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Abstract 
Nuclear stopping and energy deposition into the central rapidity region of 

ultrarelativistic heavy-ion collisions are studied through the application of a model 
incorporating hydrodynamic ban/on flow coupled to a self-consitent field calculated in 
the flux tube model. Ultrarelativistic heavy ion collisions are modeled in which the 
nuclei have passed through each other and as a result are charged and heated. 

Introduction 
The possibility of forming a quark-gluon plasma in the collision of extremely high 

energy nuclei has recently become a topic of great interest to theorists and 
experimentalists alike. The generally held theoretical view is that the central rapidity 
region, the part of phase space near the rapidity of the center of mass.will be the most 
likely place for the formation of the quark-gluon plasma.1 In this region, high energy 
densities are expected with low baryon number since induced by the reaction will 
deposit energy there. While energies at the CERN and AGS heavy-ion programs are 
probably too low for this physics to occur, it should be quite important at RHIC 
energies. 

The processes that can lead to the formation of the quark-gluon plasma can be 
A modeled in the following way. Because ultrarelativistic nuclei are extremely Lorentz 

*This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. 
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NUCLEAR STOPPING AND ENERGY DEPOSITION 

contracted, the interaction time for these collisions is very short. Thus the 
nuclei are thought to be nearly transparent to one another. Even on this time scale, 
however, soft gluon exchanges typical of those in p-p collisions are possible, and will 
result in the formation of color flux tubes as the nuclei separate. The large number of 
interactions due to the presence of many nucleons should lead to much larger energy 
densities than are found in p-p collisions. As the flux tubes elongate, the energy in the 
tubes increases until pair production occurs, leading to energy deposition in the central 
region. At the same time, the fragmentation regions are likely to undergo expansion 
and diffusion of baryon number in phase space, as they dissipate the energy gained 
from collision processes. Because of conservation of energy, the transfer of energy 
from the fragmentation regions' initial kinetic and internal energies to the central 
region must lead to slowing down of the nuclei as well as to the diffusion mentioned 
above. This change in baryon number distribution through the collision is what we will 
refer to as nuclear stopping. 

We have developed a model which incorporates all this physics in a simple and 
transparent fashion. In this model, we use the flux-tube model of color interactions to 
describe the field and its deposition of energy, and relativistic hydrodynamics to handle 
the motion of the baryonic fluid. 2 We consider only one-dimensional hydrodynamics of 
the fluid, and hence the fields are taken to be longitudinal. To simplify the calculations, 
the fields are assumed Abelian as well. This work has been developed along with 
Tetsuo Matsui and Arthur Kerman of MIT and will be presented in more detail in a 
forthcoming paper.3 

Formulation of the model 
In the first part of this section, we will describe the ideas underlying our model, 

and present the model itself. As sketched above, we assume the initial part of 
ultrarelativistic collisions occurs as the two nuclei pass through each other with nearly 
complete transparency to baryon number. Thus the initial phase of the collision results 
in very little baryon number diffusion, and the nucleon distribution immediately 
following the transit of one nucleus across the other is almost the same as the initial 
one. However, there are soft gluon interactions during this time, and already some 
energy must be deposited in the field. We assume that this exchange of energy results 
in a bulk slowing down of the nuclei. 

The energy distribution, however, is quite different now than before the collision. 

2 
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Before, all the nucleons(or quarks) had an energy distribution that merely resulted from 
the boosting of a nucleus to the collision frame. Now that the gluonic interactions have 
deposited energy into the large nuclear bag, the quarks will assume a thermal 
distribution corresponding to the amount of energy deposited. Hence while the two 
nuclei are overlapped, they gain color charge and internal energy, and slow down. 

We use relativistic hyperbolic coordinates as in Ref. 4, 

Saln>/t -z / i 

(1) 
r* 1 l n t + Z 

TI =— n 
1 2 t - z 

By considering the center-of-mass frame, one finds that the overlap between the nuclei 
ends at an event occuring at the proper time TQ = 2R/sinh y c m , where R is the nuclear 
radius, and y c m is the rapidity of the nuclei in this frame. Our choice of x 0 is thus 
significantly different from that used previously, where TQ is given by the pion formation 
time of ~1 fm/c. 4" 5 In the center of mass frame, the overlap will end along the z=0 axis 
and hence the hyperbola of constant proper time will go through later coordinate time 
for all points along z. In the rest frame of one nucleus, however, since the origin is 
defined by the event in which the nuclei first make contact, the point of last contact will 
not occur for z=0, and hence the hyperbola of constant proper time actually passes 
through earlier coordinate time. Thus by starting our calculation at this proper time, for 
large rapidity, we are investigating the nuclei soon after one has passed through the 
other. Also, our assumption that very little has happened before the initiation of the 
calculation is seen to be justified. 

The initial conditions we impose are that very little has taken place other than the 
charging and heating of the nuclei and the establishment of the color fields. While 
some studies have suggested that the charging of the fluids is likely to take place in a 
random walk fashion,*5-? for simplicity we assume that as the nuclei separate, they are 
uniformly and oppositely charged. Since we are not modeling the actual charging 
process, we are not concerned with how such charge separation could be achieved, 
and take this just as an important assumption. Further studies in more than 1 +1 
dimensions may be able to relax this somewhat, but we do'not feel this is a limitation 
to the model. 
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The amount of heating is also an assumption. Here we can use some physical 
input to determine its nature. First of all, since we are considering symmetric collisions, 
we expect the amount of energy deposited in each nucleus to be the same. Since the 
same random walk-type interaction rates are resulting in both the charging and heating 
of the nuclei, we expect the initial energy distribution to be smooth as well, and we 
assume it is uniform over the nucleus. From scaling the equations to remove 
dimensionful quantities, it is seen that what is important in describing the strength of 
the electric field is the ratio of the square of the initial field energy density to the initial 
baryonic energy density. This parameter, called y below, has been varied in our 
calculations to gauge its effect on the flow of matter, and is important mostly in 
determining the amount of compression that will occur. 

Thus our scenario starts with two charged, heated fluids separating at some 
rapidity slightly below that with which the nuclei started. Since we are investigating the 
fragmentation regions as well as the central region, we cannot make one assumption 
that has often been used in similar studies. We do not assume Bjorken scaling1 of the 
central region, and hence all thermodynamic quantities are functions of i\ as well as s. 

We assume that the field is Abelian, and hence its dynamics are controlled by 
Maxwell's equations. Since we are interested in the effect of pair production, Maxwell's 
equations are coupled to a current source. Not only that, but since the pair production 
produces charged particles, the current conservation equation is also coupled to a 
source. Note that, since na net baryon number is created, the baryon current is 
conserved, in contrast to Ref. 4. In Ref 5, the baryon current was conserved, but they 
did not calculate a self-consistent field as we do through the coupling of the field and 
matter. Note also that their calculation is of the flow of the matter after 1 fm/c, the pion 
production time, rather than from our initial time of 2R/sinh y c m . 

This model is called electrohydrodynamics, since it describes the evolution of 
coupled matter and field, and has been discussed previously in ref. 2. The 
hydrodynamical part of the equations starts with the ideal stress-energy tensor, 

.THV.=-iAjV( e + p ) .gHVp t ( 2 ) 

Here u^=(cosh y, sinh y) is the 4-velocity of the matter, y is the rapidity, e is the internal 
energy, g is the metric and p is the pressure. The velocity is also used to calculate the 
baryon current, j ^ D = u^ p^ where pjj is the baryon number density. In general, we will 
use an ideal gas equation of state, so that e = c s

2 p. 
The field is described by the Maxwell tensor FM-V, whose dynamics are controlled 
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by the charge.current j ^ c . This current is the source of the new physics in our model. It 
contains terms for the charge distributions as well as for the charge that is created and 
interacts with the field. The first term is the ordinary flow of charged matter, given by 
jM-t = u^ p c , where p c is the charge density. The second term can be viewed as 
arising from the polarization of the vacuum by the intense fields generated by the 
stretching of the tubes. We assume that the pair is created at a single point, and hence 
there is no charge created in the rest frame of the produced pair. This means that the 
current specifying the vacuum polarization, j ^ , must be space-like as opposed to the 
time-like flow of ordinary current, The latter must be timelike since there is a frame in 
which there exists only charge. The charge density must include the produced charge 
as well and will be seen to decrease when the vacuum polarization is turned on. 
The only normalized spacelike vector that can be used for this current is 
oM- = (sinh n, cosh TJ). The pair production rate can be derived most simply by 
considering the pair as tunneling through a barrier to enter the vacuum. 8 , 9 By 
dimensional arguments, the current must be proportional to 

E 3/2 
, where E is the field 

strength. In 1+1 dimensional electrodynamics, there is no magnetic field, so E is also 
the only non-zero component of the Maxwell tensor. We define F 0 3 = -E and F 3^= E. 
Combining the two terms above, we will define the color current as 2 

JH C = U ^ P C + K E 3 / 2 G K (3) 

Here K is a parameter scaling the rate of pair production. 
Now that the current has been written down, we can write the equations of 

electrohydrodynamics. First of all, the total charge current must be conserved: 
fyiV-0.. (4) 

Since charge is created by pair production to nullify the initial field, only total current is 
conserved. Given the current, Maxwell's equations specify the dynamics of the field: 
The hydrodynamic equations are1 given by the divergence of the stress-energy tensor. 
Total energy must be conserved, so any energy or momentum given up by the fluid 
must be taken up by the field and vice versa. This is equivalent to the stress-energy 
tensor of the system as a JKhQla being conserved. The stress-energy for a Maxwell 
field is given by 1/4 F^ v F^ v , and using Maxwell's equations above gives 

3RTHv = FHVj^ c. ( 6 ) 

Finally, the baryon flow is given by the conservation of its current, 
V b = 0. (7) 
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Eqs(4-7), along with the corresponding definitions of the quantities entering them, form 
the equations of electrohydrodynamics. 

In 1+1 dimensions, these equations specify six differential equations. There are, 
however, only five dynamic equations. One of the Maxwell's equations corresponds to 
Gauss' law, and hence yields no dynamic information. We will use this equation to 
specify the initial field given the initial charge density, and it serves as a check on the 
accuracy of our integration of the dynamics afterwards. These five dynamic equations 
yield the five unknown functions that will describe the physics of our system, E, p c , e, y, 
and ph- The pressure is determined by the equation of state, which is also not dynamic 
since it does not specify the time evolution of the pressure. The equation for baryon 
number conservation, eq(7), only contains the baryon density and the rapidity, and 
hence is coupled to the other equations only through the latter quantity. It is exactly 
this coupling that leads to baryon number stopping. 

Solution of the Model 
Since there is no intrinsic length scale to these equations, it is useful to scale 

them by dividing out all dimensionful quantities. When this is done, there are two 
dimensionless parameters which characterize the model. The first, mentioned above, 
is denoted by y. This is the ratio of the initial field strength squared to the initial baryon 
energy density atT|=0. This parameter thus describes the field intensity. The second 
parameter relates the two time scales of the problem, TQ, and T p a j r , the pair production 
time. In the absence of the vacuum polarization, the pair production time is infinite, and 
hence we define a = XQ I T p a i r • The f o r m of the equations, when cast into our 
coordinates, suggests a Lagrangian numerical solution. However, since there is no 
central region initially, a Lagrangian solution would only examine the fragmentation 
regions. An Eulerian solution, in which matter flows through a grid fixed in space, will 
handle all of space, including regions which are inaccessable to the initial flow lines. 
We have calculated the solutions to the electrohydrodynamic equations both ways, 
with the Lagrangian solutions as a check on the accuracy of the Eulerian ones. 
Numerical solutions to the equations are possible for a wide range of a and y. 

We can look first at the fluid flow lines in order to see the nature of the flow and 
to understand when pure hydrodynamic behavior unaffected by the presence of the 
field starts. In our coordinates, uniform streaming motion Is given by a flow line at 
constant r\. This is always seen after the field has dissipated. Fig. 1 presents an 
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Figure 1. Flow pattern in s-t\ space for a typical calculation. When the lines proceed at 
constant r\, then the field has been nullified, and the fluid is free streaming. 
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example of such a flow pattern. Most cases are quite similar to this, and this provides 
more of a check of the numerics than an experimentally observable result. 

Heavy ion experiments can measure particle and energy distributions in rapidity, 
and we can extract analogous quantities from our model. Since our color charge 
dissipates, it yields no observable. Baryon number, on the other hand, is conserved, 
and we can integrate it to verify this. However, since we are no longer in ordinary 
space, we must include the Jacobian, x cosh(y-ri), in the integral. It is in fact this 
Jacobian times the energy or baryon number density that is related to the 
experimental quantities and which we will present in the figures below. Note that at 
late proper times, since the velocity of the flow, tanh (y-rj), must vanish, y-yn. and the 
Jacobian tends to 1. 

In Figs 2 and 3, we present final energy and baryon number distributions for 
different choices of parameters. In both cases, we choose y c m =5 . We do not specify 
what nucleus we are calculating, since we will solve the equations in their scaled form, 
and hence these same results could be applied to several different nuclei. In all 
calculations, we also take Cg^ = 1/3. In Fig 2, we have a=10 and i*=1. This 
corresponds to a fairly weak, quickly decaying field. The baryon number is clustered 
around the beam and target rapidities, but has dispersed somewhat. Since there was 
a small field, and it did not have a long time to pump energy into the central region, 
most of the energy also lies near the original beam and target rapidities. 

Figure 3 shows the case where again ot=10, but now y=10 as well, 
corresponding to a much stronger initial field. In this case, it takes approximately 20% 
longer for the field to decay, since there is so much more energy in the field initially. 
The baryon number distribution is similar, but skewed slightly towards the central 
rapidities. The major difference in the two examples, however, is the energy 
distribution. In the latter case, a great deal more energy has been deposited into the 
central region, and hence there is a peak near zero rapidity that was much less 
pronounced previously. In a full calculation., this energy will go into all of the degrees 
of freedom, and hence will contribute to the transverse as * - ^ll as the longitudinal 
expansion. Hence the calculated energy at late s should be an indication of the 
dEj_/dy distribution expected. 

Conclusions 
We have developed a unified model of the formation of the quark gluon plasma. 
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Figure 2. Final baryon number(top) and energy(bottom) distributions. These are 
shown as a function of r\, which at late times approaches y. Here, y c m = 5, a = 10, 

. 2 -s Y = 1 , c s

2 = 1/3. 
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Figure 3. As in Fig 2, but with y= 10. 
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We couple one-dimensional relativistic hydrodynamic baryon flow to an electric field 
which can create pairs as its energy increases. In this way, we self-consistently 
calculate the energy deposition into the central region and the extinction of the color 
fields. Already we can extract dNg/dy and dE^/dy distributions for a wide choice of our 
parameters, and are analyzing the available data in order to have the most realistic 
parameter set. While currently all of our equations are ideal, we are implementing 
finite electric conductivity terms and considering the extension of the model to more 
space dimensions in order to make the calculations more realisitic. 

References 
1. J. D. Bjorken, Phys. Rev. Q2Z (1983) 140. 
2. G. Gatoff, A.K. Kerman, T. Matsui, Phys. Rev. Q3£ (1987) 114. 
3. T. Matsui, J.A. Zingman, in preparation. 
4. K. Kajantie, R. Raitio, P.V. Ruuskanen, Nucl. Phys. B222 (1983) 152. 
5. M. Gyulassy, L.P. Csemai, Nucl. PhysfMSQ (1986) 723. 
6. A.K. Kerman,T. Matsui, B.Svetitsky,Phys. Rev.Lett.5S(1986)219. 
7. H. EhtamxvJrtindfors, L McLerran, Z. Phys. CIS (1983) 341; T.S. Biro, H.B. 
Nielsen, J. Knoll, Nucl. Phys. B245 (1984) 449. 
8. A. Casher, H. Neuberger, S. Nussinov, Phys. Rev. Q2Q. (1979) 179. 
9. J. Schwinger, Phys Rev. 82 (1951) 664; E. Brezin, C. Itzykson, Phys. Rev. DJ> (1970) 
1191. 

n 


