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Symmetry energy from many approaches

Nuclear EOS (at T =0)

(E/A)(pp, pn) = (ElA)o(p) + S(p)5°+ -

Pn—Pp
Pntpp

p=pp+pn, 0=

@ Sp =S(pg) at the saturation density

@ L= 3p0(dS/dp)p:po

50

S(p) (MeV)

I
S

o

0 . . \
0.0 0.5 1.0 1.5 2.0
Density p/pg

S(p) for Skyrme interactions
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Constrains on S(p)
Horowitz et al., J. Phys. G: Nucl. Part. Phys. 41 (2014)
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Symmetry energy from many approaches

Nuclear EOS (at T =0)

(E/A)(pp, pn) = (ElA)o(p) + S(p)5°+ -

Pn—Pp
Pntpp

p=pp+pn, 0=

@ Sp =S(pg) at the saturation density
e L= 3p0(dS/dp)p:po

50

S(p) (MeV)

o

0 s L L
0.0 0.5 1.0 15 2.0

Density p/pg
S(p) for Skyrme interactions
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Constrains on S(p)

Horowitz et al., J. Phys. G: Nucl. Part. Phys. 41 (2014)

093001.
40 T T
O Brown .
O Zhang
T3 1AS

g0 [ 1AS+R,,
=23 HIC(Sn+Sn)

>
°
=
~ 20
=
n
10
0 L L
0.0 0.5 1.0
Density p/p,
y) y) (Q [N
< < ?
~ ip P> po
700
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Large fraction of clusters at higher energies

e 197 Au + 197 Au at 150 MeV/u
£y %“ Reisdorf.et al., NPA612(1997)493.

Exp.
[ T T T
< 80_* L R
E_ 60 - T .
a 40
° 20 B AutAu
L | 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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Linking Nuclear Matter and HIC

utrol
Star .” o 4 ¢’ |
2\ Motter ’ - L2

Nuclear Matter

Transport Models

)
T (r,p,t)=--

EOS < DOOOOnDOoooonono < odo
oooooooooood
oooooooooooodd

o000 (Oooo) Ooo00ooo0ooooooooooooooool
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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 )

o000 (Oooo)

00000000000000000000000001
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Effective Interaction

Skyrme force, in recent calculations.

vij = to(1+x0Po)S(r) + 5 t1(1 + x1 Pg)[8(1)k? + K2 (r)] r=r;-r;
+p(1+ xpPg )k-6(r)k+ 13(1 + x3Pg)[p(r;)]*5(r) k= 21_h(Pi -pj)
Vy= f?(p(r),T(r),Ap(r),j(r))dr ~ A2 x Volume

Oobooooooooooooooooooooods O », ooooodd
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AMD with Two-Nucleon Collisions (very old version)

Stochastic two-nucleon collisions Q Q

N (E,0)

. do
@ Cross section N

automatic in AMD)
Ono, Horiuchi et al., Prog. Theor. Phys. 87 (1992) 1185.

@ Pauli blocking for the final state. (Almost :

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

[ B <‘> Initial State
. / W Stochastic equation of motion

/J\\ /\L A %z,- = {Z;,76}pg + (NN collisions)

° .> . }.;;ﬁ __

C1

. N
c +03
o 0

()
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NN collisions with cluster formation

-~ At each two-nucleon collision, cluster formation is
\\/.§T, considered for the final state.
N1 +B1 + N2+Bz —>C1 +Cz
vpdo = 2 (CCIVyNINBNB)PS(H - E) pB dpre1dQ

= /\
>— AO, J. Phys. Conf. Ser. 420 (2013) 012103

o OO HOoOooooooooobd « Oooooboooooooonod
ooooooooooboooooooog

o ODOOOOOO |(NN|VNN|NN)|2 Ooooooooooooobooooooogno
O<oyyd

o OOIHIMOOOOO + OOobooooodo + tooooooooooonOao
ooooooood
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Effect of Clusters on the Density Evolution

Without cluster correlations (AMD with NN collisions)

With cluster correlations

ool @ @ B %

\/ Xe +Sn E/A =50 MeV Non-
H 200 O<b<2fm
3 5 SLy4 clustered
-E 150 S
I z (2N)
H 5
% 100
’/’\>D:4>§ : o
H /=\ 50
;E (4N)
J— 0 0 50 100 150 200 250 300
Time [fm/c]
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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
§ 1 § 1
10° 10°
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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s and Protons at 300 MeV/nucleon

1329 4124390, F/A =300 MeV, b~0

For the symmetry energy at high densities 025 —
5 (@) —— n, SLy4m (L=46)
P~ epo- ¢ 020 —— p, SLy4m (L=46) -
£ ---'n, SLy4'm (L=108)
60 = o1 --- p, SLy4'm (L=108)
Q
s § 0.10 E
=) =
8 & 005 i
&
%‘ 0.00 b T T T T T T T
£ 18 L ® B
3
s Ll6[ —
0 0.. 005 01 015 02 025 03 035 0.4 § 1.4+ N e iemmemmmmmmmm T ~
p (im] § oL
12r —— n/p, SLy4m (L=46)
OooooodnD =000 = 00d === nip, SLy&'m (L=108)
1.0 1 1 1 1 1 1 1
o OO OOOOoOoOoO 0 10 20 30t[f40/]50 60 70 80
miC

o OO OOOOooOnon

“central”: within a radius from the center of mass of the

system that contains 25 % of the total nucleons.
oooo (0ooo) ooooooooboooooooooooooooot 2015/03/14 O OJ 11/17



Dynamics in Compression and Expansion

10 . . . 08 13250 112490, £/A =300 MeV, b~0
t=20 fmic
" - 0.6 0.25 T T T T T T T
N @ —— n, SLy4m (L=46)
— -04 L 0.20 —— p, SLydm (L=46) -
'e £ --- n, SLy4'm (L=108)
= o2 =~ 015 p, SLy4'm (L=108)
a ey Q
Q. T g
<N 00 3 g 0.10 -
c > 3
& 4027 g 005 E
o
5 - _04 000 T T T T T T ;
V! —— pupp diff., SLy4m (L=46) 18 | (©) i
v === papy diff, Slyam (L=108)| _ o ’
—— Viadia, SLy4m (L=46) ’ = 16 E
- =~ Viaga, SLy4'm (L=108) £
-10 | 1 | -0.8 ]
0 5 10 15 20 Q0 M N pmmeemmm=mmmmmSTTTTTS ]
r [fm] =
12 —— nip, SLy4m (L=46)
) " --- nip, SLy4'm (L=108
@ Difference of angle-averaged densities ol MR m (L=108)

0 10 20 30 40 50 60 70 80

t [fm/
4nr? | on(r) =S 0p(r) e

@ Average radial velocity vya4(r)
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Dynamics in Compression and Expansion

. 08 132590 1 12450, E/A =300 MeV, b ~0
-10.6 0.25 T T T T T T T
(@ —— n, SLy4m (L=46)
— 404 ¢ 020 — p, SLydm (L=46) -
e £ ----n, SLy4'm (L=108)
= o2 =~ 015 p, SLy4'm (L=108)
iy T g
<K 00 3 8 0.10 B
< > <
@2 102~ S B
R
5 - -04 0.00 T T T T T T ;
—— pupy diff., SLyam (L=46) 18 | (©) i
=== PPy diff, SLydm (L=108)| _ ’
—— Viadia, SLy4m (L=46) ’ = 16 B
=== Vragial, SLy4'm (L=108) 2
-10 I 1 L -0.8 3
0 5 10 15 20 [ B pmmeemmmmmmTmToTTTIEIR b
r[fm] =
12
—— n/p, SLydm (L=46)
. . --- nlp, SLy4'm (L=108
@ Difference of angle-averaged densities N [P Sy (L7109

0 10 20 30 40 50 60 70 80

t [fm/
4nr? | on(r) =S 0p(r) e

@ Average radial velocity vya4(r)
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Dynamics in Compression and Expansion

10 . . . 08 13250 112490, £/A =300 MeV, b~0
=30 fm/c
106 0.25 T T T T T T T
(CY —— n, SLy4m (L=46)
— 5F 04 ¢ 020F — p, SLy4m (L=46) -
'E -. £ --- n, SLy4'm (L=108)
= AN Jd0.2 =~ 015 p, SLy4'm (L=108) |
g < g
N0l Sss 00 3 g 010 |
3 R /’ 5 \E’
& N K +4-0.2 Q 005 g
L Tl
Er -5 4-04 0.00 T T T T T T t
—— pupy diff., SLyam (L=46) 18 | (©) i
=== papy diff, Slyam (L=108)| _ o ’
—— Viadia, SLy4m (L=46) ’ = 16 E
- =~ Viaga, SLy4'm (L=108) £
-10 L L L -0.8 g
0 5 10 15 20 Q0 M N pmmeemmm=mmmmmSTTTTTS 1
r [fm] =
12 —— n/p, SLy4m (L=46)
) " --- nlp, SLy4'm (L=108
@ Difference of angle-averaged densities ol MR m (L=108)

0 10 20 30 40 50 60 70 80

t [fm/
4nr? | on(r) =S 0p(r) e

@ Average radial velocity vya4(r)
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Dynamics in Compression and Expansion

13251 4+ 12490, £/A =300 MeV, b ~0
0.25 T T T T T T T
(@ —— n, SLy4m (L=46)
— ¢ 020 — p, SLydm (L=46) -
'e £ --- n, SLy4'm (L=108)
E ; 0.15 p, SLy4'm (L=108)
a ko) Q
-~ % & 010 E
| B )
< > <
@z ~ S i
L
Er -5k 4 -04 0.00 b T T T T T T t
—— Pn—pp diff., SLydm (L=46) 18 _( ) -
=== PPy diff, SLydm (L=108)| _ ’
—— Viadia, SLy4m (L=46) ’ = 16 B
-~~~ Viaga SLy4m (L=108) -
-10 . L . -0.8 3
0 5 10 15 20 Q0 M N pmmeemmmmmmmoTTTTTEOE B
r [fm] 2
t2r —— nip, SLy4m (L=46)
. . --- nip, SLy4'm (L=108
@ Difference of angle-averaged densities N [P Sy (L7109

0 10 20 30 40 50 60 70 80

t [fm/
4nr? | on(r) =S 0p(r) e

@ Average radial velocity vya4(r)
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Dynamics in Compression and Expansion

13290 11243, E/A =300 MeV, b~ 0
0.25 T T T T T T T
(CY —— n, SLy4m (L=46)
— L 0.20 —— p, SLydm (L=46) -
'e £ --- n, SLy4'm (L=108)
= =~ 015 p, SLy4'm (L=108)
S koY Q
<X % & 010 i
! 8 )
< > <
{iz ~ S i
L
Er -5 4 -04 0.00 b T T T T T T t
—— Pn—pp diff., SLydm (L=46) 18 _( ) -
=== papp diff., SLy4'm (L=108)| 06 :
—— Viadia, SLy4m (L=46) ’ = 16 E
=== Vragia, SLy4'm (L=108) 2
-10 L L L -0.8 3
0 5 10 15 20 R ME N pmmeemmmmmmmmmmmToTm B
r[fm] = SeleT
12|
—— n/p, SLydm (L=46)
. oy - 4" =
@ Difference of angle-averaged densities ol VP, Sty4m (L=108)
) 10 20 30 40 50 60 70 80
2[ A A t [fmic]
Anre| g on(r)—Zpp(r)
. . The effect at compression remains until later times.
@ Average radial velocity vya4(r) = (I @lseeaiEs? J
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N/Z Spectrum Ratio — an observable

22 T T T 10 : : I o5
— Sly4m (L=46) t=25 fmic
--- SLy4'm (L=108) Lo
20 | o I
- Ié
T 2 02
‘! N 2 -
é — <(|1N 0 0o /g
s . ; 3
N = g —4-02
S
A 4-04
i —— pa-py diff., SLy4m (L=46)
=== Pn=pp diff., SLyd'm (L=108) | 06
= Viadialy SLy4m (L=46) -
-10 L ~ 7~ Vradan SLy4'm (L=108) o8
) ) 5 10 15 20
14 | 45 <|9cm<135 o
0 50 100 150 200
Ecen/A [MeV] ]
50
[N) Yi(v) + Yg(v) +2Y¢(v) + Yy (v) + 2Yg (V)
z = 40
Zlgas  Yp(v)+Yg(v)+ Ye(v) +2Y,(v) +2Ye(v)

Symmetry Energy [MeV]

SLy4 (L=46 MeV) —
L=108 MeV

0
0 005 0.1 015 02 025 03 035 04

The N/Z spectrum ratio seems similar to the difference of J
p [fm ]

pn(r) and pp(r) in the early stage.

0000 (Oooo) Ooo00ooo0ooooooooooooooool 400 13/17



Dynamics in Momentum Space

With Cluster

Without Cluster

0000 (oooo)

) [fm™]

A
z

4nr® (o0~

Coordinate space

1 y T T 08
t=20 fm/c
+os6
+04
Ho2
00
- -02
sE W\ 1
N —— Pu-py diff, SLyam (L=46)
= === pupp diff, SLyam (L=108)| o o
— Viaga, SLy4m (L=46)
10 |7 Vega, SLy4m (L=108) o
5 10 15 20
r[fm]
© T 08
- 06
- 04
Ho2
00
4 -02
' +-04
Vo —— PPy diff., SLydm (L=46)
N === PPy difl, SLy4m (L=108)| o o
V) —— Viagan, SLydm (L=46)
-10 L ==~ Yrasia, SLy4'm (L=108) o8
0 5 10 15 2

{Vrag) [€]

{Vrag) [€]

fo=46) [(Mevic) ]

A
W

anp? (

fo - 55) [(MeVic) ™)

A
W

anp? (

10000000000000000000tC

Momentum space

0.06

°
°
2

°
3
S

g

S
g
S

o
°
g

°
s
S

g

'
s
3
S

I
S
2

-0.06
0

—
t=20 fm/c

— SLyam (L=46)
--- Slyam (L=108)
M

P
0 100 200 300 400 500 600 700 800
p [MeVic]

—— SLyam (L=46)
SLy4'm (L=108)
L

P
100 200 300 400 500 600 700 800
P [MeVic]




Dynamics in Momentum Space

Coordinate space Momentum space
10 T T T 0.8 0.06 T T T T T T
t=25 fm/c t=25 fm/c
- 06
. Joa D
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Dynamics in Mom

With Cluster

Without Cluster
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Dynamics in Mom

ntum Space

With Cluster

Without Cluster
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Dynamics in Mom

ntum Space

With Cluster

Without Cluster
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Comparison of AMD and SMF — density evolution

Rizzo, Colonna, Ono, PRC76 (2007) 024611.
Colonna, Ono, Rizzo, PRC82 (2010) 054613.
@ SMF = Stochastic Mean Field model

@ AMD = Antisymmetrized Molecular Dynamics

SMF 0 fm/c. 40 fm/c!

—— 40 fm ——>

.320 fm/c . %, . - <240 fm/c,
[yl 5 v » o ¥, v ]

AMD 0 fm/c. 40 fm/c!

—— 40 fm ——

——40fm——> ——40fm——

Central Collisions of 1128n + 1128n at 50 MeV/nucleon

Used the same oy and very similar effective interactions in both models.
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Comparison of AMD and SMF — radial expansion

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

r = distance from the center of the system
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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
o' O<b<2fm
Without cluster correlations (AMD with NN collisions) SLya
R R AMD
s e, Exp.
102
z
Xe +Sn E/A =50 MeV
o' 0<b<2fm
With cluster and cluster-cluster correlations ’ SLys
§ 10° AEMD
g Xp.
° g
o@ ® a o~ il
\ 0%
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Effects of clusters on the bulk properties and dynamics

Example: Four nucleons in the gas at T =10 MeV

() ® T =10 MeV

@ Uncorrelated: (E) = %T x4 =60 MeV
® acluster: (E) = 3T x1-28.3MeV = -13.3 MeV

The energy difference is large enough to change the bulk
properties.

Cluster correlations should be considered in a way consistent with the collision dynamics. )
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Clusters in nuclear medium

Equation for a deuteron in medium

Typel et al, PRC81(2010)015803
= 3 T T T

= I T T = 10 T T 1 1 ~
S o W] [edpep)+etP-p)im)
-2 — T=loMev (] - 6 J
) — T=15Mev([{ @ ] 1 1 dp, ’ /
T=20MeV ] > — 1
5 2 B ] +[1—f(§P+p)—f(§P—P)]f—3<P|vlp Yo (p')
g H 5 2 . (2m)
N o e e e - 1
g - vk S v et -] .
£\ TE NN =F
B T Y TR Y R T R Y TR ¥(p)
density n [ﬁn'}] density n [fm"]

Z 10 —T 5% —
2 8 e 2% ‘He ]
=6 1 zlg-_ 3 — 00
:.‘_Tn 4 __ ?‘? 10; __ - 007 fm’ -
2 JzgF -
57 13 sk g
£ OR--YA-=---- 1€ of-Y-b- -\
£ 0LV NN 1 TE5 5E [N

0.00 00l 002 000 00l 002

density n [fm"}] density n [ﬁn”‘]
@ P=0: Clusters at rest (relative to ‘ ‘
medium) ‘ Llutlcmn com. wave number mf- )
@ T: temperature of medium P-dependence of the deuteron binding energy in medium

Répke, NPA867 (2011) 66.
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Cluster put into a nucleus (AMD)

a cluster |a,Z) : Four wave packets with different spins
Uz and isospins placed at the same phase space point Z.

‘ Eo: o |a,Z)|'?*Sn)
& En: o 1D'*sny (N=ptl,plntnl)
—Bg =AEy :Ea_(Ep] +Epl +En1 +Enl)

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

10 T T T T RL\/VZ =(0.5.0),
124,
. a added to '#*sn | W+'”‘Z =(0,0,vz)

@ Dependence on y
=~ Dependence on density

@ Dependence on Py = Mqv,

AE, [MeV]

@ Due to the density dependence of
the Skyrme force, the interaction
between nucleons in the a cluster
is weakened in the nucleus.

-20

25

-30
y [fm] Energy is OK, but probability is .... J
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Clusters have to be handled in a special way

Two-body level density Classical phase space is not consistent with

quantum mechanics. (Bound phase space in
Exact Quantum Mechanics

| AMD is too small compared to #3.)
Molecular Dynamics

U

In a two-nucleon collision, the probability of
cluster formation in the final state is too small.

Two-nucleon collision:
_BE O Ergl
—_— Wi_p= 2P (| VI¥ )RS (Ef — Ey)

Clustered states should be explicitly included
in the set of final states |V ).
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Cluster Formation Cross Section

Similar to Danielewicz et al., NPA533 (1991) 712.

N{+By + No+Bs — C1+Co J B4 ,
N Py
@ Ny, Ny : Colliding nucleons ! ?@.’(’ (of
@ By, B, : Spectator nucleons/clusters \ 0 i
2 - C
@ C1,Co: N, (2N), (3N), (4N)  (up to « cluster) %’2 2
2

uNN do(NBNB — CC) Prel = 3(P1 ~P2) = Prai Q2
= g 19T D12 Kploy D12 IMI26(7 — E) p2, dpreid a=pi-p =p - p>

+q _ : (0)
@y =exp(+iq-ry, )¢,

(VNN donN =|M|25(Jf—E)Prze|dPreldQ] q . ©)
¢, =exp(—iq-IN, )¢,

do

_ do
@Y F.: / +q, 2 ! qy2 (—)
aq — Fkin [K@1loq D Keale, DI | o5 NN—NN

The cross section is given from the NN cross section.
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Two directions of extension of AMD
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.
= N1+B1 +N2+Bz —>C1+Cg
vpdo = ZL|(CC|ViynINBNB)|28(H — E) p2yd preidQ

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