arXiv:hep-ph/0407049 v2 8 Sep 2004

Chromomagnetic instability in dense quark matter

Mei Huang and Igor A. Shovkovy^∗ Institut für Theoretische Physik, J.W. Goethe-Universität, D-60054 Frankurt/Main, Germany (Dated: September 8, 2004)

The results for the Debye and Meissner screening masses of the gluons and the photon in the case of neutral and β-equilibrated dense two-flavor quark matter are presented. In the limits of the normal phase and the ideal two-flavor color superconducting phase, the screening masses coincide with the known results. Most interestingly, we find that the Meissner screening masses squared can be negative, indicating a plasma-type chromomagnetic instability in dense quark matter.

PACS numbers: 12.38.-t, 12.38.Aw, 12.38.Mh, 26.60.+c

I. INTRODUCTION

It is known that sufficiently cold and dense baryonic matter is a color superconductor. It is possible that such a state of matter may naturally exist in the Universe inside central regions of compact stars. For this reason, the topic of color superconductivity stirred a lot of interest in recent years [1, 2, 3, 4]. (For reviews on color superconductivity see, for example, Ref. [5].)

Matter in the bulk of stars is electrically neutral and β equilibrated. This means that the chemical potentials of different quarks satisfy some nontrivial relations. Such relations affect the pairing dynamics between quarks, and the ground state of matter is modified. It was argued in Refs. [6, 7], for example, that a mixture of the two-flavor color superconducting (2SC) phase and unpaired strange quarks is less favorable than the colorflavor-locked (CFL) phase when the charge neutrality is enforced.

When the constituent mass of the strange quark is large, neutral two-flavor quark matter in β equilibrium can have a ground state called the gapless color superconductor (g2SC) [8]. While the symmetry of the g2SC ground state is the same as that of the conventional twoflavor color superconductor (2SC), the spectrum of the fermionic quasiparticles is different.

The existence of stable gapless color superconducting phases was confirmed in Refs. [9, 10, 11], and generalized to finite temperatures in Refs. [12, 13, 14]. It was also shown that a gapless color-flavor-locked (gCFL) phase can appear in neutral strange quark matter [15, 16]. A nonrelativistic analogue of gapless superconducting phases could appear in trapped gases of cold fermionic atoms [17, 18, 19, 20]. (Note that a mixed phase can be an alternative ground state in atomic [21] as well as quark [22, 23, 24] systems provided the surface tension is small.)

In this paper, we report on the gluon screening properties in neutral dense two-flavor quark matter. Our results cover the gapped as well as the gapless 2SC phases. In

∗On leave from: Bogolyubov Institute for Theoretical Physics, 03143, Kiev, Ukraine

the case of the ideal 2SC phase (i.e., without a mismatch between the Fermi momenta of different quarks), our results reproduce the findings of Refs. [25, 26]. The most important result of this paper is the finding of a chromomagnetic type plasma instability in neutral dense quark matter. We show that there exist five unstable gluon modes in the g2SC phase, and four of them persist even in the gapped phase when the mismatch is larger than a certain critical value. We argue that this instability may lead to a gluon condensation in dense quark matter. Specific details of the condensate still remain to be clarified.

II. GLUON SELF-ENERGY

In the ground state of a two-flavor color superconductor, the gauge symmetry group SU(3)_c ×U(1)_{em} is broken down to SU(2)_c × Ũ(1)_{em} by the Anderson-Higgs mechanism. Normally, this should lead to a generation of masses for the 5 gluons that correspond to the broken generators. This would be a standard description of the Meissner effect. As we shall see below, this is not always the case in dense quark matter.

In order to study the gluon screening properties in the system at hand, we follow an approach similar to that in Refs. [25, 26]. The polarization tensor in momentum space has the following general structure:

Π^{μν}_{AB}(P ) = − i 2 ∫ d^4K (2π)^4

Tr_D [ Γ̂^μ_AS(K) Γ̂^ν_B S(K − P ) ] . (1) The trace here runs over the Nambu-Gorkov, flavor, color and Dirac indices. The 4-momenta are denoted by capital letters, e.g., P = (p_0, ⃗p). The explicit form of vertices Γ̂^μ_A is Γ̂^μ_A ≡ diag(g γ^μT_A, −g γ^μT^T_A ) for A = 1, . . . , 8 ,

diag(e γ^μ Q, −e γ^μQ) for A = 9 , (2)

where T_A and Q are the generators of the color and the electromagnetic gauge transformations (with the A = 9 gauge boson corresponding to the photon). Note that the strong and electromagnetic coupling constants, g and e, are included in the definition of the vertices. The inverse of the quark propagator is defined as

[S(P )]^{−1} = ( [ G^+_0 (P ) ]_{−1} Δ^− Δ^+ [ G^−_0 (P ) ]_{−1} ) . (3)

with the off-diagonal elements Δ^− = −iϵ^bεγ^5Δ and Δ^+ ≡ γ^0 (Δ^−)^† γ^0 = −iϵ^bεγ^5Δ^∗. Here Δ is the diquark gap parameter, while ( ϵ^b ) αβ ≡ ϵ^{bαβ} and (ε)^{ij} ≡ ε^{ij} are antisymmetric tensors in the color and flavor spaces, respectively. Without losing generality, we assume that the quarks are massless in dense quark matter [7, 27]. Then the free quark propagators G^±_0 (P ) read [ G^±_0 ]_{−1} = γ^0(p_0 − p ± μ̂)Λ^+_p + γ^0(p_0 + p ± μ̂)Λ^−_p , (4)

where Λ^±_p ≡^1_2 [ 1 ± γ^0(⃗γ · ⃗p)/p ] are the positive and negative energy projectors, and μ̂ is the matrix of chemical potentials in the color and flavor space. In β equilibrium, the nontrivial elements of matrix μ̂ read [8, 12] μ_{ur} = μ_{ug} = μ − 2 3 μ_e + 1 3 μ_8, (5)

μ_{dr} = μ_{dg} = μ + 1 3 μ_e + 1 3 μ_8, (6) μ_{ub} = μ − 2 3 μ_e − 2 3 μ_8, (7)

μ_{db} = μ + 1 3 μ_e − 2 3 μ_8, (8)

with μ, μ_e, and μ_8 being the chemical potentials of the quark number, the electrical charge and the color charge, respectively.

III. SCREENING MASSES OF GAUGE BOSONS

The Debye masses m^2_{D,A} and the Meissner masses m^2_{M,A} of gauge bosons are defined in terms of the eigenvalues of the polarization tensor [25, 26]. In the basis in which Π^{μν}_{AB}(0, p) is diagonal, they become

m^2_{D,A} ≡ − lim_{p→0} Π̃^{00}_{AA}(0, p), (9) m^2_{M,A} ≡ − 1 2 lim_{p→0} ( g_{ij} + p_ip_j p^2 ) Π̃^{ji}_{AA}(0, p). (10)

Below, we give only the final results for these quantities. The details of the calculation will be presented elsewhere [28].

As was shown in Refs. [8, 12], the ground state of neutral dense quark matter is determined by the strength of the diquark coupling constant. At weak diquark coupling, the Cooper pairing is in conflict with the constraint of charge neutrality. As a result, the ground state corresponds to the normal phase. At strong diquark coupling, on the other hand, the ground state is in the gapped 2SC phase, and the neutrality plays little effect. In the regime of an intermediate strength of the coupling, the ground state is given by the gapless 2SC phase [8, 12].

In order to describe the most general situation, we parametrize all the results below with the dimensionless ratio Δ/δμ, where δμ ≡ μ_e/2 is the mismatch between the Fermi momenta of paired quarks which is determined by the neutrality and the β-equilibrium conditions. The value Δ/δμ = 0 corresponds to the normal phase, while Δ/δμ < 1 and Δ/δμ > 1 correspond to the gapless and the gapped 2SC phases, respectively [8, 12].

Screening masses of the gluons with A = 1, 2, 3. The general expression for the polarization tensor Π^{μν}_{AB} (0, p) with A, B = 1, 2, 3 is diagonal. Then, by making use of the definition in Eq. (9), we arrive at the following result for the threefold degenerate Debye mass:

m^2_{D,1} = 2α_s π [ (μ^−)^2 + (μ^+)^2 ] δμ √ (δμ)^2 − Δ^2 θ(δμ − Δ) ≃ 4α_sμ̄^2δμ π √ (δμ)^2 − Δ^2 θ(δμ − Δ), (11) where α_s ≡ g^2/4π, μ̄ = (μ_{ur} + μ_{dg} )/2, and μ^± = μ̄ ± √ (δμ)^2 − Δ^2 are the values of the “effective” Fermi momenta of the gapless quasiparticles [8, 12]. The mass as a function of Δ/δμ is shown in the upper panel of Fig. 1 with a red solid line. It is easy to check that the result in Eq. (11) reduces to the known expressions in the normal phase (i.e., Δ/δμ = 0) [29, 30] and in the ideal 2SC phase (i.e., Δ/δμ = ∞) [25].

We note that the Debye screening mass in Eq. (11) vanishes in the gapped phase (i.e., Δ/δμ > 1). As in the case of the ideal 2SC phase, this reflects the fact that there are no gapless quasiparticles charged with respect to the unbroken SU(2)_c gauge group. In the gapless 2SC phase, such quasiparticles exist and the value of the Debye screening mass is proportional to the density of states at the corresponding “effective” Fermi surfaces [12, 31].

In the limit when the ratio Δ/δμ approaches 1 from below (i.e., from the gapless phase), the formal value of the Debye mass in Eq. (11) goes to infinity. This is because the density of the gapless states goes to infinity at Δ/δμ = 1 when the gapless quasiparticle dispersion relation becomes quadratic, i.e., E^−_{Δ−} ≃ (p − μ̄)^2/2Δ in notation of Ref. [12].

The Meissner screening mass is defined by Eq. (10). An explicit calculation for the gluons of the unbroken SU(2)_c shows that their Meissner masses are vanishing in the gapped and gapless 2SC phases,

m^2_{M,1} = 0. (12)

Of course, this is in agreement with the general grouptheoretical arguments.

Screening masses of the gluons with A = 4, 5, 6, 7. The polarization tensor Π^{μν}_{AB}(0, p) with A, B = 4, 5, 6, 7 is not diagonal. It becomes diagonal after switching to the physical basis in terms of A^μ_{4±} = (A^μ_4 ± iA^μ_5 )/ √ 2 and A^μ_{6±} = (A^μ_6 ± iA^μ_7 )/ √ 2 fields. In the static limit, all four

FIG. 1: Squared values of the gluon Debye (upper panel) and Meissner (lower panel) screening masses, devided by m^2_g = 4αsμ̄^2/3π, as functions of the dimensionless parameter Δ/δμ. The red solid line denotes the results for the gluons with A = 1, 2, 3, the green long-dashed line denotes the results for the gluons with A = 4, 5, 6, 7, and the blue short-dashed line denotes the results for the gluon with A = ~8.

eigenvalues of the polarization tensor are degenerate. By making use of the definition in Eq. (9), we derive the following result for the corresponding Debye masses:

m^2_{D,4} =

4α_sμ̄^2 π [ Δ^2 + 2δμ^2 2Δ^2 − δμ √ δμ^2 − Δ^2 Δ^2 θ(δμ − Δ) ] . (13) Here we assumed that μ_8 is vanishing which is a good approximation in neutral two-flavor quark matter [12, 32]. The complete result with nonzero μ_8 will be reported elsewhere [28].

Now, the fourfold degenerate Meissner screening mass of the gluons with A = 4, 5, 6, 7 reads

m^2_{M,4} =

4α_sμ̄^2 3π [ Δ^2 − 2δμ^2 2Δ^2 + δμ √ δμ^2 − Δ^2 Δ^2 θ(δμ − Δ) ] . (14) Both results in Eqs. (13) and (14) interpolate between the known results in the normal phase (i.e., Δ/δμ = 0) and in the ideal 2SC phase (i.e., Δ/δμ = ∞) [25]. The screening masses are plotted in Fig. 1 using green longdashed lines.

The most interesting observation about the gluon screening properties here is that the expression on the right hand side of Eq. (14) is negative when 0 < Δ/δμ < √ 2. The standard interpretation of such a result is the existence of a plasma type instability in the system [33, 34, 35, 36]. In the case at hand, we find that the instability appears in the whole family of gapless 2SC phases (with 0 < Δ/δμ < 1) and even in some gapped 2SC phases (with 1 < Δ/δμ < √ 2). While one may argue that the plasma instability in the gapless phase is related to the instability discussed in Ref. [37], it is obviously not the case in the gapped 2SC phase when 1 < Δ/δμ < √ 2. The arguments of Ref. [37] are based on the fact that the ground state corresponds to a local maximum of the effective potential in the system with a fixed mismatch parameter, δμ = const. However, without imposing the charge neutrality (δμ = const), the gapped 2SC ground state with Δ/δμ ∈ (1, √ 2) corresponds to a local minimum of the effective potential. Although it is not the global minimum for Δ/δμ ∈ (1, √ 2), it is unlikely that the gluon screening masses could probe the global structure of the effective potential. Thus, the true origin of the gluon instability is yet to be clarified.

Screening masses and mixing of the 8th gluon and the photon. From the general arguments, one knows that there is a new Ũ(1)_{em} symmetry in the 2SC/g2SC phase. The new medium photon is a mixture of the 8th gluon and the vacuum photon (the corresponding generator is Q̃ = Q −^1_{√3} T_8).

It is important to emphasize that the explicit result for the 00-components of the polarization tensor of the 8th gluon and the vacuum photon have no mixing at p_0 = 0 and p → 0. This is similar to the ideal 2SC case considered in Ref. [26]. (In view of this, one should be careful when interpreting the results for the Debye screening masses in a different basis of gauge fields [38].) The expressions for the Debye screening masses read

m^2_{D,8} =

4α_sμ̄^2 π , (15)

m^2_{D,γ} =

8αμ̄^2 3π ( 1 + 3δμ θ(δμ − Δ) 2 √ (δμ)^2 − Δ^2 ) , (16)

where α ≡ e^2/4π is the fine structure constant.

In order to obtain the Meissner screening masses, we first derive all the components of the polarization tensor that span the space of the 8th gluon and the vacuum photon. At p_0 = 0 and p → 0, the corresponding nonzero components, denoted as m^2_{M,AB} in analogy with Eq. (10), read

m^2_{M,88} =

4α_sμ̄^2 9π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (17)

m^2_{M,γγ} = 4αμ̄^2 27π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (18)

4

m^2_{M,8γ} = 4 √ αα_sμ̄^2 9 √ 3π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (19)

and m^2_{M,γ8} = m^2_{M,8γ} . The mixing disappears in the basis of the fields,

Ã^8_μ = A^8_μ cos φ + A^γ_μ sin φ, (20)

Ã^γ_μ = A^γ_μ cos φ − A^8_μ sin φ, (21)

where the mixing angle φ is determined by the symmetry arguments,

sin φ = √ α 3α_s + α

. (22)

As one might have expected, the mixing angle is the same in the gapless and the gapped phases. Of course, it also coincides with the mixing angle in the ideal 2SC case in Ref. [26].

It should be noted that the absence of a mixing between the electrical modes of the 8th gluon and the vacuum photon in the static limit, see Eqs. (15) and (16), is not in conflict with the gauge invariance of the 2SC/g2SC ground state with respect to Ũ(1)_{em}. The two propagating modes of the low-energy photon γ̃ of Ũ(1)_{em} should have transverse polarizations and, therefore, should come from the magnetic sector. The third, electrical mode of γ̃ is not massless. It decouples from the low-energy theory and its presence is irrelevant for the gauge invariance with respect to Ũ(1)_{em}.

The Meissner screening mass for the new gluon field is

m^2_{M,~8} =

4(3α_s + α)μ̄^2 27π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (23)

which is shown in the lower panel of Fig. 1 using a blue short-dashed line. The Meissner screening mass for the new photon γ̃ is vanishing, m^2_{M,γ̃} = 0. This is consistent with the absence of the Meissner effect for the unbroken Ũ(1)_{em}.

As is easy to see from Eq. (23), the medium modified ~8th gluon has a magnetic plasma instability in the gapless 2SC phase. This is because the Meissner screening mass squared is negative when 0 < Δ/δμ < 1.

IV. DISCUSSION

In this paper, we calculated the Debye and Meissner screening masses of the gluons and the photon in the case of neutral, β-equilibrated dense two-flavor quark matter (see Fig. 1). Our results interpolate between the known values in the normal phase [29, 30] and in the ideal 2SC phase [25, 26] of quark matter.

The Meissner screening properties of dense matter are most interesting. We find that there is a chromomagnetic plasma type instability in quark matter [39]. This is driven by 5 unstable gluon modes (A = 4, 5, 6, 7, ~8) in the g2SC phase (0 < Δ/δμ < 1), and by 4 modes (A = 4, 5, 6, 7) in the gapped 2SC phase when 1 < Δ/δμ < √ 2. One could connect the instability from the ~8th gluon to a large density of gapless states in the g2SC phase. This might be related to the mechanism proposed in Ref. [37]. The other 4 unstable modes have no obvious connection with the existence of the g2SC phase because they lead to an instability even in the gapped phase.

It is natural to assume that the instability, indicated by the negative values of the Meissner screening masses squared, will resolve in some type of a gluon condensation. Indeed, the result m^2_{M,A} < 0 suggests that the system stays in a false vacuum that corresponds to a local maximum of the effective potential for the gluon field. Then, the true vacuum is most likely given by the global minimum of the potential that corresponds to a nonzero expectation value of a gluon field, i.e., ⟨A^A_μ ⟩ ≠ 0 for A ∈ (4, 5, 6, 7) or for A = ~8, depending on which instability develops first.

We cannot exclude the possibility that the true ground state has a condensate that breaks the rotational symmetry of the system. In fact, this would be the most natural outcome of a gluon condensation because it is the magnetic components of gluons A^A_i that drive the instability. One might even speculate [40] that the mechanism is similar to that in Ref. [41].

In passing, we note that the gluon type instability, indicated by negative values of the Meissner screening masses squared, is not directly related to the so-called Sarma instability [42]. As was shown in Ref. [8], the Sarma instability in the effective potential for the order parameter is removed when the neutrality condition is imposed.

The nature of the instability observed here may resemble the instability in anisotropic models of Refs. [33, 34, 35, 36] used for describing the initial stage of heavy ion collisions. However, the origins of the two instabilities are very different. In contrast to the situation in Refs. [33, 34, 35, 36], the quark distribution functions are completely isotropic in momentum space in neutral dense quark matter.

In the future, it would be very interesting to investigate whether a similar instability develops in the gCFL phase [15, 16], where the low-energy quasiparticle spectrum resembles the spectrum in the g2SC phase.

Acknowledgments. The authors thank M. Buballa, M. Forbes, T. Hatsuda, D. Hou, A. Iwazaki, T. Koide, C. Kouvaris, J. Lenaghan, V. Miransky, A. Mócsy, S. Mrówczyński, R. Pisarski, K. Rajagopal, A. Rebhan, P. Reuter, D. Rischke, P. Romatschke, T. Schäfer, A. Schmitt, D. Son, M. Strickland, M. Tachibana, D. N. Voskresensky, and Q. Wang for interesting discussions. I.A.S. is grateful to the INT at the University of Washington in Seattle for its hospitality. The work of M.H. was supported by the Alexander von Humboldt-Foundation, and by the NSFC under Grants No. 10105005 and No. 10135030. The work of I.A.S. was supported by Gesellschaft für Schwerionenforschung (GSI) and by Bundesministerium für Bildung und Forschung (BMBF).

[1] R. Rapp, T. Schäfer, E. V. Shuryak and M. Velkovsky, Phys. Rev. Lett. 81, 53 (1998); M. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. B 422, 247 (1998).

[2] M. G. Alford, K. Rajagopal and F. Wilczek, Nucl. Phys.

B537, 443 (1999).

[3] D. T. Son, Phys. Rev. D 59, 094019 (1999); D. K. Hong, V. A. Miransky, I. A. Shovkovy, and L. C. R. Wijewardhana, Phys. Rev. D 61, 056001 (2000); D. K. Hong, Nucl. Phys. B582, 451 (2000); T. Schäfer and F. Wilczek, Phys. Rev. D 60, 114033 (1999); R.D. Pisarski and D.H. Rischke, Phys. Rev. D 61, 051501 (2000); S. D. H. Hsu and M. Schwetz, Nucl. Phys. B572, 211 (2000); W. E. Brown, J. T. Liu, and H.-C. Ren, Phys. Rev. D 61, 114012 (2000).

[4] T. Schäfer, Nucl. Phys. B575, 269 (2000); I. A. Shovkovy and L. C. R. Wijewardhana, Phys. Lett. B 470, 189 (1999).

[5] K. Rajagopal and F. Wilczek, hep-ph/0011333;

D. K. Hong, Acta Phys. Polon. B 32, 1253 (2001); M. Alford, Ann. Rev. Nucl. Part. Sci. 51, 131 (2001); T. Schäfer, hep-ph/0304281; D. H. Rischke, Prog. Part. Nucl. Phys. 52, 197 (2004); M. Buballa, hep-ph/0402234; H.-C. Ren, hep-ph/0404074.

[6] M. Alford and K. Rajagopal, JHEP 0206, 031 (2002). [7] A.W. Steiner, S. Reddy and M. Prakash, Phys. Rev. D 66, 094007 (2002).

[8] I. Shovkovy and M. Huang, Phys. Lett. B 564, 205 (2003).

[9] E. Gubankova, W. V. Liu and F. Wilczek, Phys. Rev.

Lett. 91, 032001 (2003).

[10] A. Mishra and H. Mishra, Phys. Rev. D 69, 014014 (2004).

[11] S. B. Rüster and D. H. Rischke, Phys. Rev. D 69, 045011 (2004).

[12] M. Huang and I. Shovkovy, Nucl. Phys. A729, 835 (2003).

[13] J. F. Liao and P. F. Zhuang, Phys. Rev. D 68, 114016 (2003).

[14] K. Iida, T. Matsuura, M. Tachibana and T. Hatsuda, hep-ph/0312363.

[15] M. Alford, C. Kouvaris and K. Rajagopal, Phys. Rev.

Lett. 92, 222001 (2004); hep-ph/0406137.

[16] S. B. Rüster, I. A. Shovkovy and D. H. Rischke, Nucl.

Phys. A743, 127 (2004).

[17] W. V. Liu and F. Wilczek, Phys. Rev. Lett. 90, 047002 (2003).

[18] B. Deb, A. Mishra, H. Mishra and P. K. Panigrahi, Phys.

Rev. A 70, 011604(R) (2004).

[19] W. V. Liu, F. Wilczek and P. Zoller, cond-mat/0404478. [20] M. M. Forbes, E. Gubankova, W. V. Liu and F. Wilczek, hep-ph/0405059.

[21] P. F. Bedaque, H. Caldas and G. Rupak, Phys. Rev. Lett.

91, 247002 (2003); H. Caldas, hep-ph/0312275. [22] F. Neumann, M. Buballa, and M. Oertel, Nucl. Phys.

A714, 481 (2003).

[23] I. Shovkovy, M. Hanauske and M. Huang, Phys. Rev. D 67, 103004 (2003).

[24] S. Reddy and G. Rupak, nucl-th/0405054. [25] D. H. Rischke, Phys. Rev. D 62, 034007 (2000);

D. H. Rischke and I. A. Shovkovy, Phys. Rev. D 66, 054019 (2002).

[26] A. Schmitt, Q. Wang and D. H. Rischke, Phys. Rev. D 69, 094017 (2004).

[27] M. Huang, P. F. Zhuang and W. Q. Chao, Phys. Rev. D 67, 065015 (2003) [28] M. Huang and I. Shovkovy, hep-ph/0408268. [29] H. Vija and M. H. Thoma, Phys. Lett. B 342, 212 (1995). [30] C. Manuel, Phys. Rev. D 53, 5866 (1996). [31] I. Shovkovy and M. Huang, to appear in proceedings of the NATO Advanced Study Institute “Structure and Dynamics of Elementary Matter”, Kemer, Turkey, 22 September – 2 October, 2003.

[32] A. Gerhold and A. Rebhan, Phys. Rev. D 68, 011502 (2003); D. D. Dietrich and D. H. Rischke, Prog. Part. Nucl. Phys. 53, 305 (2004).

[33] S. Mrówczyński, Phys. Lett. B 214, 587 (1988); Phys.

Lett. B 314, 118 (1993); Phys. Rev. C 49, 2191 (1994); Phys. Lett. B 393, 26 (1997); S. Mrówczyński and M. H. Thoma, Phys. Rev. D 62, 036011 (2000).

[34] P. Romatschke and M. Strickland, Phys. Rev. D 68, 036004 (2003); Phys. Rev. D 69, 065005 (2004); M. C. Birse, C. W. Kao and G. C. Nayak, Phys. Lett. B 570, 171 (2003).

[35] P. Arnold, J. Lenaghan and G. D. Moore, JHEP 0308, 002 (2003).

[36] S. Mrówczyński, A. Rebhan and M. Strickland, Phys.

Rev. D 70, 025004 (2004).

[37] S.-T. Wu and S. Yip, Phys. Rev. A 67, 053603 (2003). [38] D. F. Litim and C. Manuel, Phys. Rev. D 64, 094013 (2001).

[39] Note that the plasma instability may not develop if the gluons are massive because of non-perturbative effects.

[40] We thank V. Miransky for bringing this posibility to our attention.

[41] V. P. Gusynin, V. A. Miransky and I. A. Shovkovy, Phys.

Lett. B 581, 82 (2004); Mod. Phys. Lett. A 19, 1341 (2004).

[42] G. Sarma, J. Phys. Chem. Solids 24, 1029 (1963).