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One might say that this was truly an historic occasion since It Is

certainly the first time that any practical aspects of experiments at RHIC

are being discussed. It Is not the first time that the theory you are

hearing about has been aired, although I think it is the first time that the

theorists have been in such a small group that they were able to benefit

so much from each other's criticisms and comments. Certainly an indication

of how informative the week was is that I am standing here, presumably the

least knowledgeable of the participants, presenting the work of other

people.

I began early in the week with an outline of the purpose and function

of the Theory or General Group. I followed Helmut Satz who had already

introduced the subject with a talk on the Monte-Carlo lattice gauge theory

of phase transitions* Manifestations or signals of the quark-gluon plasma

have been put in front of the entire workshop throughout the week,

principally by Hwa for lepton pairs and by Matsui for strangeness. I won't

pass over this ground again, but will mention possible other probes later.

Our time was spent, then, in defining the nature of the phase transition,

hydrodynamlcally evolving the plasma and mixed phases, and In trying to see

what are the analytical tools one needs and just how credible these tools

are. This was handled on two levels, first in a hydrodynamic treatment

which is presumably valid after equilibrium sets in. The hydrodynamics were

skillfully used by Larry McLerran to also go backwards in time, where it

doesn't apply, to find the plasma formation energy. On a second level one

had traditional multiscattering, cascade formulations of the nuclear

collision.

Let me remind you that at Helsinki the JACEE collaboration1 presented a

set of events (Fig. 1) which show a discontinuity in the transverse momentum

distribution against energy density which could, if taken seriously, already

herald the existence of a plasma. This provides a nice banner for our
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present deliberations. I will now outline the subjects covered In our

sessions and list the people who delivered these, In alphabetical order.

David Boal talked about two cascade codes, one for A1 on A2 first treating

the components of the nuclei as nucleons. This is applicable at lower ener-

gies and is thus very useful for the analysis of upcoming experiments at the

AGS. Secondly he introduced, what one might call a quark gluon cascade

code, with some perhaps doubtful antecedents, but nevertheless with an

interesting structure. Laslow Csernai presented perhaps the most elegant

treatment of shocks, detonation, deflagation and so on. He also touched on

matters that were relevant for the AGS. Much of this classical hydrodynamic

theory harkens back to the the last century. Rajiv Gavai discussed putting

finite density on the lattice as well as treating the phase transition at a

finite critical temperature for vanishing density. He began with calcula-

tions by other people and listed what he expects to do if we get a hundred

additional hours on the Cray. Hwa outlined the theory for dilepton and

photon signals and a very interesting treatment of the approach to

equilibrium. This latter involved the space-time aspects of the collision

in a simplified form which allows one to concentrate very well on the sub-

ject . McLerran introduced and fully developed the hydrodynamic evolution of

the quark-gluon plasma, reaching favorable conclusions about the lifetime

and formation energy. Matsui revisited the hydodynamics, emphasizing both

its QCD origins and the possibility of excess strangeness production. Frank

Paige went through the history of ISOJET, HIJET and then later queried the

use of modulated jets as a high p-j- signal of plasma formation. Phil

Siemens had some interesting remarks to make about confinement questions and

also about jets. The other attendees made their presence felt from time to

time.

I begin with a description of what was discussed most and then converge

down to what was discussed least and last as we tired. Much of this was led

into by Larry McLerran, giving us some review of work he has done over the

last few years but also some quite new material. Fig. 2 shows the tradi-

tional Bjorken2diagram for the space-time evolution of the plasma in the

longitudinal direction. The pre-equilibrium period occurring just after the

collision vertex remains shrouded in mystery and still wants considerable



examination. Once equilibrium is reached the longitudinal expansion hardly

depends on any dynamics. It is assumed to be close to free streaming or the

result of a Lorentz boost. The real dynamics and thermodynamics go into the

transverse development. As we will see the system spends only a short time

in a purely plasma phase and considerable time in a mixed plasma plus hadron

gas phase. A discontinuity, probably a shock wave eats away at "he mixed

phase from the outside, converting the mixed phase to hadrons. The progress

of this discontinuity necessarily determines how long the plasma will last.

So that the two important questions we returned to from time to time were:

the plasma formation mechanism about which we know little but which is

crucial for determining the initial energy density, and secondly the

transverse dynamics which determines the lifetime of the plasma. The

spatial rapidities of the boosted hyperboli in Fig. 2 are often identified

with the momentum rapidities of plasma particles. This identification is

not strictly correct, of course, but in a sense summarizes the aspects and

assumptions that Bjorken2 put into his description of the plasma. Then we

come to some particular contributions of McLerran. His point of view has

altered slightly3 over the past year and as a result the initial energy

density keeps rising. The hydrodynamics is essentially controlled by

conservation laws'*. One uses for the energy-momentum tensor that of

a perfect fluid. One also needs, on a classical level, an equation of state

for the plasma: If we are restricted to the central rapidity region with

vanishing baryon density then the hadrons are a relativistic pion gas. Thus

we may take for the pressure the very simple forms,

P - -jc pion gas (la)

P • -=<£-4B) quark-gluon plasma (lb)

with B the MIT bag pressure describing confinement or its absence. Fig. 3

specifies a set of initial conditions for the energy density as a function

of the perpendicular dimension, for the velocities, and for the tempera-

ture. You can see the temperature profile has a small amount of mixed phase

at the edge of the plasma and outside, some hadrons. The evolution is

really quite simple. The plasma quickly gives way to the mixed phase, the
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mixed phase in turn is converted slowly into hadrons. Eventually, of

course, there is a freeze out to hadrons, In a favorable situation only

after an extended time.

It is evident the evolution is to a large extent dominated by entropy,

which is approximately 3.6 times the final pion multiplicity. If entropy is

conserved, if the process is truly adiabatic, then there is just a transfer

from the plasma to the mixed phase to the hadrons. The entropy must even-

tually get out into the hadrons and that is what will determine the lifetime

of the plasma. The latent heat drives the initial expansion and what

happens according to McLerran is that you essentially spend most of your

time in the mixed phase of the plasma. One should keep in mind that

transfer of entropy, energy etc. must take place at or near the speed of

sound and formally at least this speed vanishes in the mixed phase. So

there may be very strong signals of a long time spent sitting at or near the

critical temperature. McLerran finds in his hydrodynamic simulations that

you can get perhaps as much as 20 fm/c units of time in the mixed phase.

Eventually, of course, the final gas must cool, at some temperature it will

freeze out. In calculations by Sean Gavin5 the freeze out is at quite a

low temperature, near SO MeV, which leads to this mass staying together or

cooling down for a rather long period of time. And we are promised that by

the time Larry arrives here again in June he will give us the transverse

momentum vs. multiplicity distribution, in addition to the particle distri-

bution functions which are required in determining signals.

Ruuskanen told us in very simple fashion how the shock which eats up

the plasma, progresses. In general what we are worried about is the inter-

face between the hadrons and the mixed phase as shown in Fig. 3. If there

is a discontinuity or shock at this surface, then very simple considerations

such as momentum, enthalpy, and number conservation determine! what happens.

The shock velocity is given in. terms of the thermodynamic parameters in each

region, actually in terms of changes in pressure and energy density.

Ruuskanen evaluates the shock velocity as

in units of the sound speed "T̂ c. The parameter A in eq. (2) is again the



ratio of the entropy in the mixed phase to that in the hadrons. This ratio

is what you must get rid of in order to destroy the mixed phase, and he

finds that for A > 2, not a high value, the shock propagates slowly. Fig. 4

is a plot of the shock velocity against this parameter. The ratio of

entropy in the mixed phase to that in the hadrons starts very large and

decreases quickly, but as long as it is still above 2 the crucial surface

will propagate rather slowly. Whether the absolute flow is in the same or

opposite directions to the motion of the shock surface determines whether

the process is detonation or deflagation. For deflagation, the situation

which seems to obtain here, the flow and shock are opposite and combustion

is rather slow. The analyses of McLerran and Ruuskanen get us the lifetime

of the plasma or some good estimate of it and very fortunately it seems to

be long.

We are left with considerations of the formation time and energy, i.e.

the approach to equilibrium, and I think the arguments here are somewhat

less transparent and need much more elaboration. I have sketched them out

as presented by McLerran and Matsui. The initial energy density will depend

on the average transverse mass or transverse momentum and on the multiplici-

ty density in the fashion

e - <M >M _i_
A

where bvR2^ is the transverse surface area. The scaling variable x when

related to the rapidity, by x - ytf, introduces one factor of time while

the uncertainty principle for <MT> - Tf"
1 introduces another. So it

appears that e comes out proportional to l/x2f and that is how it was pre-

sented at Helsinki3. But now it appears that the particle production

multiplicities depend strongly on the field strengths, and these are higher

following the reduced expansion ascribable to a shortened formation time.

Matsui, Kerman and Svetitsky6 find

dy T*

One finishes this argument by relating the formation and multiplicities in

nucleus-nucleus collisions to those in the pp collision theoretically, and



then using something like JACEE to get you the experimental ratio of the

multiplicities* You end up with the formation time being rather small,

Tf " ^ T 7 f T(pp) ' Tp P "
 l fm/c ' (5)

and an energy density

e - \ (.25 - .5) , (6)
Tf

i.e. a very strong function of the formation time. This yields an cf

- 100 GeV for a 100 GeV/A + 100 GeV/A collison, which is rather large.

Just for perspective the absolute maximum energy you would get, including

that going into the fragmentation regions and not just into the central

rapidities, is the energy in the center of mass system times the Lorenz

contraction. This is of the order of 3000 GeV. Thus ef is still not

large in comparison and perhaps not at all unreasonable. Why I think this

is a controversial subject, is that after equilibrium the known evolution of

the energy density with proper time is rather slower. Thus picking off the

precise moment at which the initial steep dependence meets the equilibrium

behavior is difficult.

I will deal briefly with the contribution of Gavai on finite density on

the lattice. We are aware that two phase transitions are possible, one

associated with deconfinement and one with chiral symmetry restoration7.

Calculation8 for SU(3)a yield equal critical temperatures Tc = Tch for

these transitions at zero chemical potentials, but as indicated in Fig. 5

the corresponding densities for vanishing temperature may differ pc t

Pch9< Putting baryon density on the lattice is a non-trivial matter,

involving technical difficulties that are somewhat alleviated in the

quenched approximation for the fermions. Kogut and collaborators9, using a

somewhat sparse lattice have extracted a critical chemical potential for the

chiral transition. Gavai and Satz intend to repeat these calculations with

denser lattices and, thus, improved statistics. The divergence difficulties

introduced by a finite fermion chemical potential seem difficult 'co remove

in the Euclidean treatment of the action for dynamic fermions. Perhaps more

than improvement in the lattice is required here.

My penultimate subject is the work on event generators by Paige, Ludlam



and Boal. These provide in some sense an alternative to the tiydrodynamlc

evolution of the collision. There are two approaches to event generation,

one discussed by Frank Paige in some detail and implemented in elementary

collisions for pp as ISOJET10, and for nuclear collisons with HIJET by Tom

Ludlam11. HIJET uses ISOJET plus some very primitive idea of what the

nucleus looks like. The claim is made that HIJET is adequate for detector

design, perhaps the only relevant consideration here. There exist, however,

improvements that though crude may yield a schematic treatment of plasma

generation. During the nucleus-nucleus collision the multiperipheral dyna-

mics which Paige employs tells us the rapidity distribution of produced

particles. There is a small number of slow particles which are able to

materialize in the nucleus and a much larger group, perhaps just an excited

hadron, that wouldn't in the elementary collision materialize until well

outside the nucleus. The one point I want to make here is that the

materialized particles are responsible for energy deposition in the nucleus

and one could, Frank and I have discussed this in some detail, get some idea

of the local energy density created in the collision. Then we thought that

one could use this density, when it becomes larger than some critical value,

to switch to a thermal treatment of the quarks and gluons, from the confined

description in Frank's initial treatment of this problem. By many scatter-

ings this miniplasma mighu spread throughout the nucleus; i.e. one would

have some way of describing plasma generation.

An alternative to HIJET is provided by Boal's cascade involving quarks

and gluons directly. These elements interact essentially perturbatively

with some non-perturbative refinecants included as well. In the initial

phases of the collision the quarks and gluons certainly do not act perturba-

tively, but nevertheless, this may be a good structure to start with.

Boal's procedure is not unlike a suggestion of Rudy Hwa, that at an early

point in the formative collision one simply assumes that the confinement

stops, the individual nucleon bags break and the quarks and gluons stream

out.

One result of Boal's is seen in Figure 6 which shows the initial

distribution of gluons together with the evolved distribution. The eventual

distribution of gluons is much softened, after the cascade has been carried



on for - 10~23 sec. It is Interesting that he can get such results;

whether they are correct or not is not important at this early stage. His

hadronization consists simply of projecting hadrons from the quark-gluon

distributions, and although simple minded, provides a quick and dirty path

to event generation. One overall approach would be to use the cascade for

the initial phases of the collisions and then use hydrodynamics later,

after equilibrium is reached.

There is one type of signcl which 1 should perhaps discuss, associated

with high PT« There are also direct measurements of temperature, which

were little emphasized this week. Fig. 7 shows a plot of, essentially,

temperature T - E/S against energy density, e * E/V. The rise in T at low

e, already documented at LBL [12], should be amenable to further study at

the AGS. This is followed by the nice, long, plateau promised in the hydro-

dynamic simulations of HcLerran. To establish the existence of the decon-

fined thermal degrees of freedom we must see the rise at still larger energy

density. This may be observable from the early stages of the collision.

Returning to a high pj signal, Frank Paige wondered whether one could

compare jets from pp to jets in AA. There are background problems, but the

modulation of these Jets by the plasma or the mixed phase constitute a self

probe of the plasma, a coloured probe at that. The jet is of course a

quark, or other coloured object, trying to stream out and Phil Siemens

pointed out that since the plasma interior is a colour conductor strings are

not going to form until the jet hits an exterior surface. One recalls that

the principal means of energy loss for a high energy electron traversing a

thin metal is through plasmon excitation. Whether this analogy works here

or not is not clear, nevertheless the plasmons are important long range

collective features of the coloured plasma .

I close with the warning that something about quantum mechanics must

come in to this; fluctuations are very likely to be large but not too large

we hope. Before dealing with such complications, however, we should

certainly construct a useful event generator, preferably including a plasma

generation trigger. This requires a major effort and, given the rate at

which theorists work, we hope to finish this sometime before RHIC is built.
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FIGURE CAPTIONS

Fig. 1 Cosmic Ray (JACEE) determination of the transverse momentum

distribution vs. effective energy density in high energy heavy ion

collisions.

Fig. 2 Bjorken-McLerran evolution of the plasma formed in a relativistic

A + A collision.

Fig. 3 Initial conditions for solving the simplified hydrodynamic evolution

of the plasma. Distributions at the formation time xf are given

for velocity in the z direction vz, the energy density and

temperature against the transverse radius r . The nature of early

stages of the evolution for the temperature is also shown.

Fig. 4 The velocity of the shock wave, at the interface of the mixed and

hadron phases in Fig. 3, is indicated as a function of the ratio A

of entropy in the mixed phase to that in the hadronic phase.

Fig. 5 The phase diagram for phase transitions between hadronic (H) and

quark-gluon matter (Q-G) in terms of the temperature T and quark

chemical potential y. A difference between critical chemical

potentials for the deconfining and chiral-restoration transitions is

shown.

Fig. 6 Boal's initial and evolved gluon distribution after the quark-gluon

cascade has run for 10~23 sees.

Fig. 7 The temperature T = E/S plotted against energy density e = E/V. A

large latent heat is implied in in this diagram.
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