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1. INTRODUCTION 

One interesting problem of quantum chromodynamics (QCD) is the 

derivation of the equation of state of dens~ strongly interacting 

matter. According to the general belief, and also to lattice calcu­

lations, there appears a confined (hadronic) phase and a deconfined 

phase which is composed of quarks and gluons. Details of the transi­

tion are still under debate. Especially, it hus been conjectured/ 1/ 

that full QCD predicts two transitions: (1) froln a phase of massless 

quarks and gluons, obeying asymptotic freedom, t o mua s.Lv e constituent 

quarks, interacting via a confinement potenlial (chiru.l phase trunsi­

t Lon L; (ii) the forma lion of bound stu. t s a (nudz-on.Lae t Lon or confine­

ment transition). However, rlgorouB reBullu from QCD ure ut present 

not uvailuble, and SUen Lualee l.,IGD cuLcu Luuon:/2
/ mlgh l yield on­

ly a crude de s or Lp t Lon of the quurk-I~luoll U,V:JlOIll, 'J(J t hu t, t ho Ln t e r-« 

play between the doconfinemen I. und Llw ch11'111 PIlHBo t ruua.L t Lun Lu po­

orly understood up lo rww. 

Phenorne no Lov.i.cuL mouo Lu hu v e he on u.Lu bo r-ul ud Lo llIHJl:d.llll llio 

p r-ope r t Luu of t ho qllnr'k-K1.uoll UYIII.olll und o r vur Louu co nu.l t Lonu , Very 

po pu Luz- 10 I.be IlI'p; rno du L widell III U'OIlIl,IIL Lo dOll""l.l,,) t he e quu tLo n of 

:3LllLo ('"r' bl~b d"'''' 1 Li"" "lid/or' lurllptl""I.IIJ'ou. Wi till II 1.110 1)11/: mo,lfll 

u pp ron c h , It Ulr~tJlJ-pItI1110 tlollcrll'l.iulI uf dOII:J0 t IJLnnII';J.y InLol'uct.lur'; 

rnu t t o r I" .." u l no lHIOIl II,IYOII '·""""I,I,v/I.~/. Allor'lIul.lYuly, u 1I1.1'1nl':­

fl i p JIIlJd.,1 hnu ho o n wllJ'kod (Hit I'lIr" tho tr'ollLIHOJIL or ttlO lIIu.ll.y--p",'LloJu 

:1.Y:ll.l'lII Ill' l:IIIUll.ll,uUIIL "\lUI'ill1 IIILfll·'~l·Llrll'. v i u H, \~j)llrlItIJIIIOII\' PlIl.lJlltlul/(I/. 

'1'111" <II'I<I,d III I "WII UII" ~o (leaurllHI ~h .. I'l'UI""'l1<J1I or hll,lroutJ lut 111',,11 

Illl uf Ii mU/IIllvn quu rk IlUil~~"r' Ilhnl'" uu thu Ittull" foullugo. 

Lt Lu Ow u Lm of Lh8 l'/'un"nL 1"'1"'" Lu 001111>1\1'" lh.HI'" ~w" l,hullumetllU­
1og1cul ill",\,dll (LItK IUlll nL/-lug-fllp) ,md Lo .lIlHHtllf) thy IJn.rwnntul' Vlt­

Illtl:l WIIII~11 IlIlld Ltl tl 1.11 "f"lfl Il}lrUUI llfllH'IIIII,IIIII II/" "f'III"I, UI,l'illIfJ.I,Y l u l.e 

nlcl,lrl/-~ 111111.1,01'. j-l11t1'1.1Inl"llllll'lI. Wt, "l'llly I,IIP IIUl"ilJud 1IIIIIuI.IIIII lll' IIL"I,u 

til III" Ill\d"lllIIJJlll.I.1I1 I.r'llllllltlllll dlll'lrl/'. Illtl u vu Lu Ll r ru Ill' Lilu CUll'I,V uu l > 

YI1I'III' .. i,lll'" 1IIIn IJ,tl/ll It. 111 Illll'l'llIlUIJI I.ll I'lili/tid,,!' l.1I" "1'Ul'lul 11'UHt Ill' 

Villi I :11"111'. hn/'y,,"-nh<lml n<l I l'o~~IIL1,.1. 
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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 rnodel/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/6/ at zero temperature for nuclear matter densities of about 

5"0 (noC! 0.1'7 fm- 3 ) , wrier-eu s a phase transition at zero baryon num­
ber density was obtained in/5/ at temperature of about 200 ~eV. 

The density of quu.rka und an t i quur-ka in the quasi-free quark 
muLler phuue in Iiartree upproxirnation i:J /';iven by/5,6/ 

3 
nQ(T) '" na(T) .. }Q.(.z1rY~ f oI p (f!.><rtEQ(r)/T]+ ....v' (1) 

w.lt h the quu a.L-pu r t Lo j n ellorv,:i rW 

H 1 2. -1/2 H

E. ( f' ) ::: 6. Gl ( p ) + 6 Cp +I'YlQ) ... ~ (;»
2 . 

C1 

F'rorn Lido, wo t'.lllrl Llio I'o I Low.i ng o x p r-o nu.l o n 1'01' tho p r-o nuu re of lllLo­

Il"tllll; cOlluLl l.uouL quu rk » 

H
'P

Q 
(T)

' PlIl, (T) nGl(T)Li. ( I) 
I"

.01 
wbul't:J P ill tho Id",,lJ pr"ltlllllll'O ('oIlLrllilJl.loll ot' IIULrJul v u quu rk n IlC(:llr'd-

Q 

Illy' L.. 

.~ 
7:lQ.T'('J.1I) r'" \I' (lv, l. -1 t fwd -E Q IT 1] P" (r) 

( 4 ) 

4,1 
'I. ­'J "T1 I"n t1I 

1 

1'l 'Z..- (.1) tCll.<l(l.o"'41/T). 
\c--t 

lIt1l'U 1\1141 III til" rulluwllI*\, K",()() "UIII,l.ulI I till IIII,dlI'IUtl IItHIlltll fu uotI nu 

ell' Lilo tlul1(,nd itt/III til' .'I'dp!' \J • I'u rti o l « Hilil Hlll.lp/lI·I.\nlfl t:OIILtlllll 

1.14111u IlI'n 111I\llltl.,d III fl1jllnl.Illli (1) II1H1 'G. '"" I~I (. IIplll A nllllll' 

1'111\1111') III I.IIH '1IIUt'h dll",~uIIPl'fl(l.V !'fllI!.ll" rIll' I,Wi' f'IHVtll'H. NO,f.luf1l.lll~ 

qUltl'" 1l1l11'ullll,llIlIlI. 1.1111 il l rr trLhu tl ru r rUliPI1HIl "I' l,ho IIUIII'tJlII. Hld~~hllll 

111"111"', qIUII'~U wiLli glvnll 1,"1111' I'Ulld"/I 
J 'II 

... (5)
e C1'") .. 3" Y1 Q e)<pt- ~ 'It"" l"I Q .,.3J. 

Hence, for a given quark-quark interactin, potential V the Hartree 

shift of the two-quark states is given by 1/ 

V(1"') c(-r).r",,3 "t' (6)6'"' =' 

Non-relativistic quark potential models based on a QeD-motivated 

interaction potential of the form 

'i - -tV(.,.) ># ... o-r c (7)"'-eft 

are able to describe confinement via the string tension ~and an ef­

fecti ve coupling constant ot e.ff. Wit.h appropriately chosen parame­
ters c and quark masses m Gl. • proper Lies of nudr-ons and hadron-
hadron interactions are well reproduced/8 . <J / . In the following we 

r--' 2 ..... 
choosetheparameLe;valueso{~ff =0.'J2, '0 =U.19GeV, c ='Jb8GeV 

and mlQ = 0.2" GeV/'.)/. Due to t ne potential ('/) Lha equatlon (b) ro­

uulls in 

1/1 -1Jj - ~J3 . -fl. 
~W=_(!T) r(t)o< ..tt r:« +(r) r(.t)h ....~ -2.(U) 

OIlO a e ea from Ltd" o xp re uu Lon LhaL Lilli l"ro" quu rk t'o rrnu t Lou 111 ,rLI'ollv, ­

Ly p r-o n.i b.i t e d I'o r ruLilor' low dnun Lt Lou "Ill - U n l nco tl"_ 00. (In 
prLuoLpLe , Ltw l lu rLro o u pp r ou ch CUll UO i rnpru vor! hy allow1llfJ: 1'01' quark 
curJ'olnLlulUJ .i n tllU IIUtlJulvn quu rk mu t t o r ptUL:Ir,). 

111 Lh" Iilld,· .. hu n e L 'IIJL ,,,,,,,I,,,,· d o nun l c p u :lllt'O 11I1I',yOIi l Ly ( ,.... wl"l", 

___ u) l./Ifl pltHl:I IlT'O IIlJppUfl41d 1.0 dlllll'lI/il.o .. lllllil pilltl oqllllLlun 1)1' n t.u t.« 

l~'l'l hn dnrl vnd fnJlIl 
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and according cO the thermodynamical relation 

E(T) :; T (QP/';)T) - p (12 ) 

the energy density is given by 

-"1 3 ... 
ET(T) :; 3 P,..(T) + '1v (2T1

) m T ~ L< -1 V(.., (I< ""\rIT J. (13) 
,,- 10<_01 

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

£,.-(T) = 3 'P.,.. (T) := ~"II"" (.."..2./ '10) T Y. ( 14) 

A more realistic equation of state should take into account further 
hadrons (e.g. nucleons and antinucleons, higher excited mesons). E~r­

thermore, the interaction between the hadrons would lead to an energy 

shift due to the Pauli exclusion principle (overlapping quark wave 
functions). 

Both the huur-oru c and the massive quark matter e qua t Loria of 
state ar-e displuyod in figure 1. A first-order phase trunsi tion La 

predicled due lo Lhe Gibbs' criteria. The value of the criLlcul Lem­
perature is lluoull'{~ MeV. The latent heat per unit volwne in t ho 

phuse chuJlge it! defined by 

LTG, ~ €(Q (Tc ) - €T(l ) =- "'c. ';>~ ( P41 - r , ), ( 1') c 

wJlere LJIO d o r.lvu tt ve Ii.) to bo evaluuLed n L r '"~. j"uI' our p.l on VUI'­

tHHi lIlr'lll!':-f"lll' rnu l.Lo r phaLle Lransition wu v,oL I.ho f"ul..luwln/,: vn l.uu , 

( II,)
L If'tf/. ='" o 117- G~ V {1"'r1 -3 

I. (;OM1'AI1I:JON WI'I'II 'l'lll;; IIAL; MOVJ<;L 

or l~lIllr'IUJ, HII "pUll qlJ.olIl.loll III whot.hlll' 0)' uoL \.lIP UI.)'lllI-': rllp 

uuu l o l III IlJlpr·ol,,·!nl.t., Ill, 111,.,,11 d0111l1 t.lflll Ulld/or LOllll'lIl'u,LIII'UII. '11Ilnl',d'u 

"", l o l. Uti l'oUll'"r'fJ til" oqltrll.llill Ill" IItnt'l o f t.1It1 tILr·III~I. flip IIIIHhl1 

wll.11 th.l "nulIlt" 1'''1' Llul 1'1Inll(JlllnIIPlol-':l{~u.1 IlUg lliodol. Yol' HIIlIlllloIL,V. 

W'l "tltlllHlO v.•,nl··u/tllll1 qllur'I(li ulHI III.H.,.!. rt'olU Lllu ""I". IlIlidnl tltlilul.loll til' 

nl.n l.u lrlldudllllJ: l'ILul'unLI"'II' up t.o flnll, ul'd",' III III. nil 1101, IlIJllplllll~ 

"""11 1."111/' \1- I II 

)f (T =' 
-:!.r 1.. T'0 "'II" 

It 
-

1"" 'l. 
3' ; z 

T "l­
- "B COl ) 

(17 ) 

where 'B COl is the bag constant. The running couplin, constant ~ s is 
obtained from the renormalisation group in the form 11-13/ 

h >. 
(T) = 241r1.. / 2.~ e; ( M / A )) (18 ) 

where A fixes the scale and M is the substraction energy which is 

given b/10/ 

M2.(,..=o):: 4T1.[ "1?!{S)/-1"if3)] ~-15'".'Z2T~ (19) 

A.t the transition point the critical temperature must satisfy 
(M~ 4 T) 

2.21T"" 1. Tc. 1.. [ 31t e.... -'1 (4-~ / /\ ) J.=:B Q (20)•'0 81 

Po r our value of tho cri t Lca.L lemperuture we get the following r-auu.L t 

A = 100 MeV): 

It 
BQ. ~ (2 1'j Me. V) . (21) 

Lt 10 worthwhile to be no t Lcou t.hu I. Lllo fl<jUU U Oil of U LH LfJ [or t hu 
uLrlng-flip model 113 f'u.l r Ly wo1.l r-op ro du cod III Llw t runu Lt.Lon rogloJl 

by !.till uug modeL, 1300 I'llf,uro ;>. 'l'Iio t-uI'o ro , ou r- morlo.L nup port n 1.0 uome 

e x Lu n L t hu uHg uro.IcL, WI.) oml'lIIII,lz" mOI'nuvo" 1.Il/l1., dun Ln Lho re Lutl on 
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quark-gluon plasma phase is thermodynamically favoured so that in this 

range of parameters the de confinement 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. 
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massless> temperature as a func­Q) quarks l~! Eliminating o(R/R from (24) and (25') one obtaines
2 tion of the bag cons­ I'
 

tant showing the rela­ r~h 01 E ~ lI"' G ) "/Z, (25' , )
 

z, .B:--,,-GR 4 
E: (24)(oJ R / oH:) 3 

R ~ 01 E + (f.+ p) ol.R 3 == O. (25) 

Here,'RCt) is the scale factor, G the gravitational constant,and 

we have dropped the curvature term in (24) which is negligible at 

high energy densities. Equation (25) can also be written as 
(25' )

- ..IR / R =' u e /3CE.+p). 

( 3 ...(t, 
3 -(£' (£.+ p) 

Now we restrict our consideration to Lhe case where Lhe phase transi­
tion occurs smoothly and adiabatically (1. e. wi t hout supercooling) 
and refer to the works l 1 ')-17I. Therefore, e'jua Lion (2') may be wri t ­

ten as 

R 3 cJ ( e + pCT(.») + (f-r p(Tc.») o./RJ 
==0 (26 ) 

which implies t na L 

(f. + r (T~ » R 3 0 .. s t Cn)
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As already mentioned above, the chiral symmetry breaking depends 

on the value of J3 • The corresponding critical values entering in 

equation (28) are 

E~ (r,,}) ; ).f. 11" 1. T' '+ + 3 P (T') + 'B
50 e. BG c. .J 

, (33) 
E.!, (~) ; 31- lr L. T;; ' '+ - 1'1 3/C~I)~ '++ 3fs (T;)+'Bq30 -rz,	 C:;) 

p) (7;') :: pCfcl) -T 'P8G (Ie.) ) 
) 

where T,l is the critical temperature of the chiral phase transition 

which can be i teratively evaluated by using 01'/13/ 

T' c........) [~ili"-2..CB-"BCQ) e.... (4 /,,'(")/ A)] 1/'+. (4)
 
c. 

The pressure at the ciral transition point p(Tc.' )is determined by 

the equation (1'r). The dependence of the ratio of the hadronisaiion 

to the chiral phuao transition duru t i on on the r-u Lio of Tc. I r:: is 

displayed in figure 4. Even the exu cL vu Lue of Te. I r:: is unknown 

(/1/ claimsT;./T/ f: 1) one obaervea In figure 4 l.hu L our preaent mo­

del predicts a durution of ch.LruL uymmotry br-nuk.ing being ruther 

short in comparison wi Lh LJw hudron.i uu t Lou t runu.L t Lon , 'J'hul'efore, t ho 

nud r-oru sa t Lo n p r o co s a	 uo ernu La donu nu t.o .I" 1,]10 quaI'k-h"'!!'Oll trulwl­

Lloll. 
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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 mat_er phase might 

modify direct photon and dilepton production rates. Further studies 

of such-effects are under way. Recently, the string-flip model with 
massive quarks has been successfully applied in explaining the J/1f 
suppression observed in recent ultra-relativistic heavy-ion collisi­
ons/7/ . 
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cI>oc X. H p;p. E2-88-648 
KOCMHqeCKHH rrepexop; ap;pOHH3a~HH B MOp;enH 

CTpHHr-$nHrrrra KBapKOBOH MaTepHH 

TIonyqeHO ypaBHeHHe COCTOHHHH p;nH MaCCHBHOH KBapKOBOH 

MaTepHH B paMKaX MOp;enH CTpHHr-$nHrrrra p;nH B3aHMOp;eHCTBHH 

KBapKOB. PaCCMOTpeH rrepexop; K ap;pOHHOH MaTepHH rrpH KOHeq­

HOH TeMITepaType H HyneBoM XHMHqeCKOM rrOTeH~Hane. YpaBHe­

HHe COCTOHHHH XOpOWO rrpep;CTaBneHO qepe3 MeWKOBOe ypaBHe­

HHe COCTOHHHH C MeWKOBOH rrOCTOHHHOH B~ ~ 219 M3B. Koc­

MHqeCKHH rrepexop; ap;pOHH3a~HH rronyqeH aHanOrHqHO TOMy, KaK 

3TO ne.narra npvrae an ropsr , 

Pa60Ta BbIITOnHeHa B Jlaoopar-opna TeOpeTHqeCKOH $H3HKH 

mum. 
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