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Symmetry energy at various densities

Constrains on S(p)

Nuclear EOS (at T = 0)

Horowitz et al., J. Phys. G: Nucl. Part. Phys. 41 (2014) 093001.
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Dynamics of neutrons and protons at 300 MeV/nucleon

Explore the symmetry energy at p ~ 2pg.

S(p) > Compression stage = Obs.(?)

@ Nucleon observables

@ Pion observables
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Clusters at relatively high energies

Reisdorf.et al., NPA612(1997)493.
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Au+ Au at 250 MeV/u

@ Clusters are important at least in the late stage of collisions.

@ What about the cluster correlations at earlier times?
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Antisymmetrized Molecular Dynamics (with NN collisions)

i
Z;=vvD;+ —K;
i Vi it on i

AMD wave function

@ (@> v : Width parameter = (2.5 fm)~2

7)) = det exp{ ( B ﬁ)z}lai(j)] Ya; :Spin-isospin states=p 1,p l,n1,n|

v

Time-dependent variational principle

ftz (@(2)|(ih- — H)l®(2))
i @(2)l0(2))

Equation of motion for the wave packet centroids Z

d

—Z; =1{Z;, A} + (NN collisions)
dr’l i PB

{Z;,7#¢}pg: Motion of wave packets in the mean field
_ (@(2)HID(2))

+ (c.m. correction), H: Effective interaction (e.g. Skyrme force
@@z ) (.9 Sky )
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nge effective interaction

vij = to(1+x0Pg)B(r) + & 11 (1 +x1 Po)[6(r)k? + k25(r)] r=r;-r;
+1o(1+ xPg)k-8(r)k+ t3(1 + x3Pg)[p(r;)]* 5(r) k= 21_h(Pi -pj)

Expectation value of interaction energy can be written by using several kinds of densities.

W= [[# (o0, 7(6), A p(e)36)
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_ [P ap _(2y)\32 ij —2v(r-R; /) 1
rate)= [ Vg fatep) s = (%) Lyt BB,

Momentum dependence has been corrected for high energy collisions, in a similar way to
Gale, Bertsch, Das Gupta, PRC 35 (1987) 1666.
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NN collisions with cluster correlations

N{+By + No+Bs —C1+Co J

@ Ny, N5 : Colliding nucleons

@ B4, By : Spectator nucleons/clusters

o C1,C2:

Transition probability

N, (2N), (3N), (4N)

W(NBNB — CC) = 22 |(CC|VINBNB)|?5(Ef — E;)

vdo o [} 197D PKpploy HIZIMIPS(Es — Er) p2dpreidL

|M|? = [{NN]V|NN)|2: Matrix elements of NN scattering
< (do/dQ)NN in medium

In this study, free NN cross sections are adopted.

(up to a cluster) N1

Similar to Danielewicz et al.,
NPA533 (1991) 712.
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NN collisions with cluster correlations (more explanations)

\\/.;/iz’ For each NN collision, cluster formation is considered.
E N1+B1 +N2+Bg —>C1+CQ
/\>.:4§ W;_. p = 2Z|(CCI VN INBNB)ZS(E, - E;)
H /\
;.: AOQ, J. Phys. Conf. Ser. 420 (2013) 012103

v

@ Clusters in the final states are represented by placing Gaussian wave packets at the
same phase space point.

@ Consequently the processes such as the elastic and inelastic scatterings of “Cluster +
Nucleon” and “Cluster + Cluster” are automatically taken into account.

@ There are many possibilities to from clusters in the final states. Non-orthogonality of
the final states should be carefully handled.

@ ltis also important to consider the process that several clusters form bound light nuclei.

eg. a+t—'Li  (B.E.=-25MeV)
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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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Compression and expansion in collisions at 300 MeV/nucleon
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Compression and expansion in collisions at 300 MeV/nucleon
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Compression and expansion in collisions at 300 MeV/nucleon
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Compression and expansion in collisions at 300 MeV/nucleon
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Compression and expansion in collisions at 300 MeV/nucleon
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N/Z Spectrum Ratio — an observable
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Nucleon distributions in r- and p-spaces, With/without clusters

With Clusters

@ Stiff symmetry energy
< High density part: N/Z ||
& High momentum part: N/Z f

@ Expansion is simple:

r-space < p-space = Obs.

v

Without Clusters

o Stiff symmetry energy
< High density part: N/Z ||
< High momentum part: ???

@ Expansion is not so simple.
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c.f. Comparison of AMD and SMF at 50 MeV/u: Colonna, Ono, Rizzo, PRC82 (2010) 054613.
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Probing high-density dynamics by pions

1325 4+ 1249 collisions

B/ 4 =300 MeV, b< 1 fm Bao-An Li, PRL88 (2002) 192701.

Pion ratio 7~ /z* has been proposed as a good

0.25 T T T T T T T
- @ N\ — n, SLy4m (L=46) probe of
T_ 020 —— p, SLydm (L=46) | . -
£ - n, SLy4'm (L=108) @ symmetry energy at high densities
© 015 - p, SLy4'm (L=108) |
g 010 1 @ pn/pp ratio in the high density region
< 005 J

0.00 —t —t—T— t

18L® _ Production/absorption of A and x:
S ] N+N—->N+A
QM4 N eeemmmmnm e 4 N+N—N+A
3

12 —— nip, SLydm (L=46) A— N+7

Lo . . - —:- n/lp, SLIyA mI (L_I.OB) A—N+7

0O 10 20 30 40 50 60 70 80
t [fm/c]

g Simple expectation: #~/nt =~ (N/Z)? ]
Sl s — @ First-chance NN — NA — NN«

plim]

@ Chemical equilibrium
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4 T R T T |f T T T T T T
IBUU-stif .
35 o IBUU-soft - ® MFZ
+ = ImIQMD-stiff ® MF =
] % X ImIQMD-soft - + FOPI |
[ N4
15 Al A -]
(@) u-+ AU ()
1 1 1 1 1 1 1 1 1 1 1
0204 0811214 04 081121416
E/A [GeV] E/A [GeV]
asy-stiff asy-soft
IBUU a/nt <  a/nt
ImIQMD 7 /n" > a7 /m*
pBUU a7 /nt =~ T /nt

Model predictions do not agree.

Bao-An Li, PRL 88 (2002) 192701. IBUU
Ferini et al., PRL 97 (2006) 202301.
Reisdorf et al., NPA 781 (2007) 459. Data & IQMD

Z.Q. Feng and G.M. Jin, PLB 683 (2010) 140. ImlQMD

]

"]

o

@ Z. Xiao et al., PRL 102 (2009) 062502. 1BUU04

o

@ Hong and Danielewicz, PRC 90 (2014) 024605. pBUU
o

(N/Z)3,s =2.231 for the Au+ Au system.

@ In the data and in some calculations,
a/nt > (N/Z)gys at low energies.

@ The high density region is less n-rich
(N/2)2 <(NIZ)3ys.

How can this happen?

v

Relations should be clarified: S(p) < pulpp < A/AATIAYT = a7/n* J

14/24
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Transport equations for N, A and &

Collaboration with Natsumi Ikeno, Yasushi Nara, Akira Ohnishi

Coupled equations for fy(r,p, t), fa(r,p, £), fz(r,p, t)

Ofn , Ohw Ofn _ ORNUN.faful OIN _p 1 v e
op e

o o ‘" NN — NN
Ofn Ohn Ofn OhaAlfN,fafx] Ofa
_'__—._zl =
P op or B 5 ALNS fAs frl NN — NA
Ofr 0Ohg Ofy Ohglfn, fa,frl 0fn A Nt
-_— - = I
ot " op or o 5 = [nlfivs f ]

Assumption: A and pion productions are rare (in low-energy collisions).

IN[fN!fA!fT[]: I]e\}[fN’O’O]_"/lIE\[[fNSfA!fH]
v=rQearl 4. =00, fr=0)
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Perturbative treatment of pion production

Assumption: A and pion productions are rare (in low-energy collisions).

INUfN, fas fa] = 1SN, 0,00+ AL v, fia, fr]
fN=f](\?)+/1f1(V1)+~~-, fa=0(A), fr=0(A)

Zeroth order equation for f solved by AMD

oy’ ohy Ofy _OhNU/Y,0.01 9fy)

2N _ elr £(0)
ot  dp or or op nliy0.0]

First order equations for fa and f; solved by JAM for given fz(\?)

0y Oy 3fy OMsUN SaFrd 3fy o) o
N ¢ s JTT

ot ap or or ap
(0)
Ofy Ohy Ofn _ahn[fN Jasfxl ofy B ©)
or " op or or op = N S il
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AMD + JAM

AMD JAM
Send nucleon test particles from
. (1'1sP1)s(r2sP2)a~--,(1'A,PA)
AMD to JAM at every 2 fm/c, with >

corrections for the conservation of (r1,p1),(xr2,p2),...,(ra,pa)
@amp(?) > |mA

(r1,p1),(r2,p2),---,(ra,pA)

baryon number and charge.

t t

JAM: Jet AA Microscopic transport model

Nara, Otuka, Ohnishi, Niita, Chiba, PRC 61 (2000) 024901. -

197 004197 Au

@ Has been applied to high-energy collisions
(1~158 A GeV).

=

multiplicity

@ Hadron-Hadron reactions are based on
experimental data and the detailed balance. o

@ No mean field (default)

001

q g 3 0 02 04 06 08 1 12 14 16
@ s-wave pion production is turned off. EAlG)
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at 300 MeV/nucleon

with cluster (asy-soft)

o w— |  Calculations for 1328n +124Sn, £/A =300 MeV, b<1 fm
pN-NA* ——

_ i — © AMD+JAM with cluster (asy-soft) L = 46 (SLy4)
£°" Rate ® AMD-+JAM with cluster (asy-stiff) L =108
L NN — NA © AMD+JAM without cluster (asy-soft) L = 46 (SLy4)

0.05

@ AMD+JAM without cluster (asy-stiff) L =108
0
fed 0 JAM (no mean field)

02 Wom— 4
- P WI:H c:us%er (asy- s?;})
E o1 Rate 350 wm‘%‘ut gllljl:t:: ((Zgy)ll-golft; ffffffff ]
= . without cluster (asy-stiff) ---=----
g o NA— NN JAM

0.05 4-g 3

B
0 \% 2
m= M sys

" (Tice) 2y Tike!iike
g o BH—_—
Y "0 5 10 15 20 25 30 35 40 45 50

04 time [fm/c]

02

0

- o -, 140 + __+ ++, 1A+
0 5 10 15 20 25 30 35 40 45 50 Tike =7 +A +3A '+ ke =7 +A +3A
time [fmic]
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Relation between n/p and A7/A**

Nucleons in the sphere p(r) = pg
centered at the c.o.m. J

-

with cluster (asy-soft) ——
with cluster (asy-stiff) —— zd
without cluster (asy-soft) —— 0 t

without dluster (asy-stiff) (N/Z )2 =E—

16 \{(N/Z)sys =1.56 ™ f°° 12dr
z 18 N e N(t), Z(t): Number of nucleons that
b | satisfy the condition.
13 ~
1.2
0 5 10 15 20 25 30 35
time [fm/c] e fé’o Rate nn — pA_)dt
35 ‘ ‘ ‘ ‘ _ AT/A
~ Jg°Rate(pp — nA++)dt
3
. 25 - , Simply expect A™/A** = (N/Z)2.
. *(NIZ)3,s = 2.434

AT/AYT # (N/Z)2 = We are not

; with cluster (asy-soft) =
15 with cluster (asy-stif)  m
- [ ]

e o looking at the correct region of nucle-
. JAM L]
[ ' : . . .
1 15 3 25 3 35 ons for A production.
(Nizy?
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Relation between n/p and A7/A**

Nucleons in the sphere p(r) = pg Nucleons in the sphere p(r) = pg
centered at the c.o.m. with high momentum p =500 MeV/c
18 —rore 187 ;
with cluster (asy-soft) —— i
with cluster (asy-stiff) ——
17 without cluster (asy-soft) 1.7
without cluster (asym\f/lf)
1.6 N/Z)Sys =1.56 1.6
5 15 z 15
1.4 1.4
with cluster (asy-soft) ——
with cluster (asy-stiff) ——
13 1.3 | without cluster (asy-soft)
without cluster (asy-stiff)
12 12 i
0 5 10 15 20 25 30 35 ) 5 10 15 20 25 30 35
time [fm/c] time [fm/c]
35 ‘ 35 ‘ ‘ ‘ ‘
3 3
g
.25 25 .
s 2.434 Lo
< 2 a
ith cluster (asy-soft)
it Gy 3 e
without cluster (asy-soft) = without cluster (asy-soft) m
without cluster (asy-stiff . without cluster (asy-stiff) ®
L L L L]
2 25 3 35 25 3 35
(Nizy?

(Niz)?
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Nucleon distributions in r- and p-spaces, With/without clusters

With Clusters

@ Stiff symmetry energy
< High density part: N/Z ||
& High momentum part: N/Z f

@ Expansion is simple:

r-space < p-space = Obs.

v

Without Clusters

o Stiff symmetry energy
< High density part: N/Z ||
< High momentum part: ???

@ Expansion is not so simple.
r-space # n/p spectrum

anr® (ypn - 5p,) im ']

4nr G0 - 4pp) M)

n—pinr-space

T 08
t=25 fmic
06
04
[N 02
= 003
4 >
g -0.2
-0.4
—— PP, it SLydm (L=46)
diff., SLya'm (L=108))
-06
SLy4m (L=46)
Sty4m (L=108)
X yam (L=108) 08
5 15 20
T 08
t=25 fmic
06
04
02
)
003
X
-02
-0.4
—— PPy it SLyam (L=46)
=== prppdift., SLyam (L=108)] _ ¢
— SLy4m (L=46)
=== Viaga, SLy4m (=108
. now SLYEMLZ108) | oo
5 10 15 20

r[fm]

f) [(Mevic) ™)

ar _a
wh =2

amp? (

f,) [(Mevic) ™)

ar _a
whh =2

anp? (

I
)
o
f

1
S
3
S

I
)
o
f

-0.01

n—p in p-space

T T
t=25fm/c

—— SLy4m (L=46)
s

100 200 300 400 5(!0 600 700 800
P [Mevic]

—
t=25fm/c

—— SLy4m (L=46)
*- Slydm (Le108)

6
0 100 200 300 400 500 600 700 800

p [MeVic]

c.f. Comparison of AMD and SMF at 50 MeV/u: Colonna, Ono, Rizzo, PRC82 (2010) 054613.
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Final n=/n*

35 . —
' ' ' ' ' Strong correlation of A=/A** to (N/Z)?
sol | almost remains in z~/z*, but it is
weakened a little.
25F 2 @ Cluster correlation = (n~/nt) 1
o (Z)sys
g o Stiff S(p) = (n/x*) 1
20k ]
‘ —a— with cluster (asy-soft)
—&— with cluster (asy-stiff)
15+ -+¥-- wlo cluster (asy-sqft) B
-4+ wlo cluster (asy-stiff) 4 " with cluster (asy-soft)
—— JAM with cluster (asy- Stlff)g
L L L L L L without cluster (asy-soft) --------
1.0 1«\1, 2 0 X ‘/qp « 35 without cluster (asy- stlﬁ)
v e —
o @\’L\ LT R .,
¢ o5
00 = o5l
(N2 —f 0 7 eona™ :
cond = [®z t 2l o
0 cond like' " like
- L
i Jo° Rate(nn— pA~)dt 0 5 10 15 20 25 30 35 40 45 50
AT/A f R ++ time [fm/c]
o Rate(pp— nA*+)dt
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Pion spectrum, Coulomb effect

dN/dp [1/(GeVi/c)]

dN/dp [1/(GeVi/c)]

With Coulomb for pions

8 =
asy-soft, T

7 T
asy-stiff, x_

6 T

5

4

3

2

1

0

0 0.1 0.2 03 0.4 0.5
pr [GeV/c]
Without Coulomb for pions

8

7

6

5

4

3

2

1

0

0 0.1 0.2 0.3 0.4 0.5

Py [GeV/c]

Coulomb acceleration/deceleration of
produced pions

@ affects the charged pion spectra, but

@ has almost no effect on the pion
multiplicities and the pion ratio.

T at a/nt
with Coulomb 0.60 0.20 3.00(2)
without Coulomb  0.61 0.20 3.04(2)

AMD+JAM with cluster (asy-soft)
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About potentials for A and =

Niy+Ny, <—— Nyg+Ag, Ary «— Nyg+mqg,
N N N A A N
gl 1yl g ) g gl 4 gl
+91Uc + q2Uc +43Uc +q4Uc +491Uc +q3Uc +q4Uc

] Uf‘): Isospin(z)-dependent potential due to the strong interaction
@ Ug: Coulomb potential
In JAM, reaction thresholds are the same as in free space. Therefore AMD+JAM assumes

U( )+U( N~ U(N)+U§4), U£1A):U§év)+Ug) for T4(+72) = T3+ 74

This is satisfied in case

UV = U )+ TUsym (), UV = 1Usym(r)

c.f. pBUU : Hong and Danielewicz, PRC 90 (2014) 024605.
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Summary

Observables that reflect the symmetry-energy effects at =T o
-10.6
high densities were studied by AMD combined with JAM for _. | loa
central 1328n + 1245n collisions at 300 MeV/nucleon. £ Joz_
Q &
. . . . T 003
@ If cluster correlation is strong, the high-density effectis < 10a
reflected almost directly in the n/p spectrum ratio. ® 4-04
—— Pn-p, diff., SLydm (L=46)
_ _ X === pn-pp diff., SLy4m (L=108)| ~06
@ The n~/n* and A~/A*™ ratios are related to the (n/p)>? . L Trmnes |
ratio in high-density and high-momentum region. ° *om *
35
Cluster, Esym(p) © (N/Z)? & A™/AYY & n~/n*
30+ 4
@ Selection of high-momentum nucleons: (7~ /) 1
o Sitiff Esym: (n~/x*)y, but (x7/n*)1 in late stage o 25T P T3,
e Cluster correlation: (n~/z%) 1 4 sol e |
e Egym effect were stronger without cluster correlations. —=— with cluster (asy-soft)
—o— with cluster (asy-stiff)
151 -¥-- wi/o cluster (asy-soft)
Todo: -4 - w/o cluster (asy-stiff)
—— JAM
Other systems. 10 “\1‘\% \1‘\%9 /\D‘ \‘\‘&3 \‘“
Improve NN — NN cross section near threshold. A ® w ‘
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