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ABSTRACT

This preprint contains discussion of highly excited
matter with the energy density & of the order of 1
GeV/fm* at which normal hadronic matter undergoes
transition to the so-called quark-gluon plasma phase.
In section 7.1 we discuss some questions of the
asymptotically dense matter (e—>o0), which s
considered in perturbative context. In section 7.2 we
consider the fate of instanton-iype fluctuations in
matter, and than in section 7.3 proceed the resulls
obtained in recent lattice calculations. The section 7.4
is devoted to phase transitions, while in section 7.5
we briefly discuss various applications of the
macroscopic approach to high energy hadronic
collisions, with emphasis on heavy ion experiments.
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7. MACROSCOPIC EXCITATIONS OF THE QCD VACUUM

Let us start the introduction to this chapter with the explanation of
its title. There are two standard approaches toward investigation of the
structure of any kind of matter, based on micro- and macroscopic con-
siderations. The former case deals with microscopic excitations, say the
phonons in solids. Usually one (or few) of them are considered in so-
me (arbitrarily large) normalization volume V. The corresponding ex-
citation energy density e~ O(1/V) is small, so one may neglect its bac-
kward influence on the matter properties. In chapters 4, 5 we have ma-
de such type of analysis, in which infinitesimal probes (external cur-
rents) have affected the unperturbed vacuum.

Quite different approach is used in the latter case, in which finite
excitation energy density is considered. Moreover, its values of interest
are those comparable to the energy density characteristic for matter
under consideration. In the problem considered in this paper it is the
energy density generated by nonperturbative field fluctuations in the
QCD vacuum, considered in section 1.3. Evidently, in such case the
matter is essentially rearranged, under certain conditions even qualita-
tively. In such approach it is natural to consider homogeneous and
macroscopically large systems (in order to get rid off the boundary ef-
fects) which are also in equilibrium states (in order not to care about
the initial conditions).

The methods for corresponding calculations are well developed,
and they provide the thermodynamical quantities which are very useiul
for understanding of some bulk properties ol the system considered.
Moreover, we know from the history of physics that sufficiently accu-
rate measurements of black body radiation spectrum together with the-
ir intensive discussion by theorists have been the starting point of qu-
antum mechanics. We know now that there were plenty of other known
effects which in principle also may have triggered its development. Ho-
wever, they were understood much later because free radiation at finite
temperature is among the simplest relevant problems.

Being now faced with so complicated problem as that of QCD va-
cuum structure we also prefer to start with problems, being as simple
as possible. Also the properties of matter under extreme conditions are,
of course, of permanent interest to physicists. Therefore, discussion of
macroscopic QCD excitations were started, see reviews and conference

proceedings [7.1—7.5]. It is not possible to consider these topics in de-
tails, so in this chapter we only comment on some progress in the field
during last 2—3 years.

In section 7.1 we briefly discuss two points connected to perturbati-
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ve theory of asymptotically dense matter, the so-called plasmon puzzle
and the problem of magnetic screening. In section 7.2 we consider in-
stanton-induced effects in the excited matter and show that (in agree-
ment with expectations [7.17]) they are suppressed relative to those in
vacuum. Rather impressive progress have been recently made by nu-
merical lattice evaluation of thermodynamical parameters ol hot had-
ronic matter, which we briefly discuss in section 7.3. At least two phase
transitions were predicted to take place on general grounds: two main
qualitative features of the QCD vacuum such as confinement and spon-
taneous breakdown of chiral symmetry (SBCS) are expected to disap-
pear at high enough energy density. We discuss these questions in seg-
tion 7.4. The last section 7.5 deals with perspectives to produce such
macroscopic excitations of the QCD vacuum in laboratory by means of
high energy collisions of hadrons and, especially, of heavy ions.

7.1. Some problems related to perturbative quark-giuon plasma

It is intuitively clear that in very dense matter (with excitation
energy density e much larger than that of nonperturbative fluctuations
g.ac) one should consider mainly the interaction of quarks and gluons
at small distances, being relatively small due to asymptotic freedom.
Therefore it seems natural that such matter is close to ideal gas made
of these fundamental constituents. Perturbative phenomena in such
matter (say, the Debye screening of the charge) are very similar to
those in ordinary electromagnetic plasma, so it was called the qu-
ark-gluon plasma [7.1]. Although main questions relevant to pertur-
bative effects in this phase of matter were solved at late seventies, so-
me of them remain open and in this section we comments on recent
publications.

The first point is the so-called plasmon puzzle. In Rels [7.6, 7.7]
(in complete analogy to Gell-Mann—Bruckner analysis of QED plas-
ma) some infrared divergent subseries of diagrams was summed up
with the finite result, being of the order of g°. Including this term the
thermodynamical potential @ (we remind that its natural variables are
temperature T and chemical potentials for different flavours p) looks
as follows
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where the charge g is taken at typical momenta max(7T, uy). Note, that
the last term is not analytic in g%, explaining the divergencies. Note al-
so, that in [7.6] and [7.7] completely different techniques were used
(in particular, Coulomb and covariant gauges ), but the results are
identical ( at this point I acknowledge very helpful conversation with
J.Kapusta who later have checked my derivation presented in [7.1]
and have found an error in the numerical coeificient at the very last
step).

The problem with the last term is that it is uncomfortably large
even al very large density and/or temperature. Two alternatives are
possible here: (i) all further terms have even larger coeificients and
the perturbative series are asymptotic and meaningiul only for unrea-
listically small g(T, ug) or (ii) this phenomenon is specific for plasmon
effect and it is really there, while the next coefficients are «normal».

In order to understand what is going on in further terms one may
either evaluate them explicitely, or make some nonperturbative calcu-
lation. Both approaches were recently considered in literature.

In Ref. [7.9] Toimela have evaluated the next term O(g*-logig))
(also connected with the plasmon effect)

N'—1 N & . [ s . -3
AQ = 'I“‘N(—:—-i———k ;P)gin(g) (7.2)

note that it is also large and has the opposite sign. Similar phenomena
in further corrections were also discussed by Kellman and Toimela
[7.9]. Also, comparison with Monte-Carlo data (see e.g. [7.10]) dis-
cussed in the next section suggests that there is no large correction to
thermodynamical quantities above the transition region and approach
to ideal gas expressions is here rather fast.

So, everything point toward the first alternative mentioned above,
and one may therefore conclude that there is not much sense in further
perturbative calculations.

The second problem, that of magnetic screening, is not important
quantitatively, but it is potentially connected with some qualitative el-
fects. As in QED plasma, the static gluomagnetic field is not screened
in one loop approximation [7.11], in contrast to gluoelectric one. Ho-
wever, in contrast to QED magnetic field, the gluonic one is selfinte-
racting bécause of nonabelian effects, and this leads to specific infra-
red divergences [7.12, 7.13] (see also comprehensive discussion in re-
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views [7.1, 7.2]). In high orders of the perturbation series there appear
powers of the following factor

(&°T/kmin) (7.3)

where Rmip is the infrared cut off. The simplest possibility suggested by
Polyakov [7.12] is that radius of magnetic screening is of the order of

R~lfmmg~1/(g2ﬂ {?4]

(we remind that electric Debye length is of the order of 1/{g-T)). Ho-
wever, in recent work by Kajantie and Kapusta [7.15] somehow diffe-
rent possibility was suggested. Using Schwinger-Dyson-type equati-
ons for the propagator they have found

: 3 N
mﬁmﬁg—n(%ﬂ) T (7.5)

Although the equiations used are not well grounded (corrections to ver-
tex functions are not included), this result is rather interesting by it-
sell. The point (somewhat of academic interest, though) is that {7.4)
implies that all terms in thermodynamical potential starting from the
8-th order in coupling constant are of the same magnitude, so that per-
turbative approach breaks down completely. The possibility (7.5) im-
plies that the powers of parametrically small parameter g(7T) is still
present in the series, although in smaller power.

Numerical experiments have also been performed [7.16] in order to
solve this problem. Existence of finite sreening length was demonstra-
ted, but of course it is not so far possible to distinguish two possibiliti-
es mentioned above by their dependence on the coupling. As for the ab-
solute value, (7.5) is reasonably consistent with data.

7.2. Instantons in matter

Qualitative behaviour of instanton-like fluctuations at finite tempe-
rature and/or density was discussed in Ref. [7.17] with the conclusion
that they are suppressed by the Debye-type screening. During last few
years several authors have considered this problem at much more qu-
antitative level. Two limiting cases are usually discussed: (i) large
temperature 7 and zero chemical potentials, and the opposite case (ii)
of zero T and large baryonic charge density.

The former case is studied in much details by Pisarsky and Yaffe
~ (see for rather complete presentation and references review [7.2]).

~
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The classical analog of the instanton solution satisfying periodic boun-
dary conditions at finite Euclidean time t,=1/T, the so-called «calo-
ron», was previously found by Harrington and Shepard [7.18]. It can
be written as follows where O=nT

A= 1(x) [—id,. T '(x)]

m L5 Bp’?% . ;
¢ = [1 + =2 sinh (20r) ] /[ cosh (26r)— cos (201)] (7.6)

At small temperatures T-r<1 it becomes the ordinary instanton,
but with shifted radius o> =0"%/(1+6%'%/3).

Evaluation of quantum effects (functional determinants in the field
(7.6) ) made by Pisarsky and Yaffe have lead to the following result:

dn(q")=dn(o");_q exp [—Wﬂ( e, )—Aee)(1+ < %) | @7

where the function A4 is known only numerically:

1 /2T
3 4
awe)= 7% | aon/mr- {E5@/my,-
= 1/2T
= 620”2 0.15468

and it is not in fact very important compared to the first term, produ-
cing very strong exponential cut off of the instanton density of the type
exp (—const- 72.g?%).

Cool quark plasma was studied by a number of authors, but most
of these works are devoted to the calculation of the fermionic determi-
nant for the ordinary instanton configuration of the gauge field. It was
pointed out in Ref. [7.22] that although this problem is rather interes-
ting by itself it is not directly relevant because it ignores the modifica-
tion of the instanton solution in matter (e.g. like thatin (7.6)). In prin-
ciple one should start with the calculation of determinant (or effective
action) for arbitrary configuration, and only than look for its mini-
mum. This complicated problem is not so far solved.

However, it is expected (see below) that the account for such «feed
back» of the matter does not change the results qualitatively, but only
modify some numerical coeflicients. Therefore, we present available re-
sults for the determinants as some methodical example.

f§



Correct result for the instanton determinant in cool quark plasma
was first found by Corvalho [7.19]

dn(g) =dn(g)u—o exp(—Njo’n®) (7.9)

but only in the limit gu>>1 and in very complicated calculation. (It is
sufficient to say that the coefficient 1 in the exponent w as expressed as
some complicated integral, evaluated only numerically.} Than other
approach was suggested by Baluni [7.20], but due to some errors the
coefficient in the exponent was twice larger. (1 acknowledge here his
recent letter in which he present some additional details on this point.)
Rather straightiorward approach based on construction of complete
set of states in plasma in the instanton field was adopted by Abrikosov
(Jr) [7.21], and after some hesitations he aiso obtained the result
(7.9).

However, rather simple derivation of the general expression for
this determinant is possible |7.22] based on the calculation of the scat-
tering amplitude of matter quarks and gluons on the instantons, with
further convolution with the thermodynamical weigths. The result lo-
oks as follows:

d”(ﬂ):r_p =d”(Q)T=p ~oexp [—C(T, n)e’]

d’p 8x’ N 8nN
(T, n)= f f
) 5(23)325;1 [EKP [(Ep—p)/T]+! » exp [(Ep+p)/T]+ 1 =
162N
3 EﬁE 2 2 :
& Em(p/?‘)—l] yo S

where three terms correspond to quarks, antiquarks and gluons. This
expression agrees with (7.9) as well as with the exponent in (7.7).

Only in the limit of low density quark plasma one can consider the
problem outside the scope of the determinant approximation, and its
comparison to (7.9) demonstrates that «feed back» effects on instan-
tons in matter are there. The idea of this calculation was suggested by
Corvalho [7.19]: it is possible to expand in powers of chemical potenti-
al starting from p =0 case, or the vacuum siate. In lowest nontrivial
order it gives

a*Q

'ﬂl"lz u=0

= ¢ Sax dy Uoo(x, v)) (7.11)

where Q is the thermodynamical potential and Il,, is the polarization
8

operator in the instanton field, previously calculated in [2.12]. (Note
that corrections of some numerical coefficient is needed for this result,

as well as for Corvalho calculation.) My final result is the following
correction factor are as follows:

dn(g)u=dn(9},‘=u( i %gfufﬁf+ ) (7.12)

which should be compared to expansion of (7.9).

I have also addressed the question whether one may interpret the
instanton-induced corrections to the thermodynamical parameters of
low density matter as a consequence of some quark «effective mass».
For cold quark plasma results follow from (7.12) and for hot case
from the expansion of (7.8). It turns out that in these two cases the
«effective masses» found are not identical (although very close nume-
rically!):

Ve T+0, p=0

7.13
V372  T=0, p£0 )

M g =2n0c(n, /N)'/2 {

which demonstrates that they are qualitatively useful but riot strictly
defined quantities. Note that instantons produce also interaction bet-
weetl quarks, not only their masses.

The last point in this section is connected with application of the re-
sults discussed above for the qualitative prediction of matter parame-
ters at which instanton density is strongly (say, by 50%) modified.
Using (7.10) we find the corresponding curve on T—n plane, the two
limiting transition points are as follows

£
T.I‘IMSE —_— ~ 120 MEV e
3 Q.
Wt rans O 2 ~350 MeV , s ~1 fm—3 (7.14)
Q:

where we have substituted rather small value of critical instanton ra-
dius g.=1/3 fm. In spite of this, one finds rather modest transition pa-
rameters (7.14)!

Completing this section we may say that in agreement with expec-
tations all types of macroscopic excitations lead to suppression of in-
stantons. This effect turns out to be very strong (exponential). So-
mewhat surprisingly, the numerical coefficients are such that even
small instantons are affected by rather dilute matter.
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7.3. Evaluation of thermodynamical quantities
on the lattice

Numerical studies in lattice approximation provide the unique pos-
sibility to study transition from rare hadronic gas (at low level of exci-
tation) to quark-gluon plasma (at very high energy densities).

We have already discussed in section 3.2 how nonzero temperature
is taking into account by means of periodic boundary conditions in
Euclidean time t, such that

T=1/7, (7.15)

In lattice calculations at nonzero T one should take the asymmetric
|attice, with different spacing in space and time directions, a_ and aj.
Respectively there are also two coupling constants in the Lagrangian
[7.23]: '

o 0, T P g
scn=2N (%) s L reTr(UUtUY) |+

g: \a. o Pl N J
OAF ~ i 1
I A i o 4+ 1+ .
Fia) Bl pReTuviy | )
£h ap J Ps L I A
now one can put a,=agg=1 but two parameters g, and gy are neces-

sary. We really have two independent parameters in the problem under
consideration, say the lattice volume and temperature. We remind that
energy density and pressure can be expressed in terms of statistical
sum Z as the following partial derivatives:

1l dlnZ dlnZ
5o TP i 37
v 6(11{“ V= const oV = consi I: }

and using the action (7.16) one finds [7.24]:

1 ac dC
m*;ﬁﬁ(E(pﬁ—pﬂ)— a{ (Pﬂ—Pw)—d—;(Pﬁ—Pw)) (7.18)
d(l
e—3p)a*=6N ZLED (p 1 Py—2P,,n) (7.19)

where <PF> and (Pg) are the average values of space and time plaqu-
et’ies,‘ while (Psym) refers to symmetrical lattice. Some complication
here is the charge renormalization on the asymmetric lattice. Introdu-

cing the asymmetry factor E=a_/ag one may write down the following
expressions

10

e S —

g5 =g (a,) +C,p(E) +0(g”) (7.20)

where functions C_;(E) are evaluated numerically (note that by delini-
tion, C_(1) =Cg(1) =0). We refer to original works for details and
now proceed to discussion of the results.

From the very beginning of such calculations the transition to cor-
rect high temperature limit of pure gauge systems (being just the
Stephan—Boltsmann law) was demonstrated.

2
b A i
ET—_’_—;ESB=‘1—5(NJ—1)T4 {?21}

At Fig.l we show the results of the works [7.24] for SU (2) gauge gro-
up, which display this phenomenon clearly. At Fig.2 it is shown the
combination ¢ —3p, absent in ideal gas made of massless constituents
(note, that it is the trace of the matter stress tensor, so scale invarian-
ce is relevant here). However, including the nonzero effect of nonper-
turbative effects in vacuum (which are absent in high density matter)
one {inds some constant contribution

(&—3p) 7= |4€0al = const (T) (7.22)

Note that data shown at Fig.2 well agrees with (7.22) and provide the
value of the vacuum energy density! (So far, in SU(2) theory without
quarks.)

Generalization of these results to SU(3) group [7.25, 7.26, 7.38]
have shown that in this case transition happens to be with strong dis-
continuity at the critical temperature

T~ (75—80) A, (7.23)

which is the deconfinement transition. With latest A, (see section 2.3)
this corresponds to rather high values about 300—400 MeV. Respecti-
vely, the latent heat in this transition (see e.g. [7.38]) also becomes
uncomfiortably large:

Ae~TTi~10 GeV/im? (7.24)

However, very recent publications [7.39—7.41] which more or less
include the contribution of virtual quarks demonstrate that their ef-
fects definitely lead to strong decrease of transition parameters. As an
example, we show at Fig.3 the dependence of e on T according to
[7.41], where 4-th order hopping parameter expansion was used for
K =0.15 and 0.20. (It is not easy to put these values into physical qu-
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ark masses, but anyway the latter one is close to critical K, so in this
case quarks are rather light.)

Thus, one should wait for more quantitative analysis of virtual qu-
ark effects, but the qualitative tendency found obviously points into

correct direction. Finally, we hope that their proper account will return

us from high values (7.23, 7.24) to more modest transition parameters,
about

Tirans~150 MeV,  eirans~1 GeV/im? (7.25)

suggested by various phenomenological considerations.

7.4. Phase transitions

Existence of phase transitions at high enough excitation level of the
QCD vacuum is suggested by general observations that quark-gluon
plasma phase is qualitatively different from the ground state, say con-
finement and quark condensate (manifesting the SBCS) are absent.

The first more elaborated discussion of the so-called deconfinement
phase transition was made in the framework of lattice gauge theory by
Polyakov [7.28] and Susskind [7.29]. They have explored the general
idea that at high temperature gluonic field becomes in some sense clas-
sical, so no place is left to confinement. Further general discussion of
the physics of deconfinement transition was made in Refs [7.30—7.32].
Among other problems, they concentrate on the symmetry considerati-
ons connected with «centre group» transformations (see below) and
on relations with some spin systems. However it is very difficult to say
at the moment to what extent these considerations are really relevant
for understanding of confinement mechanism. So, after some elemen-
tary introduction we proceed directly to results of numerical analysis.

As it was already noted in the preceeding section, thermodynamical
quantities evaluated numerically in lattice approximation demonstrate
some discontinuities, typical for phase transitions. However, following
the general arguments by Landau it is desirable to measure specific
«order parameters», which are nonzero only in one of the phases,
which reveal more clearly the physical nature of the transitions.

For deconfinement transition the following candidate for .this role
was proposed, the average value of the so-called Polyakov line which
is the Wilson contour in the time direction closed by periodicity.

. B
L(.?'Jz%TrPexp [%usdms(f: r)f“] (7.26)
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Note that the energy E(X) of two quarks at distance x can be written
as follows:

exp (—BE(x)) = (L(0) LT(D)) (7.27)

and in case of linear confinement E(x) =k-| (¥)| one has
lim (LO)LT(®)) = (L(0))*=0 (7.28)

| £ —= oo

The opposite case of finite mass renormalization corresponds to the fol-
lowing result:

W= {(L(0)) =exp (—BE uare) #0 (7.29)

Thus, measurements of W as a function of temperature can reveal the
deconfinement transition.

Note that SU(N) gauge field action is invariant over some additio-
nal discrete «centre group» transformations, being just multiplication
on powers of exp (2mni/N). However, nonzero W implies violation of this
symmetry! That is why it was suggested to connect confinement with
this symmetry. There exist specific topological objects on the lattice,
the vortexes, which may «condense» and in principle produce phases
with violation of the «center group» symmetry. However it is not clear
what is their fate in continuous limit. It is much more important that
«center group» symmetry considerations are not directly generalized
to theories with quarks, see e.g. recent discussion in [7.30]. Therefore,
their relevance to confinement problem is not clear (as well as what
have to be used as deconfinement order parameter).

At Fig.4 and 5 we present SU(2) and SU (3) data for W=(L)
[7.44], which indeed demonstrate the behaviour expected for the de-
confinement transition. Note that in SU(3) case one again observes the
finite jump typical for first order transition. However, this strong dis-
continuity disappears if one includes at least one quark of mass smal-
ler than some critical value (about 800 MeV) [7.39—7.41], and presu-
mably second (or higher) order transition survives in realistic case
with light quarks.

Now we proceed to discussion of another qualitative phenomenon,
restoration of chiral symmetry. In section 1.5 we have mentioned close
analogies between the QCD vacuum and superconductors, Cooper pair
condensation and nonzero quark condensate etc. It is intuitively clear
that this analogy should go further and at high temperature vacuum
should return to «<normal» state.

Early discussions of this phenomenon were usually made in the fra-
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mework of sigma model, but they are rather unrealistic, say the high
temperature phase contains massless baryons. Recently this possibility
was discussed again in connection to models with composite quarks
and leptons, but this interesting point is surely outside the scope of the
present review.

Considering deconfinement transition and that connected with the
restoration of chiral symmetry in QCD one inevitably ask the following
question: are these phase transitions separate ines or the same transi-
tion? Delinite answer to it will essentially ciariiy the interplay between
these two main qualitative phenomena in QCD.

The following simple consideration provides the partial answer to
it (being a part of theoretical folclore, see e.g. latest Kogut review
[3.2] and references therein): confinement of quarks is not possible
without SBCS. It was already mentioned in section 6.1 that in the bag
model one should pay attention to the fact that quark reflected by the
bag boundary changes its chirality, which can happen only in chirally
asymmetric vacuum. This consideration does not depend on the model
and is quite general, so deconfinement may happen either together or
before chiral symmetry restoration in the course of increasing level of
matter excitation.

In my paper [7.42] the latter possibility was suggested on the basis
of some phenomenological observation that SBCS effects are stronger
and start to be important at smaller distances (see their discussion in
chapters 5 and 6) than those connected with confinement. In short, it
was suggested that first hadrons and only than «constituent quarks»
are «melted». Pisarsky [7.43] have formulated some phenomenologi-
cal arguments which show that these two transitions can not in fact be
too much separated. However, in terms of excitation energy density
this limitation still allows the difference of about one order of magnitu-
de.

Recent numerical experiments devoted to this point where perfor-
" med by J. Kogut and collaborators [7.44, 7.45, 1.35] and they have cle-
arly demonstrated that separated phase transitions are quite possible.
In particular, quark condensate was shown to appear in lattice QED at
some critical coupling, in the model without confinement. Most specta-
cular are results for SU(2) theory with quark «colour isospin» to be
larger than 1/2, in particular 1, 3/2, 2: in this case stronger interaction
between quarks lead to much larger excitation level needed in order to
«melt» the quark condensate. (Note however, that calculations so iar
ignore virtual quarks!) Results for «normal» quarks with «colour izos-
pin» 1/2 are shown at Fig.4 and it is seen that in this case two order
parameters seem to vanish at different temperatures, Tepirar/Taecont =1.3
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or at energy densities differrent by about one order. (However, the
authors are careful at this point and comment that in principle it may
be some [inite size effect.) In the SU(3) case the observed jump in
energy density is so strong (about one order by itself) that both transi-
tions are hidden in it, see Fig.5. We have already discussed in precee-
ding section that this jump is shown to disappear with more ap propria-
te account for virtual quarks, so it is necessary to wait for some time
before realistic QCD can be treated by this method.

Now let me make some comments on predictions of the instanton
models of QCD vacuum concerning chiral phase transition. Assuming
that instantons dominate in the generation of SBCS (see section 2.6)
we find rather specific predictions [7.22]. In particular, there is very
peculiar dependence on the number of quark flavours.

With only one light quark in the theory the nonzero instanton den-
sity directly leads to quark condensate, therefore there is no transition
at all: with matter excitation the condensate decreases strongly, but
remains nonzero. Quite different behaviour is expected for Ny>2 (the
realistic case): the seliconsistency equation for the condensate does not
allow for solution with arbitrarily small condensate value because the
instanton density is proportional to (PW¥)™. As a result, the finite
jump from some critical condensate value to zero is inevitable, which
implies the first order -transition. Note however, that possible influence
of Coulomb attraction (at small distances) and confinement effects (at
large ones) may in princible somewhat modify the proposed picture.

Other considerations are connected with the instanton suppression
in excited matter, discussed in section 7.2. Taking literally these ex-
pressions and again assuming that instantons dominate in SBCS one
finds rather low transition parameters (7.14), in contrast to very high
ones suggested (for pure gauge systems) by lattice calculations for
the deconfinement transition. As mentioned before, it is difficult to ima-
gine that inverse order of these transitions takes place. So one may ho-
pe that proper account for virtual light quarks in the QCD vacuum will
resolve this discrepancy.

Completing this section we may say that the situation with pl}ase
transitions is very uncertain at the moment. At least we have realized
that they seem to depend in nontrivial way on parameters Df, the prob-
lem (the gauge group, quark masses etc.) soin Future this field seems
to produce rather rich variety of different situations and, respectively,

the interesting physics.

15



7.5. Macroscopic excitations in high energy collisions

Applications of the methods borrowed from the macroscopic
physics to description of high energy hadronic collisions have rather
dramatic 30-year-old history. The main ideas were suggested by lea-
ding physicists such as Fermi, Pomeranchuck and Landau, and they
have really explained the main qualitative features of the phenomenon.
However, cosmic ray data available at that time were not sufficient for
quantitative analysis. About a decade ago large accelerators have
started, providing a lot of data, and few enthusiasts have revived this
activity. However, most physicists were very sceptical about its rele-
vance and such models were treated as «heretical» ones (terminology
belongs to P.Carruthers [7.71]), which can give only very rﬂugh des-
cription of data, at best.

It is true, region-type dynamical models provide more d(‘td!](‘d in-
formation (say, on energy dependence of the total cross section, the
shadow effects etc.), while various quark models better account for
hadronic structure (say, may also describe fragmentation phenome-
na). It is also true that excited systems available so far are not large
enough in order to make macroscopic arguments quite convincing.

However nonperturbative QCD is very complicated and we are not
in the position to confront all this detailed information with the un-
derlying fundamental theory. The situation with macroscopic models is
different: the equation of state of «excited vacuum» at given tempera-
ture is about the simplest imaginable quantity, and there are methods
for its evaluation from first principles. Therefore, experimentalists are
now asked not only to go to higher energies, but also to study conditi-
ons at which this energy can most eifectively be «dissipated» into vacu-
um degrees of ireedom. The perspectives of this new direction of hadro-
nic physics are rather exciting and are widely discussed. The question
whether macroscopic excitations are experimentally feasible and some
remarks on general goals of this approach are postponed till section
8.7.

In this section we assume that macroscopic excited system is indeed
produced in high energy collisions of heavy ions (or even protons) and
consider various «effects» most useful for its investigations.

As it became traditional, we start with general discussion of spa-
ce-time picture of ultrarelativistic collisions on the two-dimentional
- plot time-longitudinal coordinate x, see Fig.6. As in [7.1, 7.3, 7.4] we
emphasize that the energy'density (in the CM frame) is very high at
the collision point due to Lorentz contraction

£ max ™ Z?Cmau (7.30)
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where g, =myn,~0.15 GeV/Im®, n, being the nuclear density (e, is se-
veral times larger inside the proton ). However, due to small time of
flight and the asymptotic freedom of QCD only some rare hard collisi-
ons take place during this stage of the process.

However, as the system expands further it may happen that it goes
through the stage of local thermal equilibrium which is characterized
by the condition

l< L (7.31)

where / is mean free path of constituents and L is the system dimensi-
ons. The two hypersurfaces at which this condition is violated (see
Fig.6) are called «relaxation» and «breakup» ones. Before the former
one the system can be considered as a set of quasifree «partons» while
after the later one it consists of nearly noninteracting secondaries. This
picture is rather different for energies of about 10—100 GeV/N (in
Lab frame) where there are chances to produce some «fireballs of exci-
ted matter with small relative velocities and «high energies», for which
the matter in any case is expanded in longitudinal direction with large
velocity gradient (Fig.6 corresponds to this case).

Note that principal condition for existence of theri . ynamical re-
gion is the existence of two separate time scales:

T relax& T break up (7.32 )

Now, why this condition may be fulfilled?
[t is not difficult to estimate Ty earup corresponding to [~ L
dn 1 1

n= ' ,
dy ﬂRi Toreakup Ty R i {T+33)

where o, is the cross section for secondary hadrons and R | is the tran-
sverse dimension ol the system, while dn/dy is the particle number per
unit rapidity. As a result one obtains

dn

SR ( dn ) (7.34)
breakup R dy

Note, that this quantity increases with particle density (and therefore
with collision energy) and even for pp collisions at very high energies
it may be equal to few fermis.

[t is essentially more dilficult to estimate t,.q for we do not know
the interaction of quarks and gluons at relevant distances well enough.
In [7.46] (see also [7.1]) I have used perturbative estimates in lowest
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nontrivial order for gq, gg and gg scattering and have found gg inte-
raction to be most important which may lead to mean free path in the
plasma to be as small as

Tretax™ ],f ESOQE(T} Tl [?35}

at temperaturre 7. In practice this means that 7., may be few times
smaller than fermi in cases of interest. Note also that in contrast to
Toreackup this quantity decreases with growth of particle density, so the
inequality (7.32) may really holds at sufficiently large (pp) collision
energy.

Now it becomes clear (see e.g. discussion of the correlators in
chapters 4, 5) that the nonperturbative interaction is in this case much
more important. However, the statements about the strongest effect in
the gluonic case and even the estimate (7.35) suggesting tretar>~.2—.3
fermi seems to hold all right. In this case the existence of two scales
(7.32) is just the manifestation of the two scales in the QCD vacuum
much discussed above (say, dimensions of «constituent quark» and
hadrons) and therefore it may take place even for pp collisions in the
few GeV region. Only new experiments will provide reliable data on
the rate of mixing phenomena.

[ have repeated all these considerations here because the principal
importance of two scales (7.32) is often forgotten. Also often raugh es-
timates of the energy density reached in the collisions are evaluated
with some intermediate «formation time» (seee.g. [7.48, 7.49])

so that
PO (T T

s ﬂRﬁ_ Tjorm d_!,f {"737}

In chapter 6 we have already discussed the value of the formation
length extracted from N—A collisions and have concluded that it cor-
responds to «formation time» of constituent quarks, both according to
the model used and to particular numerical values obtained for it from
the fit. Thus, it is several times smaller than (7.36), respectively ¢ in
(7.37) is essentially underestimated.

Now we turn to completely different type of problems, connected
with the question of most convenient experimental signatures of all
these phenomena. In his recent talk at Brookhaven 1983 conference
[7.3] M. Gyulassy have suggested very nice terminology. All obser-
vahles are classified as «thermometers», «barometers» and «seismo-
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meters», if they are most sensitive to temperature, pressure or fluctua-
tions. respectively. In addition to this list of useful devices let me also
add the interferometric «microscope», directly measuring space-time
properties of the system producing observable secondaries.

Since «barometers» based on explosion-type expansion are more
spectacular, we start with this point. Than we consider «thermome-
ters» which are mainly based on nonequilibrium phenomena.

We remind that applicability condition of hydrodynamics is the sa-
me as for thermodynamics (7.31), but in order to apply it one should
also fix boundary and initial conditions, as well as the equation of sta-
te. The most uncertain point here is of course initial conditigns, depen-
ding on poorly understood relaxation rate. In [7.46, 7.1] we have dis-
cussed two extremes, instantaneous mixing of Fermi—Landau (Lo-
rentz contracted discs) and «scale invariant» initial state defined on
the hyperbola

t?— X = Tretas (7.38)

The latter condition leads to very peculiar expansion: all volume
elements are expanded linearly with time and move in straight lines
irom the collision point:

V(x, t) ={/x=const (7.39)

In [7.1] interesting resemblance of this regime to Universe expan-
sion was noticed, with (7.38) resembling the Habble’s law. For each
volume element picture is essentially the same, and pressure from the
left neighbour is equal to that from the right one, respectively there is
no acceleration. This scaling regime was first considered in Refs
[T.’F’B] _and recently rediscovered in [7.48, 7.49].

Note, that in reality the total energy is limited, as well as the
hyperbola (7.38), and so some amound of energy should be transmit-
ted to fragmentation region where the ideal pressure balance is lost.
Another way to see this phenomenon is to ccnsider the law of energy
density dependence on time [7.84]

£(1) ~g— 01

(here the equation of state is c*=dp/de=const). Ii the energy be fixed,

it would correspond just to e(¢) ~1/¢.
These two types of initial conditions result in different spectra of
longitudinal rapidities. In Landau case it is the famous Gaussian:

dn S[l—ﬂ’},ﬂ'i{l +¢%)

ay VL(S)

exp (—y*/2L(S))
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(Landau result is slightly generalised [7.69] for ¢?s«1/3.) In scaling
case one evidently has the familiar «plateau» in rapidity distribution.
As it was argued above, limited relaxation rate should produce Transi-
tion from the former «stopping regime» at relatively low collision
energy to «scaling» one at higher energies. As it was estimated in
[7.46, 7.1] this transition was expected at approximately ISR energy
region, s=102—10° GeV?. Now SPS collider data are available, and
one can really see that in contrast to ISR data (reasonably well cor-
responding to (7.39), see e.g. [7.75]) they are much more of the «pla-
teau» type.

Although such qualitative agreement with expectations is found, I
am rather sceptical about attempts to obtain more quantitative infor-
mation along this line. The observed rapidity spectrum is not much
sensitive to initial conditions. The readers can find more details in re-
cent Refs [7.82, 7.83] devoted to numerical hydrodynamical calculati-
ons.

Much more reliable «barometer» seems to be transverse momen-
tum distribution, or even average {p, ). In principle the observed spec-
trum is generated by two components, distributions over «thermal»
and «collective» velocities. The general method to separate them is rat-
her simple: one should compare spectra for particles of different mass,
say pions and antiprotons. Obviously, thermal velocities for heavier
particles are smaller. This idea was, for example, used successfully at
low energy heavy ion collisions [7.80] with rather convincing argu-
ments for the existence of collective effects.

Zhirov and myself [7.74] have made similar analysis of ISR pp da-
ta and the conclusion was rather disappointing: thermal distribution
describes data «too well», so that no trace of collective flow velocity
(at the level v<0.2) was seen. The reason for it is not so far clear. It
can be that due to «vacuum pressure» effects the driving force is in this
case smaller than expected with simplified equations of state [7.74]. In
other terms, most of the energy may be used not for kinetic energy, but
for production of the large «bag». Another possible explanation [7.60]
is that the system is cooled too rapidly from the surface. However, esti-
mates show that hadron «evaporation» rate from quark-gluon plasma

is suppressed by some combinatorical factors and this mechanism is
not very effective.

However, recent experiments with essentially larger systems and
higher energies have produced some results which allow to look at the
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problem with greater optimism. Studies at SPS collider [7.87, 7.88]
and first results from high energy nuclear collisions obtained by
JACEE collaboration [7.89] have shown that the average transverse
momentum increases with the particle density dn/dy, see Fig.7. (It wo-
uld be also desirable to plot local density here, not the global one, but
it is not so far done.) Unfortunately, little amount of data for heavy
particles is reported, but UAS group have observed very spectacular
increase of the average transverse momentum for kaons [7.87]. (The
explanation proposed in this paper relates this fact to charm decay, but
it seems to be rather unprobable: the number of charmed quarks sho-
uld be comparable to that of strange ones!)

Assuming that JACEE effect is indeed due to pressure, we are in
rather puzzling situation: hydrodynamics predicts that the larger is the
system, the smaller is the pressure gradient and therefore collective
velocity, while data suggest another trand! This naturally suggest that
the system is not purely hydrodynamical, at least for small systems.
As for JACEE effect in absolute magnitude, it reasonably well corres-
ponds to what can be expected (see e.g. report by G.Baim et al. in
[7.83]). So, aiter all our «barometer» indicates something, but it will
need some time to calibrate it.

Now we proceed to nonequilibrium phenomena which give us more
direct information on earlier stages of the collisions. The general intro-
duction as well as some examples were already given in [7.1], so we
do not consider them in details. During last few years many papers
were devoted to the subject, but we do not consider them in details he-
re. The problem with them is that they use the same ideas as earlier
works (say, [7.46] ), in particular ideal quark-gluon gas and perturba-
tive (lowest order) estimates for the production rate of dileptons, new
flavours, surface «evaporation» etc. This is good enough for qualitati-
ve estimates, but in order to make the predictions more reliable one ne-
eds either make some nonperturbative calculations (say use Kubo-like
formulae for dissipative parameters in lattice calculations) or pheno-
menologically analyse some data. Therefore, instead of presenting of a
number of curves I prefer to outline a set of qualitative ideas which
may turn useful later for the analysis of (future) heavy ion data.

The most helpful phenomenon of this kind is the production of pe-
netrating particles—photons and leptons [7.50], easily going out of
hadronic cluster (like neutrinos from the Sun). Note that perturbative
evaluation of dilepton production rate [7.46] is also more reliable here,
for it is the electromagnetic process. We also comment that quark-had-
ron duality ensures that global production rate is very insensitive to
the dynamical details.
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It is not so for the shape of the spectrum, and this point was em-
phasized by Domokos and Goldman [7.54] and later by Pisarsky
[7.43] . Suppose we start with dilute pion gas and consider pion annihi-
lation into eTe~. From the inverse process (well studied at colliding
beams) we know its amplitude (in vacuum), it is affected by pion-pion
interaction and is strongly enhanced at rho-meson mass with some
suppression around it due to duality. In the quark-gluon phase there is

no confinement and therefore no rho-peak: the spectrum should be con-
tinuous. (It looks as if one observes eTe~=-qq directly.) Interesting,
that data even at rather low energy (e.g. see [7.54]) clearly demonst-
rate significant continuous component in the dilepton mass spectrum.
It was so striking that such pairs are known as the «anomalous» ones.
Thus, looking at relative contribution of resonance and nonresonance
dileptons we may have some information on matter properties.

Another qualitative phenomenon connected with the shape of the
spectra was found by Zhirov [7.59]. At Fig.8 we show the local slopes

s &t
Tt E)=— o= In (Eﬁ ) (7.41)

where the transverse energy is (pi+m?*) Y2 . Note that data of quite dif-
ferent experiments and reactions point toward existence of some «pla-
teau» at E;=3—4 GeV. The proposed interpretation [7.59] is that pla-
teau height is just the «initial temperature» of the system while partic-
les in this E; range are «evaporated» at the mixing stage. (See earlier
discussion of such processes in [7.55—7.60].) Energy dependence of
this plateau height and the preexponent are shown at Fig.9, they are in
reasonable agreement with behaviour expected [or simplest «stopping
regime». Evidently, existence of this phenomenon at SPS collider ener-
gies and its parameters is of interest.

If this interpretation will be confirmed by later studies, it suggests
remarkably simple «thermometer» for measurements of the highest (as
well as intermediate) temperatures of the process just by evaluation of
the transverse momentum slopes at some well defined kinematical re-
gions. Note that for systems containing thousends of secondaries it can
be done even for individual events!

Now we proceed to discussion of the contents of secondaries, which
is also a «thermometer», but much more complicated. It is probably
useful to recollect that original Pomeranchuck idea is that at final sta-
oe we have nearly ideal hadronic gas at low temperature Fiiearup, osti-
mated from the slope of spectra at low transverse momenta. This idea
reasonably well reproduces the global number of kaons and antipro-
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tons, observed in hadronic reactions. However, looking at this
long-standing prediction more quantitatively on the basis of modern
data one comes across new problems.

First of all, pions, kaons and antiprotons seen in detectors are in
fact the decay products of multiple resonances. Their widths are only
about 100 MeV or less, so they mostly decay after Toreakup, at very low
density, thus in well known way. Evidently one should exclude from
the consideration this trivial stage of the process!

Fortunately, transverse energy distribution for resonances is re-
markably identical to that of stable particles, so we enjoy the so-called
«thermal» equilibrium. But what about «chemical» one, related to ab-
solute resonanse cross sections?

Unfortunately, it is very difficult to answer this question at the mo-
ment. Relevant temperatures are around phase transitions and we do
not even understand how to pick up necessary degrees of freedom in
order to understand «how many rho-mesons» are there. At smaller T
we have hadronic gas picture and Beth-Ulenbeck method (much advo-
cated by Hagedorn) suggests simple picture of ideal gas made of stab-
le particles as well as of resonances. But even this picture contains
many uncertainties, say too wide resonances must be somehow cut off.
Even in the pion gas one finds some surprises [7.1]: contribution to
thermodynamics of «resonant» /=0, 1 channels in pion-pion interacti-
on is canceled by the nonresonant /=2 interacticn (in first order of
Weinberg effective Lagrangian)!

At larger T we may try to form resonances out of plasma quarks.
In this picture it is natural that, say, direct g/n ratio is about 3, accor-
ding to the number of spin states. This is indeed what is seen in data
(see more in Ref. [6.64] ), and these observations may imply that «che-
mical equilibrium» is indeed absent at breakup stage and contents is
governed by larger temperatures than Ty cakup-

Among surprises from the experimental side I should mention here
large baryon excess in processes related to gluonic intermediate stage:
¥ and Y decays and gluon jets. Especially interesting is 1" decay, pro-
ducing in average nearly isotropic cluster of a dousen of pions, with
baryon fraction twice larger than observed under similar multiplicity
in pp and eTe™ cases.

It is not possible to understand all these puzzles without considera-
tion of essentially nonequilibrium physics. It is probably useful to re-
collect here some widely known examples of the kind. The first one
which comes to my mind is the steel tempering. At large temperature a
lot of dislocations appear which are frosen by rapid cooling. Recently
many similar phenomena are discussed in cosmology: relict monopo-
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les, baryon charge excess (very tiny eifect, but leading to our existan-
ce) etc.

The key parameter in all these examples is cooling or expansion ra-
te, which has to be compared to typical relaxation time. In hadronic re-
actions a variety of cases is possible, depending on initial conditions.
For example, it is quite obvious that spherical expansion from (point-li-
ke) upsilon decay can be more rapid that transverse (cilindrical) one
in pp or et e~ cases. The energy spectra in this decay indeed have lar-
ger slopes, indicating larger decay temperatures or stronger collective
effects. Thus, there are arguments that this system breakes up at more
dense stage, explaining the baryonic excess. Selecting larger multipli-
city we have larger and more «cool» systems, so we predict that here
baryon/meson ratio should gradualy decrease. It is interesting to test
this prediction experimentally.

~Among nonequilibrium phenomena the most interesting ones are
those connected with phase transitions. This point was recently adres-
sed by L. van Hove [7.85], see also recent work [7.86]. It was pointed
out that under certain conditions (first order transition with suffici-
ently large latent heat) at the expansion stage some discontinuities
may develop, the so-called deflagration and detonation fronts, at
which the internal energy of matter is directly transformed to that of
collective flow. Deflagration has more chances to take place, and it can
be observed by the fixed value of outword collective velocity v.oy of
matter, which is determined entirely by the equation of state. However,
in problems of similar type a lot of instabilities are known to be develo-
ped and instead of some cilindrical front one may in fact find a mess of
«bubbles» [7.86] and other «supercooling» phenomena.

Finally, let us consider one more interesting «lhermometers (being
somewhat similar to ordinary medical one) the production of new fla-
vours. As dislocations in tempered steel, they are produced at the hot
stage and then remains there because the rate of their annihilation is
negligible. As some experimental input we may consider data for
strange quarks (analyzed in recent paper [7.66] including resonance
decays) in terms of «suppression factor» s/u =2, being direct s quarks
yield relative to that of u, d ones:

?L—(S) 0.15 ¥S =5 GeV
P i direci 0.39 s DT

/'S =540 GeV
Theoretical estimates [7.63-—7.65] have suggested that in hadronic
gas and quark plasma this parameter should be at least one order dif-
ferent. Indeed, ideal gas formulae
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(7.42)

L]

AE = F(m, /T)/ F(ma/T)
Fx)=x*§ dy [ exp (x y T+ D) —11"" (7.43)

pplasma _ F(m%/T)jF(U')

produce at T= 140 MeV (gas) A;=.07 while in plasma at T=200 MeV
one really finds the equilibrium value about 0.4. Estimates presented in
the works mentioned show that in plasma phase production of strange-
ness is sufficiently fast process, so that this number can indeed be re-
ached.

Production of charmed quarks was considered it Refs [7.62]. In
this case no equilibrium can be reached, of course, but the cross secti-
ons are not too low: say SPS experiments with heavy ions may have
about one pair of charmed quarks per event! Note that production rate
is more reliably calculated in this case, although experiments are of co-
urse much more difficult.

Now we come to our last device, the interferometric «microscope»
based on correlations of two identical pions [7.61]. This idea was sug-
gested first by Kopylov and Podgoretsky, and in my work it was
shown that results of observations may directly produce Fourier tran-
sform of the space-time structure of the pion source. In spite of so im-
portant information which can be obtained by this method it was not
much used so far, for the probability for two pions to be in usuful kine-
matical region is rather low. Among the physical results let me menti-
on that it was clearly demonstrated that the source dimensions really
increase strongly with multiplicity. However, with future heavy ion ex-
periments with (n ) =0 (1000) it will become much more practical be-
cause the number of n*n™ pairs becomes O (1,000,000)! With this me -

thod one may directly control the energy density, (may be even in indi-
vidual events), make some detailed space and time «slices» selecting
pions with particular kinematical region, elc.

Summary ol all such ideas can be made as follows. Measuring
temperature by «thermometers» and volume by the «microscope» one
can obtain information on the equation of state, being the energy den-
sily dependence on temperature. Additional test is provided by pressu-
re measurements by «barometers». Of course, this schematic picture
will become much more developed with real experiments going on.
measurements by «barometers». Of course, this schematic picture will
become much more developed with real experiments going on.

In conclusion, we have rapidly growing field of investigations, mo-
tivated by applications of macroscopic methods to high energy collisi-

ons. So far, we have only qualitative ideas and some preliminary data,
but the perspectives look very promising.

25



=]
il

-3
-

NN
©wNo

REFERENCES

7. MACROSCOPIC EXCITATIONS
Reviews

Shuryak E.V. Phys. Reports. 61C (1980) 71.

Gross D.J.. R.D. Pisarsky and L.G. Yaffe. Rev. Mod. Phys. 53 (1981) 43.
Statistical mechanics of quarks and hadrons. Proceedings of Bielefeld seminar
1981, ed. by H. Satz .

Quark matter formation and heavy ion collisions, ed. by M. Jacob and J. Tran
Thanh Van. Phys. Rep. 88B (1982) 325—412. (Rencontre de Moriond, march
1982)

Quark matter formation and heavy ion collisions, ed. by M. Jacob and H. Satz,
WSPC, Singapore 1983 (Bielefeld workshop, may 1982).

Third Int. Coni. on Ultrarelativistic Nucleus-Nucleus Collisions. Brookhaven
1983 (to appear as an issue of Nucl. Phys. A).

Muller B. The physics of quark-gluon plasma. Preprint of Goethe-Universitat
UFTP 125/83, Frankfurt 1983.

Shuryak E.V. Lecture Notes; Preprint CERN 83-01, Geneva 1983.

The plasmon puzzie

Shuryak E.V. ZHETF 47 (1978) 212.

Kapusta J. Nucl. Phys. B148 (1979) 461.

Kiguchi M. Progr. Theor. Phys. 63 (1980) 146.

Toimela T. The next term in the thermodynamic potential of QCD. Preprint
HU-TFT 82-62, Helsinki 1982. _

C.-G. Kallman, T. Toimela. Possible resolution of the plasmon puzzle Preprint
HG-TFT 82-25, Helsinki 1982. :

Comparison with lattice calculations

7.10.

7.11.
1:12.
7.13.

7.14.
7.15.

Kailman C.-G. and C. Montonen. Phys. Letl. 115B (1982) 473.

The problem of magnetic screening

Shuryak E.V. ZHETF 47 (1978) 212.

Polyakouv A.M. Phys. Lett. 82B (1979) 247.

Linde A.D. Phys. Lett. 96B (1980) 289.

Kalashnikov O. and V. Klimov. Sov.J. Nucl. Phys. 33 (1981) 443

Kajantie K. and J. Kapusta. Preprint CERN TH 3284; Phys. Lett. 110B (1982)
299.

Lattice evaluation of the magnetic mass

7.16.

7.17.
7.18.

7.197

7.20.

Billoire A., G. Lasarides and Q. Shafi. Phys. Lett. 103B (1981) 450.
De Grand T.A. and D. Toussaint. Phys. Rev. D25 (1982) 526.

instantons in matter

Shuryak E.V. Phys. Lett. 79B (1978) 135.

Harringlon B. and H. Shepard. Phys. Rev. D17 (1978) 2122,
De Corvalho C.A. Nucl. Phys. B183 (1981) 182.

Baluni V. Phys. Lett. 106B (1981) 491.

26

791. Abrikosov A.A.(Jr) Phys. Lett. 90B (1980) 415; Nucl. Phys. B182 (1981) 441.
7.92. Shuryak E.V. Nucl. Phys. B203 (1982) 140.

Lattice evaluation of the thermodynamical quantities

7.93. Hazenfratz A. and P. Hazenfratz. Nucl. Phys. B193 (1981) 210.

7.94. Engels 1., F. Karsch, I. Montvay and H. Satz. Phys. Lett. 101B (1981) 89, 102B
(1981) 332.
Engels ]., F. Karsch and H. Salz. Nucl. Phys. B205 [FS5] (1982) 239.
Karsch F. Nucl. Phys. B205 [FS5] (1982) 285.

7.95. Kajantie K., C. Montonen and E. Pietarinen. Z. Phys. C9 (1981) 253.

7.26. Montvay . and F Pietarinen. Phys. Lett. 110B (1982) 148.

7.97. CelikT.,J. Eng ~ond H. Satz. Preprint of Bielefeld Univ., BI-TP 83/15.

Deconfinement transition

General discussion

7.98. Polyakov A.M. Phys. Lett. 82B (1979) 247.

7.29. Susskind L. Phys. Rev. D20 (1979) 2610.

7.30. Svetiiski B. and L.G. Yaffe. Nucl. Phys. B210 (1982) 423.
Banks T. and A. Ukawa. Nucl. Phys. B225[FS9] (1983) 145.
Bartolomew /. et al. Phys. Lett. 133B (1983) 218.

7.31. Gocksch A.and F. Neri. Phys. Rev. Lett. 50 (1983) 1099.

7.32. Borgs C. and F. Seiler. Nucl. Phys. B215 [FS7] (1983) 125.

L attice calculations with pure gauge fields

7.33. McLerran L.D. and B. Svetitsky. Phys. Lett. 98B (1981) 195; Phys. Rev. D24
(1981) 450.

7.34. Kutil., I. Polonyi and K. Szlachnyi. Phys. Lett. 98B (1981) 199.

7.35. Engels I., F. Karsch, I. Montvay and H. Satz. Nucl. Phys. B205 [FS5] (1982)
545.

7.36. Gavai R.V.Preprint BI-TP 82/11. Bielefeld, 1982.

Latent heat evaluation for pure SU(3) theory

7.37. Celik T.,I. Engels and H. Satz. Phys. Lett. 125B (1983) 411.
738. Kogut I., H. Matsuoka, M. Stone, H. Wyld, S. Shenker, 1. Shigemitsu and D.
Sinclair. Phys. Rev. Lett. 51 (1983) 869.

Effect of virtual quarks on deconfinement transition

739. De Grand T.A. and C.E. De Tar. Preprint of Utah-Colorado Univ. UU HEP
83/8-COLO HEP 66, 1983.

7.40. Hazenfratz P., F.Karsch and O. Stamatascu. Phys. Lett. 133B (1983) 221.

7.41. Celic T., ]. Engels and H. Safz. Deconfinement and virtual quark loops. Preprint
of Bielefeld Univ. BI-TP 83/15.

Chiral symmetry restoration

Phenomenological discussion

7.42.  Shuryak E.V. Phys. Lett. 107B (1981) 103.
7.43. Pisarsky R.D. Phys. Lett. 110B (1982) 155.

Lattice calculations in quenched approximation
7.44. Kogui J., M. Stone, H. Wyld, . Shigemiisu and D. Sinclair. Phys. Rev. Lett. 48

27



S ST R e e T o

(1982) 1140; 50 (1983) 393.
Engels I., H. Satz and F. Karsch. Preprint WI-TP 82/8. Bielefeld.
Engels ]. and F. Karsch. Phys. Lett. 125B (1983) 481.

7.45. Kogut I. et al. Nucl. Phys. 225B [FS9] (1983) 93.

High energy collisions of hadrons and nuclei

Space-time picture and mixing at early stage

7.46. Shuryak E.V. Phys. Lett. 78B (1978) 150; Y ad. Fiz. 28 (1978) 796.

7.47. Zhirov O.V. On the applicability limits of parton and hydrodynamical descripti-
ons of hadronic collisions. INP 79-114. Novosibirsk, 1979.

7.48. Anishelty R., P. Koegler and L. McLerran. Phys. Rev. D22 (1980) 2793. (See al-
so reports by K. Kajantie, L. McLerran and M. Gyulassy in Ref. [7.3])

7.49. Bjorken ]. Phys. Rev. D27 (1983) 140.

Dimuon and photon production at early stage

7.50. Feinberg E.L. lzvestia Akademii Nauk SSSR, ser. fiz. 26 (1962) 622; Nuovo Cim.
34A (1976) 391.
7.51. Shuryak E.V. Phys. Lett. 78B (1978) 150; Yad. Fiz. 28 (1978) 796.
Zhirov O.V. Yad. Fiz. 30 (1979) 1098,
7.52. Domokos G.and I. Goldman. Phys. Rev. D23 (1981) 203.
7.53. Kajantie K. and H. Miettinen. Z. Physik C9 (1981) 341.
S.A. Chin. UCLA Preprint, 1982
Hasegawa A. Progr. Theor. Phys. 69 (1983) 689.

Some observations of low mass «anomalous» dileptons

7.54. Siekas /. et al. Phys. Rev. Lett. 47 (1981) 1690.
Maki A. ef al. Phys. Lett. 106B (1981) 423, 428.

Surface evaporation

7.55. Chiu C.B.and K.H. Wang. Phys. Rev. D12 (1974) 2725.

7.56. Shuryak E.V. Yad. Fiz. 20 (1974) 549; 28 (1978) 796.

7.57. SohloS.and G. Wilk. Lett. Nuovo Cim. 13 (1975) 375.

7.58. Gorenstein M.I., V.P. Shelest and G.M. Zinoviev. Phys. Lett. 60B (1976) 203.

7.59. Zhirov O.V. Nontrivial variation of p(frans) slope: a good tool to separate pro-
duction mechanisms. Preprint INP 81-31, Novosibirsk, 1981.

7.60. Rafelsky J. and M. Danos. Pion radiation by hot quark-gluon plasma. Preprint
CERN TH.3607. Geneva 1983; Phys. Rev. D27 (1983) 671.

Two-pion interference effect and space-time source dimensions

7.61. Kopylov G.I. and M.I. Pﬂdgﬂrefsky_ Sov. J. of Nucl. Phys. 15, 2 (1972) 219; 18,3
(1974) 336.
Shuryak E.V. Phys. Leli. 44B (1973) 387.
Cocconi G. Phys. Lett. 49B (1974) 459.

Charm production

7.62. Shuryak E.V. Phys. Lett. 78B (1978) 150; Yad. Fiz. 28 (1978) 796.
Cleymans J. Phys. Lett. 127B (1983) 375.

Strangeness production

7.63. Rafelski J. and B. Multer. Phys. Rev. Lett. 48 (1982) 1066. (See also detailed
presentation in [7.4]) ,

28

7.64. Rafelski J. Preprint CERN TH.3685. Geneva, 1983. |
7.65. BiroT.and I. Zimanyi. Phys. Lett. 113B (1982) 6; Nucl. Phys. A395, (1983) 525.

Recent data analysis
7.66. Mueller T. Preprint CERN EP 83-141. Geneva, 1983.

Hydrodynamical model

Pionear works .
767. Landau L.D.1zv. Akad. Nauk SSSR, ser. fiz. 17 (1953) 51.
768. S.Z.Belenkijand L.D. Landau. Nuovo Cim. Suppl. 3 (1956) 15.

Hydrodynamical model and high energy pp collisions

7.69. Shuryak E.V. Yad. Fiz. 16 (1972) 395; 20 (1974) 349.

7.70. Daibog E.I., Yu.P. Nikitin and I.L. Rozental. Yad. Fiz. 16 (1972) 1314.

7.71. Curruthers P. and M. Duong-van. Phys. Lett. 41B (1972) 597; Phys. Rev. D8
(1973) 859.
Curruthers P. Ann. NY Acad. Sci. 229 (1974) 91.

7.72. Suhonen E., ]. Enkenberg, K.E. Lassila and S. Sohlo. Phys. Rev. Lett. 31 (1973)
1667.

7.73. Andersson B., G.Iarlskog and G. Damgaard. Nucl. Phys. B112 (1976) 413.

7.74. Shuryak E.V.and 0.V. Zhirov. Phys. Lett. 89B (1980) 253.

7.75. Curruthers P. and M. Duong-van. Phys. Rev. D28 (1983) 130.

Early discussion of scaling hydrodynamical expansion

7.76. Chin C.B., E.C.G. Sudarshan and K.H. Wang. Phys. Rev. D12 (1975) 902.
Gorenshtein M.I., V.A. Zhdanov and Yu.M. Sinjukov. ZHETF 74 (1978) 833.

Hydrodynamical model and low energy nuclear collisions

777. Chapline G.F. et al. Phys. Rev. D8 (1973) 4302.

7.78. Scheid W., H. Muller and W. Greiner. Phys. Rev. Lett. 32 (1974) 741.
7.79. Sierk AJ. and I .R. Nix. Phys. Rev. C22 (1980) 1920.

780. Siemens P.J.and J.0. Rasmussen. Phys. Rev. Lett. 42 (1979) 880.
7.81. Kapusta l. and D. Strottman. Phys. Rev. C23 (1981) 1282.

Recent numerical hydrodynamical calculations

7.82. Kajantie K. and L. McLerran. Phys. Lett. 119B (1982) 203.
Kajantie K. and P. Raitio. Phys. Lett. 121B (1983) 415.
Kajantie K., P. Raitio and P.V. Ruuskanen. Nucl. Phys. B222 (1983) 152.

7.83. Baym G., B.L. Friman, Il.-P. Blaizot, W. Czyz and M. Soyear. Illinois University
preprint. Urbana, 1983.

7.84. Gyuiassy M. and T. Matsui. Preprint LBL-15947. Berkley, 1983.

Deflagration and detonation at the expansion stage

7.85. wvan Hove L. Preprint CERN TH-3592. Geneva, 1983.
7.86. Gyulassi M., K. Kajantie, H. Kurki-Suonio and L. MclLerran. Preprint
LBL-16277. Berkley, 1983.

Some data for very high energy collisions

7.87. Alpgaard et al. (UA5 exp.) Phys. Lett. 115B (1982) 65.

7.88. Arnison G.efal. (UA] exp.) Phys. Lett. 118B (1982) 167.

7.80. Banner M. et al. (UA2 exp.) Phys. Lett. 115B (1982) 59.

790. Burnett T.H. et al. (JACEE exp.) Phys. Rev. Lett. 50 (1983) 2062.

29



1,

051

Fig.l. Ratio of the energy density to its asymplotic Stephan Boltsmann value &/egg ver-

e et e

L

— e mmm mmn o e e e e

. T/A,

A 5 i [l

20 50 100 200 500

sus temperature T for SU (2) pure gauge theory according to Ref. [7.24].

Ll
T

£- 3p

= SU(2)

“\.
N,
o, o2 755 0 el v

250 500 150 1000 T(Mev)

Fig.2. The same calculations as at Fig.1, but with energy density substiluted by the
combination e -p (p is pressure) which vanishes in the ideal gas made of mas-
sless conslituents. As data shows, this quanlity really decreases with 7. The das-
hed line represents some [it of the type const/T*, which shows that data are con-
sistent with the interpretation of nonzero effect as being due entirely to finite va-

cuum energy density (see text).
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Fig.3. The ratio e/T* as a function of the coupling constant g or the temperature T (in’
lattice unites of A,). The points correspond to Rel. [7.41] made for the SU(3)
pauge group in the fourth order in hopping parameter K at K=.15 and .20, as
well as for K=0 (no quarks, note that in this case the temperature scale is not
valid). The dashed lines only shown to guide the eyes. It is seen that for lighter
quarks the transition temperature decreases, as well as the energy density in ab-
solute unites. Also the finite jump seems to disappear in the presence of suffici-

ently heavy quarks.
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temperature in the SU(2) theory without virtual quarks according to Ref. [7.44].
These two order parameters seem to vanish in different places.



Space-time picture ol high energy collisions on the two-dimensional plot ti-

me-longitudinal coordinate. Al the origin only rare hard collision take place, and

local mixing is assumed to take place at some later proper time T,.q. and up to

essentially larger time Tp earup of breakup to separate secondaries. We also show
separately the fragmentation regions.
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Fig.7. Dependence of the average transverse momentum of pions on density of charge

secondaries per unite rapidity interval. The dashed region corresponds to SPS

collider data [7.87, 7.88] while two separate points are two large multiplicity

events found in JACEE experiment [7.89]. The grouth of transverse momentum
may be due to collective explosion-type expansion of the system.
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Fig.8. Local slope of transverse energy specira evaluated in Ref. [7.59] using different
data. The dashed line is the same and corresponds to schematic behaviour of the
reaction pp—mn. The «plateaus at transverse energy around 3 GeV is clearly seen.

20

L e J

4.4

VsiGeV)

Fig.9. Energy dependence of the «plateau» height T: and the preexponent factor in the
fit A;. According to the explanation suggested in Ref. [7.59] the former is the inti-
al temperature while the latler is proportional to space-time volume of the intial

fierball.
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