arXiv:hep-th/0106172 v2 12 Jul 2001

New duality transformation in two-dimensional non-linear sigma models

N. Mohammedi^1

Laboratoire de Mathématiques et Physique Théorique^2 Université François Rabelais Faculté des Sciences et Techniques Parc de Grandmont F-37200 Tours - France.

Abstract

A new T-duality transformation is found in two-dimensional non-linear sigma models. Abelian and non-Abelian T-dualities are special cases of this construction.

1e-mail: nouri@celfi.phys.univ-tours.fr 2CNRS UMR 6083

1 Introduction

The duality transformations, known as T-duality, have proven to be a crucial step in the study of string theory. These transformations stipulate that string propagation in some background could be equally described by another, a priori, completely different background. Therefore, T-duality transformations are a useful tool in the programme of classifying equivalent compactifications of string theory. These transformations are constructed at the level of the two-dimensional non-linear sigma model underlying the propagation of strings in non-trivial backgrounds. There are, however, no systematic criteria for finding these duality transformations.

The first T-duality transformations (abelian T-duality) were constructed for non-linear sigma models possessing Abelian isometries [1]. This study was later generalised to theories with non-Abelian isometries (non-Abelian T-duality) [2, 3]. It turned out, however, that the presence of isometries is not an essential ingredient in building T-duality transformations. This is certainly what happens in the case of Poisson-Lie T-duality [4]. These last transformations do not rely on isometries and are indeed symmetries of the string effective action [5].

The idea behind Poisson-Lie T-duality resides in the fact that if two theories are dual then the equations of motion in one theory become Bianchi identities in the other (see [6] for various developments of this subject). In this letter, we exploite this observation to construct new T-duality transformations. These are obvious generalisations of Abelian and non-Abelian T-dualities.

In order to clarify our approach, let us start by briefly revisiting Abelian and non- Abelian T-dualities. We consider the two-dimensional non-linear sigma model as represented by the action^3 S [x, y] = ∫ dzdz̄ { Q_{ij} (x) ∂x^i ¯∂x^j + G_{ia} (x) ∂x^iĀ^a + Ḡ_{ia} (x) ¯∂x^iA^a + P_{ab} (x) A^aĀ^b } . (1.1)

The target space coordinates are the “spectators” x^i (labelled by i, j, k, ...) and the “active” coordinates y^a (labelled by a, b, c, d, e, f, g, ...). The most important feature of these sigma models is that the y^a coordinates appear only through the one form { A^a = e^a_b (y) ∂y^b Āa = ea_b (y) ¯∂yb or { ∂y^a = E^a_b (y) A^b ¯∂ya = Ea_b (y) Āb (1.2) Here e^a_i are vielbeins satisfying the Cartan-Maurer relation ∂_ae^c_b − ∂_be^c_a + f^c_{dg}e^d_ae^g_b = 0, where f^a_{bc} are the structure constants of a Lie algebra G. The inverses of these vielbeins are denoted E^a_b and satisfy the commutation relations E^c_a∂_cE^d_b − E^c_b ∂_cE^d_a − f^c_{ab}E^d_c = 0.

The next ingredient in the construction of the dual theory is the integrability condition (the Bianchi identity) associated with the definition (1.2). Namely; ∂ ¯∂y^a − ¯∂∂y^a = 0. When expressed in terms of A^a and Ā^a it reads [7] E^a_b ( ∂Ā^b − ¯∂A^b + f^b_{cd}A^cĀ^d ) = 0 . (1.3)

The crucial point about this Bianchi identity is that there is no explicit dependence on the coordinates y^a in the expression between brackets.

3The world-sheet is for simplicity taken to be flat and we are using complex coordinates z and z̄.

The Bianchi identity allows one to formulate the non-linear sigma model (1.1) in a first order formalism through the action [8]

S_1 [ x, A, Ā, χ ] = ∫ dzdz̄ { Q_{ij} (x) ∂x^i ¯∂x^j + G_{ia} (x) ∂x^iĀ^a + Ḡ_{ia} (x) ¯∂x^iA^a + P_{ab} (x) A^aĀ^b + χ_b ( ∂Ā^b − ¯∂A^b + f^b_{cd}A^cĀ^d )} . (1.4) This last action is equivalent to (1.1) as the equations of motion for the Lagrange multiplier χ_a is simply the Bianchi identity (1.3) whose solution is the one form (1.2). Replacing this solution in the first order action leads to our starting theory (1.1). The dual theory is obtained by keeping the Lagrange multiplier χ_a and eliminating, instead, the independent fields A^a and Ā^a through their equations of motion. The resulting two-dimensional nonlinear sigma model (the dual model) is described by the action ~S [x, χ] = ∫ dzdz̄ {[ Q_{ij} − ( M�^1 )_{ab} G_{ia}Ḡ_{jb} ] ∂x^i ¯∂x^j − ( M�^1 )_{ab} G_{ia}∂x^i ¯∂χ_b + ( M�^1 )_{ba} Ḡ_{ia} ¯∂x^i∂χ_b + ( M�^1 )_{ab} ∂χ_a ¯∂χ_b } , (1.5) where the matrix M_{ab} is defined as M_{ab} = P_{ab} + χ_cf^c_{ab} . (1.6) In the dual theory the field χ_a plays the role of the field y^a. It is worth mentioning that the two non-linear sigma models lead to the same string effective action as shown in [9]. This construction will be generalised below in an obvious manner.

2 The construction

The important point in the above construction is the existence of the Bianchi identity related to the definition (1.2). One notices, however, that A^a and Ā^a are functions of the coordinates y^a only. The idea behind the new duality is to allow A^a and Ā^a to depend on both y^a and x^i. We therefore take the new one-form to be defined by { ∂y^a = α^a_b (x, y) A^b + β^a_i (x, y) ∂x^i ¯∂ya = γa_b (x, y) Āb + ωa_i (x, y) ¯∂xi or A^a = (α�^1)^a_b [ ∂y^b − β^b_i ∂x^i ] Āa = (γ�1)^a_b [ ¯∂yb − ωb_i ¯∂xi ] (2.1)

In terms of this one-form, the Bianchi identity corresponding to ∂ ¯∂y^a − ¯∂∂y^a = 0 takes the form γ^a_b ( ∂Ā^b − θ^b_c ¯∂A^c + φ^b_{cd}A^cĀ^d + μ^b_{ic} ¯∂x^iA^c + ν^b_{ic}∂x^iĀ^c + ξ^b_{ij} ∂x^i ¯∂x^j + ρ^b_i ∂ ¯∂x^i ) = 0 . (2.2) The different tensors appearing in this equation are defined as θ^a_b = ( γ�^1 )_a e α^e_b , (2.3) φ^a_{bc} = ( γ�^1 )_a e [ α^d_b ∂_dγ^e_c − γ^d_c ∂_dα^e_b ] , (2.4) μ^a_{ib} = − ( γ�^1 )_a e [∂_iα^e_b + ω^c_i ∂_cα^e_b − α^c_b∂_cω^e_i ] , (2.5) ν^a_{ib} = ( γ�^1 )_a e [∂_iγ^e_b + β^c_i ∂_cγ^e_b − γ^c_b ∂_cβ^e_i ] , (2.6) ξ^a_{ij} = ( γ�^1 )_a e [ ∂_iω^e_j − ∂_j β^e_i + β^b_i ∂_bω^e_j − ω^b_j ∂_bβ^e_i ] , (2.7) ρ^a_i = ( γ�^1 )_a e [ω^e_i − β^e_i ] , (2.8) where ∂_a and ∂_i are, respectively, the derivatives with respect to y^a and x^i.

Just as in the case of ordinary duality, we require that no explicit dependence on the coordinates y^a is left in the expression between brackets of the Bianchi identity (2.2). That is, we demand that θ^a_b = θ^a_b (x), φ^a_{bc} = φ^a_{bc} (x), μ^a_{ib} = μ^a_{ib} (x), ν^a_{ib} = ν^a_{ib} (x), ξ^a_{ij} = ξ^a_{ij} (x) and ρ^a_i = ρ^a_i (x). Hence our task is to find the tensors α^a_b , γ^a_b , ω^a_i and β^a_i such that this property holds.

We choose to express α^a_b (x, y) and ω^a (x, y) in terms of γ^a_b (x, y) and β^a_i (x, y). The first equation (2.3) and the sixth equation (2.8) of this set are algebraic and allow the determination of α^a_b and ω^a_i . These are given by

α^a_b (x, y) = γ^a_c θ^c_b , (2.9) ω^a_i (x, y) = β^a_i + γ^a_c ρ^c_i . (2.10)

Replacing α^a_b by its expression in equation (2.4) leads to

γ^d_a ∂_dγ^c_b − γ^d_b ∂_dγ^c_a = t^d_{ab}γ^c_d , (2.11)

where the new tensor t^a_{bc} (x) is defined as

θ^d_at^c_{db} = φ^c_{ab} . (2.12)

Using (2.9), (2.10), (2.6) and (2.11) in equation (2.5) we obtain

μ^a_{ib} = −∂_iθ^a_b − ν^a_{ic}θ^c_b − t^a_{cd}ρ^c_i θ^d_b . (2.13)

This last equation gives simply μ^a_{ib} in terms of the other tensors. Finally, using (2.10) and (2.6) in equation (2.7) yields two relations: The first is

∂_iβ^a_j − ∂_j β^a_i + β^b_i ∂_bβ^a_j − β^b_j ∂_bβ^a_i = 1 2 γ^a_b ( ξ^b_{ij} − ξ^b_{ji} − ∂_iρ^b_j + ∂_j ρ^b_i − ν^b_{ic}ρ^c_j + ν^b_{jc}ρ^c_i ) . (2.14)

The second relation is 1 2 γ^a_b ( ξ^b_{ij} + ξ^b_{ji} − ∂_iρ^b_j − ∂_j ρ^b_i − ν^b_{ic}ρ^c_j − ν^b_{jc}ρ^c_i ) = 0 . (2.15)

This last equation determines the symmetric part of ξ^a_{ij} in terms of the other tensors.

The constraints on the two tensors γ^a_b and β^a_i are therefore equations (2.11), (2.6) and (2.14). These equations have a better interpretation in terms of the following differential operators

T_a = γ^b_a (x, y) ∂_b , J_i = β^b_i (x, y) ∂_b . (2.16)

Indeed, equations (2.11), (2.6) and (2.14) become respectively

[T_a , T_b] = t^c_{ab}T_c , (2.17) [∇_i , T_a] = ν^b_{ia}T_b , (2.18) [∇_i , ∇_j] = Λ^a_{ij} T_a , (2.19) where we have introduced the new notation ∇_i = ∂_i + J_i , Λ^a_{ij} = 1 2 ( ξ^a_{ij} − ξ^a_{ji} − ∂_iρ^a_j + ∂_j ρ^a_i − ν^a_{ic}ρ^c_j + ν^a_{jc}ρ^c_i ) . (2.20)

Of course, the above commutation relations have to satisfy certain consistency relations. These are given by t^d_{ab}t^e_{dc} + t^d_{ca}t^e_{db} + t^d_{bc}t^e_{da} = 0 , (2.21) t^d_{ab}ν^c_{id} − t^c_{ad}ν^d_{ib} + t^c_{bd}ν^d_{ia} = −∂_it^c_{ab} , (2.22) ∂_iν^a_{jb} − ∂_j ν^a_{ib} + ν^a_{ic}ν^c_{jb} − ν^a_{jc}ν^c_{ib} = −t^a_{bd}Λ^d_{ij} , (2.23) ( ∂_iΛ^a_{jk} + ν^a_{ib}Λ^b_{jk} ) + ( ∂_kΛ^a_{ij} + ν^a_{kb}Λ^b_{ij} ) + ( ∂_j Λ^a_{ki} + ν^a_{jb}Λ^b_{ki} ) = 0 . (2.24) These Jacobi identities do not require any further integrability conditions. Furthermore, the last Jacobi identity is automatically satisfied once the first three are obeyed. It is worth mentioning that if the Jacobi identities are fulfilled then the covariant derivative (D_i)^b_a = δ^b_a∂_i − ε^c_i t^b_{ca} + ν^b_{ia} , ε^a_i (x, y) ≡ ( γ�^1 )_a b β^b_i (2.25) has vanishing curvature. Namely, (D_i)^a_b (D_j )^b_c − (D_j )^a_b (D_i)^b_c = 0 . (2.26) This observation together with the above commutation relations give a geometrical interpretation to our setting.

To summarise the problem so far, we are looking for two tensors γ^a_b (x, y) and β^a_i (x, y) from which we can construct the three tensors t^a_{bc} (x), Λ^a_{ij} (x) and ν^a_{ib} (x). These last tensors are subject to the Jacobi identities (2.21)-(2.24).

3 Solutions

By examining the first commutation relation (2.17) and the first Jacobi identity (2.21), one realises that the tensor t^a_{bc} must be related by a similarity transformation to the structure constants of a Lie algebra. Namely, one must have t^a_{bc} (x) = s^d_b (x) s^e_c (x) S^a_g (x) f^g_{de} , (3.1) where S^a_b is the inverse of s^a_b and f^a_{bc} are the structure constants of a Lie algebra G, whose generators we denote λ_a, such that [λ_a , λ_b] = f^c_{ab}λ_c . (3.2) We deduce, from (2.11), that γ^a_b must be given by γ^a_b (x, y) = s^c_b (x) E^a_c (y) . (3.3)

Here E^a_b (y) are the inverses of the vielbeins e^a_b (y) defined by e^a_b λ_a = g�^1∂_bg , (3.4) where g (y) is a Lie group element corresponding to the Lie algebra G.

Next, the expression for ν^a_{ib} in (2.6) can be cast into ( ν^e_{ib} + s^d_b ∂_iS^e_d ) S^b_as^g_e = ( s^d_c ε^c_i ) f^g_{da} − E^d_a ∂_d (s^g_c ε^c_i ) . (3.5) The right-hand-side of this equation must be independent of the coordinate y^a. A possible solution to this problem is found by taking ε^c_i (x, y) = S^c_b (x) [ v^b_a (y) κ^a_i (x) + C^b_i (x) ] , (3.6) where v^a_b (y) is defined as v^a_b λ_a = g�^1λ_bg (3.7) and satisfies the following crucial properties E^d_c ∂_dv^e_a − v^b_af^e_{bc} = 0 , v^b_av^d_c f^e_{bd} − v^e_df^d_{ac} = 0 . (3.8) This solution leads to the following final expression for the tensor ν^a_{ib} (x) ν^e_{ib} (x) = −s^a_b ( ∂_iS^e_a − f^g_{da}C^d_i S^e_g ) . (3.9) What remains to be determined now is the tensor ξ^c_{ij} (x). Equation (2.20) leads to Λ^c_{ij} (x) = ∂_iε^c_j − ∂_j ε^c_i − t^c_{eb}ε^e_i ε^b_j + ν^c_{ie}ε^e_j − ν^c_{je}ε^e_i . (3.10) Replacing for ε^c_i , t^c_{ab} and ν^a_{ib} and using the properties of v^a_b one gets

Λ^c_{ij} (x) = v^b_a (y) S^c_b [ ∂_iκ^a_j − ∂_j κ^a_i − f^a_{de}κ^d_i κ^e_j ] + S^c_a [ ∂_iC^a_j − ∂_j C^a_i + f^a_{de}C^d_i C^e_j ] . (3.11) Hence, the right-hand-side is independent of y^a only and only if ∂_iκ^a_j − ∂_j κ^a_i − f^a_{de}κ^d_i κ^e_j = 0 . (3.12) An interesting solution to this condition is given by κ^a_i (x) λ_a = ∂_ihh�^1 , (3.13) where h(x) is an element of a Lie group built on the Lie algebra G but with parameters x^i. Of course, this solution requires that the range of the indices {a, b, c, . . .} is the same as that of a subset of the indices {i, j, k, . . .}. If the Lie algebra G is Abelian then v^a_b = δ^a_b and the zero curvature condition (3.12) is not necessary.

Finally, the expression of the tensor ξ^c_{ij} (x) is given by ξ^c_{ij} (x) = S^c_a [ ∂_iC^a_j − ∂_j C^a_i + f^a_{de}C^d_i C^e_j ] + ∂_iρ^c_j − s^e_d ( ∂_iS^c_e − f^g_{be}C^b_i S^c_g ) ρ^d_j . (3.14) It is easy to check that all the Jacobi identies are satisfied by the solution presented here.

4 The dual models

The original two-dimensional non-linear sigma model is still given by an action of the form (1.1) but with A^a and Ā^a as expressed by A^a = S^c_d ( θ�^1 )_a c [ e^d_b ∂y^b − ( v^d_e κ^e_i + C^d_i ) ∂x^i ] Ā^a = S^a_d [ e^d_b ¯∂y^b − ( v^d_e κ^e_i + C^d_i + s^d_e ρ^e_i ) ¯∂x^i ] . (4.1) We now make use of the Bianchi identity corresponding to this gauge fields to write the first order action I_1 [ x, A, Ā, χ ] = ∫ dzdz̄ { Q_{ij} (x) ∂x^i ¯∂x^j + G_{ia} (x) ∂x^iĀ^a + Ḡ_{ia} (x) ¯∂x^iA^a +P_{ab} (x) A^aĀ^b + χ_b [ ∂Ā^b − θ^b_c (x) ¯∂A^c + φ^b_{cd} (x) A^cĀ^d + μ^b_{ic} (x) ¯∂x^iA^c +ν^b_{ic} (x) ∂x^iĀ^c + ξ^b_{ij} (x) ∂x^i ¯∂x^j + ρ^b_i (x) ∂ ¯∂x^i ] } . (4.2) The original action is obtained by substituting for A^a and Ā^a. On the other hand, the dual theory is obtained by keeping the Lagrange multiplier χ_a and integrating out the gauge fields. It is, however, possible to give a simple form to the two dual models.

In order to compare our construction with ordinary non-Abelian duality, we introduce the new one-form defined by^4 B^a = s^a_b θ^b_cA^c + C^a_i ∂x^i = e^a_b (y) ∂y^b − v^a_b (y) κ^b_i (x) ∂x^i B̄^a = s^a_b Ā^b + ( C^a_i + s^a_b ρ^b_i ) ¯∂x^i = e^a_b (y) ¯∂y^b − v^a_b (y) κ^b_i (x) ¯∂x^i . (4.3) It is then easy express the Bianchi identity associated to A^a and Ā^a in terms of the new gauge fields B^a and B̄^a. This takes the familiar form E^a_b ( ∂B̄^b − ¯∂B^b + f^b_{cd}B^cB̄^d ) = 0 . (4.4) Indeed, using group elements, B^a and B̄^a are such that B^aλ_a = l�^1∂l , B̄^aλ_a = l�^1 ¯∂l , (4.5) where l (x, y) = h�^1 (x) g (y). This remark explains the zero curvature condition encountred in (2.26).

In terms of the gauge fields B^a and B̄^a, the above first order action takes the form I_1 [ x, B, B̄, χ ] = ∫ dzdz̄ { T_{ij} (x) ∂x^i ¯∂x^j + H_{ia} (x) ∂x^iB̄^a + H̄_{ia} (x) ¯∂x^iB^a + F_{ab} (x) B^aB̄^b + χ_b ( ∂B̄^b − ¯∂B^b + f^b_{cd}B^cB̄^d )} . (4.6) Here, the new backgrounds T_{ij} , H_{ia}, H̄_{ia} and F_{ab} are functions of the old tensors Q_{ij} , G_{ia}, Ḡ_{ia} and P_{ab}. The original sigma model is then obtained by solving the constraints imposed by the Lagrange multiplier χ_a. This amounts to replacing, in the first order action, B^a and B̄^a by their experssions in (4.3). We obtain the original theory I [x, y] = ∫ dzdz̄ {( T_{ij} + F_{ab}v^a_c v^b_dκ^c_i κ^d_j − H_{ia}v^a_b κ^b_j − H̄_{ja}v^a_b κ^b_i ) ∂x^i ¯∂x^j + ( H_{ia} − F_{ba}v^b_c κ^c_i ) e^a_d∂x^i ¯∂y^d + ( H̄_{ia} − F_{ab}v^b_c κ^c_i ) e^a_d ¯∂x^i∂y^d +F_{ab}e^a_c e^b_d∂y^c ¯∂y^d } . (4.7)

4I am grateful to Ian jack for suggesting this to me.

Notice that all the dependance on the y^a coordinates is in e^a_b (y) and v^a_b (y). It is clear that if κ^a_i is set to zero then one recovers the setting for ordinary non-Abelian duality (f^a_{bc} ≠ 0) or Abelian duality (f^a_{bc} = 0).

The dual non-linear sigma model is found by eliminating, through their equations of motion, the gauge fields B^a and B̄^a from the first order action. This leads to a dual theory described by ~I [x, χ] = ∫ dzdz̄ {[ T_{ij} − ( M�^1 )_{ab} H_{ia}H̄_{jb} ] ∂x^i ¯∂x^j − ( M�^1 )_{ab} H_{ia}∂x^i ¯∂χ_b + ( M�^1 )_{ba} H̄_{ia} ¯∂x^i∂χ_b + ( M�^1 )_{ab} ∂χ_a ¯∂χ_b } , (4.8)

where M_{ab} = F_{ab} + χ_cf^c_{ab}.

5 Discussion

The construction associated to Abelian and non-Abelian T-duality has been generalised to find new T-duality transformations. The analyses has been carried out at the level of the classical non-linear sigma model action. It relies on the integrability condition (Bianchi identity) associated to some one-form A^a = A^adz + Ā^adz̄. The duality procedure can be carried out if the dependance of the original action on some fields y^a appears through this one-form only. One can then trade the coordinates y^a for the one-form A^a at the price of introducing a Lagrange multiplier. The equations of motion for this Lagrange multiplier yield the original theory. The gauge fields A^a and Ā^a appear quadratically in the action and without derivatives. Their equations of motion lead to a dual sigma model in which the Lagrange multiplier replaces the coordinates y^a.

A natural question in this context is whether this new T-duality remains a symmetry at the quantum level (see [9] and references within for a quantum treatment of Abelian and non-Abelian T-dualities). In other words, we would like to know if the string effective action corresponding to the backgrounds of the model (4.7) is equivalent to that coming from the backgrounds of the action (4.8). This study requires a knowledge of the transformation properties of the dilaton field. If the two-dimensional theory (4.7) possesses a dilaton background in the form − 1 4 ∫ d^2σ √ ηR^{(2)}Φ (x) , (5.1)

where η is the metric on the world-sheet and R^{(2)} is its Ricci scalar curvature. In analogy with Abelian and non-Abelian T-duality [10], we conjecture that the dilaton in the dual theory is given by ~Φ = Φ − 1 2 ln det (M) . (5.2)

The study of the string effective action under these new T-duality transformation is worth exploring.

Finally, we should mention that a duality transformation based on the gauging of the most general sigma model having a chiral symmetry (H_L × H_R) was found in ref.[11] and some of its applications were explored in [12]. There, different kinds of gauging (a generalisation of Abelian axial and vector gauging) were used to construct the duality transformations. This duality symmetry reduces to ordinary Abelian duality if the chiral group is Abelian. The relation between this “axial-vector” duality symmetry and non- Abelian duality (or our new duality) remains undetermined.

Aknowledgments: I would like to thank Janos Balog, Peter Forgács, Ian Jack and Max Niedermaier for useful discussions.

References

[1] T. H. Buscher, “A Symmetry Of The String Background Field Equations”, Phys. Lett.

B194 (1987) 59;

“Path Integral Derivation Of Quantum Duality In Nonlinear Sigma Models”, Phys. Lett. B201 (1988) 466.

[2] X. C. de la Ossa and F. Quevedo, “Duality symmetries from nonAbelian isometries in string theory”, Nucl. Phys. B403 (1993) 377, hep-th/9210021.

[3] E. Alvarez, L. Alvarez-Gaume and Y. Lozano, “On nonAbelian duality”, Nucl. Phys.

B424 (1994) 155, hep-th/9403155.

[4] C. Klimcik and P. Severa, “Dual nonAbelian duality and the Drinfeld double”, Phys.

Lett. B351 (1995) 455, hep-th/9502122;

C. Klimcik, “Poisson-Lie T-duality”, Nucl. Phys. Proc. Suppl. 46 (1996) 116, hepth/9509095;

C. Klimcik and P. Severa, “Poisson-Lie T-duality and Loop Groups of Drinfeld Doubles”, Phys. Lett. B372 (1996) 65, hep-th/9512040.

[5] A. Bossard and N. Mohammedi, “Poisson-Lie Duality in the String Effective Action”, hep-th/0106211.

[6] K. Sfetsos, “Canonical equivalence of non-isometric sigma models and Poisson-Lie Tduality”, Nucl. Phys. B517 (1998) 549, hep-th/9710163;

E. Tyurin and R. von Unge, “Poisson-Lie T-Duality: the Path-Integral Derivation”, Phys. Lett. B382 (1996) 233, hep-th/9512025;

O. Alvarez, “Target space duality. I: General theory”, hep-th/0003177; “Target space duality. II: Applications”, hep-th/0003178;

M. A. Jafarizadeh and A. Rezaei-Aghdam, “Poisson-Lie T-duality and Bianchi type algebras”, Phys. Lett. B458 (1999) 477, hep-th/9903152;

A. Y. Alekseev, C. Klimcik and A. A. Tseytlin, “Quntum Poisson-Lie T-duality and WZNW model”, Nucl. Phys. 458 (1996) 430, hep-th/9509123;

F. Assaoui, T. Lhallabi “Supersymmetric Quantum Corrections and Poisson-Lie T- Duality”, Class. Quant. Grav. 18 (2001) 277, hep-ph/0007337;

S. E. Parkhomenko, “Mirror Symmetry as a Poisson-Lie T-Duality”, Mod . Phys. Lett. A13 (1998) 1041, hep-th/9710037;

A. Stern, “Hamiltonian Approach to Poisson Lie T-Duality”, Phys. Lett. B450 (1999) 141, hep-th/9811256;

Svend E. Hjelmeland and Ulf Lindstrm, “N=1 supersymmetric path-integral Poisson- Lie duality”, JHEP 0104 (2001) 027, hep-th/0102089;

J. Balog, L. Feher and L. Palla, “The Chiral WZNW Phase Space and its Poisson-Lie Groupoid”, Phys. Lett. B463 (1999) 83, hep-th/9907050;

E. J. Beggs and S. Majid, “Poisson-Lie T-duality for quasitriangular Lie bialgebras”, math.QA/9906040;

M. A. Lledo and V. S. V. Varadarajan, “SU(2) Poisson-Lie T duality”, Lett. Math. Phys. 45 (1998) 247, hep-th/9803175.

[7] A. Giveon and M. Roček, “On Nonabelian Duality”, Nucl. Phys. B421 (1994) 173, hep-th/9308154.

[8] D. Z. Freedman and P. K. Townsend, “Antisymmetric Tensor Theories and Nonlinear Sigma Models”, Nucl. Phys. B177 (1981) 282;

E. S. Fradkin and A. A. Tseytlin, “Quantum Equivalence of Dual Field Theories”, Annals Phys. 162 (1985) 31;

B .E . Fridling and A. Jevicki, “Dual Representations and Ultraviolet Divergences in Nonlinear Sigma Models”, Phys. Lett. B134 (1984) 70;

M. Roček and E. Verlinde, “Duality, quotients, and currents”, Nucl. Phys. B373 (1992) 630, hep-th/9110053.

[9] A. Bossard and N. Mohammedi, “Non-Abelian Duality in the String Effective Action”, Nucl. Phys. B595 (2001) 93, hep-th/0008062.

[10] A. S. Schwarz and A. A. Tseytlin, “Dilaton shift under duality and torsion of elliptic complex”, Nucl. Phys. B399 (1993) 691, hep-th/9210015;

J. De Jaegher, J. Raeymaekers, A. Sevrin and W. Troost, “Dilaton transformation under Abelian and non-Abelian T-duality in the path-integral approach”, Nucl. Phys. B548 (1999) 563, hep-th/9812207.

[11] E. Kiritsis and N. Obers, “A New Duality Symmetry in String Theory”, Phys. Lett.

B334 (1994) 67, hep-th/9406082.

[12] I. Antoniadis and N. A. Obers, “Plane Gravitational Waves in String Theory”, Nucl.

Phys. B423 (1994) 639, hep-th/9403191.