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Based on the hadronic transport model of JAM, I calculate the time evolution of particles, density,
temperature and energy density for the heavy ion collision at the incident energies of AGS(11A
GeV), JHF(25A GeV) and SPS(158A GeV). Microscopic calculations show that resonance matter
with extremely large baryon density is created at AGS energy, while at JHF energy, quark matter
with extremely large baryon density is suggested. At SPS energy, quark matter with large baryon
density might be created.

I. INTRODUCTION

Heavy ion experiments at BNL-AGS and CERN-SPS have been performed motivating by the possible creation
of QCD phase transition and vast body of systematic data such as proton, pion strangeness particles distributions,
HBT correlation, flow, dileptons and J/xp distributions have been accumulated including mass dependence and their
excitation functions [1-3]. Data from forthcoming experiment at BNL-RHIC will soon become available.

In this work, I discuss the time evolution of matter which is created from high energy heavy ion collisions. To
extract the properties of this matter, I use the microscopic transport model of JAM. Detailed description can be
found in Ref. [5] and JAM is now available on web [4]. The purpose of this work is to find the differences in the
matter produced from heavy-ion collisions at AGS, JHF, and SPS energies.

The article is organized in the following way. In section II, I summarize the main component of hadronic cascade
model JAM. In section III, I first compare some JAM results to SPS data and discuss what is differences in the
dynamics between AGS, JHF and SPS. In section,IV, I draw conclusions.

II. DESCRIPTION OF THE MODEL

In this section, I present the main features of the microscopic transport model of JAM. Relativistic Boltzmann
equations for hadrons and their excitation states are solved on the computer in JAM. The main features in the
Monet Carlo procedure are summarized as follows. (1) Nuclear collision is assumed to be described by the sum of
independent binary hh collisions. Each hh collision is realized by the closest distance approach. In this work, no
mean field is included, therefore the trajectory of each hadron is straight in between two-body collisions, decays or
absorptions. (2) The initial position of each nucleon is sampled by the parameterized distribution of nuclear density.
Fermi motion of nucleons are assigned according to the local Fermi momentum. (3) All established hadronic states,
including resonances, are explicitly included with explicit isospin states as well as their anti-particles. All of them
can propagate in space-time. (4) The inelastic hh collisions produce resonances at low energies while at high energies
( •> 4GeV in BB collisions £ 3GeV in MB collisions and £ 2GeV in MM collisions) color strings are formed and
they decay into hadrons according to the Lund string model [6]. Formation time is assigned to hadrons from string
fragmentation. Formation point and time are determined by assuming yo-yo formation point. This choice gives the
formation time of roughly 1 fm/c with string tension K = lGeV/fm. (5) Hadrons which have original constituent quarks
can scatter with other hadrons assuming the additive quark cross section within a formation time. The importance
of this quark(diquark)-hadron interaction for the description of baryon stopping at CERN/SPS energies was reported
by Frankfurt group [7,8]. (6) Pauli-blocking for the final nucleons in two-body collisions are also considered. (7) We
do not include any medium effect such as string fusion to rope [9,7], medium modified cross sections and in-medium
mass shift. All results which will be presented in this paper are those obtained from the free cross sections and free
masses as inputs.
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HI. RESULTS

First, particle spectra calculated by JAM are compared with experimental data at SPS energies. A detailed
comparison with AGS data can be found in Ref. [5]. Then calculated thermodynamical quantities at energies of AGS
(10A GeV), JHF (25A GeV), and SPS(158A GeV) are presented in this section.

A. Comparison with spa data

I have calculated the system of Pb+Pb collision at SPS energies using the hadronic transport model of JAM 1.0,
in order to show that this model accounts for gross features of heavy-ion collisions without any collective effect like
string fusion or in-medium cross sections.
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FIG. 1. The JAM calculation of transverse momentum
distributions of negative charged particles (7r~,jRr~,p) for
Pb + Pb collision at 158GeV/c with centrality 5%. Experi-
mental data are taken from NA49 [10].

FIG. 2. The JAM calculation of transverse momen-
tum distributions of net protons for Pb + Pb collision at
158GeV/c with centrality 5%. Experimental data are taken
from NA49 [10].

In Fig. 1, JAM results of the transverse momentum distributions for negatively charged particles are compared to
the NA49 data [10]. Transverse momenta of negatively charged particle are in good agreement with data.

Net proton transverse momentum distribution calculated by JAM is compared to experimental data of NA49 [10]
in Fig. 2. Midrapidity protons at low momentum are slightly overpredicted in the model calculation. In order to
reproduce data for Pb+Pb collisions, final state hadronic interaction is important. If we do not include meson-baryon
and meson-meson collisions, the high momentum tail can not be reproduced within a hadronic transport approach.
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FIG. 3. Comparison of the rapidity distributions of net protons and negative particles for Pb+Pb collision at SPS energy
between experimental data [10] and JAM calculations

I compare the data [10] on net proton and negative charged particle rapidity distributions in Fig. 3 for Pb+Pb
collision at 158A GeV/c. The agreement is good for both negative particles and net protons. Secondary hadron-
hadron interactions are not important for the rapidity distributions. The baryon stopping problem is one of the
important element in nucleus-nucleus collisions. In order to reproduce baryon stopping at SPS energies with the
phenomenological string model, the diquark breaking mechanism has to be included.

B. Dynamics from Hadronic transport model

Now I am going to see the time evolutions of thermodynamics! values from hadronic cascade model. In the upper
panel of Fig. 4, time evolution of nucleons, pions, their resonance states, and, constituent quarks which is attached
at the end of strings are plotted for energies of 11.6, 25, and, 158AGeV. At the energy of HAGeV/c, the degree of
freedom is dominated by the excitations and evolution of resonances, however, above 25GeV energies, we can see that
the number of quarks are larger than that of resonances.

In Fig. 4, the time evolution of temperature, pressure, baryon density, and energy density extracted from JAM
simulations are plotted for the incident energies of 11.6A GeV/c (left), 25GeV (middle), and 158GeV/c (right). We
define the temperature by the ratio of the pressure to the number density in the local rest frame, assuming that the
local thermal equilibrium is always achieved for transverse motion. Here the pressure is defined by the two transverse
diagonal component of the hadronic energy-momentum tensor. Theses quantities are extracted from the cascade
simulation by using Gaussian smeared test particle method in a covariant way [11].

In the figures of temperature, we define two kind of temperature T and Tz. T is extracted from the transverse
diagonal component of energy-momentum tensor, while Tz is obtained ^-component of energy-momentum tensor. It
is seen that those two temperatures become same at the certain point for all energies. That time is indicated by the
vertical lines in the figure. This means that kinematical equilibrium is achieved. If we switch off secondary hadronic
rescattering, systems do not equlibrate.

We see that pressures are almost the same for all incident energies, however, baryon densities at the equilibrated
point are different, PB/PO is about 5 at 11.6AGeV, 6 at 25GeV, and 4 at 158GeV. From this analysis, it is suggested
that at 25AGeV, baryon density is the highest and the produced matter is dominated by the quark degree of freedom.
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FIG. 4. The t ime evolution of particles, tempera ture , pressure, baryon density, and energy density extracted from J A M
simulations are plotted for the incident energies of 11.6A G e V / c (left), 25GeV (middle), and 158GeV/c (right).

In Fig. 5, in order to see the path clearly, of the hot and dense matter, the T-pB diagram is plotted. It is seen
that later phase of the time evolution of the matter at AGS and JHF energies are quite similar, but baryon density
at the initial phase at JHF is larger in comparison with AGS energies. At SPS, higher temperature and lower baryon
density matter is predicted by this model calculation.
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FIG. 5. Time evolution of baryon density and effective temperature in Au+Au at 11.6AGeV/c from 0 fm/c to 20 fm/c by
1.0 fm/c step, Au+Au at 25AGeV, and Pb+Pb at 158AGeV, respectively.

IV. SUMMARY

In summary, incident energy dependence of thermodynamic evolution was investigated with the microscopic trans-
port model JAM. It is found that (1) at all incident energies, hadronic rescattering make the created hot and dense
matter equilibrate, (2) at AGS energies, extremely large baryon density of hadronic resonance matter is produced,
while at JHF energies, produced matter might be quark matter instead of resonance matter whose baryon density is
larger than that of AGS energies, at SPS energies, quark matter, but baryon density is smaller than that of JHF.
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