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The hadronic gas and the perturbative quark-gluon plasma phases 
of hadronic matter are described . Strangness produced in the 
plasma may lead to observable anomalies in strange particle 
abundance s . 
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1 .  Overview 

What purpose could we follow when arguing for the study of high 

energy nuclear collisions 1 ) ? It would appear that the crniplexity of 

such collisions involving several hundreda of valence quarks must 

cover up all the interesting featurs of fundamental interactions . 

I would like to argue in this l ecture that the nature and proper­

ties of strong interactions can be studied by creating a new state 

of matter in the laboratory - the quark-gluon plasma2 ) . Unlike 

hadron-hadron collisions we anticipate that in an important frac­

tion of nucleus-nucleus collisions each participating quark will 

scatter many times before j oining into an asymptotic hadronic state . 

The associated simplification of the involved physics arises be­

cause we can use in such a case the well e stablished methods of 

statistical physics in order to connect the microscopic world with 

effects and properties visible to experimentalists eyes . Alone the 

presumption of an approximate thermochemical equilibrium frees us  

from the dependence on  details of quark wavefunctions in  a small  

hadronic bag consisting of only few quarks . 

There are several stages in this new and exciting field of 

high energy physic s .  The first one concerns the willingess to ac­

cept the fact that available energy is equipartitioned among acces­

s ible degrees of freedom . This means that there exists a domain in 

space , in which , in a proper Lorentz frome , the energy of the lon­

gitudinal motion has been largeley transformed to transverse de­

grees of freedom . We call this region ' fireball ' .  The physical vari­

ables characterising a fireball are :  energy density , baryon number 

density and its volume . The basic question concerns the internal 

structure of the fireball - it can consist either of individual 

hadrons or , instead , of quarks and g luons in a new physical phase : 

they are deconfined and can move freely over the volume of the 

fireball . It appears that the phase transition from the hadronic 

gas phase to the quark gluon plasma is mainly controlled by the 

energy density of the fireball . Several estimates2 ) , lead to 0 . 6- 1  
GeV/fm3 for the critical energy dens ity ,  to b e  compared with ca 

0 . 1 6  GeV/fm3 inside individual hadrons . Many theoretical questions 

about strong interactions will be settled if  the parameters and na­

ture of  the phase transition are determined . We turn to these prob­

lems further below. 

The second stage of  the developments in this field concerns 



the interaction of the experimentalists with the plasma . It is 

quite difficult to insert a termometer and to measure baryon den­

s ity at T=1 50 MeV and threefold or even higher nuclear compression s .  

We must either u s e  only electromagnetically interacting particles3 )  

(photons , lepton pairs)  in order to get them out of the plasma or 

study the heavy f lavour abundance generated in the collision4 ) . To 

obtain a better impression of what is meant imagine that strange 

quarks are very abundant in the plasma ( and indeed they are ! ) .  Than , 

since ( ss s ) -state i s  bound and stable in the hot perturbative QCD­
vacuum , it would be the most abundant baryon to emerge from the 

plasma . I doubt that such an �-sation of nuclear matter could leave 

any doubts about the occurance of the phase trans ition . Other exotic 

hadrons
5 ) such as eg . c sq , cs etc . would support this conclusion .  But 

even the enhancement of the more accessible abundance s  of A may al­

ready be suffic ient for our purposes . 

But there is more to meet the eyes-restoration of the pertur­

bative QCD vacuum may be followed at higher and higher energy den­

s ities by restoration of chiral symmetry , as shown qual itatively in 

F ig . 1 . ,  than SU ( 2 ) symmetry and finally SU ( S )  symmetry . And if the 

fact that we can trace back the evolution of the universe6 )  in the 

laboratory does not exc ite your fantasy , than remember that the 
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F ig .  1 . :  Phase d iagramm of hadronic matter in the µ-T plane 
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plasma state is the only place I know of ( after the universe was 

created )  where we can burn baryon number , thus releasing the energy 

from the big bang stored in matter . Perhaps suf ficiently extreme 

conditions that are here necessare are ' created ' inside Quasars , 

leading to the enormous energies radiated by these stellar objects . 

Coming back to earth we begin by recal ling that in statistical 

description of matter the unhandy microscopical variables :  energy , 

baryonnumber etc . are replaced by termodynamical quantities ; tem­

perature T is a measure of energy per degree of freedom , baryon 

chemica l  potential µ controlls the mean baryon density : Statistical 

quantities such as ; entropy (=measure of the number of disponible 

states ) ,  pressure , heat capacity etc . will be also functions of T 

and µ to be determined . The theoretical techniques required for the 

description of both quite different phases :  the hadronic gas and 

the quark gluon plasma , must allow for the fromation of numerous 

hadronic resonances on the one s ide7 )  , which than dissolve at suf­

fic iently high partial dens ity in the state consisting of its con­

stituents . At this point we must  appreciate the importance and help 

provided by finite temperature . To obtain high particle density we 

may , instead of compressing the matter (which as it turns out is  

quite difficult) , heat it up; many pions are generated easily , lead­

ing to the occurance of the transition at moderate ( even vanishing) 

baryon density8 ) . 

2 .  Thermodynamics of  Interacting Hadrons 

The main hypothesis which al lows to s implify the situation is to 

postulate the resonance dominance of hadron-hadron interactions
? ) _ 

in this case the hadronic gas phase i s  practical ly a superpos ition 

of an infinity of different hadronic gases and all information 

about the interaction is hidden in the mass spectrum T (m2 ,b )  which 

describes the number of hadrons of baryon number b in an mass inter­

v al dm2 9 l 

We persue in the following the developments of Ref , ( 8 , 9 ) : 

Assume that the mass spectrum T (m2 , b )  is already known , than grand 

microcanonical level density is given by an invariant phase space 
2 integral .  The extreme richness of the spectrum T (m , b ) - exp tm/T0) 

enables us to neglect Fermi and Bose statistics above T � so MeV arrl to 
tr eat all particles as " Boltzmannions " .  We f ind : 



o 4 Cp1 0K Cbl + 

1 4 N 
+ i:: NT o (p- i:: p .J N=1 ° i=1 I 

µ N N 26µpi 2 4 l:: oK( b- l:: b. ) II --3 i: (p . • b. ) d  p .  
{b } i=1 i i=1 (211) i. i i 

i 
( 1 )  

Above, the first term corresponds to the vacuum state . The Nth term 
is the sum over all possible partitions of the total baryon number 
and the total momentum p among N Boltzmannion s ,  each having an in­
ternal number of quantum states given by i: (p� , b . ) . These Boltzmann-i i 
ions are hadronic resonances of baryon number b1 ( -00<bi<oo) . Every 
resonance can move freely in the remaining volume 6 left over from 
the external volume vex after subtracting the proper volumina Ve 
of all hadrons :  

N 
- i:: 

i=1 
( 2 )  

Vµ is a covariant generalisation of Vi i n  the restfra m e  we have 
Vµ= (V , 0 ) . 

In the generalisation ( 1 J of �he popular phase space formula , 
three essential fea�ures of hadronic interactions are now explicit­
ly inc luded : 

a) The dense set of hadronic resonances dominating- particle 
scattering via i: (mi , bi ) .  

b) The proper natural volumes of hadronic resonances via 6µ . 
b) Conservation of baryon number and clustering of hadrons 

into lumps of matter with l b l > 1 . 

Thermodynamic properties of hot hadronic gas follow from the 
study o f  the grand partition function Z ( $ ,VA ) ,  as obtained from the 
level density o ( p , V ,b) : 

Z ( f3 ,V , A ) 
b=-oo 

b - S · p 4 A fe O (p , V , b ) d  p ( 3 ) 

Covariant generalisation of thermodynamic s with tne inverse temper­
ature four vector flµ has been here used . In the rest frame of the 
relativistic baryon chemical potential µ :  

exp (µ/T) ( 4 ) 

it is introduced in order to conserve the baryon number in the 
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statistical ensemble . All quantities of physic<>! interest can be 

derived as usual by differentiating R.nZ with respect to its vari­

ables . 

Eqs . 1 -3 leave us with the task of finding the mass  spectrum 

T .  Experimental knowledge of T is l imited to low excitations and/or 

low baryon number . ·Following Hagedorn I introduce here a theoreti­

cal model : " the statistical bootstrap" ,  in order to obtain a mass 

spectrum consistent with direct and indirect experimental evidence .  

The qualitative arguments leading t o  a n  integra.l equation for 

T (m2 ,b )  are the following : when V in Eq . ( 1 )  i s  j ust the proper ex 
volume Ve of a hadronic cluster , then a in Eq . ( 1 ) ,  up to a normal-

ization factor , is essentially the mass spectrum T :  indeed , how 

couid we distinguish between a compos ite system [ as described by 

Eq . { 1 ) ] compressed to the natural volume of a hadronic cluster 

and an " elementary-· cluster having the same quantum numbers? Thus 

we demand 

o ( p ,V ,b) I � HT (p2 , b )  
V=Vc 

( 5 )  

where the "bootstrap constant " H i s  t o  b e  determined below . It i s  

not sufficient s imply t o  insert Eq .  ( 5 ) into Eq.  ( 1 ) to obtain the 

bootstrap equation for T ;  more involved axguments are necessary8 •9 )  

in order to obtain the following "bootstrap equation " for the mas s  

spectrum : 

HT ( p2 ,b )  = Hzboo ( p2-M2
b ) + 

"" 1 4 N N N 
2 

4 
+ L wfo (p- L p . ) L ok( b- L b . ) IT HT (p i 'bi) d  pi �2 

. i=1 i {bi} i=1 i i=1 
(6) 

The first term is the lowest one-particle contri.bution to the mass  

spectrum, zb i s  its  statistical weight ( 2I+ 1 ) ( 2J-+ 1 ) . The index "o "  

restricts the o function to  the positive root on ly . Only terms 

with b=0 , ± 1 , corresponding to lowest energy qq ( pions)  and qqq 

(nucleons )  states contribute in the first term of Eq . ( 6 ) . All  ex­

c itations are contained in the second term as arbitrary quark con­

stant can be achieved by combining [ (qq) n (qqq) llJ .. Heavy f lavours are 

ignored at this point and can easily be introduced - however they 

do not essentially influence the behaviour of T .  In the course of 

deriving the bootstrap equation ( 6 )  it turns out that the cluster 

volume Ve grows proportional to the invariant c luster mass9 )  



2 /2' Vc (p ) = Vp�/ ( 4B) . ( 7 )  

The proportionality constant has been called 4B in order to estab­
lish a close relationship .with the quark bag modei lO) . The value 
of B can be derived from different considerations involving the 
true and perturbative QCD states . While the original MIT-bag fit 
has been a 1 14= 1 4 5  MeV the most generally accepted value today is 
perhaps 

B l /4 = 1 90 MeV 
B = 1 70 MeV/fm3 ( 8 )  

.The bootstrap constant H and the bag constant " B  are the only 
seemingly free parameters of this approach . As j ust pointed out , 

B i·s determined from other considerations , while H turns out to be 
inversly proportional to B .  Hence if one wishes to believe the last 
detail of the statistical bootstrap approach , there remains no 
free parameter in this approach . W� this means for the transi­
tion from gas to plasma will be now shown . 

Instead of solving Eq . ( 6 )  , which will  lead us to the exponen­
tial mass spectrum7 ) , 

we wish to concentrate here on the double integral (Laplace) 
transform of Eq. ( 6 )  which will be all we need to establish the 
physical properties of the hadronic gas phas e .  Introducing the 
transforms of the one particle term, Eq . ( 6 )  

\f(B ,  /. } : ( 1 0) 

I 
with pions and nucleons only 

( ' ) 2 [ 3 (
m11 ) 4 (  1 (� ) ] ( 1 1 )  If B , I\  = 11HT m K1 T + A+xl � K1 T 1 

and of the mass spectrum: 

oo - B • p  
<jl ( B , f. ) :  l: AbfHT (p2 , b) e d4p 

b=-oo 

We find for the entire Eq.  ( 6 )  the' simple relation 

( 1 2 ) 
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<jl ( B , 1' ) = lj> ( B , 1' ) + exp [ <jl ( B , ;\ ) ] - <j> { B , !. ) - 1 ( 1 3 ) 

To .study the behaviour of <jl ( B , ;\ ) we make use e>f the aparent impli­
cit dependence : 

<jl ( B , !. )  = G (<f ( B , ;\ ) ) ( 1 4a) 

with function G being defined by Eq.  ( 1 3 )  

If= 2G+ 1 -exp [ G]  ( 1 4b) 

This function G (f) is shown in Fig . 2 
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Fig.  2 :  Bootstrop function G (�) - the dashed line represents the 
unphy sical branch.  

As is aparent there is a maximal value lf o 

t.f'o = ln ( 4/e)  = 0 . 3 863 • •  ( 1 4c )  

beyond which the function G has no real solutions . Recalling the 



physical meaning of G ,  Eq . ( 1 4a , 1 2 ) we conclude that Eq . ( 1 4c)  es­
tablishes a boundary of A ( i . e . µ )  and T values beyond which the ha­
dronic gas phase cannot exist . This boundary is implicitly given 
by the relation ( 1 1 ) : 

shown in Fig . 3 .  

0 

H o d r o n i c 
Gas 

P h a se 

100 T ( MeV ) 

Fig . 3 :  Boundary to the 'hadronic gas phase' in the bootstrap model .  
In the shoded region quantum statistics  can not be 

neglected . 

The region denoted 'Hadronic Gas Phase ' is described by our current 
approach .  For the discussed choice of the parameters we find that 

( 1 6 ) 

Note that µ =O implies zero baryon number of the plasma state . For 
µ0=µcr (Tcr=O) the solution of Eq . ( 1 5 )  is simply µer-� since no 
quantum statistics effects have been included . Thus the dashed re� 
gion in Fig . 2 ' nuclear matter ' is excluded from our considerati­
ons .  As we shall shortly see , the boundary to the hadronic gas 

6 33  



6 34 

phase is also characterized by a constant energy density <:=l./B . 
Given the function G (lfl =cjl ( B , X ) we can im principle study the 

form of the hadronic mass spectrum . As it turns out we can obtain 
the partition function directly from cp :  The formal similar ity be­
tween Eq .  ( 3 ) and Eq . ( 1 2 ) can be exploited to derive a relation be­
tween their integral transforms 1 ) ; ( from here on : B =/Vl 

26 (Vex) a lnZ ( B , V  , >. )  = - 3 -;;-8 cp ( B , ;\ )  ex H ·  ( 211 ) o 
( 1 7 )  

which can also be written in a form which makes the different 
physical inputs more explicit :  

l:i (V ) ex lnZ ( B , Vex ' ;\ )  = �V�� 
ex 

oG ( �) 
· Z ( B  ;\ V) a 'f 1 ' ' ( 1 8 ) 

In absence of f inite hadronic volume and interactions described by 
the first two terms in turn, we would simply have an ideal Boltz­
man gas , described by the one partice partition function z 1 : 

where 
z- � qq/qqq 

zqq + 2cosh (µ/T) Zgqq 

VT3 mTi hT 2 mTi hT ( 2I+1 ) ( 2S+1 ) (�) l< (�) 
2 112 T 2 T 

( 1 9 )  

( 20)  

Let us now briefly discuss the r�le of the available volume : 
as we have explicitly assumed , all hadrons have an internal energy 
density 4B (actually at finite pressure there is a small correc­
tion , see Ref . 4a for details ) . Hence the total energy of the fire­
ball EF can be written as 

( 2 1 ) 

where Vex-ti is the volume occupied by hadrons . We thus find 

( 2 2 )  

when working out the relevant physical consequences w e  must always 
remember that the fireball is an isolated physical system, for 
which the statistical approach has been taken in view of the inter­
nal d isorder (high number of available states )  rather than because 
of a coupling to a heat bath . 



The remainder of the discussion of the hadronic gas is a 
simple application of the rules of statistical thermodynamics . By 
investigating the meaning of the thermodynamic averages it turns 
out that the apparent ( B , \ )  dependence of the available volume 6 
in Eq . ( 1 8 ) must be disregarded when differentiating £nZ with re­
spect to B and \ .  As Eq . ( 1 ) shows explicitly , the density of 
states of extended particles in Vex is the same as that of point 
particles in 6 .  Therefore also 

( 2 3 )  

W e  thus first calculate the point particle energy1 and baryon num­
ber densities , pressure 1 and entropy density 

From this ,  

Ept 

1 
\)pt 6. 

ppt 

s pt 

\ 

1 () 6. o B £nZ 

() £nZ TI pt 

T £nZpt x 

pt 

1 () = 6. ()T (T£nzpt) 

2 () 2 
<j> ( B , \ )  

H ( 2n )  3 () B2 

2 \ () 2 
<j> ( B , \ )  

H ( 2 11) 3 d \ () B  

2T () <j> ( B , \ )  
H ( 211 )  3 () B  

= '.J2! Ept-µ \!pt 
T + T 

we easily f ind the energy dens ity , as 

<E> E = 
vex 

6 
v-ex 

• E pt 

Inserting Eq . ( 2 2 )  into Eq . ( 28 )  and solving for E we find :  

E ( B , \ )  1 +Ept ( B , \ ) / 4B 

And hence also another form of Eq . ( 2 2 ) : 

Vex = 6 · ( 1 +e:pt ( B , \ )  /4B) 

( 2 4 )  

( 2 5 )  

( 2 6 )  

( 27 )  

( 28 )  

( 2 9 )  

(30)  

and similary for the baryon density , pressure and entropy density 

\) = 
\)pt 

1 +Ept/4B ( 3 1 ) 

p 
ppt ( 3 2 )  1 +Ept/4B 
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s = ( 3 3 )  

We now have a complete set o f  equations o f  state for observable 
quantities as functions of the chemical potential µ ,  temperature T 
and external volume Vex · While these equations are semi-analytic , 
one has to evaluate the different quantities numerically due to 
the implicit definition of <jl ( B , >. ) that determines inz . However , 
when B , >.  approach the critical curve , Fig . 3� , we easily find from 
the singularity of <P that E:pt diverges and therefore 

E: -> 4B 

p -> 0 
{::, -> 0 

( 3 4 )  

These limites indicate that a t  the critical line , matter has 
lumped into one large cluster with the energy density 4 B .  No free 

volume is left , and as only one c luster is present , the pressure 
has vanished . However , the baryon density varies along the critical 
curve;  it falls with increasing temperature . This is easily under­
stood : as temperature is increased , more mesons are produced that 
take up some of the available space . Therefore hadronic matter can 
saturate at lower baryon density . We further note here that in 
order to properly understand the approach to the phase boundary , 
one has to incorporate and understand the properties of the ha­
dronic world beyond the critical curve . We turn now to the study 
of the perturbative quark-gluon plasma phase . 

3 .  QCD and the Quark-Gluon Plasma 

We begin with a summary of the relevant postulates and results that 
characterize the current understanding of strong interactions in 
quantum chromodynarnics ( QCD ) . The most impor tant postulate is that 
the proper vacuum state in QCD is not the (trivial) perturbative 
state that we (naively) imagine to exist everywhere and which is 
little changed when the interactions are turned off/on . In QCD the 
true vacuum state is believed to have a complicated structure which 
originates in the glue (gauge) sector of the theory . The perturba­
tive vacuum is an excited state with an enerqy density B above the 
true vacuum . It is to be found inside hadrons where perturbative 
quanta of the theory , in particular quarks,  can therefore exist . 
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The occurence of the true vacuum state is intimately connected to 
the glue-glue interaction ; gluons also carry the colour charge that 
is respons ible for the quark-quark interaction . In the above discus­
sion , the confinement of quarks is a natural feature of the hypo­
thetical structure of the true vacuum . 

Another feature of the true vac uum is that it exercises a pres­
sure on the surface of the region of the perturbative vacuum to 
which quarks are confined . Indeed , this is just the idea of the 
original MIT bag mode11 0l . The Fermi pressure of almost massless 
l ight quarks i s  in equilibrium with the vacuum pressure B. When 
many quarks are combined to form a giant quark bag , then their pro­
perties inside can be obtained using standard methods of many-body 
theory2 ) . In particular , this also allows the inclusion of the 
effect of internal excitation through a f inite temperature and 
through a change in the chemical composition . 

A further effect that must be taken into consideration is the 
quark-quark interaction . We shall use here the first order contribu­
tion in the Q:I) running coupling constant a (q2l =l/4TT. However, as a (q2) in-�s s 
creases when the average manentum exchangerl between quarks decreases, this 
approach will have only l:!mited validity at relatively lav densities and/or 
temperatures . The collective screening effects in the plasrra are of canparable 
order of magnitude and should rerluce the importance of perturbative contribution. 

As u and d quarks are almost massless inside a bag , they can be 
produced in pairs and at moderate temperatures many qq pairs will 
be present . In particular also ss pairs will be produced and we 
will return to this point below .  Furthermore ,  real gluons can be 
present when T i 0 and will be included here in our considerations . 

As was outlined in the previous section , a complete description 
of the thermodynamical behaviour of a many-particle system can be 
derived from the grand partition function z .  For the case of the 
quark-gluon plasma in the perturbating vacuum, one finds an ana­
lytic expression through f irst order in a neglecting the quark 
masse s .  We obtain for the quark �·ermi gas�b) 

B-3 [ ( 1 -Q,nZq ( B , ). )  gV 
-2 6TT  

50  a 
+ ( 1 - 2-) 

2 1  TT 

2a 
__ s ) (lQ,n4;\. + TT 4 q 

4 2.:!!_ l 60 

2 TT 
2 Q,n2 ;\.q) + 

( 3 5 )  

where g = ( 2s+ 1 )  ( 2 I+ 1 ) N=1 2 counts the number o f  the components of 
the quark gas , and ;\.q i s  the fugacity related to the quark number . 
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As  each quark has baryon number 1 /3 , we f ind 

;\ 3 
q ;\ = e 

11/T 
( 3 6 )  

where ;\ ,  a s  i n  last section , allows the conservation o f  the baryon 
number . Consequently 

11 ( 3 7 )  

The glue contribution is2 )  

( 38 )  

We notice the two relevant differences with the photon gas :  ( i )  
the occurence of the factor eight associated with the number of 
gluons ; ( ii )  the g lue-glue interaction s ince gluons carry the 
colour charg e .  

Finally , let u s  introduce the true vacuum term as 

,1!,nZ vac -BBV ( 3 9 )  

This leads t o  the required positive energy density B within the 
volume occupied by the coloured quarks and gluons and to a negative 
pressure on the surface of this region . At this stage , this term is 
entirely phenomenological as discussed above . The equations of 
state for the quark-gluon plasma are easily obtained by differ­
entiating 

,l!,nZ ,l!,nZ + ,1!,nZ + ,l!,nZ q g vac: ( 40) 

with respect to B, ;\ and V. T he energy dens ity ,  baryon number 
density , pressure and entropy density are respectively , written 
in terms of 11 and T 

E = 
a 6 [ ( l - 2a s) (J.. (.l!.) 4 + -2

1 (.l!.3 ) 2 ( 1TT) 2 ) + ( l - 50 2_) ___2 ( 7TT) 4 ] 2 'TT 4 3 2 1 'TT 60 'TT 

2 2a 
v = [ ( 1  - _s ) ;-;; 'TT 

( 4 1 ) 

( 4 2 ) 



1 p = 3 ( e:-4B}  ( 43 ) 

2 2as 11 2 4 a 3 32 1 5  a 3 s = -11 ( 1- -11 } (-3) (11T} + -1-(1- SO ..!!) (11'1'} + -(1- - ..!!) (11'1'} (44) 1 511 21 11 4511 4 11 

In Eqs . ( 4 1 , 4 4 )  the second T4 respect . T3 
term originates in the 

gluonic degrees of freedom . In Eq . ( 4 3 )  we have r ight away used the 

relativi stic relation between the quark and gluon energy density 

and pres sure 

( 4 5 )  

i n  order to derive this simple form o f  the equation o f  state . 

This simple equation of state of the quark-gluon plasma is 

slightly modified when the finite quark masses are considered , or 

when the QCD coupling constant a s is dependent on the dimensional 

parameter A .  From Eq . ( 4 3 )  it follows that when the pressure van­

ishes , the energy density is 4 B ,  independent of the values of 11 

and T which fix the l ine P = o .  We recall that this has been pre­

cisely the kind of behaviour found for the hadronic gas . This co­

incidence of the phys ical observables strongly suggests that in 

the exact calculations both lines P = 0 coinc ide ;  we will return 

to this point again below. For P>O we have e: > 4 B  - we recall that 

in the hadronic gas we a lways had e:�4B .  Thus , in this domain of 

11 - T we have the quark-gluon plasma exposed to an external force .  

I n  order to obtain an idea o f  the form o f  the P = O critical 

curve in the 11-T plane for the quark-gluon plasma , we rewrite Eq . 

( 43 ) for P=O : 
2a 

( 1- ---/-> 2 2 2 T4112 Sa 
B = --- [11 + (311'1'} l - -45 [ ( 1- 31ls} 

1 62112 
1 5as 1 2  - (1 - """4ii"""} ·8]  ( 4 6 )  

Her e ,  the last term i s  the glue pressure contribution . We find 

that the greatest lower bound on temperature Tq at 11=0 is about 

( as= 1  / 2 )  

( 4 7 )  

This result shows the expected order o f  magnitude . The most re­

markable point i s , that it leads for s1 14= 1 90 MeV to almost 

exactly the same value as found in the hadronic gas study of 
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the last section . 
Let us further note here that for T< < µ  the baryon chemical po­

tential tends to 

2TT2 1 /4 
(--2-a-l 

( 1- � TT 

1 /4 1 320 MeV [as=1/2, B =1 90 MeV] (48) 

In concluding this discussion of the P=O line of the quark-gluon 
plasma , let us note that the choice as- 1 /2 is motivated by the fits 
to the charmonium and ypsilonium spectra as well as to deep in­
elastic scattering . In both these cases spacelike domains of mo­
mentum transfer are explored . The much smaller value of as-0 . 2 is 
found in timelike regions of momentum transfer in e+e-+ hadrons 
experiments . In the quark-gluon plasma , as described up to first 
order perturbation theory , positive and negative momenta transfers 
occur : the perturbative corrections to the radiative T4 contribu­
tion is dominated by timelike momenta transfers , while the cor­
rection to the µ 4 term originates from spacelike quark-quark scat­
tering . Finally we consider the energy density at µ=O . We find the 
simple result , restating some factors again : 

E = B +
3'110

2
T4 [ 2s ·8c · ( 1 - � as) + 2 • 2 · 2 2( 1  _ SO a s) ]  ( 4 9 )  4 TT I S c 4 21 TT 

We note that in both quarks and gluons the interaction conspires 
to reduce the effective number of degrees of freedom disponible . At 
as=o we find the handy relation 

E +E q g ( 50) 

At a s=1 / 2  we are seemingly left with only - 50% of the degrees of 
freedom , and the temperature ' unit ' in the above formula drops to 
1 3 5 MeV. 

I have so for neglected to include heavy flavours into the 
description . For charm, with the mass of about 1 500 MeV the ther­
modynamic abundance is suffic iently low to ignore its influence 
on the properties of the plasma . Also, even the equilibrium abun­
dance is quite small - I find evaluating the phase-space integrals 
that the ratio of charm to l ight antiflavour (either ii or d) is 

c/q ( 5 1 ) 
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Taking a s  a numerical example mc= 1 500 MeV , 1"= 200 MeV , µ=O one finds 

with c /q=7·1 0- 3  a small , but still quite s ignif icant abundance .  How­

ever , the approach to chemical equilibrium ( see below) is to be 

studied to establish if chemical equilibrium asumption is justif ied . 

We note that the energy fraction carried by the intrinsic plasma 

charm would be -0 , 2 % in the above example .  

C learly , we must turn our attention to strangness - with a 

current quark mass of about 1 80 MeV we are actually above 

the threshhold and indeed one finds that there is a quite appre­

ciable s-abundance ( see over next section · ) • An explic it calcula­

tion 4b l has shown that chemical equilibrium will be reached during 

the short time of a heavy ion reaction . The motion of the particles 

being already semirelativistic, an increase of about 1 5 % of the 

number of available degrees of freedom , Eq . ( 4 9 ), is recorded due to 

ss production . The appearance of strangness is a very important 

qual i tative factor and we will return to its d iscuss ion in the 

section 5 .  

4 .  Phase Transition from Hadronic Gas to the Qark-Gluon Plasma 

We have now shown that two inherently different descriptions lead 

to the prediction of qualitatively s imilar region for the transi­

tion between both phases of hadronic matter . From our results we 

can not deduce the order of the phase trans ition . However , the 

physics which Went into these theoretical approaches requires that 

this is a first order phase trans ition . 

p 
< b > f" d T : 1xe 

... 

I 

1!l 
Cl... 
I-
E 
tt 
:::> 

v, <V > 

Fig�· 4 :  "p--V diagram for the gas-plasna first order transition. 
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Consider the p-V diagram shown in  F i g ._! . Here we  distinguish 

three domains - the hadronic gas region is  simply a Boltzmann gas 

where the pressure raises with reduction of the volume . However , 

when the internal excitation rises , the individual hadrons hegin 

to c luster , reducing the increase in the Boltzmann pressure since 

smaller number of particles excercises smaller pressure . In  the 

proper description we would have to describe this  situation by 

allowing a coexistance of hadrons with the plasma state - this  

becomes necessary when the clustering overwhelms the compressive 

effects and the pressure falls to zero as V reaches the proper 

volume of hadronic matter . At this point the pressure rises again 

very quickly, since we now compress the hadronic constituents . By 

performing the Maxwell  construction as indicated in the Fig . i 
between volumina v 1 and v

2 
we can f ind the most likely way taken 

by the compressed hadronic gas in nuclear collision - which seems 

to be a first order transition in our approach .  we should remember ,  

that on the way out,  during the expansion o f  the plasma state the 

entropy generated in the plasma ( e . g . by s-production , shocks etc ) 

may require that the isolated plasma state must expand to close to 

P=O before it can desintegrate into individual hadrons .  In an 

extreme s ituation this desintegration may be a quite slow process 

of successive fissions ! 

5 .  Strangness in the Plasma 

In order to observe properties of quark-gluon plasma we must design 

a thermometer , an isolated degree of freedom weakly coupled to the 

hadronic matter . Nature has provided several such thermometer s :  

leptons ,  direct photons and heavy f lavours o f  quarks .  We would 

like to point here to a particular phenomenon perhaps quite 

uniquely characteristic of quark matter ; f irst we note that , at a 

given temperature , the quark-gluon plasma will c:ontain an equal 

number of strange ( s )  quarks ar.d antistrange ( s )  quarks , naturally 

assuming that the hadronic collision time is  much too short to 

allow for light f lavour weak interaction conversion to strangeness . 

Assuming chemical equilibrium in the quark plasma , we find the 

density of the strange quarks to be (two spins and three colour ) : 

I 2 2 ' 

� = � = 6s-� e
- p  +ms /T 

v v 
( 21T)  

3 ( 5 2 )  

( neglecting , for the time being , the perturbative corrections ) . As 



the mass o f  the strange quarks , ms ' in the perturbative vacuum is 
believed to be of the order of 1 50-280 MeV , the assumption of 
equilibrium for ms/T- 2 may indeed be correct .  In Eq . ( 5 2 )  Boltzmann 
distribution can be used , as the densi ty of strangeness is rela­
tively low. Similarly , there is a certain . • light antiquark density 
(q stands for e ither u or d)  : 

n d3 - l p \ /T-µ /T 
"' - 6 J -2.__E..._ e q 
v ( 2 7T )  3 

-µ /T 6 e q · T3 2 
TI 

( 53 )  

where the quark chemical potential is µ =µ/3 . This exponent sup-
- q 

presses the qq pair production as only for energies higher than 
µq is there a large number of empty states available for the q .  

What I now intend to show i s  that there are many more s quarks 
than antiquarks of each l ight flavour . Indeed : 

s 
q ( 5 4 )  

The function x 2K2 ( x )  varies between 1 . 3  and for x =ms/T between 1 .  5 
and 2 .  Thu s ,  we almost always have more s than q quarks and , in 
many cases of interest , s/q- 5 .  As µ+O there are about as many u 
and q quarks as there are s quarks . We show this quantitativly in 
Fig . 5 .  

(5) 
9 (q) 
8 
7 
6 
5 

T [MeV]·lZO m� \ MeV]·150 

Fig. 5: Abundance of strange (=antistrange) quarks relative to light quark 
abundance as function of µ for several choices of T (=1 20 , 1 60  Me!V) and 
strange quark mass (m;, =1 SO, 280 MeV) 

64 3  
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Another here important aspect is  the total strangness abundance -
for T=200 MeV ,  ms= 1 50 MeV the chemical equilibrium predicts at 
about twice normal baryon density : s/b = 0 . 4  ; hence there 
are as many strange and antistrange quarks as there are baryons in 
the hadronic gas, or even much more , if we a.re in the ' radiation ' 
i . e .  baryonnumber depleted region . 

The crucial question arises - is there enough time to create 
s-s pairs in nuclear collisions? To answer this one I have to 
compute4b) at least in lowest order in perturbative QCD the two 
contributing invariant reaction rates per unit time and unit 
volume : 

A -qq qq -> S S  

Agg gg - >  SS 
( 5 5 )  

The contributing diagrams are shown i n  Fig . !� a and b ,  respectively . 
The answer is dominated by the glue-glue reaction and is at T=200 
MeV ,  ms= 1 50 MeV ,  as= . 6 :  Agg::: . 1 6/fm4 • This Jls quite a large rate 
indicating that the typical relaxation time 

T =n (oo) /A 

>( 
b) 

Fig. 6 :  First order diagrams for ss production reactions. 
a) qq �ss 
b) gg �SS 

a) 0 0 ' N a) ()_ I­E it ::J 

( 5 6 )  

( n (00 )  is  the density a t  infinite time) will b e  about 1 023 sec . 
In F ig . l the strangness population evolution is shown as function 
of time at f ixed µ=900 MeV . during the minimal anticipated l ifetime 



M=150 MeV , a.5 = 0.6 
= n5/v = 

I 
"' - - - - - - - - - - - - - = CL 

T =300 MeV I-

0 .6 E 
LL 
= 

0 .4 

0.2 

0 
10-24 10-23 

10-22 
t lsec] 

Fig. 7 :  Evolution of relative s pop.llation per baryon number as function of 
dme in the plasna. For T<:1 60 MeV chanical saturation is ooticable 
in aboot i.10 -2 3  sec ,  the anticipated minimal plasna livet�. 

of the plasma we find that the strange quark abundance saturates 
at its chemical equilibrium point . 

6 4 5  

One can study now how much more total strangness is found in 
the quark gluon plasma as compared the hadronic gas phase.  While 
the total yields are up to 5-7 times higher ( again depending on 
some parameters )  it is more appropriate to concentrate the atten­
tion on those reaction channels which will be particularly strongly 
populated when the quark plasma dissociates into hadron s .  Here , in 
particular it appear� that otherwise quite rare multistrange 
hadrons will be enhanced , on the one side by the relative high 
phase space density of strangness in the plasma , on the other side 
recording the attractive ss-QCD interaction in the Jc and ss in 1 c 
channels .  Hence we should search for the rise of the abundances of 
particles like 3 , 3, � , n . �  and perhaps in highly strange pieces of 
baryonic matter , rather than in the K-channels . However , it appears 
that even such abundance ratios as A/A would be a carrier of the 
signal .Not to be fargotten are secondary effects , e . g .  from the ss 
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annihilation into y ( and infrared g lue)  i n  the plasma . Different 

experiments wil l  be advantagouse at different available energies . 

6 .  Summary and outlook 

Our aim has b,een to obtain a description of highly excital  

hadronic matter . By  postulating the kinetic and chemical equi­

librium we have been able to develop a thermodynamic description 

valid for high temperatures and different ch,emical compositions . 

In our work we have found two Physically dif .ferent domaJ.ns ; f irstly 

the hadronic gas phase , in which individual hadrons can exist as  

separate entities , but are  sometimes combined to  larger hadronic 

clusters ; and in the second domain , ind ividual hadrons dissolve 

into one large c luster consisting of hadronic constituents - the 

quark-gluon plasma . 

In order to obtain a theoretical description of both phases we 

have used some ' common ' knowledge and plausible interpretations of 

the currently avai.lable exper imental observation . In particular , 

in the case of hadronic gas we have completely abandoned a more 

conventional Lagrangian approach in favour of a semipher.,omenolog­

ical statistical bootstrap model of hadronic matter that incorpo­

rates those properties of hadronic interaction that are , in our 

opinion , most  important .  

I n  particular , the attractive interactions are included 

through the rich,  exponentially growing hadronic mass spectrum 

T (�2 , b) while the introduction of the f inite volume of each hadron 

is responsible for an effective short-range repulsion . We neglect 

quantum stati stics in the hadronic gas phase since a quantitative 

study has revealed that this is allowed above T � SO MeV . But we 

allow particle production , which introduces a quantum physical 

aspect into the otherwise ' c lassical ' theory of Boltzmann particles . 

Our considerations lead us to the equations of state of hadronic 

matter which reflect what we have included in our considerations . 

It is the quantitative nature of our work that allows a detalied 

comparison with the experiment . It is important to observe that the 

predicted temperatures and mean transverse momenta of particles 

agree with the experimental results available at Ek , lab/A=2 GeV 

[ BEVELAC - ]  and at 1 00 GeV [ ISR - ]  as much as a comparison is per­

mitted . 

The internal theoretical consistency of our descript.ion of the 

gas phase leads us , in a straightforward fashion, to the postulate 



of a first order phase transition to the quark-gluon plasma . This 

second phase is treated by a quite different m�thod ; in addition 

to the standard Lagrangian quantum field theory of ( ' weakly ' )  in­

teracting particles at finite temperature and dens ity , we also 

introduce the phenomenological vacuum pressure and energy density 

B .  This term is required in a consistent theory of hadronic struc­

ture . It tur�s out that B1 /4  - 1 90 MeV is just,  to within 20% , the 

temperature of quark phase before dis soc iation into hadrons .  This 

is  similar to the maximal hadronic temperature T0 1 60 MeV . 

Perhaps the most interesting aspect of our work is the realiza­

tion that the transition to quark matter will occur at very much 

lower baryon density for highly excited hadronic matter than for 

matter in the ground state (T=O) . U s ing the currently accepted 

value B we f ind that at v - 2-3v0 , T= 1 50 MeV , the quark phase my 

indeed already be formed . The detailed study of the different 

aspects of this phase transition must  still be carried out . How­

ever , our initial results look very encouraging , as the required 

baryon density and temperatures are well  within the range of the 

1 0-300 GeV per nucleon fixed target heavy nucleon collisions . We 

look forward to the next generation of heavy ion fascilities which 

may provide us with the required experimental imformation . 
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