Published by Institute of Physics Publishing for SISSA Received: May 3, 2005 Revised: August 29, 2005 Accepted: October 4, 2005 Published: October 21, 2005

Abelian Toda field theories on the noncommutative plane

Iraida Cabrera-Carnero

Departamento de Física-ICET, Universidade Federal de Mato Grosso Av. Fernando Corrêa da Costa, s/n^o-Bairro Coxipó, 78060-900-Cuiabá-MT-Brasil E-mail: cabrera@cpd.ufmt.br

Abstract: Generalizations of GL(n) abelian Toda and ~GL(n) abelian affine Toda field theories to the noncommutative plane are constructed. Our proposal relies on the noncommutative extension of a zero-curvature condition satisfied by algebra-valued gauge potentials dependent on the fields. This condition can be expressed as noncommutative Leznov-Saveliev equations which make possible to define the noncommutative generalizations as systems of second order differential equations, with an infinite chain of conserved currents. The actions corresponding to these field theories are also provided. The special cases of GL(2) Liouville and ~GL(2) sinh/sine-Gordon are explicitly studied. It is also shown that from the noncommutative (anti-)self-dual Yang-Mills equations in four dimensions it is possible to obtain by dimensional reduction the equations of motion of the two-dimensional models constructed. This fact supports the validity of the noncommutative version of the Ward conjecture. The relation of our proposal to previous versions of some specific Toda field theories reported in the literature is presented as well.

Keywords: Integrable Field Theories, Non-Commutative Geometry.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep102005071 /jhep102005071 .pdf

Contents

1. Introduction 1

2. Constrained W ZNW_⋆ model 4 2.1 The noncommutative action 7

3. NC GL(n) abelian Toda field theories 7 3.1 The nc abelian Toda field theories as open Toda field chains 10 3.2 NC Liouville 11 3.3 NC Liouville from nc self-dual Yang-Mills 13 3.4 Other proposals 14

4. NC ~GL(n) abelian affine Toda field theories 15 4.1 NC sinh/sine-Gordon 18 4.2 About previous suggestions 19 4.3 NC sinh/sine-Gordon from nc self-dual Yang-Mills 20

5. NC Toda field theories from nc self-dual Chern-Simons 20

6. Conclusions 23

A. Algebraic definitions 24

1. Introduction

The research on Noncommutative Field theories (NCFT) has been very active since the appearance of these theories as low-energy limits of string theories in the presence of magnetic fields [1]. In the context of NCFT, noncommutative (nc) extensions of two-dimensional Integrable Field Theories have been investigated [2 – 10]. Since in two-dimensions a nc deformation of a model requires a noncommutative time-coordinate, the causality and unitarity properties of the theory can be compromised [11, 12]. However, it is conceivable that in exactly solvable systems this situation should be improved or even disappear, as discussed in [13]. In order to avoid the acasual behavior in the two-dimensional case, euclidean models can be considered.

It is well known that the nc deformation of a theory is not unique since it is always possible to construct different nc extensions that will lead to the same commutative limit (see the nc generalizations of sine-Gordon model in [6]). In this sense, preserving the integrability properties of the theory can be a guiding principle in order to construct nc deformations of two-dimensional theories.

– 1 –

Following the previous direction, in [6] a nc extension of the zero-curvature condition was introduced. The nc extensions of integrable theories, constructed from this condition, have an infinite number of conserved charges which, however, not always guaranteed the complete classical integrability of the theory (see [7]). The amplitude for particle production processes vanishes exactly in an integrable model and that means that it vanishes to each order in a loop expansion, that is, in powers of ℏ. In particular it should vanish at treelevel, which corresponds to the classical limit of the theory, and is the hallmark of classical integrability. The existence of non-trivial conserved charges has another important consequence: multi-particle amplitudes are factorized into products of two-body processes [14]. In [7] was proved that the nc extension of the sine-Gordon model constructed in [5, 6] from a nc zero-curvature condition suffers from acasual behavior and it has a non-factorized S-matrix since particle production occurs. Therefore, we can be sure that this model is not classically integrable.

In the ordinary commutative case, it is well known that the integrable Conformal Toda (and Conformal Affine Toda) field theories can be obtained from the Wess-Zumino-Novikov- Witten (W ZNW ) [15] (two-loop W ZNW ) model via hamiltonian Reduction [16, 17]. The algebraic structure of Toda theories is connected with a G_0 ∈ G embedding of the G-invariant W ZNW (two-loop W ZNW ) model. Specifically abelian Toda theories are connected with abelian G_0 subgroups of G. In order to eliminate the degrees of freedom in the tangent space G/G_0 it is possible to implement constraints upon specific components of the chiral currents J, J̄ of the W ZNW (two-loop W ZNW ) model. The equations of motion of the resultant model will be then defined in the G_0 subgroup. Usually these equations can be represented as a zero-curvature condition using the Leznov-Saveliev formulation [18]. The resultant Toda theory preserves also the original conformal symmetry of the W ZNW model. By the other side, the affine Toda models associated to loop algebras are not conformally invariant but it has been shown to be completely integrable [19] and also derivable from the Leznov-Saveliev equations [18]. These models are in fact a “gauge fixed” version of the Conformal Affine Toda models [23].

In this paper we use a nc zero-curvature condition expressed as a nc extension of Leznov-Saveliev equations [6] to construct nc integrable extensions of SL(n) abelian Toda field theories and ~SL(n) abelian affine Toda field theories. In order to define the zero grade subgroup G_0 we have taken into account that the previous groups are not closed under the noncommutative product, so they should be extended to GL(n) and ~GL(n) respectively. If we want to preserve the proper algebra-group relation this extension must be also done at the level of the algebra. This consideration imply the introduction of an additional scalar field associated to the identity generator and which will not decouple in the equations of motion. We explicitly studied the GL(2) Liouville and ~GL(2) sinh/sine-Gordon extensions. As we will see, any element of the zero grade subgroup can be parameterized in alternative ways, what leads to equivalent nc generalizations of the corresponding original models. This is a consequence of the nonabelian character of the zero grade subgroup in the nc setup. The models obtained as nc analogs of sine-Gordon reproduce already presented suggestions in [8] as nc extensions of this model. These generalizations [8] seem to retain some of the nice properties of the original sine-Gordon theory. They have an infinite chain

– 2 – of conserved charges, apparently a casual S-matrix, and particle production may be does not occur as was checked for some dispersion processes at tree level [8].

Another argument that supports the possible integrability of the nc Toda field theories constructed in this work is that all of them can be derived from the 4-dimensional nc selfdual Yang-Mills (SDYM) equations through a suitable dimensional reduction via the nc self-dual Chern-Simons (SDCS) system as we will see. The nc SDYM theory was shown in [45] to be classically integrable and in [24] was studied at the quantum level, where it was found that it has a factorized S-matrix. In this work we will also particularly see how the equations of motion that define the nc extensions of Liouville and sinh/sine-Gordon models can be obtained through a dimensional reduction process from 4-dimensional nc self-dual Yang-Mills in the Yang formulation. In this way all the models are derivable from an integrable field theory.

On the other hand, the nc extensions here constructed do not preserve the conformal invariance of the original abelian Conformal Toda theories. As it is well known, the introduction of a constant noncommutative parameter spoils the conformal symmetry. This symmetry has not been very well studied in the nc context, but it seems that in order to define a nc extension of this symmetry the deformation parameter should not be constant [22].

In the literature it has been reported different nc extensions of some specific Toda field theories: 1-sinh/sine-Gordon [5, 7, 6, 8 – 10], 2-Liouville [9, 10], 3-open Toda field chain or abelian Conformal Toda field theories [2, 9], 4- abelian affine Toda field theories or closed Toda field chain [9]. Up to now many of these extensions for the same models seem to be disconnected. With our formulation we are given a general framework where all these models are included as particular cases, excluding the proposals in [10]. Therefore we have extended these previous results, putting most of them on a more systematic, general and unifying footing.

The first nc extension of a Toda field theory was presented in [2]. It is well known that the abelian Conformal Toda theories when the fields only depend on the time coordinate can be modelled as a one-dimensional open chain of n particles with nonlinear nearest neighbor interaction [25]. The abelian affine corresponds to closed chains. Deforming the bicomplex representation of the open Toda field chain it was constructed in [2] a nc extension of this theory up to first order in the noncommutative parameter θ. Here we will see how our nc extension of abelian Toda models reduces to the proposal in [2] when a perturvative expansion on the noncommutative parameter is considered up to first order. By the other side in [9] it was shown that using some simplifying algebraic ansatz the two-dimensional nc self-dual equations for the Chern-Simons solitons can be reduced to a nc extension of the Toda and affine Toda equations. The nc generalization for the Toda field theories proposed in [9] is presented as a system of first order differential equations that apparently could not be reduced to second order differential equations. In this work we will see how proposing a different ansatz it is possible to construct from the nc Chern- Simons self-dual system extended Toda field theories as second order differential equation systems and even to establish the compatibility with the suggestion in [9]. In this sense with our proposal we have nc versions of abelian and abelian affine Toda theories more

– 3 – treatable as physical theories since we also provide the corresponding actions. Moreover it is still possible to use the relation of the nc self-dual Chern-Simons equations to the nc chiral model for constructing the solutions of the models. Specifically this last point will be presented in [47]. There are other nc versions for the specific cases of Liuoville and sine-Gordon [10]. In this case the construction is based on a zero-curvature condition in terms of continual algebras [33]. A brief discussion about these models is also presented in this paper although they can not be obtained using our formalism. Let us mention that in [37] was also extended to the nc scenario the Toda hierarchy which is a generalization of the Toda lattice equations [38].

This paper is organized as follows. In the first section the nc Leznov-Saveliev equations are obtained by imposing appropriate constraints on the chiral currents of the W ZNW_⋆ model. In this section we also provide a nc action whose Euler-Lagrange equations of motion are the nc Leznov-Saveliev equations. Section 2 is devoted to the construction of the nc analogs of GL(n) abelian Toda theories. Specially the relation to the nc open Toda field theory presented in [2] is discussed. The particular case of GL(2) Liouville model is studied in the third part of this section. The fourth part contains the derivation of the equations of motion of nc Liouville from nc self dual Yang-Mills in the Yang formulation [45]. In the last part of section 3 the relation to previous proposals is discussed. Starting from the nc extension of the Leznov-Saveliev equations we construct in section 4 the nc generalization of ~GL(n) abelian affine Toda theories. In this section is also studied the special case of ~GL(2) sinh/sine-Gordon model. The derivation of its corresponding equations of motion from nc self dual Yang-Mills is presented as well. At the end of section 4 the relation to previous versions is included. In the last section it is shown how the nc Leznov-Saveliev equations [6] can be derived from the nc (anti-)self-dual Yang-Mills theory by a dimensional reduction process that has the nc self-dual Chern-Simons system as an intermediate step. In this sense the connection of our nc extensions of abelian and abelian affine Toda theories to the proposal in [9] is established. Section 6 provides the conclusions and finally the appendix is dedicated to present some useful algebraic properties.

2. Constrained W ZNW_⋆ model

It is well known that Toda field theories connected with finite simple Lie algebras, on the ordinary commutative case, can be regarded as constrained Wess-Zumino-Novikov- Witten (W ZNW ) models [16]. By placing certain constraints on the chiral currents, the G-invariant W ZNW model reduces to the appropriate Toda field theory. Specifically, the abelian Toda field theories are connected with abelian embeddings G_0 ⊂ G. In this section we will see how this procedure also works on the nc setting.

Before we start, let us remind that usually a NCFT [28] is constructed from a given field theory by replacing the product of fields by an associative ⋆-product. Considering that the noncommutative parameter θ^{μν} is a constant antisymmetric tensor, the deformed product of functions is expressed trough the Moyal product [35]

ϕ_1(x)ϕ_2(x) → ϕ_1(x) ⋆ ϕ_2(x) = e^{i2 θμν ∂x1μ ∂x2ν} ϕ_1(x_1)ϕ_2(x_2)|_{x1=x2=x} . (2.1)

– 4 –

In the following we will refer to functions of operators in the noncommutative deformation by a ⋆ sub-index, for example e^ϕ_⋆ =

�_∞ n=1 1 n! ϕ^n_⋆ (the n-times star-product of ϕ is understood).

Consider now the nc generalization of the W ZNW model introduced in [27]

S_{W ZNW⋆} = − k 4π � Σ d^2z Tr(g^{−1} ⋆ ∂g ⋆ g^{−1} ⋆ ¯∂g) + + k 24π � B d^3xϵ_{ijk}(g^{−1} ⋆ ∂_ig ⋆ g^{−1} ⋆ ∂_j g ⋆ g^{−1} ⋆ ∂_kg) . (2.2)

Here B is a three-dimensional manifold whose boundary ∂B = Σ. We are using the coordinates z = t + x, z̄ = t − x and ∂ =^1_2 (^∂_{∂t} +^∂_{∂x} ), ¯∂ =^1_2 (^∂_{∂t} −^∂_{∂x} ) in the boundary, where z,z̄ or equivalently x, t are noncommutative, but the extended coordinate y on the manifold B remains commutative, i.e. [z,z̄] = θ, [y, z] = [y,z̄] = 0. The Euler-Lagrange equations of motion corresponding to (2.2) are

¯∂J = ∂J̄ = 0 , (2.3)

where J and J̄ represent the conserved chiral currents

J = g^{−1} ⋆ ∂g , J̄ = − ¯∂g ⋆ g^{−1} . (2.4)

The fields α_a parameterize the group element g ∈ G through g = e^{α aTa}_⋆ , where T_a are the generators of the corresponding Lie algebra G. It is our interest to define the theories in a G_0 subgroup of G. So, we would like to eliminate the unwanted degrees of freedom that correspond to the tangent space G/G_0. In order to that be achieved we will implement constraints upon specific components of the currents J, J̄. In this way we will show that the usual procedure [16] works equally well on the nc setting.

Suppose we have defined a grading operator Q in the algebra G that decomposes it in Z-graded subspaces, say

[Q, G_i] = iG_i , [G_i, G_j ] ∈ G_{i+j} . (2.5)

This means that the algebra G can be represented as the direct sum, G = � i G_i . (2.6)

The subspaces G_0, G_>, G_< are subalgebras of G, composed of the Cartan and of the positive/negative steps generators respectively. The algebra can then be written using the triangular decomposition, G = G_< � G_0 � G_> . (2.7)

Denote the subgroup elements obtained through the ⋆-exponentiation of the generators of the corresponding subalgebras as

N = e^{G<}_⋆ , B = e^{G0}_⋆ , M = e^{G>}_⋆ . (2.8)

– 5 –

Proposing a nc Gauss-like decomposition, an element g of the nc group G can be expressed as g = N ⋆ B ⋆ M . (2.9) Introducing (2.9) in (2.4), the chiral currents J, J̄ read, J = M^{−1} ⋆ K ⋆ M , J̄ = −N ⋆ K̄ ⋆ N^{−1} , (2.10) where K = B^{−1} ⋆ N^{−1} ⋆ ∂N ⋆ B + B^{−1} ⋆ ∂B + ∂M ⋆ M^{−1} , K̄ = N^{−1} ⋆ ¯∂N + ¯∂B ⋆ B^{−1} + B ⋆ ¯∂M ⋆ M^{−1} ⋆ B^{−1} . (2.11) With the chiral currents (2.10), the equations of motion (2.3) transform to ¯∂K + [K, ¯∂M ⋆ M^{−1} ]_⋆ = 0 , ∂K̄ − [ K̄, N^{−1} ⋆ ¯∂N]_⋆ = 0 . (2.12) The reduced model is defined by giving the constant elements ϵ_± of grade ±1, which are responsible for constraining the currents in a general manner to^1 J_{constr} = j + ϵ_− , J̄_{constr} = j̄ + ϵ_+ , (2.13) where j, j̄ contain generators of grade zero and positive, and zero and negative respectively. The effect of the constraints on the chiral currents J, J̄ (2.10) translates in the conditions, B^{−1} ⋆ N^{−1} ⋆ ∂N ⋆ B|_{constr} = ϵ_− , B ⋆ ¯∂M ⋆ M^{−1} ⋆ B^{−1} |_{constr} = ϵ_+ , (2.14) because from the graded structure these are the only terms in (2.11) that contain generators of negative and positive grade respectively. As result of the reduction process, the degrees of freedom in M, N are eliminated and the equations of motion of the constrained model are natural nc extensions of the Leznov-Saveliev equations of motion [18], namely ¯∂(B^{−1} ⋆ ∂B) + [ϵ_− , B^{−1} ⋆ ϵ_+B]_⋆ = 0 , ∂( ¯∂B ⋆ B^{−1} ) − [ϵ_+, Bϵ_− ⋆ B^{−1} ]_⋆ = 0 . (2.15) Both equations are equivalent. One can see that by ⋆-multiplying B from the left and B^{−1} from the right the first equation in (2.15), say B ⋆ { ¯∂(B^{−1} ⋆ ∂B) + [ϵ_− , B^{−1} ⋆ ϵ_+B]_⋆ = 0} ⋆ B^{−1} , − ¯∂B ⋆ B^{−1} ⋆ ∂B ⋆ B^{−1} + ¯∂∂B ⋆ B^{−1} − [ϵ_+, Bϵ_− ⋆ B^{−1} ]_⋆ = 0 . (2.16) Then, using that ∂(B⋆B^{−1} ) = 0 the second equation in (2.15) is obtained, what means that both equations are simultaneously satisfied. In [6] these equations were used to define a nc

1See [16] for the commutative case.

– 6 – extension of the sinh/sine-Gordon model. In contrast to the previous suggestion [6], in this paper we propose an alternative definition for B which preserves the proper algebra-group relation. This choice will lead to a nc sine-Gordon defined as a system of two coupled second order equations for two scalar fields that reduced to sine-Gordon model and a free scalar field in the commutative limit. The nc extensions of the Leznov-Saveliev equations (2.15) for GL(2) were also obtained in [42] from the nc generalization of the SL(2) affine Toda model coupled to matter (Dirac) fields.

As shown in [6], the equations of motion (2.15) can be expressed as a generalized ⋆-zero-curvature condition ¯∂A − ∂ Ā + [A, Ā]_⋆ = 0 , (2.17)

since the potentials are taken as

A = −Bϵ_− ⋆ B^{−1} , Ā = ϵ_+ + ¯∂B ⋆ B^{−1} . (2.18)

The ⋆-zero-curvature condition (2.17) implies the existence of an infinite amount of conserved charges [6]. For this reason in order to preserve the original integrability properties of the two-dimensional Toda models (2.15) can be a reasonable starting point for constructing the nc analogs.

2.1 The noncommutative action

It is not difficult to propose a nc action from which the nc Leznov-Saveliev equations (2.15) can be derived. In fact, (2.15) are the Euler-Lagrange equations of motion of the action

S = S_{W ZNW⋆} (B) + k 2π � d^2z Tr(ϵ_+Bϵ_− ⋆ B^{−1} ) . (2.19)

This is the nc generalization of the effective action obtained from the W ZNW model gauging the degrees of freedom in M, N and integrating over the corresponding gauge fields [17]. In [36] different gauged W ZNW_⋆ models were constructed. However, the integration over the gauge fields on the nc scenario requires special care. For this reason in the present paper we limit to propose the action (2.19) as corresponding to the equations (2.15) and it remains to be proved if (2.19) can be obtained from (2.2) by a gauging procedure.

3. NC GL(n) abelian Toda field theories

In the following we will construct nc analogs of the SL(n) abelian Toda field theories, the simplest class of Toda models which are completely integrable and conformal invariant. As we already mentioned, these models correspond to an abelian subgroup G_0 ⊂ G. Considering the extension of the SL(n) algebra to GL(n), what is necessary in order to obtain a nc closed group, the gradation operator

Q = n−1� i=1 2λ_i · H α^2_i

, (3.1)

– 7 – defines the subalgebra of grade zero G_0 = U(1)^n = {I, h_i, i = 1 . . . n − 1}, where the Cartan generators are defined in the Chevalley basis as h_i =^{2α i·H}_{α 2i} . In (3.1) H represents the Cartan subalgebra, α_i is the i^{th} simple root and λ_i is the i^{th} fundamental weight that satisfies^{2λ i·αj}_{α 2i} = δ_{ij} . The zero grade group element B is then expressed through the ⋆- exponentiation of the generators of the zero grade subalgebra G_0, i.e. the SL(n) Cartan subalgebra plus the identity generator,

B = e^{Σ n−1i=1 φihi+φ0I}

⋆ . (3.2)

Notice that the zero grade subgroup G_0 despite it is spanned by the generators of the Cartan subalgebra, turns out to be nonabelian, i.e, if g_1, g_2 are two elements of the zero grade subgroup G_0 then g_1 ⋆ g_2 ≠ g_2 ⋆ g_1. For this reason abelian makes reference to the property of the original theory.

The constant generators of grade ±1 are chosen as

ϵ_± = Σ^{n−1}_{i=1} μ_iE_{±α i} , (3.3)

where E_{±α i} are the steps generators associated to the positive/negative simple roots of the algebra and μ_i are constant parameters.

Let us consider the n × n matrix representation

(h_i)_{μν} = δ_{μν} (δ_{i,μ} − δ_{i+1,μ} ) , (E_{α i} )_{μν} = δ_{μ,i} δ_{ν,i+1} , (E_{−α i} )_{μν} = δ_{ν,i}δ_{μ,i+1} . (3.4)

It is not difficult to see that in this case the zero grade group element (3.2) can be represented by the n × n diagonal matrix,

B =

� � � � � � � � e^{φ1+φ0}

⋆ 0 0 0 . . . 0 0 e^{−φ 1+φ2+φ0}

⋆ 0 0 . . . 0 0 0 e^{−φ 2+φ3+φ0}

⋆ 0 . . . 0 0 0 0

... . .. . . . . . . . . ... e^{φn−1 −φ n−2 +φ0} ⋆ 0 0 0 0 . . . 0 e^{−φ n−1 +φ0}_⋆

� � � � � � � � . (3.5)

Let us now introduce the variables,

φ_1 + φ_0 = ϕ_1 , −φ_k + φ_{k+1} + φ_0 = ϕ_{k+1} , for k = 1 to n − 2 , −φ_{n−1} + φ_0 = ϕ_n . (3.6)

In these new fields the components of the gauge connections (2.18) are written as Ā_{ij} = ¯∂(e^ϕ i_⋆ ) ⋆ e^{−ϕ} i_⋆ δ_{ij} + μ_iδ_{i+1,j} and A_{ij} = −μ_ie^{ϕ i+1}_⋆ ⋆ e^{−ϕ} i_⋆ δ_{i,j+1} , (3.7)

with i, j = 1 . . . n. One can now introduce the gauge potentials (3.7) in the ⋆-zero-curvature condition (2.17) to obtain the equations of motion that define the nc extension of abelian Toda models,

∂( ¯∂(e^{ϕ k}_⋆ ) ⋆ e^{−ϕ k}_⋆ ) = μ^2_ke^{ϕ k+1}_⋆ ⋆ e^{−ϕ k}_⋆ − μ^2_{k−1} e^{ϕ k}_⋆ ⋆ e^{−ϕ k−1}_⋆ , (3.8)

– 8 – a system of n-coupled equations (k = 1 . . . n). Notice that the diagonal elements of the matrix equation (2.17) are the equations of motion and the off-diagonal elements vanish. In (3.8) for the first and last equation μ_0 = μ_n = 0 and ϕ_0 = ϕ_{n+1} = 0. In order to compute the commutative limit we introduce the original fields φ_0, φ_1, . . . φ_{n−1} (3.6) and then we apply the limit θ → 0, which transforms e^ϕ_⋆ → e^ϕ . At the end we find, as expected, that the field φ_0 decouples, i.e. (3.8) leads to

∂ ¯∂φ_i = μ^2_i e^{−k ij φj} , for i = 1 . . . n − 1 , n∂ ¯∂φ_0 = 0 , (3.9)

where the first n − 1 equations become the usual abelian Conformal Toda equations with k_{ij} the Cartan matrix.

The action, whose Euler-Lagrange equations of motion leads to (3.8), can be obtained from (2.19) with (3.3) and (3.5). It reads

S(ϕ_1, . . . , ϕ_n) = n� k=1 S_{W ZNW⋆} (e^{ϕ k}_⋆ ) + k 2π � d^2z n−1� k=1 μ^2_k(e^{ϕ k+1}_⋆ ⋆ e^{−ϕ k}_⋆ ) , (3.10)

that in the commutative limit yields

S(φ_1, . . . , φ_{n−1} , φ_0) = S_{CT} (φ_1, . . . , φ_{n−1} ) + nS_0(φ_0) , (3.11)

where

S_{CT} (φ_1, . . . , φ_{n−1} ) = − k 4π � d^2z � k_{ij}∂φ_i ¯∂φ_j − 2 n−1� i=1 μ^2_i e^{−k ij φj} � , S_0(φ_0) = − k 4π � d^2z∂φ_0 ¯∂φ_0 . (3.12)

This is the action of the abelian Conformal Toda models plus the corresponding kinetic term for the free field φ_0. In the last calculation we have made use of the nc generalization of the Polyakov-Wiegmann identity

S_{W ZNW⋆} (g_1 ⋆ g_2) = S_{W ZNW⋆} (g_1) + S_{W ZNW⋆} (g_2) − − 1 2π � dzdz̄T r(g^{−1}_1 ⋆ ∂g_1 ⋆ ¯∂g_2 ⋆ g^{−1}_2 ) . (3.13)

The action (3.10) has the left-right local symmetry

e^{ϕ k}_⋆ → h_0(z) ⋆ e^{ϕ k(z,z̄)}_⋆ ⋆ h̃_0(z̄) , for k = 1 . . . n , (3.14)

where h_0(z), h̃_0(z̄) ∈ G_0, which is relic of the left-right local symmetry g(z,z̄) → h(z) ⋆ g(z,z̄) ⋆ h̃(z̄) with h(z), h̃(z̄) ∈ G of the W ZNW_⋆ model, whose corresponding conserved currents (2.4) close, in the same way as the ordinary commutative case, a Kac-Moody algebra [36]. The currents of the abelian Conformal Toda models (3.12) generate a W - algebra [34]. Since we have now in our action an infinite number of time derivatives it is not trivial how to define the conjugate momenta associated to the fields ϕ_k and consequently

– 9 – to define the corresponding Poisson brackets necessary to study the algebra of currents of the constrained model. Consider the special symmetry subgroup U_L(1) × U_R(1) where h(z) = U_L(z) = e^{iα 1(z)}_⋆ and h̃(z̄) = U_R(z̄) = e^{iα 2(z̄)}_⋆ and ϕ_k → iϕ_k. As far as the global symmetry is concerned there is no difference between the point-wise and star product, so only the combination U_LU_R = e^{iα} is important. Notice that this is a symmetry of the action as well as of the equations of motion. Let us try to find the corresponding conserved charge and for this purpose we will localize α. Since the action is invariant for this variation of the field

δS ≡ − � d^2xJ^μ (ϕ)∂_μ α(x) = 0 . (3.15)

Integrating by parts � d^2x∂_μ J^μ α(x) = � d^2x[f, g]_⋆ = 0 , (3.16)

for some functions f, g. What means that here the notions of conserved current and of conserved charged are not well-defined. So it seems that Noether’s theorem when time is a not-commuting coordinate no longer applies. For this reason it is not clear what are the conserved charges associated to these symmetries if there is any one. The study of the symmetries of these theories requires first a nc analog of Noether theorem that could relate in a possible way general symmetries to conservation laws.

So, in this section we have constructed nc analogs of abelian Toda field theories from a ⋆−zero-curvature condition and in this way they posses an infinite number of conserved charges. Associating to these theories an appropriate bicomplex it is possible to construct by an iterative process an infinite chain of conserved charges [2]. In the next section, in relation to the work [2], we will study the corresponding bicomplex. Nevertheless the study of the influence of this infinite chain of conserved charges on the integrability properties of the theories is still an open question.

3.1 The nc abelian Toda field theories as open Toda field chains

The open Toda chains on the usual commutative case are integrable systems associated with finite-dimensional Lie algebras. The model consists of a one-dimensional chain of n particles with nonlinear nearest neighbor interaction [25]. The relativistic invariant abelian Conformal Toda field theories (3.9) can be called as open Toda field chains since the equations of motion of these theories reduce to the open Toda chain equations of motion when the fields do not depend on x. To the Toda field theories it is possible in general to associate a bicomplex [39], which is a special case of zero curvature formulation. Noncommutative extensions of integrable models can be obtained deforming the associated bicomplex by replacing the ordinary products of functions with the Moyal product [2]. Following this procedure in [2] was constructed a nc extension of a Toda field theory on an open finite one-dimensional lattice up to first order in θ. It is not difficult to see that expressing the components of the zero grade element as e^{ϕ k}_⋆ = e^{qk} (1 + θq̃_k) + O(θ^2) our system (3.8) reduces to the proposal of Dimakis- Müller-Hoissen (expressions (3.10) and

– 10 –

(3.11) of [2] mapping q_k, q̃_k → −q_k, −q̃_k respectively). At zero order of θ the open Toda equations, (∂^2_t − ∂^2_x)q_k = e^{qk+1−q k} − e^{qk−q k−1} for k = 2 . . . n − 1, (∂^2_t − ∂^2_x)q_1 = e^{q2−q 1} , (∂^2_t − ∂^2_x)q_n = −e^{qn−q n−1} , (3.17) are obtained. Then at first order of θ the corresponding equations are

(∂^2_t − ∂^2_x)q̃_1 = {∂_tq_1, ∂_xq_1} + e^{q2−q 1} (q̃_2 − q̃_1) , (∂^2_t − ∂^2_x)q̃_k = {∂_tq_k, ∂_xq_k} + e^{qk+1−q k} (q̃_{k+1} − q̃_k) − e^{qk−q k−1} (q̃_k − q̃_{k−1} ) , ∂^2_t − ∂^2_x)q̃_n = {∂_tq_n, ∂_xq_n} + e^{qn−q n−1} (q̃_n − q̃_{n−1} ) , (3.18) where we have considered μ_k =^1_2 for k = 1 . . . n−1 and {f, g} = ∂_tf∂_xg−∂_xf∂_tg. This fact is not unexpected since the bicomplex equation from where the Toda chain equations are derived can be written as the nc Leznov-Saveliev equation (2.15) as we will see immediately. Consider the bicomplex equation [2] M_t − M_x = L ⋆ S − S ⋆ L , (3.19) with L = G^{−1} ⋆ S^T ⋆ G , M = 2G^{−1} ⋆ ∂G , (3.20) G an invertible n × n matrix that in [2] is taken diagonal and S^T the transpose of S = n−1� i=1 E_{i,i+1} with (E_{i,j})^kl = δ^k_i δ_{j,l} . (3.21)

Taking into account that the matrix S in this case is nothing more than the matrix representation of the constant generators of grade ±1 (3.3) and G the matrix representation of the zero grade group element B, the equation (3.19) can be written as a nc Leznov-Saveliev equation (2.15).^2 In this sense we have the bicomplex associated to these integrable models what allows to construct generalized conserved densities. In this specific case the first two charges were computed in [2]. The generalization to the closed Toda chain related to loop algebras and consequently to the abelian affine Toda models is straightforward.

3.2 NC Liouville Let us concentrate in this part of the section on an specific example of a Toda field theory, i.e. the Liouville model. This is an integral and conformal invariant theory that appears in many applications related to string theory and two-dimensional quantum gravity. It turns out to be the simplest example of an abelian Conformal Toda model, connected to SL(2). Following that we can present a nc extension of this model taking n = 2 in (3.8), say ∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +}_⋆ ) = μ^2e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ , ∂( ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −}_⋆ ) = −μ^2e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ , (3.22)

2In fact consider in this case G = B^{−1} and ϵ+ =^1_2 S.

– 11 – where we have called ϕ_+ = ϕ_1, ϕ_− = ϕ_2 and μ_1 = μ. One can now also compute the sum and difference of that equations to find

∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +} + ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −} ) = 0 , ∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +} − ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −} ) = 2μ^2e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ . (3.23)

In this sense (3.22) or (3.23) will represent the nc analogs of the Liouville model. Both systems in the commutative limit will lead to a decoupled model of two fields

∂ ¯∂φ_0 = 0 and ∂ ¯∂φ_1 = μ^2e^{−2φ 1} , (3.24)

as we already saw in (3.9). The first equation in (3.23) transforms to a free field equation for φ_0 and the second leads to the usual Liouville equation.

The action corresponding to the nc analog of Liouville model follows from (3.10) for n = 2, namely

S(ϕ_+, ϕ_− ) = S_{W ZNW⋆} (e^{ϕ +}_⋆ ) + S_{W ZNW⋆} (e^{ϕ −}_⋆ ) + k 2π � d^2zμ^2e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ . (3.25)

The nonabelian character of the zero grade subgroup allows an alternative parameterization for the zero grade group element B, say

B = e^{φ1h}_⋆ ⋆ e^{φ0I}_⋆ , (3.26)

where h is the Cartan and I is the identity generator. We can keep the same constant generators of grade ±1, ϵ_± = μE_{±α} . (3.27)

Introduce (3.26) and (3.27) in the nc generalization of Leznov-Saveliev equations (2.15). Using algebraic properties it is very simple to see that

B ⋆ ϵ_− B^{−1} = e^{−2φ 1}_⋆ ϵ_− . (3.28)

For computing the equations of motion, notice that the matrix representation (3.4) reduces to the usual representation

E_α = � 0 1 0 0 � , E_{−α} = � 0 0 1 0 � , h = � 1 0 0 −1 � , (3.29)

for SL(2). In this way one find that the equations that define the nc extension of Liouville model in this alternative parameterization are

∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1}_⋆ ) = μ^2e^{−2φ 1}_⋆ , ∂( ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = −μ^2e^{−2φ 1}_⋆ . (3.30)

– 12 –

One can also combine the previous equations to find the system of coupled second order equations,

∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1}_⋆ + ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = 0 , ∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1}_⋆ − ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = 2μ^2e^{−2φ 1}_⋆ , (3.31)

which are more suitable for applying the commutative limit. When θ → 0 that system easily reduced to (3.24).

One can write an action for the nc Liouville model (3.30) using the general expression (2.19) and making use of the nc generalization of the Polyakov-Wiegmann identity (3.13). For this purpose, introduce (3.26) and (3.27) in (2.19) to obtain the corresponding action of nc Liouville (3.30)

S(φ_1, φ_0) = 2S_{P C⋆} (e^{φ1}_⋆ ) + 2S_{W ZNW⋆} (e^{φ0}_⋆ ) + k 2π � d^2zμ^2e^{−2φ 1}_⋆ − − k 2π � d^2z( ¯∂e^{φ0}_⋆ ⋆ e^{−φ 0}_⋆ ⋆ (e^{−φ 1}_⋆ ⋆ ∂e^{φ1}_⋆ + e^{φ1}_⋆ ⋆ ∂e^{−φ 1}_⋆ )) , (3.32)

where using the notation of [8] we have defined

S_{P C⋆} (g) = − k 4π � Σ d^2zT r(g^{−1} ⋆ ∂g ⋆ g^{−1} ⋆ ¯∂g) . (3.33)

Looking at the action (3.32) it is noticeable the presence of the topological term of W ZNW_⋆, in this case shifted to the φ_0 field. This situation contrasts with the ordinary commutative case, where for Liouville and more generally for any abelian subspace this term equals zero.

The parameterizations (3.26) and (3.24) for the element B belonging to the zero grade subgroup in the usual commutative case are identical, but in a nc space-time they lead to equivalent models. Taking

e^{φ1}_⋆ ⋆ e^{φ0}_⋆ → e^{ϕ +}_⋆ and e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ → e^{ϕ −}_⋆ , (3.34)

(3.30) can be transformed in (3.22). It is interesting to note that the usual Liouville singular solution [16] φ_1 = ln cos(αz − βz̄) (3.35)

is also solution of the systems (3.22) and (3.30) as far as φ_0 = αz − βz̄ and the constant parameters α, β satisfy μ^2 = αβ. This is a consequence of the fact that for this particular dependence of the fields φ_1, φ_0 on the variables z,z̄ the star-product reduce to the usual product. So in this case φ_0 decouples and the nc model is reduced to the usual Liouville theory plus the equation for a free field. Other solutions of this model will be discussed in [47].

3.3 NC Liouville from nc self-dual Yang-Mills

It has been known for a long time that many two-dimensional integrable models can be obtained from the Yang-Mills self-duality equations in four dimensions by reductions [43].

– 13 –

Recently a nc extension of the self-dual Yang-Mills (NCSDYM) equations in the Yang formulation [45], ∂_y(∂_ȳ J ⋆ J^{−1} ) + ∂_z(∂_{z̄} J ⋆ J^{−1} ) = 0 , (3.36)

has been proposed. In (3.36) y,ȳ, z,z̄ are complex independent variables y = x_1 + ix_2, ȳ = x_1 − ix_2, z = x_3 − ix_4, z̄ = x_3 + ix_4 that do not commute. Moreover, from (3.36) through a dimensional reduction process some nc extensions of two-dimensional integrable models have been obtained [4, 7, 8]. In this part of the section we will show how the systems of equations (3.22) and (3.30) that define the nc extensions of Liouville model can be also derived from (3.36) through a suitable dimensional reduction. For this purpose consider^3

J = e^{wEα}_⋆ ⋆ B ⋆ e^{−wE −α}_⋆ , (3.37)

where w = μ(y +ȳ) with μ a constant parameter and B a zero grade group element in this case of GL(2, C), whose fields depend only on the variables z,z̄.

Let us denote M = e^{wEα}_⋆ . It is straightforward to see that (3.36) reduces to

M ⋆ {∂_z (∂_{z̄} B ⋆ B^{−1} ) − μ^2(E_α BE_{−α} ⋆ B^{−1} − BE_{−α} ⋆ B^{−1} E_α )} ⋆ M^{−1} = 0 . (3.38)

Remembering that for Liouville ϵ_± = μE_{±α} , the previous equation will render

∂_z (∂_{z̄} B ⋆ B^{−1} ) − [ϵ_+, Bϵ_− ⋆ B^{−1} ]_⋆ = 0 . (3.39)

Taking x_3 = t and x_4 = ix this is the nc Leznov-Saveliev equation (2.15) from where (3.30) and (3.22) were derived. In this sense, we have shown that the nc analogs of Liouville theory (3.22) and (3.30) can be obtained through an appropriate reduction of the nc selfdual Yang-Mills system in the same way as in the ordinary commutative case. More general, in this work we will see how the nc Leznov-Saveliev equations (2.15) can be obtained through a dimensional reduction process from the nc (anti-)self-dual Yang-Mill equations via the nc self-dual Chern-Simons system.

3.4 Other proposals

As was mentioned in the previous work [6] the nc extension of a field theory is not unique. In this sense a different nc proposal for the Liouville model was presented in [10] ¯∂ � (e^{βϕ}_⋆ )^{−1}_{⋆L} ⋆ ∂e^{βϕ}_⋆ � = e^{βϕ}_⋆ , (3.40)

where (e^{βϕ}_⋆ )^{−1}_{⋆L} is denoted as the left inverse function of e^{βϕ}_⋆ with respect to the ⋆-product and β a constant. This equation is obtained from a zero-curvature condition on the basis of a generalization of Saveliev-Vershik continual Lie algebras [33]. Note that in this case the model is defined through only one equation. Not presented in [10], but it can be obtained as the Euler-Lagrange equation of motion of the action

S_{L−1} = S_{W ZNW⋆} (e^{βϕ}_⋆ ) + k 2π � d^2ze^{βϕ}_⋆ , (3.41)

3This is a nc extension of the J decomposition proposed in [46] for Liouville.

– 14 – which can be thought as the naive nc generalization of the SL(2) Toda theory at the level of the action just generalizing the derivative term. In the case of sinh/sine Gordon model studied in [6] this procedure leads to a non-integrable deformation since the amplitude for the scattering 2 → 4 process it is non-zero. This fact is in some sense explained by the difficulty to find a zero curvature representation for this deformation without the inclusion of extra conditions. In the case of (3.41) we failed to find a zero-curvature representation in terms of the Lie algebra SL(2). But this does not mean that the model is not integrable. In order to check the integrability properties of (3.41) could be interesting to study the properties of the corresponding S-matrix. By the other side a different nc extension

∂( ¯∂(e^{iφ1}_⋆ ) ⋆ e^{−iφ 1}_⋆ ) = μ^2e^{−2iφ 1}_⋆ , ∂( ¯∂(e^{−iφ 1}_⋆ ) ⋆ e^{iφ1}_⋆ ) = −μ^2e^{−2iφ 1}_⋆ , (3.42)

could in principle be constructed from the ⋆-zero-curvature condition (2.17) for the algebra SL(2), excluding the direction of the identity generator of the Cartan subalgebra (in this specific case we have considered that φ_1 → iφ_1). In order to find an action for (3.22) or equivalently for the system

∂( ¯∂(e^{iφ1}_⋆ ) ⋆ e^{−iφ 1}_⋆ ) + ∂( ¯∂(e^{−iφ 1}_⋆ ) ⋆ e^{iφ1}_⋆ ) = 0 , ∂( ¯∂(e^{iφ1}_⋆ ) ⋆ e^{−iφ 1}_⋆ ) − ∂( ¯∂(e^{−iφ 1}_⋆ ) ⋆ e^{iφ1}_⋆ ) = 2μ^2e^{−2iφ 1}_⋆ , (3.43)

it can be followed the procedure in [7]. So one can consider that if φ_1 is a complex field then e^{iφ†1}_⋆ satisfies the equations

∂( ¯∂(e^{iφ†1}_⋆ ) ⋆ e^{−iφ †1}_⋆ ) = −μ^2e^{2iφ†1}_⋆ ,

∂( ¯∂(e^{−iφ †1}_⋆ ) ⋆ e^{iφ†1}_⋆ ) = μ^2e^{2iφ†1}_⋆ , (3.44)

obtained by hermitian conjugation of (3.42). An action for this model could be

S_{L−2} = S_{W ZNW⋆} (e^{iφ1}_⋆ ) + S_{SW ZN⋆} (e^{−iφ †1}_⋆ ) + k 2π � d^2z(e^{i2φ†1}_⋆ + e^{−i2φ 1}_⋆ ) , (3.45)

if as independent equations are considered the first in (3.42) and the second in (3.44). In [9] was proposed another nc extension of the Liouville model starting from the nc self-dual Chern-Simons equations. We will discuss about this point later in this paper.

4. NC ~GL(n) abelian affine Toda field theories

Among Toda theories the affine models are quite special due, essentially, to the presence of soliton type solutions. Looking at possible applications in particle physics and in condensed matter, in this section we will extend these theories to the nc scenario.

Consider now the nc generalization of the two-loop W ZNW model,^4 which is formally described by the same action (2.2), but in this case G is an infinite-dimensional algebra

4See [17] for the ordinary commutative case.

– 15 –

(see the appendix). In the same way N and M are infinite-dimensional subalgebras. The zero grade subgroup G_0 is however chosen to be finite-dimensional. Imposing appropriate constraints on the chiral currents (2.13) in such a way that now the constant generators of grade ±1 include extra affine generators,

ϵ_± = n−1� i=1 μ_iE^{(0)}_{±α i} + m_0E^{(±1)}_{∓ψ} , (4.1)

where ψ is the highest root of G = SL(n) and m_0, μ_i with i = 1 . . . n − 1 constant parameters, the equations of motion (2.3) reduce to the affine version of the nc Leznov- Saveliev equations (2.15). For this reason we are going to use them again as starting point in order to define the nc extensions of ~GL(n) abelian affine Toda theories.

The grading operator Q in the principal gradation for the affine algebra ~GL(n) is taken as Q = n−1� i=1 2λ_i · H^{(0)} α^2_i

+ nd , (4.2)

where d is the derivation generator and its coefficient is chosen such that this gradation ensures that the zero grade subspace G_0 coincides with its counterpart on the corresponding Lie algebra SL(n), apart from the generator d. The abelian subalgebra of grade zero is in this case G_0 = {I, h^{(0)}_1 , h^{(0)}_2 , . . . h^{(0)}_{n−1} , d} and for this reason the zero grade group element B is parameterized as the ⋆-exponentiation of these generators as in (3.2).^5 Working in the n × n representation,

(h_i)^{(0)}_{μν} = δ_{μν} (δ_{i,μ} − δ_{i+1,μ} ) , (E^{(±1)}_{α i} )_{μν} = λ^{±1} δ_{μ,i} δ_{ν,i+1} , (E^{(±1)}_{−α i} )_{μν} = λ^{±1} δ_{ν,i}δ_{μ,i+1} ,

where λ is the spectral parameter and using the variables (3.6), the components of the gauge potentials (2.18) read

Ā_{ij} = ¯∂(e^ϕ i_⋆ ) ⋆ e^{−ϕ} i_⋆ δ_{ij} + μ_iδ_{i+1,j} + λm_0δ_{i,n}δ_{j,1} ,

A_{ij} = −μ_ie^{ϕ i+1}_⋆ ⋆ e^{−ϕ i}_⋆ δ_{i,j+1} − m_0 λ e^{ϕ 1}_⋆ ⋆ e^{−ϕ n}_⋆ δ_{i,1}δ_{j,n} . (4.3)

Introducing the potentials (4.3) in the ⋆-zero-curvature condition (2.17), the n-coupled equations of motion,

∂( ¯∂(e^{ϕ k}_⋆ ) ⋆ e^{−ϕ k}_⋆ ) = μ^2_ke^{ϕ k+1}_⋆ ⋆ e^{−ϕ k}_⋆ − μ^2_{k−1} e^{ϕ k}_⋆ ⋆ e^{−ϕ k−1}_⋆ + m^2_0(δ_{n,k} − δ_{1,k})e^{ϕ 1}_⋆ ⋆ e^{−ϕ n}_⋆ , (4.4)

are found. Note that in the previous expression μ_0 = μ_n = 0 and k = 1 . . . n. Applying the commutative limit, the system of equations,

¯∂∂φ_i = μ^2_i e^{−k} ij^φj − m^2_0e^kψj^φj ,

n ¯∂∂φ_0 = 0 , (4.5)

5The field associated to the derivation generator d has been set to zero as is usually done for the affine theories.

– 16 – for the original variables (3.6) is obtained, where k_{ψj} =^{2ψ·α j}_{α 2j} is the extended Cartan matrix. These are the equations of motion of the affine Toda model plus an additional equation for a free scalar field. The action from where the nc ~GL(n) affine equations (4.4) can be derived reads

S(ϕ_1, . . . , ϕ_n)= n� k=1 S_{W ZNW⋆} (e^{ϕ k}_⋆ ) + k 2π � d^2z

�_{n−1} � k=1 μ^2_ke^{ϕ k+1}_⋆ ⋆ e^{−ϕ k}_⋆ +m^2_0e^{ϕ 1}_⋆ ⋆ e^{−ϕ n}_⋆ � , (4.6)

which in the commutative limit reduces to

S(φ_1, . . . , φ_{n−1} , φ_0) = S_{AT} (φ_1, . . . , φ_{n−1} ) + nS_0(φ_0) , (4.7)

with

S_{AT} (φ_1, . . . , φ_{n−1} ) = − k 4π � d^2z � k_{ij} ∂φ_i ¯∂φ_j − � 2 n−1� i=1 μ^2_i e^{−k ij φj} + 2m^2_0e^{kψ j φj} � , (4.8)

i.e. the usual affine Toda action plus the action for a free field. The complex ~SL(n) nc abelian affine Toda field theory (4.6) (ϕ_k → iϕ_k) satisfies the usual abelian affine onesoliton solution [26, 40]

iφ_k = ln � 1 + e^{σx−λt+ξ+ 2πia}n^k 1 + e^{σx−λt+ξ+2πia} � , (4.9)

where we have considered that μ_k = m_0 = m for k = 1 to n−1, σ and λ are real parameters satisfying σ^2 − λ^2 = 16m^2 sin^{2 πa}_n , a is an integer in the set {1, 2, . . . n − 1} and ξ is an arbitrary complex parameter. This is true since we have considered for the extra field φ_0 the solution φ_0 = σx − λt. In this case due to the particular dependence of ϕ_k on the variables x, t the star product of fields become the usual product. The solitons (4.9) are kinks, whose center of mass is at σ^{−1} (λt − Reξ), they move with velocity^λ_σ and have the characteristic size σ^{−1} . To the soliton type solutions of (4.6) we can associate a topological charge Q_k = 1 2π �_∞ −∞ dx ∂φ_k ∂x , for k = 1 . . . n − 1 , (4.10)

which for the specific one-soliton solutions (4.9) will depend on the parameters a and Imξ. This charge is associated to the discrete symmetry of the model (4.6) iϕ_k → iϕ_k + 2iπl with l an integer number and in fact due to the infinite generalizations possible for the derivative terms there is an ambiguity in its definition. The study of multisolitons solutions of these theories could be possible achieved by a nc version of the dressing method [41]. We expect that at this level the solution for φ_0 would not be trivial. In [8] was outlined the construction of nc multisolitons through this method for the specific case of the sine-Gordon model. Nevertheless the explicit construction of multisoliton solutions for this theory has not been performed yet.

The action (4.6) also has the left-right local symmetry (3.14) and the global U_L(1) × U_R(1) e^{ϕ k}_⋆ → e^{iα 1} e^{ϕ k}_⋆ e^{iα 2} . This point seems interesting since in case of this symmetry being associated to some conserved charge, the soliton type solutions of the nc abelian affine Toda field theories could possible carry electric charge, what it does occur in the usual case.

– 17 –

4.1 NC sinh/sine-Gordon The sinh/sine-Gordon model, connected with the ~SL(2) loop algebra is the simplest example of an abelian affine Toda theory. In this sense a nc sinh/sine-Gordon extension has been already contemplated in (4.4). Considering n = 2, ϕ_1 = ϕ_+, ϕ_2 = ϕ_− and m_0 = μ_1 = μ (4.4) reduced to

∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +}_⋆ ) = μ^2(e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ − e^{ϕ +}_⋆ ⋆ e^{−ϕ −}_⋆ ) , ∂( ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −}_⋆ ) = μ^2(−e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ + e^{ϕ +}_⋆ ⋆ e^{−ϕ −}_⋆ ) . (4.11)

Computing the sum and difference of the previous equations

∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +}_⋆ + ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −}_⋆ ) = 0 , ∂( ¯∂(e^{ϕ +}_⋆ ) ⋆ e^{−ϕ +}_⋆ − ¯∂(e^{ϕ −}_⋆ ) ⋆ e^{−ϕ −}_⋆ ) = 2μ^2(e^{ϕ −}_⋆ ⋆ e^{−ϕ +}_⋆ − e^{ϕ +}_⋆ ⋆ e^{−ϕ −}_⋆ ) , (4.12)

an equivalent version of nc sinh-Gordon is obtained. The complex version of this system have been already presented in the literature [8]. There ([8]) the nc extension of sine- Gordon model was constructed through a dimensional reduction process, starting from the linear system of the nc extension of the 2 + 1 sigma model, which in [44] was shown to be integrable. Here we have seen how this model can be also obtained directly in twodimensions from the nc extension of the Leznov-Saveliev equations (2.15). The first of these two equations belongs also to the system (3.23) that defines the nc Liouville generalization in this parameterization. In the commutative limit, this equation produces a free field equation for φ_0 and the second one reduces to the usual sinh-Gordon equation

∂ ¯∂φ_1 + 2μ^2 sinh 2φ_1 = 0 . (4.13)

In [42], the version (4.11) of nc sine-Gordon was also derived through a reduction process from the nc affine Toda model coupled to matter fields.

The action (4.6) corresponding to this nc generalization of the sinh-Gordon model reads

S(ϕ_+, ϕ_− ) = S_{W ZNW⋆} (e^{ϕ +}_⋆ )+S_{W ZNW⋆}(e^{ϕ −}_⋆ )+ k 2π � d^2zμ^2(e^{ϕ −}_⋆ ⋆e^{−ϕ +}_⋆ +e^{ϕ +}_⋆ ⋆e^{−ϕ −}_⋆ ) . (4.14)

One can define, in the same way, an equivalent sinh/sine-Gordon model using the alternative parameterization (3.26), i.e.

∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1}_⋆ ) = μ^2(e^{−2φ 1}_⋆ − e^{2φ1}_⋆ ) , ∂( ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = −μ^2(e^{−2φ 1}_⋆ − e^{2φ1}_⋆ ) . (4.15)

Let us now also present the sum and difference of the previous equations

∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1} + ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = 0 , (4.16) ∂( ¯∂(e^{φ1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{−φ 1} − ¯∂(e^{−φ 1}_⋆ ⋆ e^{φ0}_⋆ ) ⋆ e^{−φ 0}_⋆ ⋆ e^{φ1}_⋆ ) = 2μ^2(e^{−2φ 1}_⋆ − e^{2φ1}_⋆ ) .

The complex version of this system (φ_1 → iφ_1, φ_0 → iφ_0) also reproduce another suggestion for nc sine-Gordon presented in [8]. Notice that the first equation of this system

– 18 – belongs to the nc generalization of the Liouville model (3.31) too and it in the commutative limit θ → 0 becomes a free field equation for φ_0. The second equation of (4.16) in the same limit produces the usual sinh-Gordon equation (4.13).

The action for (4.15) can be obtained from (2.19) with B as in (3.26) and the constant generators ϵ_± as in (4.1), namely

S(φ_1, φ_0) = 2S_{P C⋆} (e^{φ1}_⋆ ) + 2S_{W ZNW⋆} (e^{φ0}_⋆ ) + k 2π � d^2zμ^2(e^{−2φ 1}_⋆ + e^{2φ1}_⋆ ) − − k 2π � d^2z( ¯∂e^{φ0}_⋆ ⋆ e^{−φ 0}_⋆ ⋆ (e^{−φ 1}_⋆ ⋆ ∂e^{φ1}_⋆ + e^{φ1}_⋆ ⋆ ∂e^{−φ 1}_⋆ )) . (4.17)

As a particular case of (4.9) for n = 2, the one-soliton

iφ_1 = 2 tan^{−1} (e^{σx−λt+ξ} ) (4.18)

is a solution of (4.15) and (4.11) with σ^2−λ^2 = 16m^2. To compute the scattering amplitudes even for this theory, the simplest of all the affine Toda theories is not so simple. For this reason in [8] the scattering amplitudes were calculated only up to tree level and only for some particle dispersion processes. Apparently no particle production seems to occur what could lead to a factorized S-matrix. In this sense, the nc sine-Gordon model as defined in (4.17) seems to retain the integrability properties of the original model. We expect that the other nc affine Toda theories (those with n > 2) will behave in the same way, although the corresponding S-matrices have not been investigated so far.

4.2 About previous suggestions

The nc sine-Gordon by Grisaru-Penati:

∂( ¯∂(e^{i2 ϕ}_⋆ ) ⋆ e^{− i2 ϕ}_⋆ + ¯∂(e^{− i2 ϕ}_⋆ ) ⋆ e^{i2 ϕ}_⋆ ) = 0 ,

∂( ¯∂(e^{i2 ϕ}_⋆ ) ⋆ e^{− i2 ϕ}_⋆ − ¯∂(e^{− i2 ϕ}_⋆ ) ⋆ e^{i2 ϕ}_⋆ ) = 4μ^2 sin_⋆ ϕ , (4.19)

was presented in [5, 6]. The system (4.19) was derived in [6] starting from the nc extension of the Leznov-Saveliev equations (2.15), but excluding of the zero grade subspace the direction of the identity generator. So, essentially that means that we were considering the SL(2) algebra and the GL(2) group (as the SL(2) group is not closed on the nc setting). From our point of view this fact spoils the integrability properties of the theory. That is why the tree level scattering amplitude of (4.19) suffers from acasual behavior and production of particles occurs [7]. By the other side, we expect that the models deformed, establishing the appropriate algebra-group relation, could preserve the integrability properties of their commutative counterparts.

The nc sine-Gordon by Zuevsky: ¯∂ � (e^{βϕ}_⋆ )^{−1}_{⋆L} ⋆ ∂e^{βϕ}_⋆ � = 1 2 (e^{βϕ}_⋆ − e^{−βϕ}_⋆ ) , (4.20)

presented in [10] is obtained from a generalized zero curvature condition based on continual algebras. In fact this is the corresponding equation of motion of a deformation of a

– 19 – sine-Gordon like action done substituting the product of fields by the star product and generalizing the derivative terms as ∂ϕ → e^{−ϕ}_⋆ ⋆ ∂e^ϕ_⋆ . So taking β = 1 it can be derived from the action principle

S_{sG−1} = S_{W ZNW⋆} (e^ϕ_⋆ ) + k 4π � d^2zμ^2(e^ϕ_⋆ − e^{−ϕ}_⋆ ) . (4.21)

It happened to be difficult to find for it a zero curvature representation in terms of the generators of the ~SL(2) algebra as in the usual case, so it could be interesting to investigate the properties of its S-matrix in order to test its integrability.

4.3 NC sinh/sine-Gordon from nc self-dual Yang-Mills The nc sinh-Gordon models (4.11) and (4.15) can be derived from nc self-dual Yang- Mills (3.36) considering

J = e^{μy(E α +λE −α )}

⋆ ⋆ B ⋆ e^{−μȳ(E −α + 1λ Eα )}

⋆ , (4.22)

where λ represents the spectral parameter. It is not difficult to see that (3.36) with x_3 = t and x_4 = ix, in this case reduces to

M ⋆ {∂( ¯∂B ⋆ B^{−1} ) − ϵ_+Bϵ_− ⋆ B^{−1} + Bϵ_− ⋆ B^{−1} ϵ_+} ⋆ M^{−1} = 0 , (4.23)

where M = e^{μy(E α +λE −α )}

⋆ and where we have introduced the constant generators ϵ_± = μ(E_{±α} + E^{(±1)}_{∓α} ) for ~SL(2). In this way (4.23) represents the nc sine-Gordon extensions (4.11) and (4.15) with the appropriate zero grade element B.

Before we concluded this section let us remark that in the construction of the nc generalizations of abelian and abelian affine Toda theories we have chosen only one type of parameterization for the element B of the zero grade subgroup. Whereas it is possible to use the alternative parameterization B = �_{n−1} � i=1 e^{φih(0)i}_⋆ � ⋆ e^{φ0I}_⋆ , (4.24)

which will lead to generalizations of (3.30) and (4.15) for n > 2.

5. NC Toda field theories from nc self-dual Chern-Simons

In [9] was proposed a generalization to the nc plane of the Toda and affine Toda models considering as starting point a nc extension of the Dunne-Jackiw-Pi-Trugenber (DJPT) [29] model of a U(N) Chern-Simons gauge theory coupled to a nonrelativistic complex bosonic matter field on the adjoint representation. The lowest energy solutions of this model satisfy a nc extension of the self-dual Chern-Simons equations from where through a proposed ansatz, the nc generalizations of Toda and affine Toda theories were constructed [9]. Although in the commutative case this procedure will lead to the well known second order differential equations of the Conformal Toda or affine Toda theories [29], in the noncommutative scenario the generalization of Toda theories proposed in [9] were expressed as systems of first order equations which could not be reduced to coupled second order equations in general.

– 20 –

By the other side the self-dual equations for Chern-Simons solitons on nc space can be related to the equation of the U(N) nc chiral model, which apparently can be also solved by a nc extension of the uniton method of Uhlenbeck [32] as stated in [9]. In this way solutions to the proposed nc Toda theories can be explicitly constructed [9]. Particulary in [9] was constructed the simplest solution to the nc generalization of Liouville model as proposed in that work.

In this section we would like to make contact between our nc extensions of the abelian and abelian affine Toda models (3.8), (4.4) and the proposal presented in [9] for these Toda models. We will see in the following that the nc Leznov-Saveliev equations can be also obtained from the nc Chern-Simons self-dual soliton equations. This gives the possibility of obtaining nc extensions of Toda and affine Toda models described by second order differential equations and at the same time it can be possible to use the equivalence of the self-dual equations to the nc chiral model equation to construct solutions of the nc Toda models.

Consider the nc four dimensional (anti-) self-dual Yang-Mills equations for a nonabelian gauge theory in euclidian space

F_{12} = −F_{34} , F_{13} = F_{24} , F_{14} = −F_{23} , (5.1)

where F_{ij} = ∂_iA_j − ∂_jA_i + [A_i, A_j ]_⋆ is the field strength. Considering the covariant derivatives defined as D_i = ∂_i + [A_i, ]_⋆ and taking all fields to be independent of x_3 and x_4, the equations (5.1) reduce to

F_{12} = −[A_3, A_4]_⋆ , D_1A_3 = D_2A_4 , D_1A_4 = −D_2A_3 , (5.2)

As the next step define the covariant derivatives as D = D_1 + iD_2, D̄ = D_1 − iD_2 and the gauge fields as A = A_1 + iA_2, Ā = A_1 − iA_2 with the coordinates z̃ =^{x1−ix 2}_2 , ¯z̃ =^{x1+ix2}_2 and the corresponding partial derivatives ~∂ = ∂_1 + i∂_2, ¯~∂ = ∂_1 − i∂_2. If now we identify Ψ = √ κ(A_3 − iA_4) (5.2) transforms to the Chern-Simons self-dual equations, D̄Ψ = ¯~∂Ψ + [ Ā, Ψ]_⋆ = 0 ,

F_{+−} = ¯~∂A − ~∂Ā + [Ā, A]_⋆ = 1 k [Ψ^†, Ψ]_⋆ , (5.3)

where we have considered that A^†_i = A_i for i = 1 . . . 4. The solutions of this system yield static, minimum (zero) energy configurations of a model in 2 + 1 dimensions describing charged scalar fields Ψ with nonrelativistic dynamics, minimally coupled to U(N) gauge fields A_μ (μ = t, x, y) with Chern-Simons dynamics in the adjoint representation. The scalar fields Ψ and the gauge fields A_μ take values in the same representation of the gauge Lie algebra. So, the nc self-dual Chern-Simons equations in two dimensions can be obtained through a dimensional reduction from the nc self-dual Yang-Mill equations in four dimensions. In the following we will see how the nc Leznov-Saveliev equations (2.15) can be also obtained from (5.3). For this purpose let us consider that the gauge fields are expressed as

A = G^{−1} ⋆ ~∂G , (5.4) Ā = −A^† , (5.5)

– 21 – where G is an element of the complexification of the gauge group G. Suppose we can decompose G as G = H ⋆ U , (5.6)

where H is hermitian and U is unitary. Let us now take our original variables z,z̄ which are related to the variables z̃, ¯z̃ through z = 2z̃, z̄ = 2 ¯z̃ and with x_2 → ix_2 = −x and x_1 = t. The field strength is then expressed as

F_{+−} = 4U^{−1} ⋆ H ⋆ ¯∂(H^{−2} ⋆ ∂H^2) ⋆ H^{−1} ⋆ U , (5.7)

where H^2 = H ⋆ H and H^{−2} = H^{−1} ⋆ H^{−1} . The solution of the self-duality equation D̄Ψ = 0 is trivially: Ψ = √ kG ⋆ Ψ_0(z) ⋆ G^{−1} , (5.8)

for any Ψ_0(z). Inserting this solution in the other self-duality equation (5.3) yields the equation for H:

4 ¯∂(H^{−2} ⋆ ∂H^2) = −Ψ_0 ⋆ H^{−2} ⋆ Ψ^†_0 ⋆ H^2 + H^{−2} ⋆ Ψ^†_0 ⋆ H^2 ⋆ Ψ_0 . (5.9)

Consider now that H^2 = B, i.e. an element of the zero grade subgroup and Ψ_0 = 2ϵ_− , i.e. the generator of grade ±1 which satisfy ϵ^†_− = ϵ_+. Then the previous equation is written as the nc Leznov-Saveliev equation (2.15). This procedure is a nc extension of an alternative way for deriving the Toda models from the Chern-Simons self-dual equations presented in [29] and which differs from the ansatz used in [9]. Nevertheless both approaches can be mapped one into the another. For instance in [9] was proposed for U(N) the ansatz

A = diag(E_1, E_2, . . . , E_N ) , Ψ̃_{ij} = δ_{i,j−1} h_i , i = 1 . . . N − 1 , (5.10)

which after introducing in (5.3) for Ψ → Ψ̃ leads to a system of coupled first order equations for the E_1, . . . , E_N fields and for the h_1, . . . , h_{N−1} fields (see (4.2) and (4.3) of [9]). From (5.4) we see that A is expressed in terms of first order derivatives

A = 2U^{−1} ⋆ H^{−1} ⋆ ∂H ⋆ U + 2U^{−1} ⋆ ∂U , (5.11) and Ψ = 2 √ kU^{−1} ⋆ Hϵ_− ⋆ H^{−1} ⋆ U . (5.12)

With this choice the fields h_1 . . . h_{N−1} and E_1 . . . E_N are no longer independent. For U(N) we can also take the constant generators as ϵ_± =

�_{n−1} i=1 μ_iE_{±α i} and if we consider that G = G_0, i.e. the zero grade subgroup it is possible to choose the unitary matrix U in (5.11) and (5.12) as the identity matrix. In this way A in (5.11) will be also a diagonal matrix. More specifically if B is represented by the diagonal matrix

B = diag(g_1, g_2, . . . g_N ) , (5.13)

with g_i = e^{ϕ i}_⋆ for i = 1 . . . N, then

Ψ_{ij} = δ_{i,j+1}g^{1/2}_i ⋆ g^{−1/2}_i , (5.14)

– 22 – where by g^{1/2}_i is understood the function such that g^{1/2}_i ⋆ g^{1/2}_i = g_i. In this way we can relate Ψ = Ψ̃^†, then

h̄_i = g^{1/2}_{i+1} ⋆ g^{−1/2}_i , for i = 1 . . . N − 1 ,

E_i = g^{−1/2}_i ⋆ ∂g^{1/2}_i , for i = 1 . . . N . (5.15)

For the affine case the ansatz considered in [9] was

A = diag(E_1, E_2, . . . E_N ) , (5.16) Ψ_{ij} = δ_{i,j−1} h_i , for i = 1 . . . N − 1 , except for Ψ_{N1} = h_N .

Here again we can established relations analogs to (5.15) using (5.11) and (5.12), but now remembering that ϵ_± =

�_{N−1} i=1 μ_iE^{(0)}_{±α i} + m_0E^{(±1)}_{∓ψ} . The relations obtained are essentially (5.15), except for the extra component Ψ_{N1} = h_N = g_N ⋆ g^{−1}_1 coming from the extra affine generator. In all this process we have combined the constant parameters in such a way that 2 √ kμ_i = 1 for i = 1 . . . N − 1 and 2 √ km_0 = 1.

We have seen how this way allows to define the nc abelian Toda field theories as second order differential equations from the nc self-dual Chern-Simons equations. Moreover using the relation of the nc Chern-Simons to the nc principal chiral model [9] it will be possible to construct the solutions to the nc self-dual equations (5.3) and in this way to the nc Toda models from the solutions of the nc chiral model. In the ordinary commutative case there is a well established procedure to construct the solutions of the chiral model equation with have finite energy called the Uniton method [32]. In [9] was conjectured the extension of this method to the nc plane and was explicitly constructed an specific solution (the simplest) to the nc Liouville model. In a forthcoming work [47] we will present how solutions of our nc extension of Toda models can be obtained by means of this procedure and the relations (5.11) and (5.12). By the other side the possibility of having the nc extensions as second order differential equations with their corresponding actions it is more convenient from the quantization point of view.

6. Conclusions

At the end of [6] was expressed our intention of extending to the nc plane the affine Toda field theories, generalizing in this way the nc sine-Gordon model. With this work we have accomplished this purpose. More specifically we have shown how the nc Leznov- Saveliev equations, proposed in [6], are obtained as the equations of motion of a constrained W ZNW_⋆ model as well as of a constrained two-loop W ZNW_⋆. Starting from these equations, we have extended to the noncommutative plane not only the ~GL(n) abelian affine Toda theories but also the abelian Conformal Toda theories associated to the algebra GL(n). The actions from which the nc equations of motion of the models can be derived were also presented. As particular examples the nc Liouville and nc sinh/sine-Gordon have been discussed. We have seen how the zero grade subgroup in the nc scenario looses the abelian character. Due to that one can choose alternative parameterization schemes

– 23 – that will lead to equivalent nc extensions of the same model. These two-dimensional theories (nc Liouville and nc sinh/sine-Gordon) can be also obtained from four-dimensional nc SDYM in the Yang formulation through a suitable dimensional reduction, as we have shown. Furthermore, we have also seen that in general the nc Leznov-Saveliev equations can be obtained from the nc (anti-)SDYM by a dimensional reduction via the nc self-dual Chern-Simons equations. This gives another example in favor of the validity of the Ward conjecture on nc space-time [43].

The construction scheme that we have proposed gives the possibility of extending the models directly in two dimensions without apparently loosing the integrability properties of the original field theory. The crucial point is that the deformation must be done in a consistent way, respecting the algebra-group relation, what means that we must extend the group and its corresponding algebra.

We have explicitly studied the relation of our proposal to previous ones establishing in this way the connection with seemingly up to now disconnected versions. Our approach where the nc Leznov-Saveliev equations play a crucial role allows to establish these relations in a relatively simple way and additionally it gives a general framework where many of the previous proposals are included as particular cases. Besides that, our scheme permits the formulation of these theories in form of action principles what is crucial when quantization is intended.

Of course, there are still several interesting directions to pursue in future research. Among them to investigate the full integrability of the nc theories presented which means to construct the conserved charges and to have a more thorough understanding of their influence on the properties of the S-matrix. The symmetries and the multisolitons solutions of the affine models proposed still require a deeper study. Most of the difficulties found in the investigation of these topics are related to the fact that when time is a noncommuting coordinate there is not a nc analog of the Noether theorem. By the other side, since the actions in the nc setup include infinite time derivatives is controversial the definition of the conjugate momenta and in the same way of the corresponding hamiltonian, Poisson brackets and r-matrices, for example. We hope that the current investigation on this new area of integrability on nc spaces will shed more light on these subjects in the near future.

Acknowledgments

I thank the Physics Department-UFMT for the kind hospitality. I am very grateful to H. Blas for useful discussions and to M. Moriconi for the ideas shared at the very initial stage of this work. This work has been supported by CNPq-FAPEMAT.

A. Algebraic definitions

Let us introduce here some of the algebraic structures used in this paper. The Lie algebra SL(n) in the Chevalley basis is defined through the commutation relations:

[h_i, h_j ] = 0 ,

– 24 –

[h_i, E_{α j} ] = n−1� b=1 m^{α j}_b k_{bi}E_{α j} ,

[E_{α i} , E_{α j} ] = � � � �_{n−1}

b=1 l^{α i}_b h_b, if α_i + α_j = 0 , ε(α_i, α_j )E_{α i+α j} , if α_i + α_j is a root , 0 otherwise ,

(A.1)

where ε(α_i, α_j ) are constant such that ε(α_i, α_j ) = −ε(α_j , α_i), k_{ij} is the Cartan matrix k_{ij} =^{α i·αj}_{α 2j} , i = 1 . . . n − 1, with α_i, α_j in this case simple roots. For any root we have that

α_i α^2_i =

�_{n−1}

b=1 l^{α i}_b^{α b}_{α 2b} and α_i =

�_{n−1}

b=1 m^{α i}_b α_b. The bilinear form

T r(h_ih_j ) = k_{ij} ,

T r(E_{α i} E_{α j} ) = 2 |α_i|^2 δ_{α i+α j ,0} for any root ,

T r(E_{α i} h_j ) = 0 , (A.2)

is also introduced. The loop algebra ~SL(n) is the Lie algebra of traceless matrices with entries which are Laurent polynomials in λ

~SL(n) = C(λ, λ^{−1} ) ⊗ SL(n) . (A.3)

The structure of the Lie algebra is introduced by the relation

[λ^n ⊗ T_i, λ^m ⊗ T_j] = λ^{n+m} ⊗ f_{ijk}T_k , (A.4)

where m, n ∈ Z and the elements of the form 1 ⊗ T_i are identified with the algebra SL(n) which is a subalgebra of ~SL(n). In this sense we can write λ^n ⊗ T_i as λ^nT_i.

The derivation d = λ^d_{dλ} generator included in the grading operators acts as

[d, E^{(n)}_{α i} ] = nE^{(n)}_{α i} , [d, h^{(n)}_i ] = nh^{(n)}_i . (A.5)

We have also considered the symmetric bilinear form

T r(h^{(m)}_i h^{(n)}_j ) = k_{ij} δ_{m+n,0} ,

T r(E^{(m)}_{α i} E^{(n)}_{α j} ) = 2 |α^2_i | δ_{α i+α j ,0}δ_{m+n,0} , (A.6)

and that |α_i|^2 = 2 for simple roots.

References

[1] A. Connes, M.R. Douglas and A. Schwarz, Noncommutative geometry and matrix theory:

compactification on tori, JHEP 02 (1998) 003 [hep-th/9711162];

M.R. Douglas and C.M. Hull, D-branes and the noncommutative torus, JHEP 02 (1998) 008 [hep-th/9711165];

N. Seiberg and E. Witten, String theory and noncommutative geometry, JHEP 09 (1999) 032 [hep-th/9908142].

– 25 –

[2] A. Dimakis and F. Mueller-Hoissen, Bicomplexes, integrable models and noncommutative geometry, Int. J. Mod. Phys. B 14 (2000) 2455 [hep-th/0006005].

[3] A. Dimakis and F. Mueller-Hoissen, A noncommutative version of the nonlinear schroedinger equation, hep-th/0007015; Noncommutative Korteweg-de-Vries equation, hep-th/0007074; Moyal deformation, Seiberg-Witten-map and integrable models, Lett. Math. Phys. 54 (2000) 123 [hep-th/0007160]; Extension of noncommutative soliton hierarchies, J. Phys. A 37 (2004) 4069 [hep-th/0401142]; Explorations of the extended nckp hierarch, J. Phys. A 37 (2004) 10899;

S. Profumo, Noncommutative principal chiral models, JHEP 10 (2002) 035 [hep-th/0111285]; M. Hamanaka, Commuting flows and conservation laws for noncommutative lax hierarchies, J. Math. Phys. 46 (2005) 052701.

[4] M. Legare, Noncommutative generalized ns and super matrix KDV systems from a noncommutative version of (anti-)self-dual Yang-Mills equations, hep-th/0012077; M. Hamanaka and K. Toda, Towards noncommutative integrable systems, Phys. Lett. A 316 (2003) 77 [hep-th/0211148].

[5] M.T. Grisaru and S. Penati, An integrable noncommutative version of the sine-Gordon system, Nucl. Phys. B 655 (2003) 250.

[6] I. Cabrera-Carnero and M. Moriconi, Noncommutative integrable field theories in 2D, Nucl.

Phys. B 673 (2003) 437 [hep-th/0211193]; see also Noncommutative field theories and integrable models in 2D, PRHEP-unesp2002/028 [hep-th/0303168].

[7] M.T. Grisaru, L. Mazzanti, S. Penati and L. Tamassia, Some properties of the integrable noncommutative sine-Gordon system, JHEP 0404 (2004) 057.

[8] O. Lechtenfeld, L. Mazzanti, S. Penati, A.D. Popov and L. Tamassia, Integrable noncommutative sine-Gordon model, Nucl. Phys. B 705 (2005) 477 [hep-th/0406065].

[9] K.-M. Lee, Chern-Simons solitons, chiral model and (affine) toda model on noncommutative space, JHEP 08 (2004) 054 [hep-th/0405244].

[10] A. Zuevsky, Continual Lie algebras and noncommutative counterparts of exactly solvable models, J. Phys. A: Math. Gen. 37 (2004) 537-547.

[11] J. Gomis and T. Mehen, Space-time noncommutative field theories and unitarity, Nucl. Phys.

B 591 (2000) 265 [hep-th/0005129].

[12] D. Bahns, S. Doplicher, K. Fredenhagen and G. Piacitelli, On the unitarity problem in space/time noncommutative theories, Phys. Lett. B 533 (2002) 178 [hep-th/0201222].

[13] C.-S. Chu, J. Lukierski and W.J. Zakrzewski, Hermitian analyticity, IR/UV mixing and unitarity of noncommutative field theories, Nucl. Phys. B 632 (2002) 219 [hep-th/0201144].

[14] P. Dorey, Exact S matrices, hep-th/9810026.

[15] E. Witten, Nonabelian bosonization in two dimensions, Commun. Math. Phys. 92 (1984) 455;

J. Wess and B. Zumino, Consequences of anomalous ward identities, Phys. Lett. B 37 (1971) 95; S.P. Novikov, Multivalued functions and functionals. An analogue of Morse theory, Sov. Math. Dock. 24 (1981) 222.

– 26 –

[16] P. Forgacs, A. Wipf, J. Balog, L. Feher and L. O’Raifeartaigh, Liouville and toda theories as conformally reduced WZNW theories, Phys. Lett. B 227 (1989) 214;

J. Balog, L. Feher, P. Forgacs, L. O’Raifeartaigh and A. Wipf, Kac-Moody realization of W algebras, Phys. Lett. B 244 (1990) 435;

J. Balog, L. Feher, L. O’Raifeartaigh, P. Forgacs and A. Wipf, Toda theory and w algebra from a gauged WZNW point of view, Ann. Phys. (NY) 203 (1990) 76.

[17] H. Aratyn, L.A. Ferreira, J.F. Gomes and A.H. Zimerman, Kac-Moody construction of Toda type field theories, Phys. Lett. B 254 (1991) 372.

[18] A.N. Leznov and M.V. Savelev, Two-dimensional exactly and completely integrable dynamical systems (monopoles, instantons, dual models, relativistic strings, lund Regge model, generalized toda lattice, etc.), Commun. Math. Phys. 89 (1983) 59.

[19] D.I. Olive and N. Turok, The symmetries of dynkin diagrams and the reduction of Toda field equations, Nucl. Phys. B 215 (1983) 470.

[20] L. Bonora, M. Martellini and Y.Z. Zhang, Affine cs theories, affine WZNW models and integrable models, Phys. Lett. B 253 (1991) 373.

[21] O. Babelon and L. Bonora, Conformal affine Sl(2) Toda field theory, Phys. Lett. B 244 (1990) 220.

[22] A. Pinzul and A. Stern, Scale transformations on the noncommutative plane and the Seiberg-Witten map, hep-th/0406068.

[23] C.P. Constantinidis, L.A. Ferreira, J.F. Gomes and A.H. Zimerman, Connection between affine and conformal affine toda models and their hirota’s solution, Phys. Lett. B 298 (1993) 88 [hep-th/9207061].

[24] O. Lechtenfeld, A.D. Popov and B. Spendig, Open N = 2 strings in a B-field background and noncommutative self-dual Yang-Mills, Phys. Lett. B 507 (2001) 317 [hep-th/0012200].

[25] M. Toda, Vibration of a chain with nonlinear interaction, J. Phys. Soc. Jap. 22 (1967) 431.

[26] D.I. Olive, N. Turok and J.W.R. Underwood, Affine Toda solitons and vertex operators, Nucl. Phys. B 409 (1993) 509 [hep-th/9305160].

[27] E.F. Moreno and F.A. Schaposnik, The wess-zumino-Witten term in non-commutative two-dimensional fermion models, JHEP 03 (2000) 032 [hep-th/0002236].

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

R.J. Szabo, Quantum field theory on noncommutative spaces, Phys. Rept. 378 (2003) 207 [hep-th/0109162].

[29] G.V. Dunne, R. Jackiw, S.-Y. Pi and C.A. Trugenberger, Selfdual Chern-Simons solitons and two-dimensional nonlinear equations, Phys. Rev. D 43 (1991) 1332.

[30] G.V. Dunne, Chern-Simons solitons, toda theories and the chiral model, Commun. Math.

Phys. 150 (1992) 519 [hep-th/9204056].

[31] G.V. Dunne, Selfdual Chern-Simons theories, hep-th/9410065.

[32] K. Uhlenbeck, Harmonic maps into Lie groups (classical solutions of the chiral model), J.

Diff. Geom. 30 (1989) 1.

– 27 –

[33] M.V. Savelev and A.M. Vershik, Continual analogs of contragradient Lie algebras (Lie algebra with a cartan operator and nonlinear dynamical systems), Commun. Math. Phys. 126 (1989) 367.

[34] A. Bilal and J.-L. Gervais, Systematic approach to conformal systems with extended virasoro symmetries, Phys. Lett. B 206 (1988) 412; Extended C = ∞ conformal systems from classical toda field theories, Nucl. Phys. B 314 (1989) 646; Systematic construction of conformal theories with higher spin virasoro symmetries, Nucl. Phys. B 318 (1989) 579; O. Babelon, Extended conformal algebra and Yang-Baxter equation, Phys. Lett. B 215 (1988) 523.

[35] J.E. Moyal, Quantum Mechanics as a statistical theory, Proc. Cambridge Phil. Soc. 45 (1949) 99. [36] A.M. Ghezelbash and S. Parvizi, Gauged noncommutative Wess-Zumino-Witten models, Nucl. Phys. B 592 (2001) 408 [hep-th/0008120].

[37] M. Sakakibara, Factorization methods for noncommutative KP and Toda hierarchy, J. Phys.

A: Math. Gen. 37 (2004) 599-604.

[38] K. Ueno and K. Takasaki, Toda lattice hierarchy I, Proc. Japan Acad. Ser A59 (1983) 167;

Toda lattice hierarchy II, Proc. Japan Acad. Ser A59 (1983) 215.

[39] E.P. Gueuvoghlanian, Bicomplexes and conservation Laws in non-abelian Toda models,

hep-th/0105015.

[40] T.J. Hollowood, Solitons in affine Toda field theories, Nucl. Phys. B 384 (1992) 523.

[41] V.E. Zakharov and A.V. Mikhailov, Relativistically invariant two-dimensional models in field theory integrable by the inverse problem technique, Sov. Phys. JETP 47 (1978) 1017; P. Forgacs, Z. Horvath and L. Palla, Solution generating technique for selfdual monopoles, Nucl. Phys. B 229 (1983) 77.

[42] H. Blas, H.L. Carrion and M. Rojas, Non-commutative solitons and strong-weak duality, JHEP 03 (2005) 037 [hep-th/0502051].

[43] R.S. Ward, Integrable and solvable systems, and relations among them, Phil. Trans. R. Soc.

Lond. A315 (1985) 451.

[44] O. Lechtenfeld and A.D. Popov, Noncommutative multi-solitons in 2+1 dimensions, JHEP 11 (2001) 040 [hep-th/0106213]; Scattering of noncommutative solitons in 2+1 dimensions, Phys. Lett. B 523 (2001) 178 [hep-th/0108118].

[45] K. Takasaki, Anti-self-dual Yang-Mills equations on noncommutative spacetime, J. Geom.

Phys. 37 (2001) 291 [hep-th/0005194].

[46] M.-L. Ge, L. Wang and Y.-S. Wu, Canonical reduction of selfdual Yang-Mills theory to Sine-Gordon and liouville theories, Phys. Lett. B 335 (1994) 136.

[47] I. Cabrera-Carnero, in preparation.

– 28 –