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Abstract

A full (3+l)-dimensional calculation using the Lagrangian hydrodynamics is proposed for
relativistic nuclear collisions. The calculation enables us to evaluate anisotropic flow of hot and
dense matter which appears in non-central and/or asymmetrical relativistic nuclear collisions.
The relativistic hydrodynamical model is related to the equation of the state and the useful
for the verification of quark-gluon plasma state. By virtue of the Lagrangian hydrodynamics
we can easily trace the trajectory which corresponds to the adiabatic paths in the T-\i plane.
We evaluate the directly of the influence of the phase transition to physical phenomena in the
ultra-relativistic nuclear collisions. Using our relativistic hydrodynamical model, we discuss the
effect of the phase transition on the collective flow.

1 Introduction
The study of the quark-gluon plasma (QGP) is one of the hottest topics in the high
energy nuclear physics and many analyses have been done from both experimental and
theoretical side to understand the QGP phenomena [1]. Recently anisotropic collective
flow phenomena have been measured precisely not only at AGS [2, 3] but also SPS [4, 5]
and furthermore the analyses of anisotropic collective flow have already been reported
at RHIC by STAR collaboration [6]. Based on the relativistic hydrodynamical model,
Rischke reported that the existence of the minimum point in the excitation function of
directed flow would suggest the phase transition [7]. Under the first phase transition,
energy density has the discontinuity at critical temperature. On the other hand, pressure
has no discontinuity as a function of temperature. The sound velocity in the mixed phase
vanishes. As a result, the growth of the flow in the case of the existence of the phase
transition is suppressed and the behavior of flow with the phase transition is different
from one without the phase transition. Hence, the analysis of collective flow is one of
the candidates from which we obtain the information of QGP phase. The result by
Rishcke suggests that the phase transition has already occurred at the AGS energy region.
However there are no experimental results which show the production of QGP clearly at
the AGS energy region. Here, we discuss how the influence of the phase transition appears
on collective flow by using the realistic model.
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Figure 1: The initial energy density dis-
tribution at y — 0 fm in Au+Au 10
AGeV collisions (6 = 3.0 fm).

/\A

t i '"I
10.0

-10.0-

Figure 2: The initial condition of veloc-
ity distribution at y = 0 fm in the same
condition as fig. 1.

2 Model Description

The outline of our calculation procedure is as follows: First, we parameterize the initial
conditions of energy density, baryon number density and local velocity based on the result
of event generator URASiMA [8]. Our event generator URASiMA [9] is characterized by
multi-chain model (MCM) by which multi-particle production process can be described
successfully.

In order to solve the relativistic hydro dynamical equation, we need to introduce the
equations of state. In the case of equation of state without phase transition, we use the
ideal hadron gas including resonances up to 2 GeV. In the case of equation of state with
the phase transition model we assume the first order phase transition. Above the phase
transition, the thermodynamical quantities are assumed to be determined by QGP gas
which is dominated by massless u,d,s quarks and gluons. For the hadron phase we use
the excluded volume model [10] which contains all resonances up to 2 GeV [11]. In the
mixed phase we introduce the fraction of the volume of the QGP phase, A(a;M) (0 < A < 1)

Finally hadron spectra are obtained by Cooper-Frye formula [12]. We assume that the
hadronization process occurs when the temperature and chemical potential of the volume
elements cross the boundary which is determined by chemical freeze-out and thermal
freeze-out [8].
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Figure 4: The trajectories in the phase
Figure 3: The directed flow as a function d i a g r a m i n 10> 50? 1 0 0 a n d 1 5 0 A G e V
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3 Calculated Results

The directed flow is given by

-
N

j
dy(px/N)(y)—Sgn(y).

dy
(1)

We obtain the directed flow in the central rapidity region, |yCM| < 0.5. Figure 3 shows
the directed flow with phase transition and without phase transition. The absolute value
of the case with phase transition is smaller than that without phase transition. The
influence of mixed phase appears in the result of directed flow. From fig.3 we can see
that difference of two cases is large from 60 AGeV to 100 AGeV. The effect of the phase
transition appears in this incident energy region. At less than 50 AGeV the production
of QGP phase is small and the effect of the phase transition does not appear clearly. At
more than 100 AGeV the effect of QGP phase becomes large and the effect of the mixed
phase is smeared by QGP phase.

Figure 4 shows the trajectory of a fluid element at the central region in phase diagram
for each incident energy. In Au+Au 10 AGeV collisions the QGP phase does not exist and
in the beginning the volume element moves on the phase boundary (mixed phase) and
next enters hadron phase and finally hadronization process occurs. On the other hand in
50, 100, and 150 AGeV collisions there is QGP phase in the beginning of the space-time
evolution.

Next we calculate the sound velocity through the trajectory in T-fj, plane (fig.4), which
is given by

We (2)
s/ng=const.

In fig.5 the sound velocity as a function of time of the same volume element in fig.4. We
can see that at 10 AGeV the sound velocity in mixed phase is not equal to zero. Therefore
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in this energy region the effect of the mixed phase can not be observed clearly, though
the volume element remains in the mixed phase. The naive estimation that the sound
velocity is equal to zero in mixed phase is not correct. On the contrary, at 50, 100, and
150 AGeV the sound velocity vanishes. At these incident energy region there is possibility
that the effect of mixed phase on flow is extracted clearly.

The directed flow which is obtained in experiment is summed for time and all volume
elements. In fig.6 the sound velocity for all volume elements of fluid in Au+Au 10, 50,
100, and 150 AGeV collisions. In the case of Au+Au 10 AGeV collisions, the effect of
mixed phase is very small. In this incident energy region, we can hardly detect the signal
of the production of QGP from the analysis of collective flow. In the case of Au+Au
50, 100 AGeV collisions, the effect of mixed phase appears. However we can not see the
strong signal of phase transition such as sound velocity vanishes.

4 Summary

We present (3+l)-dimensional relativistic hydrodynamical model of the Lagrangian hy-
drodynamics without assuming symmetrical conditions, under the first phase transition.
Our algorithm is based on the entropy conservation law and the baryon number conser-
vation law explicitly. In our algorithm we trace the volume elements of fluid along the
stream of flux. By using our relativistic hydrodynamical model based on the Lagrangian
hydrodynamics, the path of the each volume element in the phase diagram is able to be
traced easily. Therefore we can investigate directly how the phase transition takes place
and affects physical phenomenon in an ultra-relativistic nuclear collision.

Using this model, we have investigated the effect of the phase transition on anisotropic
flow, inputting the various incident energies of collisions. The effect of phase transition
on the directed flow is not so clear as Rischke discussed. In actual experiment data we
can observe the superposition of the QGP phase, the mixed phase and the hadron phase.
We should consider not only the contribution from the mixed phase but also the QGP
phase and the hadron phase. Though in the mixed phase the sound velocity is c2 ~ 0, in
the QGP phase it is c\ = 1/3 and in hadron phase it is c2 ~ 0.2. Therefore the influence
of the mixed phase can be smeared by QGP phase and the hadron phase and it can be
hardly detected if the condition of experiment is not suitable for the analysis of the phase
transition.

In this calculation the impact parameter is fixed to b — 3.0 fm. We should investigate
the impact parameter dependence of the collective flow. In addition we have to inspect
of the validity the initial condition and the freeze-out condition.
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Figure 5: The sound velocity as a func-
tion of time at Au+Au 10 AGeV colli-
sions. We can see that the sound veloc-
ity does not vanish in mixed phase.
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Figure 6: The sound velocity of all vol-
ume elements of fluid as a function of
time.
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