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Superfluid phases of quark matter. [I. Phenomenology and sum rules
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We derive sum rules for a uniform, isotropic superfluid quark-gluon plasma with massless quarks, first
laying out the phenomenological equations obeyed by a color superconductor in terms of macroscopic observ-
ables such as the superfluid mass and baryon densities, and the electric and magnetic gluon masses, and then
expressing these quantities in terms of equilibrium correlation functions. From the transverse part of the long
wavelength baryon current-momentum correlation function we derive an exact expression for the superfluid
baryon density, and from the longitudinal part,fasum rule. From the transverse part of the long wavelength
color current-current correlation function we derive the superfluid Meissner mass, and from the longitudinal
part, the Debye mass. These masses constrain integrals of the transverse and longitudinal parts of the gluon
propagator over frequencies, and provide self-consistent conditions for a solution to the gap equation beyond
weak coupling.
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Dense degenerate quark matter is expected to exhibless quarks at finite temperatuiig,and baryon chemical po-
color superconductivity in the color-antitriplet channel; thetential, u,,, and use unitd=c=1.
predictions are based on a weak coupling analysis of the gap
equation[1-8], as well as Ginzburg-Landau thed®,9]. In | PHENOMENOLOGY OF RELATIVISTIC SUPERFLUIDS
possible physical realizations in neutron stars and ultrarela-
tivistic heavy-ion collisions, such a superconductor would be Let us first review the phenomenological equations
in a strongly coupled, color-singlet state. The equilibriumobeyed by the baryon current and momentum density of a
properties of such superconducting matter have yet to beelativistic superfluid plasma in nondissipative hydrodynam-
clarified in detail. In the strong Coup”ng regime, Ginzburg_ ics, linearized about equilibrium with small velocities.
Landau theory delineates the possib|e phase diagrams ne'ﬁfﬁrough these equations we derive the relativistic relation of
the critical temperaturd,, but quantitative predictions for the superfluid mass densitys, and the superfluid baryon
the fundamental parameters of the theory are lacking. density,ng, quantities familiar in the nonrelativistic context
In this paper we derive exact sum rules obeyed by thélz:l Consistency of the hydrodynamic equations dictates as
transverse and |0ngitudina| momentum-momentum andve” the form of the Superfluid acceleration equation in a
baryon current-momentum correlation functions and thé'elaUVlSth SUperﬂUid. The extension of the relativistic super-
gluon propagatorD, in color superconductors. The sum fluid hydrodynamic equations, Eq&)—(8), (10), and (12)
rules, which are related to the linear response of the equilibelow, to arbitrary velocities may be found [ihi3].
brated many-body system to a current-inducing perturbation, The momentum densityg (g;=—Ty;, the off-diagonal
connect the long wavelength behavior of the correlationgomponents of the stress tensas given in terms of the
with macroscopic observabl¢$0,11]. Such observables in- (smal) velocitiesvs of the superfluid and, of the normal
clude the superfluid mass density, the superfluid baryon derfomponents by
sity, and the magnetic mass or inverse penetration depth, in
addition to quantities such as the charge conductivity and the g=psVst pnVn, (1)
Debye screening length that play a role in the normal state.
These sum rules act as self-consistency conditions that musthere pg is the superfluid mass density, is the normal
be satisfied by approximate theories of thermodynamics anthass density, ands+ p,=p+ P, wherep is the total mass
correlations in the superconducting state. To derive the surdensity in the system at re&he internal energyandP is the
rules we first set up the phenomenological equations obeyeaaressure. That the superfluid velocity is an independent ther-
in a relativistic superfluid plasma in terms of the macro-modynamic degree of freedom is a fundamental property of
scopic observables, and then turn to the expressions for thetiee paired state. In non-relativistic superfluigds; P reduces
observables in terms of correlation functions. We consider & mn, wherem is the rest mass of the carriers, of density
uniform, isotropic color superconductor of three-flavor mass+elativistically one must retain the contribution of the pres-
sure in the momentum density. Similarly the baryon current
is given in terms of the normal and superfluid velocities by
*Present address: RIKEN, 2-1 Hirosawa, Wako, Saitama 351-
0198, Japan. Jb=NgVs+ NV, (2
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where ng is the superfluid baryon density,, the normal Identifying the energy current with the momentum density,
baryon density, ands+n,=n,, the total baryon density. we see tha is given by Eq(5), from which Eqs(3) and(4)
The superfluid mass density and superfluid baryon densitfollow.

are closely related. As we derive below, In addition, the right side of Eq11) must vanish identi-
cally. Eliminatingj,, there by means of Ed5) we find as a
Ps= MpNs, 3 necessary condition for this term to vanish thabbeys the

_ ) superfluid acceleration equation
while the normal density obeys

oV
pn=mpNn+ TS, 4) po—e +V up=0. (12)

wheres is the entropy density. The latter follows from Eq.
(3) together with the relation for the thermodynamic interna
energy densityp= u,n,+Ts—P. Thus

IThe superfluid acceleration equation follows directly from
the fact that the baryon chemical potential and superfluid
velocity are given in terms of the phageof the order pa-

0= pib* TSVo. (5)  rameterby
The basic hydrodynamic equations for the superfluid are E __ % (13)
the equations of momentum and baryon conservation, and of 3Mb at’
entropy flow. In linearized hydrodynamicg, is driven by
pressure gradients according to and
79 VP=0 6 2 =V (14
E—‘r e ( ) 3:“sz_ ¢
Baryon conservation reads as usual, The factor 2/3 is the baryon number per pair. We recall that
the order parameter takes the forn¥ ,in(X)
%ﬂLVJb:O. (7) = (ar(X) Ypn(X)) =W apn(X) €' *X), where i, is the

spinor for quarks of color and flavorf, and ngfzcﬂf is
the charge-conjugate spinor in the Pauli-Dirac representa-
Yion. In a non-relativistic system, the firgt, in Eqg. (12) and
PXn Eq. (14) become simply the rest mass, of the carriers.
An important consequence of E@.4) is that the circula-
tion is quantized according to

Since the entropy in a superfluid system is carried only b
the normal fluid, in the absence of dissipation, the entro
density obeys

oS +V =0 8
V- (vs)=0. ® ,
é dl- §,uva=27w, (15)
Furthermore, to second order in the flow velocities, the con-

served energy densitit=Too, is given by where the integral is around any closed path ani an

integer.
E= %vg-i- %vﬁ—l—p, 9
II. MOMENTUM AND BARYON CURRENT
and the equation for conservation of energy is CORRELATION FUNCTIONS
JE We now derive the phenomenological superfluid densities
—+V-.g=0. (10 ps andng microscopically in terms of momentum and baryon
at current correlation functions, which characterize the linear

. - ) response of the system to external disturbances, in particular
To derive Egs(3) and(4), we explicitly calculate the time oy 4 Galilean transformation. Consider the situation, fol-

derivative of Eq.(9), keeping only terms of second order, |oying Ref.[11], in which an infinitely long cylinder con-

and use the above equations, together with the usual firghining a color superconductor moves very slowly with uni-
variation,dp= updn,+Tds, and the Gibbs-Duhem relation, . . . . ~
form velocity v along its axis, which we take to be alomg

VP=n,Vuy+sVT, to find We assume that the normal component is in equilibrium with
JE the walls, so that becomes the normal velocity, and that the
— + V- (upjpt+Tsvy) superfluid component remains at rest.
at The response of the system to this motion of the walls can
v be described in terms of trteanssverseresponse to a static
i _ Vs long wavelength perturbation),d°rg(r)-v, where the mo-
= (o= MoVn) - Vpt ps(Vs—Vn) - 7 @D mentum density operator is
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. g . together with the normal component, leading(jg),= nyv
_ T a pa a ay .
gi—; Yar| —1Vidap— 5 AgpA” ¢bf+§ (E*XB%);; instead ofn,v. In this situation, the linear response analysis

the Aj, are the color gauge fields, with field tensdf§, ()= lim 9 (k,0)v. (24)
=3d,A5—d,A%—gf,z,ALAY as well as field strengthE;" k—0
= F'D? andB{'= — %eiij'a , g is the color coupling constant,
and the\ g, are the Gell-Mann matrices.

The induced baryon current is given by

We thus obtain thé-sum rule

XU (k,0)=ny, (25
ip)v=lim x4 (k,0)v, 1
(ol kHoXT (k0 @ as|k|—0. Note that the-sum rule(25) can be directly de-
L rived, for generak, from the baryon conservation la()
where the baryon current operatorjjs= 33 b v/as, and and  the  equal time  commutation  relation,

x19(k,0) is the transverse component of the baryon([jpo(r.t),o(r",t)])=—in,Vé(r—r’), where  jpo
current—-momentum density correlation functidw], I[%?aft//afwaf. This sum rule can be rewritten in terms of
g9
XCo as
| = do ([jpi.9;])(K )
[ig] = DU LR A b
xi- (k2= | 5o Z-w ' (18 lim x{99(k,0)= upny+ Ts=p+P. (26)
k—0
We write here, for general operataagr,t) andb(r,t),
To derive this result we calculatefrom Eq. (5) to first order
_ . o in v=v,=Vg, using(j,),= Npv and the fact that the entropy
([a,b])(k,w)=—|J d (r—r’)J d(t—t") term is explicitly first order inv.
o The four sum ruleg20), (25), (23), and (26) relate the
><efik-(rfr’)eiw(tft’)<[a(r7t),b(rr,tr)]>, total and superfluid baryon densitieg andng, and the long

wavelength behaviors of the correlation functiog§?!,
(19 \lial ylodl and 199 At T=0, as in ordinary supercon-
where(- - -) is the ensemble average at givEandu,, . The duc_torg, longitudinal first sound ques, the.only Iow—.lylng
retarded commutator is given by taking the limit pfap- excitations for colors and flavors involved in the pairing,
. . . i [ig] [9d]
proaching the real axis from above in Hd8). contribute only tox;® andx;**, and hencer;>0 [11].
Comparing Eqs(17) and(2) we see then that the normal
baryon density is given in terms of the transverse baryonil. COLOR PHENOMENOLOGY AND COLOR CURRENT

current—momentum density correlation function by CORRELATION FUNCTIONS
n,= lim 49k 0) (20) Color superconductors have the property of screening out
" kHOXT " color magnetic fields, the color Meissner effect. Following
_ the line of argument of Refl11], we consider the linear
This equation is effectively a sum rule obeyed pY9'.  response of the system to an applied static long wavelength

Similarly, the induced momentum density is given in termstransverse color magnetic field,(r)=AZ(k)e'*", where
of the transverse momentum density-momentum density cok- A (k)=0. The external fieldA},; produces currents of

relation function by various colors,3, which in turn induce color field&2 (r);
the total color field isAP=AZ +AL . In the static long
(@)= lim x199(k,0)v, (21)  wavelength limit, the induced transverse color currents are
k=0 given in terms of the total transverse color field by the Lon-

where for complex frequency, don equation,

caT — 2 B
gl v o [ do (9.9 (k) ) ay == (my) apA™(r), (27
xii > (k,z)= B P (22)
where my, is the magnetic mass matrix, non-zero in the
Thus, Eq.(21) with (1) yields the transverse sum rule, paired state. The inverses of its eigenvalues are the length
scales on which color magnetic fields are screened in the
lim Xngg](k,O) = upny+ Ts. (23 superconductor.
k—0 To linear order inA.,;, the long wavelength induced cur-

rents are given microscopically by
To derive the longitudinal versions of the sum ru(2§)

and(23) we suppose instead that the cylinder is still long but GPT(N))ar =
ext

L _ im x£7(K,0)AZ(r), (28)
finite with closed ends. Then the superfluid component flows

— |
k—0
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where yt is the transverse part of the color current-currentFermi surfaces; for a color neutral system, the Fermi energies

correlation function,

X(k,2)= f:g—: —<[j;‘i,i£i]ifk,w)’ (29
and the color current operator for gluonic indexs
1 —
ji:iggf YarkapYuthor— 9o, APFY . (30)
The linearized field equation fok2,
VX(VXAL)=(PT(N)ay (31)
implies that the total color field is
AP(K)=[(e") ] g,A%uk), (32

where sZB(k) is the static transverse color dielectric func-
tion, defined by

[(eT) M ap(k) = 8.5~ x5P(k,0)/|K|%

One can writeslﬁ(k) in terms of the screened correlation
function, x$#(k,0=x77(k,0)e]4(k) (the irreducible
bubble, as

(33

£np(K)= 8,5 X2 (K,0)/|K[2. (34)

The magnetic mass matrix is thus given in termgyefoy

(M) wp= lim x§#(k,0).
k—0

(39

The transverse screening lengths are closely related to the

superfluid baryon densitgs. We may see the explicit rela-
tion nearT., where we derived the equilibrium properties
utilizing general Ginzburg-Landau theory9,15]. Within

reduce to a single valug,/3 asT approached . The rela-
tion (37) is basically that obtained by Josephdgd], ps
=A, (m/%)?|W|?, for superfluid He Il. Equation$27) and
(36) then yield the relation between the magnetic mass, the
superfluid baryon density, and the order parameter Mgar

(mfll)aﬁ

_ 992ns ReT{(A)* ¢, + ¢+)\a)(()\ﬂ)* ¢+ ¢+)\ﬂ)T]F
161 Tr(l b )e

(38)
For the color-flavor locked phase, wherep.()apn
= K(8afSbh— Jandbr), We obtain

K 3ns (39)
T:—a
16up| KalZ

and

3g°n
2 s

M2) o= ——. 40

(M) ae=g0- (40

Similarly, for the two-flavor channel, where¢( ).pn
= €ins€ancde (S, the strange flavor

KF&, (41)
16u,/d|?
and
0, a=1,23,
(MZ) wa=1 99°ns/16u,, @=456,7, (42)
39°ng4u,, a=8.

In contrast with the behavior of transverse color fields,
color longitudinal fields are screened in both the normal and

color and flavor antisymmetric pairing channels having zerosyperconducting states. Longitudinal color charge correla-
total angular momentum, even parity, and aligned chiralityions act to expel low frequency longitudinal color fields as
which include the two-flavor and color-flavor locked conden-in the response of nonrelativistic electron systems to an ex-

sates as optimal states, we obtain the London equation fqgrnal longitudinal electromagnetic figltio]. We can see this

the induced current densitié®8) as(see Appendix anfil5])

2
G ag,= KT(g) RETIL(N)* .+ &A%

X ((NP)* b+ ¢+)\'B)T]F}Aﬁ(r)

with the coefficient

(36)

9ng
KT:—T .
AupTr(pl b )r

Here (¢ 1 )apin iS the pairing gap of the quark of colarand
flavor f with that of colorb and flavorh, and the subscrigf

(37

behavior by simply replacing the transverse external field
Al above with a slowly varying longitudinal one, satisfying
kXA k)=0, with time dependence '(“*1" (here, w
=0 and is a positive infinitesimal Then, as in the deri-
vation of Eq.(32), we obtain, for the total color longitudinal
fields in a gauge where the scalar fields vanish,
AB(k,w)=[(8L)7l]ByAgxt(k,w), (43
where &} 5(k,+i7)= 8,5~ x{*(k,w+in)/[k[? with the
screened correlation functiony(?(k,w+i7)=x"(k,®
+in)ely(k,+in), is the longitudinal color dielectric
function. (Here it is more convenient to writg*=x&%, in

denotes the gap calculated for the paired quarks lying on theontrast to the definition of the longitudinal part[ib4].)
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In the static long wavelength limit, the longitudinal cor- Thus takingz=0 and the limit of smallk|, we derive the
relation function reduces to minus the square of the electritransverse sum rule,
mass tensor,

_ im [ do Bf(k,0)
lim x{#(k,0)= = (M2) 4 (44) klfong 0 (MyYagp- (49)
k—0
then A“(k,O)—>|k|2(mg2)aﬁAgxt(k,O), so that the total lon- Similarly, the longitudinal propagatoR, =D in the ra-

gitudinal field is screened in the long wavelength limit. In the diation gauge, has the spectral representation,

opposite limit of spatially uniformity, with slow variation in

time, DB (K 7) 1 5 +fw dw Bﬁﬁ(k,w) 50
) L( ,Z)—W wpt | ST T (50)
lim lim (/[k) 2 P(k,0+in=(0d),z. (45
©—0k=0 and is given in terms of the longitudinal part of the irreduc-
i o _ .. ible current-current correlation function by
where wgﬁ is the plasma frequency matrix; in this limit
A%(0,0) = — 0 (@, ) apAb(0.). - s k2B
NearT,, the square of the plasma frequency is given by (DL D ap(k,2)=8440K[* = x{"(k,2). (51

the sum of normal and superconducting contributions, . . . - , .
(“’g)wﬁ: 5aﬁw;2)+(m§/|)a,3 (see Appendix in weak cou- A%glnlm the stlat.lc long wavelength limit, we find the longi-
pling,  wp=g°up/187%+g*T%2  [17] and K; tudinal sum rule:

=7¢(3)n,/167°T2u, [2,18], where{(3)=1.2@. .. is the

Riemann zeta function. The deviation of* from 3,40, im (ia 3 J“ do Bfﬂ(k,w)) —(m=?) (52
below T, comes from the fact, as clarified by Rischéeal. ol [k|2 P Jow2m o E Jaf:

[7,19 for the two-flavor channel, that the condensate

changes the color dielectric properties in such a way that the |, the normal state the sum rulés9) and (52) reproduce

color superconductor is transparent to the low energy gluong,e results analyzed by Pisarski and RiscF&in terms of

having color charge associated with the two colors carried by, spectral representation up to one-loop order. The Meiss-

a Cooper pair. In weak couplingaz” reduces abov@ to  ner masses vanish in the transverse sector: Landau diamag-

the usual Debye masg3w;d,, [17]. Below T, however, netism leads only tdk|? corrections, and not a nonzero

mg# generally deviates from the normal Debye mass, due t@creening mass in the limi— 0. The right side of Eq(49)

the madification of the color dielectric properties by the con-is replaced by5aﬁ|imkﬂo|k|_2 to leading order irg, as in

densatd7,19]. Just belowT, (mé)aﬁ behaves as Bgéaﬁ Ref. [6]. The longitudinal sector contains the usual Debye

—3(mi) p (see Appendix screening, which is characterized byd) ,z=3w58,p to

The relations of the Meissner and Debye screenindeading order ing.

massesm,, andmg, to the color current-current correlation Rischke [7] explicitly calculated the zero temperature,

functions can be cast in terms of sum rules obeyed by théow frequency, long wavelength limit of the color current-

gluon propagator, current correlation function for the two-flavor and color-
flavor locked condensates to leading orderginRepeating

sz(rt,r’t’)=—i(T[Ai(r,t)Af(r’,t’)]). (46)  his calculations for three flavors, we find the screening

massegwith no sum over),

Since this propagator dominates the infrared structure of the
gap equatiori6], the sum rule constraints on the propagator ) ) 21-8In2 ,
are important to take into account in constructing a self- (mE)aa:?’(mM)aazl—gwp' a=1,....8
consistent solution to the gap equation through inclusion of (53)
polarization effects of the superconducting medium.

The transverse propagatbry, with spectral representa- for color-flavor locking, and
tion,

2 (M)ea=0, a=123,

2 —
(mE)aa_ wp ’

» dw B¥A(k
D%B(k,z):f de (47

—002’7T Z—w ' (mé)aazzwg’ (mfA)QQng/3, a:4;5|617! (54)

is related to the transverse pa?ﬁ#ﬁ(k,z), of the irreducible

2 _ 2 2 _ 2
current-current correlation function by (Mg)gg=3wp,  (My)gs=2wp/9

1 ) 2 ~ap for the two-flavor channel in which only quarks of colBr
(D7) ap(k,2)=0,p5(z°—|k|*) = x7"(k,2).  (48)  and G, which couple to gluons of=1,2,3, undergo BCS
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of color magnetic gluon$20] depends sensitively on the
gluon energies and momenta controlling the pairing [gdp
Weak coupling calculations ignoring the effects of the su-
perconducting medium vyield the logarithm of the ddp-6], In this appendix, we summarize the derivation of the Lon-
don equation(36) nearT,, for color and flavor antisymmet-
ric pairing channels having zero total angular momentum,
even parity, and aligned chirality; full details will be given in
Ref. [15]. In the presence of applied weak color fields,
Agh(x), of very long wavelength and low frequency, the

i . i ) resultant gradient of the order parameter adds a small correc-
The weak coupling solution is not self-consistent in the sensg, 1o the homogeneous part of the Ginzburg-Landau free

that it satisfies the sum rulé¢d9) and (52) with the masses energy derived in Refl9]. Up to second order in the gap,
mgf=Bwyd,s andmi’=0, corresponding to the thermo- this energy correction is

dynamics of the weakly interacting normal g@8]. As

Rischke[8] showed to one loop order, the superconducting 1 . 1 +

medium significantly modifies the gluon self-energy from thef2g=5KrT(Di¢+)'Did Je+ 5K T (Dod+) Do+ Jr
normal medium value only in the energy range|<A, (A1)
which is not sufficient to change the logarithm of the gap

from Eq.(55) up to subleading order ig. On the other hand, where the covariant derivative isD,¢,=d,¢,

a self-consistent solution that satisfies the sum rid8sand  —3ig[(\“)* ¢, + ¢, N “]A7, with the total color fieldsA .
(52) with masses given by Eq3) and(54) would include  The time dependence of the gap is, by definition, measured
contributions in all orders. The sum rules thus provide awith respect to that in the equilibrium phase, i.e., with re-
check on approximate theories for the pairing gap beyondpect to the phase facter 2#o3 arising in the order param-
weak coupling. eter from Eq.(13) (see Ref[9]). As we show here, the co-

In summary, we have derived the transverse and longituefficient K1 is given by Eq.(37). The coefficientK, is not
dinal sum rules for a color superconductor that is uniformnecessarily equal t; since Lorentz invariance is broken in
and isotropic in ordinary space. In doing so we have broughg many particle system. In weak coupling, reduces to
out the relation of the long wavelength behaviors of the3|<T [7]. As required,() is invariant under global(1)
momentum-momentum, baryon current-momentum, an@auge transformations and flavor rotations, as well as under
color current correlation functions to macroscopic quantitie§ocal color SU(3) gauge transformations.
such as the superfluid density and the Meissner and Debye Tg derive the dependence of the coefficiéht on the
masses, as well as the relevance of the sum rules for thgyperfiuid baryon densitys, Eq.(37), we consider the situ-
gluon propagator to the self-consistent solution to the gaption in the absence of color fields, in which the pairs move
equation. The sum rules hold for any number of flavors angjniformly with small constant velocity and the normal
quark masses. It is straightforward to extend the presenfyid remains at rest. The phase factor of the gap in the fixed
analysis for color current-current correlations to the case iframe transforms by, —€'P "¢ , whereP is the total pair
which the electric currents coexist with the color currents; inmomentum. The total momentum of the superfluid is then
this situation the electric currents modify the supercurrents

APPENDIX: THE GINZBURG-LANDAU REGION

In(A/up)=—37%2g—5Ing+---. (55)

through a mixing of color and electric char(gee, e.g., Refs. 3n¢P/2=pVs. (A2)
[15,21).
In this situation,
The Debye and Meissner massiésl), calculated for a three- 1 5 "
flavor system, are different from those obtained by Risdhdor QQZEKTP Tr(¢, i )E. (A3)

a two-flavor system. This difference stems from the fact that in a

three-flavor system the third flavée.qg., strange while not partici- Following de Genne§22] and Wifle [23], we then obtain

pating in pairing, contributes to the pebye mQSSH@Q’“; the the baryon current density from the usual canonical equation
square of the normal plasma frequermfyls proportional ta\;, the for th dient d tA3
number of flavors in the system. The masge$ can thus be de- or the gradient energy densitA3) as

rived by multiplying the Debye and Meissner masses given in Table Q

| of the first paper in Refl7] by a factor 2/3 due t®&N; and adding ; _E (g _ EK Tr( ot =) Ad
; : 2 Is= =2 K7Tr(¢, ¢4 )eP. (A4)

to the resultant Debye masses the third-flavor contribudigswy,. 3 oP 3
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Using Eg.(A2) to eliminate P, and Egs.(2) and (3), we  Equation(A5) reduces to the London equatig¢d6) for ap-

derive Eq.(37). Note that the extra time variation of the gap plied static transverse color fields when the spatial variation

leads to terms irf) 4 of orderP*, which play no role here. is of sufficiently long wavelength that we can ignore the term
The color current densities induced by the applied Weak:ontainingaﬁ¢+ )

color fields neaiT. are composed of the superfluid and nor-  We conclude this appendix by considering the linear re-

mal contributionsj¢* andjy* . The superfluid color currents  sponse to applied longitudinal color fields n@ar. For static

can be calculated as color fields of very long wavelength the induced color den-

sity j%° can be obtained from Eq.(A5) as j&°

jon— 80y = (KL/K7) (M) . pAP° wheremy, is given by Eq.(38). In
W weak coupling, this color density, together with the normal
contribution —3w§A“°, leads to the square of the Debye

— [Kq+ 5,L0(KL—KT)]g|m{TY[((7\“)* . screening mass matrix,r.r{EZ)aB:?,wg(SaB—. S(mfﬂ)aﬁ. For
uniform color fields varying very slowly in time, we calcu-

g2 late the induced supercurrent from E@A5) as j¢=

+d A9, 1+ K+ 5MO(KL_KT)](§> AP — (M) o pAP, wheremy, is again given by Eq(38). Com-

bining this supercurrent with the induced normal current
XRETIT(NN)* ¢y + S NN o+ d NP)TE). - w,Z,A“, we obtain the square of the plasma frequency ma-
A5) X (@) ap= up0pt (M) ap-
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