arXiv:hep-th/0008023 v3 6 Dec 2000

Tachyon Condensation on Fuzzy Sphere and Noncommutative Solitons

Yasuaki Hikida,^1 Masatoshi Nozaki^2 and Tadashi Takayanagi^3

Department of Physics, Faculty of Science University of Tokyo

Tokyo 113-0033, Japan

Abstract

We study a brane-antibrane system and a non-BPS D-brane in SU(2) WZW model. We first discuss the tachyon condensation using the vertex operator formalism and find the generation of codimension two D-branes after the condensation. Our result is consistent with the recent interpretation that a D2-brane is a bound state of D0-branes. Then we investigate the world-volume effective theory on a non-BPS D-brane. It becomes a field theory on the “fuzzy sphere” when the level is sent to infinity. The most interesting feature is that there exist the noncommutative tachyonic solitons and we can identify them with D0-branes. We also discuss the brane-antibrane system from the world-volume point of view and comment on the relation to the noncommutative version of the index theorem.

PACS: 11.25.-w; 11.25.Hf Keywords; Noncommutative Geometry, Tachyon Condensation hep-th/0008023 UT-903

1 E-mail: hikida@hep-th.phys.s.u-tokyo.ac.jp 2 E-mail: nozaki@hep-th.phys.s.u-tokyo.ac.jp 3 E-mail: takayana@hep-th.phys.s.u-tokyo.ac.jp

1 Introduction

The study of tachyon condensation [1, 2] in open string theory has been important to know the dynamics of non-BPS states in superstring theory. Up to now active investigations have been made in this area [3]. In particular Sen and Witten pointed out that a tachyon configuration on a non-supersymmetric brane system generates a lower dimensional brane system if the configuration has a non-trivial topology or K-theory charge [4, 5, 6]. One way to verify this conjecture is to use the description of the boundary conformal field theory [4, 7, 8, 9, 10] and their boundary state descriptions were given in [11, 12].

Non-BPS solitonic objects in superstring theory are classified into two types. One is a brane-antibrane system [1, 2, 4, 7] and the other is a non-BPS D-brane [13, 4, 7, 14, 15]. Both systems include open strings which have the opposite GSO-projection and the tachyonic instability occurs in both cases.

So far most of the examples in this subject have been studied only in flat space or various orbifolds. As a next step one would like to discuss the dynamics of non-BPS states which consist of curved D-branes in more general backgrounds such as group manifolds. Here we will consider D-branes in SU(2) WZW model. Such a background indeed appears in the near horizon limit of NS5-branes [16]. A D-brane in SU(2) WZW model is described by a boundary state which satisfies the Cardy’s condition [17]. It describes a D2-brane wrapping on a conjugacy class of SU(2) [18]. Moreover the low energy effective theory on the brane turns out to be a noncommutative theory because of the background H-flux [19, 20]. In particular the algebraic structure of this theory is identified with that of a fuzzy sphere [21, 22] in the infinite level limit.

The purpose of this paper is to study the tachyon condensation on a non-BPS D-brane or a pair of brane-antibrane in SU(2) WZW model from two different points of view. The first approach is to investigate the vertex operators which correspond to various tachyonic modes. In the discussion below we will determine what is generated after the tachyon condensation when we apply the Sen’s conjecture. Interestingly the results are consistent with the bound state interpretation argued in [23, 24]. The second is to study the low energy effective action of the tachyon field. In this approach it is crucial to take the infinite level limit, which corresponds to the infinite B-field limit. The notable point is that the effective action is dramatically simplified, which reflects the fact that the world-volume of a D-brane can be regarded as a fuzzy sphere. Consequently this leads to the interesting observation that an excitation of the tachyon field on the non-BPS D-brane is very much like the noncommutative soliton [25]. This can be seen as a “noncommutative tachyon” [26, 27, 28] on the fuzzy sphere. Indeed we can see that this soliton approaches the known noncommutative soliton in a flat space in the large world-volume limit.

The paper is organized as follows. In section 2 we first review the boundary state description of D-branes in SU(2) WZW model. After that we investigate the tachyon vertex operators and discuss the generation of codimension two D-branes on the worldvolume of a pair of brane-antibrane. In section 3 we discuss excitations of the tachyon field in the effective theory on a non-BPS D-brane and show that these can be identified with “noncommutative solitons” if we take the limit of level infinity. We also consider the brane-antibrane system and mention the relation between the tachyon condensation and the index theorem of a noncommutative algebra.

2 Open strings in SU (2) WZW model and tachyon condensation

In this section first we review the description of open strings between D-branes in SU(2) WZW model and then discuss tachyonic modes on brane-antibrane systems and non-BPS D-branes. SU(2) WZW model with level k appears naturally in the near-horizon geometry of N parallel NS 5-branes [16] when one is interested in the critical superstring theory; the relation between the level k and N is given by N = k + 2. The total geometry is

R^{5,1} × R_ϕ × S^3, (2.1)

where R_ϕ is the radial direction.

This radial direction is described by the linear dilaton theory. The boundary condition along this direction is Neumann or Dirichlet [29]. Under the Neumann boundary condition, the worldsheet fermions are the same as in the flat space. Therefore D-branes preserve some supersymmetries. On the other hand, the Dirichlet boundary condition seems to break supersymmetry and the explicit Dirichlet boundary state in supersymmetric theories has not been known yet.

Throughout this paper we will omit the R^{5,1} × R_ϕ geometry and study explicitly only the S^3 geometry. We also assume that the coupling constant in the string theory is so small that we can trust the tree level analysis.

2.1 D-branes in SU (2) WZW model

In rational conformal field theories which have the diagonal modular invariance, one can construct the boundary states of D-branes by the Cardy’s prescription [17] in general. The result is |p⟩ = N −1∑ a=1 S_{pa} √ S_{1a} |a⟩⟩ (1 ≤ p ≤ N − 1), (2.2) where |a⟩⟩ is called the Ishibashi state [30] which corresponds to the highest weight state of spin^{a−1}_2 ; the modular transformation matrix is denoted by S_{pa} = √ 2 N sin( paπ N ). (2.3)

The geometrical interpretation of these D-branes was first given in [18] and further discussed^4 in [19, 20, 23, 24, 33, 34]. SU(2) WZW model can be interpreted as a sigma model of which target space is SU(2) ≃ S^3 with N = k + 2 units of H-flux. The shift of level by two is due to the contribution of fermionic sector and the radius of S^3 is √ Nα^′. Let us define the coordinates of S^3 as

(cos ψ, sin ψ cos ϕ sin θ, sin ψ sin ϕ sin θ, sin ψ cos θ) ∈ R^4. (2.4)

Then a D-brane |p⟩ can be identified with the one wrapping on the p-th conjugacy class of SU(2), which corresponds to S^2 ⊂ S^3 with ψ =^{pπ}_N [18]. A D-brane corresponding to p = 1 or p = N − 1 is equivalent to a pure D0-brane and the other branes can be regarded as D2-branes. Even though these D2-branes wrap on the topologically trivial 2-cycles, they are stabilized by the combined effect of the H-flux and the gauge flux F = − p 2 sin θdθdϕ (2.5) on the world-volume [23]. This shows that such a D-brane can be interpreted as a bound state of p D0-branes [23] and it was pointed out in [20] that a stuck of D0-branes can condense into a single D2-brane.

The open string spectrum between a pair of D-branes corresponding to |p⟩ and |q⟩ is represented as the following cylinder amplitude Z_{pq}(q) = ⟨p|q̃^{L0− c24} |q⟩ = ∑ j n^j_{pq}χ_j(q), (2.6)

χ_j(q) = Tr_j (q^{L0− c24} ),

where q̃ = e^{−2 π}t and q = e^{−2πt} are closed string and open string moduli of the cylinder, respectively. The character χ_j(q) means the partition function of the open string which belongs to spin j sector. A notable point is the appearance of the fusion coefficient n^j_{pq} ∈ Z as discussed in [17] . In the case of SU(2) WZW model, n^j_{pq} is given as follows

n^j_{pq} = 1 if |p − q| 2 ≤ j ≤ min{ p + q 2 − 1, N − 1 − p + q 2 }, n^j_{pq} = 0 elsewhere . (2.7)

4For the earlier discussions of this subject, see [31, 32].

Then the lightest modes or equally the zero modes of the open strings can be represented as the following vertex operators V_{j,m} : −j ≤ m ≤ j , |p − q| 2 ≤ j ≤ min{ p + q 2 − 1, N − 1 − p + q 2 }. (2.8)

Their conformal dimensions are given by

Δ_{j,m} = j(j + 1) N . (2.9)

Now we turn to the ten dimensional string theory including the non-compact directions and assume the Neumann boundary condition for R_ϕ direction. Then we obtain the mass spectrum for the above vertex operators as

α^′m^2 = − 1 2 + j(j + 1) N + Q^2 8 , (2.10)

where Q =

√_2

N is the background charge for the linear dilaton sector. Here we used normalizable states, of which spectrum has the lower bound^{Q2}_8 and its description by using SL(2, R)/U(1) model was discussed in [34]. To see the lowest mass states, we assumed that there is no momentum along any coordinates except S^3. From this we can see that the term^{Q2}_8 =^1_{4N} does not change the qualitative behavior of tachyon fields. In particular if we take N → ∞ limit, then we can neglect this. Though the explicit form of the Dirichlet boundary state has not been known in the supersymmetric linear dilaton theory, we assume that the similar behavior will occur.

2.2 Tachyon condensation in SU (2) WZW model

Let us turn to the tachyon condensation on a pair of brane-antibrane or on a non-BPS D-brane in SU(2) WZW model. As explained in the previous subsection, only D2-branes (|2⟩, |3⟩, · · ·, |N − 2⟩) and D0-branes (|1⟩, |N − 1⟩) are allowed in this model whether the system is BPS or not. Here we assume N is finite and therefore the conformal dimensions of the vertex operators with different spins j are not the same.

First we consider a brane-antibrane system where both branes correspond to the boundary state |p⟩^5. In order to distinguish them, we denote the brane by |p⟩ and the antibrane by |p̄⟩. We can assume 1 ≤ p ≤^N_2 without loss of generality. Then the open strings between D-brane and anti D-brane have the opposite GSO-projection and the “tachyonic mode” appears once for each vertex operator V_{j,m} (j = 0, 1, · · ·, p − 1). If we

5Notice that an antibrane have the same bosonic part of the boundary state as a brane. However if one take the fermionic part into consideration, then each has a different sign of the RR-sector.

assume p < √ N 2 , then all of these modes are really tachyonic (m^2 < 0). Even if p > √ N 2 , these operators do not include any oscillator excitations and can be considered to belong to the sector of tachyon field. Then let us give an interpretation of these modes from the viewpoint of the world-volume theory. The world-volume of the brane-antibrane system is S^2 and its radius is √ Nα^′ sin^{πp}_N . The low energy effective theory consists of the (complex) tachyon field and the massless fields (a gauge field and a scalar field). The crucial observation is that the tachyonic mode V_{j,m} in string theory corresponds to the tachyon field on the world-volume which is proportional to the spherical harmonics Y_{j,m}(θ, ϕ). This interpretation is very natural as implied in [33, 20] and an elementary explanation is as follows. If one restricts the SU(2) currents in the WZW model to zero modes (θ, ϕ) on the sphere and quantizes the modes, then one obtains the conventional angular momentum operator in quantum mechanics. For example, the mode V_{j,j} represents the tachyon field

T (θ, ϕ) = T_0 e^{ijϕ}(sin θ)^j, (2.11)

where T_0 is a constant. Note that this field has two nodes T (θ, ϕ) = 0 at θ = 0, π and they correspond to the vortex line configuration of winding number j, −j, respectively.

In general, n codimension two D-branes are generated after the tachyon condensation of winding number n vortex line [4, 5, 9, 12]. Thus we can conclude that the condensation of a tachyonic mode V_{j,j} produces j D0-branes at θ = 0 and j anti D0-branes at θ = π. This result is consistent with the allowed values j = 0, 1, · · ·, p − 1, because the original (anti) D2-brane |p⟩ (|p̄⟩) can be thought as a bound state of p (anti) D0-branes as we mentioned above. For example, the condensation of j = p−1 mode means the annihilation of only one D0 and anti D0-brane; the constant mode j = 0 corresponds to the annihilation of all branes and the system will eventually go down to the vacuum. Consequently we can say that this gives another evidence of the bound state interpretation discussed in [23, 20]. The similar argument is applicable if m = −j.

Next let us discuss the mode V_{j,m} (|m| ≠ j). Naively one may think that because the corresponding tachyon field proportional to Y_{j,m} includes one dimensional nodes Y_{j,m} = 0, its condensation will produce codimension one D-branes according to the Sen’s conjecture. However it is easy to see that one can not construct boundary states of such D-branes in our model. We argue that the solution to this puzzle is the following. If we condense the tachyonic mode V_{j,m}(or equally give the relevant perturbation in the sense of [35]), then the OPEs of more than three insertions at the worldsheet boundary include the mode V_{m,m} because of the conservation of the angular momentum. Since this mode is more relevant than V_{j,m}, the condensation of V_{j,m} results in the previous case and the generations of codimension one D-branes do not really occur.

Then we turn to the case where a D-brane corresponds to |p⟩ and an anti D-brane to |q̄⟩ (p ≠ q). Without losing generality, we can assume p > q and^{p+q−2}_2 ≤ N − 1 −^{p+q}_2 . Then the open string spectrum of zero modes is given by V_{j,m} (j =^{p−q}_2 ,^{p−q+2}_2 , · · ·,^{p+q−2}_2 ). At first sight one may be in trouble with the fact that if p − q is odd, then one will get the “double valued spherical harmonics” and fractional D0-branes seem to be generated after the tachyon condensation. To resolve this one should note the crucial point that the open string between these branes is affected by the gauge flux F^{(p)}, F^{(q)} on each world-volume. In other words the tachyonic field T (θ, ϕ) in this case is not a function on S^2 but a section of a line bundle which couples to the difference of the gauge fields

A^{(p)} − A^{(q)} = p − q 2 cos θdϕ. (2.12)

Therefore the tachyon field is affected by the gauge holonomy as follows T (θ, ϕ) = T_0 · Y_{j,m} · e^i ∫_ϕ 0 dϕ(A(^p)_ϕ −A(^q)_ϕ ) = T_0 · Y j,me^{i p} �q_{2 cosθ·ϕ} , (2.13)

where T_0 is a constant again. Thus we get (m +^{p−q}_2 ) D0-branes at θ = 0 and (m −^{p−q}_2 ) anti D0-branes at θ = π without any emergence of the fractional D0-branes. For instance if we consider^6 the lowest mode j = m =^{p−q}_2 , then we get (p−q) D0-branes only at θ = 0. In the case of the highest mode j = m =^{p+q}_2 − 1 the tachyon condensation generates (p − 1) D0-branes at θ = 0 and (q − 1) anti D0-branes at θ = π and this corresponds to one pair annihilation. These observations are again consistent with the interpretation that a D2-brane of type |p⟩ is a bound state of p D0-branes.

Finally let us turn to the tachyon condensation on a non-BPS D2-brane in superstring or a D2-brane in bosonic string. In these cases the tachyon field is a real scalar field and only the linear combinations such as V_{j,m} + V_{j,−m}, i(V_{j,m} − V_{j,−m}) are allowed. Therefore we cannot gain the vortex line configurations and it is hard to tell what is generated after the condensation. We will investigate this issue in the next section from a different point of view.

3 Tachyon condensation on fuzzy sphere and noncommutative solitons

In this section we investigate the tachyon condensation from the viewpoint of the worldvolume effective theory. Here we take the limit N → ∞^7 and in this limit the algebra of

6Here again we have only to consider the cases m = j, �j as in the previous discussion. 7Roughly speaking, this corresponds to the large B-field limit which is taken in [26, 27, 28], where D-branes in a flat space are considered. Quite recently, the construction of the noncommutative soliton without taking this limit is discussed in [36, 37].

vertex operators in SU(2) WZW model is equivalent to that of the fuzzy sphere [21, 22] as shown in [19]. A fuzzy sphere is defined by identifying the following SU(2) algebra with its coordinates

[X^i, X^j ] = i 2 √ p^2 − 1 ϵ_{ijk}X^k, (X^1)^2 + (X^2)^2 + (X^3)^2 = 1, (3.1)

where X^i (i = 1, 2, 3) are p × p matrices. The integer p labels the algebra of fuzzy sphere and it can be identified with the label p of D2-brane.

In the discussion below, we will study the tachyon condensation on a non-BPS Dbrane, which generates codimension two non-BPS D-branes and then investigate the brane-antibrane systems.

The effective action which describes the gauge theory on a (BPS) D2-brane was constructed in [20] and its interesting structure was explicitly shown. Now we would like to consider the world-volume theory on a non-BPS D2-brane corresponding to |p⟩. This includes a real tachyon field T which is described by a (quantum mechanical) p × p hermitian matrix. In the large radius limit (p → ∞) the world-volume approaches a flat space and the dynamics is described by a noncommutative field theory. Its action is given by S = 1 G_s ∫ dt(dx)^2 √ G[G^{μν} ∂_μT ∂_νT + V (∗T )], (3.2)

V (∗T ) = G_sT_{D2} − 1 2α^′ T ∗ T + · · ·. Here we used the open string metric G^{μν} , the effective open string coupling G_s and the star product A ∗ B(x) = e^{12 Θij ∂i∂}

0_j A(x)B(x^′)|_x0_{=x} as in the conventional noncommutative field theory description [38]. Also we defined T_{Dp} as a Dp-brane tension.

When we take finite p (i.e. the world-volume is a fuzzy sphere) we obtain the “regularized version” of the above action as follows S = 2πΘ G_s ∫ dt √ GTr f(T ) ∑ i=1,2,3 T [X^i, [X^i, T ]] + V (T )

, (3.3)

where Θ denotes the noncommutative parameter [38] and its explicit value will be discussed later. Here the previous star-product is replaced with the ordinary product of matrices and the derivatives are represented as commutators. Note also that we abbreviate the higher derivative terms because we are interested in the limit N → ∞.

In general it is difficult to know the explicit form of f(T ). Nevertheless we can determine its value before the tachyon condensation in such a way that it is consistent with the mass formula (2.10), namely

f(T = 0) = p^2 − 1 4Nα^′ . (3.4)

V (t)

t^� 2t^� 0 t Figure 1: Tachyon potential on the non-BPS D-brane.

It is easy to see that in the limit N → ∞ the kinetic term ∼^{j(j+1)}_{Nα}0 is negligible and only the potential terms are relevant. Note that there is U(p) symmetry T → gT g^{−1}, g ∈ U(p) in this limit, which corresponds to the diffeomorphism of the fuzzy sphere. By using this symmetry we can diagonalize the matrix T .

Further we assume the double well potential of a non-BPS D-brane and shift the value of T as T → T + t^∗ for convenience. Here we define the local maximum of the function V (t), t ∈ R as t^∗ (see figure 1). This does not change the kinetic term and the potential term behaves as V (T ) = G_sT_{D2} −^1_{2α}0 (T − t^∗)^2 + · · ·. As we will see, we can describe the tachyon condensation without knowing the detailed form of the potential.

Then we can describe the lightest excitation as T = t^∗diag(0, · · ·, 0, 1, 0, · · ·, 0). Note that this matrix is a projection in the algebra of fuzzy sphere. We claim that the excitation is regarded as a “noncommutative soliton” [25] in a finite dimensional space; their applications to the tachyon condensation have been discussed in [26, 27, 28] recently. The mass of the original D2-brane is known to be p times as heavy as that of a D0-brane in the limit N → ∞ from the analysis of the boundary state [23]. Note also that the original D2-brane corresponds to T = t^∗diag(1, 1, · · ·, 1) in our model. Therefore we can see that the mass of the lightest excitation is the same as that of a D0-brane and identify the one with a D0-brane. Similarly the heavier excitations can be identified with multiple D0-branes.

Let us construct the soliton configuration on S^2 in order to see more clearly that the excitation can be interpreted as a noncommutative soliton on the fuzzy sphere. On the fuzzy sphere the spherical harmonics Y_{j,m} is represented as the following p × p matrix [22]

(T_{j,m})_{m1,m2} = (−1)^p

�1_{2 −m1} √ 2j + 1 ( p_{−1} 2 j^{p−1}_2 −m_1 m m_2 ) , Tr[T_{j,m}T_j0_{,m}0] = δ_{j,j}0δ_{m+m}0_{,0}(−1)^m, (3.5)

where we set m_1, m_2 = −^{p−1}_2 , −^{p−3}_2 , · · ·,^{p−1}_2 and (:::) denotes the 3j-symbol. Then one can see that the matrix T = t^∗diag(0^p

�1_{2 −a}

, 1, 0^p

�1_{2 +a}

) corresponds to the following tachyon configuration

T^{(a)}(θ, ϕ) =

(−1)^p

�1_{2 −a} √ p t^∗ p−1∑ l=0 (2l + 1) ( p_{−1} 2 l^{p−1}_2 −a 0 a ) P_l(cos θ), (3.6)

where P_l(cos θ) denote the Legendre polynomials. The overall normalization is determined by using that the trace corresponds to^1_{2πΘ} ∫ dϕ sin θdθ and the explicit value of (3.10).

Note that this is independent of ϕ and axially symmetric. We can construct the more general solution which is not symmetric by performing U(p) rotation.

When a =^{p−1}_2 the above can be written as

T^{( p}

�1_{2 )} (θ, ϕ) = 1 √ p t^∗ p−1∑ l=0 (2l + 1)

(p − 1)! √ (p + l)!(p − l − 1)!

P_l(cos θ). (3.7)

From this expression, it is not so difficult to see that in the region p ≫ 1, θ ≪ 1 the configuration approximates^8 to the known noncommutative soliton

T^{( p}

�1_{2 )}

(θ) ∼ 2t^∗e^{− p2 θ2} (3.8)

in the flat space [25] (see figure 2). Similarly we can show T^{(− p} �1_{2 )} (θ) ∼ 2(−1)^{p−1}t^∗e^{− p2 (θ−π)2} . (3.9)

From this one can read off the value of the noncommutative parameter for large p as Θ = 2 p . (3.10)

This value is the same as that obtained in [24], where the values of gauge flux and the B-field in the N → ∞ limit were compared with the analysis given by Seiberg and Witten [38]. In this way we have verified that the excitation in this model can be regarded as a noncommutative soliton on the fuzzy sphere for finite and at least large p. Formally

8We confirmed this up to the normalization by exact calculations. We checked the overall normalization in the numerical method.

Figure 2: A plot of the equation (3.6). Here we set t^∗ = 1. The case (p, a) = (41, 20) and (p, a) = (41, −20) correspond to the solitons at the pole of the sphere. The case (p, a) = (41, 0) corresponds to the one at the equator.

we can also consider the corresponding configuration (3.6) for small p, but the fuzziness δx ∼ √ Θ is comparable to the radius of the sphere and the name “soliton” does not seem to be appropriate.

It is natural to believe that the other cases (a ≠ ±^{p−1}_2 ) are also treated as noncommutative solitons because they have the same energy. In paticular in the region p ≫ 1, θ ≪ 1,^{p−1}_2 − a ≪ p we argue^9

T^{(a)}(θ) ∼ 2(−1)^nt^∗L_n(pθ^2)e^{− p2 θ2} , (3.11)

where L_n is Laguerre polynomial as discussed in [25] and we defined n =^{p−1}_2 − a. In other words, the solitons near the pole of sphere can be treated approximately as those in the flat space.

On the other hand, the solitons with a ∼ 0 have a peak near the equator θ =^π_2 and is peculiar to the soliton on the sphere (see figure 2). Because we cannot construct a D1-brane in a conformal invariant way, it is natural to regard such a soliton as a quantum mechanically extended D0-brane. As we shall see below that such an object carries more energy than the others if N is finite. In any case the clear interpretation of such configurations in conformal field theory is certainly desirable.

In this way we have constructed the noncommutative soliton configurations of the tachyon field on the fuzzy sphere. Each of these has the mass of a D0-brane and obeys

9We checked this in the numerical method.

the following relation p�1_2 ∑ a=−^p�12

T^{(a)}(θ, ϕ) = t^∗. (3.12)

If we consider an excitation T^{(a1)} + T^{(a2)} + · · · + T^{(ak)} and set a_i ≠ a_j for i ≠ j, then obviously we get k D0-branes. In the case of k = p we get the original D2-brane.

We can also show that there are massless fields on the noncommutative soliton by closely following the discussion of [26]. As we mentioned above the low energy effective action of gauge fields on the fuzzy sphere was given by [20]. To include the coupling of tachyon field to gauge fields we can replace the derivatives with the covariant one. In the large p case, the action approaches the flat one but we should mention that now we deal with the finite dimensional case. Then it can be shown by following [26] that there are two massless scalars and (p − 1) W bosons on the lightest noncommutative soliton besides the tachyon^{10}. When the soliton corresponds to k D0-branes, U(p) symmetry breaks into U(k) × U(p − k) symmetry. It is interesting to investigate more detail but it is beyond the scope of this paper.

Next we discuss the effect of the kinetic term in (3.3). Such a term is important if N is finite and it breaks U(p) symmetry into SO(3). For T^{(a)} we get Tr[ ∑ i=1,2,3 T^{(a)}[X^i, [X^i, T^{(a)}] ] ] =

(t^∗)^2 p^2 − 1

(2p^2 − 8a^2 − 2). (3.13)

This means that a = −^{p−1}_2 and a =^{p−1}_2 are the lowest energy configurations for finite N.

All of the above discussions hold for the D-brane in bosonic string. The exception is the existence of “massless” excitation observed in [26, 27, 28], which is peculiar to non- BPS D-branes. In our case this corresponds to T = diag(0, · · ·, 0, 2t^∗, 0, · · ·, 0). Note that the tachyon potential of a non-BPS D-brane is double well and reaches its minimum at T = 0, 2t^∗ (see figure 1). Though its physical interpretation is not clear also in our case, we can say that the interpretation proposed in [27] will not hold in our setup. In [27] the authors argued that the tensionless soliton corresponds to a BPS D1-brane winding around its core. However in the SU(2) WZW model we cannot construct a D1-brane in any way^{11}.

As a final task let us consider D2-D2 systems in the N → ∞ limit. Here we denote the brane and the antibrane by the boundary state |a⟩ and |b̄⟩ (a ≥ b), respectively. As in

10The slightly different approach has been quite recently proposed by [36] but the qualitative behavior does not seem to be changed.

11 After we submitted the first version of this paper, there appeared an argument [39] that the “massless” excitation is gauge equivalent to the vacuum.

the previous case we can retain only the double well potential term and the total energy E(T ) is given by^{12}

E(T ) = 1 G_s TrV (T ) = M_{D0} ∞∑ n=0 c_nTr [ (T T^†)^n + (T^†T )^n ] , (3.14)

where c_n (c_0 = 1) are some constants and M_{D0} denotes the mass of D0-brane. The tachyon field T is complex a × b matrix and T^† denotes its hermitian conjugate. The overall normalization is determined by using the fact that T = 0 represents the original brane-antibrane system, namely E(T = 0) = M_{D2−D2}. Here M_{D2−D2} denotes the mass of the brane-antibrane system and is given by

M_{D2−D2} = (a + b)M_{D0} (3.15)

in the N → ∞ limit. Let us define s^∗ such that V̂ (s) = G_sM_{D0} ∑_∞ n=0 c_ns^n (s ∈ R > 0) take its minimum value at s^∗(> 0). The point s = 0 corresponds to the local maximum V̂ (s = 0) = G_sM_{D0}. Then the equation of motion is satisfied if

T T^†T = s^∗T, T^†T T^† = s^∗T^†. (3.16)

The same equation is obtained in [28, 40], where the noncommutative tachyon is discussed in a flat space. Note that the tachyon field in our case is a finite dimensional matrix.

If a = b, then the tachyon condensation can be treated as that on the non-BPS Dbrane. The maximal condensation T = √ s^∗e^{iα}diag(1, · · ·, 1), where α is an arbitrary phase, means the decay to the vacuum and we get V̂ (s^∗) = 0. Then it is easy to see that a tachyon configuration T = √ s^∗e^{iα}diag(0^m, 1^{a−m}) has its energy E(T ) = 2mM_{D0} and generates m D0-branes and m anti D0-branes.

Let us consider the more interesting case a ≠ b. A series of solutions to (3.16) are given by

T^{(l)} = √ s^∗ [1]_l 0 0 [0]_{b−l} 0 0 (l = 0, 1, · · ·, b), (3.17)

where [a]_m denotes the m × m diagonal matrix diag(a, a, · · ·, a). General solutions are obtained by the further U(a) × U(b) gauge rotation. The energy of each solution is given by E(T^{(l)}) = (a + b − 2l)M_{D0}. (3.18)

12Unlike the previous case we do not shift the tachyon field T and the potential have the symmetry V (T ) = V (�T ). This is only a matter of convention.

Furthermore the conservation of the RR-charge also guarantees that the total number of D0-branes remains (a − b) in any process. Thus we get

The number of D0-branes = dim (Ker T ) = a − l , The number of anti D0-branes = dim (Ker T^†) = b − l .

(3.19)

If we take the difference between the above equations, we get

Index(T ) = a − b = ∫ S2 F^{(a)} − F^{(b)} 2π , (3.20)

where F^{(a)} and F^{(b)} denote the gauge fluxes on the world-volume of the brane and the antibrane, respectively. Their explicit values are given by (2.5).

The relation between the noncommutative tachyon in the brane-antibrane system and K-theory of noncommutative algebras has been discussed quite recently in [28, 41]. Our result offers a special example of this, where the (finite dimensional) matrix algebra is involved. We argue that the relation (3.20) is regarded as a generalized index theorem of noncommutative algebras (see for example [42, 43]). The left-hand side of (3.20) is obtained from the vertex operator analysis and the right-hand side represents that the D2-brane carries the K-theory charge of D0-brane. Therefore we can see that the requirement that this relation is consistent with the index theorem ensures the bound state interpretation. In order to see the relation between the Index(T ) and K-theory charge more clearly, it would be interesting to investigate the tachyon condensation in the other rational conformal field theories.

Acknowledgments

We are grateful to Y. Matsuo for useful comments. T.T. is supported by JSPS Research Fellowships for Young Scientists.

References

[1] T. Banks and L. Susskind, hep-th/9511194.

[2] A. Sen, JHEP 9808:012 (1998).

[3] For a review, see A. Sen, hep-th/9904207.

[4] A. Sen, JHEP 9809:023 (1998).

[5] E. Witten, JHEP 9812:019 (1998)

[6] For a review, see K. Olsen and R. Szabo, hep-th/9907140 [7] A. Sen, JHEP 9812:021 (1998).

[8] J. Majumder and A. Sen, JHEP 9909:004 (1999). [9] J. Majumder and A. Sen, JHEP 0006:010 (2000). [10] J. Majumder and A. Sen, hep-th/0007158.

[11] M. Frau, L. Gallot, A. Lerda and P. Strigazzi, Nucl.Phys. B564 (2000) 60. [12] M. Naka, T. Takayanagi and T. Uesugi, JHEP 0006:007 (2000). [13] O. Bergman and M.R. Gaberdiel, Phys.Lett. B441 (1998) 133. [14] A. Sen, JHEP 9910:008 (1999).

[15] For a review, see M.R. Gaberdiel, hep-th/0005029.

[16] C.G. Callan, J.A. Harvey and A. Strominger, Nucl.Phys. B359 (1991) 611; S.J. Rey, Phys.Rev. D43 (1991) 526.

[17] J.L. Cardy, Nucl.Phys. B324 (1989) 581.

[18] A.Y. Alekseev and V. Schomerus, Phys.Rev. D60 (1999) 061901. [19] A.Y. Alekseev, A. Recknagel and V. Schomerus, JHEP 9909:023 (1999). [20] A.Y. Alekseev, A. Recknagel and V. Schomerus, JHEP 0005:010 (2000). [21] J. Madore, Class.Quant.Grav. 9 (1992) 69. [22] J. Hoppe, Int.J.Mod.Phys. A4 (1989) 5235.

[23] C. Bachas, M. Douglas and C. Schweigert, JHEP 0005:048 (2000). [24] J. Pawelczyk, hep-th/0003057.

[25] R. Gopakumar, S. Minwalla and A. Strominger, JHEP 0005:020 (2000). [26] J.A. Harvey, P. Kraus, F. Larsen and E.J. Martinec, JHEP 0007:042 (2000). [27] K. Dasgupta, S. Mukhi and G. Rajesh, JHEP 0006:022 (2000). [28] E. Witten, hep-th/0006071.

[29] M. Li, Phys.Rev. D54 (1996) 1644; A. Rajaraman and M. Rozali, JHEP 9912:005 (1999).

[30] N. Ishibashi, Mod. Phys. Lett. A4 (1989) 251; N. Ishibashi and T. Onogi, Mod. Phys.

Lett. A4 (1989) 161.

[31] G. Pradisi, A. Sagnotti and Y.S. Stanev, Phys.Lett. B354 (1995) 279; Phys.Lett.

B356 (1995) 230; Phys.Lett. B381 (1996) 97. [32] M. Kato and T. Okada, Nucl.Phys. B499 (1997) 583.

[33] G. Felder, J. Fröhlich, J. Fuchs and C. Schweigert, J.Geom.Phys. 34 (2000) 162. [34] S. Elitzur, A. Giveon, D. Kutasov, E. Rabinovici and G. Sarkissian, hep-th/0005052. [35] J.A. Harvey, D. Kutasov and E.J. Martinec, hep-th/0003101.

[36] R. Gopakumar, S. Minwalla and A. Strominger, hep-th/0007226; N. Seiberg, hepth/0008013.

[37] C. Sochichiu, hep-th/0007217; C.G. Zhou, hep-th/0007255. [38] N. Seiberg and E. Witten, JHEP 9909:032 (1999). [39] J.A. Harvey, P. Kraus and F. Larsen, hep-th/0008064. [40] D.P. Jatkar, G. Mandal and S.R. Wadia, hep-th/0007078.

[41] G. Moore, talk presented as String 2000 Conference, Ann Arbor, July 10-1,5 http://feynman.physics.lsa.umich.edu/cgi-bin/s2ktalk.cgi?moore.

[42] J. Madore, An Introduction to Noncommutative Differential Geometry and its Physical Applications, 2nd edition (Cambridge University Press 1999).

[43] A. Connes, Noncommutative Geometry, (Academic Press 1994).