Received: June 22, 2001, Accepted: August 27, 2001

HYPER VERSION

Compactified NCOS and duality

Martin Gremm

Joseph Henry Laboratories, Princeton University Princeton, NJ 08544, USA E-mail: gremm@feynman.princeton.edu

Abstract: We study four-dimensional U(1) on a non-commutative T^2 with rational Θ. This theory has dual descriptions as ordinary SYM or as NCOS. We identify a set of massive non-interacting KK states in the SYM theory and track them through the various dualities. They appear as stretched strings in the non-commutative U(1) providing another example of the IR/UV mixing in non-commutative field theories. In the NCOS these states appear as D-strings with winding and momentum. They form an unconventional type of 1/4 BPS state with the 3-brane. To obtain a consistent picture of S-duality for compactified theories it is essential to keep track of both the NS and the RR B-fields.

Keywords: D-branes, String Duality.

Contents

1. Introduction 1

2. Non-commutative U(1) and its Morita duals 3

3. The string description of non-commutative U(1) 4

4. The S-dual picture 7

1. Introduction

Non-commutative field theories arise as world volume theories on D-branes in constant B-field backgrounds [1, 2]. One may hope that a better understanding of these field theories will lead to a better understanding of these backgrounds in string theory.

Apart from that non-commutative field theories have many unusual properties, that make them interesting in their own right. One of the more intriguing properties of non-commutative Yang-Mills theories is S-duality [3]–[6]. The S-dual of fourdimensional NCYM turns out to be a non-commutative open string theory (NCOS). Such theories are very unusual, since generally poles in open string amplitude require the inclusion of closed strings to ensure unitarity. The only other known example of consistent string theories without gravity are the Little String Theories [7], but unlike the NCOS, these theories have no weak coupling limit which makes them hard to study (see however [8]). The NCOS on the other hand can have arbitrarily small coupling and we can study it in string perturbation theory.

In [9, 10] is was pointed out that in the (1 + 1)-dimensional case the NCOS is dual to an ordinary maximally supersymmetric gauge theory with one unit of electric flux turned on (see also [11, 12]). This provides one example where the exotic NCOS has an equivalent description in terms of an ordinary commutative field theory. In this paper we provide another example of this type. More precisely, we study fourdimensional U(1) compactified on a non-commutative T^2 [13]. If we choose the dimensionless non-commutativity parameter Θ = 1/s, where s is an integer, this theory has an equivalent description as a commutative U(s) theory with one unit of magnetic flux. On the other hand, the original non-commutative U(1) has an S-dual description as a four-dimensional NCOS on a torus. In the (1 + 1)-dimensional case there were only two descriptions of the theory, NCOS and ordinary field theory. In our case there is a third as a non-commutative field theory.

Some features of these theories can be understood from the underlying string description [1, 2]. The non-commutative U(1) theory can be realized as the decoupling limit of a single 3-brane on T^2 with s units of NS B-flux. This B-flux through the torus induces s D-string charges in the non-compact directions. Note that these Dstrings are a source for the RR B-field, so in general both the NS and the RR B-field are turned on. T-duality on the torus turns the induced D-strings into D3-branes and the original 3-brane into a D-string. Thus we find a U(s) gauge theory with one unit of magnetic flux. We review the field theory picture of this duality in the next section.

In the commutative Yang-Mills description the gauge group factorizes as U(s) = (U(1) × SU(s))/Z_s, and the U(1) is free. Since the theory is compactified on T^2, we expect a KK tower of massive non-interacting 1/4 BPS states from the reduction of the U(1). It is interesting to identify these states in the other two descriptions of this theory as well.

The KK states of the commutative theory turn into states carrying both momentum and winding in the dual description as a non-commutative U(1). According to [14] an open string state moving in one of the non-commutative directions has a finite extent in the other. This statement is strictly true in the α^′ → 0 limit, which eliminates the oscillator contributions. However, this is the field theory limit we want to take in the end, so thinking of these open strings as objects with a well-defined length makes sense.

It turns out that the states dual to the KK states of the U(1) carry precisely the required amount of momentum in one compact direction to wrap around the other an integer number of times. This provides another example of the IR/UV connection in non-commutative field theory [15]. Since these open strings wrap a compact direction an integer number of times, we expect that they can turn into closed strings. In section 3 we show that there are indeed closed strings with degenerate mass. However it turns out that all open string states that have integer winding around the compact directions decouple from the degrees of freedom of the non-commutative U(1). We show that this is the case by computing the tree level scattering amplitude for four open string states. If one or more of the string states can turn into a closed string, the amplitude vanishes in the field theory limit.

In section 4 we discuss the S-dual picture. Since the BPS states of interest could be identified with stretched open strings before S-duality, they turn into D-strings in the NCOS. We show that D-strings with the appropriate winding and momentum quantum numbers form a marginally bound 1/4 BPS state with the D3-brane, while all other D-strings form real bound states. These 1/4 BPS states are specific to this theory and do not exist in general. They appear to be a new type of 1/4 BPS state, since there does not seem to be a simple way to dualize them into the familiar D0-D4 system without any fluxes turned on.

In order for the masses of these states to match the masses of the BPS states before S-duality, it is crucial that the NS flux through the torus before S-duality turns into RR flux after the duality transformation. In the original flat space version of this S-duality the RR fields were set to zero [3], but after compactification this is no longer a valid approach, since the winding states are sensitive to these fluxes.

2. Non-commutative U(1) and its Morita duals

We consider four-dimensional U(1) theories on a non-commutative T^2. These theories can be labeled by their gauge coupling, the size of the T^2, and by the noncommutativity parameter, Θ = θ/(2πR^2). Here T^2 is defined by the identifications x_{2,3} → x_{2,3} + 2πR, [x_2, x_3] = iθ, and the other two directions are uncompactified.

The tree level action for this theory is given by [2] S = 1 g^2_{YM} ∫ d^4x(F̂_{ij} + Φ_{ij} )(F̂^{ij} + Φ^{ij} ) , (2.1)

and the one-loop action was recently calculated in [16]. We will be interested in theories with Φ = 0 and Θ = 1/s. The first choice is for convenience, but theories with rational Θ are qualitatively different than theories with irrational Θ. This becomes clearer if one studies suitable Morita equivalent descriptions of this theory. Morita equivalence can be studied entirely within the field theory or it can be viewed as the remnant of the T-duality group of the underlying string realization of these theories [13].

For our present purposes it is sufficient to know that this theory has a SL(2, Z)× SL(2, Z) duality group, which is the T-duality group of the T^2. We will be interested in the SL(2, Z) that acts on the non-commutativity parameter as

Θ −→ Θ̃ = c + dΘ a + bΘ , (2.2)

where a, b, c, d define an SL(2, Z) matrix. If Θ is rational this allows us to trade our original theory for an equivalent theory with Θ̃ = 0, i.e. a commutative theory. The other parameters of the theory also transform under this SL(2, Z): Φ̃ = (a + bΘ)Φ − b(a + bΘ) , R̃ = (a + bΘ)R , m̃ = am + bN , Ñ = cm + dN . (2.3) Here m is the number of magnetic fluxes and N the rank of the gauge group. In our case the parameters of the original theory are Φ = m = 0, N = 1, Θ = 1/s, and the SL(2, Z) matrix that transforms to a commutative theory is given by a = 0, b = −c = 1, d = s. The dual theory has Φ̃ = −1/s, m̃ = 1, Ñ = s, Θ̃ = 0. These parameters define a commutative U(s) gauge theory with one unit of magnetic flux, compactified on a torus with radii R̃ = R/s.

This theory has been studied in great detail [13]. Here we just note that the U(s) gauge group factorizes into (U(1) × SU(s))/Z_s and that the U(1) is free at all energies. This in turn implies that there should be a tower of non-interacting KK states from reducing the U(1) on the torus. We expect these states to be BPS states with masses given by M^2 = s^2 R^2

(n^2 + n^2_3) , (2.4)

where n_{2,3} are the momentum quantum numbers in the two compact directions.

The mass formula for the BPS states of NCYM compactified on T^2 × S^1 is well known [13], M = g^2_{YM} 2V N (w^i + Θ^{ij}n_j )^2 + V 4g^2_{YM}N

(m_{ij} + N Φij)^2 + 1 N √ k^2_i Σ^2_i

, (2.5)

where k_i = N n_i − m_{ij} (w^j + Θ^{jk}n_k), N = N +^1_2 m_{ij} Θ^{ij}, V is the volume of T^2 × S^1 and Σ_i are the radii of the corresponding circles. In these expressions w^i are electric flux quanta and n_i are momentum quantum numbers in the compact directions. The magnetic flux mentioned above is given by m_{23} = m.

We can readily identify the KK tower of U(1) states in this expression by setting the parameters in eq. (2.5) to the values corresponding to the commutative U(s) theory. With Θ̃ = 0, w̃_i = 0, Ñ = s, Φ̃ = −1/s, m = m_{23} = 1, n_1 = 0 and Σ_{2,3} = R̃ = R/s, the BPS mass formula reduces to eq. (2.4).

It is interesting to trace these states to the non-commutative description as well. Using the transformations equation (2.3), we can transform the KK states of the commutative theory into the corresponding states of the non-commutative gauge theory. In the non-commutative case we have Θ = 1/s, Φ = 0, m = 0, but w^i = ñ^i and n_i = −sϵ_{ij}ñ^j , so these states carry multiples on s units of momentum in the compact directions. Inserting these quantum numbers into the BPS mass formula we verify that these states have the same mass as the states in the commutative description, which is of course a reflection of the fact that these theories are Morita equivalent. While it was straightforward to see that these states do not interact in the commutative description, it is slightly less obvious in the non-commutative case. In the next section we show that these states do in fact decouple by studying the embedding of this theory in string theory. This may seem like overkill since one can show decoupling of these states within the field theory by expanding the gauge fields into momentum eigenfunctions on the torus. The commutator term in the action vanishes for gauge fields carrying s units of momentum, which implies that these fields are free. However, the string description will be useful when we discuss the S-dual description of this theory.

3. The string description of non-commutative U(1)

The theories discussed in the previous section can be obtained from string theory by taking the decoupling limit [2] of the world volume theory on a 3-brane in a constant NS B-field. We will adopt the notation and conventions of [3], since we want to discuss the S-dual of these theories in the next section. Before we identify the decoupled U(1) states in the string description of these theories, we give a very brief review of the decoupling limit [2] as it applies here.

To define a non-commutative gauge theory as a limit of world volume theory of a 3-brane in string theory, we send α^′ → 0 while keeping the NS B-field, the open string metric, G^{MN}, and the open string coupling constant, G^2_o, fixed. The open string metric is taken to be the flat Minkowski metric and the NS B-field is nonzero, B_{23} = −B_{32} = 1/θ. In order to keep the open string quantities finite, we have to scale the closed string metric g_{ij} = (2πα^′/θ)^2δ_{ij} , i, j = 2, 3, and the closed string coupling as g_s = G^2_o(2πα^′/θ). The decoupled theory of the massless open strings on a 3-brane is then a U(1) gauge theory with non-commutativity in the 2-3 plane. To obtain the theory discussed in the previous section we take the decoupling limit of a single 3-brane, identify x_{2,3} → x_{2,3} + 2πR, and put θ/(2πR^2) = Θ = 1/s.

For later reference we note that turning on the NS B-field in the presence of a 3-brane induces D-string charge on it. This in turn is a source for the RR B-field, so a non-zero B^{NS}_{23} induces a non-zero B^{RR}_{01} as can be seen e.g. from the supergravity solutions [17] or from the Chern-Simons term in the 3-brane action. The RR field will not affect the analysis in this section, but it will play a role when we discuss the S-dual theory.

It turns out to be easy to identify the massive non-interacting states discussed in the previous section. Consider an open string state with momentum p^j = n^j /R, j = 2, 3. According to [14], a string moving in one non-commutative direction has a finite length in the orthogonal direction, Δx_i = θ_{ij} p^j . Using θ_{ij} = (2πR^2/s)ϵ_{ij} , we see that an open string with s units of momentum in one compact direction is long enough to wind around the other compact direction once. Note that this works only if s in an integer.

It is tempting to identify these states with the non-interacting massive states discussed in the previous section, but there are several problems with that. One can object that there does not seem to be anything special about these open string states, so one should expect them to behave in the same way as other open string states with momenta that are not multiples of s. These states do not in general decouple in the α^′ → 0 limit, since they give rise to the interacting U(1) degrees of freedom.

Another problem is that the endpoints of open strings with s units of momentum coincide. It seems likely that they can fuse, turning the open string into a closed string. However, closed strings are expected to decouple in the limit of [2]. We will discuss the closed string spectrum first and then argue that open strings with momenta that are multiples of s decouple.

The mass of a closed string state is given by

m^2 = 1 α^{′2} g_{ij} (v^iv^j + w^iw^jR^2) + 2 α^′ (N + Ñ − 2) , (3.1) where g_{ij} is the closed string metric in the compact directions, w^i is the winding number and v^i = α^′g^{ij} (n_j R + 2πB_{jk}w^kR ) . (3.2)

In the α^′ → 0 limit, closed string states with v^i ≠ 0 or states with excited oscillators become infinitely massive. Only states with v^i = 0 and no string excitations survive the decoupling limit. Using B_{jk} = (1/θ)ϵ_{jk} = s/(2πR^2)ϵ_{jk} we find that states satisfying n_j + sϵ_{jk}w^k = 0 remain at finite mass in the decoupling limit. Since both n_j and w^k are integers, this equation has solutions only if s is an integer (or rational number). It is easy to check that these states have the same mass as the open string states discussed above and the same quantum numbers as the non-interacting states we obtained using Morita equivalence in the previous section.

In order to show that the open string states with momenta that are multiples of s decouple we consider the scattering amplitude for four open string states on the 3-brane. In the commutative case the answer is well known [18] and and can be obtained from the type I four-point amplitude of open string states (see e.g. [19]). The main difference between the commutative and non-commutative cases are some additional phases that appear when the positions of vertex operators are switched [9, 14, 20].

Before taking the α^′ → 0 limit the boundary correlation function in the presence of an NS B-field reads ⟨ x^i(τ)x^j (τ^′) ⟩ = −2α^′G^{ij} + i 2 θ^{ij} ϵ(τ − τ^′) . (3.3)

The l-th vertex operator contains a factor exp(ik_l·x(τ)), where k_l, l = 1, . . . , 4 denotes the momentum of the l-th open string state. Moving the l-th vertex operator past the m-th generates a phase exp(ik_lθk_m). The complete scattering amplitude for four open string states is a sum of six terms that differ by the ordering or the vertex operators on the boundary of the worldsheet. We write schematically A = {1, 2, 3, 4} + e^{iϕ2} {4, 2, 3, 1} + e^{iϕ3} {2, 4, 3, 1} + + e^{iϕ4} {1, 3, 2, 4} + e^{iϕ5} {4, 3, 2, 1} + e^{iϕ6} {1, 3, 4, 2} , (3.4)

where the numbers indicate the ordering of the vertex operators on the boundary of the world sheet and the phases are given by

ϕ_2 = k_1θk_4 , ϕ_3 = k_1θk_4 + k_2θk_4 , ϕ_4 = k_2θk_3 , ϕ_5 = k_2θk_3 + k_1θk_4 , ϕ_6 = k_2θk_3 + k_4θk_3 . (3.5)

Recall that the 2, 3 components of the external momenta are quantized in units of 1/R and that θ_{ij} = (2πR^2/s)ϵ_{ij} . To show that states with momenta that are multiples of s decouple, we need to show that the all amplitudes involving one or more of these states vanish. We take the 2, 3 components of k_4 to be given by q_2s/R and q_3s/R, respectively, and leave the other momenta unspecified. This guarantees that the phases ϕ_2 and ϕ_3 are integer multiples of 2π, i.e. trivial phases. The remaining phases are all given by ik_2θk_3 up to integer multiples of 2π. The first three terms in eq. (3.4) give the same contribution as the last three up to the over all phase, so we find that for these states the amplitude is related to the commutative amplitude by A_{NC} = 1 2 ( 1 + e^{iϕ4} ) A_C . (3.6)

However, the commutative amplitude vanishes in the α^′ → 0 limit, reflecting the fact that there are no interactions in a commutative U(1). This implies that any amplitude with a state that carries momenta that are multiples of s/R vanishes. This is not true in general. If the phases multiplying the various terms in eq. (3.4) are all different, the α^′ → 0 limit gives a non-vanishing result. Note again, that this cancellation of the phases is possible only if s is an integer.

4. The S-dual picture

Having identified the non-interacting massive states in the non-commutative U(1) theory as strings with specific winding and momentum quantum numbers, we can now proceed to search for these states in the S-dual NCOS description [3, 4].

Before delving into details, let us outline the qualitative picture of both the non-commutative U(1) and its S-dual. Turning on the NS B-field induces D-string charge on the 3-brane. If Θ = 1/s the induced charge corresponds to s D-strings, and these branes are a source for the RR B-field. Following [3], we can S-dualize the non-commutative U(1) theory. This turns the induced D-strings into fundamental strings corresponding to electric flux on the 3-brane, and exchanges the role of the NS and RR B-fields. In the non-commutative U(1) both B^{NS}_{23} and B^{RR}_{01} were non-zero. In the S-dual theory we have B^{RR}_{23} = −1/θ and B^{NS}_{01} , or, equivalently, the electric flux on the 3-brane can be computed as follows. The electric flux is given by the solution of √ −ĝ ĝ_{str} ĝ^{00}ĝ^{11}F_{01} √ 1 + (2πα^′)^2ĝ^{00}ĝ^{11}F^2_{01}

= B_{23} = s 2πR^2 , (4.1)

where the closed string metric is given by ĝ_{11} = −ĝ_{00} = θ/(2πα^′G^2_o) and ĝ_{22} = ĝ_{33} = 2πα^′/(G^2_oθ). The hat over symbols denotes the S-dual quantities.^1 This gives using ĝ_{str} = R^2/(α^′G^2_os)

F_{01} =

F^c_{01} √ 1 + (α^′s/R^2G^2_o)^2

, F^c_{01} = 2πR^2 s 1 G^2_o(2πα^′)^2

. (4.2)

1The symbols without hats in the first part of the paper correspond to the primed quantities in [3], and the symbols with hats are the unprimed variables in [3].

In the limit α^′ → 0 the electric field attains its critical value F^c_{01}, but the resulting theory on the 3-brane is not a field theory, which would be non-unitary [21]. Instead it turns out to be a open string theory with non-commutativity in the 0-1 plane (NCOS). This can be seen most easily by trading the electric flux on the 3-brane for a non-zero B^{NS}_{01} in the bulk.

We want to identify the non-interacting states discussed in the previous two sections in the NCOS and verify that they do not interact. The states are easy to identify. Since they correspond to fundamental strings with winding and momentum in the compact directions in the string description of the non-commutative U(1), they should turn into D-strings with winding and momentum in the S-dual picture.

We have to consider two different wound D-strings, D-strings with w^3 units of winding in the 3-direction and sw^3 units of momentum in 2 and states with winding number w^2 in 2 and −sw^2 units of momentum in 3. For the purpose of counting the unbroken supersymmetries we can introduce new coordinates ( x^′_2 x^′_3 ) = 1 (w^2)^2 + (w^3)^2 ( w^3 −w^2 w^2 w^3 ) ( x_2 x_3 ) . (4.3)

An arbitrary superposition of the D-string states is represented as a state with one unit of winding in the 3^′ direction and −s units of momentum in the 2^′ direction. In the subsequent analysis we will drop the primes and only consider states with (n_2, w^3) = (−s, 1).

It is very difficult to show that D-string states decouple from the dynamics of the open strings of the NCOS, but we can provide some circumstantial evidence that our identification of the decoupled heavy states is correct. We can compute the masses of these D-string states and we can show that they are 1/4 BPS states in the presence of the 3-brane with electric flux.

To address the issue of supersymmetry we can ignore the background RR B-field. It shifts the masses of some states, but does not modify the supercharges preserved by the individual branes. One way to see this is to note that the RR B-field can be gauged away locally. Unlike in the case of an NS B-field, this transformation does not induce any fieldstrenghts on the brane, so the unbroken supersymmetries will not depend on the RR B-flux through the torus.

So, for the purpose of counting the unbroken supersymmetries we set B^{RR}_{μν} = 0. We emphasize that this is a computational tool and that the physics of the Dstring does depend on the values of the RR B-field. To construct the unbroken supersymmetries we need to compute the velocity of a D-string with momentum p = −s/R in the 2-direction. The canonical momentum can be computed from the lagrangian for a D-string written in terms of the open string quantities L = 2πR 2πα^′Ĝ^2_o √ −Ĝ_{00}Ĝ_{33} √ 1 − v^2 , (4.4) where v_2 is the velocity in the 2 direction and Ĝ_{AB} = 2πα^′/(G^2_oθ)η_{AB} .^2 Equating the canonical momentum with p = −s/R, solving for v_2 and using θ = 2πR^2/s we find v_2 = 1/ √ 2. One way to count the supersymmetries preserved by s fundamental strings in directions 01 bound to a D3-branes in 0123, and a D-string with one unit of winding in 3 and −s units of momentum in 2 is to use T-duality of type-IIB string theory to convert all objects into D-branes. To this end we compactify all spatial directions of the 3-brane and T-dualize the 1 and 3 directions. This turns the original Dstring into another D-string in 01 with −s units of momentum in 2. The original 3-brane turns into a D-string in 02 with s units of momentum in 1. We can count the supersymmetries of this configuration using standard techniques [19]. The only modification arises from the relative motion of the two branes, which can be taken into account by boosting the supercharges appropriately. Using the Born-Infeld action it is a simple matter to check that the D-string in 02 with s units of momentum in 1 moves with v_1 = −1/ √ 2 and we already computed v_2 = 1/ √ 2 above. The supercharges left unbroken by the two D-strings separately are

Q_L + Λ_{1/2}(v_1)Γ^⊥_2 Λ^{−1}_{1/2}(v_1)Q_R , Q_L + Λ_{1/2}(v_2)Γ^⊥_1 Λ^{−1}_{1/2}(v_2)Q_R , (4.5)

where Λ_{1/2}(v_i) is the matrix for a boost in the i direction with parameter v_i acting on spinor indices, and Γ^⊥ = ∏ μ∈⊥ ΓΓ^μ is obtained by taking the product over all transverse directions (see [19] for details).

By explicit calculation we find that the configuration of two D-strings we consider here preserves a quarter of the supersymmetries. Note that this is true only if the D-strings carry s units of momentum with the appropriate signs. In all other cases the two conditions in eq. (4.5) are incompatible and the superposition of these Dstrings preserves no supersymmetry. This does not mean that they cannot relax into a supersymmetric ground state, but it does imply that the system can lower its energy. Such an instability is usually signaled by a tachyon in the open string spectrum. The main observation here is that for states with s units of momentum there is no tachyon and the superposition of the two D-strings is a 1/4 BPS state. Undoing the two T-dualities we conclude that the D-string states we consider here form a marginally bound state with the 3-branes with s units of electric flux, provided they have compact momenta that are multiples of s. All other D-string states have an instability against dissolving in the 3-brane.

Having counted the supersymmetries preserved by this configuration we are now in position to compute the mass of these D-string states. The mass does depend on the RR flux through the torus. Consequently we restore the RR B-field to its original value B^{RR}_{23} = −1/θ and add the Chern-Simons term

L_{cs} = −2πRB^{RR}_{23} v_2 (4.6)

2Reference [3] uses the symbol G̃_{AB} for this metric.

to the lagrangian of the D-string equation (4.4). Computing the canonical momentum from the complete action and solving for the velocity of the D-string now yields v_2 = 0. Using this result we readily verify from eq. (4.4) that the mass of a D-string with one unit of winding and s units of momentum is M = s/R as expected. We emphasize that these states have the correct mass only if the RR B-field is included. Setting these fields to zero is valid in the non-compact case, but if any of the NCOS directions are compactified, it is essential to retain both the NS and the RR B-fields.

While it is straightforward to show that the D-string states discussed above are 1/4 BPS states as expected from the dualities, it is much more involved to show that they do not interact. To show that these states decouple from the NCOS degrees of freedom, we would have to show that the amplitude for two NCOS strings to scatter into these D-string states vanishes. This is a non-perturbative calculation and as such it is beyond out present capabilities. We would also need to verify that the scattering amplitude for two of these D-string states in the presence of the 3-brane with s units of magnetic flux vanishes. Both of these computations are very difficult and we will not attempt them here.

Acknowledgments

It is a pleasure to thank Micha Berkooz, Igor Klebanov, Kostas Skenderis, Washington Taylor, and especially Ori Ganor for helpful conversations. Thanks also to the Aspen Center for Physics where the bulk of this work was done. This work was supported in part by DOE grants #DF-FC02-94ER40818 and #DE-FC-02-91ER40671.

References

[1] A. Connes, M.R. Douglas and A. Schwarz, Noncommutative geometry and matrix theory: compactification on tori, J. High Energy Phys. 02 (1998) 003 [hep-th/9711162]; M.R. Douglas and C.M. Hull, D-branes and the noncommutative torus, J. High Energy Phys. 02 (1998) 008 [hep-th/9711165].

[2] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys. 09 (1999) 032 [hep-th/9908142].

[3] R. Gopakumar, J. Maldacena, S. Minwalla and A. Strominger, S-duality and noncommutative gauge theory, J. High Energy Phys. 06 (2000) 036 [hep-th/0005048].

[4] N. Seiberg, L. Susskind and N. Toumbas, Strings in background electric field, space/time noncommutativity and a new noncritical string theory, J. High Energy Phys. 06 (2000) 021 [hep-th/0005040].

[5] O.J. Ganor, G. Rajesh and S. Sethi, Duality and non-commutative gauge theory, Phys.

Rev. D 62 (2000) 125008 [hep-th/0005046].

[6] T. Kawano and S. Terashima, S-duality from OM-theory, Phys. Lett. B 495 (2000) 207 [hep-th/0006225].

[7] M. Berkooz, M. Rozali and N. Seiberg, On transverse fivebranes in M(atrix) theory on T^5, Phys. Lett. B 408 (1997) 105 [hep-th/9704089];

N. Seiberg, New theories in six dimensions and matrix description of M- theory on T^5 and T^5/Z(2), Phys. Lett. B 408 (1997) 98 [hep-th/9705221].

[8] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, Linear dilatons, NS5-branes and holography, J. High Energy Phys. 10 (1998) 004 [hep-th/9808149]; D.-E. Diaconescu and J. Gomis, Neveu-Schwarz five-branes at orbifold singularities and holography, Nucl. Phys. B 548 (1999) 258 [hep-th/9810132]; A. Giveon, D. Kutasov and O. Pelc, Holography for non-critical superstrings, J. High Energy Phys. 10 (1999) 035 [hep-th/9907178];

M. Gremm and A. Kapustin, Heterotic little string theories and holography, J. High Energy Phys. 11 (1999) 018 [hep-th/9907210];

T. Harmark and N.A. Obers, Hagedorn behaviour of little string theory from string corrections to NS5-branes, Phys. Lett. B 485 (2000) 285 [hep-th/0005021]; M. Berkooz and M. Rozali, Near hagedorn dynamics of NS fivebranes, or a new universality class of coiled strings, J. High Energy Phys. 05 (2000) 040 [hep-th/0005047].

[9] I.R. Klebanov and J. Maldacena, 1+1 dimensional NCOS and its U(N) gauge theory dual, Int. J. Mod. Phys. A 16 (2001) 922 [hep-th/0006085].

[10] R. Gopakumar, S. Minwalla, N. Seiberg and A. Strominger, Om theory in diverse dimensions, J. High Energy Phys. 08 (2000) 008 [hep-th/0006062].

[11] V. Sahakian, The phases of 2-D NCOS, J. High Energy Phys. 09 (2000) 025 [hep-th/0008073].

[12] C.P. Herzog and I.R. Klebanov, Stable massive states in 1+1 dimensional NCOS, Phys. Rev. D 63 (2001) 046001 [hep-th/0009017].

[13] P.-M. Ho, Twisted bundle on quantum torus and BPS states in matrix theory, Phys.

Lett. B 434 (1998) 41 [hep-th/9803166];

B. Morariu and B. Zumino, Super Yang-Mills on the noncommutative torus,

hep-th/9807198;

C. Hofman, E. Verlinde and G. Zwart, U-duality invariance of the four-dimensional Born-Infeld theory, J. High Energy Phys. 10 (1998) 020 [hep-th/9808128]; C. Hofman and E. Verlinde, U-duality of Born-Infeld on the noncommutative twotorus, J. High Energy Phys. 12 (1998) 010 [hep-th/9810116]; Gauge bundles and Born-Infeld on the noncommutative torus, Nucl. Phys. B 547 (1999) 157 [hep-th/9810219];

A. Schwarz, Morita equivalence and duality, Nucl. Phys. B 534 (1998) 720 [hep-th/9805034];

A. Konechny and A. Schwarz, BPS states on noncommutative tori and duality, Nucl.

Phys. B 550 (1999) 561 [hep-th/9811159];

A. Konechny and A. Schwarz, Supersymmetry algebra and BPS states of super Yang- Mills theories on noncommutative tori, Phys. Lett. B 453 (1999) 23 [hep-th/9901077]; 1/4-BPS states on noncommutative tori, J. High Energy Phys. 09 (1999) 030 [hep-th/9907008];

B. Pioline and A. Schwarz, Morita equivalence and T-duality (or B versus Θ), J. High Energy Phys. 08 (1999) 021 [hep-th/9908019];

A. Hashimoto and N. Itzhaki, On the hierarchy between non-commutative and ordinary supersymmetric Yang-Mills, J. High Energy Phys. 12 (1999) 007 [hep-th/9911057]; A. Bergman and O.J. Ganor, Dipoles, twists and noncommutative gauge theory, J. High Energy Phys. 10 (2000) 018 [hep-th/0008030].

[14] H. Liu and J. Michelson, Stretched strings in noncommutative field theory, Phys. Rev.

D 62 (2000) 066003 [hep-th/0004013].

[15] S. Minwalla, M. Van Raamsdonk and N. Seiberg, Noncommutative perturbative dynamics, J. High Energy Phys. 02 (2000) 020 [hep-th/9912072].

[16] H. Liu and J. Michelson, ∗-Trekk: the one-loop N = 4 noncommutative sym action,

hep-th/0008205.

[17] J.M. Maldacena and J.G. Russo, Large-N limit of non-commutative gauge theories, J.

High Energy Phys. 09 (1999) 025 [hep-th/9908134];

T. Harmark, Supergravity and space-time non-commutative open string theory, J. High Energy Phys. 07 (2000) 043 [hep-th/0006023];

R.-G. Cai and N. Ohta, (F 1, D1, D3) bound state, its scaling limits and SL(2, Z) duality, Prog. Theor. Phys. 104 (2000) 1073 [hep-th/0007106]; J.X. Lu, S. Roy and H. Singh, SL(2, Z) duality and 4-dimensional noncommutative theories, Nucl. Phys. B 595 (2001) 298 [hep-th/0007168].

[18] A. Hashimoto and I.R. Klebanov, Decay of excited D-branes, Phys. Lett. B 381 (1996) 437 [hep-th/9604065].

[19] J. Polchinski, String theory vol. II, Cambridge University Press, Cambridge 1998.

[20] S. Gukov, I.R. Klebanov and A.M. Polyakov, Dynamics of (n, 1) strings, Phys. Lett.

B 423 (1998) 64 [hep-th/9711112].

[21] J. Gomis and T. Mehen, Space-time noncommutative field theories and unitarity, Nucl.

Phys. B 591 (2000) 265 [hep-th/0005129].