arXiv:hep-ph/0509033 v1 5 Sep 2005

ITEP-LAT/2005-10

Kertész line and embedded monopoles in QCD

M.N. Chernodub^1 1Institute of Theoretical and Experimental Physics, B.Cheremushkinskaya 25, Moscow, 117259, Russia (Dated: September 5, 2005)

We propose a new class of defects in QCD which can be viewed as “embedded” monopoles made of quark and gluon fields. These objects are explicitly gaugeinvariant and they closely resemble the Nambu monopoles in the Standard Electroweak model. We argue that the “embedded QCD monopoles” are proliferating in the quark gluon plasma phase while in the low-temperature hadronic phase the spatial proliferation of these objects is suppressed. At realistic quark masses and zero chemical potential the hadronic and quark-gluon phases are generally believed to be connected by a smooth crossover across which all thermodynamic quantities are non-singular. We argue that these QCD phases are separated by a well–defined boundary – known as the Kertész line in condensed matter systems – associated with the onset of the proliferation of the embedded QCD monopoles in the quark gluon plasma phase.

PACS numbers: 12.38.Aw,25.75.Nq,64.60.Ak

The phase diagram of Quantum Chromodynamics has a rich structure in the “chemical potential” (μ) – “temperature” (T ) plane [1]. In particular, at small chemical potential QCD predicts an existence of a transition at T_c ≈ 170 MeV from the low-temperature hadronic (or, “confinement”) phase to the high-temperature quark-gluon (or, “deconfinement”) phase. It is generally believed that at realistic quark masses this transition is a smooth crossover across which all thermodynamic quantities and their derivatives are non-singular [1, 2]. This means that the traditional order parameters – such as vacuum expectation value (v.e.v.) of the Polyakov loop and the chiral condensate – do not behave as order parameters of the QCD transition at small chemical potential. At larger μ the phase transition re-emerges at a tricritical point and then continues as the first-order phase transition. At even higher chemical potential more exotic phases (such as the color superconductor phase and the colorflavor locking phase) appear [1]. Below we concentrate on the crossover region at moderately small chemical potential.

The μ–T phase diagram of QCD in a wide region around the tricritical point, Figure 1(a), is qualitatively similar to the phase diagram of the Standard model of Electroweak (EW) interactions in the “Higgs mass” (M_H )–“temperature” (T ) plane, Figure 1(b). As it is well known, the symmetric (high-temperature) and the Higgs (low-temperature) phases in the EW model are separated by a strong first order EW phase transition at relatively small Higgs masses [3]. As the Higgs mass increases, the first order transition weakens and stops at a tricritical endpoint (T^E, M^E_H ) ≈ (155 GeV, 72 GeV) at which the transition is of the second order [3, 4]. At higher M_H the phase transition becomes a smooth crossover across which all thermodynamical quantities are smooth similarly to the case of QCD.

Another qualitative similarity between QCD and the EW model is that both field theories do not possesses any topologically stable monopole- or vortex-like defects. However, the absence of the stable topological defects does not make the topological structure of the EW

(a) (b)

FIG. 1: (a) QCD and (b) EW phase diagrams around tricritical points. The properties of the embedded defects (suggested in QCD in this paper and found in the EW model in Refs. [8, 9, 10]) are indicated in the brackets. The tricritical point, the first transition line and the Kertész line are depicted as, respectively, the filled circle, the solid line and the dashed line.

model less interesting because it is well known [5] that this model contains the so-called “embedded” defects called the Nambu monopoles [6] and the Z-vortices [7].

Analytical arguments [8] as well as dynamical simulations of hot EW model with the Higgs masses M_H ∼ 30 GeV and M_H ∼ 70 GeV show [9] that the first order EW phase transition is accompanied by the percolation transition of the Z-vortices and the Nambu monopoles. These embedded defects are suppressed in the Higgs phase and they are forming a dense percolating (condensed) medium in the symmetric phase. As the mass of the Higgs particle increases, the percolation transition does not stop at the tricritical point and it continues into the crossover region [10] still discriminating between the high– and low–temperature phases, Figure 1(b).

In the condensed matter physics, the percolation transition realized in the absence of the thermodynamic phase transition is usually referred to as the Kertész line [11]. The simplest realization of the Kertész line appears in the Ising model in an external magnetic field. Each configurations of the Ising spins can be associated with a set of the Fortuin–Kasteleyn (FK) clusters [12] which are defined as a set of lattice links connecting nearest spins in the same spin states. The FK clusters are known to be proliferating (percolating) in the high temperature phase. As the temperature gets lower the percolation of the FK clusters disappears (in the absence of the external magnetic field) at the phase transition (the Curie point). However, at non-zero external field the partition function is analytic in temperature and the phase transition is absent while the percolation transition (the Kertész line) still exists at any value of the external field.

The concept of the Kertész line appears naturally in QCD without reference to any (topological) defects. At high enough temperature/density of the quark matter – for example, in the heavy-ion collision experiments – the hadrons may overlap and form clusters within which the quarks are no more confined. The onset of the quark-gluon plasma phase may be associated with the percolation transition of the hadron clusters [13]. In the context of the field theory the Kertész line was also discussed for the monopole [14] and vortex [15] percolation in compact U(1) Higgs models, for the Nambu monopole [8], the Z-vortex [9, 10], and the center vortex [16] percolation in the case of the SU(2) Higgs model.

In this paper we suggest that the finite-temperature crossover transition in QCD can be considered as the Kertész–type transition associated with percolation of the “quark embedded defects” made of the quarks and the gluons.

Consider the embedded topological defects in the EW model (for simplicity we consider vanishing Weinberg angle, θ_W = 0). The bosonic sector of this model is basically the SU(2) gauge model with the Higgs doublet Φ(x) = (ϕ_1(x), ϕ_2(x))^T . Mathematically, the explicit definition of the embedded defects in the EW model is based on the composite scalar field χ^a(x) constructed from the fundamental Higgs field Φ:

χ^a(x) = −Φ^†(x)τ^aΦ(x) , (1)

where τ^a are the Pauli matrices acting in the isospin space. The field χ^a transforms in the adjoint representation of gauge group and can be treated similarly to the triplet Higgs field in the SO(3) Georgi-Glashow model.

In the unitary gauge of the EW model, Φ(x) = (0, ϕ(x))^T , the composite field χ gets automatically fixed to the SO(3) unitary gauge, χ^a = |⃗χ| δ^{a3}. The non–zero expectation value of the Higgs field Φ in the Higgs (low-temperature) phase of the EW model guarantees a nonzero expectation value of the composite field χ because of the identity ⃗χ^2 = (Φ^†Φ)^2. Thus, if the Higgs field Φ resides near the classical minimum of the Higgs potential, ⟨Φ⟩ = (0, η)^T , then the composite field χ does so near the value^1 χ^a_0 ≡ ⟨χ^a⟩ = |η|^2 δ^{a3}, or

⟨⃗χ^2⟩ = ⟨⃗Φ^2⟩^2 ≡ |η|^4 . (2)

The non-zero vacuum expectation value of the composite field χ^a in the Higgs phase makes it possible to construct a monopole–like configuration of the EW fields – called the electroweak Nambu or the electroweak monopole [6] – in a manner similar to the ’t Hooft– Polyakov [17, 18] construction of a monopole in the Georgi-Glashow model. The position of the monopole singularity can be identified with the help of the gauge invariant ’t Hooft tensor [17],

F_{μν} (χ, W ) = F^a_{μν} χ̂^a + 1 g ϵ^{abc}χ̂^a(D^{ad}_μ χ̂)^b(D^{ad}_μ χ̂)^c , χ̂^a = χ^a |⃗χ| , (3)

where χ̂^a ≡ χ̂^a(Φ) is the unit color vector, pointing into the direction of the composite χ-field (1), F^a_{μν} ≡ F^a_{μν} (W ) is the field strength tensor for the SU(2) gauge field W^a_μ , and (D^{ad}_μ )^{ab} = δ^{ab} ∂_μ +g ϵ^{abc}W^c_μ is the adjoint derivative. Equation (3) defines the gauge-invariant field strength tensor for the Z–component of the gauge field, Z_μ = W^a_μ χ̂^a.

The current of the Nambu monopole,

k^{EW}_ν = ∂_μF̃_{μν} ≡ ∫ C ∂X^C_ν (τ ) ∂τ δ^{(4)}(x − X(τ )) , F̃_{μν} = 1 2 ϵ_{μναβ} F_{μν} , (4)

1 Acknowledging the qualitative nature of our work we neglect quantum corrections to the expectation values of the composite operators.

has a δ–like singularity at the monopole worldline C parameterized by the vector x_μ = X^C_μ (τ ). The location of the embedded monopoles are encoded in the gauge fields W_μ and the Higgs fields Φ via relations (1,3,4).

The integration of the Z-magnetic flux (3) over an infinitesimally small sphere surrounding the monopole singularity gives the Z-magnetic charge of the monopole, which is quantized in units of the elementary monopole charge [5], g_m = 4π/g. The Z-magnetic charge of the Nambu monopole is conserved by virtue of its definition (4), ∂_μk^{EW}_μ = 0, and therefore the Nambu monopoles can only disappear by annihilating with anti-monopoles [5]. Finally, one should mention that in the Unitary gauge, χ̂^a = δ^{a3}, the electroweak monopole is just an Abelian monopole singularity in the diagonal gauge field Z_μ ≡ W^3_μ . Therefore the electroweak monopole is an Abelian monopole “embedded” into the EW model.

In the Nambu construction, the Z–magnetic flux is coming to an isolated electroweak monopole along a semi-infinite Z–vortex [7]. The Z-vortex can be considered as the Abrikosov-Nielsen-Olesen vortex configuration [19] of the Abelian Higgs model embedded into the EW model.

Both the Z-vortices and the Nambu monopoles are not stable objects [5]. The monopoles decay via annihilation with anti-monopoles while the Z–string can also decay into the vacuum via a production of the W -bosons. The tension of the Z-vortices and mass of the Nambu monopoles are proportional to the appropriate powers of the Higgs expectation value, η. Therefore at low temperatures – where the Higgs field has a large expectation value – the embedded defects are drastically suppressed and their effect on the system properties is negligible. However in the symmetric phase at high temperatures, as we have mentioned earlier, the thermal fluctuations create a dense percolating medium of the embedded defects [8, 9, 10].

Coming closer to QCD, let consider for simplicity the SU(2) gauge theory with one species of a (generally, massive) fermion field ψ which transforms in the fundamental representation of the gauge group. Then one can construct two SU(2) QCD analogues of the electroweak χ–field (1):

ξ^a_Γ = ψ̄(x)Γτ^aψ(x) , Γ = 1l , γ_5 , (5)

where both the scalar ξ^a and the pseudoscalar ξ^a_5 fields are the real-valued triplet vectors in the isospin space (we drop the index Γ in ξ_Γ if Γ = 1l).

The existence of the isospin vectors (5) allows us to define the currents of the gaugeinvariant monopoles in the SU(2) QCD in a manner similar to the EW construction (4):

k^Γ_ν = ∂_μF̃_{μν} (ξ_Γ, A) , (6)

where F_{μν} is the ’t Hooft tensor (3) in which the EW gauge field W_μ is replaced by the SU(2) gluon field A_μ, and the EW composite field χ is substituted by the fermionic composite fields (5). Equation (6) provides an explicitly gauge-independent way to identify monopolelike singularities in QCD using the fermionic degrees of freedom along the ideological line of Ref. [20]. The location of the embedded QCD monopoles is encoded in the gluon A^a_μ and fermion ψ fields via relations (5,3,6).

The k_μ and k^5_μ fermionic monopoles carry the magnetic charge with respect to, correspondingly, A_μ = A^a_μξ̂^a and A^5_μ = A^a_μξ̂^a_5 components of the gauge field. In the Unitary, ξ̂a = δa3, (or, in the “pseudo-Unitary”, ξ̂a_5 = δa3) gauge the k_μ (or, respectively, k5_μ) fermionic monopoles correspond to monopoles “embedded” into the diagonal component, A^3_μ, of the gluon field. One can also consider these monopoles as the Abelian monopoles determined in an Abelian gauge [21] which is defined by a requirement of diagonalization of the corresponding composite fermionic field (5). Finally, in gauges, in which the gauge field A_μ is smooth (presumably, in the Landau gauge), one can consider the embedded monopoles as the hedgehogs in the composite quark fields (5).

Thus, in the toy case of the N_f = 1 SU(2) gauge theory one can define two types of the embedded QCD monopoles, the currents of which are vector and pseudo-vector variables (6). The existence of the topologically nontrivial monopoles (6) is not a dynamically motivated fact. Instead, it is a simple (kinematical) consequence of the existence of the adjoint realvalued fields (5), which are not required to be condensed [22].

In the real case of QCD the zoo of the embedded monopoles is much reacher. Indeed, in the SU(3) gauge theory with N_f massive fermions one can introduce two matrices in the flavor space instead of two composite scalar fields (5):

Ξ^a_{f f} ′_{,Γ}(x) = ψ̄_f (x)Γλ^aψ_f ′ (x) , (7)

where λ^a, a = 1, . . . , 8 are the SU(3) Gell-Mann color matrices and f, f^′ = 1, . . . , N_f are the flavor indices. Each element of these matrices transforms in the adjoint representation of the SU(3) gauge group.

To characterize the quark embedded defects in QCD we use the fact that the global flavor symmetry is explicitly broken by mass terms at the Lagrangian level (we consider the realistic case of non-equal quark masses). Using flavor transformations one can rotate the quark fields into a flavor basis where the mass matrix is diagonal. In this basis the diagonal elements of the matrices (7) should be considered as the real-valued color octet fields ξ^a_{f,Γ} ≡ Ξ^a_{f f,Γ} (no summation over the index f). The diagonal elements ξ^a_{f,Γ} are then used to construct the gauge-invariant embedded monopoles as in the toy N_c = 2, N_f = 1 case (6). Given the octet vectors (7) the monopole charges in the N_c = 3 color case can be characterized by integer magnetic charges similarly to the monopoles in the SU(N_c) Higgs models [23].

Thus in QCD with N_f massive fermions there are two types of monopoles associated with each quark field (i.e., we have 2N_f embedded monopoles in total). The trajectories and charges of these defects can be defined analogously Eq. (6). In principle, one can also define the “mixed” defects which involve quark-antiquark bilinears of different flavors.

The composite quark fields ξ^a_f and ξ^a_{f,5} play role of the adjoint Higgs field in the SU(3) version of the Georgi-Glashow model. The existence of the stable monopoles in the Georgi- Glashow model is guaranteed by the spontaneous breaking of the SU(3) symmetry by the Higgs condensate. Contrary to the Georgi-Glashow model, the color symmetry in QCD is known to be unbroken [22]. Nevertheless we argue below, that in QCD the role of the Higgs condensate is played by chiral condensates^2 which make the definition of the embedded QCD monopoles physically meaningful.

Let us discuss the dynamical properties of the embedded monopoles at finite temperature in the physically interesting N_f = 2 case of the two light u and d quarks of equal masses. The properties of the defects can be guessed from the behavior of the condensates constructed from the octet field ξ^a = ∑ f Ξ^a_{f f} and the axial octet field ξ^a_5 = ∑ f Ξ^a_{f f,5}. Obviously, due to the unbroken color invariance the simplest condensates vanish, ⟨ξ^a⟩ = ⟨ξ^a_5 ⟩ = 0. The

2 For recent reviews on condensates in QCD see Ref. [24].

strength of the condensates is characterized by the v.e.v. of the squared of the octet fields which are nothing but the four-quark condensates of the form ⟨⃗ξ^2_Γ⟩ ≡ ⟨ψ̄Γλ^aψ ψ̄Γλ^aψ⟩ with Γ = 1, γ_5. The factorization hypothesis [25] makes it possible to express the four-quark condensates in terms of the chiral condensate ⟨ψ̄ψ⟩,

⟨⃗ξ^2_Γ⟩ = C_Γ ⟨ψ̄ψ⟩^2 , (8)

where C_Γ is a numerical factor, and ψ = u or d.

The QCD relation (8) is remarkably similar to the EW relation (2). At low temperatures the composite octet fields ξ^a_Γ are large similarly to the low-temperature behavior of the composite χ–field in the EW model. As temperature increases, both the four-quark condensate in QCD and the Higgs expectation value in the EW model are diminishing, and they to small but non-vanishing values at the corresponding crossover temperatures.

In the EW model the large zero-temperature value of the χ–field condensate gives rise to a large mass of the Nambu monopoles which suppresses the monopole formation. This fact may be understood intuitively since the field χ must be vanishing inside the core of the Nambu monopole and this is unfavorable in the presence of the χ-condensate. Similarly, the embedded monopoles in QCD force the octet fields ξ^a_Γ to be vanishing in the center of the monopole in order to support their hedgehog structure. This is energetically unfavorable at low temperatures because of the presence of the four-quark condensates (8). However, as the temperature (and the chemical potential) increases, the condensates (8) continuously melt and the suppression of monopoles becomes less and less effective. At very high temperatures the value of the condensates is negligibly small and the embedded QCD monopoles must form a dense and percolating network – supported by thermal fluctuations – similarly to the behavior of the embedded EW defects [9]. Since at realistic quark masses the phase transition is absent^3, the onset of the percolation transition marks the Kertész line in QCD as shown in Figure 1(a) by the dashed line. It seems very plausible that the percolation of the hadron clusters in the quark gluon phase [13] is related to the proliferation of the embedded QCD monopoles.

Our considerations are based on the temperature behavior of the four-quark condensates which is qualitative valid [26] beyond the simple factorization formula (8). Moreover, quantitative estimations of Ref. [26] show that as temperature increases the v.e.v of the pseudoscalar octet fields is dropping faster compared to the octet fields. Therefore the QCD Kertész line, Figure 1(a), may in fact be split into two lines since the onset of the percolation of the pseudoscalar embedded monopoles may happen at (much) lower temperature compared to the monopoles associated with the scalar ξ–field. In the real QCD case the Kertész line should inevitably be split because the onset of percolation of the embedded monopoles associated with different quark fields should happen at different temperatures due to the difference in the quark masses.

Summarizing, we proposed a new class of defects in QCD, the embedded monopoles, which are made of quark and gluon fields. We provided arguments in favor of existence of the percolation transition (the Kertész line) at the crossover regime in the QCD phase diagram. The Kertész line is associated with the onset of the proliferation of these defects in the quark gluon phase. At low temperature the formation of the embedded monopoles is suppressed due to the presence of the four-quark condensates.

3 Note that our considerations remain valid in the case of infinitely heavy quarks corresponding to the quenched approximation. In this case the onset of percolation should happen at the phase transition line.

Acknowledgments

The author is supported by grants RFBR 04-02-16079, RFBR 05-02-16306, DFG 436 RUS 113/739/0 and MK-4019.2004.2. The author is grateful to N.O. Agasian, E. Gubankova, F.V. Gubarev, B.O. Kerbikov, S.M. Morozov and M.I. Polikarpov for interesting discussions.

[1] K. Rajagopal, F. Wilczek, “The condensed matter physics of QCD”, in “At the frontier of particle physics, vol. 3”, ed. by M. Shifman (World Scientific), p.2061, hep-ph/0011333.

[2] S. D. Katz, Nucl. Phys. Proc. Suppl. 129, 60 (2004); Z. Fodor, S. D. Katz, JHEP 0404, 050 (2004).

[3] M. Reuter, C. Wetterich, Nucl. Phys. B 408, 91 (1993); K. Kajantie, M. Laine, K. Rummukainen, M. E. Shaposhnikov, Phys. Rev. Lett. 77, 2887 (1996); Nucl. Phys. B 466, 189 (1996); M. Gurtler, E. M. Ilgenfritz, A. Schiller, Phys. Rev. D 56, 3888 (1997).

[4] K. Rummukainen, M. Tsypin, K. Kajantie, M. Laine, M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998).

[5] A. Achucarro, T. Vachaspati, Phys. Rept. 327 (2000) 347. [6] Y. Nambu, Nucl. Phys. B 130, 505 (1977). [7] N. S. Manton, Phys. Rev. D 28, 2019 (1983). [8] M. N. Chernodub, JETP Lett. 66, 605 (1997).

[9] M. N. Chernodub, F. V. Gubarev, E. M. Ilgenfritz, A. Schiller, Phys. Lett. B 434, 83 (1998). [10] M. N. Chernodub, F. V. Gubarev, E. M. Ilgenfritz, A. Schiller, Phys. Lett. B 443, 244 (1998). [11] J. Kertész, Physica A161, 58 (1989).

[12] C. M. Fortuin, P. W. Kasteleyn, Physica 57, 536 (1972).

[13] G. Baym, Physica 96A, 131 (1979); T. Celik, F. Karsch, H. Satz, Phys. Lett. B 97, 128 (1980); H. Satz, Rept. Prog. Phys. 63, 1511 (2000).

[14] M. Baig, J. Clua, Phys. Rev. D 57, 3902 (1998).

[15] S. Wenzel, E. Bittner, W. Janke, A. M. J. Schakel, A. Schiller, Phys. Rev. Lett. 95, 051601 (2005).

[16] R. Bertle, M. Faber, J. Greensite, S. Olejnik, Phys. Rev. D 69, 014007 (2004). [17] G. ’t Hooft, Nucl. Phys. B 79, 276 (1974). [18] A. M. Polyakov, JETP Lett. 20, 194 (1974).

[19] A. A. Abrikosov, Sov. Phys. JETP 32 1442, (1957); H. B. Nielsen, P. Olesen, Nucl. Phys. B 61 45, (1973).

[20] M. N. Chernodub, V. I. Zakharov, Phys. Rev. D 65, 094020 (2002). [21] G. ’t Hooft, Nucl. Phys. B 190, 455 (1981).

[22] See, however, C. Wetterich, Phys. Lett. B 462, 164 (1999); Phys. Rev. D 64, 036003 (2001);

J. Berges, C. Wetterich, Phys. Lett. B 512, 85 (2001), where a Higgs mechanism due to condensation of quark-antiquark composites is proposed to characterize the confinement phase.

[23] See, for example, the recent review by Y. Shnir, “SU(N) monopoles with and without SUSY”, hep-th/0508210.

[24] A. V. Smilga, Phys. Rept. 291, 1 (1997); B. L. Ioffe, Phys. Atom. Nucl. 66, 30 (2003);

N. O. Agasian, Phys. Atom. Nucl. 68, 723 (2005).

[25] M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys. B 147, 385 (1979); 448 (1979). [26] M. B. Johnson, L. S. Kisslinger, Phys. Rev. D 61, 074014 (2000).