arXiv:1201.5982v1 [hep-th] 28 Jan 2012

UWThPh-2012-4

Degenerate noncommutativity

Harald Grosse and Michael Wohlgenannt

University of Vienna, Faculty of Physics Boltzmanngasse 5, A-1090 Vienna, Austria Emails: harald.grosse, michael.wohlgenannt@univie.ac.at

Abstract

We study a renormalizable four dimensional model with two deformed quantized space directions. A one-loop renormalization is performed explicitly. The Euclidean model is connected to the Minkowski version via an analytic continuation. At a special value of the parameters a nontrivial fixed point of the renormalization group occurs.

PACS: 11.10.Nx, 11.15.-q Keywords: Noncommutative field theory, degenerate deformation, renormalization, analytic continuation

1 Introduction

During the last years a lot of efforts has been done to obtain renormalizable four dimensional quantum field theory models defined over deformed space-time. These models suffer from the infrared-ultraviolet mixing. In a common work of one of us (H. G.) with Raimar Wulkenhaar [1, 2] we realized, that a Lagrangian with four relevant/marginal operators leads to a renormalizable model. In addition, a nontrivial fixed point occurs in parameter space, at which the beta function for the coupling constant vanishes. Later on different renormalizable models were proposed, [3, 4, 5]. All these models are defined on a Euclidean deformed space. There have been attempts to obtain similar results for models over deformed Minkowski space-time, but the technical problems are, of course, much greater, and no final conclusion has been obtained, up to now, see [6], [7], [8] and [9].

In this note we consider canonical noncommutativity in two space-directions only,

θ^{μν} = 0 0 0 0 0 0 −θ 0 0 θ 0 0 0 0 0 0 . (1)

A scalar field on such a deformed space has been shown to be renormalizable, if one takes five operators into account. Since time is commutative, we expect that the model makes sense also in deformed Minkowski space-time. We also remark that we (one of us in a collaboration [10]) have been able to obtain conditions, which allow an analytic continuation from Euclidean deformed spacetime model to its Minkowski version in case of a commutative time coordinate and under a condition on the time zero algebra.

We perform the one-loop renormalization explicitly and show that the renormalized amplitudes are connected by an analytic continuation, and that in both cases a fixed point occurs.

2 Euclidean space

We are considering the model introduced in [5], S[ϕ] = ∫ d^2xd^2y 1 2 ϕ(x, y)(−Δ + 4Ω^2 θ^2 y^2 + M^2)ϕ(x, y) (2) + κ^2 θ^2 ∫ d^2xd^2yd^2zϕ(x, y)ϕ(x, z) + λ 4! ∫ d^4xϕ(x)^{⋆4} ,

where the second argument of ϕ refers to the noncommuting coordinates y = (x_2, x_3)^T . The term proportional to κ^2 is considered as an interaction, and κ^2 is a dimensionless coupling. Using a matrix base for the noncommutative directions, f_{mn} = 1 √ n!m!θ^{m+n} ā^{⋆m} ⋆ f_0 ⋆ a^{⋆n} , where the ground state is given by f_0 = 2e^{− 1}θ^{(x2+x23)} and with a =^{1√}_2 (x_2 + ix_3) and ā =^{1√}_2 (x_2 − ix_3), we can expand the fields in the following way: ϕ(x, y) = ∑ m,n f_{mn}ϕ_{mn}(x) , ϕ_{mn}(x) = trf_{nm}ϕ(x, y) , (3) and obtain for the action in momentum space S[ϕ] =2πθ ∑ m,n,k,l ∫ d^2Q 1 2 ϕ̃_{mn}(Q)Δ^Q_{mn,kl} ϕ̃_{kl}(−Q) (4)

+ (2πθ)^2 κ^2 θ^2 ∑ m,n ∫ d^2Qϕ̃_{mm}(Q)ϕ̃_{nn}(−Q)

+ 2πθ λ 4! ∑ m,n,k,l ∫ 4∏ i=1 d^2Q_i 2π (2π)^2δ^{(2)}(Q_1 + Q_2 + Q_3 + Q_4)

× ϕ̃_{mn}(Q_1)ϕ̃_{nk}(Q_2)ϕ̃_{kl}(Q_3)ϕ̃_{lm}(Q_4) .

The matrix elements for the kinetic part Δ^Q_{mn,kl} is diagonal in case of Ω = 1,

Δ^Q_{mn,kl} = (Q^2 + M^2 + 4 θ (m + n + 1))δ_{nk}δ_{ml} . (5)

For Ω ≠ 1, also off-diagonal elements are present:

Δ^Q_{mn,kl} = (Q^2 + M^2 +

2(1 + Ω^2) θ (m + n + 1))δ_{nk}δ_{ml} (6) − 2(1 − Ω^2) θ √ (n + 1)(m + 1)δ_{n+1,k}δ_{m+1,l} −

2(1 − Ω^2) θ √ nmδ_{n−1,k}δ_{m−1,l} . 2.1 Feynman rules

Propagator. We treat the noncommutative coordinates in the matrix base and the commutative ones in momentum base. For a discussion of the matrix base see [1, 11].

• For Ω = 1, we obtain

G_{m1n1,m2n2} (P, Q) := < ϕ̃_{m1n1} (P_1, P_4)ϕ̃_{m2n2} (Q_1, Q_4) > = δ_{m1n2} δ_{n1m2} δ(P_1 − Q_1)δ(P_4 − Q_4) P^2_1 + P^2_4 + M^2 +^4_θ (m_1 + n_1 + 1) (7) ≡ δ^{(2)}(P − Q)G_{m1n1,m2n2} (P ) . • For Ω ≠ 1, we can use the result of [12]. We have to replace μ^2_0 in (4.5) by

μ^2_0 → P^2_1 + P^2_4 + M^2 ,

using D = 2, we obtain:

G_{m,m+h;l+h,l}(P ) = θ 8Ω ∫_1 0 dα (1 − α)^{(P} 2 1 +P 2 4 +M 2)θ 8Ω −^1_2 1 + Cα G^{(α)}_{m,m+h;l+h,l}, (8) G^{(α)}_{m,m+h;l+h,l} = (√ 1 − α 1 + Cα )_{m+l+h} min(m,l)∑ u=max(0,−h) A(m, l, h, u) ( Cα(1 + Ω) √ 1 − α(1 − Ω) )_{m+l−2u} , (9) where A(m, l, h, u) = √(_m m−u )(_{m+h} m−u )(_l l−u )(_{l+h} l−u ) , and C is a function of Ω,

C(Ω) =

(1 − Ω)^2 4Ω .

Vertex weights.

n_4 m_1 m_3 n_2 n_1 m_2 m_4 n^3

= −λδ^{(2)}(P_1 + P_2 + P_3 + P_4)δ_{n1m2} δ_{n2m3} δ_{n3m4} δ_{n4m1} (10)

P_1 P_2 n m k l = −2 κ^2 θ^2 δ_{mn}δ_{kl}δ^{(2)}(P_1 − P_2) (11)

Power counting. In [5], the power counting degree of convergence for a Feynman graph G on a Riemann surface with genus g, boundary components b and for κ = 0 was derived:

ω(G) = N − 4 + 4g + 2(b − 1) . (12)

For comparison, in the non-degenerate case the degree of convergence is given by

ω_{nd}(G) = N − 4 + 8g + 4(b − 1) .

This explains the necessity of the fifth operator in the defining action, since a graph with N = 2, g = 0 and b = 2 is logarithmic divergent in the former (see (14)) but finite in the latter case.

2.2 1-loop calculation

In this section, we are computing all the divergent 1-loop diagrams according to the power counting formula (12).

2.2.1 Ω = 1 Let us first consider the case Ω = 1. The first divergent contribution is the planar, regular two-point tadpole.

m_1

n_1 m_2 n_2 l + n_1 m_1 n_2

m_2

l = T_1 = T_{up} + T_{down}

= −δ_{m1n2} δ_{m2n1} ∑ l ∫ d^2P ( λ P^2 +^4_θ (l + m_1 + 1) + M^2 + λ P^2 +^4_θ (l + m_2 + 1) + M^2 )

= −δ_{m1n2} δ_{m2n1} πθλ 4 ( 2 ϵ + ( 4 θ (m_1 + m_2 + 1) + 2M^2) ln ϵ ) + O(ϵ^0) . (13)

The symmetry factor for T_1 is^1_6 . The above logarithmic divergence renormalizes the indices m and n, and also the mass M^2. This is a wave function renormalization at 1-loop. But the “commutative” part of the kinetic term, Q^2, is not renormalized (only at two loops, sunset diagram).

As we have seen above, the planar, non-regular two-point tadpole with two boundary components is logarithmically divergent.

m l n k p

= T_2

= ∫ Λ d^2p −λδ_{lm}δ_{kn} p^2 +^4_θ (l + k + 1) + M^2 = δ_{lm}δ_{kn} λπ ( ln ϵ + γ + ln( 4 θ (l + k + 1) + M^2) ) + O(ϵ^0) . (14)

The symmetry factor for T_2 is^1_6 . The divergent part is independent of the oscillator indices. Therefore, the singularity can easily be subtracted by choosing any fixed indices l_0 and k_0. The values should be fixed by normalization conditions.

The last diagram we have to consider is the following 4-point graph: m m k k n n l l r r P P Q

P + Q = T_3

= λ^2 ∑ r ∫ Λ d^2Q 1 Q^2 +^4_θ (l + r + 1) + M^2 1 (P + Q)^2 +^4_θ (n + r + 1) + M^2

= −λ^2 θπ 4 ln ϵ + O(ϵ^0) . (15)

The symmetry factor for T_3 is^1_3 .

2.2.2 Ω ≠ 1 In the general case Ω ≠ 1, the computation of the contribution of the same diagrams is more involved. The planar, regular tadpole is given by

m_1

n_1 m_2 n_2 l + n_1 m_1 n_2

m_2

l = T^Ω_1 = T^Ω_{up} + T^Ω_{down} ,

where

T^Ω_{up} = −λδ^{(2)}(P_1 − P_2)δ_{m1n2} δ_{m2n1} ∑ k ∫ d^2Q G(Q)_{m1k,km1} (16) and T^Ω_{down} = −λδ^{(2)}(P_1 − P_2)δ_{m1n2} δ_{m2n1} ∑ k ∫ d^2Q G(Q)_{kn1,n1k} . (17)

Let us consider T^Ω_{up} first. For the propagator, we use Eq. (8): G(Q)_{m1l,lm1} = θ 8Ω ∫_1 0 dα (1 − α)^{(Q2+M 2) θ}8Ω^{− 1}2 1 + Cα ( 1 − α (1 + Cα)^2

) 1_{2 (m1+l)} (18)

m_1∑

u=max(0,m_1−l) ( m_1 m_1 − u )( l m_1 − u ) ( Cα(1 + Ω) √ 1 − α(1 − Ω) )_{2(m1−u)}

and the substitution (1 − α) = e^{−β 8Ω}θ .

We have to analyse the sum over u in more detail. We only concentrate on the divergent contributions. For simplicity, we use m instead of m_1. • u = m: T^{Ω,m}_{up} = π ∞∑ k=0 ∫_∞ ϵ dβ β e^{−β 4Ωk}θ (1 + C(1 − e^{−β 8Ω}θ ))^{m+k+1} e^{−β(M 2+ 4Ωθ (1+m))} (19)

= π ∫_∞ ϵ dβ β (1 + C(1 − e^{−β 8Ω}θ ))^{−m}e^{β 4Ω}θ e^{β 4Ω}θ − 1 + C(1 − e^{−β 8Ω}θ )e^{β 4Ω}θ e^{−β(M 2+ 4Ωθ (1+m))} .

In the next step, we expand the integrand – except for the exponential in order to avoid ordinary IR divergences – for small values of β, since we are only interested in the divergent contributions and small values of β correspond to large momenta.

T^{Ω,m}_{up} = π 1 + 2C ( θ 4Ω ( 1 ϵ + ln ϵ( 4Ω θ (m + 1) + M^2) ) (20) − 1 + 4C 2(1 + 2C) ln ϵ + 2Cm ln ϵ ) + O(ϵ^0) (21) • u = m − 1: T^{Ω,m−1} up = π ∞∑ k=1 ∫_∞ ϵ dβ β ( m 1 )( k 1 ) (1 − e^{−β 8Ω}θ )^2e^{−β 4Ωk}θ (1 + C(1 − e^{−β 8Ω}θ ))^{m+k+1}

(22)

× ( (1 + Ω)(1 − Ω) 4Ω )_2

e^{−β(M 2 + 4Ωθ (m−1))} = − 4πm (1 + 2C)^2 ( (1 + Ω)(1 − Ω) 4Ω )_2

ln ϵ + O(ϵ^0) .

• u = m − 2: This yields already a finite contribution. The same is true for smaller u’s, since the numerator of the integrand is proportional to β^{2(m−u)}, whereas the denominator, after summing over k, is proportional to β^{m−u+2}.

For T^Ω_{down}, we obtain the same result. This amounts to

T^Ω_1 = −λδ^{(2)}(P_1 − P_2)δ_{m1n2} δ_{m2n1} { π 1 + 2C ( θ 2Ωϵ + M^2θ 2Ω ln ϵ ) (23)

+ π (1 + 2C)^2

(m_1 + n_1 + 1) ln ϵ } (24)

and is consistent with the one previously obtained in (13).

m l n k p

= T^Ω_2 = −λ δ^{(2)}(P_1 − P_2) ∫ d^2Q G_{kl;mn}(Q) ,

where l = k + h and m = n + h, for some h. We then obtain

T^Ω_2 = −λδ^{(2)}(P_1 − P_2) θ 8Ω ∫_1 0 dα ∫ d^2Q

(1 − α)^{(Q2+M2)θ}8Ω^{− 1}2 1 + Cα (√ 1 − α 1 + Cα )_{k+n+h}

× min(k,n) ∑ u=max(0,−h) A(k, n, h, u) ( Cα(1 + Ω) √ 1 − α(1 − Ω) )_{k+n−2u}

= λπδ_{kn}δ_{lm}δ^{(2)}(P_1 − P_2) ln ϵ

The contribution of the 4-point graph depicted in (15) yields

T^Ω_3 = − λ^2πθ 2(1 + Ω^2) ln ϵ . (25)

2.3 Explicit renormalization

In this section, we explicitly perform the 1-loop renormalization using the results computed in the previous subsections. Let us consider the general case, Ω ≠ 1. In general, the 1-loop corrections are diagonal (cf. [13]) and the effective action is renormalized according to

S[Z^{1/2}ϕ̃]_{1−loop} = S[ϕ̃; M_{phys}, λ_{phys}, Ω_{phys}, κ_{phys}, a_{phys}] ,

we obtain identifications for the physical parameters. In the commutative case, we have no wave function renormalization at 1-loop. The sunset diagram is at second order and the first diagram to introduce such a renormalization. In the noncommuative case, there is a different picture. For non-degenerate noncommutativity, the planar two-point tadpole, introduces a wave function renormalization already at 1-loop order. In the case we are considering here, where the noncommutativity is restricted to two (spatial) dimensions, we get a mixture of both scenarios. The 2-point tadpole renormalizes the wave function partly and breaks the symmetry between commutative and noncommutative directions. In order to capture this asymmetry we introduce an additional parameter a for the commutative directions. An alternative solution would be to scale the noncommutativity parameter θ instead.

The physical (renormalized) paramters can now be identified. The logarithmic derivative of the inverse map with respect to the logarithm of the momentum cutoff Λ = 1/ √ ϵ determines β functions:

β_Ω = λ_{phys}Ω_{phys}(1 − Ω^2_{phys}) 6(1 + Ω^2_{phys})^2 , β_λ = λ^2_{phys}

1 − Ω^2_{phys} 6(1 + Ω^2_{phys})^2

, (26)

β_a = − a_{phys}λ_{phys} Ω^2_{phys} 6(1 + Ω^2_{phys})^2 , β_κ2 = − κ^2_{phys}λ_{phys}Ω^2_{phys} 6(1 + Ω^2_{phys})^2 − πλ_{phys} 3(2π)^2 , β_M 2 = −λ_{phys}(

Ω^2_{phys} 6(1 + Ω^2_{phys})^2 − 1 3(1 + Ω_{phys})^2 ) − λ_{phys} 6M^2_{phys}(1 + Ω_{phys})^2

Λ^2 .

2.3.1 Ω = 1

The results for Ω = 1 coincide with those above, in the limit Ω → 1. It is remarkable that the physical coupling λ_{phys} is unchanged, i.e. it has a vanishing β function, as in the non-degenerate case. Probably, this effect does not sustain to higher order loop corrections, because of the asymmetry between commutative and noncommutative directions and the need to introduce the additional parameter a. In the renormalisation proof (to all orders) in [5] using multiscale analysis, it was not necessary to introduce this parameter a. Somehow, multiscale analysis seems to be unaffected or insensitive of this asymmetry, which appears in the explicit calculations here!

3 Minkowski space-time

For the deformed Minkowski space-time we shall restrict ourselves to Ω = 1. The kernel for the quadratic part becomes

Δ^{M,Q}_{mn,kl} = (−Q^2_0 + Q^2_1 + M^2 + 4 θ (m + n + 1))δ_{nk}δ_{ml} (27)

We expand the scalar field in terms of plane waves - with respect to variables t and z - and the oscillator basis - with respect to x and y: Φ(t, z) = ∑ mn ∫ dp (2π)2ω_{p,mn} ( e^{−i ωp,mnt}e^{ipz} f_{mn} ⊗ a_{p,mn} (28) + e^{i ωp,mnt}e^{−ipz}f_{nm} ⊗ a^†_{p,mn} ) , with ω^2_{p,mn} = p^2 + 4 θ (m + n + 1) + M^2 . m, n ∈ N , (29) ϕ_{mn}(t, z) = ∫ dp (2π)2ω_{p,mn} ( e^{−i ωp,mnt}e^{ipz}a_{p,mn} + e^{i ωp,nmt}e^{−ipz} a^†_{p,nm} ) , (30)

where Φ(t, z) = ∑ mn f_{mn}ϕ_{mn}(t, z) , ϕ_{mn}(t, z) = trf_{nm}Φ(t, z) . (31) This is a solution of the noncommutative wave equation:

∂^2_0 Φ − ∂^2_z Φ − { ỹ^{2 ⋆}, Φ } + M^2Φ = 0 , (32) where y = (x_1, x_2)^T and z = x_3. The creation and annihilation operators satisfy the following relations:

[a_{p,mn}, a^†_{q,m}′_n′ ] = (2π) 2ω_{p,mn} δ(p − q)δ_{mm}′ δ_{nn}′ , [a_{p,mn}, a_{q,m}′_n′ ] = [a^†_{p,mn}, a^†_{q,m}′_n′ ] = 0 . These relations lead to

[ϕ_{mn}(t, z_1), ϕ̇_m′_n′ (t, z_2)] = iδ(z_1 − z_2)δ_{mn}′ δ_{nm}′ , (33) and [ϕ_{mn}(t_1, z_1), ϕ_m′_n′ (t_2, z_2)] = = ∫ dp (2π) 2ω_{p,mn} ( e^{−iωp,mn (t1−t2)}e^{ip(z1−z2)} − e^{iωp,mn(t1 −t2)}e^{−ip(z1−z2)} ) δ_{mn}′ δ_{nm}′ .(34) The above Equation implies causality in the two-dimensional commutative subspace.

The Hamiltonian is given by: H = 1 2 ∫ d^3x ( (∂_0Φ)^2 + (∂_zΦ)^2 + Φ { x̃^2_1 + x̃^2^⋆, Φ } + M^2 Φ^2 ) (35) ≡ 1 2 ∫ d^3p̃ω_{p,mn} ( a^†_{p,mn}a_{p,mn} + a_{p,mn}a^†_{p,mn} ) , where we defined the measure ∫ d^3p̃ = 2πθ ∑ m,n ∫_{dp} 2π(2ω_{p,mn} ) . Naturally, we can

define a normal ordering:

: H := ∫ d^3p̃ ω_{p,mn}a^†_{p,mn}a_{p,mn} . (36) We have to study the time ordered vacuum expectation value of the product of n fields: (0|T Φ . . . Φ|0) = (0|T ∑ k,l f_{k1ln} ϕ_{k1k2} ϕ_{k2k3} . . . ϕ_{knln} |0) = ∑ k,l < f_{k1ln} >< 0|T ϕ_{k1k2} ϕ_{k2k3} . . . ϕ_{knln} |0 > (37) = ∑ k,l < 0|T ϕ_{k1k2} ϕ_{k2k3} . . . ϕ_{knk1} |0 > .

Using (30), we obtain

< 0|T ϕ_{m1n1} (t_1, z_1)ϕ_{m2n2} (t_2, z_2)|0 >= ∫_{dp} (2π)^2 2ω_{p,m1n1} δm^1m^2 δn^1n^2 (38) × ( θ(t_1 − t_2)e^{iωp,m1n1 (t1 −t2)−ip(z1−z2)} + θ(t_2 − t_1)e^{−iωp,m1 n1 (t1 −t2)+ip(z1−z2)} ) . More general, the expressions to be studied are expectation values of the form

< 0|ϕ_{m1n1} (t_1, z_1)ϕ_{m2n2} (t_2, z_2) . . . ϕ_{mN nN} (t_N , z_N )|0 > , (39)

which are in the undeformed case connected to the Euclidean correlation functions by analytic continuation, see 3.3. Serious difficulties arise, if one considers a noncommutativity of the time coordinate as discussed in [14].

3.1 Feynman rules

The action for the scalar field on the deformed Minkowski space-time is given by the Minkowski version of equation (4). Therefore, the propagator reads

G^M_{m1n1;m2n2} (P ) = i −P^2_0 + P^2_1 +^4_θ (m_1 + n_1 + 1) + M^2 + iϵ

, (40)

whereas the vertex weight is given by

−iλ δ_{n1m2} δ_{n2m3} δ_{n3m4} δ_{n4m1} δ^{(2)}(P_1 + P_2 + P_3 + P_4) . (41)

3.2 1-loop calculations

The calculation of the divergent contributions of the above mentioned diagrams uses the Feynman rules (40) and (41) and follows the same lines as in the Euclidean case.

3.2.1 Explicit renormalization

Similar as before, we obtain an effective action and the one-loop corrections in Minkowski space. The divergent corrections of the parameters in the Minkowski case coincide with the corresponding Euclidean ones. Therefore, the beta functions coincide as well. The most important result is the vanishing of the beta function of the coupling λ at Ω = 1.

3.3 Analytic continuation

Let us start with the Wightman two-point function:

W (t, x) =< 0|Φ(t, z)Φ(0, 0)|0 > = ∑ m,n ∫ dp 2π 1 2ω_{p,mn} e^{ipx−iωp,mn t} , (42) where ω^2_{p,mn} = p^2 +^4_θ (m + n + 1) + M^2. The expectation value W (t, x) has an analytic continuation to complex values in the time difference t from the lower half plane t − ix_4 with x_4 > 0,

W (t − ix_4, x) = ∑ m,n ∫ dp 2π 1 2ω_{p,mn} e^{ipx−iωp,mn(t−ix4 )} . (43) This coincides for t = 0 with the Schwinger two-point function, i.e. the Euclidean correlation function:

Δ^E_{m1n1;m2n2} (x) = δ_{m1 n2} δ_{m2n1} ∫ dp 2π 1 2ω_{p,m1n1} e^{ipx1−ωp,m1n1 |x4|} , (44) for x_4 > 0 and with the discrete indices m_1, n_1. This leads to the following form of the Euclidean propagator:

Δ^E_{m1n1;m2n2} (x) = ∫ dP_1dP_4 (2π)^2 δ_{m1n2} δ_{m2n1} e^{ipx} P^2_1 + P^2_4 +^4_θ (m_1 + n_1 + 1) + M^2

. (45)

which incorporates the Euclidean invariance in the undeformed dimensions and has been used in previous sections. The step back to equation (44) is obtained by integration over P_4.

4 Conclusions

A remarkable result of this letter concerns the appearance of the fixed point at Ω = 1, at least to 1-loop, which implies the vanishing of the beta function for the coupling constant at this parameter point:

β_λ = 0.

Furthermore, we observe the appearance of an additional, sixth parameter relevant in the renormalization procedure. Its origin lies in the asymmetry between noncommutative and commutative directions at 1-loop. We could show that this is true not only in Euclidean but also in Minkowski space-time with commuting time coordinate. We started the program of analytic continuation of the one-loop contributions for Ω = 1.

References

[1] H. Grosse and R. Wulkenhaar, “Renormalisation of ϕ^4 theory on noncommutative R^2 in the matrix base,” JHEP 12 (2003) 019,

hep-th/0307017.

[2] H. Grosse and R. Wulkenhaar, “Renormalisation of ϕ^4 theory on noncommutative R^4 in the matrix base,” Commun. Math. Phys. 256 (2005) 305–374, hep-th/0401128.

[3] F. Vignes-Tourneret, “Renormalization of the orientable non-commutative Gross-Neveu model,” Annales Henri Poincare 8 (2007) 427–474,

math-ph/0606069.

[4] R. Gurau, J. Magnen, V. Rivasseau, and A. Tanasa, “A translation-invariant renormalizable non-commutative scalar model,” Commun. Math. Phys. 287 (2009) 275–290,

arXiv:0802.0791 [math-ph].

[5] H. Grosse and F. Vignes-Tourneret, “Quantum field theory on the degenerate Moyal space,” J. Noncommut. Geom. 4 (2010) 4,

arXiv:0803.1035 [math-ph].

[6] A. Fischer and R. J. Szabo, “Duality covariant quantum field theory on noncommutative Minkowski space,” JHEP 02 (2009) 031,

arXiv:0810.1195 [hep-th].

[7] J. Zahn, “Divergences in quantum field theory on the noncommutative two-dimensional Minkowski space with Grosse-Wulkenhaar potential,”

arXiv:1005.0541 [hep-th].

[8] D. Bahns, “The ultraviolet infrared mixing problem on the noncommutative Moyal space,” arXiv:1012.3707 [hep-th].

[9] A. Fischer and R. J. Szabo, “Propagators and Matrix Basis on Noncommutative Minkowski Space,” Phys. Rev. D84 (2011) 125010,

arXiv:1106.6166 [hep-th].

[10] H. Grosse, G. Lechner, T. Ludwig, and R. Verch, “Wick rotation for quantum field theories on degenerate Moyal space(-time),”

arXiv:1111.6856 [hep-th].

[11] J. M. Gracia-Bondia and J. C. Varilly, “Algebras of distributions suitable for phase space quantum mechanics. 1,” J. Math. Phys. 29 (1988) 869–879.

[12] V. Rivasseau, “Non-commutative renormalization,”

arXiv:0705.0705 [hep-th].

[13] H. Grosse and R. Wulkenhaar, “The β-function in duality-covariant noncommutative ϕ^4 theory,” Eur. Phys. J. C35 (2004) 277–282,

hep-th/0402093.

[14] D. Bahns, “Schwinger functions in noncommutative quantum field theory,” Annales Henri Poincare 11 (2010) 1273–1283,

arXiv:0908.4537 [math-ph].