arXiv:hep-th/0201144 v2 31 Jan 2002

Preprint typeset in JHEP style. - HYPER VERSION hep-th/0201144

Hermitian Analyticity, IR/UV Mixing and Unitarity of Noncommutative Field Theories

Chong-Sun Chu^a, Jerzy Lukierski^{b ∗}and Wojtek J. Zakrzewski^a

aCentre for Particle Theory, Department of Mathematical Sciences, University of Durham, Durham, DH1 3LE, UK bInstitute for Theoretical Physics, University of Wroclaw, pl. M. Borna 9, 50-205 Wroclaw, Poland

Abstract: The IR/UV mixing and the violation of unitarity are two of the most intriguing aspects of noncommutative quantum field theories. In this paper the relation between these two phenomena is explained and established in an explicit form. We start out by showing that the S-matrix of noncommutative field theories is hermitian analytic. As a consequence, a noncommutative field theory is unitary if the discontinuities of its Feynman diagram amplitudes agree with the expressions calculated using the Cutkosky formulae. These unitarity constraints relate the discontinuities of amplitudes with physical intermediate states; and allow us to see how the IR/UV mixing may lead to a breakdown of unitarity. Specifically, we show that the IR/UV singularity does not lead to the violation of unitarity in the space-space noncommutative case, but it does lead to its violation in a space-time noncommutative field theory. As a corollary, noncommutative field theory without IR/UV mixing will be unitary in both the space-space and space-time noncommutative case. To illustrate this, we introduce and analyse the noncommutative Lee model–an exactly solvable quantum field theory. We show that the model is free from the IR/UV mixing in both the space-space and space-time noncommutative cases. Our analysis is exact. Due to absence of the IR/UV mixing one can expect that the theory is unitary. We present some checks supporting this claim. Our analysis provides a counter example to the generally held beliefs that field theories with space-time noncommutativity are non-unitary.

Keywords: Non-Commutative Geometry, Unitarity, Analyticity, S-Matrix .

∗Supported by KBN grant 5P03B05620

Contents

1. Introduction 1

2. Unitarity and Hermitian Analyticity 4 2.1 S-Matrix in the Commutative Case 4 2.2 S-Matrix in the Noncommutative Case 7 2.3 Unitarity Constraints and their Relation to the IR/UV Singularities 9

3. An Application: The Noncommutative Lee Model 10 3.1 Commutative Case 11 3.2 The Noncommutative Lee Model 16

4. Discussion 19

1. Introduction

Recently there has been a lot of activities in constructing and understanding field theories on noncommutative spacetime (see e.g. [1, 2]). There are many reasons why such approaches are of interest, most of them related to the desire to take into consideration the quantum gravity effects and to understand the nature of spacetime at very short distances (see e.g. [3, 4]). Some of the most recently considered noncommutative geometries are the noncommutative Minkowski space R^{D−1,1} [5, 6, 7, 8, 9], the fuzzy sphere S^2_N [10, 11, 12], and the κ-Minkowski spacetime [13, 14, 15]. The algebra of functions on noncommutative R^{D−1,1} is generated by noncommutative space–time coordinates x̂^μ obeying the commutation relations (μ, ν = 0, 1, ...D − 1).

[x̂^μ, x̂^ν ] = iθ^{μν} , (1.1)

where θ^{μν} is an anti-symmetric constant matrix. The fuzzy sphere S^2_N is generated by Hermitian operators x̂ = (x̂_1, x̂_2, x̂_3) satisfying the defining relations (i, j, k = 1, 2, 3).

[x̂_i, x̂_j] = iλ_N ϵ_{ijk} x̂_k, x̂^2_1 + x̂^2 + x̂^2_3 = R^2. (1.2)

Here the noncommutativity parameter λ_N has the dimension of length and should be taken positive. The radius R of the fuzzy sphere is quantized, in units of λ_N , by R λ_N = √ N 2 (N 2 + 1 ) , N = 1, 2, · · · (1.3)

The κ-Minkowski spacetime is defined by the basic relations between the three commuting space coordinates ( [x̂_i, x̂_j ] = 0) and a noncommutative quantum time variable ^t (^x_0 = c^t): [x̂_0, x̂_i] = i κ x̂_i. (1.4)

In this paper we consider the case of noncommutative R^{D−1,1}. This topic has been studied extensively (for a recent review, see e.g. [1, 2] and references therein). Field theory on this noncommutative space can be obtained by the replacement of standard products of fields by the Moyal ∗-product induced by the relation (1.1)^2, A · B(x) −→ A ∗ B(x) = e^{−i θ2 ∂∂z′ ∂∂z′′} A(x + z^′)B(x + z^{′′})|_z′_{=z}′′_{=0}. (1.5) In the momentum basis, the result of such an operation is the appearance of an additional Moyal phase factor V (k^1, · · · , k^N ) e^{ik1x} ∗ e^{ik2x} ∗ · · · ∗ e^{ikN x} = V (k^1, · · · , k^N ) e^i ∑ i k^ix, V (k1, · · · , kN ) := e ∑ i≤j i 2 k^i θk^j . (1.6) Due to this phase factor one has to fix a definite cyclic ordering (say, anti-clockwise) of the momenta that enter any vertex of a given Feynman diagram.

An intriguing phenomenon for the quantum field theory on noncommutative R^{D−1,1} is the existence of an infrared/ultraviolet (IR/UV) mixing [16] in the quantum effective action. Due to this mixing, IR singularities arise from integrating out the UV degrees of freedom. This threatens the renormalizability and even the consistency of a QFT on noncommutative R^{D−1,1}. Hence a better understanding (beyond the technical level) of the mechanism of IR/UV mixing and possible ways to resolve it are certainly highly desirable. We recall that so far in the literature, field theory on noncommutative R^{D−1,1} has been quantized by following the standard perturbative procedures: namely, the action is expanded around the free action and the corresponding Feynman rules are then written down. This is justified in the commutative case; however, since the introduction of θ^{μν} necessarily breaks the Lorentz symmetry from SO(D − 1, 1) to a smaller group that is left unbroken by the commutation relations (1.1), it is actually quite unnatural to employ the standard perturbative vacuum, i.e. the one defined by the free action and so respecting the full Lorentz symmetry. This leads one to suspect that the IR/UV mixing may be reflecting only the properties of the perturbation theory, and may be altered or disappear completely in the full nonperturbative regime (see for example, [17]). An exactly solvable field theory would be a good ground for testing this idea [18]. This leads us to introduce and study the noncommutative Lee model.

Another intriguing phenomenon for any quantum field theory on noncommutative spacetime is that unitarity could be violated. It is commonly believed that

2We denote x = (x, t), z^′ = (z^′, τ^′), z^{′′} = (z^{′′}, τ^{′′}) and use the notation a_μθ^{μν} b_ν ≡ aθb.

noncommutative field theory with space-space noncommutativity is unitary, while theory with space-time noncommutativity is not. This is consistent with the fact that space-space noncommutative field theory can be embedded in string theory [9, 19, 20, 21, 22, 23], while field theory with space-time noncommutativity cannot [24, 25, 26]. In [27] it was found that the unitarity constraints (see (2.11)) are satisfied for noncommutative theories with space noncommutativity but are violated for theories with a noncommuting time (see also [28, 29, 30, 31] for recent discussions). However these constraints are, in general, actually a stronger statement than the unitarity itself. The constraints presume a symmetric condition (see (2.12)) which is not generally valid. Without making any additional assumptions, in this paper, we examine directly the analyticity and unitarity of the S-matrix of a general noncommutative field theory. We show that Feynman amplitudes of a noncommutative theory are hermitian analytic (see (2.6)), a useful characterization of the S-matrix as introduced and proven by Olive [32]. As a result, the statement that the S-matrix is unitary takes the boundary-analytic form (2.7); and that the discontinuity of a Feynman diagram amplitude can be computed according to the Cutkosky formulae [33].

Although these two phenomena have received a lot of attention and have been throughly discussed in the literature, as far as we know, the relation between them has not been identified explicitly and explained before. One of the main aims of this paper is to identify and explain such a relation between IR/UV singularity and the possible violation of unitarity in a noncommutative field theory. This relation will be established through the boundary-analytic unitarity constraints (2.7). The basic idea is that the unitarity constraints allow one to relate the discontinuity of a scattering amplitude in a physical region with the appearance of intermediate states that can be put on-shell in this region. However, in a noncommutative theory, IR singularities can also be generated due to the IR/UV mixing. These new singularities do not correspond to any physical intermediate degrees of freedom. So, generally, one can expect that the unitarity constraints could be violated. In this paper we show, that in the case of space-space noncommutativity, the new IR singularities are safe in the sense that they do not generate any discontinuities in the scattering amplitudes. However, the IR singularities do generate such discontinuities in the space-time noncommutative case. This is the basic field theoretic mechanism for the violation of unitarity in a noncommutative theory. We stress that this violation of unitarity occurs only if time is noncommuting and in the presence of singularities due to the IR/UV mixing.

To illustrate the above ideas, we introduce and analyse the noncommutative Lee model. Lee model [34] is an exactly solvable, nonrelativistic model. The noncommutative Lee model can be defined by using the deformed product of fields (1.5). The model remains exactly solvable. We show that the noncommutative Lee model is free from the IR/UV mixing both at the perturbative level, and in the full exact answer. Thus the noncommutative Lee model does not provide a resolution of the IR/UV mixing issue. This may appear to be disappointing from the point of view of looking for a nonperturbative resolution of the IR/UV mixing issue. Nevertheless, the absence of an IR/UV singularity in a noncommutative field theory is nontrivial. This is one of the main results of this paper. Moreover, due to the absence of the IR/UV mixing, one can expect, from the the above mentioned general arguments, that the Lee model with space-time noncommutativity is unitary. We provide some further arguments to support this claim.

The plan of our presentation is as follows: In section 2.1, we review some basic facts about the S-matrix of commutative field theory. In section 2.2, we prove that Feynman diagram amplitudes in a noncommutative field theory are hermitian analytic and we investigate the consequences of this statement on the unitarity of the theory. We show that the usual form of the unitarity constraints used by many people is not correct in general. We derive the correct form of the unitarity constraints and show how they can be used to check the unitarity of a given noncommutative theory. In section 2.3, we explain how a IR/UV singularity may lead to a breakdown of unitarity in space-time noncommutative field theory. In section 3, we study the issue of the IR/UV mixing and unitarity in the noncommutative Lee model. In section 3.1 we describe the commutative Lee model. We show that this model is renormalizable with the renormalization constants easily computed in a closed form. It is well known that the original Lee model in 4-dimensional spacetime has a ghost state and is not unitary [34, 35, 36]. We discuss improved versions of the original Lee model that do not have these problems; and restrict ourselves to these models when we introduce noncommutativity and address the issue of the unitarity of the noncommutative model. This we do in section 3.2 where we introduce the space-space noncommutative and the space-time noncommutative Lee model via the substitutions (3.33) and (3.34). We show that there is no IR/UV mixing in either case and one can expect that the theory is unitary. We present some arguments supporting this claim.

2. Unitarity and Hermitian Analyticity

In this section, we discuss some useful properties of the S-matrix. We refer the reader to [37] and to the excellent monograph [38] for further details on this subject. We follow the notations and nomenclature of [38].

2.1 S-Matrix in the Commutative Case First we consider the commutative case. Unitarity of a quantum field theory follows from the existence of a hermitian Hamiltonian. In terms of the onshell S-matrix, unitarity is the statement that SS^† = S^† S = 1. (2.1)

Due to the cluster decomposition property of the S-matrix, it is meaningful to decompose S into two parts S = 1 + iT, (2.2)

with T is the transition matrix. Written in terms of T_{ab} := ⟨a|T |b⟩, we have T_{ab} − T^∗_{ba} = i ∑ n T^∗_{na}T_{nb} = i ∑ n T_{an}T^∗_{bn}, (2.3)

where the sum is over all intermediate states associated with putting particles onshell. The S-matrix and the transition matrix T are defined for external particles with real momenta. Since both are invariant under proper Lorentz transformations their matrix elements (transition amplitudes) must be functions of Lorentz scalars which can be formed out of the momenta. We call a combination of external lines of the amplitude for a given physical process a channel, and two channels whose lines are disjoint and exhaustive a reaction. For an amplitude with n external lines, there are 2^{n−1} −n−1 different reactions provided that we exclude reactions with single-particle channels and do not distinguish the direction of the reaction. The channel invariant variable is the square of the energy in the given channel C,

s = s_C = −( ∑ i∈C ±p_i)^2 (2.4)

where ±p_i are the momenta of incoming and outgoing lines, respectively. s_C ’s are generalizations of the Mandelstam s, t, u variables for 2 → 2 scattering. It is convenient to discuss the singularity structure of a scattering amplitude in terms of the space of these 2^{n−1} − n − 1 different channel invariants. For more details see: [37].

The transition amplitudes typically have singularities. In perturbation theory, the transition amplitude T_{ab} is given by the sum of a number of Feynman diagrams M_{ab}, each corresponding to a different channel. The Feynman integral is typically of the form I_G(p) = ∫ L∏ l d^Dk_l I∏ i i q^2_i − m^2_i

· B, (2.5)

where B is a real normalization factor that contains the couplings and factors of π, i etc and p’s are the external momentum. As we have said before, the integral can be written in terms of the s’s. If one extends s to the complex plane, then the singularities are typically branch points in the complex s-plane^3. Extending s to the complex domain, one can think of T_{ab} (or M_{ab}) as the boundary value of an analytic function defined on the complex s-plane. The resulting analytic function has singularities on the real s-axis that correspond to physically accessible momenta. These singularities

3The locations of the singularities are determined by the Landau equations, see for example [38]. We remark that the Landau equations are entirely fixed in terms of the singularity manifold T of the integrand of the Feynman integral, and since noncommutativity modifies the integrand by a phase factor, the Landau equations are unmodified by noncommutativity.

are called the physical region singularities. In addition, this analytic function may have additional singularities that correspond to external momenta that are not physically accessible. The analysis of these additional singularities is more complicated and is not usually performed.

The existence of singularities in the amplitude is a consequence of unitarity [32]. The reasoning is that as the channel invariant increases past a certain threshold (in the physical region of the considered amplitude) that corresponds to a new possible intermediate state, a new term enters the unitarity equation and this gives rise to a singularity in that channel. Such singularities are called normal thresholds. The physical region is divided into segments by the normal thresholds singularities. It can shown, within perturbation theory, that the amplitudes in these segments can be continued consistently into the complex plane and be related analytically if one adopts in the Feynman integrals the +iϵ prescription by replacing m^2 → m^2 − iϵ, ϵ > 0. This corresponds to associating an +iϵ with a channel invariant when it is close to a normal threshold. The +iϵ prescription in the correct invariant is appropriate for all physical region normal thresholds in all amplitudes [38]. Furthermore it can be shown that the Feynman amplitudes (and hence also T ) are hermitian analytic [32], i.e. they satisfy:

M_{ab}(s)^∗ = M_{ba}(s^∗). (2.6)

As a consequence of the hermitian analyticity (2.6), the unitarity relation (2.3) can be put in a more elegant form

Disc T_{ab} = i ∑ n T^{(−)}_{an} T^{(+)}_{nb} = i ∑ n T^{(+)}_{an} T^{(−)}_{nb} . (2.7)

Here f^{(±)} denotes the boundary values, on the real axis, respectively from above and below the cut, of a complex function f,

f^{(±)}(s) := lim_{ϵ→0+} f(s ± iϵ), s ∈ R, (2.8)

and Disc f is the discontinuity across this cut

Disc f := f^{(+)} − f^{(−)}. (2.9)

The relation (2.7) is actually somewhat stronger. Indeed, as a result of unitarity and hermitian analyticity, it holds for each individual Feynman diagram [33]

Disc M_{ab} = i ∑ n M^{(−)}_{an} M^{(+)}_{nb} = i ∑ n M^{(+)}_{an} M^{(−)}_{nb} . (2.10)

In (2.7) and (2.10) the discontinuities in a given channel of the amplitude are associated with normal thresholds.

In terms of Feynman diagrams, the matrix elements M^{(±)}_{ab} are given, respectively, in terms of the ±iϵ prescription: m^2 → m^2 ∓ iϵ. The RHS of (2.10) can be computed using the “cutting rules” of Cutkosky [33]: first cut the diagram in all possible ways such that the cut propagators can go on shell simultaneously (for a given set of s’s), then, for each cut, replace the propagators by −2πiδ(p^2 − m^2) in the relativistic case, and by −2πiδ(p_0 −E(p, m)) in the nonrelativistic case. Finally sum the contributions of all possible cuts.

Before we embark on the noncommutative case, let us remark that the equation (2.3) is sometimes written in the form [39] (or for M),

2 ImT_{ab} = ∑ n T^∗_{na}T_{nb}. (2.11)

To arrive at this form, the following symmetric relation

T_{ab} = T_{ba} (2.12)

has been assumed. This relation holds, for example, when the theory is T -invariant and rotationally invariant, and the basis vectors |a⟩ are chosen to be eigenstates of the total angular momentum [40]. However, we would like to stress that this relation is not true in general. Failure of (2.11) can be due to either the symmetry condition (2.12) or the unitarity of the theory (2.3) not being satisfied or if the amplitude possesses singularities which are not due to the possible intermediate states. Therefore, generically, (2.11) is not a conclusive check of whether a given theory is unitary or not. In the next subsection we show that the hermitian analyticity remains valid in the noncommutative case and, therefore, that (2.7) and (2.10) can be used to check unitary of a noncommutative theory.

2.2 S-Matrix in the Noncommutative Case In a noncommutative quantum field theory the propagators take the same form as in the commutative case while the vertices are modified by the Moyal phase factor (1.6) that arises from the noncommutative multiplication. For example, in the noncommutative ϕ^3 model, the modification of the (real) coupling is a multiplication by a real factor g → g cos( 1 2 pθk), (2.13) where k and p are the momenta entering the vertex. However, it is easy to see that when the theory involves more fields, the modification of the vertex is, generally, a phase factor. For example, this is the case for the noncommutative Lee model to be introduced in the next section. The phase factor (1.6) is cyclically symmetric but not permutation symmetric. Therefore, the symmetric relation is, in general, not valid.

Since Lorentz invariance is broken, in addition to the channel invariants we have introduced above, the S-matrix of a noncommutative field theory generally depends also on the variables s̃_C = −( ∑ i∈C ±p̃_i)^2, p̃_i := θp_i. (2.14)

A novelty in noncommutative theory is the possible existence of the IR/UV mixing [16], which states that the amplitudes in a noncommutative theory become singular in the s̃ = 0 limit as one removes the cutoff, i.e. Λ → ∞. These singularities occur in the physical region of momenta but do not correspond to normal thresholds since the IR/UV singularities are not related to any new degrees of freedom. One may extend the amplitude analytically to above the cut associated with these singularities by adding +iϵ to s̃. This corresponds to extending the iϵ prescription for the Feynman diagram to the cutoff: Λ^2 → Λ^2 + iϵ since the combination 1/Λ^2 − s̃ often appears together [16].

Hermitian analyticity

Next we examine the hermitian analyticity of a noncommutative Feynman diagram. We show that the Feynman amplitudes for noncommutative theories are hermitian analytic. To see this, we note that under the complex conjugation, the Moyal phase factor (1.6) becomes

V (k^1, k^2, · · · , k^N )^∗ = V (k^N , · · · , k^2, k^1), (2.15)

i.e. it reverses the cyclic ordering of the momenta entering the vertex. We can interpret the RHS as the Moyal phase factor of a vertex which is the mirror image of the original one, see figure 1. In the operator language the RHS of (2.15) corresponds to a Wick contraction in the reverse order. For example,

M_{ab} ∼ ⟨0|a_1a_2(ϕ̄_1 ∗ ϕ̄_2 ∗ ϕ_3)a_3^†|0⟩ ∼ V (k_1, k_2, k_3) M_{ba} ∼ ⟨0|a_3(ϕ̄_3 ∗ ϕ_2 ∗ ϕ_1)a_1^†a_2^†|0⟩ ∼ V (k_3, k_2, k_1) = V (k_1, k_2, k_3)^∗, (2.16)

where |a⟩ = a_1^†(k_1)a_2^†(k_2)|0⟩, |b⟩ = a_3^†(k_3)|0⟩ in this example. In general, let

V^G := ∏ v∈G V_v (2.17)

be the product of the Moyal phase factors associated with the vertices v of a Feynman diagram G. We have (V^G)^∗ = V^Ḡ, (2.18)

where Ḡ is the mirror diagram of G.

In a noncommutative theory, the Feynman amplitude for a diagram G takes the form M^G_{ab}(s, s̃) = ∏ l,i ∫ d^D k_l B D^+_i

V^G. (2.19)

PSfrag replacements

Figure 1: A Feynman diagram G and its mirror diagram Ḡ. They have the opposite Moyal phase factors.

Here 1/D^±_i is the propagator of the i-th internal line and the mass square has a small ∓ imaginary part and B is a real normalization factor that contains the couplings^4 and factors of π, i etc. Complex conjugating, one has

(M^G_{ab}(s, s̃))^∗ = ∏ l,i ∫ d^D k_l B D^−_i (V^G)^∗ = M^Ḡ_{ba}(s^∗, s̃^∗). (2.20)

where we have used in the last step the observation that a change of sign in the imaginary part of the mass (or cutoff) corresponds to the change of sign in the imaginary part of s (or s̃). In the discussion given above, for the clarity of the argument, we have been careful to indicate which diagram (G or Ḡ) is to be drawn for the Feynman amplitude to be computed. However this is not really necessary as which diagram has to be drawn is already clear once the the process to be considered (a → b or b → a) is specified. Therefore, can simply write

(M_{ab}(s, s̃))^∗ = M_{ba}(s^∗, s̃^∗). (2.21)

Thus we have shown that the Feynman diagrams (and hence the S-matrix) of a noncommutative theory are hermitian analytic. We stress that our result is general and does not depend on the detailed form of the propagators or vertices. For example, it applies to the noncommutative Lee model to be introduced in section 3.

2.3 Unitarity Constraints and their Relation to the IR/UV Singularities Note that the symmetric condition (2.12) is, in general, not valid and so the condition (2.11) may not hold even if a theory is unitary. However, since Feynman

4We emphasis that the couplings (bare as well as the renormalized one) have to be real. As we discuss at the end of section 3.1, the original Lee model (defined in 4-dimensional spacetime and with the dispersion relations (3.2)) has an imaginary bare coupling [34] and Hermitian analyticity does not hold, in both the commutative and noncommutative cases. However, the improved Lee models have real couplings and so have hermitian analytic S-matrix.

amplitudes satisfy hermitian analyticity, (2.7) and (2.10) hold if the S-matrix is unitary. Therefore we propose to use (2.7) or (2.10) instead of (2.11)^5 as a check of unitarity.

Before we consider a specific model, let us discuss how the IR/UV singularities may lead to a breakdown of unitarity in general. Generally, a new IR/UV singularity in a scattering amplitude can be a pole or a branch point in s̃ = 0, for some s̃. Note that s̃ = (θ_E )^2(p^2_0 − p^2_1) + (θ_B)^2(p^2 + p^2_3), (2.22)

where we have chosen, for example, θ^{01} = θ_E, θ^{23} = θ_B with all other components vanishing. Therefore for space noncommutativity, s̃ is positive definite and so there is no new contribution to the discontinuity of the amplitude from this singularity. However, in the case of space-time noncommutativity, s̃ is not of definite sign in the physical region [27]. Therefore if s̃ is a branch point singularity, there will now be a new contribution to the LHS of (2.10). Since the IR/UV singularities do not correspond to any intermediate degrees of freedom that can go on shell, these new contributions will not be accounted for by the “onshell” sum and (2.10) will be violated. This is the basic mechanism how unitarity is violated by the IR/UV singularities when time is noncommuting. Both the IR/UV singularity and the noncommuting time must be present in order to violate unitarity. Finally, we would like to add, as was shown in [28], that even when one tries to add new degrees of freedom to satisfy the cutting rules in a formal sense, these new degrees of freedom have to be tachyonic and so the theory is inconsistent.

3. An Application: The Noncommutative Lee Model

In this section, we consider the Lee model in D spacetime dimensions and its noncommutative generalization. In particular, we consider the issues of the IR/UV mixing and unitarity for the noncommutative Lee model. We will find that due to the presence of the Moyal phase factors the symmetric condition is not satisfied. Therefore one should check unitarity using (2.10). We show that (and this result is exact) the noncommutative Lee model is free from any IR/UV singularity. As a result, one can expect that the noncommutative Lee model is unitary for both the space-space and space-time noncommutative case. We give further arguments supporting this claim.

Another model which is free from the IR/UV mixing is the noncommutative Chern-Simon model. This model is finite and, as shown by [41], free from the IR/UV mixing at the one loop level. However, it is actually a free theory, at least in the axial gauge [42]. Thus this model is not suitable for our purposes.

5In [27], the 1 → 1 propagator diagram in the noncommutative ϕ^3 and the 2 → 2 scattering diagram in the noncommutative ϕ^4 were considered. It is easy to see that the symmetric condition (2.12) is satisfied for these processes, and so checking of (2.11) constitutes a valid test of unitarity for the noncommutative theories considered there.

3.1 Commutative Case

The Lee model was originally introduced by Lee in [34] where it was shown that the model is renormalizable with its mass, wavefunction and charge renormalizations easily performed in an exact manner. In the following, we follow the presentation of [40]. The model has two fermions V and N with masses m^{(0)}_V , m^{(0)}_N respectively, and a real scalar φ with mass m^{(0)}_φ := μ_0. The Hamiltonian for the free fields is:

H_0 = ∫ d^{D−1} p [ E_V (p) V^†(p)V (p) + E_N (p)N^†(p)N(p) + E_φ(p)φ^†(p)φ(p) ] , (3.1)

where E_V (p), E_N (p), E_φ(p) are the dispersion relations for the free V, N and φ particles, N(p), V (p) and φ(p) are the annihilation operators of the N, V and φ particles, respectively. In the original Lee model [34], D = 4 and the fermions are taken to be very heavy while φ is assumed to be relativistic. In this case, the dispersion relations are given by

E_V = m^{(0)}_V , E_N = m^{(0)}_V , E_φ(k) = (k^2 + μ^2_0)^{1/2} := ω_k. (3.2)

The Galilei-invariant form [45]

E_A(p) = p^2 2m^{(0)}_A , A = V, N, φ, (3.3) as well as the relativistic choice [46]

E_A(p) = ( p^2 + m^{(0) 2}_A )_{1/2} (3.4)

were also studied in the literature. The interacting Hamiltonian of the model is taken to be given by

H_{int} = g_0 ∫ d^{D−1}k √ (2π)^{D−1} 2ω_k ∫ d^{D−1}p ( V^† (p)N(p − k)φ(k) f(k) + φ^†(k)N^†(p − k)V (p) f^∗(k) ) , (3.5) where f(k) is a form factor^6 introduced to smooth out the interaction to avoid the divergences connected with a point interaction. In fact f can be taken to be f = 1 and the divergences can be absorbed by renormalization. This is the case of interest to us. However as we will see, the introduction of noncommutativity to the Lee model amounts to a modification of f by a phase factor. Therefore we will keep f

6Note that, in principle, one can also use a more general form factor f that depends on the momentum of the N φ pair. It is easy to see that this amounts to a simple replacement f(k) −→ f(k, p). (3.6) in the analysis below.

explicitly in the presentation below, with the understanding that it will be set to 1 (or to the Moyal phase factor for the noncommutative case) in the final answer.

We note that the interaction H_{int} is nonlocal in space even in the limit f = 1. To see this, it is convenient to introduce the negative and positive frequency parts of φ:

φ(x) = a(x) + a^†(x), (3.7) a(x) = ∫ d^{D−1}k √ (2π)^{D−1} 2ω_k φ(k)e^{ik·x}, a^†(x) = ∫ d^{D−1}k √ (2π)^{D−1} 2ω_k φ^†(k)e^{−ik·x}. (3.8) In terms of a and a^†, H_{int} can be written in the coordinate space as

H_{int} = g_0 ∫ d^{D−1}x d^{D−1}y ( V^†(x, t)N(x, t)f̃(x − y)a(y, t) + N^†(x, t)V (x, t)f̃^∗(x − y)a^†(y, t) ) , (3.9) where f̃ is the Fourier transform of the Lee model form factor and f̃ → δ(x) in the limit f → 1. It is now clear that the coupling term is nonlocal in space since the operation of taking the positive frequency part involves the integration over all space. However the model is local in time.

Since the theory is local in time, it can be described equivalently in the Lagrangian formulation by performing the Legendre transformation. The Lagrangian density of the model is given by

L = L_0 + L_{int}, (3.10)

where L_0 is the free part:

L_0 = V^† ( i ∂ ∂t + E_V (−i∇) ) V + N^† ( i ∂ ∂t + E_N (−i∇) ) N + a^† ( i ∂ ∂t + E_φ(−i∇) ) a, (3.11) and the interaction is described by

L_{int} = g_0 ∫ d^{D−1}y V^†(x, t)N(x, t) ~f(x − y)a(y, t) + H.C. (3.12)

The Lagrangian formulation will be useful when we introduce an electric deformation of the model.

The Lee model can be solved by considering directly the Schrödinger equation with the Hamiltonian H = H_0 + H_{int} where H_0 is given by (3.1) with the choice (3.2) and H_{int} is given by (3.5). Due to the structure of the interaction (3.12), the only elementary interaction of the theory involves the process

V^⇀↽ N + φ. (3.13)

In a standard relativistic model, the antiparticle φ̄ would appear and the crossed reaction V + φ̄^⇀↽ N (3.14) would be possible, but this is not allowed in the Lee model due to the particular form of the interaction Hamiltonian (3.5). The system possesses two simple conservation laws n_V + n_N = constant, n_V + n_φ = constant, (3.15) where n_V , n_N , n_φ are the total numbers of V, N, φ particles, respectively. Due to the conservation laws (3.15), the eigenfunctions of H contain only a finite number of particles and, consequently, the theory is exactly solvable [34].

Renormalization

The quantization of the theory is straightforward. Locality in time allows us to perform the standard canonical quantization of the theory. The nontrivial commutation relations of the field operators are

[φ(k), φ^†(k^′)] = δ(k−k^′), [N(p), N^†(p^′)]_+ = δ(p−p^′), [V (p), V^†(p^′)]_+ = δ(p−p^′), (3.16) with the rest equal to zero. The vacuum of the theory |0⟩ is defined by

N(p)|0⟩ = V (p)|0⟩ = φ(p)|0⟩ = 0. (3.17)

It is easy to verify that

H_{int}φ^†(k)|0⟩ = 0, H_{int}N^†(p)|0⟩ = 0; (3.18)

thus we can take the φ and N–quanta as the physical particles (of masses μ and m_N , respectively) and identify μ = μ_0, m_{N0} = m_N , and there is only the renormalization of the mass of V to be considered.

Without any loss of generality we consider the dispersion relation s (3.2) in order to study the renormalization of the theory. Consider the sector of the theory associated with one physical V -particle. Denote the physical V-particle as |V̂ (p)⟩. Due to the conservation law (3.15), we have

|V̂ (p)⟩ = √ Z_V ( V (p)^†|0⟩ + ∫ d^{D−1}k Φ(k) N^†(p − k)φ^†(k)|0⟩ ) (3.19)

with the wavefunction Φ(k) still to be determined. Here |V̂ (p)⟩ is an eigenstate of H H|V̂ (p)⟩ = m_V |V̂ (p)⟩. (3.20) The normalization of |V̂ (p)⟩ yields

1 = Z_V (1 + ∫ d^{D−1}k |Φ(k)|^2). (3.21)

Contracting (3.20) with ⟨0|V (p^′), one obtains

m_{V0} + g_0 (2π)^{(D−1)/2} ∫ d^{D−1}k √ 2ω_k f(k)Φ(k) = m_V . (3.22)

On the other hand, contracting (3.20) with ⟨0|N(q)φ(l), one obtains

(m_V − m_N − ω_k)Φ(k) = g_0 (2π)^{(D−1)/2} f^∗(k) √ 2ω_k

, (3.23)

which gives

Φ(k) =^{g0}_{(2π)(D−1)/2}^{f ∗(k)} √ 2ω_k(m_V −m_N −ω_k) , for mV < mN + μ, (3.24)

Φ(k) =^{g0}_{(2π)(D−1)/2} P^{f ∗(k)} √ 2ω_k(m_V −m_N −ω_k ) , for mV > mN + μ. (3.25)

Note that eq. (3.24) corresponds to the case when the V particle is stable; i.e. it cannot spontaneously decay into an N and φ particle. The decay of the V particle is allowed in the case of eq. (3.25). The renormalized coupling can be obtained by requiring the scattering process

N + φ → N + φ (3.26)

to be nonzero in the limit f → 1.

As a result, we obtain the following renormalization constants

Z^{−1}_V = 1 + g^2_0 (2π)^{D−1} ∫ d^{D−1}k 2ω_k |f(k)|^2 (m_V − m_N − ω_k)^2

, (3.27)

m_V = m_{V0} + g^2_0 (2π)^{D−1} ∫ d^{D−1}k 2ω_k |f(k)|^2 (m_V − m_N − ω_k)

, (3.28)

g^2 = g^2_0 Z_V . (3.29)

The integrals in (3.27) and (3.28) are generally divergent in the limit f → 1. As usual, all the scattering amplitudes (Nφ − Nφ, V φ − V φ, V φ − Nφφ, Nφφ − Nφφ etc.) become finite after we have performed the renormalization (3.27), (3.28) and (3.29)^7.

We would like to add a couple of comments:

i) One can perform a path integral quantization of the theory and one obtains the Feynman rules given in figure 2. Using these Feynman rules, it is straightforward to show that the above results for the renormalization can also be obtained in the Lagrangian framework and are exact in perturbation theory. Later we will use these Feynman rules to study the noncommutative Lee model, particularly, in the time noncommuting case.

ii) In the original Lee model [34], D = 4 and the mass renormalization constant is linearly divergent while the wavefunction renormalization is logarithmically divergent. It has been shown that the different choices (3.3) (Galilean kinematics) and

7For example, in the sector V φ − N φφ, the renormalized scattering amplitudes V φ → V φ, V φ → N φφ and N φφ → N φφ were studied in [43] and [44]

PSfrag replacements

Figure 2: Feynman rules for the Lee model

(3.4) (relativistic kinematics) of dispersion relations lead to finite renormalizations when f → 1.

Unitarity and the ghost state

The relation (3.29) between the renormalized coupling g and the bare coupling g_0 can be rewritten as (with f set to 1)

g^2_0 = g^2 1 − g^2I

, where I ≡ ∫ d^{D−1}k (2π)^{D−1} 2ω_k 1 (m_V − m_N − ω_k)^2

> 0. (3.30)

For D = 4, I is logarithmically divergent. If g is to remain fixed and nonvanishing, the bare coupling has to be imaginary

g_0 = i∞^{−1}. (3.31)

and the wavefunction renormalization,

Z_V = 1 − g^2I → −∞. (3.32)

This contradicts the interpretation of Z_V as the probability of finding a bare V quantum in the physical V -particle state. Such negative probabilities imply that the S-matrix is not unitary. In fact one can show that [35] Z_V < 0 corresponds to a new state in the theory. This state |G⟩ has a negative norm and is referred to as the “ghost state” by Kallen and Pauli. As a result, the S-matrix is explicitly non-unitary.

In fact, the not unitarity of the theory is related to the original Hamiltonian being non-Hermitian due to the presence of an imaginary bare coupling.

Two improvements of the original Lee model are possible. One is to consider other dispersion relations e.g. (3.3) and (3.4). This leads to 4-dimensional theory with finite renormalizations and without a ghost [45, 46]. Another possibility is to consider the Lee model in lower dimensions [47]. In D = 3, the integral I in (3.30) is finite and so the model is ghost free for physical coupling 0 < g < 1/ √ I. The improved Lee model is still exactly solvable in both cases. To minimize the number of new formulae, we consider the second class of models when we generalize to the noncommutative case.

3.2 The Noncommutative Lee Model

The noncommutative framework is generated by using the ∗-product (1.5). As mentioned in the introduction, the noncommutative deformation can be introduced either in the Hamiltonian or the Lagrangian formulation in the magnetic case (θ^{i0} = 0). The replacement (1.5) amounts to the following substitution in the formula (3.5): f(k) −→ f(k, p) := f(k) e^{i2 piθij kj} . (3.33) In the electric case with nonvanishing components θ^{i0} ≠ 0^8, the substitution takes the form f(k) −→ f(k, p) := f(k) e^{i2 θ0i (p0ki−pi k0)}. (3.34) Obviously the ∗-product involves an infinite number of time derivatives. The nonlocalities in time destroy not just the usefulness of the Hamiltonian formulation, but also the standard way of relating the Lagrangian and the Hamiltonian description^9. We are thus left only with the Lagrangian framework. For example, when there is only the nonvanishing component θ^{01} = θ ≠ 0, one obtains the modification of the product of V and φ fields V (x, t)∗a(y, t) = e^{−i θ2 ( ∂∂t ∂∂y1 − ∂∂x1 ∂∂t′ )}V (x, t)a(y, t^′)|_{t=t}′ = V (x, t− iθ 2 ∂ ∂y_1 )a(y, t+ iθ 2 ←−− ∂ ∂x_1 ) (3.35) in the interaction Lagrangian (3.12). Note that due to the associativity of the Lagrangian and the integration over spacetime, the ∗-product of the three fields in (3.12) can be represented by a modification of the product for any pair of fields (V φ as in (3.35), V N or Nφ).

Note also that the phase factor in (3.33) and (3.34) does not lead to a real factor as in the noncommutative scalar ϕ^3 case. Thus the noncommutative modification

8Besides magnetic and electric cases one can also consider lightlike deformations [48], corresponding to the case θ_{μν} θ^{μν} = 0.

9For recent efforts at introducing a Hamiltonian framework for Lagrangian densities nonlocal in time see [49, 50, 51]. We have not been able to employ these results here in a constructive way.

in the Lee model involves a complex factor. This, in particular, implies that the symmetric condition (2.12) is not satisfied.

Quantization of the magnetically deformed theory can be achieved by using either the canonical quantization, or equivalently a path integral quantization. In the electric case, canonical quantization fails due to the nonlocality in time. Nevertheless, formally, the theory can be quantized using the path integral method. In the following, we will use the path integral method to analyze both the magnetic and the electric Lee models. The Feynman rules are those of figure 1 with f(k, p) given by (3.33) and (3.34) and work for general D. To be specific, below we consider the noncommutative Lee model in D ≤ 4 dimensional spacetime and with the standard dispersion relations (3.2).

Renormalization and (no) IR/UV mixing

Since the effect of noncommutativity is a modification (3.33) or (3.34) of f by a phase factor, it is clear that the mass, wavefunction and coupling renormalization (depending on |f|^2) are not affected. Thus we conclude that the renormalization constants of the noncommutative Lee model are exactly computable and are independent of the noncommutativity parameter θ.

Moreover, one can easily convince onself that the UV-divergences of the theory reside in planar diagrams that simply do not have nonplanar counterparts. Thus the UV-divergences of the noncommutative Lee model remain untouched in the limit when the cutoff is removed. This is quite different from the other noncommutative field theories which display an intriguing mixing of IR/UV [16]. In these models, the introduction of a nonzero noncommutativity improves the UV convergence of nonplanar diagrams but also leads to new IR singularities for these diagrams. In the present case of the noncommutative Lee model, there simply are no UV-divergences in the nonplanar diagrams, and hence there are also no new IR singularities that could be generated. We conclude that the noncommutative Lee model is free from IR/UV mixing. This result is exact.

Unitarity

First we consider the unitarity constraints at the one loop level. Due to the structure of the vertices (figure 2) in the theory, it is easy to convince oneself that only planar diagrams can be drawn at the one loop level. Therefore the one loop Feynman amplitudes take the form

M_{ab} = M^{(0)}_{ab} e^{iϕab} , (3.36)

where M^{(0)}_{ab} are the corresponding amplitudes in the commutative case, and e^{iϕab} is the Moyal phase factor associated with the planar diagram. As a result, the equation

(2.10) is satisfied since

DiscM_{ab} = e^{iϕab} DiscM^{(0)}_{ab} = ie^{iϕab} ∑ n M^{(0)}_{an} M^{(0)}_{nb} = i ∑ n M_{an}M_{nb}. (3.37)

In the second step, we have used the fact that the constraint (2.10) is satisfied for the commutative Lee model since this model is unitary (or one can verify this in a straightforward manner since the M’s that appear in the sum are tree level ones). In the last step we have used the fact that the planar Moyal phase factor of the 1-loop diagram decomposes simply into the product of factors of the tree level ones: e^{iϕab} = e^{iϕan} e^{iϕnb} . (3.38) Note that due to the form of the modification for the one-loop amplitude (3.36), checking the imaginary part (2.11) would lead to the incorrect conclusion that the noncommutative Lee model is not unitary at a one loop level. Note also that the above argument is general and does not depends on whether θ is spacelike or timelike. Therefore, we conclude that the noncommutative Lee model is unitary at a one loop level for general θ^{μν} . This result is valid to all orders in θ.

PSfrag replacements

Figure 3: A nonplanar diagram

At a higher loop level, one can have nonplanar diagrams, for example, the one in figure 3. The phase factor associated with this diagram is e^{i2 (p1θp2−p1 θp3−p2 θp3)}e^{−ikθ(p2−p3 )}. (3.39) The second phase factor depends on the loop momentum and is a characterization of a nonplanar diagram. As one can check easily, this amplitude is regular in the variable s̃ (and hence θ). Generally, due to the absence of the IR/UV singularity, a nonplanar amplitude will be regular in the variable s̃ and so there is no new discontinuity in the LHS of the unitarity equation (2.10). Since both the LHS and RHS are regular in θ, the unitarity constraint will be satisfied at the zeroth order in θ. Although we believe this to be the case, it may not be easy to verify the unitarity relations to all orders in θ as one would have to exploit various nontrivial relations among special functions and integrals. The fact that unitarity constraints are satisfied at a one loop level; and also (at the zeroth order in θ) for any higher loop amplitude, is already a nontrivial property of the noncommutative Lee model. Without any other source of violation of unitarity in sight, we expect that the noncommutative Lee model is unitary for any θ^{μν} .

4. Discussion

In this paper, we have discussed and examined two basic aspects of noncommutative field theories: the IR/UV mixing and unitarity. We have showed that the S-matrix of a noncommutative field theory is hermitian analytic. This implies that unitarity provides a direct evaluation of the discontinuities associated with the cuts of normal thresholds. We have also explained how the IR/UV singularities can lead to a violation of unitarity for field theories with space-time noncommutativities. As a corollary, we have argued that a noncommutative field theory without any IR/UV mixing will be unitary in both the space-space and space-time noncommutative cases.

As an illustration of the general discussion, we have introduced and analysed the noncommutative Lee model. We have found that the model is entirely free from the IR/UV mixing This result is exact. Our general arguments show that the noncommutative Lee model is unitary in both the space-space and space-time noncommutative cases. Simple explicit checks are consistent with this claim. Thus we provide a counter example to the general belief that field theories with space-time noncommutativity have to be non-unitary.

A consistent quantum field theory on a noncommutative spacetime should be unitary. It should also be free from the problems related to the IR/UV mixing. One can broadly divide the IR/UV mixing phenomena in noncommutative field theories into those that could be called good ones and bad ones. For example, the IR/UV singularities which appear in a purely bosonic noncommutative gauge theory or in a noncommutative QED are bad ones [52]. However, IR/UV singularities are milder and may be absent [53] in the presence of supersymmetry. The milder form of the IR/UV mixing in supersymmetric noncommutative gauge theories leads to a decoupling of the U(1) degrees of freedom in the IR [54, 55]. Not only the U(1) degrees of freedom become free in the IR [55], they also trigger spontaneous supersymmetry breaking [56] in the presence of an appropriate Fayet-Iliopoulos D-term and play the rôle of the hidden sector. This we refer to as good IR/UV mixing effects. More details are provided in [57]. With unitarity better understood and (some) IR/UV mixing turned to be our advantage, it seems not unreasonable to contemplate that nature could indeed be noncommutative (at least at some level of explanation of its phenomena).

Acknowledgments

CSC and JL would like to thank Luis Alvarez-Gaume for useful discussions and comments and the theory group at CERN, where this work was started, for its hospitality. We would also like to thank David Fairlie, Pei-Ming Ho, Valya Khoze, Rodolfo Russo, Lenny Susskind, Richard Szabo and Gabriele Travaglini for helpful discussions.

References

[1] M. R. Douglas and N. A. Nekrasov, “Noncommutative field theory,” hep-th/0106048.

[2] R. J. Szabo, “Quantum field theory on noncommutative spaces,” hep-th/0109162.

[3] S. Doplicher, K. Fredenhagen and J. E. Roberts, “The Quantum structure of spacetime at the Planck scale and quantum fields,” Commun. Math. Phys. 172 (1995)187.

[4] L. J. Garay, “Quantum gravity and minimum length,” Int. J. Mod. Phys. A 10 (1995) 145, gr-qc/9403008.

[5] A. Connes, M. R. Douglas and A. Schwarz, “Noncommutative geometry and matrix theory: Compactification on tori,” JHEP 9802 (1998) 003, hep-th/9711162.

[6] M. R. Douglas and C. M. Hull, “D-branes and the noncommutative torus,” JHEP 9802 (1998) 008, hep-th/9711165.

[7] C. S. Chu and P. M. Ho, “Noncommutative open string and D-brane,” Nucl. Phys. B 550 (1999) 151, hep-th/9812219; C. S. Chu and P. M. Ho, “Constrained quantization of open string in background B field and noncommutative D-brane,” Nucl. Phys. B 568 (2000) 447, hep-th/9906192.

[8] V. Schomerus, “D-branes and deformation quantization,” JHEP 9906 (1999) 030, hep-th/9903205.

[9] N. Seiberg and E. Witten, “String theory and noncommutative geometry,” JHEP 9909 (1999) 032, hep-th/9908142.

[10] J. Madore, “The Fuzzy sphere,” Class. Quant. Grav. 9 (1992) 69.

[11] H. Grosse, C. Klimcik and P. Presnajder, “Towards finite quantum field theory in noncommutative geometry,” Int. J. Theor. Phys. 35 (1996) 231, hep-th/9505175.

[12] C. S. Chu, J. Madore and H. Steinacker, ‘Scaling limits of the fuzzy sphere at one loop,” JHEP 0108 (2001) 038, hep-th/0106205.

[13] S. Zakrzewski, Journ. Phys. A27, 2075 (1994).

[14] S. Majid and H. Ruegg, “Bicrossproduct structure of kappa Poincare group and noncommutative geometry,” Phys. Lett. B 334 (1994) 348, hep-th/9405107.

[15] J. Lukierski, H. Ruegg and W. J. Zakrzewski, “Classical quantum mechanics of free kappa relativistic systems,” Annals Phys. 243 (1995) 90, hep-th/9312153.

[16] S. Minwalla, M. Van Raamsdonk and N. Seiberg, “Noncommutative perturbative dynamics,” JHEP 0002 (2000) 020, hep-th/9912072.

[17] L. Griguolo and M. Pietroni, “Wilsonian renormalization group and the noncommutative IR/UV connection,” JHEP 0105 (2001) 032, hep-th/0104217.

[18] This idea in analysing the IR/UV mixing using an exactly solvable theory was also considered by Alvarez-Gaume and his collaborators. In particular, the noncommutative Schwinger model has been considered. But the model becomes untrackable in the noncommutative case. We thanks Alvarez-Gaume for discussions on this.

[19] A. Bilal, C. S. Chu and R. Russo, “String theory and noncommutative field theories at one loop,” Nucl. Phys. B 582 (2000) 65, hep-th/0003180; C. S. Chu, R. Russo and S. Sciuto, “Multiloop string amplitudes with B-field and noncommutative QFT,” Nucl. Phys. B 585 (2000) 193, hep-th/0004183.

[20] O. Andreev and H. Dorn, “Diagrams of noncommutative Phi**3 theory from string theory,” Nucl. Phys. B 583 (2000) 145, hep-th/0003113.

[21] Y. Kiem and S. M. Lee, Nucl. Phys. B 586 (2000) 303, hep-th/0003145.

[22] J. Gomis, M. Kleban, T. Mehen, M. Rangamani and S. H. Shenker, JHEP 0008 (2000) 011, hep-th/0003215.

[23] H. Liu and J. Michelson, Phys. Rev. D 62 (2000) 066003, hep-th/0004013.

[24] N. Seiberg, L. Susskind and N. Toumbas, “Strings in background electric field, space/time noncommutativity and a new noncritical string theory,” JHEP 0006 (2000) 021, hep-th/0005040.

[25] R. Gopakumar, J. Maldacena, S. Minwalla and A. Strominger, “S-duality and noncommutative gauge theory,” JHEP 0006 (2000) 036, hep-th/0005048.

[26] J. L. Barbon and E. Rabinovici, “Stringy fuzziness as the custodian of time-space noncommutativity,” Phys. Lett. B 486 (2000) 202, hep-th/0005073.

[27] J. Gomis and T. Mehen, “Space-time noncommutative field theories and unitarity,” Nucl. Phys. B 591 (2000) 265, hep-th/0005129.

[28] L. Alvarez-Gaume, J. L. Barbon and R. Zwicky, “Remarks on time-space noncommutative field theories,” JHEP 0105 (2001) 057, hep-th/0103069.

[29] T. Mateos and A. Moreno, “A note on unitarity of non-relativistic non-commutative theories,” Phys. Rev. D 64 (2001) 047703, hep-th/0104167.

[30] A. Bassetto, L. Griguolo, G. Nardelli and F. Vian, “On the unitarity of quantum gauge theories on noncommutative spaces,” JHEP 0107 (2001) 008, hep-th/0105257.

[31] T. C. Cheng, P. M. Ho and M. C. Yeh, “Perturbative approach to higher derivative and nonlocal theories,” hep-th/0111160.

[32] D.I. Olive, “Unitarity and Evaluation of Discontinuities”, Nuovo Cimento 26 (1962)73.

[33] R. E. Cutkosky, “Singularities And Discontinuities Of Feynman Amplitudes,” J. Math.

Phys. 1 (1960) 429.

[34] T. D. Lee, “Some Special Examples In Renormalizable Field Theory,” Phys. Rev. 95 (1954) 1329.

[35] G. Kallen and W. Pauli, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 30, No. 7 (1955).

[36] K.W. Ford, “Problems of Ghost States in Field Theories”, Phys. Rev. 105 (1957) 320. [37] D.I. Olive, “Exploration of S-matrix theory”, Phys. Rev. 135B (1964) 745 [38] R.J. Eden, P.V. Landshoff, D.I. Olive, J.C. Polkinghorne, “The Analytic S-Matrix”, Cambridge University Press, 1966.

[39] G.F. Chew, “The Analytic S Matrix”, W.A. Benjamin (1966). [40] S.S. Schweber, “Relativistic Quantum Field Theory”, Harper & Row (1961), p.505. [41] A. A. Bichl, J. M. Grimstrup, V. Putz and M. Schweda, “Perturbative Chern-Simons theory on noncommutative R**3,” JHEP 0007 (2000) 046, hep-th/0004071.

[42] A. K. Das and M. M. Sheikh-Jabbari, “Absence of higher order corrections to noncommutative Chern-Simons coupling,” JHEP 0106 (2001) 028, hep-th/0103139.

[43] D. Amado, Phys. Rev. 122 (1961) 696.

[44] M.G. Fuda, Phys. Rev. C25 (1982) 1972; ibid C26 (1982) 204; C29 (1984) 1222. [45] J.M. Levy–Leblond, “Galilean Quantum Field Theories and a Ghostless Lee Model”, Comm. Math. Phys. 4, 157 (1967).

[46] F.J. Yndurain, “S-Matrix Formalism, Charge Renormalization, and the Definition of the Hamiltonian in a Simple Field-Theoretic Model”, Journ. Math. Phys. 7 (1966) 1133.

[47] C. M. Bender and C. Nash, “Asymptotic Freedom And The Lee Model,” Phys. Rev.

D 10 (1974) 1753.

[48] O. Aharony, J. Gomis and T. Mehen, “On theories with light-like noncommutativity,” JHEP 0009 (2000) 023, hep-th/0006236.

[49] J. Llosa and J. Vives, J. Math. Phys. 35, 2856 (1994).

[50] R. P. Woodard, “A canonical formalism for Lagrangians with nonlocality of finite extent,” Phys. Rev. A 62 (2000) 052105, hep-th/0006207.

[51] J. Gomis, K. Kamimura and J. Llosa, “Hamiltonian formalism for space-time noncommutative theories,” Phys. Rev. D 63 (2001) 045003, hep-th/0006235.

[52] A. Matusis, L. Susskind and N. Toumbas, “The IR/UV connection in the noncommutative gauge theories,” JHEP 0012 (2000) 002, hep-th/0002075.

[53] V. V. Khoze and G. Travaglini, “Wilsonian effective actions and the IR/UV mixing in noncommutative gauge theories,” JHEP 0101 (2001) 026, hep-th/0011218.

[54] A. Armoni, R. Minasian and S. Theisen, “On non-commutative N = 2 super Yang- Mills,” Phys. Lett. B 513 (2001) 406 [arXiv:hep-th/0102007].

[55] T. J. Hollowood, V. V. Khoze and G. Travaglini, “Exact results in noncommutative N = 2 supersymmetric gauge theories,” JHEP 0105 (2001) 051, hep-th/0102045.

[56] C. S. Chu, V. V. Khoze and G. Travaglini, “Dynamical breaking of supersymmetry in noncommutative gauge theories,” Phys. Lett. B 513 (2001) 200, hep-th/0105187.

[57] C. S. Chu, V. V. Khoze and G. Travaglini, “Noncommutativity and Model Building,” hep-th/0112139.