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as dependence in the equilibration in relativistic heavy-ion collisions
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Fachbereich Physik, Universita¨t Wuppertal, D-42097 Wuppertal, Germany

~Received 11 April 1997!

The dependence of the equilibration of the parton plasma on the value of the strong coupling is studied in
Au1Au collisions at LHC and at RHIC energies. With increasing coupling, the following are found to happen:
~1! both thermal and chemical equilibration speed up,~2! in the final degree of equilibration, only quarks and
antiquarks show obvious improvements but not gluons, and~3! the plasma cools much more rapidly. The
deconfinement phase transition will therefore take place sooner and it naturally results in the shortening of the
parton phase of the plasma. The exact duration of this phase is, however, sensitive to the value of the coupling.
A change fromas50.3 toas50.5, for example, reduces the lifetime of the parton phase at LHC by as much
as 4.0 fm/c. The total generated entropy is another sensitive quantity to the coupling. Larger values ofas will
lead to entropy reduction and therefore reduction both in the duration of the mixed phase, assuming there is a
first-order deconfinement phase transition, as well as in the final pion multiplicity. It is shown that the common
choice ofas50.3 is not a good value for the entire duration of the evolution given that the system undergoes
substantial changes from the beginning to the time that the deconfinement phase transition is about to take
place assumed to be atTc;200 MeV. Instead, by using a more consistent simple recipe, the system is allowed
to decide its own strength of the interactions which evolves with the system as it should. With this approach,
as increases with time and this leads to acceleration in the equilibration even as equilibrium is near. This is
opposite to the behavior of the equilibration of a molecular gas or ordinary many-body system where the
interaction strength is fixed. In such a system, the net interactions will slow down as the system is near
equilibrium. @S0556-2813~97!06108-6#

PACS number~s!: 25.75.2q, 12.38.Mh, 12.38.Bx, 24.85.1p
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I. INTRODUCTION

With the asymptotic freedom of QCD, one expects qua
and gluons to behave almost as free particles at very h
energies and under extreme conditions. Such extreme co
tions as believed to be found in the early universe can,
limited extent, be recreated in the laboratories in the exp
ments of heavy-ion collisions. As highly energetic and re
tivistic matter collides at 200 GeV/nucleon at RHIC and 6
TeV/nucleon at LHC, nucleons lose their individual iden
ties in favor of a gas of partons. A main goal of the expe
ments is to establish beyond doubt the existence of this
ton plasma. In order to do so, distinctive signs in the guise
particle signatures must be looked for. Numerous works h
already been devoted to these. Also of importance is
temporal development of the parton plasma which direc
influences the various particle signatures. In our previ
investigation into the equilibration of this QCD plasma@1,2#,
we have shown that, as in agreement with previous wo
@3–6#, chemical equilibration in the partonic mixture cann
be completed by the time that the deconfinement phase
sition sets in. However, we also pointed out that kine
equilibration might also not be as quick, or perhaps o
should say, not as perfectly equilibrated as one would h
liked. A thermalization time within 1.0 fm/c is unrealistic as
shown in@4,5#. It was pointed out in@7# that very fast equili-
bration for gluons, at least based on estimates of the tr
verse energy deposited in the central collision region, mi
be possible depending on what parton distribution was u
However, one should be wary of the fact that initially th
matter is highly compressed, so even though thermaliza
may be approximately achieved, the expansion may driv
560556-2813/97/56~2!/1075~9!/$10.00
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out of equilibrium. The question then is whether this glu
early thermalization, if it can be achieved, is a transient o
maintainable thermalization. We have shown that in our p
vious work @1,2#, expansion can indeed drive out the ea
thermalization which is to be recovered progressively o
later.

Unlike in a vacuum, in a dense QCD medium, collecti
effects will provide for infrared screening@8,9# and so we
have no need for an arbitrary soft momentum cutoff. T
feature reduces the dependency of our investigation on
number of external parameters. And in fact, apart from
obvious initial inputs, the only remaining variable which on
has a certain freedom to choose isas . Since after all, we are
doing a perturbative calculation, a smallas50.3 was chosen
which corresponds to an average momentum transfer
Q;2.0 GeV andLQCD;200 MeV. One can see from prev
ous works on chemical equilibration@5,6,10#, particle pro-
duction reduces the temperatureT and this lasts over severa
fm/c during which T drops by several hundreds of MeV
Consequently, the average parton energy also varies con
erably. As a result, we do not and cannot expect the ave
momentum transfer to remain at aroundQ;2.0 GeV. There-
fore as should also vary during the equilibration and evol
tion of the parton plasma. This effect has not been taken
account. If thermalization is very fast, one can perhaps ar
for a roughly constantas during thermalization but certainly
not during chemical equilibration when the system chan
considerably. We have plotted in Fig. 1, the average par
energies for quarks and gluons during the evolution of
plasma in our previous investigation@2#. As can be seen
assuming the average momentum transfer is of the orde
1075 © 1997 The American Physical Society
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1076 56S. M. H. WONG
the average parton energy,Q;e/n, one can neither expec
Q to stay at around 2.0 GeV at LHC nor at RHIC. W
therefore investigate the dependence of our previous re
on equilibration onas . This we carry out in two ways. The
first is to use various fixedas and the second is to use a
as determined by the system. The later approach means
do not choose a value foras but let the system decide wha
it should be. Since the system is evolving, the resulting c
pling will evolve with the system. These will be explained
the following sections.

In Sec. II, we recapitulate briefly our method and ba
equations. We comment on the questions related to the
sible inclusion of a mean field term and possible role play
by instabilities. What values to use foras in our investiga-
tion and how to obtain an evolving coupling are explaine
In Sec. III, results on the effect ofas on the equilibration
will be shown and consequences discussed. We then s
that a plasma governed by QCD is no ordinary many-bo
system.

II. THE EVOLUTION EQUATIONS

Quantum effects have proved so far to be hard to incl
in all its details@11–18# and interference in many particl
interactions are largely absent@except in a limited sort of
way in Eq.~6! below#. One can, at best at present, investig
the equilibration in heavy-ion collisions in its full form b
semiclassical means.

Our basic equation is the Boltzmann equation which c
in Baym’s manner@19#, be rewritten as

FIG. 1. The evolution of the average parton energy of glu
~solid line! and quark or antiquark~dashed line! at ~a! LHC and~b!
RHIC with as50.3.
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5Ci~p' ,pz ,t!, ~1!

i 5g,q, q̄ , by the assumption of one-dimensional boost
variant longitudinal expansion in the very central region
the collision of two highly relativistic heavy ions. The coll
sion termsCi on the right-hand side include sums over
relevant interactions and we approximate it by the relaxat
time approximation, which is expedient for our purpose a
has been used in simpler studies of thermalization@20–23#.
Explicitly, it is written in the form

Ci~p' ,pz ,t!52
f i~p' ,pz ,t!2 f eqi~p' ,pz ,t!

u i~t!
, ~2!

wheref eq is the full equilibrium distribution and is a function
of the equilibrium temperatureTeq. Because we are consid
ering an expanding system, this approximation is not su
cient to close the equations.Teq and u remain functions of
time. In any case, we need input from QCD which is o
tained by explicitly constructingCi also from QCD interac-
tions @1,2#. We use the same set of interactions as before

gg↔ggg, gg↔gg, ~3!

gg↔q q̄, gq↔gq, g q̄↔g q̄, ~4!

q q̄↔q q̄, qq↔qq, q̄ q̄↔ q̄ q̄ . ~5!

The collision terms are constructed from the well-know
vacuum matrix elements of the above interactions at lead
order in as @24# but rendered infrared safe by mediu
screening. These screening effects are put in by hand
terms of the Debye screening and quark medium mass. T
are calculated from the distributionsf i and are therefore
functions ofas as well ast. Admittedly, they are only part
of the screening effects since they have no momentum
pendence. But for our purpose, they are sufficient to prov
the right order of magnitude for the screening. With the
as dependent masses, the collision terms become more c
plicated functions ofas . The explicit form of the infrared
screened matrix elements can be found in@1,2#. Apart from
screening, other medium effects will also have to be
cluded, that is the Landau-Pomeranchuk-Midgal~LPM! sup-
pression of gluon radiations or absorptions due to multi
interactions. This is partially incorporated in the two-
three-gluon multiplication collision term in the form of au
function @25–27#. This collision term as it appears in th
collision entropy rate per unit volume is

n
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where L is the gluon mean free path,tQCD

5As(p11p2)•p5/(4p1•p5p2•p5) is the gluon formation
time of the radiated gluon with momentump5 and
s52p1•p2 is the squared of the center-of-momentum ene
of the parent gluons. The gluon mean free path is a func
of as as well as the Debye screening mass@1,6#. The result-
ing dependence onas of this is more complicated than th
binary interaction terms. Combining these explicit collisi
terms and that of the relaxation time approximation, one
solve forTeqi andu i at each instance in time and hence t
f i distributions which depend on these two variables can
determined.

As we explained briefly in our previous works@1,2#, our
f eq(t) is the momentary ‘‘target’’ equilibrium distribution a
which the particle distribution of the system will eventua
settle, if one is able to stop the expansion and the bos
fermion interactions att. This can be seen in the analyt
form of the solution to the approximation Eq.~4! in @2#. At
large times compared tou, the solution is dominated by th
second term and the integrand in this term is dominated
the upper limit of the integral. One can approximate the
tegral by evaluating the integrand at the peak and mult
by the ‘‘width’’ of this peak, which is approximately given
by u. This means that the solution will tend to the equili
rium distribution at large times. Therefore one should n
confuse our approach with the Chapman-Enskog metho
linearizing the Boltzmann equation. In fact, the linearizati
of this method does not give a collision term of the simp
form of the relaxation model. Also the leading particle d
tribution of the Chapman-Enskog expansion does not h
the same physical meaning as ourf eq. In the Chapman-
Enskog case, the leading distribution is the best fitted lo
distribution to the system at any moment in line with t
locally equilibrated hydrodynamical description of th
method but ours is rather what the system would at any t
like to reach and we try to describe what will happen ea
on in relativistic heavy-ion collisions and therefore befo
the hydrodynamic expansion phase. The collision mode
itself contains no information about QCD, but because i
taken to model the collision terms and so can be equate
the latter for fixing the parameters of the distribution.

At this point, we would like to comment on the lack of
mean field term in our basic equation, Eq.~1!, which is often
a point of criticism. In@28,29#, it was shown that unstabl
collective plasma modes might develop via chromoelec
magnetic mean fields when the particle momentum distri
tion is anisotropic. Anisotropy will no doubt be featured
the early stage of heavy-ion collisions which may give rise
instabilities. As worked out in@28,29#, the time scales of the
instabilities are earlier than our initial timet0 both at LHC
and at RHIC. Therefore these instabilities will influence o
initial inputs. They then become part of the many uncerta
ties associated already with the initial conditions. Their
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fects on the equilibration can then be studied as part of
initial condition dependence. By the time that the evoluti
starts, collisions are important and the derivations in@28,29#
are no longer applicable. In any case, the mean field term
the Vlasov-Boltzmann equation does not generate entr
and without collisions, the mean field term cannot bri
about equilibration. Therefore we are doubtful that it can
very important for equilibration in a direct way. It may hav
some indirect effects as suggested in@28# but that needs fur-
ther studies to clarify.

To study the dependence of equilibration onas , we
evolve the plasma using other values. The previous res
were obtained withas50.3. In order to make the effect
prominent and unambiguous, we chooseas50.5 and
as50.8. With such largeas and in particularas50.8, one
can no longer trust leading order calculations, our aim is
make the influence ofas manifest. In any case, we are n
after quantitative but qualitative results. Apart from the
values, as mentioned in the Introduction and shown in Fig
the average parton energies vary over a rather large ra
during the evolution and so also should the momentum tra
fers. To complete this study, we then use a coupling wh
evolves with the system. This is done by using the followi
recipe. Since two colliding partons each carrying the aver
parton energy have a maximum momentum transfer equa
twice the average parton energy, we can assume the ave
transfer is of the order of the average parton energy

Q;^eg1eq1e q̄&/^ng1nq1nq̄&. ~7!

Then the strong coupling is given by the one-loop runn
coupling formulaas(Q)54p/b0ln(Q2/LQCD

2 ). We choose
an average valueLQCD5235 MeV @30# andnf52.5. As al-
ready mentioned, this last approach eliminates the coup
as the remaining external parameter.

III. RESULTS AND DISCUSSIONS

We use the same initial conditionsT0,l 0i ,e0i ,n0i , where
i 5g,q, q̄ as before@2# to compare with our previous results
One notes that these values from HIJING@31–33# have
small initial fugacities which is partly responsible for th
not-so-well quark chemical equilibration. One could try mu
tiplying the initial fugacities by a factor to compensate f
this as done in@34,35# and also recently in@36#. Here we
concentrate only on the effects of the variation ofas and not
worry ourselves about the initial conditions.

Our plots are produced withas50.3,0.5,0.8,as
v . The last

denotes the coupling which varies with the evolution acco
ing to the recipe given in the preceding section. To look
the effects ofas on equilibration, we examine the parto
fugacities l , the longitudinal to transverse pressure rat
pL /pT and then also the temperature estimatesT of each
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1078 56S. M. H. WONG
parton component of the plasma. The first give us inform
tion about the parton composition, the second reveals
state of the kinetic equilibration of the system and the l
tells us about the possible lifetime of the parton plasma
Figs. 2–4, we plotted these results.

With varying as , the fugacity evolution is as in Fig. 2
The curves shift towards the upper left-hand corner w
increasingas . This is the same for gluons Figs. 2~a! and
2~a8) and for quarks Figs. 2~b! and 2~b8). As can be seen
larger as leads to faster approach towards full chemic
equilibration. Curves with largeras rise faster. For gluons, i
takes less time to achieve approximately the same degre
chemical equilibration. Whereas for quarks, the final fuga
ties are improved by 1.5–2.0 times at LHC and a somew
larger factor of 1.8–2.8 at RHIC. These enhancement fac

FIG. 2. Chemical equilibration of~a! gluons and~b! quarks with
various values for the coupling:as50.3 ~solid!, 0.5 ~dotted!, 0.8
~dashed!, andas

v ~long dashed! at LHC. The~a8) and ~b8) figures
are the same at RHIC. Increasing coupling improves the quark
degree of chemical equilibration much more than that of the glu
-
e
t
n

h

l

of
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clearly depend on how close to equilibrium the previo
as50.3 results are. When it is farther from 1.0 as in t
fermion case at RHIC, the factors are largest and when
close or very close as in the gluon case, there are not m
improvements. Or rather there is not much room for i
provement because it cannot go further than full equilib
tion and the undoing effects of the back reactions are imp
tant at this stage of the equilibration. The effect of larg
as is to shorten the lifetime of the parton phase of the plas
only in this case~see below!.

al
n.

FIG. 3. Using the ratios of the longitudinal pressure and a th
of the energy density to the transverse pressure to check for
ropy in momentum distribution and therefore kinetic equilibratio
The bottom~top! set of four curves in each figure is for the pressu
~energy density! to pressure ratio. The assignments of the coupl
to the curves areas50.3 ~solid!, 0.5 ~dotted!, 0.8 ~dashed!, and
as

v ~long dotted!. ~a! and ~a8) are for gluons and~b! and ~b8) for
quarks at LHC and at RHIC, respectively. Faster kinetic equilib
tion is seen everywhere with largeras but improvement in the final
degree of thermalization is essentially reserved for the fermions
not for the gluons.
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A similar situation is also found in the ratios of longitu
dinal to transverse pressure which is a check of isotropy
parton momentum distributions and a test of kinetic equ
bration. In Fig. 3, we plot the pressure ratiospL /pT as well
ase/3pT both for quarks@Figs. 3~b! and 3~b8)# and for glu-
ons@Figs. 3~a! and 3~a8)# at LHC and at RHIC, respectively
The top set of curves in each case is thee/3pT plots. In these
plots, curves with largeras are closer to the top in genera
In other words, they are closer to full kinetic equilibrium. A
in the case of fugacities, kinetic equilibration is clearly fas
as the amount of time required to reach the same or a hi
degree of equilibration is shorter. However, the final situ
tions for gluons are about the same. The improvements
quarks are again much clearer. BothpL /pT ande/3pT plots
show the same tendency. It becomes obvious that increa

FIG. 4. The time variations of the estimated temperatures of~a!
and ~a8) gluons and~b! and ~b8) quarks at LHC and at RHIC
respectively. These temperatures drop faster with increasing
pling. The different values of the coupling are assigned to
curves in the same way as in Fig. 2 and Fig. 3.
f
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as improves the equilibration of quarks and antiquarks mu
more than that of the gluons. These improvements and fa
equilibration are however at a price. One can see that
curves with larger couplings are stopped earlier and tha
because the price to be paid is more rapid cooling for lar
as . This can be seen more clearly in the plots of the e
mated temperatures in Fig. 4.

One remarks from Fig. 4, that the effect on the lifetime
considerable as a shift fromas50.3 to 0.5 shortens the tim
at which the quark temperatures drop to 200 MeV from 1
fm/c to 8.4 fm/c at LHC in Fig. 4~b! and from 7.0 fm/c to
4.3 fm/c at RHIC in Fig. 4~b8). The reduction on this sam
duration of the gluon temperatures is less and is only ab
2.0 fm/c at LHC in Fig. 4~a! and 1.0 fm/c at RHIC in Fig.
4~a8) at maximum. Although gluons always cool faster th
quarks due to the combined effects of the expansion and
loss of gluons to quarks and antiquarks, the cooling of
fermions are, like the fugacities and pressure ratios, affec
more by the coupling. In all, the duration of the parton pha
of the plasma is very sensitive to the value of the coupli
To have to choose a value of the coupling by hand is alm
equivalent to choosing the results. So it may be more c
sistent by the arguments already given to let the system
termine its strength of the interactions.

For the reasons discussed in Sec. I and in the prev
paragraph, the case ofas evolving with the system,as

v , par-
ticularly interests us. In the plots Figs. 2–4, these curves s
across the constantas ‘‘contours’’ with increasingt. Since
the strength of the interactions changes with the evoluti
the results are progressive departures from the previous
and they improve progressively upon those in the sense
the fugacities, the pressure ratios, are larger and there
closer to equilibrium at the expense of more rapid cool
and shortened lifetime. Sinceas

v shifts towards larger value
of as , higher order terms will have to be included at som
stage and eventually the problem will become nonpertur
tive. In this work, we try not to worry about higher orde
and just examine the results at leading order.

We have seen the results of howas affects the approach
to equilibrium. They tell us that chemical and kinetic equi
bration are sped up and the final degrees of these two asp
of equilibration have been altered but they do not tell
much about how the partons are behaving with increas
coupling. In this sense, collective variables are much m
suitable for this purpose. In any case, it would be interest
also to see how the collective variables are affected by
coupling.

In Fig. 5, the variation of the products of the parton e
ergy densitye i with t4/3 are plotted. It would be helpful to
think of each parton component of the plasma to be s
jected to an effective longitudinal pressurepL eff , so that the
equations for the energy densities, which follow from Eq
~1! and ~2! @2#, become

de i

dt
1

e i1pLi eff

t
50, ~8!

with the effective pressures given by

pLi eff5pLi1
t~e i2eeqi !

u i
. ~9!

u-
e
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1080 56S. M. H. WONG
In Figs. 5~a! and ~a8), the effective pressure of the gluon
tends to increase withas and be larger than one-third of th
gluon energy density hence the decreasing tendency
e it

4/3. The opposite is true for the quark effective pressure
Figs. 5~b! and~b8). In Fig. 3, we have already seen that t
longitudinal pressures for all partons are less than a third
the corresponding energy density so the second term in
~9! must be positive~negative! and increasing~decreasing!
with the coupling for gluons~quarks!. In other words, the ne
energy transfer from gluons to quarks and antiquarks is p
tive and increasing withas . This variation in the net energ
transfer is accompanied by a corresponding increase in
loss of gluon number and gluon entropy and similarly
increase in the gain of quark-antiquark pairs and quark
tropy. These are shown in Fig. 6 and Fig. 7.

FIG. 5. From the productse it
4/3, one can deduce information o

the effective pressurepLi eff and hence the energy transfer variati
with the coupling. As before~a! and ~b! are results for LHC and
~a8) and~b8) are those for RHIC. The couplings are assigned to
curves in the same way as in previous figures.
of
n

of
q.

i-

he

n-

The net creations of gluons are reduced more and m
with increasingas in Figs. 6~a! and 6~a8) by the stronger
conversion process of gluons into quark-antiquark pairs
Figs. 6~b! and 6~b8). As seen, these result in the lowerin
and earlier occurring of the peak number of gluons in Fi
6~a! and 6~a8) and the drop in gluon density is accompani
by an increase in the quark and antiquark density. This is
because of the faster chemical equilibration which we h
already seen with increasing coupling, so gluons are close
chemical equilibrium earlier which favors the conversi
into quark-antiquark pairs.

The last collective variable and also the most import
one that we are interested in is the entropy. As we h
already mentioned, in Fig. 7, one can see the product of

e

FIG. 6. These figures show the more favorable conversion
gluons into quark-antiquark pairs with increasing coupling. The
duction in the produced net number of gluons in~a! and ~a8) and
therefore the diminution of the gluon density is accompanied by
more abundant creation of fermion pairs shown in~b! and~b8) and
hence an increase of their density.
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FIG. 7. Whereas there is an increasing gain in the quark and antiquark entropy with increasing coupling in~b! and~b8), the gluon entropy
is reduced more and more in~a! and ~a8). The total sum is also reduced by increasing strength of the interactions. This is much cle
LHC in ~c! where the state of the equilibration is much better than that at RHIC in~c8).
d
-
tin
it
e
io

ak
io

e

ar
p-
i

c

s

io

ar
n
o

ng
ib-

p
ui-
to
at

ow
l
vior
m

of
nd

s

tage

s
ot
rd-
ig.

s

gluon entropy densitysg with t, sgt, for various as de-
creases faster and just the opposite happens to the pro
sqt. They increase more rapidly withas . These are as ex
pected from the results obtained so far. The most interes
part is however in the product of the total entropy dens
with t. The more rapid equilibration associated with larg
as reduces the produced entropy and therefore final p
multiplicity when the plasma eventually freezes and bre
up. This is most clear at LHC where the state of equilibrat
is much better than that at RHIC.

From these last discussed figures, one can again se
faster equilibration with increasingas already shown in Fig.
2 and Fig. 3. As discussed in some details in@2#, energy
transfer and number conversion between gluons and qu
and antiquarks will tend to zero as equilibrium is a
proached, therefore the products in Fig. 5 and Fig. 6 w
tend to be independent oft. Also entropy generation will
cease once equilibrium has been attained, then the produ
Fig. 7 will likewise progressively be independent oft. At
LHC, one can see this quite clearly but unfortunately not
at RHIC.

In @1,2#, we have discussed the connection of the collis
time u with the stage of the equilibration. A largeu indicates
a small net interaction rate andnot a small interaction rate
since it is the difference between the forward and backw
reaction which enters the collision terms in the Boltzma
equation. Due to color, quarks and antiquarks interact m
weakly than gluons in general, thereforeug,uq . With our
uct
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initial conditions, interactions have to bring the expandi
plasma under control first before guiding it towards equil
rium. This is manifested in the initial rapid drop ofu, espe-
cially uq , and the eventual slow rise. The initial rapid dro
in u is a response of the system to being driven out of eq
librium by the expansion. The net interaction rate is forced
increase rapidly until it overtakes the expansion rate,
which pointu ends its downward descent and begins its sl
rise. With close to equilibrium initial conditions, the initia
drop will be absent. One can understand the final beha
from the calculations of relaxation time near equilibriu
@37–39#. Their known behavior near equilibrium is 1/T so as
the system cools, the collision time should rise. In terms
the net interaction rate, this rate will become slower a
slower as equilibrium is near sou must rise. This behavior is
correct has already been demonstrated in@1#. One can see
from Figs. 8~a! and 8~b! for both ug and uq at LHC and
similarly in Figs. 8~a8) and 8~b8) at RHIC, the same pattern
appear in all the fixedas results. But for theas

v case, some-
thing very interesting happens. The increase of the later s
with t of ug is either less fast for the gluons in Figs. 8~a! or
in 8~a8) and for the quarksuq in Figs. 8~b! and 8~b8), where
they even decrease further witht. This continued decrease i
however different from the initial rapid drop and it does n
mean that the plasma is not approaching equilibrium acco
ing to our reasoning given here. As we saw in Fig. 2 and F
3, this is not the case but ratheras

v evolves in such a way a
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to compensate for the slowing down of the net interact
rate as equilibrium is approached. This only happens i
non-Abelian theory with asymptotic freedom as in the ca
of QCD. It does not happen if the strength of the interact
is fixed as in an usual ideal molecular gas, for example.
the equilibration of the parton plasma is helped along
way towards equilibrium by the increasing coupling but th
same phenomena will cut short the equilibration of the p
ton system as the deconfinement phase transition begin
take place. In the case of a first-order phase transition,
equilibration will continue in the mixed hadron-parton sy
tem and is outside the scope of this paper.

FIG. 8. The time evolution of the collision time reflects the sta
of the equilibration. The behaviors are similar amongst the cur
with constant couplings:as50.3 ~solid!, 0.5 ~dotted!, and 0.8
~dashed!. The exceptions are the curves with the varying coupl
as

v ~long dashed! both at LHC ~a! and ~b! and at RHIC~a8) and
~b8) which show accelerated approach to equilibrium not found
the equilibration of ordinary many-body systems.
n
a
e
n
o
e

r-
to

he

Finally, we plot the evolution ofas
v in Fig. 9. The bottom

~top! curve is for LHC~RHIC!. The values ofas
v depend to

a certain extent on theLQCD used. With our present choice
RHIC is seen to be less favorable for perturbative calcu
tions than LHC. Becauseas

v never exceeds 1.0, one can st
calculate perturbatively in principle. However, the values
as

v at later stages are uncomfortably large. At some po
already higher orders have to be included. How these
alter our results will have to be studied. Since initial con
tions from HIJING used here are, perhaps, some of the
favorable inputs, one can envisage other ones that could
long the duration favorable for perturbative calculations.

To summarize, we have checked how equilibration is
fected by the choice of the coupling and we have also sho
that to use a fixed value of the coupling for the whole du
tion of the parton plasma right down to the deconfinem
phase transition is not consistent. The results of the eq
bration do depend on whatas is used. In particular, the du
ration of the parton phase and the entropy are sensitive to
value ofas . Between gluons and quarks, only the quark fin
degree of equilibration is affected by the value of the co
pling. So, in general, to let the system decide its o
strength of the interactions may be a better choice. The
choice is then not to have to choose at all. With an evolv
coupling, equilibration is faster and better because the n
increasingly strongly interacting parton plasma compens
for the slowing down of the equilibration as equilibrium
approached. This accelerated approach to equilibrium is
found in other many-body systems and is unique to the p
ton plasma in which the interactions are described by
QCD Lagrangian. Because the gluon end degree of eq
bration does not change much with the coupling but that
the quark does, the second stage in the two-stage equil
tion scenario@40# will not last as long as with a fixed cou
pling at as50.3, if the phase transition has not alrea
started before its completion.
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FIG. 9. As the expanding parton plasma approaches equ
rium, the strength of the interactions also increases which is
basic reason for the acceleration in the equilibration. As seen h
perturbative calculations are less favorable at RHIC~top curve!
than at LHC~bottom curve!.
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@34# P. Lévai, B. Müller, and X. N. Wang, Phys. Rev. C51, 3326

~1995!.
@35# X. N. Wang, Nucl. Phys.A590, 47 ~1995!.
@36# D. K. Srivastava, M. G. Mustafa, and B. Mu¨ller, this issue,

Phys. Rev. C56, 1064 ~1997!.
@37# G. Baym, H. Monien, C. J. Pethick, and D. G. Ravenha

Nucl. Phys.A525, 415c~1991!.
@38# G. Baym, H. Heiselberg, C. J. Pethick, and J. Popp, Nu

Phys.A544, 569c~1992!.
@39# H. Heiselberg, Phys. Rev. Lett.72, 3013~1994!.
@40# E. V. Shuryak, Phys. Rev. Lett.68, 3270~1992!.


