arXiv:1306.4918v1 [hep-th] 20 Jun 2013

AEI-2013-217

Duality completion of higher derivative corrections

Hadi Godazgar and Mahdi Godazgar

Max-Planck-Institut für Gravitationsphysik, Albert-Einstein-Institut, Am Mühlenberg 1, D-14476 Potsdam, Germany

hadi.godazgar@aei.mpg.de, mahdi.godazgar@aei.mpg.de

June 21, 2013

Abstract

We present a new method for completing higher derivative corrections for theories that exhibit duality symmetries under reduction. This proposal is based on the observation that duality symmetry in the reduced theory highly constrains the form of the unreduced theory. We apply this idea to closed bosonic string theory and complete the Riemann squared term to simply derive the known full tree-level effective action to order α^′.

1 Introduction

A crucial ingredient in understanding the role, or otherwise, of string theory in nature is to understand string theory beyond the low energy effective supergravity description. Of course, supergravity plays an important role in guiding this understanding, particularly via non-perturbative insights. However, it is ultimately corrections to the supergravity limit that makes string theory a desirable candidate for a theory of quantum gravity. These corrections can be viewed as coming from two distinct sources: α^′ corrections, which arise due to the finite length of the fundamental string, and quantum corrections in the string coupling g_s. Both expansions correspond to a higher derivative expansion beyond classical two-derivative supergravity.

The ultimate goal is to find an effective action that incorporates all such corrections, including non-perturbative effects. This is clearly a difficult problem. A more modest starting point in this direction is to understand these corrections order by order. The most direct approach is string perturbation theory. The novelty of string theory is that at each order in the quantum expansion there are an infinite number of terms in an expansion in α^′. A remarkable observation is that the equations of motion for the massless states found from the string S-matrix coincide perturbatively with the vanishing of the β-functional of the string sigma model, thereby ensuring conformal invariance. It is expected that this equivalence will hold to all orders. For string theories admitting a Green-Schwarz formulation, the κ-invariance of the action can also be used to determine higher derivative corrections. This is one of the ways in which string theory is different from field theories, where the effective action is solely determined by the S-matrix.

In light of the fact that the low energy effective action is constrained, or even determined, in a number of ways, it is reasonable to ask in what way the duality symmetry of the action under reduction constrains the higher derivative corrections. The existence of duality symmetries is a ubiquitous feature of gravitational theories. In the context of general relativity, it has been known for a long time that a rich, unexpected symmetry structure appears in the presence of Killing isometries; a fact that has been utilised extensively to generate new interesting solutions. In supergravity theories, the inclusion of form-fields and fermions results in a yet richer structure [1, 2]. Viewing supergravity as a low energy effective description of string theory, a relation is made [3] between these duality symmetries and the duality symmetries, such as T-duality, emerging from string theory, leading to the conjecture [4] that discrete versions of the Cremmer-Julia exceptional symmetry groups are in fact duality symmetries of string theories that encompass T and S-dualities.

Using duality symmetries to understand new aspects of the theory, such as constraining or determining higher derivative corrections, is not a new idea and indeed significant work has been done in this regard^1. In this paper, however, we present a new method for completing higher derivative corrections given the existence of duality symmetries under reduction. In particular, we show how duality in the reduced theory can be used to provide a completion of a higher derivative term in the unreduced theory. Our approach is based on the observation [3, 24–26] that string dualities imply that the reduced low energy effective action can be written in a duality manifest way in terms of a duality group element à la Cremmer-Julia. This observation can also be extended to the higher derivative corrections. Specifically, Meissner [27] showed that the α^′ corrections to the closed bosonic string low energy effective action when reduced to one dimension can be expressed solely in terms of a duality invariant dilaton field and an O(d, d) group element. The new perspective that we have in this paper is that the insistence that the reduced theory, in particular the scalars, be written in terms of a group-theoretic duality element highly constrains, to the point of uniqueness, the unreduced theory. Thus, rather than finding the duality group element by reducing the known action and explicitly demonstrating the duality invariance of the reduced theory, we show how given

1A non-exhaustive list of references on duality and higher derivative corrections includes [5–23].

a duality symmetry, the unreduced action can be derived. The method presented in this paper is particularly important given the fact that in many cases only a part of a higher derivative correction is known. In general, the most well-understood terms are purely gravitational terms, which using our approach can be completed to find couplings to matter fields. The higher derivative corrections including matter couplings are important in a number of areas, including string phenomenology and cosmology and string theoretic studies of black hole entropy.

In section 2, we present the arguments for the duality completion of known terms in a theory given the existence of a duality symmetry. Central to this method is the observation that the scalars in the reduced theory parametrise the duality coset. These scalars are related to the internal components of higher dimensional fields. We argue that general covariance provides a precise relationship between the action for the internal components of the fields and the full higher-dimensional (unreduced) action. Therefore, by completing the scalars from the reduction of a known term in the reduced theory, we can uplift to find the completion in the unreduced theory.

To demonstrate the utility of this method, we apply our reasoning to find the T-duality completion of the Riemann squared correction to the low energy effective action of closed bosonic string theory and rederive the full tree-level correction at first order in α^′. We give a detailed derivation of our result in order to emphasise the simplicity of the method and the uniqueness of the completion. Furthermore, we would like to highlight the constructive nature of this method and provide the necessary framework for applying it to other theories.

First, in section 3.1, we use group theory to find the duality group element that the scalars of the reduced theory parametrise. Then, in section 4, we begin with the Riemann squared term and find the action for the scalars coming from the reduction of this term. We rewrite this action using the duality group element with all other fields turned off. Then, we turn on the other fields and calculate the scalar action in the reduced theory. Finally, we uplift this new scalar action to the full theory. Remarkably, we find that the uplift is unique and, up to field redefinitions, coincides precisely with the complete tree-level closed bosonic effective action to order α^′ [28–32]. Of significant importance is the simplicity with which these terms are found using this approach in stark contrast to previous derivations in the literature.

We comment on the application of this work to other string theory corrections, inclusion of fermions and its relation to generalised geometry and double field theory in the discussion section at the end of the paper.

Our index conventions throughout the paper are as follows: D-dimensional indices are denoted μ, ν, ρ . . .; d-dimensional (internal) indices are denoted by a, b, c, . . . and (D − d)-dimensional (reduced) indices are denoted by i, j, k, . . ..

2 Duality completion of a gravitational sector

In this section, we present an argument as to how one can use consistency with a duality symmetry that appears upon a dimensional reduction of a gravitational theory to determine the coupling of the gravitational sector to the matter content in the full theory. The argument presented here applies more generally for any sector of the theory and need not be confined to a completion of the gravitational sector. However, given that it is generally the gravitational sector that is most well-understood in any given theory we shall confine our attention to this sector for clarity.

Consider a D-dimensional gravitational theory with some matter content. In addition, assume that upon a reduction of the theory to (D − d) dimensions hidden symmetries appear. That is, the reduced theory possesses a symmetry, given by a coset G/H, that is larger than that which one would naively expect. The precise way in which the coset G/H controls the dynamics of the reduced theory is only important here at the level of the scalars. In particular, what we require here is the following:

Upon a dimensional reduction of the D-dimensional gravitational theory to (D − d) dimensions, the scalars of the reduced theory parameterise a coset G/H. Moreover, the scalar sector of the theory can be written, solely, in terms of the metric of the reduced theory, a coset element of G/H and any scalar invariant under the action of G/H.

In some cases, an appropriate dualisation of fields needs to be performed in order to find the scalar sector of the reduced theory. For the purposes of this argument, we neglect this possibility and only consider the case where the scalar sector of the reduced theory manifests itself naturally upon dimensional reduction and dualisation of fields need not be carried out. A simple modification of the argument presented here can be applied to the former case as will hopefully become apparent. However, for simplicity, we disregard this possibility here.

The claim, which we shall clarify below, is that any (non-gauge invariant) term that must appear in the D-dimensional action for consistency with the hidden symmetry observed upon a reduction of the theory can be completed to a unique gauge invariant term that is consistent with the appearance of the hidden symmetry in lower dimensions. This is a non-trivial statement for two reasons. It is certainly not necessarily true that any non-gauge invariant term can be completed to a gauge invariant term in the sense described above; nor should it be obvious to the reader why any such term must be unique.

Let us begin by splitting the lagrangian of the D-dimensional theory in the following way: L = R_S( ~∂, f) + R_R( ~∂, f, F ) + G( ^∂, f) + C( ~∂, ^∂, f, F ), (1) where ~∂ denotes partial differentiation with respect to a (D − d)-dimensional coordinate, i.e. the coordinates of what would be the reduced theory if dimensional reduction were to be carried out; ^∂ denotes partial differentiation with respect to the complementary coordinates; f denotes all fields with only d-dimensional (internal space) indices^2 and F denotes the remaining fields. These could have mixed indices or have only (D − d)-dimensional indices. In R_S( ~∂, f), F type fields are required in order to contract with the partial derivatives and form a scalar. However, in the notation, the emphasis is on those fields on which the derivatives act.

For concreteness, consider the following term g^{μν} ∂_μg^{ρσ}∂_ν g_{ρσ} (2) that appears in the Ricci scalar and is thus present in the lagrangian of any gravitational theory based on Einstein’s theory. For this term, R_S ( ~∂, f) = g^{ij} ∂_ig^{ab}∂_j g_{ab}, (3) R_R( ~∂, f, F ) = g^{ij} ∂_ig^{kl}∂_j g_{kl} + 2g^{ij} ∂_ig^{ak}∂_j g_{ak}, (4) G( ^∂, f) = g^{ab}∂_ag^{cd}∂_bg_{cd}, (5) C( ~∂, ^∂, f, F ) = g^{ab}(∂_ag^{ij} ∂_bg_{ij} + 2∂_ag^{ic}∂_bg_{ic}) + 2g^{ia}(∂_ig^{cd}∂_ag_{cd} + 2∂_ig^{jb}∂_ag_{jb} + ∂_ig^{kl}∂_ag_{kl}). (6) Together, R_S and R_R correspond to the reduced theory, while terms in G correspond to the sector of the theory for which a generalised geometric formulation may be possible. It is clear that

2We refer to these as internal space indices in view of the terminology that would be used in the reduced theory.

such a splitting of the lagrangian can always be done^3. The terms that interest us here are those contained in R_S . To reiterate, these are terms for which partial differentiation is taken only along (D − d)-dimensional coordinates and all fields on which the derivatives act appear only with internal space indices. From the perspective of the reduced theory, these terms are in the scalar sector of the theory^4. It is this observation that allows us to argue the duality completion of any gravitational term in the lagrangian.

Consider a lagrangian with a gravitational term. Dimensionally reduce the action to (D − d) dimensions and consider the scalar sector of the reduced theory. By assumption, the scalar sector can be rewritten in terms of a coset element of G/H and any scalar invariant under the coset, so that R̃_S (g̃, f) = R̃_S (g̃, V_{G/H} , {Φ}) | |_{matter fields=0} (7)

where g̃ is the metric and f are the scalars of the reduced theory; V_{G/H} denotes a coset element of G/H and {Φ} denotes the set of scalars that are formed from f and are invariant under the action of the coset. Thus, R̃_S (g̃, V_{G/H} , {Φ}) gives the full coupling of the scalars corresponding to the matter fields in the reduced theory, given a particular gravitational term.

Now, the question is how to extend this observation to the unreduced theory. This is where the splitting of the lagrangian of the D-dimensional theory, described above, becomes useful. The terms in R̃_S (g̃, f) are in one-to-one correspondence with the terms in R_S ( ~∂, f), as emphasised earlier. That is, the terms in R_S ( ~∂, f) reduce trivially to terms in R̃_S(g̃, f). As such, the structure of the terms in each are identical^5.

If the D-dimensional theory is to be consistent with the appearance of duality symmetry in the reduced theory it must contain terms that reduce to R̃_S (g̃, V_{G/H} , {Φ}), which controls the coupling of the matter to the gravitational field. From the argument set out above, we conclude that R_S must contain terms of the same structure as those contained in R̃_S (g̃, V_{G/H} , {Φ}), once it is expanded in terms of the canonical fields in the theory. Inspecting equation (1), it is straightforward to determine what kind of terms must appear in the unsplit lagrangian in order to give R_S once splitting takes place. For example, given R_S of the form g^{ij} ∂_ig^{ab}∂_j g_{ab} + g^{ij} g^{ab}∂_iA_a∂_j A_b, where A is a 1-form, the D-dimensional lagrangian must contain terms of the form g^{μν} ∂_μg^{ρσ}∂_ν g_{ρσ} + g^{μν} g^{ρσ} ∂_μA_ρ∂_ν A_σ. Of course, as is clear from the example above, such terms will certainly not be diffeomorphism nor gauge invariant. However, if the D-dimensional action is to be diffeomorphism and gauge invariant, which is what one would expect, then one should be able to complete the non-gauge invariant terms

3Of course, it is not possible to decompose the measure in such a way as to split the action into a piece corresponding to the reduced theory; a piece corresponding to the generalised geometry and the rest of the terms. Thus, we should really be working at the level of the equations of motion rather than the action. However, this is equivalent to splitting the lagrangian, as described, and assigning a particular measure to each term of interest.

4If dualisation of fields were required in the reduced theory to determine the scalar sector, then these terms would only form a part of the scalar sector. The other terms that would contribute to the scalar sector would then come from RR. The precise nature of these terms would obviously depend on the precise matter content and the value of d.

5The only difference is that when reduction is carried out, some fields are redefined so that they have the right transformation properties in the reduced theory. For example, g^{ij} is not the inverse of gij . Whereas g̃^{ij} is indeed the inverse of g̃ij , as one would expect.

into gauge invariant terms without spoiling the structure of R_S . It is certainly not clear a priori that this should be possible. In the example we consider, we find that this is indeed the case. Furthermore, we find that any such gauge invariant completion leads to a unique D-dimensional lagrangian. While this task may seem daunting at the abstract level, in practice it is straightforward, as should be clear from the example below. The only subtlety in practical terms is finding the coset element V_{G/H} .

Of course, depending on the value of (D − d) this procedure will fail to (re)produce terms in the higher dimensional action that do not contribute to R_S . For example, if we consider a reduction of the theory to more than two dimensions, then it is not possible to find a two-derivative Chern- Simons term in the D-dimensional action. This means that one needs to reduce to a low enough dimension in order to be able to find all possible terms at a particular derivative order in the Ddimensional lagrangian. For a two derivative theory, it suffices to reduce to two dimensions. In general, the duality coset of gravitational theories reduced to two dimensions is infinite-dimensional [33–35]. However, this will not be important for the purposes of this paper as we are principally concerned with completing higher derivative terms.

To clarify the abstract arguments presented above, consider the specific example of a gravitational theory with a 2-form potential B and a scalar ϕ. In addition, assume that upon a toroidal reduction on T^d, the scalars of the reduced theory parameterise the coset O(d, d)/O(d)×O(d) [3]. Furthermore, assume that the gravitational sector of the theory is given by the following action S_{grav} = ∫ d^Dx √ det(g_{μν} )e^{−2ϕ}R(g_{μν} ), (8) where R(g_{μν} ) is the Ricci scalar of metric g_{μν} . This theory should be familiar to the reader. It can be identified with the low energy limit of closed bosonic string theory for D = 26; heterotic string theory with non-abelian gauge fields turned off for D = 10 and the NSNS sector of type II string theories for D = 10.

Define the T-duality invariant field [36, 37]^6

e^{−2d} = √ ĝe^{−2ϕ}. (9) Equivalently, logĝ = 4(ϕ − d), (10)

where ĝ is the internal metric.

Using the results of appendix A, we find that in the reduction to (D − d) dimensions, √ −ge^{−2ϕ}R(g_{μν} ) = √ −g̃ √ ĝe^{−2ϕ} ( R(g̃) − 1 4 ĝg̃^{ik}g̃^{jl}ĝ_{ab}f_{ij}^af_{kl}^b + 1 4 g̃^{ij} (∂_iĝ^{ab})(∂_jĝ_{ab})

+ 1 4 g̃^{ij} (ĝ^{ab}∂_iĝ_{ab})(ĝ^{cd}∂_jĝ_{cd}) − 2ĝ^{−1}∂_iĝ∂_jϕ ) , (11)

where g ≡ det(g_{μν} ) and f_{ij}^a = 2∂_{[i}b_{j]}^a.

Assuming that (D −d) > 3 so that the d 1-forms b_i^a cannot be dualised into scalars, the field content of the reduced theory includes a metric g̃_{ij} , d 1-forms b_i^a and d(d + 1)/2 scalars coming from the internal metric ĝ_{ab}.

The third, fourth and fifth terms on the right hand side of equation (11) correspond to the scalar sector of the theory. Given the arguments above one should be able to embed this sector into an

6It should be obvious from the context whether d refers to this new field or the dimension of the internal space.

expression written only in terms of a coset element of O(d, d)/O(d)×O(d) and the invariant measure d, defined in equation (9).

The coset element of O(d, d)/O(d)×O(d) is after all a group theoretic object and can derived without any assumptions regarding the matter couplings of the theory. As explained in section (3.1), it is more convenient to work with the duality group element G = V^T_{G/H} V_{G/H} , (12) which is derived in that section. Written in a canonical form such that it coincides with the O(d, d) group element that is familiar from the literature [3, 38, 39], G = ( ĝ − Bĝ^{−1}B Bĝ^{−1} −ĝ^{−1}B ĝ^{−1} ) , (13)

where all indices in the matrix, which have been suppressed, take d-dimensional internal space values, i.e. they are of the form a, b, c, . . ..

Consider [3] √ −g̃e^{−2d} ( 1 8 g̃^{ij} Tr(∂_iG^{−1}∂_j G) + 4g̃^{ij} ∂_id∂_j d ) . (14)

Expanding out the above term using the definition of G, equation (13), and d, equation (9), we find the terms in the scalar sector of the reduced theory above as well as other terms: √ −g̃e^{−2d} ( 1 8 g̃^{ij} Tr(∂_iG^{−1}∂_jG) + 4g̃^{ij} ∂_id∂_j d )

= √ −g̃ √ ĝe^{−2ϕ}g̃^{ij} ( 1 4 ∂_iĝ^{ab}∂_jĝ_{ab} + 1 4 (ĝ^{ab}∂_iĝ_{ab})(ĝ^{cd}∂_jĝ_{cd}) − 2ĝ^{−1}∂_iĝ∂_j ϕ − 1 4 ĝ^{ac}ĝ^{bd}∂_iB_{ab}∂_j B_{cd} + 4∂_iϕ∂_j ϕ ) . (15)

Of course, the coefficients in (14) were fixed so as to recover the first two terms in the scalar sector. Thus, the first two terms on the right hand side of the equation above appear by construction. The third term in the scalar sector also appears as one would expect. Hence, we find that in order for the reduced theory to be invariant under the coset O(d, d)/O(d)×O(d), as has been assumed, the terms in the second line on the right hand side of the equation above must, also, appear in the scalar sector of the reduced theory. From this knowledge, we now hope to construct the coupling of the matter fields to gravity in the D-dimensional lagrangian.

Inspecting the extra terms on the right hand side of equation (15), it is clear that these can only come from a D-dimensional action containing the following terms ∫ d^Dx √ ge^{−2ϕ} ( − 1 4 g^{μν} g^{ρσ} g^{τ η}∂_μB_{ρτ} ∂_ν B_{ση} + 4g^{μν} ∂_μϕ∂_ν ϕ ) . (16)

A gauge invariant term that contains the first term must be, schematically, of the form

g^{−1}g^{−1}g^{−1}HH, (17)

where H = dB. Furthermore, using the antisymmetric nature of H and the nature of the contractions in the first term in (16), we conclude that the gauge invariant term must be of the form g^{μν} g^{ρσ}g^{τ η} H_{μρτ} H_{νση} = 3g^{μν} g^{ρσ} g^{τ η}(∂_μB_{ρτ} ∂_ν B_{ση} − 2∂_ρB_{μτ} ∂_ν B_{ση} ). (18)

The second term in (16) is already diffeomorphism invariant. Putting all this together gives the full action, which should be familiar to the reader S = ∫ d^Dx √ ge^{−2ϕ} ( R + 4(∂ϕ)^2 − 1 12 H^2 ) , (19)

where (∂ϕ)^2 = g^{μν} ∂_μϕ∂_ν ϕ and H^2 = g^{μν} g^{ρσ}g^{τ η} H_{μρτ} H_{νση} .

3 Duality group element

In this section, we construct the duality group element required for the duality completion of the Riemann squared correction in closed bosonic string theory. The relevant duality group in this case is the T-duality group, which is given by the semi-definite orthogonal group O(d, d). In particular, upon reduction, the scalars parametrise the corresponding duality coset O(d, d)/O(d)×O(d). Worldsheet arguments [37] show that this symmetry is valid to all orders in α^′, and even g_s [40]. However, this has only been shown from the spacetime perspective for the first order correction in α^′ in the reduction to one-dimension [27]^7, see also [41].

The analysis of Meissner shows that in order to realise T-duality in the aforementioned theory it is necessary to carry out non-gauge invariant field redefinitions of the metric and the gauge 3-form. These field redefinitions can equivalently be regarded as an α^′ correction to the coset element. Note that this is somewhat dissimilar to the situation encountered when higher derivative corrections are constructed. Namely, the α^′ correction to the metric is given by the Ricci tensor and can be removed by a gauge invariant field redefinition. Hence the higher derivative corrections are given in terms of the original fields. Therefore, even though there is a stringy modification to geometry, this can be removed by a field redefinition. However, when considering the duality-manifest formulation of the higher derivative corrections in terms of the coset element this is no longer possible. Evidence for this comes from considerations in string field theory where diffeomorphisms and gauge transformations of the NS-NS 2-form are modified by α^′ corrections.

Further evidence for the fact that the duality coset in string theory must be corrected comes from generalised geometry and double field theory [42]. This geometry extends the tangent space to include 2-forms which results in a unification of diffeomorphisms and gauge invariance. In this framework, while it is possible to construct analogues of the Ricci tensor and scalar, the Riemann tensor has proved to be elusive [43, 44]. In fact it can be shown that there is no concomitant of the O(d, d) generalised metric (which is the square of the duality coset element), its derivative and η, which is the bilinear form of O(d, d), that transforms as a connection. Moreover, the only objects that are formed from the above and second derivatives of the generalised metric that transform covariantly are the Ricci tensor and scalar curvature already found in double field theory [45] (see also [43, 44]). Hence in this section, using group theory, we construct the duality coset element in O(d, d) that is corrected by higher derivative terms. Note that these corrections can be viewed as non-gauge invariant field redefinitions.

In practice, we use the square of the duality coset element

G = V^T V, (20)

which we call the duality group element. Of course, when considering fermions, which transform under O(d)×O(d), it is crucial to use the coset element, V. However, since we are only considering bosonic fields here, it is more convenient to use G because it is invariant under local O(d)×O(d) transformations.

7We would like to thank Axel Kleinschmidt for drawing our attention to this work.

3.1 O(d, d)/O(d)×O(d) group element The duality group element for O(d, d) is well known from the literature [3, 38, 39]. It is given in terms of the metric g and the 2-form NSNS field by ( g_{ab} − B_{ae}g^{ef} B_{fb} B_{ae}g^{ed} −g^{ce}B_{eb} g^{cd} ) . (21)

This is the central object in T-duality manifest formulations such as double field theory where it is called the generalised metric. We rederive the form of the duality group element using the fact that it is given by a generic element of the O(d, d)/O(d)×O(d) coset. This will be a warm up for finding the form of the α^′ corrected duality group element. Let G = G + α^′H + O(α^{′2}) (22) be an element of O(d, d). In particular, from equation (20), G is a symmetric matrix. Therefore, G satisfies

G^T = G, (23) G^T ηG = η. (24)

The block 2d × 2d matrix η is η = ( 0 1 1 0 ) , where 1 and 0 in η denote the d-dimensional identity and zero matrices, respectively. Hence, equation (24) implies that G is a semi-definite orthogonal matrix.

From equation (22) and (23), it is clear that both G and H are symmetric. Furthermore, substituting equation (22) into (24) gives GηG + α^′ (GηH + HηG) + O(α^{′2}) = η. (25) Hence, GηG = η, (26) GηH + HηG = 0. (27) To show that G is of the form (21), let G = ( Q R S T ) , (28)

where Q, R, S, T are d × d matrices. Since G is symmetric,

Q^T = Q, T^T = T, (29) R^T = S. (30)

Now consider equation (26), ( RQ + QS R^2 + QT T Q + S^2 T R + ST ) = ( 0 1 1 0 ) . (31)

Since we want the duality group element to contain the spacetime metric g_{ab}, we assume that G is symmetric and non-degenerate on a d-dimensional vector subspace. By an appropriate choice of basis, we can let T be the symmetric, non-degenerate part of G. Now, using the non-degeneracy of T, the matrix equation (31) can be solved for Q and S: Q = (1 − R^2)T^{−1}, (32) S = −T RT^{−1}, (33) where T^{−1} is the inverse of T. Using equation (30), the second equation above, (33), can be rewritten R^T T^{−1} = −RT^{−1} =⇒ (RT^{−1})^T = −RT^{−1}. (34) Hence, we define the antisymmetric matrix B = RT^{−1}. (35) Moreover, letting T = g^{−1}, (36) the inverse spacetime metric, we recover the duality group element in the literature, equation (21). Note that different choices for R and T in terms of B and g correspond to field redefinitions.

Given the expression for G we can now solve equation (27) to find H = ( W X Y Z ) , (37)

where W, X, Y, Z are d × d matrices, which from equation (27), satisfy RW + QY + XQ + W S = 0, (38) RX + QZ + XR + W T = 0, (39) T W + SY + ZQ + Y S = 0, (40) T X + SZ + ZR + Y T = 0, . (41) The above equations are solved by W = −(RX + QZ + XR)T^{−1}, (42) Y = −(T X + SZ + ZR)T^{−1}. (43) Recall, however, that H is symmetric. Hence, W and Z are symmetric, while X = Y^T .

From the above equation and equation (43) we can show that X̃ = (X − RT^{−1}Z)T^{−1} (44) is antisymmetric. Therefore, H is fully determined in terms of g, B, a symmetric matrix Z and an antisymmetric X̃: W = −(Bg^{−1}X̃ + X̃g^{−1}B + gZg + BZB), (45) X = X̃g^{−1} + BZ, (46) Y = −(g^{−1}X̃ + ZB). (47)

The matrices Z and X̃ are general symmetric and antisymmetric matrices in terms of the fields of the theory g and B. Note that the dilaton and the determinant of g are described by a scalar density in the duality invariant manifest formulation of the reduced theory. Hence, we expect H to also be independent of the dilaton and the determinant of g. Since α^′ has length dimension two, we also expect Z and X̃ to have two derivatives. Thus the most general forms of these matrices are^8

Z^{ab} = a_1g̃^{ij} g^{bf} ∂_ig^{ae}∂_j g_{ef} + a_2g̃^{ij} ( g^{bf} ∂_ig^{ae}∂_j B_{ef} + g^{af} ∂_ig^{be}∂_jB_{ef} ) + a_3g̃^{ij} g^{ae}g^{bf} g^{gh}∂_iB_{eg}∂_j B_{fh}, (48) X̃_{ab} = a_4g̃^{ij} g^{ef} (∂_ig_{ae}∂_j B_{bf} − ∂_ig_{be}∂_j B_{af} ) . (49)

We leave the coefficients a_1, a_2, a_3, a_4 arbitrary, since for any value of these coefficients G in equation (22) is a symmetric element of O(d, d). In principle, we are free to choose any value for these constants because different choices correspond to different field redefinitions. However, as will become clear, a certain choice is preferable in that the higher dimensional action can be written covariantly.

In summary, the duality group element that we consider is G = ( g − Bg^{−1}B Bg^{−1} −g^{−1}B g^{−1} ) +α^′ ( −Bg^{−1}X̃ − X̃g^{−1}B − gZg − BZB X̃g^{−1} + BZ −g^{−1}X̃ − ZB Z ) +O(α^{′2}), (50)

where Z and X̃ are given in equations (48) and (49). We stress once more that while the second term is not strictly required, given that it merely corresponds to a field redefinition, it is useful in that it packages the necessary non-gauge invariant field redefinitions that may be required to write the scalar sector of the reduced theory in a duality invariant manner.

4 Duality completion of Riemann squared term in closed bosonic string theory

In this section we apply the arguments of section 2 to the Riemann squared α^′ term in closed bosonic string theory. The α^′ corrections to the low energy effective theory of closed bosonic string theory at tree-level can be found by string scattering amplitude calculations [28, 29], or equivalently [46–48] it is given by the two-loop vanishing of the closed bosonic string sigma-model β-functionals [29]. However, here we assume that the only known α^′ correction to the effective action is Riemann squared. For various reasons it has been argued in the literature [28, 49] that the Riemann squared should come as part of a Lovelock term. However, this term is related to Riemann squared by field redefinition. Therefore, consider

S_{bosonic} = ∫ dx^μ √ ge^{−2ϕ} ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2 + α^′λ_0R^{μνρσ}R_{μνρσ} ) , (51)

where here μ, ν, · · · = 1, . . . , 26 and λ_0 = 1/4;

H_{μνρ} = 3∂_{[μ}B_{νρ]} (52)

is the field strength of the 2-form of closed bosonic string theory and ϕ is the dilaton.

8We exclude terms where the two-form field B is not differentiated, since such terms would lead to manifestly non-gauge invariant terms in the unreduced action. In any case, such terms would be related to those considered here by non-gauge invariant field redefinitions.

The scalar part of the reduction of

S^{(0)} = ∫ dx^μ √ ge^{−2ϕ} ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2 )

is given, up to integration by parts by

S^{(0)}_{redS} = ∫ dx̃^i √ g̃ √ ĝe^{−2ϕ}g̃^{ij} ( 1 4 ∂_iĝ^{ab}∂_jĝ_{ab} + 1 4 ∂_ilog ĝ∂_j log ĝ −2∂_iϕ∂_j log ĝ + 4∂_iϕ∂_j ϕ − 1 4 ĝ^{ab}ĝ^{cd}∂_iB_{ac}∂_jB_{bd} ) , (53)

where we have used equations (151)–(157) in appendix A for the action of the scalars in the reduction of the Einstein-Hilbert term. Meanwhile, using the results of appendix A, the scalar part of the reduction of the α^′ correction is R^{μνρσ}R_{μνρσ} | | scalars = −g̃^{ij}g̃^{kl} ( ∂_i∂_kĝ^{ab}∂_j ∂_lĝ_{ab} + ĝ^{ab}∂_i∂_kĝ_{ac}∂_jĝ^{cd}∂_lĝ_{bd} − 1 8 ∂_iĝ^{ab}∂_kĝ_{ab}∂_jĝ^{cd}∂_lĝ_{cd} − 1 2 ∂_iĝ^{ab}∂_jĝ_{bc}∂_kĝ^{cd}∂_lĝ_{da} + 3 8 ∂_iĝ^{ab}∂_kĝ_{bc}∂_jĝ^{cd}∂_lĝ_{da} ) . (54)

For ease of reading, we will simply denote the internal metric ĝ by g in the rest of this section.

Since duality in the reduced theory dictates that the scalars parametrise the duality coset element, we must be able to write the terms in (54) in terms of the O(d, d)/O(d)×O(d) coset element derived in section 3.1, expression (50), and the invariant measure defined in equation (9). As we are only working to first order in α^′, for the terms in equation (54) the only relevant part of the coset element in equation (22) is G_{AB} = ( g_{ab} + g^{ef} B_{ae}B_{bf} B_{ae}g^{ed} −g^{ce}B_{eb} g^{cd} ) . (55)

The inverse of G, from equation (26), is

G^{AB} = η^{AC} G_{CD}η^{DB} (56) = ( g^{ab} −g^{ae}B_{ed} B_{ce}g^{eb} g_{cd} + g^{ef} B_{ce}B_{df} ) . (57)

Recall that the determinant of the internal metric and the dilaton appear in the invariant combination

e^{−2d} = √ ge^{−2ϕ}. (58)

It is straightforward to see that g̃^{ij}g̃^{kl}∂_i∂_kg^{ab}∂_j ∂_lg_{ab} = 1 2 g̃^{ij}g̃^{kl}∂_i∂_kG^{AB} ∂_j ∂_lG_{AB} | | |_{B=0}, (59) g̃^{ij}g̃^{kl}∂_ig^{ab}∂_kg_{ab}∂_jg^{cd}∂_lg_{cd} = 1 4 g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_kG_{AB} ∂_j G^{CD}∂_lG_{CD} | | B=0 , (60) g̃^{ij}g̃^{kl}∂_ig^{ab}∂_j g_{bc}∂_kg^{cd}∂_lg_{da} = 1 2 g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_j G_{BC} ∂_kG^{CD}∂_lG_{DA} | |_{B=0}, (61) g̃^{ij}g̃^{kl}∂_ig^{ab}∂_kg_{bc}∂_jg^{cd}∂_lg_{da} = 1 2 g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_kG_{BC} ∂_j G^{CD}∂_lG_{DA} | | B=0 . (62)

However, note that the second term in equation (54) is not expressible in terms of G. For example, g̃^{ij}g̃^{kl}G^{AB} ∂_i∂_kG_{AC} ∂_j G^{CD}∂_lG_{BD} | | B=0 = g̃^{ij}g̃^{kl} ( g^{ab}∂_i∂_kg_{ac}∂_j g^{cd}∂_lg_{bd} + g_{ab}∂_i∂_kg^{ac}∂_j g_{cd}∂_lg^{bd} ) , = g̃^{ij}g̃^{kl}∂_ig^{ab}∂_kg_{bc} ( ∂_jg^{cd}∂_lg_{da} − ∂_lg^{cd}∂_j g_{da} ) . (63)

The reason for the fact that the second term in equation (54) cannot be expressed in terms of G is essentially equation (56). If there are an odd number of coset elements that are differentiated, there is a relative minus sign between raising (or lowering) the coset elements that are differentiated with G^{−1} (or G) and with η. This observation was made in the reduction of the closed bosonic string effective action with α^′ corrections to one dimension by Meissner [27] and more recently in the context of double field theory [44]. In the reduction to one dimension, Meissner showed that these terms can be obtained from the rewriting of the two-derivative terms in the scalar part of the reduced theory action in terms of a modified coset element.

In section 2, it was shown that the expression for the two-derivative, scalar part of the reduced action, (53), can be written as

S^{(0)}_{redS} = ∫ dx̃^i √ g̃g̃^{ij} e^{−2d} ( 1 8 ∂_iG^{AB}∂_j G_{AB} + 4∂_id∂_j d ) . (64)

Now, we replace the zeroth-order coset element G in the above expression with the full coset element G. Using equation (22), 1 8 g̃^{ij} ∂_iG^{AB} ∂_jG_{AB} = 1 8 g̃^{ij} ∂_iG^{AB} ∂_j G_{AB} + 1 4 α^′g̃^{ij} ∂_iH^{AB}∂_j G_{AB} + O(α^{′2}). (65)

In the above expression G^{AB} = G^{AB} + α^′H^{AB} + O(α^{′2}) (66)

is the inverse of G_{AB} . However, note that

H^{AB} = η^{AC} H_{CD}η^{DB} (67)

is not the inverse of H_{AB}.

Consider the term that is first-order in α^′ on the right-hand-side of equation (65). Using equation (50), g̃^{ij} ∂_iH^{AB}∂_j G_{AB} = g̃^{ij} ( 2∂_iZ^{ab}∂_j g_{ab} − 2Z^{ab}g_{ac}∂_ig_{bd}∂_j g^{cd} −2g^{ab}g^{cd}∂_iX̃_{ac}∂_j B_{bd} − 2g^{ab}Z^{cd}∂_iB_{ac}∂_j B_{bd} ) . (68)

Substituting equation (48) in the expression above we obtain g̃^{ij} ∂_iH^{AB}∂_j G_{AB} | |_{B=0} = 4a1g̃^{ij}g̃^{kl} ( g^{ab}∂_i∂_kg_{ac}∂_jg^{cd}∂_lg_{bd} + ∂_ig^{ab}∂_{(j|}g_{bc}∂_{|k)}g^{cd}∂_lg_{da} ) , (69)

where we have ignored a derivative on g̃^{ij} in the above because this term does not contribute to the scalar sector of the reduced theory. Comparing equation (65) and the equation above with equation (54), we see that a_1 = −λ_0. (70)

Therefore, in summary ( R + α^′λ_0R^{μνρσ}R_{μνρσ} ) | |_{scalars}= Lred_S | | |_{B,ϕ=0}, (71) where

L_{redS} = g̃^{ij} ( 1 8 ∂_iG^{AB} ∂_jG_{AB} + 4∂_id∂_j d )

− 1 2 α^′λ_0g̃^{ij}g̃^{kl} ( ∂_i∂_kG^{AB} ∂_j ∂_lG_{AB} − 1 16 ∂_iG^{AB} ∂_kG_{AB} ∂_j G^{CD}∂_lG_{CD} −∂_iG^{AB} ∂_jG_{BC} ∂_kG^{CD}∂_lG_{DA} − 1 8 ∂_iG^{AB} ∂_kG_{BC} ∂_j G^{CD}∂_lG_{DA} ) . (72)

Now that we have written the gravitational part of the scalar sector of the reduced theory in terms of the O(d, d) coset element we can evaluate the right hand side of the above equation, (72), to find the dependence of the scalar part of the reduced lagrangian on the 2-form B and the dilaton ϕ. We have already established that the zeroth order term in α^′ in the first two expressions on the right hand side of equation (72) reduce to the lagrangian in equation (64) and thus reproduces the scalar sector of the two-derivative part of the theory. We now evaluate the first order term, which using equation (65) is 1 4 g̃^{ij} ∂_iH^{AB} ∂_j G_{AB} = − λ_0g̃^{ij}g̃^{kl} ( g^{ab}∂_i∂_kg_{ac}∂_j g^{cd}∂_lg_{bd} + ∂_ig^{ab}∂_{(j|}g_{bc}∂_{|k)}g^{cd}∂_lg_{da} )

+ a_2g̃^{ij}g̃^{kl} ( ∂_ig_{ab}∂_jg^{ad}∂_kg^{bc}∂_lB_{cd} + g^{ab}∂_i∂_kg_{ac}∂_j g^{cd}∂_lB_{bd} −g^{ab}∂_i∂_kB_{ac}∂_j g_{bd}∂_lg^{cd} )

+ 1 2 g̃^{ij}g̃^{kl} ( (a_3 + λ_0)g^{ab}g^{cd}∂_ig^{ef} ∂_j g_{ae}∂_kB_{fc}∂_lB_{bd} − a_3∂_ig^{ab}∂_jg^{cd}∂_kB_{ac}∂_lB_{bd} − 2a_4g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{ae}∂_j B_{bd}∂_lB_{cf} − 2a_4g^{ab}g^{cd}g^{ef} ∂_i∂_kg_{ae}∂_j B_{bd}∂_lB_{cf} −2(a_3 + a_4)g^{ab}∂_i∂_kB_{ac}∂_j g^{cd}∂_lB_{bd} ) − a_2g̃^{ij}g̃^{kl}g^{ab}g^{cd}∂_ig^{ef} ∂_j B_{ed}∂_kB_{af} ∂_lB_{bc} − 1 2 a_3g̃^{ij}g̃^{kl}g^{ab}g^{cd}g^{ef} g^{gh}∂_iB_{ac}∂_j B_{be}∂_kB_{dg}∂_lB_{fh}, (73) where we have used equations (68), (48), (49) and (70).

Since the rest of the terms in equation (72) are already at order α^′, the order to which we are working to, we can simply replace G by G in these terms − 1 2 α^′λ_0g̃^{ij}g̃^{kl} ( ∂_i∂_kG^{AB} ∂_j ∂_lG_{AB} − 1 16 ∂_iG^{AB} ∂_kG_{AB} ∂_jG^{CD}∂_lG_{CD} −∂_iG^{AB} ∂_jG_{BC} ∂_kG^{CD}∂_lG_{DA} − 1 8 ∂_iG^{AB} ∂_kG_{BC} ∂_j G^{CD}∂_lG_{DA} ) . (74)

Furthermore, to evaluate these terms we first prove that these terms have no bare B terms.

It is straightforward to verify that

G_{AB} = L_A^C L_B^DD_{CD}, (75) G^{AB} = E_C^AE_D^BD^{CD}, (76) where

L_A^B = ( δ_a^b B_{ad} 0 δ^c_d ) , E_A^B = ( δ_a^b −B_{ad} 0 δ^c_d ) , (77) D_{AB} = ( g_{ab} 0 0 g^{cd} ) , D^{AB} = ( g^{ab} 0 0 g_{cd} ) . (78)

Or, if we denote the indices A = (a, ã) and B = (b, b̃),

L_a^b = E_a^b = δ^b_a, (79)

L_ã^{b̃} = E_ã^{b̃} = δ^ã_{b̃} , (80)

L_a^{b̃} = −E_a^{b̃} = B_{ab̃}, (81) L_ã^b = E_ã^b = 0. (82)

Note that L_A^C E_C^B = δ^B_A , L_C^AE_B^C = δ^A_B . (83)

Consider the terms in expression (74). Note that for these terms the group element G indices only contract with the indices of the inverse group element. From equations (75) and (76) this implies that when the group element and its inverse are written in terms of L and E, the lower index of the L always contracts with an upper index on E. Let us now assume for contradiction that there is a bare B, i.e. the two-form B is not differentiated. From equations (77) and (78), it is clear that in such a case there must be either a bare L or E. First consider the former case. Recall that the lower index of the L contracts with the upper index of an E

L_A^B∂E_C^A or L_A^B∂∂E_C^A. (84)

The E must be differentiated otherwise from equation (83) the L and E would contract to a Kronecker delta symbol, contradicting the assumption that there is a bare B. From equation (81), there must, in particular, be a term of the form

L_a^{b̃}∂E_C^a or L_a^{b̃}∂∂E_C^a. (85)

From equations (79) and (82), E is either a Kronecker delta symbol or zero. In either case the expression above vanishes. Similarly, if a bare B term arises from a bare E, the term must contain the expression E_a^{b̃}∂L_C^a or E_a^{b̃}∂∂L_C^a. (86)

By the argument above, this expression also vanishes contradicting the initial assumption that there is a term with a bare B. Hence we have shown that all the two-form fields are differentiated in expression (74). So we can simplify the calculation of the terms by writing

∂_i∂_j G_{AB} = ( ∂_i∂_j g_{ab} + 2g^{ef} ∂_{(i|}B_{ae}∂_{|j)}B_{bf} g^{ed}∂_i∂_j B_{ae} + 2∂_{(i|}g^{ed}∂_{|j)}B_{ae} −g^{ce}∂_i∂_j B_{eb} − 2∂_{(i|}g^{ce}∂_{|j)}B_{eb} ∂_i∂_j g^{cd} ) , (87)

∂_i∂_j G^{AB} = ( ∂_i∂_j g^{ab} −g^{ae}∂_i∂_jB_{ed} − 2∂_{(i|}g^{ae}∂_{|j)}B_{ed} g^{eb}∂_i∂_j B_{ce} + 2∂_{(i|}g^{eb}∂_{|j)}B_{ce} ∂_i∂_j g_{cd} + 2g^{ef} ∂_{(i|}B_{ce}∂_{|j)}B_{df} ) , (88) ∂_iG_{AB} = ( ∂_ig_{ab} g^{ed}∂_iB_{ae} −g^{ce}∂_iB_{eb} ∂_ig^{cd} ) , ∂_iG^{AB} = ( ∂_ig^{ab} −g^{ae}∂_iB_{ed} g^{eb}∂_iB_{ce} ∂_ig_{cd} ) (89) in expression (74). It is now straightforward to show that g̃^{ij}g̃^{kl}∂_i∂_kG^{AB} ∂_j∂_lG_{AB} = 2g̃^{ij}g̃^{kl} ( ∂_i∂_kg^{ab}∂_j ∂_lg_{ab} + 2g^{ab}∂_i∂_kg^{cd}∂_j B_{ac}∂_lB_{bd} − 4∂_ig^{ab}∂_{(j} g^{cd}∂_{k)}B_{ac}∂_lB_{bd} − 4g^{ab}∂_ig^{cd}∂_kB_{ac}∂_j ∂_lB_{bd} −g^{ab}g^{cd}∂_i∂_kB_{ac}∂_j ∂_lB_{bd} ) , (90)

g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_kG_{AB} ∂_j G^{CD}∂_lG_{CD} = 4g̃^{ij}g̃^{kl} ( ∂_ig^{ab}∂_kg_{ab}∂_jg^{cd}∂_lg_{cd} − 2g^{cd}g^{ef} ∂_ig^{ab}∂_kg_{ab}∂_jB_{ce}∂_lB_{df} +g^{ab}g^{cd}g^{ef} g^{gh}∂_iB_{ac}∂_jB_{eg}∂_kB_{bd}∂_lB_{fh} ) , (91)

g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_j G_{BC} ∂_kG^{CD}∂_lG_{DA} = 2g̃^{ij}g̃^{kl} ( ∂_ig^{ab}∂_j g_{bc}∂_kg^{cd}∂_lg_{da} + 2∂_ig^{ab}∂_j B_{bc}∂_kg^{cd}∂_lB_{da} − 4g^{ab}g^{cd}∂_ig^{ef} ∂_{(j|}g_{fa}∂_{|k)}B_{ec}∂_lB_{bd} +g^{ab}g^{cd}g^{ef} g^{gh}∂_iB_{ac}∂_j B_{de}∂_kB_{fg}∂_lB_{hb} ) , (92)

g̃^{ij}g̃^{kl}∂_iG^{AB} ∂_kG_{BC} ∂_j G^{CD}∂_lG_{DA} = 2g̃^{ij}g̃^{kl} ( ∂_ig^{ab}∂_kg_{bc}∂_jg^{cd}∂_lg_{da} + 2∂_ig^{ab}∂_kB_{bc}∂_j g^{cd}∂_lB_{da} − 4g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{fa}∂_j B_{bc}∂_lB_{ed} +g^{ab}g^{cd}g^{ef} g^{gh}∂_iB_{ac}∂_kB_{de}∂_j B_{fg}∂_lB_{hb} ) . (93)

Let us now consider the order α^′ terms in equation (72), which are given by equations (73) and (90)–(93). These terms were found by requiring that at zeroth order in the field B they produce the scalar sector of the reduced Riemann squared term. The only contributions at odd order in the field B come from terms in g̃^{ij} ∂_iH^{AB} ∂_j G_{AB} with coefficient a_2, see equation (73). These terms cannot be made covariant, hence we set

a_2 = 0.

Note that for any value of a_2 the scalars parametrise the duality coset element and so any value is a valid choice. However, only for some value will the duality coset element give rise to a covariant description. Other choices will be related to this by non-gauge invariant field redefinitions.

Now, consider terms quartic in the field B,

L_{redS} | |_{O(α′,B4)} = g̃^{ij}g̃^{kl}g^{ab}g^{cd}g^{ef} g^{gh} {( λ_0 −^{a3}_2 ) ∂_iB_{ae}∂_j B_{bg}∂_kB_{cf} ∂_lB_{dh} +^1_8 λ_0∂_iB_{ac}∂_j B_{eg}∂_kB_{bd}∂_lB_{fh} +^1_8 λ_0∂_iB_{ac}∂_j B_{eg}∂_kB_{bf} ∂_lB_{dh} } . (94)

Clearly, a gauge invariant term that gives rise to such terms under reduction must be, schematically, of the form H H H H with various contractions. Of course, the precise nature of the contractions can be inferred from the nature of the contractions in the terms above. In particular, it is clear to see that the terms in the first line should come from a term of the form H^{μντ} H_{μνη}H^{ρση} H_{ρστ} −→ g̃^{ij}g̃^{kl}g^{ab}g^{cd}g^{ef} g^{gh} (4∂_iB_{ae}∂_j B_{bg}∂_kB_{cf} ∂_lB_{dh} + ∂_iB_{ac}∂_jB_{eg}∂_kB_{bd}∂_lB_{fh}) , (95) where indices on the left hand side have been raised using the inverse metric g^{μν} and the arrow indicates the scalars that are obtained under a reduction of the term. Hence, we conclude that

λ_0 8 H^{μντ} H_{μνη}H^{ρση}H_{ρστ} (96) and only this term can account for the first two terms on the right hand side of equation (94), provided that we choose a_3 = λ_0. (97)

As emphasised earlier, we are free to make such a choice and any other choice will be related to this via a non-gauge invariant transformation.

Similarly, the final term in equation (94) can only come from a term of the form H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} −→ 3g̃^{ij}g̃^{kl}g^{ab}g^{cd}g^{ef} g^{gh}∂_iB_{ac}∂_j B_{eg}∂_kB_{bf} ∂_lB_{dh}. (98) Hence, the final term in equation (94) comes from a reduction of the following and only the following term λ_0 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ}. (99) In summary,

L_{redS} | |_{O(α′,B4)} = λ0 ( 1 8 H^{μντ} H_{μνη}H^{ρση}H_{ρστ} + 1 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} ) | | |_{scalars}. (100)

The attentive reader may point out that the form of terms quartic in the field B is constrained to the extent that there are only four such possible terms: the three terms appearing in the equations above in addition to a term of the form (g̃^{ij} g^{ab}g^{cd}∂_iB_{ac}∂_j B_{bd})(g̃^{kl}g^{ef} g^{gh}∂_kB_{eg}∂_lB_{fh}). The term above is very simple to take care of since it will come from a reduction of a term of the form (H^{μνρ}H_{μνρ})(H^{τ ση} H_{τ ση}). This as well as the fact that in deriving the result above we essentially had three equations for three unknowns may tempt the reader to conclude that the fact that we were able to assemble terms of order four in B into gauge invariant terms in the full theory is unsurprising. However, the result is not as trivial as it may seem. First, the result proved above that there are no bare B’s is crucial in deriving this result. Otherwise the task of finding gauge invariant terms in the full theory that reduce to such terms would not be such a nice one. In addition, the form of the eventual equations need not have been so. The fact that the α^′ correction to the duality group element contributes in the way that it does is crucial from a practical point of view. Of course, there is also the fact that the particular form of the gauge invariant terms in the full theory ought to be consistent with previous results in the literature.

Finally, we are left with second order terms in the field B. Substituting the value of a_3, equation

(97), these are of the form

L_{redS} | | O(α^′,B^2) = g̃^{ij}g̃^{kl} { λ_0g^{ab}g^{cd}∂_i∂_kB_{ac}∂_j ∂_lB_{bd} + (3λ_0 − a_4)g^{ab}∂_i∂_kB_{ac}∂_j g^{cd}∂_lB_{bd} + (a_4 + 2λ_0)g^{ab}g^{cd}g^{ef} ∂_i∂_kg_{ac}∂_j B_{be}∂_lB_{df} − λ_0g^{ab}g^{cd}∂_ig^{ef} ∂_j g_{ae}∂_kB_{fc}∂_lB_{bd} − λ_0 4 g^{cd}g^{ef} ∂_ig^{ab}∂_kg_{ab}∂_j B_{ce}∂_lB_{df} + 5λ_0 4 ∂_ig^{ab}∂_jg^{cd}∂_kB_{ac}∂_lB_{bd} + ( a_4 +

3λ_0 2 ) g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{ae}∂_jB_{bc}∂_lB_{fd} } . (101)

The terms above in the first line of the expression on the right hand side can only come from the reduction of a term of the form^9 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} −→ g̃^{ij}g̃^{kl} { g^{ab}g^{cd}∂_i∂_kB_{ac}∂_j ∂_lB_{bd} + 2g^{ab}∂_i∂_kB_{ac}∂_j g^{cd}∂_lB_{bd} − g^{ab}g^{cd}∂_ig^{ef} ∂_j g_{ae}∂_kB_{fc}∂_lB_{bd} + 1 2 ∂_ig^{ab}∂_j g^{cd}∂_kB_{ac}∂_lB_{bd} +g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{ae}∂_j B_{bc}∂_lB_{fd} − 1 4 g^{cd}g^{ef} ∂_ig^{ab}∂_kg_{ab}∂_j B_{ce}∂_lB_{df} } , (102)

where ∇ denotes the covariant derivative induced by metric g_{μν} . Comparing the coefficient of the second term, we deduce that this is only possible for

a_4 = λ_0. (103)

Hence,

L_{redS} | | |_{O(α′,B2)} =λ0 ( 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} ) | | |_{scalars} + 3λ_0 2 g̃^{ij}g̃^{kl} { 2g^{ab}g^{cd}g^{ef} ∂_i∂_kg_{ac}∂_j B_{be}∂_lB_{df} + 1 2 ∂_ig^{ab}∂_j g^{cd}∂_kB_{ac}∂_lB_{bd} + g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{ae}∂_jB_{bc}∂_lB_{fd} } . (104)

The remaining terms can only come from a term of the form R_{μνρσ} H^{μνη}H^{ρσ}_η, (105) which rather miraculously reduces to the precise combination of terms required, i.e. R_{μνρσ} H^{μνη}H^{ρσ}_η −→ −g̃^{ij}g̃^{kl} { 2g^{ab}g^{cd}g^{ef} ∂_i∂_kg_{ac}∂_jB_{be}∂_lB_{df} + 1 2 ∂_ig^{ab}∂_j g^{cd}∂_kB_{ac}∂_lB_{bd} + g^{ab}g^{cd}∂_ig^{ef} ∂_kg_{ae}∂_j B_{bc}∂_lB_{fd} } . (106)

Hence, L_{redS} | | O(α^′,B^2)

= λ_0 ( − 3 2 R_{μνρσ}H^{μνη} H^{ρσ}_η + 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} ) | | scalars

. (107)

9This is strictly not true. However, any other term giving rise to such a term under reduction will be related to this term by use of the Bianchi identity ∇_{[μ}H_{νρσ]} = 0. Thus, in this sense the term is unique.

In summary, we find

L_{redS} = ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2

+ α^′λ_0 { R^{μνρσ}R_{μνρσ} − 3 2 R_{μνρσ} H^{μνη}H^{ρσ}_η + 1 3 ∇^μH^{νρσ}∇_μH_{νρσ}

+ 1 8 H^{μντ} H_{μνη}H^{ρση} H_{ρστ} + 1 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} }) | | |_{scalars}, (108)

which leads us to conclude that the duality complete action up to first order in α^′ is S = ∫ dx^μ √ ge^{−2ϕ} ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2

+ α^′λ_0 { R^{μνρσ} R_{μνρσ} − 3 2 R_{μνρσ}H^{μνη}H^{ρσ}_η + 1 3 ∇^μH^{νρσ}∇_μH_{νρσ}

+ 1 8 H^{μντ} H_{μνη}H^{ρση} H_{ρστ} + 1 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} }) . (109)

In order to compare the action above with the form in which it is usually presented in the literature (see for example [29]), consider the following term that appears in the action above: 1 3 ∇^μH^{νρσ}∇_μH_{νρσ}. (110) Making use of the Bianchi identity ∇_{[μ}H_{νρσ]} = 0, (111) integrating by parts and ignoring boundary contributions throughout gives 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} = 2∇^μH^{νρσ}∇_ν ϕH_{μρσ} − H^{νρσ}∇_μ∇_ν H^μ_{ρσ}. (112) Integrating by parts on the μ derivative in the first term on the right hand side of the equation above gives 2∇^μH^{νρσ}∇_ν ϕH_{μρσ} = 2H^{μρσ} H^ν_{ρσ}(2∂_μϕ∂_ν ϕ − ∇_μ∇_ν ϕ) − 2∇_μH^{μρσ}H_{ρσ}^ν ∂_ν ϕ, (113) while anticommuting covariant derivatives in the second term on the right hand side of equation (112) gives H^{νρσ}∇_μ∇_ν H^μ_{ρσ} = R_{μν} H^{μρσ}H^ν_{ρσ} − 2R_{μνρσ} H^{μρη}H^{νσ}_τ + ∇_μ∇_νH^{νρσ}H^μ_{ρσ}. (114) Substituting equations (113) and (114) into equation (112) gives 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} =R_{μνρσ}H^{μνη} H^{ρσ}_η − R_{μν} H^{μρσ} H^ν_{ρσ} + 2H^{μρσ} H^ν_{ρσ}(2∂_μϕ∂_ν ϕ − ∇_μ∇_ν ϕ) − ∇_μ∇_ν H^{νρσ}H^μ_{ρσ} − 2∇_μH^{μρσ}H_{ρσ}^ν ∂_ν ϕ, (115) where we have used the Bianchi identity satisfied by the Riemann tensor to relate R_{μνρσ} H^{μρη}H^{νσ}_τ to R_{μνρσ} H^{μνη}H^{ρσ}_η. Finally, using integration by parts on the first term on the second line of the equation above gives 1 3 ∇^μH^{νρσ}∇_μH_{νρσ} =R_{μνρσ}H^{μνη} H^{ρσ}_η − R_{μν} H^{μρσ} H^ν_{ρσ} + 2H^{μρσ} H^ν_{ρσ}(2∂_μϕ∂_ν ϕ − ∇_μ∇_ν ϕ) ∇_ν H^{νρσ}∇_μH^μ_{ρσ} − 4∇_μH^{μρσ}H_{ρσ}^ν ∂_ν ϕ. (116)

Inserting the equation above into action (109) gives S = ∫ dx^μ √ ge^{−2ϕ} ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2

+ α^′λ_0 { R^{μνρσ} R_{μνρσ} − 1 2 R_{μνρσ}H^{μνη} H^{ρσ}_η + 1 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} − 1 8 (H^2)^{μν} (H^2)_{μν} − [ R_{μν} + 2∇_μ∇_ν ϕ −^1_4 (H^2)_{μν} −^1_2 g_{μν} ( R + 4∇^2ϕ − 4(∂ϕ)^2 −^1_{12} H^2 )] (H^2)^{μν} + [∇_ρH^{ρμν} − 2∂_ρϕH^{ρμν} ] [∇_σH^σ_{μν} − 2∂_σϕH^σ_{μν} ] − 1 2 [ R + 4∇^2ϕ − 4(∂ϕ)^2 −^1_{12} H^2 ] H^2 }) , (117)

where (H^2)_{μν} = H_{μρσ}H_ν^{ρσ} and ∇^2ϕ = g^{μν} ∇_μ∇_ν ϕ. Note that the terms in the square brackets in the action above are the equations of motion for the metric, B-field and dilaton, respectively. Thus, they can be removed using a field redefinition of these respective fields. In particular, carrying out the following field redefinitions

δg_{μν} = α^′λ_0(H^2)_{μν} , (118) δB_{μν} = 2α^′λ_0 (∇_ρH^{ρμν} − 2∂_ρϕH^{ρμν} ) , (119) δϕ = 1 4 α^′λ_0H^2, (120)

the action reduces to S = ∫ dx^μ √ ge^{−2ϕ} ( R + 4g^{μν} (∂_μϕ)(∂_ν ϕ) − 1 12 H^2

+ α^′ 4 { R^{μνρσ} R_{μνρσ} − 1 2 R_{μνρσ}H^{μνη} H^{ρσ}_η + 1 24 H_μ^{στ} H_ρ^{μν} H^ρ_{τ η}H^η_{νσ} − 1 8 (H^2)^{μν} (H^2)_{μν} }) , (121)

where we have substituted the value of λ_0 for the bosonic string, i.e. λ_0 = 1/4. This is in precise agreement with the form of the corrections presented in [29].

5 Conclusions

In this paper, we have argued that duality symmetry places strong constraints on the form of the unreduced theory. In particular, we have shown that consistency of a theory with duality under reduction can be used to complete known terms in the theory. An important application of this idea is in finding higher derivative matter couplings from known higher derivative corrections. We have illustrated this idea for a simple theory, namely closed bosonic string theory. We explained in full detail how the Riemann squared term in the tree-level α^′ correction to the low energy effective action can be completed in a very simple and systematic manner, reproducing, up to field redefinitions, precisely the form that is familiar from the literature.

Given the generic nature of our arguments, this method can be applied to a wide range of theories. Dualities are a pervading feature of many theories, whether string theories or field theories, and if the duality symmetry survives quantum corrections, as is expected in many cases, then the arguments in this paper can be used to efficiently complete known terms.

The example we have considered here is meant to provide a test of our arguments and illustrate the simplicity of our method in full detail. It is our intention to apply this work to more physically interesting theories where higher derivative corrections are important. Of particular interest is higher derivative corrections in heterotic string theory where, for example, it has been argued that there are constraints from cosmology on the higher derivative corrections [50–52]. Another application which we will report on elsewhere is the completion of the R^4 term in M-theory [53, 54] that gives rise to the 1-loop α^{′3} correction in type IIA string theory [55], which would determine the RR higher derivative couplings. We stress, however, that even higher derivative corrections that are not directly obtained from M-theory upon reduction can be found in this manner. For example, the tree-level α^{′3} corrections [56, 57] in type IIA can be found by expressing the duality coset in terms of the massless fields of IIA string theory rather than M-theory fields. Equally, this work can be applied to type IIB string theory where the relation to M-theory is not as direct, but the theory nevertheless exhibits duality symmetry under reduction.

In the pioneering work of Green and Gutperle [5], it is shown that perturbative and nonperturbative quantum corrections to the R^4 correction in type IIB string theory can be encoded in an automorphic function associated with the S-duality group SL(2, Z) . Furthermore, there has been recent progress in understanding the automorphic functions for the U-duality groups [11, 14– 17, 19, 22, 58], which similarly encode the quantum corrections to string theories in lower dimensions. In light of this work, an interesting question is whether the automorphic functions can be similarly uplifted. In other words, to what extent and in what way does the fact that the string coupling dependent coefficient of higher derivative corrections reduce to an automorphic function constrain the coefficient of higher derivative terms in ten-dimensional string theory.

Thus far, we have not discussed supersymmetry, which also plays an important role in constraining higher derivative corrections (see for example [59]). Given that these two methods must be compatible with each other, it may be fruitful in studying the link between supersymmetry completion and duality completion. A step in this direction may be possible in the framework of references [60, 61], where the connection between supersymmetry and duality is shown to be intimate. Indeed they reformulate eleven-dimensional supergravity in a way that is manifestly locally invariant under the denominator of the duality coset. Within this framework, it may be possible to incorporate fermions without even considering reduction.

Finally, it would be interesting to understand these results within the context of generalised geometry and double field theory. A generalised geometric formulation of higher derivative corrections has proved challenging thus far^{10}; in particular, within the context of closed bosonic string theory and the aim of defining a generalised curvature tensor that incorporates all the relevant fields. From the perspective of this work, it may be possible to provide a generalised geometric formulation of higher derivative terms using an α^′ corrected duality group element (see also [44]). The example of tree-level α^′ corrections in closed bosonic string theory considered in this paper is apt for such an investigation and we hope to consider this in future work.

Acknowledgements We would like to thank Michael Green, Ilarion Melnikov, Hugh Osborn, Chris Pope, Savdeep Sethi, and in particular, Axel Kleinschmidt and Malcolm Perry for useful discussions. It is a pleasure to thank the Cook’s Branch nature conservancy for their hospitality.

10See [62] for recent work on understanding α^′ corrections to generalised geometry.

A Dimensional reduction

Duality in dimensionally reduced string theory and eleven-dimensional supergravity plays a crucial role in this paper. In this appendix we give some formulae that are useful for reducing gravitational terms. In particular we list the spin connection components for the following vielbein ansatz

e_μ^{μ̄} = ( αẽ_i^ī b_i^bê_b^ā 0 ê_a^ā ) , (122)

where α is a scalar that takes into account conformal transformations of e_i^ī. For example, α may depend on the determinant of ê_a^ā, or on the dilaton so that we can switch between Einstein and string frames. The unbarred and barred Greek indices in the above expression are D-dimensional spacetime and tangent space indices, respectively. Lowercase Latin indices from the start of the alphabet (a, b, . . . ) are d-dimensional indices, while indices from the middle of the alphabet are (D − d)-dimensional indices. The barred versions of these indices indicate tangent space indices in d-dimensions and (D − d)-dimensions, respectively. The vielbeine ẽ and ê define metrics

g̃_{ij} = ẽ_i^īẽ_j^{j̄}η̃¯_i¯_j , (123) ĝ_{ab} = ê_a^āê_b^{b̄}δ_ā¯_b, (124)

respectively. The Minkowski metric in (D −d)-dimensions, diag(−1, +1, . . . , +1), is denoted η̃, while δ is the Kronecker delta symbol. In our notation ẽ¯_i^i, ê_ā^a are the inverse vielbeine. Therefore, the i, j, . . . indices are raised and lowered with g̃^{−1} and g̃, and ī, j̄, . . . are raised and lowered with the Minkowski metric. Similarly for the a, b, . . . and ā, b̄, . . . indices.

The spin connection ω_{μν̄ρ̄} = ω_{μ[ν̄ρ̄]} is given by Cartan’s first equation of structure in the absence of torsion:

de^{μ̄} + ω^{μ̄}_{ν̄} ∧ e^{ν̄} = 0, (125)

or in components 2 ( ∂_{[μ}e_{ν]}^{μ̄} + ω_{[μ|}^{μ̄}_{ν̄} e_{|ν]}^{ν̄} ) = 0. (126) For the vielbein ansatz in equation (122), Cartan’s first structure equation is solved for components of the spin connection

ω_i¯_i¯_j = ω̃_i¯_i¯_j + α^{−2}ẽ_[¯_i^kẽ¯_{j]}^j ( 2αg̃_{ik}∂_j α + b_{ia}∂_{[j} b_{k]}^a − α^2b_j^a∂_ag̃_{ik} − 2αg̃_{ik}b_j^a∂_aα − b_{ia}b_j^b∂_bb_k^a ) , (127)

ω_{iā}¯_i = − 1 2 α^{−1}ẽ¯_i^jê_ā^a ( 2ĝ_{ab}∂_{[i}b_{j]}^b − b_i^b∂_jĝ_{ab} + α^2∂_ag̃_{ij} + 2αg̃_{ij} ∂_aα + b_j^b∂_bb_{ia} + b_{ib}∂_ab_j^b ) , (128)

ω_i¯_{iā} = −ω_{iā}¯_i, (129) ω_{iā}¯_b = ê_{[ā|}^a∂_iê_{a|}¯_{b]} − ê_{[ā}^aê¯_{b]}^b∂_ab_{ib}, (130) ω_a¯_i¯_j = −α^{−2}ẽ¯_i^iẽ¯_j^jĝ_{ab}∂_{[i}b_{j]}^b + ẽ_[¯_{i|}^i∂_aẽ_{i|}¯_{j]} + α^{−2}ẽ_[¯_i^iẽ¯_{j]}^jĝ_{ab}b_i^c∂_cb_j^b, (131)

ω_{aā}¯_i = 1 2 α^{−1}ẽ¯_i^iê_ā^b (∂_iĝ_{ab} − ĝ_{bc}∂_ab_i^c − ĝ_{ac}∂_bb_i^c − b_i^c∂_cĝ_{ab}) , (132)

ω_a¯_{iā} = −ω_{aā}¯_i, (133) ω_{aā}¯_b = ω̂_{aā}¯_b. (134)

In particular, in this paper, we are interested in toroidal reductions, where there exist d Killing vectors. Letting the Killing vector fields be ∂_a, the components of the spin connection simplify to

ω_i¯_i¯_j = ω̃_i¯_i¯_j + α^{−2}ẽ_[¯_i^kẽ¯_{j]}^j ( 2αg̃_{ik}∂_j α + b_{ia}∂_{[j} b_{k]}^a ) , (135)

ω_{iā}¯_i = − 1 2 α^{−1}ẽ¯_i^jê_ā^a ( 2ĝ_{ab}∂_{[i}b_{j]}^b − b_i^b∂_jĝ_{ab} ) , (136) ω_i¯_{iā} = −ω_{iā}¯_i, (137) ω_{iā}¯_b = ê_{[ā|}^a∂_iê_{a|}¯_{b]}, (138) ω_a¯_i¯_j = −α^{−2}ẽ¯_i^iẽ¯_j^jĝ_{ab}∂_{[i}b_{j]}^b, (139)

ω_{aā}¯_i = 1 2 α^{−1}ẽ¯_i^iê_ā^b∂_iĝ_{ab}, (140) ω_a¯_{iā} = −ω_{aā}¯_i, (141) ω_{aā}¯_b = 0. (142)

The curvature of the spin connection is given by Cartan’s second structure equation,

R^{μ̄}_{ν̄} = dω^{μ̄}_{ν̄} + ω^{μ̄}_{ρ̄} ∧ ω^{ρ̄}_{ν̄} . (143)

From above, we can write components of the Riemann tensor as follows R^μ_{νρσ} = 2e_{μ̄}^μe_ν^{ν̄} ( ∂_{[ρ}ω_{σ]}^{μ̄}_{ν̄} + ω_{[ρ|}^{μ̄}_{ρ̄}ω_{|σ]}^{ρ̄}_{ν̄} ) . (144)

In section 4, we are interested in the scalar sector of the reduced theory. Moreover, the reductions are such that they do not alter the coefficient of the Einstein-Hilbert term, i.e. α = 1. Since ω̃_i¯_i¯_j contributes to the Ricci scalar of the reduced theory and b_i^a is a one-form from the perspective of the reduced theory we can ignore these terms. Hence, in such a reduction, the only relevant spin connection components for the scalar sector are

ω_{iā}¯_b = ê_{[ā|}^a∂_iê_{a|}¯_{b]}, (145)

ω_{aā}¯_i = 1 2 ẽ¯_i^iê_ā^b∂_iĝ_{ab}, (146) ω_a¯_{iā} = −ω_{aā}¯_i, (147) or ω_i^ā¯_b = 1 2 ( ê^{āa}∂_iĝ_{ab} − 2∂_iê_b^ā ) ê¯_b^b, (148)

ω_a^ā¯_i = 1 2 ẽ¯_i^iê^{āb}∂_iĝ_{ab}, (149)

ω_a^ī_ā = − 1 2 ẽ^{īi}ê_ā^b∂_iĝ_{ab}. (150)

From equation (144), we see that the only components of the Riemann tensor that contribute to the scalar sector of the reduced theory are R^′_{abcd} = − 1 2 g̃^{ij} ∂_iĝ_{a[c|}∂_jĝ_{b|d]}, (151) R^′_{abij} = − 1 2 ĝ^{cd}∂_{[i|}ĝ_{ac}∂_{|j]}ĝ_{bd}, (152) R^′_{ijab} = R^′_{abij} , (153) R^′_{aibj} = − 1 2 ∂_i∂_jĝ_{ab} + 1 4 ĝ^{cd}∂_iĝ_{bd}∂_jĝ_{ac}, (154) R^′_{aijb} = −R^′_{aibj} , (155) R^′_{iabj} = −R^′_{aibj} , (156) R^′_{iajb} = R^′_{aibj} . (157) The prime denotes the fact that we are only considering the terms in the component that belong to the scalar sector of the reduced theory.

References

[1] E. Cremmer and B. Julia, “The N=8 supergravity theory. 1. The Lagrangian,” Phys.Lett.

B80 (1978) 48.

[2] B. Julia, “Group disintegrations,” in Superspace and Supergravity: Proceedings of the Nuffield Workshop, Cambridge 1980, S. W. Hawking and M. Rocek, eds., pp. 331–350. Cambridge University Press, 1981.

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

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

[5] M. B. Green and M. Gutperle, “Effects of D instantons,” Nucl.Phys. B498 (1997) 195–227,

arXiv:hep-th/9701093 [hep-th].

[6] E. Kiritsis and B. Pioline, “On R**4 threshold corrections in IIb string theory and (p, q) string instantons,” Nucl.Phys. B508 (1997) 509–534, arXiv:hep-th/9707018 [hep-th].

[7] N. A. Obers and B. Pioline, “Eisenstein series in string theory,” Class.Quant.Grav. 17 (2000) 1215–1224, arXiv:hep-th/9910115 [hep-th].

[8] N. Berkovits, “Multiloop amplitudes and vanishing theorems using the pure spinor formalism for the superstring,” JHEP 0409 (2004) 047, arXiv:hep-th/0406055 [hep-th].

[9] T. Damour and H. Nicolai, “Higher order M theory corrections and the Kac-Moody algebra E(10),” Class.Quant.Grav. 22 (2005) 2849–2880, arXiv:hep-th/0504153 [hep-th].

[10] M. B. Green and P. Vanhove, “Duality and higher derivative terms in M theory,” JHEP 0601 (2006) 093, arXiv:hep-th/0510027 [hep-th].

[11] N. Lambert and P. C. West, “Duality Groups, Automorphic Forms and Higher Derivative Corrections,” Phys.Rev. D75 (2007) 066002, arXiv:hep-th/0611318 [hep-th].

[12] A. Basu, “The D**4 R**4 term in type IIB string theory on T**2 and U-duality,” Phys.Rev.

D77 (2008) 106003, arXiv:0708.2950 [hep-th].

[13] M. R. Garousi, “T-duality of Curvature terms in D-brane actions,” JHEP 1002 (2010) 002,

arXiv:0911.0255 [hep-th].

[14] M. B. Green, J. G. Russo, and P. Vanhove, “Automorphic properties of low energy string amplitudes in various dimensions,” Phys.Rev. D81 (2010) 086008, arXiv:1001.2535

[hep-th].

[15] B. Pioline, “R**4 couplings and automorphic unipotent representations,” JHEP 1003 (2010) 116, arXiv:1001.3647 [hep-th].

[16] M. B. Green, J. G. Russo, and P. Vanhove, “String theory dualities and supergravity divergences,” JHEP 1006 (2010) 075, arXiv:1002.3805 [hep-th].

[17] M. B. Green, S. D. Miller, J. G. Russo, and P. Vanhove, “Eisenstein series for higher-rank groups and string theory amplitudes,” Commun.Num.Theor.Phys. 4 (2010) 551–596,

arXiv:1004.0163 [hep-th].

[18] K. Becker, G. Guo, and D. Robbins, “Higher Derivative Brane Couplings from T-Duality,” JHEP 1009 (2010) 029, arXiv:1007.0441 [hep-th].

[19] F. Gubay and P. West, “Higher derivative type II string effective actions, automorphic forms and E_{11},” JHEP 1204 (2012) 012, arXiv:1111.0464 [hep-th].

[20] J. McOrist and S. Sethi, “M-theory and Type IIA Flux Compactifications,” JHEP 1212 (2012) 122, arXiv:1208.0261 [hep-th].

[21] M. R. Garousi, “T-duality of the Riemann curvature corrections to supergravity,” Phys.Lett.

B718 (2013) 1481–1488, arXiv:1208.4459 [hep-th].

[22] P. Fleig and A. Kleinschmidt, “Perturbative terms of Kac-Moody-Eisenstein series,”

arXiv:1211.5296 [hep-th].

[23] J. T. Liu and R. Minasian, “Higher-derivative couplings in string theory: dualities and the B-field,” arXiv:1304.3137 [hep-th].

[24] K. Meissner and G. Veneziano, “Symmetries of cosmological superstring vacua,” Phys.Lett.

B267 (1991) 33–36.

[25] K. Meissner and G. Veneziano, “Manifestly O(d,d) invariant approach to space-time dependent string vacua,” Mod.Phys.Lett. A6 (1991) 3397–3404, arXiv:hep-th/9110004 [hep-th].

[26] M. Gasperini, J. Maharana, and G. Veneziano, “From trivial to nontrivial conformal string backgrounds via O(d,d) transformations,” Phys.Lett. B272 (1991) 277–284.

[27] K. A. Meissner, “Symmetries of higher order string gravity actions,” Phys.Lett. B392 (1997) 298–304, arXiv:hep-th/9610131 [hep-th].

[28] D. J. Gross and J. H. Sloan, “The quartic effective action for the heterotic string,” Nucl.Phys.

B291 (1987) 41.

[29] 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,” Nucl.Phys. B293 (1987) 385.

[30] C. Hull and P. Townsend, “String effective actions from sigma model conformal anomalies,” Nucl.Phys. B301 (1988) 197.

[31] I. Jack and D. Jones, “Dilaton dependence of the two loop string effective action,” Phys.Lett.

B200 (1988) 453.

[32] H. Osborn, “General bosonic sigma models and string effective actions,” Annals Phys. 200 (1990) 1.

[33] R. P. Geroch, “A Method for generating new solutions of Einstein’s equation. 2,” J.Math.Phys. 13 (1972) 394–404.

[34] B. Julia, “Infinite lie algebras in physics,” in Current Problems in Particle Theory. 5: Unified Field Theories and Beyond, pp. 23–42. 1981.

[35] H. Nicolai, “The integrability of N=16 supergravity,” Phys.Lett. B194 (1987) 402.

[36] T. H. Buscher, “A symmetry of the string background field equations,” Phys.Lett. B194 (1987) 59.

[37] T. H. Buscher, “Path integral derivation of quantum duality in nonlinear sigma models,” Phys.Lett. B201 (1988) 466.

[38] A. A. Tseytlin, “Duality symmetric closed string theory and interacting chiral scalars,” Nucl.Phys. B350 (1991) 395–440.

[39] M. Duff, “Duality rotations in string theory,” Nucl.Phys. B335 (1990) 610. [40] M. Rocek and E. P. Verlinde, “Duality, quotients, and currents,” Nucl.Phys. B373 (1992) 630–646, arXiv:hep-th/9110053 [hep-th].

[41] A. Sen, “O(d) x O(d) symmetry of the space of cosmological solutions in string theory, scale factor duality and two-dimensional black holes,” Phys.Lett. B271 (1991) 295–300.

[42] C. Hull and B. Zwiebach, “Double Field Theory,” JHEP 0909 (2009) 099, arXiv:0904.4664

[hep-th].

C. Hull and B. Zwiebach, “The Gauge algebra of double field theory and Courant brackets,” JHEP 0909 (2009) 090, arXiv:0908.1792 [hep-th].

O. Hohm, C. Hull, and B. Zwiebach, “Background independent action for double field theory,” JHEP 1007 (2010) 016, arXiv:1003.5027 [hep-th].

O. Hohm, C. Hull, and B. Zwiebach, “Generalized metric formulation of double field theory,” JHEP 1008 (2010) 008, arXiv:1006.4823 [hep-th].

[43] I. Jeon, K. Lee, and J.-H. Park, “Differential geometry with a projection: Application to double field theory,” JHEP 1104 (2011) 014, arXiv:1011.1324 [hep-th]. O. Hohm and S. K. Kwak, “Frame-like geometry of double field theory,” J.Phys. A44 (2011) 085404, arXiv:1011.4101 [hep-th].

I. Jeon, K. Lee, and J.-H. Park, “Stringy differential geometry, beyond Riemann,” Phys.Rev. D84 (2011) 044022, arXiv:1105.6294 [hep-th].

A. Coimbra, C. Strickland-Constable, and D. Waldram, “Supergravity as generalised geometry I: type II theories,” arXiv:1107.1733 [hep-th].

O. Hohm and B. Zwiebach, “Towards an invariant geometry of double field theory,”

arXiv:1212.1736 [hep-th].

D. S. Berman, C. D. A. Blair, E. Malek, and M. J. Perry, “The o_{D,D} geometry of string theory,” arXiv:1303.6727 [hep-th].

[44] O. Hohm and B. Zwiebach, “On the Riemann Tensor in Double Field Theory,” JHEP 1205 (2012) 126, arXiv:1112.5296 [hep-th].

[45] H. Godazgar, “unpublished notes.” 2012.

[46] J. Callan, Curtis G., E. Martinec, M. Perry, and D. Friedan, “Strings in background fields,” Nucl.Phys. B262 (1985) 593.

[47] C. Lovelace, “Strings in curved space,” Phys.Lett. B135 (1984) 75.

[48] A. Sen, “Equations of motion for the heterotic string theory from the conformal invariance of the sigma model,” Phys.Rev.Lett. 55 (1985) 1846.

[49] B. Zwiebach, “Curvature squared terms and string theories,” Phys.Lett. B156 (1985) 315. [50] K.-i. Maeda and N. Ohta, “Inflation from superstring /M theory compactification with higher order corrections. 1.,” Phys.Rev. D71 (2005) 063520, arXiv:hep-th/0411093 [hep-th].

[51] A. Maleknejad and M. Sheikh-Jabbari, “Non-Abelian Gauge Field Inflation,” Phys.Rev. D84 (2011) 043515, arXiv:1102.1932 [hep-ph].

[52] S. R. Green, E. J. Martinec, C. Quigley, and S. Sethi, “Constraints on string cosmology,” Class.Quant.Grav. 29 (2012) 075006, arXiv:1110.0545 [hep-th].

[53] M. B. Green, M. Gutperle, and P. Vanhove, “One loop in eleven-dimensions,” Phys.Lett.

B409 (1997) 177–184, arXiv:hep-th/9706175 [hep-th].

[54] J. Russo and A. A. Tseytlin, “One loop four graviton amplitude in eleven-dimensional supergravity,” Nucl.Phys. B508 (1997) 245–259, arXiv:hep-th/9707134 [hep-th].

[55] N. Sakai and Y. Tanii, “One loop amplitudes and effective action in superstring theories,” Nucl.Phys. B287 (1987) 457.

[56] D. J. Gross and E. Witten, “Superstring Modifications of Einstein’s Equations,” Nucl.Phys.

B277 (1986) 1.

[57] M. T. Grisaru, A. van de Ven, and D. Zanon, “Two-Dimensional Supersymmetric Sigma Models on Ricci Flat Kahler Manifolds Are Not Finite,” Nucl.Phys. B277 (1986) 388. M. T. Grisaru, A. van de Ven, and D. Zanon, “Four Loop Divergences for the N=1 Supersymmetric Nonlinear Sigma Model in Two-Dimensions,” Nucl.Phys. B277 (1986) 409.

[58] M. B. Green, S. D. Miller, and P. Vanhove, “Small representations, string instantons, and Fourier modes of Eisenstein series (with an appendix by D. Ciubotaru and P. Trapa),”

arXiv:1111.2983 [hep-th].

[59] M. B. Green and S. Sethi, “Supersymmetry constraints on type IIB supergravity,” Phys.Rev.

D59 (1999) 046006, arXiv:hep-th/9808061 [hep-th].

[60] B. de Wit and H. Nicolai, “d = 11 supergravity with local SU(8) invariance,” Nucl.Phys.

B274 (1986) 363.

[61] H. Nicolai, “D = 11 supergravity with local SO(16) invariance,” Phys.Lett. B187 (1987) 316. [62] O. Hohm, W. Siegel, and B. Zwiebach, “Doubled α^′-geometry,” arXiv:1306.2970 [hep-th].