M(a) 20.1 21.0 M(a) 19.4 18.2
Zgas/ Ziot 71% 73% Zgas/ Ziot 80% 83%

FOPI data: Reisdorf et al., NPA 612 (1997) 4983.
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NN collisions with cluster formation
\::>’;;§;f__ o o o Y o
H N1+B1 +N2+Bg —>C1+Cg
H /\
>.: AO, J. Phys. Conf. Ser. 420 (2013) 012103
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e [ MeV/nucleon1 O
e [ MeV/nucleon1
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O0OooO EOS (OOOoo)

(E/A)(pp, pn) = (ElA)o(p) + S(p)5°+ -
Pn—Pp
PntpPp

p=pp+pn, 0=

@ So=35(po)
] Lzspo(dS/dp)p:po

50

S(p) (MeV)

I
S

o

0

0.0 0.5 1.0
Density p/pg

15

2.0

S(p) for Skyrme interactions
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Horowitz et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 093001.

40 0O Brown j ,4‘
O Zhang :
T IAS
30 - IAS+R,,
EZ3 HIC(Sn+Sn) 7
=
O
=
~ 20
—~
Q
-
n
10
0 L L
0.0 0.5 1.0
Density p/p,
y A y ) L L
N ) L4 [ 4
~dp p>po
700

e 0OOOO S(p ~2p00000
e DOOODOOOOOOOO
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Linking Nuclear Matter and HIC

utrol
Star .” ' A ¢ ‘
2 Mofter ' 0‘\

Nuclear Matter

T )[Co"ision Dynamics} ......... Obs.

Transport Models

0
& (l‘,p,t)—---

O0OO0OECS < DOOOODOoOoooono < odo
oooooooooood
oooooooooooodd
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08
0o000ooo0o0oO0oooo 06
[OMSU data for 112.124gn 4 1121245 - 04
2
at 50 MeV/nucleon § 02 ,
§ 0 [Fa— 11 ':: B35
2 -02 e s g
5 .
Isospin Transport Ratio R; F 04| exp :\\-
x —— AMD T
@ R; =1 : no diffusion 08 5 mawo
0.8 |—=— BUU
—a—  IBUUD4

@ R; =0 : complete mixing -1
0 20 40 60 80 100 120 140

L(MeV)

Figure by T. Akaishi
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Coupland Lynch Tsang Dan|eIeW|cz Zhang, PRC 84 (2011) 054603.
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. 40j\ T 1
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Isospin Diffusion

(b) MD, forward

[cluster]

[no cluster]

E
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014 [ 5;2:283 —
q’:; 0.1 .w Q ¢ »
% 0.08 . . D‘\ |
\:éy 0.06
= oa Sn + Sn central collisions at E/A =50 MeV
o o 124gn 124gp
© o 50 100 150 200 250 300 °
t [fm] e 112gn 4 112gp g "
08 1244124 ([=46) — HE
124+124 (L=108) - Skyrme force 2.
1124112 (L=46) — 5
025 | 1124112 (L=108) - T @ SLv4 (L =46 MeV e /.
N B /A =
Z o L=108 MeV P s o
N
|
Z
I
@E
o OO nooooooono
o IO OOOoonoodo

0.05 N N N N N
0 50 100 150 200 250 300

t [fm/c]
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At a late stage of reaction 0 " 124+124 (I=46) —
G e 1244124 (L=108)
PY 112+112 (L=46) —
e LB 1124112 (L=108)
@0 |
z 0
[ ] = H
® ® N
® ‘Z’ 0.15
) [}
g
w
Fractionation/Distillation/1 ] ol
8(liquid) < 5(gas) 008 :
0 50 100 150 200 250 300
@ Gas = Y (A <4 particles) tfmic]
@ Liquid = Y} (A > 4 fragments) o OOOOOO0
@ Total = Gas + Liquid ) e OOOOOO0
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(0, T) = (pn:pp.T)or (0,6, T)  6=(pn—pp)Pn+pp)

T Fractionation / Distillation = OO OO0

T

CcpP

T = 10MeV

EC

0.1 0.2 03 0.4 0.5

y=Z/(Z+N)

H. Mller and B.D. Serot, PRC52(1995) 2072
Ooooooooooooooooooooooooooooooaon
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Fragment Isotope Distributions

MSU Data: T.X. Liu et al., PRC 014603 (2004).

100 F 1249, 1245, E/A = 50 MeV 10°F ti2gn , M2g, /A =50 MeV

SLy4 (L-46) —=- SLy4 (L=46) -5

, 1=108 o ; =108 -o

— 10 Exp. e — 10 Exp. e
5, 5,
g g
3 3

P4 p4 Z=6
© ©

o
B 6 (; 5 6
N-Z N-Z
(N—-Z)=0.75and 0.99 (N—-Z)=0.36 and 0.53

@ The average asymmetry and the width are sensitive to the symmetry energy.
@ Compared to data, Z = N fragments are overproduced.
More precise description of the decay of excited fragments may be necessary.
AC* -~ Be+a

40* - A4 4C+a (produce neutron-rich C)
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n/p O tFHe OO OOOO

%10’2 1k
= Y c °
§10’3 £ ’ -
E B
S ot L MSU data of
g1Cl teagy 4 124g
o o Rgp4l®gn .

3 5/am50 oV @ spectrum of tritons (3H)

1075 | i

1
0 1lo 20 30 10 (] spectrum of SHe
Ecm/A (MeV)

—~ % T in central collisions at 50 MeV/nucleon

L ¢ “Sn+ “'Sm]
jan} o li2gy | l12g .
o . e e Filled: 1245n + 1245
— o >
= ° -
= o Dt s s, @ Open: '125n+112gn

T T T

25t/ He ] E

20E® % e o e s
E1 5 E/P © o E

T i SHOS%He DOODODOOOOODOOOOOOO
1'00 10 20 30
Eq . /A(MeV)

o OOOHOOOOOOOooOoooOooOon

Liu et al., PRC86(2012)024605.

) o IO OOOooOn
More recent data in M. Youngs presentation at

NuSYM13.
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12450 4+ 12450 and 112Sn + 1128 central collisions at 50 MeV/u (60° < O¢m < 120°)

L=108 MeV

Dependence on
@ torS3He

@ Symmetry energy L

62G/d(E y/A)IQ [mb/(MeV s1)]
62GId(E y/A)dQ [mb/(MeV sr)]

10 =
0 L BS oSN @ (N/Z)system
S112gn + 11237 He. 11280 + 11230
t 1125n 3
10 [He, 11280 4 11280 10% |He, 1128n + 1"28n
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 0 8 40 5 [® T Ty
Ecn/A [MeV] Eon/A [MeV] gl . S eSS
>
q NS .
Y (£)/Y (3He) ratio for 124Sn + 124gn Clt e,

0 M

L=46 L=108 25t/ He ] e
. L] L4 L]

20F ’ . . P
E/A<10 MeV 4.76 3.57 LLo2r ° o T §

E/A>20 MeV 2.25 1.65 10 1‘0 2Jo a‘o

Ecm./A(MeV)
0 L ] oL i)
) 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40
E/A [MeV] E/A [MeV]
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12450 4+ 12450 and 112Sn + 1128 central collisions at 50 MeV/u (60° < O¢m < 120°)

L=108 MeV

Dependence on
@ tor3He

@ Symmetry energy L

124g 124
t, n+.5.Sn o
3., 124, 124 ( )system
He, ,$,Sn+ .5.Sn
112 112
t n+_.°Sn

105 |°He, 12sn + 128n

62G/d(E y/A)IQ [mb/(MeV s1)]
62GId(E y/A)dQ [mb/(MeV sr)]

—~ T,
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 2 + gy g
Eqn/A [MeV] Egn/A [MeV] £l . Svagn ey
° VaHe, 1047134 ® ° V3He, 124+184 & 0,
B ¥3He, 1124112 o B Y3He, 1124112 s JEE
- o6 2 s s
e ° 0 \ \ t
L E
Sl e s 25 l. He . s
=} 2 20 M e ° o 4
g . 1l24gp124gp T oale . n/p t
o o ° a o o k|
. 1.5F o -
3 3Te
° S . © . 10 i i i
. e ° o .
2 ° LI 2 C e, . o 10 20 30
e Eq . /A(MeV)
1 112 112 1 ° . e
Sn+''“Sn
o 5 10 15 20 25 a0 35 40 ®o 5 10 15 20 25 80 85 40
E/A [MeV] E/A [MeV]
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124gn 1 12431 central collisions at 50 MeV/u 60° <fcm <120°, 0 < Ecm/A <5 MeV

Light particles emitted to 60° < 6cm < 120° #n #p n/p
. gas 8.62 4.16 2.07
a 2.63 2.63
= gas—a 599 153 3.92
2
< 000 « OOO10%000000000
55 OO000000#n O#p OO ooooog
S
3 #n #p n/p
gas 8.62 4.16 2.07
0 5 10 15 20 25 30 35 40 a 289 289
Eom/A [MeV] gas—a 573 127 4.51
0oonoooon t*He OO n/p OOOOOO0OOO0O00O0a
(Ooo)
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T e

Au+ Au at 150 MeV/u

Reisdorf.et al., NPA612(1997)493.

T T T T T T T
u\n 80 :— [ B - L
g o T .
Q@ 40+
° 2 - AutAu

1 | 1 | | | 1 | I

200 400 600 800 1000
beam energy (MeV/u) Au+ Au at 250 MeV/u
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300 MeV/nucleon IO OO OO OO OO OO HO

1325 + 12480, £/A =300 MeV, b~0

O00p ~2p0 OOOOOOOOOOOO 0.25 - - - : : : .
— (@ —— n, SLy4m (L=46)
® e 020r —— p, SLy4m (L=46)
. £ -- n, SLy4'm (L=108)
s = 013F - p, SLy4'm (L=108) |
= =
5 ° & 0.0 E
5 A
G 30 o
£ 0.05 -
2 Q
E 20
5 0.00 T T T T T T T
D0l /T sLya (L=46 MeV) — (b)
L=108 MeV - 18+ 4
o o’ 005 01 015 02 025 03 035 04 K] 1.6 -
p [im] g
Q 14F N mmeemmmmmmmmmmmmTmTR ~
0000000 = 000 = 000 SR
: —— n/p, SLy4m (L=46)
o IO o 1 1 ":' n/lp, S|-1y4ml(L=1108)
o OO OOOO0O ) 10 20 30 40 50 60 70 80

t [fm/c]

“central”: DO O OOOOOOOOOO 25 %0000
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300 MeV/nucleon OO OO OO

10 0.8
£=20 fmic ' ' 1325412490, /A4 =300 MeV, b~0
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ol A A 0 10 20 30 40 50 60 70 80
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o OOOODOOOONO vpgg(r)
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300 MeV/nucleon OO OO OO

0.8
' 18251 11249, E/A =300 MeV, b~0
06
025 T T T T T T T
S 0.4 — @ —— n, SLy4m (L=46)
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— Viaga, SLy4m (L=46) :
- Vradialy SLY4'm (L=108) s 16 i
_100 _If> 1|o 1|5 20 08 8
r[fm] e N 7
S
L2r —— n/p, SLy4m (L=46)
o OO OOOOOoOOooOdrOboOn ---- nlp, SLy4'm (L=108)
1.0 L L 1 1 I I I
2l A A 0 10 20 30 40 50 60 70 80
anrs | jon(r)—Zpp(r) t[fmic]

o OOOODOOOONO vpgg(r)

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 171/185



300 MeV/nucleon OO OO OO

10 0.8
£=30 fmic ' ' 1325412490, /A4 =300 MeV, b~0
Jos
025 T T T T T T T
st Joa4 — @ —— n, SLy4m (L=46)
£ e 02T —— p, SLy4m (L=46)
= do2 = -- n, SLy4'm (L=108)
2 5 e T E\QH— b SLyam (L=108) 1
oo y 5 0% E
! 3 i g 010 |
. \ / £ 8
& N 102 g 005 _
Iy &
§ -5r H{-04
M —— PP, diff., SLydm (L=46) 0.00 ) y T T T T T f
=== papp dif, SLyam (L=108)| _ ¢ 181 |
—— Viadan SLy4m (L=46) :
- == Viadal, SLy4'm (L=108) s 16 i
_100 _If> 1|o 1|5 20 08 8
r[fm] e N 7
< ~e-t
L2r —— n/p, SLy4m (L=46)
o OO OOOOOoOOooOdrOboOn ---- nlp, SLy4'm (L=108)
1.0 ! ! ! ! ! ! !
2l A A 0 10 20 30 40 50 60 70 80
anrs | jon(r)—Zpp(r) t[fmic]

o OOOODOOOONO vpgg(r)

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 171/185



300 MeV/nucleon OO OO OO

13251 4+ 12490, E/A =300 MeV, b ~0
025 T T T T T T T
En — @) —— n, SLy4m (L=46)
£ e 02T —— p, SLy4m (L=46)
= = -- n, SLy4'm (L=108)
oy S 3 015 - p, SLy4'm (L=108) |
<IN — =
! E é 0.10 |
c £ 3
<& et 17027 2 oos _
8 Q
§ 5 H{-04
M —— pa—py diff., SLy4m (L=46) 0.00 ) l T T T f f f
=== pr-py diff, SLyam (L=108)| g o 18} |
— Viaga, SLy4m (L=46) :
- == Viadal, SLy4'm (L=108) s 16 i
_100 _If> 1|o 1|5 20 08 8
r[fm] e N 7
S
L2r —— n/p, SLy4m (L=46)
o OO OOOOOoOOooOdrOboOn ---- nlp, SLy4'm (L=108)
1.0 | | | | | | |
ol A A 0 10 20 30 40 50 60 70 80
anrs | jon(r)—Zpp(r) t[fmic]

o OOOODOOOONO vpgg(r)

ooo (oooo) Ooo00ooo0ooooooooooooooool 2015 0O 171/185
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N/Z Spectrum Ratio — an observable
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50 MeV/nucleon OO AMD O SMF OO O — OOOOOOO

Colonna, Ono, Rizzo, PRC82 (2010) 054613.
@ SMF = Stochastic Mean Field model

@ AMD = Antisymmetrized Molecular Dynamics

SMF 0 fm/c. 40 fm/c! . 80 fm/c; e JZOfm/c

N
—— 40 fm ——>

AMD 0 fm/c. 40 fm/c!

oo O

—— 40 fm ——

—— 40 fm —— ——40fm ——>

Central Collisions of 1128n + 1128n at 50 MeV/nucleon
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50 MeV/nucleon OO0 AMD O SMF O OO0 — OO

SMF AMD
Density E
distribution E ]
()(r) ] ]
15
Collective
momentum =2
r
(i 2))
5 1b is 20
1 [fm]

r = distance from the center of the system
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300 MeV/nucleon IO OO OO OOOOO — OO
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Giordano, Colonna, Di Toro et al., PRC 81 (2010) 044611.

O00000000d (pr > pp) Emission of particles at mid-rapidity |y| < 0.3 from
‘ central Au + Au collisions at 400 MeV/u.
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1325 + 1243 collisions at 300 MeV/nucleon, b < 2 fm
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time (fm/c) Bao-An Li, PRL88 (2002) 192701.
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Au + Au central collision at 1 GeV/u

Ferini et al., PRL 97 (2006) 202301.
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EOS = {pn(0).0p(2),pa(?), px(2)} = pions
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Transport equation for the phase space densities

Coupled equations for fy(r,p, t), fa(r,p,t), fr(r,p, 1)

Ofn , Ohn Ofn _ ORNLIN.farJul OIN _ ;1o o 41

0r dp oOr or op
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e =] A,
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Perturbative treatment of pion production

Ooooooooooad
Consider the cases in which the A and pion productions are rare, and assume
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AMD + JAM IO OO OO0 M

Assumption: Pion emission does not influence the time evolution of nucleons, which
allows the separation of

@ Dynamics of nucleons, and isospin effects in it.

@ Pion production mechanism, and possible isospin effects in it.

Method: JAM coupled with AMD

AMD JAM

(r1,p1)s (r2,p2)s--, (T4, PA)

(DAMD(t) (1'1sP1)s(r2:P2),-~-’(rAaPA) R 7, A

(r1,p1), (r2,p2)s--, (T4, PA)

JAM: A Microscopic Transport Code for high energy nuclear collisions
Y. Nara, N. Otuka, A. Ohnishi, K. Niita, S. Chiba, PRC 61 (2000) 024901.
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Bulk Properties and Correlations

o0l @ | @ [ Rl

An event of central collision of Xe + Sn at 50 MeV/nucleon (AMD calculation)
Bulk properties and dynamics Correlations
==
e.g. EOS E(p) e.g. clusters and fragments

interplay

U U

Isospin dynamics, Symmetry energy
Pn—pPp, Nip, t/3He,... \
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