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1. INTRODUCTION

One interesting problem of gquantum chromodynamics (QCD) is the
derivation of the equation of state of dense, strongly interacting
matter. According to the general belief, and also to lattice calcu-
lations, there appears a confined (hadronic) phese and & deconfined
phase which is composed of quarks and gluons. Details of the transi-
tion are still under debate. Especially, it has been conjectured/1
that full QCD predicts two transitions: (i) from a phase of magsless
quarks and gluons, obeying asymptotic freedom, lo mugsive constituent
quarks, interacting via a confinement potentiul (chiral phase transi-
tion); (ii) the formualion of bound states (hudronisation or confine-
ment transition). tlowever, rigorous rcsulls from QCD ure ut present
not available, and SU(2) luttice QCD culculuhionu/z/ might yield on-
ly a crude desgcripltion of the quurk-gluon system, so thal the inter=-
play between the deconfinement and the chiral phase Lransition lu po-
orly understood up Lo now.

Phenomenologicul modely huave beon eluborated to describo Lhe
properllies of the quurk-gluon system undor varlous conditliono. Very
populnr 1a Lhe bayg modol which (o thoughl Lo doncribe the equullon of
slalo for hlgh donsl tion nand/ore Lemporaturon. Within Lho buyr model
upproich, n Lhroo-phuso doocelplion ot dengo, alrongly tnteracting
mnlber hag nluo boen glvoen l‘mmnl;l_y/"{l/ Allorualively, u olbring-
flip model b boon worked oul {f'or Lho bronbmonl of tho many-partlole
gyatem ol conalltuonl gquarin inlernceling vin a continomont pul.nul,lul/"
Thia modet nllown one o desoribe the prupertiess of hadrons na well

an of a wasnive quark matter phasoe on the nume footlugs.

1t fu the alm of the prosent paper Lo compare these two phenomenc-—
loglcal modela (bag and siring~flip) and to dlsouss the paramater va-
buea which Jond Lo oo Lhreo phane doperipbion of denda, alronply inle
rcling motlore Furlhormora, wo apply Lho doarived oguablion ol olole
Lo thee hindrondantlon Lransd Llon duelng Vhoe ovalulion of Lhe awrly und-
vorpe, For o thlo pocl 16 T wal U lelonl Lo congider Lhiw ppoelal anae of

viniahing, baryon-ohemlonl potential.




2. EQUATION OF STATE FROM THE STRING-FLIP MODEL

A quantum statistical approach to the many-quark system on the
basis of the phenomenological quark potential was given within the
string-flip model 6 . This approach is based on the concept of the sa-
turation of interaction within nextneighboured color-neutral clusters.
According to this model, it has been shown that there exists a hadro-
nic phase where quarks are bound in color-neutral clusters. The in-
teraction is governed by the Pauli exclusion principle, and with in-
creasing density the bound states break off forming a phase of quasi-
free quarks. Evaluating the interaction with the surroundings in Har-
tree approximation, a first-order phase transition has been found
in at zero temperature for nuclear matter densities of about
5n, (ru,u 0.17 fm_3), whereus a phase transition at zero baryon num-
ber density was obtained in/5/ at temperature of about 200 leV.

The density of quurks and antiquarks in the quasi-free quark

malter phugse in Hartree approximation is given by/5’6/

nQ(T) =ng(T) = g,q(zr)'s lfofzp ( exr{EQ(P)/Tj+4]-1 (1

with the quuai-purticle energices
~ H 2 2,12 H .
- = 2
Eqlp) = Eq(p) + 8 =(pi+mg ) + 487, (2)

From Lhin, we tlnd Lhe following oxpreasion for tho prosoure of inlo-

netlng conoll luenl quirks

(ol H
Pg (T = Pg (T) = ng(T)a, )
v
whore PQ 1o the tden! prauwmve conbtributlon of manglve quarks nccord-
Sy Lo
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Llong o Dneludaed I oagquatlon (4) nnd ‘jﬁ = 12 (= opln a calor x
Finvor) Lo Lhe guieh doganeraoy Faolor For Lwo Cinvors, Nopgleeling
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.
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cCt) = % g C*P{-%T\"\QTS}‘ (5)

Hence, for a given quark-quark interactin§ potential V  the Hartree
shift of the two-quark states is given by 7/

AR = fadr vir) e(r). (6)

Non-relativistic quark potential models based on & QCD-motivated
interaction potential of the form

vir) = - oLeH.‘r" + 6+ — ¢ (1)
are able to describe confinement via the string tension & and an ef-
fective coupling constant oL eff . With appropriately chosen purume-
ters ¢ and quark masses rmg , properlies of hudrons und hadron-
hadron interactions are well reproduced/B'g/. I
choose the parameler values °(¢H; =0.%92, 67 =0.19 GeVa, & 2568 GeV
und meq = 0.27 GeV/5/. Due to Lhe potential (/) Lhe equation (6) re-
gults in

n the following we

s,

43 413 -3 .
AH = - (%T) r‘(f) "0[{ Ng + (g) F(%)"""a - CL ()

One sees from Lhis oexprenslon thal Lhe free quark formallon la alrong-

. "
ly prohibited lor ralher low denollios ng — 0 ince A == o0 . (1ln
principle, Lhe Harlroo appronch can bo lmproved by nllowlng Lor gquuark

corrotntlonn in the mnpplve quark maltor phaae).

Lt Lhe hadronle phune nl zero nol baryon nuwboer denuolly ( P -Nn
2 0) Lthe plong nre mppoaed Lo dominnto. Tho plon eguntion of ntnle

i bo dorlved from
. -3 '
P (T) « g T (2m) fol r (’..f»1 expl-kgp)i I]) )

whoro Tor non-interacting plonn

[,,'(,-) /‘. ' on"l ()
Tho plon depenerency factor T 3, = 4, Lhio plon w1 o ohosaen
Hoom o= AU MoV. Feom squntion (1) at'ltor o alinlghtforwnrd colouln.
Llon, wo obloaln For Yhe plon gon prasinee
. [ o g
P.“)- ?'(l“‘) 'rh" I :’:‘,’_ Le 'K,(k‘ny,,ll)p (1)
LR



and according to the thermodynamical relation
ECT) = T (PP|OT) - p (12)

the energy density is given by

Ex (™ = 3Pr() 4 g, (20 " m 2T = KK, (km, /T ) (13)

icam A

In the high-temperature limit we get the well-known result

Ex(T) = 3Py (T) = g (THI0) TF, (14)

A more realistic equation of state should take into account further
hadrons (e.g. nucleons and antinucleons, higher excited mesons). Fur-
thermore, the interaction between the hadrons would lead to an energy
shift due to the Pauli exclusgion principle (overlapping quark wave
functions). :

Both the hudronic and the massive quark matter equations of
state are dilispluyed in figure 1. A first-order phase transition is
predicled due to the Gibbs' criteria. The value of the critlcal Lem-
perature 18 about 175 MeV. The latent heat per unit volume 1n tho
phuse chunge is defined by

)
quﬂem(n)—sr(n)=Tc’D?‘(PQ"P"); (1)

where Lho dorlvatlve ig to be evaluuled nt T =T, For our pion vor-
oud olrlog-{Lip matlor phase transition wu gol tho followlng velues

Lyg = O &F GeV fm (16)

Joo COMPARIBON WL 'THEE BAG MODEL

OF conrnae, nn open quontlon In whothor or nol the nbrlog-Cilp
modal 1o approprinta ol hligh donol Lles and/or Lomporsturen. Therelo
ro, tol ug compara Lhe oquallion of glnbe of Lho olelog 1 p model
wilh Lthe rosulls Jor Lhe photnomonologloal by modol. For salmpliol Ly,
wWo  nopume verosmeng quisrks o and plerel Crow Lhie bag model equatlon ol
slobe (tnoludlng bnlarnoblong up Lo Flrat ordor oo sbrong voupl g

-
conn l.mll,/ -1

73
p(T) = 32 wr7 L 55T -Bg, (17)

where‘B.;l is the bag constant. The running couplin§ cons}ant 33 is
11-13

obtained from the renormalisation group in the form

3,;(1-) = 24w /23 L (M/A), (18)

where A fixes the scale and M is the substraction energy which is
given by/1o/

Mi(p=0) = GYTEC FFES) /17 5(3) ] = 15,622 T (19)

At the transition point the critical temperature must satisfy
(M=4T)

TR R TG /A) ] = Bg, (20

For our value of the criticul temperuture we get the following reoult
( A =100 MeV):

y
qu (219 Mev) . (21)
It 1ls worthwhile to be noticed Lhut Lhu squulion of wlnle for the
glring-f£lip model iy falrly well roproduced in Lho Lrensltlon roglon
by Lhe buyg model, see flgure 2. Thereoloru, our model oupports to some
oxlonl Lhe bug wmodel. W emphanlzwo moreover Lhat, due Lo Lhe relullion
Lo the non-rolativiotic potontiol modol, Lhe bag conslanl Lo nccean-
uible tn our phoenomonologlenl auppronch. A posulble it ol Lhe crili-
cnl tompernture wy wall wi of Lhe Inlenl hont (16) lends Lo Lhe vie
IUu;MB:” = 1M MoV od A x 23] MaV.llowover,us is shown {n the inset
ol Flparpe 2y the taltor FHL dovinlan ralhor gbrongly from our slbring-

flip curve ol blghor Ltomperntured, Thorolfore, we profor Lhe value of

(1)

AnoLhor quontloo to Lhe chibrad pymmotcy bronking, where curronl
quecrke (mesn b o quoacka ) Lranglorm Trlo conpnll buent (|un1‘ku/‘/. Thin
Lranst Llon will only oshorlly bo dlscuanad horo, Wo reopregonlt Lhe
phave of meap lenn gquareks and gluone wboo wilh Lhe Jielp ol Lhe by
modal (b conpband B), bul wilhoul nocountlng Ffor the riral-order
perlurbative QUD corractlann po Lhinl Lhe noymplolio bhohavioonr 1n Lhe

.
tebgeh- Comporalare Tl il of lallloes nnluulu(.lmm/'/ Lo correctly repro-
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quark-gluon plasme phase is thermodynamically favoured so that in this
range of parameters the deconfinement transition would proceed direct-
ly from hadrons into massless quarks and gluons (cf. fig. 3). In the
following, however, we assume that the inequality (22) holds, and we
consider the cosmic hadronisation under this condition.

400
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partfecl ot ll/ 4

WRjut) = ET-GR ¢ (24)

3

?
2 de + (e+p)aR’ =0, (25)

Here,R (t) is the scale factor, G
we have dropped the curvature term in (24) which is negligible &t
high energy densities. Equation (25) can also be written as

- JdR | R = e/ 3(e+p). (251)

the gravitational constant,and

Eliminating oRJR from (24) and (25') one obtaines

1)L
2 . (fze " (25'1)
3¥e (e+pd 3

Now we restrict our consideration to the cuse where the phase trungi-
tion occurs smoothly and adiabatically (i.e. withoutl supercooling)

und refer to the works/1ba17/ Therefore, equation (2%) may be writ-
ien ag
3 3 _ 4
4 d(£+P(T¢:)) + (E"‘P(Tc))o‘(k =0 (26)
which implies thual
3 o
(£+P(T—.—_))R = &‘Ou_‘t (20

ul T =T

wo obtaln from (29H'')

For Lhe durnlion of tho quurk-handron phuade Lranal tion

fer ) /T

Dt ()
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Uz . 1728
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( 1
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4) and nantrinon (44,
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al Bg"=219 MeV, A=100 MeV

b} BY"=178 MeV, A=273MeV
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hadronisation to the chi-
ral transition duration
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Heneo, for Lho muanive quiork and hadronde phasoe, respoclively, the

critienl vnlues of Lhe tolnl enerpy donslty and proasgsure nre obtained
by

EP(T}) * F (1, ) + %Pac(‘:—,))

En(Te) = &g (Tc) + K}VHC(T})‘ (D)
P (r: ) = [" t ,‘RL ( ,' ‘ »
whora P, Lo Lo be o pomoriendly dotorvmined by the croag over of Lhe

plon and sbrebop Lhbp egquation ol abnbo CeFfo g, 1), Wiiup, (1), (o)
(30), o equivalontly (7 ), Cn) nnd (31), now Lhe durabion o Lhe

hoadronioallon Lennod Lioo cnne ho ovalunbod, yiolding
At v hoh e (W)

This velua 1o o tho gmme ordor ol wagni bode nn Lhe npe of Lhe wid
varne ol T

.
)
repnl Lnll Lot “'/.

nofnel, Lhibn finding npraen folely well with ool Lo

As already mentioned above, the chiral symmetry breaking depends
on the value of B . The corresponding critical values entering in
equation (28) are

E,P (Tc,) = Tc’“+3PBG(TcI>+‘B)

1% L

3o
€ () = 3FprT Y- M a2 )T e 3 (T')+B(33)
W(Te) = 3o < Az Is c c Pac(Te Q,

PP = pCT) + Pae (T

where T}) ig the critical temperature of the chiral phase transition
which can be iteratively evaluated by using of/13

1
T2 [ B R (B-Bg) Ln (v A)] N_ (34)
The pressure at the ciral transition point P(7.")is determined by
the equation (17). The dependence of the ratio of the hadronisation
to the chirul phuse transition duration on the ratio of T¢ ] T.’ is
displayed in figure 4. Even the exact vulue of T/ Te ? is unknown
(/1/ cleims T, /T, £ 1) one obgerves in figure 4 thal our present mo-
del predicts & duralion of chliral symmelTy breuking being ruther
short in comparigon with the hadroniuution trunsition. Thereofore, Lhe

haudronlaation process geems Lo dominute In Lho quark-hadron Lransi-
Lion,

He CONCLUSTONS

I Lhe prosanl paper wo opply o glbring-11lp modol Lo dosoribe
Lo winglve quark mallbor phagos Ralylog on oo quonri-quark inleracting
polentinl, autlable Lo reproduce Indlvidunl hoadron proporlios, we de-
rhve m gqualion of alale, ol g = 0, which onn ourprlaingly well he
Ml bad by a by model eguellion of nlaleos bu Lty goune, hadron spaec-
Lrogoopy supporto o bog congliugl ol B;’" o)) MoV. Tho trunal tlon

Lo Lha hndreonie phaae appotoes g Clentk ordor Lrangbblon,

Wo wlno digcusy Lhe posalhliity of w alwplo Lhroo-phage model
(hidrang miatlve  qurka wasn ) ooy quacka wod glaons). Bosthermora,
wo npply tho provenl model Lo Lha comnl o quark hedeon phapge Leagosl -

Llon, The hndronbanbion Leanglilon appoicen e Lhie monl bmportant parl.



Finally, we mention that the massive quark matter phase might be

responsible during the course of relativistic heavy-ion collisions
for a large bulk viscosity and, therefore, might manifest itself by
strong dissipative effects. Also the massive quark matter phase might
modify direct photon and dilepton production rates, PFurther studies
of such-effects are under way. Recently, the string-flip model with
magsive quarks has been successfully applied in explaining the 3/?#
supp$7ssion observed in recent ultra-relativistic heavy-ion collisi-

ons
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doc X. u Op.
KocMpueckHil mepexon agpOHH3alMHM B MOIEJH
CTPUHI—QIIHNINIE KBAPKOBOH MaTepHH

E2-88-648

llonyyeHo ypaBHeHHEe COCTOSHHS [LOJjIsi MAaCCHBHOH KBapKOBOH
MaTepuH B paMKax MOIEeNH CTPHHT—GIUIINA OJIA B3auMOIeH CTBHA
KBapkoB. PaccMoTpeH mepeXol K afgpOHHOH MaTepHH TpH KoHeu-
HOIl TeMIepaType M HYJIeBOM XHMHYECKOM MOTeHnuane. YpasHe-
HHE COCTOSHHA XOpOmO NpPefCcTaBlIeHO 4Yepes3 MelKoOBOe ypaBHe-—
HHE COCTOSIHHS C MeHNIKOBOH MOCTOAHHOH Bg = 219 Ms3B. Koc-
MHUYEeCKHH Nepexon ampoHM3anHH MOJIyYeH aHaloTHYHO TOMY, Kak
3TO Jelany OpyrHe aBTOpHI.

PaGoTra BemosiHeHa B JlaBOpaTOPHH TeOpeTHUEeCKOH ©dH3UKH
OHAH.

IMpenpuuT O6beAHHEHHOr0 MHCTHTYTA ANEPHLIX Hecnenopandit. [Jy6ua 1988

Voss H. ¢bL al. 1:2-88-648
Hadropisation Transition within

the String=Flip Model of Quark Matter

The equation of atate tor a masdive quark matter phase
ig obtained within a streing=(1lip model for the quark in-
teraction. The hadroniasation tranaitfon is conaidered
at finite temperature and vanlahing baryon-chemleal po-
tentinl, The equation ol the massive quark mat —
ter phase can be |11i!:|y well bitted by a bap model equa-
tion of state with Bg =« 219 MeV. From the latent heat
and the critical preasurve the time duration ol

gtate of

the cosmic
. \ Y .
hadroniqgation transition is obtained In accordance with

carlicr estimatloen,
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