Published by Institute of Physics Publishing for SISSA/ISAS Received: December 25, 2003 Revised: February 16, 2004 Accepted: February 25, 2004

Higher dimensional recombination of intersecting D-branes

Satoshi Nagaoka

Institute of Physics, University of Tokyo Komaba, Tokyo 153-8902, Japan E-mail: nagaoka@hep1.c.u-tokyo.ac.jp

Abstract: We study recombinations of D-brane systems intersecting at more than one angle using super Yang-Mills theory. We find the condensation of an off-diagonal tachyon mode relates to the recombination, as was clarified for branes at one angle in [5]. For branes at two angles, after the tachyon mode between two D2-branes condensed, D2-brane charge is distributed in the bulk near the intersection point. We also find that, when two intersection angles are equal, the off-diagonal lowest mode is massless, and a new stable non-abelian configuration, which is supersymmetric up to a quadratic order in the fluctuations, is obtained by the deformation by this mode.

Keywords: D-branes, Tachyon Condensation.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep022004063 /jhep022004063 .pdf

Contents

1. Introduction 1

2. Recombination of D-branes intersecting at two angles 3 2.1 Fluctuation modes 3 2.2 Tachyon condensation and recombination 7 2.3 D2-brane charge 8

3. Supersymmetry 9

4. Higher order corrections of F 10

5. Conclusion and discussion 11

A. Recombination of D3-branes intersecting at three angles 12

1. Introduction

Low energy dynamics of D-brane is well known by the analysis using super Yang-Mills theories [1]. One of the D-brane systems which can be studied in Yang-Mills theories is intersecting D-brane systems. Fluctuation spectra of intersecting D-branes on a torus are studied by using Yang-Mills action in [2]. In intersecting brane systems, recombination is important in a context of string phenomenology. Standard Model Higgs mechanism is realized as a brane recombination [3]. On the other hand, it plays an important role to realize an inflation in brane world scenario [4]. In Yang-Mills theories, the recombination is studied in [5, 6] for branes at one angle.^1 Fundamental strings stretched between intersecting D-branes are also studied in Yang-Mills theories in [10]. We extend the study of recombination of intersecting D-branes to the case with more than one intersection angle. This enables us to study more complicated intersecting brane systems, which may appear in the context of Standard Model realized by intersecting D-branes. To clarify the mechanism of recombination in higher dimensions is one of the aims of this paper.

When we consider two intersection angles, we find a supersymmetric configuration where two intersection angles are equal. It is known that supersymmetric intersecting branes are embedded into spacetime on a calibrated surface to minimize their worldvol-

1It is also discussed in tachyon field theory [7] and Matrix theory [8]. Intersecting D-branes with a separation are discussed in [9].

– 1 – ume.^2 Calibration equations are realized as BPS conditions in abelian Dirac-Born-Infeld actions [12]. An embedding realized by the calibration geometry is called in [13] as an abelian embedding. The dynamics of multiple D-branes is described by non-abelian Born- Infeld(NBI) actions. In the non-abelian cases, there are other embeddings which cannot be realized by the calibration geometry, and further, which are constructed from the components including off-diagonal elements of the fields in the NBI actions. We call such embeddings as non-abelian embeddings. There are various kinds of the non-abelian embeddings and they include many interesting characters but it has not yet been considered except for a few cases [13]. It is difficult to know the full NBI action because in the nonabelian cases, slowly varying field approximation is meaningless [14] and we must consider derivative terms together with field strengths.^3 But there are some non-abelian embeddings which Yang-Mills analysis is valid for. We believe that the results of such Yang-Mills analysis can be lifted smoothly to full NBI analysis.

In this paper, we study recombination of D2-branes intersecting at two angles. When two angles are not equal, the lowest mode of a Neveu-Schwarz sector is tachyonic, and considering a condensation of this mode, we obtain deformed intersecting branes. For branes at one angle, the recombination occurs locally near the intersection point and we can describe this phenomenon by a condensation of a tachyon mode which is localized at an intersection point [5]. The final state in this decay process is a set of two parallel D2-branes. For branes at two angles, the final state after the recombination is expected as a brane configuration which preserves 1/4 of the supersymmetries [17]. The tachyon mode we consider here is localized at the intersection point even in this case, therefore, the condensation of the tachyon mode describes the first step of the recombination, plays a role of a trigger. After the tachyon mode has condensed, the branes can not be realized as a simple geometrical surface, because two transverse scalar fields can not be diagonalized by any gauge transformation simultaneously. We find D2-brane charge distributed in the bulk near the intersection point after the tachyon condensation. When two intersection angles are equal, we obtain a massless mode which appears in an off-diagonal spectrum in Yang-Mills theory. By considering a deformation by this massless mode, we obtain a configuration which is supersymmetric up to a quadratic order in the fluctuations. In this configuration, D2-brane charge is again distributed in the bulk near the intersection point. The massless deformation considered here does not seem to be expressed by any abelian calibration geometry^4 and this is an interesting example of the non-abelian embeddings.

In section 2, we discuss a recombination of D2-branes intersecting at two angles. When two intersection angles are equal, the brane configuration is supersymmetric and there is an off-diagonal massless mode which is discussed in section 3. The connections with higher orders in field strengths are discussed in section 4. Section 5 is devoted to a conclusion and discussions.

2For a recent review, see [11].

3We know up to and including F^6 terms of the NBI action now [15, 16].

4Calibration of supersymmetric intersecting D-branes in terms of world-volume field theory is discussed in [18].

– 2 –

2. Recombination of D-branes intersecting at two angles

Before performing Yang-Mills analysis, we see a mass spectrum of a fundamental string stretched between two D-branes intersecting at multiple angles θ_i(i = 1, . . . , a), which is obtained in the worldsheet analysis as [19, 20]^5

m^2_j = 1 2πα^′ a∑ i=1 (2n_i − 1)θ_i ± 2θ_j , (2.1)

where n_i ∈ N.

2.1 Fluctuation modes

We start with a worldvolume effective action for two D2-branes, which is obtained by the dimensional reduction of a (9+1) dimensional SU(2) Yang-Mills action, S = −T Tr ∫ d^2xdt [ (D_aY^i)^2 + 1 2 F^2_{ab} − 1 2 [Y^i, Y^j ]^2 ] . (2.2)

The indices a, b = 0, 1, 2 denote directions along the worldvolume, and i, j = 3, . . . , 9 denote directions of transverse collective coordinates. F_{ab} and D_aY^i are defined by F_{ab} = ∂_aA_b − ∂_bA_a − i[A_a, A_b] , D_aY^i = ∂_aY^i − i[A_a, Y^i] , (2.3)

where A_a’s are worldvolume gauge fields and Y^i’s are transverse scalar fields. Let us consider an intersecting D2-brane system. It is sufficient for us to consider the situation that the two D2-branes are embedded in 4 dimensions and do not extend in other dimensions. We take coordinates of the embedding space as 1, 2, 8 and 9 and others as 3, . . . , 7. We describe intersection angles as θ_1 in x_1-Y^9 plane and θ_2 in x_2-Y^8 plane here. We consider a classical solution representing the intersecting D-branes

Y^9 = q_1x_1σ^3 , Y^8 = q_2x_2σ^3 , A_a = 0 , (2.4)

where q_α(α = 1, 2) is related to the intersection angle θ_α as θ_α ≡ 2 tan^{−1}(2πα^′q_α) and we assume q_α > 0 here.

Let us consider off-diagonal parts of fluctuations around the solution

Y^9 = q_1x_1σ^3 + f_1(x_a)σ^1 − f̄_1(x_a)σ^2 , Y^8 = q_2x_2σ^3 + f_2(x_a)σ^1 − f̄_2(x_a)σ^2 , A_1 = g_1(x_a)σ^1 − ḡ_1(x_a)σ^2 , A_2 = g_2(x_a)σ^1 − ḡ_2(x_a)σ^2 . (2.5)

We adopt a gauge condition A_0 = 0. Diagonal parts of the fluctuations are decoupled from the off-diagonal fluctuations at the quadratic order, therefore we neglect the former ones.

5See also [21].

– 3 – x_1 x_2

Y^8

Y^9

θ_1 θ_2

Figure 1: Intersecting D2-branes.

The lagrangian quadratic in the fluctuations is calculated as L = ∑ i,j=1,2 ( − (∂_0f_i)^2 − 4q_if_iḡ_i + (∂_if_j + 2ḡ_iq_jx_j )^2 − (∂_0ḡ_i)^2 + (∂_iḡ_j − ∂_jḡ_i)^2 +

+ 4(q_ix_if_j − q_jx_jf_i)^2 + (f_α → f̄, ḡ_α → g) ) . (2.6)

The combinations (f_α, ḡ_α) and (f̄_α, g_α) are decoupled each other at this order, therefore we neglect the (f̄_α, g_α) pair. From now on, we denote ḡ as g for simplicity. The equations of motion for the fluctuations are written as 4 ( O_{11} O_{12} O_{21} O_{22} ) ( ⃗V_1 ⃗V_2 ) = 0 , (2.7)

where

O_{11} = ( ∂^2_0 − ∂^2_1 − ∂^2 + 4q^2 x^2 −4q_1 − 2q_1x_1∂_1 −2q_1 + 2q_1x_1∂_1 4q^2_1 x^2_1 + 4q^2x^2 + ∂^2_0 − ∂^2 ) ,

O_{12} = O_{21} = ( −4q_1q_2x_1x_2 −2q_1x_1∂_2

2q_2x_2∂_1 ∂_1∂_2 ) ,

O_{22} = ( ∂^2_0 − ∂^2_1 − ∂^2 + 4q^2_1 x^2_1 −4q_2 − 2q_2x_2∂_2 −2q_2 + 2q_2x_2∂_2 4q^2_1 x^2_1 + 4q^2x^2 + ∂^2_0 − ∂^2_1 ) , (2.8) and ⃗V_1 = ( f_1(x_a) g_1(x_a) ) , ⃗V_2 = ( f_2(x_a) g_2(x_a) ) . (2.9)

Expanding the fluctuations by the mass eigenfunctions as

⃗V_1(x_1, x_2, t) = ∑ n≥0 ( f̃_{1n}(x_1, x_2) g̃_{1n}(x_1, x_2) ) C_{1n}(t) , ⃗V_2(x_1, x_2, t) = ∑ n≥0 ( f̃_{2n}(x_1, x_2) g̃_{2n}(x_1, x_2) ) C_{2n}(t) , (2.10) where C_{in} (i = 1, 2)’s satisfy the following equations

(∂^2_0 + m^2_{in})C_{in}(t) = 0 , (2.11)

– 4 – we obtain the differential equations written as 4 ( O^′_{11} O_{12} O_{21} O^′_{22} ) ( ⃗V ′_{1n} ⃗V ′_{2n} ) = ( m^2_{1n} ⃗V^′_{1n} m^2_n ⃗V^′_{2n} ) , (2.12)

where

O^′_{11} = ( −∂^2_1 − ∂^2 + 4q^2x^2 −4q_1 − 2q_1x_1∂_1 −2q_1 + 2q_1x_1∂_1 4q^2_1 x^2_1 + 4q^2 x^2 − ∂^2 ) ,

O^′_{22} = ( −∂^2_1 − ∂^2 + 4q^2_1x^2_1 −4q_2 − 2q_2x_2∂_2 −2q_2 + 2q_2x_2∂_2 4q^2_1 x^2_1 + 4q^2 x^2 − ∂^2_1 ) , (2.13) and ⃗V^′_{1n} = ( f̃_{1n} g̃_{1n} ) , ⃗V^′_{2n} = ( f̃_{2n} g̃_{2n} ) . (2.14)

By solving these differential equations, the eigenfunctions localized at the intersection point are obtained as

⃗V^′_{10} = ( f̃_{10}(x_1, x_2, t) g̃_{10}(x_1, x_2, t) ) = e^{−q1x21−q2x2} C_{10}(t) ( 1 1 ) , ⃗V^′_{20} = ( f̃_{20}(x_1, x_2, t) g̃_{20}(x_1, x_2, t) ) = e^{−q1x21−q2x2} C_{20}(t) ( 1 1 ) . (2.15)

The mass eigenvalues are obtained as

m^2_{10} = 2(q_2 − q_1) ∼ 1 2πα^′ (θ_2 − θ_1) ,

m^2_0 = 2(q_1 − q_2) ∼ 1 2πα^′ (θ_1 − θ_2) . (2.16)

There are massive and tachyonic modes, which coincide with the mass seen in the lowest mode of (2.1) in the small q region. Thus, we have obtained the correct lowest mode of the string mass spectrum in [19].

A brane system with a tachyon mode in open string theory is unstable and it rolls down to the stable vacuum by the condensation of the tachyon mode^6 [22]. When we consider the condensation of the tachyon mode (2.15), we obtain the configuration written as

Y^9 = ( q_1x_1 f̃_{10} f̃_{10} −q_1x_1 ) , Y^8 = ( q_2x_2 0 0 −q_2x_2 ) , A_1 = ( 0 ig̃_{10} −ig̃_{10} 0 ) , A_2 = 0 , (2.17)

where we consider a case q_1 > q_2. We cannot simultaneously diagonalize Y^8 and Y^9 by any gauge transformation, therefore, we do not find the simple recombination effect in the geometrical picture as was studied in [5]. We will discuss more about this point in the next subsection.

6Stability of branes at angles is studied by considering the potential between two branes in [23].

– 5 –

Next, we search for the excited mode. We assume the form of the eigenfunctions of the fluctuations as the product of exponential function written as e^{−q1x21−q2x2} and linear function of x_a. There are the following three eigenfunctions. The first eigenfunctions are written as ( f̃_{11}(x_1, x_2, t) g̃_{11}(x_1, x_2, t) ) = x_2e^{−q1x21−q2x2} C_{11}(t) ( 1 1 ) , ( f̃_{21}(x_1, x_2, t) g̃_{21}(x_1, x_2, t) ) = x_1e^{−q1x21−q2x2} C_{21}(t) ( 1 1 ) . (2.18)

The corresponding mass eigenvalues are obtained as

m^2_{11} = 2(3q_2 − q_1) ∼ 1 2πα^′ (3θ_2 − θ_1) ,

m^2_1 = 2(3q_1 − q_2) ∼ 1 2πα^′ (3θ_1 − θ_1) . (2.19)

The mass eigenvalues obtained here are found in the string mass spectrum in (2.1). The second eigenfunctions are written as ( f̃_{12}(x_1, x_2, t) g̃_{12}(x_1, x_2, t) ) = x_1e^{−q1x21−q2x2} C_{12}(t) ( 1 1 ) , ( f̃_{22}(x_1, x_2, t) g̃_{22}(x_1, x_2, t) ) = x_2e^{−q1x21−q2x2} C_{22}(t) ( −1 −1 ) , (2.20)

where the corresponding mass eigenvalues are common in both eigenfunctions, that is, C_{12}(t) = C_{22}(t). The mass eigenvalue is written as

m^2_{i2} = 2(q_1 + q_2) ∼ 1 2πα^′ (θ_1 + θ_2) , (2.21)

which is found in (2.1).

The third eigenfunctions written by the product of exponential function and linear function of x_i are written as ( f̃_{13}(x_1, x_2, t) g̃_{13}(x_1, x_2, t) ) = q_1x_1e^{−q1x21−q2x2} C_{13}(t) ( 1 1 ) , ( f̃_{23}(x_1, x_2, t) g̃_{23}(x_1, x_2, t) ) = q_2x_2e^{−q1x21−q2x2} C_{23}(t) ( 1 1 ) , (2.22)

where the squared of the mass eigenvalue is obtained as

m^2_1 = 0 . (2.23)

There is no massless mode in the string mass spectrum between intersecting branes at two different angles, except for some fixed angles. This mode is considered as Nambu-

– 6 –

Goldstone mode of broken U(2) symmetry.^7 To see this explicitly, let us consider a gauge transformation for the intersecting brane solution written as Y^9 = q_1x_1σ^3 , Y^8 = q_2x_2σ^3 , A_1 = A_2 = 0 . (2.24) When we consider the gauge transformation which is written as

Y^8 → Ỹ^8 = UY^8U^{−1} , Y^9 → Ỹ^9 = UY^9U^{−1} , A_1 → Ã_1 = UA_1U^{−1} + i(∂_1U)U^{−1} , A_2 → Ã_2 = UA_2U^{−1} + i(∂_2U)U^{−1} , (2.25) where U(x_1, x_2) = e^{iΛ(x1,x2)} , Λ(x_1, x_2) = −

C_3 2 e^{−q1x21−q2x2} σ_2 , (2.26) we obtain the configuration as follows: Ỹ^9 = q_1x_1(σ_3 + C_3e^{−q}1^{x2}1^{−q}2^{x2} σ_1) + O(C^2_3 ) , Ỹ^8 = q_2x_2(σ_3 + C_3e^{−q}1^{x2}1^{−q}2^{x2} σ_1) + O(C^2_3 ) , Ã_1 = −q_1x_1C_3e^{−q}1^{x2}1^{−q}2^{x2} σ_2 + O(C^2_3 ) , Ã_2 = −q_2x_2C_3e^{−q}1^{x2}1^{−q}2^{x2} σ_2 + O(C^2_3 ) . (2.27) We find that the off-diagonal part in (2.27) is equivalent with (2.22). An off-diagonal massless mode which is not a Nambu-Goldstone mode is considered in the next section.

Thus, we obtain the correct string mass of the lowest and first excited part of the spectrum in the approximation of small angles O(θ_i). We generalize these analyses to D3-branes intersecting at three angles, which are written in appendix A. 2.2 Tachyon condensation and recombination We focus on the tachyon mode (2.15) here. By the condensation of the tachyon mode, we obtain the configuration written as Y^9 = q_1x_1σ_3 + f̃_{10}σ_1 , Y^8 = q_2x_2σ_3 , A_1 = −g̃_{10}σ_2 , A_2 = 0 . (2.28) We can not simultaneously diagonalize Y^8 and Y^9 by any gauge transformation, but we can diagonalize Y^8 and Y^9 in some region simultaneously. Let us look for the region where we can diagonalize Y^8 and Y^9 simultaneously. In the region, |x_1| ≫ C_1 q_1

, (2.29)

we can diagonalize Y^8 and Y^9 as Y^9 ∼ q_1x_1σ_3 , Y^8 ∼ q_2x_2σ_3 . (2.30)

7For branes at one angle, it is discussed in [24].

– 7 –

Far away from the intersection point along x_1 direction, the brane configuration remains unchanged, because the tachyon mode, which is due to the brane deformation, is localized near the intersection point. Thus, this result is easily explained. In the region x_2 ∼ 0, we can also diagonalize Y^8 and Y^9 simultaneously as

Y^9 ∼ √ (q_1x_1)^2 + f̃^2_{10}σ_3 , Y^8 ∼ 0 . (2.31)

We find that the intersection point is resolved, and ‘recombination’ occurs on the x_1- Y^9 plane near the intersection point. The other region can not be diagonalized and the D2-branes diffuse in the x_1x_2Y^8Y^9 region near the intersection point. We will see the distribution of the D2-brane charge in the next subsection. Finally, let us remark a comment. If q_1 ≫ q_2, there are many tachyonic modes with masses 2(2nq_2 + q_2 − q_1) (n = 0, 1, 2, . . .). In the limit q_2 → 0, these infinite number of modes will be summed up by the form written as f ∼ Ce^{−q1x21} σ_3, which is equivalent to the fluctuation mode found for branes at one angle in [5].

2.3 D2-brane charge D2-brane charge density in terms of the D2-brane worldvolume effective action is obtained by [25, 26] as

J_{0kl} = 1 12 Tr(−iF^{ij} [Y^k, Y^l] − D_iY^kD_j Y^l + D_iY^lD_j Y^k) , (2.32)

where i and j are parameterizations of worldvolume directions. D2-brane charge is already integrated along the direction Y^k and Y^l.

We consider the configuration written as

Y^9 = q_1x_1σ_3 + f̃_{10}σ_1 , Y^8 = q_2x_2σ_3 + f̃_{20}σ_1 , A_1 = −g̃_{10}σ_2 , A_2 = −g̃_{20}σ_2 . (2.33)

If q_1 > q_2, the combination (f̃_{10}, g̃_{10}) corresponds to the tachyon mode and (f̃_{20}, g̃_{20}) corresponds to the massive mode. We calculate the charge density of this configuration. By the results,

−i Tr F_{12}[Y^8, Y^9] = 8(C_2q_1x_1 − C_1q_2x_2)^2e^{−2q1x21−2q2x2} , − Tr D_1Y^8D_2Y^9 = 8(C_2q_1x_1 − C_1q_2x_2)^2e^{−2q1x21−2q2x2} ,

Tr D_1Y^9D_2Y^8 = 2q_1q_2 − 4(C^2_2 q_1 + C^2_1 q_2)e^{−2q1x21−2q2x2} , (2.34)

we obtain the D2-brane charge density as

J_{089} = 1 6 q_1q_2 + ( 2 3 (C_2q_1x_1 − C_1q_2x_2)^2 − 1 3 C^2_2 q_1 − 1 3 C^2_1 q_2 ) e^{−2q1x21−2q2x2} . (2.35)

C_1(t) is an exponentially growing function of t. We consider the situation where the tachyon mode condenses here, therefore, we take C_2 = 0 because C_2 is the coefficient of the massive mode. D2-brane charge is rewritten as 1 6 q_1q_2 + ( 2 3 (C_1q_2x_2)^2 − 1 3 C^2_1 q_2 ) e^{−2q1x21−2q2x2} . (2.36)

– 8 –

The first term is background D2 charge. The second term is induced by the tachyon mode and localized near the intersection point. Total D2-brane charge is obtained by the integration of x_i as ∫ dx_1dx_2e^{−2q1x21−2q2x2} ( 2 3 (C_2q_1x_1 − C_1q_2x_2)^2 − 1 3 C^2_2 q_1 − 1 3 C^2_1 q_2 ) = 0 . (2.37)

Thus, we confirm that D2-brane charge is still conserved after tachyon mode has condensed.

3. Supersymmetry

In this section, we consider the case of equal intersection angles q_1 = q_2 ≡ q here. Now the mode (2.15) becomes massless and the corresponding eigenfunctions are written as

⃗V^′_{10} = ( f̃_{10}(x_1, x_2, t) g̃_{10}(x_1, x_2, t) ) = e^{−qr2} C_{10} ( 1 1 ) , ⃗V^′_{20} = ( f̃_{20}(x_1, x_2, t) g̃_{20}(x_1, x_2, t) ) = e^{−qr2} C_{20} ( 1 1 ) , (3.1)

where r^2 ≡ x^2_1 + x^2. C_{10} and C_{20} are some numerical constant. It is known that two intersecting D-branes at equal two angles preserve 1/4 of the supersymmetries.^8 Therefore, let us check the supersymmetry of the configuration written as

Y^9 = q_1x_1σ_3 + f̃_{10}σ_1 , Y^8 = q_2x_2σ_3 + f̃_{20}σ_1 , A_1 = g̃_{10}σ_2 , A_2 = g̃_{20}σ_2 . (3.2)

The supersymmetric variation of gaugino is written as

δψ = F_{μν} Γ^{μν} ϵ . (3.3)

The configuration (3.2) satisfies the following BPS conditions up to the quadratic order in the fluctuations as

F_{12} + i[Y^8, Y^9] = 0 , D_1Y^8 + D_2Y^9 = σ^3O(C^2) , D_1Y^9 − D_2Y^8 = σ^3O(C^2) , (3.4)

and therefore, we obtain

δψ = O(C^2)ϵ . (3.5)

Thus, this configuration is supersymmetric up to the quadratic order in the fluctuations. The configuration with the supersymmetry up to quadratic order and where all supersymmetries are broken beyond this order is studied in [28].

8Black hole entropy in this system is studied in [27].

– 9 –

We can diagonalize Y^8 and Y^9 simultaneously in the region x_1 ∼ x_2 ∼ 0 as

Y^9 ∼ f̃_{10}σ_3 , Y^8 ∼ f̃_{20}σ_3 . (3.6)

Thus, the intersection point is resolved, which was also seen in the previous section. Note that in the previous section, only one mode, which is tachyonic, condenses. On the other hand, we consider the deformation by two massless modes here. Finally, we calculate the distribution of the D2-brane charge. D2-brane charge is written in (2.35) as

J_{089} = 1 6 q^2 + ( 2 3 (C_2x_1 − C_1x_2)^2q^2 − 1 3 C^2_2 q − 1 3 C^2_1 q ) e^{−2qr2} . (3.7)

Total charge is obtained as ∫ dx_1dx_2 ( 1 6 q^2 + ( 2 3 (C_2x_1 −C_1x_2)^2q^2 − 1 3 C^2_2 q− 1 3 C^2_1 q ) e^{−2qr2} ) = q^2 6 ·(area of x_1-x_2 plane) . (3.8) Thus, total D2-brane charge is again conserved.

4. Higher order corrections of F

We consider the effect of the higher order corrections of F . The F^4 terms are the first nontrivial contribution to the fluctuation analysis, therefore, we consider the mass spectra and eigenfunctions including F^4 terms. The symmetrized traced lagrangian in [29] is written as

L = Str √ − det(η_{μν} + 2πα^′F_{μν} ) , (4.1)

and F^4 terms are obtained by the expansion of this action as

L = Str(2πα^′)^2 ( 1 8 F_{μν} F_{νλ}F_{λσ}F_{σμ} − 1 32 F_{μν} F_{νμ}F_{λσ} F_{σλ} ) . (4.2)

By taking the T-duality along 8, 9 directions and considering the classical solutions (2.4) and fluctuations (2.5), we obtain quadratic parts in the fluctuations as L = −Q_1 ( (∂_0f_1)^2 + (∂_0g_1)^2 ) − Q_2 ( (∂_0f_2)^2 + (∂_0g_2)^2 ) + +Q_3 ( (∂_1f_1 + 2g_1q_1x_1)^2 − 4q_1f_1g_1 ) + Q_4 ( (∂_2f_2 + 2g_2q_2x_2)^2 − 4q_2f_2g_2 ) + +Q_5 ( (∂_1f_2 + 2g_1q_2x_2)^2+(∂_2f_1 + 2g_2q_1x_1)^2+4(q_1x_1f_2 − q_2x_2f_1)^2+(∂_1g_2 − ∂_2g_1)^2 ) , Q_1 ≡ ( 1 − 1 6 q^2_1 (2πα^′)^2 )( 1 + 1 6 q^2 (2πα^′)^2 ) , Q_2 ≡ ( 1 + 1 6 q^2_1 (2πα^′)^2 )( 1 − 1 6 q^2 (2πα^′)^2 ) , Q_3 ≡ ( 1 − 1 2 q^2_1 (2πα^′)^2 )( 1 + 1 6 q^2_1 (2πα^′)^2 ) , Q_4 ≡ ( 1 + 1 6 q^2_1 (2πα^′)^2 )( 1 − 1 2 q^2_1 (2πα^′)^2 ) , Q_5 ≡ ( 1 − 1 6 q^2_1 (2πα^′)^2 )( 1 − 1 6 q^2_1 (2πα^′)^2 ) . (4.3)

– 10 –

By solving the equations of motions for the fluctuations, we obtain the eigenfunctions of the lowest mode as

⃗V^′_{10} = ( f̃_{10}(x_1, x_2, t) g̃_{10}(x_1, x_2, t) ) = n_{10}e^{−q1x21−q2x2} C_{10}(t) ( 1 1 ) , ⃗V^′_{20} = ( f̃_{20}(x_1, x_2, t) g̃_{20}(x_1, x_2, t) ) = n_{20}e^{−q1x21−q2x2} C_{20}(t) ( 1 1 ) . (4.4)

The squared of the mass eigenvalue is obtained as

m^2_{i0} = ±(2(q_1 − q_2) − 2 3(2πα^′)^2

(q^3_1 − q^3_2)) = ±

(θ_1 − θ_2) 2πα^′ + O(θ^5_i ) . (4.5)

We obtain the correct mass eigenvalue of tachyon mode at order θ^3. The eigenfunction of tachyon mode is the product of gaussian functions of x_1 and x_2. In the analysis [16], the eigenfunctions of tachyon mode remain gaussian function at order F^6, therefore we expect that the eigenfunctions remain the product of gaussian functions of x_1 and x_2 even in two angle’s case in the action including the F^6 terms, and further, more higher order F terms.

5. Conclusion and discussion

We have considered the recombinations of D-branes intersecting at more than one angle using SU(2) super Yang-Mills theory. There are tachyon modes in the off-diagonal fluctuations and the condensation of this mode triggers the recombinations. On the other hand, in supersymmetric intersecting brane systems, there are two kinds of nontrivial massless deformations, the deformations into calibration geometry and the recombinations by the condensation of the off-diagonal fluctuation modes. The former is obtained by solving a minimal surface problem of membranes and described by U(1) DBI actions. On the other hand, to describe the latter phenomenon, we need to know the full knowledge of the nonabelian Born-Infeld action. In particular configurations, we can analyze this phenomenon even in Yang-Mills theory. We have studied the condensation of the tachyon mode and we have found that there are D2-branes distributed in the bulk near the intersection point after tachyon mode had condensed. Tachyon condensation diffuses D2-brane charge at the intersection point at first stage, and after that, the localization might be relaxed and recombined D2-branes, which preserve 1/4 of the supersymmetries, would emerge as a final state. In the case that two intersection angles are equal, the lowest off-diagonal fluctuation mode is massless. The configuration deformed by this mode is supersymmetric up to the quadratic fluctuations, and the intersection point is resolved. This is an interesting example of non-abelian embeddings. In this case, abelian mode which governs the calibration geometry and non-abelian mode which governs the non-abelian embeddings. The region that Yang-Mills analysis is appropriate is also up to the quadratic order in the fluctuations. In string theory, or NBI action, this supersymmetric non-abelian embedding might be valid beyond the quadratic order in the fluctuations. To discuss this point more deeply, it might be interesting to consider the higher order fluctuations. F^4 corrections are also studied

– 11 – x_1 x_2 x_3

Y^7

Y^8

Y^9

θ_1 θ_2 θ_3

Figure 2: Intersecting D3-branes.

and the higher order corrections of θ are obtained. It is straightforward to discuss the recombination of Dp-branes intersecting at more angles. The extension to three intersection angles is studied in appendix A. In future direction, it might be interesting to study the Higgs mechanism of the Standard model from this direction.

Acknowledgments

I would like to thank M. Kato, M. Naka and especially K. Hashimoto for quite useful discussions and comments. I would also like to thank K. Hashimoto for carefully reading this manuscript.

A. Recombination of D3-branes intersecting at three angles

D3-branes effective action is written as S = −T Tr ∫ d^2xdt [ (D_aY^i)^2 + 1 2 F^2_{ab} − [Y^i, Y^j]^2 ] . (A.1)

where the indices a, b = 0, 1, 2, 3 and i, j = 4, . . . , 9. Two D3-branes are embedded in 6 dimensions and do not extend in other dimensions. The embedded directions are chosen as 1, 2, 3, 7, 8 and 9 and others as 4, 5 and 6. A classical solution we consider here is written as

Y^9 = q_1x_1σ^3 , Y^8 = q_2x_2σ^3 , Y^7 = q_3x_3σ^3 , A_a = 0 , (A.2)

which describes the two intersecting D3-branes.

Let us turn on the off-diagonal fluctuations as

Y^9 = q_1x_1σ^3 + f_1(x_a)σ^1 − f̄_1(x_a)σ^2 , Y^8 = q_2x_2σ^3 + f_2(x_a)σ^1 − f̄_2(x_a)σ^2 , A_1 = g_1(x_a)σ^1 − ḡ_1(x_a)σ^2 , A_2 = g_2(x_a)σ^1 − ḡ_2(x_a)σ^2 .

The lagrangian quadratic in the fluctuations is calculated as L = ∑ i,j=1,2,3 ( − (∂_0f_i)^2 − 4q_if_iḡ_i + (∂_if_j + 2ḡ_iq_jx_j)^2 − (∂_0ḡ_i)^2 + (∂_iḡ_j − ∂_jḡ_i)^2 +

+ 4(q_ix_if_j − q_jx_j f_i)^2 + (f_α → f̄, ḡ_α → g) ) . (A.4)

The combinations (f_α, ḡ_α) and (f̄_α, g_α) are decoupled each other in the quadratic fluctuations, therefore we neglect (f̄_α, g_α). From now on, we denote ḡ as g.

– 12 –

By solving the equations of motion for the fluctuations, we obtain the eigenfunction of the lowest mode of the fluctuations as ( f̃_{10}(x_1, x_2, t) g̃_{10}(x_1, x_2, t) ) = ∑ i=1,2,3 n_1e^{−qix2i} C_{10}(t) ( 1 1 ) , ( f̃_{20}(x_1, x_2, t) g̃_{20}(x_1, x_2, t) ) = ∑ i=1,2,3 n_2e^{−qix2i} C_{20}(t) ( 1 1 ) , ( f̃_{30}(x_1, x_2, t) g̃_{30}(x_1, x_2, t) ) = ∑ i=1,2,3 n_3e^{−qix2i} C_{30}(t) ( 1 1 ) . (A.5)

The lowest mode remains the product of gaussian functions of x_i. The squared of the mass eigenvalue is obtained as^9

m^2_{10} = ±2(−q_1 + q_2 + q_3) ∼ 1 2πα^′ (−θ_1 + θ_2 + θ_3) ,

m^2_0 = ±2(q_1 − q_2 + q_3) ∼ 1 2πα^′ (θ_1 − θ_2 + θ_3) ,

m^2_{30} = ±2(q_1 + q_2 − q_3) ∼ 1 2πα^′ (θ_1 + θ_2 − θ_3) . (A.6)

This result is consistent with the worldsheet analysis in [19]. The parameter region of the intersection angles which corresponds to the tachyonic configuration is considered in [32].

References

[1] E. Witten, Bound states of strings and p-branes, Nucl. Phys. B 460 (1996) 335 [hep-th/9510135].

[2] A. Hashimoto and I.W. Taylor, Fluctuation spectra of tilted and intersecting D-branes from the Born-Infeld action, Nucl. Phys. B 503 (1997) 193 [hep-th/9703217].

[3] C. Bachas, A way to break supersymmetry, hep-th/9503030;

C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, Type-I strings on magnetised orbifolds and brane transmutation, Phys. Lett. B 489 (2000) 223 [hep-th/0007090]; R. Blumenhagen, L. Görlich, B. Körs and D. Lüst, Noncommutative compactifications of type-I strings on tori with magnetic background flux, J. High Energy Phys. 10 (2000) 006 [hep-th/0007024];

G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, D = 4 chiral string compactifications from intersecting branes, J. Math. Phys. 42 (2001) 3103 [hep-th/0011073]; G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, Intersecting brane worlds, J. High Energy Phys. 02 (2001) 047 [hep-ph/0011132];

R. Blumenhagen, B. Körs and D. Lüst, Type i strings with F- and B-flux, J. High Energy Phys. 02 (2001) 030 [hep-th/0012156];

L.E. Ibáñez, F. Marchesano and R. Rabadán, Getting just the standard model at intersecting branes, J. High Energy Phys. 11 (2001) 002 [hep-th/0105155];

9The mass spectra of constant field strength configuration in Yang-Mills theory on T^4 are studied in [30] and the generalizations on T^{2n}(n = 1, 2, . . .) are studied in [31].

– 13 –

R. Blumenhagen, B. Körs, D. Lüst and T. Ott, The standard model from stable intersecting brane world orbifolds, Nucl. Phys. B 616 (2001) 3 [hep-th/0107138];

M. Cvetič, G. Shiu and A.M. Uranga, Three-family supersymmetric standard like models from intersecting brane worlds, Phys. Rev. Lett. 87 (2001) 201801 [hep-th/0107143]; Chiral four-dimensional N = 1 supersymmetric type-IIA orientifolds from intersecting d6-branes, Nucl. Phys. B 615 (2001) 3 [hep-th/0107166];

D. Cremades, L.E. Ibáñez and F. Marchesano, Intersecting brane models of particle physics and the Higgs mechanism, J. High Energy Phys. 07 (2002) 022 [hep-th/0203160]; R. Blumenhagen, V. Braun, B. Körs and D. Lüst, Orientifolds of K3 and Calabi-Yau manifolds with intersecting D-branes, J. High Energy Phys. 07 (2002) 026 [hep-th/0206038]; C. Kokorelis, Exact standard model structures from intersecting D5-branes, Nucl. Phys. B 677 (2004) 115 [hep-th/0207234];

R. Blumenhagen, L. Görlich and T. Ott, Supersymmetric intersecting branes on the type-IIA T^6/Z_4 orientifold, J. High Energy Phys. 01 (2003) 021 [hep-th/0211059]; A.M. Uranga, Chiral four-dimensional string compactifications with intersecting D-branes, Class. Quant. Grav. 20 (2003) S373–S394 [hep-th/0301032];

M. Axenides, E. Floratos and C. Kokorelis, SU(5) unified theories from intersecting branes, J. High Energy Phys. 10 (2003) 006 [hep-th/0307255];

C. Kokorelis, N = 1 locally supersymmetric standard models from intersecting branes,

hep-th/0309070.

[4] C. Herdeiro, S. Hirano and R. Kallosh, String theory and hybrid inflation/acceleration, J.

High Energy Phys. 12 (2001) 027 [hep-th/0110271];

J. Garcia-Bellido, R. Rabadán and F. Zamora, Inflationary scenarios from branes at angles, J. High Energy Phys. 01 (2002) 036 [hep-th/0112147];

R. Blumenhagen, B. Körs, D. Lüst and T. Ott, Hybrid inflation in intersecting brane worlds, Nucl. Phys. B 641 (2002) 235 [hep-th/0202124];

K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, D3/D7 inflationary model and M-theory, Phys. Rev. D 65 (2002) 126002 [hep-th/0203019];

N. Jones, H. Stoica and S.H.H. Tye, Brane interaction as the origin of inflation, J. High Energy Phys. 07 (2002) 051 [hep-th/0203163];

S. Sarangi and S.H.H. Tye, Cosmic string production towards the end of brane inflation, Phys. Lett. B 536 (2002) 185 [hep-th/0204074];

M. Gomez-Reino and I. Zavala, Recombination of intersecting D-branes and cosmological inflation, J. High Energy Phys. 09 (2002) 020 [hep-th/0207278]; R. Brandenberger, G. Geshnizjani and S. Watson, On the initial conditions for brane inflation, Phys. Rev. D 67 (2003) 123510 [hep-th/0302222].

[5] K. Hashimoto and S. Nagaoka, Recombination of intersecting D-branes by local tachyon condensation, J. High Energy Phys. 06 (2003) 034 [hep-th/0303204].

[6] A.V. Morosov, Classical decay of a non-supersymmetric configuration of two D-branes, Phys.

Lett. B 433 (1998) 291 [hep-th/9803110].

[7] W.-H. Huang, Recombination of intersecting D-branes in tachyon field theory, Phys. Lett. B 564 (2003) 155 [hep-th/0304171].

[8] W.-H. Huang, On tachyon condensation of intersecting noncommutative branes in M(atrix) theory, Phys. Lett. B 578 (2004) 418 [math-ph/0310005].

[9] T. Sato, A quantum analysis on recombination process and dynamics of d-p-branes at one angle, Nucl. Phys. B 682 (2004) 117 [hep-th/0304237].

– 14 –

[10] K. Hashimoto and W. Taylor, Strings between branes, J. High Energy Phys. 10 (2003) 040 [hep-th/0307297].

[11] D.J. Smith, Intersecting brane solutions in string and M-theory, Class. and Quant. Grav. 20 (2003) R233 [hep-th/0210157].

[12] G.W. Gibbons, Born-Infeld particles and dirichlet p-branes, Nucl. Phys. B 514 (1998) 603 [hep-th/9709027];

G.W. Gibbons and G. Papadopoulos, Calibrations and intersecting branes, Commun. Math. Phys. 202 (1999) 593 [hep-th/9803163].

[13] N.R. Constable and N.D. Lambert, Calibrations, monopoles and fuzzy funnels, Phys. Rev. D 66 (2002) 065016 [hep-th/0206243].

[14] A. Bilal, Higher-derivative corrections to the non-abelian Born-Infeld action, Nucl. Phys. B 618 (2001) 21 [hep-th/0106062].

[15] P. Koerber and A. Sevrin, The non-abelian D-brane effective action through order α^{′4}, J.

High Energy Phys. 10 (2002) 046 [hep-th/0208044];

A. Sevrin and A. Wijns, Higher order terms in the non-abelian D-brane effective action and magnetic background fields, J. High Energy Phys. 08 (2003) 059 [hep-th/0306260].

[16] S. Nagaoka, Fluctuation analysis of non-abelian Born-Infeld action in the background intersecting D-branes, Prog. Theor. Phys. 110 (2004) 1219 [hep-th/0307232].

[17] A.M. Uranga, Localized instabilities at conifolds, hep-th/0204079.

[18] J. Erdmenger, Z. Guralnik, R. Helling and I. Kirsch, A world-volume perspective on the recombination of intersecting branes, hep-th/0309043.

[19] M. Berkooz, M.R. Douglas and R.G. Leigh, Branes intersecting at angles, Nucl. Phys. B 480 (1996) 265 [hep-th/9606139].

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

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

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].

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

[22] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170]; Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105]; Non-BPS states and branes in string theory,

hep-th/9904207; Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027

[hep-th/9911116].

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

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; I.V. Vancea, Note on four Dp-branes at angles, J. High Energy Phys. 04 (2001) 020 [hep-th/0011251].

– 15 –

[24] F. Epple and D. Lüst, Tachyon condensation for intersecting branes at small and large angles, hep-th/0311182.

[25] I.W. Taylor and M. Van Raamsdonk, Multiple D0-branes in weakly curved backgrounds, Nucl.

Phys. B 558 (1999) 63 [hep-th/9904095]; Multiple Dp-branes in weak background fields, Nucl. Phys. B 573 (2000) 703 [hep-th/9910052].

[26] R.C. Myers, Dielectric-branes, J. High Energy Phys. 12 (1999) 022 [hep-th/9910053].

[27] M.S. Costa and M.J. Perry, Torons and black hole entropy, Nucl. Phys. B 524 (1998) 333 [hep-th/9712160].

[28] I.W. Taylor, Adhering 0-branes to 6-branes and 8-branes, Nucl. Phys. B 508 (1997) 122 [hep-th/9705116].

[29] A.A. Tseytlin, Vector field effective action in the open superstring theory, Nucl. Phys. B 276 (1986) 391, erratum ibid. B291 (1987) 876; On non-abelian generalisation of the Born-Infeld action in string theory, Nucl. Phys. B 501 (1997) 41 [hep-th/9701125]; D.J. Gross and E. Witten, Superstring modifications of Einstein’s equations, Nucl. Phys. B 277 (1986) 1.

[30] P. van Baal, SU(N) Yang-Mills solutions with constant field strength on T^4, Commun. Math.

Phys. 94 (1984) 397.

[31] J. Troost, Constant field strengths on T^{2n}, Nucl. Phys. B 568 (2000) 180 [hep-th/9909187].

[32] R. Rabadán, Branes at angles, torons, stability and supersymmetry, Nucl. Phys. B 620 (2002) 152 [hep-th/0107036].

– 16 –