Received: November 23, 1999, Accepted: January 7, 2000

HYPER VERSION

BPS states with extra supersymmetry

Jerome P. Gauntlett and Chris M. Hull

Department of Physics, Queen Mary and Westfield College University of London, Mile End Road, London E1 4NS, UK E-mail: j.p.gauntlett@qmw.ac.uk, c.m.hull@qmw.ac.uk

Abstract: A state saturating a BPS bound derived from a supersymmetry algebra preserves some fraction of the supersymmetry. This fraction of supersymmetry depends on the charges carried by the system, and we show that in general there are configurations of charges for which a BPS state would preserve more than half the original supersymmetry. We investigate configurations that could preserve 3/4 supersymmetry in string theory, M-theory and supersymmetric field theories and discuss whether states saturating these bounds actually occur in these theories.

Keywords: M-Theory, p-branes.

Contents

1. Introduction 1

2. Exotic supersymmetry in D = 4 3

3. Exotic supersymmetry in string theory and M-theory 5 3.1 M-theory 5 3.2 Tachyon condensation 8 3.3 String-theory 9

4. Conclusion 9

1. Introduction

It is well known that the supersymmetry algebra admits central charges that give BPS bounds on the energy. These charges can be carried by solitons and when the bound is saturated the states preserve some fraction of the supersymmetry. In addition there are tensorial ‘central’ charges carried by various p-branes in string/Mtheory, for example, that lead to BPS bounds on the energy densities of the branes, and the BPS p-branes preserve 1/2 of the supersymmetry [1]. The p-branes can intersect with or end on other branes while still preserving some supersymmetry, and intersecting brane configurations have been found that preserve fractions n/32 of the supersymmetry for n = 0, 1, 2, 3, 4, 5, 6, 8, 16 so that in each of these cases no more than half the supersymmetry is preserved; see, for example, [2, 3, 4, 5, 6].

By examining the supersymmetry algebra it is simple to see that there must exist charges that would correspond to preservation of any fraction n/M of supersymmetry (where M is the number of supersymmetries of the system, so that M = 32 for Mtheory). The general anticommutator of N supercharges Q_{αI} (with α a spinor index and I = 1, . . . , N) can be written as {Q_A, Q_B } = M_{AB} , (1.1) where A = 1, . . . , M is a composite index A = {αI} and M_{AB} is a symmetric matrix of bosonic charges, which in most physical systems will take the form M_{AB} = Hδ_{AB} − Z_{AB} , (1.2) with H the hamiltonian and Z_{AB} a traceless symmetric matrix of ‘central’ charges which can be decomposed into a set of p-form charges Z^{IJ}_{μ1...μp} contracted with gamma matrices. Let the eigenvalues of Z_{AB} be λ_1, . . . , λ_M with ∑ λ_A = 0. Then the supersymmetry algebra implies that M_{AB} must be positive definite so that the energy E is bounded below by the largest eigenvalue, E ≥ λ where λ = max{λ_1, . . . , λ_M }, as is easily seen in a basis in which Z_{AB} is diagonal. If the largest eigenvalue is n-fold degenerate, λ_1 = λ_2 = · · · = λ_n ≡ λ say, and if there is a state that saturates the bound with E = λ, then for this state M_{AB} will have n zero eigenvalues and by definition the state will preserve n of the supersymmetries, namely Q_1, Q_2, . . . , Q_n, and should fit into a supermultiplet generated by the action of the remaining M − n supercharges. Thus a system will have a state preserving a given fraction n/M of supersymmetry provided (i) there is a configuration of charges such that the maximal eigenvalue of Z_{AB} is n-fold degenerate and (ii) there is a state that saturates the BPS bound for these charges.

In many physical systems, Z_{AB} is an arbitrary symmetric traceless matrix, since a configuration of charges can be found that gives any desired Z_{AB}. For example, in M-theory the matrix M_{AB} has 32 × 33/2 = 528 independent entries and all 528 arise from the 11-momentum, a 2-form charge and a 5-form charge, as 11+55+462=528 [7]. Moreover, each of the 527 charges Z_{AB} is believed to actually arise in M-theory, and there is a 1/2-supersymmetric BPS state for each of the 527 charges [8]. Most have been constructed explicitly, while evidence for the occurrence of the M9-brane is given in [9, 10]. Then in M-theory there is a configuration of charges corresponding to each fraction n/32 of supersymmetry for 0 ≤ n ≤ 32, and most can be realised without recourse to M9-branes.

If M-theory is dimensionally reduced to one dimension by compactifying all the spatial dimensions, the resulting theory is a quantum mechanical theory with 32 supersymmetries and algebra (1.1), (1.2), where A = 1, . . . , 32 is now an internal index transforming under an Sp(32) internal symmetry, and Z_{AB} represents 527 scalar central charges, transforming irreducibly under the Sp(32) automorphism group of the superalgebra, which is a contraction of OSp(32|1). All central charges are then clearly on the same footing, and there seems no reason why an arbitrary central charge matrix Z_{AB} , and hence an arbitrary fraction of supersymmetry n/32, should not be realisable.

If there is a set of charges in a supersymmetric theory for which the maximal eigenvalue of Z_{AB} is n-fold degenerate, and if there is a state which saturates the BPS bound, it would preserve n/M of the supersymmetries. In most cases that have been studied and for which the state of lowest energy has been found, it turns out to be a supersymmetric one saturating the bound. The fact that most allowed supersymmetric states actually occur suggests that it would be of interest to investigate further the configurations that could preserve exotic fractions of supersymmetry.

Our purpose here will be to give some simple examples in which there is a BPS bound for which a state saturating it would preserve 3/4 supersymmetry, and to give some preliminary discussion as to whether such states actually occur. The possibility of 3/4 supersymmetry has also been recently discussed in [11, 12].

We will first consider the supersymmetry algebra in four dimensions. It is straightforward to provide charges that lead to preservation of 3/4 of the supersymmetry. This algebraic structure can be embedded in higher dimensions and we will focus on D=11. We will show that the charges preserving 3/4 of the supersymmetry can be realised by considering a very simple configuration of a membrane intersecting two fivebranes according to the array M5 : 1 2 3 4 5 M5 : 1 6 7 8 9 M2 : 1 ♯

(1.3)

where the symbol ♯ is read as ‘10’, with the amount of supersymmetry preserved depending on the energy and the charges of the three branes. The case that has been discussed previously [3, 4] is that in which the product of all three brane charges is positive (in our conventions), leading to 1/4 supersymmetry being preserved, whereas we will find new possibilities when one of the branes has negative charge, and so is an anti-brane (or all three are anti-branes). We will analyse this case in some detail and determine under which conditions the fractions 1/4, 1/2 and 3/4 of the supersymmetry could be preserved. One interesting feature is that for three or more intersecting branes, switching all the branes to anti-branes can lead to inequivalent results, whereas for configurations with just two branes, equivalent results would be obtained by the switch. Many other configurations of branes with exotic supersymmetry in M-theory or string theory can be generated from this example by dualities.

2. Exotic supersymmetry in D = 4

The general N extended superalgebra in four dimensions is {Q^I , Q̄^J } = − ( P^μδ^{IJ} Γ_μ + V^{IJ}_μ Γ^μ + iY^{IJ}_μ Γ^5Γ^μ + X^{IJ}_{μν} Γ^{μν} + iZ^{IJ} + iZ̃^{IJ} Γ^5 ) , (2.1)

where Q^I , I = 1, . . . , N is a Majorana spinor, the charges Y^{IJ}_μ , Z^{IJ} , Z̃^{IJ} are antisymmetric in the IJ indices while V^{IJ}_μ , X^{IJ}_{μν} are symmetric and V^{IJ}_μ is traceless. In supersymmetric theories, P_μ is the 4-momentum, Z and Z̃ are electric and magnetic 0-brane charges, X_{μν} are domain wall charges [13], V_i, Y_i are string charges (i = 1, 2, 3) and V_0, Y_0 are charges for space-filling 3-branes [8]. Moreover, in some cases P_i could be a linear combination of the momentum and a string charge, while P^0 could be a linear combination of the energy and a 3-brane charge.

The number of charges on the right-hand-side of (2.1) is 10 × N(N + 1)/2 + 6 × N(N − 1)/2, which agrees with the number of components, 2N(4N + 1), of the left-hand-side. This suggests that by choosing the charges on the right hand side, it should be possible to find a system for which the BPS bound would lead to any fraction n/4N supersymmetry being preserved, provided that there existed a state saturating the BPS bound. In particular, there are some very simple systems that could allow 3/4 supersymmetry.

For example, consider N = 2 supersymmetry with only the charges P_μ and Y^{IJ}_μ = Y_μϵ^{IJ} non-zero. A convenient choice of gamma matrices is

Γ^0 = ( 0 i i 0 ) , Γ^i = ( 0 iσ^i −iσ^i 0 ) , Γ^5 = ( 1 0 0 −1 ) . (2.2)

Then configurations with P^0 = E, P^3 = p, Y_0 = u and Y_3 = v and all other charges zero have the superalgebra

{Q, Q^†} = diag(E − λ_1, E − λ_2, E − λ_3, E − λ_4) , (2.3)

where Q = (Q^1 + iQ^2)/ √ 2 and the eigenvalues λ_i are given by

λ_1 = p + u + v , λ_2 = u − p − v , λ_3 = v − u − p , λ_4 = p − u − v . (2.4)

Note that there is a symmetry in the way the three charges occur. Positivity implies that the energy E satisfies E ≥ λ_i for each i. If only one of the charges is non-zero, u say, then E ≥ u and E ≥ −u so that we obtain the standard bound E ≥ |u|. With two charges, u and v say, we obtain E ≥ |u + v| and E ≥ |u − v| and when one of these is saturated we have a configuration preserving 1/4 supersymmetry. With all three charges, there are four bounds corresponding to the four eigenvalues and in general when one is saturated there will be 1/4 supersymmetry preserved. However, for special values of the charges there can be degenerate eigenvalues. Consider for example the case in which all charges are equal, u = v = p = −λ so that {Q, Q} = diag(H + 3λ, H − λ, H − λ, H − λ) . (2.5) If λ is positive, a state with E = λ would preserve the 3/4 supersymmetry corresponding to supersymmetry parameters of the form ϵ = (0, ϵ_2, ϵ_3, ϵ_4). For negative λ, a BPS state with E = −3λ would preserve 1/4 supersymmetry.

In [14], it will be shown that a similar example occurs in the Wess-Zumino model with N = 1 supersymmetry. In that case, there is again a simple configuration, corresponding to intersecting domain walls with momentum along the intersection, for which a state saturating the bounds would have 1/4, 1/2 or 3/4 supersymmetry, depending on the values of the charges. It will also be shown in [14] that the Wess- Zumino model does not admit any classical configurations with 3/4 supersymmetry.

3. Exotic supersymmetry in string theory and M-theory

3.1 M-theory

The general form of the eleven dimensional supersymmetry algebra has {Q, Q} = C ( Γ^M P_M − 1 2! Γ^{M1M2} Z_{M1M2} − 1 5! Γ^{M1...M5} Z_{M1...M5} ) , (3.1)

where C is the charge conjugation matrix, P_M is the energy-momentum 11-vector and Z_{M1M2} and Z_{M1...M5} are 2-form and 5-form charges. The fraction of supersymmetry that is preserved by a configuration possessing a given set of charges is given by the number of zero eigenvalues of the matrix {Q, Q} divided by 32. As argued in the introduction, both sides have equal numbers of components (528), and all 528 charges on the right hand side actually arise in M-theory, provided we include M9- branes carrying the charge Z_{0i} [8], so that there must be configurations of charges that could give rise to all fractions n/32 of preserved supersymmetry, provided BPS states arise in that charge sector.

For 3/4 supersymmetry, there is a very simple set of charges corresponding to two fivebranes and a membrane that allows 3/4 of the supersymmetry, obtained by embedding the example of the last section in 11 dimensions and using dualities. In addition we will show that there are some novel combinations of three charges leading to the preservation of 1/4 and 1/2 supersymmetry. It is known [3, 4] that it is possible to have two fivebranes and a membrane intersecting according to (1.3) and preserving 1/4 of the supersymmetry, provided the product of all three brane charges is positive. Changing the signs of one or three of the charges and tuning their values allows 3/4 supersymmetry instead, as we shall see.

We begin by assuming that the only non-zero charges in (3.1) are

q_5 = Z_{12345} , q^′_5 = Z_{16789♯} , q_2 = Z_{1♯} (3.2)

and positive charges will correspond to branes and negative charges to anti-branes. We use real gamma matrices with C = Γ^0 and Γ^{0123456789♯} = 1. It will be convenient to take a basis such that

Γ^{012345} = diag(1, 1, −1, −1) ⊗ 1_8 , Γ^{016789} = diag(1, −1, 1, −1) ⊗ 1_8 , Γ^{01♯} = diag(1, −1, −1, 1) ⊗ 1_8 , (3.3)

where 1_8 is the 8 × 8 identity matrix. Setting P^0 = E we can then rewrite (3.1) as

{Q, Q} = diag(E − λ_1, E − λ_2, E − λ_3, E − λ_4) ⊗ 1_8 , (3.4) where

λ_1 = q_2 + q_5 + q^′_5 , λ_2 = −q_2 + q_5 − q^′_5 , λ_3 = −q_2 − q_5 + q^′_5 , λ_4 = q_2 − q_5 − q^′_5 . (3.5)

Since {Q, Q} is a positive matrix we have the BPS bound E ≥ λ_i for i = 1, 2, 3, 4.

If there is only one non-zero charge, q_2 say, then the BPS bound is simply E ≥ |q_2| and when it is saturated 1/2 of the supersymmetry is preserved. For example, for BPS membranes (with q_2 positive and E = q_2) we have

{Q, Q} = diag(0, 2q_2, 2q_2, 0) ⊗ 1_8 . (3.6)

The preserved supersymmetry parameters satisfy Γ^{01♯}ϵ = ϵ.

With an additional non-zero charge q_5, the BPS bounds are the two conditions that E ≥ |q_2 + q_5| and E ≥ |q_2 − q_5|. When either of the bounds is saturated, 1/4 of the supersymmetry is preserved. For example, for a membrane and a fivebrane,

{Q, Q} = diag(0, 2q_2, 2(q_2 + q_5), 2q_5) ⊗ 1_8 , (3.7)

with 8 zero eigenvalues. The supersymmetry preserved is the intersection of that preserved by each of the membranes and fivebranes; in this case

Γ^{01♯}ϵ = Γ^{012345}ϵ = ϵ . (3.8)

Adding the fivebrane to the membrane further halved the membrane’s supersymmetries to leave 1/4 supersymmetry. However, a second fivebrane can now be added in the 16789 directions without breaking any more supersymmetry, as the corresponding projection Γ^{016789}ϵ = ϵ on the supersymmetry parameter is already implied by the conditions (3.8). We can indeed add a third positive charge q^′_5 and preserve all 8 supersymmetries if the energy saturates the BPS bound, E = q_2 + q_5 + q^′_5. We will refer to this as the usual BPS intersection of the (2, 5, 5) system as it has been extensively studied in the literature. An identical analysis goes through for (2, ¯5, ¯5^′) if we take E = q_2 − q_5 − q^′_5, for (¯2, 5, ¯5^′) if we take E = −q_2 + q_5 − q^′_5 and for (¯2, ¯5, 5^′) if we take E = −q_2 − q_5 + q^′_5; in each case, we can start with any two of the branes intersecting and preserving 1/4 supersymmetry, and then add the third for free without any further breaking.

Returning to the (2, 5) system preserving 8 supersymmetries, adding an antifivebrane with Γ^{016789}ϵ = −ϵ instead of a fivebrane to give the (2, 5, ¯5^′) configuration would appear to break the original 8 supersymmetries of the membrane-fivebrane system, but, as we shall show, the BPS bound leads to 8 supersymmetries if the energy saturates the bound. (These will be a different 8-dimensional subset of the 32 for some values of the charges and will be the same 8 for other values.) The situation is the same for the (¯2, ¯5, ¯5^′), (¯2, 5, 5^′) and (2, ¯5, 5^′) systems; in each case any two of the three branes preserve 8 supersymmetries, while the third brane appears to break these 8 supersymmetries, but nonetheless 8 supersymmetries would be preserved if the bound is saturated. Moreover, if such a 1/4 supersymmetric BPS state exists, tuning the charges to particular values enhances the number of supersymmetries to 16 or to the exotic value of 24.

For general charges it is useful to contrast the analysis for configurations related by switching branes with anti-branes and we will focus on the (2, 5, 5^′) and (¯2, ¯5, ¯5^′) systems. With this in mind we return to (3.4) and (3.5) and first consider the (2, 5, 5^′) case in which all the charges are positive. Clearly λ_1 = q_2 + q_5 + q^′_5 is the largest eigenvalue and hence the BPS bound is E ≥ q_2 + q_5 + q^′_5 and when it is saturated we preserve 1/4 of the supersymmetry; this is the usual case considered above. To analyse the (¯2, ¯5, ¯5^′) case in which all charges are negative, it is useful to rewrite (3.5) as

λ_1 = q_2 + q_5 + q^′_5 , λ_2 = −(q_2 + q_5 + q^′_5) + 2q_5 , λ_3 = −(q_2 + q_5 + q^′_5) + 2q^′_5 , λ_4 = −(q_2 + q_5 + q^′_5) + 2q_2 . (3.9)

One of λ_2, λ_3, λ_4 is now the biggest eigenvalue and is positive, since λ_1 is negative and the sum of the eigenvalues is zero. For example, when

0 ≥ q_5 ≥ q^′_5 , 0 ≥ q_5 ≥ q_2 , (3.10)

it is λ_2 that is the biggest and the BPS bound is E ≥ −(q_2 + q_5 + q^′_5) + 2q_5. If this bound is saturated

{Q, Q} = diag (−2(q_2 + q^′_5), 0, 2(q_5 − q^′_5), 2(q_5 − q_2)) ⊗ 1_8 (3.11)

and 1/4 of the supersymmetry would be preserved. To obtain exotic preservation of 1/2 or 3/4 supersymmetry we only need to tune the charges: 1/2 supersymmetry is preserved when either q_5 = q^′_5 or q_5 = q_2 and 3/4 supersymmetry is preserved when q_5 = q^′_5 = q_2.

Thus, for the (¯2, ¯5, ¯5^′) system with charges satisfying (3.10), the lowest energy allowed by supersymmetry is E = −(q_2 + q_5 + q^′_5) + 2q_5. If the ground state of this system indeed has this energy, then it would preserve 1/4 supersymmetry for generic values of the charges, but when two of the charges are equal, 1/2 supersymmetry would be preserved and if all three charges are equal, 3/4 supersymmetry would be preserved. Similar results follow for the cases in which it is λ_3 or λ_4 that is the biggest.

To obtain further insight, we continue with the case with charges satisfying (3.10) so that λ_2 is the largest eigenvalue. The specific 8 supersymmetries that would be preserved are the same as those preserved by the two intersecting branes (¯2, ¯5^′). It is interesting that it is these two branes that are contributing to the energy positively while the other fivebrane is contributing negatively. Recall that if we add a fivebrane, with q_5 positive, to (¯2, ¯5^′) to obtain the (¯2, 5, ¯5^′) configuration, the usual case of preservation of 1/4 supersymmetry is obtained if we have E = −(q_2 + q^′_5) + q_5. The new point here is that we can add instead an anti-fivebrane, with q_5 negative, to get the (¯2, ¯5, ¯5^′) system and still preserve the same supersymmetry if again E = −(q_2 + q^′_5) + q_5, as long as q_5 ≥ q^′_5 and q_5 ≥ q_2. In either case, the naive energy would just be the sum of the energies of the three branes, i.e. E_n = |q_2| + |q_5| + |q^′_5|. This is the correct result for the usual 1/4 supersymmetric (¯2, 5, ¯5^′) case, but for the exotic (¯2, ¯5, ¯5^′) case the energy of a state saturating the bound would be E = E_n − V where V = 2|q_5|, suggesting that V might be interpreted as some kind of binding energy or as some tachyonic contribution. Note that the known supergravity solutions (with positive mass parameters) corresponding to (¯2, ¯5, ¯5) have E = |q_2| + |q_5| + |q^′_5| which is greater than the BPS energy for these charges and so these states break all of the supersymmetry.

Finally, note that if the conditions (3.10) are not both satisfied, then either λ_3 or λ_4 will be the largest eigenvalue and adding the anti-fivebrane to (¯2, ¯5^′) will break the original 8 supersymmetries and lead to a different 8 supersymmetries being preserved.

3.2 Tachyon condensation It is perhaps worth comparing the above with the case of coincident brane/anti-brane pairs. It has been argued that m D-branes and m anti-D-branes will completely annihilate to leave the vacuum with energy E = mT + mT − V = 0 where T is the energy of a single brane and the contribution V = 2mT arises from the negative potential energy released by tachyon condensation [15, 16]. Duality then implies that this should also apply to any m brane/anti-brane pairs in M-theory or string theory, which should again completely annihilate. The tachyon condensation reduces the energy to the minimum allowed by the BPS bound, which in this case is zero as the brane/anti-brane pair carries no net charge. Adding a further n branes to obtain n + m branes and m anti-branes, the m anti-branes should completely annihilate m of the branes to leave n branes with energy E = nT , which can be written as E = E_n − V where E_n = (2m + n)T is the naive energy given by the sums of the energies of the individual branes and anti-branes and V = 2mT .

Then for two coincident p-branes of charges q, q̃, the naive energy of the system would be the sum of the energies of the respective branes, E_n = |q| + |q̃|. This is the correct energy if q, q̃ have the same sign, so that they are either both branes or both anti-branes. However, if the charges have opposite sign so that one is a brane and the other an anti-brane (e.g. q = (n + m)T and q̃ = −mT for the case above), the resulting configuration has E = |q + q̃| = E_n − V with V = 2 min(|q|, |q̃|).

This is suggestively similar to the case considered above when λ_2 is the largest eigenvalue. The (¯2, ¯5^′) system enters the energy formulae in exactly the same way as a 5-brane of charge q̃_5 = −(q_2 + q^′_5) would. Adding a fivebrane with positive charge q_5 gives a system with E = q_5 + q̃_5, while adding an anti-fivebrane with negative charge q_5 = −q gives a system with E = q̃_5 − q and V = 2q. More generally, when the product of the brane charges is positive, the naive energy is the sum of the energies of the branes E_n=|q_2| + |q_5| + |q^′_5| and such configurations preserve 1/4 of the supersymmetry. When the product of the charges is negative, exotic preservation of supersymmetry is possible only if the naive energy is modified to E = E_n − 2Min(|q_2|, |q_5|, |q^′_5|). This suggests that tachyon condensation could play a role here also, reducing the energy below the sum of the brane energies. It seems plausible that this could indeed be the case and that it reduces the energy to the minimum allowed by supersymmetry.

3.3 String-theory The M-theory example with an M2-brane and two M5-branes is related by duality to many other configurations of three branes in string theory or M-theory. For example, it is related to the type II configuration of a Dp-brane, a D(8 − p)-brane and a fundamental string intersecting in a point, with the Dp-brane in the directions 1, 2, . . . , p, the D(8 − p)-brane in the directions p + 1, p + 2, . . . , 8 and the fundamental string in the 9th direction, or to the configuration of a D5-brane in the 12345 directions, a NS5-brane in the 12678 directions and a D3-brane in the 129 directions studied by Hanany and Witten [17]. In each case there is the usual 1/4 supersymmetric configuration in which one of the three branes is added ‘for free’, and an exotic configuration obtained from this by reversing the orientation of one of the branes, or of all three branes, in which a BPS state would preserve 1/4 supersymmetry for generic charges and 1/2 or 3/4 supersymmetry when two or three of the charges are of equal magnitude. There are no such configurations with only D-branes, so that the methods of [15, 16] cannot directly be used to test the possibility of tachyon condensation leading to exotic BPS states.

4. Conclusion

We have shown that the supersymmetry algebra allows configurations preserving exotic amounts of supersymmetry and we have identified simple configurations of charges in M-theory and in field theories such that any state with the lowest energy allowed by supersymmetry would preserve 3/4 supersymmetry, but we have not been able to establish whether or not such states actually occur. We have been unable to find any D=11 supergravity solutions with 24 Killing spinors, corresponding to 3/4 supersymmetry. The known supersymmetric supergravity solutions with two (anti)-fivebranes and an (anti)-membrane either preserve 1/4 or none of the supersymmetry [3, 4]. We take the mass parameters associated with the harmonic or generalised harmonic functions of each of the individual branes to be positive. Then if the product of the three charges is positive (for example, the (2, 5, 5^′) or (2, ¯5, ¯5^′) configurations), then the solutions have 8 Killing spinors corresponding to 1/4 supersymmetry. When the product of the charges is negative, (for example, the (¯2, ¯5, ¯5^′) configuration), the known supergravity solutions actually break all of the supersymmetry. If we change the signs of some of the mass parameters we do not obtain solutions with more Killing spinors.^1 It is also possible to prove that no 3/4 supersymmetric classical solutions of the Wess-Zumino model exist, even though supersymmetry would have allowed them [14].

In each of our examples, there are no spatial dimensions that are transverse to all the branes and in such situations a number of subtleties can arise, but nonetheless our analysis does recover the known cases of supersymmetric intersections. The configurations we have identified are parameterised by three charges. For generic values of these charges, a BPS state would preserve 1/4 supersymmetry, but for special values when two or three of the charges are equal, a BPS state would preserve 1/2 or 3/4 supersymmetry, respectively.

We have conjectured that in string theory and M-theory, tachyon condensation could play a role in reducing the energy to the minimum allowed by the BPS bound, just as it does for the brane/anti-brane pair.

It would be very interesting to either establish that such exotic states do occur in certain theories, or, if they don’t exist, to understand the reason for this, given that supersymmetry appears to allow them. We hope to return to these issues in the future.

Acknowledgments

We thank Gary Gibbons, Jeff Harvey, Michael Douglas, David Tong and Paul Townsend for helpful discussions.

References

[1] J.A. de Azcarraga, J.P. Gauntlett, J.M. Izquierdo and P.K. Townsend, Topological extensions of the supersymmetry algebra for extended objects, Phys. Rev. Lett. 63 (1989) 2443.

[2] R. Güven, Black p-brane solutions of D = 11 supergravity theory, Phys. Lett. B 276 (1992) 49;

G. Papadopoulos and P.K. Townsend, Intersecting M-branes, Phys. Lett. B 380 (1996) 273 [hep-th/9603087];

1This point was also discussed in [18].

A.A. Tseytlin, Harmonic superpositions of M-branes, Nucl. Phys. B 475 (1996) 149 [hep-th/9604035];

J.P. Gauntlett, D.A. Kastor and J. Traschen, Overlapping branes in M-theory, Nucl. Phys. B 478 (1996) 544 [hep-th/9604179];

E. Bergshoeff, M. de Roo, E. Eyras, B. Janssen and J.P. van der Schaar, Multiple intersections of D-branes and M-branes, Nucl. Phys. B 494 (1997) 119 [hep-th/9612095].

[3] J.P. Gauntlett, G.W. Gibbons, G. Papadopoulos and P.K. Townsend, Hyper- Kähler manifolds and multiply intersecting branes, Nucl. Phys. B 500 (1997) 133 [hep-th/9702202].

[4] A.A. Tseytlin, Composite BPS configurations of p-branes in 10 and 11 dimensions, Class. and Quant. Grav. 14 (1997) 2085 [hep-th/9702163].

[5] M. Berkooz, M.R. Douglas and R.G. Leigh, Branes intersecting at angles, Nucl. Phys.

B 480 (1996) 265 [hep-th/9606139];

N. Ohta and P.K. Townsend, Supersymmetry of M-branes at angles, Phys. Lett. B 418 (1998) 77 [hep-th/9710129].

[6] J.P. Gauntlett, N.D. Lambert and P.C. West, Branes and calibrated geometries, Comm. Math. Phys. 202 (1999) 571 [hep-th/9803216];

B.S. Acharya, J.M. Figueroa-O’Farrill and B. Spence, Branes at angles and calibrated geometry, J. High Energy Phys. 04 (1998) 012 [hep-th/9803260]; G.W. Gibbons and G. Papadopoulos, Calibrations and intersecting branes, Comm. Math. Phys. 202 (1999) 593 [hep-th/9803163];

J.P. Gauntlett, N.D. Lambert and P.C. West, Supersymmetric fivebrane solitons, Adv. Theor. Math. Phys. 3 (1999) 91 [hep-th/9811024];

J.P. Gauntlett, Membranes on fivebranes, hep-th/9906162, to appear in Adv. Theor. Math. Phys..

[7] P.K. Townsend, P-brane democracy, in Particles, strings and cosmology, J. Bagger, G. Domokos, A Falk and S. Kovesi-Domokos eds., World Scientific 1996, [hep-th/9507048].

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

[9] E. Bergshoeff, E. Eyras, R. Halbersma, C.M. Hull, Y. Lozano and J.P. van der Schaar, Spacetime-filling branes and strings with sixteen supercharges, Nucl. Phys. B 564 (2000) 29 [hep-th/9812224].

[10] C.M. Hull, Massive string theories from M-theory and F-theory, J. High Energy Phys.

11 (1998) 027 [hep-th/9811021].

[11] T. Ueno, BPS states in 10+2 dimensions, hep-th/9909007.

[12] I. Bandos and J. Lukierski, Tensorial central charges and new superparticle models with fundamental spinor coordinates, Mod. Phys. Lett. A 14 (1999) 1257

[hep-th/9811022]; New superparticle models outside the HLS supersymmetry scheme,

hep-th/9812074;

I. Bandos, J. Lukierski and D. Sorokin, Superparticle models with tensorial central charges, Phys. Rev. D 61 (2000) 045002 [hep-th/9904109].

[13] E.R. C. Abraham and P.K. Townsend, Intersecting extended objects in supersymmetric field theories, Nucl. Phys. B 351 (1991) 313;

G.W. Gibbons and P.K. Townsend, A Bogomolnyi equation for intersecting domain walls, Phys. Rev. Lett. 83 (1999) 1727 [hep-th/9905196];

S.M. Carroll, S. Hellerman and M. Trodden, Domain wall junctions are 1/4-BPS states, hep-th/9905217.

[14] Jerome P. Gauntlett, Gary W. Gibbons, Christopher M. Hull and Paul K. Townsend, BPS states of D = 4 N = 1 supersymmetry, hep-th/0001024.

[15] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys.

08 (1998) 012 [hep-th/9805170].

[16] A. Sen, Non-BPS states and branes in string theory, hep-th/9904207.

[17] A. Hanany and E. Witten, Type IIB superstrings, BPS monopoles and threedimensional gauge dynamics, Nucl. Phys. B 492 (1997) 152 [hep-th/9611230].

[18] H. Lu and C.N. Pope, p-brane taxonomy, hep-th/9702086.