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Abstract. The ASY-EOS experiment at GSI laboratory measured the direct and elliptic
flow of neutrons and light charged particles in the reaction '’ Au+!" Au at 400 A MeV
incident energy. The ratio of elliptic flow of neutrons with respect to that of the light
charged particles was used as main experimental observable to probe the density depen-
dence of the symmetry energy term of the nuclear equation of state. Results, obtained
by comparison of the experimental data with the UrQMD model predictions, strongly
support a moderately soft to linear density dependence of the symmetry energy at supra-
saturation densities below 2py.

1 Introduction

The study of the equation of state EOS(p, T, 8) in neutron rich matter, where 5 = (o, — p,)/p is the
isospin asymmetry as a function of neutrons, protons and nuclear matter density respectively, provides
fundamental understanding in many aspects of nuclear physics and astrophysics phenomena [1]. For
example, models of the neutron stars properties require as a main input the EOS as a function of a
wide range of densities and asymmetry [2]. The main source of uncertainty in describing the effective
interaction in the medium is the symmetry energy component of the EOS, which is the difference
between the energy per nucleon of neutron matter and the one for symmetric matter. Inconsisten-
cies are particularly evident in the high density matter region above the saturation density (o > po),
where diverging results from theoretical predictions are combined with a lack of experimental data
[3]. Sources of discrepancies in theoretical calculations are mainly due to uncertainties in nuclear
many-body theories, extrapolations of two and three body forces to higher densities and the short
range nucleon-nucleon correlations [4, 5]. In heavy ion collisions transient densities up to 2 or 3
times the saturation density can be reached in a short timescale (=20 fm/c), during the dynamics of
the collision (compression phase), in the incident energy around ~1 A GeV [6]. Therefore, heavy ion
collisions provide unique experimental tools to explore densities larger than the nuclear saturation one
in controlled laboratory conditions. The largest set of data available around these energies, mainly on
pions and light charged particles, come from the FOPI collaboration [7]. In particular, the FOPI data
on 7~ /n* ratio has been used to probe the symmetry term of EOS at suprasaturation density, with
contradicting results in the model description of data [8, 9]. The ASY-EOS experiment, conducted
in GSI laboratory (S394 experiment), uses the flow observable to constrain the nuclear EOS. Flow
parameters were already studied in the past for the '’ Au+!7 Au at 400 A MeV by using the FOPI de-
tector coupled with the LAND neutron array [10]. A recent re-analysis of these data, despite their low
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statistical precision, showed that the ratio of the elliptic flow parameters of neutrons with respect to
hydrogen isotopes was an observable particularly suitable to determine the strength of the symmetry
energy by comparison of the experimental data with the results of the UrQMD transport model [11]
or the Tiibingen QMD model [12].

The ASY-EOS experiment has been specifically conceived in order to constrain the symmetry
energy behavior of the EOS at supra-saturation densities by measuring direct and elliptic flows of
neutrons and light charged particles in the reactions '’ Au+'"’ Au, **Ru+°°Ru and **Zr+%Zr at 400 A
MeV drastically improving the statistical accuracy of the previous experiments [10]. In the following
the main results for the reaction '°7 Au+'"7Au are summarized. Finally, numerical simulations re-
sults and perspectives for new experiments, in continuations of the program started by the ASY-EOS
collaboration, will be discussed.

2 Experimental setup

The basic idea behind this experiment is that the ratio of the neutron-proton elliptic flow can probe the
high density component of the symmetry energy reflecting the squeeze-out (emission perpendicular to
the reaction plane) of nuclear matter from the compressed high density region interaction zone. This
is well shown in Fig. 3 of Ref. [11] where, for the ' Au+'"7 Au at 400 A MeV the predictions of the
UrQMD model are presented for the elliptic flow (v;) of neutrons, protons and hydrogen yields for
two choices of the stiffness of density dependence of the symmetry energy, described by the power-
law coefficient y: Egm(p) = EX + ENJL = 12 - (p/po)*® + 22 - (p/po)?. It results a large neutron
squeeze-out in the stiff case (y=1.5) with respect to the soft one (y=0.5), while proton and hydrogen
flows depend weakly on 7y variations.

The experimental setup is shown in the inset of Fig. 1. In order to measure the direct and elliptic
flows of neutron and charged particles emitted ad mid-rapidity, the LAND detector [13] was placed at
45° with respect to the beam direction at about 5 m from the target. A veto-wall of plastic scintillators
in front of LAND allows for the neutrons and charged particles discrimination. Flow measurements
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Figure 1. Measured invariant hit distribution in the transverse velocity vs. rapidity plane for charged detected
particles for the Au+Au reaction. In the top inset, schematic view of the experimental setup.
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require a careful determination of both the reaction plane orientation [14] and the impact parameter.
Three devices were used with this goal: i) the Aladin Time-of-Flight wall (ATOF) [15], detecting
charged particles up to the polar angle of 7°; ii) eight rings of the CHIMERA 47 detector made by
352 CsI(T1) scintillators [16] with 27 azimuthal coverage around the beam axis and covering polar
angles between 7° and 20°, were used to detect light charged particles from mid-rapidity emissions;
iii) four rings of 50 thin CsI(T1) of the u-ball array [17] surrounding the target at polar angles between
60° and 147°. Finally, opposite of LAND the KRATTA array [18] permits flow measurements of
isotopically resolved light charged particles. Fig. 1 shows the kinematic coverage achieved with this
detectors system. The kinematic regime of participant and spectators emissions are clearly evidenced
in particular in the CHIMERA and ATOF devices.

3 Results

We briefly discuss in this section only the most relevant results of the ASY-EOS experiment. Details
of the data analysis can be found in Ref. [19]. Flow parameters for neutrons and light charged particles
are constructed looking at their azimuthal distributions with respect to the reference reaction plane.
The latter was determined event-by-event by using the CHIMERA and ATOF detectors and the u-
ball, the latter device being mainly used to reject background reactions due to non-target collisions.
Flow observables were determined by fitting the azimuthal particle distributions with the Fourier
expansion: f(A¢) oc 1 + 2 - v;cos(Ad) + 2 - vy cos(2A¢) [20], with v; and v, being the direct and
elliptic flow coeflicients respectively and A¢ the azimuthal angle with respect to the reaction plane.
Underestimation of the v; and v, parameters due to fluctuations in the experimental reaction plane
determination were corrected using the “sub-events” method of Ollitrault [21].

The experimental ratio (full squares) between vy / vg”, where v; and vgh are respectively the ellip-
tic flows of neutrons and light charged particles (mainly hydrogen isotopes), is shown if Fig. 2 as
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Figure 2. Elliptic flow ratio of neutrons with respect light charged particles for b<7.5 fm as a function of the
transverse momentum p,/A. Black squares are experimental data. Triangles and circles are UrQMD predictions
respectively for a stiff and soft power-law exponent y of the symmetry energy potential.
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a function of the transverse momentum p,/A for moderately central (impact parameter b < 7.5 fm)
197 Au+'7Au collisions. The green triangles and red circles represent the UrQMD [22] predictions
for stiff (y = 1.5) and soft (y = 0.5) power-law exponents of the symmetry energy potential term,
respectively. Calculations show clearly the sensitivity of the elliptic flow to the stiffness of the sym-
metry energy. There are several cogent reasons for which the flow ratio v}/ vé‘h is here considered:
i) from experimental point of view the ratio of the flow parameters minimizes systematic effects in
the determination of neutrons or charged particle flows as well as uncertainties related to detectors
efficiencies; ii) predictions for the v, flow parameters in the UrQMD model are strongly dependent
on the choice made for the momentum dependence of the elastic nucleon-nucleon cross section [23];
this dependence almost vanishes when the flows ratio observable is calculated instead. The solid line
in Fig. 2 is the result of a linear interpolation between the UrQMD predictions, weighted according
to the experimental error for each p,/A bin. This procedure leads to a value of y=0.75+0.10. Fur-
ther corrections, including also systematic errors [19], give a final result of y=0.72+0.19. This result
shows a moderately soft to linear density dependence of the symmetry energy for a density probed
up to twice saturation density. In fact, the sensitivity to density of the elliptic flow ratio was studied
for the Au+Au reaction at 400 A MeV by using the Tiibingen QMD transport model [12, 19] and the
IQMD transport model [24] and it was found that it covers all densities between saturation density
and twice this value.

The density dependence of S (p) can be expanded in a Taylor series with respect to the density:
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Figure 3. Density dependence of the symmetry energy as deduced from the ASY-EOS data in comparison with
the FOPI-LAND data. The grey area (HIC) and the dashed contour (IAS), relative to the low density results, are
reported as in Ref. [1] for comparison.
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and Sy is the value of symmetry energy at pyp. The slope of the symmetry energy at pg is given by

_ dEm(p) . 3Py :
L= 3p0( 0 )p=p0 ~ = where Py is the pressure of neutron matter at py.

Fig. 3 shows the obtained constraint corresponding to the value of y=0.72+0.19 and L = 72 + 13
MeV as a red band in the Ey,,, vs. p/po plot. The yellow band corresponds to old FOPI-LAND data
[11]. This result is in agreement with the constraints on the symmetry energy obtained by using the
Tiibingen QMD transport model [12] where the isovector parametrization of the symmetry energy has
a momentum dependent potential (this ingredient is not present in UrQMD calculations). Anyway
these results are in constrast with conclusions from an earlier analysis of FOPI data based on pion
n~/n* ratio using the IBUUO4 model, giving a super-soft behavior of Ej,,(p) at supra-saturation
densities [8].

4 Future projects and Conclusions

There are yet different open problems, questions and uncertainties related to the high density behavior
of the symmetry energy [25]. The ASY-EOS experimental results, including the advances in theoret-
ical models they have triggered, are a good starting point to continue this kind of measurements in
the future by using improved detection devices and new available radioactive beams at FAIR where
systems with larger asymmetries could be studied.
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Figure 4. UrQMD calculations showing the model sensitivity to the difference of the neutron/proton v, ratio
w3/ vg’ siigf — W3/ v’z’ )sof: as a function of the incident beam energies for the indicated systems.

A first point that can be addressed is to explore the sensitivity of the neutron/protons flows ratio
observable at higher densities increasing the beam incident energies in the region between 400 A
MeV and 1500 A MeV. Calculations show that higher central densities are reached, with the increase
of the collision energies, up to values of 3p/pp at 1 A GeV [26]. Fig. 4 shows results of UrQMD
calculations in which the sensitivity of the elliptic flow ratio of neutrons with respect to protons to
the symmetry energy parametrization is reported as a function of beam incident energies. Sensitivity
of the elliptic flow is expressed as the difference (v} /Ug)mff - (vﬁ/v’z’)mﬂ. We see that for Au+Au
collisions this difference decreases only slightly up to the 800 A MeV incident energy. Therefore
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future experiments can significantly explore higher-density regions by using the elliptic flow ratio of
neutrons and protons as main observable for the stiffness of the symmetry energy. Because in this new
experiment a good identification of neutrons and isotopically separated hydrogen with high resolution
is a fundamental task, it is envisaged to use the NeuLAND [27] detector, with improved detector
efficiency with respect to LAND, that is part of the R?B project for FAIR at GSI. This could be a
fundamental step towards more complex experiments at FAIR with stable and radioactive beams in
which several relevant observables sensitive to the stiffness of the symmetry energy should be studied
simultaneously, like flows of isospin pairs (like n/p, t/* He), ratios of particles production (like 7~ /7",
K* /K" ratios) and new observable, as recently proposed [9], like high energy photons.

In conclusion, we have shown results from the measurement of the elliptic flows of neutrons and
light charged particles in the reaction '’ Au + '°7 Au at 400 A MeV. From this experiment a stringent
constraint for the symmetry energy at supra-saturation density has been deduced, Also, contributions
have been given in the direction to improve the understanding of the models by careful comparison of
experimental data with transport codes. Indeed we have shown that results of this experiment are an
important starting point for future experiments and opportunities offered by new facilities like FAIR.
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