arXiv:hep-th/0506057 v2 11 Jan 2006

hep-th/0506057

UTTG–04–05 ITP–UH–09/05

Drinfeld-Twisted Supersymmetry and Non-Anticommutative Superspace

Matthias Ihl^1 and Christian Sämann^2

1Department of Physics University of Texas at Austin Austin, TX 78712, USA

msihl@zippy.ph.utexas.edu

2 Institut für Theoretische Physik Universität Hannover Appelstraße 2, D-30167 Hannover, Germany

saemann@itp.uni-hannover.de

Abstract

We extend the analysis of hep-th/0408069 on a Lorentz invariant interpretation of noncommutative spacetime to field theories on non-anticommutative superspace with half the supersymmetries broken. By defining a Drinfeld-twisted Hopf superalgebra, it is shown that one can restore twisted supersymmetry and therefore obtain a twisted version of the chiral rings along with certain Ward-Takahashi identities. Moreover, we argue that the representation content of theories on the deformed superspace is identical to that of their undeformed cousins and comment on the consequences of our analysis concerning non-renormalization theorems.

PACS: 11.10.Nx, 11.30.Pb, 12.60.Jv Keywords: N=1/2 supersymmetry, non-anticommutative superspace, Drinfeld twist

1. Introduction

Over the last decade, there has been an immense effort by string theorists to improve our understanding of string dynamics in nontrivial backgrounds. Most prominently, Seiberg and Witten [1] discovered that superstring theory in a constant Kalb-Ramond 2-form background can be formulated in terms of field theories on noncommutative spacetimes upon taking the so-called Seiberg-Witten zero slope limit. Subsequently, these noncommutative variants of ordinary field theories were intensely studied, revealing many interesting new aspects, such as UV–IR mixing [2], the vastness of nontrivial classical solutions to the field equations^1 [10, 11, 12] and the nonsingular nature of instanton moduli spaces, see e.g. [3]. It turned out that as low energy effective field theories, noncommutative field theories exhibit many manifestations of stringy features descending from the underlying string theory. Therefore, these theories have proven to be an ideal toy model for studying string theoretic questions which otherwise remain intractable, e.g. tachyon condensation [13]-[18] and further dynamical aspects of strings [19] (for recent work, see e.g. [20, 21]).

Expanding on the analysis of [22], Seiberg [23] showed that there is a deformation of Euclidean N = 1 superspace in four dimensions which leads to a consistent supersymmetric field theory with half of the supersymmetries broken. The idea was to deform the algebra of the anticommuting coordinates θ to the Clifford algebra {θ^α, θ^β } = C^{α,β} , (1.1) which arises from considering string theory in a background with a constant graviphoton field strength. For earlier work in this area, see [24]-[27]. Later on, non-anticommutativity for extended supersymmetry was considered, as well [28, 29, 30]. These discoveries triggered many publications studying non-anticommutative field theories. Of particular interest to our work is the question of renormalizability of non-anticommutative field theories, e.g. of the N =^1_2 Wess-Zumino model, as discussed in [31]-[39].

Another recent development began with the realization that noncommutative field theories, although manifestly breaking Poincaré symmetry,^2 can be recast into a form which is invariant under a twist-deformed action of the Poincaré algebra [40, 41, 42]. In this framework, the commutation relation [x^μ, x^ν ] = iΘ^{μν} is understood as a result of the noncocommutativity of the coproduct of a twisted Hopf Poincaré algebra acting on the coordinates. This result can be used to show that the representation content of Moyal-Weyl-deformed theories is identical to that of their undeformed Lorentz invariant counterparts. Furthermore, theorems in quantum field theory which require Lorentz invariance for their proof can now be carried over to the Moyal-Weyl-deformed case using twisted Lorentz invariance. For related works, see [43]-[48].

The purpose of the present paper is to extend the analysis of [41, 42] to supersymmetric field theories on non-anticommutative superspaces and use Dinfeld-twisted supersymmetry to translate properties of these field theories into the non-anticommutative situation, where half

1Many classical solutions were obtained with the help of solution generating techniques, generalized to the noncommutative setting in [3]-[9].

2In noncommutative spacetime, the Poincaré group is broken down to the stabilizer subgroup of the deformation tensor.

of the supersymmetries are broken. Note that twisted supersymmetry was already considered in [49]. However, the analysis of extended supersymmetries presented in this reference differs from the one we will propose here.

The paper is organized as follows: We will fix our conventions for non-anticommutative superspace in section 2 and introduce the Drinfeld twist of the Euclidean super Poincaré algebra and its universal enveloping algebra in section 3. Then, in section 4, we will discuss the implications of these mathematical structures concerning the representation content, the reemergence of (twisted) chiral rings and Ward-Takahashi identities. Moreover, we comment on non-renormalization theorems in the twisted supersymmetric case before we conclude in section 5. Some basic definitions and a useful extension of the Baker-Campbell-Hausdorff formula can be found in the appendix.

2. Non-anticommutative superspace

2.1. Superspace conventions

Throughout this paper, we will mostly adopt the conventions of [23]. Consider the fourdimensional Euclidean space R^4 with coordinates (x^μ) and extend it to the space R^{4|4N} by adding 4N Graßmann coordinates (θ^{iα}, θ̄^{α̇}_i ) with^3 i = 1, . . ., N and α, α̇ = 1, 2. The algebra of superfunctions on this space is denoted by

S := C^∞ ⊗ Λ_{4N} , (2.1)

where Λ_{4N} := Λ^•(R^{4N} ) is the Graßmann algebra with 4N generators. As it is well known, an element of S can be decomposed into its Graßmann even and its Graßmann odd part as well as into its “body” (the purely bosonic part) and its “soul” (the nilpotent part), cf. e.g. [50].

Recall that translations in the Graßmann directions of this space are generated by the superderivatives and the supercharges which act on a superfunction f ∈ S as D_{iα}f := ∂ ∂θ^{iα} f + iσ^μ_{αα̇}θ̄^{α̇}_i ∂_μf , D̄^i_{α̇}f := − ∂ ∂θ̄^{α̇}_i f − iθ^{iα}σ^μ_{αα̇}∂_μf , Q_{iα}f := ∂ ∂θ^{iα} f − iσ^μ_{αα̇}θ̄^{α̇}_i ∂_μf , Q̄^i_{α̇}f := − ∂ ∂θ̄^{α̇}_i f + iθ^{iα}σ^μ_{αα̇}∂_μf , (2.2)

and satisfy the algebra (we do not allow for central charges) {D_{iα}, D_{jβ}} = 0 , {D̄^i_{α̇}, D̄^j_{β̇}} = 0 , {D_{iα}, D̄^j_{β̇}} = −2iδ^j_i σ^μ_{αβ̇}∂_μ , {Q_{iα}, Q_{jβ}} = 0 , {Q̄^i_{α̇}, Q̄^j_{β̇}} = 0 , {Q_{iα}, Q̄^j_{β̇}} = 2iδ^j_i σ^μ_{αβ̇} ∂_μ . (2.3)

Our discussion simplifies considerably if we switch to the left-handed chiral coordinates

(y^μ := x^μ + iθ^{iα}σ^μ_{αα̇}θ̄^{α̇}_i , θ^{iα}, θ̄^{α̇}_i ) , (2.4)

3Strictly speaking, this superspace with Euclidean signature can be consistently defined only for an even number of supersymmetries, as the appropriate reality condition for θ^{iα} and θ̄^{α̇}_i is a symplectic Majorana condition and establishes a pairwise relation between these spinors. When working on the complexified superspace C^{4|4N} , i.e., when “temporarily doubling the fermionic degrees of freedom”, this obstacle however disappears.

in which the representations of the superderivatives and the supercharges read D_{iα}f = ∂ ∂θ^{iα} f + 2iσ^μ_{αα̇}θ̄^{α̇}_i ∂^L_μ f , D̄^i_{α̇}f = − ∂ ∂θ̄^{α̇}_i f , Q_{iα}f = ∂ ∂θ^{iα} f , Q̄^i_{α̇}f = − ∂ ∂θ̄^{α̇}_i f + 2iθ^{iα}σ^μ_{αα̇}∂^L_μ f , (2.5)

where ∂^L_μ denotes a derivative with respect to y^μ. Due to ∂^L_μ = ∂_μ, we drop the superscript “L” in the following.

2.2. The canonical non-anticommutative deformation

The canonical deformation of R^{4|4N} to R^{4|4N}_ℏ amounts to [23] {θ̂^{iα}, θ̂^{jβ}} = ℏC^{iα,jβ} , (2.6) where the hats indicate, as usual, that we are dealing with an operator representation. Equivalently, one can instead deform the algebra of superfunctions S on R^{4|4N} to an algebra S_⋆, in which the product is given by the Moyal-type star product

f ⋆ g = f exp ( − ℏ 2 ←− Q_{iα}C^{iα,jβ} −→ Q_{jβ} ) g , (2.7)

where ←− Q_{iα} and −→ Q_{jβ} are supercharges acting from the right and the left, respectively. Recall that θ^{iα} ←− Q_{jβ} = −δ^i_j δ^α_β . All commutators involving this star multiplication will be denoted by a ⋆, e.g. the graded commutator will read {[f, g]}_⋆ := f ⋆ g − (−1)^{f̃g̃}g ⋆ f . (2.8) with f̃ and g̃ denoting the grading of f and g, respectively, cf. appendix A.

In chiral coordinates, we have the following coordinate algebra on S_⋆: {θ^{iα}, θ^{jβ} }_⋆ = ℏC^{iα,jβ} , [y^μ, y^ν ]_⋆ = [y^μ, θ^{iα}]_⋆ = [y^μ, θ^{iα}]_⋆ = {θ^{iα}, θ̄^{α̇}_i }_⋆ = {θ̄^{α̇}_i , θ̄^{β̇}_j }_⋆ = 0 .

(2.9)

This deformation has been shown to arise in string theory from open superstrings of type IIB in the background of a constant graviphoton field strength [22, 23, 27]. The corresponding deformed algebra of superderivatives and supercharges reads {D_{iα}, D_{jβ}}_⋆ = 0 , {D̄^i_{α̇}, D̄^j_{β̇}}_⋆ = 0 , {D_{iα}, D̄^j_{β̇}}_⋆ = −2iδ^j_i σ^μ_{αβ̇}∂_μ , {Q_{iα}, Q_{jβ}}_⋆ = 0 , {Q̄^i_{α̇}, Q̄^j_{β̇}}_⋆ = −4ℏC^{iα,jβ}σ^μ_{αα̇}σ^ν_{ββ̇}∂_μ∂_ν , {Q_{iα}, Q̄^j_{β̇}}_⋆ = 2iδ^j_i σ^μ_{αβ̇}∂_μ . (2.10)

By inspection of this deformed algebra, it becomes clear that the number of supersymmetries is reduced to N /2, since those generated by Q̄^i_{α̇} will be broken.^4 On the other hand,

4Note that this result is due to the fact that we are using Euclidean spacetime. In Minkowski superspace, Q and Q̄ are related via complex conjugation, and it is therefore not possible to break only half of the supersymmetries.

it still allows for the definition of chiral and anti-chiral superfields as the algebra of the superderivatives D_{iα} and D̄^i_{α̇} is undeformed.

An alternative approach, which was followed in [25], manifestly preserves supersymmetry but breaks chirality. This simply means that one replaces the supercharges Q_{iα} by the superderivatives D_{iα} in the definition of the deformation (2.7). Without chiral superfields, however, it is impossible to define super Yang-Mills theory in the standard superspace formalism.

In the approach we will present in the following, supersymmetry and chirality are manifestly and simultaneously preserved, albeit in a twisted form.

3. Drinfeld twist of the Euclidean super Poincaré algebra

3.1. The Euclidean super Poincaré algebra and its enveloping algebra

The starting point of our discussion is the ordinary Euclidean super Poincaré algebra^5 g on R^{4|4N} without central extensions, which generates the isometries on the space R^{4|4N} . More explicitly, we have the generators of translations P_μ, the generators of four-dimensional rotations M_{μν} and the 4N supersymmetry generators Q_{iα} and Q̄^i_{α̇}. They satisfy the following algebra:

[P_ρ, M_{μν} ] = i(δ_{μρ}P_ν − δ_{νρ}P_μ) , [M_{μν} , M_{ρσ}] = −i(δ_{μρ} M_{νσ} − δ_{μσ} M_{νρ} − δ_{νρ}M_{μσ} + δ_{νσ} M_{μρ}) , [P_μ, Q_{iα}] = 0 , [P_μ, Q̄^i_{α̇}] = 0 ,

[M_{μν} , Q_{iα}] = i(σ_{μν} )_α^βQ_{iβ} , [M_{μν} , Q̄^{iα̇}] = i(σ̄_{μν} )^{α̇}_{β̇}Q̄^{iβ̇} , {Q_{iα}, Q̄^j_{β̇}} = 2δ^j_i σ^μ_{αβ̇}P_μ , {Q_{iα}, Q_{jβ}} = {Q̄^i_{α̇}, Q̄^j_{β̇}} = 0 .

(3.1)

The Casimir operators of the Poincaré algebra used for labelling representations are P^2 and W^2, where the latter is the square of the Pauli-Ljubanski operator

W_μ = −^1_2 ϵ_{μνρσ} M^{νρ}P^σ . (3.2)

This operator is, however, not a Casimir of the super Poincaré algebra; instead, there is a supersymmetric variant: the (superspin) operator ~C^2 defined as the square of ~C_{μν} = ~W_μP_ν − ~W_ν P_μ, (3.3) where ~W_μ := W_μ −^1_4Q̄^i_{α̇}σ̄^{α̇α}_μ Q_{iα}.

Recall that a universal enveloping algebra U(a) of a Lie algebra a is an associative unital algebra together with a Lie algebra homomorphism h : a → U(a), satisfying the following universality property: For any further associative algebra A with homomorphism ϕ : a → A, there exists a unique homomorphism ψ : U(a) → A of associative algebras, such that ϕ = ψ ∘ h. Every Lie algebra has an universal enveloping algebra, which is unique up to algebra isomorphisms.

5or inhomogeneous super Euclidean algebra

The univeral enveloping algebra U(g) of the Euclidean super Poincaré algebra g is a cosupercommutative Hopf superalgebra^6 with counit and coproduct defined by ε(1) = 1 and ε(x) = 0 otherwise, Δ(1) = 1 ⊗ 1 and Δ(x) = 1 ⊗ x + x ⊗ 1 otherwise.

3.2. The Drinfeld twist of the enveloping algebra

Given a Hopf algebra H with coproduct Δ, a counital 2-cocycle F is a counital element of H ⊗ H, which has an inverse and satisfies

F_{12}(Δ ⊗ id)F = F_{23}(id ⊗ Δ)F , (3.4)

where we used the common shorthand notation F_{12} = F ⊗ 1, F_{23} = 1 ⊗ F etc. As done in [41], such a counital 2-cocyle F ∈ H ⊗ H can be used to define a twisted Hopf algebra^7 H^F with a new coproduct given by

Δ^F (Y ) := FΔ(Y )F^{−1} . (3.5)

The element F is called a Drinfeld twist; such a construction was first considered in [52].

For our purposes, i.e. to recover the canonical algebra of non-anticommutative coordinates (2.9), we choose the abelian twist F ∈ U(g) ⊗ U(g) defined by

F = exp ( − ℏ 2 C^{iα,jβ}Q_{iα} ⊗ Q_{jβ} ) . (3.6)

As one easily checks, F is indeed a counital 2-cocycle: First, it is invertible and its inverse is given by F^{−1} = exp (_ℏ 2 C^{iα,jβ}Q_{iα} ⊗ Q_{jβ} ) . (Because the Q_{iα} are nilpotent, F and F^{−1} are not formal series but rather finite sums.) Second, F is counital since it satisfies the conditions

(ε ⊗ id)F = 1 and (id ⊗ ε)F = 1 , (3.7)

as can be verified without difficulty. Also, the remaining cocycle condition (3.4) turns out to be fulfilled since

F_{12}(Δ ⊗ id)F = F_{12} exp ( − ℏ 2 C^{iα,jβ}(Q_{iα} ⊗ 1 + 1 ⊗ Q_{iα}) ⊗ Q_{jβ} ) , F_{23}(id ⊗ Δ)F = F_{23} exp ( − ℏ 2 C^{iα,jβ}Q_{iα} ⊗ (Q_{jβ} ⊗ 1 + 1 ⊗ Q_{jβ} ) ) (3.8)

yields, due to the commutativity of the Q_{iα},

F_{12}F_{13}F_{23} = F_{23}F_{12}F_{13} , (3.9)

which is obviously true.

Note that after introducing this Drinfeld twist, the multiplication in U(g) and the action of g on the coordinates remain the same. In particular, the representations of the twisted and the untwisted algebras are identical. It is only the action of U(g) on the tensor product of the representation space, given by the coproduct, which changes.

6cf. appendix 7This twisting amounts to constructing a quasitriangular Hopf algebra, as discussed, e.g., in [51].

Let us be more explicit on this point: the coproduct of the generator P_μ does not get deformed, as P_μ commutes with Q_{jβ} :

Δ^F (P_μ) = Δ(P_μ) . (3.10)

For the other generators of the Euclidean super Poincaré algebra, the situation is slightly more complicated. Due to the rule^8 (a_1 ⊗ a_2)(b_1 ⊗ b_2) = (−1)^{ã2b̃1} (a_1b_1 ⊗ a_2b_2), where ã denotes the Graßmann parity of a, we have the relations^9 (cf. equation (B.2))

F (D ⊗ 1) F^{−1} = ∞∑ n=0 (−1)^{nD̃+ n(n−1)}2 n! ( − ℏ 2 )_n C^{I1J1} . . . C^{InJn} {[Q_{I1} , {[. . .{[Q_{In} , D]}]}]} ⊗ Q_{J1} . . . Q_{Jn} , F (1 ⊗ D) F^{−1} = (3.11) ∞∑ n=0 (−1)^{nD̃+ n(n−1)}2 n! ( − ℏ 2 )_n C^{I1J1} . . . C^{InJn} Q_{I1} . . . Q_{In} ⊗ {[Q_{J1} , {[. . .{[Q_{Jn} , D]}]}]} , where {[·, ·]} denotes the graded commutator. From this, we immediately obtain

Δ^F (Q_{iα}) = Δ(Q_{iα}) . (3.12)

Furthermore, we can also derive the expressions for Δ^F (M_{μν} ) and Δ^F (Q̄^k_{γ̇}), which read

Δ^F (M_{μν} ) = Δ(M_{μν} ) + iℏ 2 C^{iα,jβ} [(σ_{μν} )_α^γ Q_{iγ} ⊗ Q_{jβ} + Q_{iα} ⊗ (σ_{μν} )_β^γ Q_{jγ} ] , (3.13)

Δ^F (Q̄^k_{γ̇} ) = Δ(Q̄^k_{γ̇} ) + ℏC^{iα,jβ} [ δ^k_i σ^μ_{αγ̇}P_μ ⊗ Q_{jβ} + Q_{iα} ⊗ δ^k_j σ^μ_{βγ̇} P_μ ] . (3.14)

The twisted coproduct of the Pauli-Ljubanski operator W_μ becomes

Δ^F (W_μ) = Δ(W_μ) − iℏ 4 C^{iα,jβ}ϵ_{μνρσ} (Q_{iα} ⊗ (σ^{νρ})_β^γ Q_{jγ} P^σ + (σ^{νρ})_α^γ Q_{iγ} P^σ ⊗ Q_{jβ} ) , (3.15)

while for its supersymmetric variant ~C_{μν} , we have

Δ^F ( ~C_{μν} ) = Δ( ~C_{μν} ) − ℏ 2 C^{iα,jβ} [ Q_{iα} ⊗ Q_{jβ} , Δ( ~C_{μν}) ]

= Δ( ~C_{μν} ) − ℏ 2 C^{iα,jβ} ([ Q_{iα}, ~C_{μν} ] ⊗ Q_{jβ} + Q_{iα} ⊗ [ Q_{jβ} , ~C_{μν} ]) = Δ( ~C_{μν} ) ,

(3.16)

since [Q_{iα}, ~C_{μν} ] = 0 by construction.

3.3. Representation on the algebra of superfunctions

Given a representation of the Hopf algebra U(g) in an associative algebra consistent with the coproduct Δ, one needs to adjust the multiplication law after introducing a Drinfeld twist.

8cf. appendix 9Here, Ik and Jk are multi-indices, e.g. Ik = ik αk .

If F^{−1} is the inverse of the element F ∈ U(g) ⊗ U(g) generating the twist, the new product compatible with Δ^F reads

a ⋆ b := m^F (a ⊗ b) := m ∘ F^{−1}(a ⊗ b) , (3.17)

where m denotes the ordinary product m(a ⊗ b) = ab.

Let us now turn to the representation of the Hopf superalgebra U(g) on the algebra S := C^∞(R^4) ⊗ Λ_{4N} of superfunctions on R^{4|4N} . On S, we have the standard representation of the super Poincaré algebra in chiral coordinates (y^μ, θ^{iα}, θ̄^{α̇}_i ):

P_μf = i∂_μf , M_{μν} f = i(y_μ∂_ν − y_ν ∂_μ)f , Q_{iα}f = ∂ ∂θ^{iα} f , Q̄^i_{α̇}f = ( − ∂ ∂θ̄^{α̇}_i f + 2iθ^{iα}σ^μ_{αα̇}∂_μ ) f , (3.18)

where f is an element of S. After the twist, the multiplication m becomes the twist-adapted multiplication m^F (3.17), which reproduces the coordinate algebra of R^{4|4N}_ℏ , e.g. we have {θ^{iα}, θ^{jβ} }_⋆ := m^F (θ^{iα} ⊗ θ^{jβ} ) + m^F (θ^{jβ} ⊗ θ^{iα}) = θ^{iα}θ^{jβ} + ℏ 2 C^{iα,jβ} + θ^{jβ} θ^{iα} + ℏ 2 C^{jβ,iα} = ℏC^{iα,jβ} . (3.19)

Thus, we have constructed a representation of the Euclidean super Poincaré algebra on R^{4|4N}_ℏ by employing S_⋆, thereby making twisted supersymmetry manifest.

4. Applications

We saw in the above construction of the twisted Euclidean super Poincaré algebra that our description is equivalent to the standard treatment of Moyal-Weyl-deformed superspace. We can therefore use it to define field theories via their Lagrangians, substituting all products by star products, which then will be invariant under twisted super Poincaré transformations. This can be directly carried over to quantum field theories, replacing the products between operators by star products. Therefore, twisted super Poincaré invariance, in particular twisted supersymmetry, will always be manifest.

As a consistency check, we want to show that the tensor C^{iα,jβ} := {θ^{iα}, θ^{jβ} }_⋆ is invariant under twisted super Poincaré transformations before tackling more advanced issues. Furthermore, we want to relate the representation content of the deformed theory with that of the undeformed one by scrutinizing the Casimir operators of this superalgebra. Eventually, we will turn to supersymmetric Ward-Takahashi identities and their consequences for renormalizability.

4.1. Invariance of C^{iα,jβ}

The action of the twisted supersymmetry charge on C^{iα,jβ} is given by ℏQ^F_{kγ} C^{iα,jβ} = Q^F_{kγ} ( {θ^{iα}, θ^{jβ} }_⋆ )

:= m^F ∘ ( Δ^F (Q_{kγ} )(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) )

= m^F ∘ ( Δ(Q_{kγ} )(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) ) = m ∘ F^{−1}(δ^i_kδ^α_γ ⊗ θ^{jβ} + δ^j_k δ^β_γ ⊗ θ^{iα} − θ^{iα} ⊗ δ^j_kδ^β_γ − θ^{jβ} ⊗ δ^i_k δ^α_γ ) = m(δ^i_kδ^α_γ ⊗ θ^{jβ} + δ^j_k δ^β_γ ⊗ θ^{iα} − θ^{iα} ⊗ δ^j_k δ^β_γ − θ^{jβ} ⊗ δ^i_kδ^α_γ ) = 0 .

(4.1)

Similarly, we have ℏ(Q̄^k_{γ̇} )^F C^{iα,jβ} = m^F ∘ ( Δ^F (Q̄^k_{γ̇} )(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) )

= m^F ∘ ( Δ(Q̄^k_{γ̇} )(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) ) = 0 ,

(4.2)

and ℏP^F_{μν} C^{iα,jβ} = m^F ∘ ( Δ(P_μ)(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) ) = 0 . (4.3)

For the action of the twisted rotations and boosts, we get ℏM^F_{μν} C^{iα,jβ} = m^F ∘ ( Δ^F (M_{μν} )(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) ) = m ∘ F^{−1}FΔ(M_{μν} )F^{−1}(θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα})

= m(1 ⊗ M_{μν} + M_{μν} ⊗ 1) ( (θ^{iα} ⊗ θ^{jβ} + θ^{jβ} ⊗ θ^{iα}) − ℏC^{iα,jβ}1 ⊗ 1 ) = 0 ,

(4.4)

where we made use of M_{μν} = i(y_μ∂_ν − y_ν ∂_μ). Thus, C^{iα,jβ} is invariant under the twisted Euclidean super Poincaré transformations, which is a crucial check of the validity of our construction.

4.2. Representation content

An important feature of noncommutative field theories was demonstrated recently [41, 42]: they share the same representation content as their commutative counterparts. Of course, one would expect this to also hold for non-anticommutative deformations, in particular since the superfields defined, e.g., in [23] on a deformed superspace have the same set of components as the undeformed ones.

To decide whether the representation content in our case is the same as in the commutative theory necessitates checking whether the twisted action of the Casimir operators P^2 = P_μ ⋆P^μ and ~C^2 = ~C_{μν} ⋆ ~C^{μν} on elements of U(g) ⊗ U(g) is altered with respect to the untwisted case. But since we have already shown in (3.10) and (3.16) that the actions of the operators P_μ and ~C_{μν} remain unaffected by the twist, it follows immediately that the operators P^2 and ~C^2 are still Casimir operators in the twisted case. Together with the fact that the representation space considered as a module is not changed, this proves that the representation content is indeed the same.

4.3. Chiral rings and correlation functions

The chiral rings of operators in supersymmetric quantum field theories are cohomology rings of the supercharges Q_{iα} and Q̄^i_{α̇}. Correlation functions which are built out of elements of a single such chiral ring have peculiar properties.

In [23], the anti-chiral ring was defined and discussed for non-anticommutative field theories. The chiral ring, however, lost its meaning: the supersymmetries generated by Q̄^i_{α̇} are broken, cf. (2.10), and therefore the vacuum is expected to be no longer invariant under this generator. Thus, the Q̄-cohomology is not relevant for correlation functions of chiral operators.

In our approach to non-anticommutative field theory, twisted supersymmetry is manifest and therefore the chiral ring can be treated similarly to the untwisted case as we want to discuss in the following.

Let us assume that the Hilbert space H of our quantum field theory carries a representation of the Euclidean super Poincaré algebra g, and that there is a unique, g invariant vacuum state |0⟩. Although the operators Q_{iα} and Q̄^i_{α̇} are not related via hermitean conjugation when considering supersymmetry on Euclidean spacetime, it is still natural to assume that the vacuum is annihilated by both supercharges. The reasoning for this is basically the same as the one employed in [23] to justify the use of Minkowski superfields on Euclidean spacetime: one can obtain a complexified supersymmetry algebra on Euclidean space from a complexified supersymmetry algebra on Minkowski space.^{10} Furthermore, it has been shown that in the non-anticommutative situation, just as in the ordinary undeformed case, the vacuum energy of the Wess-Zumino model is not renormalized [32].

We can now define the ring of chiral and anti-chiral operators by the relations

{[Q̄, O]}_⋆ = 0 and {[Q, Ō]}_⋆ = 0 , (4.5)

respectively. In a correlation function built from chiral operators, Q̄-exact terms, i.e. terms of the form {[Q̄, A]}_⋆, do not contribute as is easily seen from ⟨{[Q̄, A]}_⋆ ⋆ O_1 ⋆ . . . ⋆ O_n⟩ = ⟨{[Q̄, A ⋆ O_1 ⋆ . . . ⋆ O_n]}_⋆⟩ ± ⟨A ⋆ {[Q̄, O_1]}_⋆ ⋆ . . . ⋆ O_n⟩ ± . . . ± ⟨A ⋆ O_1 ⋆ . . . ⋆ {[Q̄, O_n]}_⋆⟩ = ⟨Q̄A ⋆ O_1 ⋆ . . . ⋆ O_n⟩ ± ⟨A ⋆ O_1 ⋆ . . . ⋆ O_n ⋆ Q̄⟩ = 0 , (4.6)

where we used that Q̄ annihilates both ⟨0| and |0⟩. Therefore, the relevant operators in the chiral ring consist of the Q̄-closed modulo the Q̄-exact operators. The same argument holds for the anti-chiral ring after replacing Q̄ with Q, namely ⟨{[Q, A]}_⋆ ⋆ Ō_1 ⋆ . . . ⋆ Ō_n⟩ = ⟨{[Q, A ⋆ Ō_1 ⋆ . . . ⋆ Ō_n]}_⋆⟩ ± ⟨A ⋆ {[Q, Ō_1]}_⋆ ⋆ . . . ⋆ Ō_n⟩ ± . . . ± ⟨A ⋆ Ō_1 ⋆ . . . ⋆ {[Q, Ō_n]}_⋆⟩ = ⟨QA ⋆ Ō_1 ⋆ . . . ⋆ Ō_n⟩ ± ⟨A ⋆ Ō_1 ⋆ . . . ⋆ Ō_n ⋆ Q⟩ = 0 . (4.7)

10One can then perform all superspace calculations and impose suitable reality conditions on the component fields in the end.

4.4. Twisted supersymmetric Ward-Takahashi identities

The above considered properties of correlation functions are particularly useful since they imply a twisted supersymmetric Ward-Takahashi identity: any derivative with respect to the bosonic coordinates of an anti-chiral operator annihilates a purely chiral or anti-chiral correlation function. This is due to the fact that ∂ ∼ {Q, Q̄} and therefore any derivative gives rise to a Q-exact term, which causes an anti-chiral correlation function to vanish. Analogously, the bosonic derivatives of chiral correlation functions vanish. Thus, the correlation functions are independent of the bosonic coordinates, and we can move the operators to a far distance of each other. This causes the correlation function to factorize^{11}:

⟨Ō_1(x_1) ⋆ . . . ⋆ Ō_n(x_n)⟩ = ⟨Ō_1(x^∞_1 )⟩ ⋆ . . . ⋆ ⟨Ō_n(x^∞_n )⟩ . (4.8)

and such a correlation function therefore does not contain any contact terms. This phenomenon is called clustering in the literature.

Another direct consequence of (4.6) is the holomorphic dependence of the chiral correlation functions on the coupling constants, i.e. ∂ ∂λ̄ ⟨O_1 ⋆ . . . ⋆ O_n⟩ = 0 . (4.9)

As an illustrative example for this, consider the case of a N = 1 superpotential ‘interaction’

L_W = ∫ d^2θλΦ + ∫ d^2θ̄λ̄Φ̄ , (4.10)

where Φ = ϕ(y) + √ 2θ^αψ_α(y) + θ^2F (y) is a chiral superfield and one of the supersymmetry transformations is given by {Q_α, ψ_β} = ε_{αβ}F . Then we have ∂ ∂λ̄ ⟨O_1 ⋆ . . . ⋆ O_n⟩ = ∫ d^4yd^2θ̄⟨O_1 ⋆ . . . ⋆ O_n ⋆ Φ̄⟩ = ∫ d^4y⟨O_1 ⋆ . . . ⋆ O_nF ⟩ = ∫ d^4y⟨O_1 ⋆ . . . ⋆ O_n{Q̄_{α̇}, ψ̄^{α̇}}⟩ = 0 . (4.11)

4.5. Comments on non-renormalization theorems

A standard perturbative non-renormalization theorem^{12} for N = 1 supersymmetric field theory states that every term in the effective action can be written as an integral over d^2θd^2θ̄. It has been shown in [32] that this theorem also holds in the non-anticommutative case. The same is then obviously true in our case of twisted and therefore unbroken supersymmetry, and the proof carries through exactly as in the ordinary case.

Furthermore, in a supersymmetric non-linear sigma-model, the superpotential is not renormalized. A nice argument for this fact was given in [55]. Instead of utilizing Feynman diagrams and supergraph techniques, one makes certain naturalness assumptions about the effective superpotential. These assumptions turn out to be strong enough to enforce a non-perturbative non-renormalization theorem.

11This observation has first been made in [53].

12For more details and a summary of non-renormalization theorems, see [54].

In the following, let us demonstrate this argument in a simple case, following closely [56]. Take a non-linear sigma model with superpotential

W =^1_2 mΦ^2 +^1_3 λΦ^3 , (4.12)

where Φ = ϕ + √ 2θψ + θθF is an ordinary chiral superfield. The assumptions we impose on the effective action are the following:

▷ Supersymmetry is also a symmetry of the effective superpotential. ▷ The effective superpotential is holomorphic in the coupling constants. ▷ Physics is smooth and regular under the possible weak-coupling limits. ▷ The effective superpotential preserves the U(1)×U(1)_R symmetry of the original superpotential with charge assignments Φ : (1, 1), m : (−2, 0), λ : (−3, −1) and d^2θ : (0, −2).

It follows that the effective superpotential must be of the form

W_{eff} = mΦW ( λΦ m ) = ∑ i a_iλ^im^{1−i}Φ^{i+2} , (4.13)

where W is an arbitrary holomorphic function of its argument. Regularity of physics in the two weak-coupling limits λ → 0 and m → 0 then implies that W_{eff} = W.

To obtain an analogous non-renormalization theorem in the non-anticommutative setting, we make similar assumptions about the effective superpotential as above. We start from

W_⋆ =^1_2 mΦ ⋆ Φ +^1_3 λΦ ⋆ Φ ⋆ Φ , (4.14)

and assume the following:

▷ Twisted supersymmetry is a symmetry of the effective superpotential. Note that this assumption is new compared to the discussion in [32]. Furthermore, arguments substantiating that the effective action can always be written in terms of star products have been given in [33].

▷ The effective superpotential is holomorphic in the coupling constants. (This assumption is equally natural as in the supersymmetric case, since it essentially relies on the existence of chiral and anti-chiral rings, which we proved above for our setting.)

▷ Physics is smooth and regular under the possible weak-coupling limits. ▷ The effective superpotential preserves the U(1) × U(1)_R symmetry of the original superpotential with charge assignments Φ : (1, 1), m : (−2, 0), λ : (−3, −1), d^2θ : (0, −2) and, additionally, C^{iα,jβ} : (0, 2), |C| ∼ C^{iα,jβ}C_{iα,jβ} : (0, 4).

At first glance, it seems that one can now construct more U(1) × U(1)_R-symmetric terms in the effective superpotential due to the new coupling constant C; however, this is not true. Taking the C → 0 limit, one immediately realizes that C can never appear in the denominator of any term. Furthermore, it is not possible to construct a term containing C in the nominator, which does not violate the regularity condition in at least one of the other weak-coupling limits. Altogether, we arrive at an expression similar to (4.13)

W_{eff,⋆} = ∑ i a_iλ^im^{1−i}Φ^{⋆i+2} , (4.15) and find that W_{eff,⋆} = W_⋆.

To compare this result with the literature, first note that, in a number of papers, it has been shown that quantum field theories in four dimensions with N =^1_2 supersymmetry are renormalizable to all orders in perturbation theory [31]-[38]. This even remains true for generic N =^1_2 gauge theories with arbitrary coefficients, which do not arise as a ⋆-deformation of N = 1 theories. However, the authors of [32, 34], considering the nonanticommutative Wess-Zumino model we discussed above, add certain terms to the action by hand, which seem to be necessary for the model to be renormalizable. This would clearly contradict our result W_{eff,⋆} = W_⋆. We conjecture, that this contradiction is merely a seeming one and that it is resolved by a resummation of all the terms in the perturbative expansion. A similar situation was encountered in [33], where it was found that one could not write certain terms of the effective superpotential using star products, as long as they were considered separately. This obstruction, however, vanished after a resummation of the complete perturbative expansion and the star product was found to be sufficient to write down the complete effective superpotential.

Clearly, the above result is stricter than the result obtained in [32], where less constraint terms in the effective superpotential were assumed. However, we should stress that it is still unclear to what extend the above assumptions on W_{eff,⋆} are really natural. This question certainly deserves further and deeper study, which we prefer to leave to future work.

5. Conclusions and outlook

We constructed a Drinfeld-twisted Hopf superalgebra and used this setup to study certain aspects of N = 1/2 supersymmetric quantum field theories and their N -extended variants. In particular, we scrutinized the consequences of this twisting, i.e. the introduction of a twisted (Euclidean) super Poincaré symmetry, on various important structures of supersymmetric QFTs, such as the cohomology ring of chiral operators and related Ward-Takahashi identities. We found that in our framework, a twisted version of these notions can be retrieved and can thus be used to simplify calculations.

Furthermore, we discussed a number of ‘naturalness’ assumptions on the deformed superpotential which can lead to non-perturbative non-renormalization theorems similar to those in the N = 1 supersymmetric case. Granted these assumptions, these theorems bring about many potential simplifications in higher loop calculations within N = 1/2 supersymmetric QFT. More work is needed, however, to clarify the situation here.

Possible future studies might include Drinfeld-twisted superconformal invariance. Studying twist-deformed superconformal field theories, following the discussion of twisted conformal invariance in [46], could potentially yield further interesting results. Moreover, the ideas presented above may prove valuable for introducing a non-anticommutative deformation of supergravity. Building upon the discussion presented in [48], one could try to construct a local version of the twisted supersymmetry. The latter proposal appears interesting to us and certainly deserves further investigation.

Acknowledgements

We would like to thank Olaf Lechtenfeld, Sebastian Uhlmann, Robert Wimmer and Martin Wolf for helpful comments on the draft of this paper. Moreover, C.S. would like to thank Petr Kulish for helpful correspondence on the cocycle condition for Drinfeld twists. The research of M.I. is based upon work supported by the National Science Foundation under Grant Nos. PHY-0071512 and PHY-0455649, and with grant support from the US Navy, Office of Naval Research, Grant Nos. N00014-03-1-0639 and N00014-04-1-0336, Quantum Optics Initiative. The work of C.S. was done within the framework of the DFG priority program (SPP 1096) in string theory.

Note added

After finishing this paper, the article [57] appeared, in which an analogous construction was discussed for N = (1, 1) supersymmetry.

Appendix

A Definitions

Recall that a Hopf algebra is an algebra H over a field k together with a product m, a unit 1, a coproduct Δ : H → H ⊗ H satisfying (Δ ⊗ id)Δ = (id ⊗ Δ)Δ, a counit ε : H → k satisfying (ε ⊗ id)Δ = id and (id ⊗ ε)Δ = id and an antipode S : H → H satisfying m(S ⊗ id)Δ = ε1 and m(id ⊗ S)Δ = ε1. The maps Δ, ε and S are unital maps, that is Δ(1) = 1 ⊗ 1, ε(1) = 1 and S(1) = 1.

A supervector space is a Z_2-graded vector space, i.e., one can decompose a supervector space into the direct sum of an even and an odd subspace. If an element v of a supervector space is contained in the even or the odd subspace, we write ṽ = 0 or ṽ = 1, respectively. A superalgebra is a supervector space endowed with an associative multiplication respecting the grading (i.e. ~ab ≡ ã + b̃ mod 2) and a unit 1 with ~1 = 0. On superalgebras, we define the graded commutator by {[a, b]} := ab − (−1)^{ãb̃}ba.

We fix the following rule for the interplay between the multiplication and the tensor product ⊗ in a superalgebra:

(a_1 ⊗ a_2)(b_1 ⊗ b_2) = (−1)^{ã2b̃1} (a_1b_1 ⊗ a_2b_2) . (A.1)

A superalgebra is called a Hopf superalgebra if it is endowed with a graded coproduct^{13} Δ and a counit ε, both of which are graded algebra morphisms, i.e.

Δ(ab) = ∑ (−1)^{ã(2)b̃(1)} a_{(1)}b_{(1)} ⊗ a_{(2)}b_{(2)} and ε(ab) = ε(a)ε(b) , (A.2)

and an antipode S which is a graded algebra anti-morphism, i.e.

S(ab) = (−1)^{ãb̃}S(b)S(a) . (A.3)

As usual, one furthermore demands that Δ, ε and S are unital maps, that Δ is coassociative and that ε and S are counital. For more details, see [58] and references therein.

13In Sweedler’s notation with Δ(a) = ∑ a_{(1)} ⊗ a_{(2)} , this amounts to ã ≡ ã_{(1)} + ã_{(2)} mod 2.

B Extended graded Baker-Campbell-Hausdorff formula

First, note that e^{A⊗B} e^{−A⊗B} is indeed equal to 1 ⊗ 1 for any two elements A, B of a superalgebra. This is clear for Ã = 0 or B̃ = 0. For Ã = B̃ = 1 it is most instructively gleaned from ( 1 ⊗ 1 + A ⊗ B −^1_2 A^2 ⊗ B^2 + . . . ) ( 1 ⊗ 1 − A ⊗ B −^1_2 A^2 ⊗ B^2 − . . . ) = 1 ⊗ 1 . (B.1)

Now, for elements A_I , B_J , D of a graded algebra, where the parities of the elements A_I and B_J are all equal Ã = Ã_I = B̃_J and {[A_I , A_J ]} = {[B_I , B_J ]} = 0, we have the relation e^{CIJ AI ⊗BJ} (D ⊗ 1) e^{−CKLAK ⊗BL} (B.2) = ∞∑ n=0 (−1)^{nÃD̃+ n(n−1)}2^Ã n! C^{I1J1} . . . C^{InJn} {[A_{I1} , {[. . .{[A_{In} , D]}]}]} ⊗ B_{J1} . . .B_{Jn} . Proof: To verify this relation, one can simply adapt the well-known iterative proof via a differential equation. First note that e^{λCIJ AI ⊗BJ} (C^{KL}A_K ⊗ B_L) = (C^{KL}A_K ⊗ B_L)e^{λCIJ AI ⊗BJ} . (B.3) Then define the function F (λ) := e^{λCIJ AI ⊗BJ} (D ⊗ 1)e^{−λCKLAK ⊗BL} , (B.4) which has the derivative d dλ F (λ) = (C^{M N} A_M ⊗ B_N )e^{λCIJ AI ⊗BJ} (D ⊗ 1)e^{−λCKLAK ⊗BL} (B.5) − e^{λCIJ AI ⊗BJ} (D ⊗ 1)e^{−λCKLAK ⊗BL} (C^{M N} A_M ⊗ B_N ) . Thus, we have the identity^d_{dλ} F (λ) = [(C^{M N} A_M ⊗ B_N ), F (λ)], which, when applied recursively together with the Taylor formula, leads to

F (1) = ∞∑ n=0 1 n! [ C^{I1J1} A_{I1} ⊗ B_{J1} [ . . . [ C^{InJn} A_{In} ⊗ B_{Jn} , D ⊗ 1 ] . . . ]] . (B.6)

Also recursively, one easily checks that [ C^{I1J1} A_{I1} ⊗ B_{J1} [ . . . [ C^{In Jn} A_{In} ⊗ B_{Jn} , D ⊗ 1 ] . . . ]] (B.7) = (−1)^{ÃD̃}(−1)^κC^{I1J1} . . .C^{In Jn} {[A_{I1} , {[. . .{[A_{In} , D]}]}]} ⊗ B_{J1} . . . B_{Jn} , where κ is given by κ = (n − 1)Ã + (n − 2)Ã + . . . + Ã. Furthermore, we have

(−1)^κ = (−1)^{n2−∑ni=1 i} = (−1)^{n2+∑ni=1 i} = (−1)^{n(n−1)}2 , (B.8)

which, together with the results above, proves formula (B.2). This extended graded Baker- Campbell-Hausdorff formula also generalizes straightforwardly to the case when D ⊗ 1 is replaced by 1 ⊗ D.

References

[1] N. Seiberg and E. Witten, String theory and noncommutative geometry, JHEP 9909, 032 (1999) [hep-th/9908142].

[2] S. Minwalla, M. Van Raamsdonk and N. Seiberg, Noncommutative perturbative dynamics, JHEP 0002 (2000) 020 [hep-th/9912072].

[3] N. A. Nekrasov, Noncommutative instantons revisited, Commun. Math. Phys. 241 (2003) 143 [hep-th/0010017].

[4] O. Lechtenfeld and A. D. Popov, Noncommutative multi-solitons in 2+1 dimensions, JHEP 0111 (2001) 040 [hep-th/0106213].

[5] O. Lechtenfeld and A. D. Popov, Scattering of noncommutative solitons in 2+1 dimensions, Phys. Lett. B 523 (2001) 178 [hep-th/0108118].

[6] M. Wolf, Soliton antisoliton scattering configurations in a noncommutative sigma model in 2+1 dimensions, JHEP 0206 (2002) 055 [hep-th/0204185].

[7] Z. Horvath, O. Lechtenfeld and M. Wolf, Noncommutative instantons via dressing and splitting approaches, JHEP 0212 (2002) 060 [hep-th/0211041].

[8] M. Ihl and S. Uhlmann, Noncommutative extended waves and soliton-like configurations in N = 2 string theory, Int. J. Mod. Phys. A 18 (2003) 4889 [hep-th/0211263].

[9] A. V. Domrin, O. Lechtenfeld and S. Petersen, Sigma-model solitons in the noncommutative plane: Construction and stability analysis, JHEP 0503 (2005) 045 [hep-th/0412001].

[10] A. Konechny and A. Schwarz, Introduction to M(atrix) theory and noncommutative geometry, Phys. Rept. 360 (2002) 353 [hep-th/0012145].

[11] M. R. Douglas and N. A. Nekrasov, Noncommutative field theory, Rev. Mod. Phys. 73 (2001) 977 [hep-th/0106048].

[12] D. J. Gross and N. A. Nekrasov, Solitons in noncommutative gauge theory, JHEP 0103 (2001) 044 [hep-th/0010090].

[13] A. Sen, Stable non-BPS states in string theory, JHEP 9806 (1998) 007 [hep-th/9803194]. [14] A. Sen, SO(32) spinors of type I and other solitons on brane-antibrane pair, JHEP 9809 (1998) 023 [hep-th/9808141].

[15] J. R. David, Tachyon condensation in the D0/D4 system, JHEP 0010, 004 (2000) [hep-th/0007235].

[16] M. Aganagic, R. Gopakumar, S. Minwalla and A. Strominger, Unstable solitons in noncommutative gauge theory, JHEP 0104 (2001) 001 [hep-th/0009142].

[17] P. Kraus, A. Rajaraman and S. H. Shenker, Tachyon condensation in noncommutative gauge theory, Nucl. Phys. B 598 (2001) 169 [hep-th/0010016].

[18] H. Kajiura, Y. Matsuo and T. Takayanagi, Exact tachyon condensation on noncommutative torus, JHEP 0106 (2001) 041 [hep-th/0104143].

[19] D. J. Gross and N. A. Nekrasov, Dynamics of strings in noncommutative gauge theory, JHEP 0010 (2000) 021 [hep-th/0007204].

[20] R. Wimmer, D0-D4 brane tachyon condensation to a BPS state and its excitation spectrum in noncommutative super Yang-Mills theory, hep-th/0502158.

[21] A. D. Popov and R. J. Szabo, Quiver gauge theory of nonabelian vortices and noncommutative instantons in higher dimensions, hep-th/0504025.

[22] H. Ooguri and C. Vafa, The C-deformation of gluino and non-planar diagrams, Adv.

Theor. Math. Phys. 7 (2003) 53 [hep-th/0302109].

[23] N. Seiberg, Noncommutative superspace, N = 1/2 supersymmetry, field theory and string theory, JHEP 0306 (2003) 010 [hep-th/0305248].

[24] J. H. Schwarz and P. van Nieuwenhuizen, Speculations concerning a fermionic substructure of space-time, Lett. Nuovo Cim. 34 (1982) 21.

[25] S. Ferrara and M. A. Lledo, Some aspects of deformations of supersymmetric field theories, JHEP 0005 (2000) 008 [hep-th/0002084].

[26] D. Klemm, S. Penati and L. Tamassia, Non(anti)commutative superspace, Class. Quant.

Grav. 20 (2003) 2905 [hep-th/0104190].

[27] J. de Boer, P. A. Grassi and P. van Nieuwenhuizen, Non-commutative superspace from string theory, Phys. Lett. B 574 (2003) 98 [hep-th/0302078].

[28] E. Ivanov, O. Lechtenfeld and B. Zupnik, Nilpotent deformations of N = 2 superspace, JHEP 0402 (2004) 012 [hep-th/0308012].

[29] S. Ferrara and E. Sokatchev, Non-anticommutative N = 2 super-Yang-Mills theory with singlet deformation, Phys. Lett. B 579 (2004) 226 [hep-th/0308021].

[30] C. Saemann and M. Wolf, Constraint and super Yang-Mills equations on the deformed superspace R^{(4|16)}_ℏ , JHEP 0403 (2004) 048 [hep-th/0401147].

[31] S. Terashima and J. T. Yee, Comments on noncommutative superspace, JHEP 0312 (2003) 053 [hep-th/0306237].

[32] R. Britto, B. Feng and S. J. Rey, Deformed superspace, N = 1/2 supersymmetry and (non)renormalization theorems, JHEP 0307 (2003) 067 [hep-th/0306215].

[33] R. Britto, B. Feng and S. J. Rey, Non(anti)commutative superspace, UV/IR mixing and open Wilson lines, JHEP 0308 (2003) 001 [hep-th/0307091].

[34] M. T. Grisaru, S. Penati and A. Romagnoni, Two-loop renormalization for nonanticommutative N = 1/2 supersymmetric WZ model, JHEP 0308 (2003) 003 [hep-th/0307099].

[35] R. Britto and B. Feng, N = 1/2 Wess-Zumino model is renormalizable, Phys. Rev. Lett.

91 (2003) 201601 [hep-th/0307165].

[36] A. Romagnoni, Renormalizability of N = 1/2 Wess-Zumino model in superspace, JHEP 0310 (2003) 016 [hep-th/0307209].

[37] O. Lunin and S. J. Rey, Renormalizability of non(anti)commutative gauge theories with N = 1/2 supersymmetry, JHEP 0309 (2003) 045 [hep-th/0307275].

[38] D. Berenstein and S. J. Rey, Wilsonian proof for renormalizability of N = 1/2 supersymmetric field theories, Phys. Rev. D 68 (2003) 121701 [hep-th/0308049].

[39] M. Alishahiha, A. Ghodsi and N. Sadooghi, One-loop perturbative corrections to non(anti)commutativity parameter of N = 1/2 supersymmetric U(N) gauge theory, Nucl. Phys. B 691 (2004) 111 [hep-th/0309037].

[40] R. Oeckl, Untwisting noncommutative R^d and the equivalence of quantum field theories, Nucl. Phys. B 581 (2000) 559 [hep-th/0003018].

[41] M. Chaichian, P. P. Kulish, K. Nishijima and A. Tureanu, On a Lorentz-invariant interpretation of noncommutative space-time and its implications on noncommutative QFT, Phys. Lett. B 604 (2004) 98 [hep-th/0408069].

[42] M. Chaichian, P. Presnajder and A. Tureanu, New concept of relativistic invariance in NC space-time: Twisted Poincare symmetry and its implications, Phys. Rev. Lett. 94 (2005) 151602 [hep-th/0409096].

[43] R. Banerjee, B. Chakraborty and K. Kumar, Noncommutative gauge theories and Lorentz symmetry, Phys. Rev. D 70 (2004) 125004 [hep-th/0408197].

[44] F. Koch and E. Tsouchnika, Construction of theta-Poincare algebras and their invariants on M(θ), hep-th/0409012.

[45] M. Dimitrijevic and J. Wess, Deformed bialgebra of diffeomorphisms, hep-th/0411224.

[46] P. Matlock, Non-commutative geometry and twisted conformal symmetry, hep-th/0504084.

[47] C. Gonera, P. Kosinski, P. Maślanka and S. Giller, Space-time symmetry of noncommutative field theory, hep-th/0504132.

[48] P. Aschieri, C. Blohmann, M. Dimitrijevic, F. Meyer, P. Schupp and J. Wess, A gravity theory on noncommutative spaces, hep-th/0504183.

[49] Y. Kobayashi and S. Sasaki, Lorentz invariant and supersymmetric interpretation of noncommutative quantum field theory, hep-th/0410164.

[50] P. Cartier, C. DeWitt-Morette, M. Ihl and C. Saemann, Supermanifolds - Application to supersymmetry, in: M. Olshanetsky and A. Vainshtein, (eds.), “Multiple facets of quantization and supersymmetry: Michael Marinov memorial volume,” World Scientific, 2002; [math-ph/0202026].

[51] V. Chari and A. Pressley, A guide to quantum groups, Cambridge University Press, 1994. [52] V. G. Drinfeld, Quasi-Hopf algebras, Leningrad Math. J. 1 (1990) 1419 [Alg. Anal. 1N6 (1989) 114].

[53] V. A. Novikov, M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Instanton effects in supersymmetric theories, Nucl. Phys. B 229 (1983) 407.

[54] I. L. Buchbinder and S. M. Kuzenko, Ideas and methods of supersymmetry and supergravity, IOP publishing, 1998.

[55] N. Seiberg, Naturalness versus supersymmetric nonrenormalization theorems, Phys.

Lett. B 318, 469 (1993) [hep-ph/9309335].

[56] P. C. Argyres, Introduction to supersymmetry, Lecture notes, available online at

http://www.physics.uc.edu/∼argyres/661/index.html.

[57] B. M. Zupnik, Twist-deformed supersymmetries in non-anticommutative superspaces, hep-th/0506043.

[58] C. Brouder, B. Fauser, A. Frabetti and R. Oeckl, Quantum field theory and Hopf algebra cohomology, J. Phys. A: Math. Gen. 37 (2004).