Received: March 16, 2001, Accepted: April 16, 2001

HYPER VERSION

Note on four Dp-branes at angles

Ion-Vasile Vancea^∗

Instituto de Física Téorica, Universidade Estadual Paulista Rua Pamplona 145, 01405-900 São Paulo SP, Brazil, and Grupo de Física Téorica Universidade Catolica de Petrópolis Rua Barão do Amazonas 124, 25685-000 Petrópolis RJ Brazil E-mail: vancea@cbpf.br, ivancea@ift.unesp.br

Abstract: In this note we analyse the dynamical potential of a system of four Dp-branes at arbitrary angles. The equilibrium configurations for various values of the relative angles and distances among branes are discussed. The known configurations of parallel branes and brane-antibranes are obtained at extrema of the dynamical potential.

Keywords: D-branes, Superstring Vacua.

∗On leave from Babes-Bolyai University of Cluj, Romania

Contents

1. Introduction 1

2. Two branes at angles 2

3. Dynamical potential of four branes at angles 4 3.1 Configurations in which the potential has an extrema 5 3.2 ϕ = 0 5 3.3 ϕ = 0, χ = ω 6 3.4 ω = 0 6 3.5 χ = 0 6

4. Brane-antibrane pairs 7

5. Effects of tachyons 9

6. Discussions 10

1. Introduction

The D-branes at angles, viewed either as boundary states in the Fock space of the closed strings [1, 2, 3] or as solitons in the low energy limit of string theories [4]– [7] can form interesting systems. Recently, they had been realized in super Yang- Mills theories [8]–[11] and it was shown in [12]–[16] that the cancellation of the tadpole anomaly in type-II theories compactified on Z_N × Z_M orbifolds requires the introduction of D-branes at angles in order to produce supersymmetric non-chiral field theories. On the other hand, there were found static solutions to Einstein’s equations corresponding to branes at angles that intersect on a three-brane in the context of the Randall-Sundrum model [17]. A deficit angle in the transverse space of branes was used in a tentative to motivate a critical cosmological constant [18]. Also, the branes at angles were employed in the modelling of black-holes [19]. Branes at angles on compact manifolds and in the Born-Infeld field theory were studied in [20]– [23]. More recently, their connection with the non-commutative geometry has been investigated in [24, 25, 26].

The interacting potential between two Dp-branes depends on their relative angles [27, 28, 29] and it has relative and absolute extrema which describe a braneantibrane system or a configuration of two parallel branes, respectively. Using several D-branes and NS-branes, some stable configurations of branes-antibranes can be obtained [30, 31] by compensating geometrically the interaction generated by the tachyonic fields [32]. However, it is interesting to see if there are any stable configurations of D-branes only. Intuitively, one would say that it is possible to find some values of the relative angles between branes for which the potential of the system reaches an extrema. The aim of this short note is to address the question of stability in the case of a system of four Dp-branes at angles. This system is more richer than a system of three branes since it includes the latter one and presents a configuration of two brane-antibrane pairs.

The outline of the paper is as follows. In section 2 we review the basic features of a system formed by two branes at angles. In section 3 we construct the dynamical potential of four branes and analyse their configurations. In section 4 we present some configurations that describe brane-antibranes. In these two sections the effects due to the presence of the tachyons are ignored. The reason is that the tachyons should be described by an open string field theory and at present we do not know any such of theory that describes branes at angles (but see [39]). However, the tachyons play an important role in the dynamics and stability. Therefore, in section 5 some general comments on the tachyons of the system are made. Section 6 is devoted to discussions.

2. Two branes at angles

Let us consider two Dp-branes in type-II string theories that make a relative angle θ in the (p, p + 1) plane and are separated by a vector Z^μ. Consider an open string stretched between the branes with one end at σ = 0 on one brane and the other end at σ = π on the other brane. The boundary condition are the usual ones on the directions outside this plane and are given by

X^{(p)} sin θ − X^{(p+1)} cos θ = 0 , ∂_σX^{(p)} cos θ + ∂_σX^{(p+1)} sin θ = 0 , (2.1)

in the plane, on the brane on which σ = π. The fermionic boundary conditions follow from the requirement that the string be supersymmetric. In the RNS formalism in superconformal gauge they are given by the usual boundary conditions outside the (p, p + 1)-plane and by

ϵ̄ρ^1ρ^0ψ^{(p)} = 0 , ϵ̄ρ^1ρ^1ψ^{(p+1)} = 0 , (2.2) for σ = 0 and

ϵ̄ρ^1ρ^0 ( cos θψ^{(p)} + sin θψ^{(p+1)} ) = 0 , ϵ̄ρ^1ρ^1 ( cos θψ^{(p)} − sin θψ^{(p+1)} ) = 0 , (2.3)

for σ = π. Here, ρ^0 and ρ^1 are the complex Dirac matrices and ϵ is an arbitrary twodimensional Majorana spinor that parametrizes the supersymmetry transformation. The system can be quantized in the canonical formalism [1, 2, 3] and the usual Ramond and Neveu-Schwarz sectors are obtained with the ranges of the indices of the Fourier modes in Z + θ/π in R sector and Z + 1/2 + θ/π in the NS sector.

The interaction between the branes can be calculated from the exchange of states from the closed string channel. The scattering amplitude of the massless states (→ 0 limit) is given in terms of the dual open string variables by the following relation [1] A(θ, Z) = V_p ∫ dt t (8π^2α^′t)^{−p/2}e^{− Z2t}2π^2α^′ [ 8t^3 tan ( θ 2 ) sin^2 ( θ 2 )] (2.4)

and it is computed as in the θ = 0 case [33].

The dynamical potential of the long range interactions has contributions from both R and NS sectors and its form can be read off eq. (2.4). If we consider for simplicity that Z^μ has just one component different from zero then the potential has the following form: V (θ, Z) = −V_p4(4πα^′)^{3−p}π^{p/2−4}Γ ( 3 − p 2 ) Z^{p−6} (1 − cos θ)^2 sin θ

. (2.5)

For θ ∈ [0, π] the potential above has

Figure 1: The interacting potential between two Dp-branes in the interval [0, 2π] with a fixed value of the constants and for an arbitrary finite separation between branes.

an absolute maximum at π where it blows up. This is interpreted as an unstable brane-antibrane configuration which eventually collapses to an brane of lower dimension. The reson for that is the presence of a tachyon that is not removed from the spectrum by the GSO projection [35]. Let us remark that one can extend the analysis for the case when θ ∈ [0, 2π]. The boundary conditions (2.1) remain the same if we replace the angle θ by θ +π. Therefore, the solution of the bosonic equations of motion is the same and by supersymmetry we will obtain the same spinorial solutions. However, if we plot the potential for the full interval [0, 2π], we see that π is in the same time an absolute minimum of the function (see figure 1).

One possible interpretation is that for small angles above π the system will tend to assume the brane-antibrane configuration and at this point the system decays to a stable brane of lower dimension [35]. At 0 and 2π the systems has a zero potential. This corresponds to two parallel branes between which the NS and R contributions to potential cancell each other.

The system breaks all the supersymmetries of the background for arbitrary angle between branes [34]. In the non-supersymmetric configurations a tachyon appears for any value of the angle between branes at distances below some critical value.

3. Dynamical potential of four branes at angles

In this section we will discuss the dynamical potential of a system of four Dp-branes. This potential is obtained by integrating over the amplitude of exchange massless modes of closed strings.

Let us consider a system of four Dp-bra- Pair Angles Distance p − p^′ ϕ Y p − p̄ ω L_1 p − p̄^′ ϕ + χ Y + L_2 p^′ − p̄ ϕ − ω Y − L_1 p^′ − p̄^′ χ L_2 p̄ − p̄^′ ϕ + χ − ω Y + L_2 − L_1

Table 1: The angle and distance between branes in each sector.

nes that make one relative angle between any of two of them in the (p, p + 1) plane. We denote the four branes be p, p̄, p^′ and p̄^′, respectively. In what follows we will consider only two brane processes in closed string tree level approximation. The sectors entering in this interaction and the general configuration of the system are parametrized by three angles and three relative distances which are chosen accordingly to the table 1. The strings stretching between any two branes have boundary conditions of the type (2.1) in the (p, p+1) plane. The interactions between branes are superpositions of two brane interactions. Therefore, the total potential is just a sum of the potentials from all sectors above

V (θ_i, L_i) = ∑ i V_i(θ_i, L_i) , (3.1) where θ_i ∈ {ϕ, ω, ϕ + χ, ϕ − ω, χ, ϕ + χ − ω} and L_i ∈ {Y, L_1, Y + L_2, Y − L_1, L_2, Y + L_2 − L_1}. Explicitely, the dynamical potential for long range interactions has the following form: V ∼ (1 − cos ϕ)^2 sin ϕ

Y^{p−6} +

(1 − cos ω)^2 sin ω

L^{p−6}_1 +

(1 − cos χ)^2 sin χ

L^{p−6}_2 + + (1 − cos(ϕ + χ))^2

sin(ϕ + χ)

(Y + L_2)^{p−6} +

(1 − cos(ϕ − ω))^2

sin(ϕ − ω)

(Y − L_1)^{p−6} + + (1 − cos(ϕ + χ − ω))^2 sin(ϕ + χ − ω)

(Y + L_2 − L_1)^{p−6} , (3.2)

where ∼ means that we are considering the equality up to a numerical constant.

We would like to know whether there are any values of the relative angles among branes that extremise the potential (3.2). This is equivalent to finding the solutions of the following system:

F (ϕ)Y^{p−6} + F (ϕ + χ)(Y + L_2)^{p−6} + F (ϕ − ω)(Y − L_1)^{p−6}+ +F (ϕ + χ − ω)(Y + L_2 − L_1)^{p−6} = 0 , F (ω)L^{p−6}_1 − F (ϕ − ω)(Y − L_1)^{p−6} − F (ϕ + χ − ω)(Y + L_2 − L_1)^{p−6} = 0 , F (χ)L^{p−6}_2 + F (ϕ + χ)(Y + L_2)^{p−6} + F (ϕ + χ − ω)(Y + L_2 − L_1)^{p−6} = 0 , (3.3)

where F (θ_i) = (1−cos θ_i)(2+cos θ_i)/(1+cos θ_i). In (3.3) the distances are considered fixed and finite.

3.1 Configurations in which the potential has an extrema

In general, the solutions of the system (3.3) will depend on the parametes Y, L_1, L_2. However, as it is easy to see, there are some solutions independent of all distances. These describe configurations with arbitrary combinations of the following values of angles:

ϕ = 0, 2π , ω = 0 , 2π , χ = 0, 2π . (3.4)

The result is known and it says that parallel branes form a stable system. In these configurations the value of the potential is zero.

3.2 ϕ = 0

More general solutions of (3.3) will depend on certain values of the Y , L_1 and L_2. Due to the fact that the system above is degenerate, we investigate some particular cases.

Let us assume that ϕ = 0 which implies that F (ϕ) is also zero. A non-trivial solution, i.e. a solution in which not all of the remaining G’s are zero, can exist only if the following equation is satisfied:

(Y + L_2)^{p−6} [ L^{p−6}_1 − (Y − L_1)^{p−6} ] (Y + L_2 − L_1)^{p−6} + + (Y − L_1)^{p−6} [ L^{p−6}_2 + (Y + L_2)^{p−6} ] (Y + L_2 − L_1)^{p−6} + + (Y + L_2 − L_1)^{p−6} [ L^{p−6}_1 − (Y − L_1)^{p−6} ] [ L^{p−6}_2 + (Y + L_2)^{p−6} ] = 0 . (3.5)

Once (3.5) solved, one can find, in priciple, the values of F ’s for which the potential has an extrema, and from them one can deduce the angles of the configuration, if any.

An obvious solution of eq. (3.5) is given by Y = L_1 − L_2 (we consider only positively definite distances.) A general solution is a root of the equation of degree 3(p − 6) in one distance, say Y , in function of the other two. In the limit when L_1 → 0, L_2 → 0, the extrema can be obtained only if Y → 0, that is if the system collapses. In the case of six branes the system is stable only if the angles χ and ω are simultaneously zero or 2π.

3.3 ϕ = 0, χ = ω

To obtain non-trivial solutions in this case one has to set all the distances to zero. The other possibility is to have the following relationship between F ’s satisfied:

F (χ) = F (ω) ( L_1 L_2 )_{p−6} , (3.6)

which holds only for p ≠ 6. For p = 6 the solution is given by (3.4). In addition, the distances L_1 and L_2 should satisfy the following relation:

(2L_1 + L_2)^{p−6} = −L^{p−6}_2 , (3.7)

while Y = 2L_1. For four, five and eight branes the configurations are easly red off these conditions.

3.4 ω = 0

The system (3.3) is degenerate in this case, too. However, the corresponding relation L^{p−6}_2 [ (Y + L2)^{p−6} + (Y + L_2 − L_1)^{p−6} ] − − L^{p−6}_2 (Y + L_2 − L_1)^{p−6} [ Y^{p−6} + (Y − L_1)^{p−6} ] = 0 (3.8)

admits solution for p = 6 if Y − L_1 ≠ 0 and Y + L_2 − L_1 ≠ 0, in contrast with the previous case (3.5). For any of the limits L_1 → 0 or L_2 → 0, the relation cancells for any values of the remaining two parameters.

3.5 χ = 0

The relation that resolve the degeneracy of the system is given by

L^{p−6}_1 (Y + L_2)^{p−6} [ (Y − L_1)^{p−6} + (Y + L_2 − L_1)^{p−6} ] − − L^{p−6}_1 (Y + L_2 − L_1)^{p−6} [ Y^{p−6} + (Y + L_2)^{p−6} ] = 0 . (3.9)

In this case, there are solutions for p = 6 for any value of all parameters. In the limit where L_1 → 0, the potential can have an extrema for any Y and L_1. At L_2 → 0 we have solutions for arbitrary Y and L_1. If we set now the angles ϕ = ω we see that the potential can have an extrema only if the system collapses.

We may ask what happens when the potential is varied with respect to the parameters Y , L_1 and L_2, respectively. Since the derivative of the potential with respect to the spatial variable is the definition of the force, we may rephrase this question by writing the condition of stability of the system in terms of forces acting on branes. In this situation, the system would be stable if each of the brane is in equilibrium, that is if all forces acting of each brane cancell each other.

This condition can be casted into the following form for p ≠ 6:

G(ω)L^{p−5}_1 + G(ϕ)Y^{p−5} + G(ϕ + χ)(Y + L_2)^{p−5} = 0 , −G(ω)L^{p−5}_1 + G(ϕ − ω)(Y − L_1)^{p−5} + G(ϕ + χ − ω)(Y + L_2 − L_1)^{p−5} = 0 , −G(ϕ)Y^{p−5} − G(ϕ − ω)(Y − L_1)^{p−5} + G(χ)L^{p−5}_2 = 0 , −G(ϕ + χ)(Y + L_2)^{p−5} − G(ϕ + χ − ω)(Y + L_2 − L_1)^{p−5} − G(χ)L^{p−5}_2 = 0 , (3.10)

where G(θ_i) is the term from the potential that depends on θ_i. The system above is degenerate, therefore the best one can do is to express three of the terms containing distances in terms of the other three, containing the angles. Again, particular solutions can be obtained by setting some parameters to constants. For example, for the angle ϕ = 0 and the other angles undetermined we obtain a relation between the spatial parameter

(Y + L_2)^{p−5} L^{p−5}_1 = L^{p−5}_2 (Y − L_1)^{p−5} = L^{p−5}_2 + (Y + L_2)^{p−5} L^{p−5}_1 + (Y − L_1)^{p−5}

= 0 . (3.11)

It is easy to see that for L^2 + L^2_1 + 6L_1L_2 > 0 there are acceptable solution of (3.11) which give the expression of Y in terms of L_1 and L_2.

In a similar way we can discuss the configurations at fixed angles ω = 0 and χ = 0. The correspondig relations are given by

(Y + L_2)^{p−5} Y^{p−5} = (Y + L_2 − L_1)^{p−5} (Y − L_1)^{p−5} = − (Y + L_2 − L_1)^{p−5} + (Y + L_2)^{p−5} Y^{p−5} + (Y − L_1)^{p−5}

(3.12) and (Y − L_1)^{p−5} Y^{p−5} = (Y + L_2 − L_1)^{p−5} (Y + L_2)^{p−5} = (Y + L_2 − L_1)^{p−5} + (Y − L_1)^{p−5} Y^{p−5} + (Y + L_2)^{p−5}

, (3.13)

respectively. We consider in all relations above that the denominators do not vanish. The (3.11), (3.12) and (3.13) represent necessary conditions for the stability of the system. However, they should not be compatibile to each other since they were established for different values of angles.

4. Brane-antibrane pairs

For each relative angle that equals π there is an antibrane in the system. The non-equivalent configurations of branes-antibranes are the ones containing one or two antibranes. For three antibranes the system is equivalent with a system with one antibrane.

One antibrane can be obtained by setting ω = 0. If ϕ and χ are left arbitrary, the system will contain one brane-antibrane pair and two branes at arbitrary angle. We assume that these angles do not equal π. The potential V (ϕ, ω = π, χ) for any

Figure 2: The behaviour of the dynamical potential of D7-branes with one brane-antibrane pair in the interval t ∈ [0, 1] where ω = (1 − t)π and L_1 = tL_0.

Figure 3: The behaviour of the dynamical potential of D8-branes with one brane-antibrane pair in the interval t ∈ [0, 1] where ω = (1 − t)π and L_1 = tL_0.

Figure 4: The behaviour of the dynamical potential of D9-branes with one brane-antibrane pair in the interval t ∈ [0, 1] where ω = (1 − t)π and L_1 = tL_0.

Figure 5: The typical behaviour of the dynamical potential of Dp-branes, p ≤ 6, with one brane-antibrane pair in the interval t ∈ [0, 1] where ω = (1 − t)π and L_1 = tL_0.

finite distances between branes is as in figure 1. However, for certain behaviour of the parameters ω and L_1 the potential is finite as ω → π and L_1 → 0. To see this, we assume that L_1 and ω vary towards 0 and π, respectively, with the same parameter t which we pick up to be between [0, 1]. The dependence of the two parameters on t should be L_1 = tL_0 and ω = (1 − t)π where L_0 is a constant. Then for p = 7, 8, 9 the potential has a finite value at t = 0 as shown in figures 2, 3 and 4. The typical behaviour of p ≤ 6 branes is illustrated in the figure 5. In plotting the potentials above, the distance L_0 was chosen positive and greater than one. A special case is obtained when ϕ = χ = 0. The configuration described in this case is that of three parallel branes and one antibrane among them. Thus there are three braneantibrane pairs. The potential blows up in the neighbourhood of π for any values of the parameters Y , L_1 and L_2 least the following relation is satisfied:

(Y + L_2 − L_1)^{p−6} + (Y − L_1)^{p−6} − L^{p−6}_1 = 0 (4.1) for which its value is undetermined. We notice that when the brane-antibrane are one a top of the other, the potential actually continues to be infinite. If the two branes are on the top of the other, there are two real solutions for Y in terms of L_1: Y_{1,2} = (2 ± √ 3)L_1.

A configuration of two brane-antibrane pairs is obtained when two relative angles are set to π. If we choose ω = χ = π and leave ϕ arbitrary, we see that, as in the previous case, the potential will diverge in this configuration due to terms of the form (1+1)^2/0. The only possibility of making these terms finite is when their coefficients go to zero as the angles go to π. This implies that the following equation should be satisfied by the relative distances between branes

L^{p−6}_1 + L^{p−6}_2 + (Y + L_2)^{p−6} + (Y − L_1)^{p−6} = 0 . (4.2)

Again, branes of different dimensionality will allow different solutions for eq. (4.2). For p = 6 there is no possibility of getting a finite potential, while for p = 7 one should set Y = −L_2 for any value of L_1.

5. Effects of tachyons

In the previous sections we have analysed the configurations of four Dp-branes that make relative arbitrary angles and are spaced by relative arbitrary distances and we discussed some general configurations given by the extrema of the dynamical potential. However, it is known that for arbitrary values of angles and distances, a pair of Dp-branes is in a non-supersymmetric configuration [34]. In this situation, since the NS ground state of the system depends on the relative distance and angle between the branes its mass is given by [34]

α^′m^2 =

Z^2 4π^2α^′ + θ 2π . (5.1)

Thus, for any given angle θ ∈ [0, 2π] there is a critical distance under which the ground state is a tachyon. The tachyon potential will affect the stability of the system. As was conjectured in [35] the system will evoluate until the potential will reach to a minimum. For a brane anti-brane system, one on the top of the other, the minimum will be reached in a configuration that represents a Dp-brane of lower dimensionality.

In the case of four Dp-branes at angles, the same reasoning applies to all pairs and six tachyons may appear if the relative distances among branes are smaller than the critical values. For 0 ≤ θ_i ≤ π these are given by the following relations:

L^2_{ic} = (2πα^′)_1θ_i . (5.2)

The equations above impose lower bound limits for the validity of the results obtained in the previous sections. If any of L^2_i < L^2_{ic} then a tachyon appears in the corresponding sector and the dynamics will be determined by the tachyon potential.

However, the tachyon is an off-shell degree of freedom of string, and therefore its dynamics cannot be described by a first quantized string theory. If some of the relative angles θ_a = π and if the interaction among the tachyons is neglected, the tachyon potential is given by [36]

V (T_a) = ∑ a e^{− 14 T 2a} = 1 − ∑ a 1 4 T^2_a + · · · , (5.3)

and the tachyons condensate at T_a → ∞ leaving behind lower-dimensional branes in that sectors. However, the value of the tachyonic potential is not know for general angles. We hope to be able to say more on this topic in a future work [39].

6. Discussions

From the configurations analysed above, we can see that the extremum of the interacing potential between four branes at angles can be expressed as a condition between relative angles and distances among branes. For fixed angles, the condition reduced to some relations between distances, while for fixed distances, the extremum of the potential implies some relations between functions of cosine of angles. In general the angular factors F (θ_i) and G(θ_i) cannot be determined uniquely from the degenerate systems in which they enter, but two of them can be determined as functions of the third one. This leads to some algebraic equations which ranks depend on the dimensionality of the brane. Somewhat special are the cases when the angular part blows up and the spatial part goes to zero. If one assumes some relation between the way in which the two of them vary towards these limits, this implies for p = 7, 8, 9 some configurations in which the potential can have an extremum, while for lower branes the potential continues to have an infinite value. Nevertheless, when talking about stable configuration, we see that the situation is different. For example if one consider a system that contains one antibrane and three parallel branes, the antibrane might be in equilibrium due to the fact that the forces on it from various branes may compensate each other, but its force on any brane cannot be compensated. Consequently, there is a collapse due to the presence of three tachyonic fields in the system which in general interact among each other. If the tachyons are considered as noninteracting fields, their potential is given by eq. (5.3). However, in general case, its form is unknown. Due to the fact that the tachyons are off-shell degrees of freedom, this potential should be obtained from an open string field theory [36, 37, 38].

Acknowledgments

I acknowledge for useful discussions to N. Berkovits and J. Schwarz. I would also like to thank to C.A.T. Echevarria and C.R. dos Santos for suggestions and to J. Abdalla Helayël-Neto and M.A. de Andrade for supporting this work at GFT-UCP. Also, this work was partially supported by a FAPESP postdoc fellowship.

References

[1] H. Arfaei and M.M. Sheikh Jabbari, Different D-brane interactions, Phys. Lett. B 394 (1997) 288 [hep-th/9608167].

[2] M.M. Sheikh Jabbari, Classification of different branes at angles, Phys. Lett. B 420 (1998) 279 [hep-th/9710121].

[3] R. Abbaspur and H. Arfaei, Distributed systems of intersecting branes: orthogonal and at angles, Nucl. Phys. B 541 (1999) 386 [hep-th/9803162].

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

[5] T. Sato, Various supersymmetric brane configurations from superalgebras in many types of M-brane backgrounds, Nucl. Phys. B 548 (1999) 231 [hep-th/9812014].

[6] P.K. Townsend, M-branes at angles, Nucl. Phys. 67 (Proc. Suppl.) (1998) 88 [hep-th/9708074].

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

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

[8] T. Kitao, K. Ohta and N. Ohta, Three-dimensional gauge dynamics from brane configurations with (p, q)-fivebrane, Nucl. Phys. B 539 (1999) 79 [hep-th/9808111].

[9] N. Ohta and J.-G. Zhou, Realization of D4-branes at angles in super Yang-Mills theory, Phys. Lett. B 418 (1998) 70 [hep-th/9709065].

[10] T. Kitao, N. Ohta and J.-G. Zhou, Fermionic zero mode and string creation between D4-branes at angles, Phys. Lett. B 428 (1998) 68 [hep-th/9801135].

[11] A.A. Tseytlin, Generalised chiral null models and rotating string backgrounds, Phys.

Lett. B 381 (1996) 73 [hep-th/9603099].

[12] G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadan and A.M. Uranga, D = 4 chiral string compactifications from intersecting branes, hep-th/0011073.

[13] G. Aldazabal, L.E. Ibáñez, F. Quevedo and A.M. Uranga, D-branes at singularities:

a bottom-up approach to the string embedding of the standard model, J. High Energy Phys. 08 (2000) 002 [hep-th/0005067].

[14] A.M. Uranga, Brane configurations for branes at conifolds, J. High Energy Phys. 01 (1999) 022 [hep-th/9811004].

[15] S. Forste, G. Honecker and R. Schreyer, Supersymmetric Z_N × Z_M orientifolds in 4d with D-branes at angles, Nucl. Phys. B 593 (2001) 127 [hep-th/0008250].

[16] R. Blumenhagen, L. Gorlich and B. Kors, Supersymmetric 4d orientifolds of type-IIA with D6-branes at angles, J. High Energy Phys. 01 (2000) 040 [hep-th/9912204]; Supersymmetric orientifolds in 6d with D-branes at angles, Nucl. Phys. B 569 (2000) 209 [hep-th/9908130];

D.M. Gitman and A.L. Shelepin, Fields on the Poincaré group: arbitrary spin description and relativistic wave equations, hep-th/0003146.

[17] C. Csáki and Y. Shirman, Brane junctions in the Randall-Sundrum scenario, Phys.

Rev. D 61 (2000) 024008 [hep-th/9908186].

[18] T. Torma, Intersecting branes with an arbitrary excess angle, hep-th/0004021.

[19] V. Balasubramanian, F. Larsen and R.G. Leigh, Branes at angles and black holes, Phys. Rev. D 57 (1998) 3509 [hep-th/9704143].

[20] 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].

[21] 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]; Planes, branes and automorphisms, 1. Static branes, J. High Energy Phys. 07 (1998) 004 [hep-th/9805073].

[22] H. Arfaei and D. Kamani, Mixed-branes at angle in compact spacetime, Phys. Lett. B 475 (2000) 39 [hep-th/9909079].

[23] J.-W. Chen, M.A. Luty and E. Ponton, A critical cosmological constant from millimeter extra dimensions, J. High Energy Phys. 09 (2000) 012 [hep-th/0003067].

[24] P. Wang and R. Hong Yue, Rotation of D-brane and non-commutative geometry,

hep-th/9912213.

[25] B. Chen, H. Itoyama, T. Matsuo and K. Murakami, pp^′ system with B-field, branes at angles and noncommutative geometry, Nucl. Phys. B 576 (2000) 177 [hep-th/9910263].

[26] A. Hashimoto and K. Hashimoto, Monopoles and dyons in non-commutative geometry, J. High Energy Phys. 11 (1999) 005 [hep-th/9909202].

[27] T. Banks and L. Susskind, Brane-antibrane forces, hep-th/9511194.

[28] A. Matusis, Interaction of non-parallel D1-branes, Int. J. Mod. Phys. A 14 (1999) 1153 [hep-th/9707135]; A note on the interactions of compactified D-branes,

hep-th/9711051.

[29] J. Manjavidze and A. Sisakian, Quantization of extended objects, hep-th/0003039.

[30] S. Mukhi and N.V. Suryanarayana, A stable non-BPS configuration from intersecting branes and antibranes, J. High Energy Phys. 06 (2000) 001 [hep-th/0003219].

[31] S. Mukhi, N.V. Suryanarayana and D. Tong, Brane-antibrane constructions, J. High Energy Phys. 03 (2000) 015 [hep-th/0001066].

[32] S.P. de Alwis, Tachyon condensation in rotated brane configurations, Phys. Lett. B 461 (1999) 329 [hep-th/9905080].

[33] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724 [hep-th/9510017].

[34] J. Polchinski, String theory, Cambridge University Press, 1998.

[35] A. Sen, Stable non-BPS bound states of BPS D-branes, J. High Energy Phys. 08 (1998) 010 [hep-th/9805019]; BPS D-branes on non-supersymmetric cycles, J. High Energy Phys. 12 (1998) 021 [hep-th/9812031]; Non-BPS states and branes in string theory,

hep-th/9904207.

[36] N. Berkovits, A. Sen and B. Zwiebach, Tachyon condensation in superstring field theory, Nucl. Phys. B 587 (2000) 147 [hep-th/0002211].

[37] A. Sen and B. Zwiebach, Tachyon condensation in string field theory, J. High Energy Phys. 03 (2000) 002 [hep-th/9912249].

[38] A. Sen, Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027 [hep-th/9911116].

[39] I.V. Vancea, in preparation.