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Energy spectra of strange particles hadronizing from a quark-gluon plasma
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Using a schematic hydrodynamic description of relativistic heavy-ion collisions in the regime of
complete nuclear stopping, we study the freeze-out and strange particle energy spectra from a ha-
dronized quark-gluon plasma. We argue that characteristic changes in the slopes of the K+ and K
meson energy spectra are a signature for the quark-gluon plasma phase transition.

I. INTRODUCTION

The collision of nuclei at relativistic energies, and the
subsequent phase transition from hadronic matter to
quark-gluon matter, continue to be a subject of intense in-
terest. '

The possibility of forming a quark-gluon plasma via
heavy ion collisions in the laboratory opens up a large
number of interesting theoretical problems. To date, a
difficult question to answer has been: What experimental
signal or combination of signals would unambiguously in-
dicate that a phase transition from hadronic matter to
quark rnatter has taken place? Several signals for the
phase transition to quark-gluon matter have been pro-
posed in the literature. These include dilepton ' and
photon spectra, suppression in the number of expected
J/f resonances, ' modification of charmed meson
widths, and the relative abundance of strange particles.
Although these signals reflect many of the unique proper-
ties of the static plasma, our limited understanding of the
collision dynamics often makes a critical evaluation of
these signals difficult.

In the preceding paper we discussed in some detail the
role of strangeness abundance as a signal for the phase
transition to the baryon rich plasma. Comparing states
connected to each other by a simple dynamical model for
the hadronization of a baryon-rich quark-gluon plasma, it
was shown that the strangeness of hadronized quark
matter and a chemically equilibrated hadron gas are rath-
er similar. A similar result was found by other authors
for the baryon free case, ' ' " even when the condition for
chemical equilibration of strangeness was relaxed. There-
fore, strange particle abundances, even if considerably
enhanced over the level seen in p-p collisions, by them-
selves yield ambiguous information as far as the distinc-
tion between quark-gluon plasma formation or an equili-
brated hadron gas is concerned.

In this paper we show that additional information to
resolve this ambiguity can be obtained from the energy
spectra of strange hade'ons, in particular of K mesons.
Some of these ideas were briefly discussed in an earlier
letter; ' in this paper we present our ideas in more detail
and extend our dynamical calculations to predict changes

in the observed energy spectra as a function of the nu-
clear collision energy.

The signal we propose is, in part, a consequence of the
large difference in the entropy density between a hadron
gas and a plasma. The larger entropy of the quark-gluon
plasma results from the large number of degrees of free-
dom of the deconfined quarks and gluons. As a conse-
quence, for a given beam energy, the maximum tempera-
ture reached in the collision will be much lower if the
plasma is formed than if the system always remains in the
hadron phase. We will argue that K+ mesons carry in-
formation from the early stages of the collision (in partic-
ular as a consequence of strangeness separation during
the mixed phase' ' and can detect such a temperature
difference; comparing the slope of their energy spectrum
with the slopes of K, proton, and pion spectra (which
probe later stages of the collision) will allow to identify a
first order phase transition to quark matter in nuclear
collision.

Since the observed energy spectra are strongly
influenced by the collective flow in the late phases of the
collision, a dynamical model is needed to make definitive
predictions. The dynamical model we want to use for the
nuclear collision consists of several distinct parts. The
initial collision of the relativistic nuclear system is as-
sumed to result in full stopping. This assumption implies
that our studies are mostly relevant for the current exper-
irnental programs at the Brookhaven Alternating Gra-
dient Synchrotron (AGS). Thus we are particularly in-
terested in heavy ion collisions up to E«b/3 =15 GeV,
where a baryon rich plasma is thought to occur.

For our model, the transition for the initial ground
state of nuclear matter to quark rnatter is assumed to
occur through shock heating and compression of the
stopped nuclei. All the entropy is generated by this pro-
cess. Following the creation of the quark rnatter, it is as-
sumed that any further increase in the entropy of the
quark-gluon gas is negligible and that the quark-gluon
system cools and hadronizes at constant entropy. During
the expansion, and at some characteristic temperature,
the quark matter starts to hadronize to form bubbles of
hadronic rnatter. During this mixed phase, the effect of
the large net baryon density on the hadronization process
leads to strangeness separation' ' ' between the hadron
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bubbles and the remaining quark matter. K+ mesons
will hadronize predominantly during the early stage of
the mixed phase. After completion of the hadronization
process, the strongly interacting gas of hot hadrons will
further expand until freeze out. At different freeze-out
points, particular species of hadrons decouple from the
collective hydrodynamical flow of hot matter and subse-
quently free stream towards the experimental detectors;
their observed kinetic energy spectrum is determined by
the temperature distribution at this respective freeze-out
point. The actual conditions for freeze out depend very
strongly on the individual particle interaction cross sec-
tions within the hadron gas. The relatively small interac-
tion cross section for the K+ mesons with nucleons im-
plies' that in a baryon rich environment these particles
will decouple first, and indeed could be carriers of infor-
mation of the mixed phase dynamics. Our condition for
freeze out assumes that the collective flow of the hot ha-
dronic matter can be described by a velocity profile taken
from scaling hydrodynamics. ' We note that the energies
and temperatures of interest to us here require a relativis-
tic generalization of these ideas. In this paper we also
discuss the sensitivity of our results to the form of the ve-
locity profile.

The final stage of our calculation requires the freeze-
out temperature to be related to the laboratory energy
spectrum. For this transformation we generalize the
ideas of Siemens and Rasmussen, ' averaging, the
thermal energy spectrum over the velocity profile at the
freeze-out temperature. We show that the relative slope
parameters of the K+ and K spectra exhibit a charac-
teristic behavior as a function of beam energy, and that
the relative difference of these slopes appears to depend
on which phase was reached during the collision. The
presented results are in qualitative, although not quanti-
tative agreement with our earlier work, ' where we
neglected the effects from collective flow on the laborato-
ry spectra.

In this paper rather than fully solving the hydro-
dynamic equations, we will schematically exploit the
essential features of hydrodynamics, namely the conser-
vation of total entropy, total energy, strangeness, and the
baryon number. We assume thermal and chemical equi-
librium in both the quark-gluon plasma and the hadron
phases. Using the model equations of state described in
our earlier papers, ' ' constant entropy contours are cal-
culated. Along these constant entropy contours, the ra-
dius and the expansion velocity of a spherically expand-
ing system are obtained from the conservation of baryon
number and total energy. The price to pay for our
simplifications is the need to assume a velocity profile in-
side the expanding sphere.

In Sec. II after discussion of the initial conditions, we
calculate the constant entropy contours from our model
equation of state. Comparison is made between the cases
with and without plasma formation, and hadronization is
studied along the isentropic contours. In Sec. III we cal-
culate freeze-out temperatures for pions, kaons, and pro-
tons. In Sec. IV we relate the freeze-out temperature to
the final energy distribution of observed particles. In Sec.
V we summarize and discuss our results.

II. SHOCK FORMATION, ISENTROPIC EXPANSION,
AND HADRONIZATION OF QUARK-GLUON MATTER

A. Initial conditions

We assume, for a given initial bombarding energy, that
the highest compression state which can be reached by
the collision is given by the solution of the Rankine-
Hugoniot equation' ' for one-dimensional shock. All
the entropy will be generated during the shock compres-
sion. Note that, in taking the results of a one-
dimensional shock calculation for our initial condition,
we will, for a given collision energy, overestimate the
temperature of the shocked matter by neglecting finite
mean free path effects and the transverse flow degrees of
freedom. However, the qualitative behavior as a function
of increasing beam energy will be reasonably well repro-
duced. For the baryon-rich plasma the initial conditions
also depend upon the choice of the equation of state.
Nevertheless, the qualitative characteristics of our signal
will not be sensitive to the details of the equation of state.

The shock is defined by discontinuities in energy densi-
ty, pressure, and baryon density. The continuity of ener-

gy, momentum, and baryon number fluxes across the
shock surface can be summarized by the relativistic
shock equation,

(e2+P~) (e)+P, )

P2 P1

(e2+P2) (e, +P) )
=(P2 —P)), +

P2 P1

where 1 and 2 indicate the matter on the two sides of the
shock front.

When we include the strangeness degree of freedom,
we also need to solve an equation for the strangeness den-
sity. In this paper we assume that the total strangeness
density p, is conserved at its initial zero value throughout
the collision. This assumption ignores the influence of
weak interactions during the time of the collision and
neglects loss of strange mesons due to hard collisions
prior to plasma formation, surface losses during expan-
sion ' and losses due to earlier freeze out of K+ mesons
as will be discussed later.

Taking state 1 as nuclear equilibrium (P=O, p=0. 145
fm, e = 130 MeV/fm ), these two equations can be
solved with the appropriate equations of state for state 2.
For the plasma equation for state 2 we find that the shock
equation (1) has a solution only for laboratory bombard-
ing energies greater than -2 GeV/nucleon.

When comparison with a scenario without a phase
transition to quark matter is desired, the hadron gas
equation of state (EQS) of Ref. 9 is used for state 2, but
without the Hagedorn volume correction factor.

B. Isentropic expansion of the hot matter

Assuming that the quark-gluon plasma behaves as a
perfect fiuid (no turbulence, viscosity, or thermal conduc-
tivity), a hydrodynamic description of the expansion and
cooling of the plasma will conserve entropy. Once the
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FIG. 1. Isentropic expansion trajectories for a hadronizing
quark-gluon plasma, for several values of entropy per baryon
(S/3=4, 8, 12.6, and 29.5). The phase transition curves are
calculated with a bag constant 8=250 MeV/fm . The beam en-
ergies quoted for each value of S/A are the result of a one-
dimensional shock calculation. The freeze-out points for K+
(crosses) and p, K, m (circle) are indicated along the
S/3=12.6 curve for both scenarios, i.e., with and without
quark-gluon plasma formation.

plasma has been formed and all the entropy has been gen-
erated, additional sources of entropy will be neglected in
our calculation.

Rather than solving the full hydrodynamics, we simu-
late the properties of the hydrodynamic expansion of our
model plasma by calculating contours of constant
entropy/baryon (S/A) from our equation of state. 22 In
Fig. 1, isentropic expansion contours for various values of
S/A are shown in the (T,pb ) plane, for a phase transition
calculated with a bag constant B=250 MeV/fm . The
beam energies quoted for each value of S/A are the re-
sult of the shock calculation mentioned above. In a full
hydrodynamical approach, each point of such an S/A
contour would correspond to a certain time. This infor-
mation on the time evolution is lost by our simplification.
We will later recover some of this information using a
simple scaling ansatz (see below).

Following an isentropic curve we can see that, as the
plasma expands from the highest compression state, the
temperature decreases until particles start to hadronize.
During the mixed phase the temperature increases; this is
due to the large difference in the entropy per baryon be-
tween the plasma and the hadronic matter which results
in a large latent heat. During the mixed phase, quarks
and antiquarks will form hadrons; the gluon will disap-
pear, partly by fragmenting into qq pairs, thereby depos-
iting their entropy, partly by building the nonperturba-
tive quantum chromodynamics (QCD) vacuum state.
After completion of the hadronization, further expansion
of the hadronic matter will decrease the temperature
once again until freeze out. The reheating effect in the
mixed phase is biggest for low energies (small S/A), at
higher energies (large S/A ) the temperature stays nearly
constant in the mixed phase.

The dotted line shows an isentropic expansion contour
corresponding to S/3=12.6, but for purely hadronic
matter (no phase transition) formed at E~,b/A=28. 9
GeV. This dotted line should be compared with the con-
tour that started in the quark-gluon phase and corre-
sponds to the same entropy value. This line corresponds
to an initial bombarding energy of E&,b/A = 15 GeV.

It is important to note that due to the difference in the
entropy density, for a given beam energy, the tempera-
ture we can reach in the hadron gas is much higher than
that with a phase transition to quark-gluon matter. The
K+ mesons, which freeze out in an early stage of the evo-
lution because of their small interaction cross section,
will preserve this valuable thermal information about the
formation of a plasma, as will be discussed in Secs. III
and IV.

C. Hadronization of the quark-gluon plasma

As the temperature of the expanding quark matter be-
comes lower than the critical temperature, quarks and
antiquarks will form hadronic bubbles inside the quark
matter which will grow and eventually occupy all the
available volume. During this phase conversion the frac-
tional volume a= Vh,d/V occupied by the hadron phase
will change from zero to one.

We assume that the microscopic processes leading to
hadronization happen fast compared to the mixed phase
lifetime. ' ' Then the mixed phase can be reasonably
treated as a system in thermal and chemical equilibrium,
and hadronization will occur along a constant entropy
contour as described in the previous section, accom-
panied by reheating.

There are alternative pictures of the hadronization pro-
cess that allow the system to go out of chemical equilibri-
um. In several earlier papers ' hadronization was en-
forced at constant temperature, in which case entropy
and baryon number conservation require the system to go
out of equilibrium. The actual evolution of the physical
system probably lies between these two extremes, but re-
quires a full dynamical study that includes rate equations
for all the chemical species.

To focus on the hadronization mechanism, we calcu-
late for a particular hadron resonance the number of par-
ticles, dN/dT, hadronizing for each temperature interval
dT. In Figs. 2 and 3. we plot the hadronization rate for
several particle species as a function of temperature by
following the constant entropy contours of S/A=8. 6
and S/A =4, respectively.

From both figures we can immediately see the
difference in the hadronization of K+ meson from other
hadrons. The K+ meson hadronizes on average before
the K meson and other strange particles. This results in
strangeness separation between the hadronic and the
quark matter subvolumes' ' ' and reflects the relative
abundance of constituents quarks in the lightest strange
mesons [K+=(us), K =(us)]: In a baryon-rich plasma
light quarks are more abundant than antilight quarks,
while there are equal numbers of strange and antistrange
quarks. Correspondingly, K+ mesons hadronize more
easily than K mesons. Lambda particles are also
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suppressed initially relative to the K+ mesons by their
large mass (1116 MeV} unless the phase transition hap-
pens at very large values of p, (Ref. 24) (in our case this
would require a bag constant of order 1000 MeV/fm ).
Therefore, initially more s quarks hadronize in the form
of K+ mesons than s quarks in the form of either K
mesons or hyperons. Toward the end of the hadroniza-
tion process the established strangeness imbalance forces
an increased hadronization of hyperons and K mesons
as is seen by the strong peak in their hadronization rates
in Figs. 2 and 3. Hyperons do not play a crucial role in
this balance because they are suppressed by almost 4 or-
ders of magnitudes, due to both their large mass and the
lack of light antiquarks. They also hadronize predom-
inantly at the end of the mixed phase, the higher temper-

ature there reducing the mass suppression.
Due to the large abundance of light quarks, the non-

strange baryons, i.e., nucleons and deltas, hadronize
abundantly at the early stage of the hadronization. Up to
mass suppression effects, the hadronization rates of N and
5 (or n. and p) behave similarly as the mixed phase is
crossed. Comparing the hadronization curves of N, b,
and even K+ with those of the other hadrons, it is seen
that the dominant driving force for hadronization is the
large baryon density in the plasma which the system
strives to reduce. In some cases the baryon number ha-
dronizes so fast that the light quark excess is exhausted
towards the end of hadronization, as shown by the de-
creasing rates in Figs. 3(a), (d), and (e}.

The strangeness separation originating in the on aver-
age earlier hadronization of the K+ mesons before the
K mesons and other strange hadrons can become quite
appreciable. For the expansion along the S/3=8.6
curve, antistrangeness is enriched inside the hadronic
subvolume by a factor s/s-6 near the onset of the had-
ronization. As a~1, this ratio decreases, but then
strangeness is increasingly enriched in the plasma subvo-
lume, and at the end of hadronization the s/s ratio in the
remaining small volume of plasma again reaches -6.
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FIG. 2. Hadronization rates along the constant entropy con-
tour with S/A=8. 6 in Fig. 1, for a system with A=250. (In
Ref. 12 we mistakenly quoted a baryon number A =100 for this
figure. ) dN/dT is the number of particles hadronized while the
system temperature has changed by dT in the mixed phase.
Most of the matter hadronizes at the high temperature end of
the mixed phase, with the exception of K+ mesons (leading to
strangeness separation) and nucleons and b, 's (whose early had-
ronization is driven by the large baryon number density).
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FIG. 3 ~ Hadronization rates along the constant entropy con-
tour with S/A=4 in Fig. 1, for a system with A =500. In this
case nonstrange baryons hadronize initially so fast that towards
the end of the mixed phase the light quark excess is essentially
exhausted, as shown by the decreasing hadronization rates for
K+, N, and h.
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III. FREEZE-OUT CONDITION
FOR HADRONIC MATTER

After hadronization is complete, the hot and dense
hadron gas expands and cools until freeze out. We as-
sume that the system is thermodynamically homogeneous
and that the expansion is spherical. Inside the expanding
fireball, hadrons move with random thermal motion, col-
lide with each other, and recede from each other by col-
lective radial expansion. The radial expansion will be fas-
ter as more thermal energy is converted into collective
expansion energy.

Freeze out is defined by us as the condition where the
scattering time scale for individual hadron species be-
comes larger than the rarefaction time constant of the
collective or hydrodynamic expansion. (For a review of
other variants of the freeze-out condition, please refer to
Ref. 25.} After freeze out, collisions between particles are
rare and cannot change the thermal distribution of the
particles any more. This leads to a breakdown of the hy-
drodynamic concept and a decoupling of the hadron
species from the collective hydrodynamic flow. Thus
particles detected by experiment will have information
about the thermal distribution at freeze out.

The scattering time for a given hadron species is es-
timated by r,«

——A, /v, h
——I/p„,o„,v,h, where p„, is the

total density of all particles interacting with the one un-
der consideration, cr„, is its appropriately averaged cross
section with these particles, and v,h is its thermal veloci-
ty. (More properly, the mean free path of species i
should be written as I/A, ; = QJ pj o,j.} Since we are in a
baryon rich environment, we take the mean free paths to
be dominated by the interaction cross section with nu-
cleons. For this quantity we adopt the following average
values, o„,(n)=0 N

—100 mb, cr„,(p)=oNbt-40 mb,

o„,(K )=o.it N=50mb, and o„,(K+)=trit+N-10mb.
This is a rather rough approximation, in particular at

E' =fdrT o(or)=f dr + P—
1 —P'(r)

(2)

The rarefaction time scale is given by
r,„~=R /(n +2)p, . This expression is readily derived by
calculating the change in the number density across an
expanding spherical surface during an infinitesimal time
interval and comparing this result with the equation
dp/dt = p/r, „,wh—ich defines r,„. Thus our decou-
pling or freeze-out criterion is given by the inequality

exp & scag

(3A/4npb)'i l(n +2)p, (1/p„,o'„,vth (3)

if P(r) =(r IR)"P,.
In the top half of Tables I and II, the freeze-out tem-

higher collision energies when pions start to become an
appreciable component and the cross sections with pions
should be more properly taken into account.

Without our radial expansion model, the rarefaction
time scale can be estimated from the expansion velocity
of the surface p„and the velocity profile inside the fire-
ball, P(r). For the velocity profile of the expanding fire-
ball, we choose a scaling ansatz of the form
P(r)=(r/R)"P„where R is the radius of the expanding
fireball. The linear scaling ansatz (n= 1) arises from the
study of so-called self-similar motion in nonrelativistic
hydrodynamics. ' To compare the sensitivity of our
freeze-out points and energy spectra to different scaling
solutions, n was varied in our calculations between 1 and
2. For our velocity profiles, R is determined from the
baryon number A, and the baryon density pb at a given
point of the expansion along the constant entropy trajec-
tory in Fig. 1, i.e., R=(3A/4rrpb) . The expansion ve-
locity p, of the surface is obtained from energy conserva-
tion,

TABLE I. The freeze-out temperatures T (in MeV), surface expansion velocity p, (in units of c), and fireball radius R, (in fm) at
freeze out, and the apparent temperatures T'PP (in MeV) for kaons, pions, and protons at difFerent beam energies. The values are cal-
culated using a linear velocity profile, p(r) =(r/R)p„ for a fireball with baryon number 3=100. Results both without and with a
quark-gluon plasma phase transition (PT) are shown. The two values for P, and R, correspond to the freeze-out points for K+
mesons and the other particles, respectively. Due to the collective expansion fiow the energy spectra are nonexponential; we quote
two typical values for the apparent temperature, calculated as the local slope parameter at 200 and 600 MeV kinetic energy, respec-
tively, for each particle species.

P(r)=(rIR)P,

Ebb/A (GeV)
%ithout PT

7
with PT

7 15

T +

T
P,K, m

126.0

93.0

0.48/0. 61

3.9/5. 7

145.0

106.0

0.56/0. 68

4.0/5. 9

162.0

118.0

0.66/0. 77

4.2/6. 5

104.0

88.0

0.39/0.64

4.5/5. 3

118.0

110.0

0.47/0. 66

5.7/6. 2

127.0

121.0

0.60/0. 72

6.8/7. 3

TrippK+

7 ~PP
P

7 happ

K
T&PP

142/158

173/171
129/145

101/126

164/187

210/211
149/173

113/147

187/220

256/266
173/207

123/170

116/126

183/177
130/146

98/125

135/150

204/208
149/172

115/148

154/161

233/242
165/195

124/164
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TABLE II. Same as in Table I, but for the quadratic velocity profile, P(r) = (r/R) P, . The line for PK+ ) with PT is the same as in

Table I because it is calculated from the hadronization rates (the freeze-out condition is already satisfied at hadronization), thus, the
velocity profile does not enter. The more rapid expansion near the surface of the fireball gives rise to earlier freeze out than with the
linear velocity profile, but the systematic features of the freeze-out temperatures and slope parameters for the different particles with
and without the phase transition remain unchanged.

P(r) =(r/R)'13,

E& b/A (GeV)
Without PT

7 15
With PT

7 15

T
p, K, n'

R,

139.0

104.0

0.48/0. 65

3.4/4. 9

161.0

119.0

0.57/0. 73

3.5/5. 1

180.0

131.0

0.69/0. 82

3.6/5. 6

104.0

102.0

0.45/0. 68

3.4/4. 6

118.0

125.0

0.55/0. 70

3.7/5. 4

127.0

131.0

0.68/0. 77

4.3/6. 6

z app
P

papp
K

papp

149/162

156/178
129/151

108/132

172/192

180/214
148/178

122/152

194/222

202/252

165/204

132/171

116/126

159/185
130/154

107/126

134/150

181/210
150/178

126/154

150/176

196/235
160/194

132/166

peratures for different particle species are shown for both
the linear and quadratic velocity profiles, for three values
of the initial beam energy. The freeze-out temperatures
for the linear velocity profile (n = 1) were reported in Ref.
12. In addition to the freeze-out temperatures, Tables I
and II also show the surface expansion velocities P, and
the radius of the fireball in the fireball frame at the
freeze-out point. These numbers will be used in the next
section when calculating the energy spectra. Two values
for P, and R, are given. The first number corresponds to
the K+ mesons which freeze out during the mixed phase;
the second corresponds to freeze out of p, K, m. Results
with and without the phase transition are presented next
to each other.

Note that the freeze-out temperatures for the p, K
particles are the same. Nucleons serve as a heat bath for
the other particle species since their cross sections with
the nucleons are larger ti. n the N-N cross section itself
and their density is small compared to the nuclear densi-
ty. Once the nucleons have decoupled, their temperature
stays constant; any further interaction of the pions and
K with the decoupled nucleons cannot lead to further
cooling of these particles either.

As shown in Tables I and II, both without and with the
phase transition, the freeze-out temperatures for the K+
mesons are larger than those for the p, K, m particles.
In the absence of a phase transition to the quark-gluon
plasma, this freeze-out temperature difference can be as
large as 50%, as seen for E„b/A =15 GeV. Note howev-

er, that when a phase transition has occurred, this tem-
perature difference is considerably reduced.

In the absence of a phase transition, the large
difference between the K+ meson and the p, K
freeze-out temperatures is a consequence of both the
large K+ meson mean free path, and the initial high tem-
perature reached in the hadron matter via the shock

compression. When a phase transition occurs the initial-
ly lower temperature of the plasma and the emission from
the mixed phase reduces this difference. In addition,
strangeness separation further reduces this difference be-
cause the K+ mesons are hadronized during the early
(i.e., colder) stages of the mixed phase. In Fig. 1 we show
the freeze-out points along isentropic trajectory for
S/A =12.6. These correspond to initial laboratory ener-
gies of 28.9 GeV/nucleon for a hadron gas and 15
GeV/nucleon when a phase transition occurs.

Comparing numbers in the top half of Tables I and II
indicates that the absolute freeze-out temperatures are
sensitive to the form of our scaling ansatz. The quadratic
scaling ansatz results in a larger expansion velocity,
hence, all particles freeze out earlier at higher tempera-
tures. However the qualitative features discussed above
remain the same.

In the next section we want to connect the freeze-out
temperature of the various particle species to their kinet-
ic energy spectrum in the nuclear center of mass frame.

IV. TRANSFORMATION FROM FREEZE-OUT
TEMPERATURES TO ENERGY SPECTRA

The emission or freeze-out temperatures should be re-
lated to the slope parameter of the measured energy spec-
tra ("apparent temperature") in order to compare with
experiments.

In this section, we use the collective Aow argument in-
troduced by Siemens and Rasmussen' to calculate the
energy spectra from the freeze-out temperatures obtained
in the previous section. They derived an equation for the
intrinsic energy spectra by generalizing the nonrelativis-
tic energy spectra by Bondorf, Garprnan, and Zimanyi. '

One finds
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where y(r)=[1 —P(r) ] ', a(r)=y(r)I3(r)p/T, and
Z( T) is the normalization of a relativistic Boltzmann dis-
tribution, calculated at temperature T. N; is a normaliza-
tion constant for each particle species, here adjusted for
optical reasons to make particle cross sections coincide at
Ek;„——10 MeV. In the above equation we average the
cross section over the radius r to take into account the
fact that the expansion velocity depends on the radial dis-
tance. This averaging, which is absent in Ref. 17,
prevents the occurrence of a maximum in the energy
spectra at finite values for the particle kinetic energy.
(Such a maximum occurs if, as done in Ref. 17, only an
expanding shell with constant radial velocity is con-
sidered. ) From the intrinsic cross section o;, the "ap-
parent temperatures" or slopes of the energy spectra are
defined by the relation T; r =( dlno—;/dE)

In Figs. 4—7 we show the results of our cross sections
for the p, m, K+, and K particles as a function of their
kinetic energy in the nuclear center of mass, both with
and without the phase transition. Figures 4—6 are for the
linear scaling ansatz at Ehb/A=4, 7, and 15 GeV, re-
spectively, and Fig. 7 is for the quadratic scaling form at
E~»/A =15 GeV.

For all Figs. 4-7 we see that the slopes for particle
species p, K, ~ are different, despite identical freeze-out
points. This reflects the different collective flow energies
arising from the different particle masses. Observation of
this behavior (T'„~ & T'~t' & T't'") would be a necessary

check on the existence of collective flow and on our mod-
el for freeze out.

Once this is established, comparison of energy spectra
of particles with identical mass, but different cross sec-
tions with nuclear matter (e.g. , K+ and K ) can provide
information on the dynamical history of the system.

From the figures we see that without the phase transi-
tion, the apparent temperature for K+ mesons is higher
than that of the K mesons due to the much higher
freeze-out temperature; on the other hand, in the case
where a phase transition to quark matter has occurred,
K+ mesons have a lower apparent temperature than K
in spite of their slightly higher freeze-out temperature.
The reason is that at the point of K+ freeze out the col-
lective flow has not yet completely developed, while later,
when the K freeze out, the spherical boost has become
much stronger.

Such a behavior would immediately tell us that the K+
meson has undergone an unusual evolution as a conse-
quence of the quark-gluon phase transition. If the
quark-gluon plasma is formed, early emission of K+
mesons from the comparatively cool mixed phase result
in this characteristic interchange of the slope parameters

of energy spectra of K+ and K spectra that we propose
as a signal for a phase transition to quark-gluon matter.

Comparing Fig. 7 with Fig. 6, we see that the linear or
quadratic ansatz for the velocity profile of the expanding
hadron gas results in quantitative differences for the ob-
served slope parameters (compare Tables I and II), but
that the qualitative features mentioned above remain un-
changed. This gives rise to the hope that our qualitative
conclusions are rather insensitive to the detailed form of
the hydrodynamic flow profile.

o

o
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FIG. 4. Energy spectra for several hadrons as a function of
their kinetic energy in the nuclear center of mass. Assumed was
a spherically expanding fireball with 3=100, a linear velocity
profile l3(r) =(r/A)P„and initial conditions corresponding to a
collision energy E&,b/A =4 GeV. In (a) the fireball was initially
taken to be in the hadronic phase, in (b) it started out in the
plasma phase. To facilitate comparison of slopes, the spectra
were normalized to agree at Ek;„——10 MeV. Note the relative
change in the slopes of K+ and K mesons for the cases with
and without plasma formation.
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In the lower half of Tables I and II we show the "ap-
parent temperatures" for each particle species deduced
from the energy spectra. Because of the nonexponential
nature of the energy spectra, in Tables I and II we quote
values for slope parameters at two typical particle kinetic
energies, namely 200 and 600 MeV.

V. DISCUSSION OF OUR RESULTS

In this paper we have studied, in a schematic model,
the hydrodynamic evolution of the baryon-rich plasma as
it expands, hadronizes, and freezes out. We assume that
the dense matter, after being formed in the initial stage of
the collision, is in thermal and chemical equilibrium and
evolves adiabatically without entropy production. De-
pending on the collision energy, the dense matter can be
initially in one of three phases: pure hadronic matter, the

mixed phase, or the pure plasma.
Instead of solving the hydrodynamic equations, we

have used a scaling ansatz for the hydrodynamic flow and
the conservation laws to simulate the dynamics. Conser-
vation of baryon number, strangeness, energy, and entro-

py in the expanding matter were implemented. In assum-

ing strangeness conservation we have ignored the possible
loss of strangeness by preferred surface emission of
strange particles with a given sign of the strangeness
quantum number, a possibility discussed in Ref. 21. For
the initial conditions of the hydrodynamic evolution we
used the results of one-dimensional shock calculation
which assumes full stopping.

We calculated the hadronization rate along isentropic
expansion contours, and the freeze-out temperatures by
comparing the collision time scale (determined by the
particle densities and cross sections) and the expansion
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FIG. 5. Same as Fig. 4, but for a different collision energy,

E),b/A =7 GeV.

FIG. 6. Same as Fig. 4, but for a collision energy Ebb/A = 15
GeV. As the collision energy increases, the difference in the
kaon slopes decreases somewhat
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time scale (determined from energy conservation using a
scaling ansatz for the flow profile). By boosting the
thermal distribution at the freeze-out point with the as-
sumed flow profile we calculated the final energy spectra
for pions, kaons, and protons.

Our calculated hadronization rates showed that, com-
pared to all other mesons, K+ mesons hadronize at a
rather early stage of the mixed phase; the same is true for
nucleons and 6 resonances which demonstrates a strong
tendency of the plasma to get rid of its large light quark
excess by hadronization. Since in the K+ mesons the
light quarks come with a strange antiquark, this leads to
strangeness separation between the hadron and plasma
subvolumes during the mixed phase.

Due to the larger entropy per baryon in the plasma
phase, the mixed phase is initially much cooler than the
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FIG. 7. Same as Fig. 6, but for a quadratic velocity profile,
P(r) =(rlR)'P, . The slope parameters of all particles are not as
clearly separated than for the linear velocity profile, but the
qualitative features remain unchanged.

hadronic matter after completion of hadronization. The
K+ mesons carry this information in the form of their en-
ergy spectra, and as a consequence of their small interac-
tion cross section they are able to preserve this informa-
tion until they are detected. Most of other hadrons, like
K, pions, and protons, interact more strongly, and
through their energy spectra, remember a much later
phase of the expansion. This leads into the suggestion
that, while their abundance, i.e., the K+/m. + ratio, is not
an unambiguous signal for plasma formation, ' '" their
energy spectra should contain rather unique information
about the evolution of the expanding fireball and the pos-
sible existence of a first order phase transition corre-
sponding to quark deconfinement.

The particular signal we suggest is that without a tran-
sition to quark matter the slope parameter for K+
mesons should always exceed that for K mesons,
reflecting the hotter temperature at earlier stages; if a
phase transition has occurred, the K+ should appear
with a smaller slope parameter than the K mesons, due
to the smaller temperature in the mixed phase and the
less strongly exhibited collective flow.

We would like to close with a few remarks about possi-
ble future improvements of our analysis. In our calcula-
tion we have assumed both thermal and chemical equilib-
rium throughout the collision. There are several layers of
sophistication at which this approximation can be re-
laxed. Simply relaxing the chemical equilibrium condi-
tion in the hadron gas would require coupling chemical
rate equations for each hadron species to source terms in
the hydrodynamic equations. This has not been done to
date for the hadronization from a baryon rich plasma
with the strangeness degree of freedom, and would seem
to be a worthwhile task for the future. In such a treat-
ment also, losses of entropy and strangeness by surface
emission of pions and kaons could be included, possibly
leading to accumulation of net strangeness in the fireball
and corresponding modification of the expansion trajec-
tory through the phase diagram. We expect the increase
of entropy by nonequilibrium processes during hadroni-
zation to be partly off set by these surfaces losses, thereby
supporting our simple assumption of adiabatic expansion
in this paper.

Relativistic kinetic theories, that would allow complete
relaxation of thermal and chemical equilibrium in the
quark-gluon gas, have been developed in the mean field
limit, but we are still a long way from utilizing these
formalisms for the hadronization process.

For the initial conditions of the plasma we assume the
validity of one-dimensional shock and, hence, full stop-
ping of the nuclear matter. If stopping is less immediate
(due to the finite nuclear mean free path, which increases
beam energy) and also transverse degrees of freedom are
available, the temperature in the plasma will be lower. In
this sense, the shock adiabats indicated in Fig. 1 reflect
too high a temperature and bias the formation of the
plasma at too low a bombarding energy. More realistic
initial conditions would imply mostly scaling up the beam
energy needed to reach a given value of S/3 or of the in-
itial temperature; the gross features of the signal dis-
cussed in this manuscript would not qualitatively be
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affected. Although the absolute values of the freeze-out
temperatures and slope parameters would undoubtedly
change, the relative slopes of the K mesons would still
have to reflect the large entropy per baryon (and resulting
low tetnperature) in the quark phase and the small K+-
baryon interaction cross section.

If, in addition the interaction cross section of the K+
meson with the quark-gluon plasma in the mixed phase
turns out to be large, the difference between the K+ and
K meson energy spectra shown in this paper will be less
distinct.

The energy spectra, calculated within our model, re-
sulted from the Lorentz boost of the local thermal
Boltzmann distribution of particles in the co-moving
frame to the nuclear center of mass frame. As is summa-
rized in Ref. 27, there remains a theoretical ambiguity in

explaining the existing data on energy spectra from the
heavy-ion collisions at BEVALAC energy. The low ener-

gy part of the pion spectra is subject to modifications by
5-resonance decay, leading also to a nonexponential
shape of the spectrum which has nothing to do with col-
lective flow. The spectra for kaons will similarly be
affected by decay of excited hyperon resonances. There-
fore it will be necessary to observe energy spectra for as
many different particle species as possible to resolve am-
biguities of this kind, to establish the collective flow pic-
ture and draw conclusion about possible plasma forma-
tion.
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