Published by Institute of Physics Publishing for SISSA/ISAS Received: March 12, 2004 Accepted: April 22, 2004

Nonabelian gauge field and dual description of fuzzy sphere

Yusuke Kimura

Theory Group, KEK Tsukuba, Ibaraki 305-0801, Japan E-mail: kimuray@post.kek.jp

Abstract: In matrix models, higher dimensional D-branes are obtained by imposing a noncommutative relation to coordinates of lower dimensional D-branes. On the other hand, a dual description of this noncommutative space is provided by higher dimensional D-branes with gauge fields. Fuzzy spheres can appear as a configuration of lower dimensional Dbranes in a constant R-R field strength background. In this paper, we consider a dual description of higher dimensional fuzzy spheres by introducing nonabelian gauge fields on higher dimensional spherical D-branes. By using the Born-Infeld action, we show that a fuzzy 2k-sphere and spherical D2k-branes with a nonabelian gauge field whose Chern character is nontrivial are the same objects when n is large. We discuss a relationship between the noncommutative geometry and nonabelian gauge fields. Nonabelian gauge fields are represented by noncommutative matrices including the coordinate dependence. A similarity to the quantum Hall system is also studied.

Keywords: Solitons Monopoles and Instantons, D-branes, M(atrix) Theories, Non-Commutative Geometry.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep042004058 /jhep042004058 .pdf

Contents

1. Introduction 1

2. Fuzzy sphere 4

3. D0-branes under R-R field strength background 5

4. Dual description of fuzzy sphere 8 4.1 Dual description of fuzzy four-sphere 8 4.2 Dual description of fuzzy six-sphere 12 4.3 Dual description of fuzzy eight-sphere 15

5. Noncommutativity and nonabelian gauge field 17

6. Summary and discussions 20

A. Some formulae of fuzzy sphere 21

B. Hopf map and Berry phase 22

1. Introduction

String theory is considered as the best candidate for a quantum theory of gravity or a unified theory of all interactions. Much attention has been given to noncommutative geometry because it is expected to capture some aspects of the quantum gravity. Over the past few years several papers have been devoted to the study of a relationship between noncommutative geometry and string theory. The need of noncommutative geometry in string theory is easily understood by considering a world-volume action of D-branes. D-branes are defined as the endpoints of open strings. Since gauge fields appear in the ground state of open strings, the low energy dynamics of D-branes is described by gauge fields. One of the most interesting aspects is the appearance of nonabelian gauge symmetry from the worldvolume theory of some coincident D-branes. A low energy effective action of N D-branes is provided by the dimensional reduction of the ten-dimensional U(N) Yang-Mills theory, and transverse coordinates of N D-branes are expressed by U(N) adjoint scalars [1]. The appearance of this matrix-valued coordinate indicates relationships between string theory and noncommutative geometry.

Concrete models for studying the nonperturbative properties of string theory are proposed in [2, 3]. These matrix models are constructed by taking lower dimensional D-branes as fundamental degrees of freedom. Since higher dimensional D-branes also exist in string

– 1 – theories, they need to be contained in matrix models. It is important to understand relationships between D-branes of different dimensions because higher dimensional ones are constructed form lower dimensional ones. A study of a world-volume action for D-branes can reveal the relationship. The Chern-Simons coupling indicates an interesting relationships between D-branes [4]–[7]. Let us consider a matrix model of D0-branes as a simple example. In this model, a D2-brane is represented by two noncommutative matrices,

[X_1, X_2] = −iC_{12}1 , (1.1)

where X_i are transverse coordinates of D0-branes [8, 2]. The commutator measures the charge of D2-brane. In general, we can say that higher dimensional D-branes are expressed by noncommutative geometry from lower dimensional D-branes. What has to be noticed is that the above matrix configuration is not just a D2-brane but a bound state of D0-branes and a D2-brane. In the world-volume theory of a D2-brane, D0-branes bounded on it are expressed by an abelian gauge field configuration with a nonzero first Chern class, which is supported by the following coupling:

μ_2 ∫ 2+1 ( C^{(3)} + C^{(1)} ∧ F ) , (1.2)

where C^{(k)} represents R-R k-form field. This coupling implies that a gauge field on a D2-brane couples to the R-R one-form field, which is associated with D0-branes. Therefore the first Chern class provides the charge of D0-branes. This fact can be generalized to the fact that lower dimensional D-branes bounded on higher dimensional D-branes are represented by gauge fields which is topologically nontrivial. We then find that there are two descriptions for a system. If we start with lower dimensional D-branes, higher dimensional D-branes are obtained by imposing a noncommutative relation to coordinates of lower dimensional D-branes. On the other hand, on the world-volume theory of higher dimensional D-branes, a gauge field with a nonvanishing Chern number is needed to express lower dimensional D-branes. See also [9] for this correspondence. These facts are extensively reviewed in [10, 11, 12].

In the previous paragraph, we showed an example of two dual descriptions for a bound state of a flat D2-brane and D0-branes. A noncommutative plane is dual to a flat D2-brane with an abelian gauge field. It is important to study two descriptions because the second description gives another viewpoint for noncommutative geometry. This study helps us to understand the role of noncommutative geometry in string theory. This correspondence is also expected to hold for curved D-branes. A simple generalization is to consider the fuzzy sphere. A fuzzy two-sphere has a dual description in terms of an abelian gauge field on a spherical D2-brane, and is interpreted as a bound state of a spherical D2-brane and D0-branes [13, 7, 14, 15, 16, 17]. We need to emphasize that gauge fields are abelian for both cases. A higher dimensional generalization is an interesting subject since a higher dimensional fuzzy sphere has some characteristic features. It is first constructed in [18], and further analyses revealed the interesting structures of higher dimensional fuzzy sphere [19, 20, 21]. See also [22]–[26]. It is pointed out in [20] that a fuzzy 2k-sphere is expressed by a coset space SO(2k + 1)/ U(k), and therefore the dimension is not 2k but k(k + 1). The

– 2 – number of the extra dimensions makes the higher dimensional fuzzy sphere complicated. As analyzed in [27] for the k = 2 case, a nonabelian gauge field is needed to realize a dual description of higher dimensional fuzzy spheres. The use of a nonabelian gauge field is closely related to the existence of the extra dimensions. A dual aspect of higher dimensional fuzzy spheres is partially discussed in [27, 20, 53, 46]. In this paper, we explicitly construct a nonabelian gauge field to realize a dual description of higher dimensional fuzzy spheres and compare two descriptions by using the Born-Infeld action. We see that two descriptions provide the same result when the size n of matrices realizing the fuzzy sphere is enough large. Such a analysis shows an interesting relationship between the noncommutativity on the fuzzy sphere and the nonabelian gauge field. See also a recent work [28] which calculates D-brane charges for various noncommutative configurations.

The organization of this paper is as follow. In section 2, we review the algebra of the fuzzy 2k-sphere. Some distinctive aspects of the higher dimensional fuzzy sphere are explained. We consider N D0-branes in a constant R-R (2k + 2)-form field strength background in section 3. An action of D0-branes in the background is described by a matrix model with the Chern-Simons term. We see that N D0-branes form a fuzzy 2k-sphere at a classical extremum of the matrix model. This phenomenon is called the dielectric effect [7]. We calculate the value of the potential for the fuzzy sphere. Since higher dimensional fuzzy spheres are realized at a local maximum of the classical potential, they are classically unstable in this situation. To understand a dual description of higher dimensional fuzzy spheres is a main part of this paper. We consider a world-volume theory of spherical D2k-branes in section 4. A dual description of a fuzzy 2k-sphere is expected to be given by a bound state of spherical D2k-branes and D0-branes. The D0-branes are represented by a gauge field configuration with a nonzero Chern number. Such gauge fields are recently used to construct a higher dimensional quantum Hall system in [29]–[32]. An interesting fact for the higher dimensional case is that the gauge field is nonabelian and expressed by using matrices which are associated with a lower dimensional fuzzy sphere. This was also suggested in [21] by studying a relationship between a higher dimensional fuzzy sphere and a lower dimensional fuzzy sphere. A world-volume action of spherical D2k-branes with a (nonabelian) gauge field shows two extrema, one of them corresponds to a fuzzy 2k-sphere in the matrix model description. We compare some quantities such as the potential, the radius of sphere and the charge of lower dimensional D-branes in two descriptions, and it is shown that these two descriptions coincide at large-n. Accordingly we conclude that a fuzzy 2k-sphere and spherical D2k-branes with an SO(2k) nonabelian gauge field are the same objects at large-n. In section 5, we discuss a relationship between the noncommutativity and nonabelian gauge fields. It is explained that a nonabelian gauge field is described by a matrix including the coordinate dependence. We can observe an interesting mixing between the noncommutativity of coordinates and that of nonabelian gauge fields. We also provide an explanation about the large-n limit by studying the lowest Landau level condition in a higher dimensional quantum Hall system. A relation to the zero slope limit in [47] is also discussed. Section 6 devotes to summary and discussions. In appendix A, we summarize some formulae of the fuzzy sphere. In appendix B, we review the construction of monopole gauge fields on even dimensional spheres.

– 3 –

2. Fuzzy sphere

In this section, we review the algebra of fuzzy sphere in diverse dimensions. Our interest in this paper is restricted to even dimensional spheres. Odd-dimensional fuzzy spheres are investigated in [33, 34].

We first explain the fuzzy two-sphere [35, 36, 13, 37, 38]. A coordinate of a fuzzy two-sphere is given by the SU(2) algebra;

[X_μ, X_ν ] = 2iαϵ_{μνλ}X_λ , X_μ = αL_μ , (2.1)

where L_μ denotes the spin n/2-representation of SU(2), and α is a dimensionful constant. n can take any positive integers. The quadratic Casimir of SU(2) provides the radius of the two-sphere;

r^2 ≡ X_μX_μ = α^2L_μL_μ = α^2n(n + 2)1_{n+1} . (2.2)

In this realization, the size (n + 1) of the matrix is interpreted as the number of D0-branes.

Let us now consider the place which is labelled by L_3 = n, which corresponds to the north pole of a two-sphere. Around this point, the fuzzy two-sphere algebra (2.1) becomes a noncommutative plane after we take a large-n limit,

[X_μ, X_ν ] = 2iα^2nϵ_{μν} 1 . (2.3)

In this sense, the fuzzy sphere algebra is considered as a generalization of a noncommutative plane.

We next review the algebra of higher dimensional fuzzy spheres [18]–[21]. It is natural to start with the SO(2k + 1) algebra since it is a symmetry of a 2k-sphere,

[Ĝ_{μν} , Ĝ_{λρ}] = 2 ( δ_{νλ}Ĝ_{μρ} + δ_{μρ}Ĝ_{νλ} − δ_{μλ}Ĝ_{νρ} − δ_{νρ}Ĝ_{μλ} ) . (2.4)

An important fact is that any representations of this algebra do not always construct a fuzzy sphere. We have to consider a representation whose highest weight state is labelled by [0, . . . , 0, n], where n is a positive integer. We have used the Dynkin index to label the representation. This representation is considered as a generalization of the spinor representation since Ĝ_{μν} reduces to Γ_{μν} when n = 1. Note that Ĝ_{μν} is explicitly constructed from Γ_{μν} by using a symmetric tensor product as in [18, 19] (see also [50] for the detailed calculation).

We denote the size of the matrix representation by N_k. It is calculated as [19]:

N_1 = n + 1 , N_2 = 1 6 (n + 1)(n + 2)(n + 3) ,

N_3 = 1 360 (n + 1)(n + 2)(n + 3)^2(n + 4)(n + 5) ,

N_4 = 1 302400

(n + 1)(n + 2)(n + 3)^2(n + 4)^2(n + 5)^2(n + 6)(n + 7) . (2.5)

The k = 1 case is included in this table. A big difference between a fuzzy two-sphere and a fuzzy 2k-sphere (k ≠ 1) is that N_1 can take any positive integers while N_k (k ≠ 1) cannot. We provide some comments on this point in section 6.

– 4 –

Coordinates of a 2k-sphere are included in Ĝ_{μν} .^1 It is convenient to introduce Ĝ_μ which satisfy

[Ĝ_μ, Ĝ_ν ] = 2Ĝ_{μν} , [Ĝ_μ, Ĝ_{νλ}] = 2 ( δ_{μν}Ĝ_λ − δ_{μλ}Ĝ_ν ) . (2.6)

When n = 1, Ĝ_μ becomes the (2k + 1)-dimensional gamma matrix Γ_μ. We can define coordinates of a fuzzy 2k-sphere as X_μ = αĜ_μ because of the following relation

Ĝ_μĜ_μ = n(n + 2k)1_{Nk} . (2.7)

The radius of a fuzzy 2k-sphere is

r^2 = α^2n(n + 2k) . (2.8)

Other relations for Ĝ_μ and Ĝ_{μν} are summarized in appendix A.

Ĝ_μ and Ĝ_{μν} really form the SO(2k + 2) algebra. If we define Σ_{μν} ≡ Ĝ_{μν} and Σ_{2k+2,μ} ≡ iĜ_μ, Σ_{ab} (a, b = 1, . . . , 2k + 2) satisfy the SO(2k + 2) algebra, belonging to an irreducible spinor representation of SO(2k + 2).

Let us define a noncommutative scale on a fuzzy sphere. A commutator of coordinates is given by α^2Ĝ_{μν} , and the order of Ĝ_{μν} is n due to the relation (A.3). Therefore a noncommutative scale l_{nc} can be defined as follows,

l^2_{nc} ≃ α^2n ≃ r^2 n . (2.9)

We now comment on the number of independent matrices. Ĝ_μ and Ĝ_{μν} have (2k + 1) and k(2k + 1) components respectively. Although there are totally (k + 1)(2k + 1) components, each component is not independent because of some constraints between them. The number of independent components is really given by k(k + 1). This is understood by considering the fact that the fuzzy 2k-sphere is given by the coset space SO(2k + 1)/ U(k) [20]. The difference between the fuzzy sphere which is given by SO(2k + 1)/ U(k) and the usual sphere by SO(2k + 1)/ SO(2k) is important. It is shown in [20] that a fuzzy sphere has a bundle structure over an usual sphere. Accordingly higher dimensional fuzzy spheres have some extra dimensions. Coordinates of the extra dimensions are also noncommutative, and a noncommutative scale of the extra space is also given by (2.9). In the remainder of this paper, we clarify this unusual aspect by considering the dual description of the fuzzy sphere.

3. D0-branes under R-R field strength background

In this section, we consider a collection of D0-branes in a constant R-R field strength background. A coupling of D0-branes with the R-R field strength background induces an interesting effect. D0-branes are polarized into a higher dimensional noncommutative

1iĜ5a are naturally identified with coordinates around the north pole.

– 5 – geometry, which is called the dielectric effect [7]. A low energy dynamics of D0-branes in such a background is described by a matrix action. We will see that transverse coordinates of D0-branes form a fuzzy sphere at an extremum of the model. Some works investigating higher dimensional D-branes in such an background have been reported in [39, 40].

The tension and the charge of a Dp-brane are defined as

T_p = μ_p = 2π g(2πl_s)^{p+1}

. (3.1)

We also define λ ≡ 2πl^2_s . In this notation, the charge of a Dp-brane is related to that of a D0-brane as μ_0 = (2πλ)^{p/2}μ_p. Basically we follow the notation of [7].

The dynamics of a world-volume theory of D-branes is described by the Born-Infeld action [41] and the Chern-Simons action [4, 5]. The case of nonabelian was developped in [6, 7]. The Born-Infeld action for N D0-branes in a flat space, with all other fields except transverse scalar fields vanishing, is given by S_{BI} = −T_0 ∫ dt Tr √ det(Q^i_j ) ≃ −T_0 ∫ dt ( N − λ^2 4 Tr[Φ_i, Φ_j][Φ_i, Φ_j] ) , (3.2)

where we have expanded the square root by assuming the condition λ[Φ_i, Φ_j ] ≪ 1. This action can describe a low energy dynamics of N D0-branes in a flat space. Φ_i is an N × N matrix-valued coordinate whose dimension is length^{−1}, representing a transverse motion of N D0-branes. We define a coordinate whose dimension is length as X_i = λΦ_i. The second term in (3.2) is also obtained form the dimensional reduction of the ten-dimensional U(N) super Yang-Mills action.

We next consider the Chern-Simons term. A coupling of N D0-branes to the R-R potential is given [6, 7] by

S_{CS} = μ_0 ∫ Tr ( P [e^{iλiΦiΦ} ∑ C^{(n)}] ) (3.3)

= μ_0 ∫ Tr ( P [ C^{(1)}+iλi_Φi_ΦC^{(3)}− λ^2 2 (i_Φi_Φ)^2C^{(5)}−i λ^3 3! (i_Φi_Φ)^3C^{(7)}+ λ^4 4! (i_Φi_Φ)^4C^{(9)} ]) . In this action, we considered a case where the NS-NS two-form field B and the gauge field strength F vanish. The notation P [· · ·] denotes the pull back of the spacetime tensor to the world-volume, and acts on C^{(1)} as

P [C^{(1)}]_t = C_μ ∂X_μ ∂t = C_t + λC_i ∂Φ_i ∂t . (3.4)

We must draw attention to the fact that the R-R fields are functional of transverse scalar fields Φ. The dependence is actually defined by using a non-abelian Taylor expansion [42]; C(t, Φ) = ∞∑ n=0 λ^n n! Φ^{i1} · · · Φ^{in} (∂_{xi1} · · · ∂_{xin} )C(t, x) |_{x=0} . (3.5)

The symbol i_Φ is introduced in [7], and denotes the following operation,

i_Φi_ΦC^{(2)} = Φ^jΦ^iC^{(2)}_{ij} . (3.6)

– 6 –

We now consider a case where only a constant R-R (2k + 2)-form field strength is nonzero:

F^{(2k+2)} ti_1...i_{2k+1} = fkϵi1...i2k+1 , (3.7) where f_k is a constant and determined later. Then we find that the leading order interaction term is obtained from the Chern-Simons term (3.3) as S_{CS} = − 1 (2k + 1) i^k k! λ^{k+1}μ_0 ∫ dt Tr(Φ_{i1} · · · Φ_{i2k+1} )F^{(2k+2)}_{ti1...i2k+1} = − 1 (2k + 1) i^k k! λ^{k+1}f_kμ_0 ∫ dt Tr(Φ_{i1} · · · Φ_{i2k+1} )ϵ_{i1...i2k+1} . (3.8)

By combining (3.2) with (3.8), a low energy effective scalar potential of N D0-branes in a constant R-R (2k + 2)-form field strength background is found to be

V = λ^2T_0 ( − 1 4 Tr[Φ_i, Φ_j ][Φ_i, Φ_j] + 1 (2k + 1) i^k k! λ^{k−1}f_k Tr(Φ_{i1} · · · Φ_{i2k+1} )ϵ_{i1...i2k+1} ) , (3.9)

where we have ignored the energy of N D0-branes, NT_0, which is not important in this discussion. The indices i, j run over 1, 2, . . . , 2k + 1. f_k is determined by requiring the condition that a fuzzy 2k-sphere becomes a classical solution of this matrix model. The equation of motion for the matrix model (3.9) is

[Φ_j, [Φ_i, Φ_j]] − i^k k! λ^{k−1}f_kΦ_{i2} · · · Φ_{i2k+1} ϵ_{ii2...i2k+1} = 0 . (3.10)

We substitute the following ansatz

X_i = λΦ_i = αĜ^{(k)}_i (3.11)

into the above equation. The radius of a fuzzy 2k-sphere is r^2 = α^2n(n + 2k) as in (2.8). We easily find that f_k should be given by

f_1 = 4α λ , f_2 = 4 α(n + 2)

, f_3 = 3λ α^3(n + 2)(n + 4)

, f_4 =

2λ^2 α^5(n + 2)(n + 4)(n + 6) . (3.12) Note that f_k depends on n when k takes 2, 3, 4. These f_k are compactly denoted by f_k = −(−i)^k 8k C_k k!α^{−2k+3}λ^{k−2} , (3.13)

where C_k is defined in (A.7). We can evaluate the value of the potential (3.9) for the fuzzy 2k-sphere solution (3.11) as

V_k = 2k ( 1 − 4 2k + 1 ) T_0 α^4 λ^2 n(n + 2k)N_k . (3.14)

It must be noted that V_1 is negative while V_k(k = 2, 3, 4) are positive.

Let us comment on another classical solution. A set of commuting matrices

[Φ_i, Φ_j] = 0 (3.15)

– 7 – is also a classical solution. Since Φ_i commute each other, they are simultaneously diagonalized and represent a set of N separated D0-branes. The potential energy (3.9) for this solution is zero. Since V_k in (3.14) is positive when k = 2, 3, 4, a fuzzy 2k-sphere is unstable and is expected to collapse into the solution (3.15). This situation is opposite to the case of fuzzy two-sphere. Since the potential energy of a fuzzy two-sphere is lower than that of the solution (3.15), a fuzzy two-sphere is classically stable [7]. This is one of differences between fuzzy two-sphere and fuzzy 2k-sphere (k ≠ 2). Another difference can be found by noticing that f_k depends on n when k takes 2, 3, 4. Due to the n dependence of f_k, reducible representations cannot be classical solutions. (If we require a reducible representation to be a classical solution of the model, an irreducible representation cannot.) Taking account of these differences, the classical dynamics of higher dimensional fuzzy sphere is completely different from that of fuzzy two-sphere.

A fuzzy 2k-sphere is obtained by a matrix representation of the size N_k, where N_k is defined in (2.5). The size of matrix N_k is interpreted as the number of D0-branes. Since the value of N_k is restricted, the number of D0-branes is restricted to realize spherical D2k-branes from D0-branes. In the next section, N_k is compared to the Chern number c_k on spherical D2k-branes.

4. Dual description of fuzzy sphere

In the previous section, we realized a higher dimensional fuzzy sphere as a classical solution of a matrix model of D0-branes. Noncommutative geometry is fully used in this description. The classical solution is really a bound state of D2k-branes and D0-branes. On the other hand, we have a dual description. From the viewpoint of a world-volume theory on D2kbranes, D0-branes bounded on them are expressed by a nontrivial gauge field configuration. The Chern character of it expresses the charge of D0-branes. In this section, we study a dual description of the higher dimensional fuzzy sphere.^2 This study helps us to understand some unusual aspects of higher dimensional fuzzy spheres. We consider a system of spherical D2kbranes and gauge fields on them in a constant R-R (2k +2)-form field strength background, and compare the potential energy with (3.14). This calculation is done by using the Born- Infeld action. It is shown that two descriptions coincide in the limit of large-n.

Notation of indices in this section is as follows, μ, ν = 1, 2, . . . , 2k + 1 and α, β = 1, 2, . . . , 2k. a,b are used for the world-volume indices.

4.1 Dual description of fuzzy four-sphere

We first consider a dual description of the fuzzy four-sphere. An instanton solution on a four-sphere space is constructed in [52], and it is given in (B.10);

A_α = − 1 2r(r + x_5) η^i_{αβ} x_βσ_i , A_5 = 0 , (4.1)

2A dual description of fuzzy four-sphere and fuzzy six-sphere is discussed in [27, 46] in the context of a fuzzy funnel solution. In this paper, we focus on a relationship between noncommutative geometry and (nonabelian) gauge fields. Some parts of the calculation in these papers overlap with those in our paper.

– 8 – where η^i_{αβ} is the ’t Hooft symbol. The gauge group of the instanton is SU(2). To relate this description with fuzzy sphere, we need to replace σ_i with L_i, where L_i is the spin n/2 representation of SU(2). The instanton number is defined as

c_2 = − 1 8π^2 ∫ S^4

Tr (F ∧ F ) . (4.2)

The minus sign is our convention. Since the instanton configuration (4.1) has the SO(5) symmetry, we can use the value of F at the north pole to simplify the calculation. From (B.14), the field strength at the north pole (x_α = 0, x_5 = r) is given by F_{αβ} = 1 2r^2 η^i_{αβ} L_i , F_{5α} = 0 . (4.3)

We now calculate the Chern numbers, which provide the charges of lower dimensional Dbranes. Since c_1 = trF = 0, there are no net D2-brane charge. As can be understood from the fact that L_i form a fuzzy two-sphere, positive charges and negative charges cancel each other. It is locally nonzero as shown in section 5. c_2 is evaluated as follow,

c_2 = − 1 8π^2 1 4 Ω_4r^4 Tr (ϵ_{αβγδ} F_{αβ} F_{γδ}) = 1 16π^2

Ω_4 Tr(L_iL_i) = 1 6 n(n + 1)(n + 2) ≡ c̄_2 . (4.4)

This corresponds to the number of D0-branes. Therefore a bound state of c̄_2 D0-branes^3 and (n+1) D4-branes is realized by introducing the SU(2) gauge field. F_{ab} in (4.3) satisfies the following (anti-)self-dual relation, ϵ_{αβγδ} F^{γδ} = −2F_{αβ} . (4.5) Let us consider the world-volume action for (n+1) D4-branes with the gauge field (4.1).

The Born-Infeld action for nonabelian D4-branes is given by S_{BI} = −T_4 ∫ d^{4+1}σ Str √ − det(P [G + λF ]_{ab}) . (4.6)

It is assumed that D4-branes are static and spherical. We fix the position of the D4-branes as x_i = 0 (i = 6, . . . .9) and x_5 = r, and adopt the static gauge x_a = σ_a (a = 0, 1, . . . , 4) around the north pole. The pullback P [· · ·] is calculated as

P [G + λF ]_{ab} = (G_{μν} + λF_{μν} ) ∂x^μ ∂σ^a ∂x^ν ∂σ^b = G_{ab} + λF_{ab} + G_{i(a}∂_{b)}x^i + λF_{i[a}∂_{b]}x^i + (G_{ij} + λF_{ij} )∂_ax^i∂_bx^j → G_{ab} + λF_{ab} . (4.7)

3Due to the minus sign of c2, it is really a bound state of anti-D0-branes and D4-branes.

– 9 –

The determinant is evaluated by using these assumptions as

− det(G_{ab} + λF_{ab}) = 1 + λ^2 2 F_{αβ} F_{αβ} + λ^4 64 (F_{αβ} F_{γδ} ϵ^{αβγδ})^2 = ( 1 + λ^2 4 F_{αβ} F_{αβ} )_2 , (4.8)

where we have evaluated it around the north pole of a four-sphere by using the rotation symmetry, and a flat metric G_{ab} = η_{ab} was used. From the first line to the second line, the self-dual condition (4.5) has been used. In this calculation, we have regard F as commutative in spite of its nonabelian property, which is justified since the determinant is in the symmetrized trace [43]. Then the Born-Infeld action is calculated as S = −T_4 ∫ d^{4+1}σ Str √ − det(P [G + λF ]_{ab})

= −T_4 ∫ dt ( (n + 1)Ω_4r^4 + c̄_24π^2λ^2 )

= − ∫ dt ( (n + 1)T_4Ω_4r^4 + c̄_2T_0 ) , (4.9)

where Ω_4 = 8π^2/3 is the volume of a four-sphere with unit radius. The first term corresponds to the energy of (n + 1) spherical D4-branes with the radius r, and the second term is the energy of c̄_2 D0-branes.

We next consider the Chern-Simons coupling. We are now considering a case where only R-R six-form field strength is nonzero. The background R-R six-form field strength (3.7) can provide the following five form potential after we use a gauge choice,

C^{(5)}_{t1234} = 1 5 f_2x_5 ≃ 1 5 f_2r , (4.10)

where we have evaluated around the north pole x_5 ≃ r. Then the Chern-Simons term is calculated as

S_{CS} = μ_4 Tr ∫ C^{(5)}

= μ_4 Tr ∫ dt ∫ d^4x ( 1 5 f_2r )

= μ_4 ∫ dt ( (n + 1) 1 5 f_2Ω_4r^5 ) . (4.11)

By combining the contributions from the Born-Infeld action (4.9) and the Chern-Simons action (4.11), the potential energy for D4-branes is provided by

V (r) = c̄_2T_0 + T_4Ω_4(n + 1) ( r^4 − f_2 5 r^5 ) . (4.12)

We regard this potential as a function of r. It has two extrema, one is given by r = 0 and another is r = 4 f_2

= α(n + 2) ≡ r_⋆ . (4.13)

– 10 –

At the first extremum, D4-branes cannot have a nonzero radius and only c̄_2 D0-branes can exist. The second one is related to a fuzzy four-sphere solution. r_⋆ is the radius of the four-sphere, and can be compared to the radius of a fuzzy four sphere which is given in (2.8). Because both becomes αn at large-n, two descriptions provide the same radius at large-n.

From the shape of the potential, the first extremum is a local minimum, while the second one is a local maximum. Therefore the spherical configuration is classically unstable against a small fluctuation. This situation is the same as one encountered in the previous section.

We now calculate the value of the potential for the spherical solution. By substituting r = r_⋆ into V (r), we have

V (r_⋆) − c̄_2T_0 = T_0 2 15 α^4 λ^2

(n + 1)(n + 2)^4 ≃ T_0 2 15 α^4 λ^2 n^5 . (4.14)

This should be compared with V_2, which is obtained in (3.14);

V_2 = T_0 2 15 α^4 λ^2 n(n + 1)(n + 2)(n + 3)(n + 4) ≃ T_0 2 15 α^4 λ^2 n^5 . (4.15)

These two values agree at large-n. We can also compare the D0-brane charge. In the first description, the size of the matrix represents the D0-brane charge and it is given by N_2. On the other hand, it is c̄_2 in the second description. Both behave n^3/6 at large-n. We have compared three quantities, the potential energy, the radius and the D0-brane charge. All of them gave the same values in two descriptions when n is large. This result leads to the conclusion that a fuzzy four-sphere is the same object as spherical D4-branes with an SU(2) monopole gauge field at large-n.

Let us comment on the validity of these two descriptions [27, 12]. We first considered the world-volume theory of D0-branes. The assumption λ[Φ_i, Φ_j ] ≪ 1 was used to derive the low energy effective action of D0-branes (3.2). Since this condition is rewritten as l^2_{nc} ≃ r^2 n ≪ l^2_s , (4.16)

the noncommutative scale l_{nc}, which is defined in (2.9), has to be much smaller than the string scale l_s. On the other hand, the computations by using the world-volume action of D2k-branes can be trusted as long as the field strength is slowly varying | l_s∂F |≪| F |. This condition is satisfied when the radius is much larger than the string scale;

l_s ≪ r . (4.17)

If r satisfies the following region l_s ≪ r ≪ √ nl_s , (4.18) both of (4.16) and (4.17) are satisfied. It is sometimes convenient to rewrite (4.18) as l_s √ n ≪ l_{nc} ≪ l_s . (4.19)

We can expect the agreement of two descriptions in a large region by taking a large-n limit. This is the reason why we could obtain the agreement of two descriptions in a large-n limit. We can provide another explanation in section 5.

– 11 –

4.2 Dual description of fuzzy six-sphere

We next consider a dual description of a fuzzy six-sphere. The idea is basically the same as the case of fuzzy four-sphere.

We begin by introducing an SO(6) gauge field on a six-sphere which is obtained in (B.17):

A_α = −i 2r(r + x_{2k+1})

Σ^N_{βα}x_β , A_7 = 0 (4.20)

where Σ^N_{αβ} = (Σ^N_{ij} , Σ^N_{6i} ) = (γ_{ij} , iγ_i) = (^1_2 [γ_i, γ_j ], iγ_i), γ_i (i = 1, . . . , 5) is the five-dimensional gamma matrix, whose explicit representation is provided in (B.8). Σ^N_{αβ} transforms in a spinor representation of SO(6). To make a connection to fuzzy sphere, we need to consider a higher dimensional representation of SO(6). Such a representation was already obtained in section 2, and the k = 2 case is relevant in the present case. Then we replace the fivedimensional gamma matrices γ_i and γ_{ij} with higher dimensional representations Ĝ^{(2)}_i and Ĝ^{(2)}_{ij} . The index (2) was added to emphasize that the matrices are related to the k = 2 case

in section 2. Accordingly Σ^N_{αβ} is replaced with Σ̂^N_{αβ} = (Σ̂^N_{ij} , Σ̂^N_{2k,i}) ≡ (Ĝ^{(2)}_{ij} , iĜ^{(2)}_i ). Since these matrices are realized by the size N_2 which is defined in (2.5), the gauge field becomes an N_2 × N_2 matrix. A interesting fact is that these matrices construct a fuzzy four-sphere.

Before we begin calculations, let us explain the meaning of the index N in Σ̂^N_{αβ}. We consider the N_3-dimensional irreducible representation of SO(7), which is denoted by Ĝ^{(3)}_{μν} (μ, ν = 1, . . . , 7). As is explained in section 2, it is associated with a fuzzy six-sphere. We now restrict our interest to a subalgebra Ĝ^{(3)}_{αβ} (α, β = 1, . . . , 6), which forms the SO(6) algebra. Ĝ^{(3)}_{αβ} is reducible, and is characterized by the eigenvalues of Ĝ^{(3)}_7 = diag(n, n − 2, . . . , −n + 2 − n). Ĝ^{(3)}_7 is a generalized chirality matrix. We consider a subspace which is labelled by Ĝ^{(3)}_7 = n1, which corresponds to the North pole of a fuzzy six-sphere. It can be shown that the size of the unit matrix 1 is N_2. This Ĝ^{(3)}_{αβ} which is labelled by Ĝ^{(3)}_7 = n1 is nothing but Σ̂^N_{αβ}. We added the index N to clarify a relationship between the fuzzy six-sphere and the SO(6) nonabelian gauge field.

The field strength at the north pole (x_α = 0, x_7 = r), which is calculated in (B.18), is F_{αβ} = − i 2r^2

Σ̂^N_{αβ} , F_{7α} = 0 . (4.21)

The calculation of the Chern numbers is easily done by making full use of some formulae in appendix A. The first and second Chern numbers are calculated as c_1 = Tr F ≃ Tr Σ_{αβ} = 0 and

c_2 ∼ Tr (F ∧ F ) ∼ ϵ_{α1α2α3α4} Tr (F_{α1 α2} F_{α3α4} ) ∼ ϵ_{i1i2i3i4} Tr ( Ĝ^{(2)}_{i1i2}Ĝ^{(2)}_{i3i4} ) + ϵ_{i1i2i3} Tr ( Ĝ^{(2)}_{i1i2}Ĝ^{(2)}_{i3} )

∼ Tr ( Ĝ^{(2)}_i ) + Tr ( Ĝ^{(2)}_{ij} ) = 0 . (4.22)

– 12 –

The net charge of D2-branes and that of D4-branes vanish. This is equivalent to the fact that the net charge of a fuzzy two-sphere and that of a fuzzy four-sphere are zero. The third Chern number is

c_3 = 1 48π^3 ∫ S^6 Tr (F ∧ F ∧ F ) = 1 48π^3 1 8 Ω_6r^6 6∑ α_i=1

Tr (F_{α1α2} F_{α3α4} F_{α5α6} ) ϵ_{α1α2α3α4α5α6}

= 1 512π^3

Ω_6 5∑ i_i=1 Tr ( Ĝ^{(2)}_{i1} Ĝ^{(2)}_{i2} Ĝ^{(2)}_{i3} Ĝ^{(2)}_{i4} Ĝ^{(2)}_{i5} ) ϵ_{i1i2i3i4i5} = 1 512π^3

Ω_6(8n + 16) Tr(Ĝ^{(2)}_i Ĝ^{(2)}_i ) = 1 360 n(n + 1)(n + 2)^2(n + 3)(n + 4) ≡ c̄_3 . (4.23)

Ω_6 = 16π^3/15 is the volume of a six-sphere with unit radius. This corresponds to the number of D0-branes, and can be compared with N_3 in (2.5). We easily find that these coincide at large-n. The use of the nonabelian gauge field (4.20) allows us to construct a bound state of c̄_3 D0-branes and N_2 D6-branes. We note that (4.21) satisfies

ϵ_{α1α2α3α4α5α6} F^{α3α4} F^{α5α6} = 4 r^2

(n + 2)F_{α1 α2} , (4.24)

which is a natural generalization of a self-dual equation of the instanton.

We now consider a world-volume action for N_2 D6-branes with the gauge field (4.21). The Born-Infeld action is S_{BI} = −T_6 ∫ d^{6+1}σ Str √ − det(P [G + λF ]_{ab}) . (4.25)

The determinant is evaluated as follows,

− det(G_{ab} + λF_{ab}) = 1 + λ^2 2 F_{αβ} F_{αβ} + λ^4 128 (F_{α1 α2} F_{α3α4} ϵ^{αβα1α2α3α4} ) × ×(F_{β1β2} F_{β3β4} ϵ^{αββ1β2β3β4} ) + λ^6 2304

(ϵ^{α1α2α3α4α5α6} F_{α1 α2} F_{α3α4} F_{α5 α6} )^2

= 1 + 3 4 ( λ r^2

)_2

n(n + 6) + 3 16 ( λ r^2

)_4 n(n + 2)^2(n + 6) + + 1 64 ( λ r^2

)_6

n^2(n + 2)^2(n + 4)^2

≃ 1 + 3 4 ( λn r^2

)_2 + 3 16 ( λn r^2

)_4 + 1 64 ( λn r^2

)_6

, (4.26)

where we have assumed a large-n to obtain the last expression. We define y ≡ r^2/λn. The Born-Infeld action becomes S_{BI}∫ dt = −T_6Ω_6r^6N_2 √ 1 + 3 4y^2 + 3 16y^4 + 1 64y^6

– 13 –

= −T_6Ω_6r^6N_2 1 8y^3 √ 1 + 12y^2 + 48y^4 + 64y^6

≃ −T_6Ω_6r^6N_2 ( 1 8y^3 + 3 4y + O(y) )

≃ −c̄_3T_0 − 3 4 T_6N_2Ω_6r^4λn . (4.27)

To arrive the last expression, we have expanded the square root by assuming the condition y ≪ 1. The use of this assumption is valid since it satisfies (4.18). We next consider the coupling of D6-branes to the external R-R field. The constant R-R eight-form field strength background (3.7) provides the following R-R seven-form field in a certain gauge,

C^{(7)}_{t123456} = 1 7 f_3x_7 ≃ 1 7 f_3r . (4.28)

The Chern-Simons term is calculated as

S_{CS} = μ_6 ∫ dt ( N_2 f_3 7 Ω_6r^7 ) , (4.29)

and the potential for the D6-branes is provided by

V (r) = c̄_3T_0 + T_6Ω_6N_2 ( 3 4 λnr^4 − f_3 7 r^7 ) . (4.30)

The first term represents the rest energy of c̄_3 D0-branes. We search for extrema of this potential by regarding it as a function of r. We can find two extrema, one is trivial extremum r = 0, and another is

r =^3 √ 3λn f_3

=^3 √ α^3n(n + 2)(n + 4) ≃ αn ≡ r_⋆ . (4.31)

This extremum corresponds to a fuzzy six-sphere solution in the matrix model of D0- branes. The radius of this spherical solution agrees with that of the fuzzy six sphere (2.8) at large-n. The potential value for this extremum is found to be

V (r_⋆) − c̄_3T_0 ≃ T_0 1 140 α^4 λ^2 n^8 . (4.32)

We recall the D0-brane calculation in the previous section;

V_3 = T_0 1 140 α^4 λ^2 n(n + 1)(n + 2)(n + 3)^2(n + 4)(n + 5)(n + 6) ≃ T_0 1 140 α^4 λ^2 n^8 . (4.33)

V (r_⋆) and V_3 give the same value including the coefficient when n is large. These results manifest the fact that a fuzzy six-sphere of the matrix size N_3 is the same object as N_2 spherical D6-branes with a nonabelian SO(6) gauge field.

– 14 –

4.3 Dual description of fuzzy eight-sphere

It is straightforward to generalize the calculations in the previous two cases to a dual description of a fuzzy eight-sphere. The detailed calculations are almost analogous to the previous cases. We start with an SO(8) monopole field on an eight-sphere;

A_α = −i 2r(r + x_{2k+1})

Σ^N_{βα}x_β , A_9 = 0 (4.34)

where Σ^N_{αβ} = (Σ^N_{ij} , Σ^N_{8i} ) = (γ_{ij} , iγ_i), and γ_i (i = 1, . . . , 7) is the seven-dimensional gamma matrix. The gauge field belongs to a spinor representation of SO(8). To construct a higher dimensional representation, we replace Σ^N_{αβ} with Σ̂^N_{αβ} ≡ (Ĝ^{(3)}_{ij} , iĜ^{(3)}_i ). The index (3) means that these are the matrices of the k = 3 case in section 2. These are realized by an N_3 × N_3 matrices, where N_3 is presented in (2.5). Note that Ĝ^{(3)}_{ij} and Ĝ^{(3)}_i construct a fuzzy six-sphere.

The gauge field strength is calculated in (B.18), and it becomes the following form at the north pole (x_α = 0, x_9 = r); F_{αβ} = − i 2r^2

Σ̂^N_{αβ} , F_{9α} = 0 . (4.35)

The vanishing of the Chern numbers c_1 = c_2 = c_3 = 0 is shown by the analogous calculations to (4.22) with the help of some properties of Ĝ^{(3)}_i and Ĝ^{(3)}_{ij} . Therefore the net charge of D2k^′-brane (k^′ = 1, 2, 3), which forms a fuzzy 2k^′-sphere, is zero. The forth Chern number is nonzero;

c_4 = − 1 4!(2π)^4 ∫ S^8 Tr (F ∧ F ∧ F ∧ F ) = − 1 4!(2π)^4 1 2^4

Ω_8r^8 8∑ α_i=1

Tr (F_{α1α2} F_{α3α4} F_{α5 α6} F_{α7α8} ) ϵ_{α1α2α3α4α5α6α7α8}

= i 4!(2π)^4 1 2^5

Ω_8 7∑ i_i=1 Tr ( Ĝ^{(3)}_{i1} Ĝ^{(3)}_{i2} Ĝ^{(3)}_{i3} Ĝ^{(3)}_{i4} Ĝ^{(3)}_{i5} Ĝ^{(3)}_{i6} Ĝ^{(3)}_{i7} ) ϵ_{i1i2i3i4i5i6i7} = 1 302400 n(n + 1)(n + 2)^2(n + 3)^2(n + 4)^2(n + 5)(n + 6) ≡ c̄_4 . (4.36)

Ω_8 = 32π^4/105 is the volume of an eight-sphere with unit radius. This represents the number of D0-branes. We can confirm the agreement with N_4 at large-n. We note that (4.35) satisfies

ϵ_{α1α2α3α4α5α6α7α8} F^{α3α4} F^{α5α6} F^{α7α8} = − 12 r^4

(n + 2)(n + 4)F_{α1 α2} . (4.37)

Let us next consider a world-volume theory on D8-branes. The dynamics of D8-branes with a gauge field is described by the Born-Infeld action; S_{BI} = −T_8 ∫ d^{8+1}σ Str √ − det(P [G + λF ]_{ab}) . (4.38)

– 15 –

The determinant around the north pole becomes

− det(G_{ab} + λF_{ab}) = 1 + λ^2 2 F_{αβ} F_{αβ} + λ^4 1536 (F_{α1α2} F_{α3 α4} ϵ^{αβγδα1 α2α3α4} )(F_{β1β2} F_{β3β4} ϵ^{αβγδβ1β2β3β4} ) + λ^6 4608 ( ϵ^{αβα1α2α3α4α5α6} F_{α1α2} F_{α3 α4} F_{α5α6} ) × × ( ϵ^{αββ1β2β3β4β5β6} F_{β1β2} F_{β3β4} F_{β5β6} )

+ λ^8 147456

(ϵ^{α1α2α3α4α5α6α7α8} F_{α1 α2} F_{α3α4} F_{α5 α6} F_{α7α8} )^2 . (4.39)

By assuming the condition r^2 ≪ λn, and using (4.37) and some formulae in appendix A, the resulting action is S_{BI} ≃ ∫ dt ( −c̄_4T_0 − 1 2 T_8N_3Ω_8r^4λ^2n^2 ) . (4.40)

The Chern-Simons term is also calculated as

S_{CS} = μ_8 ∫ dt ( N_3 f_4 9 Ω_8r^9 ) , (4.41)

where we have used the fact that the R-R field is given by the following form in a certain gauge, C^{(9)}_{t12345678} = 1 9 f_4x_9 ≃ 1 9 f_4r . (4.42)

Therefore the dynamics of static D8-branes with the gauge field in a constant R-R field strength background is described by

V (r) = c̄_4T_0 + T_8Ω_8N_3 ( 1 2 r^4λ^2n^2 − f_4 9 r^9 ) . (4.43)

This potential indicates two extrema, r = 0 and

r =^5 √ 2λ^2n^2

f_4

≃ αn ≡ r_⋆ . (4.44)

The second one can be compared with the radius of a fuzzy eight-sphere. r_⋆ surely agrees with the radius of a fuzzy eight-sphere at large-n. The potential value for r = r_⋆ is

V (r_⋆) − c̄_4T_0 ≃ T_0 1 68040 α^4 λ^2 n^{12} . (4.45)

This presents the same large-n behavior as V_4 including the numerical coefficient. One can state that a fuzzy eight-sphere is the same object as D8-branes with the nonabelian gauge field (4.34) when n is large.

– 16 –

5. Noncommutativity and nonabelian gauge field

In the previous sections, we considered two world-volume theories. Since they provide the same values for various quantities at large-n, they are supposed to be the same thing. In this section, we discuss a concrete correspondence of them by noticing a relationship between the noncommutativity of fuzzy sphere and nonabelian gauge fields. The results presented in the previous section confirmed that a fuzzy 2k-sphere is dual to D2k-branes with an SO(2k) nonabelian gauge field. An interesting fact is that the nonabelian gauge field on D2k-branes is expressed by matrices which are related to the fuzzy (2k − 2)-sphere. We recall the gauge field strength evaluated at the north pole (x_α = 0, x_{2k+1} = r); F_{αβ} = − i 2r^2

Σ̂^N_{αβ} , (5.1)

where Σ̂^N_{αβ} = (Σ̂^N_{ij} , Σ̂^N_{2k,i}) = (Ĝ^{(k−1)}_{ij} , iĜ^{(k−1)}_i ) (i = 1, . . . , 2k − 1). The matrices Ĝ^{(k−1)}_{ij} and Ĝ^{(k−1)}_i are realized by the N_{k−1}-dimensional irreducible representation of SO(2k − 1), forming the fuzzy (2k − 2)-sphere algebra.

A commutation relation of coordinates of a 2k-fuzzy sphere is given by the first equation in (2.6). This relation reduces to the following relation at the north pole of a fuzzy 2k-sphere (Ĝ_{2k+1} = n), [Ĝ^N_α , Ĝ^N_β ] = 2Ĝ^N_{αβ} , (5.2) where α, β = 1, . . . , 2k. We should not confuse two kinds of the north pole. As is explained in 4.2, Ĝ^N_{αβ} is the same matrix as Σ^N_{αβ}. Both are realized by an N_{k−1}-dimensional representation of SO(2k). Since the two descriptions agree in the large-n limit, we may combine two relations (5.1) and (5.2) only in the large-n limit. Therefore we are led to the following noncommutative relation for coordinates of a sphere,

[X_α, X_β] = 4iα^2r^2F_{αβ} , (5.3)

where X_α = αĜ^N_α . We have identified the noncommutative coordinates with commutative coordinates in the dual description, and the noncommutativity of coordinates has been given by the field strength. This relation suggests the identification of the noncommutative coordinate with the covariant derivative under the SO(2k) monopole background. This is also expected from the result in [22], where it was shown that an adjoint action of Ĝ_μ is mapped to the covariant derivative under the monopole background for the k = 2 case.^4 The commutation relation (5.3) is valid at the north pole. It is natural to expect that this relation exists without restricting to the north pole because a (fuzzy) 2k-sphere has the SO(2k + 1) symmetry. Therefore we suppose

[X_μ, X_ν ] = 2α^2Ĝ_{μν} = 4iα^2r^2F_{μν} , (5.4)

where the size of the matrices is N_k and μ, ν = 1, . . . , 2k +1. F_{μν} has been expressed by the N_k-dimensional irreducible representation of SO(2k + 1). This relation is interesting in the

4Functions on fuzzy spheres are expanded by an extended version of spherical harmonics [19]. The spectrum of ad(G)^2 was calculated by acting on the spherical harmonics, and compared it to the hamiltonian in the four-dimensional quantum Hall system, which is the square of the covariant derivative.

– 17 – following sense. In the fuzzy sphere algebra (2.4) and (2.6), Ĝ_{μν} and Ĝ_μ are treated on the same footing. If we regard Ĝ_μ as coordinates of a fuzzy sphere, Ĝ_{μν} acts on them as the SO(2k + 1) rotation generator (we may regard Ĝ_{μν} as coordinates of an extra space.). On the other hand, the role of coordinates and that of a field strength in the dual description are clearly different. The relation (5.4) suggests that the internal degrees of freedom F_{μν} should be identified with the rotation generator. This is one of the characteristic aspects of noncommutative geometry. Such identification can be seen as the lowest Landau level physics in a higher dimensional quantum Hall system [29, 30, 32].^5 It is obtained by considering a motion of electrons in a monopole gauge field background [52]. Considering the analogy to the quantum Hall system can provide an intuitive explanation for the agreement of two descriptions at large-n. In this system, the angular momentum operator Λ_{μν} = −i(x_μD_ν − x_ν D_μ) and the field strength (B.18) have the following relation;

G_{μν} = Λ_{μν} + 2ir^2F_{μν} . (5.5)

Λ_{μν} does not satisfy the SO(2k + 1) algebra due to the existence of the monopole background, and it is G_{μν} that satisfies the SO(2k + 1) algebra. The angular momentum generated by Λ_{μν} characterizes the Landau level, and therefore the representation of G_{μν} depends on the Landau level. The restriction to the lowest Landau level is achieved by Λ_{μν} ≃ 0. Since the magnitude of the field strength F in (5.1) is given by O(n/r^2), the contribution of the second term in the right hand side of (5.5) becomes large compared to the first term in a large-n limit. Therefore the field strength F_{μν} is identified with the rotation generator G_{μν} in the lowest Landau level. It can be also shown that G_{μν} is given by the spinor representation of SO(2k + 1) [29, 30, 32]. This limit is just the strong magnetic field limit. As is well known in the two-dimensional quantum Hall system, guiding center coordinates are identified with coordinates of electrons in the strong magnetic field limit. Accordingly coordinates of electrons are described by noncommutative geometry. Fuzzy spheres are actually realized in the higher dimensional quantum Hall system after we take the lowest Landau level limit. This is an intuitive explanation for the agreement of two descriptions in the large-n limit.

In the previous paragraph, we have discussed a large-n limit. We have two parameters r and l_{nc}, and the ratio between them is r/l_{nc} ≃ √ n. Therefore there are two kinds of largen limit . One is realized by taking a large r limit with keeping the noncommutative scale l_{nc}, the other by taking a small l_{nc} limit with keeping the radius r. Note that the radius r is not a physical radius of the sphere. These two limits have the following meanings. If we see a fuzzy sphere from a short distance, a noncommutative structure can be seen. On the other hand, if we see from a long distance, a fuzzy sphere looks like a commutative sphere. These parameters have to satisfy (4.18) or (4.19). In the first limit, we should consider (4.19). We need to take a large-n limit with keeping l_{nc} small compared to the string scale. In the second limit, we need to take a large-n limit with keeping r large compared to the string scale. The first limit is the same as one which is used in [47].

5Some works investigating higher dimensional quantum Hall system have also been reported in [53, 54, 55, 56, 31].

– 18 –

We shall now look more carefully into the equation (5.4). In (5.4), the field strength was regarded to be given by Ĝ_{μν} as

F̂_{μν} = 1 2ir^2 Ĝ_{μν} , (5.6)

where r^2 = α^2n(n + 2k). The field strength on a (commutative) 2k-sphere is originally given in (B.18). The equation (5.6) manifests that the field strength is completely expressed by a matrix. In other words, a noncommutative description of (B.18) is (5.6). The coordinate dependence has disappeared, and the information of the coordinate is given by the eigenvalue of the matrix. The index of the matrix represents not only the color space but also the coordinate on the sphere. The noncommutativity of the coordinate and that of the nonabelian gauge field are mixed. We can no longer distinguish them. Noncommutative geometry mixes the two kinds of space in an interesting way. These facts can be summarized in the following sentences. A fuzzy 2k-sphere is provided by an N_k × N_k matrix. This means that N_k quanta (or D-particles) form a fuzzy 2k-sphere. The space of a nonabelian gauge field is formed by N_{k−1} quanta, and N_k/N_{k−1} represents the number of points on the sphere. The matrix space of a fuzzy 2k-sphere has a structure such as locally S^{2k}× fuzzy S^{2k−2}, where the fuzzy S^{2k−2} construct a nonabelian gauge field. This structure was suggested in [20, 21] from the algebraic point of view.

In the latter part of this section, we consider a large-n limit which relates a fuzzy sphere with a fuzzy plane. Since the radius r is related to n, we can make r large by taking a large-n. In this limit, a fuzzy sphere looks like a fuzzy plane and we can formally obtain a fuzzy plane. Such a large-n limit for the fuzzy sphere algebra was discussed in [21]. The fuzzy sphere algebra basically reduces to some sets of the Heisenberg algebra (∼ twodimensional noncommutative plane). Since the fuzzy 2k-sphere is a k(k + 1)-dimensional space, k(k+1)/2 sets of the Heisenberg algebra are obtained. We now confirm that the field strength reduces to abelian (or commutative) because a two-dimensional noncommutative plane is realized by introducing an abelian gauge field. Since the field strength is given in terms of coordinates of (lower) dimensional fuzzy sphere as in (5.1), we can use the calculation of [21]. We show only results. For the k = 2 case, the field strength reduces to

F_{12} = −F_{34} ≃ n 2r^2 1 = 1 2l^2_{nc} 1 , (5.7)

and other components are zero. We thus obtained two U(1) gauge fields. Nonzero components of the field strength for the k = 3 and k = 4 cases can also be shown as

F_{12} = −F_{34} = −F_{56} ≃ n 2r^2 1 = 1 2l^2_{nc} 1 (5.8) and F_{12} = −F_{34} = −F_{56} = −F_{87} ≃ n 2r^2 1 = 1 2l^2_{nc} 1 (5.9)

respectively. As expected from the correspondence between a noncommutative plane and an abelian gauge field, the nonabelian gauge fields have reduced to some abelian ones. The charges of lower dimensional branes no longer vanish after we take this large-n limit.

– 19 –

6. Summary and discussions

To describe higher dimensional D-branes by using lower dimensional D-branes, we need noncommutative geometry. This description is closely related to the matrix model description of D-branes. It is known that such a higher dimensional D-brane is not just pure a D-brane but a bound state of a higher dimensional D-brane and lower dimensional D-branes. Lower dimensional D-branes bounded on them are expressed by a gauge field configuration with nonvanishing Chern characters. In this sense, gauge field configurations on D-branes are dual to noncommutative geometry. To understand the dual description is directly connected with to understand noncommutative geometry. We expect that such studies help us to know the role of noncommutative geometry in string theory.

To consider such relationships not only for flat D-branes but also for curved ones is an important subject. A fuzzy sphere is used in matrix models to construct a spherical geometry. We can interpret it as a bound state of spherical D-branes and D0-branes. D0-branes on higher dimensional spherical D-branes are regarded by a nonabelian gauge configuration. Higher dimensional fuzzy spheres have some unusual features. One of them is that the number of the dimension of fuzzy spheres is different from that of usual spheres. The dimension of a fuzzy 2k-sphere is k(k + 1). k(k − 1) dimensions are clearly extra compared to an usual 2k-sphere. The role of them for constructing noncommutative geometry is essential. The origin of them has been considered as the use of nonabelian gauge fields. In this paper, we considered two description for a bound state of D0-branes and D2k-branes in a constant R-R (2k + 2)-form field strength background. The first is the D0-brane description, and the second is the D2k-brane description. A fuzzy 2k-sphere appears as a classical solution of a matrix model of D0-branes. A dual description of this is obtained by introducing nonabelian gauge fields. We compared some quantities such as the values of the potential, the radius of sphere and lower dimensional brane charges for these two descriptions. These two descriptions provide different results because each description can be trusted in different parameter regions. Taking a large-n limit leads to the agreement of various quantities including the coefficients. We provided an explanation for the large-n limit by considering the analogy to a quantum Hall system. The large-n limit can be interpreted as the lowest Landau level condition. We finally arrived at the conclusion that a fuzzy 2k-sphere is the same object as N_{k−1} D2k-branes with an SO(2k) gauge field in the limit of large-n. When n is large, we can relate commutative variables with noncommutative variables. Not only the coordinates on spherical D-branes but also a nonabelian gauge field strength are expressed by noncommuting matrices.

The fuzzy sphere algebra is composed of two kinds of matrix, Ĝ_μ and Ĝ_{μν} . Although both form the noncommutative algebra (2.4) and (2.6) and are treated on the same footing, the origin of noncommutativity of them is different. Noncommutativity of Ĝ_μ is due to the existence of a magnetic field. On the other hand, that of Ĝ_{μν} comes from the nonabelian property of the field strength.

Investigating the dynamics of curved D-branes is an important subject. The fuzzy two-sphere shows an interesting classical dynamics. Reducible representations of SU(2) including separated D0-branes are unstable, condensing to an irreducible representation as

– 20 – a stable state [44].^6 It is, however, not expected to see a similar phenomenon in the case of higher dimensional fuzzy spheres. A big difference which distinguishes higher dimensional fuzzy sphere from fuzzy two-sphere is that N_1 can take any integers while N_k(k ≠ 1) cannot. The fact that the size of the matrix is limited is due to the use of higher dimensional algebra.^7 This is related to the fact that the coefficient of the coupling to the R-R field strength depends on n (see (3.12)). These facts which cannot be seen in the case of fuzzy two-sphere would restrict the dynamics of higher dimensional noncommutative branes. Another difference is found by seeing the equation (3.14), which shows that classical energy of higher dimensional spheres is higher than that of D0-branes. Accordingly higher dimensional fuzzy spheres have a classical instability. Taking account of these facts, to study the dynamics of higher dimensional fuzzy spheres including quantum corrections [48, 49, 50] is an interesting future subject.

It is also interesting to investigate a dual description for another noncommutative curved brane. It would be worth while examining a noncommutative CP^2, which is realized by the SU(3) algebra. Some extra dimensions also exist in noncommutative CP^2, which is studied from the algebraic point of view in [45]. Exactly speaking, the existence of them depends on the representation of SU(3). The choice of the representation is related to the choice of the gauge group in a dual description. The construction of the quantum Hall system on CP^2 [51] suggests this relationship.

Acknowledgments

I would like to express my gratitude to K. Hasebe for helpful discussions.

A. Some formulae of fuzzy sphere

In this appendix, we summarize several formulae involving Ĝ_μ and Ĝ_{μν} in diverse dimensions. The dimension N_k is given by

N_1 = n + 1 , N_2 = 1 6 (n + 1)(n + 2)(n + 3) ,

N_3 = 1 360 (n + 1)(n + 2)(n + 3)^2(n + 4)(n + 5) ,

N_4 = 1 302400

(n + 1)(n + 2)(n + 3)^2(n + 4)^2(n + 5)^2(n + 6)(n + 7) , (A.1)

where n is a positive integer. We have the following relations

Ĝ_μĜ_μ = n(n + 2k) (A.2) and Ĝ_{μν}Ĝ_{νμ} = 2kn(n + 2k) . (A.3)

6This phenomenon is investigated from the viewpoint of the tachyon condensation in [45]. 7This is also true for a noncommutative CP^2, which is constructed from the SU(3) algebra.

– 21 –

The following relations are also satisfied

Ĝ_{μν}Ĝ_ν = 2kĜ_μ (A.4) and Ĝ_{μν}Ĝ_{νλ} = n(n + 2k)δ_{μλ} + (k − 1)Ĝ_μĜ_λ − kĜ_λĜ_μ . (A.5)

G_μ satisfy the following relation

ϵ^{μ1···μ2k μ2k+1}Ĝ_{μ1} · · · Ĝ_{μ2k} = C_kĜ_{μ2k+1} (A.6)

where ϵ^{μ1···μ2k μ2k+1} is the SO(2k +1) invariant tensor. C_k is a constant which depends on n,

C_1=2i , C_2=8(n+2) , C_3=−48i(n+2)(n+4) , C_4=−384(n+2)(n+4)(n+6) . (A.7) The details of this calculation are given in [23]. By multiplying the equation (A.6) by Ĝ_{μ2k+1} , we have ϵ^{μ1···μ2k μ2k+1}Ĝ_{μ1} · · · Ĝ_{μ2k}Ĝ_{μ2k+1} = C_kn(n + 2k) = i 2(k + 1) nC_{k+1} , (A.8)

where we have used the following relation which is found from (A.7),

C_k = −i2k(n + 2k − 2)C_{k−1} . (A.9)

B. Hopf map and Berry phase

In this section, we review the construction of the monopole gauge field on an evendimensional sphere [52, 58] by using the Hopf map [59, 29, 30, 32].

We now consider the first Hopf map. It is known as a map from S^3 to S^2, and naturally introduces an U(1) bundle on S^2. We prepare the following projection operator, P = 1 2 (1_2 + n_μσ_μ) = ( 1 + n_3 n_1 − in_2 n_1 + in_2 1 − n_3 ) , (B.1)

which satisfies P^2 = P . x_μ = rn_μ is a coordinate of S^2. The eigenstate of P is given by

|v_N ⟩ = 1 N_N P ( 1 0 ) = 1 N_1 ( r + x_3 x_1 + ix_2 ) , (B.2)

where N_N = √ 2r(r + x_3) is a normalization factor, which ensures ⟨v|v⟩ = 1. The Berry phase is defined [59] as γ_N = −i ∫_t 0 dτ⟨v(τ)| d dτ |v(τ)⟩ = −i ∫_t 0 ⟨v|d|v⟩ = ∫_t 0 A^μ_N dx_μ . (B.3)

– 22 –

A^N_μ is the Dirac monopole:

A_N = A^μ_N dx_μ = 1 2r(r + x_3)

(x_1dx_2 − x_2dx_1) = 1 2r(r + x_3) ϵ_{ab}x_adx_b , (B.4)

which is singular at x_3 = −r. A monopole solution which is singular at x_3 = r is obtained by replacing |v_N ⟩ with |v_S ⟩ = 1 N_S P ( 0 1 ) , (B.5)

where N_S = √ 2r(r − x_3). The field strength of the Dirac monopole is calculated as

F_{μν} = ∂_μA_ν − ∂_ν A_μ = 1 2r^3 ϵ_{μνρ}x^ρ . (B.6)

We next consider the second Hopf map: S^7 → S^4. This gives an SU(2) bundle on S^4. The construction can be done in the same way as in the first Hopf map. The projection operator we need in this case is P = 1 2 (1_4 + n_μΓ_μ) = ( 1 + n_5 n_4 − in_iσ_i n_4 + in_iσ_i 1 − n_5 ) . (B.7)

Our notation of the five-dimensional gamma matrix is

Γ_i = ( 0 −iσ_i iσ_i 0 ) , (i = 1, 2, 3)

Γ_4 = ( 0 1_2 1_2 0 ) , Γ_5 = ( 1_2 0 0 −1_2 ) , (B.8)

where σ_i is the Pauli matrices. They satisfy the Clifford algebra

{Γ_μ, Γ_ν } = 2δ_{μν} . (B.9)

The SU(2) gauge potential is obtained by calculating the Berry phase,

A_N = A^μ_N dx_μ = 1 2r(r + x_5)

(σ_{ij} x_idx_j + σ_ix_4dx_i − σ_ix_idx_4) = − 1 2r(r + x_5) η^i_{αβ}x_βσ_idx_α , (B.10)

where σ_{ij} ≡^1_{2i} [σ_i, σ_j] = ϵ_{ijk}σ_k. This is called the Yang monopole [52]. This is singular at the south pole x_5 = −r. We have introduced the t’Hooft symbol;

η^i_{αβ} = ϵ_{iαβ4} − δ_{iα}δ_{4β} + δ_{iβ} δ_{4α} , (B.11)

where the nonzero values are η^1_{23} = η^1_{41} = η^2_{31} = η^2_{42} = η^3_{12} = η^3_{43} = 1. We note that Σ^N_{μν} ≡ iη^i_{μν} σ_i satisfy

[Σ^N_{μν} , Σ^N_{λρ}] = 2 ( δ_{νλ}Σ^N_{μρ} + δ_{μρ}Σ^N_{νλ} − δ_{μλ}Σ^N_{νρ} − δ_{νρ}Σ^N_{μλ} ) . (B.12)

– 23 –

Σ^N_{μν} is actually a left upper part of the matrix Γ_{μν} (μ, ν = 1, . . . , 4), where Γ_μ is given by (B.8). We define the field strength as follows, F_{μν} ≡ −i[D_μ, D_ν ] ≡ −i[∂_μ + iA_μ, ∂_ν + iA_ν ] = ∂_μA_ν − ∂_ν A_μ + i[A_μ, A_ν ] . (B.13)

The field strength for the Yang monopole (B.10) is

F^N_{5α} = − r + x_5 r^2 A_α F^N_{αβ} = 1 r^2 ( A_αx_β − A_βx_α + 1 2 η^i_{αβ} σ_i ) , (B.14)

where α, β = 1, . . . , 4.

We next consider the monopoles on S^6 and S^8. As a generalization of the monopoles on S^2 and S^4, it is natural to start with the following projection operator

P^{(k)} ≡ 1 2 (1_2k + n_μΓ_μ) = ( 1 + n_{2k+1} n_{2k} − in_iγ_i n_{2k} + in_iγ_i 1 − n_{2k+1} ) , (B.15)

where k = 3, 4. An explicit form of the 2^k × 2^k (2k + 1)-dimensional gamma matrix is

Γ_i = ( 0 −iγ_i iγ_i 0 ) , (i = 1, . . . , 2k − 1)

Γ_{2k} = ( 0 1_2k−1 1_2k−1 0 ) , Γ_{2k+1} = ( 1_2k−1 0 0 −1_2k−1 ) , (B.16)

where γ_i is the (2k −1)-dimensional gamma matrix. This map was used in [32] to construct a higher dimensional quantum Hall system. One may notice that the map for k = 4 case is different from the third Hopf map. The calculation of the Berry phase introduces the following SO(2k) monopole field on S^{2k}: A_N = A^μ_N dx_μ = −i⟨v|d|v⟩ = −i ( 1 0 ) P (k) N^{(k)} d ( P^{(k)} N^{(k)} ) ( 1 0 )

= 1 2r(r + x_{2k+1}) (−iγ_{ij}x_idx_j + γ_ix_{2k}dx_i − γ_ix_idx_{2k}) = −i 2r(r + x_{2k+1})

Σ^N_{αβ}x_αdx_β (B.17)

where Σ^N_{αβ} = (Σ^N_{ij} , Σ^N_{2k,i}) ≡ (γ_{ij}, iγ_i) = (^1_2 [γ_i, γ_j ], iγ_i) is the spinor representation of SO(6), satisfying the algebra of (B.12). Σ^N_{αβ} is a subspace of Γ_{αβ} (α, β = 1, . . . , 2k) which is labelled by Γ_{2k+1} = 1, where Γ_μ is the (2k + 1)-dimensional gamma matrix (B.16). The gauge field strength corresponding to the above monopole gauge field is

F^N_{2k+1α} = − r + x_{2k+1}

r^2 A_α F^N_{αβ} = 1 r^2 ( A_αx_β − A_β x_α − i 2 Σ^N_{αβ} ) , (B.18)

where α, β = 1, . . . , 2k. These monopole fields have the SO(2k + 1) symmetry.

– 24 –

At the north pole (x_α = 0, x_{2k+1} = r), the field strength becomes F_{2k+1α} = 0, F_{αβ} = −^i_{2r2} Σ^N_{αβ}. The field strength on S^{2k} (k = 2, 3, 4) at the north pole satisfies the following relations, ϵ_{αβγδ}F^{γδ} = −2F_{αβ} , ϵ_{α1α2α3α4α5α6} F^{α3α4} F^{α5α6} = 4 r^2

(n + 2)F_{α1 α2} , ϵ_{α1α2α3α4α5α6α7α8} F^{α3α4} F^{α5α6} F^{α7α8} = − 12 r^4

(n + 2)(n + 4)F_{α1 α2} . (B.19) The first one is a (anti)self-dual relation of the instanton, and the second and the third ones are considered as a higher dimensional generalization of the self-dual relation. References

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

[2] T. Banks, W. Fischler, S.H. Shenker and L. Susskind, M-theory as a matrix model: a conjecture, Phys. Rev. D 55 (1997) 5112 [hep-th/9610043].

[3] N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, A large-N reduced model as superstring, Nucl. Phys. B 498 (1997) 467 [hep-th/9612115].

[4] M. Li, Boundary states of D-branes and Dy-strings, Nucl. Phys. B 460 (1996) 351 [hep-th/9510161].

[5] M.R. Douglas, Branes within branes, hep-th/9512077.

[6] I.W. Taylor and M. Van Raamsdonk, Multiple Dp-branes in weak background fields, Nucl.

Phys. B 573 (2000) 703 [hep-th/9910052].

[7] R.C. Myers, Dielectric-branes, J. High Energy Phys. 12 (1999) 022 [hep-th/9910053]. [8] P.K. Townsend, D-branes from M-branes, Phys. Lett. B 373 (1996) 68 [hep-th/9512062]. [9] N. Ishibashi, p-branes from (p − 2)-branes in the bosonic string theory, Nucl. Phys. B 539 (1999) 107 [hep-th/9804163]; A relation between commutative and noncommutative descriptions of D-branes, hep-th/9909176.

[10] J. Polchinski, Lectures on D-branes, hep-th/9611050.

[11] I.W. Taylor, Lectures on D-branes, gauge theory and m(atrices), hep-th/9801182. [12] R.C. Myers, Nonabelian phenomena on D-branes, Class. Quant. Grav. 20 (2003) S347–S372 [hep-th/0303072].

[13] D. Kabat and I.W. Taylor, Spherical membranes in matrix theory, Adv. Theor. Math. Phys. 2 (1998) 181 [hep-th/9711078].

[14] N.R. Constable, R.C. Myers and O. Tafjord, The noncommutative bion core, Phys. Rev. D 61 (2000) 106009 [hep-th/9911136].

[15] Y. Hikida, M. Nozaki and Y. Sugawara, Formation of spherical D2-brane from multiple D0-branes, Nucl. Phys. B 617 (2001) 117 [hep-th/0101211].

– 25 –

[16] L. Martucci and P.J. Silva, YM on the dielectric brane: a D0-brane tale, Nucl. Phys. B 666 (2003) 230 [hep-th/0212183].

[17] Y. Hyakutake, Notes on the construction of the D2-brane from multiple D0- branes, Nucl.

Phys. B 675 (2003) 241 [hep-th/0302190].

[18] J. Castelino, S.-M. Lee and I.W. Taylor, Longitudinal 5-branes as 4-spheres in matrix theory, Nucl. Phys. B 526 (1998) 334 [hep-th/9712105].

[19] S. Ramgoolam, On spherical harmonics for fuzzy spheres in diverse dimensions, Nucl. Phys.

B 610 (2001) 461 [hep-th/0105006].

[20] P.-M. Ho and S. Ramgoolam, Higher dimensional geometries from matrix brane constructions, Nucl. Phys. B 627 (2002) 266 [hep-th/0111278].

[21] Y. Kimura, On higher dimensional fuzzy spherical branes, Nucl. Phys. B 664 (2003) 512 [hep-th/0301055].

[22] Y. Kimura, Noncommutative gauge theory on fuzzy four-sphere and matrix model, Nucl.

Phys. B 637 (2002) 177 [hep-th/0204256].

[23] T. Azuma and M. Bagnoud, Curved-space classical solutions of a massive supermatrix model, Nucl. Phys. B 651 (2003) 71 [hep-th/0209057].

[24] P. Valtancoli, Projective modules over the fuzzy four-sphere, Mod. Phys. Lett. A 17 (2002) 2189 [hep-th/0210166].

[25] S. Aoyama and T. Masuda, The fuzzy S^4 by quantum deformation, Nucl. Phys. B 656 (2003) 325 [hep-th/0212214].

[26] B.P. Dolan, D. O’Connor and P. Prešnajder, Fuzzy complex quadrics and spheres, J. High Energy Phys. 02 (2004) 055 [hep-th/0312190].

[27] N.R. Constable, R.C. Myers and O. Tafjord, Non-abelian brane intersections, J. High Energy Phys. 06 (2001) 023 [hep-th/0102080].

[28] K. Hashimoto, The shape of non-abelian D-branes, J. High Energy Phys. 04 (2004) 004 [hep-th/0401043].

[29] S. Zhang and J. Hu, A Four Dimensional Generalization of the Quantum Hall Effect, Science 294 (2001) 823, cond-mat/0110572; Collective excitations at the boundary of a 4D quantum Hall droplet, cond-mat/0112432.

[30] B.A. Bernevig, J.P. Hu, N. Toumbas and S.C. Zhang, The eight dimensional quantum hall effect and the octonions, cond-mat/0306045.

[31] G. Meng, Geometric construction of the quantum hall effect in all even dimensions,

cond-mat/0306351.

[32] K. Hasebe and Y. Kimura, Dimensional hierarchy in quantum hall effects on fuzzy spheres,

hep-th/0310274.

[33] Z. Guralnik and S. Ramgoolam, On the polarization of unstable D0-branes into non-commutative odd spheres, J. High Energy Phys. 02 (2001) 032 [hep-th/0101001].

[34] S. Ramgoolam, Higher dimensional geometries related to fuzzy odd-dimensional spheres, J.

High Energy Phys. 10 (2002) 064 [hep-th/0207111].

– 26 –

[35] J. Hoppe, Quantum theory of a massless relativistic surface and a two-dimensional bound state problem, MIT Ph.D.Thesis, 1982.

[36] J. Madore, The fuzzy sphere, Class. and Quant. Grav. 9 (1992) 69.

[37] U. Carow-Watamura and S. Watamura, Noncommutative geometry and gauge theory on fuzzy sphere, Commun. Math. Phys. 212 (2000) 395 [hep-th/9801195].

[38] S. Iso, Y. Kimura, K. Tanaka and K. Wakatsuki, Noncommutative gauge theory on fuzzy sphere from matrix model, Nucl. Phys. B 604 (2001) 121 [hep-th/0101102].

[39] S.P. Trivedi and S. Vaidya, Fuzzy cosets and their gravity duals, J. High Energy Phys. 09 (2000) 041 [hep-th/0007011].

[40] M. Asano, Non-commutative branes in D-brane backgrounds, Int. J. Mod. Phys. A 17 (2002) 4733 [hep-th/0106253].

[41] R.G. Leigh, Dirac-Born-Infeld action from dirichlet sigma model, Mod. Phys. Lett. A 4 (1989) 2767.

[42] M.R. Garousi and R.C. Myers, World-volume interactions on D-branes, Nucl. Phys. B 542 (1999) 73 [hep-th/9809100].

[43] A.A. Tseytlin, On non-abelian generalisation of the Born-Infeld action in string theory, Nucl.

Phys. B 501 (1997) 41 [hep-th/9701125].

[44] D.P. Jatkar, G. Mandal, S.R. Wadia and K.P. Yogendran, Matrix dynamics of fuzzy spheres, J. High Energy Phys. 01 (2002) 039 [hep-th/0110172].

[45] Y. Kimura, Myers effect and tachyon condensation, hep-th/0309082. [46] P. Cook, R. de Mello Koch and J. Murugan, Nonabelian bionic brane intersections, Phys.

Rev. D 68 (2003) 126007 [hep-th/0306250].

[47] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys.

09 (1999) 032 [hep-th/9908142].

[48] T. Imai, Y. Kitazawa, Y. Takayama and D. Tomino, Quantum corrections on fuzzy sphere, Nucl. Phys. B 665 (2003) 520 [hep-th/0303120]; Effective actions of matrix models on homogeneous spaces, Nucl. Phys. B 679 (2004) 143 [hep-th/0307007].

[49] T. Azuma, S. Bal, K. Nagao and J. Nishimura, Nonperturbative studies of fuzzy spheres in a matrix model with the Chern-Simons term, hep-th/0401038.

[50] T. Azuma, Matrix models and the gravitational interaction, hep-th/0401120. [51] D. Karabali and V.P. Nair, Quantum hall effect in higher dimensions, Nucl. Phys. B 641 (2002) 533 [hep-th/0203264].

[52] C.N. Yang, Generalization of Dirac’s monopole to SU(2) gauge fields, J. Math. Phys. 19 (1978) 320; SU(2) monopole harmonics, J. Math. Phys. 19 (1978) 2622.

[53] M. Fabinger, Higher-dimensional quantum hall effect in string theory, J. High Energy Phys.

05 (2002) 037 [hep-th/0201016].

[54] Y.-X. Chen, B.-Y. Hou and B.-Y. Hou, Non-commutative geometry of 4-dimensional quantum hall droplet, Nucl. Phys. B 638 (2002) 220 [hep-th/0203095].

[55] B.A. Bernevig, C-H. Chern, J-P. Hu, N. Toumbas and S-C. Zhang, Effective field theory description of the higher dimensional quantum Hall liquid, cond-mat/0206164.

– 27 –

[56] Y.-X. Chen, Matrix models of 4-dimensional quantum hall fluids, hep-th/0209182. [57] D. Karabali and V.P. Nair, The effective action for edge states in higher dimensional quantum hall systems, Nucl. Phys. B 679 (2004) 427 [hep-th/0307281].

[58] Z. Horvath and L. Palla, Spontaneous compactification and ’monopoles’ in higher dimensions, Nucl. Phys. B 142 (1978) 327.

[59] E. Demler and S-C. Zhang, Non-abelian holonomy of BCS and SDW quasi-particles, Ann.

Phys. (NY) 271 (1999) 83 [cond-mat/9805404].

– 28 –