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I. INTRODUCTION 

In this series of lectures I will discuss the present status of ojr understanding 
of the physics of hadronic (nuclear or neutron) matter under extreme conditions, 
in particular at high densities. This is a problem which challenges three disci
plines of physics : nuclear physics, astrophysics and particle physics. It is ge
nerally believed that we now have a correct and perhaps ultimate theory of the 
strong interactions, namely quantum chromodynamics (QCD). The constituents of this 
theery are quarks and gluons, so highly dense matters should be describable in 
terms of these constituents alone. This is a question that addresses directly to 
the phenomenon of quark confinement, one of the least understood aspects in par
ticle physics. For nuclear physics, the possibility of a phase change between 
nuclear matter and quark matter introduces entirely new degrees of freedom in the 
description of nuclei and will bring perhaps a deeper understanding of nuclear 
dynamics. In astrophysics, the properties of neutron stars will.be properly under
stood only when the equation of state of "neutron" matter at densities exceeding 
that of nuclear matter can be realiably calculated. Most fascinating is the possi
bility of quark stars existing in Nature, not entirely an absurd idea. Finally 
the quark matter - nuclear matter phase transition must have occured in the early 
stage of universe when matter expanded from high temperature and density ; this 
could be an essential ingredient in the big-bang cosmology. 

There is a strong theoretical indication that at a sufficiently high density, a 
quark phase with quarks weakly interacting with each other is energetically fa
vorable. This is a feature associated with the asymptotic freedom much heralded -
and tested by high-energy experiments - that is unique in the non-abelian gauge 
theory of quarks and gluons (QCD). Near and above that density, it clearly makes 
no sense to talk about nuclear or neutron matter and there would be no other way 
of doing physics for this than QCD-ing. On the other hand, at and below nuclear 
matter density, there is undeniable evidence that nucléons are just nucléons inter
acting through exchanges of pions and (perhaps) of heavier mesons : many experi
ments, some as recent as 1979, using electrons with nuclei have clearly demonstrated 
this feature. In between where the transition from one form to the other occurs, 

Viz, nucléons "dissolving" into quarks, nobody knows clearly what happens. This is 
because no one yet knows how to obtain a hadron from quarks and gluons. There is 

*To be specified later to the extent that it is possible. 
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however some encouraging hint from model calculations and computer "experiments" 
(which may eventually lead to a break-through) that the transition occurs abruptly. 
It remains to be seen whether this is true in the real world. 

What I will do in what follows is to discuss variors atrempts to short-cut what is 
usually a tortuous and frustrating route and to guess at what .night be lurking in 
QCD. Some may turn out to be right, but at the moment we do not know for sure. In 
view of the inconclusiveness of the results, it would clearly be unwarranted to 
make a thorough discussion of the formidable machinery involved in getting at the 
predictions ; I shall avoid it as much as possible but ample references will be 
given for those who would like to pursue the matter in greater depth. Also omitted 
from the discussion are other kinds of phase transitions that may occur at high 
densities, such as pion condensation, Lee-Wick abnormal states etc. None of these 
has yet been observed in Nature, but they may well exist and may have an interes
ting relation to the nuclear matter-quark matter transition. I do not know whether 
these phenomena arise naturally in the context of quantum chromodynamics but I do 
not see either th?t QCD rules them out. Clearly an open problem for the future ! 

II. QCD FOR THE DENSE MATTER 

1. Motivations 

It is widely believed that quantum chromodynamics is the correct theory, perhaps 
not :ln all details but in essence, for the strong interactions. It has the right 
ingredient for a grand unification of the strong, weak and electromagnetic inter
actions (for review, see Nanopoulos 1980), and although neither fully understood 
theoretically nor verified unambiguously experimentally, particularly in its long
distance (infra-red) aspects, evidences are strong for its viability as an ultimate 
theory. I shall review very briefly what they are. (For recent reviews, see Ellis 
and Sachrajda 1980 ; Llewellyn Smith 1980 ; Politzer 1980. Some of these are very 
readable even to non-specialists as well). 

The basic tenets of the theory are that r lored quarks and colored vector (spin 1) 
gluons are the sole constituents of the hadron. There are three colors, say red (R), 
blue (B), and green (G) making up the SU(3) C group. Quarks appear in the fundamental 
representation of SU(3) C and gluons in the adjoint representation (e.g., octet). It 
is a nOii-abelian gauge theory since gluons carry (color) charges and so it is asymp
totically free (what this means is spelled out below). It is believed that the 
theory contains the ingredient wHch confines quarks, but this part is not well 
established, theoretically or experimentally. Some notable successes are (Ellis 
and Sachrajda 1980) : 

A. Spectroscopy. The color solves the spin-statistics problem : antisymmetry in 
color allows fermions to be fully symmetric in the rest of quantum numbers, as 
observed in the spectra. The fact that 's 0 mesons are lower-lying than ^S] mesons 
(e.g. nvjT < nip) implies that the force is generated by exchange of a spin-1 object. 
The gluons cannot have even spins, for if they did, the force would be the same 
for quark-quark (qq) and qua£k-antiquark (qq) systems which would be in contra
diction with observation : qq states are seen, while qq states are not. Colored-
gluon exchange accounts for the fact that A is heavier than N, p is heavier than ÏÏ, 
£ is heavier than A and so on. 

B. Chiral dynamics. With spin-1 gluons, an exact chiral symmetry arises naturally 
if quark masses are zero. Chiral symmetry is slightly broken as required to describe 
the actual situation by a small quark mass for up (u) and down (d) quarks. With N 
colors, the width for the decay v° •*• 2y is predicted to be 7.87 (Nc/3)2 eV. Com
paring with the experimental value 7.95 ± 0.5 eV, one finds that N c - 3 . This is 
heralded to be a triumph for the three-color hypothesis. 
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C. Deep inelastic lepton scattering. The asymptotic freedom - the weakening of 
interactions between quarks and gluons at shorter distances - unique in non-abelian 
vector gluon theories "explains" the observed Bjorken scaling and the success of 
the parton model : at short distances, quarks are point-like. The precise behavior 
of the interaction (coupling constant) as a function of distance or of momentum 
transfer is not yet checked experimentally but will soon constitute a crucial test 
of the theory. 
D. e e annihilation. The ratio R - o(e e •*• hadrons)/o(e e •+ y u ) is theoreti-
cally given by 3 [ e [l+o /ir+0(a )] where e is the charge of the quark flavor q 

q 1 s . s 1 
relevant in the energy range, a the (running) strong fine structure constant and 
the factor 3 is from the color. This formula is in fair agreement with experiments, 
though the latter are not precise enough to rule out other possibilities (such as 
spin-zero point-like bosons being produced together with quarks). The recent obser
vation of "gluon jets" (e.g. Ellis 1980) makes the gluons as real as can be ; whet 
remains is still to "see" the log-dependence of a 8 on momentum transfer (which is 
really the crucial test of the asymptotic freedom feature of QCD). 
2. Characteristics of QC1) 
A. Lagrangian. The theory which embodies the successes listed above is defined by 
the Lagrangian density : 

^QCD ( X ) " " T FMV ( X ) F P V 3 ( X ) + i I V x > V i j q j ( X ) 

• I • q^OO q̂ Cx) 
q s 

F a (x) - 3 A a(x) - 3 A a(x) + g f . A b(x) A C(x) yv y v v y abc y v 
D,.. = H . . - ig A? 4" Xa. yij y IJ * y 2 ij 
U*,A b) - 2i f a b c Xe 

where q. is the quark field with flavor index q (*>u,d,s,c,...), color index i, A 
the gli'.on-l'ield with color index a and A's are the Ge 11-Mann matrices for SU(3)CY 
The mass terms are added to account for massive quarks such as s,c,... . In most 
of the cases, the up and down quark masses are taken to be zero. Thus chiral 
SU(2)xSU(2) symmetry will be exact. In reality, there is a slight breaking of this 
symmetry due to the "small" u and d masses (e.g. the pion mass which is directly 
related to these masses, suitably renormalized). 
I have written down above the QCD Lagrangian in its full glory (and in its full 
simplicity in appearance) not to do anything with it in this lecture but to define 
my terminologies. Let me just mention here that though deceptively compact and 
simple in its appearance, not much is known of its true properties. I shall now 
summarize a few that we will make use of in the discussions to follow. 

B. Won-Abelian character. Unlike in QED where the photon does not carry any charge, 
gluons carry color charges. Hence gluons can couple among themselves. This has 
important consequences. To be more specific, let us look at quark-gluon scattering. 
In Born approximation, one needs following three diagrams to assure gauge invariance 



6° 6 b G° 
fobc 

q| qj 
(c) 

where a,b,c,i,j,k -re color incices and G and q are respectively gluons and quarks. 
[Replace the polarization vector e a by k a, the four momentum of the gluon, and see 
that the first two terms do not vanish since A's do not commute. The last term can
cels the commutator exactly]. The three-gluon coupling is thus needed to decouple 
longitudinal gluons. The QCD Lagrangian contains this feature to all orders of 
Feynman diagrams. 

This non-linear gluon coupling is the ingredient for making the theory asymptoti
cally free (as long as the number of quark flavor N f < 12). It turns out also that 
non-abelian gauge theories are the only theories possessing the asymptotic freedom. 
What this means is best appreciated by comparing QED and QCD. When one measures a 
charge in classical dielectric, one finds the charge depends on the distance R 
between the source and the detector, roughly like 

1 

Q(R) 
Screening -=-

c 

- • 

At distances very large compared with molecular distances, the charge is screened 
to Q/e (e - dielectric constant). At short distances, it approaches a "free" space 
value Q 0 and increases at decreasing distances : just how it increases is not yet 
known experimentally. The behavior of the coupling constant g(R) in QCD is believed 
to be just opposite to this,kroughly like 
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At short distances, g(R) goes to zero like ̂ jJtnRl"1 and so interactions get weaker 
whereas at long distances, the coupling constant supposedly grows and goes into a 
strong-coupling regime where perturbation theories may break down. This latter, 
the confinement regime, is completely un-understood. For the sake of illustration, 
let me give a simple argument based on color consideration how confinement works 
agai** various un-observed quark configurations. 
C. Ci.-omoelectric forces. Following Feynman (1977) and Llewellyn-Smith (1979), 
consider one-gluon-exchange force between two quarks or a quark and an anciquark 
and suppose that at large distances, the force is proportional to color charges, 
namely ^ A . J . ; 

*»» A j • A ; 

The__color_configuration_of_the eight gluons can be written as RB,RG,BR,BG,GR,GB, 
(2RR-BB-GG)/i/6 , and (BB-GG)//F . This enables one to work out the diagonal matrix 
elemtns of the force C X..A. for various configurations and one finds* : 
Configuration : [qq)^ tqqlg [qqq]j [qqq], 0 Iq?lj [q?lg 

Energy : j c j C 0 6C - | c | c . 

Now let C •*• <*> . Then we see that all the color non-singlet states are banished from 
the low-energy world. Clearly this is a crude consideration but suggests that the 
color is doing something analogous to confinement in a certain region of space. 
Just how they are related is a great open question in QCD. : 

3. Many-Body Problem with QCD 
A. Thermodynamic potential. Up to now, I have been reviewing, albeit very qualita
tively, the intrinsic features of QCD. Now I turn to the main business of my lec
ture, namely dense hadronic matter. To do a many-body problem, 1 follow the usual 
procedure of introducing temperature and density through thermodynamic potential ft 
(Fetter and Walecka, 1971) 

ft - - -^ in Z ; 0 - -ip 

Z - Tr exp[-B(H-u.N)] 
(1) 

where N=(N.,N_,...) are a set of conserved quantities and u=(y. .vu,...) correspon
ding chemical potentials. Later on, N» will be number of quarks with flavor i-u,d,s 
and \i. their chemical potentials . Energy density c is given by 

c - ft • p.N/V = ft+y.n . (2) 
* The subscript on the configuration corresponds to color representation ; e.g. 

3 0 3 - I © 6 , 9 0 3 0 3 - 1010 © 8 © 8 , 3 0 1 - 1 0 8 . 
** . . 
The densities and temperature relevant to neutron stars and to laboratory proces

ses are not high enough to involve massive quarks c,b,t etc. We shall not consider 
them in what follows. 
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Thermodynamic quantities are then obtained as 
n. - -~— ft l 3u. l (3) 

jd_ 
dV (Ve)| (Pressure) 

T.v 

S " * 4f ( V e > I (Entropy). 
|v,y 

Because of the quantization problem which is quite delicate for QCD , it is advan
tageous to cast the thermodynamic potential (or equivalently the partition function 
Z) in a Feynman path integral form : 

ft - - JL £n / VW e 8 

(4) 
s lB,y;V,$] « ft dx o / v d 3x L(y;<Mu4>) 

for a Lagrangian of an arbitrary set of fields $ • This formula is the basis of all 
the theoretical developments on many-body problem. Quantizing QCD even in the ab
sence of temperature and density is a non-trivial task and I can only refer to 
some excellent lecture notes for detailed studies (among others, I find Feynman. 
1977»Llewellyn Smith 1979 easiest to follow). Quantizing and renormalizing the 
QCD thermodynamic potential are worked out in detail by Freedman and McLerran 
(1977,1978), by Baluni (1978), and others (Shuryak 1978). I shall later on use 
their results without going through the formidable machinery employed in those 
papers. 

B. Asymptotic freedom at large densities. As first pointed out by Collins and 
Perry (1975), the quark-gluon coupling becomes weaker at increasing densities. This 
is the feature of the asymptotic freedom, now looked at in terms of matter density. 
This constitutes the clearest indication as to what might happen at super-high den
sities. In the next subsection, I will indicate in what manner the transition might 
occur : this will be far less definite. 

** 
Consider the thermodynamic potential ft which depends on g, y. and m. (i is the 
flavor index) and let renoxmalized quantities be denoted by subscript R ; e.g, 
g R,m R, etc. Then the difference ft(vi,g,m£)-ft(0,g,mi) must be free of ultraviolet 
divergences and can be written in terms of renormalized quantities only with an 
arbitrary renormalization scale v : 

ftR(Pi»gR(v),mRi(v);v) - ft(yi,g,mi) - «(O.g.nu) . (5) 

The standard renormalization group argument shows that physics should not depend 
on v, so*** 

(£)„ ' ° • (6) 

* Gauge invariance and non-abelian character make canonical quantization awkward, 
if not impossible. See Llewellyn Smith (1979) for a lucid discussion on this. 
** 
Here and in what follows, I shall take T-0, but the formalism is more general. 

*** 
I omit the index i to simplify the notation. 
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Or V 3v Ôv 3 mR FT ̂  ) V"'W V> = ° ' 
Using a scaling argument (viz, ̂ (Au.gjj.Am^Av) - A ^ G j . g ^ i V v ) ) » Eq. 
written in a form usually found in the literature (Weinberg, T973; Coll 
Perry, 1975 ; Bayra, 1978) : 

("R-W^ï^-» ^-')^-° 

(6) can be 
ins and 

(7) 

where 
P(g R) = 3g(v)/3inv 

y = -ain mR(v)/3£nv 
Defining 

g(K-D 

m(»c=l) 
*R 

•*m< 

the solution to Eq.(7) is 
^( y . B R . ^ v ) - W Aw f g(^),m(^);vj 

where w(...) is a dimensionless function of g(<) and m(<) with <=y/v, and 
(8) 

£n< 
.g(<) 

n̂  -J* dtoxy[g(x)] 
m(K) • ~ e 

For small g, 0 and y are calculated in power series 

6(g) 

(9) , 

- j bg + ... 

Y(g) 
1 IN -2N, 

2 _,_ a g + 
(10) 

For QCD, a > 0 and b » c - where N is the number of colors (here • 3) and 
24 / C 

N- the number of flavors. If one takes only the leading order terms in (10), then 
Eqs.(9) are integrated to 

a » = g2é>/4* " 6TT 
(HNc-2Nf)£n£ 

and 

Thus as y •*• °> , 

i 

X = vexp[-,/ ^ ( ^ N c - N f ) ^ ] 
m(y) - ̂  [l-g2

R a £n § + ). £ { a
2

+ a b > *„ 2 H +...] 

(10 

, . „ const a (u) *v —s s V M / £np -• 0 (12a) 



8 

m<U) * C O R!;. - 0 . (12b) 
u U n u ) a / b 

This is the asymptotic freedom at large densities. 

The arguments leading to (12) are quite solidv but the question arises as to what 
this means in practice. In particular, when does the coupling constant become suf
ficiently small so that perturbation theory works ? This is not clear since when u 
is not too large so that cts is not small enough, then the leading order calculation 
of the B function [Eq.(lO)] doec not make sense, so Eq.(ll) will not be good any
more. Because of the log.dependence, cts decreases only very slowly for increasing p. 
This may mean that one has to go to ridiculously large values of u (or equivalently 
density) to justify low-order perturbation calculations. To give an example, for 
the total muon pair rate -?• (pp •* y+u~(M2)x), one must go to M^ « 10* GeV^ before 
one can trust the leading order result. If this turned out to be the case in terms 
of the densities, then the question of asymptotic freedom would be moot at least 
for neutron stars and nuclear processes. 

Another caveat which is serious in practice is that A in Eq.(M) is a parameter 
** which is not "Unique in approximate calculations : It depends on what order one 
""^-calculates_and what convention one takes. A remains as a parameter to the extent 

that how chiral symmetry is spontaneously broken in Pâture is not known. Even in 
low-order analyses of deep inelastic electron scattering and related processes, 
A is still pretty much undetermined : 

0.05 GeV $ A < .5 GeV . 

We have no information whatsoever on A when one deals with density as a variable. 
Lots of people assume that A is roughly the same as the momentum-space value, but 
there is no justification for this. 

Finally let me just put some numbers to show the points raised above. Take A=.5GeV. 
Then we have 

p 2(GeV 2) 1 5 10 10 2 10 3 

a s(u) 1.1 .50 .41 .25 .18 . 
2 

Clearly one has go to a large density (i.e. greater than 10 times the normal nu
clear matter density) to reach a g 'v 1/2. Just where perturbation theory starts ma
king sense is a whole new unknown. 
C. Abrupt weak coupling-strong coupling transitions ? With the asymptotic freedom 
alone as a guiding element, it would be clearly hopeless to attempt to describe 
what happens at densities commensurate with, say, neutron stars or heavy-ion col
lisions. One hopeful sign, however, comes from recent studies of light-quark-less 
QCD (Creutz, 1980 ; CalIan, Dashen and Gross, 1980). 

One of the most pressing question in trying to obtain a hadron from QCD is : How 
does the asymptotic freedom regime (where perturbation theory makes sense, there
fore calculable with confidence) joins onto the strong-coupling regime where quarks 
are confined ? Is there a way to push the weak-coupling calculation to the point 
where it breaks down completely and yet can be replaced by another calculation*1 
scheme of completely different nature ? This question has been studied by Callan, 
Dashen and Gross (1980) and others with quark-less QCD put on a lattice. (This 
technique was developed originally by Wilson 1974). Although no quark6 appear 
explicitly in the calculation, the quantity they looked at, namely the string 
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tension O (which is related, physically, to the Regge slope a' by 2na'«0 and 
j • a'M^) corresponds to the system of heavy quark-antiquark bound by a string 
(see Kogut 1979). Of course in the real world, the quarks are light and hence the 
calculated O cannot be directly compared to experiments which give a'=0.88 GeV~2. 

In terms of the lattice spacing a, one can write down how the coupling constant g 
varies as a function of a (since a~* corresponds roughly to an ultraviolet cut-off, 
g(a) satisfies the same equations as the one discussed above) in two extreme limits, 
i.e., g(a) « 1 and g(a) » 1 ; for color SU(2)* 

!£ | ( a ) - In g2(a) • 0(g(a)-2) g » 1 d£n a 

d&n g(a) 
din a 

(13) 
n j g 2 U ) + 0(g4(a)) g « 1 
24n 

One sees clearly that the two regimes do not resemble at all+s the dotted lines in 
the figure correspond to these limits for the quantity o*a2 vs l/g^(a). The Monte 
Carlo calculation by Creutz (1979), referred to as "experiment" in the literature, 
gives the points. Remarkably enough, the "experiment" exhibits a rapid cross-over 
from a weak coupling to a strong coupling regime and vice versa. 

0 0 ' 

.01 

\ Weak Coupling 

* Strong 
•ir^xCoupling 

Energy density per unit length of the flux tube connecting a quark and antiquark. 
** 
In the real world, it is of course SU(3) C but no "exact" result is available for this realistic case. 

*** 
In the strong coupling limit for which the lattice gauge theory is most suited, 

-1 2 2 one. gets, to leading order in g , o-Jlng (a)/a (for F'J(2)C). Since a should not 
depend on lattice size a, da/da=0 which gives the upper equation of (13). 
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Howe can this be is answered by Cal Ian, Dashen and Gross (1980) in terms of install
ions*. T'.ey have found that the bridging can be made by multiplying the weak cou
pling constant, say, g(a) , by u(a)''^ where p(a) is the paramagnetic suscepti
bility of the gas of instancons with size less t.ian the lattice size a : e.g., for 
g(a) valid for the region of a where the cross-over occurs, 

g(a) - [u(a)] , / 2 g ( a ) w e a k . 

It is the rapid increase of u(a) from unity to something large that joins over to 
the strong coupling regime from the weak coupling regime. The solid line in the 
figure corres-onds to this instanton-mediated mechanism. It is remarkably successful 
in explaining the "data". 

This is an exciting development for several reasons : 
1) The rapid cross-over implies that a "bag" with a sharp surface demarcating weak 
and strong-coupling regimes is formed. I will come back to this bag picture later 
on ; 

2) The mechanism for a bag formation may be understood in terms of non-perturbative 
effects of QCD (instantons). 

Now what can one say about the quark matter-hadron matter transition ? Perhaps 
nothing, at the moment. However extrapolating (somewhat naively) these conside
rations, it is tempting to assume that the condensation of quark matter into hadron 
droplets or vice versa would also occur tiapidZy. If this is true, one then has in 
principle a method to calculate the transition phenomenon by pushing the weak-
coupling calculation (quark phase) to as low a density as one can while pushing 
the strong-coupling calculation (Viz, nuclear physics) to as high a density as 
possible and then by bridging them as in the case of the string tension. 

The trouble with this sort of argument is that the real situation is probably quite 
remote from the light-quark-free lattice model. It is not clear that the lattice 
theory describes the continuum QCD that we want to solve. It is not known how 
spontaneously broken chiral symmetry pervading all hadrons of relevance (e.g. the 
universe) is going to modify the qualitative aspect of the theory. The bag many 
not be a sharp object (the chiral bag advocated by Brown, Rho and Vento 1979 is 
one example), and the quark matter-hadron matter may not be abrupt (e.g. the per
colation transition discussed by Baym 1979). There is also a controversy on the 
role of instantons and it is not clear that instantons are actually doing what 
they are though to be doing (see Crewther, 1980 for counter arguments). Despita 
these caveats - and since there is nothing else better that one can do at the 
moment - I will simply assume though not invoke directly that the simple picture 
holds also with light-quark QCD and examine what one can say about dense matter 
when implemented with the asymptotic freedom in its naivest form. 

III. THE QUARK MATTER 

1. Non-Interacting Quarks 
Suppose at some high density, quarks and gluons couple only weakly so one can total
ly ignore interactions. (As I emphasized before, a strict asymptotic freedom argu
ment would allow this situation only at ridiculously large density. It may be, 
however, that other-perhaps many-body-effects weaken the interactions faster so 
that non-interacting quark gas picture becomes applicable pIZCOciouAÙJ. This is a 

•This is a localized, finite-energy solution of QCD in Euclidean four-dimensional 
space. It is impossible to go into details here, so let me just give a reference 
to Coleman (1978) for an excellent introduction to the subject. 
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possibility that cannot be ruled out). Then at T=0, the energy density of the quark 
gas is (ignoring quark masses) . , 

k_ dp. 
£ » 3x2 I j/p * 

i-u,d,s v * (2if)3 

3 
4 H (14) 

where the factor of 3 is for color, 2 for spin and sum over relevant flavor (here 
u,d,s and if needed, c,b,t,...) is indicated. k| is the Fermi momentum for the 
flavor i related to the number density by n^ • (kj)3/ir^. Since quarks are massless 
(or if massive, k* » mj), we have nu=nJj=ns=nB (and of course k" » k£ - k£ « k_.) where 
njj and kp are respectively baryon number density and baryor Fermi momentum. So 

Or the energy per baryon is 

9 2/3 4/3 n • 
•£ w n B (15) 

E/n B - £ w 2 ' 3 „J'3 . (It>; 
Now let us imagine that baryons remain as baryons even at high densities. Then the 
energy per baryon for a non-relativistic neutron gas would be 

E » ( 3 * 2 ) 5 / 3 2/3 M 7 . 
~JT » 5 n . (17) 

nB IOTT m B 

The conventional nuclear physics lore (widely accepted before the advent of QCD) 
says that at short distances between two baryons, repulsion would dominate (i e. 
hard core) : it was thought to be due to vector-meson exchanges, in particular the 
ui meson. The leading (in n R) contribution to the energy density from two-body inter
actions would then go like 

e ~ n* , (18) 
so the energy per baryon would go like 'v» n_ . 

1/3 Thus at high densities, e/n_ increases more rapidly (at least by a factor of n ' ) 
as n_ increases if the matter stays in the form of squeezed baryons than if it 
dissolves into & quark plasma. (An argument of this sort gets weakened if the 
matter makes a phase transition to a collection of massless baryons as in the case 
of Lee-Wick state ; but then some sort of repulsion would still be there). This 
shows that a dense matter is bound to be found in quark phase at some high density 
as in the initial stage of the universe implied in the standard hot big-bang theory. 
Whether or not this is relevant elsewhere (such as in neutron stars or in heavy 
ion collision) is another question. If one extrapolates naively the two extremes 
considered here, a quark matter would be favored already at a density even smaller 
than that of nuclear matter. It is probably safe to say that 2 Pb is made up of 
208 nucléons rather than a big bag of 624 quarks. One lesson here : that the asymp
totic freedom does not mean that interactions can be ignored ; it means that they 
have a well-prescribed property as a function of density or momentum that can be 
controlled at some large values. 

2. Quarks in the Bag 
A. Bag model. If the strong coupling - weak coupling transition is indeed abrupt 

This is the abnormal state discussed by Lee and Wick (1974). 
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as found in light-quark-free QCD, then one can describe the hadron in terms of a 
bag. The minimal conditions to be imposed for the formation of a bag are the confi
nement of quarks and gluons and the asymptotic freedom inside the bag. Consider a 
spherical bag of radius R and let n„ be the outward normal. Let B be the vacuum 
pressure (or energy density) which is supposed to be positive to counter balance 
the quark- gluon kinetic pressure (<0) : B is a non-perturbative quantity, here 
put in by hand to stabilize the bag, but eventually calculable in QCD in terms of 
gluons. The quarks inside the bag are supposed to be in the weak-coupling regime, 
so satisfy free massless Dirac equation ; the coupling to gluons is calculable 
in perturbation theory. Outside the bag, no isolated quarks reside (or the vacuum 
expels the color sources ;n a similar way as a superconductor expels magnetic field 
lines) and this condition (confinement) is met by imposing on the surface : fi.Eâ « 0, 
nxB <* 0, n»yi|)«i(i (or ljfl|/=0) where E a and B a are color electric and magnetic field 
strength (with color index a) and tya the quark field. 

These minimal conditions are enough though perhaps inadequate to describe the ha- : 
drons. Further assuming that the vacuum energy density B is a constant (and uni
versal, i.e., valid for all flavors, an assumption which is a suspect £s I will 
mention later), the pressure is balanced when on the surface, B>4-n.di|nl> or 

^ - ' 0 , (19) 

E(R) - ̂  + ̂  R 3B + 0(a s) . (20) 

Here n is number of quarks and antiquarks, and fi*a)R«2.04... . obtained by the con
dition fi*Y^»<|) on the surface. Equation (20) implies R » 4nft/3M where M » hadron 
mass, so far protons, R « 8/M « 1.7 fm. More detailed analysis putting in 0(a) 
corrections and some fudge factors reduces this to 

R ^ 1.2 fm . (21) 

This is the so-called M.l.T. bag model (Chodos and co-workers 1974 ; DeGrand and 
co-workers, 1975) and has been qualitatively successful in understanding hadron 
spectra and static properties. 

This minimal model is inadequate since it lacks at least one important ingredient 
of QCD, namely chiral symmetry. One can show explicitly that the surface breaks 
chiral symmetry rather badly (i.e., the axial current is not conserved even whan 
mu«m^«0 which is inconsistent with QCD). One way of remedying this defect within 
the framework of the bag model has been investigated recently (Callan, Dashen and 
Gross, 1979 ; Brown and Rho, 1979 ; Brown, Rho and Vento, 1979 ; Vento and co
workers, 1980). The simplest way to do this is to incorporate the fact that confi
nement also implies two different modes of chiral symmetry between the interior 
and the exterior of the bag : Inside it is unbiokw while outside it is bn.okzn 
&pon£anex)iuZy. The Goldstone theorem** implies that, outside, there must be excited 
Goldstone modes, i.e. the Goldstone bosons 7r+,ïï~,7r°. These pions are coupled on 
the surface of the bag to restore chiral symmetry mutilated in the minimal model, 
and provide additional pressure to make the bag smaller, perhaps as much as a fac
tor of 3, compared with that obtained without pions. In this picture, the valence 
quarks are confined within a "little bag" surrounded by pions (Goldstone bosons}***; 
* 
All bags may well be intrinsically deformed. See later for an example. 
A good reference on this matter is Weinberg (1970). 

***In consequence, the surface would be diffuse and the sharp demarcation separa
ting two phases would be lost. This may be one way in which chiral symmetry modifies 
the qualitative picture of the transition region. A hadron here is more like a 
quasiparticle in Landau sense. 
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one recovers much of the Old Yukawa picture with one-pion exchange between two nu
cléons providing the longest-range attractive tail of the potential. One can expect 
that this chiral description will introduce a qualitative difference in the density 
regime between the ordinary matter density (n Q) and several times n 0 (up to slightly 
below the onset of the quark phase), but no work has yet been done on this matter. 

B. Giant bag. Consider a huge chunk of hadronic matter at T « 0 ; there will be 
57 2 

'v 10 baryons if one is considering a neutron star or "*» 10 if heavy-ion collision. 
At low densities, the macter must consist of bags of nucléons. At some high densi
ties, the bag walls must dissolve and form a gian bag of quarks. The question is : 
at what density ? 
In the quark phase, the bag model dictates that there be a volume energy due to 
the bag formation, contributing to the energy density, 

B . (22) 
The quarks occupy degenerate Fermi seas, so their contribution to the energy den
sity is 3 

3x2x 
dp. 2^ 2.1/2 Ï I m 3 (Pi+%) 

i«u,d,s < k i (2TT)' 
p i F 

4 
(23) 

where 

- - 55' Ï ">7 [x.Ç.(2xf+l)-An(x.+Çi)l ~JL h ï i si N i ' ï * 3ir ï 

. 2 , Nl/3 . x^ » (IT n ^ ) / OK 

q - < i ^ > 1 / 2 

f. - N./A (e.g. W f s - 3 ) 
(23a) 

kj - 0r2f. A / V ) 1 / 3 . 
Here ro. is the mass for the quark with flavor i which will be taken to be non-zero 
only for the strange quark. Inclusion of quark-quark interactions within the bag 
can be done in lowest order of at (here a s is a fixed constant determined pheno-
menolgically from fitting the hadron spectra) ; the sole contribution is from the 
Fock term, 

• - 3 I 4 { x i " I f*iq-* n<v çi ) ] 2 } • ( 2 4 ) 

v i 

The total energy density in the bag model is the sum of (22),(23) and (24). 

* Higher orders do not make sense since the computation becomes non-unique. 
This has to do with the fact that a s is actually a running coupling constant 
satisfying the renormalization group equations. 
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Let us consider some extreme cases. First assume that m =m.=0 and m =0. Then the 
total energy density reduces to 

,.»•},««(,•£, Iff(n/'\ (25) 
i 

and the pressure 
P - -JÇM.£ ( e _, B ) . ( 2 6 ) 

For nuclear matter, f - f. • 3/2, f - 0 (Case 1) : for neutron matter, f » 1, 
u d s u ̂  

fj » 2 , f s » 0 (Case 2) ; for both nuclear matter and neutron star matter at 
large densities, f u=fj»f «1 (Case 3). From Eq.(26), zero pressure states are 
obtained when e * 4B and therefore from Eq.(25) the equilibrium density is obtai
ned ; 

Case 1 

Case 2 : n B - 0.19 fnf"' (27) 

Case 3 
_3 

all of which are close to the normal nuclear matter density n (=0.17fm ). However 
in all cases, the energy is some 300 MeV per baryon above the proton rest mass, 
e.g. above the nuclear state, so this zero pressure quark state is irrelevant. 
It is actually not a good approximation to ignore the strange quark mass. This is 
because for large enough densities the non-zero mass works more favorably for the 
quark phase. One can see this from the Fock term (24) which for the quark with 
flavor i»s has the well-known behavior (from electron gas) : 

a. 

°B - 0.19 fnf 3 

"B - 0.19 fm~3 

n B - 0.21 fm"3 , 

~ r ( V k F < < n i 
IT 

• i<J><4> 4 4 
(28) 

» m. 

Thus the mass brings in an attractive piece, provided it is greater than the Fermi 
momentum. When the chemical potential becomes greater than the quark mass, however, 
energy can be lowered by populating its Fermi sea. Therefore there is a competition 
between the tendency to favor low density and the tendency to favor high density. 
The net outcome of this competition is that the zero pressure quark state comes 
down in energy : For some values of parameters that are still consistent with the 
hadron spectra, the quark phase can even be strongly bound at n < n 0 (see Baym and 
Chin, 1976). This is of course ridiculous ! 

One may proceed as did Baym and Chin to simply ignore the zero-pressure state and 
look at higher density region to determine another point at which the phase tran
sition occurs. For this purpose, we need the result of a strong-coupling calcula
tion. Let us assume that the latter is given by conventional nuclear physics 
* - _ 
In B-equilibrium (i.e. d«-m+e +v, s<-m+e +v), since V "0, we have Vi"V*VmVB 

where u's are chemical potentials. Charge neutrality demands that 21i n - 1/3 n d 

- 1/3 nfl - r e • 0, so at high densities n,j-ng tnu-n^-ng-nj and n e"0. 
** 1/4 
For the fits with the M.I.T. bag ; o^ - 2.2, B -.145 GeV, 
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calculations . To give an idea, I show below the result of Baym and Chin (1976) ; 

2.8 

3? 2.4 o 
£ 2.0 
c 
E 
is 
c 

^ 1.2-

0.8 
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t t t 0.14 0.27 0.49 
J_J I ' • ' IL 

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
V/N(fm3/boryon) 

In this figure, "mean field" and "Reid" correspond to two different equations of 
state in the nuclear phase and "bag" corresponds to the quark phase as described 
in the bag model. The precise transition point depends on which nuclear equation 
of state is used, but roughly one expects the transition to occur at n > 10 n_ . 
(Here the conventional Maxwell construction is used, assuming of coursera first-
order phase transition. However one cannot rule out the possibility of a second-
order phase transition). 

C. Stange quark droplets ? When the density is high enough, it is energetically 
more favorable to populate the strange quark Fermi sea as mentioned above. There
fore a quark matter with large strangeness quantum number is bound to form : since 
*u»*d a n <* f s a ^ 1 become ̂  1 at high density, S/A (strangeness per baryon) approaches 
*v 1 . It may approach ^ 1 asymptotically in several different ways, some of which 
are indicated in the fallowing figure : 

•Unfortunately the equation of state at densities above the nuclear matter density 
differs for different forces, whose origin is precisely our total ignorance of 
what happens at the transition region. It is a sort of vicious circle indeed. 
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It may jump from **» 0 to '- 1 at n » n and stay constant (curve 1) or overshoot 
first and approach 1 asymptotically {curve 2) or approach 1 from below (curve 3). 
At present we do not know which is the right secenario ; the details depend on the 
constants otg.B.mg and will eventually have to be determined empirically. 

There is an indication that such a strange quark natter is seen in Nature. It is 
the celebrated "Centauro"event (see Bjorken and McLerran 1979). Referring for de
tails to the original articles, let me briefly summarize the relevant features of 
the event : it is a Cosmic-ray event found in the Ht. Chacaltaya emulsion exposures 
by a Brazil-Japan collaboration. The characteristics of the event are as follows : 
a very high energy 'globe" (primary energy *u 10 3 TeV) penetrates *\» 500 g/cm from 
the top of the atmosphere and explodes * 50 m above apparatus with the fire-ball .. 
mass roughly ^ 200 GeV and with the multiplicity *v» 100. The most remarkable aspects 
are that the multiplicity of ir° is i» 0 and the secondaries have large mean trans
verse momentum <P > *v 1.7 ± 0.6 GeV, the first indicating that the globe has a 
weird quantum number and the second implying a high compression, some 30 *v 100 times 
the normal nuclear matter density. 

The possibility exists that this may be an unconfined quark which has swallowed up 
a large number of hadrons (in QCD, it is always possible to accomodate unconfined 
quarks as long as they are rare ; see Bjorken, 1979, Wagoner and Steigman, 1979 and 
Bjorken and McLerran, 1979 for various seenarios and references), but the mechanism 
is contrived and unconvincing. A more plausible explanation is that the globe is 
a droplet of several hundred quarkc of several fermis in radius and large strange
ness quantum number. If one assumes that the glob is not absolutely stable but 
me tastable, then after losing some baryons through interactions with particles in 
the atmosphere, it then explodes. The large strangeness quantum «lumber can explain 
qualitatively the missing multiplicity of TT°* and the low charge ; e.g. 

a . » • » ' - «ft 3 - <•£' 
A " (kj) 3 • <kj)3 • <kj>3 

explains then the penetration depth of the globe. 

If the globes were primordial, namely relics from the Big Bang, one would expect 
NGlobe/Nordinary matter * 1 0 ( s e e B - 3 o r k e n a n d McLerran, 1979 for this reasoning), 
but the terrestial searches set the limit at *v 10" . At present, the origin of 
the globes is a mystery. 

It has been suggested (Chin and Kerman, 1979) that heavy-ion collisions at high 
energy (Pb or U on Pb or U at,beam energy > 20 GeV per nucléon) may produce a 
relatively long-living (> 10" sec) strange quark droplet with A > 10 and S/A w 2. 
If one takes Eqs.(22),(23) and (24) and minimizes e/n- with respect to n R for 
given f 8 (note f u

 K f& in nuclear matter), for the particular set of parameters, 
1/4 B - .145 GeV, a g - 2.2, niy - m d - 0, m g » .279 GeV, one finds the energy is 

the lowest for f g(* S/A) * 2 with e/n B - ny: 2 * 50 MeV** ; the density at which 
this state is formed is rather low, i.e. M , 5 n 0 . Note that the situation here 
corresponds to the scenario No.2. 

This picture would actually predict > 5TT°/100 baryons, so the "observed" ̂  Oit 
is left unexplained. It is not yet clear whether this can be considered a serious 
discrepancy. 
** 

Compare this to the baryon with S-2, m -ÎIL. * 370 MeV. 
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How this state can be formed in laboratories and, once it is formed, how to measure 
it is a matter that is not very clear. For feasibility arguments, I refer to the 
article of Chin and Kerman. As I mentioned before, the competition between the 
quark mass effect - the rest mass vs. the attraction, Eq.(28) - and the effect of 
populating the strange quark sea is a delicate matter that depends sensitively on 
the parameters. Thus any prediction concerning the onset or formatior. of quark 
droplets is at best qualitative. (For instance, the perturbative QCD calculation 
of Freedman and McLerran, 1978 shows that f s can be only slightly greater than 1, 
if at all and certainly cannot reach 2). This is an important uncertainty when one 
wants to produce the strange droplet in laboratories. 

3. Quarks on the Strings 
Instead of putting quarks in a bag, one may describe confinement by putting quarks 
on a string. The energy rises linearly as a quark is pulled apart ; this picture 
arises naturally in the lattice gauge theory (Wilson, 1975) where one can show in 
the strong coupling limit that the potential energy increases linearly in the dis
tance between a quark and an antiquark. Heavy-quark spectra have been successfully 
described using such a potential (for a review, see Appelquist, Barnett and Lane, 
1978). On a fundamental level, there must be a connection between the two pictures 
(a quark-antiquark pair on a string may be visualized as an elongated, thin bag). 
In fact, the string tension o can be related to the bag constant B ; i.e.,a "v /Ë 
(CalIan, Dashen and Gross, 1979). 

Miyazawa (1979) has done a very simple calculation of the nuclear matter - quark 
matter phase transition by considering the "melting" of strings at high density. 
Suppose a nucléon has the y-shaped string configuration with colored quarks (qg, 
4B><1G) a t t a c h e d to the ends (alternatively it could be a triangle configuration, 
but this is not considered here) : 

= Nucléon 

The confining potential is proportional to the distance from the center to the quark 
and is assumed to be a Lorentz scalar. The latter assumption gets its support from 
the magnetic moment of the nucléon (were the potential a Lorentz vector, then ma
gnetic moment would not be affected by binding like an electron in a strong elec
trostatic field, e.g., Van de Graaf ; see Lipkin, 1978) : a linearly rising vector 
potential does not bind while a scalar does (Miyazawa, 1979). The potential then 
can be written as 

V - b min T r.B. (29) 
i x x 

where B is the Dirac 8 matrix ; r is measure-1 from the center. 

Now consider a many-body system with quarks attached to randomly distributed centers 
It ir. intuitively clear that string attachments will be affected only when two 
_ 2 
b is related to a and has the value 'v 0.1 - 0.2 GeV . 
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centers approach 0.6fm < r < 1.6fm . (For r N„ < 0.6fm the system will be described 
more aptly by quarks interacting with a running coupling constant exchanging gluons ; 
for r„„ > 1.6fir, the two nucléons will be in the strong-coupling phase, so the in
teraction will be mediated by meson exchanges). Suppose that A centers are randomly 
distritubed_ in a volume V. Then the average distance between a quark (colored) and 
a center, r, is given by the well-known formula (Chandrasekhar, 1943)**, 

where n = A/V. Putting in the numerical factors one gets 

7 « 1.36/kF (kp in GeV) . (30) 

Here k^ is the bai/on Fermi momentum (=(—=— "») )• 

Define an effective mass (remember the potential is a Lorentz scalar, i.e., like 
mass) 

mOip) . b r ( y . (31) 
Then the energy per quark is given by 

J IpWdCp)] 1' 2 d3p / / d 3
P (32) 

P<kp p<lcF 

wdCp) w 1.36/ky for ky « mOcp) 

| k p for ky » m(k p) . (33) 

Since the energy increases as k~ for small k_ and as k for large k_, there must 
exist a zero-pressure state : this is shown in the figure below. In the figure, 
a standard nuclear matter calculation for one-third of the energy per baryon is 
also shown by a dotten line just to give an idea of its qualitative behavior. (Un
like other approaches considered before and later, a Maxwell construction makes + + # 

no sense here). One can say roughly that the phase transition wi11 occur at n<5n 0 

and the energy per baryon some 400 MeV above the nucléon rest mass. This result is 
similar to the bag model Eq.(25) except that the equilibrium density is pushed up 
by a factor of *v» 3. 

Much improvement is needed before this approach can be trusted even semi-quantita-
tively. The attraction arising from the mass of the strange quark need be taken 
into account. More importantly, however, quantum effects such as the "flip-floo" 
transition of string configurations and/or the vibrations of the strings (all of 
which are required by quantization and relativistic invariance) will clearly be 
important. The most unsatisfactory aspect of this approach is that there is no 
clear way of making corrections. The lattice gauge theory may be the ultimate 

To some people, that is. 
**The appearance of the gamma function T(4/3) is non-trivial although it is not so 
essential for the qualitative result that we are aiming at, 
***It can be lower due to quantum effects, as discussed below. 

which has the limits 
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way, but that seems at the moment rather remote. It is, nonetheless, encouraging 
that this seemingly different approach predicts a transition region within the 
same ball park as the others. 

4. Perturbative QCD 
Most faithful to the spirit of QCD - and most systematic - is the weak-coupling 
(perturbative) calculation of the thermodynamic potential (fl) Eq.(A) with the 
Lagrangian given by "&QCD» suitably modified to take into account the chemical 
potential dependence and gauge invariance*. The question as to whether non-pertur-
bative effects (e.g. instantons) are important in the quark plasma phase is yet 
unresolved. (Some say it is ; see Bilic and Miller, 1979 ; and some argue it is 
not, see A.A. Abrikosov Jr, 1980. I cannot judge which is right). If we ignore 
them, the theory is in principle well -defined and given enough endurance and fast 
tnough computers, the thermodynamic potential can be calculated to an arbitrary 
order. In pratice, people have succeeded to calculate only up to order (Xg(v0 , 
including terms of ctcinou ; going beyond seems formidable and, what is worse, 
unmotivated. 

As I discussed before, just how non-perturbative effects entor into ft at the tran
sition region is completely unknown due to chiral symmetry. The transition may 
occur in a gradual,or perhaps even non-smooth way. (e.g. The chiral bag picture 
allows lots of other phenomena, such as pion condensation etc, to enter before 
going into a uniform quark phase). Thus there is a possibility that the asymptotic 
freedom property of QCD may be irrelevant for densities not too far from that of 
ordinary nuclear matter. I shall forget this pessimistic prospect and assume that 
the abrupt transition seen in light-quark-free QCD takes place al&O in the present 
case. In accordance with the standard thermodynamic arguments, the Maxwell 
construction can be applied (assuming the transition is a first-order one) between 
* ——— — — — . _ _ - — _ - - - - - — — - - — — — — - — - - — — — - - — - - — — — — — — — — — — 
In renormalisable gauges, ghosts (Fadeev-Popov ghost) satisfying Fermi-Dirac sta

tistics appear. It is too complicated - and not essential - to write the effective 
Lagrangian here. See the references. *# 
Here ctg(y) is the renormalized (running) coupling constant discussed in Eq.(ll). 
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O calculated in the quark phase and fig calculated in the nuclear phase. (One can 
perhaps eliminate the Maxwell construction by briding the weak-coupling regime to 
the strong-coupling regime using the paramagnetic permeability of the instantons. 
It would be interesting to see the connection between this and the bag constant B 
in the bag model). 

Though simple in principle, the calculations performed so far (Freedman and McLerran 
1977,1978 ; Baluni, 1978 ; Kislinger and Morley 1978 ; Shuryak, 1978) are complex 
in detail and delicate due to renormalization and gauge choice : in finite order 
of perturbation theory, it is more of an art to pick the most efficient gauge and 
proper renormalization prescription ; results differ from one calculation to the 
other. Let it suffice to quote some results from Freedman and McLerran (1977,1978) 
and Baluni (1978). The relevant diagrams to order cc and oc£nac are : 

o 
(a) (b) 

(d) (e) (f) 

where the solid and wiggly lines correspond, respectively, to quark and gluon. The 
figure (c) is the familiar RPA diagram. The leading-order terms in u for all the 
diagrams except (e) which arises because of the non-abelian nature can be gotten 
from electron gas results by replacing e 2 by 

g 
I (A g ) 2 X aX B - 4g 2 for SU(3) . 

a,B-l l c 

The results are simplest when m • mj m m g • 0 and f u • fJ » 
or "neutron" star matter in ^-equilibrium at high density) ; 
n») 

1 .4 
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1 4 a S ( y ) 8 
< d ) 7* y N* " ^ ~ * x 3 - 2 4 

4u 16TT 
1 4 a S ( l ° 2 3 u 2 

(e) - ^ y* N. & , 24 (- f * n ( V - 3*n 2+4) 
Air * 16ir z v 

2 
(f) -%y N S , (̂ ) • (34) 

4TT r 16irz * 
Here u " VA " V " U, N, is the number of flavor involved and v the renormalization 
scale parameter (see Eq.(11)). The appearance of £n(u/v) implies that higher order 
terms should be combined with this so as to incorporate it into an expansion in 
terms of the running coupling constant (see Freedman and McLerran, 1977). The final 
result should not contain such a log term. In what follows, I will just drop it. 
(In more rigorous calculations, one should choose the arbitrary constant v in such 
a way as to minimize radiative corrections in fiy. This is what Freedman and McLerran 
did.). The energy density is (Baym, 1978) 

( V " ~h Nf ( 3 + "1P~ + " 2 1 V" ° / 'L * °-mf * 6'75\1 ( 3 5 ) 

2o s (y ) 

a S ( V 2 

2 \ f ir + 0.02N f + 6 -}) 

) lowest order in g ( i . e . o(g 3)) a(y) has the 

i ) -
6ir 

(33-2N f)in ^ 
• 

* N , ( 3 + -
4ir 

where 1^ - y [ 1 | J J — + . . . ] 

If the B-function is calculât) 
form given in Eq.(11) ; 

o_(y) - — . (36) 
* (33-2Nf)*n ^ 

One can calculate it to higher orders but beyond order g , the coefficients multi
plying them, say g7, become convention-dependent (see Politzer, 1979). When one 
writes a(u) in the form of Eq.(36), a great deal of convention dependence goes 
into A . It depends upon what one calculates and to what order. In sum, in this 
high-density matter case, A is unknown. In fact, none of the calculations so far 
done sorts out how to make a consistent and economic choice of A (or v etc) and 
then fix it for a systematic calculation. This is a problem to be worked out. 
When massive strange quarks are taken into account as one should, hyper-strange 
quark matter is preferably formed (at a density > 1.5 n 0) in a manner analogous 
to the bag model. (3/A never reaches *\» 2, however). The nuclear matter-quark matter 
phase transition is rather sensitive to the value of A, and unfortunately also to 
the equation of state of nuclear matter. For this reason, I cannot give a definite 
(reliable) critical density but it can range between n c < 4n 0 (e.g. A - .18 GeV) 
and n c > 10no (e.g. A * .5 GeV). The low value is definitely relevant ; the high 
value perhaps irrelevant except for the early universe. 

IV. CONCLUSIONS / QUESTIONS 
Are there quark stars ? It is possible. Detailed calculations leaning towards lower 
ranges of transition density (1-2.5 times n ) show that 1.6-2.3 M« collapsed 
stars could very well be in the form of quark stars. (See, e.g., Fechner and Joss, 
1978). They also indicate that such stars are likely to possess masses, surface 

Again note that this is valid only when ou « 1. 
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redshifts, moments of initia and other properties that are not distinguishable from 
those predicted by conventional models of neutron matter stars. Furthermore the 
cooling by neutrino emission from a collapsing "quark star" is not found to be 
substantially different than that from a neutron matter star (Burrows, 1979). This 
does not, of course, mean that one may not be able to distinguish them : the inter
actions between quarks and between nucléons are basically different, so effects 
dependent upon many-body correlations are bound to be different. The phenomena like 
superfludity, superconductivity, solidification of cores etc... will surely manifest 
themselves in a qualitatively different manner. i 

Since we are relatively ignorant of how quarks are confined, we cannot pin-point 
the transition density : it can range from 3 or 4 times n 0 to 10 or more times n 0. 
First we do not know well how nuclear matter behaves above n Q ; second, we do lot 
know how non-perturbative effects (chiral symmetry and/or instantons and what have 
you !) enter into the lower end of a quark (weak-coupling) phase. (Even if one 
forgets about these two, we have not yet determined the scale parameter A for high 
density QCD, though in principle, this is do-able !) Are we to wait for the advent 
of a faster computer to enable one to do a complete, real lattice gauge calcula
tion ? The trouble is that this may take some time. Heavy-ion collisions offer some 
hope. Central collisions between heavy ions seem to indicate that the hot, compres
sed matter ("fireball") generates a lot more entropy than that which would be given 
by nucléon and meson degrees of freedom (Siemens and Kapusta, 1979). If this is 
borne out, it may mean that color and flavor degrees of freedom of quarks are 
excited in the fireball. I have already discussed on possible hyperstrange quark 
droplets that may occur in such processes. Complicated reaction mechanisms notwith
standing, it seems to me that such a laboratory experiment is essential to deter
mine A on one hand and to verify the asymptotic freedom behavior in density on the 
other. The main question is : what are the analogues of deep-inelastic lepton scat
tering and e e~ annihilation in nuclear physics ? We could then tackle the confi
nement question from there. The questions of other possible phase changes such as 
pion condensation, Lee-Wick matter etc... cannot be resolved satisfactorily until 
we have a better understanding of what quarks and gluons are doing in dense matter. 

Finally, let me just mention that QCD at superhigh density and high temperature 
is relevant for the early, high-temperature stage of the standard big-bang model 
of the universe ; this problem was not treated in the lecture because of the time 
limitation, but is is one of the most exciting aspect of the modern cosmology and 
an important application of QCD. Much work is being done on this problem (e.g. 
Wagoner and Steigman, 1979 ; Dicus, Pati and Teplitz, 1980 ; and references given 
there). 
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