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Observables

symmetry potential has opposite sign for neutrons (repulsive) and protons (attractive)

slope of double neutron to proton ratio (n/p)AB/(p/n)BA
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L isospin tracing Rami et al., PRL 84,1120 (2000); Rami et al., NPA 646, 367 (1999)

Motivation: FOPI/FOPI-LAND

FOPI Collaboration: p and charged mass fragments (0.15-1.5 AGeV)

- stopping

- elliptic flow

Hong et al., PRC 66, 034901 (2002);

A. Andronic et al. NPA 679,765 (2001)

FOPI LAND: n, p and light mass fragments — elliptic flow
Y. Leifels et al. PRL 71, 963 (1993); D. Lambrecht Z.Phys. 350,115 (1994)
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Transport Model

Quantum Molecular Dynamics (QMD):

Monte Carlo cascade + Mean field + Pauli-blocking+ in medium cross section

all 4* resonances below 2 GeV - 10 A* and 11 N*
baryon-baryon collisions:

all elastic channels

inelastic channels NN - NN*, NN - NANN - AN*, NN - AA*, NR -~ NR’
pion-absorption < resonance-decay channels: A « N, A* « A, N* o NTt

meson production/absorption:n(547), p(770), w(782), n'(958), f (980), a (980),4(1020)

applied to study:

-dilepton emission in HIC: K.Shekter, PRC 68, 014904 (2003);D. Cozma, PLB640,170 (2006); E.Santini PRC78,03410
-E0S of symmetric nuclear matter: C. Fuchs, PRL 86, 1974 (2001); Z.Wang NPA 645, 177 (1999) (2008)
-In-medium effects and HIC dynamics: C. Fuchs, NPA 626,987 (1997): U. Maheswari NPA 628,669 (1998)



Isospin dependence of EoS

a) momentum dependent — generalization of the Gogny interaction:
Das, Das Gupta, Gale, Li PRC67, 034611 (2003)

p
c+1 pg

Ulp, 3, p,7,a) = Au(m)% + A;(:v)i—‘r +B(p/po)° (1 — 26?) — 872 B
0 0

_t_QC’TTT /dSPI Jr (F:pf)z i 2C 7 /dS ! frr (7, p)

PO Lbip = p ) A Po LE(g=p ) /A
100 . -
Vs 7|
b) momentum dependent — power law ' Fover o A
p)=u
add references: ' wy y //’
I :f}o (A
= V4 /
S.(p/p,)Y—linear, sti >
Usym(p’ B)= O(p po) Y ff %
a+(18.5—a)(p/p,)’— soft, supersoft s
=
A
nucleons and resonances  7,,,.,(n*) = Unsym(A®) = U, FI
propagate in an isospin . i ) WA ; on,
. {’Tas m = '[fras m A =1 gs m ke Gogny
dependent mean field ym(#") S ) = Yoo 0 E=" - \\ |
{Iasym(A++) = Qbra,psym = {I;lsym _ ?iz? \x‘
Uasym(A_J = Ql'félsym o Lr.c;[tjsy'm \ . . _“,- Xzz, , . ; ?\-'7‘\-,
0 1 2



Optical potential/NN Cross-Sections
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Isospin asymmetry dependence of NNCS
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Elliptic Flow
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Extra model parameters

Width of the wave packet: L Compressibility modulus: K
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stability of heavy nuclei: L=8 fm?® K=210 MeV (soft) / 380 MeV (stiff)
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Experimental data (FOPI): A. Andronic et al. Nucl. Phys. A 679, 765 (2001)



FOPI-LAND

400 AMeV Au+Au
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clustering algorithm — good Z=1 reproduction Y.Wang et al., nucl-th 1305.4730 (2013)

UrQMD model (upgrades):



Model dependence & FOPI-LAND

optical potential & symmetry energy
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Constraints on Asy-EoS
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Density dependence of SE [

present work &%

studies M.D. Cozma PLB 700, 139 (2011) 50 | === Russotto et al. e
presented in P. Russotto et al. PLB 697, 471 (2011) = -
M.D. Cozma et al. ArXiv:1305.5417 [nucl-th] @
=
-Independently developed transport codes and upgrade§
QMD — Tuebingen/ upgraded in Bucharest €2

UrQMD — Frankfurt/ upgraded Q.Li et al. Huzhou (Chinaa |

- x=1

-different parametrizations of the symmetry energy
- momentum dependent (QMD) / i 1 &
momentum independent (UrQMD)

P/ Po
-inclusion of in-medium effects
-in medium NN cross-section (both QMD and UrQMD)
:> similar result
-thorough study of various model parameters:
- width of nucleon wave-function (L) ‘ x=-1.0%£1.0

- compressibility modulus of nuclear matter (K)

. . . L., =106+46MeV
- impact of optical potential d

K oym=127+290MeV



A note on light mass fragments

L phase Space Coalescence model Y.Zhang et al. PRC 85, 051602R (2012)

- modest goal: describe FOPI neutron, proton, deuteron, Z=1 multiplicities
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-prescription for spurious clusters (guided by exp. fraction of free neutrons/protons)

on the topic see also

2n->n+n 4n - n + 3H 5He -» n + *He
2D > H+ 1 4p » D + 3He 5Li -» p + *He A. Le Fevre et al., talk at ASYEOS 2012
3g S3H 4+ 3Ep _)pn +3H EBe —>p2p + 3He G-C. Yong et al. PRC 80, 044608 (2009)

3p»°He + '

3pn - p + ’He 6Be - 2p + *He



Summary & Outlook =010

-Elliptic flow observables — sensitive to the density |
dependence of symmetry energy e A
-Thorough study of model dependence %
=
-Similar extracted constraints of g
the density dependence of symmetry energy mc%*
OUTLOOK:
 reduce model dependence by describing a larger set of " ;
observables p/ P

* more accurate experimental data (ASYEOS, NEULAND)

will also help push the constraints towards higher density regions
« extend the analysis to light mass fragments
e pion ratios — a test of our understanding of hadronic interactions:

constraints from elliptic flow observables may serve as a benchmark
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