arXiv:hep-th/0308187 v2 2 Sep 2003

Type IIB String Backgrounds on Parallelizable PP-Waves and Conformal Liouville Theory.

M. HSSAINI^1 and M.B.SEDRA^{2 ∗}

1, 2 International Centre for Theoretical Physics, Trieste, Italy.

1 Laboratoire de Physique des Hautes Energies, Faculté des Sciences,

P.O. Box 1014, Ibn. Battouta, Rabat, Morocco, 2 Laboratoire de Physique Théorique et Appliquée (LPTA),

Faculté des Sciences, Département de Physique, B.P. 133, Kénitra, Morocco.

September 2, 2003

Abstract

The scope of this work concerns the adaptation of the parallelizability pp-wave (Ppp-wave) process to D = 10 type IIB string backgrounds in the presence of the non-trivial anti-self dual R-R 5-form F. This is important in the sense that it gives rise to some unsuspected properties. In fact, exact solutions of type IIB string backgrounds on Ppp-waves are discussed. For the u-dependence of the dilaton field Φ, we establish explicitly a correspondence between type IIB supergravity equations of motion and 2d-conformal Liouville field theory. We show also that the corresponding conserved conformal current T (Φ) coincides exactly with the trace of the symmetric matrix μ_{ij} appearing in the quadratic front factor F = μ_{ij} x^ix^j of the Ppp-wave. Furthermore, we consider the transverse space dependence of the dilaton Φ and show that the supergravity equations are easily solved for the linear realization of the dilaton field. Other remarkable properties related to this case are also discussed.

∗Corresponding author: sedra@ictp.trieste.it

1 Introduction

Recently, there has been an increasing interest in string theory on pp-waves. The motivation comes from the fact that pp-waves spacetime provides an example of exact string theory background with all α^′ corrections vanishing [1, 2]. The existence of a covariantly constant null killing vector greatly simplifies the quantization of a string light cone gauge [2, 3]. In this context, a particular interest has been devoted to the study of D = 10 type II string theory, especially type IIB, on pp-waves, both in NS-NS and R-R sectors [3, 4, 5, 6].

Based on the fact that all ten dimensional parallelizable solutions (related with the existence of torsion which makes the manifold flat) of type II or heterotic supegravities are also α^′ exact [7], the parallelizable pp-wave backgrounds have been recently presented in [8]. In the same article, the most general parallelizable pp-wave backgrounds which are non-dilatonic solutions in the NS-NS sector of type IIA and IIB string theories are considered.

After that, Figueroa-O’Farrill has classified all the parallelizable NS-NS backgrounds with the dilaton field turned off [9], a work which was completed later in type II supergravity with non trivial dilaton field in [10]. The classification of the simply connected supersymmetric parallelizable backgrounds of heterotic supergravity was recently done in [11], where the authors construct all parallelizable backgrounds of ten dimensional type I supergravity coupled to supersymmetric Yang Mills.

The scope of this work concerns the adaptation of the parallelizability pp-wave process to type IIB string backgrounds in D = 10 in the presence of the anti self dual R-R 5-form F. This is a promising topics attracting a lot of attention recently and showing a big flexibility to open up on new research ideas. Thus, techniques developed in 2d-conformal field theories can be applied to complete several studies about pp-waves and supergravity solutions. We find among other that in the light cone dependence of the dilaton field Φ, the ten dimensional supergravity equations of motion are related to 2d-conformal Liouville theory.

The outline of this paper is as follows: In section 2, we give an overview of ppwaves and parallelizability. The main steps concerning the proof of the theorem relating the parallelizable pp-waves backgrounds and homogeneous plane waves are also presented. In section 3, we consider D = 10 type IIB supergravity equations of motion, with non trivial R-R 5-form F, and observe that they are simplified with the parallelizable pp-waves conditions. Assuming that the R-R 5-form reads as F = du ∧ φ(x^i), with φ(x^i) is an anti self dual closed 4-form in the transverse eight dimensional space, we focus to study the u-dependence of the dilaton Φ. This gives rise to a relationship between type IIB supergravity and conformal Liouville field theory, whose general solution is explicitly derived. We show also that the corresponding conserved conformal current T (Φ), coincides exactly with the trace of the symmetric matrix μ_{ij} appearing in the quadratic front factor of the parallelizable pp-wave F = μ_{ij} x^ix^j . The other cases corresponding to the x^i-dependence of the dilaton Φ, and the transverse space case are also discussed. Section 4 is devoted to our conclusion.

2 PP-Waves and Parallelizability : A Review.

Being given the importance of supergravity theories which are α^′-exact solutions, we focus in what follows to review two essential notions namely the pp-waves and the parallelizability and discuss the parallelizable pp-waves as well as the homogeneous plane waves. For other important aspects of these topics, the reader is referred to the literature [8, 12, 13, 14, 15].

2.1 Generalities on PP-waves spacetime

pp-waves ( plane-fronted waves with parallel ray) are general class of spacetime admitting a covariantly constant null Killing vector field v^μ

∇_μv_ν = 0, v^μv_μ = 0 (1)

In general relativity, they form simple solutions to Einstein’s equations with many curious properties. The presence of the covariantly constant null Killing field implies that these spacetime have vanishing scalar curvature invariants, much the same as flat space. The most general form of the pp-waves metrics is given by ds^2 = −2dudv − F (u, x^i)du^2 + 2A_i(u, x^j)dudx^i + g_{ij} (u, x^i)dx^idx^j . (2) To simplify the discussion, it is convenient to work with spacetime for whom A_i(u, x^i) = 0. The front factor F (u, x^i) is shown to satisfy, by virtue of vacuum Einstein’s equations of pure gravity, the transverse Laplace equation for each u and that the transverse space be Ricci flat. However, F (u, x^i) can be considered as an arbitrary function of the longitudinal coordinate u. A useful simplification of the above metrics, consists in considering pp-wave spacetime with flat transverse part ds^2 = −2dudv − F (u, x^i)du^2 + dx^idx^i. (3) To restrict much more these classes of pp-waves, one consider the plane waves spacetime which are those for which the harmonic function F (u, x^i) is quadratic F (u, x^i) = f_{ij} (u)x^ix^j . Thus, the plane wave metrics takes the form ds^2 = −2dudv − f_{ij} (u)x^ix^j du^2 + dx^idx^i, (4) where f_{ij} (u) is any function of the longitudinal coordinate u, symmetric and traceless by virtue of vacuum Einstein’s equations.

The homogeneous plane waves further restrict our general pp-wave metric by taking out f’s dependence on u. We have ds^2 = −2dudv − μ_{ij} x^ix^j du^2 + dx^idx^i, (5) where f_{ij} ≡ μ_{ij} defines a symmetric constant.

A particular example of the homogeneous plane waves is given by the BMN plane wave metrics [3, 16] for which f_{ij} = μ^2δ_{ij} .

2.2 Parallelizability

Consider an n dimensional manifold M. Due to Cartan-Schouten [15], this manifold is said to be parallelizable if there exists a torsion which “flattens” the manifold, i.e. makes the Riemann curvature tensor vanish. Explicitly, we can decompose the connection into a Christoffel piece and a torsion contribution: ∧ Γ λ μν = Γ^λ_{μν} + T^λ_{μν} (6) where Γ^λ_{μν} is symmetric in μν indices and T^λ_{μν} (torsion) is anti-symmetric. The curvature^∧R_{μνρσ} may be decomposed in a similar way, into a piece which comes only from the Christoffel connection and the torsional contributions: ∧ Rμνρσ ≡ Rμνρσ + ∇ρTμνσ − ∇σTμνρ + TμσλT^λ_{νρ} − TμρλT^λ_{νσ}. (7) The parallelizability condition is equivalent to set^∧R_{μνρσ} = 0. Furthermore, the manifold is said to be Ricci-parallelizable if the following Ricci tensor^∧R_{μν} ≡ R_{μν} + ∇_λT^λ_{μν} − T_{μσλ}T^{σλ}_ν is zero. Requesting the Ricci-parallelizability yields the vanishing of the symmetric and antisymmetric pats of^∧R_{μν} namely R_{μν} − T_{μσλ}T^{σλ}_ν = 0, ∇_λT^λ_{μν} = 0. (8) In most string theories, where a torsion field arises naturally, parallelizability leads to important implications for supergravities and their solutions. The type II NS-NS part of supergravity action is shown to take the following form S = 1 l^8_p ∫ d^{10}x √ −ge^{−2Φ} ( R + 4(∇_μΦ)^2 − 1 12 H_{μνρ}H^{μνρ} ) . (9)

The non dilatonic solutions lead to the supergravity equations of motion for the metric and B_{μν} field, namely R_{μν} − 1 4 H_{μσλ}H^{σλ}_ν = 0, ∇_λH^λ_{μν} = 0, (10) with H = dB. Henceforth, H_{μσλ} is assumed to be closed dH = 0. Once we define the torsion T_{μσλ} to be^1_2 H_{μσλ}, the previous supergravity equations are nothing but the Ricci-parallelizability condition (8).

2.3 Parallelizable pp-waves and homogeneous plane-waves

Referring to a theorem presented in [8], in which the authors demonstrate that parallelizable pp-waves backgrounds are necessarily homogeneous plane waves and that a large class of homogeneous plane waves are parallelizable stating the necessary conditions. We remind here bellow the main steps of this proof. The starting point is to consider the most general ten dimensional pp-wave geometry whose metric is given in (2) where the index i, j stands for the transverse coordinates i, j = 1, 2, ..., 8. The functions F, A_i, g_{ij} are chosen to satisfy supergravity equations of motion. Next, the most general NS-NS H field compatible with the covariantly constant Killing vector v^μ is given by H_{uij} = h_{ij} (u, x^k), (11) and all the remaining components zero. Therefore, by imposing the Ricciparallelizability conditions, it’s pointed out that the only nonvanishing component of the Ricci curvature is R_{uu}. Performing some transformations based on the parallelizability condition, the authors present the most general parallelizable pp-waves ds^2 = −2dudv − μ_{ij} x^ix^j du^2 + dx^idx^i (12) H_{uij} = h_{ij} = constant. (13) with μ_{ij} = 1 4 h_{ik} h_{jk}, (14) which is of the form of an homogeneous plane wave, a fact which complete the proof. As claimed also in [8], for the inverse case, not all homogeneous plane-wave geometries are parallelizable. The exception is made only for homogeneous plane wave for which μ_{ij} has doubly degenerate eigenvalues

μ_{ij} = diag(a^2_1, a^2_1, a^2, a^2, a^2_3, a^2_3, a^2_4, a^2_4) (15)

where the four real numbers a_i, determining completely the parallelizable ppwave, are expressed in terms of the antisymmetric 8 × 8 matrix h_{ij} whose only non-zero components are

h_{12} = 2a_1, h_{34} = 2a_2, h_{56} = 2a_3, h_{78} = 2a_4. (16)

3 Type IIB string backgrounds equations on parallelizable PP-waves

3.1 Parallelizable pp-waves backgrounds:

The starting point is the lowest order effective action of type IIB supergravity in 10-dimensions with non-trivial R-R 5-form F [5].

S_{ef f} = ∫ d^{10}x √ −ge^{−2Φ} ( R + 4(∇_μΦ)^2 − 1 12 H_{μνρ} H^{μνρ} − e^{2Φ} 4.5! F_{μνρστ} F^{μνρστ} ) , (17)

in the presence of a metric g, a non trivial dilaton Φ, an anti-symmetric NS-NS B field with field strength H = dB. Setting C^{(0)} = 0 = C^{(2)} for the remaining R-R fields, we may write F = ∂C^{(4)} where C^{(4)} is the corresponding R-R 4-form appropriately normalized. In 10 dimensions, the self duality of F namely^∗F = F does not admit a natural derivation from a covariant action principle and is imposed as an additional constraint at the level of the derived supergravity equations of motion in the σ-model frame

R_{μν} = −2∇_μ∇_ν Φ + 1 4 H_{μρσ} H^{.ρσ}_ν + e^{2Φ} 4.4! ( F_{μκλρσ}F^{.κλρσ}_ν − 1 10 g_{μν} F_{κλρστ} F^{κλρστ} ) , 0 = ∇_μ∇^μΦ − 2 (∇_μΦ) (∇^μΦ) + 1 12 H_{μνρ}H^{μνρ}, 0 = ∇_μ(e^{−2Φ}H^{μνρ}), 0 = ∇_μF^{μνκλρ}, (18) where ∇_μ is the covariant derivative with respect to the Levi-Civita connection Γ^ν_{μρ}. The Greek indices stands for the values 0, 1, ..., 9. The field strength H_{μνρ} of the NS-NS two-form B_{μν} is assumed to be a closed 3-form, dH = 0.

Next, we focus to adapt the parallelizability framework reviewed in section 2, to the previous supergravity equations a fact which give rise to some unsuspected properties. Indeed, requesting the Ricci parallelizability conditions R_{μν} = 1 4 H_{μρσ} H^{.ρσ}_ν , 0 = ∇_μH^{μνρ}, (19) equations (18) reduce then to

0 = −2∇_μ∇_ν Φ + e^{2Φ} 4.4! ( F_{μκλρσ} F^{.κλρσ}_ν − 1 10 g_{μν} F_{κλρστ} F^{κλρστ} ) , 0 = ∇_μ∇^μΦ − 2 (∇_μΦ) (∇^μΦ) + 1 12 H_{μνρ}H^{μνρ}, 0 = H^{μνρ}∇_μe^{−2Φ}, 0 = ∇_μF^{μνκλρ}, (20) Note by the way, that once F =0, the above equations reduce to

▽_μ▽_ν Φ = 0,

▽_μΦ▽^μΦ = 1 24 H_{μνρ} H^{μνρ}, H^{μνρ}▽_μe^{−2Φ} = 0. (21)

Therefore, as mentioned in [10], it follows from the above equations that nondilatonic background solutions are viable if H_{μνρ}H^{μνρ} = 0, which is equivalent to set the scalar curvature R to be zero. This corresponds to the parallelizable ppwaves discussed in [8, 9]. However, for H_{μνρ} H^{μνρ} ≠ 0, it’s also shown that the set of equations (21) can be solved easily with linear dilaton field Φ in the direction transverse to H_{μνρ} .

Since our interest focuses on the F ≠ 0 case, we use the most general parallelizable pp-wave [8].

ds^2 = −2dudv − μ_{ij} x^ix^j du^2 + dx^idx^i (22) H_{uij} = h_{ij} = constant. (23) in order to simplify the string background equations (20) where the constant μ_{ij} and h_{ij} are given by (14-16). As we will show later, the type IIB supergravity solutions in the presence of the R-R 5-form is associated to a non linear conformal Liouville realization of the dilaton field. This is an unusual property which goes beyond the special NS-NS case F = 0 and which provides then a possibility to connect conformal models with string background solutions.

Thereafter, as we are interested to simplify more the string background equations, we assume for the moment that the dilaton Φ is arbitrary and consider the following realization for the 5-form [5],

F =du ∧ φ(x^i) (24)

where φ(x^i) is an anti-self dual closed 4-form in the transverse eight dimensional space with

φ(x^i) = −^∗φ(x^i) dφ(x^i) = 0 (25)

such that F =^∗F. Thus, taking the uu-component of the first equation of (20), we have to consider different cases,

A) Φ = Φ(u) one obtains

0 = −2∇_u∇_uΦ + e^{2Φ} 4.4! φ_{ijkl}φ^{ijkl} (26) This case gives rise to non standard results as we will explicitly discuss in the next subsection. Later on we will use the following notation φ_{ijkl}φ^{ijkl} ≡ φ^2 for the square of the 4-form.

B) Φ = Φ(x^i) one obtains 0 = φ_{ijkl}φ^{ijkl} (27) Before any comments about this equation, lets remind a different formula found by the authors of [5] in the same context but without requesting the parallelizability

∇_i ( e^{−2Φ}∇^iF ) = 1 2.4! φ_{ijkl}φ^{ijkl}. (28) This equation, obtained by taking the uu-component of the non parallelizable supergravity equation of motion, gives a relation between the front factor F and the anti-self dual closed 4-forme φ. Thus, it should undergo an important change while requiring the parallelizability. Indeed, once the parallelizability condition is applied to string background equations of motion (18) for Φ = Φ(x^i), the previous (φ,F )-coupling is not anymore allowed, since the derivative term associated to the front F although non zero decouples from φ_{ijkl}φ^{ijkl} which becomes zero as given in (27).

For this case, we point out that the remaining string background equations

0 = ∇_i∇^iΦ − 2 (∇_iΦ) ( ∇^iΦ ) + 1 12 h^2,

0 = H^{uij} ∇_ie^{−2Φ}, (29)

with h^2 ≡ H_{uij} H^{uij} ; can be solved by a linear realization of the dilaton field Φ(x^i) which provides also a solution for the first equation of (20) once φ^2 = 0.

However, in the transverse space, the equations of motion (20) reduce to

0 = −2∇_i∇_j Φ, 0 = ∇_i∇^iΦ − 2 (∇_iΦ) ( ∇^iΦ ) , (30)

since the only nonvanishing components of H-field are H_{uij} = h_{ij} and therefore H_{ijk} = 0. The first equation shows that the dilaton field Φ should be linear in the transverse coordinates and based on this fact the second one corresponds to the vanishing of the dilaton gradient ∇_iΦ. As a results the dilaton is constrained to be a constant in the transverse coordinates.

3.2 Parallelizable PP waves and conformal Liouville field Theory

We focus in this subsection to give more details about the derived supergravity equation of motion presented in the first case (26) since it gives rise to important non standard results. The idea behind our analysis consists in complexifying the above equation, a fact which makes the link with 2d-conformal symmetry possible. Indeed, consider the differential equation (26), for some reasons that we will explain later, let’s suppose that one can temporarily introduce by hand the derivation with respect to the v-longitudinal direction so that the equation becomes^1

1It’s important to note at this level that the v-longitudinal direction ignored in the standard supergravity backgrounds formulation is now resuscitated to build a 2d-conformal filed theory framework.

0 = −2(∇^2_u + ∇^2_v)Φ + e^{2Φ} 4.4! φ_{ijkl}φ^{ijkl} (31) This way to write the things made us recall the complex notation and 2dconformal invariant equations. Indeed, adopting this analogy for which we put,

∇^2_u + ∇^2_v ≡ ∂∂, (32)

with ∂ =^∂_{∂z} ≡ ∇_u + i∇_v and ∂ =^∂_{∂z} ≡ ∇_u − i∇_v. This drives us to rewrite the supergravity equation of motion (26) as a bidimensional conformal Liouville like equation, namely

∂∂Φ − χ(φ) exp(2Φ) = 0, (33)

or equivalently

β∂∂Φ − χ(φ) exp(2βΦ) = 0, (34)

modulo the following scaling Φ → βΦ, where β is a real constant parameter and where the coefficient χ(φ) stands for the constant χ(φ) ≡^{φ2}_{4!.8} . By virtue of our knowledge on 2d-CFT and integrable models [18, 19, 20], this equation is shown to be solvable as we will show later.

The fact to add the derivation with respect to the v-longitudinal coordinate is only a formal trick of calculation that is going to be ignored thereafter. Note also that we have omitted in the above complexification the fact that ∇_udesignates really the covariant derivatives. This omission doesn’t influence our analysis and the comparison with the conformal Liouville equation imposes itself by nature.

Now before discussing the conformal properties and the solution of this new equation (34), for the meantime we are going to recall some known properties of the standard Liouville equation [21, 22].

The local equation of motion of the two dimensional Liouville field ϕ(z, z) is given by

β∂∂ϕ − exp(2βϕ) = 0, (35)

where β is a real coupling constant. 2d Liouville equation was the subject of several studies in the literature and in different contexts [23, 24]. It is a non linear differential equation that has the particularity to be conformally invariant. Because of the rich structure of bidimensional conformal models, the conformal symmetry represents in this setting a guarantee of the solvability (integrability) and therefore assures a means to overcome the non linearity.

To study the integrability of (35), different techniques including the Lax method were developed. Here, we content ourselves to recall that the explicit solution of the nonlinear Liouville equation can be written as [22]

exp(2βϕ) = k f^′(z).f^′(z) ( 1 − f(z).f(z) )_2 , (36) where f(z) and f (z) are arbitrary analytic and anti-analytic functions, f^′(z) = ∂f(z) and f^′(z) = ∂(f (z)) and k is an arbitrary constant for the moment. As it is well known, the integrability of the Liouville equation is due to conformal symmetry generated by the following classical energy momentum tensor

T (φ) = (∂φ)^2 − 1 β (∂^2φ). (37)

The conservation law of this conformal current, follows immediately by using the equation of motion as shown here below

∂T (φ) = 2(∂∂φ)(∂φ) − 1 β ∂(∂∂φ) = − 1 β (∂ − 2β∂φ) ∂∂φ = 0. (38)

Now having given the necessary ingredients of the conformal Liouville equation, we pass now to study our equation (34). The non-trivial behavior that ensues from our analysis is based on the fact that the striking resemblance with conformal Liouville equation is going to allow us to adapt conformal symmetry and integrable models backgrounds to the present context of parallelizable pp-waves.

Another point to evoke concerns the limit to consider in order to recover the standard formalism where the supergravity equations are expressed according to the covariant derivative^2 ∇_u and not of the complex ones ∂ and ∂. Such a limit is given simply by performing the following transformations at the level of the derived complex formulas

z, z ≡ u ∂.∂ ≡ ∇^2_u ∂f(z) ≡ ∇_uf(u) ≡ ∂(f(z)) (39) Now, consider the derived 2d conformal Liouville equation of motion (34). This equation describes the results of the parallelizable pp-waves constraint on the string backgrounds given by the supergravity effective action (17). The direct contact with the standard Liouville equation (35) consists in setting for instance as an ansatz χ(φ) ≡ φ^2 4!.8

= 1. (40)

For this simple choice, our derived Liouville equation (34) is solved and the solution is given by (36) for any arbitrary analytic and anti-analytic functions f(z) and f̄(z̄) respectively. One should notice at this level the importance of the complex formulation since it gives rise to several solutions related the arbitrary character of the

2This is because the v-direction is ignored in the standard supergravity computations.

functions f(z) and f̄(z̄). As an example, consider the linear realization f(z) = az and f̄(z̄) = bz̄. One easily check that this linear choice corresponds to a solution of the Liouville equation (34) and in the same way fixes the constant k to take the value k = 1. Such a richness in the solutions is a natural feature of 2d-conformal symmetry, a property which is no longer guaranteed if the conformal symmetry is lost.

Now, as we need to recover our derived string backgrounds equations (26), one have to perform the limit equations (39) given above. A remarkable fact here, is that the introduction of these limit equations break automatically the conformal symmetry and the previous analysis must be controlled with prudence. The loss of the conformal symmetry, can be traced to the fact that the contribution of the v-longitudinal coordinate is annulled. Indeed, the conformal splitting in two different, analytic and anti-analytic, sectors is not more valid since we will have only one sector described by the contribution of the u-coordinate.

To illustrate these ideas for the simple case χ(φ) = 1, let’s consider the above 2d-conformal approach in the limit (39). The Liouville equation of motion (34) is now reduced to the original string backgrounds equation (26) (the u-Liouville equation) whose formal solution is assumed for the moment to derive from the complex one (36), once the limit (39) are performed, we set

exp(2βΦ) = k ( ∇_uf(u) 1 − f^2(u)

)_2 . (41)

As discussed above, the fact to ignore the contribution of the v-coordinate will certainly induces some constraint on the functions f(u) that are not more arbitrary. Note that we preserved the shape (41) of the solutions to assure the compatibility with the above approach. Also, this equation shows how the dilaton field Φ is explicitly expressed in terms of the ∇_u-derivatives of some constrained u-dependent functions f(u) that we will try to discuss.

Thereafter, we are interested to derive explicitly the functions f(u) for which (41) defines a solution of (26). Simple formal computations show that the u-Liouville equation (26) has in fact two explicit solutions for the dilaton Φ(u) namely

Φ_±(u) = log [ ±a √ −1 + tanh^2(au + b) ] (42)

or equivalently

Φ_±(u) = log[±ia sec h(au + b)] (43)

where a and b are two positive constant numbers with sec h(α) =^1_{cosh(α)} . Actually, the two explicit solutions of the equation of motion (26), can be extracted from our proposed solution (41). Indeed, performing straightforward by lengthy computations show that the two derived solutions are described by two doubly degenerate expressions of the the function f(u) namely

f_±(u)= [ −1 + 2 1 + exp[±^{4i arctan[tanh(αu+β)]} √ k + γ] ]_{−1} , (44)

with α =^1_2 a, β =^1_2 b and γ are constant numbers. We note by the way that the u-Liouville equation (26) possesses also a simple solution namely^3

Φ(u) = − log[cos(au)], (45)

such a solution is satisfied for the constant a such that χ(φ) ≡^{φ2}_{4!.8} = a^2. Its also important to search, at the level of general formula (41), for the associated function f(u). In fact the same analysis drives us to write for the simple case a = 1 f(u) = K_1 sin(u) − K_2

− K_2, (46)

where K_1 and K_2 are two constants related as follows K_1 = 1 − K^2_2 . One can signal at this level the importance of the conformal approach described above and from which we have been able to derive the expression of the general solution (41). The previous results show clearly how this solution is more general as it incorporates most of the solutions discussed. This property, gives in some sense a possibility to classify all the existing solutions of the u-Liouville string backgrounds equation of motion (26) and describes in the same time an inverse problem based on the fact that finding f(u) such that (26) is true is a guarantee of the integrability.

Next, using the same analysis described before, the conserved conformal current leads in the limit case to the following equation

T (Φ) = (∇_uΦ)^2 − 1 β (∇^2_uΦ), (47)

To understand the meaning of this conserved current in the string background supergravity equations, one recall that the remaining equations (20) behave with respect to the u-dependence of the dilaton field as

0 = ∇^2_uΦ − 2 (∇_uΦ)^2 + 1 12 h^2. (48)

Identifying (47) and (48), one may extract then the following important relations

T (Φ) ≡ μ_{ii} = 1 4 h^2 = 2 4∑ i=1 a^2_i . (49)

This is an unusual form of the stress energy momentum tensor whose conservation law follows naturally by using the Liouville equation of motion since

3We thank M. Blau for fruitful discussions and suggestions.

μ_{ii} = (∇_uΦ)^2 − 1 2 ∇^2_uΦ, (50)

is a constant ( with respect to the u-direction). We have

∂T (Φ) ≡ ∇_uT (Φ) = ∇_uμ_{ii} = 0 (51)

Remark also that the previous formulas impose for the β-parameter to take the value β = 2. Now having discussed a special case associated to the ansatz (40), we intend thereafter to present the general solution of the conformal Liouville equation β∂∂Φ− χ(φ) exp(2βΦ) = 0, for any arbitrary value of the constant χ(φ) . As we can easily check, the conformal conserved current associated to this Liouville equation does not depend on χ(φ) and conserve then the same shape (47). Now, let’s assume that the solution can be written as follows

exp(2βΦ) = η f^′(z).f^′(z) ( 1 − f(z).f(z) )_2 , (52)

where we have to determine later the constant η in terms of χ(φ). Indeed, straightforward but lengthy calculations show that the quantities χ(φ) and η are forced to satisfy the following relation

η.χ(φ) = 2, (53) and then the final solution is given by

exp(2βΦ) = 2 χ(φ) . ( ∇_uf(u) 1 − f^2(u)

)_2

, (54)

once the limit equations are performed. Setting χ(φ) = 1 one recover the special case discussed before and also fixes the constant k to be k = 2.

As a final point, from the third equation of (20) namely

0 = H^{uij} ∇_ue^{−2Φ} (55) we learn that the dilaton gradient introduced in the u-direction should, by virtue of (26), satisfy a non linear conformal Liouville equation. This results goes beyond the one presented in [10] in which a linear solution for the dilaton field in the udirection is shown to deal with the absence of the Ramond- Ramond 5-form.

4 Conclusion

In this work, we present an adaptation of the parallelizability process to type IIB string backgrounds in D = 10 dimensions. Essentially, we show that the two dimensional conformal Liouville theory may be involved in this sense in a natural way.

This is an unsuspected property based on the assumption that the R-R 5-form F is nonvanishing a fact which leads to exact solutions of type IIB string backgrounds on parallelizable pp-wave.

The link with conformal field theories is made through the bidimensional Liouville model. It is a model based on a nonlinear differential equation and that possesses the particularity to be conformally invariant and integrable. This conformal Liouville equation that appears naturally, at the level of the string background solutions, can be traced to the fact that the dilaton field depends on the longitudinal coordinate u. This hypothesis is also reinforced with the fact that the R-R 5-form F is non trivial ( φ_{ijkl}φ^{ijkl} ≠ 0 ) since at the level of the equation (31), the Liouville potential exp (2Φ) is coupled to φ_{ijkl}φ^{ijkl}. We show also that the corresponding conserved conformal current T (Φ) coincides exactly with the trace of the constant symmetric matrix μ_{ij} appearing in the quadratic front factor of the parallelizable pp-wave namely F = μ_{ij} x^ix^j . Furthermore, we consider the transverse space dependence of the dilaton Φ and show that the supergravity equations are easily solved with the linear dilaton field. Other remarkable features are also discussed.

Finally, it might be of particular interest to study string theory on the background developed in this work. Also, in the same context, it would be nice to see if 2d-sigma model is solvable at least for some special cases and to look for the supersymmetric behavior of the present analysis^4.

Acknowledgments

The authors would like to thank the Abdus Salam International Centre for Theoretical Physics, Trieste-Italy, and the considerable help of the High Energy Section where this work was done. This work was done within the framework of the Associateship scheme of the Abdus Salam ICTP (Summer 2003). M.B.S also wishes to thank M.Blau and M.M.Seikh Jabbari for useful discussions and important suggestions.

4We acknowledge M.M.Seikh-Jabbari for suggesting these important points

References

[1] D. Amati and C. Klimcik Strings In A Shock Wave Background And Generation Of Curved Geometry From Flat Space String Theory, Phys.Lett. B210 (1988) 92, Nonperturbative Computation Of The Weyl Anomaly For A Class Of Nontrivial Backgrounds, Phys.Lett. B219 (1989) 443.

[2] G.T. Horowitz and A. R. Steif, spacetime Singularities In String Theory, Phys.Rev.Lett. 64 (1990) 260.

[3] D. Berenstein, J. M. Maldacena and H. Nastase, Strings in flat space and pp waves from N = 4 super Yang Mills, JHEP 0204, 013 (2002), hep-th/0202021. J. Maldacena and L. Maoz, Strings on pp-waves and massive two dimensional field theories,JHEP 0212, 046 (2002), hep-th/0207284.

[4] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, Penrose limits and maximal supersymmetry, Class. Quant. Grav. 19, L87 (2002), hepth/0201081. M. Blau, J. Figueroa-O’Farrill and G. Papadopoulos, Penrose limits, supergravity and brane dynamics, Class. Quant. Grav. 19, 4753 (2002), hep-th/0202111.

[5] I. Bakas and J. Sonnenschein, JHEP 0212 (2002) 049, hep-th/0211257.

[6] R. R. Metsaev, Type IIB Green-Schwarz superstring in plane wave Ramond- Ramond background, Nucl. Phys. B 625, 70 (2002), hep-th/0112044.

[7] R. R. Metsaev and A.A. Tseytlin, Order Alpha-Prime (Two Loop)Equivalence of The string Equations of motion and the Sigma Model Weyl Invariance Conditions: Dependence on The dilaton and the antisymmetric tensor, Type IIB Green-Schwarz superstring in plane wave Ramond-Ramond background, Nucl. Phys. B 293, 385(1987).

[8] D. Sadri and M. M. Sheikh-Jabbari, String theory on parallelizable pp-waves, JHEP 0306, 005 (2003), hep-th/0304169.

[9] J. Figueroa-O’Farrill, On parallelisable NS-NS backgrounds, Class. Quant.

Grav. 20, 3327 (2003), hep-th/0305079.

[10] T. Kawano and S. Yamaguchi, Dilatonic parallelizable NS-NS backgrounds, Phys. Lett. B568, 78(2003), hep-th/0306038.

[11] J. Figueroa-O’Farrill, T. Kawano and S. Yamaguchi, Parallelisable Heterotic Backgrounds, hep-th/0308141.

[12] V. E. Hubeny and M. Rangamani, No horizons in pp-waves, JHEP 0211, 021 (2002), hep-th/0210234. Causal structures of pp-waves, JHEP 0212, 043 (2002) hep-th/0211195.

[13] M. J. Duff, B. E. Nilsson and C. N. Pope, Kaluza-Klein Supergravity, Phys.

Rept. 130, 1 (1986). E. Braaten, T. L. Curtright and C. K. Zachos, Torsion And Geometrostasis In Nonlinear Sigma Models, Nucl. Phys. B 260, 630 (1985).

[14] E. Gava and K. S. Narain,Proving the pp-wave / CFT(2) duality, JHEP 0212, 023 (2002) [arXiv:hep-th/0208081]. D. Berenstein, E. Gava, J. M. Maldacena, K. S. Narain and H. Nastase, Open strings on plane waves and their Yang-Mills duals, arXiv:hep-th/0203249.

[15] M. Blau, P. Meessen and M. O’Loughlin, Goedel, Penrose, anti-Mach: Extra supersymmetries of time-dependent plane waves, arXiv:hep-th/0306161. M. Blau, M. O’Loughlin, G. Papadopoulos and A. A. Tseytlin, Solvable models of strings in homogeneous plane wave backgrounds, arXiv:hep-th/0304198. M. Blau and M. O’Loughlin, Homogeneous plane waves, Nucl. Phys. B 654, 135 (2003) [arXiv:hep-th/0212135].

[16] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, A new maximally supersymmetric background of IIB superstring theory, JHEP 0201, 047 (2002) [arXiv:hep-th/0110242].

[17] E. Cartan and J. Schouten, On the geometry of the group-manifold of simple and semi-simple groups, Proc. K. Ned. Akad. Wet. Amsterdam 29 (1926) 803; On Riemannian geometries admitting an absolute parallelism, Proc. K. Ned. Akad. Wet. Amsterdam 29 (1926) 933.

[18] A. Das, Integrable models, World Scientific, (1989); B. Kupershmidt, Integrable and superintegrable systems,World Scientific, (1990);

[19] A. A. Belavin, A. M. Polyakov and A. B. Zamolodchikov, Infinite Conformal Symmetry In Two-Dimensional Quantum Field Theory, Nucl. Phys. B 241, 333 (1984).

[20] E. H. Saidi and M. B. Sedra, The Feigin-Fuchs Representation Of The N=4 SU(2) Conformal Current, Class. Quant. Grav. 10, 1937 (1993). On N=4 Integrable Models,Int. J. Mod. Phys. A 9, 891 (1994).

[21] E. H. Saidi and M. B. Sedra, Hyperkahler metrics building and integrable models, Mod. Phys. Lett. A 9, 3163 (1994).

[22] L. Alvarez-Gaumé, CERN Preprint. T.H./6123/91

[23] M.B.Sedra, Explicit derivation of a new hyper-Kaehler metric, Nucl. Phys.

B 513, 709 (1998) hep-th/9707145. M. Hssaini, M. Kessabi, B. Maroufi and M. B. Sedra, Central extended D = 2 N = 4 SU(2) Liouville self interacting model and explicit hyperkahler metric, hep-th/0008117.

[24] H. Nohara and K. Mohri, Extended Superconformal Algebra From Supertoda Field Theory, Nucl. Phys. B 349, 253 (1991). J. Evans, T. Hollowood, Nucl. Phys. B 352, 723 (1991.