Received: December 22, 1998, Accepted: December 22, 1998

HYPER VERSION

BPS D-branes on non-supersymmetric cycles

Ashoke Sen

Mehta Research Institute of Mathematics and Mathematical Physics Chhatnag Road, Jhoosi, Allahabad 211019, INDIA E-mail: asen@thwgs.cern.ch, sen@mri.ernet.in

Abstract: In certain regions of the moduli space of K3 and Calabi-Yau manifolds, D-branes wrapped on non-supersymmetric cycles may give rise to stable configurations. We show that in the orbifold limit, some of these stable configurations can be described by solvable boundary conformal field theories. The world-volume theory of N coincident branes of this type is described by a non-supersymmetric U(N) gauge theory. At the boundary of the region of stability, there are marginal deformations connecting the non-supersymmetric brane to a pair of D-branes wrapped on supersymmetric cycles. We also discuss various relationships between BPS and non-BPS D-branes of type II string theories.

Keywords: D-branes, Brane Dynamics in Gauge Theories.

Contents

1. Introduction and summary 1

2. Type IIA D-string on a circle 5

3. Type IIA D-string on an orbifold 11

4. World-volume theory on coincident D-branes 14

5. Some generalizations 15 5.1 Branes wrapped on other non-supersymmetric cycles of K3 15 5.2 Branes wrapped on non-supersymmetric 2- and 3-cycles of a Calabi- Yau manifold 16

6. Descent relations among D-branes 18

1. Introduction and summary

Type IIA (IIB) string theory contains 2p-dimensional ((2p+1)-dimensional) extended objects known as Dirichlet branes (D-branes), which are invariant under half of the space-time supersymmetry transformations of the theory, are charged under the gauge fields arising in the Ramond-Ramond (RR) sector of the theory [1], and are stable. Upon compactification of the type II string theory on a K3 surface or a Calabi- Yau three fold, we can get stable, supersymmetric branes in the compactified theory by wrapping these D-branes on various supersymmetric cycles [2] of the compact manifold. These branes can also be shown to be stable, and invariant under part of the supersymmetry transformations of the theory.

Generically K3 surfaces and Calabi-Yau 3-folds also contain topologically nontrivial cycles which are not supersymmetric, and we can consider configurations where a D-brane is wrapped around one such cycle. The stability of this configuration is not guaranteed by supersymmetry. Typically such a non-supersymmetric cycle is homologically equivalent to a sum of several supersymmetric cycles. Thus it is in principle possible for a D-brane wrapped on a non-supersymmetric cycle to decay into several D-branes, each wrapped on a supersymmetric cycle. Whether such a decay is energetically favourable depends on the values of various moduli parametrising the vacuum. By working in the orbifold limit of K3 and certain Calabi-Yau space we show that D-branes wrapped on non-supersymmetric cycles can be stable in certain regions of the moduli space. Furthermore, it is possible to describe such a wrapped brane by a solvable boundary conformal field theory. Beyond the region of stability, the state can decay into a pair of BPS states obtained by wrapping a D-brane on supersymmetric cycles. This is signalled by the appearance of a tachyonic mode on the brane world-volume. At the boundary of the region of stability, the tachyon represents an exactly marginal deformation of the boundary conformal field theory, and interpolates between the non-BPS state and a pair of BPS states.

The starting point in our analysis are the non-BPS D-branes of type II string theories discussed in [3, 4, 5, 6, 7]. In particular type IIA (IIB) string theory contains non-BPS D-(2p + 1) (D-2p) branes. These branes are unstable, as indicated by the presence of a tachyonic mode on the brane world-volume. We show that if we start with type IIA string theory on T^4, take the non-BPS D-string of type IIA string theory wrapped on a circle of the torus, and mod out the theory by a Z_2 transformation which changes the sign of all the coordinates of the torus, then the resulting configuration can be interpreted as a D-membrane of type IIA string theory, wrapped on a non-supersymmetric cycle of the K3 orbifold. In certain range of values of the radii of the compact directions, the spectrum of open strings on the brane is free from tachyons, and hence the brane is stable. Outside this range a tachyonic mode develops indicating the existence of a lower energy configuration with the same quantum numbers. This result can be generalized to branes of higher dimensions, and also to the case of Calabi-Yau manifold obtained by taking the Z_2 × Z_2 orbifold of a six dimensional torus.

The paper is organised as follows. Throughout the paper we work in the limit of weak string coupling and restrict our analysis to open string tree level. In section 2 we analyse some aspects of type IIA D-string wrapped on a circle. This is a non- BPS configuration and has tachyonic modes. If the radius of the circle is R, and if x denotes the coordinate along the circle, then T (x) has an expansion:

T (x) = ∞∑ n=−∞ T_ne^{inx/R} . (1.1) The nth mode has mass squared

m^2_n = n^2 R^2 − 1 2 , (1.2)

in α^′ = 1 unit. Thus at the critical radius R = √ 2, T_{±1} becomes massless. We show that the combination (T_1 − T_{−1}) represents an exactly marginal deformation at the critical radius and study the effect of switching on the vacuum expectation value of (T_1 − T_{−1}). This can be done using bosonization techniques similar to the ones discussed in [5]. The final result is that by switching on an appropriate vev of the tachyon field, the boundary conformal field theory describing the system can be reduced to the one describing a D0 − D̄0 pair of type IIA string theory, situated at diametrically opposite points on the circle.

From eq. (1.1) we see that switching on

Figure 1: The tachyon background corresponding to (T_1 − T_{−1}) excitation.

(T_1 − T_{−1}) corresponds to a tachyon field configuration proportional to sin(x/R). This has been shown in fig. 1. This diagram suggests that switching on the tachyon vev of this form corresponds to the creation of a kink-antikink pair on the D-string. Combining this with the results stated in the last paragraph, we see that a kink (antikink) solution on a non-BPS D-string of type IIA string theory can be identified to a D0-brane (anti-D0-brane) of type IIA string theory.

If we make an R → (1/R) duality transformation on the compact coordinate, then type IIA string theory goes to type IIB string theory, the initial non-BPS Dstring becomes the non-BPS D-particle, and the final D0-brane anti-D0-brane pair separated by πR becomes a D-string anti-D-string pair of type IIB with half a unit of Wilson line on one of them. This is precisely the system studied in [5], except that the final state here was the initial state there, and the initial state here was the final state there. Thus the results of section 2 could have been derived by running the analysis of [5] backwards. There is however a specific reason why we have chosen to carry out the analysis explicitly. Although [5] shows how, by starting with a Dstring - anti-D-string configuration of IIB, we can produce a non-BPS D-particle via a series of marginal deformations, it was never shown explicitly that this D-particle is identical to the one described in [6]. Thus it is instructive to carry out the analysis backwards, i.e. start from a non-BPS D-particle of IIB as defined in [6], and find the series of marginal deformations that takes it to a D-string anti-D-string pair. This is precisely what is established by the analysis of section 2.

In section 3 we take the non-BPS D-string of type IIA compactified on a circle, and mod out the theory by a Z_2 transformation I_4 which reverses the direction of the circle (which we denote by x^9) and also of three other directions x^6, x^7, x^8. This gives a non-BPS state in the orbifold theory. We show that the zero momentum mode of the tachyon is projected out, and so from eq. (1.2) we see that the spectrum is free from tachyons in the range R ≤ √ 2. Thus this gives a stable non-BPS state in the theory.^1 In order to find a physical interpretation of this state, we note that T_1 − T_{−1} survives the projection by I_4, and hence at the critical radius R = √ 2 there still exists a marginal deformation which takes the present state to a D0-brane − anti-D0-brane pair situated at the fixed points (planes) of the Z_2 transformation I_4. These in turn can be interpreted as type IIA membranes wrapped on the 2-cycles associated with the blow up modes of the fixed points [8]. Since the stable non-BPS state below the critical radius has the same quantum numbers as the sum of the

1This configuration is related by T-duality to the stable non-BPS state discussed in refs. [3, 4].

quantum numbers of this pair of wrapped membranes, it is natural to interprete the non-BPS state as a membrane wrapped on a non-supersymmetric 2-cycle which is homologically equivalent to the sum of the two 2-cycles associated with the two blow up modes. As the radius changes from below √ 2 to above √ 2, it becomes energetically favourable for the brane wrapped on the non-supersymmetric cycle to break up into a pair of branes wrapped on supersymmetric cycles.

If we take the directions x^6, . . . x^8 also to be compact, then the theory under study is type IIA string theory on a K3 orbifold, and the non-BPS state describes a membrane wrapped on a non-supersymmetric cycle of K3. This construction can be easily generalized to a D-(2p + 2)-brane (D-(2p + 1)-brane) of type IIA (IIB) string theory wrapped on a non-supersymmetric 2-cycle of K3 by starting with an initial configuration where we have a non-BPS D-(2p + 1) (D-2p) brane of IIA (IIB) with one direction along x^9 and other directions along the non-compact directions.

In section 4 we study the world-volume theory of N coincident branes of this type. This requires computing the spectrum of massless open string states with ends on the D-branes, and can be done by standard techniques. Thus, for example, if we consider the D5-brane of type IIB wrapped on a non-supersymmetric 2-cycle of K3, we get a non-supersymmetric U(N) gauge theory in (3+1) dimensions with four massless Majorana fermions and two massless scalars in the adjoint representation of the gauge group,

In section 5 we consider some generalisations of the results of section 3. In particular we consider the case where we have the same K3 orbifold, but the starting configuration is a non-BPS D3-brane with all three directions tangential to the torus. Using R → (1/R) duality transformations we argue that after modding out the theory by I_4 this configuration represents a membrane wrapped on a new 2-cycle of K3. We also construct non-BPS states on a Calabi-Yau manifold obtained by compactifying two more directions (x^4 and x^5), and modding out the theory further by a new Z_2 transformation I^′_4 which reverses the direction of x^4, x^5, x^6 and x^7. We include appropriate shifts in the definition of I^′_4 so that neither I^′_4 nor I_4I^′_4 has any fixed point. (This model was discussed in [9].) By starting with an appropriate I_4 and I^′_4 invariant combination of non-BPS D-branes wrapped on various directions of T^6, we construct branes wrapped on non-supersymmetric 2- and 3-cycles of the Calabi-Yau manifold.

Section 6 is somewhat outside the main theme of this paper. In this section we discuss the interrelation between various supersymmetric and non-supersymmetric D-branes of type II string theories. These relations take the form of two step descent relations where we start from a brane-antibrane pair and end up with a single BPS D-brane. The first set of relations is obtained as follows. Let us consider a D-2p − anti-D-2p brane pair of type IIA string theory. There is a tachyonic excitation on this system [10] such that the tachyonic ground state corresponds to vacuum configuration [11, 12, 13]. If instead we take a tachyonic kink solution on this brane

Figure 2: The relationship between different D-branes. The horizontal arrows represent the result of modding out the theory by (−1)^{FL} , where the vertical arrows represent the effect of constructing a tachyonic kink solution.

antibrane pair, then the analysis of [5] shows that it describes a non-BPS D-(2p − 1) brane of IIA. This system also has a tachyonic excitation. If we consider a kink solution on the D-(2p − 1) brane associated with this tachyon, then according to the analysis of section 2, the result is a BPS D-(2p − 2)-brane of IIA. Similar result holds if we start with a D-(2p + 1)-brane − anti-D-(2p + 1) brane pair of type IIB string theory. In this case the end product is a D-(2p − 1) brane of IIB.

Another set of relations which we derive in this section is as follows. Let us again start from a D-2p-brane − anti-D-2p-brane pair of IIA. But this time, instead of considering the tachyonic kink solution on this pair, we mod out the theory by (−1)^{FL} , where (−1)^{FL} acts as −1 on all the Ramond sector states on the left-moving part of the world-sheet of the fundamental string, and leaves the other sectors unchanged. We show that the result is a non-BPS D-2p-brane of IIB. Upon further modding out the theory by (−1)^{FL} we get a BPS D-2p-brane of IIA.

Thus we have two sets of descent relations relating the various BPS and non-BPS D-branes. These relations have been summarized in fig. 2.

2. Type IIA D-string on a circle

In this section we shall start with a non-BPS D-string of type IIA string theory wrapped on a circle, and identify a series of marginal deformations which map it to a D0-brane anti- D0-brane pair, situated at diametrically opposite points on the circle. If we make a T-duality transformation along the circle, then the starting configuration is a D-particle of type IIB string theory, and the final configuration is a D-string anti-D-string pair, with half a unit of Wilson line along one of the strings. It was already shown in [5] that these two configurations are related by marginal deformation; so one might wonder why we cannot simply take the result of that paper. To this end, note that in the analysis of [5], we started from the D-string anti-D-string pair of IIB, and identified a series of marginal deformations whose end product was a D-particle on a circle. Although there is a great deal of evidence that this D-particle is the same as the D-particle defined in refs. [4, 6], this was never proved conclusively. The analysis of this section starts from the T-dual of the D-particle described in [4, 6] and identifies that marginal deformation that takes it to the T-dual of the D-string anti-D-string pair of IIB. Thus the result of this section can be taken to be further evidence for the equivalence between the D-particle of [4, 6] and of [5].

The non-supersymmetric D-string of type IIA string theory can be described in a manner similar to the one used in describing the non-supersymmetric D-particle of type IIB string theory [6]. If we take the D-string to lie along the 9th direction, then we put Dirichlet boundary condition on the coordinates X^1, . . . X^8, and Neumann boundary condition on the coordinates X^0, X^9. However, unlike an ordinary D-string of type IIB string theory, the spectrum of open strings with both ends on the type IIA D-string contains Fock space states which are (−1)^F even as well as (−1)^F odd; with the (−1)^F even states carrying a Chan Paton (CP) factor equal to the 2 × 2 identity matrix I, and the (−1)^F odd states carrying Chan Paton factor σ_2, where σ_i (1 ≤ i ≤ 3) are the three Pauli matrices.^2 We use the standard convention that (−1)^F acts as −1 on the Neveu-Schwarz (NS) sector ground state of the open string. This system clearly has a tachyonic excitation coming from the NS sector ground state in the Chan Paton sector σ_2.

We shall be analysing the case where the 9th direction has been compactified on a circle of radius R_9 so that the momentum k_9 along this direction is quantized in units of 1/R_9. For simplicity of notation we shall denote X^9, R_9 and k_9 by X, R and k respectively. In the α^′ = 1 unit, the tachyon has mass^2 = (−1/2). Thus the nth mode T_n of the tachyon, defined through the expansion:

T (x) = ∞∑ n=−∞ T_ne^{i nR x} , (2.1)

has effective mass^2: m^2_n = n^2 R^2 − 1 2 . (2.2)

From this we see that at the critical radius R = √ 2 (2.3)

T_{±1} becomes massless. The vertex operators for T_{±1} are given as follows. Let ψ, ~ψ denote the right- and the left-moving components of the world-sheet fermion associated

2A slightly different description, which is extremely useful for discussing spinor states, has been given in [7]. But we shall not use this description here.

with the 9th direction, X_L, X_R denote the left- and the right-moving components of the scalar field X(= X_L + X_R), and ~Φ, Φ denote the left- and the right-moving components of the bosonized ghost [15]. Then, for NS sector states, the fields X, Φ, ~Φ, ψ, ~ψ satisfy the boundary conditions:^3

(X_L)_B = (X_R)_B ≡ X_B/2, ψ_B = ~ψ_B , Φ_B = ~Φ_B , (2.4)

where the subscript B denotes the values of various fields at the boundary of the world-sheet. In the −1 picture [15], the vertex operator of T_{±1} at the critical radius is given by:

V^{(−1)}_± = −e^{−ΦB} e^{± i√2 XB} ⊗ σ_2 . (2.5)

The overall − sign in the above equation is a matter of convention. In the zero picture these vertex operators take the form:

V^{(0)}_± = ∓iψ_B e^{± i√2 XB} ⊗ σ_2 . (2.6)

As in [5], we shall now fermionize the world-sheet scalar X in order to express the vertex operators in a simpler form. The bose-fermi relation takes the form: e^{i√2XR} = 1 √ 2 (ξ + iη) , e^{i√2XL} = 1 √ 2 ( ~ξ + i~η) . (2.7)

We can find another representation of the same conformal field theory by rebosonizing the fermions as follows: 1 √ 2 (ξ + iψ) = e^{i√2ϕR} , 1 √ 2 ( ~ξ + i ~ψ) = e^{i√2ϕL} . (2.8) ϕ represents a free bosonic field with radius √ 2. There is a third representation in which we use a slightly different rebosonization: 1 √ 2 (η + iψ) = e^{i√2ϕ′R} , 1 √ 2 (~η + i ~ψ) = e^{i√2ϕ′L} , (2.9) where ϕ^′ is another scalar field of radius √ 2. We can also relate the fermionic and the bosonic U(1) currents as follows: ψξ = i √ 2∂ϕ_R , ηξ = i √ 2∂X_R , ψη = i √ 2∂ϕ^′_R . (2.10)

There are also similar relations involving the left-moving currents.

Since X satisfies Neumann boundary condition (X_L)_B = (X_R)_B at the boundary of the world sheet, this translates to the Neumann boundary condition on the fermions:

ξ_B = ~ξ_B , η_B = ~η_B . (2.11)

3These boundary conditions are written in the coordinate system where the open string world sheet is represented as the upper half plane.

From (2.4), (2.8), (2.9) and (2.11) we see that ϕ and ϕ^′ both satisfy Neumann boundary condition at both ends:

(ϕ_R)_B = (ϕ_L)_B ≡ 1 2 ϕ_B , (ϕ^′_R)_B = (ϕ^′_L)_B ≡ 1 2 ϕ^′_B . (2.12)

However, as argued in [5], in the Ramond sector ϕ, ϕ^′ satisfy Neumann boundary condition at one end and Dirichlet boundary condition at the other end.

Using the bosonization relations (2.7)- (2.10) we can now express the tachyon vertex operators in a simpler form. However, before we do that, we need to address a subtle issue related to bosonization. Analysing (2.7) carefully we see that the left-hand side of this equation commutes with an operator carrying odd world-sheet fermion number (e.g. ψ), whereas the right hand side, being a fermionic operator, anti-commutes with an operator of odd world-sheet fermion number. In order to resolve this problem, we need to assign ‘cocycle’ factors [14] as follows. To every operator which is odd under (−1)^F we assign a cocycle factor of τ_3, and to every operator which carries odd unit of momentum along x^9, we assign a cocycle factor of τ_1. Here τ_i (1 ≤ i ≤ 3) are Pauli matrices. Thus eq. (2.7) now takes the form: e^{i√2XR} = 1 √ 2 (ξ + iη) ⊗ τ_1 , e^{i√2XL} = 1 √ 2 ( ~ξ + i~η) ⊗ τ_1 . (2.13)

This gives an extra − sign in the commutation relation of the right hand side of this equation with the (−1)^F odd states. Thus both sides of the equation now has the same commutation relations.^4

Combining this rule with the rule for the Chan Paton factor, we see that if n denotes the number of units of x^9 momentum carried by a vertex operator, then we need to assign Chan Paton and cocycle factors depending on the values of (−1)^n and (−1)^F given in table 1. Note that the 4×4 matrices (−1)^F (−1)^n CP⊗cocycle factor even even I ⊗ I ≡ I even odd I ⊗ τ_1 ≡ Σ_3 odd even σ_2 ⊗ τ_3 ≡ Σ_2 odd odd σ_2 ⊗ τ_2 ≡ Σ_1

Table 1: CP⊗cocycle factors.

I and Σ_i defined in this table satisfy the same algebra as the 2 × 2 identity matrix and the Pauli matrices.

Thanks to these bosonization rules, and eqs. (2.5), (2.6), we can express V_T ≡ 1 √ 2 (V_+ − V_−) , (2.14)

representing the vertex operator correponding to the tachyonic mode (T_1 − T_{−1}), as:

V^{(−1)}_T = e^{−ΦB} η_B ⊗ Σ_1, V^{(0)}_T = ψ_B ξ_B ⊗ Σ_1 . (2.15)

4One might wonder why similar cocycle factors were not necessary in the analysis of [5]. There all allowed vertex operators on the D-string anti- D-string system were even under (−1)^F h, where h = −1 (+1) for vertex operators carrying odd (even) units of x^9 momentum. The cocycle factors for a (−1)^F even, h even state is I, whereas that for a (−1)^F odd, h odd state is τ_2. Since these commute with each other, we could ignore them in the analysis of [5].

We shall concentrate our attention on the NS sector states, for which ϕ satisfies Neumann boundary condition. In this case, using eq. (2.10) and the definition of ϕ_B given in eq. (2.12) we can rewrite V^{(0)}_T as:

V^{(0)}_T = i √ 2 ∂ϕ_B ⊗ Σ_1 . (2.16)

From here on, the analysis proceeds exactly as in [5]. Switching on vev of the tachyon amounts to switching on a Wilson line along the ϕ direction. If as in [5] we label the tachyon vev by a parameter α with appropriate normalization, then at α = 1 the spectrum takes the following form. In the sectors with Chan Paton ⊗ cocycle factor I or Σ_1, the spectrum remains unchanged from its form at α = 0, whereas in the sector with Chan Paton ⊗ cocycle factor Σ_2 and Σ_3, the allowed Fock space states have opposite (−1)^F (−1)^n quantum numbers compared to the spectrum at α = 0. Since from table 1 we see that in these sectors, (−1)^F (−1)^n = −1 in the absence of tachyon vev, we conclude that at α = 1 these states have (−1)^F (−1)^n = 1. On the other hand, in the sectors corresponding to I and Σ_1, (−1)^F (−1)^n = 1 in the absence of tachyon vev, and hence they remain so even at α = 1. Thus we can conclude that at α = 1, all states have (−1)^F (−1)^n = 1; and furthermore, every state in the Fock space with (−1)^F (−1)^n = 1 appears twice in the spectrum. This in turn implies that there is no tachyonic state in the spectrum at this value of α, as the possible tachyon state, coming from the NS sector ground state, has (−1)^F = −1 and n = 0, and hence has (−1)^F (−1)^n = −1.

Following [5] we can now study the effect of increasing the radius R beyond its critical value √ 2. As in [5] one finds that for R > √ 2 the α = 1 point represents a local minimum of the tachyon potential, and the effect of increasing the radius of the x^9 direction to R = L √ 2 at α = 1 can be related to decreasing the radius of the ϕ^′ coordinate to √ 2/L = 2/R in the absence of tachyon vev. Denoting by ϕ^′_D the coordinate dual to ϕ^′, one finds that the ϕ^′_D coordinate has radius R/2; and there is Dirichlet boundary condition along the ϕ^′_D direction. Since the ϕ^′_D radius goes to ∞ as R → ∞, it is natural to interprete ϕ^′_D as the 9th direction. Its associated world-sheet fermion is ξ, ~ξ. Denoting by F_{new} the new world-sheet fermion number under which ξ, ~ξ are odd, and ψ, ~ψ, η, ~η are even, and by n^′_ϕ the number of units of ϕ^′ momentum or equivalently ϕ^′_D winding, we have the relation:

(−1)^F (−1)^n = (−1)^{Fnew} (−1)^{n′ϕ} . (2.17)

This can be easily verified by studying the action of both sides on various fields. Thus we see that the spectrum of open string states contains Fock space states with (−1)^{Fnew} (−1)^{n′ϕ} = 1, with each state in the Fock space satisfying this relation appearing twice in the spectrum. Note that since ϕ^′_D has radius R/2, n^′_ϕ unit of winding charge corresponds to a total winding charge of πRn^′_ϕ.

Let us now compare this with the spectrum of open strings in type IIA string theory compactified on a circle of radius R, with a D0-brane sitting at x^9 = a, and an anti-D0-brane sitting at x^9 = πR + a where a is some constant. In this case the Fock space will contain two copies of (−1)^F even states from open string with both ends on the D0-brane or both ends on the anti-D0-brane. Also these states will carry a total winding charge which is integral multiple of 2πR, i.e. even multiple of πR. On the other hand open strings with one end on the D0-brane and the other end on the anti- D0-brane correspond to Fock space states with (−1)^F = −1, carry winding charge which is odd multiple of πR, and also come in pairs due to two different orientations of the string. If we denote by πRn^′_ϕ the total winding charge, we see that the full spectrum consists of two copies of the Fock space states for which (−1)^F (−1)^{n′ϕ} = 1. This is exactly identical to the spectrum obtained in the previous paragraph. Thus we conclude that the marginal deformation of the wrapped D-string of the type IIA string theory that we have discussed in this section takes us to a D-particle anti- D-particle pair of type IIA string theory situated at diametrically opposite points of the circle.

This result can be interpreted in the following way. Switching on the real component of the tachyon field corresponding to (T_1 − T_{−1}) corresponds to a background tachyon field of the form: T (x) ∝ sin x R . (2.18)

As suggested by fig. 1, this corrsponds to the creation of a kink-antikink pair separated by πR. On the other hand our analysis shows that switching on T_1 − T_{−1} deformation takes us to a D0-D̄0 brane pair, separated by πR. This suggests that we should identify the kink (anti-kink) solution on the type IIA D-string as the type IIA D-particle (anti-D-particle).

This result has the following consequence. By T-dualizing the analysis of ref. [5] one can easily see that the type IIA D-string can be regarded as a tachyonic kink on the membrane-antimembrane pair. The excitations on this kink has a new tachyonic mode, due to the fact that the tachyon field on the membrane anti-membrane pair is complex, and hence the kink solution is unstable. Now we see that the kink solution associated with this new tachyonic mode is stable, and represents the Dparticle of type IIA string theory. On the other hand a simple topological analysis shows that the double kink, representing the tachyonic kink on the kink solution on the membrane anti-membrane pair, is nothing but the tachyonic vortex on the membrane-antimembrane pair discussed in [5, 7]. This establishes the claim that the tachyonic vortex on the membrane antimembrane pair of type IIA string theory represents a D-particle. This can be easiliy generalized to show the equivalence of the vortex solution on a D(p + 2)-brane anti- D(p + 2)-brane to a Dp brane − a result which has been suggested in ref. [3] and used recently to show that D-brane charges take values on the K-theory of space-time [7].

3. Type IIA D-string on an orbifold

In this section we shall analyse a Z_2 orbifold of the system considered in section 2. The Z_2 group will be generated by an element I_4 which reverses the sign of the 9th direction as well as three other directions which we shall take to be along x^6, x^7 and x^8. Also for definiteness, we shall take the fixed planes of this transformation to be located at x^6 = x^7 = x^8 = 0, x^9 = 0, πR. In order to see the fate of the nonsupersymmetric D-string along the 9th direction under this orbifold operation, we need to know how I_4 acts on the open string states with ends lying on the D-string. This, in turn, requires knowing the action of I_4 on the oscillators, the momenta, as well as on the vacuum. The action on the oscillators and the momentum components is straightforward; those associated with X^6, . . . X^9 and their world-sheet fermionic partners change sign; whereas those associated with X^0, . . . X^5 and their fermionic partners do not change sign. The action on the vacuum needs to be determined separately in each Chan Paton sector. First of all in the Chan Paton sector I, the mode corresponding to translation of the D-string along the X^i direction for 1 ≤ i ≤ 5 must be even under I_4 since it has a non-vanishing 2-point function with the 0i component of the space-time metric which is even under I_4. Since the X^1, . . . X^5 oscillators do not change sign under I_4, this shows that I_4 must leave the vacuum in this sector invariant. In order to determine the action of I_4 on the vacuum in the Chan Paton sector σ_2, let us note that if A_μ denotes the RR sector vector field of the type IIA string theory, then the two point function of A_9, and the tachyonic open string state in the Chan Paton sector σ_2, carrying zero momentum along x^6, . . . x^9, is non-vanishing. (This can be seen by a computation very similar to one done in ref. [7] for non-supersymmetric D0-brane.) Since A_9 is odd under I_4, this shows that the tachyonic ground state with zero x^6, . . . x^9 momentum is odd under I_4. In other words, the vacuum in the Chan Paton sector σ_2 is odd under I_4.

From this we see that the tachyon carrying zero momentum along x^9 is projected out when we mod out the theory by I_4. For non-zero x^9 momentum n/R, the modes which survive are:

T_n − T_{−n} . (3.1)

Since the n = 0 mode is absent, from eq. (2.2) we now see that below the critical radius R = √ 2, there are no tachyonic modes. Thus the configuration is stable in this region. On the other hand above the critical radius, this configuration becomes unstable due to the appearance of a tachyonic mode T_1 − T_{−1}. As we have seen in section 2, this signals the possibility of the decay of the wrapped D-string into a pair of D0-branes at diametrically opposite points on the x^9 axis. In order to see what this final configuration corresponds to in the orbifold theory, we need to have more precise information about the locations of the D0-brane - anti-D0-brane pair. Since modding out by I_4 breaks translation invariance along x^9, it is nolonger sufficient to just say that they are separated by a distance πR. To this end, note that since we have a single D0-brane and a single anti- D0-brane, the only way to get an I_4 invariant configuration is to have one of them located at x^9 = 0, and the other one located at x^9 = πR. This can also be seen explicitly from fig. 1. The location of the 0-branes after tachyon condensation can be taken to be the places where the tachyon field vanishes, since these are the places where the fundamental property of the D-brane − that open strings can end there − remains intact. From fig. 1 we see that when the combination T_1 −T_{−1} is switched on, these points are located at x^9 = 0 and x^9 = πR. Thus these are the locations of the D0-brane and the anti-D0-brane after tachyon condensation.

The effect of modding out such a configuration by I_4 was studied in [8]. The result was that these correspond to membranes wrapped on the collapsed 2-cycles associated with the orbifold singularities. Naively one would think that these configurations would have vanishing mass; however this does not happen since on each of these collapsed 2-cycles there is half a unit of flux of the rank two anti-symmetric tensor field arising in the NSNS sector of the closed string [16]. Thus we see that when R > √ 2, our original configuration becomes unstable against decay into a pair of membranes, wrapped around the pair of 2-cycles associated with the orbifold fixed planes at (x^5, . . . x^9) = (0, 0, 0, 0) and (0, 0, 0, πR). This clearly suggests that the stable configuration for R < √ 2 that we had started with has the interpretation of a membrane that wraps around a 2-cycle which is homologically identical to the sum of the 2-cycles associated with the two fixed points. This is not a supersymmetric cycle [2], as the state obtained by wrapping a membrane on it is not a BPS state. Nevertheless a membrane wrapped on it is stable in some region of the moduli space.

This interpretation can also be seen by constructing the boundary state [17, 18] corresponding to the original configuration. Before the orbifold projection the boundary state is given by: |θ, U⟩_{NSNS} , (3.2) where |θ, U⟩_{NSNS} has been defined in eq.(3.4) of [3]. Here θ is the Wilson line associated with the U(1) gauge field living on the D-string. Note that although the boundary states for D-string were defined in [3] for type IIB D-strings, we can use the NSNS sector components of the same boundary state to describe the D-string of type IIA. Comparing with eq.(3.6), (3.7) of [3] we see that in the present case there is no RR component in the boundary state, whereas the NSNS sector contribution has an extra factor of √ 2. This is consistent with the prescription of [6]. When we mod out by the transformation I_4, θ is constrained to take value 0 or π, and we also need to add extra terms to the boundary state which will be responsible for projecting out the I_4 non-invariant states from the open string sector. These extra terms can also be described in the language of ref. [3]. The resulting boundary state describing the type IIA D-string on the orbifold is given by: |θ, ϵ⟩ = 1 √ 2 |θ, U⟩_{NSNS} + 1 2 ϵ(|T_1⟩_{RR} + e^{iθ}|T_2⟩_{RR}) , (3.3)

where ϵ takes values ±1 and |T_1⟩_{RR}, |T_2⟩_{RR} are the RR components of the twisted sector boundary states located at x^9 = 0 and x^9 = π respectively, as defined in [3]. Note that although in [3] we considered the case of type IIB string theory instead of type IIA, and considered orbifolding by (−1)^{FL} I_4 instead of just I_4, these two differences compensate each other so that the states |T_i⟩_{RR} are valid states (i.e. satisfy the GSO projection) in the type IIA orbifold that we are analysing here.^5 Following the analysis of [3] one can easily verify that the effect of adding the twisted sector contribution to the boundary state is to add an extra projection operator (1 + I_4 · (−1)^F )/2 to the open string partition function with I_4 acting as (+1) and (−1)^F acting as (−1) on the vacuum of the NS sector. Since for Chan Paton factor I the allowed states are (−1)^F even, they must also be I_4 even. On the other hand in the sector with Chan Paton factor σ_2 the allowed Fock space states are (−1)^F odd and hence they must also be I_4 odd. This is equivalent to assigning the vacuum I_4 charge (−1) and keeping I_4 even states in the spectrum. Thus the spectrum of open strings associated with the boundary state (3.3) agrees with the spectrum on the non-BPS string described earlier.

From (3.3) we see that the type IIA D-string on this orbifold acts as sources of the RR gauge fields in the twisted sector. Since these gauge fields couple to membranes wrapped on the collapsed 2-cycles, we see that the D-string on the orbifold can be regarded as membrane wrapped simultaneously on these two 2-cycles. Since both ϵ and e^{iθ} can take values ±1, we can get four different configurations, representing four possible ways of wrapping the membrane around the two 2-cycles. Note however that in each case, the configuration is neutral under the untwisted sector RR gauge field A_μ which couples to the D0-brane charge of type IIA string theory.

Clearly the above procedure could be repeated even if we compactify the directions x^6, . . . x^8 so that the orbifold describes a K3 manifold. Thus the procedure described here gives us a solvable boundary conformal field theory describing membranes wrapped on non-supersymmetric cycles of K3. However in this case the Fock space ground state of the open strings with ends on the D-string and carrying one unit of winding number along x^6, x^7 or x^8, is not projected out, as I_4 maps a winding number 1 state to a winding number −1 state. If we consider the state with one unit of winding number along x^8 for definiteness, then the mass m of this state is given by: m^2 = R^2_8 − 1 2 . (3.4)

5This can be seen by noting that the GSO projection operators in the closed string sector of the present theory, acting on the twisted sector RR ground state, takes the same form as given in eq.(2.41) of [3]. The T-dual version of this result has been discussed in [4].

Thus in order that there are no tachyonic excitations, we need to have R_8 ≥^{1√}_2 . Similarly by analysing the winding modes along x^6 and x^7 we get similar constraints on R_6 and R_7. Thus the membrane wrapped on the non-BPS cycle is stable in the region:

R_6 ≥ 1 √ 2 , R_7 ≥ 1 √ 2 , R_8 ≥ 1 √ 2 , R_9 ≤ √ 2 . (3.5)

As we have already seen, beyond the boundary R_9 = √ 2, the state can decay into a pair of membranes wrapped on supersymmetric cycles. In order to see what happens at R_8 = (1/ √ 2), we note that this configuration is related to the one at R_9 = √ 2 by a T-duality transformation R_8 → (1/R_9), R_9 → (1/R_8). Since this T-duality transformation maps a supersymmetric cycle to a supersymmetric cycle, we see that even beyond the boundary at R_8 = (1/ √ 2) the non-BPS state becomes unstable against decay into a pair of D-branes wrapped on supersymmetric cycles of K3. The same result holds at the boundaries at R_6 = (1/ √ 2) and R_7 = (1/ √ 2). Note however that the pair of supersymmetric cycles involved are different beyond different boundaries.

Instead of starting with a non-BPS string of type IIA string theory, we could have started with a non-BPS (2p+1)-brane of type IIA string theory with (p ≤ 2), with one of the tangential directions along x^9, and the other directions along x^1, . . . x^{2p}.^6 After modding out by I_4 this describes a stable 2p-brane along non-compact directions in the range of parameters given in (3.5). Following the same analysis given in this section, one can easily see that this describes a BPS (2p + 2)-brane of type IIA string theory, wrapped on a non-supersymmetric 2-cycle of K3. Similarly, if we start with a non-BPS D-2p-brane of type IIB string theory stretched along x^9, x^1, . . . x^{2p−1} (p ≤ 3) and mod out the theory by I_4, we shall get a D-(2p + 1)-brane of type IIB, wrapped on a non-supersymmetric 2-cycle of K3. The case where more than one tangential directions of the brane are along the compact directions x^6, . . . x^9 will be discussed in section 5.

4. World-volume theory on coincident D-branes

In this section we shall discuss the world-volume theory of the D-branes constructed in section 3. For definiteness we shall carry out the analysis for a non-BPS 4-brane of type IIB stretched along x^1, . . . x^3, x^9. After compactification of x^6, . . . x^9 directions and modding out by I_4, this will give rise to a type IIB D5-brane wrapped on

6A non-BPS (2p + 1)-brane of type IIA string theory is defined in the same way as a non-BPS D-string, except that we impose Neumann boundary condition along (2p + 1) spatial directions instead of only one spatial direction.

a non-supersymmetric 2-cycle, with a (3+1) dimensional world-volume field theory. The results for other cases can be easily found from this via dimensional reduction/oxidation.

We begin with the case of a single D-brane of this kind. The spectrum of massless fields before projection by I_4 can be easily found. The spectrum of states from the Chan Paton sector I is that of an N = 4 supersymmetric U(1) gauge theory, i.e. it has besides the gauge fields, four Majorana fermions and six real scalar fields. The spectrum of states from the Chan Paton sector σ_2 does not contain any massless bosonic states; however the Ramond sector gives another four massless Majorana fermions. Thus we have a U(1) gauge field, eight massless Majorana fermions and six scalars. Five of these six scalars correspond to the freedom of moving the brane along its transverse directions x^4, . . . x^8, while the sixth scalar denotes the component of the gauge field on the 4-brane along x^9. Upon modding out the theory by I_4, only two of the six scalars, corresponding to the freedom of moving the branes along x^4 and x^5 directions, survive. The gauge field as well as four of the eight Majorana fermions also survive the projection. Thus the final spectrum contains a gauge field, four Majorana fermions and two scalar fields.

We can now study the effect of bringing together N such branes on top of each other. If the branes are all identical (i.e. the parameters ϵ and θ appearing in (3.3) are identical for all branes) then the spectrum of open strings with two ends on two different branes is identical to that of open strings with both ends on the same brane. As a result the spectrum contains N^2 copies of all the fields that appear on the world volume of a single brane. They describe a non-supersymmetric U(N) gauge theory with four Majorana fermions and two scalars in the adjoint representation of the gauge group.

5. Some generalizations

5.1 Branes wrapped on other non-supersymmetric cycles of K3

In the last section we constructed non-BPS states in IIA on K3 by starting from a non-BPS string wrapped on a circle of the torus, and then modding out the theory by I_4. But we could also have started with a non-BPS three brane of IIA wrapped on three of the circles of T^4 and modded out the resulting configuration by I_4. For definiteness, let us assume that the three brane is wrapped along the 6-7-8 cycle. Since this configuration is related to the configuration discussed in section 3 by a T-duality transformation R_i → (1/R_i) for 6 ≤ i ≤ 9, we do not need to carry out the analysis all over again. First of all, from (3.5) we see that this configuration is stable in the region:

R_6 ≤ √ 2 , R_7 ≤ √ 2 , R_8 ≤ √ 2 , R_9 ≥ 1 √ 2 . (5.1)

In the analysis of section 3 we have seen that beyond the region of stability, the non- BPS state discussed there decays into a pair of BPS states obtained by wrapping BPS D-branes on supersymmetric 2-cycles of K3. Since the T-duality transformation discussed here maps a supersymmetric 2-cycle into a supersymmetric 2-cycle, we can conclude that even in the present case, the non-BPS state decays into a pair of BPS D2-branes wrapped on supersymmetric 2-cycles beyond the region of stability. The new supersymmetric cycles are related to the ones in section 3 by the T-duality transformation R_i → (1/R_i) for 6 ≤ i ≤ 9. Thus the non-BPS configuration obtained by wrapping a 3-brane on the 6-7-8 direction can be interpreted as a D2-brane wrapped on the non-supersymmetric cycle which is homologically identical to the sum of the two supersymmetric 2-cycles into which it decays beyond the region of stability.

As in section 3, instead of starting with a non-BPS 3-brane, we could have started with a non-BPS (2p + 3) brane stretched along x^6, x^7, x^8, x^1, . . . x^{2p} (p ≤ 2). After modding out by I_4 this configuration can be interpreted as a BPS (2p + 2) brane of IIA, wrapped on the non-supersymmetric cycle discussed above.

5.2 Branes wrapped on non-supersymmetric 2- and 3-cycles of a Calabi- Yau manifold

In this section we shall discuss construction of branes wrapped on non-supersymme-tric 2- and 3-cycles of a Calabi-Yau manifold. The specific Calabi-Yau manifold that we shall be considering is the one discussed in [9]. We compactify type IIA string theory on T^6 labelled by coordinates x^4, . . . x^9, and mod out the theory by a Z_2 × Z_2 symmetry, generated by I_4 discussed in section 3, together with

I^′_4 : ( x^4, . . . x^9 ) → ( −x^4, −x^5, −x^6 + πR_6, −x^7, x^8 + πR_8, x^9 ) . (5.2)

Here R_n denotes the radius of the circle spanned by x^n. This model can be regarded as the result of modding out by I^′_4 the product of the K3 orbifold discussed in section 3 and the two dimensional torus T^2 spanned by x^4, x^5. Since I^′_4 includes a shift by πR_8 along x^8, there are no fixed points on T^6 under I^′_4. Similarly one can check that there are no fixed points of the transformation I_4I^′_4 either. Thus the nontrivial cycles of the Calabi-Yau orbifold are obtained by taking I^′_4 invariant cycles on the product of T^2 and the K3 orbifold discussed in the last section. In particular if C denotes a two cycle of K3, C^′ denotes its image under the part of I^′_4 that acts on x^6, . . . x^9, S^1 denotes a 1-cycle on T^2 labelled by x^4, x^5, and S^{1′} denotes its image under the part of I^′_4 acting on T^2, then C + C^′ gives a 2-cycle of the Calabi-Yau manifold, and (C × S^1 + C^′ × S^{1′}) gives a 3-cycle of the Calabi-Yau manifold.

In order to construct a non-BPS D-brane configuration in this theory, we must start with a non-BPS D-brane configuration on the original torus which is invariant under I_4 and I^′_4. The non-BPS D-string lying along x^9 at

x^i = a^i for 1 ≤ i ≤ 5 , x^6 = x^7 = x^8 = 0 , (5.3)

is invariant under I_4, but transforms under I^′_4 to another non-BPS D-string along x^9, located at,

x^i = a^i for 1 ≤ i ≤ 3 , x^i = −a^i for i = 4, 5 .

x^6 = πR_6, x^7 = 0 , x^8 = πR_8 , (5.4)

Here a^i are arbitrary constants. Thus if we start with a pair of non-supersymmetric D-strings in type IIA on T^6 located at (5.3), (5.4), and mod out the theory by the Z_2 ×Z_2 symmetry, we get a non-BPS state of type IIA string theory on a Calabi-Yau orbifold. The boundary states corresponding to the two D-strings must be chosen in such a way that they are mapped to each other under the action of I^′_4. This relates the ϵ and θ parameters of the two D-strings. Given the boundary states, the spectrum of open strings with ends on the D-string or its image under I^′_4 can be computed in a straightforward manner.

The physical interpretation of this stable non-BPS state is straightforward. From our analysis of section 3 we know that after modding out by I_4, the D-string lying at (5.3) denotes a membrane wrapped on a non-supersynmmetric cycle C. Since (5.4) is the image of (5.3) under I^′_4, the D-string lying at (5.4) denotes a membrane wrapped on C^′, where C^′ is the image of C under I^′_4. Thus the combined system of D-strings denotes a membrane wrapped on C + C^′, which, according to our previous analysis, is a 2-cycle of the Calabi-Yau manifold. Thus the D-string configuration considered here denotes a membrane wrapped on a non-supersymmetric 2-cycle of the Calabi-Yau manifold.

Instead of starting with a D-string, we could have started with a pair of D3- branes along x^9, x^1, x^2, located at

x^i = a^i for 3 ≤ i ≤ 5 , x^6 = x^7 = x^8 = 0 , (5.5) and x^3 = a^3 , x^i = −a^i for i = 4, 5 .

x^6 = πR_6, x^7 = 0, x^8 = πR_8 , (5.6)

This describes a 2-brane in the non-compact directions and has the interpretation of a type IIA 4-brane wrapped along a non-supersymmetric 2-cycle of the Calabi-Yau manifold.

Instead of taking the pair of three branes to be lying parallel to the 1-2-9 plane, we could have taken them to be parallel to the 1-5-9 plane, and located at

x^i = a^i for 2 ≤ i ≤ 4 , x^6 = x^7 = x^8 = 0 , (5.7) and x^i = a^i for i = 2, 3 , x^4 = −a^4 , x^6 = πR_6, x^7 = 0, x^8 = πR_8 . (5.8)

In this case, before the I^′_4 projection, the two D-branes have the interpretation of a D4-brane of type IIA wrapped on C × S^1 and C^′ × S^{1′} respectively, with S^1, S^{1′} denoting a one cycle on T^2 along the x^5 direction and its image under I^′_4 respectively. Thus the combined system denotes a type IIA 4-brane wrapped on (C ×S^1 +C^′ ×S^{1′}). From our previous discussion we see that after modding out the theory by I^′_4 this denotes a type IIA 4-brane wrapped on a non-supersymmetric 3-cycle of the Calabi- Yau manifold.

6. Descent relations among D-branes

The spectrum of D-branes in type IIA string theory contains BPS 2p branes and non-BPS (2p + 1) branes. Type IIB string theory on the other hand contains BPS (2p + 1)-branes and non-BPS 2p-branes. Using the results of section 2, and of [5], we get the following set of relations between different D-branes in type II string theory. For definiteness we shall focus on type IIA string theory, and start with a coincident 2p-brane - anti-2p-brane pair. There is a complex tachyon field living on the worldvolume of this system. If the tachyon condenses to the minimum value T_0 of the tachyon potential everywhere, then this system is indistinguishible from vacuum. If instead we consider a tachyonic ‘kink’ solution that is independent of time, as well as (2p − 1) of the spatial coordinates on the world-volume, and has the following behaviour as a function of the remaining world-volume coordinate x:

T (x) → T_0 as x → ∞ , T (x) → −T_0 as x → −∞ , (6.1)

then it describes a non-BPS D-(2p − 1) brane of type IIA string theory [5]. This non- BPS brane in turn has a real tachyon field ~T living on it, At the minimum ~T_0 of the tachyon potential the system is again indistinguishible from the vacuum. However if we consider a time independent kink solution associated with this new tachyon which is independent of (2p − 2) of the spatial directions on the world-volume and behaves as ~T (y) → ~T_0 as y → ∞ , ~T (y) → − ~T_0 as y → −∞ , (6.2)

y being the remaining world-volume coordinate, then it can be identified as the BPS (2p − 2)-brane of the type IIA string theory.

A similar relationship holds between the BPS and non-BPS branes of type IIB string theory. Using these relations, all D-branes of type IIB string theory can be regarded as solitons on 9-brane − anti-9-brane system. This fact has been used recently to show that the D-brane charge takes value on the K-theory of spacetime [7]. Similarly all D-branes of type IIA string theory can be regarded as solitons on an appropriate 8-brane anti-8-brane system.

In this section we shall discuss another kind of relationship between BPS and non-BPS D-branes. Our starting point will again be a brane-antibrane pair. Again for definiteness we shall consider a 2p-brane - anti−2p-brane pair of type IIA string theory. But this time, instead of considering a tachyonic soliton on this pair, let us consider the effect of modding out the theory by (−1)^{FL} . Since (−1)^{FL} changes the sign of all the RR sector fields, and since BPS D-branes carry RR charge, a BPS Dbrane gets transformed to its antibrane under (−1)^{FL} . As a result the brane-antibrane pair is invariant under (−1)^{FL} and it makes sense to mod out the configuration by (−1)^{FL} .

In the bulk, modding out type IIA string theory by (−1)^{FL} gives type IIB string theory. The question we shall be interested in is: what happens to the braneantibrane system under this modding? For this we need to compute the spectrum of open string states on the brane-antibrane system after the (−1)^{FL} projection. Before the projection, the open string states are labelled by 2 × 2 Chan Paton factors. If we take the basis of Chan Paton factors to be the identity matrix I and the three matrices σ_1, iσ_2 and σ_3, then, since I and σ_3 correspond to open strings with both ends lying on the D-brane (anti-D-brane), they contain Fock space states which are even under (−1)^F . On the other hand, σ_1 and σ_2, representing open string states with one end on the D-brane and the other end on the anti-D-brane, contain Fock space states which are odd under (−1)^F . Since in the Neveu-Schwarz-Ramond formalism (−1)^{FL} does not act on any of the fields on the world-sheet of the fundamental string, in order to determine the spectrum of (−1)^{FL} invariant open string states we only need to determine its action on the Chan-Paton factor Λ. Since (−1)^{FL} maps the brane to the antibrane, its action on the Chan Paton factors takes the form:

Λ → SΛS^{−1} , (6.3)

where S can be taken to be either σ_1 or σ_2. Both choices are equivalent; for definiteness let us choose S to be σ_2. Thus only those open string states for which Λ commutes with σ_2 survive the projection. This gives:

Λ = I , σ_2 . (6.4)

Since the sector I contains (−1)^F even Fock space states, and the sector σ_2 contains (−1)^F odd Fock space states, we see that the spectrum of open strings after the (−1)^{FL} projection agrees precisely with the spectrum of a non-BPS D-2p-brane of type IIB string theory. Thus we conclude that the D-2p anti-D-2p-brane pair of type IIA string theory, after being modded out by (−1)^{FL} , gives a non-BPS D-2p-brane of type IIB string theory. A similar analysis shows that the D-(2p + 1) anti-D-(2p + 1)- brane pair of type IIB string theory, after being modded out by (−1)^{FL} , gives a non-BPS D-(2p + 1)-brane of type IIA string theory.

Let us now consider the effect of modding out the non-BPS D-2p-brane of type IIB string theory by (−1)^{FL} . This is a possible operation, since this 2p-brane does not carry any RR charge, and hence is invariant under (−1)^{FL} . In the bulk, the theory goes back to type IIA string theory. In order to see what happens to the D-brane, we need to find the spectrum of open strings after the (−1)^{FL} projection. As discussed earlier, (−1)^{FL} does not act on the fields on the world-sheet of the fundamental string, and hence we only need to find its action on the Chan Paton factors. It turns out that (−1)^{FL} leaves states in the Chan Paton sector I invariant, and reverses the sign of the states in the Chan Paton sector σ_2. This can be seen by noting that (i) the two point function of the anti-symmetric tensor field B_{μν} in the NSNS sector of the closed string, and the gauge field A_μ arising in the Chan Paton sector I of the open string, is non-vanishing, and (ii) the two point function of the 2p-form field A^{(2p)} arising in the RR sector of the closed string, and the tachyonic open string state arising in the Chan Paton sector σ_2, is non-vanishing. Since B_{μν} is even under (−1)^{FL} , so must be states in the Chan Paton sector I. On the other hand since A^{(p)} is odd under (−1)^{FL} , so must be the states in the Chan Paton sector σ_2. Thus after the (−1)^{FL} projection we are only left with states in the Chan Paton sector I. This sector contains Fock space states which are even under (−1)^F . This spectrum agrees with the spectrum of open strings with both ends on a D-2p-brane of type IIA string theory. Thus we conclude that the result of modding out the type IIB D-2p-brane by (−1)^{FL} is a BPS D-2p-brane of type IIA string theory. A similar analysis shows that the result of modding out the type IIA D-(2p + 1)-brane by (−1)^{FL} is a BPS D-(2p + 1)-brane of type IIB string theory.

These results have been summarized in fig. 2.

References

[1] J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724 [hep-th/9510017].

[2] K. Becker, M. Becker and A. Strominger, Nucl. Phys. B 456 (1995) 130 [hep-th/9507158].

[3] A. Sen, JHEP 08 (1998) 010 [hep-th/9805019].

[4] O. Bergman and M. Gaberdiel, Phys. Lett. B 441 (1998) 133 [hep-th/9806155].

[5] A. Sen, JHEP 09 (1998) 023 [hep-th/9808141].

[6] A. Sen, JHEP 10 (1998) 021 [hep-th/9809111].

[7] E. Witten, D-branes And K-teory, hep-th/9810188.

[8] M. Douglas and G. Moore, D-branes, quivers, and ALE instantons, hep-th/9603167;

J. Polchinski, Phys. Rev. D 55 (1997) 6423 [hep-th/9606165]; C. Johnson and R. Myers, Phys. Rev. D 55 (1997) 6382 [hep-th/9610140]; D. Diaconescu, M. Douglas and J. Gomis, JHEP 02 (1998) 013 [hep-th/9712230]; A. Karch, D. Lust and D. Smith, Nucl. Phys. B 533 (1998) 348 [hep-th/9803232].

[9] S. Ferrara, J. Harvey, A. Strominger and C. Vafa, Phys. Lett. B 361 (1995) 59 [hep-th/9505162].

[10] M. Green, Phys. Lett. B 329 (1994) 35 [hep-th/9403040];

T. Banks and L. Susskind, Brane – anti-brane forces, hep-th/9511194; M. Green and M. Gutperle, Nucl. Phys. B 476 (1996) 484 [hep-th/9604091]; G. Lifschytz, Phys. Lett. B 388 (1996) 720 [hep-th/9604156]; V. Periwal, Antibranes and crossing symmetry, hep-th/9612215.

[11] A. Sen, JHEP 08 (1998) 012 [hep-th/9805170].

[12] M. Srednicki, JHEP 08 (1998) 005 [hep-th/9807138].

[13] M. Gutperle and V. Periwal, The charge radius of a Dp-brane, hep-th/9812003.

[14] T. Banks, D. Horn and H. Neuberger, Nucl. Phys. B 108 (1976) 119.

[15] D. Friedan, E. Martinec and S. Shenker, Nucl. Phys. B 271 (1986) 93.

[16] P. Aspinwall, Phys. Lett. B 357 (1995) 329 [hep-th/9507012].

[17] J. Polchinski and Y. Cai, Nucl. Phys. B 296 (1988) 91;

C. Callan, C. Lovelace, C. Nappi and S. Yost, Nucl. Phys. B 308 (1988) 221; O. Bergman and M. Gaberdiel, Nucl. Phys. B 499 (1997) 183 [hep-th/9701137]; M. Li, Nucl. Phys. B 460 (1996) 351 [hep-th/9510161];

H. Ooguri, Y. Oz and Z. Yin, Nucl. Phys. B 477 (1996) 407 [hep-th/9606112]; K. Becker, M. Becker, D. Morrison, H. Ooguri, Y. Oz and Z. Yin, Nucl. Phys. B 480 (1996) 225 [hep-th/9608116];

M. Kato and T. Okada, Nucl. Phys. B 499 (1997) 583 [hep-th/9612148]; S. Stanciu, Nucl. Phys. B 526 (1998) 295 [hep-th/9708166];

A. Recknagel and V. Schomerus, Nucl. Phys. B 531 (1998) 185 [hep-th/9712186]; J. Fuchs and C. Schweigert, Nucl. Phys. B 530 (1998) 99 [hep-th/9712257]; S. Stanciu and A. Tseytlin, JHEP 06 (1998) 010 [hep-th/9805006];

M. Gutperle and Y. Satoh, D-branes in Gepner models and supersymmetry,

hep-th/9808080;

F. Hussain, R. Iengo, C. Nunez and C. Scrucca, Phys. Lett. B 409 (1997) 101 [hep-th/9706186];

M. Bertolini, R. Iengo and C. Scrucca, Nucl. Phys. B 522 (1998) 193 [hep-th/9801110];

M. Bertolini, P. Fre, R. Iengo and C. Scrucca, Phys. Lett. B 431 (1998) 22 [hep-th/9803096];

P. Di Vecchia, M. Frau, A. Lerda, I. Pesando, R. Russo and S. Sciuto, Nucl. Phys. B 507 (1997) 259 [hep-th/9707068];

M. Billo, P. Di Vecchia, M. Frau, A. Lerda, I. Pesando, R. Russo and S. Sciuto, Nucl. Phys. B 526 (1998) 199 [hep-th/9802088]; Mod. Phys. Lett. A 13 (1998) 2977 [hep-th/9805091].

[18] A. Recknagel and V. Schomerus, Boundary deformation theory and moduli spaces of D-branes, hep-th/9811237.