Pis’ma v ZhETF, vol. 75, iss. 5, pp. 263 { 266 cfl 2002 March 10

Monopole creation operator in presence of matter

V. A. Belavin^{1)+}, M. N. Chernodub^{1) + ∗}, M. I. Polikarpov^{1) +}

�Institute of Theoretical and Experimental Physics, 117259 Moscow, Russia

+Institute of Theoretical Physics, Kanazawa University, 920-1192 Kanazawa, Japan

Submitted 31 January 2002

The monopole creation operator proposed recently by Fr-ohlich and Marchetti is investigated in the Abelian Higgs model with the compact gauge ˛eld. We show numerically that the creation operator detects the condensation of monopoles in the presence of the dynamical matter ˛eld.

PACS: 12.38.Gc, 14.80.Hv

The value of the deconfinement temperature is one of the most important predictions of the lattice QCD. To study the temperature phase transition we have to investigate the order parameter. For full QCD when dynamical quarks are taken into account, the string tension and the expectation value of the Polyakov line are not the order parameters. On the other hand in the dual superconductor model of QCD vacuum [1] we have the natural order parameter for confinement–deconfinement phase transition. This is the value of the monopole condensate. It should be nonzero in the confinement phase (the monopoles are condensed as Cooper pairs in ordinary superconductor) and zero in the deconfinement phase. To extract monopole from vacuum of non-Abelian fields we have to perform the Abelian projection [2], and after that we can evaluate the value of the monopole condensate using the monopole creation operator.

Originally the gauge invariant monopole creation operator was proposed by Fröhlich and Marchetti for compact U(1) gauge theory [3]. The construction is analogous to the Dirac creation operator [4] for a charged particle. The monopole operator was numerically studied in compact Abelian gauge model [5] and in the pure SU(2) gauge theory in the usual [6] and the spatial [7] Maximal Abelian gauges. It was found that the expectation value of this operator behaves as an order parameter for confinement–deconfinement phase transition: the expectation value is non-zero in the confinement phase and zero in the deconfinement phase. The similar conclusions were made for another types of the monopole creation operators [8]. These results confirm the dual superconductor hypothesis [1] for gluodynamics vacuum.

However, the monopole operator discussed in Ref. [3] exhibits some inconsistency in the presence of charged matter fields, namely the Dirac string becomes visi-

1)e-mail: belavin@mccme.ru; maxim@hep.s.kanazawa-u.ac.jp; polykarp@heron.itep.ru

ble. To get rid of the Dirac string dependence a new monopole operator was proposed recently [9]. Note that even the pure gluodynamics contains electrically charged fields in the Abelian projection: the off-diagonal gluons are (doubly) charged with respect to the diagonal gluon fields. Thus the newly proposed operator [9] is more suitable for the investigation of confinement in SU(N) gauge theories then the older one [3]. The purpose of this paper is to check numerically whether the new monopole creation operator is the order parameter in theories with matter fields. Below we study compact Abelian Higgs model in the London limit having in mind the further numerical investigation of the new monopole creation operator in non-Abelian gauge theories.

The original version of the gauge invariant monopole creation operator [3] in compact U(1) gauge theory is based on the duality of this model to the Abelian Higgs model. The Higgs field ϕ is associated with the monopole field and the non–compact dual gauge field B_μ represents the dual photon. The gauge invariant operator which creates the monopole in the point x, can be written as the Dirac operator [4] in the dual model:

Φ^{mon}_x (H) = ϕ_x e^{i(B,Hx)}, (1)

where the magnetic field of the monopole, H, is defined in the 3D time slice which includes the point x. By definition, the magnetic monopole field satisfies the Maxwell equation, divH = δ^3(x) which guarantees the invariance of the operator Φ under the dual gauge transformation: ϕ → ϕe^{iα} , B → B + dα . (2) The monopole creation operator (1) can be rewritten in the original representation in terms of the compact field θ. In lattice notations the expectation value of this operator is [3]:

Ŕĺśĳňă ć ĘİŠŤ šőň 75 ćżŕ. 5 { 6 2002 263

⟨Φ^{mon}⟩ = 1 Z π∫ −π Dθ exp{−S(dθ + W )} ,

Z = π∫ −π Dθ exp{−S(dθ)}. (3) For compact lattice electrodynamics the general type of the action satisfies the relation: S(dθ + 2πn) = S(dθ), n ∈ ZZ. Besides the Coulomb monopole field H the tensor form W = 2πδΔ^{−1}(H_x − ω_x) depends on the Dirac string ω which ends at the monopole position, δ^∗ω_x =^∗δ_x, and is not restricted to the 3D time–slice.

The operator (1) is well defined for the theories without dynamical matter fields. However, if an electrically charged matter is added, then the creation operator (1) depends on the position of the Dirac string. To see this fact we note that in the presence of the dynamical matter the dual gauge field B becomes compact. Indeed, as we mentioned the pure compact gauge model is dual to the non–compact U(1) with matter fields (referred above as the (dual) Abelian Higgs model). Reading this relation backwards we conclude that the presence of the matter field leads to the compactification of the dual gauge field B.

The compactness of the dual gauge field implies that the gauge transformation (2) must be modified: ϕ → ϕe^{iα} , B → B + dα + 2πk, (4) where the compactness of the gauge field, B ∈ (−π, π], is supported by the integer–valued vector field k = = k(B, α). The role of the field k is to change the shape of the dual Dirac string attached to the magnetic charge in the dual theory. One can easily check that the operator (1) is not invariant under the compact gauge transformations (4):

Φ^{mon}_x (H) → Φ^{mon}_x (H) e^{2πi(k,Hx )}. (5)

This fact was discussed in Ref. [9]. According to eq.(5) if the field H is integer–valued then operator (1) is invariant under compact gauge transformations (4). This condition and the Maxwell equation require for the field H to have a form of a string attached to the monopole (“Mandelstam string”): H_x → j_x, j ∈ ZZ. The string must be defined in the 3D time–slice similarly to the magnetic field H. However, one can show that for a fixed string position the operator Φ creates a state with an infinite energy. This difficulty may be bypassed [9] by summation over all possible positions of the Mandelstam strings with some measure μ(j):

Φ^{mon,new} x = ϕ_x ∑ �_{jx}2_{ZZ} δ�_{jx=δx} μ(j_x) e^{i(B,jx)} . (6)

If Higgs field ϕ is q–charged (q ∈ ZZ), the summation in eq.(6) should be taken over q different strings each of which carries the magnetic flux 1/q. The transformation of Φ^{mon,new} x to the original representation can be easily performed and we get the expression similar to eq. (3).

In this publication we present the results of our numerical investigation of the operator Φ^{mon,new}_x (6) in the compact Abelian Higgs model with the action:

S = −β cos(dθ) − γ cos(dφ + qθ), (7)

where θ is the compact gauge field and φ is the phase of the Higgs field. For simplicity we considered the London limit of the model in which the radial part of the Higgs field is frozen. We calculated the (modified) effective constraint potential,

V_{eff} (Φ) = − ln ( ⟨δ(Φ − Φ^{mon,new})⟩ ) . (8)

We simulated the 4D Abelian Higgs model on the 4^4, 6^4, 8^4 lattice, with γ = 0.3. The larger charge, q, of the Higgs field, the easier the numerical calculation of V_{eff} (Φ) is. We performed our calculations for q = 7. For each configuration of 4D fields we simulated 3D model to get the Mandelstam strings with the weight μ(j_x) which we specify below. We generated 60 statistically independent 4D field configurations, and for each of these configurations we generated 40 configurations of 3D Mandelstam strings. We imposed the anti-periodic boundary conditions in space.

To define the measure μ in eq.(6), we introduce the auxiliary 3D XY theory, “living” on the time slice x^0 with the action: S(χ, r) = κ 2 ‖ ‖ ‖ dχ − 2πB q + 2πr ‖ ‖ ‖ 2 , (9)

where χ is 0–form with value in [−πq, πq] and r is Z– valued 1–form. One can prove that < e^{iχx} e^{−iχR} >_{R→∞} (B) ∼ e^{i(B,Hx)}. (10) In space dimension d ≥ 3, for sufficiently large κ and sufficiently small B, ⟨e^{iχx} e^{−iχy} ⟩ → const as |x − y| → ∞. Moreover, two–point function ⟨e^{iχx} e^{−iχR} ⟩(B) is periodic in B, with period 1. Hence, it has the following Fourier representation: similar to (6): ⟨e^{iχx} e^{−iχR} ⟩(B) = 1 Z ∑ jx2^{ZZ}_q δj_x=δ_x−δ_R μ(j_x) e^{i(B,jx)}, (11)

where the measure μ is defined by:

μ(j_x) = exp { − 1 2κ ‖j_x‖^2 } . (12)

Ŕĺśĳňă ć ĘİŠŤ šőň 75 ćżŕ. 5 { 6 2002

Monopole creation operator in presence of matter 265

Thus in the theory with the action (9) the two–point correlation function has the representation (10) analogous to the original representation (1) for the monopole creation operator and the dual representation (11) is analogous to the new representation (6) for the monopole creation operator. Therefore the measure in (6) should be defined by (12).

It is well known [10] that the 3D XY model in the Villain formulation has the phase transition for κ_c(B = 0) ≈ 0.32. According to suggestion of Fröhlich and Marchetti the expectation value of the operator (6) should be an order parameter in the κ > κ_c phase, where the density of the Mandelstam strings ρ, is large enough. Our numerical observation has shown that in presence of the external field B, κ_c(B) ≈ 0.42. In Fig.1 we present

Fig.1. The e¸ective monopole potential (8) in (a) con- ˛nement and (b) decon˛nement phases

the effective potential (8) in the confinement (β = 0.85) and deconfinement (β = 1.05) phases for positive values of the monopole field. The potential is shown for two values of the 3D coupling constants κ > κ_c corresponding to high densities of the Mandelstam strings. In the confinement phase, Fig.1a, the potential V (Φ) has a Higgs form signaling the monopole condensation. According to our numerical observations this statement does not depend on the lattice volume. In the deconfinement phase, Fig.1b, the potential has minimum at Φ = 0 which indicates the absence of the monopole condensate.

For the small values of the 3D coupling constant κ (in the phase where Mandelstam strings j_x are not condensed), it was observed (Fig.2) that the potential V (Φ)

Fig.2. The e¸ective monopole potential (8) in the low-ˇ region of the 3D model

has the same behaviour for the both phases of 4D model. Thus the operator (6) serves as the order parameter for the deconfinement phase transition, if the density of the Mandelstam strings is high, i.e. κ should be larger than κ_c(B).

Summarizing, the new operator can be used as a test of the monopole condensation in the theories with electrically charged matter fields. Our calculations indicate that the operator should be defined in the phase where the Mandelstam strings are condensed as it was suggested by Fröhlich and Marchetti. The minimum of the potential, corresponding to the value of the monopole condensate is zero in deconfinement phase and non zero in the confinement phase.

The authors are grateful to F. V. Gubarev for useful discussions. V.A.B. and M.I.P were partially supported by grants RFBR # 00-15-96786, RFBR # 01- 02-17456, INTAS # 00-00111 and CRDF award # RP1- 2103. M.I.Ch. is supported by JSPS Fellowship P01023.

1. G. ’t Hooft, in HEP, Proc. of the EPS Intern. Conference, Palermo, Ed. A. Zichichi, Editrice Compositori, 1976; S. Mandelstam, Phys. Rept. 23, 245 (1976).

2. G. ’t Hooft, Nucl. Phys. B190, 455 (1981); M. N. Chernodub and M. I. Polikarpov, in Confinement, Duality and Non-perturbative Aspects of QCD, Plenum Press, 1998, p. 387, hep-th/9710205; A. Di Giacomo, Prog. Theor. Phys. Suppl. 131, 161 (1998); R. W. Haymaker, Phys. Rep. 315, 153 (1999).

3. J. Frohlich and P. A. Marchetti, Commun. Math. Phys.

112, 343 (1987).

Ŕĺśĳňă ć ĘİŠŤ šőň 75 ćżŕ. 5 { 6 2002

4. P. A. M. Dirac, Can. J. Phys. 33, 650 (1955). 5. M. I. Polikarpov, L. Polley, and U. J. Wiese, Phys. Lett.

B253, 212 (1991).

6. M. N. Chernodub, M. I. Polikarpov, and A. I. Veselov, Phys. Lett. B399, 267 (1997); Nucl. Phys. Proc. Suppl. 49, 307 (1996).

7. M. N. Chernodub, M. I. Polikarpov, and A. I. Veselov, JETP Lett. 69, 174 (1999).

8. A. Di Giacomo and G. Pa¸uti, Phys. Rev. D56, 6816 (1997); Naoki Nakamura, Vitaly Bornyakov, Shinji Ejiri et al., Nucl. Phys. Proc. Suppl. 53, 512 (1997).

9. J. Frohlich and P. Marchetti, Nucl. Phys. B551, 770 (1999); Phys. Rev. D64, 014505 (2001).

10. T. Banks, R. Myerson, and J. Kogut, Nucl. Phys. B129, 493 (1977).

Ŕĺśĳňă ć ĘİŠŤ šőň 75 ćżŕ. 5 { 6 2002