arXiv:hep-th/0112073 v3 18 Jan 2002

YITP-01-81 hep-th/0112073 December 2001

Expanded Strings in the Background of NS5-branes via a M2-brane, a D2-brane and D0-branes

Yoshifumi Hyakutake^1

Yukawa Institute for Theoretical Physics, Kyoto University Sakyo-ku, Kyoto 606-8502, Japan

ABSTRACT

Classical configurations of a M2-brane, a D2-brane and D0-branes are investigated in the background of an infinite array of M5-branes or NS5-branes. On the M2- brane, we discuss three kinds of configurations, such as a sphere, a cylinder and a torus-like one. These are stabilized by virtue of the background fluxes of M5-branes. The torus-like M2-brane configuration has winding and momentum numbers of 11th direction, and in terms of the type IIA superstring theory, this corresponds to a torus-like D2-brane with electric and magnetic fluxes on it. We also reproduce the same configuration from a non-abelian Born-Infeld action for D0-branes. It will be a construction of closed strings from D0-branes. An electric flux quantization condition on the D2-brane is also discussed in terms of D0-branes.

1E-mail :hyaku@yukawa.kyoto-u.ac.jp

1 Introduction

The type II superstring theories contain (p+1)-form fields called Ramond-Ramond potentials, and Dirichlet p-branes carry charges corresponding to these fields[1]. Under the T-duality[2, 3], a Dp-brane which wraps around a compactified circle is transformed into a D(p−1)-brane which does not wrap around the circle, and vice versa[1]. The world-volume theory on D-branes are constructed in refs.[4]-[13] and such works are extended in a way consistent with T-duality in ref.[14, 15, 16].

The strong coupling limit of the type IIA superstring theory is described by M-theory[17, 18, 19], and it is pointed out in ref.[20] that a M2-brane can be constructed as a bound state of infinite number of D0-branes. Along this line, Banks et al. conjectured that M-theory is equivalent to matrix quantum mechanics describing a large number M of D0-branes[21]. In the BFSS matrix theory, M2-branes are realized by giving a non-trivial commutation relation between U(M) adjoint scalar fields[22]. The similar fact that a D2-brane is constructed from M D0-branes can also be viewed by using a low energy effective action of M coincident D0-branes, which is consistent with the T-duality[16].

In this paper, we study various M2-brane configurations with momentum in the background of an infinite linear array of M5-branes in x^{11} direction. Reducing along the x^{11} direction, the background M5-branes are interpreted as NS5-branes in the type IIA superstring theory, and M2-branes are identified with D2-branes or strings according to their configurations. Interestingly, M2 or D2-brane configurations become stable against collapse by virtue of the background flux. Then we can study configurations of M2 or D2-brane by employing their world-volume theories, and see that both results agree. Those configurations are also reconstructed from the viewpoint of D0-branes. Now let us see the situations in detail.

In refs.[23, 24, 25], configurations of spherical D2-brane are considered in the background of N coincident NS5-branes in the type IIA superstring theory. The NS5-branes couple magnetically to Neveu-Schwarz 2-form field and the flux penetrates S^3 in the transverse space. Under this background, a D2-brane with M units of magnetic flux on it becomes stable if it expands into S^2 in the S^3. In section 2, we will reexamine these configuration by employing the M2-brane action, and expect that the spherical D2-brane finally becomes a giant graviton in the background of AdS_7 × S^4. The giant graviton considered here is a spherical M2-brane moving along a certain S^1 in the S^4 with M units of momentum[26]. And roughly speaking, if the x^{11} direction is identified with the moving one, the giant graviton would be considered as the spherical D2-brane with magnetic fluxes on it. Similar spherical D2-brane configurations in the background of Dp-branes have also been considered in refs.[27, 28].

In this paper, we also investigate the case where the x^{11} direction is identified with one of the world-volume directions of the spherical M2-brane. After the double dimensional reduction, such M2-brane configurations are transformed into expanded closed strings moving along a certain S^1 in the S^3 in the background of N coincident NS5-branes. We will explore this case by using the M2-brane action. Furthermore, we also examine the case where such strings are moving along the x^{11} direction by employing the M2-brane action. In fact, it is impossible for M2-brane to have momentum along its extending directions. Therefore in order to assign the momentum of the x^{11} direction, we should slant the world-volume directions of the M2-brane to the x^{11} direction. In 10-dimensional space-time, the M2-brane shapes like a torus and, in terms of type IIA superstring theory, this corresponds to a toroidal D2-brane with electric and magnetic flux on it. As in the case of the BFSS matrix theory or Myers effect, it is an interesting problem to realize such configurations from the viewpoint of M D0-branes. The main purpose of this paper is to exhibit the detailed relations among M2-brane, D2-brane, fundamental strings and D0-branes.

The outline of this paper is as follows. In section 2, the configurations of the spherical D2-brane with M units of magnetic flux on it are reviewed from the viewpoint of the M2-brane action. The stability of these configurations are also discussed. In section 3, we explore the configurations of the expanded closed string and toroidal D2-brane with electric and magnetic fluxes on it, by employing the actions of M2-brane or D2-brane. In section 4, we reconstruct the action of the toroidal D2-brane from the Born-Infeld action for M D0-branes. One important result is that the quantization condition of the electric flux, corresponding the number of fundamental strings, is expressed from the degrees of freedom of M D0-branes. Conclusions and discussions are given in section 5.

2 Spherical M2-brane in the Background of M5-branes

2.1 NS5-branes background

Throughout this paper, various configurations of a M2-brane, a D2-brane and D0-branes are explored in the background of NS5-branes. Since M2-branes live in 11-dimensional spacetime, the 11-dimensional counterpart of the background of NS5-branes is required. Thus we briefly review the classical descriptions of NS5-branes and M5-branes. We begin with the classical solution of N coincident M5-branes in 11-dimensional supergravity theory, and then by reducing the 11th direction, derive classical geometry of N coincident NS5-branes in type IIA supergravity theory[29, 30].

Bosonic fields of the 11-dimensional supergravity consist of a graviton G_{M N} and a 3-from field A_{LM N} . Here the capital letters represent 11-dimensional indices. Then the classical solution of N coincident M5-branes in the 11-dimensional supergravity is given by a metric of the form

ds^2_{11} = f^{− 13} η_{μν} dx^μdx^ν + f^{23} δ_{ab}dx^adx^b, f = 1 + πNℓ^3_p r̃^3

, (1)

r̃^2 = ∑ a (x^a)^2, μ, ν = 0, 1, · · · , 5, a, b = 6, 7, 8, 9, 11, and a 4-form field strength of the form

F = dA = 3πNℓ^3_p dv_S4 . (2)

Here dv_S4 denotes the volume form of a unit S^4 and ℓ_p is the Planck length in the 11-dimensional theory. The N coincident M5-branes are parallel to the x^μ directions and located at r̃ = 0 in the transverse space.

Our next task is to make a classical solution which corresponds to the periodic configuration of N coincident M5-branes along the x^{11} direction at intervals of 2πR_{11}. This can be done by modifying the harmonic function f as follows:

f = 1 + ∞∑ n=−∞ πNℓ^3_p ( r^2 + (x^{11} − 2πnR_{11})^2

) 3_2 , r^2 = ∑ i (x^i)^2, i = 6, · · · , 9, (3)

and the 4-form field strength in a similar way: F_{ijkl} = 3πNℓ^3_pϵ_{ijkl} ∞∑ n=−∞ x^{11} − 2πnR_{11} ( r^2 + (x^{11} − 2πnR_{11})^2

) 5_2 , (4) F_{ijk 11} = 3πNℓ^3_pϵ_{mijk} ∞∑ n=−∞ x^m ( r^2 + (x^{11} − 2πnR_{11})^2

) 5_2 .

In order to derive the classical description of N coincident NS5-branes, it is necessary to take a limit of 1 ≪ r/R_{11}. In this limit, the summation on n is approximated to an integral and the metric and the 4-form field strength become,

ds^2_{11} = f^{− 13} η_{μν} dx^μdx^ν + f^{23} δ_{ij}dx^idx^j + f^{23} (dx^{11})^2, f = 1 + Nℓ^3_p R_{11}r^2

, (5) F = 2Nℓ^3_p R_{11} dv_S3 ∧ dx^{11}. This is an expression for the classical solution of N coincident NS5-branes in the 11-dimensional supergravity. In fact, by performing Kaluza-Klein dimensional reduction, the classical solution (5) is transformed into that of the type IIA supergravity:

ds^2_{10} = η_{μν} dx^μdx^ν + fδ_{ij} dx^idx^j , f = 1 + Nℓ^2_s r^2

, (6) e^ϕ = f^{1/2}, H = 2Nℓ^2_s dv_S3 .

0 R_{11} √ Nℓ_s r x^{11}

Figure 1: A picture of the harmonic function . The solid curves represent contour lines of f. As r decreases to R_{11}, asymmetry of the 11th direction will be observed and finally reaches to a throat part of N coincident M5-branes.

Here ϕ is a dilaton field and H represents the field strength of NS-NS 2-form B. The relations such as R_{11} = ℓ_sg_s and ℓ_p = g^{1/3}s ℓ_s were used to derive (6).

So far, we have constructed the type IIA supergravity solution for N coincident NS5-branes starting with infinite number of M5-branes. It is clear from the construction that the descriptions (5) and (6) make sense in the region 1 ≪ r/R_{11} and 1 ≪ N. Furthermore, we consider the throat part of the N coincident NS5-branes. That is the region of 1 ≪ √ Nℓ_s/r where the constant part of the harmonic function f is negligible. As r approaches to R_{11}, the dependence on the 11th direction will begin to show up (Fig.1).

In the following sections, the Born-Infeld actions for a D2-brane and D0-branes are employed, and we must assume g_se^ϕ ≪ 1 in order for the world-volume analyses to be valid. It is equivalent to the condition √ N ≪ r/R_{11}, and can be achieved by taking g_s as sufficiently small.

2.2 Spherical M2-brane in the background of M5-branes

The transverse space of N coincident NS5-branes is 4-dimensional and the flux penetrate S^3 in this space. Since the homotopy group π_2(S^3) is trivial, a D2-brane wrapped on S^2 in the S^3 shrinks to zero size in general. However, if there are magnetic fluxes on the spherical D2-brane, it can become stable with some finite radius[25]. In this subsection, we reexamine configurations of the flux stabilized spherical D2-brane in the background of N coincident NS5-branes, by employing the M2-brane action.

A single M2-brane action is given by the sum of the Nambu-Goto and the Wess-Zumino type terms of the form

S_{M2} = −T_2 ∫ d^3ξ √ − det P [G]_{ab} + T_2 ∫ P [A], (7)

where ξ^a denote world-volume coordinates of the M2-brane and P [· · · ] means the pullback operation. The tension of the M2-brane is expressed as T_2 = 1/4π^2ℓ^3_p, and the background fields are given by the classical solution (5) of M5-branes. In this subsection, we use the following polar coordinates for x^6, · · · , x^9, x^{11} directions:

x^6 = r sin θ sin θ_1 sin θ_2, x^7 = r sin θ sin θ_1 cos θ_2, x^8 = r sin θ cos θ_1, (8) x^9 = r cos θ, x^{11} = R_{11}ϕ.

Parameter regions are given by 0 ≤ θ, θ_1 ≤ π and 0 ≤ θ_2, ϕ ≤ 2π. Then the background metric and the 3-form gauge field, in adopting an appropriate gauge, are written as follows,

ds^2_{11} = f^{− 13} η_{μν} dx^μdx^ν + f^{23} ( dr^2 + r^2dθ^2 + r^2 sin^2 θ(dθ^2_1 + sin^2 θ_1dθ^2) ) + f^{23} R^2_{11}(dϕ)^2,

A = Nℓ^3_p(θ − sin θ cos θ) sin θ_1 dθ_1 ∧ dθ_2 ∧ dϕ, f = Nℓ^3_p R_{11}r^2

. (9)

What we are interested in here is spherical configurations of the M2-brane, thus its worldvolume coordinates (ξ^0, ξ^1, ξ^2) are chosen as (t, θ_1, θ_2). As for the scalar fields which represent the positions of the M2-brane, we assume that x^1, · · · , x^5 are equal to zero and r, θ and ϕ are functions of t. Now preparations are complete, we can evaluate a Lagrangian of the M2-brane straightforwardly. It becomes

L_{M2} = −4πT_2f^{12} r^2 sin^2 θ √ 1−fṙ^2 −fr^2θ̇^2 −fR^2_{11}ϕ̇^2 + N π (θ−sin θ cos θ)ϕ̇. (10)

Note that the momentum conjugate to ϕ is a conserved quantity and should be quantized since ϕ is periodic. The second term contributes to the potential energy of this system and decreases it when ϕ̇ is positive.

In order to find stable configurations of the spherical M2-brane, it is useful to move to the Hamiltonian formalism. As usual, conjugate momenta are defined as P_r ≡ ∂L_{M2} ∂ṙ = 4πT_2f^{32} r^2 sin^2 θ ṙ √ 1 − fṙ^2 − fr^2θ̇^2 − fR^2_{11}ϕ̇^2 ,

P_θ ≡ ∂L_{M2} ∂θ̇ = 4πT_2f^32 r^4 sin^2 θ θ̇ √ 1 − fṙ^2 − fr^2θ̇^2 − fR^2_{11}ϕ̇^2

, (11)

P_ϕ ≡ ∂L_{M2} ∂ϕ̇ = 4πT_2f^{32} r^2R^2_{11} sin^2 θ ϕ̇ √ 1 − fṙ^2 − fr^2θ̇^2 − fR^2_{11}ϕ̇^2 + N π ( θ − sin θ cos θ ) , and the Hamiltonian is given by

H_{M2} ≡ P_rṙ + P_θθ̇ + P_ϕϕ̇ − L_{M2}, (12)

= f^{− 16} √( P_r f^13

)_2 + ( P_θ f^13 r

)_2 + ( P_ϕ −^N_π (θ−sin θ cos θ) f^13 R_{11}

)_2 + ( 4πT_2f^23 r^2 sin^2 θ

)_2 . Physical interpretations of this Hamiltonian are as follows. The coefficient of the square root is the red shift factor. The first and the second terms in the square root are kinetic energies of the r and θ directions, which are the same as in the case of a point particle. The third term in the square root corresponds to the momentum along the 11th direction reduced by an effect of the background flux of M5-branes. The fourth term represents the mass of the spherical M2-brane with the radius f^{13} r sin θ. If there is no background flux, the energy of the M2-brane reaches minima when θ is equal to 0 or π, which represent contracting M2-branes. Thus an essence of flux stabilization comes from the existence of the third term.

Now let us solve the equations of motion obtained from the Hamiltonian (12). The equations of motion become of the forms

ṙ = P_r fH_{M2} , Ṗ_r = − 1 frH_{M2} [ P^2_r + ( P_ϕ −^N_π (θ − sin θ cos θ) R_{11}

)_2 + N^2 π^2R^2_{11} sin^4 θ ] , θ̇ = P^θ fr^2H_{M2}

, Ṗ_θ =

2N sin^2 θ πfR^2_{11}H_{M2} ( P_ϕ − N π θ ) , (13)

ϕ̇ = 1

fR^2_{11}H_{M2} ( P_ϕ − N π (θ − sin θ cos θ) ) , Ṗ_ϕ = 0.

As already mentioned, P_ϕ takes an integer M. In order to solve these equations, we make an assumption that θ̇ = 0. This requires P_θ = 0 and hence Ṗ_θ = 0. Then there are three kinds of solutions. Two of those are

θ = 0, H_{M2} = √ P^2_r f + M^2 fR^2_{11}

, (14) and θ = π, H_{M2} = √ P^2_r f + (M − N)^2 fR^2_{11}

. (15)

The former represents a shrinking M2-brane at the north pole of the S^3 and likewise the latter at the south pole. The remaining solution is given by

θ = M N π, H_{M2} = √ P^2_r f + N^2 sin^2(^M_N π) π^2fR^2_{11}

. (16)

Figure 2: A picture of S^3. A spherical M2-brane expands into the bold ‘sphere’.

θ S^2(θ_1, θ_2)

Note that this solution exists only in the region of 0 ≤ M ≤ N. This solution represents a spherically expanded M2-brane with the radius f^13 r sin(^M_N π) and gives the lowest energy among the three solutions.

If P_r is equal to zero, the energy of (16) can be rewritten as

H_{M2} = N πℓ_sg_se^ϕ sin (M N π ) , (17)

where the equation (6) is used. This gives the same energy as a spherical D2-brane of ref.[25]. In any solution we should also solve the equations for the radial direction of the forms

ṙ = P_r fH_{M2} , Ṗ_r = − H_{M2} r . (18)

We will analyze this equation in the next subsection.

2.3 Stability on the spherical M2-brane

In ref.[25], the solution (16) has been shown to be stable against fluctuations for θ direction. To check the full stability of the spherical M2-brane, however, we should also take care of the motion in the r direction.

Now let us solve the equations of motion (18). The Hamiltonian (12) is a conserved quantity since it does not depend on t explicitly, so the equations of motion can be rewritten as r̈ − 2 r (ṙ)^2 + r Nℓ^2_s = 0. (19)

Then a solution of this equation is expressed as r = r_0 cosh (_{t√} N ℓ_s ). (20)

The integral constants are chosen so as to satisfy r(0) = r_0 and ṙ(0) = 0. Thus as time evolves the spherical M2-brane falls deep into the horizon of the infinite linear array of M5-branes. P_r, H_{M2} and ϕ̇ are given by

P_r = −

N sin θ πR_{11} sinh ( t √ Nℓ_s ) , H_{M2} = r_0 √ N sin θ πℓ_sR_{11} , ϕ̇ = r^0 cos θ √ Nℓ_sR_{11} 1 cosh^2 (_{t√} Nℓ_s ). (21)

As already mentioned in the subsection 2.1, our calculation is reliable in the region of R_{11}/r ≪ 1 ≪ √ Nℓ_s/r (and g_s ≪ 1), therefore dynamics out of this parameter region is beyond our scope. One can guess, however, that as r approaches to R_{11} the dependence of the background on the 11th direction is observed, and the spherical M2-brane approaches the throat part of the N coincident M5-branes. There the spherical M2-brane could be identified with the giant graviton in the background of AdS_7 × S^4.

In the remainder of this subsection we discuss whether the spherical M2-brane is supersymmetric or not. A strategy employed here is the same as that of refs.[31, 32]. First we search for killing spinors in the background of the infinite linear array of M5-branes, and next count the number of the killing spinors which can be zero by κ-symmetry on the M2-brane.

In the 11-dimensional supergravity theory, a variation of a gravitino Ψ_M under supersymmetric transformation is given by the form

δΨ_M = D̂_M ϵ − 1 288 (Γ_M^{P QRS} − 8δ^P_M Γ^{QRS} )F_{P QRS} ϵ, (22) where capital letters denote 11-dimensional space-time indices and ϵ is a Majorana spinor. D̂_M denotes a supercovariant derivative for Majorana spinors. The full expression for it contains terms of higher order in Ψ_M , but it is just given by an ordinary covariant derivative if we insert the classical solution (5). Γ_M are gamma matrices with space-time indices and Γ_{M̂} are those with local Lorentz indices. If we substitute the background fields (5) for the equation (22), the killing spinor equations for M = 0, 1, · · · , 5, r become D_M ϵ − f^16 6 √ Nℓ_s Γ_M γ ϵ = 0, (23)

and those for M = θ, θ_1, θ_2, 11 are written as

D_M ϵ + f^{16} 3 √ N ℓ_s Γ_M γ ϵ = 0, (24)

where γ ≡ Γ^{θ̂θ̂1θ̂2 ^11}. The solution for these killing spinor equations is given by

ϵ = r^{16} e^{− 12 θΓθ̂ γ} e^{− 12 θ1 Γθ̂1θ̂} e^{− 12 θ2Γθ̂2θ̂1}

1 + Γ^{r̂}γ 2 ϵ_0, (25) where ϵ_0 is an arbitrary constant Majorana spinor. The non-trivial part which is expressed by the parameters θ, θ_1 and θ_2 corresponds to killing spinors of S^3[34]. The background of N coincident NS5-branes preserves half of space-time supersymmetry, as expected.

Our next task is to count the number of the killing spinors which is consistent with the condition of unbroken supersymmety on the M2-brane. A supersymmetric variation of Majorana spinor Θ on the M2-brane with the κ-symmetry is given by the form

δΘ = ϵ|_{M2} + (1 + Γ)κ. (26)

Here Γ is defined, by setting Θ = 0, as Γ ≡ 1 3! √ − det P [G]_{ab} ϵ^{abc}∂_aX^L∂_bX^M ∂_cX^N Γ_{LM N} . (27)

This satisfies the property of projection matrix, that is Γ^2 = 1. By using this, the condition δΘ = 0 can be written in the form

(1 − Γ)ϵ|_{M2} = 0. (28)

Then by substituting the solutions (20) and (21) for Γ, an equation of the form

1 − Γ = − 1 sin θ

Γ^{θ̂} γ [ e^{θΓθ̂ γ} + cosh (_{t√} Nℓ_s ) Γ^{t̂ ^11} + sinh (_{t√} N ℓ_s ) Γ^{r̂ ^11} ] , (29)

is obtained, and the condition (28) reduces to the form

1 + cosh (_{t√} N ℓ_s ) Γ^{t̂ ^11} + sinh (_{t√} Nℓ_s ) Γ^{r̂ ^11} 2 1 + Γ^{r̂}γ 2 ϵ_0 = 0. (30)

Let us operate Γ^{r̂}γ from the left side of this equation. Then a similar equation, but with a minus sign in front of the cosh, is obtained. By subtracting the latter from the former, we finally obtain a condition of the form

1 + Γ^{r̂}γ 2 ϵ_0 = 0. (31)

From this it follows that the configurations of the spherical M2-brane break the 11-dimensional space-time supersymmetry completely. This is in contrast with the spherical M2-brane in the background of AdS_7 × S^4, where the background has 32 maximal supersymmetry and the spherical M2-brane preserves half of them[31, 32]. In the frame work of the Wess-Zumino- Witten model, configurations of spherical D2-brane which preserve half of the target space supersymmetry are also discussed[33].

3 Cylindrical and Torus-like M2-branes in the Background of M5-branes

3.1 Cylindrical M2-brane as closed strings

In the previous section, we studied the properties of a spherical M2-brane in the background of the infinite linear array of M5-branes. The 11-dimensional counterpart of this object is the giant graviton in the background of AdS_7 × S^4. Let us see this correspondence in more detail. Let N be the number of units of 4-form flux on the S^4, and the unit S^4 be parametrized by polar coordinates (θ, ϕ, θ_1, θ_2) as

ds_S4^2 = dθ^2 + cos^2 θdϕ^2 + sin^2 θ(dθ^2_1 + sin^2 θ_1dθ^2), (32)

where 0 ≤ θ ≤^π_2 , 0 ≤ θ_1 ≤ π and 0 ≤ ϕ, θ_2 ≤ 2π. M2-brane is wrapped on the S^2 parametrized by (θ_1, θ_2) and moving in the ϕ direction. When a momentum conjugate to ϕ takes an integer value M(≤ N), the spherical M2-brane becomes stable if sin θ is equal to 0 or^M_N . The former solution represents an ordinary graviton and the latter one is called the giant graviton. If we identify the ϕ direction with the x^{11} direction and do the dimensional reduction, the giant graviton is expected to become a spherical D2-brane with M units of magnetic flux on it, which was just argued in the previous section.

On the other hand, we can also examine a situation where the x^{11} direction is identified with the θ_2 direction, which is one of the world-volume directions of the giant graviton. Then the giant graviton will become a closed string, or a cylindrical M2-brane, in the background of N coincident NS5-branes (Fig.3). We will investigate these configurations of an M2-brane in this subsection.

S^4 θ

ϕ

S^2 (θ_1, θ_2)

S^3 θ

ϕ

S^1 (χ)

x^{11} ∼ θ_2

Figure 3: Left hand side represents the giant graviton, and right hand side does an expanded closed string, both moving in the ϕ direction.

A starting point is the M2-brane action (7) in the background of the infinite linear array of M5-branes (5). We adopt the polar coordinates on x^6, · · · , x^9 as in the Fig.(3):

x^6 = r cos θ cos ϕ, x^7 = r cos θ sin ϕ, x^8 = r sin θ cos χ, x^9 = r sin θ sin χ, (33)

where 0 ≤ θ ≤^π_2 and 0 ≤ ϕ, χ ≤ 2π. Then the background metric and the 3-form gauge field, in an appropriate gauge, become

ds^2_{11} = f^{− 13} η_{μν} dx^μdx^ν + f^{23} ( dr^2 + r^2dθ^2 + r^2 cos^2 θdϕ^2 + r^2 sin^2 θdχ^2 ) + f^{23} (dx^{11})^2, A = Nℓ^3_p R_{11} sin^2 θdϕ ∧ dχ ∧ dx^{11}, f = Nℓ^3_p R_{11}r^2

. (34)

What we are interested in here is the cylindrical M2-brane extending to the x^{11} direction, so we identify the world-volume coordinates (ξ^0, ξ^1, ξ^2) with the space-time coordinates (t, χ, ψ). ψ has periodicity of 2π, and is related to x^{11} as x^{11} = LR_{11}ψ. L is the winding number. As for the scalar fields which correspond to the positions of the M2-brane, we assume that x^1, · · · , x^5 are zero and r, θ and ϕ are functions only of t. Then, the metric induced on the M2-brane and the pullback of the 3-form gauge field become

P [G]_{ab} =

−f^{− 13} (1 − fṙ^2 − fr^2θ̇^2 − fr^2 cos^2 θϕ̇^2) 0 0 0 f^{23} r^2 sin^2 θ 0 0 0 f^{23} L^2R^2_{11} ,

P [A] = LNℓ^3_p sin^2 θϕ̇ dt ∧ dχ ∧ dψ. (35) By substituting the above data into the action (7), the Lagrangian

L_{M2} = −4π^2T_2f^{12} rLR_{11} sin θ √ 1 − fṙ^2 − fr^2θ̇^2 − fr^2 cos^2 θϕ̇^2 + LN sin^2 θϕ̇, (36)

is obtained. It is understood that a momentum conjugate to ϕ is a discrete conserved quantity, and the second term plays the role of the potential energy which is negative if ϕ̇ is positive.

So as to examine the potential energy of the configurations of cylindrical M2-brane, it is appropriate to move to the Hamiltonian formalism. The canonical conjugate momenta are defined as P_r ≡ ∂L_{M2} ∂ṙ = 4π^2T_2f^{32} rLR_{11} sin θ ṙ √ 1 − fṙ^2 − fr^2θ̇^2 − fr^2 cos^2 θϕ̇^2 ,

P_θ ≡ ∂L_{M2} ∂θ̇ = 4π^2T_2f^32 r^3LR_{11} sin θ θ̇ √ 1 − fṙ^2 − fr^2θ̇^2 − fr^2 cos^2 θϕ̇^2

, (37)

P_ϕ ≡ ∂L_{M2} ∂ϕ̇ = 4π^2T_2f^{32} r^3LR_{11} sin θ cos^2 θ ϕ̇ √ 1 − fṙ^2 − fr^2θ̇^2 − fr^2 cos^2 θϕ̇^2

+ LN sin^2 θ, and the Hamiltonian is given by the form

H_{M2} = f^{− 16} √( P_r f^13

)_2 + ( P_θ f^13 r

)_2 + ( P_ϕ − LN sin^2 θ

f^13 r cos θ

)_2 + ( 4π^2T_2f^23 rLR_{11} sin θ

)_2 . (38)

Physical interpretations of this Hamiltonian are as follows. The coefficient of the square root is the red shift factor. The first and second terms in the square root are the kinetic energies of r and θ directions, like those of a point particle. The third term corresponds to the momentum conjugate to the ϕ direction shifted by the effect of the background flux of M5-branes. The fourth term represents the mass of the cylindrical M2-brane with the radius of f^13 r sin θ. The main difference from the case of the spherical M2-brane is that, by multiplying the red shift factor, the fourth term does not depend on r. This is due to the fact that the cylindrical M2-brane is just a closed string and its tension does not depend on the dilaton field ϕ.

Our next task is to solve the equations of motion obtained from the Hamiltonian (38). They are given by

ṙ = P_r fH_{M2} , Ṗ_r = − P^2_r frH_{M2} , θ̇ = P^θ fr^2H_{M2} , Ṗ_θ = − sin θ fr^2 cos^3 θH_{M2}

(P_ϕ − LN)^2, (39)

ϕ̇ = P^ϕ − LN sin^2 θ fr^2 cos^2 θ H_{M2}

, Ṗ_ϕ = 0.

P_ϕ takes an integer value. Differently from the case of the spherical M2-brane, we can assume that ṙ = θ̇ = 0. These require P_r = P_θ = 0 and hence Ṗ_r = Ṗ_θ = 0. Then there are two kinds of solutions. The first one is given by

θ = 0, H_{M2} = P_ϕ f^12 r

, (40)

where P_ϕ is an arbitrary integer. This is a singular solution and represents a M2-brane shrinking like a thin wire. The another solution is written as

P_ϕ = LN, H_{M2} = LN f^12 r

, (41)

where θ takes an arbitrary value in the region 0 ≤ θ ≤^π_2 . This solution represents a cylindrical M2-brane with the radius f^13 r sin θ. In terms of type IIA superstring theory, this corresponds to L coincident closed strings that look like S^1 embedded in S^3 and have the radius √ Nℓ_s sin θ.

Note that when θ =^π_2 the ϕ direction is not well-defined, so the solution becomes singular.

Let us investigate these solutions in more detail. By setting P_r = P_θ = 0, the Hamiltonian (38) takes the form

H_{M2} = 1 f^{12} r √ P^2_ϕ + tan^2 θ(P_ϕ − LN)^2. (42)

H

θ 0^π_2 P_ϕ f^12 r (a)

H

θ

LN f^12 r

(b)

H

θ

P_ϕ f^12 r

(c) Figure 4: The three cases of 0 ≤ P_ϕ < LN, P_ϕ = LN and LN < P_ϕ are drawn in (a), (b) and (c) respectively.

The Hamiltonian is drawn as a function of θ in Fig.4. For any value of P_ϕ, the singular configurations at θ = 0 take minimal energy, which are just the same energy as that of a point particle moving along the equatorial direction in the S^3. The special case occurs when P_ϕ = LN. There the cylindrical M2-brane freely expands into an arbitrary radius while keeping the minimal energy^2

We can reproduce the Lagrangian (36) by beginning with the Nambu-Goto action for strings of the form S = −LT ∫ d^2σ √ − det P [G]_{ab} + LT ∫ P [B], (43)

where the background is given by the equation (6). We also obtain similar kinds of expanded D1-branes in the background of N coincident D5-branes.

3.2 Torus-like M2-brane with winding and momentum numbers for the 11th direction

In the subsection 2.2, we argued the configurations of the spherical M2-brane with M units of momentum in the 11th direction. And in the subsection 3.1, we discussed the configurations of the cylindrical M2-brane winding L times around the 11th direction. In terms of type IIA superstring theory, the former corresponds to a spherical D2-brane with M units of magnetic flux on it and the latter to L coincident closed strings moving along the transverse direction, both in the background of N coincident NS5-branes.

In this subsection, we investigate configurations of a M2-brane with winding and momentum

2If we take into account the constant part of the harmonic function f, an extra term of the order^{r2}_{Nℓ2s} might appear in the square root of the eq.(42). Then fig.4 is slightly modified and in the case of P_ϕ = LN , the Hamiltonian becomes a monotonously increasing function of θ. There is also a possibility that the back-reaction modifies the behavior of the Hamiltonian[32, 43].

S^3 × θ

ϕ S^1 x^{11}

S^1 (χ)

ϕ x^{11}

Figure 5: A picture of S^3 × S^1. The torus-like M2-brane is wrapped around the ϕ and χ directions. M2-brane world-volume wraps onto the x^{11} direction L times as it goes around the ϕ direction once.

numbers along the 11th direction, in the background of the infinite array of M5-branes. In order to have the winding number, the M2-brane should shape like a torus (Fig.5).

We adopt the polar coordinates on x^6, · · · , x^9 like the equations (33) in the previous subsection. The background metric and the 3-form gauge field, in an appropriate gauge, are given by the equations (34). Now we want to realize the torus-like M2-brane configurations, so that the world-volume coordinates (ξ^0, ξ^1, ξ^2) are chosen as (t, ϕ, χ). Then we assume that the scalar fields r and θ are functions of t, and x^{11} depend on t and ϕ as follows:

x^{11}(t, ϕ) = R_{11}(Lϕ + ψ(t)). (44)

Here L is the winding number. Thus the M2-brane which we examine in this subsection is extending to the χ direction and to a slanting direction in the (ϕ, x^{11})-plane (Fig.5). The M2- brane also has momentum along the 11th direction. By using these settings, the metric induced on the M2-brane and the pullback of the 3-form gauge field become

P [G]_{ab} =

−f^{− 1}3 (1−fṙ^2 −fr^2θ̇^2 −fR^2_{11}ψ̇^2) f^23 LR^2_{11}ψ̇ 0 f^23 LR^2_{11}ψ̇ f^23 (r^2 cos^2 θ + L^2R^2_{11}) 0 0 0 f^23 r^2 sin^2 θ ,

P [A] = Nℓ^3_p sin^2 θψ̇ dt ∧ dϕ ∧ dχ. (45)

The Lagrangian is obtained by inserting the above data into the action (7). It becomes

L_{M2} = −4π^2T_2f^{12} r √ r^2 cos^2 θ+L^2R^2_{11} sin θ √ 1−fṙ^2 −fr^2θ̇^2 − fr^2R^2_{11} cos θ^2 r^2 cos^2 θ+L^2R^2_{11} ψ̇2 + N sin^2 θψ̇. (46)

From this Lagrangian, we see that a momentum conjugate to ψ becomes a quantized conserved quantity and the second term yields a negative potential energy if ψ̇ is positive.

In order to examine the potential energy of the torus-like M2-brane configurations, it is appropriate to move to the Hamiltonian formalism. The canonical conjugate momenta are defined as P_r ≡ ∂L_{M2} ∂ṙ = 4π^2T_2f^{32} r √ r^2 cos^2 θ+L^2R^2_{11} sin θ ṙ √ 1−fṙ^2 −fr^2θ̇^2 −^{f r2R211 cos θ2}

r^2 cos^2 θ+L^2 R^2_{11} ψ̇2 ,

P_θ ≡ ∂L_{M2} ∂θ̇ = 4π^2T_2f^32 r^3 √ r^2 cos^2 θ+L^2R^2_{11} sin θ θ̇ √ 1−fṙ^2 −fr^2θ̇^2 −^{f r2R211 cos θ2}

r^2 cos^2 θ+L^2 R^2_{11} ψ̇2 , (47)

P_ψ ≡ ∂L_{M2} ∂ψ̇ = 4π^2T_2f^32 r^3(r^2 cos^2 θ+L^2R^2_{11})^{− 1}2 R^2_{11} sin θ cos^2 θ ψ̇ √ 1−fṙ^2 −fr^2θ̇^2 −^{f r2R211 cos θ2}

r^2 cos^2 θ+L^2 R^2_{11} ψ̇2 + N sin^2 θ,

and the Hamiltonian is given by

H_{M2} = f^{− 16} [( P_r f^13

)_2 + ( P_θ f^13 r

)_2 + ( P_ψ −N sin^2 θ f^13 rR_{11} cos θ(r^2 cos^2 θ+L^2R^2_{11})^{− 1}2

)_2

+ ( 4π^2T_2f^{23} r √ r^2 cos^2 θ+L^2R^2_{11} sin θ

)_2]^1_2 (48) = √ P^2_r f + P^2_θ fr^2 + r^2 cos^2 θ + L^2R^2_{11}

fr^2R^2_{11} cos^2 θ

(P^2_ψ − 2NP_ψ sin^2 θ + N^2 sin^2 θ).

Physical meanings of the first and the second lines are as follows. As before, the coefficient of the square root is the red shift factor, and the first and second terms in the square root are kinetic energies of the r and θ directions respectively. The third term in the square root corresponds to the momentum conjugate to the ψ direction reduced by the effect of background flux of M5-branes. The fourth term represents the mass of the torus-like M2-brane. Especially, the value f^13 √ r^2 cos^2 θ+L^2R^2_{11} is the length of the M2-brane extending in the (ϕ, x^{11})-plane.

Now let us investigate dynamical aspects of this system. Equations of motion are given by

ṙ = P_r fH_{M2} , Ṗ_r = − P^2_r frH_{M2} − 1 frR^2_{11}H_{M2} ( P^2_ψ −2NP_ψ sin^2 θ+N^2 sin^2 θ ) , θ̇ = P^θ fr^2H_{M2} , Ṗ_θ = − L^2 sin θ fr^2 cos^3 θH_{M2} [ (P_ψ −N)^2 + N(N −2P_ψ )r^2 L^2R^2_{11} cos^4 θ ] , (49)

ψ̇ = r^2 cos^2 θ+L^2R^{211} fr^2R^2_{11} cos^2 θ H_{M2}

(P_ψ −N sin^2 θ), Ṗ_ψ = 0.

P_ψ takes an integer value. In order to obtain a static solution, we put θ̇ = 0. This condition means P_θ = 0, and hence Ṗ_θ = 0. Then a singular solution of the form P_ψ = N, θ = π 2 , r = const, H_{M2} = LN f^{12} r

, (50)

can be obtained. Note that, to obtain the above Hamiltonian, we should first set P_ψ = N and next substitute θ =^π_2 . This solution represents the cylindrical M2-brane extending along the 11th direction, and the same as the singular solution obtained in the previous subsection.

In the remainder of this subsection, we estimate some dynamical aspects of the torus-like M2-brane for an arbitrary value of P_ψ . It is simple to choose P_r = P_θ = 0 as initial conditions at t = 0. Then the Hamiltonian (48) becomes of the form

H_{M2} = √( 1 fR^2_{11} + L^2 fr^2 cos^2 θ )( P^2_ψ − 2NP_ψ sin^2 θ + N^2 sin^2 θ ) , (51)

where r should be considered as some initial value. The partial differential on θ is given by ∂H_{M2} ∂θ = L^2 sin θ fr^2 cos^3 θ H_{M2} [ (P_ψ −N)^2 + N(N −2P_ψ )r^2 L^2R^2_{11} cos^4 θ ] , (52)

and this equation becomes zero when θ = 0 or

cos^2 θ = LR_{11}|P_ψ − N| r √ N(2P_ψ − N) , (53)

for^N_2 < P_ψ. For the latter case, 0 ≤ cos^2 θ ≤ 1 requires that it exists in the range of Nr^2 L^2R^2_{11} √ 1+ L^2R^2_{11} r^2 (√ 1+ L^2R^2_{11}

r^2 − 1 ) ≤ P_ψ ≤ Nr^2 L^2R^2_{11} √ 1+ L^2R^2_{11} r^2 (√ 1+ L^2R^2_{11} r^2 + 1 ) . (54) H

θ π 2 (a)

H

θ (b)

H

θ (c) Figure 6: (a) corresponds to the case of 0 ≤ P_ψ <^N_2 . (b) does to that of^N_2 < P_ψ , except for P_ψ = N which is drawn in (c).

As mentioned in the subsection 2.1, our analyses are valid when 1 ≪ √ N ≪ r/R_{11}, so the above restriction can be approximated as N 2 < P_ψ < 2Nr^2 L^2R^2_{11} ∼ ∞. (55) When P_ψ ≤^N_2 , a global minimum of the Hamiltonian (51) exists at θ = 0. In this case, from the equations of motion (49), we see that r decreases and θ remains zero as time evolves. When^N_2 < P_ψ, the global minimum exists at the θ given by the equation (53), and we see that both r and θ decrease as time evolves. As explained before, the singular case occurs when P_ψ = N (Fig.6).

3.3 Torus-like M2-brane revisited from D2-brane action

In the previous subsection, the configurations of the torus-like M2-brane with winding and momentum numbers of the 11th direction are discussed. Such discussions can also be made by employing the D2-brane action. The winding number and momentum along the 11th direction correspond to the electric and magnetic flux on the D2-brane world-volume, respectively. In this subsection we reproduce the Hamiltonian (48) from the Born-Infeld action for the D2-brane.

The Born-Infeld action for a single D2-brane is given by the form

S_{D2} = −T_2 ∫ d^3ξ e^{−ϕ} √ − det(P [G]_{ab} + P [B]_{ab} + λF_{ab}). (56)

Here λ ≡ 2πℓ^2_s and F_{ab} is a gauge field strength on the D2-brane. Now we will construct the same situation as that of the previous subsection. The space-time coordinates are chosen as the equations (33). Then the background metric, dilaton field and the NS-NS 2-form of the equations (6) become of the forms

ds^2_{10} = η_{μν} dx^μdx^ν + f(dr^2 + r^2dθ^2 + r^2 cos^2 θdϕ^2 + r^2 sin^2 θdχ^2), e^ϕ = f^{12} , (57) B = Nℓ^2_s sin^2 θdϕ ∧ dχ. We choose the world-volume coordinates (ξ^0, ξ^1, ξ^2) on the D2-brane as (t, ϕ, χ), and suppose that r and θ are functions of t. As for the gauge field strength, we assume that F_{tχ} and F_{χϕ} are the only non zero components which only depend on t. By using these setups, the 3 × 3 matrix in the square root of the action (56) becomes

P [G]_{ab} +P [B]_{ab}+λF_{ab} = −(1−fṙ^2 −Nℓ^2_sθ̇^2) 0 λF_{tχ} 0 Nℓ^2_s cos^2 θ Nℓ^2_s sin^2 θ−λF_{χϕ} −λF_{tχ} −Nℓ^2_s sin^2 θ+λF_{χϕ} Nℓ^2_s sin^2 θ , (58) and the Lagrangian is expressed as

L_{D2} = −4π^2T_2e^{−ϕ} √ X(1−fṙ^2 −Nℓ^2_sθ̇^2) − Nℓ^2_s cos^2 θ(λF_{tχ})^2, (59) X ≡ N^2ℓ^4_s sin^2 θ − 2Nℓ^2_s sin^2 θ(λF_{χϕ}) + (λF_{χϕ})^2.

We will deform this Lagrangian using the methods of refs.[35, 36, 37, 38]. First, from the magnetic flux quantization condition ∫ dχdϕF_{χϕ} = 2πM, (60) we obtain the relation F_{χϕ} = M/2π. M takes an integer value. Then the Lagrangian (59) is written as

L_{D2} = −4π^2T_2e^{−ϕ} √ X(1−fṙ^2 −Nℓ^2_sθ̇^2) − Nℓ^2_s cos^2 θ(λF_{tχ})^2, (61) X = N^2ℓ^4_s sin^2 θ − 2NMℓ^4_s sin^2 θ + M^2ℓ^4_s .

Second, let us define E ≡ ∂L_{D2} ∂(λF_{tχ}) = 4π^2T_2e^{−ϕ}Nℓ^2_s cos^2 θ(λF_{tχ}) √ X(1−fṙ^2 −Nℓ^2_sθ̇^2) − Nℓ^2_s cos^2 θ(λF_{tχ})^2

. (62)

E can be just a constant by employing an equation of motion for A_χ. And from this equation λF_{tχ} is expressed as λF_{tχ} = E √ X(1−fṙ^2 −Nℓ^2_sθ̇^2) √ Nℓ_s cos θ √ E^2 + (4π^2T_2e^{−ϕ})^2Nℓ^2_s cos^2 θ

. (63)

The electric flux quantization condition is given by the form E = 2πT L = L ℓ^2_s

, (64)

where L is an integer. Now we make a Legendre transformation in the following way. L̃_{D2} ≡ L_{D2} − E(λF_{tχ}) = − √ E^2 + (4π^2T_2e^{−ϕ})^2Nℓ^2_s cos^2 θ √ Nℓ_s cos θ √ X(1−fṙ^2 −Nℓ^2_sθ̇^2). (65)

Note that this does not coincide with the Lagrangian obtained in the previous subsection.

As usual we move to the Hamiltonian formalism. The canonical conjugate momenta are defined as P_r ≡ ∂L̃_{D2} ∂ṙ = √ E^2 + (4π^2T_2e^{−ϕ})^2Nℓ^2_s cos^2 θ √ Nℓ_s cos θ √ Xfṙ √ 1−fṙ^2 −Nℓ^2_sθ̇^2

, (66)

P_θ ≡ ∂L̃_{D2} ∂θ̇ = √ E^2 + (4π^2T_2e^{−ϕ})^2Nℓ^2_s cos^2 θ √ Nℓ_s cos θ √ XNℓ^2_sθ̇ √ 1−fṙ^2 −Nℓ^2_sθ̇^2 , and the Hamiltonian is given by

H_{D2} = √ P^2_r f + P^2_θ fr^2 + L^2R^2_{11} +r^2 cos^2 θ fr^2R^2_{11} cos^2 θ

(N^2 sin^2 θ−2NM sin^2 θ+M^2). (67)

Thus we have reproduced the Hamiltonian (48). The description of the D2-brane agrees with that of the M2-brane completely at the level of the Hamiltonian.

Before ending this subsection, it is meaningful to expand the Lagrangian (61) so as to neglect the higher order terms of^N_M . It becomes as follows:

L_{D2} = −MT_0e^{−ϕ} √ 1−fṙ^2 −Nℓ^2_sθ̇^2 ( 1 − N M sin^2 θ +

N^2 2M^2 sin^2 θ cos^2 θ (68) − N cos^2 θ 2M^2ℓ^2_s (1−fṙ^2 −Nℓ^2_sθ̇^2)

(λF_{tχ})^2 + O ( (^N_M )^3 )) . If we trace the same process as before in this subsection, the electric flux quantization condition is given by E = NT_0e^{−ϕ} cos^2 θ(λF_{tχ}) Mℓ^2_s √ 1−fṙ^2 −Nℓ^2_sθ̇^2 = L ℓ^2_s

, (69)

and the Hamiltonian becomes H = √ P^2_r f + P^2_θ Nℓ^2_s + M^2T^2_0 e^{−2ϕ} ( 1− N M sin^2 θ+

N^2 2M^2 sin^2 θ cos^2 θ +

R^2_{11}L^2 2r^2 cos^2 θ

)_2 . (70)

Let us roughly estimate physical features obtained from this Hamiltonian by setting P_r = P_θ = 0. It becomes of the form H ∼ MT_0e^{−ϕ} ( 1− N M sin^2 θ+

N^2 2M^2 sin^2 θ cos^2 θ +

R^2_{11}L^2 2r^2 cos^2 θ ) . (71)

The first term is just the mass of M D0-branes. The second term reduces the potential energy by the effect of the background flux of NS5-branes . The third term increases the potential energy, but the contribution is less than that of the second term when we compare their absolute values. If L = 0, the energy reaches to a minimum when θ =^π_2 . The existence of the fourth term, however, shift the minimum of the potential slightly below^π_2 . After all, we obtain toroidal configurations of the D2-brane expanding into the ϕ and χ directions, with the electric flux along the χ direction and the magnetic flux on it. The radius of the ϕ direction is small compared with that of the χ direction. Thus the torus looks almost like a closed string.

4 Construction of Expanded Strings from D0-branes

In this section we reexamine the torus-like configurations of the M2-brane or D2-brane from the viewpoint of D0-branes. The point is to realize fundamental strings by only using the degrees of freedom of D0-branes. In the BFSS matrix theory, which is defined in the flat space-time, fundamental strings have been constructed through a guide of the BPS condition[39]. In our case, however, the background is curved and the BPS condition is also useless. We use the non-abelian Born-Infeld action for M D0-branes and aim for reproducing the Lagrangian (61) or (68).

The action for N coincident D-branes for flat space-time has been constructed in ref.[11] and extended in a way consistent with T-duality in ref.[16]. The non-abelian Born-Infeld action for M coincident D0-branes is given by the form

S_{M D0} = −T_0 ∫ dt STr ( e^{−ϕ} √ − ( P [E]_{00} + P [E^′]_{00} ) det(Q^i_j ) ) , i, j = 1, · · · , 9. (72) Here we defined E_{μν} = G_{μν} +B_{μν} , E^′_{μν} = E_{μi}(Q^{−1i}_j − δ^i_j )E^{jk} E_{kν} and Q^i_j = δ^i_j +^i_λ [X^i, X^k]E_{kj} . X^i belong to the adjoint representation of U(M) and denote the positions of M D0-branes. The partial differentials appearing in the pullbacks should be regarded as covariant derivatives with respect to gauge symmetry on the world-volume. The background metric is given by the equation (6), and the NS-NS 2-form is written as B = f (x^6)^2 +(x^7)^2 ( x^7x^9dx^6 ∧ dx^8 − x^7x^8dx^6 ∧ dx^9 (73)

− x^6x^9dx^7 ∧ dx^8 + x^6x^8dx^7 ∧ dx^9 ) , where the gauge is fixed as in the previous subsection.

In the subsection 3.2 and 3.3, we have investigated the torus-like configurations of M2-brane or D2-brane expanding into the S^3. In the matrix theory, the toroidal configuration can be realized by using the matrices called ‘shift’ and ‘clock’. In our case, what we want to realize is the torus configuration whose two 1-cycles become S^1s in the (x^6, x^7)-plane and (x^8, x^9)-plane respectively. Then it is natural to assume that the matrices X^i become X^1 = · · · = X^5 = 0 and

X^6 = r cos θ 2

0 1 1 1 0 1 1 0 ... 0 1 1 0 1 1 1 0

, X^7 = r cos θ 2

0 −i i i 0 −i i 0 ... 0 −i i 0 −i −i i 0

,

X^8 = r sin θ c_1

c_2

. .. c_{M −1} c_M , X^9 = r sin θ s_1

s_2 ... s_{M −1} s_M . (74)

Here c_m ≡ cos^{2πm}_M and s_m ≡ sin^{2πm}_M are defined for abbreviations. Note that the relations (X^6)^2 + (X^7)^2 = r^2 cos^2 θ1_M and (X^8)^2 + (X^9)^2 = r^2 sin^2 θ1_M hold. 1_M denotes the M × M identity matrix. The commutation or anti-commutation relations of these matrices or other useful relations are collected in the appendix A.

Now we substitute these expressions into the action (72). There are a few remarks on practicing calculations. First, each component of the NS-NS 2-form becomes an M×M matrix. In order to be Hermite matrices, they should become of the forms

B_{68} = f{X^7, X^9} 2r^2 cos^2 θ

, B_{69} = − f{X^7, X^8} 2r^2 cos^2 θ

, (75)

B_{78} = − f{X^6, X^9} 2r^2 cos^2 θ

, B_{79} = f{X^6, X^8} 2r^2 cos^2 θ , where we introduced the notation {X^i, X^j } ≡ X^iX^j +X^j X^i. Next, because of the symmetrized trace operation in the action (72), D_0X^i, [X^i, X^j ] and B_{ij} should be ordered symmetrically. Third, we expand the action to the order of f^2[A_0, X^i]^2 or f^2[X^i, X^j ]^2. From explicit calculations, we see that the term f[X^6, X^8] is of the order of^N_M , for example. So we omit above the order of (^N_M )^2 in the action.

At the beginning, by taking care of the above remarks, we obtain − ( P [E]_{00} + P [E^′]_{00} ) = 1_M − D_0X^iD_0X^j G_{ik} Q^{−1k}_j = ( 1 − fṙ^2 − Nℓ^2_sθ̇^2 ) 1_M + f[A_0, X^i]^2 + O ( (^N_M )^3 ) . (76)

Now i takes only 6, 7, 8, 9. Next let us define S^i_j ≡^i_λ [X^i, X^k ]E_{kj} . Then we can obtain a matrix valued equation of the form

det Q^i_j = 1_M + Tr_iS +^1_2 ( Tr_iS

)_2

−^1_2 Tr_iS^2 + O(S^3). (77)

The notation Tr_i indicates that the trace should be taken with respect to the indices i. After some calculations which is explained in detail in the appendix A, the equation (77) is translated into the form

det Q^i_j = ( 1 − 2N M sin^2 θ +

N^2 M^2 sin^2 θ ) 1_M + O ( (^N_M )^3 ) . (78)

By substituting the equations (76) and (78) into the action (72), the Lagrangian becomes

L_{M D0} = −T_0e^{−ϕ} Tr (√ X M^2ℓ^4_s ( 1 − fṙ^2 − Nℓ^2_sθ̇^2 ) 1_M + f[A_0, X^i]^2 + O ( (^N_M )^3 ) )

= −T_0e^{−ϕ} √ 1−fṙ^2 −Nℓ^2_sθ̇^2 Tr (( 1− N M sin^2 θ+

N^2 2M^2 sin^2 θ cos^2 θ ) 1_M + f[A_0, X^i]^2 2(1−fṙ^2 −Nℓ^2_sθ̇^2) + O ( (^N_M )^3 ) ) . (79)

Here X is already appeared in the equation (61).

The remaining task is to give an explicit expression for A_0. In order to do this, we should solve the equation which is obtained by varying A_0. It is given by the form

[X^i, [A_0, X^i]] = 0. (80)

A trivial solution is A_0 = 0, but this is not appropriate to reproduce the Lagrangian (68).

To get the expression for A_0 which reproduce the Lagrangian (68), it is useful to consider the quantization condition of fundamental string charge. The minimal coupling term between NS-NS 2-form field and L fundamental strings extending to x^j direction is given by LT ∫ dtdx^j B_{0j} . (81) And the matrix realization of this term can be done as follows. What we want is a minimal coupling term to B_{0j} in the action (72), and it arises from the terms in the P [E^′]_{00} of the form

D_0X^iE^′_{i0} + D_0X^iE^′_{0i} ∼ 2if λ D_0X^i[X^i, X^j ]B_{0j} . (82)

Then the minimal coupling term is given by T ∫ dt fT_0e^{−ϕ} √ 1−fṙ^2 −Nℓ^2_sθ̇^2 Tr ( [X^j , X^i][A_0, X^i] ) B_{0j} (83)

If A_0 = 0, this term vanishes, but otherwise it yields the non-zero string charge.

Now we want to realize the case where the flux corresponding to the fundamental string is along the S^1 in the (x^8, x^9) plane. Therefore it is reasonable to assume that A_0 is a diagonal matrix, since [A_0, X^8] = [A_0, X^9] = 0 and coupling terms of B_{06} and B_{07} do not appear in this case. Then, in addition to the trivial one, we can obtain a solution of the equation (80):

a_m − a_{m+1} = a Mℓ^2_s + O ( (^N_M )^2 ) , m = 1, · · · , M, (84) where a_m denotes the mth diagonal element of A_0 and a_{M +1} = a_1. a is a function of t. By inserting this solution into the equation (83) and taking the limit of large M, the trace is substituted for an integral and we obtain T ∫ dtdχ NT_0e^{−ϕ} cos^2 θ a M √ 1−fṙ^2 −Nℓ^2_sθ̇^2 ( − r sin θ sin χ B_{08} + r sin θ cos χ B_{09} )

= T ∫ dtdχ NT_0e^{−ϕ} cos^2 θ a M √ 1−fṙ^2 −Nℓ^2_sθ̇^2

B_{tχ}, (85)

where χ is identified with the angular coordinate in the (x^8, x^9)-plane, as like in the previous section. Comparing this equation with (81), the following quantization condition

NT_0e^{−ϕ} cos^2 θ a M √ 1−fṙ^2 −Nℓ^2_sθ̇^2

= L, (86)

can be obtained. This is similar to the equation (69) given in the previous subsection, and becomes equal if we make the following identification a = λF_{tχ}. (87) Then straightforward calculation leads

f[A_0, X^i]^2 = − N M^2ℓ^2_s cos^2 θ (λF_{tχ})^2 1_M + O ( (^N_M )^3 ) . (88)

By substituting this relation for the Lagrangian (79), we can finally obtain the same Lagrangian as (61) or (68). This means that the dynamics observed in the previous subsections by using the action of M2-brane or D2-brane can be reproduced exactly from the viewpoint of D0-branes.

5 Conclusions and Discussions

In this paper we have discussed the configurations of the spherical, cylindrical and torus-like M2-brane in the background of the infinite array of M5-branes in the x^{11} direction. Reducing along the x^{11} direction, this background is interpreted as that of NS5-branes. In the region where our calculations are reliable, all configurations are stabilized against collapse by virtue of the background flux of M5-branes. Through the analyses of those configurations, we have investigated the deep relations among M2-brane, D2-brane, fundamental strings and D0-branes.

The spherical M2-brane with momentum along the 11th direction is identified with the spherical D2-brane with magnetic flux on it. We reproduced the well known relation between the radius of the spherical D2-brane and the number of magnetic flux on it from the viewpoint of M2-brane. Moreover we obtained the classical motion for the radial direction, and find that the spherical D2-brane falls deep into the throat part of NS5-branes. Finally the spherical D2-brane will reach to the throat part of M5-branes and becomes the giant graviton in the background of AdS_7 × S^4. We have also checked that the spherical D2-brane configuration is not a BPS state.

The cylindrical M2-brane extending along the 11th direction is identified with closed strings. This closed strings has the angular momentum along certain S^1 in the S^3 where the flux of NS5- branes penetrates. In general closed strings shrinks to zero size because of its tension. However, when the number of angular momentum is equal to that of the background flux of NS5-branes, these closed strings can freely expand in the S^3 without loss of the energy. Expanded closed strings are considered as the counterpart of giant graviton, where the reduction is done for one of the world-volume direction of the giant graviton. In order to check this correspondence, however, the careful analysis is needed, because the geometry where the giant graviton lives is S^4, and on the other hand the background of NS5-branes is S^3 × S^1. There may be a transition from the cylindrical M2-brane to the spherical M2-brane. A similar kind of transition is discussed in the context of the type IIA string theory in ref.[38].

The torus-like M2-brane with winding and momentum numbers along the 11th direction is identified with the toroidal D2-brane with electric and magnetic fluxes on it. In fact, we obtained the same Hamiltonian of the toroidal D2-brane as that of the torus-like M2-brane. We should stress that we could as well reproduce the same Hamiltonian by beginning with the non-abelian Born-Infeld action for a large number of D0-branes. This is just the construction of closed strings as a bound state of D0-branes. By using the torus-like configurations, we could have deep understanding on the relations among M2-brane, D2-brane, fundamental strings, and D0-branes.

In the cases of spherical and torus-like M2-branes, they fall deep into the horizon of the infinite array of M5-branes, and would finally become the giant gravitons. The reason for these motions of the radial direction is as follows. In terms of type IIA superstring theory, these configurations are bound states of D2-brane and D0-branes, so their masses depend on the dilaton field. Their masses become smaller if they approach the origin of the radial direction. On the other hand, the cylindrical M2-brane is fully static. This is due to the fact that the tension of closed string does not depend on the dilaton field. The throat geometry of NS5-branes is also well described by the Wess-Zumino-Witten model on the group manifold of SU(2), and it is an interesting problem to realize the cylindrical or torus-like M2-brane configurations in that model.

In section 4 the quantization condition of string charge in the background of NS5-branes is argued from the viewpoint of D0-branes. The same results are also applied to other Dp-branes for 1 ≤ p. For example, in the background of flat space-time, we obtain the following effective action: S_{M Dp} ∼ −MV_{p+1}T_p − T_p ∫ d^{p+1}σ Tr (1 2 (D_aX^i)(D^aX^i) + λ^2 4 F^{ab}F_{ab} − 1 4λ^2

[X^i, X^j ]^2 ) (89) − iT_p λ ∫ d^{p+1}σ Tr ( [X^i, X^j ]D_0X^j ) B_{0i}. The second line in the above equation gives the string charge. Especially in the case of D0- branes, we obtain the quantization condition i R_{11} Tr ( [X^i, X^j ]D_0X^j ) = L, (90)

where L takes an integer value. This coincides with the results obtained from arguments of 11- dimensional superalgebras[40]. Non-trivial A_0 have played an important role in ref[41], which is an matrix version of ref[42].

acknowledgments

I would like to thank Kazuo Hosomichi for useful discussions and careful reading of this manuscript, Takeshi Fukuda and Hiroshi Kunitomo for useful discussions and comments. I also thank Tsuguhiko Asakawa, Masafumi Fukuma, Isao Kishimoto, Masao Ninomiya, Masatoshi Nozaki and Sachiko Ogushi for discussions or encouragements.

A Calculations

The definitions and calculations employed in the section 4 are collected in this appendix.

(X^6)^2 + (X^7)^2 = r^2 cos^2 θ 1_M , (X^8)^2 + (X^9)^2 = r^2 sin^2 θ 1_M ,

c^−_m ≡ cos^{2πm}_M − cos^{2π(m+1)}_M , s^−_m ≡ sin^{2πm}_M − sin^{2π(m+1)}_M , (91)

c^+_m ≡^1_2 ( cos^{2πm}_M + cos^{2π(m+1)}_M ) , s^+_m ≡^1_2 ( sin^{2πm}_M + sin^{2π(m+1)}_M ) . The commutation relations for X^i.

[X^6, X^7] = [X^8, X^9] = 0,

[X^6, X^8] = r^2 sin θ cos θ 2

0 −c^−_1 c^−_M c^−_1 0 −c^−_2

c^−_2 0 ... 0 −c^−_{M −2} c^−_{M −2} 0 −c^−_{M −1} −c^−_M c^−_{M −1} 0

,

[X^6, X^9] = r^2 sin θ cos θ 2

0 −s^−_1 s^−_M s^−_1 0 −s^−_2

s^−_2 0 ... 0 −s^−_{M −2} s^−_{M −2} 0 −s^−_{M −1} −s^−_M s^−_{M −1} 0

, (92)

[X^7, X^8] = ir^2 sin θ cos θ 2

0 c^−_1 c^−_M c^−_1 0 c^−_2

c^−_2 0 ... 0 c^−_{M −2} c^−_{M −2} 0 c^−_{M −1} c^−_M c^−_{M −1} 0

,

[X^7, X^9] = ir^2 sin θ cos θ 2

0 s^−_1 s^−_M s^−_1 0 s^−_2

s^−_2 0 . .. 0 s^−_{M −2} s^−_{M −2} 0 s^−_{M −1} s^−_M s^−_{M −1} 0

.

The anti-commutation relations for X^i.

{X^6, X^8} = r^2 sin θ cos θ

0 c^+_1 c^+_M c^+_1 0 c^+_2

c^+_2 0 ... 0 c^+_{M −2} c^+_{M −2} 0 c^+_{M −1} c^+_M c^+_{M −1} 0

,

{X^6, X^9} = r^2 sin θ cos θ

0 s^+_1 s^+_M s^+_1 0 s^+_2

s^+_2 0 ... 0 s^+_{M −2} s^+_{M −2} 0 s^+_{M −1} s^+_M s^+_{M −1} 0

, (93)

{X^7, X^8} = ir^2 sin θ cos θ

0 −c^+_1 c^+_M c^+_1 0 −c^+_2

c^+_2 0 ... 0 −c^+_{M −2} c^+_{M −2} 0 −c^+_{M −1} −c^+_M c^+_{M −1} 0

,

{X^7, X^9} = ir^2 sin θ cos θ

0 −s^+_1 s^+_M s^+_1 0 −s^+_2

s^+_2 0 ... 0 −s^+_{M −2} s^+_{M −2} 0 −s^+_{M −1} −s^+_M s^+_{M −1} 0

.

Useful relations.

c^−_ms^+_{m+1} − s^−_mc^+_{m+1} = c^−_{m+1}s^+_m − s^−_{m+1}c^+_m =^1_2 sin^{4π}_M , (94)

c^−_ms^+_m − s^−_mc^+_m = sin^{2π}_M .

Helpful definitions and calculations. [Z^i, Z^j ] and {Z^i, Z^j } are defined as the matrix part of [X^i, X^j ] and {X^i, X^j }, respectively.

Y^6_6 ≡ i 2λ {[X^6, X^8], B_{86}} + i 2λ {[X^6, X^9], B_{96}} = N sin^2 θ 16π ( {[Z^6, Z^8], {Z^7, Z^9}} − {[Z^6, Z^9], {Z^7, Z^8}} )

= N sin^2 θ 16π

−4 sin^{2π}_M 0 sin^{4π}_M sin^{4π}_M 0 0 −4 sin^{2π}_M 0 sin^{4π}_M sin^{4π}_M 0 −4 sin^{2π}_M .. .

−4 sin^{2π}_M 0 sin^{4π}_M sin^{4π}_M 0 −4 sin^{2π}_M 0 0 sin^{4π}_M sin^{4π}_M 0 −4 sin^{2π}_M

,

Y^7_7 ≡ i 2λ {[X^7, X^8], B_{87}} + i 2λ {[X^7, X^9], B_{97}} = N sin^2 θ 16π ( − {[Z^7, Z^8], {Z^6, Z^9}} + {[Z^7, Z^9], {Z^6, Z^8}} )

= N sin^2 θ 16π

−4 sin^{2π}_M 0 − sin^{4π}_M − sin^{4π}_M 0 0 −4 sin^{2π}_M 0 − sin^{4π}_M − sin^{4π}_M 0 −4 sin^{2π}_M .. .

−4 sin^{2π}_M 0 − sin^{4π}_M − sin^{4π}_M 0 −4 sin^{2π}_M 0 0 − sin^{4π}_M − sin^{4π}_M 0 −4 sin^{2π}_M

,

(95)

Y^8_8 ≡ i 2λ {[X^8, X^6], B_{68}} + i 2λ {[X^8, X^7], B_{78}} = N sin^2 θ 16π ( {[Z^6, Z^8], {Z^7, Z^9}} − {[Z^7, Z^8], {Z^6, Z^9}} )

= N sin^2 θ 16π −4c^−_M s^+_M − 4c^−_1 s^+_1 −4c^−_1 s^+_1 − 4c^−_2 s^+_2 ... −4c^−_{M −1}s^+_{M −1} − 4c^−_M s^+_M ,

Y^9_9 ≡ i 2λ {[X^9, X^6], B_{69}} + i 2λ {[X^9, X^7], B_{79}} = N sin^2 θ 16π ( − {[Z^6, Z^9], {Z^7, Z^8}} + {[Z^7, Z^9], {Z^6, Z^8}} )

= N sin^2 θ 16π 4s^−_M c^+_M + 4s^−_1 c^+_1 4s^−_1 c^+_1 + 4s^−_2 c^+_2 ... 4s^−_{M −1}c^+_{M −1} + 4s^−_M c^+_M ,

Y^6_7 ≡ i 2λ {[X^6, X^8], B_{87}} + i 2λ {[X^6, X^9], B_{97}} = iN sin^2 θ 16π ( {[Z^6, Z^8], {Z^6, Z^9}} − {[Z^6, Z^9], {Z^6, Z^8}} )

= iN sin^2 θ 16π

0 0 − sin^{4π}_M sin^{4π}_M 0 0 0 0 sin^{4π}_M sin^{4π}_M 0 0 ... 0 0 − sin^{4π}_M − sin^{4π}_M 0 0 0 0 − sin^{4π}_M sin^{4π}_M 0 0

,

Y^7_6 ≡ i 2λ {[X^7, X^8], B_{86}} + i 2λ {[X^7, X^9], B_{96}} = iN sin^2 θ 16π ( {[Z^7, Z^8], {Z^7, Z^9}} − {[Z^7, Z^9], {Z^7, Z^8}} )

= iN sin^2 θ 16π

0 0 − sin^{4π}_M sin^{4π}_M 0 0 0 0 sin^{4π}_M sin^{4π}_M 0 0 ... 0 0 − sin^{4π}_M − sin^{4π}_M 0 0 0 0 − sin^{4π}_M sin^{4π}_M 0 0

, (96)

Y^8_9 ≡ i 2λ {[X^8, X^6], B_{69}} + i 2λ {[X^8, X^7], B_{79}} = N sin^2 θ 16π ( − {[Z^6, Z^8], {Z^7, Z^8}} + {[Z^7, Z^8], {Z^6, Z^8}} )

= N sin^2 θ 16π 4c^−_M c^+_M + 4c^−_1 c^+_1 4c^−_1 c^+_1 + 4c^−_2 c^+_2 ... 4c^−_{M −1}c^+_{M −1} + 4c^−_M c^+_M ,

Y^9_8 ≡ i 2λ {[X^9, X^6], B_{68}} + i 2λ {[X^9, X^7], B_{78}} = N sin^2 θ 16π ( {[Z^6, Z^9], {Z^7, Z^9}} − {[Z^7, Z^9], {Z^6, Z^9}} )

= N sin^2 θ 16π −4s^−_M s^+_M − 4s^−_1 s^+_1 −4s^−_1 s^+_1 − 4s^−_2 s^+_2 ... −4s^−_{M −1}s^+_{M −1} − 4s^−_M s^+_M ,

Y^6_6 + Y^7_7 + Y^8_8 + Y^9_9 = − N π sin^2 θ sin^{2π}_M 1_M

= −2 N M sin^2 θ1_M + O ( (^N_M )^3 ) , (97)

(Y^6_6)^2 + (Y^7_7)^2 + {Y^6_7, Y^7_6} = (Y^8_8)^2 + (Y^8_8)^2 + {Y^8_9, Y^9_8} = ( N sin^2 θ 16π )_2 ( 32 sin^{2 2π}_M + 8 sin^{2 4π}_M ) 1_M = N^2 M^2 sin^4 θ1_M + O ( (^N_M )^4 ) , f^2 λ^2 ( [X^6,X^8]^2 +[X^6,X^9]^2 +[X^7,X^8]^2 +[X^7,X^9]^2 ) = − N^2 sin^2 θ cos^2 θ 2π^2 ( 1 − cos^{2π}_M ) 1_M , = − N^2 M^2 sin^2 θ cos^2 θ1_M + O ( (^N_M )^4 ) . By using the above results, we obtain

Tr_iS = Y^6_6 + Y^7_7 + Y^8_8 + Y^9_9

= −2 N M sin^2 θ1_M + O ( (^N_M )^3 ) , −^1_2 Tr_iS^2 = −^1_2 ( (Y^6_6)^2 +(Y^7_7)^2 +{Y^6_7,Y^7_6}+(Y^8_8)^2 +(Y^8_8)^2 +{Y^8_9,Y^9_8} ) (98) − f^2 λ^2 ( [X^6,X^8]^2 +[X^6,X^9]^2 +[X^7,X^8]^2 +[X^7,X^9]^2 )

= − N^2 M^2 sin^4 θ1_M +

N^2 M^2 sin^2 θ cos^2 θ1_M + O ( (^N_M )^4 ) , 1 2 ( Tr_iS

)_2 = 2 N^2 M^2 sin^4 θ1_M + O ( (^N_M )^4 ) .

References

[1] J. Polchinski, “Dirichlet Branes and Ramond-Ramond Charges”, hep-th/9510017; Phys.Rev.Lett.75:4724-4727,1995.

[2] K. Kikkawa and M. Yamasaki, “Casimir Effects in Superstring Theories”, Phys.Lett.B149:357,1984.

[3] N. Sakai and I. Senda, “Vacuum Energies of String Compactified on Torus”, Prog.Theor.Phys.75:692,1986.

[4] R. G. Leigh, “Dirac-Born-Infeld Action from Dirichlet Sigma Model”, Mod.Phys.Lett.A4 (1989) 2767.

[5] E. Witten, “Bound States of Strings and p-branes”,

hep-th/9510135; Nucl.Phys.B460:335-350,1996. [6] M. Li, “Boundary States of D-Branes and Dy-Strings”,

hep-th/9510161; Nucl.Phys.B460 (1996) 351-361. [7] M. R. Douglas, “Branes within Branes”,

hep-th/9512077.

[8] C. Schmidhuber, “D-brane Actions”,

hep-th/9601003; Nucl.Phys.B467:146-158,1996.

[9] M. Green, J. A. Harvey and G. Moore, “I-Brane Inflow and Anomalous Couplings on D-Branes”, hep-th/9605033; Class.Quant.Grav.14 (1997) 47-52.

[10] E. Bergshoeff and P. K. Townsend, “Super D-branes”,

hep-th/9611173; Nucl.Phys.B490:145-162,1997.

[11] A. A. Tseytlin, “Born-Infeld action, supersymmetry and string theory”, hep-th/9908105. [12] A. A. Tseytlin, “On Nonabelian Generalization of Born-Infeld Action in String Theory”, hep-th/9701125; Nucl.Phys.B501:41-52,1997.

[13] W. Taylor and M. V. Raamsdonk, “Multiple Dp-branes in Weak Background Fields”, hepth/9910052; Nucl.Phys.B573 (2000) 703-734.

[14] E. Albarez, J. L. Barbon and J. Borlaf, “T Duality for Open Strings”,

hep-th/9603089; Nucl.Phys.B479:218-242,1996. [15] E. Bergshoeff and M. de Roo, “D-branes and T Duality”,

hep-th/9603123; Phys.Lett.B380:265-272,1996. [16] R. C. Myers, “Dielectric Branes”,

hep-th/9910053; JHEP 9912 (1999) 022.

[17] C. M. Hull and P. K. Townsend, “Unity of Superstring Dualities”,

hep-th/9410167; Nucl.Phys.B438:109-137,1995.

[18] P. K. Townsend, “The Eleven-Dimensional Supermembrane Revisited”, hep-th/9501068; Phys.Lett.B350:184-187,1995.

[19] E. Witten, “String Theory Dynamics in Various Dimensions”,

hep-th/9503124; Nucl.Phys.B443:85-126,1995.

[20] P. K. Townsend, “D-branes from M-branes”,

hep-th/9512062; Phys.Lett.B373:68-75,1996.

[21] T. Banks, W. Fischler, S.H. Shenker and L. Susskind, “M Theory as a Matrix Model: A Conjecture”, hep-th/9610043; Phys.Rev.D55:5112-5128,1997.

[22] For a review, see for example,

W. Taylor, “M(atrix) Theory: Matrix Quantum Mechanics as a Fundamental Theory”, hep-th/0101126; Rev.Mod.Phys.73:419-462,2001.

[23] A. Y. Alekseev, A. Recknagel and V. Schomerus, “ Noncommutative World Volume Geometries: Branes on SU(2) and Fuzzy Spheres”, hep-th/9908040; JHEP 9909 (1999) 023.

[24] A. Y. Alekseev, A. Recknagel and V. Schomerus, “ Brane Dynamics in Background Fluxes and Noncommutative Geometry”, hep-th/0003187; JHEP 0005:010,2000.

[25] C. Bachas, Michael R. Douglas and C. Schweigert, “Flux Stabilization of D-branes”, hep-th/0003037; JHEP 0005 (2000) 048.

[26] J. McGreevy, L. Susskind and N. Toumbas, “Invasion of the Giant Gravitons from Anti-de Sitter Space”, hep-th/0003075; JHEP 0006 (2000) 008.

[27] S. R. Das, A. Jevicki, S. D. Mathur, “Giant Gravitons, BPS bounds and Noncommutativity”, hep-th/0008088; Phys.Rev. D63 (2001) 044001.

[28] M. Asano, “Noncommutative Branes in D-brane Backgrounds”,

hep-th/0106253.

[29] N. Itzhaki, J. M. Maldacena, J. Sonnenschein and S. Yankielowicz,

“Supergravity and the Large N Limit of Theories with Sixteen Supercharges”, hep-th/9802042; Phys.Rev.D58:046004,1998.

[30] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, “Linear Dilatons, NS Five-branes and Holography”, hep-th/9808149; JHEP 9810 (1998) 004.

[31] M. T. Grisaru, R. C. Myers and O. Tafjord, “SUSY and Goliath”,

hep-th/0008015; JHEP 0008 (2000) 040.

[32] A. Hashimoto, S. Hirano and N. Itzhaki, “Large branes in AdS and their field theory dual”, hep-th/0008016; JHEP 0008 (2000) 051.

[33] Y. Hikida, M. Nozaki and Y. Sugawara, “Formation of Spherical D2 Brane from Multiple D0 Branes”, hep-th/0101211; Nucl.Phys.B617:117-150,2001.

[34] H. Lu , C.N. Pope and J. Rahmfeld, “A Construction of Killing Spinors on S^n”, hep-th/9805151; J.Math.Phys.40:4518-4526,1999.

[35] R. Emparan, “Born-Infeld Strings Tunneling to D-branes”,

hep-th/9711106; Phys.Lett.B423 (1998) 71-78.

[36] D. K. Park, S. Tamaryan, Y.-G. Miao and H. J. W. Muller-Kirsten, “Tunneling of Born- Infeld Strings to D2-Branes”, hep-th/0011116.

[37] D. K. Park, S. Tamaryan and H. J. W. Muller-Kirsten, “D2-branes with Magnetic Flux in the Presence of RR Fields”, hep-th/0111026.

[38] Y.Hyakutake, “Torus-like Dielectric D2-brane”,

hep-th/0103146; JHEP 0105 (2001) 013.

[39] Y. Imamura, “A Comment on Fundamental Strings in M(atrix) Theory”, hep-th/9703077; Prog.Theor.Phys.98:677-685,1997.

[40] T. Banks, N. Seiberg, S. H. Shenker, “Branes from Matrices”,

hep-th/9612157; Nucl.Phys.B490:91-106,1997.

[41] D. Bak, K. Lee, “Noncommutative Supersymmetric Tubes”,

hep-th/0103148; Phys.Lett.B509:168-174,2001.

[42] D. Mateos, P. K. Townsend, “Supertubes”,

hep-th/0103030; Phys.Rev.Lett.87:011602,2001.

[43] I. Bena, “The Polarization of F1 Strings into D2-branes:“Aut Caesar aut nihil” ”, hep-th/0111156.