arXiv:1110.4974v2 [hep-th] 24 Jan 2012

Prepared for submission to JHEP

A Massive S-duality in Four Dimensions

Aybike Çatal-Özer,^a Cemsinan Deliduman^b and E. Ulaş Saka^c aDepartment of Mathematics, Faculty of Science and Letters, İstanbul Technical University, Maslak 34469, İstanbul, Turkey bDepartment of Physics, Mimar Sinan Fine Arts University, Bomonti 34380, İstanbul, Turkey cDepartment of Physics, İstanbul University, Vezneciler 34134, İstanbul, Turkey E-mail: ozerayb@itu.edu.tr, cemsinan@msgsu.edu.tr,

ulassaka@istanbul.edu.tr

Abstract: We reduce the Type IIA supergravity theory with a generalized Scherk-Schwarz ansatz that exploits the scaling symmetry of the dilaton, the metric and the NS 2-form field. The resulting theory is a new massive, gauged supergravity theory in four dimensions with a massive 2-form field and a massive 1-form field. We show that this theory is S-dual to a theory with a massive vector field and a massive 2-form field, which are dual to the massive 2-form and 1-form fields in the original theory, respectively. The S-dual theory is shown to arise from a Scherk-Schwarz reduction of the heterotic theory. Hence we establish a massive, S-duality type relation between the IIA theory and the heterotic theory in four dimensions. We also show that the Lagrangian for the new four dimensional theory can be put in the most general form of a D = 4, N = 4 gauged Lagrangian found by Schön and Weidner, in which (part of) the SL(2) group has been gauged.

Contents

1 Introduction 1

2 Twisted Reduction of Type IIA theory from 6 to 4 Dimensions 3

3 The Heterotic S-dual in 4 Dimensions 6

4 More on the Massive Duality 8

5 Relation with the gauged N = 4 supergravity in D = 4 11

6 Conclusions 15

1 Introduction

String compactifications in the presence of fluxes has been an important research area in recent years. Fluxes can be geometric (like p-form or metric fluxes, see [1] for a review) or non-geometric [2, 3]. The importance of introducing flux into the compactification scheme is that the lower dimensional theory is more realistic. The resulting theory is gauged and massive with mass parameters defining a scalar potential, which in turn gives rise to moduli stabilization.

An important question is the faith of string dualities, when fluxes are introduced. One of the oldest work, which explored this question is that of Kaloper and Myers [4], who considered flux compactifications of the heterotic string on the d-dimensional torus T^d. They showed that the perturbative O(d, d + 16) duality symmetry is still a symmetry of the resulting gauged, massive supergravity, provided that the mass parameters also transform under the duality group. On the other hand, flux compactifications of Type II theories on Calabi-Yau manifolds were studied in [5]. In the papers [5, 6] and later in [7] it was established that the mirror symmetry between IIA and IIB theories is still valid in the presence of fluxes. The U-duality symmetry of M-theory compactifications with flux was explored in [8].

Although much has been understood about the perturbative duality symmetries in flux compactifications, less is known about the non-perturbative ones. For example, the six-dimensional theory obtained from the compactification of IIA theory on K3 manifold is known to be S-dual to heterotic string theory compactified on T^4 [9–13]. Similarly, heterotic string theory compactified on K3 × T^2 to four dimensions is S-dual to Type IIA theory compactified on a certain Calabi-Yau manifold [14–18]. It is natural to ask whether these duality relations continue to hold when fluxes are turned on. The main aim of the present paper is to contribute towards answering this question.

– 1 –

For the S-duality in four dimensions there were early attempts [19, 20], which identified the duals of some fluxes that can be introduced in the heterotic compactification. In more recent work [21], it was suggested that in order to find the duals of all heterotic fluxes, the IIA theory has to be lifted to M-theory.

For the six-dimensional S-duality symmetry with fluxes, earlier work was done in [22], where it is argued that the duality does not hold at the level of the action, when fluxes are introduced. However, they were able to establish a six dimensional massive S-duality by performing a Scherk-Schwarz reduction of seven dimensional IIA theory, obtained by a K3 compactification of M-theory, and the heterotic theory compactified on T^3. On the other hand, in [23] flux compactification of massive IIA theory was performed. The resulting theory was shown to possess the perturbative O(4, 20) symmetry. However, the S-duality symmetry which is to map the theory to heterotic theory could not be restored. The main problem is identified to be due to the fact that on the IIA side it is the NS-NS 2-form field which acquires mass, whereas on the heterotic side vector fields get massive. It might be possible to resolve this problem in four dimensions, since a four dimensional massive 2-form field has the same number of degrees of freedom as a massive vector field in four dimensions. So one can consider to perform a further T^2 reduction of both theories and seek the desired massive S-duality in four dimensions [24]. In the massless case, it is well known that both theories have an O(6, 22) × SL(2) symmetry in four dimensions. On the IIA side, one has the perturbative O(4, 20) symmetry due to K3 compactification, combined with the SL(2) × SL(2) symmetry of the T^2 compactification. Under S-duality, the SL(2) symmetry associated with the torus compactification gets mapped to the self-duality of the heterotic theory on T^6, whereas O(6, 22) is the T-duality symmetry of the heterotic theory associated with the compactification manifold T^6. When fluxes are introduced, the O(4, 20) × SL(2) × SL(2) symmetry of the IIA theory was shown to remain as the symmetry group, provided that the mass parameters also transform under this duality group [22–25]. On the heterotic side, although the O(6, 22) part is still a symmetry as was shown by Kaloper and Myers [4], the self-duality SL(2) is problematic. Recall that in four dimensional heterotic theory, one dualizes the 2-form field coming from the reduction of the NS-NS 2-form field to a scalar, which then forms an SL(2) doublet along with the dilaton. This dualization can no longer be performed in the presence of fluxes, as fluxes imply nonabelian gauge couplings for the 2-form field. However, if the massive S-duality is to hold in 4 dimensions, one expects that it maps the massive IIA theory (for which the SL(2) is still a symmetry) to a massive heterotic theory, which still possesses the self-duality symmetry. One way to approach this problem is to start with the general SL(2)-gauged supergravity in 4 dimensions, seek for a string theory origin and see if this teaches us something about the (possible) massive S-duality between the IIA and the heterotic theory. This is the way we approach the problem of massive S-dualities in this paper.

The most general O(6, 22) × SL(2) gauged supergravity was constructed by Schön and Weidner in [26]. The string/M-theory origin of the most general SL(2) gauging is still not known. However, for certain types of gaugings, namely for those which correspond to scalings and shifts of axion and dilaton in four dimensions, a higher dimensional origin was found by Derendinger et al. [27]. They showed that the dimensional reduction of the ten

– 2 – dimensional heterotic string (to be more precise, the dimensional reduction of the NS sector of the heterotic string, without the Yang-Mills vectors) with a generalized Scherk-Schwarz ansatz gives in four dimensions, after certain dualizations, the Schön-Weidner Lagrangian with non-zero SL(2) gaugings. In this paper, we utilize a similar Scherk-Schwarz ansatz for the reduction of the six dimensional type IIA theory (Such reductions were also considered by [28, 29]). We show that the resulting massive theory is S-dual to heterotic string theory reduced with the Scherk-Schwarz twist of Derendinger et al. [27]. Although we work with a restricted class of fluxes, our work is interesting, because it gives an explicit demonstration of how the duality between massive 2-forms and massive 1-forms work in the context of string theory. As a by-product we show that the inclusion of the Yang-Mills vectors to the heterotic string theory does not change the results of Derendinger et al. [27]. The resulting gauged supergravity is still of the Schön-Weidner type, characterized by the same embedding tensor.

The plan of our paper is as follows. In section 2, we introduce the aforementioned Scherk-Schwarz twist and perform the dimensional reduction of the six-dimensional Type IIA theory. In section 3 we dualize the resulting theory and show that the dual theory can be obtained from a dimensional reduction of the heterotic theory. In section 4, we discuss in more detail how the duality between the massive 2-form fields and the massive 1-form fields work. In section 5 we show that the dual massive theory can be put in the form of Schön-Weidner Lagrangian, and the gaugings are described by the same tensor as the one in Derendinger et al, although we also include the Yang-Mills vectors. We discuss our results in section 6.

2 Twisted Reduction of Type IIA theory from 6 to 4 Dimensions

In this section we perform a dimensional reduction of the six-dimensional Type IIA theory to four dimensions on a two-torus with a certain Scherk–Schwarz twist [30, 31]. The six-dimensional Type IIA Lagrangian is obtained by a standard Kaluza–Klein reduction of the ten-dimensional Type IIA supergravity on K3 [9–12]. The field content of the ten-dimensional Type IIA supergravity consists of a dilaton, a two-form Kalb-Ramond field, and a one- and a three-form Ramond-Ramond fields. The bosonic part of the sixdimensional Type IIA Lagrangian, given as L^{IIA}_6 = e^{−ϕ} ( R ∗ 1 − dϕ ∧ ∗dϕ + 1 4 d ~M_{IJ} ∧ ∗d ~M^{IJ} − 1 2 H_{(3)} ∧ ∗H_{(3)} − 1 2 e^ϕ ~M_{IJ} F^I_{(2)} ∧ ∗F^J_{(2)} )

− 1 2 L_{IJ} B_{(2)} ∧ F^I_{(2)} ∧ F^J_{(2)}, (2.1)

is O(4, 20)-invariant and the full theory has N = 2 supersymmetry in six dimensions. Here ~M_{IJ} with I = 1, . . . , 24 is the scalar matrix that takes values in O(4, 20)/O(4)×O(20) coset space; L_{IJ} is the invariant metric of O(4, 20); H_{(3)} = dB_{(2)}; and finally F^I_{(2)} = dA^I_{(1)}, where A^I_{(1)} is the O(4, 20) vector, A^I_{(1)} = (A^a_{(1)}, B_{(1)a}, A^A_{(1)}), with a = 1, . . . , 4, and A = 1, . . . , 16.^1

1How A^I_{(1)} is related to ten-dimensional vector fields of Type IIA theory is explained, for example, in [38].

– 3 –

We reduce this Lagrangian on a 2-torus T^2 with the following twisted ansatz ϕ(x, y) = ~ϕ(x) − 2λ_my^m, G(x, y) = e^{−λmym} ( ~G + ~G_{mn}η^m ⊗ η^n ) , B_{(2)}(x, y) = e^{−λmym} ( ~B_{(2)} + ~B_{(1)m} ∧ η^m + 1 2 ~B_{(0)mn}η^m ∧ η^n ) , A^I_{(1)}(x, y) = e^{1/2λm ym} ( ~A^I_{(1)} + ~A^I_{(0)m} ∧ η^m ) , (2.2)

Here y^m with m = 1, 2 are the coordinates on T^2, the parameters λ_m are arbitrary real numbers, η^m = dy^m + ~A^m_{(1)}, and ~A^m_{(1)} is the graviphoton of the reduction. In this notation Ω_{(p)} is a p-form in six dimensions and ~Ω_{(p)} is a p-form in four dimensions. This type of reduction is different from the Kaluza–Klein reduction in the sense that one takes into account not just the zeroth order term, but also the higher order terms in the harmonic expansion of fields on the compactification manifold, here T^2. However, dependence of the fields on the coordinates of the internal manifold cannot be arbitrary. The reduced Lagrangian should be independent of the coordinates of the compactification manifold. To attain to this requirement one has to choose the Scherk-Schwarz reduction ansatz according to some symmetry of the theory [32–38]. The reduction ansatz above is dictated by the SL(2, R) scaling symmetry of the two-torus:

ϕ → ϕ − 2λ, G → e^{−λ}G(x), B_{(2)} → e^{−λ}B_{(2)}(x) (2.3)

This symmetry ensures that the ansatz (2.2) yields a consistent reduction. We first reduce the Einstein-Hilbert part together with the dilaton kinetic term of the six-dimensional Type IIA Lagrangian (2.1). We perform the reduction of the Ricci scalar by expressing it in the so called Palatini form [39]. By utilizing a standard ansatz for the vielbein we calculate the non-vanishing components of the anholonomy coefficients [39] and the corresponding spin connection components, in terms of which the Palatini form is given. Then the usual reduction of the metric is performed. To absorb the volume form of the compactification manifold it is also necessary to shift the dilaton and define the four-dimensional dilaton as ~ϕ = ϕ−^1_2 log det ~G_{mn}, where ~G_{mn} is a symmetric 2 by 2 metric on T 2. In order to write the action in the Einstein frame, we also perform a conformal rescaling of the four-dimensional metric, ~G_{μν} →^{e ~ϕ}_2 ~G_{μν} , with μ, ν = 0, 1, 2, 3, and also a final rescaling ~ϕ → 2~ϕ of the dilaton. The reduced form of the first two terms of (2.1) in the Einstein frame are then found to be L^{IIA}_{4, gravity} = 1 2 ~R ∗ 1 + 1 8 D ~G_{mn} ∧ ∗D ~G^{mn} (2.4) −D ~ϕ ∧ ∗D ~ϕ − 1 4 e^{−2~ϕ} ~G_{mn}F^m_{(2)} ∧ ∗F^n_{(2)} − 1 2 e^{2~ϕ}λ_m ~G^{mn}λ_n, where F^m_{(2)} = dA^m_{(1)} is the field strength of the graviphoton, D ~ϕ = d~ϕ −^1_2 λ_kA^k_{(1)}.

We now insert the reduction ansatz, (2.2), into the NS-NS part of the Lagrangian (2.1)

– 4 – and obtain in four dimensions an effective theory with the Lagrangian, L^{IIA}_{4, NS−NS} = −e^{−~ϕ} [ 1 2 ~H_{(3)} ∧ ∗ ~H_{(3)} + 1 2 ~H_{(2)m} ~G^{mn} ∧ ∗ ~H_{(2)n} + 1 2 ~H_{(1)mn} ~G^{mp} ~G^{nq} ∧ ∗ ~H_{(1)pq} + 1 2 ~M_{IJ} ~F^I_{(2)} ∧ ∗ ~F^J_{(2)} (2.5) + 1 2 ~M_{IJ} ~F^I_{(1)m} ~G^{mn} ∧ ∗ ~F^J_{(1)n} + 1 2 ~M_{IJ} ~F^I_{(0)mn} ~G^{mp} ~G^{nq} ∧ ∗ ~F^J_{(0)pq} ] + L_{CS}. where L_{CS} contains the Chern-Simons terms of the Lagrangian L^{IIA}_4 :^2

L_{CS} = −L_{IJ} ϵ^{mn} ~B_{(2)} ∧ ~F^I_{(1)[m} ∧ ~F^J_{(1)n]} − 1 2 L_{IJ} ϵ^{mn} ~B_{(2)} ∧ ~F^I_{(2)} ∧ ~F^J_{(0)mn}

−2L_{IJ} ϵ^{mn} ~B_{(1)[m} ∧ ~F^I_{(2)} ∧ ~F^J_{(1)n]} − 1 4 L_{IJ} ϵ^{mn} ~B_{(0)mn} ∧ ~F^I_{(2)} ∧ ~F^J_{(2)}. (2.6)

The four dimensional fields that appear in the above Lagrangian are obtained from F^I_{(2)}(x, y) = e^{1/2λmym} ( ~F^I_{(2)} + ~F^I_{(1)m} ∧ η^m + 1 2 ~F^I_{(0)mn}η^m ∧ η^n ) , H_{(3)}(x, y) = e^{−λmym} ( ~H_{(3)} + ~H_{(2)m} ∧ η^m + 1 2 ~H_{(1)mn}η^m ∧ η^n ) . (2.7)

Their explicit forms are

~F^I_{(2)} = d ~A^I_{(1)} + ~A^I_{(0)m}F^m_{(2)} + 1 2 λ_m ~A^I_{(1)} ∧ A^m_{(1)} ≡ D ~A^I_{(1)} + ~A^I_{(0)m}F^m_{(2)} ,

~F^I_{(1)m} = d ~A^I_{(0)m} − 1 2 λ_rA^r_{(1)} ~A^I_{(0)m} − 1 2 λ_m ~A^I_{(1)} ≡ D ~A^I_{(0)} − 1 2 λ_m ~A^I_{(1)} , ~F^I_{(0)mn} = λ_{[m} ~A^I_{(0)n]} , (2.8) and ~H_{(3)} = d ~B_{(2)} + λ_r ~B_{(2)}A^r_{(1)} − ~B_{(1)m}F^m_{(2)} ≡ ~D ~B_{(2)} − ~B_{(1)m}F^m_{(2)} , ~H_{(2)m} = d ~B_{(1)m} − λ_r ~B_{(1)m}A^r_{(1)} − λ_m ~B_{(2)} − ~B_{(0)mn}F^n_{(2)}

≡ ~D ~B_{(1)m} − λ_m ~B_{(2)} − ~B_{(0)mn}F^n_{(2)} , ~H_{(1)mn} = d ~B_{(0)mn} + λ_r ~B_{(0)mn}A^r_{(1)} + 2λ_{[m} ~B_{(1)n]} ≡ ~D ~B_{(0)mn} . (2.9)

The scalar matrix ~M_{IJ} is O(4, 20)/O(4) × O(20) valued and it is given in terms of the geometric moduli on K3 and components of the B−field wrapping the harmonic cycles of K3. We do not need its explicit form here, which can be found in many sources, e.g. in [8].

The twisted reduction ansatz we employ here exploits the scaling symmetry of the dilaton, metric, the NS 2-form field and the vectors A^I_{(1)}. Therefore, these fields are charged under the gauge symmetry of the lower dimensional theory and their derivatives become covariant derivatives as above. The gauge field is the graviphoton A^m_{(1)}, which is the vector field that comes from the reduction of the metric.

2To agree with the conventions of [27] we take ψ_{[m}χ_{n]} =^1_2 (ψmχn − ψnχm).

– 5 –

3 The Heterotic S-dual in 4 Dimensions

In this section, we dualize the 4d IIA theory (2.4, 2.5, 2.6) that we obtained in the previous section and show that the resulting massive/gauged theory can be obtained from a twisted reduction of the heterotic string theory. The dualization is nontrivial as the fields that will be dualized, namely B_{(2)}, B_{(1)m} and B_{(0)mn} appear through not only their field strengths, but also through their bare potentials. We overcome this difficulty in two steps. Firstly, we rewrite the Chern-Simons (CS) term (2.6) by adding total derivative terms that will not alter the field equations, such that the resulting CS term involves only the field strengths of the relevant fields. Secondly, we add to the Lagrangian several Lagrange multiplier terms, which couple the (field strengths of) the fields that will be dualized to not only the field strengths but also to the bare potentials of the “dual-to-be” fields. The duality is of the S-duality type, because under this duality the dilaton, whose expectation value determines the string coupling constant, changes sign.

The relevant Lagrange multiplier terms are: ( d ^B_{(2)} − λ_r ^B_{(2)}A^r_{(1)} − ^B_{(1)m}F^m_{(2)} ) ∧ ~H_{(1)mn}ϵ^{mn} + ( d ^B_{(1)m} + λ_r ^B_{(1)m}A^r_{(1)} + λ_m ^B_{(2)} − ^B_{(0)mr}F^r_{(2)} ) ∧ ~H_{(2)n}ϵ^{mn} + ( d ^B_{(0)mn} − λ_r ^B_{(0)mn}A^r_{(1)} − 2λ_{[m} ^B_{(1)n]} ) ∧ ~H_{(3)}ϵ^{mn}. (3.1)

Variation of the Lagrangian with respect to the fields ^B_{(2)}, ^B_{(1)m} and ^B_{(0)mn} impose three different identities that the field strengths ~H_{(3)}, ~H_{(2)m} and ~H_{(1)mn} should obey. These identities are respectively,

− ~D ~H_{(1)mn} − 2λ_{[m} ~H_{(1)n]} = 0, ~D ~H_{(2)n} + λ_n ~H_{(3)} − F^m ~H_{(1)mn} = 0, ~D ~H_{(3)} + F^m ~H_{(2)m} = 0. (3.2)

These are precisely the Bianchi identities that should be satisfied by ~H_{(3)}, ~H_{(2)n} and ~H_{(1)mn}, as can be checked straightforwardly from (2.9).

To perform the variation of the Lagrangian with respect to the field strengths ~H_{(3)}, ~H_{(2)m} and ~H_{(1)mn} we first need to write the Chern-Simons part of the four-dimensional Type IIA Lagrangian (2.6) in terms of these fields. After some work we find that L_{CS} can be written as L_{CS} = 1 4 L_{IJ} ϵ^{mn} ~H_{(3)} ∧ ~A^I_{(1)} ∧ ~F^J_{(0)mn} − L_{IJ} ϵ^{mn} ~H_{(3)} ∧ ~A^I_{(0)[m} ∧ ~F^J_{(1)n]}

+L_{IJ} ϵ^{mn} ~H_{(2)[m} ∧ ~A^I_{(1)} ∧ ~F^J_{(1)n]} + L_{IJ} ϵ^{mn} ~H_{(2)[m} ∧ ~A^I_{(0)n]} ∧ ~F^J_{(2)} + 1 4 L_{IJ} ϵ^{mn} ~H_{(1)mn} ∧ ~A^I_{(1)} ∧ ~F^J_{(2)}, (3.3)

together with some complicated total derivative terms, which will not contribute to any equation obtained through variation of the action.

– 6 –

The variation of the Lagrangian (sum of eqs. (2.5), (3.3) and (3.1)) with respect to the field strengths ~H_{(3)}, ~H_{(2)m} and ~H_{(1)mn} gives, respectively,

e^{−~ϕ}ϵ^{mn} ∗ ~H_{(1)mn} = ^D ^B_{(2)} − ^B_{(1)m}F^m_{(2)} − 1 2 L_{IJ} ^A^I_{(1)} ∧ ^F^J_{(2)} ≡ ^H_{(3)} (3.4)

e^{−~ϕ}ϵ^n_m ∗ ~H_{(2)n} = ^D ^B_{(1)m} + λ_m ^B_{(2)} − ^B_{(0)mn}F^n_{(2)} − 1 2 L_{IJ} ^A^I_{(0)m} ^F^J_{(2)} − 1 2 L_{IJ} ^A^I_{(1)} ^F^J_{(1)m} ≡ ^H_{(2)m} e^{−~ϕ}ϵ_{mn} ∗ ~H_{(3)} = ^D ^B_{(0)mn} − 1 2 L_{IJ} ^A^I_{(1)} ^F^J_{(0)mn} + L_{IJ} ^A^I_{(0)[m} ^F^J_{(1)n]} ≡ ^H_{(1)mn},

where the covariant derivatives are defined as

^D ^B_{(2)} = d ^B_{(2)} − λ_r ^B_{(2)}A^r_{(1)} ^D ^B_{(1)m} = d ^B_{(1)m} + λ_r ^B_{(1)m}A^r_{(1)} ^D ^B_{(0)mn} = d ^B_{(0)mn} − λ_r ^B_{(0)mn}A^r_{(1)} − 2λ_{[m} ^B_{(1)n]} . (3.5)

Next we make the identifications

~M_{IJ} → ^M_{IJ} , ~A^I_{(1)} → ^A^I_{(1)}. (3.6)

The first identification here is understood as such that the scalar matrix of heterotic theory is constructed in terms of the geometric moduli of T^4 and the expectation value of the B-field on T^4. However, its form is the same as that of ~M_{IJ} , for it still should be O(4, 20)/O(4) × O(20) valued. This scalar matrix is given as

^M^{IJ} = ^G + ^CT ^G−1 ^C + ^AT ^A − ^CT ^G−1 ^CT ^G−1L ^A + ^AT − ^G^{−1} ^C ^G^{−1} − ^G^{−1}L ^A ^AT L ^G−1 ^C + ^A − ^AT L ^G−1 1 + ^AT L ^G−1L ^A . (3.7)

Here ^G ≡ ^G_{ab}, with a = 1, . . . , 4, is a symmetric 4 by 4 metric on T^4 and ^C = ^B + 1 2 ^AI L_{IJ} ^AJ with ^B ≡ ^B_{(0)ab}. For each I, ~AI is a 4-vector whose components are ~AI_{(0)a}.

L_{IJ} is the invariant metric of O(4, 20). Due to the second identification, the field strengths ~F_{(2)}, ~F_{(1)m} and ~F_{(0)mn} are identified without any change in their expressions with the field strengths ^F_{(2)}, ^F_{(1)m} and ^F_{(0)mn}, respectively.

Substituting expressions (3.4) back into (2.4) and (2.5), making the identifications (3.6), and changing the sign of the dilaton ~ϕ → −^ϕ, one obtains the dual Lagrangian, which is

L^{Het}_4 = 1 2 ^R ∗ 1 + 1 8 D ^G_{mn} ∧ ∗D ^G^{mn} − D ^ϕ ∧ ∗D ^ϕ (3.8) − 1 4 e^{−2^ϕ} ^G_{mn}F^m_{(2)} ∧ ∗F^n_{(2)} − 1 2 e^{2^ϕ}λ_m ^G^{mn}λ_n −e^{−^ϕ} [ 1 2 ^H_{(3)} ∧ ∗ ^H_{(3)} + 1 2 ^H_{(2)m} ^G^{mn} ∧ ∗ ^H_{(2)n} + 1 2 ^H_{(1)mn} ^G^{mp} ^G^{nq} ∧ ∗ ^H_{(1)pq} + 1 2 ^M_{IJ} ^F^I_{(2)} ∧ ∗ ^F^J_{(2)} + 1 2 ^M_{IJ} ^F^I_{(1)m} ^G^{mn} ∧ ∗ ^F^J_{(1)n} + 1 2 ^M_{IJ} ^F^I_{(0)mn} ^G^{mp} ^G^{nq} ∧ ∗ ^F^J_{(0)pq} ] .

– 7 –

The duality relation between the Lagrangians (2.4-2.5) and (3.8) is of the S-duality type, because it changes the sign of the dilaton. Since the string coupling constant is related to the dilaton with the relation g = exp ϕ, dilaton’s sign change corresponds to going from strong coupling to weak coupling or vice versa.

Now we show that the Lagrangian (3.8) can be obtained from the six-dimensional Heterotic supergravity Lagrangian through a twisted reduction on T^2. The bosonic sector of Heterotic supergravity in ten dimensions consists of a scalar dilaton, a two-form NS- NS potential and gauge bosons A^a_{(1)}. It is often assumed that these vectors take values in the Lie algebra of U(1)^{16}, which is the Cartan subalgebra of either Heterotic string theory gauge groups, E_8 × E_8 or Spin(32)/Z_2. The six-dimensional Heterotic supergravity Lagrangian is obtained by the standard Kaluza–Klein reduction of the ten-dimensional Heterotic supergravity on T^4. The details of this reduction can be found, for example, in [40]. Like the Type IIA theory in six dimensions, the six-dimensional Heterotic Lagrangian has rigid O(4, 20) symmetry. Combining fields into multiplets of O(4, 20) one can write the Lagrangian in a manifestly O(4, 20) invariant way as L^{Het}_6 = e^{−^ϕ} ( R ∗ 1 − dϕ ∧ ∗dϕ + 1 4 d ^M_{IJ} ∧ ∗d ^M^{IJ} − 1 2 H_{(3)} ∧ ∗H_{(3)} − 1 2 ^M_{IJ} F^I_{(2)} ∧ ∗F^J_{(2)} ) , (3.9)

where M_{IJ} is the O(4, 20)/O(4) × O(20) scalar matrix, H_{(3)} = dB_{(2)} − 1 2 L_{IJ} A^I_{(1)} ∧ dA^J_{(1)}, and finally F^I_{(2)} = dA^I_{(1)} with A^I_{(1)} = (A^a_{(1)}, B_{(1)a}, A^A_{(1)}). We can again utilize the SL(2, R) scaling symmetry of T^2 to write a twisted reduction ansatz as^3 ϕ(x, y) = ^ϕ(x) + 2λ_my^m, m = 1, 2 G(x, y) = e^{λm ym} ( ^G + ^G_{mn}η^m ⊗ η^n ) , B_{(2)}(x, y) = e^{λm ym} ( ^B_{(2)} + ^B_{(1)m} ∧ η^m + 1 2 ^B_{(0)mn}η^m ∧ η^n ) , A^I_{(1)}(x, y) = e^{1/2λm ym} ( ^A^I_{(1)} + ^A^I_{(0)m} ∧ η^m ) . (3.10)

This reduction ansatz for the fields involved are the same as given in (2.2), except that the metric and three-form field strength scale differently under the SL(2, R) scaling symmetry. After inserting the reduction ansatz (3.10) into the Lagrangian (3.9) we obtain in four dimensions an effective theory, whose Lagrangian is exactly the same as the dual Lagrangian given above in (3.8).

4 More on the Massive Duality

In this section, we examine the duality found in (3.4) further. We will see how it implies that the 2-form field on the IIA side, which becomes massive by ”eating” one of the 1-form fields (more precisely a linear combination of two 1-form fields) is dual to a massive 1-form

3Note that sign of λ in (2.2) and (2.7) have been reversed in each expression except the ones in A^I_{(1)} and F^I_{(2)}.

– 8 – field on the heterotic side, which acquires its mass by absorbing the degree of freedom of the scalar field. Similarly, the remaining 1-form field on the IIA side becomes massive by eating the scalar field and is dual to the 2-form field on the heterotic side, which also becomes massive due to its Stückelberg coupling with the remaining 1-form field.

It is possible that some fields acquire masses by “eating“ others due to the Stückelberg type couplings between various fields in equations (2.8) and (2.9). Before explaining how this mechanism works, let us count the number of physical degrees of freedom to see in advance how many fields we expect to become massive in the process. Recall that a massless p-form field in d dimensions has C(d − 2, p) = ( d − 2 p ) = (d − 2)! p! (d − 2 − p)! number of degrees of freedom, whereas the number of physical degrees of freedom of a massive p-form field in d dimensions is C(d − 1, p) = ( d − 1 p ) = (d − 1)! p! (d − 1 − p)! . Then in six dimensions a massless 2-form field has 6 degrees of freedom. If we reduced this 2-form to 4 dimensions with an ordinary Kaluza-Klein ansatz without the twist, we would obtain one 2-form field, two 1-form fields and a scalar field, all of which are massless with a total of 1 + 2 × 2 + 1 = 6 degrees of freedom. However, the twist gives rise to Stückelberg type couplings as above, and upon examination one sees that the 2-form field eats one of the 1-form fields in 4 dimensions, whereas the other 1-form field eats the scalar field due to these coupling, as a result of which we end up with 3+3 = 6 degrees of freedom again. This will be possible by going to an appropriate gauge as we explain shortly. Note that a gauge can also be chosen such that the 1-form fields A^I_{(1)} coming from the reduction of each ^A^I_{(1)} eats one of the scalar fields A^I_{(0)m}. However, we prefer not to perform this gauge transformation and content ourselves with showing the mass gaining mechanism only for the 2-form field B_{(2)}. This is what we will essentially need when we discuss the duality between the two massive theories arising from the twisted heterotic and IIA reductions.

In order to explain how the mechanism works, let us first write down the gauge transformations of the relevant fields in 4 dimensions.

δB_{(2)} = DΛ_{(1)} + Λ_{(0)1}F^1 + Λ_{(0)2}F^2 δB_{(1)1} = DΛ_{(0)1} − λ_1Λ_{(1)} δB_{(1)2} = DΛ_{(0)2} − λ_2Λ_{(1)} δB_{(0)} = −λ_1Λ_{(0)2} + λ_2Λ_{(0)1} (4.1)

It will be useful to define

B_{(1)n} = Ω^m_nB_{(1)m} and Λ_{(0)n} = Ω^m_nΛ_{(0)m},

– 9 – where Ω = 1 √ λ^2_1 + λ^2 ( λ_2 −λ_1 λ_1 λ_2 ) . (4.2)

Then we will have

δB_{(1)1} = DΛ_{(0)1} δB_{(1)2} = DΛ_{(0)2} − √ λ^2_1 + λ^2Λ_{(1)} δB_{(0)} = √ λ^2_1 + λ^2Λ_{(0)1} (4.3)

Using the last line in the above equation, we can go to a gauge in which we can set B_{(0)} = 0 and the field strengths in equation (2.9) become

H_{(2)1} = DB_{(1)1} H_{(2)2} = DB_{(1)2} + √ λ^2_1 + λ^2B_{(2)} H_{(1)} = B_{(1)1}. (4.4)

Here B_{(1)n} = Ω^m_nB_{(1)m} and H_{(2)n} = Ω^m_nH_{(2)m}. On the other hand, using the gauge invariance δB_{(1)2} = − √ λ^2_1 + λ^2Λ_{(1)}, and δB_{(2)} = DΛ_{(1)} we can perform the gauge transformation

B_{(2)} −→ B_{(2)} − 1 √ λ^2_1 + λ^2

DB_{(1)2}, (4.5)

as a result of which B_{(1)2} disappears and H_{(3)} becomes

H_{(3)} = DB_{(2)} + 1 √ λ^2_1 + λ^2

(λ_1B_{(1)1}F^2 − λ_2B_{(1)1}F^1). (4.6)

In summary we will have

H_{(3)} = DB_{(2)} − B_{(1)1} ∧ F^1 H_{(2)1} = DB_{(1)1} H_{(2)2} = √ λ^2_1 + λ^2B_{(2)} H_{(1)} = B_{(1)1}. (4.7)

Here we defined F^m = Ω^m_nF^n Hence we see that the scalar field B_{(0)} and the 1-form field B_{(1)2} have been eaten by the 1-form field B_{(1)1} and the the 2-form field B_{(2)}, respectively. Then, after these special choices of gauges, the four-dimensional duality relations (3.4)

– 10 – become ^D ^B_{(2)} − 1√ λ^2_1 + λ^2

^B_{(1)1} ∧ F^1 − 1 2 L_{IJ} A^I_{(1)} ∧ F^J_{(2)} = e^{−~ϕ} ∗ ~B_{(1)1}, (4.8) √ λ^2_1 + λ^2 ^B_{(2)} − L_{IJ} A^I_{(0)2} ∧ F^J_{(2)} = −e^{−~ϕ} ∗ D ~B_{(1)1},

^D ^B_{(1)1} − L_{IJ} A^I_{(0)1} ∧ F^J_{(2)} = e^{−~ϕ} ∗ √ λ^2_1 + λ^2 ~B_{(2)},

^B_{(1)1} + L_{IJ} A^I_{(0)1} ∧ ^DA^J_{(0)2} + 1 2 L_{IJ} A^I_{(0)1} ∧ A^J_{(1)} = e^{−~ϕ} ∗ ( ~D ~B_{(2)} − 1 √ λ^2_1 + λ^2

~B_{(1)1} ∧ F^1).

Here A^I_{(0)n} = Ω^m_nA^I_{(0)m}, and fields with ^ denote the Heterotic fields and fields with ~ denote the Type IIA fields. So we see that the duality relation between the two-form fields in six dimension imply a massive duality relation between the massive one-form field B_{(1)1} and the massive two-form field B_{(2)} in four dimensions. Note that both these fields have three degrees of freedom in four dimensions. This is an illustration in four dimensions of the general duality between massive p-forms and massive (d − p − 1)-forms in d dimensions [41–43].

5 Relation with the gauged N = 4 supergravity in D = 4

In this section, we show that the 4 dimensional Lagrangian we obtained in the previous sections can be put in the form of a N = 4 gauged supergravity Lagrangian, whose most general form was found by Schön and Weidner [26]. This part of our work is an extension of the work of [27], where they reduce the NS-NS sector of the heterotic theory with a twisted ansatz utilizing the same scaling symmetry and show that the resulting gauged supergravity is of the Schön-Weidner type with nontrivial SL(2) gaugings. Here we also include the vectors A^I and make the comparison for this more general case.

The N = 4 supergravity coupled to n vector multiplets has the global on-shell symmetry SL(2, R) × O(6, 6 + n). The bosonic sector of the pure N = 4 supergravity contains the graviton, six vectors and two scalars, whereas each vector multiplet contains a vector and six real scalars. The scalar fields of the theory constitute the coset space SL(2, R)/SO(2) × O(6, 6 + n)/O(6) × O(6 + n). The gauged N = 4 supergravities are obtained by gauging a subalgebra of the global symmetry SL(2, R)×O(6, 6+n). The generators of this subalgebra are the linear combinations of SL(2, R) and O(6, 6 + n) generators and the coefficients of this linear combinations are the components of the embedding tensor [26, 44–52]. However, there are several requirements which stem form the facts that the commutator of the generators of subalgebra should produce an adjoint action, the Jacobi identity for the subalgebra should be satisfied, and the supersymmetry of the theory should be preserved. Then one obtains a number of constraints that the components of the embedding tensor have to satisfy [26]. The components of the embedding tensor are group valued and usually denoted by ξ_{αM} and f_{αMNP} = f_{α[MNP ]}. Here α = +, − is the SL(2, R) index and M = i, i^′, A with i = 1, ..., 6; i^′ = 1, ..., 6; and A = 1, ..., n is the O(6, 6 + n) index.

– 11 –

The bosonic part of the gauged N = 4 supergravity action can be written as the sum of a kinetic term, a topological term and a scalar potential. The kinetic term has the form e^{−1}L_{kin} = 1 2 R ∗ 1 + 1 16 (DM_{MN} ) ∧ ∗(DM^{MN} ) + 1 8 (DM_{αβ} ) ∧ ∗(DM^{αβ} ) − 1 4 e^{−2ϕ}M_{MN} H^{M+}_{(2)} ∧ ∗H^{N+}_{(2)} + 1 8 aη_{MN} H^{M+}_{(2)} ∧ H^{N+}_{(2)} , (5.1)

the topological term has the form e^{−1}L_{top} = − g 2 [ ξ_{+M} η_{NP} A^{M−}_{(1)} ∧ A^{N+}_{(1)} ∧ dA^{P +}_{(1)} − (f̂_{−MNP} + 2ξ_{−N} η_{MP} )A^{M−}_{(1)} ∧ A^{N+}_{(1)} ∧ dA^{P −}_{(1)} − g 4 f̂_{αMNR}f̂_{βP Q}^RA^{Mα}_{(1)} ∧ A^{N+}_{(1)} ∧ A^{P β}_{(1)} ∧ A^{Q−}_{(1)} + g 16 Θ_{+MNP} Θ_−^M_{QR}B^{NP}_{(2)} ∧ B^{QR}_{(2)} − 1 4 (Θ_{−MNP} B^{NP}_{(2)} + ξ_{−M} B^{+−}_{(2)} + ξ_{+M} B^{++}_{(2)} ) ∧ (2dA^{M−}_{(1)} − gf̂_{αQR}^M A^{Qα}_{(1)} ∧ A^{R−}_{(1)} ) ] , (5.2)

and the scalar potential term has the form e^{−1}L_{pot} = − g^2 16 [ f_{αMNP} f_{βQRS}M^{αβ} ( 1 3 M^{MQ}M^{NR}M^{P S} + ( 2 3 η^{MQ} − M^{MQ} ) η^{NR}η^{P S} )

− 4 9 f_{αMNP} f_{βQRS} ϵ^{αβ}M^{MNP QRS} + 3ξ^M_α ξ^N_β M^{αβ} M_{MN} ] . (5.3)

Now let us explain the terms that appear in the above action: η^{MN} is the O(6, 6 + n) metric, which can be written in blocks as

η^{MN} = 0 1 0 1 0 0 0 0 L

, (5.4)

where L^{IJ} is the O(4, 4 + n) metric. M_{MN} is a symmetric positive definite scalar matrix that parametrize the coset manifold O(6, 6+n)/O(6)×O(6+n), likewise M_{αβ} is a symmetric positive definite matrix that parametrizes the SL(2, R)/SO(2) coset space. A suitable choice for M_{αβ} is M_{αβ} = 1 Im(τ) ( |τ|^2 Re(τ) Re(τ) 1 ) . (5.5)

where τ = a + ie^{−2ϕ}, a is the axion and ϕ is the dilaton field. The M_{MNP QRS} that appear in the scalar potential term of the Lagrangian is a scalar dependent, completely antisymmetric tensor, which is also defined in terms of O(6, 6 + n)/O(6) × O(6 + n) coset representatives [26].

The components of the embedding tensor, ξ_{αM} and f_{αMNP} = f_{α[MNP ]}, frequently appear in the following combinations: Θ_{αMNP} = f_{αMNP} − ξ_{α[N} η_{P ]M} , f̂_{αMNP} = f_{αMNP} − ξ_{α[M} η_{P ]N} − 3 2 ξ_{αN} η_{MP} . (5.6)

– 12 –

The gauge coupling constant g will later be taken as g = 1. The covariant derivative is defined as D = ∇ − gA^{Mα}_{(1)} Θ_{αM}^{NP} t_{NP} + gA^{M(α}_{(1)} ϵ^{β)γ} ξ_{γM} t_{αβ} , (5.7)

where t_{NP} and t_{αβ} are generators of O(6, 6 + n) and SL(2, R), respectively and ∇ contains the spin connection. D acts on objects in an arbitrary representation of the global symmetry group.

H^{M+}_{(2)} are the covariant field strengths of electric fields with forms given as [26]

H^{M+}_{(2)} = F^{M+}_{(2)} + g 2 Θ_−^M_{NP} B^{NP}_{(2)} + g 2 ξ_+^M B^{++}_{(2)} + g 2 ξ_−^M B^{+−}_{(2)} , (5.8)

F^{M+}_{(2)} = dA^{M+}_{(1)} − gf̂_{αNP}^M A^{Nα}_{(1)} ∧ A_{(1)}^{P +}. (5.9)

The covariant field strengths of magnetic fields, H^{M−}_{(2)} , are defined similarly by interchanging all − and + indices in the above expression. Note that there is no kinetic term for the magnetic fields H^{M−}_{(2)} .

To match the the four-dimensional Heterotic string Lagrangian (3.8) with the fourdimensional gauged supergravity Lagrangian (5.1–5.3) we have to make several field definitions and define a O(6, 22)/O(6) × O(22) valued scalar matrix which could be matched with M^{MN} . We find that after following field definitions^4

^C_{(2)} = ^B_{(2)} + 1 2 ^B_{(1)m} ∧ A^m_{(1)} + 1 4 L_{IJ} ^A^I_{(1)} ∧ ^A^J_{(0)m} ∧ A^m_{(1)} (5.10)

^C_{(1)m} = ^B_{(1)m} + 1 2 L_{IJ} ^A^I_{(1)} ∧ ^A^J_{(0)m} (5.11)

^C_{(0)mn} = ^B_{(0)mn} + 1 2 L_{IJ} ^A^I_{(0)m} ∧ ^A^J_{(0)n} (5.12)

the field strengths ^H_{(3)}, ^H_{(2)m} and ^H_{(1)mn} can be written as

^H_{(3)} = ^D ^C_{(2)} − 1 2 η_{MN} ^A^M_{(1)} ∧ ^F^N_{(2)} − 1 4 λ_mA^m_{(1)} ∧ ^C_{(1)p} ∧ A^p_{(1)} (5.13) ^H_{(2)m} = ^D ^C_{(1)m} + λ_m ^C_{(2)} − ^C_{(0)mn} ∧ F^n_{(2)} − L_{IJ} ^A^I_{(0)m} ∧ D ^A^J_{(1)} (5.14) ^H_{(1)mn} = ^D ^C_{(0)mn} − L_{IJ} ^A^I_{(0)m} ∧ D ^A^J_{(0)n}, (5.15)

where D ^A^I_{(p)} are as in (2.8), and we define ^A^M_{(1)} = (A^m_{(1)}, ^C_{(1)m}, ^A^I_{(1)}) and their field strengths, ^F^M_{(2)} = (F^m_{(2)}, ^D ^C_{(1)m} + λ_m ^C_{(2)}, D ^A^I_{(1)}). (5.16)

On the other hand the covariant derivatives have the following forms:

^D ^C_{(2)} = d ^C_{(2)} − λ_r ^C_{(2)} ∧ A^r_{(1)} (5.17)

^D ^C_{(1)m} = d ^C_{(1)m} + λ_r ^C_{(1)m} ∧ A^r_{(1)} − 1 2 λ_m ^C_{(1)p} ∧ A^p_{(1)} (5.18) ^D ^C_{(0)mn} = d ^C_{(0)mn} − λ_r ^C_{(0)mn} ∧ A^r_{(1)} − 2λ_{[m} ^C_{(1)n]} . (5.19)

4Note that ^C_{(0)mn} is not antisymmetric in its indices. In fact, in matrix notation we have ^C = ^B + 1 2 ^A^T L ^A so that ^C + ^C^T = ^A^T L ^A rather than 0.

– 13 –

We also define the O(6, 22)/O(6) × O(22) valued scalar matrix as

^N^{MN} = ^G + ^CT ^G−1 ^C + ^AT ^M ^AJ − ^CT ^G−1 ^CT ^G−1L ^A + ^AT ^M − ^G^{−1} ^C ^G^{−1} − ^G^{−1}L ^A ^AT L ^G−1 ^C + ^M ^A − ^AT L ^G−1 ^M + ^AT L ^G−1L ^A . (5.20)

where ^G ≡ ^G_{mn}, with m = 1, 2, is a symmetric 2 by 2 metric on T^2 and ^C = ^B+ 1 2 ^AI L_{IJ} ^AJ with ^B ≡ ^B_{(0)mn}. For each I, ~A^I is a 2-vector whose components are ~A^I_{(0)m}. L_{IJ} is the invariant metric of O(4, 20), and O(4, 20)/O(4) × O(20) valued scalar matrix ^M^{IJ} is given in (3.7).

We can now rewrite the four-dimensional Heterotic Lagrangian (3.8) in a form which is ready to be compared with the four-dimensional supergravity Lagrangian:

L^{Het}_4 = 1 2 ^R ∗ 1 − (D ^ϕ) ∧ ∗(D ^ϕ) − 1 2 e^{2^ϕ}λ_m ^N^{mn}λ_n +e^{−^ϕ} [ 1 4 D ^N_{MN} ∧ ∗D ^N^{MN} − 1 2 ^H_{(3)} ∧ ∗ ^H_{(3)} − 1 2 ^N_{MN} ^F^M_{(2)} ∧ ∗ ^F^N_{(2)} ] . (5.21)

Now we need to solve for ξ_{αM} and f_{αMNP} in order to bring the Lagrangian of the gauged supergravity in four dimensions (5.1–5.3) to a form that is equivalent to the fourdimensional Heterotic Lagrangian (5.21). However, instead of solving for possible ξ_{αM} and f_{αMNP} from constraint equations (eq. (2.20) in [26]), we determine them by comparing the field strengths (5.8) in four-dimensional gauged supergravity Lagrangian with the field strengths ^F^M_{(2)} in the Heterotic supergravity Lagrangian. Then it can be shown that the solution we find indeed obeys the constraint equations of [26].

In (5.21) we have only the field strengths of electric fields. Therefore we first set ξ_{−M} = 0 and f_{−MNP} = 0. Now comparing the field strength ^F^M_{(2)} (5.16) with H^{M+}_{(2)} (5.8) we firstly observe that to have an equivalence we need to identify B^{++}_{(2)} with 2 ^C_{(2)} and set the values of ξ_{+M} as ξ_{+M} = (ξ_{+m}, ξ_{+m}′ , ξ_{+I} ) = (λ_m, 0, 0). (5.22)

The other observation is about the values of f̂_{+MNP} , which we obtain as f̂_{+MNp′} − f̂_{+NMp′} = 0 f̂_{+m′np} − f̂_{+nm′p} = λ_pη_{nm′} − 2λ_nη_{pm′} f̂_{+ImJ} − f̂_{+mIJ} = −λ_mη_{IJ} (5.23)

Using the definition (5.6) of f̂_{+MNP} , values of ξ_{+M} (5.22) and the antisymmetry property f_{+MNP} = f_{+[MNP ]}, we can now determine that f_{+mnp}′ = −λ_{[m}η_{n]p}′ , (5.24) with all other components of f_{+MNP} vanishing. Here, λ_m has only two components λ_1 and λ_2, unlike [27]. This is because we put fluxes only on T^2, whereas in [27], a twisted reduction on the 6-torus T^6 is considered. Note that the components of the tensor f_{+MNP}

– 14 – involving the indices I are zero, in spite of the non-Abelian field strengths of the vector fields ^A^I . Comparing D ^A^I with (5.8), one finds the last equation in (5.23) above, yet the components f_{+mIJ} are computed to be zero. As a result, our embedding tensor contains no new nonvanishing components as compared to the one found in [27]. We refer the reader to [26] to check that the solution (5.24) satisfies the constraint equations that the embedding tensor should satisfy.

Plugging in the determined values for embedding tensor components (5.22, 5.24) and then integrating out the magnetic fields, A^{M−}_{(1)} , from the gauged supergravity Lagrangian (5.1–5.3) one obtains that the combination of the kinetic part and the topological part become [27] e^{−1}L_{kin} = 1 2 R ∗ 1 + 1 16 (DM_{MN} ) ∧ ∗(DM^{MN} ) − (Dϕ) ∧ ∗(Dϕ) (5.25) − 1 4 e^{−2ϕ}M_{MN} ( F^{M+}_{(2)} + 1 2 ξ^M_+ B^{++}_{(2)} ) ∧ ∗ ( F^{N+}_{(2)} + 1 2 ξ^N_+ B^{++}_{(2)} )

− 1 8 e^{−4ϕ} ( dB^{++}_{(2)} − ξ_{+M} A^{M+}_{(1)} ∧ B^{++}_{(2)} − ω_{(3)}

)_2 , and the scalar potential term become e^{−1}L_{pot} = − 1 16 e^{2ϕ} [ 3ξ_{+M} ξ_{+N} M^{MN} + 1 3 f_{+MNP} f_{+QRS}M^{MQ}M^{NR}M^{P S} + f_{+MNP} f_{+QRS} ( 2 3 η^{MQ} − M^{MQ} ) η^{NR}η^{P S} ] , (5.26)

where ω_{(3)} = η_{MN} F^{M+}_{(2)} ∧ A^{N+}_{(1)} −^1_2 λ_mA^{m+}_{(1)} ∧ A^{n+}_{(1)} ∧ A^+_{(1)n} and we set g = 1. Note that ^H_{(3)} = ^D ^C_{(2)} − 1 2 ω_{(3)}.

We note that identifying A^{m+}_{(1)} with the Kaluza-Klein gauge fields A^m_{(1)}, A^{m′+}_{(1)} with the field ^C_{(1)m} (5.11), A^{I+}_{(1)} with the vector fields of six dimensions, and B^{++}_{(2)} with 2 ^C_{(2)} one matches the kinetic terms of gauge fields in four-dimensional gauged supergravity Lagrangian (5.25) with the kinetic terms of gauge fields in the four-dimensional Heterotic string Lagrangian (5.21). One needs also to check whether the scalar potential term (5.26) of the four-dimensional gauged supergravity action matches with the scalar potential term in the above Lagrangian after the identification ^M ≡ 2 ^N . Substituting in the scalar potential term (5.26) the matrix form of ^N one finds that scalar potential terms also match. This way we show that the compactification of heterotic string theory with the inclusion of the Yang-Mills vectors is equivalent to a gauged supergravity which is still of the Schön-Weidner type.

6 Conclusions

In this paper, we established a massive S-duality relation between the heterotic theory and type IIA theory in 4 dimensions. Both theories in four dimensions are obtained by a duality-twisted reduction, which exploits the scaling symmetry of various fields including the dilaton and the metric. This type of reduction ansatz was first used by Derendinger et

– 15 – al. [27] for the reduction of the NS-NS sector of the heterotic theory. Our ansatz for the reduction of heterotic and type IIA theories assign gauge coupling of the opposite sign to the NS-NS fields and couplings of the same sign to the 1-form fields. The massive duality between the two theories work in the following way. On the one side we have scalar, vector and 2-form fields (p−form fields with p = 0, 1, 2) with various Stückelberg type couplings. Such couplings allow a p−form field to become massive by absorbing the degrees of freedom of a (p − 1)-form field after a certain gauge transformation. In the massless case, a p−form field is dual to a (p̃ = 2 − p)-form field in 4 dimensions. Similarly, a (p − 1)-form field is dual to a (3 − p = p̃ + 1)-form field. These dual fields also have Stückelberg type couplings among them. As a result, the (p̃ + 1)-form fields absorb the degrees of freedom of the p̃-form fields and hence become massive. This massive (p̃ + 1 = 3 − p)-form field is the dual of the massive p-form field in the original theory. The duality between the two theories also changes the sign of the dilaton, and therefore it is of the S-duality type. So we see that the usual S-duality between the heterotic and IIA theories in 4 dimensions survive, even in the presence of (a certain class of) fluxes.

In the last section of our paper, we also showed that the Lagrangian for the massive theory we obtain in four dimensions can be put in the general form of N = 4, D = 4, SL(2)× O(6, 22) gauged Lagrangian, found by Schön and Weidner [26], where (part of) the SL(2) group has been gauged. This had already been done by Derendinger et al. [27] for the NS-NS sector of the heterotic theory. Here, we also add the sector involving the vector fields coming from the reduction of the Yang-Mills vectors in 10 dimensions, and show that the resulting theory is still of the same type.

A natural generalization of our work would be to introduce a more general dualitytwisted ansatz, which also gauges the O(6, 22) part (and even more interestingly the whole of the SL(2) part) of the symmetry group in 4 dimensions and explore the faith of S-duality in this more general case.

Another interesting direction is to analyze if the string-string-string triality in 4 dimensions [53] continues to hold in the presence of fluxes we consider here. It would be very interesting to find a duality-twisted ansatz for the reduction of type IIB theory, which gives in 4 dimensions a massive theory dual to the two massive theories we have found here.

Acknowledgments

This work is supported by the Turkish Council of Research and Technology (TÜBİTAK) through grant number 108T715.

References

[1] M. Grana, “Flux compactifications in string theory: A Comprehensive review,” Phys. Rept.

423, 91-158 (2006) [hep-th/0509003].

[2] J. Shelton, W. Taylor, B. Wecht, “Nongeometric flux compactifications,” JHEP 0510, 085 (2005) [hep-th/0508133].

– 16 –

[3] G. Dall’Agata, N. Prezas, H. Samtleben, M. Trigiante, “Gauged Supergravities from Twisted Doubled Tori and Non-Geometric String Backgrounds,” Nucl. Phys. B799, 80-109 (2008) [arXiv:0712.1026 [hep-th]].

[4] N. Kaloper, R. C. Myers, “The Odd story of massive supergravity,” JHEP 9905, 010 (1999) [hep-th/9901045].

[5] J. Louis, A. Micu, “Type 2 theories compactified on Calabi-Yau threefolds in the presence of background fluxes,” Nucl. Phys. B635 , 395-431 (2002) [hep-th/0202168].

[6] S. Gurrieri, J. Louis, A. Micu, D. Waldram, “Mirror symmetry in generalized Calabi-Yau compactifications,” Nucl. Phys. B654, 61-113 (2003) [hep-th/0211102].

[7] M. Grana, J. Louis, D. Waldram, “SU(3) x SU(3) compactification and mirror duals of magnetic fluxes,” JHEP 0704 , 101 (2007) [hep-th/0612237].

[8] C. M. Hull, R. A. Reid-Edwards, “Flux compactifications of M-theory on twisted Tori,” JHEP 0610 , 086 (2006) [hep-th/0603094].

[9] C. M. Hull, P. K. Townsend, “Unity of superstring dualities,” Nucl. Phys. B438, 109-137 (1995) [hep-th/9410167].

[10] E. Witten, “String theory dynamics in various dimensions,” Nucl. Phys. B443, 85-126 (1995) [hep-th/9503124].

[11] A. Sen, “String string duality conjecture in six-dimensions and charged solitonic strings,” Nucl. Phys. B450, 103-114 (1995) [hep-th/9504027].

[12] J. A. Harvey, A. Strominger, “The heterotic string is a soliton,” Nucl. Phys. B449, 535-552 (1995) [hep-th/9504047].

[13] K. Behrndt, E. Bergshoeff, B. Janssen, “Type II duality symmetries in six-dimensions,” Nucl. Phys. B467, 100-126 (1996) [hep-th/9512152].

[14] J. H. Schwarz, “Dilaton - axion symmetry,” [hep-th/9209125].

[15] J. H. Schwarz, A. Sen, “Duality symmetric actions,” Nucl. Phys. B411, 35-63 (1994) [hep-th/9304154].

[16] J. H. Schwarz, A. Sen, “Duality symmetries of 4-D heterotic strings,” Phys. Lett. B312, 105-114 (1993) [hep-th/9305185].

[17] A. Sen, “Strong - weak coupling duality in four-dimensional string theory,” Int. J. Mod.

Phys. A9, 3707-3750 (1994) [hep-th/9402002].

[18] M. J. Duff, “Strong / weak coupling duality from the dual string,” Nucl. Phys. B442, 47-63 (1995) [hep-th/9501030].

[19] G. Curio, A. Klemm, B. Kors, D. Lust, “Fluxes in heterotic and type II string compactifications,” Nucl. Phys. B620, 237-258 (2002) [hep-th/0106155].

[20] J. Louis, A. Micu, “Heterotic-Type IIA duality with fluxes,” JHEP 0703, 026 (2007) [hep-th/0608171].

[21] O. Aharony, M. Berkooz, J. Louis, A. Micu, “Non-Abelian structures in compactifications of M-theory on seven-manifolds with SU(3) structure,” JHEP 0809, 108 (2008) [arXiv:0806.1051 [hep-th]].

[22] K. Behrndt, E. Bergshoeff, D. Roest, P. Sundell, “Massive dualities in six-dimensions,” Class. Quant. Grav. 19 , 2171-2200 (2002) [hep-th/0112071].

– 17 –

[23] M. Haack, J. Louis, H. Singh, “Massive type IIA theory on K3,” JHEP 0104 , 040 (2001) [hep-th/0102110].

[24] H. Singh, “Romans type IIA theory and the heterotic strings,” Phys. Lett. B 545, 403 (2002) [arXiv:hep-th/0201206].

[25] B. Janssen, “Massive T duality in six-dimensions,” Nucl. Phys. B610, 280-292 (2001) [hep-th/0105016].

[26] J. Schön, M. Weidner, “Gauged N=4 supergravities,” JHEP 0605 , 034 (2006) [hep-th/0602024].

[27] J. -P. Derendinger, P. M. Petropoulos, N. Prezas, “Axionic symmetry gaugings in N=4 supergravities and their higher-dimensional origin,” Nucl. Phys. B785 , 115-134 (2007) [arXiv:0705.0008 [hep-th]].

[28] G. Villadoro, F. Zwirner, “The Minimal N=4 no-scale model from generalized dimensional reduction,” JHEP 0407, 055 (2004) [hep-th/0406185].

[29] G. Dall’Agata, G. Villadoro, F. Zwirner, “Type-IIA flux compactifications and N=4 gauged supergravities,” JHEP 0908, 018 (2009) [arXiv:0906.0370 [hep-th]].

[30] J. Scherk, J. H. Schwarz, “Spontaneous Breaking of Supersymmetry Through Dimensional Reduction,” Phys. Lett. B82, 60 (1979).

[31] J. Scherk, J. H. Schwarz, “How to Get Masses from Extra Dimensions,” Nucl. Phys. B153, 61-88 (1979).

[32] E. Bergshoeff, M. de Roo, E. Eyras, “Gauged supergravity from dimensional reduction,” Phys. Lett. B413, 70-78 (1997) [hep-th/9707130].

[33] N. Kaloper, R. R. Khuri, R. C. Myers, “On generalized axion reductions,” Phys. Lett. B428, 297-302 (1998) [hep-th/9803066].

[34] C. M. Hull, “Massive string theories from M theory and F theory,” JHEP 9811, 027 (1998) [hep-th/9811021].

[35] C. M. Hull, A. Çatal-Özer, “Compactifications with S duality twists,” JHEP 0310, 034 (2003) [hep-th/0308133].

[36] A. Çatal-Özer, “Duality twists on a group manifold,” JHEP 0610, 072 (2006) [hep-th/0606278].

[37] R. A. Reid-Edwards, “Geometric and non-geometric compactifications of IIB supergravity,” JHEP 0812, 043 (2008) [hep-th/0610263].

[38] R. A. Reid-Edwards, B. Spanjaard, “N=4 Gauged Supergravity from Duality-Twist Compactifications of String Theory,” JHEP 0812, 052 (2008) [arXiv:0810.4699 [hep-th]].

[39] T. Ortin, “Gravity and strings,” Cambridge University Press (2004), pg. 683.

[40] J. Maharana, J. H. Schwarz, “Noncompact symmetries in string theory,” Nucl. Phys. B390, 3-32 (1993) [hep-th/9207016].

[41] P. K. Townsend, K. Pilch, P. van Nieuwenhuizen, “Selfduality in Odd Dimensions,” Phys.

Lett. 136B, 38 (1984).

[42] F. Quevedo, “Duality beyond global symmetries: The Fate of the B (mu neutrino) field,” [hep-th/9506081].

– 18 –

[43] E. Bergshoeff, Y. Lozano, T. Ortin, “Massive branes,” Nucl. Phys. B518, 363-423 (1998) [hep-th/9712115].

[44] B. de Wit, H. Samtleben, M. Trigiante, “On Lagrangians and gaugings of maximal supergravities,” Nucl. Phys. B655, 93-126 (2003) [hep-th/0212239].

[45] B. de Wit, H. Samtleben, M. Trigiante, “Maximal supergravity from IIB flux compactifications,” Phys. Lett. B583, 338-346 (2004) [hep-th/0311224].

[46] B. de Wit, H. Samtleben, M. Trigiante, “Gauging maximal supergravities,” Fortsch. Phys.

52, 489-496 (2004) [hep-th/0311225].

[47] B. de Wit, H. Samtleben, M. Trigiante, “The Maximal D=5 supergravities,” Nucl. Phys.

B716, 215-247 (2005) [arXiv:hep-th/0412173 [hep-th]].

[48] B. de Wit, H. Samtleben, M. Trigiante, “Magnetic charges in local field theory,” JHEP 0509, 016 (2005) [hep-th/0507289].

[49] B. de Wit, H. Samtleben, M. Trigiante, “The Maximal D=4 supergravities,” JHEP 0706, 049 (2007) [arXiv:0705.2101 [hep-th]].

[50] M. Trigiante, “Dual gauged supergravities,” [hep-th/0701218].

[51] H. Samtleben, “Lectures on Gauged Supergravity and Flux Compactifications,” Class.

Quant. Grav. 25, 214002 (2008) [arXiv:0808.4076 [hep-th]].

[52] M. Weidner, “Gauged supergravities in various spacetime dimensions,” Fortsch. Phys. 55, 843-945 (2007) [hep-th/0702084].

[53] M. J. Duff, J. T. Liu, J. Rahmfeld, “Four-dimensional string-string-string triality,” Nucl.

Phys. B459, 125-159 (1996) [hep-th/9508094].

– 19 –