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Hadronization with a confining equation of state
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We present a fast hadronization model for the constituent quark plé&@®& produced in relativistic
heavy-ion collisions at SP&Super Proton SynchrotrpnThe model is based on rate equations and on a
confining equation of state inspired by the string phenomenology. We display the time evolution of the relevant
physical quantities during the hadronization process and the final hadron multiplicities. The results indicate that
the hadronization of CQP is fagiS0556-28189)08202-3

PACS numbses): 12.38.Mh, 13.87.Fh, 24.85p

I. INTRODUCTION is in thermal but not necessarily in chemical equilibrium.

The evolution of this CQP is followed through a set of

The research of ultrarelativistic heavy-ion collisions iscoupled time-dependent differential equations for the tem-
from its beginning motivated by the search for quark mattererature and chemical composition. The construction of the
a bulk of deconfined color Charges' The prime attempts t@_quauons_ requires relations between the different eqUIIIb-
describe the hadronization assumed that this quark matté!m particle numbers at an actual temperature as input.
consists of noninteracting massless quarks and gl[bag). These input values are determlneq by the equation of state.
In place of these early images of free quarks and gluon In particular we utilize an equation of state motivated by

(plasma—which was based on thermodynamical studies of2<P strlngkphetrgometr;](_)l(%g%/. Smcet St”?ﬁs are screerjetd in
the pure non-Abelian gauge theory on the Iattice—graduall;?Iense quark mater at high temperature this goes over into an

the picture of a quark matter emerges, containing effectivgeal gas equation of state in the infinite temperature limit.

prppagators and interaction vertidels-6]. At the character- (averagg nearest-neighbor distance results in an interaction
istic energy scale of CERN SRSuper Proton Synchrotrdn o0 density proportional to a fractional power of the
heavy-ion experlmen.ts\/E/2~ 10 GeVinucleonthe dressed g ark densityn?2 [7]. This addition also occurs in the free-
gluons are heavier than the quarksM{~600 energy density defining the equation of stdE0S. Al-
—800 MeV M, ~150-300 MeV)[6], and both values are though such an additive modification of the ideal gas EOS is
bigger than the temperatur@ 4160 MeV). Therefore the formally analogous to a bag constant, the physical origin and
number of quarks outweight that of the gluons and can behe thermodynamical behavior of the string EOS only
treated nonrelativistically. On the grounds of these theoretiloosely resembles the behavior of bag models. In fact, a
cal indications we expect that in the CERN heavy-ion experinumber of important differences occur. One of them is the
ments not an ideal quark gluon plasma, but a constituerfiact that below a critical temperature, somewhat below the
quark plasma(CQP), which contains antiquarks too, is point where the pressure becomes negative, chemical equi-
formed in some intermediate state of the react{see the librium cannot be maintained anymore. Here the quark mat-
ALCOR (algebraic coalescence rehadronizatiomodel, ter clusterizes into color neutral hadrons. In contrast the bag
Refs.[9,10]). model EOS can be continued for the quark matter down to

For the description of heavy-ion reaction products at SPgero temperature, having negative presswhich excludes
a purely hadronic interpretation of bulk experimental resultgMe€chanical equilibrium, but not a collapsing systeut al-
was also suggestdd1]. This alternative interpretation, how- Ways & chemical equilibrium solution. .
ever, has problems in explaining the process of the creation FUrthermore, it is important to note that the string EOS
of new hadrons, especially the short ime scale. Namely, th&ESUlts confinement already in the infinite voluriermo-
hadronic processes have characteristic times of several te namical limit. This behavior is beyond that which Elze

P i

; . X S al. have shown in a pioneering work pointing out that the
of fm/c [3,12, while the typical heavy-ion reaction time at requirement of global color symmetry leads to a reduction of

SPS energy is about-12 fm/c [13]. Processes on the quark e effective number of degrees of freedom in finite volumes
level, on the other hand, have equilibration times of the orde[8]'
of 0.1-2 fm/c [1,2,14. _ _ _ We mention also here that in the ALCOR mod@|10],

The CQP picture has some advantages in comparison Witfhe hadronization problem is treated with an algebraic ap-
the quark-gluon plasma scenario too: In the hadronization oproximation, in contrast to the method of the present paper,
a quark-gluon plasma the principles of color confinemenivhere we follow the complete time evolution of the system.
and entropy generation can be both satisfied only with the'he inclusion of the confining equation of state in the present
assumption of an extreme growth of the reaction volumemodel is also a very important difference from the ALCOR
[15]. Further, a slow first-order transition through near-model. To our best knowledge, this type of phenomenologi-
equilibrium states would need too long a tintep to 50 cal equation of state with confining character has not been
fm/c), due to the reheatinl6]. discussed in the literature until now.

In this paper we assume that a massive quark matter, the The paper is structured as follows: in Sec. Il we discuss
CQP, is formed in heavy-ion reactions at SPS energy, whiclhe equation of state of the mixture of hadrons and interact-

t finite temperatures the screening of strings longer than the

0556-2813/99/58)/157411)/$15.00 PRC 59 1574 ©1999 The American Physical Society



PRC 59 HADRONIZATION WITH A CONFINING EQUATION OF STATE 1575

ing quarks. In Sec. Il we describe in details the dynamics ostemming from strings. The number of strings is proportional
the hadronization. In Sec. IV we discuss our numerical reto a weighted sum of the number of color charges,
sults. The conclusion is drawn in Sec. V. In the Appendix we

collect the relevant hydrodynamical and thermodynamical QZE N 3)
and statistical expressions used in the paper. i Al -
Il. EQUATION OF STATE OF THE MIXTURE Here it is ;=0 for hadrons,q;=1/2 for quarks and anti-
OF HADRONS AND INTERACTING QUARKS quarks, andq;=3/4 for diquarks and antidiquarks. The

higher effective charge of diquarks reflects a possibly higher

We assume that at the beginning of the hadronization thgymper of in-medium partners, to which a string is stretched.
matter consists of massive quarks and antiquarks. In the time Tpe average length of a string depends on the density of
evolution of the system quarks and antiquarks form diquarks,q|qred objects, ak =n_ %, where

1 [+ 1

antidiquarks, mesons, baryons, and antibaryons. We assume

that the mixture of all of these particles are in thermal equi-

librium which can be characterized by a temperature. For the ne=2> Ni/V, (4)
representation of the interaction of the colored particles we tee

introduce an extra term into the free energy, which is in-

spired by the string picture. (hadron$. So the free energy of the ideal quark matter—

We note that there is an impo_rtant differenc_e_ to the C@hadron matter mixturel = F 4+ AF, is supplemented by the
nonical approach to color confinement transition: in anfollowing contribution (’)f strlings ’

(ideal) mixture of quarks and hadrons the occupied volume,
V, is the same for both component$,=V,=V, the pres- AanSn;1’3Q, (5)
sure contributiong, andpy, are additive. On the other hand,

in the application of the Gibbs criteria of a phase coexistencith the effective string tensiom~1.0 GeV/fm. We note
the volumesv, andVy, are additiveVq+V,=constant, and here that if all colored particles carried the same color
the partial pressures are equad=p,=Pp, in phase equilib-  charge, the effective string tension would be equal for all,

rium. In our phySical piCtUre of hadronization there is NO and the interaction free energy would become
phase coexistence and the Gibbs criteria do not apply. Col-

ored particles and color-neutral clusters, prehadrons are dis- AF:US,eﬁngla\/_ (6)
tributed in a common reaction volume and chemical reac-
tions convert eventually the quark matter into a pureA mathematically more rigorous derivation of such an addi-
hadronic matter. tional free-energy density in the nearest-neighbor approxi-
During this hadronization process the reaction volume exmation to strongly interacting systems applied to the string
pands and cools. Due to the change of the multiparticle compotential can be found in Ref7].
position this expansion is not adiabatic: some heat can be In order to achieve baryon production and diquark elimi-
produced(or consumeliby quarkochemical processes. The nation properly we shall, however, need to use the more
expansion law of an ideal mixture follows from Eq#\5)  complicated ansat(5).
and(A20) in the Appendix: This additional free energy comprises the nonideality of
i the equation of state we use. Since this addition is propor-
S N+ §T2 Kt §1-_ D N-+T! S N0, (1) tional to the volume/ and the rest depends on densities only,
—~ NI o ta T b e Ty 4 i it satisfies thermodynamical consistency requireméh®
due to its construction.
Due to the foregoing hadronization the number of particles While there is no new contribution to the entropy,
decreases,
S= Sd ’ (7)

where the summatione ¢ excludes color neutral particles

> Ni<o, (2)  the pressure, the energy, and the chemical potentials of col-
' ored (@;#0) particles receive important modifications:
therefore this process reheats the system. Cooling effects are 1
due to the expansionV(V=43,u*>0) and rest mass cre- P=Pig— §gsngl’3%,
ation (=;m;N;>0). The latter is possible with satisfying Eq.
(2) only if hadron masses are larger than the sum of their
constituents.

At the present level, however, the physical process of
color confinement by the hadronization is not yet taken into
account. In particular, due to the dilution during the expan-
sion it happens that not all quarks or diquarks find a partner
to hadronize. In order to avoid this effect we supplement thevith g=Q/(Vn.). Hadronic chemical potentials have no
model by the following confinement principle: all particles modifications at all.
carrying color chargéquarks, diquarks, antiquarks, and an-  This nonideal completion of the equation of state influ-
tidiquarkg will be penalized by a free-energy contribution ences both the expansion and cooling and the changes of

E=Eq+ o, 1°Q,

1)

Ni:/-Li,id+0'snglI3 Qi_§Q)a 8
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particle composition. Since the entropy is not changed by the . DYNAMICS OF HADRONIZATION
introduction of the interaction terfrsee Eq.(7)] therefore, A Initial state
TdS=TdSy. (9) The initial energy density — distributed along the beam

direction between- 7, sinhz, and 7 sinhyy — can be re-

From this equation, using E¢A7) we obtain lated to the center-of-mass bombarding eneygyin the ex-
periment

dE+p dV—2 w dNi=(dE+p dV)ig— > midN;. Js
! : 0= ——H - (14
(10) 7TR07'02 Sh?]o

Applying Eq. (A5), the nonideal cooling law becomes On the other hand, the initial invariant volume duale at

constantr= 7, is given by

(dE+p dV)g+ >, (ui—mi @)dN;=0. (11)
p id : Mi— Miid i Vo= 7TR57'02770- (15)
Accordingly Eq.(1) is supplemented by a new generic term The initial internal energyi.e., the energy without the col-
due to the nonideal equation of state lective flow of a fluid cell at 7= 7, is, therefore, less thagis
for finite 7,:
' 2N > (mMN,
T_ 2V i 25 E g\ 7o \/— 16
TSIV o3 0= 00" ghy VS 19
Ei‘, N, }I‘, N;
At the CERN SPS experimeniy~1.75 (due to some stop-
S (il . ping), Ry=7 fm,7,~0.8 fm and we obtaiV,~431 fn?
o 2 (BilT= pijal TIN; andEy~2.13 TeV. Compared to the total energy of about
~3 . (12 Js=3.4 TeV (carried by about 390 participating nucleons

E N, in a central Pb-Pb collisigrapproximately two-thirds of the
[ energy is invested into the rest mass of newly produced par-
ticles and thermal motion and one-third into the flow.
The additional term has the form Comparing this with an alternative expression for the

13 thermal energy of an ideal massive quark matter

i~ Miid- O'Snc 1.
P E(qi—gq)Ni. (13)

lec

3
mi+ET

Eoin N;(0) : (17

This term is negative if color charges are eliminated from the

mixture. Therefore, color confinement, causing an extra Supone can estimate the initial temperature at the beginning of
pression of equilibrium numbers of quarks and alike partadronization. Using our standard values for the incoming
ticles, reheats the expanding fireball as well as the “normal”quark numberg18] N,(0)=544N,4(0)=626, further, as-

chemistry of the ideal quark-hadron mixture. The more Onesuming that 40QU.400dd and. withf.=0.21 168s quark
suppresses color charges with respect to an ideal mixture thoﬁniquark pairs aré created ir; one gentral ,coIIision we get
more reheating occurs during hadronization. This, of coursz.gom the above equatiofi,=0.18 GeV. We use thesé num-
works against the hadronization process. The only physic ers for the newly produced quark pairs in order to arrive the

eﬁept bes@eg a fast expan5|on—wh|ch has, howevgr., Ifmeéxperimentally measured hadron and strange particle num-
matical limits stemming from scaling relativistic

expansion—that can cool the mixture sufficiently is rest- '
mass production. The color charge eliminating hadroniza- o
tion, therefore, must be accompanied by the production of B. Hadronization processes

heavy hadron resonancegRest-mass production due to  Chemical equilibrium is not supposed initially, rather a
quark pair or gluon creation would not reduce col@ince  definite oversaturation of quarks in the reaction volume. The
in our equation of state we have an explicit interaction enynjtially missing color-neutral hadron states—mesons and
ergy between the quarks, our effective quark masses shoulshryons—are formed due to quark fusion processes in a non-
be less than that given in R¢6]. We shall use the following  relativistic Coulomb potential. The rates for different flavor
values:  m,=[mZ+mi ]2 my=[mio+mi]*2m=[m%  compositions differ mainly due to the different reduced
+ mtzh]l’z, with thermal massmy,=0.15 GeV and myg masses of quark antiquark or quark diquark pairs. First of all
=myy~0,m,,=0.15 GeV. The clusters have a mass ac-this influences the Bohr radius in the Coulomb poteri€dl
cording to the average mass extra to the summed valendef course, the presence of a medium—which establishes the
guark masses of the two lowest-lying hadron multiplets: thenecessary momentum balance after the fusion—also influ-
pseudoscalar and vector meson nonets and the baryon octaices the hadronization rate. The cross section for such a 2
and decouplet, respectively. —1 process in a medium is
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p\316M2\[7a? 19 p(t)=p(0)*[Ne(0)/Ng(t)]*, (23
(p2+ 1/a?)? Here N, stands for the number of colored obje¢esach in

triplet or antitriplet representati
with a=1/(em) Bohr radius of the & state in the Coulomb P P P on

potential andp is the Debye screening lengffl]. Herep is Ne=Ng+Ng+Np+Np. (24
the relative momentum of the hadronizing precursonds
their reduced mass, aM is the total mass. As we shall discuss in the next chapter both color confine-
The coupling constant we are using is a function of thement mechanisms are necessary in order to achieve a pure
relative momentum according to the formula hadronic composition in a short time by transchemical pro-
cesses, while satisfying the requirements of the entropy
1 1 p? growth and energy conservation.
——=—+ In—— 19
Q C. Reaction network

as long asa(p)<ay. At smaller momenta it levels off at What remains to specify the model is the system of rate

ag. Here equations describing the transformation of quark matter into
hadronic matter. We consid&i-=3 light quark flavorsy, d,
111 9 o0 ands
Baco=g,13 ~ (20 There areNg(Ng+1)/2=6 possible diquark flavors and

the same number of antidiquark flavors. The number of
is the B parameter of the one-loog function occurring i quark antiquark flavor combinations ¥ =9, while that of
the charge renormalization process in perturbative QCD. Thguark or antiquark triplet combinations Ng(Ng+1)(Ng
function(19) is a good phenomenological approximation and+ 2)/6=10. In the hadronizing quark matter we deal with
has the correct infrared and ultraviolet asymptotics. Theyjtogether 2 3+ 2% 6+ 9+ 2* 10=47 sorts of particles.
value ap~1.4 is taken in order to fit the gluon condensate | et us generally denote quarks By diquarks byD, me-

strength in vacuum. o _ sons byM and baryons byB. The possible fusion reactions
The medium effect is parametrized in all cross sections byre

p~0.2-0.3 fm in a flavor-independent way. If the hadroni-

zation process is fast enough, the prehadron numbpers Q+Q—D,
hadron numbers before resonance dgdagcome propor-
tional to the two-body reaction rates. Since quark fusion does Q+Q—D,
not change the number of valence quarks during the hadroni-
zation the fast hadronization limit leads to the ALCOR Q+0—M
model[9]. '
The relative momenta are taken from a random Gaussian

o . Q+ D—B,

distribution,
dr( f))oce_ p2/2de3p, (21) Q+D—B. (25

at temperatur@ and reduced mass. This method allows us Accordingly the number of reaction channelss 1®+9

both to simulate thermally averaged hadronization rates, +2*6=411is 2Ng=6 less than the number of particle sorts.
Therefore, in chemical equilibrium, when the above reac-
< |5|> tions are balanced by the respective decays, the number of all

R= ,

(22 particles are underdetermined.
This is fortunately not a problem, because the hadroniza-

or to follow the event by event variation of the quark- hadront'on reactions under consideration do not create or annihilate
composition. For a fast estimate of thermally averaged rateglemegtﬁry quark ;Iav?rs they Ju|St pr%duce lr(1ew dcomblna-
about 3-5 points in the relative phase space suffice for eactons ere are, therefore, exactillg=6 quark and anti-

reaction at each time instant. quark flavor numbers, which are conserved by these reac-

Although the above corrections to the equation of statérf'onS They are determined by the initial state. .
help to reduce the equilibrium ratio of free quarks to those Our model is completed by the system of rate equations.
confined in hadrons, total color confinement would only oc- Considering a general reaction of type
cur after a long time when the mixture is cool and dilute.
This is obviously not the case in relativistic heavy-ion colli-
sions. Therefore, we also apply dynamic confinement
mechanism in our model: the medium screening length
occurring in the hadronization cross section will be related to dN;=dN;=—Adt, dN,=+Adt, (26)
strings pulled by color charges trying to leave the reaction
zone. This way the screening lengthis increased as the cumulatively in each reaction. Here
color density decreases: we keep, however, the product
p°N./V constant A=Ry; (NiN;j(1—em/T=#T=mlT) (27)

m

i+ -k,

we account for the changes
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with a thermally averaged rat®;;_ [cf. Eq. (22)]. The Applying Eg.(8), the nonequilibrium chemical potentials,
changes stemming from different reactions accumulate to and hence the essential factaes/i'", in the chemical rates
total change of each particle sort in a time-stdp [Eq. (27)] can be expressed as

Inspecting the expressiofR7) it is transparent that an
extra increase of a chemical potential suppresses the produc- o i 1T— g 8HT . glbi (N~ by (N)VIT . Njegy .
tion or enhances the decay of the corresponding particle. e
This behavior ensures that

(32

In the combinations appearing in the detailed balance factor

) - of the rate equations using E@9) we obtain
5=-3 $Ni>0, 28) q 9 E®9

NFINS N
for any complicated network of reactions. The approach to  1— ek #i—#)/T=q— 1 T K q(Au—Api—ap/T

chemical equilibrium always produces entropy. Nio Nj Ngd -
D. Chemical equilibrium ]
Chemical equilibrium is defined by the requirement thatWlth
all chemical rates vanisfef. Eq. (27)]. It leads to relations .
like Api=bi(N) = b;i(N®9). (34
wit qu: i (29  The correction®;(N) in the nonequilibrium chemical poten-

. tials may in general depend on the number densities of sev-
for each reaction channel. The correspondence between eqWicn| other components on the mixture
librium chemical potentials and equilibrium number densi- At this point we note that the extm—'AM IT tactors occur

ties is, however, in the general case not as simple as for fbr nonideal equations of state where the correction to the

mlxture of ideal gases. 'From E@. we obtain an |mpI|C|t free energy density is a nonlinear function of the number
equation for the equilibrium densities of colored particles densities

€0_p. (NN —m:
neq:n_thexr{:u’i bi(ng® —m
i i
T

whereng%is the color charge density in equilibriufisee Eq.
471, n"=N"V from Eq.(A17) and

, (30

E. Detailed rate equations

With the purpose of better understanding in mind we enu-
merate certain types of the rate equations given in the above
compressed form in Eq$26),(27). Let{u,d,s, ...} be an

1 ordered set of flavor indices. We denote quarks by flavor
qi— _q)_ (31 indicesi, j, ork, the antiquarks by their overlined versions,
3 diquarks consisting of a flavor pair satisfyingj by [ij], a

We call the attention to the fact that no solution of E80) ~ Meson made from a flavoquark and a flavoy antiquark by

exists below a critical temperature. [ij ], and finally a baryon made from quark flavarsg, and
Since the number of reactions is less than the number df satisfyingi<j=<k by [ijk]. In fusion reactions we create

particle sorts, the equilibrium state is not fully determined byprimarily mesons(antidiquarks andantjbaryons.

these conditions alone. The missing information is contained The rate equations for these reactions are given as fol-

_ —-1/3
bi(ng)= oshe

in the value of conserved numbers. lows:
|
dN; e }eq
— == _ ! Apgii = Api—Au)/T
th = RHH[ij](NiNj Ned Npij @/ et~ Sai 24,
- [ii]
eqNed
! ! Lo — L — .
—Ri+i~>[ii](NiNi_TN[“]G(AM[“] Api A/’q)/T)
[ii]
eqy 9
_E R il N N_—ﬂN —a(Aupijy—Api—Au)IT
et i+j—[ij] iNj eq_ [ij]e j j
. [ii]
NP
i Apijig = Api = Auji)T
_% Ri+[]k]—>[ijk](NiN[jk]_ N Npijig €A Ak~ Ak~ Aaji) (35)
[ijk]

for quarks
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dN; RN
V%:RHHH](N‘NJ'_—JNU eldutin Ak = AT
N[IJ] i<j
N, NES
[ij] S A —
-2 R[ij]+ka[ijk](N[ii]Nk oq N el 4 e A"k)”) (36)
[ijk]
for diquarks,
dN NN _
v—ul d[t'” R,+H,,](NN— o Nyiet i~ =T (37)
[ij]

for mesons and finally

[ijk] _
V=4t = Rivtiki—tiik

NFNES
NiN g = — o N el 4tk =4~ A"“k])”)
Niijka

N} *Nfilg

_ (Apriii—Api—A

+Rj+[ik]—>[ijk] NJN[Ik] Neq N[”k]e Mlijk] Mj l‘[lk]
[ijk] |<]<k
(N[' (Ap Apg—AppiiDI T

+Rk+[ij]~>[ijk] NkN[”] eq N[”k]e [ijk] — k™ [ij] (38)
[iik] i<j<k

for baryons. We obtain similar equations for antiquarks, andistributed between thp* andA* in the ratio two to four,
tidiquarks, and antibaryons. while uuu populates only the\ * * resonance.

We would like to point out that the novel appearance of
the above rate equations is a consequence of the equation of
state we are using. This form goes beyond the usual expres- . . . .
sion multilinear inN; /N7, and reflects the fact that the had- The set of rate equations describes the time evolution of
ronization reactions are strongly influenced by the presenc%1e number of all qulved particles. In OFd?r to get the final
of colored particles not taking part in the particular two-body adron numbers we integrate these qual_tlons UI’!II| the num-
process directly. ber of colored particles becomes negligible. This way we

Especially the rate equation for baryon production is com- obtain a number of hadronic resonangesthe present ver-
plicated. The conditions indicated as lower indices at th 'O(;] th(.:‘ vdector meson nkonet_ and baryon dg(;lonrﬁﬂ'elt(;ally_
bracket expressions or in the summation signs rule out mulb‘?ar:gﬂ:g ;ﬁ%ﬁso%rtiu:\ae deprc;rr::?hiclgzl:t:]élgvgat; ?I' ihogmant
tiple counting of baryons which contain equal flavor quarks. ‘We assu?ne that secondary hadron-hadron interactions have a
For example, the reactiom+[uu]—[uuu] makes only one y

[uuu] baryon(pre-A* *) and not three. On the other hand, negligible effect on the finally observed hadronic composi-

[uds] can be constructed from three different quark- dlquarkt on.

fUSION DroCesses: The time evolution of the entropy and temperature is ob-
P tained by simultaneous integration of Eq#19) and (1).
The structure of the rate equations containing both creation

F. Hadronic decays

u+[ds]—[uds], and decay terms ensures that the entropy never decreases
during the transition26]. On the other hand, the energy
d+[us]—[uds], conservation is established by the effective cooling law Eq.
(1). The numerical study of this complex system of equations
s+[ud]—[uds]. (39) is presented in the next section.

. IV. NUMERICAL RESULTS AND DISCUSSION
The only easy and transparent notation we found for these

reactions is the compact E@26). Since we calculate the In this section we present the results of the numerical
evolution of the number of a given type of quark grdepy.,  solution of the set of the 442 coupled differential equa-

uud), at the final time we distribute this number between thetions. In the figures the calculated time evolution of the tem-
corresponding multiplets — the lowest lying pseudoscalaperature, entropy, internal energy, and the different particle
and vector nonets for the mesons and lowest lying octet andnd antiparticle numbers are presented for a 158 GeV/
decouplet for baryon@nti-baryong— according to the spin nucleon PE-Pb central collision. For the numerical solution

degeneracy(E.g., the number of theiud quark group is the initial condition and the values of the parameters has to
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FIG. 1. The time evolution of the temperatufda), the entropy 0 0 : 2 4 6 0 0 2 4 6
S (b), the pressure (c), and the energy density (d) of the system t (fm/c) t (fm/c)

together with the partial contributions of quarks and hadrons.

FIG. 2. The time evolution of the number of colored particles.
be specified. For the parameters describing the initial statéhe Iin(=T sty_les of different flavor compositions are indicated in the
we used those given in Sec. Ill A, while for the parameterg€SPective figures.
determining the dynamics of the hadronization we used the
following values:p=0.2 fm,a=1.4. Both the quarks and pleted at 2 fm¢ after the beginning of the process. The
diquarks vanished only in the case, if we used the valye decrease of the internal energy is compensated by the work
=1.5 for the effective diquark color string tension. The time of pressure while making the floycf. Eq. (A5)], the total
evolution of different quantities calculated with this initial energy density drops due to the volume expansion &ke
condition and parameters are shown in the figures. «1/7 at very late times only, whep=0.

From Fig. 1a) we can see that at the beginning of the Figure 2 shows the time evolution of different colored
hadronization there is a rapid decrease in the temperature dparticles. The quark and antiquarks numbers are monotoni-
to the rest mass formation of the hadrons. Shortly after thatally decreasing functions of time. The diquarks are pro-
the reheating starts as an effect of color confinenfjeaeé  duced from the quarks, and then they contribute rapidly to
Egs. (28) and (32)]. Equation(28) shows that by removing the formation of baryons. That keeps their number always on
two colored objects to produce a colorless hadron, the ass@: low level. In Fig. 3 the evolution of hadron numbers is
ciated string energy is also removed, and it has to appear ishown. Here we did not take into account the decay of the
the thermal energy. Since this energy is inversely proporresonances. Actually these time evolutions are the evolution
tional to the one-third root of the color density, this effect isof the constituent quark clusters, i.e., prime hadronic reso-
stronger at smaller color density. Finally, as the hadronizanances, from which the experimentally observed particles
tion is completed, the expansion leads to the cooling of themerge. It is clear from these figures that the mesons are
system. Figure (b) shows, that the total entropy is mono- formed faster than the baryons. This is understandable, if we
tonically increasing during the hadronization, while the con-consider that the mesons are produced in a one-step process,
tribution of colored particle$CQP is gradually eliminated. while the baryons are formed in a two-step process: first the
In Fig. 1(c) one can observe an interesting pattern in the timdormation of diquarks and in a diquark quark reaction the
evolution of the pressure. The partial pressure of the interformation of the baryon. In the ALCOR model the ratio of
acting CQP rapidly decreases as the number of quarks dé&adronic species are determined by the ratio of steepnesses
crease. As the color density drops, this pressure becomes these curves. Since these curves do not cross each other,
even negative. The increasing hadron partial pressure, hovene can understand why the algebraic ALCOR approach to
ever, overcompensates this negative value. At later timethe solution of rate equations is a good approximation. The
with the expansion of the ideal hadron gas the total pressurgifference that at the very beginning the meson curves in-
decreases. Due to this interplay, the total pressure fallsrease linearly with the time and the baryon curves start with
steeply in the early period, it stays for a short while almosta quadratic form, was taken into account in the ALCOR
constant in the reheating period, and finally drops slowly atmodel by one single common factor, the so-called baryon
the late expansion stage. Assuming an initial condition leadsuppression factor.
ing to slower hadronization, this balance is not so effective In our model we calculate the number of all produced
and in the time evolution of pressure a local minimum ap-hadrons. In Table | the hadron numbers obtained with the
pears. The partial and total internal energy evolution, disTranschemistry moddin the first row for one-dimensional,
played in Fig. 1d), shows that the hadronization is com- and in the second for three-dimensional flow reguétad
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Z 200 Z 200 V. CONCLUSION
C du
150 | frmmmT uii 150 In this paper we presented a new model for the hadroni-
g zation of a constituent quark plasnt@QP based on rate
100 ¢ d 100 equations in a quark matter—hadron matter mixture. The
50 T ) 50 I color confinement was taken into account by using consis-
4 s = tently a plausible equation of state motivated by the string
=z 0 — z 0 Pt model. The role of the different physical processes entering
100 udd 6 Gd into the hadronization was discussed. Our results presented
B in the figures clearly show a very fast hadronization. This is
ddd 4 Gds mainly a consequence of the large hadronization r&gs,
50 |-/ . i - gdd and of the fact that in the initial state the system is very far
i uds 2w Gss from equilibrium. Observing the shape of the time evolution
. uss e o sSS of different hadron multiplicities, it became understandable,
zO0Ff z 0 - why the simpler algebraic approximation, applied in the
100 uud uud ALCOR model, works so well. The comparison with the
L existing experimental data indicate that it is possible, that in
Gaa the Pb Pb collision at SPS a piece of matter is formed, inside
S aud ads which the massive quarks and antiquarks interact with a
I —— dds dss stringlike mean field.
0 dss 0 Woorreyeporeqococpe.. 385 Finally we emphasize that these types of phenomenologi-
0 2 4 6 0 2 4 6 cal investigations are necessary, as long as the hadronization
t(fm/c) t(fm/c) of the quark matter as a nonequilibrium, nonstatic, nonper-

turbative process, cannot be described with the methods of

FIG. 3. The time evolution of the number of color neutral clus- )
{he elementary field theory.

ters consisting of quarks and/or antiquarks indicated on the figure
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ALCOR fit parameters to this new case alg;=391, Ngg

=172, andae=0.97 comparing to the earlie¥q=398, _
Ngo= 175, andaes=1.03. APPENDIX: THE RELEVANT HYDRODYNAMICAL

Table Il shows a comparison for the multistrange baryon AND THERMODYNAMICAL EXPRESSIONS

ratios. While in many cases there are intriguing agreements, The familiar energy-momentum conservation

in some other cases there are some discrepancies. The reason

for this may originate from two source§) the experimental a,TF"=0 (A2)
data referred to here are the production ratios in the overlap

window of the detector acceptances. Thus, if the momenturwith

distribution of the two particle sorts is not the same, then

these ratios are not equal to the total number ratid$. TH=(e+p)uru’—pg"”, (A2)
These calculated values are more sensitive to the simplifying

assumption that the hadronization happens into the lowesbeing the energy-momentum tensor of a perfect fluid with
lying baryon octet and decouplet and the two lowest-lyingflow four-velocity u,,, local energy density, and pressure
meson nonet. We have committed this simplification, be{, has two interesting projections: one is parallel to the four
cause the inclusion of other hadron multiplets would havevelocity,

multiplied the workload in the computer simulation. In our

model we do not have such parameters with which the dif- u,d,T*"=4a,(eu”)+p(d,u")=0, (A3)
ferent particle ratios could be manipulated independently. It

is also not possible to distinguish between the rapidity disand the other is orthogonal to this

tributions of baryons and antibaryons in the present version

of the transchemistry model. Thus due to simplifications [uX(u”d,)—d*]p+(e+p)(u’d,)u*=0. (A4)
which can possibly be overridden in a future extension of

this work. Nonetheless the degree of the overall harmonyhe former—expressing local energy conservation—can be
between our results and the presently known experimentalast into the suggestive form

data seems to be promising and thus it could initiate the

search for further signatures of the CQP state. dE+pdV=0 (A5)
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TABLE |. Total hadron multiplicities for P& Pb collision at 158 GeV/nucleon bombarding energy. The
displayed experimental results are from the NA49 Collaboration. Theoretical results are from the Transchem-
istry, ALCOR, and RQMD[20] (“ropes+no rescattering” versionmodel. HereA® like denotes the sum
AP+30+E-+E%+0Q".

Pb+Pb NA49 TrCHEM(1) TrCHEM.(3) ALCOR RQMD
h- 680 677.0 669.1 679.8
at 581.7 571.4 590.6 692.9
0 617.0 609.2 605.9 724.9
w 613.1 602.8 622.0 728.8
K* 76 79.58 78.29 78.06 79.0
KO 79.58 78.29 78.06 79.0
P 39.47 39.79 34.66 50.4
K- {32)P 39.47 39.79 34.66 50.4
pt 158.7 162.2 153.2 199.7
n°® 175.8 179.5 170.5 217.6
st 8.38 8.32 9.16 12.9
30 9.79 9.97 9.76 13.1
i 9.79 9.45 10.39 13.3
A 46.79 47.06 48.85 35.3
g0 4.40 4.21 4.89 4.2
=i 4.43 4.25 4.93 4.2
Q- 0.42 0.36 0.62
P 8.98 11.25 6.24 27.9
o 8.93 11.21 6.24 27.9
S 1.00 1.21 0.91 4.6
S0 1.09 1.37 0.91 4.6
S+ 0.99 1.19 0.91 4.6
A0 5.24 6.41 4.59 10.7
= 1.08 1.25 1.12 2.0
g+ 1.08 1.25 1.12 2.0
o+ 0.22 0.23 0.35
K2 {54PC 59.66 59.04 56.36 63.5
pt—p- {1452 149.7 151.0 147.0 171.8
A0 like {50+ 10}° 56.58 57.03 69.07 56.8
AC Jike {8+1.5P 6.34 7.77 8.12 19.3
8Estimated resultRef.[21]).
bReferencd22].
‘Referencd23].

dEstimated from{K "} and{KZ}.

. e TABLE II. Strange baryon and antibaryon ratios measured by
using an_ infinitesimal volume element,V= (ﬁﬂu’f)v dT_' WAQ7 Collaboratior{ 24,25 and obtained from Transchemistry and
the total internal energyg=¢V, and the parametric deriva- the ALCOR model for PkPb collision at 158 GeV/nucleon bom-
tion with respect to the time variable in the comoving fluid parding energy. The experimental data are the production ratios in

cell, midrapidity atpr>0 GeV.
d Pb+Pb WA97 TrCHEM(1) TrCHEM.(3) ALCOR
—_— v —
ar U Iy (AB) AO/AC  0.128+0.012 0.112 0.136 0.117
=+/5- 0.266-0.028 0.243 0.293 0.227
Starting from the first-principals theorem of thermodynamicsﬂwﬂ* 0.46-0.15 0.529 0.625 0.564
E7/A° 0.093+0.007 0.078 0.078 0.071
Z+/A° 0.195+0.023 0.170 0.160 0.138

dE=TdS-pdV+ >, u;dN;, (A7) Q7/E 0195:0.028  0.095 0.085 0.125
i
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and using Eq(A5) we arrive at the following rate of change
of the total entropy:

S= (A8)

where the “dot” stands for the time derivativeS(
=dS/dt). The chemical potentialg; can generally be de-
rived from the equation of state.

We consider a flow pattern given by the Bjorken flow

Uy

(A9)

t z
—,—,0,0).
T T
Here

2=t2-72,

(A10)

and the four-velocity is normalized to,u*=1 and its four
divergence is

1
duut==. (A11)

The energy density and the pressurp depend only onr

and the flow is stationary. Corrections stemming from a mild
radial flow also can be worked out, but we do not use these

corrections here. The effective dimensionality of the flow is
1 in this case.

Since we deal with a system of rate equations for particle

species numberd; occupying a common reaction volurive
at temperaturd, the generating thermodynamical functional
is the free energyt(V,T,N;). The chemical potentials are
given by

Mi= T Al2
the pressure by
oF
(?V ! ( )
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the entropy by
S=- E, (Al4)
aT
and finally the internal energy is
E=F+TS (A15)

As a starting point we consider a mixture of ideal gases of
massive quarks, diquarks, mesons, and baryons, and their
respective antiparticles. The corresponding free energy is

g
n__
Ni th

F=> TN, +> mN;,  (A16)

with Maxwell-Boltzmann statistics for the nonrelativistic
massive matter:

d3p

_e” p2r2mT
(27)

Ni"=vd, f (A17)

Hered;=(2s;+1)c; are spin and color degeneracy factors.
The chemical potentials in an ideal-gas mixture are

N
,LLi'id:TlnN_;h‘l‘mi . (A18)
I
The total entropy is given by
5 N;
sidin Ni(E—InN—F'h). (A19)
1

The energy and pressure of such an ideal, nonrelativistic
mixture is given by

3
Eid:Ei mi+ ET Ni!
T
pidZZi Niv- (A20)
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