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Longitudinal oscillations and linear Landau damping in quark-gluon plasma
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On the basis of the semiclassical kinetic Vlasov equation for quark-gluon plasma and the Yang-Mills
equation in covariant gauge, linear Landau damping for electrostatic perturbations such as Langmuir waves is
investigated for the extreme-relativistic and strongly relativistic cases. It has been observed that for the
extreme-relativistic case, wherein the thermal speed of the particles exceeds the phase velocity of the pertur-
bations, the linear Landau damping is absent as has been reported in the literature. However, a departure from
extreme-relativistic case generates an imaginary component of the frequency giving rise to linear Landau
damping effect. The relevant integral for the conductivity tensor has been evaluated and the dispersion relation
for the longitudinal part of the oscillation was obtained. Further, it is also noted that both the real part of the
oscillation frequency and the damping rate are sensitive to the choice of the wave rluarimbithe Debye
length\ associated with quark-gluon plasma.
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I. INTRODUCTION interacting gas of quarks and gluons. We therefore expect to
be able to describe this deconfined phase by a method similar
For the last two decades, theoretical and experimental eto those for an ordinary plasma in electromagnetic fields
forts are continuing in order to understand the characteristicks,7]. The applicability of the plasma description is governed
of quark-gluon plasmdQGP [1-4]. In QGP, the protons by the plasma parametérgcp= 127rn)\§’, which should be
and neutrons lose their identity, and the nucleus turns into karge compared to unithere\ 4 is the Debye length andlis
soup of strongly interacting quarks and gluons with properthe plasma densijy For quark-gluon matter with very large
ties different from the normal nuclear matter. The matter indensity and zero chemical potential, the plasma description
the early Universe was almost certainly QGP until the tem-of the deconfined phase appears to be justified as long as one
perature fell below a few trillion degrees, a millionth of a does not come close to the phase transition pdht
second after the big bang. A similar state of matter is also The knowledge about the spectrum of the color fluctua-
supposed to exist in the core of the neutron stars. The QGfbns in the plasma is an important ingredient to our under-
signals are being probed in the relativistic heavy-ion colli-standing of its color conduction properties and of the rel-
sion (RHIC) experiments, at Brookhaven National Labora-evance of color degree of freedom to the hadron formation
tory and the Large Hadron CollidéLHC) at CERN[5]. In  out of the plasma, with reference to the on-going experi-
these experiments heavy ions such as Il or gold (Au) ments on heavy-ion collision&HC and RHIQ and the mat-
are accelerated to very high energies and are made to collidgr in the early Universémicrosecond after the big bang
compressing the nuclear matter to extreme energy densitiékhe first systematic application of field theoretical tech-
(greater than 1 GeV/fA), creating conditions akin to that of niques to calculate the nonabelian plasma properties, and in
the early Universe. These experiments provide unique oppoparticular its excitation spectrum, was done in the beginning
tunities to probe into a highly excited dense nuclear matteof the 198097,9—14. On the perturbative level, it was no-
under controlled laboratory conditions. QGP may be rediced by Klimov[13] and by Weldor{11,12 that the leading
garded as the quantum chromodynami@CD) analog of  term in high temperature expansion of the one loop polariza-
the ordinary plasma phase of matter. However, unlike theion tensor was gauge invariant. It was later on recognized by
ordinary plasma, the deconfined quanta of QGP are not diHeinz[8] that this result could be obtained from the classical
rectly observable because of the fundamental confining propeolor kinetic theory in the linear response function approxi-
erties of the QCD vacuum. mation. It was shown that, within the one loop approxima-
It is known that, inspite of the nonperturbative nature oftions, the dispersion relation for gluonic excitations has two
QCD at large distances and at high temperatures, quarlbrancheg10,11], in correspondence with the analogous lon-
gluon matter becomes similar to an electron-ion plasma, dugitudinal and transverse modes of the electromagnetic waves
to the screening of the color field. The colored chargedn ordinary plasmas. It has also been observed that almost all
quarks(and antiquarKsinteract with the colored field par- the results obtained from the hard thermal loop approxima-
ticle gluons. As the effective coupling constag{T) de-  tions (with certain limit9 can also be described in terms of
creases with increasing temperature, the hadronic matter f@imple semiclassical physid45,1€6. They can indeed be
larger temperature is expected to be in the state of a weaklybtained from a set of equations which generalize to non-
abelian plasmas, by using the coupled Maxwell and Vlasov
equations which are widely used in ordinary plasmas.

*Electronic address: schair@lhr.comsats.net.pk Heinz and Seimen§l7] carried out an analysis of the
"Permanent Address: Department of Physics, Gomal Universitycolored collective modes in a QGP on the basis of “quark-
D.l.Khan, Pakistan. gluon transport theory” near equilibrium. They found that
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two optical modeglongitudinal and transvergexist starting ~ The force termF ,,=(d,A,—d,A,)—ig[A,,A,] satisfies
for k=0 at the plasma frequency, while there is no acoustidMaxwell’s equation in relativistic notation,

mode starting ato=0. An important conclusion made here

was that linear Landau damping is absent in QGP due to the D, F#(x) = {19 0"A L (x) = —J3"(x),
contribution of massless gluon in the collective modes, simi- . . .
lar to the situation we have for the case of extreme-Where{ is a gauge paramety,is the coupling parameteh
relativistic electron plasma18]. Further, Markov and is the field potential, an®, andD, are the covariant de-
Markova[19] developed the theory of nonlinear damping onfivatives, respectively, which act as

the basis of hard loop approximation. Linear Landau damp-

ing was argued to be absent on the basis of an earlier work D,=d,—1g[Au(X),-],
on this subjec{17]. However, it was shown that nonlinear ~ L~
effects play a role in damping the longitudinal waves. It was D,=d,~19[ALX),"],

also shown that the Landau damping rate so obtained ish q h Th f th
gauge invarianf20]. where[,] denotes the commutator. The generators of the

a

In this paper we examine the linear Landau damping fodroup are denoteq by? and T _for the fundamental and
electrostatic oscillations(such as Langmuir wavisfor adjoint representatmns, respectlvely. T_hus for the fundamen-
extreme-relativistic and strongly relativistic velocities on the @ representation the color matrix is expressed Ags
basis of semiclassical kinetic Vlasov equation for the QGP~A.t" and the field tensor &s,,,=F,,,t*, and similarly for
and the Yang-Mills equation in covariant gauge. As it hasthe adjoint representation we have,=AST* and F,,
been reported earlier that for an extreme-relativistic case ir=Fj,T# with
which the thermal speed of the particles is fixed at the speed N
of light, the linear Landau damping vanishes. Evidently here Fo,=d,A3—3d,A%+ gfaPAPAS.
the thermal speed exceeds the phase velocity of the pertur- . o
bations and thus the two speeds fail to resonate. However, #fereJ” is the color current density given by
the strongly relativistic case in which the thermal speed de-
parts from the speed of light, the imaginary part of the per- JV:gtaf d*pp [ Trtd(fq— o) + Tr(T3f)]. 2
turbation shows up and thus the Landau damping effect can
Ezggsgg\g;cévl\éhr:;ms sensitive to the choice of wave number We also note that Ttft?) = 52, Tr(TT9)=N,5%, and

D- a +by_ifabctc abc

The plan of the paper is as follows. In Sec. Il we develop[_t i’(t_l_l)_blcf H:ré whg:g thgliﬂinig\lljv(;[lgir; digggif/?]?éﬁ var

the linearized Vlasov kinetic equation for the perturbed dis-,_ : K Y

tributions for the quark and gluon plasma and derive a rela]frorn 0to3; anca, b,c, . .. are the color indices which run

tion for the dielectric response function in terms of the po-from 1 toN—1 of SU(N) gauge group witt; flavors of
larization tensor using the Yang-Mills equation. The integralsquarks' o . .

of the polarization tensor are evaluated for the electrostatic We now decompose the d's”'b“"og‘ fupct|orh§ Into

perturbations for both the extreme-relativistic and strongly€9ular and randortturbulent parts,fs=fS+fs, where the
relativistic cases. In Sec. Ill the plasma dispersion relation isubscripts=q,q,g specifies the specieg.e., quarks, anti-

developed and discussed for two limiting cases, késk3  quarks, and gluons, respectivglguch that the average) of
and kﬁ«kz. the statistical ensembles yields

R T
(fo=fs,  (fs)=0.
Il. LINEARIZED VLASOV THEORY . . .
OF QUARK-GLUON PLASMA In a similar way the four-vector field potential, can also be

decomposed into regular and turbulent parts:
In the ultrarelativistic high temperature collisionless
quark-gluon plasma, the plasma species quarks, antiquarks, AM=AE+A;.
and gluons are supposed to be in thermal equilibrium and
behave like free gas particles obeying Fermi-Dirac and Bose=or simplicity, the regular part of the fiel is assumed to
Einstien statistics, respectively. In order to consider the probbe zero(field-free caspand also the average of the turbulent
lem of linear Landau damping for such a phase, we need tpart(AD:O.
solve the Boltzmann-Vlasov kinetic equations. These equa- The field tensorF,, can be decomposed into its linear
tions in relativistic notations can be expres$2,14,17as and nonlinear parts. In the absence of external fofiedd-
free casg the regular part can be taken as zero and thus only

1 Fra= the perturbed part of the force will contribute. We therefore
pMDqu,?—Lig pur F"”"Wq;,q] =0, have
Fuo=(F L)+ (FLne-
p“f)#ngr %gpu[ﬁw,gi} =0. (1) _Now substituting th_e values of the distributio_n functioins
Py in the Vlasov equation for the quarks and antiquarks, we get
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pﬂaﬁ(f(?’aq_ f;E) =ig pM[AIE 1f:’E] + igp“[AT ,f;]a] and for gluons with turbulent distribution functidé, we get
1 . af§ pra, fa=igp“([A] fal—([A}.f5])
+§gp ( )L! 1 ﬁfR 1
=T g
. &fT_ —59p" (FW>L,£ 590" ( )L,
- _ L T 9.9
+59p [(FM,,)b <9PVJ . &fg 1
. SR - (FMV)Ly(?—pV —Egp" )NL-
F59p" [(FT INL» ﬁq'qJ _ ofR 1
P, g
- ((FT IND 5= [ |~ 59P* )
T w7 R 0p, 2 F v NL> g
1 of
1_9p#[(FT INL» qq] T
2 ap,
(@ 25,
and after averaging the above equation, we obtain v

1 &fT_ These Vlasov equations containing the perturbed part of the
wa fR__i it AT fT P\ =2y T distribution function will be used to evaluate the dielectric
P dufqq=19p <[A#’fq’q]>+29p <[(F )L’ ]> response function.
T
- 1 gp”< [( T ) ‘9fq,E} > A. Landau damping and dielectric response function
5 vNL» o

g P, Now we can express the perturbed distribution function as
— 1 T fRi *
5 9P ((Fun)y -~ fI=> I, s=q,9.,0

n=1

In a similar way, for the gluon component of the plasma, we
have the relationship wheren represents the order of the perturbation. Now linear-

izing the Vlasov equations by collecting the first-order terms,

) ~ 1 - afl and substituting them in Eq$3) and (4), we obtain
pﬂaﬂng: '9pM<[A; ,f;]>_§9pﬂ< [ (F;y)L 'ﬁ_pi) >

R

1 A

1 oo Praufg = 2glo“[(FT g ]
—Egp" (F/,LI/)NLiap

1 - Jfg
—59p" <(F,uv)NL>'O7_pV :

These two equations represents the Vlasov equations i
volving regular parts of the distribution function. We can
obtain the corresponding equations for the turbulent parts by 4N 6(po) 8(p?) 1
subtracting the regular parts from the original distribution fR—f0 1710 5 )
(containing both of the regular and turbulent parus for @a aq (2m) e(Puzm)iT4q
quarks and antiquarks, we obtain

1 Jfg
p*d fT(“———gp"[( Lo ]

The unperturbed equilibrium distribution functions for
rZ}uarks(ant|(:1uark$ and gluons are

46(po)(p?) 1
(2m)®  ewiT_q’

_ R_0_
pﬂaﬂqu fg=fg=

®

which are Fermi-Dirac and Bose-Einstien distribution func-

1 ot 1 (ng tions, respectively. The factou represents the hydrody-
Fogp* (FL)L, ap*| | (F,)0, q namic four-velocity, which in the plasma rest frame is
2 uv/L J L ) .
P (1,0,0,0). HerdT is the average plasma temperature anid
gf = 1 afRf the chemical potential
_ < | (F,TW)L , q'q] > ) Tog p,u( [ (F;T,,V)NL: q'q] We rewrite the first-order Vlasov equation for quatkad
ap 2 p, antiquarks as
IR\ 1 If = R
T a9l | — T a.9 0f
_{<(FILV)NL>! &pv])+§gpﬂ({(F””)NL’ 19PV] P, fT(l) zgpﬂ{(FT )L, }
af = R
_ T .9 of —
< {(F“”)”L’ P, ] > ) | ¥ - Igp"“[ﬁﬂAI(X>—ﬁvAZ<X”<WT)
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and perform its Fourier transformation to obtain the per-The tensor structure of the response functigfi can be

turbed distribution function for quarks and antiquarks: separated into longitudinal and transverse components as
o) af % 1
T(1) _ = X (kvp) 0.0 AT e =1——1I1I 9
fq,q (k,p) okt iepg P A, (K), L 2 Lo 9)

where y"*(k,p)=[(pk)g** — p’k*]. Similarly, for the case and

of gluons we get
1 1
er=1——=I1 — g, 10
W V)\( p) (0) T 20 2 /.L,u 2|(2 00 ( )
fg(k,p)=—g m P Ay(k)-
p’ respectively. The treatment extended here to the problem of
Landau damping in QGP is almost classical and the only
place where the quantum mechanics enters are the equilib-

rium distribution functions for quark and gluon species of the

Now using the above perturbed distribution functions
along with Maxwell’s equation, we calculate the color cur-
rent densityJ,, [which is also decomposed into its regular

and turbulent parts],=J5+J],, such that(J,)=J% and plasma.
(3,)=0]. By applymg perturbatlons in the form of}(x) o -
—E 13T(n)(x) we obtain B. Longitudinal component of permittivity tensor

The longitudinal permittivity tensog, depends on the
conductivity polarization tensaly,. Since the quarks and
antiquarks are fermions, and gluons are bosons, their equi-
librium distribution functionsf,, andf, are given by
Taking first-order perturbations in the above equation, we

T _ T T(n) T
IM(x) = gtaj d*pp, (Tt (fg™ =) ]+ Tr(T2f5™)}.

obtain 1 1
ax"(k,p) fqazzileXP(CD/T)ﬂLl’ fg=z‘1ex|O(C|3/T)—1'
—gx"™M(Kk,
T(p — qta 4dappu 24 T
J gt fd pp pk+1epo (11
f(O) P wherecp/T is the kinetic energy of the plasma patrticles for
«Trl t2 AT(k) q AT(k) a very high temperature relativist_ic case, normalized over
pt apt temperaturgin eV). We note that in the high temperature
limit, rest mass energy is ignored in the relativistic energy
A aféOLT equation. The fugacity number=expw/T) depends upon
+T P ALK (6)  the nature and the chemical potentialof the particles in
P that phase. The conductivity tensdr, is given by[2,3]
In the above expression for the perturbed current density of
JTMe first-order perturbations of the distribution functions (k-v)—
1) have been used. In a more standard form, the perturbed M— 2¢g* J P &p. (12
current densityd"™* can also be expressed as 00~ (2m)3) kv—w—ie
JTDe (k) =TI#"(k)Al(K), The wave numbek and frequencyw correspond to the
propagation of the oscillations in the QGP ands the ther-
where mal speed of the plasma particles.
In spherical polar coordinates, after performing integra-
p* d d tion over ¢, the above equation can be expressed as
wv 4 V. !
(k)= ng pk+|ep (pk ap p-k ap” Neg
7) ~ 2g%c fw N; exp(cp/T)
" s12m2)o | [z texplcp/T) + 1]2

is the polarization tensor anlde,=1/2(f+ fg)))+ Nof
is the quark-gluons equilibrium number density. The above 2°N; exp(cp/T) N, exp(cp/T)
equation for the current density is the tensor analog of the + / P / >
generalized Ohm’s law. To study the linear Landau damping [zexp(ep/T)+1]7 [z "exp(cp/T)—1]

in a QGP, we need to calculalé””. o[ 7 kvcogo)
: L ) % . .
Now we define the permittivity tensa*” as p fo ko cos ) —w—ic sin( 6)d0> dp
etV = SHY_ iH;w_ (8) Now using the well known Plemelj formuld 8], the in-
w? tegration overd can be performed as
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Jw kv cog 0) i )do
Okvcosiﬁ)—w—iesm( )
i |(1 )| 12
el k) TN T e
+|7TE —E,

where 0 (1— (w/kv)) is the Heaviside unit-step function.
After straightforward algebraic manipulation, we obtain

fﬂ kv cog 6) i )do
okaOE(G)—w—iesm( )
kv s+1
2o [ _15(? vinol1- 2
- 5:0[ (=17 s+1 "o kv /"

Thus the polarization tensor for longitudinal perturbation
I1go becomes

_— 49°%c fm N; exp(cp/T) Nt exp(cp/T)
" 12m2)o \[expcp/T)+1]12  [expcp/T)+1]?
Neexpcp/T) | [ 1(kv|? 1/kv)|*
[expepiT)—172) {‘5(?) ‘§($>
1[(ko\® . o w
—7(3 +~-~+IWG(1—E”C’D- (13

1. Extreme or ultrarelativistic case (i.ey=c)

Here we discuss the extreme relativistic case when th
particles thermal speed equals the velocity of light, iwe.,
=c. Thus for the fugacity number=1, Eq.(13) becomes

- 29°T? f@( N; exp(X) N; exp(X)
0 c22m)2)o | [expx)+ 112 [expx)+17]2
N, exp(X) ) 2[ 1(kc)2 1(kc)4 1(kc)6
+———— XA -5 =] —=|—| 5| —
[exp(x)—1]? 3l w 5| w 7\ w
) (0]
+ ... +I1Tk—c® 1—E: dx,
wherex=cp/T. Now we note that
fx N; exp(x) N¢ exp(x) N exp(x) ) 5
x“dx
o \[expx)+1]%> [expx)+1]?> [exp(x)—1]?
77_2
:E(Nf_’_ZNC)
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and using the definition for the analog of the plasma fre-
quency[2,3] 3w5=(g?T?/c?)[&(N;+2N,)], the above ex-
pression forll,y becomes

H_321k(:21kc41kc6

0=3%| 131 T5l%) 7\ T
'w®1w 14
BT I (149

Calculating the longitudinal response functignand equat-
ing it to zero, we obtain the linear dispersion relation

3wj [[1(ke)? 1[ke\* 1(kc)|®
c2k? |3\ w 5\ w 7\ o
im @ 1- —| | =0

—I’ITE _E =0U.

The imaginary component depends on the Heaviside unit-
step function® (1— (w/kc)) which leads to the conclusion
that this term survives only if its argument is positive or that
the phase velocitw/k<c (being the particle thermal speed
Therefore, Landau damping vanishes for the extreme-
relativistic case. On the other hand the real part yields

sl

Neglecting higher-order terms i, we obtain

6

3w?
_k 4.

c?k?

1
3

kc

(0]

1
5

1
7

1.

2

3w
?DCZKZZ 0.

(1)4_ wswz—

For the case when?k?/ w;<1, the above expression re-
Guces to

gczkz.

5 (15

w?= wg—k
This expression shows that for QGP near equilibrium, the

longitudinal color collective mode of oscillation represents a
timelike behavior. Evidently, the thermal speed cho&emn,
v=c) exceeds the phase velocity of the perturbation and
thus the two speeds fail to resonate. The resulting collective
mode therefore does not exhibit damping unlike the electron
plasma waves where for sufficiently large momektahe
perturbations undergo damping of the order of few timgs
[21]. This is the consequence of having treated quarks, and
gluons as massless. For massive quarks, however, the plasma
does show some weak Landau dampigy

2. Strongly relativistic case (i.ey=c)

The thermodynamical properties of QGP in heavy-ion
collisions will involve many nonequillibrium dynamical ef-
fects since the short-lived (510 fm/c) plasma will be sub-
jected to various phenomena, e.g., hadronization. If the
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damping rate is fast compared with the lifetime of the QGPmentioned before, in such an extreme temperature environ-

it is hard to probe the plasma state and interpret the signanent (T>>200 MeV), although the rest mass energy is ignor-

tures of the experiments. The excitation of color fluctuationsable, the plasma particles of the early Univefge QGP

will also give rise to energy loss, hadronization of the faststatg must possess some finite mass and hence thermal

quarks and quark jets propagating through the plaggja speed.

The space-time development of matter produced in ultrarela- From Eq. (13) using v =p/m, wherem is the average

tivistic heavy-ion collisions can be described by the hydro-mass of the QGP particles, and changing the variables as

dynamical model, neglecting most of the details and by asbefore, by lettingc=cp/T, we obtain

suming the initial conditions to be in local thermal

equilibrium, which is presumably maintained during the evo- 49°T% (=

lution. Therefore, a detailed transport theory is in order for ‘100~ — 23(2 2J
. o T)

describing the rapid time-dependent complex phenomena

N; exp(X) . Z°N; exp(x)
[z Yexpx)+1]%> [zexpx)+1]?

0

which could address the problems of finite size plasma ef- N, exp(X) R 1/ kTx\2 1/ KkTx\4
fect, inhomogeneitiesN-body phase space, particle reso- 7 S| X5 | — 3l mec] "5l mac
nance production, freezing out, and other collective effects [z~ exp(x)—1] @ @
prevalen_t in QGP qf RHI_C or LHC. _ 1/ kTx\6  wmc ome

The simple semiclassical treatment that we have consid- —=|— e i 0|1- dx.
ered hergbased on equilibrium distribution for the fermions 7\mac kTx kTx
and bosons of the plasma spetigmy not provide adequate (16)
information regarding QGP signals in the heavy ion collision
experiments. The imaginary part ofly is

In QCD, there exists only one kind of gauge field which is
massless under the strict SU{3ymmetry. However, using =i wmce (= 1 wmc Nt exp(x)
the gauge field with massive gauge field bos@#, another 1= kT Jo T Tkx [z~ lexp(x) + 1]2
version of QCD has been proposed to describe the strong
interactiong 23]. In this model, two sets of gluon fields are Z°N¢ exp(X) N, exp(x)
introduced, one set is massive and the other massless. Cor- + > 1 > xdx

[zexpx)+1]° [z “expx)—1]

respondingly three sets of glueballs arise having the same
spin parity but different masses. Although all gluons are in a

color octet, some gluons are colorless. If the colorless gluonlsunction ®(1— wmdTkx), we choose the lower limit of the

are not restricted by color confinement, they may exist in a . - .
state of free particles. Such massive colorless gluons W"llr?tegratlon 1o bex=wmc/kT. Therefore the above integral

exhibit properties similar to the glueballs especially in theirerIdS the following expression:

Keeping in mind the property of the Heaviside unit-step

decay modes. They are massive vector particles and can wMC 7 1
couple with quarks and massless gluons but not with leptons. |,=i7z—— -2+ +
P d g P h=1m27 [Nfa 2 expla)+z 1+zexp(a))

Thus they may possibly appear in the strong decays or in the

p-p collisions but not ine*-e~ collisions. Search for these

massive gluons and glueballs becomes important both for the +N¢

theory and the experimefi24,25. The existence of the said

massive gluons as free particle may shed light on the under-

standing of the nature of color confineméas|. +in[zexp(a)+ 1]} + N,
Similarly, in analogy with Glashow-Winberg-Salam

model [27] based on SU(2)<U(1)y gauge theory, a new

gauge theory, quantum nuclear dynami€N\D) based on —In[exﬂa)—z])].

SU(2)yXU(1), has been proposed. In QND, two kinds of

strong interactions are assumed to exist, one producing The real part oflly, can be integrated in terms of poly-

Coulomb-like potential for effectively massless gluons andogarithmic series, poly Idg,z]==;" ,Z/I", as

the other generates Yukawa potential for strongly interacting

+N¢{In[exp a) +Z]

| 1
n(1+ E)—In(1+z)

aexpa)
expa)—2z

massive gluon$28]. Here the massive gluons mediate the 1)\
strong interaction just as the massive vector bosons mediate " (—2) ( 7 4l
the weak interactions.. Other issues of masses of quarks, chi- 1,=—2z| N>, —+ N>, - N> =
ral symmetry restoration, and phase structure have been dis- =1 =1 =11
cussed in detail by Corleton DetE3]. KT \S

In the present case, we treat the quark-gluon dofiphe infty (—
early Univers¢as a semiclassical system of particlgeark, 2 _ g5 MeC (s+2)!

. . ) : ) X\ 2+ 2, [1+(—1)7]
antiquarks, and gluons including their massive components =0 s+1 IS

analogous to the ordinary plasma of charged species. We also
assume the plasma in global equilibrium with negligible = Now after substituting the values bfandl,, the conduc-
baryon density and without involving phase transitions. Astivity tensorIly, becomes
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M 29T |1 em|  emel z + ! nglinl 1+ 2 S incas
0" Zomz| 27 k| Nk omd) " ® I 1+z)-ind+2)

eXp T +z 1+zex T
wmc wmc

el wmc talel wmc 1l kT kT | wmc

R IS I R I K s o ) 7 Jeme,  |PATKT )T
R KT )
1 |
S (- (_E) o 2 1 [A+(-D9 S(s+2)!
2 NfIZE:L 2 +Nf|21 12 _Nclgl 12 1_71520 st1  \emc/ s
|

The mutual dependence of phase transition, chemical po-
tential u, and temperaturd [critical temperatureT with 40272 | 1 me me
reference to the bag consta®itm,T)] has been discussed in [I,,=— % —i ww— wa— -2
detail elsewhere[29,30. Here we assume thermal and c(2m)?| 2 KT kT
chemical equilibrium for relatively long-lived noninteracting
qguark-gluon plasma of the early Universe with global color 5 5
neutrality and negligible average baryon density. + N, wme 24

The gluons being field particles, such as photons and wmc KT wmc 1
phonons, have zero chemical potential. We may assume the ex kT ex kT
same for the quark and the antiquark with equal number
density, like for an equal density electron-positron plasma mee wmc
[3]. Thus for this special case of overall color charge neu- kT &P kT wmc
trality, when the fugacity numbee=exp(/T) becomes TNy —7oma e )1
unity, the expression foll o, reduces to exg 1|~

49°T 1. wmc  wmc 1 kT
= — g Sig N, T ( e (4N +7Nj)
c(2m)?22 kT kT
x| -2+ + 2Nl p(wmc +1 KT |4
n| ex 1 T
m kT _-.6
ex w 1 - (wm ) (16N, +31Nf)]
kT
wmc wmc
kT &P kT wmc
+Nc ome —Infex KT -1 Since @mc/kT)>1 and thus expgmdkT)>1, I15, may
exp —=—|— be approximated to
kT
8g°T o (1) o (D)
+ 2N Y NS, 4g2T? 2\ [ T \%1
c(2m) =11 =11 o=———| =7 —|| —| 3(4N+7Ny)
c?(2m)?| 45 w? | \me&/ 3
1.4 [1+(—1)8 S(s+2)!
MPEES SN e )]( (s+2) YRRy
4 0 s+1 omc IS +HS a5 = mcz (16N,+31Ny)

The series of the logarithmic function overdepends 1 4g*T? w2 (mc2\?2 ® mc
upon KT/mwc). For (KT/mwc)= VT/V¢C<1 where ther- _EIWCZ(ZW)Z Nfczk2 | & Tk T
mal velocity vy,=T/m and the phase velocity ;= w/K,
we can neglect higher powetabove 4), and obtain 17
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ll. DISPERSION RELATION (i) For longer wave lengthk?<k3, the real component

We recall here that the longitudinal component of the di_becomes

electric permittivity tensor is given by

Bczk2
Ty wl=~A+ A
c2k?’

€= 1-
Using the values oA andB, we have

and using the value dfl o, from Eq. (17), ¢, becomes

L A Bck? Lic w? w 02
6g=1—-—-— iC——ex
I ck* - ck Uth2

mc?\? cur2 w? AN+ 7N 3 k2
T Czkg ( + )+ 2 k

16N +3IN; |
AN+ 7N;

18 . . I
(18 We note here that in the limk— O, the oscillation frequency

o, behaves like an ordinary Langmuir oscillation.

- — 4
where A= m’ckG(T/ImE)X(4Ng+7Ny),  B=(a"/ The imaginary component for the long wave length case

105) (c?kj )(T/mc2)4(16N +31Ny), and C=(1  pecomes
277)(c2k )(Mc&/T)?N;, where the Debye wave numbkeg
=gT/c?
Defining w=w,+iw; and assumingo;<w,, we can mc?\ 4 w, [ mc?
write the dispersion relation as o 817 T 4k4 P s Rl e
|
wy 2 3 2k 16N+ 31N¢|
0}~ Aw?— B2+ | wi(403—2w,A) o ANcH TN +5 7 2| AN TN,

154 212 (16Ng+31INp) |

C w, mc? _ (i) For the short wave lengths case, i.e., Wkéffa k?, we
+——wexpg — —| |=
cAKk ck T have
From the real part of the above expression, we obtain A2
w ~ —+Ck\/—
2k2
, A1
wr==+ =JA*+4Bck*. (19
2 2
or
The second root with negative sign is neglected as it yields )
nonphysical values of,. The imaginary componen; or ) w? aaof T w?
the Landau damping rate is given by @i~ 55° Ka o2 (4Nc+7Ng)+ \/—(Ck)(de)
c?k3 (mc2\4 w, [ mc® N T\2 0
o\ 4k4eX Tkl T N X oy (16N;+31Ny)
W= — 2
3 1 2 T 2
4w} —2w,| —m’C kd (4N.+7Ny) 1 (c?k3 3 (4N +7Nj)?
45 mc X

(20

Let us now consider two special cases, i.e., long wave
length wherk<ky4 and short wave length when the opposite The imaginary componerns; , i.e., the Landau damping be-

holds true. comes
N; (k3
o | 5| Blexe—p)
[OF _
o 22 [k K2\ (4N +7N;)2
_ G 1/2| S L I A
\/_105( k)<16Nc+31Nf) 115 k2> (16N, +31Ny)
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where 8= (w, /ck)(mc/T). wavelength regimes, in the limit dt—0, the oscillation

In order to calculate the color current polarization tensorfrequency shows a behavior similar to that of the ordinary
for the electrostatic oscillationdly, and linear Landau plasma frequency, . On the other hand for the short wave-
damping in QGP, we have considered two special cases déngths, there is an additional term that appears in the real
the plasma patrticles in the velocity range of strongly relativ-part of the frequencythus also in the Landau damping term
istic and extreme-relativistic cases. We observe that for théhat depends oky and its higher orders.
extreme-relativistic caséi.e., v=c) the Landau damping
disappears since the phase velogitik in this case remains
smaller than the thermal speed of the partiag. (

On the other hand, for the strongly relativistic case, the We are grateful to the “Office of the External Activities,”
two velocities resonate and thus the QGP exhibits Landa@S-ICTP, Trieste, Italy and the PAEC for providing partial
damping, for both the long- and short-wavelength regionsfinancial support. One of udN.A.D.K) thanks the CHEPCI
Further we see that the wavelength of the perturbations and/orld-Laboratory for financial support. G.M. thanks Profes-
Landau damping rate are sensitive to the choice of QGRor Mofizuddin Ahmed and Mr. Usman Saleem for collabo-
parameters of interest. We have also noted that for longemation in the early stage of the problem.
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