arXiv:0910.4805v3 [hep-th] 3 Feb 2010

New four-dimensional integrals by Mellin-Barnes transform

Pedro Allendes^a, Natanael Guerrero^b, Igor Kondrashuk^b, Eduardo A. Notte Cuello^c

(a) Departamento de Física, Universidad de Concepción, Casilla 160-C, Concepción, Chile (b) Departamento de Ciencias Básicas, Universidad del Bío-Bío, Campus Fernando May, Casilla 447, Chillán, Chile (c) Departamento de Matemáticas, Facultad de Ciencias, Universidad de La Serena, Benavente 980, La Serena, Chile

Abstract

This paper is devoted to the calculation by Mellin-Barnes transform of a especial class of integrals. It contains double integrals in the position space in d = 4 − 2ϵ dimensions, where ϵ is parameter of dimensional regularization. These integrals contribute to the effective action of the N = 4 supersymmetric Yang-Mills theory. The integrand is a fraction in which the numerator is a logarithm of ratio of spacetime intervals, and the denominator is the product of powers of spacetime intervals. According to the method developed in the previous papers, in order to make use of the uniqueness technique for one of two integrations, we shift exponents in powers in the denominator of integrands by some multiples of ϵ. As the next step, the second integration in the position space is done by Mellin-Barnes transform. For normalizing procedure, we reproduce first the known result obtained earlier by Gegenbauer polynomial technique. Then, we make another shift of exponents in powers in the denominator to create the logarithm in the numerator as the derivative with respect to the shift parameter δ. We show that the technique of work with the contour of the integral modified in this way by using Mellin-Barnes transform repeats the technique of work with the contour of the integral without such a modification. In particular, all the operations with a shift of contour of integration over complex variables of two-fold Mellin-Barnes transform are the same as before the δ modification of indices, and even the poles of residues coincide. This confirms the observation made in the previous papers that in the position space all the Green function of N = 4 supersymmetric Yang-Mills theory can be expressed in terms of UD functions.

Keywords: Lcc vertex, Mellin-Barnes transform, UD functions

1 Introduction

The method of uniqueness was a big jump in calculating of Green functions in the massless quantum field theories [1, 2, 3, 4]. It can successfully be used in a combination with a set of other powerful methods to calculate integrals, for example with Gegenbauer polynomial technique (GPT) of Refs. [5, 6, 7, 8, 9, 10, 11] or with Mellin-Barnes (MB) transformation [12, 13]. Certain modifications of uniqueness method were developed and applied to so called one-step deviating from the unique objects [14]. The unique objects are unique triangle and unique vertex [14]. In Ref. [14] it was observed that the number of rungs in a propagator-type diagram of a particular topology can be reduced by one in a special limit. Later, it has been realized that the number of rungs can be reduced by one in a triangle ladder-like vertex without that special limit [15, 16]. The approach of Ref. [14] helped to calculate a special class of propagator-type diagrams for an arbitrary number of loops in Ref. [15]. The same approach was applied to calculation of triangle ladder vertex diagram with an arbitrary number of rungs and remarkable recursive relations between two neighbour-rung results were derived [17, 18]. In such a way an infinite series of UD functions Φ^{(n)} (x, y) of two real variables x, y was generated [17, 18], n is a number of the function in this series.

In the present paper we argue that the three-point scalar integrals in the position space in the massless four-dimensional quantum field theories with certain powers of spacetime distances in the denominators can be reduced to the UD functions. Such integrals appear usually in a course of evaluation of the three-point Green functions with several internal vertices in the position space. After evaluating the first of the integrations (or in other words, after making integration in the first of the internal vertices of a graph), in the next integrations we have the powers of spacetime intervals in the denominators changed from the initial values to integer numbers shifted by some multipliers of ϵ, where ϵ is a parameter of dimensional regularization, d = 4−2ϵ. With shifting these powers of spacetime distances in the denominator by a parameter δ we can study integrals with powers of logarithms in the numerator of the integrand.

It is necessary to mention that any three-point integration in the position space in the massless theory with any powers of spacetime intervals in the denominator can be represented in terms of Appell’s hypergeometric function [19]. However, in a particular case of the integrals considered in the present paper which can be decomposed in Laurent series of the deviations parameters ϵ and δ, the Appell’s hypergeometric function is reduced to a combination of the UD functions. In Ref. [19] the Appell’s function appears as the result of the residue calculation via Mellin-Barnes transform. This powerful method allows to perform complicate multiloop calculations in the quantum field theory [20]. In the present paper we apply MB transform too. The method that we propose is based on the manipulations with contour of integration in the complex plane of MB parameters together with adding and subtracting certain products of the spacetime distances with the UD functions in the MB representation. It can be applied to a more general case of the multipoint Green functions or amplitudes, for example to the recent Wilson line calculation [21].

One of the motivations for the investigation developed in this paper was to calculate an auxiliary vertex, which in N = 4 supersymmetric Yang-Mills theory does not depend on any scale, ultraviolet or infrared. This is Lcc vertex in which the auxiliary field L couples to two (self-adjoint) Faddeev-Popov ghost fields c. It is superficially convergent in the Landau gauge in the component formalism for any renormalizable four-dimensional gauge theory. Formally, the superficial convergence of this vertex holds to all orders of perturbation theory due to the antighost equation [22]. The superficial convergence for this vertex is equivalent to finiteness of this vertex for all number of loops in N = 4 supersymmetric Yang-Mills theory [23, 24, 25]. This is a consequence of ST identity [26, 27, 28, 29, 30, 31, 32, 33] and the explicit two-loop result has been found in Refs. [34, 35, 36]. All the poles in ϵ disappear in all number of loops for this vertex. However, it cannot be analysed by the methods of conformal field theory since the auxiliary field L does not propagate^1. In the nonsupersymmetric theories this vertex is not finite and a calculation of the anomalous dimension of operator cc has been performed in [37, 38].

It is possible to find some hints for the relations derived in this paper studying the all-order finite Lcc vertex. As it is described in detail in Section 3 of the present paper we can calculate a part of the three-loop correction to this vertex in two distinct ways. On one side, we can use the method of Ref. [36] and the result is the UD functions, logarithms and powers of spacetime intervals. On the other side, we can integrate the two-loop result of Ref. [35] in the way as it is done usually in Bethe-Salpeter equation with one new gluon propagator between external legs of the ghost fields for this vertex. The two-loop result contains logarithms of ratios of the spacetime distances between the three external points of this correlator, and in turn it is the integrand of the three-loop contribution done in the second way. Thus, the integration of the two-loop result should produce the UD functions at most. Such a type of integrands with the logarithms in the denominators is of the type that we consider in the present paper. The all-order structure of this vertex can be fixed by solving Bethe-Salpeter (BS) equation [44]. A solution to that equation would give the recursive coefficients in front of the UD functions which are the basis for decomposition of the Lcc correlator in higher orders [44] of the perturbation theory.

The paper is organized as follows. In Section 2 we review the notation and previous results. In Section 3 the analysis and description of the integral structure of the vertex is performed. Section 4 is devoted to the reproducing via the Mellin-Barnes (MB) technique the result for J(λ, λ, 2λ) derived early by Gegenbauer polynomial technique. In Section 5 the integral J(λ − δ, λ, 2λ + δ) is taken via Mellin-Barnes (MB) technique in which δ is a small positive variable and λ = 1 − ϵ. In four Appendices some technical points are described. All the calculations are done in the position space.

2 Notation, technique and previous results

In Refs. [34, 35, 36] uniqueness method [4] and Gegenbauer polynomial technique (GPT) [11] were used in order to calculate correlators. The uniqueness method contains several rules to integrate massless chains and vertices algebraically, i.e. without a direct calculation of d-space integrals. We assume the notation of Ref. [34], where [Ny] = (x_N −y)^2 and analogously for [Nz] and [yz], that is, N = 1, 2, 3 stands for x_N = x_1, x_2, x_3, respectively. The rules and notation are

1In contrary, three-point function of dressed mean gluon of Refs. [23, 24, 25] can be fixed by conformal symmetry in analogy to [39, 40, 41, 42, 43], however, to find four-point off-shell correlator by conformal symmetry is impossible since an arbitrariness arises.

following:

• The results for chains J(α_1, α_2) :

J(α_1, α_2) ≡ ∫ Dx 1 [x1]^{α1} [x2]^{α2} = A(α_1, α_2, d − α_1 − α_2) [12]^{α1 +α2−d/2} , A(α_1, α_2, α_3) = a(α_1)a(α_2)a(α_3).

We have introduced a new d-dimensional measure Dx ≡ π^{− d}2 d^dx.

• Uniqueness method: if α_1 + α_2 + α_3 = d, then

J(α_1, α_2, α_3) ≡ ∫ Dx 1 [x1]^{α1} [x2]^{α2} [x3]^{α3} = A(α_1, α_2, α_3) [12]^{d/2−α3} [13]^{d/2−α2} [23]^{d/2−α1}

• The result for the first UD function [19] is

J(1, 1, 1) = 1 [31]

Φ^{(1)} ( [12] [31] , [23] [31] )

= 2 B [ ζ(2) − Li_2 ( [23] + [12] − [13] − B 2[23] ) − Li_2 ( [23] + [13] − [12] − B 2[23] )

+ ln ( [23] + [12] − [13] − B 2[23] ) ln ( [23] + [13] − [12] − B 2[23] )

− 1 2 ln ( [12] [23] ) ln ( [13] [23] )] , B^2 = ([12] − [13])^2 − 2([12] + [13])[23] + [23]^2.

The ghost field interacts with the gauge field only. This means that one proper diagram is possible at one-loop level for the auxiliary Lcc vertex which contributes to the effective action as [35] ∫ d^4x_1d^4x_2d^4x_3 ig^2N 2^8π^6 f^{abc}L^a(x_1)c^b(x_2)c^c(x_3) V^{(1)}(x_1, x_2, x_3),

V^{(1)}(x_1, x_2, x_3) = [ −1 [12]^2[23]^2 + 2 [12]^2[31]^2 + −1 [23]^2[31]^2 + −1 [12][23][31]^2 + 2 [12][23]^2[31] + −1 [12]^2[23][31] ] . Two-loop planar correction to the Lcc vertex can be represented as combination of five diagrams of Ref.[35], and the contribution of these diagrams to the effective action is ∫ d^4x_1d^4x_2d^4x_3 ig^4N^2 2^{15}π^8 f^{abc}L^a(x_1)c^b(x_2)c^c(x_3) V^{(2)}(x_1, x_2, x_3),

V^{(2)}(x_1, x_2, x_3) =

[ 29/3 [12]^2[23]^2 + 32/3 [12]^2[31]^2 + 29/3 [23]^2[31]^2 + −52/3 [12][23][31]^2 + −40/3 [12][23]^2 [31] + −52/3 [12]^2[23][31] ]

+ [ 1 [12]^2[23] + 1 [23][31]^2 + −13 [12][31]^2 + −13 [12]^2[31] + −2[12] [23]^2[31]^2 + −2[31] [12]^2[23]^2 + 12[23] [12]^2[31]^2 ] J(1, 1, 1) + [ −2 [12]^2[23]^2 + −6 [12]^2[31]^2 + 18 [23]^2[31]^2 + 10 [12][23][31]^2 + −14 [12][23]^2[31] + 6 [12]^2[23][31] ] ln[12] + [ −16 [12]^2[23]^2 + 12 [12]^2[31]^2 + −16 [23]^2[31]^2 + −16 [12][23][31]^2 + 28 [12][23]^2[31] + −16 [12]^2[23][31] ] ln[23] + [ 18 [12]^2[23]^2 + −6 [12]^2[31]^2 + −2 [23]^2[31]^2 + 6 [12][23][31]^2 + −14 [12][23]^2[31] + 10 [12]^2[23][31] ] ln[31]. (1)

3 Logarithmic integral

We need to calculate a contribution to the effective action proportional to ∫ d^4x_1d^4x_2d^4x_3 f^{abc}L^a(x_1)c^b(x_2)c^c(x_3) V^{(3)}(x_1, x_2, x_3),

in which the integral expression V^{(3)}(x_1, x_2, x_3) is obtained as

V^{(3)}(x_1, x_2, x_3) = Π_{μν} (23)∂^{(2)}_μ ∂^{(3)}_ν ∫ d^4y d^4z

V^{(2)}(x_1, y, z)

[y2][z3]

, (2)

where V^{(2)} is the two-loop contribution (1). Eq.(2) is not the complete planar contribution to the effective action at the three loop level. This is a part of it. The complete contribution includes all the graphs generated by Wick theorem. However, this is an important part and knowledge of how to calculate this integral allows us to derive solution for the Bethe-Salpeter equation for this vertex and to find coefficients in front of the UD functions, logarithms and powers of spacetime intervals in a recursive way. The present paper is devoted to analysis of the integrand structure in Eq.(2).

Let us consider the term in V^{(2)}(x_1, y, z) that contains logarithmic function of ratio of the space-time intervals of the form ∫ d^4y d^4z ln ([yz]/[1y]) [1y]^2[1z][yz][y2][z3]

. (3)

The integrand contains the logarithm in the numerator and the powers in the denominator. It is not straightforward that integrals of this type are reduced to the UD functions. There is a motivation for this. A calculation of the three loop ladder diagram of Lcc vertex (1PI contribution with three gluon “horizontal” lines) can be done according to the rules of Ref.[36, 35], however the result of this integration is the UD functions, logarithms of ratios of the intervals, and powers of spacetime intervals. On the other side, this ladder also contains contribution of this type of integrands if the two-loop result of Ref.[34] for the ladder diagram is under integration. Since the first method does not give a new structure, the same conclusion should be true for the second way. Thus, it is expected that the integral (3) can be expressed in terms of the UD functions too.

The integral (3) is safe in the infrared region but is divergent in the ultraviolet region of integration. Thus, the dimensional regularization is needed. However, the total result for Eq.(2) should be finite in both the potentially dangerous regions of integration, ultraviolet and infrared. This means that all these singularities, realized as poles in ϵ, should disappear in the final result for (2), and it makes possible to take the limit ϵ → 0. The reason is that the integration of the first three two-loop planar diagram of Ref.[35] with one new horizontal line as in Eq.(2) should be finite, since each of three contributions (now they are subgraphs) is finite, and every diagram contributing to this auxiliary vertex is finite superficially.

We use the technical trick of Ref.[34] shifting the powers in the denominators by multipliers of ϵ in order to remove one of the integrations in the position space by the uniqueness technique. Thus, we should find the integral I ≡ ∫ Dy Dz ln ([yz]/[1y]) [1y]^{2−2ϵ}[1z]^{1−2ϵ}[yz][y2][z3]

. (4)

We can generate the logarithmic function in the numerator as I = ( d dδ ∫ Dy Dz 1 [1y]^{2−2ϵ+δ} [1z]^{1−2ϵ}[yz]^{1−δ} [y2][z3] ) |_{δ=0} . (5)

The result is reduced to the analysis of the integral F, F ≡ ∫ Dy Dz 1 [1y]^{2−2ϵ+δ}[1z]^{1−2ϵ}[yz]^{1−δ}[y2][z3]

. (6)

If δ = 0 we reproduce the analysis of the paper [34], in which the integration over y can be done by the uniqueness technique. The same method can be applied here, F = A(2 − 2ϵ + δ, 1 − δ, 1) 1 [12]^{1−ϵ+δ} ∫ Dz 1 [1z]^{2−3ϵ}[z2]^{ϵ−δ} [z3]

= A(2 − 2ϵ + δ, 1 − δ, 1) 1 [12]^{1−ϵ+δ} J(2 − 3ϵ, ϵ − δ, 1) = [23]^{1−2ϵ+δ} [12]^{1−ϵ+δ} A(2 − 2ϵ + δ, 1 − δ, 1)A(2 − 3ϵ, 1 + ϵ − δ, 1 + δ) A(1 + ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) ×J(1 − ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) (7) The latter integral has been transformed as J(2 − 3ϵ, ϵ − δ, 1) = 1 [23]^{1−2ϵ+δ} J(2 − 3ϵ, ϵ − δ, 1)[23]^{1−2ϵ+δ}

= ∫ Dx 1 [23]^{1−2ϵ+δ} [x1]^{2−3ϵ}[x2]^{ϵ−δ} [x3]

[23]^{1−2ϵ+δ} = 1 A(1 + ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) [23]^{1−2ϵ+δ} × ∫ Dx 1 [x1]^{2−3ϵ} ∫ Dy 1 [yx]^{1+ϵ−δ}[y2]^{1−ϵ}[y3]^{2−2ϵ+δ} = [23]^{1−2ϵ+δ} A(2 − 3ϵ, 1 + ϵ − δ, 1 + δ) A(1 + ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) ∫ Dy 1 [y1]^{1−ϵ−δ}[y2]^{1−ϵ}[y3]^{2−2ϵ+δ} = [23]^{1−2ϵ+δ} A(2 − 3ϵ, 1 + ϵ − δ, 1 + δ) A(1 + ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) J(1 − ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ). In Ref.[34] Gegenbauer polynomial technique (GPT) has been applied in order to take the integration in J(1 − ϵ − δ, 1 − ϵ, 2 − 2ϵ + δ) in the case δ = 0. However, it is not justified in the present paper since F is not reduced to the integral with two indices 1 − ϵ of the three indices of three-point integration. This makes GPT inefficient for the case when δ ≠ 0. In the next section we will show that Eq.(7) is expressed in terms of the UD functions by using Mellin- Barnes technique. In the work with MB transformation we mainly follow the methods described in known textbook [12] and in Ref.[13], transforming the contour of integration according to Cauchy theorem.

The shift (4) must be done in the same manner for all the terms in Eq.(2). As to other terms that can appear in the integration in Eq.(2), including the integrands with pure powers and the terms proportional to J(1, 1, 1), they are reduced again to the terms proportional to the UD functions, or to the pure powers, or to the terms with logarithms. For the pure powers, the argument repeats the approach of the previous papers [34, 35, 36], and for J(1, 1, 1)−terms the argument is more difficult but still is a quite direct.

4 Mellin-Barnes transform for J(λ, λ, 2λ)

The MB transform of the integral with three external points is

J(ν_1, ν_2, ν_3) = 1 Π_iΓ(ν_i)Γ(d − Σ_iν_i) ∮ C dz_2 dz_3

([31]/[23])^{z2} ([12]/[23])^{z3} [23]^{Σνi −d/2} {Γ (−z_3) Γ (−z_2)

Γ (−z_2 − ν_1 − ν_3 + d/2) Γ (−z_3 − ν_1 − ν_2 + d/2) Γ (Σν_i − d/2 + z_3 + z_2) Γ (z_2 + z_3 + ν_1)} . (8)

In the rest of the paper we use the notation x ≡ [31] [23] , y ≡ [12] [23] , λ = 1 − ϵ. The contour of integration C passes a bit on the left of the imaginary axis, separates left and right poles and should be closed to the left infinity or to the right infinity. Whether it should be closed to the left infinity or to the right infinity depends on the relative value of the space-time intervals between the three points x_1, x_2, x_3. Supposing that x < 1, y < 1 we close the contour of integration in the complex plane to the right infinity. It could be closed to the left infinity too (in the opposite case if x > 1, y > 1) but it makes more complicate to take the residues into account since the residues in variables z_2 and z_3 are mixed in that case. Whether we have to close the contour to the right infinity or to the left infinity, the result should be the same function. We omit the factor 1/2πi that accompanies each integration over MB transform parameter. The inverse factor is generated in front of the residues.

It is known that this representation of the three-point integral can be derived by applying two-fold MB transform to the integral over Feynman parameters, producing the Euler beta functions [12] after integrating these parameters. There is a difference with the representation used in Ref.[18]. The form of Ref.[18] can be recovered from (8) by a cyclic redefinition. In the rest of the paper, we use representation (8).

In order to show that Eq.(6) can be expressed in terms of the UD functions, we show first how to recover Eq.(14) obtained in Ref. [34] by GPT, via the Mellin-Barnes transform. The same derivation will be significantly used with a little modification in the next section. The MB transform for J(λ, λ, 2λ) is a particular case of Eq.(8), J(λ, λ, 2λ) = 2ϵ Γ^2(1 − ϵ)Γ(2 − 2ϵ)Γ(1 + 2ϵ) ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^{2−3ϵ}

{Γ (−z_3) Γ (−z_2)

Γ (−z_2 − 1 + 2ϵ) Γ (−z_3 + ϵ) Γ (z_3 + z_2 + 2 − 3ϵ) Γ (z_2 + z_3 + 1 − ϵ)} . (9)

Our purpose is to represent J(λ, λ, 2λ) in terms of the first UD function J(1, 1, 1), which has the integral MB representation

J(1, 1, 1) = ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]

Γ^2 (−z_3) Γ^2 (−z_2) Γ^2 (1 + z_2 + z_3) , (10)

by transforming the contour of integration in (9) in order to rectify the vertical part of contours. What is the most important in the integral MB representation of J(1, 1, 1) is that the contour C in the complex planes z_2 and z_3 includes the vertical line a bit on the left of the imaginary axis in the both planes and the contour is closed to the right infinity. We choose the real part of ϵ is positive, Re ϵ > 0.

By construction of the MB transform, contours of the MB integration separate left and right poles in complex planes of the parameters of the MB transformation. In case of Eq.(9) the most left of the right poles is the pole z_2 = −1 + 2ϵ in z_2 plane and the rest of the right poles are situated on the right half-planes of z_2 and z_3 complex planes. Thus, we have to separate from the set of the right residues in z_2 plane the residue at this pole (due to Cauchy theorem) in order to extract the structure corresponding to the vertical line of the integration contour C,

J(λ, λ, 2λ) = R + 2ϵI_1 + o(ϵ), (11) R ≡ 2ϵ Γ (1 − 2ϵ) Γ^2(1 − ϵ)Γ(2 − 2ϵ)Γ(1 + 2ϵ) x^{−1+2ϵ} [23]^{2−3ϵ} × ∮ C dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ) Γ (z_3 + 1 − ϵ) Γ (z_3 + ϵ)} ,

I_1 ≡ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ (−z_2) Γ^∗ (−z_2 − 1) Γ (z_3 + z_2 + 2) Γ (z_2 + z_3 + 1) }

In integral I_1 we have removed the dependence on ϵ in the integrand since the poles in ϵ cannot appear in it, and moreover we do not need the term of the second order in ϵ. Absence of poles in ϵ follows by the observation that no effect of gluing the left and right poles presents in that integral after extracting the contribution of the pole z_2 = −1 + 2ϵ. Only gluing effect between poles of distinct nature produces poles in ϵ [12]. The asterisk in the Euler Γ function means that the most left of the right poles changes its nature and does not contribute to the right residues any more. The contour C includes the vertical line that is a bit on the left of the imaginary axis in both the integrals on r.h.s. of Eq.(11). Here it is necessary to take into account that in the Cauchy theorem the contour orientation is counterclockwise, however in the MB transformation of the integral (8) we have clockwise orientation of the contour. The term R on the r.h.s. of Eq.(11) is investigated in Appendix A.

After making simple algebra in integrand, integral I_1 can be written as

I_1 = ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ (−z_2) Γ^∗ (−z_2 − 1) Γ^2 (z_3 + z_2 + 1) (z_2 + z_3 + 1) }

= − ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^2 (−z_2) Γ^2 (z_3 + z_2 + 1) } − I_3, I_3 ≡ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + 1) Γ (−z_2) Γ^∗ (−z_2 − 1) Γ^2 (z_3 + z_2 + 1) } (12)

For such a contour C the identity Γ^∗ (−z_2 − 1) (z_2 + 1) = −Γ (−z_2) is valid. This identity allows to express one of the integrals that appear on the r.h.s. of Eq.(12) in terms of J(1, 1, 1). The integral I_3 is investigated in Appendix B and the result for I_1 is

I_1 = −

[23] + [31] − [12] 2[23][31] J(1, 1, 1) − (ln x − 2ψ(1))(1 − y) 2[23][31]

I_4 − 1 − y [23][31]

I_5,

where one-fold MB integrals I_4 and I_5 are defined in Appendix B. Thus, Eq.(11) can be written as J(λ, λ, 2λ) = 1 (2ϵ − 1) 1 Γ(1 − ϵ)

[12]^{−ϵ} [31]^{1−2ϵ}[23]^{1−2ϵ} [ − 1 ϵ Γ(1 + ϵ)Γ(1 − 2ϵ) Γ(1 − ϵ) +ϵ [−2I_2 + (1 − y) (ln x − 2ψ(1)) I_4 + 2(1 − y)I_5 + ([23] + [31] − [12]) J(1, 1, 1)] ] + o(ϵ). With help of Eq.(12) of Ref.[34]

Γ(1 + aϵ) = exp [ −γaϵ + ∞∑ k=2 ζ(k) k (−aϵ)^k ] = exp [ −γaϵ + ζ(2) 2 (aϵ)^2 ] + o(ϵ^2),

we obtain Γ(1 + ϵ)Γ(1 − 2ϵ) Γ(1 − ϵ)

= exp [ 2ζ(2)ϵ^2 ] + o(ϵ^2) = 1 + 2ζ(2)ϵ^2 + o(ϵ^2).

Thus, we have derived J(λ, λ, 2λ) = 1 (2ϵ − 1) 1 Γ(1 − ϵ)

[12]^{−ϵ} [31]^{1−2ϵ}[23]^{1−2ϵ}

× [ − 1 ϵ + ϵ [−2ζ(2) − 2I_2 + (1 − y) (ln x − 2ψ(1)) I_4 + 2(1 − y)I_5+

([23] + [31] − [12]) J(1, 1, 1)] ] + o(ϵ) = 1 (2ϵ − 1) 1 Γ(1 − ϵ)

[12]^{−ϵ} [31]^{1−2ϵ}[23]^{1−2ϵ} × [ − 1 ϵ + ϵ [ ln y ln y x + ([23] + [31] − [12]) J(1, 1, 1) ]] + o(ϵ), or in other words the identity is valid

−2ζ(2) − 2I_2 + (1 − y) (ln x − 2ψ(1)) I_4 + 2(1 − y)I_5 = ln y ln y x This identity can be verified in a straightforward way by calculating the residues. One-fold MB integrals cannot produce any UD function and are represented in terms of logarithms.

5 Mellin-Barnes transform for J(λ − δ, λ, 2λ + δ)

The MB transform (8) of the integral in Eq.(7) is written as J(λ − δ, λ, 2λ + δ) = 2ϵ Γ(λ)Γ(λ − δ)Γ(2λ + δ)Γ(1 + 2ϵ) ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^{2−3ϵ}

{Γ (−z_3) Γ (−z_2)

Γ (−z_2 − 1 + 2ϵ) Γ (−z_3 + ϵ + δ) Γ (z_3 + z_2 + 2 − 3ϵ) Γ (z_2 + z_3 + 1 − ϵ − δ)} . (13)

We repeat all the steps made in the previous section for the integral J(λ, λ, 2λ) in order to extract MB transform of J(1, 1, 1). The main point is that all the operations with the contour of integration in z_2 and z_3 complex planes are completely the same as for the integral J(λ, λ, 2λ). In case of Eq.(13) the most left of the right poles is the pole z_2 = −1 + 2ϵ in z_2 plane and the rest of the right poles are again situated on the right half-planes of z_2 and z_3 complex planes. Separating this pole from the set of the right residues in z_2 plane, we have J(λ − δ, λ, 2λ + δ) = R^′ + 2ϵ Γ(1 − δ)Γ(2 + δ)

I^′_1 + o(ϵ), (14) R^′ ≡ 2ϵΓ(1 − 2ϵ) Γ(λ)Γ(λ − δ)Γ(2λ + δ)Γ(1 + 2ϵ) x^{−1+2ϵ} [23]^{2−3ϵ} × ∮ C dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ + δ) Γ (z_3 + 1 − ϵ) Γ (z_3 + ϵ − δ)} ,

I^′_1 ≡ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

{Γ (−z_3) Γ (−z_3 + δ) Γ (−z_2) Γ^∗ (−z_2 − 1)

Γ (z_3 + z_2 + 2) Γ (z_2 + z_3 + 1 − δ)}

The contour of integration C in Eq.(14) separates left and right poles in z_2 and z_3 complex planes and in I^′_1 coincides with the contour C in Eq.(11). In integral I^′_1 we have removed the dependence on ϵ in the integrand since no gluing effect between two distinct poles of different nature appears, and we have taken into account a clockwise orientation of the contour. The term R^′ on the r.h.s. of Eq.(14) is investigated in Appendix C.

After making simple algebra in integrand, integral I^′_1 can be written as

I^′_1 = ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

{Γ (−z_3) Γ (−z_3 + δ) Γ (−z_2) Γ^∗ (−z_2 − 1)

Γ (z_3 + z_2 + 1) (z_2 + z_3 + 1) Γ (z_2 + z_3 + 1 − δ)} = − ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

{Γ (−z_3) Γ (−z_3 + δ)

Γ^2 (−z_2) Γ (z_3 + z_2 + 1) Γ (z_2 + z_3 + 1 − δ) } − I^′_3 = − Γ(1 − δ)Γ(1 + δ)

[23]^{1+δ}

J(1, 1 − δ, 1) − I^′_3, (15)

I^′_3 ≡ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

{Γ (−z_3 + δ) Γ (−z_3 + 1) Γ (−z_2)

Γ^∗ (−z_2 − 1) Γ (z_3 + z_2 + 1) Γ (z_2 + z_3 + 1 − δ)}

For such a contour C the identity Γ^∗ (−z_2 − 1) (z_2 + 1) = −Γ (−z_2) is valid. This identity allows to express one of the integrals that appear in Eq.(15) in terms of J(1, 1 − δ, 1). Integral I^′_3 can be represented in terms of J(1, 1 − δ, 1) too. Here, it is necessary to mention that the derivative of J(1, 1 − δ, 1) with respect to δ is reduced to the second UD function [17, 18]. The integral I^′_3 is investigated in Appendix D and the result for the I^′_1 is

I^′_1 = −

[23] + [31] − [12] 2[31][23]^{1+δ}

Γ(1 − δ)Γ(1 + δ)J(1, 1 − δ, 1) −

(ln x − 2ψ(1))(1 − y) 2[23][31]

I^′_4 − 1 − y 2[23][31]

I^′_5 + δ [23]^2

I^′_6 + o(δ),

where one-fold MB integrals I^′_4 and I^′_5 are defined in Appendix D. Thus, we obtain J(λ − δ, λ, 2λ + δ) = 1 ϵ − δ Γ(1 + ϵ − δ)Γ(1 − 2ϵ) (1 + δ − 2ϵ)Γ(1 − ϵ)Γ(1 − ϵ − δ) [12]^{δ−ϵ} [31]^{1−2ϵ}[23]^{1+δ−2ϵ} −ϵ [23] + [31] − [12] [31][23]^{1+δ}

J(1, 1 − δ, 1) + 2ϵδ [23]^2

I^′_6 − 2ϵ Γ(1 − δ)Γ(2 + δ) [ − 1 [31][23]

I^′_2 +

(ln x − 2ψ(1))(1 − y)

2[23][31]

I^′_4 + 1 − y 2[23][31]

I^′_5 ] + o(ϵ) + o(δ). (16)

The definitions for the integrals are collected below,

I^′_2 = ∮ C dz_3 y^{z3} {Γ (−z_3) Γ(−z_3 + δ)Γ (z_3 + 1) Γ^∗ (z_3 − δ)} ,

I^′_4 = ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ),

I^′_5 = ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ) (ψ(1 + z_3) + ψ(1 + z_3 − δ)) ,

I^′_6 = ∮ C dz_2 dz_3 x^{z2} y^{z3} Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1)

The integral I^′_6 is a two-fold MB integral. It can produce the UD functions, and it can be expressed in terms of them. The key observation that such a presentation in terms of the UD functions exists is that the derivative of I^′_6 with respect to y or x produces J(1, 1, 1). From the rules of Refs.[35, 36] we know that this is a property of the first UD function. Due to this, it is expected that I^′_6 can be expressed in terms of the UD functions. The one-fold integrals that appear in the final expression cannot produce the UD functions, and their combination in the result (16) is reduced to the logarithmic function. Thus, we have shown via MB transform that the integrals with logarithms of the type (4) should be reduced to the UD functions, logarithmic functions and powers of space-time intervals. For this particular problem, the advantage of the method of MB transform is that we even did not integrate anything or sum any series. The result is obtained by transforming the contour of integration in the complex plane.

6 Conclusion

In this paper we have argued via MB transform that three point scalar integrals in the position space which contribute to the Green functions in N = 4 supersymmetric Yang-Mills theory and in other four-dimensional massless theories can be represented in terms of UD functions corresponding to the scalar ladder three point diagrams in four spacetime dimensions. It is an important observation since they possess remarkable properties with respect to various integral transformations and can serve as blocks in terms of which N = 4 supersymmetric theory is built [46, 44, 45]. One of these properties is that the UD functions transform to themselves under the Fourier transform [44, 47, 45]. The most simple proof of this fact can be found in Appendix E.

In Ref. [35] it was mentioned that this property can serve as an indication that the conformal symmetries in the position space and in the momentum space can be unified. In Ref. [48] the unification was found by means of extension of the twistor language used for amplitudes [20, 49] to a more general form in which the momentum component and position component of twistors participate on equal foot.

Taking into account the symmetry with respect to Fourier transform, we realize importance of making reduction of the correlators to the UD functions in the momentum space for N = 4 supersymmetric Yang-Mills theory as it has been done in Ref. [46]. For that theory by using unitarity methods it has been demonstrated that only the diagrams created due to the “rung rule” contribute to the four-point gluon amplitude up to three-loop level [20]. These “rung rule” diagrams in the momentum space are represented by the same UD function Refs. [17, 18] of conformally invariant ratios of squares of external momenta and their linear combinations. This allowed to classify all conformally invariant contributions in the momentum space up to four-loop level [46, 49, 50]. The same conformal symmetry in the momentum space appears in Alday-Maldacena approach [51] to calculate gluon scattering amplitude on the string side at strong coupling. Conformal invariant contributions to four-point gluon amplitude reproduce the known results for the anomalous dimensions of twist-two operators in maximally supersymmetric Yang-Mills theory [52, 53, 54].

7 Acknowledgments

I. Kondrashuk was supported by Fondecyt (Chile) grants 1040368, 1050512 and by DIUBB grant (UBB, Chile) 082609. E.A. Notte-Cuello was supported by Dirección de Investigación de la Universidad de La Serena, DIULS CD091501. This paper is based on I.K.’s talks at El Congreso de Matemática Capricornio, COMCA 2009, Antofagasta, Chile and at DMFA seminar, UCSC, Concepción, Chile, and he thanks the organizers for opportunity to present these results.

Appendix A

In this Appendix we treat R term in Eq.(11) because it can produce poles in ϵ. Indeed, there is a gluing effect between the left pole at the point z_3 = −ϵ produced by Γ(z_3 + ϵ) and the right pole produced by Γ(−z_3) at the point z_3 = 0 in the limit ϵ → 0. It makes the operations of contour integration and decomposition of the integrand in powers of ϵ non-commutative. To make these operations commutative, we need to convert the left pole at the point z_3 = −ϵ into the right pole by changing the contour of integration to include it in the set of right poles in z_3 plane. Thus, we have to write ∮ C dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ) Γ (z_3 + 1 − ϵ) Γ (z_3 + ϵ)} = ∮ C^′ dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ) Γ (z_3 + 1 − ϵ) Γ^∗ (z_3 + ϵ)}

+y^{−ϵ}Γ(ϵ)Γ(2ϵ)Γ(1 − 2ϵ) = ∮ C dz_3 y^{z3} { Γ^2 (−z_3) Γ (z_3 + 1) Γ^∗ (z_3) } + y^{−ϵ}Γ(ϵ)Γ(2ϵ)Γ(1 − 2ϵ) + o(ϵ)

≡ I_2 + y^{−ϵ}Γ(ϵ)Γ(2ϵ)Γ(1 − 2ϵ) + o(ϵ). (A.1)

The difference between the contour C and C^′ is that C^′ includes the pole at the point z_3 = −ϵ. The asterisk in the first term on the r.h.s. means that this most right of the set of the left poles changes its nature and contributes to the right residues. In this term we take the limit ϵ → 0, this converts C^′ back to C. This limit is a well-defined operation after the contour modification done since no effect of gluing left and right poles appear in the first term on the r.h.s. of Eq.(A.1). The second term on the r.h.s. is the contribution of the residue at the point z_3 = −ϵ. It is taken with the positive sign due to clockwise orientation of contour C, R = 2ϵ (1 − 2ϵ)Γ^2(1 − ϵ)Γ(1 + 2ϵ) x^{−1+2ϵ} [23]^{2−3ϵ} [ I_2 + y^{−ϵ}Γ(ϵ)Γ(2ϵ)Γ(1 − 2ϵ) + o(ϵ) ]

= 2ϵ [31][23]

I_2 +

2ϵΓ(ϵ)Γ(2ϵ)Γ(1 − 2ϵ) (1 − 2ϵ)Γ^2(1 − ϵ)Γ(1 + 2ϵ) x^{−1+2ϵ}y^{−ϵ} [23]^{2−3ϵ} + o(ϵ) = − 1 ϵ Γ(1 + ϵ)Γ(1 − 2ϵ) (2ϵ − 1)Γ^2(1 − ϵ)

[12]^{−ϵ} [31]^{1−2ϵ}[23]^{1−2ϵ} + 2ϵ [31][23]

I_2 + o(ϵ). (A.2)

Appendix B

After a little algebra, the integral I_3 can be represented in terms of J(1, 1, 1) too,

I_3 = ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + 1) Γ (−z_2) Γ^∗ (−z_2 − 1) Γ^2 (z_3 + z_2 + 1) }

= 1 2 [ 2I_3 + 1 [23] J(1, 1, 1) − 1 [23]

J(1, 1, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2 − 1) (2z_2 + 2) z_3 Γ^2 (z_3 + z_2 + 1) }

+ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2 − 1) (z_2 + 1)^2 Γ^2 (z_3 + z_2 + 1) } − 1 [23]

J(1, 1, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2 − 1) ( 2(z_2 + 1)z_3 + (z_2 + 1)^2 ) Γ^2 (z_3 + z_2 + 1) }

− 1 [23]

J(1, 1, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2 − 1) ( (z_3 + z_2 + 1)^2 − z^2_3 ) Γ^2 (z_3 + z_2 + 1) }

− 1 [23]

J(1, 1, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2 − 1) Γ^2 (z_3 + z_2 + 2) }

− ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3 + 1) Γ^{∗2} (−z_2 − 1) Γ^2 (z_3 + z_2 + 1) } − 1 [23]

J(1, 1, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2−1} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2) Γ^2 (z_3 + z_2 + 1) }

− ∮ C dz_2 dz_3 x^{z2−1} y^{z3+1}

[23]^2 { Γ^2 (−z_3) Γ^{∗2} (−z_2) Γ^2 (z_3 + z_2 + 1) } − 1 [23]

J(1, 1, 1) ]

= 1 2[23] [( 1 x − y x ) ∮ C dz_2 dz_3 x^{z2} y^{z3}

[23] { Γ^2 (−z_3) Γ^{∗2} (−z_2) Γ^2 (z_3 + z_2 + 1) } − J(1, 1, 1) ]

= 1 2[23] [( 1 x − y x ) ( J(1, 1, 1) + 1 [23] ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3) (−2ψ(1) + 2ψ(1 + z_3) + ln x) ) −J(1, 1, 1) ]

= 1 2[23] [ 1 − x − y x J(1, 1, 1) + 1 − y x[23] ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3) (−2ψ(1) + 2ψ(1 + z_3) + ln x) ]

= [23] − [31] − [12] 2[23][31]

J(1, 1, 1) +

(ln x − 2ψ(1))(1 − y) 2[23][31] ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3)

+ 1 − y [23][31] ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3)ψ(1 + z_3) ≡ [23] − [31] − [12] 2[23][31]

J(1, 1, 1) +

(ln x − 2ψ(1))(1 − y)

2[23][31]

I_4 + 1 − y [23][31]

I_5.

Integrals I_4 and I_5 are one-fold MB integrals in z_3 plane produced due to to inclusion the residue at z_2 = 0 in z_2 plane in order to recover J(1, 1, 1) construction. Again, we have added the residue instead of removing it due to clockwise orientation of C, where the definitions of the one-fold MB integrals can be collected as

I_2 = ∮ C dz_3 y^{z3} { Γ^2 (−z_3) Γ (z_3 + 1) Γ^∗ (z_3) }

I_4 = ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3)

I_5 = ∮ C dz_3 y^{z3} Γ^2(−z_3)Γ^2(1 + z_3)ψ(1 + z_3).

Appendix C

In this Appendix we analyse the R^′ term in Eq.(14) because it can produce poles in ϵ. Again, we obtain complete analogy with the case of J(λ, λ, 2λ) in which the first term in Eq.(11) generates pole in ϵ. It is supposed that δ is a small real positive variable, δ > Re ϵ. We observe the gluing effect between the left pole at the point z_3 = δ − ϵ produced by Γ(z_3 + ϵ − δ) and the right pole produce by Γ(−z_3 +δ+ϵ) at the point z_3 = δ+ϵ in the limit ϵ → 0. In other words, the operations of contour integration and decomposition of the integrand in powers of ϵ do not commute for the first term in Eq.(14). To make these operations commutative, we need to convert the left pole at the point z_3 = δ − ϵ into the right pole by changing the contour of integration to include it in the set of right poles in z_3 plane. Thus, we obtain ∮ C dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ + δ) Γ (z_3 + 1 − ϵ) Γ (z_3 + ϵ − δ)} = ∮ C^′ dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + ϵ + δ) Γ (z_3 + 1 − ϵ) Γ^∗ (z_3 + ϵ − δ)}

+ y^{δ−ϵ} Γ(ϵ − δ)Γ(2ϵ)Γ(1 + δ − 2ϵ) = ∮ C dz_3 y^{z3} {Γ (−z_3) Γ (−z_3 + δ) Γ (z_3 + 1) Γ^∗ (z_3 − δ)}

+ y^{δ−ϵ}Γ(ϵ − δ)Γ(2ϵ)Γ(1 + δ − 2ϵ) + o(ϵ) ≡ I^′_2 + y^{δ−ϵ}Γ(ϵ − δ)Γ(2ϵ)Γ(1 + δ − 2ϵ) + o(ϵ). (C.1)

The difference between the contour C and C^′ is that C^′ includes the pole at the point z_3 = δ − ϵ. The asterisk in the second line means that this most right of the set of the left poles changes its nature and contributes to the right residues. The contour C^′ of Eq.(C.1) is the vertical line and it coincides with the contour C of Eq.(A.1). In integral I^′_2 we take the limit ϵ → 0. This limit is a well-defined operation after the contour modification done since no effect of gluing left and right poles appear. The second term on the r.h.s. of Eq.(C.1) is the contribution of the residue at the point z_3 = δ − ϵ. It is taken with the positive sign due to clockwise orientation of contour C. The first term of Eq.(14) is transformed to

R^′ =

2ϵΓ(1 − 2ϵ) Γ(λ)Γ(λ − δ)Γ(2λ + δ)Γ(1 + 2ϵ) x^{−1+2ϵ} [23]^{2−3ϵ} × [ I^′_2 + y^{δ−ϵ}Γ(ϵ − δ)Γ(2ϵ)Γ(1 + δ − 2ϵ) + o(ϵ) ]

= 1 Γ(1 − δ)Γ(2 + δ) 2ϵ [31][23]

I^′_2 +

2ϵΓ(ϵ − δ)Γ(2ϵ)Γ(1 + δ − 2ϵ)Γ(1 − 2ϵ) Γ(λ)Γ(λ − δ)Γ(2λ + δ)Γ(1 + 2ϵ) x^{−1+2ϵ}y^{δ−ϵ} [23]^{2−3ϵ} + o(ϵ) = 1 ϵ − δ Γ(1 + ϵ − δ)Γ(1 − 2ϵ) (1 + δ − 2ϵ)Γ(1 − ϵ)Γ(1 − ϵ − δ) [12]^{δ−ϵ} [31]^{1−2ϵ}[23]^{1+δ−2ϵ} + 1 Γ(1 − δ)Γ(2 + δ) 2ϵ [31][23]

I^′_2 + o(ϵ). (C.2)

In the case δ = 0 we reproduce Eq.(A.2).

Appendix D

I^′_3 = ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

{Γ (−z_3 + δ) Γ (−z_3 + 1) Γ (−z_2) Γ^∗ (−z_2 − 1)

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} = 1 2 [ 2I^′_3 +

Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) − Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1) (2z_2 + 2) z_3

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} + ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1)

(z_2 + 1)^2 Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1) ( 2(z_2 + 1)z_3 + (z_2 + 1)^2 ) Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1) ( (1 + z_2 + z_3)^2 − z^2_3 − δ(z_2 + 1) + δ(z_2 + 1) ) Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1)

((1 + z_2 + z_3)(1 + z_2 + z_3 − δ) − z_3(z_3 − δ) + δ(z_2 + 1)) Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} − Γ(1 − δ)Γ(1 + δ)

[23]^{1+δ} J(1, 1 − δ, 1) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2 − 1)

Γ (z_3 + z_2 + 2) Γ (z_3 + z_2 + 2 − δ)} − ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3 + 1) Γ (−z_3 + 1 + δ) Γ^{∗2} (−z_2 − 1)

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} − δ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) + o(δ) ]

= 1 2 [∮ C dz_2 dz_3 x^{z2−1} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2)

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} − ∮ C dz_2 dz_3 x^{z2−1} y^{z3+1} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2)

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} − δ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) + o(δ) ]

= 1 2 [( 1 x − y x ) ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ (−z_3) Γ (−z_3 + δ) Γ^{∗2} (−z_2)

Γ (z_3 + z_2 + 1) Γ (z_3 + z_2 + 1 − δ)} − δ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2 { Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1) }

− Γ(1 − δ)Γ(1 + δ) [23]^{1+δ} J(1, 1 − δ, 1) + o(δ) ]

= 1 2 [ 1 − x − y x Γ(1 − δ)Γ(1 + δ)

[23]^{1+δ} J(1, 1 − δ, 1) + 1 [23]^2 1 − y x ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ)

× (−2ψ(1) + ψ(1 + z_3) + ψ(1 + z_3 − δ) + ln x) − δ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1) + o(δ) ]

= [23] − [31] − [12]

2[31][23]^{1+δ}

Γ(1 − δ)Γ(1 + δ)J(1, 1 − δ, 1) + (ln x − 2ψ(1))(1 − y) 2[23][31] ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ) + 1 − y 2[23][31] ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ)

× (ψ(1 + z_3) + ψ(1 + z_3 − δ)) −δ ∮ C dz_2 dz_3 x^{z2} y^{z3} [23]^2

Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1) + o(δ) ≡ [23] − [31] − [12]

2[31][23]^{1+δ}

Γ(1 − δ)Γ(1 + δ)J(1, 1 − δ, 1) + (ln x − 2ψ(1))(1 − y)

2[23][31]

I^′_4 + 1 − y 2[23][31]

I^′_5 − δ [23]^2

I^′_6 + o(δ).

Integrals I^′_4 and I^′_5 are one-fold MB integrals in z_3 plane produced due to inclusion the residue at z_2 = 0 in z_2 plane in order to recover J(1, 1, 1) construction. Again, we have added the residue instead of removing it due to clockwise orientation of C. The one-fold MB integrals I^′_2, I^′_3, I^′_5, and two-fold integral I^′_6 are defined as

I^′_2 = ∮ C dz_3 y^{z3} {Γ (−z_3) Γ(−z_3 + δ)Γ (z_3 + 1) Γ^∗ (z_3 − δ)} ,

I^′_4 = ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ),

I^′_5 = ∮ C dz_3 y^{z3} Γ(−z_3)Γ(−z_3 + δ)Γ(1 + z_3)Γ(1 + z_3 − δ) (ψ(1 + z_3) + ψ(1 + z_3 − δ)) ,

I^′_6 = ∮ C dz_2 dz_3 x^{z2} y^{z3} Γ^2 (−z_3) Γ^∗ (−z_2 − 1) Γ (−z_2) Γ^2 (z_3 + z_2 + 1)

Appendix E

In this Appendix we prove the invariance of the scalar triangle ladder integral with respect to Fourier transform via MB transform^2. The explicit form of the UD functions Φ^{(n)} is given in Refs. [17, 18]

Φ^{(n)} (x, y) = − 1 n!λ 2n∑ j=n (−1)^j j! ln^{2n−j} (y/x) (j − n)!(2n − j)! [ Li_j ( − 1 ρx ) − Li_j (−ρy) ] , (E.1)

ρ = 2 1 − x − y + λ , λ = √ (1 − x − y)^2 − 4xy. 2This is a part of the talk of I.K. at the workshop “High Energy Physics in the LHC era,” Valparaiso, Chile, 4-8 January 2010

In Refs. [47, 45] the following relations were derived for any n > 1. 1 [31]^2

Φ^{(n)} ( [12] [31] , [23] [31] ) = 1 (2π)^4 ∫ d^4p_1d^4p_2d^4p_3 δ(p_1 + p_2 + p_3) × ×e^{ip2x2} e^{ip1x1} e^{ip3x3} 1 (p^2)^2

Φ^{(n)} ( p^2_1 p^2 , p^2_3 p^2 ) . The simplest way to demonstrate these relations is to use the MB transform

Φ^{(n)} (x, y) = ∮ C dz_2dz_3x^{z2} y^{z3} M^{(n)} (z_2, z_3)

with the MB-image M^{(n)} (z_2, z_3) of the UD functions Φ^{(n)} (x, y) . The precise form of M^{(n)} (z_2, z_3) can be found in Ref. [18]. We do not need any use of the explicit form of those MB images completely, 1 (2π)^4 ∫ d^4p_1d^4p_2d^4p_3 δ(p_1 + p_2 + p_3)e^{ip2x2} e^{ip1x1} e^{ip3x3} 1 (p^2)^2

Φ^{(n)} ( p^2_1 p^2 , p^2_3 p^2 )

= 1 (2π)^8 ∫ d^4p_1d^4p_2d^4p_3d^4x_5e^{ip2(x2−x5)}e^{ip1(x1−x5)}e^{ip3(x3−x5)} 1 (p^2)^2

Φ^{(n)} ( p^2_1 p^2 , p^2_3 p^2 )

= 1 (2π)^8 ∫ d^4p_1d^4p_2d^4p_3d^4x_5 ∮ C dz_2dz_3 e^{ip2(x2−x5)}e^{ip1(x1−x5)}e^{ip3(x3−x5)} (p^2)^{2+z2+z3} (p^2_1)^{−z2} (p^2_3)^{−z3}

M^{(n)} (z_2, z_3) = (4π)^6 (2π)^8 ∫ d^4x_5 ∮ C dz_2dz_3 Γ(−z_2 − z_3) Γ(2 + z_2 + z_3)

Γ(2 + z_2) Γ(−z_2)

Γ(2 + z_3) Γ(−z_3) × 2^{2z2+2z3−2(2+z2+z3)}M^{(n)} (z_2, z_3) [25]^{−z2 −z3} [15]^{2+z2} [35]^{2+z3} = = ∮ C dz_2dz_3 M^{(n)} (z_2, z_3) [12]^{−z3} [23]^{−z2} [31]^{2+z2 +z3} = 1 [31]^2

Φ^{(n)} ( [12] [31] , [23] [31] )

References

[1] M. D’Eramo, L. Peliti and G. Parisi, “Theoretical Predictions for Critical Exponents at the λ-Point of Bose Liquids,” Lett. Nuovo Cimento 2 (1971) 878.

[2] A. N. Vasiliev, Y. M. Pismak and Y. R. Khonkonen, “1/N Expansion: Calculation Of The Exponents Eta And Nu In The Order 1/N**2 For Arbitrary Number Of Dimensions,” Theor. Math. Phys. 47 (1981) 465 [Teor. Mat. Fiz. 47 (1981) 291].

[3] A.N. Vasiliev, “The field theoretic renormalization group in critical behaviour theory and stochastic dynamics”, St. Petersburg Institute of Nuclear Physics Press, 1998.

[4] D. I. Kazakov, “Analytical Methods For Multiloop Calculations: Two Lectures On The Method Of Uniqueness,” JINR-E2-84-410.

[5] F. V. Tkachov, “A Theorem On Analytical Calculability Of Four Loop Renormalization Group Functions,” Phys. Lett. B 100 (1981) 65.

[6] K. G. Chetyrkin and F. V. Tkachov, “Integration By Parts: The Algorithm To Calculate Beta Functions In Four Loops,” Nucl. Phys. B 192 (1981) 159.

[7] K. G. Chetyrkin, A. L. Kataev and F. V. Tkachov, “New Approach To Evaluation Of Multiloop Feynman Integrals: The Gegenbauer Polynomial X Space Technique,” Nucl. Phys. B 174 (1980) 345.

[8] W. Celmaster and R. J. Gonsalves, “Fourth Order QCD Contributions To The E+ E- Annihilation Cross-Section,” Phys. Rev. D 21 (1980) 3112.

[9] A. E. Terrano, “A Method For Feynman Diagram Evaluation,” Phys. Lett. B 93 (1980) 424.

[10] B. Lampe and G. Kramer, “Application Of Gegenbauer Integration Method To E+ E- Annihilation Process,” Phys. Scripta 28 (1983) 585.

[11] A. V. Kotikov, “The Gegenbauer Polynomial Technique: the evaluation of a class of Feynman diagrams,” Phys. Lett. B 375 (1996) 240 [arXiv:hep-ph/9512270].

[12] V. A. Smirnov, “Evaluating Feynman Integrals,” Springer Tracts Mod.Phys.211 (2004) 1.

[13] E. E. Boos and A. I. Davydychev, “A Method of evaluating massive Feynman integrals,” Theor. Math. Phys. 89 (1991) 1052 [Teor. Mat. Fiz. 89 (1991) 56].

[14] N. I. Usyukina, “Calculation Of Many Loop Diagrams Of Perturbation Theory,” Theor.

Math. Phys. 54 (1983) 78 [Teor. Mat. Fiz. 54 (1983) 124].

[15] V. V. Belokurov and N. I. Usyukina, “Calculation Of Ladder Diagrams In Arbitrary Order,” J. Phys. A 16 (1983) 2811.

[16] N. I. Usyukina, “Calculation of multiloop diagrams in arbitrary order,” Phys. Lett. B 267 (1991) 382 [Theor. Math. Phys. 87 (1991) 627] [Teor. Mat. Fiz. 87 (1991) 414]

[17] N. I. Usyukina and A. I. Davydychev, “An Approach to the evaluation of three and four point ladder diagrams,” Phys. Lett. B 298 (1993) 363.

[18] N. I. Usyukina and A. I. Davydychev, “Exact results for three and four point ladder diagrams with an arbitrary number of rungs,” Phys. Lett. B 305 (1993) 136.

[19] A. I. Davydychev, “Recursive algorithm of evaluating vertex type Feynman integrals,” J.

Phys. A 25, 5587 (1992).

[20] Z. Bern, L. J. Dixon and V. A. Smirnov, “Iteration of planar amplitudes in maximally supersymmetric Yang-Mills theory at three loops and beyond,” Phys. Rev. D 72 (2005) 085001 [hep-th/0505205].

[21] V. Del Duca, C. Duhr and V. A. Smirnov, “An Analytic Result for the Two-Loop Hexagon Wilson Loop in N = 4 SYM,” arXiv:0911.5332 [hep-ph].

[22] A. Blasi, O. Piguet and S. P. Sorella, “Landau gauge and finiteness,” Nucl. Phys. B 356 (1991) 154.

[23] G. Cvetič, I. Kondrashuk and I. Schmidt, “Effective action of dressed mean fields for N = 4 super-Yang-Mills theory,”arXiv:hep-th/0407251, Mod. Phys. Lett. A 21 (2006) 1127

[24] I. Kondrashuk and I. Schmidt, “Finiteness of N = 4 super-Yang-Mills effective action in terms of dressed N = 1 superfields,” arXiv:hep-th/0411150

[25] G. Cvetič, I. Kondrashuk and I. Schmidt, “On the effective action of dressed mean fields for N = 4 super-Yang-Mills theory,” in Symmetry, Integrability and Geometry: Methods and Applications, SIGMA (2006) 002 [math-ph/0601002].

[26] A. A. Slavnov, “Ward Identities In Gauge Theories,” Theor. Math. Phys. 10 (1972) 99 [Teor. Mat. Fiz. 10 (1972) 153].

[27] J. C. Taylor, “Ward Identities And Charge Renormalization Of The Yang-Mills Field,” Nucl. Phys. B 33 (1971) 436.

[28] A. A. Slavnov, “Renormalization Of Supersymmetric Gauge Theories. 2. Nonabelian Case,” Nucl. Phys. B 97 (1975) 155.

[29] L. D. Faddeev and A. A. Slavnov, “Gauge Fields. Introduction To Quantum Theory,” Front.

Phys. 50, 1 (1980) [Front. Phys. 83, 1 (1990)]; “Introduction to quantum theory of gauge fields”, Moscow, Nauka, (1988).

[30] B. W. Lee, “Transformation Properties Of Proper Vertices In Gauge Theories,” Phys. Lett.

B 46 (1973) 214.

[31] J. Zinn-Justin, “Renormalization Of Gauge Theories,” SACLAY-D.PH-T-74-88, Lectures given at Int. Summer Inst. for Theoretical Physics, Jul 29 - Aug 9, 1974, Bonn, West Germany.

[32] C. Becchi, A. Rouet and R. Stora, “Renormalization Of The Abelian Higgs-Kibble Model,” Commun. Math. Phys. 42 (1975) 127.

[33] I. V. Tyutin, “Gauge Invariance In Field Theory And Statistical Physics In Operator Formalism,” LEBEDEV-75-39 (in Russian), 1975.

[34] G. Cvetič, I. Kondrashuk, A. Kotikov and I. Schmidt, “Towards the two-loop Lcc vertex in Landau gauge,” Int. J. Mod. Phys. A 22 (2007) 1905 [arXiv:hep-th/0604112].

[35] G. Cvetic and I. Kondrashuk, “Further results for the two-loop Lcc vertex in the Landau gauge,” JHEP 0802 (2008) 023 [arXiv:hep-th/0703138].

[36] G. Cvetic and I. Kondrashuk, “Gluon self-interaction in the position space in Landau gauge,” Int. J. Mod. Phys. A 23 (2008) 4145 [arXiv:0710.5762 [hep-th]].

[37] D. Dudal et al., “The anomalous dimension of the gluon-ghost mass operator in Yang-Mills theory,” Phys. Lett. B 569 (2003) 57, [hep-th/0306116].

[38] D. Dudal, H. Verschelde, V. E. R. Lemes, M. S. Sarandy, R. F. Sobreiro, S. P. Sorella and J. A. Gracey, “Renormalizability of the local composite operator A(mu)**2 in linear covariant gauges,” Phys. Lett. B 574 (2003) 325, [hep-th/0308181].

[39] I. Mitra, “On conformal invariant integrals involving spin one-half and spin-one particles,” J. Phys. A 41 (2008) 315401 [arXiv:0803.2630 [hep-th]].

[40] I. Mitra, “Three-point Green function of massless QED in position space to lowest order,” J. Phys. A 42 (2009) 035404 [arXiv:0808.2448 [hep-th]].

[41] I. Mitra, “External leg amputation in conformal invariant three-point function,” arXiv:0907.1769 [hep-th].

[42] D. Z. Freedman, S. D. Mathur, A. Matusis and L. Rastelli, “Correlation functions in the CFT(d)/AdS(d+1) correspondence,” Nucl. Phys. B 546 (1999) 96 [arXiv:hep-th/9804058].

[43] J. Erdmenger and H. Osborn, “Conserved currents and the energy-momentum tensor in conformally invariant theories for general dimensions,” Nucl. Phys. B 483 (1997) 431 [arXiv:hep-th/9605009].

[44] I. Kondrashuk and A. Kotikov, “Triangle UD integrals in the position space,” JHEP 0808 (2008) 106 [arXiv:0803.3420 [hep-th]].

[45] I. Kondrashuk and A. Kotikov, “Fourier transforms of UD integrals,” arXiv:0802.3468 [hepth], Birkhauser book series “Trends in Mathematics”, volume“Analysis and Mathematical Physics”, B. Gustafsson and A. Vasil’ev (Eds), (2009) Birkhauser Verlag, Basel, Switzerland, 337-348

[46] J. M. Drummond, J. Henn, V. A. Smirnov and E. Sokatchev, “Magic identities for conformal four-point integrals,” JHEP 0701 (2007) 064 [arXiv:hep-th/0607160].

[47] I. Kondrashuk and A. Vergara, “Transformations of triangle ladder diagrams,” arXiv:0911.1979 [hep-th].

[48] A. Hodges, “Eliminating spurious poles from gauge-theoretic amplitudes,” arXiv:0905.1473 [hep-th].

[49] Z. Bern, M. Czakon, L. J. Dixon, D. A. Kosower and V. A. Smirnov, “The Four-Loop Planar Amplitude and Cusp Anomalous Dimension in Maximally Supersymmetric Yang- Mills Theory,” Phys. Rev. D 75 (2007) 085010 [arXiv:hep-th/0610248].

[50] D. Nguyen, M. Spradlin and A. Volovich, “New Dual Conformally Invariant Off-Shell Integrals,” Phys. Rev. D 77, 025018 (2008) [arXiv:0709.4665 [hep-th]].

[51] L. F. Alday and J. M. Maldacena, “Gluon scattering amplitudes at strong coupling,” JHEP 0706 (2007) 064 [arXiv:0705.0303 [hep-th]].

[52] A. V. Kotikov and L. N. Lipatov, “DGLAP and BFKL evolution equations in the N=4 supersymmetric gauge theory,” Nucl. Phys. B 661 (2003) 19 [Erratum-ibid. B 685 (2004) 405] [arXiv:hep-ph/0208220].

[53] A. V. Kotikov, L. N. Lipatov and V. N. Velizhanin, “Anomalous dimensions of Wilson operators in N = 4 SYM theory,” Phys. Lett. B 557 (2003) 114 [arXiv:hep-ph/0301021].

[54] A. V. Kotikov, L. N. Lipatov, A. I. Onishchenko and V. N. Velizhanin, “Three-loop universal anomalous dimension of the Wilson operators in N = 4 SUSY Yang-Mills model,” Phys. Lett. B 595 (2004) 521 [Erratum-ibid. B 632 (2006) 754] [hep-th/0404092].