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Abstract

We extend the baryon flow {Px/A{y)) calculation in the relativistic transport
model at SIS (0.25 ~ 2AGeV) to AGS (<20.0AGeV) energies for Au + Au colli-
sions. We can reproduce the flow data of the EoS and E877 collaborations and the
nucleon optical potential upto 1 GeV, by reducing the strength of the vector poten-
tial moderately at high relative momentum. This reduction leads to a softening of
the nuclear matter equation of state at high density.

1 Introduction

The nuclear equation of state (EOS) at above nuclear matter density (p > 3po) has been
a great interest from the theoretical as well as experimental point of view [1] - [8]. Theo-
retically, the nuclear EOS plays a crucial role in nuclear physics as well as in astrophysics,
such as the maximum mass of neutron stars and dynamics of supernova explosions. Exper-
imentally, baryon sidewards flow observables[9] and subthreshold particle productions [10]
are mainly determined by the nuclear EOS. Especially, the baryon sidewards flow is the
most promising observable to determine the nuclear EOS.

To describe the heavy-ion collision data at energies starting from the SIS at GSI to
the SPS at CERN, relativistic transport models have been used extensively [11] - [15].
Among them, the Relativistic Boltzmann-Uehling-Uhlenbeck (RBUU) approach is one
of the most successful models. It is based on the relativistic mean field (RMF) theory,
which is applicable to various nuclear structure as well as neutron star studies in a reliable
manner [16]. Thus it is possible to refine the mean field part of RBUU by incorporating
these knowledges. Recently, newly measured flow data have been reported [7, 9] for heavy-
ion reactions at AGS energies (< 12 AGeV) for Au + Au system, which further provides
the nature of nuclear forces and hence the nuclear EOS around that energy regime.

The purpose of flow study is to extract the information of EOS at high densities by us-
ing the mean field potential at normal nuclear density and the hadron-hadron elementary
cross section data. The simple versions of RMF assume that the scalar and vector fields
are represented by point-like meson-baryon coupling. This coupling leads to a linearly
growing Schrodinger-equivalent nucleon optical potential in nuclear matter as a function
of kinetic energy, which naturally explains the energy dependence of nucleon optical po-
tential at low energies (< 200 MeV). However, simple RMF does not describe the nucleon
optical potential at higher energies, where the optical potential deviates from a linear
function and seems to saturate. In order to avoid this unphysical behavior described in
RMF, recent sophisticated RBUU approaches invoke explicit momentum dependence of
the coupling constant, i.e., the form factor of meson-baryon coupling.

In our earlier work [17], we showed that the scalar and vector self energies for nucleons
with momentum and density dependence are the key quantities that decide the nature
of nuclear EOS. In this work, we extend our model by fixing the scalar and vector self
energies with moderate momentum dependence by describing the Schrodinger equivalent
potential up to the nucleon kinetic energy of IGeV and then perform our systematic study
of Au + Au collisions around/beyond the AGS energy regime in comparison to the recent
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experimental data on the collective flow of baryons. We then extract the information of
the nuclear EOS.

We organize our work as follows: First we describe briefly the relativistic transport ap-
proach with known constraints on the momentum dependence of the scalar and vector self
energies. Then we compare the calculated flow with the experimental data systematically.
Finally, we conclude with summary and discussions.

2 The transport model

In the present calculation we perform the theoretical analysis along the line of a relativistic
transport approach which is based on a coupled set of covariant transport equations for
the phase-space distributions fh(%,p) of a hadron h [13, 18], i.e.

{(n, h(x,P)

- h(x,p)fh2(x,P2)fh3(x,p3)fh4(x,p4)} + (12 -> 3) + (1 -> 23) . (1)

In Eq. (1) Uj?(x,p) and U£{x,p) denote the real part of the scalar and vector hadron self
energies, respectively, while [G+G]i2->34<$r(n + n 2 — n 3 — II4) is the transition rate for
the process 1 + 2 —> 3 + 4. Though in quantum many-body systems the transition rate is
partly off-shell - as indicated by the index T of the ̂ -function - we use the semi-classical
on-shell limit Y —> 0 since this approximation is found to describe reasonably well hadronic
spectra in a wide dynamical regime. The hadron production(absorption) processes, 12 —>
3(1 —> 23), are described by the decay(formation) of resonances and strings. The hadron
quasi-particle properties in (1) are defined via the mass-shell constraint <$(n/JIT'1 — M^2)
[18] with effective masses and momenta given by

M*h(x,p) = Mh + U*(x,p) ,

p) , (2)

while the phase-space factors

fk(x,p) = l-fh{x,p), (3)

for fermions account for Pauli-blocking and //, = 1 for bosons. The transport approach
(1) is fully specified by f/f (x,p) and U£(x,p) (fi — 0,1,2,3), which determine the mean-
field propagation of the hadrons, and the r.h.s. describes the scattering and hadron
production/absorption rates.

The model inputs to the transport model are the nuclear mean fields U" and Us, which
are related to the nuclear incompressibility K at density p0 as well as to the momentum
dependence of the mean fields[l2, 13, 15, 17, 19]. In the RBUU approach - due to covari-
ance - the scalar and vector mean fields have to be explicitly momentum dependent [18]
for a proper description of the Schrodinger-equivalent optical potential [20] defined by

U,ep(Ekin) = US + UO + ~{U2
S - U%) + ^Ekin (4)

as a function of the nucleon kinetic energy Ekm with respect to the nuclear matter rest
frame. However, above Ekin = lGeV the Schrodinger-equivalent optical potential is not
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well known experimentally, such that the flow data from the GSI/EoS Collaboration could
provide further constraints also on this quantity.

In our model we use a similar Lagrangian density as considered in our earlier calcu-
lation [17] for the description of nuclear matter, which has been used in the RBUU be-
fore [21]. This Lagrangian contains nonlinear self-interactions of the scalar field U(a) =
\rn\a2 + \Ba3 + \CaA where the parameters ma, B, C are calculated by fitting the sat-
uration density, binding energy, effective nucleon mass as well as the incompressibility at
nuclear matter density (cf. NL3 parameter set [21]).

In our computations we use the energy density [17] for calculating the scalar and vec-
tor potentials as a function of density. Momentum dependent potentials, furthermore,
are obtained by fitting the Schrodinger equivalent potential (4) according to Dirac phe-
nomenology for intermediate energy proton-nucleus scattering [20]. The scalar and vector
form factors at the vertices in [13] are given by

Al+P2

with As = 0.8 — 0.9 GeV and Av = 0.9 — 1.0 GeV, respectively to get a good fit to the
data.

The Schrodinger equivalent potential (4) is shown in Fig. l(a) as a function of the
nucleon kinetic energy with respect to the nuclear matter at rest in comparison to the data
from Hama et al. [20]. The solid line in Fig. 1, RBUU is for a momentum dependence
with the form factors (5). The increase of the Schrodinger equivalent potential upto
Ekin = lGeV fits quite well, then the potential decreases and remains almost constant at
very high kinetic energies.

For the transition rate in the collision term in the transport model we employ in-
medium cross sections as in Ref. [21, 22] that are parameterized in line with the corre-
sponding experimental data for ,/s < 2.6 GeV. For higher invariant collision energies y/s,
we adopt the Lund string formation and fragmentation model [23] as in the HSD transport
approach [13] which has been used for the description of nucleus-nucleus collisions from
SIS to SPS energies. In the present relativistic transport approach as described in our ear-
lier work [17] we explicitely propagate nucleons and A's as well as all baryon resonances
up to a mass of 2.2 GeV with their isospin degrees of freedom [24, 25]. Furthermore,
7r, 7/, p, u, K, K and a mesons are propagated, too, where the a is a short lived effective
resonance that describes s-wave nir scattering. For more details we refer the reader to
Ref. [1, 24] and Ref. [13], respectively.

3 Comparison to experimental data and related ap-
proaches

We now use the same parameter sets as for the Schrodinger equivalent potential in Fig. l(a)
in our flow calculations for nucleus - nucleus collisions. The calculations are performed for
the impact parameter b = 6/m for Au + Au systems, since for this impact parameter we
get the maximum flow which corresponds to the multiplicity bins M3 and MA as defined
by the Plastic Ball collaboration [26]. We have calculated the flow by fitting a linear plus
cubic term in normalized rapidity for Au + Au systems at all energies.

In Fig. l(b) the flow F is displayed in comparison with the data from Refs. [7, 9, 27]
for Au + Au systems. The solid line (RBUU) is obtained with the scalar and vector self
energies having explicit momentum dependence, Eq. (5). The dotted line corresponds to
cascade calculations for a reference. We observe that the solid line (RBUU cf. Fig. l(a))
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is in good agreement with flow data [27] at AGS energy regime, although at SIS energies
it overestimates a little due to strong repulsive force at around 1 AGeV, which we have
discussed elaborately in our previous work[17].

We note here is that the flow rises up to 2AGeV and decreases above lAGeV for
Au + Au systems and then decreases at a higher beam energy (> 2AGeV). This can
be realised in the following way: the repulsive force due to the vector mean field must
decrease slowly and remain constant at very high beam energy such that the Lorentz force
on the particles generated by the vector field almost vanishes in the initial phase of the
collision. In subsequent collisions, which are more important in the Au + Au case due to
its size, the kinetic energy of the particles moving relative to the local rest frame is then
in a range where the Schrb'dinger equivalent potential is determined by the experimental
data [20]. We thus conclude that to explain the flow data up to < IQAGeV one needs a
considerable vector potential at low energy and that one has to reduce the vector mean
field at high beam energy. In other words, there is only a weak repulsive force at high
relative momenta and high densities.

Finally, we show in Fig. 2 the EOS associated with the momentum dependent RBUU
(dashed line) that describes the flow data (cf. Fig l(b)) and corresponds to a nuclear
incompressibility K ~ 340 MeV. The energy per nucleon is shown in comparison to the
standard NL3 parameterization [21] (solid line). The vector part for RBUU is substantially
lower at high baryon density as compared to the NL3 parameter set and as a result the
EOS is soft with respect to NL3, which is slightly stiffer than our earlier proposed value
[17].

4 Summary

In this work we have calculated the baryon flow in the energy range up to 20 AGeV in
a relativistic transport model for Au + Au collisions. We found that in order to describe
the flow data [27, 28] upto AGS energies properly, which shows a gradual decrease in
the energy range of 2 - 11 AGeV, the strength of the vector potential has to be reduced
moderately in the RBUU model at high relative momenta and/or densities. Otherwise,
too much flow is generated in the early stages of the reaction and cannot be reduced
at later phases where the Schrodinger equivalent potential is experimentally known and
constrains the parameterizations of the explicit momentum dependence of U" and Us in
Eq. (1).

This information is essential for both theoretical as well as for experimental point of
view to extend these flow studies at higher than AGS energies.

We conclude from these calculation that the favorable nuclear EOS at high density is
neither very soft nor very hard. This conclusion support the idea of astrophysical point
of view such as neutron stars as well as supernova explosion.

I would like to acknowledge the support from the JSPS, Japan.
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Fig.l(a) The Schrodinger equivalent potential (4) as a function of the nucleon kinetic energy
Ekin- The solid curve (RBUU) results from the momentum dependence discussed in the text.
The data points are from Hama et al. [20].

(b)The flow F{y) versus the beam energy per nucleon for Au + Au collisions at b = 6 fm from
our RBUU calculations. The solid line results for the parameter set RBUU, the dashed line for
Cascade calculation. The data points are from the FOPI and EoS Collaborations [7, 27].

4.5

Fig.2 The dashed line shows the equation of state for the parameter set RBUU in comparison
to NL3 (solid line). The related incompressibilities are given in the parenthesis in MeV.

- 1 8 3 -


