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ABSTRACT : 
This paper reviews brief ly our present understanding of the dynamics of central 

ul tra-relat iv ist ic heavy ion collisions assuming that a macroscopic system of 
quark-gluon matter gets formed in the interaction region. 
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1. Introduction 

Ultra-re lat iv is t ic heavy ion collisions ' may offer the possibi l i ty of crea
ting locally macroscopic systems of matter at temperatures higher than the c r i t i 
cal temperature of ~ 200 MeV suggested by Monte-Carlo calculations ' for the decon-
finement of quarks and gluons. 

Below the cr i t ica l temperature, matter is in the hadronic phase : quarks and 
gluons are permanently confined in colour neutral hadrons. Above the c r i t i ca l tem
perature, matter consists of a uniform quark-gluon gas. 

The experimental study of the transition from hadronic to quark-gluon matter 
would provide important constraints on the behaviour of quantum chromodynamics 
(QCD) away from the perturbative regime prevailing in processes involving large 
momentum transfers which are observed in deep inelastic lepton-nucleon or hadron-

3} hadron scattering ' . 

The transition from quark-gluon matter to hadronic matter is also of interest 
in cosmology : i t is expected to occur in the earl> universe at a time t«*0.0lms ' . 
The onset of confinement has important consequences on the expansion law and on 
the cooling rate of the early universe which depend on the precise properties of 
the transit ion to hadromc matter ' . 

The possibil i ty of inducing the transition from hadronic to quark-gluon mat
ter in the interaction of re la t iv is t ic heavy ions requires definite conditions on 
the kinematics and on the geometry of the reaction. 

F i rs t , in order to have a chance to create a quasi-macroscopic system whose 
properties can be described in terms of concepts valid at the thermodynamic l imi t , 
the coll iding ions should be as heavy as possible ; ideally, one would l ike to 
study uranium on uranium coll isions. For the same reason, only very central c o l l i 
sions which involve a large number of nucléons are of interest. 

Second, to reach the deconfinement temperature in the interaction region, 
yery high energy collisions are needed. Exactly howmuch of the i n i t i a l kinetic 
energy gets transformed into heat in such collisions remains an open question. 
The present estimates ' of the i n i t i a l kinetic energy required to attain the 
quark-gluon phase are model dependent and based on the measured mult ip l ic i t ies 
of produced particles in high energy nucleon-nucleon, nucleon-nucleus and nucleus 
-nucleus coll isions. They suggest that the cr i t ica l energy density should be rea
ched for incident laboratory energies of the order of or larger than ~ 1 TeV ( i . e . 
about 50 GeV per nucléon in the center of mass). Energies in this range are cal
led u l t ra - re la t iv is t i c . 

Proton-proton collisions at E «1 TeV have been studied at the CERN ISR ' . 



These data are an essential ingredient of the present discussion of ultra-relati
vistic nucleus-nucleus collisions. Indeed, at such high energies, nuclei appear 
as collections of free nucléons : their internal dynamics does not play any role 
in the collision and the elementary process of interest is the free nucleon-nucleon 
collision. Consequently, the models describing ultra-relativistic heavy ion inter
actions are based on phenomenological models of particle production in nucleon-
nucleon collisions at ISR energies " ' . The recent proton-antiproton CERN Colli
der data ' at E a «150 TeV provide further constraints on these models. 

Proton-nucleus collisions at laboratory energies of a few tenths of a TeV 
have been studied at the CERN SPS14) and at FERMILAB15). For E L a b >, 1 TeV, only 
cosmic ray data ' are available except for proton- He data ' taken at the CERN 
ISR. 

The proton-nucleus data have revealed a few properties of interest to study 
heavy ion collisions at similar energies. 

The production of particles in proton-nucleus collisions appears to be sensi
tive to the early time development of the process of particle production in the 
elementary nucleon-nucleon collisions ' . The data support the idea that i t takes 

-23 a proper time T„ of ~ 1 fm ( i .e . 0.3 10 s) after the collision for the frag-
i g \ 

ments of the projectile to be emitted ' . This property manifests itself by the 
similarity of the distributions of the fast fragments in nucleon-nucleon and nu-
cleon-nucleus collisions. In the rest frame of the target nucleus, the hadroniza-
tion time is indeed dilated by a factor rr (E is the energy of the fragmenting 
hadron and M its mass) so that the fast (projectile) fragments are produced out
side the nucleus and unaffected by the structure of the target. On the contrary, 
the distribution of slov. .'. jgments depends on the target nucleus. 

Recently, proton-nucleus collisions at 0.1 TeV per nucléon, more exactly 
the inclusive cross-sections for proton emission in these collisions, have been 
interpreted in terms of the stopping power of nuclear matter ' . This quantity 
is important to discuss the range of baryon densities that can be attained in 
relativistic heavy ion collisions. 

At present, the only data on nucleus-nucleus collisions at ultra-relativistic 
energies come from cosmic ray experiments. The most remarkable data from the point 
of view of this talk are the recent JACEE events ' , 

Si (4 TeV/N) + AgBr 
— * • 5N h + (1010 ±30) N c h + > 170 photons , (1.1) 

Ca (100 TeV/N) + C(or 0) 
— * • He + (760 ±30) N h + > 300 photons, (1.2) 
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in which N. and N . denote heavily ionizing tracks and singly charged relativistic 
tracks respectively. The large number of charged particles produced is indicative 
of very central collisions. These data have been used to estimate the energy den
sity that might be attained in ultra-relativistic heavy ion collisions and to 
discuss the validity of the models proposed to describe the dynamics of the colli
sions. One should bear in mind however that two events do not have any statistical 
significance. 

This paper is organized as follows. In Section 2, we recall the present sta
tus of deconfinement in finite temperature lattice QCD calculations. The basic 
information on proton-proton collisions at E «* 1 TeV needed to estimate the 
conditions created in nucleus-nucleus collisions at comparable energies is given 
in Section 3. The model proposed by Bjorken to describe the central region of 
ultra-relativistic heavy ion collisions is presented in Section 4. The onset of 
thermodynamic equilibrium and the subsequent hydrodynamic expansion of the quark-
gluon system in this model are discussed in Sections 5 and 6 respectively. In 
Section 7, we summarize the possible experimental signatures of an intermediate 
quark-gluon phase. Section 8 contains a few concluding remarks. 

2. Phase structure of QCD at finite temperature 
We assume in this p?per that quantum chromodynamics is the fundamental field 

theory of strong interactions. 
The elementary degrees of freedom of the theory are the quark fields. Besides 

angular momentum, quarks carry two quantum numbers, colour and flavour. Colour is 
equivalent to a strong charge and takes three different values. In flavour space, 
we shall restrict ourselves to three states : isospin up (u quark), isospin down 
(d quark), non-zero strangeness (s quark), i.e. to the light quarks (the u and d 
quarks have a mass of a few MeV and the s quark mass is of the order of 200-300 
MeV in most models). 

The quarks interact by the exchange of eight massless coloured vector bosons, 
the gluons. The strength of this interaction depends on the distance between the 
quarks. At short distances (of the order of hadronic sizes), the quarks interact 
weakly (asymptotic freedom). At large distances, the quarks interact strongly 
(strong coupling regime). Gluons have cubic and quartic self-interactions. Because 
of these non-perturbative and non-linear effects, QCD is very hard to solve. 

At low temperature and low baryon density, quarks and gluons are confined 
in colour singlet hadrons. Baryons are made of three quarks and mesons of one 
quark and one antiquark. This hadronic regime has not yet been successfully des
cribed in terms of quark-gluon dynamics because of the difficulties just mentioned. 
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Important progress in this direction however has been achieved by formulating 

QCD on a discrete four-dimensional lattice '. In lattice QCD, the strong coupling 

limit can be computed and in this limit, the existence of a mechanism for quark 
93 \ 

confinement has been shown '. Extensive lattice calculations of the spectrum of 

hadrons and of the phase structure of QCD have been performed using Monte-Carlo 

techniques * '. The full QCD dynamics cannot yet be reliably included in such 

calculations due to technical problems encountered to treat fermion fields on a 

lattice. The dependence of the results on the lattice size remains difficult to 

assess. 

In this paper, we shall be interested in lattice calculations of the phase 

structure of QCD at finite temperature. At present, these calculations seem relia

ble only for gluon dynamics. The corresponding results concern therefore the 

thermodynamics of gluon matter (i.e. a system which has zero baryon density). 

Lattice studies of gluon dynamics at finite temperature have shown that gluon 

matter could exist in two phases : the hadronic phase in which gluons are confi

ned in colour neutral glueballs and the deconfined phase in which matter appears 
2) 

as a uniform gluon gas '. The transition from the hadronic to the deconfined pha
se takes place at the temperature, 

T£ = (200 ±50) MeV (2.1) 

the signal for the phase transition appears both in the thermodynamic quantities 

and in the order parameter '. To illustrate this point, we show in Fig.l (from 

Ref.25) the behaviour of the energy density as a function of temperature. For 

T » T*j, gluon matter behaves like a non-interacting gluon gas (Stefan-Boltzmann 

limit). 
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Figure 1 : Energy density of gluon matter versus temperature 1n units of AL<*2MeV 
2b). ine horizontal line shows the Stefan-Boltzmcnn limit. 



Gluon matter is unfortunately not a physical system that can be created in 
ultra-relativistic heavy ion collisions. Even in the regions of phase space where 
the baryon density is close to zero, quark loops are part of the dynamics. Inclu
ding virtual quark loops does not seem to change the temperature at which decon-
finement takes place ' . However, from the behaviour of the thermodynamic quanti
ties, i t seems that the nature of the transition could be changed from first to 
second order in the presence of light quarks ' . 

To provide simple order of magnitude estimates, we recall the expression for 
the energy density of a non-interacting quark-gluon gas at zero baryon density. 

The energy density of a non-interacting gluon gas is given by 

e ( T ) = ^ - T 4 . (2.2) 

This limit is reached very rapidly for a pure gluon system for T > TJj (see Fig. l ) . 
I f virtual quark loops are included in the calculation, the energy density seems 
to approach the non-interacting gas limit much more slowly and from above (see 
Ref.26). For T = 200 MeV, (2.2) gives e = 1.1 GeV fm" 3. The value obtained in the 
full Monte-Carlo calculation with virtual quark loops ' is of the order of 1.7 
GeV fm"3. 

In the presence of an equal number of non-interacting quarks and antiquarks 
with n* different flavours, the energy density (2.2) becomes 

e < T >' (Tr"VTsr) T" • (2-3> 
Taking n f = 2 (u and d quarks), we find 

e(GeV fm"3) ~ 1592 T 4 (GeV4) ; (2.4) 

for T = 200 MeV, (2.5) gives e « 2.5 GeV fm"3. This value is at best a very rough 
estimate of the energy density required to form quark-gluon matter in the central 
region of ultra-relativistic heavy ion collisions. I t is clear from the previous 
discussion that i t could easily be wrong by a factor of two. 

I t is encouraging that the estimate of the energy densities reached in the 
central region of the cosmic ray events (1.1) and (1.2) gives values in the range 
(2-5) GeV fm"3 2 1 > . 

3. Proton-proton collisions at E •* 1 TeV 

We summarize here the properties of proton-proton collisions at E «1 TeV 
relevant to the discussion of ultra-relativistic heavy ion collisions. The data ' 
have been taken at the CERN ISR for E « 1.4 TeV ( i .e . for a center of mass 
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energy /s = 53 GeV). 
On the average, 16 particles are produced in such collisions. Among these 

particles, 80 % are pions, 9 % kaons, 7 % n mesons and 4 % baryons '. It is use
ful to characterize the emitted particles by their rapidity, 

v 
y = arctgh II (3.1) 

where v.. is the longitudinal velocity of the particle and c the speed of l i gh t . 
The allowed kinematic domain of high energy coll isions is then the (Lorentz inva
riant) rapidity interval , 

•s 
Ay = hf - l n f ] • (3.2) 

where m« and nu are the masses of the incident particles. For proton-proton col 
l isions at /s = 53 GeV, Ay«8. A particle produced in the col l is ion belongs to 
the target (projecti le) fragmentation region i f i ts rapidity is close to the rapi
dity of the target (project i le). Particle with smaller longitudinal velocities 
belong to the central rapidity region. 

The general structure of the mult ip l ic i ty distr ibution of the charged par t i 
cles produced versus their rapidity allows a more quantitative dist inct ion between 
fragmentation and central rapidity regions. This is i l lustrated in Fig.2 where 
the mul t ip l ic i ty of the charged particles produced in proton-proton coll isions at 
/s = 53 GeV is shown as a function of their pseuuo-rapidity n (n • In cotg 5-» y 
for pions) in the center of mass (from Ref.9). The central rapidity region corres-
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Figure 2 : Charged particle mult ip l ic i ty versus pseudo-rapidity for proton-proton 
collisions at vf = 53 GeV V. 



ponds roughly to the rapidity interval in which the multiplicity is constant 
(rapidity plateau), i.e. |n| £ 2. In the fragmentation regions, the multiplicity 
decreases very fast with increasing |n|. The particles produced in the central 
region are mostly mesons (~ 95 %) ; consequently, there are as many quarks as anti-
quarks and the net baryon density is nearly zero. This remains true at higher ener
gies 
13) 
gies. At E L a b =* 146 TeV (CERN Collider), 92 % of the particles produced are mesons 

There is at present no description of particle production in proton-proton 
collisions at E =1 TeV in terms of the elementary QCD interactions. The reason 
is that the average transverse momentum of the produced particles is quite small 
(<p_> ~ 0.4 GeV/c) ' and therefore soft processes involving the non-perturbative 
regime of QCD are expected to play a dominant role in the production mechanism. 

The phenomenology of particle production has been discussed mostly in the 
28-29^ parton model originally introduced by Feynman ' . 

In this model, nucléons probed with high momentum photons or weak vector 
bosons are viewed as beams of non-interacting point-like constituents called par-
tons. The charged partons are identified with quarks (both valence quarks and sea 
quarks and anti-quarks) ; the neutral partons are identified with gluons. The 
parton composition of the nucléon is given by distribution functions obtained 
from deep inelastic lepton-nucleon scattering data. 

The parton picture of nucléons can be justified by the short distance beha
viour of QCD (asymptotic freedom) when applied to processes involving very large 
momentum transfers '. 

The applicability of parton ideas to describe soft processes such as parti
cle production in high energy collisions is much less justified. Nevertheless mo
dels based on the parton picture are quite successful in reproducing the general 
features of particle production at ISR energies '. At collider energies 

(E <* 150 TeV), some deviations from the predictions of the simplest parton 
31 \ 

models are observed and have been accounted for by higher order corrections '. 
The connection of parton models with QCD and the possibility that similar mecha
nisms could be involved 1n hard (jet events) and soft processes is an open pro
blem presently under investigation ' . 

In what follows, we shall discuss nucleus-nucleus collisions in the parton 

basis. 

4. Bjorken's picture of ultra-relativistic heavy ion collisions in the central 

rapidity region 

We review in this section the model proposed by Bjorken ' to describe the 



space-time evolution of matter produced in the central rapidity region of ultra-
relativistic heavy ion collisions. This description applies to head on collisions 
of very heavy nuclei of equal mass. 

In the center of mass frame, the colliding nuclei appear as highly Lorentz 
contracted in the direction of motion. From the properties of nucleon-nucleon and 
nucléon-nucleus collisions mentioned in Sections 1 and 3, i t is expected that nu
clei at these energies will pass through each other and produce two excited frag
ments of high baryon density separated by a central region of high energy density 
but negligible baryon density. 

The conditions created in the nuclear fragments and in the central rapidity 
region test different regions of the phase diagram of nuclear matter. 

Recent calculations ' indicate that in the nuclear fragmentation regions 
the baryon density can reach about twice nuclear matter density ( i .e . ~ 0.36 N 
fm" ) and the energy density values of the order of 0.6 GeV fm for E «0.4 
TeV/N. As discussed in Section 2, the transition from hadronic to quark-gluon 
matter at finite baryon density has not been accurately calculated from QCD. There
fore i t is hard to say whether deconfinement can occur in the nuclear fragmenta
tion regions33^. 

We shall restrict our discussion to the central rapidity region in which the 
baryon density is taken to be strictly zero. Bjorken's space-time picture of the 
evolution of the central region ' is summarized in Fig.3 for a 1+1 dimensional 
system (z is the coordinate along the collision axis). The projectile and target 
nuclei moving at the speed of light collide at point z = 0, t = 0. The system is 
excited into fragments (partons) which initially are non-interacting and free 
streaming. The partons midway between the receding nuclei remain at rest while 
those at distance z move on classical trajectories with velocity ^ • After a pro
per time T • c* 1 fm, the partons begin to interact ; local thermal equili
brium can be established. At sufficiently high energies, the temperature of the 
thermalized parton gas is larger than the critical temperature (2.1) and a macros
copic system of quark-gluon matter is created. The mean free path of the elementa
ry excitations in the system appears to be small compared to nuclear sizes and 

34 \ 
therefore quark-gluon matter can be treated as a relativistic fluid ' . The quark-
gluon system will then cool by hydrodynamic expansion. To describe this hydrodyna-
mic expansion, Bjorken's essential assumption is that the initial conditions (and 
consequently the subsequent evolution of the system) are Lorentz invariant under 
longitudinal boosts and can therefore be specified on a proper time hyperbola. 
I f entropy is conserved throughout the process of particle production, this inva
riance would manifest itself by a central plateau in the rapidity distribution of 



Figure 3 : Space-time picture of the evolution of the central rapidity region. 

the emitted particles. In the 1+1 dimensional model, the central region undergoes 
a simple longitudinal expansion ' . In the 3+1 dimensional model, the longitudinal 
expansion is coupled to a transverse rarefaction moving at the speed of sound of 

35 \ 
the fluid ' . As a result of the hydrodynamic expansion, the temperature of the 
quark-gluon system drops below TJ! and matter begins to hadronize. The hydrodyna-
mic expansion continues until the hadron mean free path becomes small compared to 
the dimensions of the system. At this point, the distribution of the produced par
ticles (mostly mesons) freezes out and the hadrons are free streaming. 

We shall now discuss in some detail two aspects of this picture : the onset 
of thermodynamic equilibrium and the cooling of the quark-gluon system by hydro-



dynamic expansion prior to the hadronization transition. 

5. Onset of thermodynamic equilibrium 
The formation of deconfined quark-gluon matter on a quasi-macroscopic scale 

in ultra-relativistic heavy ion collisions requires that local thermodynamic equi
librium be established in the parton gas shortly after the collision. 

It is therefore essential to understand how the initial parton distribution 
produced in the collision process can evolve towards an equilibrated distribution. 

This is generally a very hard problem. Moreover, basic dynamical informations 
are missing. First, the initial parton distribution is not known and important. 
As discussed by Van Hove ', if the early parton distribution is such that in 
each cell of hadronic matter there is sufficient randomization of the internal 
motion (in its comoving frame), the parton distribution could be brought tc ther
modynamic equilibrium by a small number of collisions. Second, one does not know 
how to calculate the parton interactions which serve to thermalize the system if 
these processes involve the non-perturbative regime of QCD. Consequently, our 
understanding of the thermal equilibration of the parton gas produced in ultra-
relativistic heavy ion collisions is at present very limited. 

The onset of thermodynamic equilibrium in the central rapidity region has 37 \ been studied recently by Baym ' using kinetic theory. We review his approach 
briefly in this section. He assumes that the parton gas can be described by a dis
tribution function f(p,r,t) satisfying Boltzmann equation [f(p,r,t) is the density 
of partons of momentum p at point (r,t)]. If the distribution function depends 
only on z (one dimensional motion along the collision axis), Boltzmann equation 
reads 

> î i i j | ^ t V | B f ( p f I . t , . ( i % a . ) e o i i . (5.D 

in which the right hand side is the collision operator and v the velocity of a 
parton of momentum p. Using Bjorken's assumption of Lorentz invariance for longi
tudinal boosts in the central rapidity region (see Sect.4), the distribution func
tion, solution of Eq.(5.1), can be computed at 1-0 only. The distribution func
tion at zj*0 in the central rapidity region is then simply related to the solution 
at z = 0 by a longitudinal Lorentz boost. At z = 0, Eq.(5.1) reduces to 

3f(p ±,p z,t) 

Pz 
/8f(P x.P z.t)\ 

t " \—w~Lu at 
where p, is the transverse momentum of the parton. 

(5.2) 



In the absence of collisions, the solution of (5.2) is 

f(p ±,P z,t) = f 0 ( P l. ̂ ) , (5.3) 

in which f. is the distribution function at the initial time t . In this regime, o o 
the energy density is peaked in the transverse plane and for t>t„, it decreases 

1 with time as -r . 
The collision term which brings the system into equilibrium is computed in 

the relaxation time approximation, i.e. assuming that 
t-tp 

( f - f eq>t " < f - f eq>t 0

 e ^ • < 5 ' 4> 

in which T denotes the relaxation time. The equilibrium distributions are 

f e q ( p . t ) - (e ^ + 1 ) , (5.5) 

where the - sign applies to bosons and the + sign to fermions ; the temperature T 
is determined from the conservation of energy in the collisions. 

Solving the kinetic equation (5.2) for constant T (for details, see Ref.37), 
one finds the following results. For t « T_, collisions are not yet important and 

1 1 
the energy density decreases as j . For t » T , the energy density falls as -T73-» 
as in the (collision dominated) hydrodynamic regime. More exactly, for t » x , 
one has 

e(t)«1.22-^ye(t0) T J / 3 . (5.6) 
The final approach to this regime is found to be rather slow. From (5.6), one 

1/3 sees also that the energy density goes like T ' ; therefore, tht faster colli-
sions equilibrate the system, the smaller is the final energy density. 

More detailed calculations of the thermalization of the parton distribution 
from QCO interactions are obviously needed and of crucial importance to discuss 
the deconfinement phase transition in ultra-relativistic heavy ion collisions. 

6. Cooling of the intermediate quark-gluon system 
Assuming a macroscopic system of thermalized quark-gluon matter gets formed 

in the central rapidity region shortly after the collision, how does it evolve 
and cool ? 

Two cooling mechanisms have been considered : the hydrodynamic expansion of 
the plasma ' J and the radiation of mesons from Its surface '. 



A model calculation ' of the meson evaporation from the plasma indicates 
that it contributes very little to the cooling of the system. For T =* T q , the 
radiation pressure is of the order of a few percent of the internal pressure. 

Consequently, we shall concentrate on the main cooling mechanism, the hydro-
dynamic expansion of the quark-gluon plasma. 

Estimates of the parton mean free path ' suggest that the quark-gluon gas 
created in central collisions of heavy nuclei behaves like a relativistic fluid. 

We assume that the local baryon density or equivalently the baryon chemical 
potential y b is strictly zero in the central rapidity region (see Sect. 3). The 
state of the moving fluid is then completely described by the distribution of the 
flow velocity v(x,t) and of one thermodynamic quantity [the temperature T(x,t)]. 

For matter with v b = 0, the thermodynamic identities take the simple form, 

f de = T ds , (6.1) 
I dP = s dT , (6.2) 

in which e and s are the energy and entropy densities and P the pressure. The sound 
velocity c $ is given by 

2 _ 3P . S 3T f(. ~> 

and the enthalpy density w by 
w • E + P = Ts . (6.4) 

In the absence of dissipative mechanisms, the re lat iv ist ic hydrodynamic equa
tions expressing energy-momentum conservation are simply 

3y T y v = 0 , (6.5) 

where the energy-momentum tensor is given by ' 

T*v = (e +P) u y u v - P g y v , (6.6) 

in which u is four-velocity 

with 
uw = Y(1 .V) (6.7) 

Y = ^ L r . (6.8) 
/l-v2 

The set of equations (6.5) can be rewritten as an equation expressing the conser
vation of the entropy current 

3y (suy) - 0 (6.9) 



and a temperature equation (which has 3 independent components) 

u M 3y (Tu V) - 3 V T = 0 . (6.10) 

We discuss first the one dimensional motion along the collision axis which 

describes the evolution of the system for times small compared to the radii of 

the colliding nuclei. In this case, Eqs. (6.9) and (6.10) become 

^ (s c o s h y z ) + ^ ( s sinhy z)= 0 , (6.11) 

^ ( T s i n h y z ) + ^ ( T c o s h y z ) = 0 , (6.12) 

where the longitudinal rapidity y is given by 

y z » tgh' 1 v z . (6.13) 

51 Bjorken's solution ' to Eqs. (6.11) and (6.12) is obtained with the Lorentz 

invariant boundary conditions, 

T - T ( T o > • 
s = s(TQ) , (6.14) 

at the initial proper time x . At later times, Lorentz invariance is preserved 

by the dynamics so that 

T - T(T) 

s = S(T) , (6.15) 

With these conditions, the hydrodynamic flow is determined by one equation, 

H*f - ° • < 6 - 1 6 > 
from which one gets 

fêr-r • < 6 - 1 7 > 
o' 

Alternatively, in terms of P(x) and e(x), the hydrodynamic equation takes the 
form 

d | J Z l , . e(T)^P(x) m ( 6 # 1 8 ) 

Solving for the equation of state of a Stefan-Boltzmann gas [e * 3P], we find 



and 

e S B ( x ) " T 

T S B ( T ) - T 

•4/3 

-1/3 
(6.19) 

(6.20) 

As the separation of the receding nuclei increases, the fluid begins to expand 
radially outwards. The longitudinal motion is then coupled to a transverse rare
faction as indicated schematically in Fig.4. 

Target 
fragmentation 
region 

Projectile 
fragmentation 

„ region 

Figure 4 : Schematic representation of the hydrodynamic expansion of the central 
rapidity region. 

To study how the transverse rarefaction affects the cooling of the quark-
gluon plasma, the hydrodynamic equations (6.5) have been solved in the cylindri
cal geometry '. 

5) Following Bjorken ', the initial boundary conditions at proper time T are 
taken to be Lorentz invariant in the longitudinal direction. Consequently, the 
transverse motion can be computed at z-0 and boosted to values z/0 in the cen
tral region. 

At proper time T > x , we have 

T = T(T,r) 
s = s(T.r) (6.21) 

* « • ! 

where r is the transverse radial coordinate. 



At z = 0, Eqs. (6.9) and (6.10) in the cylindrical geometry with the condi
tions (6.21) take the form 

^ (rts cosh y r ) + A (rts sinh y r ) = 0 , (6.22) 

^ (T sinh y r ) + ^ (T cosh y r ) = 0 , (6.23) 

where the radial rapidity y is defined by 

y r = tgh"1 v r , (6.24) 

v being the radial flow velocity. These equations have been solved numerically 
for the Stefan-Boltzmann equation of state. The results are shown in Figs. 5-6 
(from Ref. 35). Fig. 5 shows the temperature distributions as functions of r at 
different times for uranium on uranium collisions. Because of the transverse de
gree of freedom, the fluid at the surface cools much more rapidly than the fluid 
in the interior. This effect becomes important for separation times of the order 
of the nuclear radius. Fig. 6 shows the corresponding radial velocity distribu
tions. 
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Figure 5 : Temperature distributions as functions at the transverse coordinate r. 
Each curve is labelled by the time in fm that has elapsed since the collision 
( t 0 - 1 fm). 
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Figure 6 : Radial velocity distributions (labelled as in Fig. 5). 

More realistic calculations with an equation of state including the transi
tion to hadronic matter are needed to make predictions for the distributions of 
particles in the final state. The consequences of a possible shock discontinuity 
have been discussed '. 

7. Properties of the particles produced in the final state 
We summarize briefly in this section specific properties of the particles 

produced in central ultra-relativistic heavy ion collisions which could signal 
a transition to a transient quark-gluon plasma. 

First, it has been suggested that the detection of lepton pairs and of real 
photons could provide direct information on the plasma phase '. Because of back
ground problems lepton pairs seem easier to analyse than photons. The lepton pair 
production is very much enhanced in the presence of quark-gluon matter and their 
mass distribution reflects directly the plasma temperature '. 

Another signature of an intermediate quark-gluon plasma phase could be the 
strange particle production '. This assumes that chemical equilibrium is esta-
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blished in the quark-gluon system. In this case, the strangeness abundance would 

be much larger in a plasma phase than in a hadronic phase. The predictions for 

the strange particle production depends however quite crucially on the ratio 
T? 
— (m is the strange quark mass) which is not accurately known. 

Finally, the dynamical evolution of the quark-gluon plasma could be reflected 
43 \ 

in the average transverse momentum of the particles produced ' or in large fluc
tuations of the multiplicity distributions '. 

8. Concluding remarks 

An obvious conclusion of our discussion is that the study of the possible 

formation of a transient macroscopic quark-gluon plasma in central ultra-relati-

vistic heavy ion collisions is still at a very preliminary stage. 

Of particular importance for the understanding of this process are the evolu

tion of the parton distribution produced shortly after the collision towards 

thermal equilibrium and a realistic description of the hadronization transition. 

In order to put constraints on the theoretical treatment of ultra-relativistic 

heavy ion collisions, experimental data in the relevant energy range are necessary. 

In the absence of accelerator data, cosmic ray events provide the first indica

tions on the properties of these collisions. Many more observations of interac

tions of cosmic rays of very high energy, preferably in nuclear emulsions invol

ving heavy nuclei, would be very helpful to make further progress in this field. 
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