arXiv:0907.0535v1 [hep-th] 3 Jul 2009

Relating the generating functionals in field/antifield formulation through finite field dependent BRST transformation

Sumit Kumar Rai^∗ and Bhabani Prasad Mandal^† Department of Physics, Banaras Hindu University, Varanasi-221005, INDIA.

We study the field/antifield formulation of pure Yang Mills theory in the framework of finite field dependent BRST transformation. We show that the generating functionals corresponding to different solutions of quantum master equation are connected through the finite field dependent BRST transformations. We establish this result with the help of several explicit examples.

I. INTRODUCTION

BRST symmetries are extremely useful in quantum field theory and play important role in the discussion of quantization, renormalization, unitarity and other aspects of gauge theories [1, 2, 3]. The nilpotent BRST transformation is characterized by an infinitesimal, anticommuting and space time independent parameter and leaves the effective action invariant. Joglekar and Mandal [4] generalized the BRST transformation where the parameter involved is finite and field dependent but space-time independent. Such finite field dependent BRST (FFBRST) transformations are also nilpotent and leave the Faddeev- Popov (FP) effective action invariant. However, the path integral measure changes in a non-trivial way due to the finite field dependent parameter in such transformations. It has been shown [4] that the non-trivial Jacobian of the path integral measure can always be expressed as e^{iS1} , where S_1 is some local function of field variables and can be a part

∗ e-mail address:- sumitssc@gmail.com † e-mail address: bhabani@bhu.ac.in, bhabani.mandal@gmail.com

of the effective action. Thus, FFBRST can connect the generating functionals of two different effective field theories with suitable choice of finite field dependent parameter [4]. For example, these can be used to connect FP effective action in Lorentz gauge with a gauge parameter λ to (i) the most general BRST/anti-BRST symmetric action in Lorentz gauges [4] , (ii) the FP effective action in axial gauge [5], (iii) the FP effective action in Coulomb gauge [6], (iv) FP effective action with another distinct gauge parameter λ^′ [4] and (v) the FP effective action in quadratic gauge [4]. The choice of the parameter is crucial in connecting different effective gauge theories by means of the FFBRST.

FFBRST transformations have found many applications [5, 6, 7, 8, 9, 10] in the study of gauge theories. Correct prescription for the poles in the gauge field propagators in noncovariant gauges have been derived by connecting effective theories in covariant gauges to the theories in non-covariant gauges by using FFBRST [6, 9]. The divergent energy integrals in Coulomb gauge are regularized by modifying time like propagator using FFBRST [6].

In this present work, we have extended the FFBRST formulation for the case of field/antifield formulation of pure Yang Mills (YM) theory. We have shown, the generating functionals in field/antifield formulation, corresponding to different solutions of quantum master equation [2, 3, 11] are related through FFBRST transformations. The choice of finite field dependent BRST parameter plays crucial role in relating the generating functionals. A particular choice of FFBRST parameter connects a pair of generating functionals. We consider several choice of FFBRST parameter to show the connection explicitly.

This paper is organised as follows. We provide brief introduction to field/antifield formulation in Sec. 2.1 and a brief review of the FFBRST formulation in Sec. 2.2. In Sec. 3, we develop FFBRST transformation in the auxiliary field formulation which will be required in the later sections. We consider several choice of FFBRST parameter to establish the connection between the different generating functionals in field/antifield formulation in Sec. 4. In Sec. 4.1, we consider the connection of generating functionals for different effective theories in different gauges. Connection with most general BRST/anti-

BRST invariant theory is established in Sec. 4.2. Sec. 5 is devoted for summary and discussion.

II. PRELIMINARY REVIEW

A. Field/Antifield formulation

The Lagrangian quantization of Batalin & Vilkovisky [11], also known as field/antifield formulation is considered to be one of the most powerful procedures of quantization of gauge theories involving BRST symmetry [2, 3, 12, 13, 14, 15]. The main idea is to construct an extended action W_Ψ(ϕ, ϕ^∗) by introducing antifields ϕ^∗ corresponding to each field ϕ with opposite statistic. Generically ϕ denotes all the fields involved in the theory. The sum of ghost number associated to a field and its antifield is equal to -1. The generating functional can be written as Z = ∫ Dϕe^{iWΨ[ϕ]}, (2.1) where W_Ψ[ϕ] = W [ ϕ, ϕ^∗ = ∂Ψ ∂ϕ ] . (2.2) Ψ is the gauge fixed fermion and has grassman parity 1 and ghost number -1. The generating functional Z does not depend on the choice of Ψ. This extended quantum action satisfies certain rich mathematical relation called quantum master equation [3] and is given by Δe^{iWΨ[ϕ,ϕ∗]} = 0 with Δ ≡ ∂_r ∂ϕ ∂_r ∂ϕ^∗ (−1)^{ϵ+1}. (2.3) Master equation reflects the gauge symmetry in the zeroth order of antifields and in the first order of antifields it reflects nilpotency of BRST transformation. This equation can also be written in terms of antibrackets as (W_Ψ, W_Ψ) = 2iΔW_Ψ, (2.4) where the antibracket is defined as (X, Y ) ≡ ∂_rX ∂ϕ ∂_lY ∂ϕ^∗ − ∂_rX ∂ϕ^∗ ∂_lY ∂ϕ . (2.5)

Different effective actions belonging to the same theory are solutions of master equations. The solutions of master equation are unique upto (anti-) canonical transformations which preserve the equation (2.4). For example, the solution of master equation corresponding to the extended action in axial gauge W^A_Ψ [ϕ, ϕ^∗] is related to the solution of master equation corresponding to the extended action in Lorentz gauge W^L_Ψ [ϕ, ϕ^∗] through (anti)-canonical transformation. In this paper, we show that the generating functionals corresponding to different solutions of master equation can be related through FFBRST transformation. In particular, we consider field/antifield formulation of pure YM theory to show the connection by using FFBRST transformation which will be reviewed briefly below.

B. Finite field dependent BRST

Let us now briefly review the FFBRST approach [4, 5, 7, 9]. FFBRST transformations are obtained by an integration of infinitesimal (field dependent ) BRST transformations [4]. In this method all the fields are functions of some parameter, κ : 0 ≤ κ ≤ 1. For a generic field ϕ(x, κ), ϕ(x, κ = 0) = ϕ(x), is the initial field and ϕ(x, κ = 1) = ϕ^′(x) is the transformed field. Then the infinitesimal field dependent BRST transformations are defined as d dκ ϕ(x, κ) = δ_{BRST} ϕ(x, κ) Θ^′[ϕ(x, κ)], (2.6) where Θ^′dκ is an infinitesimal field dependent parameter. It has been shown [4] by integrating these equations from κ = 0 to κ = 1 that ϕ^′(x) are related to ϕ(x) by FFBRST transformations ϕ^′(x) = ϕ(x) + δ_{BRST} ϕ(x) Θ[ϕ(x)], (2.7) where Θ[ϕ(x)] is obtained from Θ^′[ϕ(x)] through the relation Θ[ϕ(x)] = Θ^′[ϕ(x)] exp f[ϕ(x)] − 1 f[ϕ(x)] , (2.8)

and f is given by f = ∑ i δΘ^′(x) δϕ_i (x) δBRST ϕi(x). These transformations are nilpotent and

symmetry of the FP effective action. However, Jacobian of the path integral measure changes the generating functional corresponding to FP effective theory to the generating functional for a different effective theory.

The meaning of these field transformations is as follows. We consider the vacuum expectation value of a gauge invariant functional G[A] in some effective theory, << G[A] >>≡ ∫ Dϕ G[A] exp(iS_{eff} [ϕ]), (2.9) where S_{eff} = S_0 + S_{gf} + S_g. (2.10) Here, S_0 is the pure YM action S_0 = ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} ] , (2.11) and the gauge fixing and ghost part of the effective action in Lorentz gauge are given as S_{gf} = − 1 2λ ∫ d^4x(∂ · A^α)^2, S_g = − ∫ d^4x [ c̄^α∂^μD^{αβ}_μ c^β ] . (2.12) The covariant derivative is defined as D^{ab}_μ [A] ≡ δ^{ab}∂_μ + gf^{abc}A^c_μ.

Now we perform the FFBRST transformation ϕ → ϕ^′ given by Eq. (2.7). Then we have << G[A] >>=<< G[A^′] >>= ∫ Dϕ^′J[ϕ^′]G[A^′] exp(iS^F_{eff} [ϕ^′]), (2.13) on account of BRST invariance of S_{eff} and the gauge invariance of G[A]. Here J[ϕ^′] is the Jacobian associated with FFBRST transformation and is defined as Dϕ = Dϕ^′J[ϕ^′]. (2.14) Note that unlike the usual infinitesimal BRST transformation the Jacobian for FFBRST is not unity. In fact, this non-trivial Jacobian is the source of the new results in this formulation. As shown in Ref. [4] for the special case G[A] = 1, the Jacobian J[ϕ^′] can always be replaced by exp(iS_1[ϕ^′]), where S_1(ϕ^′) is some local functional of the fields and can be added to action, S_{eff} [ϕ^′] + S_1[ϕ^′] = S^′_{eff} [ϕ^′]. (2.15)

Thus the FFBRST in Eq. (2.7) takes the generating functional with effective action S_{eff} [ϕ] to the generating functional corresponding to another effective action S^′_{eff} [ϕ]. The extra part, S_1(ϕ) of the new effective action S^′_{eff} [ϕ] depends on the choice of the parameter in FFBRST transformation. Thus, by choosing the parameter in FFBRST transformation appropriately one can connect the generating functionals corresponding to any two effective gauge theories. In particular the FFBRST of Eq. (2.7) with Θ^′[ϕ(x, κ)] = i ∫ d^4y c̄^α(y, κ) [F^α[A(y, κ)] − F^{′α}[A(y, κ)]] relates the YM theory with an arbitrary gauge fixing F [A] to the YM theory with another arbitrary gauge fixing F^′[A] [7].

III. THE FFBRST IN AUXILIARY FIELD FORMULATION

To study the role of FFBRST in the field/antifield formulation, it is convenient to use auxiliary field (B) formulation [16]. In this section, we intend to generalize the FFBRST formulation in B field formulation. We only mention the necessary modifications of FF- BRST formulation in presence of auxiliary field [18]. For simplicity, we consider the case of pure YM theory described by the action S_{eff} = ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} + λ 2 (B^α)^2 − B^α∂ · A^α − c̄^α∂^μD^{αβ}_μ c^β ] . (3.1)

Using the method outlined in Sec. 2.2 it is straightforward to find FFBRST transformations under which the above S_{eff} remains invariant. These transformations are as follows A^α_μ → A^α_μ + D^{αβ}_μ c^β Θ(A, c, c̄, B), c^α → c^α − g 2 f^{αβγ} c^βc^γ Θ(A, c, c̄, B), c̄^α → c̄^α + B^α Θ(A, c, c̄, B), B^α → B^α. (3.2)

However, non-trivial modification arises in the calculation of Jacobian for this FFBRST in auxiliary field formulation. The Jacobian can be defined as DA(x)Dc(x)Dc̄(x)DB(x) = J(x, k)DA(x, k)Dc(x, k)Dc̄(x, k)DB(x, k)

= J(k + dk)DA(k + dk)Dc(k + dk)Dc̄(k + dk)DB(k + dk). (3.3)

The transformation from ϕ(k) to ϕ(k + dk) is an infinitesimal one and one has, for its Jacobian J(k) J(k + dk) = ∑ ϕ ± δϕ(x, k + dk) δϕ(x, k) , (3.4)

where ∑ ϕ, sums over all the fields in the measure A^α_μ, c^α, c̄^α, B^α and the ± sign refers to if ϕ is a bosonic or a fermionic field. We evaluate the right hand side as ∫ d^4x ∑ α [ ∑ μ δA^α_μ(x, k + dk) δA^α_μ (x, k) − δc^α(x, k + dk) δc^α(x, k) − δc̄^α(x, k + dk) δc̄^α(x, k) + δB^α(x, k + dk) δB^α(x, k) ] , (3.5) dropping those terms which do not contribute on account of the antisymmetry of structure constant. We calculate infinitesimal Jacobian change as mentioned in [4] to be 1 J(k) dJ(k) dk = − ∫ d^4x [ (δA^α_μ) δΘ^′ δA^α_μ − (δc^α) δΘ^′ δc^α − δc̄^α δΘ^′ δc̄^α ] , (3.6)

since, δB^α = 0. Further, it can be shown that the Jacobian in Eq. (3.3) can be expressed as e^{iS1[ϕ]} by following the general procedure mentioned in Ref [4]. To illustrate the procedure, we consider a simple example of FFBRST in auxiliary field formulation. Let us take Θ^′[ϕ(y, k)] = iγ ∫ d^4y c̄^α(y, k)B^α(y, k) where γ is an arbitrary constant parameter and then using Eq. (3.6), we obtain 1 J(k) dJ(k) dk = iγ ∫ d^4y [B^α(y, k)]^2. (3.7)

This Jacobian J(k) will be replaced by e^{iS1(ϕ)} iff [4] ∫ Dϕ(k)exp[iS_1 + iS_{eff} ] [ 1 J(k) dJ dk − i dS_1 dk ] = 0. (3.8)

We make an ansatz, S_1 = ξ_1(k) ∫ d^4x [B^α(x, k)]^2 where ξ_1(k) is some κ-dependent arbitrary parameter satisfying the initial condition ξ_1(k = 0) = 0. Now the condition in Eq. (3.8) is satisfied only when i(γ − ξ^′_1(k)) = 0. (3.9)

By solving Eq. (3.9), we get ξ_1 = γk and the extra term in the net effective action is

S_1(k = 1) = γ ∫ d^4x [B^α(x)]^2. (3.10)

The effective action in Eq. (3.1) is modified as

S_{eff} + S_1 = ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} + λ 2 (B^α)^2 − B^α∂ · A^α − c̄^α∂^μD^{αβ}_μ c^β + γ(B^α)^2 ]

= ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} + λ^′ 2 (B^α)^2 − B^α∂ · A^α − c̄^α∂^μD^{αβ}_μ c^β ] , (3.11)

where λ^′ = λ + 2γ. (3.12) Thus, FFBRST with parameter Θ^′[ϕ(y, k)] = iγ ∫ d^4y c̄^α(y, k)B^α(y, k), connects effective action with two different distinct gauge parameter λ and λ^′.

We use this auxiliary field formulation of FFBRST directly in the following sections where we consider field/antifield formulation.

IV. FFBRST IN FIELD/ANTIFIELD FORMULATION

In this section, we use FFBRST transformation in field/antifield formulation to show that the different generating functionals corresponding to different solution of master equation are related through FFBRST. We consider few explicit examples to establish this result.

A. Connecting solutions of master equation in different gauges

Case I: Lorentz gauge to axial gauge

We start with the generating functional of YM theory in Lorentz gauge as

Z^L = ∫ Dϕ exp [iS_{eff} (A, c, c̄, B)], (4.1) where S_{eff} (A, c, c̄, B), is given by Eq. (3.1). This generating functional can be expressed in field/antifield formulation as Z^L = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + A^{μα∗}D^{αβ}_μ c^β + c^{α∗} g 2 f^{αβγ} c^βc^γ + B^αc̄^{α∗} }] , (4.2) or, compactly Z^L = ∫ Dϕ exp [ iS_0(ϕ) + iδΨ^L 1 Λ ] ≡ ∫ Dϕ exp [ iW^L_Ψ (ϕ, ϕ^∗) ] , where the gauge fixed fermion Ψ^L = ∫ d^4x c̄^α [ λ 2 B^α − ∂ · A^α ] . (4.3)

δΨ^L is the BRST variation of Ψ^L and Λ is the infinitesimal, anticommuting parameter of the usual BRST transformation. The antifields A^{α∗}_μ , c^{α∗}, c̄^{α∗}, B^{α∗} corresponding to the fields A^α_μ, c^α, c̄^α, B^α are obtainable from the gauge fixed fermion, Ψ^L as A^{μα∗} = δΨ^L δA^α_μ = ∂^μc̄^α,

c̄^{α∗} = δΨ^L δc̄^α = [ λ 2 B^α − ∂ · A^α], c^{α∗} = δΨ^L δc^α = 0, B^{α∗} = δΨ^L δB^α = λ 2 c̄^α. (4.4)

Now, we apply the FFBRST transformation given by Eq. (3.2), to the above Z^L where Θ(A, c, c̄, B) is chosen to have a particular form, obtainable from Θ^′(A, c, c̄, B) = i ∫ d^4y c̄^α [γ_1λB^α + (∂ · A^α − η · A^α)] , (4.5) using Eq.(8). γ_1 is an arbitrary constant. We calculate the Jacobian by following the same procedure as discussed in section 3, which can be expressed as e^{iS1(ϕ)} where S_1 = ∫ d^4x [ γ_1λ(B^α)^2 + B^α(∂ · A^α − η · A^α) − c̄^α(η^μ − ∂^μ)D^{αβ}_μ c^β ] . (4.6) The transformed generating functional becomes Z^{′L} = ∫ Dϕ exp { i [ W^L_Ψ (ϕ, ϕ^∗) + S_1 ]} , = ∫ Dϕ exp [ iW^A_Ψ (ϕ, ϕ^∗) ] ≡ Z^A. (4.7)

Under the FFBRST with parameter given in Eq. (4.5), Z^L transforms to Z^A, which can be written explicitly in field/antifield formulation as

Z^A = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + Ã^{μα∗}D^{αβ}_μ c^β + c̃^{α∗} g 2 f^{αβγ} c^βc^γ + B^α~c̄^{α∗} }] . (4.8) In compact notation, Z^A = ∫ Dϕ exp [ iS_0(ϕ) + iδΨ^A 1 Λ ] , (4.9) where Ψ^A = ∫ d^4x c̄^α [ ξ 2 B^α − η · A^α ] , (4.10) with Ã^{μα∗} = δΨ^A δA^α_μ = −c̄^αη^μ, ~c̄^{α∗} = δΨ^A δc̄^α = [ ξ 2 B^α − η · A^α ] , c̃^{α∗} = δΨ^A δc^α = 0, B̃^{α∗} = δΨ^A δB^α = ξ 2 c̄^α. (4.11)

ξ = λ(1+2γ) is the gauge parameter in axial gauge. This Z^A is the generating functional of YM theory for axial gauge in field/antifield formulation. Thus, the FFBRST transformation given by Eq. (3.2) with the parameter given in Eq. (4.5) takes Z^L to Z^A. Both the extended actions in field/antifield formulation, W^L_Ψ (ϕ, ϕ^∗) and W^A_Ψ (ϕ, ϕ̃^∗) are the solutions of the master equation given in Eq. (2.4) and these are linked through FFBRST.

Case II: Lorentz gauge to Coulomb gauge

Now, we consider another choice of FFBRST parameter Θ(A, c, c̄, B) corresponding to Θ^′(A, c, c̄, B) = i ∫ d^4y c̄^α [γ_1λB^α + ∂_oA^α_0 ] , (4.12) and apply the FFBRST transformation to Z^L. We calculate the Jacobian for this transformation which produces the additional term in the action

S_1 = ∫ d^4x [ γ_1λ(B^α)^2 + B^α∂_0A^α_0 + c̄^α∂^0D_0^{αβ} c^β ] . (4.13)

This yields Z^{′L} = ∫ Dϕ exp { i [ W^L_Ψ (ϕ, ϕ^∗) + S_1 ]} ≡ Z^C , (4.14) where

Z^C = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + Ã^{μα∗}D^{αβ}_μ c^β + c̃^{α∗} g 2 f^{αβγ} c^βc^γ + B^α~c̄^{α∗} }] . (4.15) Or, compactly

Z^C = ∫ Dϕ exp [ iS_0(ϕ) + iδΨ^C 1 Λ ] ≡ ∫ Dϕ exp [ iW^C_Ψ (ϕ, ϕ̃^∗) ] , (4.16)

where Ψ^C = ∫ d^4x c̄^α [ ξ 2 B^α − ∂^iA^α_i ] , (4.17) with Ã^{iα∗} = δΨ^C δA^α_i = −c̄^α∂^i, Ã^{0α∗} = 0,

~c̄^{α∗} = δΨ^C δc̄^α = [ ξ 2 B^α − ∂^iA^α_i ] , c̃^{α∗} = δΨ^C δc^α = 0, B̃^{α∗} = δΨ^C δB^α = ξ 2 c̄^α, i = 1, 2, 3. (4.18)

ξ is the gauge parameter in Coulomb gauge. Z^C is the generating functional for pure YM theory in Coulomb gauge in field/antifield formulation. Therefore, the FFBRST given by Eq. (3.2) with parameter given in Eq. (4.12) connects the generating functional Z^L to Z^C . Hence, the extended actions in Lorentz gauge W^L_Ψ (ϕ, ϕ^∗) and in Coulomb gauge W^C_Ψ (ϕ, ϕ̃^∗) which are the solutions of master equation are connected through FFBRST.

Case III: Linear gauge to Quadratic gauge

Similarly, we choose another particular form of parameter Θ(A, c, c̄, B) related to Θ^′(A, c, c̄, B) = i ∫ d^4y c̄^α [ γ_1λB^α − d^{αβγ} A^β_μA^{μγ} ] , (4.19)

and perform FFBRST transformation to Z^L as given in Eq. (4.1). The effective action S_{eff} [ϕ] in Z^L will be modified due to the non-trivial Jacobian of these FFBRST transformation as S_{eff} [ϕ] + S_1[ϕ], where

S_1 = ∫ d^4x [ γ_1λ(B^α)^2 − B^αd^{αβγ} A^β_μA^{μγ} − 2d^{αβγ}c̄^α(D_μc)^βA^{μγ} ] . (4.20)

d^{αβγ} is a structure constant symmetric in β and γ . This additional term will transform the generating functional to Z^{′L} = ∫ Dϕ exp { i [ W^L_Ψ (ϕ, ϕ^∗) + S_1 ]} ≡ Z^Q. (4.21)

This Z^Q is the generating functional for pure YM theory in quadratic gauge and is expressed in field/antifield formulation as

Z^Q = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + Ã^{μα∗}D^{αβ}_μ c^β + c̃^{α∗} g 2 f^{αβγ} c^β c^γ + B^α~c̄^{α∗} }] . (4.22) Or, in compact notation

Z^Q = ∫ Dϕ exp [ iS_0(ϕ) + iδΨ^Q 1 Λ ] ≡ ∫ Dϕ exp [ iW^Q_Ψ (ϕ, ϕ̃^∗) ] , (4.23)

W^Q_Ψ (ϕ, ϕ̃^∗) is the extended action in quadratic gauge and

Ψ^Q = ∫ d^4x c̄^α [ ξ 2 B^α − (∂ · A^α + d^{αβγ} A^β_μA^{γμ}) ] , (4.24)

with Ã^{μα∗} = δΨ^Q δA^α_μ = ∂^μc̄^α − 2d^{αβγ}c̄^β A^{μγ} , ~c̄^{α∗} = δΨ^Q δc̄^α = [ ξ 2 B^α − ( ∂ · A^α + d^{αβγ} A^β_μA^{γμ} ) ] , c̃^{α∗} = δΨ^Q δc^α = 0, B̃^{α∗} = δΨ^Q δB^α = ξ 2 c̄^α. (4.25)

The FFBRST transformation with the parameter mentioned in Eq. (4.19), relates Z^L to Z^Q. Hence, the solutions of master equation are linked through FFBRST.

Case IV: Lorentz gauge (with parameter λ) to Lorentz gauge (with different parameter λ^′)

The discussion proceeds very much the same way as in earlier cases. We choose the FFBRST parameter Θ^′(A, c, c̄, B) = iγ ∫ d^4y c̄^αB^α. (4.26) The extra term in the action for this case is calculated as S_1 = ξ_1 ∫ d^4x(B^α)^2. (4.27) The transformed generating functional is written in field/antifield formulation as Z^{L(λ′)} = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + Ã^{μα∗}D^{αβ}_μ c^β + c̃^{α∗} g 2 f^{αβγ} c^βc^γ + B^α~c̄^{α∗} }] , = ∫ Dϕ exp { i [ W^{L(λ)}_Ψ (ϕ, ϕ̃^∗) + S_1 ]} ≡ ∫ Dϕ exp [ iW^{L(λ′)}_Ψ (ϕ, ϕ̃^∗) ] . W^{L(λ′)}_Ψ (ϕ, ϕ̃^∗) is the extended action in Lorentz gauge with gauge parameter λ^′ and Ψ^{L(λ′)} = ∫ d^4x c̄^α [ λ^′ 2 B^α − ∂ · A^α ] , (4.28) with Ã^{μα∗} = δΨ^L (λ′) δA^α_μ = ∂^μc̄^α,

~c̄^{α∗} = δΨ^L (λ′) δc̄^α = [ λ^′ 2 B^α − ∂ · A^α], c̃^{α∗} = δΨ^{L(λ′)} δc^α = 0, B̃^{α∗} = δΨ^L (λ′) δB^α = λ^′ 2 c̄^α. (4.29) Both the extended actions in field/antifield formulation, W^L_Ψ (ϕ, ϕ^∗) and W^{L(λ′)}_Ψ (ϕ, ϕ̃^∗) are the solution of master equation given in Eq. (2.4) and are connected by FFBRST transformation.

B. Connecting different solutions of master equation in effective theories

In this section, we show that not only the solutions of master equation in the theory with different gauges are connected through FFBRST but the solutions of master equation in different effective theories are also linked through FFBRST. In particular, the solutions of master equation in BRST invariant theory is related to the solution of master equation in through FFBRST. The generating functional for the most general BRST/anti-BRST invariant theory [17] is written as

Z^L_{AB} = ∫ [dAdcdc̄dB] exp [ iS^{AB}_{eff} (A, c, c̄, B) ] , (4.30) where S^{AB}_{eff} [A, c, c̄, B] = ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} − (∂ · A^α)^2 2ξ + ∂^μc̄D_μc + α 2 gf^{αβγ} ∂ · A^αc̄^βc^γ − 1 8 α(1 − 1 2 α)ξg^2f^{αβγ}c̄^βc̄^γ f^{αηξ}c^ηc^ξ ] . (4.31)

This effective action has the global symmetries under the following transformations. BRST:

δA^α_μ = (D_μc)^αΛ, δc^α = − 1 2 gf^{αβγ} c^βc^γ Λ, δc̄^α = ( ∂ · A^α ξ − 1 2 αgf^{αβγ}c̄^βc^γ ) Λ, (4.32)

anti-BRST:

δA^α_μ = (D_μc̄)^αΛ, δc^α = − 1 2 gf^{αβγ}c̄^βc̄^γ Λ, δc̄^α = ( − ∂ · A^α ξ − (1 − 1 2 α)gf^{αβγ}c̄^βc^γ ) Λ. (4.33)

The most general BRST/anti-BRST effective action can be re-expressed in terms of auxiliary field B^α as S^{AB}_{eff} [A, c, c̄, B] = ∫ d^4x [ − 1 4 F^{αμν} F^α_{μν} + ξ 2 (B^α)^2 − B^α(∂ · A^α − αgξ 2 f^{αβγ}c̄^β c^γ ) + ∂^μc̄D_μc − 1 8 αξg^2f^{αβγ}c̄^βc̄^γ f^{αηξ}c^ηc^ξ ] . (4.34) The off-shell nilpotent, global BRST/anti-BRST symmetries for the above effective action are given as BRST:

δA^α_μ = (D_μc)^αΛ, δc^α = − 1 2 gf^{αβγ} c^βc^γ Λ, δc̄^α = B^αΛ, δB^α = 0. (4.35)

anti-BRST:

δA^α_μ = (D_μc̄)^αΛ, δc̄^α = − 1 2 gf^{αβγ}c̄^βc̄^γ Λ, δc^α = ( −B^α − gf^{αβγ}c̄^β c^γ ) Λ, δB^α = −gf^{αβγ} B^βc̄^γ Λ. (4.36)

Now, we choose a finite BRST parameter Θ^′(A, c, c̄, B) = i ∫ d^4y c̄^α [ γ_1λB^α − 1 2 αgξf^{αβγ}c̄^βc^γ ] , (4.37) and perform the FFBRST transformation given by Eq. (3.2) to Z^L written in Eq. (4.1). We calculate the Jacobian corresponding to this FFBRST transformation and expressed as e^{iS1(ϕ)}, where

S_1 = ∫ d^4x [ γ_1λB^{α2} + 1 2 αgξf^{αβγ}B^αc̄^βc^γ − 1 8 αξg^2f^{αβγ}c̄^βc̄^γ f^{αηξ} c^ηc^ξ ] . (4.38) This will give rise to a new generating functional Z^{′L} = ∫ Dϕ exp { i [ W^L_Ψ (ϕ, ϕ^∗) + S_1 ]} , ≡ Z^L_{AB}. (4.39)

Under the choice of FFBRST parameter given in Eq. (4.37), Z^L transforms to Z^L_{AB} which can be expressed explicitly in field/antifield formulation as Z^L_{AB} = ∫ [dAdcdc̄dB] exp [ i ∫ d^4x { − 1 4 F^{αμν} F^α_{μν} + Ã^{μα∗}D^{αβ}_μ c^β − c̃^{α∗} g 2 f^{αβγ} c^βc^γ + B^α~c̄^{α∗} }] . (4.40) In compact notation, Z^L_{AB} = ∫ Dϕ exp [ iS_0(ϕ) + iδΨ^L_{AB} 1 Λ ] ≡ ∫ Dϕ exp [ iW^L_{AB} (ϕ, ϕ̃^∗) ] , (4.41)

where Ψ^L_{AB} = ∫ d^4x c̄^α [ ξ 2 B^α − ( ∂ · A^α − αgξ 4 f^{αβγ}c̄^βc^γ )] , (4.42) with Ã^{μα∗} = δΨ^{LAB} δA^α_μ = ∂^μc̄^α, ~c̄^{α∗} = δΨ^{LAB} δc̄^α = [ ξ 2 B^α − ( ∂ · A^α − αgξ 2 f^{αβγ}c̄^βc^γ )] , c̃^{α∗} = δΨ^L_{AB} δc^α = 1 4 αgξf^{αβγ}c̄^βc̄^γ , B̃^{α∗} = δΨ^{LAB} δB^α = ξ 2 c̄^α. (4.43)

ξ is the gauge parameter in the most general BRST/anti-BRST invariant theory. Therefore, the FFBRST given by Eq. (3.2) with the parameter given in Eq. (4.37) takes Z^L = ∫ Dϕ exp [ iW^L_Ψ (ϕ, ϕ^∗) ] to Z^L_{AB} = ∫ Dϕ exp [ iW^L_{AB} (ϕ, ϕ̃^∗) ] . Both the extended action, W^L_Ψ (ϕ, ϕ^∗) and W^L_{AB}(ϕ, ϕ̃^∗) in field/antifield formulation are the solution of master equation.

V. CONCLUSION

In this paper, we explore the role of FFBRST transformation in field/antifield formulation. In field/antifield formulation the solutions of quantum master equation, W_Ψ[ϕ, ϕ^∗] does not depend on the choice of Ψ, the gauge fixed fermion.We have considered FFBRST transformation in the field/antifield formulation of YM theories and have shown that it connects the generating functional, corresponding to different solutions of master equation by considering several explicit examples. Particularly, we have shown that the generating functional Z^L in Lorentz gauge corresponding to the solution of master equation, W^L_Ψ [ϕ, ϕ^∗] is connected to (i) generating functional Z^A corresponding to the solution of master equation in axial gauge W^A_Ψ [ϕ, ϕ^∗]. (ii) generating functional Z^C corresponding to the solution of master equation in Coulomb gauge, W^C_Ψ [ϕ, ϕ^∗] .(iii) generating functional Z^Q corresponding to the solution of master equation in quadratic gauge, W^Q_Ψ [ϕ, ϕ^∗] and, (iv) generating functional Z^{L(λ′)} corresponding to the solution of master equation in different gauge parameter, W^{L(λ′)}_Ψ [ϕ, ϕ^∗]. FFBRST not only connects theories with different solutions of master equations in different gauges but also it connects different W_Ψ[ϕ, ϕ^∗] corresponding to different effective theories. W^L_Ψ [ϕ, ϕ^∗] in BRST invariant theory is connected to W^L_{AB}[ϕ, ϕ^∗], corresponding to the most general BRST/anti-BRST invariant theory through FFBRST. In all the cases the non-trivial Jacobians of FFBRST play the crucial role.

Acknowledgment

We thankfully acknowledge the financial support from the Department of Science and Technology (DST), Government of India, under the SERC project sanction grant No. SR/S2/HEP-29/2007.

[1] C .Becchi, A. Rouet and R. Stora, Annals of Phys. 98 287 (1976); I. V. Tyutin, LEBEDEV- 75-39 (1975).

[2] M. Henneaux and C. Teitelboim, Quantization of gauge systems, Princeton, USA: Univ.

Press (1992).

[3] S. Weinberg, The quantum theory of fields, Vol-II: Modern applications, Cambridge, UK

Univ. Press (1996).

[4] S. D. Joglekar and B. P. Mandal, Phys. Rev. D51, 1919 (1995).

[5] S. D. Joglekar and A. Misra, J. Math. Phys 41, 1755,(2000); Int. J. Mod. Phys. A15 (2000);

Mod. Phys. Lett. A14, 2083, (1999); Mod. Phys. Lett. A15, 541, (2000); S. D. Joglekar, Mod. Phys. Lett A15, 245, (2000).

[6] S.D. Joglekar and B. P. Mandal Int. J. Mod. Phys. A 17 1279 (2002). [7] S. D. Joglekar, Int. J. Mod. Phys A 16, 5043 (2000). [8] R. Banerjee and B. P. Mandal Phys. Lett. B27 488 (2000). [9] R. S. Bandhu and S. D. Joglekar, J. Phys. A31, 4217, (1998). [10] S. D. Joglekar, Mod. Phys. lett. A 18, 843 (2003).

[11] I. A. Batalin and G. A. Vilkovisky, Phys. Lett. B27 102 (1981); Phys. Rev. D 28 2567 (1983); Erratum ibid D 30 508 (1984); Phys. Lett. B120 166 (1983).

[12] G. Barnich, F. Brandt and M. Henneaux, Phys. Report 338 439 (2000). [13] M. Henneaux, Nucl. Phys. Proc. Suppl. 18 A 47 (1990). [14] I. A. Batalin, K. Bering and P.H. Damgaard, Nucl. Phys B739 389 (2006). [15] A. Fuster, M. Henneaux and A. Mass, Int. J. Geom. Meth. Mod. Phys 2 939 (2005). [16] N. Nakanishi, I. Ojima Covariant Operator Formalism of Gauge Theories and Quantum Gravity (World Scientific Lecture Notes in Physics Vol. 27).

[17] See, e.g., L. Baulieu and J. Thierry-Mieg, Nucl. Phys. B197, 477 (1982). [18] S. Upadhyay, S. K. Rai and B. P. Mandal In preparation.