Published by Institute of Physics Publishing for SISSA/ISAS Received: January 8, 2003 Accepted: March 26, 2003

Maximally supersymmetric solutions of ten- and eleven-dimensional supergravities

José Figueroa-O’Farrill

School of Mathematics, University of Edinburgh Scotland, UK E-mail: j.m.figueroa@ed.ac.uk

George Papadopoulos

Department of Mathematics, King’s College London, England, UK E-mail: gpapas@mth.kcl.ac.uk

Abstract: We classify (up to local isometry) the maximally supersymmetric solutions of the eleven- and ten-dimensional supergravity theories. We find that the AdS solutions, the Hpp-waves and the flat space solutions exhaust them.

Keywords: Superstrings and Heterotic Strings, M-Theory, Superstring Vacua, Differential and Algebraic Geometry.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep032003048 /jhep032003048 .pdf

Contents

1. Introduction and main results 1

2. Maximal supersymmetry in eleven-dimensional supergravity 6 2.1 Eleven-dimensional supergravity 6 2.2 The zero curvature equations 8 2.2.1 Terms linear in Γ 9 2.2.2 Terms quadratic in Γ 9 2.2.3 Terms cubic in Γ 10 2.2.4 Terms quartic in Γ 10 2.2.5 Terms quintic in Γ 11 2.3 F is decomposable 11 2.4 The local geometries 12 2.4.1 The Freund-Rubin Ansatz revisited 14 2.4.2 The case of a null four-form 14 2.5 Maximal supersymmetry in IIA supergravity 15

3. Maximal supersymmetry in IIB supergravity 15 3.1 The vanishing of the algebraic Killing spinor equation conditions 17 3.2 The vanishing of curvature conditions 17 3.2.1 Terms zeroth order in Γ 17 3.2.2 Terms quadratic in Γ 18 3.2.3 Terms fourth order in Γ 18 3.3 The local geometries 19

4. Maximal supersymmetry in other ten-dimensional supergravities 20 4.1 Heterotic supergravities 20 4.2 Type I supergravity 21 4.3 Massive IIA supergravity 21

1. Introduction and main results

The investigation of string solitons, such as branes, has ushered in an era of rapid progress in our understanding of nonperturbative string theory. At low energies these solitons are described by (often supersymmetric) solutions of the corresponding supergravity theory. Conversely, it is believed that these supergravity solutions can be lifted to solutions of the

– 1 – full string theory equations of motion, including all α^′ corrections. Equally relevant are the supersymmetric solutions of eleven-dimensional supergravity, as this is the low-energy limit of M-theory, itself the strong coupling limit of type IIA string theory.

Despite the huge catalogue of supersymmetric solutions of supergravity theories, we are still far from possessing an overall picture of the moduli space of such solutions and in fact until recently some basic questions remained unanswered.

The most important invariant of a supergravity background is the amount of supersymmetry that it preserves, usually labeled as a fraction, traditionally denoted ν, of the supersymmetry of the vacuum. In eleven-dimensional and type II supergravity theories, this is a fraction taking values in the set {0, 1/32, 1/16, . . . , 31/32, 1}. At the time of writing it is not known whether all such fractions can in fact occur, although some progress has been made recently in the construction of backgrounds possessing hitherto unseen fractions 1/2 < ν < 1. This fraction is defined as follows. We are only concerned with solutions of the equations of motion where the fermionic fields are set to zero. Such a solution is supersymmetric if it is left invariant under some nontrivial supersymmetry transformations. These transformations are parametrised by spinors and, since the fermions have been put to zero, the only nontrivial transformations are those of the fermions themselves. The supersymmetric variation of the gravitino Ψ_M defines a covariant derivative D which is induced from a connection on the bundle of spinors:

δ_εΨ_M = D_M ε . (1.1)

The tensor which measures the deviation of D from the spin connection ∇ depends algebraically on the bosonic fields of the theory. The other fermionic fields (if any) give rise to algebraic equations of the form, say,

δ_εψ = Aε , (1.2)

where A is algebraic (i.e., zeroth order differential operator), itself depending on the bosonic fields of the supergravity theory. A (real) spinor ε is called a Killing spinor if it obeys the above equations, keeping in mind that the second equation may not arise if there are no other fermionic fields beside the gravitino — this happens for example, in elevendimensional supergravity.

Because the above equations are linear, the Killing spinors form a vector space whose dimension is at most the rank of the spinor bundle S of which the supersymmetry parameters ε are sections, which for the theories under consideration will be either 32 or 16. The reason is that equation (1.1) says that a Killing spinor is covariant constant with respect to the connection D and hence parallel transport uniquely defines a Killing spinor on all points of the spacetime from its value at any given point.

Finally, the fraction ν is defined as the following ratio ν = dim{Killing spinors} rank S .

– 2 –

Equation (1.1) allows us to define another invariant of the solution which refines the fraction ν, namely the holonomy representation of the connection D. This is a refinement of the fraction ν because one can recover ν from the dimension of the subspace of invariants in the spinor representation (subject perhaps to the additional algebraic equations), and because different holonomy representations actually give rise to the same fraction. If we turn off all fields but the metric, so that we consider a purely gravitational solution, D coincides with the spin connection ∇ whose holonomy group is contained in (the spin cover of) the Lorentz group and, in the case of a supersymmetric background, must also be contained in the isotropy group of a nonzero spinor. As shown in [1, 2] for the case of eleven-dimensional supergravity, this can either be SU(5) or R^9 ⋊ Spin(7). In the former case this leads to static spacetimes generalising the Kaluza-Klein monopole [3]–[5], whereas the latter case corresponds to generalisations of the purely gravitational pp-wave [6] which involve lorentzian holonomy groups acting reducibly yet indecomposably on Minkowski spacetime. In ten dimensions the situation is even simpler and the isotropy group of a chiral spinor must be contained in R^8 ⋊ Spin(7) [2]. When we turn on the other fields in the background, the analysis of the connection D is complicated by the facts that D is not induced from a connection on the frame bundle and that its holonomy is generic. A holonomy analysis along the lines advocated in [1] has not yet been performed for supersymmetric solutions with flux. However much progress has been done in special cases [7, 8] (see also [9, 10]) leading to the no-go theorem of [11] for compactifications with torsion.

In this paper we take a first step in this direction by classifying, up to local isometry, all those solutions of eleven and ten-dimensional supergravity theories for which the (restricted) holonomy of D is trivial; in other words, we classify the maximally supersymmetric solutions or vacua.

With the exception of the massive IIA theory which, as we will see below, has no maximally supersymmetric background, every other supergravity theory in ten and eleven dimensions has a “trivial” vacuum in which the metric is flat and there are no fluxes. In addition, it has been known for some time that both eleven-dimensional and type IIB supergravities have vacua of the form AdS_{p+2} ×S^{D−p−2} [12]–[14] for (D, p) ∈ {(11, 2), (11, 5), (10, 3)}.

It is now well known that given any solution of a supergravity theory, its plane wave limit [15, 16] yields another solution which, as proven in [17], preserves at least as much supersymmetry as the original solution. It follows that the plane wave limit of a maximally supersymmetric solution will also be maximally supersymmetric. Indeed it was shown in [18] that taking a plane wave limit of the AdS_4 ×S^7 and AdS_7 ×S^4 vacua of eleven-dimensional supergravity one recovers the maximally supersymmetric plane wave discovered by Kowalski-Glikman [19, 20] and re-discovered in [21] where it was identified as an Hpp-wave; that is, a plane wave whose geometry is that of a lorentzian symmetric space [22] and whose fluxes are homogeneous. Similarly, it was also shown in [18], that a plane wave limit of the AdS_5 ×S^5 vacuum of type IIB supergravity yields the recently discovered maximally supersymmetric Hpp-wave solution [23]. Furthermore, it was also shown in [17] that other plane wave limits yield either the flat vacuum or again the known

– 3 – maximally supersymmetric Hpp-waves, so that no further vacua are obtained in this way. In this paper we will prove that there are no further maximally supersymmetric solutions in any of the eleven- and ten-dimensional supergravity theories.^1 Our proof consists of a systematic investigation of the conditions which follow from demanding that the curvature of the connection D vanishes. This analysis will in fact allow us to (re)derive the existence of all the known maximally supersymmetric solutions. In particular we will derive the Freund-Rubin ansatz from maximal supersymmetry. It is perhaps remarkable that it is actually possible to characterise these conditions geometrically and hence determine exactly all the solutions.

In addition to being a first step in the classification programme of supersymmetric backgrounds, the study of vacua is physically interesting since every vacuum defines a different stable sector of the theory in which to study excitations, both perturbative and solitonic. This has been extensively studied for the flat vacuum and to some extent for the AdS vacua, but in principle all vacua are to be treated on the same footing. Moreover the existence of the Hpp-wave vacua and in particular their interpretation as plane wave limits, has led to new progress on the AdS/CFT correspondence [25] and in particular has led to a gauge-theoretic derivation [26] of the spectrum of the IIB superstring on flat space and on the Hpp-wave, which can be quantized exactly [27, 28] in the light-cone gauge.

It is natural to wonder whether it is possible to extend this programme to solutions which preserve less than maximal supersymmetry, as there are several classes of such solutions that may have applications in string theory. For example, strings in Hpp-waves can be quantised exactly in the light-cone gauge and give rise to free massive theories in two dimensions[29]. More generally, strings on a larger class of pp-waves give rise to interacting massive theories in two dimensions [30]. The Hpp-wave ansatz has also proven useful in constructing solutions with “exotic” fractions of supersymmetry: although the generic Hpp-wave solution preserves one half of the supersymmetry, there are points in the moduli space of Hpp-waves besides the one corresponding to the maximally supersymmetric solution, where 1/2 < ν < 1 [31, 29, 32]. Another interesting class of solutions are those that preserve half of the supersymmetry and so include all elementary brane solutions as well as certain non-threshold bound states and other solutions in their Uduality orbit. The catalogue of such solutions is certainly large and a classification is not known, but we believe that the systematic approach advocated in this paper will prove useful in providing, if not a classification, at least a geometric characterisation of such solutions.

Our approach to the determination of the maximally supersymmetric solutions is based on the following strategy. Maximal supersymmetry implies the flatness of the connection D, which becomes an algebraic equation

[D_M , D_N ] = R_{MN} = 0 , (1.3)

1The AdS solution of type I supergravity found in [24] is erroneously claimed to be maximally supersymmetric when in fact it preserves only one-half of the supersymmetry.

– 4 – which is supplemented (in some cases) by the algebraic equation A = 0, derived from (1.2). The operators R_{MN} and A are endomorphisms of the spinor representation which can be expanded in terms of antisymmetric products of gamma matrices of the corresponding Clifford algebra. Due to linear independence, the coefficients of each antisymmetric product of gamma matrices must vanish separately. This gives a set of algebraic equations which we will analyse and solve yielding the results we summarise below.

Before we outline the results of the paper, we need to introduce some notation. Throughout this paper we will use the notation CW_D(A) to denote the D-dimensional lorentzian symmetric space with metric

g = 2dx^+dx^− + D−2∑ i,j=1 A_{ij} x^ix^j (dx^−)^2 + D−2∑ i=1 ( dx^i )_2 , (1.4)

where A = [A_{ij} ] is a constant symmetric matrix. More details on these spaces can be found in [22, 21] and a concrete isometric embedding in E^{2,D} can be found in [17]. Similarly we will use the notation AdS_D(R) and S^D(R) to denote the D-dimensional anti de Sitter spacetime and the D-dimensional sphere, respectively, where R stands for the value of the scalar curvature.

Let us now describe the results of this paper. In section 2 we will identify the vacua of eleven-dimensional supergravity up to local isometry and prove the following:

Theorem 1.1. Let (M, g, F_4) be a maximally supersymmetric solution of eleven-dimensio-nal supergravity. Then it is locally isometric to one of the following:

• AdS_7(−7R) × S^4(8R) and F = √ 6R dvol(S^4), where R > 0 is the constant scalar curvature of M;

• AdS_4(8R) × S^7(−7R) and F = √ −6R dvol(AdS_4), where R < 0 is again the constant scalar curvature of M; or

• CW_{11}(A) with A = −^{μ2}_{36} diag(4, 4, 4, 1, 1, 1, 1, 1, 1) and

F = μ dx^− ∧ dx^1 ∧ dx^2 ∧ dx^3. One must distinguish between two cases:

– μ = 0: which recovers the flat space solution E^{1,10} with F = 0; and – μ ≠ 0: all these are isometric and describe an Hpp-wave.

As a corollary we will determine the vacua of type IIA supergravity and prove the following:

Theorem 1.2. Any maximally supersymmetric solution of type IIA supergravity is locally isometric to E^{1,9} with zero fluxes and constant dilaton.

Theorems 1.1 and 1.2 were announced in [33].

In section 3 we will determine the maximally supersymmetric solutions of ten-dimen-sional type IIB supergravity and prove the following result:

– 5 –

Theorem 1.3. Let (M, g, F^+_5 , . . . ) be a maximally supersymmetric solution of ten-dimen-sional type IIB supergravity. Then it has constant axion and dilaton (normalised to 0 in the formulas below), all fluxes vanish except for the one corresponding to the self-dual five-form, and is locally isometric to one of the following:

• AdS_5(−R)×S^5(R) and F = 2 √_R 5 ( dvol(AdS_5) + dvol(S^5) ) , where ±R are the scalar curvatures of AdS_5 and S^5, respectively; or

• CW_{10}(A) with A = −μ^21 and F =^1_2 μ dx^− ∧ (dx^1 ∧ dx^2 ∧ dx^3 ∧ dx^4 + dx^5 ∧ dx^6 ∧ dx^7 ∧ dx^8). Again one must distinguish between two cases:

– μ = 0: which yields the flat space solution E^{1,9} with zero fluxes; and – μ ≠ 0: all these are isometric and describe an Hpp-wave.

The proof of this theorem rests on a Plücker-style formula for orthogonal planes which we have verified for the case at hand, and which we believe to hold in more generality. This Plücker formula is explored in a separate article [34].

Finally in section 4 we will prove the following two results on the remaining tendimensional supergravities:

Theorem 1.4. Any maximally supersymmetric solution of type I or heterotic ten-dimen-sional supergravity is locally isometric to flat space with zero fluxes and constant dilaton.

Theorem 1.5. Massive IIA supergravity has no maximally supersymmetric solutions.

As a corollary of the determination of the maximally supersymmetric solutions of ten- and eleven-dimensional supergravity theories, we can determine all the maximally supersymmetric solutions of lower dimensional supergravity theories which are obtained as toroidal reductions from them, or more generally as quotients by a group action. In fact, it is not hard to show, using the methods in [21], that the only vacua for these theories are flat with vanishing fluxes and are obtained by quotienting the flat vacua in ten and eleven dimensions by a translation subgroup of the isometries.

2. Maximal supersymmetry in eleven-dimensional supergravity

2.1 Eleven-dimensional supergravity

The bosonic part of the action of eleven-dimensional supergravity [35, 36] is ∫ M ( 1 2 R dvol − 1 4 F ∧ ⋆F + 1 12 F ∧ F ∧ A ) , (2.1)

where F = dA is the four-form field strength, R is the scalar curvature of the metric g and dvol is the (signed) volume element

dvol := √ |g| dx^0 ∧ dx^1 ∧ · · · ∧ dx^{10} .

– 6 –

The associated field equations of this action are as follows: d ⋆ F = − 1 2 F ∧ F R_{MN} − 1 2 g_{MN} R = 1 2 F^2_{MN} − 1 4 g_{MN} F^2 , (2.2)

where we have defined the partial contractions

F^2_{MN} = 1 6 F_{MP QR}F_N^{P QR} and F^2 = 1 24 F_{MNP Q}F^{MNP Q} , and where R_{MN} = R_{MP N}^P and [∇_M , ∇_P ]X^N = R_{MP}^N_QX^Q ,

with ∇ the Levi-Civita connection of g, R the curvature of ∇ and M, N, · · · = 0, . . . , 10. Notice that taking the trace of the Einstein-type equation we obtain that R = 1 6 F^2 .

In order to discuss supersymmetric solutions we have to say a word about spinors. We will be working with the Clifford algebra

Γ_AΓ_B + Γ_B Γ_A = +2η_{AB} 1 , (2.3)

with η the mostly plus metric and the indices A, B = 0, . . . , 10 being frame indices. In the standard notation (see, e.g., [37]) this defines the Clifford algebra Cℓ(1, 10) which is isomorphic to Mat(32, R) ⊕ Mat(32, R) and so it has two irreducible representations S^± isomorphic to R^{32} . These are distinguished by the action of the volume element Γ^{12} = ±1, respectively. Of course, both S^± are isomorphic, as representations of Spin(1, 10) ⊂ Cℓ(1, 10), to the unique spinor representation S of Spin(1, 10). In our conventions, the gravitino belongs to S^−.

The supersymmetric variation of the gravitino defines the so-called supercovariant connection D_M = ∇_M − 1 288 ( Γ^{P QRS}_M + 8Γ^{P QR}δ^S_M ) F_{P QRS} , (2.4) where the spin connection is given by

∇_M = ∂_M + 1 4 ω_M^{AB}Γ_{AB} , (2.5)

where we have used the same symbol ∇ to denote the Levi-Civita connection of g and the associated spin connection.

The supercovariant connection D is a connection of the bundle of spinors associated to the Clifford representation S^−, which is not induced from the frame bundle because of the term proportional to the four-form F .

– 7 –

A solution of eleven-dimensional supergravity is supersymmetric if it admits nonzero Killing spinors ϵ defined by D_M ϵ = 0 . (2.6)

The number of supersymmetries preserved by a solution is the maximum number of linearly independent Killing spinors. A solution is maximally supersymmetric if it has thirty-two linearly independent Killing spinors. This is equivalent to the connection D having trivial holonomy:

Hol(D) = 1 . (2.7)

Iterating equation (2.6) leads to the integrability condition

[D_M , D_N ]ϵ = R_{MN} ϵ = 0 , (2.8)

where R_{MN} = [D_M , D_N ] is the curvature of the supercovariant connection. A necessary condition for maximal supersymmetry is the zero curvature condition:

R_{MN} = 0 . (2.9)

This equation can be expanded in a basis of the Clifford algebra (modulo the centre), which is given by the skew-symmetric products of gamma-matrices. The requirement that R = 0 implies that every component of R in this basis should vanish.

The zero curvature condition is equivalent to the triviality of the restricted holonomy of the supercovariant connection: that is, the holonomy around contractible loops. Hence on a simply-connected spacetime, the zero curvature condition implies the holonomy condition (2.7). For a non-simply connected spacetime, the integrability condition (2.9) is necessary but not sufficient. In addition one must ensure that the Killing spinors are either periodic or antiperiodic along noncontractible loops. In this paper we will focus on local solutions, and this distinction will not arise.

These necessary and sufficient conditions for the existence of a maximally supersymmetric spacetime can be easily extended to other supergravities. In the ten-dimensional supergravities treated in this paper, the Killing spinor equation (2.6) is supplemented by algebraic conditions coming from the supersymmetry variation of fermionic fields other than the gravitino which are present in the theory. Therefore to find the solutions with maximal supersymmetry, these algebraic Killing spinor equations have to be imposed in addition to the vanishing of the curvature of the supercovariant connection. The additional algebraic Killing spinor equations do not alter the above discussion of the existence of Killing spinors in non-simply connected spacetimes.

2.2 The zero curvature equations

In this section we will study the equations which arise from demanding the vanishing of the curvature R of the supercovariant connection D. After some computation we find

– 8 – that (c.f. [38]) R_{MN} = 1 4 R_{MN AB} Γ^{AB} − 2 (288)^2 F_{M1...M4} F_{N1...N4} ϵ_{MN}^{M1...M4N1...N4}_LΓ^L + + 48 (288)^2 [ 4F_{MLP Q}F^{LP Q}_{M1} Γ^{M1}_N − 4F_{NLP Q}F^{LP Q}_{M1} Γ^{M1}_M − − 36F_{LP MM1} F^{LP}_{NN1} Γ^{M1N1} + F_{L1...L4} F^{L1...L4} Γ_{MN} ] + + 1 36 [ ∇_M F_{NM1M2M3} − ∇_N F_{MM1M2M3} ] Γ^{M1M2M3} + + 8 (288)^23 [ F_{M1...M4} F_{N1...N3N} ϵ_M^{M1...M4N1...N3}_{L1...L3} − (N ↔ M) ] Γ^{L1L2L3} − − 1 432 [ 4F_{LM1...M3} F^L_{MN N1} Γ^{M1...M3N1} + + 3F_{LP M1M2} F^{LP N1}_N Γ^{M1M2}_{MN1} − 3F_{LP M1M2} F^{P LN1}_M Γ^{M1M2}_{NN1} ] − − 1 288 [ ∇_M F_{N1...N4} Γ^{N1...N4}_N − (N ↔ M) ] + + 1 (72)^25! [ − 6F_{MM1...M3} F_{NN1 ...N3} ϵ^{M1...M3N1...N3}_{L1...L5} − − 6F_{MP M1M2} F^P_{N1...N3} ϵ_N^{M1M2N1...N3}_{L1...L5} + + 6F_{NP M1M2} F^P_{N1...N3} ϵ_M^{M1M2N1...N3}_{L1...L5} + + 9F_{P QM1M2} F^{P Q}_{N1N2} ϵ_{MN}^{M1M2N1N2}_{L1...L5} ] Γ^{L1...L5} , (2.10)

where we have used that Γ^{A1...A2k} = (−1)^k (11 − 2k)! ϵ^{A1...A2k}_{B1...B11−2k} Γ^{B1...B11−2k} . (2.11) Maximal supersymmetry demands that the coefficient of every term in the above expansion of R in skew-symmetric products of the gamma-matrices should vanish. This gives an overdetermined system of equations which we now analyse in turn.

2.2.1 Terms linear in Γ The vanishing of the term in the curvature of the supercovariant connection linear in the Γ-matrices implies that F ∧ F = 0 . (2.12)

Taking the inner product of this condition with respect to a vector field X, we find that

ι_X F ∧ F = 0 . (2.13)

2.2.2 Terms quadratic in Γ The vanishing of the term in the curvature of the supercovariant connection quadratic in the Γ-matrices implies the following equation: R_{MNP Q} + 1 36 ( F^2_{NP} g_{MQ} − F^2_{MP} g_{NQ} − F^2_{NQ}g_{MP} + F^2_{MQ}g_{NP} ) − − 1 12 ( F^2_{MP NQ} − F^2_{MQNP} ) + 1 36 F^2 (g_{MP} g_{NQ} − g_{MQ}g_{NP} ) = 0 , (2.14)

– 9 – where we have introduced the partial contraction

F^2_{MNP Q} = 1 2 F_{MNRS} F_{P Q}^{RS} . Tracing the above equation in N, Q we recover the Einstein field equations R_{MN} = 1 2 F^2_{MN} − 1 6 g_{MN} F^2 , (2.15)

and in particular a relation between the Ricci scalar and the norm of the four-form: R = 1 6 F^2 . (2.16)

It is clear from (2.14) that if F = 0 the curvature of the spacetime vanishes. Thus the only such solution is locally isometric to Minkowski spacetime. 2.2.3 Terms cubic in Γ The vanishing of the component of R cubic in Γ is (∇_M F_{NL1L2L3} − ∇_N F_{ML1L2L3} ) − − 1 816 ( F_{M1...M4} F_{N1...N3N} ϵ_M^{M1...M4N1...N3}_{L1...L3} − (N ↔ M) ) = 0 . (2.17)

This equation can be simplified using equation (2.13). Indeed, in components (2.13) can be written as F_{M[L1L2L3} F_{L4...L7]} = 0 . (2.18) Substituting this equation back into (2.17), we find that ∇_M F_{NL1L2L3} − ∇_N F_{ML1L2L3} = 0 . (2.19) This together with the fact that F is a closed four-form imply it is parallel: ∇F = 0 . (2.20) Observe that the above equation and (2.12) imply the field equations (2.2) of the four-form field strength.

Equation (2.14) expresses the Riemann curvature tensor algebraically in terms of F and g, both of which are parallel with respect to the Levi-Civita connection. This means that the Riemann curvature tensor is also parallel, and we conclude that a maximally supersymmetric solution of eleven-dimensional supergravity is locally symmetric. Moreover equation (2.20) says that the four-form F is invariant. 2.2.4 Terms quartic in Γ The vanishing of the component of R fourth order Γ is 2F_{L[M1M2M3} F^{MNL}_{M4]} − 3F_{LP [M1M2} F^{LP}_{M3}^{[N} δ^{M]}_{M4]} = 0 . (2.21)

– 10 –

Antisymmetrising in all free indices, we find F_{L[M1M2M3} F^L_{M4M5M6]} = 0 . (2.22) Antisymmetrising in five of the six free indices in (2.21), we find 2F_{L[M1M2M3} F^{LM}_{M4M5]} − 3 2 F_{LP [M1M2} F^{LP}_{M3M4} δ^M_{M5]} = 0 . (2.23) Next we contract the indices M and M_4 in (2.21) to find F_{LP [M1M2} F^{LP}_{M3]}^N = 0 . (2.24) This in turn implies that F_{LP [M1M2} F^{LP}_{M3M4]} = 0 . (2.25) 2.2.5 Terms quintic in Γ Let us next investigate the conditions that arise from the vanishing of the fifth order terms in Γ. These are −2F^M_{[P1P2P3} F^N_{Q1Q2Q3]} − 2F^M_{L[P2P3} δ^N_{P1} F^L_{Q1Q2Q3]}+ +2F^N_{L[P2P3} δ^M_{P1} F^L_{Q1Q2Q3]} + 3δ^{MN}_{[P1P2} F_{|LP |P3Q1} F^{LP}_{Q2Q3]} = 0 , (2.26) where δ^{MN}_{P Q} = δ^{[M}_P δ^{N]}_Q . Combining (2.21), (2.25) with (2.26), we find that F_{M[P1P2P3} F_{Q1Q2Q3]N} = 0 (2.27) or equivalently ι_X F ∧ ι_Y F = 0 . (2.28) This concludes the investigation of the various conditions that arise from the vanishing of the curvature of the supercovariant connection. 2.3 F is decomposable To analyse further the conditions that we have derived in the previous section, we shall use the Plücker relations. A p-form is said to be decomposable if it can be written as the wedge product of p one-forms. It is a classical result in algebraic geometry (see, for example, [39, Chapter 1]) that a p-form F is decomposable if and only if ι_Ξ F ∧ F = 0 (2.29) for every (p − 1)-multivector Ξ. In this section we shall show that the conditions (2.13)

– 11 – and (2.28) derived in the previous section actually imply (2.29) and hence that F is decomposable. Observe that the converse is trivially true: if F is decomposable then (2.13) and (2.28) are satisfied.

Our starting point is equation (2.13). Contracting this equation with another vector field Y , we obtain ι_Y ι_X F ∧ F − ι_X F ∧ ι_Y F = ι_Y ι_X F ∧ F = 0 , where to establish the first equality we have used (2.28). Contracting the above equation with another vector field Z, we find

ι_Z ι_Y ι_X F ∧ F = −ι_Y ι_X F ∧ ι_Z F . (2.30)

Next contracting equation (2.28) with a third vector field, we get

ι_Y ι_X F ∧ ι_Z F = ι_X F ∧ ι_X F ∧ ι_Y ι_Z F = ι_Y ι_Z F ∧ ι_X F . (2.31)

Therefore the expression in the right-hand-side of (2.30) is symmetric in X and Z, whereas the left-hand-side of (2.30) is skew-symmetric. This means that both terms in (2.30) must vanish separately. In particular we find that

ι_Z ι_Y ι_X F ∧ F = 0 , (2.32)

which is precisely equation (2.29).

With all but equation (2.14) fully analysed we can already conclude that a solution (M, g, F ) of eleven-dimensional supergravity is maximally supersymmetric if and only if (M, g) is a locally symmetric space and F is parallel and decomposable.

2.4 The local geometries

In this section we narrow down the possible choices of symmetric spaces that are maximally supersymmetric solutions of M-theory by exploiting the information that F is a parallel decomposable form in a (lorentzian) symmetric space. We will achieve a characterization of the geometry up to local isometry. First recall that if the four-form F vanishes, the only solution is Minkowski spacetime up to discrete identifications which preserve supersymmetry. In what follows we assume that F ≠ 0.

We will be making use of the classification of lorentzian symmetric spaces by Cahen and Wallach [22]. They stated the following theorem:

Theorem 2.1. Let (M, g) be a simply-connected lorentzian symmetric space. Then M is isometric to the product of a simply-connected riemannian symmetric space and one of the following:

• R with metric −dt^2;

• the simply-connected covering space of D-dimensional (anti) de Sitter space, where D ≥ 2; or

• an Hpp-wave CW_D(A) with D ≥ 3 and metric given by (1.4).

– 12 –

If we drop the hypothesis of simply-connectedness then this theorem holds up to local isometry. We will make use of this result repeatedly.

Let (M, g, F ) be a maximally supersymmetric solution. As we have seen (M, g) is a locally symmetric space, whence locally isometric to one of the spaces in the list in the above theorem. Every such space is acted on transitively by a Lie group G (the group of transvections), whence if we fix a point in M (the origin) with isotropy H, M is isomorphic to the space of cosets G/H. Let g denote the Lie algebra of G and h the Lie subalgebra corresponding to H. Then g admits a vector space decomposition g = h ⊕ m, where m is isomorphic to the tangent space of M at the origin. The Lie brackets are such that

[h, h] ⊂ h [h, m] ⊂ m [m, m] ⊂ h .

The metric g on M is determined by an h-invariant inner product B on m. Since the fourform F is parallel, it is G-invariant. This means that it is uniquely defined by its value at the origin, which defines an h-invariant four-form on m. Since it does not vanish (by hypothesis) and is decomposable, it determines a four-dimensional vector subspace n ⊂ m as follows: if at the origin F = θ_1 ∧ θ_2 ∧ θ_3 ∧ θ_4, then m is the span of (the dual vectors to) the θ_i. Furthermore, because F is invariant, we have that H leaves the space n invariant, whence [h, n] ⊂ n, which means that the holonomy group of M (which is isomorphic to H) acts reducibly. In lorentzian signature this does not imply that the space is locally isometric to a product, since the metric may be degenerate when restricted to n. Therefore we must distinguish between two cases, depending on whether or not the restriction B|_n of B to n is or is not degenerate.

If B|_n is non-degenerate, then it follows from the de Rham-Wu decomposition theorem [40] that the space is locally isometric to a product N × P , with N and P locally symmetric spaces of dimensions four and seven, respectively. Explicitly, we can see this as follows: there exists a B-orthogonal decomposition m = n ⊕ p, with p := m^⊥, where [h, p] ⊂ p because of the invariance of the inner product. Let g_N = h ⊕ n and g_P = h ⊕ p. They are clearly both Lie subalgebras of g. Let G_N and G_P denote the respective (connected, simply-connected) Lie groups. Then N will be locally isometric to G_N /H and P will be locally isometric to G_P /H, and M will be locally isometric to the product. The metrics on N and P are induced by the restrictions of n and p respectively of the inner product B on n ⊕ p, denoted

B_n = B|_n B_p = B|_p . (2.33)

We shall denote the metrics on N and P induced from the above inner products by h and m, respectively.

On the other hand if the restriction B|_n is degenerate, so that n is a null fourdimensional subspace of m, the four-form F is also null. From theorem 2.1 one sees (see, e.g., [21]) that the only lorentzian symmetric spaces admitting parallel null forms are those which are locally isometric to a product M = CW_d(A) × Q_{11−d}, where CW_d(A) is a d-dimensional Cahen-Wallach space and Q_{11−d} is an (11−d)-dimensional riemannian symmetric space.

– 13 –

In summary, there are two separate cases to consider:

1. (M, g) = (N_4 × P_7, h ⊕ m) (locally), where (N, h) and (P, m) are symmetric spaces and where F is proportional to (the pull-back of) the volume form on (N, h); or

2. M = CW_d(A) × Q_{11−d} (locally) and d ≥ 3, where Q_{11−d} is a riemannian symmetric space.

The first case corresponds to the well-known Freund-Rubin Ansatz, which we have derived here from the requirement of maximal supersymmetry. The second case has also been considered before [19, 21]. The Cahen-Wallach metrics are special cases of metrics admitting parallel null spinors [2, 1]. This larger class of metrics have appeared in the supergravity literature, see for example [6].

We now investigate each of these two cases above separately.

2.4.1 The Freund-Rubin Ansatz revisited We start by reconsidering the Freund-Rubin Ansatz: (M, g) = (N_4 × P_7, h ⊕ m), locally. Since M is locally symmetric, we can analyze the equations implied by supersymmetry at the origin of the symmetric space. It is straightforward to see that the only non-trivial equation that remains to be solved is (2.14). Since the spacetime is isomorphic to a product, the curvature of spacetime decomposes into the curvatures of N and P .

Since F vanishes along P , the curvature of P is R_{abcd} = − 1 3 R (m_{ac}m_{bd} − m_{ad}m_{bc}) , (2.34) where a, b, c, d = 1, 2, . . . , 7 label the coordinates of P and R is the Ricci scalar of M. This shows that P is a space form. If R < 0 then P is locally isometric to S^7 with Ricci scalar R_P = −7R, whereas if R > 0, P is isometric to AdS_7 with Ricci scalar −7R.

Similarly the curvature of N is obtained by evaluating equation (2.14) along the directions of n. After some computation, we find that R_{ijkl} = − 2 3 R (h_{ik}h_{jl} − h_{il}h_{jk}) . (2.35) Thus if R < 0, then N is locally isometric to AdS_4 with Ricci scalar R_N = 8R, whereas if R > 0, then N is locally isometric to S^4 with Ricci scalar R_N = 8R. Notice that R_P + R_N = R, as it should since R is the scalar curvature of M = P × Q.

2.4.2 The case of a null four-form If F^2 = 0, we have shown that M = CW_d(A) × Q_{11−d}, for 3 ≤ d ≤ 11, where Q is a riemannian symmetric space. Since F is decomposable and null, it must be of the form

F = dx^− ∧ φ , (2.36)

where dx^− is (up to scale) a parallel null 1-form, which exists in every CW_d(A), and φ is a parallel three-form on M with positive norm: φ^2 > 0.

– 14 –

Substituting (2.36) into the expression of the curvature tensor (2.14), we find that the curvature of Q vanishes. Therefore, M is locally isometric to CW_d(A) × R^{11−d} .

The metric on M = CW_d(A) × R^{11−d} can be written in local coordinates as follows

ds^2 = 2dx^+dx^− + 9∑ i,j=1 A_{ij}x^ix^j(dx^−)^2 + 9∑ i=1 (dx^i)^2 ,

where A is a symmetric 9 × 9 matrix which is degenerate along the R^{11−d} directions. In addition, we can always choose coordinates in R^9 in such a way that the parallel, decomposable 4-form F is given by F = μ dx^− ∧ dx^1 ∧ dx^2 ∧ dx^3 , where μ is some constant. As shown in [21] this is the ansatz for an Hpp-wave and as shown in that paper, the only maximally supersymmetric solution is the one in [19], for which A = −^{μ2}_{36} diag(4, 4, 4, 1, . . . , 1).

In summary, we have proven theorem 1.1, stated in the introduction.

2.5 Maximal supersymmetry in IIA supergravity

Type IIA supergravity [41]–[43] is obtained by dimensional reduction from eleven-dimen-sional supergravity. This means that any solution of IIA supergravity can be uplifted (or oxidised) to a solution of eleven-dimensional supergravity possessing a one-parameter subgroup of the symmetry group such that reducing along its orbits yields the IIA solution we started out with. If the IIA supergravity solution preserves some supersymmetry, its lift to eleven dimensions will preserve at least the same amount of supersymmetry. This means that a maximally supersymmetric solution of IIA supergravity will uplift to one of the maximally supersymmetric solutions of eleven-dimensional supergravity determined in the previous section. Therefore the determination of the IIA vacua reduces to classifying those dimensional reductions of the eleven-dimensional vacua which preserve all supersymmetry.

As explained already in [21], the only such reductions are the reductions of the flat eleven-dimensional vacuum by a translation subgroup of the Poincaré group. This can also be verified by an explicit analysis of the Killing spinor equations of IIA supergravity.

In summary, this proves theorem 1.2, stated in the introduction.

3. Maximal supersymmetry in IIB supergravity

The bosonic field content of IIB supergravity [14, 44, 45] is the metric g, two scalars, two complex three-form gauge potentials {A^1, A^2 : A^1 = (A^2)^∗} and a real four-form gauge potential A. The two scalars parametrise the upper half-plane SU(1, 1)/U(1), the two three-form gauge potentials {A^i; i = 1, 2} transform as a SU(1, 1)-doublet while A is a SU(1, 1)-singlet. We follow mostly the notation of [14].

We shall not state the field equations of IIB supergravity here. This is because, as in the case of eleven-dimensional supergravity that we have already studied, the conditions

– 15 – for maximal supersymmetry derived from the Killing spinor equations imply all the field equations. To continue, we follow [14] and define the fields

P_M = −ε_{ij} V^i_+∂_M V^j_+ G_3 = −ε_{ij} V^i_+F^j

F_5 = dA + i 16 ε_{ij}A^i ∧ F^j , (3.1)

where {V^i_a : i = 1, 2, a = +, −} are SU(1, 1) matrices parameterized by the two scalars which are SU(1, 1)-doublets under rigid transformations. In addition V^i_+ transforms with the standard one-dimensional complex representation on U(1) under a local transformation and V^i_− transforms with its conjugate representation; V^i_+ = (V^i_−)∗. Moreover F^i = dA^i, F is a self-dual five-form and is a singlet under both rigid SU(1, 1) and local U(1) transformations, and G is a singlet under rigid SU(1, 1) tranformations but transforms under the local U(1) transformations.

Next introduce the canonical U(1) connection

Q = −iε_{ij} V^i_−dV^j_+ (3.2)

on the coset space SU(1, 1)/U(1). The Killing spinor equations of IIB supergravity are given by

D_M ε = D_M ε + i 192 F_{L1 ...L5} Γ^{L1...L5} Γ_M ε + 1 96 ( Γ_M^{L1L2L3}Ĝ_{L1L2L3} − 9Γ^{L1L2} G_{ML1L2} ) ε^∗ = 0

Γ^M ε^∗P_M − 1 24 Γ^{MNR}G_{MNR}ε = 0 , (3.3)

where D_M = ∇_M − i 2 Q_M , (3.4)

Q_M is the pull-back of the connection of U(1) connection of the coset on to the spacetime, ε is a complex Weyl spinor, Γ^{11}ε = ε.

There are two types of Killing spinor equations for IIB supergravity. One is a parallel transport type of equation similar to that we have investigated in the context of eleven-dimensional supergravity. The other is an algebraic equation which does not involve derivatives on the spinor ε. Since we are seeking maximally supersymmetric solutions, the components of the algebraic Killing spinor equation as expanded in a basis of the Clifford algebra should vanish. This in particular implies that

P_M = 0 and G_{MNR} = 0 . (3.5)

Substituting the second equation above into the supercovariant derivative in (3.3), we find that it simplifies to

D_M ε = D_M ε + i 192 F_{L1...L5} Γ^{L1...L5} Γ_M ε . (3.6)

– 16 –

The strategy that we shall adopt to find the maximally supersymmetric solutions is to compute the curvature R of the supercovariant derivative D above as we have done for eleven-dimensional supergravity. Indeed after some computation, we find that

R_{MN} = F_{MN} + 1 4 R_{MNP Q}Γ^{P Q} + i 192 ∇_M F_{NP QRS} Γ^{P QRS} − − i 192 ∇_N F_{MP QRS}Γ^{P QRS} 1 192 − F_{ML1L2L3P} F_N^{L1L2L3}_QΓ^{P Q} + + 1 12 · 64^2 F_{LMM1M2M3} F^L_{NN1N2N3} ε^{M1M2M3N1N2N3}_{P QRS} Γ^{P QRS} , (3.7) where F_{MN} = −^i_2 (∂_M Q_N − ∂_N Q_M ).

3.1 The vanishing of the algebraic Killing spinor equation conditions

Here we shall show that the conditions (3.5) of the algebraic Killing spinor equation required by maximal supersymmetry imply that the two scalars are constant and that F^i = 0. This is most easily seen by fixing the local U(1) symmetry of the coset space. This has been done in [14] and so we shall not repeat the computation here. After gauge fixing, the theory has two real scalars parameterized by the complex scalar B and a complex three three form field strength F . The final expressions for the relevant fields are the following: G_{MNR} = f(F_{MNR} − BF^∗_{MNR}) P_M = f^2∂_M B , (3.8)

where f^{−2} = 1 − BB^∗, BB^∗ < 1. The condition P_M = 0 in (3.5) implies that the complex scalar field B is constant. The vanishing of G = 0 in (3.5) implies that F_{MNR} = 0. So the only fields that remain to be determined by maximal supersymmetry are the metric g and the self-dual five-form field strength F_5. In addition from (3.1) and (3.8), the five-form self-dual field strength is F_5 = dA. In particular, F_5 is closed and since it is self-dual, it is also co-closed.

Another consequence of the algebraic Killing spinor equation is that the pull-back of the U(1) curvature of the coset space SU(1, 1)/U(1) on the spacetime vanishes. This can be seen by the formula similar to those in (3.8) which expresses the pull-back U(1) connection in terms of B as Q_M = f^2Im ( B∂_M B^∗ ) . (3.9)

Since B is constant, Q_M = 0.

3.2 The vanishing of curvature conditions

3.2.1 Terms zeroth order in Γ This term involves the pull-back of the curvature of the U(1) connection of coset space on the spacetime, ie F_{MN} = 0 . (3.10)

This however vanishes as a consequence of the Q_M = 0 condition derived in the previous section from the algebraic Killing spinor equations. So there is no additional condition.

– 17 –

3.2.2 Terms quadratic in Γ The condition on the quadratic terms in Γ is the following: 1 4 R_{MNP Q} − 1 192 F_{ML1L2L3[P} F_{|N|}^{L1L2L3}_{Q]} = 0 . (3.11) Contracting N and Q, we find the Einstein field equations R_{MN} = 1 96 F_{ML1L2L3L4} F_N^{L1L2L3L4} . (3.12) In particular the Ricci scalar vanishes, R = 0, because F is self-dual. 3.2.3 Terms fourth order in Γ The condition on the fourth order terms in Γ is the following: i 192 ∇_M F_{NP QRS} − i 192 ∇_N F_{MP QRS}+ + 1 12 · 64^2 F_{LMM1M2M3} F^L_{NN1N2N3} ε^{M1M2M3N1N2N3}_{P QRS} = 0 (3.13) In particular the imaginary and real parts of the above equation should vanish separately. Since F is real, this implies that ∇_M F_{NP QRS} − ∇_N F_{MP QRS} = 0 (3.14) and F_{LMM1M2M3} F^L_{NN1N2N3} ε^{M1M2M3N1N2N3}_{P QRS} = 0 . (3.15) Antisymmetrising (3.14) in the indices M, N, P, Q, R and using that dF = 0, we find that F is parallel with respect to the Levi-Civita connection. Combining this fact with equation (3.11) one concludes that the curvature tensor is parallel, whence (M, g) is locally symmetric.

The equation (3.15) can be rewritten in a more invariant form as ι_X F_L ∧ ι_Y F^L = 0 . (3.16) Next contracting M with P in (3.15), the resulting equation can be written as ι_X F_L ∧ F^L = 0 . (3.17) Taking the inner derivation of this equation with respect to the vector field Y and using the equation (3.16), we find that ι_Y ι_X F_L ∧ F^L = 0 . (3.18) Now take the inner derivation of this equation with another vector field Z. This gives ι_Z ι_Y ι_X F_L ∧ F^L + ι_Y ι_X F_L ∧ ι_Z F^L = 0 . (3.19)

– 18 –

Taking the inner derivation of ι_X F_L ∧ ι_Z F^L = 0 with respect to Y , we find

ι_Y ι_X F_L ∧ ι_Z F^L = ι_Y ι_Z F_L ∧ ι_X F^L (3.20)

which implies that the right hand side of (3.19) is symmetric in the interchange of X and Y while the left hand side is skew-symmetric. This implies that both terms in (3.19) should vanish separately. In particular, we have that

ι_Z ι_Y ι_X F_L ∧ F^L = 0 . (3.21)

This condition (3.21) is analogous to the Plücker relations which appear in elevendimensional supergravity. It is therefore conceivable that it should imply a decomposition of the self-dual five-form F . In fact, it can be shown that equation (3.21) implies that

F = G + ⋆ G , (3.22)

where G is a decomposable five-form. This is proven in [34], where we also explore a generalisation involving p-forms in euclidean or lorentzian n-dimensional vector spaces. Notice that since F is parallel, then so is G.

3.3 The local geometries

We must distinguish between two cases, depending on whether or not the five-form G in equation (3.22) is null. First suppose that G (and hence F ) is not null. An analysis similar to that presented for eleven-dimensional supergravity shows that the five-form G induces a local decomposition of (M, g) into a product N_5 × P_5 of two five-dimensional symmetric spaces (N, h) and (P, m), where G ∝ dvol(N) and hence ⋆G ∝ dvol(P ). Thus again we have derived the Freund-Rubin ansatz from maximal supersymmetry. Since (M, g) is lorentzian, one of the spaces (N, h) and (P, m) is lorentzian and the other riemannian. If the norm of G is positive, then N is riemannian and P is lorentzian, and vice-versa if G is negative. By interchanging G with ⋆G if necessary, we can assume that G has positive norm and hence that N is riemannian.

We continue as in the eleven-dimensional case by analysing the remaining condition (3.11). Evaluating this along the directions of N_5, we find that R_{ijkl} = 1 16 G^2 (h_{ik}h_{jl} − h_{jk}h_{il}) , (3.23)

whence N is locally isometric to S^5. Similarly, evaluating equation (3.11) along P , we find that R_{abcd} = − 1 16 G^2 (m_{ac}m_{bd} − m_{bc}m_{ad}) , (3.24)

whence P is locally isometric to AdS^5. Both AdS_5 and S^5 have the same radii of curvature which are related to the norm of G in the following way: if S^5 has Ricci scalar R, then G = 2 √_R 5 dvol(S^5).

– 19 –

Next suppose that G is null. As in the discussion of the eleven-dimensional case, and using the fact that the only symmetric spaces with null parallel forms are the CW Hppwaves, the spacetime is locally isometric to (M, g) = (CW_d(A) × Q_{10−d}, h ⊕ m), where d ≥ 3, and the five-form field strength is

F = dx^− ∧ φ , (3.25)

where φ is a self-dual four-form and dx^− is the one-form dual to the parallel null vector in CW_d(A). Evaluating (3.11) along the directions of Q_{10−d}, we find that the curvature of Q_{10−d} vanishes because F is null. An analysis similar to that made for the elevendimensional case reveals that the metric and five-form of spacetime can be written as

ds^2 = 2dx^+dx^− + 8∑ i,j A_{ij} x^ix^j (dx^−)^2 + 8∑ i=1 (dx^i)^2

F_5 = μdx^− ∧ (dx^{1234} + dx^{5678}) . (3.26)

This is precisely the ansatz used to find the maximally supersymmetric Hpp-wave solution of IIB supergravity [23]. Here we have derived it from the requirement of maximal supersymmetry. In particular, the maximally supersymmetric Hpp-wave solution occurs for A = −^{μ2}_{16} diag(1, 1, . . . , 1).

This concludes the proof of theorem 1.3, stated in the introduction.

4. Maximal supersymmetry in other ten-dimensional supergravities

In this section we discuss the remaining ten-dimensional supergravity theories: the heterotic, type I and massive IIA supergravities.

4.1 Heterotic supergravities

The only maximally supersymmetric solution of heterotic supergravities is the ten-dimen-sional Minkowski spacetime with constant dilaton and rest of form-field strengths to vanish. This can be easily seen by inspecting the Killing spinor equations

∇^+ε = 0 Γ^M ∂_M ϕε − 1 12 H_{MNR}Γ^{MNR}ε = 0 F_{MN} Γ^{MN} ε = 0 , (4.1)

where ∇^+ = ∇ +^1_2 H, H is the NSNS three-form field strength, ϕ is the dilaton, ε is a Majorana-Weyl sixteen-component spinor and F is the curvature of the gauge connection with gauge group E_8 × E_8 or Spin(32)/Z_2. (We have suppressed gauge indices). From the second Killing spinor equation one concludes that ϕ is constant and H = 0. The first equation implies that the curvature of the Levi-Civita connection vanishes and so the spacetime is locally isometric to Minkowski spacetime. The last Killing spinor equation implies that the curvature of the gauge fields vanishes and so for simply connected spacetimes the gauge connection vanishes as well. This proves the second part of theorem 1.4 in the introduction.

– 20 –

4.2 Type I supergravity Similarly, the only maximally supersymmetric solution of type I supergravity is Minkowski spacetime. This again can be easily seen by inspecting the Killing spinor equations

∇_M η + 1 8 H_{MNR}Γ^{NR}η = 0 Γ^M ∂_M ϕη + 1 12 H_{MNR}Γ^{MNR}η = 0 F_{MN} Γ^{MN} η = 0 , (4.2)

where H is the RR three-form field strength, ϕ is the dilaton, ε is a Majorana-Weyl sixteen component spinor and F is the curvature of the gauge connection with gauge group Spin(32)/Z_2. (We have suppressed gauge indices). Again the second Killing spinor equation implies that ϕ is constant and H = 0. Then the first implies that the curvature of the Levi- Civita connection vanishes and so the spacetime is locally isometric to Minkowski space. The last Killing spinor equation implies that the curvature of the gauge fields vanishes and so for simply connected spacetimes the gauge connection vanishes as well. Note that type I and heterotic supergravities have the same maximally supersymmetric solutions as they are related by a field redefinition. This proves the first part of theorem 1.4 in the introduction.

4.3 Massive IIA supergravity Although Romans’ massive IIA supergravity [46] does admit supersymmetric solutions, e.g., the D8-brane [47, 48], it has no vacua for nonzero mass parameter. This can be easily seen by investigating the dilatino Killing spinor equation of the theory: ( ∂_M ϕΓ^M + 5 4 me^{54 ϕ} − 3 4 me^{34 ϕ}B_{MN} Γ^{MN} Γ_{11}−

− 1 6 e^{− 12 ϕ}H_{MNR}Γ^{MNR}Γ_{11} + 1 48 e^{14 ϕ}F_{MNRP} Γ^{MNRP} ) ε = 0 , (4.3)

where B is the two-form gauge potential, H = dB, F = dC + mB ∧ B, ϕ is the dilaton and m is the cosmological constant. For maximal supersymmetry every term in the above Killing spinor equation must vanish separately. The first term implies that ϕ is constant, the third term implies that B = 0 and so H = 0, the last term implies that F = 0. However the second term cannot be made to vanish because m is nonzero. In summary, this proves theorem 1.5 in the introduction. Note that it is not straightforward to take the limit m → 0 in massive IIA to recover the usual IIA supergravity. This can only be done after appropriate redefinitions of the fields.

Acknowledgments

This work was completed while J.M.F. was visiting the IHÉS and it is his pleasure to thank them and in particular Jean-Pierre Bourguignon for the invitation, their support and for providing an ideal environment in which to do research.

– 21 –

J.M.F. is a member of EDGE, Research Training Network HPRN-CT-2000-00101, supported by The European Human Potential Programme, and his research is partially supported by the EPSRC grant GR/R62694/01.

The research of G.P. is partially supported by the PPARC grants PPA/G/S/1998/ 00613 and PPA/G/O/2000/00451 and by the European grant HPRN-2000-00122.

References

[1] J.M. Figueroa-O’Farrill, Breaking the m-waves, Class. and Quant. Grav. 17 (2000) 2925 [hep-th/9904124].

[2] R. Bryant, Pseudo-riemannian metrics with parallel spinor fields and vanishing Ricci tensor.

math.DG/0004073.

[3] R. Sorkin, Kaluza-Klein monopole, Phys. Rev. Lett. 51 (1983) 87.

[4] D.J. Gross and M.J. Perry, Magnetic monopoles in Kaluza-Klein theories, Nucl. Phys. B 226 (1983) 29.

[5] S.K. Han and I.G. Koh, N = 4 remaining supersymmetry in a Kaluza-Klein monopole background in d = 11 supergravity theory, Phys. Rev. D 31 (1985) 2503.

[6] C.M. Hull, Exact PP wave solutions of 11-dimensional supergravity, Phys. Lett. B 139 (1984) 39.

[7] G. Papadopoulos, Rotating rotated branes, J. High Energy Phys. 04 (1999) 014 [hep-th/9902166].

[8] G. Papadopoulos and A.A. Tseytlin, Complex geometry of conifolds and 5-brane wrapped on 2-sphere, Class. and Quant. Grav. 18 (2001) 1333 [hep-th/0012034].

[9] J.P. Gauntlett, N.-w. Kim, D. Martelli and D. Waldram, Fivebranes wrapped on slag three-cycles and related geometry, J. High Energy Phys. 11 (2001) 018 [hep-th/0110034].

[10] J.P. Gauntlett, D. Martelli, S. Pakis and D. Waldram, G-structures and wrapped NS5-branes,

hep-th/0205050.

[11] S. Ivanov and G. Papadopoulos, A no-go theorem for string warped compactifications, Phys.

Lett. B 497 (2001) 309 [hep-th/0008232].

[12] P.G.O. Freund and M.A. Rubin, Dynamics of dimensional reduction, Phys. Lett. B 97 (1980) 233.

[13] K. Pilch, P. van Nieuwenhuizen and P.K. Townsend, Compactification of D = 11 supergravity on S^4 (or 11 = 7 + 4, too), Nucl. Phys. B 242 (1984) 377.

[14] J.H. Schwarz, Covariant field equations of chiral N = 2 D = 10 supergravity, Nucl. Phys. B 226 (1983) 269.

[15] R. Penrose, Any space-time has a plane wave as a limit, in Differential geometry and relativity, Reidel, Dordrecht, 1976, pp. 271–275.

[16] R. Güven, Plane wave limits and T-duality, Phys. Lett. B 482 (2000) 255 [hep-th/0005061].

[17] M. Blau, J. Figueroa-O’Farrill and G. Papadopoulos, Penrose limits, supergravity and brane dynamics, Class. and Quant. Grav. 19 (2002) 4753 [hep-th/0202111].

– 22 –

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

[19] J. Kowalski-Glikman, Vacuum states in supersymmetric Kaluza-Klein theory, Phys. Lett. B 134 (1984) 194.

[20] P.T. Chruściel and J. Kowalski-Glikman, The isometry group and Killing spinors for the PP wave space-time in D = 11 supergravity, Phys. Lett. B 149 (1984) 107.

[21] J. Figueroa-O’Farrill and G. Papadopoulos, Homogeneous fluxes, branes and a maximally supersymmetric solution of M-theory, J. High Energy Phys. 08 (2001) 036 [hep-th/0105308].

[22] M. Cahen and N. Wallach, Lorentzian symmetric spaces, Bull. Am. Math. Soc. 76 (1970) 585. [23] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, A new maximally supersymmetric background of IIB superstring theory, J. High Energy Phys. 01 (2002) 047 [hep-th/0110242].

[24] J. Kowalski-Glikman, A nontrivial vacuum state in D = 10, N = 1 supergravity, Phys. Lett.

B 139 (1984) 159.

[25] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Large-N field theories, string theory and gravity, Phys. Rept. 323 (2000) 183 [hep-th/9905111].

[26] D. Berenstein, J.M. Maldacena and H. Nastase, Strings in flat space and PP waves from N = 4 super Yang-Mills, J. High Energy Phys. 04 (2002) 013 [hep-th/0202021].

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

[28] R.R. Metsaev and A.A. Tseytlin, Exactly solvable model of superstring in plane wave Ramond-Ramond background, Phys. Rev. D 65 (2002) 126004 [hep-th/0202109].

[29] M. Cvetič, H. Lu and C.N. Pope, M-theory PP-waves, Penrose limits and supernumerary supersymmetries, Nucl. Phys. B 644 (2002) 65 [hep-th/0203229].

[30] J. Maldacena and L. Maoz, Strings on PP-waves and massive two dimensional field theories, J. High Energy Phys. 12 (2002) 046 [hep-th/0207284].

[31] J. Michelson, (twisted) toroidal compactification of PP-waves, Phys. Rev. D 66 (2002) 066002 [hep-th/0203140].

[32] J.P. Gauntlett and C.M. Hull, PP-waves in 11-dimensions with extra supersymmetry, J. High Energy Phys. 06 (2002) 013 [hep-th/0203255].

[33] J. Figueroa-O’Farrill, Maximal supersymmetry in ten and eleven dimensions,

math.DG/0109162.

[34] J. Figueroa-O’Farrill and G. Papadopoulos, Plücker-type relations for orthogonal planes,

math.AG/0211170.

[35] W. Nahm, Supersymmetries and their representations, Nucl. Phys. B 135 (1978) 149. [36] E. Cremmer, B. Julia and J. Scherk, Supergravity theory in 11 dimensions, Phys. Lett. B 76 (1978) 409.

[37] H. Lawson and M. Michelsohn, Spin geometry. Princeton University Press, 1989. [38] B. Biran, F. Englert, B. de Wit and H. Nicolai, Gauged N = 8 supergravity and its breaking from spontaneous compactification, Phys. Lett. B 124 (1983) 45.

– 23 –

[39] P. Griffiths and J. Harris, Principles of algebraic geometry, Wiley, 1978. [40] H. Wu, On the de Rham decomposition theorem, Illinois J. Math. 8 (1964) 291. [41] F. Giani and M. Pernici, N = 2 supergravity in ten-dimensions, Phys. Rev. D 30 (1984) 325. [42] I. Campbell and P. West, N = 2 D = 10 nonchiral supergravity and its spontaneous compactification, Nucl. Phys. B 243 (1984) 112.

[43] M. Huq and M.A. Namazie, Kaluza-Klein supergravity in ten-dimensions, Class. and Quant.

Grav. 2 (1985) 293.

[44] J.H. Schwarz and P.C. West, Symmetries and transformations of chiral N = 2 D = 10 supergravity, Phys. Lett. B 126 (1983) 301.

[45] P.S. Howe and P.C. West, The complete N = 2, D = 10 supergravity, Nucl. Phys. B 238 (1984) 181.

[46] L.J. Romans, Massive N = 2a supergravity in ten-dimensions, Phys. Lett. B 169 (1986) 374. [47] J. Polchinski and E. Witten, Evidence for heterotic–type-I string duality, Nucl. Phys. B 460 (1996) 525 [hep-th/9510169].

[48] E. Bergshoeff, M. de Roo, M.B. Green, G. Papadopoulos and P.K. Townsend, Duality of type-II 7-branes and 8-branes, Nucl. Phys. B 470 (1996) 113 [hep-th/9601150].

– 24 –