Received: November 18, 2000, Accepted: December 6, 2000

HYPER VERSION

BPS states in 10+2 dimensions

Tatsuya Ueno

Department of Physics, Graduate School of Science, Osaka University Toyonaka, Osaka 560-0043, Japan.

E-mail: ueno@funpth.phys.sci.osaka-u.ac.jp

Abstract: We discuss a (10+2)D N = (1, 1) superalgebra and its projections to M-theory, type-IIA and -IIB algebras. From the complete classification of a second-rank central term valued in the so(10, 2) algebra, we find all possible BPS states coming from this term. We show that, among them, there are two types of 1/2-susy BPS configurations; one corresponds to a super (2+2)-brane while another one arises from a nilpotent element in so(10, 2).

Keywords: F-Theory, Extended Supersymmetry.

Contents

1. Introduction 1

2. N = (1, 1) superalgebra in (10+2)D 3 2.1 Spinors in D = (S, T ) 3 2.2 Anti-commutators 4 2.3 Weyl projection 5 2.4 IIB projection 6

3. (10+2)D BPS states 7 3.1 BPS states in (10+1)D M-algebra 7 3.2 BPS states in (10+2)D superalgebra 7 3.2.1 Second-rank central term Z_{AB} 7 3.2.2 Types Δ 8 3.3 so(2, 2) case 11 3.3.1 so(2, 2) conjugacy classes 11 3.3.2 BPS states 13 3.4 so(10, 2) case 15

4. Conclusion 19

A. Representatives for indecomposable types in o(10, 2) 21

1. Introduction

It is intriguing to consider the possibility that a theory of everything predicts not only the dimensionality of spacetime but also its signature. In a paper [1], with this spirit in mind, Blencowe and Duff investigated possible supersymmetric branes moving in spacetime without a priori assuming definite signatures of both the brane worldvolume and the spacetime. Requiring local κ-symmetry on the worldvolume and spacetime supersymmetry, they found, adding to well known string and membrane configurations, two extra octonionic type branes; a (1+2)-brane in (9+2)D and a (2+2)-brane in (10+2)D. In [2], the (1+2)-brane was shown to be realized as a solution of a (9+2)D theory obtained from the usual (10+1)D supergravity by spacelike and timelike T-duality transformations. The latter (2+2)-brane can possibly exist only when we consider an N = (1, 0) non-Poincaré spacetime supersymmetry, which is the maximal symmetry to have 32 real supercharges.

In recent development of string unification, the connection of various supersymmetric theories in higher dimensions has been discussed. It is well known that the conjectured M-theory, when compactified on S^1 and S^1/Z_2, gives type IIA and E_8 × E_8 heterotic string theories, respectively [3]. M-theory also leads to type-IIB, SO(32) heterotic and type I strings less directly upon compactification to nine dimensions. Other higher dimensional structures also have been explored to obtain a unified picture of those strings and to explain various duality relations among them, in which the notion of extra time dimensions has emerged as hidden dimensions of the higher dimensional unification theories [4, 5]. A notable example is F-theory [4] which has been proposed as a (10+2)D structure to give a geometrical explanation of the self S-duality of the type-IIB string. In [6], superalgebras in dimensions beyond eleven have been studied in the context of the unification of M-theory, type-IIA and -IIB algebras. With the restriction of the number of real supercharges to be 64 or less, they found two possible distinct superalgebras; N = (2, 0) algebra in (10+2)D and N = (1, 0) algebra in (11+3)D, where the latter is reduced to various algebras in lower dimensions; N = 1 algebras in (11+2)D, (10+3)D and (11+1)D, N = 2 algebra in (10+1)D and N = (1, 1) algebra in (10+2)D.

A fundamental question about physics with two or more time dimensions is what kind of local theory can exist in such a spacetime. There have been many suggestions concerning it [7]-[15]. We should be careful to discuss the dynamical aspect of such a theory, since the concept of dynamics and energy used in ordinary theories with one time should be modified in the present case. Alternatively it would be a promising way to start with the analysis of the symmetrical aspect of the theory. Indeed, the structure of superalgebra is sensitive to the dimensionality and the signature of spacetime and would teach us about the possibility of extra time directions. It also seems possible to see what types of fundamental objects exist in the superalgebra through the investigation of central terms appearing in anti-commutators among supercharges.

In this paper, we discuss N = (1, 1) and (1, 0) superalgebras in (10+2)D, assuming that the algebras are relevant to some local theory in (10+2)D. As described in section 2, the N = (1, 1) algebra is composed of the SO(10, 2) generators M_{AB} , (pseudo)-Majorana spinor supercharges Q^α and tensorial central terms Z^{(k)}_{A1···Ak} (k = 2, 3, 6, 7, 10, 11) [5, 7]. Since the algebra does not contain any vector generator, it is not the Poincaré type superalgebra, so is rather unfamiliar to us. However, we see that its Weyl projected N = (1, 0) algebra is related to the (10+1)D M-theory algebra (M-algebra) and the (9+1)D type-IIA algebra by dimensional reduction. It is also shown that another projection of the (10+2)D N = (1, 1) algebra, together with dimensional reduction to (9+1)D, leads to the type-IIB algebra.

A primary interest on the (10+2)D algebras is how many and what types of BPS configurations possibly exist in them. The above mentioned connection of the (10+2)D N = (1, 1) algebra to M-, type-IIA and -IIB algebras may suggest a (10+2)D origin of various BPS states in M-theory and all known superstring theories. In this paper, we concentrate on the second-rank tensorial central term Z^{(2)}_{AB} and investigate possible BPS states arising from this term. As a first step, we need to simplify the form of the central term. Z^{(2)} belongs to the so(10, 2) algebra and hence transforms under the adjoint action of the SO(10, 2) group. Unlike the cases of complex or real compact Lie algebras, so(10, 2) elements are not reduced to a unique form under the SO(10, 2) action and hence the classification of so(10, 2) becomes complicated. With the use of results in [16, 17, 18], we classify conjugacy classes of so(10, 2) completely and construct representatives for the classes, which contain at most 6 parameters. The classification enables us to pick up all possible BPS states characterized by some fraction of surviving supersymmetry, as shown in section 3. It is also demonstrated how the (10+2)D BPS states reduce to those in M-theory and type-IIA and -IIB theories. Finally several concluding remarks are given in section 4.

The (10+2)D flat metric is η_{AB} = (−, −, +, . . . , +). A, B, . . . = ~0, 0, 1, . . . , 10 denotes the (10+2)D indices, while a, b, . . . = 0, 1, . . . , 10 and μ, ν, . . . = 0, 1, . . . , 9 are (10+1)D and (9+1)D indices, respectively.

2. N = (1, 1) superalgebra in (10+2)D

We consider a graded generalization of the SO(10, 2) Lorentz algebra with generators M_{AB} in terms of spinor supersymmetry generators Q^α, [M_{AB} , M_{CD}] = M_{AC} η_{BD} + M_{BD}η_{AC} − M_{AD}η_{BC} − M_{BC} η_{AD} , (2.1) [M_{AB} , Q^α] = − 1 2 (Γ_{AB} )^α_βQ^β . (2.2)

With these commutation relations, we have to define anti-commutators among the Q^α’s, which depends on the dimensionality and the signature of spacetime.

2.1 Spinors in D = (S, T )

In a general D = (S, T ) spacetime, with gamma matrices Γ_A,

{Γ_A, Γ_B} = 2 η_{AB} I_D , (2.3)

it can be shown that there exists a matrix B satisfying

Γ_A = κB^{−1}Γ^∗_AB , B^∗B = ϵI_D , (2.4)

where parameters κ and ϵ are specified by the value of S − T [19]. See table 1. With the product of all time component gamma matrices A = Γ^{01} · · · Γ^{0T} , the charge conjugation matrix is defined as C = B̃A, which satisfies

Γ̃_A = (−1)^T κ CΓ_AC^{−1} , C̃ = ϵ κ^T (−1)^{T (T +1)/2}C , (2.5)

S − T mod 8 0, 1, 2 0, 6, 7 4, 5, 6 2, 3, 4 ϵ +1 +1 −1 −1 κ +1 −1 −1 +1

Table 1: Parameters κ and ϵ in (2.4)

where the tilde denotes transpose. In the ϵ = +1 case, we can impose the Majorana (κ = −1) or the pseudo-Majorana (κ = +1) condition as Q^∗ = BQ ⇐⇒ Q̄ ≡ Q^†A = Q̃C . (2.6) In the even dimension D, we can define a definite chirality for spinors by the chirality matrix

Γ ≡ (−1)^{(S−T )/4}Γ^{01} · · · Γ^{0T} Γ^1 · · · Γ^S , Γ^2 = I_D , {Γ, Γ^A} = 0 . (2.7)

From (2.5) and (2.7), we obtain the condition Γ = B^{−1}Γ^∗B, if S − T = 0 (mod 4), showing that it is possible to impose the (pseudo)-Majorana-Weyl condition for spinors in 10+2 dimensions.

2.2 Anti-commutators

The general form of anti-commutation relations among the (pseudo-)Majorana spinors Q^α becomes {Q^α, Q^β} = ∑ k 1 k! (Γ^{A1···Ak} C^{−1})^{αβ}Z^{(k)}_{A1···Ak} . (2.8)

Since the left-hand-side (LHS) of (2.8) is a real symmetric matrix, we have to choose Z^{(k)} which make the right-hand-side (RHS) of (2.8) symmetric. In 10+2 dimensions, using (2.5), we can show that

Γ^{A1···Ak} C^{−1} is symmetric for k = 1, 2 mod 4 for the C_− case, for k = 2, 3 mod 4 for the C_+ case.

For the C_− case, the algebra consists of the set of generators {M_{AB} , Q^α, Z^{(k)}}, (k = 1, 2, 5, 6, 9, 10), which becomes a supersymmetric extension of the Poincaré algebra if the vector Z^{(1)}_A is identified with the translation generator P_A. This, however, causes a problem in the construction of the worldvolume theory [7]. Since the matrix (Γ_{ABC} C^{−1}_− )^{αβ} is anti-symmetric with respect to (α, β), the Wess-Zumino term on the (2+2)D worldvolume is identically zero, which means that the κ-symmetry can not be defined in this case. Thus the degrees of freedom of bosons and fermions on the worldvolume do not match up.

In the following, we consider the C_+ case which leads to a non-Poincaré superalgebra defined with (2.1), (2.2) and {Q^α, Q^β } = 1 2 (Γ^{AB} C^{−1}_+ )^{αβ} Z^{(2)}_{AB} + ∑ k=3,6,7,10,11 1 k! (Γ^{A1···Ak} C^{−1}_+ )^{αβ}Z^{(k)}_{A1···Ak} , (2.9)

where spinor indices α, β run from 1 to 2^{[12/2]} = 64. The two-rank tensorial central term Z^{(2)}_{AB} is supposed to be independent from the Lorentz generators M_{AB}. We note that Z^{(2)}_{AB} has a constraint arising from the positivity condition that all eigenvalues λ_i of the matrix {Q, Q} of (2.9) are non-negative. Henceforth, for simplicity, we take C_+ = Γ^{~0}Γ^0 (B_+ = I) and the spinor Q^α to be real. Then it can be easily shown that the trace of all terms in the RHS of (2.9) vanishes except for the term (Γ^{~00}C^{−1}_+ )Z~_{00},

Tr{Q^α, Q^β} = 64∑ i=1 λ_i = 64 Z^{(2)}_{~00} ≥ 0 . (2.10)

In the following, we demonstrate two projections of the (10+2)D spin space using the explicit representation of gamma matrices,

Γ^{~0} = iσ_2 ⊗ I_{32} , Γ^a = σ_1 ⊗ γ^a , (2.11)

where γ^a are (10+1)D gamma matrices, in which γ^μ equal to (9+1)D gamma matrices and γ^{10} = γ^0 · · · γ^9,

γ^0 = iσ_2 ⊗ I_{16} , γ^k = σ_1 ⊗ γ^k_{(9)} , (k = 1, . . . , 9) (2.12)

where γ^k_{(9)} are 9D real symmetric gamma matrices and σ_i are Pauli matrices.

2.3 Weyl projection

We impose the Weyl condition to Q^α by the projection operator P_± ≡ 1/2(I_{64} ± Γ), where Γ = Γ^{~0}Γ^0 · · · Γ^{10} in (2.7). In this projection, Z^{(k)} with k = 3, 7, 11 drop out from (2.9) and anti-commutation relations for Majorana-Weyl spinors Q^α_± = (P_±)^α_βQ^β become {Q^α_±, Q^β_±} = 1 2 (P_±Γ^{AB}C^{−1})^{αβ}T^{(∓)}_{AB} + 1 6! (Γ^{A1···A6} C^{−1})^{αβ(∓)}Z^{(6)}_{A1···A6} , (2.13)

where T^{(∓)}_{AB} = Z^{(2)}_{AB} ∓ ∗Z^{(10)}_{AB} and ∗Z^{(10)}_{AB} is the (10+2)D dual of Z^{(10)}. The tensor Z^{(6)} becomes (anti-)self-dual under the projection. This is the N = (1, 0) superalgebra in the (10+2)D flat spacetime, with 32 real supercharges [5, 7].

Let us consider the dimensional reduction to (10+1)D by the compactification of the ~0 time direction. We choose the projection P_− with the explicit realization (2.11), (2.12) of gamma matrices, which leads to the expression Q^α_− = (0, Q^{α̃})

(α̃ = 1, . . . , 32). With the redefinition of variables, P_a = −T^{(+)}_{a~0} , Y_{ab} = −T^{(+)}_{ab} , Z_{a1···a5} = 2^{(+)}Z^{(6)}_{~0a1···a5} , (2.13) becomes

{Q^{α̃}, Q^{β̃}} = ( γ^aC^{−1}_{(11)}

)_{α̃}~_β P_a + 1 2 ( γ^{ab}C^{−1}_{(11)}

)_{α̃}~_β Y_{ab} + 1 5! ( γ^{a1···a5} C^{−1}_{(11)} )_{α̃}~_β Z_{a1···a5} , (2.14) where C_{(11)} = γ^0 is the charge conjugation matrix in (10+1)D and Q^{α̃} is the (10+1)D Majorana spinor with respect to C_{(11)}. This is the (10+1)D M-theory superalgebra [21].

We further take the S^1 compactification of the spatial 10-direction of the (10+1)D spacetime. We decompose Q^{α̃} into two Majorana-Weyl supercharges Q^{α̃}_{A±} of opposite chirality with respect to the matrix γ^{10}. Acting the projector P^{(10)}_± =^1_2 (I_{32} ± γ^{10}) on (2.14), we obtain the (9+1)D type-IIA superalgebra,

{Q^{α̃}_{A±}, Q^{β̃}_{A±}} = (P^{(10)}_± γ^μC^{−1}_{(10)})^{α̃β̃}(P_μ ∓ Z_μ) + 1 5! (γ^{μ1···μ5} C^{−1}_{(10)})^{α̃β̃(∓)}Z_{μ1···μ5} , {Q^{α̃}_{A±}, Q^{β̃}_{A∓}} = ±(P^{(10)}_± C^{−1}_{(10)})^{α̃β̃} Z + 1 2 (P^{(10)}_± γ^{μν} C^{−1}_{(10)})^{α̃β̃}Y_{μν} ± (2.15) ± 1 4! (P^{(10)}_± γ^{μ1···μ4} C^{−1}_{(10)})^{α̃β̃}Z_{μ1···μ4} ,

where Z = P_{10}, Z_μ = Y_{μ10}, Z_{μ1···μ4} = Z_{10μ1···μ4} and C_{(10)} = C_{(11)} = γ^0.

2.4 IIB projection

Let us take another projection of (2.9) by the projector P_{B±} = 1/2(I_{64} ± Γ̂) with Γ̂ ≡ Γ0Γ1 · · · Γ9 [7]. The supercharges Qα_{B±} = (P_{B±})α_βQβ are not SO(10, 2) covariant but covariant under SO(9, 1). In this case, all terms in the RHS of (2.9) remain after the projection. We choose P_{B+} with the representation (2.11), (2.12), which becomes

P_{B+} = ( P^{(10)}_+ 0 0 P^{(10)}_+ ) . (2.16)

The projected Q^α_{B+} are written as Q^α_{B+} = (Q^{1α̃}_B , Q^{2β̃}_B ), where two Q^{iα̃}_B have the same chirality with respect to γ^{10}. Then, compactifying timelike and spacelike (~0, 10)- directions, we obtain the (9+1)D type-IIB superalgebra,

{Q^{iα̃}_B , Q^{jβ̃}_B } = δ^{ij} (P^{(10)}_+ γ^μC^{−1}_{(10)})^{α̃β̃}(P_μ − T_μ) + (P^{(10)}_+ γ^μC^{−1}_{(10)})^{α̃β̃}Z̃^{ij}_μ + + 1 3! ϵ^{ij} (P^{(10)}_+ γ^{μ1μ2μ3} C^{−1}_{(10)})^{α̃β̃}T_{μ1μ2μ3} + 1 5! δ^{ij} (γ^{μ1···μ5} C^{−1}_{(10)})^{α̃β̃(−)}Z_{μ1···μ5} + + 1 5! (γ^{μ1···μ5} C^{−1}_{(10)})^{α̃β̃ (−)}Z̃^{ij}_{μ1···μ5} , (2.17) where P_μ = Z^{(2)}_{~0μ} , T_μ = ∗Z^{(10)}_{10μ} , Z_{μ1···μ5} = Z^{(6)}_{~0μ1···μ5} and

Z̃^{ij}_μ = (σ_3)^{ij} (Z^{(2)}_{10μ} − ∗Z^{(10)}_{~0μ} ) + (σ_1)^{ij}(∗Z^{(11)}_μ − Z^{(3)}_{~010μ}) ,

T_{μ1μ2μ3} = ∗Z^{(7)}_{~010μ1 μ2μ3} − Z^{(3)}_{μ1μ2μ3} , Z̃^{ij}_{μ1···μ5} = (σ_3)^{ij} Z^{(6)}_{10μ1···μ5} + (σ_1)^{ij} ∗ Z^{(7)}_{μ1···μ5} . (2.18)

Note that the positivity condition Z^{(2)}_{~00} ≥ 0 in (2.10) is translated into P_0 ≥ 0 under the above two projections. Having clarified the relation of the (10+2)D N = (1, 1) algebra to M-theory, type-IIA and type-IIB algebras, in the next section we investigate the connection of BPS states inherent in the (10+2)D algebra with those in M-theory and string theories, starting from the classification of the (10+2)D BPS states.

3. (10+2)D BPS states

3.1 BPS states in (10+1)D M-algebra Before classifying BPS states in (10+2)D, it is better to recall how to find BPS states in an ordinary Poincaré superalgebra. As an example, let us take the M-algebra in (10+1)D, with only the first term in the RHS of (2.14),

{Q^{α̃}, Q^{β̃}} = (γ^aC^{−1}_{(11)})^{α̃β̃}P_a . (3.1)

A BPS state is annihilated by some combination of supercharges and hence has a configuration with det{Q^α, Q^β} = 0, which is equivalent to the null condition P^2 = 0. If P_a is null, by the action of the SO(10, 1) rotation, we can choose a frame in which P_a = (λ, ±λ, 0, . . . , 0), with a positive parameter λ. Then (3.1) becomes

{Q^{α̃}, Q^{β̃} } = λ(I ± γ_1γ_0)^{α̃β̃} . (3.2)

Since the matrix γ_1γ_0 squares to the identity and is also traceless, the half of eigenvalues of γ_1γ_0 are +1 and half −1. Thus we see that there exists a unique BPS state in (3.1) breaking half of the supersymmetries, which corresponds to a massless particle in (10+1)D [21]. We need the second and third central terms in the RHS of (2.14) to obtain other BPS states, e.g. M2 and M5 branes.

3.2 BPS states in (10+2)D superalgebra 3.2.1 Second-rank central term Z_{AB} We now consider what types of BPS states exist in the (10+2)D N = (1, 1) superalgebra. In this paper, we concentrate on the anti-symmetric central term Z^{(2)}_{AB} in the RHS of (2.9) and make other Z^{(k)} zero; {Q^α, Q^β} = 1 2 (Γ^{AB} C^{−1})^{αβ} Z^{(2)}_{AB} . (3.3)

In order to find possible BPS configurations inherent in (3.3), we intend to simplify the form of Z^{(2)}_{AB} by the action of the SO(10, 2) group, just as the case of the translation generator P_a in the above M-algebra. The matrix Z = (Z^{(2)A}_B) may be regarded as a map of the 12D vector space V_{(12)} onto V_{(12)}; for v = (v^A) ∈V_{(12)}, Zv = (Z^{(2)A}_B v^B) ∈V_{(12)}. We see that Z belongs to the so(10, 2) algebra represented on V_{(12)},

so(10, 2) = {Z ∈ gl(12, R); η(Zu, v) + η(u, Zv) = 0 , for all u, v ∈ V_{(12)}} , (3.4)

where η is the (10+2)D metric η(u, v) = η_{AB}u^Av^B. An arbitrary element Z ∈ so(10, 2) is transformed under the adjoint action of SO(10, 2); Z → Λ^{−1}ZΛ, Λ ∈ SO(10, 2). The problem to find BPS states then reduces, as a first step, to that of classifying all conjugacy classes in the so(10, 2) algebra under the adjoint action. In 12D euclidean space-time, under the SO(12) rotation, any Z in the so(12) algebra is reduced to canonical form which has six 2 × 2 anti-symmetric blocks A_k = ih_kσ_2 (k = 1, . . . , 6) on the diagonal part. However, in pseudo-euclidean space-time, some configurations of Z can not be brought to canonical form and we have to be careful for the classification.

It is known that an arbitrary element Z in a semisimple Lie algebra g has a unique decomposition, Z = S + N , [S, N] = 0 . (3.5) where S and N are semisimple and nilpotent elements in g, respectively.

An element S ∈ g is called semisimple if its adjoint representation ad(S) is a diagonalizable matrix. In complex or real compact Lie algebras, any semisimple element is reduced to a unique form like the above SO(12) case, since there exists a unique Cartan subalgebra in g. In the real non-compact case, however, there are several non-equivalent Cartan subalgebras under the adjoint group G. An example is the sl(2, R) algebra, which has two Cartan algebras, {λσ_3} and {iθσ_2} (λ, θ ∈ R). These are obviously inequivalent, since the former generates a non-compact group, while the latter yields the 2D rotation. The classification of all Cartan subalgebras in real semisimple Lie algebras is given in a paper of Sugiura [16]. In the real noncompact case, there also appears a nilpotent element N ∈ g such that N^m ≠ 0 and N^{m+1} = 0 for some non-negative integer m. Thus, in our superalgebra defined on the pseudo-euclidean spacetime with two time directions, we expect to obtain several conjugacy classes in so(10, 2) containing nilpotent elements.

The complete classification of real semisimple Lie algebras under the action of its adjoint group is given in a paper of Burgoyne and Cushman [18]. In the following, we classify the so(10, 2) algebra according to the method in [18] and construct a representative for each conjugacy class in so(10, 2).

3.2.2 Types Δ We give a brief review on results in [18] which are needed in the rest of this paper. We start with the general linear group GL(12, C) = GL(V_{(12)}) represented on the

12D complex vector space V_{(12)}. The orthogonal group O(10, 2) is defined as a real form of GL(12, C) specified by an automorphism σ of GL(12, C) with σ^2 = +1, O(10, 2) = {g ∈ GL(12, C) | η(gu, gv) = η(u, v) for all u, v ∈ V(12) , σ^{−1}gσ = g} . (3.6) Note that σ acts on V_{(12)} as an anti-linear map onto V_{(12)} with η(σu, σv) = η(u, v)^∗. The corresponding Lie algebra of O(10, 2) is o(10, 2) = o(V_{(12)}, η, σ) ≃ so(10, 2), which is given in (3.4).

We introduce an equivalence relation among pairs of the form (Z, V_{(n)}), where Z ∈ o(V, τ_{(p)}, σ). The algebra o(V, τ_{(p)}, σ) is associated with the group O(n − p, p) and represented on V_{(n)} with the metric τ_{(p)}. Let Z^′ ∈ o(V^′_{(n)}, τ^′_{(p)}, σ^′) then we write (Z, V_{(n)}) ∼ (Z^′, V^′_{(n)}) if there exists an isomorphism ϕ of V_{(n)} onto V^′_{(n)} such that ϕZ = Z^′ϕ, ϕσ = σ^′ϕ and τ_{(p)}(u, v) = τ^′_{(p)}(ϕu, ϕv) for u, v ∈ V_{(n)}. In [18], an equivalence class for ∼ is called a type Δ and its dimension is given by dim Δ = dim V_{(n)} = n if (Z, V_{(n)}) ∈ Δ. The index of Δ denoted as ind Δ is the number of time (negative sign) components in the metric τ_{(p)} in o(V_{(n)}, τ_{(p)}, σ), i.e. ind Δ = p. The type Δ is nothing but a conjugacy class of the o(n − p, p) algebra under the adjoint action of O(n − p, p): Proposition 1. ([18, section 2.1]) Let Z, X ∈ o(V_{(n)}, τ_{(p)}, σ). There exists a g ∈ O(V_{(n)}, τ_{(p)}, σ) such that g^{−1}Zg = X if and only if (Z, V_{(n)}) and (X, V_{(n)}) belong to the same type.

Next, we introduce the notion of indecomposable type. Let Z ∈ o(V_{(n)}, τ_{(p)}, σ) and let Δ denote the type containing (Z, V_{(n)}). We suppose that V_{(n)} = W_1 + W_2 is a sum of proper, disjoint, Z-invariant, σ-invariant, and orthogonal subspaces. Let τ^i_{(p)} (i = 1, 2) be the restriction of the metric τ_{(p)} to each W_i, then the restriction of Z to each W_i denoted as Z_i belongs to o(W_i, τ^i_{(p)}, σ). Let Δ_i denote the type containing (Z_i, W_i). Then we write Δ = Δ_1 + Δ_2. A type Δ is called indecomposable if it can not be written as the sum of two or more types. For any type Δ, we have

Theorem. ([18, section 2.2]) The decomposition Δ = Δ_1 + Δ_2 + · · · + Δ_s into indecomposable types is unique.

In the decomposition, a representative Z in Δ can be given as a matrix to have representatives Z_k in Δ_k (k = 1, . . . , s) on its diagonal part, with respect to the metric τ_{(p)} which has metrices τ^k_{(p)} in Δ_k on its diagonal. If a type Δ is decomposed as above, for the dimension and the index of Δ, we have

dim Δ = dim Δ_1 + dim Δ_2 + · · · + dim Δ_s , ind Δ = ind Δ_1 + ind Δ_2 + · · · + ind Δ_s . (3.7)

In table 2, we write down all indecomposable types and their dimension and index for the o(q, p) algebra. In our O(10, 2) case, all types Δ, i.e., all conjugacy classes

Type dim Δ ind Δ Δ_m(ζ, −ζ, ζ̄, −ζ̄) ζ ≠ ±ζ̄ 4(m + 1) 2(m + 1) Δ_m(ζ, −ζ) ζ = ζ̄ ≠ 0 2(m + 1) m + 1 Δ^ϵ_m(ζ, −ζ) ζ = −ζ̄ ≠ 0 m: even 2(m + 1) m + 1 − (−1)^m2 ϵ m: odd 2(m + 1) m + 1 Δ^ϵ_m(0) m: even m + 1^1_2 (m + 1 − (−1)^m2 ϵ) Δ_m(0, 0) m: odd 2(m + 1) m + 1

Table 2: Indecomposable types in the o(q, p) algebra

in the o(10, 2) algebra can be obtained by taking all possible combinations of the indecomposable types with the conditions dim Δ = 12 and ind Δ = 2, which will be done in the following sections.

We briefly explain the notation of indecomposable types in table 2 and how to construct a representative for each type. Henceforth we omit the subscripts of V_{(n)} and τ_{(p)} for simplicity. Let (Z, V ) ∈ Δ_m(ζ_1, . . . , ζ_t), where the subscript m = 0, 1, . . . means that, in the decomposition Z = S + N in section 3.2.1, the nilpotent N satisfies N^m ≠ 0 and N^{m+1} = 0, while parameters ζ_1, . . . , ζ_t ∈ C are eigenvalues of the semisimple element S. Let F be a subspace of the vector space V spanned by eigenvectors {e_1, . . . , e_t} of S. We can show that V is decomposed as V = F + NF + · · · + N^mF . Now the semisimple S can be supposed to belong to the algebra o(F, τ_m, σ) represented on F with the metric τ_m(u, v) ≡ τ(u, N^mv) for u, v ∈ F . Note that, from the nilpotency of N, the metric τ_m(u, v) = 0 for u, v ∈ NV . Nonzero values of τ_m are given for each indecomposable type in the [18, appendix 2]. The description of the indecomposable types enables us to construct an explicit matrix realization of Z = S + N ∈ o(V, τ, σ) and the metric τ on V . In particular, descriptions of Z and τ as real matrices on V can be given easily by taking σ-invariant combinations of elements in V . In the appendix A in this paper, we give explicit forms of representatives for all indecomposable types relevant to our O(10, 2) case. Having the representatives and arranging them on the diagonal part of 12 × 12 matrix, we obtain a realization of a representative for each type in o(10, 2), which is with respect to a (10+2)D metric with metrices of indecomposable types arranged on its diagonal part. Finally, by an isomorphism ϕ of V onto V noted above, we have our seeking forms of representatives with respect to our (10+2)D metric η = diag(−, −, + · · · , +).

As a final step, we move to the classification of the so(10, 2) algebra under the action of the SO(10, 2) group, rather than O(10, 2). More exactly, we classify so(10, 2) under the subgroup of SO(10, 2) generated by the so(10, 2) generators M_{AB}, which we denote as SO(10, 2)_0. The subgroup is the connected part of SO(10, 2) containing the identity element and its action to an arbitrary element Z in so(10, 2) does not change the sign of the component Z~_{00} in (2.10). The quotient group O(10, 2)/ SO(10, 2)_0 is equal to Z_2 × Z_2. One of Z_2’s corresponds to the sign of determinant, while another

Z_2 indicates that SO(10, 2), or more generally SO(q, p), has two connected parts. The two connected parts are distinguished by the sign of the principal minor of the time components of Λ ∈ SO(q, p) [22]. In SO(10, 2), we have the condition (Λ^{~0}_{~0}Λ^0_0 − Λ^0_{~0}Λ^{~0}_0)^2 ≥ 1, where the positive sign of the determinant corresponds to SO(10, 2)_0. We choose an element D (C) in O(10, 2) which has the negative (positive) determinant and the positive (negative) principal minor for the time components. If the action of C and D on a representative Z in a type Δ in O(10, 2), (+,+)Z = Z , (+,−)Z = C−1Z C , (−,+)Z = D−1Z D , (−,−)Z = (CD)−1Z (CD) , (3.8) is non-trivial, then the type Δ splits into four distinct types^{(ϵD ,ϵC )}Δ ∋^{(ϵD ,ϵC )}Z, (ϵ_D, ϵ_C = ±1) under SO(10, 2)_0. Some Δ may split into only two types^{(ϵD ,+)}Δ (^{(+,ϵC )}Δ) if Z in Δ is invariant under the C (D) action, while some Δ may be invariant under SO(10, 2)_0.

With the description noted above, we give all types Δ, i.e. conjugacy classes of the so(10, 2) algebra under the SO(10, 2)_0 action and find possible BPS configurations coming from the types.

3.3 so(2, 2) case

3.3.1 so(2, 2) conjugacy classes Before studying the full so(10, 2) case, we demonstrate the classification of its so(2, 2) part. We will see that almost possible BPS states arise from this part. For the SO(2, 2) group, it is known that its associated Lie algebra has the decomposition so(2, 2) ≃ sl(2, R)_L × sl(2, R)_R. We take the basis {H_i, E_i, F_i} for each sl(2, R)_i satisfying [H_i, E_i] = E_i , [H_i, F_i] = −F_i , [E_i, F_i] = 2H_i , (3.9)

with an explicit realization of them,

H_L = 1 2 ( 0 I_2 I_2 0 ) , H_R = 1 2 ( 0 σ_3 σ_3 0 ) , (3.10) and E_L = 1 2 ( ε_2 −ε_2 ε_2 −ε_2 ) , E_R = 1 2 ( ε_2 −σ_1 −σ_1 ε_2 ) , (3.11)

and F_L = Ẽ_L and F_R = Ẽ_R, where the 2 × 2 real matrix ε_2 = −iσ_2. For later use, we define

K_L = E_L − F_L = ( ε_2 0 0 −ε_2 ) , K_R = E_R − F_R = ( ε_2 0 0 ε_2 ) . (3.12)

For the C- and D-splittings noted in section 3.2.2 we use C = ( σ_3 0 0 σ_3 ) , D = ( I_2 0 0 σ_3 ) . (3.13)

In the following, we show representatives for all conjugacy classes of the so(2, 2) algebra with respect to the (2+2)D metric η_{AB} = (−, −, +, +), (A, B = ~0, 0, 9, 10) in terms of {H_i, E_i, F_i} and K_i.

(I) Semisimple cases.

(i) S_1 = (h_1 + h_2)H_1 + (h_1 − h_2)H_2 ∈^{(±,+)}(Δ_0(h_1, −h_1) + Δ_0(h_2, −h_2)), (h_1, h_2 ∈ R, h_1 ≥ 0, |h_2| ≤ 0) (3.14) (ii) S_2 = 1 2 (h_1 + h_2)K_L + 1 2 (h_1 − h_2)K_R ∈^{(±,±)}(Δ^−_0 (−ih_1, ih_1) + Δ^+_0 (ih_2, −ih_2)), (h_1, h_2 ∈ R) (3.15) (iii) S_3 = 2h_1H_L + h_2K_R ∈^{(+,±)}Δ_0(ζ, −ζ, ζ̄, −ζ̄),

(ζ = h_1 + ih_2, h_1 ≥ 0, h_2 ∈ R) (3.16) (iv) S_4 = h_2K_L + 2h_1H_R ∈^{(−,±)}Δ_0(ζ, −ζ, ζ̄, −ζ̄),

(ζ = h_1 + ih_2, h_1 ≥ 0, h_2 ∈ R). (3.17)

In (I-i), ϵ_D = +1 (−1) corresponds to the positive (negative) h_2. In (I-ii), four distinct types labeled by (±, ±) correspond to four quadrants in the (h_1, h_2) plane. The sign ϵ_C = +1 (−1) is for the positive (negative) h_2 in (I-iii) and (I-iv).

(II) Nilpotent cases.

(i) N_{1±} = ±(E_L + E_R) ∈^{(+,±)}(Δ^+_2 (0) + Δ^+_0 (0)), (3.18) (ii) N_{2±} = ±(E_L − E_R) ∈^{(∓,+)}(Δ^−_0 (0) + Δ^−_2 (0)), (3.19) (iii) N_{3±} = ±E_L ∈^{(+,±)}Δ_1(0, 0) , (3.20) (iv) N_{4±} = ±E_R ∈^{(−,±)}Δ_1(0, 0) . (3.21)

(III) Semisimple + nilpotent cases.

(i) M_{1±} = hH_L ± E_R ∈^{(−,±)}Δ_1(−h/2, h/2) , (h > 0) (3.22) (ii) M_{2±} = ±E_L + hH_R ∈^{(+,±)}Δ_1(−h/2, h/2) , (h > 0) (3.23) (iii) M_{3±} = ±E_L + hK_R ∈^{(−,∓)}Δ^+_1 (ih, −ih) , (h > 0) ∈^{(+,∓)}Δ^−_1 (ih, −ih) , (h < 0) (3.24) (iv) M_{4±} = hK_L ± E_R ∈^{(+,∓)}Δ^+_1 (ih, −ih) , (h > 0) ∈^{(+,∓)}Δ^−_1 (ih, −ih) , (h < 0) . (3.25)

3.3.2 BPS states Having obtained all inequivalent representatives in so(2, 2), we substitute them into the RHS of (3.3) and calculate the characteristic polynomial, D(x) = det({Q, Q} − xI_{64}), (3.26) for the 64 × 64 matrix {Q^α, Q^β}. We also denote the characteristic polynomial for the Weyl-projected 32 × 32 matrix {Q^{α̃}, Q^{β̃}} as D_W (x). Note that eigenvalues of {Q, Q} do not depend on the choice of a particular representative of types in so(2, 2). As mentioned in section 2, by the positivity condition, the eigenvalues must be non-negative. In the following, we show only the cases which satisfy the positivity condition.

[I] S_2 = 1 2 (h_1 + h_2)K_L + 1 2 (h_1 − h_2)K_R With the form of S_2, (3.3) becomes {Q^α, Q^β} = h_1I_{64} − h_2Γ^{~00910} , (3.27) with its characteristic polynomial,

D(x) = [D_W (x)]^2 , D_W (x) = [x − (h_1 + h_2)]^{16}[x − (h_1 − h_2)]^{16} , (3.28) where h_1 = Z~_{00} ≥ 0. The bound h_1 ≥ |h_2| is imposed by the positivity condition. A BPS state arises if and only if the bound is saturated, i.e. h_1 = |h_2|, in which the fraction of survived supersymmetries is 1/2. In this case, the eigenspinor ϵ of {Q^α, Q^β} with zero eigenvalue satisfies Γ^{~00910}ϵ = ±ϵ , (3.29) where the sign +(−) is for positive (negative) h_2. From (3.29), it is natural to interpret the S_2 case as the configuration of an extended object in the (~0, 0, 9, 10) directions, which we call super (2+2)-brane. We note that S_3 and S_4 cases with the positivity condition reduce to the BPS saturated configuration in the S_2 case.

Let us check how the (2+2)-brane is reduced to other branes in M-theory and type-IIA theory by the dimensional reduction described in section 2.3. The condition (3.29) with, say, the minus sign in the RHS becomes under the Weyl projection, γ^{0910}ϵ_− = ϵ_− , (3.30) where ϵ_− is a chiral part of ϵ with Γϵ_− = −ϵ_−. (3.30) shows that the dimensionally reduced super (2+2)-brane is nothing but a supermembrane extended in the (0, 9, 10) directions. The further dimensional reduction of the spatial 10-direction yields the type-IIA fundamental string configuration in the (0, 9) directions, characterized by the condition γ^{09}ϵ_L = ϵ_L , γ^{09}ϵ_R = −ϵ_R , (3.31) where ϵ_{L(R)} is a chiral part of ϵ_− with chirality +1 (−1) with respect to the (9+1)D chirality matrix γ^{10}.

On the other hand, under dimensional reduction to (9+1)D with the IIB projection in section 2.4, (3.29) becomes

γ^{09}ϵ_L = ϵ_L , γ^{09}ϵ_R = −ϵ_R , (3.32)

where the eigenspinor ϵ is decomposed as ϵ = (ϵ_R, ϵ_L) with γ^{10}ϵ_{L(R)} = ϵ_{L(R)}. It is known that (3.32) can be derived from (3.31), upon compactification to (8+1)D, by the T-duality transformation and corresponds to the (9+1)D type-IIB fundamental string.

[II] N_{1+} = E_L + E_R In this nilpotent case, Z~_{00} = Z_{09} = 1 and the others zero. Then (3.3) takes the form,

{Q^α, Q^β } = I_{64} + Γ^{9~0} , (3.33)

with D(x) = [D_W (x)]^2 , D_W (x) = x^{16}(x − 2)^{16} . (3.34)

This N_{1+} case also yields a BPS state with 1/2 surviving supersymmetries. The BPS state, however, seems rather different from the one in the S_2 case, since, from (3.34), the former is definitely BPS saturated without any non-BPS excited configuration. It is caused by the fact that the nilpotent Z_{AB} is parameter independent.

Let us see how the BPS state is observed after the dimensional reduction to Mtheory. (3.34) indicates that the reduced state in M-theory is still BPS with 1/2-susy, which has a non-zero Y_{09} charge in the algebra (2.14). In [20, 21], it was argued that the dual of Y_{09} corresponds to a charge of the M9 brane extended in (0, 1, . . . , 8, 10) directions. Subsequently, in [23], the target space solution for the M9 brane was found to be a domain wall solution of the massive (10+1)D supergravity.

Under another dimensional reduction to (9+1)D, the (10+2)D BPS state does not reduce to any BPS state in the type-IIB theory. In this reduction, Z~_{00} becomes the energy P_0 in (9+1)D, while Z_{09} does not appear in the algebra (2.17). Hence the reduced state is interpreted as a non-BPS massive particle in the type-IIB theory.

[III] M_{3+} = E_L + hK_R The characteristic polynomial in this semisimple+nilpotent case becomes

D(x) = [D_W (x)]^2 , D_W (x) = x^8(x − 2h)^{16}(x − 2)^8 . (3.35)

The eigenvalues of the matrix {Q, Q} are x = 0, 2, 2h and thus the parameter h must be positive. As the number of zero eigenvalues is 8, this M_{3+} case corresponds to a BPS state with 1/4-susy. In the case of h = 0, which is the nilpotent N_{3+} case, there arise 16 additional zero eigenvalues and the fraction of surviving supersymmetries becomes 3/4.

BPS state Susy M-susy IIA-susy IIB-susy S_2 = (2+2)-brane 1/2 1/2 1/2 1/2 N_{1+} = E_L + E_R 1/2 1/2 1/2 no-susy M_{3+} = E_L + hK_R 1/4 1/4 1/4 no-susy N_{3+} = E_L 3/4 3/4 3/4 1/2 M_{4+} = hK_L + E_R 1/4 1/4 1/4 no-susy N_{4+} = E_R 3/4 3/4 3/4 1/2

Table 3: BPS states arising from the so(2, 2) part of so(10, 2)

These fractions 1/4 and 3/4 remain unchanged under the Weyl projection. The M_{3+} case reduces to the 1/4-susy configuration with P_0 = h + 1/2, P_{10} = −1/2, Y_{09} = −1/2, Y_{910} = h − 1/2 and the others zero in the M-algebra (2.14). Since, as noted in [I], [II], Y_{910} and Y_{09} are identified with M2 and M9 brane charges, it would be possible to interpret the configuration as a composite state of these branes. It is needed to investigate whether the interpretation is also applicable to the N_{3+} case, or not.

Under the type-IIB projection, the M_{3+} case reduces to the IIB state with P_0 = h + 1/2, Z̃^{11}_9 = −Z̃^{22}_9 = h − 1/2 and the others zero in the algebra (2.17). It is obvious that the BPS bound in the type-IIB theory can not be saturated unless the parameter h equals to zero. Thus the 1/4-susy BPS state in the M_{3+} case corresponds to a non-BPS string state, while the N_{3+} case gives a 1/2-susy BPS string state.

[IV] M_{4+} = hK_L + E_R This case and the N_{4+} = E_R case can be obtained by exchanging the subscripts L ↔ R in [III]. All of results on possible BPS states in the M_{4+} (N_{4+}) case are the same as ones in the M_{3+} (N_{3+}) case, except that the signs of Z~_{010} and Z_{910} are opposite to those in [III]. Hence, through the Weyl projection, we have 1/4 and 3/4-susy states in [III] with the opposite signs of P_{10} and Y_{910}, while, through the IIB projection, we obtain string states in [III] with the opposite sign of Z̃^{ii}_9 .

The above S_2, N_{3+} and N_{4+} cases were previously discussed in [24]. In summary, we give the list of all possible BPS states in table 3.

3.4 so(10, 2) case

Finally we show the classification of the full so(10, 2) case. All types Δ in so(10, 2) can be divided into two cases; [I] the so(2, 2) part in section 3.3 plus the remaining so(8) part and [II] other cases which can not be decomposed as in [I].

[I] so(2, 2) part + so(8) part Since the group SO(8) is compact, all types Δ in this case are given by the sum of types in so(2, 2) and the so(8) type with the canonical form as its representative,

Δ_{so(10,2)} = Δ_{so(2,2)} + 6∑ k=3 Δ^+_0 (ih_k, −ih_k), (3.36)

where dim Δ_{so(10,2)} = 12 and ind Δ_{so(10,2)} = 2, as dim Δ^+_0 = 2 and ind Δ^+_0 = 0. A representative for each type Δ_{so(10,2)} is therefore obtained by arranging a representative of each Δ_{so(2,2)} and four 2 × 2 anti-symmetric blocks ih_kσ_2 (k = 3, 4, 5, 6) on the diagonal part.

[I-1] S_2(h_1, h_2) + 6∑ k=3 ih_kσ_2 This case with S_2 in section 3.3 corresponds to the (10+2)D canonical form and is naturally interpreted as the configuration of super (2+2)-branes extended in timelike (~0, 0)- and spacelike (1,2)-, (3,4)-, (5,6)-, (7,8)-, (9,10)-directions. The calculation of the characteristic polynomial gives D(x) = 2^5∏

± (h_1 ± h_2 ± h_3 ± h_4 ± h_5 ± h_6 − x)^2 , (3.37)

where h_1 = Z~_{00} ≥ 0 and the above expression means the product of all possible combinations of the signs ±. Since the total number of combinations equals to 2^5 = 32, the RHS of (3.37) becomes a polynomial of order 64 of the parameter x, as expected.

It is easy to evaluate all possible fractions of survived supersymmetries in (3.37). At first, let parameters h_i (i = 2, . . . , 6) be non-zero. Then the unique minimal eigenvalue among x = h_1 ± h_2 ± h_3 ± h_4 ± h_5 ± h_6 is x_{min.} ≡ h_1 − |h_2| − |h_3| − |h_4| − |h_5| − |h_6| , (3.38) and thus, from the positivity condition, we have the bound,

h_1 ≥ |h_2| + |h_3| + |h_4| + |h_5| + |h_6| . (3.39)

A BPS state arises when the bound is saturated and, as each eigenvalue enters twice in the RHS of (3.37), the fraction of surviving supersymmetry is 1/32. Next, we suppose that one of parameters, say h_6, is zero. In this case, two eigenvalues x_{mim.} and x_{mim.} + 2|h_6| become minimal and hence we have a BPS state with 1/16-susy. More generally, we obtain a 1/32, 1/16, 1/8, 1/4, 1/2-susy BPS state if the number of zero h_i’s is 0, 1, 2, 3, 4, respectively.

BPS states in the N = (1, 0) superalgebra can be found by taking the Weyl projection of D(x),

D_W (x) =

2^4∏

−:even

(h_1 ± h_2 ± h_3 ± h_4 ± h_5 ± h_6 − x)^2 , (3.40) where all combinations with even number of negative signs are taken in the RHS. Here, we should be careful for finding zero eigenvalues, since the minimal value x_{min.} in (3.38) may or may not be contained in the RHS of (3.40). The complete classification of BPS states in this Weyl-projected case has been done in [25].

If one of h_i (i = 2, . . . , 6) is zero, x_{min.} always belongs to the set of eigenvalues in (3.40) and other eigenvalues are obtained by adding 2|h_{i1} | + 2|h_{i2} | or 2

∑_4 q=1 |h_{iq} | to x_{min.}. As in the case (3.37), we can easily count the number of eigenvalues equal to x_{min.} and obtain a BPS state with 1/16, 1/8, 1/4, 1/2-susy, when the number of zero h_i’s is 1, 2, 3, 4, respectively. On the other hand, let us suppose all h_i to be non-zero. If x_{min.} is contained in (3.40), then x_{min.} is the unique minimal eigenvalue and its associated BPS state has the 1/16-susy. If x_{min.} is not in (3.40), the minimal eigenvalue in (3.40) is given by adding some +2|h_k| to x_{min.}, where the parameter h_k is supposed to have a minimal absolute value among h_i’s. If there are q h_i’s with the minimal absolute value, the fraction of survived supersymmetry becomes q/16 (q = 1, . . . , 5) when the BPS bound is saturated. In summary, in the (10+2)D N=(1,0) superalgebra, there arise 1/16, 1/8, 3/16, 1/4, 5/16 and 1/2-susy BPS states from the second-rank central term.

[I-2] Other so(2, 2) cases + 6∑ k=3 ih_kσ_2 There also appear types Δ in so(10, 2) with N_{1+}, M_{3+}, N_{3+}, M_{4+} and N_{4+} in the so(2, 2) part. Characteristic polynomials for the types become

N_{1+} : D(x) = (D_W (x))^2 ,

D_W (x) = 8∏ ± (x(x − 2) − (h_3 ± h_4 ± h_5 ± h_6)^2)^2 , (3.41)

M_{3+} : D(x) = D^′_W (x)D_W (x) ,

D_W (x) = 4∏ −:odd

(x(x − 2) − (h_3 ± h_4 ± h_5 ± h_6)^2)^2 ×

× 8∏ −:even

(x − 2h ± h_3 ± h_4 ± h_5 ± h_6)^2 , (3.42)

D^′_W (x) = 4∏ −:even

(x(x − 2) − (h_3 ± h_4 ± h_5 ± h_6)^2)^2 ×

× 8∏ −:odd

(x − 2h ± h_3 ± h_4 ± h_5 ± h_6)^2 ,

M_{4+} : D(x) = D^′_W (x)D_W (x) , D_W (x) = D^′_W (x) in M_{3+} , D^′_W (x) = D_W (x) in M_{3+} . (3.43)

N_{3+} and N_{4+} cases are obtained by setting h = 0 in the M_{3+} and M_{4+} cases, respectively. From (3.41), (3.42), (3.43), it can be shown that all h_k (k = 3, 4, 5, 6) in the so(8) part have to be zero in all above cases to preserve the positivity condition. Therefore, unlike the [I-1] case, no further fraction of survived supersymmetry can be obtained by adding the parameters h_k.

[II] Other so(10, 2) cases Adding to the types in [I], there arise two types in the classification of so(10, 2) which contain indecomposable types with the dimension higher than four, that is,

(ϵ_D ,ϵ_C )Δ−

2 (ih, −ih) with dim Δ = 6 and ind Δ = 2, and^{(+,ϵC )}Δ^+_4 (0) with dim Δ = 5 and ind Δ = 2.

[II-1]^{(ϵD )}F_1 =^{(ϵD ,+)}Δ^−_2 (ih, −ih) + 4∑ k=2 Δ^+_0 (ih_k, −ih_k)

The type Δ^−_2 (ih, −ih) under O(10, 2) splits into four distinct parts under the action of SO(10, 2)_0. For the C- and D-splittings, we use the following 6 × 6 matrices,

C = σ_3 0 0 0 σ_3 0 0 0 I_2 , D = I_2 0 0 0 I_2 0 0 0 σ_3

, (3.44)

which act on a representative of Δ^−_2 (ih, −ih) given in (A.8) and yield the representative^{(ϵD,ϵC )}Z of the type^{(ϵD,ϵC )}Δ^−_2 (ih, −ih) with respect to the (4+2)D flat metric η = (−, −, +, +, +, +),

(ϵ_D ,ϵ_C )Z = 0 −h 1/ √ 2 0 0 0 h 0 0 1/ √ 2 0 0 1/ √ 2 0 0 −h 1/ √ 2 0 0 1/ √ 2 h 0 0 ϵ_D/ √ 2 0 0 −1/ √ 2 0 0 −ϵ_Dh 0 0 0 −ϵ_D/ √ 2 ϵ_Dh 0

, (3.45)

where ϵ_C = +1 (−1) corresponds to the range h > 0 (< 0), showing the ϵ_C = +1 case to be compatible with the positivity condition. Arranging the matrix^{(ϵD,+)}Z and ih_kσ_2 (k = 2, 3, 4) on the diagonal part, we obtain a representative of the type

(ϵ_D )F

1 with respect to our (10+2)D flat metric η_{AB} . The characteristic polynomial for the type is

D(x) = D^′_W (x)D_W (x) , D_W (x) = D_{ρ=−1}(x) , D^′_W (x) = D_{ρ=1}(x) ,

D_ρ = 4∏ −:even

(x − 3h + ρϵ_D(±h_2 ± h_3 ± h_4))^2((x − h − ρϵ_D(±h_2 ± h_3 ± h_4))^2 ×

×(x + h + ρϵ_D(±h_2 ± h_3 ± h_4)) − 4x)^2. (3.46)

It can be shown that, for any values of h, h_2, h_3 and h_4, there appears at least one negative eigenvalue from the cubic polynomial part of the parameter x in the last line of (3.46). Therefore the type^{(ϵD )}F_1 can not be used to define anti-commutators among supercharges.

[II-2] F_2 =^{(+,+)}(Δ^+_4 (0) + Δ^+_0 (0)) + 4∑ k=2 Δ^+_0 (ih_k, −ih_k)

The type Δ^+_4 (0) + Δ^+_0 (0) under O(10, 2) splits into two parts^{(+,ϵC )}(Δ^+_4 (0) + Δ^+_0 (0)) under SO(10, 2)_0. A representative in Δ^+_4 (0) is constructed in (A.18), which gives, after the C-slipping generated by the C matrix in (3.44), the representative^{(ϵC )}Z in

(+,ϵ_C )(Δ+

4 (0) + Δ^+_0 (0)) with respect to the (4+2)D metric η = (−, −, +, +, +, +),

(ϵ_C )Z = ϵC 2

0 −1 0 1 0 0 1 0 1 0 √ 2 0 0 1 0 −1 0 0 1 0 1 0 − √ 2 0 0 √ 2 0 √ 2 0 0 0 0 0 0 0 0

, (3.47)

showing ϵ_C = −1 to be forbidden by the positivity condition. We obtain a representative of the type F_2 with respect to the (10+2)D flat metric η_{AB} by arranging the matrix^{(+)}Z and ih_kσ_2 (k = 2, 3, 4) on the diagonal block. The characteristic polynomial in this F_2 case becomes

D(x) = (D_W (x))^2,

D_W (x) = 4∏ −:even

((x^2 − 2 − (±h_2 ± h_3 ± h_4)^2)(x(x − 2) − (±h_2 ± h_3 ± h_4)^2) −

− 2(±h_2 ± h_3 ± h_4)^2)^2. (3.48)

As in the [II-1] case, for any values of h_2, h_3 and h_4, we have at least one negative eigenvalue as a solution of the fourth order equation of the parameter x in the RHS of (3.48). Hence the type F_2 can not be used for the definition of anti-commutators among supercharges.

With the above two cases, the classification of the so(10, 2) algebra under SO(10, 2)_0 has been completed and all possible BPS states arising from the central term Z_{AB} have been exhausted.

4. Conclusion

In summary, we have studied the N = (1, 1) non-Poincaré superalgebra in (10+2)D with tensorial central terms Z^{(k)} (k = 2, 3, 6, 7, 10, 11). The Weyl-projected form of the algebra, i.e. the N = (1, 0) superalgebra, has been shown to be reduced to the (10+1)D M-algebra by a timelike dimensional reduction, just as the M-algebra is reduced to the (9+1)D type-IIA algebra by a spacelike dimensional reduction. Another SO(9, 1) covariant projection of the N = (1, 1) algebra with dimensional reduction to (9+1)D has also been demonstrated to yield the type-IIB algebra.

From the complete classification of the second-rank central term, we have exhausted all possible BPS states arising from this term. A 1/2-susy BPS state is associated with the semisimple S_2 type in so(2, 2) and is naturally interpreted as a super (2+2)-brane, which is dimensionally reduced to a membrane in (10+1)D and type-IIA and -IIB fundamental strings in (9+1)D. Further fractions less than 1/2 of surviving supersymmetries have been obtained from the extension of the S_2 type to the canonical type in so(10, 2). There has arisen another 1/2-susy BPS state from the nilpotent N_{1+} type in so(2, 2), which would be observed as an M9 brane in M-theory. The nilpotent type has been caused due to the non-compact property of the group SO(10, 2). Thus the further investigation of the type might give some insight or constraint on the number of time directions of spacetime. We also have obtained the fraction 1/4 of surviving supersymmetries in M_{3+} and M_{4+} types and the fraction 3/4 in N_{3+} and N_{4+} types. As discussed in section 3.3.2 [III], if BPS states with these fractions of supersymmetry can possibly exist in M-theory, they would be realized as some composite states of M2 and M9 branes. In recent paper [26], it has been shown that a configuration of an M2 brane intersecting two M5 branes also preserves 1/4 or 3/4 of supersymmetry when the product of all three brane charges is negative. It remains to investigate whether there exist (10+1)D supergravity solutions corresponding to those 1/4 and 3/4-susy BPS states, or not.

Besides the second-rank central term, the consideration of other central terms leads us to other various brane configurations inherent in the (10+2)D superalgebra. Among them, the sixth-rank central term Z^{(6)} represents a super (6+2)-brane, which is dimensionally reduced to an M5 brane in M-theory and an NS5 brane in the type- IIB theory. It has been discussed that the worldvolume theory of the (2+2)-brane moving in (10+2)D spacetime is given by (2+2)D self-dual Yang-Mills and gravitational theories [9]. It is intriguing to study whether the (6+2)-brane is described by some (6+2)D integrable systems like the self-dual theories. A candidate would be a (6+2)D version of the 8D self-dual Yang-Mills theory [27] and its gravitational analogue [28].

The method used in this paper to classify the central term Z^{(2)}_{AB} under the SO(10, 2) rotation is also applicable to any second-rank central term in any dimension and signature of spacetime. An example is the N = (2, 0) chiral superalgebra in (10+2)D, which is a non-Poincaré type algebra containing central terms Z^{(2)}, Z, Z^{(4)} and self-dual^{(+)}Z^{(6)} [6],

{Q^α_i , Q^β_j } = (τ^k)_{ij} ((Γ^{AB}C^{−1})^{αβ}Z^{(2)}_{k AB} + (Γ^{A1···A6} C^{−1})^{αβ(+)}Z^{(6)}_{k A1···A6} ) + +ϵ_{ij} ((C^{−1})^{αβ} Z + (Γ^{A1···A4} C^{−1})^{αβ}Z^{(4)}_{A1···A4} ), (4.1) where Q^α_i (i = 1, 2) are Majorana-Weyl supercharges with the same chirality and τ^k = (σ_3, σ_1, I_2). As noted in the introduction, like the N = (1, 1) case, the N = (2, 0) algebra also reduces to M-, type-IIA and -IIB algebras by dimensional reduction. It is interesting to find what types of BPS states exist in this chiral algebra and to clarify the connection of them with various BPS states in membrane and string theories.

Acknowledgments

I thank N. Kawanaka for useful suggestions. I am grateful to H. Kihara and D.B. Fairlie for discussions and helpful comments. I also thank the department of Mathematical Sciences in University of Durham and the department of Mathematics in King’s College, London for their hospitality.

A. Representatives for indecomposable types in o(10, 2)

According to the description of indecomposable types in section 3.2.2, we construct explicit forms of representatives for the types Δ_m relevant to our o(10, 2) case. Let (Z, V ) ∈ Δ_m and Z be decomposed as the sum of semisimple S and nilpotent N elements, Z = S + N, with N^{m+1} = 0. The vector space V can be written as V = F + NF + · · · + N^mF , where F is the subspace of V spanned by eigenvectors of S. From (3.4), the metric τ_m(u, v) = τ(u, N^mv) for u, v ∈ F is symmetric for m = even and anti-symmetric for m = odd. For later use, we define the symmetric, nondegenerate and real bilinear form θ_m as

θ_m(u, v) = τ_m(u, v) if m = even , = τ_m(u, Sv) if m = odd and S ≠ 0 . (A.1) A.1 Δ^ϵ_m(ih, −ih) We can choose a pair of vectors {e, f} spanning the subspace F of V such that Se = −hf and Sf = he (h ∈ R). From θ_m(Su, v) + θ_m(u, Sv) = 0, we have θ_m(e, f) = 0 while θ_m(e, e) = θ_m(f, f). We have two choices of the sign of θ_m(e, e), which is labeled by the superscript ϵ = ±1 in the type.

A.1.1 m = 0 dim Δ = 2 Since N^{0+1} = 0, this type contains only a semisimple element Z = S. The form of S on V = F = {e, f} with respect to (w.r.t.) the metric τ becomes

Z = S = ( 0 h −h 0 ) , w.r.t. τ = ( ϵ 0 0 ϵ ) . (A.2)

The form of the metric shows that the type Δ^+ has the index 0, while Δ^− has the index 2.

A.1.2 m = 1 dim Δ = 4, ind Δ = 2

Adding to a semisimple element S, we have a nilpotent N with N^2 = 0. A representative in this case is given as Z = S + N , S = h ( −ε_2 0 0 −ε_2 ) , N = ( 0 0 I_2 0 ) (A.3)

w.r.t. the metric τ = ϵ h ( 0 ε_2 −ε_2 0 ) . (A.4)

We perform a transformation of V onto V^′ by an isomorphism ϕ noted in section 3.2.2 to make the form of the metric τ to be τ^′ = ϕτϕ̃ = (−, −, +, +). With a realization O_ϕ of ϕ, we have

Z^′ = Õ_ϕZO_ϕ = 1 2 ( −(2h + 1)ε_2 ε_2 −ε_2 −(2h − 1)ε_2 ) , O_ϕ = √ h 2 ( I_2 −I_2 ε_2 ε_2 ) , (A.5)

where h > 0 (h < 0) corresponds to ϵ = +1 (−1).

A.1.3 m = 2 ϵ = −1, dim Δ = 6, ind Δ = 2

Since the ϵ = +1 case has ind Δ = 4, only the ϵ = −1 case is relevant to our o(10, 2) algebra. The form of a representative in the ϵ = −1 case becomes

Z = S + N , S = h −ε_2 0 0 0 −ε_2 0 0 0 −ε_2 , N = 0 0 0 I_2 0 0 0 I_2 0

, (A.6)

w.r.t. the metric τ = 0 0 −I_2 0 I_2 0 −I_2 0 0

. (A.7)

Performing the ϕ-transformation O_ϕ, we have a new representative

Z^′ = Õ_ϕZO_ϕ = 1 √ 2 − √ 2hε_2 I_2 0 I_2 − √ 2hε_2 I_2 0 −I_2 − √ 2hε_2 ,

O_ϕ = 1 √ 2 I_2 0 I_2 0 √ 2I_2 0 I_2 0 −I_2

, (A.8)

w.r.t. τ^′ = (−, −, +, +, +, +).

A.2 Δ_m(h, −h) As eigenvalues of S are real, we can take eigenvectors {e, f} such that Se = he and Sf = −hf. We can derive θ_m(e, e) = θ_m(f, f) = 0 and, without restriction, take {e, f} to satisfy θ_m(e, f) = 1.

A.2.1 m = 0 dim Δ = 2, ind Δ = 1 This case contains only a semisimple element S w.r.t. the metric τ, S = ( h 0 0 −h ) , w.r.t. τ = ( 0 1 1 0 ) . (A.9)

By the ϕ-transformation O_ϕ, we have

S^′ = Õ_ϕSO_ϕ = ( 0 h h 0 ) , O_ϕ = 1 √ 2 ( 1 1 −1 1 ) , (A.10)

w.r.t. τ^′ = (−, +).

A.2.2 m = 1 dim Δ = 4, ind Δ = 2 This case contains a nilpotent N with N^2 = 0, adding to a semisimple S, Z = S + N , S = h ( σ_3 0 0 σ_3 ) , N = ( 0 0 I_2 0 ) , (A.11)

w.r.t. the metric τ = ( 0 −ε_2 ε_2 0 ) . (A.12)

By the ϕ-transformation O_ϕ, we obtain another representative

Z^′ = Õ_ϕZO_ϕ = 1 2 ( ε_2 2hσ_3 + ε_2 2hσ_3 − ε_2 −ε_2 ) , O_ϕ = 1 √ 2 ( I_2 I_2 −ε_2 ε_2 ) , (A.13)

w.r.t. τ^′ = (−, −, +, +).

A.3 Δ^ϵ_m(0) In this case, there appears only a nilpotent N with N^{m+1} = 0. Let e be a vector in V , then we have V = e + Ne + · · · + N^me. We can take θ_m(e, e) = ϵ without any restriction, which determines the form of the metric completely.

A.3.1 m = 0 dim Δ = 1 This case contains the trivial element Z = (0) w.r.t. the metric τ = ϵ.

A.3.2 m = 2 dim Δ = 3 In this case, we have a 3 × 3 nilpotent matrix

Z = N =

0 0 0 1 0 0 0 1 0

, w.r.t. τ =

0 0 ϵ 0 −ϵ 0 ϵ 0 0

. (A.14)

In the ϵ = +1 case, we obtain a representative in Δ^+_2 (0) w.r.t. τ^′ = (−, −, +) by the ϕ-transformation O_ϕ,

N^′ = Õ_ϕNO_ϕ = 1 √ 2 0 −1 0 1 0 1 0 1 0 ,

O_ϕ = 1 √ 2 1 0 1 0 √ 2 0 −1 0 1

. (A.15)

On the other hand, in the ϵ = −1 case, by another ϕ-transformation O^′_ϕ, we have a representative in Δ^−_2 (0),

N^′ = Õ^′_ϕNO^′_ϕ = 1 √ 2 0 1 0 1 0 1 0 −1 0 ,

O^′_ϕ = 1 √ 2 1 0 1 0 √ 2 0 1 0 −1

, (A.16)

w.r.t. τ^′ = (−, +, +).

A.3.3 m = 4 ϵ = +1, dim Δ = 5, ind Δ = 2 The case with ϵ = −1 is forbidden since it has ind Δ = 3. A representative for the ϵ = +1 case is given as

Z = N =

0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0

, w.r.t. τ =

0 0 0 0 1 0 0 0 −1 0 0 0 1 0 0 0 −1 0 0 0 1 0 0 0 0

. (A.17)

Performing the ϕ-transformation O_ϕ, we obtain another representative in Δ^+_4 (0),

N^′ = Õ_ϕNO_ϕ = 1 2

0 −1 0 0 1 1 0 √ 2 1 0 0 √ 2 0 0 √ 2 0 1 0 0 −1 1 0 − √ 2 1 0 ,

O_ϕ = 1 √ 2

1 0 0 1 0 0 1 0 0 1 0 0 √ 2 0 0 0 1 0 0 −1 −1 0 0 1 0

, (A.18)

w.r.t. τ^′ = (−, −, +, +, +).

A.4 Δ_1(0, 0) dim Δ = 4, ind Δ = 2 This type gives a nilpotent Z = N with N^2 = 0. Let us take two vectors {e, f} in V as eigenvectors of S, then the vector space V can be spanned by {e, f, Ne, Nf}. We can derive θ_1(e, e) = θ_1(f, f) = 0 and take θ_1(e, f) equal to +1. The representative in Δ_1(0, 0) and the metric τ derived from the setup are the same as those in (A.11), (A.12). Using the ϕ-transformation O_ϕ in (A.13), we obtain another representative w.r.t. the metric τ^′ = (−, −, +, +),

N^′ = Õ_ϕNO_ϕ = 1 2 ( ε_2 ε_2 −ε_2 −ε_2 ) . (A.19)

A.5 Δ_0(ζ, −ζ, ζ̄, −ζ̄) dim Δ = 4, ind Δ = 2 We have a semisimple Z = S with eigenvalues {ζ, −ζ, ζ̄, −ζ̄}. Let ζ = h_1 + ih_2 and {e_±, f_±} be vectors in V satisfying

Se_± = ±(h_1e_± − h_2f_±), Sf_± = ±(h_1f_± + h_2e_±). (A.20)

The values of θ_0 for {e_±, f_±} are given as

θ_0(e_±, e_±) = θ_0(f_±, f_±) = 0 , θ_0(e_±, f_±) = θ_0(e_±, f_∓) = 0 , θ_0(e_±, e_∓) = −θ_0(f_±, f_∓) = 1 . (A.21)

Explicit forms of S and the metric τ w.r.t. {e_±, f_±} are S = ( h_1σ_3 h_2σ_3 −h_2σ_3 h_1σ_3 ) , w.r.t. τ = ( σ_1 0 0 −σ_1 ) . (A.22)

By the ϕ-transformation O_ϕ, we have another representative

S^′ = Õ_ϕSO_ϕ = ( −h_2ε_2 h_1I_2 h_1I_2 −h_2ε_2 ) ,

O_ϕ = 1 √ 2 1 0 1 0 −1 0 1 0 0 1 0 1 0 1 0 −1

, (A.23)

w.r.t. τ^′ = (−, −, +, +).

Having obtained the above representatives in indecomposable types, we arrange them on the diagonal part of 12×12 matrix in order to obtain o(10, 2) representatives with ind Δ = 2. In general, we have to transform the obtained representatives into the other forms with respect to our (10+2)D metric η = (−, −, +, . . . , +). Here we give an example in the so(2, 2) case in section 3.3.1. Let us take the sum Δ = Δ_0(h_1, −h_1)+Δ_0(h_2, −h_2), which has dim Δ = 4 and ind Δ = 2. From section A.2.1, we have a representative Z for the type Δ w.r.t. the metric τ = (−, +, −, +), Z = ( h_1σ_1 0 0 h_2σ_1 ) . (A.24)

Then, by the ϕ-transformation O_ϕ, we have another representative in Δ w.r.t. our (2+2)D metric τ^′ = (−, −, +, +),

Z^′ = Õ_ϕZO_ϕ =

0 0 h_1 0 0 0 0 h_2 h_1 0 0 0 0 h_2 0 0 ,

O_ϕ =

1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1

, (A.25)

which corresponds to the S_1 case in section 3.3.1.

References

[1] M.P. Blencowe and M.J. Duff, Supermembranes and the signature of space-time, Nucl.

Phys. B 310 (1988) 387.

[2] C.M. Hull and R.R. Khuri, Branes, times and dualities, Nucl. Phys. B 536 (1998) 219 [hep-th/9808069];

C.M. Hull, Duality and the signature of space-time, J. High Energy Phys. 11 (1998) 017 [hep-th/9807127]; Timelike T-duality, de Sitter space, large-N gauge theories and topological field theory J. High Energy Phys. 07 (1998) 021 [hep-th/9806146].

[3] P.K. Townsend, Four lectures on M-theory, hep-th/9612121.

[4] C. Vafa, Evidence for F-theory, Nucl. Phys. B 469 (1996) 403 [hep-th/9602022].

[5] I. Bars, Supersymmetry, p-brane duality and hidden space and time dimensions, Phys.

Rev. D 54 (1996) 5203 [hep-th/9604139]; S-theory Phys. Rev. D 55 (1997) 2373 [hep-th/9607112].

[6] I. Rudychev, E. Sezgin and P. Sundell, Supersymmetry in dimensions beyond eleven, Nucl. Phys. 68 (Proc. Suppl.) (1998) 285 [hep-th/9711127].

[7] S. Hewson and M. Perry, The twelve dimensional super (2 + 2)-brane, Nucl. Phys. B 492 (1997) 249 [hep-th/9612008].

[8] H. Nishino and E. Sezgin, Supersymmetric Yang-Mills equations in 10 + 2 dimensions, Phys. Lett. B 388 (1996) 569 [hep-th/9607185].

[9] D. Kutasov and E. Martinec, New principles for string/membrane unification, Nucl.

Phys. B 477 (1996) 652 [hep-th/9602049].

[10] A.A. Tseytlin, Type-IIB instanton as a wave in twelve dimensions, Phys. Rev. Lett.

78 (1997) 1864 [hep-th/9612164].

[11] S. Kar, D-branes and twelve dimensions, Nucl. Phys. B 497 (1997) 110 [hep-th/9701117].

[12] I. Bars and C. Kounnas, Theories with two times, Phys. Lett. B 402 (1997) 25 [hep-th/9703060];

I. Bars, Two-time physics, hep-th/9809034;

I. Bars, C. Deliduman and D. Minic, Supersymmetric two-time physics, Phys. Rev. D 59 (1999) 125004 [hep-th/9812161].

[13] H. Nishino, N = 2 chiral supergravity in (10 + 2)-dimensions as consistent background for super (2 + 2)-brane, Phys. Lett. B 437 (1998) 303 [hep-th/9706148].

[14] R. Manvelian and R. Mkrtchian, Towards so(2, 10)-invariant M-theory: multilagrangian fields, Mod. Phys. Lett. A 15 (2000) 747 [hep-th/9907011].

[15] S. Hewson, On supergravity in (10, 2), hep-th/9908209.

[16] M. Sugiura, Conjugate classes of Cartan subalgebras in real semisimple Lie algebras, J. Math. Soc. Japan 11 (1959) 374.

[17] L.P. Rothschild, Orbits in a real reductive Lie algebra, Trans. Amer. Math. Soc. 168 (1972) 403.

[18] N. Burgoyne and R. Cushman, Conjugacy classes in linear groups, J. Alg. 44 (1977) 339.

[19] T. Kugo and P. Townsend, Supersymmetry and the division algebras, Nucl. Phys. B 221 (1983) 357; Supersymmetry and the division algebras, Nucl. Phys. B 221 (1983) 357.

[20] C.M. Hull, Gravitational duality, branes and charges, Nucl. Phys. B 509 (1998) 216 [hep-th/9705162].

[21] P.K. Townsend, M-theory from its superalgebra, hep-th/9712004.

[22] A.L. Onishchik and E.B. Vinberg, I. Foundations of Lie theory in Lie groups and Lie algebras I, Encyclopaedia of Math. Sci. vol. 20 A.L. Onishchik ed., Springer-Verlag, 1993.

[23] E. Bergshoeff and J.P. van der Schaar, On M9-branes, Class. and Quant. Grav. 16 (1999) 23 [hep-th/9806069].

[24] S.F. Hewson, An approach to F-theory, Nucl. Phys. B 534 (1998) 513 [hep-th/9712017].

[25] R. Manvelyan, A. Melikyan and R. Mkrtchyan, Representations and BPS states of 10 + 2 superalgebra, Mod. Phys. Lett. A 13 (1998) 2147 [hep-th/9805148].

[26] J.P. Gauntlett and C.M. Hull, BPS states with extra supersymmetry, J. High Energy Phys. 01 (2000) 004 [hep-th/9909098].

[27] E. Corrigan, C. Devchand, D.B. Fairlie and J. Nuyts, First order equations for gauge fields in spaces of dimension greater than four, Nucl. Phys. B 214 (1983) 452; R.S. Ward, Completely solvable gauge field equations in dimension greater than four, Nucl. Phys. B 236 (1984) 381.

[28] B.S. Acharya and M. O’Loughlin, Self-duality in d ≤ 8-dimensional euclidean gravity, Phys. Rev. D 55 (1997) 4521 [hep-th/9612182].