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a dependence in the equilibration in relativistic heavy-ion collisions
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The dependence of the equilibration of the parton plasma on the value of the strong coupling is studied in
Au+Au collisions at LHC and at RHIC energies. With increasing coupling, the following are found to happen:
(1) both thermal and chemical equilibration speed (@p,n the final degree of equilibration, only quarks and
antiquarks show obvious improvements but not gluons, @dhe 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 froma,=0.3 to ag=0.5, for example, reduces the lifetime of the parton phase at LHC by as much
as 4.0 fm¢. The total generated entropy is another sensitive quantity to the coupling. Larger valuewitf
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 ofag=0.3 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 8t~ 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,
a, 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.[S0556-281®7)06108-9

PACS numbeps): 25.75~q, 12.38.Mh, 12.38.Bx, 24.85p

I. INTRODUCTION out of equilibrium. The question then is whether this gluon
early thermalization, if it can be achieved, is a transient or a
With the asymptotic freedom of QCD, one expects quarksmaintainable thermalization. We have shown that in our pre-
and gluons to behave almost as free particles at very highious work[1,2], expansion can indeed drive out the early
energies and under extreme conditions. Such extreme condhermalization which is to be recovered progressively only
tions as believed to be found in the early universe can, to gter.
limited extent, be recreated in the laboratories in the experi- ynlike in a vacuum, in a dense QCD medium, collective
ments of heavy-ion collisions. As highly energetic and rela-gffects will provide for infrared screening,9] and so we
tivistic matter collides at 200 GeV/nucleon at RHIC and 6.3paye no need for an arbitrary soft momentum cutoff. This
TeV/nucleon at LHC, nucleons lose their individual |dent|.— feature reduces the dependency of our investigation on the

ties in favor of a gas of partons. A main gpal of the EXPe-number of external parameters. And in fact, apart from the
ments is to establish beyond doubt the existence of this par

| Co . i th ) bbvious initial inputs, the only remaining variable which one
ton plasma. In order to do so, distinctive signs in the guise Oﬁas a certain freedom to choosenrs. Since after all, we are
particle signatures must be looked for. Numerous works have " : . i

already been devoted to these. Also of importance is th ong a perturbative calculation, a smal=0.3 was chosen,
temporal development of the parton plasma which directiyVMich corresponds to an average momentum transfer of
influences the various particle signatures. In our previouQ~2-0 GeV andAocp~200 MeV. One can see from previ-
investigation into the equilibration of this QCD plasfiigz], ~ OUS Works on chemical equilibratid$,6,10, particle pro-

we have shown that, as in agreement with previous worké&luction reduces the temperatireand this lasts over several
[3—6], chemical equilibration in the partonic mixture cannot fm/c during which T drops by several hundreds of MeV.
be completed by the time that the deconfinement phase traf-onsequently, the average parton energy also varies consid-
sition sets in. However, we also pointed out that kineticerably. As a result, we do not and cannot expect the average
equilibration might also not be as quick, or perhaps onemomentum transfer to remain at arouQe- 2.0 GeV. There-
should say, not as perfectly equilibrated as one would havéore ag should also vary during the equilibration and evolu-
liked. A thermalization time within 1.0 fra/is unrealistic as tion of the parton plasma. This effect has not been taken into
shown in[4,5]. It was pointed out i 7] that very fast equili- account. If thermalization is very fast, one can perhaps argue
bration for gluons, at least based on estimates of the tranger a roughly constanig during thermalization but certainly
verse energy deposited in the central collision region, mightiot during chemical equilibration when the system changes
be possible depending on what parton distribution was used.onsiderably. We have plotted in Fig. 1, the average parton
However, one should be wary of the fact that initially the energies for quarks and gluons during the evolution of the
matter is highly compressed, so even though thermalizatioplasma in our previous investigatid2]. As can be seen,
may be approximately achieved, the expansion may drive iassuming the average momentum transfer is of the order of

0556-2813/97/5@)/10759)/$10.00 56 1075 © 1997 The American Physical Society



1076 S. M. H. WONG 56

o,
e pT:Ci(vaPZiT)’ (1)

i=g,d,q, by the assumption of one-dimensional boost in-
variant longitudinal expansion in the very central region of
the collision of two highly relativistic heavy ions. The colli-
sion termsC; on the right-hand side include sums over all
relevant interactions and we approximate it by the relaxation
time approximation, which is expedient for our purpose and
has been used in simpler studies of thermalizafgi-23.

1.5
Explicitly, it is written in the form
B 10|
< fi(P. P2 )~ feg(PL Py )
- i(PL Pz 7T) —Teg(PL Pz, T
g C 3 yT)= — I 3 2
}:0-5 ] i(PL Pz, 7) 0,(7) (2
==o
>
0.0 ' : J . S o . .
0.0 20 4.0 6.0 wheref . is the full equilibrium distribution and is a function
7 (fm/c) of the equilibrium temperaturé,,. Because we are consid-

ering an expanding system, this approximation is not suffi-
_ cient to close the equation$,, and ¢ remain functions of

EIG.. 1. The evolution qf the average parton energy of gluontime. In any case, we need input from QCD which is ob-
(solid line) and quark or antiquartdashed lingat (@) LHC and(b)  tained by explicitly constructing; also from QCD interac-
RHIC with s=0.3. tions[1,2]. We use the same set of interactions as before

the average parton energ®~ e/n, one can neither expect
Q to stay at around 2.0 GeV at LHC nor at RHIC. We gg9—ggg.  gg—gg, (3)
therefore investigate the dependence of our previous results
on equilibration onag. This we carry out in two ways. The
first is to use various fixeds and the second is to use an _ -
ag determined by the system. The later approach means we 99<4qq, 99<9q, 9gQq+<gq, (4)
do not choose a value farg but let the system decide what
it should be. Since the system is evolving, the resulting cou-
pling will evolve with the system. These will be explained in
the following sections.

In Sec. Il, we recapitulate briefly our method and basic
equations. We comment on the questions related to the pos-

sible inclusion of a mean field term and possible role playedrhe collision terms are constructed from the well-known
by instabilities. What values to use fay in our investiga-  yacuum matrix elements of the above interactions at leading
tion and how to obtain an eVOIVing Coupling are eXpIained.order in ag [24] but rendered infrared safe by medium
In Sec. Ill, results on the effect Qis on the equilibration Screening_ These Screening effects are put in by hand in
will be shown and consequences discussed. We then shoWrms of the Debye screening and quark medium mass. They
that a plasma governed by QCD is no ordinary many-bodyre calculated from the distributionfs and are therefore
system. functions ofag as well asr. Admittedly, they are only part
of the screening effects since they have no momentum de-
pendence. But for our purpose, they are sufficient to provide
the right order of magnitude for the screening. With these
[l. THE EVOLUTION EQUATIONS as dependent masses, the collision terms become more com-
plicated functions ofag. The explicit form of the infrared
Quantum effects have proved so far to be hard to includscreened matrix elements can be foundif2]. Apart from
in all its details[11-18 and interference in many particle screening, other medium effects will also have to be in-
interactions are largely absefgxcept in a limited sort of cluded, that is the Landau-Pomeranchuk-MiddaM) sup-
way in Eq.(6) below]. One can, at best at present, investigatepression of gluon radiations or absorptions due to multiple
the equilibration in heavy-ion collisions in its full form by interactions. This is partially incorporated in the two- to
semiclassical means. three-gluon multiplication collision term in the form of &
Our basic equation is the Boltzmann equation which canfunction [25—-27. This collision term as it appears in the
in Baym’s mannef19], be rewritten as collision entropy rate per unit volume is

4999, Qqg—qd, 9g<qq. (5)
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§54\997999 1 p > 43 , frfo(1+f3)(1+f,)(1+F5)
(W) ol - Z(Zﬂ-) 14 i];[l (277)32pi0|Mgg—>ggg| 54(p1+p2_p3_p4_p5)|n (1+fl)(1+f2)f3f4f5
X[F1fa(1+f5)(1+F)(1+1f5) —Fafafs(1+F1)(1+5)]0(A = 7qcp), (6)

where A is the gluon mean free path,7ocp fects on the equilibration can then be studied as part of the
=s(p1+P,) - Ps/(4p;- PsPo-Ps) is the gluon formation initial condition dependence. By the time that the evolution
time of the radiated gluon with momenturps and  Starts, collisions are important and the derivationf2i8,29
s=2p,-p, is the squared of the center-of-momentum energy@'® No longer applicable. In any case, the mean field term in
of the parent gluons. The gluon mean free path is a functiof® Vlasov-Boltzmann equation does not generate entropy
of a; as well as the Debye screening miss]. The result- and without collisions, the mean field term cannot bring

ing dependence on, of this is more complicated than the about equilibration. Therefore we are doubtful that it can be
S . . . . .
binary interaction terms. Combining these explicit collision V€'Y important for equilibration in a direct way. It may have

terms and that of the relaxation time approximation, one cal ome indirect effects as suggestedas] but that needs fur-

solve forTe4 and ¢; at each instance in time and hence thelher studies to clarify.

f; distributions which depend on these two variables can be To study the depgndence of equilibration o3, we
determined. evolve the plasma using other values. The previous results

As we explained briefly in our previous works,2], our ~ We'® obtained witha;=0.3. In order to make the effects

fef 7) is the momentary “target” equilibrium distribution at pro_mlnent .?]nd L;]nlamblguouz, _Wwe thJlosle;,:_O.S and
which the particle distribution of the system will eventually as=0.8. With suc argaxs and in particularas= 0.8, one
settle, if one is able to stop the expansion and the bosorf:an No Ion_ger trust leading c_)rder calculations, our aim is to
fermion interactions at-. This can be seen in the analytic Make the influence ofs manifest. In any case, we are not
form of the solution to the approximation E€f) in [2]. At after quanntauye but.qualltanve res.ults. Apart from these
large times compared 18, the solution is dominated by the values, as mentioned in thg Introduction and shown in Fig. 1,
second term and the integrand in this term is dominated pj'€ average parton energies vary over a rather large range
the upper limit of the integral. One can approximate the in-during the evolution and so also should the momentum trans-

tegral by evaluating the integrand at the peak and multipl)jers' To cpmplete this StUdY’ we then use a coupling WhiCh
by the “width” of this peak, which is approximately given evolves with the system. This is done by using the following

by 6. This means that the solution will tend to the equilib- reC|tpe. Since tvr\]/o colliding partons each ::arrymg t?e averalge
rium distribution at large times. Therefore one should noto&f orlhenergy ave a maximum momentum trans er: equal to
confuse our approach with the Chapman-Enskog method ) |cef e avferﬁge p(;;lrtonf err:ergy, we can assume the average
linearizing the Boltzmann equation. In fact, the linearization ranster Is of the order of the average parton energy
of this method does not give a collision term of the simple

. . ; ) ~(€yt €eqteg)/{Ng+n,+ng). 7
form of the relaxation model. Also the leading particle dis- Q=(egT €qt €q)/(NgtNg 1) @
tribution of the Chapman-Enskog expansion does not havehen the strong coupling is given by the one-loop running
the same physical meaning as oly. In the Chapman-  coupling formulaaS(Q)=4w/,80In(Q2/AéCD). We choose
Enskog case, the leading distribution is the best fitted locah, gqyerage valud ocp=235 MeV[30] andn;=2.5. As al-

distribution to the system at any moment in line with the eaqy mentioned, this last approach eliminates the coupling
locally equilibrated hydrodynamical description of the 45 the remaining external parameter.

method but ours is rather what the system would at any time
like to reach and we try to describe what will happen early
on in relativistic heavy-ion collisions and therefore before
the hydrodynamic expansion phase. The collision model by L .
itself contains no information about QCD, but because it is W& Use the same initial conditiof,|o; , €oi ,Noi , Where
taken to model the collision terms and so can be equated t6=9,d,d as beforg2] to compare with our previous results.
the latter for fixing the parameters of the distribution. One notes that these values from HIJING1-33 have

At this point, we would like to comment on the lack of a small initial fugacities which is partly responsible for the
mean field term in our basic equation, Efj), which is often  not-so-well quark chemical equilibration. One could try mul-
a point of criticism. In[28,29, it was shown that unstable tiplying the initial fugacities by a factor to compensate for
collective plasma modes might develop via chromoelectrothis as done ir{34,35 and also recently i136]. Here we
magnetic mean fields when the particle momentum distribuconcentrate only on the effects of the variatiomgfand not
tion is anisotropic. Anisotropy will no doubt be featured in worry ourselves about the initial conditions.
the early stage of heavy-ion collisions which may give rise to  Our plots are produced withs=0.3,0.5,0.8 . The last
instabilities. As worked out ifi28,29, the time scales of the denotes the coupling which varies with the evolution accord-
instabilities are earlier than our initial time, both at LHC  ing to the recipe given in the preceding section. To look at
and at RHIC. Therefore these instabilities will influence ourthe effects ofag on equilibration, we examine the parton
initial inputs. They then become part of the many uncertainfugacities|, the longitudinal to transverse pressure ratios
ties associated already with the initial conditions. Their ef-p, /pt and then also the temperature estimafesf each

[lI. RESULTS AND DISCUSSIONS
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FIG. 2. Chemical equilibration df) gluons andb) quarks with FIG. 3. Using the ratios of the longitudinal pressure and a third

various values for the couplingts=0.3 (solid), 0.5 (dotted, 0.8 of the energy density to the transverse pressure to check for isot-
(dashedl anda? (long dasheflat LHC. The(a’) and(b’) figures  ropy in momentum distribution and therefore kinetic equilibration.
are the same at RHIC. Increasing coupling improves the quark finalhe bottom(top) set of four curves in each figure is for the pressure
degree of chemical equilibration much more than that of the gluon{energy densityto pressure ratio. The assignments of the coupling
to the curves arerg=0.3 (solid), 0.5 (dotted, 0.8 (dashegl and
parton component of the plasma. The first give us informa«? (long dotted. (a) and(a’) are for gluons andb) and(b") for
tion about the parton composition, the second reveals thguarks at LHC and at RHIC, respectively. Faster kinetic equilibra-
state of the kinetic equilibration of the system and the lastion is seen everywhere with largeg but improvement in the final
tells us about the possible lifetime of the parton plasma. Irflegree of thermalization is essentially reserved for the fermions and
Figs. 2—4, we plotted these results. not for the gluons.

with varyingl as, the fugacity evolution is as in Fig. 2'. clearly depend on how close to equilibrium the previous
The curves shift towards the upper left-hand corner with,, —0.3 results are. When it is farther from 1.0 as in the
<=0. . .

increasingas. This is the same for gluons Figs(@2 and  fermion case at RHIC, the factors are largest and when it is
2(a’) and for quarks Figs.(®) and 2b’). As can be seen, cjose or very close as in the gluon case, there are not much
larger a leads to faster approach towards full chemicalimprovements. Or rather there is not much room for im-
equilibration. Curves with larget, rise faster. For gluons, it provement because it cannot go further than full equilibra-
takes less time to achieve approximately the same degree @bn and the undoing effects of the back reactions are impor-
chemical equilibration. Whereas for quarks, the final fugacitant at this stage of the equilibration. The effect of larger
ties are improved by 1.5-2.0 times at LHC and a somewhad is to shorten the lifetime of the parton phase of the plasma
larger factor of 1.8—2.8 at RHIC. These enhancement factorsnly in this casgsee below
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' ‘ as improves the equilibration of quarks and antiquarks much

0.7 . more than that of the gluons. These improvements and faster
equilibration are however at a price. One can see that the
05 L (@) curves with larger couplings are stopped earlier and that is

because the price to be paid is more rapid cooling for larger
as. This can be seen more clearly in the plots of the esti-
mated temperatures in Fig. 4.

One remarks from Fig. 4, that the effect on the lifetime is
considerable as a shift from,=0.3 to 0.5 shortens the time
at which the quark temperatures drop to 200 MeV from 12.0
fm/c to 8.4 fmk at LHC in Fig. 4b) and from 7.0 fm¢ to
4.3 fmfc at RHIC in Fig. 4b’). The reduction on this same
duration of the gluon temperatures is less and is only about
2.0 fmfc at LHC in Fig. 4a) and 1.0 fm¢ at RHIC in Fig.
4(a’) at maximum. Although gluons always cool faster than
quarks due to the combined effects of the expansion and the
loss of gluons to quarks and antiquarks, the cooling of the
010 30 60 S0 120 fermions are, like the fugacities and pressure ratios, affected
more by the coupling. In all, the duration of the parton phase
of the plasma is very sensitive to the value of the coupling.

05 | To have to choose a value of the coupling by hand is almost
’ equivalent to choosing the results. So it may be more con-
o4l sistent by the arguments already given to let the system de-
> termine its strength of the interactions.
G o3t For the reasons discussed in Sec. | and in the previous
e paragraph, the case af evolving with the systemg¢, par-
o2 | ticularly interests us. In the plots Figs. 2—4, these curves shift
across the constantg “contours” with increasingr. Since
0.1 the strength of the interactions changes with the evolution,
the results are progressive departures from the previous ones
04 - and they improve progressively upon those in the sense that
o~ the fugacities, the pressure ratios, are larger and therefore
S oat closer to equilibrium at the expense of more rapid cooling
~ and shortened lifetime. Sinee; shifts towards larger values
& 02 | of ag, higher order terms will have to be included at some
stage and eventually the problem will become nonperturba-
04 , ‘ , tive. In this work, we try not to worry about higher orders
0.0 2.0 4.0 6.0 and just examine the results at leading order.

7 (fm/c) We have seen the results of haw affects the approach
to equilibrium. They tell us that chemical and kinetic equili-
FIG. 4. The time variations of the estimated temperature(a)of bration are Sped up and the final degrees of these two aspects
and (@’) gluons and(b) and (b') quarks at LHC and at RHIC, of equilibration have been altered but they do not tell us
respectively. These temperatures drop faster with increasing coynuch about how the partons are behaving with increasing
pling. The different values of the coupling are assigned to theyqypling. In this sense, collective variables are much more
curves in the same way as in Fig. 2 and Fig. 3. suitable for this purpose. In any case, it would be interesting
also to see how the collective variables are affected by the
A similar situation is also found in the ratios of longitu- coupling.
dinal to transverse pressure which is a check of isotropy of In Fig. 5, the variation of the products of the parton en-
parton momentum distributions and a test of kinetic equili-ergy densitye; with 7% are plotted. It would be helpful to
bration. In Fig. 3, we plot the pressure ratips/pr as well  think of each parton component of the plasma to be sub-
as €/3pt both for quarkgFigs. 3b) and 3b’)] and for glu-  jected to an effective longitudinal pressurges, so that the
ons[Figs. 3a) and 3a’)] at LHC and at RHIC, respectively. equations for the energy densities, which follow from Egs.
The top set of curves in each case is #f@p+ plots. In these (1) and(2) [2], become
plots, curves with larget are closer to the top in general.
In other words, they are closer to full kinetic equilibrium. As EJF €t PLi eff -0 ®)
in the case of fugacities, kinetic equilibration is clearly faster dr T '
as the amount of time required to reach the same or a higher. ] ]
degree of equilibration is shorter. However, the final situaWith the effective pressures given by
tions for gluons are about the same. The improvements for _
quarks are again much clearer. Bah/p; and e/3p; plots DLt e =PLi+ G
show the same tendency. It becomes obvious that increasing b

C)
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h Flg' 52 From the productsidrh , one rc]an deduce |nfofrmat|o.n on FIG. 6. These figures show the more favorable conversion of
the effective pressurp, ; .4 and hence the energy transfer variation o, ., into quark-antiquark pairs with increasing coupling. The re-
with the coupling. As beforé€a) and (b) are results for LHC and duction in the produced net number of gluons(@ and (a’) and

(@’) and(b ;]) are those for RHIC. The cofL_lpIings are assigned to they, o efore the diminution of the gluon density is accompanied by the
curves in the same way as in previous figures. more abundant creation of fermion pairs showriipand(b’) and

. . hence an increase of their density.
In Figs. 5a) and (a’), the effective pressure of the gluons

tends to increase withg and be larger than one-third of the ~ The net creations of gluons are reduced more and more
gluon energy density hence the decreasing tendency afith increasinges in Figs. §a) and &a’) by the stronger

€, 7. The opposite is true for the quark effective pressure irconversion process of gluons into quark-antiquark pairs in
Figs. 5b) and(b’). In Fig. 3, we have already seen that the Figs. 6b) and Gb’). As seen, these result in the lowering
longitudinal pressures for all partons are less than a third o&nd earlier occurring of the peak number of gluons in Figs.
the corresponding energy density so the second term in E@(a) and §a’) and the drop in gluon density is accompanied
(9) must be positivelnegative and increasinddecreasing by an increase in the quark and antiquark density. This is so
with the coupling for gluongguarks. In other words, the net because of the faster chemical equilibration which we have
energy transfer from gluons to quarks and antiquarks is posalready seen with increasing coupling, so gluons are closer to
tive and increasing witlag. This variation in the net energy chemical equilibrium earlier which favors the conversion
transfer is accompanied by a corresponding increase in thato quark-antiquark pairs.

loss of gluon number and gluon entropy and similarly an The last collective variable and also the most important
increase in the gain of quark-antiquark pairs and quark enene that we are interested in is the entropy. As we have
tropy. These are shown in Fig. 6 and Fig. 7. already mentioned, in Fig. 7, one can see the product of the
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FIG. 7. Whereas there is an increasing gain in the quark and antiquark entropy with increasing coupliagdib’), the gluon entropy
is reduced more and more {g) and(a’). The total sum is also reduced by increasing strength of the interactions. This is much clearer at
LHC in (c) where the state of the equilibration is much better than that at RHIE')n

gluon entropy densitysy with 7, sy7, for various ag de- initial conditions, interactions have to bring the expanding
creases faster and just the opposite happens to the prodygthsma under control first before guiding it towards equilib-
Sq7. They increase more rapidly withs. These are as ex- rium. This is manifested in the initial rapid drop éf espe-
pected from the results obtained so far. The most interestingjally 64, and the eventual slow rise. The initial rapid drop
part is however in the product of the total entropy densityin ¢ is a response of the system to being driven out of equi-
with 7. The more rapid equilibration associated with larger|iprium by the expansion. The net interaction rate is forced to
as reduces the produced entropy and therefore final piofncrease rapidly until it overtakes the expansion rate, at

multiplicity when the plasma eventually freezes and breakgynich pointg ends its downward descent and begins its slow
up. This is most clear at LHC where the state of equilibrationyise \with close to equilibrium initial conditions, the initial
is much better than that at RHIC.

From these last discussed figures, one can again see t
faster equilibration with increasings already shown in Fig.
2 and Fig. 3. As discussed in some details[2, energy

rop will be absent. One can understand the final behavior
®m the calculations of relaxation time near equilibrium
[37-39. Their known behavior near equilibrium isTL50 as
transfer and number conversion between gluons and quarlyée systgm COOI.S’ the colhs!on time ;hould rise. In terms of
and antiquarks will tend to zero as equilibrium is ap-t e net mtera_c_tlo_n ra_te, this rate W”.I become slower _and
proached, therefore the products in Fig. 5 and Fig. 6 wilislower as equilibrium is near gbmust rise. This behavior is
tend to be independent of Also entropy generation will COrTect has already been demonstratedlih One can see
cease once equilibrium has been attained, then the product fiPm Figs. &) and 8b) for both ¢, and 6, at LHC and
Fig. 7 will likewise progressively be independent af At~ Similarly in Figs. &a’) and 8b") at RHIC, the same patterns
LHC, one can see this quite clearly but unfortunately not scappear in all the fixedrs results. But for thex¢ case, some-
at RHIC. thing very interesting happens. The increase of the later stage
In [1,2], we have discussed the connection of the collisiorwith 7 of 6, is either less fast for the gluons in FiggaBor
time 6 with the stage of the equilibration. A largeindicates  in 8(a’) and for the quarkg, in Figs. 8b) and 8b'), where
a small net interaction rate ambt a small interaction rate they even decrease further withThis continued decrease is
since it is the difference between the forward and backwardhowever different from the initial rapid drop and it does not
reaction which enters the collision terms in the Boltzmannmean that the plasma is not approaching equilibrium accord-
equation. Due to color, quarks and antiquarks interact morég to our reasoning given here. As we saw in Fig. 2 and Fig.
weakly than gluons in general, therefofig<6,. With our 3, this is not the case but rathef evolves in such a way as
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0.80 b
= 0.60 b

0.40 7

0.20 : ;
0.0 2.0 4.0 6.0

© (fm/c)

FIG. 9. As the expanding parton plasma approaches equilib-
rium, the strength of the interactions also increases which is the
basic reason for the acceleration in the equilibration. As seen here,
perturbative calculations are less favorable at RHi@p curve
than at LHC(bottom curvé.

~0.0 4.0 8.0 12.0 . . -
< (fm/e) Finally, we plot the evolution o&g in Fig. 9. The bottom

(top) curve is for LHC(RHIC). The values ofxg depend to
l a certain extent on thd ocp used. With our present choice,
RHIC is seen to be less favorable for perturbative calcula-

- 20 tions than LHC. Because? never exceeds 1.0, one can still
% 1.5 - calculate perturbatively in principle. However, the values of
€ .l ag at later stages are uncomfortably large. At some point
E already higher orders have to be included. How these will
05 alter our results will have to be studied. Since initial condi-
tions from HIJING used here are, perhaps, some of the less
40.0 = + :

favorable inputs, one can envisage other ones that could pro-
long the duration favorable for perturbative calculations.

To summarize, we have checked how equilibration is af-
0 \ fected by the choice of the coupling and we have also shown
E 20.0 - .\ that to use a fixed value of the coupling for the whole dura-
o W tion of the parton plasma right down to the deconfinement
phase transition is not consistent. The results of the equili-
bration do depend on what; is used. In particular, the du-

0.0 : ! ‘ ration of the parton phase and the entropy are sensitive to the
0.0 20 4.0 6.0 :
< (fmlc) value ofas. Between gluons and quarks, only the quark final
degree of equilibration is affected by the value of the cou-
pling. So, in general, to let the system decide its own

FIG. 8. .'I.'he t?me evolution of the coIIis.ior.] time reflects the Statestrength of the interactions may be a better choice. The best

of the equilibration. The behaviors are similar amongst the curves. ice is then not to have to choose at all. With an evolving

with constant couplingsas=0.3 (solid), 0.5 (dotted, and 0.8 . - L
(dashest The exceptions are the curves with the varying COuplingcouplmg, equilibration is faster and better because the now

o (long dasheyiboth at LHC (@) and (b) and at RHIC(a’) and increasingly.strongly interacting partor) plasma cg_mp_ensgtes
(b") which show accelerated approach to equilibrium not found infor the slowing QOwn of the equilibration as eq'gllll;)rlurr) IS
the equilibration of ordinary many-body systems. approa_lched. This accelerated approach_to equmbrlum is not

found in other many-body systems and is unique to the par-

] ] ~ ton plasma in which the interactions are described by the

to compensate for the slowing down of the net interactionycp Lagrangian. Because the gluon end degree of equili-
rate as equilibrium is approached. This only happens in @ration does not change much with the coupling but that of
non-Abelian theory with asymptotic freedom as in the casehe quark does, the second stage in the two-stage equilibra-
of QCD. It does not happen if the strength of the interactionion scenariq40] will not last as long as with a fixed cou-

is fixed as in an usual ideal molecular gas, for example. S@jing at a,=0.3, if the phase transition has not already
the equilibration of the parton plasma is helped along thestarted before its completion.

way towards equilibrium by the increasing coupling but this
same phenomena will cut short the equilibration of the par-
ton system as the deconfinement phase transition begins to
take place. In the case of a first-order phase transition, the
equilibration will continue in the mixed hadron-parton sys- The author would like to thank Al Mueller for giving the
tem and is outside the scope of this paper. idea to this investigation and for discussion.
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