arXiv:1305.2931v1 [hep-th] 13 May 2013

ITP–UH–10/13

Gribov horizon beyond the Landau gauge

Peter M. Lavrov^{†1} and Olaf Lechtenfeld^{‡ 2}

†Tomsk State Pedagogical University, Kievskaya St. 60, 634061 Tomsk, Russia

‡Institut für Theoretische Physik and Riemann Center for Geometry and Physics, Leibniz Universität Hannover, Appelstrasse 2, 30167 Hannover, Germany

Abstract

Gribov and Zwanziger proposed a modification of Yang-Mills theory in order to cure the Gribov copy problem. We employ field-dependent BRST transformations to generalize the Gribov-Zwanziger model from the Landau gauge to general R_ξ gauges. The Gribov horizon functional is presented in explicit form, in both the non-local and local variants. Finally, we show how to reach any given gauge from the Landau one.

Keywords: Gribov-Zwanziger theory, Gribov horizon, field-dependent BRST transformation PACS: 04.60.Gw, 11.30.Pb

1E-mail: lavrov@tspu.edu.ru 2E-mail: lechtenf@itp.uni-hannover.de

1 Introduction and summary

It is long known that the covariant quantization of Yang-Mills theory is beset by the Gribov problem: the existence of infinitely many discrete gauge copies even after gauge fixing [1]. A natural remedy, suppressing the field integration outside the Gribov horizon, is accomplished by adding to the action a Gribov horizon functional [1]–[5]. The latter, however, is not BRST invariant and usually chosen in the Landau gauge. For a better understanding of its effect on the gauge variance of Greens functions, a knowledge of the horizon functional in other gauges is desirable [6].

Recently, we have discovered an explicit way to change the gauge in Faddeev-Popov quantization by effecting a suitable field-dependent BRST transformation [7]. Here, we utilize this strategy to define horizon functionals for the non-local and local forms of the Gribov-Zwanziger model in any R_ξ gauge. At the end of the paper, we present the the horizon functional in an arbitrary gauge.

2 Yang-Mills theory with Gribov horizon

Yang-Mills theory with gauge group SU(n) in d spacetime dimensions features gauge potentials A^a_μ(x) with a = 1, . . . , n^2−1 and μ = 0, 1, . . . , d−1. The classical action has the standard form

S_0(A) = −^1_4 ∫ d^dx F^a_{μν} F^{μνa} with F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + f^{abc}A^b_μA^c_ν , (2.1)

where f^{abc} denote the (totally antisymmetric) structure constants of the Lie algebra su(n). The action (2.1) is invariant under the gauge transformations

δA^a_μ = D^{ab}_μ ξ^b with D^{ab}_μ = δ^{ab}∂_μ + f^{acb}A^c_μ . (2.2)

The BRST formulation of the quantum theory extends the field content to { ϕ^A } = { A^a_μ, B^a, C^a, C̄^a } (2.3)

by adding the Nakanishi-Lautrup auxiliary fields as well as the Faddeev-Popov ghost and antighost fields, in the order above. The Grassmann parities ε and ghost numbers gh are

ε(C^a) = ε(C̄)^a = 1 , ε(A^a_μ) = ε(B^a) = 0 , gh(A^a_μ) = gh(B^a) = 0, gh(C^a) = −gh(C̄^a) = 1 .

(2.4)

In DeWitt notation [8], the quantum action à la Faddeev and Popov [9] takes the form

S(ϕ) = S_0(A) + C̄^aK^{ab}(A) C^b + χ^a(A) B^a , (2.5) with the Faddeev-Popov operator K^{ab}(A) = δχ^a(A) δA^c_μ D^{cb}_μ = ∂^μD^{ab}_μ = δ^{ab}∂^μ∂_μ + f^{acb}A^c_μ∂^μ (2.6) for the gauge-fixing functions χ^a of the Landau gauge, χ^a(A) = ∂^μA^a_μ . (2.7) The action (2.5) is invariant under the BRST transformation [10, 11]

δ_λA^a_μ = D^{ab}_μ C^bλ , δ_λC̄^a = B^aλ , δ_λB^a = 0 , δ_λC^a =^1_2 f^{abc}C^bC^cλ (2.8) where λ is an odd constant Grassmann parameter. Introducing the Slavnov variation sX of any functional X(ϕ) via δ_λX(ϕ) = ( sX(ϕ) ) λ so that sX(ϕ) = δX(ϕ) δϕ^A R^A(ϕ) (2.9) with the notation { R^A(ϕ) } = { D^{ab}_μ C^b, 0 ,^1_2 f^{abc}C^bC^c, B^a } and ε(R^A(ϕ)) = ε_A+1 , (2.10) the action (2.5) can be written in the compact form S(ϕ) = S_0(A) + sψ(ϕ) , (2.11) where ψ(ϕ) denotes the the associated fermionic gauge-fixing functional (in the Landau gauge), ψ(ϕ) = C̄^aχ^a(A) = C̄^a ∂^μA^a_μ . (2.12) The Gribov horizon [1] in the Landau gauge can be taken into account by adding to the action (2.11) the non-local horizon functional M(A) = γ^2 f^{abc}A^b_μ(K^{−1})^{ad}f^{dec}A^{eμ} + γ^4 d(n^2−1) , (2.13) where K^{−1} inverts the (matrix-valued) Faddeev-Popov operator K^{ab}(A) of (2.6) and γ ∈ R is the so-called thermodynamic or Gribov parameter [2, 3]. The effective action of the Gribov- Zwanziger model, S_M (ϕ) = S(ϕ) + M(A) = S_0(A) + sψ(ϕ) + M(A) , (2.14) is not BRST invariant because sM(A) = γ^2f^{abc}f^{cde} [ 2D^{bq}_μ C^q(K^{−1})^{ad} − f^{mpn}A^b_μ(K^{−1})^{am}K^{pq}C^q(K^{−1})^{nd} ] A^{eμ} ≠ 0 . (2.15) In [6], we have investigated the resulting gauge dependence of the vacuum functional, assuming the existence of a horizon functional beyond the Landau gauge. With the help of recent results [7], we now verify this assumption and propose an explicit form for such a functional in general R_ξ gauges.

3 Gribov horizon in R_ξ gauges

The vacuum functional for the Gribov-Zwanziger model is given by a functional integral, Z = ∫ Dϕ exp { i ℏ ( S_0(A) + sψ(ϕ) + M(A) )} . (3.1)

Let us perform a change of variables which amounts to a particular field-dependent BRST transformation,

ϕ^A −→ ϕ^A + (sϕ^A)Λ_ξ(ϕ) with Λ_ξ(ϕ) = C̄^aB^a (B^2)^{−1} ( exp {_ξ 2iℏ B^2 } − 1 ) , (3.2)

where B^2 = B^aB^a. Taking into account the Jacobian and using ln (1 + sΛ_ξ) =^ξ_{2iℏ} B^2, the vacuum functional then reads [7] Z = ∫ Dϕ exp { i ℏ ( S_0(A) + sψ_ξ(ϕ) + M_ξ(ϕ) )} , (3.3)

with a shifted fermionic gauge-fixing functional and a modified horizon functional,

ψ_ξ(ϕ) = C̄^a ( ∂^μA^a_μ +^ξ_2 B^a ) and M_ξ(ϕ) = M(A) + ( sM(A) ) Λ_ξ(ϕ) , (3.4)

respectively. The explicit expression for sM(A) is given in (2.15).

We have moved away from the Landau gauge and reached a general R_ξ gauge. Therefore, we propose

M_ξ(ϕ) = γ^2 f^{abc}A^b_μ(K^{−1})^{ad}f^{dec}A^{eμ} + γ^4 d(n^2−1) (3.5) + γ^2 f^{abc}f^{cde} [ 2D^{bq}_μ C^q(K^{−1})^{ad} − f^{mpn}A^b_μ(K^{−1})^{am}K^{pq}C^q(K^{−1})^{nd} ] A^{eμ}C̄^ℓB^ℓ(B^2)^{−1} ( e^{ξ2iℏ B2} −1 )

as the explicit form for the horizon functional in a general R_ξ gauge. Under further BRST transformations, its Slavnov variation is sM_ξ = sM(A) [ 1 − sΛ_ξ(ϕ) ] . (3.6)

In linear approximation in ξ we have Λ_ξ(ϕ) =^ξ_{2iℏ}C̄^aB^a and get M_ξ = M(A) +^{ξγ2}_{2iℏ} f^{abc}f^{cde} [ 2D^{bq}_μ C^q(K^{−1})^{ad} − f^{mpn}A^b_μ(K^{−1})^{am}K^{pq}C^q(K^{−1})^{nd} ] A^{eμ}C̄^ℓB^ℓ (3.7)

still depending on all field variables. For ξ=0, it smoothly reduces to the Landau-gauge functional, M_0 = M(A).

4 Gribov-Zwanziger action

Originally, the Gribov-Zwanziger model was presented in the non-local form (2.13) and (2.14) [1, 2]. Later, the non-locality was ‘resolved’ by adding auxiliary field variables [3, 4, 5]. The resulting local action is referred to as the Gribov-Zwanziger action and takes the form (for details, see [12])

S_{GZ} (Φ) = S_0(A) + sψ(ϕ) + S_γ (A, φ, φ̄, ω, ω̄) (4.1)

where S_γ = φ̄^{ac}_μ K^{ab}φ^{μbc} − ω̄^{ac}_μ K^{ab}ω^{μbc} + 2iγf^{abc}A^b_μ ( φ^{μac} + φ̄^{μac} ) + γ^4 d(n^2−1) (4.2)

represents the horizon functional written in local form for the Landau gauge. The set of fields has been further enlarged to { Φ^A } = { ϕ^A , φ^{ac}_μ , φ̄^{ac}_μ , ω^{ac}_μ , ω̄^{ac}_μ } . (4.3)

The fields φ^{ac}_μ and φ̄^{ac}_μ are commuting while ω^{ac}_μ and ω̄^{ac}_μ are anticommuting. The additional fields form BRST doublets [13], δ_λφ^{ac}_μ = ω^{ac}_μ λ , δ_λφ̄^{ac}_μ = 0 , δ_λω^{ac}_μ = 0 , δ_λω̄^{ac}_μ = −φ̄^{ac}_μ λ . (4.4)

The local horizon functional S_γ is not BRST invariant, sS_γ = f^{adb} [ φ̄^{ac}_μ K^{de}C^eφ^{μbc} + ω̄^{ac}_μ K^{de}C^eω^{μbc} + 2iγ ( D^{de}_μ C^e(φ^{μab}+φ̄^{μab}) + A^d_μω^{μab} )] ≠ 0 . (4.5)

Like in the previous section, we may move to a general R_ξ gauge by performing the specific field-dependent BRST transformation (3.2) in the vacuum functional integral of the Gribov- Zwanziger model based on the local action (4.1). As a result, the action gets modified,

S_{GZ} (Φ) −→ S_0(A) + sψ_ξ(ϕ) + S_{γξ}(Φ) (4.6)

where

ψ_ξ(ϕ) = C̄^a ( ∂^μA^a_μ +^ξ_2 B^a ) and S_{γξ}(Φ) = S_γ (A, ξ, ξ̄, ω, ω̄) + ( sS_γ (A, C, ξ, ξ̄, ω, ω̄) ) Λ_ξ(ϕ) .(4.7)

We propose this S_{γξ} together with (3.2), (4.2) and (4.5) as the proper extension of the local horizon functional to a general R_ξ gauge. Its Slavnov variation reads sS_{γξ} = sS_γ (A, C, ξ, ξ̄, ω, ω̄) [ 1 − sΛ_ξ(ϕ) ] . (4.8)

With this information, we may revisit the gauge dependence of Greens functions proposed in [6]. For the Gribov-Zwanziger model based on (4.1) one can find the gauge dependence of the effective action even on shell.

5 Horizon functional in an arbitrary gauge

Although the R_ξ gauges were easy to reach, they are not the only ones accessible by our method. In fact, [7] provides a general formula for connecting any two gauges in terms of their fermionic gauge-fixing functionals ψ: To get from a reference gauge ψ_0 to a desired gauge ψ, change the variables inside the generating functional Z(J) by a BRST transformation with a field-dependent parameter

Λ_ψ(ϕ) = (ψ−ψ_0) ( s(ψ−ψ_0) )_{−1}( exp {_1 iℏ s(ψ−ψ_0) } − 1 )

=^1_{iℏ} (ψ−ψ_0) ∞∑ n=0 1 (n+1)!

(_1 iℏ s(ψ−ψ_0) )_n . (5.1)

The corresponding change of the horizon functional reads

M_ψ(ϕ) − M_0(ϕ) = ( sM_0(ϕ) ) Λ_ψ(ϕ) . (5.2)

The gauge variation of the Gribov-Zwanziger model can now be studied explicitly.

Acknowledgments

The authors thank I.L. Buchbinder and I.V. Tyutin for useful discussions. This work was supported by the DFG grant LE 838/12-1. The work of PML is also supported by the LRSS grant 224.2012.2, by the Ministry of Education and Science of Russian Federation, project 14.B37.21.0774, by the RFBR grant 12-02-00121 and the RFBR-Ukraine grant 13-02-90430. He is grateful to the Institute of Theoretical Physics at Leibniz University for hospitality.

References

[1] V.N. Gribov, Quantization of nonabelian gauge theories, Nucl. Phys. B 139 (1978) 1.

[2] D. Zwanziger, Action from the Gribov horizon, Nucl. Phys. B 321 (1989) 591.

[3] D. Zwanziger, Local and renormalizable action from the Gribov horizon, Nucl. Phys. B 323 (1989) 513.

[4] D. Zwanziger, Critical limit of lattice gauge theory, Nucl. Phys. B 378 (1992) 525.

[5] D. Zwanziger,

Renormalizability of the critical limit of lattice gauge theory by BRS invariance, Nucl. Phys. B 399 (1993) 477.

[6] P.M. Lavrov, O. Lechtenfeld and A.A. Reshetnyak,

Is soft breaking of BRST symmetry consistent?, JHEP 1110 (2011) 043, arXiv:1108.4820 [hep-th].

[7] P.M. Lavrov and O. Lechtenfeld,

Field-dependent BRST transformations in Yang-Mills theory,

arXiv:1305.0712 [hep-th].

[8] B.S. DeWitt, Dynamical Theory of Groups and Fields,

Gordon and Breach, New York, 1965.

[9] L.D. Faddeev and V.N. Popov, Feynman diagrams for the Yang-Mills field, Phys. Lett. B 25 (1967) 29.

[10] C. Becchi, A. Rouet and R. Stora, Renormalization of the abelian Higgs-Kibble model, Commun. Math. Phys. 42 (1975) 127.

[11] I.V. Tyutin, Gauge invariance in field theory and statistical physics in operator formalism, Lebedev Inst. preprint N 39 (1975), arXiv:0812.0580 [hep-th].

[12] K.-I. Kondo, The nilpotent ”BRST symmetry” for the Gribov-Zwanziger theory, preprint CHIBA-EP-176, arXiv:0905.1899 [hep-th].

[13] D. Dudal, S.P. Sorella and N. Vandersickel,

More on the renormalization of the horizon function of the Gribov-Zwanziger action and the Kugo-Ojima Green function(s), Eur. Phys. J. C 68 (2010) 283, arXiv:1001.3103 [hep-th].