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Abstract. The realistic and detailed description of an energetic heavy ion 
reaction requires a Multi Module Model, where the different stages of the 
reaction are each described with a suitable theoretical approach. One fluid 
dynamical models provide an adequate and accurate description of the mid- 
dle stages of the reaction. In addition, fluid dynamical calculations require 
initial and freeze out conditions. In this work we concentrate on the model- 
ing of the initial stages of the reaction, before the local thermal equilibrium 
is achieved, and on the freeze out process. We discuss the possibility of 
the fast simultaneous hadronization and chemical freeze out of supercooled 
QGP, as a possible solution of the HBT "puzzle". 

Fluid dynamical models are widely used to describe heavy ion colli- 
sions. Their advantage is that one can vary flexibly the Equation of State 
(EoS) of the matter and test its consequences on the reaction dynamics 
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and the outcome. This makes fluid dynamical (FD) models a very power- 
ful tool to study possible phase transitions in heavy ion collisions - such 
as the liquid-gas or the Quark-Gluon Plasma (QGP) phase transition. For 
example, the only models that can handle the supercooled QGP (sQGP) 
are hydrodynamical models with a corresponding EoS. 

For highest energies achieved nowadays at RHIC hydrodynamic models 
give a good description of the observed radial and elliptic flows [l, 2, 3, 41, 
in contrast to microscopic models, like HIJING [5] and UrQMD [6]. We 
would like to stress here that that ”hydrodynamic model” means, apart of 
well known hydrodynamical equations, the particular choice of the initial 
conditions (usually fitted to reproduce the data), the particular choice of 
the EoS and the way freeze out (FO) is realized. In this work we are going 
to concentrate on the modeling of initial conditions for RHIC and LHC 
energies and on the FO. 

Recent data from RHIC give a good test for all the models in ultra- 
relativistic heavy ion collisions business, namely the HBT radii. Two-particle 
interferometry has become a powerful tool for studying the size and dura- 
tion of particle production from elementary collisions to heavy ions like 
Au+Au at RHIC or Pb+Pb at SPS. For the case of nuclear collisions, the 
interest mainly focuses on the possible transient formation of a deconfined 
state of matter. This could affect the size of the region from where the 
hadrons (mostly pions) are emitted as well as the time for particle pro- 
duction. Comparing recent data [7] from RHIC with SPS data one finds a 
“puzzle” [8]: all the HBT radii are pretty similar although the center of mass 
energy is changed by an order of magnitude. Discussions at ”Quark Matter 
2002” [9] lead to the conclusion that the duration of particle emission, as 
well as the lifetime of the system before Freeze Out, appear to be shorter 
than the predictions of most of the model at the physics market. Although 
there is a set of models based on very fast 3D Bjorken hydrodynamical 
expansion and hadronization from sQGP [lo], which are in much better 
agreement with experimental data than all the others. We will discuss this 
this possibility in the section 2. 

1. Mul t i  Module Model  

A realistic and detailed description of an energetic heavy ion reaction re- 
quires a Multi Module Model, where the different stages of the reaction 
are each described with a suitable theoretical approach.[29] It is important 
that these modules are coupled to each other correctly: on the interface, all 
conservation laws should be satisfied, and the entropy should not decrease. 
This last feature sometimes not given proper attention. The nondecreasing 
entropy condition should be satisfied at each ”stage” or ”Module” of our 
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collision model, as well as, at the transition between stages or modules. 
In energetic collisions of large heavy ions, especially if a QGP is formed 

in the collision, one-fluid dynamics is a valid and good description for the 
intermediate stages of the reaction. Here, interactions are strong and fre- 
quent, so that other models, (e.g. transport models, string models, etc., that 
assume binary collisions, with free propagation of constituents between col- 
lisions) have limited validity. On the other hand, the initial and final, FO, 
stages of reaction are outside the domain of the applicability of the fluid 
dynamical model. 

After hadronization and FO, the matter is already dilute and can be 
described well with kinetic models. Note that even after the chemical FO 
the hadron species are not completely frozen - the resonance decays have 
to be taken into account. 

The modeling of the initial stages is the most problematic. None of the 
theoretical models can unambiguously describe the initial stages. There- 
fore the phenomenological models are frequently used. Therefore the phe- 
nomenological models have to be used. 

For the ultra-relativistic energies the boost invariant Bjorken models 
is frequently used (it requires only 2D hydro calculations in transverse 
plane), with the initial conditions fitted to the data. Usually the energy 
density profile in the plane transverse to beam direction is assumed to 
be proportional to the to the number of binary collisions or to number 
of participants and the central energy is used as a free parameter to fit 
the data (see [ll] for recent overview). Unfortunately there is no clear 
and unambiguous confirmation that Nature follows the Bjorken scenario. 
The preliminary experimental results from RHIC do not show transparency 
- most particle multiplicities do not show a dip in the rapidity spectra, 
but rather a plateau around mid-rapidity [la], which is a sign of strong 
stopping. Furthermore, a very strong elliptic flow (v2 flow component) has 
been measured, which shows a clear peak around mid rapidity [13]. To build 
such a strong elliptic flow, strong stopping and momentum equilibration 
are required. Also the p / p  ratio at mid-rapidity measured at  RHIC [14] 
(preliminary) is still far from one, which tells us that the middle region is 
not baryonfree. 

Similar ideas led authors of Refs. [4, 151 to the two module model. 
Authors combine hydro and UrQMD - replacing the hadronic phase of hy- 
drodynamics with hadronic transport model to describe properly chemical 
and thermal FO. We would like to underline the following: A) the initial 
state for hydro was not modeled, but fitted to the data; B) in this approach 
at  some "point", i.e. 3D hypersurface in the space-time, we have to trans- 
fer our global hydro quantity into a distribution of different hadron species. 
This problem B) is absolutely similar FO problem. One has to specify the 
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condition for this transfer in order to define the transfer hypersurface (this 
is much harder and less certain than the FO condition). Again the trans- 
fer hypersurface may have both timelike and spacelike parts, where the 
modification of the Cooper-Frey formula is needed [16, 17, 181. The nonde- 
creasing entropy condition should be satisfied. In our opinion the realization 
of hydro-UrQMD transfer is a more difficult problem than FO modeling, 
since the sum of noninteracting ideal gases is a good and valid approxima- 
tion for the post FO EoS, while the EoS of interacting hadronic matter is 
less certain. For the recent treatment of this problem see Ref. [19]. 

Perturbative Quantum Chromo Dynamics (pQCD) would be, in prin- 
ciple, the proper model for describing our systems at very high energies. 
Unfortunately, pQCD itself is not applicable for heavy ion reactions at  
RHIC energies. Nevertheless, the pQCD calculations with some extra non- 
perturbative, phenomenological assumptions, like saturation of a gluon 
plasma, can be performed. Different models following this scenario have 
been proposed - see for example [20, 211. In this Ref. [21] authors com- 
bine Gyulassy-Levai-Vitev (GLV) non-abelian energy loss formalism with 
Bjorken 1+1D expansion and successfully reproduced 212 ( p ~ )  STAR Min. 
Bias Data up to p~ M 2 - 2.5 GeV.  . 

1.1. EFFECTIVE STRING ROPE MODEL 

One important conclusion of heavy ion research in the last decade is that 
standard 'hadronic' string models fail to describe heavy ion experiments. All 
string models had to introduce new, energetic objects: string ropes [22, 231, 
quark clusters [24], or fused strings [25], in order to describe the abundant 
formation of massive particles like strange antibaryons. Based on this, we 
describe the initial moments of the reaction in the framework of classical, 
or coherent, Yang-Mills theory, following the Bjorken model with baryon 
recoil Ref. [26] assuming a larger field strength (string tension) than in ordi- 
nary hadron-hadron collisions. For example, calculations both in the Quark 
Gluon String Model [27, 281 and in the Monte Carlo string fusion model 
[25] indicate that the energy density of strings reaches 8 - 10 GeV/ f m al- 
ready in SPS reactions. This is nearly 10 times more than the tension used 
in standard, 'hadronic', string models where u M 1 GeV/ f m, what allows 
us to talk about string ropes. We also take care about exact satisfaction of 
all the conservation laws. Thus, in the framework of Effective String Rope 
Model (ESRM) for the first time the initial transparency/stopping and en- 
ergy deposited into strings and string ropes was determined consistently 
with each other [29, 301. 

We describe the hadronization of our string ropes in an effective way 
(see Refs. [29, 301 for more details). Thus, as the output of ESRM we get 
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Figure 1. Au+Au collision at EO = 100 GeV/nucl, E = Too is presented in the reaction 
plane as a function of x and I for t h  = 5 f m / c .  Subplot A)  ( b  = 0.5 2 R A ~ ) ,  subplot 
B) ( b  = 0 . 2 5 . 2  R A ~ ) .  The QGP volume has a shape of a tilted disk and may produce a 
third flow component. 
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energy and baryon density distributions and flow velocity field of the locally 
thermalized QGP. Then, the hydrodynamic evolution can be started for the 
intermediate state. 

The initial dynamics using the ESRM led to an initial state with high 
energy density, reaching 20 GeV/fm3 on the average and 60 - 80 GeV/fm3 
peak values in the middle. The model led to a QGP configuration which 
was similar to the initial state described in Landau’s fluid dynamical model, 
with the difference that the relatively flat initial state was tilted - see Fig. 
1. In a heavy ion reaction such a tilted initial state arises naturally as a 
consequence of the streak by streak momentum conservation, since at finite 
impact parameters streaks with different length and mass collide against 
each other, finally moving in the direction of the heavier streak (this is 
a base of firestreak model [36]). Such a tilted flat initial state results in 
a ”third flow component” which is observed at the highest SPS energies 
and it was present in all FD model results which used QGP EoS [35]. 
Unfortunately the flow within reaction plane was not yet measured at RHIC 
- see section 3. 

2. Supercooled QGP and HBT puzzle 

It was demonstrated that a strong first-order QCD phase transition within 
continuous hydrodynamical expansion would lead to long lifetimes of the 
particle source [?, 37, 41, which would manifest itself as a large ROut/R,id, 
ratio. Now this type of hadronization is excluded by experimental data. 

An alternative possibility, discussed in Refs. [39, 40, 41, 33, 42, 431, 
is the hadronization from the sQGP. This is expected to be a very fast 
shock-like process. If the hadronization from sQGP coincides with freeze 
out, then this could explain a part of the HBT puzzle, i.e. the flash-like 
particle emission (Rout/Rside M 1). Now we would like to ask the question 
- can the hadronization from sQGP explain also the another part of the 
HBT puzzle, i.e. a very short (w  6[10] - 10[9] f m / c )  expansion time before 
freeze out? 

2.1. HADRONIZATION OF THE SQGP WITHIN BJORKEN 
HYDRODYNAMICS 

For a study of the expanding QGP we have chosen a framework of the 
1+1D Bjorken model (actually our principal results will not change if we use 
3+1D Bjorken model). Within the Bjorken model all the thermodynamical 
quantities are constant along constant proper time curves, T = d P Y 7  = 
const. The important result of Bjorken hydrodynamics (which assumes a 
perfect fluid) is that the evolution of the entropy density, is independent of 
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Figure 2. state (SQ) to H state (SH) are pre- 
sented on {s, T} plane. Subplot A shows continuous expansion, which takes time TH, eq. 
(4). Subplot B presents flash-like particle emission, i.e. simultaneous hadronization and 
freeze out; which takes time T;), eq. (5). Subplot C shows several possibilities according 
to scenario 2 with shock-like hadronization into superheated HM. Time 7:) (7) can be 
smaller or larger than T:), depending on details of the EoS, but always larger than TH. 

Different ways for a system to go from 
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the Equation of State (EoS), namely 

In Bjorken model the natural choice of the freeze out hypersurface is 7 = 
const hypersurface, where normal vector is parallel to the Bjorken flow 
velocity, = z / t .  Thus, do" = (1'0) in the rest frames of each fluid element. 
This leads to the simple solution of the time like shock equations (see Ref. 
P31) : 

c2 = = 0 ,  E = eo, n = no, p # p o  . (2) 
The entropy condition is reduced to 

s > s o .  (3) 

Now let us try to answer the main question of this work - can QGP 
expansion with t.1. shock hadronization of supercooled state be faster than 
the hadronization through the mixed phase? The initial state is given at the 
proper time Tinit 3 TQ,  when the local thermal equilibrium is achieved in 
the QGP state Q 3 ( E Q , P Q ,  S Q ) .  The final equilibrium hadron state is also 
fixed, by experiment or otherwise, as H ( E H , P H ,  SH). For the continuous 
expansion given by eq. (1) the proper time for the Q + H transition is (see 
Fig. 2 - subdot A): 

If our system enters the sQGP phase and the particle emission is flash- 
like, i.e. the system hadronizes and freezes out at the same time, then eq. (1) 
is also valid all the time with final t.1. shock transition to the same H state. 
We call this as a scenario number one (see Fig. 2 - subplot A). Our system 
should go into supercooled phase to the point where EL') = ~ ~ , n b "  = n H ,  

as it is required by eq. (2). At this point our sQGP has entropy density 
si'). It's value depend on the EoS, but t.1. shock transition is only possible 
if si1) 5 SH according to eq. (3).  Thus, for the proper time of Q + W 
transition according to first scenario we have: 

We can also study a scenario number two when our system supercools 
to the state ( ~ i ~ ) , p i ~ ) , s i ~ ) ) ,  then hadronizes to a superheated "I state 
( ~ ( ~ ) , p ( ~ ) , s ( ~ ) ) ,  and then this HM state expands to the same freeze out 
state H ( E H , P H , S H ) .  (see Fig. 2 - subplot C). At the point of the shock 
transition one has: 
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Then we have a t.1. shock transition satisfying eq. (2), and following the 
"I branch of the hydrodynamical expansion we find: 

since s ( ~ )  2 so (2) due to non-decreasing entropy condition (3). In this second 

scenario the value of the of entropy density s?) of sQGP can be both smaller 
and larger than HM final value SH. Depending on details of the EoS the 
proper time T!) (7) of the Q + H transition can also be smaller as well as 

One can think about choosing some other hypersurface for FO and 
hadronization (this is, of course, a violation of the Bjorken assumptions, 
but in our opinion it can be accepted for the late stages of the reaction). 
This possibility was discussed in Ref. [33], where the FO and hadronization 
of sQGP happened at  a constant time after Bjorken hydro expansion. Our 
results show that such a process is very sensitive on the properties of the 
EoS and the nondecreasing entropy conditions works very restrictively. Also 
the fast simultaneous hadronization and chemical freeze out of sQGP leads 
to the re-heating of the expanding matter and to the change in a collective 
flow profile. 

larger than rH (1) (5), but always larger than TH. 

3. Determining the reaction plane at RHIC 

At RHIC the directed transverse flow was not measured up to now. Dif- 
ferent experimental difficulties were mentioned as the reason. In particular 
that the reaction plane could not be identified, although the so called 212 

parameter was measured. 
This problem is partly due to the method used to determine 212, which 

did not explicitly required the parallel determination of the reaction plane. 
It is, however, clear that the existence of strong elliptic flow indicates a 
strong collective correlation among the particles in every event: particles 
are preferably emitted upwards (+x) and downwards (-x) in the reaction 
plane and much less to the sides. Thus, if this correlation is detected and 
strong, the plane must be identifiable also! It is relatively easy to design 
methods, which work well statistically for very low event multiplicities. 

Of course, to tell which is the target and projectile side of the plane may 
be difficult. If in a symmetric, A+A reaction one assumes, the idealized 
Bjorken picture with infinite length in the [z]-direction, and the lens shape 
source in the transverse plane, the target and projectile side cannot be 
distinguished in principle. 
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On the other hand, if one takes a more realistic three dimensional model, 
one will get both azimuthal asymmetry and forward/backward asymmetry. 
This can be used then to determine which'side of the plane is which. 

As 212 is measured, the reaction plane, [ I C , ~ ] ,  is known, just the tar- 
get/projectile side should be selected. This is not done due to the prejudice 
that the distribution of emitted particles is mirror-symmetric in Central 
Mass Frame (CM): 

f C M ( p z , p y , P z )  = f C M ( P x , p y ,  - p z )  . 

However, at finite impact parameters (2- 15%) there is a forward/backward 
asymmetry, which we can utilize the following way to determine the reaction 
plane. 

The Q-vector (a la Danielewicz, and Odyniecz (1985), see in section 7.7 
of ref. [34]) has to be calculated event by event: 

ik 

has to be calculated, event by event, for all particles, i, of type I C .  Only the 
sign is relevant, as the plane is known already. This Q-vector will select the 
same side (e.g. projectile) in each event. 

4. Conclusions 

In conclusion we can say that the hydrodynamic modeling of heavy ion 
reactions is alive and is better than ever. Clear hydrodynamic effects are 
seen everywhere, and from early on.' 

The recent results from RHIC show the we are in the regime where 
collective matter type of behavior is dominant. We hope to gain more and 
more detailed information on QGP and its dynamical properties. Continued 
hard work is needed to exploit all possibilities, and the task of theoretical 
modeling and analysis is vital in future progress of the field. 
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