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Abstract

- The early evolution of the gluon plasma produced in ultrarelativis-
tic nuclear collisions is investigated via chromo-viscous-hydrodynamics.
The initial conditions are determined by perturbative QCD minijet
production including nuclear shadowing of the parton distributions.
The analog of ohmic heating is shown to damp rapidly any chromo-
electric fields in the plasma. In the context of the flux tube models for
beam jet fragmentation this damping is shown to suppress pair pro-
- duction processes, decrease transverse energy production, and reduce
the quark-gluon chemical equilibration rate. Possible 1mphcat10ns for
. dilepton production are noted.
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1 Introduction

- Perturbative QCD (pQCD) predicts that in central collisions of ultrarelativis-
tic nuclei at RHIC and higher energies (Au + Au at 4/s > 100 AGeV) hun-
dreds of “minijet” gluons with pp > po ~ 2 GeV will be produced per -unit
rapidity [1, 2, 3, 4, 5, 6, 7, 8]. This minijet system forms at very early times, -
1/po ~ 0.1 fm, an extremely dense gluon plasma. The initial energy density
is expected to be at least an order of magnitude above the critical value
€. ~ 2 GeV /fm? associated with deconfinement transition in QCD. This ex-
pectation has motivated an extensive experimental search for this new form
of matter at RHIC and LHC (see recent reviews and references in [9]).
In this paper we investigate possible consequences of one of the unique
* characteristics of the perturbative plasma phase of QCD matter, namely color
conductivity [10, 11, 12]. We calculate the evolution of the minijet plasma and
transverse energy production per unit rapidity, d Et/dy, in chromo-viscous-
hydrodynamics (10, 12, 13, 14]. Analogous to QED plasmas, a finite color
conductivity, o.(T"), leads to an induced color current, J ¢ proportional to an
applied chromoelectric field, E*, according to a generalized Ohm’s law, J¢ =
o.E*. While no direct observation of color fields are possible because of their
gauge rotation dependence, the consequences of a large chomoelectric energy
density, ¢ = E*E®/2, may be observable indirectly through the phenomenon
of ohmic heating [13]: .
-3—?‘— = —~JE® = —~20.¢ . | : (1)
Ohmic heating can, however, only occur if (in some fixed gauge) a mean - -
field, E*°, is applied to the plasma for a time long compared to the typical -
collision time. In nuclear reactions such a possibility may arise because in
-addition to perturbative minijet production the projectile and target nuclei
can be excited into color configurations by multiple soft gluon exchange. .
The two receding Lorentz contracted nuclei may then form a color capacitor
system with a mean chromoelectric field, E* = gQ*/A,, pointing along the
beam axis and confined to a transverse area of the beam nucleus, A; =~ 443
fm?. The decay of that field through pair production of low" py partons
[15, 16, 17, 18, 19] is inherently a relatively slow (few fm) process compared
to the minijet time scale, 1/py. Therefore, the minijet partons may evolve
in that “external” field for a few fm. If the color excitation is assumed to
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proceed as a random walk in color space, then the mean square charge, Q*Q°,
of each nucleus scales proportional to the number of binary inelastic N + N
interactions in central A + A reactions, i.e., A¥3. The gauge invariant field
energy density, e = E?/2, then also scales as A*/3 in this model.

The above flux tube model has been applied to describe beam jet fragmen-
tation in nuclear collisions at lower (SPS) energies where minijet production
can be ignored. See Refs. [13, 18, 20] for a more detailed discussion and for-
mulation. This model is a generalization of the familiar Lund string model
[21] widely used for ete~ and pp reactions. While other models exist, e.g.
[22], to describe beam jet fragmentation which do not assume explicitly the
existence of a mean chromoelectric field, in this paper we restrict our consid-
erations to the flux tube model for beam jets since the role of ohmic heating
is most apparent in that case. : : ,

Previous studies [13] of the role-of color conductivity concentrated on
nuclear reactions at lower (/s < 20 AGeV) energies with initial conditions
determined by the above beam jet fragmentation model. The aim of this
work is to extend those studies to collider energies, where the initial condi-
tions are determined instead by pQCD minijet production. Because of the
much higher density of partons carrying chromoelectric charge, the color con-
" ductivity should be considerably larger in the minijet plasma, and its effects
may therefore be more pronounced. -

Linear response theory in the relaxation time approximation leads to the
following estimate of the color conduct1v1ty in a pure gluon plasma {10, 11,
12]:

0d(T) = 7wl = (4a? ln(l/as)T) '4ra,T?[3) = T/(asIn(l/c)) , (2)

where wpl is the plasma frequency and 7, is the gluon momentum relaxation
time. In a perturbative plasma at very high temperatures that relaxation
time in the leading log approximation has been estimated to be [23]

~1 ~ 4Ta? In(1/a). o (3)

However, uncertainties in this estimate at attainable temperatures T' ~ 300 —
500 MeV due to higher order contnbutlons and non-equilibrium effects limit -
this to be only an order of magnitude estimate. We have therefore varied the
conductivity over a wide range in our. calculations.
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Because o9 is proportional to the momentum relaxation time, 74, the evo-
~ lution of the system must also take into account other transport coefficients
of the same order. The most important one is shear viscosity [24, 25, 14, 23],
Ny = T,€/3. Again in the leading log approximation [23], the shear viscosity
in a pure glue plasma is ‘

g xT%(32Inl/ay), @)

with a similar theoretical uncertainty. For a given ratio of quark to gluon
energy densities €,/¢,, collisions between gluons and quarks decreases the vis-
cosity by a factor 1/(1 +4/9(e,/¢€,)). In chemical equilibrium €,/¢; = 21/16.
However, the minijet initial conditions correspond to a plasma far out of
chemical equilibrium with ¢,/¢, ~ 1/3 as we show below. Therefore, the
“early evolution of the gluon plasma is dominated by gg processes. Numeri-

cally, all perturbative estimates indicate that 7 is very large, and thus viscous -

dissipative effects must be included in the early evolution of the plasma, [14].

Unlike gluons, quarks and antiquarks are only rarely produced as minijets.
They form essentially a free streaming gas because their mean free paths are
significantly longer than for gluons (7, ~ 9/47,) because of their smaller color
charge. Also, the chemical equilibration time due to ¢ — ¢g and g9 — ¢§
is perturbatively much longer than the gluon momentum degradation time
7, due to gg — gg processes. We therefore concentrate on the nontrivial
evolution of the gluon plasma treating the quark-antiquark gas as a decoupled
free streaming gas up to ~ 1 — 2 fm. As a further simplification we adopt -
longitudinal boost invariant (Bjorken [26]) boundary conditions, which is
approximately valid over a few units of rapidity in the cm. We neglect also
transverse expansion, thereby limiting the present study to central collisions
of the heaviest nuclei. '

2 Chromo-Viscous-Hydrodynamics
Under the simplifying assumption discussed in the introduction the chromo-
viscous-hydrodynamic equations [10, 12, 13, 14] reduce to S
» dey &tPy ATy o s o s )
dr + T T 372 +.2a°6f +.Ss + 5 (5)

de, € v '
—(#-‘ ;_1 = 2age.f.+S§+S.g,_ j R ‘(6)
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where ¢, and P, are the proper energy density and pressure in the gluon
plasrna, € is the proper energy density of the free streaming quark-antiquark
gas, o' are the color conductivities, and S¢ and S are source terms due to
soft and hard mechanisms for partons ¢ = g,q. As noted above, we expect
the dominant source of energy per unit vo}ume per unit time at collider
energies to be due to minijets. That source term will be constructed in the
next section. Without the ohmic heating Eq. (5) reduces to ordinary viscous
hydrodynamics [14]. Chromo-hydrodynamics only applies if there exist a
source of chromoelectric field. As noted in the introduction in the context
of dynamical flux tube models [13 18, 20] such' a source may arise naturally
 due to the beam jets. :
' In the absence of minijets, the chromoelectrlc field left in the wake of the
‘receding nuclei decays via the Schwinger pair ‘productlon mechanism in the
flux tube model [13, 15, 16, 17, 18]. Dimensional analysis alone constrains
the rate of converting field energy density into parton kinetic energy dens1ty :
to be of the form ‘
' ' S' (1) = k(2¢)%* = o, E?* , : (7
where k = £, + K, is a constant, and o,(7) = n(2e;)1/ 4 can be 1nterpreted
as the vacuum conductivity [13]. In an Abelian approximation where bosons -
" have the same color charge as fermions, the. field decays dominantly into
to ¢ pairs with k,/x, ~ 1.2 N;, where N; = 2.5 is the effective number
of quark flavors. However, in SU(3) gluons have larger color charge than
quarks and antiquarks and gg and ¢g pair production rates are comparable
with k,/k, & 0.4 Ny [17, 27]. Because the initial quark minijet density is so
small and out of chemical equilibrium, even if the Abelian approximation for
k; is used to overestimate the ¢g production rate, quarks turn out to play
a very minor role during the early evolution and remain far out of chemical
equilibrium. Combining the decay rates due to pair production and ohmic
heating, the decay of the field energy density is controlled by

d
767_{ = —JpaE® = —(0y + 0)2€ . (8)
where the full induced current, | v
| b = (k(26)"/* + 00) B ©)

is a sum of the vacuum polarization current and the induced conductive
current. Note that both o, and o, are time dependent.
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Equations (5,6,8) are more general than the one studied in [13] by the
inclusion of the viscous reheating term, the minijet source term, and the de-
coupling of the quark and gluon components. The left hand side describes
the cooling of the plasma due to the one dimensional boost invariant expan-
sion as well as to the PdV work done by the gluon plasma as it expands.
As emphasized in [14], the use of the Navier-Stokes corrections only makes
sense as long as the correction to the pressure term is small. However, for
very early times such that P <'47/37, both the pressure and viscosity terms
in the gluon equation must be set to zero. This is because a long relaxation
time in the kinetic gas limit can at most negate the PdV work done in ideal
hydrodynamics. Physically this corresponds simply to free streaming. At
such early times both the quark and gluon energy densities decrease only
because of longitudinal expansion according to the boost invariant boundary

~ conditions.

3 Minijet Source Term

Minijets are unresolved pQCD jets with pr > pp = 2 GeV. The scale po, sep-
arating hard and soft interactions, must be determined phenomenologically
_in conjunction with a non-perturbative model for beam jet fragmentation.

In Ref. [5, 6, 7, 28] an extensive comparison with data both at low.-and

collider energies showed that the value po = 2 GeV together with the Lund
[21] type (flux tube) hadronization model could account well for the observed
/s dependence of transverse momentum distributions, the rise in the central
rapidity densities, enhanced multiplicity fluctuations, and the flavor depen-
dence of the rise in transverse momentum as a functlon of multiplicity in pp
reactions. Other formulations [29] of the soft hadronization dynamics’ [22]
~ find consistency with the data with py &~ 1.5 GeV. :

In the first approximation all the minijets in a nuclear colhsxon can be
viewed as being produced instantly, at their formation time, 7 = 7, = 1/pp ~
0.1 fm: Then, for a given scale p; and impact parameter b, the initial energy
density in the midrapity frame can be estxmated from the genera,hzatlon of
the Bjorken formula [26]

szi}A(b) 1 TM(b)
dy wRim, wRim,

Jet(ET)”” - (10)



where T44(b) is the nuclear geometrical overlapping function at an impact
parameter b. For sharp sphere nuclear geometry Ty4(b = 0) ~ A%/(nwR%),
where Ry =~ 1.124/% (see e.g. [3]). The inclusive minijet cross section
(divided by 2) is given by : '

Tt = Tet(V/$,p0) = / dprdyrdys =220 (pr > po) - |
Y Svrfi/A(xnPT)xzfj/A(-'ﬂz,PT)U"_'H(gat,ﬁ), - (1)

ijki=
9:3,9
where 67~* is the elementary pQCD differential cross section for the 2 — 2
scattering of parton i carrying a light cone fraction z; of the projectile and
parton j carrying a light cone fraction z; of the target producing partons
k and [ with transverse momentum pr and rapidities y; and y;. The cor-
responding Mandelstam variables are denoted by the hatted symbols. For
example § = T1T28. Note that TAA(O)aJet is the total number of hard colh-
sions with pt > po in a central AA collision.
The perturbative first Er-moment per unit rapldlty of the minijet cross
section is glven by

.pT-pT-@(m > po)O(pt, ¥1,92)
Z wlf./A(fL‘uPT)wsz/A(xz,PT)a'qul(S “)a (12)

iski=
@29

2
Ojet < BT > = / dprdydys—

where O(pr,y1,y2) = 1if |y1| <1/2 and | ¢
- ln(ﬁ — é‘”‘) <y < ln(—\-/—g —e%) ' (13)
: pT - P g

and vanishes otherwise. Note that (Et)? is the average transverse energy
produced as minijets per unit rapidity at y = 0 in one pp sub-collision [3].
In Egs. (11,12) it is important to take into account the nuclear modifi-
cations to the parton number densities f; 4, especially shadowing and anti-
“shadowing. We do this by writing fia(z,@*) = RA(z,Q%)fi(z,Q?), where
" the ratios R#(z,Q?) do depend on the scale @ = pr, especially for gluons.
The gluon shadowing decreases faster with increasing scale, as described in
detail in {30]. However, the initial amount of gluon shadowing at 2 GeV
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is not known, and we use here the Ansatz 1 of ref. [30], corresponding to
‘the assumption that the magnitude of gluon shadowing is the same as the
~observed shadowing of the structure function F3 of quarks and antiquarks.
The Duke-Owens set 1 [31] is used for f;, as well as a factor K = 2 to account
for the O(a?)-contributions to the minijet cross section.

The result of the perturbative prediction (12) is plotted in Fig.  1'as a
function’ of nucleon-nucleon cm-energy from RHIC to LHC energies. The
influence of the assumed gluon shadowing for a gold (A = 196) nucleus is
also shown: The contribution from gluons, (via gg — g9, g¢ — g9), is clearly
dominant already at RHIC energies (about 72 %) and becomes even more
dominant at higher energies..

Note that Eq. (10) is a good approximation for the initial energy densities
~ only when 7, > 6§ = 2R, /7, i.e. when the finite Lorentz-contracted nuclear
thickness is small compared to the minijet formation time. For A ~ 200
nuclei at RHIC-energies the nuclear diameter is only contracted to 0.1 fm
and thus the finite transit time should be taken into account. We mclude
the spread of production times of the minijets via

T€(T) = Theén ;Th. - _ (14)

The minijet transverse energy is thus assumed to increase linearly between
™ and 7, + 6. For Egs. (5,6), this results in a perturba,twe source term of
‘the form Om <1 <M+ 6)
S(=d. 2 mSTInEd )
T )
where t=g or q + @. In the limit § — 0 the perturbative source reduces to
xS(r — 1) K

4 Analytlcal Limits

An instructive analytic limit of thé chromo-hydrodynamic equations (5,6,8) is
- .obtained by setting § = 0 and neglecting the conductive and viscous terms.-
For this case we assume further chemical equilibrium between quarks and
gluons. In this case there is only one equation for the total parton energy



.density ¢ = ¢, + ¢, in addition to the deca,Ying field energy density one:

-de €+ P

2L~ e itasr-n) (1)
d
o (17)

where 5/2 : ‘ .
4ra, 5/2 | -

o= Cr0f OB e+ (1= 29/p), (19
in the Abelian approximation of {13]. The number of helicity states of
fermions (bosons) is denoted by vp(g). '
- As discussed in [18], Eq. (16) can be converted into dimensionless form
by writing €(7) = €[f(z)]* where z = 7/7, and x(2¢,)'/47, = 2. Solving for
¢ one finds for 7 > 7, '

G e e A

where 2, = 74/m. The time 7, is thus the typical time for the background
field to decay into (anti)quarks and gluons. In the solution above, the initial
energy density of the field is €(m,) = ¢, i.e., we assumed the same formation
time for the minijets and for the field. The formation time of the background
~ field will be discussed further in the next section. }

Consider next the solution in the idealized limit corresponding to free -
streaming. The free streaming case is referred to as ’Bjorken flow’. In this
case there is no local pressure in the system (P = 0) and (16) with (19) can
be integrated to yield

1 1—2zy+42

= Ryl z -
“r) = BT TeT et v o) (20)

This result is, plotted in Fig. 2a as curve labelled ’1’. The time evolution of
the particle energy density with the minijet initial conditions (10) is shown
for RHIC and LHC energies. The energy density of the background field is
displayed in Fig. 2b. The final transverse energy at the central rapidity in
this evolution is given by

dEq |final

ES =
T dy y=0

= rRi lim (1) = 7R {ehn, + €7 - (Tn + %)} . (21)
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From this we can express the initial energy density of the field as

E%— <' Er >'AA ET ‘;ﬁ?’a_)et < ET >PP

= 22
TR (™ + 37) T RL(m + iTs) (22)

€ =

~ On the right hand side there are two unknown quantities: E$ and 7,. We fix
E2 to agree with the Monte Carlo event generator HIJING [5, 7]. The field
decay time scale 7, due to low pr pair production will be taken tobe 1 fm
as an order of magnitude estimate. :
, At /s = 20 AGeV for central gold-gold collisions HIJIN G predicts ES =~ -

350 GeV. At these energies minijets contribute a negligible part and we expect
the flow to be a free one because of the relatively low energy densities. The
minijet contribution from Eq. (12) is oje(ET)P? = 0.050 GeV fm? at this
energy. The initial energy density of the background field for A = 196 is then
obtained as ¢ = 5.8 GeV/fm?, as indicated in the fig. 2b. The evolutlon of
transverse energy can be expressed as

dbr|

3y o = TRYe(r)r | | (23)

and plotted as in Fig. 2c, where we show the results again for RHIC and
LHC energies. The transverse energy from HIJING at /s = 200 AGeV is
also shown. Thus, we find that having fixed ¢, at low energies, the model
reproduces well the Monte Carlo results.of HIJING at collider energies. .
For comparison, in Figs. 2a and ¢ we have also shown the pure minijet
contribution (curves labeled 2) in the free flowing case, i.e. ¢(r) ~ 1/7 and
dEr/dy =const. This shows that about half of the final average transverse

. energy of a central Au + Au-collision comes from the minijets at RHIC ener- .

gies, and that at LHC-energies the minijets are clearly the dominant source of
Et at midrapidity. In the present model, the soft contribution is unchanged
when going to higher energies and thereby, by definition, we are in agreement
with the results of additive-type models like HIJING, which treat the soft
contribution practically as independent of cms-energy.

‘Another extreme limit of interest analytically corresponds to ideal hydro-
dynamics when the work due to the local pressure is included. The evolution
equation turns out to be solvable analytically for an ideal gas equation of
state, P = 3e. The solution (19) of the field equation is of course unchanged.



* Multiplying Eq. (16) by 74/3, the energy density becomes

P .
= a/3 J453.. / __eyy™

) =al e [ s e

‘The integral can be expressed in closed form '

e(r) = €h(7)4/3 + 63(1:-)4/3 . 4[1'(;,;1/3,1 —zy) - I(zlllls? 1—azy)], ‘ (25)

with :
T 13 z 1 z 5 T

a
T = 2
(2,a) 4(z3+a)t 36(z%+a)? + 54a (23 + a)? + 162a2? (23 + a) +
5 (m + a'3)? 5v3 2z — all3
486a8/3 ln —alBBg  a2/3 * 24348/3 arctan( al/3\/3 ). (26)
In the limit ™ — 0 and e — 0 we recover the results given for €(7) in
[13, 18].

The evolution of the pla.sma energy density in the ideal hydrodynarmc
limit is plotted in Fig. 2a (curves labeled 3). By comparing to curve 2, we
see that at RHIC energies the soft source term from the decaying color field
alters significantly the ideal (€ ~.1/7%/3) behavior characteristic [14, 18] of
hydrodynamic flow. On the other hand, at LHC energies the evolution is
much closer to that ideal form because of the dominance of minijets.

In the ideal hydrodynamic expansion, work PdV is done against the pres-
sure. As a result the transverse energy at the central rapidity unit is decreas-
ing with time asymptotically as dEt/dy ~ 1/7}/3, This can be seen in Fig.
2¢, where the transverse energy from Eqs. (23) and (25) is shown versus
time 7. When the system becomes sufficiently dilute it has to decouple. In
our calculation, we decouple the system at € = ¢, = 2 GeV/fm3. After this,

we let the system evolve according to the equations for the free flow. This
~ causes the kinks in the particle energy density and in the transverse energy
in- this model. We make no attempt to follow the evolution of the plasma
through the mixed phase.

- We determine the decoupling time 7. by solving €. = €(7.).. Then the
evolution of €(7) is obtained from (20) by replacing €, by €, m by 7c and in
the last term the 1 — zp, by (e/€r(7))/* — 7/7. The resulting evolution at
T 2 7 is also shown in Figs. 2. Note that because of the much higher initial
‘energy densities, the plasma remains coupled at LHC energies about three
times longer than at RHIC.
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5 Color Conductivity in a Minijet Plasma

We turn finally to the effect of minijet enhanced color conductivity. In the
time history of a nuclear collision, the hard processes occur first and the
formation of the background color field stretches over a longer period of

~ time. We take this into account by spreading the soft source over a finite
field formation tlme, 75 ~ 1 fm via

Si(r) = Cs;’-_; O(m <7< Tf)‘- | | (27)

We assume further that the field formation time 7 does not depend on the-
cms-energy since it involves only wee parton dynamics. : '

As shown in Fig. 1, at collider energies the gluon contribution to the
initial energy density is at least three times the one from quarks and anti-
quarks. Therefore, the system is initially far from a chemical equilibrium.
Furthermore, as noted before, the mean free paths of quarks and antiquarks
are perturbatively much longer than those of gluons, 7, ~ 97,/4 and gluon
branching ¢ — ¢§ occurs much less frequently than ¢ — ¢gg and ¢ — g¢g.
Therefore we drop the assumption of chemical equilibrium used in Fig. 2
and treat the quark and antiquark plasma as a freely flowing, decoupled sys-
tem. The ¢§ contribution to the decay of the background field can however
not_be neglected.

Color conductivity o(T') in this model is connected to the energy densities
through the temperature. To be consistent with the assumption of decoupled,
free flowing quarks and antiquarks, we neglect the contribution from quarks
and antiquarks to the color conductivity. This is well justified since even in
total chemical equilibrium the relative increase in conductivity (Eq. (2)) is
at most about 20% (because the plasma frequency increases while the mean
free path decreases with inclusion of quarks).

For the evolution of the gluon plasma we include both the color conductiv-
ity and shear viscosity. The gluon temperature, energy density and pressure
are related in the Stefan-Boltzmann limit by P, = ¢,/3 and T = (¢,/a,)'/4,
where a, = 7%v,/30 with v, = 16. '

- The conductivity as defined by Eq. (2) is actually only an asymptotic
value and is valid only for times greater than the momentum relaxation time.
As discussed in Refs. [32, 33, 34, 19], when damping due to collisions are
neglected plasma oscillations may arise in the system. Of course oscillations
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occur only if the product of the momentum degradation time 7, and the
plasma oscillation frequency wy, is large compared to . Perturbatively, in
the leading log approximation, r,wp ~ 0.4/(e3/?log(1/a,)) ~ from Eq.(2).
Therefore plasma oscillations are not likely to be important in a minijet
plasma given the two body damping rate. (Oscillations in the plasma at
SPS energies may occur given the much smaller density of partons if the
perturbative plasma picture can be extended down to such densities.) '

In the overdamped approximation, a physical pictire of the effective time
dependence of the conductivity can be obtained by considering the equation
of motion for a particle with a color charge g in an external field Eq:

dp, Pz
- With p.(0) = 0 and neglecting the effect of the mduced current on the
external field, the solution is simply

p:(7) = gEory(1 — e‘T/T’) o ' (29)

For partons with an effective mass, (m), the induced current becomes

y

],(T) %Tg(l - e“’/ff)Eo mwiT(l—e \'/Tf)Eo od(r)Ey . (30)

In this lmut the effective conductivity turns on as

(1)

aTa(i/a)’ Gy

RAGET SR

where 7, is given by Eq. (3).

At sufficiently early times the viscosity term in Eq. (6) is dlvergent
Physically, however, the viscosity in the kinetic limit can at most reduce the
PdV work to zero. Therefore, we impose the condition that P = 4n/(37) =0
if P < 4n/(37). In this way free flow (without pressure) at early times turns
into viscous flow at later times. However, the perturbative mean free paths
. for gluons turn out to be relatively long leading to a high shear viscosity.
The evolution turns out to be close to-be near zero-pressure expansion at
least at RHIC-energies. :
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The final evolution equations are therefore

de, ¢ P,(r) 4ny(7) CAngy o 1/4
Tore o B0 2Olom, > 1)+ 2a e+ o2(r)}
v <r<
+q2 n, O = .Th o) (32)
de;, € 5/4 Th @(Th <7< Th + 5)
—=+2 = K(2e)%% + ¢ — (33)
I = ‘—2€f{"(25f) 7+ ‘ch(Ty)} + Cs:f O(m < 7 < 7)), _ (34)

where k = K, + K, as given by Eq. (18) in the Abelian approximation. The .
perturbative result in the leading logarithm approximation for conductivity is
given by (31).and for viscosity by (4). The resulting set of coupled equations
is strongly nonlinear due to the sources and also conductivity and wscosnty
Therefore these equations must be solved numerically.

We consider a central Au 4+ Au collision at /s = 200 AGeV with soft
time scales fixed as 7s = 1 fm and 7t = 0.5 fm. The hydrodynamic gluon
" plasma is decoupled at ¢; = ¢, = 2 GeV/fm® as in Fig. 2. The soft energy
density scale ¢, is determined as before. However this has to be determined -
iteratively starting with an initial guess for €, and evolving the equations to
compute the final transverse energy E3. We then modify the initial guess
until E} converges to the HIJING prediction at /3 = 20 AGeV. The value
thereby obtained for the field energy density is €, =~ 4.9 GeV/fm?>.

" The time evolution of energy densities and the transverse energy at central
rapidity are shown in Figs. 3 as functions of the proper time 7. Fig. 3a
- represents the evolution of the total energy density (7). = €,(7) + ¢,(7). The
curve '1” is the result an ideal (free) Bjorken-expansion (no conductivity,
' no pressure, no viscosity). The curve 4’ is the minijet contribution in the
Bjorken flow. The curve ’2’ is the solution with the perturbative estimates for
the conductivity and viscosity. Onset of conductivity is taken into account
according to (31). Since the leading log approximation is good orily within a
~ factor of two, we have studied also the consequences of having 7, = T;QCD /2,
- which is shown by the curve ’3’. Evolution of the total transverse energy
at the central rapidity is plotted in Fig. 3b for the respective cases. The
decomposition of the total energy density is then shown in Fig. 3c, and the
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evolution of the field energy density is displa,yed in Fig. 3d. Also in the two
latter figures we again show both the case 7, = 7P?°P and 7, = 7P2°P /2.
We note the following the points in Figs. 3:

1. The spread of the minijet production times due to the finite nuclear
thickness lowers the maximum energy densities by about a factor of two
relative to Fig. 2a at RHIC energies. (The kinks in the curves result
from the assumed sharp edge nuclea.r geometry which are smoothed out
with diffuse nuclei.)

AN

- 2. Figure 3d shows clearly how the minijet enhanced conductivity (curves
2 and and 3) quenches the background field much faster than in the
non-conductive case (curve 1). With a shorter mean free path, the
asymptotic value of conductivity is decreased, but the early time de-
‘pendence of it is only weakly dependent on the relaxation time. This is
why the difference between curves 2 and 3 is-so small. Notice also how
a finite formation time of the field causes the field energy density to
remain approximately constant at a much smaller value ~ 1 GeV/fm
than in Fig. 2.

3. In Fig. 3c nOte that in the non-conductive Bjorken flow (curve 1) the
" qq energy density at 7 > 7 = 0.5 fm remains above ¢, for a relative
. long time due pair production from the background field. The gluonic
- energy density is much less affected because of the dominant minijet

contribution.

4. In the conductive flow (curves 2 and 3 in Fig 3c) much fevw)’er qJ pairs
are produced by the quenched background field for 7 > 7.

5. The effects of ohmic heating is clearly seen in Fig. 3c comparing curves
2 and 3 to 1. Unlike the ¢g energy density, the gluon energy density
‘exceeds the Bjorken curve due to the conversion of field energy into
heat.

6. With the perturbative estimate leading to a large shear viscosity, we
note that at RHIC energies the effect of PdV work is mostly neutral-
ized compared to curve 3 in Fig. 2. Even reducing the perturbative
momentum degradation time by a factor of two (curve 3 in Fig., 3c)

~ does not lead to a dramatic effect. At higher cms-energies, however, we
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10.

expect hydrodynarmc flow to have stronger 1nﬂuence on the evolutlon

- of the system (cf. Fig. 2).

Note in Fig. 3c that curves 2 and 3 are reversed for ¢g relative to gluons
because a reduced conductivity increases the time available for ¢g pair
production. In Fig. 3a the total energy density is therefore remarkably
insensitive to the numerical value of the conductivity! The same is true

. for the transverse energy evolution in Fig. 3b.

Curves 2 and 3 in Figs 3a and 3b reveal the small net effect of con-
ductive viscous flow. At early times ~ 0.2 — 0.5 fm, ohmic heating
maintains a slightly higher value of the energy density relative to the
free streaming case. However, at later times viscous expansion cools

“the system somewhat below the free streaming curve 1.

. 'The final dEy/dy in conductive viscous flow is reduced by apprexi-
“mately 150 GeV compared to the free streaming (HIJING) case (curve

1). In comparison the ideal hydrodynamic evolution in Fig. 2 is seen

to reduce the transverse energy per unit rapidity by approximately 250
GeV. : .

The above results are found to be very insensitive to the parameters

_of the model. We found that changing 7, from 1 fm to 0.5 fm, which

changes ¢, from 4.9 GeV/fm?® to 8.1 GeV/fm?® and o5 from 0.42 to 0.67,
changes the final transverse energy at midrapidity only by about 5%..

Conclusions

In this .paper we studied possible consequences of color conductivity on the

evolution of the minijet gluon plasma produced in Au+ Au at RHIC energies.

We. also included effects of shear viscosity in the Navier-Stokes approxima- .’

tion. We started with minijet initial conditions at RHIC energies, as deter-
mined by first order perturbative QCD, and evolved the plasma according
to the chromo-viscous-hydrodynamic equations with approximate longitudi-
nal boost invariant initial conditions. In the context of the flux tube model
for beam jet fragmentation, we showed that the gluonic conductivity damps
rapidly the background color field. Ohmic heating keeps the energy density
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~above the critical point slightly longer than in the case of free streaming
but work done on viscous expansion reduces the final transverse energy by
~ 25%. '

The strongest effect of conductive flow in our calculation is the suppres-
sion of ¢g production from the background field shown in Fig. 3c. We have
emphasized that most of the minijets are glions and the system is initially
far from being in a chemical equilibrium with respect to quarks and glu-
ons. The primary effect of color conductivity seems to be to hinder chemical
equilibration by reducing the source of ¢g pairs. Without conductivity the
background color field produces sufficiently many ¢g pairs that near ¢, chem-
ical equilibrium may be more nearly achieved. However, with the enhanced

".minijet conductivity the ratio of ¢ to g densities remain far below equilibrium
~at least above the critical temperature. This calculation provides therefore
an explicit dynamical realization of the van Hove-Pokorski [35] plcture of
high energy reactions as dominated by gluonic interactions.
- We close by emphasizing several caveats and open problems. We consid-
ered the background field decay in the Abelian approximation to overestimate
deliberately the qg production rate. As discussed in [17, 27], in the SU(3)
case the field decays practically equally to fermions and bosons. This should
have the effect of suppressing further the ¢ component. Also we have not
included initial nor final state branching of minijets that predominantly en-
hances the gluon number density. At LHC energies the approximation of
decoupling the quark plasma must be relaxed because of the longer time
scale for the plasma to remain above .. - _
At RHIC energies the hindrence of soft ¢g productmn may reduce the
. dilepton production rate expected from equilibrium estimates. Most studies
- [36, 37, 38, 39, 40] have assumed implicitly chemical equilibration in comput-
ing ¢g annihilation from the quark-gluon plasma. In ref. [40] for example it
was suggested that the rates for thermal dilepton production are well above
the Drell-Yan rates near M ~ 3 GeV at collider energies. However, rapid
chemical equilibration and high initial temperatures were essential for that
conclusion. We have seen that the minijet gluon plasma has difficulty achiev-
ing chemical equilibration during the pure plasma phase 7 < 2 fm at least at
RHIC energies. The reduced density of quarks and anti-quarks may therefore
reduce significantly the number of hard photons and dilepton pairs relative
to those equilibrium estimates. On the other hand, the reduction of the
dilepton yield due to chemical non-equilibrium could be compensated for by
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other non-equilibrium effects.. In particular, a strong deviation from local
momentum space equilibrium, e.g. with (p?) > (p%)/2 due to the the in-
duced color current or the initial state momentum anisotropy, may enhance
the yields significantly beyond equilibrium estimates [33, 41, 42]. Much more
work remains to reduce the uncertainties caused by these competing effects.
' Finally, we showed that chromo-viscous expansion of the minijet plasma
may lead to a modest reduction ~ 25% of the transverse energy production
relative to free streaming (e.g. HIJING [5]) dynamics. The free streaming -
~ value estimated for central AuAu collisions is, however, uncertam by ~ 50%
because of the unknown scaling of the minijet scale po(A, s), nuclear shadow-
ing, and beam jet fragmentation. Therefore, transverse energy measurements
must be supplemented by detailed systematic measurements of a wide variety
of other observable as discussed in [9].
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' Figure Captions

Fig. 1. The Er weighted pQCD minijet cross section (12) in pp collisions
vs. cms-energy is shown (dashed curves) for minijets with pr > po = 2
GeV and |y| < 0.5. Scale dependent effects of shadowing and antishadowing
are taken into account nuclei by using the ’Ansatz 1’ of Ref. [30] for gluon
~ shadowing in A = 196 at Q@ = pr = 2 GeV. The shadowed cross sections are
given by the solid curves. - , :

Fig. 2. Analytic solutions of the evolution equations for free streaming
(Bjorken) (curves 1 and 2) and ideal hydrodynamic (curves 3) flows with
minijet initial conditions are shown for central Au + Au collisions at collider
energies. Top panel shows the evolution of the plasma energy density of
particles, e = ¢; + ¢, as a function of the proper time 7. Middle panel shows
the evolution of the energy density of the background color field as given by
Eq. (19) in the absence of conductivity with 7t = 0.1 fm, 75 = 1 fm. The
bottom panel shows the evolution of the transverse energy at the midrapidity.
The prediction from HIJING [5, 7] at /s = 200 AGeV is also shown.

Fig. 3. Evolution of the minijet plasma with minijet initial conditions

and decoupled fermions given by Eqgs. (32)-(34). Curves 1 correspond to

non-conductive, non-viscous free flow. Curves 4 show the pure minijet con-

tribution to curve 1. Curves 2 show the solution of the equations with the
perturbative estimates for the viscosity and conductivity. Curves 3 show the
solution when the momentum relaxation time 7, is reduced by a factor of

two. For curves 2 and 3.the gluon-component is assumed to decouple at

€. = 2 GeV/fm®. In parts a and b, the evolution of the total energy den-

sity and the the total transverse energy are shown to compare with Fig. 2.

In part c, the decomposition of the energy density into gluonic and quark

components is shown. In part d, the evolution of the field energy density .
in non-conductive (1) and conductive (2 and 3) cases is shown. See text for
discussion of results.
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