arXiv:1208.0012v3 [hep-ph] 16 Jun 2013

DESY 12-126 arXiv:1208.0012

Chiral superfluidity of the quark-gluon plasma

Tigran Kalaydzhyan^†

DESY Hamburg, Theory Group, Notkestrasse 85, 22607 Hamburg, Germany ITEP Moscow, B. Cheremushkinskaya 25, 117218 Moscow, Russia

Abstract

In this paper we argue that the strongly coupled quark-gluon plasma can be considered as a chiral superfluid. The “normal” component of the fluid is the thermalized matter in common sense, while the “superfluid” part consists of long wavelength (chiral) fermionic states moving independently. We use several nonperturbative techniques to demonstrate that. First, we analyze the fermionic spectrum in the deconfinement phase (T_c < T ≲ 2 T_c) using lattice (overlap) fermions and observe a gap between near-zero modes and the bulk of the spectrum. Second, we use the bosonization procedure with a finite cut-off and obtain a dynamical axion-like field out of the chiral fermionic modes. Third, we use relativistic hydrodynamics for macroscopic description of the effective theory obtained after the bosonization. Finally, solving the hydrodynamic equations in gradient expansion, we find that in the presence of external electromagnetic fields the motion of the “superfluid” component gives rise to the chiral magnetic, chiral electric and dipole wave effects. Latter two effects are specific for a two-component fluid, which provides us with crucial experimental tests of the model.

†e-mail: tigran.kalaydzhyan@desy.de

1 Introduction

Chiral properties of the strongly coupled quark-gluon plasma (sQGP) have attracted much attention in light of recent measurements performed within the heavy-ion programs at RHIC and LHC. The analysis of charge-dependent azimuthal correlations by STAR [1,2], PHENIX [3] and ALICE [4] collaborations suggests a possible local P-violation in strong interactions, which manifests itself as an asymmetry in the charged particle production with respect to the reaction plane. One of the most popular theoretical approaches to study the observed phenomena is to seek for new electric currents of a specified direction in the QGP phase (see e.g. [5–7]). Since the physics of sQGP is essentially nonperturbative, there is a lack of models based on the first-principle calculations, i.e. starting from the QCD Lagrangian. In our paper we establish such a model for sQGP in the range of temperatures T_c < T ≲ 2 T_c, i.e. slightly above the deconfinement transition. We choose the range mainly because of two reasons: first, it is estimated to be typical for sQGP at RHIC [8]; and second, we can use hydrodynamic models to describe the system [9–15].

Lattice calculations [16–18] demonstrate that the Dirac spectrum for massless quarks at these temperatures contains a peak near zero virtuality separated by a gap from the bulk of the spectrum^1 (Fig. 1(b) and Fig. 2). Therefore, it is natural to introduce a twocomponent fluid model for the sQGP: one component, carrying chiral properties of the fluid, and the rest, corresponding to the bulk of the spectrum. In our case it turns out that the fluid is described by a system of equations similar to ones of a relativistic superfluid [19,20]. This fact, of course, does not directly lead to the conventional superfluidity, since the “normal” and “superfluid” components in our case carry different U(1) charges. We also do not assume any hidden symmetry spontaneously broken in the system. Instead, we treat the term “superfluidity” in a phenomenological sense traced back to the Landau’s formulation [21], i.e. a combination of two independent (curl-free and “normal”) motions of the fluid separated by an energy gap.

Before proceeding with a formal derivation let us provide a few hints supporting the existence of the “superfluid” component. In Refs. [22–27] it has been discovered and confirmed by [28, 29] that topological charge density forms long-range coherent global structures around a locally one-dimensional network of strong fields (so-called “skeleton”). Though the simulations were performed for low temperatures, the skeletons could very well survive slightly above the deconfinement transition, since there is a corresponding long-range order of gluonic fields [30] in the case of nonvanishing topological susceptibility. The extended character of the skeleton can be interpreted as a long-distance propagation of (quasi-) particles, carrying finite chirality and thus forming the chiral “superfluid” component.

In addition, the lattice data [22–29,31,32] suggest that the topological charge density itself (for uncooled configurations) is localized on low-dimensional defects with fractal dimension between 2 and 3, i.e. presumably on (percolating) central vortices (see also [33, 34] for a similar result based on the scalar density distribution and [35, 36] for a localization on vortex intersections). One can demonstrate [34, 36–38] that removal of

1Calculations are performed in the quenched approximation. In fact, to make it more realistic, one needs a full QCD calculation with chemical potentials imitating initial conditions of the nuclear collisions

(a) (b) (c)

Figure 1: Fermionic spectrum of the chirally symmetric Dirac operator in a finite volume for T < T_c (left), T_c < T ≲ 2 T_c (center) and T > 2 T_c (right).

the central vortices eliminates all zero and chiral near-zero modes from the fermionic spectrum. The converse statement is also true: small eigenvalues can be generated at separate center vortex configurations [37]. It seems natural to consider the vortices as spatially one-dimensional “guides” for light fermions. Since massless fermions propagate in (1+1) dimensions with the same speed (speed of light), we can consider their bilinear combinations as bosonic excitations, even without assuming their interaction with each other. A similar effect of binding for light fermions along 1D defects, without making use of the Goldstone theorem, was considered in [39–41] for non-abelian fields and in [42, 43] for a strong external magnetic field.

It is also known that monopole trajectories and central vortices populating QCD vacuum and leading to the confinement at low temperatures [44] become Euclidean-time oriented (static) at high temperatures [45]. Static nature of the vortices makes it possible to continue them to the Minkowski space-time by considering their intersections with planes of constant Euclidean time. These intersections are in general percolating strings, which, according to the polymer representation of the field theory [46, 47], can be interpreted as a 3D scalar field with non-vanishing vacuum expectation value. If this field is complex, then its phase can describe a new Goldstone mode in the deconfinement forming the superfluid component of sQGP [48,49]. Taking into account the vortex picture of the topological charge generation [50,51] it seems interesting to apply the arguments of [48,49] to the chiral superfluidity (we do not implement it here).

Other arguments in favor of the superfluidity were presented in recent analysis in the framework of stringy models [52–54], where a new formulation of the superfluidity with vanishing chemical potential has been suggested.

In what follows we do not specify the way quarks are bound to each other and form a “superfluid” component, leaving the question open for the further studies (possible examples are given above and in the main text). Regardless of the nature of the “superfluid” component, we obtain the same universal phenomenological predictions, namely the chiral magnetic, chiral electric and dipole wave effects.

2 Derivation of the effective Lagrangian

It is known that many of the essential properties of the QCD vacuum (such as the value of the chiral condensate, electric and magnetic characteristics, etc.) can be determined from the IR part of the fermionic spectrum [28, 55–59]. This makes it possible to introduce a finite cut-off Λ for the fermionic spectrum, without affecting the values of the observables (indeed, our phenomenological results do not depend on Λ, see Section 3.2). In this section we perform the bosonization procedure with a finite cut-off [60] for the SU(N_c) × U_{em}(1) theory and derive an effective Lagrangian. This procedure leads to appearance of a dynamical axion-like field θ(x), which we identify with the propagating chirality (i.e. local difference between numbers of left- and right-handed fermions) in the system.

2.1 The functional integral

The gauge fields of the theory are represented by

A_μ = A^0_μT^0 + gG^a_μT^a ≡ A^â_μT^â, A_{5μ} = A_5^0_μT^0 , (2.1)

where { T^a | | | a = 1, (N^2_c − 1) } are the SU(N_c) color matrices normalized by Tr(T^aT^b) = δ^{ab}/2 and T^0 = 1. Here A^0_μ and A_5^0_μ play a role of abelian fields, while G^a_μ are gluonic fields. The axial-vector field A_{5μ} is an auxiliary external field and will be turned off at the end of the procedure. The Euclidean functional integral for Dirac fermions (N_f = 1) in external vector A_μ(x) and axial-vector A_{5μ}(x) fields is given by

Z(A, A_5) = ∫ Dψ̄Dψ exp { − ∫ V d^4x ψ̄( /D − im)ψ } = det( /D − im) , (2.2) /D = −i(/∂ + /A + γ_5 /A_5) . The eigenvectors of /D are defined by^2

/Dψ_n = λ_nψ_n . (2.3)

They form a complete orthonormal basis {ψ_n|n ∈ N} in the space of square-integrable spinors. According to the general prescription [60–62], we expand ψ and ψ̄ into this basis and cut the summation after first N basis vectors:^3 ψ(x) → N∑ n=1 a_nψ_n(x) , ψ̄(x) → N∑ n=1 ψ^†_n(x)b_n . (2.4)

2The Dirac operator /D should be Hermitian, therefore formally the axial field has to be rotated A_5 → iA_5 from the beginning and then rotated back A_5 → −iA_5 in the final result. We stick to conventions of [60] and choose Hermitian gamma-matrices γ^† = γ and γ_5 ≡ −γ_0γ_1γ_2γ_3, while in Fujikawa’s earlier works [61, 62] they are anti-Hermitian.

3We do not consider zero-modes, otherwise the functional integral (2.2) will vanish in the chiral limit. We are not interested in the global topological properties of the system.

Then the functional integral (2.2) can be rewritten as

Z_N = ∫ N∏ n=1 db_n da_n exp { − N∑ n,k=1 b_n⟨ψ_n| /D − im|ψ_k⟩a_k } = det( /D − im)_N , (2.5)

( /D − im)_N ≡ 1 − P_N + P_N ( /D − im)P_N , P_N ≡ N∑ n=1 |ψ_n⟩⟨ψ_n| . From the gauge invariance of ( /D − im)_N it follows that the projector P_N commutes with the Dirac operator [ /D, P_N ] = 0, which will be used in the further calculations.

For the regularization we need to introduce a mass parameter Λ, to be discussed below. It will be defined via |λ_N | < Λ < |λ_{N+2}|. The projector P_N can then be replaced by

P_Λ ≡ θ ( 1 − /D^2 Λ^2 ) = +∞∫ −∞ dζ 2πi(ζ − iε) exp [ iζ(1 − /D^2/Λ^2) ] , (2.6)

where θ(x) is the Heaviside step function. We also replace all the indices N by Λ.

2.2 Vector currents conservation

The functional integral (2.2) is invariant under the gauge transformation A_μ → A_μ + ∂_μα + [A_μ, α] , A_{5μ} → A_{5μ} , ψ → (1 − α)ψ , ψ̄ → ψ̄(1 + α) , (2.7)

where α = α^âT^â. Therefore,

Z_Λ(A) = Z_Λ(A + ∂α) ≃ Z_Λ(A) + ∫ d^4x δZ_Λ(A) δA^â_μ(x) · ∂_μα^â(x) . (2.8)

After integration by parts we get ∂_μ δZ_Λ(A) δA^â_μ(x) = 0, (2.9)

which means that the vector currents

j^{μ â}_Λ (x) ≡ − 1 Z_Λ δZ_Λ(A) δA^â_μ(x) = i Tr ( γ^μT^â⟨x| P_Λ ( /D − im)_Λ |x⟩ ) (2.10)

are conserved. To derive the last expression one can use the equivalences exp Tr ln(·) = det(·) and 1 ( /D − im)_Λ = 1 − P_Λ +

P_Λ /D − im (2.11)

as well as the general identity for projectors P P^′P = P (P^2)^′P = 2P P^′P = 0 , (2.12) where the prime denotes a derivative of P with respect to an arbitrary parameter.

2.3 Anomaly for the axial current

Let us perform the chiral transformation of the functional integral A_μ → A_μ , A_5^0_μ → A_5^0_μ + ∂_μϵ , ψ → (1 + γ_5ϵ)ψ , ψ̄ → ψ̄(1 + γ_5ϵ) ,

(2.13)

with ϵ = ϵ^0T^0. Then in analogy with the previous section we get

Z_Λ(A_5) = Z_Λ(A_5 + ∂ϵ, ϵ) ≃ Z_Λ(A_5) + ∫ d^4x δZ_Λ(A_5, ϵ) δA_5^0_μ(x) · ∂_μϵ(x) + ∫ d^4x δZ_Λ(A_5, ϵ) δϵ(x) · ϵ(x) . (2.14)

The second term here is due to a nontrivial transformation of the integration measure of the functional integral, and was absent in the case of vector current. The projector P_Λ and combined operator /D − im also transform under the chiral rotations:

P_Λ → (1 + γ_5ϵ)P_Λ(1 + γ_5ϵ) , ( /D − im) → (1 + γ_5ϵ)( /D − im)(1 + γ_5ϵ) . (2.15) δP_Λ(x) δϵ(x^′) = {γ_5, P_Λ(x)} δ(x − x^′) , δ( /D − im)(x) δϵ(x^′) = −2imγ_5δ(x − x^′) . (2.16)

If we introduce the axial current as

j^{5μ}_Λ (x) ≡ − 1 Z_Λ δZ_Λ(A_5) δA_5^0_μ(x)

, (2.17)

then from (2.14) it follows that

∂_μj^{5 μ}_Λ = − 1 Z_Λ δZ_Λ(A_5) δϵ(x) . (2.18)

The latter is equal to

− 1 Z_Λ δZ_Λ(A_5) δϵ(x) = − Tr [ 1 ( /D − im)_Λ ( − δP_Λ δϵ + 2 δP_Λ δϵ ( /D − im)P_Λ + P_Λ δ( /D − im) δϵ P_Λ )]

= 2im Tr ( γ^5T^0⟨x|

P_Λ ( /D − im)_Λ |x⟩ ) + 2 Tr(γ^5⟨x|P_Λ|x⟩) , (2.19) where we used (2.11, 2.12, 2.15, 2.16) and the commutation properties of /D. By means of (2.6), the second matrix element in this formula can be expressed as

Tr(γ^5⟨x|P_Λ|x⟩) = Tr γ^5 ∫ d^4k (2π)^4 +∞∫ −∞ dζ 2πi(ζ − iε) e^{−ikx}e^{iζ(1− /D2/Λ2)}e^{ikx} (2.20)

= Tr γ^5 ∫ d^4k (2π)^4 +∞∫ −∞ dζ 2πi(ζ − iε) exp [ iζ ( 1 − k^2 Λ^2 − 2 Λ^2 k^μD_μ(x) − /D^2 Λ^2 )] (2.21)

= − ∫ d^4k̃ (2π)^4 +∞∫ −∞ ζ^2dζ 4πi(ζ − iε) e^{iζ(1−k̃2)}Tr [ γ_5( /D^4 + 4Λ^2 (k̃^μD_μ)^2 + Λ^2 2i ζ /D^2) ]

+ O ( 1 Λ^2 ) , (2.22)

where k̃ ≡ k/Λ. Using the algebra of the gamma-matrices, we write

/D^2 = −D^2_V − 1 2 γ^{[μ}γ^{ν]}A_{μν} + A_5^2_μ − (∂^μA_{5μ})γ^5 − γ^{[μ}γ^{ν]} ( D_{V μ}A_{5ν} − A_{5μ}D_{V ν} ) γ^5 , (2.23)

where D_V ≡ −i(∂ + A), and finally obtain

∂_μj^{5μ}_Λ = 2mρ^5_Λ + 1 16π^2 ε^{μνλκ}Tr ( A_{μν} A_{λκ} + 1 3 A_{5μν} A_{5λκ} )

+ 1 4π^2 Tr ( ∂_μ∂^μ∂^ν A_{5ν} + 2 3 { {∂^μA_5^ν , A_{5ν} } , A_{5μ} } + 1 3 { ∂^μA_{5μ}, A_5^ν A_{5ν} } + 2 3 A_5^μ∂^ν A_{5ν} A_{5μ} )

+ Λ^2 2π^2 Tr ( ∂^μA_{5μ} ) + O ( 1 Λ^2 ) , (2.24)

where the chirality ρ^5_Λ is defined by

ρ^5_Λ ≡ i Tr ( γ^5T^0⟨x|

P_Λ ( /D − im)_Λ |x⟩ ) (2.25)

and the field strengths are

A_{μν} = ∂_μA_ν − ∂_ν A_μ + [A_μ, A_ν ] , A_{5μν} = ∂_μA_{5ν} − ∂_ν A_{5μ} + [A_μ, A_{5ν} ] − [ A_ν , A_{5μ} ] = ∂_μA_{5ν} − ∂_ν A_{5μ}.

The first line in (2.24) is the usual chiral anomaly with a mass-dependent term and the topological term. The rest of (2.24) can be subtracted away by adding to the Lagrangian the following gauge-invariant term:

ΔL = 1 12π^2 Tr ( 3Λ^2 (A_{5μ}A_5^μ) + 1 2 (∂_μA_5^μ)^2 − ( A_{5μ}A_5^μ

)_2) . (2.26)

2.4 Axionic Lagrangian

The external axial-vector field A_{5μ} should be now switched off, which is equivalent to considering the pure gauge A_5^0_μ = ∂_μθ, since one can always generate a pseudoscalar field θ by the local chiral rotation /A → /A + γ^5 /∂θ. In other words, the quadratic term in (2.26) is required by having the chiral transformation consistent with the correct form of the chiral anomaly. In the chiral limit m → 0 the total effective Euclidean Lagrangian is given then by^4

L^{(4)}_E = ΔL + 1 4 G^{aμν} G^a_{μν} + 1 4 F^{μν} F_{μν} − j^{â μ}A^â_μ − j^{5μ}A_5^0_μ

= ΔL + 1 4 G^{aμν} G^a_{μν} + 1 4 F^{μν} F_{μν} − j^{0μ}A^0_μ − gj^{a μ}G^a_μ − j^{5μ}_Λ ∂_μθ ∼ 1 4 G^{aμν} G^a_{μν} + 1 4 F^{μν} F_{μν} − j^{0μ}A^0_μ − gj^{a μ}G^a_μ + Λ^2N_c 4π^2 ∂^μθ∂_μθ + g^2 16π^2 θG^{aμν} ~G^a_{μν} + N_c 8π^2 θF^{μν} ~F_{μν} + N_c 24π^2 θ□^2θ − N_c 12π^2

(∂^μθ∂_μθ)^2 , (2.27)

where we used the anomaly expression (2.24) and integrated by parts. Kinetic terms for the electromagnetic and gluonic fields could be introduced already in (2.2) and do not affect the derivation. As we see, the kinetic term for θ even being absent in (2.2) is generated dynamically^5, see also [63, 64] for similar examples. If we drop quartic terms and replace conventions A^0_μ → A_μ, j^{0μ} → j^μ, then the effective Lagrangian is reduced to

L^{(2)}_E = 1 4 G^{aμν} G^a_{μν} + 1 4 F^{μν} F_{μν} − j^μA_μ − gj^{a μ}G^a_μ + Λ^2N_c 4π^2 ∂^μθ∂_μθ + g^2 16π^2 θG^{aμν} ~G^a_{μν} + N_c 8π^2 θF^{μν} ~F_{μν} . (2.28)

This Lagrangian describes a generalization of the axion electrodynamics [65], where the new terms are due to gluonic fields. It seems interesting that the axionic field θ(x, t) appears within QCD coupled to QED, without any further assumptions as e.g. the Peccei- Quinn mechanism [66]. Similarly to the ‘true’ axion, θ(x, t) is a propagating dynamical field. However, the value of the decay constant f = 2Λ π √ N_c turns out to be of order of scales appearing in QCD (see below), while in cosmological scenarios this value is usually around 10^9 − 10^{12} GeV. The formal similarity of (2.28) to the axion Lagrangian allows us to derive an explicit expression for the mass of θ(x, t) [67–69],

m^2_θf^2 = χ(T ) , (2.29)

4Currents j^{âμ} can be sourced by fermions from the scales above Λ.

5The θ-field does not appear in the integration measure and hence should be treated as a classical low-energy excitation. It is possible due to the fact that the loop corrections by θ-fields are finite in 4D and depend on the powers of external momenta divided by Λ, i.e. such loop amplitudes are suppressed by powers of Λ.

where χ = lim_{V →∞}^{⟨Q2⟩}_V is the topological susceptibility related to fluctuations of the topological charge Q. Lattice simulations demonstrate that χ goes (almost) to zero at temperatures above the deconfinement transition [16, 17, 70–72], this behaviour is also confirmed within the interacting instanton liquid model [69]. Meson masses in the deconfinement interpolate between their values at T ≲ T_c and approximately twice the lowest quark Matsubara frequency (i.e. 2πT ). These two facts allow us to consider the axion-like field θ(x, t) as a nearly-massless field, an essential requirement for a superfluid mode.

Instead of considering θ as a real particle we rather tend to interpret it as a collective excitation (quasi-particle) of the medium in the nonperturbative regime of QCD (e.g. combinations of chiral quarks). As will be shown in next sections, the excitation carries chirality and can be considered as a 4D generalization of the Chiral Magnetic Wave [42]. These excitations can also be exactly massless (compare with phonons or sound waves) and, at the same time, not necessarily consisting of massless quantum particles, appearing as Goldstone bosons of some broken (e.g. Peccei-Quinn-like) symmetry^6. A straightforward derivation of this collective solution made out of quarks and gluons is not worked out at the moment. However, there are some evidences that it could exist, see e.g. comments on binary bound states in sQGP [74,75], lattice results on a screened attractive force in the color-singlet channel [76] and ideas mentioned already in the Introduction.

2.5 Interpretation of Λ

The scale Λ can be studied by considering N_f = N_c = 1 in the limit of a constant background μ = const, μ_5 = const and negligible anomaly (i.e. slow varying θ = iμ_5t_E ). In this case, keeping also the quartic terms in (2.27) for generality, we get

ρ_5 = − lim_{tE →0} δL^{(4)}_E δμ_5 = 1 2 ( Λ π )_2

μ_5 + 1 3π^2 μ^3_5 . (2.30)

In other words, the value of Λ can be read off from the dependence of chirality ρ_5 on the chiral chemical potential μ_5. We consider here three existing examples one can find in the literature.

(1) At high temperatures, neglecting effects of gluons and assuming equilibrium, one can define the thermodynamic grand potential as [6] Ω = ∑ s=± ∫ d^3p (2π)^3 [ ω_{p,s} + T ∑ ± log(1 + e^{− ωp,s±μT} ) ] , (2.31)

where ω^2_{p,s} = (p + sμ_5)^2 + m^2 and one also assumes an approximate conservation of the axial charge. Differentiating the grand potential with respect to μ_5 and taking the massless limit one obtains [6]

ρ_5 = 1 3 ( T^2 + μ^2 π^2 ) μ_5 + 1 3π^2 μ^3_5 . (2.32)

6Even if we assume that U(1)_A symmetry is broken spontaneously, as suggested in [77], then the bosonization procedure does not describe η^′, since it is a spin-0 particle, which can not carry chirality as θ does.

Comparing (2.32) with (2.30) we conclude

Λ = π √ 2 3 √ T^2 + μ^2 π^2

(free quarks) . (2.33)

In [6,7] this scale is compared with the inverse radius of a typical sphaleron at given temperature. Notice, that in the high temperature limit T ≫ μ and T ≫ μ_5 we get simplifications Λ ∝ T and ρ_5 ∝ Λ^2μ_5 ∝ T^2μ_5.

(2) In case of a strong external magnetic field (eB > μ^2_5/2) one can construct the grand potential for fermions on the lowest Landau level [6] Ω = eB 4π^2 ∞∫ −∞ d^3p_{||} [ ω_p + T ∑ ± log(1 + e^{− ωp±μT} ) ] , (2.34)

where ω^2_p = (p_{||} + μ_5)^2 + m^2 and p_{||} denotes a component of momentum parallel to the magnetic field. This gives us ρ_5 = eB 2π^2 μ_5 and hence

Λ = 2 √ eB (free quarks and strong B) . (2.35)

Upon the redefinition θ → π √ 2N_ceB θ the kinetic term for θ in the effective La-

grangian (2.27) takes a canonical form 1 2 (∂_μθ)^2, while the quartic terms are suppressed by factors 1/B and 1/B^2, respectively. Therefore, the bosonization procedure becomes exact in the limit B → ∞ as in [42].

(3) To include effects of gluons one needs to perform a lattice calculation with finite μ_5, which has been done in [78, 79]. Slope of the curve ρ_5 = ρ_5(μ_5) obtained in the paper^7 is approximately one (in lattice units), which being translated to physical units and compared with (2.30) gives us

Λ ≃ 3 GeV (dynamical lattice fermions, N_f = 2, N_c = 3) . (2.36)

Appearance of this scale (much larger than Λ_{QCD}) is not surprising, see e.g. [80,81]. It is worth to mention that all three predictions even if being affected by either rought initial assumptions or lattice artifacts, still provide a finite and reasonable value of Λ.

2.6 Fermionic spectrum and chirality

The Dirac spectrum for massless fermions is schematically shown in Fig. 1.^8 Lattice studies can be found in [16–18, 34, 82]. Below the critical temperature T_c the spectrum is a continuously growing function in λ.

7There is no a priori introduced UV-cutoff in the paper since the inversion of the Dirac operator is done by means of the BiCGstab solver

8We show here only the non-negative part of the spectrum. In the chiral limit it is symmetric with respect to the reflection λ → −λ.

Figure 2: Typical fermionic spectrum in the deconfined phase as seen by a SU(3) quenched lattice simulation with tadpole-improved Lüscher-Weisz action and overlap fermions (β = 8.45, a = 0.095 fm, V = 16^3 × 6, N_f = 1, T_c ∼ 260MeV ).

In contrast, at T_c < T ≲ 2 T_c the spectrum consists of three parts: exact zero modes (and near-zero modes), followed by a gap for the low-lying modes and a continuous spectrum starting from a finite λ_B . Presence of the near-zero peak can be interpreted as a manifestation of a (small) remaining chiral condensate [16, 18], which is, howewer, not yet rigorously proven. Both the chiral condensate and topological susceptibility χ(T ) are defined from the near-zero modes, since the exact zero modes do not survive in the thermodynamic limit [56, 71, 72]. It is important, that χ(T ) is small enough (to keep m_θ small), but still not zero (otherwise θ itself does not exist). This forces us to choose the window of temperatures T_c < T ≲ 2 T_c. At higer temperatures T ≳ 2 T_c the peak disappears completely and all the correlations between quarks supposed to be washed out by thermal effects. The gap width seems to be temperature dependent and grows with the temperature [17]. The right bound λ_B is natural to identify with an effective quark mass, since on the corresponding fermionic mode

λ^2_Bψ_B = /D^2ψ_B = /p^2ψ_B = m^2_{eff} ψ_B . (2.37)

A very strong external magnetic field can slightly shift the right bound of the spectrum to the left^9 (see Fig. 2), but for magnetic field strengths occuring in heavy ion collisions [7] the principal shape of the spectrum remains the same.

9We are grateful to Victor Braguta for making this observation from our data

Let us demonstrate that chirality is determined by the first part of the spectrum.

ρ^5_Λ = i Tr ( γ^5⟨x| P_Λ ( /D − im)_Λ |x⟩ ) = i ∑ 0<|λ|<Λ ψ_λ^†γ^5ψ_λ λ − im = i ∑ 0<λ<Λ ψ_λ^†γ^5ψ_λ λ − im + i ∑ 0<λ<Λ ψ_λ^†γ^5γ^5γ^5ψ_λ −λ − im = −2m ∑ 0<λ<Λ ψ_λ^†γ^5ψ_λ λ^2 + m^2 = − Λ∫ 0 dλ ν(λ) 2m λ^2 + m^2 ψ_λ^†γ^5ψ_λ , (2.38)

where ν(λ) denotes the spectral density for an eigenvalue λ. Here, as before, we dropped the exact zero-modes. Then, using the identity

lim_{m→0} m λ^2 + m^2

= πδ(λ) (2.39)

we find the following expression for the chirality

lim_{m→0} ρ^5_Λ = −2π Λ∫ 0 dλ ν(λ)δ(λ)ψ_λ^†γ^5ψ_λ = −π lim_{λ→0} ν(λ) ψ_λ^†γ^5ψ_λ . (2.40)

From this expression we see that the chirality can be determined exclusively from the near-zero fermionic modes. It is suggested and tested on a lattice [16] that this part of the spectrum is originated from the zero modes of separate topological defects populating the vacuum, because interactions between the original zero modes break their degeneracy. So the exclusion of the exact zero modes from our analysis does not affect much the main results (for additional arguments see also [58]).

3 Quark-gluon plasma as a two-component fluid

We now consider Minkowski version of the effective Lagrangian (2.28) for the quark-gluon plasma with one quark flavor^{10},

L^{(2)} = − 1 4 G^{aμν} G^a_{μν} − 1 4 F^{μν} F_{μν} − j^μA_μ − gj^{a μ}G^a_μ − f^2 2 ∂^μθ∂_μθ + C_g 4 θG^{aμν} ~G^a_{μν} + C_γ 4 θF^{μν} ~F_{μν} , (3.41)

where, again, the decay constant is defined by f = 2Λ π √ N_c and the anomaly coefficients

are given by C_γ = N_c 2π^2 and C_g = g^2 4π^2 . 10The metric we use has the signature (− + ++)

Varying the Lagrangian (3.41) with respect to θ and vector fields A_μ and G^a_μ, we obtain the following equations of motion: ∂^μ∂_μθ = − C_γ 4f^2 F^{μν} ~F_{μν} − C_g 4f^2 G^{μνa} ~G^a_{μν} , (3.42) ∂_μF^{μν} = −j^ν + C_γ (∂_κθ)F̃^{κν} , (3.43) ∂_μG^{μνa} + gf^{abc}G^b_μG^{μνc} = −gj^{νa} + C_g(∂_κθ) ~G^{κνa} , (3.44) where f^{abc} are the structure constants of SU(N). Bianchi identities are given by

∂_μ ~F^{μν} = 0 , (3.45) ∂_μ ~G^{μνa} + gf^{abc}G^b_μ ~G^{μνc} = 0 . (3.46) Interestingly, θ(⃗x, t) obeys a wave equation which is sourced by the U(1)_A chiral anomaly. This makes it a four-dimensional generalization of the so-called “Chiral Magnetic Wave” which has been recently proposed in [42].

3.1 Hydrodynamic equations

Here we follow a general idea of the hydrodynamic description of the anomalous phenomena in the quark-gluon plasma (read e.g. [73] for a review). The hydrodynamic equations may now be derived from the effective Lagrangian (3.41) and the corresponding equations of motion (3.42)–(3.46). Taking the divergence of (3.43) and using the Bianchi identity (3.45), we obtain the conservation law for the electromagnetic current, ∂_ν j^ν = 0, provided that the topology of the θ-field is non-singular with^{11}

[∂_μ, ∂_ν ]θ = 0 . (3.47)

Varying L^{(2)} with respect to the axial-vector −∂_μθ, we obtain the axial current

j^μ_5 = f^2∂^μθ . (3.48)

This current satisfies the anomaly equation

∂_μj^μ_5 = − C_γ 4 F^{μν} ~F_{μν} − C_g 4 G^{μνa} ~G^a_{μν} , (3.49) as can be seen by substituting the equations of motion (3.42) into the divergence of (3.48). Notice that U(1)_A is still broken in the deconfinement [71, 72].

The total energy-momentum tensor is a sum of both electromagnetic Θ^{μν}_γ and gluonic ones Θ^{μν}_g and the stress-energy tensor of the fluid T^{μν} . The energy-momentum tensors of the free electromagnetic and gluonic fields are given by

Θ^{μν}_γ = F^{μλ}F^ν_λ − 1 4 g^{μν} F_{αβ}F^{αβ} , (3.50)

Θ^{μν}_g = G^{μλa}G^ν_λ^a − 1 4 g^{μν} G_{αβ}^aG^{αβa} . (3.51) 11delta-function on the r.h.s. of (3.47) would generate an axionic string [83]. For the relevant phenomenological consequences see [84, 85].

Their divergencies can be found by means of the equations of motion (3.43, 3.44), ∂_μΘ^{μν}_γ = −F^{νλ}j_λ − C_γ F^{νλ} ~F_{λκ}∂^κθ , (3.52) ∂_μΘ^{μν}_g = −gG^{νλa}j^a_λ − C_gG^{νλa} ~G_{λκ}^a∂^κθ . (3.53) Substituting this into the conservation law of the total energy-momentum, ∂_μ(T^{μν} + Θ^{μν}_γ + Θ^{μν}_g ) = 0 , (3.54) we get (see also [86]) ∂_μT^{μν} = F^{νλ}j_λ + gG^{νλa}j^a_λ + C_γ F^{νλ} ~F_{λκ}∂^κθ + C_gG^{νλa} ~G^a_{λκ}∂^κθ . (3.55) The first two terms on the right hand side are the standard terms for a work done by external fields. The last two terms is a work done by a Witten-like current [87]. Finally, keeping that ρ_5 ≡ j^0_5 = f^2∂^0θ, we obtain an expression for the axial chemical potential,

μ_5 = δL^{(2)} δρ_5 = −∂_0θ . (3.56)

When boosted this turns into the Josephson-type equation μ_5 = −u^μ∂_μθ, where u^μ will be chosen later as the velocity of the “normal” component, normalized by the condition u_μu^μ = −1. We also should assume, that ∂_tθ is slow varying in time, i.e. ∂_μθ ∼ O(p^0), so the changes in chiral (axial) charge are small at the scale of QGP lifetime [88,89], otherwise the chiral chemical potential is not well-defined. Hydrodynamic and constitutive equations are then of order O(p^2) and O(p^1), respectively.

In summary, the system of hydrodynamic equations is given now by ∂_μT^{μν} = F^{νλ}(j_λ + C_γ ~F_{λκ}∂^κθ) + G^{νλa}(gj^a_λ + C_g ~G_{λκ}^a∂^κθ) , (3.57) ∂_μj^μ_5 = − C_γ 4 F^{μν} ~F_{μν} − C_g 4 G^{μν a} ~G^a_{μν} , (3.58) ∂_μj^μ = ∂_μj^{μa} = 0 , (3.59) u^μ∂_μθ + μ_5 = 0 , (3.60) where the last one is the Josephson-type equation. Corresponding constitutive relations in gradient expansion, satisfying (3.42) and (3.57-3.58), can be represented by T^{μν} = (ϵ + P ) u^μu^ν + P g^{μν} + f^2∂^μθ∂^ν θ + τ^{μν} , (3.61) j^μ = ρu^μ + ν^μ , (3.62) j^{μa} = ρ^au^μ + ν^{μa} , (3.63) j^μ_5 = f^2∂^μθ + ν^μ_5 , (3.64) where ϵ, P , ρ, ρ^a are the energy density, pressure, electric charge density and color charge density, respectively. Terms τ^{μν} , ν^μ, ν^{μa} and ν^μ_5 denote higher-order gradient corrections and obey the Landau conditions u_μτ^{μν} = 0 , u_μν^μ = 0 , u_μν^{μa} = 0 , u_μν^μ_5 = 0 . (3.65)

The stress-energy tensor T^{μν} consists of two parts, an ordinary fluid component and a pseudoscalar “superfluid” component. This modifies the Gibbs relation dP = sdT + ρdμ − f^2d [ 1 2 ∂^μθ ∂_μθ ] , (3.66)

where s is the entropy density. Being additionally supported by the results of the Section 2.6, we can describe the fluid content as a mixture of two components, originated from different parts of the fermionic spectrum,

(1) Zero and near-zero fermionic modes, which are involved into a potential (curl-free) motion of the chirality described by j^5_μ = f^2 ∂_μθ = ρ_5u_{Sμ}, where u_{Sμ} ≡ μ_5 ∂_μθ is the “superfluid” velocity.

(2) The rest forming an “axially-neutral” component described by an electric j_μ = ρu_μ and color j^a_μ = ρ^au_μ currents and separated from the curl-free component by a finite gap.

There are numerous studies (e.g. [7, 90, 91]) suggesting generation of a finite chirality in the processes of heavy ion collisions, so we can assume ⟨ρ_5⟩ = f^2⟨μ_5⟩ ≠ 0 within an event. Such kind of initial conditions is not captured by lattice simulations (⟨ρ_5⟩ = 0 after averaging over gauge configurations [58, 59]), unless the finite ⟨μ_5⟩ is introduced ad hoc [78, 79].

As a final remark, one would naturally expect the energy-momentum tensor (3.61) to be anisotropic at this order, since the electromagnetic fields are introduced. However, the anisotropy affects very weakly the anomalous effects in consideration: in [92, 93] it was shown that the anisotropy parameter enters the expressions for transport coefficients in a combination with chemical potentials, which are small in the case of heavy-ion collisions (this would not be the case, if we considered compact stars, see e.g. [94]).

3.2 Phenomenological output, possible tests of the model

Electric and magnetic fields in the fluid rest frame are defined as

E^μ = F^{μν} u_ν , B^μ = F̃^{μν} u_ν ≡ 1 2 ϵ^{μναβ} u_ν F_{αβ}. (3.67) One can also rewrite these definitions in the following way

F_{μν} = ϵ_{μναβ} u^αB^β + u_μE_ν − u_ν E_μ, (3.68) F̃_{μν} = ϵ_{μναβ} u^αE^β + u_μB_ν − u_νB_μ , (3.69)

which we will use later.

The second term in first brackets (3.57) or equivalently the second term on r.h.s. of (3.43) has an interesting phenomenological interpretation as an additional electric current, induced by θ-field, i.e. assosiated with the “superfluid” component. This current is conserved due to the Bianchi identity and vanishes in absence of either external electromagnetic fields or θ. Let us split this term in three pieces using (3.69):

j^S_λ ≡ C_γ ~F_{λκ}∂^κθ = C_γ ∂^κθ ( u_κB_λ + ϵ_{κλαβ} u^αE^β − u_λB_κ ) (3.70) = −C_γ μ_5B_λ + C_γ ϵ_{λακβ} u^α∂^κθE^β − C_γ u_λ(∂θ · B) . The first term in the sum is nothing but the Chiral Magnetic Effect (CME) [6], i.e. generation of the electric current along the magnetic field. The second term is analogous to the Chiral Electric Effect (CEE) [95], i.e. generation of the electric current perpendicular to applied electric field and to both (normal and superfluid) four-velocities. The third term is a dynamical realization of the domain wall polarization [96, 97] or simply the fact that the “would-be” axions acquire an electric dipole moment in a magnetic field [65]. Keeping in mind a wave-like profile of the θ-field we could call this effect the “Chiral Dipole Wave” (CDW). First term contains μ_5 which is in our case derived within QCD in contrary to other CME models. Last two terms are specific for the two-component fluid model and can be considered as a possible experimental test of the model. A concrete quantitative prediction and comparison to the experimental data are beyond of the scope of this article and will be presented in a future publication (for some preliminary estimates, read [98]).

In order to study the CEE one should also take into account the response of the medium (e.g. due to a finite electric conductivity), possible nonlinear effects (since the field strength can be of the hadronic scale, if we take into account the Faraday’s law), inhomogeneous character of the chemical potential, as well as the generation of an additional axial current due to the Chiral Electric Separation Effect [99], etc.

The same analysis can be applied to the color current j^{S a}_λ ≡ C_g g ~G_{λκ}^a∂^κθ , (3.71) which is the second term on the r.h.s. of (3.44). The corresponding effects can be called “Color CME”, “Color CEE” and “Color CDW”, respectively. We are not focusing on these effects, since the color currents cannot be observed directly. It is also important to mention that both currents (3.70, 3.71) do not depend on the UV cutoff Λ introduced in the preceding sections.

3.3 Change in entropy and higher order gradient corrections

In previous sections we kept higher-order corrections τ^{μν} , ν^μ, ν^{μa}, ν^μ_5 undetermined. These corrections incorporate possible dissipative effects (in presence of e.g. viscosity or electrical resistivity) and can be found from the constraint ∂_μs^μ ≥ 0 on the entropy current s^μ [100]. A priori it is not obvious whether they can interfere with the result (3.70) or not. Indeed, within the ordinary hydrodynamics the chiral magnetic effect can be found as a part of the ν^μ term [92, 101, 102]. In this section we show that there are no higher order corrections to the electric current j_μ arising in our case and affecting the phenomenological results of Section 3.2. Following [101], we transform the quantity

I ≡ u_ν ∂_μT^{μν} + μ∂_μj^μ + μ_5∂_μj^μ_5 (3.72)

using hydrodynamic and constitutive equations and equate both resulting expressions.

Constitutive equations Using the second law of thermodynamics ϵ + P = T s + μρ and (3.61)-(3.64), we can rewrite this quantity as

I = u_ν ∂_μ ((T s + μρ) u^μ) u^ν + u_ν (T s + μρ) u^μ∂_μu^ν + u_ν∂_μP g^{μν} + u_νf^2∂^ν θ ∂_μ∂^μθ + u_ν f^2∂^μθ ∂_ν ∂^μθ + u_ν ∂_μτ^{μν} + μ∂_μ (ρu^μ + ν^μ) + μ_5f^2∂_μ∂^μθ + μ_5∂_μν^μ_5 . (3.73)

Using the normalization condition u^μu_μ = −1, the Josephson equation u^μ∂_μθ + μ_5 = 0 and the following identities

∂_μu^μ = inv = ∂_0u^0_{(rest frame)} = 0, (3.74)

u_ν u^μ∂_μu^ν = 1 2 (u_ν u^μ∂_μu^ν + u^νu^μ∂_μu_ν) = u^μ∂_μ(u^νu_ν ) ≡ 0, (3.75) ∂_μ(ρu^μ) = u^μ∂_μρ + ρ∂_μu^μ = u^μ∂_μρ = inv = u^0∂_0ρ = 0 (3.76)

we can simplify the expression for I to I = − T ∂_μ (u^μs) − u^μ { s∂_μT + ρ∂_μμ − f^2∂_ν θ ∂_μ∂^ν θ − ∂_μP } + u_ν∂_μτ^{μν} + μ∂_μν^μ + μ_5∂_μν^μ_5 + 2C_γ μ_5E^λB_λ − C_g 2 μ_5G^{μνa} ~G^a_{μν} . (3.77)

The sum in the curly brackets is identically zero due to the thermodynamic relation (3.66). Also u_ν ∂_μτ^{μν} = −τ^{μν} ∂_μu_ν because of the Landau frame condition (3.65). This leads to the further simplification, I = −T ( ∂_μ (su^μ) − μ T ∂_μν^μ − μ_5 T ∂_μν^μ_5 ) − τ^{μν} ∂_μu_ν + 2Cμ_5E^λB_λ − C_g 2 μ_5G^{μνa} ~G^a_{μν} . (3.78)

Hydrodynamic equations Let us rewrite I again using the hydrodynamic equations (3.57-3.58). Then I =F^{νλ}u_ν ρ u_λ + u_ν F^{νλ}ν_λ + gG^{νλa}u_ν ρ^a u_λ + gu_νG^{νλa}ν^a_λ + C_γ u_νF^{νλ} ~F_{λκ}∂^κθ + C_gu_νG^{νλa} ~G^a_{λκ}∂^κθ + C_γ μ_5E^λB_λ − C_g 4 μ_5G^{μνa} ~G^a_{μν} = − E_λν^λ + 2C_γ μ_5E^λB_λ − C_g 2 μ_5G^{μνa} ~G^a_{μν} , (3.79)

where we used the Josephson equation, the definitions of the electric and magnetic fields (3.67) and the corresponding inversed relations (3.69). Combining this result with (3.78) we obtain −T ( ∂_μ (su^μ) − μ T ∂_μν^μ − μ_5 T ∂_μν^μ_5 ) = τ^{μν} ∂_μu_ν − E_λν^λ . (3.80)

Then dividing by −T and adding −ν^μ∂_μ μ T − ν^μ_5 ∂_μ μ_5 T to the both sides we can rewrite the result as ∂_μ ( su^μ − μ T ν^μ − μ_5 T ν^μ_5 ) = − 1 T (∂_μu_ν )τ^{μν} − ν^μ ( ∂_μ μ T − 1 T E_μ ) − ν^μ_5 ∂_μ μ_5 T . (3.81)

Comparing this result with one of Son and Surowka [100], we see that the term proportional to C_γ is absent. This fact tells us that the divergence (3.81) is well defined, i.e. the entropy production is always nonnegative, and in contrary to [100] we do not need to add any additional terms to the entropy current. Therefore, there are no leading-order corrections to j^S_λ coming from the dissipative term ν^μ. So, all three anomalous effects are present already at the level of the hydrodynamic equations (3.57).

The expression for the entropy current remains unchanged also because the “superfluid” component itself has zero entropy. Indeed, considering (3.81) in absence of dissipative corrections we obtain

∂_μ(su^μ) = 0, (3.82)

i.e. only the “normal” component cotributes to the entropy current, which is a common property of a real superfluid. This fact would well agree with the long-range coherence of the chirality distribution [22–29,103,104], but should be studied more carefully, since the microscopic nature of θ is not known precisely.

4 Conclusion

In this paper we provided a novel treatment of the sQGP dynamics for the temperatures typical for recent and ongoing heavy-ion experiments. The main feature of our studies is a combination of nonperturbative methods applied to a general form of the theory, namely, the QCD coupled to QED. Our conclusion is that there can exsist a light (nearly massless) axion-like component of the quark-gluon plasma for the given range of temperatures. This component accommodates all the chiral and anomalous properties of the plasma and is responsible for a plenty of hypothetical effects leading to the local P- and CP-violation in the strong interaction. The rest of the matter content of QGP obeys the hydrodynamic equations of a nearly ideal fluid. Both of the components together form some kind of a superfluid, which we call the “chiral superfluid”. This term should be understood in a relative sense as a two-component fluid with independent curl-free and normal motions. The separation between two motions is provided by a gap in the Dirac spectrum observed in lattice QCD simulations with massless quarks. It is worth to mention, that in our case we do not obtain the light “superfluid” component as a Goldstone field of a broken continuous symmetry. Instead, it appears as a consequence of a nontrivial underlying vacuum structure. At the same time, even not being a conventional superfluid, our system reproduces some usual properties, such as a (pseudo-)scalar nature of the “condensate”, zero entropy of the “condensate”, Josephson-type relation, etc. Taking into account only regular configurations of the “condensate” we reserve the vortex-like solutions for the further studies. An important issue not covered in this article is the probe limit (quenching) for the lattice fermions. It is not clear yet, whether the long-range structures survive in the full QCD or they are destroyed by dynamical fermions. As a crucial test of our model we propose some phenomenological effects (Section 3.2), which can be proven experimentally, i.e. a response of QGP to the presence of strong electromagnetic fields. A concrete description of the experimental consequences is currently in progress.

Acknowledgments

The author is grateful to Valentin I. Zakharov and Henri Verschelde for original ideas initiating this study. I also would like to thank Alexander Polyakov, Mikhail Shifman, Maxim Chernodub, Alexander Zhiboedov, Ingo Kirsch, Andreas Ringwald, Mikhail Shaposhnikov, Dmitri Kharzeev, Jan Pawlowski, Edward Shuryak, Ismail Zahed, Eliezer Rabinovici, Vitaly Bornyakov, Shiraz Minwalla, Guy Gur-Ari, Piotr Surowka, Arata Yamamoto, Ivan Horváth, Ilmar Gahramanov and Mikhail Isachenkov for interesting and useful discussions, and Victor Braguta and Pavel Buividovich for helpful hints in doing numerics. Numerical calculations have been performed at the GSI batch farm.

References

[1] B. I. Abelev et al. [STAR Collaboration], “Azimuthal Charged-Particle Correlations and Possible Local Strong Parity Violation,” Phys. Rev. Lett. 103, 251601 (2009). [arXiv:0909.1739].

[2] B. I. Abelev et al. [STAR Collaboration], “Observation of charge-dependent azimuthal correlations and possible local strong parity violation in heavy ion collisions,” Phys. Rev. C 81, 054908 (2010). [arXiv:0909.1717].

[3] N. N. Ajitanand, S. Esumi, R. A. Lacey [PHENIX Collaboration], “P- and CP-odd effects in hot and dense matter”, in: Proc. of the RBRC Workshops, vol. 96, 2010.

[4] B. Abelev et al. [ALICE Collaboration], “Charge separation relative to the reaction plane in Pb-Pb collisions at √ s_{NN} = 2.76 TeV,” arXiv:1207.0900 [nucl-ex].

[5] D. E. Kharzeev and D. T. Son, “Testing the chiral magnetic and chiral vortical effects in heavy ion collisions,” Phys. Rev. Lett. 106 (2011) 062301. [arXiv:1010.0038 [hepph]].

[6] K. Fukushima, D. E. Kharzeev, H. J. Warringa, “The Chiral Magnetic Effect,” Phys.

Rev. D78, 074033 (2008). [arXiv:0808.3382 [hep-ph]].

[7] D. E. Kharzeev, L. D. McLerran and H. J. Warringa, “The Effects of topological charge change in heavy ion collisions: ’Event by event P and CP violation’,” Nucl. Phys. A 803 (2008) 227. [arXiv:0711.0950 [hep-ph]].

[8] A. Adare et al. [PHENIX Collaboration], “Enhanced production of direct photons in Au+Au collisions at sqrt(s_N N) = 200GeV and implications for the initial temperature,” Phys. Rev. Lett. 104 (2010) 132301. [arXiv:0804.4168 [nucl-ex]].

[9] D. Teaney, J. Lauret and E. V. Shuryak, “A Hydrodynamic description of heavy ion collisions at the SPS and RHIC,” nucl-th/0110037.

[10] E. Shuryak, “Physics of Strongly coupled Quark-Gluon Plasma,” Prog. Part. Nucl.

Phys. 62 (2009) 48. [arXiv:0807.3033 [hep-ph]].

[11] J. Adams et al. [STAR Collaboration], “Experimental and theoretical challenges in the search for the quark gluon plasma: The STAR Collaboration’s critical assessment of the evidence from RHIC collisions,” Nucl. Phys. A 757 (2005) 102. [nucl-ex/0501009].

[12] K. Adcox et al. [PHENIX Collaboration], “Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX collaboration,” Nucl. Phys. A 757 (2005) 184. [nucl-ex/0410003].

[13] J. Liao and E. Shuryak, “Magnetic Component of Quark-Gluon Plasma is also a Liquid!,” Phys. Rev. Lett. 101 (2008) 162302. [arXiv:0804.0255 [hep-ph]].

[14] M. N. Chernodub and V. I. Zakharov, “Magnetic component of Yang-Mills plasma,” Phys. Rev. Lett. 98 (2007) 082002. [hep-ph/0611228].

[15] M. N. Chernodub and V. I. Zakharov, “Monopoles and vortices in Yang-Mills plasma,” Phys. Atom. Nucl. 72 (2009) 2136. [arXiv:0806.2874 [hep-ph]].

[16] R. G. Edwards, U. M. Heller, J. E. Kiskis and R. Narayanan, “Chiral condensate in the deconfined phase of quenched gauge theories,” Phys. Rev. D 61 (2000) 074504. [hep-lat/9910041].

[17] V. G. Bornyakov, E. V. Luschevskaya, S. M. Morozov, M. I. Polikarpov, E. -M. Ilgenfritz, M. Muller-Preussker, “The Topological structure of SU(2) gluodynamics at T > 0: An Analysis using the Symanzik action and Neuberger overlap fermions,” Phys. Rev. D79 (2009) 054505. [arXiv:0807.1980 [hep-lat]].

[18] P. V. Buividovich, E. V. Luschevskaya, M. I. Polikarpov, “Finite-temperature chiral condensate and low-lying Dirac eigenvalues in quenched SU(2) lattice gauge theory,” Phys. Rev. D78 (2008) 074505. [arXiv:0809.3075 [hep-lat]].

[19] D. T. Son, “Hydrodynamics of relativistic systems with broken continuous symmetries,” Int. J. Mod. Phys. A 16S1C, 1284 (2001). [arXiv:hep-ph/0011246].

[20] C. P. Herzog, P. K. Kovtun and D. T. Son, “Holographic model of superfluidity,” Phys. Rev. D 79 (2009) 066002. [arXiv:0809.4870 [hep-th]].

[21] L. Landau, “The theory of superfluidity of helium II,” J. Phys. U.S.S.R. 5 (1941) 71.

[22] I. Horvath et al. “Uncovering low dimensional topological structure in the QCD vacuum,” [hep-lat/0212013].

[23] A. Alexandru, I. Horvath, J. -b. Zhang, “The Reality of the fundamental topological structure in the QCD vacuum,” Phys. Rev. D72 (2005) 034506. [hep-lat/0506018].

[24] I. Horvath et al. “Low dimensional long range topological charge structure in the QCD vacuum,” Phys. Rev. D68 (2003) 114505. [hep-lat/0302009].

[25] I. Horvath et al. “Low dimensional long range topological structure in the QCD vacuum,” Nucl. Phys. Proc. Suppl. 129 (2004) 677-679. [hep-lat/0308029].

[26] I. Horvath, “The Analysis of space-time structure in QCD vacuum I: Localization vs global behavior in local observables and Dirac eigenmodes,” Nucl. Phys. B710 (2005) 464-484. [hep-lat/0410046].

[27] I. Horvath et al. “Inherently global nature of topological charge fluctuations in QCD,” Phys. Lett. B612 (2005) 21-28. [hep-lat/0501025].

[28] E. -M. Ilgenfritz, K. Koller, Y. Koma, G. Schierholz, T. Streuer, V. Weinberg, “Exploring the structure of the quenched QCD vacuum with overlap fermions,” Phys. Rev. D76 (2007) 034506. [arXiv:0705.0018 [hep-lat]].

[29] E. -M. Ilgenfritz, K. Koller, Y. Koma, G. Schierholz, V. Weinberg, “Topological Structure of the QCD Vacuum Revealed by Overlap Fermions,” [arXiv:0912.2281 [hep-lat]].

[30] M. Luscher, “The Secret Long Range Force In Quantum Field Theories With Instantons,” Phys. Lett. B 78 (1978) 465.

[31] A. V. Kovalenko, S. M. Morozov, M. I. Polikarpov and V. I. Zakharov, “On topological properties of vacuum defects in lattice Yang-Mills theories,” Phys. Lett. B 648 (2007) 383. [hep-lat/0512036].

[32] P. V. Buividovich, T. Kalaydzhyan and M. I. Polikarpov, “Fractal dimension of the topological charge density distribution in SU(2) lattice gluodynamics,” arXiv:1111.6733 [hep-lat].

[33] C. Aubin et al. [ MILC Collaboration ], “The Scaling dimension of low lying Dirac eigenmodes and of the topological charge density,” Nucl. Phys. Proc. Suppl. 140 (2005) 626-628. [hep-lat/0410024].

[34] F. V. Gubarev, S. M. Morozov, M. I. Polikarpov and V. I. Zakharov, “Evidence for fine tuning of fermionic modes in lattice gluodynamics,” JETP Lett. 82 (2005) 343, [hep-lat/0505016].

[35] H. Reinhardt, O. Schroeder, T. Tok and V. C. Zhukovsky, “Quark zero modes in intersecting center vortex gauge fields,” Phys. Rev. D 66 (2002) 085004. [hep-th/0203012].

[36] R. Hollwieser, M. Faber, J. Greensite, U. M. Heller and S. Olejnik, “Center Vortices and the Dirac Spectrum,” Phys. Rev. D 78 (2008) 054508. [arXiv:0805.1846 [hep-lat]].

[37] J. Gattnar et al. “Center vortices and Dirac eigenmodes in SU(2) lattice gauge theory,” Nucl. Phys. B 716 (2005) 105. [hep-lat/0412032].

[38] V. G. Bornyakov, E. -M. Ilgenfritz, B. V. Martemyanov, S. M. Morozov, M. Muller- Preussker and A. I. Veselov, “Interrelation between monopoles, vortices, topological charge and chiral symmetry breaking: Analysis using overlap fermions for SU(2),” Phys. Rev. D 77 (2008) 074507. [arXiv:0708.3335 [hep-lat]].

[39] G. Tiktopoulos, “Fermion Guides: A Mechanism For Spontaneous Breakdown Of Chiral Symmetry In Qcd,” Phys. Rev. D 35 (1987) 732.

[40] V. C. Zhukovsky and O. V. Tarasov, “Fermions in random gauge fields and chiralsymmetry breaking,” Phys. Atom. Nucl. 67 (2004) 2260 [Yad. Fiz. 67 (2004) 2285].

[41] M. N. Chernodub, J. Van Doorsselaere, T. Kalaydzhyan and H. Verschelde, arXiv:1212.3168 [hep-ph].

[42] D. E. Kharzeev and H. U. Yee, “Chiral Magnetic Wave,” Phys. Rev. D 83, 085007 (2011). [arXiv:1012.6026 [hep-th]].

[43] I. A. Shovkovy, “Magnetic Catalysis: A Review,” arXiv:1207.5081 [hep-ph].

[44] J. Greensite, “The Confinement problem in lattice gauge theory,” Prog. Part. Nucl.

Phys. 51 (2003) 1. [hep-lat/0301023].

[45] M. Engelhardt, K. Langfeld, H. Reinhardt and O. Tennert, “Deconfinement in SU(2) Yang-Mills theory as a center vortex percolation transition,” Phys. Rev. D 61 (2000) 054504. [hep-lat/9904004].

[46] M. Stone and P. R. Thomas, “Condensed Monopoles And Quark Confinement,” Phys.

Rev. Lett. 41 (1978) 351.

[47] S. Samuel, “Topological Symmetry Breakdown And Quark Confinement,” Nucl. Phys.

B 154 (1979) 62.

[48] M. N. Chernodub, H. Verschelde and V. I. Zakharov, “Magnetic component of gluon plasma and its viscosity,” Nucl. Phys. Proc. Suppl. 207-208 (2010) 325. [arXiv:0905.2520 [hep-ph]].

[49] M. N. Chernodub, H. Verschelde and V. I. Zakharov, “Two-component liquid model for the quark-gluon plasma,” Theor. Math. Phys. 170 (2012) 211, [arXiv:1007.1879 [hep-ph]].

[50] M. Engelhardt, “Center vortex model for the infrared sector of Yang-Mills theory:

Topological susceptibility,” Nucl. Phys. B 585 (2000) 614. [hep-lat/0004013].

[51] M. Engelhardt and H. Reinhardt, “Center projection vortices in continuum Yang- Mills theory,” Nucl. Phys. B 567 (2000) 249. [hep-th/9907139].

[52] H. Verschelde and V. I. Zakharov, “Notes on relativistic superfluidity and gauge/string duality,” arXiv:1106.4154 [hep-th].

[53] H. Verschelde and V. I. Zakharov, “Effective scalar fields in Yang-Mills theories,” PoS FACESQCD (2010) 006 [arXiv:1107.1393 [hep-th]].

[54] H. Verschelde and V. I. Zakharov, “Two-component quark-gluon plasma in stringy models,” AIP Conf. Proc. 1343 (2011) 137. [arXiv:1012.4821 [hep-th]].

[55] T. Banks and A. Casher, “Chiral Symmetry Breaking in Confining Theories,” Nucl.

Phys. B 169 (1980) 103.

[56] H. Leutwyler and A. V. Smilga, “Spectrum of Dirac operator and role of winding number in QCD,” Phys. Rev. D 46 (1992) 5607.

[57] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, “Chiral magnetization of non-Abelian vacuum: A Lattice study,” Nucl. Phys. B 826 (2010) 313.

[58] P. V. Buividovich, M. N. Chernodub, E. V. Luschevskaya and M. I. Polikarpov, “Numerical evidence of chiral magnetic effect in lattice gauge theory,” Phys. Rev. D 80 (2009) 054503. [arXiv:0907.0494 [hep-lat]].

[59] V. V. Braguta, P. V. Buividovich, T. Kalaydzhyan, S. V. Kuznetsov and M. I. Polikarpov, “The Chiral Magnetic Effect and chiral symmetry breaking in SU(3) quenched lattice gauge theory,” PoS LATTICE 2010 (2010) 190, [Phys. Atom. Nucl. 75 (2012) 488-492], [arXiv:1011.3795 [hep-lat]].

[60] A. A. Andrianov, L. Bonora, “Finite - Mode Regularization of the Fermion Functional Integral,” Nucl. Phys. B233 (1984) 232.

[61] K. Fujikawa, “Path Integral Measure for Gauge Invariant Fermion Theories,” Phys.

Rev. Lett. 42 (1979) 1195.

[62] K. Fujikawa, “Path Integral for Gauge Theories with Fermions,” Phys. Rev. D 21 (1980) 2848 [Erratum-ibid. D 22 (1980) 1499].

[63] E. Rabinovici and M. Smolkin, “On the dynamical generation of the Maxwell term and scale invariance,” JHEP 1107 (2011) 040. [arXiv:1102.5035 [hep-th]].

[64] A. M. Polyakov, Phys. Lett. B 103 (1981) 207.

[65] F. Wilczek, “Two Applications Of Axion Electrodynamics,” Phys. Rev. Lett. 58 (1987) 1799.

[66] R. D. Peccei and H. R. Quinn, “CP Conservation in the Presence of Instantons,” Phys. Rev. Lett. 38, 1440 (1977);

[67] L. D. McLerran, E. Mottola and M. E. Shaposhnikov, “Sphalerons And Axion Dynamics In High Temperature Qcd,” Phys. Rev. D 43 (1991) 2027.

[68] E. Witten, “Current Algebra Theorems for the U(1) Goldstone Boson,” Nucl. Phys.

B 156 (1979) 269.

[69] O. Wantz and E. P. S. Shellard, “Axion Cosmology Revisited,” Phys. Rev. D 82 (2010) 123508. [arXiv:0910.1066 [astro-ph.CO]].

[70] B. Alles, M. D’Elia and A. Di Giacomo, “Topological susceptibility at zero and finite T in SU(3) Yang-Mills theory,” Nucl. Phys. B 494, 281 (1997) [Erratum-ibid. B 679, 397 (2004)]. [arXiv:hep-lat/9605013].

[71] P. Hegde, “Looking for U(1)_A Restoration in Hot QCD with Domain Wall Fermions,” PoS LATTICE 2011 (2011) 014 [arXiv:1112.0364 [hep-lat]].

[72] A. Bazavov et al. [HotQCD Collaboration], “The chiral transition and U(1)_A symmetry restoration from lattice QCD using Domain Wall Fermions,” arXiv:1205.3535 [hep-lat].

[73] V. I. Zakharov, Lect. Notes Phys. 871 (2013) 295 [arXiv:1210.2186 [hep-ph]].

[74] E. V. Shuryak and I. Zahed, “Rethinking the properties of the quark gluon plasma at T approximately T(c),” Phys. Rev. C 70 (2004) 021901.

[75] E. V. Shuryak and I. Zahed, “Towards a theory of binary bound states in the quark gluon plasma,” Phys. Rev. D 70 (2004) 054507. [hep-ph/0403127].

[76] Y. Maezawa et al. [WHOT-QCD Collaboration], “Heavy-quark free energy, debye mass, and spatial string tension at finite temperature in two flavor lattice QCD with Wilson quark action,” Phys. Rev. D 75 (2007) 074501. [hep-lat/0702004].

[77] J. I. Kapusta, D. Kharzeev, L. D. McLerran, “The Return of the prodigal Goldstone boson,” Phys. Rev. D53, 5028-5033 (1996). [hep-ph/9507343].

[78] A. Yamamoto, “Chiral magnetic effect in lattice QCD with a chiral chemical potential,” Phys. Rev. Lett. 107 (2011) 031601. [arXiv:1105.0385 [hep-lat]].

[79] A. Yamamoto, “Lattice study of the chiral magnetic effect in a chirally imbalanced matter,” Phys. Rev. D 84 (2011) 114504. [arXiv:1111.4681 [hep-lat]].

[80] E. V. Shuryak, “Scales and phases of nonperturbative QCD,” hep-ph/9911244.

[81] V. I. Zakharov, “Hidden mass hierarchy in QCD,” hep-ph/0202040.

[82] C. Gattringer, M. Gockeler, P. E. L. Rakow, S. Schaefer, A. Schafer, “Properties of near zero modes and chiral symmetry breaking,” Nucl. Phys. B617 (2001) 101-116. [hep-lat/0107016].

[83] C. G. Callan and J. A. Harvey, “Anomalies and Fermion Zero Modes on Strings and Domain Walls,” Nucl. Phys. B 250, 427 (1985).

[84] V. P. Kirilin, A. V. Sadofyev and V. I. Zakharov, “Chiral Vortical Effect in Superfluid,” arXiv:1203.6312 [hep-th].

[85] M. A. Metlitski and A. R. Zhitnitsky, “Anomalous axion interactions and topological currents in dense matter,” Phys. Rev. D 72, 045011 (2005). [arXiv:hep-ph/0505072].

[86] S. Ozonder, Phys. Rev. C 81 (2010) 062201 [Erratum-ibid. C 84 (2011) 019903] [arXiv:1004.3883 [hep-ph]].

[87] P. Sikivie, “On The Interaction Of Magnetic Monopoles With Axionic Domain Walls,” Phys. Lett. B 137 (1984) 353.

[88] A. A. Andrianov, V. A. Andrianov, D. Espriu and X. Planells, “Dilepton excess from local parity breaking in baryon matter,” Phys. Lett. B 710 (2012) 230. [arXiv:1201.3485 [hep-ph]].

[89] A. V. Sadofyev, V. I. Shevchenko and V. I. Zakharov, “Notes on chiral hydrodynamics within effective theory approach,” Phys. Rev. D 83 (2011) 105025. [arXiv:1012.1958 [hep-th]].

[90] D. Kharzeev, A. Krasnitz and R. Venugopalan, “Anomalous chirality fluctuations in the initial stage of heavy ion collisions and parity odd bubbles,” Phys. Lett. B 545 (2002) 298. [hep-ph/0109253].

[91] T. Lappi and L. McLerran, “Some features of the glasma,” Nucl. Phys. A 772 (2006) 200. [hep-ph/0602189].

[92] I. Gahramanov, T. Kalaydzhyan and I. Kirsch, “Anisotropic hydrodynamics, holography and the chiral magnetic effect,” [arXiv:1203.4259 [hep-th]], Phys. Rev. D 85 (2012) 126013.

[93] I. Kirsch and T. Kalaydzhyan, “Chiral magnetic effect and holography,” PoS CON- FINEMENTX (2012) 262 [arXiv:1301.6558 [hep-th]].

[94] E. J. Ferrer, V. de la Incera, J. P. Keith, I. Portillo and P. P. Springsteen, “Equation of State of a Dense and Magnetized Fermion System,” Phys. Rev. C 82 (2010) 065802 [arXiv:1009.3521 [hep-ph]].

[95] Y. Neiman and Y. Oz, “Anomalies in Superfluids and a Chiral Electric Effect,” JHEP 1109 (2011) 011. [arXiv:1106.3576 [hep-th]].

[96] D. Kharzeev and A. Zhitnitsky, “Charge separation induced by P-odd bubbles in QCD matter,” Nucl. Phys. A 797 (2007) 67. [arXiv:0706.1026 [hep-ph]].

[97] D. E. Kharzeev, “Topologically induced local P and CP violation in QCD x QED,” Annals Phys. 325, 205 (2010). [arXiv:0911.3715 [hep-ph]].

[98] T. Kalaydzhyan, PhD Thesis, “Quark-gluon plasma in strong magnetic fields,” DESY- THESIS-2013-010.

[99] X. -G. Huang and J. Liao, Phys. Rev. Lett. 110, 232302 (2013) [arXiv:1303.7192 [nucl-th]].

[100] D. T. Son and P. Surowka, “Hydrodynamics with Triangle Anomalies,” Phys. Rev.

Lett. 103, 191601 (2009). [arXiv:0906.5044 [hep-th]].

[101] A. V. Sadofyev and M. V. Isachenkov, “The Chiral magnetic effect in hydrodynamical approach,” Phys. Lett. B 697 (2011) 404. [arXiv:1010.1550 [hep-th]].

[102] T. Kalaydzhyan and I. Kirsch, Phys. Rev. Lett. 106 (2011) 211601; [arXiv:1102.4334 [hep-th]].

[103] S. Ahmad, J. T. Lenaghan and H. B. Thacker, “Coherent topological charge structure in CP(N-1) models and QCD,” Phys. Rev. D 72 (2005) 114511. [hep-lat/0509066].

[104] H. B. Thacker, “D-branes, Wilson Bags, and Coherent Topological Charge Structure in QCD,” PoS LAT 2006 (2006) 025 [hep-lat/0610049].