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Equilibrium properties of infinite relativistic hadron matter are investigated using the ultrarelativistic quan-
tum molecular dynamicéUrQMD) model. The simulations are performed in a box with periodic boundary
conditions. Equilibration times depend critically on energy and baryon densities. Energy spectra of various
hadronic species are shown to be isotropic and consistent with a single temperature in equilibrium. The
variation of energy density versus temperature shows a Hagedorn-like behavior with a limiting temperature of
130+ 10 MeV. Comparison of abundances of different particle species to ideal hadron gas model predictions
show good agreement only if detailed balance is implemented for all channels. At low energy densities, high
mass resonances are not relevant; however, their importance rises with increasing energy density. The rel-
evance of these different conceptual frameworks for any interpretation of experimental data is questioned.
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PACS numbdis): 25.75~q, 64.30:+t, 24.10.Pa

The intriguing possibilities of phase transitions at various In this paper, we study equilibrium properties of infinite
orders in the nuclear equation of staiOS have long relativistic hadronic matter within the framework of the ul-
played a central role in heavy-ion physics from intermediat&rarelativistic quantum molecular dynami¢srQMD) model
to very high energie$1-3]. Indications about the nuclear [2g]. However, in contrast to the usual simulations of heavy-

liquid-gas phase transition at moderate temperatlired0 o4 cqjlisions from the two colliding nuclei to the complex
MeV and densitiep<pq [4—8], and about the transition to Q

resonance matter at higher densities and/or temperatgres inal state, here a closed microcanonical system is con-
~3—5p,, T~100- 150 MeV) [9—11] have been reported. tructed at a fixed net baryon density and net strangeness

Deconfinement of hadronic matter into quark-gluon plasmag?_ns'ty’ conf|r_1ed to a cubic _box W|th_per|od|c _boundary con-
and strange matter may occur at even higher energy densql_ltlons._The y|_eld of_the various particle species can change
ties. Deconfinement temperatures of abdyt~150+10 due to _melastlc collisions and decays of hadron resonances
MeV have been predicted by lattice QCD simulations forand strings.
zero net baryon and strangeness derjgif]. However, the UrQMD, as a dynamical microscopic model, follows the
statistical concept of phase transitions is developed for stdime evolution of a nonequilibriunA-particle system, e.g., a
tionary states close to equilibriufd3—16. Therefore, the heavy-ion reaction, in the entire many-body phase space. It
guestion immediately arises: can thermal and chemical equhas been applied in the energy range from 100 MeV/nucleon
librium concepts actually be used and equilibrium be reachedp to several hundreds of GeV/nucleon for heavy-ion colli-
in central heavy-ion collisions? sions using the same basic concepts and physics inputs at all
At bombarding energie€ ;<1 GeV/nucleon, experi- energies. The model includes explicitly 55 different baryon
mental data on multifragmentati¢h7] have been described, species(nucleons,A’s, hyperons, and their known reso-
e.g., by statistical modelguantum statistical modéQSM) nances[32] up to masses of 2.25 Geg\and 32 different
[18-2Q or statistical multifragmentation modelsSMM) meson specie6ncluding the known meson resonan¢ég]
[21]). Also measured particle abundances and energy specttg to masses of 2 GgVas well as their respective antipar-
from central heavy-ion reactions at both AGS$4.6 GeV/ ticles and all isospin-projected statg®9]. For higher mass
nucleon and SPS(200 GeV/nucleon energies[22] have excitations, a string mechanism is invoked. Hadrons pro-
been described in statistical models assuming global thermaluced through string decays have nonzero formation time
and hadrochemical equilibriurfwith overall moderate lon- 7, which depends on the energy momentum of the particle.
gitudinal and transverse expansipfi3—26. These models Newly formed particles cannot interact during their forma-
assume an instantaneous global freeze-out for all particlestion time. The leading hadrons with constituent quarks inter-
However, this hypothesis is, on first sight, not consistentct within their formation time with a reduced cross section,
with the results of microscopic models. They predict differ-which is taken to be proportional to the number of their
ent freeze-out times and radii for the different particle spe-original constituent quarks. All hadrons are propagdiedc
cies[27-31. Another related question is whether the shortrelativistic cascade sensaccording to Hamilton's equations
time scales (10%%s) are long enough for the system to move of motion, supplemented by a relativistic Boltzmann-
through consecutive equilibrium states before freeze-out. Uehling-Uhlenbeck collision term involving all hadron
states. The collision term is based on tabulated or param-
etrized experimental cross sectiqwhen availablg Reso-
*Electronic address: belkacem@th.physik.uni-frankfurt.de nance absorption and scattering is handled via the principle

0556-2813/98/5@)/17277)/$15.00 PRC 58 1727 © 1998 The American Physical Society



1728 M. BELKACEM et al. PRC 58

of detailed balance. If no experimental information is avail- 200
able, the cross section is either calculated via an OBE model e=0.2 Gev/fm3 . ',:i';fl'““
or via a modified additive quark model. The baryon- * Kaon*10

antibaryon annihilation cross section is parametrized as the 1604

proton-antiproton annihilation cross section at the same cen- {
ter of mass energy. For a detailed description of the UrQMD
model, the reader is referred to the original publication of the 120
model presentatiof29].

For the present study, additional features have been adde(g 0
to the model, which allow for the calculation of infinite had- <
ronic matter properties in equilibrium. This is done by con-
fining the different particles in a cubic box with cyclic

ndance

boundary conditions at a fixed net baryon density and 40

fixed net strangenegs;. In this paper, we restrict our study

to a net baryon densitypg=p,=0.16 fm 3 and pg 0

=0 fm~3, i.e., net strangeness zero. Although in heavy-ion 0 100 200 300 400 500

collisions ps# 0 andpg# p, are expected, we shift the de- time [fm/c]

tailed study of different net baryon densities and/or nonzero 4,
net strangeness to a forthcoming pafz3]. 3 ® Nucleon
The initial system considered here consists of 80 protons e= 0.7 GeV /fm . Ei°“/4
+ 80 neutrons, which are uniformly distributed in configu- 1404 >
ration space in a cubic box of ¥010x 10 fm’. The mo-
menta are uniformly distributed in a sphere with random
radius and then rescaled to the desired energy density.
Figure 1 displays the time evolution of the multiplicities
(averaged over 50 eventsf nucleons, pions, and kaons at
two different energy densitiess=200 MeV/fn? (upper
pane) and e=700 MeV/in? (lower panel. Particle multi-
plicities saturate after some time. This equilibration time de- :
pends strongly on energy densi¢y The different hadrons 40
continue to interact strongly, but their average absolute num-
bers remain nearly constant. Note that the equilibration time
of kaons is much longer at the energy density 0
=0.2 GeV/fn? than those for nucleons and pions, which are 0 20 :iome [fm/?;i 80 100
rather similar. In fact, this is the case for all strange hadrons
(both mesons and baryonsThis difference between the FIG. 1. Time evolution of particle multiplicities for two differ-
strange and nonstrange hadrons decreases with growing et energy densities. The calculations are donegt0.16 and
ergy density. Equilibration times of all hadrons are quiteps=0 fm3,
similar for energy densities above 0.7 GeV¥fm
We have checked whether our system is ergodic in the
equilibrium phase: Both ensemble averages., when the
averaging is done over a large set of parallel eyemts time
averagegwhen the averaging is done over time evolution of
a single event, but in both cases after equilibrium is estab-
lished coincide within 1%. The following results are ob- | ;ons (top panels for two different energy densities
tained by time averagingf not stated otherwise Allquan- —250 Mevif? (left) and e=800 MeV/ (right). The
tities presente elow have been extracted from the. . .. .
equilibrium phase, i.e., after particle multiplicities have?f;”bugcr)gs icgetnhefotrh:]euile”:)%z]eiguf[?e Csoﬂgﬂlepﬁe%’.rhe
achieved their saturation valuégigure 2 shows the energy P, 9 | duced b % | '
spectra for four particle species; nucleons, pioh's, and ggfﬁiﬁt;ﬁdgmp pane;are reproduced by Boltzmann
, expf E/T), with nearly the same temperature
for all four speciegT=125+10 MeV for e=250 MeV/fn?,
L ) ) ) ) andT=130+10 MeV for e=800 MeV/fnT).
In practice, we start the time averaging much after particle mul-  tha momentum components distributiotwer part

tiplicities of the most relevant specidd, =, A, K, A) have . . P
achieved their saturation values, to allow for the equilibration oftheOf the figurg are reproduced by Gaussian distributions

higher resonances. For examplegat0.2 GeV/fn?, the averaging exq—pz_/Zm'_l') with the S_ame temperature for the Fhrge
starts after a time evolution of 500 foy/much after the kaons have spa_ce d|rec_t|ong:omplete isotropy of the momentum d|str|-.
equilibrated 250 fmic, see Fig. 1 For energy densities larger butiong. This holds for all other hadron species as well, if
than 0.5 GeV/fri, we average after an initial evolution of 150 analogous procedures are applied. At this point, it should be
fm/c. Moreover, in most cases, the time averaging is done for aioted that the temperature of mesons is always smileb

time evolution from 500 to 1000 fro/ to 10 % than that of the baryons. This is mainly due to
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decay kinematics of resonance®!]. The temperature used Here g; is the spin-isospin degeneracy factor of particle
in Fig. 2 is the average value between the two. Apart fromg; , B;, andS, are the single particle energy, baryon number,
this small discrepancy, all particles have the same temperand strangeness, apds and us are the baryon and strange-
ture T and are globally equilibrated. ness chemical potentialthe electric chemical potential has
Figure 3 shows the energy density versus the temperatuigeen neglectedV is the volume of the box. For resonances

as resulting from the box calculations using the UrQMD yjith a finite width, Eq.(1) is folded by an integration over
model (open diamonds It shows a Hagedorn-like equation {he mass distributiop; (m):

of state[35]: a rapid rise of the temperature at low energy !
densities is followed by a saturation at a temperature around

130+ 10 MeV. The calculations have been done up to energy 1.0
densities of 5 GeV/fry where still the same limiting tem-
perature is observed. In the same figure, solid circles show 0.8
the EOS of the UrQMD model without strings and many- 5
body decays. In this case, the temperature shows a continu- é 0.6
ous rise with energy density and no limiting temperature is ; '
observed. The inclusion of strings in the UrQMD model ] 0.4
changes then the equation of state from a continuously in- <
creasing temperature with energy dengishen strings are
not taken into accounto a Hagedorn-like EOS with a lim- 0.2
iting temperatureT,, =130+ 10 MeV.
Ideal hadron gas models have been used to describe par- 0'00_0 004 008 012 016 0.2
ticle abundances and energy spectra from central heavy-ion T [GeV]
reactions at both AGS and SPS enerdi23-24. In these FIG. 3. Equation of state. The energy dengiti plotted versus

models, the system is described by a grand canonical efre temperaturd’. The symbols show the results of UrQMD box
semble of noninteracting fermions and bosons in equilibriumygiculations  with (open diamonds and without (solid circles

at temperaturd. Particle multiplicities are given by strings and many-bodyn(>2) decays. The lines show the EOS of
5 a quantum statistical model of ideal hadrdsslid line) plus con-
_ gV fx 4mpdp o tinuous mass spectrutdashed ling(see text The calculations are
" (2mh)3)o exf(Ei—Bjug— Sjug)/T]= 1" done atpg=0.16 andps=0 fm~3.
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gV e=1GeV/fm®, pg =0.16 fm™, pg=0fm™
Ni:—3j pi(Mm)dm ‘
(27h) s UrQMD
102 O Stat. Mod. with continuum
Jw 47p?dp @
o eXp[[E(M)—Bjug—Sus)/T}=1" 1

For p;(m), the Breit-Wigner mass distribution of resonamce
is used. All hadron species used in the UrQMD macas]|
have been included in the present statistical model. The 2
UrQMD model uses a stochastic collision term, and soft or ™ 10™
hard core effects are neglected for all different partites-
cade calculationsHence, excluded volum@&an der Waals 107
correction[26] has not been included in Egfl), (2). The
excluded volume decreases the energy density and change
the EOS as well as transport coefficients considerably in the
high density limit. The inclusion into a relativistic transport
theory is nontrivial, the nonrelativistic Chapmann-Enskog
expansion cannot simply be extended due to causality prob-
lems arising in the relativistic case. 10
The strategy adopted to determine the three parameters o
the statistical modelT, ug, and wg) is the following: In-
stead of fitting these parameters to some particular particle
multiplicities and energy spectfa3,25,24, the three param-
eters of the statistical model are defined by the input used for
the corresponding UrQMD box calculations. For fixed en- 1¢?
ergy density, baryon density, and strangeness density, the
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FIG. 4. Absolute particle abundances as obtained in UrQMD
p= E B. M (4) box calculationgclub symbol$ and in the statistical modébpen
B i v circles where high mass resonances from the continuum have been
taken into account.

N;
PSZZ SiV' ) ay have been fixed in order to obtain the same equation of

statee(T) as in the UrQMD box mode{open diamonds in
Herei runs over all hadron specig¢and their antiparticles ~ Fig. 3). Their values arepgs)=500 Me\? anday = —3.
The temperature varies with the energy density obtained in Six different kinds of strings are excited within the
this model(at pg= 0.16 fm 2 andps=0 fm~3) as shown by UrQMD model, namely, baryon strings with different
the solid curve in Fig. 3. The curve exhibits a continuous risestrangeness contenBE1 and S=0,—1,—2,—3) and me-
of the temperature with the energy density, in good agreeson strings with strangeness 0 or B0 andS=0,1) and
ment with UrQMD box calculations without strings and their respective antistring&ntibaryon string8=—1 and
many-body decayssolid circles. S=0,1,2,3 and antimeson strif§=0 andS=—1). String

However, in the above sums, string degrees of freedornmultiplicities are then given by

(which can be considered as heavy mass resonances with
small lifetimes are not taken into account. Therefore, a di-

rect comparison with the UrQMD modéivhich includes N(S) = fx p®(m)dm

these degrees of freeddmshall yield different results at high Fo2ah)® mn

energy densities. The same results from the UrQMD box

model and the corresponding statistical model can only be * 4mp?dp

expected if stringgor higher mass resonangese included fo exp{[E(m) —Bjug—Sjusl/T}=1’ @)

in the statistical model. For this, the Hagedorn mass spec-

trum [35] for the strings given by ) o S o
where the index, j=1, .. .,6, distinguishes the six kinds of

p ¥ (m)=pPmiexpm/Ty) (6)  strings defined abovéplus their respective antistringsThe

lowest mass limit in the mass integration is fixed g,

must be included. We fix the Hagedorn temperaflireto =1.7 GeV, the lowest mass of the strings excited in UrQMD

the limiting temperature obtained in standard UrQMD boxcalculations. The upper limit is fixed tm,,=1000 GeV.
calculationsT,; =130 MeV. Moreover, the constang§® and  The variation of the temperature with the energy density in
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FIG. 6. Energy spectra for nucleons, pionss, and kaons re-
sulting from UrQMD box calculations without strings and many-
body decays. All spectra are fitted by Boltzmann distributions with
a single temperatur€ =180 MeV.

Abundance
S

box calculations. It is obvious that detailed balafwhich is
assumed in the statistical mogehust be violated in many-
body decays, if for the back reaction only binary collisions
are considered, as in the microscopic UrQMD simulation,
which employs a Boltzmann limit collision kernelith mo-
lecular chaos Chapmann-Enskog-type extensions would ex-
aggerate this effect even more. String and many-body decays
FIG. 5. Absolute particle abundances from UrQMD box calcu-€@d to an enhancement of light mesons, mostly pions, result-
lations (club symbol$ and from the statistical modébpen circles ~ INg in nonzero effective chemical potentials.
In UrQMD calculations, strings and many-body decays have been Figure 5 shows hadron abundances as obtained in
suppressed while no continuum has been taken into account in tHdrQMD box simulations(club symbol$ if string degrees of
statistical model. freedom are excluded. At the same time, also all other many-
body (h>2) decays are suppressed. The results of the cor-
the statistical model of hadrons and strirfidscrete and con- responding statistical model are shown in the same figure by
tinuous mass spectrum, respectiyely shown in Fig. 3 by open circles forT=184 MeV, ug=67 MeV, and us=48
the dashed line. MeV from Egs.(3)—(5). The sums in the equations run only
Figure 4 shows particle multiplicities of all barydtop  over hadron degrees of freedom without the continuous mass
pane) and meson(lower panel species as obtained in spectrum. Good agreement between the two models is ob-
UrQMD box calculation ae=1 GeV/fnt, pg=0.16 fm 3,  served, although there are still some differences for the
and ps=0 fm~3 (club symbol$. Also shown are hadron heaviest resonances. The particles with the highest produc-
multiplicities resulting from the statistical model where the tion probabilities(nucleons,A’s, pions, kaons, ety. how-
continuum mass spectrum has been taken into account aever, agree much better than in Fig. 4. Note thatand f;
cording to Eq.(6) (open circleg mesons are missing in Fig. 5. This is because these particles
From Egs.(3)—(5), with the sums extended to include can be produced in UrQMD simulations only via string de-
string degrees of freedom, we get from the statistical modetays, which have now been explicitly canceled.
the following values for the intensive thermodynamical vari- Energy spectra of the particles shown in Fig. 6 are also
ables:T=129.98 MeV,ug=505 MeV, andus=130 MeV. nicely reproduced at a temperature of 180 MeV. Thigalue
Large discrepancies are observable between the UrQMD bdg in agreement with the temperature obtained in the statisti-
model and the statistical model for almost all hadron speciesal model for the same inpuét pg, andpg (see above The
The statistical model overestimates almost all baryon multidependence of the temperature on the energy density as ob-
plicities (e.g., by a factor 5 for nucleopswhereas it under- tained in the UrQMD simulations, but without strings and
estimates drastically meson multiplicitie@most by an order many-body decays, is shown in Fig. 3 by the solid circles.
of magnitude for pions The UrQMD model and the statistical model of ideal hadrons
It appears that the difference between the two models iseem to agree when strings and many-body decays are ex-
due to the principle of detailed balance, which is violatedcluded in the UrQMD model. The inclusion of strings and
when strings and many-body decays of resonaroesre  many-body decays of resonances results in a Hagedorn-like
than two outgoing particlg¢sare included into the UrQMD equation of state.

Meson Species
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At this point, a comment is due. It is evident for both UrQMD model. The EOS appears to be Hagedorn-like, with
models (UrQMD and the statistical modethat string de- a limiting temperature of abouf,=130+10 MeV. When
grees of freedonta continuously increasing mass spectrumcomparing the UrQMD results with those resulting from a
in the statistical modglbecome increasingly relevant with statistical model for ideal hadrons based on the grand canoni-
increasing energy density. As an exampleeatl GeV/fn®  cal ensemble, the two models agree much bétterhadron
andp=0.16 fm 3, both models show that an important frac- multiplicities and energy speciravhen strings and other
tion of the energy density and of the net baryon density isnany-body decays are suppressed in the UrQMD model. The
stored in string degrees of freedom. These string degrees differences when strings and many-body decays are in-
freedom must therefore be taken into account for interpretingluded, are quite pronounced>50%) at energy densities
heavy-ion experimental data. To date, this has been totallg>500 MeV/fr?. This is due to the Boltzmann collision
ignored. kernel with its restriction to binary collisions in the UrQMD

In conclusion, we have studied equilibrium properties ofmodel. It results in a violation of the principle of detailed
relativistic hadronic matter in the framework of the UrQMD balance, which is the basis of the statistical model when
model. The system is confined to a box with periodic bound-strings and many-body decays are taken into account. On the
ary conditions at fixed baryon density and zero net strangesther hand, strings are needed for a description of relativistic
ness. Starting from random initial conditions, particle multi- heavy-ion data in terms of subsequent hadron-hadron colli-
plicities saturate after some time, indicating chemicalsions(and even for simple first collision modglg29]. The
equilibration. Strange hadrons show much longer equilibrastrings carry a substantial fraction of the energy density and
tion times than nonstrange hadrons at low energy densitiethe baryon density. Therefore, they should be taken into ac-
This difference, however, disappears at energy densities count in thermal models for comparisons to experimental
>500 MeV/fn?. The slopes of all hadron spectra can bedata in relativistic heavy-ion collisions.
reproduced by Boltzmann fits with two temperatufgsand
Twm, indicating a complete thermalization of the system with
two-body decay contributions. These equilibrium properties This work was supported by BMBF, GSI, DFG, and Gra-
allow us to study local thermodynamical equilibrium in real- duiertenkolleg  “Schwerionenphysik.” M. Belkacem,
istic heavy-ion collision$36]. S. A. B., and L. B. acknowledge support from the Alexander

The equation of state of the hot dense hadron mediumvan Humboldt-Stiftung. M. Bleicher was supported by the
(energy density versus temperatuie extracted from the Josef Buchmann Foundation.
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