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Production and equilibration of the quark-gluon plasma with chromoelectric field and minijets
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Production and equilibration of quark-gluon plasma are studied within the color flux-tube model, at the
Relativistic Heavy-lon CollidefRHIC) and Large Hadron CollidefLHC) energies. Non-Abelian relativistic
transport equations for quarks, antiquarks, and gluons, are solved in the extended phase space which includes
coordinates, momenta, and color. Before the chromoelectric field is formed, hard and semihard partons are
produced via minijets which provide the initial conditions necessary to solve the transport equations. The
model predicts that in spite of the vast difference between the RHIC and LHC incident energies, once the local
equilibrium is reached, the energy densities, the number densities, and the temperatures at the two machines
may not be very different from each other. The minijet input significantly alters the evolution of the deconfined
matter, unless the color field is too strong. For the input parameters used here the equilibration time is
estimated to be-1 fm at RHIC and~0.5 fm at LHC, measured from the instant when the two colliding
nuclei have just passed through each other. The temperature at equilibration is found-2b8eMeV at
RHIC and~300 MeV at LHC.

PACS numbgs): 12.38.Mh, 25.75-q, 13.87—a, 24.85+p

[. INTRODUCTION is a challenging task to determine this quantity accurately.

In this paper, we study the preequilibrium evolution of

Lattice QCD studies indicate that the hadronic matter unQGP within the color flux-tube model. In this model, when
dergoes a phase transition to the deconfined quark-gluotwo Lorentz-contracted nuclei collide head-on and pass
plasma (QGP phase, at a sufficiently high temperature through each other, they acquire a nonzero color charge

(=200 MeV) [1]. The energy density at which this transi- ((Q)=0/(Q?)#0), by a random exchange of soft gluons.
tion is expected to occur is about 2 GeV#nSuch a phase The two receding nuclei act as color capacitor plates and

of deconfined partons did exist in the very early universe angroduce a chromoelectric field between th¢m8]. This

is expected to be created in the laboratory, in ultrarelativistichromoelectric field causes instability of the QCD vacuum

heavy-ion collisions(URHIC). The Relativistic Heavy-lon gnd createsqa and gluon pairs via the Schwinger-like
Collider (RHIC) at BNL (Au-Au collisions at (/s)MN  mechanisn{9-11]. The partons so produced, collide with
=200 GeV) and the Large Hadron ColliddtHC) at  each other and also get accelerated due to the background
CERN[Pb-Pb collisions at\s)NN=5.5 TeV] will provide field. These color charges also rotate in the color space ac-
the best opportunity to study the formation of QGP. Thecording to Wong's equatiofl2]. We consider relativistic
main signatures of formation of QGP are soughtinJ/¢¥  non-Abelian transport equations for quarks, antiquarks, and
suppression(2) strangeness enhancement, &Bgdilepton  gluons. These equations simultaneously include the convec-
and photon production]. tive flow terms, the background field acceleration terms, the
Different stages through which the evolution of decon-qq and gluon production source terms, the collision terms,
fined quark-gluon matter proceeds &tgpreequilibrium,(2)  and the terms which take into account rotations of these
equilibrium, and(3) hadronization. While the equilibrium color charges due to the background chromoelectric field.
stage is described by the well-known hydrodynamic equawe solve these transport equations together with the Yang-
tions[3], it is a difficult problem to study the formation and Mills equations.
preequilibrium evolution of QGP in URHIC. Nevertheless, As mentioned above, the initial chromoelectric field owes
the initial conditions which one assumes for the hydrody-its existence to nonperturbative processes, viz., the soft-
namic expansion, can only be determined by a careful studgluon exchanges that take place between the two nuclei dur-
of the preequilibrium stage. So it is necessary and importarihg the collision. This model describes mostly the production
to study the preequilibrium stage, which would provide in-of soft partong13,14. As pointed out in[15] and also in
formation on the equilibration time, and the bulk properties[14], the (semihard processeévia perturbative QCIDtake
such as the temperature, the energy density, and the numbgiace before the soft-gluon exchanges. By adding these hard
density of QGP. For example, the importance of the correcprocesses to the color flux-tube modek attempt to cover
determination of the equilibration time, in connection with the full range of particle production mechanisms, thereby
the J/ ¢ suppression, is stressed by many pe¢gle] and it including both soft and hard partons in the evolution of the
deconfined parton matteft has been shown by several au-
thors that minijet production is dominant in the very early

*Electronic address: bhalerao@theory.tifr.res.in stages of the collision of two nuclei at the RHIC and LHC
"Present address: I.T.P., J.W. Goethe-Univ., Frankfurt, Germanyenergies [16]. Earlier studies[17,13,14 of the pre-
electronic address: nayak@th.physik.uni-frankfurt.de equilibrium domain ignored the minijets. In this paper, we
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have calculated the minijet production at RHIC and LHC and In order to solve the transport equations, we need the
have combined it with the color flux-tube model to study theinitial distribution functionsf,, which we now obtain using
production and evolution of QGP. A similar attempt was minijet production cross sections.

made by Eskola and Gyulas§y5] within the hydrodynam-

ics framework which is applicable onlgfter local equilib- A. Minijet production at RHIC and LHC

rium is attained. Here we study tipeeequilibriumevolution
ggtﬁotlxg]% ;?(ljag\rl:jtfogogaﬁgiga?alt(r;? Sigg tai%lémnzdv_wth RHIC and LHC are mostly minijets whose average momenta

dress ourselves to the important question whether QGP, fire not very large. One can calculate the minijet cross sec-

formed, would attain substantially higher temperatures attions after fixing a momentum scal@) above which per-

LHC than at RHIC.We also investigate relative importance trbative QC_D(pQ_CD) is applicab!e' In the Iowe_st order
of the hard and soft production mechanisms. pQCD the inclusive (2-2) minijet cross section per

The plan of the paper is as follows. In Sec. II, we describdUcleoN in AA collisions is given by15,16
our model with a detailed discussion of minijet production 27py
and of transport equations with their analytic solutions. Here  gjo= f dpdy,dy,——
we also present our computational procedure. In Sec. lll, we S
describe our numerical results and discuss them. We then

Hard and semihard partons expected to be produced at

compare our model with some othgr mod_els of the early XZ lei/A(lepg)Xsz/A(Xz:pi)aipm(sltiu)-
evolution of the matter in URHIC. Finally in Sec. IV, we ikl
present our conclusions. )

Il. MODEL Herex; andx, are the light-cone momentum fractions car-

_ . o ried by the partons andj from the projectile and the target,
In our model, all hard and semihard partghe., minijety  respectivelyf are the bound-nucleon structure functions, and
are formed before the chromoelectric field is created due 19, andy, are the rapidities of the scattered partons. The
the exchange of soft gluons. In all earlier studies of presympols with carets refer to the parton-parton c.m. system.

equilibrium evolution of QGP within the color flux-tube - ; :
model[17,13,14, there was only the background field and The Tij—ki 1S the eleme.ntary PQCD parton cross section.
The requiredo;_,, are given by

no particles, at the initial time. In other words, the initial

particle distribution functions were taken to be zero in all a2l 52
these calculations. In the present work, we obtain the initial e =8 s (3)
particle distributions from minijets. With this initial condi- Wwma g 2 )
tion, we then solve the transport equations at the RHIC and )
LHC energies. Our aim is to study the possible effect of the . 4a§ 12+ 02
minijets on the equilibration process. Oqq-q'q = x| =3 | (4)
The relativistic non-Abelian transport equations which we 9s| s
want to solve are presented [ih8,14), in detail. In order to 2o mp np 2ty ano
include the color charge in the phase space, one considers an ol :4“5 s+u +S +t _Zi 5)
extended one-particle phase space of dimendier+ (N? 149 95| 12 a2 3tal’
—1), (with N=3). The extended phase space is taken to be
the direct sumR®® G, whereG is the (compact space cor- R 4a§'§2+02 122402 202
responding to the given gauge group. Thus, in addition to the Oqq—qq— = St = | (6)
usual three space coordinates and three momentum coordi- 9s| t S 3st
nates, one now has eight coordinates corresponding to the 5
eight color charges in S@). In this extended phase space, a - _% 22, N2 i_ i
. N . Ogamgq=——(1°+U)| == — =/, (7)
typical transport equation in the notation[df8], reads as 9999 otl s
[p,d"+gQ3F2 p*ak+gfaPQA> p g 1f(x,p,Q) A 2. (4 1
Oggqa=—=—(t2+U?)| —==— A—} ®)
=C(x,p,Q)+S(x,p,Q). (1) 9tu s
Here f(x,p,Q) is the single-particle distribution function in . a§ A 4
the extended phase space. The first term on the left-hand side Ogqgq==(S*+U? 5= == 9
(Ihs) of Eq. (1) corresponds to the usual convective flow, the S t su
second term is the non-Abelian version of the Lorentz force 2 An an an
term, and the third term corresponds to the precession of the ol :% _ut us st (10)
color charge, as described by Wong'’s equafib?]. C andS 99799 5o 2 12 2

on the right-hand sidérhs) of Eq. (1) are the collision and
the source terms, respectively. Note that there are separattere a is the strong-coupling constany, and q' denote
transport equations for quarks, antiquarks, and gli&8$ distinct flavors of quark, and
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. Y1i— Y2 TABLE I. Initial conditions for preequilibrium evolution of
S=X;X,S=4p3 Cosi‘?( 5 ) (1)  QGP, obtained from the minijet calculation.
The rapiditiesy,, y, and the momentum fractiong, x, are (V)™ €0
' ' (GeV) N Vo (fm%)  ny (fm~3)  (GeV/inT)
related by
RHIC 200 504 459 1.1 3
X1 = pr(e1+e2)/\s,  x,=pr(e Vi+e ¥2)/\s. LHC 5500 17422 318 55 178

12

The limits of integrations of rapiditieg, andy, are given by andf- can be easilv extracted from E@.3) with the helb of
[yal<In(VS/2py +5/4p3—1) and ~In(\SIpr—e )=<Y>  Los. ) and(1e) 9 P
<In(\/s/pr—e’1). We multiply the above minijet cross sec-  |n Table | we present our results for the initial conditions,
tions by the well known factoK=2, to account for the gptained from minijet production at RHIC and LHC.

O(a?) contributions.

The structure function§; j,» occurring in Eq.(2) are ob-
tained from the model of Eskokt al.[19,20, and using the
GRV HO 94 set of parton distributions for a free nucleon. As  In order to solve the transport equatiofi3, we need to
argued in[15], we choose minimunp;=2 GeV, above specify the collision and the source terms occurring on the

which pQCD is assumed to be applicable. rhs.
We measure the proper timefrom the instant the two

colliding nuclei have just passed through each other. In our
o o ) model, hard partonén the form of the minijetsare present
For central collisions, the minijet cross sectidfg. (2)] in the system at=0 and soft partons are created by the
can be related to the total number of part¢Ns by background field at later times. It is not possible to obtain the
N=T(0)o (13) collision term from pQCD alone because the latter provides a
let> framework to treat only thibard collisions; collisions among
soft partons cannot be handled by pQCD. Including the ef-
fects of soft collisions, in the transport equatioiis, from
first principles(QCD) is a difficult problem. We make the
relaxation-time approximation to simulate the effects of both
soft and hard collisions and write the collision term as

C. Solution of the relativistic transport equations

B. Initial conditions for plasma evolution from minijets

whereT(0)=9A%/87R3 is the nuclear geometrical factor for
head-on AA collisiongfor a nucleus with a sharp surface
[16]. HereR,=1.2A3 s the nuclear radius. The total trans-
verse energy(ET") produced in nuclear collisions, from

minijets, can be shown to be
C=—p*u, (f—f9/7, 16
<Et°'>_T(O)Jd dy,dy, 22PT e -
T PrPTancy2 s whereu” is the four velocity,f€%is the equilibrium distribu-
tion function (Fermi-Dirac for quarks and antiquarks, and
Bose-Einstein for gluonsand 7. is the relaxation time. We
take the same expressions for the source te@hs$ in[14].
Following Bjorken’s proposdl3], we express all physical
observables in terms of the boost invariant quantities, namely

Xi% lei/A(Xl1p%)Xij/A(XZvp'%)(}ijﬂkl(grfra)-
(14

We will use these relationEgs. (2), (13), and(14)] to de-
termine the initial conditions which are required to solve the r=(t?=2A)"%  ¢=n-y, pr=(p5—pD"% 17
transport equationgEq. (1)] in the preequilibrium stage.

In the color flux-tube model, we assume that the chromowhere n=tanh (zt) is the space-time rapidity ang
electric field is formed when the two nuclei completely pass=tanh Y(p,/py) is the momentum rapidity. The transport
through each other. The volume of the system at that instargquationg(1) can be rewritten in terms of these variables.
is Vo=mR4d, whered is the longitudinal thickness of the ~ The formal solutions of the transport equations can be
system. Note thatl depends on the incident energy becauseound to be
of the Lorentz contraction and the presence of the wee par-
tons in the incoming nuclei. We have takel=3 fm at T PR
RHIC for Au-Au collisions andd=2 fm at LHC for Pb-Pb fq,ag(ﬂ&pT,Q):f dT'eXF( . )
collisions[21]. Using Egs.(2), (13), and(14), we calculate 0 ¢
the initial number densityr(y), initial energy density &), oL (T,’g/’pT'Q)l

Sq,ag(T,agl P1.Q)
pt coshé’

and initial distribution functionsf() of quarks, antiquarks, L

and gluons, which are needed to solve the transport equa- Tc

tions. These areny,=N/V,, €,=(E¥)/V,, and f, —

=dny/d3p. Here +exp(— /7o) fg 9, (18)

d®p=d?p;dp,=p+d?py coshy,dy,, (15  where¢’ is given by
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coy)
¢ =sinh ! 9co%h

(19

Lsinhg + JTdH’H’E(H’)

T prr’
andfd'%9 are the initial distribution functions of quarks, an-
tiquarks, and gluons obtained from minijéts described in

Secs. Il A and 11 B. The initial distribution function was as-

PHYSICAL REVIEW C61 054907

Finally, the number density of the quark-gluon matter is
given by
n(r)=f dldQp*u,(3f,+3f +1,). (26)

D. Computational procedure

sumed to be zero in all earlier studies of the color flux-tube

model[17,13,14. In the above equatiorf);, is the angle be-

In the present work, we have determingfir) and T(7)

tween the chromoelectric field and the color charge in thdy imposing the following double self-consistency require-

SU(3) color spacd 14].

ment. Starting with triaE(7) andT(7) and using Eqs(18)

Since both the field and the particles are present simultate determinefy, g, andfg. These when substituted in Eq.
neously, we use the following relation for the conservation(25) give usey(7) which in turn gives a new temperature

of the energy-momentum tensor:

7, Thach 3,TH'=0. 20

Here
T%t:f p“pY(3f o+ 3f g+ fo)dTdQ, (21)

and
T4 =diag EY/2;E2/2 E%/2,~ E2/2). (22

In Eq. (21), the factor 3 refers to the three flavors of quarks,
dI' =d3p/(27)3po=prdprdé/(27)?, andd() is the angular
integral measure in the color space. We follow the sam
procedure as ifil4,17] and finally obtain the evolution equa-
tion for the field as

dE(r) g
dr (2m)?

f dpm%f d¢ sinh¢
0 — o0

X f dQcos 4 3f;—3f+ gl +( 736)a|E(7)[¥?=0.
(23

Here a=a{(5/2)exp(0.254), a=c(g/2)*q9/2(2m)3], ¢
=2.876/4r3, and {(5/2)=1.342 is the Riemann zeta func-
tion.

To solve Eq.(23), we fix the form of the local tempera-

T(7) by Eq.(24). The newT(7) and the trialE(7) are again
used in Egs.(18), and with the newf,, fg, andf, thus
determined, the differential equatid@3) is solved to get a
new fieldE(7). This process is iterated until convergence is
reached. This gives us a self-consistent seE©f), T(7),
eo(7), fq, Ty, andfy.

Ill. RESULTS AND DISCUSSION

With the minijet initial conditions, we solve the transport
equationg1) from the instant the two wounded nuclei have
just crossed each other upte=1.5 fm. The solution of the
transport equations allows us to determine the time evolution
of the physical quantities such as energy density, number

ensity, and temperature. The determination of these quanti-
ies is important for the prediction of any signature of quark-
gluon plasma. We now present our numerical results for
these quantities. As ifil4], we takeg=4 and7.=0.2 fm.
For the initial field energy density;(0), wetake either O or
300 GeV/fni. This allows us to discuss the following three
scenarios;(a) vanishing field,(b) €;(0) comparable to the
initial minijet energy densityg, and(c) €;(0)> €p. Thus we
can study the effect of the variation of the initial field on the
calculated results.

In all the figures,7=0 corresponds to the instant when
the two colliding nuclei have just passed through each other,
ande;(0)=300 GeV/fn? unless stated otherwise.

In Fig. 1, we have presented the parton energy densities
for RHIC and LHC. It can be seen that the evolution of the
parton energy density with minijet inputs at RHIC, is almost

ture T(7), by demanding that the particle energy densitythe same as that without the minijet inpytiashed curve

€p(7) at any instant, differs negligibly from the equilibrium
energy density at temperatufé¢r) at that instant[It may be
noted thatT(7) occurs in Eq.(18) and hence in Eq(23),
throughf®4] This allows us to write the temperatufé¢r) in
terms of the particle energy densi¢y(7) as follows:

36e,(7) |1

570

T(n)= (29)

where
ep(r)zf dI'dQ(p#u,)?(3f,+3fg+1f,). (25)

We solve Eq(23) numerically to study the time evolution of
the chromoelectric field.

05490

This is because, at RHIC, the initial minijet energy density
€y (=3 GeV/fn?) is negligible compared ta;(0); see
Table I. At LHC, the two results are different becausge
(=178 GeV/fn?) is comparable tae(0). Thus the inclu-
sion of the minijet input substantially alters the evolution of
the parton energy density unless the chromoelectric field is
too strong.

We now discuss qualitatively the shapes of the curves in
Fig. 1. It is easy to see from E¢L8) that the parton energy
density evolves as

ep(T)=€(T)+e e,

(27)

Here, e(7) is the energy density if there is no minijet pro-
duction, i.e., if the particle production is only from the field.
The decrease in the energy density at earlier tiseg the
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FIG. 1. Parton energy density vs proper time.
The dashed line refers to the calculation without
the minijets.

€5(T) Gev/im®)

[¢] 0.2 0.4 0.6 0.8 1 1.2 1.4

T (fm)

curve labeled LHC in Fig. llis due to the multiplicative pected to fall within these two limits. Qualitatively, similar
factor e "¢ occurring in Eq.(27). The further increase in results are expected at the RHIC energy too.
the energy density is due to the fact that the particle produc- Thus the background field representing the collective
tion from the field starts dominating by this tirfighis is (1) long-range effects plays an important role in the evolution of
in Eq. (27)]. We show below that the fall in the energy den- the system. If the minijet initial conditions based on pQCD
sity after it reaches the maximum value is close to what isare to play an important role at RHIC, then the field will
expected if the system has attained a local equilibrium and ibave to be about two orders of magnitude weaker than what
expanding according to the hydrodynamic equations. Then ive have assumed. In other words, if at RHIC, the initial field
is clear from Fig. 1 thathe equilibration of plasma is ex- energy densitye;(0) was not 300 GeV/fy but only
pected to occur earlier and the temperature at equilibration3 GeV/fnt, then ;(0) would be comparable to the initial
is expected to be somewhat higher at LH®is will have a  minijet energy densityeo(RHIC)=3 GeV/fn?, and results
significant effect on all the predictions of QGP signatures. qualitatively similar to those shown in Fig. 2 would be ob-
In Fig. 2, we compare the evolution of the parton energytained at the RHIC energy too. In the HIJIN@2] and Par-
density, at LHC, with and without the background field. Thiston Cascade model21], the background field was com-
is necessary because the initial strength of the field cannot h@etely neglected.
calculated easily and as the incident energy increases the Comparison of the two curves labeled “Field” and
possibility of soft-gluon exchanges may become small. Sd'Field +Minijets,” in Fig. 2, shows the effect of the minijets
we have presented our results for the two extreme ddses on e,(7). The memory of the minijet input is nearly wiped
vanishing field energy density ari#) a very high initial field  out at larger because of the exponential decay factor in Eq.
energy density (300 GeV/f). The actual results are ex- (27). As a result, the large kinetic energy of the two colliding

200 T T T T T T T

180 [ LHC 4

160 | FIELD + MINWETS .

140 4
"*g 120 L | FIG. 2. Parton energy density vs proper time,
= MINIJETS at the LHC energy. The curve labeled “Field”
@ 100 | 4 (“Minijets” ) is based on the calculation without
= the minijets (background field The curve la-
} 80 |- 7 beled “Field+Minijets” is based on the full cal-

culation with both the minijets and the back-
ground field taken into account.

FIELD

[¢] 0.2 0.4 0.6 0.8 1 1.2 1.4

T (fm)
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FIG. 3. Chromoelectric field vs proper time.
7 The dashed line as in Fig. 1.

E(7) Gevitm)

nuclei at LHC may not necessarily translate into large tem- In Fig. 4, we have presented the parton number densities
perature of the equilibrated deconfined matt&ctual calcu-  of the system, for both the RHIC and LHC energies. The
lation shows that the temperature when the equilibrium isehavior of the results is the same as that of the parton en-
reached is~300 MeV at LHC and~250 MeV at RHIC, ergy densities in Fig. 1, because an equation similar to Eq.
not very different from each othe€Comparison of the two (27 holds for the number density too. The maximum num-
curves labeled “Minijets” and “Field-Minijets” shows the  per density at LHC is~120 fm 3, whereas at RHIC it is
effect of the field oney(7); this effect survives till relatively 9o fm3, However, at larger, when the systems have
larger 7. Note also thaif there is no background field, the eqyilibrated, the two number densities are nearly the same.
€p(7) decreases monotonically. . _ These partons produce-affect all the signatures of QGP and
ThThde decay of thﬁ fchromoeILeHctCncr:‘leld 'SR?EIOS’” N FI9. 3.hence their evolution plays a crucial role in QGP detection.
e decay Is much faster at LHC than at RHIC, again SUg- yye have fittede,(), n(7), andT(7), for 7=0.5 fm, at
gesting an early equilibration at LHC. The evolution of thet#we LHC energy, with a functional formr~, wherea andb
field strength has a significant impact on the acceleration Oretre constants. We find that=1.23, 0.70, and 0.31, respec-

artons. If the chromoelectric field survives even after loca ; . .
P gvely. According to Bjorken’s hydrodynamics, these values

equilibrium is reached, then the subsequent evolution of th , :
system is governed by the chromoviscous hydrodynami@'® 1-33, 1, and 0.33, respectively. Comparing these two

equationg 15}, instead of Bjorken’s hydrodynamic equations S€tS of values \.N.I'[h each other, we conclude tha'.[ the system
[3]. So it is very important to study the evolution of the has nearly equilibrated at=0.5 fm, at LHC. Similarly, at
chromoelectric field in the preequilibrium stagie find that ~RHIC, the equilibration time is found to be 1 fm. Recall
the equilibration time of the deconfined matter and the life-that these time intervals are measured from the instant when
time of the field are nearly the same. the two colliding nuclei have just passed through each other.

120 T T T T T T T

100

80

80 FIG. 4. Number density vs proper time. The

dashed line as in Fig. 1.

n(7) m>

40

20
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100 T T T T T T T
90 .
80 .
70 | we /7 .
& /
g eof RHIC /77 .
~ i H :
e s FIG. 5. Number density for quarks and anti-
g quarks vs proper time. The dashed line as in
:; 40 - 7 Fig. 1.
30 / i
20 .
10 .
0 ~ L L L L L L L
0 0.2 0.4 06 08 1 1.2 1.4

T (fm)

In Figs. 5 and 6, we have presented our results for theions, namely the parton cascade motfeCM) [21], the
number densities of quarks plus antiquarks and gluons, reHIJING model [22], the McLerran-Venugopalan model
spectively. Consider the curves labeled LHC in these twqMVM) [23], etc.
figures. The initial number density in Fig. 5 is much less than  As is well-known, PCM is a pQCD-based model. It ne-
that in Fig. 6, because the minijet gluon production is muchylects the long-range collective effects which we have at-
larger; see Eqs(3)—(10). In Fig. 5, initially, the number tempted to incorporate here by means of a background field.
density increases with time because of the large productiomhe PCM starts by defining a classical phase-space distribu-
of g and g from the field; see Eq(26) which receives a tion function for the two incoming nuclei, which is then
separate contribution from each of the three flavors of quarksvolved by means of the Boltzmann equation retaining only
and antiquarks. Although the gluon production is 1.5 timeghe convective-flow term and the collision term in Ed).
more likely than that of quarks via the Schwinger-like Now it is known that there are wee partons in each of the two
mechanisn{11], the counting in Eq(26) eventually builds nuclei and each wee parton spreads over the entire width of
up a larger quark plus antiquark density than the gluon denthe nucleug24]. It is difficult to define a classical distribu-
sity. In Fig. 6, the LHC number density decreases with timetion function for such a system of particles. Indeed the in-
because of the dominance of the exponential factocoming nucleiare in pure guantum mechanical states. Hence,
exp(— 7/7;) in Eq. (18), over the gluon production by the solving the classical transport equation right from the instant
field. The energy densities for quarks plus antiquarks andhe two incoming nuclei start touching each other, is a ques-
gluons are plotted in Figs. 7 and 8, respectively. The behawionable procedure.
ior remains the same as in Figs. 5 and 6. A classical distribution function can be more justifiably

We now compare our model with some well-known mod-defined when the spatial extent and the time intervals are
els of the early stages of the ultrarelativistic heavy-ion colli-larger than the average de Broglie wavelength of the partons.

50 T T T T T T T

FIG. 6. Number density for gluons vs proper
time. The dashed line as in Fig. 1.
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In our model, we have started the classical evolution at @im has been to see how the minijet input modifies our ear-
time when the two nuclei have completely crossed eaclier analysis[14]. It will be interesting to consider these in-
other. At that instant, in our model, there are only hard parteractions. Although pQCD provides a general framework
tons (pr>2 GeVk); the soft partons are created later whenfor this purpose, including these interactions is quite non-
the system has grown even bigger. The initial condition fortrivial.
the hard part is obtained via the minijet calculation where no Our approach has some similarities with the McLerran-
approximation is involved. The initial condition for the soft Venugopalan model. The MVM is a classical effective field
part is taken through the creation of a coherent chromoeledheory description of the small-modes in very large nuclei
tric field. at very high energies. This effective theory contains a scale
The HIJING model too is a pQCD-based model. It com-x which is proportional to the large gluon density at snxall
bines pQCD processes with string phenomenology for nonThe large gluon density ensures that even if the coupling is
perturbative soft processes.dssumeshat the parton distri- weak, the fields may be highly nonperturbative. They argued
butions can be approximated by thermal phase-spaciat the classical fields corresponding to the saddle-point so-
distributions with nonequilibrium fugacities. Thus the issuelutions of the effective theory are the non-Abelian analog of
of thermalization of the deconfined matter in the frameworkthe Weizsaker-Williams fields in classical electrodynamics.
of the kinetic theory is not addressed. Now in a collision of such Weizsker-Williams fields, the
Thus we have presented a model which is different fromproduction of incoherent partons with transverse momenta
PCM and the HIJING model. We believe that this model hagp>asu can be handled by means of pQCD and their
some desirable features. For simplicity, we have neglectegropagation in the coherent field can be studied with the help
the interactions among the minijets before 0. Our main  of a classical transport equati¢®5]. In our model too, both

FIG. 8. Energy density for gluons vs proper
time. The dashed line as in Fig. 1.

€4(T) (Gev/im’)

(o2}
o

40

20
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incoherent hard partons and coherent figddft par} are  between the temperatures and equilibrium energy and num-

taken into account. So in this sense our approach is similar tber densities attained at the two machines, may not be very

MVM. large. This is because the memory of the minijet input decays
Real-time simulation of the full, nonperturbative evolu- exponentially with time. Estimated numerical values for

tion of the classical non-Abelian Weizdar-Williams fields  these physical quantities are given.

on lattice, for the gauge group %)), hasrecently been (iv) Unlike the minijets, the effect of the background field

studied by Krasnitz and Venugopal§®6]; see also[27]. survives over a longer time.

The calculation if26] incorporates coherence effects which  (v) In the absence of a background field, the parton en-

become important at smatland smallpy, while reproduc- ergy density and the number density decrease monotonically

ing simultaneously the standard minijet results at lgpge  with time.

However, the important issue of equilibration of gluons was (vi) The equilibration time of the deconfined matter and

not addressed. It will also be interesting to see both the cothe lifetime of the chromoelectric field are nearly the same.

herent field and incoherent partons simultaneously taken into In summary, we have combined the nonperturbative as-

account in such a simulation. pects of QGP(background chromoelectric field formatijon
with the perturbative aspectsinijet production and have
IV. CONCLUSIONS AND FUTURE PROSPECTS studied the evolution of the quark-gluon plasma.

] ] o We have used in this work the Schwinger-like source
We have studied the production and equilibration of theterms[9—11] for parton production from a chromoelectric
quark-gluon plasma expected to be formed in ultrarelativistigie|d. This mechanism is strictly applicable only for a con-
heavy-ion collisions, at RHIC and LHC, within the color stant, uniform field. However, in a heavy-ion collision, as the
flux-tube model. The diStrib.ution. functions of quarks, anti- System evo'veS, the field acquires Space_time dependence_
quarks, and gluons are defined in the extended phase spapgrticle production in such a field has been studied and an
of dimension 14 in S(,B) We have solved the non-Abelian appropriate source term has been deriveEﬂBj, which will
relativistic transport equations for these distribution func-pe incorporated in the preequilibrium evolution of the QGP
tions. The quarks, antiquarks, and gluons are produced fromnd results will be reported elsewhere.
the background field which is formed due to soft-gluon ex-  Note addedRecently Blochet al. have studied the ther-
Changes, via the SChWinger'like mechanism. The initial diSmodynamiCS of Strong_ﬁe'd p|asmé@] In the present pa-
tribution functions of partons are calculated from the minijetper, we used a classical transport equation while they have
production at RHIC and LHC. used a quantum equation. Our equation is non-Abelian,
The model predicts that theirs is Abelian. Our initial conditions are different from
(i) The inclusion of the minijet input substantially alters theirs. Our source term is also different from theirs. But still
the evolution of the bulk properties of the deconfined mattethe time dependence of the various quantitigreeir Figs.
unless the chromoelectric field is too strong. 1-3 is qualitatively similar to that obtained by us. This
(if) Equilibration of the deconfined matter is expected toshows the robustness of our findings.
be faster at LHC than at RHIC. Estimated equilibration times
are given. L , ACKNOWLEDGMENTS
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