arXiv:1001.3046v3 [hep-th] 18 Oct 2011

Poisson-Lie sigma models over low dimensional real Poisson-Lie groups

S. Hajizadeh^∗ and A. Rezaei-Aghdam^†

Department of Physics, Faculty of science, Azarbaijan University of Tarbiat Moallem , 53714-161, Tabriz, Iran

October 19, 2011

Abstract

The Poisson-Lie sigma models over nonsemisimple low dimensional real Poisson-Lie groups are investigated. We find two sided models on two, three and some four dimensional Poisson-Lie groups where the Poisson-Lie sigma models over Poissin-Lie groups G and its dual G̃ are topological sigma models or BF gauge models.

∗e-mail: s_−hajizadeh@azaruniv.edu †Corresponding author. e-mail: rezaei-a@azaruniv.edu

1 Introduction

Poisson sigma models originally were obtained from nonlinear extension of classical gauge theory by Ikeda [1]; then independently obtained from generalization of 2d gravity-Yang-Mills systems by Schaller and Strobl [2]. Poisson-sigma model is a 2d topological field theory with Poisson manifold as target space. These models have played a central role and given unified structure in the study of two dimensional gauge theories. They are related to 2d gravity [3], 2d Yang-Mills [4], topological sigma models [5], BF models [6] and G/G WZW models [7] as special cases. Poisson sigma model over Poisson-Lie groups are called Poisson-Lie sigma models; these models over complex simple Lie groups G in the case that r matrix is factorizable and triangular are studied previously in [8],[9] respectively.

Here we study Poisson-Lie sigma models over nonsemisimple low dimensional real Lie groups. Because for most of the Lie algebras of these Lie groups, ad-invariant metrics are nondegenerate; hence here we use other new form of the action for these Poisson-Lie sigma models. The results are different from general results of [8] and [9] for some Lie groups. For example, in [8] it is shown that the models over dual Lie groups G̃ for the triangular r matrices are BF gauge models but these are not true in general for our examples. Furthermore, we find two sided models (models over G and its dual G̃) for the case of bi-r-matrix bialgebras; such that the Poisson-Lie sigma models over Lie groups G and its dual G̃ are topological sigma models or BF gauge models.

The paper is organized as follows: in section 2 we review Poisson sigma models and Poisson- Lie sigma models and present new form of the action for the case of Poisson-Lie sigma models. In section 3 after calculation of r-matrices and Poisson structures for two dimensional Poisson- Lie groups, we obtain two sided topological sigma models over G and G̃. In section 4 we find topological sigma models and BF gauge models related to three dimensional Lie bialgebras[10]. The models over (II.i, V ) are two sided and the models over Poisson-Lie group III with Lie bialgebra (III, III.ii) are topological sigma model and also BF gauge model. Furthermore, we see that there are not two dimensional Yang-Mills and 2d gravity models over three dimensional Poisson-Lie groups. In section 5 we present two examples of four dimensional real Lie bialgebras and find a model which is two sided and models over G and G̃ are BF gauge model and also topological sigma model.

2 Poisson-Lie sigma models

2.1 Review of Poisson sigma models

Poisson sigma model is a two dimensional topological sigma model with the Poisson manifold M as the target space. The fields of the model are scalar bosonic fields x^μ : ∑ → M (x^μ are coordinates of M and ∑ is the world sheet) and the fields A_μ are 1-forms on ∑ with values on T^∗M so that with coordinates ξ^α on ∑ , A can be written as A = A_{αμ}dξ^α ∧ dx^μ =

(A_{αμ}∂_β x^μ)dξ^α ∧ dξ^β. In these coordinates the action of Poisson-sigma model is given by [2] S_{top} = ∫ Σ dξ^α ∧ dξ^β[A_{αμ}(ξ)x^μ_{,β}(ξ) + 1 2 P^{μν} (x(ξ))A_{αμ}(ξ)A_{βν} (ξ)], (1) such that with the notation A_μ(ξ) = A_{αμ}(ξ)dξ^α, takes the following form: S_{top} = ∫ Σ A_μ ∧ dx^μ + 1 2 P^{μν} A_μ ∧ A_ν . (2)

The different two dimensional topological models such as topological sigma models, BF gauge models, two dimensional gravity, two dimensional Yang-Mills and G/G WZW models are a special examples of Poisson sigma models. For example if the Poisson structures on M is nondegenerate (i.e when M is a symplectic manifolds) then by use of equation of motion for A_μ we have A_μ = Ω_{μν} dx^μ, (3) where Ω_{μν} is the symplectic structure (inverse of P^{μν} ). Then in this case the Poisson-sigma model is a Witten’s topological sigma models [5] with the following action: S = ∫ ∑ Ω_{μν} dx^μ ∧ dx^ν . (4) On the other hand, if Poisson structures are linear in terms of coordinate M, i.e P^{μν} = f^{μν}_λ x^λ where f^{μν}_λ is the structure constant of some Lie algebras g such that its dual g^∗ is identified with M[2]; then the action (1) can be rewritten as the form of a BF gauge theory S = ∫ Σ x^λ(dA_λ + 1 2 f^{μν}_λ A_μ ∧ A_ν ) = ∫ Σ x^λF_λ, (5)

where F_λ is the standard curvature 2-form of the gauge group associated to Lie algebra g. Furthermore, by choosing C as a quadratic casimir of g then the following action:

S = S_{BF} + ∫ C(x(ξ)), (6) may be seen to provide the first order formulation of a 2d Yang-Mills theory [2].

To obtain the two dimensional gravity it is enough to choose Poisson structure as a nonlinear Poisson tensor on M [2]. By choosing P^{μν} = ε^{μνλ}u_λ(x), u_a = η_{ab}x^b, a, b ∈ {1, 2}, u_3 = V (x^aη_{ab}x^b, x^3), η_{ab} ≡ diag(1, ±1), (7) and inserting these in the action (1) we have S = ∫ x_c(de^c + ε_{ab}η^{ac}e^b ∧ ω) + x^3dω + V ε_{ab}e^a ∧ e^b, (8)

where the first two 1-forms A_a are interpreted as the zweibein e_a and the third one (A_3) as the spin connection ω of a two dimensional gravity theory. In [11] its shown that gauged G/G WZW models for semisimple groups G are equivalent to a Poisson-sigma model with a topological term (if Gauss decomposition of G is complete then the topological term is not needed).

2.2 Poisson-Lie sigma models

Now, when the Poisson manifold is a Lie group (i.e G is a Poisson-Lie group) then the Poisson-Sigma model (2) can be rewritten as the Poisson-Lie sigma model. In [8] the action of this model is written as follow:

S_1 = ∫ Σ (⟨dgg^{−1 ∧}, A⟩ − 1 2 ⟨A^∧, (r − Ad_grAd_g)A⟩), (9) where g ∈ G, A = A^i_αdξ^αX_i and r ∈ g ⊗ g is a classical r matrix with g as the Lie algebra of G and {X^i} as a basis of g. Note that the above action can be applied for simple or nonsemisimple Lie group G with ad-invariant symmetric bilinear nondegenerate form ⟨X_i, X_j⟩ = G_{ij} on the Lie algebra g. When the metric G_{ij} of Lie algebra is degenerate then the above action is not good. Here we use the following action instead of the above one^1:

S_2 = ∫ Σ (dx^i ∧ A_i − 1 2 P^{ij}A_i ∧ A_j ), (10)

where x^i are Lie group parameters with parametrization (e.g) ∀g ∈ G, g = e^{x1X1} e^{x2X2} ..., (11) and P^{ij} is the Poisson structure on Lie group which for coboundary Poisson-Lie groups it is obtained from Sklyanin bracket as follows:

{f_1, f_2} = ∑ i,j r^{ij}((X^L_i f_1) (X^L_j f_2) − (X^R_i f_1) (X^R_j f_2)) ∀f_1, f_2 ∈ C^∞(G), (12)

where in the above relation r^{ij} is the classical r matrix i.e r : g → g ⊗ g, that is the solution of classical or modified Yang-Baxter equation and X^L_i (X^R_i ) are left(right) invariant vector fields. Note that the form of the action (9) in this parameterization can be rewritten as: S = ∫ Σ R^k_m[dx^m ∧ A^i − 1 4 (P^{mn}R^l_nG_{lj}A^j ) ∧ A^i]G_{ik}, (13)

where R^k_m are vielbiens and inverse to the coefficients of right invariant vector fields. To show the differences between action (9) and (10) it is better to use an example. For Poisson-Lie group with Lie bialgebra structure (V ⊕ R, V.i ⊕ R) we have[12](See relations (52-55)):

r = X_1 ∧ X_4, G =

n 0 0 m 0 0 0 0 0 0 0 0 m 0 0 p

, P_{12} = x_2, P_{34} = −x_3, n, m, p ∈ ℜ (14)

and the form of actions (9) and (10) are obtained as follows:

S_1 = ∫ Σ ndx^1 ∧ A^1 + mdx^1 ∧ A^4 + mdx^4 ∧ A^1 + pdx^4 ∧ A^4, (15)

1Note that the indices in action (2) are geometrical coordinate indices while in action (10) are Lie algebraic indices.

S_2 = ∫ Σ dx^1 ∧ A_1 + dx^2 ∧ A_2 + dx^3 ∧ A_3 + dx^4 ∧ A_4 − x_2A_1 ∧ A_2 + x_3A_3 ∧ A_4. (16)

We see that in this example the Poisson structure does not appear in the action (9) i.e (15)(because of the effect of degenerate metric on Lie algebra); and it is not good action for Poisson-Lie sigma model for this case. In the next sections we use action (10) to obtain the Poisson-Lie sigma models over all two, three and some four dimensional Poisson-Lie groups.

3 Models with two dimensional Poisson-Lie groups

The real two dimensional Lie bialgebras are classified in [13] as four classes (Abelian, semi- Abelian and type A and B non-Abelian Lie bialgebras). We find that only type B non-Abelian Lie bialgebras is coboundary. The commutation relations for this Lie bialgebra are as follows:

[X_1, X_2] = X_2, [X̃^1, X̃^2] = X̃^1,

[X_1, X̃^1] = X_2, [X_1, X̃^2] = −X_1 − X̃^2, [X_2, X̃^2] = X̃^1. (17) By use of method [10] we find that it is bi-r matrix bialgebras with r and r̃ matrices and we obtain Poisson structure as follows:

r = X_1 ∧ X_2, r̃ = −X̃^1 ∧ X̃^2, (18)

P_{12} = x^1 1 + x^1

, P̃^{12} = x̃_1 1 + x̃_1

. (19)

Now the actions S_2 and S̃_2 for this models have the following forms^2: S = ∫ Σ [dx^1 ∧ A^1 + dx^2 ∧ A^2 − x^1 1 + x^1

A^1 ∧ A^2], (20)

S̃ = ∫ Σ [dx̃_1 ∧ Ã_1 + dx̃_2 ∧ Ã_2 − x̃_1 1 + x̃_1

Ã_1 ∧ Ã_2]. (21)

These actions are topological sigma models, because the Poisson structures are nondegenerate and by use of equation of motions for A^i i.e ∂S ∂A^1 = dx^1 − x^1 1 + x^1

A^2 = 0, (22) ∂S ∂A^2 = dx^2 − x^1 1 + x^1

A^1 = 0, (23)

and similarly for Ã_i we can integrate them and obtain the following actions: S = − ∫ 1 + x^1 x^1 dx^1 ∧ dx^2, (24)

2Here we use the same parameterization for g^∗ as g i.e in relation (11) the tilde parameters and generators must be replaced with untilde ones.

S̃ = − ∫ Σ 1 + x̃_1

x̃_1 dx̃_1 ∧ dx̃_2. (25)

Therefore Poisson-Lie sigma models on real two dimensional Poisson-Lie groups G and its dual G̃ are two sided topological sigma models. Note that there are two signular points (x^1 = 0, x^1 = −1) for symplectic form Ω_{μν} =^{x1+1}_{x1} and its dual.

4 Models with three dimensional Poisson-Lie groups

The real three dimensional Lie bialgebras are classified in [14]. Their classical r matrices and their types (triangular, quasitriangular or factorizable) and also Poisson structures are obtained in [10]. Now by use of those informations one can obtain Poisson-Lie sigma models over these Poisson-Lie groups. We perform this work in the following subsections.

4.1 Topological Sigma Models

We know that because the number of dimension (three) is odd then the Poisson structure of three dimensional real Poisson-Lie groups are degenerate. For this reason one can not obtain topological sigma models over these Poisson-Lie groups. But one can obtain topological sigma models over extremal surfaces (surfaces that specifies from equations of motion) because the Poisson structures on these surfaces (symplectic leaves) are nondegenerate. The three dimensional Lie bialgebras that one can obtain such models over them are (V, II.i), (III, III.ii), (III, II), (V I_a, II), (V II_a, II.i) and (V II_a, II.ii) [10]. In general the Poisson structures for these Lie bialgebras have the following form:

{x_1, x_2} = 0, {x_2, x_3} = P_{23}, {x_3, x_1} = 0. (26)

For these Poisson structures the action S_2 has the following form: S = ∫ Σ [A_{1α}∂_β x^1 + A_{2α}∂_βx^2 + A_{3α}∂_β x^3 + P^{23}A_{2α}A_{3β}]ε^{αβ} dσdτ, (27)

such that where the equations of motion for A_i are ∂S ∂A_{1α} = ∂_βx^1 = 0, ∂S ∂A_{2α} = ∂_βx^2 + P^{23}A_{3β} = 0, ∂S ∂A_{3α} = ∂_β x^2 − P^{23}A_{2β} = 0. (28)

From these relations we have x^1 = cte., A_{3β} = − 1 P^{23}

∂_β x^2, A_{2β} = 1 P^{23}

∂_β x^3. (29)

Then the general form of the action is S = ∫ Σ [ 1 P^{23}

∂_αx^3∂_β x^2 − 1 P^{23}

∂_αx^2∂_β x^3 − 1 P^{23} ∂_βx^2∂_αx^3]ε^{αβ}dσdτ

= − ∫ Σ 1 P^{23} ∂_αx^2∂_β x^3ε^{αβ}dσdτ. (30) This model is the topological sigma model over symplectic leaf x^1 = cte. Now, for the above mentioned Lie bialgebras we have the following Poisson structures [10] and actions respectively;

(V, II.i) : {x_1, x_2} = 0, {x_2, x_3} =^1_2 (e^{2x1} − 1), {x_3, x_1} = 0, S = − ∫ Σ 2 e^{2x1} − 1

∂_αx^2∂_β x^3ε^{αβ}dσdτ (x_1 = cte.), (31)

(III, III.ii) : {x_1, x_2} = 0, {x_2, x_3} = x_2 + x_3, {x_3, x_1} = 0, S = − ∫ Σ 1 x_2 + x_3 ∂_αx^2∂_βx^3ε^{αβ}dσdτ (x_1 = cte.), (32) (III, II) : {x_1, x_2} = 0, {x_2, x_3} =^1_2 (e^{2x1} − 1), {x_3, x_1} = 0, S = − ∫ Σ 2 e^{2x1} − 1

∂_αx^2∂_β x^3ε^{αβ}dσdτ (x_1 = cte.), (33)

(V I_a, II) : {x_1, x_2} = 0, {x_2, x_3} =^1_{2a} (e^{2ax1} + 1), {x_3, x_1} = 0, S = − ∫ Σ 2a e^{2ax1} + 1

∂_αx^2∂_β x^3ε^{αβ}dσdτ (x_1 = cte.), (34)

(V II_a, II.i) : {x_1, x_2} = 0, {x_2, x_3} =^1_{2a} (e^{2ax1} − 1), {x_3, x_1} = 0, S = − ∫ Σ 2a e^{2ax1} − 1

∂_αx^2∂_β x^3ε^{αβ}dσdτ (x_1 = cte.), (35)

(V II_a, II.ii) : {x_1, x_2} = 0, {x_2, x_3} = −^1_{2a} (e^{2ax1} − 1), {x_3, x_1} = 0, S = ∫ Σ 2a e^{2ax1} − 1

∂_αx^2∂_βx^3ε^{αβ}dσdτ (x_1 = cte). (36)

Note that according to [10] all Lie bialgebras except (V, II.i) and (III, III.ii) are triangular Lie bialgebras but (V, II.i) and (III, III.ii) are bi-r matrix bialgebras. In this way the model over (II.i, V ) is BF gauge model which we will consider in the following subsections. Furthermore as we see in the next subsection the model over (III, III.ii) is also BF gauge model.

4.2 BF Gauge Models

As mentioned in section 2, to obtain BF gauge models, the Poisson structure must be linear in x^i. Among three dimensional real Lie bialgebras only the Poisson structures of Poisson-Lie groups of (II.i, V ) and (III, III.ii) have these forms [10]. For Lie bialgebra (II.i, V ) we have the following Poisson structure for its Poisson-Lie group [10]

(II.i, V ) : {x_1, x_2} = −x_2, {x_2, x_3} = 0, {x_3, x_1} = x_3.

Then the action S_2 has the following BF form: S = ∫ Σ x^1 ∧dA_1 +x^2 ∧dA_2 +x^3 ∧dA_3 −x^2A_1 ∧A_2 +x^3A_3 ∧A_1 = ∫ Σ x^μ(dA_μ + 1 2 f̃^{λν}_μ A_μ ∧A_ν ), (37)

where f̃^{λν}_μ are the structure constants of dual Lie algebra V with the following commutation relations:

[X̃^1, X̃^2] = −X̃^2, [X̃^2, X̃^3] = 0, [X̃^3, X̃^1] = X̃^3. (38)

Similarly for Lie bialgebra (III, III.ii) we have the following Poisson structure for its Poisson- Lie group [10]

(III, III.ii) : {x_1, x_2} = 0, {x_2, x_3} = x_2 + x_3, {x_3, x_1} = 0. Then the action S_2 has the following BF form: S = ∫ Σ x^1 ∧ dA_1 + x^2 ∧ dA_2 + x^3 ∧ dA_3 + (x^2 + x^3)A_2 ∧ A_3 = ∫ Σ x^μ(dA_μ + 1 2 f̃^{λν}_μ A_μ ∧ A_ν ), (39)

where f̃^{λν}_μ are the structure constants of dual Lie algebra III.ii with the following commutation relations:

[X̃^1, X̃^2] = 0, [X̃^2, X̃^3] = X̃^2 + X̃^3, [X̃^3, X̃^1] = 0. (40)

Note that because the casimir for Lie algebra V and III.ii are not quadratic [15] therefore one can not obtain 2-dimensional Yang-Mills models over these Poisson-Lie groups.

Furthermore, one can not obtain 2D gravity models over Poisson-Lie group II.i because u_2(x) = u_3 and u_3(x) = −x_2 (i.e u_a = ϵ_{ab}x^b, ϵ_{23} = 1) and by identifying A_a = e_a and A_1 = ω we find the action S = ∫ Σ [x^c(de_c + e_c ∧ ω) + x^1dω], (41)

but by use of Cartan structure equation de_c + e_c ∧ ω = 0 this action is not good.

One can obtain G/G WZW as a Poisson-Lie sigma model over dual groups IX and V III for Lie bialgebras (V.i|b, V III), (V.ii|b, V III), (V.iii, V III), (V |b, IX) with topological term; by use of the following action [8]: S = ∫ Σ (⟨dg.g^{−1} ∧ A⟩ − 1 2 ⟨A ∧ P^♯_g A⟩), (42) where in the above relation ad-invariant metrics only over Lie algebras IX and V III are non- degenerate. Note that Lie bialgebras (V.i|b, V III), (V.ii|b, V III), (V.iii, V III), (V |b, IX) are non coboundary [10] and the Poisson structures P^♯_g can be obtained by the method mentioned in [16] and [17].

5 Models with some four dimensional Poisson-Lie groups

The classification of real four dimensional Lie bialgebras is under investigation [12]. Here we give two interesting examples where the Poisson-Lie sigma models over them are two sided. The real four dimensional Lie algebras are classified in [15]. Note that for the following examples the ad-invariant metrics are nondegenerate, for this reason one can not use the action (9) and must use of the action in the form (10).

a) The commutation relations for Lie bialgebras (A_{4,1}, A_{4,1}.i) are as follows[12]:

A_{4,1} : [X_2, X_4] = X_1, [X_3, X_4] = X_2, (43)

A_{4,1}.i : [X̃^1, X̃^2] = −X̃^3, [X̃^1, X̃^3] = −X̃^4. (44) The classical r-matrices and Poisson structures for these Lie bialgebras are obtained as:

r = bX_1 ∧ X_2 + X_1 ∧ X_4 + X_2 ∧ X_3, r̃ = X̃^1 ∧ X̃^4 − X̃^2 ∧ X̃^3 + lX̃^3 ∧ X̃^4, (45)

P_{12} = 1 2 (x^4)^2 + x^3, P̃^{34} = 1 2 (x̃_1)^2 − x̃_2. (46) The action and equations of motions for the Poisson-Lie sigma models over Lie groups A_{4,1} and its dual A_{4,1}.i are the following form: S = ∫ Σ [dx^1 ∧ A^1 + dx^2 ∧ A^2 + dx^3 ∧ A^3 + dx^4 ∧ A^4 − ( 1 2 (x^4)^2 + x^3)A^1 ∧ A^2], (47) ∂S ∂A^1 = dx^1 − ( 1 2 (x^4)^2 + x^3)A^2 = 0, ∂S ∂A^2 = dx^2 − ( 1 2 (x^4)^2 + x^3)A^1 = 0, ∂S ∂A^3 = dx^3 = 0, ∂S ∂A^4 = dx^4 = 0,

S̃ = ∫ Σ [dx̃_1 ∧ Ã_1 + dx̃_2 ∧ Ã_2 + dx̃_3 ∧ Ã_3 + dx̃_4 ∧ Ã_4 − ( 1 2 (x̃_1)^2 − x̃_2)Ã_3 ∧ Ã_4], (48) ∂S̃ ∂Ã_1 = dx̃_1 = 0, ∂S̃ ∂Ã_2 = dx̃_2 = 0, ∂S̃ ∂Ã_3 = dx̃_3 − ( 1 2 (x̃_1)^2 − x̃_2)Ã_4 = 0, ∂S̃ ∂Ã_4 = dx̃_4 − ( 1 2 (x̃_1)^2 − x̃_2)Ã_3 = 0,

we see that the models are topological sigma models with the following actions: S = ∫ Σ 1 1 2 (x^4)^2 + x^3 dx^1 ∧ dx^2, (x^3 = x^4 = cte.), (49)

S̃ = ∫ Σ 1 1 2 (x̃_1)^2 − x̃_2 dx̃_3 ∧ dx̃_4, (x̃_1 = x̃_2 = cte.). (50)

b) The commutation relations for Lie bialgebras (V ⊕ R, V.i ⊕ R) are as follows[12]:

V ⊕ R : [X_1, X_2] = −X_2, [X_1, X_3] = −X_3, (51)

V.i ⊕ R : [X̃^3, X̃^4] = X̃^3, [X̃^2, X̃^4] = X̃^2. (52) The classical r-matrices and Poisson structures for these Lie bialgebras are obtained as^3:

r = X_1 ∧ X_4, r̃ = −X̃^1 ∧ X̃^4, (53)

P_{12} = x^2, P_{34} = −x^3, P̃^{12} = −x̃_2. (54)

3Note that the Poisson structure on the Lie group V ⊕ R is nondegenerate (detP = −(x^2x^3)^2) and we have symplectic structure on this Lie group.

The action and equations of motions for the Poisson-Lie sigma models over Lie groups V ⊕ R and its dual V.i ⊕ R are the following form: S = ∫ Σ [dx^1 ∧ A^1 + dx^2 ∧ A^2 + dx^3 ∧ A^3 + dx^4 ∧ A^4 − x^2A^1 ∧ A^2 + x^3A^3 ∧ A^4], (55) ∂S ∂A^1 = dx^1 + x^2A^2 = 0, ∂S ∂A^2 = dx^2 − x^2A^1 = 0, ∂S ∂A^3 = dx^3 − x^3A^4 = 0, ∂S ∂A^4 = dx^4 + x^3A^3 = 0,

S̃ = ∫ Σ [dx̃_1 ∧ Ã_1 + dx̃_2 ∧ Ã_2 + dx̃_3 ∧ Ã_3 + dx̃_4 ∧ Ã_4 + x̃_2Ã_1 ∧ Ã_2], (56) ∂S̃ ∂Ã_1 = dx̃_1 − x̃_2Ã_2 = 0, ∂S̃ ∂Ã_2 = dx̃_2 + x̃_2Ã_1 = 0, ∂S̃ ∂Ã_3 = dx̃_3 = 0, ∂S̃ ∂Ã_4 = dx̃_4 = 0,

for this case we also see that the models are topological sigma models with the following actions: S = ∫ Σ 1 x^2 dx^1 ∧ dx^2 − 1 x^3 dx^3 ∧ dx^4, (57) S̃ = − ∫ Σ 1 x̃_2 dx̃_1 ∧ dx̃_2, (x̃_3 = x̃_4 = cte.). (58)

On the other hand because the Poisson structure for this bialgebra and its dual are linear, one can obtain BF gauge models as follows: S = ∫ Σ [dx^1∧A^1+dx^2∧A^2+dx^3∧A^3+dx^4∧A^4−x^2A^1∧A^2+x^3A^3∧A^4] = ∫ Σ x^μ(dA_μ+ 1 2 f̃^{λν}_μ A_μ∧A_ν ), (59) where f̃^{λν}_μ is the structure constant of dual Lie algebra V.i ⊕ R with the commutation relation in (52) and the dual action is

S̃ = ∫ Σ [dx̃_1 ∧Ã_1 +dx̃_2 ∧Ã_2 +dx̃_3 ∧Ã_3 +dx̃_4 ∧Ã_4 +x̃_2Ã_1 ∧Ã_2] = ∫ Σ x̃^μ(dÃ_μ + 1 2 f^{λν}_μ Ã_μ ∧Ã_ν ). (60)

where f^{λν}_μ is the structure constant of Lie algebra V ⊕ R with the commutation relation in (51).

6 Conclusion

We have found Poisson-Lie sigma models on two, three and some four dimensional Poisson-Lie groups. Most of these Lie groups are non compact, and ad-invariant symmetric metrics over them are nondegenerate; for this reason one can not apply the action presented in [8] and here we apply other action for construction of Poisson-Lie sigma models over these Lie groups. Models over bi-r-matrices bialgebras are two sided. The results of two sided models are given in the following table (these models all are new.)

Two sided Poisson-Lie sigma models over low dimensional real Lie bialgebras.

(g, g̃) Models on g Models on g̃ typeB : (A_2, A_2.i) topological sigma model topological sigma model (II.i, V ) BF gauge model topological sigma model over symplectic leaf (A_{4,1}, A_{4,1}) topological sigma model topological sigma model over symplectic leaf over symplectic leaf (V ⊕ R, V.i ⊕ R) BF gauge model BF gauge model topological sigma model topological sigma model over symplectic leaf

Acknowledgments

We would like to thank F. Darabi for carefully reading the manuscript and useful comments.

References

[1] N. Ikeda,”Two-dimensional gravity and nonlinear gauge theory”, Ann.Phys.235(1994)435- 464, [hep-th/9312059].

[2] P. Schaller and T. Strobl,”Poisson Structure Induced (Topological) Field Theories”, Mod.Phys.Lett.A9(1994)3129-3136, [hep-th/9405110] and ”Poisson-σ-models: A generalization of 2-d Gravity-Yang-Mills systems”, [hep-th/9411163].

[3] A.M.Polyakov,”Quantum gravity in two dimension”, Mod.Phys.Lett. A 2 (1987)893.

[4] E. Witten,”Two Dimensional Gauge Theories Revisited”,J.Geom.Phys.9 (1992)303-368.

[5] E. Witten,”Topological sigma models”, Commun.Math.Phys.118(1988)411.

[6] M. Blau and G. Thompson,”A new class of topological field theories and the Ray-Singer torsion”, Phys. Lett. B 228(1989)64.

[7] K. Gawedzki, K. Kupiainen,”Coset Construction from Functional Integrals”, Nucl. Phys.

B 320(1989) 625.

[8] I. Calvo and F. Falceto,”Dual branes in topological sigma models over Lie groups. BFtheory and non-factorizable Lie bialgebras”, JHEP0604:058,2006, [hep-th/0511212].

[9] I. Calvo, F. Falceto, and D. Garcia-Alvarez,”Topological Poisson Sigma models on Poisson-Lie groups”, JHEP 10(2003)033, [hep-th/0307178].

[10] A. Rezaei-Aghdam, M. Hemmati and A.R. Rastkar,” Classification of real three dimensional Lie bialgebras and their Poisson-Lie groups”, J.Phys.A:Math.Gen.38 (2005) 3981- 3994, [math-ph/0412092].

[11] A.Y. Alekseev, P. Schaller and T. Strobl,”The topological G/G WZW model in the generalized momentum representation”, Phys.Rev.D52(1995)7146, [hep-th/9505012].

[12] S. Hajizadeh, P. Mehdipour, A. Rezaei-Aghdam and M. Sephid,” Classification of four dimensional real Lie bialgebras”, work in progress.

[13] L. Hlavaty and L. Snobl,”Classification of Poisson-Lie T-dual models with twodimensional targets”, Mod.Phys.Lett.A17(2002)429-434, [hep-th/0110139].

[14] M.A. Jafarizadeh and A. Rezaei-Aghdam,”Poisson-Lie T-duality and Bianchi type algebras”, Phys.Lett.B548 (1999) 477-490, [hep-th/9903152].

[15] J. Patera, R.T. Sharp, P.Winternitz and H.Zassenhaus,”Invariants of real low dimensional Lie algebras”, J.Math.Phys.17 (1976) 986.

[16] D. Alekseevsky, J. Grabowski, G. Marmo and P.W. Michor,”Poisson structures on double Lie groups”, J.Geom.Phys,26(1998)340-379, [math-DG/9801028].

[17] K.S. Ahluwalia,”Fundamental of Poisson Lie Groups with Application to the Classical Double”, DAMTP 93-53, [hep-th/9310068].