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EOS of Symmetric and Neutron Matter

80 | 1 ! | | 1 ] +!.I | 1 !
- | — DBHF £  AFDMC
60 | Oo—o Var AV1E+5V+3'BF , / f! V8,+3b0dy
=+ NL3 . / .
By i 1 e
— — - ChPT ' . :
z 40_ | o ﬂ
| .7 7 Role of n-body forces
é 20 1 (n>3) at p>2p,
UQ:
i ymmetric
L nuclear matter _
20 TEEIEEl TERED

Dirac-Brueckner
Variational+3-body(non-rel.)
RMF(NL3)
Density-Dependent couplings
Chiral Perturbative

2

Ch.Fuchs, H.-H.Wolter, WCI Final Report

EPJA 30 (2006)




Iso-Tracer (1): Isospin Transport and Chemical Potentials
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Iso-Tracer (2): Symmetry Potentials and Effective Masses

Density dependence

1248n “asymmetry” I=0.2

Momentum dependence

15 T T T T | T T T T | T T T T

neutron

E.ODI = O.OEI = Ii.'.l.l'ﬂI = 0.16 0.20
p{fm™")
Asy-stiff
Asy-soft

Phys.Rep.410(2005)335-466

100

% -1
m, - m U .
o 2
m h'k Ok
Lane Potentials
(Un-Up)/2l
i P=Po| | | i
I > G SLy7 T
- m, <m,
i SkM*
0 1 | 1 I5|DI | 1 I1{|]OI 1 | I1|50I 1 | I200
Eu (MeV)

o—> Nucleon emission, Flows, Particle production....



Near Saturation Properties
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STOCHASTIC MEAN FIELD TRANSPORT EQUATION:
VLASOV + NN-COLLISIONS and PAULI CORRELATIONS
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Coulomb Barrier



Isospin Equilibration: Dynamical Dipole in Fusion Reactions

E,,n(p) Sensitivity

Value (<p,)

@ Restoring Force — Centroid, Yield

Neutron Emission
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Charge Equilibration Dynamics:
Stochastic — Diffusion
VS.
Collective — Dipole Oscillations of the Di-nuclear System — Fusion Dynamics
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- 32S + 100Mo (6 AMeV c .- . . . .
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D.Pierroutsakou et al., New Medea Exp. at LNS-Catania,
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Dipole Angular Distribution of the Extra-Yield: Anisotropy!!
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The “Monster” 32Sn Dynamical Dipole: Symmetry Energy
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Density Plots on the Reaction Plane: Rotation of the Oscillation Axis vs the Beam Axis
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Fermi Energies



Multifragmentation at the Fermi Energies

E,,.(p) Sensitivity: expansion phase, dilute matter

Isospin Distillation + Radial Flow

Low Density Slope Value: Symmetry Potentials

Asy-soft more effective Asy-soft: compensation
N-repulsion vs Z-coulomb
—Flat N/Z vs kinetic energy



Stochastic mean field (SMF) calculations

Semi-Central

(fluctuations projected on ordinary space)

Central collisions

Ni + Au, E/A =45 MeV/A

Isospin Distillation + Radial Flow

Sni24 + Sni24, E/A = 50 MeV/A
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Isospin Migration + Alignement
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ISOSPIN DISTILLATION
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Gas phase: n-enrichement

With Asy-stiff in the (112,112) case:
- N/Z (gas) below bisectrix

-N/Z (gas) < N/Z (liquid)

— large proton emission




Isospin content of IMF in central collisions

Isospin Distillation (spinodal mechanism)
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Primary fragment properties




Neck-fragmentation at the Fermi Energies

E,,.(p) Sensitivity: density gradient around normal density

Isospin Migration + Hierarchy

Slope just below p, IMF Mass, N/Z vs alignement/v,,, . es.:
— time sequence of mechanisms:
Asy-stiff more effective Spinodal — neck instabilities

— fast fission— cluster evaporation
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Semi-peripheral collisions
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NECK FRAGMENTS: V-V, CORRELATIONS 124Qn + 4Ni
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Non-equilibrium Effects in Fragmentation - IMF hierarchy vs. v, : Isospin Tracer
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ISOSPIN: Tracer of a “Continuous” Series of Bifurcations —
from multi- to neck-fragmentation up to PLF dynamical fission




Imbalance Ratios: Isospin Equilibration at Fermi Energies

E,,.(p) Sensitivity: asymmetry gradients

Isospin Diffusion (Overdamped Dipole Oscillation)

Value below p,

Asy-soft more effective

Interaction time selection—Centrality(?),
Kinetic Energy Loss

Caution: Disentangle isoscalar and isovector effects!




Rami imbalance ratio:

Mass(A) = Mass(B) ; N/Z(A) # N/Z(B)

A dominance

o 2AB—(AA) - (BB) e % J;)l
(AA)-(BB)  ——
B dominance
Isospin Observables: isoscaling a/( /), N '3 ! , ﬂ:
/Z "He 7

vs. Centrality (fixed y) — Kinetic Energy Loss
vs. Rapidity (fixed centrality)

vs. Transverse momentum (fixed y, centrality) ?



Isospin equilibration: Imbalance ratios

B. Tsang et al. PRL 92 (2004)
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Imbalance ratios: isoscalar vs. isovector effects
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Intermediate Energies



Multifragmentation at High Energies

E,,(p) Sensitivity: compression phase

Isospin Distillation + Radial Flow

High Density Slope Value: Symmetry Potentials

Larger N-repulsion with Asy-stiff

Asy-stiff more effective —Flat N/Z vs kinetic energy

Problem: large radial flow — few heavier clusters survive, with memory of the
high density phase



Stochastic RBUU + Time-evolution of fragment formation
Phase Space Coalescence

(E. Santini et al., NPA756(2005)468)

Au+Au 0.4 AGeV Central

Fast clusterization in the high
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Heavier fragments: “relics” of the high density phase
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Isospin Content vs. Symmetry Term ?



The Isospin “Ballet” in Multifragmentation

Esym (P)

ASYSHAFF

a~

EZ :
9 ﬂpo P
High de

nsity clustering: few-body correlations

Low density clustering: spinodal mechanism and p.s. coalescence
\{
Asysoft: more symmetric clusters, Asystiff: more symmetric clusters, combined
larger neutron distillation to a larger fast neutron emission

combined to a larger pre-eq neutron emission



Isospin content of Fast Nucleon/Cluster emission, Isospin Flows

E,,.(p) Sensitivity: stiffness and symmetry potentials

Neutron/Proton Effective Mass Splitting

High p_t selections: - source at higher density
- Squeeze-out : v,
- high kinetic energies




132Sn+124Sn 400AMeV Central — nucleon, cluster Yield Ratios

Free nucleons vs 3H, 3He clusters: phase space coalescence,
200 events, 6000 Montecarlo samplings

. Asystiff, m*n<m*p - Asystiff, m*n>m*p ..

- B0
Fifem £ 4
_‘{:,_,,x.rc} o t=8 kL Fiey) 4] t=8
40 a 40 10
i _ ~ e e T
//).--\ =, e = I//;r—' '\\-.\ (-{‘I‘_""\k‘q ,.-/ [ =N
e = = R W )
[ R [ \\:—J/ A N /-
&/ & \SON), = = o
20 . B 20 20 20
ag -
o ol ] 0 ; ] A0 7 ] Te
o 20 ; ] B ] i an 20
= 32 24 32
40 0
5 - _ ===
! = o = o “\‘
Z2 1==3 =N =
(i) e, I A
W/ =/ N2 e
20 — L SN 20 20 ——
fal
g 20 ] &0 TV 20 40 50 B0 ﬁgl 20 0 &0 pN 0 O O &0
B0 a0 .
40 45 40 48
. /J"""'——\\ e P ——
? i 0 =N 0 P . / 2
e P! v, ' ﬂ) {1 ) \ 4) f —) \I
{1 + ,': i {(w f\.f'(ﬂ"'l f.; i }( by (/- - ._/';.’;)I [ ."I- <) St )
7 (t=sy = (&=
W i | — . - R o
o o ’ ingp: 20 \_ ey /'/ 20 N e
20 \x-ﬁ_ — 20 k““k_'"--"" — / = N diis
R —_—=
\ 0

a - - oy - - N : 7 : 0% = = .
0 20 40 a0 1o vl 0 a0 &0 HI\ 0 20 10 a0 8070 Z0 Au] a0 a0

Same “global” Freeze-out time: saturation of N, — ~50fm/c
reaction dynamics:
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P25n +2'Sn 400AMeV b=1fm asy-stiff EOS
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132 124
Sn+ "~ Sn 400AMeV b=1fm asy-soft EOS
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132Sn+124Sn 400AMeV Central — Yield Ratios : Asy-soft + mass splitting
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Collective flows

In-plane Out-of-plane
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197Au+197Au 400AMeV SemiCentral — nucleon, cluster Elliptic Flows

Asy-stiff
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Au+Au 400AMeV Semicentral

Elliptic proton-neutron flow difference vs p, at mid-rapidity

Tau+'" Au 400AMeV b=7fm freeze out time 48 fimn/c

asy-stiff ly/y,|<0.3
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-0,02
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Relativistic Energies

@ Compressed Baryon Matter

Covariant Mean Field Dynamics

|

Quantum Hadrodynamics (QHD) — Relativistic Transport Equation (RMF)

Effective Masses Self-Energies

Mean Fields }
In-medium cross sections

Phys.Rep.410(2005)335-466



[ RBUU transport equation ]

Wigner transform N Dirac + Fields Equation wssp  Relativistic Vlasov Equation
+ Collision Term...

D v kH =kt -3

i vi ny ﬂM* (pa:) - * _ l_ 1 1 1

[M*a +(M*}- + 0 )8” ]fz(m,p) - ijM_Zs,i
drift \ / mean field F* =9#YY —9"2*

ai+ =V f+VU-V f=1I, Non-relativistic Boltzmann-Nordheim-Vlasov

coll

“Lorentz Force”— Vector Fields | arge Isospin Flows above 1AGeV
pure relativistic term

g dp dp; dpj / e e 40y .
1= / - AQ(p" +p3) == 07 +
Collision term: (om3 J pil pd "+ 1) == 80+ 73— i - i)

x{fafall = ]Il - fz] = [l - f][L - fl}

Self-Energy contributions to the inelastic channels!




Au+Au 1AGeV central: Phase Space Evolution in a CM cell

Testing
EoS
—CBM
0,5 1
] o %u+197Au@1.0AGeV |
0.4 . / central

0,3 1 . ] /

0,2 1

0,11

0,0

0

T T T T T T y
10 20 30
ﬂ time [fm/c] I

K production




Quantum Hadrodynamics (QHD) — Relativistic Transport Equation (RMF)

OBE

NN scattering nuclear interaction from meson exchange:

main channels (plus correlations)
c(0%0) ®(15,0) o(0%1) p(17,1)

ww

Isoscalar Isovector

Nuclear interaction by Effective Field Theory
as a covariant Density Functional Approach

¢ Attraction & Repulsion =—> ‘

L=Fy, (0" — g V*)-(M - g,& b+ L (aﬂcpa - mqﬂ)_ZA

2
o (0,0" +m2 )b =g, Ty = g,bs \
X X Relativistic structure also
w: O W +mV =g Wry=g,Jl" in isospin space !
E,m= Kin. + (p—vector) - ( 3-scalar)



RMF Symmetry Energy: the & - mechanism

1 k; 1
sym:_ %) +—
6EZ 2
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54| [ o NLp
so 2836 MeV ., - o
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i fl
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Liu Bo et al., PRC65(2002)045201
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Self-Energies: kinetic momenta and (Dirac) effective masses

ki*luEkilu_Zliu Zs(n’p):fag(ps)$f5ps3

* U o
m =M _Zs,i Zﬂ(n, p) — fa)]ﬂ $fpj§t pper sign. n

(P, J)s =P, 1), =(Ps)),

Dirac dispersion relation: single particle energies Ps3 = Py ~ Py, < O,n—rich

3 5 > = n-rich: | .

E + M = +Zi +./k”+ nm. . | - Neutrons see a more repulsive vector field,
increasing with f, and isospin density

- M*(n)<m*(p)

Chemical Potentials (zero temp.) t t
asymmetry parameter

/

. 2 ) T
ﬂi = \/kF + mi + fw,OB + prOB3 u,— M, z[4Esym(kin)+2prpJa




Isospin Flows at Relativistic Energies

E,,n(p): Sensitivity to the Covariant Structure

Enhancement of the Isovector-vector contribution via the
Lorentz Force

High p_t selections: source at higher density
— Symmetry Energy at 3-4p,




Elliptic flow Difference

132Sn+132Sn, 1.5AGeV, b=6fm: NL-p & NL-(p +5)

<V P>

# Difference at high p, & first stage

[l «——— High p, neutrons are emitted “earlier”

Equilibrium (p,6) dynamically broken:
Importance of the covariant structure

1 approximations

Js

0.0505
0.025 |
0.000 | T f
—0.025 %x‘}y//%\\ Ir

E 0.3<Y/Y,,<0.8 R
—0.050 — -]

S I I I

0.0 0.2 0.4 0.8 0.8 1.0

Pt/ Pproj
. . dpp
Dynamical boosting of the dr

vector contribution

V.Greco et al., PLB562(2003)215

Yo — =
Py

I

M 4
2 f —fs—*}=—Esp%
{p Ep Ps g

dp, - 4 . =
d: =5 [ ] Vps=—E;,,Vps

PB



Meson Production at Relativistic Energies: n*/x*, K YK*

E,,(p): Sensitivity to the Covariant Structure

Self-energy rearrangement in the inelastic vertices with
different isospin structure — large effects around the thresholds

High p_t selections: source at higher density
— Symmetry Energy at 3-4p,




PION PRODUCTION |  G.Ferini et al., NPA 762 (2005) 147, NM Box
PRL 97 (2006) 202301, HIC
Main mechanism NN = NA 1200
W

nn pp ﬂ:N
e N x A
A” nAO At nATT
A P T
nmT pn ntt  prt — g

n—p “transformation’

Vector self energy more repulsive for neutrons and more attractive for protons

1. C.M. energy available: “threshold effect”

m(NL)<5,,(NLp) <5, (NLpS) | s
s, (NL)>s (NLp)>s, (NLpS)
Some compensation

gn,p :En,p+fa)pB$fppB3_’

2. Fast neutron emission: “mean field effect” in “open” systems, HIC,
A~ - but “threshold effect” more
P YA | 7 | decrease: NL— NLp — NLps|  effective, in particular at low
p Y(A™) 4 energies

) Noevidence of Chemical Equilibrium!! \



Pion/Kaon production in “open” system: Aut+Au 1AGeV, central

i L] I L] I L] I L] I L] I i - L] I L] I L] I L] I L] I L] -
25 b= . ./--,",L'_Tc 1 0,08}~ e O_
- // P ) ) _-'/ ___________ K ]
- . ) . - - -I./ ————————— - -
20} — - -
I i 0,06 - — o~ ]
z | ™1 0 -
E) 15 __ __ T [ T [ T ] .
El 1 0.04 - 0,1t ]
=R 1 7] dK'/dK™ 1 ]
g F - ]
10 - . 14
A . - ]
I 1 002} _;_
5 - - d -
i i : 10 15 20:
i 7 i time (fm/c)
ol - 1 P R B B
0 20 30 40 50 60 0 10 20 30 40 50 60
time (fm/c) time (fm/c)
Pions: large freeze-out, Kaons: |
compensation - early production: high density phase

G.Ferini et al.,PRL 97 (2006) 202301

- isovector channel effects —
but mostly coming from second step collisions...
— reduced asymmetry of the source



AutAu central: 1r and K yield ratios vs. beam energy

3 [ L] I L] I ] I ] I L] I ] I

1 | Kaons:
1| ~15% difference between
DDF and NLpd

0,6 ' 0,8 ' 1 ' 1,2 1.4 ' 1,6 ' 1,8 ' 2 ] S
E __ (AGeV) Inclusive multiplicities

Pions: large effects at lower energies
G.Ferini et al.,PRL 97 (2006) 202301
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Testing deconfinement with RIB’s?

H H’ H’T — Q Q’ Q’T
Uy (Py P53 > T)= Uz (P5,P5,T) 0, = (I_Z)pgl +Zp§
,uf (....)= ﬂ3Q() Mixed Phase —

P (pl, pl, T)=P°%(p2,p2.T)

\ Hadron-RMF S —

o, == pl + xp?

4 s~ B"=150 MeV

(T.ppP55 binodal surface\ Quark-

Bag model

(two flavors) &“E
Pyans => ONset of the mixed phase : |

— decreases with asymmetry _ b | v
o - | L -I .
Signhatures? R A 0

NPA775(2006)102-126



EoS of Symmetric/Neutron Matter: Hadron (NLp) vs MIT-Bag — Crossings

E/A (MeV)
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In a C.M. cell -

System Size Dependence & Eguilibration {(U+U)

pB,res [psat] ’ Q
D W

IR P T I T
OO 10 20 30 40 50 60 O 10 20 30 40 5(9
[~ T "~ T T T "1 "] T 111708
—05F e 1 F, J0.7
< L | L ]
£ 04F J Froo Jo6
S 030 ] Lro '
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Exotic matter over 10 fm/c ?



Isospin content of the Quark Clusters in the Mixed Phase

T=50 MeV

Z/B | qu T=50 MeV, Bl'4=-160 MeV

0.4 Quarks

D.3 I Efl—"&|tut=ﬂl.4

o
0.1
Hadrons ﬂ
—_——— .EI; s .D;S. N .D;E'. N .D;?. N .D;B N G_gﬂﬂ

Lower boundary

Signatures? Neutron migration to the quark clusters (instead of a fast emission)

NPA775(2006)102 Symmetry Energy in the Quark Phase?



Quark Dynamics at High Baryon Density

Isospin Extension of the NJL Effective Lagrangian (two flavors)
Mass (Gap) - Equation
M;=m, —4GP, —4G, D ,i # je (u,d)

O =<iuu>®,=<dd >

G =(-a)G,
G, = aG,

M.Buballa, Phys.Rep. 407 (2005)

o : flavor mixing parameter — o =2, NJL, Mu=Md
o — 0, small mixing, favored — physical n mass
o — 1, large mixing



M =m—-4G,® +40G,(® - D)
M,=m-4G,® +4(1-)G,(® - D)

Neutron-rich matter at high baryon density:
|®,| decreases more rapidly due to the larger p,

_>((I)u_q)d)<0

a—0=>M,>M,=>M >M,

<M,

*

a—->1=M,<M,=>M,

a in the range 0.15 to 0.25......



M, (MeV)

40 | - ! ! - _ Iso-NJL

=04, 0=0.2

35 |

20| Very n-rich matter: I=N-Z/A=0.4
25 | Masses in the Chiral Phase

20

Solutions of the Iso-Gap Equation
S.Plumari, Thesis 2008

15

10 ....................... ]

m = 6MeV

A = 590MeV a =1
G,\?*=2.435
N

M,..=400MeV
<gbarq>=(-241.5MeV)?
m_=140.2MeV

f =92.6MeV

M; (MeV)




M; (MeV)

P (MeV/fm®)

Iso-NJL: u-d mass splitting vs flavor mixing
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Symmetry Energy in the Chiral Phase: something is missing
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The Elusive Symmetry Energy

100

— 80

< AN

: . AWAY FROM SATURATION:
S HEAVY ION DYNAMICS
£

=g \

Subsaturation density (Low to Fermi
energies):

Isospin Equilibration: Dynamical Dipole
Imbalance Ratios
- Mid-rapidity fragmentation

- Isospin Flows: V1 effects

] L ?
....... RIBs at Fermi Energies are welcome! Signals of Deconfinement: ...FAIR Beams?




