arXiv:hep-th/0005004 30 Apr 2000

A superspace gauge-invariant formulation of a massive tridimensional 2-form field

M. A. M. Gomes, R. R. Landim, C. A. S. Almeida^∗ Universidade Federal do Ceará Physics Department C.P. 6030, 60470-455 Fortaleza-Ce, Brazil

Abstract

By dimensional reduction of a massive supersymmetric B^F theory, a manifestly N = 1 supersymmetric completion of a massive antisymmetric tensor gauge theory is constructed in (2+1) dimensions. In the N = 1�D = 3 superspace, a new topological term is used to give mass for the Kalb-Ramond field. We have introduced a massive gauge invariant model using the Stückelberg formalism and an abelian topologically massive theory for the Kalb-Ramond superfield. An equivalence of both massive models is suggested. Further, a component field analysis is performed, showing a second supersymmetry in the model.

I. INTRODUCTION

Antisymmetric tensor fields appear in many field theories. In particular, the Kalb- Ramond gauge field plays an important role in strong-weak coupling dualities among string theories [1] and in axionic cosmic strings [2]. On the other hand, a first order formulation of the non-Abelian Yang-Mills gauge theory ( BF-YM model) [3,4] makes use of a two form gauge potential B to contribute to a discussion of the problem of quark confinement in continuum QCD [5]. Another interesting aspect of the (3+1) dimensional B ∧ F term (F = dA is the field strength of a one form gauge potential A) is its ability to give rise to gauge invariant mass to the gauge field [6]. This property has been used to obtain an axion field topologically massive and an axionic charge on a black hole as well [7]. In addition, the existence of the Higgs mechanism to the Kalb-Ramond gauge fields was demonstrated by S.-J. Key [8] in the context of closed strings. On the other hand, if coupled to open strings, the KB field becomes a massive vector field through the Stückelberg mechanism. Also, we can mention a topologically massive Kalb-Ramond field in a D = 3 context that was introduced in ref. [9].

It is known that massless string excitations may be described by a low-energy supergravity theory and that a massless gravity supermultiplet of graviton, dilaton and Kalb-Ramond

∗Electronic address:carlos@fisica.ufc.br fields appears in all known string theories. However, the spectrum of the D = 4 [10] and D = 3 [11] compactified theory from D = 10 supergravity, contains the massive antisymmetric tensor fields. Thus, since supersymmetry places severe constraints on the ground state and the mass spectrum of the excitations, supersymmetric mechanisms of mass generation are of considerable importance.

The purpose of this letter is twofold. First we construct an N = 1 −D = 4 superspace version of the U(1) BF model. By means of a dimensional reduction procedure, we obtain a massive antisymmetric tensor field into a N = 2−D = 3 supersymmetric topological massive gauge invariant theory. In contrast to several works on D = 3 BF models, we have considered here a topological term which involves a KB and a pseudoscalar field with derivative coupling. Secondly, we have addressed a N = 1 superspace mechanism to generate mass for Kalb- Ramond field without loss of gauge invariance. Actually, this mechanism is a superspace version of the topological massive formulation of Deser, Jackiw and Templeton [12]. On the other hand, an alternative model with an explicit mass breaking term is constructed in N = 1 superspace and a supersymmetric version of the Stückelberg transformation [13] is used to restore the gauge invariance of the model.

II. THE N = 1 � D = 4 EXTENDED BF MODEL

Let us begin by introducing the N = 1 − D = 4 supersymmetric BF extended model. For extended we mean that we include mass terms for the Kalb-Ramond field. This mass term will be introduced here for later comparison to the tridimensional case. Actually, this construction can be seen as a superspace and Abelian version of the so called BF-Yang-Mills models [3].

As our basic superfield action we take^1 S^{SS}_{BF} = 1 8 ∫ d^4x{−iκ[ ∫ d^2θB^αW_α − ∫ d^2θB_{α̇}W^{α̇}] + g^2 2 [ ∫ d^2θB^αB_α + ∫ d^2θB_{α̇}B^{α̇}]} . (1)

where W_α is a spinor superfield-strenght, B_α is a chiral spinor superfield, D̄_{α̇}B_α = 0, κ and g are massive parameters. Their corresponding θ-expansions are: W_α(x, θ, θ̄) = 4iλ_α(x) − [4δ^β_αD(x) + 2i(σ^μσ̄^ν)^β_αF_{μν}(x)]θ_β +4θ^2σ^μ_{αα̇}∂_μλ̄^{α̇} (2)

B_α(x, θ, θ) = e^{iθσ¯θ∂¯}[iψ_α(x) + θ^βT_{αβ}(x) + θθξ_α(x)] , (3) where

T_{αβ} = T_{(αβ)} + T_{[αβ]} = −4i(σ^{μν})_{αβ}B_{μν} + 2ε_{αβ}(M + iN) . (4)

Our conventions for supersymmetric covariant derivatives are

1Our spinorial notations and other conventions follow ref. [14].

D_α ≡ ∂ ∂θ^α + iσ^μ_{αα̇}θ̄^{α̇}∂_μ D̄_{α̇} ≡ − ∂ ∂θ̄^{α̇} − iθ^ασ^μ_{αα̇}∂_μ . (5)

We call attention for the electromagnetic field-strenght and the antisymmetric gauge field which are contained in W_α and B_α, respectively. In terms of the components fields, the action (1) can be read as S = ∫ d^4x{[− iκ 2 ( ξλ − ξ̄λ̄ ) + κ 2 ( ψ^ασ^μ_{αα̇}∂_μλ̄^{α̇} + ψ̄_{α̇} (σ̄^μ)^{α̇α} ∂_μλ_α ) + κ 2 B^{μν} ~F_{μν} −κDN] + g^2[ 1 8 ( ψξ + ψ̄ξ̄ ) + 1 2 B^{μν}B_{μν} − 1 2 ( M^2 + N^2 ) ]} = ∫ d^4x[( iκ 2 Ξ̄γ^5Λ + κ 2 Ψ̄γ^μ∂_μΛ + κ 2 B^{μν} ~F_{μν} − κDN) +g^2( 1 8 Ψ̄Ξ + 1 2 B^{μν}B_{μν} − 1 2 ( M^2 + N^2 ) )] . (6)

In the last equality above, the fermionic fields have been organized as four-component Majorana spinors as follows Ξ = ( ξ_α ξ̄α̇ ) ; Λ = ( λ_α λ̄α̇ ) ; Ψ = ( ψ_α ψ̄α̇ ) , (7)

and we denote the dual field-strenght defining ~F_{μν} ≡^1_2 ε_{μναβ}F^{αβ}. Furthermore, we use the following identities

Ψ̄Λ = ψ̄λ̄ + ψλ Ψ̄γ^5Λ = ψ̄λ̄ − ψλ Ψ̄γ^μΛ = ψσ^μλ̄ + ψ̄σ̄^μλ . (8)

The superfield action (1) is a particular case of the action proposed in ref. [15]. However, a point of difference must be noted. In contrast with [15], we have not considered coupling with matter fields and a propagation term for the gauge fields. On the other hand, our supespace BF term was constructed in a distinct and simpler way. A quite similar construction was introduced by Clark et al. [16].

The off-diagonal mass term ξλ (or Ξ̄γ^5Λ) has been shown by Brooks and Gates, Jr. [17] in the context of super-Yang-Mills theory. Note that the identity

γ_5σ^{μν} = i 2 ε_{μναβ}σ^{αβ} (9) reveals a connection between the topological behaviour denoted by the Levi-Civita tensor ε_{μναβ}, and the pseudo-escalar γ_5.

So, it is worthwhile to mention that this term has topological origin and it can be seen as a fermionic counterpart of the BF term. In our opinion, this fermionic mass term deserves more attention and will be investigated elsewhere.

III. THE N = 2 � D = 3 TOPOLOGICAL MODEL

As it is well known, the BF model in D = 3 consists in a one form field (”B” field) and one form gauge field A. So, the Chern-Simons term is simply the identification of B and A. However, as has been shown in ref. [9], after dimensional reduction of the four dimensional BF model, an interesting additional term arises, namely, a topological term which involves a 2-form and a 0-form. We will call it a Bφ term. A quite similar model was presented in a Yang-Mills version by Del Cima et. al. [18], and its finiteness was proved in the framework of algebraic renormalization.

Following the procedure of ref. [9], we will carry out a dimensional reduction in the bosonic sector of (6). Dimensional reduction is usually done by expanding the fields in normal modes corresponding to the compactified extra dimensions, and integrating out the extra dimensions. This approach is very useful in dual models and superstrings [19]. Here, however, we only consider the fields in higher dimensions to be independent of the extra dimensions. In this case, we assume that our fields are independent of the extra coordinate x_3.

Therefore, after dimensional reduction, the bosonic sector of (6) can be written as S_{bos.} = ∫ d^3x{[κε_{μαβ}V^μF^{αβ} + κε_{μνα}B^{μν}∂^αφ − κDN] +g^2[ 1 2 B^{μν} B_{μν} − V^μV_μ − 1 2 ( M^2 + N^2 ) ]} . (10)

Notice that the first term in r.h.s. of (10) can be transformed in the Chern-Simons term if we identify V^μ ≡ A^μ. The second one is the so called Bφ term.

Now let us proceed to the dimensional reduction of the fermionic sector of the model. First, note that the Lorentz group in three dimensions is SL(2, R) rather than SL(2, C) in D = 4. Therefore, Weyl spinors with four degrees of freedom will be mapped into Dirac spinors^2. So the correct associations keeping the degrees of freedom are sketched as Ξ = ( ξ_α ξ̄α̇ ) → Ξ_± = ξ_α ± iτ_α Λ = ( λ_α λ̄α̇ ) → Λ_± = λ_α ± iρ_α Ψ = ( ψ_α ψ̄α̇ ) → Ψ_± = ψ_α ± iχ_α . (11)

From (11), we find that

ΨΞ̄ → 1 2 (Ψ_+Ξ_− + Ψ_−Ξ_+)

Ψ̄γ^μ∂_μΛ → 1 2 (Ψ_+γ^^μ∂^_μΛ_− + Ψ_−γ^^μ∂^_μΛ_+)

Ξγ^5Λ → 1 2 (Ξ_+Λ_+ + Ξ_−Λ_−) . (12)

2For details about spinorial dimensional reduction, we suggest refs. [20] and [21].

where hatted index means three-dimensional space-time.

Thus, the dimensionally reduced fermionic sector of (6) may be written S_{ferm.} = ∫ d^3x{ iκ 4 (Ξ_+Λ_+ + Ξ_−Λ_−) + κ 4 (Ψ_+γ^^μ∂^_μΛ_− + Ψ_−γ^^μ∂^_μΛ_+) + g^2 16 (Ψ_+Ξ_− + Ψ_−Ξ_+)} . (13)

The action S = S_{bos.} + S_{ferm.} is invariant under the following supersymmetry transformations δλ_α = −iDη_α − (σ^μσ^ν )^β_α η_βF_{μν} δρ_α = iDζ_α − (σ^μσ^ν)^β_α ζ_βF_{μν} δF^{μν} = i∂^μ (ησ^νρ − λσ^ν ζ) − i∂^ν (ησ^μρ − λσ^μζ) δD = ∂_μ (−ησ^μρ + λσ^μζ) (14)

δ (ψ_α ± iχ_α) = δΨ_± = iη^β ~T_{βα} ± ζ^β ~T_{βα} δ ~T_{βα} = −η_βξ_α + ζ^λσ^μ_{βλ}∂_μψ_α δ (ξ_α ± iτ_α) = δΞ_± = −iζ_λ (σ^μ)^{λβ} T_{βα} ∓ η_λ (σ̄^μ)^{βλ} T_{βα} , (15)

where η and ζ are supersymmetric parameters, which indicates that we have two supersymmetries in the aforementioned action.

IV. REMARKS ON SOME 3D SUPERSYMMETRIC MODELS AND STÜCKELBERG FORMULATION

From the two topological terms introduced in (10) we can set up two supersymmetric models. The first one, which involves a two and a zero form, can be expressed as S = ∫ d^3xd^2θ(D^αΦB_α + 1 2 g^2B^αB_α) , (16)

where B_α and Φ are spinor and real scalar superfields, which are defined by projection as B_α | = χ_α D_{(β}B_{α)} | = 2iM_{βα} = M_{αβ} = B^{μν} (σ_{μν} )_{αβ} D^αB_α | = 2N D^βD_αB_β | = 2ω_α (17) and Φ | = φ D_αΦ | = ψ_α D^2Φ | = F . (18)

Here the supersymmetry covariant derivative is given by D_α = ∂_α + iθ^β∂_{αβ} . So, in terms of components fields, the action (16) becomes S = ∫ d^3x[ ( κ∂^{αβ}φM_{βα} + 2κψ^αω_α − 2κF N )

+ 1 2 g^2 ( 4ω^αχ_α + 2iχ_α∂^{βα}χ_β + M^{βα}M_{αβ} + 2N^2 ) ] . (19) Starting from the definitions of two spinor superfields given by Λ_α | = ξ_α D_{(β}Λ_{α)} | = 2iV_{βα} D^αΛ_α | = 2G D^βD_αΛ_β | = 2ρ_α (20) and W_α | = λ_α D_αW_β | = f_{αβ} , (21) where V_{βα} ≡ V^μ (~σ_μ)_{βα} ; f_{αβ} ≡ (σ̃_μ)_{αβ} f^μ ; f^μ = − i 2 ε^{μνρ}F_{νρ} , (22) we can propose another supersymmetric action, now involving two 1-forms, namely S = ∫ d^3xd^2θ(Λ^αW_α − g^2Λ^αΛ_α) = ∫ d^3x[ ( 2ρ^αλ_α − iV^{αβ}f_{βα} ) −g^2 ( 4ρ^αω_α + 2iξ_α∂^{βα}ξ_β + V^{βα}V_{βα} + 2G^2 ) ] . (23) It is easy to see that the superspace actions (16) and (23) are not invariant under the following gauge transformations δB^α = D^βD^αΠ_β δΦ = 0 (24)

δΛ^α = D^αΩ δW^α = 0 . (25) However, if we reparameterize Λ^α and B^α through introduction of the Stückelberg superfields^3 Θ and Σ_α such that

3For historical reasons, it is important to cite here the first work, to the best of our knowledge, in the framework of supersymmetric Stückelberg formalism, namely ref. [22].

Λ^α → (Λ^α)^′ = Λ^α + 1 g D^αΘ

B^α → (B^α)^′ = B^α + D^β D^αΠ_β , (26)

and imposing that Θ and Σ_α transform like δΘ = −gΩ δΣ^β = −Π^β , (27)

we ensure gauge invariance for that superactions.

We remark that integrating out the superfield B_α in the equation (16) we arrive at a supersymmetric Klein-Gordon action and, if we do the same for Λ_α in (23), we obtain a Maxwell superaction. Observe that both these relations may be understood as two duality tranformations. We recall here that an analogous connection in 4D pure bosonic BF-theory was viewed as a perturbative expansion in the coupling g around the topological pure BF theory [4]. Thereupon, it may be interesting to perform a similar investigation in the framework of action (16).

V. N = 1 SUPERSPACE TOPOLOGICAL MASS GENERATION

In order to show the topological mass generation for the Kalb-Ramond two form field, we will construct a variation from the model (16), by introducing the propagation term for it. Before that, for ilustration purpose, we quote the bosonic action introduced in ref. [9]: S = ∫ d^3x [ 1 6 H_{μνρ}H^{μνρ} + kϵ_{μνρ}B^{μν} ∂^ρϕ + 1 2 ∂_μϕ∂^μϕ ] , (28)

where H_{μνρ}, a three form field-strength of the B^{μν} field, is defined as

H_{μνρ} = ∂_{[μ}B_{μρ]} = ∂_μB_{νρ} + ∂_νB_{ρμ} + ∂_ρB_{μν} . (29)

The N = 1 superspace construction of the supersymmetric version of (28) proceeds as follows. First, we introduce a scalar superfield G defined by

G = −D^αB_α , (30)

where B_α is the super-Kalb-Ramond field defined in (17). Then, after looking the expression (16), we find the action S = ∫ d^3xd^2θ[− 1 2 ( D^αG^2 ) + kB^αD_αΦ − 1 2 D^αΦD_αΦ] . (31)

Now it is straightforward to show that the topological term kB^αD_αΦ gives rise to a mass term for the super-Kalb-Ramond field. The equation of motion associated with Φ is,

D^α (kB_α − D_αΦ) = 0 . (32)

Consequently, kB_α − D_αΦ = C . (33)

Since that the constant C can be absorbed by B_α, we conclude that

kB_α − D_αΦ = 0 . (34)

Therefore the original action (31) can be rewritten as S = ∫ d^3xd^2θ[ ( D^αG^2 ) + 1 2 k^2B^αB_α] . (35)

This exhibits a topological mechanism of mass generation for the Kalb-Ramond field. Naturally, the topological mass terms arise due to the coupling of the B_α and Φ superfields. In other words, this mass term results of the breakdown of the gauge invariance (24).

Incidentally let us mention a possible equivalence similar to that between massive topologically and self-dual theories in D = 3 [12]. Indeed, starting from (16), we can construct an action by introduction of a mass term for the superfield Φ, namely S = ∫ d^3xd^2θ(D^αΦB_α + 1 2 g^2B^αB_α + mΦ^2) . (36)

It is easy to see that the equations of motion of (36) and (31) are equivalent. So, the action (36) can be considered locally equivalent to action (31). On the other hand, it would be interesting to investigate if this equivalence is preserved at quantum level.

VI. CONCLUSIONS

In this letter, we have constructed an N = 1− D = 3 superspace action for a model involving an antisymmetric gauge field. Our main point is a topological term that consists in a coupling of this 2-form field and a scalar field. To the best of our knowledge, in the form presented here, this model is completely new in the literature. A similar approach, but involving a 3-form and a scalar fields in N = 1 − D = 4, was introduced in ref. [23].

Starting from the so called B ∧ F model in N = 1 − D = 4 superspace, we carried out a dimensional reduction to the three-dimensional space-time, in order to obtain our basic model. The superspace construction for the B∧F is known, but we point out the appearance of a fermionic counterpart of the B ∧ F term.

We have introduced two massive gauge invariant models for an antisymmetric tensor field into a N = 1 − D = 3 superspace. In the first, we resort to the Stückelberg formalism and in the other, we construct an abelian topologically massive theory, and a topologically generated mass for the Kalb-Ramon superfield is exhibited. An equivalence of both massive models is suggested. Furthermore, a component field analysis is performed, showing a second supersymmetry in the model.

ACKNOWLEDGMENTS We wish to thank M. S. Cunha for helpful discussions. Prof. J. E. Moreira is acknowledged by a critical reading of the manuscript. This work was supported in part by Conselho Nacional de Desenvolvimento Científico e Tecnológico-CNPq and Fundação Cearense de Amparo à Pesquisa-FUNCAP.

REFERENCES

[1] A. Sen, Phys. Lett. B 303 (1993) 22; E. Witten, Nucl. Phys. B 443 (1995) 85. [2] E. Copeland, R. Easther and D. Wands, Phys. Rev. D 56 (1997) 874. [3] A. S. Cattaneo, P. Cotta-Ramusino, A. Gamba and M. Martellini, Phys. Lett. B355 (1995) 245.

[4] F. Fucito, M. Martellini and M. Zeni, Nucl. Phys. B 496 (1997) 259. [5] G.^′t Hooft, Nucl. Phys. B 190 [FS3] (1981) 455.

[6] T. Allen, M. Bowick and A. Lahiri, Mod.Phys.Lett. A 6 (1991) 559. [7] T. Allen, M. Bowick and A. Lahiri, Phys. Lett. B 237 (1990) 47. [8] S.-J. Key, Phys. Rev. D 40 (1989) 3396.

[9] D. M. Medeiros, R. R. Landim, C. A. S. Almeida, Europhys. Lett. 48 (1999) 610. [10] H. Kim, L. Romans and P. van Nieuwenhuizen, Phys. Rev. D 32 (1985) 389. [11] E. Witten, Phys. Lett. B 155 (1985) 151.

[12] S. Deser, R. Jackiw and S. Templeton, Phys. Rev. Lett. 48 (1982) 975; S. Deser and R. Jackiw, Phys. Lett. B 139 (1984) 371.

[13] E. C. G. Stückelberg, Helv. Phys. Acta 11 (1938) 225.

[14] S. Gates, M. Grisaru, M. Roček, and W. Siegel, Superspace: One Thousand and One Lessons in Supersymmetry, Vol. of Frontiers in Physics ( Benjamin/Cummings, Massachusetts, 1983).

[15] H.R. Christiansen, M.S. Cunha, J.A. Helayël–Neto, L.R.U. Manssur, A.L.M.A.

Nogueira, Int. J. Mod. Phys. A 14 (1999) 147.

[16] T.E. Clark, C.H. Lee, S.T. Love, Mod. Phys. Lett. A 4 (1989) 1343. [17] R. Brooks and S. J. Gates, Jr., Nucl. Phys. B 432 (1994) 205. [18] O. M. Del Cima, J. M. Grimstrup and M. Schweda, Phys. Lett. B 463 (1999) 48. [19] E. Cremmer and J. Scherk, Nucl. Phys. B 103 (1976) 399; E. Witten, Phys. Lett. B155 (1985) 151.

[20] W. Siegel, Phys. Lett. B 84 (1979) 193.

[21] I. Jack, D.R.T. Jones, In Kane, G.L. (ed.): Perspectives on supersymmetry, 149-167.

hep-ph/9707278.

[22] R. Delbourgo, J. Phys. G1, No. 8 (1975) 800. [23] A. Khoudeir and P. Arias, Mod. Phys. Lett. A 14 (1999) 2125.