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ABSTRACT 

Pion yields are computed from the pion and delta populations found in a field 

theoretic description of hot dense matter. Two different prescriptions for the initial 

conditions are considered and the results Of a quasi-hydtodynamic expansion are 

also studied. 
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Pion Production in a Field Theoretic Description of a 
Nuclear Fireball 

Norman K. Glendenning 

August 15 1987 

The seminal experiments of Stock et. al. [1] have stimulated much interest in de-

termining the nuclear equation of state. Many theoretical models and assumptions 

have been employed, in this ongoing enterprise. In this note we shall describe the 

region of hot dense matter that is produced in a relativistic nuclear collision in the 

framework of relativistic nuclear field theory. Such a theory is known to provide 

a good description of a number of nuclear properties, and the list of its successes 

continues to grow. We have formulated the description of hot dense matter in this 

theory earlier [2], and refer to that work for discussion and details. Preliminary 

results of the present study were given in another work which analyzed evidence 

on the equation of state from a number of sources ranging from nuclear masses to 

neutron stars [3]. 

We recall first the suggestion of Stock et. al. for deducing the energy per nucleon 

of compressed matter as the "missing potential energy" [1]. It is assumed to be the 

energy difference between the observed energy at which a given number of pions is 

produced in a nuclear collision, and the energy that would be required to produce 

that number of pions in a theory in which the compressional energy of matter 

is not accounted for. For the latter, several models have been used, the cascade 

model and the ideal gas fireball model. Underlying the above algorithm is the 

assumption that the thermal energy is independent of compression, which is likely 

to be approximately correct over a limited range, but not exactly. This is confirmed 

by reference to nuclear field theory. 
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An alternative to the above, somewhat schematic prescription, was suggested 

previously [3]. Instead of going through the intermediate step of employing a model 

that does not have explicit compressional effects arising from the short range re-

pulsion of nuclear forces, in order to estimate their magnitude by comparison with 

experiment, we prefer to calculate, under assumptions to be stated, the pion yield in 

a nuclear field theory description of the fireball. Within the theory, the compression 

and temperature effects are explicitly included. 

The Lagrangian that we employ is, 

- mB + guBa - gwByw - 9fl7_3p0B 

+ (U,aOa - ma2) - 	+ mww' 

- 1 	.
p P' + 	 - bm(ga)3  - c(gu a)4  +... 	(1) 4pw  

Here w 1 , = 19,W, - & w, bB denotes a baryon spinor and the sum is over all charge 

states of N, and L, and in principle over higher resonances as would be appropriate 

for very high energies [2]. The a- and w-mesons are Yukawa coupled to the baryons 

and the p-meson is coupled to the isospin current. The ellipsis represent the La-

grangians of the mesons that are treated as thermal populations, in this case, pions 

and kaons. The cubic and quartic terms are scalar self-interactions whose strength 

can be exploited to adjust the compression modulus [4]. For symmetric matter, the 

expectation of the p field vanishes. The finite temperature solutions of the theory 

can be computed as in ref [2]. 

The initial state of the hot compressed matter can be estimate in several ways. 

One way is to assume perfect stopping of the interpenetrating matter, in which case 

the initial density of the compressed fireball is at least, 

pi = 27,00 . 	 (2) 

This is the overlap density of the Lorentz contracted fireball, po  being normal nuclear 

density. Assumption of thermalization of the input energy at that density then 

specifies the state of the system. 
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Another estimate of initial conditions of the fireball is obtained by assuming 

relativistic fluid dynamics. The Rankine-Hugoniot relations then specify the con-

ditions of matter in the shock zone, the temperature, compression, composition 

etc. 

C/P 	( P ) 2 = €(p + €) 	 (3) 
Co /po 	P0 	fo (p+Co) 

Here 'y is the Lorentz factor, p and € refer to pressure and energy density in the shock 

zone, and co  to the energy density of matter in the ground state of the incoming 

nuclei, (represented in all calculations that employ these equations as semi-infinite 

slabs). 

We shall use both of the above estimates. We then assume, as in the original 

work [1,5], that the pion yield equals the thermal population of the pions and deltas, 

at the initial condition. We shall also relax this assumption by considering a scenario 

in which the dense matter expands adiabatically to a prescribed freeze-out density. 

In either case the pion yield is computed from the particle densities as, 

Pir + PA + PA 

A PN - PN + PA -PA  
(4) 

where the bars indicate antiparticles. 

For three assumed values of the compression modulus the calculated yields of 

pions and deltas are compared in Fig. 1 for the case that the initial conditions are 

given, by the solution of the Rankine-Hugoniot relations. A similar comparison is 

made in Fig. 2, for the overlap condition, eq.(2). In all cases the pion yield computed 

from eq.(4), (namely the sum of thermal pions and deltas in the figures), is too large 

compared to the observations, as is shown for the shock initial condition in Fig. 3. 

In all of the above cases, we chose the coupling constants of the theory to yield 

the saturation density po = 0.145 fm 3 , binding energy, 15.95 MeV, and effective 

nucleon mass at saturation m*/m  = 0.8. The latter is close to the value, (0.83), 

obtained in a recent analysis of scattering and bound state data [6]. The dependance 

on this quantity is shown in Fig. 4. 
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The initial temperatures and net baryon densities as a function of bombarding 

energy in the two cases of eq.(2) and (3) are shown in Fig. 5 and 6. The temperatures 

are similar but the initial densities in the two scenarios are rather different. 
U 

Clearly the assumption that the pion yield is frozen at the initial thermal pop- 

ulation of pions and deltas is an overestimate, since the reabsorption of both in a p 

subsequent expansion and cooling will reduce the ultimate yield. We estimate the 

reabsorption by supposing that, once formed at the initial conditions prescribed by 

eq.(2) or (3), each fluid element of the fireball evolves at constant entropy, equal 

to the initial entropy of the fireball, and that the populations remain in equilib-

rium until a prescribed freeze-out density. This is a quasi-hydrodynamic expansion, 

inasmuch as the internal conditions match those of a hydrodynamics, but the space-

time structure is absent. The internal energy decreases, the missing energy being 

accounted for by the collective fluid energy, and of course the temperature drops. 

In Fig. 7 the resulting pion yields are shown for an adiabatic expansion from initial 

conditions prescribed by the shock equations, to the freeze-out density pf = 2po. 

We note three points. The first is that, as in Fig. 3, the yields corresponding 

to vastly different values of K, are not much different from each other. Second, 

although the isentropic expansion scenario can account for the observed yields, 

the freeze-out density is not measured in the experiment, and is consequently an 

undetermined parameter. If a freeze-out density closer to the initial density were 

chosen, then of course the computed yield would be closer to those shown in Fig. 3, 

whereas if a smaller values were chosen, the yields would shift to smaller values. 

Third, the coupling of the delta to the meson fields was here assumed to be the same 

as for the nucleon. Uncertainty in these couplings introduces additional uncertainty 

in the yields. 

	

It may be that a more complete set of experiments including accurate spectra at 	 Iii 

a number of energies may serve to further define the evolution and final conditions, 

along the lines discussed in a separate publication [7]. The premise of that work is 

that the concavity of the pion spectra and its energy and mass dependance carry 

information on the evolution of the system. In any case, the conclusion of the 



present work is that this more accurate rendering of the suggestion of Stock et. al. 

and hence their suggestion, are not capable of yielding unambiguous information on 

the equation of state. The dependance on the compression modulus is too weak, and 

the pion yield is too sensitive to assumptions about the initial conditions, the final 

freezeout, and the relative strength of delta and nucleon coupling to the mesons. 

Acknowledgements: This work was supported by the Director, Office of En-

ergy Research, Division of Nuclear Physics of the Office of High Energy and Nuclear 

Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Fig. 1 Delta and thermal pion populations per net baryon in a field theoretic 

description of dense hot matter produced at the shock density for the center of mass 

energy per nucleon shown on the x-axis. 
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Fig. 2 Same as Fig. 1 but the initial density of the hot matter produced is 

assumed to be the Lorentz contracted double density of eq.(2). 
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Fig. 3 Total pion yield computed as the sum of delta and pion populations at 

the shock density for the corresponding center of mass energy. Data is from Harris 

et. al. [5]. 
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Fig. 4 Total pion yield for K = 250 MeV and several values of the nucleon 

effective mass at saturation. 
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Fig. 5 Temperature of fireball as a function of bombarding energy for the two 

initial conditions of eq.(2) and (3). 
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Fig. 6 Net baryon density of fireball as a function of bombarding energy for the 

two initial conditions of eq.(2) and (3). 
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Fig. 7 Total Pion yield assuming an adiabatic expansion of the fireball from 

the density produced in the shock zone at the corresponding energy, to a freeze-out 

density of pj = 2Po. 
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