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The nuclear equation of state of neutron-rich matter is essential for nuclear physics and astro-

physics but still insufficiently known, in particular at high density. The symmetry energy rep-

resenting the difference between the energy density of neutron matter and of symmetric matter

influences properties of nuclei in their ground states and collective modes and governs properties

of neutron stars, such as their internal structures, their radii and moments of inertia, their crustal

vibration frequencies, and their cooling rates after formation in a supernova collapse.

Heavy-ion reactions are a unique tool for obtaining information on the symmetry energy in the

laboratory. Nuclear structure and reaction observables have been successfully used to collect in-

formation on the equation-of-state for neutron-rich matter at densities below or near saturation.

Observables sensitive to the early high-density phase reached in collisions at relativistic energies

are expected to provide laboratory constraints for supra-saturation densities at which the uncer-

tainties are largest. Significant results have already beenobtained from isotopic effects measured

for charged particle productions and collective flows but further work will be necessary to reach

firm conclusions. Future opportunities can be expected fromradioactive-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 WinterMeeting on Nuclear Physics in
Memoriam of Ileana Iori, the situation regarding the symmetry energy at high density as deduced
from heavy-ion reaction data was partly unclear, perhaps even confusing [1]. Probes considered
as very promising as, e.g., K+/K0 production ratios had turned out to be only weakly sensitiveto
the density dependence of the symmetry energy when measureddouble ratios were compared to
transport calculations [2, 3], and results deduced from pion ratios were found to be highly model
dependent [4, 5].

For theπ−/π+ yield ratios, variations of up to 20% for soft versus stiff parameterizations
are expected. Unfortunately, the analysis of the data for the reaction197Au + 197Au measured by
the FOPI Collaboration [6] led to even conflicting results, ranging from a rather stiff to a super-
soft behavior of the symmetry energy [4, 5]. Generally, the predictions with standard parameters
were found to be too small [6]. Therefore, more extreme assumptions had to be made to reach
the experimental values which, depending on the model, required either very stiff or very soft
solutions [2, 4, 5]. Among them, the super-soft result has initiated a broad discussion of how it
might be reconciled with observed properties of neutron stars [4, 7, 8].

While new interpretations of the measured meson ratios havenot appeared up to now, new
experimental results regarding the density dependence of the symmetry energy below and above
saturation have become available. A promising consensus seems to emerge from nuclear structure
and reaction studies, probing nuclear matter below saturation and favoring a moderately soft behav-
ior which may be characterized with a valueL ≈ 70 MeV for the parameter representing the slope
of the symmetry energy as a function of density at saturation[9]. The corresponding thickness of
the neutron skin of the208Pb nucleus is∆rnp ≈ 0.20 fm. The two quantities have been found to
be highly correlated [10], and either one of them may, therefore, be used to express the result of a
particular experimental or theoretical study.

Besides isotopic ratios of produced particles, also collective flows have been proposed as
probes for studying the symmetry energy at supra-saturation densities [11, 12], among them the
so-called differential neutron-proton flow which is the difference of the parameters describing the
collective motion of free neutrons and protons weighted by their numbers [11]. Also the ratios
or the differences of mean flow parameters of neutrons with respect to light charged particles have
been found to be very useful. From the analysis of the existing data set for the reaction197Au+197Au
at 400 MeV/nucleon [13, 14], the elliptic flow has emerged as an observable that depends sensi-
tively on the density dependence of the symmetry energy [15,16]. The comparison of the measured
flow parameters with the predictions of transport models favors a moderately soft to nearly linear
behavior of the symmetry energy with density that is consistent with the sub-saturation results but
incompatible with the super-soft behavior deduced from thepion data.

Important new information is expected to come from experiments, either in preparation for
being soon conducted or already carried out with the analysis in progress, which will be briefly
addressed. The following sections will be mainly devoted tonew results contributing to the present
knowledge of theL parameter and to the recent analyses of the elliptic flow in197Au+197Au, in-
cluding the study of parameter dependences in the model descriptions.
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2. The slope at saturation
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Figure 1: The symmetry potential energy of nucleons as a function of the reduced nuclear densityu = ρ/ρ0

using various density dependences. Power-law functions with γ = 1.5,1.0., and 0.5 are indicated as F15,
linear, and F05, respectively. In the super-soft case Fa3, the potential part is proportional tou(3−u)/2 (from
Ref. [18]).

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

E/A(ρ ,δ ) = E/A(ρ ,δ = 0)+ Esym(ρ) ·δ 2, (2.1)

is the difference between the energies of symmetric matter (δ = 0) and neutron matter (δ = 1) with
δ = (ρn −ρp)/ρ andρn,ρp, andρ representing the neutron, proton, and total densities, respec-
tively.

To be used in reaction models based on transport theory, often simplified descriptions of the
composition-dependent part of the nuclear mean field are required. In the UrQMD [18, 19] used
for the analysis of the elliptic flow in197Au+197Au, the density dependence of the potential part of
the symmetry energy is described with the power-law coefficientγ , while a second parameter gives
the strength at the saturation densityρ0 ≈ 0.16 nucleons/fm3,

Esym = Epot
sym+ Ekin

sym = 22 MeV· (ρ/ρ0)
γ +12 MeV· (ρ/ρ0)

2/3, (2.2)

Examples of these parameterizations are given in Fig. 1. In the IBUU04 developed by the groups
of Li and Chen [20, 21], the nuclear potential of Das et al. with explicit momentum dependence
in the isoscalar and isovector parts is used [22]. The density dependence of the symmetry energy
is characterized by a parameterx appearing in the potential expressions. Withx = 0, the density
dependence is similar toγ = 0.5 and withx = −1 similar toγ = 1.3, while x = +1 andx = −2
represent the super-soft and super-stiff cases, respectively.
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The density dependence of the symmetry energy is often expressed in the form of the parameter
L which is proportional to the derivative with respect to density at saturation,

L = 3ρ0 ·dEsym/dρ |ρ0. (2.3)

Quite compatible results, with their uncertainties falling into the interval 20 MeV≤ L ≤ 100 MeV,
have been obtained from experiments testing the strength ofthe symmetry term at densities near
or below saturation. This includes isospin diffusion and neutron/proton yield ratios [23] as well
as the isospin dependence of the isoscalar giant monopole resonance [24] or the strength of the
pygmy resonance in neutron rich nuclei [25]. A presently most probable value isL ≈ 60−70 MeV,
roughly corresponding to a power-law coefficientγ = 0.6.

These results have found confirmation in very recent experiments. The isospin equilibration
in Sn + Sn collisions has been studied at an incident energy of35 MeV/nucleon by constructing
the isospin diffusion ratios from the measured yields of theA = 7 mirror nuclei7Li and 7Be [26].
The results agree with the transport model predictions based on the symmetry-energy constraints
previously established at 50 MeV/nucleon [23]. The scattering of protons of several hundred MeV
has been shown to be a promising new spectroscopic tool for studying the electric dipole strength
in nuclei [27]. Using the correlation between the total electric dipole polarizability and the neutron
skin [28], a skin thickness of 0.16±0.02 fm for208Pb has been deduced from these data. According
to the correlation obtained for empirical mean-field interactions [10], it corresponds to a slope
parameterL ≈ 40± 25 MeV. It is very encouraging to find rather similar constraints being also
deduced from very recent investigations and observations of neutron-star properties [29, 30, 31].

High expectations are connected with the PREX experiment aiming at measuring the parity-
violating contribution to electron scattering at high energy [32]. Very little model dependence is in-
volved in determining the neutron-skin thickness of208Pb from the observed anisotropy [33]. Once
completed, this experiment will provide a practically model-free access to the density dependence
of the symmetry energy, obtained from probing nuclear matter at densities below saturation [34].

3. FOPI-LAND elliptic-flow data

Preliminary results from the reanalysis of the FOPI-LAND data on elliptic flow in 197Au +
197Au collisions at 400 MeV/nucleon have been reported two years ago [1]. The data have been
taken in experiments at GSI with the FOPI (Phase 1) and LAND detectors, then providing evidence
for the squeeze-out of neutrons in this energy regime [13, 14]. The motivation for returning to the
existing data set has come from studies performed with the UrQMD transport code for this fairly
neutron-rich system (N/Z = 1.49) which indicated a significant sensitivity of elliptic-flow to the
assumptions made for the density dependence of the symmetryenergy [15]. This is illustrated in
Fig. 2, top panel, which shows the dependence of the ellipticflow parameterv2 on the transverse
momentum per nucleon,pt/A, for the combined central and mid-peripheral collisions collected in
this experiment. The parameterv2 is the second-order coefficient of a Fourier decomposition of
the azimuthal distributions measured with respect to the orientation of the reaction plane (see, e.g.,
Refs. [15, 35]). The measured values are approximately reproduced by the UrQMD predictions.
For hydrogens (not shown), the results for the stiff (γ = 1.5) and soft (γ = 0.5) density dependences
are similar and close to the asy-stiff predictions for neutrons. For neutrons, however, the predictions
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are different by, on average, 20% for the main part of thept interval (dashed lines) but seem to
converge at highpt at which the yields become small and the statistical errors large.

Figure 2: Elliptic flow parametersv2 for neutrons (dots) and hydrogen isotopes (open triangles,top panel)
and their ratio (lower panels) for moderately central (b < 7.5 fm) collisions of 197Au + 197Au at 400
MeV/nucleon, integrated within the rapidity interval 0.25≤ y/yp ≤ 0.75, as a function of the transverse
momentum per nucleonpt/A. The symbols represent the experimental data. The UrQMD predictions for
γ = 1.5 (a-stiff) andγ = 0.5 (a-soft) obtained with the FP1 parameterization for neutrons (top panel) and
for the ratio (middle panel), and with the FP2 parameterization for the ratio (bottom panel) are given by the
dashed lines. Note the suppressed zero of the abscissa (fromRef. [15]).

For the model comparison, ratios of the flow parameters of neutrons versus protons or versus
Z = 1 particles have been used in order to minimize systematic effects influencing the collective
flows of neutrons and charged particles in similar ways. It also aids in the actual comparisons be-
cause uncertainties of how to match the impact-parameter intervals used in the calculations with
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the corresponding experimental event groups should cancelto first order. To demonstrate this prop-
erty, the calculations were performed with two parameterizations of the momentum dependence of
the elastic nucleon-nucleon cross section, labelled FP1 and FP2, which differ in their absolute
predictions ofv2 at mid-rapidity by≈ 40% for this reaction [36, 37].

The results for the ratiovn
2/vh

2, i.e. with respect to the integrated hydrogen yield, are shown in
Fig. 2 (lower panels). Their sensitivity to the stiffness ofthe symmetry energy as predicted by the
UrQMD is clearly visible. It is slightly smaller with the FP2parameterization of the in-medium
nucleon-nucleon cross section (bottom panel). The experimental ratios scatter within the intervals
given by the calculations forγ = 0.5 and 1.5 in similar ways, indicating that the effects of the cross
section parameterization largely cancel in the ratios. Linear interpolations between the predictions,
averaged over 0.3 < pt/A ≤ 1.0 GeV/c, yield practically identical results for the two cases.

The analysis was repeated for the squeeze-out ratios of neutrons with respect to free protons,
and the dependence on impact parameter was studied. In consideration of the apparent systematic
and experimental errors, a valueγ = 0.9±0.4 has been adopted as best representing the power-law
exponent of the potential term resulting from the elliptic-flow analysis. It falls slightly below the
γ = 1.0 line shown in Fig. 1 but, with the quoted uncertainty, stretches over a wide interval from
γ = 0.5 halfway up toγ = 1.5. The corresponding slope parameter isL ≈ 80±25 MeV.

A simple test of which densities are probed was finally made byreducing the coefficient of the
potential term in the symmetry energy from its default value22 MeV to 18 MeV (cf. Eq. 2.2). If
mainly the strength of the symmetry energy below saturationis important, this modification will
require a considerably softer density dependence in order to preserve a high level there. The op-
posite is expected if the differential flow is primarily determined by its strength at super-saturation
density. The actual results were very similar, favoring neither one of the two cases but confirming
that both, sub- and supra-saturation densities are probed with this observable [15].

4. Medium and momentum dependent cross sections

It is well known that the nucleon-nucleon cross sections will be significantly affected by the
nuclear medium (see, e.g., Refs. [38, 39]). In the UrQMD model, the elastic in-medium cross
sections are parameterized as the product of the free nucleon-nucleon elastic cross sections and an
in-medium correction factorF which is proportional to both the isospin-scalar density effect and
the isospin-vector mass-splitting effect as discussed in Refs. [19, 37].

The correctionsF(u), depending on the relative densityu = ρ/ρ0, should, furthermore, be
functions of the relative momentumpNN of the two colliding particles in the nucleon-nucleon
center-of-mass system, formulated as

F(u, pNN) =

{

f0 pNN > 1GeV/c
F(u)− f0

1+(pNN/p0)κ + f0 pNN ≤ 1GeV/c.
(4.1)

Here, f0, p0 andκ are parameters for which, again, several options exist as shown in the following
table and illustrated in Fig. 3.

The standard option for UrQMD calculations is the density dependent correctionF(u) with
the parameterization FU1 but other options have been found useful in special cases [37]. The
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Set f0 p0 [GeV c−1] κ

FP1 1 0.425 5

FP2 1 0.225 3

FP3 1 0.625 8

no pNN limit F(u)

Table 1: The three parameter sets FP1, FP2, and FP3 used for describing the momentum dependence of the
correction factorF. The fourth case, without apNN limit, is obtained by settingf0 equal toF(u) in Eq. (4.1).
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 no pNN limit
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Figure 3: (a) Correction factorF obtained with three parameterizations FU1, FU2, and FU3 forthe density
dependence and (b) the momentum dependence for the example of FU1 at u = 2 obtained with the four
options FP1, FP2, FP3, and “no pNN limit” (Eq. 4.1 with parameters given in Table 1).

restoration of the free elastic cross sections at high momentum is essential for reaching the ob-
served magnitude of the elliptic flow. In the "nopnn limit", the predictedv2 at mid-rapidity for the
studied197Au + 197Au collisions at 400 MeV/nucleon amounts to only half the measured value.
With the FP1 or FP2 parameterizations, the predictions comeclose but still slightly underpredict
or overpredict, respectively, the experimental value by 15% to 20% [15, 37]. The difference in
absolute magnitude of nearly 40% is significant. It is, therefore, very encouraging to find the effect
of the momentum dependence of the elastic cross sections to be cancelled out when flow ratios are
studied (Fig. 2).

In a very recent analysis, Cozma has also investigated the influence of several parameters
on the the elliptic flows of protons and neutrons using the Tübingen version of the QMD trans-
port model [16]. They included, in particular, the choice ofvarious forms of free and in-medium
nucleon-nucleon cross sections. It was found that the effects of choosing different cross section
parameterizations had almost an order-of-magnitude smaller effect on the difference between pro-
ton and neutron elliptic flows than variations of the densitydependence of the symmetry energy. A
super-soft behavior of the symmetry energy was confirmed to be excluded 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 saturation, indicating a moderately soft
density dependence of the symmetry energy, is very encouraging [9]. Astrophysical observations
seem to support this result. However, more direct observables probing nuclear matter at higher
densities will still be needed. It is, therefore, importantto continue the investigation of yield ratios
of isospin pairs of produced mesons and to explore their connection with the very first stages of the
collision [2].

The squeeze-out data for197Au + 197Au collisions at 400 MeV/nucleon indicate a moderately
soft to linear behavior of the symmetry energy that is consistent with the density dependence de-
duced from heavy-ion reactions at lower energies and from nuclear structure experiments. Even
though twice the saturation density can be reached in this reaction, the density regime that is ac-
tually probed needs to be determined more precisely. The statistical uncertainty of the existing
FOPI-LAND data is larger than the systematic effects investigated so far. Highly improved results
can thus be expected from a new experiment delivering a comprehensive data set with sufficiently
high statistical accuracy. It will be interesting to see first results appearing from the recently com-
pleted measurements of the ASYEOS Collaboration at the GSI Laboratory [41].

In the long term, the continuation of this program with systems of larger asymmetry will be
very promising and important. Radioactive beam facilitieswill enlarge the possibilities for using
neutron-rich beams to be combined with isotopically enriched targets. More efficient detector
setups will be needed to compensate the corresponding loss in luminosity. For the measurement
of neutrons, the neutron detector NeuLAND proposed for experiments at FAIR will offer a highly
improved detection efficiency in the energy range 100 to 400 MeV [42]. It will permit extending the
program also to reactions at lower energies for which significant mean-field effects are predicted
for directed and elliptic flows [40].

Illuminating discussions with M.D. Cozma and H.H. Wolter are gratefully acknowledged.
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