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Recently some effort has been made to investigate the be
haviour of matter in the high temperature and/or high dens ity 
region, and it is widely accepted that а phase transition from 
hadronic matter to а quark-gluon plasma should occur at а cri
tical temperature of approximately ISD-225 MeV 1 11 for zero bary
on number density. At this phase transition, quark deconfi
nement will take place, and the new state can Ье characterized 
as а gas of quarks and gluons which only weekly interact (asymp
totic freedom). In the low density/low temperature region it 
is well believed that no free quarks and gluons can exist, 
and all quarks are confined in colour neutral bound states 
(hadrons) .• 

There have Ьееп performed different model calculations to 
obtain the critical quantities which describe the p!1ase border 
liпe. Within the two-phase approaches 121 differeпt descrip
tions for each phase are used to get an equation of state, and 
the . phase transition is obtained Ьу matching the pressure or 
the chemical potential of both phases. The quark-gluon plasma 
is described Ьу perturbative QCD at finite temperature, but 
these approximations do not lead to bound states in the low 
density phase, which should Ье identified with the hadronic 
state of matter. Up to now, the only approach which describes 
both phases within the same theory . are Monte-Carlo simulations 
of QCD on а lattj ce 131, but here the inclusion of fermions re- • 
mains а rather involved proЬlem. 

А relevant description of the hadronic - quark matter phase 
transition should give the correct low density phase of only 
bound states and the high density phase of interacting free 
particles. Furthermore, this phase transition should Ье descri
bed on the basis of а consequent quantum statistical approach, 
as given," for instances, Ьу the method of thermodynamic Green 
functions. 

The effect of destruction of bound states due to increasing 
particle density has been investigated in nuclear matter 14/ 

... 

(Mott effect). Because of phase space occupation (Pauli Ьlocking) 
the interaction becomes less operative, and the bound states . 
merge in the continuum of scattering states .. А similar phenome
non is also well known from plasma physics and semiconductor 
physics, see ref. 151 , in order to describe the metal-insulator 
transition at high density, where the weakening of interaction 
is due to screening . We sugges t that the Mott mechanism due to 
the Pauli Ьlocking may serve as а physicaJ. ~ackground for the 
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understanding · of the deconfineщent transition of hadrons into 
their constituent qua~ks. However,in order to apply the con
cept of the Mott mechanism to quark-hadron matter we have to 
deal with the special structure of QCD in contrast to QED. 

We consider а model system of quarks and antiquarks with two 
flavour degrees of freedom (u,d) and three colour degrees of 
freedom. For the interaction we employ а standard string type 
potential with linear confinement 16,7/ (only s-states are con
sidered) 

Vqij=VQCD+Vconr +Vss' v _J_ }; 
qqq - 2 i,j v ' q i -qj 

( 1) 

' 1 
Vqiqj =2 Vgco+ Vconr + Vss (2) 

' 
VQco= 4а /3r s ' Vconf =Лr+С ' v ss = (6 m~Гl и lo;2v2vQco (r). (3) 

Applying the variationa1 method/6,7/ , we found the following 
common set of parameters а 5 =0.52, Л=0.19 GeV 2,c =-0.568 GёV, 
mq = 0.27 GeV Ьу which the s-wave meson and s-wave baryon mass 
spectra are reproduced. 

The quantum statistical description of а many quark system 
req~ires а special approach because of the divergent behaviour 
of Vconr at large distances. However, divergencies in the ther
modynamic quantities do not occur because of the saturation 
of this interaction. This means, that the system of quarks must 
Ье divided into colourless clusters, and the interaction ро- , 
tential (1) acts only within these ~lusters. The configuration 
which gives the most important con"tribution to the partition 

..; function, i.e., with the smallest value of total energy, is cha
racterized Ьу interaction strings between nearest neighbours. We 
will consider only this configuration. 

In the case of Q-Q pairing, the density of potential ener
gy is given Ьу 

vpot = ; 1 nq (Vqij (r) wq(r) d3 r+ nq JVqq (_r) wq (r) ct
3 r!, (4) 

where Wq(r) denotes the distribution function of the next q par
ticle if а q-particle is situated at r = О. The two-particle 
distribution function may Ье evaluated within а ladder appro
ximation. In the case of а Q-Qbound state, w-(r) is determined 
Ьу ~he wave function of relative motion, q 

w~(r) = 1 ф (r)j 2 , q 

whereas for free states (statistically independent distribu
tion) we have 

2 

(5) 

1 
HF 1 3 ) w - ( r) = - n- ехр ( - 4 " n- r 1 9 • q 3 q q 

In fact, the interaction potentia l (1) becomes an effective 
density dependent potential for uncorrelated fre e quar ks . 

( 6) 

We first discuss the case nq = nq- where the bar yon number 
density nq- n q -vanishes, and the chemical pot ential !Lв is 
equal to zero. We will estimate the free energy density rHF(T) 
of the free quark matter which is given Ьу 

fHF(T) = f~d (Т)+ v~~ 

"d ct3p 
f 

1 
( Т) = 2 g Т ( --- ln ( ехр ( fq ( р ) 1 Т ) + 1 ) , 

q q . ( 2 77 ) 3 (7) 

f 2 ( Р) = m2 + Р2 • q q 

gq = 12 is the quark degenerat ~on fac t or, and particles and 
antiparticles ar e cons ide r ed Ьу fact or 2 . The pot enti a l ene r gy 
in Hartree-Fock approxima ti on (uncorr e l a t e d ~i s tributi on of 

1 free qua rks in wij( r)) is given Ьу 

HF 1 f ) 3 1 ) 3 v t =-n n- V- (r exp(-4 " n-r 9 d r. 
ро 3 q q qq q (8) 

(The exchange contribut ion vanishes · ь ecau se onl y Q-Q pai rs a r e 
inte racting). 

The f orma ti on of bound s t a t es whe r e w~(r) i s dete r mined f r om 
а l add er approx i ma tion l eads t o th e t wo pa rti c l e c lu s t e r 
bind i ng ene r gy cont a ined in m

17
• The f r ee e ner gy contributi on 

oi bound s t a t es i s g iven Ьу 

id d3 p 
f h (Т) = g 77 Т J --- ln ( ехр ( f 

77 
( р) 1 Т) - 1) , 

( 2 77 )
3 f; (P)=m;+p 2 . 

In p ~i nc ipl e , the bound s t a t e ener gi es m
77 

s houl d also Ье 
s h iБt e d Ьу den s ity ef fect s simil ar t o the Hartree-Fock shift 

(9) 

o f f r ee particl es . As shown in de tail in 1 41 , the Hartree-Fock 
shif t o f the bound s tates consi s ts of the s ingl e particle sel f 
ene r gy shi f t and а Pauli Ьlockin p, term (phase spa ce occupa tion). 
Both contributions act in opposi t e directions and compensate 
approx ima t e l y ea ch o the r. Therefor e th e bound state energy m 
remai ns nearly un sbi f ted, whereas the fr~e parti c le energie; 
a re shi f t ed i f the total quark density n + n _ is increasing. 
At а certa in density n~ottthe bound s tat~ mer\e i n the continuum 
of f ree particle state s and disappe~r. This mechanism of dis
solving bound states is suggested to Ье the microscopic reason 
for th e quark deconf inement. 
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Fig.l. Free energy of 
the quark-hadron system 
in dependence on tem
perature for baryon den
sity -nв =0. Pions ide
al: hadronic state of 
matter (pions only); 
quarks HF: free quark 
matter state, Hartree
Fock approximation; 
quarks ideal: free quark 
matter state (ideal 
system). 

Macroscopically, we 
consider both the free 
energy densities for 
the quark matter and 
for the hadronic matter, 
see Fig.l. The staЬle 
phase is characterized 
Ьу the lowest value of 
free energy. The cri-
tical temperature is 

100 &00 

potential energy 
into account. 

300 

з.n 

'100 т (Me.Vl · shifted from Tc=l50 MeV 
to Те = 210 MeV if the 

Hartree-Fock approximation is taken 

Let us now discuss the case of finite baryon density nв. : The 
equation of state nв(Т,~в) is obtained starting from the ther
modynamic Green function, see 141.After а cluster expansion of 
the self-energy, within а ladder-HF approximation we obtain 

nв= ~ nq- J nq+~Ьь<nь-nь), 
d3p 

nq=gqf 
3 

(exp(tq(p)-~в/3)/T+l)-1 

(2тт) · 

d3p 
nь =gьf 

3 
(ехр(tь(Р)-~ь)/Т±l)-1 

(2тт) · 

where Ьь is tbe baryon number, gb the degeneration 
hadrons h, gq = 12. In the relativistic case we have 
quasiparticle energies in HF approximation 

4 
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2 2 
tq(P)=~o(P)+v(~-~) +Cmq+~8 ) (12) 

where ~ = (~0 .~) ::шd ~8 are the self-energy shifts in relativis
tic Hartree-Fo~k approximation. In the non-relativistic case 
taken here tl1e usual Hartree-Fock shift ' is obtained from ~0 • · 

The bound state energies Еь(Р) are nearly unshifted in HF
approximation if the density is increasing. If the bound state 
energy merge the continuum edge of scattering states which are 

.shifted ~n HF-approximation, they are dissolved and give no 
contribution to the equation of state (10). This behaviour is ' 
denoted as Mott mechanism .. The similarity of the quark decon
finement and the met a l-insulator transition has also been poin
ted out recently Ьу Satz 1111. 

The evaluation of the equation of state is shown for Т = О 
in Fig. 2, where ' the contribut ion of the interaction part V QCD 
to vr0~ is taken in different approximations. А weakening of the 
potential VQ00 at high densities (asymptotic freedom) is ob
tained with а running coupling parameter а 8 (nв) as given, fo·r 
instance, in refs. 19•101• Furthermore, the potential VQ00is 
screened in the static approximation for the longitudinal part 
of the polarization function of matter, see ref./81 •. 

It is shown in Fi·g. 2, that the occurrence of staЬle hadronic 
matter at .Т =О depends very sensitively on the special form 
of the potential. For instence, а reasonaЬle value of the phase 

transition density obtained 
from the Maxwell construction 

f"a L&oV1 Т•О is seen . only in case а of fig.2 ~ 

Therefore the parameter set 
of а quark model potential must 
Ье determined also Ьу requesting 
the stability of hadronic mat
ter at zero temperature and 
low matter density values. 

Fig.2. Equation of state ~в<nв) 
for the quark-hadron system in 
dependence on the baryon number 
density nв for temper~ture Т =0. 
Different forms of VQd0(r)are 
considered: а - VQCD ommitted, 
arrows denote the region pf 
phase instability; Ь - screened 
VQCD, running coupling parame- '" 
ter 19,10/; с - unscreened 
VQCD~unning coupling parameter; 
d - unscreened VQCD'constant 
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Thermodynamic instabi1ity (др. 1 дn )Т< О occurs also at fi-
. d '11 . Б h В • . • I n~te temperature an w~ g~ve а р ase trans~t~on reg~on. t 

is the aim of the present work to point out the possibi1ity of 
describing а phase transition from bound quarks (hadrons) to 
free quark matter, starting from а quantum statistica1 approach 
using а mode1 potentia1. А reasonaЬle va1ue for the' critica1 
temperature Те is obtained. More detai1ed resu1ts regarding the 
choice of parameters of the mode1 potentia1 and the resu1ting 
phase transition region are in progress. 

From the equation of state the hadron-quark matter phase 
transition may Ье achieved on а common basis for both phases. 
Using the quantum statistica1 approach, the formation of bound 
states is obtained in а 1adder approximation for the sing1e 
partic1e se1f-energy, and the quark deconfinement is obtained 
in а natura1 way from the Mott mechanis~ which gives а diffe
rent behaviour of free partic1e energies and bound state 
energies (Pau1i quenching) if the tota1 quark density is in
creasing. 

REFERENCES 
{ 

1. Anishetty R., Koch1er Р., McLerran L. Phys.Rev., 1980, D22, 
р. 2793; Domokos G., Go1dmann J.I. Phys.Rev., 1981, D23, 
р. 203; Rafe1ski J. In:Quark Matter Forma~ion and Heavy Ion 
Co11isions, Eds. Jacob М., Tranh Than Van J. Phys.Rep., 1982, 
88, р. 331; Ha1zen F. Conternp.Phys., 1983, 24, р. 591; 
Gagnon R. Phys.Rev., 1983, .D28, р. 2862. 

2. Hagedorn R., Rafe1eski ~. Phys~ Lett., 1980, 978, р. 136. 
_ KajantieK., MiettinenH.J. Z.

1
Phys., 1981, С9, р. 341. 

3. Satz Н ~ Phys.Rep., 1982, 88, р. 34~. 
4. Ropke . с. et а1. JINR, Р4-81-594, Dubna. 1981; Ropke G., 

MUnchow L., Schulz Н. Nucl.Phys., 1982, А379, р. 536; 
Ropke С. et al Nucl.Phys., 1983, А399, р. 587. 

5. Ebeling W., Kraeft W.-D., Krernp D. Theory of Bound States 
and Ionisation Equilibriurn in Plasrnas and Solid s , Akadernic
Ver1ag Ber1inT 1976. 

б. Henriques А.В. Z.Phys., 1983, Cl8, р. 213. 
7. Grornes D., Starnatescu I.O. Nucl.Phys., 1976, Bl 12, р. 213. 

Isqur N., Karl G. Phys.Rev., 1978, Dl8, р. 4187; Mitra A.N. 
Z. Phys. ·, 1981, СВ, р. 25. 

8. Shueyak E.V. Phys.Rep., .1980, 61, р. 71. 
9. Kuti et al. Phys.Lett., 1980, 95В, р. 75. 

10. Horowitz C.J., Schu1z н .. t{BI-Preprint NBI 82-24, 1982. 
11. Satz Н. Nuc1.Phys., 1984, А418, р. 447с. 

6 

' 

Received Ьу PuЬlishing Departrnent 
on August 9, 1984. 

' 

:; 

WILL YOU FILL BLANK SP ACES IN YOUR LIВRARY? 
You can receive Ьу post the books listed below. Prices • in US &. 

D2-81-543 

including the ~ packing and registered postage 

Proceedings of the VII All-Union Conference on 
Charged Particle Accelerators. DuЬna, 1980. 
2 volumes. ·· 

Proceedings of the VIII All-Union Conference 
on Charged Particle Accelerators. Protvino, 
1982. 2 volumes. 

Proceedings of the VI Internationa.l Conference 
on the ProЬlems of Quantum Field Theory. 
Alushta, 1981 

D1,2-81-728 Proceedings of the VI Internatiunal Seminar 

25.00 

25.00 

9.50 

on High Energy Physics ProЬlems. Dubna, 1981. 9.50 

D17-81-758 Proceedings of the II International Symposium 
on Selected ProЬlems in Statistical Mechanics. 
Dubna, 1981. 

D1,2-82-27 Proceedings of the International Symposium 
on Polarization Phenomena in High Energy 
Physfcs. Dubna, 1981. 

D2-82-568 Proceedings of the ~1eeting on Investiga-
1 tions in the Field of Relativistic Nuc

lear Physics. ' oubna, 1982 

D3,4-82-704 Proceedings of the IV International 
School ori Neutron Physics. Dubna, '1982 

15.50 

9.00 

7.50 

12.00 

011-83-511 Proceedings of the Conference on S_y'stems and 
T.echniques of Anali tical Computing and Their 
Applications in Theoretical Physics. Dubna, 1982. · 9. 50 

D7l 83-644 Proceedings of the International School-Seminar 
on Heavy Ion Physics. Alushta, 1983. 11.30 

D2, 13-83--689 Proceedin9s of the ~lorkshop on Radiation ProЬlems 

•1 

and Gravitational Wave Detection. Dubna, 1983. 6.00 

D13-84-63 Proceedings of the XI International 
Symposium on Nuclear Electronics. 
Bratislava, Czechoslovakia, 1983. 

Е1,2-84-16~ Proceedings of the 1983 JINR-CERN School 
of Physics. Tabor, Czechoslovakia, 1983. 

D2-84-366 Proceedings of the VII International Conference 
· an the ProЬlems of Quantum Field Theory. 
Alushta, 1984. 

12.00 

6.50 

11 .оо 

Orders for the above-mentioned books ~an Ье sent at the addres~: 
PuЬlishing Пepartment, JINR 

Head Post Office, Р.О.Вох 79 101000 Moscow, USSR 



·~ ·;ц 

В Объединенном институте ядерных исследований , начал 
выходить сборник "Hpamкu e сообщения ОИЯИ" . В нем 
будут помещаться статьи; содержащие оригинальные научные, 
научно-техничес кие, методические и прикладные результаты, 

требующие срочной публикации. Будучи частью "Сообщений 
ОИЯ\11 11 , стать и, ·вошедшие в сборник, имеют, как и дру гие 
издания ОИЯИ, статус официальных nубликаций. 

Сборник 11Краткие сообщения ОИЯИ 11 будет выходить 
регулярно. 

The Joint Institute for Nuclear Research begins puЫi
shing а collection of papers entitled JINR Rapid Communi 
aations which is а section of the JINR Communications 
and is intended for the accelerated puЫication of impor
tant results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques and methods. 
Accelerators. 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. Liquids. 
Theory of condenced matter. 
Applied researches. 

Being а part of the JINR CoПinunications, the articles 
of new collection like all other puЫications of 
the Joint Institute for Nuclear Research have the status 
of official puЫications. 

JINR Rapid Communiaations will Ье issued regularly. 


