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Abstract. We discuss recent results on heavy ion reactions between charge asymmetric
systems, from low up to intermediate energies. The theoretical framework is provided by mean-
field based transport approaches. We focus on isospin sensitive observables, aiming at extracting
information on the density dependence of the isovector part of the nuclear effective interaction
and of the nuclear symmetry energy. For reactions close to the Coulomb barrier, we explore
the structure of collective dipole oscillations, rather sensitive to the low-density behavior of the
symmetry energy. At intermediate energies, where regions with higher density and momentum
are reached, we discuss collective flows and their sensitivity to the momentum dependence of
the isovector interaction channel, which determines the splitting of neutron and proton effective
masses.

1. Introduction
The behavior of nuclear matter in several conditions of density, temperature and N/Z asymmetry
is of fundamental importance for the understanding of many phenomena involving nuclear
systems and astrophysical compact objects. This information can be accessed by mean of heavy
ion collision experiments, where transient states of nuclear matter spanning a large variety of
regimes can be created. Actually this study allows one to learn about the corresponding behavior
of the nuclear effective interaction, which provides the nuclear Equation of State (EOS) in the
equilibrium limit. Over the past years, measurements of experimental observables, like isoscalar
collective vibrations, collective flows and meson production, have contributed to constrain the
EOS of symmetric matter for densities up to five time the saturation value [1]. More recently,
the availability of exotic beams has made it possible to explore, in laboratory conditions, new
aspects of nuclear structure and dynamics up to extreme ratios of neutron (N) to proton (Z)
numbers, also opening the way to the investigation of the EOS of asymmetric matter, which has
comparatively few experimental constraints. Indeed, the isovector part of the nuclear effective
interaction and the corresponding symmetry energy of the EOS (Asy-EOS) are largely unknown
as soon as we move away from normal density, especially in the high density regime.
Nevertheless, this information is essential in the astrophysical context, for the understanding
of the properties of compact objects such as neutron stars, whose crust behaves as low-
density asymmetric nuclear matter [2] and whose core may touch extreme values of density
and asymmetry. Moreover, the low-density behavior of the symmetry energy also affects the
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structure of exotic nuclei and the appearance of new features involving the neutron skin, which
are currently under intense investigation [3].

Over the past years, several observables which are sensitive to the Asy-EOS and testable
experimentally, have been suggested [4, 5, 6, 7]. In this article we will review recent results on
dissipative collisions in a wide range of beam energies, from just above the Coulomb barrier up
to the AGeV range, on the basis of transport theories of the Stochastic Mean Field (SMF) type.
Low energies will bring information on the symmetry term around (below) normal density, while
intermediate energies will probe high density regions.

2. Transport theories and symmetry energy
Nuclear reactions are modeled by solving transport equations based on mean field theories,
with short range (2p-2h) correlations included via hard nucleon-nucleon elastic collisions and
via stochastic forces, selfconsistently evaluated from the mean phase-space trajectory, see [8, 5].
Stochasticity is essential in order to get distributions as well as to allow for the growth of
dynamical instabilities.

In the energy range up to a few hundred A MeV, the appropriate tool is the so-called
Boltzmann-Langevin (BL) equation [8]:

VO (4 1Y = Tl + 0117, 1)
where f(r,p,t) is the one-body distribution function, the semi-classical analog of the Wigner
transform of the one-body density matrix, H(r,p,t) the mean field Hamiltonian, I.,; the two-
body collision term incorporating the Fermi statistics of the particles, and I[f] its fluctuating
part. Here we follow the approximate treatment of the BLE introduced in Ref. [9], the Stochastic
Mean Field (SMF) model. The numerical procedure to integrate the transport equations is based
on the test-particle method.

Effective interactions (associated with a given EOS) can be considered as an input of the
transport code and from the comparison with experimental data one can finally get some hints
on the properties of the nuclear interaction.

We recall that the symmetry energy F,,, appears in the energy density functional e(p, p;) =
e(p) + pESj{m (pi/p)* + O(pi/p)* + .., expressed in terms of total (p = p, + p,) and isospin
(pi = pp — pn) densities. Egy,, gets a kinetic contribution directly from basic Pauli correlations
and a potential part, C(p), from the highly controversial isospin dependence of the effective

interactions: 5 ()
o . sym p
u = g (kin)+— = (pot) 20 " (2)

(po denotes the saturation density). The nuclear mean-field, consistently derived from the energy
functional, can be written as:
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where 7, = +1(—1) for ¢ = n(p). The isoscalar section is fixed requiring that the saturation

properties of symmetric nuclear matter, with a compressibility modulus around K = 200

MeV [1], are reproduced (which corresponds to the Skyrme SKM* effective interaction). The
corresponding values of the coefficients are A = —356.8 MeV, B = 303.9 MeV, a = 1/6.

The sensitivity of the simulation results is tested against different choices of the density
dependence of the isovector part of the effective interaction. We employ three different
parameterizations of C'(p): the asysoft, the asystiff and asysuperstiff respectively, see [5] for
a detailed description. The value of the symmetry energy, Es,n, /A, at saturation, as well as the
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slope parameter, L = 3pg | p=po» are reported in table 1 (first two columns) for each of

d
these Asy-EOS. Just below thg saturation density the asysoft mean field has a weak variation
with density while the asysuperstiff shows a rapid decrease, see figure 1.

For protons, the Coulomb interaction is also included in the simulations.

Surface terms are not explicitly included in the mean-field potential, however surface effects
are accounted for by considering finite width wave packets for the test particles employed in
the numerical resolution of equation (1). The width is tuned to reproduce the surface energy
of nuclei in the ground state [10]. This method also induces the presence of a surface term in
the symmetry energy. We have checked that properties connected to surface effects, such as
the neutron skin of neutron-rich nuclei, are in reasonable agreement with calculations of other
models employing similar interactions [11, 12].

Momentum-dependent effective interactions may also be implemented into equation (1) and
will be considered in the following for the study of observables which are particularly sensitive
to this ingredient. In particular, we will discuss results related to the momentum dependence of
the isovector channel of the interaction, leading to the splitting of neutron and proton effective
masses (see section 4).

3. Collective excitations in neutron-rich systems

One of the important tasks in many-body physics is to understand the emergence of collective
features as well as their structure in terms of the individual motion of the constituents. The
experimental characterization and theoretical description of collective excitations appearing in
charge asymmetric and exotic systems is a challenge for modern nuclear physics.

3.1. New exotic collective excitations

Recent experiments of Coulomb dissociation have provided several evidences about the existence
of new collective excitations in neutron-rich systems, but the available information is still
incomplete and their nature is a matter of debate. In particular, many efforts have been
devoted to the study of the Pygmy Dipole Resonance (PDR), identified as an unusually large
concentration of the isovector dipole response at energies below the values corresponding to the
Giant Dipole Resonance (GDR). The latter is one of the most prominent and robust collective
motions, present in all nuclei, whose centroid position varies, for medium-heavy nuclei, as
80A~1/3 MeV. From a comparison of the available data for stable and unstable Sn isotopes
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Table 1. The symmetry energy at saturation (in MeV), the slope parameters, neutron rms
radius, protons rms radius, neutron skin thickness of '32Sn for the three Asy-EOS.

asy-EoS Eegm/A L(MeV) R,(fm) R,(fm) AR,y(fm)

asysoft 29.9 14.4 4.90 4.65 0.25
asystiff 28.3 72.6 4.95 4.65 0.30
asysupstiff 28.3 96.6 4.96 4.65 0.31

a correlation between the fraction of pygmy strength and isospin asymmetry was noted [13]. In
general the exhausted sum-rule increases with the proton-to-neutron asymmetry. This behavior
was related to the symmetry energy properties below saturation and therefore connected to the
size of the neutron skin [14, 3].

In spite of the theoretical progress in the interpretation of this mode and new experimental
information [15, 16, 17, 18], a number of critical questions concerning the nature of the PDR
still remains. Here we want to address the important issue related to the collective nature of
the PDR in connection with the role of the symmetry energy.

A microscopic, self-consistent study of the collective features and of the role of the nuclear
effective interaction upon the PDR can be performed within the Landau theory of Fermi liquids.
This is based on two coupled Vlasov kinetic equations (see equation (1), neglecting two-body
correlations) for neutron and proton one-body distribution functions f,(r,p,t) with ¢ = n,p,
and was applied quite successfully in describing various features of the GDR, including pre-
equilibrium dipole excitation in fusion reactions [19]. However, it should be noticed that within
such a semi-classical description shell effects are absent, certainly important in shaping the fine
structure of the dipole response [20]. By solving numerically the Vlasov equation, in the absence
of Coulomb interaction, Urban [21] evidenced from the study of the total dipole moment D a
collective response around 8.6 MeV which was identified as a pygmy mode. Here, considering
in the transport simulations also the Coulomb interaction, we explore the isoscalar character of
the mode by a comparative analysis, employing the three different density parametrizations of
the symmetry energy introduced above (see figure 1).

One of the most important goals is to address the connection between the development of
the neutron skin and the emergence of a low-energy E1 response, a subject under intense debate
during the last years. Since, as in the case of the GDR, the evolution with mass of the low-energy
E1 response provides an additional insight into the nature of the mode, we shall consider the
systems *8Ca, 8 Ni, 8 Kr and 28 Pb, as well as a chain of Sn isotopes, 108:116:124,132,140 gy

From the one-body distribution functions one obtains the local densities in the ground state:
pq(Tyt) = /(;Td;)fq(r,p,t) as well as the quadratic radii <r§) = ]\1@1/dr rzpq(r,t) and the
width of the neutrons skin ARy, = \/(r2) — \/(r2) = Ry, — Ry.

The integration of the transport equations is based on the test-particle (t.p.) method, with
a number of 1300 t.p. per nucleon, ensuring in this way a good spanning of the phase-space.

An efficient method to extract the values of R, and R, is by observing their time evolution
after a gentle perturbation. Both quantities perform small oscillations around equilibrium values
and we remark that the numerical simulations keep a very good stability of the dynamics for at
least 2000 fm/c. Using this procedure we obtain for the charge mean square radius of 2’ Pb a
value around R, = 5.45 fm, to be compared with the experimental value R}, c;, = 5.50 fm. For
Sn isotopes we display the mass dependence of R,, R, in figure 2 (a) and of AR,,, respectively
in figure 2 (b). Values for 132Sn are also reported in table 1. For the charge radii the predictions
from the three Asy-EOS virtually coincide and we notice a good agreement with the experimental
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Figure 2. (Color online) (a) The neutron (blue) and proton (red) mean-square radius for Sn
isotopes: asysoft (diamonds), asystiff (squares) and asysuperstiff (circles) EOS. The stars are
experimental data from Refs. [22]. (b) The neutron skin size as a function of mass for Sn
isotopes: asysoft (magenta diamonds), asystiff (green squares), asysuperstiff (maroon circles).
The stars and the error bars (blue) are experimental data from Ref. [23].

data reported in [22]. For all adopted parametrizations the predicted values of the neutron skin
thickness are within the experimental errors bars, see the data presented in [23] for the stable
Sn nuclei. In the case of 2%®Pb we find AR, = 0.19 fm for asysoft, AR,, = 0.25 fm for
asystiff and AR,, = 0.27 fm for asysuperstiff, whereas for 68 Vi the corresponding values are
ARy, = 0.17,0.19,0.20 fm. We see that the neutron skin thickness increases with the slope
parameter L, an effect related to the tendency of the system to stay more isospin symmetric
even at lower densities when the symmetry energy changes slowly below saturation, as in the
case of the asysoft EOS.

3.2. Results of transport approaches

We study the E1 response considering a GDR-like initial condition [24], determined by the
instantaneous excitation Vi = nd(t — to)D at t = to [25]. This situation corresponds to a boost
of all neutrons against all protons while keeping the Center of Mass (CM) at rest. Here D is
the dipole operator. If |®g) is the state before perturbation then the excited state becomes

|®(tg)) = €"P|®g) and the value of 5 can be related to the initial expectation value of the
N . NZ -
collective dipole momentum II, (®(t)|IL|P® (o)) = h777~ Here II is canonically conjugated to

the collective coordinate X which defines the distance between the CM of protons and neutrons,
i.e. [X,II] = ih [26]. Then the strength function S(E) = ¥,,-o |(n|D]0)|?6(E,, — Ep), directly
related to the excitation probability in unit time (where F,, are the excitation energies of the
states |n) and Ep is the energy of the ground state |0) = |®)), is obtained from the imaginary

part of the Fourier transform of the time-dependent expectation value of the dipole momentum
NZ - Im(D

D(t) = TX(t) = (O(t)|D|P®(t)), as S(F) = L}g‘”)) We consider the initial perturbation
™

along the z-axis and follow the dynamics of the system until ,,,, = 1830 fm/c in each case.

At t = t9 = 30 fm/c we extract the collective momentum and determine 7. For the three

Asy-EOS the E1 strength functions of 2 Pb and '40Sn are represented in figure 3. As a test

of the quality of our method we compared the numerically estimated value of the first moment

my = [;° ES(E)dE with the value predicted by the Thomas-Runke-Kuhn (TRK) sum rule
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Figure 3. (Color online) The strength function for 2°® Pb (a) and '4°Sn (b) for asysoft (blue,
dot-dashed line), aystiff (red, dashed line) and asysuperstiff (black, solid line) EOS.

mi = %% In all cases the difference was of only few percentages. The energy peak of the
PDR for 28 Pb, see figure 3(a), is located around 7 — 7.5 MeV in good agreement with recent
experimental data which indicate Eppr pp = 7.36 MeV [27]. For 68 N'i we obtain 9.8 MeV, quite
close to the recent reported data Epppr ni = 9.9 MeV [28]. We observe that the GDR energy
centroid is underestimated in comparison with experimental data, a fact probably related to the
choice of the interaction which has not an effective mass [29]. In any case, a clear dependence
with the slope parameter L manifests as a consequence of the isovector nature of the mode. This
feature shows that the symmetry energy behavior below saturation is also affecting the dipole
oscillations of finite systems. Figure 4 displays the position of the PDR energy centroid, which
is independent of the Asy-EOS, as a function of mass for all studied systems (blue circles).
In addition, we represent the position of the PDR energy peak as it results from the power
spectrum analysis of the pygmy dipole D,(t) after a pygmy-like initial condition, see [24] (red
diamonds), and the available experimental data (maroon square) [30]. The differences between
the two methods are within a half of MeV. An appropriate parametrization, obtained from the
fit of the numerical results is Eppr = 41A471/3, quite close to what is expected in the harmonic
oscillator shell model (HOSM) approach [26] and in agreement with some recent experimental
data. Whereas the isovector residual interaction pushes up the value of the GDR energy it seems
that the PDR energy centroid is not much affected by this part of the interaction, indicating
the isoscalar-like nature of this mode. This feature may explain the better agreement with
experimental observations in comparison with the GDR case. Let us mention that for Ni, Sn
and Pb isotopic chains, the isotopic dependence of the PDR energy was also investigated by
Paar et al. [38], within a HFB and RQRPA treatment. The presence of a collective mode with
energy centroid around 10 MeV for % Ni, 8 MeV for 132Sn and 7.5 MeV for 208 Pb was predicted.
A comparison with our results shows a good agreement between the two theoretical approaches.

We can now determine the Energy Weighted Sum Rule (EWSR) exhausted by the PDR by
integrating over the low-energy resonance region:

My = /P  BS(E)E (4)

The dependence of the moment m , on the neutron skin thickness is shown in figure 5, where the
information concerning all mentioned systems for the three Asy-EOS is included. While below
0.15 fm the EWSR acquired by the PDR manifests a saturation tendency, above this value a



XIV Conference on Theoretical Nuclear Physics in Italy IOP Publishing

Journal of Physics: Conference Series 527 (2014) 012009 doi:10.1088/1742-6596/527/1/012009
16.5[ T T
15; - rfit=0'96 ]
135} ] , ,
S 1 Figure 4. (Color online) The energy
2 N ] centroid of PDR as a function of mass
\'?510-5f 7 (blue circles and red diamonds). The
uf 9F 8 solid lines correspond to parametriza-
750 i tions 40A~1/3 (green), 41A~/3 (blue)
6L ] and 42A7Y3 (yellow). The maroon
a5l : squares are experimental data from Ref.
. PR T N N AN O NS AT SN TS AT N NN SO N .
0 24 48 72 96 120 144 168 192 216 240 [30] ]f'fit refers to the correlation coeffi-
A cient.

linear correlation clearly manifests. For the same system, when we pass from asysuperstiff
to asysoft parametrisation, the neutron-skin shrinks and correspondingly the value of mq,
decreases. This behavior is in agreement with the results reported in [39] with a self-consistent
RPA approximation based on relativistic energy density functionals. Moreover we notice that
the variation rate appears to be system independent, obtaining an increase of 15 MeV fm? of the
exhausted EWSR to a change of 0.1 fm of the neutron skin width. Such features suggest that
the acquired EWSR, should not differ too much even for different nuclei if they have close values
of the neutrons skin thickness. We would like to mention that these findings look qualitatively
in agreement with those of Inakura [40], based on systematic RPA calculations.

[ L D R LD B

or r=0-985 }} B Figure 5. (Color online) The EWSR
6 ' ] exhausted by PDR as a function of
_r 7 neutron skin in '%Sn (empty triangles
g 28 A ] up), 16Sn (triangles down), 124Sn
S TEI - (stars), '328n (triangles left), 98n
S 2l 1 ] (triangles right), *8Ca (circles), %®Ni
RESTIE El{ i (squares), 86 Kr (diamonds), 2% Pb (full
E L[ S B triangles up), for asysoft (green), asystiff
ol éﬁiﬁ ] (red) and asysuperstiff (blue) EOS. ry;
I - i;i e 1 refers to the correlation coefficient. The
Ar : B i error bars are related to the uncertainties
00.‘04‘1 ‘ 6.553 ‘ 0‘12 ‘ 0‘16 ‘ ‘Oﬁz‘ ‘ 6.‘24 ‘ 0‘28 ‘ 0‘32 ‘ 056 ‘ ‘0ﬁ4‘ ‘ in defining the integration domain for

AR, ,(fm) the PDR response.

To conclude this section, we have discussed recent open questions [41] regarding the nature
of the PDR. By performing a systematic analysis which includes several nuclear systems we
obtained new results aiming at contributing to a more complete picture of the PDR dynamics.
In a microscopic transport approach, a low-energy dipole collective mode is evidenced as an
ubiquitous feature of all investigated nuclei. The analysis leads to a dependence of the PRD
energy centroid with mass described by Eppr = 41A7Y/3 in agreement with recent experimental
information. This indicates a close connection with the characteristic frequency of the HOSM,
hwo = 41A7/3, and a weak influence of the residual interaction in the isovector sector [42]. Such
behavior points out the isoscalar-like nature of this mode. From our calculations a universal,
linear correlation of the EWSR exhausted by PDR with the neutron skin thickness occurs [43].
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It appears as a very specific signature, showing that the neutrons which belong to the skin play
an essential role in shaping the E1 response in the PDR region. We consider that the new
findings presented here can be useful for further systematic experiments searching for this quite
elusive mode. A precise estimate of the EWSR acquired by the PDR can provide indications
about the neutron skin size which in turn will add more constraints on the slope parameter L
of the symmetry energy.

4. Asy-EOS at supra-saturation density: collective flows

Reactions with neutron-rich systems at intermediate energies (100-500 AMeV ) are of interest
in order to have high momentum particles and to test regions of high baryon and isovector
density during the reaction dynamics. In such a context, it is important to consider momentum
dependent effective interactions, which essentially lead to the concept of effective masses. If
also the isovector component of the interaction is momentum dependent, one observes different
effective masses (i.e. effective mass splitting) for neutrons and protons. The problem of the
precise determination of the Momentum Dependence in the Isovector channel (Iso — M D) of
the nuclear interaction is still very controversial and it would be extremely important to get
more definite experimental information, looking at observables which may also be sensitive to
the mass splitting.

Transport codes are usually implemented with different (n,p) momentum dependent
interactions, see for instance [44, 45]. This allows one to follow the dynamical effect of opposite
n/p effective mass (m*) splitting while keeping the same density dependence of the symmetry
energy [46]. Neutron and proton symmetry potentials, corresponding to different symmetry
energy parametrizations and effective mass splitting, are represented as a function of the density
in figure 6. One can observe an interesting competition between the two ingredients: above
normal density, for instance, the asysoft parametrization, coupled to the m; < my splitting,
leads to similar potentials as obtained in the asystiff case, with m} < m. .

Let us consider semicentral (b/byqa: = 0.5) collisions of 197 Au + 97 Ay at 400 AMeV [47]. In
the interacting zone baryon densities about 1.7 —1.8 pp can be reached in a transient time of the
order of 15-20 fm/c. The system is quickly expanding and the freeze-out time is around 50 fm/c.
A rather abundant particle emission is observed over this time scale. Here it is very interesting
to study again the collective response of the system. Collective flows are very good candidates
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since they are expected to be rather sensitive to the momentum dependence of the mean field, see
[48, 5]. The transverse flow, V1 (y,p) = (Z—f), where p; = |/p2 + p2 is the transverse momentum
and y the rapidity along the beam direction, provides information on the anisotropy of nucleon

emission on the reaction plane. Very important for the reaction dynamics is also the elliptic
2__ 2
flow, Va(y, pt) = <p’”p#>. The sign of V; indicates the azimuthal anisotropy of the emission: on
t

the reaction plane (V2 > 0) or out-of-plane (squeeze — out, Vo < 0) [48].
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In figure 7, we plot the elliptic flow of emitted neutrons and protons, for different asy-stiffness
and effective mass splitting choices. We are now exploring density regions mainly above normal
density, therefore we expect a larger neutron repulsion in the asystiff case, corresponding to the
larger symmetry energy value (see figure 1). Indeed in figure 7 we observe a larger (negative)
squeeze-out for neutrons in the asystiff case (compare left and right panels). Moreover, the
m,, < my, case will favor the neutron repulsion, leading to a larger squeeze-out for neutrons,
compare top and bottom panels. In particular, in the asysoft case (on the right) we see an
inversion of the neutron/proton squeeze-out at mid-rapidity (|yo| = |y/Ybeam| < 0.3) for the two
effective mass-splittings.

Actually, we observe a rather interesting interplay between the effects linked to the symmetry
energy and to the mass splitting, connected to the behavior of neutron and proton potentials
described above: a larger (smaller) neutron effective mass may compensate the larger (smaller)
neutron repulsion corresponding to the asystiff (asysoft) case. Indeed the m} < m,, case, with
the soft Asy-EOS, yields very similar results of the mj, < m;, case with the stiff Asy-EOS.

It seems to be difficult to conclude on the properties of the effective interaction (asystiffness
and MD) just from the analysis of one single observable. However, coupling the flow information
to the study of other observables, it would be possible to reach more definitive constraints of the
effective interaction. For instance, in the considered beam energy range, the N/Z content of the
particle emission looks particularly sensitive just to the sign of mass splitting, rather than to the
asy-stiffness [47]. Indeed pre-equilibrium particles emerge from different density regimes and the
effect of the density dependence of the isovector interaction is averaged out. This is illustrated
in figures 8-9, where we plot the ratio of neutrons and protons emitted at mid-rapidity, as a
function of transverse momentum or energy.

Hence it would be very interesting the combine the information coming from particle flows
and yields. Recent experimental analyses look very promising in this direction [49, 50]. Due
to the difficulties in measuring neutrons, one could also investigate the difference between light
isobar (like *H vs. 3He) flows and yields, also shown in figures 8-9. We still expect to see effective
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mass splitting effects [47].

5. Conclusions
Heavy ion reactions, from low up to intermediate energies, allow one to explore several regimes
of nuclear matter, opening the possibility to constrain the nuclear EOS and, in particular, the

largely debated density behavior of the symmetry energy.

doi:10.1088/1742-6596/527/1/012009

Figure 8. '97Au +197 Ay at 400
AMeV, central collisions. Isospin
content of nucleon (left) and light
ion (right) emissions vs. p; at
midrapidity, | yo |< 0.3, (upper)
and kinetic energy (lower), for
all rapidities, for the two nucleon
mass splitting choices.  Asysoft
interaction.

Figure 9. Same as in figure 8, but
for the asystiff interaction.

Information on the low density region can be accessed in reactions from low to Fermi energies,
where collective excitations and fragmentation mechanisms are dominant. Results on isospin
sensitive observables have been presented. In particular, we have concentrated our analysis on
the features of collective dipole oscillations in exotic systems, showing an interesting correlation
between the strength exhausted by the “pygmy” dipole resonance and the extension of the
neutron skin, which in turn reflects the behavior of the symmetry energy below normal density.
The conclusions drawn from this analysis seem to be compatible with the information extracted
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from fragmentation reactions and related observables, for which new experimental evidences
have recently appeared, pointing towards a stiff behavior of the symmetry energy around normal
density [51, 52].

The greatest theoretical uncertainties concerns the high density domain, that has the largest
impact on the understanding of the properties of neutron stars. This regime can be explored
in terrestrial laboratories by using intermediate energy and relativistic heavy ion collisions of
charge asymmetric nuclei. Collective flows, light particle and meson production are promising
observables.

More global analyses, also based on new sensitive observables, together with the comparison
and the improvement of the available theoretical models, are expected to improve our present
knowledge, providing further stringent constraints.
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