arXiv:hep-ph/0408268 v2 12 Nov 2004

Screening masses in neutral two-flavor color superconductor

Mei Huang^∗ and Igor A. Shovkovy^† Institut für Theoretische Physik, J.W. Goethe-Universität, D-60054 Frankurt/Main, Germany (Dated: November 12, 2004)

The Debye and Meissner screening masses of the gluons and the photon in neutral and βequilibrated dense two-flavor quark matter are calculated. The results are presented in a general form that can be used in gapped as well as gapless color superconducting phases. The results for the magnetic screening masses indicate that the system develops a chromomagnetic instability. Possible consequences of the instability are discussed.

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

I. INTRODUCTION

From the time when the quarks were predicted [1], their nature has remained rather elusive. The reason is that direct experimental studies of quarks are very limited. Quarks do not exist in vacuum as free particles. Under normal conditions, they are always confined inside hadrons. The underlying theory of strong interactions quantum chromodynamics (QCD) predicts that quarks should become deconfined at very high temperatures and/or very high densities [2, 3]. Unfortunately, it is very difficult to achieve sufficiently high densities and/or temperatures in laboratory.

Very high temperatures existed in the early Universe during the first few microseconds of its evolution [4]. Nowadays, somewhat similar conditions, although at considerably smaller scales and for much shorter periods of time, are repeatedly recreated in the so-called “little bangs” at the heavy ion colliders in CERN and at Brookhaven.

Sufficiently high densities may exist in the present Universe inside central regions of compact stars. Recently, this possibility attracted a lot of attention when it was suggested that various color superconducting phases with rather large values of gaps in their quasiparticle energy spectra could appear at densities that exist inside stars [5, 6, 7, 8]. If this turns out to be true, this would be of prime importance. The presence of large gaps in the energy spectra can possibly be inferred from a detailed analysis of the observational data. This would provide a confirmation of the existence of new (quark) states of matter inside compact stars.

In theoretical studies of dense quark matter, it should be appreciated that matter in the bulk of stars is neutral and β-equilibrated. Under such conditions, the chemical potentials of different quarks should satisfy nontrivial relations. These, in turn, affect the pairing dynamics between quarks which is reflected in a specific choice of the ground state of matter. For example, it was argued in Ref. [9] that a mixture of the two-flavor color superconducting (2SC) phase and normal strange quarks is less favorable than the color-flavor-locked (CFL) phase after the charge neutrality condition is enforced. A similar conclusion was also reached in Ref. [10].

Assuming that the constituent medium modified mass of the strange quark is large (i.e., larger than the corresponding strange quark chemical potential), it was shown recently that neutral two-flavor quark matter in β-equilibrium can have another rather unusual ground state called the gapless two-flavor color superconductor (g2SC) [11]. While the symmetry in the g2SC ground state is the same as that in the conventional 2SC phase, the spectrum of the fermionic quasiparticles is different. In particular, two out of four gaped quasiparticles of the conventional 2SC phase become gapless in the g2SC phase. In addition, the number densities of the pairing quarks in the g2SC phase are not equal at zero temperature [11]. For example, the density of red (green) up quarks is different from the density of green (red) down quarks.

The existence of gapless color superconducting phases was confirmed in Refs. [12, 13], and generalized to nonzero temperatures in Refs. [14, 15]. In addition, it was also shown that a gapless CFL (gCFL) phase could appear in neutral strange quark matter [16, 17]. At nonzero temperature, the gCFL phase and several other new phases (e.g., the socalled dSC and uSC phases) were studied in Refs. [18, 19]. If the surface tension is sufficiently small, as suggested in Ref. [20], the mixed phase composed of the 2SC phase and the normal quark phase will be more favored [21]. It

∗Electronic address: huang@th.physik.uni-frankfurt.de; on leave of absence from Physics Department, Tsinghua University, Beijing 100084, China †Electronic address: shovkovy@th.physik.uni-frankfurt.de; on leave of absence from Bogolyubov Institute for Theoretical Physics, 03143, Kiev, Ukraine

was also suggested that a non-relativistic analogue of gapless superconducting phases could appear in a trapped gas of cold fermionic atoms [22, 23, 24, 25]. (Note that an alternative ground state for the atomic system, similar to the quark mixed phases in Refs. [20, 21, 26], was proposed in Ref. [27].)

While the basic properties of gapless color superconducting phases have been established in Refs. [11, 12, 13, 14, 15, 16, 17, 18, 19], there is probably much more to be learned about these phases in the near future. In this paper, we give a detailed derivation of the gluon and photon screening masses in neutral dense quark matter (the results were briefly presented in Ref. [28]). We consider the general case of two-flavor quark matter, covering both the gapped and the gapless 2SC phases.

The gluon screening properties in the case of the ideal 2SC phase (i.e., without a mismatch between the Fermi momenta of different quarks) were considered in detail in Refs. [29, 30]. Some general features of the gluon screening in the g2SC phase were conjectured in Refs. [14, 31] without performing the calculation. As we shall see below, the actual results for the Debye screening masses are in general agreement with the conjecture in Refs. [14, 31]. The Meissner (magnetic) screening properties, however, are very different [28]. The calculations in this paper indicate a chromomagnetic instability in neutral dense quark matter for a range of parameters in the model. As we shall argue in Sec. VIII, this instability may lead to a gluon condensation in dense quark matter.

This paper is organized as follows. The linear response theory is briefly reviewed in Sec. II. After that, in Sec. III, we introduce the model and set up the main notation. There, we also present the general expression for the quark propagator in the color superconducting ground state of neutral dense quark matter. In Sec. IV, we briefly discuss the general expression for the polarization tensor in dense quark matter. In Sec. V, we study the polarization tensor Π^{AB}_{μν} for A, B = 1, 2, 3 and derive the corresponding expressions for the Debye and Meissner screening masses. We show that, in accordance with the symmetry breaking pattern, there is no Meissner effect (i.e., no Higgs mechanism) in this sector of the gauge theory. The polarization tensor Π^{AB}_{μν} for A, B = 8, 9 (i.e., the 8th gluon and the photon) is discussed in Sec. VI. There we derive the Debye and Meissner screening masses and briefly discuss their properties. Also, the mixing between the 8th gluon and the photon is discussed. In Sec. VII, we study the polarization tensor Π^{AB}_{μν} for A, B = 4, 5, 6, 7. The results for the Debye and Meissner screening masses are presented. As we show, the Debye screening mass is given by a rather simple expression that naturally interpolates between the limits of the normal phase and the ideal 2SC phase. The Meissner mass, on the other hand, has an unexpected property. Its value squared is negative in a range of parameters, indicating a chromomagnetic instability in dense quark matter. The discussion of the main results is given in Sec. VIII. Our findings are summarized in Sec. IX. Several appendices at the end contain useful formulas and some details of the calculation.

II. LINEAR RESPONSE THEORY AND POLARIZATION TENSOR

In order to present a self-contained discussion of the screening properties of dense quark matter, we start this paper with a brief introduction into the linear response theory and a discussion of the physical meaning of the polarization tensor in a gauge theory. The advanced reader, therefore, may skip this section and go directly to Sec. III.

The response of matter to an external perturbation is the main source of knowledge about properties of matter. The linear response theory is the simplest framework that is often used to calculate such a response. In application to quark matter, for example, one studies a response of the system to an external source J^A_μ (x). The source is coupled to the quantum gauge field. The corresponding interaction part of the action reads

S_J = ∫ d^4xA^{A,μ}(x)J^A_μ (x) ≡ i ∫ d^4x ∫ d^4yA^{A,μ}(x) ( D^{−1} )_{AB} μν (x − y)A^{B,ν} (y), (1) where A^{B,ν} (y) is the classical field associated with the external source J^A_μ (x), and ( D^{−1} )_{AB} μν is the inverse free gluon propagator. Because of the presence of the external source, the expectation value of the gauge field becomes nonzero. In the linear response theory, it is given by the Kubo’s formula [32], ⟨A^A_μ (x)⟩ = −i ∫ d^4yD^{AB}_{μν} (x − y)J^{ν,B} (y), (2) where D^{AB}_{μν} (x − y) is the retarded gluon propagator. In momentum space, this relation takes the following form: ⟨A^A_μ (P )⟩ = −iD^{AB}_{μν} (P )J^{ν,B}(P ), (3) where P^μ ≡ (p^0, p) is the energy-momentum four-vector. By making use of this result, it is instructive to derive an expression for the induced current. It is given by J^{A,ind} μ (P ) = J^{A,tot}_μ (P ) − J^A_μ (P ) = i [( D^{−1} )_{AB} μν (P ) − ( D^{−1} )_{AB} μν (P ) ] ⟨A^{B,ν} (P )⟩ ≡ Π^{AB}_{μν} (P )⟨A^{B,ν} (P )⟩, (4) where Π^{AB}_{μν} (P ) is the gluon self-energy (or the gluon polarization tensor). By definition, this is the one-particle irreducible part of the gluon two-point function. The structure of this function is constrained by the gauge symmetry. To see this we consider the Slavnov-Taylor identity for the full gluon propagator [33]. The explicit form of this identity depends on a specific gauge fixing. In the covariant gauge, for example, it reads P^μP^νiD^{AB}_{μν} (P ) = P^μP^νiD^{AB}_{μν} (P ) ≡ 1 λ , (5)

where λ is the gauge fixing parameter. In vacuum, where Lorentz symmetry is not broken, this relation implies that the gluon self-energy is transverse, i.e., P^μΠ^{AB}_{μν} (P ) = 0. Because of this constraint, the tensor structure of Π^{AB}_{μν} (P ) in vacuum is fixed unambiguously,

Π^{AB}_{μν} (P ) = Π^{AB} (P^2) ( g_{μν} − P_μP_ν P^2 ) , (6)

where the metric tensor is defined as g_{μν} = diag(1, −1, −1, −1). At nonzero temperatures and/or densities, the Lorentz symmetry is broken down to its subgroup of spatial rotations SO(3). Then, the tensor structure of the gluon self-energy can have a more general form, Π^{AB,μν} (P ) = ( g^{μν} − u^μu^ν + p^μp^ν p^2 ) H^{AB} + u^μu^νK^{AB} − p^μp^ν p^2 L^{AB} + u^μp^ν + p^μu^ν p M^{AB}, (7)

where u_μ = (1, 0, 0, 0) is a time-like four-vector that specifies the rest frame of the quark system and p^μ = (0, p) is the momentum three-vector with the absolute value p = |p|. The component functions H^{AB} , K^{AB}, L^{AB} , and M^{AB} are functions of p_0 and p. Now, the Slavnov-Taylor identity in the covariant gauge takes the form

KL + p^2_0K − p^2L + M (M − 2p_0p) = 0, (8)

(for simplicity, the superscripts “AB” were omitted here). It is easy to check that this is less restrictive than the transversality condition, P_μΠ^{μν} (P ) = 0, required in vacuum. Indeed, the transversality is equivalent to the following set of two relations between the component functions: L = − p^2_0 p^2

K (9a) M = p_0 p K. (9b)

While these are sufficient conditions to fulfil the Slavnov-Taylor identity in Eq. (8), they are not the necessary conditions in a non-Abelian gauge theory when the Lorentz symmetry is broken. (It should be emphasized, however, that these are the necessary conditions in Abelian gauge theories at nonzero temperatures and/or densities [32].)

In this paper, we study the polarization tensor Π^{AB}_{μν} (P ) in the case of dense quark matter which permits color superconductivity. In particular, we discuss how the structure of the polarization tensor is affected by the (gapless) color superconductivity.

It is usually said that superconductivity is a result of a gauge symmetry breaking. This common misleading statement may suggest that the polarization tensor Π^{AB}_{μν} (P ) does not need to satisfy the Slavnov-Taylor identity (5). In fact, this is not the case because a local (gauge) symmetry can never be truly broken [34].

In practice, when doing specific calculations in gauge theories, one always breaks the local symmetry by a gauge fixing. As a result, it is only a global symmetry that may remain unbroken after the gauge choice is made. For example, in the covariant gauge which we discussed above, the global color symmetry of the QCD action is left unbroken. Then, in a color superconducting phase of quark matter, this global symmetry is broken. In such a description, the Goldstone theorem requires the appearance of an appropriate number of the Nambu-Goldstone bosons (cf., collective excitations in Ref. [35]). Obviously, the appearance of these additional degrees of freedom is an artifact of the gauge fixing. Nevertheless, their inclusion in the analysis is important in order to insure that the general requirements of the gauge symmetry, such as the Slavnov-Taylor identity (5), are fulfilled [36]. Having said this, one should appreciate that the Nambu-Goldstone bosons in question are not the physical degrees of freedom. This conclusion is easy to reach by noticing that there exist a gauge, namely the so-called unitary gauge, in which these bosons can be completely eliminated. In a way, their role is similar to the role of the Faddeev-Popov ghosts [37]. While both types of fields are unphysical, they are necessary for a consistent description of a gauge theory.

Now let us further discuss the physical meaning of the polarization tensor. From a relation similar to that in Eq. (4), it is clear that, in an Abelian theory such as QED, this tensor is directly related to an observable quantity, namely to the induced current. The corresponding current is a gauge invariant quantity in an Abelian theory. In contrast, the induced current in a non-Abelian theory is not a gauge invariant quantity. Then, the physical meaning of the polarization tensor is not so clear. In spite of this difficulty, we shall use the same interpretation of the polarization tensor in quark matter as in an Abelian theory.

In this paper, we study static large-distance, electric and magnetic, screening properties of quark matter. These describe the response of the system to a static perturbation from color/electric charges and currents. The static limit means that p_0 = 0. In this case, the only nontrivial components of the polarization tensor will be H(p) and K(p) which depend only on p. Note that

Π_{00}(0, p) = K(p), (10a)

Π_{ij}(0, p) = ( g_{ij} + p_ip_j p^2 ) H(p). (10b)

Let us denote the values of the two nontrivial component functions in the limit p → 0 (large distances) as follows:

m^2_D = − lim_{p→0} K(p), (11a)

m^2_M = − lim_{p→0} H(p). (11b)

The quantities m_D and m_M are the Debye and Meissner screening masses, respectively. It can be shown, see for example Ref. [32, 38], that the quantity m_D determines the large-distance behavior of the screened potential created by a static color/electric charge, i.e., V (r) ∼ exp(−m_D r). By making use of the analogy with solid state physics systems, we say that a system is a metal when m_D is nonzero, and it is an insulator when m_D is zero. The quantity m_M , when nonzero, determines the large-distance fall-off of the (chromo-)magnetic field inside a color superconductor, i.e., B(r) ∼ exp(−m_M r). Obviously, nonzero m_M is an indication of the Meissner effect. In the normal phase, on the other hand, the value of m_M is vanishing.

III. QUARK PROPAGATOR

In this paper, we continue the study of dense two-flavor quark matter constrained by the conditions of the charge neutrality and the β-equilibrium [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 39, 40, 41]. The use of phenomenological Nambu-Jona-Lasinio (NJL) type models has proved to be very convenient in such studies. The NJL model can be thought of as a low energy theory of QCD in which (massive) gluons, as independent degrees of freedom, are integrated out. The gluons could be reintroduced back by gauging the color symmetry in the NJL model, providing a semirigorous framework for studying the effect of the Cooper pairing on the physical properties of gluons.

In order to study the gluon screening properties in dense quark matter, we need to know the quark coupling to the gauge fields. This is determined by the quadratic part of the quark Lagrangian density

L^{(2)} = ψ̄ ( iγ^μ∂_μ − m + μ̂γ_0 + gγ^μA^a_μT_a + eγ^μ A_μQ ) ψ, (12)

where T_a and Q are the generators of SU (3)_c and U (1)_{em} gauge groups. The coupling constants of the strong interactions and of the electromagnetism are denoted by g and e, respectively. The up and down quark masses are assumed to be the same (m_u = m_d = m). The quark spinor field has the following color-flavor structure:

ψ = ψ_{iα} = ψ_{ur} ψ_{ug} ψ_{ub} ψ_{dr} ψ_{dg} ψ_{db} , (13) where i ∈ (u, d) is the flavor index and α ∈ (r, g, b) is the color index.

In β-equilibrium, the matrix of chemical potentials in the color-flavor space μ̂ is given in terms of the quark chemical potential μ (note that μ_B ≡ 3μ is the baryon chemical potential), the chemical potential for the electrical charge μ_e and the color chemical potential μ_8, μ^{αβ}_{ij} = (μδ_{ij} − μ_eQ_{ij})δ^{αβ} + 2 √ 3 μ_8δ_{ij}(T_8)^{αβ} . (14)

In QCD the color chemical potential μ_8 comes as a result of a nonzero expectation value of the 8th gluon field induced by the Cooper pairing [42]. Its absolute value is small because it is suppressed parametrically by the quark chemical potential, μ_8 ∼ Δ^2/μ.

The explicit expressions for nontrivial elements of matrix μ̂ read μ_{ur} = μ_{ug} = μ − 2 3 μ_e + 1 3 μ_8, (15a)

μ_{dr} = μ_{dg} = μ + 1 3 μ_e + 1 3 μ_8, (15b) μ_{ub} = μ − 2 3 μ_e − 2 3 μ_8, (15c)

μ_{db} = μ + 1 3 μ_e − 2 3 μ_8. (15d)

To study color superconducting phases, it is convenient to introduce the following 8N_cN_f -component Nambu-Gorkov spinors:

Ψ̄ = (ψ̄, ψ̄_C) , Ψ = ( ψ ψ_C ) , (16)

where ψ_C = Cψ̄^T is the charge-conjugate spinor, and C = iγ^2γ^0 is the charge-conjugation matrix. In this basis, the quadratic part of the quark Lagrangian density L^{(2)} becomes

L^{(2)} = Ψ̄S^{−1}_0 Ψ + Ψ̄A^A_μ Γ̂^μ_AΨ, (17)

where the explicit form of vertex Γ̂^μ_A is

Γ̂^μ_A ≡ diag ( Γ^μ_A, Γ^μ_A ) ≡ diag(g γ^μT_A, −g γ^μT^T_A ) for A ≡ a = 1, . . ., 8 ,

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

(18)

In momentum space, the inverse free quark propagator S^{−1}_0 reads

[S_0(K)]^{−1} = ( [ G^+_0 (K) ]_{−1} 0 0 [ G^−_0 (K) ]_{−1} ) . (19)

The explicit form for the diagonal elements is [ G^±_0 ]_{−1} = γ^0 [ (k_0 − E^∓_{ur})Λ^+_k + (k_0 + E^±_{ur})Λ^−_k ] P^{(1)}

+ γ^0 [ (k_0 − E^∓_{dg})Λ^+_k + (k_0 + E^±_{dg})Λ^−_k ] P^{(2)}

+ γ^0 [ (k_0 − E^∓_{ub})Λ^+_k + (k_0 + E^±_{ub})Λ^−_k ] P^{(3)}

+ γ^0 [ (k_0 − E^∓_{db})Λ^+_k + (k_0 + E^±_{db})Λ^−_k ] P^{(4)}, (20)

with the notation E^±_{iα} ≡ E_k ± μ_{iα} and E_k = √ k^2 + m^2. The four projectors P^{(I)} (with I = 1, . . . , 4) in the 6- dimensional color-flavor space are defined as follows: ( P^{(1)} )_{αβ} ij = (δ^{αβ} − δ^{αb}δ^{βb})δ_{iu}δ_{ju}, (21a) ( P^{(2)} )_{αβ} ij = (δ^{αβ} − δ^{αb}δ^{βb})δ_{id}δ_{jd}, (21b) ( P^{(3)} )_{αβ} ij = δ^{αb}δ^{βb}δ_{iu}δ_{ju}, (21c) ( P^{(4)} )_{αβ} ij = δ^{αb}δ^{βb}δ_{id}δ_{jd}. (21d)

It is not difficult to see that P^{(1)} projects out the red up and the green up quarks, and P^{(2)} projects out the red down and the green down quarks. The projectors P^{(3)} and P^{(4)} project out the blue up and the blue down quarks, respectively. In Eq. (20), we also introduced the energy projectors,

Λ^±_k = 1 2 ( 1 ± γ^0 γ · k + m E_k ) . (22)

These projectors satisfy the following relations [43]:

γ^0Λ^±_k γ^0 = Λ̃^∓_k , (23a) γ^5Λ^±_k γ^5 = Λ̃^±_k , (23b) where

Λ̃^±_k = 1 2 ( 1 ± γ^0 γ · k − m E_k ) (24)

is an alternative set of energy projectors. In the chiral limit, the two sets of projectors in Eqs. (22) and (24) coincide.

The full quark propagator in a color superconducting phase takes the following form:

[S(K)]^{−1} = ( [ G^+_0 (K) ]_{−1} Δ^− Δ^+ [ G^−_0 (K) ]_{−1} ) , (25)

with Δ^− = −iϵ^bεγ^5Δ, (26a) Δ^+ ≡ γ^0 ( Δ^− )_† γ^0 = −iϵ^bεγ^5Δ^∗, (26b)

where ϵ^b is the antisymmetric tensor in the color subspace spanned by the red and green colors, while ε is the antisymmetric tensor in the flavor space. The value of the gap parameter Δ is determined from an appropriate gap equation, while the values of the chemical potentials μ_e and μ_8 are determined from charge neutrality conditions [9, 10, 11, 13, 14, 39, 40, 41]. The explicit form of the gap equation and the neutrality conditions is not important for the purposes of this paper.

From Eq. (25), we obtain S = ( G^+ Ξ^− Ξ^+ G^− ) , (27)

where

G^± = [( G^±_0 )_{−1} − Δ^∓G^∓_0 Δ^± ]_{−1} , (28a) Ξ^± = −G^∓_0 Δ^±G^±, (28b) with the free quark propagators

G^±_0 = γ^0 [ Λ̃^+_k k_0 + E^±_{ur} + Λ̃^−_k k_0 − E^∓_{ur} ] P^{(1)} + γ^0 [ Λ̃^+_k k_0 + E^±_{dg} + Λ̃^−_k k_0 − E^∓_{dg} ] P^{(2)}

+ γ^0 [ Λ̃^+_k k_0 + E^±_{ub} + Λ̃^−_k k_0 − E^∓_{ub} ] P^{(3)} + γ^0 [ Λ̃^+_k k_0 + E^±_{db} + Λ̃^−_k k_0 − E^∓_{db} ] P^{(4)}, (29)

obtained from Eq. (20). By making use of the following relations:

εP^{(1)}ε = −P^{(2)}, ϵ^bP^{(1)}ϵ^b = −P^{(1)}, (30a) εP^{(2)}ε = −P^{(1)}, ϵ^bP^{(2)}ϵ^b = −P^{(2)}, (30b) εP^{(3)}ε = −P^{(4)}, ϵ^bP^{(3)}ϵ^b = 0, (30c) εP^{(4)}ε = −P^{(3)}, ϵ^bP^{(4)}ϵ^b = 0, (30d) one can derive an explicit form of the Nambu-Gorkov components of the full propagator,

G^± = 4∑ I=1 G^±_I P^{(I)}, (31a)

Ξ^± = Ξ^±_{12}ϵ^bP^{(1)}εP^{(2)} + Ξ^±_{21}ϵ^bP^{(2)}εP^{(1)}. (31b)

The explicit form of the functions G^±_I and Ξ^±_{IJ} reads

G^±_1 = k_0 − E^±_{dg} (k_0 ∓ δμ)^2 − E^±_Δ^2 γ^0Λ̃^+_k + k_0 + E^∓_{dg} (k_0 ∓ δμ)^2 − E^∓_Δ^2 γ^0Λ̃^−_k , (32a)

G^±_2 = k_0 − E^±_{ur} (k_0 ± δμ)^2 − E^±_Δ^2 γ^0Λ̃^+_k + k_0 + E^∓_{ur} (k_0 ± δμ)^2 − E^∓_Δ^2 γ^0Λ̃^−_k , (32b)

G^±_3 = 1 k_0 + E^±_{bu} γ^0Λ̃^+_k + 1 k_0 − E^∓_{bu} γ^0Λ̃^−_k , (32c)

G^±_4 = 1 k_0 + E^±_{bd} γ^0Λ̃^+_k + 1 k_0 − E^∓_{bd} γ^0Λ̃^−_k , (32d) and Ξ^±_{12} = −iΔ ( 1 (k_0 ± δμ)^2 − E^±_Δ^2 γ^5Λ̃^+_k + 1 (k_0 ± δμ)^2 − E^∓_Δ^2 γ^5Λ̃^−_k ) , (33a)

Ξ^±_{21} = −iΔ ( 1 (k_0 ∓ δμ)^2 − E^±_Δ^2 γ^5Λ̃^+_k + 1 (k_0 ∓ δμ)^2 − E^∓_Δ^2 γ^5Λ̃^−_k ) , (33b)

where the following notation was used:

E^±_k ≡ E_k ± μ̄, (34a) E^±_{Δ,k} ≡ √ (E^±_k )^2 + Δ^2, (34b) μ̄ ≡ μ_{ur} + μ_{dg} 2 = μ_{ug} + μ_{dr} 2 = μ − μ_e 6 + μ_8 3 , (34c) δμ ≡ μ_{dg} − μ_{ur} 2 = μ_{dr} − μ_{ug} 2 = μ_e 2 . (34d)

In the following sections, we use the full quark propagator in Eq. (27) to construct the polarization tensor for the gauge fields.

IV. POLARIZATION TENSOR IN DENSE QUARK MATTER

In dense quark matter, screening effects play a very important role at length scales larger than the average distance between quarks. In the normal phase, for example, the main effects are the Debye screening and the Landau damping. These are the properties that can be extracted from the behavior of the polarization tensor. The polarization tensor in dense matter is given by the so-called hard dense loop (HDL) approximation [44, 45]. This approximation results from taking into account only the dominant one-loop quark contribution in which the internal quark momenta are hard (i.e., typical momenta are of order μ). The density of quark states with hard momenta is proportional to μ^2 (i.e., the density of states at the Fermi surface). Because of this large density of states, the quark HDL contribution is large compared to the contributions from the gluon and the ghost loops. Therefore, the gluon and the ghost contributions are not included in the HDL approximation.

In the 2SC/g2SC phase of dense quark matter, the polarization tensor is given approximately by the following one-loop expression [29, 30]:

Π^{μν}_{AB} (P ) = 1 2 T V ∑ K Tr_{D,c,f,NG} [ Γ̂^μ_AS(K)Γ̂^ν_B S(K − P ) ] , (35) where the trace runs over the Dirac, color, flavor, and Nambu-Gokov indices. The gluon part (A, B = 1, . . ., 8) of this polarization tensor reduces to the standard HDL result in the normal phase (Δ = 0),

Π^{μν,ab}_{HDL} (P ) =

4α_sμ^2 π δ^{ab} { u^μu^νQ ( p_0 p ) − 1 2 ( g^{μν} − u^μu^ν + p^μp^ν p^2 ) [ 1 + p^2 − p^2_0

p^2 Q ( p_0 p )]

+ p^μp^ν p^2 p^2_0 p^2 Q ( p_0 p ) + p_0 p ( u^μ p^ν p + p^μ p u^ν ) Q ( p_0 p ) } , (36)

where α_s = g^2/4π, and Q (x) ≡ − 1 2 ∫_1 0 dξ ( ξ ξ + x − iε + ξ ξ − x − iε ) = x 2 ln | | | | 1 + x 1 − x | | | | − 1 − i π 2 |x|θ(1 − x^2). (37)

In the static limit (p_0 = 0), we obtain Q(0) = −1, and the polarization tensor becomes

Π^{μν,ab}_{HDL} (0, p) = −

4α_sμ^2 π δ^{ab}u^μu^ν . (38)

This gluon polarization tensor describes the static screening of quark color charges at large distances in the normal phase of dense quark matter. By comparing with Eqs. (10) and (11), we derive the corresponding expression for the Debye screening mass,

m^2_D =

4α_sμ^2 π . (39)

As it should be, the Meissner screening mass is zero in the normal phase.

V. GLUONS WITH A = 1, 2, 3

In this section, we start with the screening properties of the A = 1, 2, 3 gluons. These are the gluons of the unbroken SU (2)_c subgroup which couple only to the red and green quarks. The corresponding expression for the polarization tensor is diagonal, Π^{μν}_{AB} (P ) ≡ δ_{AB} Π^{μν}_{11} (P ). After performing the traces over the color, flavor and Nambu-Gorkov indices, we arrive at

Π^{μν}_{11} (P ) = g^2T 4 ∑ n ∫ d^3k (2π)^3

Tr_D [ γ^μG^+_1 (K)γ^ν G^+_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_1 (K^′)

+ γ^μG^+_2 (K)γ^ν G^+_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_2 (K^′) + γ^μΞ^−_{12}(K)γ^ν Ξ^+_{21}(K^′) + γ^μΞ^+_{12}(K)γ^ν Ξ^−_{21}(K^′) + γ^μΞ^−_{21}(K)γ^ν Ξ^+_{12}(K^′) + γ^μΞ^+_{21}(K)γ^ν Ξ^−_{12}(K^′) ] , (40)

where T is the temperature and K^′ ≡ K − P . Here we use the imaginary time formalism, and the energy integration is replaced by the sum over the fermionic Matsubara frequencies ω_n ≡ πT (2n + 1). The explicit expressions for the components G^±_I and Ξ^±_{IJ} of the quark propagator are given in Eqs. (32) and (33). After the summation over the Matsubara frequencies, we obtain the result in the following form:

Π^{μν}_{11} (P ) = πα_s ∫ d^3k (2π)^3 [( C^{11}_{++} + C^{22}_{++} ) T^{μν}_{++} + ( C^{11}_{−−} + C^{22}_{−−} ) T^{μν}_{−−} + ( C^{11}_{+−} + C^{22}_{+−} ) T^{μν}_{+−} + ( C^{11}_{−+} + C^{22}_{−+} ) T^{μν}_{−+} + ( C^{12}_{++} + C^{21}_{++} ) U^{μν}_{++} + ( C^{12}_{−−} + C^{21}_{−−} ) U^{μν}_{−−} + ( C^{12}_{+−} + C^{21}_{+−} ) U^{μν}_{+−} + ( C^{12}_{−+} + C^{21}_{−+} ) U^{μν}_{−+} ] . (41)

In this expression, we introduced the following notation for the two types of Dirac traces:

T^{μν}_{e1e2} = Tr_D[γ^μγ^0Λ̃^{e1}_k γ^ν γ^0Λ̃^{e2}_{k′} ], (42a) U^{μν}_{e1e2} = Tr_D[γ^μγ^5Λ̃^{e1}_k γ^ν γ^5Λ̃^{e2}_k′ ], (42b) with e_1, e_2 = ±. To leading order in 1/μ, the results for these traces are given in Eqs. (A1)–(A4) in Appendix A. The expressions for the coefficient functions C^{IJ}_{±±} at zero and nonzero temperatures are given in Appendix B 1.

We write the integral over the three-momentum in Eq. (41) as ∫ d^3k = ∫ dk 4π^2 k^2

∫_1 −1 dξ ∫_{2π} 0 dϕ 2π , (43)

where ϕ is the polar angle and ξ is the cosine of the angle between the three-momenta k and p. After performing the integral over the polar angle ϕ, see Eqs. (A5) and (A6), the corresponding traces in the integrand can be replaced by the following angular averaged expressions: T^{μν}_{±±} → 2u^μu^ν ∓ 2ξ u^μp^ν + p^μu^ν p − (1 − ξ^2)(g^{μν} − u^μu^ν) − (1 − 3ξ^2) p^μp^ν p^2

, (44a)

T^{μν}_{±∓} → −(1 + ξ^2)(g^{μν} − u^μu^ν) + (1 − 3ξ^2) p^μp^ν p^2

, (44b)

U^{μν}_{±±} → −(1 + ξ^2)(g^{μν} − u^μu^ν) + (1 − 3ξ^2) p^μp^ν p^2

, (44c)

U^{μν}_{±∓} → −2u^μu^ν − (1 − ξ^2)(g^{μν} − u^μu^ν) − (1 − 3ξ^2) p^μp^ν p^2 ∓ 2ξ u^μp^ν − p^μu^ν p . (44d)

Now we would like to note that there are two different types of coefficient functions in Eq. (41). The coefficients C^{11}_{±±}, C^{22}_{±±}, C^{12}_{±∓} and C^{21}_{±∓} originate from particle-hole and antiparticle-antiparticle loops. In the leading order approximation, we drop the antiparticle-antiparticle contributions to the polarization tensor. These are suppressed by an inverse power of the quark chemical potential. In addition, in the static long wavelength limit (p_0 = 0 and p → 0), the particle-hole contributions simplify considerably. The approximate expressions read C^{11}_{±±} ≃ − Δ^2 4(E^−_{Δ,k})^3 [1 − θ(−E^−_{Δ,k} + δμ)] − δ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k})^2 + (E^−_k )^2 − 2E^−_{Δ,k}E^−_k

4(E^−_{Δ,k})^2

, (45a)

C^{22}_{±±} ≃ − Δ^2 4(E^−_{Δ,k})^3 [1 − θ(−E^−_{Δ,k} + δμ)] − δ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k})^2 + (E^−_k )^2 + 2E^−_{Δ,k}E^−_k

4(E^−_{Δ,k})^2

, (45b)

C^{12}_{±∓} = C^{21}_{±∓} ≃ −

Δ^2 4(E^−_{Δ,k})^3 [1 − θ(−E^−_{Δ,k} + δμ)] + δ(−E^−_{Δ,k} + δμ) Δ^2 4(E^−_{Δ,k})^2

. (45c)

Here we neglected the corrections due to nonzero quark masses. This is justified if the shift of the quark Fermi momenta due to such masses is small, i.e., m^2/μ ≪ δμ. We also used the following relations valid when p → 0: k^′ = |k − p| ≃ k − pξ, (46a) E^±_k′ ≃ E^±_k − k E_k pξ, (46b) E^±_{Δ,k′} ≃ E^±_{Δ,k} − k E_k E^±_k E^±_{Δ,k} pξ, (46c) θ(−E^−_{Δ,k}′ + δμ) ≃ θ(−E^−_{Δ,k} + δμ) + δ(−E^−_{Δ,k} + δμ) k E_k E^−_k E^−_{Δ,k} pξ. (46d) As is easy to check, the terms with the θ- and δ-functions in Eq. (45) contribute only in the g2SC phase when Δ < δμ (this also includes the normal phase as a limiting case with Δ = 0).

Now, the coefficients C^{11}_{±∓}, C^{22}_{±∓}, C^{12}_{±±} and C^{21}_{±±} are made of particle-antiparticle loops only. Their contributions to the polarization tensor are not negligible although they are formally suppressed by an inverse power of the quark chemical potential. In fact, the corresponding contributions are ultraviolet divergent. The divergences are removed by subtractions of the corresponding vacuum terms. One can also check that a nonzero gap parameter (Δ ≪ μ) leads only to a small correction to these particle-antiparticle contributions. Thus, we approximate the corresponding coefficient functions as follows:

C^{11}_{±∓} ≃ C^{22}_{±∓} ≃ − |k − μ̄| + k − μ̄ |k − μ̄|(k + μ̄ + |k − μ̄|) + 1 k , (47a)

C^{12}_{±±} = C^{21}_{±±} ≃ 0. (47b)

While the traces in Eq. (44) depend on the angular coordinate ξ, the approximate coefficient functions C^{IJ}_{±±} in Eqs. (45) and (47) do not. Therefore, the corresponding angular integration in Eq. (41) can be easily performed, ∫_1 −1 dξ T^{μν}_{±±} = 4u^μu^ν − 4 3 (g^{μν} − u^μu^ν), (48a) ∫_1 −1 dξ T^{μν}_{±∓} = − 8 3 (g^{μν} − u^μu^ν ), (48b) ∫_1 −1 dξ U^{μν}_{±±} = − 8 3 (g^{μν} − u^μu^ν ), (48c) ∫_1 −1 dξ U^{μν}_{±∓} = −4u^μu^ν − 4 3 (g^{μν} − u^μu^ν ). (48d)

The results on the right hand side are independent of the momentum p. Therefore, in order to derive the final expression for the polarization tensor, we need to calculate only the following momentum integrals: ∫ dkk^2C^{11,22}_{±±} ≃ − 1 2 μ̄^2 [ 1 + δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] , (49a) ∫ dkk^2C^{12,21}_{±∓} ≃ − 1 2 μ̄^2 [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] , (49b) ∫ dkk^2C^{11,22}_{±∓} ≃ 1 2 μ̄^2, (49c) ∫ dkk^2C^{12,21}_{±±} ≃ 0. (49d)

The details of the calculation are given in Appendix C 1. Note that, in the 2SC phase when δμ < Δ, the contributions from the normal (C^{11,22}_{±±} ) and abnormal (C^{12,21}_{±∓} ) quark loops are equal, see Eqs. (49a) and (49b). The additional contributions in the g2SC phase have equal absolute values but differ in sign. As for the particle-antiparticle quark loop, only the normal (C^{11,22}_{±∓} ) contribution is nonvanishing.

By substituting the results in Eqs. (48) and (49) into Eq. (41), we derive the following expression for the polarization tensor Π^{μν}_{11} :

Π^{μν}_{11} (0) ≃ 4α_s 3π ∫ dkk^2 [ 3 ( C^{11}_{++} − C^{12}_{+−} ) u^μu^ν − ( C^{11}_{++} + 2C^{11}_{+−} + C^{12}_{+−} ) (g^{μν} − u^μu^ν) ]

≃ − 4α_sμ̄^2 π δμ √ δμ^2 − Δ^2 θ(δμ − Δ)u^μu^ν. (50) Only the 00-component of this polarization tensor is nonzero. This component determines the Debye screening mass,

m^2_{D,11} ≡ −Π^{00}_{11}(0) ≃

4α_sμ̄^2 π δμ √ δμ^2 − Δ^2 θ(δμ − Δ). (51) In the 2SC phase (Δ > δμ), where there are no gapless excitations charged with respect to the unbroken SU (2)_c subgroup, this screening mass is identically zero [29]. In contrast, it is nonzero in the g2SC phase (Δ < δμ). In fact, its value is proportional to the density of the gapless quasiparticle states.

As for the Meissner screening mass, its value vanishes in the 2SC phase as well as in the g2SC phase,

m^2_{M,11} ≡ − 1 2 lim_{p→0} ( g_{ij} + p_ip_j p^2 ) Π^{ij}_{11}(0, p) ≃ 0. (52)

VI. 8TH GLUON, PHOTON AND THE GLUON-PHOTON MIXING

In the 2SC/g2SC phase, the diquark condensate breaks the gauge symmetry SU (3)_c ×U (1)_{em} down to the SU (2)_c × Ũ (1)_{em} subgroup. The structure of the condensate in the ground is such that the 8th gluon and the photon mix. The new medium fields are given by the following linear combinations of the vacuum fields [46]:

Ã^8_μ = A^8_μ cos φ + A^γ_μ sin φ, (53a) Ã^γ_μ = A^γ_μ cos φ − A^8_μ sin φ, (53b)

where the mixing angle φ is determined from the structure of the condensate by using simple group-theoretical arguments,

cos φ = √ 3α_s 3α_s + α

, (54a)

sin φ = √ α 3α_s + α

. (54b)

The generator of the medium (low-energy) electromagnetism Ũ (1)_{em} is defined as follows: Q̃ = Q −^{1√}_3 T_8.

The 8th gluon can probe the Cooper-paired red and green quarks, as well as the unpaired blue quarks. After the traces over the color, the flavor and the Nambu-Gorkov indices are performed, the polarization tensor for the 8th gluon can be expressed as

Π^{μν}_{88} (P ) = 1 3 Π̃^{μν}_{88} (P ) + 2 3 Π^{μν}_{88,b}(P ), (55a)

Π̃^{μν}_{88} (P ) = g^2T 4 ∑ n ∫ d^3k (2π)^3

Tr_D [ γ^μ G^+_1 (K)γ^ν G^+_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_1 (K^′)

+ γ^μ G^+_2 (K)γ^ν G^+_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_2 (K^′) − γ^μ Ξ^−_{12}(K)γ^ν Ξ^+_{21}(K^′) − γ^μΞ^+_{12}(K)γ^ν Ξ^−_{21}(K^′) − γ^μ Ξ^−_{21}(K)γ^ν Ξ^+_{12}(K^′) − γ^μΞ^+_{21}(K)γ^ν Ξ^−_{12}(K^′) ] , (55b)

Π^{μν}_{88,b}(P ) = g^2T 4 ∑ n ∫ d^3k (2π)^3

Tr_D [ γ^μ G^+_3 (K)γ^ν G^+_3 (K^′) + γ^μG^−_3 (K)γ^ν G^−_3 (K^′)

+ γ^μ G^+_4 (K)γ^ν G^+_4 (K^′) + γ^μG^−_4 (K)γ^ν G^−_4 (K^′) ] . (55c)

Note that the contribution Π̃^{μν}_{88} of paired quarks, up to a sign in front of the contribution from the abnormal quark loops, is the same as the expression for Π^{μν}_{11} in Eq. (40). Therefore, by following the same steps as in the previous section, we easily derive the result

Π̃^{μν}_{88} (0) ≃ 4α^s 3π ∫ dkk^2 [ 3 ( C^{11}_{++} + C^{12}_{+−} ) u^μu^ν − ( C^{11}_{++} + 2C^{11}_{+−} − C^{12}_{+−} ) (g^{μν} − u^μu^ν) ]

≃ − 4α_sμ̄^2 π u^μu^ν − 4α_sμ̄^2 3π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν ) , (56)

[c.f. Eq. (50)]. The unpaired blue quarks give the standard normal phase HDL contribution Π^{μν}_{88,b}(P ) ≡ Π^{μν}_{HDL}(P ), see Eq. (36). In the static (p_0 = 0) long-wavelength (p → 0) limit, this leads to the following result:

Π^{μν}_{88,b}(0) = − 4α_s π μ̄^2u^μu^ν. (57)

Thus, the final result for the polarization tensor of the 8th gluon reads

Π^{μν}_{88} (0) ≃ −

4α_sμ̄^2 π u^μu^ν − 4α_sμ̄^2 9π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν) . (58)

Because of the symmetry considerations, one should expect a nontrivial gluon-photon mixing in the ground state. So, we proceed to the calculation of the photon polarization tensor. The general expression for this tensor is

Π^{μν}_{99} (P ) = 1 2 Π̃^{μν}_{99} (P ) + 1 2 Π^{μν}_{99,b}(P ), (59a)

Π̃^{μν}_{99} (P ) = 2e^2T 9 ∑ n ∫ d^3k

(2π)^3

Tr_D { 4 [ γ^μG^+_1 (K)γ^ν G^+_1 (K^′) + γ^μ G^−_1 (K)γ^ν G^−_1 (K^′) ]

+ γ^μ G^+_2 (K)γ^ν G^+_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_2 (K^′) + 2 [ γ^μΞ^−_{12}(K)γ^ν Ξ^+_{21}(K^′) + γ^μΞ^+_{12}(K)γ^ν Ξ^−_{21}(K^′) ] + 2 [ γ^μΞ^−_{21}(K)γ^ν Ξ^+_{12}(K^′) + γ^μΞ^+_{21}(K)γ^ν Ξ^−_{12}(K^′) ]} , (59b)

Π^{μν}_{99,b}(P ) = e^2T 9 ∑ n ∫ d^3k

(2π)^3

Tr_D { 4 [ γ^μG^+_3 (K)γ^ν G^+_3 (K^′) + γ^μG^−_3 (K)γ^ν G^−_3 (K^′) ]

+ γ^μ G^+_4 (K)γ^ν G^+_4 (K^′) + γ^μG^−_4 (K)γ^ν G^−_4 (K^′) } . (59c)

Let us first start with the contribution of the unpaired blue quarks Π^{μν}_{99,b}(P ). This is proportional to the standard

HDL result, Π^{μν}_{99,b}(P ) = (10α/9α_s)Π^{μν}_{HDL}(P ) where α ≡ e^2/4π is the fine structure constant and Π^{μν}_{HDL}(P ) is given in Eq. (36). At p_0 = 0 and p → 0, we arrive at

Π^{μν}_{99,b}(0) = − 40α 9π μ̄^2u^μu^ν . (60)

To calculate the contribution of the paired quarks Π̃^{μν}_{99} (P ), we use the same approach as in the previous section. After performing the Matsubara frequency summation, we obtain the following representation:

Π̃^{μν}_{99} (P ) = 8πα 9 ∫ d^3k

(2π)^3 [( 4C^{11}_{++} + C^{22}_{++} ) T^{μν}_{++} + ( 4C^{11}_{−−} + C^{22}_{−−} ) T^{μν}_{−−} + ( 4C^{11}_{+−} + C^{22}_{+−} ) T^{μν}_{+−} + ( 4C^{11}_{−+} + C^{22}_{−+} ) T^{μν}_{−+} + 2 ( C^{12}_{++} + C^{21}_{++} ) U^{μν}_{++} + 2 ( C^{12}_{−−} + C^{21}_{−−} ) U^{μν}_{−−} + 2 ( C^{12}_{+−} + C^{21}_{+−} ) U^{μν}_{+−} + 2 ( C^{12}_{−+} + C^{21}_{−+} ) U^{μν}_{−+} ] . (61)

By substituting the results in Eqs. (48) and (49) into Eq. (61), we derive the following expression for the polarization tensor Π̃^{μν}_{99} in the static long-wavelength limit:

Π̃^{μν}_{99} (0) ≃ 16α 27π ∫ dkk^2 [ 3 ( 5C^{11}_{++} − 4C^{12}_{+−} ) u^μu^ν − ( 5C^{11}_{++} + 10C^{11}_{+−} + 4C^{12}_{+−} ) (g^{μν} − u^μu^ν ) ]

≃ − 8αμ̄^2 9π [ 1 + 9δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] u^μu^ν − 8αμ̄^2 27π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν ) . (62)

By combining the results in Eqs. (60) and (62), we obtain the expression for the photon polarization tensor

Π^{μν}_{99} (0) ≃ −

8αμ̄^2 3π [ 1 + 3δμ θ(δμ − Δ) 2 √ δμ^2 − Δ^2 ] u^μu^ν − 4αμ̄^2 27π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν ) . (63)

Now, we calculate the gluon-photon mixed components of the polarization tensor. The corresponding expression is given by

Π^{μν}_{89} (P ) = Π^{μν}_{98} (P ) = 1 2 Π̃^{μν}_{89} (P ) + 1 2 Π^{μν}_{89,b}(P ), (64a)

Π̃^{μν}_{89} (P ) = egT 3 √ 3 ∑ n ∫ d^3k

(2π)^3

Tr_D { 2 [ γ^μG^+_1 (K)γ^ν G^+_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_1 (K^′) ]

− γ^μG^+_2 (K)γ^ν G^+_2 (K^′) − γ^μG^−_2 (K)γ^ν G^−_2 (K^′)

+ γ^μΞ^−_{12}(K)γ^ν Ξ^+_{21}(K^′) + γ^μΞ^+_{12}(K)γ^ν Ξ^−_{21}(K^′) − 2 [ γ^μΞ^−_{21}(K)γ^ν Ξ^+_{12}(K^′) + γ^μΞ^+_{21}(K)γ^ν Ξ^−_{12}(K^′) ]} , (64b)

Π^{μν}_{89,b}(P ) = egT 3 √ 3 ∑ n ∫ d^3k

(2π)^3

Tr_D { −2 [ γ^μG^+_3 (K)γ^ν G^+_3 (K^′) + γ^μG^−_3 (K)γ^ν G^−_3 (K^′) ]

+ γ^μG^+_4 (K)γ^ν G^+_4 (K^′) + γ^μG^−_4 (K)γ^ν G^−_4 (K^′) } . (64c)

The contribution of the unpaired blue quarks is proportional to the HDL expression,

Π^{μν}_{89,b}(P ) = − 2 3 √ α 3α_s Π^{μν}_{HDL}(P ), (65)

with Π^{μν}_{HDL}(P ) defined in Eq. (36). At p_0 = 0 and p → 0, we obtain

Π^{μν}_{89,b}(0) = 8 √ αα_s 3 √ 3π μ̄^2u^μu^ν . (66)

To calculate the contribution of the paired quarks, Π̃^{μν}_{89} , we first perform the Matsubara frequency summation. The result is

Π̃^{μν}_{89} (P ) = 4π √ αα_s 3 √ 3 ∫ d^3k

(2π)^3 [( 2C^{11}_{++} − C^{22}_{++} ) T^{μν}_{++} + ( 2C^{11}_{−−} − C^{22}_{−−} ) T^{μν}_{−−} + ( 2C^{11}_{+−} − C^{22}_{+−} ) T^{μν}_{+−} + ( 2C^{11}_{−+} − C^{22}_{−+} ) T^{μν}_{−+} + ( C^{12}_{++} − 2C^{21}_{++} ) U^{μν}_{++} + ( C^{12}_{−−} − 2C^{21}_{−−} ) U^{μν}_{−−} + ( C^{12}_{+−} − 2C^{21}_{+−} ) U^{μν}_{+−} + ( C^{12}_{−+} − 2C^{21}_{−+} ) U^{μν}_{−+} ] . (67)

By substituting the results in Eqs. (48) and (49) into Eq. (67), we get the following expression for the polarization tensor Π̃^{μν}_{89} in the static long-wavelength limit:

Π̃^{μν}_{89} (0) ≃ 8 √ αα_s 9 √ 3π ∫ dkk^2 [ 3 ( C^{11}_{++} + C^{12}_{+−} ) u^μu^ν − ( C^{11}_{++} + 2C^{11}_{+−} − C^{12}_{+−} ) (g^{μν} − u^μu^ν) ]

≃ − 8 √ αα_sμ̄^2 3 √ 3π u^μu^ν − 8 √ αα_sμ̄^2 9 √ 3π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν ) , (68)

[c.f. Eq. (56)]. By substituting the results in Eqs. (66) and (68) into Eq. (64a), we obtain the expression for the mixed components of the polarization tensor

Π^{μν}_{89} (0) ≃ − 4 √ αα_sμ̄^2 9 √ 3π [ 1 − δμ θ(δμ − Δ) √ δμ^2 − Δ^2 ] (g^{μν} − u^μu^ν) . (69)

It is important to emphasize that the explicit result for the electrical 00-component of this mixing gluon-photon polarization tensor is vanishing at p_0 = 0 and p → 0. This is similar to the ideal 2SC case considered in Ref. [30]. (Because of this, one should be careful when interpreting the results for the Debye screening masses in a different basis of gauge fields [47].) The expressions for the Debye screening masses read

m^2_{D,88} =

4α_sμ̄^2 π , (70a) m^2_{D,γγ} = 8αμ̄^2 3π ( 1 + 3δμ θ(δμ − Δ) 2 √ (δμ)^2 − Δ^2 ) . (70b)

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

m^2_{M,88} =

4α_sμ̄^2 9π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (71a)

m^2_{M,γγ} = 4αμ̄^2 27π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (71b)

m^2_{M,8γ} = 4 √ αα_sμ̄^2 9 √ 3π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (71c) and m^2_{M,γ8} = m^2_{M,8γ} . The mixing disappears in the basis of the fields in Eq. (53). The Meissner screening mass for the ~8th gluon field is

m^2_{M,~8~8} =

4(3α_s + α)μ̄^2 27π ( 1 − δμ θ(δμ − Δ) √ (δμ)^2 − Δ^2 ) , (72)

and the Meissner screening mass for the medium photon γ̃ is vanishing, m^2_{M,γ̃γ̃} = 0. This is consistent with the absence of the Meissner effect for the unbroken Ũ(1)_{em}.

As is easy to see from Eq. (72), the medium modified ~8th gluon has a chromomagnetic instability in the gapless 2SC phase. This is because the Meissner screening mass squared is negative when 0 < Δ/δμ < 1.

VII. GLUONS WITH A = 4, 5, 6, 7

After performing the traces over the color, the flavor and the Nambu-Gorkov indices, the diagonal components of the polarization tensor Π^{μν}_{AB} (P ) with A = B = 4, 5, 6, 7 have the form

Π^{μν}_{44} (P ) = g^2T 8 ∫ d^3k (2π)^3

Tr_D [ γ^μG^+_3 (K)γ^ν G^+_1 (K^′) + γ^μG^+_1 (K)γ^ν G^+_3 (K^′)

+ γ^μG^+_4 (K)γ^ν G^+_2 (K^′) + γ^μG^+_2 (K)γ^ν G^+_4 (K^′) + γ^μG^−_3 (K)γ^ν G^−_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_3 (K^′) + γ^μG^−_4 (K)γ^ν G^−_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_4 (K^′) ] . (73) [Note that Π^{μν}_{44} (P ) = Π^{μν}_{55} (P ) = Π^{μν}_{66} (P ) = Π^{μν}_{77} (P ).] Apart from the diagonal elements, there are also nonzero off-diagonal elements, Π^{μν}_{45} (P ) = −Π^{μν}_{54} (P ) = Π^{μν}_{67} (P ) = −Π^{μν}_{76} (P ) = iΠ̂^{μν} (P ), (74) with

Π̂^{μν} (P ) = g^2T 8 ∫ d^3k (2π)^3

Tr_D [ γ^μG^+_3 (K)γ^ν G^+_1 (K^′) − γ^μG^+_1 (K)γ^ν G^+_3 (K^′)

+ γ^μG^+_4 (K)γ^ν G^+_2 (K^′) − γ^μG^+_2 (K)γ^ν G^+_4 (K^′) − γ^μG^−_3 (K)γ^ν G^−_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_3 (K^′) − γ^μG^−_4 (K)γ^ν G^−_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_4 (K^′) ] , (75) The off-diagonal components of the gluon self-energy in Eq. (74) are nonzero in general. The physical gluon fields in the 2SC/g2SC phase are the following linear combinations: Ã^μ_{4,5} = (A^μ_4 ± iA^μ_5 )/ √ 2 and Ã^μ_{6,7} = (A^μ_6 ± iA^μ_7 )/ √ 2 [29]. These new fields, Ã^μ_{4,6} and Ã^μ_{7,5}, describe two pairs of massive vector particles with well defined electomagnetic charges, Q̃ = ±1. The components of the polarization tensor in the new basis read Π̃^{μν}_{44} (P ) = Π̃^{μν}_{66} (P ) = Π^{μν}_{44} (P ) + Π̂^{μν} (P ) = g^2T 4 ∫ d^3k (2π)^3

Tr_D [ γ^μG^+_3 (K)γ^ν G^+_1 (K^′) + γ^μG^−_1 (K)γ^ν G^−_3 (K^′)

+γ^μG^+_4 (K)γ^ν G^+_2 (K^′) + γ^μG^−_2 (K)γ^ν G^−_4 (K^′) ] , (76a) and Π̃^{μν}_{55} (P ) = Π̃^{μν}_{77} (P ) = Π^{μν}_{44} (P ) − Π̂^{μν} (P ) = g^2T 4 ∫ d^3k (2π)^3

Tr_D [ γ^μG^+_1 (K)γ^ν G^+_3 (K^′) + γ^μG^−_3 (K)γ^ν G^−_1 (K^′)

+γ^μG^+_2 (K)γ^ν G^+_4 (K^′) + γ^μG^−_4 (K)γ^ν G^−_2 (K^′) ] . (76b) After Matsubara frequency summation, the polarization tensors can be written in the following form:

Π̃^{μν}_{44} (P ) = πα_s ∫ d^3k (2π)^3 [ C^{44}_{++}T^{μν}_{++} + C^{44}_{−−}T^{μν}_{−−} + C^{44}_{+−}T^{μν}_{+−} + C^{44}_{−+}T^{μν}_{−+} ] , (77a)

Π̃^{μν}_{55} (P ) = πα_s ∫ d^3k (2π)^3 [ C^{55}_{++}T^{μν}_{++} + C^{55}_{−−}T^{μν}_{−−} + C^{55}_{+−}T^{μν}_{+−} + C^{55}_{−+}T^{μν}_{−+} ] . (77b)

The explicit expressions for the coefficient functions C^{44,55}_{±±} and C^{44,55}_{±∓} at zero and nonzero temperatures are given in Appendix B 2. Here we quote only the approximate zero temperature results at p_0 = 0 and p → 0. The particle-hole contributions are C^{44,55}_{±±} ≃ − 1 E^−_{Δ,k} E^−_{Δ,k} − E^−_k E^−_{Δ,k} + E^−_{b,k} − [ θ(−E^−_{bu,k}) + θ(−E^−_{bd,k}) ] E^−_{b,k} + E^−_k (E^−_{Δ,k})^2 − (E^−_{b,k})^2 + θ(−E^−_{Δ,k} + δμ) E^−_{Δ,k} (E^−_{Δ,k})^2 + E^−_k E^−_{b,k} (E^−_{Δ,k})^2 − (E^−_{b,k})^2

, (78)

and the particle-antiparticle contributions are

C^{44,55}_{±∓} ≃ −2 ( |k − μ̄| + k − μ̄ |k − μ̄|(k + μ̄_b + |k − μ̄|) − 1 k ) , (79)

where E^±_{b,k} ≡ E_k ± μ̄_b and μ̄_b = μ̄ − μ_8. The vacuum contribution was subtracted in Eq. (79) in order to remove ultraviolet divergences in the polarization tensor.

To proceed, we need to calculate the following two types of momentum integrals (for the details of the calculation see Appendix C 2): ∫ dkk^2C^{44,55}_{±±} ≃ −2μ̄^2 1 − Δ^2 4μ^2_8 ln ( Δ^2 + μ^2_8

)_2

− 4 (μ_8δμ)^2 Δ^4 − Δ^2 4μ^2_8 ln Δ^4 − μ^2_8 ( δμ − √ δμ^2 − Δ^2

)_2

Δ^4 − μ^2_8 ( δμ + √ δμ^2 − Δ^2

)_2 θ (δμ − Δ)

≈ −2μ̄^2 [ Δ^2 + 2(δμ)^2 2Δ^2 − δμ √ δμ^2 − Δ^2 Δ^2 θ (δμ − Δ) ] , for μ_8 → 0, (80a) and ∫ dkk^2C^{44,55}_{±∓} ≃ μ̄^2. (80b)

By substituting the results in Eqs. (48) and (80) into Eq. (77), we derive expressions for the polarization tensors Π̃^{μν}_{44,55} in the static long-wavelength limit:

Π̃^{μν}_{44} (0) ≃ Π̃^{μν}_{55} (0) = 2α^s 3π ∫ dkk^2 [ 3C^{44}_{++}u^μu^ν − ( C^{44}_{++} + 2C^{44}_{+−} ) (g^{μν} − u^μu^ν) ]

= − 4α_sμ̄^2 π 1 − Δ^2 4μ^2_8 ln ( Δ^2 + μ^2_8

)_2

− 4 (μ_8δμ)^2 Δ^4 − Δ^2 4μ^2_8 ln Δ^4 − μ^2_8 ( δμ − √ δμ^2 − Δ^2

)_2

Δ^4 − μ^2_8 ( δμ + √ δμ^2 − Δ^2

)_2 θ (δμ − Δ) u^μu^ν

− α_sμ̄^2 3π Δ^2 μ^2_8 ln ( Δ^2 + μ^2_8

)_2

− 4 (μ_8δμ)^2 Δ^4

+ ln

Δ^4 − μ^2_8 ( δμ − √ δμ^2 − Δ^2

)_2

Δ^4 − μ^2_8 ( δμ + √ δμ^2 − Δ^2

)_2 θ (δμ − Δ)

(g^{μν} − u^μu^ν ) . (81)

In the neutral 2SC/g2SC phase of quark matter, the value of the color chemical potential μ_8 is small [14]. Therefore, a good approximation for the above polarization tensors is obtained by taking the limit μ_8 → 0,

Π̃^{μν}_{44} (0) = Π̃^{μν}_{55} (0) ≈ − 2α^sμ̄^2 π [ Δ^2 + 2(δμ)^2

Δ^2 − 2 δμ √ δμ^2 − Δ^2 Δ^2 θ (δμ − Δ) ] u^μu^ν

− 2α_sμ̄^2 3π [ Δ^2 − 2(δμ)^2

Δ^2 + 2 δμ √ δμ^2 − Δ^2 Δ^2 θ (δμ − Δ) ] (g^{μν} − u^μu^ν ) . (82)

Therefore, the corresponding Debye and Meissner screening masses are

m^2_{D,44} = m^2_{D,55} =

2α_sμ̄^2 π [ Δ^2 + 2(δμ)^2

Δ^2 − 2 δμ √ δμ^2 − Δ^2 Δ^2 θ (δμ − Δ) ] , (83a)

m^2_{M,44} = m^2_{M,55} =

2α_sμ̄^2 3π [ Δ^2 − 2(δμ)^2

Δ^2 + 2 δμ √ δμ^2 − Δ^2 Δ^2 θ (δμ − Δ) ] . (83b) m^2_{D,x}/m^2_g m^2_{M,x} /m^2_g x = (11), (22), (33)^{3δμ}√_{(δμ)2−Δ2} θ(δμ − Δ) 0

x = (44), (55), (66), (77) 3^{Δ2 +2δμ2}_{2Δ2} − 3^{δμ} √_{δμ2−Δ2} Δ2 θ(δμ − Δ)^{Δ2−2δμ2}_{2Δ2} +^{δμ} √_{δμ2−Δ2} Δ2 θ(δμ − Δ)

x = (88) 3^1_3 ( 1 −^{δμ θ(δμ−Δ)} √_{(δμ)2−Δ2} )

x = (8γ), (γ8) 0^{√α}_3√_{3αs} ( 1 −^{δμ θ(δμ−Δ)} √_{(δμ)2−Δ2} )

x = (γγ)^{2α}_{αs} ( 1 +^{3δμ θ(δμ−Δ)} 2 √_{(δμ)2−Δ2} )_α 9αs ( 1 −^{δμ θ(δμ−Δ)} √_{(δμ)2−Δ2} )

x = (~8~8)^{9αs}_{3αs+α} [ 1 +^{2α2}_{9α2s} ( 1 +^{3δμ θ(δμ−Δ)} 2 √_{(δμ)2−Δ2} )]_{3α} s+α 9αs ( 1 −^{δμ θ(δμ−Δ)} √_{(δμ)2−Δ2} )

x = (~8γ̃), (γ̃~8) −^{3√3ααs}_{3αs+α} [ 1 −^{2α}_{3αs} ( 1 +^{3δμ θ(δμ−Δ)} 2 √_{(δμ)2−Δ2} )] 0

x = (γ̃γ̃)^{9α}_{3αs +α} ( 1 +^{δμ θ(δμ−Δ)} √_{(δμ)2−Δ2} ) 0

TABLE I: The Debye and Meissner screening masses for gauge bosons in neutral two-flavor quark matter. By definition, m^2_g ≡ 4αsμ̄^2/3π.

It is clear from Eq. (83b) that the corresponding four gluons have chromomagnetic (plasma type) instabilities in the gapless 2SC phase (0 < Δ/δμ < 1), as well as in the gapped 2SC phase when 1 < Δ/δμ < √ 2. This is indicated by a negative value of the Meissner screening mass squared.

VIII. DISCUSSION

The results of our calculation for the screening masses in neutral two-flavor quark matter are summarized in Table I. There we list the squared values of the Debye and Meissner screening masses in units of m^2_g ≡ 4α_sμ̄^2/3π.

A. Debye screening masses

Let us first discuss the results for the Debye screening masses. The values of m^2_{D,x}/m^2_g with x = (11), (44), (88) as functions of the dimensionless ratio Δ/δμ are shown graphically in Fig. 1 (we do not show the Debye screening mass for the photon whose value is suppressed by the fine structure constant). The vanishing value of the ratio Δ/δμ corresponds to the normal phase of quark matter. In this limit, as is easy to check, our results for the Debye screening masses coincide with the known results in Refs. [44, 45]. Also, in the other limiting case, Δ/δμ = ∞, our results coincide with those in the ideal 2SC phase [29, 30]. As before, by the ideal 2SC phase of quark matter, we mean the 2SC phase without any mismatch between the Fermi momenta of the up and down quarks, i.e., δμ = 0.

We see that the value of the Debye screening mass for the gluons of the unbroken SU (2)_c gauge subgroup is vanishing in the 2SC phase (Δ/δμ > 1). This result can be understood in the same way as in the ideal 2SC case [29]. It reflects the fact that there are no gapless quasiparticles charged with respect to the SU (2)_c subgroup in the ground state. In the g2SC phase, on the other hand, there are gapless charged quasiparticles around the two “effective” Fermi momenta p^{eff}_F = μ^± ≡ μ̄ ± √ (δμ)^2 − Δ^2 [11, 14]. The densities of states at the corresponding Fermi surfaces are [14] dN dE | | | |_{p=μ±} = 2δμ(μ^±)^2 √ (δμ)^2 − Δ^2

. (84)

As one can check from Table I, the squared value of the Debye screening mass m^2_{D,11} is proportional to the sum of these densities of the gapless states (up to higher order corrections). Turning these arguments around, one could

FIG. 1: Squared values of the Debye screening masses as functions of the dimensionless ratio Δ/δμ for the gluons with A = 1, 2, 3 (solid line), for the gluons with A = 4, 5, 6, 7 (long-dashed line), and for the ~8th gluon (shortdashed line). By definition, m^2_g ≡ 4αsμ̄^2/3π.

FIG. 2: Squared values of the Meissner screening masses as functions of the dimensionless ratio Δ/δμ for the gluons with A = 1, 2, 3 (solid line), for the gluons with A = 4, 5, 6, 7 (long-dashed line), and for the ~8th gluon (short-dashed line). By definition, m^2_g ≡ 4αsμ̄^2 /3π.

obtain the result for the Debye screening mass without calculating the polarization tensor. Indeed, one can write [31]

m^2_{D,11} ∼ dN dE | | | |_{p=μ−} + dN dE | | | |_{p=μ+} , (85)

and determine the overall coefficient α_s/π by matching the expression on the right hand side with the known expression in the normal phase (Δ/δμ = 0).

It is interesting to consider m^2_{D,11} in the limit when the gap Δ approaches δμ from the side of the gapless phase. As one can see, the formal value of m^2_{D,11} goes to infinity as α_sμ̄^2/ √ 1 − (Δ/δμ)^2 when Δ → δμ − 0. This is the consequence of having a quadratic dispersion relation for gapless quasiparticles E^−_{Δ−} ≃ (p − μ̄)^2/2Δ when Δ → δμ. However, the infinitely large value of the Debye mass has little physical meaning. This is because the distance scales, at which the corresponding screening is set in, also become infinite in the limit Δ → δμ.

From Table I, we see that there is no mixing between the Debye screening masses of the 8th gluon and of the vacuum photon. It is known, however, that the physical modes of the corresponding gauge bosons in the 2SC/g2SC phase are the linear combinations given in Eq. (53) which are different from the vacuum fields. Moreover, one of the linear combinations, see Eq. (53b), describes the medium modified photon of the unbroken electromagnetism. One might think that the absence of mixing between the electric screening masses is in conflict with the gauge invariance of the 2SC/g2SC ground state with respect to Ũ(1)_{em}. However, the two propagating modes of the low-energy photon γ̃ of Ũ(1)_{em} have transverse polarizations and, therefore, should come from the magnetic sector. The third, electrical mode of γ̃ is not massless. This latter decouples from the low-energy theory and its presence is irrelevant for the gauge invariance with respect to Ũ(1)_{em}.

B. Meissner screening masses

Now we discuss the results for the Meissner screening masses. The values of m^2_{M,x}/m^2_g with x = (11), (44), (88) as functions of the dimensionless ratio Δ/δμ are shown graphically in Fig. 2 (the screening mass for the photon, suppressed by the fine structure constant, is not shown). As it should be, the results in the two limiting cases, i.e., Δ/δμ = 0 and Δ/δμ = ∞, coincide with the results in the normal phase (i.e., no Meissner effect) and with the results in the ideal 2SC phase [29, 30], respectively.

In agreement with the group theoretical arguments, the Meissner masses of the three gluons of the unbroken SU (2)_c subgroup are vanishing in both the gapless and the gapped 2SC phases, see the solid line in Fig. 2. The vanishing Meissner masses come as a result of the exact cancellation between the diamagnetic particle-antiparticle and the paramagnetic particle-hole contributions.

The results in Table I show that the Meissner screening masses in the subspace of the 8th gluon and the vacuum photon have a nontrivial mixing. As we saw in Sec. VI, the mixing disappears after switching to the description in terms of the physical modes, defined in Eq. (53). Moreover, the Meissner screening mass of the medium photon is vanishing. This is consistent with the absence of the Meissner effect for the unbroken electromagnetism.

The most interesting results of our calculation are the expressions for the Meissner screening masses of the five gluons that correspond to the broken generators of the SU (3)_c group. We find that the squared values of these masses are negative (i.e., the masses themselves are imaginary) in some regions of parameters. In particular, we obtain m^2_{M,x} < 0 for x = (44), (55), (66), (77) when 0 < Δ/δμ < √ 2, and m^2_{M,~8~8} < 0 when 0 < Δ/δμ < 1. The standard interpretation of such a result is the existence of a chromomagnetic (plasma type) instability in the corresponding phases of matter [28].

While the instability connected with the ~8th gluon appears only in the g2SC phase (0 < Δ/δμ < 1), the instability connected with the other 4 gluons also develops in the gapped 2SC phase when 1 < Δ/δμ < √ 2. This suggests that the gapless superconductivity itself is not the reason for the instability. It is interesting to note, however, that the critical value of the mismatch, above which the instability starts to develop, is given by δμ_c = Δ/ √ 2. This happens to coincide with the value of the mismatch at which the 2SC phase becomes metastable when the neutrality condition is not enforced in quark matter (i.e., when the value of δμ is treated as a free parameter and the Coulomb effects are ignored). Here, on the other hand, we consider neutral quark matter in the same way as in Refs. [11, 14].

It is natural to suggest that the instability, indicated by negative values of the Meissner screening masses squared, may result in some type of a gluon condensation. Indeed, in terms of the gluon effective potential, the appearance of a negative gluon mass squared could be viewed as considering a false vacuum that corresponds to a local maximum of the potential at ⟨A^a_μ⟩ = 0. In this case, the true vacuum should be given by the global minimum of the gluon potential. It would be natural then if the minimum corresponds to another (nonzero) expectation value of the gluon field, i.e., ⟨A^a_μ⟩ ≠ 0 for a ∈ (4, 5, 6, 7), or for a = 8.

Note that we do not exclude the possibility that the new stable ground state has a condensate that breaks the rotational symmetry of the system. In fact, this might be the most natural outcome of the gluon condensation if its mechanism is the same, e.g., as in Ref. [48, 49]. The possibility of breaking the rotational symmetry is also suggested by the fact the it is the magnetic components of gluons A^a_i rather than the electric gluons A^a_0 that drive the instability. The expectation that the rotational symmetry is broken in the ground state may also hint at the possibility of a state with deformed quark Fermi surfaces which was proposed in Ref. [50].

It may happen that not only the rotational symmetry but also the translational symmetry is broken in the true ground state of neutral two-flavor quark matter. This would be the case when the diquark condensate is inhomogeneous like, for example, in the crystalline phase [51], or like in the Abrikosov’s vortex lattice phase [52]. Regarding the crystalline phase (also known as the Larkin-Ovchinnikov-Fulde-Ferrell phase [53]) in two-flavor quark matter, it might be appropriate to mention that this phase is claimed to appear precisely when Δ/δμ < √ 2. It is not clear, however, how a first order transition from the 2SC phase to the crystalline phase at Δ/δμ = √ 2 can be triggered by vanishingly small tachyonic masses of gluons.

We would like to emphasize here that the gluon type instability, indicated by negative values of the Meissner screening masses squared, has nothing to do (at least, directly) with the so-called Sarma instability [54]. It was shown for the first time in Ref. [11], and then confirmed in Refs. [12, 13, 14, 15, 16, 17, 18, 19] that the Sarma instability in the effective potential for the order parameter is removed when the neutrality condition is imposed, or when the pairing interaction has a specific momentum structure and the ratio of the densities of the pairing fermions is kept fixed [25]. One may still argue that, despite the absence of the Sarma instability in the effective potential, there exists another type of an instability, discussed in Ref. [55]. There it was suggested that paramagnetic currents should be spontaneously induced in the gapless phase. In fact, we think that the instability connected with the ~8th gluon in the g2SC phase could indeed be of this type.

One may find some similarity between the chromomagnetic instability found in this paper and the instabilities that have been discussed in Refs. [56, 57, 58, 59, 60] in application to a state of matter produced in heavy ion collisions. It should be emphasized, however, that the quark distribution functions are completely isotropic in momentum space in the case of dense quark matter studied in this paper which is in contrast to a typical situation in Ref. [56, 57, 58, 59, 60]. This fact suggests that the mechanism of the instability seen here is more subtle.

In passing, we would like to mention that there might exist some analogy between the instability found in this paper and the so-called paramagnetic superconductivity discussed in condensed matter physics [61]. If these phenomena are related indeed, it would be natural to expect that the instability of neutral dense quark matter is resolved through a spontaneous chromo-magnetization. Again, the breakdown of the rotational symmetry in this case would seem inevitable.

IX. CONCLUSION

In this paper, we calculated the Debye and Meissner screening masses for the gluons and the photon in the case of neutral, β-equilibrated two-flavor dense quark matter. A general form of our result allows to use it in the gapped phase as well as in the gapless color superconducting phase by a simple change of the magnitude of the diquark pairing. This latter determines the ratio of the gap parameter and the mismatch of the quark Fermi momenta, i.e., Δ/δμ. The qualitative dependence of this ratio on the diquark coupling constant in the case of neutral quark matter was studied in Refs. [11, 14]. It was shown that the ground state corresponds to the normal phase at weak coupling, i.e., Δ/δμ = 0. At some intermediate values of the diquark coupling, the ground state is the g2SC phase. The ratio Δ/δμ is less than 1 in such a gapless phase. Finally, at large coupling, the ground state is the 2SC phase, and the ratio Δ/δμ is larger than 1. One could also check that this ratio Δ/δμ increases monotonically with increasing the coupling.

The results for the Debye and the Meissner screening masses in this paper give a natural interpolation between the known values in the normal phase [44, 45] and in the ideal 2SC phase [29, 30]. The most important result of our calculation is that the expressions for the Meissner screening masses of the five gluons, corresponding to the five broken generators of the SU (3)_c group, are imaginary. This is interpreted as an indication of a chromomagnetic instability in the corresponding phases of quark matter. It remains to be clarified the consequences of such an instability, and the nature of the true ground state in neutral two-flavor quark matter.

In the future, it would be very interesting to investigate whether a chromomagnetic instability also develops in the gCFL phase [16, 17, 19], where the low-energy quasiparticle spectrum resembles the spectrum in the g2SC phase.

Acknowledgments

The authors thank M. Buballa, M. Forbes, T. Hatsuda, C. Kouvaris, J. Lenaghan, M.S. Li, V. Miransky, S. Mrówczyński, R. Pisarski, K. Rajagopal, A. Rebhan, S. Reddy, 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 the NSFC under Grant Nos. 10105005, 10135030. The work of I.A.S. was supported by Gesellschaft für Schwerionenforschung (GSI) and by Bundesministerium für Bildung und Forschung (BMBF).

APPENDIX A: CALCULATION OF DIRAC TRACES

Here we calculate the traces defined in Eq. (42). By neglecting corrections of order p^2/μ^2, we derive the following results:

T^{μν}_{±±} = tr [ γ^μγ^0Λ^{(±)}_k γ^ν γ^0Λ^{(±)}_{k′} ] ≃ 2 ( u^μu^ν ∓ u^μk^ν + k^μu^ν k + k^μk^ν k^2 ) , (A1)

T^{μν}_{±∓} = tr [ γ^μγ^0Λ^{(±)}_k γ^ν γ^0Λ^{(∓)}_k′ ] ≃ −2 ( g^{μν} − u^μu^ν + k^μk^ν k^2 ) , (A2)

U^{μν}_{±±} = tr [ γ^μγ^5Λ^{(±)}_k γ^ν γ^5Λ^{(±)}_k′ ] ≃ −2 ( g^{μν} − u^μu^ν + k^μk^ν k^2 ) , (A3)

U^{μν}_{±∓} = tr [ γ^μγ^5Λ^{(±)}_k γ^ν γ^5Λ^{(∓)}_k′ ] ≃ −2 ( u^μu^ν − k^μk^ν k^2 ± u^μk^ν − k^μu^ν k ) , (A4)

where k^′ ≡ k − p and u^μ = (1, 0, 0, 0). In calculation of the polarization tensor, we also encounter the following type angular integrals: ∫ dϕ 2π k^μ k f(k, p, ξ) = ξ p^μ p f(k, p, ξ), (A5) ∫ dϕ 2π k^μk^ν k^2 f(k, p, ξ) = − 1 2 f(k, p, ξ) [ (1 − ξ^2)(g^{μν} − u^μu^ν) + (1 − 3ξ^2) p^μp^ν p^2 ] , (A6)

where ξ is the cosine of the angle between the vectors k and p. These relations are used in Eq. (44).

APPENDIX B: COEFFICIENT FUNCTIONS USED IN CALCULATION OF POLARIZATION TENSOR

1. The coefficient functions for Π^{AB}_{μν} with A, B = 1, 2, 3, 8, 9

As we saw in the main part of the paper, see Eqs. (41), (61), and (67), all components of the polarization tensor Π^{AB}_{μν} with A, B = 1, 2, 3, 8, 9 were given in terms of the following coefficient functions (here and below, α = 1 for C^{11}_{e1e2} and C^{12}_{e1e2} , while α = −1 for C^{22}_{e1e2} and C^{21}_{e1e2} , and e_1, e_2 = ±):

C^{11,22}_{++} = ∑ λ=± λ [ f̃ (λE^+_{Δ,k} + αδμ) λE + Δ,k − E^+_k 2E^+_{Δ,k}

−p_0 + λE^+_{Δ,k} − E^+_k′ (−p_0 + λE^+_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^+_{Δ,k}′ + αδμ) λE^+_{Δ,k′} − E^+_{k′} 2E^+_{Δ,k}′ p_0 + λE^+_{Δ,k′} − E^+_k (p_0 + λE^+_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 + f̃ (λE^−_{Δ,k} − αδμ) λE^−_{Δ,k} − E^−_k 2E^−_{Δ,k} −p_0 + λE^−_{Δ,k} − E^−_{k′} (−p_0 + λE^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k′} − αδμ) λE^−_{Δ,k}′ − E^−_k′ 2E^−_{Δ,k}′ p_0 + λE^−_{Δ,k}′ − E^−_k (p_0 + λE^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ] , (B1)

C^{11,22}_{−−} = ∑ λ=± λ [ f̃ (λE^+_{Δ,k} − αδμ) λE^{+Δ,k} + E^{+k} 2E^+_{Δ,k}

−p_0 + λE^+_{Δ,k} + E^+_{k′} (−p_0 + λE^+_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^+_{Δ,k}′ − αδμ) λE^+_{Δ,k}′ + E^+_k′ 2E^+_{Δ,k}′ p_0 + λE^+_{Δ,k}′ + E^+_k (p_0 + λE^+_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 + f̃ (λE^−_{Δ,k} + αδμ) λE^−_{Δ,k} + E^−_k 2E^−_{Δ,k} −p_0 + λE^−_{Δ,k} + E^−_k′ (−p_0 + λE^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k}′ + αδμ) λE^−_{Δ,k′} + E^−_{k′} 2E^−_{Δ,k}′ p_0 + λE^−_{Δ,k′} + E^−_k (p_0 + λE^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ] , (B2)

C^{11,22}_{+−} = ∑ λ=± λ [ f̃ (λE^+_{Δ,k} + αδμ) λE^{+Δ,k} − E^{+k} 2E^+_{Δ,k}

−p_0 + λE^+_{Δ,k} + E^−_k′ (−p_0 + λE^+_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 + f̃ (λE^+_{Δ,k′} − αδμ) λE^+_{Δ,k}′ + E^+_k′ 2E^+_{Δ,k′} p_0 + λE^+_{Δ,k}′ − E^−_k (p_0 + λE^+_{Δ,k′} )^2 − (E^−_{Δ,k})^2 + f̃ (λE^−_{Δ,k} − αδμ) λE^−_{Δ,k} − E^−_k 2E^−_{Δ,k} −p_0 + λE^−_{Δ,k} + E^+_k′ (−p_0 + λE^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k}′ + αδμ) λE^−_{Δ,k}′ + E^−_k′ 2E^−_{Δ,k}′ p_0 + λE^−_{Δ,k}′ − E^+_k (p_0 + λE^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ] , (B3)

C^{11,22}_{−+} = ∑ λ=± λ [ f̃ (λE^+_{Δ,k} − αδμ) λE^{+Δ,k} + E^{+k} 2E^+_{Δ,k}

−p_0 + λE^+_{Δ,k} − E^−_k′ (−p_0 + λE^+_{Δ,k})^2 − (E^−_{Δ,k′} )^2 + f̃ (λE^+_{Δ,k}′ + αδμ) λE^+_{Δ,k}′ − E^+_k′ 2E^+_{Δ,k}′ p_0 + λE^+_{Δ,k}′ + E^−_k (p_0 + λE^+_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 + f̃ (λE^−_{Δ,k} + αδμ) λE^−_{Δ,k} + E^−_k 2E^−_{Δ,k} −p_0 + λE^−_{Δ,k} − E^+_k′ (−p_0 + λE^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k}′ − αδμ) λE^−_{Δ,k}′ − E^−_k′ 2E^−_{Δ,k′} p_0 + λE^−_{Δ,k}′ + E^+_k (p_0 + λE^−_{Δ,k′} )^2 − (E^+_{Δ,k})^2 ] , (B4)

C^{12,21}_{++} = −Δ^2 ∑ λ=± λ [ f̃ (λE^+_{Δ,k} − αδμ) 2E^+_{Δ,k} 1 (−p_0 + λE^+_{Δ,k})^2 − (E^−_{Δ,k′} )^2 + f̃ (λE^+_{Δ,k′} + αδμ) 2E^+_{Δ,k}′ 1 (p_0 + λE^+_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 + f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} 1 (−p_0 + λE^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k′} − αδμ) 2E^−_{Δ,k}′ 1 (p_0 + λE^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ] , (B5)

C^{12,21}_{+−} = −Δ^2 ∑ λ=± λ [ f̃ (λE^+_{Δ,k} − αδμ) 2E^+_{Δ,k} 1 (−p_0 + λE^+_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + f̃ (λE^+_{Δ,k′} − αδμ) 2E^+_{Δ,k}′ 1 (p_0 + λE^+_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 + f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} 1 (−p_0 + λE^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 + f̃ (λE^−_{Δ,k′} + αδμ) 2E^−_{Δ,k}′ 1 (p_0 + λE^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ] , (B6)

where f̃ (E) ≡ [1 + exp (E/T )]^{−1} is the Fermi distribution function. Note that C^{12}_{−−} = C^{21}_{++}, C^{21}_{−−} = C^{12}_{++}, C^{12}_{−+} = C^{21}_{+−}, C^{21}_{−+} = C^{12}_{+−}. (B7) At zero temperature, these functions take the following form (here and below, the upper sign corresponds to the first case, e.g., C^{11}_{++}, and the lower sign corresponds to the second case, e.g., C^{22}_{++}):

C^{11,22}_{++} = −

(E^−_{Δ,k} + E^−_k )(E^−_{Δ,k} + E^−_{k′} + p_0) 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ] − (E^−_{Δ,k′} + E^−_{k′} )(E^−_{Δ,k′} + E^−_k − p_0) 2E^−_{Δ,k}′ [ (p_0 − E^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ]

− (E^+_{Δ,k} + E^+_k )(E^+_{Δ,k} + E^+_{k′} + p_0) 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ] − (E^+_{Δ,k′} + E^+_{k′} )(E^+_{Δ,k′} + E^+_k − p_0) 2E^+_{Δ,k}′ [ (p_0 − E^+_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k} ∓ E^−_k )(E^−_{Δ,k} ∓ E^−_k′ ∓ p_0) 2E^−_{Δ,k} [ (p_0 ∓ E^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ]

+ θ(−E^−_{Δ,k′} + δμ) (E^−_{Δ,k}′ ∓ E^−_k′ )(E^−_{Δ,k}′ ∓ E^−_k ± p_0) 2E^−_{Δ,k}′ [ (p_0 ± E^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2

], (B8)

C^{11,22}_{−−} = −

(E^−_{Δ,k} − E^−_k )(E^−_{Δ,k} − E^−_k′ + p_0) 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^−_{Δ,k′} )^2 ] − (E^−_{Δ,k}′ − E^−_k′ )(E^−_{Δ,k}′ − E^−_k − p_0) 2E^−_{Δ,k′} [ (p_0 − E^−_{Δ,k′} )^2 − (E^−_{Δ,k})^2 ]

− (E^+_{Δ,k} − E^+_k )(E^+_{Δ,k} − E^+_k′ + p_0) 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^+_{Δ,k′} )^2 ] − (E^+_{Δ,k}′ − E^+_k′ )(E^+_{Δ,k}′ − E^+_k − p_0) 2E^+_{Δ,k′} [ (p_0 − E^+_{Δ,k′} )^2 − (E^+_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k} ∓ E^−_k )(E^−_{Δ,k} ∓ E^−_k′ ± p_0) 2E^−_{Δ,k} [ (p_0 ± E^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ]

+ θ(−E^−_{Δ,k}′ + δμ) (E^−_{Δ,k′} ∓ E^−_{k′} )(E^−_{Δ,k′} ∓ E^−_k ∓ p_0) 2E^−_{Δ,k}′ [ (p_0 ∓ E^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2

], (B9)

C^{11,22}_{+−} = −

(E^−_{Δ,k} + E^−_k )(E^−_{Δ,k} − E^+_k′ + p_0) 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ] − (E^−_{Δ,k}′ − E^−_k′ )(E^−_{Δ,k}′ + E^+_k − p_0) 2E^−_{Δ,k}′ [ (p_0 − E^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ]

− (E^+_{Δ,k} + E^+_k )(E^+_{Δ,k} − E^−_k′ + p_0) 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^−_{Δ,k′} )^2 ] − (E^+_{Δ,k}′ − E^+_k′ )(E^+_{Δ,k}′ + E^−_k − p_0) 2E^+_{Δ,k′} [ (p_0 − E^+_{Δ,k′} )^2 − (E^−_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k} ∓ E^−_k )(E^−_{Δ,k} ± E^+_k′ ∓ p_0) 2E^−_{Δ,k} [ (p_0 ∓ E^−_{Δ,k})^2 − (E^+_{Δ,k′} )^2 ]

+ θ(−E^−_{Δ,k}′ + δμ) (E^−_{Δ,k}′ ∓ E^−_k′ )(E^−_{Δ,k}′ ± E^+_k ∓ p_0) 2E^−_{Δ,k}′ [ (p_0 ∓ E^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2

], (B10)

C^{11,22}_{−+} = −

(E^−_{Δ,k} − E^−_k )(E^−_{Δ,k} + E^+_k′ + p_0) 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ] − (E^−_{Δ,k}′ + E^−_k′ )(E^−_{Δ,k}′ − E^+_k − p_0) 2E^−_{Δ,k}′ [ (p_0 − E^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ]

− (E^+_{Δ,k} − E^+_k )(E^+_{Δ,k} + E^−_k′ + p_0) 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ] − (E^+_{Δ,k}′ + E^+_k′ )(E^+_{Δ,k}′ − E^−_k − p_0) 2E^+_{Δ,k}′ [ (p_0 − E^+_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) (E^−_{Δ,k} ∓ E^−_k )(E^−_{Δ,k} ± E^+_k′ ± p_0) 2E^−_{Δ,k} [ (p_0 ± E^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ]

+ θ(−E^−_{Δ,k}′ + δμ) (E^−_{Δ,k}′ ∓ E^−_k′ )(E^−_{Δ,k}′ ± E^+_k ± p_0) 2E^−_{Δ,k′} [ (p_0 ± E^−_{Δ,k′} )^2 − (E^+_{Δ,k})^2

], (B11)

C^{12,21}_{++} = C^{12,21}_{−−} = −Δ^2 [ − 1 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ] − 1 2E^−_{Δ,k}′ [ (p_0 − E^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ]

− 1 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ] − 1 2E^+_{Δ,k}′ [ (p_0 − E^+_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) 2E^−_{Δ,k} 1 (p_0 ± E^−_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 + θ(−E^−_{Δ,k}′ + δμ) 2E^−_{Δ,k}′ 1 (p_0 ± E^−_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ] , (B12)

C^{12,21}_{+−} = C^{12,21}_{−+} = −Δ^2 [ − 1 2E^−_{Δ,k} [ (p_0 + E^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 ] − 1 2E^−_{Δ,k}′ [ (p_0 − E^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ]

− 1 2E^+_{Δ,k} [ (p_0 + E^+_{Δ,k})^2 − (E^+_{Δ,k}′ )^2 ] − 1 2E^+_{Δ,k}′ [ (p_0 − E^+_{Δ,k}′ )^2 − (E^+_{Δ,k})^2 ]

+ θ(−E^−_{Δ,k} + δμ) 2E^−_{Δ,k} 1 (p_0 ± E^−_{Δ,k})^2 − (E^−_{Δ,k}′ )^2 + θ(−E^−_{Δ,k′} + δμ) 2E^−_{Δ,k}′ 1 (p_0 ± E^−_{Δ,k}′ )^2 − (E^−_{Δ,k})^2 ] . (B13)

2. The coefficient functions for Π^{AB}_{μν} with A, B = 4, 5, 6, 7

The components of the polarization tensor Π^{AB}_{μν} with A, B = 4, 5, 6, 7 are given in terms of the following coefficient functions:

C^{44}_{++} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k′} + αδμ) 2E^+_{Δ,k}′ λE^+_{Δ,k}′ − E^+_k′ p_0 + λE^+_{Δ,k}′ + E^+_{b,k} + f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} λE^−_{Δ,k} − E^−_k −p_0 + λE^−_{Δ,k} + E^−_{b,k}′ ]

+ [ f̃ (−E^+_{bu,k}) + f̃ (−E^+_{bd,k}) ] −p_0 − E^+_{b,k} − E^+_{k′} (p_0 + E^+_{b,k})^2 − (E^+_{Δ,k}′ )^2 + [ f̃ (−E^−_{bu,k′} ) + f̃ (−E^−_{bd,k′} ) ] p_0 − E^−_{b,k′} − E^−_k (p_0 − E^−_{b,k}′)^2 − (E^−_{Δ,k})^2

, (B14)

C^{44}_{−−} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k} + αδμ) 2E^+_{Δ,k} λE^+_{Δ,k} + E^+_k −p_0 + λE^+_{Δ,k} − E^+_{b,k′} + f̃ (λE^−_{Δ,k′} + αδμ) 2E^−_{Δ,k}′ λE^−_{Δ,k}′ + E^−_k′ p_0 + λE^−_{Δ,k}′ − E^−_{b,k} ]

+ [ f̃(E^−_{bu,k}) + f̃ (E^−_{bd,k}) ] −p_0 + E^−_{b,k} + E^−_{k′} (p_0 − E^−_{b,k})^2 − (E^−_{Δ,k′} )^2 + [ f̃(E^+_{bu,k′} ) + f̃ (−E^+_{bd,k′} ) ] p_0 + E^+_{b,k′} + E^+_k (p_0 + E^+_{b,k′} )^2 − (E^+_{Δ,k})^2

, (B15)

C^{44}_{+−} = ∑ λ,α=± λ [ f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} λE^−_{Δ,k} − E^−_k −p_0 + λE^−_{Δ,k} − E^+_{b,k}′ + f̃(λE^−_{Δ,k′} + αδμ) 2E^−_{Δ,k′} λE^−_{Δ,k}′ + E^−_k′ p_0 + λE^−_{Δ,k′} + E^+_{b,k} ]

+ [ f̃ (−E^+_{bu,k}) + f̃ (−E^+_{bd,k}) ] −p_0 − E^+_{b,k} + E^−_{k′} (p_0 + E^+_{b,k})^2 − (E^−_{Δ,k}′ )^2 + [ f̃ (E^+_{bu,k′}) + f̃ (E^+_{bd,k′} ) ] p_0 + E^+_{b,k′} − E^−_k (p_0 + E^+_{b,k}′ )^2 − (E^−_{Δ,k})^2

, (B16)

C^{44}_{−+} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k} + αδμ) 2E^+_{Δ,k} λE^+_{Δ,k} + E^+_k −p_0 + λE^+_{Δ,k} + E^−_{b,k′} + f̃(λE^+_{Δ,k′} + αδμ) 2E^+_{Δ,k}′ λE^+_{Δ,k}′ − E^+_k′ p_0 + λE^+_{Δ,k}′ − E^−_{b,k} ]

+ [ f̃ (E^−_{bu,k}) + f̃ (E^−_{bd,k}) ] −p_0 + E^−_{b,k} − E^+_{k′} (p_0 − E^−_{b,k})^2 − (E^+_{Δ,k′} )^2 + [ f̃ (−E^−_{bu,k′} ) + f̃(−E^−_{bd,k′} ) ] p_0 − E^−_{b,k′} + E^+_k (p_0 − E^−_{b,k′} )^2 − (E^+_{Δ,k})^2

, (B17)

C^{55}_{++} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k} + αδμ) 2E^+_{Δ,k} λE^+_{Δ,k} − E^+_k −p_0 + λE^+_{Δ,k} + E^+_{b,k}′ + f̃ (λE^−_{Δ,k′} + αδμ) 2E^−_{Δ,k′} λE^−_{Δ,k}′ − E^−_k′ p_0 + λE^−_{Δ,k′} + E^−_{b,k} ]

+ [ f̃(−E^+_{bu,k′} ) + f̃ (−E^+_{bd,k′} ) ] p_0 − E^+_{b,k′} − E^+_k (p_0 − E^+_{b,k}′ )^2 − (E^+_{Δ,k})^2 + [ f̃(−E^−_{bu,k}) + f̃ (−E^−_{bd,k}) ] −p_0 − E^−_{b,k} − E^−_{k′} (p_0 + E^−_{b,k})^2 − (E^−_{Δ,k}′ )^2

, (B18)

C^{55}_{−−} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k′} + αδμ) 2E^+_{Δ,k}′ λE^+_{Δ,k′} + E^+_{k′} p_0 + λE^+_{Δ,k}′ − E^+_{b,k} + f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} λE^−_{Δ,k} + E^−_k −p_0 + λE^−_{Δ,k} − E^−_{b,k}′ ]

+ [ f̃ (E^−_{bu,k′}) + f̃ (E^−_{bd,k′} ) ] p_0 + E^−_{b,k′} + E^−_k (p_0 + E^−_{b,k}′ )^2 − (E^−_{Δ,k})^2 + [ f̃ (E^+_{bu,k}) + f̃ (−E^+_{bd,k}) ] −p_0 + E^+_{b,k} + E^+_{k′} (p_0 − E^+_{b,k})^2 − (E^+_{Δ,k}′ )^2

, (B19)

C^{55}_{+−} = ∑ λ,α=± λ [ f̃ (λE^+_{Δ,k} + αδμ) 2E^+_{Δ,k} λE^+_{Δ,k} − E^+_k −p_0 + λE^+_{Δ,k} − E^−_{b,k}′ + f̃(λE^+_{Δ,k′} + αδμ) 2E^+_{Δ,k}′ λE^+_{Δ,k′} + E^+_{k′} p_0 + λE^+_{Δ,k}′ + E^−_{b,k} ]

+ [ f̃ (−E^−_{bu,k}) + f̃ (−E^−_{bd,k}) ] −p_0 − E^−_{b,k} + E^+_{k′} (p_0 + E^−_{b,k})^2 − (E^+_{Δ,k}′ )^2 + [ f̃ (E^−_{bu,k′}) + f̃ (E^−_{bd,k′} ) ] p_0 + E^−_{b,k′} − E^+_k (p_0 + E^−_{b,k}′ )^2 − (E^+_{Δ,k})^2

, (B20)

C^{55}_{−+} = ∑ λ,α=± λ [ f̃ (λE^−_{Δ,k} + αδμ) 2E^−_{Δ,k} λE^−_{Δ,k} + E^−_k −p_0 + λE^−_{Δ,k} + E^+_{b,k′} + f̃(λE^−_{Δ,k′} + αδμ) 2E^−_{Δ,k}′ λE^−_{Δ,k}′ − E^−_k′ p_0 + λE^−_{Δ,k}′ − E^+_{b,k} ]

+ [ f̃ (E^+_{bu,k}) + f̃ (E^+_{bd,k}) ] −p_0 + E^+_{b,k} − E^−_{k′} (p_0 − E^+_{b,k})^2 − (E^−_{Δ,k′} )^2 + [ f̃ (−E^+_{bu,k′} ) + f̃(−E^+_{bd,k′} ) ] p_0 − E^+_{b,k′} + E^−_k (p_0 − E^+_{b,k′} )^2 − (E^−_{Δ,k})^2

. (B21)

At zero temperature, the expressions for these coefficients become

C^{44}_{++} = − 1 E^+_{Δ,k}′ E^+_{Δ,k}′ − E^+_k′ E^+_{Δ,k}′ + E^+_{b,k} + p_0 − 1 E^−_{Δ,k} E^−_{Δ,k} − E^−_k E^−_{Δ,k} + E^−_{b,k}′ − p_0 + θ(−E^−_{Δ,k} + δμ) E^−_{Δ,k} (E^−_{Δ,k})^2 + E^−_k (E^−_{b,k}′ − p_0) (E^−_{Δ,k})^2 − (E^−_{b,k}′ − p_0)^2 − [ θ(−E^−_{bu,k}′ ) + θ(−E^−_{bd,k}′ ) ] E^−_{b,k′} + E^−_k − p_0 (E^−_{Δ,k})^2 − (E^−_{b,k}′ − p_0)^2

, (B22)

C^{44}_{−−} = − 1 E^+_{Δ,k} E^+_{Δ,k} − E^+_k E^+_{Δ,k} + E^+_{b,k}′ + p_0 − 1 E^−_{Δ,k}′ E^−_{Δ,k′} − E^−_{k′} E^−_{Δ,k}′ + E^−_{b,k} − p_0 + θ(−E^−_{Δ,k}′ + δμ) E^−_{Δ,k}′ (E^−_{Δ,k}′ )^2 + E^−_k′ (E^−_{b,k} − p_0) (E^−_{Δ,k}′ )^2 − (E^−_{b,k} − p_0)^2 − [ θ(−E^−_{bu,k}) + θ(−E^−_{bd,k}) ] E^−_{b,k} + E^−_{k′} − p_0 (E^−_{Δ,k}′ )^2 − (E^−_{b,k}′ − p_0)^2

, (B23)

C^{44}_{+−} = − 1 E^−_{Δ,k} E^−_{Δ,k} + E^−_k E^−_{Δ,k} + E^+_{b,k}′ + p_0 − 1 E^−_{Δ,k}′ E^−_{Δ,k′} + E^−_{k′} E^−_{Δ,k}′ + E^+_{b,k} + p_0 + θ(−E^−_{Δ,k′} + δμ) E^−_{Δ,k}′ (E^−_{Δ,k′} )^2 − E^−_{k′} (E^+_{b,k} + p_0) (E^−_{Δ,k}′ )^2 − (E^+_{b,k} + p_0)^2 + θ(−E^−_{Δ,k} + δμ) E^−_{Δ,k} (E^−_{Δ,k})^2 − E^−_k (E^+_{b,k′} + p_0) (E^−_{Δ,k})^2 − (E^+_{b,k}′ + p_0)^2

, (B24)

C^{44}_{−+} = − 1 E^+_{Δ,k} E^+_{Δ,k} + E^+_k E^+_{Δ,k} + E^−_{b,k}′ − p_0 − 1 E^+_{Δ,k}′ E^+_{Δ,k}′ + E^+_k′ E^+_{Δ,k}′ + E^−_{b,k} − p_0 − [ θ(−E^−_{bu,k}) + θ(−E^−_{bd,k}) ] E^−_{b,k} − E^+_{k′} − p_0 (E^+_{Δ,k}′ )^2 − (E^−_{b,k} − p_0)^2 − [ θ(−E^−_{bu,k}′ ) + θ(−E^−_{bd,k}′ ) ] E^−_{b,k′} − E^+_k − p_0 (E^+_{Δ,k})^2 − (E^−_{b,k}′ − p_0)^2

, (B25)

C^{55}_{++} = − 1 E^+_{Δ,k} E^+_{Δ,k} − E^+_k E^+_{Δ,k} + E^+_{b,k}′ − p_0 − 1 E^−_{Δ,k}′ E^−_{Δ,k}′ − E^−_k′ E^−_{Δ,k}′ + E^−_{b,k} + p_0 + θ(−E^−_{Δ,k}′ + δμ) E^−_{Δ,k}′ (E^−_{Δ,k}′ )^2 + E^−_k′ (E^−_{b,k} + p_0) (E^−_{Δ,k}′ )^2 − (E^−_{b,k} + p_0)^2 − [ θ(−E^−_{bu,k}) + θ(−E^−_{bd,k}) ] E^−_{b,k} + E^−_{k′} + p_0 (E^−_{Δ,k}′ )^2 − (E^−_{b,k} + p_0)^2

, (B26)

C^{55}_{−−} = − 1 E^+_{Δ,k}′ E^+_{Δ,k}′ − E^+_k′ E^+_{Δ,k}′ + E^+_{b,k} − p_0 − 1 E^−_{Δ,k} E^−_{Δ,k} − E^−_k E^−_{Δ,k} + E^−_{b,k}′ + p_0 + θ(−E^−_{Δ,k} + δμ) E^−_{Δ,k} (E^−_{Δ,k})^2 + E^−_k (E^−_{b,k}′ + p_0) (E^−_{Δ,k})^2 − (E^−_{b,k}′ + p_0)^2 − [ θ(−E^−_{bu,k}′ ) + θ(−E^−_{bd,k}′ ) ] E^−_{b,k′} + E^−_k + p_0 (E^−_{Δ,k})^2 − (E^−_{b,k}′ + p_0)^2

, (B27)

C^{55}_{+−} = − 1 E^+_{Δ,k} E^+_{Δ,k} + E^+_k E^+_{Δ,k} + E^−_{b,k}′ + p_0 − 1 E^+_{Δ,k}′ E^+_{Δ,k}′ + E^+_k′ E^+_{Δ,k}′ + E^−_{b,k} + p_0 − [ θ(−E^−_{bu,k}) + θ(−E^−_{bd,k}) ] E^−_{b,k} − E^+_{k′} + p_0 (E^+_{Δ,k}′ )^2 − (E^−_{b,k} + p_0)^2 − [ θ(−E^−_{bu,k}′ ) + θ(−E^−_{bd,k}′ ) ] E^−_{b,k′} − E^+_k + p_0 (E^+_{Δ,k})^2 − (E^−_{b,k}′ + p_0)^2

, (B28)

C^{55}_{−+} = − 1 E^−_{Δ,k} E^−_{Δ,k} + E^−_k E^−_{Δ,k} + E^+_{b,k}′ − p_0 − 1 E^−_{Δ,k}′ E^−_{Δ,k}′ + E^−_k′ E^−_{Δ,k}′ + E^+_{b,k} − p_0 + θ(−E^−_{Δ,k}′ + δμ) E^−_{Δ,k}′ (E^−_{Δ,k}′ )^2 − E^−_k′ (E^+_{b,k} − p_0) (E^−_{Δ,k}′ )^2 − (E^+_{b,k} − p_0)^2 + θ(−E^−_{Δ,k} + δμ) E^−_{Δ,k} (E^−_{Δ,k})^2 − E^−_k (E^+_{b,k}′ − p_0) (E^−_{Δ,k})^2 − (E^+_{b,k}′ − p_0)^2

. (B29)

APPENDIX C: MOMENTUM INTEGRALS

1. Polarization tensor Π^{AB}_{μν} with A, B = 1, 2, 3, 8, 9

In momentum integrals that appear in the expressions for the polarization tensor Π^{AB}_{μν} with A, B = 1, 2, 3, 8, 9, one can use some useful approximations that simplify the calculations considerably. For example, in all integrals that come from particle-hole loops, the main contribution comes from a close vicinity of the average quark Fermi momentum p ≃ μ̄. In these integrals, therefore, it is justified to make the following replacement: ∫_∞ 0 dkk^2(. . .)_{p-h} ≃ μ̄^2 ∫_∞ 0 dk(. . .)_{p-h}. (C1)

The corrections to such momentum integrals are suppressed by inverse powers of μ̄. To be consistent with this approximation, the antiparticle-antiparticle loops should be omitted, and the dependence of the particle-antiparticle loops on Δ, δμ and μ_8 may be neglected. As a result, the only type of the particle-antiparticle contribution, that appears in the calculation, has the form ∫_∞ 0 dkk^2 ( − |k − μ̄| + k − μ̄ |k − μ̄|(k + μ̄ + |k − μ̄|) + 1 k ) = ∫_μ 0 kdk = μ̄^2 2 . (C2)

The particle-hole loops give rise to the integrals of the following type: ∫_∞ 0 dkk^2 Δ^2

(E^−_{Δ,k})^3

≃ 2 μ̄^2, (C3) ∫_∞ 0 dkk^2 E^−_k E^−_{Δ,k} δ(−E^−_{Δ,k} + δμ) ≃ 0, (C4) ∫_∞ 0 dkk^2 Δ^2

(E^−_{Δ,k})^3 θ(−E^−_{Δ,k} + δμ) ≃ 2 μ̄^2 √ (δμ)^2 − Δ^2 δμ θ(δμ − Δ), (C5) ∫_∞ 0 dkk^2 Δ^2

(E^−_{Δ,k})^2 δ(−E^−_{Δ,k} + δμ) = 2μ̄^2

Δ^2 δμ √ (δμ)^2 − Δ^2 θ(δμ − Δ), (C6) ∫_∞ 0 dkk^2 (E^−_{Δ,k})^2 + (E^−_k )^2

(E^−_{Δ,k})^2 δ(−E^−_{Δ,k} + δμ) = 2μ̄^2 [ δμ √ (δμ)^2 − Δ^2 + √ (δμ)^2 − Δ^2 δμ ] θ(δμ − Δ). (C7)

2. Polarization tensor Π^{AB}_{μν} with A,B=4,5,6,7

The calculation of the polarization tensor Π^{AB}_{μν} with A, B = 4, 5, 6, 7 reduces to the calculation of the integral in Eq. (80a). This can be written as a sum of two expressions. One of them comes from integrating the first line in Eq. (78). The result is ∫_{μub} 0 k^2dk E^−_{Δ,k} + k − μ̄ E^−_{Δ,k}(E^−_{Δ,k} − k + μ̄_b) + ∫_{μdb} μ_{ub} k^2dk (E^−_{Δ,k})^2 + (k − μ̄)(k − μ̄_b) E^−_{Δ,k} [ (E^−_{Δ,k})^2 − (k − μ̄_b)^2 ]

+ ∫_∞ μ_{db} k^2dk E^−_{Δ,k} − k + μ̄ E^−_{Δ,k}(E^−_{Δ,k} + k − μ̄_b) ≃ μ̄^2 (∫_{−δμ−μ8} −μ̄ dx( √ x^2 + Δ^2 + x) √ x^2 + Δ^2( √ x^2 + Δ^2 − x − μ_8) + ∫_{δμ−μ8} −δμ−μ_8 dx(2x^2 + Δ^2 + xμ_8) √ x^2 + Δ^2(Δ^2 − 2xμ_8 − μ^2_8) + ∫_∞ δμ−μ_8 dx( √ x^2 + Δ^2 − x) √ x^2 + Δ^2( √ x^2 + Δ^2 + x + μ_8) )

≃ 2μ̄^2 [ 1 − Δ^2

4μ^2_8 ln ( Δ^2 + μ^2_8

)_2

− (μ_eμ_8)^2

Δ^4 ] , (C8)

where μ̄_b = μ̄ − μ_8 and x = k − μ̄. In this calculation, we used the following table integrals: ∫ dx( √ x^2 + Δ^2 + x) √ x^2 + Δ^2( √ x^2 + Δ^2 − x − μ_8) = − √ x^2 + Δ^2 + x

μ_8 − Δ^2

μ^2_8 ln √ x^2 + Δ^2 − x − μ_8 √ x^2 + Δ^2 − x

, (C9) ∫ dx(2x^2 + Δ^2 + xμ_8) √ x^2 + Δ^2(Δ^2 − 2xμ_8 − μ^2_8) = − √ x^2 + Δ^2

μ_8 + Δ^2

2μ^2_8 ln ( √ x^2 + Δ^2 + x + μ_8)( √ x^2 + Δ^2 − x) ( √ x^2 + Δ^2 − x − μ_8)( √ x^2 + Δ^2 + x)

, (C10) ∫ dx( √ x^2 + Δ^2 − x) √ x^2 + Δ^2( √ x^2 + Δ^2 + x + μ_8) = − √ x^2 + Δ^2 − x

μ_8 + Δ^2

μ^2_8 ln √ x^2 + Δ^2 + x + μ_8 √ x^2 + Δ^2 + x

. (C11)

The other expression comes from integrating the second line in Eq. (78). The result is θ(δμ − Δ) ∫_μ+ μ^− k^2dk (E^−_{Δ,k})^2 + (k − μ̄)(k − μ̄_b) E^−_{Δ,k} [ (E^−_{Δ,k})^2 − (k − μ̄_b)^2 ]

= μ̄^2θ(δμ − Δ)

∫ √_{δμ}2_{−Δ}2 − √_{δμ2 −Δ2} dx(2x^2 + Δ^2 + xμ_8) √ x^2 + Δ^2(Δ^2 − 2xμ_8 − μ^2_8) = μ̄^2Δ^2

2μ^2_8 ln Δ^4 − μ^2_8(δμ − √ δμ^2 − Δ^2)^2

Δ^4 − μ^2_8(δμ + √ δμ^2 − Δ^2)^2 θ(δμ − Δ). (C12)

[1] M. Gell-Mann, Phys. Lett. 8, 214 (1964).

[2] J.C. Collins and M.J. Perry, Phys. Rev. Lett. 34, 1353 (1975). [3] E.V. Shuryak, Phys. Lett. B 78, 150 (1978).

[4] K.A. Olive, Nucl. Phys. B 190, 483 (1981). For a recent review see D.J. Schwarz, Annalen Phys. 12, 220 (2003). [5] 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).

[6] M.G. Alford, K. Rajagopal and F. Wilczek, Nucl. Phys. B537, 443 (1999).

[7] 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. B 582, 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).

[8] I.A. Shovkovy and L.C.R. Wijewardhana, Phys. Lett. B 470, 189 (1999); T. Schäfer, Nucl. Phys. B575, 269 (2000). [9] M. Alford and K. Rajagopal, JHEP 0206, 031 (2002).

[10] A.W. Steiner, S. Reddy and M. Prakash, Phys. Rev. D 66, 094007 (2002). [11] I. Shovkovy and M. Huang, Phys. Lett. B 564, 205 (2003). [12] E. Gubankova, W.V. Liu and F. Wilczek, Phys. Rev. Lett. 91, 032001 (2003). [13] A. Mishra and H. Mishra, Phys. Rev. D 69, 014014 (2004). [14] M. Huang and I. Shovkovy, Nucl. Phys. A 729 (2003) 835. [15] J.F. Liao and P.F. Zhuang, Phys. Rev. D 68, 114016 (2003). [16] M. Alford, C. Kouvaris and K. Rajagopal, Phys. Rev. Lett. 92, 222001 (2004). [17] M. Alford, C. Kouvaris and K. Rajagopal, hep-ph/0406137. [18] K. Iida, T. Matsuura, M. Tachibana and T. Hatsuda, hep-ph/0312363. [19] S.B. Rüster, I.A. Shovkovy, and D.H. Rischke, Nucl. Phys. A 743, 127 (2004). [20] S. Reddy and G. Rupak, nucl-th/0405054.

[21] I. Shovkovy, M. Hanauske and M. Huang, Phys. Rev. D 67, 103004 (2003). [22] W.V. Liu and F. Wilczek, Phys. Rev. Lett. 90, 047002 (2003).

[23] B. Deb, A. Mishra, H. Mishra and P.K. Panigrahi, Phys. Rev. A 70, 011604(R) (2004). [24] W.V. Liu, F. Wilczek and P. Zoller, Phys. Rev. A 70, 033603 (2004). [25] M.M. Forbes, E. Gubankova, W.V. Liu and F. Wilczek, hep-ph/0405059. [26] F. Neumann, M. Buballa, and M. Oertel, Nucl. Phys. A 714, 481 (2003).

[27] P.F. Bedaque, H. Caldas and G. Rupak, Phys. Rev. Lett. 91, 247002 (2003); H. Caldas, Phys. Rev. A 69, 063602 (2004). [28] M. Huang and I.A. Shovkovy, Phys. Rev. D 70, 051501(R) (2004).

[29] D.H. Rischke, Phys. Rev. D 62, 034007 (2000); D.H. Rischke and I.A. Shovkovy, Phys. Rev. D 66, 054019 (2002). [30] A. Schmitt, Q. Wang and D.H. Rischke, Phys. Rev. D 69, 094017 (2004).

[31] I. Shovkovy and M. Huang, in “Structure and Dynamics of Elementary Matter”, NATO Scientific Series in Mathematics, Physics and Chemistry – Vol. 166, edited by W. Greiner et al. (Kluwer, Dordrecht, 2004) pp. 329-336.

[32] M. Le Bellac, Thermal Field Theory (Cambridge, Cambridge University Press, 1996). [33] J.C. Taylor, Nucl. Phys. B 33, 436 (1971); A.A. Slavnov, Theor. Math. Phys. 10, 99 (1972). [34] S. Elitzur, Phys. Rev. D 12, 3978 (1975). [35] Y. Nambu, Phys. Rev. 117, 648 (1960).

[36] V.P. Gusynin and I.A. Shovkovy, Nucl. Phys. A 700, 577 (2002). [37] L.D. Faddeev and V.N. Popov, Phys. Lett. B 25, 29 (1967).

[38] J. Kapusta, Finite-temperature Field Theory, (Cambridge, Cambridge University Press, 1989). [39] M. Huang, P.F. Zhuang and W.Q. Chao, Phys. Rev. D 67, 065015 (2003) [40] S. Rüster, Diploma Thesis, J. W. Goethe University, 2003; S.B. Rüster and D.H. Rischke, Phys. Rev. D 69, 045011 (2004). [41] D. Blaschke, S. Fredriksson, H. Grigorian and A.M. Oztas, Nucl. Phys. A 736, 203 (2004). [42] 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).

[43] M. Huang, P.F. Zhuang and W.Q. Chao, Phys. Rev. D 65, 076012 (2002). [44] H. Vija and M.H. Thoma, Phys. Lett. B 342, 212 (1995). [45] C. Manuel, Phys. Rev. D 53, 5866 (1996).

[46] M. G. Alford, J. Berges and K. Rajagopal, Nucl. Phys. B 571, 269 (2000); E.V. Gorbar, Phys. Rev. D 62, 014007 (2000). [47] D.F. Litim and C. Manuel, Phys. Rev. D 64, 094013 (2001).

[48] V.P. Gusynin, V.A. Miransky and I.A. Shovkovy, Phys. Lett. B 581, 82 (2004); Mod. Phys. Lett. A 19, 1341 (2004). [49] We thank V. Miransky for bringing this posibility to our attention. [50] H. Müther and A. Sedrakian, Phys. Rev. D 67, 085024 (2003).

[51] M. G. Alford, J. A. Bowers and K. Rajagopal, Phys. Rev. D 63, 074016 (2001); D. K. Hong and Y. J. Sohn, hep-ph/0107003;

I. Giannakis, J. T. Liu and H. c. Ren, Phys. Rev. D 66, 031501 (2002); R. Casalbuoni and G. Nardulli, Rev. Mod. Phys. 76, 263 (2004); J. A. Bowers, hep-ph/0305301.

[52] A.A. Abrikosov, Sov. Phys. JETP 5, 1174 (1957) [Zh. Eksp. Teor. Fiz. 32, 1442 (1957)].

[53] A. I. Larkin and Yu. N. Ovchinnikov, Sov. Phys. JETP 20, 762 (1965); P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550

(1964).

[54] G. Sarma, J. Phys. Chem. Solids 24, 1029 (1963). [55] S.-T. Wu and S. Yip, Phys. Rev. A 67, 053603 (2003);

[56] 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). [57] P. Romatschke and M. Strickland, Phys. Rev. D 68, 036004 (2003); Phys. Rev. D 69, 065005 (2004). [58] M.C. Birse, C.W. Kao and G.C. Nayak, Phys. Lett. B 570, 171 (2003). [59] P. Arnold, J. Lenaghan and G.D. Moore, JHEP 0308, 002 (2003). [60] S. Mrówczyński, A. Rebhan and M. Strickland, Phys. Rev. D 70, 025004 (2004).

[61] A.K. Geim, S.V. Dubonos, J.G.S. Lok, M. Henini, and J.C. Maan, Nature 396, 144 (1998); M. Sigrist, T.M. Rice, Rev.

Mod. Phys. 67, 503 (1995); M.S. Li, Phys. Rept. 376, 133 (2003).