hep-th/9908033 v2 1 Sep 1999

Ensemble of Vortex Loops in the Abelian-Projected SU(3)-Gluodynamics

Dmitri Antonov^{∗ †} Institute of Theoretical and Experimental Physics, B. Cheremushkinskaya 25, RU-117 218 Moscow, Russia

Abstract

Grand canonical ensemble of small vortex loops emerging in the London limit of the effective Abelian-projected theory of the SU(3)-gluodynamics is investigated in the dilute gas approximation. An essential difference of this system from the SU(2)-case is the presence of two interacting gases of vortex loops. Two alternative representations for the partition function of such a grand canonical ensemble are derived, and one of them, which is a representation in terms of the integrals over vortex loops, is employed for the evaluation of the correlators of both kinds of loops in the low-energy limit.

�E-mail address: antonov@vxitep.itep.ru yAddress after October 1999: INFN-Sezione di Pisa, Universitá degli studi di Pisa, Dipartimento di Fisica, Via Buonarroti, 2 - Ed. B - 56127 Pisa, Italy.

In a recent paper [1], the grand canonical ensemble of small vortex loops, existing in the Abelian Higgs model, have been investigated. Such loops are nothing else but the 4D analogue of the vortex dipoles, which are present in the usual Ginzburg-Landau theory. In particular, it has been demonstrated that the summation over the grand canonical ensemble of small vortex loops leads to an effective Sine-Gordon type theory of the massive Kalb-Ramond field [2] (cf. 2Dand 3D cases studied in Refs. [3, 4]). This field describes a dual vector boson, which therefore acquires an additional mass due to the Debye screening in the gas of vortex loops. Furthermore, a representation of the partition function of such a gas directly in terms of the integral over vortex loops as well as the related effective potential of those have been discussed. Such a representation then turned out to be useful for the evaluation of the bilocal correlator of vortex loops in the lowenergy limit. These calculations demonstrate the importance of treating the topological defects in the Abelian Higgs model and Ginzburg-Landau theory as forming the ensembles, rather than individual ones.

An interest to the study of vortex loops in the Abelian Higgs model is motivated by the fact that the dual Abelian Higgs model is discussed to be relevant to the description of confinement in the SU(2)-gluodynamics [5]. This agreement is based on the method of Abelian projections [6] (for a recent progress see [7, 8, 9, 10, 11, 12, 13, 14, 15], for a review see [16]) and the so-called Abelian dominance hypothesis [17], according to which off-diagonal (in the sense of the Cartan decomposition) degrees of freedom are inessential for confinement and can be disregarded. In the spirit of this hypothesis, the following partition function describing an effective [U(1)]^2 gauge invariant Abelian-projected theory of the realistic SU(3)-gluodynamics has been proposed [18]^1 Z = ∫ D ⃗B_μDχ_aDχ^∗_aδ (_3 ∑ a=1 θ_a ) ×

× exp { − ∫ d^4x [ 1 4 ⃗F^2_{μν} +^3∑ a=1 [| | | ( ∂_μ − ig_m⃗ε_a ⃗B_μ ) χ_a | | |^2 + λ ( |χ_a|^2 − η^2

)_2] ]} . (1)

Here, ⃗F_{μν} = ∂_μ ⃗B_ν − ∂_ν ⃗B_μ stands for the field strength tensor of the magnetic vector potential ⃗B_μ ≡ ( B^3_μ, B^8_μ ) dual to the electric one ⃗A_μ ≡ ( A^3_μ, A^8_μ ) . Next in Eq. (1), χ_a = |χ_a| e^{iθa} , a = 1, 2, 3, are effective Higgs fields describing condensed magnetic monopoles, whose magnetic charge g_m is expressed via the QCD coupling constant g_{QCD} as g_m = 4π/g_{QCD} . Finally in Eq. (1),

⃗ε_1 = (1, 0) , ⃗ε_2 = ( − 1 2 , − √ 3 2 ) , ⃗ε_3 = ( − 1 2 , √ 3 2 )

stand for the so-called root vectors, which play the role of the structural constants in the algebra [ ⃗H, E_{±a} ] = ±⃗ε_aE_{±a}. Here, the operators ⃗H ≡ (H_1, H_2) = (T_3, T_8) generate the Cartan subalgebra, where from now on T_i ≡^{λi}_2 , i = 1, . . . , 8, are just the SU(3)-generators. We have also introduced the so-called step operators E_{±a}’s (else called raising operators for positive a’s and lowering operators otherwise) by redefining the rest (non-diagonal) SU(3)-generators as follows

E_{±1} = 1 √ 2 (T_1 ± iT_2) , E_{±2} = 1 √ 2 (T_4 ∓ iT_5) , E_{±3} = 1 √ 2 (T_6 ± iT_7) .

1 Throughout the present Letter, all the investigations will be performed in the Euclidean space-time.

Clearly, these operators are non-Hermitean in the sense that (E_a)^† = E_{−a}. For bookkeeping purposes, it is worth listing the remaining commutation relations, completing the Lie algebra, which read [E_{±a}, E_{±b}] = ∓ 1 √ 2 ε_{abc}E_{∓c} and [E_a, E_{−b}] = δ_{ab}⃗ε_a ⃗H. Notice also that due to the fact that the original SU(3) group is special, the phases of the three

magnetic Higgs fields are not independent and should obey the constraint^3 ∑ a=1 θ_a = 0. The latter one has been imposed by the introduction of the corresponding δ-function into the functional integral on the R.H.S. of Eq. (1).

Before proceeding with the study of the model (1), it is worth mentioning its certain feature owing to which this model is not quite adequate to the description of confinement in the real SU(3)-gluodynamics. Its essence is that the model (1) describes only the sector of the full yet unknown Abelian-projected theory of the SU(3)-gluodynamics, where antimonopoles are completely absent. Clearly, the expected full theory should contain the antimonopole sector as well. Possible interference between these two sectors is up to now unclear and should be clarified by further investigations.

In what follows, we shall be interested in the study of the model (1) in the London limit, i.e., the limit of infinitely large Higgs coupling constant λ. Analogously to the SU(2)-case, in this limit the model under study allows for an exact reformulation in terms of the integral over closed Abrikosov-Nielsen-Olesen type strings [19]^2. In this limit, the radial parts of the Higgs fields can be integrated out, and the partition function (1) takes the form Z = ∫ D ⃗B_μDθ_aδ (_3 ∑ a=1 θ_a ) exp { − ∫ d^4x [ 1 4 ⃗F^2_{μν} + η^{2 3}∑ a=1 ( ∂_μθ_a − g_m⃗ε_a ⃗B_μ )_2 ]} . (2)

Next, the total phases θ_a’s of magnetic Higgs fields should be decomposed into the singular and regular parts, θ_a = θ^{sing}_a + θ^{reg}_a [12, 13, 14] (cf. also Refs. [20, 21, 15] for the SU(2)-case). Here, θ^{sing}_a ’s describe a certain configuration of electric strings and are unambiguously related to their world-sheets Σ_a’s according to the equation (see the above cited Refs.)

ε_{μνλρ}∂_λ∂_ρθ^{sing}_a (x) = 2πΣ^a_{μν} (x) ≡ 2π ∫ Σa dσ_{μν} ( x^{(a)}(ξ) ) δ ( x − x^{(a)}(ξ) ) . (3)

This equation is just the covariant formulation of the 4D analogue of the Stokes theorem for the gradient of the field θ_a, written in the local form. In Eq. (3), x^{(a)}(ξ) ≡ x^{(a)}_μ (ξ) is a vector parametrizing the world-sheet Σ_a with ξ = (ξ^1, ξ^2) ∈ [0, 1]×[0, 1] standing for the two-dimensional coordinate.

Confining and topological properties of the model (2) have been studied in Refs. [12, 13, 14]. This has been done by making use of the so-called path-integral duality transformation, elaborated in Refs. [4, 20] for the usual Abelian Higgs model, which casts the partition function (2) into the following form, Z = ∫ Dx^{(a)}_μ (ξ)δ (_3 ∑ a=1 Σ^a_{μν} ) DA^a_μDh^a_{μν} exp { − ∫ d^4x [ 1 12η^2 ( H^a_{μνλ} )_2 + 2Notice that according to the lattice data [8, 16], it is this limit of the Abelian-projected theories, in which they reveal properties similar to the real QCD.

+ ( g_m √ 3 2 h^a_{μν} + ∂_μA^a_ν − ∂_νA^a_μ )_2 − iπ √ 2h^a_{μν} Σ^a_{μν} (4) with A^a_μ ≡ ⃗ε_a ⃗A_μ. Here, H^a_{μνλ} = ∂_μh^a_{νλ} + ∂_λh^a_{μν} + ∂_ν h^a_{λμ} stands for the field strength tensor of the antisymmetric tensor field h^a_{μν} (the so-called Kalb-Ramond field [2]). The integration over this field came about via some constraints resulting from the integration over θ^{reg}_a ’s, whereas the integration over θ^{sing}_a ’s has transformed into the integration over x^{(a)}_μ (ξ)’s by virtue of Eq. (3) (Notice that since in what follows we shall be interested in effective actions rather than the integration measures, the Jacobian appearing during the change of the integration variables, θ^{sing}_a → x^{(a)}_μ (ξ), which has been evaluated in Ref. [21], will not be discussed below and is assumed to be included into the measure Dx^{(a)}_μ (ξ).). Also, due to this one-to-one correspondence between θ^{sing}_a ’s and Σ_a’s, the constraint imposed by the δ-function on the R.H.S. of Eqs. (1) and (2) has gone over into the constraint imposed by the δ-function on the R.H.S. of Eq. (4), which relates the world-sheets of three types to each other, making only two of them really independent.

The aim of the present Letter is to treat Abrikosov-Nielsen-Olesen type strings in the model (2) in the sense of the grand canonical ensemble of small vortex loops, rather than as individual (i.e., noninteracting) ones. To understand why one might expect in this case the appearance of some nontrivialities w.r.t. the Abelian-projected SU(2)-gluodynamics, let us begin with considering noninteracting vortex loops. This can be done by gauging the field A^a_μ away from Eq. (4) by performing the hypergauge transformation h^a_{μν} → h^a_{μν} −^2_{gm}^√_3 ( ∂_μA^a_ν − ∂_νA^a_μ ) and subsequent integration over the Kalb-Ramond fields (see the first paper from Ref. [15] for details of this integration). The result has the form

Z = ∫ Dx^{(a)}_μ (ξ)δ (_3 ∑ a=1 Σ^a_{μν} ) exp [ −g_m √ 3 2 η^3 ∫ d^4xd^4yΣ^a_{μν} (x) K_1(m|x − y|) |x − y| Σ^a_{μν} (y) ] , where m = √ 3g_mη is the mass of the fields B^3_μ and B^8_μ, which they acquire due to the Higgs mechanism, and K_1 stands for the modified Bessel function. Finally, one of the three worldsheets, for concreteness x^{(3)}_μ (ξ), can be integrated out, which yields Z = ∫ Dx^{(1)}_μ (ξ)Dx^{(2)}_μ (ξ)×

×exp { −g_mη^3 √ 3 ∫ d^4xd^4y [ Σ^1_{μν} (x)Σ^1_{μν}(y) + Σ^1_{μν} (x)Σ^2_{μν} (y) + Σ^2_{μν} (x)Σ^2_{μν} (y) ] K_1(m|x − y|) |x − y| } . (5)

In order to proceed from the individual strings to the grand canonical ensemble of interacting vortex loops, one should replace Σ^a_{μν} (x), where from now on a = 1, 2, in Eq. (5) by

Σ^{a gas}_{μν} (x) = N∑ k=1 n^{(a)}_k ∫ dσ_{μν} ( x^{(a)}_k (ξ) ) δ ( x − x^{(a)}_k (ξ) ) . Here, n^{(a)}_k ’s stand for winding numbers, which we shall set to be equal ±1 (cf. Ref. [1])^3. Performing such a replacement, one can see the crucial difference of the grand canonical ensemble of small

3 This is just the essence of the dipole approximation.

vortex loops in the model under study from that in the Abelian-projected SU(2)-gluodynamics [1]. Namely, the system has now the form of two interacting gases consisting of the vortex loops of two kinds, while in the SU(2)-case the gas was built out of vortex loops of the only one kind.

Analogously to that case, we shall treat such a grand canonical ensemble of vortex loops in the dilute gas approximation. According to it, characteristic sizes of loops are much smaller than characteristic distances between them, which in particular means that the vortex loops are short living objects. Then the summation over this grand canonical ensemble can be most easily performed by inserting the unity 1 = ∫ DS^a_{μν} δ ( S^a_{μν} − Σ^{a gas}_{μν} ) (6) into the R.H.S. of Eq. (5) (with Σ^a_{μν} replaced by Σ^{a gas}_{μν} ) and representing the δ-functions as the integrals over Lagrange multipliers. Then, the contribution of N vortex loops of each kind to the full grand canonical ensemble takes the following form Z [ Σ^{a gas}_{μν} ] = ∫ DS^a_{μν} Dλ^a_{μν} ×

× exp { − { g_mη^3 √ 3 ∫ d^4xd^4y [ S^1_{μν} (x)S^1_{μν}(y) + S^1_{μν} (x)S^2_{μν}(y) + S^2_{μν}(x)S^2_{μν} (y) ] K_1(m|x − y|) |x − y| +

+i ∫ d^4xλ^a_{μν} ( S^a_{μν} − Σ^{a gas}_{μν} )}} . (7)

After that, the desired summation is straightforward, since it technically parallels the one of Abelian-projected SU(2)-gluodynamics described in Ref. [1]. We have { 1 + ∞∑ N =1 ζ^N N! ( N ∏ i=1 ∫ d^4y^{(1)}_i ∫ Dz^{(1)}_i (ξ)μ [ z^{(1)}_i ]) ×

× ∑ n(1)_k =±1 exp [ i N∑ k=1 n^{(1)}_k ∫ dσ_{μν} ( z^{(1)}_k (ξ) ) λ^1_{μν} ( x^{(1)}_k (ξ) )] ×

× { the same term with the replacements (1) → (2) and λ^1_{μν} → λ^2_{μν} } =

= exp 2ζ ∫ d^4y cos | | |λ^1_{μν} (y) | | | Λ^2

+ cos | | |λ^2_{μν} (y) | | | Λ^2 . (8) Here, the world-sheet coordinate of the k-th vortex loop of the a-th type^4 x^{(a)}_k (ξ) has been decomposed as x^{(a)}_k (ξ) = y^{(a)}_k + z^{(a)}_k (ξ), where the vector y^{(a)}_k ≡ ∫ d^2ξx^{(a)}_k (ξ) describes the position of the vortex loop, whereas the vector z^{(a)}_k (ξ) describes its shape. Next, on the L.H.S. of Eq. (8), μ [ z^{(a)}_i ] stands for a certain rotation- and translation invariant measure of integration over the shapes of the world-sheets of the vortex loops, and ζ ∝ e^{−S0} is the so-called fugacity (Boltzmann

4For brevity, we omit the Lorentz index.

factor of a single vortex loop^5) of dimension (mass)^4 with S_0 denoting the action of a single loop. In Eq. (8), we have also introduced the UV momentum cutoff Λ ≡ √ L a3 (≫ a^{−1}), where a is a typical size of the vortex loop, and L is a typical distance between loops, so that in the dilute gas

approximation under study a ≪ L. Finally in Eq. (8), we have denoted | | |λ^a_{μν} | | | ≡ √( λ^a_{μν} )_2

. The reader is referred to Ref. [1] for details of a derivation of Eq. (8).

Note that the value of S_0 is approximately equal to σa^2, where we have estimated the area of a vortex loop as a^2, and σ stands for an analogue of the string tension for the loop, i.e., its energy per unit area. This energy can be evaluated from Eq. (5) by virtue of the results of Ref. [22] and has the form

σ = 2η^2 ∫ d^2t K_1(|t|) |t| ≃ 2πη^2 ln ( λ g^2_m ) . (9)

Here, we have in the standard way [19] set for a characteristic small dimensionless quantity in the model under study the value^{gm√}_λ , which is of the order of the ratio of m to the masses of magnetic Higgs fields. Moreover, it has been assumed that not only^{√λ}_{gm} ≫ 1, but also ln^{√λ}_{gm} ≫ 1, i.e., the last equality on the R.H.S. of Eq. (9) is valid with the logarithmic accuracy.

Next, it is possible to integrate out the Lagrange multipliers by solving the saddle-point equations following from Eqs. (7) and (8), λ^a_{μν} | |λ^a_{μν} | | sin | | |λ^a_{μν} | | | Λ^2 = − iΛ^2 2ζ S^a_{μν} . After that, we arrive at the following representation for the partition function of the grand canonical ensemble

Z_{grand} = ∫ DS^a_{μν} exp { − [ g_mη^3 √ 3 ∫ d^4xd^4y [ S^1_{μν} (x)S^1_{μν}(y) + S^1_{μν} (x)S^2_{μν}(y) + S^2_{μν} (x)S^2_{μν}(y) ] ×

× K_1(m|x − y|) |x − y| + V [ S^1_{μν} ] + V [ S^2_{μν} ]]} , (10)

which owing to Eq. (6) is natural to be referred to as the representation in terms of the vortex loops. In Eq. (10), the effective potential of vortex loops reads

V [ S^a_{μν} ] = +∞∑ n=−∞ ∫ d^4x Λ^2 | | |S^a_{μν} | | | ln Λ^2 2ζ | | |S^a_{μν} | | | + 1 + ( Λ^2 2ζ | | |S^a_{μν} | | | )_2 + 2πin −

−2ζ 1 + ( Λ^2 2ζ | | |S^a_{μν} | | | )_2 . (11) It is further instructive to illustrate the difference of such a partition function of two interacting gases of vortex loops from the case of Abelian-projected SU(2)-gluodynamics by studying a related

5It is natural to assume that the vortex loops of different kinds have the same fugacity, since different θ^{sing}_a ’s enter the initial partition function (2) in the same way.

representation in terms of a certain effective Sine-Gordon theory. This can be done by introducing the new integration variables S^1_{μν} =^{√3}_2 ( S^1_{μν} + S^2_{μν} ) and S^2_{μν} =^1_2 ( S^1_{μν} − S^2_{μν} ) , which diagonalize the quadratic form in square brackets on the R.H.S. of Eq. (7). Then Eqs. (7) and (8) yield

Z_{grand} = ∫ DS^a_{μν} Dλ^a_{μν} exp { −g_mη^3 √ 3 ∫ d^4xd^4yS^a_{μν} (x) K_1(m|x − y|) |x − y| S^a_{μν} (y)+

+2ζ ∫ d^4x cos | | |λ^1_{μν} (x) | | | Λ^2

+ cos | | |λ^2_{μν} (x) | | | Λ^2 − i ∫ d^4xh^a_{μν}S^a_{μν} , (12) where we have denoted h^1_{μν} =^{1√}_3 ( λ^1_{μν} + λ^2_{μν} ) and h^2_{μν} = λ^1_{μν} − λ^2_{μν} . The partition function of the desired Sine-Gordon theory can be obtained from Eq. (12) by making use of the following equality^6 ∫ DS^a_{μν} exp { − [ g_mη^3 √ 3 ∫ d^4xd^4yS^a_{μν}(x) K_1(m|x − y|) |x − y| S^a_{μν} (y) + i ∫ d^4xh^a_{μν} S^a_{μν} ]} =

= exp { − 1 4π^2 ∫ d^4x [ 1 12η^2 ( H^a_{μνλ} )_2 + 3g^2_m 4 ( h^a_{μν} )_2 ]}

(cf. the R.H.S. with the quadratic part of the action of the Kalb-Ramond field on the R.H.S. of Eq. (4) with the field A^a_μ gauged away). Substituting this equality into Eq. (12) and performing the rescaling^{haμν}_{2π} → h^a_{μν} , we arrive at the following representation for the partition function of the grand canonical ensemble of vortex loops in terms of the local Sine-Gordon theory, equivalent to the nonlocal theory (10),

Z_{grand} = ∫ Dh^a_{μν} exp { − ∫ d^4x { 1 12η^2 ( H^a_{μνλ} )_2 + 3g^2_m 4 ( h^a_{μν} )_2 − −2ζ [ cos ( π Λ^2 | |√ 3h^1_{μν} + h^2_{μν} | | ) + cos ( π Λ^2 | |√ 3h^1_{μν} − h^2_{μν} | | )]}} . (13)

As we now see, an essential property of the obtained Sine-Gordon theory, which distinguishes it from an analogous theory describing the grand canonical ensemble of vortex loops in the Abelianprojected SU(2)-gluodynamics [1], is the presence of two interacting Kalb-Ramond fields, while in the SU(2)-case there was only one self-interacting field. Notice that upon the expansion of the cosines on the R.H.S. of Eq. (13), it is straightforward to see that only the interaction terms of the type ( h^1_{μν} )_2n ( h^2_{μν} )_2k

survive. In another words, despite of the mixing of the Kalb-Ramond fields in the arguments of the cosines, no terms linear in any of these fields appear in the action. In particular, the masses of both Kalb-Ramond fields, M_1 and M_2, can be read off from Eq. (13) by expanding the cosines up to the quadratic terms. The result reads M^2_a = m^2 + m^2_a ≡ Q^2_aη^2, where m_1 =^{2πη}_{Λ2} √ 6ζ, m_2 =^{2πη}_{Λ2} √ 2ζ are the Debye masses, and we have introduced the corresponding magnetic charges Q_1 = √ 3g^2_m +^{24π2ζ}_{Λ4} , Q_2 = √ 3g^2_m +^{8π2ζ}_{Λ4} .

Eqs. (10) and (11) can now be used for the evaluation of correlators of vortex loops, which due to Eq. (6), are nothing else but the correlators of S^a_{μν} ’s. Those are calculable in the low-energy

6This equality can straightforwardly be proved by mentioning that ∂_μh^a_{μν} = 0, which follows from the equation of motion corresponding to its L.H.S. and Eq. (6), according to which ∂_μS^a_{μν} = 0.

limit, Λ^2 | | |S^a_{μν} | | | ≪ ζ, by considering the real branch of the potential (11), i.e., extracting from the whole sum the term with n = 0. The latter one has a simple parabolic form, and in the vicinity of its minimum (corresponding to the low-energy limit) the generating functional for correlators of S^a_{μν} ’s reads Z [ J^a_{μν} ] = ∫ DS^a_{μν} exp { − [ g_mη^3 √ 3 ∫ d^4xd^4yS^a_{μν}(x) K_1(m|x − y|) |x − y| S^a_{μν} (y)+

+ Λ^4 2ζ ∫ d^4x [ 1 3 ( S^1_{μν} )_2 + ( S^2_{μν} )_2] + ∫ d^4x [ S^1_{μν} J^+_{μν} √ 3 + S^2_{μν} J^−_{μν} ]]} , where J^a_{μν} is a source of S^a_{μν} , and J^±_{μν} ≡ J^1_{μν} ± J^2_{μν} . Such two Gaussian integrals can be calculated by virtue of the following equality ∫ DS_{μν} exp { − [ g_mη^3 √ 3 ∫ d^4xd^4yS_{μν} (x) K_1(m|x − y|) |x − y| S_{μν} (y) +

Λ^4 2ζ ∫ d^4xS^2_{μν} + ∫ d^4xJ_{μν}S_{μν} ]} =

= exp { − M_2ζ 8π^2Λ^4 ∫ d^4xd^4yJ_{μν}(x)J_{μν}(y) ( ∂^2_x − m^2 ) K_1(M_2|x − y|) |x − y| } , and the result reads

Z [ J^a_{μν} ] = Z_{grand} exp { − ζ 8π^2Λ^4 ∫ d^4xd^4y [ M_1J^+_{μν} (x)J^+_{μν} (y) ( ∂^2_x − m^2 ) K_1(M_1|x − y|) |x − y| +

+M_2J^−_{μν}(x)J^−_{μν} (y) ( ∂^2_x − m^2 ) K_1(M_2|x − y|) |x − y| ]} . The correlators of vortex loops following from this expression have the form ⟨ S^1_{μν} (x)S^1_{λρ}(0) ⟩ = ⟨ S^2_{μν} (x)S^2_{λρ}(0) ⟩ = (δ_{μλ}δ_{νρ} − δ_{μρ}δ_{νλ}) ζ 2Λ^4 [ 2δ(x) − 2∑ a=1 m^2_a M_a 4π^2 K_1(M_a|x|) |x| ]

and ⟨ S^1_{μν} (x)S^2_{λρ}(0) ⟩ = (δ_{μλ}δ_{νρ} − δ_{μρ}δ_{νλ}) ζm^2 2Λ^4 [ M_2 4π^2

K_1(M_2|x|) |x| − 3 M_1 4π^2

K_1(M_1|x|) |x| ] . At this point, it is worth recalling that the original theory (1) is an effective theory at large distances [18], where the asymptotic behaviours of the obtained correlators read ⟨ S^1_{μν} (x)S^1_{λρ}(0) ⟩ = ⟨ S^2_{μν}(x)S^2_{λρ}(0) ⟩ −→ − ⟨ S^1_{μν} (x)S^2_{λρ}(0) ⟩ −→

−→ − (δ_{μλ}δ_{νρ} − δ_{μρ}δ_{νλ}) √ π 2 ( ηζ Λ^4

)_2 √

M_2 |x|^{32} e^{−M2|x|}.

This result illustrates how the vortex loops in the grand canonical ensemble under study are correlated to each other. Namely, their correlators decrease according to the Yukawa type law with the screening provided by the lightest of the two full masses, M_2.

In conclusion, we have demonstrated that the grand canonical ensemble of vortex loops in the effective Abelian-projected theory of the SU(3)-gluodynamics (being treated in the dilute gas approximation) exhibits an essential property distinguishing it from the one of the Abelian-projected SU(2)-gluodynamics. Namely, it consists of two interacting subsystems, corresponding to two independent types of strings, which emerge after the Abelian projection. An average over the shapes of the vortex loops with the most general rotation- and translation invariant integration measure leads to two alternative field-theoretical representations of such a grand canonical ensemble. First of them is a representation in terms of an effective Sine-Gordon theory of two interacting Kalb- Ramond fields (13). It yields the (positive) contribution to the masses M_a’s of the Kalb-Ramond fields coming about from the Debye screening as well as to the magnetic charges Q_a’s of these fields. The other representation given by Eqs. (10) and (11), which is the one in terms of the integral over the vortex loops, is useful for the evaluation of their correlators. While such a calculation is difficult to perform exactly due to the complicated form of the effective potential of the vortex loops (11), it turns out to be possible to perform it in the low-energy limit within an additional approximation when only the real branch of the potential is taken into account. As a result, the correlators of vortex loops have a Yukawa type asymptotic behaviours at large distances with the screening governed by the lightest of the two full masses of the Kalb-Ramond fields.

It now looks reasonable to find field-theoretical representations for the grand canonical ensembles of vortex loops emerging after the Abelian projection in the general SU(N), N > 2, case. In that case, there appear^{N (N −1)}_2 − 1 independent strings. Indeed, this is just the number of possibilities for the eigenvalues of a certain (adjointly transformed) operator, to be diagonalized during the Abelian projection, to coincide, minus one constraint imposed by the δ-function on the R.H.S. of Eq. (1) (with the sum over a going from 1 to N). It will therefore emerge just this amount of interacting gases of vortex loops, leading to different Debye masses. The study of this system as well as its large-N limit will be the topic of a separate publication.

Acknowledgments

The author is indebted to Prof. Yu.A. Simonov for critical reading the manuscript and useful discussions, Prof. D. Ebert for useful discussions and correspondence, and Profs. H.G. Dosch and M.G. Schmidt for valuable discussions.

References

[1] D. Antonov, preprint hep-th/9906032 (1999) (Int. J. Mod. Phys. A, in press).

[2] M. Kalb and P. Ramond, Phys. Rev. D 9 (1974) 2237.

[3] F.A. Schaposnik, Phys. Rev. D 18 (1978) 1183; K. Bardakci and S. Samuel, Phys. Rev. D 18 (1978) 2849; M. Stone and P.R. Thomas, Phys. Rev. Lett. 41 (1978) 351; S. Samuel, Nucl. Phys. B 154 (1979) 62.

[4] H. Kleinert, Gauge Fields in Condensed Matter. Vol. 1 (World Scientific, Singapore, 1989);

preprint cond-mat/9503030 (1995); M. Kiometzis, H. Kleinert, and A.M.J. Schakel, Fortschr. Phys. 43 (1995) 697.

[5] T. Suzuki, Prog. Theor. Phys. 80 (1988) 929. [6] G. ’t Hooft, Nucl. Phys. B 190 (1981) 455.

[7] A. Di Giacomo and M. Mathur, Phys. Lett. B 400 (1997) 129; Nucl. Phys. B 531 (1998) 302.

[8] M.N. Chernodub and M.I. Polikarpov, preprint hep-th/9710205 (1997). [9] H. Reinhardt, Nucl. Phys. B 503 (1997) 505; K. Langfeld and H. Reinhardt, Phys. Rev. D 55 (1997) 7993; M. Quandt and H. Reinhardt, Int. J. Mod. Phys. A 13 (1998) 4049; Phys. Lett. B 424 (1998) 115.

[10] K.-I. Kondo, Phys. Rev. D 57 (1998) 7467; ibid. D 58 (1998) 085013, 105016, 105019. [11] C. Ford, U.G. Mitreuter, T. Tok, A. Wipf, and J.M. Pawlowski, Annals Phys. 269 (1998) 26;

C. Ford, T. Tok, and A. Wipf, Phys. Lett. B 456 (1999) 155.

[12] D. Antonov and D. Ebert, Phys. Lett. B 444 (1998) 208; in: Path Integrals from peV to TeV:

50 years after Feynman’s paper, Eds. R. Casalbuoni, R. Giachetti, V. Tognetti, R. Vaia, and P. Verrucchi (World Scientific, Singapore, 1999), pp. 267-271.

[13] D.A. Komarov and M.N. Chernodub, JETP Lett. 68 (1998) 117. [14] D. Antonov and D. Ebert, preprint hep-th/9812112 (1998).

[15] D. Antonov and D. Ebert, Eur. Phys. J. C 8 (1999) 343; in: Problems of Quantum Field Theory, Eds. B.M. Barbashov, G.V. Efimov, and A.V. Efremov (Joint Institute for Nuclear Research, Dubna, 1999), pp. 285-290.

[16] Proc. Lattice 97, Nucl. Phys. B 63 (Proc. Suppl.) (1998).

[17] Z.F. Ezawa and A. Iwazaki, Phys. Rev. D 25 (1982) 2681; ibid. D 26 (1982) 631. [18] S. Maedan and T. Suzuki, Prog. Theor. Phys. 81 (1989) 229.

[19] A.A. Abrikosov, Sov. Phys.- JETP 5 (1957) 1174 (for a review of the properties of the Abrikosov vortices see e.g. E.M. Lifshitz and L.P. Pitaevski, Statistical Physics, Vol. 2 (Pergamon, New York, 1987)); H.B. Nielsen and P. Olesen, Nucl. Phys. B 61 (1973) 45.

[20] K. Lee, Phys. Rev. D 48 (1993) 2493; P. Orland, Nucl. Phys. B 428 (1994) 221; M. Sato and S. Yahikozawa, Nucl. Phys. B 436 (1995) 100.

[21] E.T. Akhmedov, M.N. Chernodub, M.I. Polikarpov, and M.A. Zubkov, Phys. Rev. D 53 (1996) 2087.

[22] D.V. Antonov, D. Ebert, and Yu.A. Simonov, Mod. Phys. Lett. A 11 (1996) 1905.