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Transport Model

Quantum Molecular Dynamics (TuQMD):
previously applied to study:

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

upgrades implemented in Bucharest:

- various parametrizations for the EoS: optical potential, symmetry energy PRC 88, 044912 (2013)
- various parametrizations for elastic cross-sections (also in medium ones) PLB 700, 139 (2011)

- threshold effects for baryon resonance & T meson emission/absorption PLB 753, 166 (2016)

- pion optical potential PRC 95, 014601 (2017)

- planned: threshold effects for reactions involving strangeness degrees of freedom

some recent upgrades (of interest for the current study):

Softer value for L
- improved density profiles ¥ as compared to

- MST coalescence algorithm e 12 (2013)
- reduced Coulomb strength (factor 0.9)
- new Gogny type EoS parametrization



Isospin dependence of EoS

momentum dependent — generalization of the Gogny interaction:

MDI potential

Das, Das Gupta, Gale, Li PRC67, 034611 (2003)
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The Gogny interaction

short + intermediate range interactions \ _
zero range (dd) — needed to describe saturation properties
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New potential (MDIZ2)

momentum dependent potential MDI2

Fit:

E 1 1 > Bu° 2 .
(0.8, %, y) =5 AutS Ay (x, y)up®+ = = (1-xp) U.,KJo,m* -isoscalar

+1 Z”,Cmvffd3pd3p'f1§pgf')f")(f;[’\f S(0),L,K,,,,6m,, -isovector

upo +Hp—p’

A% 2xB o, 2D e T
Ay (X, y)=Ag+—— a7 +=2=0 “=1, Al X,y C,—C,
L. . 0"
momentum dependent part: similar with that of J. Xu et al. PRC 91, 014611 (2015) n-p

(see also C. Hartnack, J. Aichelin PRC 49, 2801 (1994) )
used previously to test model dependence: flow ratio PRC 88, 44912 (2013)
ion multiplicity ratio PLB 753, 166 (2016)
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Coalescence Algorithm

Minimum spanning tree (MST) phase-space algorithm

All clusters with A<15, 23 additional A>15 (B,C,N,O)

Stable : lifetime > 1ms

Unstable : decay into stable using known decay channels

Ex: SEINE0 _
unknown/unphysical: evaporate n/p until a

+°He

known nucleus is reached

Ex: 1p8n - 6n + *H

All other clusters discarded

Multiplicities of p,n,?H, 3H, *He, “He, Li, Be, B, C

fitted to FOPI exp data

0p,=0p,=0.2 GeV/c fixed
Orgp, Orpn .01y, adjusted

Multiplicity

W. Reisdorf et al, NPA 848, 366 (2010)
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Comparison with FOPI data

W. Reisdorf, NPA 848, 366 (2010)

Transverse flow Au+Au @ 400 MeV/nucleon
0_4 o [ ~....1r. - r~ 1 lfl“
" Protons i | 0.25<by<0.45 i
i Experiment . 05 A/"fl" 0/ &
02 F® by<0.25 ps - Experiment s u / 1
L % 0.25<by<0.45 - Ml 9” GHHH
A 0.45<by<0.55

= 0.0 1 =00 f i
i ;\’** . ’
L=80 MeV -0.2 [ 1 7 ¥ M —m A3
K =0 MeV <374 —— 025<by<0.45 | 0.5 2% o . .
Sym 04 -;/ P PR |__045<|b0<055 |- }T‘:’.}‘.}j‘. Lo by |:
R ' -1.0  -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Elliptic flow y/yp y/yp
0.0 r==—=z e
[ ey 0-25<by<0.45
-0.1 r 4
[ Model \AOSE ] |
0.1 F — 025 W& E -
O - 0?2<5<b0<0.45 R i{si‘ ] S X N R X
015 | == 0.45<b<0.55 }_}\ ﬁ(}; 0.2 e by S :
I Experiment o ] ' ‘
02 F ® b0<pO.25 ?}\?E ] 03 : vacdcs+fPEl’3é\A i%{
) *  0.25<by<0.45 S -0.3 } —— medcs+s
Y 0_45:1)(;0_55 Protons $ ] | == vac cs+gPBA ]
025 ¢ - - - '
0.0 0.5 1.0 1.5 2.0 ¢ : 0.0 0.5 1.0 1.5 2.0
Pr/Pp N pr/Pp



Va

Va

Va

FOPI-LAND/ASYEOS data

Y. Leifels et al, PRL 71, 963 (1993)
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Sensitivity to K

3 dimensional parameter space:
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Constraints for L and K_

only experimental errors included _
charged-particles flow uncorrected (mult ratios)
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Constraints for L and Ksym | MDI2 |

n/p + n/ch (p,) elliptic flow ratios
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Model dependence (MDI2)

Isoscalar compressibility modulus Empirical in-medium NN cross-sections
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DR(n/p)

Model dependence (MDI2)

Isovector n-p effective mass difference

N-A
scattering

Am*=(0.32£0.15)B C.Xu et al. PRC 82, 054607 (2015)
Am*=(0.41£0.15)B X.H. Li et al. PRB 743, 408 (2015)

IVGDR,EDP,
Arr!i%o%%io.m)[% Z.Zhang et al. PRC 93, 034335 (2016)

HICs: DR of n/p in Sn+Sn

Am*<0.0

D.D.S.Coupland et al., PRC 94, 011601 (2016)
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Constraints for L and K

m
S,= 36+3 MeV (cMDI2)

S,= 3616 MeV (MDI2)
O Free of systematical uncertainties (cMDI2)

t t n/ D J.M.Lattimer & A.W. Steiner, EPJA 50, 40 (2014)
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Constraints for L and Ksym

O Free of systematical uncertainties (cMDI2)
neutron-proton v "/v_?
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EFT Models & Astrophysics
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- 2N+3N model — constrain neutron matter up to p,

- extrapolation to high density (2p,) uncertain

- high density — polytopes

- rule out many EoSs using measured NS masses
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M, s=2.01+0.04 M, Antoniadis et al., Science 340, 6131 (2013)
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1; Fitted Ar, Ap

F 2) Extra curves
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Summary / Conclusions

Improved Transport Model: improved density profiles of nuclei
MST coalescence model- not a satisfactory description
of FOPI cluster multiplicities
-good description of elliptic flow parameters
of individual fragment species

MDI2 potential — momentum dependent part in agreement

with the empirical one (pA reactions%

- extra term to vary L and K independently

Constraints for Symmetry Energy:
MDI2 - EFR sensitiveto L & K

b sym
- sensitivity to J suppressed

- systematic error due to underprdiction of ch/p multiplicit ratio

arXiv:1706.01300 [nucl-th]

L =84+ 30(exp) & 18(th) MeV L =85+ 22(exp)+ 20(th) & 12(sys) MeV
Koym = 30 £ 142(exp) £ 85(th) MeV | Koym = 96 & 315(exp) £+ 170(th) + 166(sys) MeV
FOPI-LAND n/p FOPI-LAND n/p + ASYEOS n/ch

Perspectives: higher accuracy EFRnp needed (ASYEOS2 Coll)
Au+Au probe 250 MeV/nuc for K_ & 600 MeV/nuc for L



Density Profiles; Coulomb Strength

0.25
QMD original, L=4.33
QMD original, L=8.66
QMD, L.=4.33 (rms+dens)
0.2 r QMD, L=8.66 (rms) i
—— Fermi, rms=>5.43 a=0.60
015 7
£
QUL 01t
0.05
0.0 :
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Stability of nuclei:
L*=4.33 fm* — light nuclei
L>=8.66 fm* — heavy nuclei

Static properties:
rms, skin — lower values for L2

Compromise needs to be made:
cannot satisfy both

Coulomb strength:

- enforce agreement with Coulomb contribution
to the empirical mass formula: scale strength
by a factor of 0.9

- needed for'a '‘¢i68erFeprBatictiot 6f #223 (2010

experimental ratio of average p; of charged
pions
Cozma, PRC 95, 014601 (2017)



Sensitivity to Ksym
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Symmetry Energy

EoS: Symmetric Asymmetric NM
E(p) _Elpy) K, (p=po). Ty (p=p,"| |Elp,B)_E(p,B=0) $(p) Pn pp
M + L 3 N ﬁ B_
N N 18 g 162 04 N N
OE(p) oP L PPy Kyn (p p)
P=p° K,=9 — - L 0 sym 0
Op. S S0P S(p)=S(po)+3 ~5, 1 X
0
Sources: 80
finite nuclei  p/p,< oz n/eh flow
heavy—ions p/p,<3 = 60 == E\'gS”*S”
neutronstars p/p,<10 é ) _ = FOPHLAND
Flow observables: -
elliptic flow & >
dN » ool -
——~1+2v, cos¢+2v, cos2¢
d¢
transverse flow 0 T os S

v,,v, — probes for symmetric E0S
Ratlos differences v, — probes for Symmetry Energy

PPy
P."Russotto et al., PRC 94, 034608 (2016)




Hyperon Puzzle

e +n— X +1,

M- = Ux- = HUn T He
HA = H=0 = Ux0 = [y

Hz+ = Hp = Hn — He

possible solution: SU(6) - SU(3)

Vidana et al., PRC 62, 035801 (2000)
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