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The nuclear equation of state of neutron-rich matter isrd&defor nuclear physics and astro-
physics but still insufficiently known, in particular at higlensity. The symmetry energy rep-
resenting the difference between the energy density ofoleumhatter and of symmetric matter
influences properties of nuclei in their ground states atldaive modes and governs properties
of neutron stars, such as their internal structures, tl€if and moments of inertia, their crustal
vibration frequencies, and their cooling rates after faromain a supernova collapse.

Heavy-ion reactions are a unique tool for obtaining infotiotaon the symmetry energy in the
laboratory. Nuclear structure and reaction observables haen successfully used to collect in-
formation on the equation-of-state for neutron-rich madtedensities below or near saturation.
Observables sensitive to the early high-density phaséeekia collisions at relativistic energies
are expected to provide laboratory constraints for suptaration densities at which the uncer-
tainties are largest. Significant results have already bbtained from isotopic effects measured
for charged particle productions and collective flows butifer work will be necessary to reach
firm conclusions. Future opportunities can be expected fradioactive-beam facilities with
neutron-rich beams of sufficient energy and intensity.
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1. Introduction

Two years ago, at the time of the XLVIII International Wintdeeting on Nuclear Physics in
Memoriam of lleana lori, the situation regarding the synmnenergy at high density as deduced
from heavy-ion reaction data was partly unclear, perhaps eonfusing [1]. Probes considered
as very promising as, e.g.,"fK° production ratios had turned out to be only weakly sensttive
the density dependence of the symmetry energy when meadaudyde ratios were compared to
transport calculations [2, 3], and results deduced from patios were found to be highly model
dependent [4, 5].

For therr /mr* yield ratios, variations of up to 20% for soft versus stifr@aeterizations
are expected. Unfortunately, the analysis of the data fréaction®’Au + 1°’Au measured by
the FOPI Collaboration [6] led to even conflicting resul@nging from a rather stiff to a super-
soft behavior of the symmetry energy [4, 5]. Generally, thedjctions with standard parameters
were found to be too small [6]. Therefore, more extreme apsioms had to be made to reach
the experimental values which, depending on the model,inedjeither very stiff or very soft
solutions [2, 4, 5]. Among them, the super-soft result h#tsated a broad discussion of how it
might be reconciled with observed properties of neutrorsstg 7, 8.

While new interpretations of the measured meson ratios hav@ppeared up to now, new
experimental results regarding the density dependendeeafytmmetry energy below and above
saturation have become available. A promising consensmsss® emerge from nuclear structure
and reaction studies, probing nuclear matter below séuarahd favoring a moderately soft behav-
ior which may be characterized with a value= 70 MeV for the parameter representing the slope
of the symmetry energy as a function of density at saturd®pnThe corresponding thickness of
the neutron skin of thé%Pb nucleus if\ry, ~ 0.20 fm. The two quantities have been found to
be highly correlated [10], and either one of them may, tlwreefbe used to express the result of a
particular experimental or theoretical study.

Besides isotopic ratios of produced particles, also ctiledlows have been proposed as
probes for studying the symmetry energy at supra-sataratemsities [11, 12], among them the
so-called differential neutron-proton flow which is thefeiience of the parameters describing the
collective motion of free neutrons and protons weighted Hmirthnumbers [11]. Also the ratios
or the differences of mean flow parameters of neutrons witheet to light charged particles have
been found to be very useful. From the analysis of the exjstata set for the reactid’Au+97Au
at 400 MeV/nucleon [13, 14], the elliptic flow has emerged mslbservable that depends sensi-
tively on the density dependence of the symmetry energyll8p,The comparison of the measured
flow parameters with the predictions of transport modelsriga moderately soft to nearly linear
behavior of the symmetry energy with density that is comsistvith the sub-saturation results but
incompatible with the super-soft behavior deduced fronpibe data.

Important new information is expected to come from expeniseeither in preparation for
being soon conducted or already carried out with the aralipsprogress, which will be briefly
addressed. The following sections will be mainly devotedew results contributing to the present
knowledge of the. parameter and to the recent analyses of the elliptic floWiAu+197Au, in-
cluding the study of parameter dependences in the modeiipliimas.
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2. The slope at saturation
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Figure 1: The symmetry potential energy of nucleons as a functionefélduced nuclear density= p/po
using various density dependences. Power-law functiotis y= 1.5,1.0., and 0.5 are indicated as F15,

linear, and FO5, respectively. In the super-soft case Raqdtential part is proportional tg3—u) /2 (from
Ref. [18]).

The symmetry energy, i.e. the symmetry-term coefficigpt, in the usual quadratic expansion
of the equation of state,

E/A(p,3) = E/A(p, 3 = 0) + Esym(p) - 67, (2.1)

is the difference between the energies of symmetric malter@) and neutron matted(= 1) with
0 = (pn— pPp)/p and pn, pp, and p representing the neutron, proton, and total densitieperes
tively.

To be used in reaction models based on transport theory) siiteplified descriptions of the
composition-dependent part of the nuclear mean field angnext] In the UrQMD [18, 19] used
for the analysis of the elliptic flow if®’Au+1°’Au, the density dependence of the potential part of
the symmetry energy is described with the power-law coeffilgr, while a second parameter gives
the strength at the saturation dengity~ 0.16 nucleon$fm3,

Esym = EBom + Ejm = 22 MeV- (p/po)" + 12 MeV- (p/p0)*>, (2.2)

Examples of these parameterizations are given in Fig. lhdiBUUO4 developed by the groups
of Li and Chen [20, 21], the nuclear potential of Das et al.hvékplicit momentum dependence
in the isoscalar and isovector parts is used [22]. The dedspendence of the symmetry energy
is characterized by a parameteappearing in the potential expressions. Witk 0, the density
dependence is similar tp= 0.5 and withx = —1 similar toy = 1.3, whilex = +1 andx = —2
represent the super-soft and super-stiff cases, resphrctiv
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The density dependence of the symmetry energy is often esgalén the form of the parameter
L which is proportional to the derivative with respect to dgnat saturation,

L = 3p0 - dEsym/dp|po. (2.3)

Quite compatible results, with their uncertainties fajlinto the interval 20 Me\K L < 100 MeV,
have been obtained from experiments testing the strengtieafymmetry term at densities near
or below saturation. This includes isospin diffusion andtrmn/proton yield ratios [23] as well
as the isospin dependence of the isoscalar giant monopsd@ance [24] or the strength of the
pygmy resonance in neutron rich nuclei [25]. A presently npogbable value i& ~ 60— 70 MeV,
roughly corresponding to a power-law coefficignt 0.6.

These results have found confirmation in very recent expmrima The isospin equilibration
in Sn + Sn collisions has been studied at an incident ener@p dfleV/nucleon by constructing
the isospin diffusion ratios from the measured yields ofAahe 7 mirror nuclei’Li and 'Be [26].
The results agree with the transport model predictionschasethe symmetry-energy constraints
previously established at 50 MeV/nucleon [23]. The sciseof protons of several hundred MeV
has been shown to be a promising new spectroscopic toolddyisiy the electric dipole strength
in nuclei [27]. Using the correlation between the total #ledaipole polarizability and the neutron
skin [28], a skin thickness of. 06+ 0.02 fm for2%8Pb has been deduced from these data. According
to the correlation obtained for empirical mean-field intéiens [10], it corresponds to a slope
parametell =~ 40+ 25 MeV. It is very encouraging to find rather similar consttaibeing also
deduced from very recent investigations and observatibnsutron-star properties [29, 30, 31].

High expectations are connected with the PREX experimeningi at measuring the parity-
violating contribution to electron scattering at high eyei32]. Very little model dependence is in-
volved in determining the neutron-skin thicknesg®Pb from the observed anisotropy [33]. Once
completed, this experiment will provide a practically mifitee access to the density dependence
of the symmetry energy, obtained from probing nuclear mattelensities below saturation [34].

3. FOPI-LAND elliptic-flow data

Preliminary results from the reanalysis of the FOPI-LANDadan elliptic flow in1°’Au +
197Au collisions at 400 MeV/nucleon have been reported two y@go [1]. The data have been
taken in experiments at GSI with the FOPI (Phase 1) and LANBaters, then providing evidence
for the squeeze-out of neutrons in this energy regime [1B, e motivation for returning to the
existing data set has come from studies performed with tlg@MD transport code for this fairly
neutron-rich systemN/Z = 1.49) which indicated a significant sensitivity of elliptio# to the
assumptions made for the density dependence of the symmratrgy [15]. This is illustrated in
Fig. 2, top panel, which shows the dependence of the ellffatic parametewr, on the transverse
momentum per nucleomy /A, for the combined central and mid-peripheral collisionbexted in
this experiment. The parameter is the second-order coefficient of a Fourier decompositibn o
the azimuthal distributions measured with respect to tlentation of the reaction plane (see, e.g.,
Refs. [15, 35]). The measured values are approximateiodejed by the UrQMD predictions.
For hydrogens (not shown), the results for the sfifi{1.5) and soft y = 0.5) density dependences
are similar and close to the asy-stiff predictions for neust For neutrons, however, the predictions
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are different by, on average, 20% for the main part of phénterval (dashed lines) but seem to
converge at highp, at which the yields become small and the statistical ereogel
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Figure 2: Elliptic flow parameters, for neutrons (dots) and hydrogen isotopes (open triantggespanel)
and their ratio (lower panels) for moderately centtal{ 7.5 fm) collisions of1°’Au + 1°’Au at 400
MeV/nucleon, integrated within the rapidity interva6 < y/y, < 0.75, as a function of the transverse
momentum per nucleop /A. The symbols represent the experimental data. The UrQMDigtrens for

y = 1.5 (a-stiff) andy = 0.5 (a-soft) obtained with the FP1 parameterization for rengr(top panel) and
for the ratio (middle panel), and with the FP2 parameteidrdor the ratio (bottom panel) are given by the
dashed lines. Note the suppressed zero of the abscissaRgarfl5]).

For the model comparison, ratios of the flow parameters afraes versus protons or versus
Z = 1 particles have been used in order to minimize systemdtctsfinfluencing the collective
flows of neutrons and charged particles in similar ways.do alids in the actual comparisons be-
cause uncertainties of how to match the impact-parametervads used in the calculations with
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the corresponding experimental event groups should caméiedt order. To demonstrate this prop-
erty, the calculations were performed with two parametgions of the momentum dependence of
the elastic nucleon-nucleon cross section, labelled FRILFR2, which differ in their absolute
predictions ofv, at mid-rapidity by~ 40% for this reaction [36, 37].

The results for the ratidz‘/v';, i.e. with respect to the integrated hydrogen yield, arevshio
Fig. 2 (lower panels). Their sensitivity to the stiffnesgtof symmetry energy as predicted by the
UrQMD is clearly visible. It is slightly smaller with the FR#arameterization of the in-medium
nucleon-nucleon cross section (bottom panel). The expetiah ratios scatter within the intervals
given by the calculations fgr= 0.5 and 1.5 in similar ways, indicating that the effects of thases
section parameterization largely cancel in the ratioseairinterpolations between the predictions,
averaged over.G8 < p;/A < 1.0 GeV/c, yield practically identical results for the two eas

The analysis was repeated for the squeeze-out ratios afomsutvith respect to free protons,
and the dependence on impact parameter was studied. Irdecatsin of the apparent systematic
and experimental errors, a valye= 0.94 0.4 has been adopted as best representing the power-law
exponent of the potential term resulting from the elligtma analysis. It falls slightly below the
y = 1.0 line shown in Fig. 1 but, with the quoted uncertainty, sines over a wide interval from
y = 0.5 halfway up toy = 1.5. The corresponding slope parametdr is 80+ 25 MeV.

A simple test of which densities are probed was finally madeelycing the coefficient of the
potential term in the symmetry energy from its default va22eMeV to 18 MeV (cf. Eq. 2.2). If
mainly the strength of the symmetry energy below saturagdmportant, this modification will
require a considerably softer density dependence in oadpreserve a high level there. The op-
posite is expected if the differential flow is primarily deténed by its strength at super-saturation
density. The actual results were very similar, favoringhrezi one of the two cases but confirming
that both, sub- and supra-saturation densities are prolibdhis observable [15].

4. Medium and momentum dependent cross sections

It is well known that the nucleon-nucleon cross sections lvél significantly affected by the
nuclear medium (see, e.g., Refs. [38, 39]). In the UrQMD nhotlee elastic in-medium cross
sections are parameterized as the product of the free miol@deon elastic cross sections and an
in-medium correction factoF which is proportional to both the isospin-scalar densifeafand
the isospin-vector mass-splitting effect as discusseckiis.R19, 37].

The correctiond=(u), depending on the relative density= p/po, should, furthermore, be
functions of the relative momentumpyy of the two colliding particles in the nucleon-nucleon
center-of-mass system, formulated as

fo Py > 1GeV/e

F(U’ pNN) = { E(u)—f
et P < 1Gev/c,

(4.1)

Here, fo, pp andk are parameters for which, again, several options exist@srsin the following
table and illustrated in Fig. 3.

The standard option for UrQMD calculations is the densitpatelent correctiofr (u) with
the parameterization FU1 but other options have been fosefuliin special cases [37]. The
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Set fo | po[Gevc? | k
FP1 1 0.425 5
FP2 1 0.225 3
FP3 1 0.625 8
no pwn limt | F(u)

Table 1: The three parameter sets FP1, FP2, and FP3 used for deg¢tibimomentum dependence of the
correction factof. The fourth case, withoutpy limit, is obtained by settindo equal toF (u) in Eq. (4.1).
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Figure 3: (a) Correction factoF obtained with three parameterizations FU1, FU2, and FUBfedensity
dependence and (b) the momentum dependence for the exafrfpllélcat u = 2 obtained with the four
options FP1, FP2, FP3, and “naylimit” (Eq. 4.1 with parameters given in Table 1).

restoration of the free elastic cross sections at high mtumers essential for reaching the ob-
served magnitude of the elliptic flow. In the "mpg, limit", the predictedv, at mid-rapidity for the
studied®’Au + 1°’Au collisions at 400 MeV/nucleon amounts to only half the swad value.
With the FP1 or FP2 parameterizations, the predictions cdose but still slightly underpredict
or overpredict, respectively, the experimental value b% 16 20% [15, 37]. The difference in
absolute magnitude of nearly 40% is significant. It is, tfane very encouraging to find the effect
of the momentum dependence of the elastic cross sectiorsdartzelled out when flow ratios are
studied (Fig. 2).

In a very recent analysis, Cozma has also investigated theeirte of several parameters
on the the elliptic flows of protons and neutrons using theifigdn version of the QMD trans-
port model [16]. They included, in particular, the choicevafious forms of free and in-medium
nucleon-nucleon cross sections. It was found that the tsfi@fcchoosing different cross section
parameterizations had almost an order-of-magnitude snmeffiect on the difference between pro-
ton and neutron elliptic flows than variations of the dend#pendence of the symmetry energy. A
super-soft behavior of the symmetry energy was confirmea texsluded by the comparison with
the flow data from the FOPI-LAND experiment [14].
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5. Conclusion and outlook

The consensus emerging from studies near or below satyratidicating a moderately soft
density dependence of the symmetry energy, is very encimgr§@]. Astrophysical observations
seem to support this result. However, more direct obseggaptobing nuclear matter at higher
densities will still be needed. It is, therefore, importemtontinue the investigation of yield ratios
of isospin pairs of produced mesons and to explore theirexction with the very first stages of the
collision [2].

The squeeze-out data f6t’Au + 197Au collisions at 400 MeV/nucleon indicate a moderately
soft to linear behavior of the symmetry energy that is caasiswith the density dependence de-
duced from heavy-ion reactions at lower energies and froabeau structure experiments. Even
though twice the saturation density can be reached in thigtion, the density regime that is ac-
tually probed needs to be determined more precisely. Thistgtal uncertainty of the existing
FOPI-LAND data is larger than the systematic effects ingestd so far. Highly improved results
can thus be expected from a new experiment delivering a cemepsive data set with sufficiently
high statistical accuracy. It will be interesting to seetfiesults appearing from the recently com-
pleted measurements of the ASYEOS Collaboration at the @Bbtatory [41].

In the long term, the continuation of this program with systeof larger asymmetry will be
very promising and important. Radioactive beam facilitigh enlarge the possibilities for using
neutron-rich beams to be combined with isotopically eraithargets. More efficient detector
setups will be needed to compensate the correspondingridaminosity. For the measurement
of neutrons, the neutron detector NeuLAND proposed for expnts at FAIR will offer a highly
improved detection efficiency in the energy range 100 to 4@¥J42]. It will permit extending the
program also to reactions at lower energies for which sicgnifi mean-field effects are predicted
for directed and elliptic flows [40].

llluminating discussions with M.D. Cozma and H.H. Woltee gratefully acknowledged.
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